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Zusammenfassung

In der vorliegenden Dissertation untersuchen wir das Verhalten von typischen reinen
Zustanden grofler Quantensysteme. Wir verallgemeinern gewisse Typizitdtsaussagen
von der Gleichverteilung auf der Sphére auf die viel groflere Klasse der sogenannten
GAP-Mafle und auf realistischere Hamiltonoperatoren und untersuchen die Thermal-
isierung von Systemen mit hochentarteten Hamiltonoperatoren.

Im ersten Teil dieser Arbeit beweisen wir eine Verallgemeinerung von kanonischer
Typizitéat, der Tatsache, dass fiir die meisten reinen Zusténde 1) eines groflen endlich-
dimensionalen Hilbertraums H die reduzierte Dichtematrix eines kleinen Teilsystems
naherungsweise 1-unabhéngig und, falls das Teilsystem und seine Umgebung nur
schwach wechselwirken, ndherungsweise kanonisch ist. Hierbei bezieht sich “die meis-
ten” auf die Gleichverteilung auf der Sphére S(H). Wir verallgemeinern kanonische
Typizitit von der Gleichverteilung auf GAP-Mafle als Typizitdtsmafle. Grob gesagt
ist fiir jede Dichtematrix p auf einem separablen Hilbertraum H das Mafl GAP(p) die
am meisten ausgebreitete Verteilung auf S() mit Dichtematrix p. Ist p eine kanoni-
sche Dichtematrix, so ergibt sich GAP(p) als die thermische Gleichgewichtsverteilung
von Wellenfunktionen und kann als ein quantenmechanisches Analogon des kanoni-
schen Ensembles der klassischen statistischen Mechanik aufgefasst werden. Deshalb
lassen sich Verallgemeinerungen von Resultaten fiir die Gleichverteilung auf der Sphére
zu Resultaten fiir GAP-MaBe als Ausdruck einer Version der Aquivalenz der Ensem-
bles ansehen. Die Hauptzutat fiir den Beweis unseres Resultats ist eine Verallge-
meinerung von Lévy’s Lemma, einer Aussage iiber die Konzentration des Mafles fiir
die Gleichverteilung auf der Sphire, auf GAP-Mafle. Des Weiteren verallgemeinern
wir dynamische Typizitat, die Aussage, dass fiir jeden Operator B auf H und jedes
t € R fiir die meisten ¢p € S(H) der Erwartungswert (¢;|B|¢;) ndherungsweise 1)-
unabhéngig ist, auf GAP-Mafle. Hierbei folgt 1), einer unitiren Zeitentwicklung in
H. AuBlerdem zeigen wir, dass fiir jedes 0 < T < oo die ganze Kurve t — (¢ Bl1)y)
niaherungsweise ¥-unabhingig auf dem Zeitintervall [0, 7] ist.

Der zweite Teil dieser Arbeit beschéftigt sich mit Aspekten der Zeitentwicklung
von typischen reinen Zustdnden. Zunéchst betrachten wir wieder einen endlich-
dimensionalen Hilbertraum H und eine sich unitér entwickelnde Wellenfunktion v, €
S(H). Von Neumann folgend nehmen wir als gegeben hin, dass H orthogonal zer-
legt ist in hochdimensionale Unterrdume H,, die sogenannten Makrordume, die zu
verschiedenen Makrozustéinden v gehdéren. Normalerweise gibt es in der Zerlegung
einen Makroraum, der mit Abstand am gréfiten ist und das thermische Gleichgewicht
beschreibt; wir bezeichnen ihn als Hy. Sei P, die Projektion auf H,. Normale Typi-
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zitét ist die Aussage, dass fiir alle Anfangszusténde vy € S(H) und die meisten Zeiten
t > 0 das Superpositionsgewicht ||P,v||* nahe bei d, /D ist, wobei d, = dim H,, und
D = dim H < oo die Dimensionen der entsprechenden Hilbertraume sind. Diese Aus-
sage gilt fiir Hamiltonoperatoren mit gleichverteilter Eigenbasis — eine Annahme, die
physikalisch nicht realistisch ist, da sie zu extrem kurzen Thermalisierungszeiten fiihrt.
Wir erwarten realistischere Thermalisierungszeiten fiir Hamiltonoperatoren mit einer
Bandstruktur in einer Basis, die die Projektionen P, diagonalisiert. Deshalb zeigen
wir die folgende Verallgemeinerung von normaler Typizitat: Fiir alle Hamiltonopera-
toren mit nicht zu hoch entarteten Eigenwerten und Eigenwertdifferenzen sind die
meisten o € S(H,,) derart, dass fiir die meisten ¢ > 0 das Gewicht || P,1||* ungefihr
gegeben ist durch eine - und ¢-unabhéngige Gréfle M,,. Hierbei bezieht sich “die
meisten 1)y € S(H,,)” wieder auf die Gleichverteilung und die beiden Grofien sind nah
beieinander in dem Sinn, dass der absolute Fehler klein ist. Ist allerdings M, selbst
klein, so sind kleine absolute Fehler nicht besonders aussagekréiftig und wir miissen
zeigen, dass auch die relativen Fehler klein sind. Dafiir modellieren wir den Hamilton-
operator als eine zufillige Bandmatrix. Fiir den Beweis, dass in diesem Fall auch die
relativen Fehler klein sind, verwenden wir die “Keine-Liicken-Delokalisierung”, ein Re-
sultat iiber die Delokalisierung der Eigenvektoren einer Zufallsmatrix. Des Weiteren
zeigen wir auch eine Verallgemeinerung von (verallgemeinerter) normaler Typizitét
auf GAP-MaBe (auf separablen Hilbertrdumen). Wir bemerken, dass wir auch Re-
sultate fiir allgemeine Operatoren B statt der Projektionen P, und Resultate fiir
endliche Zeitintervalle beweisen.

Im dritten Teil dieser Arbeit untersuchen wir die Thermalisierung von hochent-
arteten Hamiltonoperatoren. Wir nehmen wieder an, dass der (endlich-dimensionale)
Hilbertraum H des Systems wie oben in Makrordume zerlegt ist. Wir sagen, dass
ein abgeschlossenes makroskopisches Quantensystem in einem reinen Zustand 1 im
makroskopischen thermischen Gleichgewicht (MATE) ist, falls ¢ in oder nahe bei Heq
liegt. Falls der Hamiltonoperator H des Systems die Eigenzustands-Thermalisierungs-
Hypothese (ETH) erfiillt, also falls jede Eigenfunktion von H in MATE ist, dann ther-
malisiert jeder Anfangszustand 1y € S(H), d.h. er erreicht nach einiger Zeit MATE
und verbringt dort die meiste Zeit. Motiviert von aktuellen Arbeiten von Shiraishi und
Tasaki untersuchen wir die Thermalisierung eines Systems freier Fermionen, dessen
Hamiltonoperator hochentartet ist. Wahrend wir zeigen konnen, dass der zugehorige
Hamiltonoperator in einer Dimension die ETH erfiillt (und somit jeder Anfangszu-
stand thermalisiert), konnen wir in hoheren Dimensionen nur zeigen, dass es eine
Eigenbasis gibt, deren Eigenvektoren in MATE sind, und es ist moglich, dass die
ETH verletzt ist (und somit nicht jeder Anfangszustand thermalisiert). Inspiriert
von dieser Situation zeigen wir das folgende Resultat: Ist Hj ein Hamiltonoperator,
der eine Eigenbasis besitzt, deren Eigenvektoren in MATE sind, und addieren wir
eine kleine zufillige Storung AV mit A < 1, dann thermalisiert jeder Anfangszu-
stand ¢y € S(H) fiir die meisten Stérungen V' und fiir jeden Makrozustand v sind die
meisten Storungen V' derart, dass die meisten 1y € S(#,) thermalisieren.
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Summary

In this thesis, we study the behavior of typical pure states of large quantum sys-
tems. We generalize certain typicality statements from the uniform distribution on
the sphere to the much broader class of so-called GAP measures and to more real-
istic Hamiltonians and study the thermalization of systems with highly degenerate
Hamiltonians.

In the first part of this thesis we prove a generalization of canonical typicality,
the fact that for most pure states ¢ from a large finite-dimensional Hilbert space
‘H the reduced density matrix of a small subsystem is nearly -independent and,
if the subsystem and its environment are only weakly interacting, nearly canonical.
Here, “most” refers to the uniform distribution on the sphere S(#H). We generalize
canonical typicality from the uniform distribution to GAP measures as measures
of typicality. Roughly speaking, for any density matrix p on a separable Hilbert
space H, the measure GAP(p) is the most spread out distribution on S(H) with
density matrix p. If p is a canonical density matrix, GAP(p) arises as the thermal
equilibrium distribution of wave functions and can be seen as a quantum analogue
of the canonical ensemble of classical statistical mechanics. Thus, generalizations of
results for the uniform distribution on the sphere to GAP measures can be regarded
as expressing a version of equivalence of ensembles. The main tool for the proof
of our result is a generalization of Lévy’s Lemma, a concentration-of-measure-type
result for the uniform distribution on the sphere, to GAP measures. Moreover, we
also generalize dynamical typicality, the statement that for any operator B on H and
every t € R for most 1y € S(H) the expectation (¢y|B|yy) is nearly 1-independent,
to GAP measures. Here, 1); evolves unitarily in H. Furthermore, we show that for
any 0 < T' < oo the whole curve t — (¢y|B|i;) is approximately t-independent on
the time interval [0, 7.

The second part of this thesis is concerned with aspects of the time evolution of
typical pure states. At first we again consider a finite-dimensional Hilbert space H
and a unitarily evolving wave function ¢ € S(H). Following von Neumann, we take
for granted an orthogonal decomposition of the Hilbert space H into high-dimensional
subspaces H,, the so-called macro spaces, which correspond to different macro states
v of the system. Usually there is one macro space in the decomposition that is by
far the largest one and which is associated with thermal equilibrium; we denote it
by Heq. Let P, be the projection to H,. Normal typicality is the statement that
for all initial states 1y € S(H) and most times ¢ > 0, the superposition weight
| P, ||? is close to d,/D, where d, = dimH,, and D = dimH < oco. This statement

vil



Summary

holds true for Hamiltonians with uniformly distributed eigenbasis — an assumption
that is physically not realistic as it leads to extremely small thermalization times.
We expect to obtain more realistic thermalization times for Hamiltonians with a
band structure in a basis that diagonalizes the projections P,. Therefore we show
the following generalization of normal typicality: For all Hamiltonians with not too
highly degenerate eigenvalues and eigenvalue gaps most ¢y € S(#,) are such that
for most ¢ > 0 the superposition weight || B,1||? is close to a - and t-independent
quantity M,,. Here “most 1)y € S(H,)” refers again to the uniform distribution on
the sphere and the closeness means that the absolute errors are small. However, if
M,,,, is small itself, small absolute errors are not very meaningful and we have to show
that the relative errors are small as well. To this end we model the Hamiltonian by a
random band matrix. For the proof of small relative errors we make use of a no-gaps
delocalization result concerning the delocalization of the eigenvectors of a random
matrix. Moreover, we also prove a generalization of (generalized) normal typicality
to GAP measures (on separable Hilbert spaces). Note that we also show statements
for arbitrary operators B instead of the projections P, and also some finite-time
results.

In the third part of this thesis we study the thermalization of highly degenerate
Hamiltonians. We again assume that the system’s (finite-dimensional) Hilbert space
‘H is decomposed into macro spaces as above. A closed macroscopic quantum system
in a pure state ¢ is said to be in macroscopic thermal equilibrium (MATE) if ¢ lies in
or close to Heq. If the system’s Hamiltonian H satisfies the eigenstate thermalization
hypothesis (ETH), i.e., if every eigenfunction of H is in MATE, then every initial
state g € S(H) thermalizes, i.e., after some time it reaches MATE and stays there
for most of the time. Motivated by recent works of Shiraishi and Tasaki, we study the
thermalization of a system of free fermions whose Hamiltonian is highly degenerate.
While we can show that in one dimension the corresponding Hamiltonian satisfies the
ETH (and therefore every initial state thermalizes), in higher dimensions we can only
show that there is one eigenbasis whose eigenvectors are in MATE and it might be the
case that the ETH is violated (and thus not every initial state thermalizes). Inspired
by this situation we prove the following result: If H, is a Hamiltonian that has an
eigenbasis whose eigenvectors are in MATE and we add a small random perturbation
AV with A < 1, then every initial state 1)y € S(H) thermalizes for most perturbations
V' and for any macro state v most perturbations V' are such that most vy € S(H,)
thermalize.
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1. Introduction

A cup of hot coffee cools down to room temperature but never spontaneously heats
up, a broken glass never becomes whole again on its own — these two examples from
everyday life are instances of the second law of thermodynamics which states that
the entropy in isolated systems never decreases. The second law is not time-reversal
invariant and therefore is in sharp contrast to the time-reversal microscopic laws of
physics. So how can a system’s macroscopic properties and behavior be obtained
from the laws governing its microscopic constituents? Motivated by such questions,
the field of (classical) statistical mechanics was developed mainly during the second
half of the 19th century by its founding fathers Ludwig Boltzmann [13| [14], James
Clerk Maxwell [84) 85, [86] and Josiah Willard Gibbs [47].

With the emergence of quantum theory in the twenties and early thirties of the
previous century also the field of quantum statistical mechanics was established, how-
ever, as it is pointed out in an review article by Gogolin and Eisert from 2016 [4§],
some foundational questions already raised by von Neumann in 1929 [144] were largely
forgotten and came back into the focus of research only very recently. More precisely,
these questions include the equilibration and thermalization of large quantum sys-
tems. Roughly speaking, we say that a quantity equilibrates if after some time it
reaches a certain value and stays close to it for a long time. Moreover, we say that
a system thermalizes if after some time it appears to be in thermal equilibrium and
keeps this appearance for an extended period of time. We will introduce two precise
notions of thermal equilibrium in quantum systems later in the introduction. For
a detailed review of the literature on equilibration and thermalization in quantum
systems see, e.g., [48], 91].

A modern approach to study such questions as the equilibration and thermalization
of quantum systems is to consider a closed system in a pure state ) € S(H) = {¢ €
H : |||l = 1} that evolves unitarily according to ¢; = e, Here, H is a very high
but finite dimensional Hilbert space and H is the system’s Hamiltonian. Note that
throughout this thesis we set A = 1. As it is often difficult or even impossible to make
statements about all initial states, many of the results we discuss in the following
are formulated as typicality statements, i.e., they are true for “most” initial states,
where “most” refers to some probability measure on the sphere S(#H). In the previous
literature, the measure of typicality was usually taken to be the uniform distribution
on S(H).

The aim of this thesis is to contribute to the mathematically rigorous study of equi-
libration, thermalization and thermal equilibrium in macroscopic quantum systems.



1. Introduction

Three projects [136, 138, [143] of this thesis are concerned with a generalization of
normal typicality [144) 506], 60, 107] in several ways. Let H, C H be a subspace and
P, the projection to it. We think of H, as corresponding to some “macro state” v.
Roughly speaking, normal typicality asserts that for all initial states ¢y € S(H) and
most times ¢ > 0, the superposition weight ||P,1||? is close to d,/D provided that
» =dimH, and D = dimH are sufficiently large. This statement holds true if the
Hamiltonian has a uniformly distributed eigenbasis — an assumption that is unfortu-
nately rather unphysical. We generalize this statement to one about all Hamiltonians
and most ¢y € S(H,), where u represents a possibly non-equilibrium macro state.
More precisely, we show that for most of the time || P,1||* is close to some quantity
M, that can also depend on the initial macro state p. As long as only the absolute
errors are concerned, the only assumptions on the Hamiltonian that are needed for
small errors are that its eigenvalues and eigenvalue gaps are not too highly degen-
erate [136]. In order to show that the relative errors are small as well, we have to
assume that the Hamiltonian is itself or perturbed by a random matrix with suitably
delocalized eigenvectors [138]. We argue that the class of Hamiltonians that we can
treat includes physically more realistic ones than the ones considered by von Neu-
mann [144]. As another generalization [143], we show that the uniform distribution as
a measure of typicality can be replaced by so-called GAP measures [67, 59, 57, [141].
For a density matrix p on a separable Hilbert space H, the measure GAP(p) is in
some sense the most spread out distribution on S(#H) with density matrix p. If p is
a canonical density matrix, the corresponding GAP measure occurs naturally as the
distribution of wave functions in thermal equilibrium [59, 57] and can be seen as a
quantum analogue of the canonical ensemble of classical statistical mechanics. For
this generalization of normal typicality to be valid we require that ||p|| is small. We
remark that in all situations discussed above we also prove statements for general
bounded operators instead of the projections P, and we provide finite-time results.
Another project [137] included in this thesis is about a generalization of canonical
typicality [79, [45], [46], 100, 101, 58] to GAP measures. Canonical typicality states
that for most 1 € S(#H), the reduced density matrix of a sufficiently small subsystem
is close to a w-independent density matrix, and one can argue that for example if
the subsystem and its environment are only weakly interacting, this density matrix
is close to a canonical one. Here, “most” refers again to the uniform distribution on
S(H). Then main ingredient of the proof of the generalization of canonical typicality
is a generalization of Lévy’s Lemma [73), 88, 99, [70], a concentration-of-measure type
result, from the uniform distribution to GAP measures with small ||p[|. As a byprod-
uct, we also obtain a generalization of dynamical typicality [6l [92] [5, 110, 109, 111] to
GAP measures. Dynamical typicality is the statement that for any bounded operator
B on H, for all times ¢ > 0 and most ) € S(H) (most w.r.t. the uniform distribu-
tion), the expectation (y|B|iy) is close to a t-independent value w(t). Moreover,
on any finite time interval we find that the whole curve t — (| B|1) is close to the
deterministic curve t — w(t) for most 1.
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Note that since the uniform distribution can be seen as a quantum analogue of the
micro-canonical ensemble and certain GAP measures as a quantum analogue of the
canonical ensemble, generalizations of results from the uniform distribution to GAP
measures can be viewed as expressing a kind of equivalence of ensembles.

The last project [117] is concerned with the thermalization of a system of free
fermions. This work was motivated by recent works by Shiraishi and Tasaki [123] and
Tasaki [134], 133] who considered a system of NV > 1 free non-relativistic fermions on
a one-dimensional lattice and showed thermalization in the sense that for any initial
state and most times, the number of particles in a sublattice is close to its equi-
librium value. For their proof they had to introduce a small artificial phase to the
hopping terms in the standard Hamiltonian and, using a number-theoretic argument,
they showed that the phase lifts the degeneracy of the Hamiltonian’s eigenvalues.
Another important ingredient of their proof is the eigenstate thermalization hypoth-
esis asserting that in all eigenstates of the Hamlitonian the number of particles in
any sublattice is close to its equilibrium value. We show that thermalization also
takes place for the standard Hamiltonian without the artificial phase. Moreover, by
adding a small random perturbation to the Hamiltonian, we generalize these findings
to arbitrary dimensions and also prove a thermalization result for arbitrary highly
degenerate Hamiltonians after slight perturbation.

In the remainder of the introduction we give some mathematical and physical back-
ground to our results; it is organized as follows: In Section [I.1, we discuss the notion
of typicality as well as important measures of typicality. The next three sections are
concerned with different typicality results, more precisely, Section[I.2]is about normal
typicality, Section[I.3]discusses dynamical typicality and Section[I.4]is concerned with
canonical typicality. In Section we introduce GAP measures (in finite as well as
in infinite dimensions) which can serve as measures of typicality more general than
the uniform distribution. In Section we discuss the equilibration and thermaliza-
tion in closed quantum systems. We define different notions of thermal equilibrium,
give results on the time scales of equilibration and thermalization and compare to the
classical case. In Section [I.7] we present some results concerning the thermalization
of the free, non-relativistic Fermi gas in one dimension. Finally, in Section [I.8] we
collect some results from random matrix theory that turned out to be very useful for
some of the papers attached to thesis.

Furthermore, in Section[2] we summarize the objectives of this thesis and in Section 3]
we present and discuss the results obtained in the papers attached to this thesis.

1.1. Typicality
This section is devoted to the notion of typicality. We first motivate the idea behind

the method of appeal to typicality in Section [1.1.1} Most of the typicality statements
that we discuss in later sections are about “most” (initial) wave functions and “most”
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Hamiltonians with fixed eigenvalues. Here, “most” refers to the corresponding natural
uniform distribution. For wave functions ¢ € S(H), where H is a finite-dimensional
Hilbert space, this is just the uniform measure on the sphere which we introduce
in Section [L1.2l The uniform measure on the set of Hamiltonians on H with fixed
eigenvalues is derived from the Haar measure on the unitary group on H; we discuss
this measure in Section [LT.3

1.1.1. Appeal to Typicality

The notion of typicality is formulated in the convenient language of probability theory,
however, as we explain below, typicality and probability are conceptually different
notions. We partially follow the presentations in [60), 61].

We start with making more precise the notion of typicality. To this end, let P be a
probability measure on a measurable space (X, F) where F is a o-algebra on the set
X. Let A € F be the subset of X containing the elements of X that fulfill a property
P. We say that P is typical for the elements in X or that most x € X have P if and
only if P(A) is close to 1. In case it is not clear from the context to which measure
“typical” or “most” refers, we write “typical (w.r.t. P)” or “most (w.r.t. P)” or also
“P-most” instead. The idea behind typicality is that if we consider a concrete element
x € X, knowing that the property P is typical for the elements in X suggests that x
also has P. Of course, this does not prove that x has the property P but we expect
x to have P unless there is a good reason to believe otherwise.

It is important to note that although we use the language of probability theory we
do not mean that x is actually a random object. In probability theory a probability
distribution would assign probabilities to x having a certain property and if one draws
an element from X repeatedly and independently from each other, after sufficiently
many repetitions the relative frequency of the drawn elements with this property is
close to the probability of x having this property. This follows immediately from the
law of large numbers. In physics, however, the situation is different: Here, for some
systems it is impossible to investigate multiple realizations thereof (for example there
is only one universe) and even if one considers an experiment that can be repeated (for
example the preparation of a (macroscopic) gas), the feasible number of repetitions
is only extremely small compared to the dimension of the system’s phase space or
Hilbert space [61]. Therefore one could not hope to obtain much information about
an underlying distribution of such high-dimensional systems from comparably few
realizations thereof. For example, one could not conclude whether a certain in the
realizations often observed behavior is typical for this system or not which would
make it difficult to make predictions for the behavior of future realizations of the
system.

The concept of typicality already appeared in the literature almost 100 years ago
in a work by Schrédinger [121] and, more prominently, in an article by von Neu-
mann [144], and has been used successfully in physics ever since.
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One important example from physics where the method of appeal to typicality
turned out to be extremely successful is Wigner’s [147] approach to study random
matrices as Hamiltonians in order to make predictions about complicated quantum
systems in nuclear physics. As Wigner [147, p.3] argues:

One (...) deals with a specific system, with its proper (though in
many cases unknown) Hamiltonian, yet pretends that one deals
with a multitude of systems, all with their own Hamiltonians, and
averages over the properties of these systems. Evidently, such a
procedure can be meaningful only if it turns out that the properties
in which one is interested are the same for the vast majority of the
admissible Hamiltonians.

Wigner’s approach also inspired lots of further research, in particular the mathe-
matical rigorous study of random matrices.

In some of the following sections we will discuss some more recent examples of
typicality, namely normal typicality, dynamical typicality and canonical typicality.
For a more detailed discussion of the concept of typicality, in particular on its history,
see for example [48, O1].

1.1.2. The Uniform Measure on the Sphere

Some of the typicality statement that we discuss in the next sessions are about typical
Y € S(H) where “typical” refers to the uniform distribution on the sphere S(#). Since
we assume that # is finite-dimensional?], we can identify H with C” where D = dim H.
Moreover, we can identify CP with R?P and therefore it suffices to consider S(R") for
n € N.

One possible way to define the uniform distribution on S(R") is with the help of
standard Gaussian random variables.

Definition 1.1 (Uniform Distribution on S(R™)). Let X = (X3,...,X,,), where X, ...,
X, ~ N(0,1) are independent and identically distributed (i.i.d.) standard Gaussian
random variables. Then,
X (XX
X1 VXP+ X2

(1.1)

is uniformly distributed on S(R™). Here, || - || denotes the standard Euclidean norm
on R".

This definition agrees with defining the uniform distribution as the surface measure
on S(R™) as can be seen from a direct computation using spherical coordinates. To

2See Section for the physical motivation of this assumption.
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this end, let f : R — S(R™),  — x/||x||. Then the distribution of X /|| X]|| is given by
the pushforward measure f(X),P which is defined as (f(X).P)(A4) = P(f(X) € A)
for any Borel-measurable set A C S(R™). Let 0,1 = 6,-1/7,-1(S(R™)) be the
normalized surface measure on S(R™) , where &,,_; is the not normalized one. Then,
for any Borel-measurable set A C S(R"),

n

= [ 1 (o) e = (20

1 —r2/2 _n—1
- /smn () Gnma(d) Gy (1:20)
:/ Ta(u)on_1(du) = o,_1(A). (1.24)
S(R™)

GBI = [ 1@ XY = [ L) R (20)

Here, we used in the fifth line that
/ e~ 2 g = 272710 (n)2) (1.3)
0

and &,_1(S(R")) = 272 /T'(n/2), where T' denotes the Gamma function.

The surface measure o,,_; can, for example, be defined via the formula
Tn1(A) = N(S(R™)) 1A ({m 1 €A 0<t< 1}) , ACSRY,  (14)

where \" denotes the Lebesgue measure on R", see (3.6) in [83]. Another way to
define it is as the normalized restriction of the (n — 1)-dimensional Hausdorff measure
to the sphere S(R"), see again [83].

We remark that the distribution f(X).P is invariant under orthogonal transfor-
mations. This can be seen from the invariance of X under orthogonal transforma-
tions and the fact that ||OX|| = || X|| for every orthogonal matrix O € O(n), where
O(n) denotes the orthogonal group on R", as follows: For every Borel-measurable set
A CS(R™) and O € O(n) we have that

(0-£0 = (i £04) = (g 4) = (g < 4)

= (f(X).P)(A). (1.5)

In fact, one can show that there is exactly one probability distribution on S(R™)
that is invariant under orthogonal transformations and thus this also serves as a
characterization of the uniform distribution on S(R™). To see this, let B,.(z) = {y €
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S(R™) : |ly — || < r} with r > 0 and € S(R™) be the closed ball in S(R") around
x with radius r. Because of OB,(x) = B,(Ox) for all O € O(n) it follows that for
every orthogonally invariant probability measure p on S(R™) the measure of a closed

ball depends only on the radius 7, i.e., u(B.(z)) = u(B,(y)) for all z,y € S(R").
Moreover, the measure of every ball is clearly finite and due to the compactness of
S(R™) strictly positivd’] Therefore, u is uniformly distributed and since S(R™) is
separable, it follows from Theorem 3.4. in [83] that p is unique up to a constant
positive factor. However, this factor has to be equal to 1 due to the normalization
constraint and thus p is unique.

For the uniform distribution on the sphere S(H) of a finite-dimensional Hilbert
space ‘H, many averages such as for example moments of components of a uniformly
distributed vector can be computed explicitly. We collect some useful identities in
Lemma [1.2] Before stating the lemma, we recall that the variance of a complex
random variable Z is defined as

Var 7 =E [|Z - E(2)"] =E [|ZP] - [E(2) (16)

Lemma 1.2. Let H be a Hilbert space of dimension D := dimH < oo and let v € S(H)
be uniformly distributed. Then for any operator B on H,

E|(y|Bl)] = 5B, (17
sy (wEm -0 (1)

Here, E denotes the expectation and Var the variance with respect to the uniform
distribution and B* is the adjoint of B.

Let (¢m)m be an orthonormal basis of H and ay, := (pm|t). Then,

Var [(|B[y)] =

(i) E(azaa;,an) =0 if an index occurs only once, (1.9a)

(1) E(ap’ai) =0 fork#1, (1.9b)
2

(i) E (Jarl') = DD+1)’ (1.9¢)

(i) E(allal) = ——— fork#L. (1.9d)

D(D+1)

For a proof of Lemma [1.2] see, for example, [144] and [46, App. A and C].

3Suppose there are 79 > 0 and = € S(R") such that u(B,,(z)) = 0. Since all balls of the same
radius have the same measure, it follows that u(B,,(y)) = 0 for all y € S(R™). The balls B, (y)
with y € S(R™) form an open cover of S(R™) and due to the compactness of S(R™) there exists
a finite subcover B, (z1),..., By, (Tm). Moreover, these open balls obviously also have measure

zero. This implies that u(S(R™)) = 0, a contradiction to the assumption that u(S(R™)) = 1.
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1.1.3. The Haar Measure on the Unitary Group

Let U(H) be the unitary group on a finite-dimensional Hilbert space H. The uniform
measure on U(H) is called the Haar measure on U(H) and it is invariant under left
multiplication with any group element.

More generally, Haar measures can be defined on locally compact groups [42]:

Definition 1.3 (Haar Measure). Let G be a locally compact group. A left (resp. right)
Haar measure on G is a nonzero Radon measure p on G such that

(gA) = pu(A) (resp. p(Ag) = u(A)) (1.10)

for all Borel-measurable sets A C G and g € G.

It can be shown that the left and right Haar measure exist and are unique up to a
multiplicative positive constant, see Section 2.2 in [42], in particular, Theorem 2.10
and Theorem 2.20. Thus, if we require the left and right Haar measure to be normal-
ized to 1, then they are unique. Moreover, if G is compact (which is the case for the
unitary group U(H) if H is ﬁnite—dimensiona]ﬁ), the left Haar measure is equal to the
right Haar measure [42], Corollary 2.28].

The Haar measure on U(#H) induces a probability distribution on the set ONB(#) of
orthonormal bases of H in the following way [56]: Let ¢4, ..., ¢p be an orthonormal
basis of H. The elements of any other orthonormal basis xi,...,xp of H can be
expanded in the basis of the ¢; as

D
Xk = Z ¢j|Xk ZUk](b]? (1'11>
j=1

where we defined Uy; := (¢;|xx). The coefficients Uy; form a unitary matrix U and via
every U € U(H) defines an orthonormal basis of H, i.e., we have a one-to-one
correspondence between unitary matrices on H and orthonormal bases of H. In this
way the Haar measure on U(#) induces a probability measure on ONB(H) which we
call the uniform distribution on ONB(#) and denote it by uong. Note that as the
Haar measure is invariant under right multiplication by group elements, the uniform
distribution on ONB(H) is independent of the choice of the basis ¢4, ..., ¢p.

4The unitary group is obviously bounded as each element has operator norm equal to 1. Let
g1 :UH) = L(H), U U*U and g2 : U(H) — L(H), U — UU*, where L(H) denotes the set
of linear operators on H. The functions g; and g are continuous and U(H) = g; *(I) N g5 *(I),
where I denotes the identity on H, i.e., U(H) is the intersection of two closed sets and therefore
closed. As M and therefore also U(#H) is finite-dimensional, this implies the compactness of U(H).
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1.2. Normal Typicality

In this section we present and discuss the phenomenon of normal typicality. The first
result concerning normal typicality goes back to von Neumann [144] and it was more
elaborated on in [50] 55].

For the results concerning normal typicality we always assume that the Hilbert
space H is finite-dimensional. The physical background is that one often restricts the
considerations to a micro-canonical energy shell, i.e., the subspace H,. C H spanned
by the eigenvectors of the system’s Hamiltonian H corresponding to eigenvalues in
a micro-canonical energy interval [F — AFE, E|. Here, E € R, AFE is the macro-
scopic resolution of the energy and we assumed that the Hamiltonian has pure point
spectrum. If further there are only finitely many eigenvalues which are smaller than
any arbitrary value and if each eigenvalue has finite multiplicity, then it follows that
dim H e < 0o. These assumptions are for example fulfilled if the system is enclosed
in a finite volume, see, e.g., [39, Theorem 1, p. 355].

In the setting in [144] [56, [55] 60] the Hilbert space is assumed to be decomposed into
mutually orthogonal subspaces (“macro spaces”). We introduce and discuss the moti-
vation for this decomposition in Section Then, in Section [I.2.2] we present von
Neumann’s Quantum Ergodic Theorem and discuss his assumptions in Section [1.2.3]
Throughout this section we closely follow the presentation of von Neumann’s re-
sult [I44] and its refinements in [56, [55], 60].

1.2.1. Decomposition of the Hilbert Space

Following von Neumann [144], we take as given a decomposition of H into mutually
orthogonal subspaces H,, (“macro spaces”) corresponding to different macro states v,

H=EPH. (1.12)

Usually there is one macro space Heq in the decomposition that corresponds to ther-
mal equilibrium, see also Section and fulfills

deq/D =~ 1. (1.13)

Von Neumann’s motivation for considering such a decomposition was the following:
Let My,..., Mg be a set of pairwise commuting self-adjoint operators on H, i.e.,
[M;, M;] = M;M; — M;M; = 0 for all i,j. Moreover, we assume that the M; have
pure point spectrum, that the eigenvalues of the M; are highly degenerate and that
the distance between neighboring eigenvalues of M; is of the order of the macroscopic
resolution of the measurement of M;. We call the M; “macroscopic observables” or
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simply “macro observables’ﬂ Since the M, commute pairwise, they can be diagonal-
ized simultaneously. We define the macro states as lists of eigenvalues of the M;, i.e.,
v = (mq,...,mg), where m; is an eigenvalue of M;. Then the macro space H, is
defined as the joint eigenspace of the M; corresponding to the list v, that is,

K
My =\ Hatm: (1.14)

=1

where H s, m, is the eigenspace of the macro observable M; with eigenvalue m,. By
assumption, each Hpy, ., is high-dimensional and it is expected that also the H, are
usually high-dimensional. Von Neumann argued that such macro observables can be
obtained by “rounding” observables with small commutators to approximate them by
exactly commuting onesﬁ As an example, von Neumann considered the position and
momentum operators (0 and P, whose commutator is small and approximated them
by exactly commuting operators. However, as it is pointed out in [56], it is not clear
why the difference between the old and new operators should be small in operator
norm.

Von Neumann’s considerations raised the mathematical question whether it is al-
ways possible to approximate a set of almost commuting self-adjoint operators by
exactly commuting ones. As we assume that H is finite-dimensional, the observables
are self-adjoint matrices; for results in the case that H is separable and therefore
possibly infinite-dimensional, see [76]. For two self-adjoint matrices whose commuta-
tor is small in the operator norm, the answer is affirmative, as was proved by Lin in
1995 [75]. More precisely, he showed the following theorem:

Theorem 1.4 (Lin (1995) [75]). Let € > 0. Then there exists a § > 0 such that for all
n € N and any two self-adjoint n x n matrices A and B with ||A]|, ||B]| <1 and

I[A, B]|| <, (1.15)

where [A, Bl = AB — BA is the commutator of A and B, there are two self-adjoint
n x n matrices A', B" with [A’, B'] =0 and

IA— A+ |B - B <. (1.16)

Unfortunately, already for three almost commuting self-adjoint matrices the answer
is in general negative, see [I8] 64] for counterexamples. However, the macro observ-
ables we are interested in are often of a special form and one might hope that for
such operators it is nevertheless possible to approximate them by commuting ones.

5Natural choices of macro observables are, e.g., the number of particles, the total energy, the total
momentum or the total magnetization in cells of a partition of the available volume of the system.

6Tt is also possible to construct macro spaces without approximating non-commuting observables
by commuting operators, see [I16] for such a construction.

10
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One positive result in this direction is from Ogata [95]: She showed that for cer-
tain averaged operators in quantum spin systems exactly commuting approximations
exist.

Theorem 1.5 (Ogata (2013) [95]). Let m,n € N and let Ay,..., A, be self-adjoint
operators on C*. For every N€ N, 1 <j<m, 1 <k<N, let Hy = (C")®N be the
N-fold tensor product of C" and let Aj, : Hn — Hn be the operator A; acting on the
k-th factor of Hy. For j =1,...,m define

N
1
HjN = NZAJk (117)
k=1
Then there exist sequences of self-adjoint operators Yn, j =1,...,m, N € N, such
that
[Y;‘N,Y}N] =0 Vi,jzl,...,m (1.18)
and
A}i_IgoHHjN—Y}NH =0 Vji=1,....m. (1.19)

1.2.2. Von Neumann’s Quantum Ergodic Theorem

In this section we discuss von Neumann’s quantum ergodic theorem [144] and we
closely follow its presentation in [56]. We start with introducing some notations and
notions needed for stating the theorem.

Definition 1.6 (Most times). Let § > 0. A statement s(t) is true for (1 — §)-most
t € [0, 00) if
T—o0

1
lim inf — A{t € (0,77 : s(t) holds} >1-, (1.20)

where \ denotes the Lebesgue measure on R.

Definition 1.7 (Infinite time average). Let f : R, — C. The infinite time average of
f is given by

ft) == lim = [ f(t)dt (1.21)

whenever this limit exists.

Let D := {H,} denote the decomposition (|1.12)) and let P, be the projection to the
macro space H,. Roughly speaking, normal typicality states that for all initial states

11
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Yo € S(H) and most times t € [0, 0), || P, ¢:||* = d,/D, where d, = dimH,, and D =
dim H. We are going to discuss two statements, one for most decompositions D and
another one for most Hamiltonians. Here, “most” refers again to the suitable uniform
distributions; they can be obtained from the measure uong defined in Section [1.1.3
as follows: For the measure on the set of decompositions D we regard the number
K of subspaces, their dimensions d, and a partition of {1,..., D} into sets I, with
|I,| = d, as fixed. Let x1, ..., xp be an orthonormal basis of H distributed according
to the uniform measure uong. Then we set ‘H, = span{x; : j € I, } and in this way
we obtain a random decomposition {#,} whose distribution we call uniform. For
Hamiltonians, we regard its eigenvalues Fy, ..., Ep as fixed and take its eigenbasis to
be uniformly distributed according to uong.-

In the following we assume that the eigenvalues E1, ..., Ep of H are non-degenerate
and, moreover, that also its gaps are non-degenerate, i.e.,

either j = j' and k = ¥

. . (1.22)
or j=kand j =K.

E; — By, # Ej — Ej unless {

We first assume that the Hamiltonian H is fixed and the decomposition {#,} is
random. The idea of the proof of normal typicality is to compute the expectation
with respect to the uniform distribution on the set of decompositions {#H,} of the
quantity

2 2

SR S
= 1Pt = 25 120l +

I (1.23)

dy
iRl - %

for arbitrary ¢y € S(H) and v. If we show that this quantity is small, it follows from
Markov’s inequality that for most {#,} and most t > 0, || P,¢||* ~ d,/D.

To this end, let ¢1,...,¢p be an orthonormal eigenbasis of H corresponding to the
eigenvalues F1, ..., Ep. Then we can write
D D
Yo=Y ¢y, =Y e Pl (1.24)
j=1 j=1

with coefficients ¢; = (¢;|10o). Since the eigenvalues of H are non-degenerate, we find
that

D D
[Pl = ) e Bi-Botcien( Polon) = > lei1*(051Pul¢y)- (1.25)
7,k=1 j=1

Here we used that for z € R it holds that e = 4,0, i.c., the time average of the
complex exponential e is zero unless z = 0 and in this case it is equal to 1.

12



1.2. Normal Typicality

Due to the assumption that the gaps of H are also non-degenerate, we obtain

D
1Pt = Y BB Bty cci (05 Pl dn) (6| Pl die)” (1.26a)
Jkg k=1
D
= > (GO + OOy — 8 Orrs i) €encis (b5 Poldi) (b | Pl i)
Jkg k=1
(1.26b)
D D 2
= e Plerl i Pulen) P + | D les (@1 Poley) (1.26¢)
jk=1 j=1
J#k
Putting everything together, we arrive at
e D D d 2
v 2 v
'||Pu¢tH2 ~pl = > leilPlel 1os | Pl + D el (651Pulés) — ol (1273)
gy -
412
2 v
< mmax (6| P + mase (61 Pulgy) — 22 (1.27b)
J#k J D

where we used that ZJDZI lc;|*> = 1. Von Neumann [144] showed that the expectations
of the maxima on the right-hand side of can be bounded from above by terms
of the order log D/D and are therefore small for large D, see Lemma 4 in [56]. The
dimensions d, of the macro spaces are assumed to be larger than C log D but smaller
than D/Cy where C} > 1 is a large constant. Let ¢ > 0. After suitably increasing the
constant in the lower bound for the d, it can be shown that for any 1y € S(H) and
any macro state v, most decompositions {#,} are such that for most ¢ € [0, 00),

dy

il - %

d,
v 1.28
<\ %p (1.28)

where K denotes the number of subspaces in the decomposition {’Hl,}ﬂ As already
mentioned in Section in the decomposition there usually is one macro
space Heq that is associated with thermal equilibrium and that compromises most of
the dimensions, i.e., deq/D ~ 1. Unfortunately, von Neumann’s QET as formulated
above does not cover the case that d, is very close to D. Moreover, shows that
while the absolute error is small, the relative error need not be small. However, as
it is pointed out in [56], von Neumann actually proved a stronger statement. More

"More precisely, the constant has to be changed to max{C;,10K?/(¢26'6)} and the bound is true
for (1 — &) decompositions for (1 — ¢)-most of the time.

13
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precisely, he showed that for Cy < d, < D — Cs, where Cy > 1 is a big constant, the
probability that the maxima in ((1.27b]) are large is exponentially small in the dimen-
sion D, see Lemma 5 in [56]. With the help of these bounds, Goldstein, Lebowitz,
Mastrodonato, Tumulka, and Zanghi (2010) [56] showed the following theorem:

Theorem 1.8 (Normal typicality (for most D) [56]). Let €,6,0" > 0 and let H be a
Hilbert space of dimension D. Suppose that the numbers D, K, and dy,...,dx € N
are such that dy +---+dg = D and

max {02, V(BE/226)Dlog D} <d, <D -, (1.29)
g2y <2K/Cy, D/logD > 100K/e*)', and D >1/5 (1.30)

for all v, where Cy > 1 is a large constant. Moreover, suppose that H is a Hamilto-
nian on H with non-degenerate eigenvalues and eigenvalue gaps. Then, (1 — d)-most
orthogonal decompositions D = {H,} of H with dimH, = d,, for all v are such that
for every initial wave function vy € S(H), for (1 —¢")-most t € [0, 00),

dy

il - 5| <

dy
—. 1.31
-2 (131)

Roughly speaking, Theorem [I.§ shows that for most orthogonal decompositions
D = {H,} and all ¥y € S(H), the curve t — || B,1]|* is approximately constant in
the long run and its approximate value is given by d, /D, provided that D and d, are
sufficiently large. Note that due to the phenomenon of recurrence we cannot expect
the value ||P,1||? to converge for t — oo; after a sufficiently long time, it will return
arbitrarily close to its initial value. We also remark that in contrast to , the
bound shows that not only the absolute but also the relative error is small.

Theorem can also be translated into a statement about all orthogonal decom-
positions {#, } of H and most Hamiltonians H with non-degenerate eigenvalues and
eigenvalue gaps. To this end, let ¢4, ..., ¢p be an eigenbasis of a fixed H with corre-
sponding eigenvalues Fjy,..., Ep and let x1,...,xp denote an orthonormal basis of
H distributed according to uonp from which the random decomposition D = {H,}
is constructed. Then we can write

(D31 Pulr) = > {dilxm) (xml 68). (1.32)

mEIu

The coefficients ((¢;|Xm));m form a unitary matrix and it is Haar-distributed, see
Section [[.1.3] Since the Haar measure is invariant under inversion, the joint distri-
bution of the (¢;|xm) is the same if we regard the orthonormal basis ¢1,...,¢p as
random and xi,...,xp as fixed. This is called the “unitary inversion trick” in [56].
Due to this trick, also the distribution of is the same regardless of whether we
fix the basis of the ¢; and take the x; as a random basis or vice versa. With this the
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1.2. Normal Typicality

following theorem is an immediate consequence of Theorem [1.8}

Theorem 1.9 (Normal typicality (for most H) [56]). Let €,8,6" > 0 and let H be a
Hilbert space of dimension D. Suppose that the numbers D, K, and dy, ..., dx with
diy + -+ dxg = D fulfill the assumptions in Theorem and let D = {H,} be
an orthogonal decomposition of H with dimH, = d, for all v. Moreover, suppose
that the real numbers E, ..., Ep are non-degenerate and have non-degenerate gaps.
Then, (1 —3d)-most Hamiltonians with eigenvalues Ey, ..., Ep are such that for every
Yo € S(H), for (1 —4")-most t € [0, 00),

d,
— 1.
€ o) (1.33)

dy

el - 5 <

Theorem shows that for all orthogonal decompositions of the Hilbert space,
most Hamiltonians (with non-degenerate eigenvalues and eigenvalue gaps) are such
that for all initial wave functions vy € S(H) it holds that ||P,v||? ~ d,/D for most
of the time (in the sense that the relative error is small).

1.2.3. Discussion

We have already mentioned that von Neumann’s original assumptions do not allow
that one of the dimensions d,, is very close to D, i.e., that one of the macro spaces H,
represents thermal equilibrium. We say that a wave function ¢ € S(H) is in thermal
equilibrium if it is close to He, in the sense that || Pet||? is close to 1. As it is pointed
out in [55], the reason von Neumann did not consider this particularly interesting
case is that he thought of thermal equilibrium in a different way: He had in mind
that a wave function ¢ € S(H) is in thermal equilibrium if | P,¢||* & d, /D for all v.

While the theorem concerning normal typicality in [56] (that followed from what
von Neumann [144] had actually proved) covers the case that one of the H, is the
thermal equilibrium subspace, the proof in this case can be simplified and it is carried
out in [55]. Then main ingredient for the simpler proof is the observation that the set

deq
Wi Y U > 1—5}, (1.34)
k=1

where € > 0 is arbitrary, has Haar measure close to 1 provided that D and d., are
large enough, see Lemma 1 in [55]. The motivation for studying this set is that

SE:{UEU(D

deq

¢J|Peq’¢J Z |Ujk‘2 (1-35)

see also (1.32)), where Uj; = (xx|®;), {¢;} is an orthonormal basis of H consisting of
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1. Introduction

the Hamiltonian’s eigenvectors and {x} is a random orthonormal basis of H such
that Heq is spanned by its first d., vectors. This quantity appears naturally in the
computations, see also Section [1.2.2]

With the help of the statement regarding S., Goldstein, Lebowitz, Mastrodonato,
Tumulka, and Zanghi proved in [55] the following theorem:

Theorem 1.10 (Normal typicality for Heq [55]). Let n,6,0" € (0,1) and let
Do(nd',5) = max{1o3(n5')—2 log(4/5), 106(n5')-4}. (1.36)

Let H be a Hilbert space of dimension D > Dy(nd’,d) and let Heq be a subspace of H of
dimension deq > (1 —nd"/2)D. Moreover, let Ey, ..., Ep be distinct real numbers and
let H be a Hamiltonian on H with eigenvalues 1, ..., Ep and a uniformly distributed
eigenbasis. Then, with probability at least 1 — &, every initial state ¥y € S(H) is such
that for (1 — &')-most of the time,

(Ve| Peg|tbe) > 1 —n. (1.37)

It follows from Theorem that every initial state spends most of its time in
thermal equilibrium. If the initial state is not in thermal equilibrium, this tells us that
it approaches thermal equilibrium and stays there for most of the time. Unfortunately,
the theorem does not tell us anything about the time it takes a non-equilibrium initial
state to reach thermal equilibrium, put another way, it does not prove anything
concerning the thermalization time.

Here and also in the theorems in Section [1.2.2|it is important that the statements
hold true for all rather than most initial states because most initial states are in ther-
mal equilibrium anyways and therefore a theorem concerning only most initial states
would not allow us to conclude anything about the approach to thermal equilibrium.
The claim that most states are in thermal equilibrium can be proved very easily, see
Theorem [1.31] and its short proof.

We also remark that in contrast to the theorems in Section [1.2.2]it is only required
that the eigenvalues of H are non-degenerate, the assumption that also the eigenvalue
gaps are non-degenerate is not needed here. Furthermore, note that Theorem and
Theorem [1.10] are concerned with most Hamiltonians and it cannot be expected that
they are true for all Hamiltonians. Several counterexamples can be found in [55]. One
of them is given by Anderson localization [4,194]: There are some (physically relevant)
Hamiltonians for which there are eigenstates ¢ whose spatial energy density is not
uniform on the macroscopic scale. However, wave functions in thermal equilibrium
should have a uniform energy density, i.e., such eigenstates are not in or close to Heq
and (¢|Peq|¢) is not close to 1. Because of (¢ Peq|r) = (¢|Peq|®) for all times ¢, the
eigenstate ¢ never approaches thermal equilibrium.

While the assumption that the eigenbasis of H is uniformly distributed might seem
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1.3. Dynamical Typicality

natural at a first glance, a closer look reveals that it is physically rather unrealistic.
The reason is the following: If the energy eigenbasis of H is uniformly distributed, it is
completely unrelated to the orthogonal decomposition of the Hilbert space into
macro spaces and this should not be the case for physically realistic systems. If the
eigenbasis of H and the decomposition (1.12]) are unrelated, the system goes almost
immediately from any (possibly very far from thermal equilibrium) macro space into
Heq [00), 51, 52], see Section for more details. In more realistic systems, an initial
state far from thermal equilibrium with for example a very non-uniform energy density
on the macroscopic scale should evolve into one with a uniform energy density and
transporting the energy in the system in order to achieve the uniform distribution
of energy requires time and the passage through other macro spaces. To see such
a behavior, the Hamiltonian has to have more structure, for example, we expect a
system to show such a behavior if its Hamiltonian has a band structure in a basis that
diagonalizes the projections P, to the macro spaces H,. This motivated our works
on a generalization of normal typicality to more realistic Hamiltonians in [1306] [13§],
see also Section 3.2l

1.3. Dynamical Typicality

The name “dynamical typicality” was first introduced in a paper by Bartsch and
Gemmer [6] in (2009). It describes the phenomenon that given an observable A on a
Hilbert space H of dimension D = dimH < oo, a Hamiltonian H on H and a € R,
there is a (real-valued) function a(t) such that for every ¢ € R and most wave functions
o € S(H) with (1ho|Albg) & a it holds that (yy|Al) = a(t).

For their proof they assumed without loss of generality that the moments ¢; =
tr(A7)/D of the observables A fulfill ¢; = 0, ¢; = 1, and that ¢, ..., cg are of order 1.
Given a € R, they introduced an ensemble of pure states [¢)) by requiring them to
have the same quantum expectation value a, i.e., (¢)|A|Y)) = a, and to be uniformly
distributed otherwise. This means that the ensemble is invariant under all unitary
operators on H that do not change the quantum expectation value of A. Then
they introduced a “substitute” ensemble {|w)} which was easier to handle and they
computed the average and variance of (w|w), the average of (w|A|w) and the variance
of (w|A(t)|w). Here, the time evolved operator A is defined as A(t) = et Ae~*Ht,
From the results of these computations they concluded that the substitute ensemble
indeed approximates well the original ensemble as long as a is not too far away from
zero and provided that the dimension D is sufficiently large. Moreover, they argued
that the curve ¢t — a,(t) = (w|A(t)|w) and therefore also the curve t — (| A(t)|¢) is
nearly deterministic and they provided numerical examples to support their findings.

A rigorous version was proved two years later by Miiller, Gross, and Eisert [92].
They also considered a finite-dimensional Hilbert space of dimension D, identified it
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1. Introduction

with CP and analyzed the set
M, = {[6) € CP|(]AJp) = a and |lu]| = 1}, (1.38)

where A is an observable on C”. They showed that M, is a submanifold of R?”
and pointed out that this implies that M, inherits the “Hausdorff measure” from R??
which, after normalizing it, yields a natural probability measure on M,. The main
result in [92] is a concentration-of-measure-type result for M, from which dynamical
typicality follows almost immediately. More precisely, they showed the following
theorem:

Theorem 1.11 (Concentration of measure for M, [92]). Let A be a self-adjoint op-
erator on CP with eigenvalues ay,...,ap and let amin = Miny aj, Gpax = MaX} Q.
Moreover, let apy := % Zk ay be their arithmetic mean and a > i, any value which
s not too close to aawm, t.e.,

W(amax - amin)

2(D — 1)

a < aam —

(1.39)

Let |) € M, be a random state according to the natural probability distribution on
M, described above. Then, for any ¢ > 0 and any Lipschitz-continuous function
f M, — R with Lipschitz constant X\, we have that

P{|f() — | > Ae} < bD3eeP(e ) +20VD (1.40)

where f is the median of f on M,. The constants b,c and § can be obtained in the
following way:

o Shift the eigenvalues ay, by some offset s to a), = ay + s such that al ., > 0 and

min

a = (1 + %) (1 + %) a’y, (1.41)

with 6 > 0, where 'y denotes the harmonic mean of the a). The offset can be
chosen arbitrarily with the only constraint that the constant b below is positive.

o Compute c = 3al ;. /(32d’) and

—1/2 -1
1 12
ag = (5 Za;2> : b = 3040a’2, [a’2 (1 - %)] . (1.42)
k

We remark that this theorem can be seen as a kind of Lévy Lemma, a concentration-
of-measure-type result for the sphere which we discuss in the next section, but for M,
instead of the sphere.
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1.3. Dynamical Typicality

Since the function faw) : Mo = R, faw(¥) = (| A(t)[¢) is Lipschitz-continuous
for any observable A on CP and any t € R, see, e.g., Lemma 5 in [100], we can
apply Theorem to f and this immediately provides us with a rigorous version of
dynamical typicality.

Another closely related result was proved by Reimann [I10]: He considered two
observables A and B on a Hilbert space H with D = dim H < oo and showed that for
every t € R and most 1y € S(H) with (| A|th) = a, it holds that (iy|B|iy) ~ b(t)
where b(t) is a suitable function. He started from a real number a € (amin, Gmax ), Where
Gmin and anax again denote the smallest and largest eigenvalue of A, constructed an
ensemble {|p)} of wave functions such that for most |¢) its norm squared ||p]|? is
close to 1 and (p|A|y) is close to a. Then he showed that also for B; = et Be=tHt
the expectation value (p|B;|p) is close to its ensemble average which serves as b(t).
Reimann also compares his result to the ones from Bartsch and Gemmer [6] and
Miiller, Gross, and Eisert [92], see Section IV. and Section VI. in [110].

In view of Section [1.2.1] it is of interest to consider the case A = P, where P, is a
projection to some macro space H,. Then |p) is uniformly distributed over S(H,).
However, this case is not covered in the proofs of Reimann [I10] and Miiller, Gross,
and Eisert [92] as amax = 1 and, for technical reasons, it is required that a < @pax-

A more general result concerning dynamical typicality which also covers the afore-
mentioned case was proved by Balz, Richter, Gemmer, Steinigeweg, and Reimann [5]
in 2019:

Theorem 1.12 (Dynamical typicality [5]). Let ‘H be a Hilbert space of dimension
D = dimH < oo decomposed into K mutually orthogonal subspaces H, as in .
Let H be a (possibly time-dependent) Hamiltonian on H and let A be a self-adjoint
operator on H with marimum eigenvalue ama, and minimum eigenvalue G, and
set Ay 1= Gmax — Amin- Moreover, let t € R and let Ay = U AU, where U, is the
quantum-mechanical time evolution operator. Furthermore, let py,...,px > 0 be such
that Y p, =1 and let p be any density matriz on H that satisfies p, = tr(pP,) for
all v. Moreover, for every v, let U, be an operator on H that satisfies U U, = P, and
U,P, = P,U, = 90,U, and define the unitary operator U := > U, and the density
matriz py = U*pU. Let each U, be uniformly distributed on H,. Then,

K
Pv
Ey (tr(pyAy)) = ; oy tr(A.P,), (1.43)
Vary (tr(py4;)) < 5A% max (%) : (1.44)

where By and Vary denote the expectation and variance with respect to the distribution

of U.

Theorem shows that as soon as the dimensions d, of the subspaces H, are
all large and Ay is not too large, then tr(pyA;) is close to its expectation value.
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1. Introduction

This theorem can be applied to the aforementioned setting as follows: Considering
p = |¢)(¥| with ¢ € S(H) and setting p, = 1 and p, = 0 for v # p amounts to
considering p = |¢) (| with ¢ € S(H,,). Moreover, averaging tr(pyA;) with respect
to U is equal to taking the expectation of ()| A¢|v)) over ¢ uniformly distributed in
the sphere S(#,) (and the same holds true for the variance). Therefore, it follows
from Theorem that for every ¢t € R and most ¢ € S(H,,),

K
v 1 %
CAVIIAESD 5— t(AP,) = — U AUP,). (1.45)
v=1 "

m

Moreover, if the Hamiltonian H is time-independent, the right-hand side in (|1.45))
becomes tr(e* Ae~"H'P,)/d,,.

We remark that similar conclusions can be drawn from a result by Reimann and
Gemmer [111] who use a different strategy of proof. Furthermore, we note that the
proof simplifies a lot when only the special case mentioned above is considered; we
give this rather simple proof in [136]. Finally, we remark that dynamical typical-
ity for projections, i.e., the statement that for every ¢ € R and most ¢y € S(H,),
(U] P, |tpy) = tr(e™ P,e”"  P,)/d, (in the sense that the absolute error is small) can
also be obtained from Eq. (13) in a paper of Reimann [104] (by choosing the distri-

bution of the coefficients ¢, to be the centered Gaussian distribution with covariance
P,, K =1, and A = ' p, e~ Ht),

1.4. Canonical Typicality

We consider a macroscopic quantum system S = a Ub with finite-dimensional Hilbert
space Hg = H, ® Hyp. Canonical typicality is the statement that for most ¢ € S(Hg),
where Hr C Hg is a high-dimensional subspace, the reduced density matrix

Py =t ) (Y], (1.46)

is close to try, pr with pr = Pr/dr being the normalized projection to Hg, i.e.,
Pl =ty pr, (1.47)

provided that dgp = dim Hpg is large and d, = dimH, is not too large. Here, tr;
denotes the partial trace over the environment b of the subsystem a.

The motivation for calling this phenomenon “canonical typicality” is the following:
Suppose that Hpg is a micro-canonical subspace, i.e., Hgr = Hupe and pg = pme. If b is
large and the interaction between a and b is weak (and thus it can be assumed that
the system’s Hamiltonian is of the form H = H, + H,), it can be argued that tr, ppc
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1.4. Canonical Typicality

is close to a canonical density matrix

1
Pa,can = Ze_ﬁHa (148>

with suitable inverse temperature f > 0, where Z, = tre ?He is a normalization
constant [5§].

The term canonical typicality first appeared in a paper of Goldstein, Lebowitz,
Tumulka, and Zanghi [58] in 2006 and their argument is based on ideas of Schrodinger
[122] which he presented in his book on Statistical Thermodynamics in 1952.

Around the same time when the preprint of the paper of Goldstein, Lebowitz,
Tumulka, and Zanghi [58] appeared, Popescu, Short, and Winter [100, 101] gave
a rigorous proof of canonical typicality in the more general form discussed in the
introduction to this section using Lévy’s Lemma, a concentration-of-measure-type
result for the uniform measure on the sphere of high-dimensional Hilbert spaces.

In the more than 50 years between the work of Schrodinger [122] and the publica-
tion of the two results we just mentioned, there have been found some closely related
results. Already Lloyd [79] computed in his PhD thesis from 1988 the reduced den-
sity matrix of a typical state in the setting described above and obtained that it is
approximately canonical; in his words: “We show that the exact state for a system
in contact with a thermostat at temperature 7' is likely to be a mixture that has the
same form as the canonical ensemble for the system.”

In 2003, Gemmer and Mahler [45] obtained canonical typicality by computing the
size of suitable Hilbert space regions and assuming that the degeneracies of the energy
eigenvalues are huge.

Another related result was proved by Tasaki [I31] in 1998. He considered a system
consisting of a subsystem coupled to a heat bath and argued that under the “hy-
pothesis of equal weights for eigenstates” and assuming a special form of the coupling
Hamiltonian, for initial states ¢ with small energy fluctuation at a sufficiently large
and typical time ¢ the expectation of any operator A which acts on the subsystem
is close to its expectation in a canonical state. It follows that the reduced density
matrix p%* is approximately canonical. However, this does not imply that for ¢ = 0
and a typical initial state the reduced density matrix is canonical.

Canonical typicality can be proved in several ways. In the following we present
the argument of Goldstein, Lebowitz, Tumulka, and Zanghi [58] based on ideas of
Schrédinger in Section [1.4.1] Then, in Section and Section [1.4.4] we discuss the
proofs of polynomial resp. exponential bounds. Here, “polynomial” and “exponential”
refers to the behavior in dr of upper bounds on the probability that the reduced
density matrix p? differs from tr, pr significantly. While the proof of polynomial
bounds makes use of the identities in Lemma [I.2] the main tool for the proof of
exponential bounds due to Popescu, Short, and Winter [100} [101] is Lévy’s Lemma,
which we discuss in Section [L4.3]
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1.4.1. An Argument Based on Ideas of Schrédinger

In [58], some ideas of Schrodinger [122] were extended and the term “canonical typi-
cality” was introduced. This section closely follows the presentation in [58].

Let Hye C Hs be a micro-canonical subspace corresponding to a small energy
interval [E,E + AE]. Let |[E\"), ..., |EC(IZ)> and |E), ..., |Edl;)> be orthonormal
eigenbases of H, and H, respectively. Then,

1
trne

try Pmc = f

> dim(H) | EO) (B, (1.49)

where H\" .= # o (@)
¢ [E—E E—E! +AE]

of H, with eigenvalues in the interval [E — B, E — E\” + AE).
Let ¢ € S(Hme) be uniformly distributed. Then we can write ¢ = ¢/||¢|| where ¢
is a complex-valued Gaussian random vector in C%, see Section [1.1.2] i.e,

6= > eyl EMNE) =Y [EM) ), (1.50)

is the subspace of H; spanned by the eigenvectors

where |¢;) == >_; cij|E§b)) and the coefficients ¢;; are independent complex-valued

Gaussian random variables for 7,7 such that Ei(a) + Ei(b) € [E,E + AE] and zero
otherwise. With this, the reduced density matrix p? becomes

1 a a
Py = B Z<¢i|¢i’>|E¢( WEW). (1.51)
Then they argue that
(0l i) = || i |00 = b Z ’Cij’2 (1.52)
J

because if i # ¢ and if there are only few j that appear in |¢;) as well as in |¢;), the
two vectors are obviously approximately orthogonal. If on the other hand there are
many j appearing in both vectors, the corresponding parts of |¢;) and |¢;) are (after
suitable normalization) two independent uniformly distributed vectors on the sphere
of a high-dimensional Hilbert space and therefore with high probability approximately
orthogonalf|

From ([1.52]) we see that ||¢;]|* is a sum of dim Hgb) independent identically dis-
tributed random variables with mean 1. Therefore, it follows from the law of large

8This can easily be seen as follows: Let 1) = (11,...,%p) and ¢ = (¢1,...,dp) be two independent
uniformly distributed vectors on the sphere S(H) of a Hilbert space H of dimension D € N and
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1.4. Canonical Typicality

numbers that ||¢;||? ~ dim ’Hgb) and similarly [|¢||* & dpe. This finally implies

Pl i Zdlm H E(a)><E(a)| = tI Pme (1.53)
as desired. Moreover, as already discussed in the introduction to this section, if a
and b are weakly interacting and b is large enough, trj pyc is close to pgcan and thus

PV R Pocan-

1.4.2. Proof of Polynomial Bounds

Canonical typicality can be proved in several ways; in this section, we discuss how
an upper polynomial bound on the probability that p¥ and tr, pg differ significantly
can be obtained. These Chebyshev-type bounds were first shown by Sugita [130], see
also [140)].

As customary, the distance between two density matrices is measured in the trace

norm || - ||sr- Recall that the trace norm of an operator A is defined as
| Al := tr |A] = tr V A*A. (1.54)

If A is self-adjoint, then || Al|s, is the sum of the absolute eigenvalues of A.

Theorem 1.13 (Canonical typicality — polynomial bounds [130, 140]). Let H = H, ®
Hy, where H, and Hy are Hilbert spaces of dimensions d, and dy, respectively. Let
Hr C H be a subspace of dimension dgr and let pr = Pgr/dr where Pgr denotes
the orthogonal projection to Hgr. Moreover, let ur be the uniform distribution over
S(Hg). Then for every e > 0,

4

d
UR{¢ < S(HR> . ||pf — trprHtr > 8} S {52(;1%' (155)

Theorem shows that as soon as di < dg, i.e., as soon as Hp, is large and the
subsystem a it not too large, for typical ) € S(Hg) the reduced density matrix p? is

let € > 0. Then we find with the help of Lemma [1.2] that
E[(%,0)° = > E (V] 6;010%) ZE G E(0105) =D 55 =
Jik J

Now Markov’s inequality implies

P(|(¥,0)] > ) = (|<¢ O > e ) |<1/;2¢>| _5211)'

Thus, as soon as D is sufficiently large, 1) and ¢ are nearly orthogonal with very high probability.
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approximately given by tr, pr in the sense that the trace norm of p¥ — try pg is small.
Put another way, the reduced density matrix p¥ is nearly constant on S(Hg).

Besides the trace norm we also need the often easier computable Hilbert-Schmidt
norm |- || for the proof of Theorem [1.13] For a d, X d,-matrix A = (A;;) it is defined
as

(1.56)

1Al = v/er(A7A) =

If A is self-adjoint, then ||A||3 is the sum of the squares of the eigenvalues of A.

The trace norm and the Hilbert-Schmidt norm can be related via the inequality

1Al < Vdal[All2, (1.57)

see, e.g., Lemma 6 in [100] for a proof.

In the rest of this section we give the proof of Theorem [I.13] and closely follow the
presentation in [140], see also Section 4.6 in [137].

Proof of Theorem [1.15 We first observe that it follows from Lemma [I.2] and Cheby-
shev’s inequality that for any operator A on H and ¢ > 0,

uR{¢ € S(Hg) : ‘<¢|A|w> — tr(ApR)‘ > 6}

1 \tr(PRA)]2
< ——————— | tr(PRrA*PRA) — ——— 1.
= 22dp(dp + 1) (r( RA"PrA) dn (1.582)
tr(A*prA)
— 1.58b

In the last step we used the inequality | tr(BC)| < ||B] tr(|C]) for any operators B
and C| see, e.g. [126, Theorem 3.7.6], and the fact that A*prA is a positive operator.

Let {|l)s: 1 =1,...,d,} be an orthonormal basis of H, and define the operators
Ay = (|l>aa<m|) ® I, (159)

where I, denotes the identity operator on H;. Because of (¢|A;,]1) = o(m|pl|l)a
and tr(Au,pr) = o(m| try prll), it follows from (1.58b]) that

tr(A},PrAIm) < (I try pr|l)a
€2<dR + 1) - €2dR
(1.60)

un{ € S(Ha) ¢ |ulmloll1)a = o(m| try prll)a] > e} <
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With ((1.57) we get

da
2 2 2
p% = tro prll, < da Y Jalmlol — tr prllha|” < di max[o(mlpy — tr, prll).d|
I,m=1 ’

(1.61)
and together with ([1.60)) we finally obtain
un{t € S(H) :[|o¥ = tro prll,, > <}

< UR{@/) € S(Hg) : A, m: |o(m|pl|1)a — o{m| try pr|l)a| > 5d;3/2} (1.62a)

da
< >~ un{v €S(Hn) : |ulmlpllla — alml try prll)a] > ed2} (1.62b)

I,m=1

a3 d
< 2o NT ltry ppll)e = —o 1.62
< cren Sallinpull = - (1.620)

]

1.4.3. Lévy's Lemma

Another way to prove canonical typicality and obtain stronger bounds is to apply
Lévy’s Lemma in a suitable way. This was done by Popescu, Short, and Winter [100,
101] and we discuss their proof in Section [I.4.4] The present section is devoted to a
discussion of a proof of Lévy’s Lemma in the version due to Maurey and Pisier [99]
and here we closely follow the proof given by Milman and Schechtman [88].

Theorem 1.14 (Lévy’s Lemma [88]). Let H be a Hilbert space of dimension D =
dimH < oo, let f: S(H) — R be a Lipschitz continuous function with Lipschitz
constant 1 and let u be the uniform distribution over S(H). Then for every ¢ > 0,

u{¢ e S(H) - |F() —ulf)| > g} < dexp (-%) , (1.63)

where u(f) = S(3) F(@) u(dy).

Roughly speaking, Lévy’s Lemma states that Lipschitz continuous functions on
spheres in high-dimensional Hilbert spaces are approximately constant.

We remark that the statement of Theorem remains true for complex-valued
functions f if we replace the factor 4 by 8 and divide the term in the exponential by
2. This follows immediately from applying Theorem to the real and imaginary
part of f separately.
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As it is pointed out in [I37], Lévy’s original statement from 1922 (reprinted in [73]
Section 3.1.9]) is somewhat different. He showed that if a hypersurface S C S(R%)
divides S(R?) into two regions of equal size, then the size of its e-neighborhood is at
least as large as the e-neighborhood of an equator. Moreover, he showed that if d is
large, the size of the e-neighborhood of an equator is close to the full size of the sphere.
Milman and Schechtman [88] argue that this implies that for f as in Theorem [1.14]
and large d most 1 € S(R?) are such that f(¢) is close to the median of f.

We now give a proof of Theorem and closely follow Section V.1. and Sec-
tion V.2. in [88]. The first step is to prove the following lemma about Gaussian
distributions [8§]:

Lemma 1.15. Let F : RP — R be a Lipschitz function with Lipschitz constant 1. Let
X = (Xy,...,Xp) be a vector of independent real-valued Gaussian random variables
with mean zero and variance 1. Then for every e > 0,

IP’{]F(X) _EF(X)| > 5} < 2exp (-7328;2) . (1.64)

Proof. The function F' can be approximated uniformly by continuously differentiable
functions and therefore we assume without loss of generality that F' itself is contin-
uously differentiable. Let Y = (Y;,...,Yp) have the same distribution as X and let
it be independent of X. Since the Gaussian distribution is invariant under orthog-
onal transformations, it follows that X and Y have the same joint distribution as
Xp:=Xsinf + Y cosf and d%Xg = X cosf — Y sinf where 0 < 0 < 7/2.

Let ¢ : R — R be a convex non-negative function. With the help of Jensen’s
inequality and Fubini’s theorem we obtain

Eo(F(X) —EF(X)) < Ego_(F X)—F(Y)) (1.65a)
=E |¢ </07r/2 d%F(Xg) de)] (1.65b)
/2
(/0 <VF(X9), C%X9> d@)] (1.65¢)
/2 -
/0 @ (5 <VF(X9),d%X9>) d@] (1.65d)

—Ep (g (VF(X),Y)) . (1.65¢)

Choosing ¢(z) = e* with A € R gives

Eexp (AM(F(X) - EF(X))) < Eexp (%T(VF(X), Y)) (1.66a)
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=Eexp (A; Z gYF(X)YJ> . (1.66b)

We first perform the expectation over Y. To this end note that if G is a real-valued
Gaussian random variable with mean g and variance o2, its moment generating func-
tion Mg(t) = Ee'“ where t € R is given by

1
Mg (t) = exp (m + 502152) . (1.67)

With this we get

Eexp <mza% ) E exp (Ag 3 (ngj X)) ) (1.68a)

Jj=1 Jj=1

2 2 2,..2,.2
— Eexp (A IVF(X )HZ) < exp (“;7’ ) (1.68b)

where we used that ||[Vf(X)|| < 7 in the last step. An application of Markov’s
inequality shows that

1@{ IF(X) - EF(X)| > g} (1.692)
< ]P’{F(X) _EF(X) > 5} + IP’{]EF(X) ~F(X) > g} (1.69b)
= P{exp(A[F(X) — EF(X)])) > ¢* | + P{exp(-A[F(X) ~ EF(X)])) > ¢}
< 2exp <—>\5 4+ A 7;77 ) . (1.69¢)

Minimizing the right-hand side with respect to A shows that the minimum is attained
for Amin = 4¢/(7?n?) for this choice of A we immediately obtain ((1.64)).
O

Proof of Theorem[1.1]. We first note that we can identify H with R*’. Let X =
(X1,...,Xap) be a vector of independent real-valued Gaussian random variables with
mean zero and variance 1 as in Lemma [1.15] Then X/ X|| is uniformly distributed
on S(R?P), see Section [1.1.2]

Without loss of generality we assume that u(f) = 0. Let f : R?? — R, f(z) =
||| f(z/||z|). The function f is Lipschitz continuous with constant 37; this can be
seen as follows: For any z,y € R?*P with [|z]| < ||y|| we have that

)= 7| = e (57 ) = 1os (25 )] (1.700)
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<t (g7) =7 (52p) |+ |7 ([ et =] o700
<ol 7 = 2 |+ 11l =) (1.70¢)
< (4 1) 2 — (1.700)

where || f||o = sup, |f(s)| is the sup-norm of f and the last inequality follows from

2
y [El
< 2||z|lllyll - 2Re(z,y) < ||z —yl|*. (1.71b)

Moreover, f is bounded by 2n: Because of u(f) = 0 and the continuity of f there
exists a z € R?P such that f(z/[|z||) = 0 and therefore we find that

()l =l o) - Gl <ol -+

Taking the supremum over x € R*” immediately yields || f|loc < 27. As the argument
is symmetric in x and y, we obtain the same estimate if ||y|| < ||z|| and thus we
conclude from that }“ is Lipschitz continuous with constant 37.

Let 6 > 0. We compute

ofves®@?) > <} =p (|r (757)| > ) =P (70| > e1x1)

T z

' < 2. (1.72)

(1.73a)
<P (‘}(X)) > 56@) +P (||X|| < 5@) (1.73b)
<P <’]"(X)) > 0:V2D) + P (]HXH _ EHXH] > E|lX| - 6v2D)  (1.730)

and

1 2
E|X| > E;Ep@y = \/;@. (1.74)

We choose § = \/%7 and by applying Lemma [1.15{to f and || - || we obtain

2
u{@[) e S(R?*P) : |f ()] > 5} < 2exp (—;i—#) + 2exp (—92—7133) : (1.75)

Since we can safely assume that € < 7, the first term dominates and this finishes the
proof. n
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1.4.4. Proof of Exponential Bounds

The bound in Theorem [1.13]for the measure of the set of wave functions ¢ € S(H ) for
which the reduced density matrix p? differs significantly from tr, pr can be strength-
ened substantially: While the bound in Theorem [1.13]is polynomially small in dp, it
can be improved to one that is even exponentially small in dz. The corresponding
proof was given by Popescu, Short, and Winter [100), [10T] and it is based on Lévy’s
Lemma which we discussed in the previous section.

Theorem 1.16 (Canonical typicality — exponential bounds [100, 101]). Let H = H, ®
Hy, where H, and Hy are Hilbert spaces of dimensions d, and dy, respectively. Let
Hr C H be a subspace of dimension dg and let pr = Pr/dgr, where Pg denotes the
orthogonal projection to Hg, and let ug be the uniform distribution over S(Hg). Then
for every e > 0,

dre?
Y 2 R
uR{w € S(Hr) : ||pY — try pRHtr > 6} < 8d; exp <_36d§7r3) : (1.76)
Theorem shows again that for most ¢ € S(Hg) the reduced density matrix p¥
is approximately given by tr, pr. However, in contrast to Theorem |1.13} the bound is
exponentially small in dr and therefore for large dg usually much smaller. We remark
that Popescu, Short, and Winter [100], 101] also prove the slightly stronger bound

dpe?
UR{w € S(HR) : ||p;p — try, pRHtr > e+ +/d, trb(tra pR>2} < 4exp <— 1§W3) . (177)

While the proofs of both bounds make use of Lévy’s Lemma, in the proof of Theo-
rem [1.16]it plays a more central role and this proof can easily be adapted to another
class of interesting distributions, the so-called GAP measures (see Section , once
a Lévy Lemma for them is proven, which is precisely what we did in [137], see Sec-
tion for a discussion of our result. Therefore, in the following we only give the
proof of the somewhat weaker bound and we closely follow [100].

Proof of Theorem[1.16, Let U, be a unitary operator on the Hilbert space H,. We
consider the function f : S(H) — C,

F@W) = tra(Uapl)) = tr((Ua ® B)[90) (¥]). (1.78)

By Lemma 5 in [I00], f is Lipschitz continuous with constant n < 2||U, ® I|| = 2.
Moreover, we have that

tI’(PR(Ua ® [b))

Er tl"a(Uapf) = ER<¢|Ua ® L|y) = dp

= try(Us try pR), (1.79)
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where Ep denotes the expectation with respect to ug. Therefore it follows from
Theorem together with the remark concerning complex-valued functions below
it that

dR€2
uR{w € S(Hr) : |tra(Uapl) — tra(Us try pr)| > 5} < 8exp <_367r3) : (1.80)

Let (UJ )?3261 be unitary operators on H, that form a basis of the space of operators
on H, and that satisfy the normalization]’

tr, (U UY) = dadj. (1.82)

From ([1.80) we immediately obtain

2

A , d
uR{¢ € S(Hr) : 3j : |tra(UlpY) — tra (Ul try pr)| > 5} < 8d%exp | — e (1.83)
3673

We expand p! in the basis of the U/,

&l.ﬁ

pu =

> iU, (1.84)
j

where C;(p?) = tr (U*p¥) and similarly for tr, pp. Therefore is an upper
bound on the measure of the set of ¢y € S(Hp) such that there exists a j with
|C;(p?) — C;(try pr)| > €. Next we use the relation between the trace norm and the
Hilbert-Schmidt norm in to relate the quantity of interest, ||p¥ — trp pr/u, to
the distance |C;(pY) — C;(try, pr)| of the coefficients in the expansions of p¥ and tr, pg.
To this end, suppose that |C;(p%) — C;(try pr)| < € for all j. Then we get

2 2
P5 =t prll,, < da ol — tro prll, (1.85a)
2
1 ,
= 7 (122 (Giled) = it o)) U (1.85b)
J 2
1 2
=4 trg zj: (Cy(py) = Cj(tre pr)) Ul (1.85¢)
90ne possibility to define this basis is given by [100]
do—1
Uj = ) e2mikli—(mod )/ (k + §) mod dg) (K|, (1.81)
k=0

where (|k))% ! is an orthonormal basis of 7.
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=2 1C60) = Clmpr)|” < @26 (1.85d)

J
Putting everything together we obtain
UR{w S S(HR) : Hpg) — trprHtr > daé}
< uR{w € S(Hr) : 3j : |Ci(pY) — Ci(try pr)| > 8} (1.86a)

< 8d2exp | — dre” (1.86b)
=SSP\ T ) '
Finally, replacing € by ed, ! gives the result. [

1.5. GAP Measures

The typicality results in the previous sections were formulated for the uniform measure
on the sphere as a measure of typicality. Here, we introduce a much more general
class of distributions on the sphere, the so-called GAP measures; the acronym stands
for Gaussian adjusted projected measure. We first give some motivation for studying
GAP measures in Section and then provide four definitions of GAP measures
on finite-dimensional Hilbert spaces including a construction to which the acronym
refers in Section We list a couple of important properties of GAP measures in
Section [I.5.3] Finally, in Section [I.5.4] we discuss how GAP measures can also be
defined on separable Hilbert spaces.

1.5.1. Motivation

In this section we motivate why the GAP measures, a class of probability distributions
on the sphere, are interesting and important objects to investigate. Throughout this
section we closely follow [59, [57]. In [59] the main motivation for studying probability
distributions of wave functions was “to exploit the analogy between classical and
quantum statistical mechanics”. More precisely, it was shown in [59, [57] that certain
GAP measures can be seen as a quantum analogue of the canonical ensemble in
classical statistical mechanics. We elaborate more on these results later in this section.

Let H be a Hilbert space of dimension D = dimH < oo and let H,. C H be
a micro-canonical subspace as in the beginning of Section The corresponding
maicro-canonical density matriz is given by

1
mc — _Pmca 1.87
Pe = (1.87)

mc

where dy,. = dim H,. and P, denotes the orthogonal projection to H,.. Moreover,
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the micro-canonical measure is given by the uniform distribution on the sphere S(H.)
and we denote it by uy; this distribution has already been proposed long ago by
Schrodinger [121), 122] and Bloch [145].

The micro-canonical density matrix py. and the measure uy,. are related via

P = / o [ () (1.88)

This identity can be seen as follows: First note that the right-hand side of
is self-adjoint. As the uniform distribution on the sphere is invariant under unitary
transformations, the right-hand side of is invariant under conjugation with
unitary operators and thus has to be a multiple of the identity on H., i.e., of Pye.
The trace of the right-hand side of is equal to 1 and because of tr(Ppc) = dine
we conclude that the right-hand side of is given by Puc/dme = Pme-

More generally, let 1 be a probability distribution on S(H). Then we can associate
to it a density matrix p, via

Py = /S L) (1.89)

We say that “the distribution p has density matrix p,”. Note that if ;1 has mean zero,
pu is just the covariance matrix of p. Moreover, note that while every probability
measure (1 on S(H) uniquely defines a density matrix p, via (1.89)), the converse need
not be true, i.e., there can be multiple probability measures on S(H) that give rise to
the same density matrix. An example is given by pp,. [59]: Take any orthonormal basis
of H,.. and consider the uniform distribution over its d,. elements. This measure is
a discrete measure concentrated on the d,,. basis elements in contrast to uy,. which is
spread out over the whole sphere S(H,,,.). However, as one easily sees, both measures
have the same density matrix ppe.

For any density matrix p on H, GAP(p) is the most spread out distribution over
S(H) with density matrix p, i.e., such that pgapp) = p. This measure was first
introduced by Jozsa, Robb, and Wootters [67] who named it Scrooge measurd™} They
were interested in a quantity called the “accessible information” and they showed that
given a density matrix p it is minimized by GAP(p).

As mentioned above, Goldstein, Lebowitz, Tumulka, and Zanghi [59] had a different
motivation to study GAP measures. They argued and later proved together with
Mastrodonato in [57] that if p is a canonical density matrix, the measure GAP(p)
describes the thermal equilibrium distribution of the wave function. There, the setting

10The name refers to Ebenezer Scrooge, the protagonist of Charles Dickens’ novella A Christmas
Carol (1843), who is very stingy. Josza, Robb, and Wootters argue that also GAP(p) is in some
sense very stingy: It is the most spread out distribution on S(H) with density matrix p and
therefore “particularly stingy with its information”.
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is as it was for canonical typicality, i.e., we have a large system .S which consists of a
subsystem a and its environment b and the Hilbert space of the full system is written
as Hg = H,®H,. The authors considered the system to be in a pure state ©» € S(Hs)
and they needed a notion for the wave function of the subsystem a. This notion was
provided by the conditional wave function[26], 44, [59] :E

Definition 1.17 (Conditional wave function). Let B = (|m)p)m=1.. dim#, b€ an or-
thonormal basis of Hy,. Let ¢» € S(H) and let |M), be a random element of the basis
{|m)p} which is chosen with the Born distribution

PYE(M =m) = [ly(m|¥)]; . (1.90)
where || - ||, denotes the norm in H,. The conditional wave function of the system a
is defined as
(M)
Py 1= L (1.91)
o (M) ],

Note that 1, is well-defined as the event that its denominator is equal to zero
has probability 0 due to . The motivation for calling the distribution of the
conditional wave function v, the Born distribution, denoted by Born}f’B , is that we
can also think of 1, as resulting from a quantum measurement leading to the collapsed
state 1, ® |m), with probability ||,(m|)||?, see Footnote 2 in [57] for details. We also
remark that the Born measure of a set A C S(H,,) is given by

Born¥?(A) = P(¢y € A) = Y [lo{mle))|? L4 (%) . (1.92)

Before coming to the main theorem of this section, we have to introduce some no-
tation. For 0 < v < 1/D let D>,(H) be the set of density matrices on H whose
eigenvalues are all greater or equal to . Moreover, for any measure ;1 on S(#H) and
any measurable function f : S(H) — C we define

u(f) = / @) (1.93)

" The definition of the conditional wave function is inspired by Bohmian mechanics which is a
formulation of quantum mechanics based on the particle picture, see, e.g. [28]. There, for
1 € S(H), the (non-normalized) conditional wave function v, of the subsystem a is defined by

lﬁa(ff) = 1/)(1’, Y)v

where z is the variable for the configuration of the subsystem a and Y is the actual configuration
of the environment b. In case the particles have spin, the position basis is no longer a basis and
one has to proceed differently; one natural possibility is to trace out the spin degrees of freedom
and then to consider the resulting conditional density matriz, see [97] for details.
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We are now ready to formulate and discuss one of the main results in [59, [57] from
which it follows that for certain density matrices p on H, the measure GAP(p) can
be regarded as the thermal equilibrium distribution of wave functions.

Theorem 1.18 (Goldstein, Lebowitz, Mastrodonato, Tumulka, Zanghi (2016) [57]).
Let 0 < ¢,6 < 1,d, € Nand 0 < v < 1/d,. Then there are numbers Dp =
Dr(e,d,dy,7y) > 0 and r = r(e,dy,v) > 0 such that for every dg € N with dg > Dg,
for every Hilbert space H, with dimH, = d,, for every density matriz Q@ € D>~ (H,),
for every Hilbert space Hy and Hr C H, @ Hy with dim Hp = dr satisfying

[trs(pr) = Q| <7 (1.94)

and for every bounded measurable function f :S(H,) — R,

ug X uONB{(¢, B) € S(Hg) x ONB(H,) :
[Born??(f) — GAP(Q)(f)| < ngHOO} >1-46 (195

Theorem shows that if a density matrix 2 on H, with not too small eigenvalues
is close to the reduced density matrix try pr, then for most ¢ € S(Hg) and most
orthonormal bases B of H;, the Born distribution Born?? of the conditional wave
function 9, is close to GAP(2).

Now suppose as in the introduction of Section that the interaction between «a
and b is weak, b is large and Hgr = Hue, i.€., Hp is a micro-canonical subspace. Then
tIy, pme is close to a canonical density matrix p, can With a suitable inverse temperature
£ > 0 [58]. In this special case, Theorem shows that for most wave functions
Y € S(Hg) and most orthonormal bases B of H,,

Born¥"* ~ GAP(pa.can)s (1.96)

i.e., the Born distribution of the conditional wave function v, is close to the GAP
measure with a canonical density matrix. Thus, starting from a micro-canonical
ensemble for the full system, we obtain GAP(pg can) for the subsystem a. This justifies
to regard GAP(py can) as the thermal equilibrium distribution of the wave function of
the subsystem and we can think of these GAP measures as quantum analogues of the
canonical ensemble of classical statistical mechanics. Therefore generalizing typicality
results for the uniform measure on the sphere to GAP measures can be regarded as
expressing a version of equivalence of ensembles.

1.5.2. Definition in Finite Dimensions

In this section we give four different definitions of the measure GAP(p) in the case
that the Hilbert space H is finite-dimensional. We again closely follow [59, [57]. While
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three of the definitions require that H is finite-dimensional, one of them can also be
generalized to separable Hilbert spaces, see Section and we start with this one.
It is also the definition to which the acronym GAP refers. As the name Gaussian
adjusted projected measure suggests, the starting point is a Gaussian measure that is
then adjusted and finally projected to the sphere.

Let p be a density matrix on H with eigen-ONB (|n)),=1..p and corresponding
eigenvalues p,, i.e.,

p =" paln)inl. (1.97)

Let (Z,)n=1..p be a sequence of independent complex-valued Gaussian random
variables with mean zero and varianced™

E| Z,|* = pn. (1.98)

We define the Gaussian measure G(p) to be the distribution of the random vector
V=" Z,In), (1.99)

i.e., G(p) has mean zero and covariance matrix p. Note that G(p) is not a distribution
on the sphere S(H) as |[¥Y|> # 1 in general. However, the norm square of ¥ is
close to 1. To see this note that

06| =Y EIZ) =Y p=1 (1.100)

and

EC|" = Y EIZLEIZu + Y ElZ =Y ppn +3D p2 (1.101a)

n#Em n n#Em n

=142 pl <1+2|pl, (1.101b)
where ||p|| is the largest eigenvalue of p. From this it follows that
Var |99 |* = E[|9¢ |~ [E 29| < 2]l (1.102)

and we conclude that as soon as all eigenvalues of p are sufficiently small, most ¥¢

12Recall that Z is a complex Gaussian random variable with mean zero and variance o > 0 if
and only if Re Z and Im Z are independent real Gaussian random variables with mean zero and
variance o2 /2.
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have norm close to 1 and are therefore close to the sphere S(H).

We remark that with probability 1, ||[¥¢]|? < oo (since otherwise E[¥¢||?> would
not be finite) and W& lies in the subspace of H spanned by the eigenvectors |n) of p
corresponding to p, > 0. Moreover, note that the distribution G(p) of ¥ does not
depend on the eigenbasis (|n)), of p but only on p.

Since we are interested in a measure on S(#), it would be natural to project G(p)
to S(H). However, projecting G(p) directly to the sphere would lead to a distribution
that does not have density matrix p. Therefore, some adjustment is necessary, and
we define the Gaussian adjusted measure GA(p) on H as

GA(p)(dp) = [¢IPG(p)(dip). (1.103)

Note that GA(p) is a probability measure on H as E|[¥%||? = 1. We shall see below
that [[¢[|* is the right factor to ensure that pgap(,) = p as desired.

Let UGA be a GA(p)-distributed random vector. We define GAP(p) as the distri-
bution of the random vector

POAP . — : (1.104)

The vector WEAP is well-defined as the denominator is non-zero with probability one.

This immediately follows from the fact that W% is continuously distributed and
therefore the probability that WG4 is equal to a certain value, in this case 0, is zero.
Now we can easily verify the claim that pgap(,) = p:

penpe) = / 1 GAP() ) = /H Www\ GA(p)(d)
- /H )] G (o) () = p. (1.105)

Note that for every density matrix p on ‘H the measure GAP(p) exists and is unique,
see [141] and also Section where we discuss this result which is true for separable
Hilbert spaces.

Another possibility to characterize GAP(p) on finite-dimensional Hilbert spaces is
by giving its density with respect to the uniform distribution v on S(#). To this
end, we have to assume that all eigenvalues of p are positive (otherwise we restrict
to the subspace of ‘H spanned by the eigenvectors of p corresponding to its positive
eigenvalues). Let \ be the Lebesgue measure on C”. Then we have that [59]

T 4) = s e (Gl 10), (1.106)
0 w) = Lo e (—tulom 1), (1107
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%(@/}) — - /0 r2P=1r2 exp (_r2<¢|p 1|1/))) dr
. I)' _ —D—

The third way to define GAP measures on finite-dimensional Hilbert spaces goes
back to Josza, Robb, and Wootters [67] and it does not make use of Gaussian mea-
sures. Let U* ~ wu, i.e., U* is uniformly distributed on the sphere S(H). Let uD(p)
be the distribution of the random vector

gube) .= pl2pl/2ge, (1.109)

We also call uD(p) the p-distortion of the measure u. Note that this measure is con-
centrated on the ellipsoid DY/2?p/2S(H). The measure GAP(p) can now be obtained
by adjusting the measure uD(p) and then projecting it to the sphere.

For any measure p on H we define the “adjustment” procedure which results in the
adjusted measure Ay via

Ap(dp) = (9] u(dip). (1.110)
Moreover, the “projection” procedure is defined with the help of

A
[l

Applying first the adjustment procedure to p and then projecting it to the sphere
results in the measure uAP := P,(Au) = Apo P~! where P,(Au) is the pushforward
measure of Ay under P. Note that if [, [[4[|* u(dip) = 1, then pAP is a probability
measure on S(H). Adopting this language, we find that uDAP(p) = GAP(p), see [57]
for a proof.

A fourth possible way to define GAP measures was suggested to the authors of [57]
by an anonymous referee. As this definition makes use of the uniform distribution
on S(H), it also only works for D = dimH < oo. Let H, be another Hilbert space
of dimension D and let ® € S(H ® Hz) with try |®)(P| = p. Moreover, let Wy ~ ps,
where

PH\{0} = S(H), P(®) (1.111)

pa(dipa) = D |2 (o] @)[|* ua(depe). (1.112)

Here, uy denotes the uniform distribution over S(Hs), || - || is the norm in H and ()

denotes the partial inner product in Hs. Note that s is a probability measure on
S(#H2); this follows from

12(S(H2)) = S )D@WQ)WQ@) uz(dips) = D(®|1/D|®) = 1, (1.113)
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where [, denotes the identity on Hs. The measure GAP(p) can now be defined to be
the distribution of the random vector

(1.114)
For the proof that ¥ is indeed GAP(p)-distributed and more details, see again [57].

1.5.3. Properties

In this section we collect some important properties of GAP measures on finite-
dimensional Hilbert spaces.

Proposition 1.19 (Properties of GAP(p)). Let p be a density matriz on a finite di-
mensional Hilbert space H of dimension D = dim H. Then,

(a) GAP(p) has density matriz p, i.e., pgap(p) = p-

(b) The map p — GAP(p) is covariant: For any unitary operator U on H,
U.GAP(p) = GAP(UpU*). (1.115)

(¢) Let H, and Hy be two finite-dimensional Hilbert spaces and let p, and py, be den-
sity matrices on Hy and Hy respectively. Then, if v € H, ® Hy has distribution
GAP(p, ® py), for any basis {|m)s} of Hp, the conditional wave function 1, has dis-
tribution GAP(p,).

(d) For B ~ UONB;
E Born?"? = GAP(p¥), (1.116)
where E is the expectation with respect to uoNg.

(e) If p = P,/d,, where P, is the orthogonal projection to a subspace H, C H,
then

GAP(p) = u,, (1.117)

where u,, denotes the uniform distribution on S(H.,).

(f) Let (pn)nen be a sequence of density matrices on H such that || pp—pl|e: — 0. Then,
GAP(p,) = GAP(p), i.e., the sequence (GAP(p,))nen converges weakly to GAP(p) [

13Recall that a sequence of measures (u,)neny on H converges weakly to a measure p on H if
wn(f) = p(f) for every bounded continuous function f.
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(g) For every 0 < ¢ < 1 and every continuous function f : S(H) — R there is
r=r(e,D,F) >0 such that for all density matrices p; and pa,

if llor = palle < then |GAP(p1)(f) — GAP(p2)(f)] <e. (1.118)

(h) For every 0 < e <1 and every 0 <~y < 1/D there isr =r(e,D,vy) > 0 such that
fOT all p1, P2 € DZV(H)y

. dGAP dGAP
if o1 — pallee < 7 then g (1) _ (p2) (1.119)
U du ~
As a consequence, for such py and py every f € L'(S(H),u) is such that
[GAP(p1)(f) — GAP(p2)(£)] < el Il (1.120)

Proof. Property (a) was already proved in the previous section. For the proof of (b)
and (c) see [59], whereas (d) is Lemma 1 in [57]. Concerning (e), note that GAP(p)
is a probability measure on S(#,) that is invariant under all unitaries U, on H, as
U,P,U; = P, and as there is only one such measure, namely the uniform distribution
on S(H,), it follows that GAP(p) = w,. Finally, the proof of (f) is given in [141]
Theorem 3|, whereas the proofs of (g) and (h) can be found in [57, Lemma 5 and
Lemma 6]. O

Note that because of (e) in Proposition results proved for GAP measures also
cover the uniform distribution on the sphere as a special case.

Next we state two lemmas concerning moments of components of GAP(p)-distributed
vectors and the expectation and variance of (i|A[y) for operators A on H and
GAP(p)-distributed ¢ € S(H). These computations were first done by Reimann [106].

Note that an analogous statement for the uniform distribution was already given in
Lemma, [T.2]

Lemma 1.20 (Reimann [106]). Let p be a density matriz with positive eigenvalues py,
on a Hilbert space H of dimension D = dimH < oco. Moreover, let dimH > 4 and
Pmax = ||p|| < 1/4. Then for any self-adjoint operator A on H,

E, [(¢[A]p)] = tr(pA), (1.121)
A? tr p? 44/tr p? r p?
Var, [(] Ah)] < 1;4# (1 = 2; p)ZEQ_t?)]’j )> , (1.122)

where E, and Var, denote the expectation and variance with respect to GAP(p) and
A4 1= Qmax — Qmin, Where amayx and a;, are the largest and smallest eigenvalue of A.
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An important ingredient for the proof of Lemma are formulas for certain
moments of coefficients of GAP(p)-distributed vectors.

Lemma 1.21 (Reimann [100]). Let H and p be as in Lemma and let ¢ € S(H)
be GAP(p)-distributed. Let (|n))n=1,.p be an orthonormal basis of eigenvectors of p
such that p|n) = p,|n) and define a,, := (n|p). Then,

E, (a7,0n) = Pndum, (1.123)
E, (|am[*|an]*) = Pmpn(1 + Omn) Kin, (1.124)
where
0 D
Kon = / (14 2pm) (L +apy) [ [(1 4 2ps) " da. (1.125)
0 k=1

Moreover, all other fourth moments vanish.

As we prove a generalization and slight improvement of the upper bound on the
GAP(p)-variance from Lemma in [137,[143], we now give the proof of Lemmall.20]
and closely follow the proof in [106].

Proof of Lemma[1.20, The expression for the expectation is an immediate conse-
quence of E, ) (¢| = p as

Eo (0| Al) = By tr([9) (9] A) = tr(E,|¢) (¢]A) = tr(pA). (1.126)

Next we turn to the computation of Var,(|Al). Since the variance is invari-
ant under the addition of constants, we can assume without loss of generality that

E, (W] Al) = tr(4p) = 0.

Let (|n))n=1..p be an orthonormal basis of eigenvectors of p corresponding to the
eigenvalues p,,. Let ¢ € S(H), ¢, = (n|¢)) and A,,,, = (m|A|n). Then we obtain
(W|Alp) = Z ch Amncn (1.127)
and therefore
Var, (] Ajy) = Z AmnAm/n/]Ep(c;cmc:‘n/cn,) (1.128a)
= Z Amnpmpn 1 + 5mn)Kmn + Z AmmAm’m’pmpm’<]- + 5mm’)K
—2) A0 Ko (1.128Db)
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1.5. GAP Measures

m,n

where we used Lemma[1.21|in the second line. Next we have to compute the integrals
K. For myn € {1,..., D} we define the functions g, : [0,00) — R by

Gmn(2) = (1 + 2p,) (1 +2pp) ™t (1.129)

By Taylor’s theorem there exist functions 0,,,,, Xmn : [0,00) — [0, 1] such that

2

Goun(2) = Gun(0) 4 2G1,,(0) + -l (2n()) (1.130a)
=1—2(pm + pn) + 22 (P2, + PP + D2) Xonn (). (1.130D)

This implies
K = K9 — (po, + p0) KO + 202, + pinpn + p2)kn K2, (1.131)

where K, € [0,1] and

D

1 oo
K® == [ 2*T[(0+2p) " de, k=0,1,2. (1.132)
k! Jo i
Reimann [106] showed that
k+1 1
K®<J]———, k=0,1,2. 1.133
].Hl L = JPmax ( )

Because of this and our assumption that tr(Ap) = >, An.p, = 0 we obtain for the

first sum in (1.128¢)) that

2A% (2tr p* + (trp?)?) (1.134b)
- (1 - pmax)(l - 2pmax)(1 - 3pmax)
A% tr p? (4\/‘51" P2+ 2tr p2>
(1.134c)

< ’
o (1 - pmax)(]- - 2pmax)(]— - Spmax)
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where the last inequality follows from

rp* = P} < pmactrp® <[ p2trp? = (trp?)P2 (1.135)

From the definition of the K,,, we immediately see that K,,, < K ). Therefore we

find for the second sum in (|1.128¢)) that

> A2 pnpn Ko < KO A2 pupn = KO tr(pApA). (1.136)

m,n

Let (|v)) be an orthonormal eigenbasis of A corresponding to the eigenvalues a,. Note
that a, < A4 for all v. By evaluating tr(ApAp) in this basis we obtain

1
Z Afnnpnmemn < T p » Za'/au<ﬂ|p|’/><’/|0|ﬂ> (1.137a)
m.n max *
A A? tr p?
< 7 — 2l wlpln) = A (1.137D)
max v max

The bound for the variance now follows from ([1.134c|) and ((1.137b)). n

Reimann’s bound on the variance Var,(1|AJ1)) together with Chebyshev’s inequal-
ity shows that as soon as the purity trp? of p is small and A, is not too large,
(Y|AlW) = E,(¢|Al) = tr(pA) for GAP(p)-most 1 € S(H).

One can think of the purity trp? = > p2 as the average size of the eigenvalues
pn. Note that trp? < 1 and trp? = 1 if and only if p is pure, i.e., if it is of the form
p = |¥) (1] for some ¢ € S(H). The purity can be related to the maximum eigenvalue
Pmax = ||p]| as follows:

trp® < [lp|| < /trp2. (1.138)

The first inequality follows from p, < |[p|| for all n and ) p, = 1 while the second
inequality is an immediate consequence of p2 <> p2.

As a last property we mention that if p is a canonical density matrix and there-
fore GAP(p) is the thermal equilibrium distribution of wave functions, for relevant
Hamiltonians, 1) ~ GAP(p) is with probability one infinitely often differentiable and
even analytic, see [142].

1.5.4. Construction in Infinite Dimensions

This section is devoted to the construction of GAP measures on the sphere of sep-
arable Hilbert spaces H, i.e., H has a finite or countably infinite orthonormal basis.
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While three of the four definitions of GAP(p) for a density matrix p presented in
Section make use of the uniform distribution and therefore require that H is
finite-dimensional, the construction of GAP(p) to which the acronym GAP refers can
be generalized to separable Hilbert spaces. This was done by Tumulka [I41] in 2020
and we closely follow this reference for the rest of this section.

Before we come to the actual definition of GAP measures on separable Hilbert
spaces, we clarify what the mean and covariance operator of a probability measure p
on H are. As usual, H is equipped with its Borel o-algebra B(H).

Definition 1.22 (Mean and covariance operator). Let p be a probability measure on
(H,B(H)), where H is a separable Hilbert space. The vector ¢y € H is called the
mean of y if, for every ¢ € H,

(Gl = /H (61} u(di). (1.130)

The operator C, : H — H is called the covariance operator of i if for every ¢, x € H,

@GIClx) = /H (6l — o) (1 — wolx) (). (1.140)

Note that while the mean and covariance of a probability measure p on (H, B(H))
need not exist, if they exist, they are unique. Moreover, if C), exists, it is a positive
operator. However, if u is a probability measure on (S(H), B(S(#)), then it can be
shown that the mean and covariance operator exist, see [141], Lemma 1]. Additionally,
in this case there exists a unique operator p, : H — H such that for all ¢, x € H,

(Glpulx) = /H (Gl (1) p(d), (1.141)

see also Lemma 1 in [141]. The operator p, is called the density operator of p, i.e., it
is a positive trace class operator with trace 1. If the mean of y is zero, p, is equal to
the covariance operator C), of p.

In the finite-dimensional setting, the starting point for the construction of GAP(p)
for some density matrix p was the Gaussian distribution G(p) with mean 0 and co-
variance p. Gaussian distributions can also be defined on infinite-dimensional spaces:

Definition 1.23 (Gaussian measure). A probability measure p on (H, B(H)) is a Gaus-
sian measure if for every ¢ € H and w ~ p, the random variable (p|w) is a complex-
valued Gaussian random variable.

Prohorov [102] showed that for every given ¢y € H and every positive trace-class
operator C' : ‘H — H there is a unique Gaussian measure p on H with mean )
and covariance operator C' (and conversely, every Gaussian measure has a mean and
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covariance operator). Choosing 1y = 0 and C' = p, we therefore obtain the existence
and uniqueness of the Gaussian measure G(p) with mean 0 and covariance p.

It is also possible to explicitly construct G(p) as in the finite-dimensional setting
from a sequence Z = (Z,)nen of independent complex Gaussian random variables with
mean zero and variances p,, where the p, are the eigenvalues of p. The existence of
such a random sequence in CY follows from Kolmogorov’s extension theorem [12] and
the corresponding probability (product) measure i on the o-algebra generated by
the cylinder sets defines, by Lemma 3 in [141], a measure p’ on B(¢?) via restriction,
1 = [i|ge2y, where 02 c CN is the space of square-summable sequences. The measure
i is a probability measure because, as in the finite-dimensional case, we find that

E|Z|p =EY |Z.)* =D E|Z.) =) pu=1 (1.142)

and thus || Z|| < 00, i.e., Z € (2, almost surely. With this we can define the random
vector

V=" Z,|n), (1.143)

where (|n)),en is an orthonormal basis of H consisting of eigenvectors of p such that
pln) = pn|n). Because of (1.142), E||¥¢||? = 1. Note that the distribution g of the
random vector W is obtained from /' via the unitary isomorphism ¢? — .

For every ¢ € H, the random variable

(@1W) = (d|n)Zy (1.144)

n

is Gaussian as it is the limit of linear combinations of complex Gaussian random
variables. Therefore, by definition, the distribution g of the random vector ¥¢ is
Gaussian. Moreover, one easily sees that this distribution has mean zero and covari-
ance p and we therefore have that p = G(p).

Next we note that the adjustment and projection procedure from Section [I.5.2] also
work for separable Hilbert spaces H. With this we are now able to give a definition
of GAP measures on separable Hilbert spaces:

Definition 1.24 (GAP measure). Let H be a separable Hilbert space. A probability
measure v on (S(H), B(S(H))) is a GAP measure if v = P, Ap for a suitable Gaussian
measure 4 with mean zero.

It follows from Lemma 2 in [I41] that if px satisfies f |¥||2u(dp) = 1, then
possesses a mean and a covariance operator and if the mean is zero, then pp, 4, = C,,,
i.e., the density operator of P, Ay is equal to the covariance operator of . With the
help of this lemma and Prohorov’s existence and uniqueness theorem for Gaussian

measures [102], Tumulka showed the existence and uniqueness of GAP measures:

44



1.6. Equilibration and Thermalization in Closed Quantum Systems

Theorem 1.25 (Tumulka (2020) [141]). For every positive trace-class operator p with
trp = 1 on a separable Hilbert space H there exists a unique GAP measure with
density operator p.

Finally, we remark that sometimes an important tool for generalizing results from
GAP measures on finite-dimensional Hilbert spaces to separable Hilbert spaces is
their continuous dependence on the density matrix p, see Proposition [L.19| (f), which
is also true for separable Hilbert spaces, see Theorem 3 in [141]. More precisely,
one can approximate p by a sequence of finite-rank density operators (p,,), consider
GAP(p,) as measures on a finite-dimensional Hilbert space and then use the results
proved for GAP measures in finite dimensions together with the weak convergence of
the measures GAP(p,,) to the measure GAP(p).

1.6. Equilibration and Thermalization in Closed
Quantum Systems

In this section we discuss several aspects of the equilibration and thermalization in
closed quantum systems. For more details, see, e.g., [48,[01] and the references therein.

We start with presenting and discussing several results concerning equilibration in
infinite as well as in finite time in Section [I.6.1] A system or quantity equilibrates if
it approaches a certain state or value and stays close to it for an extended period of
time. In contrast to thermalization, this state does not need to be thermal.

Sectionis devoted to the concept of macroscopic thermal equilibrium (MATE),
a definition of thermal equilibrium based on von Neumann’s decomposition ([1.12)) of
the system’s Hilbert space into macro spaces. In Section [I.6.3] we discuss the notion of
microscopic thermal equilibrium (MITE), a definition of thermal equilibrium inspired
by the phenomenon of canonical typicality. Moreover, in Section[1.6.4] we discuss the
approach to MATE and MITE.

As Goldstein, Huse, Tumulka, and Zanghi [53],54] point out, the distinction between
the two notions of thermal equilibrium is particularly interesting in the context of
many-body localized (MBL) systems [4, 04 [§]. For such systems, there are at least
some eigenstates that are in some way localized such that they are not thermal and
thus do not approach thermal equilibrium, i.e., MBL systems fail to thermalize. It can
even be argued that for MBL systems most, if not all, eigenstates are not thermal, see,
e.g., [7,18, 196, 118, 66]. We will see in Theorem [1.31]that generally most eigenstates are
in MATE and thus this also holds true for MBL systems. The apparent contradiction
is resolved by the concept of MITE: Even though for MBL systems most eigenstates
are in MATE, the results in [7, 8, 06 118, [66] in fact show that at most few (or even
none) of the eigenstates are in MITE. For more details and a discussion of several
examples, see [54].
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After having discussed different notions of thermal equilibrium in isolated quantum
systems and the approach to it, we come to the study of time scales of equilibration
and thermalization in Section [I.6.5] Finally, in Section [1.6.6], we comment on the
definition of thermal equilibrium in classical systems.

1.6.1. Equilibration

Roughly speaking, a system or a quantity equilibrates if after some amount of time
it reaches a certain state or value and stays close to it for an extended period of
time. Note that we cannot expect convergence to a particular state or value due to
the phenomenon of recurrence: Every system returns arbitrarily close to its initial
state after a sufficiently long time. Moreover, note that equilibration does not imply
thermalization as the state towards which a system equilibrates need not be thermal.

Reimann [105] and later Short [124] considered the following setting: Let H be a
Hilbert space of dimension D = dim’H < oo and H a Hamiltonian on ‘H with spectral
decomposition

H=) E,I, (1.145)

where the F,, are the distinct eigenvalues of H and II,, is the orthogonal projection
onto the eigenspace of H with eigenvalue E,. We assume that the eigenvalue gaps
of H are non-degenerate, see (1.22). Let p be a density matrix on H and p(t) =
e~ p(0)e its time evolution with p(0) = p. We compute

p(t) = e EnBnl I, p(0)I1, = > TLp(0)IL, =: w. (1.146)

Short [124] showed the following theorem:

Theorem 1.26 (Reimann (2008) [105], Short (2011) [124]). Let H be a Hamiltonian
with non-degenerate eigenvalue gaps on a finite-dimensional Hilbert space H and let
p be a density matriz on H. For any operator A on H,

AP _ AP

2
r(Ap(0) — trw) [ < G2 < T2

(1.147)

where A(A) := 2min.c ||A — ¢I| and

ot = (Z(tr(ﬂnp))2) (1.148)

is the effective dimension of p.
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The bound in shows that as soon as the effective dimension d.g is large
and ||A|| is not too large, for most times ¢ > 0 we have that tr(Ap(t)) ~ tr(Aw), i.e.,
the quantity tr(Ap(t)) equilibrates towards tr(Aw). Note that the effective dimension
is a measure for the number of different energies that contribute significantly to the
initial state p. Therefore the initial state p has to be sufficiently spread out over the
energy eigenvalues of H to ensure equilibration.

The result above was first proved by Reimann [105] for self-adjoint A and Short [124]
generalized the result to arbitrary operators, improved the bound by a factor of 4 and
corrected a subtle mistake made in [105].

If pis pure, ie., if it is of the form p = [¢)(¢)] for some ¢ € S(H), then the
proof of the larger bound in ((1.147) is particularly easy [91]: If the eigenvalues of H
are degenerate, we choose an eigenbasis of H such that for each distinct energy the
initial state 1 has non-zero overlap with only one eigenstate |n). As a consequence,
for the computation of the effective dimension the projectors II,, can without loss of
generality be assumed to be of the form II,, = |n)(n|. We have that

) = caln), ) = ce ), (1.149)

where ¢, = (n|y) and the effective dimension of p is easily computed to be

1
dg = ——— (1.150)
2 lenl!
Moreover, we find that
(@il Alr) — tr(Aw) = > cheme P EmN (0] Alm) (1.151)
n#m

and since the eigenvalue gaps of H are, by assumption, non-degenerate, we obtain

2
(il Alin) — tx(Aw)|” = 3 chenenci B B BB | Ajm) (1| A" ) (1.152a)
n#m

k#£l
= leal’leml* |(n|AJm)[? (1.152b)
n#m

Al? All?
eff

n#m

where we used that |c,|?|cn|* < (|ea|* + em]?) /2.

Short [124] also first proves his bounds for pure states and later extends them to
mixed states via purification: This is the fact that for every initial state p on H there
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exists a pure state |¢) on the tensor product H ® H such that the reduced state of
the first system is given by p. After the purification one can apply the results already
proved for pure states and in this way often also obtain corresponding results for p.

With the help of Short’s [124] generalization of the result of Reimann [105] he
re-derived a result of Linden, Popescu, Short, and Winter [77] concerning the equi-
libration of small subsystems. To state their result, let H = H, ® H; be a Hilbert
space of dimension D = dimH < oo with Hilbert spaces H, and H; of dimensions
d, and d, respectively. Let H be a Hamiltonian on # and for ¢, = e 1)y we de-

fine p(t) = |¢t><¢t|u pa(t) = trbp(t)7 pb(t> = trg p(t), w = p(t), Wq = pa(t) and

wy = pp(t). Moreover, the effective dimension of a (mixed) state p is defined by

1

~ 0 (1.153)

dest (p) :

i.e., it is the inverse of the purity of p.

Note that if p is pure as above, i.e., p = [)(¢| for some ¢ € S(H), then deg(w)
agrees with the effective dimension defined above in (1.148)); this follows from

trw? = Ztr(HnP(O)HnP(O)Hn) = Z<¢|Hn|¢>2 = Z (tr(an))Z. (1.154)

n n

Theorem 1.27 (Linden, Popescu, Short, Winter (2009) [77]). Let H be a Hamiltonian
with non-degenerate energy gaps on a finite-dimensional Hilbert space H = H, ® H,y

and let d, = dim H,. Then for every 1y € S(H),

M~ /N 1 da dg
[1pa(t) — waller < \/deﬁ(wa) < \/deﬁ(w (1.155)

Theorem m shows that as soon as deg(w,) or deg(w) is large and d, is not too
large, the time average of ||pq(t) — wq||s, is small. Thus, for most times ¢ € [0, 00),
Pa(t) = w,.

In a later paper, Linden, Popescu, Short, and Winter [78] studied the speed of
fluctuations around thermodynamic equilibrium (in the same setting as in [77]) and
showed that they are extremely small for most times provided that the effective
dimension deg(w) is sufficiently large and d, is not too large. Moreover, the operator
norm of H, + Hj,, where H, is the part of the Hamiltonian acting only on the small
system a and Hj,; describes the interaction between a and b, must not be too large.

All the results mentioned in this section so far are concerned with most times
t € [0,00). Unfortunately such results do not tell us anything about equilibration
times; if we only know that a state is close to another one for most ¢ € [0, 00), we
have no control over the time it takes an initial state far from the state to which it
will eventually equilibrate to get close to it.
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One result about equilibration in finite time is due to Short and Farrelly [125]. In
order to state their result, we first have to introduce some notation. The general
setting is almost the same as it was in the work of Short [124] which was presented
above; the only difference is that the energy gaps of the Hamiltonian need not be
non-degenerate. We denote the maximum degeneracy of an energy gap by Dg.

Let dg be the number of distinct energies of H and let

G:={(i,j):i,j€{l,....dg},i #j}. (1.156)

Each element a = (4,j) € G corresponds to an energy gap G, = E; — E; (and vice
versa) and the overall number of gaps is given by dg(dg — 1). Let ¢ > 0. We define
G(e) to be the maximum number of energy gaps in an interval of length ¢, i.e.,

G(e) = %12@{@ €G:G.€[E,E+e)} (1.157)

Here, [{-}| denotes the number of elements in the set {-}. Note that by taking
the limit ¢ — 0T, we obtain the maximum degeneracy of an energy gap Dg, i.e.,
1im€_>0+ G(€) = Dg.

For T'> 0 and f : R, — C we define the time average of f over the interval [0, T]]
by

U= [ s (1.158)

As in the case of the infinite time average we find for pure states p = |¢)(¢)| and an
arbitrary operator A on H that

2 .
<’<1/)t|A|wt) - tr(Aw)‘ >T = Z ChemCre) <€Z(E7L—E,,L—Ek+Ez)t>T (n|Alm){l|A*|m).

n#m
k£l
(1.159)
Short and Farrelly [125] then defined the Hermitian matrix
Rop = (G0t (1.160)

and the vector v, = v, ;) = ¢j(j|Ali)c;. With this they obtained

2
> = § v;RaﬁvBSHRHE Ve |? (1.161a)
T

047569 Oéeg

(et - ntaw

IR] Al

1.161b
deff , ( )

= 1R Y leal*lenllnlAlm)[* <

n#m
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where the last inequality follows from the same computations as in the case of the
infinite time average, see ([1.152b])—(|1.152¢)).
The matrix elements of R can be easily computed and we find that

1 [T 1 if G, = Gg,
Raﬁ — _/ eZ(Ga_Gﬂ)t dt = {ei(GaGﬁ)T A (1162)
0

T z((;a——cﬁ);l otherwise.

Starting from this and the bound ||R|| < maxg ) |Rag|, Short and Farrelly [125]
showed that the operator norm of R can be bounded as

810g2 dE)

1.1
T (1.163)

IRI < G(e) (1 ;

Plugging the bound for ||R]| into (1.161b]) gives an estimate analogous to ([1.152c)
but for the finite-time average. Via purification, the result can again be extended to
mixed states. Altogether this gives the following theorem:

Theorem 1.28 (Short, Farrelly (2012) [125]). Let ,T > 0, let p = |¢)(¢| be a state
on H evolving via a (time-independent) Hamiltonian H and let A be an operator on

H. Then,

Roughly speaking, Theorem [1.28| shows that as soon as the effective dimension deg
is large, the maximum number of gaps in an interval of length ¢ is not too large and
T is sufficiently large, it follows that tr(Ap(t)) ~ tr(Aw) for most times ¢t € [0, 7.
Unfortunately, the times needed to ensure that the right-hand side in ((1.164) is small
are extremely large. As it is for example explained in [136], for a system of N particles
we need T' > exp(IV) to obtain a small error. The reason is that the Hilbert space H
of a system of N particles has dimension of the order exp(/N) and assuming that no
eigenvalue of the Hamiltonian is highly degenerate, the number of eigenvalues is of the
same order. For ¢ ~ exp(—N), G(¢) should be at least of order exp(N) as already
the number nearest-neighbor gaps in the interval [0,e) should be of order exp(N).
Therefore we need that ¢ < exp(—N) and thus 7' > exp(/N) to make the right-hand
side in ([1.164)) small. Note that on the other hand, the results in [50, 51, 52] show
that if H is a Hamiltonian with uniformly distributed eigenbasis, the thermalization
times are unrealistically small, see Section for details.

Reimann [I08] showed that for a random Hamiltonian whose eigenbasis is Haar-
distributed, for any operator A, the quantity tr(Ap(t)) can be approximated by

tr(Ap(t)) — tr(Aw)‘2>T < G(iZLA”Q (1 + 8105;61’5) . (1.164)

tr(4)

tr(Ap(t)) = 5

+ () (tr(Ap) - #) , (1.165)
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where D is the dimension of the underlying Hilbert space,

P = 5 (0P - 5). (1160
and ¢(t) denotes the Fourier transform of the spectral density from [23],
4 S iEnt/h
o(t) =% ;e . (1.167)

Here, the E, are the (fixed) eigenvalues of the system’s Hamiltonian and A is not
set equal to 1. Under reasonable assumptions Reimann [108] argued that F(t) is
small already for extremely small times; in fact, the thermalization times are of the
same order as in [5I} 62]. For more details we refer to Section [1.6.5] So far, it
remains an open problem to find systems for which one can prove “more realistic”
equilibration /thermalization times.

Note that by using similar methods as Short [124] and Short and Farrelly [125],
Reimann and Kastner [112] extended the result to also cover (countably) infinite
Hilbert spaces and to relax the condition of a large effective dimension to the case
that the initial state has a macroscopic population of at most one energy level.

We end this section with the remark that Short and Farrelly [125] also proved a
theorem analogous to Theorem for finite times and without the assumption that
the energy gaps of H are non-degenerate:

Theorem 1.29 (Short, Farrelly (2012) [125]). Let H = H,QHy, be a finite-dimensional
Hilbert space, let d, = dim H,, let H be a Hamiltonian on H with dg distinct eigen-
values and let e, T > 0. Then for every vy € S(H),

(l1pa(t) = Walltr) < \/% <1 + 81(?—;%) (1.168)

Thus we see that p,(t) ~ w, for most ¢t € [0,7] provided that deg and T are
sufficiently large and G(¢) and d, are not too large. As discussed below Theorem m,
the times 7" needed to ensure a small right-hand side in (1.168) are extremely large.

1.6.2. Macroscopic Thermal Equilibrium

In this section we introduce and discuss the notion of macroscopic thermal equilib-
rium (MATE) [55], 53, [54], see also [132] for a similar but slightly different notion of
(macroscopic) thermal equilibrium which we briefly discuss at the end of this section.
In the following, we closely follow [53] [54].

Let H be a Hamiltonian on a Hilbert space H and let ‘H,,. C H be an energy shell.
Moreover, we assume that H,,. is partitioned into macro spaces as in . Usually
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there is one macro space in the decomposition that has most of the dimensions of H,,.
and which corresponds to thermal equilibrium; we denote it by 'Heﬁ. For any state
in Heq, the macro observables used for the construction of the macro spaces attain
their thermal equilibrium value. In the following we assume that

dim Heq

e T B (1.169)
for a small § > 0. As it is pointed out in [53], if for the construction of the macro
spaces the volume of the system is partitioned into small cells and macro observables
corresponding to the number of particles, total energy, total momentum and/or total
magnetization in a cell are considered, realistic values of § are exponentially small in
the number of degrees of freedom per cell.

Definition 1.30 (MATE). Let € > 0. A system is in macroscopic thermal equilibrium
(MATE) with precision ¢, denoted by MATEL,, if and only if its wave function ¢ €
S(H ) lies in the set

MATE, := {¢ € S(Hume) : (6| Pu|0)) > 1 — g}, (1.170)

where P, denotes the projection to Heq.

Thus, if ©» € MATE,, then the probability that all macro observables take their
thermal equilibrium value is at least 1 — ¢ and therefore, if € is small, very close to 1.
Note that in a similar way we can say that a mixed state p on Hy, is in macroscopic
thermal equilibrium with precision ¢ if

tr(pPeq) > 1 —¢. (1.171)

Moreover, we have that most ¢ € S(Hy) are in MATE,. To see this, let uy. be
the uniform distribution over S(Hy.), let E,. denote the expectation with respect to
Ume, 1et dpe 1= dim Hye, deq 1= dim Heq, and let Pueq := Ine — Poq, Where Iy is the
identity on Hp.. Then we obtain with Markov’s inequality and Lemma that

tme(MATE,) = umc{¢ € S(Hume) : (| Paca|th) < g} (1.172a)
= 1= tne{ ¥ € S(Hme) : (V| Pacalt)) < £} (1.172b)
>1-— EmCWIfnqu) =1- g, (1.172¢)

4Note that there are exceptions for which there is no dominant macro space: For example for the
ferromagnetic Ising model with no external magnetic field we can take H,, to be a subspace of
Hume (for a suitable energy interval) with the majority of spins up and H,_ as the subspace with
the majority of spins down. Then #,, and H,_ both have almost 50% of the dimension of Hpc.

52



1.6. Equilibration and Thermalization in Closed Quantum Systems

i.e., the set of the wave functions ¢ € S(Hm.) that are not in MATE, has measure at
most d/e.

Similarly, most eigenstates of H are in MATE: Let {|n) : n = 1,...,dn.} be an
orthonormal basis of H,. (e.g., consisting of eigenfunctions of H). Then,

dmc

! Z<n|Peq|n> = (o) =1-9 (1.173)

dmc 1 dmc
n=

and thus for no more than (0/¢)dp. elements of the orthonormal basis it can hold that
(n|Pegln) < 1—¢, i.e., at least a fraction of 1 — ¢ of the elements of the orthonormal
basis is in MATE..

We summarize these two findings in the following theorem:

Theorem 1.31 (Goldstein, Huse, Lebowitz, Tumulka (2015/2016) [53]54]). Let € > 0,
let Hie and Heq be two Hilbert spaces of dimensions dye = dimHp and deq =
dim Heq and assume that deq/dme = 1 — 6 for some § > 0. Let uy. be the uniform
distribution on Hye. Then,

)
Une(MATE,) > 1 — —. (1.174)
5
Moreover, let {|n) :n =1,...,dnc} be an orthonormal basis of Hye. Then, a fraction

of at least 1 — 0/e of its elements are in MATE,, i.e., |n) € MATE, for at least
(1 =6/e)dme basis vectors.

Note that one can also show that most mixed states are in MATE, see [54].

We end this section with providing an alternative and slightly different definition
of macroscopic thermal equilibrium due to Tasaki [132]. The starting point is again
a set of observables M, ..., My, but for his definition, in contrast to the one above
(and in Section [1.2.1]), they need not be rounded off and coarse-grained. For any
jge{l,...,K} let T; = tr(M;pme) be the thermal equilibrium value of M;, where
Pmec = Pue/dme is the micro-canonical density matrix, i.e., the normalized projection
to Hme. Moreover, let AM; be the macroscopic resolution of M;. We define a set of
projections P; via

Pj = :H-[Tj—AMj,Tj+AMj]<Mj)> (1175)

e., P; projects to the subspace of H,. spanned by the eigenvectors of M; with
eigenvalues in the interval [1; — AM;,T; + AM,]. Then, according to Tasaki [132], a
wave function ¢ € S(H) is in macroscopic thermal equilibrium (with precision ¢) if
it is contained in the set

N{ € S(Hu) : WIPIw) > 1<} (1.176)

Jj=1
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If we choose the observables M; to be the rounded and coarse-grained macro ob-
servables used for the definition of H., and therefore of MATE above, then Tasaki’s
version of macroscopic thermal equilibrium basically agrees with MATE in Defini-
tion . However, as Tasaki [132] points out, there is an essential difference between
the two notions of macroscopic thermal equilibrium if the time evolution is consid-
ered. If we consider a set of observables on the whole Hilbert space H from which the
macro spaces are constructed, usually the energy is among them. This means that
by rounding and coarse-graining this set of observables, we also slightly modify the
Hamiltonian in terms of which the energy shells are defined. As any state evolves
with the unmodified Hamiltonian, the energy shells are not invariant under the time

evolution. In contrast, in Tasaki’s approach neither the Hamiltonian nor the energy
shell is redefined.

1.6.3. Microscopic Thermal Equilibrium

After having introduced the notion of macroscopic thermal equilibrium in the pre-
vious section, we now define the stronger notion of microscopic thermal equilibrium
(MITE) [53] [54]). Similar concepts were also used in, e.g., [77, 115, 93]. We again
closely follow [53, [64] throughout this section.

The notion of MITE is inspired by the phenomenon of canonical typicality, which
states that if the full Hilbert space H is of the form H = H, ® H, and the system
a is not too large, then for most wave functions v € S(Hy.) we have that p! ~
tTp Pme, see Section and the references therein. If a is sufficiently small, it can be
argued that tr, pn, is close to the partial trace of a canonical density matrix pe., =
tr(efﬁH)/Z with suitable inverse temperature 8 > 0, i.e., p¥ & try pme = tTp Pean for
most ¢ € S(Hme). Note that if the interaction between a and b is weak, try pean iS
itself approximately canonical.

In the following we consider systems a that correspond to spatial regions such
that the diameter of a, denoted by diam(a), is defined. Moreover, we denote the
complement of a by a®.

Definition 1.32 (MITE). Let £ € R. A system is in microscopic thermal equilibrium
(MITE) on the length scale ¢, denoted by MITE,, if and only if its wave function
1 € S(Hme) lies in the set

MITE, := ﬂ {gb € S(Hune) 1 p2 = trye pmc}. (1.177)

a:diam(a)<¢

Let ¢y be the largest ¢ small enough to ensure that trye pre & tree pean for all systems a
with diam(a) < £y. A system is in MITE if and only if its wave function ¢ € S(H )
lies in the set MITEj,.

Thus a system with wave function ¢ € S(Hy,) is in MITE if for every subsystem
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1.6. Equilibration and Thermalization in Closed Quantum Systems

a of diameter diam(a) < /, its reduced density matrix p? is close to trac pean (With
suitable inverse temperature 8 > 0).

Note that obviously MITE, c MITE, for all ¢/ < ¢. Moreover, the condition
that p¢ & trae pme in the definition of MITE can be made precise by requiring that
1p? — trac pmellir < € for a small € > 0. Finally, we remark that by replacing p? by
trye p, where p is an arbitrary density matrix, we can also define MITE for mixed
states.

With the help of canonical typicality, we can show that most pure states are in
MITE:

Theorem 1.33 (Goldstein, Huse, Lebowitz, Tumulka (2016) [54]). Let A C R? be the
volume of the whole system. Let ¢ > 0 and let a1, ...,ax C A be a cover of the whole

system such that every system o' C A with diam(a’) < €y is contained in one of the
a;. Then,

umc{w € S(Hume) : V7 : ||p}fj — trge meHtr < 5} (1.178)

) de?
>1—8Kmaxd; exp | ————— | . (1.179)
j J

3673 max; d2.
J

Suppose that A is a cube and diam(A) > 44,. As it is explained in [53, 54], one can
choose, e.g., K = 8 cubes a; ...,ag C A of nearly half the volume of A and it follows
from Theorem that for most ¢ € S(Hue), pZ’j R ras Pme forall j = 1,...,8.
As every system a’ C A of diameter diam(a’) < ¢, is contained in one of the a;,

it follows that also for most ¥ € S(Hme), p:’f, A trye pme for every a’ with diameter
diam(a’) < 4y, i.e., most ¢ € S(Hu) are in MITE,, and therefore in MITE.

Proof of Theorem[1.33 It follows from canonical typicality in the form of Theo-
rem [[.16] that for every fixed subsystem a,

dpce?
. W 2 c
umc{gb € S(Hme) : Hpa trae meHtr > 5} < 8d, exp <_36 > 3) . (1.180)

Applying this bound to every a; gives

A
=TI, 2 — =
umc{@z) € S(Hme) : 3J + || 0%, — tras pmel|,, > 6} < 8K max dy, exp (‘gaﬂs max, dgj)

(1.181)

and from this the claim follows immediately. O]

As most states ¢ € S(Hpc) lie in MITE and, according to Theorem most
states ¢ € S(Hme) lie in MATE, it follows that most states in MITE lie also in
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MATE and vice versa. We can even show a stronger statement: For macroscopic
systems, all states in MITE lie also in MATE. To see this, we follow [53] and first
introduce a general framework of which MITE and MATE are special cases.

Let A be a self-adjoint operator on H. A wave function ¢y € S(Hp.) defines a
probability distribution pffl on the spectrum of A by

p4(B) == (Y| 1p(A)|Y) = tr (Lp(A)[) (), BCR, (1.182)

and similarly, the micro-canonical density matrix p,,. defines a probability distribution
i on the spectrum of A by

pr(B) :=tr (1p(A)pme), B CR. (1.183)
Note that by ,
Eme 114 (B) = tr (15(A) Enc|9)) (¥]) = tr (1(A) pme) = p3°(B) (1.184)

for all B C R, where E,,. denotes the expectation with respect to tme.

Let A be a set of observables on H. We say that a wave function ¢ € S(H ) is in
thermal equilibrium relative to A if for all A € A,

s~ e, (1.185)

We obtain MATE by choosing A to be the set of the macro observables My, ..., My
used to define H,, in Section we denote this set by Ayate = {Ms, ..., Mk}.

Moreover, MITE;, is obtained for the choice A = Ayirg = UaA,, where the union
is taken over all spatial regions a with diam(a) < ¢,. Here, A, denotes the set of all
observables on H,, i.e.,

A, = {121 ® Ine : A is self-adjoint on Ha}, (1.186)

where [,c is the identity on H,e.

In summary, MATE is thermal equilibrium relative to macro observables while
MITE is thermal equilibrium relative to local ones. With the help of this common
framework, we can now argue why MITE implies MATE for macroscopic systems.
Suppose that the volume A of the system is partitioned into cells and that the macro
observables correspond to quantities in these cells, e.g., to the total number of particles
in a cell. Let L be the diameter of the largest of these cells. If L < ¢;, then obviously
Avite € Anmare and thus MITE implies MATE. As it is argued in [53] [54], the
condition L < /¢ is usually satisfied; for example for a cubic meter of gas at room
conditions, we can choose L ~ 107* m and ¢, ~ 1073 m.
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1.6.4. Approach to Thermal Equilibrium

In the following we discuss the approach to thermal equilibrium in the sense that an
initial state approaches MATE or MITE and stays there for an extended period of
time.

An important condition which ensures the approach to thermal equilibrium in iso-
lated quantum systems is the so-called eigenstate thermalization hypothesis (ETH)
which states that all eigenstates of the Hamiltonian H are in thermal equilibrium.
The ETH goes back to Deutsch (1991) [25] and Srednicki (1994) [127] and has been
investigated and applied in the physics literature ever since. Moreover, only recently
it has also been rigorously proved for certain classes of random matrices, see Sec-
tion [[.8.3] We note in passing that rather recently there has also been established a
link between the ETH and (fast) thermalization in open quantum systems, see [17].

We first discuss the approach to MATE. In this case, we have the following theorem:

Theorem 1.34 (Approach to MATE). Let €,6 > 0 and let H be a Hamiltonian with
non-degenerate eigenvalues[’] Let {|n) : n =1,..., D} be an orthonormal eigenbasis
of H and assume that |n) € MATE.s for all n. Then for every vy € S(Hme) and
(1 =6)-most t € [0, 00),

i = e~y € MATE,. (1.187)

Proof. Let Ey, ..., Ep be the eigenvalues of H corresponding to the eigenstates |n).
We compute

(Ut Pacqlthe) =Y _ €/Em=Ent (4| m) (m| Poeq|n2) (n]tho) (1.188a)
= [(nltho) [* (1] Pacaln) (1.188b)
<e6 Y |(nfto)[* = ed. (1.188c¢)

Thus, for every n > 0 there is a Ty > 0 such that for every T > Ty,
1 T
T/ (01| Paeq|te) dt < €6 + 1. (1.189)
0

An application of Markov’s inequality shows that for every T > Ty,

€0 +n
£

%‘{te 0.7 - (6] Paclt) > £} < =542 (1.190)

15The assumption of non-degeneracy can be dropped, see, e.g., Proposition 1 in [I17].
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Next we take the limes superior as 7' — oo and use that n > 0 was arbitrary to obtain

1
limsup | {¢ € 0,71 : (W] Preg ) > 2}| <, (1.191)
T—00 T
which finishes the proof. 0

Next we discuss the approach to MITE. There are several results concerning the
approach to MITE and for all of them it is assumed that the Hamiltonian H has
non-degenerate eigenvalue gaps and that the MITE-ETH is fulfilled, i.e., that all
eigenstates of H are in MITE.

The results in [105, [77] show that if all energy eigenstates of H in Hp. are in
MITE, then most initial wave functions g € S(Hye) are in MITE for most of the
time. More precisely, it is required that the initial state has sufficiently large effective
dimension, i.e., that many different energy eigenstates contribute significantly to it.
Note that most wave functions in S(H,,.) have large effective dimension; as it is proved
in Theorem 2 in [77], the set of wave functions ) € S(Hye) such that deg < dpc/4 is
of the order exp(—+/dn.) and therefore extremely small as soon as dp, is large.

Another result which is due to Rigol, Dunjko, and Olshanii [114] shows that not
only most but all initial states ¥y € S(Hwm.) approach MITE and stay there for most
of the time provided that the eigenstates {|n) : n = 1,... ,dn.} of H in H,,. are all
in MITE and additionally that

(n]Alm) =~ 0 (1.192)

for all m # n and all A € Ayyrg. This is Srednicki’s [128] [129] extension of the ETH
to off-diagonal elements.

As the authors of [114] do not give explicit error bounds, we quote the result
from [140] which gives such bounds and also provides a rigorous proof.

Theorem 1.35 (Approach to MITE [140]). Let §,n > 0, let H = ) E,|n)(n| be a
non-degenerate Hamiltonian with non-degenerate energy gaps and let A # () be a set
of self-adjoint operators on H. Set € = /16 /2 and suppose that

(A-ETH) VYnvVAeA: (<n|A|n> - tr(pch)‘ <e (1.193)
and
Vn#mVAeA:|[(n|Alm)] <e. (1.194)

Then, for every g € S(Hme) and every A € A,

(il Alr) — tr(pch)) <4 (1.195)
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for (1 —=9)-most t € [0,00). In particular, if every spectral projection of any A € A
is also contained in A, then every 1y € S(Hme) spends most of the time in thermal
equilibrium relative to A. Moreover, if A = Auitg, then every vy € S(Hme) spends
most of the time in MITE.

For a proof of Theorem we refer to [140].

Theorem and Theorem concerning the approach to MATE/MITE show
that for every initial wave function ¥y € S(Huye), the time evolved state 1 is in
MATE/MITE for most times ¢ € [0, 00) provided that a suitable version of the ETH
if fulfilled. This, however, does not tell us anything about the time scales of ther-
malization, i.e., about the time it takes an initial state possibly far from thermal
equilibrium to reach it; this is the topic of the next section.

1.6.5. Time Scales of Equilibration and Thermalization

In this section we discuss several results concerning the time scales of equilibration
and thermalization in closed quantum systems.

We begin with a result by Goldstein, Hara, and Tasaki [50]; they showed that
one can construct situations in which the relaxation time to equilibrium is extremely
long while one can also choose an equilibrium subspace to which any initial state
equilibrates within only a short time:

Theorem 1.36 (Goldstein, Hara, Tasaki (2013) [50]). Let H be a Hamiltonian on a
Hilbert space H and let Hye be a micro-canonical subspace of H corresponding to an
energy interval [E, E + AFE).

1.) Let 0 < d < dpe = dim Hyye and let |n) € S(Hme). Moreover, let

0<T< MLEd. (1.196)

Then there exists a d-dimensional subspace Hi of Hume with |n) € Hy such that for
any nitial state vy € S(Hy) one has

I 3
T/o (el Pr|ype) dt > — > 0.95, (1.197)

where Py denotes the projection to H;.

2.) Assume that there is a constant ¢ > 0 independent of the system’s volume V' such
that the density of states within the interval [E, E + AFE) is at least ¢?V. Let g9 > 0
with eg < AE be independent of V' such that for any interval [E', E"| C [E, E+ AFE)

with E" — E' > gy the number of eigenvalues of the Hamiltonian in [E', E"] is not
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less than (E" — E")eV. Then, for any Ty such that
0 < THAE < (AE/(220))?, (1.198)

there erists a subspace Hy of Hme, whose dimension is d ~ eV, such that for any
initial state ¥y € S(Hme) and any T > 0,

1 /T 2 2T
T/o (Vi| Polaby) dt < JT.AE (1 + %) . (1.199)

where P, denotes the projection to Hs.

The subspaces H; and H, are constructed by carefully choosing a basis for them.
More precisely, the basis vectors of H; are chosen to be in a narrow energy interval
while the basis states of Hy sparsely spread over the whole energy range.

The authors of [50] argue that if the dimension of H; is of an order which is typical
for a non-equilibrium subspace Hyeq = ’H;, then the times which ensure that an
initial state from H; does not get far away from it, can easily exceed the age of the
universe. So there can always be pathological situations in which the equilibration
takes an unphysically long time. On the other hand, the second part of Theorem [1.36
shows that there also is a subspace of H,,. which any initial state leaves within a
reasonable amount of time. However, unfortunately the construction of the subspace
H- is very artificial and therefore it cannot be expected that Hs resembles a realistic
non-equilibrium subspace.

A natural question is how long thermalization takes for a typical subspace Hpeq.
This question was studied by Goldstein, Hara, and Tasaki in [51, 52]. In order to
state their result, we first recall the notion of a random subspace. Let H be a Hilbert
space of dimension D and let d < D. We have already constructed the uniform
distribution on ONB(#H), the set of orthonormal bases of H, in Section [l.1.3 Let
(¢;)j=1,..p be a random orthonormal basis of 7. By restricting to the first d elements
of this basis, we obtain a random basis of a d-dimensional subspace of H. We call the
distribution of the subspace spanned by ¢, ..., ¢, the uniform distribution on the
set of d-dimensional subspaces of H.

Let H be a Hamiltonian on . As above, we restrict our considerations to a
micro-canonical subspace Hp,. corresponding to an energy interval [E — AFE, E|. Let
Ey, ..., Ey,. be the eigenvalues of H restricted to Hy,. For the proof of the main
result in [51] it is assumed that the eigenvalues Ey, ..., E,4, . can be well described by
a function p : R — R, the density of states, in the sense that for every differentiable
function f: R — R,

dme E+
1 n
2 > f(Ej)—/ ple)fle)del <n  sup  [f(e)], (1.200)
me |y E-AE—n e€[E—AE—n,E+n]
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where 7 > 0 is a small constant. As the authors show in [51], this assumption can
always be fulfilled.

Let 8 = (kgT)~! be the inverse temperature which corresponds to the equilibrium
state in the energy shell H,,.. Here, T" denotes the absolute temperature and kg ~
1.38 x 1072 J/K is the so-called Boltzmann constant. In (1.200]) we choose

n=di 5, (1.201)

where k € (0,1) is close to 1. Moreover, we define the Boltzmann time

~ h
B ‘— hﬁ = kB—T, (1202)

where h = 27h ~ 6.626 x 1073 Js is the Planck constant.

Theorem 1.37 (Goldstein, Hara, Tasaki (2014/2015) [51, 52]). Let Hye be a micro-
canonical subspace of dimension dy. as above, let € > 0, let dp,. be sufficiently large
and let the dimension d > 1 be sufficiently small compared to dy,. such that

—4
d log <263di{f )
<2 ——M+1 . 1.203
e log(1 + ¢) + ( )
Suppose that the density of states satisfies
p(e) < Bme (1.204)

for anye € [E — AE —n, E +n].

Let Hing be a random d-dimensional subspace of Hue and let P,,q denote the pro-
jection to it. For vy € S(Hme) let 1y = e~ ™1/M)y denote its time evolutz’o. Then,
for any vy € S(Hme), with probability larger than 1 — (d/dw.),

1 B

=[Pl de < 2 (12 e~ 2 (20
0

T

for any T > 0 such that

T d L/4
OS—SMnﬁQ<?) . (1.206)
B

Theorem ([1.37| shows that if we think of the random subspace as the subspace
corresponding to non-equilibrium, then any initial state ¢y € S(Hmne) escapes the

16Note that for this result, in comparison to the rest of the thesis (if not stated otherwise), we do
not set A equal to 1.
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non-equilibrium subspace and thus approaches thermal equilibrium on a time scale
7 > 7. For example for T ~ 300 K we find that 75 ~ 1.6 x 107!* s and thus
already for 7 ~ 1 us, the right-hand side of is smaller than 107¢. With the
help of Markov’s inequality we find that the set of “bad” times in t € [0, 7] such that
(¢¢| Pma|®e) > 1072 has (normalized) measure of at most 1073 and we can conclude
that the system thermalizes within less than a micro-second.

As the authors of [51],[52] point out, these extremely quick thermalization times are
highly unphysical and thus a purely random subspace is not a good model for a real-
istic non-equilibrium subspace. The realistic ones therefore belong to the exceptions
in Theorem and are, in this sense, atypical. Another important point to note is
that in realistic systems, the relaxation time to thermal equilibrium should increase
with the size of the system, whereas the time scales of thermalization observed in
Theorem [1.37|only depend on the Boltzmann time which in turn depends only on the
system’s temperature but not on its size. Recall that while for the random subspace
in Theorem [1.37] the thermalization times are extremely short, one can also construct
a non-equilibrium subspace such that the relaxation times to thermal equilibrium are
unphysically long, see Theorem 1 in [50] and the discussion above. It is expected that
realistic systems show thermalization times somewhere in between but the details still
remain to be understood.

Another result concerning the thermalization of a closed quantum system is due to
Reimann [108] which we already briefly mentioned in Section [1.6.1] He also obtained
very short thermalization times when studying systems with random Hamiltonians.
More precisely, he considered the following setting: Let H be a finite-dimensional
Hilbert space with D = dimH > 1, let p be a density matrix and let A be an
observable on H. For t > 0 let p(t) = Usp(0)U; with p(0) = p and U; = e~ /" (here
we also do not set i equal to 1). The system’s Hamiltonian is modeled by a random
Hamiltonian in the sense that its eigenvalues FEy, ..., Ep are arbitrary but fixed and
its eigenbasis is uniformly distributed, i.e., with respect to the Haar measure. Let
{|n) :n=1,..., D} be the (random) orthonormal eigenbasis of H and let Ey; denote
the expectation with respect to the Haar measure. We define p,, := Eyw where w is
defined by (m|w|n) := d;pmn(n|p|n). Reimann [108] showed that for all t > 0,

Ey tr(Ap(t)) = tr(Apay) + F(t) (tr(Ap) — tr(Apay)) , (1.207)

where the function F' is given by (|1.166|).

Moreover, Reimann [I08] obtains that for every ¢ > 0, the variance of tr(Ap(t))
is of the order A? trp?/D where A4 denotes the difference between the largest and
smallest eigenvalue of A. Therefore, the variance is small if D is sufficiently large and
then the right-hand side of describes the quantity tr(Ap(t)) very well.
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Note that Reimann [108] also shows that

tr(A)  tr(Ap) — tr(4)
tr(Apay) = o) + Dl D

(1.208)

where tr(A)/D is the micro-canonical expectation of A if H is a micro-canonical
energy shell. Therefore, if F'(¢) is small, tr(Ap(t)) is well approximated by tr(A)/D.

Reimann [I0§] argues that if H is a micro-canonical energy shell corresponding to
an energy window [F — AFE| E], then AE > kgT is a reasonable assumption and in
this case one obtains

1 1

B0 S T Tt/ ~ T4 (2t )

(1.209)

i.e., the time scale of equilibration is of the same order as in the result from [51l [52]
discussed above. He further argues that describes the very rapid relaxation
of the system towards local equilibrium rather than global equilibration which should
take significantly longer. Reimann [I08] also compared his findings with experimental
results of the rapid prethermalization of ultracold atoms of a coherently split Bose
gas [62] and the ultrafast relaxation of hot atoms [9, 63, 40] and with some numerical
results of the relaxation of an integrable and non-integrable one-dimensional fermionic
model [113], of the prethermalization in a one-dimensional electron gas [139], of the
thermalization of a spin qubit coupled to a bath [65] and of the thermalization in a
random matrix model [6]. He found very good agreement of his theoretical results
with the experimental and numerical data.

Equilibration and thermalization of systems with random Hamiltonians (in the
sense that the eigenbasis is sampled from the Haar measure) were also studied in,
e.g., [23], and system’s with random observables in [82], and in both cases extremely
short equilibration/thermalization times are observed. For further results concerning
the time scales of equilibration and thermalization see, e.g., [89, 00, [43] 27, [74].

1.6.6. Comparison to the Classical Case

In this section, we discuss how thermal equilibrium can be defined in classical systems
and where the similarities and differences to the quantum case lie. Again, we closely
follow the presentations in [53] 54] and also [61].

As in these references, we adopt the individualist rather than the ensemblist atti-
tude. For an ensemblist, a system is in thermal equilibrium if its phase point X is
random with a probability density (on phase space) that is approximately given by a
micro-canonical or canonical density. However, we consider an individual system and
we would like to say something about whether this particular system is in thermal
equilibrium or not and a system has a phase point X but no probability distribution
p over phase space. For more details on this topic, see, e.g., [61].
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A pure and mixed state in quantum mechanics corresponds to a phase point X
in phase space and a probability distribution over phase space in classical mechanics
respectively. A phase point X of the system specifies the positions and momenta of
all particles in the system. Thus, if we want to describe a subsystem, we just consider
only the positions and momenta of the particles in the subsystem and in this way
a phase point X of the whole system provides us also with a phase point X of the
subsystem. Therefore, in classical mechanics, we always obtain an analogue of a pure
state for a subsystem and never an analogue of a mixed state. In contrast, in quantum
mechanics, the reduced density matrix of a subsystem is in general mixed even if the
state of the whole system is pure. As a consequence, while in quantum mechanics it
is possible that the reduced density matrix of a subsystem is close to a margina]ﬂ of
a micro-canonical (or canonical) density matrix, the state of a subsystem in classical
mechanics is always “pure” and thus not close to a thermodynamic ensemble. We
conclude that there is no classical analogue to the concept of MITE.

However, there is a classical analogue of MATE which we discuss in the following.
Let I' be the system’s phase space. Analogous to the quantum mechanical setting we
partition the phase space into “macro sets” I', C I' corresponding to macro states v,

r=Jr,. (1.210)

The phase points in a macro set I',, should “look macroscopically the same”. Of course,
as also in the quantum mechanical setting, there is some arbitrariness in the choice of
the macro sets I',,, but it can be argued that for reasonable choices and large enough
systems this arbitrariness is unproblematic, see [61].

Usually, there is one macro set in the decomposition that has by far the
largest phase space volume and is associated with thermal equilibrium; we denote
this set by I'eq. Similarly to the quantum case, following Boltzmann 13| [14] 49], the
macro sets can be defined with the help of a set of macro variables M, : I' — R,
j = 1,...,K. For each macro variable M; let AM; > 0 denote its macroscopic
resolution and we think of the M; as being suitably coarse-grained and therefore,
e.g., taking values only in {kAM; : k € Z}. With this we can make precise what we
mean by “looking macroscopically the same”. Let X;, Xo € I' be two phase points.
Then we say that they look macroscopically the same if and only if M;(X;) = M;(Xs)
forall j =1,..., K. We associate a macro state v with a list of values of the Mj, i.e.,
v=(1,...,vk) with v; = k;AM; for some k; € Z. The corresponding macro set I',
is then defined as

r, = {X el : M;(X) = v, Vj} (1.211)

and I, is the set of all the phase points for which all macro variables assume their

1"The marginal is obtained by tracing out the complement of the subsystem.
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thermal equilibrium value. Note that typically the size differences between any two
macro sets are huge.

Usually, a coarse-grained version of the energy is among the macro variables used
for the construction of the macro sets I', and in this case the partition of I' also
provides us with a partition of any energy shell I',. into macro sets. Here, an energy
shell consists of all the phase points for which the coarse-grained version of the energy
takes on the same value. Also in each energy shell there is a macro set corresponding
to thermal equilibrium which we again denote by I'c,. With this we can say that a
system is in (classical) macroscopic thermal equilibrium if and only if its phase point
is contained in the set I'e.

As it is shown in [54], the macro set I's takes up almost all of the volume of I'y,;
a realistic value of the ratio between the sizes of the two sets is given by

vol I'eq

T~ 1—exp (—107"N), (1.212)
where N denotes the number of degrees of freedom of the system and vol is the
6 N-dimensional phase space volume, see Section 7.1 in [54] for more details and the
derivation of .

We are also able to say something concerning the approach to (classical) macro-
scopic thermal equilibrium. First note that by Liouville’s theorem, the phase space
volume is conserved under the time evolution and therefore at any time the thermal
equilibrium subspace takes up almost all of the volume of I',,.. Moreover, due to
the conservation of energy, an initial phase point X (0) € I',. stays in the energy
shell T',,,. for all times. From these two observations it is very plausible that most
X(0) € T'ie\L'eq will eventually reach the thermal equilibrium macro set I'e, and stay
there for most of the time. Note that due to recurrence any system that starts out in
a non-equilibrium macro set will return arbitrarily close to it after a sufficiently long
time.

We end this section with remarking that with the help of the decomposition
we can define the Boltzmann entropy Sg of a phase point X € I, by

Sp(X) = Sp(v) := kglogvoll',, (1.213)

where kp denotes the Boltzmann constant. The idea is that if a system starts out
in a small macro set which is “far away” from thermal equilibrium, its phase point
evolves through larger and larger macro sets until it finally reaches I where it stays
for a very long time and therefore the entropy increases over time.

More precisely, a macro set I', C I'y is transported under the Hamiltonian flow
into a set Ay C 'y, such that vol(A4;) = vol(I',) for all ¢ > 0. Typically, the set

.= | Iv (1.214)
v:S()<S(v)
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is much smaller than the set Ty, i.e., vol(I',) < vol(T',), which immediately implies

VOl(At N F<V)

1. 1.215
wl(d) S (1.215)

We conclude that for most initial phase points X (0) € I',,
Sp(X(t)) = Sp(X(0)), (1.216)

i.e., the Boltzmann entropy typically increases and valleys in the entropy curve t —
Sp(X(t)) are typically infrequent, shallow and short-lived. However, note that if the
system starts out in a non-equilibrium macro set then due to recurrence, after very
long times there are deeper valleys in the entropy curve.

Analogously, given a decomposition of the system’s Hilbert space H into macro
spaces H, as in (1.12)), we can define the quantum Boltzmann entropy Sqg by

Se(¥) = S4p(v) == kplogdimH,, € S(H,). (1.217)

This definition agrees well with the suggestion already made by Einstein [29] that
in quantum mechanics the entropy of a macro state should be proportional to the
logarithm of the “number of elementary quantum states” that are compatible with
this macro state.

For more details on the Boltzmann entropy in classical and in quantum mechanics
as well as a discussion of another prominent concept of entropy, the so-called Gibbs
entropy, see [61].

1.7. The Free Fermi Gas in 1D

In the following we discuss the thermalization of a concrete model, namely of the
free, non-relativistic Fermi gas in one dimension. This model has only recently been
studied by Shiraishi and Tasaki [123] and Tasaki [134} [133] and we closely follow these
references throughout this section. We first introduce the model in Section [I.7.1] In
Section[I.7.2] we present and discuss the results obtained in [123] and [134] and briefly
comment on [133] and the classical case.

1.7.1. The Model

In this section, we introduce the free, non-relativistic Fermi gas of N particles in one
dimension and show some of its properties. Let A = {1,..., L} be a chain of length
L € N and let H be the N-particle sector of the fermionic Fock space, i.e., H ~ CP
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with D = (%). The Hamiltonian Hy studied in [123] is given by
L

Hy=— Z (ewc;cxﬂ + e_wclﬂcx) , (1.218)

where ¢l and ¢, denote the creation and annihilation operators of a fermion at site
x € A and 0 € [0,27). Moreover, we assume periodic boundary conditions, i.e.,
cr+1 = c1. Recall that the creation and annihilation operators satisfy the canonical
anticommutation relations

{cz,cy} =0 and {cz, CL =0py (1.219)

for any x,y € A where the anticommutator {-,-} is defined by {A, B} := AB + BA
for any two operators A and B.

Note that Shiraishi and Tasaki [123] introduced the phase factor 6 to avoid degen-
eracy of the Hamiltonian; more precisely, if |#| > 0 is sufficiently small, it can be
shown that the eigenvalues of Hy are non-degenerate, see Theorem [I.42]

In order to write down the eigenbasis of Hy as well as the eigenvalues, we have to
introduce some notation first. If the length L of the chain is odd, let

2
K= {%V
and if L is even, let

IC::{%TVVE{O,il,...,i(é—l),g}} (1.221)

be the k-space. For k € K we define the creation operator

Ve {O,il,...,i%}} (1.220)

L
1 )
T ikx .}
a, = E el 1.222
k \/Z pt T ( )

With the help of the canonical anticommutation relations for the ¢, we can show that
{ag,arp} = 0 and {aL, ap'} = Opr. The first equation is obvious and for the second
one we compute

L L
1 _— 1 s
{al,ap} = T E eFrem Myl ¢} = 17 E elk=kz, (1.223)

z,y=1 =1
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If £ =K', the right-hand side of (|1.223]) is obviously equal to 1 and if k # k', then

1 eilh—K) _ pilk—K)(L+1)

{akn ak’} - L 1 — eilk—k') = 07 (1224>

where we used that (k — &')L is a multiple of 27 and therefore e!F=*)(E+1) — ¢ilk=k"),

Let |®ys) denote the vacuum state, i.e., the state with no particles. For k =
(k1,...,ky) € KV such that k; < k;iq for j=1,..., N — 1 we define

W) == al af, ...af |Puac). (1.225)

In this way we obtain (]%) (non-zero) states. We now show that the |¥,) form an
orthonormal basis of H consisting of eigenfunctions of Hy. Let k, k' € K with k #£ £/
and suppose without loss of generality that k] does not appear in k. Then,

(U [Uh) = (Duaclany, - .- aggal, ... al, [Prac) (1.226a)
= (=) (Paclay, ... amal, ... af ar|Pc) =0, (1.226b)

where we used in the last step that c;|®yae) = 0 for every x € A. For k' = k we get
[T = (Praclar, af, anyal, . .. aryal | Prac) = (Prac|Prac) = 1, (1.227)

where the second step follows from

L L
1 (o 1
7 D e eyl B,) = chxcy@m) = [Dyac) (1.228)

z,y=1 r=1

akj aLj |q)vac> -

forall j = 1,..., N as c,cl|Pyac) = |Pyac) for all z € A. Altogether this shows that
the |Uy) form indeed an orthonormal basis of H. Next we prove that the states |Uy)
are eigenstates of Hy. To this end we first compute for k£ € K

[Hy,al] = Z ( 10FkY) [el cpps, y} + i(=0+hky) [CLHQE,CLD, (1.229a)

xyl

T Z 0+ky {CI'H’ L} {Cr) y}cac—i-l}

+e/(—0FkY) [ Hl{cz,cy} {cmH, y}cx]) , (1.229b)

where [, ] denotes the commutator, i.e., [A, B] = AB — BA for any two operators
A and B. Note that in the second line we made use of the identity [AB,C] =
A{B,C} — {A,C}B for any three operators A, B and C. With the help of the
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canonical anticommutation relations we obtain

L
1 . .
[H(,,CLL] = _ﬁ Z (ez(9+ky)cl§x+l’y 4 e’(_€+ky)cl+15x,y> (1.230a)
z,y=1
T
_ i(0+k) Jikz .t —i0 jikz .}
=—— Z (e e el +e e cm+1> (1.230b)
\/Z =1
— ("R 4 =104 of (1.230¢c)
= —2cos(k + 0)al.. (1.230d)
Therefore we find that
Hy|Uy) = Hoal, ...a} |Pac) (1.231a)
= aLngaLQ . .a};N\CDVM) —2cos(ky +0)|¥y) = ... (1.231b)
N
= =2 cos(k; + 0)|¥s) + af, ... af Hy|®c). (1.231c)
j=1

Because of Hy|®yae) = 0 this shows that Hy|Wy) = Ei| V) with
N
By =-2) cos(0 + k;), (1.232)
j=1

i.e., |¥y) is an eigenstate of Hy with eigenvalue Ej. Altogether we have thus shown
that the |¥y) form an orthonormal eigenbasis of Hy.

1.7.2. Thermalization of the Free Fermi Gas in 1D

After having introduced the free, non-relativistic Fermi gas in one dimension in the
previous section, we now want to discuss what can be shown concerning the thermal-
ization of this model.

A first rigorous result was obtained by Shiraishi and Tasaki [123] in 2024. They
first considered, more generally, a system of N fermions on a lattice A with L sites.
The dimension of the system’s Hilbert space H is given by D = ( f,) They fixed the
density p of the system and chose L and N accordingly, i.e., such that N/L ~ p. Note
that

D= (ﬁ) ~ eFS0) (1.233)
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where the binomial entropy S : R — R is defined by

S(p) = —plogp — (1 —p)log(1 — p). (1.234)
Moreover, the relation a(L) ~ b(L) means that

. 1. a(L)
lim — 1 -
Lios L 2 b(L)

(1.235)

Suppose that the lattice A is decomposed into two parts A = A;UA,, where U denotes
the disjoint union, such that |A;| = [Ay| = L/2 if L is even and |Ay| = (L —1)/2 and
|Ao| = (L+1)/21if Lis odd. Let H be the system’s Hamiltonian and let ¥y, ..., ¥p be
its eigenstates with corresponding eigenvalues F, ..., Ep. Shiraishi and Tasaki [123]
made the following two assumptions:

Assumption 1. The energy eigenvalues Fi, ..., Ep of H are non-degenerate.

Assumption 2. The energy eigenstates Wy, ..., U satisfy
(| P ;) <27V Vj=1,...,D, (1.236)

where P; denotes the projection to the subspace H; C H where all particles are in
the sublattice A;.

These two assumptions are natural and it is expected that they are often fulfilled.
Assumption [I}is believed to usually be satisfied if there are, e.g., no symmetries which
cause degeneracy of the eigenvalues. However, in case of degeneracies, it should be
possible to lift them by a small perturbation (in fact, it can be shown that adding a
small random perturbation with a continuous distribution lifts such degeneracies with
probability 1, see, e.g., [138]). Note also that as it is shown in Appendix A of [123],
the results remain valid for models with degenerate energy eigenvalues as long as the
degeneracy is not too large.

Assumption [2is similar to an ETH for P;, however, we only have here an inequality
rather than an equality. The left-hand side in (|1.236)) is the probability in the state
|W,) that all particles are in the sublattice Ay; this probability would be equal to
2=V if each particle would be put in A; or Ay with probability 1/2. Shiraishi and
Tasaki [I123] argue that many quantum lattice gases should fulfill this assumption
but they can only prove it for a few special examples, namely for a class of non-
interacting fermions, including free fermions on a one-dimensional lattice, and systems
of interacting fermions or hardcore bosons on a double lattice with a special symmetry.

As we see below, Assumption [2] ensures that for most initial states 1)y € S(H) the
effective dimension d.g is large provided that N (and L) are sufficiently large and the
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density p is small. Recall that

s = (Z \<¢0|‘I’j>\4> . (1.237)

In order to state the result concerning the effective dimension, we have to introduce
the notion of (1 — ¢)-most wave function for ¢ > 0:

Definition 1.38 (Most wave functions). Let u be the uniform distribution on S(H)
and let € > 0. A statement s(¢) is true for (1 — ¢)-most ¢ € S(H) if

u{w €S(H) : s(¢) holds} >1—-c. (1.238)
Theorem 1.39 (Shiraishi, Tasaki (2024) [123]). Suppose that Assumption |4 is valid

and let p < 1/5. Then, for sufficiently large N (and L), (1 — e~ /3N)_most initial
wave functions Yy € S(PYH) are such that

D
< e, (1.239)
deff
For any subset I' C A we define
Nr := chcx, (1.240)
xzel

i.e., Nr is the number operator of the particles in the sublattice I'. With the help of
Theorem [1.39] Shiraishi and Tasaki [123] showed the following theorem:

Theorem 1.40 (Shiraishi, Tasaki (2024) [123]). Consider a system of N particles on
a lattice A with L sites and let H be its Hilbert space and H its Hamiltonian. Let
p=N/L <1/5 and suppose that Assumption (1| and Assumption @ are satisfied. Let

= T|/L, €o(p) := /6u(1 — p)p,

Peq 1= LN (u—eo (o)) N (uteo(0))] (NT) (1.241)

and Poeq =1 — Poy. Then, for sufficiently large N (and L), for (1 — e~/ N)-most
Yo € S(P1H) there exists a T > 0 such that for (1 — e~ /YN ).most t € [0,T],

|| Paeqte||* < e~ /N, (1.242)

Theorem [1.40[ shows that if the eigenvalues of the Hamiltonian are non-degenerate,
its energy eigenstates fulfill (1.236]), N and L are sufficiently large and the density p is
not too large, then for typical initial states (in which all particles are in the sublattice
A;) and typical times ¢ € [0,T], the measurement result of Np in the state |¢;) is
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close to the equilibrium value Npu. Note that Theorem only states the existence
of such a time 7" > 0, but no estimates on the time scale of thermalization are given.
Moreover, note that the notion of thermal equilibrium used in Theorem is a
highly simplified one as it only refers to the spatial distribution of the particles.

After having proved Theoremfor general lattice gases, Shiraishi and Tasaki [123]
proceed to show that Assumption [I] and Assumption [2] are fulfilled for the free, non-
relativistic Fermi gas in one dimension introduced in Section [[.7.1] The proof of
Assumption [2] in this setting is rather simple and uses similar ideas as the ones used
in the proof of Lemma However, the proof of Assumption [I} is more involved
and makes use of the following result from number theory:

Lemma 1.41. Let L be an odd prime and let my, ..., mp_1 € Z such that m; # 0 for
some j. Then,

-1 L—1 —(L=3)/2
> mpe | > <Z ]mk|) : (1.243)
k=1 k=1

The proof of Lemma can be found in [123]. With the help of this lemma,
Shiraishi and Tasaki [123] prove that for sufficiently small |0|, the Hamiltonian Hy of
the free, non-relativistic Fermi gas is non-degenerate:

Theorem 1.42 (Shiraishi, Tasaki (2024) [123]). Let L be an odd prime and let N € N
with 0 < N < L. For any 0 € R such that

1
(AN + 2L)E- D/

0<|o] < (1.244)

the Hamiltonian Hy is non-degenerate.

The idea of proof of Theorem |[1.42]is to first show that for § = 0 there are only trivial
degeneracies, i.e., all degeneracies of an eigenvalue Ej of Hy with k = (k1,...,ky) €
KY and k; < kjiq forall j = 1,..., N—1 are due to changing signs of the components
k;. Then it is shown that a non-zero 6 € [0, 27), 6 # 7, lifts these trivial degeneracies
and by making use of Lemma it is proved that if |0| is sufficiently small then
no additional degeneracies are generated. Note that the maximum degeneracy in
the model with § = 0 is 2V and therefore too large to, e.g., apply the results from
Appendix A in [123] concerning degenerate models.

The authors conclude that Theorem [I.40] can be applied to the free, non-relativistic
Fermi gas in one dimension on a chain whose length is an odd prime if |§] > 0 is
sufficiently small. Thus they established the thermalization of this model (in the
restricted sense that it only refers to the spatial distribution of particles) for typ-
ical non-equilibrium initial states from P;H. However, it remained open whether
thermalization also holds for any initial state, for the model with § = 0 (i.e., the
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“standard” Hamiltonian of the free, non-relativistic Fermi gas) and for the model in
higher dimensions.

Shortly after the first appearance of the paper by Shiraishi and Tasaki [123], the
result concerning the thermalization of the free, non-relativistic Fermi gas in one
dimension was improved by Tasaki [134]. His result is valid for any initial state and
he formulated it for a partition of the chain into intervals of equal length. If the
initial state has a non-uniform density, it shows the thermalization in the sense that
at a sufficiently large and typical time the system’s particle density is approximately
uniform.

More precisely, Tasaki [I34] considered the free, non-relativistic Fermi gas of N
fermions on a chain whose length L is an odd prime in order to ensure that, by
Theorem [[.42] the Hamiltonian Hy is non-degenerate. Let m € N, m > 2, be of order

one and let Iy,...,I,, C A be disjoint intervals each containing ¢ = L#j sites of the
chain. The union U;n:1 I; of the intervals I; almost covers A but it is not equal to the
whole chain because L/m ¢ N as L is an odd prime. For j =1,...,m we define
Nj =Ny, =Y e, (1.245)
acEIj

i.e., N; is the number operator of the particles in the interval ;. Moreover, we define
po:= N/L. Let 6 € (0,%] and

’ 2

Peg = ] [ Va-s)0t.118)000 (N;), (1.246)
j=1
i.e., we say that the system is in thermal equilibrium if the measurement of each N;
yields a value close to the equilibrium value pof. Put another way, a system is in
thermal equilibrium if the coarse-grained particle distribution defined by the IV; is
approximately uniform.
Tasaki [134] showed the following theorem:

Theorem 1.43 (Tasaki (2024) [134]). Consider the free, non-relativistic Fermi gas of
N particles on a chain A = {1,..., L}, where L is an odd prime. Let §,m, and P.y be
as above and let Pyey == 1 — Poy. Then for every initial state 1o € S(H) there exists

2
aT >0 such that for (1 — 678<£*1>N)-m05tt € [0,7],

2
| Pacqte]|? < e, (1.247)

Thus, if N is sufficiently large and ¢ is small but independent of N, every initial
state approaches thermal equilibrium and stays there for most of the time. However,
as before, the result does not give us any estimate on the time scale of thermalization.

The key result needed for the proof of Theorem is an eigenstate thermalization
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hypothesis (ETH) for the eigenstates |¥y) of Hp:

Lemma 1.44 (Tasaki (2024) [134]). Consider the free, non-relativistic Fermi gas with
N particles on a chain A = {1,...,L} as in Section and let Poeq be as in
Theorem[1.43. Then the eigenstates |¥y) of the Hamiltonian Hy fulfill

2
| Prcq Ui |]? < 00 (1.248)

Adopting the language of Section [1.6] Lemma-tells us that all eigenstates of the

Hamiltonian Hy are in MATE, withe = e ~sn N . Then it follows from Theorem [1.34
that for most times ¢ € [0,00), the time-evolved state 1; is in macroscopic thermal
equilibrium, ¢, € MATE /, and this immediately implies Theorem . As we will
see in Section [3.3, Lemma[I.44] generalizes to higher dimensions and therefore we now
sketch its proof closely following [134].

Proof of Lemma[1.74 The key step of the proof is to show that for any eigenstate
| W) of Hy with k = (ki,...,ky) € KV and k; < kiyq for i = 1,..., N — 1, and for
any j =1,...,m,

(WM W) < (ue* + (1= )" (1.249)
where A € (0,1] and p = ¢/L ~ 1/m. With the help of (1.249) it follows that
s\ N
(U1 48)poto0) (N k) < (| ANTTHNOEDGL) < (g(A, p)e ™), (1.250)
where
g\ p) == (pet + (1 — p)) e ™. (1.251)

Tasaki [134] then proceeds to estimate g(\, i), chooses A in a suitable way and arrives
at

—_ 182
(kL (145100000 (N)) W) < € TomT=0 Y (1.252)
and similarly
52
(UKo (151000 (N})| 0} < €™ T2, (1.253)
By making use of
Z (1=8)p0t,(1+8)p0t) (V) (1.254)
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as well as 4(e — 2) ~ 2.9 and p > + — O(7) Tasaki [134] obtains

52 2
(Tp| Paog|T3) < 2me” 00N < e stm 1 (1.255)

see [134] for the details of the derivation of ([1.255)) from ([1.249).
We now turn to the derivation of ([1.249). To this end let j € {1,...,m}, k € K,
and define the operators

bhi=—= | M) el + > et | (1.256)
z€l; xeA\I;
Let |¥)) be an eigenstate of Hy. Then we can write
M2y = bf bl bl D) (1.257)
and obtain
N
(Uil | W) = (Duaclbr - - by, - b [ Puac) < T T 10w, b, 11 (1.258)
j=1

Since the operators bkjb;fcj are self-adjoint and positive, kujb,sz equals the largest

eigenvalue of by, bLj. We compute

1 A A
(bt} = Z(a > Mg, 4V S e e, ol

z,y€l; zel;
yEA\I,
1eM2 Z ehi@fe il 4 Z eikj(ly){cy’cl}> (1.259a)
xeA\I; x,yeA\I;
yel;
1
= 2 (UL + INL]) = e + (1= ), (1.259)

L

Moreover, we have that

1 A —ik;(x AJ2 —ikj(x
- Z(e Z e *Fi@ e e, 4 e Z e~ it e,

x,yEIj IEGIJ‘
yeA\I,
+eM N et e, 4 Y el y>. (1.260)
xeA\I; x,y€A\I;

yEIj
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Because of c,c, = —cyc, we immediately see that the second and third sum cancel
each other. In the first and fourth sum the terms with x = y are equal to zero as
¢ = 0. Moreover, in these sums for every x # y the terms c,c, and c¢,c, both appear
with the same prefactor and therefore cancel each other which results in these two
sums being equal to zero. Altogether we thus find that b%j =0.

Suppose that |x) is an eigenstate of by, bLj. Then,

bi; bk by b, [X) = {bry bl ow, b 1x) — b, (0.)71x) = (ne + (1 = 1)) bi bl 1)
(1.261)

and therefore we either have that by, b,tj Ix) =0, ie., |x) is in the kernel of by, b,t]_, or

the eigenvalue corresponding to |x) is given by pe* + (1 — p). From this we conclude
that

e, BL | = e + (1= ) (1.262)

and with this ((1.249)) is an immediate consequence of ([1.25§]). n

We remark that in a later paper, Tasaki [I33] studied the thermalization of a toy
model for a weakly heat-conducting solid in one dimension which is equivalent to the
free fermion chain. The Hamiltonian H considered in [133] is slightly different than
the one used in this section, more precisely,

-1
H =« Z che, + % <Z(c£cx+1 ) — CTLCL> : (1.263)

x=1 =1

where 9,7 > 0. As it is shown in Lemma 2.3 in [I33], the eigenvalues of H are
non-degenerate if 2L + 1 is prime and 1! is an integer which together with an ETH
in Lemma 2.4 in [I33] proves the approach to MATE as before. Note that while the
parameter 6 of Hy had to be “fine-tuned” in dependence of L and N to ensure that
Hy is free of degeneracies, no such fine-tuning is needed for H:; here it suffices that
n~t € NJF| Thus, the results in [I33] can be seen as a variation and improvement
of [123, [134].

We finally note that analogous questions for the classical free gas of N particles
have been studied in the literature, see, e.g., [L0, 11} 24]. In contrast to the quantum
case, all the results only hold for most initial states and obviously one cannot expect
thermalization for all initial states of a classical system.ﬂ Note that in [11, 24] also
thermalization times were investigated and rather brief ones were obtained.

8Note that a similar result concerning the non-degeneracy of the eigenvalues of the Hamiltonian of
certain spin systems has been obtained in [68]. For the proof the authors also make use of some
number-theoretic results.

9Take, e.g., an initial phase point in which all particles are concentrated in a small subregion of
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1.8. Some Results from Random Matrix Theory

This section is devoted to a few results from random matrix theory that were used
in one of our papers discussed in Section and attached to this thesis. Inspired
by the works of Wigner [140, [147], the research in random matrix theory has been
largely growing over the last decades and a variety of properties of different classes
of random matrices were studied. For an introduction to random matrix theory, see,
e.g., [87, 13, 37].

The two properties of random matrices that we discuss in the following are the
delocalization of eigenvectors of random matrices and the eigenstate thermalization
hypothesis (ETH). Roughly speaking, an eigenvector is delocalized if its components
are approximately of equal size. In recent years, the delocalization of eigenvectors
of different classes of random matrices has been studied intensively in the literature,
see, e.g., [35], 36l 32, B1L B8, 72, 119] 1l B3] 16, 148, 149, B0]. Most of these results
were concerned with delocalization in the sup norm, i.e., with delocalization in the
sense that with high probability no component of an eigenvector is too large. We
discuss one result of this kind from Ajanki, Erdés, and Kriiger [I] in Section |1.8.1]
For our purposes, however, another kind of delocalization of eigenvectors turned out
to be extremely useful, namely, the no-gaps delocalization discovered by Rudelson
and Vershynin [120]. Their result shows that with high probability there are no large
“gaps” in the eigenvectors meaning that no significant fraction of the components of
an eigenvector can carry only a negligible fraction of its mass. This result is described
in Section [I.8.2] Finally, in Section [1.8.3] we discuss the ETH for Wigner matrices
due to Cipolloni, Erdés, and Henheik [20] and related results.

1.8.1. Delocalization in the Sup Norm

Ajanki, Erdés, and Kriiger [I] proved a result about the delocalization of the eigen-
vectors of general Wigner-type matrices in the sup norm, i.e., they showed that with
high probability the components of the eigenvectors cannot become too large.

We start with describing the matrices for which their theorem holds. Let HP) ¢
CP*P be a sequence of self-adjoint random matrices with distributions P(”). In the
following we often suppress the dependence of quantities on the dimension D. We say
that a random matrix H = (h;;) is of Wigner-type if its entries h;; are independent
for i < j and

i.e., the h;; are centered.

the available volume and all velocities are equal to zero. As there are no external forces, the
state is invariant under the time evolution and therefore never approaches a state with a uniform
particle distribution and a Maxwellian velocity distribution, i.e., this system never thermalizes.
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1. Introduction

The matrix of variances S = (07;) is defined by

oy :=Elhy? Vi, j=1,...,D. (1.265)

Note that the matrix S is symmetric and its entries are non-negative. The corre-
sponding quadratic vector equation (QVE) is given by

D
1

e =z+;a§jmj(z) Vi=1,...,D and z € H, (1.266)

where H = {z € C: Im z > 0} is the complex upper half plane and m = (my,...,mp) :

H — HP. It can be shown that the QVE (on the complex upper half-plane) has a
unique solution, see Theorem 2.1 in [2]. The QVE now plays a central role in random
matrix theory and a detailed study of this equation can be found in [2], see also the
references therein.

Let p, P > 0 and L € N be parameters independent of the dimension D and let
p = (p1, f2, - . . ) be a sequence of non-negative real numbers. For all D we make the
following four assumptions:

Assumption 1 : The matrix S is flat, i.e.,

1

2

J

Vi, j=1,...,D. (1.267)

Assumption 2 : The matrix S is uniformly primitive, i.e.,

(S5),; > % Vi,j=1,...,D. (1.268)

Assumption 3 : The unique solution m of the QVE ([1.266) induced by the matrix S

is bounded,

mi(z)| <P Vi=1,...,D and z € H. (1.269)

Assumption 4 : The entries h;; of H have bounded moments,

Elh;* < prol;  VkeNandi,j=1,...,D. (1.270)

Note that sufficient conditions for Assumption 3|can be found in Theorem 6.1 in [2]. A
simple example for which all assumptions are fulfilled is a suitably rescaled Gaussian
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1.8. Some Results from Random Matrix Theory

unitary ensemble (GUE) which is defined as follows: Let hj;, for j < k be independent
random variables, let hy; = hj;, let hy, for j < k be standard complex Gaussian
random variables, i.e., hj, ~ N(0,1/2) +iN(0,1/2) and let h;; ~ N(0,1) for all j.
Then the matrix H = (hj;,) is a GUE matrix?®| and H/v/D satisfies Assumption
A In this case, Assumption [I, Assumption [2] as well as Assumption [4] are clearly
fulfilled. The unique solution of the QVE on the complex upper half plane is given
by the semicircle, i.e., m;(z) = mg.(2) = (—z2+ V22 —4)/2 for all i = 1,..., D and
therefore bounded by 1 such that Assumption [3]is also satisfied.

Before we can state the eigenvector delocalization result from [I], we have to intro-
duce the notion of stochastic domination:

Definition 1.45 (Stochastic domination). Let X = (X®))py and Y = (YP))pey
be two sequences of non-negative random variables. We say that X is stochastically
dominated by Y and write X < Y if and only if there exists a function Dy : (0, 00)% —
N such that for all € > 0 and o > 0,

PP (XP) > DY P < D™ D > Dy(e, a). (1.271)

Roughly speaking, a sequence X of random variables is stochastically dominated
by a sequence Y if for large D, with high probability, X is not “much” larger than Y.

With these preparations we are now ready to state the delocalization result by
Ajanki, Erdés, and Kriiger (Corollary 1.14 in [1]):

Theorem 1.46 (Ajanki, Erdds, Kriiger (2017) [1]). Let (H®P))pen be a sequence of
random Hermitian D x D matrices with corresponding distributions (P%P))pey, i.e.,

HD) ~ PP for every D. Suppose that Assumption are satisfied. Let E%D) <

- < EI(DD) be the eigenvalues of H'P) and for n € {1,...,D} let oD e CP be

a normalized eigenvector of HP) with eigenvalue EP). Then for every sequence

(BN pen of vectors bP) € CP and every sequence (n'?)) pey with n?) € {1,..., D},
(D) 1

¢n(D)>‘ < —=. (1.272)

’ <b(D> s

In particular, the eigenvectors are completely delocalized, i.e.,
< —. (1.273)

]~ 75

The function Dy : (0,00)? — N implicit in the symbol < depends only on the constants
p, P, L and (pu)ken from Assumption [1{4]

2ONote that the word “unitary” in GUE refers to the fact that the distribution of H is invariant
under conjugation with unitaries. Moreover, note that the analogue for real-valued matrices is
called the Gaussian orthogonal ensemble (GOE).

(D) 1
(bn(D)
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Theorem [1.46] shows that the eigenvectors of random matrices satisfying Assump-
tion are delocalized in the sense that if the dimension D is sufficiently large the
absolute value of the largest entry of an eigenvector is, with high probability, not
much larger than 1/ VD.

1.8.2. No-Gaps Delocalization

While most results concerning the delocalization of the eigenvectors of random ma-
trices are concerned with the sup norm, Rudelson and Vershynin [120] studied the
phenomenon of no-gaps delocalization. Rougly speaking, a D x D random matrix
exhibits no-gaps delocalization if with high probability for every eigenvector ¢ € C”
and any subset [ C {1,..., D} of size at least kD, where x € (0,1), we have that

1/2
|61 = <Z !¢(J’)|2> = f(r)lloll, (1.274)

jel

where ¢(j) denotes the jth component of ¢ and f : (0,1) — (0,1) is a “nice” function.

As Rudelson and Vershynin [120] point out, delocalization in the sup norm does not

imply no-gaps delocalization and vice versa. Thus they are different aspects of the

delocalization of eigenvectors, one ensures that (with high probability) there are no

“peaks” in the components of the eigenvectors while the other one rules out gaps.
We make the following assumptions on the D x D random matrix H = (h;;):

Assumption 1 : For any i,j € {1,..., D}, the entry h;; is independent of the other
matrix entries except possibly hj. Moreover, the real part of H is random and the
imaginary part is fixed.

Assumption 2 : The real parts of the matrix entries of H have densities which are
bounded by a number K > 1.

Moreover, for any random D x D matrix H and any number J > 0 we define the
“boundedness event”

By = {||H|| < J\/E}. (1.275)

For example if the entries of H are centered, have bounded fourth moments and D is
sufficiently large, then the boundedness event By ; occurs with high probability; this
is a consequence of a result by Latala [69].

In the original statement by Rudelson and Vershynin [120] some constants were
incorrect; they were corrected in [I38] and in the following we state this corrected
version of the no-gaps delocalization theorem.
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Theorem 1.47 (Rudelson, Vershynin (2016) [120]). Let H be a D x D random matriz
satisfying Assumption[1] and Assumption[d. Choose J > 1 such that the boundedness
event By, ; holds with probability at least 1/2. Let k € (180/D,1/2) and s > 0. Then,
conditionally on By 5, the following holds with probability at least 1 — (C's)*P: Every
eigenvector ¢ of H satisfies

lorll > (ks)°|l@ll  for all I C {1,..., D} with |I| > kD, (1.276)

where C' = C(K,J) > 1.

Note that Rudelson and Vershynin [120] also prove a no-gaps delocalization result
for random matrices whose entries follow a discrete distribution satisfying certain
assumptions. However, the proof of this statement is much more challenging than the
one in the continuous case.

Moreover, we remark that the bounds obtained by Rudelson and Versyhnin in [120]
have been improved in the case that all matrix entries are independent, see [80), [R1].
But as we are interested in random matrices which can model the Hamiltonian of a
system and therefore in Hermitian matrices, we cannot apply these improved results
in our situation.

1.8.3. The Eigenstate Thermalization Hypothesis

In this section we discuss a version of the eigenstate thermalization hypothesis (ETH)
for Wigner matrices due to Cipolloni, Erdés, and Henheik [20]. The ETH comes
from the physics literature and goes back to Deutsch (1991) [25] and Srednicki
(1994) [127]. A first rigorous proof for Wigner matrices was given by Cipolloni,
Erdds, and Schroder [22] in 2021 and the result was later improved by Cipolloni,
Erdds, and Henheik in [20].

We assume that H = (h;;) is a D x D Wigner matrix with bounded moments.
More precisely, we make the following assumption on the matrix entries of H:

Assumption 1: The matrix elements h;; are centered random variables that are in-
dependent up to Hermitian symmetry. The off-diagonal elements h;; with ¢ < j are
identically distributed and also the diagonal entries h;; are identically distributed
(with a possibly different distribution than the off-diagonal entries) and real. More-
over, we assume that E|h;;|* = 1 and |[EhZ;| < 1 for all i < j. Additionally, we assume
that for any p € N there exists a constant C),, > 0 such that

Elhi1|P + E|hwo|P < C,DP/2. (1.277)
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Theorem 1.48 (Cipolloni, Erdés, Henheik (2023) [20]). Let H be a Wigner matrix
satisfying Assumption (1], let ¢1,...,¢p be an orthonormal eigenbasis of H and let
A € CP*P be deterministic. Then,

(AP
o

where (A) :=tr(A)/D and A= A — (A) denotes the traceless part of A.

max [(0il Alg;) — 0 (A)| < (1.278)

It follows from Theorem m that if D is sufficiently large and (|A[%) is not too
large, then with high probability the expectation value of A in an eigenstate ¢, of H is
close to the thermal value (A). Moreover, the off-diagonal matrix elements (¢;|A|¢;)
of A with ¢ # j are close to zero.

We remark that an ETH for Wigner-type matrices has recently been obtained by
Erdés and Riabov in [34]. Moreover, for two so-called deformed Wigner matrices
H, =W+ Dy, Hh = W + Dy, where W is a Wigner matrix and D, and D, are
Hermitian deterministic deformations, a generalization of the ETH for quantities of
the form <¢§1)\Al¢§-2)) where ¢\ and ¢§-2) are eigenvectors of Hy; and H, respectively
has been proved recently by Cipolloni, Erdés, Henheik, and Kolupaiev in [21].
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Canonical Typicality for Other Ensembles than Micro-canonical

The objective of [I37] was to generalize canonical typicality [79, [45, [100], 58| [101] to
GAP measures. More precisely, we wanted to replace the uniform distribution on
the sphere in the original statement of canonical typicality by the much more general
class of GAP measures as they are not only a natural generalization of the uniform
distribution but are also physically very relevant as for certain density matrices they
arise as the distribution of wave functions in thermal equilibrium [57, [59].

In Section we have seen two rigorous proofs of canonical typicality. One made
use of an expression for the variance of (| A|¢)) with respect to the uniform distribu-
tion on the sphere and led to bounds on the measure of the set of “bad” wave func-
tions that are polynomially small in the dimension of the subspace Hg, see also [130].
The other proof due to Popescu, Short, and Winter [100] [101] was based on Lévy’s
Lemma [73], 99, 88, [70] and resulted in exponential bounds.

Inspired by these results, our aim was to prove a Lévy Lemma for GAP measures
(using ideas similar as in the proof of Lévy’s Lemma for the uniform distribution
in [88]) and apply it to obtain canonical typicality for GAP measures with bounds
exponentially small in ||p[|~!. Moreover, as a simpler proof, we wanted to generalize
bounds on the GAP-variance of (1|Aly) for self-adjoint operators A on a finite-
dimensional Hilbert space due to Reimann [I06] and use them to show canonical
typicality for GAP measures with polynomial bounds.

Time Evolution of Typical Pure States

In this project we wanted to generalize normal typicality [144], 56, 60, 107] to more
realistic Hamiltonians and to GAP measures. As the assumption in von Neumann’s
result [144, [60, 56] that the eigenbasis of the Hamiltonian is uniformly distributed is
physically unrealistic, see Section [1.2.3] we wanted to prove a similar result for more
general Hamiltonians. In particular, we were interested in a result for Hamiltonians
with a band structure in a basis that diagonalizes the projections to the macro spaces
H, as we believed (and saw numerically) that they lead not to immediate thermaliza-
tion of initial states far from equilibrium but rather the states go through larger and
larger macro spaces until they finally reach the largest one, the thermal equilibrium
macro space.
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It turned out that we can obtain a generalization of normal typicality to arbitrary
Hamiltonians and most initial states from any macro space H, as long as we are only
concerned with absolute errors [136]. However, the superposition weights || P, ||* can
be very small themselves and then small absolute errors are not meaningful anymore.
Therefore, the goal of [138] was to also obtain bounds for the relative errors. The
idea for the proof was to model the Hamiltonian by a suitable random (band) matrix
and make use of the delocalization of eigenvectors of random matrices in the form of
no-gaps delocalization due to Rudelson and Vershynin [120].

Because of the physical relevance and naturalness of GAP measures, the objective
of [143] was to generalize (generalized) normal typicality to this class of measures.
The main ingredient for the proof was a further improvement of the bounds on the
GAP-variance of (¢|A|¢) from [106], 137].

Macroscopic Thermalization for Highly Degenerate Hamiltonians
After Slight Perturbation

The objective of [I17] was to better understand the thermalization of systems of free
fermions. Only recently, Shiraishi and Tasaki [123] and Tasaki [134, 133] studied
the thermalization (with respect to a coarse grained position distribution) of the
free, non-relativistic Fermi gas in one dimension. Shiraishi and Tasaki [123] slightly
modified the standard Hamiltonian and proved that this modification leads to the
non-degeneracy of the Hamiltonian’s eigenvalues. Tasaki [134] showed an ETH for
the Hamiltonian’s eigenstates and concluded that every initial state thermalizes.
After having read these papers, we mainly had two questions:

1. Can we also prove thermalization for the unmodified Hamiltonian of the free,
non-relativistic Fermi gas in one dimension? In this case, the energy eigenvalues
are highly degenerate and while an ETH still holds for a special eigenbasis, it
might not hold for all eigenvectors of the Hamiltonian.

2. Can we prove thermalization of the free, non-relativistic Fermi gas also in higher
dimensions?

Our aim was to prove an ETH for all eigenstates of the unmodified Hamiltonian
from which the thermalization of every initial state follows. We succeeded in doing
so in the one-dimensional setting, in higher dimensions, however, we were only able
to show that there is one eigenbasis whose eigenvectors are in MATE. For highly
degenerate Hamiltonians (as the one of the free, non-relativistic Fermi gas) this leaves
open the possibility that the ETH is violated and not every initial state thermalizes.
Therefore we wanted to develop a general strategy to prove thermalization for highly
degenerate Hamiltonians that have an eigenbasis whose eigenvectors are in MATE
and the main idea was to slightly perturb the Hamiltonian by adding a small random
perturbation.
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3. Results and Discussion

In this chapter, we present and discuss the results obtained in the papers of which
this thesis consists and which can be found in the appendix. Section is concerned
with project [137] which is joint work with Stefan Teufel and Roderich Tumulka. In
Section we present and discuss the results of the projects [136] [138] [143] which
are partially joint work with Stefan Teufel and Roderich Tumulka. In Section we
report on the project [I17] which is joint work with Barbara Roos, Stefan Teufel, and
Roderich Tumulka. For the contributions of the authors to the different projects see
the page titled “Personal Contributions” at the beginning of this thesis.

3.1. Canonical Typicality for Other Ensembles than
Micro-canonical

3.1.1. Results

This section is about the results obtained in [137]. We start with presenting the
strongest form of our main result, namely the exponential bounds, and a version of
Lévy’s Lemma for GAP measures which is essential for the proof of this form of our
main result. Then we state several corollaries and end with a slightly weaker version
of our main result, the polynomial bounds, whose proof is rather elementary.

In the following we always assume that the Hilbert space H is separable, i.e., that
it has either a finite or a countably infinite orthonormal basis, and we equip the unit
sphere S(H) with the Borel o-algebra.

Recall that we denote the average of a function f with respect to a measure p by

u(f) = / £ () pld). (3.1)

Moreover, the expectation and variance with respect to GAP(p) are denoted by E,
and Var, respectively.

Exponential Bounds

We first state our main result in its strongest form (cf. Theorem 1 and Remark 2
in [137]):

85



3. Results and Discussion

Theorem 3.1 (Generalized canonical typicality, exponential bounds). Let H, and H,
be Hilbert spaces with ‘H, having finite dimension d, and H, being separable. Let p
be a density matriz on H = H, ® Hp and let € > 0. Then

Ce2
GAP(p){@D €S(H) : ||py — trs p||t]r > 5} < 12d? exp <_CZ?IT€p||> : (3.2)

where p¥ = tr, [¥) (1] and C =

230472 "

Theorem [3.1| shows that for GAP(p)-typical ¢ € S(H), the reduced density matrix
p¥ is approximately given by tr, p provided that ||p|| is small and d, is not too large.

Similarly as the Lévy Lemma for the uniform distribution on the unit sphere was the
main tool in the proof of canonical typicality by Popescu, Short, and Winter [100 [L01],
the key ingredient for the proof of Theorem is the following version of Lévy’s
Lemma for GAP measures (cf. Theorem 2 together with Remark 3 in [137]):

Theorem 3.2 (Lévy’s Lemma for GAP measures). Let H be a separable Hilbert space,
let f:S(H) — C be a Lipschitz continuous function with Lipschitz constam@ n, let
p be a density matriz on H, and let € > 0. Then

GAP(p) {¥ € S(H) : [F(¥) — GAP()(f)| > <} < 12exp (—%) 33

where C =

_1
576m2 "

It follows from Theorem that if ||p|| is small, for every Lipschitz continuous
function f on S(H), GAP(p)-most ¢ € S(H) are such that f(1) = GAP(p)(f).

Some Corollaries

In the following we give some corollaries of Theorem [3.1] and Theorem [3.2]

First, we apply Theorem [3.2]to the function f(y)) = (1| B|¢), where B is a bounded
operator on ‘H. Note that by Lemma 5 in [100], n < 2||B||. This immediately gives
the following corollary (Corollary 1 in [137]):

Corollary 3.3. Let H be a separable Hilbert space and let p be a density matriz and
B a bounded operator on H, let C be as in Theorem and let € > 0. Then,

Ce?
GAP(p){¢ € S(H) : |[{(¥|Bl) — tr(pB)| > 5} < 12exp <_—HBH2||P” ) (3.4)
2INote that here (as also in [88, 100, 101]) the Lipschitz constant n refers to the spherical met-
ric. However, as the Euclidean metric dg,q and the spherical metric dspn are equivalent, more
precisely, dguc(¥,¢) < dspn(¥, @) < Fdpuc(?, @), using the Euclidean metric instead of the
spherical metric would at most change the Lipschitz constant by a factor of 7/2.
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Thus, if ||p|| is small and || B|| is not too large, GAP(p)-most ) € S(H) are such that
(WIBJY) ~ tr(pB)

As the map p — GAP(p) is covariant, i.e., for any unitary operator U on H,
U.GAP(p) = GAP(UpU*), see Proposition [L.19] (b), the measure GAP(py) will evolve
to GAP(p;) under the unitary time evolution which raises the question how ¢ +—
¥y looks like. With the help of Theorem we showed the following version of
“dynamical typicality” (Corollary 2 in [137]):

Corollary 3.4. Let H be a separable Hilbert space, p a density matrix and B a bounded
operator on H. Moreover, let t — U, be a measurable family of unitary operators and
let e,t > 0. Then

GAP(p) {10 € S(H) : | (1| Bltr) — tr(puB)| > £} < 12exp (—HBﬁw) (35)

where py = UpU;, ¥y = Uy and C = Moreover, for every e, T > 0,

1
230472

GAP<p>{¢o eS(H): 7 [ 1Bl (B dt > } < 9exp <_—36llgﬁ2||/)||> |
(3.6)

Corollary shows that for GAP(p)-most ¢y € S(H), the whole curve t —
(1| Bl1y) is close to the deterministic curve ¢t +— tr(p;B) on any finite time interval
[0, T]. Of course, the cases of most interest in Corollary [3.4] are that Uy = exp(—iHt)
if the Hamiltonian H does not depend on time and that U, is the solution of i%Ut =
H,U, with initial condition Uy = I if the Hamiltonian H; is time-dependent.

While in the two corollaries above we consider arbitrary separable Hilbert spaces,
in the next two corollaries we again turn to the case of bi-partite systems with Hilbert
space H = H, ® Hyp. The first result is a version of dynamical typicality for reduced
density matrices (Corollary 3 in [137]).

Corollary 3.5. Let H, and H, be Hilbert spaces with H, having finite dimension d,
and Hy being separable and let p be a density matriz on H = H, ® Hy. Moreover, let
t — Uy be a measurable family of unitary operators and let ,t > 0. Then,

Cf 2
GAP(p){¢ € S(H) : ||p4r — tr, pthr > 6} < 12d? exp <_W;€P”) ) (3.7)

where py = UpU;, ¥y = U and C = Moreover, for every e, T > 0,

1
230472

I, ) Ce?
GAP(p) ¢€S(H):?/O ||pa —trbpthr dt > ¢ p <9d; exp “36a2) ) (3.8)
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Thus, for GAP(p)-typical 1 € S(H), the dynamics of p¥* on any finite time interval
is approximately given by tr(p;B) if ||p|| is small and d, is not too large.

For the next corollary (Corollary 4 in [I37]), we assume that both H, and H,
are finite-dimensional. It is concerned with the distribution of the conditional wave
function of the subsystem a and shows that for GAP(p)-typical ¢ € S(H) and a
typical ONB of H, this distribution is close to GAP(tr; p).

Corollary 3.6. Let £,0 € (0,1), let H, be a Hilbert space of finite dimension d,, let
f :S(Ha) — R be any continuous (test) function, and let H, be a Hilbert space of
finite dimension d, > max{4,d,, 32||f||%,/%0}. Then there is a p > 0 such that for
every density matriz p on H = H, @ Hy with ||p|| < p,

GAP(p) x UONB{(w, B) € S(H) x ONB(H,) :

[Born2(f) — GAP(tr, p)(f)| < g} >1-4, (3.9

where Born?"? is the distribution of the conditional wave function 1,, ONB(H,) is
the set of all orthonormal bases of Hy, and uong denotes the uniform distribution
over this set.

We remark that in the case that p = pgr = Pr/dg, i.e., if p is the normalized
projection to a subspace Hr C H, this result was already obtained in [57, Theorem 3].

Polynomial Bounds

Besides the exponential bounds presented above whose proof is based on Lévy’s
Lemma for GAP measures, we also gave a proof which led to only polynomial bounds
but is much more elementary as it only needs Chebyshev’s inequality and a bound
on the GAP(p)-variance of (| Al¢)), where A is an arbitrary operator on . In this
way we obtained the following result (cf. Theorem 3 and Remark 6 in [137]):

Theorem 3.7 (Generalized canonical typicality, polynomial bounds). Let H, and H,
be Hilbert spaces with H, having finite dimension d, and H, being separable. Let p
be a density matric on H = H, @ Hp with ||p|| < 1/4 and let € > 0. Then,

- 283 tr p? ‘

GAP(p){w e S(H) : ||t -ty p, > 5} < (3.10)

c2

3.1.2. Strategy of Proof
Exponential Bounds

Once Lévy’s Lemma for GAP measures is proved, the proof of Theorem is almost
the same as the one of canonical typicality from [100], see also Theorem where
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we repeat this proof. The idea is again to apply Lévy’s Lemma, now in the version for
GAP measures, to functions of the form f : S(H) — C, f(v) = tr((U, ® ) |2) (¥]),
where U, is a unitary operator on H,. Similarly as in ((1.79) we have that

Ep(tra(Uapg})) = tra(UaEP(pZ})) = tr(Ua try p), (3.11)
where we used in the last step that E,|¢) (| = p which implies

E,(py) = Ep(try [) (¥]) = try E,[) (%] = try p. (3.12)

Note that interchanging the partial trace tr, with the expectation E, is obviously
unproblematic if H,, is finite-dimensional. If H, is infinite-dimensional, is still
valid which can be proved by showing that for every ¢ € Ha, o(Q|E,(p?)|¢), is equal
to (4] try p|p)e which in turn can be proved by evaluating the partial trace in an
orthonormal basis of H; and applying Fubini’s theorem. Then follows from
the fact that a bounded operator A is uniquely determined by the quadratic form
¢ — (0| A|p), see Remark 1 and its proof in [137] for the details.

From here on, the proof of Theorem is the same as the one of canonical typ-
icality for the uniform distribution: We expand p? and tr, p in a basis of the space
of operators on H, that consists of unitary operators, relate ||p¥ — try pllir to the
coefficients in the expansions, use Lévy’s Lemma for GAP measures to show that the
difference between these coefficients is small with high probability and conclude that
also ||p¥ — try pl|i; is small with high probability.

Next we turn to the proof of Theorem [3.2] i.e., Lévy’s Lemma for GAP measures.
The idea is to first show a concentration-of-measure-type result for G(p), then for
GA(p) and finally for GAP(p) (for the definition of these measures see Section [1.5)).
Note that at first we assume that H is finite-dimensional and only at the end of the
proof of Theorem we generalize our result to separable Hilbert spaces.

Let p be a density matrix on a D-dimensional Hilbert space H. If Z ~ G(p) then
we can write Z = \/ﬁZ , where the components of Z in the eigenbasis of p are
D independent complex-valued centered Gaussian random variables such that their
real and imaginary parts are standard Gaussian random variables. Moreover, if the
function F : H — R is Lipschitz continuous with constant 7, then Fo/p/2: H — R
is Lipschitz continuous with constant nv/||p||/2. As H can be identified with R2P,
Lemma [I.15/regarding Gaussian distributions implies the following concentration-of-
measure-type result for G(p) (Theorem 7 in [137]):

Theorem 3.8. Let H be a finite-dimensional Hilbert space, let p be a density matrix
on H and let Z be a random vector with distribution G(p). Moreover, let F': H — R
be a Lipschitz continuous function with Lipschitz constant n and let € > 0. Then,

IP’{]F(Z) —EF(Z)| > z—:} < 2exp (-%) . (3.13)
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The next step is to show that a similar result also holds true if P is replaced by
GA(p). Recall that GA(p) is the measure that has density ||||? with respect to G(p).
We obtained the following theorem (Theorem 8 in [137]):

Theorem 3.9. Let H be a finite-dimensional Hilbert space, let p be a density matriz
on H, let F:H — R be a Lipschitz continuous function with Lipschitz constant n
and let € > 0. Then,

GA(,O){;D e€S(H) : |F(v) — GA(p)(F)| > 8} < dexp (—%HPH) : (3.14)

For the proof of Theorem we closely follow the proof of Lemma from [8§].
Let D = dim#H, let Z = (Z1,...,Zp) and Z = (Z;,...,Zp) be two independent
GA(p)-distributed random vectors and let ¢ : R — R be a non-negative convex
function. The first step is to show with the help of the definition of GA(p) as well as
Jensen’s and Holder’s inequality that

GA) [p(F() ~ GAQ) (PN < 3 (B (12:1Z0l) B (0P (2) ~ F2)7))
" (3.15)

where we use the two notations F(Z) and F(¢) interchangeably. An explicit com-
putation which makes use of the known formulas for moments of a Gaussian random
variable shows that

3 <E(|Zn|4|2m|4>>1/2 — 9 (3.16)

n,m

and therefore it remains to bound E(p(F(Z) — F(Z))?). As ¢ is convex and non-
negative, also ? is convex. We can identify the random vector Z with X :=
(Re Z1,Im Z1,Re Zs, ... ,Re Zp,Im Zp), i.e., with a vector of 2D independent cen-
tered Gaussian random variables with variances E|Re Z;|> = E|[lm Z;|* = p,/2,
where the p; are the eigenvalues of p, and similarly we identify Z with the vector
Y = (ReZy,ImZy,ReZ,,...,Re Zp,Im Zp). By making use of the invariance of
normal distributions under rotations, Jensen’s inequality, Fubini’s theorem and as-
suming without loss of generality that F' is continuously differentiable, we can show

as in ((1.65a)—(1.65¢) (with ¢ replaced by ¢?) that
~ 9 T 2
Eg(F(Z) - F(2)) < Eg (5(VF(X),7)) . (3.17)

Let A € R. We apply (3.17)) to the case that p(z) = exp(Ax). With the help of the
formula ((1.67)) for the moment generating function of a real Gaussian random variable
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we find as in the proof of Lemma that
272 2
E exp[2\(F(X) — F(Y))] < exp (M> (3.18)
and thus altogether we arrive at

GA(p) [oxp (AF() — GA()(F)))] < 2exp (M) |

. (3.19)

Now Theorem [3.9] follows again analogously to the proof of Lemma [I.T5 by an appli-
cation of Markov’s inequality and an optimization in .

Besides Theorem we also need the following lemma (Lemma 2 in [137]) for the
proof of Theorem

Lemma 3.10. For all r > 0 it holds that

GAGI0] < 7} < Vaesp (220 (3.20)

For the proof of Lemma [3.10] we first use Holder’s inequality and the definition of
GA(p) to show that

GA{II¥ll < r} < V2@ {[lell < rH". (3.21)

The main tool to bound P{|[¢)|| < r} is the so-called Chernoff bound. It states that
for a random variable Y and any a € R,

P{Y <a} < inf My (t)e ™, (3.22)

where My (t) = E(e"") is the moment generating function of Y. With the help of the
Chernoff bound we find that

e g2 Prt Dnt
Pl < <inte T M (%) M (). 329

where the Z,, are independent complex standard Gaussian random variables. Note
that here we used that we can write [[1||* = ", pn|Zn|?. As 2(Re Z,)? and 2(Im Z,,)?
are x3-distributed, their moment generating function is given by

My 7,)2(8) = My 7,02(8) = (1 — 25)712 for s < 1/2. (3.24)

From this and after choosing ¢t = —||p||~' Lemma follows after a short computa-
tion.
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With the help of Theorem and Lemma [3.10] we are now able to prove The-
orem Our proof is inspired by the proof of Lévy’s Lemma in [8§]. The main

idea is to use f to define a suitable Lipschitz continuous function f on H to which
Theorem can be applied.

We first assume that H is finite-dimensional and that f is real-valued. Moreover,
we suppose that without loss of generality GAP(p)(f) = 0. For 0 < r < 1 we define
the function f: H — R by

i 7 (%) i )] > .

fW) = 3.25
D7\l £ () it e < 52

A standard but somewhat lengthy computation shows that f is indeed Lipschitz
continuous with Lipschitz constant 6n/r. We then show that

GAP(p) {|/ ()] > }
< GA{|T = GAW()| > = = |GAW()| | + GAWIIIUI <7} (3.26)

The second term can be bounded by Lemma [3.10] while Theorem [3.9] provides an
upper bound for the first term. However, before we can apply Theorem to the
first term, we have to find an upper bound for |GA(p)(f)|. With the help of the
assumption that GAP(p)(f) = 0, the boundedness of f (the function f is bounded
by 7)) and Lemma we can show that

[CAW(D) < smexp (—”jﬁ) | (3.27)

Putting all estimates together we finally arrive at
2

GAP(D){|f(1)] > ¢} < Gexp (—m) . (3.28)

If f is complex-valued, we consider its real and imaginary part separately and find
that we have to replace the factor 6 in (3.28)) by 12 and 288 by 576. This finishes the
proof in the finite-dimensional setting.

If H has a countably infinite orthonormal basis, we approximate p by finite-rank
density matrices p,, n € N, defined by

on =3 plmim] + (me) n)nl, (3.20)

where the states |n) form an eigen-ONB of p with corresponding eigenvalues p,, which
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are ordered decreasing in size, i.e., py > ps > .... Because of ||p, — pllew — 0 as
n — 0o, the measures GAP(p,) converge weakly to GAP(p), see Proposition [1.19,
As the set

A= {Y e S(H) - [f(¥)] > ¢} (3.30)

is open in S(H), the weak convergence of GAP(p,,) implies by the Portmanteau The-
orem [12, Theorem 2.1] that for every &’ > 0,

GAP(p)(A.) < liminf GAP(p,)(A:) < GAP(pn)(AL) + € (3.31)

n—oo

provided that N € N is large enough. As the density matrices py live on a finite-
dimensional subspace of H, we can apply the result we already proved in the finite-
dimensional setting. Because of [|py] = ||p|| for sufficiently large N and since
g’ > 0 was arbitrary, we obtain that the bound (3.28)) as well as its generalization

for complex-valued functions remain valid in the infinite-dimensional case and this
finishes the proof of Theorem

Some Corollaries

The first part of Corollary [3.4]is obtained by inserting U; BU; for B in Corollary [3.3]
For the second part we define

Yi = (| Blt) — tr(piB)| (3.32)

and apply Theorem [3.2]in order to show that for every d,s > 0,

C In(6)2
GAP(p){w € S(H) : et > 5} < 12exp <—HB”2HPH 22) > . (3.33)
Next note that we have that
GAP(p)(e") < (n + 1) GAP( ){w e S(H) : e € (n,n + 1]}. (3.34)
n=0

With ( - we obtain after a short computation that GAP(p)(e*¥") < 9¢°/%, where

WHHZ’ provided that @ < 1 (however, as the final bound becomes trivial for
a > 1, we can drop this assumption). Using Jensen’s inequality and Fubini’s theorem

we ﬁnd that

GAP(p) (exp (% /OTYtdt s)) < %/OT GAP(p)(e¥**) dt < 9e°/°. (3.35)

a =
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By choosing s := WCZHPH the claim follows from an application of Markov’s inequality.

The first part of Corollary is an immediate consequence of Theorem and
the covariance of the map p — GAP(p), see Proposition [L.19] (b). The second part
can be proved in the same way as the second part of Corollary [3.4]

The proof of Corollary [3.6|is based on two results from [57] as well as Theorem (3.1}
We choose 1) ~ GAP(p) and B ~ uonp independently. Roughly speaking, Theorem 2
of [57] tells us that Born?"?(f) ~ GAP(p?)(f) with high probability provided that d,
is sufficiently large. Moreover, it follows from Lemma 5 of [57] that GAP(p?)(f) ~
GAP(try p)(f) if ||p¥ — try p||¢ is sufficiently small, a condition that is fulfilled with
high probability by Theorem [3.1 Putting everything carefully together yields the
claim.

Polynomial Bounds

The main ingredient for the proof of the polynomial bounds in Theorem is a
generalization of Reimann’s [106] upper bound on the GAP(p)-variance of (1| A|).
Reimann proved a bound in the case that A is self-adjoint and H is finite-dimensional.
What we show is that Reimann’s bound essentially remains valid also in the case that
A is an arbitrary bounded operator on a separable Hilbert space. More precisely, we
proved the following proposition (Proposition 1 in [137]):

Proposition 3.11. Let p be a density matrix on a separable Hilbert space H with
eigenvalues p, > 0 such that pmax = ||pll < 1/4 and let dimH > 4. Then for any
bounded operator A on H,

E,(V[Al)) = tr(Ap), (3.36)
| A||? tr p? 4r/tr p? + 2tr p?
Var, (1| Aly) < T <1 + 0= 2pmm) (1 = 3pmax))> . (3.37)

We remark that the only difference to the bound on the variance that was obtained
by Reimann [106], see also Lemma is that in Proposition the distance
between the largest and smallest eigenvalue of A is replaced by its operator norm.

The formula for the expectation follows basically from the fact that E,|¢) (| = p
which is also true in infinite dimensions.

For the proof of the bound on the variance we first assume that D = dimH < oo.
Moreover, we assume without loss of generality that E,(1|A|¢) = 0. Similarly as in

(1.128¢)) we find that

m,n

where the K,,, are defined in (1.125). Since |A,..| < ||A]] and K,,,, < —— (which

17pmax
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is shown in [I06]) the same computation as in the proof of Lemma due to
Reimann [106] shows that

2|| A2 tr p? <2x/tr p*+tr p2>

AL Arn PP K < , 3.39

; (1 - pmax)<1 - 2pmax)<1 - Spmax> ( )
1

> A *Pmpn Ko < T, (A Ap). (3.40)

m,n

While Reimann [106] proceeds to evaluate the trace on the right-hand side of
in an orthonormal eigenbasis of A which is possible as he considers only self-adjoint
operators, we have to proceed in a different way. To this end, we make use of two
inequalities for the trace,

tr(B*C) < y/tr(B*B) tr(C*C), (3.41)
| tr(BC)| < || B] tr(IC]), (3.42)

where B and C' are arbitrary operators. Note that (3.41)) is the Cauchy-Schwarz
inequality and a proof of (3.42)) can be found in [126, Theorem 3.7.6].

With the help of these inequalities we find that

tr(A*pAp) < \/tr(A*p2A) tr(pA*Ap) = \/tr(AA*p?) tr(A*Ap?) < || Al tr p*. (3.43)

By combining this with (3.40|) and plugging the result and (3.39) into (3.38)) we obtain
the claim in the finite-dimensional case.

If H has a countably infinite orthonormal basis, we consider as in the proof of
Theorem the sequence of finite-rank density matrices (p,)nen defined in ([3.29))
which converges in trace norm to p. For every n € N we find that

| A tr p? 4y/tr p2 + 21tr p?
Var, (Y|AlY) < ———2 1+ ) 3.44
P < | ’ > 1 (1 - 2pmax,n)<1 - 3pmax,n) ( )

— MPmax,n

where pmax,, denotes the largest eigenvalue of p,,. AS Pmax.n = Pmax for n large enough
and trp? — trp?, the right-hand side of converges to the desired bound as
n — oo. Due to the weak convergence of the measures GAP(p,,) to GAP(p) we have
that GAP(p,)(g) — GAP(p)(g) for every bounded continuous function g. With the
help of this fact we can show that Var, (¢|A[y) — Var,(¢)|AJp) which concludes the
proof of Proposition [3.11}

We now turn to the proof of the polynomial bounds in Theorem [3.7] Let ¢ > 0.
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First we note that it follows from Chebyshev’s inequality and Proposition that

< AP trp*

GAP(p){v € S(H) : [(1|A[)  tr(4p)| > ¢} < (3.45)

-2
The rest of the proof closely follows the one of Theorem in the case of the uniform
distribution. Let {|l), : { = 1,...,d,} be an orthonormal basis of H, and consider
again the operators Ay, = (|)aa(m|) ® I,. With the help of the relation between
the trace norm and Hilbert-Schmidt norm in and by applying to the
operators A;,, we can use similar steps as in the proof of Theorem to obtain the
claim.

3.1.3. Discussion

The goal of [I37] was to generalize canonical typicality to a much broader class of
measures, the so-called GAP measures. These measures form a natural generalization
of the uniform distribution on the sphere and they are physically relevant since for
certain density matrices p, GAP(p) arises as the thermal equilibrium distribution of
wave functions [59, [57], see also Section [1.5| for details.

Our main result in [137] shows that for GAP(p)-typical wave functions ¢ € S(H),
where H = H, ® H, with H, being finite-dimensional and H, being separable, the
reduced density matrix p¥ is close (in trace norm) to try p (and thus nearly indepen-
dent of ¢) provided that ||p|| is sufficiently small and d, is not too large. Put another
way, the set of wave functions ¢ € S(H) for which the distance ||p¥ — tr, pl|; is not
smaller than a given € > 0 has very small GAP(p) measure if no eigenvalue of p is
too large and the system a is not too big. We gave bounds on the measure of this set
of “bad” wave functions that are polynomially (cf. Theorem and exponentially
(cf. Theorem [3.1)) small in ||p|| resp. ||p]|~'. Our main motivation for writing down
both proofs of the generalization of canonical typicality were the different strategies of
proof: While the proof of the polynomial bounds is based on Chebyshev’s inequality
and is rather elementary, the proof of the exponential bounds which required proving
a Lévy Lemma for GAP measures is much more involved. Moreover, contrary to
what one might think at a first glance, the exponential bounds are not always smaller
than the polynomial ones. As an example we consider in Remark 7 in [137] the case
that the largest eigenvalue of p is equal to % while all the other ones are equal. In
this case we find that the polynomial bound is smaller than the exponential one for
D ~ 101 — 103

With the help of our bounds, we can also say something about how large the
subsystem a can be (cf. Remark 8 in [137]). Suppose that H is finite-dimensional with
D = dimH and that ||p||~' and 1/ tr p* are comparable to D (which is exponential in
the number of degrees of freedom of the system). Then it follows from the polynomial
bounds in Theorem that the subsystem a must comprise fewer than 20% of the
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degrees of freedom of the full system, whereas the exponential bounds in Theorem
show that the subsystem a can even have up to 50% of the degrees of freedom, see
also [53] [54].

Recall that if p = pgr = Pgr/dg is a normalized projection to a subspace Hg,
then the corresponding GAP measure GAP(pg) is just the uniform distribution over
the sphere S(Hp), see Proposition [L.19] (e). Therefore, our results in [137] for GAP
measures include the case of the uniform distribution as a special case. We compare
the bounds we obtain for canonical typicality and Lévy’s Lemma to the original
theorems in Remark 12 in [I37]. For the polynomial bounds we obtain almost the
same bound except for a constant factor and d? instead of d?, see also Theorem m
The reason for this different exponent is the following: The bound in on the
measure w.r.t. ug of the set of wave functions ¢» € S(Hg) such that (| Aly) differs
from tr(Apgr) by more than a given ¢ > 0 does not involve the operator norm of A
but the trace tr(A*prA). When applied to the operators Ay, = (|{)aa(m|) ® I, the
upper bound does depend on [ (but not on m). Summing over m gives a factor d,
and the sum over [ equals one. In the analogous bound for the GAP measure
we have || A]|? instead of a trace involving A and for A = A, this norm equals one.
Therefore the summation over [ and m gives a factor d? instead of d,,.

Setting p = pr in the exponential bounds in Theorem gives the same bound
as in the original result, Theorem [1.16| up to worse constants, and the same holds
true for Lévy’s Lemma for GAP measures in Theorem and the original Lévy
Lemma (Theorem [1.14). Thus, altogether, we obtain for a general density matrix
p more or less the same bounds in the theorems concerning GAP measures as for
the uniform distribution on S(Hz) with dg replaced by ||p||™!. Note, however, that
our theorems about GAP measures allow for a separable Hilbert space; they therefore
also cover situations in which the Hilbert space is infinite-dimensional and the uniform
distribution on the sphere does not exist.

One case of particular interest is that p is a canonical density matrix@ The reason
is that in this case the GAP measures describe the thermal equilibrium distribu-
tion of wave functions [59, 57] and they can be viewed as a quantum analogue of
the canonical ensemble from classical statistical physics. As the uniform distribution
on a micro-canonical energy shell can be understood as a quantum analogue of the
micro-canonical ensemble, generalizing results from the uniform distribution to GAP
measures as we did in [I37] expresses a kind of equivalence of ensembles.m In partic-
ular, from canonical typicality and our generalization thereof, the following picture
emerges: First note that if the subsystem a and its environment b are only weakly
interacting and b is sufficiently large, any micro-canonical density matrix py,. as well

221t can be argued that canonical density matrices should usually fulfill the property that ||pl| is
small, see Remark 9 in [I37] for details.

Z3Recall that equivalence of ensembles means that it does not matter much which equilibrium
ensemble we use, in particular, it makes no huge difference whether we use the micro-canonical
ensemble or the canonical one (with suitable inverse temperature £3).
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as any canonical density matrix pe., on the Hilbert space Hg = H, ® H, lead to
reduced density matrices for the subsystem a that are approximately canonical. If
the inverse temperature 8 in p.., is suitably chosen for the energy corresponding to
a given Hy., we obtain

trb Pmc ~ pa,can ~ trb Pcan- (346)

The original statement of canonical typicality asserts that for u,.-typical wave func-
tions ¢ € S(H), the reduced density matrix p¥ is close to try pme & Pacan. Moreover,
generalized canonical typicality shows that for GAP(pean)-typical ¢ € S(H), the re-
duced density matrix p? is close to try pean = Pacan- Therefore it does not matter
much whether we start from . or GAP(pean), for both ensembles of ¢ we get that
the reduced density matrix p? is nearly constant and nearly canonical

Generally speaking, our theorems show a kind of robustness of canonical typicality
towards changes of the measure of typicality. If we expand a wave function @ ~
Ume 1IN an energy eigenbasis of the Hamiltonian, the coefficients of eigenfunctions
corresponding to eigenvalues outside the micro-canonical energy interval [E — AFE| E|
are equal to zero. Our results imply that, as one would expect, this sharp energy
cut-off is not essential for canonical typicality to be valid.

Besides our main results Theorem [3.I] Theorem and Theorem we proved
several corollaries thereof. The first one, Corollary [3.3] shows that for any bounded
operator B and GAP(p)-typical ¢ € S(H), the quantity (| B|v) is close to tr(pB). If
B is self-adjoint, its spectrum is real and we can coarse grain it by covering it with a
not too large number of intervals. By inserting the corresponding spectral projections
for B in Corollary [3.3] we then find that, on a coarse-grained level, the probability
distribution that a wave function 1) defines over the (coarse-grained) spectrum of B is
the same for GAP(p)-most 1. We also call this distribution the coarse-grained Born
distribution of B.

Corollary is a generalization of dynamical typicality (see Section from the
uniform distribution to GAP measures. It shows that the time evolution “looks” the
same for typical initial wave functions ¢y € S(H). Here, the look refers to the distribu-
tion we discussed in the discussion of Corollary above, namely the (coarse-grained)
Born distribution for the observable under consideration. Note that in Corollary [3.4]
we do not only show that for every ¢ > 0 and GAP(p)-typical 1y, the quantity
(| Blby) is close to tr(p:B), but also that for GAP(p)-typical 1y this holds jointly
for most times ¢ € [0,7]. Moreover, we remark that we allow an arbitrary unitary

Z4Note, however, that a GAP(pean)-typical wave function ¢ € S(H) does usually not lie in any
micro-canonical subspace Hy,.. And even if it does, then it is not typical w.r.t. the measure
Ume- The reason is that up,c-typical wave functions are superpositions of many energy eigenfunc-
tions and the superposition weights are approximately of equal size, while GAP(pcan)-typical
wave functions (which are also superpositions of many energy eigenfunctions) have non-equal
superposition weights.

98



3.1. Canonical Typicality for Other Ensembles than Micro-canonical

time evolution U; which in particular allows for a time-dependent Hamiltonian.

Corollary is a version of dynamical typicality for the reduced density matrix
pLt. Tt shows that for every t > 0, GAP(p)-most ¢y € S(H) are such that p’* is close
(in trace norm) to tr, p; provided that ||p|| is sufficiently small and the subsystem a
is not too large. Moreover, for GAP(p)-typical )y this holds again jointly for most
times ¢ € [0,7]. Note that as in Corollary we consider an arbitrary unitary time
evolution U; which allows for a time-dependent Hamiltonian. However, even if H
does not depend on time, the density matrix p can evolve in a non-trivial way; this is
different in the original statement of canonical typicality if we consider the uniform
distribution over a micro-canonical energy shell H,. as the density matrix pp, is
invariant under the time evolution induced by H.

The fourth and last corollary, Corollary [3.6] is concerned with the conditional
wave function 1, of the subsystem a. It is shown in [57, Theorem 3] that for most
wave functions ¢ (most w.r.t. the uniform distribution ur on the sphere S(Hg))
and most orthonormal bases of H; the Born distribution of the conditional wave
function v, is approximately given by GAP(tr, pr) provided that dp is sufficiently
large. Corollary is a generalization of this result to GAP measures and shows
that for GAP(p)-most ¢ and most orthonormal bases of Hy, the Born distribution
of 9, is close to GAP(tr, p) provided that no eigenvalue of p is too large and d, is
sufficiently large. More precisely, the corollary shows that for every continuous test
function f : S(H.) — R, GAP(p)-most ¢ and most orthonormal bases B of H,, are
such that Born?"?(f) is close to GAP(tr, p)(f). We conjecture that this closeness
holds even for bounded measurable functions f uniformly in f with given || ||, see
Remark 5 in [137] for details.

Counterexamples

In this section we give a couple of counterexamples to generalized canonical typicality
and Lévy’s Lemma. These counterexamples show in particular that the generalization
of the results for the uniform distribution to GAP measures is not straightforward.
As Lévy’s Lemma holds for the uniform distribution as well as for GAP measures,
one might think at a first glance that it is true for all rather spread out distributions
on the sphere. This, however, is not the case as Remark 13 in [137] shows: Consider
a sequence (11p)peny on S(RP) with corresponding densities (gp)pen relative to the
uniform measure up on S(R”) and suppose that gp is bounded uniformly in D, is
Lipschitz continuous with Lipschitz constant bounded uniformly in D, but deviates
significantly from 1 on a not-too-small subset of S(R”). Let Fp : S(R”) — R be
a Lipschitz continuous function. Since Fpgp is Lipschitz continuous, it follows from
Lévy’s Lemma that the set of z € S(R”) for which Fp(x)gp(z) differs significantly
from up(Fpgp) = up(Fp) has small up-measure if D is sufficiently large. Moreover,
as gp is bounded uniformly in D, it follows that this set of “bad” x € S(R”) also has
small pp-measure. Thus, for up-most z € S(R?), Fp(z) ~ up(Fp)/gp(x), which is,
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due to our assumption that gp deviates significantly from 1 on a non-negligible set,
not constant at all. Therefore, a Lévy Lemma for pp does not hold even though up
might well be very spread out over the sphere. A concrete example is given by the
von Mises-Fisher distribution which has parameters x € R, and p € S(R”) and can
be obtained by taking a Gaussian distribution in R” with mean p and covariance
matrix £~ and conditioning it on the sphere S(RP). It has density

9(x) = C(D, k) exp (r{p, 7)), (3.47)

with respect to the uniform distribution on S(R”) and it fulfills all assumptions on
the sequence (up)pen above. The von Mises-Fisher distribution is spread out over
the sphere but, by our discussion above, does not fulfill a Lévy Lemma.

We remark that the situation is different for GAP measures. As one can see from
, the density of GAP(p) with respect to the uniform distribution on the sphere
and its Lipschitz constant are in general not uniformly bounded in D.

Our generalization of canonical typicality does not hold for every measure with
density matrix p (cf. Remark 15 in [137]). To see this we write p = 322 p,|n)(n],
where the |n) form an orthonormal basis of eigenvectors of p with corresponding
eigenvalues p,. We then consider the measure

D
n= D Pubn), (348)
n=1

where 6,y denotes the dirac measure concentrated in [n). The measure ; has density
matrix p and is the most concentrated measure on the sphere for which this holds. If
¥ ~ p, then ¢» = |n) with probability p,. Suppose that each |n) € H = H, ® H, is
of the form |n) = [€), ® |m), and thus pll’ = |0)ea(l], ie., p¥ is always a pure state.
Writing the spectral decomposition of p as p = >, pum|€)aa (€] @ [m)w(m| we find
that tr, p = 37, Pem|)aa(¢] Which is in general highly mixed. We conclude that p¥
is far away from tr, p and thus generalized canonical typicality does not hold.

In our results concerning generalized canonical typicality we need that ||pl| is small,
i.e., that no eigenvalue of p is too large. As we argue in Remark 16 in [I37], this
assumption is necessary: Consider the case that p has one large eigenvalue p with
corresponding eigenvector |0) and all other eigenvalues are equal, i.e.,

p=pl0)(0] + 5L (1 ~10)(0]). (3.49)

Let ¢ ~ GAP(p) and suppose that |0) = |0), ® |0);. One can show that

P = c0s® 0]0)4q (0] + sin® 0(1, /dg) + O(1/1/dy), (3.50)
tI'bp = p|0>aa<0| + (1 — p)([a/da) + O(l/db), (351)
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where O(1/+y/dy) and O(1/dy) refer to the trace norm in the limit d, — co and I,
denotes the identity on H,. Moreover, 0 € [0, 7/2] is random and has density

2(1 — p)* cost exp (<1 _ ]19) cot? 9) _ (3.52)

P sin® 0

Thus p? depends on # and has a non-trivial distribution while tr; p is deterministic.
It follows that p¥ % try p, i.e., generalized canonical typicality does not hold. Note
that an example of a system for which this situation occurs is an N-body quantum
system at very low temperature for which the ground state |0) is gapped.

3.2. Time Evolution of Typical Pure States
3.2.1. Results

In the following we assume that the system’s Hilbert space H is finite-dimensional
except for the result concerning the generalization of normal typicality to GAP mea-
sures where we only assume that it is separable. Moreover, we again assume that H is
decomposed into (mutually orthogonal) macro spaces H,, of dimension d,, as in (1.12)).

Generalized Normal Typicality — Absolute Errors

In this section we consider Hamiltonians H with spectral decomposition

H=> ell. (3.53)

eef

Here, £ denotes the set of distinct eigenvalues of H and II. is the projection onto
the eigenspace of H corresponding to the eigenvalue e. Let Dp := max.c¢ tr(Il.) be
the maximum degeneracy of an eigenvalue and Dy the maximum degeneracy of an
eigenvalue gap. Moreover, let dg := #& and for any £ > 0 let G(k) be the maximal
number of gaps in an energy interval of length x, i.e.,

G(k) =max#{(e,e') eExE: e ande—¢ € [E,E+k)}. (3.54)

EeR

Note that Dg = lim,_,o+ G(k).
We obtained the following theorem (Theorem 4 in [136]):

Theorem 3.12. Let B be an operator on H, let £,0,k,T > 0, let u be an arbitrary
macro state, and define

1
Myp = — > tr(PIIBIL). (3.55)

Hoece
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Then (1 — €)-most 1y € S(H,) are such that for (1 —6)-most t € [0,T]
6B10) ~ My

EEG(H)HBH 8log, dg . tl‘(|BD
< . .
4\/ 52d, 1+ - min < || B||, ) (3.56)

Theorem shows that as soon as d, > DpG (k)| B|* and T is large enough,
the right-hand side of is small. This implies that (| B|iy) is close to M,,p for
most initial states 1y € S(#,,) for most times ¢ € [0, 7.

Setting B = P, in Theorem [3.12] choosing £ > 0 small enough such that G(k) =

D¢ and then taking the limit T — oo immediately gives the following corollary
(Theorem 2 in [136]):

Corollary 3.13 (Generalized normal typicality). Let p,v be any macro states and
define

1
My = — > (P PIL). (3.57)

K oece

Lete,0 > 0. Then (1 —¢)-most 1y € S(H,) are such that for (1 —6)-most t € |0, 00)

§4\/DEDG min{l,@}. (3.58)
ded,, d,

It follows from Corollary that as soon as d, > DgDg, i.e., as soon as d, is
large and no eigenvalue and no gap of H is macroscopically degenerate, the right-
hand side of is small. Therefore Corollary shows that most initial states
Yo € S(H,,) from a macro space H, are such that for most times in the long run the
superposition weight || P, ||* is close to the value M.

Next we present another corollary (Corollary 1 in [136]) of Theorem (or, more
precisely, of Corollary . A system of N particles or N degrees of freedom has
dimension D ~ exp(N). More precisely, we expect that D ~ exp(seqN/kp), where
S¢q denotes the entropy per particle in the thermal equilibrium macro state. Similarly
we define for all macro states p the entropy per particle s, by

\nmn? M,

d, = exp(s,N/kp). (3.59)
Corollary 3.14. Suppose (3.59). Let p,v_,vy be macro states such that

Sy <5, <85, (3.60)

102



3.2. Time Evolution of Typical Pure States

Then (1 — €)-most 1y € S(H,) are such that for (1 — &) most t € [0, 00),

4y/DgDg < sMN>
< —— exp ,

N — (3.61)

’nPwu? M

2kp

4/DpD s, — Z=)N
‘||Pu¢t||2 - M,w, < TE(SG exXp <—%> . (3.62)

Thus if s, and s,, are fixed and Dg and D¢ are of order 1, the error bounds in
Corollary are exponentially small in V.

Generalized Normal Typicality — Relative Errors

If the quantities M,z are small, the absolute errors obtained in [136] and presented
above are not meaningful anymore. Therefore we studied the relative errors in [138],
where we modeled the Hamiltonian by a random matrix and made use of results
concerning the delocalization of eigenvectors of random matrices. For the results
regarding the relative errors we always assume that Dy = Dg = 1. The reason for
this is that for the random matrices that we consider in [I3§] the joint distribution
of their entries is absolutely continuous with respect to the Lebesgue measure which
implies that Dg = Dg = 1 with probability 1 (cf. Proposition 4 in [138]):

Proposition 3.15. Let H be a random D X D matrix with eigenvalues F, ..., Ep such
that the joint distribution of its entries is absolutely continuous with respect to the
Lebesgue measure. Then,

P(Ei — E; =E,— E; for some (i #j ork#1) and (i # k or j # l)) =0. (3.63)
Regarding the system’s Hamiltonian we make the following assumption:

Assumption 1. The Hamiltonian H is of the form H = Hy + V where Hj is a
deterministic Hermitian D x D matrix and V' is a Hermitian random Gaussian per-
turbation, i.e., V = \/LE(A + A*) where A = (a;;) is a random D x D matrix whose
entries are independent complex Gaussian random variables with mean zero. More
precisely, all random variables Rea;;, Ima;; are independent and there are o;; > 0
with o;; = 0j; such that Reag;, Ima;; ~ N(0,07;/2).

We remark that due to Assumption |1| the entries of the random matrix V' = (v;;)
satisfy Rewv;;, Imuv;; ~ N(0,0’%) for i # j and vy = Revy ~ N(0,0%) and V is a
Hermitian Gaussian Wigner-type matrix.

For Hamiltonians H = Hy + V of the form as in Assumption [I] we define

Cry = D72 max {||Re Hol|, | Tm Hy||} . (3.64)
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For example for many-body Hamiltonians we expect that Cy, ~ log(D)/v/D and
thus that Cy, is very small for large D.

For Hamiltonians satisfying Assumption [I] we were able to find a lower bound for
M, (cf. Theorem 4 in [138]):

1%

Theorem 3.16 (Lower bounds for M, ). Let ¢’ € (0,1/2) and let ju and v be arbitrary
macro states such that d,,d, > max{166,4|log,(c'/v/2)|}. Let H satisfy Assump-
tion |1 and let o_ := min,; ; 0;; and oy = max; ;o;;. Then with probability at least
1—¢,

16
M,, > <\/8’Cow) min {1, %} , (3.65)

D "

where
c_o_

Cypi=——— 3.66
C+0 4 + CHO ( )

with absolute constants c_,cy > 0.

A combination of Theorem and Corollary gives an analogue of Corol-
lary for the relative errors (Corollary 2 in [13§]):

Corollary 3.17 (Generalized normal typicality — relative errors). Let €,5 > 0 and let
e, u, v, C, and H be as in Theorem [3.16. Then with probability at least 1 — €,
(1 —¢e)-most 1y € S(H,,) are such that for (1 —§)-most t € [0, 00),

I Pl |? — My |
M,,

4 N
< N —8 _ : - 32 _
< —@(Cas) exp ( T (min{s,, s, } — 32(Sme — max{s,, s,,}))) ,
(3.67)
where Sy 1s defined by D = exp(smcN/kp).

Corollaryshows that if the entropies s, s, and sy satisfy sy < max{s,, s, }+
min{s,, s, }/32, then the relative errors are exponentially small in N. AS Spe R Seq,
at least one of the macro spaces H, and H, has to be very large in order to have
small relative errors. This might seem rather restrictive at first, however, even in the
case of normal typicality we have that

dzz mc ~ v
My, ~ 2~ exp (—%N) (3.68)
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3.2. Time Evolution of Typical Pure States

which implies that even in this case the relative errors are only small if s,. <
max{s,, s, } + min{s,,s,}/2. Therefore also in this situation at least one of the
macro spaces has to have a relative entropy close to seq.

We now turn to a more general version of Theorem which we also prove in [138].
For this result, Assumption [I|is replaced by the following weaker assumption on the
Hamiltonian H = (h;;):

Assumption 2. The random variables (Reh;;)i<; and (Imh;;);<; are mutually in-
dependent and continuously distributed. Moreover, the densities pf}e of Reh;; are
bounded.

Under this assumption we proved the following theorem (Theorem 10 in [138]):

Theorem 3.18. Let ¢’ € (0,1/2) and let p be an arbitrary macro state such that
d, > max{166, 2|log,'|}. Let B be a Hermitian D x D matriz and let H = (h;;) be
a random Hermitian D x D matriz satisfying Assumption[d Let K > 0 be the least

upper bound for the densities p%e, i.€.,

K = supU {p?je (z) :z € R} < 0. (3.69)

i<j
Let n € (0,1/2) be the unique solution of
1—e = (1-27%/7?)(1—-n) (3.70)
and let J® J™ € (0,00) be the unique numbers such that
P (HRe H| < Jhe \/B) —1-y, (3.71)
P (|l H|| < J*VD) =11, (3.72)

Set J :=max{K~!, J® Jm1  Then with probability at least 1 — &',

d ' tr(BY) tr(B~)
> . a — min < by, :
|M,p| > max {bmm, (40\/K_JD) d, min {bmax, d, } , (3.73)

where Bt and B~ are the positive and negative part of B, bt. and b, denote the

smallest and largest eigenvalue of B and B~ respectively and C' > 1 is a constant.
In particular, if B = P, for some macro state v, then

M, > d

d 16
> e ) 3.74
"=, <4C’\/KJD) (3:74)

105



3. Results and Discussion

Moreover, if d, > 166, then for any n € (0,1/2) and J chosen as above it holds with
probability at least (1 —27%/2) (1 —n)* that

d 16
M, >|———1| .
" (4C\/KJD>

Theorem [3.18] gives us a non-trivial lower bound on |M,,p| if the spectrum of B
satisfies certain assumptions, e.g., if B is a positive operator or bt. > b .

From Theorem together with Theorem we immediately obtain the follow-
ing corollary concerning the relative errors (Corollary 3 in [13§]):

(3.75)

Corollary 3.19. Let ¢,6,x,T > 0, ¢ € (0,1/2) and let i be an arbitrary macro state
such that d, > max{166,2|log,e'|}. Let B be a Hermitian D x D matriz and let
H be a random Hermitian D x D matriz satisfying Assumption [3 Let K,J > 0,
C >1andn € (0,1/2) be as in Theorem[3.18 Then with probability at least 1 — €',
(1 —¢e)-most 1pg € S(H,,) are such that for (1 —d)-most t € [0,

1/2
1B Slogy D) . . w(B))
Bl — s _ A (S (14 52) win {11, =2 )
|M,.5| - n d N ) . (B
max { b, <4CC\/‘;{—JD> a. —mln{bmax, z }

whenever the denominator of the right-hand side is positive.

, (3.76)

In the case that B = P, for some macro state v a combination of Theorem [3.13
together with Theorem yields the following result for the relative errors (Corol-
lary 4 in [138]):

Corollary 3.20 (Generalized normal typicality — relative errors). Let £,6 > 0, £ €
(0,1/2) and let ju and v be two macro states with d,, d, > max{166, 2| log,(c'/v/2)|}.
Let H be a random Hermitian D x D matriz satisfying Assumption[q and let K > 0
be defined as in Theorem[3.18 Moreover, let n € (0,1/2) be the unique solution of

1 — 8/ — (1 o 2*61“/2 _ 2*du/2) (1 — 77)4 (377)

and let J > 0 be defined as in Theorem [3.18 Then with probability at least 1 — €,
(1 —¢e)-most 1y € S(H,,) are such that for (1 —§)-most t € [0, 00),

16
(1Pl = M| _ 4 ( ACVETD )

3.78
M;uz o \/8(5 min{du, dl,} max{d;n du} ( )

where C > 1 is a universal constant.
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3.2. Time Evolution of Typical Pure States

Dynamical Typicality

In the following we present results on dynamical typicality which were obtained
n [136, 138]. The first result is Theorem 3 from [136] (with corrected constants)
and the corollary afterwards is Theorem 1 in [136].

Theorem 3.21 (Dynamical typicality). Let u, v be arbitrary macro states and let B be
any operator on H. Then there exists a function w,p : R — [0, 1] such that for every
t € R and every € > 0, for (1 —e)-most ¢y € S(H,),

(il Bl — wuB<>\Smm{“B” \/“B”tr ’B'),\/36”3125(8/€>||Bn} (3.79)

Moreover, for every p and B, every T > 0, and (1 — €)-most ¢y € S(H,),

T
7 | st - vt ar < 12

ed,

I

(3.80)

Theorem shows that if d, > 1/¢ and ||B|| is not too large, then for every
t € R and uniformly distributed ¢y € S(#,,), the random variable (¢,|B|¢) is close
to w,p(t) with very high probability. Note that the quantity w,p is given by

wap(£) = By (an| Bloby) = 1 1 [Buexp(iHE) B exp( i) (3.81)

where E, denotes the expectation with respect to the uniform distribution u, on
S(H,.). Moreover, the curve t — (14| B|1) is close to ¢t — w,p(t) in L*norm on the
interval [0, 7).

Corollary 3.22 (Dynamical typicality for P,). Let u,v be two arbitrary macro states.
Then there is a function w,, : R — [0, 1] such that for every t € R and every e > 0,
for (1 —¢)-most 1y € S(H,),

1
‘HPuth? - ww(t)’ < : (3.82)
ed,
Moreover, for every p,v, every T >0, and (1 — €)-most Yy € S(H,.),
l/T‘HP@/JHQ—w (t)]zdt<i (3.83)
T Jo vt m ~ed, '

In [138] we also wanted to study the relative errors for dynamical typicality. We
considered the same setting as for the results regarding the relative errors of gener-
alized normal typicality. While we were not able to bound the relative errors for all
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timeﬂ (except for a very special case, see Proposition [3.24), we could give upper
bounds for the comparative error

P = w (O]

S0 N 3.84
[Py |? .

Thus we compare the absolute error to the infinite time average of || P, ||* which,
roughly speaking, expresses the magnitude that we expect of || P,i||?>. We obtained
the following result (Theorem 5 in [I3§]):

Theorem 3.23 (Dynamical typicality — comparative errors). Let € > 0, ¢’ € (0,1/2)
and let p and v be macro states such that d, > max{166,4|log,<’|}. Let H be a
random Hermaitian D x D matriz as in Theorem |3.16. Then with probability at least
1 —¢, for everyt € R, (1 —¢)-most Yy € S(H,) are such that

1PA* = wa ()] _ 1 s ( N . )
— < —— (0, Pexp | —=—— (25, —min{s,, s, } — 32(smec — 5,)) |,
el < 26 (25— iy 50— 32(sme )

(3.85)

where C, is defined in (3.66). Moreover, with probability at least 1 — &', for every
T >0, (1—¢)-most g € S(H,) are such that

1 T Pu 2 — v t ’ 1 N

_/ ||| ¢t|| wg < )‘ dt < —<Oo—€/)_16 eXp (__ (Su — 32(8111(3 —_ Sl/))) . (386)
2 € k

0 1Bl

T B

Theorem shows that as soon as sme < S, + 5,/16 — min{s,, s, }/32 resp.
Sme < 8y + 5,,/32, the comparative errors are exponentially small in N.

Next we state two more general results concerning dynamical typicality. For the
relative errors we could show with the help of Theorem [3.21] and without any further
assumptions on the Hamiltonian the following proposition (Proposition 2 in [13§]):

Proposition 3.24. Let B be a Hermitian operator on H such that b := max{bl. —
by b — b} >0, where b, and bt are the smallest and largest eigenvalues of

B*. Lete >0, t € [0,00), and let u be an arbitrary macro state. Then

B, (te| Blib)| = b, (3.87)

25We obtained a result for most times but for most times already generalized normal typicality tells
us that || P, ¢ % is close to M,,,.
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which implies that (1 — €)-most 1y € S(H,) are such that

(| Blebe) — By (4| Bl Sblmin{ 18] ||B||tr(|B|)7\/367T310g(8/6)”B”}_

|Eu<¢t‘B’¢t>’ Vi 5du7 edy, dy
(3.88)
Moreover, for every p, B and T > 0, (1 —€)-most 1y € S(H,) are such that
1 [T (B B BJ?
L e O o P 50
T J, {E ¢t|B|¢t>‘ bgd

We remark that the condition that b > 0 in Proposition is fulfilled if B is, e.g.,
a (strictly) positive or (strictly) negative operator. However, if B is neither positive
nor negative, its spectrum has to be rather special to satisfy the condition b > 0. In
particular, in the case that B = P, for some macro state v we have that b = 0.

We obtained more useful bounds for the comparative error instead of the relative
error by assuming that the Hamiltonian is a random matrix which satisfies Assump-
tion [2] More precisely, we showed the following result (Theorem 11 in [138]):

Theorem 3.25. Let ¢ >0, ¢’ € (0,1/2) and let p and v be two macro states such that
d,,d, > max{166,4|log,¢'|}. Let B be a Hermitian D x D matriz and let H be a
random Hermitian D x D matriz satisfying Assumption[4. Then with probability at
least 1 — €', fort € R, (1 —¢)-most 1y € S(H,) are such that

[{rl Blw) — B, (il Bl
(Bl

< LB(B.0) i {IHBH \/2\\31!522 B) \/3%312(16/6)”3”}7 3.90)

whenever

d, ' tr(BT) tr(B™)
LB(B, ) := max {b;;m, (40\/K_JD) 7, } min {bmax, d—#}

—V2 (% min {HBH, tr(ﬂLB’) })1/2 >0, (3.91)

i
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Moreover, for every p, B, and T > 0, (1 —€)-most 1y € S(H,) are such that

T _ 2
l/ [l Bl — Bl Bl 2IBJ? (3.92)
0

! ‘<¢t’B|¢t> 2 - LB(B’LD)Z(SdM‘

We remark that for large d,, the lower bound LB(B, ) on [(¢;|B|ty)| is almost the
same as the lower bound for |M,,p| that we obtained in Theorem [3.18]

Generalized Normal Typicality for GAP Measures

The results concerning generalized normal typicality presented so far used the uniform
distribution on the sphere of a macro space as the measure of typicality. The goal
of [143] was to replace the uniform distribution by a much more general class of natural
and physically distributions, the GAP measures, see Section for a definition and
relevant properties of these measures.

The setting is the same as for the results concerning the absolute errors from [130]
except for the Hilbert space H which need not be finite-dimensional but only sep-
arable. In the case that H is infinite-dimensional, the quantities introduced before
stating the results regarding the absolute errors (dg, Dg, D¢ and G(k)) are not neces-
sarily finite anymore. To overcome this problem, we define these quantities relative to
an operator B on H. This is motivated by the observation that only those eigenvalues
e and €’ of H with II.BIl. # 0 give non-vanishing contributions to the quantities we
have to compute such that if we assume that there are only finitely many such e and
¢/, all sums over the eigenvalues of H become effectively finite. We define

Ep:={e € &:3e € & such that 1. Bl # 0 or I, BII, # 0}, (3.93)
dE,B = |SB| y (394)
Dg p = maxtr(Il.), (3.95)

eefp
D¢ p = r]gaéd{(e,e’) €elpx€p:e#e ande—¢€ =L} (3.96)
€
Gp(k) = %1&]1}{'{(6’6/) €eépx€p:e#ecande—¢€ €[E,E+k)}. (3.97)
€

In [143] Theorem 1] we obtained the following result:

Theorem 3.26 (Normal typicality for GAP(p)). Let H be a separable Hilbert space
with dimH > 4, let B be an operator on H with dp,p < oo and let p be a density
matriz on H with ||p|| < 1/4. Let €,,k, T > 0 and define

M,p = tr(pll.BIL). (3.98)

ec&
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Then, w.r.t. GAP(p), (1—¢)-most 1y € S(H) are such that for (1—39)-most t € [0,T],

188 8log, d 12
B~ M| < (SR1BIP1IDesGae) (14 22 ) )T 30

Moreover, w.r.t. GAP(p), (1 — ¢)-most ¥y € S(H) are such that for (1 — §)-most
t €10, 00),

188 1/2
@Bl - M| < (SPNBPINDERDGS) (3.100)

Theorem shows that as soon as ||p|| is small, ||B]| is not too large and no
eigenvalue and eigenvalue gap of H is hugely degenerate, the expectation (vy|B|iy)
is close to M,p for GAP(p)-most initial states 1)y € S(H) and most times ¢t > 0.
For the finite-time result we need that 7' > 0 is sufficiently large and unfortunately
T has to be extremely large to ensure a small error in , see also Section m
and Section Note that the projections P, onto the macro spaces H,, satisfy the
assumptions in Theorem since usually a (coarse-grained) version of the energy is
among the macro observables which are used for the construction of the macro spaces
and therefore #, is a subset of a (finite-dimensional) energy shell H,.

3.2.2. Strategy of Proof
Generalized Normal Typicality — Absolute Errors

In the proof of Theorem [3.12] we made use of a formula for the Hilbert space covariance
of two operators. Note that the covariance of two complex-valued random variables
X,Y is defined as

Cov[X,Y] :=E[(X —EX)" (Y — EY)] = E[X"Y] — (EX)*EY. (3.101)
We first showed the following lemma (Lemma 1 in [136]):

Lemma 3.27 (Hilbert Space Covariance). Let H be a Hilbert space of dimension D =
dim#H, let ¢ € S(H) be uniformly distributed and let B and C' be two operators on
H. Then,

_tr(B*C)  tr(B*) tr(CO)
" D(D+1) D)(D+1)°

Cov [(¢[Bl¢), (¥[Clv)] (3.102)

Moreover,

(B*) tx(C) + tr(B*C)
D(D +1)

E [(4|B)* (|Cl)] = = (3.103)
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Note that for uniformly distributed ¢ € S(#H,,), Lemma implies that

E, (¢ B*[4) (4|C])] = (te(P.B") tx(P,C) + (BB B,C)). (3.104)

1
4u(d,+ 1)
Lemma [3.27| can be proved by a direct computation with the help of the formulas in
Lemma for the fourth moments of components of a uniformly distributed random
vector ¢ € S(H).

We remark that a close inspection of the proof of Theorem [3.12]that we gave in [136]
reveals that we actually do not need a formula for the covariance (the step where we
used it was unnecessary) and that the formula for the variance in Lemma|1.2| suffices.

The next step in the proof of Theorem [3.12] is to compute and estimate some
averages over S(#,,). This was done in Proposition 1 in [I36] which we quote below.
Before doing so, we first note that for every operator B on H and every ¢y € S(H)
we have that

My, = (1| By = > (1|1 BTL|¢ho) (3.105)

ec&
and EuMwOB = M,uB-

Proposition 3.28. Let ¢y € S(H,,) be uniformly distributed and let B be any operator
on H. Then for every k,T > 0,

Ey(<\<wt\Br¢t>—<¢t|B|wt> > )

2DpG(kK) 8log,dp\ . , tr(B*B)
<—— 14— B, ——= 1
< 20 (1 B ) i f M o)

m

— = B : tr(|B
Vo, T BT < o min {15, “022 (3,107

where Var,, denotes the variance with respect to the uniform distribution over S(H,,).

For the proof of Proposition (3.28)) we start similarly as in the proof of Theorem 1
in [125], see also Theorem and the paragraphs before. We find that

I —y

(|ewdsion) - waETa] )
T
= D () (ol Bl o) (VoL BTl [t) - (3.1088)

e#e’
e//¢e///

IR [(tho| e B [¢ho) [, (3.108D)
e#e!

IA
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3.2. Time Evolution of Typical Pure States

where R is the Hermitian matrix defined as in ({1.160). With the help of Lemma m
(or alternatively Lemma [1.2]) and the bound on ||R|| from (1.163]) (which is due to
Short and Farrelly [125]) we obtain

1)

e, ((|wiBivo - ToTBTS

< % (1 8105—;@) Z [|tr(P,II BIL.)[* + tr(P,I1 B P11, BIL,)] .
(3.109)

By making use of the trace inequalities (3.41) and (3.42) we can estimate
> [ te(PIIBI)* < tr(Ie P P,) tr(Il, BTI.B) (3.110a)
< DE min{|| B||2d,, tr(B*B)}. (3.110b)

The second line follows from applying the (second) trace inequality either to the first

or the second factor on the right-hand side of (3.110a)). An application of this trace
inequality as well as || >, 1P, Il || < 1 shows that

> (P, Blly Pl B'ly) < min{||B||*d,, tr(B*B)}. (3.111)

e,e’

Putting everything together proves (13.106)).

Next we turn to the bound for the variance Var,, (¢;|B|:). Lemma immediately
shows that

- 1
B < — tr( P, I1.BII. P11, B*Il,). 112
Var/J' <77Dt| |¢t> — du(du + 1) ; r( 1 122 ) (3 )

With the help of similar methods as above we can estimate the sum over e and ¢’ and
obtain

> tr(P,I B P, B* ) < || B|| min{d,||B|, tr(|B|)} (3.113)

ee’

which proves ((3.107)).

After having proved Proposition [3.28, the proof of Theorem basically reduces
to a careful application of Markov’s and Chebychev’s inequality. Moreover, we re-
mark that Corollary and Corollary are almost immediate consequences of
Theorem B.121
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3. Results and Discussion

Generalized Normal Typicality — Relative Errors

The main tool for the proof of the lower bounds for M, in Theorem [3.16] and for
|M,,5| in Theorem is an extension of the no-gaps delocalization result of Rudelson
and Vershynin [120], see Theorem for the statement with corrected constants.

The constants in the original result of Rudelson and Vershynin [120] were slightly
different, more precisely, the lower bound on x was 8/D instead of 180/D and the
exponent of ks in ((1.276|) was 6 instead of 9. As for our purposes the dependence
of constants on certain parameters is important, we went through the proof in [120],
followed the exponents and constants and arrived at these slightly different values,
see [I3§] for a more detailed discussion of the steps in the proof where we obtained
different constants and exponents than in [I20]. Moreover, a close inspection of the
proof of Theorem revealed that C' ~ /K J%7, sce Remark 3 in [I38] for more
details and in particular for a list of all the constants that appeared in the proof of
Rudelson and Vershynin [120].

In [138] we extended Theorem [1.47]to random matrices whose imaginary part is not
fixed but random as well, we also allowed 0 < J < 1 and we improved the exponent of
kS in from 9 to 8. More precisely, we showed the following theorem (Theorem 7
in [138]):

Theorem 3.29. Let H = (h;;) be a random D x D matriz such that Re H and Im H are
independent, for i,j5 € {1,...,D} the (continuous) random variable Re h;; is inde-
pendent of the other entries of Re H except possibly Re hj;, fori,j € {1,...,D},i#j
the (continuous) random variable Im h;; is independent of the other entries of Im H
except possibly Im hj;, and the densities p%e of Re hi; are bounded by some number
K > 0. Choose J > 0 such that JK > 1 and such that the boundedness events
Brew.y and B gy hold with probability at least 1 —n for some 0 < n < 1/2. Let
Kk € (83/D,1/2) and 0 < s < 1. Then the following holds with probability at least

(1 —(c KJS)”D) (1—n)*, where ¢ > 1 is a universal constant: Every eigenvector ¢
of H satisfies

lprll > (ks)®||Bll  for all I C {1,..., D} with |I| > kD. (3.114)

The proof of Theorem [3.29) consists of three steps. The first step is to extend
Theorem to the case that the imaginary part of H is not fixed but also random
(and satisfying the assumptions in Theorem . To this end we first assume that
J,K >1and k € (180/D,1/2) and we define

S := {Every eigenvector ¢ of H satisfies ||¢;|| > (ks)?]| 4|
for all I C [D] with |I| > kD}, (3.115)

1
E = {Q € R”P P (Bren+igas) = —} - (3.116)
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3.2. Time Evolution of Typical Pure States

With the help of Theorem [I.47] the law of total expectation and the monotonicity of
the conditional expectation we find that

]]ED(S|BH72J) Z (1 - (CS)ED) P({ImH € E} N BHQJ), (3117)

where C'= C(K,2J) > 1 is the constant from Theorem [1.47]

Because of Brew,s N Bima,; C B2y and the independence of Re H and Im H we
can further estimate

P{ImH € E}NByas) > (1 —n)P({ImH € E} N Bimus) > (1—1n)? (3.118)
where we used that B, g C {Im H € E}. Putting everything together we obtain
P(S) > P(S|Bu2)P(Bras) > (1 — (Cs)*”) (1 —n)*. (3.119)

This proves no-gaps delocalization also for random matrices whose imaginary part is
not fixed but random.

The second step in the proof of Theorem [3.29]is to relax the condition that J > 1
to J > 0and JK > 1. This follows from applying the generalization of Theorem
that we just proved to the random matrix H := J 'H.

The third step is to improve the interval of admissible x as well as the exponent
of ks in the lower bound on ||¢;||. This can be done by observing that an estimate
in the proof of the Invertibility Theorem 5 at the end of Section 5 in [120] was not
optimal. More precisely, the improved bound is obtained by choosing 7 = t%/' instead
of 7 = v/t at the end of the proof of Theorem 5 in [120], see [I38] for the details.

We remark that the proof of Theorem [3.29 still goes through if some entries of
Im H are fixed which is important as we want to consider Hermitian H and for such
H the diagonal entries of Im H are fixed to zero. Moreover, we note that it is also
possible to prove Theorem [3.29| without making use of a scaling argument. For this
alternative proof one goes through the proof of Rudelson and Vershynin [120] and
identifies the steps where the assumption that J > 1 is actually used and modifies
them accordingly to also allow for 0 < J < 1. This leads to lower bounds on M, and
more generally on |M,p| that are sometimes slightly better and sometimes slightly
worse than the ones obtained in Theorem [3.29, However, as the bounds proved in
this way are more complicated we do not go into detail here and refer to Remark 5
in [13§].

Before coming to the proof of Theorem [3.18 we remark that by Proposition [3.15]
the Hamiltonian H has, with probability 1, non-degenerate eigenvalues and eigenvalue
gaps. Since we could not find a proof of this well known fact, we gave a short proof
using standard results about smooth manifolds [71] in Appendix A in [I38].

With the help of Theorem [3.29| we are now able to prove Theorem [3.18 To this
end, let (¢,) be an orthonormal basis of eigenvectors of H. An application of the
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3. Results and Discussion

reverse triangle inequality shows that

|MMB|2di<Z<¢n|P |60) (| BF6n) = > (S| Puldm) (6| B |¢m>>. (3.120)
H m

We then set x := d,/(2D) and s := 1/(2¢cv/KJ) where ¢ > 1 is the constant from
Theorem 3.29 With [ =1, ={dy +---+d,-1 +1,...,dy +---+d,} we obtain with
probability at least 1 — &’ that

(bul Puldn) = (6n)1,]1* = (ks)™. (3.121)

With this we find the following bounds:

> (Snl Pl ) (6| BT |60) > max {b,d,, (k5)'° tr(BY)}, (3.122)
> (Gl Puldm) (Gl B [$n) < min b, tr(B7)} (3.123)

Combining these bounds gives the lower bound on |M,z| and the first lower bound
on M,, as a special case.

If d, > 166 we set x := d,,/(2D) and then Theorem [3.29)shows that with probability
at least (1 —27%/2) (1 —n)*,

(Inl Po¢n) > (1) = (Llcdﬁ) : (3.124)

from which the second lower bound on M, follows almost immediately. This finishes
the proof of Theorem [3.18|

For the proof of Theorem [3.16] we have to apply Theorem [3.1§in a special case. To
this end we first consider the case that H is a Gaussian random matrix with variances
bounded by constants (Theorem 8 in [13§]):

Theorem 3.30 (Gaussian matrices, variances bounded by constants). Let A = (a;;)
be a random D x D matriz with independent complex Gaussian entries with mean

zero, i.e., all random variables Re a;j, Ima;;, i,5 € {1,..., D} are independent and
Rea;j, Ima;; ~ N(O,O‘ZQJ/Q) for some o;; > 0. Suppose that o;; = oj; for all i,j €
{1,...,D} and set o_ := min, ; 0;; and o4 := max; j 0;;. Then the Hermitian matriz

V= \}(A + A*) is Gaussian, more precisely, its entries v;; satisfy Rewv;;, Imwv;; ~
N(0,02,/2) fori # j and vi; = Revy; ~ N(0,02), and V' fulfills the assumptions in

» Yy
Theorem |3.29 with parameters K = and J = %C’a+ for arbitrary n € (0,1/2),

vV 27r0_

where C > 1 is a universal constant.

For the proof of Theorem [3.30] we first note that the claims concerning the entries
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3.2. Time Evolution of Typical Pure States

of V' immediately follow from its construction and the properties of A.

An important ingredient of the proof is a result from Latala [69] which states that
for any finite matrix (z;;) of independent mean zero random variables x;;,

El|(z:;)| < C max /Z]Ex?j + max \/ZESK?J + iv;/ZIE:IC% : (3.125)
J i b,

where ' > 0 is a universal constant and we assume C' > 1 without loss of generality:.
With this we find that

E|ReV| < 4Co VD (3.126)

and with our choice of J it follows that the boundedness event Bgey,; holds with
probability at least 1 — 7 (and a similarly for Im V' instead of Re V).

The densities of the entries of ReV are clearly bounded by K and we have that
JK > 1, so V fulfills the assumptions of Theorem for our choice of parameters.

The next step is to show a generalization of Theorem [3.30] to Gaussian matrices
with non-zero mean. We obtained the following result (cf. Theorem 9 in [138§]):

Theorem 3.31 (Gaussian matrices with non-zero mean). Let Hy = (h);) be a (de-
terministic) Hermitian matriz with Cy, as in (3.64), let V be the random D x D
matriz defined in Theorem and let H == Hy+ V. Then H is Hermitian with
(non-centered) Gaussian independent (up to conjugate symmetry) entries; more pre-
cisely, its entries h;; satisfy Reh; ~ N(Rehl;, 07,/2), Im hy; ~ N(Im h{;, 07,/2) for
i # j and hy; = Rehy ~ N(hY,02). Moreover, H satisfies the assumptions in Theo-
rem |3. 18 with K = —=~— and J = 1(4Co, + Cy,) with C as in Theorem |3.3(,

1
2mo_ n

The proof of Theorem [3.31]is analogous to the one of Theorem|3.30, We remark that
Theorem covers the case that Hy is a band matrix (in a basis that diagonalizes
the projections P, to the macro spaces) and V' a small Gaussian perturbation thereof.

Now we are ready to prove Theorem[3.16, Similarly as in the proof of Theorem [3.18
we find that with probability at least 1 — &',

16
M, > (M) min {1’ @} ) (3.127)
ACVKJD d,

With the help of Theorem [3.3T], the factor K .J can be written as

KJ 100, + CH0> (3.128)

1
- = (
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3. Results and Discussion

and one can show that n > ¢'/6. This implies

~ 1 Cy Oy + CH 1
(4(70+ +0H0) = T e (3.129)

6C?

C’KJ <
2ro_¢&!

with c_ := 96‘/2;7; and cy = 4C. Inserting this estimate into (3.127|) finishes the proof

of Theorem [3.16]

Dynamical Typicality

In order to prove Theorem we have to show three bounds. For the first two
bounds we note that it follows from Lemma [I.2] that

1
Var, (| Blyy) < — tr (P, exp(—iHt)B* exp(iHt)P, exp(iHt)B exp(—iHt)P,).

d
(3.130)
By applying the trace inequality (3.42) in two different ways, we find that
B|? ||B| tr(|B
Var, (¢ B|r) < min { 1B 151 r2(| ) } . (3.131)
d, d2

The first two bounds then follow from Chebyshev’s inequality.

For the third bound we make use of Lévy’s Lemma, see Theorem|[I.14] This theorem
can be reformulated as follows: For any Hilbert space H of dimension D, any Lipschitz
continuous function f : S(H) — R with Lipschitz constant 1, and any € > 0, (1 — ¢)-
most ¢ € S(H) are such that

973 log(4/¢)

|f(W) —Ef| < TR (3.132)

In [136] we applied this with 7, instead of A to the function f(¢)) = (x| Bl
which has Lipschitz constant n = 2||B||. The problem with this reasoning is that the
function f is not necessarily real-valued. Lévy’s Lemma for complex-valued functions
can be obtained from Theorem by replacing 4 by 8 and 2/9 by 1/9. This shows
that if f is complex-valued, then (1 — &)-most ¢ € S(H) are such that

973 log(8/¢)
p "

From this result the third bound follows as sketched below ((3.132)).

|f(W) —Ef| < (3.133)
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3.2. Time Evolution of Typical Pure States

For the second claim in Theorem [3.21] we use Fubini’s theorem to obtain

IBII*T
d,

By VOT|<¢t|BI¢t> — wup(t)[* dt} = /OTVafu [(he| Blee)] dt < (3.134)

Now the second claim in Theorem follows from Markov’s inequality. Corol-
lary [3.22] is immediately obtained from Theorem be setting B = P,.

Next we turn to the proofs of the relative and comparative errors. Proposition [3.24
does not need any further assumptions on the Hamiltonian but the result is rather
limited. For its proof we take an orthonormal basis (px) of H,,, define ¢y, := e *H

and estimate

1
|, (Y| Bloe)| = a1 Z<¢k,t|B|S@k,t> (3.135a)
Pk
1
> il max {Z<<Pk,t|B+ — B k), Z<§0k,t‘37 — B+‘90k,t>}
p B :
(3.135D)

and the last expression can clearly be lower bounded by b. With this the remaining
claims follow from Theorem [3.21]

The setting of Theorem concerning the comparative errors is the same as the
one for the results regarding the relative errors of generalized normal typicality. As
in [I36] we find that (1 — ¢/2)-most ¢y € S(H,,) are such that

< ﬁ(%mm{um\,#})m. (3.136)

<wt‘B|wt> - MuB

Then the triangle inequality together with Theorem [3.31] shows that with probability
at least 1 —¢’, (1 —e/2)-most by € S(H,,) are such that |(¢|B|y:)| > LB(B, ). Now
the claim follows from this together with Theorem [3.21]

We finally turn to the proof of Theorem [3.23] By writing 1 in an orthonormal
basis of eigenvectors of H and applying Theorem [3.29 we obtain that with probability
at least 1 — &/,

—_—— 7Cd,\

IR = (Y5 (3.137
Together with Theorem this implies that with probability at least 1 —¢’, (1 —¢)-
most ¢y € S(H,,) are such that

[2a® — Bl Pnl?] 1 sl D\"
— < —=(Cpe") P —y/min{d,,d,} | — ) . (3.138)
||Pl/wt||2 \/g dﬂ ! du
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3. Results and Discussion

From this the first claim follows by inserting the definitions of s,, s, and sy.. More-
over, the second claim is a consequence of the lower bound (3.137)) on (¢¢|P,|¢;) and
Corollary [3.22]

Generalized Normal Typicality for GAP Measures

The proof of Theorem is inspired by the proof of Theorem from [136].
An important ingredient for the proof is an upper bound on the GAP(p)-variance
Var,(1|A|). Such a bound was already obtained by Reimann [106] in the case
that A is self-adjoint and # is finite-dimensional, see also Lemma [1.20] In [137]
we generalized Reimann’s proof to arbitrary operators and separable Hilbert spaces,
see also Proposition 3.11} Unfortunately, these bounds are not sufficiently sharp as
(ignoring degeneracies of the Hamiltonian) they would lead to an upper bound of the
order

trp® Y B |* < [|p] Y tr(Il BT BIL) = [|p|| tr(B*B). (3.139)

eFe! e,e’

In the case that p = P,/d, and B = P, we would obtain an upper bound of the order
d,/d,, which need not be small. Therefore, the first step in the proof of Theorem is
to prove sharper bounds on Var, (| A|¢)). We obtained the following lemma (Lemma 1
in [143]):

Lemma 3.32. Let p be a density matrix on a separable Hilbert space H with eigenvalues
Pn > 0 such that pmax = ||p|| < 1/4 and let dimH > 4. Then for any bounded operator
A on H,

Ap* A*p) + tr(ApA*p?)
1- 2pmax

1
Var (U] AJ) < ——

— Mmax

(tr(ApA*p) + tr(

2
(1 - 2pmax)<1 - 3pmax>

37 (|6(Ap° P tr(A*pP)| + | te(Ap2P) tr( A7 P)|

) : (3.140)

where P, = |n)(n| and {|n)} is an orthonormal eigenbasis of p.

+ tr(Ap®A*p) + tr(Ap?A*p?) + tr(ApA*p®)

] tr(ApPy) tr(A"p°P,))

The proof of Lemma closely follows the one of Reimann [106] and the one we
gave in [137]. We first assume that D = dimH < oo and without loss of generality
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3.2. Time Evolution of Typical Pure States

that E,(y|Al¢) = tr(Ap) = 0. As in (3.38) and similarly as in (1.128c|) we find that

Var, (] AJ) = E, (AR A1) = 3 [Amn Al + | Awal] P Ko, (3.141)

m,n

where the K,,, are defined in (1.125). With the help of a Taylor expansion of
Gmn () == (1 + zpm) (1 + zp,)~" up to second order we obtain an expansion of
Ko, see ([1.131)), and with this and using that tr(Ap) = 0 we can show that

< 2K | A AL (92, + Pps + Pmpl), (3.142)

m,n

> Avm AP Konn

where K® is defined in (1.132). With the help of computations such as

A AP = (ml ApPm) (n] A*pln) = tr(Ap* Pyy) tr(A"pP,) (3.143)
we obtain
> A AP Konn

<2K® Z (|tr(Ap® Pp) tr(A*pP,)| + [tr(Ap° Py tr(A*p* P,)|

+ [tr(ApPy,) tr(A*p*Py)|) - (3.144)
Moreover, by similar arguments we find that

> A Papm o = KO tr(ApA*p) — KW (tr(Ap”A*p) + tr(ApA*p?))

m,n

+ 2K | A (P, + D20l + Pipm) , (3.145)

where £y, € [0,1]. An upper bound for (3.145) is given by
KO tr(ApA*p) + KW (tr(Ap®A*p) + tr(ApA*p?))
+ 2K @ (tr(Ap*A*p) + tr(Ap*A*p?) + tr(ApA*p)) . (3.146)

By combining (3.144)) and (3.146]) and using the bounds for K® from (T.133)) we get
the desired upper bound for Var,(¢)|AJ¢)) in the finite-dimensional case. By similar

arguments as in the proof of Proposition [3.11]it can be shown that the bound remains
valid in the case that dim H = oo which concludes the proof of Lemma [3.32

The next step in the proof of Theorem [3.26]is to compute upper bounds for some
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variances and averaged deviations, more precisely, to prove an analogue of Proposi-
tion for GAP measures. Due to our assumptions on B, all sums over eigenvalues
of the Hamiltonian that occur in our computations are effectively finite and we thus
immediately see that

Myyp = (| Bltn) = > (|1 BIL|¢h) (3.147)
eck
and E,My,g = M,p as interchanging the finite sums with the time average and

expectation with respect to GAP(p) is unproblematic.
In [I43] Proposition 1] we showed the following result:

Proposition 3.33. Let H be a separable Hilbert space with dim H > 4, let p be a density
matriz on H with eigenvalues p, > 0 and ||p|| < 1/4 and let B be an operator on H
such that dp g < oo. Then for every k,T > 0,

(b, | B, ) log, d
5 (<‘<¢t’3|¢t> — (WilBlv) >) < 24| B D 5Gs () (1 " Sg—E) |

KT
(3.148)
Var, THBTE) < 231 BIP ol (3.149)
Moreover,
2
B, (|twsle) - IB] ) < 241BPIoIDssDes. (3150

For the proof of Proposition [3.33] we first assume that the Hilbert space is finite-
dimensional. As in the proof of Proposition [3.28 we find that

<\<wt\Brwt> — ([BI)

2> <RI [{tho [T BT fth0) (3.151)
T e,e’

where ||R|| can be bounded as in ((1.163]). By taking the expectation with respect to
GAP(p) we obtain

E, (ZI(%IHeBHeflwo)F) = Var, (¢o|TL BIlo [th) + [tr(pIl.BIL)[* . (3.152)

ee’

An application of Lemma [3.32] shows that

max )
e,e

1
> Var (oI Bl [go) < ———— > (tr(HeBHepre/B*Hep)
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n tr(I1, Bl p*11, B*11.p) + tr(I1. BIl. pIl. B*1I.p?)
1 - 2pmax
2

+ tr(Il, Bl p°1 B*1L,p) + tr(I1. BIl. p*1l, B*I1,. p*
(1 - 2pmax)(1 - 3pmax) [ ( ) ( )

+ tr(IL, Bl pll, B*I1,p%) + Z (|tr(I1 BIL.p* P,,) tr(I B*TL.pP,,))|

+ tr(TT, B, p* P,,) tr(Ily BT p* B, )| + | tr(I1. BTl pP,,) tr(Il BT p* B, )| )] )
(3.153)

With the help of the trace inequality (3.42) we obtain, e.g.,

> tr(IL Bl plly B*Tp) = Y tr (B (Z He/pHe/> B*HepHe> (3.154a)
<D IBIP | Hepll

tr(MepTle) < [IB]*oll-

(3.154b)

All the other terms in (3.153]) can be bounded in a similar way.

Next we have to bound sums over products of traces. By applying the Cauchy-
Schwarz inequality (3.41)) for the trace we find that

> Y |1 Bl p* Pyy) tr(Ie BTLpP, )|

e,e/ m,n

=> Y | tr(I BT, P11, tr(Me BTLIL Pyl ) [pl pn (3.155a)

m,n e,e’

< phpn Y tr(TeBIL B*) ((m[Te|m) (m|Te [m) (n|T1|n) (n|Tly|n))"*  (3.155b)

2
< |BI?Ds Y ppn (Z <<m|ne|m><n|ne|n>>”2) (3.1550)
2 3 2 2
< 1BI2Dx . tpn < | BIDllol (3.1554)

The other sums over products of traces in (3.153)) can be bounded in a similar way.
Moreover, by similar methods we get

S |tx(pILBIL)* < || BIP D]l (3.156)

ee’
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Putting everything together and using that ||p|| < 1/4 by assumption we obtain ((3.148))
in the finite-dimensional case.

For the GAP-variance of (14| B|¢;) we simply apply Lemmawith A=>"II.BII
and use the same trace inequalities as above to bound the occurring terms.

Moreover, for the proof of we choose k small enough such that G(k) = D¢
and then take the limit T" — oo in . Note that the time limit and E, can be
interchanged by dominated convergence.

In the case that H is infinite-dimensional, we see that all sums over e € &£ are
effectively sums over e € Ep and therefore, by assumption, finite. Furthermore,
we find that dg, Dg, Dg and G(k) can be replaced by the corresponding quantities
relative to B and that then all steps of the proof remain valid which proves the bounds
in Proposition [3.33| also in the infinite-dimensional case.

After having proved Proposition [3.33], the proof of Theorem [3.26] basically reduces
to a careful application of Markov’s and Chebychev’s inequality.

3.2.3. Discussion
Absolute Errors

The first paper of this project was concerned with a generalization of normal typicality
to more realistic Hamiltonians and with dynamical typicality and we proved error
bounds for absolute errors [136].

Theorem shows that for any operator B on a finite-dimensional Hilbert space
7, most initial states ¢y € S(#H,,) are such that for most times ¢ € [0, T, (¢¢|B|¢:) ~
M, g = E, (| B|yy) provided that H, and T are sufficiently large and Dg, G(x) and
| B|| are not too large. Unfortunately, as we have already discussed in Section [1.6.1]
the equilibration times, i.e., the time scales on which (¢;|B|¢y) (with )y such that
(10| Bltho) is far away from M), p) reaches the equilibrium value M, p, that we obtain
from Theorem [3.12] are extremely large. For more results concerning time scales of
equlibration and thermalization see Section [1.6.5) and the references therein.

We remark that another way to prove generalized normal typicality is to make use
of a result by Short and Farrelly [125] who showed that

2> < GWIBJ* (1 X M) : (3.157)

T deff kT

<\<wt18\wt> — (Bl

where dog is the effective dimension of the initial state g, see (1.148]). One can
show that E,d{ < 2Dg/(d, + 1) which then gives the first bound from in
Proposition [3.28] The second bound in is sharper if tr(B*B)/d, < ||B|?,
which, e.g., B = P, is the case if d, < d,,.

In Corollary we consider the case that B = P, and and times t € [0,00). We
obtained that as soon as d, is much larger than Dg and D¢, the superposition weight
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3.2. Time Evolution of Typical Pure States

| Bie||? is close to M, for most ¢y € S(H,) and most times ¢ > 0. Put another
way, the superposition weights || P,vx||* are nearly constant in the long run. Note,
however, that due to recurrence, ||P,1||> does not converge for t — oco. We also
say that the superposition weights || P,1;||* equilibrate in the long run. However, this
does not necessarily mean that the system thermalizes as thermal equilibrium at time
t would correspond to || P,¢||* ~ 1 if v is the thermal equilibrium macro state and
| P,||* &~ 0 otherwise.

Note that our result is a statement about most initial wave functions from any
(possibly far from thermal equilibrium) macro space. As we want to understand how
non-equilibrium initial states evolve towards thermal equilibrium, it is important that
we do not just have a result for most initial states from S(#H) as most elements of
S(#) are in thermal equilibrium anyway.

In comparison, von Neumann’s [144] normal typicality result, see also Section (1.2}
is a statement which is true for all initial states 1)y € S(H) but the Hamiltonian is
assumed to have a purely random eigenbasis. As we have discussed in Section [1.2.3]
this assumption on the Hamiltonian is physically unrealistic as it leads to extremely
short thermalization times. Therefore we wanted to generalize normal typicality to
more realistic Hamiltonians and Theorem and Corollary in fact hold for
arbitrary Hamiltonians with not too highly degenerate eigenvalues and gaps.

Suppose that there is one very large macro space in the decomposition of the
Hilbert space that corresponds to thermal equilibrium. Our expectation was that
if the Hamiltonian has a band structure in a basis that diagonalizes the projections
P, to the macro spaces H, (see Figure , then a system that is initially in a non-
equilibrium macro state (corresponding to a small macro space) does not immediately
evolve into the thermal equilibrium subspace but goes through larger and larger macro
spaces until it finally reaches thermal equilibrium. This was confirmed by a numerical
simulation with a random band matrix, see Figure [3.2]

As predicted by generalized normal typicality, after a sufficiently long equilibration
time, the superposition weights || P, ||* in Figure reach and stay close to certain
values. We remark that the values to which the superposition weights equilibrate differ
slightly from what normal typicality predicts as, e.g., dy/D ~ 0.90 while My, ~ 0.82.

As a second corollary of Theorem we showed in Corollary [3.14] bounds for the
difference between || P,1||? and M, for “realistic dimensions” of the macro spaces. We
have seen that for fixed entropies per particle s, and s, the errors are exponentially
small in the number of particles N. The upper bounds show that the errors are
controlled by the entropy of the initial macro state if a transition to a larger macro
space is considered while they are controlled by s, —s, /2 if a transition into a smaller
macro state v_ is studied. Note that these findings are consistent with our numerical
simulation in Figure (3.3

Our numerical simulation also shows that the average entropy (¢:|Sqs|¢:) increases
over time (up to small fluctuations), see Figure , which reflects the second law of
thermodynamics. Here, Syp is the quantum Boltzmann entropy from with
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3. Results and Discussion

Figure 3.1.: Example of a band matrix: We consider a matrix acting on C? =

@:_, C% i.e., the Hilbert space CP is decomposed into four macro spaces
C? . The first macro space is spanned by the first d; basis vectors, the
second one by the next d, basis vectors, etc.. The matrix has a band
structure if only entries close to the diagonal, i.e., in the grey region,
differ significantly from zero. (This figure already appeared in [13§].)

kg = 1 and therefore

(1 Sqaltbr) =D 1 P> Sap(v), (3.158)

where Syp(v) = log dim H,,.

Besides our generalization of normal typicality, we also proved dynamical typicality
in [136], see Theorem and Corollary and see Section for related results.
Theorem [3.21] shows that for every ¢ € R, most initial wave functions ¢, € S(H,,) are
such that the expectation (i;|B|1y) is close to w,5(t) = E,, (4| Bli)y) provided that d,,
is sufficiently large and || B|| is not too large. Moreover, under the same assumptions
we find that for most initial states ¢y € S(#,,) the whole curve t — (¢;|B|t;) on any
finite time interval is close to the curve ¢ — w,(t) in L*-norm. Therefore, the curve
t — (Yy| Bl1)y) is nearly 1g-independent.

We remark that our result concerning dynamical typicality in Theorem [3.21] also is
contained in a general result by Balz et al. [5], see also Theorem [1.12] However, in our
situation the proof is particularly simple and transparent which is why we still gave
it in [136]. Moreover, note that while our theorem is formulated for time-independent
Hamiltonians, it actually also implies to time-dependent ones. Additionally, we note
that by similar arguments as in the proof of Theorem [3.21] one can show that the
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Figure 3.2.: Example of the time evolution of the superposition weights || P,1]|* for
a random band matrix as Hamiltonian. Here, D = 2222, d; = 2 (green
curve), dy = 20 (red curve), d3 = 200 (blue curve), and d, = 2000 (purple
curve). The initial state ¢y € S(Hs) is chosen purely randomly and the
entries of the Hamiltonian H = (hy) satisfy hj; ~ N'(0,0%;) and hy, ~
N(0,02,/2)+iN(0,0%,/2) for j # k, where 03, := exp(—s|j—Fk|) with s =
0.02. The initial state first passes through H3 before reaching the largest
macro space H4. The black curves are the deterministic approximations
to the colorful curves according to dynamical typicality, see Theorem [3.21]
(This figure already appeared in [136].)

probability current J,,» between the macro spaces ‘H, and H,/,
Juu’ = —1 <<¢t|Pl/HPV/|¢t> - <77Z)t|P1/’HPV|¢t>) =21Im <wt|PVHPV’|¢t>a (3159)

is nearly deterministic. Note that J,,» can be interpreted as the amount of probability
which passes from v/ to v minus the probability flowing from v to v/ (per unit time).

In the first part of Theorem [3.21] we obtained three bounds. While the two with
1/4/z are obtained from Chebyshev’s inequality, the third bound involving +/log(1/¢)
follows from Lévy’s Lemma. Note that in general Lévy’s Lemma does not yield better
bounds when used instead of Markov’s and Chebyshev’s inequality in the proof of
our generalization of normal typicality. In [143] we discuss two different ways how
Lévy’s Lemma could be used to prove generalized normal typicality.@ The first

26The work [143] is concerned with GAP measures but the discussion there also applies to the
uniform distribution as a special case.
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Figure 3.3.: The same numerical simulation as in Figurebut for longer times. The
black horizontal lines are the M,, from Corollary and we see that
after an initial phase of equilibration, the curves ¢ + || P,1;||* fluctuate
closely around these values. (This figure also already appeared in [136].)

one is to consider the function f(vo) = (|(¢¢|Bler) — M,p|*)7 on the sphere S(H,,)
which is Lipschitz continuous with Lipschitz constant n bounded by 8|| B||>. Markov’s
inequality shows that (1 — ¢)-most ¢y € S(H,,) are such that

E
f(th) < —gf (3.160)
while it follows from Lévy’s Lemma (cf. Theorem [1.14]) that
9m3n2log(4/e
f(ho) < Euf+\/ d ng( /2), (3.161)
n

As E,f is of order 1/d, we find that while the e-dependence in is better
than in , it is the other way around for the dependence on d,. Since d,, is
usually very large, ¢ would have to be extremely small to compensate for the worse
d,-dependence in . However, it is of little interest to consider ¢ as small as
1072% [15] and therefore the bound obtained from Markov’s inequality usually is the
better one. Note that a similar argumentation can be used in the case of an infinite
time average.

Another possible way to make use of Lévy’s Lemma is by applying it to the Lipschitz
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3.2. Time Evolution of Typical Pure States
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Figure 3.4.: The average entropy curve ¢ — (1| Sqp|1+) for the same numerical simu-
lation as in Figure and Figure . (This figure also already appeared
in [136].)

continuous function f(thy) = (¢¢|B|¢:) in order to obtain a bound for |f(¢y) — E, f]|
and then to use similar estimates as in the proof of Proposition [3.28|in order to bound
|E,.f — M,p| as well. Altogether we find that (1 —d)-most ¢ € [0, 7] are such that for
(1 — &)-most by € S(H),

<3 (%B“B”QDEG(’{) log(8/¢) (1 + M»m. (3.162)

(W[ Bltr) = My T =

Note that a similar estimate holds true in the case of the infinite time interval [0, co)
instead of [0, 7.

We are interested in a statement concerning the behavior of most initial states at a
typical time and therefore have to interchange “most t” and “most 1" which can be
done with the help of Footnote 7 from [50] in the case of a finite time interval. We do
not directly apply this footnote to the bound for the difference between (| B|);) and
M, g but rather interchange the quantifier in the step where we estimate | f(¢o) —E, f|.
This yields that (1 —¢/d)-most 1)y € S(H,,) are such that for (1 — ¢)-most ¢ € [0, 77,

(b Blon) ~ M| <4 % 5

We thus see that effectively 1/¢ in Theorem is replaced by log(8/(gd)) and if
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3. Results and Discussion

£ < 4, this bound is slightly better if ¢ is sufficiently small. Note, however, that in
the case of the infinite time interval [0, 00) we cannot interchange “most ¢t” and “most
1" as the counterexample in Footnote 3 in [143] shows.

Relative Errors

The results regarding generalized normal typicality and dynamical typicality that we
discussed so far were all concerned with absolute errors. However, if H,, is small (which
should be the case for all non-equilibrium macro spaces) then we expect that || P, ||?,
M, < 1 and thus small bounds on the absolute error are not very meaningful in such
situations, see also the green line in Figure [3.3] which displays fluctuations around My
that are sometimes larger than Ms, itself. Note that similar considerations apply to
dynamical typicality. Motivated by this, the goal of the second paper of this project
was to prove under suitable assumptions on the Hamiltonian that also the relative
errors are small [I38] and to thereby strengthen the previous results from [136].

Following Wigner [146], we model the system’s Hamiltonian H as a Hermitian ran-
dom matrix and we study the superposition weights || P,1||? for typical H, typical
initial state ¢y € S(H,) and typical time ¢ € [0,00). As we have already discussed
above, we are particularly interested in random matrices with a band structure in a
basis that diagonalizes the projections P,. Concerning generalized normal typicality
we already obtained a small upper bound for ||| P, 4|/ — M, | in [136] for large d,, and
general Hamiltonians H — we only needed that no eigenvalue and no gap of H is highly
degenerate. For a random Hamiltonian whose entries have a joint distribution that
is absolutely continuous with respect to the Lebesgue measure, the eigenvalues and
eigenvalue gaps are with probability 1 non-degenerate, see Proposition [3.15] There-
fore it only remained to prove lower bounds for M, and for this we needed lower
bounds for || P,¢,||*, where ¢, is an eigenvector of H. To this end we made use of the
so-called no-gaps delocalization of eigenvectors of certain classes of random matrices
which was proved by Rudelson and Vershynin [120] and which we slightly generalized
and improved in [138]. Roughly speaking, no-gaps delocalization rules out gaps in
the eigenvectors of H, i.e., no significant fraction of the components of an eigenvector
can carry only a negligible amount of its mass. We remark that most other results in
the literature regarding the delocalization of eigenvectors are concerned with delocal-
ization in the sup norm, i.e., peaks in the components are ruled out, which is another
aspect of the delocalization of eigenvectors and neither form implies the other one.
Note that from this kind of results we only get upper bounds for the M, and only
in very special cases lower bounds for certain M, see below for an example.

We applied the no-gaps delocalization theorem, see Theorem to the situation
that the Hamiltonian is of the form H = Hy+V where Hj is a deterministic Hermitian
matrix (e.g., one with a band structure) and V is a Hermitian random Gaussian
perturbation with variances bounded away from 0. Therefore we can think of H as a
slightly perturbed band matrix. For such Hamiltonians we proved a lower bound for
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3.2. Time Evolution of Typical Pure States

M,,, in Theorem which led together with Corollary to an upper bound for
the relative errors in Corollary If the variances of the entries of V' are bounded
by constants the lower bound for M, is roughly of the order (d,/D)'® and we expect
that this is far from optimal. More precisely, we expect that M,, ~ d,/D (as for
normal typicality) as long as the eigenvectors of the random matrix are delocalized.
This is also supported by our numerical simulation in Figure [3.3 where the M, are
not too far away from d,,/D. Note that in the simulation the bandwidth of the random
matrix is roughly given by 2s™' = 400 ~ D% >> /D such that we should be in the
regime of delocalized eigenvectors. We note further that the simulation is not covered
by our theorems as the variances cannot be bounded by a D-independent constant
or polynomially in D from below (for the latter see also Remark 2 in [138]); however,
the simulation suggests that similar results should be valid in more general situations
than the ones covered by our theorems.

Note that besides the results concerning lower bounds for A, and upper bounds
for the relative errors ||| P,y ||* — M| /M, in the special case that the Hamiltonian is
of the form H = Hy+V as above we also consider a more general class of Hamiltonians
(which are such that the real and imaginary parts of their entries are independent
and continuously distributed random variables and the densities of the real parts
are bounded) and arbitrary Hermitian matrices B instead of the projections P, in
Theorem [3.18] Corollary and Corollary [3.20]

Regarding dynamical typicality we proved a simple upper bound on the relative
errors in Proposition under no assumptions on the Hamiltonian but under the
very restrictive assumption that max{b}, — by ..,b .. —bf } > 0. A better result
was obtained for random Hamiltonians as in Theorem [3.16, see Theorem [3.23] and
Theorem [3.25 however, in this situation we were only able to prove bounds for the
comparative error ||| Pab||* — wu (6)| /|| Py]|? (and similarly for general Hermitian
operators B instead of P,). If the comparative error is small, then the absolute error
at time ¢ is small compared to the long-time average of || P,1);||?, however, this does not
necessarily mean that it is also small compared to the ensemble average E, || P, ||
at time ¢.

We end the discussion of our results regarding the relative errors with sharper
estimates for the quantities M, for two ensembles of Hermitian random matrices for
which better eigenvector delocalization results are available (however, matrices from
these ensembles are not band matrices and they have substantially nonzero entries
also far away from the diagonal).

The first one of these results is from Ajanki, Erdés, and Kriiger [1] and it allows
us to prove a much better lower bound for M)y, Meq, and Meqeq provided that the
thermal equilibrium macro space is very dominant. Note that for these results we
somewhat shift our perspective and consider sequences (HP)) of random matrices
whereas for the previous results D € N was fixed. The matrices considered in [1]
are Wigner-type matrices satisfying a couple of assumptions, see Section for the
details, and they do not have a band structure. Ajanki, Erdés, and Kriiger [1] showed
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that the eigenvectors of this class of random matrices are (with high probability)
delocalized in the sup norm, see Theorem [I.46] Roughly speaking, this theorem
shows that no component of an eigenvector ¢, of H can be much larger than \/LE‘
While this rules out that a large fraction of the components of ¢, is much smaller
than \% it is still possible that a small fraction of the components of ¢,, is arbitrarily
small. Thus, if d, is small compared to D, (¢,|P,|¢,) can be arbitrarily small and
thus we expect that also M, could be arbitrarily small if both d,, and d, are small
compared to D.

In [138, Theorem 13] we showed that for 7 > 0, sufficiently large D and any macro
states u and v we have with high probability the following lower bounds:

d, D—d, D—d,
M, > i (1 - ) L M 21— (3.164)

This shows that if (D —d,)D™'™" > 1 or (D — d,)D~'**" > 1, the lower bound
on M, becomes negative and therefore useless as obviously M, > 0. However, if p
or v corresponds to thermal equilibrium and H.q is very dominant in the sense that
deq = D — o(D'~?7), then the lower bounds for M, are nontrivial and we find, as
expected, that Meq, 2 g—: ~ % and Myeq 21~ d%.

The second result from random matrix theory that we applied in [138] to obtain
better lower bounds for A, is due to Cipolloni, Erdds, and Henheik [20]. Their result
shows that for Wigner matrices a version of the eigenstate thermalization hypothesis
(ETH) is satisfied (with high probability), see Section and in particular Theo-
rem for the details. Note that Wigner matrices do not have a band structure,
however, it is expected that their important feature of delocalized eigenvectors is also
valid for band matrices whose band width is sufficiently large.

What we showed in [I38] was that if the ETH according to Cipolloni, Erdds, and
Henheik [20] is satisfied, then for every £ > 0 and any two macro states p and v we
find for sufficiently large D with high probability that

d, D¢ d, D¢
M, > (1- L M, > 21— : 3.165
KV — D( /_dy) K D( /_du> ( )

Thus, if d, or d, is sufficiently large we find that M, 2 %”,
expectations.

in agreement with our

Normal Typicality for GAP Measures

The results that we have discussed in this section so far were all concerned with the
uniform distribution on the sphere of a finite-dimensional Hilbert space as the measure
of typicality. The goal of [143] was to generalize (generalized) normal typicality
to GAP measures. Note that these measures can be defined on separable Hilbert
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spaces, i.e., we need not assume that the system’s Hilbert space is finite-dimensional.
For any density matrix p on H, GAP(p) is, roughly speaking, the most spread out
distribution over S(H) with density matrix p. If p is a canonical density matrix,
GAP(p) arises as the thermal equilibrium distribution of wave functions and it can
be viewed as a quantum analogue of the canonical ensemble [59, [57]. Therefore,
generalizing typicality results from the uniform distribution on the sphere to GAP
measures can be seen as an expression of equivalence of ensembles.

Our main result, Theorem [3.26] shows that if p is a density matrix with ||p|| < 1/4
and B is an operator with dg g < oo on a separable Hilbert space ‘H of dimension
dimH > 4, then GAP(p)-most initial states ¢y € S(H) are such that for most times
t € [0, 00), the expectation (¢|B|v¢y) is close to the (¢o- and t-independent) quantity
M, g provided that no eigenvalue and no eigenvalue gap of the Hamiltonian H is hugely
degenerate and || B|| is not too large. Put another way, the curve t — (Y| B|vy) is
nearly constant in the long run. We also obtained a finite-time result, however, as
already mentioned below Theorem [3.26] the equilibration times we get are usually
extremely large. Note that in the case that p = P,/d, for some macro state p, the
measure GAP(p) is just the uniform distribution over S(H,) and then we basically
recover the generalized normal typicality result from Theorem [3.12]

As we have already remarked below Theorem [3.26, our result covers the important
case that B = P, for some macro state v. The reason is that usually a coarse-
grained version of the energy is among the macro observables which are used to
construct the macro spaces H, in the decomposition of H. Therefore, each
H, is a subset of a (finite-dimensional) energy shell corresponding to a small energy
interval [E, E + AE] which implies that |€p,| < co. Thus Theorem shows that
for GAP(p)-most 1)y € S(H), the superposition weights || P,1||? are in the long run
t — oo close to the fixed value M,p, .

Note that in [I43] we were only concerned with absolute errors, however, if B = P,
or p = P,/d,, then the considerations from [I38] apply. We expect that if D =
dimM < oo, then it should be the case that M,p, ~ d,/D: For example if H is
non-degenerate and satisfies the ETH, i.e., (m|P,|m) ~ (P,)mi. = tr(P,)/D = d,/D
for any eigenstate |m) of H, where (:)yi is the micro-canonical expectation value,
then

Mg, = S mlolm) (ml P fm) ~ 3 m|olm) = . (3.166)

m m

We finally remark that alternative strategies of proof of Theorem [3.26] which make
use of Lévy’s Lemma for GAP measures instead of Markov’s and Chebyshev’s in-
equality do in general not give better bounds. Here, the same discussion as above
for the uniform distribution applies: If we apply Lévy’s Lemma for GAP measures
to the function f(v) = (|(¥¢|Blt) — M,p|*)7 (and similarly for the infinite time
average), then the resulting bound is worse unless € is so extremely small that it
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is of little interest. If we apply Lévy’s Lemma for GAP measures to the function
f (o) = (3| B|aby) for fixed ¢ > 0 and then bound |tr(e’#*Be~"H*) — M p| with the
help of similar methods as were used in the proof of Proposition [3.33] then we obtain
a result for most ¢ for most 1y and we have to interchange the quantifiers “most t”
and “most 1¢”. In the case of a finite time interval [0, 7] this leads again to a bound
that is, in relevant cases, slightly better than the one obtained in Theorem [3.26] pro-
vided that the set of “bad” times is sufficiently small. However, in the case of the
infinite time interval [0, co) this reasoning is not possible since the quantifiers “most
t € [0,00)” and “most ¢y” can in general not be interchanged, see Footnote 3 in [143].
For more details regarding this alternative strategy of proof, see the corresponding
discussion for the case of the uniform distribution above and Remark 1 in [143].

3.3. Macroscopic Thermalization for Highly
Degenerate Hamiltonians

3.3.1. Results

In this section we present the results obtained in [I17]. We first collect some small
motivating results, then continue with the thermalization for general (and possibly
highly degenerate) Hamiltonians and end with the thermalization of the free, non-
relativistic Fermi gas in arbitrary dimensions.

In the following we always assume that the system’s Hilbert space H is finite-
dimensional and that there is a subspace Heq which has most of the dimensions of
H. This is justified by von Neumann’s [144] reasoning to think of H as of an energy
shell”’] (which usually is finite-dimensional) and of Heq as a subspace corresponding
to thermal equilibrium, see Section for details.

A Collection of Motivating Results

Recall from Section [1.6] that a system in a pure state ¢» € S(H) is in macroscopic
thermal equilibrium MATE, with € > 0 if and only if || P,i||* > 1 — . Moreover, we
say that a Hamiltonian H satisfies the eigenstate thermalization hypothesis ETH, if

V normalized eigenvectors ¢ of H : ¢ € MATE.. (3.167)

Roughly speaking, the ETH implies thermalization of every initial state. This is the
content of Theorem in the case of non-degenerate Hamiltonians. As we could

2TNote that in some of our results the Hamiltonian varies due to the addition of a small random
perturbation. However, for the justification of our assumptions we pretend that the energy shell
does not change, which should cause no harm for sufficiently small perturbations as in this case
each energy shell stays invariant during any finite time interval to an arbitrary degree of precision.
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not find a proof of this well known fact for degenerate Hamiltonians in the literature,
we gave its proof in Proposition 1 in [I17]; more precisely, we showed the following
result:

Proposition 3.34. Let Hy be a self-adjoint operator on a finite-dimensional Hilbert
space H, let Heq be a subspace of H and P., the projection to it. Let £,6 > 0
and suppose that Hy satisfies ETH.s. Then for every 1y € S(H) and (1 — §)-most
t € 1]0,00),

Y = e "lyy € MATE.. (3.168)

Therefore, also for degenerate Hamiltonians, it suffices that the ETH is fulfilled with
parameter €4 to ensure that every initial wave function is in MATE, for (1 — §)-most
of the time.

If there is only one eigenbasis of a degenerate Hamiltonian such that all its eigen-
vectors are in MATE,, then we can only guarantee the ETH (for all eigenvectors)
with a larger error (Corollary 1 in [I17]):

Proposition 3.35. Let H, Heq and FPoq be as in Proposition|3.54. Let Hy be a Hamilto-
nian with mazimal degeneracy Dg and suppose that it has an eigen-ONB (¢y)r such

that ¢, € MATE, for every k. Then for any normalized eigenvector ¢ of Hy,
¢ € MATE.p,,. (3.169)

Moreover, the bound is sharp: For any Dg and € = 1/n for some n € N there are
Hy, Poy and ¢ such that || Pey¢||* = max{1 — eDg, 0}.

This result is helpful if the eigenvalues of the Hamiltonian Hy are not too highly
degenerate. However, in the case of the free Fermi gas of N particles in d > 1 the
maximal degeneracy is at least 2V¢ and the bound from Propositionunfortunately
becomes useless. A typical unit vector, however, is not so bad, even if Dg is large, as
the following proposition (Proposition 2 in [117]) shows:

Proposition 3.36. Let ¢ > 0, let H. be an eigenspace of Hy of dimension D., and
suppose that one eigen-ONB of Hy satisfies the ETH with parameter €. Then for
§ = 2exp(—Ce®D,) with C =2/973, (1 — §)-most ¢ € S(H.) lie in MATE,..

One possibility to overcome the problem of high degeneracy is to add a random
perturbation to the Hamiltonian. This lifts, with probability 1, the degeneracy of the
eigenvalues (and eigenvalue gapd™) as the following lemma (Lemma 2 in [117]) shows:

28Note that the statement regarding the eigenvalue gaps is not needed in the following but we
included this result anyways as the eigenvalue gaps are connected to the time scales of thermal-
ization and it therefore might be an interesting result for future applications.
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Lemma 3.37. Let Hy be a (deterministic) and V' a random Hermitian D x D matriz.
Suppose that the distribution of V s continuous in the space of Hermitian D x D
matrices. Then, with probability 1, there exists Ao > 0 such that for all X € (0, \)
the Hamiltonian H = Hy 4+ AV has non-degenerate eigenvalues and eigenvalue gaps.

Thermalization for General Hamiltonians

If a Hamiltonian Hy has an eigenbasis that satisfies the ETH, then Proposition [3.35]
and Proposition guarantee thermalization of every initial state provided that
the maximal degeneracy of the Hamiltonian is not too large. As we are interested

in Hamiltonians which are highly degenerate, we proved a theorem which also covers
this case (Theorem 1 in [I17]):

Theorem 3.38. Let ‘H be a finite-dimensional Hilbert space, let Heq and H, be two
subspaces of H with associated projections Py and P, and define Pheq = I — P,
where I is the identity on H. Let Hy be a self-adjoint operator on H and assume
that Hy has an orthonormal eigenbasis (¢r)r such that there is an ¢ > 0 such that
o € MATE, for all k. Let V be a self-adjoint operator on H drawn randomly from
a continuous distribution invariant under conjugation with all unitaries commuting

with Hy. For A € R let H := Hy+ AV. Then,

1 T
hmEvkgﬂ%ﬁiA|M%ﬂHFﬁ<2a (3.170)

A—0

where Ey, denotes the expectation with respect to the uniform distribution on S(H,).

As a consequence, for all 5,9, 8" > 0 there exists A9 > 0 such that for all X € (0, \g),
for (1=6)—most V', (1—0")-most ¢y € S(H,) are such that for (1—§")-mostt € [0, 00),
W, € MATE here & — > (3.171)

t ey w E = 55157 . .

In Theorem the subspaces Heq and H, are arbitrary, however, from a physical
point of view we think of H., as the thermal equilibrium subspace and of H, as
belonging to a (possibly non-equilibrium) macro state v. If H, is a non-equilibrium
macro space, then Theorem shows that for most small perturbations of Hy most
initial states from #, thermalize. By setting H, to be the one-dimensional subspace
of ‘H spanned by some fixed initial state 1)y, we obtain for most perturbations V' that
this specific 1y thermalizes under a slightly perturbed dynamics (Corollary 2 in [117]):

Corollary 3.39. Let e, H, Heq, Ho, o1, V' and H be as in Theorem [3.38 Then for all
5,0" > 0 there exists a Ao > 0 such that for all X € (0,)9) and ¥y € S(H), for
(1 —=9)-most V', for (1 —¢")-most t € [0,00),

3e

Yy € MATE,,, where ¢’ = 5 (3.172)
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Thermalization of the Free Fermi Gas

In the following we present the results obtained for the free Fermi gas in arbitrary
dimensions by applying the results for general Hamiltonians from above. Moreover,
we also discuss a thermalization result for the (unperturbed) free Fermi gas in 1d.

We consider the free, non-relativistic Fermi gas of N particles on a d-dimensional
lattice A := {1,...,L}% Here, L € N, d > 1 and we assume periodic boundary
conditions. The corresponding Hamiltonian is given by

H =— > de, (3.173)
[RTISHN
dist(z,y)=1

where ¢! and ¢, are the creation and annihilation operators of a fermion at site x € A
which satisfy the canonical anticommutation relations {c,, ¢,} = 0 and {¢,, [} = 84,
Moreover, the corresponding Hilbert space H is the N-particle sector of fermionic Fock

space which has dimension D = (ﬁ; )
For I' C A we define

Nr:=> ces, (3.174)

zel

i.e., Nr is the number operator of the particles in the sublattice T'.
Let n > 0 and p := |I'|/|A|. We define the equilibrium subspace Heq,, as being the
range of the spectral projection

Pean = LN (u—n).N(utn) (Nr), (3.175)

i.e., Poqy projects to the subspace of H in which all states have a Born distribution
of Nr that has support in an Nn-neighborhood of the equilibrium value N p.
Similarly to Section for odd L the k-space K is given by

9 L—1yd
K= {fu ve {O,il,...,iT} } (3.176)

and for even L we set

o L Lyd
K= {fyue{(),il,...,i<§—l),§} } (3.177)

For k € K we define the creation operator

1 ik-x
al = 17 > el (3.178)

zEA
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and for k = (ky,...,ky) € KV the state
W) == a) af, ...af |Puc), (3.179)

where |®,,.) denotes the vaccum state in Fock space. Note that for & € KV the state
| W) is an eigenstate of the Hamiltonian H{" provided that k; # k; for all i # j; we
denote the set of such k € KV by ICQ . Moreover, note that for each k € ICQ all vectors
of the form k; = (krq1),...,krn)) € ICQ, where m € Sy with Sy the permutation
group on N elements, lead to the same eigenstate. In order to obtain an orthonormal
eigenbasis of ‘H we have to choose D elements from ICQ such that no two elements

. . ~N .
are permutations of each other. To this end let £ C /CQ be the set that contains
exactly one representative from each permutation class. Then the set

B = {[¥):kek"} (3.180)

is an orthonormal basis of H consisting of eigenvectors of H{Y.
Tasaki [134] showed that in one dimension this eigenbasis satisfies an ETH and we
proved that his proof generalizes to higher dimensions (Proposition 3 in [117]):

Proposition 3.40 (ETH for one eigenbasis of the free Fermi gas, any dimension d). Let
d>1, let T C A be an arbitrary sublattice, let 0 < n < 2u(1 — ), where p = |T|/|A],
and let Heqn and Poy, be defined as above. Then for every ¥y, € By,

712
| Pacan s[> < 2~ 70=0 ", (3.181)

2
i.e., Uy, € MATE, with e = 2¢~ %= . Moreover, if N < L/(2d) then the maximal
degeneracy Dy is at least 2V9.

Because of Proposition [3.35] it follows from Proposition that all eigenstates
2

of HY are in MATE with parameter at least 2V d+le~sm=m Y (provided that N <
L/(2d)) which is in general larger than 1 and therefore makes the statement useless.
But as there is one eigenbasis that satisfies the ETH, we can apply Theorem [3.3§]
which immediately results in the following corollary (Corollary 4 in [117]):

Corollary 3.41 (Thermalization of the perturbed free Fermi gas, any dimension d).
Let d > 1, let T',n, pt, Heqry and Preq, be as in Proposition and let H, be as in
Theorem [3.38. Let V' be a self-adjoint D x D matriz drawn randomly from a con-
tinuous distribution that is invariant under conjugation with all unitaries commuting
with HE. For A € R let H := HF + \V.

Then for all §,8',6" > 0 there exists a Ao > 0 such that for all A € (0, ), for
(1 — 0)-most perturbations V, (1 — &")-most 1y € S(H,) are such that for (1 —§")-
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most t € [0,00),

2

||Pne%771/}t||2 < 55/6”673#(17‘”1\[7 (3182)
i.e., ¥y € MATE, with e = 5305 exp(—n*N/(3u(1 — p))).

While Corollary shows that the free, non-relativistic Fermi gas in any dimen-
sion thermalizes under slightly perturbed dynamics, we were able to prove a stronger
result in one dimension. More precisely, in this case we were able to prove an ETH
(with thermal equilibrium defined by Heq,) for the unperturbed and unmodified
Hamiltonian Hf (Theorem 2 in [117]):

Theorem 3.42 (ETH for the free Fermi gas in 1d). Let d = 1, L prime, 46 < N < L/4
and n > w Moreover, let I' C A be an interval, let Heqy and Peq, be defined

as above and let ¢ € S(H) be an eigenstate of HEY. Then,

32In N
7N’

1 Pacqndll® < (3.183)

i.e., ¢ € MATE., with &' = ?)f]é—“NN

We remark that the technical condition that L is prime ensures that there are
only trivial degeneracies, i.e., that all degeneracies are due to changing signs of the
components in the k-vector corresponding to an eigenstate |Wy).

With the help of Proposition [3.34] we immediately obtain thermalization of the free,
non-relativistic Fermi gas in one dimension for every initial state:

Corollary 3.43 (Thermalization of the free Fermi gas in 1d). Let d = 1 and let L, N,
N, 1, Heqn and Pegy be as in Theorem|3.49 Let €,6 > 0 such that €6 > ?’Q%—HNN Then

for every vy € S(H) and (1 — &)-most t € [0,00), 1y = e~ )y is such that

| Pacqntiell® < e, (3.184)

i.e., 1y € MATE..

3.3.2. Strategy of Proof
A Collection of Motivating Results

The proof of Proposition [3.34], which shows that if a Hamiltonian H, satisfies ETH,s,
then every initial state spends (1 — §)-most of the time in MATE,, is basically the
same as the one of Theorem [1.34] where the additional assumption that Hj is non-
degenerate was made. The only difference lies in the step where (V| Pheq|tr) < €0 is
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shown; instead of working with pure states |n)(n| where |n) is an eigenstate of Hy,
we now have to use spectral projections to the eigenspaces of Hy.

Proposition [3.35 is proved with the help of the simple fact that if the diagonal
entries of a positive semi-definite D x D matrix M are all < ¢ for some ¢ > 0, then
|M|| < eD, and the bound is sharp as there exist M for which equality holds, see
Lemma 1 in [II7]. This result is then applied to the matrix I, P,eqIle where II. is
the projection to the eigenspace of Hy with eigenvalue e. Note that this matrix has,
by assumption, diagonal entries < € in the basis of the ¢;. A possible example which
shows that the bound is sharp is given by a D x D matrix Hy, where D = max{n, Dg},
which is diagonal in the basis of the ¢, whose first D diagonal entries are equal to
zero and all other diagonal entries are non-zero and pairwise distinct. Moreover, Ppeq
is defined as the matrix with all entries equal to 1/D.

Proposition [3.36] is a simple consequence of the following statement proved by
Reimann [107] with the help of Lévy’s Lemma: For uniformly distributed ¢ € S(H)
in a Hilbert space H of dimension D and every self-adjoint operator A on H (which
is not a multiple of the identity) it holds that

2
ce D) , (3.185)

P(l(olAle) — (a)/D] > £) < 2exp (-5
where C' = 2/97% and A4 > 0 denotes the difference between the largest and the
smallest eigenvalue of A. Applying this inequality to the case that H = H., D = D,
and A = Il P,eqll. and making use of the assumption that there is an eigenbasis that
satisfies the ETH proves the claim.

The proof of Lemma |3.37| consists of three steps. In the first step we show that the
set of Hermitian n x n matrices with degenerate eigenvalues and the set of Hermitian
n X n matrices with distinct eigenvalues but degenerate gaps can be written as a zero
set of a polynomial in the matrix entries. This is the content of Lemma 4 in [I17]. The
first claim follows immediately from the fact that a matrix has degenerate eigenvalues
if and only if its discriminant vanishes and the discriminant can be written as a
polynomial in the matrix entries, see, e.g., Lemma 1 in [98]. The second claim is
proved by an adaption of the proof of Lemma 1 in [98] to the case of gaps. The
idea is to show that a Hermitian matrix A with distinct eigenvalues \q,...,\, has
degenerate gaps if and only if det V = 0 where V is the Vandermonde matriz,

1 2y 22 ... 2M!
1 @y a2 ... 2t

~ ~ 2 M-1

V=V(ry,...,zn) = L ws a3 ... 3 , (3.186)
1 oay 23, ... af?

where M :=n(n — 1) and 1 := A\j — Ag, T == Ay — A3, .., Tp1 = AL — Ay, Ty i=
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A2 — A, Tpa1 = Ay — A3y, 2y = Ay, — A—1. Then one shows that the entries of
B := V"V can be written as a sum over traces of powers of A and as det B = (det V)2
the claim follows.

The second step is to show that if there is a A > 0 such that H = Hy+ AV has non-
degenerate eigenvalues and eigenvalue gaps, then there is a A\g > 0 such that the same
is true for every A € (0, \g). This is the content of Lemma 5 in [I17]. For its proof
note that by the previous result, there is a polynomial in A such that its zeros are the
matrices with degenerate eigenvalues. By assumption it does not vanish identically
and therefore has only finitely many zeros. From this we can conclude the existence
of a 5\0 such that Hy+ AV has non-degenerate eigenvalues for all A € (0, 5\0). A similar
argument shows that the same holds true if “degenerate eigenvalues” is replaced by
“degenerate gaps (but non-degenerate eigenvalues)” which proves Lemma 5 in [117].
Note that we also give an alternative proof of the eigenvalue statement in Lemma 5
using arguments from (algebraic) geometry from [41] in Footnote 7 in [117].

In the last step we fix A= 1, choose a V' such that H = Hy+ V has non-degenerate
eigenvalues and eigenvalue gaps and apply Lemma 5 from [117]. As the Hamiltonian

H has with probability 1 non-degenerate eigenvalues and eigenvalue gaps, see, e.g.,
Appendix A in [I38], the claim of Lemma follows.

Thermalization for General Hamiltonians

The first step in the proof of Theorem [3.38]is to show the following identity:

lim By lim By, — ! / (11| Paeg| ) d Zd Ey, [(Ve| Pyltbe) (Ve| Paeq|¥e)] -
(3.187)

Here, d,, = dim H,, e are the eigenvalues of the Hamiltonian Hy, d, is the dimension of
the eigenspace H, of Hy corresponding to the eigenvalue e, and the . are uniformly
distributed over S(H.).

We first take the limit 7' — oo and then average over vy € S(H,) (the two opera-
tions can be interchanged by dominated convergence); this yields

1 7 1 &
Eonlg{gj/ (11| Preq|tbr) dt = d—z MNP, 15 (X)) (105 ()| Paeqlthj (A)),  (3.188)

12 ]:1
where D = dimH, 1;(A) is an eigenvector of H = Hy + AV and where V' is chosen
such that for small A the Hamiltonian H is non-degenerate. The eigenfunctions v, ()
(with suitable phases) converge for A — 0 to an eigenbasis of Hy, see, e.g., [103]
Chapter XII, Problem 17]. To which one they converge depends on the perturbation
V. After taking the limit A — 0 in (3.188)), we end up with the same expression
with the ¢;(\) replaced by the eigenvectors of some eigenbasis of Hy. Then we take
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the average over the perturbation V' and make use of the fact that its distribution is
invariant under conjugation with all unitaries commuting with Hy to finally obtain
with the averages over the spheres of the eigenspaces H.. Note that again the
limit A — 0 and the average [Ey, can be interchanged using dominated convergence.
The averages in can be evaluated with the help of the Lemma and
together with the fact that one eigenbasis satisfies the ETH we can estimate

T
lim By Jim E,, /O (| Pacaltr) dt < 2. (3.189)
Thus for A small enough, the right-hand side of without the limit A — 0 is
bounded by 3e. Then the claim follows by basically applying Markov’s inequality
three times.

Corollary is an almost immediate consequence of Theorem [3.38} by set-
ting P, = |¢o) (| in Theorem we find that for every ¢y € S(H) there is a
Ao > 0 such that for all A € (0,\p) and most perturbations, the initial state ther-
malizes under the slightly perturbed dynamics. In order to get the existence of a
Ao > 0 that works for all ¢y € S(H), we make use of the continuous dependency of
Ey limg_ o % f0T<'l7Z)t|Pneq|1/)t> dt on X\ and v as well as the compactness of S(H).

Thermalization of the Free Fermi Gas

The proof of Proposition is almost the same as the one given by Tasaki [134] (in
an earlier arXiv version) in one dimension, see also Lemma , where multiple sub-
chains are considered simultaneously. The differences are that here we only consider
one sublattice I' (which is precisely what Tasaki [134] did in his first version of his
article and which simplifies the proof), that in the definition of the operators bz from
, V'L has to be replaced by L%? and the scalar multiplication kz becomes the
scalar product of two vectors, namely & - x. For the second claim in Proposition
observe that the condition that N < L/(2d) ensures that there is a k € K" such that
all k' € K" that differ from k only by a permutation of the N elements and by signs
in the Nd components lead to different eigenstates with the same eigenvalue.

For the proof of Theorem [3.42] several propositions are necessary. The basic idea
is to compute the expectation and variance of N in an arbitrary eigenstate of HE"
and then to use Chebyshev’s inequality. As a preparation, we first compute the
expectation and variance of N in eigenstates Wy, of H{Y:

Proposition 3.44 (Expectation and variance of Np in eigenstates Wy). Let d > 1,
' CA, letk K € K" and z € T. Then

]

(Wp|Np|Wy) = NW’

(3.190)
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r r
(We NE[WL) — (g Np|Wg))? < N;A’| (1 — ||A|\) (3.191)
Moreover,
1
(Tilche,|Up) = e Womr=hi)e (3.192)

if k; is the only component of k' which does not appear in k and 6 € Sy is the
permutation such that ké—l(m) = ky, for all m # 1. In particular, if exactly one

component of k' does not appear in k, then

r
(I Ne ) < 1 (5.199)

If more than one component of k' does not appear in k, then
(Ui|Nrp|¥) = 0. (3.194)

Note that Proposition is a combination of Proposition 6 and Proposition 8
from [117]. An important ingredient for the proof of Proposition is the following
lemma (see Lemma 6 in [117]):

Lemma 3.45. Let d > 1, zy,...,2nx € {1,...,L}, and let k € K~ such that there

exists a permutation T € Sy with T(k) := (krqy, ..., kxvy) € K. Then,

N

(Pyac|Cay - - cmlaz1 . .aLN\CI)VM) = TN Z sgn(o) H ek o), (3.195)

oESN 7=1

This well-known formula is, e.g., stated in Appendix C in [I34] in the case that
d =1 and it can be easily proved via induction.
With the help of Lemma one finds for z € I' that

N N .
<\I[k|c Co|Wrr) LNd E sgn(o E *1<l)_k1)'wH g o =1 gy “Rm)2m |
€SN =1 m=1 \zmcA

m#l

(3.196)

Because of Zye A eiz=2y = Ld(Sz’Z, for z,2/ € K we immediately see that
is equal to zero if k and k' differ in more than one component. If & = k' then
only the permutation ¢ = id yields a non-vanishing contribution and we find that
(Ug|che| W) = N/LY. If k and k' differ in exactly one component and k| is the
component of k' which does not appear in k, the only non-vanishing contribution in
(13.196)) comes from the permutation & € Sy such that k(’}_l(m) = k, for all m # [ and
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in this case we get (Wy|cle,|Wy) = sgn(6)e' "=t~ )% /14 From these observations
we immediately obtain the claims in Proposition concerning (Vx| Np|Wy).

In order to compute the variance of Nr in an eigenstate ¥, we have to evaluate

(URINZWR) = ) (hleleachc,|Us). (3.197)

z,yel

We have already seen that (Uy|(clc,)?| W) = (Ug|clc,|¥,) = N/L? and therefore can
restrict our considerations to the case that x # y. Again with the help of Lemma[3.45
we obtain

<\I/k|clcch cy| Vi)

N N
LNd § Sgn § i(k PO kl)'xel o=l(m)™ km) H E —l(n)_kn)'xn .
oESN lln;z 1 7;51 TnEN
m m

(3.198)

From (3.198) we see that the only permutations that contribute are the identity and
transpositions. After carefully collecting all the contributing terms we arrive at

N<N - x Z
(Wi|clepche,|Wy) = T de Z Re (e'thrha)weiltha=hy)v) (3.199)
ppq<q1

Putting everything together we find that

2
) I P2 Ghpha)z
(U, N2|W,) = NW + N(N — 1)|A|2 “TAP > D et (3.200a)
p,q=1 |zl
p<q
r r?
< N% + N(N —1) ||A||2. (3.200b)

From this and (V| Np|¥,) = N|T'|/|A| the bound in Proposition for the variance
follows immediately.

The next step in the proof of Theorem [3.42] is to compute the expectation and
variance of N in an arbitrary eigenstate of H{'. Note that while Proposition is
valid in any dimension, for arbitrary eigenstates we were only able to show bounds in
one dimension. Note that if L is prime, then all degeneracies of the eigenvalues of HF
in one dimension are trivial, i.e., only due to changing the signs of the components k;,
see the proof of Theorem 3.2. in [134]. We collect the results for arbitrary eigenstates
in the following proposition which is a combination of Proposition 5 and Proposition 7
from [117]:
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Proposition 3.46 (Expectation and variance of Nt in arbitrary eigenstates). Let d = 1
and let k = (ki,...,ky) € I~CN. Let B, = —2 Zf\il cosk; be the corresponding
eigenvalue and Hg, = span{¥ : K, = *k; for all j} the corresponding eigenspace.
Let ' C A be an interval and let ¢ € S(Hg,). Then

‘<¢!Nr!¢> —N% <InN +1, (3.201)
(0| N2|¢) — ((¢|Np|$))> <ANInN + 13N +3(InN)?+13In N +10  (3.202)
snm, (3.203)

The assumption that I' is an interval is just technical and there is no loss of gen-
erality in assuming that I' = {1,...,|T|} as the Hamiltonian H{" is invariant under
cyclic permutations of the chain A.

We first discuss the proof of ([3.201]) concerning the expectation (¢|Nr|¢). Without
loss of generality we assume that there are no components k;, k,,, such that k;, = —k,,
and that 0 < k; < m for all j (all other cases lead to less terms and therefore

smaller upper bounds). We can express |¢) in the basis of the eigenfunctions Wy,
with k7 = +k; for all 7, i.e.,

¢) =Y aw|Wy), (3.204)

where oy = (Vs|¢). Then we find that

T

r
(@INrlér = ‘ | +2 2 cbaw(Uplcle W) (3.205a)
=1 k’;ﬁk"
0 N ety k(1)
- Nm + ERe Z 1 — e—2ik; Z Xk =—k)k) =k} I#5} Qo Ok |
7=1 KoK >0

(3.205b)

where the computation for the second line makes use of Proposition [3.44 The sum
over k' can be bounded by 1 with the help of the Cauchy-Schwarz inequality. If
—2k; € [—m, 7], we have that |1 —e~*i| > 8, /L and if —2k; < —, then |1 —e?*i| >
4(1 —2v;/L), where v; € {1,...,(L —1)/2}. With this we obtain

T

N
Z Z ak,ak"<‘1’k'|0 Cx|‘1’k" < %Z _ o—2ik;

x=1 k'£k"

<InN+1, (3.206)

uMz
Q|+—l
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which implies ((3.201]).

For the proof of (3.203) we can again assume that there are no ki, k,, such that
ki = =k, and 0 < k; < w for all j. As we already have a bound for (¢|Nrp|¢), it

remains to compute (¢|NZ|@) which can be written as

¢|NF|¢ Z |Ozk/ \I/k’|N1"|\I[k’ —|—Z Z ak/ak” \I/k/’C C$|\I/k//>

xel k'#k"
+ Z Z Oék/a/k// \lfk/|C CJCC Cy|\Ifk//> (3207)
x,yel’ k' £k
TH#Y

For the first sum we can use the bound for (¥;/|N2|¥./) from above as well as the
fact that the |ag|* sum up to 1; this gives N2|T'|?/|A|* plus terms of order N. The
second sum can be bounded as above yielding a term of the order In N. Concerning
the third sum we first note that we have for x # y and k" £ k" that

<\Ijk;’ |CLCICLCy|\Ika>

N
1 ~kp)a ik, k) T
— _ Y (k! _y ky)zn
E— Sgn e l(l) 0 L(m) "™ e o t(n) .
v 2 Z 11>

oESN I,m=1 n=1 TnEA
l;ém n;‘élvm

(3.208)

It follows that only those k' and &” which differ in one or two components give a
non-vanishing contribution. We first consider the case that k&’ and k" differ in exactly
one component. Then only the identity and transpositions lead to non-zero terms in
and after carefully collecting all of them (and considering k7 > 0 and k; < 0

separately) we obtain

Z Z oz}:,ozku<\I/k/|clcmczcy|\llku>

z,yel’ k' k"differ
in 1 component

9 Il N
—2ik;x —2ik; *
= ERG E E {(N — 1) (6 T +te Jy) E X{k;/:_k;;kzlzkzyl;gj}oék/aku
z,y=1 j=1 k’:k§->0

N

E i(—kj—kp)x Ji(kp—Fk; i(kp—k; —kj—kp) § *
— (6( i—kp) e (kp—F;)y + 6( P ) ») X{k” fk;;kz’:kz,l;éj}ak/ak”

=1 k’ K k>0

PF]

N
_ E (ei(_kj‘f'kp)xei( kj)y + 6( p—k;)z ei(_kj"’kp)y)

p=1

P#j

146



3.3. Macroscopic Thermalization for Highly Degenerate Hamiltonians

XD X{’f;-’——k;-;ki’—ki,l#}azf%”}>- (3.209)

k' K/ >0,k),<0

Note that we sum here over all x,y € I" and not only over x # y to facilitate the
computation. By similar calculations as are needed to evaluate the sums in
one can show that the error we make by summing over all z,y € I' instead of = # y
is of order In N. The first step to evaluate is to perform the summation over
x and y. Moreover, as before, the absolute value of the sums over k' can be upper
bounded by 1. With estimates similar to the ones we used for evaluating (¢|Nr|¢)
we find that

I N
% Z Z<N —1) (e—2ik]’x + 6—2@'kjy) < MGDN +1). (3.210)

z,y=1 j=1
The remaining terms in can be upper bounded by terms of order N. Roughly
speaking, the reason for this is that, due to the products of two exponential functions
(one with = and one with y and both with different components of k) in the other
terms, after performing the sums over x and y and estimating similarly as in
we end up with terms of the form Z;.\fp L 1/p* < 2N where we used that Y 22 n=? =

/6 < 2.

If k" and k” differ in two components, all terms appearing in the analogue of
are products of an exponential function with = and one with y°| Some of these
exponentials contain sums or differences of components of k£ as in the third and fourth
line in and the corresponding sums can again be upper bounded by terms of
order N. If the products, however, are of the form e~*i*e=#»¥ the sums over j and p
can be evaluated as in independently leading to a bound of order (In V)2

Putting everything together we arrive at

2
(0| NE[) < N2%+2NlnN+O(N). (3.211)

By making use of the identity a® — b* = (a — b)(a + b) for a,b € R we obtain from

(3-201) that

2
(¢|Nr|o)? > N2% —2NInN + O(N) (3.212)
which finally gives that
(8|N2|6) — ($|Np|9)? < ANIn N + O(N). (3.213)

29We remark that the terms with 2 = y vanish in this case, so we make no error by summing over
all  and y instead of only over x # y.
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One can show that if NV > 46 then the terms now hidden in O(N) can be bounded
by 4N In N which then gives .

After having shown Proposition [3.46] the proof of Theorem basically reduces
to an application of Chebyshev’s inequality.

3.3.3. Discussion
Thermalization for General Hamiltonians

We have seen that in general if a Hamiltonian satisfies the ETH (i.e., all eigenvetors
are in MATE), then every initial state thermalizes in the sense that it approaches
MATE, see Proposition [3.34] If there is, however, only one eigenbasis of the Hamil-
tonian which satisfies the ETH and the Hamiltonian is highly degenerate, we cannot
conclude that every eigenbasis fulfills the ETH; this is the content of Proposition [3.35]
To overcome this difficulty, we propose to add a small random perturbation to the
Hamiltonian which lifts the degeneracies with probability 1, see Lemma [3.37 We
could then show in Theorem that if one eigenbasis of the unperturbed Hamilto-
nian satisfies the ETH, then most initial states 1) € S(H, ), where H,, is an arbitrary
macro space, thermalize under a (typical) slightly perturbed dynamics. Moreover,
every initial state thermalizes under most small perturbations, see Corollary [3.39
The assumption on the random perturbation V' in Theorem [3.38] is that it follows
a continuous distribution that is invariant under conjugation with all unitaries com-
muting with the unperturbed Hamiltonian H,. This is the mathematically minimal
assumption under which we can prove the thermalization statement in Theorem |3.38|
One relevant example that fulfills this assumption is given by the Gaussian unitary
ensemble (GUE). Such random perturbations contain super-long-range super-multi-
body interactions and therefore they might seem physically unrealistic. We are, how-
ever, concerned with very weak perturbations and we argue that in this situation
these interactions might not be this physically unrealistic after all: no system is com-
pletely isolated and a weak interaction with an environment (e.g., a gas of photons)
may be expected to have a similar effect as such a very weak perturbation of Hom
While adding a small random perturbation lifts the degeneracies of the unperturbed
Hamiltonian Hy, we expect that if Hy possesses one eigenbasis which satisfies the ETH
but not every eigen-ONB fulfills it, the small random perturbation will not make the
ETH come true (for all eigenbases): For sufficiently small A the eigen-ONB (with
suitable phases) of H = Hy + AV is arbitrarily close to an eigen-ONB of Hj that
is, in each eigenspace H. of Hy, uniformly distributed among the ONBs of H,. and
we conjecture that a random ONB of some H, violates the ETH. More precisely, we

30Note that in the whole thesis we are concerned with the thermalization of closed quantum systems
as being open is not necessary for it. However, for the justification of adding a small generic
perturbation to the Hamiltonian, it becomes relevant that closed quantum systems are only an
idealization that never occur in practice as no system is completely isolated from its environment.
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argue that it follows from the fact that typical unit vectors from S(H.) are in MATE
if D, = dim H, is large, see Proposition that for large D, the ETH is satisfied.
Moreover, Proposition [3.35 shows that the ETH is satisfied if D, is sufficiently small.
However, there is a critical regime of intermediate D. in which we do not know
whether the ETH is fulfilled and as the proof of Proposition suggests, for the
free Fermi gas with d > 1 there are potentially eigenspaces that fall within this regime,
see Section 3.3. in [I17] for the details.

We remark that if AV is not small, the situation is different, e.g., if A =1 and V is
a GUE matrix, then H = Hy + V is a deformed Wigner matriz and it follows from
Theorem 2.7 in [19] that H satisfies a version of ETH.

If not every eigenfunction of H is in MATE, then there are initial states 1y that do
not thermalize (take, e.g., ¥y to be an eigenfunction of H that is not in MATE). A
statement concerning the thermalization of most initial states ¢y € S(#H), however,
would not be of much interest as most initial states are in thermal equilibrium anyway,
see Theorem [I.31] Therefore we want to consider initial states from “non-equilibrium”
subspaces and by taking H, in Theorem [3.38to be such a subspace, this theorem tells
us that for small typical perturbations most initial states from the non-equilibrium
subspace approach MATE and stay there for most of the time. If we consider a
fixed initial state 1)y € S(H), we obtain that most perturbations V' are such that 1)
thermalizes, see Corollary [3.39] However, if we want to consider the Hamiltonian
and therefore also V' as fixed (as one usually does), then not every initial state g
thermalizes. Note further that our results do not give us estimates on thermalization
times, i.e., on the time scales on which non-equilibrium initial states reach thermal
equilibrium.

In general, proving a property for most Hamiltonians with respect to a probability
distribution does not show that a particular Hamiltonian that we want to study
also has this property. For a random Hamiltonian we can make the model more
realistic by choosing the distribution narrower, e.g., we can choose it to be supported
closely around some Hamiltonian which we believe is close to the true one or we
can condition the distribution on properties that the true Hamiltonian has. Our
model (deterministic Hamiltonian plus small random perturbation) can be seen as a
combination of a (deterministic) model Hamiltonian Hy and a random Hamiltonian.

Thermalization of the Free Fermi Gas

As an application of Theorem we considered the free, non-relativistic Fermi gas
of N particles in arbitrary dimensions. Following Shiraishi and Tasaki [123] (and
later Tasaki [134) 133]), we defined the thermal equilibrium subspace Heq,, to consist
of the states for which the number of particles in a sublattice I' C A lies within a
small tolerance 1 > 0 of the equilibrium value N|I'|/L. This highly simplified model
of thermal equilibrium can be made somewhat more realistic by not only considering
one sublattice I but multiple sublattices I'; C A simultaneously and by requiring that
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the number of particles in each sublattice I'; lies within a suitable tolerance of the
equilibrium value N|T;|/L. In fact, Tasaki [134] 133] considered the one-dimensional
case, partitioned the lattice into subintervals I'; and defined thermal equilibrium in
terms of the the number of particles in the I'; as just discussed. Note also that as
soon as it is shown that for a wave function ¢ € S(H) the quantity || Pueq@||* is small,
where thermal equilibrium is only defined in terms of the number of particles in one
sublattice I', it follows that also ||1:-/’nquzﬁ||2 is small, where Pneq projects to the subspace
of ‘H in which the numbers of particles in a not too large number of sublattices I'; are
close to their equilibrium values, see also Remark 1 in [117].

Tasaki [134] showed in one dimension that the eigenfunctions ¥y of HE defined in
(13.179) satisfy an ETH, more precisely, they are in MATE with parameter exponen-
tially small in N, and we showed that the proof carries over to arbitrary dimensions,
see Proposition m Due to the high degeneracy of the Hamiltonian HEF (which is at
least 24 if N < L/(2d)) the ETH for one eigenbasis does not imply thermalization;
this is a consequence of Proposition [3.35] However, as there is an eigenbasis that sat-
isfies the ETH, we can apply Theorem [3.3§ and obtain for typical small perturbations
that most initial states from any subspace approach MATE and stay there for most
of the time, see Corollary [3.41]

In one dimension we were able to prove a stronger result: We showed in Theo-
rem that every eigenstate of the unperturbed Hamiltonian HE' is in MATE with
parameter of order In N/N. Then it follows immediately from Proposition @ that
every initial state thermalizes (under the unperturbed dynamics), see Corollary [3.43]
Note that the proof of Theorem [3.42f makes heavy use of the structure of the de-
generacies of H{ in one dimension and we were not able to prove an ETH for the
unperturbed Hamiltonian in higher dimensions.

We remark that in the classical case, i.e., for the classical free gas of N particles, the
situation is different as it obviously does not thermalize for all initial data. However,
in the classical setting, thermalization of the free (unperturbed) gas in any dimension
can be proved for most initial data, see [10, [I1 24] for the corresponding results,
where also estimates on the thermalization time are given.

Our main motivation for proving Theorem [3.38 was to show thermalization of the
free Fermi gas in arbitrary dimension. For this model we were able to prove that
there is an eigenbasis that satisfies the ETH but we could not show the ETH for
all eigenbases. Shortly after our paper appeared as a preprint, Tasaki [135] applied
Theorem to the Ising model in two dimensions below the critical temperature.
He defined thermal equilibrium by requiring that the macroscopic magnetization is
close to its microcanonical expectation value. For this system he showed that there
is an eigenbasis that satisfies the ETH but not every eigenbasis does so. Tasaki [135]
then proved with the help of Theorem that every initial state from a given highly
degenerate eigenspace of the Hamiltonian thermalizes under typical slightly perturbed
dynamics.
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Macroscopic Hilbert Subspace

Stefan Teufel* Roderich Tumulka! Cornelia Vogelt

Abstract

We consider a macroscopic quantum system with unitarily evolving pure
state ¢; € ‘H and take it for granted that different macro states correspond to
mutually orthogonal, high-dimensional subspaces H, (macro spaces) of H. Let
P, denote the projection to H,. We prove two facts about the evolution of the
superposition weights || P, ||?: First, given any T > 0, for most initial states
o from any particular macro space H,, (possibly far from thermal equilibrium),
the curve t + || P,v|? is approximately the same (i.e., nearly independent of
1) on the time interval [0,7]. And second, for most v from H, and most
t €[0,00), || P,4]|? is close to a value M, that is independent of both ¢ and ty.
The first is an instance of the phenomenon of dynamical typicality observed by
Bartsch, Gemmer, and Reimann, and the second modifies, extends, and in a
way simplifies the concept, introduced by von Neumann, now known as normal
typicality.

Key words: von Neumann’s quantum ergodic theorem; eigenstate thermal-

ization hypothesis; macroscopic quantum system; dynamical typicality; long-
time behavior.

1 Introduction

The approach of studying thermalization through the analysis of closed quantum
systems with huge numbers of degrees of freedom has led, among other things, to the
eigenstate thermalization hypothesis (ETH) [4, 27, 6], to the discovery of canonical
typicality [5, 18, 12], and more recently to the discovery of dynamical typicality [1,
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2, 16, 21, 22, 23|, which is the fact that most pure states ¢ with a given quantum
expectation value ()| Aly) of a macroscopic observable A also have nearly the same
(| By for any other observable B (and likewise also nearly the same (| B|iy)).
Here, we provide a very simple proof of an important special case of this statement,
namely for A a projection and (1| A|¢)) = 1. Put differently, we show that most ¢ from
a macroscopically large subspace of Hilbert space have almost the same expectation
values of bounded observables.

Our second result concerns the long-time behavior of (1| B|¢;) under the unitary
evolution 1y = exp(—iHt)yy (taking i = 1) and extends previous results of Reimann
and Gemmer [23] as well as von Neumann’s [17] result now known as normal typi-
cality [10, 13]. In particular, our result avoids certain unrealistic assumptions of von
Neumann’s.

As usual for the description of macroscopic closed quantum systems, we re-
strict our consideration to a micro-canonical energy interval [E — AE, E] that is
small in macroscopic units but large enough to contain very many eigenvalues of
the Hamiltonian H; for a system of N particles, relevant intervals contain of order
exp(NN) eigenvalues. Let H be the corresponding spectral subspace, i.e., the range
of 1jg_ap,g(H), or energy shell, and let S(H) = {¢» € H : [|¢| = 1} denote the
unit sphere and D := dim’H < oo. Following von Neumann [17], we assume that
different macro states v of the system correspond to mutually orthogonal subspaces
H, (macro spaces) of H such that

H=EPH.. (1)

Different vectors in the same H, are regarded as “looking macroscopically equal”. For
example, the “macroscopic look” could be defined in terms of mutually commuting
self-adjoint operators M, ..., My regarded as the “macroscopic observables” [17];
then #, are the joint eigenspaces and v = (my,...,mg) is the corresponding list
of eigenvalues. Let P, denote the projection onto H,. Although some macro spaces
will have much larger dimensions d, := dim H, than others, all d, will be very large,
roughly comparable to exp(N).

In this setting, it is natural to consider initial states 1y from a certain macro space
and ask about the time evolution of the macroscopic superposition weights || P,y ||*.
We present two general, theoretical findings about these weights that mainly arise
just from the hugeness of the d,’s. The first finding (dynamical typicality) is that the
curve given by || P> as a function of ¢ is nearly 1y-independent once we fix the
macro state of 1y. In other words, if ¢ is purely random in #,,, then the superposition
weights are nearly deterministic. The second finding (generalized normal typicality)
is that in the long run, as t — oo, ||P,1||? is nearly constant, meaning it is close
for most ¢ € [0,00) to a t-independent and p-independent value, once we fix the
macro state of ¢. This does not mean that || P,v¢||* converges as t — oo (it does
not), but that the time periods in which || P,v||* is far from that value tend to be
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short compared to the time intervals separating these periods. One can say that the
| P,¢||* equilibrate in the long run; however, this equilibration does not correspond
to thermal equilibrium in the sense of thermodynamics; rather, thermal equilibrium
at time ¢ would correspond to || P,vy||* = 1 for one particular v (the macro state of
thermal equilibrium, H, = Heq) and ||P,¢y||* ~ 0 for all other v’s. We therefore
speak of normal equilibrium when || P> assumes its long-term value for all v.

Our results are typicality statements, i.e., they concern the way most 1y behave,
notwithstanding the existence of few exceptional 1)y that behave differently. However,
a statement about most 1y in S(H) would be of limited interest because it could be
violated by every system outside of thermal equilibrium, as usually most 1 in S(H)
are in thermal equilibrium (meaning they are close to Heq) [11]. Instead, we make
more specific statements: we allow an arbitrary initial macro space H,,, possibly far
from thermal equilibrium, and make statements about most ¢y in S(#,,). Such state-
ments are also naturally of interest when we ask about the increase of the quantum
Boltzmann entropy observable [14]

S=> Sw)P,, (2)

where

S(V) = kB log du (3)

is the quantum Boltzmann entropy of the macro state v, and kg is the Boltzmann
constant. Note that a quantum system can be in a superposition of different macro
states and thus also in a superposition of different entropy values.

In Section 2, we formulate our theorem about dynamical typicality and compare
it to related results in the literature. In Section 3, the same for generalized normal
typicality. In Section 4, we prove our result on dynamical typicality. In Section 5, we
formulate further variants of our results. In Section 6, conclusions for realistic sizes of
d, are discussed. In Section 7, we outline the proof of generalized normal typicality.
In Section 8, we collect the remaining proofs. In Section 9, we conclude.

2 Dynamical Typicality

2.1 Mathematical Description

For formulating theorems, we introduce the following terminology. Suppose that for
each ¢ € S(#H,), the statement s(¢) is either true or false, and let ¢ > 0. We say
that s(1) is true for (1 — ¢)-most ¢ € S(H,,) if and only if

u, ({0 € S(H,) = s()}) > 1~ (4)
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where v, is the normalized uniform measure over S(#,). Similarly, given 7" > 0 and
d > 0, we say that a statement s(t) is true for (1 — d)-most t € [0, 7] if and only if

L{te01]: st} >1-4, (5)

where |S| means the length of the set S C R; and that s(¢) is true for (1 — §)-most
t € [0,00) if and only if the lim inf of the left-hand side of (5) as ' — oo is > 1 — 4.
The first finding we mentioned can be expressed as follows.

Theorem 1 (Dynamical typicality). Let p, v be arbitrary macro states. There is a
function w,, : R — [0,1] such that for everyt € R and every ¢ > 0, for (1 —¢)-most

o € S(Hy), '

Ved,

Moreover, for every p, v, every T > 0, and (1 — ¢)-most 1y € S(H,,),

1P =, (8)] < (6)

e 2 2 1

I

That is, if d,, > 1/e, then for any ¢ and purely random ¢y from H,,, the random
value || P,y||* is very probably close to the non-random value w,,,(t). The latter can
in fact be taken to be the average of || P,1||* over ¢ € S(H,,), which is

W (t) = di te P, exp(iH1) P, exp(—iH1)] (8)

Likewise, the whole curve of ||P,1%||? as a function of ¢ € [0,7T] is very probably
close, in the L? norm, to w,,(t) as a function of ¢. (Smallness of the L? norm implies
further that ||| P,¢]|* — wy,(t)| is small for most ¢; however, this statement, which is
equivalent to saying that the expression is small for most pairs (¢, v) € [0, 7] xS(H,.),
follows already from (6); note that the quantifiers “most t” and “most ¢)y” commute.
Moreover, it also follows from (7) by letting 7" — oo that the long-time average of
| Pe|® — wW(t)‘2 is small, but this statement is actually weaker than for finite T’
and it will be superseded below by a more specific statement in our second result,
generalized normal typicality.) A more general statement for arbitrary operators B
instead of P, and a tighter error bound is formulated in Section 5.

As a further remark, we observe that another quantity is also deterministic for
purely random ¢ from S(#,): not only is the probability ||P,i:|* associated with
‘H, at time t nearly deterministic, but also the probability current between H, and

Hz/a

Jl/u’ =1 (<¢t‘PVHPV”wt> - <wt‘PI/HPI/|wt>) =2Im <wt’PVHPZ/’|wt> . (9)
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This quantity expresses the amount of probability passing, per unit time, from v/ to
v minus that from v to v/; it satisfies a discrete version of the continuity equation,
Viz.,

Ol Pabe||* = Z o (10)

In Section 8.2 we will show that the probability current between two macro spaces is
deterministic.

2.2 Previous Results about Dynamical Typicality

Bartsch and Gemmer [2] introduced the name “dynamical typicality” for the following
closely related phenomenon: Given an observable A and a € R, there is a function
a(t) such that for every ¢t € R and most ¢y € S(H) with (10| A|vo) = a, (Y| A|Yr) =
a(t). Miiller, Gross, and Eisert [16] proved a rigorous version of this fact that also
implies that for every operator B whose operator norm (largest absolute eigenvalue
or singular value) is not too large, there is a value b such that for most ¢y € S(H)
with (0| Alte) =~ a, (| Blpo) =~ b. As Reimann [22] pointed out, this also implies
that for every ¢ € R and most ¢y € S(H) with (1| A|vo) =~ a, (Y| Bl:) ~ b(t) for
suitable b(t). Setting A = P,, a = 1, and B = P,, this yields that for every t € R
and most Yy € S(H,), (V| P,y = ||P,¢x|* is nearly deterministic. For technical
reasons, the proofs of Miiller, Gross, and Eisert [16] and Reimann [22] do not actually
cover the case that A is a projection and a = 1. As was pointed out to us by one of
the referees of our paper, Balz et al. [1] provide a general result that covers Theorem 1
as a special case. Although our proof strategy is similar to the one in [1], we decided
to present our proof in this paper, because it is very simple and transparent and
could help to make the at first sight striking phenomenon of dynamical typicality a
text book result. Theorem 1 can also be obtained through a proof strategy used by
Reimann and Gemmer [23].

A further related result is given by Strasberg et al. [28], who consider repeated
measurements at 0 < t; <ty < ... <t. < T of all P,’s and argue that the probability
distribution of the outcomes is essentially indistinguishable from the joint distribu-
tion of X;,,..., X, for a suitable Markov process X; on the set of v’s. This includes
the claim that omitting one of the measurements does not significantly alter the dis-
tribution of the other outcomes, so the distribution of X; should agree with || B,v||?,
which is in line with our result.
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3 Generalized Normal Typicality

3.1 Motivation

It is well known that for most ¢ € S(H),

1Pol* ~ = (11)
provided that d, and D := dim # are large [10]. Under the additional condition that
relative to a fixed decomposition (1) into macro spaces the eigenbasis of H is chosen
purely randomly among all orthonormal bases (and some further technical conditions
that are not very restrictive), (11) holds also for the eigenstates of H, and it can be
shown that every 1y € S(H) evolves so that for most times ¢,

dl/
D
This fact is known as normal typicality [17, 10, 13, 20].

The assumption of a purely random eigenbasis can be regarded as expressing
that the energy eigenbasis is unrelated to the orthogonal decomposition (1). In most
realistic systems, however, the energy eigenbasis and the macro decomposition (1) are
not unrelated. If they were unrelated, then the system would very rapidly go from
any macro space #, directly to the thermal equilibrium macro space Heq (2 macro
space containing most dimensions of H, deq/D =~ 1) [7, 9, 8]. But that does not
happen in most systems because thermal equilibrium requires that energy (and other
quantities) is rather evenly distributed over all degrees of freedom, and for getting
evenly distributed, it needs to get transported through space, which usually requires
time and passage through other macro states, cf. Figure 1.

That is why we are interested in generalizations of normal typicality that apply
also to Hamiltonians whose eigenbasis is not unrelated to H,. For such H, eigen-
vectors ¢ must be expected to have superposition weights ||P,¢||* not always near
d,/D. Our result actually applies to all Hamiltonians, at the expense that it does
not apply to all initial quantum states 1)y. As noted already, a statement about most
1y € S(H) would be limited to systems starting out in thermal equilibrium. Our
result states that for any macro state p, most ¢y € S(H,) evolve so that for most
times ¢

o &

1Pa]|* = (12)

HPthH2 ~ M;w; (13)

provided that d, is large. See Theorem 2 for the precise quantitative statement and
the definition of M,,. The proof (see Section 8) builds particularly on techniques
developed by Short and Farrelly [24, 25], but is also related to a series of works on
quantum equilibration (e.g., [19, 15]) in which the long-time behavior of (¢y|B|vy) is
studied under various assumptions on B and ).
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Figure 1: Example of time evolution of superposition weights ||P,1||?, here in a
Hilbert space of dimension D = 2222 decomposed into 4 macro spaces of dimensions
d; = 2 (green curve), do = 20 (red curve), ds = 200 (blue curve), and dy = 2000
(purple curve). The four curves add up to 1 at each ¢t. At large ¢, the equilibrium
subspace H, has the biggest contribution. 1y was chosen purely randomly from
S(Hs) (i.e., p = 2, so the red curve starts at 1, all others at 0). The Hamiltonian is
a random band matrix (i.e., only entries sufficiently close to the main diagonal are
significantly nonzero) in a basis aligned with the macro spaces, but with a wide enough
bandwidth to still ensure delocalized eigenfunctions. Thus, parts of 1, reach H4 only
after passing through H3, as mirrored in the fact that the blue curve increases first
before it decreases in favor of the purple curve. Along with each of the four curves,
also its deterministic approximation wy,(¢) (in black) is drawn; dynamical typicality
asserts that it is a good approximation.

The M, are actually the averages of || P, ||* over t € [0, 00) and over ¢y € S(H,,).
Thus, they depend only on H and the decomposition (1), but not on ¢ or .

In this setting, thermalization means that M, ., ~ 1 for every p, i.e., that for all
macro states p the overwhelming majority of micro states eventually reach thermal
equilibrium in the sense that 1), lies almost completely in H., and spends most of the
time in the long run there. The time scale on which thermalization happens can be
read off from the function w,eq(t), while the other w,, (t) provide information about
the detailed path to thermal equilibrium passing through intermediate macro states.
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3.2 Statement of Result

In the following we consider Hamiltonians with spectral decomposition

H=Y ell, (14)

ec&

where & is the set of distinct eigenvalues of H and II. the projection onto the
eigenspace of H with eigenvalue e. The quantitative bounds in our theorem depend
on the Hamiltonian only through the following characteristics of the distribution of
its eigenvalues: the maximum degeneracy Dg := maxc¢ tr(Il) of an eigenvalue and
the maximal gap degeneracy

o / . / o
Dg.frgea%#{(e,e)eﬁxg.e#e and e —¢' = E} . (15)
Theorem 2 (Generalized normal typicality). Let p, v be any macro states and define

1
My = — > tr(PIILPIL) . (16)

B ece

Then for any €, > 0, (1 — ¢€)-most by € S(H,) are such that for (1 — §)-most

t €0, 00)
DpDqg . d,
<4 1, — 5. 17
< \/M mm{ ,du} (17)

Thus, as soon as d, > DgDg, i.e., as soon as the dimension of H, is huge and
no eigenvalue and no gap of H is macroscopically degenerate, for most initial states
Yo € S(H,,) the superposition weight || P,1]|* will be close to the fixed value M, for
most times .

For comparison, Reimann and Gemmer [23] also concluded that (| A|¢) is nearly
constant, but for a different ensemble based on the condition (| A|¢) =~ a. We also
provide a statement analogous to Theorem 2 for (| B|i;) with arbitrary observable
B instead of P, in Theorem 4 below.

\nmn? M,

3.3 Example

We illustrate Theorem 2 within a simple random matrix model. We partition the
D-dimensional Hilbert space H := CP = C% ¢ C®2 @ C% ¢ CH =: @i:l H, into four
macro spaces H, of dimension d,, i.e., H; is spanned by the first d; canonical basis
vectors, Ho by the next ds canonical basis vectors and so on. The Hamiltonian H
is a random D x D-matrix H that has a band structure (i.e., mainly near-diagonal
entries) and thus couples neighboring macro spaces more strongly than distant ones.
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Figure 2: The same simulation as in Figure 1, only for longer times. The horizontal
black lines indicate the values of the weights Ms,. The inset shows a part of the
figure in magnification. Theorem 2 states that the displayed behavior is typical of
initial states in Hy: up to fluctuations that are either small or rare, || B,1)||? is close
to MQV.

More precisely, we choose H = (h;;);; to be a self-adjoint random matrix such that
hii ~ N(0,07) and hy; ~ N(0,07,/2) +iN(0,07;/2) for i # j, where

2

o;; = exp(—sli — j|) (18)

with some s > 0 that controls the bandwidth. That is, the variances decrease expo-
nentially in the distance from the diagonal.

In Figures 1 and 2 the weights ||P,¢;||*> are plotted for the values s = 0.02,
d, = 2 x 107!, and a random initial vector ¥y € Hy. In Figure 1 the plot shows
the initial phase where the system first passes through the 3rd macro state before
settling mostly in the “equilibrium space” H4. Note that the bandwidth is roughly
2571 = 400 ~ D°" > D% and we thus expect to be in the regime of delocalized
eigenfunctions, which is also confirmed by the numerical results.

Theorem 2 states that the long term behaviour depicted in Figure 2 is typical
of initial states 1y € Hs: after some time the system equilibrates, the superposition
weights || P,t2,||* approach values My, independent of the initial state, and stay close
to them after the initial phase of equilibration. We also see that these values differ
from the ones one would expect if normal typicality would hold: for example while
in our simulation dy/D = 0.90 one finds that My, ~ 0.82.
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The average entropy as a function of time is plotted in Figure 3. As expected, it
increases up to small fluctuations.

I I I I
0 5 10 15 20 25
Time ¢

Figure 3: The average entropy (1]S[¢;) = 32, || P¢[|2S(v) as a function of time ¢
for kg = 1 and the same simulation as in Figure 1 and Figure 2. The tendency to
increase can be regarded as a reflection of the second law of thermodynamics.

4 Proof of Theorem 1

The proof is very simple, based on an application of Chebyshev’s, respectively Markov’s,
inequality to the following formulas for Hilbert space averages and Hilbert space vari-
ances [5, App. C]: For any Hilbert space H of dimension d, uniformly distributed
1 € S(H), and any operator B on H,

E[(]Blv)] = - tr B (19)

Var[(¢|Bly)] =

@) . (20)

(tr(BTB) - =

d(d+ 1)

(As usual, the variance of a complex random variable Z is defined as Var Z :=
E[|Z —E(Z)]*] =E|[|Z]*] — |[E(Z)|*.) Dropping the last term and replacing d + 1 by
d, we obtain the trivial upper bound

tr(BTB)

- (21)

Var[(¢|Bly)] <
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Now we insert H,, for H and B = P, exp(iHt)P, exp(—iHt)P,; we write E, and Var,
for expectation and variance over uniformly distributed ¢y € S(H,). We observe first
that

E, [|Par]?] = itr[P exp(iHt)P, exp(—iHt)] = wa(t). (22)

For the variance, since |tr(C'D)| < ||C| tr(|D|) for any operators C, D and ||C|| the
operator norm of C' [26, Thm. 3.7.6], we have that

tr(B'B) = tr <Pu exp(—iHt)P, exp(iHt)P, exp(iHt)P, exp(—th)P,,) (23)

< |Pull [fexp(=iHE)[| [ || | exp(iHE)[| - - - [ exp(—iHE)[| tr B, (24)
—d,. (25)

We thus obtain that

Var, |:||PV¢t|| } (26)

1
d,
The Chebyshev inequality then yields the first claim, (6).

For the second claim, Fubini’s theorem allows us to interchange expectation and
integral. Thus,

R e A X 1 A

T
= [ V[P a (28)
0
T
< — 29
<I (20)
by (26). Markov’s inequality then yields the second claim, (7). O

As a side remark, the arguments of the proof also yield the following upper bound
on the Hilbert space variance over subspaces of dimension d,, for arbitrary B:

u(BBIRBE,) _ |[B] t(B)
: .

Var (91 Bly] < TR < R

(30)

5 More General Results

5.1 Dynamical Typicality

Here is a variant of Theorem 1 that allows for an arbitrary operator B instead of P,
and provides a tighter error bound:
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Theorem 3. Let p,v be arbitrary macro states and let B be any operator on H.
There is a function w,p : R — [0, 1] such that for every t € R and every e > 0, for
(1 —¢e)-most 1y € S(H,,),

181 JiBIu(B)  [187log(4/e)
Nl \/ ) HBH}- (31)

Moreover, for every p and B, every T > 0, and (1 — €)-most 1y € S(H,.),

(el Blipe) — wuB(t)\ < min{

|B]]?
ed,

7 | 1Bl = wto)Pae < (32)

In fact, the function w,p(t) is the average of (x| B|y) over 1y € S(H,,), which is

wap(t) = di tr [P, exp(i Ht) B exp(—iH1)] (33)

The proof of Theorem 3 (see Section 8.1) is largely analogous to that of Theorem 1.
The bound involving /log(1/¢) instead of 1/4/¢ can be obtained by using Lévy’s
lemma instead of the Chebyshev inequality. However, it turns out that for all other
results in this paper, the bounds provided by Markov’s and Chebyshev’s inequality are
better than those provided by Lévy’s lemma. That is because in many cases, Lévy’s
lemma yields a bound that is better in € but worse in d,, which in our situation is

worse because d,, is usually way larger than any relevant 1/¢; see Section 8.1 for more
detail.

5.2 Generalized Normal Typicality

The next result, Theorem 4, provides a somewhat more general version of Theorem 2
that concerns arbitrary operators B instead of P,, as well as finite time intervals
instead of [0,00). To formulate it, we define the number dr := #E& of distinct
eigenvalues and the maximal number of gaps in an energy interval of length x > 0,

G(k) :=max #{(e,e) €ExE e# e ande—¢ € [E,E+k)}. (34)

EER
It follows that Dg = lim,_,o+ G(k).

Theorem 4. Let B be an operator on H, let ¢,0,k,T > 0, let u be any macro state,
and define

1
My = — > tr(PILBIL) . (35)

B ece
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Then (1 —€)-most 1y € S(H,) are such that for (1 —6)-most t € [0,T]

’%IBIM — Myup| < (36)

DpG(x)||B 8logydp . tr(|B])
4\/ = 1+ T min < || B||, g

Thus, as soon as d, > DpG(r)||B|* and T is large enough, the right-hand side
of (36) is small and the expectation (i4|Bliy) is close to a fixed value M, p for most
times ¢ € [0,7] and most initial states 1o € S(H,). However, the times 7" required
to make the right-hand side of (36) small are usually extremely large. For example,
for a system of N particles, H has dimension of the order exp(/N); provided that no
eigenvalue is hugely degenerate, there are of the order exp(/V) energy eigenvalues. In
order to obtain a small error, we need to keep G(k) small. For k ~ exp(—N)AE,
already the number of nearest-neighbor gaps with e — ¢’ € [0, ) will be of order
exp(N), and will thus contribute of order exp(/N) to G(k). So, we need k < exp(—N)
and therefore T > exp(/V) to obtain a small error in (36).

For the proof of Theorems 2 and 4 we need, besides Hilbert space averages and
variances, also Hilbert space covariances of two operators. The covariance of two
complex random variables X, Y is to be understood as

Cov[X,Y] :=E[(X —EX)*(Y — EY)] (37)
= E[X*Y] — (EX)*EY . (38)

Lemma 1 (Hilbert Space Covariance). For uniformly distributed ¢ € S(H) with
dimH = d and any two operators B,C' on H,

_ t(BIC)  t(BT) tr(0)

Cd(d+1)  d(d+1) (39)

Cov | (4|BIw). (|C1)

Put differently,

(BY) tr(C) + tr(BTC)
d(d + 1)

E[(6| By (] Clp)] = = (40)

By inserting H,, for H, it follows that for uniformly distributed ¢ € S(#,,) and any
two operators B, C on H,

E,[(¥|B ) |Cly)] = (41)

m(tr(PuBT) tr(P.C) + tr(PMBTPNC)) '
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6 Realistic Dimensions and Entropy

As indicated before, for a system of N particles or more generally of N degrees of
freedom the dimension D is of order exp(/N). We actually expect D ~ exp(seq/N/kB),
where s.q is the entropy per particle in the thermal equilibrium state, and accordingly
for all macro spaces H,,,

d, = exp(s,N/kg). (42)

The following corollary to Theorem 2 shows that in this situation and assuming
that no eigenvalues or gaps are macroscopically degenerate, fluctuations of the time-
dependent superposition weights around their expected values are exponentially small
in the number of particles with a rate controlled by the entropy per particle in the
initial macro state.

Corollary 1. Assume (42). Then, for all macro states p,v_, v, with
Sy S Sy < Sy (43)
it holds for (1 —e)-most 1y € S(H,) for (1 — 6)-most of the time that

4v/DgDg < sMN)

S —F——exp| — ;
Ved 2kg

_ 4/DpDs (56 = )N

{———exp| ————| .
Ved ks

In particular, if s, s,, are fixed and N — oo, the error bounds are exponentially
small. Note also that the numerical experiment in Figure 2 is consistent with the
idea that the fluctuations of the superposition weights in macro spaces v, of larger
entropy than the initial state p are controlled by the entropy s, of the initial macro
state, while the fluctuations of the superposition weights in macro spaces v_ of smaller
entropy than the initial state p are controlled by the entropy difference s, — s, /2
and thus even smaller. However, from the green line in Figure 2 (corresponding to
| Prapg||?) it is also apparent that the fluctuations of ||P,1||?> might exceed the value
of M,,. Indeed, if we assume that the weights M, scale like in the case of normal
typicality, i.e.,

(44)

vt

\npwtu? u,

17l . (45)

M, ~ % ~ exp (-%N) : (46)
then the relative error in (44) is only small if s,, > seq — 5,/2, and the relative error
in (45) is only small if 5, > 2(Seq — S,)-

More generally, the question remains under which conditions one can prove that
even for M, close to 0, the relative error in (17) and thus the relative deviation of
| Pi||? from M, will be small. In a separate work [29], we study this question for

specific distributions of the random matrix H.
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7 Outline of Proof of Theorem 4

Before we provide the technical details of the proof of Theorem 4 in Section 8, we
explain now the main strategy and the key ideas. The first step is to control the time
variance

<|<@/’t|B|¢t> MwoB‘ /’ (| Blopy) — qu;oB‘ dt (47)

of the quantity (| B|i;), where

Vs = THIBI) = Jim % [ Bl a (49

is just the time-average of (¢y|Bliy). The time variance (47) was the subject of
several earlier investigations concerning thermalization in closed quantum systems.
It is usually controlled in terms of the effective dimension [19, 24, 25]

dor o= (S (ol Telo)?) (49)

of the initial state 1)y, a measure for the number of distinct energies that contribute
significantly to 1y. In Section 8.7 we slightly improve the bound of [25] (relevant
when d, < d,,) so that we can show that, after averaging the initial state over S(#,,),
one obtains that

By (| (il Blv) = Mus|*) | < (50)
21;:;—?(1%;) (1 N Slof%dE) {||B||2 tr(?ﬂB) } ‘

The second step is to show that My, p is very close to M, p for most states ¢y €
S(H,). To this end we observe that E,(My,5) = M, and then bound the variance
according to

B [(0s0m = My < 10 min ), 200 51)

A careful application of Markov’s inequality then shows that (50) and (51) together
imply (36).

8 Remaining Proofs

8.1 Proof of Theorem 3

The phenomenon of concentration of measure, i.e., that on a sphere in high dimen-
sion, “nice” functions are nearly constant, is often expressed by means of (e.g., [28,

Sec. I1.CY)
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Lemma 2 (Lévy’s Lemma). For any Hilbert space H with dimension d, any f :
S(H) — R with Lipschitz constant n(f), and any e > 0,

913 log(4/¢)

) Bl <\ T

for (1 —¢e)-most ¢ € S(H).

n(f) (52)

Alternatively, Chebyshev’s inequality yields that
Var(f)

3

|f(¥) —Ef] < (53)

for (1 — ¢)-most ¢ € S(H). In the important special case f > 0, Markov’s inequality
yields that

fwy <2 (54
for (1 —¢)-most ¢ € S(H), while Lévy’s lemma can be used in this situation to obtain
that

3

fw) <Ef /Ty (55)
Which bound is best depends on 7(f), Var(f), and Ef. For quadratic functions
f() = (W|BlY), n(f) = 2||B]| on S(H), while expectation and variance are given by
(19) and (20); the first two bounds in (31) arise from the Chebyshev bound (53) with
different ways of bounding the variance, and the third from Lévy’s lemma (52).

As remarked already, the other results in this paper are not improved by using
Lévy’s lemma instead of Markov’s and Chebyshev’s inequality. That is basically
because the relevant functions f > 0 have means that are small like 1/dimension but
Lipschitz constants of order 1, so that (55) yields errors of order 1/v/dimension. Now
it is of little interest to make e smaller than 1072%. (Borel once argued [3, Chap. 6]
that events with a probability of 1072% or less can be expected to never occur in the
history of the universe.) On the other hand, the dimensions are large like 10V, so
the advantage of (55) over (54) in & does not compensate for its disadvantage in the
dimension.

Proof of Theorem 3. By (19) after inserting H,, for H and P, exp(:Ht) B exp(—iHt)P,

for B,
1 , .
Eu (Vi Bln) = — tr (P, exp(iHt) B exp(—iHt)) = w,p(t) . (56)
n
Lévy’s lemma with n = 2||B|| yields the third bound in (31).
By (21) after inserting H,, for H and P, exp(iHt)B exp(—iHt)P, for B,

1 : . . :
Var, (¢ Blyy) < 2 tr <Pu exp(—iHt) Bt exp(iHt) P, exp(iHt)B exp(—th)PM> :
(57)

o
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We give two upper bounds for the last expression. First, using |tr(CD)| < ||C|| tr(|D])
and ||BT]| = || B]|,

1 , .
(57) < S 1Pull exp(—ift)[| - - - | exp(—iH?P)] tr (58)
o
1 18I
= - 1Bl*d. = : (59)
d2 a d,
Second, by leaving B rather than P, inside the trace,
1
(57) < = [1B] tx(|B]) - (60)
“w

From these two bounds on the variance, (53) yields the first two bounds in (31). For
the second claim, (32), of Theorem 3, the proof works as for Theorem 1 with the
bound (59) for Var, (1| B|tr). O

8.2 Probability Current

In order to see that also the probability current J,,/(t) as defined in (9) is determinis-
tic, we verify that (¢|P,HP,/|1{;) is deterministic. This can be obtained in the same
way as for Theorem 3 by considering B = P, exp(iHt)P,H P, exp(—iHt) P, instead of
B = P,exp(iHt)P, exp(—iHt)P, and noting that || B|| < ||H|| = max{|E—-AE]|, |E|}.
Physically, we expect E to be comparable to the particle number N and thus of or-
der log D, 50 |J,,/(t) — EJ,,,(t)| is bounded by a constant times log D/+/zd,, (which
would be small if we imagine d,, ~ D* with 0 < o < 1 and fixed ¢) for (1 — ¢)-most
Yo € S(H,). Likewise, 1/T times the L? norm over [0,77] is bounded by a constant
times log” D /ed,, (which should be small).

8.3 Hilbert Space Covariance

For the proof of Lemma 1, we need the fourth moments of a random vector that
is uniformly distributed over the unit sphere. So consider any Hilbert space H of
dimension d and a uniformly distributed ¢ € S(H). Let (¢.,),, be an orthonormal
basis of H and a,, := (©n|¢). Then [17], [5, App. A.2 and C.1]

(1) E(azmar,a,) =0 if an index occurs only once, (61a)
(i1) E (a;’af) =0 for k #1, (61b)
2

(ZZZ) E (|(lk|4) = m, (61C)
. 1

(iv) E (|ap*|ai]?) = CES) for k # 1. (61d)
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Proof of Lemma 1. Let (¢n)m be an orthonormal basis of H. Then we can write

Y € S(H) as

Y= Z AmPm (62)
with coefficients a,, = (pn|10). By (61), we get that
E[(¢IBI) WICI)] = Y (orlBllen) (o] Clen)E (ajaapar) (63)
KLk 1Y
1
T d(d+1) k;l,@HBTIW(@k/lc\w) (Oki0p1r + OprrOprt) - (64)
1
T dd+1) (;@HB”S@Q@HCWQ + <90k‘BT‘SOZ><901|C‘90k>>
(65)
1
= JdT 1>(tr(BT)tr(C) +tr(B1C)). (66)

Thus,

Cov [(¥|B[), (¥|Cl)] = E[(®|Bl¢)* ([Cv)] —E[(@|Bl)* ] E[(&|Cly)]  (67)
tr(BN) tr(C) + tr(BIC) (B t2(C)

d(d+1) B 02 (68)

tr(BTC’) tr(BT) tr(C)
dd+1) @A) (69)
0

8.4 Computing and Estimating some Averages over S(#,)

As a preparation for the proof of Theorem 4, we derive in this section some upper
bounds for relevant time and Hilbert space variances. We first note that it is well
known that the limit in

_ R
Mayn = TOTBIa) = Jim 7. [ (il Bl a (70
—00 0
exists for all B and is given by
My, = (tho| Y T BIL[¢y) . (71)
ec&

From (19), applied to H,, we then obtain that

IEM%B_—ZtrPHBH) M,p. (72)

H oecg
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Proposition 1. Let ¢y be uniformly distributed in S(H,), and let B be any operator
on H. Then for every x,T >0,
2
E, | ( |(wi/Blv)—(alBI)
T

 2DpG(r) <1+ 8log, dE) min{”BHQ’@}, (73)

- od,+1 kT d,
—_— B ) tr(|B
Vo, THIBT] < 3120 wmin {51, “0EV (74

Proof. We start similarly to the proof of Theorem 1 in [25] and compute

)
T
2

_ < Z ez‘(e—e’)twOmeBHe,WO) — Z(%HLBH@WO) > (75)

T
2
< Zei(efe’)%wou‘[eBHe/‘ww > (76)
e#e! T

=3 (e g LB o ol T B ). (77)
ee’
e//#e///

(|twlB1s0) - BT

By averaging over 1y € S(#,,), we obtain

)

£, ((|lBivn) - TaTB]

= 3 (et gl B ol T BTl )] (75)
e#e’
6”#6”,
1 - ’ 17 111
S i(e—e/—¢'+e >t> [t P,I1, BIL,) tr( P, 1w BT
e (),
e//¢e///
+ tr(PHHeBHe/P#HemBTHeu)} , (79)

where we applied Lemma 1 in the form (41) in the second equality.
Next we compute the ensemble variance of (¢;|B|¢y): By (71) and (20) for #,,,

Var,, (V| B|vy)
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2
1

=—— N 4r(P,I.BIP,I BT,

du(du—{—l);r(“ 12 )

1

© d2(d, +1) - (80)

> tr(P,I1BIL,)

In the rest of the proof we use the computed expressions to prove the upper
bounds for E,, ({|{v|Bl) — M¢OB|2>T) and Var, (4| Bl1). To this end, we define
for « = (e,¢/) € G := {(e,&) € & x E,& # &} the vector v, := (Y|l BTL|¢)y).
Moreover, we define the Hermitian matrix

Rog = ('@eC0)t) (81)

with G, := e — ¢ for @ = (e,€’). Then we obtain with (77) that

(|teBion) - GIBTA[ ) = 3 eztases (52)
T ap
< IR Jval? (83)
= ||R|| " | (2ol Bl [tho) | (84)
e#e!

and thus

£, ((|wiB1v0 - ToTBTS

1)

< |R] ZEM[<¢O|HeBHe’|¢0><¢0|H6’BTH6|¢0>] (85)
_m : T
- T+ S [[tr(PILBIL [ + tr(P,IT, BIL, P11, B'TL,)] (86)

ee’

by (41). Short and Farrelly [25] showed for arbitrary x > 0 and 7' > 0 that

8log, dp
R|<G(r)[1+—2=). 87
17 < 6l (14 S22 ) (57)

Moreover, we estimate
> | te(PIIBIL)* = | tr(Il B,ILILBIL,)|? (88)
<> tr(Ily PILP,) tr(Il, BT, B) (89)
/%,—/

¢ <t(Il)<Dg

< Dptr(B'B), (90)
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where we used the Cauchy-Schwarz inequality for operators A, B with scalar product
tr(ATB) and that |tr(CD)| < ||C| tr(|D]). Similarly we find that

> [ te(PILATL)? <) te(He PILP,) tr(Tle B'TL B) (91)
’ / —/_/
<tx(I1,) | B2
< Dg| B|*d,. (92)

This shows that

> | tr(PIIBI)|* < Dgmin{||B||*d,, tr(B'B)}. (93)

ee’

Next we compute

<> tr(IL.PIL)|(B (Z He/PMHeI> B (95)
< |[BIP Y (1. P) (96)
= ||B|*d,. (97)

where we used in the third line that || >, I P,II/|| < 1, which follows immediately
from

2

=D Mo PIlodol® < ) ITevol® = (1ol (98)

> TPl

Similarly we estimate

S u(PILBILPILBTL) = > ((Z HePuHe> BHefPuHe'B*) (99)

<> tr(Bll P11 BY) (100)
= ze:tr(HB/BT BI 11, P,I1,) (101)
< itr(He/BT B) (102)
= t;/(BT B). (103)
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The previous two estimates show that

> " tr(P,I Bl P11, B',) < min{| B|d,, tr(B'B)}. (104)

ee’

Putting everything together, we arrive at the upper bound
2
e, ((|wiBivo - TBT]) )
T
;
d, + 1 KT d,

Finally we turn to the upper bound for Var, (¢;|B|¢;). To this end, we estimate

Ztr (P,II.BII P11, BTl,) = tr ( (ZH BII ) P, <Z He,BTHe,>> (106)
(ZH BII ) P, <Z He/BTHE/) H (107)

< d,|| BI (108)

<tr

and

> tr(P,IBII. P11, B'T,) —tr< (ZHP(ZH Bne,) )) (109)

6‘6

<tr(|B|) || MR, <Z HE/BTHG/) P,II (110)
< tr(|B]) || P. (Z HQ,BTHQ,> P (111)
< tz([B))[|B]- (112)
This shows that
> tr(PII.BIL P B'Tly) < || B min {d,||B||, tr(|B|)} (113)
and thus
S 1
Var, (V|Blihy) < ———— Y _ tr(P,I1.BIL P, B'IL,) (114)
dﬂ(dﬂ + 1) e.e!
B[ . tr(|B])
< 2 B||, ——}. 115
S g imn 1B, d, (115)
O
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8.5 Proof of Theorems 2 and 4

Theorem 2 follows immediately from Theorem 4 by setting B = P,, choosing x small
enough such that G(k) = D¢, and then taking the limit 7" — oo.

Proof of Theorem 4. Markov’s inequality implies

By (G0~ )y > 2L (14 S0 Y win {1, 270 )
E, ({|{wi]Blta) = Myyn[*),)

- ed (116)
ADpG(x)| B (1 + 81°g2dE) mm{HBH, tg_BD}
. r TB)
min {|| B2, 521}
- NS (117)
2Bl min { | BI|, =422 }
3 (118)

where we used the bounds from Proposition 1 and that tr(B'B) < || B||tr(|B|). This
means that for (1 — 5)-most ¢y € S(H,),

4ADpG B log, d B
R e U S (L <3
(119)

Again with the help of Markov’s inequality we obtain that, with A the Lebesgue
measure on R,

Mt € 0,715 [l Blun) — Mygsl” = 222ZIEL (14 Segrde ) min | ), 2420 L

m

T
(120)
dedy (| (| Bl) — Myosl*),
= 4DpG) ) (1 + 52 ) min {1, 20}
(121)
< (122)

This shows that for (1 — §)-most 1y € S(H,) we have for (1 —¢§)-most ¢ € [0, 7] that

DAGEWIBY (. Slogyds {0 (B) Y
|<wt|B|¢t>_MwOB|§2( bed, <1+ KT )mln{”Blh d, }) |
(123)
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Next we prove in a similar way an upper bound for |My,p — M, |, keeping in mind
that M,p = E,My,s. An application of Chebyshev’s inequality and Proposition 1
shows that

: tr(|B) —
2Bl min {151,521\ Ve, GlBT

Py | |Myop — Myug| >

G ~ 2B min {5, 2422}
(124)
g
< -. 125
<: (125)

This implies for (1 — §)-most 1y € S(H,,) that

My — M| < \/5(gmm{um\,tr(lBD})m. (126)

i dy

With the triangle inequality we finally obtain the stated upper bound for |(1| Bt;) —
MMB | . O

8.6 Proof of Corollary 1

From Theorem 4 we obtain immediately that for (1 —¢)-most ¢y € S(H,,) for (1—0)-
most of the time

DpDe sV . (80, — su)N
P, l? = M,, | <4 o 1 vy 7 Oop)TY
[Pl = M| < P22 e (220 Y i e (L205
(127)
_yYPEDe (5N (128)
Ved 2kp

Similarly, we find for (1 — €)-most ¢y € S(H,,) for (1 — §)-most of the time that

DgDg sulN L (5, —s,)N
HPv—th—Mpu_ <4 iy exp (— 2‘;3) mln{l,exp (T;
(129)
vVDgD — N
=4 Y TETC oxp _Em N . (130)
Veb kg
This finishes the proof. ]
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8.7 Alternative Estimate in Terms of Effective Dimension

In Proposition 1, we have provided two upper bounds (73) for

)

There is an alternative way of obtaining one of the two bounds in (73) using a result
of Short and Farrelly [25] based on the concept of effective dimension. We briefly
explain this alternative derivation and then comment on why we also need the other
bound in (73).

In [25] the authors show that

(| - woremwg]) < CIEE (1 SoEade) gy

£, ((|wiB1v0 - ToTBT

where the effective dimension deg = deg(10) of a state v is

dogt = <Z<¢0|He|¢o>2> - (132)

e

Taking an average over ¢, € S(H,) yields the bound

B, ([ -~ wrmm| ) ) < 2PECUIEE (1 St te) i3y

To see this, note that the only quantity on the right-hand side of (131) that depends
on g is the effective dimension d.g; therefore, it suffices to estimate Eudgfg. With
the help of (41) and the usual arguments we find

Eudgt =Y B, ((tho|TLe o) (o TTe[to)) (134)
(& 1 )
= TETD (tr(PIL)? + tr(P,II.P,IL.)) (135)
1
< PRC) > | (M) tr(PIL) + tr(P,ILP,) (136)
¢ <Dg
2D
< d(d—j—l) Ztr(P“He) (137)
2D
— du_ﬂ : (138)

and (133) immediately follows.
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The second estimate in Proposition 1 is sharper than (133) if and only if tr(B'B) /d,,
< ||B|I?, i.e., roughly speaking, if only few (compared to d,,) eigenvalues of B'B are
close to the largest eigenvalue and most are much smaller. This becomes relevant, for
example, when estimating the transitions from #, into a lower entropy macro space

H,, cf. (45). Then B = P, and

tr(B'B)/d, = d,/d, < 1=|P,|.

9 Conclusions

Our results concern the behavior of typical pure states ¢y from a high-dimensional
subspace H,, of Hilbert space under the unitary time evolution. We find that for any
operator B, due to the large dimension, the curve ¢ — (1| B|t) is nearly determin-
istic (a fact that can also be obtained from [1, 23]), and that in the long run ¢t — oo
it is nearly constant. In von Neumann’s framework of an orthogonal decomposition
H = @, H, into macro spaces, this means that the time-dependent distribution over
the macro states given by the superposition weights || P,1||? is nearly deterministic
and in the long run nearly constant, i.e., it reaches normal equilibrium, a situation
analogous (but not identical) to thermal equilibrium. Through our theorems, we have
provided explicit error bounds.

Von Neumann’s [17] prior result in the same direction was based on unrealistic
assumptions, saying essentially that H is unrelated to H,. Our result has the advan-
tage of being applicable regardless of relations between H and H,. The question of
whether the deviation from the mean is small compared to the mean even when the
mean is small itself, will be analyzed further elsewhere [29].
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Canonical Typicality for Other Ensembles than
Micro-canonical
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Abstract

We generalize Lévy’s lemma, a concentration-of-measure result for the uni-
form probability distribution on high-dimensional spheres, to a much more gen-
eral class of measures, so-called GAP measures. For any given density matrix
p on a separable Hilbert space H, GAP(p) is the most spread out probability
measure on the unit sphere of H that has density matrix p and thus forms the
natural generalization of the uniform distribution. We prove concentration-of-
measure whenever the largest eigenvalue ||p|| of p is small. We use this fact to
generalize and improve well-known and important typicality results of quan-
tum statistical mechanics to GAP measures, namely canonical typicality and
dynamical typicality. Canonical typicality is the statement that for “most” pure
states ¢ of a given ensemble, the reduced density matrix of a sufficiently small
subsystem is very close to a ¥-independent matrix. Dynamical typicality is the
statement that for any observable and any unitary time-evolution, for “most”
pure states ¢ from a given ensemble the (coarse-grained) Born distribution of
that observable in the time-evolved state ¢ is very close to a ¥-independent
distribution. So far, canonical typicality and dynamical typicality were known
for the uniform distribution on finite-dimensional spheres, corresponding to the
micro-canonical ensemble, and for rather special mean-value ensembles. Our
result shows that these typicality results hold also for GAP(p), provided the
density matrix p has small eigenvalues. Since certain GAP measures are quan-
tum analogs of the canonical ensemble of classical mechanics, our results can
also be regarded as a version of equivalence of ensembles.

Key words: Lévy’s lemma; equivalence of ensembles; thermalization; quan-
tum statistical mechanics; concentration of measure; Gaussian adjusted pro-
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function.
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1 Introduction

In the 21st century, a modern perspective on quantum statistical mechanics is to
consider an individual closed system in a pure state and investigate its and its sub-
systems’ thermodynamic behavior; see, e.g., [7, 8, 31, 34, 2, 15, 16, 20, 41, 42, 11, 12,
36, 9, 1, 38, 37, 39, 48, 45] after pioneering work in [51, 40, 4, 44, 47].

Roughly speaking, “canonical typicality” is the statement that the reduced den-
sity matrix of a subsystem obtained from a pure state of the total system is nearly
deterministic if the pure state is randomly drawn from a sufficiently large subspace
and the subsystem is not too large. More precisely, the original statement of canonical
typicality [26, 7, 31, 18] asserts that for most pure states ¢ from a high-dimensional
(e.g., micro-canonical) subspace Hg of the Hilbert space Hg of a macroscopic quan-
tum system S and for a subsystem a of S = aUb so that Hs = H, ® Hy, the reduced
density matrix

Py =ty [) (¥ (1)

is close to the partial trace of pg := Pg/dg (the normalized projection to Hg) and
thus deterministic, provided that di := dim Hpg is sufficiently large:

Pl = try pr . (2)

Here, the words “most ¢” refer to the uniform distribution ugr (normalized surface
area measure) over the unit sphere

SHr) :={¢ e Hr: ¢l =1} (3)

in Hgr. The name “canonical typicality” comes from the fact that if Hr = Hye is a
micro-canonical subspace and thus pr = pme a micro-canonical density matrix, then
trp pme 1s close to the canonical density matriz

Pa,can = ZiaeﬁHa (4)
for a with suitable 8, provided b is large and the interaction between a and b is weak;
see, e.g., [18] for a summary of the standard derivation of this fact.

In this paper, we replace the uniform distribution by other, much more general
distributions, so-called GAP measures, and show that for them a generalized canonical
typicality remains valid. For any density matrix p replacing pr in Hg, GAP(p) is the
most spread-out distribution over S(Hg) with density matrix p; the acronym stands
for Gaussian adjusted projected measure [23, 19]. For p = pean, it arises as the
distribution of wave functions in thermal equilibrium [19, 17]. If a system is initially
in thermal equilibrium for the Hamiltonian H, but then driven out of equilibrium
by means of a time-dependent H;, its wave function will still be GAP(p)-distributed
for suitable p. For general p, we think of GAP(p) as the natural ensemble of wave
functions with density matrix p; for a more detailed description, see Section 2.2.
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We prove quantitative bounds asserting that for any p with small eigenvalues (so
p is far from pure) and GAP(p)-most ¢ € S(Hyg),

Pl ity p. (5)

Some reasons for seeking this generalization are: first, that it is mathematically
natural; second, that in situations in which we can ask what the actual distribution
of ¢ is (more detail later), this distribution might not be uniform; third, that it
shows that the sharp cut-off of energies involved in the definition of H,,. actually
plays no role; and finally, that it informs and extends our picture of the equivalence
of ensembles. A more detailed discussion of these reasons is given in Section 2.1.

As a direct consequence of generalized canonical typicality let us mention that, just
as canonical typicality implies that for most pure states ¢» € S(Hg) the entanglement
entropy — tr(p? log p¥') has nearly the maximal value log d, with d, = dim H,, [22] (be-
cause p¥ ~ try Is/D = I,/d, with I the identity operator and D = d,d;, = dim Hs),
generalized canonical typicality implies that GAP(p)-typical 1) have entanglement
entropy — tr(py log ply) ~ — tr(ps log pa) With po = tr, p.

Since different probability distributions over the unit sphere in a Hilbert space H
can have the same density matrix, and since the outcome statistics of any experiment
depend only on the density matrix, it may seem at first irrelevant to even consider
distributions over S(#H). However, for example, an ensemble of spins prepared so
that (about) half are in state |1) and the others in ||) is physically different from
a uniform ensemble over S(C?), even though both ensembles have density matrix
%] . Likewise, for an ensemble of particles prepared by taking them from a system in
thermal equilibrium, the wave function is GAP-distributed (see Section 2.2). More
basically, probability distributions play a key role in any typicality statement, i.e.,
one saying that some condition is satisfied by most wave functions—“most” relative
to a certain distribution; such a statement cannot be formulated in terms of density
matrices.

We note that the generalization of canonical typicality from uniform measures to
GAP measures is not straightforward. First, not every measure p over S(Hg) with
a given density matrix p with small eigenvalues makes it true that for p-most 1,
pY =~ try p. We give a counter-example in Remark 15 in Section 3. Second, if p is
not close to a multiple of a projection, then GAP(p) is far from uniform; specifically,
its density will at some points be larger than at others by a factor like exp(D) (see
Remark 13). And third, even measures close to uniform (for example the von Mises-
Fisher distribution, see again Remark 13), can fail to satisfy generalized canonical
typicality.

In this paper, we prove generalized canonical typicality in rigorous form by pro-
viding error bounds for (5) at any desired confidence level that is implicit in the word
“most,” see Theorem 1 and Theorem 3. Compared to the known error bounds based
on ur, we can prove more or less the same bounds with di replaced by the reciprocal
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of the largest eigenvalue of p,

1 1
= (6)
Pmax ol
with || - || the operator norm. Thus, the approximation is good as soon as no single

direction contributes too much to p. In particular, for p = pg, our results essentially
reproduce the known error bounds. As one central part of our proof, we also establish
a variant of Lévy’s lemma [25, 27, 24] (a statement about the concentration of measure
on a high-dimensional sphere, see below) for GAP measures instead of the uniform
measure (Theorem 2). In particular, our version of Lévy’s lemma holds also on infinite
dimensional spheres, where the uniform measure does not exist.

Furthermore, we provide several corollaries. The first one shows that for any
observable and GAP(p)-most 1, the coarse-grained Born distribution is near a -
independent one (see Remark 4 in Section 3.1 for discussion). The second arises from
evolving the observable with time and provides a form of dynamical typicality [2],
which means that for typical initial wave functions, the time evolution “looks” the
same; here, “typical” refers to the GAP(p) distribution, and “look” (which in [4§]
meant the macroscopic appearance) refers to the Born distribution for the observable
considered. In fact, Corollary 2 even shows that the relevant kind of closeness (to a
t-dependent but t-independent distribution) holds jointly for most ¢ € [0,T]. As a
further variant (Corollary 3), dynamical typicality also holds when “look” refers to
p¥. Put differently, the statement here is that for GAP(p)-most ¢ and most ¢ € [0, 7],

pft ~ try Pt (7)

where ¢, = U9 and p; = Uy p U} for an arbitrary unitary time evolution U, (allowing
for time-dependent H;). In the original version of canonical typicality, one particularly
considers for prp the micro-canonical density matrix py. for a fixed Hamiltonian H,
for which the time evolution yields nothing interesting because it is invariant anyway;
but if we consider arbitrary p, then p can evolve in a non-trivial way even for fixed
H.

Another corollary (Corollary 4) concerns the conditional wave function 1, of a
(which is the natural notion of the subsystem wave function for a, see Section 2.2 for
the definition): It is known that if dg is large, then for ug-most 1) and most bases
of Hy, the Born distribution of 1, is approximately GAP(tr, pr). We generalize this
statement as follows: if dj, is large and p has small eigenvalues, then for GAP(p)-most
Y and most bases of Hy, the Born distribution of v, is approximately GAP(tr, p).

The results of this paper can also be regarded as a variant of equivalence-of-
ensembles in quantum statistical mechanics, i.e., as a new instance of the well-known
phenomenon in statistical mechanics that it does not make a big difference whether
we use the micro-canonical ensemble or the canonical one (for suitable ) or another
equilibrium ensemble. Indeed, the uniform distribution over the unit sphere in a
micro-canonical subspace can be regarded as a quantum analog of the micro-canonical
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distribution in classical statistical mechanics, and the GAP measure associated with
a canonical density matrix as a quantum analog of the canonical distribution; see
also Remark 11 in Section 3.2.

Our results on generalized canonical typicality (5) provide two kinds of error
bounds based on two strategies of proof. They are roughly analogous to the following
two bounds on the probability that a random variable X deviates from its expec-
tation EX by more than n standard deviations \/Var(X): First, the Chebyshev
inequality yields the bound 1/n?  which is valid for any distribution of X. Second,
the Gaussian distribution has very light tails, so if X is Gaussian distributed, then
the aforementioned probability is actually smaller than e™™ (a type of bound known
as a Chernoff bound), so the Chebyshev bound would be very coarse. Likewise, the
two kinds of bound we provide are based, respectively, on the Chebyshev inequality
and the Chernoff bound (in the form of Lévy’s lemma). The former is polynomial
in pPmax, the latter exponential as in e~'/Pmax. For the original statement of canoni-
cal typicality (using ugr), the Chebyshev-type bounds were first given by Sugita [46],
the Chernoff-type bounds by Popescu et al. [30]. Our proof of the Chebyshev-type
bounds makes heavy use of results of Reimann [35].

A version of Lévy’s lemma was also established for the mean-value ensemble on
a finite-dimensional Hilbert space H [28]. This is the uniform distribution on S(#)
restricted to the set {1 € S(H) : (¢|A|) = a} for a given observable A and a value
a satisfying further conditions. However, as also the authors of [28] point out, the
physical relevance of this ensemble remains unclear. Also dynamical typicality has
been established for the mean-value ensemble, see [39] for an overview.

The remainder of this paper is organized as follows: In Section 2, we elucidate
the motivation and background. In Section 3, we formulate and discuss our results.
In Section 4, we provide the proofs. In Section 5, we conclude.

2 Motivation and Background

2.1 Motivation

Canonical typicality is often (rightly) used as a justification and derivation of the
canonical density matrix pe,, from something simpler, viz., from the uniform dis-
tribution over the unit sphere in an appropriate subspace Hy.. So it may appear
surprising that here we consider other distributions instead of the uniform one. That
is why we give some elucidation in this section.

The uniform distribution for @ can appear in either of two roles: as a measure
of probability or a measure of typicality. What is the difference? The concept of
probability, in the narrower sense used here, refers to a physical situation that occurs
many times or can be made to occur many times, so that one can meaningfully
speak of the empirical distribution of part of the physical state, such as 1, over the
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ensemble of trials. In contrast, the concept of typicality, in the sense used here, refers
to a hypothetical ensemble and applies also in situations that do not occur repeatedly,
such as the universe as a whole, or occur at most a few times; it defines what a typical
solution of an equation or theory looks like, or the meaning of “most.” Typicality is
used in defining what counts as thermal equilibrium (e.g., [10] and references therein),
but also in certain laws of nature such as the past hypothesis (a proposed law about
the initial micro-state of the universe serving as the basis of the arrow of time; see [21,
Sec. 5.7] for a formulation in terms of typicality). Moreover, it plays a key role for
the explanation of certain phenomena by showing that they occur in “most” cases.

The mathematical statements apply regardless of whether we think of the measure
as probability or typicality. If we use u,,. as probability, then the question naturally
arises whether the actual distribution of ¢ is uniform, and generalizations to other
measures are called for. The GAP measures are then particularly relevant, not just as
a natural choice of measures, but also because they arise as the thermal equilibrium
distribution of wave functions.

But also for uy,. as a measure of typicality, which is perhaps the more important
or more widely used case, the generalization is relevant. The way we practically think
of canonical typicality is that if ¢ is just “any old” wave function of S, then p¥ will
be approximately canonical. But the theorem of original canonical typicality (using
ume) would require that the coefficients of 1 relative to energy levels of S outside
of the micro-canonical energy interval [E' — AFE, E|] are exactly zero, which of course
goes against the idea of 1 being “any old” 1. Of course, we would expect that the
canonicality of p? does not depend much on whether other coefficients are exactly
zero or not. And the theorems in this paper show that this is correct! They show that
if the p we start from is not py,, then the crucial part of the reasoning (the typical-
Y part) still goes through, just with corrections reflected in the deviation of tr, p
from try pme (which, by the way, will be minor for p = pe., with appropriate inverse
temperature ). More generally, the theorems in this paper prove the robustness of
canonical typicality towards changes in the underlying measure.

The results of this paper also show that when computing the typical reduced state
pY for “any old” 1, we can start from various choices of p of the whole, as long as
they yield approximately the same tr, p. The results thus provide researchers with a
new angle of looking at canonical typicality: it is OK to imagine “any old” , and
not crucial to start from .

More generally, our results are a kind of equivalence-of-ensembles statement in
the quantum case, and thus add to the picture consisting of various senses in which
different thermal equilibrium ensembles are practically equivalent, in this case with
“ensemble” meaning ensemble of wave functions (i.e., measures over the unit sphere).
Again, it plays a role that the GAP measures arise as the thermal equilibrium distri-
bution of wave functions, and thus as an analog of the canonical ensemble in classical
statistical mechanics. This means also that if ¢ is itself a conditional wave function, a
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case in which we know [19, 17] that (for high dimension and most orthonormal bases)
Y is approximately GAP distributed, then canonical typicality applies. A special
application concerns the thermodynamic limit, for which it is desirable to think of
the conditional wave function ¢4 of a region A in 3-space as obtained from 4/ for a
larger A’ O A, which in turn is obtained from 14~ for an even larger A” > A’, and
so on. Then for each step, ¥4 (etc.) is GAP-distributed.

By the way, the results here also have the converse implication of supporting the
naturalness of the GAP measures. One might even consider a version of the past
hypothesis that uses, as the measure of typicality, a GAP measure instead of the
uniform distribution over the unit sphere in some subspace of the Hilbert space of
the universe.

2.2 Mathematical Setup and Some Background

One often considers the uniform distribution over the unit sphere in a subspace H’ of a
system’s Hilbert space H. While this distribution is associated with a density matrix
given by the normalized projection to H', the measure GAP(p) forms an analog of
it for an arbitrary density matrix. We now give its definition and that of some other
mathematical concepts we use.

Throughout this paper, all Hilbert spaces ‘H are assumed to be separable, i.e., to
have either a finite or a countably infinite orthonormal basis (ONB). The unit sphere
S(H) is always equipped with the Borel o-algebra.

Density matrix. To any probability measure u on S(H) we can associate a density
matrix p, by

ou = / celer ®)

(which always exists [49, Lemma 1]). Note that if ¢ has mean zero then p, is the
covariance matrix of p. It will turn out for = GAP(p) that p, = p.

GAP measure. The measure GAP(p) was first introduced for finite-dimensional H
by Jozsa, Robb, and Wootters [23], who named it Scrooge measure.! Among several
equivalent definitions [17], we use the following one based on Gaussian measures. Let
‘H be separable and p a density matrix on H with eigenvalues p, and eigen-ONB

!Named after Ebenezer Scrooge, a fictional character in and the protagonist of Charles Dickens’
novella A Christmas Carol (1843) who is known for being very stingy. As Jozsa et al. argue,
the gap measure is in some sense the most spread-out distribution on S(#) with density matrix p
and they choose the name “Scrooge measure” because the measure is “particularly stingy with its
information.”
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(I7))n=1...dim 2, i.e.,

p=> puln)(nl. 9)

A complex-valued random variable Z will be said to be Gaussian with mean z € C
and variance 2 > 0 if and only if Re Z and Im Z are independent real Gaussian
random variables with mean Re z respectively Im z and each with variance 02/2. Let
(Zp)n=1...dim % be a sequence of independent C-valued Gaussian random variables with
mean 0 and variances

E|Z,|? = pn. (10)

Then we define G(p) to be the distribution of the random vector
e =" Z,|n), (11)

i.e., the Gaussian measure on H with mean 0 and covariance operator p. (It is known
[32] in general that for every ¢ € H and every positive trace-class operator p there
exists a unique Gaussian measure on H with mean ¢ and covariance operator p.)
Note that

E[V6)> =) E|Z.f=) p=1, (12)

which also shows that |U¢| < oo almost surely, but in general |[U€| # 1, i.e., G(p)
is not a distribution on the sphere S(#). Projecting the measure G(p) to the sphere
S(H) would not result in a measure with density matrix p; therefore we first adjust
the density of G(p) and define the adjusted Gaussian measure GA(p) on H as the
measure that has density [|1]|? relative to G(p), i.e.,

GA(p)(dp) == [[¥* G(p)(de), (13)

which is a probability measure by virtue of (12). It will turn out below that ||1)]|* is
the right factor to ensure that pgap(,) = p-

Let WS be a GA(p)-distributed random vector. We define GAP(p) to be the
distribution of

cap IR

ey

(14)
Note that the denominator is almost surely non-zero (because every 1-element subset

of H has G(p)-measure 0 because every Z, has continuous distribution). With this
we find that indeed

paap() = /  GAP() ) ) ) (150)
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_ / GA(p)(d) ) o (15b)
, Tl
- /H Gp) (i) [ (] = p. (150)

See [49] for a complete proof of existence and uniqueness of GAP(p) for every density
matrix p.

GAP(p) can also be characterized as the minimizer of the “accessible information”
functional under the constraint that its density matrix is p [23]. If all eigenvalues of
p are positive and D := dim H < oo, then GAP(p) possesses a density relative to the
uniform distribution v on S(H) [19, 17],

GAP(p)(d) = o=l |v) P ul). (16)

It was argued in [19] and mathematically justified in [17] that GAP measures
describe the thermal equilibrium distribution of the (conditional) wave function of
the system if p is a canonical density matrix.

It was also shown in [19] that GAP is equivariant under unitary transformations,
i.e., for all density matrices p, all unitary operators U on H, and all measurable sets
M C S(#H) one has

GAP(UpU*)(M) = GAP(p)(UM). (17)

In particular, GAP is equivariant under unitary time evolution, and, as a conse-
quence, GAP(p;) is the relevant distribution on S(H) whenever the system starts in
thermal equilibrium with respect to some Hamiltonian Hy and evolves according to
any Hamiltonian H; at later times. More generally, the results of [17] (and their
extension in Corollary 4) show that if a system has density matrix p arising from
entanglement, then its (conditional) wave function (relative to a typical basis, see
below) is asymptotically GAP-distributed. Thus, GAP is the correct distribution in
many practically relevant cases. On top of that, when we have no further restriction
than that the density matrix is p, then the natural concept of a “typical " should
refer to the most spread-out distribution compatible with p, which is GAP(p).

Finally, let us remark that GAP(p) is also invariant under global phase changes,
i.e., GAP(p)(M) = GAP(p)(e"? M) for all measurable M C S(H) and ¢ € R. Hence,
GAP(p) naturally also defines a probability distribution on the projective space of
complex rays in H and all results presented in the following can be equivalently
formulated for rays instead of vectors.

Remark 1. In terms of p,, we can easily formulate and prove a weaker version of
our main result (5); this version is related to (5) in more or less the same way as the
statement that in a certain population, the average height is 170 cm, is related to the
stronger statement that in that population, most people are 170 cm tall. The weaker
version asserts that the average of p? over ¢ using the GAP(p) distribution is equal
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to tr, p, whereas the statement about (5) was that most 1 relative to GAP(p) have p?
(approximately) equal to tr, p. On the other hand, the statement about the average
is stronger because it asserts, not approzrimate equality, but ezact equality. On top
of that, the average statement is not limited to the GAP measure but holds for any
probability measure p. Here is the full statement: for separable H = H, ® Hyp, any
probability measure p on S(H), and a random vector ¢ with distribution p,

E.ol = try p, . (18)
Indeed, tr, commutes with p-integration,? so
Bt = [ u(d0) m o)l (198)
S(H)
—tn, [ () [ (190)
S(H)
= t1p ) - (19c¢)
o

Norms. The distance between two density matrices will be measured in the trace
norm

| M ||ty = tr |M]| = tr vV M*M, (20)
where M* denotes the adjoint operator of M. If M can be diagonalized through an
orthonormal basis (ONB), then ||M]|J;, is the sum of the absolute eigenvalues. We
will also sometimes use the operator norm

[M]| := sup [[Md], (21)
¥ll=1

which, if M can be diagonalized through an ONB; is the largest absolute eigenvalue.

Purity. For a density matrix p, its purity is defined as tr p2. In terms of the spectral
decomposition p = >, p,|n)(n|, the purity is trp® = >, p2, which can be thought
of as the average size of p,. In particular, the purity is positive and < 1; it is = 1 if
and only if p is pure, i.e., a 1d projection; for a normalized projection pr = Pgr/dR,
the purity is 1/dg; conversely, 1/purity can be thought of as the effective number of
dimensions over which p is spread out. It also easily follows that

| (22)

because p2 < pyllpll, and if p,, is the largest eigenvalue, then p2 < »° p2 because
all other terms are > 0. In words, the average p,, is no greater than the maximal p,,,
which is bounded by the square root of the average p, (and the square root of the
maximal p,).

trp* < ol < Virp> < Vllp

2Since we could not find a good reference for this fact, we have included a proof in Section 4.1.
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Conditional wave function. For H = H, ® H;, an ONB B = (|m))m=1..dim#,
of Hyp, and ¥ € S(H), the conditional wave function 1, [5, 6, 19] of system a is a
random vector in H, that can be constructed by choosing a random one of the basis
vectors |m)y, let us call it |M),, with the Born distribution

2
P(M =m) = [|s(m|v)]]; , (23)
taking the partial inner product of |M), and v, and normalizing:

M
Ve = ML

(Note that the event that ||,(M]1)]|, = 0 has probability 0 by (23). In the context of
Bohmian mechanics, the expression “conditional wave function” refers to the position
basis and the Bohmian configuration of b [5]; but for our purposes, we can leave it
general.)

We can also think of v, as arising from v through a quantum measurement with
eigenbasis B on system b, which leads to the collapsed quantum state 1, @ |M)y.
Correspondingly, we call the distribution of v, in S(H,) the Born distribution of 1,
and denote it by Bornf’B . However, when considering 1,, we will not assume that
any observer actually, physically carries out such a quantum measurement; rather,
we use 1, as a theoretical concept of a wave function associated with the subsystem
a. Tt is related to the reduced density matrix p? in a way similar to how a conditional
probability distribution is to a marginal distribution,

E[tpa) (¥ = p} - (25)

1, is also related to the GAP measure, in fact in two ways. First, when we average
Bornf’B over all ONBs B (using the uniform distribution corresponding to the Haar
measure), then we obtain GAP(p?) [17, Lemma 1]. Put differently, if we think of both
M and B as random and 1), thus as doubly random, then its (marginal) distribution
is GAP(p?); put more briefly, GAP(pY?) is the distribution of the collapsed pure state
in a after a purely random quantum measurement in b on . Second, if d, is large,
then even conditionally on a single given B, the distribution of v, is close to a GAP
measure for most B and most ¥ according to a GAP measure on H, ® H,; this is the
content of Corollary 4 below.

(24)

3 Main Results

In this section, we present and discuss our main results about generalized canonical
typicality. In the following, we use the notation u(f) for the average of the function
f under the measure p,

uqyz/pwwfw» (26)
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Note that, by (18),
GAP(p)(pY) = tr,p. (1)

The statement of our generalized canonical typicality differs in that it concerns ap-
prozimate equality and holds for the individual p?, not only for its average.

3.1 Statements

We first formulate our main theorem on canonical typicality for GAP measures and
the underlying variant of Lévy’s lemma for GAP measures. We then give a list of
further consequences of this generalized version of Lévy’s lemma, including results
on dynamical typicality and the fact that the typical Born distribution of conditional
wave functions is itself a GAP measure. At the end of this section we also state
a slightly weaker version of our main theorem that is not based on Lévy’s lemma
but instead allows for a rather elementary proof based on the Chebyshev inequality.
Finally, the known bounds for uniformly distributed ¢ will be stated in Remark 12
in Section 3.2 for comparison.

Theorem 1 (Generalized canonical typicality, exponential bounds). Let H, and H,
be Hilbert spaces with H, having finite dimension d, and Hy being separable, and let
p be a density matriz on H = H, @ Hy. Then for every 6 > 0,

GAP(,O){¢ € S(H) : ||pf — tropl|,, < cda \/ ( ) p ||} >1— (28)

where ¢ = 48.
Remark 2. The relation (28) can equivalently be formulated as a bound on the
confidence level, given the allowed deviation: For every e > 0,

é« 2
GAP(p){v € S(H) : [|ot — try ||, > 2} < 122 exp (—Cmfp”) . (29
where C = 230#' This form makes it visible why we call Theorem 1 an “exponential

bound”: because the bound on the probability of too large a deviation is exponentially
small in 1/||p||. In contrast, the bound (37) is polynomially small in tr p®. o

A key tool for proving Theorem 1 is Theorem 2 below, a variant of Lévy’s lemma
for GAP measures. Recall the notation (26).
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Theorem 2 (Lévy’s lemma for GAP measures). Let H be a separable Hilbert space,
let f:S(H) — R be a Lipschitz continuous function with Lipschitz constant® n, let p
be a density matriz on H, and let € > 0. Then

GAP(){u € 5(7) s () ~ GAP()(1)| > <} <6exp (~c ) (0

1
where C = 52—

Remark 3. The statement remains true for complex-valued f if we replace the con-
stant factor 6 in (30) by 12 and C by C/2, as follows from considering the real and
imaginary parts of f separately. o

As an immediate consequence of Theorem 2 for f(v)) = (¢|B|¢), which has Lips-
chitz constant n < 2||BJ| [30, Lemma 5|, we obtain:

Corollary 1. Let p be a density matriz and B a bounded operator on the separable
Hilbert space H. For every e > 0,

GAP(,O){@/) €S(H) : |<1/}|B|¢) — tr(pB)| > 5} < 12exp (—@%) (31)

with C = 1

230472 "

Remark 4. Corollary 1 provides an extension to GAP measures of the known fact
[33] that ()| BJw) has nearly the same value for most 1 relative to the uniform dis-
tribution. This kind of near-constancy is different from the near-constancy property
of a macroscopic observable, viz., that most of its eigenvalues (counted with mul-
tiplicity) in the micro-canonical energy shell are nearly equal. Here, in contrast,
nothing (except boundedness) is assumed about the distribution of eigenvalues of B.
In particular, if B is a self-adjoint observable, then a typical 1) may well define a
non-trivial probability distribution over the spectrum of B, not necessarily a sharply
peaked one. The near-constancy property asserted here is that the average of this
probability distribution is the same for most . In fact, it also follows that the proba-
bility distribution itself is the same for most ¢ (“distribution typicality”), at least on
a coarse-grained level (by covering the spectrum of B with not-too-many intervals)
and provided that many dimensions participate in p. This follows from inserting
spectral projections of the observable for B in (31). o

3A Lipschitz constant refers to a metric on the domain, and two metrics are often considered
on the sphere: the spherical metric (distance along the sphere, dgspn (¢, ¢) = arccos Re(y|¢)) and
the Euclidean metric (distance in the ambient space across the interior of the sphere, dgye (¢, ¢) =
|l — ¢[|). We use the spherical metric, as did [27, 30, 31], but since dguci (¥, ¢) < dspn(¥, @) <
5 deuc (¥, ¢), using the Euclidean metric would at most change the Lipschitz constants by a factor
of Z.

2
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In contrast to the uniform distribution on the sphere in the micro-canonical sub-
space, which is invariant under the unitary time evolution, GAP(py) will in general
evolve, in fact to GAP(p;) by (17). This leads to questions about what the history
t — 1y looks like. Inserting U;BU; for B in (31) leads us to the first equation in the
following variant of “dynamical typicality” for GAP measures.

Corollary 2. Let H be a separable Hilbert space, B a bounded operator and p a
density matrix on H, and t — U; a measurable family of unitary operators. Then for
every €,t > 0,

GAP(p){ 6 € S(H) s [l Blib) — tr(puB)| > < < 12exp <_||BC||YW> SNEH

where p, = U p U, Yy = Uy and C=_ Moreover, for every e, T > 0,

230472

- 36] Bl
(33)

GAP(/)){?# €SMH) : %/0 (el Blepr) — tr(p B)] dt > 6} < 9exp ( C—€2> :

Clearly, for U, we have in mind either a unitary group U, = exp(—iHt) generated
by a time-independent Hamiltonian H, or a unitary evolution family U; satisfying
i%Ut = H,U, and Uy = I generated by a time-dependent Hamiltonian H;. However,
the group resp. co-cycle structure play no role in the proof. (In [48], a similar result
for the uniform distribution over the sphere in a large subspace was formulated only
for time-independent Hamiltonians, but the proof given there actually applies equally
to time-dependent ones.)

The last two corollaries were applications of Lévy’s lemma that did not involve
reduced density matrices. We now turn to bi-partite systems again and present two
further corollaries. We first ask whether, for GAP(pg)-typical 1y, the reduced density
matrix p¥* remains close to tr, p; over a whole time interval [0,T]. The following
corollary answers this question affirmatively for most times in this interval.

Corollary 3. Let H, and Hy be Hilbert spaces with H, having finite dimension d,
and Hy being separable, p a density matriz on H = H,QHyp, and t — Uy a measurable
famaly of unitary operators on H. Then for every e, T > 0,

1", ) Ce?
GAP(p) ¢ € S<H) : T ; Hpa — try pt”tr dt > ¢ < gda exp —WHPH , (34)

where p, = U, p U}, Yy = Upp and C =1

230472

The next corollary expresses that for GAP(p)-typical 1, large dp, and small tr p?,
the conditional wave function v, (relative to a typical basis) has Born distribution
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close to GAP(tr, p). (Note that we are considering the distribution of ¥, conditionally
on a given 1, rather than the marginal distribution of ¢, for random v, which would
be [5py GAP(p)(dv) Born¥"#(-).) Recall the notation (26).

Corollary 4. Let €,0 € (0,1), let H, be a Hilbert space of dimension d, € N, let
f :S(Hs) = R be any continuous (test) function, and let Hy, be a Hilbert space of
finite dimension d, > max{4,d,, 32||f||% /e?0}. Then there is p > 0 such that for
every density matriz p on H = H, @ Hy with ||p|| < p,

GAP(p) x UONB{(¢, B) € S(H) x ONB(H,) :

[Born?2(f) — GAP(tr, p)(f)| < g} >1-6, (35)

where Born’? is the distribution of the conditional wave function, ONB(H,) is the
set of all orthonormal bases on Hy, and uong the uniform distribution over this set.

Remark 5. We conjecture that the closeness between Born’"? and GAP(tr,p) is
even better than stated in Corollary 4, at least when 0 is not an eigenvalue of tr, p, in
the sense that (35) holds not only for continuous f but even for bounded measurable
f, and in fact uniformly in f with given || f||o. This conjecture is suggested by using
Lemma 6 of [17] instead of Lemma 5, or rather a variant of it with more explicit
bounds. o

Whereas Theorem 1 is based on the rather technical concentration of measure re-
sult Theorem 2, a slightly weaker statement can be obtained using only the Chebychev
inequality and a bound on the variance of random variables of the form ¢ — (1| Al))
with respect to GAP(p) given in Proposition 1 in Section 4.2. The latter bound is
also of interest in its own right and has already been established for self-adjoint A by
Reimann in [35].

Theorem 3 (Generalized canonical typicality, polynomial bounds). Let H, and H,
be Hilbert spaces with H, having finite dimension d, and Hy, being separable. Let p
be a density matriz on H = H, @ Hy with ||p|| < 1/4. Then for every § > 0,

2845 tr p?
GAP(p){w €S(H) : ||p¥ —trop|,. < ‘/GTM} >1-4. (36)

Remark 6. Again, we can equivalently express Theorem 3 as a bound on the confi-
dence level 1 — ¢ for any given allowed deviation of p¥ from tr, p: For every p with
llpll < 1/4 and every e > 0,

< 285 tr p? ‘

GAP(p){w e S(H) : ||t =ty p, > e} < (37)

e2
<
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Remark 7. While our main motivation for developing Theorem 3 is the different
strategy of proof, and while the exponential bound of Theorem 1 will usually be
tighter than the polynomial bound of Theorem 3, this is not always the case: the
bound of Theorem 3 is actually sometimes better, as the following example shows.
Suppose that ||p|| = % = p; and that all other p; are equal, i.e.,

1 - L
_ vD
for all j > 1. Then,
tr p? 1+ Y L2 (39)
T = — _— e — S —
=D D1 D) D

and for, e.g., d, = 1000 and £ = 0.01 we find that

Ce2\/D
dz

28d° 2
62“— < 12d? exp (—

i) (40)

for 4.67 - 10 < D < 9.17 - 103, i.e., in this example there is a regime in which D
is already very large but still the polynomial bound is smaller than the exponential
one. o

3.2 Discussion

Remark 8. System size. Theorem 3 shows, roughly speaking, that as soon as
trp® < d,°, (41)

GAP(p)-most wave functions ¢ have p¥ close to tr, p. If we think of 1/tr p? as the
effective number of dimensions participating in p, and if this number of dimensions
is comparable to the full number D = dim H = d,d, of dimensions, then (41) reduces
to

d® < D. (42)

Since the dimension is exponential in the number of degrees of freedom, this condition
roughly means that the subsystem a comprises fewer than 20% of the degrees of
freedom of the full system. (The same consideration was carried out in [13, 14] for
the original statement of canonical typicality.) The stronger exponential bound yields
that a can even comprise up to 50% of the degrees of freedom [13, 14]. o
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Remark 9. Canonical density matriz. A p of particular interest is the canonical
density matrix X
_ _~ ,—BH
peen = ¢ (43)
The relevant condition for generalized canonical typicality to apply to p = pean is
that it has small purity tr p?> and small largest eigenvalue ||p||. We argue that indeed
it does.

One heuristic reason is equivalence of ensembles: since py,. has purity 1/d,. and
largest eigenvalue 1/dy,., which is small, the values for pe., should be similarly small.
Another heuristic argument is based on the idealization that the system consists of
many non-interacting constituents, so that H = HY and H = Zjvzl I1°U-Y @ H; @
IPIN=I) 50 pean = pTN . It is a general fact that for tensor products p; ® p, of density
matrices, the purities multiply, tr(p; ®p2)* = (tr p7)(tr p3), and the largest eigenvalues
multiply, ||p1 @ p2|| = ||p1]| [|p2]|- Thus, the purity of pean is the N-th power of that
of piean, and likewise the largest eigenvalue. Since N > 1 and the values of pic., are
somewhere between 0 and 1, and not particularly close to 1, the values of pc., are
close to 0, as claimed. We expect that mild interaction does not change that picture
very much. o

Remark 10. Classical vs. quantum. While classically, a typical phase point from a
canonical ensemble is also a typical phase point from some micro-canonical ensemble,
a typical wave function from GAP(ps) does not lie in any micro-canonical subspace
Hue (if H # Hue) and even if it does lie in an Hy,, then it is not typical from that
subspace; that is because typical wave functions are superpositions of many energy
eigenstates, and the weights of these eigenstates in py,. and pe., are reflected in the
weights of these eigenstates in the superposition. Therefore, already in the case that
p is a canonical density matrix, Theorems 3 and 1 are not just simple consequences
of canonical typicality but independent results. o

Remark 11. Equivalence of ensembles. We can now state more precisely the sense
in which our results provide a version of equivalence of ensembles. It is well known
that if a and b interact weakly and b is large enough, then both pn. and pe., in
Hs = Hqo ®Hyp lead to reduced density matrices close to the canonical density matrix
(4) for a, trp pme = Pacan = trb Pean, provided the parameter S of pean and pacan 1S
suitable for the energy E of py.. Hence, Theorems 3 and 1 yield that we can start
from either uy,. or GAP(pean) and obtain for both ensembles of ¢ that pf is nearly
constant and nearly canonical. o

Remark 12. Comparison to original theorems. The original, known theorems about
canonical typicality, which refer to the uniform distribution over a suitable sphere
instead of a GAP measure, are still contained in our theorems as special cases, except
for worse constants and in some places additional factors of d, (which we usually
think of as constant as well). For more detail, let us begin with the known theorem
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analogous to Theorem 3 (formulated this way in [14, Eq. (32)], based on arguments
from [46]):

Theorem 4 (Canonical typicality, polynomial bounds). Let H, and H, be Hilbert
spaces of respective dimensions d,,dy, € N, H = H, ® Hp, Hr be any subspace of
H of dimension dr, pr be 1/dr times the projection to Hgr, and ug the uniform
distribution over S(Hg). Then for every § > 0,

d2
u € S(Hg) : ||pl — tr <—2_ 1 >1-4. 44
R{w ( R) Hpa pr“tr i \/m} = ( )
When we apply our Theorem 3 to p = pr (and assume dr > 4), we obtain that
GAP(p) = ug, tr p*> = 1/dg, and almost exactly the bound (44) except for a (rather
irrelevant) factor v/28 and d2? instead of d2. Further explanation of how this different
exponent comes about can be found in Section 4.6.

Theorem 5 (Canonical typicality, exponential bounds [30, 31]). With the notation
and hypotheses as in Theorem 4, for every § > 0 such that

6 < dexp (—d2/(187%)), (45)
1873
uR{¢ € S(Hr) : ||pY — trb,oRHtr <2 Eln(él/é)} >1-9. (46)

This theorem was stated slightly differently in [30, 31]; we give the derivation of
this form in Section 4.6. Again, the bound agrees with the one (28) provided by
Theorem 1 for p = pg (so ||p|| = 1/dr) up to worse constants and additional factors
of d,.

Next, here is the standard statement of Lévy’s lemma:?

Theorem 6 (Lévy’s Lemma [27]). Let H be a Hilbert space of finite dimension D =
dim#H € N, let f: S(H) — R be a function with Lipschitz constant n, let u be the
uniform distribution over S(H), and let € > 0. Then

u{w € S(H) : |f(¥) — u(f)] > 2} < dexp (— Cff) , (47)

A2
where C' = 5=5.

4Lévy’s original 1922 statement (reprinted as a second edition in [25, Sec. 3.1.9]) was that if a
hypersurface S C S(RY) divides the sphere in two regions of equal area then its e-neighborhood
has area greater than or equal to that of the e-neighborhood of an equator, which in turn [25,
Sec. 3.1.6] has nearly full area if the dimension d is large enough. As pointed out by, e.g., Milman
and Schechtman [27], it follows for a function f : S(R?) — R with Lipschitz constant n (by taking
S = f~1(m) and m the median of f) that most points 1 have f(¢) close to m if d is large enough.
The variant quoted here referring to the mean instead of the median is due to Maurey and Pisier
[29] and also described in [27, App. V].
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When we apply our Theorem 2 to p = I /D, we obtain that GAP(p) = u, ||p|| =
1/D, and exactly the bound (47) except for worse constants. Note that Theorem 2
holds also for infinite dimensional separable H.

We turn to previous results for dynamical typicality. In [48], an inequality anal-
ogous to the bound (32) of Corollary 2 was proven for the uniform distribution
over the sphere in a subspace. In [28], variants of Lévy’s lemma and dynamical
typicality were established for the mean-value ensemble of an observable A for a
value a € R, defined by restricting the uniform distribution on S(CP) to the set
{1 € S(CP) : (| A]yp) = a} and normalizing afterwards. However, the physical rele-
vance of this ensemble is unclear, since, in general, the mean value of an observable
is itself no observable, and thus it is unclear how this ensemble could be prepared or
occur in an experiment. o

Remark 13. Lévy’s lemma for other distributions. Lévy’s lemma, although it ap-
plies to the uniform and GAP measures, does not apply to all rather-spread-out
distributions on the sphere; it is thus a non-trivial property of the family of GAP
measures.

This can be illustrated by means of the von Mises-Fisher (VMF) distribution, a
well known and natural probability distribution on the unit sphere S(R”) in R” that
is different from the GAP measure. It has parameters x € R, and u € S(R”) and can
be obtained from a Gaussian distribution in R” with mean g and covariance k=11
by conditioning on S(RP). The analog of Lévy’s lemma for the von Mises-Fisher
distribution is false; this can be seen as follows. Its density

g(x) = C(D7 H) eXp(H <:uv 'T>RD) (48)

with respect to the uniform distribution u on S(R”) varies at most by a factor of e2*
when varying = (while keeping D and k fixed). For a given Lipschitz function F' on
the sphere, insertion of F(z)g(x) for f(x) in a real variant of Lévy’s lemma for the
uniform distribution (Theorem 6 above) yields that F'(x) g(x) for u-most x is close
to the u-average of Fg, which equals the VMF-average of F' (where the Lipschitz
constant of f = Fg could be a bit worse than that of F'). The set of exceptional z
has small u-measure, and since C(D, k) € [e ", "] and thus g(z) € [e72F, €], it also
has small VMF-measure (larger at most by a factor of €2*). Thus, for VMF-most ,
F(z) is close to VMF(F)/g(z), and thus not constant at all. The same argument
shows that Lévy’s lemma is violated for any sequence of measures (up)pen on S(RP)
whose density gp relative to u is bounded uniformly in D, has Lipschitz constant
bounded uniformly in D, but deviates significantly from 1 on a non-negligible set in
S(RP).

For GAP measures the situation is very different. From (16) one can see, for
example, that if the eigenvalue p,, of p = > py|n)(n| is twice as large as another
eigenvalue p,,, then the density (16) at ¢ = |ny) is 2PF! times as large as that at
Y = |ny). Thus, the density and its Lipschitz constant are not (for relevant choices
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of p) bounded uniformly in D; rather, non-uniform GAP measures become more and
more singular with respect to the uniform distribution for large D. o

Remark 14. Generalized canonical typicality from conditional wave function? One
might imagine a different strategy of deriving generalized canonical typicality, based
on regarding v itself as a conditional wave function and using the known fact [19, 17]
that conditional wave functions are typically GAP distributed. We could introduce a
further big system c¢, choose a high-dimensional subspace H gape in Hape = Ho QHpQH.e
so that tr. Prape/dRape coincides with the given p on H,®H,, and start from a random
wave function from S(H gap.). However, we do not see how to make such a derivation
work. o

Remark 15. Not every measure does what GAP(p) does. Generalized canonical
typicality as expressed in Theorems 3 and 1 is not true in general if we replace
GAP(p) by a different measure: if p is a density matrix on H and g a probability
distribution over S(#) with density matrix p, = p, then it need not be true for y-most
¥ that p¥ = try p.

Here is a counter-example. Let p = Zle pn|n)(n| have eigenvalues p,, and eigen-
ONB (|n))neq1,...p}, and let

D
p= an Ojn) (49)
n=1

be the measure that is concentrated on the finite set {|n) : 1 < n < D} and gives
weight p, to each |n). This measure is the narrowest, most concentrated measure
with density matrix p, and thus a kind of opposite of GAP(p), the most spread-out
measure with density matrix p. A random vector 1 with distribution u is a random
eigenvector |n). What the reduced density matrix pllm looks like depends on the
vectors [n) € H = H, ® Hp. Suppose that the eigenbasis of p is the product of
ONBs of H, and Hy, [n) = [€), ® |m)p; then P = tr, In)(n| = £),{¢| (in an obvious
notation), so P is always a pure state and thus far away from tr, p = > tm Pem|0)a (]
if that is highly mixed. Note, however, that if instead of a product basis, we had taken
(In))n=1..p to be a purely random ONB of #, then (with overwhelming probability
if dp > 1) P d;'I, and thus also tr, p (which by (18) is the p-average of pY) is
close to d;'1,, so p¥ ~ try p for p-most 1, despite the narrowness of y. o

Remark 16. Canonical typicality with respect to GAP(p) does not hold for every p.
Let us consider the special case in which p has one eigenvalue that is large (e.g., 1071),
while all others are very small (e.g., 107109). Such a situation occurs for example for
N-body quantum systems with a gapped ground state |0) at very low temperature,
T of order (log N)~!. So call the large eigenvalue p and suppose for definiteness that
all other eigenvalues are equal,

p=pl0) 0]+ 5L (1~ [0y{0) =pl0)(0] + (1~ ), +O(5)  (60)
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with O(1/D) referring to the trace norm and the limit D — oco. In that case,
trp? ~ p* (e.g., 1072, while d, may be 10'%), so the smallness condition (41) for
generalized canonical typicality is strongly violated. To investigate p?, note that
any vector ¢ € S(H) can be written as ¥ = cosfe'®|0) + sinf|¢) with 0 € [0, /2],

€ [0,2m), and |¢) L |0). If ¢ has distribution GAP(p), then ¢ has distribution
ug(joy+)y and is independent of 6 and «, a is independent of § and uniformly distributed,
and a lengthy computation shows that the distribution of 6 has density

2(1 — p)? cos® N
PR exp((l — ) cot 9) (51)

as D — oo. By an error of order 1/ VD, we can replace ¢ by a ug(w)-distributed vector.
If |0) factorizes as in |0) = |0),]0)s, then tr, p = p|0),(0] + (1 — p)(La/da) + O(1/dp)
and p¥ = cos? 0|0),(0] +sin® (1, /d,) +O(1/+/dy). Since the latter depends on 6 (and
thus is not deterministic but has a non-trivial distribution), it follows that p¥ % tr p
with high probability. o

Remark 17. Comparison to large deviation theory. In large deviation theory [50],
one studies another version of concentration of measures: one considers a sequence
of probability distributions (Py)yen on (say) the real line and studies whether (and
at which rate) ]P’N( [z, oo)) tends to 0 exponentially fast as N — oo for fixed x € R.
Our situation is a bit similar, with the role of « played by ¢ in (29), and that of Py
by the distribution of ||p¥ — try p|lyy in R for GAP(p)-distributed ¢. However, our
situation does not quite fit the standard framework of large deviations because we do
not necessarily consider a sequence py of density matrices, but rather a fixed p with
small ||p[|. That is why we have provided error bounds in terms of the given p. ¢

4 Proofs

4.1 Proof of Remark 1

What needs proof here is that also in infinite dimension, the partial trace commutes
with the expectation,

By try [¢0) (4] = try Ey|) (0] - (52)

(For dim#, < oo, tr, is a finite sum and thus trivially commutes with E,.) So
suppose that H;, has a countable ONB (|l);)ien, and let |¢), € H,. Then

SN, by (6 0]) 0). / 61t (1) (O] |6} () (53a)
/ Z}cbllw}udw (53D)
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-3 / (1) ) (530)
= (&, Upull, ) (53d)

l
== a<¢‘ trb p#‘¢>a7 (536)

where we used Fubini’s theorem in the third and the definition of p, in the fourth
line. Since a bounded operator A is uniquely determined by the quadratic form

¢ — (¢|A|9), it follows that E,(p¥) = try ..

4.2 Proof of Theorem 3

We start with the proof of the polynomial version of generalized canonical typical-
ity and thereby introduce approximation techniques for infinite dimensional Hilbert
spaces, which will also be used in the proof of the exponential bounds of Theorem 1
later on. For the proof of Theorem 3 we make use of a result from Reimann [35].
Let (|n)),=1..p be an orthonormal basis of eigenvectors of p and py,...,pp the cor-
responding (positive) eigenvalues. Reimann used the density of the GAP measure
GAP(p) to compute expressions of the form

E(cjercr,cn), (54)

where the expectation is taken with respect to GAP(p) and ¢; = (j|¢)) are the co-
ordinates of ¢ € S(H) with respect to the orthonormal basis (|7));=1..p. With the
help of these expressions he derived an upper bound for the variance Var(y|Aly)
(also taken with respect to GAP(p)) for self-adjoint operators A : H — H. We
show that Reimann’s upper bound for Var(iy|A|i) remains essentially valid also for
non-self-adjoint A and this bound will be a main ingredient in our proof of Theorem 3.

We start by computing the expectation E(i|A|¢) and an upper bound for the
variance Var(y|Al) for an arbitrary operator A : H — H, where the expectation
and variance are with respect to the measure GAP(p). We closely follow Reimann
[35] who did these computations in the case that A is self-adjoint. We arrive at the
same bound for the variance (with the distance between the largest and smallest
eigenvalue of A replaced by its operator norm), however, one step in the proof needs
to be modified to account for A not being necessarily self-adjoint. Moreover, we show
that the expression for E(¢)|A|¢)) and the upper bound for Var(y| A1) remain valid
if H has countably infinite dimension, i.e., if it is separable.

Proposition 1. Let p be a density matriz on a separable Hilbert space H with pos-
itive eigenvalues p, such that pmax = ||pl| < 1/4 and let dimH > 4. For GAP(p)-
distributed v and any bounded operator A : H — H,

E(y[Aly) = tr(Ap) (55)
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and

A% tr p? 4+/tr p? + 2tr p?
Var<¢|A|z/1>§H1”—rp<1—|— 7 revp ) (56)

(1 - 2pmaX)(1 - 3pmax)

— Mmax

Proof. We first assume that D := dimH < oo. The formula for the expectation
follows immediately from the fact that the density matrix of GAP(p) is p:

E@[Alp) = Etr([¢) (]A) = tr(E[¢)(¢]A) = tr(Ap). (57)
For a complex-valued random variable X the variance can be computed by
Var X =E[(X —EX)"(X —EX)] =E(X"X) — E(X")E(X). (58)

Since the variance of a random variable does not change when a constant is added,
we can assume for its computation without loss of generality that E(y|A|y) = 0.

Let (|n))n=1,.p be an orthonormal basis of H consisting of eigenvectors of p. For
Y € S(H) we write
WIA[) = (@lm) (m] A =) chAmicy (59)
Lm Im
with ¢, = (l|¢)) and A,,; = (m|A|l). Then for X = (¢|A|y)) we find that
Var X = Z A A B(cfemct cr). (60)
L,m,l’,m’

Reimann [35] showed that the fourth moments E(c}¢,, ¢, c) all vanish except for the
two cases [ =m,m' =1"and [ = m/,m = I’ and that

E(lem|?[al?) = pmpr(1 + St) Kot (61)
where
0o D
e z/ (L+ 2pm) (14 2p) " T+ 2pn) " da. (62)
0 n=1

This implies

Var X = Z |Aml|2pmpl<]- + 5ml)Kml + Z A:(nmAm’m’pmpm’(l + 5mm’>Kmm’

m,l

= Z At + A Aut] Dt Kot (64)
m,l
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Because of |A,m| < ||A|| it follows from the computation in [35] that

2|| A[]? tr p?
(1 - pmax)(l - 2pmax>(]— - 3pmax)

> A Aupmpi Ko <

m,l

(2(tr p*)/2 +tr p*)  (65)

1

r—— for all  and m and therefore

Moreover, as it was shown in [35], K,,; <

Z | AP Kot < 1_; tr(A*pAp). (66)
m,l max

Since A is not necessarily self-adjoint, we have to proceed in a different way than

Reimann [35] did to bound this term. To this end we make use of the Cauchy-

Schwarz inequality for the trace, i.e. tr(B*C) < /tr(B*B) tr(C*C), and the inequal-

ity |tr(BC)| < ||B||tr(|C|) for any operators B,C' [43, Thm. 3.7.6]. With these

inequalities we have that

(A pAp) < /(AP A) (A A7) (67a)
= \/tr(AA*p?) tr(A* Ap?) (67b)
< A tr g (670)

Combining (64), (65), (66) and (67c) proves the bound for the variance and thus
finishes the proof in the finite-dimensional case.

Now suppose that H has a countably infinite ONB. The expectation can be com-
puted as before since GAP(p)(]1)(¥|) = p remains true in the infinite-dimensional
setting [49]. For the variance, we approximate p by density matrices p,, n € N, of
finite rank defined by

pu =3 padm)ml + (3 g ). (68)

Then ||p, — plle — 0 as n — oo, and therefore Theorem 3 in [49] implies that
GAP(p,) = GAP(p) (weak convergence). Note also that from some ny onwards,
> pm < pr and thus lpull = pr = llpll Let () i= |(]Al) — tr(Ap)l? and
fn(¥) == [{(W|A]) — tr(Ap,)|>. Because of tr(Ap,) — tr(Ap) and therefore f, — f
uniformly in ¢ it follows that GAP(p,)(fn) —GAP(p,)(f) — 0. Since f is continuous,
it follows from the weak convergence of the measures GAP(p,) that GAP(p,)(f) —
GAP(p)(f) and therefore altogether that GAP(p,)(f.) = GAP(p)(f). Since, as one
easily verifies, tr p2 — tr p?, the bound for the variance in the finite-dimensional case
remains valid in the infinite-dimensional setting.’? O]

5A different way to prove that the bound remains valid in the infinite-dimensional setting is
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Proof of Theorem 3. Without loss of generality assume that all eigenvalues of p are
positive. Proposition 1 together with Chebyshev’s inequality implies for any operator
A and any € > 0 that

GAP(p) {v € S(H) : [(V|A) — tr(Ap)| > <}

All? tr p? 4y/tr p? 4 2tr p?
_ AP <1+ Vg 20 ) (698)

- €2<1 - pmax) (1 - 2pmax)(1 - 3pmax)
41| A tr p?

< H:L’Trp (1 + 8 (4y/Pmax + 2Pmax)) (69b)
28| AJ|* tr p?

< - = (69¢)

Let (|0)a)i=1..a, and (|n)p)n=1..a4,, Where d, := dim#H, € N and d, := dimH, €
N U {oc}, be an orthonormal basis of H, and H, respectively. For

A" =[Da(ml] ® I, (70)

where I, is the identity on H,, we find ||A™| = 1,

(WIA™W) =Y (W] (1Dalm| @ [n)(nl) [4) (71a)

n

= a(m| (Z b<n|¢><@/}|n>b> D)a (71b)

n

= o (mlpt 1) (71c)
and similarly
tr(A™p) = D alkly(nl [([1Dalml] © L) p] [K)aln)s (72a)
= a(m| (Z b<n!p!n>b) Da (72b)
= a{m| try p[l)a. (72c)

the following: Since (1|A|¢) is a continuous function of 1, it follows from the weak convergence
of the measures GAP(p,) that also the distribution of ()|Aly)) under ¢ ~ GAP(p,) converges
weakly to that under ) ~ GAP(p) (where the notation X ~ p means that the random variable
X has distribution p). Since tr(Ap,) — tr(Ap), this does not change if we subtract tr(Apy,)
respectively tr(Ap) (because the test functions f can equivalently be assumed to be bounded and
Lipschitz [3, Thm. 2.1] and (1| A|¢) is Lipschitz), and take the absolute square. Theorem 3.4 of [3]
says that if the distribution of the real random variable X,, converges weakly to that of X, then
E|X| < liminf, E|X,|. Thus, the variance of (1)|A|¢)) under GAP(p) is bounded by the limit of the
bounds for p,. Since trp? — trp?, the variance is bounded by the same upper bound as in the
finite-dimensional case.
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For any d, x d, matrix M = (M;;) it holds that ||M||,, < V/d,||[M]|2, where || M|
denotes the Hilbert-Schmidt norm of M which is defined by

[ M| = (73)
see, e.g., Lemma 6 in [30]. Therefore, we have that
da ,
0% = troplli < da 3 Jatmlpy = trs pli)a] (74)
l,m=1

and thus

GAP(p) { € S(H) : ||pf — try pl|,, > 2%}

da
< GAP(p) {¢ eS(H): 3 lulmlpt — try pll)a]* dié} (75a)

Il,m=1
< GAP(p) {¢ € S(H) : Fl,m : |a(m|p} — try p|l)a| > €} (75b)
2842 tr p?
< —5 (75¢)

where we used (69¢), (71c), (72c) and |[|[A"™| = 1 in the last step. By replacing
e — dy e we finally obtain

28d° tr p?
GAP(p) {v € S(H) : [lpl — try pllu > £} < =0, (76)
Setting
283 tr p?
)= — a2 (77)
and solving for ¢ gives (36) and thus finishes the proof. O

4.3 Proof of Theorem 1

The proof of Theorem 1 follows largely the one of canonical typicality given in [30];
some crucial differences concern our generalization of the Lévy lemma and the steps
needed for covering infinite dimension.

Let U, be a unitary operator on H,. Then the function f : S(H) — C, f(v) =
tro(Uspl) = (U, ® I|p) is Lipschitz continuous with Lipschitz constant n <
2||U,|| = 2 (see, e.g., Lemma 5 in [30]). By Theorem 2 and Remark 3,

GAP(p) {¢ € S(H) : |tra(Uapy) — GAP(p)(tra(Uap?))| > e}
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Ce?
< 12exp (—m> : (78)
By (27),
GAP(p)(tra(Uapl)) = tra (UsGAP(p)(p%)) = trq (Uq try p) - (79)

Let (U? )?3:61 be unitary operators that form a basis for the space of operators on H,
such that®

tr, (U7 UF) = dydjy.. (80)
Then
GAP(p) {v € S(H) : Tj : |tra(U]pY) — tra(U] try p)| > £} < 12d2 exp (— 8C||’€2||> :
' (81)
As in [30], the density matrix p? can be expanded as
o= S G, (52)
J

where C;(p?) = tr,(UZ*p?) and (81) becomes

GAP(p) {v € S(H) : 3j : |C;(pY) — Cj(try p)| > e} < 12d2 exp <—%§H) . (83)

If |C;(p?) — Cj(try p)| < e for all j, then

oy = tro plle < dallpy — tr pll3 (84a)
2
1 .
= du || D (Ci(pk) = Ciltry p)) U (84b)
a 5
1 2
= -t > (Cilpk) = Cy(try ) UZ (84c)
J
— Y 2
=371C5(0%) — Cy(tmy p)| (84d)
J
50ne possible choice is given by
do—1
U = 3 enikimGmedde /| (1 + ) mod da) (k)
k=0

where (|k))g=0...4,—1 is an orthonormal basis of H,, see [30].
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< d*e? (84e)

This implies that

2

GAP(p) {16 € S(H) : | — try ple > duc} < 122 exp (— o H) (55)

and, after replacing e by ed!,

C 2
GAP(p) {4 € 804): I — tmplhe > <} < 12 (— 5 ). (s6)
Setting
Ce?
§ = 12d2 exp (— ) 87
S]] (87)

and solving for ¢ finishes the proof.

4.4 Proof of Theorem 2

The proofs begins with an auxiliary theorem formulated as Theorem 8 below. For
better orientation, we also state the analogous fact about Gaussian distributions as
Theorem 7 and start with quoting its real version:”

Lemma 1 ([27]). Let F : RP? — R be a Lipschitz function with constant n. Let X =
(X1,...,XDp) be a vector of independent (real) standard Gaussian random variables.
Then for every € > 0,

2

P{|F(X) — EF(X)| > £} < 2exp (—7328772) . (88)

Now let p = 327 pu|n)(n| be a density matrix on the D-dimensional Hilbert

space H, and let Z be a random vector in ‘H whose distribution is G(p), the Gaussian

measure with mean 0 and covariance p as defined in Section 2.2; equivalently, Z =

Zfl):l Zn|n), where the Z, are independent complex mean-zero Gaussian random
variables with variances

E|Z,|* = p,, . (89)

Then we can write Z = \/p/2Z, where the components Z, of Z = Y 7 Z,|n)

are D independent complex mean-zero Gaussian random variables with variances

"The constant in (88) can actually be improved to 1/2 instead of 2/72 [29, p. 180]. But for us it
is not important to obtain the optimal constant, and we use a method of proof for Theorem 8 that
yields 2/7% in Theorem 7.
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E\Zn|2 = 2, which can be in a natural way identified with a vector of 2D independent
real standard Gaussian variables.
If F:H — R is Lipschitz with constant 1, then F o \/p/2 : H — R is also

Lipschitz with constant 1/||p||/2. This function can also naturally be considered
as a function on R?” and then an application of Lemma 1 immediately proves the
following theorem:

Theorem 7. Let dim H < oo, let p be a density matriz on H, let Z be a random vector
with distribution G(p), and let F' : H — R be a Lipschitz function with Lipschitz
constant n. Then for every e > 0,

P{|F(Z) —EF(Z)| > ¢} < 2exp (—%Hp”) . (90)

However, instead of using Theorem 7, we will use Theorem 8 below, a similar
result for the Gaussian adjusted measure GA(p) defined in Section 2.2, which has
density ||¢||? relative to G(p). Its proof closely follows the proof of Lévy’s Lemma in
[27]; for convenience of the reader we provide all the details.

Theorem 8. Let dimH < oo, let p be a density matriz on H, let Z be a random
vector with distribution GA(p), and let F : H — R be a Lipschitz function with
Lipschitz constant n. Then for every e > 0,

GA(p){ v € S(H) : |[F(1) — GA)(F)| > =} < dexp (—#”p”) R

Proof. We identify H with C” by means of the ONB (|n)),—1..p. Let ¢ : R — R be
a convex function and let Z = (Zi, ..., Zp) be a vector with the same distribution as
Z but independent of it. With the help of Jensen’s inequality and Hoélder’s inequality
we find that

GA(p)y [o(F(¥) — GA(p)g(F))]
< GA( )wGA() W(F() - F(9))] (92a)
/ / (@) 11 61> B(de)P(do) (92b)

-3 L / G(F(2) ~ F(2)| 2\ 2, B (a2)B(d2) (020
< Z( A2 Zal B 0 (0P (2) = F2)P)) " (020)

where we use the notation F(Z) and F(¢) interchangeably. We can write Z,, =
Re Z, +ilm Z,, where Re Z,, and Im Z,, are independent real-valued Gaussian random
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variables with mean 0 and variance p, /2. Since E|Re Z,|* = p,/2 and E|Re Z,|* =
3p? /4 we obtain

E|Z,|* = E|Re Z,|* + 2E|Re Z,|*E|Im Z,,|* + E|Im Z,|* = 2p? (93)

and therefore

3 (B (2092a09) Zzpnpm_z (94)

n,m

We identify Z with the vector X := (Re Z;,Im Z;,Re Zy,...,Re Zp,Im Zp) of real
Gaussian random variables and similarly Z withY := (Re Z, Im Z1,ReZy,...,Re Zp,
Im ZD). For each 0 < 6 < 7 set Xy = Xsinf + Y cosf. One easily sees that the
joint distribution of X and Y, which is the multivariate normal distribution with
mean vector 0 and covariance matrix diag(p1, p1,-..,Pp,PD;,P1,P1, - - PDsPD)/2, 18
the same as the joint distribution of X, and d%Xg = X cosf — Y sinf since linear
combinations of independent Gaussian random variables are again Gaussian and the
entries of the expectation vector and covariance matrix can be easily computed.

Since F' can be approximated uniformly by continuously differentiable functions,
we can without loss of generality assume that F'is continuously differentiable.

Let us now assume that ¢ is non-negative. Then ¢? is also convex. Then we find
with the help of Jensen’s inequality that

Eo(F(Z) — F(2))* = F(X) 950
</oﬂ/2_F (%o) de) (95D)
( /0 VF (Xo). jexg) d6)2 (950)
/0 @ <2 (VF(Xe) jeXg))2d9] (95d)

— Eyp <g (VF(X), Y)>2 , (95¢)

2
s

where in the last step we used Fubini’s theorem and the fact that the joint distribution
of Xy and d%Xg is the same as the joint distribution of X and Y.
Let A € R and set p(z) = exp(Ax). Then we get

Eexp 2A(F(X) — F(Y))] <Eexp (

8F y) (96a)
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2D
=Ex [[Ev exp <)\7r 25 (X)}g) (96b)
272 2D
= Eexp ( 1 <8xz ) pz> (96¢)
< B (2 QHpHHVF ) o6
< exp (M) : (96e)
4
Altogether we obtain
GA() (P (0) ~ GAGI(F))] < 200 (2T o

By Markov’s inequality we find that

GA(p) {|F(Z) — GA(p)(F)| > ¢}
= GA(p){F(Z) — GA(p)(F) > €}

+GA() {CA()(F) ~ F(Z) > 2} (9%4)
— GA(p) {exp(\(F(Z) — GA(p)(F)) > €}

+ GA(p {exp MF(Z)— GA(p)(F))) > e)‘s} (98b)
< 4dexp (—)\8 + %) . (98¢)

Since A € R was arbitrary, we can minimize the right-hand side over A\. The minimum
is attained at Apy, = 4e/(7%||pl|n?) and inserting this value in (98¢c) finally yields
(91). m

The last ingredient we need for the proof of Theorem 2 is the following lemma:

Lemma 2. For all v > 0 it holds that

GAp) (101 <} < VEes (1220, (99)

Proof. With the help of Holder’s inequality we find that
CAWHIV] <1} = 3 [ 12, P L B (100a)
< ST (EIZ B <) (100b)
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= V2(P (¢l < )" (100¢)

Note that in the third line we used (93) and that ) p, = 1. We can write
[l =D 1Za* = Y pal Zal?, (101)

where the Z, are independent complex standard Gaussian random variables. For a
random variable Y let My (t) = E(e!’) denote its moment generating function. The
Chernoff bound states that for any a € R,

P{Y <a} < %ng My (t)e " (102)
<
Here we thus obtain

P{llvll <7} =P{I¢l* <r*} < inf Myyp(t)e”

2

(103)

We compute

Pnl Dnt
M||¢|I2 HM\Z |2 (pnt) HM2(ReZn)2 <7> M2(Im2n)2 (7) . (104)

Next note that 2(Re Z,,)? and 2(Im Z,,)? are chi-squared distributed random variables
with one degree of freedom and that the moment generating function of a random
variable Y with distribution x? is given by

My(t) = (1—-2t)"Y% for t<1/2. (105)

Therefore,

My (t) = [ = pat) ™ (106)

n

and this implies

< j —tr? _ -1
P{[l] <r} <infe [T~ pat) (107a)

pa— 2 P —_—
%gg exp ( tr Z In(1 pnt)) (107b)
= inf exp (37“2 - Zln (1+ pps )) (107c¢)

< exp (HpH Zl (1 + m)) (107d)
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where we chose s = ||p|| ™! in the last line. Because of

x x
In(1 > > — f <1 1
n( +x)_x+1_2 or 0<z< (108)
we find that
7”2 Pn 1/2 — T‘2
P{lll <} <exp | =322 ) = exp (_—) C (109)
el <= 2llll il
Inserting this into (100c) finishes the proof. O

Proof of Theorem 2. We first assume that D = dimH < oo. Without loss of gener-
ality we can assume that GAP(p)(f) = 0. Due to the continuity of f it follows that
there exists a ¢ € S(H) such that f(¢) = 0. This implies for all » € S(H) that

[F@)] = [1(@) = F(@) < nllé = ell < mn, (110)

where we used in the last step that the distance (in the spherical metric) between
two points on the unit sphere is bounded by 7. Thus f is bounded by 7.
Let 0 <r < 1 and define f : H — R by

: 7 (1) i [Jol] > 7,
fW) = (111)
rll () i el <

For every 1, ¢ € ‘H such that ||¢|],|¢| > r we find that

-0l =|r (7)1 (27) )

|-l i

< Ty gl (112c)

where the last inequality follows from

2
- R 113

H Tl Tl Tl e - (113a)
= -2 _ 1 _ 9,.—2 b

2+2Re (9, 9) ( ||1/)||||90||) 2 Re (@) (113D)

<r 2 2)llllell — 2Re (¢, 9)) (113¢)

<772 (191 + llell® = 2Re (v, ¢)) (113d)

=1l — ol (113¢)
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Thus f is Lipschitz continuous with constant 7/ on {1 € H : |[¢|| > r}.
Now let 1, ¢ € H such that ||[¢||, ||¢]] < r and ||| < ||¥]. Then we obtain

fw>ﬂ>)1wwga)rmvgmﬂ (1142
<r s () el ()
*T”MVQW)‘MVQMN (114b)
”anmwwmmw—mﬂ (1140

<2y — . (114d)

where the last inequality follows from

v e
el

2

:ﬂwmew@(uﬁﬂ)ﬂmww (1150

< 2|¥[lllell — 2Re (¥, p) (115b)
< Iy — ol (115¢)

Due to the symmetry of the argument in ¢ and ¢, one finds the same estimate in the
case that |[¢|| < ||¢|| and we conclude that f is Lipschitz continuous with constant

bn/ron {yp € H:[[p] <r}.
Finally, let ¢, € H such that ||| < r and ||¢|| > r and define v : [0,1] —
H,~v(t) = (1 —t)1 + tp. Then there exists a ty € [0, 1] such that ||v(t9)|| = r and

[ = (o)l = tolly — el < [l —¢l], (116)
17(to) =l = (1 = to) [y = ll < [l = ¢ll. (117)

f

)
IWUG%)HVIIQX ]
e ()~ () (118b)

< 7||¢ — (o)l + ;lh(to) — |l (118¢)

6n
< 7Hw—¢H- (118d)

f@) (118a)

) _

-1
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We conclude that f is Lipschitz continuous with Lipschitz constant 67 /T
Using the definition of f, we find that

GAP() (1£0)] > 2} = Gat { |1 (77 ) > <] (1190)
{'f (77| = = e ol = 7} + GG ol <1}
(119b)

A) {|7w)] > e and ]l = v} + GAG) (1] < 1}
(119c¢)
< GA) {|7()] > ¢} + GAW) {Ilvll < 7} (1194)

A {|7w) = GA)()| > =~ IGAR) () |

+ GA(p) (1o < 7. (119¢)

By Lemma 2, the second term can be bounded by v/2 exp(—(1/2—r2)/2|/p[|). In order
to estimate the first term in (119e), we first derive an upper bound for |GA(p)(f)|.
We compute

- - v o
GAG)(f) = /{ o (“ wn) GA(p)(do) + /{ o (H wn) GA(p)(dv)

(120)
— i) GA(p)(dy + 1 (l)
< [2]] (p)( o Jwl<n llls |||

P

(IWII) 121)

and so we obtain, again by Lemma 2,

GAI < 7 GA) (vl <1} < snep (1220 ) . 1z2)

This implies with the help of Theorem 8 that
A {|7w) = GA))| > = = 1GAK) ()1} (123a)
< GA(p {’f GA(p )(f)‘ > € — Bpexp (—U;T;HTQ» (123b)
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2(e — 5nexp(—(1/2 — 2)/2||p])))?
< toxp (M P ), 125
provided that € > 5nexp(—(1/2 — r?)/2||p||). Altogether we arrive at
r?(e = Snexp(=(1/2 — 1*)/2]pl]))*
GAP(s) {17(0)] > ¢} < dexp - L )
1/2 — r2)
2 - . 124
Ve (- )

Choosing r = 1/2 we obtain

GAP(p) {1£(0)] > ¢} < texp (- EZPLDELEIRY 4 ey (— i)

72| o 81l
(125)
We can assume without loss of generality that
e < (126)

because otherwise the left-hand side of (30) vanishes: indeed, the distance between
any two points on the sphere is at most 7, so their f values can differ at most by 77,
and for the same reason f(v) can differ from its average relative to any measure by
at most 7).

Likewise, we can assume without loss of generality that

e > 10nexp(—1/8]|pl|) (127)

because otherwise the right-hand side of (30) is greater than 1: indeed, for ¢ <
10 exp(=1/8] pl)),

2 25 exp(—1/4] )
6 S — 0] — > 1. 128
eXp( 2887r2772!l,0!|)_ e"p< 2720] ) (128)

As a consequence of (126) and (127), the first exponent in (125) is greater than the
second, so

GAP(p) {11(0)] > o} < Gexp (~EZ2ZEDCLIAIEY 1
< 6exp (_288”2—772||P||) (130)

by (127). This finishes the proof in the finite-dimensional case.

229



A. Accepted Publications

Now suppose that H has a countably infinite ONB. Consider the density matrices
pn defined as in (68). Let & > 0. Because the set

Ac = {y e S(H) : [f(¥)] > ¢} (131)

is open in S(H), it follows from the weak convergence of the measures GAP(p,) to
GAP(p) by the “portmanteau theorem” [3, Thm. 2.1] that

GAP(p)(A.) < liminf GAP(p,)(A.) < GAP(pn)(AL) + £ (132)
n—oo
for some large enough N € N with N > ny. Recall that ny € N is chosen such that
llpnll = lIp|| for all m > ng. Let Hy :=span{|n) : n=1,..., N}. Then, since py is a
density matrix on Hy and GAP(py) is concentrated on Hy, it follows with what we
have already proven in the finite-dimensional case that

GAP(pn){v € S(H) : |[f (V)] > e} = GAP(pn){v> € S(Hn) : [f(¥)| > e}  (133a)

C 2
< Gexp (— — ) (133b)
7l ow
where C' = 5. Noting that ||py| = ||p| and that & > 0 was arbitrary, we can

altogether conclude that

GAP(){w € SH): |f(0) - CAP()(N)] > e} <6exp (— 0 ) (13

i.e., the bound (130) remains true in the infinite-dimensional setting. O

4.5 Proofs of Corollaries 2, 3, 4

Proof of Corollary 2. As already noted before Corollary 2, the first inequality follows
immediately from Corollary 1 by inserting U;BU, for B.
For the proof of the second inequality we define

Yy o= (] Bloy) — tr(pe B)] - (135)

Then, for every s > 0 we find that

Ce?
GAP(p)d € S(H) : eV > e*} <12exp | ———— |, 136
(P){v € 8(3) } EER (126)
ie., with § := e*,
C  In(5)?
GAP(p)3v € S(H) : et > 5 < 12exp | — : (137
(v s } ERENE )
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This implies

o0

GAP(p) (™) < Z(n +1) GAP(p){¢ €S(H) : e € (n,n+ 1]} (138a)
n=0
= C'ln(n)?
<1+12 1 ——— 138b
=t ;“” /5D ( ||B||2||p||s2) 1350)
=1+ 122 n+1)n ~ T (138c¢)
n=1

With « : W and assuming that a < 1 we obtain
\_ 5/2” 1
sYy
GAP(p) (™) <1+12 Y (n+1)+12 Z (n+1)—5 (139a)
n=1 n=[e5/2a]
<1+ 6em <e* + 3) 412 (139h)
= 13 + 18¢2 + Gen (139¢)
< 9eu. (139d)

An application of Jensen’s inequality and Fubini’s theorem shows that

GAP(p) (exp (% /OTYtdt s)) < GAP(p )(;‘F /T Yis dt) (140a)

== / GAP(p) (e"*) dt (140b)
< 9e°/e, (140c)

With the help of Markov’s inequality we find that
1 T
GAP(p){v € S(H) - T/ Yidt > e} <9670 (141)
0

and choosing s := = Bgll(zllpH yields the desired bound provided that £ > 0 and a<l,

e, |Ip]| < 36(|“|YB”2 However, since the bound becomes trivial for ||p|| > 36HBH2’ this
assumption on ||p|| can be dropped. Moreover, note that the bound is also trivial if
e=0. [
Proof of Corollary 3. Let

— 1l = (142)
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It follows from the equivariance of p — GAP(p) and Remark 2 that

GAP(p){w eSH): Z, > 5} - GAP(pt){wt eSH): Z > g} (143a)
< 12d2 exp (—%) : (143b)

The rest of the proof now follows along the same lines as the proof of Corollary 2. [

Proof of Corollary 4. Choose v and B independently with the distributions men-
tioned. By Theorem 2 of [17] (which requires that d, > d, and d, > 4), we have
that

|Borng "% (f) — GAP(p))(f)] < ¢/2 (144)

with probability > 1 — 16||f||% /e?dy, > 1 — /2 for d, > 32| f||%,/%). By Lemma 5
of [17], there is r = r(e, d,, f) > 0 such that

[GAP(02)(f) ~ GAP(txy p) (/)] < /2 (145)

whenever [|py — tr pll < 7. By Theorem 1 in the form (29), the latter condition
is fulfilled with probability > 1 — 12d% exp(—=Cr?/dZ||pl|) > 1 — /2 for ||p|| < p :=
Cr?/d? In(24d? /). Now (35) follows. O

4.6 Further Explanations to Remark 12

As discussed after Theorem 4, applying Theorem 3 to p = pg yields the worse factor
d%5 instead of d?. Here we want to give some details why in this special case of
Theorem 3, slightly better bounds can be obtained.

First suppose that Hr = H. Similarly to the proof of Theorem 3 one finds that

3
u{ € S(H) : [lpf — trppllee > e} < gZVarerlm\w, (146)
Lm

where A™ = |I)o(m| ® I, and (|I),)i=1..4, is an orthonormal basis of H,. Instead of
bounding the sum by d2 times a uniform bound on the variances Var (| A1), one
can now make use of the fact that for uniformly distributed ¢ € S(H), the second
and fourth moments of the coefficients ¢; of 1) in an orthonormal basis (|n)),=1..p of
eigenvectors of p can be computed explicitly. More precisely, they satisfy

1 1+ 0
]E(|Cn|2) =5 ]E(|Cn|2|ck|2) = M’

D’
and all other second and fourth moments vanish, see e.g. [8, App. A.2 and C.1].
With this we find that

1+5k 14 g
Alm lm 2 n Alm*Alm n

(147)
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2
— m2___ = Im \2
> Gp oy A (145a)
tr(f4hn*j4hn) ‘tr(f4””p)|2
= — 148b
D(D+1) D—+1 (148b)
tr@Awaym)
< —
= DD+ (148c)
Next note that
> (Al Ay = d, Y " te(|l)a (1] @ 1,) = do D (149)
Im l
and therefore
4
uf{y € S(H) : [|pf — try pller > €} < gzaD. (150)

If Hr # H is a subspace of H, then this bound remains valid after replacing p by
Pr/dg, u by ug, H by Hg and D by dg. This follows immediately from the previous
computations after noting that

> (AU PR AU Py <N (AU PRAY) = dy Y te(([1)a(l] @ I,PR) = dudp.
l

Lym I,m

(151)
Setting 0 := d?/(e%dR) and solving for ¢ finally gives Theorem 4.
In [30, 31], Theorem 5 was stated in a slightly different form; more precisely, there
it was shown that for every € > 0,

dR€2

uR{@D € S(Hg) : Hp}f - tl"pr”tr > e+ datr(trapR)Q} < 4exp<— 187r3)' (152)

We now show how this implies the bound in Theorem 5. By setting
§ := dexp(—dre?/(1873)) and solving for €, we obtain

1873
=4/ a0 In(4/6). (153)

With this and tr(tr, pg)? < d,/dg we obtain

1873
UR{ID € S(Hg) : ||pf — try prl|,, < %ln(4/5) + d?l/dR} >1-6. (154)

The first square root dominates as soon as
§ < dexp (—d2/(187%)), (155)

which we can, of course, assume without loss of generality since otherwise we would
have 6 > 1 and then the lower bound on the probability would be trivial. This
immediately implies (46).
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5 Summary and Conclusions

Typicality theorems assert that, for big systems, some condition is true of most
points, or here, most wave functions. The word “most” usually refers to a uniform
distribution w (say, over the unit sphere S(Hg) in some Hilbert subspace Hg), but
here we use the GAP measure as the natural analog of the uniform distribution in
cases with given density matrix p. Since the GAP measure for p = peay, is the thermal
equilibrium distribution of wave functions, our typicality theorems can be understood
as expressing a kind of equivalence of ensembles between a micro-canonical ensemble
of wave functions (ug,,.)) and a canonical ensemble of wave functions (GAP (pcan)).
Yet, our results apply to arbitrary p.

The key mathematical step is the generalization of Lévy’s lemma to GAP mea-
sures, that is, of the concentration of measure on high-dimensional spheres. The fact
that the pure states of a quantum system are always the points on a sphere then
allows us to deduce very general typicality theorems from this kind of concentration
of measure. In particular, these typicality statements are largely independent of the
properties of the Hamiltonian and require only that many dimensions participate in
p.

Specifically, some of these statements concern a bi-partite quantum system a U b,
where b is macroscopically large. We have shown that for most ¢ from the GAP(p)
ensemble, the reduced density matrix p? is close to its average tr, p assuming that the
largest eigenvalue (Theorem 1) or at least the average eigenvalue (Theorem 3) of p is
small. That is, we have established an extension of canonical typicality to GAP mea-
sures. This family of measures is particularly natural in this context because it arises
anyway in the context of bi-partite systems as the typical asymptotic distribution of
the conditional wave function [19, 17], a fact extended further in Corollary 4.

Another important application of concentration-of-measure of GAP yields (Corol-
lary 1) that for any observable B, most ¢ from the GAP(p) ensemble have nearly the
same Born distribution (when suitably coarse grained). Moreover (Corollaries 2 and
3), if the initial wave function vy is GAP(p)-distributed, then for any unitary time
evolution the whole curves ¢ — (1| Blt);) and t — p¥* are nearly deterministic (and
given by tr(Bp;) and try p;).

All these results contribute different aspects to the picture of how an individual,
closed quantum system in a pure state can display thermodynamic behavior [51, 40,
4,44,47,7, 8,31, 34, 2, 15, 16, 20, 41, 42, 11, 12, 36, 9, 1, 38, 37, 39, 48, 45|, and thus
help clarify the role of ensembles as defining a concept of typicality, while thermal
density matrices arise from partial traces.

In sum, our results describe simple relations between the following concepts: re-
duced density matrix, many participating dimensions, and GAP measures. That is,
if many dimensions participate in p, then for GAP(p)-most v, the reduced density
matrix p? is nearly independent of .
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Abstract

We consider a closed macroscopic quantum system in a pure state ; evolv-
ing unitarily and take for granted that different macro states correspond to
mutually orthogonal subspaces H, (macro spaces) of Hilbert space, each of
which has large dimension. We extend previous work on the question what the
evolution of 1; looks like macroscopically, specifically on how much of ¢, lies in
each H,. Previous bounds concerned the absolute error for typical ¢y and/or
t and are valid for arbitrary Hamiltonians H; now, we provide bounds on the
relative error, which means much tighter bounds, with probability close to 1 by
modeling H as a random matrix, more precisely as a random band matrix (i.e.,
where only entries near the main diagonal are significantly nonzero) in a basis
aligned with the macro spaces. We exploit particularly that the eigenvectors
of H are delocalized in this basis. Our main mathematical results confirm the
two phenomena of generalized normal typicality (a type of long-time behavior)
and dynamical typicality (a type of similarity within the ensemble of vy from
an initial macro space). They are based on an extension we prove of a no-gaps
delocalization result for random matrices by Rudelson and Vershynin [37].

Key words: normal typicality; dynamical typicality; eigenstate thermalization
hypothesis; delocalized eigenvector; macroscopic quantum system.

1 Introduction

We are concerned with an isolated quantum system in a pure state 1) comprising a
macroscopically large number of particles. Studying such systems in order to study
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macroscopic behavior is an approach that is particularly used in connection with the
eigenstate thermalization hypothesis (ETH) which has been investigated by physicists
as well as mathematicians [9, 40, 8, 6]. In particular, the phenomena of equilibration
and thermalization in closed quantum systems have attracted increasing attention in
recent years [3, 4, 16, 17, 18, 19, 21, 30, 31, 32, 33, 34, 38, 39, 42, 43].

We assume that the Hilbert space H of the system has very large but finite di-
mension.” Following Wigner [46], we model the Hamiltonian as a Hermitian random
matrix H. Following von Neumann [45], we regard as given an orthogonal decompo-
sition

H=EEPH (1)

of the system’s Hilbert space H into subspaces H, (“macro spaces”) associated with
different macro states v [23, 21, 42, 43]. The macroscopic behavior or macroscopic
appearance of a vector ¢ € H is then represented by the weights given by % to
different macro states v, i.e., by the sizes of the contributions to v from the various
H,, ||P,||* with P, the projection to H,. Here we ask how, under the unitary time
evolution ¢, = exp(—iHt)1y, the macroscopic appearance of 1 typically evolves
and equilibrates in the long run, more precisely, what || P> are for typical vy
from a macro space and/or typical large ¢ (where “typical 1)y” refers to the uniform
distribution over the unit sphere; more precise formulations later). Thereby, we
extend and refine previous work [43] on the same physical question by means of a
deeper mathematical analysis of the behavior of ||P,||? for typical H (on top of
typical ¢y and typical t) from suitable random matrix ensembles.

1.1 Normal Typicality

The macroscopic appearance of a system with ¢ € H, is summarized by the macro
state v; of course, a general state is a superposition of contributions from different
macro spaces, which makes the superposition weights || P,1||*> relevant. It can be
useful to compare a given state ¢ to a purely random vector ¢, i.e., one that is
uniformly distributed over the unit sphere S(H) = {¢ € H : ||| = 1}; ¢ has,
with probability near 1, superposition weights approximately proportional to the
dimension of H,,

d
Po|* ~ = 2
IRl ~ % @)

!The physical background is that  is really the subspace of the full Hilbert space corresponding
to a micro-canonical energy interval [E — AE, E] with AFE the resolution of macroscopic energy
measurements, and this interval contains a very large but finite number of eigenvalues of the Hamil-
tonian, realistically of the order 1010, However, in this paper we will not assume that all eigenvalues
of H on H lie between F — AF and FE.
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provided that d, := dim H, and D := dim H are large; see, e.g., Lemma 1 in [19] and
the references therein. Such a behavior is sometimes called “normal,” in analogy to
the concept of a normal number [28].
In the cases that von Neumann considered in [45], it turned out that every 1y €
S(H) evolves so that for most ¢t € [0, 00),
1Pl ~ Q
Y D
if d, and D are sufficiently large. This behavior is called “normal typicality” and
more elaborated in [19, 21].

However, the cases von Neumann considered are not very realistic: His conditions
on H are true with probability near 1 if the eigenbasis of H is chosen purely randomly
(i.e., uniformly) among all orthonormal bases (and some further technical conditions
that are not very restrictive). This can be regarded as expressing that the energy
eigenbasis is unrelated to the orthogonal decomposition (1). In this case, the system
would very rapidly go from any initial macro space H, to the thermal equilibrium
macro space Heq [16, 17, 18], which is unphysical.? That is why we are interested in
generalizations of normal typicality that apply also to Hamiltonians whose eigenbasis
is not unrelated to the decomposition (1).

In such more general scenarios, we showed in [43] that the following generalized
normal typicality still holds: for most vy from the unit sphere S(#,) in the macro
space associated with a (possibly non-equilibrium) macro state p and most ¢t € [0, o),

||Pu¢t||2 ~ M/uz Vv (4)

for suitable values M, in fact (for non-degenerate H)
1
M, = d_z<¢n‘Pu|¢n><¢n|PV|¢n> (5)
H n

with ¢1,...,¢p an orthonormal eigenbasis of H. Put another way, generalized nor-
mal typicality means that the superposition weights || P, v ||* approach certain stable
values and stay close to them for most times; we also say that the system equilibrates.
See Figure 1 and Figure 2 for a numerical example.

One of our goals in this paper is to strengthen the results for suitable types of
random Hamiltonians. We are particularly interested in random matrices with band
structure (see Figure 3) in a basis that diagonalizes the projections onto the macro
spaces. This band structure makes it less likely that a state in a small macro space
(far away from equilibrium) goes directly into the thermal equilibrium macro space
without passing through some other macro spaces in between.

2Thermal equilibrium requires that energy (and other quantities) is rather evenly distributed
over all degrees of freedom, and for getting an even distribution, it needs to get transported through
space, which requires time and passage through other macro states.
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Figure 1: Numerical simulation of the functions ¢t ~ || P,1%||*> as detailed in Ap-
pendix B. A Hilbert space of dimension D = 2222 is decomposed into 4 macro spaces
of dimensions d; = 2 (green curve), ds = 20 (red curve), d3 = 200 (blue curve), and
ds = 2000 (purple curve). At large times, see also Figure 2, the equilibrium subspace
‘H4 has the biggest contribution to ;. The initial wave function ¥y was chosen purely
randomly from the unit sphere S(#5), and the Hamiltonian is a random band matrix
in a basis aligned with the macro spaces with a band that is wide enough such that
the eigenfunctions are still delocalized. Then parts of ¢; reach H4 only after passing
through the macro space Hs; in this example the blue curve increases first before it
decreases and the purple curve increases. The black curves are the deterministic ap-
proximations ws, (t), see (34) according to dynamical typicality. (This figure already
appeared in [43].)

We showed in [43] that for general Hamiltonians under suitable assumptions the
absolute errors

‘“Pl/l/]tHQ _M;u/| (6)
are small (see Theorems 1, 2 in Section 2). However, if d, < D then we expect that
|P,]]* < 1 and M, < 1. Then the absolute error would be small indeed, but this
would not imply that || P,¢|*/M,, = 1. Therefore we want to show in the following
that for suitable random Hamiltonians the relative errors

’“PuthQ - M;wl
M

v

(7)

are small as well. This is the first goal of this paper: to show for certain tractable
models and under suitable conditions on the d, that (4) holds in the sense that even
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Figure 2: The same simulation as in Figure 1, only for larger times. The inset shows
a part of the figure in magnification. In the long run, the curves ¢ — || B,1||? reach
the values M, (indicated by the black horizontal lines) and stay close to them, up
to either small or rare fluctuations. (This figure also already appeared in [43].)

the relative error is small. And this goal is indeed highly relevant, since we expect
that d, < D for all non-equilibrium macrospaces H,,.

Rigorous statements are formulated in Section 3: In Theorem 4 we provide a
lower bound on M, under the assumption that H = Hy + V where H, is any
deterministic Hermitian matrix and V' is a Gaussian random matrix with entries that
are independent up to Hermitian symmetry and have variances bounded away from 0
(so also far from the main diagonal, entries of H cannot be too small). From this lower
bound and the upper bound on the absolute error provided in [43] (and recapitulated
in Section 2), we obtain an upper bound on the relative error in Corollary 2, valid
with high probability (i.e., for most H) for most ¢y € S(#,) and most ¢ € [0, 00).
That is, the upshot is that for typical H from the ensemble considered, ||P,v|* is
nearly independent of ¢y and in the long run nearly independent of t—it equilibrates.

This equilibration is related to the question of the increase of the quantum Boltz-
mann entropy observable

Sp:=»_ Sw)P, (8)

with entropy values
S(V) = kB log(du) ) <9>
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Figure 3: A band matrix has significantly nonzero entries only in the grey region near
the main diagonal. The first macro space is spanned by the first d; basis vectors, the
second macro space by the next dy basis vectors, etc.; in the figure, a line is drawn
after the first d; columns and the first d; rows, etc.

where kp is the Boltzmann constant. Here is how: Physically, in every energy shell
corresponding to a small energy interval [E — AFE, E], there usually is one macro
space H,, the one corresponding to thermal equilibrium, that has the overwhelm-
ing majority of dimensions, % ~ 1 [20]; we will denote it by Heq. Now if nor-
mal typicality holds as in (3), or already if the M, in (4) tend to be bigger for v
with bigger dimensions d,,, then an initial state ¢y € S(#,,) from a non-equilibrium
(i.e., comparatively small) macro space H, will evolve so that at most times ¢, the
biggest contribution to ¢y lies in Heq, and if ||Peqtie||* ~ 1, this implies further that
|1SBY:|| = S(eq) > S(u) = ||SBYo]|, that is, the state has evolved to one with higher
quantum Boltzmann entropy.

In order to obtain lower bounds for the M, (and therefore upper bounds for the
relative errors), we need lower bounds on || P,¢,||, where (¢,,) is again an orthonormal
eigenbasis of H.

We take as fixed an orthonormal basis (|7))}.; of H that diagonalizes the P, (i.e.,
is such that each |j) lies in some H,). When we talk of H as a matrix, we refer to
this basis. In terms of this basis,

1Ps@all® =~ [(nli) (10)

Jjel,

with I, the appropriate subset of [D] := {1,..., D}. In order to obtain a lower bound
on this quantity we ask whether ¢, (expressed as an element of CP relative to the
basis (|7));) is localized or delocalized.

246



A.3. Typical Macroscopic Long-Time Behavior for Random Hamiltonians

Our first main result, Theorem 4, is based on results by Rudelson and Vershynin
[37] about the delocalization of eigenvectors of a random matrix. While the delocaliza-
tion of eigenvectors of different types of random matrices has been studied intensively
in the literature in the recent years, e.g., [13, 14, 11, 10, 15, 35, 47, 1, 12, 5, 7], most
results were concerned with delocalization in the sup-norm, meaning that

[€nlloe = 50D |{6nl) (1)

cannot be too large, so many entries of ¢, must be non-negligible. However, that
would still allow a negligible ||P,¢,|| for some v. Thus, for a lower bound on (10),
we need that only few entries are negligible. For this kind of reasons, results about
the sup-norm only yield upper bounds for the M,, and, in very special cases, lower
bounds for some of the M, ; for example in Section 6 we show that with a sup-norm
delocalization result from Ajanki, Erdés, and Kriiger (2017) [1] we obtain useful
lower bounds (Theorem 13) only if p or v is the thermal equilibrium macro state
and de, is extremely large. The result from Rudelson and Vershynin (2016) [37],
however, concerns another aspect of the delocalization of eigenvectors: it rules out
gaps, i.e., no significant fraction of the coordinates of an eigenvector can carry only
a negligible fraction of its mass. Their result gives lower bounds on (10) and enables
us to prove nontrivial lower bounds for all M,,. Unfortunately, the lower bounds
for M,, obtained in this way seem to be far from optimal. More precisely, as long
as one is in the delocalized regime, one expects that actually M, =~ %V, as for
normal typicality, even though the eigenvectors are not uniformly distributed over
the sphere. (A matrix with uniformly chosen eigenvectors will be unlikely to have
band structure, but a band matrix can very well have M,, ~ %", as the simple
example of the discrete Laplacian in 1d shows.) The bounds obtained by Rudelson
and Vershynin were recently improved for matrices with independent entries [25, 26]
but since we are interested in Hermitian random matrices (since they can serve as
Hamiltonians), these improved results are not applicable in our situation.

Our theorems in this paper are proved for a general deterministic Hermitian matrix
B instead of a projection P,, in parallel to previous works such as [38, 39, 34]; in
combination with the results from [43] we can also obtain a finite-time result (that
concerns most ¢ € [0, 7] instead of most ¢ € [0, 00)).

Sharper estimates for all M, can be obtained for certain ensembles of Hermitian
random matrices for which stronger statements about the delocalization of eigenvec-
tors are available. However, such statements are apparently not currently available
for random band matrices, but only for matrices that have very substantially nonzero
entries also far from the diagonal. Nevertheless, we report here also what would fol-
low about M, for those matrices, based on two results in the literature. First, in
Section 6, we use a delocalization result of Ajanki, Erdés, and Kriiger [1] to obtain
that M,, ~ d,/D in case v = eq or u = eq. Second, in Section 7, we consider a
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version of the ETH formulated by Cipolloni, Erdés, and Henheik (2023) [6] and show
that it implies that M, ~ d,/D for all p and v.

1.2 Dynamical Typicality

In [43] we were not only concerned with generalized normal typicality but also with
dynamical typicality, which means that for any given ¢, || P, || is nearly independent
of o € S(H,,). In Figure 1, this phenomenon is visible in the proximity of the colored
(exact) curves to the black ones. Here, we also provide an improved result about
dynamical typicality for random H.

The name “dynamical typicality” was introduced by Bartsch and Gemmer [4] for
the following phenomenon: Given an observable A and some value a € R, there is a
function a(t) such that for every ¢ € R and most initial wave functions ¢y € S(H)
with (1| A|vg) ~ a, it holds that (¢y|Al;) =~ a(t). A rigorous version of this fact
was proved by Miiller, Gross and Eisert [27] who considered initial wave functions
Yy € S(H) with (o] Althg) = a for a given a € R. Reimann [33, 32] argued that one
also finds for most ¢y € S(H) with (¢g|Al1he) ~ a that (¢y|B|yy) = b(t) for another
observable B and suitable (¢y-independent) b(¢). For technical reasons, these results
do not cover the case that A is a projection and a = 1. In [3], however, a quite general
dynamical typicality result was proven that can also be applied to projections, and
in [43] we provided a simple proof for this special case. The result for projections can
also be obtained as a special case of Eq. (13) of Reimann [29] (applied to a Gaussian
distribution with covariance P,, K = 1, and A = e"#* P, e~*").

As for generalized normal typicality, we only obtained bounds for the absolute
errors in [43] (recapitulated as Theorem 3 in Section 2). Unfortunately, we cannot
provide here an upper bound on the relative errors either; but with the help of our
improved version of the no-gaps delocalization result of Rudelson and Vershynin [37]
we are able to bound what we call the comparative error, which is the absolute error
divided by the time average, i.e.,

[2a® — Byl P
[

where E,, means the average over initial wave functions from the unit sphere in H,, and
the overbar means time average over [0,00). In Section 3.2, we formulate a rigorous
result about (12) as Theorem 5. It provides an upper bound on (12) valid with high
probability for random H (distributed as before) for every ¢ and most ¢y € S(H,,). If
the constants, in particular d,, d,, and D, are such that this bound is small, then this
means that ||P,||* is nearly deterministic. Moreover, Theorem 5 says that also the
whole function t — || P,y||* is close to the function ¢ — E,||P,¢x||* on any interval
[0, 7] in the L? norm.

, (12)
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1.3 Contents

The remainder of this paper is organized as follows: In Section 2, we introduce some
notation and recall our previous results from [43]. In Section 3, we formulate our
main results. In Section 4, we describe the result of Rudelson and Vershynin [37]
that we use (with minor corrections, see Theorem 6) and point out which Gaussian
random matrices will satisfy their hypotheses (Theorems 8, 9). In Section 5, we
prove our main results after formulating them in a somewhat more general version
(Theorems 10, 11) that applies to arbitrary operators B instead of P,. In Section
6, we prove with the help of a delocalization result from Ajanki, Erdds, and Kriiger
[1] (quoted here as Theorem 12) some improved lower bounds for the M, that are
nontrivial if y or v is the thermal equilibrium macro state (Theorem 13). In Section
7 we show that sharper estimates for all M, follow from the version of the ETH
due to Cipolloni, Erdés, and Henheik [6]. In Appendix A, we include the proof that,
with probability 1, a random H with continuous distribution has no degeneracies or
resonances. In Appendix B, we give more detail about our numerical examples.

2 Prior Results

We quote here the main results of [43] about the absolute errors as Theorems 1, 2,
and 3 alongside some related statements. We start with a few definitions and in
particular make precise some notions that appeared in the introduction:

Definition 1. Most ¢/, most ¢, and time-averages.
Suppose that for each ¢ € S(H), the statement s(¢) is either true or false, and let
e > 0. We say that s(¢) is true for (1 — €)-most 1» € S(H) if and only if

u({ eSMH) s(¥)}) = 1—¢, (13)

where u is the normalized uniform measure over S(H).?

Suppose that for each ¢t € [0, 00), the statement s(t) is either true or false, and let
T,0 > 0. We say that s(t) is true for (1 — §)-most t € [0,T] if and only if

%)\({t €0.7]: s(H)}) =13, (14)

where A\ denotes the Lebesgue measure on R. Moreover, we say that s(t) is true for
(1 —6)-most t € [0,00) if and only if

liminf%A ({te(0,T]: s()}) > 1—0. (15)

T—o0

3We do not consider here other ensembles of wave functions such as GAP [44] or the class of
ensembles considered by Reimann in [29].
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For any function f : [0,00) — C, define its time average as

O = Jim = / 1) (16)

T%oo
whenever the limit exists.

In the following we consider Hamiltonians with spectral decomposition

H=> eI, (17)

ec&

where £ is the set of distinct eigenvalues of H and II. the projection onto the
eigenspace of H with eigenvalue e.

Definition 2. Relevant properties of the Hamiltonian.
Let k > 0. We define the mazimum degeneracy of an eigenvalue as

Dg = max tr(Il,) (18)

ec&

and the mazimal number of gaps in an interval of length x as

G(k) :=max#{(e,e) eExE e ande—€ € [E,E+K)}. (19)

EeR

Moreover, we define the mazimal gap degeneracy as

D¢ = lim G(k). (20)

k—0t

Definition 3. Asymptotic superposition weights.
Let B € L(H). Given any ¢ € S(H) and any macro state p, define

Mys =y tr (j9) (¢ TLBIL) (21)
1
M,p = 7 gtr(PMHeBHe). (22)
In the special case that B = P, for some macro state v we define

My, == Myp, (23)

and
MMV = wb, - (24)

In [43] we proved the following theorem concerning the absolute errors:
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Theorem 1. Let B € L(H), let €,0,k, T > 0 and let p be an arbitrary macro state.
Then (1 — €)-most 1y € S(H,) are such that for (1 —6)-most t € [0,T]

DpG(x)||B| 8logydi . tr(|B)))\ 2
}<¢t‘B|¢t>_MuB| §4(W (1+I§—T) mln{”B”’—du }) ,
(25)

where Dg s the maximum degeneracy of an eigenvalue and Dg is the maximum
degeneracy of an eigenvalue gap of H.

By setting B = P, for some macro state v, choosing x small enough such that
G(k) = D¢ and then taking the limit 7" — oo we immediately obtain:

Theorem 2 (Generalized normal typicality: absolute errors). Let ,5 > 0 and let
p, v be two arbitrary macro states. Then (1 — e)-most Yy € S(H,,) are such that for
(1 —6)-most t € [0,00)

DpDe . f. d,\\"*
| Ppe||? — M, §4( mm{l,—}) : (26)
{ K } ded,, d,

Theorem 2 tells us, roughly speaking, that as soon as
dli >> DEDG7 (27)

i.e., as soon as the dimension of H, is huge and no eigenvalues or gaps are macroscop-
ically degenerate, the superposition weight || P,v;||* will be close to the fixed value
M,,, for most times ¢ and most initial states 1y € S(H,,).

Of course, the fixed value M, or more generally M,p, can be computed by
taking the average of over time and over the sphere in H,. This is the content of the

following well known proposition, see also [43].

Proposition 1. Let B € L(H). Then

My, = (Y| Bltpy) and (28)

Mg = / My, u,(dipo) = E, My, p, (29)
S(H)

where w,, is the normalized uniform measure over S(H,,).

This motivates us to call My, the time average superposition weight in H, and
M, the full average superposition weight in H,,.

For a system with N particles or more generally N degrees of freedom the di-
mension D is of order exp(/N). For any macro state p we define s, the entropy per
particle in the macro state u, by

d, =: exp(s,N/kg), (30)
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where kg is the Boltzmann constant.
With (30) for the dimensions of the macro spaces, we find the following corollary
of Theorem 2 whose proof can also be found in [43]:

Corollary 1. Assume (30) and let €,§ > 0. Then, for all macro states p, v_, v, with
Sy <5, <5y, (31)
it holds for (1 — €)-most ¢y € S(H,,) for (1 —§)-most t € [0, 00)

4\/ DEDG o ( SuN)
Ved P 2kp

4vDgD¢ (5u— 5 )N

Y= T exp | —~—E—2L—|.
Veo k

Corollary 1 shows that fluctuations of the time-dependent superposition weights
around their expected values are exponentially small in the number of particles pro-
vided that no eigenvalues and gaps are macroscopically degenerate.

In addition to the theorem concerning generalized normal typicality, we also
proved a result concerning dynamical typicality in [43]:

1P ol = My, | < (32)

12 tell* = My | < (33)

B

Theorem 3. Let i be an arbitrary macro state and let B be any operator on H. Let
w,p : R —[0,1] be the function defined by

di tr [P, exp(iHt)Bexp(—iHt)] (34)

w,p(t) =

Then, for everyt € R and every € > 0, (1 — ¢)-most 1y € S(H,,) are such that

[ (el Blo) — wuB()}gmin{\}fl\/||B||€t;2|B’,\/187r31§f(4/8>”BH}. (35)

Moreover, for every p and B, every T > 0, and (1 — €)-most ¢y € S(H,),

T 2
7 | i) - walar < 2 (36)

ed,

We note first that w,p(t) is exactly the ensemble average of (1| B|¢r), i.e., the
average over ¥y € S(H,):
wuB< ) <¢t’B|¢t> (37)

In particular, by Fubini’s theorem,

w,p(t) =M,p. (38)
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Eq. (35) offers three estimates that can be useful depending on the sizes of B, €, and
d,. Specifically, if || B|| is of order 1 and d,, > 1/¢, then the first estimate implies that
(¢¢|Blyy) is close to its average w,p(t). We note further that the first two estimates
in (35) can be obtained by similar arguments as in the proof of Theorem 1 whereas
the third estimate is a consequence of Lévy’s lemma (see e.g. [42, Sec. II.C]).

In the following we can assume without loss of generality D = Dg = 1 since
we consider random matrices whose joint distribution of their entries is absolutely
continuous with respect to the Lebesgue measure. The set of matrices with degenerate
eigenvalues or eigenvalue gaps — we also say that the matrix has resonances — has
Lebesgue measure zero and therefore, with probability 1, Dg = Dg = 1. For the
convenience of the reader, we give the proof of this statement in Appendix A.

3 Main Results

In this section we present and discuss our main results concerning lower bounds
for the M, and therefore generalized normal typicality (Theorem 4) as well as a
corollary thereof bounding the relative errors (Corollary 2) and a result bounding the
comparative error for dynamical typicality (Theorem 5). In all the results presented
in this section it is assumed that the Hamiltonian is of a special form and we only
consider projections P, onto a macro space H,. More general results and the proofs
can be found in Section 5.

3.1 Generalized Normal Typicality

We make the following assumption:

Assumption 1. The Hamiltonian H is of the form H = Hy 4+ V, where Hy is a
(deterministic) Hermitian D x D matrix and V is a Hermitian random Gaussian
perturbation, more precisely, V = \/LE(A + A*), where A = (a;;) is a random D x D
matrix with independent Gaussian entries with mean zero, i.e., all random variables
Rea;;,Ima;;,1,7 € [D], are independent and Rea;;, Ima;; ~ N(O,afj/2) for some
oi; > 0 that fulfill 0;; = 0.

Note that because of Assumption 1 the matrix V' is Hermitian and Gaussian, more
precisely, Rev;;, Imv;; ~ /\/'(O,J?j) for i # j and v; = Rewv;; ~ N(0,0%), i.e.,, Vis a
Hermitian Gaussian Wigner-type matrix.

For a Hamiltonian as in Assumption 1 we define

Ch, = D72 max{||Re Ho||, ||[Im Ho||}. (39)

Note that for a typical many-body Hamiltonian we expect that |[Re Ho||, [|[Im Hy|| ~
log D and therefore Cy, should be very small for large D.
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Theorem 4 (Lower bounds for M,,). Let & € (0,%) and let p and v be arbitrary

macro states such that d,,, d, > max{166,4|log,('/v/2)|}. Let H satisfy Assumption

1. Let o_ :=min, ; 0;; and o4 = max; ; 0;;. Then with probability at least 1 — &',
M,, > ( 20, M>16 min {1, @} , (40)
- D d,
where
O c_o_ (41)

7 Cy 04 + CHO
with Cy, defined in (39) and absolute constants c_,cy > 0.

The main application of this theorem is provided by our next result: the analogue
of Corollary 1 for the relative errors. In addition to (30), define sy, by

D = exp (smcN/kp) . (42)

Since we expect that the dimension of the thermal equilibrium macro space deq is
extremely large, it should hold that sy, = Seq.

Corollary 2 (Generalized normal typicality — relative errors). Lete,d > 0,¢" € (0,3)
and let ;1 and v be macro states such that d,,, d, > max{166,4|log,(c'/v/2)|}. Let H
be a random Hermitian D x D matriz as in Theorem 4. Then with probability at least

1 —¢, (1 —¢)-most g € S(H,) are such that for (1 — 0)-most t € [0, 00),

’||Puwt||2 B M,tw|
M,

jn%

4 n—8 N :
< \/?<CU€ ) exp (—% (mm{su, 51/} - 32(3mc - maX{S/H Sl/}))> ) (43)

where Cy, is defined in (41).

The most important aspects of this bound are that it bounds the relative error, it
shrinks exponentially as /V increases, and the rate of shrinking can be given explicitly.

Remark 1. It is sometimes desirable to consider a sequence of systems with increasing
dimension D — oo, corresponding for example to an increasing particle number
N — oo, for which it makes sense to talk of the “same” macro states v for each
member of the sequence. In that case, suppose that C, is bounded below away
from zero uniformly in D (as Cp, is small in typical models, this is basically a
condition on o_ and o). Then the relative errors in Corollary 2 are small if s, <
max{s,, s, } + min{s,, s, }/32. Since we expect that sy. ~ se¢q, one of the macro
spaces H, or H, thus needs to have specific entropy not too far from the one of the
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equilibrium macro state. While this might seem quite restrictive at first sight, observe
that even if we assume that the M, scale like in the case of normal typicality, i.e.,

du Sme — Su
Muu ~ 5 ~ exp (—TN) s (44)

then the relative errors are small only if s, < max{s,,s,} + min{s,,s,}/2 (recall
Theorem 2 for the absolute errors), see also the discussion in [43].

Remark 2. Suppose again that Cp, is bounded uniformly in D and that o, = D**
with a_ < «,. In this case the upper bound for the relative errors becomes

}Hputhz_M;w’ < 4
Mw/ o \/5(0_8/)8

X exp (—% <min{3#, Sy} — 32 ((1 — %) Sme — max{s,,, sy}>>> . (45)

(cx exp(ossmeN/kp) + Chy)® X

Suppose first that ay < 0. Then, for large IV, the second factor can be bounded by
(2Cx,)? and the right-hand side is small if the expression in the exponential function
is negative, i.e., if

<1 - Oi) Sme < max{s,,s,} + 1 min{s,, s, }. (46)
2 32

Since v < 0 the macro state p or v has to be even closer to the equilibrium macro
state than in the case that the variances o0_, o, do not depend on the dimension D. If
a = 0 then the second factor in (45) can also be bounded by some constant and we
obtain again (46) as a condition for the relative errors to be small. If, however, o, > 0,
the second factor can be bounded by a quantity proportional to exp(8ca $mcN/kp)
and therefore the right-hand side of (45) is small if

<1 + O“r—QO‘—> Sme < max{s,, s, } + 3—12 min{s,, s, }. (47)
Thus, if oy > a_, then the macro state p or v again has to be closer to the equilibrium
macro state than in the case discussed in Remark 1. Note that, of course, we can also
assume that o, = c,, D“* with constants ¢,, > 0 and the conditions under which
the relative errors are small remain the same since the upper bounds only change by
multiplicative constants.

3.2 Dynamical Typicality

We now turn to our main result about dynamical typicality. We would like to give
again a bound on the relative error, but this we can only provide for most (rather than
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all) times. But for most times, we already know from generalized normal typicality
that || P, ||* is close to M, (as visible in Figure 2). On the other hand, for dynamical
typicality, we are particularly interested in times before normal equilibration has set
in (as in Figure 1). For this situation, we can provide a bound on what we call the
comparative error and that is given by the quotient of the absolute error (which in
this case is time-dependent) and the time average of the quantity considered. In
this way, we compare the absolute error to a comparison value that expresses in a
way what magnitude to expect of ||P,1]|?>. Smallness of the comparative error at
time ¢ means that the absolute error at ¢ is much smaller than the long-time value
of ||P,v¢||?, although not necessarily much smaller than the instantaneous ensemble
average

By || Pobel|* = wyr, (1) = w,u (2). (48)
This statement still gives us a handle on comparatively small H,, for which || B,v||?
is small in absolute terms for most ¢. Now recall from (28) that

My = [[Btel? - (49)

Theorem 5 (Dynamical typicality — comparative errors). Let e > 0, ¢’ € (0,1) and
let ;v and v be macro states such that d, > max{166,4|log, ¢’|}. Let H be a random
Hermitian D x D matrixz as in Theorem 4. Then with probability at least 1 — &', for

eacht € R, (1 —¢)-most ¢y € S(H,) are such that

PP — wu ()] 1 s (
< —(Che exp
Mq/)oy \/g( )

N )
T (2s, —min{s,, s, } — 32(smec — s,,)))
(50)

where Cy is defined in (41). Moreover, with probability 1 — &', for every T > 0,
(1 —¢e)-most 1y € S(H,,) are such that

1T (P = w,(8)]
/

T Mioy

2

dt < 1(C’Ue’)_16 exp (—E (8 — 32(Sme — s,,))) . (51)
g kB

Again, key aspects are that the upper bounds in (50) and (51) shrink exponentially
with increasing N at explicit rates. The bounds are small if sy, < s, + 5,/16 —
min{s,, s, }/32 resp. Smc < S, + 5,/32, i.e., s, must be close to sy and therefore
close to seq. In that case, (51) shows that the curve ¢ — || P,1;]|? is close to the curve
t — E,||P,¢]|* in the L?-sense even when compared to the (possibly small) time
average || P,|%.

4 No-Gaps Delocalization and Band Matrices

Our main results are based on a “no-gaps delocalization” result of Rudelson and
Vershynin (2016) [37, Theorem 1.3]. In this section, we state this result (with certain
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corrections, Theorem 6 in Section 4.1), provide an extension of it that we will use
when proving our main results (Theorem 7 in Section 4.2), and provide examples of
random matrices for which the hypotheses of Rudelson and Vershynin are satisfied
(Theorems 8 and 9 in Section 4.3).

4.1 Statement of the No-Gaps Delocalization Result of Rudel
son and Vershynin

Since explicit exponents and the dependence of constants on the parameters play
an important role for our purposes, we have followed the exponents and constants
through the proof of Rudelson and Vershynin in [37]. It turned out that in some
places we arrived at different values than stated in [37]. In this subsection, we state
the relevant result with these values, and provide a discussion of how we arrived at
them.

In the following we use the following abbreviation. For a random D x D matrix
H and any number J > 0 we introduce the “boundedness event”

By = {IH| < JVD}. (52)

It will turn out in Section 4.3 that for relevant examples of random matrices H and
large D, the event By, ; occurs with high probability; this conclusion makes use of a
result of Latala [22].

So here is our adjusted statement of Theorem 1.3 of [37].

Theorem 6 (No-gaps delocalization; Rudelson, Vershynin (2016)). Let H = (h;;) be
a D x D random matriz such that for i,j € [D] the (continuous) random variable
Re h;; is independent of the other entries of Re H except possibly Re hj;, the densities
Q%e of Re h;j are bounded by some number K > 1 and the imaginary part is fized.
Choose J > 1 such that the boundedness event By j holds with probability at least
1/2. Let k € (180/D,1/2) and s > 0. Then, conditionally on By, ;, the following
holds with probability at least 1 — (Cs)*P: Every eigenvector v of H satisfies

|lvrll > (/{s)9||v|| for all I C [D] with |I| > kD, (53)
where
1/2
vz | == (Z |Uj|2> (54)
jel
and C =C(K,J) > 1.

Here is how this statement differs from Theorem 1.3 in [37]. The lower bound on ¢
is changed from 8/D to 180/D and the exponent of ks in (53) from 6 to 9. Therefore
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the theorem tells us that subsets I C [D] of at least 180 (instead of 8) coordinates of
any eigenvector carry a non-negligible part of its mass. Moreover, the lower bound
obtained for ||v;] is slightly worse since x < 1 by assumption and we can assume
without loss of generality that also s < 1 because otherwise the lower bound on the
probability, 1 — (C's)*P, is negative.

Here is how we arrived at these exponents and constants. In the rest of this
section, all numbers of theorems, subsections etc. refer to the ones in [37] if not
stated otherwise. We start from Theorem 5.1 (Section 5.1) to derive Theorem 1.3.
Let C5 be the constant C' in Theorem 5.1 and define for d, k > 0 the gap event (called
the localization event in [37])

Gap(H, k, §) := {3 eigenvector v € C”,|jv|| = 1,31 C [D],|I| = D : ||vs]| <6} ,
(55)

i.e., the event that in an eigenvector v of H a fraction x of basis vectors is underrep-
resented in v.
After an application of Proposition 4.1 one arrives at

8J

P (Gap(H, k,t/8J) and By j) <5 <7) (e/K)*Ppg (56)

where t > 0 and py = (205K Jt%4k=14)P/2 Set t = 8J(ks)® for some a > 0. (In
[37], &« = 6 was stated, while we arrive at « = 9 below, so let us keep the value
unspecified for a little while.) What we want to show is that

P(Gap(]‘L/i, (K/S)a)‘BH’J> < (Cs)"P (57)

where C' can depend on J and K but not on x,s, or D. Since P(By,;) > 1/2, it
suffices to bound P(Gap(H, k, (ks)*) N By, s) in a similar way. From (56) we obtain
that

P (Gap(H, k, (ks)*) and By, ;)

kD/2

< 5(ks) > (e/k)™" (20, K Jt"4 ) (58a)
— (51//4DH72Q//{D+0.2a71.7572a/RD+0.2a716 2CQKJ(8J)O2S) kD (58b)
kD
< </£720</ND+0.20171.7572a/ﬁD+0.2a7156 QCQKJ(SJ)O'23> ' (58¢)
So we would like a constant (independent of «, s, D) as an upper bound for
I{—Qa/ﬁD—&-O.Qa—1.78—2a/i-€D+0.2a—1 (59)

where k < 1/2 and s < 1. However, in the limit kD — 0, it follows that —2a/kD —
—o00 and £72%/%P — 00, so we need to exclude & values from a neighborhood of 0 and
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require, say, k > ¢/D for some ¢ € N (as explicitly done in [37] and in Theorem 6).
But then k can still be quite close to 0, and its exponent in (59) should be > 0 or
else (59) will not be bounded as D — oo, so we want that

2c
——+02a0—-1.72>0. 60
5 T 0.2a (60)
In particular, for « = 6 as in [37], this exponent would always be negative, and
(59) for k = £/D would not be bounded. However, if we suppose that ¢ > 10 and
a > A% then, for every k > {/D,

2(0—10)
= o/;—glo - % (61b)
> 0, (61c)
In this case we obtain that
P (Gap (H. s, (x5)°") and By ) < (5ey/20,KN(87)"%s) (62)

. (és)w (63)

with C' = C(K,J) = 5ey/20,KJ(8.J)%2 being the desired constant 4 Note that
5 (@17‘10 for £ > 10 is monotonically decreasing and limyo 577155 L 10) = 8.5. Therefore

we can choose a« = 9 and ¢ = 180 to get —2a/kD + 0.2 — 1.7 > 0.

Remark 3 (Constant in Theorem 6). Since the constant C'(K,J) in Theorem 6 will
appear in the upper bound for the relative errors and we want to allow the case
that K and J depend on D, we are interested in the dependence of C' on these
two parameters. In [37] it is said that all appearing constants (denoted by C, ¢, ...)
might depend on K and J and therefore we carefully investigated the constants in
the theorems, propositions, lemmas etc. needed for the proof of their main theorem
(here Theorem 6). To avoid confusion with the constant C' in the main theorem,
we denote the other constants that are also denoted as C' in [37] as C4, Cy, ... in the
order of their appearance; other constants that appear multiple times with a different
value as well are also numbered in the following in the order of their appearance. An
inspection of the proofs reveals that

e (; = e in Lemma 3.3,

4More precisely, ¢ = 2C, where C is the constant in Theorem 6. This is due to the fact
that P (Gap(H, &, (ks)*) and B, ) and not P (Gap(H, k, (ks)®)|Br,s) is considered in the proof of
Theorem 1.3.
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e C =2C, where C is defined above,

0.9
o (5 = 2max { (%) Cs, Ci\/Co } in Theorem 5.1, where ¢ is an absolute con-

stant that bounds the constants C(p) in (5.7) for p > 2, see also Theorem 3.21
in [41], and ¢ € (0,0.2) is another absolute constant that can be chosen arbi-
trarily, see also Section 5.4.2 and 5.5.3 (note that in (5.9) a square is missing);
the values of the other constants are given below,

o C5=1Cyin (5.1),

e Cy = v2CC in Lemma 5.4, where C ,C' > 0 are absolute constants; more pre-
cisely, C appears in the upper bound for the density of a random vector PX
where X = (X,...,Xp) is a vector of real-valued independent random vari-
ables whose densities are bounded by some constant a.e. and P is an orthogonal
projection onto a subspace of dimension d, see also [36] for details; moreover,
the constant C' appears in the upper bound of the volume of a d-dimensional
ball of radius 7v/d for some 7 > 07,

e (Cp1 =4 in Lemma 5.5,

e (3 = 4e in Lemma 5.6,
e C5 = T72¢ in Lemma 5.7,
e (g = T72¢ in Lemma 5.8.

Thus, we see that the constant Cy depends neither on K nor on J, and we conclude
from our computation above that C' ~ v K.J%7.

4.2 An Extension

In Theorem 6, the imaginary part of the random matrix is fixed, and it is assumed
that J > 1. In this section we present and prove a theorem that covers matrices
with random imaginary part as well, that also allows 0 < J < 1 and we improve the
exponent of s in the lower bound for ||v;|| from 9 to 8. More precisely, we prove the
following theorem:

®The constant C' can be chosen as C' = v/2me which can be easily seen as follows: For 7 > 0, the
volume of a d-dimensional ball with radius 7v/d is given by

a/2

d/2
N L

I (¢+1) +1
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Theorem 7. Let H = (h;;) be a D x D random matriz such that Re H and Im H are
independent, fori,j € [D] the (continuous) random variable Re h;; is independent of
the other entries of Re H except possibly Re hj;, fori,j € [D],i # j the (continuous)
random wvariable Im h;; is independent of the other entries of Im H except possibly
Im hj;, and the densities Q%e are bounded by some number K > 0. Choose J > 0
such that JK > 1 and the boundedness events Bre .7 and By m,; hold with probability
at least 1 —n for some 0 < n < 1/2. Let k € (83/D,1/2) and 0 < s < 1. Then the

following holds with probability at least (1 — (ceV KJS)”D> (1 —n)*, where c. > 1 is
a universal constant: FEvery eigenvector v of H satisfies

|lvrll > (f<c5)8\|v|\ for all I C [D] with |I| > kD . (65)

Proof. We prove the theorem in three steps. The first step is to establish a modifi-
cation of Theorem 6 where the imaginary part of the matrix H can also be random.
The second step is to relax the condition J > 1 to J > 0 (in this case we have to
additionally assume that JK > 1), which can be done via a simple scaling argument.
Finally, in the third step, we show that by a small modification in the proof of Rudel-
son and Vershynin, the lower bound for ||v;||s can be slightly improved.

1. Step (the complex case): We first assume that J, K > 1 and that x € (180/D,1/2).
Let

S := {Every eigenvector v of H satisfies ||v;|| > (ks)?||v||
for all I C [D] with |I| > kD}, (66)

1
E = {Q € RP*P . P (Bremtigar) > 5} : (67)

By the law of total expectation and the monotonicity of the conditional expectation
we obtain that

P(S|Buas) = E(P(S|Buas,Im H) |Bpy) (68a)
> E (Liim wes P (S|Br2s, Im H) [Bp 2s) (68D)
= (1 - (CS)HD) E (ﬂ{ImHeE}|3H,2J) (68¢)
= (1= (Cs)*"”)P(Im H € E|By2y) (68d)
> (1= (Cs)*™”)P({ImH € E} N Byay), (68e)

where C' = C(K,2J) > 1 is the constant in Theorem 6, and Theorem 6 itself was
applied in the third line. Next note that

Bre #,7 N Bim b5 C B, (69)
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and thus
P({ImH S E} N BHQJ) > P({ImH S E} N BReHJ N BImHJ) (70&)
=P (BREHJ) ({Im H e E} N B H,J) (70b)
>1—n)P{ImH € E}NBummuy), (70c)

where we used that Re H and Im H are independent. Next observe that for Q € RP*P
such that |Q|| < Jv/D, we have that

P (Bre ti+i0,27) > P (Bren,y) > 1—n> % (71)
It follows that By s C {Im H € E} and thus
P({ImH € E} N Bups) > (1= )P Bumn,s) > (1 —n)* (72)
Therefore, we finally obtain that
P (S|Bras) > (1 - (Cs)*P) (1 -n)*, (73)
which implies
P(S) > P (SN Buas) =P (S|Buzs) P (Buar) (74a)
> P(SBu2s) P (Bret1,s) P (Bunw.s) (74b)
> (1 (Cs)™?) (1 —n)". (74c)

This shows that for complex random D x D matrices H which satisfy the assumptions
of this theorem with J, K > 1 (instead of K,J > 0 such that JK > 1) and x €
(180/D,1/2) (instead of k € (83/D,1/2)), the following holds with probability at
least (1 — (C's)"P) (1 —n)*: Every eigenvector v of H satisfies

lvr|| > (ks)°|jv]|  for all I  [D] with |I| > kD, (75)
where C' = C(K,2J) > 1 and C(K,2J) ~ VK JO7.

2. Step (J > 0): As in the first step of the proof we assume that x € (180/D,1/2).
Note that if the density of a random variable X is bounded by some constant K, then
the density of J~'X is bounded by JK. Therefore, applying the result of the first step
to the matrix H := J~'H immediately shows that for complex random D x D matri-
ces H which satisfy the assumptions of this theorem with x € (180/D,1/2) (instead
of k € (83/D,1/2)), the following holds with probability at least (1 — (¢s)*?) (1—n)*:
Every eigenvector v of H satisfies

|vr]| > (ks)?||lv]|  for all I C [D] with |I| > kD, (76)
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where ¢ = C(K J,2) ~ VK J.

3. Step (improved bound): We first assume that the imaginary part of H is fixed
and that K, J > 1. In the proof of the Invertibility Theorem 5.1 at the end of Section
5 in [37], they arrive at the upper bound

0.97"
CGKJO'1K_0'05 ( 4‘]t )

617’/@3/2

’ + (CiV/eKr) " (77)

for the probability on the left-hand side of (5.18), where ¢,7 > 0 are arbitrary and
where we used the notation for the constants introduced above. In their paper they
choose 7 = v/t and then they use that they can assume that ¢t < 1 to bound t*** and
95 by t%4. The result can be slightly improved by choosing 7 = /19 instead. With
this choice, the upper bound (77) becomes

4 0.9
(&) e

&1

rD

v (C’4\/6_2Kt9/19>w < (CoK Tk 419)™ - (78)

0.9
where Cy = 2max { ( 4> Cs, Can/C } This shows that the exponent of ¢ in The-

EN
orem 5.1 in [37] can be changed from 0.4 to 9/19. This change has implications for
the derivation of the no-gaps delocalization theorem from Theorem 5.1: After an
application of Proposition 4.1 one now arrives at

P (Gap(H, 5, /8 and Buy) < 5 (%) (e/r)"Ppy (79)

with t > 0 and py = (2Co K Jt*/Y0x~14)5D/2 Again we set t = 8J(ks)® for some
a > 0. Then a computation similar to the one in the proof of Theorem 6 shows that

P (Gap(H, k, (ks)*) and By )
< (I{—2o¢/feD+9a/38—1.78—2a/nD+9a/38—156 /—2C’QKJ(8J)9/383> ,@D‘ (80)

In order to obtain an upper bound for x—2¢/xD+9e/38=1.7(—2a/kD+9a/38-1 e have to

determine « such that —2a/kD +9a /38 — 1.7 > 0 since k < 1/2 and s < 1. Suppose
again that x > % for some ¢/ € N,/ > 8, and o > 532—36 Then

90—76) "
200 9o 17 20 9a 17
T e R e i 1
<D 38 10° 7 T3 10 (81a)
9 —76 17
- _ ! 81b
T30 T 10 (81b)
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> 0. (81c)

Thus, we arrive at
xD
P (Gap(H, , (#s)®) and By ;) < ( Ber/2C5 K J(8.)%/ ) (82a)
cs\ #D
=(3) (82D)

with ¢ = 10e\/2C5 K J(8J)%%8 i.e., ¢ ~ V/KJ™1. Note that £ — —32L_ for £ > 8 is

5(9(—76)
monotonically decreasing and limy_, 5(%3‘;6) = %3. Therefore we can choose o = 8
and ¢ = 83 to get —2a/kD + 9c/38 — 1.7 > 0. For matrices whose imaginary part
is not fixed, we proceed as in step 1 to obtain the result for complex matrices. In
order to relax the condition J > 1 to J > 0 (and also K > 1 to K > 0), one
can again apply a scaling result as in step 2, where one replaces K by JK and J
by 1, to obtain ¢ ~ VEKJ1W19 = \/KJ. We thus arrive at the final result with
c. = 10e4/2C,8%/38. Note that it depends on the value of Cy whether ¢, > 1 or merely
c. > 0, however, we can assume without loss of generality that ¢, > 1 since replacing
ce by max{10ey/2C,8%/38 1} only results in a possibly smaller lower bound for the

probability with which no-gaps delocalization at least holds. O]

Remark 4. 1. Theorem 7 still holds if some entries of Im H are fixed. This obser-
vation will be important when we construct examples in Section 4.3 since for
Hermitian matrices the diagonal entries of Im H are fixed to zero.

2. In the proof of Theorem 7 the choice o = 8 is the smallest one possible if one
wants a € N. Otherwise, any other value o > 323 ~ 7.18 is possible, however,
at the cost of a larger value for ¢ and therefore Ii

Remark 5 (A different proof strategy). Another possibility (different from the scaling
argument) to obtain no-gaps delocalization in the case that 0 < J < 1 is to find out
where the assumption J > 1 is used in the proof of Rudelson and Vershynin and
to suitably modify the assumptions: The assumption J > 1 is used the first time
(except for Section 5.1 to which we will turn at the end) in the proof of Lemma 5.7
(and Lemma 5.8 which follows from an application of Lemma 5.7). If J > 1, then
J/v/k > 1 and since the constant C' on the left-hand side of (5.15) and K are also
greater than 1, the upper bound on the probability is only non-trivial if §'=2* < 1. In
view of how Lemma 5.7 is applied, we can safely assume that g < 1/2 and thus that
6 < 1. In the proof of Lemma 5.7 as well as Lemma 5.8 it is used that 0y/k/J < 1
which is obviously fulfilled for this choice of parameter. If we allow that J < 1 but
require £ < J2, then we can draw the same conclusions and argue in the same way
to obtain Lemma 5.7 and Lemma 5.8. This means that the upper bound for « has to
be replaced by min{1/2, J?}.
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The next (and last) time the assumption J > 1 is used in the proof of the Invert-
ibility Theorem 5.1 at the end of Section 5. Here the improved estimate that was
presented in the third step in the proof of Theorem 7 is necessary.

Note that the assumption JK > 1 is not needed in this case and we have to assume
again that K > 1. However, in our examples below, we always need that JK > 1.
Moreover, note that we cannot assume anymore that the constant ¢ ~ v K J"%/19 in
the proof of Theorem 7 is larger than one. An adaption of the proof of Theorem 10
shows that with probability at least

min{d,,d,,2DJ?}/2
1 "
(1 — min {CC\/KJ14/19, 5} ) (1—n)* (83)

one finds the lower bound

M,, > | min< 1 ! ind G v g ’ & 84
pr = | ININ ,m min ﬁ’ﬁ’ max ,d—u . ( )

Similarly, with probability at least <1 — min{c, VK J*¥, 1/2}min{d“/2’D‘]2}> (1—n)?
one has the lower bound

d 1 " tr(B*)
M.l > bE. ind — J? % min< 1
’ MB‘ —maX{ min>’ <mln{2D’ }mln{ ’ QCcﬁJ14/19}) d#

— min {biax, tr(dB; 7) } . (85)

This lower bound is sometimes slightly better and sometimes slightly worse than
the one we presented in Theorem 4 but yields more complicated expressions e.g. in
Corollary 2 and we therefore stick to the simpler lower bound.

4.3 Examples

In this section we give some examples covered by Theorem 7. We will see that
among these matrices are matrices with a band structure in a basis that diagonalizes
the projections onto the macro spaces to which a “small” Gaussian perturbation is
added. As discussed in the introduction, we are interested in such kind of matrices
since, in contrast to Wigner matrices or matrices from the GOE/GUE, they can
describe systems in which a non-trivial equilibration process passing through multiple
macro-states occurs.

Theorem 8 (Gaussian matrices, variances bounded by constants). Let A = (a;;) be a
D x D random matriz with independent complex Gaussian entries with mean zero, i.e.,
all random wvariables Re a;j, Ima;;, 1,7 € [D], are independent and Re a;;,Ima;; ~

265



A. Accepted Publications

N(0,07/2) for some oi; > 0. Let 0y = 03, 0_ := min, j 045 and oy = max;; 0y;.

Then the Hermitian matric H := \}(A—i— A*) is Gaussian, more precisely, its entries
hi; satisfy Re hij,Imhy; ~ N(0,02/2) for i # j and hy; = Re hi ~ N(0,0%), and

» Yg 7’L’L

fulfills the assumptions in Theorem 7 with parameters K = \/2— and J = —Ca+ for

arbitrary n € (0, ), where C' is a certain universal constant with the property (88).

Proof. The matrix H is obviously Hermitian, and since Rea;; and Rea;; are inde-
pendent and normally distributed with zero expectation and variance afj = a?-i for
i # j, we have

1 1 2
E E (Re a;; + Re ajz-) (O, 0'”/2) (86)

Similarly, one has Im h;; ~ N(0, 02 /2) and

) 1]

Re hii = V2Re ay; ~ N(0,02). (87)

Reh;j = (Rea;j + Reaj;) =

By construction, Re h;; is independent of the rest of the entries of Re H except Re hj;,
the same holds true for the imaginary parts and obviously Re H and Im H are inde-
pendent.

Latala [22, Theorem 2| showed that

E||(z;)|| < C max Z]Ea;” +max /ZEQ?Z] + 4 ZE% (88)
\ \ i

for any finite matrix of independent mean zero random variables x;;, where C' > 0 is

a universal constant. Without loss of generality we can assume that C>1.
With the help of (88) the expectation of the norm of Re H can be bounded in the
following way:

1

E|[Re H| < —E ([[Re Al| + [[Re A™)) (89a)

<C max /Z ol + max /ZUU + 4 Z?)afj (89b)
2%

<¢ (2\/DU+ + \/3D20+) (89¢)

<4Co,VD. (89d)

For 0 < n < 1/2 as in Theorem 7 we set J := %C’O’+ and find with the help of
Markov’s inequality that

ElRed]l ., _,, (90)

P(BReH,J):1—1P(||ReH||>N5)21— D 2
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i.e., the boundedness event Bge i s holds with probability at least 1 — 7. In the same
way we find that also By, g7 holds with probability at least 1 — 7.

Clearly, the densities of Re H are bounded by K := ﬁ This is due to the

fact that the density function f of the normal distribution with mean p and variance

o? attains its maximum at z = g with f(u) = ﬁ and \/%J__ < 75— for all
ij —

i,j € [D]. Moreover, the condition JK > 1 is obviously fulfilled for our choice of the
parameters. O

Remark 6. By choosing the variance large close to the diagonal of the matrix and
small far away from it, the matrix H in Theorem 8 has some kind of band structure.
For example, we can fix a monotonically decreasing function g : [0,1] — [0_,0], a
“variance profile,” and define

0 =g (“;%) Vi, j € [D]. (91)

So far we only considered matrices whose (Gaussian) entries have mean zero. In
the following we want to relax this condition and also allow entries with non-zero
mean.

Theorem 9 (Gaussian matrices with non-zero mean). Let Hy = (h{;) be a (deter-
ministic) Hermitian matriz with Cy, as in (39) and let V' be the D x D random
matriz defined in Theorem 8 (there H). Define H := Hy+ V. Then H is Hermitian
with (non-centered) Gaussian independent (up to conjugate symmetry) entries; more
precisely, its entries hy; satisfy Re hy; ~ N'(Rehl;,07/2), Imhy; ~ N (Imhy;, 07;/2)
for i # j and hy; = Rehy; ~ N(hY,02). Moreover, H satisfies the assumptions in
Theorem 7 with K = \/ﬁh and J = %(4C'a+ + Cp,) with C as before.

Proof. The claims concerning the distribution of the entries of H are obvious. With

the help of the computation in the proof of Theorem 8 we find that
E||Re H|| < E||Re Hy|| + [|Re V|| (92a)

< (4(?@ + CH0> VD (92b)

For 0 < n <1/2 as in Theorem 7 we set J := % <4C'J+ + C’HO) and obtain

P(Bren,y) >1—mn, (93)

i.e., the boundedness event Bge i, holds with probability at least 1—7. The parameter
K has already been computed in Theorem 8 and with this choice the condition
KJ > 1 is again automatically fulfilled. This finishes the proof. O

Theorem 9 covers, for example, the case that Hy is a matrix with a band structure
in a basis that diagonalizes the projections P, and V is a Gaussian matrix with mean
zero and small variances, i.e., a small Gaussian perturbation with entries small in the
L?-sense.
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5 More General Results and Proofs

In this section we state and prove a more general version of Theorem 4 (Theorem 10
in Section 5.1), some corollaries thereof and prove Theorem 4. We then state a more
general version of Theorem 5 (Theorem 11 in Section 5.2) and prove Theorem 5.

5.1 Generalized Normal Typicality

Let H = (hij) € Mpxp(C) be a random Hermitian matrix. Instead of Assumption 1,
we now make the following weaker assumption (which follows if Assumption 1 holds):

Assumption 2. The random variables (Re h;;)i<; and (Im h;;);<; are mutually inde-
pendent and continuously distributed. The densities Q%e of Re h;; are bounded.

Let Bt and B~ denote the positive and negative part of B such that B = BT —B~.
Recall that d, and d, denote the dimensions of the macro spaces H, and H,.

Theorem 10. Let ¢ € (0,1) and let p be an arbitrary macro state. Let B €
Mpxp(C) be a Hermitian D x D matriz and let H = (h;j) be a random Hermi-
tian D x D matriz such that Assumption 2 is satisfied. Let K be the least upper
bound for the densities gf}e, i.e.

K = supU {Qge (z) 1z € R} < o0. (94)

Let d, > max {166,2|log,'|}. Moreover, let n € (0,%) be the unique number that
solves

1—¢' = (1—27%/7?) (1—-np)* (95)

and let JR¢ J'™ € (0,00) be the unique numbers such that
P <||ReH|| < JRe @) —1-1, (96)
P (| H| < VD) =11, (97)

Set J :=max {K~', JR J™ 1. Then with probability at least 1 — ¢,

16 i _
|M,p| > max { b, i tr(B%) — min < b, ’tr(B ) : (98)
min 4CC\/K_JD dp, max dy,

where M,p was defined in (22), b, and by, denote the smallest and largest eigen-

min max

value of BT and B~ respectively and c. > 1 is the constant in Theorem 7. In partic-
ular, if B = P, for some macro state v, then

16
My, > % (L) |
d \4c./KJD

(99)
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Moreover, if d, > 166, then for any n € (0,%) (and J chosen as above) it holds with
probability at least (1 —27%/?) (1 —n)* that

d 16
My, >—2 ) |
"= (4ccx/KJD)

The lower bound for |M,p| is obviously nontrivial for positive (and negative)
operators B but also for operators with positive and negative eigenvalues provided
that the spectrum satisfies certain assumptions, e.g. if o}, > b .

Note the second lower bound (100) is sharper than (99) if d, > d,,. By combining
the lower bounds in Theorem 10 with the upper bound from Theorem 1, keeping
in mind that, with probability 1, Dg = 1 and dg = D, we immediately obtain the
following corollary:

(100)

Corollary 3. Let €,0,x,T > 0,&' € (O,%) and let o be an arbitrary macro state.
Let B € Mpy«p(C) be a Hermitian D x D matriz and let H be a random Hermitian
D x D matriz such that Assumption 2 is satisfied. Let d,, > max{166,2|log,¢’|} and
let K,J >0 and n € (0, %) be defined as in Theorem 10. Then with probability at

least 1 — €', (1 —€)-most 1y € S(H,) are such that for (1 —6)-most t € [0,T]
G(r)||B 8logy, D . (1B 1/2
|<¢t|B|¢t>_MuB| < 4(%“ (14-%) mm{HBH?%})

|M,.5| B " d 10 (1) [ w(B)
max bmin’ (400\/;(7]D> dy _mln{bmax’ dy }

whenever the denominator of the right-hand side is positive; here c. > 1 is the constant
in Theorem 7.

, (101)

The next corollary for the special case that B = P, for some macro state v follows
from combining the lower bounds (99) and (100) for M,,,, which yield with probability
at least (1 —27%/2 — 27du/2)(1 — p)*

d, max {d,, d })16 (max{d,, d })16 . { d,,}
M,, > L = ——=22) min{1,-=2%, (102
"= max{d,,d,} ( 4e.KJID 4ecNKJID d, (102)

with the upper bound for the absolute errors from Theorem 2, keeping again in
mind that for random matrices with continuously distributed entries, it holds with
probability 1 that Dg = Dg = 1.

Corollary 4 (Generalized normal typicality: relative errors). Lete,d >0, ¢’ € (0, 1)

and let pi,v be two macro states such that d,,d, > max {166,2|log,(e'/v2)|}. Let
H be a random Hermitian D x D matriz such that Assumption 2 is satisfied and let
K > 0 be defined as in Theorem 10. Moreover, let n € (0, %) be the unique number
that solves

1= = (1= 27/ — = ®/2) (1 — p)* (103)
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and let J > 0 be defined as in Theorem 10. Then with probability at least 1 — &',
(1 —¢)-most 1y € S(H,,) are such that for (1 —§)-most t € [0, 0)

16
‘prthQ - M;W‘ < 4 ( 4CC\/KJD )

(104)

Mp,l/ - \/55 min{du, dl,} maX{d;“ du}
where ¢, > 1 1s the constant in Theorem 7.

We now give the proofs of Theorem 10 and of one of our main theorems, Theo-
rem 4.

Proof of Theorem 10. We can write the Hamiltonian as H = ) E,|¢,)(¢ns|, where
(¢y,) is an orthonormal basis of eigenvectors of H with eigenvalues F,, € R. Moreover,
we obtain with the reverse triangle inequality that

|MMB| 2 d_lu <Z<¢n|PM|¢n><¢n|B+|¢n> - Z<¢m|PM|¢m><¢m|B_|¢m>> : (105)

m

Note that we used here the fact that, with probability 1, the eigenvalues of H are

isti — — 1 : :
distinct. Set x := 555 and s := VT where ¢, > 1 is the constant in Theorem 7.

With these choices all assumptions in Theorem 7 are fulfilled® and with
I,={di+ - +d,1+1,....di +---+d,} (106)

it follows that with probability at least

(1= (VT amm = -2 e =1 o)
it holds that

(Gnl Pulén) =D 1on(G) = 1(dn)1lI* = (k3)'°. (108)

J€l,

Remember that we assume that the Hamiltonian is written in a basis that diagonalizes
the projections onto the macro spaces as in Figure 3. We find the following lower
bounds for the first and upper bounds for the second sum in (105):

> (nlPulén) (60| BF6n) > idl (109a)

n

®Note that the factor 1/2 in the definition of  ensures that x < 1/2 since d,,/D can be arbitrarily
close (but not equal to) 1. This is because the trivial case in which there is only one macro space
is excluded here since in this case we obviously have normal typicality and there is nothing to show
at all.

270



A.3. Typical Macroscopic Long-Time Behavior for Random Hamiltonians

Z<¢n|P#|¢n><¢n|B+|¢n> > ("%)16 tr(B*), (109b)
> (6mlPuldm)(Gm| B 16m) < by (109¢)
> (6l Pul o) (S| B [¢m) < tr(B7). (109d)

A combination of these bounds yields

(m)w”(dﬂ} — min {b‘ @} (110)

min’ max’
W du

|M,5| > max {b+

16 n _
— max b;in,< 0 ) (B —min{bmax,tr(B )}. (111)
4CC\/KJD dp dp

In particular, if B = P, for some macro state v, then B~ =0, bt. =0, tr(B") =d,
and thus

d d 16
M, >4 —"r ) 112
"=, <4cc\/KJD> (112)

Note that here no absolute value on the left-hand side is needed since it immediately
follows from the definition of the M, that M,, > 0. If d, > 166, we set x = g—jj and
obtain with Theorem 7 with probability at least (1 — 27%/2) (1 — n)*

(Ol P} > (1s)'® — (Nﬁ) (113)

and therefore

1 d 16
M = d_u ;<¢TL’PV|¢H><¢7L|P,LL|¢7L> > (m) : (114)

]

Proof of Theorem 4. First note that since H satisfies Assumption 1 it obviously also
satisfies Assumption 2 and that d,,d, > max{166,2|log,(c'/v/2)|} by assumption.
Let n € (0,1) be the unique number that solves

1o — (1 — 9= 2u/2 _ 2—dy/2) (1—n) (115)

Then it follows from Theorem 7 as in the proof of Theorem 10 that with probability

at least 1 — ¢/,

16

M, > (M) min {1’ @} : (116)
4ecNKJID d,
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see also (102). In order to arrive at the form (40), note first that with Cy, as defined
in (39) and with the help of Theorem 9, the factor KJ in (116) is given by

KJ (46*0+ + CHO> . (117)

1
Y 2mo_n

Next we derive a lower bound for 7 in terms of €' in order to eliminate n from (117).
Therefore observe that d,,d, > 4|log,(¢'/v/2)| = —4log,(¢'/+/2) and with (115) it
follows that

1—¢'>(1-£%)(1-n" (118)
Solving for n yields
1 e’
> 1 > . 119
T T e AT )

In the last step it was used that for f, g : [0, %] =R, f(x) =1-— m, g(x) =%
one has f > ¢ which can easily be shown by standard arguments. Thus with (117)
we find

2 6c? A
. KJ < —— <4CO'+ + CHO> =:

2no_¢g’

1 C1 04 + CHO
16’ c_o_

(120)

with c_ := % and ¢, :=4C, ie., ¢ < 1/(4y/'C,). Inserting this estimate into (116)
finishes the proof. n

5.2 Dynamical Typicality

In order to find an upper bound for the relative error in the dynamical typicality
theorem, Theorem 3, as well, we need a lower bound for |w,g(t)| = |E. (| Bliy)].
Without any further assumptions on the Hamiltonian we immediately find the fol-
lowing proposition:

Proposition 2. Let B € L(H) be Hermitian such that b := max{b}. — b b

min max’ “min

bh.} >0, where bX,  and bt are again the smallest and largest eigenvalues of B*

min max

(the positive and negative parts of B = BT — B~). Let e > 0, t € [0,00), and let p
be an arbitrary macro state. Then

| (¢ Blvoe)| > b, (121)
and therefore (1 — e)-most 1y € S(H,,) are such that

| (Wi Blooy) — B (v Bl |

IR _
[, (44 Bl < b~ - (right-hand side of (35)). (122)
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Moreover, for every p and B, every T > 0, and (1 — €)-most ¢y € S(H,.),

1 (T || Bl — B, (b | Bl |? B|?
T Jo {Eu<¢t|B|¢t>‘ b gd
Proof. Let (¢x) be an orthonormal basis of #,, and define ¢y, := e *“# ;. Then
1 . .
|E#<wﬁfﬂ¢g>]::37|U(IL6”HI36*”H)] (124a)
m
1
=7 > (ki Blens) (124b)
m

k

1
2 - max {Z<80k,t|3+ = B |k, ;<§0k,t|B_ - B+|<Pk,t>} (124c)

" k
> max{bl. —0b,

min max’ mln ax}

(1244)

i.e., |E.(¢¢|Bli)| > b. The remaining claims now follow immediately from Theo-
rem 3. U

Proposition 2 yields a good lower bound for }EM(@/)AB |¢t)| and therefore useful
upper bounds for the relative errors if, for example, B is a positive or negative
operator (and in this case, b= b'. > 0and b= b_. > 0 respectively). If B has both
positive and non-positive eigenvalues, the bounds are only useful if the spectrum of
B is rather special since in most cases one has b < 0. In particular, if B = P, for
some macro state v we have b = 0 and Proposition 2 is not applicable. However,
with the help of the corrected and improved no gaps delocalization, Theorem 7, we
are able to prove an upper bound for the comparative errors which also applies to

more general operators and in particular to the case B = P,:

Theorem 11. Let € > 0, &' € (0,3) and let p and v be macro states such that

d,,d, > max{166,4|log,¢’|}. Let B be a Hermitian D x D matriz and let H be a
random Hermitian D x D matriz as in Theorem 10. Then with probability at least
1 —¢', for each t € R, (1 —¢)-most Yy € S(H,) are such that

(01 Bltbr) — By (| Bl) |
[T BT)

< LB(B. ) mi {f ] \/2”3”522 B)) \/msl;f@/s)HBH}, (125)

whenever
16 _
LB(Ba ¢) = mnax bl—;im ( d“ ) tr(B+) — min {bmax7 w}
4Cc V KJD dp, dp,
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(L {1 )

m

is positive. Moreover, for every p and B, every T > 0, and (1 —¢)-most ¢y € S(H,.),

L (7 [l — i Bl 2)|B)”
= dt < 127
2 [y " LB(B ¥ed, .
Proof. Tt follows from (124) and (125) in [43] that (1 — £)-most ¢y € S(#,,) are such
that
1B B 1/2
e M| < va (L min 1, =20 T a2
m

Therefore it follows from the triangle inequality and Theorem 10 that with probability
at least 1 — &', (1 — £)-most ¢y € S(H,,) are such that

[CABT| > (Mol - ﬁ(”?“ NEE (‘f')})m (120)
\f(u . {HBH 231)})”2 (130)
_ LB(B, z/}).u ’ (131)

It follows from Theorem 3 that (1 — %)—most Yo € S(H,,) are such that

1) = B3l ) <mm{*f”B” \/Q”B”g;i 'B”?\/ 18”31§f(8/5)||3||}.

(132)

A combination of (131) and (132) yields the first claim. Similarly, a combination of
(131) and (36) in Theorem 3 gives the second claim. O

Note that for large d,, (and if ||B|| does not depend on d,) the lower bound for
| (W Bltpr)|, LB(B, 1), is up to a small error equal to the lower bound for |M,, | that
was proved in Theorem 10.

Finally, we give the proof of Theorem 5 which yields a somewhat better bound
than the previous theorem in the case that B is a projection P, onto some macro
space H,:
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Proof of Theorem 5. Let (¢,) be an orthonormal basis of eigenvectors of H. With
Yo =Y, Cnon we find that

Wil Pln) =) Cheme™Bn=En (G| P|n) = D [enl*{dn] P|6n). (133)

n,m

Since Y~ |cn|* = 1 and with the help of Theorem 7 we find with probability at least
1 — &’ that

@> : (134)

o d 16
(UVe| Pylbe) > (m) > ( D

see also the proof of Theorem 10 for the first step. In the second step we used that
ceV/KJ < 1/(44/€'C,), which can be shown similarly as in the proof of Theorem 4.
This implies together with Theorem 3 (by using the first two bounds in (35)) that
(1 — e)-most by € S(H,,) are such that

PP —Eull Pl _ 1 g1 D16
I[P ]2 < 7z(C0e) @W(d—y) . (135)

Inserting the definition of s,, s, and sy, thus proves the first claim. For the second
claim observe that it follows from Theorem 3 that for every 7' > 0, (1 — &)-most
Yo € S(H,,) are such that

e 2 2|2 1

7 | Pl - B Rl < - (136)
Together with (135) this implies that with probability 1 —¢’, for every T' > 0, (1 —¢)-
most ¢y € S(H,,) are such that

L (T IPA? = Bl Pl 1 1 (D\*
T Jo IZAE £ d, \d,
Now also the second claim follows immediately from the definition of s,, s, and sy..

O

6 An Improved Lower Bound for M, ¢q, M¢q, and
M ¢ eq for Wigner-Type Matrices
We expect that in many cases a significantly stronger lower bound for the M, than

the one obtained with the help of our improved version of the no gaps delocalization
result from Rudelson and Vershynin [37], Theorem 4, should hold. More precisely, it is
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expected that for band matrices H with sufficiently large band width, the eigenvectors
are delocalized, and in that situation we expect that M, ~ %”.

In this section, we show with the help of a result from Ajanki, Erdés and Kriiger
[1] concerning the delocalization of eigenvectors that for a special class of random ma-
trices a much better lower bound for M, ey, Meq, and Meqeq can be obtained provided
that the equilibrium macro space is very dominant (in a sense made precise below).
These matrices do not have a band structure. However, the results strengthen the
expectation that often the lower bound in Theorem 4 can be significantly improved.
We quote the relevant statement from [1] as Theorem 12 and obtain from it lower
bounds for M, in Theorem 13.

For using the result of [1], we need a certain shift of perspective. So far in this
paper, we always regarded D as fixed and considered a single, randomly chosen D x D
matrix H. In contrast, in this section and the next, we will consider a sequence of
random matrices H?), one for every D € N. In fact, our reasoning also applies if we
merely allow an infinite set of D values (say, all powers of 2), and a random matrix
H®) for every D from that set; but for simplicity, we will pretend we have an H®)
for every D € N. More precisely, we assume that, for every D € N, we are given a
probability distribution P(”) over the Hermitian D x D matrices. We will show that,
under suitable assumptions on P) certain estimates hold for sufficiently large D,
but we are not necessarily able to make explicit how large D has to be.

In order to state the result of [1], we need their notion of stochastic domination:

Definition 4 (Stochastic domination). For two sequences X = (XP))p and Y =
(Y(P)) of non-negative random variables we say that X is stochastically dominated
by Y if there exists a function Dy : (0,00)?> — N such that for all 7 > 0 and « > 0,

P (X > DY®P)) <D™ VD> Dy(r,a). (138)
In this case we write X < Y.

That is, X < Y means that for large D it has high probability that X is not much
larger than Y. The key fact for our purposes will be that under certain assumptions
on P(P) | every eigenvector ¢, of H = HP) ~ P(P) satisfies

[9nlloe < (139)

ni|oo \/B

(more precise statement around (147) below). That is, each component of ¢, is not
much larger than 1/v/D (the magnitude that a component would have to have if all
components had the same magnitude). Since if some components were much smaller
than 1/ VD, others would have to be larger, this also entails that not a large fraction
of the components can be much smaller than 1/v/D. But this still allows that a small
fraction of the components could be arbitrarily small; for example, if d,, (despite being
a large number) is a small fraction of D, then all components of ¢,, in H, could be
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arbitrarily small, so (¢,|P,|¢,) could be arbitrarily small, and then the expression
(5) suggests that M, could be arbitrarily small, and we would not obtain a useful
lower bound for M,,. In fact, (139) provides such a bound only if either d, or d, is
sufficiently close to D, as the detailed analysis below confirms.

We now turn to describing the matrices considered in [1] and in this section.
Assumption 3. For every D, HP) = (h;;) ~ P®) is a Hermitian D x D matrix of
Wigner type, i.e., its entries h;; are centered random variables and the entries (h;;)i<;
are independent. The matrix of variances S = (07;), defined by

afj = E|hy|?, (140)

is flat, i.e.,

1

2
Oij < 57

: i,j=1,...,D. (141)

Let p, P > 0 and L € N be parameters independent of D and let u = (u1, pia, . .. )
be a sequence of non-negative real numbers.

Assumption 4. The matrix S is uniformly primitive, i.e.

(Sh), > %, i,j=1,...,D. (142)

It can be shown that the corresponding vector Dyson equation
1 D
T ma(z) :Z"‘;Uizjmj(z)’ foralli=1,...,Dand z € H (143)

for a function m = (my,...,mp) : H — HP on the complex upper half plane H =
{#z € C:Imz > 0} has a unique solution [2].

Assumption 5. The matrix S induces a bounded solution of the vector Dyson equa-
tion, i.e., the unique solution of (143) corresponding to S is bounded,

|mi(2)] < P, i=1,....,D, zeH. (144)
Assumption 6. The entries h;; of the random matrix H have bounded moments, i.e.

Elhi;* < prof;, keN, i,j=1,...,D. (145)

Sufficient conditions for Assumption 5 are given in [2] Theorem 6.1. The rea-
son we make these assumptions is that under these conditions, Ajanki, Erdés and
Kriiger (2017) [1] proved the following theorem concerning the delocalization of the
eigenvectors of H:

277



A. Accepted Publications

Theorem 12 ([1] Corollary 1.14). Consider a sequence (P”)) pen of probability dis-
tributions over the Hermztzan D x D matrices with HP) ~ PP) satisfying Assump—

tions 3-6. Let E () . < E ) be the eigenvalues of the random matriz HP) and
P e P q normalzzed eigenvector of H'P) with ezgem}alue EP). Then for every
sequence of unit vectors b'?) € CP and every sequence n'®) € {1,..., D},
b < —= 146
‘< |¢n<D> \/5 ( )
In particular, the eigenvectors are completely delocalized, 1.e.,
o] < - (147
n \/E

The function Dy(T, ) implicit in the < symbol in (147) depends only on the constants
p, P, L, (pr)ken from Assumptions 3-6.

With the help of Theorem 12 we find the following lower bounds for the M,

Theorem 13 (Lower bounds for |M,p|). Consider a sequence (P?))pey of proba-
bility distributions over the Hermitian D x D matrices with HP) ~ PP satisfying
Assumptions 3-6 and let Dy : (0,00)> — N be the function provided by Theorem 12
for (147). Let 7 > 0, > 1, D > Dy(T, ), and let B be a Hermitian D x D matriz.
Then with probability at least 1 — D=°TY it holds for every macro state pi that

(BT D—d tr(B~
M| > max{brflm, (d ) (1 — D1—2TH)} — min {bmax, r(d )} (148)
m

m

In particular, if B = P, for some macro state v, then

d, D—d
M, > d (1 — Dl_QT”) , (149)
and, moreover,
D —d,
M, >1- Disar (150)

Proof. Let 7 > 0,a > 0, D > Dy(7, ). Since Dy does not depend on the sequence
(D)
n )

PP > D"DT) < D7 (151)

forallm = 1,...,D. Writing P for P and ¢, for ¢\, we obtain that

P (Vi : [|¢nlloc < D7) =1 =P (3n: [|¢n]le > D7) (152a)
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D

>1=> P ([énlle > D7) (152b)
n=1

>1— D>, (152¢)

Now assume that ||¢,||ec < D7V?*7 for allm =1,...,D. Then

(GnlPulén) = 1= (du| Pl ) (153a)
W FEp
—1— > 6.0 (153b)
l€[DN\Iy
D—d
>1- 1)1—%3 (153c)

where [, ={di+---+d,_1 +1,....di +---+d,}.
As in the proof of Theorem 4, we have that

(M) > di (Z<¢n|PM|¢n><¢n\Bﬂ¢n> - Z<¢m\ar¢m><¢mwr¢m>> L (154)

n m

where BT and B~ denote the positive and negative part of B, respectively.
We find that

Sl enl B ion) = () (1= Tt ). (155)

n

and together with (109a), (109¢) and (109d) we obtain that
tr(BT) D—d _ _ tr(B7)
‘MP«B’ 2 max {b$in7 d—# (1 - DIZTH) } — min {bmax7 dlu, : (156)

In particular, if B = P, for some macro state v, then BY = P,, B~ =0, tr(B") = d,,
bt =b-  =0,bt =1, and thus

d, D-d
A@VZE—(1—lﬁ4f>. (157)
m

Alternatively, in the case that B = P, we can apply the estimate in (153c) to
(dn| Py dn), which immediately yields

1 D - dzx
My = =2 A0l Pal6n) (0l Polon) > 1 = gy (158)

]
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If the macro state p resp. v is such that (D — d,)D~'**" > 1 resp. (D —
d,)D™1*27 > 1, then the lower bound in (149) resp. (150) becomes negative and
therefore useless since we always have the trivial bound M, > 0. However, if u or
v is the equilibrium macro space in the sense that the corresponding macro space is
extremely dominant, more precisely, if doq = D — o(D'~?7), then the lower bounds
for the M, are nontrivial. If v = eq, then (150) implies that M,, 2 1 ~ d% and if

p = eq, then (149) shows that M, 2 g—” ~ %, in agreement with our expectations.
m

7 Consequences of the Eigenstate Thermalization
Hypothesis

Another result, due to Cipolloni, Erdés and Henheik (CEH) [6], shows that Wigner
matrices (i.e., H = H* such that h;; for ¢ < j are centered, independent random
variables with bounded moments, the h;; for i < j are identically distributed, and
the h;; are identically distributed) satisfy a version of the eigenstate thermalization
hypothesis (ETH) that implies that the eigenvectors are delocalized. Although the
matrices we are most interested in, the band matrices, are not Wigner matrices,
we make explicit in this section which lower bounds on M, (essentially versions
of M,, ~ d,/D) would follow from the ETH in the version formulated by CEH
(Proposition 3) and what they would imply about the relative error of generalized
normal typicality (Corollary 5). After all, as mentioned in the beginning of Section 6,
it is believed that for band matrices with sufficiently wide band, all eigenvectors are
delocalized.
We begin by formulating the precise condition:

Definition 5 (ETH according to CEH [6]). We say that a sequence (P))pcy of
probability distributions over the Hermitian D x D matrices satisfies the CEH-version
of ETH if for every sequence (BP)) pey of D x D matrices with || BP)|| < 1 and every
v > 0 and € > 0, there is Dy € N such that for D > Dy, it has probability at least
1 — D77 that

tr(BL) D¢ .
s o P16l - 2| < Doy, (159)
where ¢§D), R ¢$3D) is any orthonormal eigenbasis of H(®) ~ P(P) and B(D) = BD) _

tr(BP))/D denotes the traceless part of B.

In that case, we obtain in particular that for any sequence (BP)) of Hermitian
D x D matrices, any ¢ > 0 and v > 0, sufficiently large D, B = B™®) and every
orthonormal eigenbasis ¢1,...,¢p of H = HP),

tr(B)

(@n|Blon) = —5

D¢ .
— (B (160)
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for all n = 1,..., D simultaneously with probability at least 1 — D™7. Now recall
that, if H is non-degenerate, then

M = = S (6al Pl (60l Blon). (161)

Proposition 3 (Lower bound for |M,z|). Let & > 0, let H be a Hermitian D x D
matriz with orthonormal eigenbasis {¢1,...,ép}, and let B be a Hermitian D X D
matriz such that (160) is satisfied for allm = 1,...,D. Then, for every macro state

Hs

-2 ey (162)

In particular,

(163)

Mﬂyzd” (1— Ds). (164)

Proof. From (160) we obtain that

r(B D¢
M,p = E (0| Bl én) (On| Bldn) > WB) _ — tr(|B[*)"2. (165)
d D D
Similarly one finds that
tr(B) Dt 1
< — /2
M, < i) + i) tr(|B| ) (166)
and therefore
tr(B) D5 12
— <=
= 2 < B (167)

With the help of the reverse triangle mequahty we obtain (162). If B = P, for

some macro state v we have tr(B) = d,, |B|> = P, — 2P,d,/D + d2/D?, therefore

tr(|B|?) = d, — 2d2/D 4 d2/D? < d,, and (163) thus follows immediately from (162).
Concerning the last bound, observe that (160) for B = P, implies

_dy(d D\ /d

]

281



A. Accepted Publications

For large dimensions D we find for any macro states pu and v that M,, 2 D

(provided that d, is large enough such that % > D*7'\/d,), in agreement with our
expectations. For the relative errors of the || P, 1|, we obtain the following.

Corollary 5. Suppose that (P?)) satisfies the CEH-version of ETH, and that it is
a continuous distribution for every D. Let ¢,0,&,v > 0, and let v and v be arbitrary
macro states such that \/d, > 2D¢ or 4 /d, > 2D%, ie.,

2k 2k
Sy > 2€Sme + TBln2 or 8, > 28Sme + WBIH 2. (169)

Then, for sufficiently large D and with probability at least 1 — D~7, (1 — €)-most
Yo € S(H,) are such that for (1 —§)-most t € [0, 00),

[[1Pel|* = My | 8 N 1
< A mc a 12 Q!
M, < \/_exp max{s,, Sy} — Smc + 2m1n{s Su} (170)
Proof. It follows immediately from (163) that
dy
> —.
M, > 2D (171)

Together with the upper bound for the absolute error from Theorem 2, we obtain
that (1 — ¢)-most 1y € S(H,,) are such that for (1 — §)-most ¢ € [0, 00),

2 1/2
. (LA 172
g

The claim now follows immediately from the definition of s,, s, and sp. O

The relative errors in Corollary 5 are small for large N if sy, < max{s,,s,} +
min{s,, s, }/2, i.e., we recover the condition we found in the case of normal typicality,
see also Remark 1.

A Appendix - No Resonances

In this appendix we provide a proof of the fact that Hermitian matrices whose joint
distribution of their entries is absolutely continuous with respect to the Lebesgue
measure have, with probability 1, no degeneracies and no resonances (i.e., also the
eigenvalue gaps are non-degenerate). This fact is widely known, but we could not
find a proof in the literature.

Proposition 4 (No resonances). Let H be a random Hermitian D x D matriz with
eigenvalues A1, ..., A\p such that the joint distribution of its entries is absolutely con-
tinuous with respect to the Lebesque measure. Then,

P\ — X=X — N for some (i #j ork #1) and (i #k or j#1))=0. (173)
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We begin with some preparations for the proof. Let S(D) denote the set of
Hermitian D x D matrices and U(D) the unitary group of D x D matrices, here
regarded as orthonormal bases of the underlying Hilbert space. We define y : RP x
U(D) — S(D) by

D
X()\lav)\quvzjla7¢D):Z)\j|wj><¢]|’ (174)
j=1
where 9; denotes the jth column of the unitary matrix [¢1,...,%p]. Since the matrix

X(A1, ..., Ap, 11, ..., ¥p) remains constant when the phase of the 1; is changed, x
defines a mapping ¢ : RP x U(D)/U(1)P — S(D).

Lemma 1. The map ¢ defined above is smooth.

Proof. First note that the function y in (174) defined on RP x CP*P — CP*D (ex-
tended in the obvious way) is smooth since all components of x (A1, ..., Ap, ¥1,...,¥p)
are polynomials in the A; and the (¢;)x. Since U(D) is a (embedded) submanifold of
CP*P_ the restriction of y to RP x U(D) is also smooth [24, Prop. 5.27]. It remains to
show that also the replacing of U(D) by the quotient U(D)/U(1)P does not destroy
the smoothness. To this end, consider the map

fCN0} = C”*P 4 = f(4) = |)(¥]. (175)
This map is obviously smooth and remains smooth when considered as a map on
(CP\{0})/U(1). Thus, we can conclude that ¢ is smooth. O

Proof of Proposition 4. Since U(1)P is a closed subset of U(D) (because limits of
diagonal matrices are diagonal), and since U(1)? is a Lie subgroup of U(D), it fol-
lows that the set U(D)/U(1)” of left cosets is a smooth manifold [24, Thm. 21.17].
It is well known that dimU(D) = D? dimU(D)/U(1)? = D? — D, dim S(D) =
D? and thus dim (R” x (U(D)/U(1)P)) = dimS(D). The spaces U := RP x
(U(D)/U(1)P) and V := S(D) are therefore smooth manifolds of the same dimension

and 90|RDx(U(D)/U(1)D) : U — V is smooth by Lemma 1. Since the set

Nyes := {([El,...,l'p) e RP .
x; — x; = xp — x; for some (i # j or k # ) and (i%korj#l)} (176)

is a null set in RP it follows that N, x (U(D)/U(1)P) is a null set in R x
(U(D)/U(1)P). Generally, if f : U — V is a smooth mapping between smooth
manifolds U,V of equal dimension and N C U is a null set, then f(N) is a null set
in V' [24, Thm. 6.9]. Thus,

p(Nres x (U(D)/U(1)")) = X(Noes x U(D)) (177)
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is a null set in S(D). Altogether we have shown that the set of Hermitian matrices
that have resonances has measure zero. Finally, the absolute continuity of the joint
distribution of the entries of H with respect to the Lebesgue measure immediately
proves the claim. O

B Appendix - Numerical Examples

We briefly describe the numerical simulations we used to create Figures 1 and 2. These
simulations serve for illustrating our results and stating some further conjectures.
We partition the D-dimensional Hilbert space H := CP = @i:l C% into four macro
spaces H, of dimension d, with d, < d,,; for v = 1,2, 3; more precisely, we choose
d, = 2 x 10~!. Then H, is spanned by the first d; canonical basis vectors, Hsy by
the next dy canonical basis vectors and so on, and H,4, the largest macro space in the
decomposition, corresponds to the “equilibrium space.” The Hamiltonian H = (h;y)
is modelled by a Hermitian random D x D matrix with a band structure which
means that it couples neighboring macro spaces more strongly than distant ones, see
also Figure 3. The entries of H satisfy hj; ~ N(0,07;) and hy ~ N(0,05,/2) +
iN(0,03,/2) for j # k, where

0%, 1= exp(—s]j — k) (178)
with some parameter s > 0 that controls the bandwidth of the random matrix, i.e.,
the variances decrease exponentially in the distance from the diagonal. Note that
this model is not covered by our examples in Section 4.3 since the oj; cannot be
bounded by a positive D-independent constant or by D® for some o € R from below.
However, it also suggests that similar results should hold in more general situations
than in the ones we were able to study.
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Abstract

We say of an isolated macroscopic quantum system in a pure state ¢ that it
is in macroscopic thermal equilibrium if 7/ lies in or close to a suitable subspace
Heq of Hilbert space. It is known that every initial state 1y will eventually reach
macroscopic thermal equilibrium and stay there most of the time ( “thermalize”)
if the Hamiltonian is non-degenerate and satisfies the appropriate version of the
eigenstate thermalization hypothesis (ETH), i.e., that every eigenvector is in
macroscopic thermal equilibrium. Shiraishi and Tasaki recently proved the
ETH for a certain perturbation H{f of the Hamiltonian H{" of N > 1 free
fermions on a one-dimensional lattice. The perturbation is needed to remove
the high degeneracies of H{F. Here, we point out that also for degenerate
Hamiltonians, all 1y thermalize if the ETH holds for every eigenbasis, and we
prove that this is the case for H(f)F . On top of that and more generally, we
develop another strategy of proving thermalization, inspired by the fact that
there is one eigenbasis of H, SF for which ETH can be proven more easily and with
smaller error bounds than for the others. This strategy applies to arbitrarily
small generic perturbations HT of HSF and to arbitrary spatial dimensions.
In fact, we consider any given Hy, suppose that the ETH holds for some but
not necessarily every eigenbasis of Hy, and add a small generic perturbation,
H = Hyp + \V with A < 1. Then, although H (which is non-degenerate) may
still not satisfy the ETH, we show that nevertheless (i) every 1 thermalizes
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for most perturbations V', and more generally, (ii) for any subspace H, (such
as corresponding to a non-equilibrium macro state), most perturbations V' are
such that most g from H, thermalize.

Key words: eigenstate thermalization hypothesis (ETH); generic pertur-
bation; thermal equilibrium subspace.

1 Introduction

We consider an isolated macroscopic quantum system S in a pure state ¢ € H
evolving unitarily, ¢, = e %4y, for simplicity with 1y (and thus ;) in a micro-
canonical “energy shell” H,., the spectral subspace of H corresponding to energies
in a small interval [E — AE, E]. There are different concepts of thermal equilibrium
of quantum systems [24, 22, 19, 12, 31, 9, 17, 20, 18, 14, 30, 15] (for a comparison of
some, see [10, 11]), and one important concept for an isolated system S is that its state
1 lies, at least approximately, in a certain subspace Heq € Hme containing the pure
states that “look macroscopically like thermal equilibrium states.” Following [10, 11],
we call this concept “macroscopic thermal equilibrium” (MATE) [12, 31, 20, 13, 29]
and speak of “macroscopic thermalization” if ¢); reaches MATE sooner or later (even
though 1)y may be far from MATE) and stays there for most of the time. For brevity,
we will drop the adjective “macroscopic” and just speak of “thermal equilibrium”
and “thermalization” in the following.

To take a concrete example, consider a gas of many but finitely many particles in a
box. In the classical case it is well known, going back to Boltzmann, that the majority
of microstates on some energy shell look macroscopically like a gas in thermal equi-
librium, i.e., have uniform empirical position distribution and Maxwellian empirical
momentum distribution. Moreover, it is expected (but very hard to prove) that the
majority of those fewer microstates that start in some non-equilibrium macrostate
(say all particles start in the same half of the box) will also thermalize after some
time, i.e., look macroscopically like a gas in thermal equilibrium for most later times.
Note that this concept of thermalization does not require a heat bath, nor infinite
system size, nor randomness in the evolution. The framework sketched above cap-
tures the analogous question for quantum systems, and our explicit example is indeed
the (perturbed) free Fermi gas in a box.

A natural question is under which conditions on Heq, H, and 1, the system will
thermalize. An observation made by Goldstein et al. [12] and Tasaki [31] is that if H
has non-degenerate spectrum and satisfies the appropriate version of the eigenstate
thermalization hypothesis (ETH) [5, 28], i.e., if

every eigenvector of H is in MATE, (1)

then every 1)y thermalizes. Goldstein et al. [12] further proved that if dim Heq/ dim Hp,e
is close to 1 (which is usually satisfied in practice), and if we take H to be a ran-
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dom matrix with unitarily invariant distribution (or, equivalently, with an eigenbasis
that is uniformly (Haar) distributed over all orthonormal bases and independent of
the eigenvalues) and non-degenerate eigenvalues, then it satisfies the ETH (1) with
probability close to 1. (A similar result was obtained by Reimann [23].) An obser-
vation that we add in Proposition 1 below is that (1) alone guarantees that every 1)
thermalizes, even for Hamiltonians with highly degenerate spectra.

The present paper is inspired particularly by recent works of Tasaki [33, 32] in
which he focused on specifying concrete He, and H and proving for them that every
1o thermalizes. The goal of proving thermalization for specific Hamiltonians brings
into focus difficulties arising from highly degenerate eigenvalues; this paper is mainly
about ways to deal with these difficulties.

Concretely, Tasaki [33, 32| (and earlier Shiraishi and Tasaki [26]) considered N >
1 free non-relativistic fermions (“the free Fermi gas”) on the 1d lattice A := Z/LZ
with L > N sites, which defines a Hilbert space H and a Hamiltonian H(F, and took
Heq, as a simple model, to comprise the states for which the number of particles in
a subinterval I' C A of the lattice lies within a suitable tolerance of N|T'|/L.! Since
for this simple model, the choice of Heq involves no conditions on the energy, the
restriction to [F — AFE, E] plays no role, so we can simply take H,,. = H. It is easy
to see that dim H.,/ dim #H is indeed close to 1. However, H{ has highly degenerate
eigenvalues, and for this reason Shiraishi and Tasaki considered a perturbation H{F
of HE by a small magnetic flux 6 through the ring, which removes all degeneracies
if L > 3 is prime. Correspondingly, they proved thermalization of any initial state
1o under the evolution generated by H'. The question whether a similar statement
holds also for HE was left open.

One of our main results (Theorem 2 in Section 3.2) proves the ETH (1) relative
to this He, also for the unperturbed free fermion Hamiltonian H{F in one spatial
dimension. As a corollary we conclude, using the observation explained above, that
also under the evolution of H{f every initial state 1y thermalizes.

We also present results in another direction: Consider for an orthonormal basis
(ONB) B the condition that

every ¢ € B lies in MATE. (2)

' A more realistic model of Heq would involve (a) not only one region I' but every (suitably coarse-
grained) macroscopic region in space, (b) the (coarse-grained) distribution of momenta, and (c) other
macroscopic observables such as total spin. Item (a) can be implemented rather easily. Indeed, in
[33, 32], Tasaki partitioned the lattice into a (not too large) number of subintervals I'; (thought of
as macroscopic regions) and required, as the definition of Heq, that the number of particles in each
T; lies within suitable tolerances of N|T';|/L, so the coarse grained empirical distribution of particles
is approximately uniform in 1d physical space. Since this setup can be dealt with mathematically in
much the same way as just considering a single I' (see Remark 1), we will stick here with the simpler
model. Ttem (b), on the other hand, is pointless for the free Fermi gas, since individual momenta
are conserved, and the treatment of the interacting Fermi gas is far beyond the scope of this paper.
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It turns out that there is one eigen-ONB B; of H{F that is particularly good in several
ways (see Proposition 3 in Section 3):

(i) By satisfies (2) with much smaller error bounds (i.e., smaller deviations from
H.q) than other eigen-ONBs, in fact like e instead of a negative power of N;

(ii) it is easier to prove (2) for B; than for other eigen-ONBs;

(iii) in higher dimensions (i.e., considering a lattice Z¢/LZ® with d > 1), we could
find a proof of (2) for (the analog of) By, but not for other eigen-ONBs of (the
analog of ) HE.

This situation motivates us to propose a strategy for dealing with degenerate Hamil-
tonians for which some, but not every, eigen-ONB B satisfies the ETH (2). Let us
call such a general Hamiltonian Hy. (Note that violations of (1) imply the existence
of some 1)y that will not thermalize: for example, eigenstates that are not initially in
MATE will never reach MATE because they are stationary.) If Hy is only moderately
degenerate, then the ETH for one eigenbasis would enforce the ETH for every other
eigenbasis with moderately worse error bounds (see Corollary 1 in Section 2), but in
the example of the free Fermi gas in d > 1 space dimensions, the degeneracy is around
2N and thus too high. For this reason, we also propose to consider a perturbation
of Hy,?2 but a random perturbation

H=Hy+\V, (3)

thought of as a generic perturbation. We argue in Section 2.4 that it is physically
appropriate to consider a generic perturbation. In fact, as soon as V' has continuous
probability distribution, H has non-degenerate eigenvalues and eigenvalue gaps with
probability 1 for every 0 < A < Ao for suitable \g.> So, generic (arbitrarily small)
perturbations remove the degeneracy of H.

Moreover, and this is the content of our other main result (Theorem 1 in Section 3),
under the assumption that the distribution of V' is invariant under all unitaries or at
least those commuting with Hy, most non-equilibrium 1, will thermalize under H,
although H may fail to satisfy the ETH (1). Theorem 1 is formulated, not just for
the specific HiF' of free fermions on a lattice, but for general Hy, and can be applied
also when Hj is highly degenerate, in fact whenever H, possesses one eigen-ONB
satisfying (2).

Let us give some details. We use the notation P, for the projection to H., and

S(H)={veH:|v|=1} (4)

2Still, the considerations stay fully rigorous. In particular, they do not involve neglecting higher-
order terms in a series expansion (as the word “perturbation” might suggest in some contexts).

3Since we could not find a good reference for this fact, we have formulated this fact as Lemma 2
in Section 2 and included a proof in Section 4.
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for the unit sphere in any given Hilbert space H. If a Hamiltonian H, possesses an
eigen-ONB satisfying (2), then some eigen-ONBs may still violate it substantially
(see Section 2.2), and in that case there is reason to expect (see Section 3.3) that
also H = Hy + AV with A < 1 violates (1) with high probability,® and thus not
all 1o thermalize under H. Now it becomes natural to ask whether most 1y will
thermalize. But it is well known [12, 10, 11] that dim Hey/ dim H,,e &~ 1 implies that
most ¥y € S(Hme) are in MATE already at ¢ = 0, and it is also always true, regardless
of properties of Hy, that for most 1, 1, is in MATE for most ¢ (because the time
average of the ensemble average of ||Puqo||* is close to 1). That is why we want to
consider “non-equilibrium” )y, which we can take to mean that 1y € Hpeq := H;;
it is a non-trivial statement that most ¢y € S(Hpeq) thermalize, and Theorem 1 says
this is the case. Theorem 1 says even more: We can assume a specific non-equilibrium
macro state (e.g., characterized by the condition that between 36% and 37% of all
particles are in the left half of the lattice); let H, C Hye be the subspace of pure
states compatible with this macro state. Most V' are such that most ¢y € S(H,)
thermalize for sufficiently small A\. We also obtain the following converse statement:
for every 1y € S(H), most V are such that 1, thermalizes; but keep in mind that
once we think of V' as fixed (since one usually thinks of the Hamiltonian as fixed),
not every vy thermalizes.

Apart from the general, abstract argument expressed in Theorem 1, we also in-
clude the application to the free Fermi gas (Proposition 3 and Corollary 4 in Sec-
tion 3.2): the existence of an eigen-ONB B; of HE satisfying the ETH (2) (with a
tolerance ¢ that is exponentially small in V) can be established in any dimension d
of physical space; the thermalization of most non-equilibrium w, for H = HI + AV
then follows from Theorem 1.

Note that analogous results for the classical free gas of N particles have been
obtained in [1, 4, 2]. There, no perturbation is needed to prove thermalization of
the gas for long times in any spatial dimension, but only for most and not all initial
states.> For the one-dimensional quantum mechanical free Fermi gas we obtain an
even stronger result, namely thermalization for all initial data. For higher dimensions,
however, we need small generic perturbations of H{ to infer thermalization for most
initial data.

It should be noted that neither [26, 33, 32] nor our results provide meaningful
estimates of the time required to reach thermal equilibrium in the (perturbed) free
Fermi gas. For the classical gas such estimates have been obtained in [2, 4]. A more
quantitative understanding of the non-equilibrium dynamics of one-dimensional inte-

4This is presumably different if AV is not small but its columns have magnitude of order 1.
Specifically, for A = 1 and V' from the Gaussian unitary ensemble (GUE), it follows from [3, Thm. 2.7]
that H = Hy + V satisfies a version of ETH, which suggests that it also satisfies our ETH (1), at
least up to few exceptions.

5Tt is obvious that for the classical free gas not all initial states can thermalize, not even in the
sense of becoming spatially homogeneous.
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grable quantum gases is provided by so called Quantum Generalized Hydrodynamics,
see, e.g., [6, 25]. However, this theory is not rigorous yet and applies only to rather
special initial states.

Finally, let us mention another non-trivial application of Theorem 1. Shortly after
the first version of our paper appeared as a preprint, Hal Tasaki [34] realized that
Theorem 1 can be applied to the Ising model in two dimensions below the critical
temperature. Roughly speaking, he proves that any initial state in a given highly
degenerate eigenspace of the Hamiltonian thermalizes under most slightly perturbed
dynamics in the sense that the macroscopic magnetization approaches and remains
very close to the corresponding microcanonical expectation value. In this system it
is indeed the case that some eigenbases of the unperturbed Hamiltonian satisfy the
ETH and others do not.

This paper is structured as follows. In Section 2, we provide an overview of the
background and provide further motivation. In Section 3, we state our main results.
In Section 4, we give the proofs. In Section 5, we conclude.

2 Motivation

In this section, we give some more details about the considerations outlined in the
introduction.

2.1 MATE and ETH

We will only operate within one energy shell H,,. and pretend that this subspace
remains unchanged even when we vary the Hamiltonian; we take H,. to be “the”
Hilbert space of the system S and simply write H for it. We take for granted that H
has finite dimension. Following von Neumann [37], we regard macroscopic observables
as given which are suitably coarse grained so that they commute with each other and
their eigenvalues are rounded to the macroscopic resolution. Then H.q can be thought
of as one of their simultaneous eigenspaces, with eigenvalues given by the thermal
equilibrium values [12, 13]. In our mathematical result, H., could be any subspace,
although it will play a role that H, has most of the dimensions of H.

Let u be the uniform (normalized surface area) measure on S(H); a u-distributed
vector will also be said to be “purely random.” When saying that “the statement
S(1) is true for (1 —¢)-most ¢ € S(H),” we mean that

u{y € S(H) : S(¢) holds} > 1 —¢. (5)

Analogously, when saying that “the statement S(t) is true for (1—09)-most ¢ € [0, 00),”
we mean that

1
lim inf T\{t €[0,7]: S(t) holds}| > 1 -4, (6)
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where [{-}| means the length (Lebesgue measure) of the set {-}.
Since S(Heq) is a null set in S(H) relative to u, we regard a 1 € S(H) as being in
thermal equilibrium whenever it lies in the set

MATE, = {¢ € S(H) : || Peg¥||* > 1 — ¢}, (7)

once we have chosen the desired tolerance € > 0. The statement that the ETH (1)
implies that every ¢y thermalizes can be formulated rigorously as follows.

Proposition 1. Suppose dimH =: D < 0o, Heq s a subspace and P.q the projection
to it, the operator H on H is self-adjoint, €,0 > 0, and (ETH)

V normalized eigenvector ¢ of H: ¢ € MATE_;. (8)
Then for every 1y € S(H) and (1 — d)-most t € [0,00),
Y, € MATE. . 9)

All proofs are given in Section 4. Note that the inaccuracy assumed in the ETH
(€9) must be smaller than the inaccuracy desired for the thermalization of 1, (¢) by
a factor given by the tolerance (J) desired for the notion of “most ¢.” Note that
for non-degenerate H the statement of Proposition 1 was contained in [12] as a step
in a proof and in [31] as Theorem 7.1. However, to our knowledge the observation
that the ETH can also be used for degenerate Hamiltonians in the form (8) to derive
thermalization of every initial state seems not to have been mentioned before in the
literature. It entails in particular for the Hamiltonian H of the one-dimensional
free Fermi gas, which satisfies (8) by Theorem 2, that all ¥ thermalize (rather than
merely most non-equilibrium 1y, as shown by Theorem 1).

2.2 The Problem About High Degeneracy

Suppose that a Hamiltonian H, is highly degenerate and possesses an eigen-ONB
B = (¢r)r, that satisfies the ETH in the sense (2) or more precisely

Vk: ¢, € MATE,. (10)

The question is how much the tolerance ¢ has to be increased to ensure that all
eigenvectors are in MATE (or, equivalently, all orthonormal eigenbases satisfy ETH).
The following elementary result for matrices helps us answer this question.

Lemma 1. Let € > 0. If a positive semi-definite D x D matriz M has all diagonal
entries < e, then
M| <eD, (11)

where ||-|| denotes the operator norm. The bound is sharp, i.e., there exists M for
which equality holds.
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With this, we can guarantee ETH (10) with a larger error instead of e:

Corollary 1. If P, is any projection in the D-dimensional Hilbert space H and H,
a Hamiltonian with mazimal degeneracy Dg that has an eigen-ONB (¢y)x satisfying
(10), then for any normalized eigenvector ¢ of Hy,

¢ € MATE.p, . (12)

The bound is sharp in the sense that for any Dg and any € = 1/n for some natural
number n there are Hy, Poy, and ¢ such that

|Poo|? = max{1 — eDy, 0} . (13)

This means that the error bound we can guarantee in (8) is e Dg instead of €, but
for our example of Hy (the free Fermi gas) in d > 1 dimensions,

Dp > 24 (14)

(see Proposition 3), which is so large that the bound € Dg is no longer small and thus
becomes useless.

2.3 Consequences of Generic Perturbations

The following lemma provides a precise formulation of the intuitively rather obvious
statement that a generic perturbation will lift the degeneracy of eigenvalues and
eigenvalue gaps. (In this paper, it will play no role that the eigenvalue gaps are
non-degenerate, but we take note of this fact for the sake of completeness, as the
degeneracy of the eigenvalue gaps is expected to determine the time scales on which
thermalization takes place.)

Lemma 2. Let V' be a random matriz whose distribution is continuous in the space
of Hermitian D x D matrices. Then with probability 1, there exists A\g > 0 such that
for all X € (0, ), the Hamiltonian H = Hy + AV has non-degenerate eigenvalues
and eigenvalue gaps.

Now let P, be any projection, P = [ — Po, and let Hy be a degenerate
Hamiltonian for which one eigen-ONB satisfies (10) but others do not necessarily.
By Corollary 1, some eigenvectors can deviate from Heq by eDg, which need not be
small as Dg can be exponentially large in the particle number N. On the other hand,
even if Dg is that large, a typical unit vector is not that bad:

Proposition 2. Let € > 0, H. be an eigenspace of Hy with dimension D., and
suppose that one eigen-ONB of Hy satisfies (10). Then for 6 = 2exp(—Ce?D,) with
C =2/973, (1 —§)-most ¢ € S(H.) lie in MATE,..
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Now we consider H = Hy + AV, where the distribution of the random matrix V
is continuous and invariant under all unitaries commuting with H,. Then the eigen-
ONB of H (which is unique up to phase factors because H is non-degenerate) will
be arbitrarily close, for sufficiently small A, to some eigen-ONB of H,. In fact, the
eigen-ONB of H (with suitably chosen phase factors) converges as A — 0 (for fixed V')
to an eigen-ONB (1) of Hy.5 Which one? That depends on V. Due to the unitary
invariance, the ONB (x)x is, in each eigenspace H. of Hy, uniformly distributed
among the ONBs of H.. This brings us to the question, will a purely random ONB of
H. satisfy the ETH? As we discuss in detail in Section 3.3, the answer can be shown
to be yes if dimH, is smaller than a certain critical size (using Corollary 1) or if
dim . is larger than another critical size (using Proposition 2), but in between there
remains a regime for which we do not know the answer. That is why it is relevant
to have a result, like our Theorem 1 below, guaranteeing that even if ETH might be
violated, still most non-equilibrium vy will thermalize.

2.4 Physical Relevance of Generic Perturbations

In physics, we sometimes make models (e.g., write down a formula for the Hamil-
tonian) and sometimes consider generic situations (e.g., consider a random Hamil-
tonian). When we have proved that most Hamiltonians relative to a particular dis-
tribution have a certain property P, then this still leaves open whether the true
Hamiltonian has this property. On the other hand, models involve idealizations and
simplifications, and therefore are not necessarily realistic. So, when we have proved
that a model has property P, this also leaves open whether the true Hamiltonian has
this property.

In order to increase the reliability of mathematical results about P, one can try
to add more realism. For a model, this might mean to add corrections, such as
relativistic corrections, previously neglected interaction terms between the particles
of the system, or interactions with the outside that the system is not perfectly shielded
from (such as gravitational interactions). Of course, this will often make the model
intractable. For a random Hamiltonian, on the other hand, increasing realism may
mean making the distribution narrower, either by conditioning on properties P’ that
we believe the true Hamiltonian has (e.g., symmetries) or by choosing a distribution
near some H, that we believe the true Hamiltonian is close to. The latter strategy
is, in fact, a kind of combination of the two strategies of considering a model Hy and
considering a random Hamiltonian.

Our assumption that the distribution of the perturbation V is invariant under

8This fact also entails that if we subdivide the energy axis into “micro-canonical” intervals, then
for sufficiently small A, each Hp obtained from Hy stays invariant during any time interval [0, T
to an arbitrary degree of precision under the time evolution generated by H, with the consequence
that each micro-canonical subspace can be treated separately, and our simplifying assumption that
Hme is invariant caused no harm.
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unitaries (at least those commuting with Hy) is motivated (i) by the thought that,
since we are considering very small perturbations, many different kinds of interaction
with the environment may contribute to V' and (ii) by the facts that this would be
the case for the simplest distributions of V', such as the Gaussian unitary ensemble
GUE, and that this allows us to answer the question how many )y will thermalize.
The fact that a random V' with unitarily invariant distribution involves super-long-
range super-multi-body interactions makes it seem unrealistic. On the other hand,
when we consider very weak perturbations, then already the fact that no system is
ezactly closed becomes relevant—that every system is slightly interacting with an
environment such as a gas of photons (or of gravitational waves etc.). The reason we
are considering closed systems (that evolve in a Hamiltonian rather than Lindbladian
way) is that being open is unnecessary for thermalization. And yet, when it comes
to arbitrarily weak perturbations, a weak interaction with an environment may be
expected to have a similar effect as a weak generic perturbation of H. After all, if
the particles of the environment (say, photons) are entangled with each other, so that
distant parts of the system will effectively interact with each other by interacting
with different entangled photons. Thus, the system’s evolution seems quite similar
to a unitary model in which every part of the system is weakly interacting with every
other.

A relevant trait of our results in this paper is that they apply to random pertur-
bations of Hy that are arbitrarily weak. Such results can be regarded as stating an
instability of a property P: For example, being degenerate is an unstable property
in the sense that every degenerate Hj, possesses a neighborhood in the space of self-
adjoint operators in which the degenerate operators form a null set. It is therefore
not believable that the true Hamiltonian is degenerate, given that it is close to Hy.
Also deterministic corrections to Hy may be expected to break the degeneracy, but
again it may be intractable to prove this.

The upshot is that assuming an arbitrarily small generic perturbation may be
quite realistic after all. The typical behavior of such a perturbation may be a pretty
good prediction of the behavior of the true Hamiltonian.

3 Main Results

In this section, we present and discuss our main results. In Section 3.1, we state our
results for general Hamiltonians and in Section 3.2 we apply them to the free Fermi
gas. We end this section with a discussion of whether H should be expected to satisfy
the ETH in Section 3.3.
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3.1 For General Hamiltonians

Theorem 1. Let H be a Hilbert space with D := dimH < oo, Heq and H, any two
subspaces, Poq and P, the associated projections, and Pheq = I — Py.

Let Hy € L(H) be self-adjoint and assume that Hy has an orthonormal eigenbasis
(Or)kequ,...py satisfying the ETH (10) for some ¢ > 0 (i.e., || Poeq@sl|® < € for all k).
For A e R let H := Hy+ AV, where V is a self-adjoint operator drawn randomly from
a continuous distribution invariant under conjugation with all unitaries commuting
with Hy. Finally, let 1y be uniformly distributed in the unit sphere of H, and 1, :=
efth,gZ}O'

Then

. . e )

lim By Jim E,, /0 | Proqnl Pt < 2. (15)
As a consequence, for all §,6',6" > 0 there exists a Ao > 0 such that for all X € (0, \o),
for (1—6)-most V', (1—08")-most 1y € S(H,) are such that for (1—3")-most t € [0, 00),

3e

P, 2 ——
“ neqth < 56/6//7

€., Yy € MATE3€/§5/5N . (16)

While the condition of invariance under the unitaries commuting with Hj is the
minimal condition we need to mathematically prove the consequence, the most rele-
vant cases in practice are perhaps those in which the distribution is invariant under all
unitaries, as is the case for the Gaussian unitary ensemble (GUE) in which the entries
of V are (up to Hermitian symmetry) i.i.d. complex Gaussian random variables.

Although H., and H, are arbitrary subspaces in the theorem, they are intended to
physically mean the macro spaces of thermal equilibrium and of some non-equilibrium
macro state v. Then Theorem 1 establishes thermalization for most initial states with
macro state v as discussed in Section 1. Alternatively, we can consider an arbitrary
fixed (non-equilibrium) initial state ¢y and consider the 1d subspace spanned by 1)
in the role of H,: then for this 1y, most perturbations V' lead to thermalization; this
is expressed by the following corollary.

Corollary 2. Let e, H,Heq, Ho, ¢, V, H be as in Theorem 1, and let 1y € S(H) be
arbitrary. Then for all 0,0" > 0 there exists a A9 > 0 such that for all X € (0, ) and
all Yo € S(H), for (1 —§)-most V, (1 —§')-most t € [0,00),

3€

|| Pacqi||® < 5 i.e., Py € MATE;. /55 (17)

3.2 For the Free Fermi Gas

In this subsection we discuss the concrete example of the free, non-relativistic Fermi
gas of N particles on a d-dimensional lattice A := {1,..., L} with periodic boundary
conditions, where L € N and d > 1. We will in particular show for d = 1 that all
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eigen-ONBs satisfy the ETH, so Proposition 1 applies, and for d > 1 that Theorem 1
applies.
The Hamiltonian is given by

HEY = — Z chey, (18)

z,yeA
dist(z,y)=1

where ¢, and ¢/ denote the annihilation and creation operators of a fermion at site
x € A. (Hy+ 2NdlI is the negative discrete Laplacian.) The relevant Hilbert space is
the N-particle sector of fermionic Fock space, i.e., H ~ CP with D = (?\j)

Like Shiraishi and Tasaki [26, 33, 32], we will use a highly simplified model of
“thermal equilibrium” defined only in terms of the spatial distribution of particles.
In particular, the restriction to a micro-canonical energy shell is not relevant for
us in the following. We will discuss extensions to more realistic models of thermal

equilibrium in Remark 1. Choose any spatial region I' C A let
p=|T|/[A] (19)

be its relative size, and let

Nr := Z cjccx (20)

zel

be the number operator of the particles in I'. Throughout this section we define the
equilibrium subspace Heq,, for a given threshold 1 > 0 as the spectral subspace of Nt
specified by the condition }% — ,u‘ <n,ie.,

Peq,n = 1[N(u*n)7N(u+n)](NF) ) (21)

and set Preqy := I — Poqyy. Thus Heq, contains those states 1 for which the Born
distribution of Nr/N is supported in an 1 neighborhood around p. Note that this is a
much stronger condition than just requiring that the expectation value of Np/N in a
state 1 lies in this interval. In Remark 1 below we discuss a more realistic definition
of Py that takes into account not only the number of particles in one region I', but
a coarse-grained density all over A.

For d = 1 we can show that H{F satisfies the version (1) of the ETH, i.e., that
every eigenvector of H{F is close to He, for large N, assuming that T is an interval.

Theorem 2 (ETH for the free Fermi gas in 1d). Let d =1, L prime, 46 < N < L/4,

I' C A aninterval, n > w, and Heqy and Pheqy as above. Then every normalized

eigenstate ¢ of HEF satisfies

32In N
7N -

[ Pacand]” < (22)
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The condition in Theorem 2 that L must be prime guarantees that the eigenvalues
of the one-body Hamiltonian on such a chain are rationally independent (see [26] and
similar arguments in [16]). As a consequence, the only degeneracies in the many-body
spectrum arise from the fact that one-body eigenstates with momentum k& and —k
have the same energy. The latter degeneracy was shown by Shiraishi and Tasaki to
be removed by piercing the ring with a small magnetic flux. Theorem 2 shows that
even if these degeneracies are not removed, H{ still satisfies the ETH.

Together with Proposition 1, Theorem 2 implies that all initial states reach a
small neighborhood of Heq,:

Corollary 3 (Thermalization of the free Fermi gas in 1d). Let d =1, N > 46, and
let L, ', 1, Heq and Peq,y be as in Theorem 2. Let €,0 > 0 be such that €d > %—HNN
Then for every 1y € S(H) and (1 — 8)-most t € [0, 00), by := e~ 0"ty satisfies
2
| Preantell” < €. (23)

For general d > 1, we can still prove the ETH for one eigenbasis B; of H{' | in fact
with better bounds. To define this eigenbasis, we need to introduce some notation

first.
For odd L let
= {%yue{o,il,...,i%}d}, (24)
and for even L let
K= {2%1/1/6{O,il,...,i(g—1>,g}d}. (25)

For k € KC we define
G;L = m ek C;. (26)

TEA

Let K be the set of k = (ki,...,ky) € KV such that k; # k; for all i # j.
The permutation group Sy acts on ICQ via (k1,...,kn) = (kzq),- .., kxv)) for any

7€ Sy. Let KN ¢ ICQ contain exactly one representative from each orbit, i.e., from
each permutation class. We define

By = {|¥y) : k € KV}, where (27)

Uy) = al af, ...} |Puc) (28)

with [®y,.) the vacuum vector in Fock space. The states |Wy) are (ﬁ? ) different eigen-
functions of the unperturbed Hamiltonian H{ and therefore form an orthonormal
basis of H.

For this eigenbasis By of H{ we can prove the ETH using similar methods as
Tasaki [33] used in the case of the free fermion chain in one dimension.
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Proposition 3 (ETH for one eigenbasis of the free Fermi gas, any d). Let d > 1,
I C A arbitrary, 0 < n < 2pu(1 — p), and Heqy and Poeqy as in (21). Then every
eigenstate Wy, € By of HIY given by (18) satisfies

2
| Pacani||” < 2¢” =0, (29)
Furthermore, if N < L/2d then the maximal degree of degeneracy D is at least 2V

As an immediate consequence of Proposition 3 and Theorem 1 we obtain the
following corollary:

Corollary 4 (Thermalization of the perturbed free Fermi gas in any dimension).
Let d > 1 and T, 0, Heqn, and Preqy be as in Proposition 3. For A € R let H :=
HE + XV, where V is drawn randomly from a continuous distribution invariant under
conjugation with all unitaries commuting with HY . Let H, C H be any subspace and
for 1o € S(H,) let 1y := ey,

Then for all 6,0',8" > 0 there exists a N\g > 0 such that for all X € (0, \), for
(1 =9)-most V, (1 —d")-most 1y € S(H,) are such that for (1 — §")-most t € [0, 00)

2

| Prcatel|” < worere” m=m N, (30)

6
5818

Remark 1. In a similar way as in [33], Theorem 2 and Proposition 3 (and therefore
also Corollary 3 and Corollary 4) can easily be generalized to the situation in which
we define equilibrium by requiring that in m € N subsets of I'; C A the fraction of
particles is close to u; := |I';|/|A|. To this end, note that

)5l

where P(...) denotes the orthogonal projection onto the specified subspace. Let
pio i=argmax,, . (u;(1 — p;)). Then it follows from Proposition 3 that

-----

Nr,

N — My

. Nr,
Pneqm:—P<E|z—1,...,m: |N — 1

> 77) , (31)

2

m 2
“Pneq,n\IIkHZ <2 Z e_?wi(qfw)N < 2m 6_3u*(q—u*)N, (32)
=1

Thus, as long as m is not too large and N is large, the right-hand side in (32) is
small.

3.3 ETH for a Random Eigenbasis of H;?

Consider again a general Hamiltonian Hy with degenerate eigenvalues for which one
eigenbasis satisfies the ETH (10). How likely and how strongly will a purely random
eigenbasis of Hy violate the ETH (10)7
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Consider an eigenspace H, of dimension D,. The probability that any member of
a purely random ONB (¢k)£§1 in H, lies outside MATE,. can be bounded according
to

De

P(3k < D, : ¢y, ¢ MATEy.) < > P(¢y, ¢ MATE,.) (33a)
k=1

< 2D, exp(—Ce?D,) (33b)

by Proposition 2. Additionally, by Corollary 1, every ONB satisfies ETH with toler-
ance €D, instead of €. Could these bounds be used to prove (e.g., for the free Fermi
gas) that H satisfies ETH (with some small tolerance)?

It seems that the answer is no in general. Consider ¢ of order exp(—c;N) and D,
of order exp(coN) with ¢p, ¢y > 0 for large number of particles N. There are three
regimes. If ¢y > 2¢;, then (33b) is small for large IV, and thus most eigenbases of the
eigenspace satisfy ETH with tolerance exponentially small in N. Similarly, for ¢; < ¢y,
every ONB satisfies ETH with tolerance £D,., which is exponentially small in N.
However, for the range in between, ¢y € [¢1,2¢1], it is unclear whether a typical basis
of H. will obey the ETH with small tolerance. For the free Fermi gas in d > 1 space
dimensions, Proposition 3 provides a suitable ¢ and corresponding ¢;. Furthermore,
the maximal degeneracy is larger than 2V¢ (corresponding to ¢, > dIn2 > 2¢).
However, the proof of Proposition 3 suggests that also smaller eigenspaces exist,
potentially with ¢ falling into [cq, 2¢4].

The upshot is that it is quite possible that most eigen-ONBs of H, (and thus
the eigenbasis of H as A — 0) violate the ETH. While in the light of Corollary 1,
one might have thought that the largest D, create the biggest obstacle, it is actually
the D.’s of an intermediate size, roughly between 1/ and 1/e2. At this point, our
Theorem 1 provides an alternative, as it shows that the ETH is not necessary for the
thermalization of most non-equilibrium /.

4 Proofs

4.1 Proof of Proposition 1

Let Pheq := I — Poq, let € be the spectrum of H, and II. the projection to the
eigenspace of H with eigenvalue e; consider the time average

<wt7 Pneq¢t> = Z ei(e—e’)t <1/J07 Hepnequ’¢0> (34&)
e, e/ €€
= Z S¢07 HePnequr(pO)/ (34b)
eef

<ed||Tetpol|? by (8)
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<ed Z(z/zo, [etbg) =€ . (34c)

ecé

Thus, for every n > 0, there is Ty > 0 such that for every T > Ty,

1 /7
T / dt <¢t7 Pneq¢t> < 55 -+ . (35)
0
By the Markov inequality,
1 €0 +n n
—‘{te 10,77 : (s, Preqthe) >€}’ < —54 1 (36)
T € €
Taking the limes superior as T — oo, we find that
: 1 n
lim sup —‘{t € [0,T] : (s, Proqtls) > e}’ <5+ 1. (37)
T—o0 T 3
Since n > 0 was arbitrary, we must have that
1
limsup 72| {¢ € [0, 7] : (o, Preqtht) > }| <0 (38)
T—o00 T

as claimed.

4.2 Proof of Lemma 1

The sum of eigenvalues of M equals tr M < eD. Since all the eigenvalues are non-
negative, the maximal eigenvalue is bounded by eD. The maximal eigenvalue also
equals the norm ||M]|.

To see that the bound is sharp, consider the matrix with all entries equal to e,
which has an eigenvector with all entries 1 and eigenvalue D.

4.3 Proof of Corollary 1

Corollary 1 is a consequence of Lemma 1. Let P, = I — Poq. For all k£ we have
| Peq®k||? > 1 — € and equivalently (¢, Pueq®r) < €. Let ¢ be an eigenvector of Hy
with eigenvalue e. Denote by II. the orthogonal projection onto the eigenspace of H
corresponding to e. In the basis (@) restricted to in the eigenspace corresponding
to eigenvalue e, the matrix corresponding to Il Pyeqlle has all diagonal entries < e.
Thus by Lemma 1

<¢; Pneq¢> = <¢7 Hepnequ¢> < E;De < 5DE

and equivalently ¢ € MATE.p, .
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For the second part, consider a Hilbert space of dimension D = max{n, Dg}
with an orthonormal basis (¢x)5_,. Choose Hy diagonal in this basis, with the first
Dpg diagonal entries equal to zero and the other entries all nonzero and pairwise
distinct. Let Poeq = I — Poq be the projection which in this basis corresponds to the
matrix with all entries equal to 1/D. In particular the diagonal entries of P, are
1—1/D >1—-1/n =1—¢ and thus all ¢, € MATE.. Let II; be the projection
onto the eigenspace corresponding to eigenvalue zero. Then ||I1gPyeqllo|| = Dg/D =
min{eDg, 1}. Choosing ¢ to be an eigenvector to the maximal eigenvalue of 1 Pyeqlly
we obtain that

| Poq||* = max{1 — eDg, 0} . (39)

4.4 Proof of Lemma 2
We cite a key fact from Appendix A in [36]:

Lemma 3. If H has continuous distribution in the Hermitian n X n matrices, then
with probability 1 it has non-degenerate eigenvalues and eigenvalue gaps.

Lemma 2 says more in that there is a whole interval (0, \g) of A values for which
Hy+ AV will have non-degenerate eigenvalues and eigenvalue gaps. As a preparation
for the proof, we establish the following lemma:

Lemma 4. The set of Hermitian n X n matrices with degenerate eigenvalues can be
written as the zero set of a polynomial in the matriz entries. Likewise, the set of
Hermatian n X n matrices with distinct eigenvalues but with degenerate eigenvalue
gaps can be written as the zero set of a polynomial in the matrix entries.

Proof. Let A be a Hermitian n x n matrix with eigenvalues Aq, ..., \,. The matrix
A has degenerate eigenvalues if and only if its discriminant

disc(A) = H()\i —)\,)? (40)

vanishes. Since the discriminant of a matrix can be written as a polynomial in the
matrix entries, see, e.g., Lemma 1 in [21], the first claim follows.

For the second claim, we follow the proof strategy of Lemma 1 in [21] and adapt
it to our situation. Let A be a Hermitian n X n matrix with distinct eigenvalues
Aty ..o, Ap. Then A has degenerate eigenvalue gaps if and only if

H A=A —=(A—N)) =0, (41)

(Z7j7k“7l)el

where

Ii={(i,j,k)en*: (i#korj#l)and (i#jork#1l)} (42)
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and [n] := {1,...,n}. Since the tuples (i,j,k,1) € I with ¢ = j and k # [ (or
k =1 and i # j) lead to non-zero factors in (41) (due to the non-degeneracy of the
eigenvalues), we can replace the set [ in (41) by the set

I':={(i,j, k1) en]*: (i#korj#1)and (i #jand k #1)}. (43)
We enumerate the eigenvalue differences (A\; — Aj)iz; as @1 == A\j — Ao, 3 := A\; —
A3y Ty i = AL — Ay Ty i= Aoy — A, Tpa1 i= Ao — Ag, ..., T = Ay — A1, Where
M :=n(n — 1), and consider the Vandermonde matrix V = V(z1,...,x)) which is
defined as
1z 22 ot
1 zy a3 oyt
Ve, ..,om)= |1 23 3 y ! (44)
1 xy 2% ay

It is well known that

detV = H (x5 — ;) (45)

1<i<j<M

and thus

(detV)> = [ (x5 —2)= ()M (i — ) (46a)

1<i<j<M i#j

= (=DMAENE T (= A = (= ). (46b)

(i7j7k7l)€I/

Therefore A has degenerate eigenvalue gaps if and only if (det V)% = 0.
We define the M x M matrix B = (B;;) in the following way:

M
Bij = ZH?;;J;Q. (47)
k=1

One immediately sees that B = VTV which implies det B = (det V)2, Obviously,
By; = M and for (i,7) # (1,1) we have that

By =Y (A=) (48a)
k=1

n

i+j—2 . .
— 9\ ...
> (+j, )A;ﬂ”‘pw—l)p (48b)

kl=1 p=0
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1+j—2 i+ i—9 o
= ( J ) (—1)Ptr(A™27P) tr(AP). (48¢)
— p

p=0

We conclude that the entries of B are polynomials in the entries of A and thus that
also det B = (det V)? is a polynomial in the entries of A. This proves the second
claim. ]

Lemma 5. Suppose there is X > 0 such that Hy+\V has non-degenerate eigenvalues
and eigenvalue gaps. Then there is \g > 0 such that for every A € (0,\), H =
Hy + AV has non-degenerate eigenvalues and eigenvalue gaps.

Proof. We consider H as a function of A\. By Lemma 4 there is a polynomial P, in
the entries of H and therefore a polynomial P, in \ such that its zeros are exactly
the matrices with degenerate eigenvalues. By assumption, 151(5\) +£ 0. Thus, P, does
not vanish identically and therefore P, has only finitely many zeros. We know that
A = 0 is one of the zeros and therefore there exists a :\0 such that H = Hy + AV has
non-degenerate eigenvalues for all A € (0, 5\0).7

Again it follows from Lemma 4 that there is a polynomial P, in the entries of H and
therefore a polynomial P, in A € (0, 5\0) such that its zeros are exactly the matrices
with degenerate eigenvalue gaps (but non-degenerate eigenvalues). Note that P, can
be considered as a polynomial on [0, 00) that vanishes in the (finitely many) zeros
of Pl. Because of pg(j\) # 0, PQ does not vanish identically and has therefore only
finitely many zeros. Its zeros in (0, 5\0) are matrices with non-degenerate eigenvalues
but degenerate eigenvalue gaps. Since there are only finitely many such zeros, it
follows that there exists a 0 < Ay < Ao such that H = Hy + AV has non-degenerate
eigenvalues and non-degenerate eigenvalue gaps for all A € (0, \g). O

Now Lemma 2 follows from Lemma 3 and Lemma 5 by fixing A = 1 and choosing
a V for which Hy + V' has non-degenerate eigenvalues and eigenvalue gaps.

"Here is an alternative proof of the eigenvalue statement of Lemma 5: Consider the polynomial
P(\ E) = det(Hp + AV — EI) in 2 variables, which vanishes if and only if F is an eigenvalue of
Ho + AV. P has degree < D because det is a degree-D polynomial in the matrix entries, and each
entry is a degree-1 polynomial in (A, E). Since for A = A\, P has D distinct zeros, P has degree D
and is square-free. Then the number of singular points in the plane is finite (e.g., [7, Bemerkung
3.2]). The zero set S of P is known to consist of finitely many smooth curves that are either closed
or tend to infinity in both directions, and can intersect themselves or each other only in singular
points. There are only finitely many points p on the smooth curves where the tangent is vertical,
i.e., parallel to the F axis, because at such points p, 9P/90E(p) = 0, so p is a joint zero of P and
OP/OF; since these two polynomials have no common prime factor (see the proof of [7, Bemerkung
3.2]), they intersect only in finitely many points by Bézout’s theorem. Now along any vertical line
L, points p in L NS are simple roots unless either p is a singular point or a curve has a vertical
tangent at p. Thus, for every A except finitely many exceptions, every zero of P in E is simple, so
H is non-degenerate. Let Ay be the smallest positive exception.
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4.5 Proof of Proposition 2

As shown by Reimann [23, Eq. (7)], Lévy’s lemma implies that for a uniformly dis-
tributed unit vector ¢ in a D-dimensional Hilbert space H and a self-adjoint operator
A (which is not a multiple of the identity),

2
P(|(6. A6) — tx(4)/D| > <) < 2exp(~ CZE‘D ) (49)
with C as in Proposition 2 and A4 > 0 the difference between the largest and the
smallest eigenvalue of A. Now we specialize to our case with H = H., D = D,, and
A = I, Pheqll. with II, the projection to H,.. Since 0 < A < I, we have that Ay <1
(so the right-hand side of (49) can only become larger if we replace Ay by 1). By
assumption, there is a basis (¢x) for which every vector lies in MATE,; evaluating

the trace in this basis, we find that tr(A) < eD,. Thus,

]P’(¢ ¢ MATE2€> - P(HPnqubHQ > 25) (50a)
< P(||Pucadl® > tr(4)/De +¢) (50b)
< P(|l1Preat|* = tr(4)/ D] > ) (50c)
< 2exp(—Ce’D,) (50d)

by (49), which completes the proof.

Remark 2. An alternative argument based on the Markov inequality instead of
Lévy’s lemma (and the fact that the average of || Pheqd||* over S(H.) is < e, still
assuming that one eigen-ONB of Hj satisfies (10)) yields for any § > 0 that (1 — ¢)-
most ¢ € S(H.) lie in MATE, 5.

4.6 Proof of Theorem 1
We shall first prove that

I 1
/l\li% IEV 111_13010 ]Ed)of /0 Wt, Pneqwt>dt = d_,, ; de El/)e [We, Puwe><we; Pneqwe” . (51>
where d, = dim H,,, e are the eigenvalues of Hy, d, is the dimension of the eigenspace
corresponding to e, and the v, are uniformly distributed on the unit sphere in this
eigenspace.

Pick a V' such that for A small enough the eigenvalues of H = Hy + AV are non-
degenerate. Let e;(\) denote the eigenvalues of H, sorted from smallest to largest.
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Let 1;()\) denote the corresponding eigenvectors of H. With ¢, = e~} and the
non-degeneracy of the eigenvalues, we have that

D

1T
lim / (s Pacatle) dt = (1o, (M) (15N, Pacqtly (W) (5(A), o). (52)
T—oo T 0 =

Next, we shall take the average over ¢y € S(H,). Since for any operator B on a
d-dimensional Hilbert space, the average over uniformly distributed normalized

equals

Ey (v, By) = étr B, (53)
see, e.g., [8, App. C], we have that
1" 1 &
Buo fim 7 [ 00 P de = 5 300,00 Ry (00,0 Prts V). (59
v ]:1

Note also that, by the dominated convergence theorem, we may interchange E,,, and
the limit T — oo.

For suitable choice of phases, the set of 1,;(\) converges to an eigenbasis 1;(0)
of Hy as A — 0 (see, e.g., [27, Chapter XII, Problem 17]). For an eigenvalue e of
Hy and d. the dimension of the corresponding eigenspace, if e;1(\), ... €14, (\) are
all the eigenvalues converging to e, we shall denote the corresponding eigenvectors

i+1(0), .., ¥44.(0) by xe1(V), ... Xea. (V). With this notation,

A—0T—o0

1 T
hm hm T ETZ}O / <’¢t, Pneqwt> dt
0

B diu Z ZE(XBJ(V)’ P'jxe’j(v» <X€»J'(V)7 Pnequ,j(V)>. (55)

e j=1

Let U be a unitary commuting with H,. Note that the eigenvectors of UHUT =
Hy + AUV UT are exactly Uz;(A). In the limit A — 0, we obtain

Xej(UVUT) = Uxe (V).

Now we are going to average over V. The construction above works for all V' such
that the eigenvalues of H are non-degenerate for small enough A. The set of V', for
which this fails has measure zero by Lemma 2. Since the distribution of V' is invariant
under conjugation with U, it holds that

Ev ({xed (V): Poxea (VI Xes (V) PacaXes (V) ) =

By ((es (UVU), Poxes UVUD) (xes UVUT), Prcqes(UVUT)) ). (56)
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We now average this equality over random unitaries U that are block diagonal rel-
ative to the eigenspace H. with eigenvalue e, act as the identity on the orthogonal
complement of H., and whose block in H. is uniformly distributed in the unitary
group of H.. This gives

By (s (V) Poxea(V)) (s (V). Proaea(V) ) =
B (£ (100 ROV O (V) Prall (V) )
= Ey, (e, Potbe) (e, Pqtic)) . (57)

Combining this with (55), we obtain that

A—0T—oc0

EV lim lim Edjo ! / <wt7 neqwt dt d Zd Eqpe[ we, uwe><w67 neqwe>:| . (58)

By dominated convergence, we can also swap the limit A — 0 and the expectation
over V', and we have proved (51).

To evaluate the right hand side of (51), we use that for ¢ distributed uniformly
in a space of dimension d and operators B, C' it holds that

tr(BY) tr(C) + tr(BTC)
d(d+1) ’

Ey (0 Bl)"(¢[Cly)] = (59)

see [35, Eq. (40)]. Applying this in H, to B = II.P,II, and C = Il P,e Il with II,
the projection to H., we obtain that the right-hand side of (51) equals

(60)

Z tr(Pacale) tr(IeP) + tr(TLe Prcg1ePy)
d, de +1

By computing tr(Ppeqlle) in the basis ¢y, we obtain tr(Pe,ll.) < ed.. Furthermore,

Lemma 1 implies that
TLe Preqlle|| < ede. (61)

With this, tr(Il, PueqlleP,) < deetr(Il.P,). In total, we can bound (60) by

2ed, tr(I. P,
dz 1 Zed. u(lB) (62)

For the second part of the proof first note that there exists a Ay > 0 such that

. I
By Jim B [ (01 Pugts) i < 32 (63)
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for all A € (0, \g). Markov’s inequality implies that for all A € (0, \g), (1 — §)-most
V' are such that

1 T
]E hm T/ <¢t, neq¢t> dt < % (64)

where we used again that, by dominated convergence, the limit 7" — oo and E,, can
be interchanged. Applying Markov’s inequality again shows that for all A € (0, \g),
(1 — ¢)-most V are such that for (1 — §')-most 1y € S(H,),

li 1 ! P, dt ﬁ 65
Tl—r}c}o T 0 <7v/}t7 neqwt> < (5(5, ( )
For every T' > 0 we find that
11
_‘{t € 10,77 : (b, Paeqthe) > 0"}| < 5”T/ (Y1, Paeqir) dt . (66)
Taking the limes superior on both sides, we obtain
. 3¢
hjrisolip—‘{t €10, T : (Y, Preqts) > 6" }| < S5 (67)
Substituting ¢” — 6, =7 yields the claim.
4.7 Proof of Corollary 2
With P, = |v0) (o], Theorem 1 yields
. 1
}gr(l)Ev Tlggo?/o (1, Poeqe)dt < 2e. (68)

Note that the expression

T—oo T

Ey lim — / (0, Pty dt

depends continuously on A and 1)y, which follows from (52) using the continuity of
1;(A\) in A [27, Chapter XII, Problem 17] and dominated convergence. Since S(H) is
compact, there exists a A\g > 0 such that for all ¥y € S(H)

1 T
By Jim / (0, Pregtln) dt < 3¢ (69)
0

T—o00

for all A\ € (0, \g). Markov’s inequality implies that for all A € (0, \g), (1 — 0)-most
V' are such that

. 1 [T 3e
lim /0 (10, Proqti)df < > (70)
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For every T' > 0 we find that
1 (T

S WT 0 <7/)ta Pneq¢t> dt . (71)

1
e 0,71 (e Pr) > 0"}

Taking the limes superior on both sides, we obtain

3¢

. 1 1/
hmsupT’{t € (0,77 : (Y, Pacqty) > 6"} < S5

T—00

Substituting §' = % yields the claim.

4.8 Proof of Theorem 2

In dimension one, the eigenstates Uy, defined in (28) have energies Ej := —2 3" | cos k;.
We first remark that the assumption that L is a prime number ensures that all de-

generacies in the spectrum of H{ are trivial, i.e., only due to changing the signs of

the k;. This is shown in [26] at the beginning of the proof of Theorem 3.2. Note that

the model considered there agrees with the model in the present paper in the case

that 6 = 0. (This parameter is introduced in [26] to remove the degeneracies and to

this end has to be chosen to be small but non-zero.)

The proof of Theorem 2 will make use of several propositions that we formulate
now and prove in the subsequent subsections. The first one states that the expectation
of Nr in an arbitrary eigenstate of H{ is close to N|T'|/|A|, provided that N is
sufficiently large.

Proposition 4 (Expectation of Np in arbitrary eigenstates). Let d = 1 and let
k= (ki,....,ky) € KN. Let B == —2 vazl cosk; be the corresponding eigenvalue
and Hp, = span{¥y : k,é = +k; for all j} the corresponding eigenspace. Let I' C A
be an interval, and let ¢ € S(Hg,). Then

T
Nro) — N—
<¢7 F¢> |A|

<InN+1. (73)

For the proof of Proposition 4 we need the following proposition concerning the
expectation of Nr in the eigenstates Wy, of H{F.

Proposition 5 (Expectation of Nr in eigenstates ¥). Let d > 1, let k. k' € KN and
xel'. Then

1]

(Wg, Nr¥y) = N|A|

(74)

and

1 .
<\Ilk7 clcxkllk,> = msgn(&)eﬂkafl(l)_kl)'x (75)
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if only k] does not appear in k and & € Sx is the permutation such that kg_l(m) =kn
for all m # 1. Thus, if exactly one component of k' does not appear in k, then
(W, NpWUp)| < m
i NoWi)| < Al (76)
If more than one component of k' does not appear in k, then
(Ug, NrWy) = 0. (77)

For the proof of Proposition 5 we need the following lemma:

Lemma 6. Let d > 1, xy,...,xx € {1,..., L}, and let k € KV such that 7(k) :=

krty, .- krny) € KN for some T € Sy, where Sy denotes the symmetric group.
1) ()
Then
1 N
(Pyac, Cay - - - cmaL1 .. .a,tNCI)vac) = TNap Z sgn(o) H eFiTa() (78)
ceSN 7=1

This formula is well known; it was stated, e.g., in [26] in (C3) in the case that
d = 1. For convenience of the reader, we include the proof in the next subsection.

The next proposition shows that the variance of Nr in an arbitrary eigenstate of
HE is small provided that N is sufficiently large.

Proposition 6 (Variance of Nr in arbitrary eigenstates). Let d = 1 and let k € KN,
Hg,, I' and ¢ be as in Proposition 4. Then,

(6, N26) — ({6, Nrd))> < 4NInN + 13N + 3(InN)? + 13In N +10  (79)
"2 NN, (80)

Before proving Proposition 6, we show a similar statement for the variance of Np
in the eigenstates Wy, of H{F.

Proposition 7 (Variance of N in eigenstates V). Let d > 1 and k € KN, Then

r r
(Ug, N2UL) — (U, NpWg))? < NH (1 — ‘|A—‘|> : (81)
Proof of Theorem 2. Let ¢ € S(H) be any eigenvector of H{. The Born distribu-
tion P associated with ¢ and the observable Nr has expectation £ := (¢, Nr¢) and
variance V := (¢, Ni¢) — (¢, Nr¢)?. Writing B,.(z) for [x — r, x + r], we can express
Chebyshev’s inequality as

P(Br(E)) >1- % (82)
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for any o > 0. By Propositions 4 and 6 for N > 46,

- - TN (o]0
BaW(E) C BluNt11avBN TN (NW C By NW (83)
for a = N;VT”W using Nn/2 >InN + 1, so
_ IT| 32N In N
P| B N— >1— — 84
( o)) = - e &Y
which is equivalent to (22). O

4.9 Proof of Lemma 6

Without loss of generality assume that k € KV. We prove (78) by induction. First
note that as a consequence of the canonical anticommutation relations we immediately
see from the definition of the a], that {c,,al} = ¢**/v/L and {a}, al,} = 0. Now (78)
can be shown by induction. For N =1 the equation holds because

; eik1'331 ; eik1’$1
(I)vacvcz1a (pvac = (bvacaq)vac - ¢VaC7a Cey <I>Vac = . 85
( o rac) NG ( ) — k ) L (85)
Now suppose that (78) holds for some N € N. Then we have that
(Pvacs Conyy - - - cgclal1 e aLNHCI)VBLC)
= (= 1)V (P e, Coniy - - .cxlaLNHaLl .. .aLNd)VaC) (86a)

v (et - :
= (-1) (T(fbvac, Cani -+ CagQpy - - - achbvaC)

ak?N+1

_<(I)va07 C:rN+1 R ! Caq a]t;l s a]t;Nq)vac>) (86b)

ik -x
ekN+1-71
= (-1)¥ (—(@vac,cx Corl .. al Dae)
N Cag ey P
VL
ik T
kN +1-T2 ; ;
L (Puacs Canyy - - - CaCar Qg - - - aqu)vac>

FH(Pyacs Canyy - - - cxga,tNHcmcxla,tl o a,th)vaJ) (86¢)
=... (86d)

(_1)]\] N+1 '
Z(—l)lﬂelk’v“'“”l (Pvacs Consy - -+ Capyy Capy - - .cgclaj,rCl . aLN d..)  (86e)
1=1

VL

N+1 N
| | |
= —L(N+1)/2 Z(_l)N+l+1esz+1'xz E sgn(a) H elkj'xff(j), (86f)
=1 oESN j=1
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where Sy, denotes the set of permutations ¢ : {1,....N} — {1,...,01 — 1,1+
1,...,N + 1} of the set {1,...,1 — 1,0l +1,...,N + 1}. Note that we used the
induction hypothesis in the last step.

Any o € Sy is related to a permutation 7 € Sy with 7(N+1) =l via N+1—1
transpositions and vice versa. Therefore, we obtain

i T
<q)vaca Canpy -+ Cay Gy - - - akN+1(I)vaC>

N+1 N+1

_ N+1 /2 Z Z N—H-HSgn N+1 l H ikj-xr(5) (87&)

=1 TESNJrl
T(N+1)=l

1 N+1
= LN+D)/2 Z sgn(7) H e, (87h)

TESN+1

which finishes the proof of (78).

4.10 Proof of Proposition 5
Let x € I'. With the help of Lemma 6 we find that
(‘I’lmc Ca Vi)

= (Puac, ny - a,chezal, .. .a;& Dac) (88a)
1 o T
= TN Z e~ kran L eTNEN (B Can - - - cmlclcmaz/l .. .a£3v®vac) (88b)
T1,..,tNEA
1 ik ikn-
= W Z € k11 ...€ ik xNX{xe{xh_”,xN}} <<I)vaC7 Copy - - - 035161,2,1 . (IL;VCI)V3C>
T1,...,LNEA
(88¢)
N
1 —ik1-x —ikN-TN ik’ T ()
=7m D €T Xwelaranyt Y s80(0 He D (88d)
Z1,..,TNEA oc€SN
| X N N
S-S SN U G PORtIE) | EEE
=1 xl,---7961—153901-5-1,---7901\761\7 ﬂﬂ”;;% oSN
jar
- X sl 3o (3 ) o)
geSN m= Tm€EA
m
For k, k' € K we have
L
Z iK' —k)-y Z K —kyr | pilkg—ka)ya (89&)
yEA Y1, Ya=1
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d L
I S etk (89D)

m=1ym=1
d ik —km) _ gi(ky,—km)(L+1)
_ H (Lék;nkm + X{k!, £k} T i) ) (89c)
m=1
= L%, (89d)

where we used that (k/, — k,,)L is a multiple of 27 and therefore ¢'(m=Fm)l — 1,
Thus we see that if & = &/, only the permutation ¢ = id gives a non-vanishing
contribution in (88f) and we obtain

N
<\Ifk,CI:Cx\IJk> = ﬁ (90)
independently of x € I'. This implies
TN
Ld -

(U, NpWy) = (91)

If k # k', then (88f) only does not vanish if exactly one component of k£ and £’ is
different. Assume that k] for some 1 <[ < N does not appear in k and let 6 € Sy
be the permutation such that k._, (m) = k., for all m # [. Then we get

1 ,
<\I/k7 Clcac\llk’> = ﬁsgn(&)61(k5—l(l)_kl)'x (92)
and therefore
r
‘(q/k,prI:k,> < |L—d| (93)

Combining (91) and (93) and using that |A| = L¢ finishes the proof.

4.11 Proof of Proposition 4

Since H{F is invariant under cyclic permutations of A, there is no loss of generality
in assuming I' = {1, ..., |T'|}.

We first consider the case that there are no k;, k,,, such that k, = —k,,. In this
case, we can without loss of generality assume that k; > 0 for all j. We express ¢ in
the basis of the W, with k; = +k; for all j, i.e., we write

[0) =D aw| ), (94)
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where oy = (V). We compute

<¢, NF¢> = Z Oé]:/()zk//<\11k/, NF\I/k//> (95&)
kl k//
= Z |Oék/| N —f‘ Z Oék/OékN<\I/k/ NF\I/k//> (95b)
|A| k/;ék//
\F! Ir|
+ Z Z Oék/&k// \Ifk/ CJ;\I/]CN>. (950)
=1 k'#k"

Because of Proposition 5 we see that (U, clc, ¥pr) with k' # k” only does not vanish
if k" and k" differ in exactly one component. First suppose that 0 < k; < 7 for all j.
With Proposition 5 we find that

IT’|
E E &Z/ak//<\llk/, CLCz\I’k//>
x=1 k'£k"
9 N T
—2ikjx *
= z Re E E € J E X{k}’:—k;;k{’:k{,lij}ak/ak” (96&)
j=1 z=1 k’:k;>0
9 N o—2ik; _ o=2ik;(IT+1) .
=TRe | > ————p—— D Xw=mw=iow | - (96D)
j=1 k'K >0

Next note that with the Cauchy-Schwarz inequality we get

1/2
< (Z o[> g ) =1. (97)

E X{k" k:/ k‘" k‘/ l#}ozk/ak//

k' k‘/ >0 k!
Moreover, the inequality |1 — e*| > 2|z|/7 for x € [—7, 7] implies
< Adk; 8
1— —2ik; > i 98
} € | - LVJ ( )

if —2k; € [—m, nr] where we used that k; = 2%u; for some v; € {1,..., (L —1)/2} if L
is odd and v; € {1,...,L/2 — 1} if L is even. If —2k; < —7 we obtain

|1 — 62| = |1 — e~Zhi2mi] > @ — 4 <1 — %yj) . (99)
We get
| 2 & 2
2};; (U, che, Upn)| < Z; = (100a)
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N
4 L
< — — 100b
~ L ; 45 ( )
<InN+1 (100c)
Altogether we therefore obtain
Iy

If kj, = 0 or kj, = m for one jy, the computation is basically the same; the only
difference is that this index does not appear in the sum over j (which therefore
consists only of N — 1 terms). Moreover, if there are ki, k,,, such that k, = —k,,, then
again this only leads to less terms in the sums over j. The upper bound In N + 1
thus remains valid also in these cases.

4.12 Proof of Proposition 7
We start by computing (¥}, N2U;). To this end we first note that
(T, NEWR) = > (W, cheache, ). (102)
z,yel’
If v =y €T then

N

(Uy, chepcle, i) = (U, che, Uy) = Ld

(103)

see (90). Now suppose that x # y. Then we find with the help of Lemma 6 that

(Wy, clcxcjlcy\lfw

= (Dyac, ky - - - aklclcmc;;cya,tl . a,TCNQDVaJ (104a)
1 o o
= vz Z e~ hran T NIEN(D ey czlclcxczcyaltl o a£N®Vac>

(104D)
= —LNd/2 Z e—ik1~$1 e e_ik‘N'INX{z7y€{xl 7777 xN}} <¢VaC) CxN e C$1a/Ll e GJLN |¢VaC>

(104c)

_ T Z e—z‘k1.z1 o e_ikN.mNX{:c,ye{m ..... . Z SgH(O') Hez‘k]-.za(j) (104d)

T1,...tNEA geSN J=1
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N N
— Z e*lkl z _—ikm-y Z H e*ikn Tn Z Sgn(a) ezkofl(” z;
L I,m=1 T1,...,ENEA n=1 oESN j=1
l#m T=2,xm=y \n#lm
(104e)
N N
( o1y~ kl)a: 7»( 71(m)_km)'y i(kgfl(,,”_kn)'mn
a2 sen(e) D e e II (>« -
L ceSN I,m=1 n=1 TnEA
I#m n#l,m
(104f)
Because .\ W=k = L&, see (89d), we only get contributions from the per-

mutations o = 1d and transpositions 7,, with p,q € {1,... N}. From o = id we get
the contribution

1
I Nd

N(N -1
JV(Af—cuzﬂN—”d::-—Qzaf—l (105)

and any transposition 7,, contributes the term

_'Lbz(é@pkawa“qkﬂﬂ+—é“qkﬂméwpk”y)L“’”d

= _ﬁRe ( (/fp—’fq)'ﬂﬁei(kq—kp)'y). (106)

Therefore the overall contribution of transpositions becomes

WZM (e'thr—ka)weitka=kr)y) (107)
P,g=1
p<q
Altogether we obtain
N(N
(\I/k,clcxczcy\lfk) = (—d L2d Z Re ( Jxeiltha=hp) ) (108)
ppq<q1

Summing over z,y € I" we arrive at

(U, NEW,)

—ﬁm+L—\ry(\ry—1 L2d > Z Re (ethr—ka)zeilka=hy) ) (109a)
z,yel p,g=1
£y P<q

N oo NV 1) 2

= 2l + =TT = 1) = 75 (Z Re (e'thr—ka)wgilka—kp)y) —|r|)
pq<:ql z,yel’
p

(109b)
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N NN -1) L[NV — i(0p—kq)-
- ﬁm T ITI(T = 1) + 7 2d de Z Z
p,q=1 | zel’
p<q
(109¢)
< NB + N(N — 1) I (109d)
Al A

With this and (¥, NpW,) = N|I'|/|A| we finally get for the variance of Nr in an
eigenstate Wy that

20, rr/, m
(D N2L) — (0, Nei)? < N (1 w) (110)

4.13 Proof of Proposition 6

As in the proof of Proposition 4 we first assume that there are no ki, k,,, such that
k; = —k,,. In this case, we can without loss of generality assume that k; > 0 for all j.
As we have already computed (¢, Nr¢) in Proposition 4, it only remains to compute
(¢, NE¢). To this end, we express ¢ again in the basis of the ¥, with K = +£k;, see
(94). Then we get

(6, NEg) = > apaur (Vg NEW ) (111a)
k/ k//
= Z|Ozkl \Ifk/ N \Ifk/ —|— Z Oék/Oék//<\Ifk/ N2 \Ifk//> (111b)
k/#k//

For the first sum we obtain with the help of (109d) that

1N

r
5 ol M) < N NOY = 1)

0 (112)
k/

For the second sum first note that

2 : * 2
Oék/ak//<\1/k/, NF\I/kH>
k/;ék//

= Z Z &Z/ak//<\1’k/,CLCI,CLCy\IJk/O (113&)

@Y€l kAR
= Z Z g (Up, ey Upn) + Z Z oz,’;/aku<\11k/,clcxcz,cyllfkn) (113b)
2l kAR wyel k' Ak

T#y

The first sum can be estimated as in the proof of Proposition 4, i.e.,

>N apaw (T, che, V)| <IN+ 1. (114)

xel’ k/#k"
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For the second sum in (113b) we start by noting that similarly to (104f) we have for
x #y and k' # k" that

<\Ifkl s C;CxCLCy\I/k//>

N N

oESN I,m=1 n=1 \z,€A
I#m n#l,m

(115)

From this formula we see that if k¥’ # k" then only terms where one or two entries of
k" and k" are different give non-vanishing contributions.

We shall separate the second sum in (113b) into two sums where £’ and £” differ
in one or two components, respectively. Suppose first that &’ and £” differ in only
one component. Let us evaluate (Uy, chxchy\I’kn> in the case that &} = k; > 0 and
k! = —ky. If 0 =id, we get the contribution

N —1
12

(6—2ik1x + G—Qikly) ] (116)

The only other permutations that yield non-vanishing terms are transpositions of the
form 7, with p > 1. Altogether, these transpositions give the contribution

N

1 k=K )z ik, —kn)y | ik, —k1)e gi(—ki—ky)y (117)

N

p=2

One obtains analogous expressions in the case that &’ and &” do not differ in the first,
but in another component.
Our goal is to estimate

Z Z Oé]:,Oék//<\I/k/, ClCzCLCy\I/k//> (118)

z,yell K/ k" differ
z#Yy in 1 component

First suppose that 0 < k; < 7 for all j. To facilitate the computation, we first let
the sum over xz,y € I',x # y run over all x,y € ' and later estimate the terms where
x = y. Considering k; > 0 and k} < 0 separately we can write

Z Z g (Wi, clcxczcylllk@

z,yel’ K K" differ
in 1 component

N
= Z Z Z X{k;’:fk;;ki’:k;,l;ﬁj}az/ak”2Re (<\I/k/,CLCwCLCy\I/kN>) (119)

z,yel’ j=1 k/:k; >0
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Using the expressions for (W, cl,cxc;cy\lfkﬁ derived above, this equals

T N
2 _ —2i Z *
ERG ( § : § : [(N . 1) ( 2ikjx 2 k‘gy X{k” 7k;‘;k2/:k27l¢j}ak,aku (120)

z,y=1 j=1 k':k%>0
N
— E (61(—kj—k7p)x€’b(k:p—k‘) _|_ el(k —k; ):C 7’ k kp)y E X{kui k/ k}" k/ l#j}a:;’ak"
p=1 k' k’ k;’ >0
p#J
N
. § —kj+kp)z z —kp—kj)y + 6i(—kp—kj):c6i(—kj+kp)y)
p#ﬂ

%
X E X{k;‘/:_k;;kf/:kfvl?fj}ak’ak”} )

k’:k:;.>07k;,<0
Carrying out the summations over x and y we arrive at
~2ik; _ p—2ik;(I0|+1)

N
2 Z e Z .
ﬁRe ( |:2‘F|(N — 1) 1 — 672“{:]_ P X{k”f k/ k” k/ l#j}ak/ak”
& ;>0

N (@i(kj+kp) _ o—ilkj+kp)(IT[+1) pikp—k;) _ gilkp—k;)(IT|+1)

1 — @*i(kaij) 1— ei(kp*kj)

*
> X{k9’=k;;kz”:k;,z;éj}%'ak")

k' g, >0

N (e—ukj—kp) _ oilhi—kp)(IT141) pmilkpth;) _ oilkpthy)(IT+1)

1 — e—ilkj—kp) 1 — e—ilkptk;)

XD xw;ek;;k;f:k;,#j}az/ak,f)]) (121)

K2k >0,k <0

Taking the absolute value, the sums over k&’ can again be upper bounded by 1. As in
the proof of Proposition 4, we compute that

N ] i N
4 672@]6]' _ e*Qlk‘j(‘F“i’l) 4|F|
— I'(N —1 -
L2 Z | |( ) < 1 _ 6—22ij ) - Z 4]/[/
J=1 =
N
_ 2NNV —1) Zl AN =D g vv1), (122)

L L

.
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If kj, = 0 or kj, = m for some jy or if there are ki, k,,, such that k; = —Fk,,, the
corresponding term is missing in the sum over j and the upper bound of N — 1
remains valid.

Next we estimate

o—ilkithp) _ o—i(kjhp)(ID1+1) gilkp—k;) _ gi(kp—h;)(IT+1)

N
4 —e
2 Z Zl — o—ilkptky) 1 _ eiltkp—ky) (123a)
- Z#J
16 1
<12 Z 1= e h)|[1 — itk )] (123b)
7j=1 p=1
P#]
1/2 1/2
N N N
16 1 1
= L? Z Z |1 — e~ilkpthy)| Z |1 — eilko—Fy)|2 (123¢)
Jj=1\ p=1 p=1
p#j P#]
N N
16 L?
<152 (L) 230
j=1 \p=1
< 2N, (123e)

where we used in the last step that Y >~ n~? = 7%/6 < 2. Note that the last term
in (121) is of a similar form and can be estimated along the same lines.

To get an estimate for the overall contribution of k' # k” which differ in one
component, we still have to estimate the terms in (120) with = y. By a similar
computation as before and in the proof of Proposition 4 we find that an upper bound
for the absolute value of these terms is given by

12(N — 1) N | g=2ik; _ o—2ik;(IT|+1)
12

6(N —

<
- L

1
— )N +1). (124)
=

J=1

Again, if there is a kj, that is equal to 0 or 7 or if there are k;, k,,, such that k; = —k,,,,
the only modification that has to be made is to exclude the terms in the sum over j
and therefore the estimates remain valid.

Altogether we find for the contribution of the terms in (113b) with &' # k", where
k' and k" differ in exactly one component, the upper bound

2IT|(N - 1)
L

6(N

(1nN+1)—|—4N+T_1)(InN+1). (125)

Next we turn to the terms in (113b) with &’ £ k” which differ in two components.

As before, we can assume that 0 < k; < 7 for all j as by the same reasoning as in the
previous computations, the upper bounds remain valid if this condition is relaxed.
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Consider (115) in the case kf = k1 > 0,k}, = ko > 0 and K = —ki, k) = —ko.
Then the permutation o = id gives the contribution

1

ﬁ (6—2ik1m6—2ik2y + e—?ik‘zxe—%k‘ly) (126)

and from the permutation 715 we get

2 ~
_ﬁe—z(k1+k2)$e—l(k‘1+k2)y_ (127)

If k] = ki, kY = —ko, k] = —k1, k) = ko, the permutation o = id gives
1

ﬁ (6—2ik1$62ik2y + €2ik2$6_2ik1y) (]‘28)
and 79 yields the term
2 ika—k)z i(ka—F1)y

Summing again first over all z,y € " and later estimating the terms with x = y which
were added to facilitate the computation we get

N
L2 Re ( E : E [ (6*21kl$6*21kmy + efQkaxefmkly i 2€*l(kz+km)$6*l(kz+km)y)

z,y=11lm=1
l#m

*
X E X{k)! ==k} ==k k! =k j#m} Oy Ol
kK] kL, >0
+ (672iklz€2ikmy + eQikmxefQikly . 2ei(km7kl)xei(kmfkl)y)

*
< X{k;'—kgvk;g—ka;k;fkj,j¢z,m}04k/0¢k"]>(130)

k':k;>0,k;, <0

Using similar estimates as previously, we can bound the absolute value of this term
by

2(In N +1)* + 4N. (131)

Next we note that the terms with £ = y in this sum vanish.
Putting everything together, we finally arrive at

T T2 2[T|(N — 1
(¢, N2¢) gN%+N(N—1){A¢+lnN+l+¥(lnN+l)+4N

N 6(NV—1)

T (IN+1)+2(In N+ 1)* + 4N (132a)

325



B. Submitted Manuscripts

F2
§N2|—|+2NlnN+11N+2lnN2+111nN+9. 132b
A2

Because of (a* — b*) = (a — b)(a + b) for a,b € R it follows from Proposition 4 that

‘<¢, Nrg)? —NQ% < (InN+1) (1nN+ 1 +2N%) (133)
and therefore
(¢, Npg)? > N2% —(InN +1) (1nN+ 1+2N||FT||). (134)
With this we finally obtain
(¢, NE@) — (¢, Nr¢)? <ANIn N + 13N + 3(In N)> + 13In N + 10. (135)

For N > 46 it holds that 13N + 3(In N)? +13In N 4+ 10 < 4N In N. This finishes the
proof.

4.14 Proof of Proposition 3

The proof of a similar result for d = 1 given by Tasaki in [33] can be adapted to

our situation with only very small modifications. Note that the proof in the present

situation in the case that d = 1 was already given by Tasaki in an earlier arXiv

version of his paper, however, the model was slightly changed in later versions.
Similarly as in the proof of Lemma 4 in [33] we first show that

(W, VW) < (e + (1 - )" (136)

for any A € (0,1]. To this end note that

N2 W) = BB [ Pyac) (137)
with
1 . ,
T A/2 ik-x .t tk-x T
bk.—m e/Ze cm—i-Ze cll. (138)
zel zeA\T
We then obtain that
N
(Ui, VW) = (Puac, by - by B, - B Prac) < T 110w, b I (139)
j=1
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For any j, the operator by, b,tj is self-adjoint and

1 A ikj-(z— A ikj-(x—
{bkj’bl];j} T |c a:%ezre ! y){cwcl} +eM? ; et y){cy,cl}
’ yeA\D

D D NS D (NS

zeA\T z,y€A\T
yel’

1
= = (AT + 1A= 7)) = e + (1 = o). (140)
Next note that this implies
(b, bL, )* = (e + (1= 1)) br, bl — b, bi, b bL = (e + (1 — p))be,bl, . (141)

The last step follows from by, by, = 0, which can be seen as follows: From the definition
of the by, we immediately obtain

1 , )
bkjbkj _ ﬁ e)\ Z e—zkj~(x+y)cxcy + 6/\/2 Z e—zkj.(r+y)cxcy

yeA\T

LeM2 Z e—ikj-(x+y)cxcy+ Z e_ikj'(m'f'y)cxcy . (142)

€A\ xz,yeA\D
yel

If x = y, then c,¢y, = 0. In the first and fourth sum, for every term c,c, with x # y also
the term ¢,c, occurs and because of c,c, = —c,c, and the same prefactors, the terms
cancel. Therefore, the first and fourth sum vanishes. By a similar argumentation, the
second sum is equal to the (—1) times the third sum, i.e., they cancel, and altogether
we obtain that b0, = 0.

It follows from (141) that the eigenvalues of the self-adjoint operator by, b,tj are
0 and pe* + (1 — p): If @ € R is an eigenvalue of bkijj with eigenfunction ¢,
then by, bl |¢) = a|¢) and therefore (by;b} )*[¢) = abybj, |¢), but at the same time
(bkijj)2|¢> = (pe* + (1 — u))bkjb;ij]@, i.e., either = pe* + (1 — ) or bkijjW} =0
which implies o = 0 as ¢ # 0. Therefore we conclude that [|by, b;j | = pe* + (1 — p)
and hence

(W, ) < (e + (11— )" (143)
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The rest of the proof of (29) is exactly the same as in the first arXiv version of [33],
but we include it here for the convenience of the reader. First note that the projection
onto the non-equilibrium space can be bounded in terms of characteristic functions
as

| Pacan We||” < (Ths Lng /vy (Ne)Wa) + (W, vy (Np) W) (144)

A(Np/N—p—n)N

In the first term, the characteristic function is bounded above by e for

all A > 0. Using inequality (143) we obtain

N

(Uh, Ing Nz (NE) W) < (e 4 (1 = p)e )] (145)
Using the power series representation for the exponential function one finds that for
all0 <p <1, ]A\ <1

A1) Lo p(l—p) o pl—p) o1
e +(1—pe ™ <14 5 A+ 5 )\lz:;l!

3
< 1 Tl — ) < ear o, (146)

Choosing A = 2n/(3u(1 — u)), which is smaller than 1 by assumption, results in the
bound

"72
(Vg Inp Nz (Nr) Wg) < e I (147)
For the second term in (144), note that it equals (W, 1NA\F/N—(1—M)2n(NA\F)\I’k>- Now

we can apply the bound (147) with I replaced by A\T" and p by (1 — ) and conclude
that
2 _LN
| PacanVk||” < 2e” 300" (148)
The last statement of Proposition 3, that Dp > 2N4if N < L/2d, can be verified
as follows. Choose Nd distinct positive integers less than L/2, multiply them by
27/L, and call them, in any order, k;, with i = 1,...,N and a = 1,...,d. Write
ki = (ki1, ..., kiq) and k; = k(i for the permuted version such that k= (12;1, . l;N) =
KN, Thus, U as in (28) is an eigenvector of HE, and the corresponding eigenvalue
is =25V S coskis. Now consider the 2V¢ Nd-vectors k' with k/, = -kj,; none
of them is a permutation of any other, so suitable permutations yield 2V distinct
clements &’ of K. The corresponding ¥ i have the same eigenvalue, so the eigenspace
must at least have dimension 2V

5 Conclusions

If a Hamiltonian H satisfies the ETH in the form that every eigenvector is in MATE
(which we show in Theorem 2 is the case for the free Fermi gas on a 1d lattice),
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then every initial pure state v, will thermalize in the sense of MATE. However, for
practical purposes a weaker statement seems just as useful: that in the subspace H,
corresponding to any macro state v, most 19 € S(H,,) will thermalize. And for this
conclusion, a weaker condition than ETH for all eigenbases suffices, as our Theorem 1
shows: that the eigenbasis of H is a purely random eigenbasis of the highly degenerate
Hy, of which at least one eigenbasis satisfies the ETH (2). For practical purposes
again, an arbitrarily small generic perturbation can be added to a Hamiltonian Hy,
yielding a non-degenerate H whose eigenbasis is indeed arbitrarily close to a purely
random eigenbasis of Hy. We suspect that such an H will in general not itself satisfy
the ETH (see Section 3.3), but we are not able to prove this. As a concrete example,
these general considerations apply to the free Fermi gas on a d-dimensional lattice
with d > 1.
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Long-Time Behavior of Typical Pure States from
Thermal Equilibrium Ensembles

Cornelia Vogel*

Abstract

We consider an isolated macroscopic quantum system in a pure state 1
evolving unitarily in a separable Hilbert space H and take for granted that
different macro states v correspond to mutually orthogonal subspaces H, C H.
Let P, be the projection to H,. “Normal typicality” is the statement (true
for some Hamiltonians) that for all initial states 1y € H and most ¢ > 0,
| P,ape]|? is close to d,/D, where d, = dimH,, and D = dimH < oco. The
statement becomes valid for all Hamiltonians if “all ¢y € H” is replaced by
“most 1y € H,” (most w.r.t. the uniform distribution on the sphere S(#,))
with an arbitrary macro state p and d,, /D by a t- and ¥p-independent quantity
M, [S. Teufel, R. Tumulka, C. Vogel, J. Stat. Phys., 190, 63 (2023)]. In
the present work, we generalize this result from the uniform distribution to
a much more general class of measures, so-called GAP measures. For any
density matrix p on H, GAP(p) is the most spread out distribution on S(H)
with density matrix p. If p is a canonical density matrix, GAP(p) is a quantum
analog of the canonical ensemble. We show that also for GAP(p)-most 9y € H,
the superposition weight || P,¢||? is close to a fixed value M,p, for most ¢ > 0.
Moreover, we prove a similar result for certain bounded operators B instead of
P, and for finite times. The main ingredient of the proof is an improvement
of bounds on the GAP(p)-variance of (1|Bi)) which were first obtained by
Reimann [P. Reimann, J. Stat. Phys., 132, 921 (2008)].

Key words: von Neumann’s quantum ergodic theorem; equilibration; ther-
malization; Gaussian adjusted projected (GAP) measure; Scrooge measure;
random wave function; quantum statistical mechanics; macroscopic quantum
systems; long-time behavior

1 Introduction

We consider an closed macroscopic quantum system in a pure state and investigate
its long-time behavior. This approach in order to study equilibration and thermaliza-

*Mathematics Institute, Eberhard Karls University Tiibingen, Auf der Morgenstelle 10, 72076
Tibingen, Germany. ORCID: 0000-0002-3905-4730, E-mail: cornelia.vogel@uni-tuebingen.de
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tion has been very fruitful over the last three decades; important discoveries include
dynamical typicality [2, 26, 1, 32, 31, 33, 42|, canonical typicality [24, 8,9, 27, 17, 43],
the eigenstate thermalization hypothesis (ETH) from a physicist’s as well as a math-
ematician’s point of view [6, 38, 5, 4, 7|, and, only very recently, the rigorous study
of thermalization of a system of free fermions [35, 41, 40, 34].

Another important result was the rediscovery and further elaboration of normal
typicality [16, 18, 30] which goes back to von Neumann [46]. The goal of the present
work is to generalize normal typicality from the uniform distribution on the sphere
to so-called GAP measures. To any density matrix p on H we can associate a mea-
sure GAP(p) which is, roughly speaking, the most spread-out distribution over S(H)
with density matrix p. For certain density matrices these measures arise as thermal
distributions of quantum states and they can be regarded as a quantum analog of the
canonical ensemble from classical statistical mechanics [21, 20].

We start with recalling the notion of normal typicality and first introduce the
setting: Following von Neumann [46], we take for granted that the system’s Hilbert
space H can be decomposed into mutually orthogonal subspaces H,, (“macro spaces”)
associated with different macro states v such that

H=PH.. (1)

Von Neumann thought of the macro spaces H, as being the joint eigenspaces of a
set of mutually commuting self-adjoint and highly degenerate operators M, ..., Mk
(“macroscopic observables”). Each macro space is then characterized by a list of
eigenvalues, v = (myq, ..., mg) of the operators Mj, ..., Mk and the elements from
a macro space H, look “macroscopically the same” in the sense that every ¢ € H,
is an eigenfunction of all M; with corresponding eigenvalue m;. Usually, a coarse-
grained version of the system’s Hamiltonian H is among the M; and therefore each
H, is a subset of an energy shell Hme = lig—ape(H)H. Here, [E — AE E] is
a micro-canonical energy interval with AFE (the resolution of macroscopic energy
measurements) being small on the macroscopic scale but sufficiently large on the
microscopic scale such that [F — AE, E] contains a very large (but typically finite)
number of eigenvalues of H. This implies in particular that even if we allow H to be
infinite-dimensional, the H, should be of finite dimension. Moreover, in each energy
shell there usually is one macro space that contains most dimensions of the shell and
which we associate with thermal equilibrium and denote by Heq.

Let P, be the orthogonal projection to H, and let S(H) = {» € H : ||| = 1}
denote the sphere in H. If D := dimH < oo, for most ¢ € S(H) (where “most” refers
to the uniform distribution on S(#)) we have that

dy
IRgIP~ T, )

where d, := dim H,, provided that d, and D are sufficiently large [16]. If the eigen-
basis of H is chosen purely randomly (i.e., according to the Haar measure) among
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all orthonormal bases (and under some further technical not very restrictive assump-
tions), every initial wave function 1y € S(#H) evolves such that for most times ¢ > 0,

d,
| Pabe||? ~ o (3)

where ¢, = exp(—iHt)yy (we set A = 1), provided that d, and D are sufficiently large
[16, 18, 30, 46]. This phenomenon is known as “normal typicality”. In particular, if
the macro state v represents thermal equilibrium, we write d, = deq and have that

for every 1y € S(H),

de
||Peq¢t||2 ~ fq

~ 1 (4)
for most t > 0, i.e., every state spends most of the time in thermal equilibrium.
Therefore we have thermalization in the sense that also non-equilibrium initial states
sooner or later reach the thermal equilibrium macro space and stay there for most
of the time. This sense of thermal equilibrium is often called “macroscopic thermal
equilibrium” (MATE), see, e.g., [13, 14, 15, 39, 25, 19, 23|. Note that here it is
important that the statement holds true for every initial wave function; if it was
only true for “most” 1y, the statement would not tell us much about thermalization
because “most” states in S(H) are in thermal equilibrium anyway.

Von Neumann’s assumptions on the Hamiltonian are not physically realistic be-
cause the energy eigenbasis of H is unrelated to the decomposition of H into the
macro spaces and therefore the system goes very rapidly from any (possibly very
non-equilibrium) macro space almost immediately to the thermal equilibrium macro
space Heq [10, 11, 12]. However, if the system starts in a very non-equilibrium state,
it should pass through larger and larger (and therefore less far away from thermal
equilibrium) macro spaces until it finally reaches H.q. In [42], the notion of general-
ized normal typicality was therefore generalized in the following way: for a general
Hamiltonian H, for most 1y € S(H,) (where “most” again refers to the uniform dis-
tribution over S(#,,)) with a possibly non-equilibrium macro state ¢ and most times
t>0,

1Pl ~ My, Vv (5)

for suitable values M), provided that the eigenvalues and eigenvalue gaps of H are
not too highly degenerate. We remark that the M, depend also an p but we still
expect that in relevant cases, M,, ~ d,/D. While (2) holds in the sense that the
absolute as well as the relative errors are small, (5) was in [44] only proved in the
sense that the absolute error is small. In order to show that the relative errors are
small as well, we need a lower bound on the quantities M,,. In [44] such a lower
bound was obtained in the case that the Hamiltonian is of the form H = Hy + V
where Hj is a deterministic Hermitian matrix and V' is a Hermitian random Gaussian
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perturbation by making use of results from random matrix theory. We remark that
(5) can also be shown for arbitrary bounded operators B, i.e., with || P, ||* replaced
by (4| Bl:) and M, replaced by a suitable quantity M, 5. Moreover, a finite time
result is available, however, the times required for a small error are extremely large,
see, e.g., [42] for a detailed discussion.

In the present work we generalize (5) in the sense that we replace the notion of
“most” which there refers to the uniform distribution over the sphere S(#,,) of some
macro space H, with some other measure on S(7), namely with GAP measures.
The acronym GAP stands for Gaussian adjusted projected measure [22; 21| and it
refers to one possible way of how these measures can be constructed.! As mentioned
above, to any density matrix p on H we can associate a measure GAP(p) on S(H),
see Section 2 for a mathematically precise definition and construction of GAP(p). We
remark already here that GAP(p) can, in contrast to the uniform distribution, also
be defined on separable Hilbert spaces, i.e., the Hilbert space does not have to be of
finite dimension. If p = pean, i.€., if p is of the form

1
P = Pcan = EeiﬁHa (6)

where [ is the inverse temperature and Z a normalization constant, GAP(p) arises
as the thermal equilibrium distribution of the wave function, see [21, 20] for details.

Our main result in the present paper is that also for most ¢y € S(H), where
“most” now refers to GAP(p), for most ¢ > 0,

(e Blthr) = Mpp (7)

for suitable quantities M,p provided that ||p|| is small, || B|| is not too large and the
eigenvalues and eigenvalue gaps of H are not too highly degenerate. Here, B is any
operator if H is finite-dimensional. If dimH = oo, we have to restrict the class of
operators B, roughly speaking, to operators which act non-trivially only on finitely
many eigenspaces of H and whose image is contained in the span of only finitely
many eigenspaces. As discussed above, the projections P, to the macro spaces should
fulfill this assumption as the macro spaces are usually contained in an energy shell
which typically is finite-dimensional. Note that here we restrict our considerations
to the absolute errors; however, if B = P, or p = P,/d, for some macro state v,
the bounds from [44] apply. Our result shows that for GAP(p)-most g € S(H) the
curve t — (Y| Bl is nearly constant in the long run ¢ — oo. We remark that for

LGAP measures we first introduced by Jozsa, Robb and Wootters [22] in 1994 in an information
theoretical context. More precisely, they showed that GAP(p) minimizes the so-called “accessible
information” under the constraint that its density matrix is given by p. They named it Scrooge
measure, referring to Ebenezer Scrooge, the protagonist of Charles Dickens’ novella A Christmas
Carol (1843) who is a very stingy character. The authors chose this name as the GAP measure is
“particularly stingy with its information”.
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GAP(p)-most ¢y € S(H), the curve t — (| B|1;) is nearly deterministic (“dynamical
typicality”); this has been shown in [43]. The generalization of (generalized) normal
typicality to GAP(p) reveals that it is not a phenomenon specific for the uniform
distribution but it is also valid for a broader class of natural and physically relevant
distributions which can also be defined in infinite-dimensional Hilbert spaces. As
some GAP measures are a quantum analog of the canonical ensemble whereas the
uniform distribution on an energy shell H,,. is an analog micro-canonical ensemble,
our results can be regarded as expressing a version of equivalence of ensembles.

The remainder of this paper is organized as follows: In Section 2, we give some
background and present the mathematical setup. In Section 3, we formulate and
discuss our main result. In Section 4, we provide the proofs. Finally, in Section 5,
we conclude.

2 Background and Mathematical Setup

In the following, we make precise some notions that appeared in the introduction,
give a mathematically rigorous definition of the GAP measures and introduce the
system’s Hamiltonian and its relevant quantities that we will need to state our main
result in Section 3. Throughout this paper we assume that H is a separable Hilbert
space, i.e., that it has either a finite or countably infinite orthonormal basis.

Measures of “most”. Let P be a probability measure on S(H) and let £ > 0. We
say that, w.r.t. P, a statement s(¢)) is true for (1 — ¢)-most ¢ € S(H) if

P{y € S(H) : s(x) holds} > 1 —e. (8)

Let 7,9 > 0. Analogously we say that a statement S(t) is true for (1 — 0)-most
te[0,7]if

%xﬁGMH:MQMM§21—& (9)

where A denotes the Lebesgue measure on R. Moreover, we say that a statement S(t)
is true for (1 — d)-most ¢t € [0,00) (or also t > 0) if

mmﬁ%Auemﬂ:aﬂmm@z1—a (10)

T—o0

Time averages. Let T'> 0 and let f: R, — C. We define the finite time average
(-)r of f over the interval [0, 7] by

e =7 [ s (1)
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Moreover, the infinite time average of f is given by

- 1 [T

f(t) ;== lim — f(t)dt (12)
whenever this limit exists.

Norms. Throughout this paper we need two norms, the operator norm and the
trace norm. Let M be an operator on H. Its operator norm is given by

M| := sup [[M]] (13)
lél=1

If M is self-adjoint, || M]| is equal to the largest absolute eigenvalue of M. In general,
||M|| is equal to the square root of the largest eigenvalue of M*M where M* is the
adjoint operator of M.

The trace norm of M is defined as

1M ]|y = tr |M| = tr VMM, (14)

If M is self-adjoint, ||M ||, is equal to the sum of the absolute eigenvalues of M.

Density matrix. Let P be a probability measure on S(#H). From the measure P
we can obtain a density matrix pp on H by

pe = / ROl (15)

and we say that the measure [P has density matrix pp. Note that this density matrix
always exists, see, e.g., Lemma 1 in [45]. If the mean of P is equal to zero, pp is the
covariance matrix of P.

GAP measure. In this paragraph, we give a mathematically rigorous definition
of the measure GAP(p) on S(H) for a density matrix p on H. There are several
equivalent definitions of GAP(p) in the case that H is finite-dimensional, see [20]. In
the following, we present the one which gave the GAP measures their name as this
construction can be done in a similar way if H is infinite-dimensional. For simplicity,
we restrict ourselves to the finite-dimensional case and refer to [45] for the case that
dimH = oo.

Let p be a density matrix on a finite-dimensional Hilbert space H. Then we can
write it as

p="> paln)(nl, (16)
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where the |n) form an orthonormal eigenbasis of p with corresponding eigenvalues p;,.
As the name Gaussian adjusted projected measure suggests, we start from a Gaus-

sian measure G(p) on H; it is constructed as follows: Let (Z,) be a sequence of

independent complex-valued centered Gaussian random variables? with variances

E|Z,|? = p,. (17)

The Gaussian measure G(p) is then defined as the distribution of the random vector
U4 =" Z,|n). (18)

While G(p) is centered and has density matrix p, it is not a distribution on the sphere
S(H): Tt follows immediately from the definition of U¢ together with the fact that
the p, sum up to 1 that E|[[¥%||?2 = 1 but in general |[¥%|| # 1.

In the next step, we have to adjust the measure G(p); this adjustment is necessary
because if we would project G(p) directly to the sphere S(#H), the resulting measure
would not have the property that it has density matrix p. We define the adjusted
Gaussian measure GA(p) on H by

GA(p)(dip) = VG (p)(d), (19)

i.e., we multiply the density of G(p) by the factor |[¢]|%. It follows from E[[¥%||? = 1
that also GA(p) is a probability measure on H.

In the last step of the construction, we project the measure GA(p) on H to the
sphere S(H). To this end, let W9 be a GA(p)-distributed random vector. Then we
define GAP(p) to be the distribution of the random vector
‘IJGA

GAP .

i) .

Obviously, this measure is a distribution on S(H) and a short computation shows
that GAP(p) indeed has density matrix p:

1
[¥]|?
- [ Gl = (21)
2Recall that a centered complex-valued Gaussian random variable Z with variance o2 > 0 has in-

dependent real and imaginary part Re Z and Im Z, ERe Z = EIm Z = 0 and E(ReZ)? = E(Im Z)? =
o2 /2.

PGAP(p) = / GAP(p)(dip)|¢) (4] = / GA(p)(dy) [¥) (Wl
S(H) H
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The Hamiltonian. In this paper we consider Hamiltonians H with spectral de-
composition

H=> ell, (22)

ec&

where £ denotes the set of distinct eigenvalues of H and II, is the projection onto the
eigenspace of H with corresponding eigenvalue e. We define dg := |€|, where |{-}|
denotes the number of elements of the set {-}, and Dg := max.c¢ tr(Il,), i.e., dg is
the number of distinct eigenvalues of H and Dg is the maximum degeneracy of an
eigenvalue of H. Moreover, we define the maximal gap degeneracy D¢ by

D¢ ::rgaﬁc\{(e,e')egxgze#e' and e — e’ = E}|. (23)
€
Let k > 0. The maximal number of gaps in an energy interval of length x is given by

G(k) = rggﬁd{(e, dyeExE:ete ande—¢ €[E,E+k)}| (24)
and obviously Dg = lim,_,o+ G(k).

If H is infinite-dimensional, these quantities are not necessarily finite. In particu-
lar, dg and Dg cannot both be finite. Let B be an operator on H. We will see in the
proofs that only those eigenvalues e, ¢ with 11, BII., # 0 contribute to the quantities
we want to compute and we will require that there are only finitely many such e, ¢’
which will imply that the sums over e, e’ are effectively finite. We therefore define for
an operator B the set of “contributing” eigenvalues by

Ep :={e € &: 3 € € such that I, BIl, # 0 or I BII, # 0}. (25)
Moreover, we also define the quantities dg, Dg, Dg and G(k) relative to B:

dp.s = ||, (

Dg g = gé%;(tr(ﬂe), (

Dgp = rga&d{(e,e’)éggxggze#e' and e — e’ = E}, (
€

(

Gp(k) = r]glgéd{(e,e’) cépx€p:e#eande—¢ €[E,E+r)}.

3 Main Result

After having introduced the relevant quantities and notations in the previous section,
we are now ready to state our main result.
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Theorem 1 (Normal Typicality for GAP(p)). Let B be an operator with dg g < co
and let p be a density matriz with ||p|| < 1/4 on a separable Hilbert space H. Let
dimH >4, let e,0,k,T > 0 and define

M,p =Y _ tr(pll BIL). (30)
ec&
Then w.r.t. GAP(p), (1 —¢)-most ¢y € S(H) are such that for (1 —3§)-most t € [0, T

188 8log, d 1/2
< (SFIBIEIIDE G (14 2212 ) ) T oy

(Wil Blit) — My 2

Moreover, w.r.t. GAP(p), (1 — ¢)-most 1y € S(H) are such that for (1 — 0)-most
t €10, 00),

(il Bli) — My

188 12
< (1B IDERDGs) (32

Thus, as soon as ||p|| < Dg D¢ gl B||?, i.e., as soon as the largest eigenvalue of p
is small, no eigenvalue and no gap of H is hugely degenerate and || B|| is not too large,
for most initial states ¥y € S(H), where “most” refers to GAP(p), the expectation
value (| B|1y) of B in the state 1 is close to the fixed value M, for most times ¢t > 0.
Put another way, the curve t — (¢| B|t;) is nearly constant in the long run ¢t — co.
The finite-time result shows that as soon as ||p|| < Dg pGg(k)||B||? and T is large
enough, for most (w.r.t. GAP(p)) initial states 1y € S(H) the expectation (14| B|iy)
is close to M,p for most times ¢t € [0,7]. Unfortunately, the times 7" required to
make the upper bound in (31) small are usually extremely large: for example for a
system of N particles we need that 7' > exp(N), see, e.g., the discussion in [42] after
Theorem 4.

We remark that for p = P,/d, for some macro state p, GAP(p) becomes the
uniform distribution over the sphere S(H,), we have ||p|| = 1/d, and in this case we
basically recover the results from [42]. Note that in Theorem 1 for any B only the
eigenvalues in &g and gaps in £ x Ep contribute to the quantities Dy p,dg 5, Da.B
and Gp(k). However, if H is finite-dimensional, these quantities can obviously be
replaced by Dpg,dg, D¢ and G(k). The technical assumption on B that |Ep| < oo
is needed to ensure that the sums over e appearing in the proofs are finite and it
therefore is for example unproblematic to interchange the sums over e with the time
average.

Motivated by the phenomenon of normal typicality [16, 18, 30, 46], in [42] the
case that B = P, for some macro state v was of particular interest. As discussed in
the introduction, the P, usually project to macro spaces H, which are contained in
a finite-dimensional energy shell. Thus the P, fulfill the assumption of Theorem 1
that |Ep,| < co. We therefore see that not only with respect to the uniform distribu-
tion over some subspace H,, but also with respect to GAP(p), for most initial wave
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functions vy the superposition weights ||P,||* are, in the long run, close to some
fixed value. In the case of normal typicality, this value was given by d, /D, where
D = dim#H. Here, if D < 0o, we also expect that M,p, is usually close to d,/D; we
can argue that this should be the case for example if H is non-degenerate and satisfies
the eigenstate thermalization hypothesis in the sense that for every eigenstate |m) of
H we have that (m|P,|m) ~ (P,)mic = tr(P,)/D = d,/D where (- )mi. denotes the

micro-canonical expectation. Then we find

Myp, = 3 (mlolm) (m| Py m) & = S mlplm) = . (33)

m

If dim#H = oo (and there are infinitely many macro states v), the || P,||* form a
null sequence for every v, and t.

We now give a brief outline of the proof of Theorem 1. An important ingredient
for the proof is an upper bound for the variance of ()| A|¢)) where A is a bounded
operator on ‘H and ) ~ GAP(p). Reimann [29] proved such an upper bound under
the assumption that A is self-adjoint and H is finite-dimensional. In [43] the proof
was generalized to arbitrary bounded operators A on a separable Hilbert space H.
Unfortunately, the bounds obtained there are not sufficiently sharp for our purpose
as it would lead in Theorem 1 to an upper bound of the order

trp® ) |HeBI|P < |lpll Y tr(Ilo BILBIL:) = ||p|| tr(B"B) (34)

e#e! e,e’

and for example in the special case that p = P,/d, and B = P, this would yield
an upper bound of the order d,/d, which is not necessarily small (here we ignored
the possible degeneracy of the eigenvalues and gaps of H to simplify the discussion).
Therefore, using similar techniques as in [29, 43|, we prove in Lemma 1 a slightly
improved upper bound for the variance that allows us to obtain a bound of the order
| B|| tr p? in Theorem 1. After having shown this improved upper bound for the
variance of (1| Aly)), we proceed to compute upper bounds for the expectation w.r.t.
GAP(p) of the infinite time variance of (x| B|y:), a related quantity where the outer
infinite time average is replaced by a finite one and the variance w.r.t. GAP(p) of
the infinite time average (| B|1;) in Proposition 1 making use of the bound for the
variance of (1| Al¢). In these computations, many traces and products and sums over
traces appear and we use similar methods as in [42] to bound them. Finally, with the
help of these bounds and Markov’s and Chebyshev’s inequality we are able to prove
Theorem 1.

Remark 1 (Applying Lévy’s Lemma). Another strategy of proof of Theorem 1 is
to make use of Lévy’s Lemma for GAP measures, a concentration-of-measure-type
result for Lipschitz continuous functions on the sphere. We quote the result from
[43]:
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Theorem 2 (Lévy’s Lemma for GAP measures [43]). Let H be a separable Hilbert
space, let f: S(H) — C be a Lipschitz continuous function with Lipschitz constant n,
let p be a density matriz on H and let € > 0. Then,

GAP(p){zp €SH) : |f(¥) —E,(f)] > g} < 12exp (—an;—‘ﬁzp“) , (35)

1
where 55—

In fact, one can show that f(vo) := (|(¢y|B|t)) — M,p|*)7 is Lipschitz continuous
with Lipschitz constant bounded by 8||B||* (and the same holds true for the infinite
time average as well). However, as it is also explained in [42], in such a situation
Lévy’s Lemma does in general not lead to better results than applying Markov’s and
Chebychev’s inequality. Markov’s inequality gives

flo) < 22 (36)

€
for (1 — e)-most 1y € S(H) while it follows from Theorem 2 that

22 [pl[10g(12/2)
o) < By + /2202l

The expectation E,f is of the order ||p|| while the square root in (37) is of the order
|p|l*/2, so while the e-dependence in the result from Lévy’s Lemma is better, the
dependence on ||p|| is better for Markov’s inequality. Often, ||p|| is extremely small,
for example for p = 14/D where D is the dimension of the (finite-dimensional)
Hilbert space and 1y the identity on #H, we have that ||p|| = 1/D. In such cases,
the better e-dependence does not compensate the worse ||p||-dependence unless ¢ is
extremely small and it is of little interest to consider, e.g., € smaller than 10729 [3].

Another possibility to obtain bounds on [(¢|B|¢y) — M,g| with a better e-
dependence is to first apply Lévy’s Lemma for GAP measures to the function f(v¢) =
(¢| B|y) for fixed t > 0. Note that by Lemma 5 in [28], f is Lipschitz continuous
with Lipschitz constant bounded by 2||B||. Then it follows from Theorem 2 that for
every t > 0, w.r.t. GAP(p), (1 — e)-most 1y € S(H) are such that

811811 lel 1og<12/s>)”?

. (37)

(38)

<¢t|BWt> —tr (ethBefth,O)) < ( c

Using similar estimates as in the proof of Proposition 1 to bound |tr(e* Be=iHt) —
M,p| for (1 —d)-most ¢t € [0,T] one can show that (1 — §)-most ¢ € [0,7] are such
that for (1 — &)-most ¢y € S(H),

<4 (||B||2||p||DE,BGB(/€) log(12/¢) (1 N %>)1/2'

<77Z)t|B|¢t> _MpB 50 T

(39)
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Note that similar estimates can be obtained for the infinite time interval.

As we are interested in a statement of the form that most 1y € S(H) are such that
for most times the error between (| B|¢:) and M, is small, we have to interchange
“most ¢y” and “most t”. When considering a finite time interval [0,7] (however,
not for the infinite time interval [0, 00)?) this is possible by Footnote 7 in [16] at the
expense of making the parameter ¢ and 6 worse. More precisely, if a statement is
true for (1 — d)-most t € [0,7] for (1 — €)-most ¥y € S(H), then it is also true for
(1 —&’)-most ¢y € S(H) for (1 — ¢')-most ¢ € [0,T] where ¢’ > ===,

We do not apply Footnote 7 in [16] directly to (39) but rather go back to (38)
and apply it to this statement. We obtain that for every £,6 > 0, w.r.t. GAP(p),
(1 —¢e/d)-most 1y € S(H) are such that for (1 —§/2)-most ¢ € [0,T7],

8||B||2||p||1og<12/e>>”2
- .

i Blun) = o e )| < (40)

Altogether we find that, w.r.t. GAP(p), (1 —¢/§)-most 1pg € S(H) are such that for
(1 —6)-most ¢ € [0, T,

<5 <”B”2“P”DE7BGB(%) log(12/2) (1 4 %))UZ,

(@l Bli) — Moo

oC kT
(41)

3While a statement that is true for most ¢g € S(H) for most ¢ € [0,00) is also true for most
t € [0,00) for most 99 € S(H) (which can be proved similarly as Footnote 7 in [16] and by making
use of Fatou’s Lemma), the converse does not hold. In general, the quantifier “most ¢ € [0, 0)”
and a “most”-quantifier referring to a probability measure on a probability space and cannot be
interchanged. As a simple example consider the interval [0, 1] equipped with the Lebesgue measure
and let N € N be large. We define I := [0,1/N)° I3 := [1/N,2/N)°, ..., Iy := [(N — 1)/N, 1]°,
where the complement is taken in [0, 1]. We define the set

CJ (In X [QmN+n—1’2mN+n)) € [0,1] x [0, ).

0n=1

(@

S =

n

Clearly, for every t > 1 we have that (¢,t) € S for (1 — 1/N)-most ¢ € [0,1]. Therefore, the
statement “(1,t) € S” is true for most ¢ € [0, 00) for most ¢ € [0, 1].

Let 9 € [0, 1]. Without loss of generality we assume that ¢ € [0,1/N) which implies that ¢ ¢ I
and ¢ € I, for all k > 2. We define a sequence of times (7});>0 by Tj := 2VF1. Then, by
construction, (¢,t) ¢ S for all t € [2V, 2N+1) and thus (1,t) ¢ S for at least half of the times
t € [0,T;]). This implies

lim sup %/\{t €[0.7): (1) ¢ S} > lim %/\{t C0.T: (,1) ¢ S} > 1/2.

T—o0

As 1 € [0, 1] was arbitrary, we conclude that the statement “(3),t) € S” is false for every ¥ € [0, 1]
for a substantial amount of times ¢ € [0, c0).
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Effectively, the 1/¢ in Theorem 1 is replaced by log(12/(¢6)) and in relevant cases (i.e.,
e < ¢) this bound is slightly better than the one from Theorem 1 if § is sufficiently
small. o

4 Proofs

This section is devoted to the proof of our main result. As already outlined in
Section 3, we first prove an improved upper bound for the variance Var,(y|A|y) with
respect to GAP(p) in Section 4.1. With the help of this bound, we prove in Section 4.2
an upper bound for the expected time variance of (¢y|B|vy), i.e., for

Y e

and also for the infinite time average instead of (-)7. Moreover, an application of
Lemma 1 also yields an upper bound for Var, (¢x|B|yy). After having proved these
upper bounds in Section 4.2, the proof of Theorem 1 which we give in Section 4.3
basically reduces to a careful application of Markov’s and Chebyshev’s inequality.

£, (| wlB1v0) - BT

4.1 An Improved Upper Bound for Var,(y|A)

Lemma 1. Let p be a density matriz on a separable Hilbert space H with eigenvalues
Pn > 0 such that pmax = ||p|| < 1/4 and let dimH > 4. For GAP(p)-distributed 1
and any bounded operator A : H — H,

E,($|A[p) = tr(Ap), (43)

1 x tr(Ap?A*p) + tr(ApA*p?
Var, (¢[Aly) < T (tr(ApA p) + (Ap 1p_) > (ApA*p?)

2
(1 - 2pmax)(1 - 3pmax)

+ 3 (1tr(Ap°Py) tr(A*pP,)| + | tr(Ap* Py) tr(A*p*P,)|

) w

where E, and Var, denote the expectation and variance with respect to GAP(p), P, =
In)(n| and {|n)} is an orthonormal eigenbasis of p.

_I_

tr(Ap> A*p) + tr(Ap*A*p?) + tr(ApA*p?)

+| tr(ApPy) tr(A*p° P,))

Proof. The formula for the expectation has already been proved in [43, Proposition
1]. For the proof of (44) we adapt the proof for the upper bound on the variance from
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[43] which in turn follows closely the proof of Reimann [29] who only considered the
case that A is self-adjoint and H is finite-dimensional. For convenience of the reader
we give most of the details here.

We first assume that D := dim’H < oo. Recall that the variance of a complex-
valued random variable Z is defined as

Var,(Z) =E,(|Z - E,Z|") = E,|Z|* - |E,Z|*. (45)

Because of the invariance of Var, under the addition of constants, i.e., Var,(Z +
a) = Var,(Z) for all constants a € C, we can assume without loss of general-
ity that E,(y|Aly) = tr(Ap) = 0. As a consequence, we only have to compute
Eo((WIA[9) (| A[)") = E (| Al) (0| A*[¢).

Let {|n) : n =1,..., D} be an orthonormal basis of H consisting of eigenvectors

of p and let ¢ € S(H). Then,

WIARY @A) = Y (lm)(m|An)(n|e) (@ |n') (0| ATjm) (m'|y) - (46a)

= Z Cr CnCoi Cont A A1 (46b)

m,n,m’ n’

where ¢, = (m|¢) and A,,, = (m|An).

Reimann [29] computed the fourth moments E,(c},¢,ck c,y) and obtained that
they vanish except in the two cases (i) m = n and m’ = n/, (ii)) m = m’ and n = n/,
and that

E, (Iem*leal®) = Pmpn(1 + Smn) Kpn, (47)
where
00 D
0 =1

We compute

E, ((0[Al) (9] A%|¢)) = anpm(l + 0mn) Knn Amm Ay,

Z AmmA* + | Avinl ] Pum Ko (49b)

and as in [29] we write K,,, as

Ko = KO — (0 4+ pa) KV + 26 (02, + prupn + 12) K@, (50)
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where

D
1 o
KW == | at[[a+ap)de, k=012 (51)
0 =1

and K, € [0, 1]. This follows from a Taylor expansion of g,,,(z) := (1 + zpy,) (1 +
xp,) ! up to second order.
With (50) we obtain for the first term in (49b) that

o) (S) [

+ Z AmPrm Z A2 | 42K " A A2 oy (P3P0 + DEDE + D)

| (52a)
Z A A Fomn (DD + DD + Dby (52b)
where we used that
D Awmpm = Y (m|Alm) {m|plm) =Y " (m|Am’) {m| p|m)
= (m]Aplm) = tx(Ap) =0, (53)

and similarly > AY p, = 0. Therefore an upper bound for the absolute value of the
first term in (49b) is given by

= 2K Z(| tr(Ap*Po) tr(A°pPy)| + | tr(Ap? Py, tr(A7p2 P, )|
+ | tr(Ame) tr(A*p*P,)|), (54)
where P, = |n)(n|. Here we used for the first term that

A AP = (m| Ap®|m)(n| A pln) = tr(Ap* Py,) tr(A"pP,) (55)

and similarly for the other terms.
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For the second term in (49b) we find

DS A Ppapm — KDY~ [An* (2P + Pupiy)

m,n m,n

+ 2K | A B (), + D12 + D) (56a)

m,n

= K tr(ApA™p) — KW (tr(Ap*A%p) + tr(ApA™p?))
+ 2K | Ay B (D, + D205 + D), (56b)

m,n

where we used that

m,n

and similarly me A AY 2D = tr(Ap?A*p) and me A AY pap?, =
tr(ApA*p?).
An upper bound for (56b) is given by
KO tr(ApA*p) + KW (tr(Ap* A*p) + tr(ApA*p?))
+ 2K " | Ay (0, + Prapy + D) (58a)

m,n

= KO tr(ApA*p) + KV (tr(Ap*A*p) + tr(ApA*p?))
+ 2K (tr(Ap*A%p) + tr(Ap*A*p?) + tr(ApA*p®)) . (58D)

Thus we arrive at

Var, (¢[Al)
< KO tr(ApA*p) + KW (tr(Ap>A*p) + tr(ApA*p?))

+2K® (tr(Ap3A*p) + tr(Ap2AT o) + tr(ApApP)
57 (J6(Ap* ) (A" pPy)| + | tr(Ap* Py tr( A7 P)|

m,n

| tr(ApPy) tr(A*p*Py) \)) . (59)

In [29] it was shown that

+
K® < H . k=0,1,2. (60)
1 L= JPmax
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With the help of this inequality we finally obtain

tr(Ap2A*p) + tr(ApA*p?)
- 2pmax

Var, (14J) < ——

— Mmax

(tr(ApA*p) +

2
1- 2pmax)(1 - 3pmax)

+ Z (| tr(Ap’ Py) tr(A*pP,)| + | tr(Ap* Py,) tr(A*p° P,)|

) . (61)

This concludes the proof in the finite-dimensional case.

Now suppose that dimH = oco. We proceed similarly as in the proof of Propo-
sition 1 in [43] and for convenience of the reader, we give in the following the full
argument. Let {|k) : k£ € N} be an orthonormal eigenbasis of p with corresponding
positive eigenvalues pmax = ||p|| = p1 > p2 > ... . We approximate p in trace norm
by finite-rank density matrices pg, &k € N, defined by

pei= 3 pulmiim] + (me> k) (k. (62)

Because of [[pr — plle — 0 as k& — oo, it follows from Theorem 3 in [45] that
GAP(pr) = GAP(p), i.e., the measures GAP(py) converge weakly to the mea-
sure GAP(p). Note that for k large enough, > ., Dm < P1 = Pmax and therefore
Pmax.k = Pmax Where pmay, denotes the largest eigenvalue of p,. We define the func-
tions fi, f : S(H) — R by

tr(Ap*A*p) + tr(Ap*A*p?) + tr(ApA*p?)

T

+|tr(ApPy,) tr(A*p3Pn) ])

(W] Al — tr(Apr) |, (63)
(] Alp) — tr(Ap)|*. (64)

fe(®)
f(@)

It follows from

[tr(Api) — tr(Ap)| = [tr(A(px — p))| < [[Alltr(px — pl) = [ Allll ok = pller = 0 (65)

that fr — f uniformly in ¢ and this implies GAP(pi)(fx) — GAP(px)(f) — 0 where
we introduced the notation

GAP(p)(f) = f(@) dGAP(p)(¢). (66)

S(H)

As the measures GAP(py) converge weakly to GAP(p) and f is continuous, we have
that GAP(pr)(f) — GAP(p)(f) and therefore Var, (Y|A|Y) = GAP(pr)(fi) —
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GAP(p)(f) = Var,(¢|Al|y). By restricting to the subspace spanned by {|n) : n =
1,...,k} we obtain from the finite-dimensional case that

tr(Apz A pr) + tr(AppA*p})

Var,, (] Aly) < 1 — 2P

2
+ tI'A3A* —|—trA2A*2 +tr(A A*3
T o) 0 gy (AR p) + tr(ApLAp}) + tr(Apu )

+ ) (1t2(ApL L) tr(A" o Po)| + [ tr(Api P tr(A"pE )|

(nApmn) +

1— max,k

+H tr(Ape ) tr (Ao Pa))]) (67)

where we chose k large enough such that pyaxr < 1/4. We have already discussed
that pmaxk = Pmax for k large enough. Moreover, we find

107 = P*llee = (o + 0) (o = P) e < e+ 2llllok — pllee < 2[lpk — pllee — 0, (68)
2

ok = Pl = ||(Pz — ) (o1 + ) + pi(p — P, < 200" = pillee + 1ok — plle = O
(69)

and therefore all traces in the third line in (67) converge to the corresponding trace
with p instead of pg; this can be seen as in (65). The traces in the first and second
line also converge to the same expression with p; replaced by p; this follows from

[tr(Apk A pi) — tr(ApA*p)| < lex(ApkA* (o1 — p))] + [tr(Alp — pi) A%p)| (T0)
< 2| A2l px — plls = 0 (70b)

and similarly for the other terms. Thus taking the limit k& — oo in (67) shows that
the upper bound for the variance remains true in the infinite-dimensional case. [

4.2 Upper Bounds for Some Variances and Averaged Devi-
ations

Before we state and prove these upper bounds, we first note that for any operator B
on H such that I, BII, # 0 only for finitely many e, e’ and any 1y € S(H) the limit

- 1 (T
My = GBI o= Jim - [ (o Bl a (1)

exists and can be computed as follows:

it Z 1,8 Z [T, e—iHt

eel e'ef

My, = <¢0

¢0> (72&)
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- Z ei(e_e/)t<¢0|HeBHe’|¢0> (72b)
e, e’ €€

= > (¥ [T BIL| o) . (72c)
ec&

An application of (43) immediately shows that

E,My,p =Y  tr(pll.BIL) = M,p. (73)

ecf

Note that interchanging the sums over £ with the time average and expectation with
respect to GAP(p) are unproblematic as due to our assumption on B the sums are
effectively sums over only finitely many e, ¢’

Proposition 1. Let p be a density matrixz on a separable Hilbert space H with eigen-
values p, > 0 and ||p|| < 1/4, let dimH > 4 and let B be an operator on H such that
dgp < o0o. Then for every k,T > 0,

T Bl log,, d
B <<\<¢tlBlwt> ~ (il BI) >) < 2||B|||p|| D 5G 5(x) (1 | Blogydep E) |

kT
(74)
Var, (4| Bl < 23| B|1%|lp]l- (75)
Moreover,
2
B, ([(wlBlv:) ~ THIBTO| ) < 241115 Do (76)

Proof. We first assume that # is finite-dimensional. The proof starts as the one of
Proposition 1 in [42] but, for convenience of the reader, we repeat the steps here so
that it is later, when we discuss the infinite-dimensional case, easier to see which
steps remain true and where the subtleties are. We find that

),

— < Z ei(efe’)t<w0’HeBHe/’w0> - Z(wU’HeBHe‘wO>

e,e'e€f ecf

2
> (77a)
T
2
= < > el 4y | I BILy 1)) > (77b)
eFe’ T

_ Z <ei(e—e’_e//+e///)t>T <w0‘H€BHe/ |w0> <w0‘He///B*H€N ‘w()) (77C)

e#e’
e//¢6///

<\<wt|Blwt> — (i[Blv)
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=: Z Vs Ropug, (77d)
o,

where we defined for a = (e, €'), 8 = (¢",¢") € G := {(e,&) € € x E,e # &} the
vector v, = (|l B*I1.|t)y) and the Hermitian matrix

Raﬁ — <€i(Ga7G5)t>T (78)

with G, = e — ¢/. Written in this way, we immediately see that

2
(|tw10:) - BT > < IREY. loal < RIS (ol BT o). (79)

It was proved by Short and Farrelly [36] that the operator norm of R can be bounded
as

7 < G (14 2225, (50)

We further compute

EP (Z |<¢O|HeBHe’|¢O>|2> - Zvarp<¢0|HeBHe’w0> + |EP<¢0|HeBHe’|¢O>‘2

e,e’ e,e’

(81a)
= > Var,(¢o[TL Bl [¢bg) + [tr(pITBIL)|*,  (81b)

e,e’

where we applied Lemma 1 in the second step. It follows again from Lemma 1 that

Z Var, (1|11 BIL. 1))

e,e’

= Z <tr(HeBHe/ Pl BIL, p)

N tr(I1, Bl p*11, B*11.p) + tr(I1, BIl. pIl, B*11.p?)
1- 2pmax
[tr(IL. BIL. p°e B*1Lp) + tr(Il Bl p*1l B*1L.p%)

2
+
(]' - meax)(]- - Spmax)
+ tr(IL, Bl pll. B*T1p%) + Z (|tr(Il. BIL. p* P,,) tr(Il, B*IL.p P, )|
+ tr(I1, Bl p* P,) tr(lly BT p* B, )| + | tr(I1. Bl pP,,) tr(ly BT p* B, )| )] )
(82)
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The main tools for bounding the traces are the Cauchy-Schwarz inequality for the
trace which states that |tr(A*B)| < /tr(A*A)tr(B*B) for any operators A and B
and the inequality |tr(AB)| < ||A| tr(|B|); for the latter see, e.g., Theorem 3.7.6 in
[37]. We compute

> tr(ILBlleplly BTp) = Y tr (B <Z He/pHe/> B*HepH€> (83a)
<D IBIP|D Teplle

< 1Bl (83¢)

tr(Il.pll,) (83b)

where we used that || >, e pll|| < |/p| which follows immediately from

2

> Heplley|| = [[Meplevr|* < [lp)* Y [Ty l* = (ol (34)

for all ¢ € H. In the same way we get
> tr(ILBllep*Ile B*ILp) < || B|1*||p|l%, (85)
Etr(HEBHe/pHe/B*HCp2> <[IBI*llI?, (86)
Etr(HeBHapg’HaB*Hep) <|IBIP[lpl?, (87)
thr(HeBHefszefB*Hep?) <[IBI?Ipl* tr p* < IBI*[I]1%, (88)
Etr(HeBHe/pHe/B*Hepf”) < | BIP[lell°. (89)

ee’
Next we turn to the products of traces; we find that

> Y | (Bl p* Py) tr(Ilw B* T p P, )|

e,e/ m,n

=> Y | tr(I B, P, II,) tr(Ie BTLIL P11 ) pd,pn (90a)

m,n e,e’

<> pipn Y (tr(L Bl B*) tr(I Py lle P, tr(Iy BILB) tr(1le P11 P, )2

(90b)
= " pipa > tr(ILBIL B) ((mILe[m) (m|IL|m) (n|I.|n) (|1 |n))"*  (90c)
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<IBIP D pipn Y tr(ILe) ((mlTe|m) {m[TLa|m) (n|TLe|n) (n|TL |n)) /2

< |B|*Dg prnpn (Z (<m|He\m>(n!He|n))1/2>

m,n e

<|IBI*D& Y ipn (Z(mlﬂe|m>> (Z(nme\n))

m,n e e

= |BI*De > plpn

m,n

< | BI*Dellpll*.
In the same way we obtain

Z Z | tr(I1e Bl p* Py) tr(Tle B*TLp* P,)| < || B||* Dl pl?,

SO (I BTl pP) (L BT By)| < 1BIE Dol
Finally we estimate

Z | tr(pll, BII)|? < Z tr(Il, BI1., B*) tr(I pIl. p)

ee’ ee’

<||B|*Dg ) tr(Mepllep)

e,e’
= || B|*Dg tr p
<|IBII*Dgllpll

),)

kT

Putting everything together we arrive at

g, ({|twi1B1v0 - GBI

< IBIElIpI DG ) (1 i

| | 2 6(oll + lIo12)
(1 T [1 T 3||p||>D

8log, d
< 24| BI2l|o| DeGlx) (1 ; L) |

kT

where we used the assumption that ||p|| < 1/4 to bound the bracket (1 +

in (94a) by* 24.

(90d)

(90e)

(93a)
(93Db)

(93c)
(93d)

“Note that the bracket is a monotone increasing function in ||p| and therefore bounded by its

value for ||p|| = 1/4 which is 71/3 < 24.
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For the variance of (1| B|¢y) we see from (72c¢) that we can simply apply Lemma 1
with A =) _II.BIl. and estimate the occurring traces. We compute

tr ((Z HeBHe> p (Z He/B*He/) p) < <Z HEBH6> 0 (Z He/B*He/> trp
(95a)
< BIPllpl, (95b)

where we used that || > II.BIL.|| < ||B||. Similarly we find that
tr(Ap?A*p), tr(ApA*p?) < ||B|1*|pl*, (96)
tr(Ap® A*p), tr(Ap? A*p?), tr(ApA*p*) < || B|*||pll?, (97)

Moreover, we get

Z tr <Z HEBHepSPm> tr <Z He/B*He/an>

m,n

<D Dopal BIP tr(P) te(Py)

m,n

(98a)
= | B]|* tr p’ (98b)
< IBI*lel? (98c)

and similarly
D (A Po) (A" Pyl Y [tr(ApP) tr(A*p*Po)| < ||B)* o]l (99)
Thus we finally arrive at
= - 1Bl 2[|p| G(llpll + llell*)
Var, (| Blty) < ————— (1 + + (100a)
R R L=2[lpl] (1 =2[[plD(1 = 3]lpl)
< 23 BJ2lo]. (100b)

Now suppose that H is infinite-dimensional. Due to our assumption on B, all
sums over e € £ are effectively sums over e € g and therefore finite. In the finite-
dimensional setting, the matrix R defined by (78) is a dg(dg — 1) X dg(dg — 1)
matrix and this is where the dg in the upper bound for ||R|| comes from, see the
proof in [36]. In the infinite-dimensional setting, the matrix R can be viewed as
adgp(dgp —1) X dg p(dg g — 1) matrix and therefore, in the bound for ||R||, dg
has to be replaced by dg p; by the same argument, dr can also be replaced by dg g
in the finite-dimensional setting. Moreover, we can also change G(k) to Gp(k) and
Dpg to Dg p as the only “contributing” eigenvalues are the ones in £p. Besides this
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change all other steps of the proof remain valid and this proves the bounds also in
the infinite-dimensional case.

For the statements about the infinite time average, we want to take the limit
T — o0 in

£, { (w51} - ToTBTG)

2 8log, d
) < 2IBPIoIDEaGo) 1+ ZELE2 ) 1oy

T KT
To this end, we first choose x so small that Gp(k) = Dg p. Then we take the limit

T — oo and use dominated convergence to interchange the limit and E,. This gives
(76) and finishes the proof. O

4.3 Proof of Theorem 1

Without loss of generality we assume that all eigenvalues of p are positive (otherwise
we restrict our considerations to the subspace of H spanned by the eigenvectors
of p corresponding to its positive eigenvalues). It follows from Markov’s inequality
together with Proposition 1 that
2>
T

GAP<p>{<1<wt|B|wt> ~ (/D]

48 8log, dr B €
> - 2 ZTe27hb < Z
> B3P0l Desnte) (1+ 2 )} <t am
and
E— T S e
GAP(p) { |l Blvn) = TulBln)| = B ol Ds.sDasy < 5. (103)
Concerning the finite-time average, this shows that, w.r.t. GAP(p), (1 — 5)-most

1o € S(H) are such that

(|talB1o0) - TarETa]

2 48 8log, d
> < 28 B2l D s Cs() (1+M). (104)
T € kT

Similarly, we have that, w.r.t. GAP(p), (1 — §)-most ¢y € S(H) are such that

Bl — B < =

|B|I*llp| D5 De. - (105)

<
Let X\ denote the Lebesgue measure on R. An application of Markov’s inequality and
Proposition 1 shows that

2

%A{t € 0.7]: | (w4IBIvs) — Il
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48 8log, dg B
> N 2 2 ) < ]
=z 85||B|| 1ol Dp,5Gp(k) (1 + T )} <9 (106)

Thus, w.r.t. GAP(p), (1—5)-most 1)y € S(H) are such that for (1—4§)-most ¢ € [0, T},

[ (il Blu) — Tl B

48 8log, dp p\\ /2
< =IBI*lplD 14 —2== . (1
< (SIBP1IDEGa00) (14 2222 ) ) T o)

In the same way, we obtain

T—o0

liminf%)\ {t €[0,77]: ‘(@/}ABWJ,:) — (Y| Blpy)

248
> —|BIPlpll P De.s o < 6
(108)

and conclude that, w.r.t. GAP(p), (1 — §)-most 1)y € S(H) are such that for (1 —J)-
most t € [0, 00),

48 1/2
wdBtv) - @B < (SIBPIDesDGs) (109)

It follows from Chebyshev’s inequality together with Proposition 1 that

2 1/2
§ (46||B|| HpH) } <: 110)

3

GAP(p) {(@Bw ~ My

and thus, w.r.t. GAP(p), (1 — £)-most 1)y € S(H) are such that

2
1/2
46| B|12llpl \
)

’wtlBlwt) - MpB‘ < ( (111)

Now the claims follow from the triangle inequality.

5 Summary and Conclusions

Our result concerns the long-time behavior of GAP(p)-typical pure states ¢ from the
sphere of a separable Hilbert space where p is a density matrix on ‘H and 1y evolves
unitarily according to ¢, = exp(—iHt)1y. We have seen that for any operator B on
H that satisfies |Ep| < oo, for GAP(p)-most ¢y € S(H), the curve t — (| B|y)
is nearly constant in the long run ¢ — oo provided that ||p|| is small, ||B|| is not
too large and no eigenvalue or eigenvalue gap of the Hamiltonian H is too highly
degenerate. In particular, we have argued that our result can be applied to the case
that B = P, for some macro state v. We have provided explicit error bounds that
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reveal the dependence of the error on these quantities. Our result shows that the
concept of normal typicality can be generalized from the uniform distribution on the
sphere of the Hilbert space to a much broader class of distributions which can also be
defined on infinite-dimensional Hilbert spaces and which for certain density matrices
arise naturally as the distribution of wave functions in thermal equilibrium.
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