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HIGH LEVEL SUMMARY

Thermalization of quantum spin systems is of large interest to the quantum information- [1]—
[4] and many-body-physics-communities [5], [6]. A body of works recently approached rapid
thermalization of quantum spin systems via exponential convergence of the relative entropy between
the evolved state and the Gibbs equilibrium state of the system via the development of so called
complete modified logarithmic Sobolev (cMLSI) inequalities [7]-[10]. The decay rate of this
convergence can be characterlized by the cMLSI constant governing this inequality. Amongst others
it was shown that for 1D commuting or 2-local commuting quantum spin systems a strictly positive
cMLSI constant a, exists for any system size. Butin general it is monotonically decreasing in system
size. [11], [12]. We add to this work by showing amongst others that a 2-local, commuting quantum
spin system on an arbitrary sub-exponential lattice has a positive cMLSI-constant, independent of
lattice size, whenever the Lindbladian (of the evolution) is gaped. We also affirmatively show that
weak clustering, i.e. exponential decay of correlations, in this setting is sufficient to guarantee a
gaped Davies generator. This partially answers a long standing open question from [3] for 2-local
systems. We do this via a novel concept we call strong local indistinguishability and with it show
that weak clustering (Lo,) is equivalent to (qL; — Le)-clustering, for certain systems. This also
implies a strong form of approximate tensorization of the relative entropy for any 2-local quantum
spin system and we also establish equivalence between decay of correlations (L-clustering) and
decay of mutual information for Gibbs states of commuting Hamiltonians, extending work from
[7]. Applying the main result to geometrically-local, commuting quantum spin chains and b-ary
trees yields existence of a systems-size independent cMLSI constant at any temperature in the
former and a logarithmically decreasing one in the latter if the Davies Davies Lindbladian is gaped.
This implies rapid thermalization of any uniform, commuting, 2-local system with gaped Davies
Lindbladians. Amongst others this also leads to new optimal Gaussian concentration bounds, more
general ensemble equivalences, and tighter entropy difference bounds.
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1 Introduction

Dynamics of open quantum systems are of large interest to the quantum optics, condensed matter,
chemical physics, and mathematical physics communities [13]. One very important class of such
open quantum evolutions are Markovian ones, which are of large interest to the quantum information
community as well as all other just mentioned ones. Such Markovian dynamics describe amongst
others thermalization of quantum systems [2], and hence are also important in quantum algorithms
that sample thermal or ground states of certain Hamiltonians or are supposed to simulate physical
thermalization of quantum lattice systems. Quantum Markov Semigroups (QMS) which describe
thermalization are also called quantum Gibbs samplers, since the thermal equilibrium state is
also called the Gibbs state of a system. These are a mathematical tool, which can be studied
systematically in high generality. They form the quantum analogue of the seminal Monte Carlo
algorithm and are in contrast to the often considered heuristic approaches of Gibbs state preparation
such as the variational eigensolver or adiabatic algorithms. One important example, and the main
one we are considering in this work, is the Davies evolution [13], [14]. It describes the physical
process of thermalization' of a quantum system weakly coupled to its environment. Hence it is often
considered in the mathematical physics community when describing thermalization processes. It
is, hence, also often used as a sub-routine for certain types of quantum algorithms. [2], [3], [7],
[11]. Quantum lattice-spin systems are also some of the most promising candidate architectures
for quantum computing and quantum information storage. For these reasons, understanding their
thermalization is of great importance, especially in the current regime of noisy intermediate scale
quantum systems, where the number of qubits and their coherence times are too small/short to
enable the use of quantum error correction. Hence thermalization of quantum lattice systems is
also of interest to the computer science community. There are many heuristic and numerical results
about thermalization of certain physical systems, but an overarching theory of thermalization of
quantum systems does not exist in the mathematics literature, however, there is a rapidly growing
body of work. This piece of work is a step towards establishing such a theory.

Quantum Markovian evolutions, just like their classical counterparts, are known to mix under
certain conditions, that is that the evolution approaches certain fixed points. When considering
dynamics which describe thermalization, this fixed point is the thermal equilibrium state of the
spin system, called the Gibbs state of the system. This work is concerned with the quest of finding
quantitative bounds on the mixing times of Davies evolutions fyix(€). This is how quickly these
evolutions evolve any initial state e-close to the stationary state. We will be doing this via entropic
and functional inequalities that these evolutions follow. Systems for which the mixing time scales
logarithmically with system size are said to be rapidly mixing. In turn rapid mixing is known
to imply many static and dynmaical properties for these systems, among which stability of these
evolutions under local perturbations [15], existence of area laws for the mutual information of fixed
points of such evolutions [16], efficient preparation and simulability of the fixed points [2], and
even rigorous connections to the elusive eigenstate thermalization hypoethsis (ETH) [17], [18].
Our main result directly applies to these.

Quantum Gibbs samplers find also applications as sub-routines in larger algorithms, like ones

Tthough this is sometimes questioned since its derivation requires a few non-trivial assumptions see e.g. [2], [13]
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solving semidefinite programs [19], [20], quantum machine learning [21], fault tolerant algorithms
and analogue quantum simulators for Gibbs states. [18].

Most notably, we know that fast thermalization of certain lattice-systems occurs under certain
clustering conditions [7], [11], [22] In recent years, an extensive amount of research has focused
on using concepts from quantum information theory and developing entropic tools and bounds
for the study of thermalization of quantum lattice-spin systems. One of the most notable is
the socalled complete modified logarithmic Sobolev inequality, an entropic inequality used to
establish exponential decay of relative entropy under a Markovian evolution towards its stationary
states. [7], [11], [12], [23] This exponential decay directly implies rapid thermalization if the
decay rate is at most poly-logarithmically decreasing in system size. Using these tools it was
established that under certain conditions, 1D quantum spin chains with Hamiltonians which arise
from commuting potentials [12] and hypercubic systems with Hamiltonians arising from nearest
neighbour-interacting commuting potentials at high temperatures [11] are rapidly mixing.

Main results in words:(informal)

In this work we will improve amongst others on both of these works and establish new ones for more
general lattice systems. In the one dimensional case we will show that the entropy decay rate of the
system towards its equilibrium is system size independent (see Theorem 5.2) and in the hypercubic
setting we will show that a much weaker condition, namely that of a gapped generator, is actually
a sufficient condition for exponential entropic decay and thus rapid thermalization. We will also
establish that nearest neighbour commuting systems on b-ary trees satisfy rapid thermalization
with a logarithmically decreasing cMLSI constant under the condition of gapped generators. For
a graphical representation of some of these implications see Figure 5.1.

1.1 Thesis outline

In the following Chapter 2 will set the notation, present necessary mathematical definitions and
prerequisites, and some preliminary results required in the rest of this thesis. Most notably we
formally introduce the complete Modified Logarithmic Sobolev Inequality (cMLSI) and show
its connection to rapid thermalization. The proof of the main result may conceptually be split
into two parts, one static and one dynamic. We establish some preliminary results of potentially
independent interest concerning the static part in Chapter 3. There we first define the concept of
strong local indistinguishability, which, as the name suggests gives a strictly stronger notion of local
indistinguishability and which will be central in the proof of an approximate tensorization- and a
"weak-implies-strong clustering’ result in Theorem 5.6 later on. We also show in Theorem 3.4 that
for Gibbs states of geometrically local, commuting, and bounded Hamiltonians, weak clustering,
i.e. exponential decay of spacial correlations, is actually equivalent to exponential decay of
mutual information and implies strong local indistinguishability. This is a in general stronger
form of clustering. For 1D systems we show this without the commutativity assumption also in
Theorem 3.5.

Next in Chapter 4 we first discuss the local Davies generators associated to a uniform family of
Hamiltonians and then construct the Schmidt conditional expectations, establishing some further
notation for this work, and derive some of their properties.

In Chapter 5 we first present the main results of this work in Theorem 5.1 and some immediate
Corollaries in Theorem 5.2, Theorem 5.3 and discuss them. The rest of that section is then devoted
to proving it. One of the main steps of the proof is establishing a very strong clustering condition for
nearest-neighbour, commuting systems on 2-colorable graphs, from existence of a strictly positive
gap of the generator. This is done in Theorem 5.4 and although this is a static property it is in this



1 Introduction

chapter because it requires the notion of Schmidt conditional expectations. This is a result very
much of independent interest. Its immediate consequences, such as Theorem 5.5 and Theorem 5.6,
are discussed thereafter. Finally through a novel geometric divide-and-conquer strategy, averaging
over suitable partitions, we establish the main result in Section 5.2.

In Chapter 6 we derive some applications of the main result, establish exponential convergence
to the Gibbs state in the thermodynamic limit, optimal Gaussian concentration bounds, improved
entropy difference bounds in the settings considered here. Finally in Chapter 7 we will discuss
some conjectures stemming from this work and future related directions of research.

Hence the main results of this work and discussions thereof are found in Chapter 3, Chapter 5,
and Chapter 6 whereas Chapter 2 and Chapter 4 introduce necessary prerequisites.



2 Preliminaries

2.1 Graphs

A graph is a tuple A = (V, Ey) of a set of vertices V and a set of edges Ey C V X V connecting
vertices. A complete subgraph I' ¢ A is a tuple (G, Eg), where G C V and E¢ contains/connects
all edges in Ey, which contain the vertices in G. Abusing notation slightly we will call complete
subgraphs subsets, write I C A.

For simplicity of notation we associate the graph with its vertex set, hence we may write x € A,
A Cc A,orx €I foranx € V, when the edge set Ey of A = (V, Ey) is clear from context.

We define the size of a graph A, or of a subset I' C A, denotes as |A|, |I'|, respectively, as the
number of the vertices it contains. When emphasizing that I is a finite subset of A, i.e. || < oo,
we write [' ccC A.

We write CD C A for the complete subgraph containing all of the vertices of C and D, in this
sense CD = CU D. Note that this does not require C, D to be disjoint. We call a subset of vertices
I' € A connected, if for any two vertices x, y € I there exists a sequence of pairwise overlapping
edges in Eg, s.t. the first overlaps with x and the last with y.

The graph distance d (on A) between two vertices x # y € A is defined as the minimal length of a
connected subset of edges which overlap both with x and y. We also set d(x,x) = OVx € A. The
length of a subset of edges is given by the number of edges it contains. The distance between two
subsets A, B C A is defined as the minimal graph distance between pairs of points in A and B,
respectively. It is denoted, with slight abuse of notation, with the same symbol d. We define the
diameter of a set A C A as diam(A) :=sup, ;4 d(x, ).

The graph has growth constant v > 0 defined as the smallest real number s.t., for any m € N, the
number of connected subsets of size m containing some edge, for any edge, is bounded by v™:

Ny = sup |[{F C Ey connected |e € F, |F| =m}| < V™.
ecEy

Note that any regular graph, i.e. one where every vertex has the same number of neighbours as
every other, has finite growth constant. For example, the growth constant of a D-dimensional
hypercubic lattice (Z4) is bounded by 2De, where e is Euler’s number [6], [24].

We say a graph is 2-colorable if there exists a labeling of the graph with labels 0 and 1, i.e. a map
which assigns each vertex one label, such that adjacent vertices, i.e. ones which are connected by
some edge, have different labels.

Definition 1. For an infinite graph A we define N(l) = sup ., |Bi(x)|, where B;(x) := {v €
Ald(x,v) < 1|} is the ball of radius | around vertex x. We call a graph sub-exponential if there
exists a d € (0,1) s.t. N(I) < exp(I°®) holds eventually, i.e. ifInN(l) = O(1%) ;o

Equally we call it exponential if no such 6 exists, i.e. ifInN(l) = O(l)j=co-

First note that all graphs with finite growth constant are in either of these two classes since we
can crudely bound |B;(x)| < |{F ¢ A|Fconnectedx € F, |F| ={}| < v! and hence N(I) < v'.
Note that hypercubic lattices are sub-exponential under this definition, whereas b—ary trees are
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exponential. We will often consider geometrically—r—local interactions, with » > 1 some integer,
on such graphs. For some fixed r we define the boundary of a subset A C A, denoted with dA, to
be all vertices in A \ A that are within graph distance r — 1 from vertices in A

OA = {x e A\ Ald(x, A) < r},
Ad := AU JA.

It will be clear from context what r and hence the set-boundary ¢ is. Hence for nearest neighbour
interactions (r = 2), dA coincides with usual set boundary. A first important class of graphs
considered in this work is the of hypercubic lattices of dimension D € N, with A = Z”, and
the graph distance equal to the Hamming distance. Hence hypercubic lattices are subexponential
two colorable graphs. In the case D = 1, the 1-dimensional infinite chain this is A = Z =
(Z,{x,x + 1}xcz). Another example is the complete infinite b—ary tree, for some integer b > 1.
These are loop-free, exponential, and two-colorable graphs. where each vertex has exactly b
neighbours. Each tree has one vertex, called the root, from which the tree extends, and who’s b
neighbours are called its children or leaves. Every other vertex has exactly b — 1 children or leaves.

2.2 Some general notation

A quantum spin system on a finite graph I' = (V, Ey) is described by the Hilbert space

Hr = (X) H.

xeV

where each local Hilbert space H, has dimension d < oo, i.e. describes a qudit system. Hence
the global dimension of the system is dim(Hy) = d'Tl. We will only be considering finite
dimensional Hilbert spaces in this work. We denote the von Neumann-algebra (vN algebra) of
bounded linear operators, also called observables, over Hr by B(Hr) = </ and the set of density
operators with D (Hr) := {p € B(Hr)| Tr[p] = 1, p = 0}. Note that this von Neumann-algebra
is *-homeomorphic to &t., the predual of o/ = B(Hr) w.r.t. the canonical trace on the finite
dimensional Hilbert space Hr.! Since we can associate each (normalized) state (positive, linear
functional) with its density operator representation, i.e. for w € /r, there exists a p € D(Hr),
s.t. w(X) = Tr[pX], and the other way around. We denote the trace-class operators on a Hilbert
space H with By (). The norm on 9B (H) is the usual operator norm, denoted by ||A|]| = || Al
for A € B(H). The norm on P (H) is the usual trace-norm, denoted by ||pl|; := Tr[|p|] for
p € D(H).

We denote the the identity operatoron H as 1 = 14y € B(H) and the identity map B(H) — B(H)
as id = idg(4y). Given a linear map ® : B(H) — B(H) we denote its pre-dual w.r.t the Hilbert-
Schmidt inner product as ®@... We call such a map ® a quantum channel in the Heisenberg picture
if it is completely positive and unital >. We will refer to such maps simply as unital CP maps.
Their pre-duals @, : Bi(H) — B{(H), i.e. quantum channels in the Schridinger picture, are
completely positive trace preserving maps (CPTP) *. We will call such maps CPTP or quantum
channels.

We denote the spectrum of an operator A € &f with o-(A) = spec(A). The support-projection of a

.e. the inner product here is the map (X,Y) = Tr[X*Y], which is also called the Hilbert Schmidt inner product.

2A map @ : B(H) — B(H) is completely positive, if (id, ®P) : B(C"* ® H) — B(C" ® H) is a positive map for
all n € N. It is unital, if it is identity preserving ®(1) = 1.

3 As the name suggests, a map @, is trace preserving if Tr[®D.(p)] = Tr[p] for all p € D(H).
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self-adjoint operator A € B(H) is defined as the smallest projection P € B(H),s.t. PA = AP = A.
The trace on the full Hilbert space Hr is denoted as Tr|[-] and the partial trace tracing out the Hilbert
space corresponding to a region A C I" is denoted as tr[-] : Bi(Hr) — Bi(Hr\a)-

We will employ the following ”big-O ”-notation O(g(x))x—c When meaning that f(x) = O(g(x))
for x — o0, i.e. to indicate in which limit the scaling O(g(x)) holds for a function f(x). We use
the same for the big — Q notation.

2.3 Weighted non-commutative L, ,-spaces and inner products

We will make frequent use of so called (weighted) non-commutative L, spaces in this work. For a
general overview and construction of such spaces on von Neumann algebras, see e.g. [25]. Since
we are only considering finite dimensional Hilbert spaces, the von Neumann algebra B(H) with
the canonical Hilbert space trace Tr on HH is finite, i.e. of type I.* Hence all the non-commutative
L, = ]Lp(IB(W),Tr) spaces are just the p—Schatten spaces B, (H) := {X € B(H)|co > || X]|, :=
Tr[|X|P] P )} with norms

X[, = Te[|X|P]7 1< p <o, @.1)
1 Xl = 1XII, (2.2)

which are all equivalent to each other. This is due to the finite dimension of the Hilbert space.
Hence the L,-norms || - ||, are all equivalent to each other. This is not true in general.

Given a full-rank state o € D(H), we define the weighted non-commutative L., » spaces as the
subsets of B(H) s.t. its elements are bounded by the following associated norms

1Xlp.or = Tr[|o?P X0 |P] 1< p < oo, (2.3)
1 Xloo,0 := I Xleo = IX]I, (2.4)

respectively. Note that these norms turn these spaces into Banach spaces for p € [1, co] and satisfy
the usual Holder-type inequality, Holder duality, and monotonicity in p for fixed o, see e.g. [3].
Equally one can show that L, . is, as expected, a Hilbert space with respect to the KMS-inner
product

(X, V)EMS .~ Tr[\o X*VoY]. (2.5)
There exists a natural embedding I'- : L; ~ — L; via
Iy (X) := Vo Xyo. (2.6)

1
Hence the weighted p, o--norm can also be expressed as || X||,, = [I'5 (X)||,. For completeness

we define the modular operator of o here as
Ag(X) =0 X0, 2.7)

and the modular group of o as {A }scg. For completeness, we define the GNS-inner product on
B(H), for a finite dimensional Hilbert space H as

(X,7)YSNS .= Tr[oX*Y]. (2.8)

4A von Neumann algebra is said to be finite if a tracial state exists. In the case here, it is d ~11 € D(H), whenever
d =dim(H) < oo.
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These two weighted inner products on B(7) are the most relevant ones and we give the variance
and covariance of our many-body observables with respect to these as

Covy,(X,Y) =(X - Tr[cX]1,Y - Tr[o’Y]Il)EMS = | Tr[VoXVoY] - Tr[cX] Tr[oY]|,

2.9)
Covi?(X,Y) == (X - Tr[ocX]|L,Y - Tr[o Y1) = | Tr[o XY] - Tr[oX] Tr[oY]],  (2.10)
Var,(X) := Cov, (X, X), (2.11)
Var? (X) := Cov'? (X, X). 2.12)

A distance on D (H}), which will be important for some applications is the quantum Wasserstein
distance of order 1 [26] between two finite dimensional quantum states p, o € D(FHy). It is
defined as

Wi(p, o) = llp - ollwy = (2.13)
1 . . . . . .
Smin $ " XD Tr[X D] =0, X" = XDt XD =0VieAp-o=) XD,
2 ieA i€eA

Its dual norm w.r.t the Hilbert-Schmidt inner product distance is the Lipschitz distance [26], i.e.
for any self-adjoint observable A € B(H)y)

Al == max{Tr[AX]|Tr[X] =0,X = X", | X|lw, < 1} =2max min [JA-1,®AD|,
ieEA A“)Egk“”

where 1; € B(H;) is the identity on system i and A) does not act on system i. Thus by definition
it holds that | Tr[AX]| < || X||w,||AllL for suitable X, A. For a thorough overview and some
properties see [26].

2.4 Uniform families of Hamiltonians

A Hamiltonian H : B(H,) is a self-adjoint operator which governs the dynamics of closed
quantum systems and describes the state of a quantum system in thermal equilibrium at the same
time. In this work we consider many-body Hamiltonians of the form,

Hy= ) @y,
XccA

where for each X c A, ®@x is a self-adjoint operator acting only non-trivially on the sub-region X.
The map X — Dy for a finite X C A is called the potential of the system. The potential is called
commuting (on A) if for each X,Y C A ®x and ®y commute. It is said to have bounded interaction
strength J = maxxca{||®x]||} and interaction range r := max{diam(X)|X c A,®x # 0}. We
will call potentials with interaction range r geometrically-r-local. The family of Hamiltonians
{Hr}rcea, st

Hr = ) @, (2.14)
Xcr

is called a uniform J-bounded, geometrically-r-local, commuting family if the potential satisfies
these properties for all ' cc A independent of |['|. In this work, we will only consider such
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uniform families, unless explicitly stated otherwise.’

The associated Gibbs state of the local Hamiltonian on A C I at inverse temperature 3 is denoted
by

—BHA
A e
= 2.15
Tr[e-FHa] @15
while the reduced states onto some subregion A C I' is denoted by
oA = tmact, (2.16)

where o = ol = o. We will employ the convenient notation Ey y := e Hxy oHx+Hy for Araki’s

expansionals for two disjoint subsets X,Y C A from [7].

2.5 Quantum Markov semigroups and Lindbladians

A quantum Markov semigroup (QMS) is a strongly continuous one-parameter semigroup of unital
CP maps {®; };>0 : B(H) — B(H). This is a family s.t. ®y = idg(p), Py = Py 0 ®; Vs, 1 > 0,
and limy g || (®; —id) (X)|| = OVX € B(H). By Hille-Yosida theorem there exists a densely defined
generator, called the Lindbladian

LX) = lim (@, ~ id) (X),

such that the semigroup is given as ®, = ¢’< V¢ > 0. In our case of a finite dimensional Hilbert
space, the Lindbaldian is defined on all of 8(H) and its pre-dual on all of D (H).

A QMS with generator £ gives the unique solution to the master equation % p(t) = L(p). We
call a QMS and its generator faithful if the QMS admits a full rank invariant state oo € D (H) and
primitive if this state is unique. A state is invariant if ®,, (o) = ¢ for all + > 0, which is equivalent
to L.(o) =0.

We call a QMS and its generator reversible or KMS-symmetric w.r.t. a state o if the QMS
is symmetric w.r.t the KMS-inner product and similarly GNS-symmetric w.r.t. a state o, if it is
symmetric w.r.t. the GNS inner product. In the latter case, we also say that the QMS satisfies the
detailed balance condition. If L is its generator, then this is equivalent to

Tr[ocX " L(Y)] = Tr[ocL(X) Y] VX,Y € B(H).

This is because one can think of the GNS symmetry of a QMS to be a quantum generalization
of the detailed balance property of a classical Markovian process w.r.t its invariant distribution.
Note that if a QMS is GNS-symmetric w.r.t a state o, then this state is necessarily a stationary
one. Given a graph A and a finite subset I' cC A, we will be considering a family of Lindbladians

Lr={Lr}rcca, st
Lr = Z Lx, (2.17)

XcrI

where {Lx}xca is a set family of local Lindbladians, s.t. J := supycp || Lx«|l1—>1.c0 < oo and
Lx. = 0 whenever diam(X) > r.° Hence we call these a uniform geometrically—r—local,

SHence these constants J, r do not depend on the regions A on which the local Hamiltonians are defined.
%Here |®«lli>1,c6 is the completely bounded 1 — 1 norm, ie. 1Pull151,6 =
SUP,, el SUPpe p(CreH) |1 (1dn @) (p) 1
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J—bounded family of (bulk) Lindbladians, very much in analogy to the Hamiltonian case. When
we call a family of Lindbadians uniform, we imply that there are some J,r < co such that it is
geometrically—r—local and J—bounded in the sense above. Such a family is called locally primitive
if there exists a full rank state for each finite ' cc A, {0 }rcca, s.t. ol is the unique full rank
stationary state of L. The family is called locally reversible if each L is KMS-symmetric w.r.t
o' and it is called frustration free, if for any two finite subsets A C B C A, the stationary states
of Lp are also stationary under L4, i.e. the ker(Lp)Cker(L4). Note, that if a QMS is GNS
symmetric,i.e. satisfies detailed balance, then it is also KMS symmetric, i.e. reversible. Hence,
for a region I' cC A, write the projection onto the fixed point subalgebra of L as

Er(X) = lim e Lr(X). (2.18)

It turns out that for a primitive, frustration free uniform family, these projections are conditional
expectations w.r.t the family of stationary states. See Section 2.6 for more details. For a slightly
more general, but in this work unnecessary, notion of uniform families of Lindbladians, see e.g.
[11].

In this work we will be working with the Davies generators L2 = {LP}rcca, which is a
physically motivated suitable uniform family of Lindbladians associated to a uniform family of
Hamiltonians. They are introduced in Section 4.1. In the setting we are considering, they are a
uniform geometrically—r—bounded, locally primitive, locally reversible, locally GNS-symmetric,’
frustration free family of Lindbladians which describe thermalization of a spin system.

We call a uniform family of Lindbladians, which are locally reversible, locally GNS symmetric,
and frustration free w.r.t to a set of Gibbs states {0 }rcca a quantum Gibbs sampler of the system
(Ha, B), whenever Hy is a uniform family of Hamiltonians and 0" are the Gibbs states of Hr to
inverse temperature 8. The Davies generators, see Section 4.1, but also the Heat-bath generators
w.r.t to the Davies or Schmidt conditional expectation [3], [11] are examples of quantum Gibbs
samplers.

2.6 Conditional Expectations

A very important tool we are working with are (quantum) conditional expectations. Given a von
Neumann subalgebra N' ¢ B(H), a conditional expectation onto N is a completely positive unital
map Eyn : B(H) —» N, s.t.

En(X)=XVXeN

En(aXb) =aEn(X)bY a,b e N,X € B(H).
By complete positivity and unitality, it follows that the preadjoint of any conditional expectation
w.r.t the Hilbert-Schmidt inner product Ex. : N. — B(H). is a completely positive trace

preserving map, i.e. a quantum channel. Any conditional expectation onto N s.t. there exists a
full rank state o~ € D (H) which satisfies

Eni(o) =0 e Tr[cEN(X)] = Tr[cX] VY X € B(H),

is said to be with respect to the state o. [11], [12] Let E be a conditional expectation w.r.t. a full
rank state o onto N, then from the definition it follows that it is self-adjoint w.r.t. the c—KMS

7The KMS and GNS symmetry is w.r.t to the global Gibbs state.
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inner product, i.e.
O'%E(X)O'% = E*(O'%XO'%)

holds for any X € B(H).
Furthermore, it can be shown that it commutes with the modular group of o, i.e.

A3 o E =E oA Vs eR.

Moreover, given a von Neumann *-subalgebra N' ¢ 8(H) and a faithfull state o € D(H), it turns
out that the existence of a conditional expectation w.r.t. o onto N is equivalent to the invariance
of N under the modular automorphism group {A};cr. Furthermore, in the case that the VN
*-subalgebra N is invariant under the modular automorphism group of said faithfull state o this
conditional expectation is uniquely determined by o [11], [27]. It turns out that any conditional
expectation w.r.t. some full rank state o~ between finite dimensional matrix algebras, as all the ones
in this work, can be given in an explicit form, see e.g. [12]. Any finite dimensional von Neumann
subalgebra N' ¢ B(H) can be decomposed as

N = @B(?‘G} ® Clg,, where H = @7—(1 ®K;.

i=1 i=1

Now there exist density operators {7; € D(K;)}"" | and projections {P; € B(H)}? , respectively,
onto {H; ® K;} s.t.

n n
En(X) = (P trac [PiXPi(ly, ® 1) @ Ly, & Ena(p) = P tra [PipPi] @ 7,

i=1 i=1

for X € B(H) and p € B(H). [12]

Since conditional expectations are, by definition, projections on closed-*-subalgebras (which
are convex), the following chain rule holds for states p,o € D(H), whenever En.(0) = o
[23][Lemma 3.4]

D(pllo) = D(pllEn«(p)) + D(Ens(p)]l0). (2.19)

Example 1 (Local Lindbaldian Projectors). An important case of conditional expectations are so
called local Lindbladian projectors.

Let I" be some finite graph. Let L = {La}acca be a uniform, frustration free family of local
primitive Lindbladians with stationary states {4} ocr. The local Lindbladian projector associated
with the family Lr on A c I is given by

EA(X) = lim e'La(X) (2.20)

for X € B(Hr). If Lr is locally primitive, i.e. each L4 is a primitive Lindbladian, then E 4 acts
only non-trivially on A€. If Lr is frustration free, then E 4 is a conditional expectation w.r.t. the
stationary state 0! onto the subalgebra 145 ® B(Hag)c)-

Proof. Complete positivity and unitality follows from that of e’<" for any ¢ > 0. Taking the limit
t — oo does not change these properties. Clearly we have e’<m(o") = ', and by frustration
freeness it follows that e’ £4+ (") = o' Hence

Tr[oEA(X)] = lim Tr[oe'£4(X)] = lim Tr[e'£4 (o) X] = Tr[o X].

Furthermore, by locality we have that E 4 acts only non trivially on 8(H,g) since L4 does. O

10
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Note that in this case it holds that the expectation value of any observable w.r.t. the invariant
state on the full system is also given by

Tr[oX] = Tr[oEA(X)] = Tr[oEa(X)] VA C A.

On the other hand, given a family of local conditional expectation E4 : B(H) — Lag®B(H)(a0)c
w.r.t. the same state o € D(H),

La= Z (Ex —id), 2.21)

XNA+£0D

is a family of locally primitive, frustration free Lindbladians with invariant state o .

Since the Davies-Lindbladian are a family of locally primitive...

2.7 The relative entropy and strong data processing

The Umegaki relative entropy [28] between two finite dimensional quantum states given by their
density operators p, o € D(H) is defined as
_ JTr[p(logp —logo)] if supp(p) C supp(c)
D(pllo) = ;
00 else

where the logarithm here is the natural logarithm to base e.

It is a very important information theoretic quantity which can be interpreted as a statistical dis-
tinguishability quantity between states, e.g. as Stein exponent in asymptotic asymmetric quantum
hypothesis testing [29]. The well known quantum Pinsker inequality (2.22), gives an upper bound
on the trace-distance, which is related to the one-shot symmetric distinguishability, in terms of the
relative entropy:

o - oll} < 2D(pl|o) (2.22)

Hence, the relative entropy is positive semi-definite, however, unlike a proper mathematical dis-
tance, it is in general not symmetric in its two arguments, nor does it satisfy the triangle inequality.
It also gives rise to the quantum mutual Information 1. Given a finite graph I' = ABC the mutual
information of a state p € D(Hr) between the reduced state on the region A and the one on the
region C is defined as

1,(A: C) :=D(pacllpa ® pc)- (2.23)

It is a measure of mutual information between these two regions.

The operational interpretation of the relative entropy as an information theoretic measure is further
underlined by a very important property it satisfies, called the data processing inequality (DPI)
(2.24). This property is that no quantum channel, i.e. (CPTP) map ®., can increase the relative
entropy between any two states.

D(@.(p)||®.(0)) < D(pllo). (2.24)

The core part of the the entropic-inequalities approach to thermalization relies upon a strengthening
of this inequality. We say a quantum channel ®, satisfies a non-trivial strong data processing (sDPI)
with contraction coefficient n = n(®.) < 1 if for any pair (p, o) of states, s.t. p # o, it holds that

D(®.(p)[|P.(0)) < n(P.)D(pllo). (2.25)

11



2 Preliminaries

More formally, we define the contraction coefficient for a GNS symmetric QMS ®, = @, as

(@) = sup infoey D(®.(p)||P.(c))
peD(H) infaeED(P”O')

where X is the set of stationary states of ®,. These are all the density operators which are
left invariant under the action of the channel.® Assume we have some channel ®, which has a
contraction coefficient n(®,) < 1 and a unique invariant state o, i.e. ®.(0) = o. Then sDPI
immediately induces an exponential decay of the relative entropy in the number of times the channel
is applied.

D (@7 (p)llo) = D(@L(p) 1D () < 7" D(pllor).

2.8 Relative entropy decay via the complete modified logarithmic
Sobolev Inequality

We can establish the sDPI, not only for time-discrete, but also time-continous QMS {e’£},.
Here we assume that our QMS has at least one full rank invariant state, say o, w.r.t. which it is
GNS-symmetric. This turns out to be the case for all Davies Lindbladians we will be considering
in this work. The way to do this is via a differential version of the strong data processing inequality
(2.25) for the channel ®,, := e’£+ in which we set (e’ <) = ¢77?, yielding

d
D (e £ () |E.(p)], = EP£(p) > aD(p|[E.(p)). (2.26)

Here E., := lim,_, ¢’ is the projection onto the stationary states (2.18), see also Example 1.
We call this inequality (2.26) the modified logarithmic Sobolev inequality (MLSI) and EP £ (p) the
entropy production of the QMS {e’£},>o. The optimal constant a satisfying the MLSI is called
the modified logarithmic Sobolev constant (MLSI constant) a(£). It is hence given by

EP£(p)
mn e ——
peD(H) D(p||E.(p))

Thus essentially by construction, formally by integration and use of Gronwall’s inequality, it
follows that any QMS {e’£},s¢ which satisfies the MLSI with strictly positive MLSI constant
a = a(L) > 0 induces exponential convergence in relative entropy to its stationary states, i.e.

D(e"“ (p)IE.(p)) < e~ D(plIE.(p)).

One important way to establish the existence of such constants in the classical setting is to exploit
its stability under tensorization. This allows us to describe the dynamics of large composite
systems via their dynamics on small subregions. This is, however, not in general given in the
quantum setting, i.e. if we have two QMS {e’£},50, {€!%};50, then the joint evolution, given
by {e'L ® '™ = ¢!(£+%)} is not necessarily as quickly mixing as the slower individual one, i.e.
a(L+K) # min{a (L), a(K)}. [30] In order to recover the stability under tensorization we can
introduce the so called complete MLSI (¢cMLSI) and the cMLSI constant a. (L)

a(L) =

ac(£) = inf a(L@idy). 2.27)

8In the case of a general quantum channel (instead of QMS) we would need to replace X~ by the decoherence free
subalgebra. If @.(X) = X AkXAZ is the Kraus representation of @, then the decoherence free subalgebra is

% 1= Ngen N(@F), where N (®.) = Alg{X € B(H)|[X,ATA;] =0 Vi, j}

12
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where id,, : B(C") — B(C") is the identity channel [31]. Hence we say that the QMS {e’£},5¢
satisfies the cMLSI if the QMS {e’£ ®id,, } ;>0 satisfies the MLSI for all ancilla system of arbitrary
dimension with the same constant. Indeed in [30] it was shown that for two KMS-symmetric QMS
with commuting generators £, K, respectively, it holds that

ac (L +%K) 2 minfac (L), ac(K)}.

Next the following important result from [8], [32] guarantees the existence of positive cMLSI
constants for a sufficiently large class of QMS.

Theorem 2.1 ([8]). For any GNS-symmetric QMS {e’£},-( over the algebra B(H) of bounded
linear operators over some finite dimensional Hilbert space H, a. (L) > 0. In particular a. (L) >

mél((iffn)w’ i.e. for many-body quantum lattice systems the cMLSI constant is deceasing as Q(|A|~!).

Here A(L) is the spectral gap of the generator. Local existence of a strictly positive cMLSI
constant is a great starting point, however, on its own not very helpful for systems in the ther-
modynamic limit, since it does not give good bounds on the mixing time, as is discussed below.
A common way this result is used, when showing existence of a cMLSI constant which scales
better than O(|A|™"), is to use approximate tensorization results to geometrically break down the
lattice into logarithmic or finite size parts and apply Theorem 2.1 to these regions and then put
these small regions back together into the whole lattice. Such an approach is sometimes called a
divide-and-conquer technique, or global-to-local reduction. This is also the overall strategy we are
following in this work.

2.9 Variance Decay and Gap

A non information theoretic inspired and simpler approach to mixing of QMS {e’£} is via the
Poincaré inequality instead of the MLSI. Assume for simplicity, that the QMS is primitive with
fixed point o~ and GNS symmetric, and write X; := e’£(X). Then the Poincaré inequality is

AVar, (X,) < 4 Var, (X) = —(X, L(X))XMS
dt |-

where Var, (X) is the KMS variance defined in Section 2.3. It turns out that the largest constant
A which satisfies this inequality for all X € B8(H) is the spectral gap of the Lindbaldian £, that is
the absolute value of the greatest non-zero eigenvalue of £” [3], [33], [34].

—(X, L(X))KMS

A = inf 2.28
L) Xelfg(ﬂ) Var, (X) ( )
By Gronwall’s inequality, this directly implies exponential decay of the variance, i.e.
Vary (X;) < e ) Var, (X). (2.29)

2.10 Rapid Thermalization

A natural figure of merit to quantitatively describe mixing of QMS {e’£};5¢ and hence ther-
malization is the so-called mixing or return time of the QMS. Write p; := e¢’£+(p). Then for
e >0,

tmix(€) :=inf{t > 0|Vp € D(H)llp: — E-(p)ll1 < €}. (2.30)

9Due to primitivity the Lindbadian has one eigenvalue 0, and all others strictly smaller.

13
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It tells us how long we have to let the system evolve, s.t. under any initial state pg, the time-evolved
state p; is € close in trace-distance to the stationary state E.(p). For a primitive quantum Gibbs
sampler, like the Davies evolution,the mixing time tells us how quickly the system approaches the
thermal equilibrium state 0.

We are interested in how this mixing time scales with system size |A|. In the previous section it
was shown that the spectral gap 4 = A(L/? ) induces exponential decay of the KMS-variance. This
directly implies

-1 _ 1 _ _1 1 1
lpr = rlly < o 2™ = tmix(€) = < log(e ™l ) = 2O (ln;+|A|), 231)

where in the implication we assumed o was the thermal state of some bounded geometrically-local
Hamiltonian, hence ||o~"||7! = e?UAD is the smallest eigenvalue of the Gibbs state of a uniform
family of Hamiltonians [34]. Thus proving thermalization via gap, which may still depend on the
system size, gives a mixing time which scales in the best case as O(|A|).

We can do better though, in fact if the primitive QMS satisfies the cMLSI with constant @ =
ac(L) > 0, then via Pinsker’s inequality we get

loe = lli < V2D (prllo) < e~ 2D (pllo) < e~ % (2 log o1

= tmix(€) < 1o (ml +1In |A|) . (2.32)
a €

Hence if the cMLSI constant of a QMS is system size independent, then cMLSI implies a scaling
of the mixing time with O(In|A[|). We call such a logarithmic or poly-logarithmic scaling of
the mixing time in system size rapid mixing. Hence a primitive uniform family of Lindbladians
L = {Lr}rcca satisfies rapid mixing if 0 < o(Lr) = Q ((polylog(|T'[))~!) and obviously
especially if it is constant in system size.

For Davies evolution of 1 dimensional systems with uniform geometrically-local, commuting, and
translation invariant Hamiltonians, it was shown in [7] that there exists a strictly positive cMLSI
constant a(L/I\) ) = Q((In |A])~!) at any temperature. For hypercubic latices in dimensions D > 2,
the Schmidt generators, see Section 4.2 of a system with uniform nearest neighbour commuting
Hamiltonian was shown to satisfy a cMLSI with constant a(.ﬁf ) = O(1) under certain mixing
condition. Hence for these systems this directly implies rapid thermalization, see also [22].

|T|—>00

Remark. The main result of this work establishes rapid thermalization, informally speaking,
of nearest neighbour quantum spin systems on 2-colorable lattices with finite growth constant
whenever their generator is gapped. For exponential lattices, such a b—ary trees (under suitable
conditions) this is a novel result and although in the hypercubic lattice case this was already known,
the main result of this work constitutes an improvement over literature in these cases.

14



3 Clustering and Strong local
indistinguishability

In this section we deal with some static properties of quantum spin systems. Namely various
types of spacial clustering and spacial mixing properties. Among these rather weak notions,
such as exponential decay of correlation, to stronger ones such as exponential decay of mutual
information. Clustering properties and the often from these derived mixing conditions are central
to the geometric divide-and-conquer arguments that establish entropic decay for quantum spin
systems. Both in the quantum setting, see e.g [9], [11], [12] and also the classical setting, see
e.g. [35]. In this section we will show that exponential decay of correlations implies an a priori
stronger version of clustering and a new stronger form of a spacial mixing condition, which we
coin strong local indistinguishability. We will use this notion and the results from this section
to derive an even stronger clustering result in Chapter 5, however, they are also of independent
interest. The results in this section are a crucial step in the proof of the system-size independence
of the MLSI constant of the quantum Gibbs samplers introduced above in Chapter 4. We first
introduce a useful relation to simplify notations. Then in Theorem 3.4 we establish, for uniform
geometrically-local, bounded, commuting Hamiltonians on a graph with finite growth constant,
that uniform exponential L, decay of correlations (2) implies, one, strong local indistinguishability,
two, something referred to as ’(strong) mixing condition’ (or strong tensorization) [7], [12], and
three, is equivalent to exponential decay of the mutual information. In the 1-dimensional setting we
show these implications qualitatively! without the commutativity requirement on the Hamiltonian
in Theorem 3.5.

The version of clustering of correlations we will be looking at is the usual following notion of
exponential decay of correlations, following the nomenclature of [11], denoted as as Lo,-clustering.

Definition 2 (L.-clustering). We call a pair of Potential ® on A, and inverse temperature (3,
uniformly exponentially Lo-clustering if for any subregion I' cC A and any A,B C T, s.t.
dist(A, B) = [ there exists an exponentially decaying function [ — €(l), s.t.

Cov'2(£,) < IIflliglITle(?), 3.1

for any self-adjoint f,g € B(Hr) with support on A, B, respectively. Here o' is the Gibbs state
of Hr to inverse temperature 5 and Cov(o(.)) (f, g) the GNS-covariance defined in Section 2.3. The

decay length of the function €(1) is called the correlation length &, that is the standard decay rate

of thermal two-point correlation functions. L.e. —Ine(l) = O (é)l .

Remark. This is arather weak notion of clustering, hence sometimes refereed to as weak clustering.
It is known to imply local indistinguishability [4], [6] and a mixing condition [7], something
elaborated in in the next section. It is for example known to hold for steady states of rapidly
mixing QMS [3], [5], [15] and in particular for steady states of gapped primitive QMS, as in the

"However, in the 1 dimensional setting only the exponential strong local indistinguishability is a novel result. And the
decay rate may not be &
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following theorem, whose proof makes use of the detectibility lemma [36]. This is a very important
implication, which we henceforth shall refer to as ”gap implies exponential decay of correlations”.
The prefactor |I'| is a in general too cautious choice and can in many cases actually be relaxed
or omitted, see [6] or [7][1D case]. Intuitively, one could assume that it should never occur in a
physically relevant definition of exponential decay of correlations. Since it won’t make a qualitative
difference in this work, we will, for sake of generality, keep it as |T'|, though. If we would remove
it, then all the dependencies on sizes of regions in the theorems of this section could be dropped.
However, the scalings w.r.t the sizes of boundaries of regions would be unaffected by this.

Theorem 3.1 (Gap implies L, clustering [3](Corollary 27), adapted). Let A be a graph with finite
growth constant. Let {Hr}rcca be a uniform, bounded, geometrically-local, commuting family
of Hamiltonians with Gibbs states {0 }rcca to some inverse temperature 8. We say that a family
of Lindbladians £ := {Lr}rcca is gapped if

inf A(Lr) > 0.
I'ccA

If a local Gibbs sampler” is gaped, then the Gibbs states (invariant states) satisfy Le-clustering,
where the exponentially decaying function e does not carry the |I'| factor. 3

In fact, the authors of [3] show a somewhat stronger statement namely L,-clustering in form
of Covy(f,8) < lIfll2.ollgll2,c€(l), where €(l) is an exponentially decaying function in / the
distance of the supports of f and g. By the monotonicity of the L, »—norms in p this directly
implies Lo-clustering. Note also, that there is no dependence on |I'| in this decay of correlations!
Hence the assumption of a gapped generator will give us notions of clustering where we can omit
the system and subsystem sizes in the exponential bounds. However, it is notably not as strong
as a a form of clustering which we will be requiring and considering in Chapter 5, Section 5.1.
There, as the first big result of that section, we will, hence, establish a stronger implication under
appropriate conditions.

3.1 A useful relation

We first define the following relation to simplify the notation in the rest of this work.

Definition 3 (A strong similarity relation). Introduce the relation ~ on D(Hy), s.t. we write for
two states w, T with the same support supp(w) = supp(7):

weTIe ||a)%7'_1a)% -1 <e<1, (3.2)

where the identity 1 = Lgypp(w) = Lsupp(+) IS on the support of the states. The inverse represents
the generalized inverse here, i.e. the inverse on the support times the support projection.

Note, that by Holder’s inequality it follows immediately that w ~ 7 = |lw — 7||1 < €, but the
converse is in general not true. Hence, this relation quantifies a stronger form of similarity between
a pair of states. This turns out to be a natural and powerful notion when working with Gibbs states
of local Hamiltonians.

We will often have € be some (exponentially decaying) function depending on the supports of

2This is a uniform, locally primitive, locally GNS-symmetric and reversible, frustration-free family of Lindbladians
with the Gibbs states {0 }rcca as unique invariant states.
3This holds hence in particular for the Davies and Schmidt generators, which are introduced in 4.1 and 4.2, respectively.
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w, T and may sloppily write w ~ T when meaning that there exists some exponentially decaying
function €(/) s.t. w ~ 7, where [ = dist(supp w, supp 7) and the exact function is not relevant. In
this sense the mathematical terminology relation is justified, as per the following proposition.

Proposition 3.2 (Properties of ~). Let A, B,C,D,EA, B € B|(H) be self-adjoint and full rank
and P € B(K) a projection. The above defined relation ~ is reflexive (0), symmetric (1), transitive
(2), and tensor multiplicative (3) in the following senses. Additionally it satisfies the natural
localization and normalization properties 4) and 4”).

0) A~A reflexive
1 € e(l1-€)7! .
)A~B = B "~ A symmetric
2) ALBB2C = A'lcC transitive
3) ARAB2B — A®B'1A®B tensor multiplicative

4) DXE = trg(1® P)D(1® P) < trge(1 ® P)E(1 ® P) locally preserved

, € trge (LI®P)D(1®P) €(2+€) try(1®P)E(1®P) L
4y DNE = m ~ m normalization preserved

where n = €1 (1 + &) + €.

For notational simplicity, we may write A < B 2 C, implying transitivity, when we mean A < B,
B=C.

Corollary 3.3. If A; € A;y fori=0,...K-1, then Ag % Ax withn = (1+€)K — 1.

A proof of the proposition and the corollary is given in Section A.1.

3.2 Local and Strong local indistinguishability

Local indistinguishability[4], [6] pertains to observing quantum many-body states on finite subre-
gions A C A and quantifying the influence of spatially far away (from A) regions on the marginal
on subregion A.

We say that a family of Gibbs states {0 }rccx satisfies exponential uniform local indistinguisha-
bility [4] if, for any subregion I' cc A and any partition thereof into disjoint regions I' = ABC,
the effect of subregion C on A with dist(A, C) = [ is exponentially decaying in /. L.e. there exists
an exponentially decreasing function [ — €(/), s.t.

| trpc[ABC] — trg[o2B]|l1 = |loa — trg [ ?B] |1 < |0C]e(D).

Here, B here shields A away from B and the function €, as defined above, is independent of
the regions (and their sizes) A, B, C. In [4] it was shown that Gibbs states of geometrically-local,
bounded, possibly non-commuting Hamiltonians, which satisfy universal exponential-Lo,-decay of
correlations, satisfy universal exponential local indistinguishability. Furthermore they show that, if
the Hamiltonian is commuting, then the decay length of the function in the local indistinguishability
can be controlled by the thermal correlation length &. It implies that expectation values of local
observables can be evaluated quasi-locally, a property that plays an important role in establishing
stability of gapped ground state phases [4], [6].

Similarly, Uuing the strong similarity relation defined above in Definition 3, we may now, in
analogy to the above, define the stronger notion of strong local indistinguishability.
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Definition 4 (Strong local indistinguishability). We say the family of Gibbs states {0 }rcca
satisfies (exponential uniform) strong local indistinguishability if for any finite subregion I’ CC A
and any partition of it into I' = ABC, s.t. B shields A away from C and dist(A, C) = [, there exists
an exponentially decreasing function | — €(l), s.t. the following holds.

oABC <) o AB, (3.3)

trpc rp O

Note that here €(l) may depend on the sizes of the regions A, B, C.

We will show that the Gibbs state of a geometrically local, bounded, and commuting Hamiltonian
H at inverse temperature 3 satisfies strong local indistinguishability on any lattice with finite
growth constant v if the pair (H, ) satisfies uniform exponential L. -clustering, and that the
commuting property for 1D systems may be dropped. For commuting Hamiltonians we will
also give quantitative results in terms of the correlation length ¢ and inverse temperature 8 in
Theorem 3.4. Before we come to this though, let’s consider one more important property of Gibbs
states.

Definition 5 (Strong tensorization/mixing condition from [7]). We say the family of Gibbs states
{0 Yrccn is uniformly exponentially strongly mixing if for any finite subregion T' cC A and any
partition of it into T = ABC, s.t. B shields A away from C and dist(A, C) = I, there exists an
exponentially decreasing function | — €(l), s.t. the following holds.

TAC €Ll) opAQo0c, (3.4)
Note that here €(l) may depend on the sizes of the regions A, B, C.

Strong mixing of Gibbs states of geometrically-local, possibly non-commuting, bounded, and

translation invariant Hamiltonians on a 1D lattice was shown to hold qualitatively under the
condition of uniform exponential L.,-clustering [7][Proposition 8.1]. This was crucial in order to
establish the existence of a log-decreasing MLSI constant & = Q(In |A|)~! for commuting quantum
spin chain systems.
We build upon this work to extend this result to hold for geometrically-local, commuting, bounded
Hamiltonians on any lattice with finite growth constant. Moreover, we make our statement depend
explicitly on the inverse temperature 3, as well as the thermal correlation length £ in the following
Theorem 3.4.

Theorem 3.4 (Implications of L -clustering: Strong local indistinguishability and more; com-
muting case). Let A be any graph with finite growth constant v. Let I' = ABC cc A, with
[ :=dist(A, C) = 2r and let {H } accr be a uniform, bounded, commuting, geometrically-r-local
family of Hamiltonians on A that satisfy universal exponential L., -clustering at inverse temperature
S with correlation length £. Then its Gibbs state on I” at inverse temperature 3, satisfies

1) strong local indistinguishability with decay length &:

. I -
trpe (ABCY <L 15 (0AB) with (1) := O BmIn{IOALIIBIN 0(1aC||ABC|) exp (_Tr) (3.5)

Hence this family of Gibbs states satisfies uniform strong local indistinguishability.

2) strong tensorization with decay length &:

[-2r

gac ™ o4 ® e with (1) 1= €2 BUPAHIICD O(poly(| AL, |BI, |C])) exp (— ) (3.6)
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3 Clustering and Strong local indistinguishability

Hence this family of Gibbs states satisfies uniform strong mixing.

3) exponential decay of mutual information with decay length &, i.e.
[-2
I asc(A: C) < n(l) = ePBUIAHICDI O (poly(|Al,|BI,|C])) exp (‘T) 3.7)

Hence this family of Gibbs states satisfies uniform exponential decay of mutual information.

Remark: Note that in order to guarantee the universality of these three properties we need
a finite growth constant, under which the bounds |0A|, |0B|,|dC| < v" < oo hold. Since by
Theorem 3.1 the existence of a gap implies uniform exponential Lo -clustering, we immediately
have strong local indistinguishability, strong mixing, and exponential decay of mutual information
from the gap property. Explicitly, this implies that 1 dimensional quantum spin chains satisfy these
properties at any temperature for geometrically-local, commuting, bounded Hamiltonians and in d-
dimensional regular latices if the temperature is high enough. With this in mind, implication 1), i.e.
gap implies strong local indistinguishability, is a strict strengthening of the local indistinguishability
result in [4], [6] in the case of commuting Hamiltonians. Implication 2) and 3) can be viewed
as extensions of the results in [7] to any lattice with finite growth constant under the additional
condition of commutativity of the Hamiltonian. By a standard use of Pinsker’s and Holder’s
inequalities, exponential decay of the mutual information directly implies exponential decay of
GNS-Correlations with halved decay rate, since

1
I5(A:C)=D(cacllca®oc) 2 §||fTAc ~oa®aclt.

Thus what we are showing here is equivalence of exponential decay of mutual information, a
seemingly strictly stronger type of decay; and a more basic exponential decay of correlations. In
summary, to establish mutual information decay for the above considered systems it is enough to
establish decay of correlations. For an exemplary visualization of a splitting of I' = ABC see
Figure 3.1 and for a graphical representation of the implications and relation between the different
notions of clustering dealt with there, see the static properties section part in Figure 5.1.

Before proving this theorem we note that in the case of 1 dimensional quantum spin chains we
can also establish the above results and implications for non-commuting Hamiltonians. In this case
2) and 3) are the main results of [7].

Theorem 3.5 (Strong local indistinguishability in 1D). Let I = ABC cC Z be a convex, where
B shields A away from C, s.t. 2/ := |B| = dist(A, C) and let H be a geometrically-r-local and
J—bounded Hamiltonian on A which satisfies universal exponential clustering.

| (trpe o2BC) (trp oAB) ™! — 1| < Ke™, (3.8)

with some K, a > 0 depending only on the interaction range r and J8, where we recall that J is
the interaction strength and 8 > 0 the inverse temperature.

Theorem 3.5 will be proven in Appendix A.l. Its proof is however essentially the same as the
one for Theorem 3.4 using some additional technical prerequisites from [7]. For the latter we will
first need the following technical Lemma. Recall that E4 p := exp(—S8Hag) exp(B(Ha + Hp))
denote Araki’s expansionals.

Lemma 3.6. Let @ be a geometrically—r—local, J—bounded, commuting potential on a quantum
spin system A with finite growth constant v. LetI' = ABC cc A. Then the following bounds hold
with K = exp(O(B|9B])) independent of [ and &:
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3 Clustering and Strong local indistinguishability

disd(d.c)=¢

Figure 3.1: The graph region I', here depicted as a colored region without the edges is partitioned
into the three sub-regions A, ¢ and B, such s.t. dist(A,()=I. This is an example of a
partitioning in Theorem 3.4. If the Graph I is in a state which satisfies L -clustering,
then via this theorem, the reduced state on is approximately a product state between
the reduced states on regions A and (. Approximately in the sense of the strong
similarity relation <~ from 3, where € is exponentially decaying in /.

0) IEZ!

sl < K =exp(O(Bl9B]))

D |77 < || trg[oBQ]E| < ||@*!|| for any strictly positive Q € B(Hy)

1) NuploPEL 15 < K N wp[oPEG 1 < K, [ rap[cAPEX 1| < K,

lwploPEL g ES, (1511 < K2

The big-O notation refers to the dependence in 8 and |0 B| and omits dependence on J, d, r, v.

Proof. To show 1) consider the map Q + trg[c8Q] = ﬁ trB[e‘%HBQe‘%HB] : B(Hp) —

B(Hnx\p) which is evidently positive and unital. Note that if Q > 0 is strictly positive, then so is
QO ' > 0and 1pin(Q)1 = |07Y7'1 < Q < ||Q]I1 = Amax(Q) 1. Applying the aforementioned
map to this inequality immediately gives that

107 1 ge < trp[aB0] < 1101 pe,
101" 15 < trp[aB0]™! < |07 |1 pe,

since inversion of two commuting operators is order reversing. Taking norms gives 1).
For 0), if @ is chosen as in the statement of proposition, then there exists a constant ¢, ,, depending
only onr,v s.t.

IES gl = [leTFHas #FHA=PHE |

=lexpF8 Y. @y

XNA#0,XNB+#0

<exp(Bl > )
XNA#0,XNB+#0
diam(X) <r

< exp(BJcy,y min{|0A],[0B[}) =: K = exp (O(B|dB])),
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3 Clustering and Strong local indistinguishability

and
IEX sExp cll < IEXBIESS cll < K> =exp (O(BIOB))).

Note that 1”) are just special cases of 1) given 0), since each of the E 4 g are strictly positive, as ®
is commuting, e.g. by self-adjointness and the spectral theorem. O

Remark. Note that the proof of Lemma 3.6 requires the commutativity of the Hamiltonian, since
we require E4 p > 0. If a proof of it, which does not require commutativity can be found then we
are hopeful that we can establish Theorem 3.4 without the additional assumption of commutativity.
For more details on this see the discussion in Chapter 7 on this.

By the combined use of Lemma 3.6, clever rewritings inspired by the proofs in [7], and repeated
application of local indistinguishability, we can prove the main theorem of this section.

Proof of Theorem 3.4. We first note that the following holds: ||A2B~'A? —1|| < ||[AB~!—1]|. Set
[ :=dist(A, C) > r. Assume uniform exponential L., -clustering with correlation length &, hence
we may write / — K exp (—é) for the exponentially decaying function, for some constant K > 0.
1) To show strong local indistinguishability (3.5) we start by rewriting

AB AB\—1 B B “1,-1
(trpc 7B (trp o*B) ! = rpc[0BCEa pcl ttp[0PEa Bl ' A5 es

where 1°L . = Tr[ePHAB | Te[e AHBC] _ Trlo P CE 5 ]
ABC = Tr[e PHABC|Te[e PHB] = Tr[ocABE,!

T
,B
Claim I: Mj’éc — 1| is exponentially decaying in / with decay length &.

Proof of Claim 1:

1
= ABC -1
Tr[ocAB E, g

Lemma 3.6 1)
-1 AB -1 ABC p—1
< IE A5l |Tr[0' E,p—Trlo EA,BC]]| :

ke — 1] ] [Tr[o 2 E} L - e[ POy )|
C

Now set B = BB, with By := Ad, B, = B\ By, s.t. dist(A, By) = r,dist(B1,C) = [ —r. Then
Eac =Eap=Eap,. Sonow

AB -1 ABC -1 AB -1 ABC -1
Tr[c"PE, 5 - Tr[o EA,BC]]’ = |TrABl [trg, (07" EL p)] — Trap, [trg,c (""" E g ]|
AB AB -1
= |TrABl[(tr320' —trg,c o C)EA’BIH
Holder

AB ABC -1
< (g, o —trg,c ") WE, g,

_ -1
< K|0C||ABC|K exp(? dist(B1, C))

- [l —
= K|AC||ABC|R exp (— fr).

ABC ¢
argument as above. Now we can rewrite

Thus |A5L . — 1| < K?|dC||ABC|K exp (—l_—r) The same holds for |[A1apc — 1| by the same

| (trac o2BC) (trp o 2B) || <ll(trpc 7B (trp o2B) ™! — trpc [0BC Ea gl (trp[0BEa5]) |
+ || trac[0BCEa pcl(trp[cBEA )™ - 1]
<Nl trpc[0BCEapclllll(ttg[aBEa ) IA45e — 1

+||(trp [O'BEA,B])_I Il trgc (0B Eapc] — trg[0PEa Bl
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3 Clustering and Strong local indistinguishability

Claim 2: ||trgc[0BCEA pc] — trg[0BE A p]|| is exponentially decaying in [ with decay rate &.
Proof of Claim 2: Again set B = BBy, B| := Ad, B, := B\ By, thus dist(B;,C) = [ — r and
EA Bc = Eao,p = E4 ,. Then by local indistinguishability

| trpc 0B Eapc] — trg[0BEa Bl = || trp, [(trp, 081582 —trp,c o B1B2C)E4 3 ]|
BB BB
< || trp, oB1B2 —trp,c BB ||Ea g, ||

_diSt(Bl, C))
&

- -
= K|8C||BCIR exp (_Tr)

< K|8C||BC|I?eXp(

where the first inequality follows similar to Lemma 3.6 1), since Q > trp,[|trp, oB152
trp,c 08182€|Q] is positive and unital up to a scalar factor of Tr[| trp, o152 BiB:C,
i.e.

—trg,c o

BB BB BB BB
|| trg, [(trg, o852 —trg,c BIB2OVE L ]| < trp, [| trp, 78152 — trp,c BB E L 3 ]|

Lemma 3.6 1)

<" ||Eas, | Trp, [| trp, o515

— trp,c BB

Putting everything together, we get the desired result:

- [ — 5 _
I (trpe *B€) (tr 28) || < 2K2K2|AC||ABC|R exp (_Tr) +CC|C||BCIR exp (—ITF)

= O(K*)|0C||ABC|R exp (—l ;r)

= exp O(B0A|)O(|0C||ABC]) exp (_w) .

3

2) Assume [ > 2r. To prove the strong tensorization (3.6), we can, similar to above (or see e.g.
[71[Cor 8.3]), rewrite

loac(oa®ac)™' =1l < |trpc[0BCEasc] Il ttap[0*BEap.c] Il tra[0BEa 8EaB.c]ll 1aBc — 1|
———————
Claim 1

+ || trgc [O'BCEA,BC] Nl tras [O'ABEAB,C] 4

A
N trpc[0BCEa gl traplo?BEap.c] — trp[0BEa Eap ]|

Claim 3

- —
< K*K2|9C||ABCIK exp (_Tr) + K2(Claim 3).

Claim 3: || trpc[0BCEa e trap[0ABEap.c] —trp[0BE s pEap.c]|| is exponentially decaying
in [ with correlation length £.
Proof of Claim 3: Set B = B{B;B3 with By := dA,B; := 0C,B; := B\ (By U B3), then
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3 Clustering and Strong local indistinguishability

dist(By,B3) =1 —2rand Eo pc = Ea,p = Ea B, and Ezp,c = Ep,c = Ep,,c and consequently

A

| trgc[0BCEapc] trap[0?BEap.c] — trp[0BEa gEas.C]|
B AB B

=l trgc (0P En,p,] ttaplc*PEp, c] - trg[0PEa 5, Ep, c]|

B B B
<|\trg[0"Ea,B EBs,c]l —ttg[0"E4 g | trg[0” Ep, ]|l

D
+||trg[0BEa B, | tra[0PEp, c] — trpc[0BCEa B, trap[c*BEg, ]|l

1y

To bound (IT) we use that by the proof of Claim 2:
| trg[0PEx B ] —trpc 0P Eap Il < |Eas | tra,8, 0® —trp,5,c %Iy
< K?|6C||BC|K exp (—é dist(Bl,C)),
|0 PEpy.c] - raslc*PEp, c]ll < |Es,.cllll trs, 8, 0% — trap, 5, %1

g 1
< K?|0A||AB|K exp (‘g dist(A, 33)).

Together

(D) < ||trg[0BEa g, Il tra[0BER,.c] — trag[c*BEg, ]|

+|trg[0BEp,.cllll ttg[0BEa B, ] — ttpc[0BCEas,]|]

- [ — N /-
< KK*|0A||AB|K exp (_Tr) + KK?|dC||BC|K exp (_Tr)

= exp(O(BlAA| + BlOC|)) (|0A||AB| +|dC||BC|) exp (‘I_Tr) '

To bound (I) we use that the L,-clustering directly implies ||cac—oa®oc||i < |ABC|K exp (— W)

for o = 0ABC by use of Holder duality. Thus

(D = || trg,;[0B, By (Ea,B, ® EBy.c)] —trp [0, Ea B ® trp[08,Ep, ]l
= ||trg,By[0B,B;(Ea,B, ® Ep,,c) F (0B, ® 0B,)(Ea B, ® Epy,c)| —trg, [0B Ea | ® trp,[0B,Egy,Cll
= ||trg,B,[(0B,B; = 0B, ® 0B;)(Ea,B, ® EBy,c) ]+
+trg, ;[ (0B, ® 0B,)(EaB, ® Ey,c)] —trg [0B EaB] ® trg,[0B,EB; ] |l

=0

Proof of Claim 2
< |Ea,B, ® Eg;.cllllos, B, — 0B, ® 0l

dist By, B3 l—Zr)
£ .

Sotogether || trac [0BCE A pc] trap[0ABEap cl-trg[0BEA sEap.c]|l < exp(O(BIOA[+BIOC)))(|OAl|AB|+

|B| +|0C||BC|)K exp (—%) and altogether

< KK|B|Kexp( ) = K?|B|K exp (—

l_
loac(oa ® oe)™ = 1]l < exp O(B(IA| +1C))O(poly (AL |B.IC1)) exp (— ;r).
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3 Clustering and Strong local indistinguishability

3) The result for the mutual information follows directly from the one for the mixing condition 2)
(3.6) via the following inequality [7][Lemma 3.1]

I-(A:C) < |loac(oa®oc) ™ = Lacll.
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4 Local Generators and conditional
expectations

The previous section was on statics of quantum spin systems. Next, we want to consider the
dynamics of these spin systems. In this work we consider mainly two classes of dynamics. The
first one, commonly known as Davies dynamics, is a particularly physical motivated dynamic. It
is often used to model thermalization of finite dimensional quantum systems from weak coupling
to its environment. The main result is formulated w.r.t it. See Section 4.1 for Details of the
Davies evolution. In contrast, the second class is the is the Heat-bath dynamics w.r.t the Schmidt
conditional expectation, see Section 4.2 for its definition and the notation used. It serves as a
mathematically simpler model, but lacks physical interpretation.

In this work we will use the latter as a proxy to derive rigorous bounds on the mixing time of the
former through establishment of the modified logarithmic Sobolev inequality.

4.1 Davies Evolution and Local Davies Generators

The Davies evolution is a Markovian approximation of the reduced state dynamics of a many-
body spin system weakly-coupled to an infinite-dimensional environment in thermal equilibrium.
Although it is known that reduced evolutions of quantum systems are never exactly Markovian,
this approximation is very powerful. In general, the open system dynamics described by a mas-
ter equations, which always has a QMS as a solution, is of high interest to the quantum optics,
condensed matter, chemical physics, statistical physics, quantum information, and mathematical
physics communities. The interest in Markovian description of open system dynamics has espe-
cially followed a the rise of interest in quantum information theory and decoherence phenomena.
Moreover, Davies evolutions appear widely in the literature concerning thermalization of quantum
systems, both from physical and computational view points [2], [3], [7], [11]. It was originally
studied by Davies in [14]. For a great overview of general open system dynamics, including a
derivation of the weak coupling limit (in Section 6) see [13]. A sketch follows. We assume that
our spin system 7} is in contact with an environment Hg, where the Hamiltonian of the combined
closed system Hy ® Hg is given by

Hye=HA® Ip+ 1 @ Hp+ 4 ). Aa(x) ® Bagy),

a(x),xeA

where {a/(x)} labels a set of operators acting on site x € A and the operators {A 4 (x) }a(x),xeA SPan
all of B(Hy). A typical example of these would be the generalized Pauli matrices indexed by @. A
is the interaction strength between the environment and the system, where we have that each spin is
individually coupled to the bath. We further assume that the environment system is in its thermal
state o given by Hg at inverse temperature 3, and the initial state of system and environment is a
product state, however, this is a easily satisfiable assumption. The weak coupling limit is first the
limit where we take the coupling constant 1 — 0 and the interaction time t — oo, s.t. 1%f = 7 is
held constant and then use the Born-Markov approximation. It now turns out that under a certain
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4 Local Generators and conditional expectations

convergence condition [13][Theorem 6.1], which amongst others requires the environment system
to be infinite dimensional, the resulting reduced dynamics of the system is given by the following
Davies evolution

lim trg[e”HAE (p @ o) et THAE] = eTER. (0), 4.1)
A—0,7=12

where the limit converges in trace norm [13]. The corresponding Lindbladian is often called the
Davies generator and is given by

LR(X) =i[Hp X]+ Y L2(X), 4.2)

XeEN

with
L2(X) =

Z X(l(x)(w) (AZ(X)(Q))XA(Y(X)((’U) (A* (x)(w)Aa(x)(w)X + XA (x)(w)Aa(x)(a)))

w,a(x)

4.3)

with w € o (Hp) — o (Ha) the Bohr frequencies, A, (x)(w) the operator Fourier coefficients of
e THAA L (x)e ™A = 3 e T Ay () (W), and Yo (x) (@) = 27 Tr[Ba(x) (w) Bo (x) o] the discrete
Fourier transform of the two-point correlations function of the environment [3]. If we now as-
sume that we have a uniformly bounded, geometrically-r-local commuting family of Hamiltonians
{Hr}rcca, as in (2.14), then the above generator reduces to a local Davies generators

LP(X) =i[Hr, X] + ) L2 (X), (4.4)

xel

for any I' cc A. These correspond to a uniformly bounded, geometrically-local family of
Lindbladians satisfying the following properties:

Proposition 4.1. ([3][Lemma 11]) For a finite graph A, a subset I' € A and {Hr}rca a uniformly
bounded, geometrically—r-local, commuting family of Hamiltonians, then the associated local
Davies generators defined in (4.2-4.4) satisfy

1. For any subset I' C A, {¢’ LP }e>0 is a QMS with generator .LIL.? .

2. The family £P = {.519 }r is geometrically-local, in the sense that each individual term £?
acts only nontrivially on the region B (x) for some fixed r < 7 < 2r.

3. The family £? = {Lf? }ris locally primitive, locally reversible, and satisfies detailed balance
w.r.t the global Gibbs state o.!

4. The family £P = {LP}r is frustration free.

For a proof see e.g. [3]. Recall Section 2.6 Hence E19 (X) :==1lim; 500 el L7 (X) is a conditional
expectation, called the Davies conditional expectation.

. . . . D . .
lie. the unique local full rank invariant states are o\, and eLr is KMS and GNS symmetric w.r.t these.
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4 Local Generators and conditional expectations

4.2 Schmidt Conditional Expectations

In order to get the main result, we will require a quite strong approximate tensorization statement
from [11], which, however, is a statement on the so called Schmidt conditional expectation, also
introduced in [11]. Since it is of central importance we will explicitly give their quite technical
construction and some properties in the following. The construction and results in this section
work for any 2-colorable graph of finite growth constant.

Let A = (V,Ey) be a quantum spin system with nearest-neighbour, bounded, commuting
Hamiltonian H, which hence can be writen as

H= > hi,

(i.j)eEy

where each term A; ; acts only non-trivially on vertices i and j. Then the Gibbs state of H with
inverse temperature S is given by

-BH e~ PBhij

S B [T eEy
Tr[e=PH] Tr[[1i jyeky, e Phis]’

Given some A C A we will define a suitable *-algebra N4 and conditional expectation E i onto
it, which has the Gibbs state as an invariant state. For simplicity of notations, we do this for a
singelton A = {a}, however, this construction works similarly for all A cC A. Given some a € A,
we enumerate the sets

da} = {x € Aldist(x,a) = 1} = {bi}ic1,.
0{b;} := {x € Aldist(x, b;) = 1} = {C[’j}jej(i), s.t.a=c;oVi.

Hence 0(d{a}) \ {a} = {y € Aldist(a,y) = 2} = {ci,j}ier,, jes\(0}- See Figure 4.1 for a
graphical example of these definitions on a section of a 3-ary tree graph.

We will drop the index a of I = 1,, the labeling of all the neighbours of a in the following. Now
we Schmidt-decompose

e_ﬁhbicij — Z Xjas ® XS
b; Cij

N

for i € I, where the operators {lefs} C B(Hp,) and for j € JO, {XC‘]} C B(H,;)-
1 ] s L s J

Js
We now define the *-algebras &f Ii _to be generated by all {Xzfs} [37].
J t)s

Proposition 4.2. Any two non-identical of these algebras {Qi 1{ A commute.

'}iel,jeJm

Proof. [37] Consider &f ]; and & . If i # m, then the statement is obvious, since their generators
act on different Hilbert spaces Hj,, Hp,,, respectively. If i = m, see that

3K o X DK X,
S

r

Jj#n J.s ,
z ngu ® X, ® [X i ,Xgir]
S,r

= [Xjfs,XZ_’r] =0Vs,r.

Where the last implication follows since { X gii }s» {X¢,, }» form a set of linear independent operators
by Schmidt decomposition. ' i
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4 Local Generators and conditional expectations

]'w: So4 z,z] Vel

A0{a])\[e3 - fc. S

Ve, je79\jo)

Figure 4.1: Simple example of the notation introduced in Section 4.2 to define the local algebras
N, and thus the Schmidt conditional expectation ES. Depicted is a small region of a
3-ary tree, with a (red) vertex labeled a=c; o. Its neighbours (yellow) are labeled with

, where I = I, = {1,2,3,4}. The next-nearest neighbours (purple)
are 0(d{a}) \ {a} = {ci j}ies jesin (o). The central vertex a is logically the same as
c;,jo for each i € I. In the proof of proposition 4.3 the case i) considers for example
the , case ii) for example the blue shaded edge and case iii)
for example the dark blue shaded edge. The boundary between the subsets {a}d and
({a}0)€ is marked with a gray dotted line.

Therefore these algebras and the underlying Hilbert spaces admit the following joint decompo-
sition
Hy, = P X) H @ H = P P Hy,,
@ jej Q;
where P% are orthogonal projectors such that

P(tiq_{bi — ® 7_{;!;‘ ® 7,{;11-,

jeJ@

where {H ;‘" ) )}al. are such that
j = @i ;g g i (l)
.Q{bi —@8(7—{] )®ﬂ®k€](i)\{j)wkl®ﬂcl V] e J\W.
a;

Definition 6. Define the *-subalgebra N, = 143 ® @), ; ®jej<i)\{0} ‘Qflii ® B(Haya)) C
B(Hp) for any {a} € A.

Proposition 4.3. The modular group of the Gibbs state o leaves this algebra invariant, for any
a €A\, i.e.

A (NL) € Ny Vi € R,

where AL(X) := o' Xo ™" VX € B(Hy).
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4 Local Generators and conditional expectations

Proof. wlog B = 1. Fix a € A. It is enough to show that e""s N e~/ c N, holds for any pair
(k, l) € Ey.

For examples of the following cases see also Figure 4.1. Case i) (k,1) c ({a}d)¢, then this is
obvious, since Na|w({a}6)c = B(H(ays)c)-

Case ii) (k,I) c {a}d with WLOG k = a, hence [ = b; for some i € I. LetY € N, then via the
spectral theorem [eihabi Y] =0 & [e "abi, Y] = 0. It is enough to show this for the generators
Y =1, ® X{);S for all s and j € J(© \ {0}, by closeness of the algebra.

[e_h“bi, ]l{a} ® le,lg] =

Z X'® Xg;’, liy ® Xl{;“

=Y xpe|xpr x| =0,

Vs, j € J@ \ {0} since the algebras szfg_ and .in_ commute for j € J@ \ {0}.

Case iii) (k,l1) C 0{a} U ({a}d)°. WLOG k = b; for some i € I, hence [ = c;; for some
j € JD\ {0}. Then e Bhu = ¢ Phvicij g Lty e = s x;,lf‘ ® X7, ® 194, 0 € Ng. Thus by the
spectral theorem e*""* @1 € N, and hence by closedness of the algebra e/ N e ="'t ¢ N, O

Thus by Takesaki’s theorem [27], see also [11][Proposition 10] due to Proposition 4.3, there
exists a conditional expectation

ES : B(Hy) — Na, 4.5)

which has the Gibbs state o, which is faithful, as an invariant state, i.e. E5, (o) = 0. Itis called
Schmidt conditional expectation.

Remark. Note that the above construction works exactly the same for any subsection A C A in
place of {a} C A, yielding a *-subalgebra N4. Hence we equally define the family of conditional
expectations {E i} Aca on B(Hy). Similarly for these it holds that E f‘* (o) = 0. We can think of
these conditional expectations as sort of replacing any given observable on the local subset with the
identity, in such a way that is consistent with the invariance of the Gibbs state under its pre-adjoint.
Hence, the family of Schmidt conditional expectations still have the desirable properties of the
Davies expectations, i.e. that the Gibbs state is invariant, but their structure is easier to analyze
since we can give an explicit expression for these which does not depend on system environment
couplings. [11] We highlight one other important property of the Schmidt conditional expectations
before we give an explicit form for these.

Proposition 4.4. For any two subsets A, A, C A, s.t. dist(A;, Az) > 2, the Schmidt conditional

expectations th and Ef;z satisfy

S S _ S S _ S
EA1 OEA2 _EAZ OEA1 _EAlUAQ’
S S _ S S _ S
EAIOEAZ—EAZOEA1 —EA].

This follows from the fact that the conditional expectation E f‘ is a local map, acting only non
trivially on Ad and the following Lemma.

Lemma 4.5. For any two subsets Aj, Ay C A, s.t. dist(A, A2) > 1, or such that one is a subset of
the other it holds that

1) Na, N Na, = Na,na,

2) Na, UNa, = Naua,-

Here Na, UN,, denotes the *-algebra generated by N4, and Na,. Na, NNy, denotes the *-algebra
generated by all elements in both N4, and Nj,.
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4 Local Generators and conditional expectations

Proof. The proof is quite elementary from the definition of the algebras Nand may be found in
Appendix A.1. O

For a subset A C A, we call a set (@) := {a;}ic1, a boundary condition.

Proposition 4.6 (Explicit Form of Schmidt conditional Expectation, [11]). For A C A, let (@) :=

{ai}ier, be afixed boundary condition for the subset A and denote Pl = X< 1, P Weset
HL = Hy @ (K) H @ HE = Ha® H,
i€lp
Hion = Huaor 8 Q) (K) H'" = Har 00,
i€ly ]eJ(l)\{O}
ie. Hpy = @(Q) W(a) ®71(a) and write trog Ao = tra,,, (a), respectively, trog (@ =1tra,,, () for

Oth

simplicity.
Since every element of the algebra Ny is block diagonal w.r.t the sets (@), we can decompose the
Schmidt conditional expectation £ i and its pre-adjoint E f\* along those blocks as well, yielding:

ES(X) = @ ES (x), (4.6)
(@)

80 =EPEL (), (4.7)
(@)

for any X € B(Hy) and p € D(Hy). Ef"(“) and Ei’(“) have the following expressions [11],
defined on the block Hilbert space P(%) Hy:

ES’(G/) (X) = P(a) (trAin’(Q/) [Téi)x] ® ]1Ain,((1f)) P(a)’ (48)
EX'(p) = tra,. () [P pP ] @ 7\, 4.9)
where the state T( @) s given by
(@) ._ 1 (@) - (49) p(a)y = __1 (@) - (A8) p(a)
Ty = T tra .. (a) [P Yo P = T tro,. A, (a) [P Yo P, (4.10)

where the prefactors [ 7 contains the trace on B(H (@) A;,) and ensure proper trace normalization

Tr[t (")] = 1 and the partial trace in the last expression traces out the Hilbert space H (“t) =

A
Qi __ (Q)
®ieIA ®jel<i)\{0} 7_{1' - 7_{Aom\(z‘\ﬁ’)c,'

It is easy to check that these expressions (4.8) and (4.9) are dual to each other w.r.t. the Hilbert
Schmidt inner product on B(Hj). The expression (4.10) follows from the invariance of the local
Gibbs states o-(A9) via p(@) 5-(A9) p(@) = Ef‘(a) (P @A p@)) =, () [P DA P@] g

L@

4. - laking the partial trace of this expression on ‘Hf(‘”z now gives the above expression.

Remark. We can think of the a; as labeling the boundary conditions at site i € I4 and all
(@) := {a@;}ie1, give a complete labeling of all boundary conditions of some subset A. Hence, we
can think of the effect of the Schmidt-conditional expectation on states as effectively replacing the
state p locally on A with the Gibbs state o, where the boundary conditions to (@) = {a; }ic1,-
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4 Local Generators and conditional expectations

Equally to the Davies evolution, there exists a uniform family of Lindbaldians, s.t. the Schmidt
conditional expectations are given as the local Lindbladian projectors of this family. For the
Schmidt conditional expectation one corresponding family of Lindbladians is

L5(X) = Z ES(X) - X. @.11)

X€EA

We call them Schmidt generators® [11]. It is straightforward to see that the projection onto their
kernel is given by the Schmidt conditional expectation. From the properties established above, they
are uniform families of locally primitive, locally GNS-symmetric, frustration free Lindbladians.
And via this definition we immediately get the additivity in the region.

4.3 Relating Davies and Schmidt dynamics

An important observation is that, since the Schmidt- and Davies- families of conditional expecta-
tions almost have the same fixed-point algebras, we can relate the relative entropy distance of any
given state to the fixed point subalgebra of one to the other:

Lemma 4.7. Let X C A, p € D(Hy), then for Ef(* (p) the Schmidt conditional expectation of p
and E )’?* (p) its Davies conditional expectation, it holds that

D(pllEZ.(p)) < D(pllE%,(p)) < D(pllER,.(p))- (4.12)

Proof. First recall that for some region X C A, E )[(’ is the projection onto the kernel of £2 call it
7-;? ::Fix(EQ ). It is also the projection onto the largest *-subalgebra of B(Hx<) @ Ix € B(Hy)
which is invariant under the modular group of the Gibbs state o {AZ} rer [11], [38]. Now E ff is
a projection onto, say, 7—}9 :=Fix(E f(). This is by construction a *-subalgebra of B(Hxc) ® 1x C
B(Hy) invariant under the modular group {AZ},cr, see Section 4.2. Thus T)f C 7‘}? . This
implies that D (p||EZ. (p)) < D(pl|ES,(p)) for any state p € D(H,), since

D(pllES,(p)) — D(plER.(p)) = Tr[p (log EX, (p) —log E5,,(p))]
7R
= Tr[ER. (p) (log EX, (p) —1og EX, (p))]
= D(ER.(p)IIES.(p)) = 0.

Where we used that if w1, w, are fixed points of some conditional expectation, then so is log w; —
log w,. Now since 7—;29 C 7—}9 holds by frustration freeness, it equally follows form the calculation
above that D(p||E f;* (p)) < D(p|lE )l() 5.(p)). More explicitly TXDa C 9”);9 follows from the fact that
the Gibbs state X9, the unique fixed point of the Davies evolution on X4, is also a stationary under

the Schmidt conditional expectation E f( 5. Dy construction. And hence by frustration freeness also
stationary w.r.t Ef(* O

Remark. This is a crucial lemma that allows us to analyze the MLSI for Davies generators in terms
of entropic inequalities associated to Schmidt, which are easier to analyze. The Schmidt generators
hence serves as a proxy QMS to the Davies. Such a comparison is a well known technique for
classical Markov chains.

2They are sometimes also referred to as Heat bath generators w.r.t. the Schmidt conditional expectation.
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5 Main results: Gap implies cMLSI

This section contains the main result of this work, stated in Theorem 5.1. It is followed by some
immediate corollaries and a discussion thereof. The rest of the section is then devoted to its proof.
There in Section 5.1 we first establish an important implication of weak clustering in Theorem 5.4
and then a connection between the static (clustering) and dynamic properties of spin systems of non-
zero temperature. In particular in Theorem 5.6 we establish a necessary approximate tensorization
statement, which with a novel geometric argument in Section 5.2, in particular Lemma 5.8, we use
to proof the main result in Section 5.3. For a graphical visualization of some of the implications
that are proved in this thesis, see Figure 5.1.

Definition 7 (Geometric condition on correlation length of fixed point). For an infinite graph A,
recall N(I) := sup,, |Bi(x)|, where By(x) := {v € A|dist(x,v) < [} is the ball around x of radius
[. We will require the correlation length & of the Gibbs state to satisfy

l

€< N

G.D

eventually in 1, i.e. for | > Iy for some .

Remark. First note that this correlation length is the one of the Gibbs state and hence not just a
function of the Graph alone, but also of the Hamiltonian and the inverse temperature.

Moreover, if Condition (5.1) holds, then N (/) exp (—é) is exponentially decaying in /. Recall that
hypercubic lattices are sub-exponential under this definition, whereas b—ary trees are exponential.
Hence for infinite hypercubic lattices of dimension D we have that N(I) o« [P and hence this
condition is trivially fulfilled for any & > 0. For b-ary trees we have that N(I) = ZZ:O bk =
% o b!, and hence this condition becomes & < ﬁ

This gives an implicit condition on the temperature S~ .

We may now state the main theorem of this work.

Theorem 5.1. Let A be a 2-colorable graph with finite growth constant. Then the Davies gen-
erator .E/l\) = {.El’? }rcca corresponding to a uniform, nearest neighbour, commuting family of
Hamiltonians acting on the locally-finite dimensional quantum spin system Hy, i.e. it satisfies a
MLSI with constant

1) a(LFD ) = (1)|r|— independent of system size, when A is a sub-exponential graph, or

2) a(LP) = Q((In|rp~1) I[| oo logarithmically decreasing in system size, when A is an
exponential graph and the correlation length of the fixed point (Gibbs state) satisfies condition
(5.1).

whenever the Lindbladian is gapped, i.e. infrcca /l(lj? ) > 0, or the thermal states satisfy I — co-
clustering.
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5 Main results: Gap implies cMLSI

[3,39]
Gapped generator : Rapid Mixing {: System size independent cMLSI constant

_\ via MLSI &
Theorem 3.1 [3] Additional assumptions Theorem 5.1
(See Theorem 5.4)
: Strong local indistinguishability > : (qL; — L) — clustering
_ Definition 4 Theorem 5.4
L., — clustering = [Theorem 3.4
Do 2 : Strong tensorization (mixing condition)

=

N Z

Exponential decay of mutual Information

Figure 5.1: Relation between the different notions of clustering (static properties) and their relation
to thermalization and gap (dynamic properties), in the setting of this thesis. The red
implications signify novel implications, wheres the black ones signify results from
literature. The main result of Chapter 3 is Theorem 3.4, whereas the main result of
this thesis in Chapter 5 is Theorem 5.1. In effect we show that (system size invariant
gap) is equivalent to a system size independent MLSI constant via the visualized chain
of implications. For details on the necessary assumptions and requirements on the
systems, see the respective theorems.

Remark. Recall that by Theorem 3.1 the existence of a system size independent gap implies
Lo -clustering. Hence the, a priori, slightly weaker assumption required for the main result to hold
is is uniform exponential decay of correlations (IL.-clustering) of the uniform family of thermal
states.

This implies, that for the above considered systems, MLSI implies existence of a strictly positive
gap of the generator. Hence we have, for these systems equivalence of strictly positive gap of
generators, (weak) Lo-clustering of the invariant state, MLSI with strictly positive constant, and
rapid thermalization. Hence in order to establish rapid thermalization under the Davies evolution
of a system under the conditions in the above theorem, it suffices to check for a strictly positive
gap, or exponential decay of clustering. Hence it also partially! affirmatively answers an open
question from [3], that for nearest neighbour commuting systems, existence of exponential decay
of correlations (in the form of L.,-clustering) is sufficient to prove existence of a spin-system
size invariant strictly positive spectral gap for LFD. This is since we have the implication that
Lo -clustering of a thermal state of a uniform geometrically-local, commuting Hamiltonian implies
a strictly positive and system size invariant MLSI constant, which implies rapid thermalization,
which in turn implies the existence of a strictly positive and spin-system invariant spectral gap of
the Davies generators [3]. See also [39](Lemma 6). As seen in the remark before, the geometric
condition on ¢ is trivially fulfilled for a hypercubic lattice of dimension D € N, and becomes
&< ﬁ for the b—ary tree. We also recall that the correlation length of the Gibbs state is the
exponential decay rate of many clustering properties, as established in Chapter 3 and Section 5.1.
Hence the smaller the correlation length, the faster correlation between subsystems decay in their

"For nearest neighbour interactions we show that gap implies MLSI. Since in [3] MLSI implies gap is shown for
uniform, geometrically-local, commuting systems. See also [39](Lemma 6).
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5 Main results: Gap implies cMLSI

distance and hence the closer some distinct subsystems can be s.t. their correlations are still smaller
than some prescribed bound.

Note also that this result works for graphs A which are not two-colorable, but which can be brought
into a two-colorable graph after finite size coarse-graining, i.e. by assigning a color to subsets of
some finite size. See Chapter 7 for a more thorough discussion of this point, where we conjecture
that this may include a very large class of systems.

For sake of readability we now consider two special cases of Theorem 5.1, namely 1D systems,
A =27 in Theorem 5.2 and b—ary trees A = T}, in Theorem 5.3.

Corollary 5.2 (1D constant MLSI at any temperature). Let A = Z be a 1 dimensional quantum spin
chain endowed with a uniform family of bounded, geometrically—r—local, commuting, translation
invariant Hamiltonians for some » € N and let 8 > 0 be any inverse temperature. Then there exists a
strictly positive spin-chain length independent MLSI constant a(L? ) of any element of the uniform
family of Davies generators Lf = {.EI{) }rcca corresponding to this family of Hamiltonians to the
inverse temperature B. Le. a(LP) = Q(1)|r|—w. Hence @ := infrccp @(LE) > 0 and for any
finite ' cC A we have

D(pilloc") < e *D(pollo™). (5.2)

Remark. This follows from the fact that the Davies generators to such a uniform family of
Hamiltonians are known to be gaped with a gap independent of spin-chain length. [3] Note, that
here we do not require r = 2, i.e. nearest neighbour interaction, since by coarse-graining, we can
always map a geometrically—r—local system to a nearest neighbour one. This only works in the 1D
case, however. This result is a strict improvement over the previous best known one [12], where it
was shown that a/(£19 ) = Q(In|T"|~") is logarithmically decreasing in the system size. Moreover,
we obtain the same scaling as of the so called LSI constant in the classical setting, which is known
to be optimal.

Corollary 5.3 (b-ary Trees). Let A = T} be the infinite b—ary tree with a uniform family of
bounded, nearest-neighbour, commuting Hamiltonians. Let the inverse temperature S be such
that the correlation length £ of the Gibbs state to this inverse temperature satisfies & < (2Inb)~!
and the corresponding, uniform family of Davies generators Lﬁ = {.519 }rceT, have a system
size independent gap, infrccr, /l(.LIQ) > 0. Then infrccr,,|rj<i a(LIQ) > a; = Q((log(1))™h).
Hence for any finite I' cc T}, with |I'| < [ we have

D(p:llo") < e "D (pollo") (5.3)
and thus rapid thermalization.

Remark. This is a novel result which implies that the mixing time #,ix(e) = O(polylog(|T|))
scales poly-logarithmically with the system size, i.e. rapid thermalization holds. Classically it is
known, however, that the exponential decay rate of the relative entropy towards the equilibrium is
tree-size independent [35]. We suspect that this should also hold in the quantum case. Moreover,
the exponential decay found in [35] also hinges upon a very analogous condition on the temperature
as we require here, implicitly through & < (21nb)~!.

In the rest of this section we will only be considering bounded, nearest-neighbour, commuting
Hamiltonians.
The proof of the main result will be split into two parts, first in Theorem 5.4 showing that the
clustering properties established above imply a stronger form of clustering, which are known to
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5 Main results: Gap implies cMLSI

be equivalent to an approximate tensorization statement for the state w in Theorem 5.6. This
and the work in [11] will already be enough to establish the main result for quantum systems on
hypercubic latices of dimension D > 1. The second part in Section 5.2 will then consist of a
geometric argument to show the main result for quantum spin chains and b—ary trees explicitly.
The derivations generalize straightforwardly to the case of sub-exponential and exponential graphs
respectively.

5.1 Approximate tensorization for an almost classical state v via
weak clustering

From this section onward we only consider graphs A which are two-colorable up to a finite size
coarse-graining. As examples, any connected complete subtree of an infinite hypercubic lattice
or infinite b-ary tree are two-colorable. See Chapter 7 for a more detailed discussion on the
reason behind our restriction to two-colorable graphs. Given a two-colorable graph A and a fixed
2-coloring, we denote the set of vertices with labels 0 as Ag =: A and the set of vertices with labels
lasA; =A\ A

Definition 8. Given a 2-colorable graph A and a quantum state p € D(Hy), we fix some 2-
coloring, write A = A and define

w = E3,(p) = (QaenEan) (), (5.4)
where the second equality and well definiteness on the r.h.s follows from Proposition 4.4.

Next we show that in the setting which we are considering exponential decay of correlations
(weak clustering) implies a stronger form of decay of correlations, namely qlL; — Lo,-decay of
correlations, see Theorem 5.4 for a formulation here (or see [11][Definition 8] for a definition in
the general case). This is a first big result of this work which is also of independent interest since
exponential decay of correlations (weak-clustering) is the type of clustering usually considered in
the physics literature and much easier to prove in general. It will also be an important step in the
proof of the main result.

Remark. This qL; — L.-decay of correlations was used and required to prove the main result
of [11](Section 4). As a simple corollary of the next theorem, we can therefore establish the main
result of [11] under the seemingly weaker assumption of gaped Lindbladians.

Theorem 5.4 (L. -clustering is equivalent to qL; — L -clustering). Let A be a 2-colorable graph
with finite growth constant and I' CC A a finite subgraph. Let Hy be a uniformly bounded, com-
muting, nearest-neighbour Hamiltonian and let {E )S(} xcca be the Schmidt conditional expectation
Then L -clustering implies qL; — L-clustering, that is for any overlapping subregions C,D c I
it holds that

max ||E2’(a) o Ef)’(a) - EgS:(a) . Li(t&,p) = Lall < |C U DJe(l),

a={ai}ticicyp cub
holds for an exponentially decaying function €(/), where [ = dist(C \ D, D \ C).

Remark. Anexample of subsets C, D of a 3-ary tree can be found in Figure 5.2. With this statement
we effectively show that gap, which implies L.,-clustering, implies this seemingly stronger notion
of clustering, called qL; — Lu-clustering. Before giving its proof, we discuss two corollaries.
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5 Main results: Gap implies cMLSI

Corollary 5.5 (Strengthening of Main Result of [11] under weaker assumption). > The main result
of [11] holds for the Schmidt and Davies conditional expectations® under the weaker assumption
of a gaped Davies Lindbladian*. Informally, nearest neighbour quantum systems with a uniformly
bounded, commuting Hamiltonian on hypercubic lattices of dimension D > 2, which evolve under
Davies evolution, satisfy strong exponential convergence in relative entropy towards equilibrium.
L.e. they thermalize rapidly under Davies evolution whenever the Davies Lindbladian is gaped.

The statement of this corollary is essentially the main theorem in case of hypercubic lattices of
dimension D > 1. Hence we will focus in the rest of this work on the 1D and b-ary tree settings.
For a thorough discussion of this result, see [11]. Another corollary of Theorem 5.4 is the following
approximate tensorization statement for the state w, which we will require to prove our main result.

Theorem 5.6 (Approximate tensorization for w). Let A be an infinite, 2-colorable graph of
finite growth constant. Let H be a nearest neighbour, bounded, commuting Hamiltonian on a
family of finite subgraphs {I"}rcca which, on any given I', satisfies uniform L. -clustering at
inverse temperature 8 with correlation length €. Let C, D, R C I be three connected subsets, s.t.
R:=CuUD,dC,0D,0RNAy=0,andlet! :=dist(C\D,D\C) > 1. Fix some state p € D(Hr)
and define w w.r.t it as above. Then

D(w|E¢yp, (@) < T = [D(IIEZ, (0) + D(W|ED, (w))], (5.5)

1
T-2¢()
where e(1) = exp (0(8))0(|C|, |D])O (exp (—é)).

The proof of this is, given Theorem 5.4, just an application of [11][Theorem 8]. This theorem
is repeated below for convenience.

Theorem 5.7 ([11][Theorem 8). ] If there exists an exponentially decaying function [ — €(/) < 1

S.t.
a:{g}?zcw ||E“2:(“) o Ef)’(a) - Eg’ég) :Liqe,,, — Lol € |C U D|e(l),
then
D(GIES (@) < T3 IDWIES. (@) + DI, ()]
Here Té‘é)D, with (@) = {a;}ierp, and is E)S(’(”) is just as defined in Section 4.2.

Proof of Theorem 5.4. We show that, under the assumption of the theorem, L-clustering implies

S, (@) ES’(Q) _ ES’(Q) -L
D

Sl Ly e — Laoll < |C U DIe(l)

max [|[E
()

explicitly for the Schmidt conditional expectations. Here («) is a boundary condition of the subset
CD :=CUD c A and () is exponentially decaying with decay length &£. We will do this in two

. . . . l
steps, first establish that what we need to show is algebraically equivalent to a statement o7 ¥ lop)

2The Main result of [11] concerns only the Schmidt conditional expectation, but with the geometric argument we give
in Section 5.2 we can extend this to the Davies as well.

3For the Davies with the geometric argument in Section 5.2, for the Schmidt this is immediate from [11].

40r the condition of (qLeo-clustering), which is slightly stronger than the gap condition
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5 Main results: Gap implies cMLSI

for two states o, 0» and then employ results of Theorem 3.4 to show this statement from the
assumptions of the theorem.

Before we continue let us first establish some nomenclature for the subregions we are considering.
We split the region CD into the following disjoint subsets LoutlinE loutlin F Fin7 out G FinFout, Where
C = EIF,Cy = [LhEIFryy, D = FrG, Dy = [iWFrGFi,. The projectors Per), p() pBr) plar)
act on the regions [, I, r, 7 respectively. For a graphical representation of this see Figure 5.2.
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Figure 5.2: Partition of a subregion CD of a tree into two overlapping subregions C and I). We have
E :=C\(Dd),F :=CnND,G := D\(C9). The splitting of the boundary Hilbert spaces
corresponding to a boundary site {b;} in the boundary of a region A € {E, F, G} into
Xicr, P Hp; = Wéfn"A@Wétan = (7,{0&[ ® 7{;"') ® (®je](,~)\{0} 7—(;’") is represented

a;)
left 77

1AAEHTHE SRRRTH N TRREETEER RN AN HTTE SARIR S EN SN S NS SARNTESAS NSKRN

by a dotted line. Hence e.g. the Hilbert space of the region L is ?{; and of Loy it

mn

is W{;&’;L. Here the superskript left, refers to the part of i, E, which is located in the

geometric region /, i.e. the in the figure left boundary of the region E. Respectively,
this is the same with the other boundaries. We fix the boundary conditions (a;) on
region [, (y;) on [, (8,) on r, and () on 7.

Recall the notation for the Schmidt conditional expectation established in Section 4.2 and
equation (4.10). Fix some boundary condition (@) = (aj,@7) = {ai}iei, for CD, where
(ap) := {a/,»},-e]ac\D labels the boundary of C not in D and (a7) := {ai}ielaD\C labels the
boundary of D not in C. Similarly denote with (8,) := {Bi}icr,cnp and (v1) = {¥i}ielypop the
boundaries of C in D and of D in C respectively. For visualization, see also Figure 5.2. Let
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0 S X = X(a) (S Ll T((z) S.t. ”)(”1 T((z) = 1 Set
> CDyj, > CDyj,

. S, (a7 S, (v, a7
N =N = BRI = D ERTT(X) € B(Hpw) ©1 500
()

By construction it holds that P(®*)NP(@) = N. Recall that since D c CD, it follows that
ES o ES = ES ) and hence

S, S, S
(EC (@) E (a) ((’)(X)

@ES ,(ap.Br) _ gl()rz[,af) (N)

Br)
= @ (P((IZ)P(Br) (trcm’(al’,ﬁr) [Té(_li’ﬁr)N] ® ]]-Cin) P((ll-)P(ﬁr))
(Br)

(a'l ay

— plep) plar) (trCDin,(al-,af) [TCD )N] ® IlCDm) plep) plar)

= plap @P(ﬁr (trCm (a1:Br) [ (arhr) plar) (N @ ]].Dm)P(QF)] ® chi,,) pBr)
Br)

_ @pwn plar) (trcp,n (apar) Wz ’)(N®Jlom)] ® Lep, )p(me(a,)
Br)

= | plap) plar) @P(ﬁr) I \Din, (@) [(trcinﬁDin,(ﬁr) [TéZi’Br)] —ttp, (an) |7 [ é(gm(tr) )N

X
B
::a_z(a[ﬁr)za_z ::O'laiE(T]
P | ) 9 6~ G )
B B B
where o = oy ) = tre,npy.(s,) T lﬁr)] and o7 = 0" 1= trp,, (o |7 [ o m]. n the

first line here we used the definition of X in the second the explicit expressions for the Schmidt
conditional expectation from Section 4.2. Then in the third we factor out a common P% and
introduce an identity 1 = 5 B) P8 which commutes with the term just after. We also employ
the fact that N = P N® 1 p, P . In the forth equality we factor out the projections and rearrange
the partial traces suitably. The last equality is then just introducing a simplifying notation. For
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simplicity we suppress the boundary conditions (a;) index on the states. Hence
S(a S(a S
I (EC(< ) o ES@) _ EC(;)) ()1 < max | trc, 1y, (o) L2 = )N |

= Igllgw)i ITrc,\Dun. () [(02 = 1) N]|
_1 _1 1 1
= max | Tre,\Din. (o) [(1 = o) 2020, *) (0 Nop)]|

_1 _1
< max |[(1 -0, 2(720' ) (o,
(Br)

N

No 1l

< I(na))c o, oo, "z e lINILy o, »
B,

Sy, ar

where the equality in second line follows since N = E7) )(X) is the identity on the comple-

mentary Hilbert space to (Wé_ ’\)D The last inequality we used Holder and the definition of the
Li,o, norm. By definition of N, we have

N2 T [y N] = Tr[r o0 “”N]—T[ (@ g5 (x)]

NI, = llof Nof | ) ES

= T Ep," (v )X = Telx() X1 "2 X, = 1.
CD

Hence to prove the theorem, we need to establish that oy < o» for any boundary condition
(a7, Br, ;). We will do with with [ — (/) an exponentially decreasing function in / = dist(C \
D, D\ C) with decay length £.

Thus the two states can be written as

o (ap.a7)] _ 1
01 = WDy, (ar) [TCDin ] = T[] O (CD)UDu (ar) [

1

v CDo (a;
= T 1 pr [P(a ) plag) 5 ( ) plap) ] € B(H

a2 = WE,, ()

1
COTrl[..]

P(appmf)a(cm)P(anP(af)]

m\Dm)

(a’ﬁ’)] T ]raoumc)upm,(ﬁr) [P("[)P(ﬁr)(f(ca)P("i)P(ﬁr)]

T [ pBr) plap) - (CO) P(an] c gm(:z\ )
Note that both are fullrank states on ((ji(:l-\)Din and thus have the same support. The intuition now is,
since we have a Gibbs state that satisfies exponential decay of correlations, local indistinguishability,
and the mixing condition tensorization (see Theorem 3.4) these two states should be approximately
the same in the bulk, where we compare them. This is since they only differ on D \ C, but we
look at them on C \ D. From the assumptions of the Theorem we have that the family of Gibbs
states satisfy Le-clustering and hence by Theorem 3.4 also strong local indistinguishability and
strong tensorization (mixing condition). We start by applying the strong tensorization property
(3.6) to each of the states, which gives the existence of two exponentially decaying functions €, €
in dist({,7) > dist(C \ D, D \ C) and dist(l, r) = dist(C \ D, D \ C), respectively, s.t.

CDo €1 CDo

CDo
try, p O ~ iy, pr O ® Ujgp O

The 1 3.2 .
Ny P(“r)trl p o CPIplar) Ly 1y g CPI Ty plar) o CPIplar)])

Co € Cco
~ try, Fr c?® Wipp O

Theorem 3.2
-

try, F O

trr P(,Br) trlinF Gcap(ﬁr) €@ trlmFr O-Ca Tr[P(ﬁr)UcaP(ﬁr)] .
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5 Main results: Gap implies cMLSI

Here the implication follows from Proposition 3.2 4) applied to the projections P(?"), P(5r) re-
spectively. Now by strong local indistinguishability (Theorem 3.4) there exists an exponentially
decaying function €3 in dist(/, ) = dist(C \ D, D \ C), s.t.

CD CDo Co

K] &
try, D O = Uy, FrGi O ~ Uy Fro .

Hence by transitivity and symmetry of the strong similarity relation, see Theorem 3.2 1),2), it
follows that

try, pr | P PP Lty b o CPOTe [Pl e CPOPO] Bty g €O Te[ PP OO plor)]

Tr[p(af)O-CDap(af)]
Tr[P(Br)gcaP(ﬁr)] ’

el [P(ﬁr)o-cap(ﬁr)]

hence

— trlian [P(QF)O-CDap(a/f)] n trlinFr [P(ﬁr)a'caP('Br)] =
o1 = Tr[P(a7) gCDIp(ai)] Te[PB) eCIpB] SR

where 1 is exponentially decreasing in dist(C \ D, D \ C) with decay length &, since all €1, €, €3
are. Now by Proposition 3.2 4’) it follows that this strong similarity of the states obviously also
holds in each block (a;):

1
Tr[...]

1

tr [PYGTP] €:=n(2+1) T

o = tl‘iin [PaiEZIPQZ] = 09.
This establishes the bound for any boundary condition (aj, B,, @), which concludes the proof.
Note that this also shows that the exponential decay rate of € is the same as the one of the

Le-clustering we assumed, hence the correlation length of the Gibbs state £. O

5.2 Geometric argument

In this section we will provide the final geometric part of the proof of Theorem 5.1 explicitly
for b—ary trees with b € N. If b = 1 this will prove Corollary 5.2, since every finite complete
connected subset of a 1—ary tree is a finite length subset of a 1-dimensional quantum spin chain. If
b > 1, this will prove Corollary 5.3. The idea of the proof will be essentially the same for the two
quantitatively very different cases of exponential and sub-exponential graphs. Denote the infinite
complete b—ary tree with T;,. Denote with B, ; the subtree rooted at site x € T}, of height /. For a
finite subtree I' cc T}, of height L, say I' = By 1, let Iy be all its vertices of index O under some
fixed 2-coloring. We define the following set of subsets

{Rk}kEK = {Bxk,l() N F}kEK = {Bx,l() N F}xel“o, (56)

where K := {k|xx € I'o} and where we fix [y later on. We can think of [y as a suitably large
constant. These will form a suitable coarse-graining into subtrees on each vertex of the same label
(i.e. in I'y) of finite fixed height /y. We will be considering the cMLSI constant of our evolution
on these sets end extend these via a suitable Cesaro averaging argument to the whole lattice. For a
set By, 1. define

i Ll ._
Cl:=B,; o= ) Byiar (5.7)

mekK
dist(xm,xk:lfl)
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5 Main results: Gap implies cMLSI

Hence we cover the subtree B,, ;. of height L by a subtree of height /, called C I and a union of

disjoint subtrees of height L + [ — [, called Di’l, s.t. their overlap has height / and is hence s.t. we
can apply the approximate tensorization result Theorem 5.6 with the function e(/). Importantly we
require that each of these sets begins and ends with some vertices of the same index 0, i.e. in I'y.

In formulae this is C,{ U Di’l = By,,r and dist(C,l; \ Di’l, Di’l \ C,l;) =1Iforall0 <[ < L. Hence

11 }ZL:‘I1 and for each of these it holds,

each set By, 1 has the family of non-trivial partitions {C J DY

due to Theorem 5.6, that

D(w||Ep, . () < D(wlE?,; (w)+ D(wllE‘;L,*(w))

1
1-2¢()) Cls A } '

where €(/) = K|By, 1| exp(—é). For an example of these regions see Figure 5.3.

=t
n
-~

AL SR N TN

=2

Figure 5.3: Example of a partition of By ¢ C T into the regions C|, with height of the regions
[ =4and! = 6~1+2 =4 and the height of their overlap being / = 2. This is in By ¢ as
part of a 2-ary tree. The red vertices are the ones of index 0. Notice that each of these
sets “begins’ and ’ends’ in these sets.
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5 Main results: Gap implies cMLSI

We will now consider the two cases of subexponential (1D) and exponential (b-ary, b > 1)
separately.

Case 1) The 1D quantum spin chain, i.e. b = 1 case where |By, 1| = L.

Case 2) The b—ary tree case with b > 1, where |By, 1| = b?_'l‘l =0(bh).

Remark: Note that the analysis in the case of any sub-exponential graph will work just in case
1), however, the sets Cy, Dy will obviously be different. Similarly, the analysis of any exponential
graph will work just as in case 2).

Case 1) We can pick the overlap [ = | VL] = O(VL). Then €(l) « Lexp(—‘/?z) is exponentially
decaying in L for any & > 0. Set /pin,1 to be the smallest L, s.t. €(/) < % foralll > lnin 1.

Case 2) We have to pick the overlap [ = ﬁ = O(L) for some N € N\ {1} and require the correlation

length to satisfy & < This suffices for N = 2, but we will keep it general in the

1
Nlnb-* L
following derivation. Then €(/) = |By, 1| exp(—NLg) = ble™ N is eventually exponentially

decaying in L and we set [y to be the smallest /, s.t. €(/) < % forall [ > .
We define

Dr(w) = > D(W|E}, (), (5.8)
RiCR

where the sets { Ry } xcx are as in Equation 5.6 defined above. Observe that D g (w) is monotonically
increasing in R, i.e. if A ¢ B c I are two subregions, then D 4(w) < Dp(w) by positivity of the
relative entropy, and additive up to boundary terms, i.e. if A, B C I are two disjoint subregions,
then D ap(w) = Da(w) + Dp(w) + X, npz0 D(WIE},  (w)).

Ry *
R NA£0
Next we define a function L — C(L) : N — R, s.t. C(L) is the smallest number, s.t. Vj € I

D(wlIER, ,.(w) < C(L)Dg, (@) (5.9)

This can always be done and is, trivially, monotonically non-decreasing. We will show, by
inductively applying the approximate tensorization and averaging suitably, that the following
Lemma holds.

Lemma 5.8. For sets of the form R = B xj.L for some j € K, (5.9) holds with
Case 1) C(L) = O(1)|r|—w is uniformly upper bounded by a C(o0) < co in case 1).
Case2) C(L) = O(L)1 -0 = O(In|I'|)|1|-e0 in case 2).

Remark: This Lemma is an approximate tensorization statement for the state w. I.e. we give an
upper bound on the relative entropy distance between it and its Schmidt conditional expectation on
the whole lattice I" in terms of the relative entropies of it and the Schmidt conditional expectations
of the fixed finite size regions {Rr}rcx. Later on we will be able to generalize this statement
rather simply to arbitrary states p and the Davies instead of the Schmidt conditional expectation.
This will then allow us to extend the existence of a local cMLSI constant, see Theorem 2.1, to the
whole lattice with the cost of C(L)~!.
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5 Main results: Gap implies cMLSI

Proof of 1) in Lemma 5.8. The proof idea is to average the approximate tensorization result, The-

orem 5.6, over all the above defined coverings {C J , Di’l} to get the relative entropy between w and
its Schmidt conditional expectation on the whole of By, L in terms of the relative entropy between
it and the Schmidt conditional expectation on subregions of height nL, where n < 1. Repeating
this inductively O(log(L)) times will then give the statement of the Lemma. Hence the constant
C(L) will be given as a product of O(log(L)) terms. Bounding this product will will then give the
in the Lemma stated asymptotics.

Z’L\EJ} s.t
; , s.t.

I,L+|VL| -1 < nL and s.t. different partitions have disjoint overlaps, i.e. (Cf.‘ N DQ’L@J) N

Fix x; € Ty and let . < 1. We enumerate all partitions of By;.L into {C;,D

(Cf.2 N D%’L@J) = (0, whenever [, # [,. This works as long as VL < (2n — 1)L which gives
another condition on the minimal size of [ = L\/ZJ >: Imin,2. There exist ﬁ = O(\/Z) of these
partitions, since their overlap is of height | VL] = O(VL). Call these partitions {C;, Di}i():(lx/i)‘
Now we average over all the approximate tensorization results of these partitions to get

D(wl|E, ,.(w))

1 OWL) 1

S0ND) & T1-2e(VD)

oWL)

1 1
h i h i ; h i h i X
< T2e(vD) O Zl C(height(C;)) De, (@) + C(height(D:)) D, (w)

| DWIIEE, () + D(IES, . ()]

1 1 o(rL)

<C 2Dc.AD. \D.UD\C:
< (UL)I—ZG(\/Z)O(\/Z) ; (2D¢,np; () + D\ p,up;\¢; (W)

+ Y DWIES @)+ Y DWIE.(w)

R N(CiND;)#0 Ri.N(C;ND;)#0
Ry N(C;\Dj)#0 R N(Di\C;)#0
O(VL)
< CpL)— L {2 @+ > D ()
= n VL w C;\D;)dU(D;\C;)o\wW
1-2¢(VD) O(VL) | UL €nDo) £y PLGNPHIVDAC)

! VL (2+
1-2¢(VL) L VL]

where in the second line we used the definition of C(height(-)) and in the third line we used that
height(C;), height(D;) < C(nL) since height(C;) = I, height(D;) = L + | VL] — I < nL. Hence it

follows that C(L) < C(nL)ﬁ(l + \%) =: C(nL) f(L). Repeating this M = O(In L) times,

s.t. PM L = Iy = max{lmin.1, lmin.2} then gives

< C(nlL)

) DBXj,L (w)’

M 00
C(L) < Clo) | | F@*L) <o) | | £Uom™) < oo,
k=1 k=0

\F
where the infinite product converges since e(VL) = Le_?L is exponentially decaying in L and
(1+ \/LZ) — 1 fast enough. Note that by definition C (/o) = 1 and that it is independent of the x;
which we fixed. Hence the result follows. O
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5 Main results: Gap implies cMLSI

Proof of 2) in Lemma 5.8. This proof follows exactly the same idea as the one above, with the slight
difference that we need to choose the overlap of the coverings C, D to scale as O(L). Hence the
number of partitions has to be constant in system size which will give us a constant multiplicative
factor in each inductive step. Since we need O(log(L)) steps this gives the O(L) scaling of C(L)
in the lemma.

Let N € N\ {1} and % <n<l, s.t.% > (2n — 1). We enumerate all partitions of By;

. i ~LE = = . . L .
into {Cj., Dj My, st L+ ﬁ — [ < nL and s.t. different partitions have disjoint overlaps, i.e.
N

. I.L - L. L . i ..
(Cj.‘ NnD kl N ) N (Cj? NnD k2 N ) = (, whenever [; # [,. There exist & = N of these partitions,

since their overlap is of height ﬁ Call these partitions {C;, Dl-}f.\:' |- Now we average over all the
approximate tensorization results of these partitions to get

D(wIIE, ,.(w))

N
1
< Z = | D(WIIES, (@) + D(WIIES,, ()
o 1-2e(RF)
N
< —— Z C(height(C;)) D, (w) + C (height(D;)) D p. (w)
=1
N
<C 2D..w+D.A..a)
(nL )1_2( )N;: c:np; (W) + Dcp\p;up;\c; (W)
+ D DWIER @)+ D DWIEY ()
RiN(C;ND;)#0 RiN(CinD;)#0
RiN(C;\D;)#0 R N(D;\Cj)#0
1 1
< C(nL) I 2¢(L)N Dyn (cinp;) (@) + Z}: D (c;\py)ou(pi\cia(w)
1=
1
< C(UL)T()N@"‘N) Dp, , (w),

where in the second line we used the definition of C(height(-)) and in the third line we used that

height(C;), height(D;) < C(57L) since height(C;) = I, height(D;) = L + % — 1 < nL. Hence it

follows that C(L) < C(nL) : 251( 5 (1+2)=CHL)f(L)(1+ %). Repeating this M = O(In L)
—2e(§

v) =
times s.t. n™ L = [y =: Lpjin,1 then gives

M )
C(L) < Cp) 1+ M [ 70*0) < o)+ )™ [ ] Flton™)
k=1 k=0

) O(InL)
:O((l +N) ) =O0(L) =O0(In|By; L|),

L. . L
where the infinite product converges since € (ﬁ) = bl e™NZ is exponentially decaying in L under

the condition on . We used that |By; | = b and hence L = O(In |Bx;.L]). Note that it is
independent of the x; which we fixed and hence the result follows. O

44



5 Main results: Gap implies cMLSI

5.3 Putting everything together

Now we can put everything together to prove the main result.

Proof of Theorem 5.1. Let A be as in the main Theorem 5.1. Let I" cc A be a complete connected
finite subgraph. For the b—ary tree, b € N, wlog I' = By,r. Let Hr be an element of the
uniform, commuting, nearest-neighbour family from the theorem and L? the corresponding Davies
Lindbaldian with conditional expectations {E? }rcca. Fixa2-coloring Ag and let {xy }rex =T =
Ao NT be the corresponding one on I'. Set w := E}. s (p) for a state p € Z)(?-(r). We first apply the

chain rule for the relative entropy (2.19), with o = 0" ( p) = Fo* (0):

D(pllER.(0)) = D(pllo) = D(pllER,, () + D(ER . (p)llo) = D(pllw) + D(wl|o).

The first summand D (p||w) satisfies exact tensorization (a form of strong subadditivity), since
the Schmidt conditional expectations of two sets with distance two between each other commute,

S S _ S S _ S . L
i{lxk}* E{X,}* E{x,}* o E{Xk}* = E{xk}u{kj}* for all xx, x; € I, see Proposition 4.4 [8], [40].
atis

D(pllw) = D(IES () < Y, DIES,. (o) S S D (o[, 10.(0)).

xr €l xr€lp

The second summand D(w||o) is, using Lemma 5.8, the DPI for the relative entropy, and then
Lemma 4.12, bounded by

D(wllo) = DWIES, (@) 2" Y DWIES (@) =C Y DES (DIES, o ES)(p)

xr €l xr€lp
DPI Lemma 4.12
< € Y DOIES.(0) = C Y DIER 5.(0)).
xr €l xr €l

Ry.+» Which holds by the construction of
the sets Ry, in Equation 5.6.°> Recall, that by Lernma 5 .8 in the case of sub-exponential (e.g. the 1d
dimensional spin chain) the constant C is independent of system size, whereas in the exponential
setting, e.g. the b—ary tree it scales logarithmically with system size. Now importantly, the regions
{{xx}0,R;0}k,; are of fixed finite size, hence by Theorem 2.1 there exists cMLSI constants

ap, a1 > 0, s.t. forany j, k

where in the second line we used that E I*gk* oEp S =E} S o ES

@D (pIED, 5.(0)) SEPzo (). @D (pllER 5.(0)) SEPzp (o).
Hence, putting everything above together, we have

1
min{ao, a1}

_ 201+m0)
~ min{ao, a1}

Z EPrn (p)+C Z EPn (p)

xp €l k|xiely

EPLIP (p),

D(pllEF.(p) = D(pllcr)

SThis is since dRg N Ty = 0. Recall that Ty is the union of single vertices each with distance 2 from each other. Hence
the claim follows from Proposition 4.4.
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5 Main results: Gap implies cMLSI

where in the last inequality we used the positivity and additivity of the entropy production and the
fact that, by construction, each site x € A is contained in at most a constant number 2m of regions
R0, since they are of fixed finite size. The same holds for {x; }d with 2 regions. Thus it follows
that

min{ao, a; }

a(Lp) 2 S > 0

Therfore in the sub-exponential setting from Lemma 5.8 we get cy(l:l? ) = O(1)|r|» Whereas in
the exponential we get a/(LFD) =Q((In TN ™M r|= e m|
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6 Applications

In the following let A,T"; p,0 € D(Hr), and L/l\) be as in the main Theorem 5.1, such that
a/(LIl?) > 0 is independent of |I'|.

6.1 Exponential convergence to Gibbs states in the
thermodynamic limit

A direct consequence of the spin-system size |I'| independence of a(LIQ ) is that in the thermody-
namic limit we have exponential decay of the relative entropy density between some state at time
t and the thermal state, with decay rate . This gives meaning to exponential convergence in the
thermodynamic limit and is a strict improvement to the trivial statement we would get when taking
the limit with a spin-chain length decreasing MLSI constant. It is quite the important statement
since most materials in condensed matter systems are very very large. E.g. for the case of 1D spin
chains this is a novel result.

Corollary 6.1. Note that for local Hamiltonians D (p,||c") = O(|I'|), and hence

1 1
lim —D Y <e @ lim—D D).
FleA T (pello™) < e FleA T (pello™)

Proof. For alocal Hamiltonian we have ||Hr|| = Y, xcr ||®x|| = O(|T'|) and hence

diam(X) <r
dMeBOUTD = Tr[1ePIHI < Tr[ePH] < Tr[1P 1] = gIT1AOUTD
hence taking logarithms gives Zr = log Tr[e#Hr] = O(|I'|) and thus we can bound

e PH

Zr

D(pllo") < =Tr [plog ] = Zr + BTr[pHr] = O(|I')).
Now the result follows directly from the main theorem by dividing through |I'| and taking the
limit. o

Some more corollaries follow the use of a quantum transport inequality. These are upper bounds
on the W, distance in terms of the relative entropy. In the quantum case' they have connections to
eigenstate thermalization, concentration bounds, and many more. See e.g. [1]. From the existence
of a MLSI constant « independent of the spin-system size |I'| one can show that the following
transport cost inequality holds with a transport cost ¢’ = c% linear in spin-system size |['| [1].

o —ollw, < Ve'D(pllo). (6.1)

For a proof of this see [1](Proposition 16, Theorem 5) and [41](Theorem 3,4). The fact that the
transport cost scales linearly in |I'| has amongst others the following important consequences.

land also the classical case [NEED SOURCE]
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6.2 Tighter bounds on the entropy difference and convergence via
relative entropy

The first application of this concerns bounding the von-Neumann entropy difference between two
quantum states p, o by their relative entropy.

Corollary 6.2. If p, o are as assumed above, then the following two bounds hold

) 15(p) - S(0)] < g (c\/%mpna) v ey 'Sl in (@10 VD lI)
= O(IT|10g )i~ VD (pllo), 6.2)

_at

ii) 1S(p1) = S(@)| = O (|r| log |T', % 63)

where g(1) = (t + 1)log(t + 1) — tlogt = 0(t);—e0, pr = €' L2 (p), and ¢ is some constant
independent of || depending only on the locality of the Lindbladian Lll\) .

Vi

log |T'|

Remark: These inequalities represent a O( improvement compared to the use of

Pinsker’s inequality, see [26], as ||p — o||lw, < |—g|||p -0l £ %\/D(pﬂcr), or to the following

inequality from [42] |S(p) —S(0)| < V3 log(d'"H~/D(p||o) = O(IT'|)\/D(pl||o-). However, these
inequalities apply to arbitrary quantum states p, o-, whereas (6.2) requires o to be the Gibbs state of
a suitable Hamiltonian. It is also an O(log |I'|) improvement over the until now best known bound
under the above assumptions, derived by employing a MLSI constant that scales as Q(log |T'|)~!
[12]. And comparing to [1] these inequalities constitute an extension of the O(|I"| log |I'|) scaling
of the entropy difference from product states to more general Gibbs states satisfying the assump-
tions of the Corollary. Note that these entropy difference bounds are optimal in their scaling in |T|
up to logarithmic correction, since the entropy difference is an extensive quantity, i.e. it scales as

o).

Proof. We first use the following continuity bound from [26](Theorem 1), that states that for any
two states p, o € D (Hr)

1S(p) = S(o)] < gllp = allw,) +llp = ollw, In(d*[T)),

where d is the local Hilbert space dimension, || - [|w, the quantum Wasserstein distance of order
1 (see (2.13) for the definition), and g(¢) = (¢ + 1)log(¢ + 1) — tlogtz. Now by the transport
cost inequality from [1](Prop 16, Theorem 5) and [41](Theorem 3,4)%, which holds under the
assumptions of the Corollary we get Inequality (6.1). Combining this one with the just above gives
i). For ii) use i), the bound D (p||c") < O(|I'|) from above, and the MLSI in its integrated form
D(pillo) < e D(pllo). O

ZNote that in that paper a different normalization convention for the quantum Wasserstein distance was used as
compared to here or the other references in this section
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6.3 Optimal 1D Gaussian concentration bound

Corollary 6.3. Let O € B(Hy) be a k-local (but not necessarily geometrically-k-bounded)
observable, i.e.

0= Z ox, (6.4)

XCA

| X|<k
such that for alli € A Y xca.xsi [lox]| < g, where each ox acts only non trivially on sites X C A.
Let o be the Gibbs state of some geometrically-local, uniformly bounded, commuting Hamiltonian
with uniform exponential decay of correlations, at any fixed inverse temperature S > 0. Then for
r > 0 it holds that

2

P, (|0 - Tr[Oc]| = 7) < 2exp [—O‘(xlrﬂ)] . (6.5)

Remark: This means that 1D spin-systems with geometrically-local, commuting Hamiltonians
with uniform exponential decay of correlations give rise to a sub-Gaussian random variable in their
thermal equilibrium states for any observables of the above form, notably including long-range
observables with a power-law decay. Thus inequality (6.5) constitutes a tightening in terms of its
|T"|-dependence and generalization to a larger class of observables and r-values of the until now
best known 1D Gaussian concentration bound in [43]°. This bound is optimal in its scaling in |T|
by the Gértner-Ellis Theorem, see e.g. [44] which is applicable by [45](Theorem 3.2).

Proof. This follows from Theorem 5.1 and [1](Theorem 7 and Lemma 7), when using the transport

1
cost ¢’ = c'La| in inequality (6.1) and the fact that [|[AZ(O)||L < 48C = O(1) |-, Since

1
1A (O)|lL < 2 max
ieA

1 : 1
AZ0)-1 tr,-Af,(O)”

1 . 1
_ 3 (i) 3
= 2max § Ag(ox) =1, ®tr; § A (ox)
X:|X|<k X:|X|<k

1 i 1
=2max|| > (Aé(ox) -1 e m—Aé(ox))
X:X031,|X|<k

! p
2 —_—
<amax > 2A(o| s4max > loxlllexp| 5 D, @s
X:X03i,|X|<k X:|X|<k,X0>3i B(:gr;)é;;w
Jc,
S4gexp('8 ’k’y)z4gC,

3 1 1 ar
“The statement there [43](Theorem 4.2) is equivalent to P, (|O — Tr[O0c]| > r) < 2exp |—
14310 )iseq o (10 ~Tt[0]| = 1) p[ 0(\/@]
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where tr is the normalized partial trace. In the last two inequalities are:

1 1 1 B B
165 (0x)]| = o2 oxo ™2 || = [l Zonxeo Ph gy Zanxeo O

JCr ok,
> @ ||S||0X||exp(u)-

2
B:BNX#0
| X|<k,(B)<r

B
< lloxllllexp| 5

Cr.k,v 1s a constant which depends only on the locality of O, the geometric locality r of the
Hamiltonian, and the growth constant v of the graph. O

This also implies that any operator of the form of O, i.e. locally bounded and k-local, is Lipschitz.
For a reference about the Lipschitz constant see [26].

6.4 Ensemble equivalence under (long-range) Lipschitz
observables

The canonical ensemble state to inverse temperature S is given by the Gibbs state oz, where we
write the temperature dependence explicitly again.

Let o, s be the microcanonical ensemble to energy E = arg maxger (e‘ﬁ EN, E. 5) and energy-shell
width ¢ [46]. Here NE s := Tr[P((E — 6, E])] is the number of eigenstates in the energy interval
(E - 6,E]. ie. if P is the spectral measure of the Hamiltonian H, i.e. H = ),z EP(E) =
ZEm Epn |Em >< Em| then

S P((E-0,E]) 1 Z

= TP(E-6.E] _ Neso 1B ) Em]

Enc(E-6,E]

Two ensembles represented respectively by the families of states {o'lr, 0'2r }rcca are said to be
equivalent if, in the thermodynamic limit, they produce the same expectation values on averaged
geometrically-local observable |% = ﬁ ZlE'l 0;, with ||0;|| < g [46]. Leif for any such observable
o o 1 I'|—oo

Tr [o{m} ~Tr la{ﬁH - m|Tr[(o-{ —oho1 "= 0.

In [47] it was shown that the microcanonical and canonical ensembles are equivalent in this sense
when the system satisfies suitable concentration bounds, such as inequality (6.5). In fact they show
equivalence also for observables of form (6.4). We extend this notion of equivalence in the 1D
case to a more general class of Lipschitz observables, i.e. O € B(Hr), s.t. ||O]|L < c. These
notably include long-range locally bounded, k—local observables of the form (6.4).

Corollary 6.4 ([1]Corollary 2 applied to our setting). For any Lipschitz observable O, i.e. O €
B(Hp) s.t. ||O||r. < oo and for o 5, 0 the micro- and canonical ensemble states with the same
energy £ = arg maxger (e_'BE NE, ), respectively, it holds that

1
ﬁ' Tr[og,s0] = Tr[ogO]] < |0]lLo(1)|r| -, (6.6)

where we can take the energy shell width § = ¢~ 9(T'D.

Proof. This follows directly from [1] (Corollary 2) when employing the linearity of the transport
cost in the system size. The idea is to employ the transport cost inequality and then bound the
relative entropy between the microcanonical and canonical ensembles suitably. O
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7.1 Summary and future work

In this work we showed that uniform families of commuting nearest-neighbour Hamiltonians on
two-colorable sub-exponential graphs satisfy an exponential decay of relative entropy towards their
Gibbs states with an exponential decay rate « that is spin-system size independent. This was under
the assumption of Davies evolving and the general condition that the Davies generators are gaped.
For 1 dimensional system this gives a strict improvement in the scaling of the MLSI constant in
system size and has an implication on the convergence to the Gibbs state in the thermodynamic
limit. For exponential graphs, such as b—ary trees we proved existence of a positive MLSI
sonstant @ scaling with Q((In |['[)~!) in system size |I|. For both of these types of graphs we
established a weaker criterion for existence of a strictly positive MLSI and rapid thermalization
to occur. This has many interesting implications such optimal Gaussian concentration bounds,
exponential convergence to Gibbs states in the thermodynamic limit, and connections to ETH. If
such Hamiltonians and evolutions are on exponential graphs, we showed, that the exponential decay
rate « is only logarithmically decreasing in system size, hence we recover rapid thermalization under
certain additional assumptions on the temperature. We showed that essentially all nearest neighbour
commuting systems thermalize quickly at large enough temperatures. And rapid thermalization
has implications in efficient quantum algorithm designs, Gibbs and ground state sampling, and
more. For trees this is a completely new result in the quantum framework. However, for classical
system it is known that for systems on trees, a system size independent exponential decay rate «
can be derived [35] under very similar conditions as we impose in that setting. This leads us to the
following conjecture.

Conjecture 1. There exists a system size independent, strictly positive MLSI constant for trees
(and general exponential graphs) under pretty much the same conditions as we impose in this work.
This may be done by following an analogous strategy to [35], just for quantum instead classical
systems.

We further think it should not require many more tools than the ones established in this work
or the literature. This would be very interesting, since this is a step towards a general theory
of thermalization of quantum spin systems, which would explain under what exact conditions
quantum spin systems thermalize rapidly and how fast if not. As a first step towards this, we
already showed in this work that nearest-neighbour, commuting, translation invariant, systems on
2-colorable, subexponential graphs at high enough temperatures will thermalize rapidly. Removing
the requirement on the growth constant of the graph seems physically implausible. Removing
the requirement of nearest-neighbour interactions would, however, be one very interesting next
research direction. This should be somewhat difficult however, since we know certain commuting
non-nearest neighbour systems, which have a qualitatively different thermalization behaviour. E.g
the four dimensional Toric-code is known to be robust against thermal noise for low enough
temperatures [48]. Next we discuss the requirement of 2-colorability.

In Chapter 5 we had to restrict our analysis to 2-colorable graphs due to the use of the Schmidt
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conditional expectation and the conditioned state w, on which the proof of the main result relies.
As we mentioned all hypercubic and loop-free graphs are two-colorable. However, we may relax
this condition to graphs, which are two-colorable after finite size coarse graining. I.e. given some
graph, whenever there exists a constant d, independent of graph-size, such that we may think of
subsets of diameter up to size d as one vertex, such that the resulting graph is two colorable.
Note that without the condition that d is graph-size independent this would be trivial. This does
works for example for very simple examples, like certain infinite pentagonal tilings', which are
not two colorable, but after coarse graining set of size up to d = 4 give two-colorable, and indeed
hypercubic, graphs. For this specific example see appendix A.2 and Figure A.1.

Conjecture 2. We suspect this 2-colorability after finite-size-coarse-graining to be the case for a
large class of graphs, but are unaware of general theorems giving conditions on graphs in order to
satisfy this. Indeed we conjecture that any regular graph can be finite-size-coarse-grained into a
hypercubic, and hence two-colorable, one. Although we also suspect this to hold for certain classes
of non-regular graphs.

We also showed that for nearest neighbour commuting systems on a 2-colorable lattice, weak
Le-clustering is equivalent to strong qL; — L clustering. This established the existence of a
gaped generator as a sufficient condition for a system-size independent MLSI constant and not only
gives a rather weak condition for exponential decay of relative entropy and rapid thermalization
of such systems, but also shows the equivalence between system size independent gap and rapid
thermalization affirmatively answering the open question from [3] for when weak (L,-clustering)
implies existence of a gap, for nearest-neighbour interacting systems. We also established that weak
clustering is equivalent to exponential decay of mutual information and implies something we call
strong local indistinguishability regardless of the geometry, only requiring geometric-locality and
commutativity of the Hamiltonian.

Conjecture 3. Theorem 3.4 should, like in the 1 dimensional case Theorem 3.5, hold also without
the constraint of commuting Hamiltonians when the temperature 8~ is high enough.

Most of the work in doing this is to establish Lemma 3.6 and especially property 1) in the
non-commuting case. The rest essentially follows from the proof here and some additional work
analogously to the proofs in [7]. The way itis done here relies on the fact that the Araki-expansionals
E 4 p are positive, which only holds if the Hamiltonian is commuting. We suspect a way around
this may be via a suitable cluster expansion, or similar technique, which should converge for high
enough temperatures 8 < 8* and give a suitable bound on ||E§,1 ll via quantum belief-propagation.
Some of the collaborators of this work had proven essentially this under the assumption that the
initial claims in [49] were correct. Since the issues there seem to be practically resolved this
conjecture may essentially already be proven.

Of enormous importance to this work was that we were only considering locally finite dimen-
sional, i.e. spin-lattice systems, since e.g. the results on the existence of a local strictly positive
MLSI constant only holds in the finite dimensional setting. Also the tools we used, such as the
relative entropy, entropy production, etc... are much simpler to define and work with in the finite
dimensional setting. A body of work has and is currently establishing suitable generalizations
of some of the tools used in this work to the von Neumann algebraic setting. This is a natural
framework to describe locally infinite dimensional, i.e. bosonic systems, such as those encountered
in quantum optics. These are of large interest to the physics community since they are assumed

IE.g the Monohedral convex pentagonal tiling with ccm symmetry
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7 Summary and Outlook

to have qualitatively different dissipative behaviours. Understanding these, in contrast to local
spin systems, is of large interest in the quest for noise-robust quantum information storage. Hence
establishing new, suitable tools and extending the ones from this work from the matrix algebra to
the general and more abstract von Neumann algebra setting is also a interesting, broad, and quite
promising future research direction.
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The graph region I', here depicted as a colored region without the edges is par-
titioned into the three sub-regions A, ¢ and B, such s.t. dist(A,()=1. This is an
example of a partitioning in Theorem 3.4. If the Graph I is in a state which satisfies
Lo-clustering, then via this theorem, the reduced state on A is approximately a
product state between the reduced states on regions A and (. Approximately in the
sense of the strong similarity relation ~ from 3, where € is exponentially decaying
I

Simple example of the notation introduced in Section 4.2 to define the local algebras
N, and thus the Schmidt conditional expectation ES. Depicted is a small region of
a 3-ary tree, with a (red) vertex labeled a=c; o. Its neighbours (yellow) are labeled
with , where I = I, = {1,2,3,4}. The next-nearest neighbours
(purple) are d(0{a}) \ {a} = {ci j}ier jesin joy- The central vertex a is logically
the same as c;_jo for each i € I. In the proof of proposition 4.3 the case i) considers
for example the turquiose shaded edge, case ii) for example the blue shaded edge
and case iii) for example the dark blue shaded edge. The boundary between the
subsets {a}d and ({a}d)¢ is marked with a gray dotted line. . . ... ... ...

Relation between the different notions of clustering (static properties) and their
relation to thermalization and gap (dynamic properties), in the setting of this
thesis. The red implications signify novel implications, wheres the black ones
signify results from literature. The main result of Chapter 3 is Theorem 3.4,
whereas the main result of this thesis in Chapter 5 is Theorem 5.1. In effect we
show that (system size invariant gap) is equivalent to a system size independent
MLSI constant via the visualized chain of implications. For details on the necessary
assumptions and requirements on the systems, see the respective theorems. . . . .
Partition of a subregion CD of a tree into two overlapping subregions C and

We have £ := C\ (D9),F := CND,G := D)\ (Cd). The splitting of the
boundary Hilbert spaces corresponding to a boundary site {b; } in the boundary of

aregion A € {E,F,G} into X),,;, P*Hp, = Wg;A ®7’(51{A = (7_(004 ®7‘(Cai) ®

i€l
(® jes {0} 7‘(}“ ) is represented by a dotted line. Hence e.g. the Hilbert space

of the region i, is ﬂ;ai 1)5 and of Iy, it is 7-{(;“? ) Here the superskript left, refers to

left left
in out

the part of di, E, which is located in the geometric region [, i.e. the in the figure left
boundary of the region E. Respectively, this is the same with the other boundaries.

20

28

33

We fix the boundary conditions (a;) on region I, (y))onl, (B,)onr,and (a;7) on 7. 37

Example~ of a partition of By C T, into the regions C([), with height of the
regions / =4 and [ = 6 — [ +2 = 4 and the height of their overlap being / = 2. This
is in Bo 6 as part of a 2-ary tree. The red vertices are the ones of index 0. Notice
that each of these sets 'begins’ and ’ends’ in these sets. . . . . . ... ... ...

58



List of Figures

A.1 Example of a section of the graph of an infinite pentagonal tiling. It is 3-colorable,
but not 2-colorable, since it contains loops of odd length 5. It becomes 2-colorable,
however, after finite size coarse graining of regions of size up to 4. A suitable
coarse graining is given by the and turquoise regions. . . . . . . .. . ..
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Appendix A

A.1 Omitted proofs from the main text

Proof of proposition 3.2. The reflexivity is trivial, for symmetry see that the spectra and thus the
spectral radii of B 2AB z — 1 and A2B~'AZ — 1 are the same. Since they are both normal we
have ||B‘%AB‘% — 1|| £ € which proves the second implication. Now the first implication follows
via

I(B~2AB™)™ =1l =l ) (B 2AB™2 - D) < )" B2 4B — 1|
k=1 k=1

IBZA™'B? — 1]

€

IA

1-¢€
where in the last line we used that by assumption ||B‘%AB‘% -1 €e.
For transitivity, see that
|AZC71AY — 1| = |[AZB 2(B2C™'B2 — 1+ 1)B 2A? — 1|
RN R R | 11 1o 1.1
<||A2B"2(B2C™ B2 —1)B 2A2|| + ||A2B” A2 — 1||
< |(B2C™'B? — 1)(B"2AB )|+ |A2B~'AZ — 1|
<e(l+e)+e =1n.
For the second inequality note that || XY X*|| = |o(XYX™)| = |o(X*XY)| < || X*XY|| holds, for
X,Y some operators with Y self-adjoint, and |o-(X)| denotes the spectral radius of X. Using this
with X = A2B"2 and Y = B2C~'B? — 1 then gives the second inequality. The third inequality
follows from the assumptions and the fact that ||B‘%AB‘%|| = |(7(B‘%AB‘%)| = |(7(A%B‘1A%)| =
|0'(A%B_1A% — 1)+ 1] <1+ €. See also the second implication of symmetry.
For the tensor multiplicativity 3) see that
l(A®B)*(A®B) ' (A®B)* —1|| = |A’A'A> @ B2B'B} -1 ® 1|
< I(A2A7'AZ —1) ® (B2B~'B2 - 1)||
+I(A2A7'AY — 1)@ 1|+ |1 ® (BB ~'B? - 1)||
<€ et+et+e=1.

For property 4) see the following chain of implications

IDIET'D: —1||<ee 1-e<DIE'DI <1+e
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Since P is self-adjoint the above implies that the following holds:

PDP PDP trge PDP trge PDP
< PEP < - <trg PEP £ ——.
1+e€ 1-¢€ 1+e€ 1—€

When -~ ! represents the generalized inverse, the above chain holds also in reverse on supp trg (PD P) =
supp trgc(PEP). Le. it implies that || (trg PDP)% (trge PEP) ™ (trgc PDP)% — Lgupp(trge (PPl <

€.
For property 4) first note that if D < E, then D £ AE where u = S+ - %l, since

ID*(AE)™'D> = 1) = |27 |ID*E7' D7 — 1|+ |77 1 = 1.

Now since D < E = trq PDP < trg PEP & PP <y pEp < WCPPOE — 1 4 e >

%[[f;glf]] > 1 — € by the proof of property 4. It follows that

17 =[PP P (trge PEP\™" [ttge PDP\? |
=W ppr]) \TPEP]] \Te[PDP]

= ||(trge PDP)? (trgc PEP) ™' (trge PDP)2 A — 1|,

_ Tt[PDP]
=~ Ti[PEP]

with1 —e < 27! <1l+e Hence ||| < el ' +]1-2"! | <e(l+€)+e=€(2+€). O

Proof of Corollary 3.3. The corollary is easily proved by induction using the transitivity of the
relation, spelled out here for convenience. Assume A; < Ay for all i and set Ag A &, then by
transitivity we have the recursion

M1 < k(1 +€) + €.

For k = 1, noting that 77; = €, this gives 7o = €(1 + €) + € = €2 + 2¢ = (1 + €)> — 1. For any k we
have

Mt < m(1+ 9 +e= (1+F =D+ +e= (149 1.
O

Proof of Theorem 3.5: Strong local indistinguishability in 1D,. The proof follows a similar path
as the proof of Proposition 8.1 in [7] and uses local indistinguishability, see e.g. Theorem 5
from [4], or Corollary 2 in [6], which follows from the assumptions above. Thus we know that
| trpc oABC —trg o4B||; < K’e?!, with K’,a’ > 0 depending only on r, J.

Using the notation Ex y := e Hxv oHx+Hy for X 'y c [ disjoint, we rewrite:

(trgc oBC) (trp o) 7!

= trgc [e 48] trg[e B! Tr[e HaBc] ™! Tr[e~HaB]

= trgc[e HABC | eHa e HA trg[e~HAB] = Tr[e~HaBC |~ Ty[¢~HaB]

= trgc [e_HBCe_HABC eHAeHBC] trg [e_HBe_HABeHA eHB] -1 Tr[e_HABC] -1 Tr[e_HAB]

_y Tr[e HaB] Tr[e~HaC]
Tr[e~Hasc] Tr[e~H5]

=trpc[0BCEa pc] trg|0BEA 5]

= trpc[0BCEa pcl tra[0BEap]l™ - ke
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In the second line we multiplied by 1 = ef/4¢~H4, which in the third line we can separate and pull
into the partial traces, since neither of them trace out the region A. Thus we may rewrite:
I(trpe oAP€) (rp AP) 1|
<|l(trgc %) (rg o) ™! = (trpc [0PCEa sc]) (tr[0PEag]) 7'l
+||(rpc [P Easc]) (tra[0PEx g]) ™' = 1]
<N trgc[0BCEapclllll(trg[0BEAs]) " I[A4ke = 1
+1(rg[cPEas]) "l trac[0PCEapc] — trg[0PEa 8]ll.

By Corollary 4 in [7] it holds that ||(trg[cBEA 5])7'|| < C and ||trgc[0BCEac]ll < C,
for the same constant C depending only on r,Jf. Furthermore in [7][Step 2] it is proven that

Aapc — 1 decays exponentially, thus by the geometric series so does /ngc — 1, i.e. there exist
K"”,a"” > 0, depending only on r,Jf s.t. |/l/j‘gc - 1] < K”¢%t. So it remains to bound

|(trgc [0BC€Ea Bc]) — (trp[cBE 4 5])~"|| exponentially in /. To do this we adopt a similar
strategy to Step 3 in [7].
Split B = B B; into to halves, s.t. |Bj| = |Bz| = [ and write
ltrgc [P Eapcl —trgloPEaslll <l trpc[0®CEa sl - trpc [P Ea gl
+|trpc 0P Eap,] - trg[cPEa g ]l (A.1)
+|tra[0PEap,] — trg[0PEa 8] .
Here we just used the triangle inequality of the operator norm twice. For the first and third summand
in (A.1) use that the map Q +— try[cXQ] is a contraction in B(H)) — B(Hx\x) by the Russo
Dye theorem (see e.g. section 3.4 in [7]), and thus || trpc[0BCEa pc] — trpc[0BCEa B, ]Il <
|IEa,Bc —Ea,B, ||, where the r.h.s is exponentially decaying in | B | = [ by Corollary 3.4 and Remark
3.5in [7]. The same holds true for || trg[0BE4 p,] — ttg[0cBEA ]|l < |Ea.B, — Ea.B|l-

For the second summand in equation (A.1) we use Proposition 8.5 in [7], which gives || trgc [0 B€ E, B, 1-

trp[oPE} g 11l < Ke=a for some K,d > 0, depending only on r,JB8. The same holds true for
the adjoints, which is exactly the second summand. In total we have that there exist K"/, a’’ > 0
depending only on ,J3 s.t.

I trpc[0BCEapc] — tploPEaplll < K e (A2)
Now putting all of the above together we have our desired result.
I(rpc[c*P D (p[c P~ = 1| < | rpe [P Easclllli(ta[o®Eas]) ™ 1045c — 11
+(trg[0PEa,8]) 'l trpc [0BCEapc] - trp[oPEx 5] |
< C?K" et 4 CK"" e
i
Proof of Lemma 4.5. If dist(A;, A2) > 2, then by definition of the algebras N4, and Ny, have

only 1 = Np = Na,na, in common. Since it holds, that 0A; U dA; = 9(A; U A,) their union is
given by

Nay UNay = B(H») @ B(Hp) @ Ly e ® lye ) Q) A () Q) A

i€la; jeTO\{0) i€la, jeTD\{0)

= B((}{AIUAZ) ® ]l(H(ANAz)C ® ® ® ﬂij

i€la 04, jeJ O\{0}

= NA1UA2
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For the other case we can WLOG assume A; C A, hence A{ U Ay = A and A; N Ay = Ay. Then
clearly /\(A1 U NA2 = NA2 = NAIUAz‘ Similarly NA1 N NA2 = NA1 = NAlﬂAz- O

A.2 Finite-size-coarse-graining example

See ?? for an example of a 3-colorable, but non-2-colorable, infinite regular pentagonal graph,
which after coarse graining subsets of diameter d = 4, becomes the 2 dimensional qubic, hence,
2-colorable lattice.

Figure A.1: Example of a section of the graph of an infinite pentagonal tiling. It is 3-colorable,
but not 2-colorable, since it contains loops of odd length 5. It becomes 2-colorable,
however, after finite size coarse graining of regions of size up to 4. A suitable coarse
graining is given by the and regions.
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