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Abstract

This PhD thesis deals with a number of different problems in mathematical physics with the
common thread that they have probabilistic aspects. The problems all stem from mathematical
studies of lattice systems in statistical and quantum physics; however beyond that, the selection
of the concrete problems is to a certain extent arbitrary. This thesis consists of an introduction
and seven papers.

In [Mass], we give a new proof of exponential decay of the truncated two-point correlation
functions of the two-dimensional Ising model at the critical temperature in a magnetic field.

In [MlonCoup], we provide counterexamples to monotonicity properties of the loop O(1)
model and the (single, traced, sourceless) random current model. Additionally, we prove that
the uniform even subgraph of the (traced, sourceless) double random current model has the
law of the loop O(1) model.

In [Kertész], we prove strict monotonicity and continuity of the Kertész line for the ran-
dom cluster model in the presence of a magnetic field implemented through a ghost vertex.
Furthermore, we give new rigorous bounds that are asymptotically correct in the limit h — 0.

In [UEG], we prove that the uniform even subgraph percolates in Z¢ for d > 2, that the
phase transition of the loop O(1) model on Z% is non-trivial and we provide a polynomial lower
bound on the correlation functions of both the loop O(1) model and single random current
corresponding to a supercritical Ising model on Z? whenever d > 3.

In [MagQW], we introduce a model for quantum walks on Z? in a random magnetic field
where the plaquette fields are i.i.d. random. We prove an a priori estimate and an exponential
decay result of the expectations of fractional moments of the Green function.

In [Spec], we obtain a representation of generators of Markovian open quantum system with
natural locality assumptions as a direct integral of finite range bi-infinite Laurent matrices with
finite rank perturbations. We use the representation to calculate the spectrum of some infinite
volume open quantum Lindbladians analytically and to prove gaplessness of the spectrum,
absence of residual spectrum and a condition for convergence of finite volume spectra to their
infinite volume counterparts.

In [OpenLoc], we consider a Markovian open quantum system where the terms in the
generator are local. We prove that in the presence of any local dephasing in the system, then
any steady state of the system will have exponentially decaying coherences. Furthermore, we
prove for a general class of models that includes our motivating examples, that the results
holds in expectation for large disorder, that is, a sufficiently strong random potential in the
Hamiltonian. That result extends Anderson localization to open quantum systems.
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Sammenfatning

Denne Ph.D.-afhandling omhandler en reekke forskellige problemstillinger inden for matematisk
fysik med det tilfeelles at de alle har sandsynlighedsaspekter. Alle problemstillingerne stam-
mer fra matematiske studier gittersystemer i statistisk fysik og kvantefysik, men derudover er
udveelgelsen af de konkrete problemer i en vis udstrackning vilkarlig. Afhandlingen bestar af
en introduktion og syv artikler.

I [Mass] giver vi et nyt bevis for eksponentielt henfald af de trunkerede topunktskorrela-
tionsfunktioner af den todimensionelle Ising-model ved den kritiske temperatur i et magnetfelt.

I [MlonCoup] giver vi modeksempler pa monotonicitetsegenskaber for loop-O(1)-modellen
og den (enkelte, sporede, divergensfri) tilfeeldige strom. Vi beviser ogsa, at den uniforme lige
delgraf af den (sporede, divergensfri) dobbelte tilfaeldige strgm har samme lov som loop-O(1)-
modellen.

I [Kertész] beviser vi streng monotonicitet og kontinuitet af Kertész-linjen for FK-perkolation
i et magnetfelt implementeret gennem et spogelsespunkt. Desuden giver vi nye band, der er
asymptotisk korrekte i graensen h — 0.

I [UEG] beviser vi, at den uniforme lige delgraf perkolerer i Z¢ for d > 2, at faseovergangen
af loop-O(1)-modellen pa Z¢ er ikke-triviel, derudover giver vi et polynomielt nedre band for
korrelationsfunktioner af bade loop-O(1)-modellen og den enkelte tilfaeldige strgm svarende til
en superkritisk Ising-model pa Z¢, med d > 3.

I [MagQW] introducerer vi en model for kvantegature pa Z? i et tilfzeldigt magnetfelt, hvor
magnetfelterne i hver plakette er uahaengigt identisk fordelte. Vi beviser et a priori-estimat og
et eksponentielt henfaldsresultat af forventningerne til brgkmomenter af Greens-funktionen.

I [Spec] opnar vi en repraesentation af generatorer af markovske abne kvantesystemer med
naturlige lokalitetsantagelser som et direkte integral af biuendelige Laurentmatricer der har
endelig raekkevidde med endelig rang pertubationer. Vi bruger repraesentationen til analytisk
at beregne spektret af relevante eksempler Lindbladoperatorer i uendelig volumen. Derudover
bruger vi repraesentationen til at bevise at spektrene aldrig har noget gab, at operatorerne
aldrig har residualt spektrum og til at vise en betingelse for konvergens af spektrene i endelig
volumen til deres modstykker i uendelige volumen.

I [OpenLoc], betragter vi et markovsk abent kvantesystem, hvor alle led i generatoren er
lokale. Vi beviser, at hvis der er lokal dephasing i systemet, sa vil enhver stabil tilstand af
systemet have eksponentielt henfaldende kohaerenser. Ydermere beviser vi for en generel klasse
af modeller, der inkluderer vores motiverende eksempler, at resultaterne holder i forventning,
hvis der er et tilstrackkeligt steerkt tilfeeldigt potentiale i Hamiltonoperatoren. Derved udvider
resultatet teorien om Anderson lokalisering til abne kvantesystemer.






Contributions and Structure

This thesis consists of two parts: An introduction and a collection of papers. First, we give
an overall introduction to some probabilistic methods that we use throughout this thesis. The
introduction deals mostly with proofs of exponential decay in lattice models using iterations, a
theme which is sometimes known as the Hammersley paradigm. Therefore the introduction is
a highly selective summary of methods which the later chapters build on and not in any way
a representative review of the literature. Next, we give more technical introductions to each
of the papers of this thesis.
The second part consists of the following papers.

[Mass] F. R. Klausen and A. Raoufi. “Mass scaling of the near-critical 2D Ising model
using random currents”. In: Journal of Statistical Physics 188.3 (2022), pp. 1-21. DO
10.1007/s10955-022-02939-x. arXiv: 2105.13673.

[MonCoup] F. R. Klausen. “On monotonicity and couplings of random currents and the
loop-O(1)-model”. In: ALEA 19 (2022), pp. 151-161. pOI: 10.30757/ALEA.v19-07. arXiv:
2006.15897.

[Kertész] U. T. Hansen and F. R. Klausen. “Strict monotonicity, continuity, and bounds on
the Kertész line for the random-cluster model on Z*”. In: Journal of Mathematical Physics
64.1 (2023). DOI: 10.1063/5.0105283. arXiv: 2206.07033.

[UEG] U. T. Hansen, B. Kjeer, and F. R. Klausen. “The Uniform Even Subgraph and
Its Connection to Phase Transitions of Graphical Representations of the Ising Model”. In:
arXiv e-prints (2023). arXiv: 2306.05130

[MagQW] F. R. Klausen, C. Cedzich, and A. H. Werner. “Quantum Walks in random
magnetic fields”. In: preparation (2023)

[Spec] F. R. Klausen and A. H. Werner. “Spectra of Lindbladians on the infinite line:
From non-Hermitian to full evolution via tridiagonal Laurent matrices”. In: arXiv e-prints

(2022). arXiv: 2206.09879.

[OpenLoc] F. R. Klausen and S. Warzel. “Exponential decay of coherences in steady states
of open quantum systems with large disorder”. In: In preparation (2023)
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Contributions and Structure

During my PhD, T also was a (co-)author of the following projects that are not included in
the this PhD-thesis.

A. Bluhm et al. “SARS-CoV-2 transmission routes from genetic data: A Danish case study”.
In: PLoS One 15.10 (2020), €0241405. po1: 10.1371/journal.pone.0241405.

M. Christandl et al. “Matematikere afslgrer smitteveje med corona”’. In: Aktuel Naturvi-
denskab (2020), 8-9, issn: 1399-2309.

S. T. Holdum and F. R. Klausen. “Et eksempel pa en stemmefordeling, der ikke er beskrevet
klart i loven”. In: CURIS (2022).

F. R. Klausen and A. B. Lauritsen. “A stochastic cellular automaton model of culture
formation”. In: arXiv e-prints (2023). arXiv: 2305.02153

D. Harley et al. “Going Beyond Gadgets: The Importance of Scalability for Analogue Quan-
tum Simulators”. In: arXiv e-prints (2023). arXiv: 2306.13739

U. T. Hansen et al. “Phase transitions for graphical representations of the Ising model on
tree-like graphs”. In: In preparation (2023)

F. R. Klausen. “A note on eigenfunction correlators for the unitary Anderson model”. In: In
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1. A Gentle Introduction: Probability
in Mathematical Physics

In this chapter, we motivate and provide a simple introduction to some of the objects and
techniques studied in this thesis using the Ising model and Bernoulli percolation as guiding
examples. We invite the reader to look at pictures and ponder about probability as we go
along. The only prerequisite is some degree of comfort with probabilities. Therefore, experts
in the subject may choose to start directly in Section 2. For a much more in-depth introduction
to classical statistical mechanics, see the inspiring introduction [F'V17].

1.1. Intuition on Phase Transitions: A Look into the
Ising Model

Phase transitions are a part of the everyday life of every human being. One of the most well-
known phase transitions is the phase transition of water, which changes state from solid (ice)
to liquid (water) and eventually to gas (vapor) as the temperature is increased.

The phase transition of water is so fundamental to us and to our understanding of tempera-
ture that we designed our temperature scales around it. At the same time, the phase transition
of water is complex. Only one degree of temperature leads to an abrupt change of behavior.
What is really going on when we make a cup of tea?

Phase transitions are a central object of study in statistical mechanics, where one approach
is to find simple models that qualitatively exhibit some of the features of phase transitions.
The prototypical example is the two-dimensional Ising model. Apart from its prototypical

o

(a) Cold water (b) Boiling water (c) Water vapor

Figure 1.1.: Water at three different temperatures, arguably the most well-known phase
transition. b) Image: Serious Eats / Amanda Suarez. Published with permission
from seriouseats.com. All rights reserved.
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status in statistical mechanics, the purpose of introducing the Ising model here is two-fold.
Firstly, it was in itself one of the main objects of study throughout this thesis (the papers
[Mass], [MonCoup], [Kertész], [UEG]). In addition, some of the techniques that we use in
[MagQW] and [OpenLoc] have direct simpler analogues in the case of the Ising model.

1.1.1. The Energy of the Ising Model

The Ising model is a model of magnets. In school, it is often taught that a magnet is made up
of mini-magnets. These mini-magnets, which point either up or down, we call spins, and we
say the Ising model is a spin-model.

In the ferromagnetic Ising model, the energy of the system is lower whenever more
mini-magnets point the same way as their neighbors. Thus, if we have a fixed network of mini-
magnets, we can count the pairs where two neighbours point in opposite ways. More formally,
a network can be specified by a graph G with vertices V' and edges E, see Figure 1.2b) for an
example.

Thus, we can say that the energy, which we will denote by the letter H, is given by

H = number of pairs with mini-magnets pointing in opposite directions.

In the example in Figure 1.2, we see that H = 3 since there are three red edges between spins
pointing in opposite directions.

%\ %\ % o 9\ @
% % \ ©
@
(a) An Ising configuration with spin (b) The configuration with + and — in-

depicted as arrows. stead of arrows.

Figure 1.2.: An Ising configuration with 5 spins (vertices V') and 5 designated pairs of
edges (edges E) displayed with arrows and with + and — respectively. We
have coloured the edges such that pairs of spins pointing the same way are
blue and pairs pointing the opposite way are red.

For the ferromagnetic Ising model, it is easy to see that there are two states with the lowest
energy H = 0, namely the one where all mini-magnets point up and the one where all mini-

magnets point down, see Figure 1.3.
o @\ /(+)
\ //®
@

Figure 1.3.: The configuration with energy H = 0 where all spins point upwards.

Let us emphasize the locality of the model here. If we flip a mini-magnet then the only
changes in energy come from edges adjacent to the vertex of a spin.
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1.1.2. Relating Energy and Temperature

From the phase transitions of water we get an intuitive feeling that higher temperature means
more movement in the system. Since any moving molecule has kinetic energy, it is natural
to think that we can model higher temperatures of a system by higher energies. The central
insight, that in some sense gave birth to the field of statistical mechanics, is that this perspective
is particularly useful if we think of the system as random. In the case of the Ising model, it
is most common to work with a fixed average energy, the so-called canonical ensemble.

The intuition described above is formalized through the Gibbs measure. The Gibbs measure
is a particular probability measure. Probability measures, which play a central role in this
thesis, constitute a systematic way of assigning probabilities to different events. The Gibbs
measure for the Ising model we call ug and it assigns probabilities to different configurations
of spins.

Under the Gibbs measure g the probability of finding a given configuration o is proportional
to the Boltzmann factors e #H#(?) where 8 > 0 is a constant that we interpret as the inverse
temperature. The constant of proportionality, or normalizing constant, Z = e PH(9) i5 also
called the partition function. It is the sum of the Boltzmann factors for all configurations. It
makes sure that the probabilities sum to 1. To summarize, the probability measure pg assigns
a probability to a configuration ¢ according to the formula

polo) = “——. (1)
We motivate this specific assignment of probabilities in Section 1.3. Let us now give a simple
example.
Configuration: o % — % % % % % % — %
Energy: H(o) 0 1 1 0
Boltzmann
1 -8 -8 1
factor: e PH(@) € ¢
. 1 e P e P 1
Probability: pglo] | 3527 31 2c—F 312c P 27 2e P

Table 1.1.: An example of a graph with two vertices and a single edge and the four
possible confirgurations, their energies, Boltzmann factors and probabilities.
Here the partition function is Z = 2 4 2e~%.

Now notice that if the temperature is close to 0 then § is very large and the probability
that we are in a configuration with high energy is very small, which in turn means that the
average energy will be small. In the simple example in Table 1.1, we see that the probability
for the two configurations where the spins point the same way is close to % and the remaining
two have probabilities close to 0. Conversely, if § is very small then all configurations will get
approximately equal probability and the average energy will be large. In Table 1.1, we see that
the probability of all four configurations becomes approximately %. More concretely, we can
also calculate the average energy to be

e P e P e P
1o t1. = :
2+ 2e b 242 B 14ehB
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This expression tends to 0 when 8 — oo and it tends to % when 5 — 0 and it thereby explains
out interpretation of 8 as the inverse temperature.

Now, the Ising model can be generalized to any graph, which by determining which mini-
magnets are neighbours. For example, Ising himself studied the one-dimensional model in
[Isi24]. It turns out that a more interesting and complicated example is the two-dimensional
Ising model to which we turn next.

1.1.3. The Two-Dimensional Ising Model

The graph of the two-dimensional Ising model is the square lattice. To illustrate it, we show
an example of a configuration in Figure 1.4. The two-dimensional Ising model has a phase
transition which has been subject of intense study [DC22]. In Figure 1.5, we see some different
snapshots of random configurations from the two-dimensional Ising model for different values
of B showing a dramatic change of behavior as § is increased.

H—0—0——0O
b &L b L L
D00 e!
bbb b b L]
bbb b L L
bbb b L L
L b b4 L b

Figure 1.4.: An example of a part of the configuration of the 2D Ising model.

One way of mathematically study the phase transition exhibited in Figure 1.5 is through
correlation functions. Correlation functions in different disguises play an important role
throughout this thesis. In the simple case of the Ising model, we write the correlation function
between a vertex x and a vertex y as

(020y)g =2+ puglogy = o) — 1. (1.2)
In other words, this quantity is two times the probability that the spins point the same way
minus 1. Mathematically speaking, the correlation function is the expectation value of the
product of two spins 0,0, under the probability measure pg.
Notice that if z and y are completely independent of each other, then they point in the same
way with probability % In this case, we have (0,0,)3 = 0. If they, on the other hand, always
point the same way, then (o,0,)s = 1.
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(a) A subcritical Ising config- (b) A critical Ising configura- (c) A supercritical Ising con-
uration. Here 8 < .. tion. Here 8 = .. figuration. Here 8 > (..

[oR Y

LR
R g R %
P RN i i

Figure 1.5.: Three examples of a two-dimensional Ising model with varying inverse tem-
perature S. Notice how the two-dimensional Ising model has a phase tran-
sition. Here up-arrows are coloured black and down-arrows white (© Yvan
Velenik).

For the Ising model, it is always the case that (0,04)3 > 0, which means that two spins
are more likely to point the same way. This is known as the first Griffith’s inequality after
[Gri67]. Loosely speaking, the effect is strongest for neighbours. That means that if a spin at
x is pointing up then it is more likely that its neighbours are also pointing up.

In Figure 1.5 we see how spins closer to each other are more likely to point the same way. For
all three figures, there are islands of + spins and — spins. In 1.5a) the islands are very small, in
1.5b) the islands are very large and in 1.5¢) there is one big island of — spins with some lakes
of 4+ spins. This abrupt change signifies the phase transition. We say that the configuration
in 1.5a) does not have long range order. This means that knowledge of the direction of one
spin does not give knowledge of a spin far away, i.e. the correlation function (o,0,)s tends to
0 when = and y become further and further apart. In contrast, the configuration in 1.5¢) has
long range order. There, a very large proportion of spins point the same way and so if one
knows that a spin here is up, then it is more likely that a spin very far away is up, that is
(020y)3 does not tend to 0. The situation in 1.5b) is in between, we say that it is critical. It
is exactly at this point that the phase transition happen corresponding to the point where the
water is boiling in Figure 1.1b).

Notice how in each picture, there is a sort of typical island-size or length scale of the system.
This length scale, which we call the correlation length, must be related to the probability
that two spins point the same way (which was captured by the correlation function). Below
the critical temperature, it turns out [ABF87] that the correlation function is always expo-
nentially decaying, that is, for some numbers C' and &

_lz—yl

(oz0y)g ~ Ce™ € . (1.3)

This means if we pick x and y further and further apart then it becomes completely random
whether they point the same way. This is the case in Figure 1.5a). The rate at which this
randomness emerges is governed by the number &, which is the correlation length. For example,
if £ is small (i.e. £ ~ 3) then the clusters (islands) are very small, and if ¢ is large (i.e. £ ~ 3000)
then the clusters are rather large.

Exactly at the critical point 8 = f., the phase transition happens and £ = oo and there is
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(a) The correlation length £(5) of the (b) The correlation length &(p) of one-
two-dimensional Ising model. dimensional Bernoulli percolation.

Figure 1.6.: The correlation length as a function of the parameter for a) the Ising model

(schematically) and b) Bernoulli percolation. Notice how it diverges as

B — B. where 3, = M (as proven by Onsager [Ons44]) and as p — p,

where p. = 1.

no longer exponential decay. Instead, the correlation function decays polynomially. In Figure
1.6a the correlation length is shown as a function of § and we see how it becomes infinite.
Diverging correlation length is a hallmark of phase transitions.

Notice the analogy with boiling water (see Figure 1.1). Way below the phase transition there
are a few water bubbles, and as we get closer to 100 degrees Celsius the bubbles become larger
and larger. But once all the water is vaporized the bubbles are very small again.

1.1.4. A Brief Comment on Universality

The Ising model is arguably very crude and it does not resemble the microscopic properties of
water or a real magnet. A physical motivation to nevertheless study the model is the concept
of universality. The idea is that the behavior of the model does not depend much on the
microscopic details, especially near the phase transition (see for example [DC22) Sec. 4.2.2]
and references therein). According to [F'V17, p.52], in the early days of statistical mechanics,
the simple models were regarded as mostly interesting for mathematicians and lacking physical
relevance. However, this perspective has changed. In the words of Friedli and Velenik [F'V17,
p.53]:

One additional ingredient that played a key role in this change of perspective is
the realization that, in the vicinity of a critical point, the behaviour of a system
becomes essentially independent of its microscopic details, a phenomenon called
universality. Therefore, in such a regime, choosing a simple model as the repre-
sentative of the very large class of systems (including the more realistic ones) that
share the same behaviour, allows one to obtain even a quantitative understanding
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of these real systems near the critical point.

As inspiring as we may find universality, we are also motivated by the beautiful mathematics
that statistical mechanics has to offer. Beautiful mathematics that, as an additional perk, often
arrives in the form of easy-to-state but difficult-to-solve problems that simultanously can give
rise to very rich mathematics (see e.g. [DC22] and references therein).

1.2. Mathematical Perspectives on Phase Transitions:
Exploring Bernoulli Percolation

We now provide some perspectives on the mathematical study of phase transitions. In par-
ticular, we study the simpler model of Bernoulli percolation. The motivation for doing so is
that many of the arguments that we use throughout this thesis have simpler analogous for
Bernoulli percolation. Furthermore, Bernoulli percolation is arguably the simplest example of
a percolation model, and percolation models play a substantial role in this thesis. One of the
most studied percolation models is the random cluster model (or FK-representation), which
is a percolation model that encodes the properties of the Ising model. In that way, it bridges
between Bernoulli percolation and the Ising model. However, for simplicity and to focus on
ideas rather than introducing all the models, we wait until Section 2 before introducing the
random cluster model.

1.2.1. Definition of Bernoulli Percolation

In contrast to the Ising model, where spins could be up or down, Bernoulli percolation concerns
edges that can be either open or closed. One can think of open edges as edges that are “switched
on” and closed edges as edges that are “switched off”. To mimic the example from Table 1.1
above, if the graph has two vertices and one edge e then there are two configurations, one
where e is open and one where e is closed. In Bernoulli percolation with parameter p € [0, 1]
the probability that the edge is open is p and that is closed is 1 — p.

For a more complicated example consider the graph in Figure 1.7 with vertices that we label
with the integers from —4 to 4 and edges between consecutive integers. On the sketch (Figure
1.7) the edges (—4,-3), (-3,-2), (-2,—1), (0,1), (2,3),(3,4) are open and the dashed edges
(—1,0), (1,2) are closed. The probability of that configuration would be p®(1 — p)? (since there
are 6 open and 2 closed edges). Any way of opening some edges and closing others is called a
configuration and we denote it with the letter w. We denote the set of all such configurations
by Q. For a configuration w € €, we let o(w) be the number of open edges and c(w) denote
the number of closed edges. In the example, this means that o(w) = 6 and c(w) = 2.

In a general graph G = (V, E), Bernoulli percolation with parameter p between 0 and 1
consists of opening each edge independently with probability p. Formally, this means that
every configuration of open edges w has the probability

Pplw] = p°) (1 — p)e@.

For example, for p = % this is the same as flipping a fair coin for every edge. If the coin is heads

we open the edge and if it tails we close the edge. Without going into details, we mention that
in [UEG] it is used extensively that P1 is the Haar measure on .
2
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Figure 1.7.: A configuration of edges for Bernoulli percolation on Z (where we have only
shown some of the points, the reader should think of the path as infinite
in both directions). Here the full edges are open and the dashed edges are
open.

In analogy with the correlation function for the Ising model introduced in (1.2) the correlation
function of Bernoulli percolation we write as Pp[z <+ y], which is the probability that there is
a path of open edges connecting x to y. In Chapter 2, we give more examples of correlation
functions that are studied in this thesis.

The notion of phase transition is clearer for infinite system and in the case of Bernoulli per-
colation we aim to determine the probability of the existence of an infinite path of open edges.
If there is such an infinite path we say that the model percolates. The term “percolation”
should evoke the idea of water permeating a medium from one end to the other.

As the simplest examples, we consider Bernoulli percolation on Z and Z2. Here Z are the
integers and thus one should think of the graph from Figure 1.7 extended to all the integers
(with edges between consecutive integers). Similarly, the graph Z? has vertices that consists
of all pairs (n,m) of integers n and m where there is an edge between two vertices (n,m) and
(n/,m’) if and only if |n —n'| + |m — m/| = 1 (see Figure 1.4 or Figure 1.8). Furthermore,
the (graph) distance between two vertices z and y is the minimal number of edges in a path
between z and y. The construction of the d-dimensional hypercubic lattice Z%, which is the
main playground of this thesis, is similar.

On an infinite graph we can ask whether there is an infinite path of open edges starting
from 0. We write the probability that such a path exists as IP,[0 <> oo]. It is often difficult to
determine this probability as it involves taking infinitely many edges into account. There are
however ways around this. As a first example of such an argument is Bernoulli percolation in
one dimension, where the situation is simple.

1.2.2. One-Dimensional Bernoulli Percolation

Consider the one-dimensional example where some of the edges are shown in Figure 1.7. For
any vertex n in the graph we say that the event {0 <> n} occurs if there is a path of open
edges from 0 to n. Since there is only one possible path that could be open in this example it
means that every edge from 0 to n has to be open.

Proposition 1.2.1. Consider IP, 7, that is Bernoulli percolation on Z with parameter p. Then

7

Ppz[0 > n] = p".

Proof. Every edge (i,i+ 1) between the vertices ¢ and ¢ + 1 has to be open for a path between
0 and n to be open. The probability for each edge to be open is p. Since they are independent
the probability for all n edges to be open is p™. O

10
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With this observation at hand we can consider the probability that 0 <> oco. If there is an
infinite path starting from O then it must be infinite either in the positive or in the negative
direction. Therefore, the probability that there is an infinite path from 0 must be smaller than
the probability that there there is a path from 0 to n plus the probability that there is a path
from 0 to —n. Thus,

P, z[0 < 00] <P, 7[0 <> n] + P, 7[0 <+ —n] = p" +p" = 2p™.
When n tends to oo then 2p™ tends to 0 if p < 1. On the other hand if, for p = 1 all edges
are always open and therefore, there is always an infinite path starting at 0 (in other words,
it happens with probability 1). These considerations prove the following proposition, which is
our first proof of a phase transition!

Proposition 1.2.2. Consider P, 7, that is Bernoulli percolation on Z with parameter p. Then,

P, 2]0 <> o0] = {O%fp <1
lifp=1
Since the p that are allowed for in the model (and the only ones that make sense) are
between 0 and 1 and the phase transition happens at p = 1 we say that the phase transition
is trivial.
With a slight reformulation, allowing p to be larger than 1, the model is perhaps more
familiar.

Example 1.2.3 (A too familiar example). Consider an epidemic with Iy infected in the begin-
ning. Let R € [0,00] be a parameter. Suppose that every infected individual in every time-step
passes the disease onto R new people. Thus, if there were I, infected individuals in the n’th
timestep, then there are RI, infected individuals in the next time step. Therefore,

In-l—l = RI,.

It follows that,
I, = R"I,.

Thus, the situation mimics perfectly the situation in Proposition 1.2.1 (upon identifying R = p),
but now values of R > 1 also make sense. The phase transition is still at R =1. For R < 1
the model exhibits exponential decay, for R = 1 the number of newly infected individuals
remains constant, and for R > 1 the number of new infections is exponentially increasing.

Apart from highlighting that simple models are omnipresent the example teaches us a
lesson on exponential decay. Namely, if we iteratively multiply a number less than 1 we obtain
exponential decay.

As in (1.2) above we can also introduce a correlation function and a correlation length for
Bernoulli percolation on Z. The correlation function for two vertices z,y € Z is given as

Pylz ¢ y] = plr=yl = eloa@)le—yl, (1.4)
Now, comparing (1.4) with the definition of the correlation length in (1.3) we see that the
correlation length is given by £ = —@. Again, we see that £ — oo as p — p. = 1 (see Figure

11
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1.6b for a graphical illustration). Here p. is the critical point, which we can in general define
by
= inf {P,|0 > o0] > 0}.
pe=inf (B0 o] > 0)
We saw that Bernoulli percolation in one dimension Z is trivial since p. = 1, but in two
dimensions Z?2, it holds that 0 < p. < 1 as we will now discuss.

1.2.3. Two-Dimensional Bernoulli Percolation

It turns out that the two-dimensional model is much more interesting and one can prove that
the phase transition is non-trivial (that is 0 < p. < 1). In fact, a celebrated result by Kesten
[Kes80] states that p. = % In Figure 1.8, we see how the subcritical, critical and supercritical
phases looks.

Here (and throughout this thesis), A, will denote the box of size 2n x 2n centered at 0:
A, = {r € Z? | |z| < n} and the boundary dA,, = {z € Z? | |z| = n}. One way to go about
proving the non-trivial phase transition is to establish for some py > 0 that there exists a
¢, i > 0 such that

Ppy.22[0 <> OAy] < ce™H™. (1.5)

Since any infinite path starting at 0 must pass through 0A,, for any n € N it holds that for
any p € [0, 1]
P,[0 < oo] < P[0 <> OA,].

Therefore, (1.5) implies that
P,, 220 < 0] = 0.

One can say that if (1.5) holds then the probability that you go further and further away tends
to 0. Therefore, the probability that you get infinitely far away must be 0. Hence, there is
no infinite path starting from zero and so py < p.. Thus, the inequality (1.5) tells us that the
model at pg is in the subcritical phase, which is illustrated in 1.8a).

This is a simple example of how proving exponential decay provides information of the phase
of the system. As proving such exponential decay plays a central role in this thesis (e.g. for
the Anderson model and random cluster model), so we delve into a slightly more complicated
example, that highlights many points that will come up throughout this thesis.

1.2.4. Warm Up for Separating Surface Conditions: One-Step
Bound

Denote the four points that are neighbours to 0 by a1, as, as, a4 and let e; be the edge between
0 and a; for each i € {1,2,3,4}, see also Figure 1.9b).

Lemma 1.2.4. On the square lattice Z* for every p € [0, 1] it holds that

4

P[0 > z] < pZPp[ai “ .
i=1

12
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Figure 1.8.: Three regimes for Bernoulli percolation on Z?, where the critical parameter
is p. = 0.5. Notice the striking similarities with Figures 1.1 and 1.5.

Proof. Notice first that 0 <> x if and only if for one i € {1,2,3,4} the edge e; is open and there
is an open path from a; to x that does not use e;.
Since the probability that one out of four events happens is smaller than the sum of the proba-

bilities that each of them happens we can consider each of the four events {e; is open, a; ﬁ x}
separately. Here {e;}¢ means outside of e;. This type of argument is know as a union bound.

Now, the event that there is a path from a; to x not using e; does not in any way depend
on whether e; is open or closed. I.e the two events are independent and the probabilities
factorize, meaning that

P, e; is open , a; feidy z] = IP,le; is open] Pp[a; feidy x].

Furthermore, since the probability of having a path between a; and x where it is allowed to
use e; is larger than the probability of such a path where e; is not allowed then

P, la; fey z] < Ppla;<—x]. Hence, using Pple; is open] = p we obtain

P, [e; is open, a; fedy z] < plPyla+—x].

Together with the union bound this establishes the lemma. O

One-step bounds for other models play an independent role in this thesis. Here they mostly
serve as a simple example of separating surface conditions that we discuss next. The many
facets of separating surface conditions are the closest this thesis comes to a common theme.

1.2.5. A First Encounter with a Separating Surface Condition

A separating surface condition is a way to encapsulate the locality of the system. This way
of thinking is used extensively throughout this thesis as we elaborate on in Section 2.2.3. If
x € 72 is some vertex outside of A, then JA,, is a separating surface, in the sense that any
path from 0 to z must cross 0A,,.

13
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x
0
Yy
(b) Example of the 4 edges in the
(a) TIllustration of the box A, acting as a separating single step bound. Indepen-
surface between 0 and x. Any path from 0 to z must dently, each of them is open
visit a vertex y € OA,. with probability p.

Figure 1.9.: Two elements of the proof of exponential decay for two-dimensional
Bernoulli percolation.

Proposition 1.2.5.  For every vertex x ¢ A, it holds that

Pol0 > 2] < S P[0 2% yIP,y ¢ al. (1.6)
yEIA,

Roughly speaking, Proposition 1.2.5 says that the probability that there is a path from 0 to
x is less than the probability that there is a path from 0 to the boundary of A, and then from
the boundary to = (see Figure 1.9a).

For an elementary proof we follow [DC18, Corollary 2.5]. Readers who are less experienced
with probability may choose to skip the proof on their first reading.

Proof. Consider C = {y € A, | y Ay 0} which is the connected component of 0 inside A,,.
We will consider all different realizations of C. So suppose that C is a fixed set of edges in A,
and C = C. Then, if 0 +> z then any path from 0 to x must exit C' the last time from some
vertex y € C' |, since x ¢ C. This exit-vertex y € dA,, since if it was inside A,, and not in the
boundary, then the next vertex would be part of C'. Thus, if {C = C} and {0 <> 2} then there

is a vertex y € 9A,, such that {0 & y} and {y & x}. This argument means that

{c=Ccin{oeayc [J{c=01n{0&yyn{y <ol
YyEIN

Thus, by a union bound then

Plic=Ctn{0ea}] < Y Blc=Crn{0 & yn{y <5 )
yEIA,

14
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Figure 1.10.: Example of some of the random walks some steps from the random walk
expansion in (1.8).

As C C A, and by considering all the different realizations of C we get that

P[0 ¢+ 2] = Y Pp[{C=C} {0 x}]

CCA,

<3 N Blic=crn{o & R,y < o]
CCA, yeOA,

< Y S Bl{c=Cn{o & glB,ly ¢ 4]
yEA, CCAy

= Y B0 <2 ylPly < al.
yEIA,

1.2.6. From Single-Step Bounds and Separating Surfaces to
Exponential Decay

Using the arguments from the previous sections we can do an iteration argument that leads to
the exponential decay in (1.5). We consider the particular case where the box A,, consists of
the five points in Figure 1.9b. For any vertex v = (v1,v9) € Z? let B (v) denote of distance

1 to v. Hence, by symmetry P,[0 gl y| =

Thereby, Lemma 1.2.4 can be stated as

p for every y € 0B1(0), see also Figure 1.9b.

P02l <p > Py« al (1.7)
y€0B1(0)

Notice also how a slight extension of Proposition 1.2.5 implies (1.7). Our objective now is to
iterate the process and prove exponential decay by collecting the distance between 0 and x.

15
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Using (1.7) again with y instead of 0 yields

P,[0 < z] < p? Z Z Pylyz <> x]. (1.8)

y1€0B1(0) y2€0B1(y1)

One can interpret this bound as starting at 0, then walking to y;, then from y; to y2 and so

B
on. In each step, we collect a factor of p coming from P, [y, &) y2] = p. Thus, if there are at

least |z| steps between 0 and x we can iterate this |z| times to obtain the following random
walk expansion (see Figure 1.10)

P[0 ¢ 2] < pi Z Z o Z Pplyje < 2. (1.9)

y1€0B1(0) y2€0B1(y1)  Y)2|€0B1(Y)z|-1)

Each of these sums has 4 terms and there are |r| of them and since P,y < z] is a

probability then it is always less than 1. Therefore, all the sums are less than 4%/ and we
obtain the following lemma.

Lemma 1.2.6. On Z? it holds that
P,[0 < z] < (4p)ll. (1.10)
In particular, we see that if p < i then Pp[0 <> z] has exponential decay.
To obtain the estimate (1.5)
Pp,.22[0 <> OAy] < ce™ M7

for py < % and all n we use a union bound: If 0 <> dA,, then there must be at least one x € JA,,
such that 0 <» = and thus, the probability of 0 <+ OA,, is less than the sum of P[0 <+ x] overall
x € OA,. Thus, there exists ¢, u > 0 such that for any n € N,

P

00,2210 > 0N < D By 72[0 4> 2] < 8n - (4pg)” < ce M

€I,

where we used that there are 8n points in JA,, and each of them has distance at least n to 0 so
that we can use (1.10). The last inequality used that exponential decay dominates polynomial
front factors, in the sense that for any polynomial P and constants ¢, > 0 it holds that
P(n)ce " < /e '™ for all positive integers n for some constants ¢, i/ > 0. So, it follows that
for py < %

Pp07z2 [0 <~ OO] = 0

In other words, p. > i > 0.

Now, this is one of the two inequalities need to establish non-triviality of the phase transition
of Bernoulli percolation on Z?. The other inequality, p. < 1 is usually proven using a Peierls
argument after [Pei36], since we do not use the argument in this thesis, we refer to [DC18,
Theorem 1.1] for a nice exposition.
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1.2.7. Generalized lterations

We saw in the previous section that we proved exponential decay by keeping track of all the
n-step walks from 0. Another way to keep track of the terms is generalized iterations. Define

f(n) = sup P,z2[0 > x].

x:|z|>n

Notice that f(n + 1) < f(n) for all positive integers n. From (1.7) and using translation
invariance of P, 72 we obtain

P

p22[0 &> x] <dp sup P,y <> x]=4p sup P,z2[0 < (xz —y)] <4pf(jz| —1). (1.11)

y€dB1(0) y€dB1(0)

Taking the supremum, we obtain that

f(n)= sup P,z:[0 < z] <4pf(n—1).

z:|z|>n

We can iterate this bound and since f(0) < 1, we obtain that

f(n) < (4p)™.

We have thus obtained a new proof of Lemma 1.2.6 using generalized iterations. We will use the
method of more generalized iterations repeatedly throughout this thesis. In the next section,
we introduce the same method in a more general setting where it is known as the Hammersley
paradigm.

1.3. The Origin of Probabilistic Models

Historically, modern probability theory was developed in parallel with statistical mechanics.
As the title of this thesis indicates most of the problems studied in this thesis have probabilistic
aspects. Therefore we briefly discuss how and why the notion of probability theory becomes
relevant. Very roughly speaking, the probabilistic aspects arise in three ways in the problems
in this thesis:

1. Lack of detailed knowledge of the system.
2. As a description of disorder in the system.
3. Inherently in the quantum system.

The three ways are interwoven in various ways, but let us briefly discuss each of them individ-
ually.

1. Lack of detailed knowledge of the system. From one point of view, the breakthrough
of Boltzmann, Gibbs and Maxwell consisted of giving up on modelling the trajectories of indi-
vidual properties of molecules in a gas and instead considering statistical behaviour. Broadly
speaking, they thereby gave birth to statistical physics [K1e90]. In the case of gases, the mi-
crostates are no longer spins pointing up and down as we saw for the Ising model. Instead,
the microstates are positions and velocities of particles, but the treatment is analogous. The
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central assumption is that if the total energy of the system is fixed, then each of the microstates
with that total energy is equally likely. This is known as the microcanonical ensemble. The
thermodynamic properties, such as the heat capacity, then derive statistically. The assumption
can be argued (see [F'V17, p. 489],[Jay57] and references therein for a discussion) to be an
application of Laplace’s principle of insufficient reason: If there is no reason that any outcome
is more likely than the others we assign them equal probabilities. For example, if we have a
standard die, there is no reason that any of the faces are preferred, so each face must have
probability %.

It turns out, that in the canonical ensemble it is slightly easier to connect the microscopic
phenomena to thermodynamics. In contrast to the microcanonical ensemble where the total
energy is fixed, in the canonical ensemble one assumes that the average energy is fixed. Under
that assumption, a calculation with Lagrange multipliers (see [F'V17, Sec. 1.1.2]) leads us
to the Gibbs distribution (cf. (1.1)), which serves as the basis of (modern) equilibrium
statistical mechanics.

2. As a description of disorder in the system. The field of random operators, initiated
by Anderson [And58], models disorder in quantum systems by introducing randomness. Think
of a physical model for a perfect crystal. It may be that the model is very accurate, but real
crystals are never perfect, so sometimes the perfect crystal is not what one should model. On
the other hand, introducing imperfections into the model often makes the study of the model
intractable. Furthermore, it may also be impossible to know the exact nature of the model
since we lack knowledge of the state of the system. Again, we transfer the lack of knowledge
of the state of the system into probabilistic aspects. So we resort to studying random models,
where we can inquire about the average properties of the systems. One may also notice the
similarity in spirit and time with the original paper on Bernoulli percolation by Broadbent and
Hammersley [BH57].

3. Inherently in the quantum system. The introduction of randomness into quantum
mechanics, as it is often taught (cf. the successful textbooks [SC95; GS18; NC02]), is slightly
different. It is well explained by considering a simple quantum walk (without disorder). In
the quantum walk, we model a particle that is spread out on the lattice, so that the particle
is sort of everywhere at the same time. However, the state of the system is not random.
But when we do a measurement, we will measure the quantum walk in a specific place with
probabilities determined by the state of the system (see e.g. [NC02, sec. 2.2.3]).

We have seen how probabilities arise in several different ways in this thesis. We caution
that this split-up may be somewhat artificial, as for example disorder in the system could also
be thought of as lack of knowledge of the system.

1.4. Conclusion of the Gentle Introduction

We have seen that the Ising model and Bernoulli percolation provide rough models of phase
transitions. The phase transition consisted of a clear demarcation between exponential decay
and absence of exponential decay. We defined the correlation length as the inverse rate of
exponential decay and saw that diverging correlation length was a hallmark of a phase tran-
sition. In the case of Bernoulli percolation in one dimension, we proved exponential decay
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and calculated the correlation length as a function of the parameter. Then we discussed the
separating surface condition which could encapsulate the locality of our systems of interest (in
our case the Ising model and Bernoulli percolation). We proved a separating surface condition
for Bernoulli percolation and in the case of two-dimensional Bernoulli percolation we showed
how it can be used to prove exponential decay (for p < i) Finally, we discussed the origin of
randomness in the models studied in this thesis.
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2. Classical and Quantum Lattice
Models and Their Common Themes

In this chapter, we introduce the models that are the central objects of study in this thesis
and discuss their common themes. We do not aim at giving a review of any of the models,
but instead, we try to emphasize the similarities between the seemingly very different models.
Therefore, this section will be substantially less self-contained than the previous sections, and
we will refer the reader to some of the many excellent introductions to the topics: [Gri06;
DC19; EV17] for the Ising model and its graphical representations, [AW15; Stoll; Kir07] for
mathematical aspects of Anderson localization and [Man20] for open quantum systems. We
also refer the reader to these introductions for many of the historical references.

2.1. Introduction to the Models and Their Generalized
Correlation Functions

We start by introducing the models that are studied in this thesis. We already introduced
Bernoulli percolation P, and the Ising model pug and now we will also introduce its graphical
representations: The loop O(1) model ¢,, the random current model Pz and the random
cluster model ¢, ;. We consider the random cluster model in a magnetic field h as well as its
marginal on internal edges ¢, 1 |z4. In Table 2.1 we also give an overview of these models.

Afterwards, we introduce the Anderson model Hy and its Green function G, as well as its
unitary analogue U and its Green function G and a quantum walk in a random magnetic field
W and its Green function. Finally, we introduce open quantum systems briefly and consider
the steady state of a local (disordered) open quantum system pso

The choice of exactly these models may to some extent be arbitrary, however, this also
illustrates how general the overall ideas with locality and correlation lengths are.

Some examples of other models in this spirit that we do not discuss in this thesis are the
XY-model, the Heisenberg model, O(n) model, the clock model, self-avoiding walk, Gaussian
Free Field and ¢*-theory. For more information on these models see for example [PS19; WP20;
Aiz82] and references therein.

All the models are defined on a graph G = (V, E) finite or infinite. We are interested either
in general graphs or we consider G to be a subgraph of an infinite graph G, where G is often
the hypercubic lattice Z.

In the spirit of the Hammersley paradigm (see [AW 15, Chap. 9] and [Ham57]) each of the
models have a generalized correlation function 7 : G x G — R4 which in the case of the
percolation models is

7(z,y) = Plx + vy, (2.1)
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for the spin models
(2, y) = plozoy] (2.2)
and for the random operators is derived from the Green function G
7(z,y) = E[|G(x, y; 2)[]- (2.3)

Finally, in the case of steady states of open quantum systems, we always work in finite volume,
and we set

7(2,y) = Ellpoo (2, y)]], (2.4)

for a steady state poo-

2.1.1. Ising Model

Let us briefly summarize the introduction of the Ising model that we gave in Section 1.1.1 and
simultanously extend it to magnetic fields. The Ising model is a measure on the set of spin
configurations o. To define the Ising model on the graph G = (V, E) we think of every vertex
v € V having a spin o, which is either +1 or —1. That is the configuration space is {—1, —i—l}V.

The energy of a configuration o € {—1,+1}" for the Ising model in a magnetic field h € R,
is given by

H(o)=— Z 020y — h Z oy (2.5)

eeE veV
e=(z,y)

Notice that o, and o, always take values in +1 and —1 and therefore their product 0,0, is 1
if they are pointing the same way and it is —1 if they are pointing opposite ways.

Now, we go from energies to probabilities of configurations through the Gibbs measure, which
assigns probabilities of configurations proportional to their Boltzmann factors e #(?)  where
B > 0 is a parameter corresponding to the (inverse) temperature. Thus, we define the Ising
probability measure pg 5. by

- = 26)
HB.hGI0l = &S _BH(eN .
S, e PHE)

Before we continue, let us introduce the Griffith’s ghost vertex as it is central in both [Mass]
and [Kertész]. For any graph G = (V, E) we consider an extended graph G, = (VU{g}, EUE,)
where g is called the ghost vertex and Ey = U,y {(v,g)} are additional edges from any vertex
v in the graph to the ghost g. We will sometimes call the edges F; external edges. If we decide

that o, = 1, that is the ghost is always spin up, then (2.5) reads,

H(o)=— Z 020y — h Z OpOg = — Z Je020y. (2.7)

ecE veV ecEUEg
e=(z,y) e=(z,y)

with J. = h if e is external and J, = 1 otherwise.
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2.1.2. Percolation Models

We saw that the Ising model is a probability measure {—1,+1}". In contrast, Bernoulli
percolation considered configurations of open and closed edges. We define a function w : £ —
{0,1} such that w(e) = 1 if e is open and w(e) = 0 if e is closed. Then, we can view w as
an element of {0,1}*. We will call Q@ = {0,1}¥ the set of percolation configurations. The
following recollection of terminology follows [UEG] closely.

There is a natural partial order < on Q defined such that w < w’ if for all e € E it holds that
w(e) < w'(e). Further, we say that an event A C € is increasing if for all pairs w,w’ € Q it
holds that if w < w and w € A then w’ € A. For example, the event {z <> y} C Q is increasing,
since adding additional edges preserves connections

The notion of increasing events enables us to define a partial order on the probability mea-
sures on {2 (e.g. percolation measures). If v, 9 are two percolation measures on 2 such that
v1(A) < 1»(A) for all increasing events A, then we say that v; is stochastically dominated by
V. Stochastic domination is also a partial order and we also denote it by <.

Since stochastic domination and couplings play an important role in the papers [Mass],
[Kertész] we explain some preliminary details that are not explained in the papers. One
way to check stochastic domination is the existence of an increasing coupling: If X and Y
are random variables on a background probability space with probability measure P, X <Y
almost surely and X and Y are distributed like v, and v» respectively then vy < vo. To see it,
note that

A =PX e A =PX € A, X Y] <P[Y € A] = nn]A|.

Interestingly, Strassen’s theorem [Str(5] tells us that in high generality the converse holds: If
V1 = 1o, then there exists an increasing coupling. Finally, from the point of view taken in this
thesis, the union of percolation measures is important and we define it as follows.

Definition 2.1.1 (Union of two percolation measures). For two percolation measures vy and
vo we denote the measure sampled by taking the union of two independently sampled copies of
vy and vy by vy Uvy. More formally, if (X,Y) ~ 11 @ vo then we say that v1 Uy is the law of
X UY, where an edge e is open in X UY if it is open in either X orY. Notice that vy U vy
stochastically dominates both vi and vs.

Bernoulli percolation. For Bernoulli percolation P, each edge e € E is open with proba-
bility p € [0, 1] independently. This means that the probability of a configuration w is

Pplw] = p”“) (1 —p)).

Recall how we introduced Bernoulli percolation in more detail in Section 1.2. The simplest
example of stochastic domination is that if p > ¢ then P, = P;. To see that, we for edge e let
Ue be independent Unif[0, 1] random variables. Define X, (e) = 1{U, > p]. Then X, ~ P, and
X, = X, almost surely and so P, = P,.

The random cluster model. The random cluster measure on a finite graph G = (V, E)
with a distinguished ghost vertex g, parameters p € (0,1), ¢ > 1, external field h > 0 and
q

parameter pp, = 1 — exp(—qilh), is the measure on {0, 1} given by

1
Zp,q,h,G

¢p,q,h,G[W} _ po(win)(l _ p)c(win)pZ(wg)(l _ ph)o(wg)qn(w)’ (28)
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where w; is the restriction of w to the set of edges adjacent to g, wiy, is the restriction of w to
the set of edges not adjacent to g, o(-) denotes the number of open edges and x(w) the number
of components of w.

For integer ¢ > 2 the random cluster model is a graphical representation of the Potts model
in a magnetic field h. There, we have the Edwards-Sokal coupling [[ES88], that we now explain
for the case of the Ising model ¢ = 2 with magnetic field A = 0. For any configuration w
sampled with respect to ¢, =2 ¢ consider its connected components (also called clusters)
C1,Ca,.... Then for each cluster, C; we flip a fair coin. If it is heads, we give spin up (or +1)
to all vertices in C;. If it is tails we give spins down (of -1) to all vertices. In that way we
construct a spin configuration o € {—1,+1}". The theorem of Edwards and Sokal is then that
the configuration has the distribution of the Ising model 0 ~ g . From the Edwards-Sokal
coupling one can quite fast deduce the following relation: (see e.g. [DC19, Cor. 1.4] for the
details)

a,h,8,Gl0z0y] = dpgnclr < yl. (2.9)

We will not introduce the Potts model here, but only note that it is a spin model that generalizes
the Ising model, in such a way that for ¢ = 2 it is the Ising model. For an introduction to the
Potts model, we refer the reader to the introduction of [Kertész]. Let us also note that in
[Kertész] we dive deep into the stochastic domination relations that arise upon varying p, ¢
and h.

2.1.3. Graphical Representations of the Ising Model.

We now introduce the graphical representations of the Ising model in the sense of percolation
models. We follow the introduction given in [MonCoup] which is rather non-standard, but this
will ease the presentation here and illuminate the way the graphical representations are used
throughout this thesis. In the introduction of [UEG] we give a more standard introduction
to the models that the interested reader can use to cross-reference. For an overview over the
models see Table 2.1.

Loop O(1) model and uniform even graph. An even subgraph of a finite graph G =
(V,E) as a subgraph (V, F') such that F' C E where every vertex has even degree. The set of
even subgraphs of a graph G is denoted Qg(G). Notice that (V, () is always an even subgraph
and so the set y(G) is always non-empty. The loop O(1) model ¢, ¢ which to every n € Q
assigns the probability

zo(m)
Ll = Tl € (@), (210)

with Z = ZWEQ@(G) 2° . The loop O(1) model £, is related to the Ising model with parameter
B whenever x = tanh(/3). In particular, the value 8 = oo (zero temperature) corresponds to
x = 1 and in that case, £, becomes the uniform even subgraph that we denote by UEG. The
uniform even subgraph plays a major role in the paper [UEG] where we exhibit it as a Haar
measure on the group of even graphs.
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Model Ising | Bernoulli | Random Cluster | Random Current | loop O(1)
Symbol 1 P 0] P 14
Parameter 153 P P 15} x
Type Spin Edge Edge (Multi)-Edge Edge
. _ " o(w) (o o(w) n(e) o
Weight | e=#H(2) <ﬁ) 2r(w) (%) [Len %ﬂan:@ M5,

Table 2.1.: Overview of the Ising model, its graphical representations and Bernoulli per-
colation. The parameters are related through z = tanh(3) and p = 1 —e=%°,
Notice that in the weight for the random current we have taken the conven-
tional definition of the random current as a measure on multigraphs. For
details see the introduction in [UEG].

The FK-representation.
is sometimes called the FK-representation (after [F'K72]).
viewing this model is by defining

Setting ¢ = 2 and h = 0 for the random cluster model in (2.8)
It turns out that another way of

¢p = Uy UP,, (2.11)

where U is the union of independent copies of the model as defined in Definition 2.1.1. Through

the relation o = ﬁ one can recover the definition in (2.8) above ([MonCoup,Theorem 8)).

Random current model.
inverse temperature 3 as

We can define the (traced, sourceless) single random current at

P,=(,UP,_ 1. (2.12)

The double random current model is particularly connected to the Ising model.

Double random current model. In a similar vein, we introduce the (sourceless, traced)
double random current model as follows:

P2 =P, UP,. (2.13)
The double random current is related directly to the Ising model by the relation
UB.Gloz0y] = P2?[z < y]?, (2.14)

see [DC19, (4.6)] for details. Traditionally, the random current expansion is introduced as a
measure on multigraphs [GHS70; Aiz82] and the relation in (2.14) follows from that definition
of the random current using the switching lemma. For this point of view see the introductions
of [Mass] and [UEG].
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Figure 2.1.: Overview of the couplings between the graphical representations of the Ising
model. Each of the thick lines is either a union of the measure with Bernoulli
percolation (horizontal) or with an independent copy of itself (vertical). The
dashed lines indicate taking a uniform even subgraph.

Boundary conditions. The models above were defined without introducing boundaries and
boundary conditions - a point of view that we call free boundary conditions. The random
cluster model and loop O(1) model with free boundary conditions are denoted d)OG = ¢¢ and
K% = [q respectively. However, to use the locality of the graph boundary conditions are
essential. If a graph G = (V, E) has some boundary vertices G, a boundary condition ¢ is a
partition of the vertices 0G, where vertices in the same element of the partition are identified
giving rise to a new graph. The random cluster model and loop O(1) model with boundary
conditions ¢ are denoted qﬁEG and KEG respectively.

2.1.4. Relations Between Graphical Representations.

The graphical representations of the Ising model are related in various ways. The papers [Mass]
and [UEG] rely heavily on these relations and one of the main results in [MonCoup] is an
extension of the relations. The following theorem from [UEG] summarizes the relations. See
the paper for details on parametrizations, but let us note that 2 = tanh(f) and p = 1 — e~ 2%,
so when we write Z%VG we mean ¢, with = tanh(/3). We have sketched the relations in Figure
2.1 which is also from [UEG].

Theorem 2.1.2 ([UEG, Theorem 2.5|). For any finite graph, G = (V,E), the graphical
representations of the Ising model are related in the following way.

— p?

0
° KB?GUP B.G

1—cosh(8)~1,G
B8,G tanh(8),G B,G*
o PELIUECLL]] = 65 [] = 0§ c[UECL[]].

The result that we prove in [MonCoup] is P?QG[UEGQ,[-]] = E%vG[-] and references to the
other results are [GJ09, Theorem 3.5], [LW16] [Lis22, Theorem 3.1], see also [DC19, Exercise
36] and the extension in [Aiz+19, Theorem 3.2].
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2.1.5. Anderson Model

Having introduced the Ising model and its graphical representations we now turn to the An-
derson model introduced by Anderson in [And58]. For the presentation, we follow [AW15].
The Anderson Hamiltonian H defined in (2.15) below is a self-adjoint bounded operator on
a (spin-less, single-particle) Hilbert space H = £2(G) for some graph G = (V, E). The operator
Hj is typically local and the prototypical example is the discrete Laplacian Hy = —A, defined

by
A= > fa)yl+ )z =) deg(v)

ecE,e=(z,y) veV

where deg(v) is the degree of the vertex v. Here we also introduced Dirac notation where
|z) denotes the standard basis vector e, of £2(G) for a vertex x € G and (x| denotes the
corresponding dual vector.

The operator V' is a random potential, that is, a diagonal operator that satisfies V |z) =
V(x) |z) for each position basis standard-vector |z) for 2 € V. The values V(x) are taken to
be i.i.d. random with some distribution that is almost surely bounded and has density with
respect to the Lebesgue measure.

Now, the Anderson Hamiltonian is then given by

H=Hy+\V, (2.15)

where A > 0 is the strength of the disorder. That is, the random potential models disorder in
the system. The motivation for this point of view was introduced in Section 1.3.

The time evolution of a quantum particle starting at y at time ¢ is given by e~® |y). Since
H is self-adjoint, e~ is unitary and so the £2-norm of e~*H |y) is 1, which therefore allows
an interpretation as the spread of probability mass. The surprising statement of Anderson
localization is that (under suitable assumptions) the disordered system like the Anderson
model is localized. That means that even in the limit ¢ — oo the probability mass does
not spread out. More formally, there exists constants A,y > 0 such that for any R > 0

) E[Sup\@,e—“fmf < Aehh (2.16)
y€Gud(z,y)>R tek

The first-time reader should think that this is very surprising. A first explanation is that the
statement is an effect of destructive interference of all the paths of the particles that escape
the box.

The multiscale method has played a central role in the rigorous study of localization starting
from Frohlich and Spencer in [['S83]. In addition, Aizenman and Molchanov [AM93] invented
the fractional moment method that can be used to approach (2.16), for example in the case
of sufficiently large disorder A > 0. In the papers [OpenLoc| and [MagQW], we rely heavily
on fractional moment method.

In the analysis of Anderson localization the Green function G(z,y;z) is fundamental. If
z & o(H,) then the Green function is defined as

Glx,y;2) = (x,(H - 2)'y).

Using the eigenfunction correlator (see [AW 15, (7.6), (7.4)] upon taking expectations and using
that H is bounded), the Green function is related to dynamics since it holds for any s € (0,1)
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that there exists Cs > 0 such that

E |sup |(z,e " y)|| < CssupliminfE [|G(z,y; E + in)|*]. (2.17)
teR E€eR |70
Now, to obtain the localization result in (2.16) we set out to prove that for some s € (0,1)
there exist constants Cy, s > 0 such that for every n > 0, £ € R and

E[|G(z,y; E + in)|*] < CyePslo=l,

2.1.6. Unitary Anderson Model

More recently a unitary analogue of the Anderson model has been introduced [HJS09]. Since
it was important for the paper [MagQ W] we introduce it here. We follow the lecture notes by
Stolz [Stol1], where we also refer to the reader for more information. The time-evolution of the
Anderson model e~ is unitary since H is self-adjoint. The operator e *# is in general not
local. In contrast, the unitary Anderson model U is a local operator defined by U(w) = D(w)S,
where S is a band matrix (in other words (z,Sy) = 0 whenever |z —y| > r for some fixed
number r > 0) and D(w) is a diagonal unitary operator with e as the (k, k) matrix element.
In the foundational paper on the unitary Anderson model [HJS09] the case where {6 }cza are
i.i.d. with bounded density with respect to the Lebesgue measure is considered.

It turns out that this model also exhibits localization. Analogously to (2.16), the system is
dynamically localized if there exists constants A, u > 0 such that for any R > 0

> B[l 0P| < aee
y€G:d(z,y)>R neN

In some sense, if the self-adjoint model is a continuous time random walk then the unitary
case is analogous to a discrete-time random walk.

There is no simple relation between the unitary and self-adjoint Anderson models, but the
philosophy of the proofs is oftentimes the same:

The unitary Anderson model can be thought of as a quantum walk. Taking a step with the
quantum walk corresponds to acting with the unitary matrix U. In this sense, n steps of the
walk are obtained by

U"0) = D(w)SD(w)S ...D(w)S|0) .

We see that in every step the walk evolves with S and then gets a random phase with D(w).

2.1.7. Quantum Walk in a Magnetic Field

In the spirit of the unitary Anderson model, in [MagQ W] we introduce a quantum walk on 7?2
in a magnetic field (see Section 3.5 for details). In this setup, the particle has an internal degree
of freedom corresponding to particle spin. The model is still of the form W = D(w)S, where
D(w) is a random diagonal matrix and S is banded. However, instead of having the randomness
directly in the phases, we imagine the walk taking place in a disordered magnetic field with i.i.d.
fluxes through each plaquette in Z? (where the distribution has bounded density with respect
to the Lebesgue measure). The diagonal entries of D(w) are therefore no longer independent.
Nevertheless, it turns out that the analysis of [HJS09] and [Joy12] can be amended to prove
exponential decay of (the expectation of fractional moments of) the Green function.
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2.1.8. Coherences in the Steady State of an Open Quantum System

The time evolution of a state p in an open quantum system governed by the Lindblad master
equation is given by

9 — (o) = ~ilH.p) + @' Lipli — 5(LiLup + pLiLx). (2.18)
k

Here H is the Hamiltonian of the system, Lj are the so-called Lindblad operators and G > 0 is
a constant modelling the strength of dissipation. The generator £ generates a completely posi-
tive, trace preserving (CPTP) map e** [Lin76; GIKXS76] which corresponds to the time-evolution
of density matrices of quantum systems. In finite dimensions, it follows from Brouwers fixed
point theorem (see [BN08] for a proof) that there always exists a steady state poo, although it
is not necessarily unique.

We are interested in (spin-less) single-particle systems on a lattice Z%. Thus, the correspond-
ing Hilbert space is H = ¢?(Z%), and since the system we are interested in is local we have a
distinguished position basis that we denote |z) = e, for x € Z?. In the position basis, which is
central to our setup both in [Spec| and [OpenLoc], we consider the cases where Ly are local
operators and H = ), h; is a sum of local terms h;.

The time evolution of an initial state pg is given by e**(py) and we are particularly concerned
with the Abel average of the time evolution that is defined by

“(

pe = E/OOO e eea(po)dt = —e(La — &) Hpo)- (2.19)

It has an interpretation as the time evolution up to times %

Steady states poo, that do not change under the evolution, satisfy the equation £(po) = 0
and if the steady state is unique then p. — po as € — 0 for all initial states pg. We are
particularly interested in the matrix elements poo(x,y) of the steady state. In [OpenLoc] we

prove (under suitable assumptions) that there exists C, u > 0 such that
p(@,y)| < Ceriel

The off-diagonal matrix elements of the density matrix are often called the coherences of the
system. Thus, the indicates exponential decay of coherences, a phenomenon that we will
call exponential decoherence. Another way of phrasing it is that it proves that macroscopic
superpositions in the position basis do not exist, which is an expression of classicality.

2.2. Common Themes: The Hammersley Paradigm

The purpose of the chapter is to introduce some intuition about some of the common techniques
that will appear throughout this thesis.

Bernoulli percolation and the Ising model that we already discussed in the gentle intro serve
as the guide for our intuition. The two-point functions tell us something about the locality
and correlations of the system: How can one transfer knowledge from one part of the system
to other parts of the system (e.g. in the case of the Ising model, if a spin is up, what does it
tell about the probability that a spin is up very far away). This is captured in the notion of
the correlation length.
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2.2.1. Correlation Length

In all of these models, we explained the definition of the two-point functions 7 above (cf.
(2.1)- (2.4)). Suppose that 7 has exponential decay. We define the correlation length by

(2.20)

With the techniques that we have at our disposal, we often only prove bounds of the form
T(z,y) < Ce ==yl leading to an upper bound on the correlation length. An exception is in
[Mass] we also have a matching lower bound (proven in [CJN20], with a more probabilistic
proof in [CJ20]).

For the Anderson-type systems, the (inverse) rate of exponential decay of the Green function,
which we call correlation length usually goes under the name of localization length. Now,
following the discussion in Section 2.1.5, this means that the rate of exponential decay of the
Green function corresponds to the localization length, which is the size of the approximative
region where the particle will stay forever (cf. (2.16)). In the one-dimensional case, this is
sometimes known as the Lyapunov exponent (cf. [AW15, Chap. 12]).

In [HJS09] it was proven how this picture carries over to the case of the unitary Anderson
model. In [MagQW]we embark on this scheme and prove exponential decay of the Green
function. However, we do not have a relation between the Green function and the eigenfunction
correlator, so we cannot deduce any dynamical consequences. Efforts have been spent pursuing
such a relation, for example, by generalizing the approach in [[1JS09], however, this relation
has not been obtained.

Finally, for steady states of open quantum systems, instead of correlation length, we will call
the quantity £ defined in (2.20) the coherence length. Tt sets the length scale of coherences
in the steady state poo.

2.2.2. Local Mechanism

In our models of interest, the correlations of the system can often be investigated using a local
mechanism of the system. The local mechanism is captured in the following Domain Markov
Property (DMP) for the random cluster model. An analogous property holds for the Ising
model pg o (cf. [FV17, (3.26)]).

Proposition 2.2.1 (Domain Markov Property, cf. Theorem 1.6 in [DC19]). If G; = (V1, Ey) C
G2 = (Va, Eo) are two finite graphs w1 = w|g, and we = w |g,\ g, then for any boundary
condition £ and any event A depending on edges in G1, it holds that

€
¢%,Gz [w1 € Al wo] = Q%,ZGI [A]

where v and w belong to the same element of &, if and only if they are connected by a path
(that might have length 0) in (Vo \ V1), Ey,)/ ~e.

The content of the Domain Markov Property is that two regions can only influence each other
through their boundaries. For the random current model and loop O(1) model, the situation
is more complicated and here we do have a similar property, but it involves source constraints
which means that complicate the picture. We discuss this in detail in [UEG, Remark 2.11].
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Another instance of the local mechanism is the backbone exploration. If for the random
current model and loop O(1) model we have two sources x and y, that is, vertices that have
fixed odd degrees then we know that there is necessarily a path between x and y. For random
current one must use the non-traced multigraph. The backbone exploration is an algorithmic
way of exploring the path. The algorithm, that is essential in [Mass], is a way to keep track
of the source constraints when exploring through the local mechanism.

A third instance of the local mechanism valid for the loop O(1) model and one of the main
inventions in [UEG] is that for x > z, what happens outside some ’safety distance’ does not
affect the configuration much.

Theorem 2.2.2 ([UEG, Theorem 1.3]). For x > x., there exists ¢ > 0 such that for any event
A which only depends on edges in A, we have

1650, 141 = Lo 24[A]] < exp(—en) (2.21)

for any boundary condition & and any k > 4n. In particular, for x > x. and any sequence &
of boundary conditions, limy_, . Ei’f/\k = L, za in the sense of weak convergence of probability
measures.

For the self-adjoint and unitary Anderson models, there are no direct analogues of the local
mechanisms above. However, one can sometimes use finite range of the operators to transfer
bounds on the (expectations of fractional moments of the) Green function in one volume to
another (see [AW15, Chap. 11]). Furthermore, for the case of quantum walks, we employ a
trick (see Lemma 3.1 in [Mag(QW]) where we in the boundary of a box interchange the local
unitaries with unitaries corresponding to a fully localized walk. This then decouples (up to
the Aharonov-Bohm effect) the Green function inside and outside the box. Common to these
tricks is that they extensively use the resolvent equation (see (2.23) below).

For random open quantum systems, there is also a local mechanism at play. We use the finite
range of the non-hermitian evolution as the deciding locality property. The local mechanism
allows us to establish the separating surface condition, which is in some sense the core of the
common themes of the papers of this thesis.

2.2.3. Separating Surface Condition

We already saw the example of a separating surface condition for Bernoulli percolation in
Section 1.2.5. The reason for discussing this example already in the gentle introduction is that
we use similar principles throughout this thesis. Let us give a more proper definition of what
it means that our two-point function 7 satisfies a separating surface condition. This is the
essence of the Hammersley stratagem from [AW15, Chapter 9]. In the following, S is a region
that contains z, but not y. A separating surface condition for 7 is a bound of the form

Tz, y] < Z K (u,v)1s[z, u]T]v, y]. (2.22)
u€S,vgS

for all such vertices z,y. Here K (u,v) > 0 is non-negative and 7g is the value of the correlation
function in S.

For the Ising model and the FK-representation, the separating surface condition has the
name of the Simon-Lieb inequality after [Sim&0; Lic04]. For a nice proof using (auxiliary)
random currents see [Wil20].
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Separating surface condition for Anderson type models. For the (self-adjoint) An-
derson model, the separating surface condition follows from the geometric resolvent equations
[AW15, (11.12)] which we follow here. The approach was developed in [Aiz+01]. The ap-
proach turns out to be slightly more complicated than for the random cluster model and
therefore, we need to introduce the one-step fattening St of a set S C Z¢, which we define as
St = {x € 7% | dist(z, S) < 1}. Let further S+ = ST\ S. This notion also turns out to be
important in [MagQW].

Here, we consider finite volume bounds and therefore, we also consider the Green function
in finite volume A which we denote by Gy = (H — z)~! for some z € C\R. We assume that
H =T + AV where V is onsite, A > 0 is a constant, and T has range 1. That is, T'(z,y) =0
whenever |z — y| > 2. We then split T' = Ty + Ty where Tj is supported on edges going from
S to dST.

The resolvent equation is the following relation

(A—2)'—(B-2)'=(A—2)""(B—-A)(B -2, (2.23)

that holds whenever A, B are bounded operators and z ¢ o(A) Uo(B).
Using the resolvent equation twice (cf. [AW 15, (11.10)]), we get that

GA(xvy;Z) = Z GS(CL‘,U; Z)T(uvu,)GA(ulvv,;Z)T(U,’U)G/\\S"" (’U,y;Z).
(u,u’)€0S
(v')€DST

One can interpret this as first walking inside W from x to u with the smaller resolvent, then
from v’ to v' with the full resolvent and finally from v to y outside of W again with a smaller
resolvent.

Generally, the strategy is then to take fractional moments and expectations to obtain

EHGA(I‘,y; Z)|S] < Z E [‘Gs(l‘,u;ZNS}GA(’U/,’U,;Z)‘S‘GA\S+(’U,:I/;Z)|S]
(u,u’)€8S
(v')edst

and then find an excuse to get rid of the middle factor. This is usually done using a priori and
decoupling estimates in some form (see the use of Corollary 8.4 in (11.15) in [AW15]). In the
case of the unitary Anderson model and the proof of localization [H.JS09] the same geometric
resolvent equations were used and the approach thus fits into the Hammersley paradigm. Then
the remaining Green functions are now Green functions only in S and only in A\ S™. Therefore,
they are often independent (though in [MagQW] due to the Aharonov-Bohm effect, predicted
in [AB59], they are not independent) and in the best of all worlds, we would obtain that

E(|Ga(z,y;2)] ) <C > E[Gs(zw2)?] Y E[|Gas+(0.9:2)]].
(u,u’)€0dS (v,0")€DST

This is reminiscent of (2.22) and we could use it as a starting point for an iterative proof of
exponential decay.

Steady states of open quantum systems. For the steady state of the open quantum
systems we can also use a geometric resolvent equation to obtain exponential decay. For the
Lindbladian £ that we study, we consider it as a sum of two Lindbladians £o = £} + Ei
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where E?\ consists of all the terms that connect two given points z and y (see [OpenLoc] for
details). Using the resolvent equation (2.23) then yields

(La—e)' =LA —e) " + (L] —e) " LI(La )"
Thus, by the definition of the Abel average from (2.19) we get that

pe=—c(L =) (p) = (L] =) (po) + (LR — )" LR((=e)(Lr =) ()
=2 + (L}~ )7 (L20p:)).

where p? is the Abel average corresponding to the evolution E%. Now, it turns out that the
term p?(z,y) vanishes as ¢ — 0 and therefore we can collect exponential decay by analyzing the
term (£ —&)~! (L] (p:)) using the details of the decomposition £, = L] + L] (see [OpenLoc]
for details).

2.2.4. From Separating Surface Conditions to Finite Size Criteria

An approach for obtaining an iterative proof of exponential decay is finding a finite size
criterion. This is a statement checkable in finite volume that provides information about the
infinite volume system. For example, we use a finite size criterion in Theorem 1.4 of [Kertész].
As shown in [AW15, Theorem 9.3], we may abstractly convert a separating surface condition
on 7 to a finite size criterion. Here, we generalize the iteration from the gentle introduction
substantially, but further generalizations exist see [AW 15, Theorem 9.3].

Proposition 2.2.3 (Simplified finite volume criterion). Suppose that T is uniformly bounded
and translation invariant. Suppose (2.22) holds, that is for every finite set S C 74, vertices
xeS andy &S then

Tz, y] < Z K(u,v)ts|z, u]r[v,y]. (2.24)
uedS,wgS

Assume in addition that K satisfies K (u,v) < K and K(u,v) = 0 whenever u ¢ v. If for some
S C Z%, we have

b(S) =Y 2dK7s(x,u) <1, (2.25)
u€eaS

then there exists a C,& > 0 such that for all x,y € Z% it holds that

lz—yl

Tlr,y] < Ce™ €

(2.26)

Proof. Consider the S that satisfies (2.25) and let S™ be the set of all vertices outside S that
have an edge to a vertex in 95. Then,

Tz, y] < Z K (u,v)rg[z, ultv,y] < (Z 2dKTg(x,u)) sup 7[v,y].

u€dS,v~u ueds vedS+t

Let |S| = diam(S) + 1. Then, if v € ST and z € S, it holds that |[v —y| > |z —y| — |S].
Fixing y and letting f(n) = sup,.jg_y>, 7[7 <> y] yields

fn) = sup 7z <yl <b(S) sup  sup T[v,y] <b(S)f(n —[S]).
z:|lz—y|>n z:|lz—y|>nvedSt
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Using the uniform bound 7[a,b] < T and translation invariance we can iterate to obtain.

o 4] < f(lo—yl) < To(s) L,

By (2.25) this inequality finishes the proof. O

Similar reasoning as above was used in a new proof [DCT16] of sharpness of the Bernoulli
and Ising phase transitions that was first proven by [ABF87; AB87]. The proof uses the finite
volume and Lieb-Simon-type arguments extensively. For random currents in themselves, we
do not know whether the phase transition is sharp, and it would be interesting if a finite size
criterion could be used to prove sharpness of random currents on Z¢. Proving that would settle
some of our main conjectures that we work towards in [UEG].

The general point is that finite volume properties of the system can illuminate infinite systems
and thereby provide information about phase transitions.

2.3. Concrete Strategies for Proving Exponential Decay

From one point of view of this thesis, there are two ways to prove exponential decay:

(relate) Relate the model to another model where exponential decay is known.

(iterate) Find an iteration (typically using the locality of the system, for example in the form

of a separating surface condition).

In the papers of this thesis, we use both approaches.

(a)

34

In [Mass], we prove exponential decay, by finding an iteration that uses the backbone
exploration of the random current representation of the Ising model and whether it
hits the ghost. Using a Domain Markov Property for random currents we can explore
the backbone step by step. In each step, there is a probability that the backbone will
be connected to the ghost vertex and by combining a conditioning argument with the
Markov property, we can iterate to get exponential decay.

In [UEG], we prove the absence of exponential decay using the coupling that relates
the loop O(1) model to the random cluster model. This motivates the coupling that we
prove for the double random current in [MlonCoup]. The idea is that a wrap-around
of the torus exists for the supercritical random cluster measure. That is a path that,
informally speaking, goes all the way around the torus. Then, whenever we take a
uniform even subgraph of the random cluster model, a wrap-around will still exist with
probability % The existence of such a wrap-around is not consistent with exponential
decay on the torus. To transfer from the torus to Z? we prove an exponential mixing
result Theorem 2.2.2 that relates the periodic boundary conditions to the measure £, 4.

In [Kertész], we relate the Kertész percolation problem to random cluster percolation
problem in Z¢ without a magnetic field using stochastic domination. The bounds then
restrict the regions where exponential decay can exist. We also show the existence of a
finite size criterion, which gives us a lower bound on the Kertész line.



2.4. Conclusion of the Introduction

(d) In [MagQW], we tailor-suit the scheme from [HJS09; Joy12] using a geometric resolvent
equation for finding an iteration to prove exponential decay of the Green function to the
setting of quantum walks in random magnetic fields.

(e) In [OpenLoc], we use the geometric resolvent approach for steady-state localization
to prove exponential decay by iteration. The resolvent equation, which has a physical
interpretation as a relation between Abel averages, allows us to do a split-up into terms
connecting two given points x and y and an evolution where the two points are separated.
It turns out that the separate evolution is governed by the non-hermitian evolution and
not the quantum jump terms. Using an iteration for the non-hermitian evolution gives
us the exponential decay.

2.4. Conclusion of the Introduction

We have provided a brief introduction to the models studied in this thesis and (some of) their
relations. We studied the correlations of the model and saw how many of the models studied
have some notion of locality.

Furthermore, they satisfy a separating surface condition. By iterating the separating surface
condition, we can, under some conditions, abstractly prove exponential decay of correlations,
for example using a finite size criterion. Proving exponential decay determines the phase (that
is, either subcritical or localized). If the model is exponentially decaying, we can define the
correlation length, known as the localization length or coherence length in some of the concrete
contexts.
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3. Summaries of Papers

In this chapter we provide introductions to the papers included in this thesis.

3.1. [Mass] Mass scaling of the near-critical 2D Ising
model using random currents

The paper [Mass] is co-authored with Aran Raoufi and it builds very heavily on work done
during my master’s thesis at ETH Ziirich [K1a19]. However, the write-up and revisions of the
paper and one of its central ideas (exploring the random current backbone always turning first)
were done as a part of this PhD thesis. The following introduction builds on the introduction
of [Mass] but is substantially different and dives more into the technicalities of the proof. For
an online talk explaining the result and the proof see [[KR21].

Context. The paper concerns the two-dimensional Ising model in a magnetic field h exactly
at the critical temperature 5.. We denote the corresponding correlation functions by (). p-

More precisely, the paper studies the near-critical regime, which is a way of rescaling the
magnetic field and the lattice simultaneously so that one can obtain a continuum limit. Fur-
thermore, a bound in the near-critical regime allows one to obtain a bound on the corresponding
continuum field. However, since we can state the main result without mentioning the near-
critical regime we do that for clarity. In the introduction of [Mass], rescaling in the near-critical
regime is introduced.

The contribution of the paper is to provide a new proof of the following inequality:

Theorem 3.1.1 ([Mass, Theorem 1.2]).  There exists By,Cy € (0,00) such that for any
0 < h <1 and for all vertices x,y € Z* then

8
(0402) o — (045 1) < Colz — y[~Te BohTle=vl,

The inequality was previously proven by Camia, Jiang and Newmann in [CJN20], using
different methods that include the use of the conformal loop ensemble.

In [CJN20] a converse inequality is also proved using reflection positivity. A more probabilis-
tic proof of the lower bound was given in [C.J20]. We note that this shows that the correlation
length is finite, the mass gap exists and that the critical exponent of the correlation length
equals 1%. Further, as it is explained in the introduction of the paper, the exponential decay
proven in Theorem 1.1 directly translates into the scaling limit.

Methods. The proof of Theorem 3.1.1 uses the random current representation of the Ising
model. More specifically, it uses the random current representation with a ghost vertex g, that
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we can use to express the truncated correlations (0o; 04)s,.n = (0002)8..h — (00) 8.1 {(0) .,k IN
terms of the random current representation by

510, . 510,
(00:00) o = (00050 P @ PY [0 4 ¢] < PO 6 g], (3.1)

where the equality is obtained using the switching lemma and the inequality comes from
stochastic domination.

Now, to study ng:i} [0 ¢ g] we know in ng”i} that 0 is always connected to x since these are
the two only vertices with odd degree. The connection is potentially using the ghost and our
job is to prove that the probability that happens is high. The way we do that is to partially
explore the backbone of the random current 0 to . The backbone exploration is a way to
explore the path from 0 to x. If the explored backbone goes through the ghost g then we know
that 0 <» g in the random current.

To proceed, we divide the iteration into steps and we prove that in every step, no matter
how the previous steps looked like, there is a positive probability that the backbone hits the
ghost in the next step. Iterating yields the exponential decay of szffl} [0 4 g] and hence of
the truncated correlation function through (3.1).

The partial exploration is obtained using a Markov property for the random current in
Theorem 2.4 and then the iteration is obtained in Proposition 3.2.

The exact details of the iteration are one of the main complications of the paper and it is
also here that the idea of exploring the backbone in the mode of “trying to turn first” becomes
important because trying to turn first means that no path can “cross” the explored edges. The
details are given in the paper. It was noted by Vincent Tassion in [[KXR21] that the idea of this
exploration extends to all planar graphs making the result here potentially more general than
the original result proven in [CJN20].

To obtain that there is a positive probability in each step to hit the ghost we use a stochastic
domination result [Aiz+19, Theorem 3.2] that relates the random current with sources ch):i} []
to the random cluster model ¢g_p[- | 0 <> z].

It turns out that we are left with something that resembles the following question closely.

Question 3.1.2.  Suppose that E is a set of edges in the left half of A,,. Let L be the left
boundary and R be the right boundary of A,. Does there exist a constant C > 0 such that for
every n and any boundary condition & on 0N, it holds that

i pl0 & Rl > o5\ [0 > 1]?

With the local mechanism in mind, the statement is intuitive, but the author is not aware
of any proof.

Finding a short proof of Question 3.1.2 would significantly shorten the complications that
one would have to go through to obtain the Theorem 3.1.1.

The reason is that as soon as we can connect to some “free space” that is some parts where
we did not yet explore anything, then it is not so complicated to prove that a region in free
space has a positive probability to connect to the ghost. This result we also prove after a long
detour using a recent near critical RSW-result [DCM22] and [CJN20, Lemma 2.4]. Underlying
the approach is a repeated application of the usual critical RSW result [DCHN11].
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3.2. On Monotonicity and Couplings of Random Currents and the Loop O(1) Model

3.2. [MonCoup] On monotonicity and couplings of
random currents and the loop-O(1)-model

The paper [MonCoup] is a single-author paper and it builds to some extent on work done in
my master’s thesis at ETH Ziirich [K1a19] supervised by Aran Raoufi. Roughly speaking, the
paper consists of two parts. The first part consists of various counterexamples to monotonicity
of the loop O(1) model and the random current representations, which I to some extent figured
out during my master’s thesis. The second part is a new coupling that states that sampling
a uniform even subgraph as a subgraph of the double random current has the law of the loop
O(1) model. The statement and the proof I figured out during my PhD.

Context. The paper considers graphical representations of the Ising model, namely the loop
O(1) model and the random current representations (see Section 2.1.3). In contrast to the
most standard graphical representation, the random cluster model, the loop O(1) model and
the random current representations are not monotone. However, the double random current
model does display some monotonicity, namely monotonicity of events of the type {a <> b}.
It is still unclear, whether monotonicity holds in larger generality for the double current. In
[GMNM18] it was conjectured that ¢, is monotonic on even graphs (that is graphs where all
vertices have even degrees). In this paper, we find a counter-example to monotonicity of both
¢ and P also for events of the form {a <> b}. We can state it as follows:

Theorem 3.2.1 ([MonCoup, Sec. 2.2]). There exists an even graph G with vertices a and b
such that the function x — €, gla <> b] is not monotone.

In general, the total number of open edges of £, is monotone in x. Therefore, the monotonicity
is a bit subtle. The example uses the existence of big loops that lead nowhere (see Figure 1
of the paper). The second main result of the paper is the new coupling between the double
random current and the loop O(1) model.

Theorem 3.2.2 ([MonCoup, Theorem 4]). The law of the uniform even subgraph of the
double random current measure P?Q has the law of the loop O(1) model {,.

It mimics a coupling from [GJ09] that shows the corresponding result is true also for the
random cluster measure.

Methods. For the monotonicity result the main method is the explicit evaluation of poly-
nomials. From one point of view, one of the contributions of the paper is highlighting how, for
small graphs, probabilities of events of the type {a <> b} can be calculated using polynomials.

For the coupling, the proof uses a result of Lis [Lis17, Theorem 3.2] that relates the double
random current to the number of even subgraphs of a graph. It remains to find a good use case
for the coupling. The only thing we prove is that the density of cyclic edges (that is edges that
are parts of cycles) is the same for the random cluster model and the double random current.
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3.3. [Kertész] Strict monotonicity, continuity and
bounds on the Kertész line for the random-cluster
model on Z¢

The paper [Kertész] is joint work with Ulrik Thinggaard Hansen. While the problem is
inspired by the work of my master’s thesis which studied the Ising model in a magnetic field
and how the corresponding random cluster model behaves, the present work was carried out
during my PhD. The following introduction builds heavily on the introduction in [Kertész].

Context. As we saw in (2.9) the random cluster model is a graphical representation of the
Ising model,

18,0, loz0y] = dpnclr < yl. (3.2)

which as explained generalizes to the Potts model. In the random cluster picture, the magnetic
field is implemented by adding a ghost vertex g, which is connected to all other vertices in
the graph. Thereby we obtain the graph G, as explained in Section 2.1.1. Now, two vertices
x,y € V can be connected using the ghost if there is a path of edges in EUE, from x to y. But
we could also consider whether they are connected without using the ghost, that is, if there is a
path of edges in F from x to y. Whereas the thermodynamic phase transition coincides with a
percolative phase transition with the ghost vertex included, instead the Kertész line separates
two regions according to whether or not there is percolation without using the ghost vertex.
Therefore, the Kertész line transition does not necessarily correspond to a thermodynamic
phase transition (i.e. a point where the free energy is not analytic).

Whenever we fix two of the three parameters p, q,h and vary the last, the model exhibits
a (possibly trivial) percolation phase transition (without using the ghost) at points which we
denote p.(q, h), q.(p, h) and h.(p, q) respectively.

Before continuing with the results of the paper we note what can be proven by stochastic
domination in a straigtforward manner. Let us for clarity consider ¢ € (1, 00) fixed (although
one of the main tricks in the paper is to vary ¢). In that case, the Kertész line is a line in the
(p, h)-plane and the random cluster measure ¢, 4 is increasing in both p and h. We know
that for h — oo the internal marginal measures ¢, 4|74 converge to P, 7a, that is Bernoulli
percolation with parameter p. So we obtain a stochastic domination ¢, 4|z = P, 74 for
all h € [0,00). Thus, if P, 74 then ¢, 4rlze never percolates. Thus, he(p,q) = oo whenever
p < pe(Pza). On the other hand, ¢, ,7a = ¢pgn=0lzds = Ppgnlze.- That means that if ¢, , 7a
percolates then h.(p,q) = 0. That is the Kertész line is only non-trivial between the random
cluster phase transition at h = 0 and the p. for Bernoulli percolation, so this is the region
where we focus our attention (see for example Figure 3 of the paper for an illustration).

Results. In the paper, we provide a unifying account of the problems on the Kertész line.
The techniques are mostly inspired by techniques developed to study Bernoulli percolation.

Strict monotonicity and continuity: First, we use the techniques of [Gri95], which
again build on the techniques from [AG91], to prove in the relevant regions the six maps of the
form ¢ — p.(q, h) are strictly monotone. This strict monotonicity implies that the Kertész line
h — pc(q, h) is continuous. This proves in particular that h.(p) > 0 for all p € (p.(1,0), p.(g,0))
as was conjectured in [CJN18, Remark 4].
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Upper and lower bounds: Second, we prove upper and lower bounds on the Kertész line
complementing the bound given by Ruiz and Wouts in [RW08]. For simplicity, we state them
in the simpler case of the Ising model ¢ = 2 in dimension d = 2 the upper is given as

_ )2
he(p) < arctanh ( M - 1) :
p

The technique that we use to prove the upper bound is stochastic domination. The tech-
nical workhorse is a condition on p, g and h that allows us to know when ¢, 4, , stochastically
dominates ¢y, g,,h,- When we then use our knowledge of the phase transition for h = 0 the
results can be used to infer stochastic domination.

2d+1
For the lower bound, we prove the following finite volume criterion. Here u = (@d+12

(2d)2d

Theorem 3.3.1 ([Kertész, Theorem 1.4]). Suppose that p < p.(q,0) and that § = ,u_4d and
let k be the smallest natural number satisfying

¢;1o,q,0,A3k [Ak L 8A3k] <

NGRS

Then, there is no percolation at (p, h) for

5\ /1Al

The theorem allows us to establish an, in principle explicit, lower bound on the Kertész
line. Finally, we use a more standard cluster expansion for the Potts model to give bounds
on when the pressure is analytic, that is the absence of a thermodynamic phase transition
even in the presence of a magnetic field. One interesting observation about our bounds around
h = 0 is that the upper bound has a vertical asymptote and the lower bound has a horizontal
asymptote. An open problem for future research is the determination of the asymptote. In
that regard, we conjecture the following

Conjecture 3.3.2 ([Kertész, Conjecture 4.7]). In the limit p — p. it holds for some constant
c > 0 that

—
|

hc(p) ~ C(p - pc)

41



3. Summaries of Papers

3.4. [UEG] The Uniform Even Subgraph and Its
Connection to Phase Transitions of Graphical
Representations of the Ising Model

The paper [UEG] is joint work with Ulrik Thinggaard Hansen and Boris Kjeer. It is also a
part of the master’s thesis by Boris [I{ja23] which I co-supervised.

Context. The paper is concerned with the percolative properties of two graphical rep-
resentations of the Ising model. In particular, it is inspired from [DC16, Question 1] where
Duminil-Copin asked whether the single random current has a phase transition at the same
point as the random-cluster model on Z¢.

For d = 2 it follows rather easily from the result of [GMNM18] using the coupling between the
loop O(1) model and the random current model, since for d = 2 it turns out that already the
loop O(1) model percolates. This motivates the investigation of how the percolative properties
of both the loop O(1) model and random current model for d > 3. Aran Raoufi asked whether
the uniform even subgraph of Z¢ percolates as a toy problem towards [DC16, Question 1]. This
is a toy problem because the uniform even subgraph corresponds to the loop O(1) model for
z=1.

Results.  The first result of the [UEG] is to prove that it is indeed the case.
Theorem 3.4.1 ([UEG, Theorem 1.1]). Ford > 2 the uniform even subgraph of Z¢ percolates

We can even strengthen the result to prove that the percolative phase transition of £, is
non-trivial.

Theorem 3.4.2 ([UEG, Theorem 1.2]). Let d > 2. Then there exists an xo < 1 such that for
all x € (xo, 1] then

£$7Z¢i [0 — OO] > 0.

From increasing coupling between the loop O(1) model and the random cluster model we
know that connection probabilities decay exponentially for x < z. where x. = tanh(3.). Thus,
we are left with the question of determining whether £,, za percolates for z € [z., 7]. The main
theorem of the paper [UEG] partially answers that question.

Theorem 3.4.3 ([UEG, Theorem 1.5]). Let d > 2 and x > x., then there exists a C > 0 such
that for every k and every N > 3k and any boundary condition &, Ei}AN [0 < OAg] > % It
follows that £, 74[|Co|] = oo.

It follows that the same is true for the (sourceless, traced) single random current P 7a.

Corollary 3.4.4 ([UEG, Corollary 1.6]). For 3 > f,, there exists a C > 0 such that for every
k and every N > 3k, then

C

PB,AN[O — OAg] > T

Moreover, the expected cluster size of the cluster of 0 in Pgza is infinite.
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We note that the same results hold on the hexagonal lattice and there we know there is
no percolation for ¢, for all € [0,1], so to improve the results one would need to use the
structure of Z¢.

Methods. The techniques in play in the paper are very diverse. The first results of the
paper we prove by constructing a condition that ensures that the marginal of the uniform
even subgraph is distributed as Bernoulli percolation with parameter % In the case of finite
graphs, it was known that the edge in the complement of a spanning tree of the graph will
have marginal P.1. To deal with the same problem for infinite graphs nicely we develop an
algebraic approaéh where we exhibit the uniform even subgraph as the Haar measure on the
group of even graphs with a symmetric difference as the group operation. Then we can give a
criterion for when the marginal of the Haar measure UEG becomes the P1, which is the Haar
measure on the group of all graphs with symmetric difference as group of)eration. The proof
of Theorem 3.4.2 follows the same philosophy and uses in addition [LLSS97, Theorem 0.0].

For the main theorem of the paper, the proof consists of two parts. In the first part, we
prove the following mixing result of the loop O(1) model. The construction uses combinatorial
insight into the uniform even graph combined with the existence of a very dense cluster in the
supercritical random cluster model coming from Pisztora’s construction [Pis96] for random-
cluster models in dimension d > 3.

Theorem 3.4.5 ([UEG, Theorem 1.3]). For x > x., there exists ¢ > 0 such that for any event
A which only depends on edges in A, we have

1654, [A] = £ zalA]| < exp(—cn) (33)

for any boundary condition § and any k > 4n. In particular, for x > x., the loop O(1) model
on Z% admits a unique infinite volume measure.

The second part is orthogonal in the sense that it uses the torus very specifically. To get
a sense of the argument consider any percolation configuration w on the torus and a uniform
even subgraph 7 of w. Then, if w has a loop v wrapping around the torus, then the symmetric
difference n/A~ also has the law of the uniform even subgraph of w. We further know that
either n or n/Av has a loop wrapping around the torus (by the combinatorics of the problem
that is equivalent to the ground state of the toric code is 4-fold degenerate). Since there is a
long loop, it must pass through at least one of the vertices on a given hyperplane and thus by
translation invariance we obtain Eg?f\n [0 <> OAp] > —=. A technical construction extends the
result to the following bound that ensures the infinite expected cluster sizes.

Theorem 3.4.6 ([UEG, Theorem 1.4]). Let x > x.. Then, there exists ¢ > 0 such that
020 [0 <> OAn] > £ for all n.

Combining these two theorems yields Theorem 3.4.3.
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3.5. [MagQW] Quantum Walks in Random Magnetic
Fields

The manuscript [MagQW] is joint work with Christopher Cedzich and Albert H. Werner. In
the manuscript, we introduce a model for quantum walks in a random magnetic field. The
introduction here follows the first sections of [MagQW].

Context. In [[1JS09] Hamza, Joye and Stolz introduced the unitary Anderson model and a
framework for proving localization using the fractional moment method in the unitary case.
This approach was also used by Joye in [Joy12] to prove localization of a quantum walk. The
approach entails proving first an a priori estimate on the expectation of fractional moments of
the Green function, then proving exponential decay (expectations of the fractional moments)
of the Green function and finally proving that dynamical localization of the walk follows from
exponential decay of the fractional moments.

Model. We consider the Hilbert space H = ¢(Z*) @ C? corresponding to a particle on the

lattice Z? with an internal degree of freedom. We define the unitary so-called coin operators
C1,Cs by S
Ci =l ® <c§1 C?) 7 (3-4)
€1 C22
which is the same local unitary that acts on the internal degree of freedom on all sites simul-
taneously. Further, we consider shift operators S, for a € {1,2} defined by

So |z, £) = |xr £ eq, L) . (3.5)
Now, the deterministic walk-operator Wy is given by
Wy = 51C152C,. (3.6)
Finally, the random quantum walk operator that is our object of interest is given by
W = D(w)Wy, (3.7)

where D(w) is a diagonal unitary operator, satisfying D(w) |z, £) = e~ i0%(@) |z, £). The phases
6+ correspond to the phase that a particle acquired traversing the edges that it just traversed
with the previous action of the operator Wy, see the paper for details. In particular, note that
the existence of the phases is due to a magnetic field being non-zero. Indeed, the magnetic
field F'(z) is distributed such that the flux through each plaquette is i.i.d. random with density
with respect to the Lebesgue measure bounded from above and below.

A special set of coins corresponds to walks with bound orbits. They are given by

G ={(C1,C2) €U@) x U@) i chy = ey = 0|y | = || = 1, i5h = {1.2}} . (39)

and we will call them reflecting coins. The reader should think of them as corresponding to
the infinite disorder in the self-adjoint case. In further analogy with the self-adjoint case, we
will try to prove localization close to the reflecting coins, which corresponds to large disorder
in the analogy.
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Result. In [MagQW] we embark on generalizing the framework to include also the case of
the quantum walk in the magnetic field. We first obtain an a priori estimate on the expectation
of fractional moments of the Green function by generalizing the corresponding argument in
[HJS09] from rank-2 perturbations to rank-4 perturbations. Interestingly, the proof involves a
slight detour into studying the pseudo-spectrum of dissipative operators, in the spirit of the
results from [Aiz+06]. After obtaining the a priori estimate we turn to exponential decay of
the Green function, which is the main theorem of the paper. Here W (C4, C2) is the unitary of
the walk stemming from the coins C7 and Cy and W(CT, C%) is the unitary stemming from a
reflecting coin.

Theorem 3.5.1 ([MagQW, Theorem 2.3]). There ezists € > 0 such that if
|W(C1,Ce) —W(CT,C3)|| < € for some (C],C3) € C, then there are constants p,C > 0
such that for all s € (0,%) and all x,y € Z* x {—1,1} it holds for all z € (3,2) that

E [|(z, (W — z)flyﬂs] < Ce M=yl

Methods. In the proof by [HJS09], independence of the phases is essential. The proof uses
the resolvent equation to can obtain a geometric decoupling between the Green function inside
the box Ay, which we denote by G and the Green function outside the box Ay 3 denoted by
G*3 (the argument is substantially more complicated, for details see the paper).

However, since we are working with independent fluxes and not independent A-fields there
is not quite independence between the A-fields inside a box and the A-fields outside the box.
This is due to the Aharonov-Bohm effect where a particle moving the two different ways
around a box would experience a phase change corresponding to the total flux through the box
[AB59]. Therefore, we would only expect the Green function inside and outside a box to be
conditionally independent given the total flux through the box. By conditional independence,
we can factorize the (fractional moments of the) Green function inside and outside the box.

Lemma 3.5.2 ([MagQW, Theorem 7.6], Factorization using Aharonov-Bohm effect). Let fr,
be the density of the random variable Fy, = erAL F(x) representing the total flux through Ap.
For |yl > L+ 2 and u € Ap,v € A} 3 we have that

1

E [‘<O,GLU>}S‘<U7GL+3y>‘S} < ’ 1

E|[(0.GFw)["| B [| v, y)[]

o0

for all 0 < s < 1.

Then, we embark on the resampling strategy from [HJS09], again the lack of independence
yields additional complications and it becomes important that the phases (or rather pairs of
phases) have bounded conditional distribution given all the other phases of the system. Finally,
by using an iteration strategy also employed in [Joy12] we obtain the exponential decay of the
fractional moments of the Green function.

The last step would then entail going from fractional moments estimate to dynamical local-
ization of the walk. Despite many efforts, it turns out that the proof of [H.JS09] does not easily
generalize to the case where the phases are equal in pairs (which means that the conditional
distribution is not bounded with respect to the Lebesgue measure).
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3. Summaries of Papers

3.6. [Spec] Spectra of generators of Markovian
evolution in the thermodynamic limit: From
non-Hermitian to full evolution via tridiagonal
Laurent matrices

The paper [Spec] is joint work with Albert H. Werner.

Context. The paper concerns the spectra of single-particle translation-invariant generators
of Lindblad semigroups in infinite volume. In finite volume, the spectra of Lindblad generators
(henceforth Lindbladians) and in particular the spectral gap yields information on the speed
of relaxation of a Lindblad semigroup towards the steady state subspace. The corresponding
problems in infinite volume is arguably an understudied area of mathematical physics.

In this paper, we study the spectra directly in infinite volume. For simplicity, we work
with the Hilbert space H = ¢?(Z). The infinite volume Lindbladian can be defined from the
Lindblad form a priori as an operator on for example the trace class operators TC(H), the
Hilbert-Schmidt operators HS(#H) or the compact or bounded operators. Before coming to
the main theorem we make some comments on the different spaces and the notion of spectral
independence of such operators. In the rest of the paper, the Lindbladian is mainly considered
as an operator on HS(H).

Results. In the main theorem, we find an isometric isomorphism of Hilbert spaces

J : HS(¢%(2)) — f[&ﬂ (%(Z),dq (see Section 3.2 of the paper for an introduction to direct
integrals) such that upon conjugation with this isometric isomorphism the Lindbladian takes
a particularly nice form.

Theorem 3.6.1 ([Spec, Theorem 3.8]). Suppose that L is of the form (2.18) with Lindblad
operators Ly, satisfying locality and translation invariance assumptions. For an isometric iso-
morphism J : HS(¢3(Z)) — f[?%} (%(Z),dq then

&

JLT* = T(q) + F(q)dg,
[0,27]

with T(q) a bi-infinite r-diagonal Laurent operator and F(q) a finite rank operator with finite
range for each q € [0, 27].

Using the main theorem, we can prove both abstract consequences and compute the spectrum
in concrete cases.

An important technical result that we believe is of independent interest is the following
theorem. Using the notion of pseudospectrum it generalizes a related theorem proven in the
self-adjoint case in [RS78, XIII.85]. The pseudospectrum o.(A) of an operator A is defined
by

o:(A) ={z€C||A—z[| 27"},

and it is essential for the study for non-normal operators [TE05].
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Theorem 3.6.2 ([Spec, Theorem 3.12]). Let I C R be an interval and H = fI@ Hqdg for some
family of separable Hilbert spaces {Hq}qer. Suppose that {A(q)}qer is a measurable family of
bounded operators, such that A(q) acts on Hy and A = fl@ A(q)dq € B(H). Then for alle >0
it holds that

o(4) C | Jo=(A(g)) and o(A) = () [ [J o=(Al9)
qel e>0 qel

Combining the two theorems we get the following corollary that we can use to compute
spectra explicitly.

Corollary 3.6.3 ([Spec, Corollary 3.14]). Let £ € B(HS(#)) be a Lindbladian of the form
(2.18) satisfying assumption Asa) and A3b) and let T'(q) and F(q) be as in Theorem 3.6.1.
Then

o(£)= |Jo(T(e) + F(a)). (3.9)

q€[0,27]

Furthermore, for the non-Hermitian evolution T = f[ée%] T(q)dq it holds that

o(T)= |JoT(@), and o(T) C o(L).

q€[0,27]

Abstractly, we then prove that the residual spectrum of the Lindbladians we study is always
empty. Using tools from the complex analysis, we prove that the Lindbladians are either gapless
or have an infinite dimensional kernel. Finally, we give a condition for convergence of the finite
volume spectra with periodic boundary conditions to their infinite volume counterparts.

We go on to use Corollary 3.6.3 to compute the infinite volume spectra of some operators
that have been studied in the physics literature with periodic boundary conditions [Znil5;
EGO05a; EGO5b]. In particular, we put the observations into a more general light. We continue
by studying certain systems with non-normal dissipators that were recently associated with
localization in open quantum systems [Yus+17]. We prove that the spectrum of the Non-
Hermitian evolution in itself is gapless (that is without considering the quantum jump terms).
Finally, we prove some bounds for the spectra in random potentials. In particular, we consider
an analogue of the Kunz-Soulliard theorem for open quantum systems.
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3. Summaries of Papers

3.7. [OpenLoc] Exponential decay of coherences in
steady states of open quantum systems with large
disorder

The paper [OpenLoc] is joint work with Simone Warzel.

Context. The framework of the paper is a single-particle open quantum system with Marko-
vian evolution. The form of the generator of the evolution (see cf. (2.18) in Section 2.1.8)
was found in [Lin76; GIKS76]. We assume that the terms in the Lindbladian have uniformly
bounded range. Thereby, the system aquires a local mechanism so that in spirit our intuition
from Section 2.2.2 applies.

As we saw in Section 2.1.5 for the Anderson model, disorder can be modelled through a
random potential with strength A > 0. The Hamiltonian is then H = Hg + AV, where V is
a random potential defined through V' |z) = V(z) |x) for each basis vector |z) of the position
basis and A > 0 is a parameter describing the strength of the disorder. Here V(z) are i.i.d.
random variables with bounded and compactly supported densities.

In [FS16] it is shown that a random potential slows the evolution of the open quantum
system from ballistic to diffusive (in a certain sense). More recently, localization in open
quantum systems was investigated numerically in [Yus+17] for a special example of Lindblad
generators that create coherences. This example was also investigated in [DROZ11] in the
context of dissipative engineering [VWC09]. Another example, is the Anderson model with
local dephasing, that we studied from a spectral point of view in [Spec].

Results. For any € > 0 and state py we define the Abel average p. by
pomce [ e )t = =L~ &) pu). (3.10)
0

Since ew(po) is the time evolution of the state p until time ¢t. We get that p. can be interpreted
as a time average up to timescales of %

We prove the result on a finite A, but we emphasize that the constants are uniform in A.
In addition to the locality assumption, we have a weak gap assumption on the non-hermitian
evolution that entails that the gap with a Dirichlet boundary condition in at least one point
closes at most polynomially fast in the thermodynamic limit. We give more details in on the
assumption in the paper and we show that our motivating examples stemming from dissipative
engineering satisfy the assumption.

Theorem 3.7.1 ([OpenLoc, Theorem 3.1]).  Let L satisfy the assumptions outlined above.
For sufficiently large disorder A > 0, there exist constants C, u > 0 such that for any connected
set A C Z% and any x,y € A, € € (0,1), initial state pg, and any s € (0,1) there exists a Cs > 0
such that

Elpe(x,y)| < Ce o=yl L g25=1 ¢, (3.11)
Furthermore, for any measurable choice of steady state w — pso(w) of Ly it holds that

E|poo(x,y)| < Ce™*7Y, (3.12)
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In the case of local dephasing with rate v > 0, the gap of the non-hermitian evolution is
constant and we obtain the following deterministic strengthening of the theorem. Again, we
give more details in the paper.

Theorem 3.7.2 ([OpenLoc, Theorem 3.2]). Let L satisfy the assumptions outlined above.
Then there exist C,p > 0 such that for any A C Z¢, any x,y € A, initial state pg, € € (0,1),
and any s € (0,1) there exists a Cs > 0 such that

|pe (@, y)| < CeHlevl 4 2571 ¢, (3.13)
In particular, for any steady state po of LA then

|poc(z,y)] < Ce Hlr—yl, (3.14)

Methods. The methods of the paper are inspired by the fractional moment approach to
Anderson localization pioneered in [AM93] and many technical ideas stem from [AW09]. We
do a split up of the Lindbladian £ that allows us to reduce bound the Abel averaged time
evolution only in terms of the effective non-Hermitian evolution so that we do not have to
take quantum jump terms into account. Then we check that the proof of fractional moments
of the Green function at large disorder generalizes from the Hamiltonian case to the the non-
Hermitian evolution. After that, we use the locality of £ through the use of the resolvent
equation (as outlined in Section 2.2.3 above) to transfer the exponential decay of the non-
hermitian evolution to the Abel averaged time evolution.
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Mass scaling of the near-critical 2D Ising model
using random currents

FREDERIK RAVN KLAUSEN, ARAN RAOUFI

Abstract

We exarlréine the Ising model at its critical temperature with an external magnetic
field has on aZ? for a,h > 0. A new proof of exponential decay of the truncated
two-point correlation functions is presented. It is proven that the mass (inverse
correlation length) is of the order of A5 in the limit A — 0. This was previously
proven with CLE-methods in [1]. Our new proof uses instead the random current
representation of the Ising model and its backbone exploration. The method further
relies on recent couplings to the random cluster model [2] as well as a near-critical
RSW-result for the random cluster model [3].

1 Introduction

The square lattice Ising model [4] suggested by Lenz [5] is the archetypal statistical
physics model undergoing an order/disorder phase transition. It has been subject of
intense study in the past century [6, 7], starting with Periels’ proof of the existence of
a phase transition [8] and Onsager’s calculation of the free energy [9]. The rigorous
understanding of the critical two-dimensional Ising model has advanced tremendously in
the past decade starting with the breakthroughs [10, 11] and with the subsequent works
(see, for example, [12]).

One of the questions that remained unsolved until recently is obtaining the speed of
the decay of the truncated correlations in the near-critical two-dimensional Ising model.
For a € (0,1] and h > 0 the near critical regime is defined to be the Ising measure on
the lattice aZ? with the parameter 3 = 3.(Z?) and external field a'*/® h. We denote the
corresponding correlation functions with (.), 5. The following theorem is proved in [1]
using the scaling limit of the FK-Ising model which was proved to exist in [13] and its
connections to the conformal loop ensemble [14]. See also the review [15].

Theorem 1.1 There exists By, Cy € (0,00) such that for any a € (0,1] and h > 0 with
ha's <1,

8
0 < (020 )ah — (O2)an(0y)an < Coat |z — y| ™5 e Boh o=l

Accordingly, for a =1 the result on Z? is that for any h € [0,1),

1 g
<Uy‘7x>1,h - <Uy>1,h<‘7x>1,h <Colz—yl *e Boh15le-sl,

In this paper we prove Theorem 1.2 from which we can deduce Theorem 1.1.

Theorem 1.2 For any h > 0 and a < 1 there are functions C'(h) > 0 and m(h) > 0
independent of a > 0 such that for any x,y € aZ? it holds that

(020 an — (Oa)an(0y)an < C(R)at [z —y| 75 e~ mPle=vl,



The proof uses first a partial exploration of the backbone of random currents, then a recent
coupling between the random current measure with sources and the random cluster model
[2]. The proof utilises a new result that extends a result on crossing probabilities for the
critical random cluster model to the near critical regime [3].

Before diving into the details, we briefly show how Theorem 1.1 follows (as explained
in [1]) from Theorem 1.2.

Proof of Theorem 1.1. Let H be such that a = Hts and h = 1. Let (00;02) = (000z)an—
(00)an(0z)an. Then from Theorem 1.2

<0'O;O'x>H%71 < C(l)H% m*% e—m(Dlz]

for z € H15Z% Using the relation (00;02) & | = (003 02)1,m Whenever 2’ = HIS we
5, 15
obtain
1 8
(00; 001 < C(1) [’ eI
for 2’ € Z?. Rescaling back to aZ? yields the result. O

In [1] a converse inequality is also proved using reflection positivity. A more prob-
abilistic proof of the lower bound was given in [16]. We note that this shows that the
correlation length is finite, the mass gap exists and that critical exponent of the correla-
tion length equals %. Further, as it is explained in [1] the exponential decay proven in
Theorem 1.1 directly translates into the scaling limit.

Indeed, as in [1] if ®»" is the near critical magnetization field given by

a,h __ 15
P¥t =¢q s E 040z

r€aZ?

with {0, }ecaze € {0,1}%%° | it was proven in Theorem 1.4 of [13] that ®*" converges in
law to a continuum (generalized) random field ®". Let C5°(R?) denote the set of smooth
functions with compact support and let ®"(f) be ®" paired against f € C5°(R?). Then
as in [1] it holds that

Corollary 1.3 Let f,g € C°(R?), then there are By, Cy € (0,00) such that

Con@(5). @) < Co [ [ If@llgla)l o=yl b Bt sy
R2ZxR2

Starting with [17], there has in the physics community been much interest in the
masses of the Ising model [18] including possible connections to the exceptional Lie Alge-
bra Eg [19] which has been investigated also experimentally [20, 21, 22] and numerically
[23]. On the mathematical side, exponential decay was first rigorously proven in [24]
and in [25] a linear upper bound for the mass was proven. Proving the correct scaling
exponent is a further step towards rigorous results in this direction. For further rigorous
developments see also [26].

63



1. Mass Scaling of the Near-Critical 2D Ising Model using Random Currents

64

2 Preliminaries

We start by briefly introducing the Ising model and its random cluster and random
current representations that we will use to prove the result. Let G = (V, E) be a finite
graph. Then for each spin configuration o € {#1}" and h > 0 define the energy

H(o)=— Z Uray—hZUz,

rycek zeV

where h describes the effect of an external magnetic field. For each A C V we let
04 = [[,e4 0 and define the correlation function as

Yocizny 04 exp(=pH(0))
A

where Z = 37 v exp(—BH(0)) is the partition function. In what follows, we will
be concerned with the Ising model on the graph aZ? which is obtained by taking the
thermodynamic limit of finite graphs. For discussions about the thermodynamic limit we
refer the reader to [27].

In both representations we implement the magnetic field using Griffiths’ ghost vertex
g. This means that we consider the graph Gghost = (V U {g}, E U E,) where E, =
Upev {ewg} are additional edges from every original vertex v to the ghost vertex g (see
for example [7]). We will refer to the edges E as internal edges and to the edges E, as
ghost edges.

(oa) =

The random current representation

Let us now introduce the random current representation which is a very effective tool in
the study of the Ising model [28, 29, 30, 2, 31, 32, 33, 34]. Further information can be
found in [7] and [35]. The central building blocks in the random current representation
of the Ising model on a graph Gyt = (V U {g}, E U E,) are the currents n € Ny"%.
For each current n we can define its sources On as the v € V where 30, 5, Do is 0dd.
Let further the weight of each current n be given by

R s L
w(n) = H n.! H (ngv)g! :

zyeE Y 1geBy

A simple identity which connects the random currents to the Ising model is given as
(2.4a) in [31]

<0_ o > _ ZBn:{O,x} w(n)
o > on—pw(n)

Further, given a current n define the traced current i € {0, 1}#YF= by n(e) = 0 if n(e) = 0
and fi(e) = 1 if n(e) > 0. Then P42, the random current measure with sources A C V, is
the probability measure that satisfies P4 (n) o< w(n)1lisn—ay. If A and B are either vertices
in or subsets of VU {g} we denote the event that they are connected in a configuration

w € {0,1}F Y= by A +» B, meaning that one vertex of A is connected to one vertex of
B.

(1)



The traced random current measure ]@’é gives each w € {0,1}F YEs the probability

Piw) = > Pa(n)liauy.
on=A

To ease the notation in what follows define I@’g]’x} ® I@MG to be the probability measure
which assigns each w € {0, 1}#YF= the probability

ot 1 ——
PP @Phw)=——— Y wmwm)ln+m=u.
ZoZ0,2) n={0,2},0m=0

On the square lattice aZ? in a magnetic field a'>/® h we denote the non traced and traced
single current measures by Pﬁh and I@’{:h respectively. The main part of what follows
proves exponential decay of truncated correlations, but first we obtain the correct front
factor ai. We do a similar trick as in [1] where we set the magnetic field & to 0 in the
boxes of radius 1 around 0 and = and call that magnetic field h.

Proposition 2.1 We have
(00: 02 )an < (003 0u) i = (000a), 5 - B @ BY (0 5 g) < CarPI%(0 5 ).

Proof. The first inequality follows from the GHS inequality [36]. The second step used
the switching lemma [36] and (1). Since the event {0 #> g} is decreasing the probability
increases when IPS p is removed. Then the last inequality is a standard application of

equation (1-arm) below (see also [37]). O

The random cluster model

Each configuration w € {0,1}#“F= corresponds to a (spanning) subgraph of G gpes. For
each e € F UE, if w, = 1 we say that e is open and if w, = 0 we say that e is closed. There
is a natural partial order < on the configurations where w < w’ if W’ can be obtained
from w by opening edges. An event A is increasing if for any w € A it holds that w < o’
implies w’ € A. Let further k(w) be the number of clusters of vertices of the configuration
w.

The random cluster model with free boundary conditions ¢ is a percolation measure
on the finite graph Gyposr = (V U {g}, E U E,) such that for every w € {0, 1}#"Fs

Phw) x 2 T

1—
e€E UEg Pe

where Pe = 1{6 is internal and open} (1 - eXp(_Qﬁ)) + 1{6 is ghost edge and open} (1 - eXp(_Q/Bh)) +
% L{e closed}. In what follows, we will consider the free random cluster model on some

finite subsets A of aZ? and we will denote that measure by gb?\’a at the same time fixing
68 =05 = M . Let Ag(z) denote the box with side length & around some point
x € aZ?* and let A, = Ax(0). Notice that Ay only depends on the distance in R? which is
not affected when a changes. Further, let A, ,,(z) = A (x)/A,(z) be the (n, m) annulus
around = and A, ,, = A,,,(0). The random cluster model has many nice properties that
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we will use in what follows. Since the boundary conditions are free the random cluster
model has stochastic domination in terms of the domain. This means that if A; C A,
then for any increasing event A,

A (A) < YA, (MON)

Further, the (FKG)-inequality [7, Theorem 1.6] states that for increasing events A, B
then

A (ANB) > ¢ (A)g" (B). (FKG)

We note that the 1-arm exponent for the random cluster model [37, Lemma 5.4] is given
by

C’la% < (;59\?(0 — 0N\p) < C’gaé. (l-arm)
The following result was proven in [1] and it will also prove useful for us.

Lemma 2.2 ([1], Proposition 1) Suppose that configuration of internal edges w has clus-
ters Cy,...,C,. Then

qﬁ%g(Ci © glw) = taunh(half85 |Cy])
and the events {C; <> g} given w are mutually independent.

Finally, we state a connection between the random currents with sources and the random
cluster model.

Theorem 2.3 ([2/, Theorem 3.2) Let {X(€)}ecr be independent Bernoulli percolation
with parameter (1 — exp(—p.)) with B, = B for e € E and . = ph for e € E;. Then
define for each e € E'U E, the configuration

w(e) = max{n(e), X(e)}.

where i has the law of P¥} the traced random current with sources dn = {z,y}. Then
w has the law of ¢%(- | © <> y) which is the random cluster measure conditioned on
{z <> y}. Hence, if A is a decreasing event then

Pl (A) = ¢l(A | 7 < ).

A key part in our result is the backbone exploration which we turn to next.

Backbone exploration

Let us first define the partially explored backbone. Suppose that n is some current with
sources dn = {x,y}. Then there is a path between 2 and y with n(e) odd for all edges
e along the path. The backbone is an algorithmic way of step-by-step constructing such
a path starting from z until it hits some set of vertices A D {g,y} !. To do that, we

Tn the constructions in the litterature the set corresponding to A usually does not necessarily contain
the ghost, but for our purpose in this paper we include it.



Figure 1: The situa- g

tion in the backbone

exploration with the

incoming edge ey, ,u, v R
coloured blue. The

vertices wvg,vp,vg are U,
respectively to the 2 .
right, left and straight Us Ui—1
of u; with respect to

the incoming edge.

As wusual g denotes UL

the ghost.

define the sets of (explored) edges ) = Sy C S; ... inductively. For each i > 0 the set
S; is defined in such a way that n restricted to S; has sources {x}A{u;} for some vertex
u;. We will say that the backbones path up to step i is x = wug, uy,...u;. If u; € A, let
Sit1 = S; (and hence Sy = S; for all k& > 7).

If u; € A we continue as follows. If i = 0 we consider the five edges incident to ug = x.
Order them as eg, e1, ..., €4 With ey = e, and the other edges in arbitrary order. Since x
is a source of n there is at least one ¢ such that n(e;) is odd. Let k be the least such ¢ and
let S; = {eo,...er}. Then uy is such that e, = eyy,. In words, the backbone explored
the edges {ep, ...er} and walked to the vertex u;.

For ¢ > 1 we call the edge e,, , ., the incoming edge to the vertex u;. We can define
an order on the remaining edges such that (e, €1, €2, €3) = (€wgs Cusons Cusor» Cusvg) Where
Cuvpy Cusuy » Cuvg denote the edges that are right, left and straight with respect to the
incoming edge. See also Figure 1.

Now, let k& be the least ¢ such that n(e;) is odd and e; & S;. Notice that since u; ¢ A
and On = {z,y} there is always at least one such i. Define S;; = S; U {ep,...ex}. Then
ui+1 is such that e, = ey, u,,,. In words, the backbone walks on edges e of odd n(e)
exploring in each step first the edge to the ghost and after that the edges right, left and
straight with respect to the incoming edge in that order. The backbone path is the path
of explored vertices © = ug, uq, ... and the explored backbone in step 7 is S;.

This sequence {95 };en stabilizes after a finite number of steps and we call the termi-
nating set the backbone starting from x explored up to A and denote it by 4, 4(n). There
is a path from z to A along the vertices z = ug, U1, . . ., Uena With uenq € A such that every
edge e in the path obeys that e € 9, 4(n) and has n(e) odd. We call this path v, 4(n)?.
The vertex ue,q we call vg?j(n). If Uenq is the ghost g we say that the backbone hits the
ghost.

In what follows, we will work with events of the form Q = {F = 4o r(n)} where
I' D {g,x} is a set of vertices, and F'is a set of edges. Notice that by construction we can
tell whether the explored backbone is F' by looking only at the edges in F' which means
that 19(n) = lg(np) where ng is the current restricted to the set F.

The partial backbone exploration is useful because of the following Markov property.

2Note that if h = 0 then Yo {g.y} (1) explores some edges in and around the path 7, (4,3 (n) from =
to y where n(e) is odd for all traversed edges.
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d

d

Figure 2: The explored backbone sketched in black together with the points d and d' in
three different cases. The domain D; coloured green. Note that in the first case d = d’
and that in the last picture the position of 0 is not to scale.

Theorem 2.4 Let I' D {g,x} be a set of vertices, F be a set of edges, Q = {F =
Jor(n)} and on the event Q let & = ~§1(n) be the unique vertex in T connected to x in
Yoor(m). Let A be any event such that 1 4(ny)lg(ny) = 1a(na,p)lo(mp). Then whenever

P (Q) > 0 it holds that
P (A Q) =P (A).

Proof. That n € Q means that the explored backbone of n up to I is F. Thus, F' is the
terminating set of the sequence {S;};en. Thus, on the event Q the current n restricted
to F' must have sources Onp = {0} A{uena} = {0,2}. Since n = nx\p + np it holds that

{0,2} = On = Onp\pAdnp = Ony\p A0, 7}

So for n € Q then dny\p = {Z,2}. The map n — (np,npp) is a bijection from
{Il S Q | on = {O,l‘}} to {(IIF,IIA\F) ’ nr + np\p € Q, 0IIF = {0,57}, 8nA\F = {:E,x}} with
inverse (np,np\r) — np + ny\p. Thus, for any function f : No#Y% — R it holds that

Y. fmlem) = Y fn)lom)

On={0,z} Onp={0,7}
Onp\ p={Z,z}

Since w(np +np\p) = w(ng) - w(na p) and the fact that Q only depends on edges in F,



Figure 3: Sketch the >

order < on 9A;(z;) (5) (1)
used when defining
D;. Two points a,b €
OAy(x;) have a < b if
the number of the seg-
ment of a is smaller
than the number of
the segment of b or if (3)
a and b are inside the
same segment and a is
earlier than b with re-
spect to the arrow on
that segment.

the double sum below factorizes and
(0,0} > on—{02) W(n)La(n)lo(n)
PPN A] Q) = ;
ZBn:{O,x}w(n) Q(n)
Z@an 0,2},0np\ p={%,x w(nF + nA\F)lA(n)lQ(n)
. {0,2},0n,\ p={%,x}
EanF:{O,E},BnA\F:{i,z} w(np + nA\F>1Q(n)
Yonp={o5y W(F)lomr) D5, o w(nar)la(nar)
_ \
ZBnF:{O,:E} w(nr)lo(np) EanA\F:{i’,z} w(n\r)
. Z@nA\F:{i,z} w(nA\F)lA(HA\F)

ZBnA\F:{i,x} w(npr)

=PiF (A)-

3 Main result

We now prove Theorem 1.2 given a result that we then prove later.

Before starting the proof, we go through some notation that we will use throughout
the main section. Let n be such that x € Ag, 9(,41). In what follows, we will consider the
case |z| > 36 which means that n > 4. In the proof of Theorem 1.2 we tie it together
with the case [z| < 36. We also let A be any box which contains Ag(,1). Everything we
prove will be independent of this A. Later we let A {} Z2.

We will explore the backbone partially in steps up to the annuli Ag;g¢41). Suppose
that in this exploration the backbone does not hit the ghost g, which we can assume in
our application. Then define z; = 'ygffa(n) € Agig@i+1)- Thus, x; is random variable cor-
responding to the first vertex the backbone hits in the i-th annulus of the form Agioiit1)s
see also Figure 5.

Further, to ease notation we let 5; = 4pa¢ (n). Thus, 7; is the set of edges explored
until the backbone hits the ¢-th annulus. Similarly, to ease notation let v; = WO’ASi(n).
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Thus, ~; is the path ug, ..., Uepa = ; = ’ygffgi (n) explored until the backbone hits the
i-th annulus. Let Q5 be the event that the backbone explored is #;.

A technical detail is that to account for removing the magnetic field in the box of size
1 around x we explore the backbone partially also from x until it leaves the box of size 2.
Denote the explored backbone 4, p,(z)c(n) by 7, name the first point hit outside Ay(x)
by z = 7;?/(\12(@6(“) and let the event that the explored backbone is 4, be denoted Q5, .

The set #; contains the path ~; from 0 to z;. Thus, 7; will intersect OA;(x;) one
or more times. Since x; is the first vertex of the annulus Ag; 941y to be intersected
the set 4; N OA;(z;) is contained within one half of dA;(x;). Let d,d denote the points
in 4; N OA;(z;) that are most clockwise and anticlockwise with respect to some way of
walking around JA;(x;), see also Figure 2.

More formally, we consider an order < of the points in dA;(z;) and then define d, d’
to be the minimal and maximal element of 4; N OA;(z;) with respect to this ordering.
Let us define the order in the case where z; is in the right side of the annulus (which is
the case x1,x2,x3 on Figure 5). Generalising to the other cases is straightforward. For
the defininition, we split dA;(z;) and define the order with respect to the segments and
arrows as shown on Figure 3.

Now, define Q; = {v € O\ (z;) | d' = v < d} and let Q; = A1 (x;)\ Q. Let ; be the
graph obtained by removing 7; U7, from A. Then we can define the domain D; to be the
connected component of z; in the graph induced by the vertices of ¥; without ;. See
also Figure 2. In the following claim we show how our order of exploration with respect
to the incoming edge implies that D; is contained in Agyy).

Claim 3.1 The set D; C Ag41) and it only depends on the current ny,,.

Proof. Since the vertex d is explored by the backbone it is either on the backbone path
~; in which case we let v = d. Otherwise, there is an edge eg, from d to a vertex on
the backbone path that we call v. Similarly, we can define a vertex v’ taking d’ as the
starting point. Let P; be the subpath of +; which goes either from v to v’ or from v’ to
v and extended by the edges {eq,} and/or {e,,,} if d,d are not on the backbone path.
By construction the path P; is edge self-avoiding, but we do not know that P; is vertex
self-avoiding and hence non self-intersecting. However, due to the way we explore the
edges of the backbone with respect to the incoming edge if there is a vertex which is hit
by the backbone path twice (i.e. u; = u; for some i # j) then the backbone path must
turn 90° twice at that vertex. This means that we can deform the path slightly to be
non-intersecting (see Figure 4).

Since P is a path between d and d’ and further €; is also a path between d and d’
along A;(z;), by definition of d and d’, P; and Q; do not intersect. Thus, if we glue them
together then P;UQ; is a closed non-intersecting path, which therefore encloses a domain
Qi C Ag(i+1). Now, assume for contradiction that 0 : x; — Qf is a path. Since we have
removed all the vertices in Q; including d and d’ it is impossible for d to exit @; through
a vertex in ;. Since in the backbone exploration we remove the explored edges on the
backbone path all remaining vertices have degree at most 2 in Zi\Qi. It is only possible
to have a path exiting @); if it crosses the path P; through a vertex of degree 2. The way
we explore the backbone implies that if two edges remain they must have an angle of 90°.
Therefore, the remaining edges do not cross P; and hence there is no such path §. Since
D; is the connected component of x; it holds that D; C Q;. O



Figure 4: Sketch of the case where the back-
bone explores the same vertex twice as in the A
proof of Claim 3.1. Suppose that the back- &

[ J
bone entered and left the vertex along edges
of the same colour (orange or blue). Since

we in the backbone exploration always ex-
plore turning to the right with respect to the
incoming edge first the backbone path can
never cross itself. Thus, a non-crossing de-
formation as shown is always possible.

To finish the setup we finally define

Az,a(zi) \(DiUy:)

Ri={n|0A(z;) </ OA(m)}.

Notice that if n; = ny for two currents n;, ne and n; € R} then ny € R}. Thus, R} only
depends on the traced and not on the full current. Define the corresponding connection
event either for the traced current or for the random cluster measure by

Az a(z;) \(DiU%;)

Ry ={0Ms(x;) </ OAy(w;)} C {0, 1}l \PO),

Notice that R = {f | n € R¢}. Hence, it holds that

{z;,2} *\ __ mizi,Z} A *

LOVSTRY: (Ri) = LIVSPY <R1> ' )
The following proposition will yield the main result given Proposition 3.3 below. The
idea of the proof is first to use the backbone exploration and then show that for every
macroscopic step, with a strictly positive probability there is a connection to the ghost.
To get the correct front factor a%, we also partially explore the backbone also from the
end around z until z = 75?[?2(z)0(n).

Proposition 3.2 Suppose that, for all T € 0Ay(x), all realisations of the backbone ¥,
from x to x, all 1 < i < n and realisations of the backbone from O to x; denoted 7; and
a<l,

PA\(%U%LE (Ri) z ¢

uniformly in any (r-dependent) A sufficiently large. Then
(00;02)an < Cai exp (=M(h)|z])
for |x| > 36 and where M(h) does not depend on a.

Proof. Let H be the event that the backbone explored from 0 hits x ( i.e. does not hit the
ghost). Notice that {Z = g} NQ5, NH = () so when we condition H on all possible events
Q5. we can omit those where = g. In other words, if = g then the backbone explored
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from 0 would necessarily hit the ghost since after the partial backbone exploration then
g and 0 would be the only two vertices with odd degree.

Further, 13 (na)lg,, (na) = 1x(na\s,)1o,, (ny,) so by the backbone exploration The-
orem 2.4

Py (H ZP{“}H!Q%) P (Q ZP{O” WP Q) ©)

A\Yz,h

where we from now on assume that Z # g which means that & € 0As(z).

For each 1 <7 < n let G; be the event that the backbone hits the annulus Ag; g(i11)
before hitting the ghost. Given a current configuration in G; we know that the vertices
x; exist for 1 < j < i. Further, if we define Gy = {n|0dn = {0,2}} then G;;; C G,
for each 0 <7 <n—1as well as {0 ¢ g} CH C G,. Since Pio\’jjﬁ(?'-[) P;{\O\f}h(gn)
and bounding P{O’i} -(H) uniformly in 5, bounds P{O’x} (H) through (3), it means that

to bound IP’{O I}(O %) g) it suffices to show exponentlal decay of IP’{ (g ) uniformly in
~». Notice that given Qs, , then G; depends only on edges in A\(% 1 U Fz) SO

lg, (nA\vz)lgai_l (nA\%) = 1Q1;(nA\(%71u%))1Qai_l (n(%qu%))

and by the backbone exploration Theorem 2.4
ploat {0,z} {0,2}
A\* h [H ]P)A\* 5 (Gi | Gi- )] PA\’ h(g0>

- H Z Pf\o\?}h(gl ‘ Q% 1)Pf\i?}h(gm 1 ’gz 1)

=1 Q5; €Gi—1

- {zi—1,2} {0 z} n—2
<II 2. B i@y (@ G < (1-0)

i=1 Qy, €01

: {zi—1,2} {11 1,2} *C < _
where in the last step we used ]P’A\(% ), +(Gi) < A\(% Une) A(Ri¢)) < 1—c. Here,

the first of these inequalities follow since on the event G; C R*Cl which again follows by
contraposition since on the event R,_; the backbone must hit the ghost before hitting
the annulus Ag; g(;41). Now, by the remarks in the beginning of the proof it follows from
Proposition 2.1 that

(0000 e < CatP2) (0 4 ) < Cat(1— "2 = Cat exp(~M(h) |]).

The inequality passes to the infinite volume limit since the constants are independent of

A. O

Next, we will move from the random current event R; to the traced current or random
cluster event 7@: . In the remaining section we will prove the following proposition which
only concerns the random cluster model. Here and in all of the following by > ¢ we mean
larger than a (possibly different each time) strictly positive constant which is uniform in
a <1, h and the explored backbones 7; and 7, .



Figure 5: Sketch of I

the overall approach. P i
Either the backbone

goes  through the o
ghost or we can define 9 Z(E%
the x; as shown. mﬁm ]*
Later, we show that L

it is probable that x;
is connected to the
ghost within each of
the black squares.

Proposition 3.3 There is a hg > 0 such that for all realisations of the backbone 7; up
to z;, all 3, explored until & € OAs(x) and all a < 1,h < hy then

¢O,a

AR Nz 7)) >
A\(F:UTe),h (Rl | @i x) =¢

uniformly in any A sufficiently large around x.

Now, collecting the results we can prove the main theorem assuming Proposition 3.3 which
is in the language of the random cluster model where many more tools are available than
for random currents most notably the RSW.

Proof of Theorem 1.2. By (2), the monotone coupling from Theorem 2.3 along with the
fact that R} is a decreasing event and Proposition 3.3 we get that

{J)i,i} . * — A{in,fi} . A:f: > 0,(1 . ( A>?< . ~) >
Paoms R = PG iR 2 05 i (Ri |20 8) 2 e
Thus, we can apply Proposition 3.2. In Proposition 3.3 we only have the result for
sufficiently small h, but this suffices by the GHS-inequality [36]. To account for the
constraint |z| > 36 in Proposition 3.2 and get the correct front factor notice that from
the GHS inequality and Proposition 5.5 in [37], for some B > 0, it holds for all x € aZ?
that

1
a 1

<0_0; Uz>a,h S <0-O; Jz>a,0 S B <>

]
Using that for |z| > K(h) it holds that

(i odun < Catesp (<2 ol exp (-2 ol ) < (2 )iexp (-5 el )

|z]

Now, by putting C(h) = max{B,C} exp (MTh)K(h)> and m(h) = @ our main result

Theorem 1.2 follows.
O
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4  Proof of Proposition 3.3

Recall that 3; = A\(%; U7,). To ease the notation here and in what follows we define
— 40a
Px; = ¢2 7 ¢A\ (7iU7a),h

are connected in 'U{g} and similarly by & y that  and y are connected in I' not using
the ghost. Define the domain T; to be all points in D; as well as all points in Ay(z;) that

+
Further, for a set I" let = o y denote the event that x and y

.
can be reached from x; without using edges in ; or OAs(x;). Further, define {x; & g} to
be the event that x; is connected within the domain 7; to some vertex v where the edge
from v to g is open. Define D and T similarly to D; and T} with Z instead of z;. Define
also A; = OAy(2;) NTE and A = ANy (F) NT<.

"
Proposition 4.1 Suppose for some 1 < i < n that ¢y, <xi T<i> g |z e A,-) >c
and ¢s, (:E = gz fl) > c¢. Then for all h < hg it holds that ¢y, (7@:‘ | z; <> 5:) > c.

We first state the recent result that the random cluster model still has the RSW property
at scales up to the correlation length. Here we need the wired boundary condition ¢!
which is introduced in for example [7].

Lemma 4.2 (/3/, Lemma 8.5) For any sufficiently large C > 0, there is an € > 0 such
that if n > 1 and H > 0 are such that HnQ(b(/)\’Z:Hl:O(O < ON,) < e then

Oaamtr—o(Au # ODaa) < COETY (N 5 DM,
Translating the lemma into our setting yields the following lemma.

Lemma 4.3 There exists a hg > 0 such that for a <1 and h < hg it holds that
¢El(7%;k) >c

where ¢ > 0 is (as always) independent of 0 < a < 1,%; and 0 < h < hg. Further, for
any event E depending only on edges in D; it holds that

Proof. If n = % and H = a* h then using equation (1-arm) for some ¢ > 0 it holds that
Hn?¢% (0 e 9A,) < clan)¥h = 2¥h < &

which can be satisfied by choosing h sufficiently small (independent of a). Therefore

Gie p(Ma 5 ONg) = @™ ?5(/42 # A1) > 0@,12 e o(Az # A1) = Cous _o(Na ¢ OM).

A

SIS
@\yp

Since R} is decreasing it follows by (MON) and the RSW for usual rectangles [37] that
05 H(RY) = 05l (RY) = 615, (RY) = 04 (Aa(wi) # D)) > 65, (Aa(wi) # OMa ()
> ¢A24 h(A2 §L> 8A4) > C¢A24 h— O(A2 §L> 6/\4) Z C.



Using comparison between boundary conditions, and that because of the argument in
Claim 3.1 removing all explored edges of the backbone acts as a free boundary condition
it holds that
0,a S % 1 on OA1(z;),0 el S * l,a
00 (RY 1 B) = oyl (R 2 0t (Aa 45 0Ag) > c.

2i\Di,h 2,4,h
UJ

Next, we need the general result that we can do mixing also with a magnetic field at
scales up to the correlation length and that we, up to constants, can decorrelate events
in 7T; from events in (7; U Ay(x;))¢. Define J; = (T; U Ay(x;))\ 7 and J= (TUAA:%))\%.
Define also R, similarly to 7%;‘ as an event in the vicinity of Z instead of z;.

Lemma 4.4 (Miring) Let Ey, Ey be increasing events that only depend on edges in the
bozes T; U Ao(z;) and T'U Ao(T) respectively, then for 1 <i <mn —2 it holds that

0x, (BN Ba) = ¢ (B0 (Ba).
Similarly, if | < 1, 21,29 are such that Ay(z1) N Ay(z2) = 0 and Ey, Ey are increasing
events that only depend on edges in the boxes Ai(z1), Aj(z2) respectively, then
5, (B N Ey) < ¢ ),,;(El)ﬁboﬂ )7,;(E2)~

Ao (20)\(7: U Ao1(22)\ (73U

Proof. We prove the first statement first. Define £ = E; N E,. It follows from Lemma
4.3 that

cox,(E) < ¢5,(E | R;)

and similarly we can condition on R*. Using that closed dual paths inside the annulus
give rise to monotonicity properties as free boundary conditions (which is for example
proven in Lemma 11 in [1]) we obtain that
chs,(B) < b5, (Br, By | RY,RL) < 67 5 0(By, Bo) = 0 (B 055 (By).

Since the reverse inequality is (FKG) and (MON) the first result follows. The second
assertion follows mutatis mutandis using that the estimates from the proof of Lemma 4.3
which by Lemma 4.2 also work on smaller scales and using the event {0A;(2;) #» OAa(2:)}
for i = 1,2 instead of R} and RZ. ]

With the lemmas proven we continue to the proof of the Proposition 4.1. In Figure 6 we
sketch the situation we would like to prove is the case. The idea being that if we condition
on x; <> T possibly using the ghost, then we can only prove that the event 7?,2‘ happens
with constant probability if we can make sure that the connection indeed happens using
the ghost. The connection to the ghost we get from the assumption if x; and or Z connects
to a point at a distance of at least 2.

Proof of Proposition 4.1. First, notice that

A + A : a : A +
o3, (Rﬂxzzézi) > oy, (Rﬂxi&g,i&g>¢gi <xi<£g,i<gg|xizé£).
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Figure 6: Sketch of the idea be- g
hind the proof of Proposition 4.1.
In bold we sketch the clusters of
x; and T and the explored back-
bones so far with thin lines. The
connections to the ghost are in-
dicated with straight edges and
the event 7@;* is indicated with the
dotted ring around the cluster of
Z;.

From the mixing argument in Lemma 4.3 it follows that ¢y, <7A37 | z; PN g, & gl >ec

: i =F
Thus, we just need to prove that ¢y, <x¢ & g, & g> > cos, (a:, < :f) . Notice that

(205 ) C ({xi&g}u{xiHAiDﬂ({f(ig}u{:fﬁfi}).

Now, by first a union bound, then (Mixing) and the assumption and finally (MON) and
(FKG)

+ .

+ ¢y, (%’ oAb

N———
_|_
o
M
—
&
2
=
IS
2
N
N—

<106’ (v B g) 0% (35 g) < cdy, (:r Hgid g) .

We now turn to the main technical part for proving Proposition 3.3. From now on, we
will assume, for notational reasons, without loss of generality that x; is on the right side
of the inner boundary of the annulus Ag; g(;4+1), i.e. that z; = (%, y) for some y such that
—% <y < 9. Then define L = [1,2] x [0, 15] + z; and L similarly to be a rectangle in
the vicinity of Z.

Lemma 4.5 For each 1 < i < n it holds that
Os,(x; <> L | x; <> A;) > ¢ as well as ¢x, (T <> L | :E<—>/1)Zc.

Let C(x;) be number of points in As(x;) connected to z; without using edges to the ghost
and Ny, = {C(x;) > M} for each M € N.

Lemma 4.6 Let k > 0. Then,

Ox, (Nka—%,é ; | 2 < L, x; < Ai) > C.



Figure 7: Sketch of the topo-
logical rectangle T" with marked f b
points a,b,c and d from Lemma

4.7. The points e and f are on e

the segment (ad) and the path ~

is inside T'.

Then let us start proving the lemmas. To do that we need to show that crossings of
topological rectangles exist with constant probability. This is done in ([38], Theorem 1.1)
if the discrete extremal length lg[(ab), (cd)] is bounded. From ([38],(3.7)) (see also [39])
we have the following characterisation of the discrete extremal length

2
(inf%(ab)(—)(cd) Zeé’y ge>
ZQ ab , cd)) = sup
(@) )= wp s

where the supremum is over all non-negative, not identically zero functions on the edges.
Using this representation we obtain the following lemma (which is equivalent to Rayleigh’s
monotonicity law).

Lemma 4.7 Let T be a topological rectangles with marked points (abed). Let e, f be
points on (ad) and v a path from e to f inside T (see Figure 7). Let T be the points
in T reachable from b in T\~y. Note T is a new topological rectangle with marked points
(abed). Then,

lr ((ad), (be)) > 17 ((ad), (be)) as well as lr ((ab), (cd)) > 17 ((ab), (cd)) .

Proof. We prove the first inequality, the second follows similarly. Since the graph T is
finite the supremum and infimum are attained and we get some maximizing function g
for T. Now, define the function g by extending g with g(e) = 0 whenever e & T\T'. Then,

2 2
<inf : in T2 §e> (inf : nT Y ge)
~:(ad)<>(be) in T' Laeey yi(ad)>(be) in T 2 ueeny
l+=((ad) <> (bc)) = - = <lIr((ad) < (bc)).
7((ad) < (bc)) S 32 S 52 ((ad) < (bc))
The second equality follows since any path v : (ad) <+ (bc) in T has a subpath 7 : (ad) <>
(be) in T'. The inequality follows since the function g is just one element in the supremum
defining the discrete extremal length. O

Using Lemma 4.7 we can now prove Lemma 4.5

Proof of Lemma 4.5. Recall the definition of d, d’ from the beginning of section 3. Define
the explored vertices V of the backbone to be all vertices with at least one incident
explored edge. Then define U to be the set of vertices in V(A)\(V U D;) with at least
one edge to V. Since v; N Ao r(2;) = 0 there exists at least one *-path (i.e. a path that
can also jump diagonally) P,* in U from d to a vertex in dA§(z;). From such a x-path P}
we can construct a usual path P; just going around the plaquette every time P;* jumps
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diagonally. Let the first vertex that P; hits in Ay(x;)¢ be d; and denote henceforth the
path P; by (dd;). Define d} similarly following the outside of the backbone from d'.

Now, let Aj(z;)r denote the right half of the box Ai(x;). Define a; = z; + (1, —1),
by =x;+(2,—1), a} = 2;+(1,1) and b = z;+(2, 1) see Figure 8. Define T} = As(x;)\D;.
Then let S; € {0, 1}#(Ti1) be the event defined by

Tia

S, = { (aib;) & (dd1)} N { (aibf) (d’di)} N {(aia;) & (bib;)} .

Le. S; ensures that any path from x; to A§,,; will intersect a cluster of open edges that
in particular hits L. We claim that

Claim 4.8 ¢x,(S;) > c.

Proof. We prove that each of the three events defining S; has a positive probability. That
o5, ((aia)) & (1)) = ¢
follows from RSW for usual rectangles [37]. Thus, by symmetry it suffices to prove

bs, ((aibi) @ (ddy)) > c.

Notice that the path (dd;) does not leave the left half of the box Ay(x;) since the backbone
is only in the left half. If we consider a new topological rectangle T; » to be Ay(x;),, union
the top-right quarter of A; 5(x;) with the four marked points a;, b;, d, d; and where we use
the part of OA;(z;) from z; 4+ (0,1) until d as the boundary twice as shown on Figure 8,
then the path (dd;) has the form of v in Lemma 4.7 so we conclude that

Ir,, ((aibi), (ddy)) < lr,, ((aibi), (ddy)) .

Define ¢; = z; + (0, —1) and d; = z; + (0, —2). Then ¢;, d; are on the segment (dd;) and
thus

Ir,, ((aibi), (ddy)) <z, , ((a:bi), (cidi)) <,y ((aibs), (cidi)) < c

where we in the last step considered a new topological rectangle T; 3 where we used the
part of Aj(x;) enclosed by (a;b;) and (c¢;d;) as shown on Figure 8 which has bounded
discrete extremal length. Therefore Ir, | ((a:b;), (dd;)) < ¢ which means by ([38], Theorem
1.1) if that

Tig a T; 1
ox, () (dd)) > 6 & ((aib) & (@) >
That ¢x,(S;) > ¢ then follows from (FKG). O

Now, to finish the proof of the lemma note that since {z; +» A;} NS; C {x; <> L} then
by (FKG)

O, (x> Lz, > Aj) > ¢, (Si | 2 = Ai) > 05, (S) > c.



Figure 8: a) The backbone and the paths constructed in the steps in the proof of Lemma
4.5. b) The path (a;b;) <> (ddy) is (strictly) inside the domain 7} ;. ¢) The domain 7} » and
the path (a;b;) <> (ddy). d) The domain T; 3 and an example of the path (a;b;) <> (¢;d;)

We end by proving Lemma 4.6.

Proof of Lemma 4.6. We use some ideas from Lemma 3.1 in [40]. Consider a square
B=A E (%, %) +x; corresponding with the previous lemma such that L passes through B.
Define the event S to be S; where there is also a crossing of each of the four (overlapping)
rectangles that make up the annulus A 12 (%, %) around B as shown on Figure 9. By
RSW for usual rectangles and (FKG) we know that ¢, (S) > ¢. By the definition of S;
from Lemma 4.5 {z; > L} NS = {x; <> B} NS and so by (FKG) and Lemma 4.5 we get

that
o3, (xz < Bl & Ai,S) > oy, (:):Z L |z & Ai,S> > c.
Now, since
b5, (Nkﬁg |2, o Lo & Ai) > by, <Nkv |2, < B,a & Ai,S) . (x o Blnd Ai,S)
it suffices to prove that

QSEi <Nka_%i | XTi <> B,ﬂ?i <T—$ Ai,S) > c.

This follows from a second moment estimate. So let Ng = Zze g lzoe,. First using the
fact that SN {z; <> L} N{z < 8/\1%(5(:)} C {z; <> z} and then by (FKG), (MON) and
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\/\22 ST

Figure 9: To the right we sketch the situation in Lemma 4.6. We keep the paths that we
have seen exist in Lemma 4.5 with constant probability. Then we use RSW to construct
some more paths encircling the box B as shown. Later in the proof we split the box B
up into dyadic annuli.

(1-arm) we get

z€B
> quzi (Z(—)@A%(z) | z; <> B,z &Ai,S)
zeB

1 _15
ZZCbOA%(Z)(zH@A%(z)):WCa =ca 5.
2€B

00|

Let us then consider the second moment. First we use that S N {x; + B} N {z; &
Ay =8 n{z; & A;} and ¢x,(S) > c and FKG in the form

35, (S, s &5 A)) > 65,(S)ds, (w7 & A)) > eos, (i 5 A))

and then we do a dyadic summation for each z partitioning B into annuli Agk-1 o1 (2) for
k such that —m < k < 0 where m € N is chosen such that Ag—1 5 (x) = 0 for & < —m.

]E(Né | T; <> B,{I)i (g Ai,S) = Z d)zi (l’i 2, =Y ’ T; <> B,.TZ' & Ai7S>
z,yeB
C

S N Z QSEZ‘ (xi g Z,.I'i A d y,l'i (g AZ)
s, (1 & A 555

L Z Z Z by, (z — ONogr—2(2),y <> ONogr—2(y), z; <> (9/\%,%(%))
Os, (xz b A ) z€B k=—myeA, ;1 zk( 2)

Cgbg (1‘, ~ OA 1 1 xz

< o2 ZZ Yo Oz OMoea(2) dn (y < Oora(y))

¢Ei (IZ 4 2€B k=—mycA, 1 zk( z)
0 2
2k a H _ _ 1 _k _15
SE g | — (7) = cya%a 2a’ g 274 =07
a ok—2
2€B k=—m k=—m
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where we also used (1-arm) several times and that (Mixing) holds at all scales smaller than
our fixed macroscopic scale. The conclusion follows from the Paley-Zygmund inequality

T 15 _15
o3, (Nka_%i | z; HB,xiéAi,‘Sj >cat 1 =c.

Finally, let us prove Proposition 3.3.

Tr
Proof of Proposition 3.3. By Proposition 4.1 it suffices to prove ¢y, (:E, &S gla e Ai) >

¢ and the similar inequality for 7' and Z which will follow in the same way. First, notice
that by Lemma 4.5 and Lemma 4.6

¢Ei (Nka7%i|$iHAi) 2(]521 (N 1si|$i<—)L,.fCi<—>Ai)¢2i(l'iHL|$i<—>Ai)ZC'C.

ka™ 8,

Now, we can make the following observation using Lemma 2.2 to find
;" T
O (zi > g | xi & Ai) 2 ¢, <N,m-gé ST g T Az’)

T
= ¢Ei (xz g ‘ Nkaf%,i’xi — Az> qbgi (Nkaf%s,i | T; <> Az)

> tanh (/{:cf%ha%> c>c(k,h). O
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On monotonicity and couplings of random currents and
the loop-O(1)-model

FREDERIK RAVN KLAUSEN

Abstract

Using recent couplings, we provide counterexamples to monotonicity properties of perco-
lation models related to graphical representations of the Ising model. We further prove a
new coupling of the double random current model to the loop-O(1)-model.

1 Introduction

The field of graphical representations of the Ising model has been developing rapidly in the last
50 years. Examples of well-studied models include the random cluster model [1], [2], the random
current representation [3], [4], [5], [6] as well as the loop-O(1)-model [7]. The motivation for
studying these models is that one can link percolative and connectivity properties to phase
transitions and correlation functions of the Ising model. Usually the models are introduced in
their own right, but for the purpose here we define the models directly as percolation models
via their couplings to the loop-O(1)-model [8, Exercise 36], [9, Theorem 3.5], [10] [11]. The
framework provided by these recent couplings greatly simplifies the proofs and counterexamples
given here.

For the definitions, we need the notion of an even subgraph. Given a finite graph G = (V, F)
an even subgraph of (V,F) is a spanning subgraph where each v € V is incident to an even
number of edges in F'. The set of even subgraphs of a graph G is denoted &(G). A natural
probability measure on &(G) is the loop-O(1)-model [, which is given by

l.(g) = %xlgl, for each g € &(G) (1)

with Z =3 e ) 2191, Here |g| denotes the number of edges in g and x = tanh(3) as in [11].

For two configurations wy, wo of edges in the graph G we let w; Uwsy be the configuration with
the union of the edges in w; and wy and for two probability measures i1, po on the configurations
of edges let 1 U o be the measure corresponding to sampling independent configurations with
the law of py, po and taking the union of the two configurations. We define u®? = p Uy and let
P, be Bernoulli edge percolation with parameter x € (0,1). Then we can define the (traced,
sourceless) single random current at inverse temperature (5 as

P,=1,UP_ im0 (2)

and the (FK-Ising, ¢ = 2) random cluster model with p =1 — exp(—2/) by

05 =@y =1, UP,. (3)
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In Appendix A3 we describe how the previous definitions are related to the standard definitions
in the literature. Using that P, UP, = P,4,_,, We obtain as in (traced, sourceless) double
random current which is the union of two independent single random currents is given by

P22 =[S UP, (4)

and similarly the double random cluster model is ¢2? = 192 U Pyo_y).
These models are motivated by being graphical representations of the Ising model. In partic-
ular, we have the following relation between correlation functions [8, (1.5), (4.6)]

PP(z < y) = (0,0,) = ¢z (x> y)? z,yeV. (5)

where 0,, 0, are Ising spins and (-) is the expectation of the Ising measure.

Many tools are available for the random cluster model in particular monotonicity and the
FKG-inequality [8, Theorem 1.6]. In the following, we investigate the monotonicity properties
of the other models some of which turn out to be less well behaved than the random cluster
model.

The first question is motivated by the fact that, by monotonicity of Ising correlations or of the
random cluster model, it follows that z — P®?(z +» y) = (0,0,)? = qbg(x < y)? is increasing.
Here and in the following, we define {A <> B} to be the event that at least one vertex in A is
connected to a vertex in B.

Question 1. [12, Question 2] Is the map x — P®?(A > B) increasing for any subsets A, B C
V.

In general, we are also interested in whether the model in itself is monotonic. The next question
is related and with Theorem 3 in mind it can be seen as an easier example of the question from
before.

Conjecture 2. [13, Conjecture 5.1] Let G be an even graph then l, is monotonic.

In the following, we give a counterexample to Conjecture 2 and we give partial results and
counterexamples towards Question 1. Most notably we show that the single random current
measure is not monotonic. In general, for each of the above mentioned percolation models,
we try to understand whether the FKG inequality, monotonicity, monotonicity of connection
events {A < B} and monotonicity of singleton connection events {a <> b}, hold. We denote
these properties by FKG, MON, CON and SING respectively.

The double current is more well behaved as it satisfies (SING), we further prove a new coupling
for the double current and discuss its monotonicity properties. Some of the information in the
theorems and counterexamples given is summed up in Table 1.

2 Counterexamples

In this section we give counterexamples to the FKG and monotonicity for the models I, P,
and [£? .
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Table 1: Overview of monotonicity properties.

Case [, p, ¢ 157 PP* 657
plz) 0 1—vV1—-22 2z 0 22 =2(2-2)
FKG x X v X ? v
MON x X v X ? v
CON x X v X ? v
SING x X v X v v

Figure 1: The graph used to construct counterexamples to FKG. The three segments consist
of n,m and [ edges respectively. In some examples we let n = [.

~~~~~~

,,,,,,,

2.1 Counterexamples to FKG. Consider the graph in Figure 1 with n = [. The parti-
tion function corresponding to this graph is

7 - Z x\g\ -1 +$n+m +$n+m _’_.I,Qn.
9€€9(G)
Let X be the event that all edges in the upper n + m loop are open and let X, be the event
that all edges in the lower n + m loop are open.
2.1.1 Loop-O(1)-model:  Notice that [,(X; N X3) = 0, whereas ,(X1) > 0,0,(X3) > 0
and there is no positive association. A counterexample on an even graph is given in [13].

2.1.2 Single random currents: For the traced single random current we can use the same
example and we get with p(z) =1 — /1 — 22 that

ZPx(XQ) — ZP:,C<X1) — pn+m + xn+m 4 l,n+mpn + x2npm
and
ZPZ(XQ N Xl) — p2n+m + 2. In+mpn 4 l,anm.

Now, since Z — 1 in the limit £ — 0 the function

ZP,(XoNXy) — ZP,(X2)ZP,(X Z—-1)P(XoNn X
v P(Xo 1X0) - P(X) Py = 2252 00) s X)ZRiX) | )Z(Q 20 )
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Figure 2: The graph in question shown as the rightmost graph along with its eight even
subgraphs. We let the outer paths be n edges long and the inner paths be m edges long.
The nodes a and b are marked with dots. We list number of edges of each subgraph, the
corresponding weights and whether a and b are connected in the subgraph.

MM e

Edges 0 2n 2m |n+m |n+m |n+m|n+m|2m+2n

Weight 2" x¥m | gntmo | grtm ntm | gndmo | p2mA2n

{a < b} | x X v X X X X v

—_

becomes negative for sufficiently small x. Thus, FKG is not satisfied. Using the same example,
but a slightly more complicated analysis the same counterexample works for [£? we give the
details in the Appendix.

For the double random current this example cannot be used to find a counterexample since
indeed the two events X; and X, are positively associated for all n and m.

2.2 Counterexamples to monotonicity. We now give a counterexample to Conjecture
2. Consider the graph shown rightmost on Figure 2 with n edges along the outer paths and
m edges along the inner paths for some even m. Let further a¢ and b be the two points shown.
Then there are 8 possible even subgraphs as shown on Figure 2 where we have also listed their
corresponding weigths. We see that Z = 1 + 22" + 22™ + 42" + 22"t2™ and as a and b are
connected in the 3rd and the last graph only and therefore

IQm + x2m+2n

l.(a <> b) = 7

Now, numerical inspection shows that this function is not monotonic for m = 2 and n > 8.
This provides a counterexample to Conjecture 2. The intuition behind the counterexample is
that when x increases we get an interval where it is more likely to sample one of the graphs
with n vertices where a and b are not connected. Similarly, we can use the coupling to the
loop-O(1)-model to calculate the probability that a is connected to b for the single random
current and the double loop-O(1)-model. We do the calculation in the appendix and show
the plot of the functions in Figure 3 where we see that they are not monotone. Remark that
P®?(a <+ b) is always monotone since it satisfies SING.
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Figure 3: Plot of the non-monotonous function for the event {a <+ b} and l, and (n, m) = (18, 2)
(left), P, and (n,m) = (2000, 300) (middle) as well as (£? and (n,m) = (38,2) (right).

03 035 06

0
0 02 04 06 08 1 0950 0892 099 099 0999 0 02 04 06 08 1

Figure 4: Overview of the couplings and correspondingly the implication diagram for mono-
tonicity and FKG in view of Theorem 3. Each of the thick lines is either a union of the measure
with Bernoulli-percolation (horizontal) or with an independent copy of itself (vertical). Since
we have monotonicity and FKG for Bernoulli percolation it follows from Theorem 3 that we
obtain the properties also along the thick lines (for some suitable graphs and parameters where
we have monotonicity or FKG already). We have indicated the couplings from Theorem 4 and
[9, Corollary 3.6] obtained by picking an even subgraph uniformly at random with dashed lines.

®2 ®2 ®2
lw P,T ¢x

90



3 Monotonicity and FKG are stable under unions

One may observe that the counterexample in Figure 3 grow larger in size when going from the
[, to P,. The intuition being that the additional independent Bernoulli percolation, relating
these models, ‘enhances’ properties of monotonicity and positive association. This intuition is
in line with the following theorem which we will use to fill out Table 1. Further, since we know
MON and FKG for percolation the implications along the arrows in Figure 4 follow.

Theorem 3. Suppose that p, and v, are percolation measures monotonic in x. Let p, U v,
have the law of the union of two sets independently sampled. If p, and v, both satisfy FKG
then p, U v, satisfies FKG.

Proof. If 1 < xq, then p,, stochastically dominates p,,. We then use Strassen’s characteriza-
tion of stochastic domination. Let P,(n,w) be a coupling of the two. Where n ~ 1., w ~ fig,
and P,({n < w}) = 1. Similarly, let P,(7,@) be a coupling of v,, and v,,. Then p,, U,
has the law of n U7 whereas ., U v, has the law of w U @. So the measure distributed as
(nUR,wU) is a coupling with the correct marginals and such that nU7 < wUw almost surely.
This proves the correct stochastic domination. The proof of the FKG-part is given in [14]. [

4 A new double current coupling

The counterexamples presented above do not seem to work for the double current. This vaguely
suggest that the double current is similar in qualitative behaviour to the random cluster model,
whereas the single current is more reminiscent of the loop-O(1)-model. The double current also
has the same phase transition as the random cluster model, but it is not known to be the case
for the single current [12, Question 1]. This intuition is further supported by the following new
coupling for the double current which is exactly the same coupling as for the random cluster
model [9, Corollary 3.6].

Theorem 4. Sample a uniform even subgraph from the traced double current. That has the
law of the loop-O(1)-model.

Proof. We use the characterization from Theorem 3.2 in [11] which gives that

1 o
Pfﬂ(w) _ ﬁ‘gﬁ(w” Z lelle\wzl(l _ x2)|E| |l

w1 Cw,w1 €€ (G)

Here wy = w/w; and compared to Theorem 3.2 in [11] there is an additional sum since a slightly
different measure is considered there. The probability of sampling an even subgraph 7 is given
as

1 ®2
PCOUP(”) = wz:)ﬁ |gq)(UJ)|Px (UJ)

1
= ﬁ Z Z 1nCw1W1wa|w1|x2\w2|(1 - x2)|E|—\w|.

W wi€€y(G)
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Now, we can interchange the two sums and then sum over all edges from w; U7 and upwards.
To do that, we let k& denote the number of open edges in w addition to w; Un. Then

1 | E|—=[nUw | |E| _ |77UCL} |
Pooup(n) = 72 Z Z ( L 1 >xw1|x2(nUW1|+kw1|)(1 _ xQ)\EI*\nlelfk‘
w1€€H(Q) k=0

_ % Z w2l % il Z ghael — %Zﬂ?w = lm(n)
18 (G) w1cts ()

where we used the bionomial theorem and the fact that for a fixed even subgraph n the map
w1 — n/Aw; is a bijection on the set of even subgraphs.
O]

4.1 Monotonicity of 1-edge events. We prove that the event {e is open} is monotonic in
the loop-O(1)-model. We say that e is cyclic if e is part of a loop. Hence by an analogous
argument as in [9, Corollary 3.6] we obtain the following Corollary.

Corollary 5. It holds that
L Hwo : 1 .
§Pz (e open, cyclic) = [,(e open) = iqﬁz(e open, cyclic)

and thus by monotonicity of ¢, one edge events are monotone.

Proof. For any configuration w if e is open and cyclic in w it means that it is part of a loop
K. The map n — nAK is a bijection between the set of even subgraphs of w that contain e
and the even subgraphs of w that do not contain e. Thus, e is part of exactly half of the even
subgraphs of w and the probability that e is still open when we pick an even subgraph uniformly
at random is exactly % The first equality then follows from Theorem 4 and the second from
the similar coupling from the random cluster model in [9, Theorem 3.1} as in the proof of [9,
Corollary 3.6].

O

We now show how monotonicity of the 1-edge event for the other models follows.

Corollary 6. Suppose that p: [0,1] — [0,1],2 — p(x) is non-decreasing and differentiable.
Then

x = (lo UPy ) (e open) as well as o+ (I, Ul, UP,,)(e open)
are increasing.

Proof. We have that

1

(1 UPy) (€ open) = S (L + () (Legy)

2geen(@ ¥ ylenicy

= l,(e open) + p(z)(1 — I, (e open)).
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Hence it follows that (I, UP,))(e open) has positive derivative by Corollary 5 since
lo(e open)'(1 — p(z)) + p(x)'(1 — l;(e open)) > 0.

To see the second part notice that I¥?(e open) = I,(e open) (2 — I, (e open)) and hence
[2%(e open)’ > 0. O

5 Discussion

On trees P®? ~ P,2 and ¢, ~ P, so the models are not the same, but we might ask if the law
of the cyclic edges is the same for the two models now that the probabilities that an edge is
part of a loop is the same. To see that this is not the case consider again the example in Figure
1. First, we split up a configuration w = w.Uw, where w, are all the cyclic edges in w and w,
are the rest. Then look at
1 m m m n

P2 (|w.| =1+ m) = 72 (x2F ) ogltm 4 20 ) (1 =2

whereas

bullid = 14 m) = (™ 4 atm)(1 —a7)

and hence

¢w(|w6| =1+ m)
P22 (|w.| =14+ m)

2xl+m

1
(1 + :L-n)Qxl—&-m(l + xl+m) 7é

— (1 +xn+l 4 xn+m =+ xl+m)

4

We conclude that the distribution of the loops are not quite the same for the double current
and the random cluster model.

With the results at hand, we can now summarize our findings. In conclusion from the basic
results in the introduction, the counterexamples and Theorem 3 used as shown on Figure 4 we
can establish the properties in Table 1. With this overview at hand, it is natural to ask add
the following questions in addition to Question 1.

Question 7. Is the double random current P¥* monotonic, does it satisfy FKG?

Notice that our counterexamples do not work for P®2. Further, monotonicity of the random
cluster model can be proven using Holley’s criterion for example in the form of Lemma 1.5 in [8]
. However, this fails for the double random current model for example on the graph considered
in Figure 1. It is further noted that the FKG-lattice condition is not satisfied [15].

Let us mention that apart from the coupling shown above and the fact that we know that
SING is satisfied then it also holds that z091)F0(2)p(g)IEFl=elabe) — 2Ply=0(91502) whenever
p(x) = 2?. Hence the double random current plays very well together with the structure on
the space of even subgraphs. From the coupling we see that the loops of the double current are
related to the loops of the random cluster model and we hope that the couplings described here
could help resolving Question 7. Further, it might inspire couplings also for the double-current
measure with sources as the one in [16, Thm 3.2].
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Appendix

A1l: Counterexample to FKG for [£?

Double loop-O(1)-model: We use the same sets as in the counterexample for [,. In Tables 2
and 3 all the possible configurations and whether they belong to X; and X5 are listed. Thus,
the corresponding probabilties are

Qpntm 3I2(n+m) _|_41.3n+m

122(X1) 73

=15%(X,)

whereas

2x2(n+m) + Ayp3ntm

122(X1 N Xy) = 7

Hence when we compare and use that Z = 1+ O(z) we see that

l?Q(Xl)lf)Q(XQ) o l;®2(X1 N XQ)Z2 — Jp2nt2m + 0(x2n+2m) _ 2x2(n+m) + 0(x2n+2m)

_ 2x2n+2m + O($2n+2m)

which is positive for x sufficiently small. Again since Z > 1 this means that FKG is not
satisified.

A2: Explicit formulas for [9?(a <> b) and P.(a <> b)

Single random currents: To see that for single random currents SING is not generally satisfied
we continue the example from the loop-O(1)-model which is shown in Figure 2 with n = [. and
in addition sample percolation with probability p(z) = 1 — /1 — 22 on each edge. Let also
m' = % then we can calculate the probabilities using the coupling.

The main difficulty is when we get the empty subgraph. In that case we split up and count
after how often we open all the edges in the segments of length m’ (from a, b to the one of the
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2. On Monotonicity and Couplings of Random Currents and the Loop O(1) Model

Table 2: Double Loop-O(1)-model: Overview of when the event X is satisfied. The rows and
columns represent the even subgraph sampled in each of the two independent copies of [,.

() | n+m upper | n+m lower | 2n
0 v
n+m upper | v/ v v v
n+m lower v v
2n v v

Table 3: Double Loop-O(1)-model: Overview of when X; N X5 is satisfied.

() | n+m upper | n+m lower | 2n
0
n+m upper v v
n+m lower v v
2n v v

vertices with valence four). If we open three of more m/-segments a and b will be connected -
this happens with probability 4p3m/(1 - pm/) + p*™ . If we open at most one m/-segment a and
b are not connected. Further, there are 4 ways of opening exactly two m’ segments each with
probability p?™ (1 — p™)? in two of the combinations a and b are connected and in the other
two they are connected with probability 2p™ — p?". So if we in the loop-O(1)-model sample
the empty subgraph the probability that a and b are connected after sampling percolation is
Fp) = (4p*™ (1 = p™) + p*™ + p?™ (1 = p™)? (2 + 2(2p" — p™))).
That means the total probability becomes

1. f(p) 4 r2n . (me’ _ me’)Q + r2m +4. ntme (2pm’ _ me’) + p2nt2m
Z :

Here we have plotted P,(a <> b) in Figure 3 for (n,m) = (2000, 300) where we see that the
function is not monotone.

Double loop-O(1)-model: For [$? we have to written out the 8 x 8 table in Table 4 where we
plot all pairs of even subgraphs. Using the Table we obtain the following function.

1
72
We have plotted the function for (n,m) = (2,18) in Figure 3 showing that monotonicity and
in particular SING also fails for (2.

P.(a <+ b) =

L2 ({a < b}) =

(2$2mZ o x4m + 2x2n+2mZ o x4n+4m o 2 . x2n+4m + 8x2n+2m) )

A3: Couplings

In this appendix, we show how the definitions above correspond to the usual definitions of
the (traced, sourceless) single random current and the random cluster model. Thereby giving
a slightly different and self-contained proof of the relations from [8, Exercise 36] see also [9,
Theorem 3.5], [10] [11, Theorem 3.1]. Using = = tanh(f) recovers our definitions.

96



Table 4: Double Loop-O(1)-model and all pairs of even subgraphs. We list whether {a <> b}.
With the arrows we indicate if the upper or low path of length n or m is open.

Ol2m |nt4+mt | nt4+ml|nl+mt|nl+ml|2n|2n+2m
0 v v
2m V|V v v v v v v
nt+m7 v v v v
nt+ml v v v v
nl+m?7 v v v v
nl+ml v v v v
2n v v
2n+2m |V | V v v v v v v

Theorem 8. Defining the (traced, sourceless) single random current and the random cluster
model as in [8] it holds that

° ltanh(ﬁ) U Plfcosh(ﬁ)_1 = Ptanh([j)

@ liann(g) U Prann(s) = @p-

Proof. To prove the first relation, consider all sourceless currents m such that m = n. For each
sourceless current m let u(m) be the set of edges with an uneven number. Since the current is
sourceless u(m) has to be an even spanning subgraph and conversely for every even spanning
subgraph v gives rise to some m with u(m) = ~. Summing the weight of all such m we find
that the relative weight of + is

Z (H Z Qfl nj:ll ) (H Z 5 - ) = Slnh(ﬁ) COSh( )‘El ) x tanh(3)° ™

ml|u(m)=y ecy ne>0 ey ne>0

Notice that this is exactly the relative weight of 7 in the loop-O(1)-model. Now, given that the
uneven edges are v to compute the relative weight of n we need a positive number for all the

remaining (even) edges of n and the current has to be 0 at the edges that are closed in n. This
cosh(fB)—1 1
cosh(p) cosh(pB)

given their parity this is exactly Bernoulli percolation with parameter 1 — cosh(3) "

has weights and for each edge respectively. Since the edges are independent

_ tanh(B) __ . _
For the second relation, notice that - = anh(3) = 2(1p_p) with p = 1 — exp(—20). Let

7 be an even spanning subgraph of w. There are E'— o(n) closed edges left and we have to open
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2. On Monotonicity and Couplings of Random Currents and the Loop O(1) Model

o(w) — o(n) of them. Hence F — o(w) have to stay closed. Thus,

SB[ = Y 2% (1 - )P

on=0 I=0,n<w
o(w) o(w)
£ p k(w)+o(w) o(w) c(w) ok(w)
lx | ——— 2 x 1-— 2 X Pp(w
() 2 E= ) o)
n=v,nxw

where we used that a graph with k& connected components, |E| edges and |V| vertices has
2k+IEI=IVI even spanning subgraphs.
0

It now follows that
PFQ =PUP, =1[,U P17@ U, UP17@ = l%ﬁ UPQ(F\/@)f(k\/@)? = l%ﬂ UP,2

where we used that P, UP, = P,i4_p, as stated two lines below (3). That ¢$? = (2 UPyo—y)
follows by a similar and simpler computation.
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Strict monotonicity, continuity and bounds on the
Kertész line for the random-cluster model on Z¢

ULRIK THINGGAARD HANSEN AND FREDERIK RAVN KLAUSEN

Abstract

Ising and Potts models can be studied using the Fortuin—Kasteleyn representation
through the Edwards-Sokal coupling. This adapts to the setting where the models are
exposed to an external field of strength h > 0. In this representation, which is also known
as the random-cluster model, the Kertész line is the curve which separates two regions of
the parameter space defined according to the existence of an infinite cluster in Z¢. This
signifies a geometric phase transition between the ordered and disordered phases even in
cases where a thermodynamic phase transition does not occur. In this article, we prove
strict monotonicity and continuity of the Kertész line. Furthermore, we give new rigorous
bounds that are asymptotically correct in the limit h — 0 complementing the bounds
from [J. Ruiz and M. Wouts. On the Kertész line: Some rigorous bounds. Journal of
Mathematical Physics, 49:053303, May 2008, [1]] , which were asymptotically correct for
h — oo. Finally, using a cluster expansion, we investigate the continuity of the Kertész
line phase transition.

1 Introduction

The random-cluster model [2] has been under intense investigation the last 30 years. The model
generalises the Fortuin-Kasteleyn graphical representation of the Ising model [3] to a graphical
representation of all Potts models.

Highlights in the investigations in two dimensions are the calculation of the critical point
for all 1 < ¢ < oo in [4], sharpness of the phase transition [5], the scaling relations of critical
exponents [6] as well as the rigorous determination of the domain of parameters where the
phase transition is continuous [7, 8]. In higher dimensions, or in the presence of a magnetic
field, results are scarcer with most recent efforts focusing on the near-critical planar regime
[9, 10, 11, 12].

A magnetic field is implemented in the random-cluster model using Griffith’s ghost vertex,
which is an additional vertex connected to all other vertices in the graph. The Kertész line then
separates two regions which are defined according to whether or not there is percolation without
using the ghost vertex. The Kertész line transition need not correspond to a thermodynamic
phase transition (i.e. a point where the free energy is not analytic). For example, by the Lee-
Yang Theorem, the free energy of the Ising model is analytic for all A # 0 [13, 14]. Thus, passing
through the domain where h > 0, one never encounters a thermodynamic phase transition.
Nevertheless, in the random-cluster model, the percolative behaviour may change and thereby
signify a geometric phase transition which separates an ordered phase from a disordered phase
even at h > 0. This phase transition defines the Kertész line.

The Kertész line was first studied by Kertész in [15] and further discussed in [1, 16, 17, 18].
Kertész noted that there is no contradiction between the analyticity of the free energy and the
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geometric phase transition. It was proven in [16] that for large ¢ and small A > 0, where the
phase transition is first order, that the Kertész line and the thermodynamic phase transition
line coincide.

An interesting feature of the problem is that it involves three variables (p, ¢, h) and its study
has to delve into the trade-off between the decorrelating effect of h on the edges in Z<, the order-
enhancing effect of the inverse temperature governed by the parameter p and the monotonically
decreasing behaviour in g.

Organisation of the paper and main results

The random-cluster measure on a finite graph G = (V, E) with a distinguished vertex g, pa-
rameters p € (0,1) and ¢ > 1 and external field h > 0 is the measure on {0, 1}¥ given by

1 i c(wj O(w o(w K(w
Opancl{w)] = ") (1 p)Lmpi0 (1 — py ) g,

je

where wy is the restriction of w to the set of edges adjacent to g, w;, is the restriction of w to
the set of edges not adjacent to g, o(-) denotes the number of open edges and x(-) the number

of components. Finally, p, =1 — exp(—q_ilh).

In our paper, G will be a subgraph of Z? with a single external vertex g (called the ghost) added,
which is connected to every other vertex. As one fixes two of the three parameters p, ¢, h and
varies the third, the model exhibits a (possibly trivial) percolation phase transition at a point
which we denote p.(q,h), q.(p, h) and h.(p, q) respectively. The Kertész line is exactly the set
of such points of phase transition. A more precise definition will be given later. We shall often
omit one of the variables from notation. In such a case, we consider the omitted variable fixed.

After catching the reader up on some preliminaries, our first order of business in Section 3 is
to use the techniques from [19] to prove the following:

Theorem 1.1. Let d > 2. Then, the maps q — p.(q,h), p = q.(p,h) and h — q.(p,h) are
strictly increasing and the map h — p.(q, h) is strictly decreasing. Furthermore, ¢ — h.(p,q) is
strictly increasing on (q.(p,0),00) and p — he(p,q) is strictly decreasing on (p.(1,0), p.(g,0)).

Continuity follows from the strict monotonicity and thus, that the Kertész line is aptly named
- it is, indeed, a curve. In particular, this proves that h.(p) > 0 for all p € (p.(1,0),p.(q,0)) as
was conjectured in [17, Remark 4].

Corollary 1.2. The Kertész line h +— p.(q,h) (and p— h.(p,q)) is continuous.

Proof. Suppose that h — p.(q, h) were strictly decreasing but discontinuous at hy. Denote
by pf = supjsp, Pe(q, h) and by p; = infncp, pe(q, h). Then, we see that for p € (pf,p,),
there is no percolation at (p,h) for h < hg, but there is percolation for h > hy. Accordingly,
p — he(p,q) would be constant on (p., p/). Thus, the corollary follows by contraposition. []

Then, in Section 4, we obtain new upper and lower bounds on the Kertész line improving
those of [1]. In particular, we obtain bounds that asymptotically tend to the correct value in
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the limit & — 0 complementing the bounds from [1], which asymptotically matched the correct
value for h — oo.

Theorem 1.3. There exists an explicit function arctanh, such that, for any q € [1,00) and any

d > 2, it holds that
he(p) < arctanh ! < 7 1>
«(p) < arctan —_— — .
"\ V-1 \alp0)

In particular, in the special case of the planar Ising model ¢ = 2, this reduces to

)2
h.(p) < arctanh 2 1] = arctanh u —-1].
2(p, 0) p

Our methods include a generalisation of a recent lemma from [10] concerning the probability
of clusters in wjy, connecting to the ghost which allows us to obtain a stochastic domination
result. This allows to bound the model at (p, ¢, h) from below by the model at (p, ¢’(h),0) for
some explicit value of ¢/(h). The game is then to make h large enough that ¢'(h) < ¢.(p), so
that we achieve percolation. We note that our results here transfer to improve results on the
random field Ising model, which was analysed using the Kertész line in [17].

In order to get a lower bound for the Kertész line, we employ techniques from [20] to obtain

the following: Set p := % and Ay, = [k, k] N Z4.

Theorem 1.4. Suppose that p < p.(q,0) and that 6 = u‘4d and let k be the smallest k such
that

(Z)Il)7q707/\3k [Ak < 8A3k] <

Then, there is no percolation at (p,h) for

5 1/1As3k]

In Section 5 , we adapt the cluster expansion to this particular setup and use it to prove
that the phase transition across the Kertész line is continuous when h is sufficiently large. This
complements the results of [16], where the Pirogov-Sinai theory was used to prove that the
phase transition is discontinuous for sufficiently large ¢ and sufficiently small A > 0. More

precisely, let 3 = lim,,_o 1og|5\2,in) denote the pressure. We then prove the following:

[NoRRS

Theorem 1.5. There is a function ho(q,d) such that for h > ho(q,d), 3 is an analytic function
of p. Explicitly,

o)~ (1+74) (oa(2) +log(g — 1) +2d+ (24 +1)log(2d + 1) — 2dlog(2d)) g > 2
o (1 + q%1>_1 (log(q) + 2d + (2d + 1) log(2d + 1) — 2dlog(2d)) q € (1,2).
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We have plotted the function kg in Figure 5.

Finally, in Section 6, we provide an outlook on further questions on the Kertész line. We
discuss continuity and to what extent the Kertész line always coinsides with the line of max-
imal correlation length. Finally, we briefly other models, namely the Loop-O(1) and random
current models, for which there is a natural notion of a Kertész line, but which lack the sort of
monotonicity which is crucial to the study of the random-cluster model.

The aim of this paper is two-fold. On the one hand, we aim to answer questions about the
Kertész line of the Ising model. On the other, we try to provide a unifying account of the
problem, a display of the many different (at times, rather standard) techniques from around
the field of percolation that may aid in attacking the problem.

2 Preliminaries

We first introduce the Potts model, of which the random-cluster model is a graphical represen-
tation. We follow the notation of [21] which we also refer to for further information.

Potts and random-cluster models

For some finite graph G = (V, E') the Ising model is a probability distributions on the configu-
ration space 2 = {—1,+1}V. The g-state Potts model is a generalisation on the configuration
space (T?)V, where TY is defined as follows:

Definition 2.1. We define T? to be the vertices of a q-simplex in RI™1 containing 1 :=
(1,0,0,0,...,0) as a vertex and such that

<ffc,y>—{1 ey

—q%l else
for all vertices x and y of the simplex.

Note that one recovers the spin space {—1, +1} of the Ising model for ¢ = 2. Throughout, for
a subgraph G = (V, E) of some graph G = (V,E), we shall denote by 0.G the edge boundary
of G, i.e. the set of edges in [E with one end-point in V' and one end-point outside it. Similarly,
the vertex boundary 0,G of G is the set of vertices in V incident to edges in 0.G. The Potts
Hamiltonian with boundary condition b, where b = 0 corresponds to free boundary conditions
and b = 1 corresponds to boundary condition of all spins pointing in the same direction, is
defined as follows.

Definition 2.2. For a finite subgraph G = (V, E) of an infinite graph G, b € {0,1}, and

o € Ty, we define the Hamiltonian

H' (o) = - Z (01, 07) + Lip=1y Z (04,1)
e=(i,j)EE e:(i?]e')‘gﬁeG
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We define the q-state Potts Model partition function with boundary condition b € {0, 1}, inverse
temperature 3, and external field h as

Zy%(G) = Z e PH (@) +h Ei(0i1)

o€eTY

The probability of a configuration o € ’]I‘;/ s then given by

barf ] — 1 e PH () +h T (0i1)
Mg n{o}] ZZ’Z(G)
The random-cluster model is a graphical representation of the Potts model which is of inde-
pendent interest. In particular, its correlation functions define an interpolation between those
of the Potts model for non-integer q.

Definition 2.3. For a finite subgraph G = (V, E) of an infinite graph G, q > 1, vector p =
{petece € (0,11 and partition & of 0,G, the random-cluster measure on G with boundary
condition £ 1is the probability measure ¢;q7G on {0, 1} which, to each w € {0,1}F, assigns the
probability
Pq G[{w}] Z Hg(w Hpe 1 - pe (6)7
P,4,G e€E
where k¢ is the number of connected components in the graph

Gi = (V. E,)/ ~e

E, :={e € E|w(e) = 1}, ~¢ is the equivalence relation with equivalence classes given by & and
Z, 4 18 a normalising constant called the partition function.
E,, is called the set of open edges and dually, E \ E, is called the set of closed edges.

Remark 2.4. Two boundary conditions are of special interest. These are the wired respectively
free boundary conditions denoted as & = 1 and & = 0 respectively. &€ = 1 corresponds to the
trivial partition where all boundary vertices belong to the same class and & = 0 corresponds to
the trivial partition where all boundary vertices belong to distinct classes.

Proposition 2.5 (Domain Markov Property). If G; = (V4, Ey) C Gy = (Va, Es) are two finite
subgraphs of an infinite graph G, we write wy = w|p, and wy := w ‘EQ\El‘ Then,

Euy
¢24LG2&01 € /4|a&}:: ¢p¢LG1[fﬂ

where v and w belong to the same element of &, if and only if they are connected by a path
(that might possibly have length 0) in (Vo \ V1), Ew,)/ ~e.

Definition 2.6. For an infinite graph G = (V,E), we say that a probability measure ¢p, on
{0,1}% is an infinite-volume random-cluster measure on G if, for any finite subgraph
G = (V,E) of G, we write w; = w|g and wy = w|ge and have

Ppglwn € Al wa] = 652 (4],

p,q,G

where v and w belong to the same element of &, if and only if they are connected by a path in

(VAV, E,).
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Remark 2.7. Two natural infinite volume measures occur as monotonic limits of finite volume
ones. For an increasing sequence G,, = (V,,, E,,) with G = U, G,,, we define

gb;l),q,G[A] - JLH(;[O gb;),q,Gn [A}
0 olA] = lim 6, (4

for all increasing' events A depending only on finitely many edges (so that the probabilities on
the right-hand side are well-defined eventually). It is easy to check that the limit does not depend
on the choice of sequence G,,. Since such events are intersection-stable and generate the product
o-algebra of {0,1}E, this determines the two (possibly equal) infinite volume measures uniquely.
That these limits define probability measures is a standard consequence of Banach-Alaoglu, since
{0,1}% is compact.

For our purposes, the infinite graph G = (V,E) will always be an augmented version of Z?
where we add an extra vertex g, called the ghost vertex, such that the set of vertices for each
d > 2 becomes V = Z? U {g} and the set of edges is

E= {(l‘,y) € Zd| HlL‘ - y”OO = 1} U {(x,g)| (S Zd}7

with the former set denoting the usual nearest neighbour edge set Ey of Z9, which we shall refer
to as the inner edges, and the latter denoting the so-called ghost edges Eq after Griffiths (see,
for example, [21]).

Similarly, we will work with the implicit assumption that a finite subgraph G = (V, E) of G
always has edge sets of the form

E={(r,y) €eE|lz,y €V},

i.e. G is the subgraph induced by V.
This also gives a natural partition of I = Ej, U E; similar to that of E.
One class of finite subgraphs of special interest is the class of boxes

Ai(v) = {w € 2% |lv — wll < k} U {g},

for a fixed vertex v € V.
The connection of the random-cluster model to the Potts Model goes through the Edwards-
Sokal coupling (see, for instance, [21]). For any finite subgraph G of G, we have

b _ —B|E|-h|V| 7baq
Zp,q,G =e€ Zﬁ,h,

for the specific choice of edge parameters

(1)

'In the interest of the flow of the article, we have postponed the formal definition to Definition 2.9 below.
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In keeping with this, we will simply write measure

1 O(Ww; c(w; o(w (w
85 nl{}] = g (1 — p)len 0 (1 — p)eleo)
p,q,h,G

with o(wyy,), respectively c¢(w;,), denoting the number of open, respectively closed edges, in Ej,
- and similarly for the ghost edges.

Remark 2.8. The case ¢ = 1, henceforth called Bernoulli percolation, is somewhat particular.
Here, the state of the edges becomes a product measure and (1) no longer gives a translation be-
tween an external field strength h and an edge parameter py,. As such, for Bernoulli percolation,
we shall instead directly write

[P)p,ph,G = ¢p,1,G7

where p, = p for e € By, and p. = py, for e € Ej.
Note that, by independence, Py, ,, « is the same for any boundary condition and thus, we drop
it from the notation.

Throughout, we shall think of hA as an enhancing parameter boosting the number of interior
edges rather than being an edge parameter. This is because the percolation properties of the
ghost vertex g itself are trivial. In other words, when studying the random-cluster model, if
W ~ @pqnG, We are interested in the percolation phase transition of the marginal w;, = wlg,,
the distribution of which we will denote simply by ¢, , 5 ze. More precisely, we define the critical
parameter p. = p.(q, h,d) as

pe := inf{p| 0(p,q, h) > 0},

where 0(p,q,h) = ;,q,hzd [0 <> oo] is the probability that 0 is part of an infinite connected
component of inner edges (the cluster of the ghost vertex g is trivially infinite almost surely for
h > 0). When 6(p,q,h) > 0 (and correspondingly, an infinite cluster exists almost surely), we
say that the model percolates.

The random-cluster model has many nice properties. First of all, it is a graphical represen-
tation of the Potts model in the sense that for all z,y € V of some subgraph G of G, whether

finite or infinite, (see [21, (1.5)]),

b,
(bz,q,h,G[x <yl = N@,qh,c;[az oy,

where z <+ y denotes the event that there is an open path connecting = and y in (V, E,,) and
b € {0,1}. For any graph G = (V| E) (finite or infinite), there is a natural partial order <
on the space of percolation configurations {0,1}*. We say that w < w’ if w(e) < w'(e) for all
e € EU E,. This furthermore gives us a notion of events which respect the partial order.

Definition 2.9. We call an event A increasing if, for any w € A, it holds that w =< W' implies
w e A

For two percolation measures ¢1, po we say that ¢ is stochastically dominated by ¢o if ¢1[A] <
bo[A] for all increasing events A. We will also denote this order relation as ¢1 =< ¢s.
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The study of increasing events turns out to be natural due to the fact that they are all
positively correlated (see [21]).

Proposition 2.10 (FKG). For any two increasing events A, B, any (p,q,h), any boundary
condition & and graph G, we have

¢2,q,h7G[A]¢f),q,h7G[B] < (b;i,q,h,G[A N B]

In particular, qbf,,q,h,G = qbf,,q,h,g('!A)-

Furthermore, the random-cluster model carries many other natural monotonicity properties
in the sense of stochastic domination (see [21]), making it a natural dependent percolation
processes to study.

Theorem 2.11. For the random-cluster model on some subgraph G of G (finite or infinite),
the following relations hold:

i) d)f,o,tho,G is monotonic in & in the sense that if £ is a finer partition than &, we have

1

< 3
gbp,unG = gbp,q,h,G
for any parameters (p,q,h).

it) ¢ is increasing in p, h and decreasing in q, i.e. if p' > p and b’ > h and ¢’ < q, we have

< 3
¢p7q7h7G = qbp/,q’,h’,G
for any boundary condition &.

i1i) The random-cluster model is comparable to Bernoulli percolation in the following sense:
for pe still given by (1), we have

¢
Pssnc 2 O anc = Popnc

for any boundary condition &, where p = ) and p, =

p Dh
p+q(1-p prta(l—pp) "

It follows from i) that for d > 2, > 1,h > 0, the random-cluster model always has a
non-trivial phase transition, meaning that p. € (0,1).
Furthermore, any of these stochastic domination relations can be realised as a so-called increas-
ing coupling. That is, for any two of the above above measures p and v, if u < v, there exists
a measure P on {(wy,ws)| wi,ws € {0,1}F} with the property that Plw; < ws] = 1 and for any
event A,

Py € 4] = 4]
Plw, € A] = v[4]

For an explicit construction, see [21, Lemma 1.5].
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Definition of the Kertész line
In the following we introduce the Kertész line following [17], see also [1, 15].

Definition 2.12. Suppose that q and d are fived. Then the Kertész line is defined by

he(p) = he(p. q,d) = sup{h > 0 | 0(p,q, h) = 0},
i.e. he(p) is the largest h such that p < p.(q, h,d).

The facts that {0 <> oo} is an increasing event and (b;l),q,h,zd is monotone in p imply that the
Kertész line is monotonically decreasing in p. Furthermore, translation invariance as well as
monotonicity of ¢117,q,h,Zd in h implies that the Kertész line separates {(p, h) | p > 0, h > 0} into
two regions with and without an infinite cluster of inner edges. If p > p. := p.(q,0,d), then
monotonicity in A implies that h.(p) = 0. Stochastic domination of the random-cluster model
by Bernoulli bond percolation (see Theorem 2.11) implies that if p < pp = p.(1,0,d), then
he(p) = oo (see [17], Section 3).

In [17, Theorem 7-8]|, it is proven that if p € (pp,p.), then 0 < h.(p) < oo except for the
case where p is close to p. where strict positivity of the Kertész line is not proven. This will
be proven in the next section, thereby settling the question of whether the Kertész line for the
random-cluster model on Z? is always non-trivial.

Probability of connecting to the ghost given configuration of inner
edges

In the following, we generalise [10, Lemma 2.4], which is stated only in the case of FK-Ising (i.e.
q = 2), to the setting of the random-cluster model for ¢ € [1,00). This generalisation, which is
straight forward, was first noted in the appendix of [22]. The lemma and some of the bounds
that follow from it are more easily stated if we define the function tanh, : [0,00) — [0,1) by

1—e 2

tanh =
anby(z) (g—1)e 2 +1

Notice that tanhy = tanh, that tanh, is strictly increasing, satisfies tanh,(]0,00)) = [0, 1) and
has an inverse which we call arctanh, : [0,1) — [0, 00) given by

1 -1 1
arctanh,(z) = 3 log <(ql—)xx+> :

Then, we can state the following lemma.

Lemma 2.13. Suppose that G is a finite graph and that a configuration of inner edges w;, has
clusters Cy,...,Cy. Then, for each 1 < i <n,

O n.alCi ¢ @ | win] = tanhy (h|C))

and the events {C; <> g} are mutually independent given w, .

108



Proof. First, we look at inner edges and compute

28 600 ancliwnl = 0 (1 =)@ [T [ S0 000 - p) D (a Ly gy + Licyoa)
=1\ re{0,1}%

with o f) respectively ¢(f) denoting the number of open respectively closed ghost edges in C;.
From this decomposition, conditional independence follows. Now, to obtain the desired form,
note that we get a factor of ¢ from the cluster C; if and only if all the edges are closed and
thus, we can write the sum as

o(C; c(C;
Yo ) D) + Lcion)
fe{0,13¢
= q(1 _ph)lci‘ + Z pZ(Ci(f))(l _ph)c(Ci(f)) —(1 —ph)lc”‘
fe{0,1}%:
=(q— 1)1 —pp)l9 +1=(qg—1)e 2% 4 1.
This then means that

Z3 onc®oancl{wn}] = p"@m) (1 = p) g T (g — 1)e "%+ 1)

j=1
Then, we are ready to compute
Pancl{Ci < g} N {win}] 1 — e 2h
0 P.q:h,
C; L] = = = tanh,(h|C;|),
FranclCicr gl D el em]] (q— Dezer 1~ iG]
which proves the formula. O

Since the lemma is true uniformly in finite volume it transfers to the infinite volume limit.

3 Strict monotonicity

We prove that the Kertész line is strictly monotone in all of its parameters. All the following
results are uniform in the boundary conditions, so we shall suppress them for ease of notation.
The proofs all follow the strategy from [19] rather closely.

In doing so, we will need the following elementary lemma:

Lemma 3.1. Let G = (V, E) be a finite graph, F' some finite, totally ordered set, v a probability
measure on {n: E — F} and (U;)1<j<|g| a family of i.i.d. uniform random variables. For any
enumeration (€;)1<;j<p| of E, if we recursively define

X (e1) = min {f € F‘ Up <Y vln(er) = g]}

g<f

X(ej41) = min {f € F‘ U1 <> vlnlej) = gl nles) = X(e:) Vi < j]} ;

9<f
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

then X ~ v.

Proof. This follows from the Law of Total Probability as soon as we establish that X (e) has
the correct marginal for every e. For e = e;, we simply see that

P[X (e1) ZV e1) = g <U1<Z [n(er) = g]| = vinle) = f.

g<f 9<f

The same calculation shows that X (e;;q1) has the correct conditional law given (X (e;))1<i<;
and thus, the proposition follows by finite induction. O

Next, in order to prove Theorem 1.1, we prove the following technical proposition, which is in
the spirit of [19, Theorem 2.3] (where a similar comparison result between p— and g—derivatives
at h = 0 is proved).

Proposition 3.2. There exist strictly positive smooth functions o,y : (0,1)x (0, 00) % (1, 00) —
R such that, for any finite subgraph G of G containing g and any increasing event A depending
only on the edges of G, we have

0 19} 19}
OZ(p, q, h)%gbp,q,h,G[A} S aipgbp,q,h,G [A] S 'Y(pv q, h)%gbnq,h,cv‘[A]-

Proof. We are going to give the explicit construction of v. The construction of « is analogous.
A direct calculation shows that

0 1
¢pth[A] ﬁ

1
N A -
8h¢p’q’h’c[ ] ph(l . ph)

Cov]o(win), 1 4]
Cov|o(wg) L.

If (w1, ws) denotes an increasing coupling with marginals wy ~ ¢, 4n.c and wa ~ ¢p 4 n.c(-|A4),
we get that

Covlo(win), La] = ¢pgnclAJE[0(wWn) — 0(wW1n)]
Covlo(wy), La] = ¢pgnclAE[0(w2g) — 0w g)]-
Thus, we are finished if we can establish that E[o(wsn) — 0(wi,n)] and E[o(ws4) — (w1,4)] are

comparable.
This, however, turns out to be easy, because

Elo(wa,in) — 0(w1,in) Z Plwa(e) =1, wq(e) = 0] (2)
Elo(wa,g) — o(wi,4)] Z Plwa(e) = 1,wq(e) = 0]. (3)
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Throughout, for e € E, we let B, denote the event [ws(e) = 1,wi(e) = 0]. For v € V '\ {g}, let
B, denote the event that all neighbouring edges of v in Z? are closed in w; and &, denote the
event that the ghost edge (v, g) is open in wy.

If v and w are the two end-points of e, we claim that

- Pn
PB,N&,|B.] > (1 —p)* -t ———
| | pr+q(1 —pr)
To see this, we apply Lemma 3.1 with ' = {(0,0), (1,0),(1,1)} (with the obvious ordering)
and any enumeration such that e; = e, es = (w, g) and e, ..., 9411 are some enumeration of the
other neighbours of v. Allowing ourselves the slight abuse of notation of keeping our letters,
we get that

P[B, N ®,|B.] > P B,

)

{U2 > p”} ﬂ?ﬁl{% <(1-p)}

prta(l=pn) ) g

where we have used #i7) in Theorem 2.11 to bound the conditional distribution of w; from above
and from below by Bernoulli percolation. To establish the above claim, we simply note that B,
is measurable with respect to the o-algebra generated by Uj.

Now, on the event B, N &,, N B, the end-points of (v, g) are disconnected in w; and so, we

get
Ph

Plor((v,9)) = 11BN BN Oul = Gy o001 = = — 5

by applying Lemma 3.1 in a similar fashion.
Meanwhile, the end-points are connected in wy, so that

]P[MQ((Ua g) = 1)|B€ N B’U N 6111} > ¢;1),q,h,{v,g}[<vv g)] = Dh;
where we have used the FKG-inequality (Proposition 2.10). All in all, we get that
Pn Ph 2d—1 ’
(v.g)| B Ph — ) l=p =
FBoglBel 2 < o a@—m)) el g P

Thus, for every inner edge e, pick an end-point v(e). Since any given vertex v belongs to at
most 2d different inner edges, we get that

VE[o(wain) — 0(wiin)] € Y P[Brueyg|BJP[B] <24 P[Bg) <24y P[B

e€Ei, veV eckEy

Defining v := 2d% h(ll 5 completes the construction. O

Meanwhile, the following is a direct analogue of [19, Theorem 2.3] for the case with A > 0.

Proposition 3.3. There exist strictly positive smooth functions o,y : (0,1) x (0, 00) X (1,00) —
R such that, for any finite subgraph G of G containing g and any increasing event A depending
only on the edges of G, we have

0 0 0
—a(p, q, h)a*q%q,h,a[/ﬂ < 5p¢p’q’h’g[ |+ ah%qha[ ] < —v(p, g, )a*q%,q,h,G[A]-
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Figure 1: Sketch of the event B, N &, N B, from the
proof of Proposition 3.2. With dotted lines we denote
closed edges and with solid lines open edges. The edge in
question (v, g) is not depicted. The probability that it is
open differs in the two cases w; and ws.

Proof. Similarly to the previous result, one obtains via a direct calculation that

0 1
6_q¢p,q,h,G[A] = 5COV[]1A7 "‘f]a

where k denotes the number of components of a configuration (counted according to the ap-
propriate boundary conditions). Once again, letting (w;,ws) denote some increasing coupling
of wi ~ Gpgnc and wa ~ @y qnc[|A], we get

— Cov[la, k] = dpgnclAE[K(wr) — K(w2)].
It is immediate that
K(w1) — K(wz) < o(Wa,in) — 0(Wrin) + 0(w2,) — 0(wi g),

which allows one to construct a using (2) from the proof of the previous proposition.
For the other inequality, let Nj(wi,ws) denote the number of vertices which are isolated in w;
but not in wy. Then, again, since w; < wo, it holds that

1 1
H(wl) — H(wg) Z §N[(W17Q)2) — 52 I[L”

veV

where I, is the event that v is isolated in w; but not in ws. Just like before, for every edge e
incident to v, one can argue the existence of some smooth function 4 such that

P[L,|B.] >«
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Summing over them all, we get that

Pmpz%EZM&L

e~v

Using that any edge is incident to exactly two vertices, we have

2 ! /
Efr(wr) - r(w2)] > 25 > PIB) > 7 (Elow2in) = 0(w1in)] + Elolwng) = 0wig)])
from which v may be constructed easily. Ol

Finally, we are in position to prove the main result.

Proof of Theorem 1.1 :We are going to prove that h — p.(q,h) is strictly decreasing. The
other statements are proven completely analogously. Consider ¢ fixed and let «(p,h) be the
function from Proposition 3.2. For (p, h), let £, = (€}, 02,,) = (T, T.5,) — (0,1) x (0,00) be
the integral curve of the vector field (—1, «) started at (p, k), i.e. a maximal solution to

d
%gp,h(t) = (=1, a(l,n(t)))

o (0) = (p, ).

The existence of such a solution is completely standard ODE fare. For instance, one may appeal
to the Picard-Lindeldf Theorem.
Now, for any finite subgraph G of G containing g and any increasing event A, we find that

d d
200,002,004 = 2 hnt) - Vou g, 0.6lA <0,

by construction of a. Since A was arbitrary, we conclude that <Z>gzl)yh(tl)$q’£;h(tl),@ = Qbf;,h(tz),q,éﬁ‘h
for t; < ty. Furthermore, since G was arbitrary, this extends to any infinite volume limits.

Let h < h' be such that £, ) n(t) intersects R x {h'} and denote by (p, k') the point of
intersection. Since a > 0, the second coordinate of £, ;(t) is strictly increasing in ¢ and the first
coordinate strictly decreasing. Thus, p < p.(h).

For any p > p, let (p,h) denote the intersection of £, (t) with R x {h}. Then, since the
paths of the different integral curves are either identical or non-intersecting, we must have that
p > pe(h). Thus, we have that ¢; ., almost surely percolates.

However, ¢pqn =X ¢pqn, 50 we conclude that ¢, almost surely percolates. We conclude

that

(tQ)’G

pe(h) <P < pe(h),

which is what we wanted. O
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

1%

Figure 2: The points (pc(h),h), (p, 1), (p, 1), (b, h) as
well as the integral curves from the proof of Theorem
1.1.

4 Stochastic Domination and bounds

In this section, we investigate conditions for stochastic domination. Since the event {0 <> oo} is
increasing, stochastic domination results directly transfer to bounds on the Kertész line. Here

and in the following, let r; = 131@ and H; = lf’—;jm for i € {1,2}.

Theorem 4.1. Suppose that 0 < py < p; <1,¢; € [1,00),h; >0 fori € {1,2} and that for all
positive integers n,m it holds that

2—2 ((g2 — 1) tanh,, (nhy) tanhy, (mhy) + 1) < % ((q1 — 1) tanhg, (nhy) tanh,, (mhy) +1).
2 1

Then, for any increasing event A that only depends on the inner edges, we have

¢p2,Q27h2 [A] < ¢p17Q],h1 [A]

Letting p; = pe and hy = 0 and using that tanh,, is increasing, we obtain the following results
from which our bounds will follow.

Corollary 4.2. Suppose that q1, ¢ € [1,00) and hy > 0 are such that

1 1
—< = ((q1 —1) tamhql(hl)2 + 1) )
q2 q1

Then, for any increasing event A that only depends on the inner edges,

¢P,Q270[A] < (bp,quhl [A]

In order to obtain the result, we modify an argument from [2, Theorem 3.21].
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Proof of Theorem 4.1. Again, we prove the result uniformly over all finite graphs G. This then
transfers to any infinite-volume limits.
Let X be an increasing random variable which only depends on inner edges. Then,

]- o(Win o(w KW
¢Pj7Qj7hj:G[X] = Z Tj( )X(win) Z Hj( g)qj( )

win€{0,1}Fin wge{0,1}Fs

.

where we have abbreviated Z; := (1 — p;)/I(1 — py, )lV‘Zp],q],h],G'

Now, define the random variable Y dependlng on inner edges wy, by

e 3, B

Y(win): o(w; o(wg) k(w)"
7,2( m) ng Hg( B)q2( )
This lets us rewrite
o(win o(w, r(w ZQ
Orain G 21 A %;X win]Y (win)r3’ )%H2( s = Z¢pz,q2,h2,G[XY]~

Letting X = 1, one gets

¢P1 q1,h1, G Z2 Z Y wm O (win) Z HO(Wg R(w)

Win

from which we can conclude

¢P2,qz,h2,G[XY] )
¢p2,q2,h2,G(Y)

Now, if we can prove that Y is increasing, then by FKG, we get that ¢y, ¢, 5..¢1X] < Opy g1.01.61X]
since X is increasing. Since X was arbitrary, this would prove the stochastic domination be-
tween the marginals on Ej,.

Therefore, in the following, we focus on Y and whether it is increasing Let an edge e = (x,y)
be given. Then, the condition for Y to be increasing is Y (wi,) < Y (wf,) where w® denotes the
configuration w where we have opened the edge e if it was closed in w. If we let {x <> y} denote
the event that the end-points z,y of e are connected (possibly using the ghost), then

R(w) = K(W) Laoy (@) + (W) = 1) Tapyy (@).

Thus, we get that Y is increasing if and only if

¢p17Q1,h17G[X] -

O(an) o(w K(w K(w
L ng Hl( ¥ ((h( ) Ligeyy(w) + qi]ql( : l{r%y}(w))

o(wien) o(w, K(w r(w ’
Ty ng HQ( o) <q2( ) ]l{ax—)y}(w) + ;;qQ( ) l{z%y}(ao)

Y(win) < Y( 1n) -
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Notice that for i € {1,2} any event A and configuration of internal edges wy,, then

b A ] = Cranel AN ()] T B Ly B, B0,
Di,qi,hi,G Win] = . - o(win) o(wg) K(w) - o(wg) r(w)
Snamcllonl] ey ey Sy

)

which makes the inequality above equivalent to

1 1 1 1
w(@—)%mmgwﬁywm+)Sn(@—)@WMGmHywm+)
qo q2 q1 q1

(4)

If  and y are connected with the inner edges then the condition is just 7o < r; which again is
equivalent to p; > po. If we let C, be the cluster of = in wy,, then we can rewrite the previous
inequality using Lemma 2.13 to obtain

r r
£ ((g2 — 1) tanhy, (|Cy[he) tanhy, (|Cy[he) + 1) < qf (g — 1) tanhy, (|Cy[hy) tanhy, (|Cy[h1) + 1) .

The main statement now follows since |C,| and |C,| are positive integers. O

4.1 Upper bound on the Kertész line

For any dimension d > 2 the random-cluster model has a phase transition for ¢ € [1,00) at
Va
1+/q"
pe(q) is strictly monotone and Lipschitz continuous in ¢ as a function from [1,00) — [ps,1)

for all d > 2.2 Therefore, it has an inverse function . : [pg,1) — [1,00) such that (p, g.(p)) is
2

critical. When d = 2, inverting the relation before yields ¢.(p,0) = (ﬁ) )
Proof of Theorem 1.3. We know that for every € > 0 then there is percolation at (p+-¢, ¢.(p), 0).

Then, by Theorem 4.1 we get that there is also percolation for (p + ¢, ¢q, h) as long as

some p.(q). For example it is proven [4] for d = 2 that p.(¢,0) = It is proven in [19] that

1
qc(p,0)

Then, for fixed g, since tanh, is increasing, the minimal & where the inequality is satisfied is the

< —((g— 1) tanh,(h)* +1).

| =

4e(p,0)
monotone yields the theorem. O

h that satisfies the equality \/ q%l ( a_ _ 1) = tanhy(h). Using again that tanh, is strictly

Analytically, we can see that the bound has the correct behaviour in the limits. The bound

q
qc(p,0)

becomes infinite whenever q_% ( — 1) =1, i.e. when ¢.(p,0) = 1, which again means that

20ne may see that p.(q) is surjective as follows: For any p, the probability of crossing the annulus Az \ A4
can be made arbitrarily small by increasing q. The methods from Section 4.3 may then be employed to see that
there is no percolation at (p, q).
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Figure 3: The upper bound for the Kertész line in d = 2
proven in Theorem 1.3 (solid) as well as Theorem 4.4
(dashed) for ¢ = 1.1,2,10 in red, blue and green respec-
tively. The solid upper bound tends to p.(q,0) in the
limit A — 0. All the bounds have the correct limit as
h — oc.

p = pp. Similarly, the bound tends to 0 whenever qu1 (ﬁ — 1) =0, i.e. ¢ = q.(p,0), which

means that p = p.(q,0). In Figure 3 we have plotted this upper bound. Notice that, in contrast
to the bounds from [1], it gives the correct limit when i — 0.

Remark 4.3. One may note that our techniques allow one to use something about the random-
cluster model for q # 2 to gain information about the Ising model where ¢ = 2.

Upper bound using the Bernoulli percolation threshold

Before, we used knowledge about the phase transition at A = 0 to infer knowledge about the
Kertész line at all o > 0. In the following, we use a similar trick where we use that if p = pg+e¢
where pg(d) is the critical p of Bernoulli percolation, then there is percolation without using
the ghost for h sufficiently large. In d = 2 we can then use Kesten’s celebrated result that
p(2) = 1 (see [23]). For d = 2 the method does not produce a better bound than the bound in
Theorem 1.3, but if one only has knowledge about the phase transition of Bernoulli percolation
in higher dimensions and not the random-cluster model, it can produce a better bound than
Theorem 1.3.

Theorem 4.4. Let q € [1,00) and rp = 13?3 where pp(d) is the critical parameter of Bernoulli
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

percolation in d dimensions. Then, the following upper bound on the Kertész line holds:

1 1—p
h.(p) < arctanh — -1 .
(p) < arctan q(\/q—l <qu 5 ))

In particular, if d =2 and g = 2 corresponding to the planar Ising model we obtain

1=
he(p) < arctanh <~ IQTP - 1) :

Proof. In Theorem 4.1 we let (p1,q1,h1) = (p1,q, h1) for some p; > pp as well as (ps, g2, ho) =
(pg +€,q,N) for some small ¢ > 0 and arbitrarily large N. Then the condition for stochastic
domination is that

2 ((¢ — 1) tanh, (hon) tanh,(hom) + 1) < r; ((¢ — 1) tanh,(hyn) tanh,(hym) + 1) (5)
for all positive integers n, m. Notice that we have tanh,(hsn) < 1 and therefore
2 ((¢ — 1) tanh, (hon) tanh,(ham) + 1) < grs.
Since n,m > 1 then tanh,(hyn) > tanh,(h;) and thus
r1 ((g — 1) tanhy(h1)* + 1) < r1 ((g — 1) tanhy(hyn) tanh,(hym) + 1) .
Thus, it is sufficient for (5) and therefore stochastic domination that
gra <11 ((g — 1) tanhy(hy)* + 1) .

Picking o = rp = 123 as well as recalling that r; = Lp we obtain that it is sufficient that

1—

1 1-—
arctanh qre P_ 1 < h;.
q
q—1 p

To finish the proof, we note that there is percolation at (ps, g2, ho) so long as N is chosen large
enough. O

4.2 Lower bound on the Kertész line

In this section, we give a lower bound on the Kertész line following the strategy in [20] for
proving exponential decay of cluster sizes (which, in particular, implies a lack of percolation).
The arguments rely on nothing but sharpness of the subcritical phase (as is known from [5]).

Lemma 4.5. Let S be a finite subset of Z%. Then, there exists a subset Ts C S such that
|Ts| > ‘4%‘ and for every v,w € Tg, we have that ||v — wl|1 > 4.
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Remark 4.6. By considering S = Ay, and letting k — oo, we get that the bound is sharp.

Proof. Note that
S= |J sn(r+4z%),

T€[0,3]4
implying that there exists 7y € [0,3]? such that |S N (o + 4Z%)| > 4%'. It is easily seen that
Ts := SN (15 + 4Z%) also has the desired separation property. O

In the following, we let A,, denote the set of connected subsets of Z? containing 0 and exactly
n vertices. It is a classic result that |A,| has an exponential growth rate. For instance, Lemma

5.1 in [24] shows that |A,| < (%)n =

Proof of Theorem 1.4. For each v € 2kZ4, define X (v) = 1[Ax(v) <> OAs;(v)], which is a site
percolation process on 2kZ¢.

Given a v € 2kZ4, we let C,(v) be the cluster of v in wy,, Cx(v) be the set of w € 2kZ?
such that d(w, C,(v)) < k. Note that if |C,(v)| > 3% Ag|, then every w € Cx(v) is open in X.

Furthermore, if |C,(v)| > N then |Cx(v)| > Lﬁj =n.

To account for the magnetic field, we will need to control the density of ghost edges. For each
v € 2kZ%, we say that v is good if every ghost edge in Asj(v) is closed. Otherwise, we say that
v is bad. Interchangeably, we will say that the box itself is good respectively bad. We denote
the process of bad boxes by B, i.e. B(v) = 1[v is bad].

We will now let N > 39|A;| and bound the quantity ¢, ,1(|C.,(v)| > N) < ¢, 41 (|Cx (V)| > n).
If |Cx(v)| > n, then we know that there is an open connected S in X containing v and exactly
n vertices. Hence, by a union bound,

Gpancl|Cx(v)] >n] < Z GpanclS open in X|.

SC2kZ,
S/(2k)eAn
Now, by Lemma 4.5, we can pick a thinned set T of at least % vertices, such that for w, w’ € Ty,

we have As(w) N Agp(w’) = {g} 3. For a given w € Ts, we have, by the Domain Markov
Property, that if Ef(w) denotes the complement of the edges between vertices in Asy(w),

Gpgnc[X(w) =1 w

E;'(U))] < ¢p,q,h7G[B(w) =1lw

EZ(W)] + gb;l),q,O,Agk(w) [X(U)) = ]']

Furthermore, by Theorem 2.11, we have

GpancBw) =1 w

Bpy] <1 — (1 —py)hesl.

Consequently,

Ppg.n,G [ ) {X(w) = 1}] < T @ha0mseo X @) =1 +1 = (1= py)A)

weTs weTs
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Figure 4: A representation of the coarse-graining scheme
in the proof of Theorem 1.4. The dots illustrate the grid
2k7?. With the dotted lines we indicate the boxes A(v)
and Asy(v) around a point v. Notice that since the cluster
S enters the box Ay(v) this means that X (v) = 1. With
the red dots we indicate bad sites in 2kZ?. In the proof,
we use that, for sufficiently small h, these bad sites are
Very uncomimon.

Adding all of this together yields

Gpancl|Cx(v)] >n] < Z Gp.qanc[S open in X]

SC2k74,
S/(2k)EAR

< Z Cbp,q,h,G[mwGTs{X(w) = 1}]

SC2k7Z,
S/(2k)EAn,

Yo I Gronsw X (@) =1+1—(1—pys)
Scokz?, weTs
S/(2k)eAn

Z ( ;H’O,A%(w) (X(w)=1+1-(1— ph)mm)wmd

SC2k7Z,
S/(2k)EAn

IN

IN

n/4%

< (M4d ( :zl>7q70,A3k(0) (X0)=1+1-(1 —ph)|A3k|)> ,

3Notice that, since Asg(w) and Asy(w’) only have a single vertex in common, the wired measure on the union
is a product measure of the wired measure on each box.
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which decays to 0 if 1 — (1 — p;,)! 3| < 2. This is attained for

1\ YAkl 5\ VAskl

We conclude this section with a discussion of the bounds and the tangent at (p,¢,0) .

4.3 Discussion of the tangent at (p.,q,0) for d = 2

We now use the correlation length to get a slightly more explicit lower bound under the con-
jectural assumption of the existence of critical exponents. In the following we consider fixed
q € [1,4]. Asin [6, (1.5)] we define the correlation length £ for h = 0 for p < p. by

£ = — lim " .
n—oo log (1,0 (0 <> OA,))

P,4,0

By a union bound, we have

0010 O3] < &) oa,, [An 2 OAsn] < @) o a,, [Uneon, (2 <> ONsn)] < 81y 404,10 <> 0N,

implying that
3£n J,-o(n) < ¢1 A aA < 2£n o(n)
= ¥p,q,0,A3n ( n < 3n) s € .

It is further expected that there exist constants C, Cy, C' > 0 such that
Cre S < o) on,, (A > OAz,) < Coe %, (6)

uniformly in p for fixed ¢. In the following, we will assume (6). Then,
16

Coe O <
2 2

is satisfied for 16
n > 65 log(p) + Cs.

So choose k = 2¢log(p) + C3 + 1. Now, by Bernoulli’s inequality, we see that

1 1 1/]Ask]
—<1—-(1—-— .
187162 2,16

Thus, it is sufficient for the assumption in Theorem 1.4 that

1 1 1

" I8R T 18 (B log(u) + Cs + 1) Ch& +0(8)

p
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

in the limit £ — oo. Now, in the planar case d = 2, the correlation length &(p) is conjectured
[6] to have the form

E(p) ~Clp—pcl™

for some critical ¢ dependent exponent v which has the form

2 arccos (—@) 2 4
V(q) = € |:7 :|
g) — 37 33

6 arccos (—

for ¢ € [1,4]. In the particular case of the Ising model, the conjecture is that v(2) = 1. Thus,

under that conjecture using pu = —ii, our condition becomes
1 2v

< —F——==Clp—Dp.

Ph < g e lp — e

for some constant C' > 0. Using the fact that p,(h) = 1 — e~2" is approximately linear in h for
small h, we see that the tangent of the bound is asymptotically flat as p — p.. The bound has
horizontal tangent and this holds for all 1 < ¢ <4 since it is conjectured that 2v(q) > 1 for all
q € [1,4].

In conclusion, we notice that both our upper and lower bounds tend to the correct value
(pe,q,0) as h — 0. Thereby, the bounds complement those of [1], that are best for large h,
i.e. around the Bernoulli percolation threshold. However, in our bounds the asymptote for the
lower bound is horizontal and for the upper bound, it is vertical as shown in Figure 3. Since
the lower bound is asymptotically horizontal, this leaves open the natural question of what the
inclination of the tangent is at the point (p,, ¢, 0).

Numerical evidence for the planar Ising case [25] observed % — 1 ~ ch” in the limit h — 0

for a k = 0.534(3), where it is noticed that % = 2 ~ 0.533 (for the definition of the critical
exponents (3,0 see [25]). Now, using that 8 — . and p — p. have a linear relationship when

both are small yields that p — p. ~ ch” or equivalently that

Conjecture 4.7. In the limit p — p. it holds for some constant ¢ > 0 that

15

he(p) ~ c(p —pe)s .

This indicates that the lower bound is almost optimal and one would have to improve the
upper bound. In, particular this leaves plenty of further work concerning the asymptotic
behaviour of the Kertész line for h — 0. A potential starting point for this program could be
[6, Lemma 8.5] which was also used in [12] to gain knowledge about the correlation length in a
non-zero magnetic field.
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5 Continuity of the Kertész line phase transition

There are several ways to define continuity of a phase transition: One relates to whether or
not f(p.) = 0 (or, equivalently, uj (0o - 1) = 0) and another to whether the infinite-volume
measures ¢, and ¢) coincide or not (or whether pup = pj ). A third perspective pertains to
the regularity of the pressure

where Z! denotes the partition function of either the random-cluster model or the Potts model.
Indeed, one can show that 3 is convex as a function of p (or ) and hence, admits left and right
derivatives everywhere (see [21, Exercise 21]). These take the form

0 0
%3 = ¢:}7,q,h[we] %ﬁa = ¢2,q,h{w€]7

where qbg%h[we] denotes the probability that a given inner edge e is open *.

Furthermore, by Proposition 4.6 in [2], qb;,q, hzd = ¢2,q,h,zd if and only if these probabilities agree.
Accordingly, these two measures are different at p, if and only if 3 fails to be C*. Furthermore,
non-uniqueness of the infinite volume measure would imply that (p.) > 0. To see this last
implication, one might simply note that for any increasing event A depending only on finitely
many edges,

¢11),q,h,Zd [AN(0 ¢ 00)] = s%p ¢;1),q¢h,Zd [AN(0 ¢ Ay)] < s%p ¢g,q,h,/\k [A] = g,q,h,zd [A]

and hence, ¢} ., = @), if ¢} ;[0 <> oc] = 0. In particular, this means that a discontinuous
geometric phase transition implies a (first order) thermodynamic one. By contraposition, this
means that the analyticity of the pressure, which we prove below, rules out only thermodynamic
phase transitions.

The converse direction, that 6(p.) > 0 if and only ¢, # ¢ , is subtle, since a general proof

would imply that 6(p,, 1,0) = 0, which remains perhaps the single largest open question in all
of percolation theory. Indeed, in [26], an example is given of several random-cluster models
which have unique infinite volume measures at p., but such that 6(p.) > 0, meaning that the
converse being true would have to rely upon the specific structure of Z<.
Thus, we shall spend this section focusing on the characterisation of phase transition via regu-
larity of the pressure 3. Following [14], we extract a cluster expansion for the random-cluster
model in order to prove Theorem 1.5.

For the proof, we start with the case of the Potts model.

Lemma 5.1. For any finite subgraph G of an infinite graph G and 5,h > 0, we have
ZEZ?L(G) — BBl IV Z e—ﬁ\E'\Zgig—l(G/)e*(lﬂ%l)(hIV’HBI@eG’D
G'=(V',E"CG
;:eﬁlEHh\Vlgq&h(G)’

4By translation invariance of the infinite-volume measure, this probability does not depend on the choice of
inner edge.

123



3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

where Z%71 s constructed by taking spins amongst the ¢ — 1 spins in T, different from 1.

Proof. For o € Ty, let G'(0) denote the subgraph of G with vertex-set {i € V| g; # 1}. Then,
clearly

1, —BH (o) +h 1
ZCEND VD VR
=(V',E'\CG 0€Tq
G'(0)= G’
_ Z BIEN(E'U0.G)| JhVAV'| = 25 1|aeG'\e v Z e~ BH (o)
G'=(V',E")CG oe(T\ (1)
7 1 < ’ et —
— PIEIAIV] Z e h(1+f)|V\ - —1)IdeG|6_|EIZg’g 1’
G'=(V',E"\CG
which is what we wanted. ]

If H and H' are two finite, disjoint subgraphs of a larger graph G, then clearly, Zb’q (H U
H') = Zg%(H)ZZ?L(H’) Hence, by decomposing G’ into a tuple of connected components
S = (51,52, ..., Sm), we get that

20,(G) =Y TJwis(9) T[ 4659,
Serl’ SesS S#£S'eS

where I' is the set of connected subgraphs of G and for S = (Vs, Es),

wgh(s) — e—BIEsl(S) —(1+27)(R|Vs|+Bl8eS)) ZO,q 1

and
6(5,8") = Lias.s1)>1}

where d(S, ") = inf,esyes |7 — yllo. Thus, we have written =% , (G) as the partition function
of a polymer model with hardcore interactions.
It is worth noting that, since ¢ > 2,

Zgzg—1<s) < (q _ 1)|Vs|eﬁ7\Es\7

so that, in fact,
w$ () < (g — 1)|Vs\e*(1+ﬁ)(h|Vs\+B\0eSI).

Lemma 5.2. Assume that G C 7, let B(S) denote the set of vertices within (* distance 1 of
S and a(S) = |B(s)|. Then, if T>¢ is the set of all connected subgraphs of Z* and S’ denotes
some fized element of I', we get that

> (O 5(5.5) < a(s) max D wf(5)e".
ser jesers.d
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Proof. Note that the only positive contributions to the sum on the left-hand side come from S
such that d(S,S’) > 1. Thus,

> wh (e (=68, < D> Y wh,(5)e",

Ser JEB(S') jESET
from which the lemma follows immediately. O
Recall the function hy from Theorem 1.5.
Lemma 5.3. For any h > ho(q,d), we have
Z wgﬁ(S)e“(S) < 1.
0eSeree.d

Remark 5.4. By translation invariance, it suffices to consider j = 0.

Proof. We see that

Z wéh(g)ea(s) — Zef(lJrq%l)hk Z e(a(s))e—ﬁ‘ES\Zg:g_l(S)e*(1+qfll)5\8es|
k=1

0eSeree.d 0€Seree.d
[Vs|=Fk

< S (g — 1)ke WDk (g c T4 [Vg| = k, 0 € Vi)

hE

~
I
—

2d+1\ ¥
< (q— 1)k€—(1+q%1)hkezdk ((2d + 1)% ) 7

(2d)2d

WK

o~
Il

1

where, in the last line, we have once again used Lemma 5.1 in [24]. The right hand side is, of
course, a geometric sum which is convergent with a sum less than 1 for A > hg(q, d). Thus, this
case of Theorem 1.5 follows from [14, Theorem 5.4]. O

Corollary 5.5. The above results carry over to the partition function of the random-cluster
model with wired boundary conditions for non-integer q.

Proof. For integer ¢, note that, by the Edwards-Sokal Coupling, we have
— — — o(win c(win ) ,.0\Wi c(w Kl w,w,
=4,(G) = BIEl, h\Vlzé:;IL(G) - Z Z pPin)(1 — p)<t )ph( g)(l — pp)<@a) g ()

win€{0,1}¥ wye{0,1}V

for g = f%log(l —p)and h = f%log(l — pn)-

Note that only the pairing of § and p depends on the inner product in T,, whereas the role
of the factor of ¢®“) is to cancel with the uniformly random colouring in the Edwards-Sokal
coupling.

Therefore, when considering fewer colours, we still have

e ABSIZ0N ) = N p(1 = ) (g — 1)t

we{0,1}Es
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3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Hence, redefining
(141 :
wg,h(s) _ Z pO(w)(l _p)C(w)(q _ l)ﬁ(w)e (1457 (R Vs]+B(p)[0eSI)
weq{0,1}Es

represents the random-cluster model partition function with wired boundary conditions as a
polymer model for arbitrary ¢ > 1. Here, we have inverted the formula (1) to get S(p) =

1 log(1 - p).
For ¢ > 2, since any vertex belongs to at most one component, it remains true that

Z p°@ (1 —p)e@) (g — 1)) < Z p°@ (1 — )@ (g —1)Vsl = (¢ — 1)V,
we{0,1}Bs we{0,1}Fs

and so, we retain the convergent cluster expansion above with the same bounds.
For ¢ € (1,2), we instead use that (¢ — 1)*“) < (¢ — 1) to get

> 1 —p)g- 1) <g-1.
we{0,1}Es
Thus, in this case,
2d + 1)24+1
Z w;h(s)ea(S) < (q _ 1) Z e—(l—‘rﬁ)hkewk (( (_Q‘_d)gd > 7
0cSero.d k=1
and we once again get convergence for h > ho(q, d). O

In [16], discontinuity was proven using the Pirogov-Sinai theory. There, it was proven for
d>2,q>1,h >0 that if

cal+ (g—1e M2 <1

for some inexplicit constant ¢y, which only depends on the dimension, then the phase transition
on the Kertész line is discontinuous - i.e. 3 fails to be C1. See also analogous results for the
Potts model from [27]. To plot this in the (g, h) plane, we can rearrange it into the condition

that h < log (C

q—1
2d
20—1

6 Outlook

We end by giving an outlook introducing further problems on Kertész line which lie in natural
continuation of our work.
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Figure 5: Plot of regions of discontinuity and continuity in the (g, k) plane.
For any ¢ > 1 and h > 0 there is a unique p(q, h) such that (p(q, h),q,h)
is critical. We colour the plane red or blue according to whether the phase
transition at that point is a continuous or discontinuous. In Theorem 1.5
above we prove continuity of the phase transition in the contiguous region
coloured red. Continuity on the line ¢ = 2 follows from the Lee-Yang the-
orem [13] and for h = 0 and ¢ € [1,4] from the explicit proof [7]. The blue
region is not proven to be discontinuous since the constant ¢, is not explicit.
Instead, the blue region is obtained from using the best possible constant in
the bound from [16] (this constant is cq; = v/2 to match the change between
continuous and discontinuous phase transition at h = 0 for ¢ = 4).

127



3. Strict Monotonicity, Continuity and Bounds on the Kertész Line

Continuity of discontinuity

For h = 0, the quantity ¢;,pc(q)(0 < 00) \( 0 as g N\ 4. We conjecture that this is also the case
for h > 0:

Conjecture 6.1. The set of (q,h) such that the function p — 3 is not C' is open.

One could choose to view this as continuity of the gap

(zjll’C(%h)v%h,Zd [0 4> 00] — ¢2C(q7h),q,h7zd [0 <> o0].

Continuity of the gap for h = 0 was proven in [7, 8] by explicit computation of the critical
magnetization which was continuous around ¢ = 4. One might note that in the special case of
d = 2, the techniques of [20] do apply more or less verbatim to the case where h > 0, implying
that the regime of the exponential decay of the truncated wired measure is open in the (p, h)-
plane. Seeing as this is a purely infinite volume phenomenon, however, makes attacking it quite
delicate.

Furthermore, we conjecture the following.

Conjecture 6.2. For each q € [1,00) the map h — ¢11) [0 <> o] is decreasing.

e(g,h),q,h, 2%

Under this conjecture, we would see that the discontinuity in the (g, h) plane (as plotted
on Figure 5) would be a contiguous region. This would further establish the existence of a
tri-critical point defined by

hela) = inf{h = 0] 62 () el0 5 00] = 0}.

In the physics literature [28], there are some numerical studies which give rise to predictions
of the universality class of this phase transition which at this point in time seems out of reach.
One simple point that we can make along these lines is that if 1 < ¢ <4 and h — 0 then, by
easy stochastic domination arguments, it holds that <b%pc( ah)ah) [0 «» oo] — 0. The conjecture

would imply that ¢! [0 <+ oo] is identically 0.

pe(g;h),q,h, 24

Pseudo-critical line

Since the Kertész line characterizes a geometric rather than a thermodynamic phase transition
it is a priori not clear whether any signs of the phase transition transfer from the random-
cluster model to the Potts model. Of course, in the regime of discontinuous phase transition
(large ¢ and small ), the discontinuity implies that the free energy is not C' and therefore,
the existence of a thermodynamic phase transition.

However, in the case where the Kertész line does not necessarily correspond to a thermody-
namic phase transition we can ask whether any feature of the Kertész line can be observed in
the Potts model. For general ¢ € (1,00), one might, as in [25], define a pseudocritical line as
the line where the susceptibility is maximal in p. Since divergent susceptibility is an indicator
of criticality, it is a natural question to ask whether the psedocritical line and the Kertész line
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coincide, i.e. whether the susceptibility is maximal exactly on the Kertész line or not. If it is
not the case, as it is conjectured in [25], it would be interesting to investigate whether, at ¢ > 4,
the susceptibility peaks at a different value than the critical line and why. Similarly, one might
consider the line of the maximal correlation length and ask to what extent that line coincides
with the Kertész line.

Finally, one may ask about the critical exponents of the Kertész line. For example, it is
claimed in [25] that in the planar Ising case ¢ = d = 2, the critical exponents correspond to
Bernoulli percolation rather than those of the FK-Ising.

Kertész line for the random current and loop O(1) models

It is also natural to consider the Kertész line problem for the random current and loop O(1)
models. Let P denote the random current measure and let P2 denote the sourceless double
random current (see [21] for definitions of the measures). Just as we have done in this article,
a magnetic field can be implemented with a ghost vertex, allowing us to once again consider
the percolation phase transition. However, these models lack monotonicity [29], making the
problem much more intricate. However, the monotonicity required to establish the existence of
the Kertész line is much weaker than the overall monotonicity where the counterexamples of
[29] apply. This leads us to the following conjectures that would establish the existence of the
Kertész line for random currents.

Conjecture 6.3. For any d > 2 the functions h — P,? [0 <Z—d> oo] and h — P;l82 []() <Z—d> oo} are
mereasing.

For the loop O(1) model (see for example [30] for a definition in a magnetic field) the problem
may be more intricate since the lack of monotonicity appears stronger [29]. We note that in
the limit h — oo, the ghost edges are almost always open. In the limit, this changes the parity
constraint of the marginal on the inner edges from percolation where all vertices are conditioned
to have even degree into percolation where all vertices are conditioned to have odd degree.

If we denote the critical p for odd and even percolation by pcoqqa and peeven respectively, then
if it is the case that pcodd > Peeven, this would be an illustration of how non-monotone the
loop O(1) model is. We note that in the planar case d = 2 and h = 0, it is proven [31] that
Deeven = 1 — De(2,0), but to our knowledge, nothing is known about odd percolation.

From this result it follows from the couplings ([21, Exercise 36]) that the single and double
random currents also have the same phase transition for d = 2. Using these increasing couplings,
one can infer bounds on the Kertész line between the models. Thus, bounding the Kertész line
for random currents or the loop O(1) models may be a way to obtain better bounds on the
Kertész line for the random-cluster model than presented here and in [1]. Studying the Kertész
line for random currents may also shed some light upon the problem of whether the single
current and double current have the same phase transition ([32, Question 1]).
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The Uniform Even Subgraph and Its Connection to
Phase Transitions of Graphical Representations of the
Ising Model

ULRIK THINGGAARD HANSEN, BORIS KJZR, FREDERIK RAVN KLAUSEN

Abstract

The uniform even subgraph is intimately related to the Ising model, the random-cluster
model, the random current model and the loop O(1) model. In this paper, we first prove
that the uniform even subgraph of Z? percolates for d > 2 using its characterisation as
the Haar measure on the group of even graphs. We then tighten the result by showing
that the loop O(1) model on Z¢ percolates for d > 2 on some interval (1 — ¢,1]. Finally,
our main theorem is that the loop O(1) model and random current models corresponding
to a supercritical Ising model are always at least critical, in the sense that their two-
point correlation functions decay at most polynomially and the expected cluster sizes are
infinite.

1 Introduction

The Ising model has been extensively studied for the past 100 years. A central tool in the recent
study of the model has been its graphical representations, the random-cluster model [28], the
random current model [1, 32] and the high-temperature expansion [57], the latter also known
as the loop O(1) model.

Even more recently, it has turned out that the uniform even subgraph of a graph is intimately
related to the graphical representations of the Ising model. The uniform even subgraph of a
finite graph G is the uniform measure on the set of (spanning) subgraphs of G with even degree
at every vertex. It holds that the loop O(1) model can be sampled both as a uniform even
subgraph of the random-cluster model [33] and as a uniform even subgraph of the (traced)
double random current model [41].

The couplings may serve as one motivation for the study of the uniform even subgraph and we
will see that this perspective does, in fact, give new information about the percolative properties
of the graphical representations of the Ising model.

Furthermore, we will see that the uniform even subgraph is very natural. Indeed, we may
consider the group of subgraphs of a given graph with symmetric difference of sets of edges as
the group operation. The uniform even subgraph is then nothing but the Haar measure on the
subgroup of even graphs.

In between the loop O(1) model and the random-cluster model, we find the (traced single)
random current model, a graphical representation which has been central in the latest develop-
ments of the Ising model both in the planar case [42], in higher dimensions [20, 4] and in even
higher generality [54, 2, 26]. As with the random-cluster model, the random current model has
recently become an object of inherent interest [21, 23, 22].
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In [17, Question 1] it was asked whether the single random current has a phase transition at
the same point as the random-cluster model on Z?. From one point of view, since it is known
that the random-cluster model can be obtained from the single random current by adding
edges independently at random, a positive answer would imply that the added edges do not
shift the phase transition. This, in turn, would run counter to common heuristics in statistical
mechanics.

On the other hand, we will exploit a combinatorial fact about even subgraphs of the torus
to prove that the correlations of the loop O(1) model, and hence the single random current,
decay at most polynomially fast below the critical temperature of the random-cluster model.
In models with positive association, this often signifies criticality. In particular, if the single
random current were known to have a sharp phase transition, then our results would imply
that the phase transition of the random current would coincide with that of the random-cluster
model (and therefore, also the Ising model and the double random current). As such, this may
be taken as evidence towards a positive answer to [17, Question 1].

1.1 Overview of the results and sketch of proofs

In this paper, we let EE,G, P and ¢§,G denote the loop O(1), the random current model and the
random-cluster model respectively. These are all models of random graphs, formal definitions
of which, as well as details on their respective parametrisations, will be provided in Section 2.
For the time being, all we need to know about them is the following:

For a finite graph G = (V, E), the uniform even subgraph of G (henceforth UEG¢) is the
uniform probability measure on the set of spanning even subgraphs of G. If w ~ ¢]§,G and n is a
uniform even subgraph of w, then there exists x = x(p) such that n ~ EiG. It is a classical result
that the random-cluster model on subgraphs of Z%, for d > 2 undergoes a phase transition at
a parameter p. € (0, 1), separating a regime of all clusters being small from one where there
exists an infinite cluster [51]. In the latter case, we say that the model percolates. We denote
Te = x(pe)-

Our first contribution is to give an abstract characterisation of the uniform even subgraph of
infinite graphs, an application of which is the following theorem. To fix notation, for a vertex
v of a random graph, we write C, for the connected component of v, write v <+ w for the event
C, = C,, and write v <> oo for the event that |C,| = co.

Theorem 1.1. Ford > 2,

Previously, this was only known in d = 2 and proving percolation of the uniform even subgraph
is a toy problem, the solution to which might shed some light upon the question about the phase

transitions of random currents!. We solve the toy problem by showing a criterion for marginals
of the uniform even subgraph to be Bernoulli distributed at parameter 1 (see Lemma 3.5).

The proof technique extends to showing that the phase transition of the loop O(1) model is
non-trivial for Z4¢, d > 3.

! UTH and FRK are grateful to Franco Severo and Aran Raoufi for posing the toy problem.

135



4. The Uniform Even Subgraph and the Ising Model

Theorem 1.2. Suppose that d > 2. Consider the loop O(1) model £, za with parameter x €
[0,1]. Then there exists an xo < 1 such that

fx,Zd [0 — OO] > 0,
for all x € (z,1).

Towards proving our main theorem, the main technical contribution is the insight that the
loop O(1) model is insensitive to boundary conditions. In the following, A, := [—n,n]? N Z4
denotes the box of size n around 0 and T¢ = A,,/(2nZ?) the associated torus. We say that a
supergraph G extends A, if the induced graph of V(A,) in G is A, and 95 (A,,) = 9% (A,,).

Theorem 1.3. For z > x., there exists ¢ > 0 such that for any n € N and any event A which
only depends on edges in A\, and any G which is a supergraph extending A4,, then

165 6[A] = £ 2a[A]] < exp(—en),

for any boundary condition . In particular, for x > x. and any sequence & of boundary
conditions, limy_, o éi’“Ak = {, za 1n the sense of weak convergence of probability measures.

Due the different behaviour of boundary conditions (cf. Section 2.1.1) in the loop O(1) model,
mixing does not follow immediately. However, to complete the picture, mixing is proven in
Theorem 4.11.

In the second step towards the main theorem we exploit the topology of the torus to produce
an essential lower bound.

Theorem 1.4. Let v > x.. Then, there exists ¢ > 0 such that £, 714[0 <> ON,] > £ for all n.
Combining Theorem 1.3 and Theorem 1.4 proves our main theorem:

Theorem 1.5. Letd > 2 and x > x.. Then, there exists a C' > 0 such that for every k and every
N > 4k and any boundary condition &, EEJ\N [0 < OA] = §. It follows that, €, 7a[|Col] = co.

From the couplings that we state in Theorem 2.5, the same result follows for the (source-
less, traced) single random current Pg for any 5 > f., where f. is the Ising critical inverse
temperature.

Corollary 1.6. Let d > 2 and 3 > f.. Then, there exists a C > 0 such that Pg, [0 <> OA] >
€ for every k and every N > 4k. It follows that P z4[|Co|] = oo.

Together with previous results (sharpness, couplings, d = 2), the main theorem establishes
the almost complete phase diagram for the loop O(1) and (single) random current model on
7% (see Figure 1). We also argue the case of the hexagonal lattice H in Section 5.2.

The overall strategy of our approach is simple. We consider the random-cluster model ¢, for
p > p. on the d-dimensional torus of size n. Since p is supercritical, it is fairly easy to prove the
existence of a simple path wrapping around the torus once - henceforth called a wrap-around.
Whenever a wrap-around < exists in a random-cluster configuration w, if 1 is a uniform even
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subgraph of w, then yAn also has the law of the uniform even subgraph of w. However, using
the topology of the torus, we can prove that the number of wrap-arounds of the torus modulo
2 of the two configurations n,vAn are different. Therefore, with probability at least %, there
is at least one wrap-around in the uniform even subgraph (and hence, in the loop O(1) model
and therefore also the random current model). Since 1 has the distribution of the loop O(1)
model, this lets us provide lower bounds for connection probabilities for the loop O(1) model
on the torus.

The main technical part of the paper then lies in proving Theorem 1.3, which allows us to
transfer the connections of the torus into the space Z%. We, in turn, prove this theorem by a)
proving that the uniform even subgraph is generically not very sensitive to boundary conditions
and b) recalling some classical literature on the connectivity of the supercritical random-cluster
model.

This trick of exhibiting large clusters through the topology of the torus was previously em-
ployed to prove a polynomial lower bound for the escape probability of the Lorenz mirror model
in [44]. One may view the XOR-trick employed in [16] as another instance. However, the trick
comes in many disguises. For example, it rears its head as the four-fold degeneracy in the
ground state of the toric code [40], which is an important candidate for the implementation of
quantum error correction.

As a final aside, one may wonder just how sensitive the loop O(1) model is to the topology
it is placed in. Our application of the above trick is highly sensitive to topology and does not
readily generalise to a direct proof on Z%. On the other hand, Theorem 1.3 seems to tell us that
the topology largely does not matter. In Section 6.4, we investigate this topological sensitivity
by proving that removing certain edges in the hexagonal lattice can change the loop O(1) model
from not percolating to percolating.

2 Preliminaries: Graphical representations of the Ising
model and their connections

In this section, we introduce the classical ferromagnetic Ising model I and its graphical repre-
sentations: the random-cluster model ¢, the (sourceless, traced) random current model P and
the loop O(1) model ¢.

Furthermore, we will be concerned with the uniform even subgraph UEG, Bernoulli percola-
tion P and the double random current P®2, the latter of which is obtained as the union of two
independent copies of the single random current P.

The models are defined, first on finite graphs, then suitably extended to models on infinite
graphs. For any graph G = (V, E), we denote the space of percolation configurations Q(G) =
{0,1}¥#, which is identified with P(E) under the map w — E, := w™}({1}). For w € Q(G), the
associated spanning subgraph is (V, E,). A measure on Q2 = Q(G) will be called a percolation
measure. The Ising model I is a measure on {—1,1}V, also called a spin model, while its
graphical representations ¢, P, £, as well as IP, are percolation measures. The models are related
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xr=0 exp decay percolation =1
2 B e ° °
x?erc
exp decay E(|C(0)]) =00  percolation
28 d>3 - * ® °
xc,lust xgerc
exp decay E(|C(0)]) = o0
¢ °
xclust

Figure 1: The phase diagram of the loop O(1) model and the single random current on Z?
and Z¢,d > 3 as well as the loop O(1) model on the hexagonal lattice H, all three in the
ferromagnetic regime = € [0,1]. What remains to be proven in the phase diagram is whether
aPere = gt for 74 d > 3 (as conjecture in Conjecture 6.6). Note also that the case z = 1
corresponds to the uniform even subgraph UEG, which percolates for Z¢,d > 2, but not for H.

in a myriad ways, the most prominent of which are:?

e The random current model P and the random-cluster model ¢ are obtained from the loop
O(1) model ¢ by adding additional edges independently at random (that is, according to
P).

e The loop O(1) model ¢ is obtained as a uniform even subgraph of either the random-cluster
model ¢ or the double random current model P®2.

e For any v,w € V|,
P®[v < w] = (0,04,)? = ¢[v < w]*.

These equalities mean that P®2 T and ¢ have a common phase transition at the critical
inverse temperature g, of the Ising model.

e In two dimensions, the loop O(1) model ¢ is the law of the interfaces of the Ising model.

We summarise the couplings in Figure 2 (partially borrowed from [41]).

2.0.1 The Ising model

The much celebrated Ising model, introduced by Lenz [46], is a paradigmatic example of a
model which undergoes a phase transition. The Ising model on a finite graph G = (V, E) is

2 Details including parametrisations are given in Theorem 2.5 and Table 1.
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a probability measure on the configuration space {—1,+1}". The energy of a configuration
oe{-1,+1}Vis
H(o)=— Z fofo

(vyw)eEE

With parameter § € [0, o0], called the inverse temperature, the probability of a configuration

1S
exp(—SH(0))
Z&G

Lsclo] = ,
where Zg = > _exp(—fH(0)) is a normalisation constant called the partition function. This
extends to the case § = oo by weak continuity.

In keeping with the literature, we write (0,04, for the correlation function I ¢[o,0,], i.e.
the expectation of the random variable o,0,, under the measure Iz .

2.1 The graphical representations

We start off by fixing some terminology. For a percolation configuration w € €2, we say that e
is open in w if w(e) = 1 and e is closed if w(e) = 0. There is a canonical partial order on
given by pointwise comparison, that is, w = W’ if w(e) < W'(e) for all e € E. We say, an event
A C Q is increasing if for all pairs w,w’ € Q, it holds that if w € A and w < w, then ' € A.
The notion of increasing events enables us to define a partial order on percolation measures on
Q by declaring vy < v, if v1(A) < 15(A) for all increasing events A. In this case, we say that
vy stochastically dominates vy.

Further, for two percolation measures v; and v5, we let v; Uvy denote the measure sampled as
the union of two independently sampled copies of v, and 5. That is, if (wy,ws) ~ 11 ® s, then
vy Uy is the law of w; Uws which is defined by E, ., = E,, U E,,. Note that vy Uvy = pq, vs.

2.1.1 Boundary conditions

If G=(V,E) C (V,E) is a subgraph, the edge boundary is 9.G = {(v,w) € E| v € V,w ¢ V}.
Similarly, the vertex boundary is 0,G = {v € V| 3w (v,w) € 0.G}.

For a graph with boundary 9,G C V, a (topological) boundary condition is a partition of
0,G. In physics parlance, the boundary vertices belonging to the same class according to the
partition are wired together.

There is a partial order on boundary conditions given by fineness. If ¢ is a finer partition
than &', we write £ < £'. There is an initial and a terminal boundary condition with respect
to this order, namely the free boundary condition where all vertices of 0,G belong to distinct
classes, and the wired boundary condition consisting of only one class. We denote these by 0
and 1 so that 0 < ¢ <1 for any boundary condition . Given a boundary condition & we may
define the quotient multigraph G/ ~¢ by identifying vertices according to the partition, and
similarly for any subgraph of G. So for w € Q(G), we obtain w® € Q(G/ ~¢). Define k*(w) to
be the number of connected components of w®. The connected components are often referred
to as clusters.
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4. The Uniform Even Subgraph and the Ising Model

In the presence of a percolation model v, where GG ranges over subgraphs of G, we consider
the types of boundary conditions arising from the inclusions G C G’ C G. Fixing the state
w|ene = 1 of the configurations on the complement of G, we say the measure vg[-|[¢], as a
percolation measure on GG, has exploratory boundary conditions. Proposition 2.3 below relates
these to topological boundary conditions on G for the random-cluster model, but for loop O(1)
and random current models, there is no such connection. We also consider the marginal measure
ver|g which is the average over all exploratory boundary conditions. We say that this, as a
percolation measure on G, has marginal boundary conditions.

2.1.2 The random-cluster model

The most well-studied graphical representation of the Ising model is the random-cluster model.
For p € [0, 1], finite graph G, and boundary condition &, it is the probability measure given by

¢ ‘w p \"
ot (i5)

where o(w) = |E,| denotes the number of open edges in w. Whenever the boundary condition
is omitted, we assume the free boundary condition, i.e. ¢, o = ¢2,G-

The random-cluster model is related to the Ising model through the Edwards-Sokal coupling
[27]: Suppose w ~ ¢, ¢ and o is obtained from w by independently assigning + and — spins
to the clusters of w. Then, o ~ Igg. Conversely, w can be sampled from o by taking each
edge e = (v, w) such that o, = 0, and opening it with probability p. From the Edwards-Sokal
coupling, it follows that

(0vow)s,6 = dpclv <> wl, (1)

for p = 1—e72% (cf. [19, Corollary 1.4]). In particular, (1) implies that there is long-range order
for the Ising model if and only if there are large clusters in the random-cluster model. Thus,
the physical properties of the Ising model may be studied via the graphical properties of the
random-cluster model. Towards this end, the random-cluster model has several monotonicity
properties which makes it amenable to analysis. While this paper is not focused on proving
something new about the random-cluster model, these properties will nonetheless play a crucial
role as we explore the other graphical representations through the couplings. Here, we repeat
a tailored version of the more general statement in [36]. For these and more results about the
random-cluster model, we refer the reader to [19] and [34].

Proposition 2.1. For the random-cluster model on a finite subgraph G of a graph G (finite or
infinite), the following relations hold:

i) The measure qbf),G is monotone in & in the sense that if £ X &', then

She = Dro

for any parameter p € [0, 1].
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1) The measure gbZiG is increasing in p i.e. if p < p', then

& 3
(b G j ¢p/,G7
for any boundary condition &.

i1i) The random-cluster model is comparable to Bernoulli percolation in the following sense:

]P)ﬁ)G j qbf),G j Pp,Gv

for any boundary condition &, where p = ﬁ.

Proposition 2.2 (FKG inequality). Let G be a finite graph, and A and B increasing events,
then

0p,6lAN Bl = ¢}, 6[Al65, [ B]
for any boundary condition £ and p € [0, 1].

Proposition 2.3 (Domain Markov Property). If Gy = (Vi, E1) C Gy = (Va, Ey) are two
finite subgraphs of an infinite graph G, we write wy := w|g, and wy := w|g,\g,. Then, for any
boundary condition & and any event A depending on edges in Gy, it holds that

5 colwr € Al wa] = ¢, [A],

where v,w € Vi belong to the same element of &,,, if and only if they are connected (or possibly
equal) in (Va, E,,)/ ~¢.

2.1.3 Construction of infinite volume measures

The monotonicity in boundary conditions combined with the Domain Markov Property allows
us to define infinite volume measures in the following way. For a sequence of finite graphs
Gn + G = (V,E) for some infinite graph G it holds that the marginals of q%mp on a fixed
finite subset A are monotonically decreasing. In other words, if A is an increasing event that
depends only on edges in A, then {¢¢, ,(A)}nen is monotonically decreasing. Similarly, the
sequence {¢Oan,p(A)}neN is monotonically increasing. Since they are bounded, they have limits
qﬁ},’G(.A) and QS%G(A) respectively. One can check that the limit does not depend on the choice of
sequence G,,. Since the set of increasing events is intersection-stable and generates the product
o-algebra of {0, 1}, the two (possibly equal) infinite volume measures are uniquely determined.
These limits define probability measures follows as the space of probability measures is compact,
which is a standard consequence of Banach-Alaoglu.

On the other hand, any measure v on {0, 1}* which almost surely has the Domain Markov
Property (cf. Proposition 2.3) could be called an infinite volume random-cluster measure.
However, such a measure would necessarily satisfy ¢° < v < ¢! and by [54, Corollary 3],

0 . = gb}lj’zd for all p. Accordingly, there is a unique infinite volume measure and, we shall

p,Z4
drop the boundary conditions from our notation in the infinite volume case and merely write
¢pza. A similar construction defines the infinite volume Ising measures Ig 2ds I; > IE ga- With
the infinite volume measures at hand, the following is obtained from (1) in a more or less

straightforward manner.
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Proposition 2.4. Let G = Z¢ and let 3 > 0 be given. Then there is long-range order in the
Ising model, i.e. there exists a ¢ > 0 such that for all v,w € V,

<Uvo-w>ﬂ7Zd > ¢,
if and only if there is an infinite cluster almost surely, or equivalently,
QSB’Zd [0 — OO] > 0. (2)

On the hypercubic lattice Z%, for d > 2, there exists a unique sharp phase transition [51, 2].
This means that there exists a (. such that (o,0,,) decays exponentially in the distance between
v and w for all § < 3, and that there is long-range order for all 5 > g..

2.1.4 Even subgraphs

Both the random current model and loop O(1) model are defined in terms of even subgraphs
of a graph. A graph is said to be even if every vertex degree is even (and in particular finite).
We denote the set of all percolation configurations corresponding to even graphs by (2.

A related notion often used in the context of multigraphs in the random current literature is
that of sources. For any (multi-)graph H = (Vy, Ey) we say that the sources of H, denoted
OH, is the set of vertices of odd degree. An even graph is then a graph such that 0H = 0.
Just like we identified spanning subgraphs of a given graph G = (V, E) with the space of
percolation configurations €2, so we identify a configuration n € N¥ with a multigraph, and
such a multigraph is called a current. If On = (), we say that the current is sourceless.

2.1.5 The random current model

We now briefly introduce the random current model. For a more complete exposition, see [17]
or [19]. We first define the model on a finite graph G = (V, E). To introduce the random
current model, we define the weight

wa(m) = T 2.

n,!
eclE
Then the random current with source set A, denoted PZ},G, is the probability measure on N,
given by
P[] oc ws(n)Lion=ny-

Since we can view any deterministic boundary condition as a free boundary condition on an
appropriate graph, we will mostly work with free random currents P?,G = Pg,’g. The following
relation (cf. [19, (4.5)]) provides the first relation of the random current model to the Ising
model

Zn|6n:{v,w} wg (Il)
Zn\8n=@ wﬁ(l’l)

<Uv0w>ﬁ,G =
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From the multigraph valued random current, one derives a percolation measure called the
traced random current. For any current n € NJ, the corresponding traced current 1 is defined
by fi(e) = lye)>o for each e € E. Of prime import to the trace operation is the fact that it
does not change connectivities, i.e. v <+ w in n if and only if v <> w in n. In the following, we
will only discuss the traced random current without sources, which we will denote Pg .

Finally, a key player in the random-current literature is the (sourceless) double random cur-
rent, defined by

P??G = Pg,c U Pﬁ,G~

As a celebrated consequence of the switching lemma (see [19, Lemma 4.3]), one can prove that
(avaw)%’G = P?%[U < w). (3)

Thus, the double random current, just like the random-cluster model, has the onset of large
clusters at the critical point of the Ising model. One of the main motivations for this paper is
to investigate for which infinite graphs G this is also true of the single random current Psg. A
positive answer would be implied by a positive answer for the loop O(1) model, which we shall
now introduce.

2.1.6 The loop O(1) model

For a finite graph G = (V, ), we now define the loop O(1) model Efc)G for parameter = € [0, 1]
as a measure on (G). For x € [0, 1], the loop O(1) model Ei)G[n] is defined by

fic[n] oc 20 Lo —gp-

In particular, for z = 1, E%G is the uniform measure on Qy(G), which we denote by UEGg.
We note that 82,,@ is the high temperature expansion of the Ising model for x = tanh(f).

Notice how we may choose to view the sourceless random current Pg¢ and the loop O(1)
model /¢, ¢ as respectively independent Poisson and a Bernoulli variable on each edge condi-
tioned on the sum over the valences on edges adjacent to a given vertex being even. This point
of view was used in e.g. [56].

For planar graphs, the loop O(1) model is the law of the interfaces of a corresponding Ising
model on the faces of the graph. This is discussed further in Section 5.1.

2.1.7 Bernoulli percolation

Although it is not a graphical representation of the Ising model, we consider also Bernoulli
percolation with parameter p € [0, 1], which we will denote by P,. This is the percolation
measure where every edge e € E is open with probability p independently. The model was
introduced in [12] and has since been subject to intense study [18]. Here it will mainly play an
auxiliary role.
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2.1.8 Coupling the graphical representations

To state the couplings, let us define the uniform even subgraph of a probability measure.

For a probability measure p on €2, consider the measure obtained by first sampling 1 and then
sampling the UEG of the first sample. That is, for every even graph n € y, consider UEG,, [n]
as a function of w € €, so

PUEG,[n]] = > UEG,| Z by Q"*“

we

Now, we state the couplings from [19, Exercise 36]. The original references are [33, Theorem
3.5], [49] [48, Theorem 3.1], [41, Theorem 4.1]. We refer to Table 1 for the translations between
the various parametrisations.

Theorem 2.5. For any finite graph G = (V, E), the graphical representations of the Ising model
are related as follows:

e gg,G U ]P)lfcosh(ﬁ)fl,G = PB’G
o 19 6 UPnng).c = ¢
o PILIUEGL[]] = €[] = ¢)c [VEG.[]]

Remark 2.6. We note that even though the couplings here are only formulated with free bound-
ary conditions, the measures with boundary conditions correspond to the free measure on the
quotient of the original graph. As such, the couplings in the theorem also hold for e.q. wired
boundary conditions.

Proof. For a proof of the first two points, see [41, Theorem A.1]. The first equality in the last
point is [41, Theorem 4.1] and the other equality is the statement of [33, Theorem 3.5]. We
give a proof in our notation. For any even graph n, it holds that

0 2K(w)ﬂ77<w D o) p o) o(n) 0
0 GIUEG,[n]] o< > = x> s | Lyzw X Pogln 2 w] oca®™? =€ glnl,
[Qp(w)] \1—-p 2(1 —p)

weN wel

where PP, ¢ denotes the expectation under Bernoulli percolation with parameter + = tanh(5) =
57 and we used the fact that [Q(w)| = 2r(@)Flo@)=IV,
O

The relation |Qp(w)| = 28 Fe@I=IVI jg classical and one of its proofs goes as follows: if e is
part of a loop [, then n — nAl is a bijection between the set of even subgraphs with e open and
the set of even subgraphs with e closed. Since the latter can be identified with Qy((V, E\{e})), it
follows that adding an extra edge e to a connected graph doubles the number of even subgraphs.
This bijection will play a central role in the rest of the paper.

144



Figure 2: Overview of the couplings between the graphical representations of the Ising model.
Dashed arrows point towards the distribution obtained from taking a uniform even subgraph.
Full arrows indicate a union with another percolation measure.

One might also take the coupling in Theorem 2.5 as definition of the loop O(1) model with
boundary condition, so

al) = dhc [UEGL[ . (4)

Notice that this definition is consistent with our previous definition of €§7G.

We can also take this approach to define the loop O(1) model in infinite volume, as was noted
in [8, Remark 3.16], where we define the uniform even subgraph on an infinite graph G as the
Haar measure on the group of even graphs. This allows us to define the loop O(1) model on an
infinite graph as

logl] = dpe [UEG,[]]- (5)

The equivalence of this definition to those given in [33, 8] is discussed in Section 3.2. There,
we will also see that UEGg is in a certain sense unique when G is one-ended. This is case for
the infinite cluster of w ~ ¢, 7« when d > 2 by the Burton-Keane theorem [13, Theorem 2].

The literature [5, 38] also has yet another construction of the infinite volume loop O(1) model
which uses a relation of the loop O(1) model to the gradient Ising model. Fortunately, the
uniqueness of the infinite volume measure proven in Theorem 1.3 implies that the constructions
agree. We remark that (5) also gives an independent construction of the infinite volume random
current measure as

Pﬁ,Zd - gﬁ’zd U Plfcosh(ﬁ)fl,Zd'
2.2 The phase transitions of the graphical representations

Having introduced the various graphical representations, we now turn our attention to their
phase transitions and how they are connected. Suppose that G is an infinite graph embedded
in R? on which Z? acts by translation by a Z-linearly independent family of vectors (v;)i<j<a-
We will call such a graph d-periodic (or bi-periodic for d = 2). We will mainly be concerned
with G = Z¢ for d > 2 or G = H where H is the hexagonal lattice in two dimensions.

We consider one of the parametrised families of translation invariant infinite volume measures
ve{l)s Psg, P%}, V). Further, whenever we parametrise a measure by a parameter that
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4. The Uniform Even Subgraph and the Ising Model

g P x
log(1 — p) | arctanh(x)
1—e 23—1
tanh(ﬁ) ﬁ

Table 1: The parameters 3, p,x in standard parametrisations of Iz, Py, ¢, (, are always as-
sumed to relate according to the table whenever they occur in relation to one another. This
over-determination is convenient for the individual parametrisations and follows the literature
standard.

is not its natural parametrisation, e.g. using ¢z instead of ¢, we implicitly use the bijections
between the parametrisations that are summarised in Table 1. For each of the models, there is
a percolative phase transition defined by

B (v) = inf{f > 0 | 3]0 +> oo] > 0},

with the convention inf ) = co. Recall that if v4[0 <> oo] > 0, we say that the model percolates
at (.

One may also consider related but a priori different phase transitions corresponding to ex-
pected cluster sizes and regimes of exponential decay. These are defined by

B ) = {5 > 0 | ws[|C(0)]] = oo},
as well as
FER(v) = sup{8 2 0] 3¢,C > 0,90 € G 1 5[0 ¢ v] < Ce 1},

For translation invariant measures v, it is straightforward to see that

BEP(v) < B (v) < BE(v).

Furthermore, one says that a phase transition is sharp if f&P(v) = p2(v). In general, the
phase transition of the random-cluster model on a lattice is sharp (see [24]), but examples
exist of lattice models that are not sharp, with the famous example of the intermediate phase
described in the Berezinski-Kosterlitz-Thouless phase transition predicted in [10, 43] and rig-
orously proven in [30].

The relations (2), (3) together with sharpness of the Ising correlation function, proven in [2],
imply that

B () = B(9) = BIP(9) = B. = B (PP?) = AP = BOP(PY),  (6)

where [, is the critical inverse temperature of the Ising model.
The main concern of this paper is the phase transition of the two remaining graphical represen-
tations, £, and Pg. The couplings from Theorem 2.5 immediately imply stochastic domination

(s < Ps = ¢ (7)
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Thus, for # € {perc, clust, exp}, it holds that

BE(0) > BE(P) > BZ(¢) = B..

For the special case of the graph Z<, it was asked in [17, Question 1] whether the percolative
phase transition for the random current is the same as for the Ising model.

uestion 2.7. For G = oes 1t hold that = [,
Q i 2.7. For G=7%d hold that pP°(P 6.7

As one of the findings of this paper, we note that percolative loop O(1) phase transition
depends a lot on the lattice. Therefore, in the investigation of the random current, one might
allow oneself the freedom of also considering the phase transitions "' and £P. Our main
result (cf. Theorem 1.5) implies that for G = Z% and d > 2 or G = H, then

ﬁé}lust (f) — ﬁc~

In particular,

B (0) = BP(0) = BV (P) = G (P) = f.

Remark 2.8 (On generality). The techniques we employ mostly rely on the fact that Z* de-
scends to a graph on the torus, which allows us to utilise the non-trivial topology of the torus
to control the existence of large clusters. As such, the result should carry over to locally finite
d-periodic graphs embedded in R?.

The reason for not reflecting this in our statement is a) making it more accessible and b) the
fact that a lot of the literature on the Ising model that we use is stated specifically for Z¢ - for
instance, [20, 11, 52]. We expect no particular difficulty in extending those results to lattices
with suitable symmetries but prefer not to get bogged down on the possible generality of the
results on which we rely.

One may note that none of the above papers are necessary for treating the planar case where
planar duality (introduced in Section 5.1) and sharpness of the phase transition does the neces-
sary work for us. In particular, our results apply to the hexagonal lattice, which we shall discuss
further in Section 5.2.

The assumption of having some structure is necessary for the result, as there are examples of
graphs where the phase transitions for the loop O (1) model ¢ and the random current model P
are non-unique [35].

2.3 All phase transitions coincide for 72

On the square lattice, the overall picture is well-understood. For the Ising model, the existence
of a phase transition was proven by Peierls [51] and the exact value of 5, = %log (1 + ﬂ) was
proven by Onsager [50].

The uniqueness of the phase transition at the point S, for the loop O(1) model was noted in
[31]. The corresponding result for the single random current follows directly by the coupling in
Theorem 2.5.
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4. The Uniform Even Subgraph and the Ising Model

First, we recall the notion of *-connectivity for planar graphs. Two vertices v, w of Z? are
said to be x-adjacent if they are adjacent to the same face. Accordingly, we have a notion of
x-paths. A set of vertices W is said to be x-connected if any pair of points v,w € W can be
joined by a *-path contained in W. For an Ising configuration o € {—1, —l—l}V(ZQ), a *-connected
+-cluster is a maximal *-connected set of vertices that are coloured +.

Theorem 2.9 ([31, Theorem 1.3]). It holds that 3°({z2) = B.. It follows that B#(v) = S.
for allv € {lz2, Py, P%Z, ¢z2} and # € {perc, clust, exp}.

Proof. In [37], Higuchi proved that for the Ising model on Z?, if 8 < ., then there exists an
infinite *-connected +-cluster and no infinite ordinary + cluster almost surely. Since the loop
O(1) model ¢, 72 is the law of the interfaces (see Section 5.1 for details on planar duality) of the
Ising model, having an infinite *-connected +-cluster which is not an ordinary infinite cluster
means that ¢, 72 percolates. The second statement follows from (7) and (6). O

Since the uniform even subgraph is the loop O(1) model ¢, for x = 1, the results settle
percolation of UEGg:.

Corollary 2.10. UEGgy: percolates.

For completeness, we give an independent proof of Higuchi’s statement about the co-existence
of infinite *-components. The proof is inspired by [14, Proposition 2]. Let C1* be the event
that there is an infinite *-connected +-cluster and let C_* be the event that there is an infinite
*_connected —-cluster.

Finally, we remind the reader that a boundary condition for the Ising model on a finite
subgraph G of Z? is given by fixing a configuration on the vertices adjacent to G. Thus, we get
an Ising model on G conditioned on these extra boundary spins. Just as in the case of boundary
conditions for percolation configurations, these boundary conditions are partially ordered (see
e.g. [29, Section 3.6.2]).

Proposition 2.11. Let 5 < (. then I572[C*] = 152:[CL*] = 1.

Proof. We let A(n) = Ay, \A,, be an annulus. If there is a x-circuit in A(n) of — spins encircling
the inner boundary, then we say that the annulus A(n) is good. Note that A(n) is not good
if and only if there is a (usual) path of +-spins connecting the inner boundary to the outer
boundary.

Let us first prove that

I;;A(n) [A(n) is good ] — 1. (8)

Let v € A, and let C;f be the +-cluster of v. Then, since § < 3., by sharpness [37, Theorem
3], there exists a ¢ > 0 such that IE,A(n)HCﬂ > n] < e . Thus, by a union bound we obtain
(8) as follows

I;A(n) [A(n) is not good] < Z I;,A(n)HCH > )
vEIN,
< 8ne ™ — 0.
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By monotonicity in boundary conditions, the same convergence holds for arbitrary boundary
conditions.

Now, we look at all (n,2n)-annuli with centers in nZ?, i.e. {A(n)+nk}reze. For every k € Z2
define X (k) = 1[A(n) + nk is good]. Then, we consider {X (k)}rezz as a spin model and show
that it percolates for sufficiently large n. It follows from (8) and DMP for the Ising model that

Loz [X(K) = 11 {X())}jezzljrza] > IEA(”) [A(n) is good] — 1,

so we can use [47, Theorem 0.0] to dominate the process { X (k) }ez2 from below by independent
Bernoulli random variables with some parameter p,, where p,, — 1 as n — oo. Hence, we can
choose n such that p,, is above the threshold for site percolation (which is strictly smaller than
1 [51]). By planarity, for every edge (v,w) of Z?, if A(n) + nv and A(n) + nw are both good,
then the corresponding circuits of —’s must intersect. In particular, percolation of the good
annuli implies an infinite *-cluster of — spins. Thus, I5,2[C;*] = 1 and by spin flip symmetry,
it follows that Iz [CL*] = 1. O

3 The uniform even subgraph

This section starts by collecting general properties of the uniform even subgraph. Afterwards,
we apply the theory to prove that the uniform even subgraph of Z? percolates for d > 3, and give
further results on even percolation in the last part of the section. Section 3.2 gives a detailed
comparison between different constructions of uniform even subgraphs on infinite graphs.

In the treatment of the uniform even subgraph, we take a generalist point of view and regard
“uniform” as synonymous with ”invariant with respect to a group action”. For a given graph
G = (V, E), the space Q(G) is a group under point-wise addition modulo 2, indeed a Zy-vector
space. This addition corresponds to symmetric difference on sets of edges, denoted A, and we
will use these notions interchangeably. The symmetric difference of two even graphs is again
even, and so is the empty subgraph, so the set of even subgraphs Qy(G) is a closed Zy-linear
subspace of (G). We define the uniform even subgraph to be the (normalised) Haar measure
on this group of even subgraphs.

The measure thus constructed is known in the literature as the free uniform even subgraph,
when the graph is finite, and when the graph is infinite, it is known as the wired uniform
even subgraph. While previously studied constructions of limit measures coincide with the
Haar measure (see section Section 3.2) this property has to the best of our knowledge not been
emphasised before, e.g. in [33, 8]. We demonstrate its merits in Theorem 1.1 where we prove
that the uniform even subgraph of Z? percolates for d > 3.

3.1 Marginals of the UEG

We will repeatedly let G = (V, E') be a spanning subgraph of an infinite graph G = (V,E). A
standard approach to infinite volume measures in statistical mechanics is to consider conditional
distributions (e.g. the conditional distribution of a configuration w in G given a configuration wy
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4. The Uniform Even Subgraph and the Ising Model

in G¢ = (V,E\ E)) rather than marginals [29, p.270]. This approach has merit in the treatment
of the random-cluster model with Proposition 2.3 as a cornerstone of the theory. However, for
the uniform even subgraph, and in turn the loop O(1) model, conditional probabilities are less
useful. Specifically, ¢, ¢[-| w] is not, in general, a loop O(1) model with (topological) boundary
conditions as defined in (4) since the sources on the boundary may force edges within G.
Instead, it is more tractable to consider the marginal of the measure UEGg on G - that is,
UEGg|g. As an indication, the uniform even subgraph of G' with wired boundary conditions
can (under suitable conditions) be realised as UEGg|e whereas wired boundary conditions are
extremal for the random-cluster model (see Section 2.1.1).

The Zy-vector space € is compact in the product topology? so it admits a unique Haar measure
normalised to probability. Notice that this Haar probability measure is IP; /5 (the relation to
construction via Kolmogorov’s theorem is discussed in Remark 3.12).

Every closed subgroup of €2 is also Abelian and compact, so it has a corresponding Haar
probability measure. If G is locally finite, we can define the source map 9 : {0,1}¥ — {0,1}" =
P(V') by mapping edges to incident vertices and extending linearly and continuously. All graphs
appearing in this work are assumed to be locally finite. The source map 0 is a continuous
homomorphism so the group of even subgraphs, given by

0(G) = {w € AG)| Ow = B} = ker ),

is a closed subgroup (note that this agrees with our previous definition of 23). More generally,
for K € {0,1}V, we write
Qk(G) ={w € Q(G)| 0w € K}.

The set K can be thought of as a set of admissible source configurations and Qg (G) is a group
when K is a group. For example, the source set {w € Q| dw = A}, where a specific source
configuration is fixed, is a group if and only if A = (). For convenience, we carry forth the
notation Qg when K is the trivial subgroup {(}}. The uniform measure on this group, i.e. the
Haar probability measure, is denoted UEGg. Due to Proposition 3.2 below, when K is a group,
we refer to Qi as the even subgraphs with marginal boundary conditions K.

For a fixed subgraph G = (V,E) C G = (V,E) the inclusion ¢g : £ — E induces the
projection 7g : {0, 1} — {0,1}¥ also known as the restriction to E. By construction of the
product topology, the projection is continuous and the marginal on G of any Borel measure
on {0,1}¥ is defined to be the pushforward along 7¢, denoted p|g *.

Crucially, m¢ is a homomorphism, which, along with the following general fact®, explains the
functorial structure of the marginals of uniform measures.

Lemma 3.1. Let I',TV be Abelian compact topological groups and f : I' — IV a continuous
homomorphism. Let u be a Haar probability measure on U'. If f is surjective, then f.u is a
Haar probability measure on T”. For a general continuous homomorphism, we obtain the Haar
measure on the image f(I).

3 equivalently, the topology of pointwise convergence or the topology generated by cylinder events. 4 This
is not be confused with the plain restriction of a measure to a subspace, viz. Q(G) C Q(G). That is,
1(A) # pla(A) = u(rg'(A)) for general measurable A C Q(G). ° Commutativity in this context is only
used to ensure uniqueness of invariant measures. A more general statement is true for invariant measures on
non-Abelian groups but this is not relevant here.
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G BG

Figure 3: An example of the graph BG. Here, 0,G should be inferred from viewing G as a
subgraph of the square lattice Z2.

Proof. The homomorphism property of f implies translation invariance of f,u on its support.
The rest of the claim follows from the uniqueness of the Haar measure. O

We now turn our attention to extending [33, Theorem 2.6] by including infinite subgraphs
and adding a description of the marginal:

Proposition 3.2. Let G = (V,E) C G and set M = 0 o (). Then,

ma(Q(G)) = Qum(G).
Moreover, the marginal, UEGg|q, is given by the uniform (Haar) measure on Qum(G).
Proof. Denote I' = m5(£2g). Since these groups are vector spaces, by rank-nullity,

I 2 0y(G) & T/%(G).

Recall that Qy(G) = ker d|qa(q), so the cosets of I'/Qy(G) are characterised by their boundary.
By the isomorphism theorem, we identify I'/Qy(G) = M C {0,1}". Then,

I'={w: QG)| 0w e M}.
The statement now follows from Lemma 3.1. O
For any F C E, the induced graph G(E) = (V, E) C G has vertices
V = {v € V| v is not isolated in (V, E)}.

We define the boundary graph as BG = (0,G, 6.G) C G(E) where 0.G C E are the edges in E

between two vertices of 9,G (see Figure 3). The set of wired even subgraphs is
0o, (G) = {w € QG)| ow C 9,GY},

corresponding to Q. with M = {0,1}?*“ and M is considered the wired marginal boundary
condition. We write UEGY, for the uniform probability measure on Qp, (G). For finite graphs
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4. The Uniform Even Subgraph and the Ising Model

with boundary, the trivial boundary condition M = 0 corresponds to Qg = €y which is
called the set of free even subgraphs. Generalising this notion to free even subgraphs of infinite
graphs requires some care, and is dealt with in Section 3.2. Finally, it is instructive to note that
M = doma(Q) C {0,1}" need not be generated by vectors of the form 1, + 1,, for v,w € V;
take for example G to be a cycle graph and G given by two edges apart from each other.

Remark 3.3. We have not given a definition of topological boundary conditions for uniform
even subgraphs, cf. Section 2.1.1. Conversely, the description of marginal boundary conditions,
in terms of the groups M, is valid for uniform even subgraphs, but not for the three graphical
representations of the Ising model we consider.

Definition 3.4. Let G = (V,E) C G and S C P(E). We say S separates edges of G if for
each e € E there is s € S such that sN E = {e}.
If E is finite, we say that G is essentially free if BG = (0,G, 0.G) is connected.

Lemma 3.5. Let G = (V,E) C G and assume Qy(G) separates edges of 0.G. If G is finite
and essentially free, then
T ((G)) = Qo,(G) (9)

and hence, UEGg|g = UEG¢.
If G is finite or infinite and Qg(G) separates edges of G, then
ma(S) = Q(G)
and hence, UEGg|g = IP’%,G.

Proof. Let G C G possibly infinite. For E' C E, Q((V, E’)) is generated by subgraphs with a
single edge, so if 4(G) separates edges of E’, then

QV, E)) € ma((G)). (10)

This is because 7 restricted to Qp(G) is a homomorphism of groups and the generators of
Q((V, E")) are in the range.
Assume now G is finite and essentially free. Observe that

Qa,(G) = Q(G) + AV, 6.6)),

since if w € Qy,(G) there are @ € Qy(G) and n € Q(BG) such that w = ©An. Indeed,
since Ow C 0,G is finite, it partitions into pairs of vertices (v;, w;). Since B(G) is connected, it
contains a path ; from v; to w; for each i and taking n := A;~;, we see that @ := wAn € Qy(G).
This proves (9) when Q4(G) separates edges of 9.G, and the marginal measure is thus the wired
uniform even measure by Proposition 3.2.

Allowing G to be infinite, if Qy(G) separates edges of G, the claim again follows from (10)
and Proposition 3.2. O

Our first result follows as an application of Lemma 3.5.
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4. The Uniform Even Subgraph and the Ising Model

Figure 5: The situation in the proof in the case d = 3 in Theorem 1.1 with the edges in the
subgraph Z? x {0, 1} coloured orange (except for the two edges e, and e,). The horizontal edge
ey, is separated by the light blue cycle, whereas the edge e, is separated by the bi-infinite path,
the first part of which is also coloured light blue.

for the cycles of a connected graph G may be constructed from the edges in the complement
of a spanning tree as follows: The end-points of a given edge in the complement of a spanning
tree are connected through a unique path in the spanning tree which together with the edge
defines a cycle. Since each edge outside the spanning tree appears in exactly one cycle, the set
thus defined is linearly independent. One may manually check that it is spanning.

One observes that this is equivalent to the condition that (V,E\ £) is connected. This extends
to the case where G is infinite as follows:

Proposition 3.6. Suppose that G C G such that every connected component of G\ G is infinite.
Then,
Q5,(G)le =Q,(G)

and it follows that
UEC¢|¢ = UEGy,.

Proof. One inclusion is clear, so let w € 5, G so that dw C 9,G. Since G is finite, so is 9,G
and any v € 0,G has a neighbour in G \ G by definition. Therefore, to each v € dw, we may
choose an infinite path 7, in G \ G with dv, = v. Define the configuration ' = wA,couYe-
Now, dw’ = () and w'|g = w. The last claim follows from Proposition 3.2. O

Another application of Lemma 3.5 is the following;:

Corollary 3.7. For all d > 2 and any k, UEG(,)\k+1 A, = UEG}\k+1 la, = UEGY), .
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Figure 6: An example of two supergraphs of the finite graph A. On the left, the marginal of
UEG! on A is different from the marginal of UEG due to the lack of a connected separating
surface between the inner and outer boundary. On the right, the two marginals are the same
due to the presence of the red path.

Proof. Note that BAy is connected. Furthermore, Qg(Agi1) C Qp,(Ar+1) separates edges on
6.\, since every edge is singled out by the plaquette directly above it in the orthogonal direction
to the hyperplane in which it lies. Thus, Ay C Agy1 satisfies Lemma 3.5 in the finite setting. [J

This result, while simple in itself, runs counter to common intuition in statistical mechanics
because it shows that the uniform even subgraph is extremely insensitive to boundary conditions
despite being a highly dependent model.

We continue by showing a general condition under which this insensitivity to boundary con-
ditions occurs. On a graph G = (V,E), we say that a path n C E connects G; = (V, E))
and Gy = (V, Ey) if its end-points are non-isolated vertices in Gy, G respectively. Recall that
W C V is called a separating surface between disjoint edge sets Fy, Fs if any path connecting
(V, Ey) and (V, Ey) visits W.

Proposition 3.8. Assume F,, Ey, B35 C E are pairwise disjoint and that Ey, Es are finite. Let
Gj = (V.Uc, Bi). If the induced graph W of Es is connected and a separating surface W
between Ey and Es, then mg, (Q9(G2)) = g, (Q(G3)).

Hence, UEGg,|¢, = UEGq,|q,-

Proof. Tt suffices to check mg,Qp(Gs) C 76, Q(G2). Without loss of generality, assume v €
Q9(G'3) is connected. If mg, (7) = v, = 7, there is nothing to prove.

Parametrising v as an edge self-avoiding closed path, the first edge of which lies in E; gives
rise to a partition, S, of vg,uE, consisting of maximal subpaths contained in £, U E,. We claim
that for each s € S, there is hy € Qy((V, Ey U E3)) such that sAh C Es.
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4. The Uniform Even Subgraph and the Ising Model

Indeed, if s C FE,, hy = (). On the other hand, if s intersects Fs3, by the fact that W is
a separating surface, sg, splits into maximal subpaths with respect to the parametrisation
whereof the first and last segment visit W.

Since W is connected, these two segments are connected by a path ¢ C Es. Furthermore, we
may take ¢ such that it only intersects the given two segments of s in its end-points v(to), v(t1)
in such a way that v([to,t1]) C s. Then, hy = ([to, t1])Ac is even and satisfies sAh;, C Es.
Let h = Ayhy € Q(Gs) and 5 = vAh. Then, 5 € Qy(Gs) and Y B, = Vg, Which completes the
proof. O

This tells us that, in the presence of a uniform even subgraph of GG, observing the edges of Gy
gives no information about the even subgraph on the edges of G3. This holds in the strongest
possible sense:

Corollary 3.9. Assume Ey, Ey, E3 C E are pairwise disjoint and that Ey, Fo are finite. Let
G, = (V, Uigj E;). If the induced graph W of Es is connected and a separating surface W
between Ey and E3, and n ~ UEGg,, then n|g, L 1|z,

Proof. For j € {1,3} fix n; € mv,g,)(Q(G3)) and define the set """ as the subset of Qy(G3)
which agrees with n; on E;. Since E; and Ej are finite, one may note that

‘lexnlEg) ‘

UEGGg[]lnIEIZm‘ 77|E3] =

nnles
ZTIQGW(v,El)(Qw(G%))‘ 0 5|

Thus, the claim follows if we can prove that "™ is a translate of Qg’n"’, where 0 denotes the
empty graph. By Proposition 3.8, there exists n € le’o. The translation map, ' — 7'An on

Qy(G'3), is injective, and maps Q"™ into Qg’m and Qg’""’ into Qg"". O

Proposition 3.8 applies to A;, and Z? \ Ay, with the annulus in between as the separating
surface, illustrated in Figure 6. To extend this application to a supercritical random-cluster
configuration, our first order of business in Section 4 will be to prove that the presence of a
connected separating surface in an annulus is exponentially likely in the supercritical random-
cluster model. This is instrumental to proving Theorem 1.3.

3.2 Constructions of uniform even subgraphs in infinite volume

Defining UEG as a Haar measure immediately provides a construction of the uniform even
subgraph of an infinite graph. However, it is standard to regard percolation measures as limits
of finitely supported measures [29, Chap. 6] and this is, indeed, the approach of [33, 8] for
the uniform even subgraph. For the remainder of this section, G is an infinite graph. In this
section, we show how both the limit of the free and wired measures may be realised as limits of
Haar measures. The infinite group of free even subgraphs is a limit of an increasing sequence
of subgroups while the infinite group of wired even subgraphs is determined by a decreasing
sequence of quotients.
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To begin with, let us briefly review a standard approach. It was observed in [33] that any
locally finite connected graph admits a finitary generating set C C Qy(G). Since C is finitary,

the sums
Y o= 1u0)C (11)

CeA ceC

are pointwise convergent for any A C C. The second assertion is that {y(G) = span(C). The
set C can be chosen as a Schauder basis of () and properties of such sets are studied in [8].
The observation is used for sampling a uniform even graph by (uniformly) sampling the subsets
A C C. This is done by replacing the coefficients 1 4(C') in the sum (11) with independent
random Bernoulli-1/2 variables ec. Observe, that the construction of this measure amounts
to defining a surjective homomorphism ®° : ZY — Q(G) (implicitly enumerating C) and
applying Lemma 3.1 to obtain the Haar on 3(G) measure as ®¢ . One speaks of sampling the
coefficients €o sequentially, implying that one is really taking the weak limit of the measures
(®Cn_  )«p for increasing N. These measures on Q(G) are finitely supported and approximate
%y Indeed, since C is finitary, the expectation of any local event (or so-called cylinder event
on a finite cylinder) is eventually constant as N — oo.

With UEG defined a priori as the Haar measure (and not as a limit or as ®¢y for specific C),
we are led to consider approximations of UEG by finitely supported measures. In addition, we
may ask whether the approximations are local in the following sense: a measure is local if it
agrees with the pushforward of a measure p on Q(G) along the natural inclusion Q(G) C Q(G)
for a finite set F and G = (V, E). If the finitary basis C consists of finite cycles, we may
consider ®¢p to be a limit of local measures. In [8], it is recognised that when C is a subset of
the finite subgraphs, it can at most generate the set of free uniform graphs Qf C Q(G) (see
eq. (12)), which is a proper subset of {24(G) if G has more than one end (a fact which will be
discussed at the end of this section).

A natural approach to locally approximating UEG is to consider UEGg for all G = (V, E) C G
where E is finite. The simple observation that Qy(G) C Qy(G’") whenever G C G’ shows that
these groups form an increasing net ordered by inclusion of finite subgraphs’. Consequently,
the Haar measures UEG¢ converge due to a general result.

Theorem 3.10. Let H be a compact Abelian group and let (I'y)aer be an increasing net of
closed sub-groups of H. The Haar measures ., on Iy respectively, converge weakly to the
Haar measure on I’ = Ugerly.

Proof. The measures p, extend to measures on [' by push-forward under the inclusion I',, C I'.
By compactness of the space of probability measures on H, it suffices to establish that all
accumulation points of (4,) agree. Thus, let v be an accumulation point of y,. Since I'y, < T'g
for all « < 3, v is invariant under translation by any element of Uyezls.

Now let (g;)jes C Uaezl's be a net converging to g € I'. Let f be a continuous function
on I', and note that the uniform continuity of f implies that f(z — g;) — f(z — ¢) uniformly.

7 The reader may choose to think of a sequence of finite subgraphs G; C G5 C ... such that G = Unen Gn
rather than the net of all finite subgraphs.
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4. The Uniform Even Subgraph and the Ising Model

Therefore,

li —gi) = —g)].

lim v[f(z — g;)] = vf(z — g)]
Since v[f(z — g;)] = v[f] for all j, we conclude that v is a probability measure with support
on I' which is invariant under translation by elements of I". Therefore, v is the unique Haar
measure on I O

Define the set of free even subgraphs of G

%G = | @) =G, (12)

GCG finite neN

where (Gp)nen is any sequence of finite subgraphs, G, f G. The Haar measure on Qf(G),
denoted UEGY,, is called the free uniform even subgraph. Theorem 3.10 shows that UEGY =
lim UEGyg,, weakly. Furthermore, the existence of a finitary basis implies that this approxima-
tion is eventually constant on local events.

On the other hand, we refer to Q4(G) as the set of wired even subgraphs [8]. We shall now
see how Qy(G) is approximated by local wired even subgraphs giving some justification to this
name. Recall that the set of wired even subgraphs Qg, (G) for a subgraph G C G is defined
in terms of the boundary 9,G with respect to G. If G C G' C G, typically Qg,(G) € Qa,(G")
in contrast to the situation for Qy. Instead, the arrows are reversed, that is g, (G) is (or at
least contains) a quotient of (s, (G’). Recall that by the isomorphism theorem, finite quotients
correspond to homomorphisms with finite range such as the projections m¢|q, () onto ¢ (€24(G))
in our setting. Indeed, 4(G) is profinite which is a way of saying that it is determined (up to
isomorphism) by its (category of) finite quotients. In particular, write

() = lim 76 (2(G)).

for the cofiltered projective limit over the net of finite subgraphs ordered by inclusion. We
do not unravel the definition here but remark that it is the smallest object admitting suitable
projections and refer the reader to [53] for a presentation within the category of measure spaces.
It was noted in [33, Theorem 2.6] that the projections 7¢|q,(q) with corresponding marginals
UEGg|¢ for all finite G C G determine ®¢u by Kolmogorov’s extension theorem. Again, this
is a consequence of a general result for Haar measures.

Theorem 3.11. Let ' = 1&11“,1 be a profinite group. Then, the projective limit of the nor-
malised Haar measures on 'y exists and identifies with the consequently unique normalised
Haar measure on T".

Proof. Let p, denote the Haar probability measure on I'y, and 7, : I' — I',, the projection for
all . The conditions of [53, Theorem 3.4] are trivially satisfied for finite sets I',, so the existence
of a unique regular Borel probability measure p on I' is granted, such that p, = (7, ).p for all
« and satisfying inner regularity with respect to cylinder sets, which amounts to

plU] = Tim g [mo (U))], (13)
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for U C T open. The left and right invariance of u follows from that of y, and (13) since m,
is a homomorphism for each a, 80 1o (7o (gUR)) = pa(7a(9)7a(U)ma(h)) = p1a(U) for g,h € T.
Thus, p is a Haar measure on I'. Any Haar measure on I' shares the properties of i, so the
uniqueness of p according to [53, Theorem 3.4] implies the uniqueness of the Haar measure. []

Remark 3.12. There are several approaches to constructing Haar measures, and Theorem 3.11
with the groundwork in [53, Theorem 3.4] is among them. This result is not new but included for
the benefit of the reader. Note also, that [53, Theorem 3.4] generalises Kolmogorov’s theorem.
In particular, Kolmogorov’s theorem provides a construction of IP)% which coincides with the

Haar measure on Q(G) = @Q(G} by Theorem 3.11.

Returning to the setting G C G, observe that since 75(Q2(G)) Z Q(G), the uniform measure
on m;(2¢(G)) does not push forward to a measure on Q4(G), but it does push forward to Q(G)
along the inclusion 74 (Qy(G)) C Q(G). With this in mind, the convergence in (13) can be
realised as weak convergence of measures on Q(G). Therefore, we obtain a local approximation
of UEGg by uniform measures on the groups m4(€24(G)). As it turns out, on a connected
graph, we may take approximating measures to be wired measures, UEG¢,. Indeed, if G, 1+ G,
such that each G, is finite and every component of (V,E \ E,) is infinite, then it follows
from Proposition 3.6 that UEG¢ is approximated by a sequence of local wired uniform even
subgraphs. We summarise the discussion in a theorem.

Theorem 3.13. Let G be a locally finite, infinite connected graph. The Haar measures on
Q(G) and Q(G) as probability measures on QG) are weak limits of local wired and free
uniform even subgraphs respectively.

Finally to compare the free and the wired even subgraphs, let G,, be as before and consider
the commuting diagram consisting of inclusion and restriction maps

D Qp(Gr) —— Q(Grrr) Q(G)

| | |

C—— Qy, (Gr) —— Qy, (Gpy1) +— ... +—— Y(G)

This diagram characterises the limiting groups. Recall that an end is an equivalence class of
rays, that is, vertex self-avoiding paths with a single end-point where two rays are equivalent if
there exists another self-avoiding path intersecting both rays infinitely often. Equivalently, the
set of ends is the limit
(€)= I C*(G \ G),

taken over all finite G C G, where C*(G \ G) denotes the set of infinite components of the
graph G \ G, and C,(G \ ) is identified with C,(G \ G) for all x € V when G C G.

If ¢(G) is finite, one can check that n can be chosen large enough such that there is an M > n
such that for all m > M,

Qa,(Gn) /76, (20(Gm)) = {f € {0,13@] Y fle) = 0} (14)

ece(G)
Therefore, (14) is also satisfied for Q4(G)/Q)(G) extending the results of [§].
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4. The Uniform Even Subgraph and the Ising Model

3.3 Percolation on Z2

The proof of percolation of UEGys relies on the following result on Bernoulli percolation:

Proposition 3.14. The critical parameter for Bernoulli percolation on Z* x {0,1} is strictly
smaller than % In particular, P%722X{071} percolates.

Proof. We shall see that this is a relatively straightforward corollary of the fact that p.(Pz:) =
[39]. To see this, we define a map T : {0,1}P@>*01D) — {0 1}F®) a5 follows: For w
{0,1}P@>01) "and an edge e = (v,w) € E(Z?), we set e to be open in Tw if either ¢
((v,0), (w,0)) is open in w or each of the three edges

I m o~

ol et ut}

is open in w. Here, e! := ((v,1), (w, 1)) and v = ((v,0), (v, 1)).

Now, for w ~ P 72, 10,1}, the distribution of Tw is not quite Bernoulli percolation on 72, since
each vertical edge appears in multiple plaquettes. But the upshot is that any two vertices v, w
of Z?, v and w are connected in Tw only if (v,0) and (w,0) are connected in w.

In order to get rid of this dependence, let G be the multigraph obtained from Z? x {0, 1} by
replacing every vertical edge v! by four parallel edges (v)™ indexed by the four non-vertical
edges e adjacent to (v, 1) (see Figure 7). We consider the measure P on {0, 1}¥(@) where each
edge is open independently with probability p for all non-vertical edges and probability £ for the
new vertical edges. For each v € Z?, by a union bound, the probability that some edge above
(v,0) is open is at most p. Therefore, for every pair of vertices v,w € V(G) = V(Z? x {0,1}),
we have

P, z2x 013 [V <> w] > PR < w]. (15)

Using this, we shall define a similar map T : {0,1}7© — {0,1}P®) by declaring an edge
e = (v,w) open in Tw if either ¢ is open in w or each of the three edges

{ohe el whe'y

is open in w. Now, because of the splitting of the vertical edges, we get that Tw ~ IP; 72 for
w ~ PP. Inclusion-exclusion yields that

perer () ()
p p+p(4 p 1)

For p = § we find p = § + 5#; > 3, and by continuity, p > % in a neighbourhood of p = 3.
Accordingly, Tw percolates for all p in this neighbourhood. As before, connections in Tw imply
connections in w, which in turn, implies that w percolates. By (15), so does P, 720,13, Which

is what we wanted. Ol

160



Figure 7: In order to get independence of Tw, we replace every vertical edge of Z? x {Oz 1} by
a parallel family of four vertical edges with lower edge weights. In order to construct Tw, we
then colour the new vertical edges according to the horizontal ones.

3.3.1 Even and odd percolation

The proofs that UEGgz: percolates (Corollary 2.10) and that UEGgz« percolates for d > 3
(Theorem 1.1) are rather different, and neither of the proofs extends to cover the other case.
Let us take a moment to ponder the differences between the two methods.

First notice that one can sample the uniform even subgraph of Z? by placing a fair coin on
each plaquette, flipping them, and taking the symmetric difference of all the plaquettes where
the coin landed heads up. As Z? is self-dual, the distribution of the coins is site percolation on
72. Since site percolation on Z? does not percolate at parameter p = %, the clusters of coins
showing heads are all finite. Therefore, the infinite component of the UEG arises as a union of
finite clusters of heads meeting at plaquettes that share only a vertex and not an edge. This
is intimately related to the existence of vertices of degree 4. Attempting to investigate the
importance of vertices of degree 4, we prove that the uniform even subgraph of any bi-periodic
trivalent planar graph does not percolate in Proposition 5.3. However, in Proposition 6.1 we
construct a (non-amenable, non-planar) trivalent graph J such that UEGj percolates.

In parallel to the case of the uniform even subgraph, whenever a finite graph G allows a
dimerisation, that is, a perfect matching, we may consider the uniform odd subgraph. Since
74 allows a dimerisation, one way to define the uniform odd subgraph of Z¢ is by taking the
symmetric difference of the UEG and a fixed dimerisation. A more general characterisation
of the uniform odd subgraph is that it is the unique probability measure on the co-set of
odd subgraphs (supposing this is non-empty) which is invariant under the action of the even
subgraphs.

Since Bernoulli—% percolation is the Haar measure on the space of percolation configurations,
it is invariant under taking the symmetric difference with any deterministic set. Therefore,
the symmetric difference of a dimerisation with the edges in a hyperplane as in the proof of
Theorem 1.1 is still P 1 distributed. Thus, the proof of Theorem 1.1 generalises and the uniform
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4. The Uniform Even Subgraph and the Ising Model

even | odd
7.2 v ?
7Ztd>3] v ve
H X X

Table 2: Overview of percolation of even and odd percolation on the hypercubic and hexagonal
lattices

odd subgraph percolates on Z? for d > 3.

On the contrary, the proof of Corollary 2.10 does not generalise to the uniform odd subgraph
of Z2 and to our knowledge, it is still open whether odd percolation has the same phase tran-
sition as even percolation in Z?, the consequences of which are discussed in [36, Section 6].
Furthermore, we note in Proposition 5.5 and Proposition 5.7 that neither the uniform even nor
the uniform odd subgraph of the hexagonal lattice percolates. We summarise our knowledge of
even and odd percolation in Table 2.

Finally, recall from Theorem 2.9 that the uniform even subgraph of Z? percolates. However,
if we consider the inclusion Z? C Z3, then the marginal of UEGys on Z? is P1 7> by Lemma
3.5. Since IP)% 22 does not percolate, there is a certain non-monotonicity of (percolation of) the
uniform even subgraph. In [35], we show an even stronger non-monotonicity statement of UEG
and ¢, on general graphs.

3.4 The loop O(1) model percolates for large z € [0, 1]

For monotone measures, given a single point of percolation, there is an interval of parameters
for which there is percolation. This does not apply to the loop O(1) model, which has negative
association, but we can still bootstrap the strategy from Theorem 1.1 to get an interval of
percolation points.

Theorem 1.2. Suppose that d > 2. Consider the loop O(1) model £, za with parameter x €
[0,1]. Then there exists an xq < 1 such that

fx,Zd [0 g OO] > O,
for all x € (z,1).

Remark 3.15. A similar statement for the single random current Pg follows from the fact that
P stochastically dominates (,, cf. Theorem 2.5. However, this also follows without Theorem 1.2
since P dominates a Bernoulli percolation.

Proof. For d = 2, the statement follows from the stronger result in Theorem 2.9.

The rest of the argument follows the strategy of Theorem 1.1. We are going to show that the
marginal of £, 7« on a suitably chosen set is bounded from below by a supercritical Bernoulli
percolation. Again, we divide into cases according to whether d = 3 or d > 4.

162



For d > 4, consider a hyperplane Z3~* C Z4. Let p € (0,1) and consider the random-cluster
model ¢, za. Then, by Proposition 2.1 the measure ¢, 7« dominates Bernoulli percolation with
parameter p = pr, ie. Psza = ¢pza. Equivalently, there exists a coupling (w,®) such that
W~ @z, 0~ Psza and w <X @ almost surely.

Now, for any edge e € Z4~!, we say that e is good if e is open, the loop around the plaquette
containing e just above e in Z¢ is open, see Figure 4. The probability that this loop is open in
@ ~ P; is p*. Define the process Z, ((w,)) = e is gooay (@) for each e € E. Then, Z, L Zo
if |e —¢/| > 2. Therefore, by [47, Theorem 0.0], the process Z stochastically dominates some
W ~ P, 74 where ¢ — 1 if p — 1. Defining now Q. ((w,@)) = L is good} (W), then Q. > Z. > W,
almost surely and therefore Q = W.

Next, we apply the relation (5) between ¢, 7« and €, 7z« which consists of taking a uniform
even subgraph. Under this coupling, conditionally on ¢, 74, edges that are separated by cycles
become independent by Lemma 3.5. Therefore, we must have that £, zi|za-1, 40y = IF’%Z(HX {0}

Thus, for any fixed a € (0, %) if we pick p close enough to 1 then £ > a. Since d —1 > 3, we
can once again use the fact that the edge percolation threshold for Bernoulli percolation on Z?
is strictly less than % and 50, €, zd|z4-15 (0}, and therefore also £, 74, percolates.

For d = 3, we apply the same argument as in the proof of the d = 3 in Theorem 1.1, where
we replace the hyperplane by Z? x {0,1} and use Proposition 3.14. 0

4 Proof of Theorem 1.5

Before we get our hands dirty with the details of the proof of our main theorem, we begin
this section by giving a brief overview of the arguments that go into the proof. We do so to
emphasise the underlying topological ideas, for the benefit of the impatient reader, as well as
preparing the road ahead. Then, we review some technical aspects of the Ising literature, and
set up the machinery that we shall need. Together with the previous results on the marginals
of UEG, this enables the proof of Theorem 1.3 as well as Theorem 1.4. The latter requires an
adaptation of the multi-valued mapping principle, to be discussed.

4.1 Road map and torus basics

We saw in Corollary 3.7 that for Z¢, the boundary conditions under which we take the uniform
even subgraph do not matter as soon as we take a single step away from the boundary due to
the richness of loops in the graph. For the supercritical random-cluster model, we can hardly
expect a result quite as powerful, but it is known that we have a local uniqueness property of
the model ensuring that any suitably nice finite piece of the lattice is going to have a single
large cluster. Thus, with the caveat that we might have to take a bit more than a single step
away from the boundary, we should also expect the boundary conditions we are working with
not to matter. In the rest of the section, we fix d > 3.

At the same time, even graphs have some nice interplay with the topology of the torus. For a
hyperplane H in T¢ orthogonal to the e; direction and v € H, we shall call the edge (v, v + e;)
outgoing and the edge (v, v—e;) incoming. One observes that for any even subgraph G = (V, E)
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4. The Uniform Even Subgraph and the Ising Model

Figure 8: A simple, short, topologically trivial path pictured left and a long path wrapping
all the way around the torus on the right. A path wraps all the way around the torus an odd
number of times in the e; direction if and only if it contains an odd number of the outgoing
edges from H.

of T¢, any outgoing edge e in E must be connected in T% \ H either to another outgoing edge
or to one of the incoming edges. In the latter case, e is part of a cluster winding all the way
around the torus in one direction, and such a cluster has size at least® n. This must be the
case for some outgoing edge e if the number of outgoing edges in E is odd, see Figure 8. This
discussion is completely analogous to the observation for the mirror model made in [44] and
motivates the following definition:

Definition 4.1. We say that a loop is simple if it is a path from a vertex to itself such that
every other verter in the path is only visited once. A simple loop v in T? is a wrap-around if
it contains an odd number of outgoing edges of a hyperplane H orthogonal to the ei-direction.

We say that an even subgraph G = (V, E) of T¢ is non-trivial if E contains a wrap-around.
Otherwise, say that G is trivial.

Remark 4.2. Following the above discussion, if v contains an odd number of outgoing edges
of the hyperplane H, then it must also do so for any hyperplane H' parallel to H. As such,
the above definition does not depend on the choice of hyperplane. Of course, a loop might wrap
around the torus in several directions, and we could define j-wrap-arounds for every cardinal
direction in Z%, but since we do not use the different choices of direction in our proofs at all,
we omit them from the definition.

To illustrate our use of wrap-arounds, we warm up with the following lemma:

Lemma 4.3. Let G = (V,E) be a trivial even subgraph of T¢ and let v be a wrap-around.
Then, GAv := (V, EA7) is non-trivial.

Proof. Fix a hyperplane H and note that, since the number of outgoing edges in v is odd, the
parity of outgoing edges from H is different in G than it is in GA~. This immediately implies
the statement. U
8 The astute reader might wonder why we do not simply make this argument on the sphere (corresponding

to the wired random-cluster measure). It is exactly this lower bound on the size of topologically non-trivial
clusters which fails for the wired measure.
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One immediate consequence hereof is the following:

Corollary 4.4. Let G be a fived, not necessarily even, subgraph of T¢ which contains a wrap-
around and let NT denote the event on Qy(G) that a percolation configuration is non-trivial.
Then,

UEGgNT] >

N —

Proof. Fix a wrap-around ~ in G and let n ~ UEGg. By the Haar measure property, we have

that n 2 nA~. However, by Lemma 4.3, at least one of 1 and nA-~ is non-trivial. Accordingly,
by a union bound,

1 = UEGg[(n € NT) U (nAvy € NT)] < 2 UEG¢|NT].
0

Thus, if we can exhibit wrap-arounds in the random-cluster model, we get long clusters in
the loop O(1) model with positive probability. By using translation invariance of the random-
cluster model on the torus, we get a lower bound on the probability of having a long cluster
passing through exactly the vertex 0. This is the main idea of our proof, although we shall be
slightly more clever in our application of Lemma 4.3 to improve the bound we get.

Definition 4.5. For an even subgraph G of T,,, we denote by Cyr the union of the non-trivial
connected components of G.

By translation invariance of the random-cluster model on the torus,

C
Kz,']l‘,‘,{ [0 € CNT] = gz,T;iL |:||VJI§g’|:| .

Hence, our goal in Section 4.5 shall be to lower bound this quantity.

4.2 Local Uniqueness

In order to exploit the uniform even subgraph to say something intelligent about the loop O(1)
model, we have to build up some technical machinery for the random-cluster model. This
section is dedicated to doing just that. As such, the work herein mostly consists in massaging
results from the literature into a form more amenable to our needs. The arguments are slightly
technical and a reader who is more eager to get to the proofs of our main theorems might
choose to skip it on a first reading. Apart from the proof of Theorem 1.3, the results that we
shall be needing later on are Lemmata 4.6, 4.8 and 4.14. As a first ingredient, one may note
that the construction in [20, Theorem 1.3] implies equally well the following lemma:

Lemma 4.6. For any p > p,, there exists ¢ > 0 such that for any n € N and any event A
depending only on edges of A,

& pg Al = by a[A]| < exp(—cn)

for any boundary condition &.
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U, Vg

Figure 9: On the left: A sketch of the event E, from the side. When exploring a cluster
traversing the annulus from the inside to a given face, we have a probability to connect to all
other faces of a given box every time we enter a new strip (corresponding to a translate of S*h)
This probability is uniform in the past configuration. On the right: How to apply the same
argument in the last direction. Using the fact that a crossing from top to bottom of B must
intersect many transversal slabs, it is unlikely that this happens without the cluster of vy also
connecting to the left and right sides of the box.

Our second input comes from Pisztora’s construction of a Wulff theory for random-cluster
models in arbitrary dimension [52]. Let &, .o C {0,1}F") be the event that there exists a
cluster Cpax in A,, such that

® Cax is the unique cluster in A,, touching all faces of OA,,.
o |Coax| > (0 — &)n.

e There are at most en? vertices in A,, that do not lie on Cpayx and that lie on clusters larger
than L.

Combining [52, Theorem 1.2] and [11, Theorem 2.1] yields the following:

Proposition 4.7. For all p > p., if 0 := ¢, 74[0 <> 0], for all 0 < e < 0/2, there exist L and
¢ > 0 such that

¢§,An (Cnreo >1— exp(—cndfl)

for all n € N and every boundary condition &.

A first consequence of this is a result on annular domains, which is essential for showing that
the loop O(1) model is not very sensitive to boundary conditions.
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Lemma 4.8 (Local Uniqueness). For d > 3 and every p > p., there exists ¢ > 0 with the
following property: If UC, is the event that w|,\a, has a unique cluster crossing from A, to
OAgy,, then

QZ);&),A% [UC,] > 1 — exp(—cn)

for alln € N and every boundary condition &.

Remark 4.9. Note that the above statement is also true for d = 2 by sharpness and duality
arguments (see Section 5.1) and for d = 1 since here, there is no p > p.. However, the proof
we give below very specifically uses the fact that d > 3.

Remark 4.10. In the following, we are juggling several constants. Our convention here and
throughout will be to remark upon the changing of the value of a constant ¢ by denoting the
new one ¢ the first time it appears. Afterwards, to prevent notational bloat, we shall revert to
simply writing c.

Proof. The strategy for the proof comes in two steps: First, we show that with probability
exponentially close to 1, there is a unique large cluster in Ay, \ A, of large volume and then we
show that, again with high probability, any crossing must be part of this one big cluster.

For any finite set B of translates B; of A/, observe the auxiliary graph Gy with vertices
Jj €{1,....|B|} and an edge (j,1) if B; N B; contains a translate of A,/s. For each edge (j,1),
let B;; denote a choice of such a translate. For our purposes, B will be the cover of Aj, \ A,
consisting of all translates of A, , contained in A, \ A,_;. Since the centre of every such
translate lies on OAs,, /2, we get that

|B| < Cnt (16)

For each j, let €/ denote the event that the corresponding translate of the event €, /2,1,0/44.9
from Proposition 4.7 occurs in B;. Similarly, for an edge (j,1) of G, let €' denote the event
that the corresponding translate of &, 4 1 g/44 9 Occurs in Bj;.

By a union bound, Proposition 4.7 and (16), we see that

¢5,A2n [(ﬁj(’:j) N (ﬂ(j,l)eE(GB)Qij’l)] >1—Cnpd! exp(—c(n/Q)dil) — O2p2ld-1) exp(—c(n/él)d*l),

which is at least 1 — eXp(—c’nd_l) for an adjusted value .
For future reference, we shall abbreviate €™ma* = (ﬂj@ )N (ﬂ(j’k)e E(GB)CM). In conclusion,

QS;A% (€M) > 1 — exp(—cn). (17)

Now, for (j,k) € E(Gg), on the event € N €*  there is a unique large cluster C? contained
in B; of size at least 0/4%(n/2)? and likewise for k. However, on €7 there is a cluster C** in

BI* of size 41519 (%)d > 0/4% (%)d. Accordingly, C7F C ¢/ N C*. Since Gj is connected, we get
that, on €M% all the C/ are part of one big cluster.
Now, for the second part of the argument, let v € OA,, be given and let C, denote the cluster

of v in w|a,,\a,- Let &, denote the event that v is connected inside of Ay, \ A, to JAs, and for
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4. The Uniform Even Subgraph and the Ising Model

any j, let 27 be the event that C, N B; contains a cluster which touches every face of 9B;. We
denote by 2" the event that 2(% occurs for some j. We wish to show that if C, crosses Aop \ Ay,
then with high probability, it must touch all faces of some B;, that is

& ag [Uveon, € \ AY] < e (18)
Let us first see how (18) finishes the proof. Notice that
e \ (UveaAngv \le) C UCp,

since on the former event, any cluster which crosses Ay, \ A, touches all faces of B; for some
j, any such cluster must be the same as C’, and all the C7 are part of the same cluster. The
lemma then follows by combining (18) and (17).

Thus, let us establish (18). First, by [11, Theorem 2.1], there exists a constant h such that ¢)
percolates?, where S, denotes the slab {0, ..., h}92 x Z2. In particular, if Sj, := {0, ..., h} x Z¢,
we get that ¢>2’ s, also percolates. For the rest of the proof, we shall assume, without loss of
generality, that n > h. Combining [52, Lemma 3.3] with the FKG inequality (Proposition 2.2),
there exists a ¢ > 0, depending only on p such that, for any hyper-rectangle B in Z¢ and
any vertex w, if 2% (w) denotes the event that the cluster of w in Sy, + w touches all faces of
BN (S, +w), we have qﬁgsﬁw[ﬁl’g(wﬂ > c.

Now, suppose v is connected to {{w,e;) = 2n}, and call this event €. On &, we must have
that C, crosses 7 disjoint translates of Sy. To use this, we explore the cluster of v from Ay to
{(w, e;) = 2n} one translate of Sy, at a time and denote by vy, the first vertex of C, we encounter
in v+ khe, + S,. See Figure 9.

Let B denote some B; such that vy, vy + he; € B%. Similarly, let Past(vy) denote the
state of all previously discovered edges (open or closed) and let E(Past(vy)) denote the set of
discovered edges. By the Domain Markov Property (Proposition 2.3), we have that

(Past (v,
pzal'| Past(vy)] = 6 Zd\tE((llg)ast wn

where ¢(Past(vy)) are the boundary conditions which are wired on the component of v in
Past(vy) and free otherwise. Since for any probability measure v and events U,V with v(U N
V) > 0, we have v[-| U N V] = vy[-| U], where vy [-] = v[-| V], we conclude that

L (Past(v &
6z, ()| Past (o), £]] = gEE0) 1otk (0,)|E]],

where w € £ if w U Past(vy,) € £l (and Past(vy) is identified with its open edges). Since & is
increasing, we can apply the FKG inequality to get that

(Past(v (Past(v
Qbf, Zd\té({;l)st o) [QlB”k (Uk)| ‘C/‘T] > ¢f, Zd\; ]];a)st(vk [QU}B% (vk)]

9 Due to the finite size of the graph in all but two directions, the boundary conditions under which we take the
infinite volume limit on S}, matter, unlike in the case of Z%.
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Applying the comparison between boundary conditions (cf. Proposition 2.1i7), we see that
& (Past(vg
¢p$Zd\E((lﬁ’31)st(vk))[Ql%Uk ()] = ) 5, 4, (Ao (v0)] > €

Iterating on the above, we see that, conditionally on &, 2%, (vz) occurs for some k with
probability at least 1 — (1 — c)"/ h'>1—e " for some appropriate choice of ¢. On the event
A%, (vx), we have that the cluster of vy, in C, N B touches all faces of B except possibly
those orthogonal to e;. However, we may apply a similar exploration argument to get that

Gpza[A%| Ay (vg)] > 1 — €7,
see Figure 9. Note that if x denotes the first k such that 2., (v;,) occurs, then
ENN(k < o0) N (A™) C A

and therefore, on &'\ 2AY, either k = oo or there is some k and a w on the boundary of
v + khe; + Sy, such that A%, (w) \ A* occurs. Therefore, a union bound shows that

n/h
GpaalENUA] < Gppali =00l ENHY - D Wk (w)\AY] < (14Cnf)e " < e,

k=1 wea(v+kh€1 +Sh)

The argument in the case where v is connected to another face is similar. Thus, summing over
the 2d faces of A,,, we get that

by z4[E0 \ AY] < 2de™™ < e
By yet another union bound,
pr,Zd [Uvea,\n&, \Q(v] < Cndflefc’n < efc/,”

for an adjusted constant ¢’. By Lemma 4.6, we get (18). O

4.3 Insensitivity to boundary conditions and mixing of the loop O(1)
model

Lemma 4.8 is the random-cluster analogue of the connectivity property that we used for the
uniform even graph of Z? in Corollary 3.7. Combined with Lemma 4.6, we get that the loop
O(1) model is insensitive to boundary conditions:

Theorem 1.3. For x > x., there exists ¢ > 0 such that for any n € N and any event A which
only depends on edges in A, and any G which is a supergraph extending A4,, then

|£i7G[A] — 0, 74[A]| < exp(—cn),

for any boundary condition . In particular, for x > x. and any sequence & of boundary
conditions, limy_, .o éi’“Ak = {, za 1n the sense of weak convergence of probability measures.
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4. The Uniform Even Subgraph and the Ising Model

Proof. For a percolation configuration w, note that the event UC,, from Lemma 4.8 is equal
to the event that there is a cluster in w|a,,\a, containing a separating surface between wly,
and w|a,,\A,,- In other words, Proposition 3.8 applies, so that whenever w € UC,, UEG,[A] =
UEGy|,,, [4]. It follows that lye, (w)UEG,[A] is a random variable which is measurable with
respect to the state of w on edges in Ag,. Furthermore, it is positive and bounded from above by
1. Denoting by drv the total variation distance between probability measures, we can conclude:

166 GIA] — €, 24[A]| = |65, 6[UEGL[A]] — ,.24[UEG,[A]]
< 16 6 Loe, () UEG[A]] = 6, za[ e, (w)UEG,[A]]| + 2 — 65 5[UC,] — ¢, 24[UC,)]

< dTV(Qbé‘Aznv ¢Zd|/\2n> + exp(—cn)
< exp(—c'n) + exp(—cn)
< exp(—c'n),

where in the second inequality, we used Lemma 4.8 and in the third, we used Lemma 4.6. [
By a similar argument, one may show an actual mixing result on Z.

Theorem 4.11. For x > z., there exists ¢ > 0 such that for any n € N and any events A and
B such that A depends only on the edges in some boxz va+ A, and B depends only on the edges
in some box vg + A, for two vertices va and vg such that |vqa — vg| > 6n, then

€0zl AN B) — £, 20 A 24 B)| < exp(—en).

Proof. Denote by UC;; the event that wly,+a,,\a, has a unique cluster crossing from inner to
outer radius and define UCZ similarly. By Lemma 4.8, we have that

ly7a[ANB] = ¢, 7a[UEG,[AN B]] = ¢, za[lyca (w) Lyes (w)UEG,[AN B]] + O(exp(—cn)). (19)
Denoting by wa = Wy, +a,, and wp = w|y,1a,,, We can apply Corollary 3.9 to get that

Tyea (w) Lyos (w)UEG,[A N B = Tyea (w) Lyes (w) UEG,[A]JUEG, [B]
= Tlyca (WA)ﬂucf (wp)UEG,[A]JUEG,[B]. (20)
As llyca(wa)UEG,,[A] is a positive, measurable function of w4 bounded from above by 1, so
we shall once again attempt to bound a total variation distance. Let (@a,wp) a coupling of
two percolation configurations with the same marginals as (wa,wp) such that @, and wp are

independent. Then, by [20, Corollary 1.4], we have that there exists a coupling P of the two
such that Wp = wp almost surely and

Plwa # @a| wg| < exp(—cn).

Equivalently,
dTV((wAa WB)7 ((Dz‘h wB)) < exp(—cn),
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and accordingly,

G za[Nyca (wa) Lyes (wp) UEG, [AJUEG,, [ B]]
=gz Lyca (WaA)UEGL[A]] X ¢ 74[Nycs (wp)UEG, [AJUEG, [B]] + O(exp(—cn)). (21)

Now, to finish, we note that

0, 34 A)y24[B] = § 7a[UEG,[A]] X 6, 5a[UEGL[B]
= ¢ z¢[Lwcuca (wa) UEGL[A]] X ¢y 74 [Lcucs () UEGW[B]] + O(exp(—cn)).
(22)

Combining (19), (20), (21) and (22) yields the desired. O

4.4 Existence of many wrap-arounds

Theorem 1.3 enables us to apply our observations from Section 4.1 by first arguing directly on
the torus and then saying that the model on Z? does not look too different. First, we prepare
for proving the existence of sufficiently many wrap-arounds.

Lemma 4.12. There exists a continuous function f : (0,1)2 — (0,1) with the following prop-
erty:

Let G = (V,E) be a finite graph and § a boundary condition. For p; < pa, there exists an
increasing coupling P between wy ~ ¢§1,G and wy ~ ¢§27G such that for any random finite set of
edges F' C wy measurable with respect to wy, we have

Plwi(e) = 0 Ve € F(wy)| wa] > P[f(p1, p2) 7N | wy].

Proof. Pick an ordering (e;j)i1<j<p of the edges and let U; be an ii.d. family of uniforms
on [0,1]. For i € {1,2}, define the target t.,; : {0,1}{¢=¢-1} — (0,1) as the conditional
probability under ¢,, that the edge e; is open given the state of the previous edges, i.e.

te,i(10) = ¢ clwe, | we, = e, VI < j —1].

Then, recursively setting

wi(€;) = Ly;<te, iliey,ooe; 1)

yields an increasing coupling between the two random graphs w; ~ qﬁfmg.
Let us first remark that if we can prove that

. D2 P1
{0 2() — {1 (1) > min {pz ng s _pl} (23)

deterministically for any to = w’, then we are done.
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4. The Uniform Even Subgraph and the Ising Model

To see this, note that the event that w;(e) = 0 for every e € F' conditional on F is the event
that t.; < U. conditional on U, < t. for all e € F, conditional on F. Since t.o < po (cf.
Proposition 2.17i7)), we can set

f(p17p2) = imln {pQ — D1, P2 - L } )
P2 2—p 2-—m

and the rest is merely computation.

Accordingly, let us establish (23). Since, t is increasing in to, we can assume without loss of
generality that v = w’. Now, if A, denotes the event that the end-points of e are connected in
w\ {e}, we have for i € {1,2} that

Di

te, i(0) = pi¢f’i7G[Aej | we, =W, VI < j—1]+ S (1 — ¢£¢,G[Aej | we, =, VI < j— 1]) ,

whence, since py > p; and A, is increasing,

te,2(0) = te, 1 (W) = (p2 — p1) 8, GlAe, | we, =10, VI < j — 1]

D2 b1 ( 13 _ . )

— 1-— Ao | we =10, VI<j—1
+<2—p2 2—]91) ¢P2,G[ J|wl 1 >J ]

p . .
+ (p2 - 2 _1p1> (¢§27G[A6j | Wel - mel VZ S j - 1} - gbf)l,G{Aej ‘ wel = mel VZ S .] - 1])

. D2 P1

> — — .
_mln{p2 10172_p2 2_p1}

O

This enables us to reprove the classical result [3, Lemma 4.2] in Bernoulli percolation for the
random-cluster model, allowing for the control of the number of crossings in a box.

For an event A and r > 0, let I.(A) denote the set of w such that the Hamming distance
from w to 2\ A is at least r, i.e. changing the state of any r — 1 edges of w cannot produce a
configuration outside of A. For A the event that A, contains a crossing between two opposite
faces, we remark that I,.(A) is exactly the event that w contains at least r edge-disjoint crossings.

Lemma 4.13. There exists a continuous function f : (0,1)* — (0, 1) such that for any increas-
ing event A, finite graph G, boundary condition &, r € N and p; < ps, then

Foup) (1= 65,6l (A)]) < 1- 6, 6lA]

Proof. Let wy ~ ¢§2,G and note that, on the event wy & I,.(A), there exists a (possibly empty)
set of edges F' such that |F| < r, every edge in F is open and wy \ F' ¢ A. This set is not
necessarily unique, but we may simply posit some rule for resolving ambiguities. Under any
such choice, we see that ' becomes measurable with respect to ws.
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Hence, letting P denote the coupling from Lemma 4.12, we see that

1- QSE;LG[A] Z P[wQ ¢ IT(A)7W1 ¢ A}
> Plloi(e) = 0 Ve € Flw, ¢ L(4)] (1 - 5, 61(4)])

P2,
> f(p1,p2)” (1 - ¢§2,G[IT(A)}) :
which is what we wanted. I

Lemma 4.14. For a percolation configuration w on T%, let N denote the mazimal number of
edge disjoint wrap-arounds in w. Then, for every p > p., there exist o, c > 0 such that it holds
that

¢pra[N < an®'] < exp(—cn®!)

for every n.

Proof. The proof essentially follows in two steps, which we outline heuristically here: Pick § > 0
small enough and show that under ¢,_sr4, there is a crossing winding around the torus once
with high probability. Then, we will use the previous lemma to argue that, under ¢, 14, there
is a large number of such crossings with high probability.

Let 6 < p — p. and, for j € {0, 1}, observe the two boxes B; = (A,_1 + jne;) /2nZ? and let
¢/ denote the event that the relevant translate of the event €, ;4,4 sa¢ from Proposition 4.7
occurs in B;. Furthermore, let @7 denote the event that the relevant translate of €, /2,1,0,0/44
occurs in Bj = Nyijo + (—l)j%el. Note that Bj C BynN By.

By a union bound and Proposition 4.7, we have

Gp—sma netne’net| >1-— ZeXp(—cnd_l) - Zexp(—c(n/Z)d_l) >1- exp(—c’nd_l)
(24)

for a slightly smaller constant ¢’ > 0. Let SL be the event that there is a simple loop wrapping
around the torus once in the sense of Definition 4.1. Let us show that

¢netne’net csL. (25)

On the event €N €', for each j € {0, 1}, there is a unique large cluster C? contained in each
Bj, and it contains a path from the left side of B; to its right side. Furthermore, they are
the unique clusters of size at least Z%(n — 1)4in By and B; respectively. Finally, on ¢, there

is a cluster C7 in B; of size 41510 (%)d > G (n—1)% Allin all, on €°NelN €N ¢!, then
Ci CC°NCL. That is, all the large clusters intersect.

Let us now construct a simple loop of open edges wrapping around the torus once. In C7,
there is a path 77 from the left to the right face of B7, which is connected by a path to both
CY and C'. By using the latter paths, we may glue 7° and 4! together, which yields a cluster

containing a simple loop wrapping around the torus once and (25) follows. See Figure 10.
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4. The Uniform Even Subgraph and the Ising Model

Figure 10: The construction of a simple loop wrapping around the torus once. On the left, on
C°NC°NCY, the path A° is connected to both of the clusters C° and C! via the dotted paths.
In the middle panel, on C* NC®NC?, the same is true of the path 4'. From this, a wrap-around
may be extracted as displayed in the last picture.

Since a loop cannot vanish by adding additional edges, SL is increasing. Thus, by Lemma
4.13, we have a continuous function f : (0,1)? — (0, 1) such that, for every a > 0,

eXp(_C,ndil) Z 1- ¢p76,']1‘,‘,{ [SL] Z f(p - 57 p)omd’l (1 - ¢p7’]1‘;{ [Iomd—] (SL)]) )

where we also used (24) and (25). Accordingly,

Gp,ra[Lana-1(SL)] > 1 — exp ((alog(l/f(p —4,p)) —¢) ndil) ,

yielding that
¢p,T% [Iand_l (SL)] > 1—exp (C//ndil)

for an adjusted value ¢ > 0 and suitably small «.

All that is left to do is to notice that I,,s-1(SL) is the event that there exist at least and™!
edge-disjoint simple loops wrapping around the torus exactly once, which is a sub-event of
(N > and™t). O

4.5 Infinite expected cluster sizes from torus wrap-arounds

Finally, we are in position to prove our main result following the outline given in Section 4.1:
We exploit Lemma 4.3 and Lemma 4.14 to lower bound the number of large clusters in the loop
O(1) model on the torus. Then, we use Lemma 4.6 and Lemma 4.8 to compare the loop O(1)
model on the torus to the one on Z? with arbitrary boundary conditions.

First of all, we employ a modification of the multi-valued mapping principle to make more
clever use of Lemma 4.3. The multi-valued mapping principle is a very general piece of combi-
natorial technology which allows for a rough sort of counting.

In its essence, the principle generalises the idea that if there exists a k-to-1 map f from a
set A to a set B, then |A| = k|B|. A way of envisioning this is as a bipartite graph with the
elements of A and B as vertices and an edge between a and b if f(a) = b. In general, if you
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Figure 11: A small subgraph of the auxiliary graph &, ,,. An initial even subgraph is exposed
to the symmetric difference with all possible combinations of our initial wrap-arounds. It turns
out that most of such combinations yield a high number of vertices on non-trivial clusters.

have a bipartite graph with bipartition (A, B) such that the degree of any vertex in A is at least
n and the degree of any vertex in B is at most k, then n|A| < k|B|. The following argument
essentially generalises this fact to the setting where A might also have internal edges. Recall
that Cyr is the union of the clusters containing a wrap-around.

Lemma 4.15. For any ¢ > 0 and any € € (0, ;), there exists § > 0 such that the following
holds:

For any n, and any subgraph G of T,, with cn®™" edge-disjoint wrap-arounds (7;)1<j<eni-1, we
have

UEGG[|CNT| Z €nd_1] 2 0.

Proof. Let G be a subgraph of T,, with cn?~! edge-disjoint wrap-arounds (7;);<j<ema-1. For a
subset A C {1,2,...,en% 1}, let v4 1= Ageaya. Assuch, gy € Qy(T,), noAvya is the symmetric
difference of 7y with ~; for each j € A. Consider the following auxiliary graph &, ,, isomorphic
to the Cayley graph with (v;) as generators: The vertices of &, are 9yAvy4, where A ranges
over the power-set of {1,..,cn? ™1} and 7 is adjacent to 7 if 71 An, is equal to v; for some j.
See Figure 11.

Note that if 99 ~ UEGg, 1m0 L MoAvyy for every A. Accordingly if 7 is a uniform vertex of
G0 (M0)5 Mo 2 7. The upshot of this is that it suffices to argue that, deterministically, a high
proportion of the vertices in &, ,, have the property that |Cyr| > en®!.

Let S. denote the set of vertices in &.,,, such that |E(Cyr)| < den?~!. Note that any n € S.
has F(Cyr(n)) intersect v, for at most den?~! different j. For any j such that 7; does not
intersect F(Cyr(n)), we can apply Lemma 4.3 to the subgraph (V(T,),n\ E(Cyr(n))) to get that
there is at least one wrap-around in nA~; which uses no edges from Cyr(n) and no wrap-around
in 7 which is not in nA~;. All in all, we get that

|E(Cur(nAv;))| = [E(Cyr(n))] + n.

Accordingly,  has at least (¢ — de)n?~! neighbours 7’ such that |E(Cyr())| — |E(Cyr(n))| > n.
Let « denote the number of such edges, that is,

a={n €&, j<en | |ECu(nAy))| = |E(Cur(n)| +n}|

Define aey; to be the number of edges with one end-point in S, and the other in &, \ S. and
let ajpy denote the number of such edges with both end-points in S,. Since each n € &, \ S.
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4. The Uniform Even Subgraph and the Ising Model

has at most cn?! neighbours in S., we have that
et < 7B, 0 \ Sl
On the other hand, any n € S. has at most den?~! neighbours with smaller E(Cyr). Accordingly,
it < dend*1|SE|.
Adding this up, we get that
(c—de)nYS.| € @ = Qext + Qi < 7B, \ Se| + den® S,

implying that

G0 \ S| s €7 2de
|| B c

’6%770\86’ >1_1 ¢ = 4.
[ 2 \¢c—de

Now, for n € &, ,, \ S, we see that

2den®™! <2/E(Cu(n)l = Y deg(v) < 2d|V(Cur(n)),
v€EV (Cur(n))

or, equivalently, that

implying that |V (Cyr(n))| > en?'. To finish, observe that since 7 was a uniform vertex of
CRR
UEG¢|[|Cyr| > en® ] = Pl € &,,, \ S:] > 6.

We can now conclude the polynomial lower bound for the loop O(1) model on the torus.
Theorem 1.4. Let x > x.. Then, there exists ¢ > 0 such that £, 14[0 <> ON,] > £ for all n.

Proof. By translation invariance,

Cornal0 43 ON,) > Co0a[0 € Cur] = Cyrma [!CNT\} '

T3]

Let IN denote the maximal number of disjoint wrap-arounds on the torus. For any given
¢ > 0, choose ¢ € (0,¢/2d) and let § be chosen as in as in Lemma 4.15. Then, by Theorem 2.5,

Cal] _  Togc, [1al
i 7] = 0o |75 [,

Z (bz,']l“fb ﬂNchd_l (w)UEGw |: ’|§TNT|| :| :|

cn

r d—1
en
> (bz,']l‘% ﬂNchd’l (w)d5:|

0
= ¢I,T% [N 2 Cndil] : i??

176



where, in the second inequality, we used Lemma 4.15.
By Lemma 4.14, we have that ¢, s [N > cn™'] > 1 — exp(—cn®') for some value of ¢ > 0,
which finishes the proof. O

Combining the insensitivity to external topology we proved for the loop O(1) model in The-
orem 1.3, this lower bound readily transfers from the torus to Euclidean space and we obtain
Theorem 1.5.

The diameter of a cluster C in Z¢ is given by diam(C) = sup, ,cc |z — y|. Recall that Cy is the
cluster of 0.

Corollary 4.16. For x > z. then
{, za[diam(Cy)] = oco.
Proof. We have that

Cyzaldiam(Co)] > €, paldiam(Co) > K] =) £, 54[0 4 A,

k=1 k=1

and the right-hand side diverges by Theorem 1.5. O

5 The loop O(1) model on the hexagonal lattice H and
other bi-periodic planar graphs

In this section, we first prove a no-go theorem for percolation of the loop O(1) model on a
class of planar graphs. Then, we focus on the hexagonal lattice and discuss how to adapt the
arguments of Section 4 apply to it, despite the fact (as we shall see) that the model does not
percolate. This confirms that the arguments of Section 4 alone are not strong enough to prove
percolation, e.g. on Z<.

5.1 Characterisation of percolation in the planar case.

Using the more complete theory of planar percolation models, we can answer the question of
whether 8t (¢) = gPer¢({) for planar graphs with suitable symmetries with the aid of the argu-
ments of [31] - up to generalising some well-established results in the literature. Unfortunately,
the answer varies with the graph.

First off, recall the notion of planar duality. To an embedded planar graph G = (V,E), we
associate its dual graph G* = (V* E*), where V* is the set of faces of G and every edge e € E
is associated to a dual edge e* € E* between the two faces adjacent to e. One can check that
G* can be embedded into the plane by identifying a given face with a prescribed point in its
interior.

For spin models on {—1,+1}" as well as percolation measures on {0, 1}, we get dual models
on {—1,+1}" and {0, 1} respectively by flipping spins and considering *-connections instead
ordinary connections in the former case and by setting w*(e*) = 1 — w(e) in the latter.
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4. The Uniform Even Subgraph and the Ising Model

In this picture, the dual model of ¢, is ¢,- g+, where p and p* satisfy the duality relation
(cf. [19, Proposition 2.17])

*

pp
(1-=p)(1—p*)

The spirit of the relationship between the loop O(1) model and the planar Ising model goes
back to Kramers and Wannier [45]. Below, z* is the z-parameter obtained from Table 1 by

plugging in p*:

=2, (26)

Proposition 5.1. Suppose that G is a planar graph. Then, for every [3, {,« g is the law of the
interfaces of an Ising model with + boundary conditions on G* at inverse temperature 3.

More precisely, in this picture, the planar loop O(1) model on G can be coupled with the
Ising model on G* as the pair (1, 0), where, for a given dual edge ¢* = (f, g), we set n(e) = 1 if
and only if o0, = —1. This extends to 8 = 0, where n ~ UEGg and o assigns + and — spins
independently with probability %

Now, we turn our attention to the class of bi-periodic embedded planar graphs, for which we
have the following non-coexistence result:

Theorem 5.2 (Non-co-existence). For any bi-periodic planar graph G = (V,E), there exists
no translation-invariant measure yu on either {—1,+1}Y or {0, 1} such that

a) 1 has FKG.
b) p has a unique infinite component and an infinite dual component almost surely.

This theorem was originally proven in [55, Theorem 9.3.1], and we refer the reader to [24,
Theorem 1.5] for a short, independent proof. Since any such G must be amenable, the Burton-
Keane argument [13] applies to all models below to show that if there is an infinite (primal or
dual) component, it must be unique.

First, let us note that there is a robust subclass of bi-periodic planar graphs for which perco-
lation of the loop O(1) model is impossible.

Proposition 5.3. The loop O(1) model on any trivalent bi-periodic graph G does not percolate,
i.e. for every vertex v € V and all x € [0,1], then

Uy glv <> 00] = 0.

Proof. Percolation of the loop O(1) model implies the existence of an infinite cluster of open
edges, which on a trivalent graph G, is an infinite simple path. In the dual picture, this would
imply the co-existence of infinite components of + and — for the Ising model on G*. Now, G*
is a bi-periodic planar graph, so by Theorem 5.2 there can be no co-existence of such infinite
components in the Ising model (at finite or infinite temperature). O
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On a bi-periodic planar graph G with vertices of higher degree, we would expect exponential
decay of the size of + clusters on G*, similarly to [37]. Heuristically, the subcritical Ising model
on G* should behave roughly like Bernoulli site percolation at parameter % due to the expo-
nential decay of correlations. In general, *-connections are easier than ordinary connections,
so by essential enhancement (see [7, 9]), the critical parameter for site percolation, henceforth
p*, on G should be strictly greater than 1. 10

Accordingly, in this range of parameters, the loop O(1) model on G* should percolate by the
same arguments as those given in [31]. On the other hand, for a supercritical Ising model on
G*, we can use the Edwards-Sokal coupling to get that there is an infinite component of either
+’s or —’s which dominates the infinite component of the random-cluster model. Since G* is
bi-periodic, this excludes the co-existence necessary for the loop O(1) model to percolate.

We believe that following the program outlined above one could obtain a proof of the following
conjecture:

Conjecture 5.4. Suppose that G is a bi-periodic planar graph such that pS*(G*) > % Then,

AP (le) = B2 (le) = Be(de)-

5.2 Phase transition on the hexagonal lattice H

In order to illustrate the robustness of our arguments on the torus, we are going to apply them
to the hexagonal lattice, where we know percolation of the loop O(1) model is impossible due
to Proposition 5.3.

For normalisation purposes, we embed the triangular lattice as the lattice generated by the
edges 1,¢€'5 and ¢'% and consider the hexagonal lattice as its dual. Since the triangular lattice
is invariant under translation by 1 and €', then so is the hexagonal lattice. Hence, consider the
linear map 7 which fixes 1 and maps i to '3 and the tilted box Al = T'A;. On this box, we can
observe the quotient where v ~ w if and only if v —w € 2k (Z + e%Z), which corresponds to a
graph embedded on the torus on which the random-cluster model is automorphism-invariant.
Since the hexagonal lattice also has a reflection symmetry in the line {Imz = 0}, we see that
the toric graph thus defined is vertex-transitive and thus, £, A/ 0 € Cu| =4, A /N[v € Cyr] for
any v € A}l

As such, all of our arguments from above carry through so long as we can justify a version
of Lemma 4.8 and Lemma 4.14 for the hexagonal lattice. This, however, is downstream from
sharpness of the random-cluster phase transition (see [24]) on the triangular lattice, as we shall
now sketch. All the arguments are rather standard and slightly orthogonal to the themes of
this paper. As such, we shall assume rough familiarity with them and only provide cursory
details. We direct the interested reader to [19].

Indeed, to get a version of Lemma 4.8, note that, for p > p., the probability of having a dual
crossing from A to JAE on H is exponentially unlikely. However, the existence of two disjoint
clusters crossing the tilted annulus would imply the existence of such a dual crossing.

10 This is not necessarily true e.g. if G* is obtained by periodically attaching finite graphs to the vertices of a
triangulation, but pSi*¢(G*) > % should be the generic case.
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4. The Uniform Even Subgraph and the Ising Model

Similarly, the probability of having a dual top-to-bottom crossing in Al is exponentially
unlikely, implying that the probability of having a left-to-right crossing in AE[ is exponentially
close to 1, which allows us to apply Lemmas 4.12 and 4.13 to get a version of Lemma 4.14.

Once these are off the ground, the rest of the arguments of our paper carry through without
issue, yielding S (¢y) = B&P(ly) = B.(4) for the loop O(1) model on H. Combined with
Proposition 5.3, we obtain the full phase diagram that we summarise below. We have also
plotted the situation in Figure 1.

Proposition 5.5. For the loop O(1) model on H,

B (b)) = BEP(Uyg) = Be(bm),

while

BR (L) = o0

Thus, for the loop O(1) model, we know exactly what happens on the hexagonal lattice
H. However, for the random current measure, the story is quite different. Due to stochastic
domination from below by Bernoulli percolation (see Theorem 2.5), there is a percolative phase
transition at some S2°(Py) < oo.

Indeed, all connected even subgraphs of a trivalent graph are simple cycles, which constrains
E%H rather heavily, but does not affect P, i a priori. As such, it is natural to suspect that while
the behaviour of the loop O(1) model is sensitive to the graph, the behaviour of the random
current measure is generic.

Conjecture 5.6. All phase transitions of the random current and random-cluster model on the
hezxagonal lattice coincide:

B (Pu) = Be(dm).

As a final aside, we add a note on odd percolation on the hexagonal lattice. One might recall
from Section 3.3 that the uniform odd subgraph can be obtained by fixing a deterministic
dimerisation and then taking the symmetric difference with a uniform even subgraph, but on
an odd graph, one checks that the uniform odd graph also arises as the complement of a uniform
even graph.

Proposition 5.7. For any trivalent, bi-periodic graph G, the uniform odd subgraph of G does
not percolate. In particular, the uniform odd subgraph of H does not percolate.

Proof. Since the uniform odd graph of G is the complement of a uniform even one, we have a
coupling (7, o) of a uniform odd subgraph 7 of G and I, ¢~ by setting n(e) = 1 for e* = (f, g) if
and only if oy0, = 1. Since the monochromatic clusters are surrounded by simple loops in the
complement of  and G is trivalent, we get that n percolates if and only if the monochromatic
clusters of o percolate. However, by spin-symmetry, this would imply the co-existence of an
infinite cluster of 4+’s and an infinite cluster of —’s. Since this does not happen, we conclude
that n does not percolate. O
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6 Perspective

We conclude by discussing some more general properties percolation of the UEG and some
open problems.

6.1 General characterisations of percolation of the UEG

As with any model without positive association, getting a grip of the general behaviour of the
UEG is a priori a daunting task, but one might hope for some semi-robust arguments that allow
one to handle large classes of graphs, as for the planar case or the case where the graph G in
question has a subgraph H where Qy separates edges and p.(P,g) < 3.

We saw in Section 5.1 that trivalence prevents the UEG on bi-periodic planar graphs from
percolating. However, as we now show, it is not true that trivalence is an obstruction to
percolation in general. Consider the trivalent supergraph J of N, adding the edges (1, 10),
(1,100) and (n, 10"*1) for all n that are not powers of 10. One may note that J is non-amenable

and non-planar.

Proposition 6.1. UEGy percolates. In particular, there exists an infinite trivalent graph for
which the uniform even subgraph percolates.

Proof. We follow the construction of the uniform even subgraph from [8] and construct a basis
for Qy(J) from a spanning tree. Pick the spanning tree in J which is simply the original graph
N and for every other edge e (henceforth called ’external’), let C, be the simple loop in J given
by joining e with the unique path in N connecting the end-points of e. One may check that the
C, form a locally finite basis of Qy(J). One may note, in particular, that every external edge
belongs to a unique such loop.

Thus, similar to Equation (11), for every external edge e, we can let €, be an i.i.d. family of
Bernoulli—% variables and sample the UEG of J as

ZeeCe.

e

Due to the trivalence of J, this gives the cluster of 1 the following random walk type repre-
sentation on N: First, we set xo := 1 and reveal the states of €10y and €(1,100). If both are 0,
then the cluster of 1 is trivial and the process ends. Otherwise, we set z; equal to the largest
number j such that € ;) = 1 and set e; = (1, j).

Now, recursively, given that the process arrived at x; through the edge e;, since the cluster of
1 is a simple loop in J, exactly one of the other edges adjacent to x; must be open. We proceed
by cases:

i) We have already revealed the state of one of the neighbouring edges. In this case, we
know the unique open edge among the two and set e, equal to this edge and z;;, equal
to the other end-point of e;;. Either x;,; = 1, and the process terminates, or it is not,
in which case the process continues.
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4. The Uniform Even Subgraph and the Ising Model

it) e; is an external edge and we have not revealed the state of (x; — 1,z;). In this case, we
check the sum of e, for every external edge e = (n,m) such that n < z; < m (these are
exactly the external edges such that (z; —1,z;) € C,). If the sum is even, then (z; -1, z;)
is closed, so (z;,x; 4+ 1) must be open and vice versa. Since we have not yet revealed the
state of (z; — 1,z;), the conditional parity of the sum is a Bernoulli random variable. In
conclusion, with probability %, (z; — 1,z;) is open, and we set ej; = (z; — 1,2;) and
Tjy1 = xj_1. Otherwise, we set ;11 = (z;,2; + 1) and z;41 = x; + 1. The upshot is that
the process goes left with probability % and right otherwise.

ii1) e; is not an external edge and the state of the unique external edge e” going through
x; has not yet been revealed. In this case, if €.2; = 1, we set e;;; = € and x;1; equal
to the other end-point of e*7. Otherwise, the edge e;+1 := (z;,2; + (z; — x;_1)) is open,
and we set xj41 = z; + (r; — zj_1). The upshot is that the process takes the external
edge it just arrived at with probability %, and otherwise it continues along N in the same
direction as it has been travelling thus far.

The upshot of the upshots is that the walk arrives somewhere via an external edge, turns left or
right with probability % and keeps walking for a geometric number of steps until it encounters
an open external edge. The probability that 1 is connected to oo is then at least the probability
that z; never has the form 10" at times j where e; is not an external edge (note that 1, 10 and
100 do have this form). This is achieved if B,, happens for every n, where B,, denotes the event
that there is an open external edge in [10™ + 1,10"™ — 1].

Since the marginal of the open external edges is Bernoulli % percolation, we get that

UEG,[B,] > 1 — 910™+1-10"—2 > 1 — 810"

A union bound now yields that

UEG)[1 > oo] > UEG[N,A4,] > 1 — 2278-10" > 0.

n=0
]

Secondly, one might wonder about the links between the behaviour of Bernoulli percolation
and that of the UEG. For instance, one might have a suspicion that if a graph G is easily
disconnected in the sense that the percolation threshold p.(P, ) is very close to 1, this lack of
connectivity might also impact the UEG. This, too, turns out to be false. In order to prove this,
we start with a result stating that the infinite cluster of the slightly supercritical random-cluster
model is easily disconnected. Recall, how we defined the dual parameter in (26).

Proposition 6.2. For every 6 € (0,1), there exists r > 0 such that ¢, z2 U Psz2 percolates for
every p > pe(dpz2) — . In particular, if p < (p. —r)* and w ~ ¢, 72, then q.(Py(w)) > 1 -6
almost surely.

182



Proof. For fixed p,d € (0,1) and a subgraph H of Z? note that e S SH = pH UPspg is a
monotonic percolation measure on H and hence, so is its dual measure. Therefore we can apply
the general sharpness arguments from [24] to see that, for fixed p, there exists a d.(p) € [0, 1]
such that for 6 < 4., v} ..z has exponential decay and for 6 > 6., (v 2,5’1{)* has exponential decay.

Since the phase transrclon of ¢z2 on Z? is continuous [58, 25], gbpcyzg does not have exponential
decay, and we get that 0.(p.(¢pz2)) = 0. In particular, for any ¢ and any ¢ € (0, 1), there exists
an n such that

(V£C757A27L)*[A(n) is good] > 1 —¢,
where A(n) = Ay, \ A, and A(n) is said to be good if it does not contain a dual open crossing
from A,, to 0As,. Just like in the Theorem 2.9, this inequality is sufficient to extract an infinite
cluster for ¢ sufficiently small

However, for fixed § > 0, /° e [A(n) is good] is a continuous function of p and hence, there
exists some r > 0 such that 19 b6 A0, [ A(1) 18 good] > 1 — ¢ remains true for p > p. — 7. In
particular, v, ;72 percolates for all such p and its dual has exponential decay. This gives the
first conclusion.

To get the second conclusion, we move to the dual picture and see that v* 572 18 the distribution
of w* \ ¢, where ¢ ~ Ps (Zz)* and independent of w. This, however, is exactly Bernoulli-(1 — §)
percolation on w*. Since Vs 572 has exponential decay, we conclude that P, _;,, does not percolate
almost surely, Which is what we wanted. O

We note that the proposition also holds for the random-cluster model for 1 < ¢ < 4, but
we do not know whether it holds in Z? for d > 3. Finally, from the extended version of the
Theorem from [31] we obtain the following Corollary.

Corollary 6.3. For every € > 0, there exists an infinite graph G with q.(Py¢) > 1 — ¢ such
that the uniform even subgraph of G percolates.

Proof. For given €, we may apply Proposition 6.2 to pick J such that P;_. ,, does not percolate
almost surely for w ~ ¢, 572. However, by [31, Theorem 1.3|, ¢,,_1s 72, which is the UEG of w,
percolates almost surely.

In particular, there must exist at least one realisation G of w which has ¢.(P,¢) > 1 — € and
the property that UEGg percolates almost surely. O

6.2 The situation for p = p.

Our proof of infinite expectation of cluster sizes of £, 74 required that p > p.. For p < p. there
is exponential decay by stochastic domination by ¢,. Here, we briefly discuss the situation for
P = Pe-

For d > 3 and p = p., we do have a polynomial lower bound for connection probabilities,
since by [19, Theorem 4.8], there exists ¢, C' > 0 such that

c C

‘U|d 1 S <0—00_1}>BC,Z‘1 S ’ |d 2
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4. The Uniform Even Subgraph and the Ising Model

where we note that a more general, and for d > 5 tighter, bound is proven in [6]. Therefore,
?p,.z2[|Co|] = 00. On the other hand, it does not percolate by continuity of the Ising phase
transition [25]. Heuristically, a model with infinite expected cluster sizes should percolate as
soon as any independent density of edges is added to it. Therefore, with the coupling from
Theorem 2.5 in mind, we do not expect that ¢, z4[|Co] = co.

However, for any d > 2, we still believe that connection probabilities of ,_ra satisfy polyno-
mial lower bounds in the volume of the torus. It remains, however, a difficulty to transfer the
result to Z¢, since we cannot use Pizstora’s construction to exhibit separating surfaces in Opezd-
For d = 2, polynomial bounds on the existence can be achieved with ordinary RSW theory,
which suffices for establishing a polynomial lower bound on cluster sizes in ¢, z». In other
dimensions, though, no similar tool exists in the literature to our knowledge. We summarise
our expectations in the following conjecture:

Conjecture 6.4. Let d > 3. Then we expect that {,, 74[|Col] < oo and that there exists some
a,b > 0 such that

|va|b < Ay, 74[0 > v].

6.3 Remaining questions for the phase diagram of ¢ and P on Z¢

In Theorem 1.5 and Proposition 5.5 we managed to prove a condition akin to criticality all the
way down to the random-cluster phase transition for the loop O(1) model on both Z? and H.
However, on Z2, the transition from exponential decay to percolation happens at one point,
whereas it never happens for H. This motivates the following question that asks whether a
proper intermediate regime can exist:

Question 6.5. Does there exist a lattice L such that the loop O (1) model £,y for x € [0,1]
has a non-trivial intermediate regime, i.e. an interval (a,b) C [0,1] and points 0 < zo < a
and b < x1 < 1 such that {1 has exponential decay, {5, 1. percolates, and {,5 neither has
exponential decay nor percolates for x € (a,b)?

Even with our main Theorem in mind, our motivating problem of interest [17, Question 1] is
still left open for Z¢ with d > 3. Since the random current model stochastically dominates the
loop O(1) model, a positive answer would follow from sharpness for ¢,. One reason to suspect
this on Z¢ goes as follows:

The estimate in Theorem 1.4 is particularly crude. We essentially only use that one may
increase the size of the non-trivial clusters by taking the symmetric difference with a wrap-
around which intersects only trivial clusters. However, due to the existence of vertices of
degree at least 4, there are plenty of scenarios where acting by a wrap-around increases the size
of the non-trivial cluster even when the two intersect. As such, we conjecture the following,
which was noted in [31] (cf. Theorem 2.9):

Conjecture 6.6. For Z¢, d > 3 it holds that SP*¢(¢) = BSP(¢).

Of course, one may also settle for the weaker statement:
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Conjecture 6.7. For d > 3, the single random current on Z% has a unique sharp percolative
phase transition, i.e. fP°(P) = &P(P).

6.4 Infinite clusters of the loop O(1) model on the cut open lattice

The technical reason that we cannot extend our result from infinite expectation of cluster sizes
to percolation is that we have difficulties in controlling the variations of where wrap-arounds
occur. If 5 is trivial and + is a wrap-around, then nA~ contains at least one wrap-around by
Lemma 4.3, but there is no reason to suspect that this wrap-around intersects v at all. In an
artificial setup that we will now sketch, we can overcome this barrier.

Consider the graph Z¢ obtained from Z¢ by removing all edges from a fixed hyperplane with
the exception of a single edge, e. Call the graph resulting from this procedure Z¢. We also
consider a similar cut-up H version of the hexagonal lattice H. Just as in the non-cut-up case,
we may consider a quotient of A, N Z? as a subgraph of the torus and carry out our arguments
from before (and similarly for A¥ N #H).

However, by construction, we know that any wrap-around in the cut-open torus must use the
edge e. Therefore, as the size of the torus grows to infinity, we find that the edge e is part of
an infinite cluster with constant probability, and conclude that the corresponding loop O(1)
model percolates.

Theorem 6.8. For p > p.(¢za), there exists an infinite cluster of €, za with positive probability.

It follows from the stronger result in [11] that the critical parameter for the random-cluster
model on the half space is the same as for the full space, so it holds by monotonicity that

pc(¢Zd) = pc((bzd) (as well as pc(¢]]—ﬂ) = pc(¢7—l))
Theorem 6.9. Fven though H C H, there exists a p > 0 such that

éva[O Ad OO] >0= €p7H[O — OO]

One reason that we show the argument here is that we speculate that finer control of the
variations of the wrap-arounds arising from the combinatorial argument could help shed light
on the remaining questions.
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Quantum walks in random magnetic fields
FREDERIK RAVN KLAUSEN, CHRISTOPHER CEDZICH, ALBERT H. WERNER

Abstract

A model for quantum walks in magnetic fields where the plaquette phases are i.i.d.
random is introduced. In a regime analogous to the strong disorder Anderson localziation
is expected. We prove an a priori initial scale estimate as well as exponential decay of frac-
tional moments of the Greens function. The proofs generalize the approach to the unitary
Anderson model given in [16, 17], thereby overcoming several additional complications
stemming from the internal degree of freedom and the Aharonov-Bohm effect.

1 Introduction

Quantum walks are mathematical models that describe the dynamics of single and few-particle
quantum systems on lattice structures. They constitute a model for quantum simulation in
discrete time for single and few-particle quantum systems with an internal degree of freedom.
The transport properties have been extensively studied, showcasing ballistic transport for co-
herent evolution, a transition to classical, i.e. diffusive behaviour in case of decoherence as well
as Anderson localization for disordered on-site potentials [21].

Recently, a discrete version of the minimal coupling principle for Hamiltonian systems has
been established, allowing for the study of quantum walks in the presence of external gauge
fields such as electro-magnetic fields [10]. For electric fields, the spectrum, as well as the
propagation behaviour, turns out to sensitively depend on the degree of irrationality of the
electric field [11] with generic fields leading to Anderson localization [12]. Similarly, results on
the spectral properties of the underlying unitary operators have been obtained in the case of
magnetic fields [8] and also for a unitary analogue of the almost Mathieu operator [9].

In this paper, we focus on the case quantum walks subject to randomly fluctuating magnetic
fields for two-dimensional quantum walks. In the Hamiltonian case, this model system has been
studied exhaustively in the literature before, both in the ideal case of a homogeneous magnetic
field |20, 29] as well as in fields that randomly fluctuate [26, 28, 14] albeit without an additional
internal degree of freedom. This internal degree adds complexity to the analysis. When we
consider the A-fields then the internal degree of freedom results in equal and opposite phases
acquired by a particle traversing an edge either forwards or backwards. Introducing a rank 2
perturbation instead of rank 1 perturbations studied in previous works [16] and [21]. In fact,
showing that parts of the strategy from [16] and [21] adapt to this more complicated setting is
one of the main contributions of this paper.

It shall be noted that because of the fluctuations in the field the usual approach cannot
be applied anymore. This approach consists of choosing a clever gauge, which trivializes the
gauge potential in one of the lattice dimensions. Then, this lattice dimension is admissible for
being Fourier transformed to the torus, yielding the so-called “almost-Mathieu” operator. This
is an innocently looking system on the one-dimensional lattice which has intricate properties
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and thus was extensively studied as an emblematic quasi-periodic Schrédinger operator in the
mathematical literature.

In the following, we first introduce the model of a quantum walk in a random magnetic
field that we suspect localizes. For the model, we try to follow the route of the fractional
moment approach to localization pioneered by Aizenman and Molchanov [4] for the (self-adjoint)
Anderson model. This was later extended to the unitary Anderson model in [16] and the
strategy was used in [21].

Many proofs of (spectral or dynamical) localization entail first proving an a priori estimate
and then doing an iteration to prove exponential decay. We prove the initial scale estimate in
Theorem 2.4, by generalizing the arguments from [16] (and the thesis of Hamza [17]). Then we
continue to the proving exponential decay of fractional moments of the Greens function. Again
our strategy is to generalize the strategy from [16] and [21] where we artificially put-in reflecting
boundary conditions in a box around a distinguished point. An interesting complication is that
the phases are no longer independent (since only the magnetic fluxes are independent) even
when the walk is decoupled. However, this dependence is only through the Aharonov-Bohm
effect [1], which we will study in detail to overcome the complications.

We face difficulties in transferring the exponential decay of fractional moments to dynamical
localization. These difficulties also stem from the internal degree of freedom, which give pairs
of phases that are equal and opposite. That is that the (conditional) distrubtion does not have
density with respect to the Lebesgue measure.

Finally, in Section 8 we discuss ideas about how to generalize the arguments that spectral
and dynamical localization follows from exponential decay of fractional moments of the Greens
function.
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2 Model and results

2.1 Setting

Let us begin by describing the system. The Hilbert space we work on is H = (?(Z?) ® C? with
canonical basis
82 =6, R ey, T = (x1,10) € Z*, s € {+,—},
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where {0, : * € Z*} denotes the standard basis of £>(Z?) and e, = [1,0]" and e_ = [0,1] span
the internal degree of freedom C2. Sometimes will we write |z) instead of §, and also

6F =z, %) (2.1)

to simplify the notation of scalar products. Following this notation we sometimes speak of
elements in the lattice Z? x {+, —} as z*.

On H we study the random unitary operator W,, = W,,(C4, Cs) defined by
W, = D, W. (2.2)
Here, Wy = Wy(C, Cs) is the deterministic translation-invariant quantum walk
Wy = 51C15:C%, (2.3)

which is fully specified by the coin operators C; and Cy which locally rotate the internal
degree of freedom. We assume them to be independent of position for which we can write

Ci =L@z ® <c111 CF) : (2.4)
Ca1 Ca2
The state-dependent shift operators S,, o = 1, 2, relate neighbouring cells. They are defined
by
Salz, £) = |z £ eq, £). (2.5)

To define the random diagonal unitary D,,, we consider the probability space (2, 3, P) with
O=T% % generated by the cylinder sets and P = ®,¢z2p, with each p, a probability measure
on T which we assume to be independent of z, i.e. p, = p. Moreover, we assume each p, to
be absolutely continuous with respect to the Lebesgue measure with bounded density, i.e.

du(F) = (F)dF, e L¥(T). (2.6)

Below, we shall denote by E the expectation with respect to u. In addition to the assumption
in (2.6) we also assume that (t) # 0 a.s. and that i is bounded, that is

1

— e L>=(T). 2.7

5 (T) (2.7)
On (2, X, P) we consider independent and identically distributed random variables F'(z) : Q —
T defined by

F,(z) = w,

and we introduce two random functions 6,0~ : Z? — T by setting

xro—1 xo—1
O (v1,02) = — Y Flank), 0 (v,22) =Y Fla1+1k). (2.8)
k=0 k=0
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Note that this implies
F($1,$2) = Q+(.T1 + 1,ZL'2) - 9+(.Z'1,.Z'2) = —0_(IL'1,.1'2) + 9_(1'1 — 1, .1'2), (29)

and, importantly,
9+(£U1,.T2) = —67(.T1 — 1,[E2). (210)

Then, the diagonal operator D,, on H is given by
D,y = e %0, (2.11)

We shall call # magnetic phases and F' a magnetic field. Consequentially, we shall call
W, a (random) magnetic walk. The motivation for this nomenclature is detailed in Section 3
below. In short, if we would take the 0 as given, then (2.9) defines F' as a discrete derivative
in zi-direction. We shall see below, that D, implements a discrete magnetic field in Landau
gauge.

Remark 2.1. At first sight, the setting here looks similar to that in [16, 22, 23] where a
translation invariant quantum walk is multiplied by a random diagonal operator just as in (2.2).
Howewver:

1. The phases 07 and 0~ in the definition of D, are not independent of each other. Indeed,
they are correlated as in (2.10).

2. We emphasize that the randomly chosen object is the i.i.d. random variable F' and not
the phases 07 and 0~ in the definition of D,,. As we shall explain below, there is a hidden
“gauge freedom” in the choice of D,,.

An important observation is that W, is an ergodic operator: denoting by 7,,a € Z? the
ergodic shift (r,w)(z) = w(z + a) on Q, it is straightforward to see that F,(z —a) = F, ()
which implies 65 (z —a) = 0% (z). Since Wy is translation-invariant, W, is ergodic with respect
to the lattice translations. Since the general theory of ergodic operators (see e.g. [7, Section
V]) carries over from the self-adjoint to the unitary setting, this observation has profound
consequences. In particular, it implies that the spectrum as well as its components are almost
surely independent of the field configuration, i.e. deterministic.

Our goal is to show localization in the “strongly disordered” case, i.e. close to the setting
where W, completely localizes because it is block-diagonal. In one-dimensional shift-coin walks,
the coins with this property are the completely off-diagonal ones. More generally, shift-coin
walks in arbitrary dimensions are block-diagonal for coins given by permutations without fixed
points [22].

Similarly, for the model in (2.3) there are two possible coin configurations for which Wy
decouples into a block-diagonal form, namely either C7 is diagonal and C7 is off-diagonal, or
vice versa. We denote this set of reflecting coin configurations by

Cr = {(01702) ceU(2) xU(2): Clil = 032 =0, ’C“ = |CJ22| =1, {i,j} = {172}}- (2.12)
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Figure 1: The closed orbits of W in the reflecting case. Left: (C7,C5) = (1,0,). Right:
(C1,C5) = (0, 1)

These are the only coin configurations that yield pure point spectrum of the unperturbed walk
Wy with closed orbits and in that way they correspond to the infinitely strong disorder limit in
the Hamiltonian case. In addition, a coin close to the reflecting coin can be said to correspond
to large disorder in the Hamiltonian case.

Lemma 2.2. The spectrum of Wo(C7, C%) is pure point if and only if (Cy,C5) € C,.
The “only if” direction, one calculates that
Wo(C1,Cy)?|z, e;) € span{|z, e;)}, (2.13)

ie. Wy(Ch,Cy) is block-diagonal in the basis {|z,e;), Wo(Cy, Cs)|x, €;) }ier1 with off-diagonal
blocks. The “if” direction follows by an argument analogous to the proof of [22, Lemma 1].
The distance of a coin configuration (Cy,Cs) € U(2) x U(2) to C, is defined as

. . - 112\ 1/2
dist((C1, C),Cr) = (C{,lcngf)ecr (ICy = o2 + |G = C3)12) 2. (2.14)
For (C7,Cj) € C, note that
Wo(Cy, Cy) — Wo(CJ,C5) = S1(Cy — C7)S2Cs + S1C1S5(Cy — C3) (2.15)

which by the unitarity of the shift operators and the coins implies

[Wo(Ch, Ca) — Wo(CT, C3)[| = [I(Cr = C)S2Cy + C1 S (Cy — Cy)|
< |Gy = CTl| + |Gy = G|
< emax [|C; — CF.

which we will need for the perturbation argument in [22| to work.
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2.2 The main result

After having introduced the objects of interest, we can now state our main results. The main
theorem that we prove here is the exponential decay of fractional moment of the Green’s function

G(z) =W —2), G(k®, 1%, 2) = (K%, G(2)F),
in expectation for strong disorder, i.e. close to the reflecting case.

Theorem 2.3. Let W = W,, be the random quantum walk defined in (2.2). Then there exists
e > 0 such that for all Cy,Cy with dist((Cy, Cs),C,) < € such that for all s € (0,3), there exist
constants p1, C > 0 such that and all %, y*= € 7% x {+, —} it holds that

E, [|G(z*,y*, 2)]"] < et
for all z € C with 1 < || < 2.

The first step in order to prove such a bound on the fractional moments is the following initial
scale estimate. Here the expectation value Egq, g,3, is over {0, 6;} keeping all other variables
fixed, a process that is difficult to define for non-independent potentials and we elaborate on it
in Section 5.

Theorem 2.4. For any k*,1* € 7% x {—1,+1}, any 0 < s < 1, and W, = D,S defined
above there exists a constant C(s) > 0 such that

E{‘%ﬂz} [’G(kiJin”S] < C(S)

This estimate we show in Section 6 before Theorem 2.3 is proved in Section 7.

Based on both numerics (a subset of which is shown on Figure 2) and that the obstacles
to the proof seem more technical than fundamental we conjecture dynamical localization (see
similar statement in [22]):

Conjecture 2.5. Let W, (C1,Cs) be the walk (2.3) in a random magnetic field. Then there
exists € > 0 such that for all Cy,Cy with dist((C1,Cs),C,) < & there exists ¢ > 0 and n > 0
such that for all z*,y* € 7Z? x {+,—}

E,, |sup |z, W!(Cy, Co)y®)|| < ce vl (2.16)

teZ

3 DMotivation: two-dimensional quantum walks in random
magnetic fields
Let us describe the physical origin of the model given in (2.2). This is not essential for deriving

the results in this paper, yet it explains why we study the particular type of correlations of the
phases 6 and 6, described in (2.10) as well as the gauge freedom of the model.
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60 4

40

20 A

(‘) 50‘00 10(‘)00 15(‘)00 20(‘)00

t

Figure 2: The root mean square o of a walk with (6;,6y) = (107',1/4 — 107') = (.1,.15)
for 20000 timesteps on a lattice of size 2 x 2000 + 1 in both lattice directions (5 runs with
fluxes uniformly sampled from [—7,7)). The dashed straight line visualizes, that despite the
absorbing boundary conditions practically no probability is lost due to finite size effects, i.e.
that we chose the lattice large enough. Note that the choices of parameters are pretty close to
the balanced setting (61, 02) = (1/8,1/8) = (.125,.125), yet one clearly sees localization setting
in.

Let us briefly recall the construction from [10] where a magnetic field on Z? is realized
by “magnetic” translations T,,a = 1,...,d. In the current, two-dimensional setting these are
unitary operators on ¢?(Z?) that relate neighbouring local Hilbert spaces, i.e. T, : Hy — Hora
for = £1, 42, but commute only up to a U(1)-valued multiplication operator, i.e.

TfT;TlTQ = P12. (31)

Evaluating the left side locally corresponds to transporting around a “plaquette”; i.e., around
an elementary loop in Z2?, see Figure 3. This corresponds to multiplication by an element of
the (local) holonomy group which we here take to be (a subgroup of) U(1).

Magnetic translations can always be expressed as lattice translations decorated by a phase
U,(x) which depends on position and direction [10, Lemma II1.2], i.e.,

Toz = tozUoz(Q>7 (32)

where Qd0, = xd, is the position operator, and U_,(Q) = U,(Q — &)~* by unitarity of T,,.
Plugging this into (3.1), the plaquette phases locally evaluate to

Pio(x) = Uy (2) tUs(x + €))7 U (2 + e9)Us(x). (3.3)

Note that the physical quantity P implementing the magnetic field does not fully fix the U,
[10]: there is a “gauge freedom” that consists in letting U, (x) — V(z + &)U, (x)V*(z) where
the gauge transformation V is a unitary that multiplies by a phase that only depends on
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1 1 Fri0
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Figure 3: Left: The plaquettes in (3.1) and the “Landau” gauge of (3.4). Right: Figure
indicating the flux F'(z1,1) + F(x1,2) + F(x1,3) + F(21,4) accumulated when traversing the
edge ((x1,5), (1 + 1,5)) shown in red, see (3.7).

position, but not on the lattice direction . In concrete applications it is often advantageous to
fix a particular gauge to carry out concrete calculations. A convenient choice for our purposes is
the so-called Landau gauge, in which the phase of the translations Ts are trivial, i.e. Uy(z) = 1
for all x € Z2, whereas U; is determined recursively via

Ui(21,0) =1, Uiz +es) = P(a)Uy (), (3.4)

and hence Uy (x + e2) = P(x)P(z —e3) - - - P(21,0). For homogeneous fields where P(z) = P is
independent of position, (3.4) reduces to U;(z) = P*.

An abstract quantum walk W is placed in a magnetic field realized by magnetic trans-
lations T, using “discrete minimal coupling” [10]. This amounts to replacing the lattice trans-
lations t, in the definition of W by the corresponding T,, which directly parallels the usual
minimal coupling scheme in systems described by a Hamiltonian. Importantly, gauge trans-
forming the T, amounts to conjugating the walk by the gauge transform, i.e. W — VWV*
[10, Lemma IV.2]. Thus, W and the gauge transformed VIWV* are isospectral, and statements
about Green’s functions of either imply statements about Green’s functions of the other.

The operators U, (Q) as well as the plaquette phase P = P(Q) take values in the unit circle
0D. Writing 0D additively, i.e. parameterizing it by phase angles in T = R/(27Z), relates the
abstract description of discrete magnetic fields to the concrete model given in (2.2). To this
end, we write U, (Q) = exp(i4,(Q)) with A, : Z*> — T. Similarly, we write P(z) = exp(iF'(x)),
where F'(z) is the “magnetic flux” through the plaquette at . Then, with the discrete derivative
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(dof)(z) = f(z 4+ eq) — f(x), (3.3) takes the familiar form
In this additive form, the Landau gauge defined in (3.4) translates to As(x) = 0 and A;(zq, x9) =
F(x1,x9) + A1(x1, 22 — 1) with “initial condition” A;(x,0) = 0, which implies

xro—1

Ay(z1,a2) = Y Fla, k). (3.6)

k=1
This is the phase that is picked up when traversing the edge (z1,22) — (x1 + 1, 22), see Figure
3. It corresponds to the total flux through the area enclosed by the loop

(.Il,l’g) — (%1,0) — (0,0) — (.1’1,0) — (.Tl + 1,1’2). (37)

Comparing (3.6) with the random phases " and #~ defined in (2.8), we can now relate the
random quantum walk W, to the walk W, placed in a random magnetic field, which ultimately
explains the correlations given in (2.10):

Lemma 3.1. The random quantum walk W,, corresponds to Wy when placed in a random
magnetic field F,, in Landau gauge.

Proof. Let F be a magnetic field such that TyTy 11Ty, = €' and fix Landau gauge. Then,
placing W, into the field F' via discrete minimal coupling amounts to replacing ¢; — 7} only
since in Landau gauge 15 = t5. Thus,

S1— Y Ti®P, =t @@P, 41 P = Q- Dt @Py+e Q@i lo P = DS,
s==4

where X
D = ¢(@-1) ® P, + e—iA1(Q) ® P_.

Setting Ay (x1,22) = —07 (21 + 1, 29) yields the statement of the lemma. O

The particular dependence structure of the phases in (2.10) can thus be understood by
imagining the phases to be attached to edges between the lattice points in Z? rather than to
the lattice points themselves as in [22, 16, 17]. Requiring that traversing an edge in opposite
directions the picked up phase should vanish yields our model.

4 Preliminary observations

4.1 The reflecting case or “maximal disorder”

For our model of interest defined in (2.3), there are two possible coin configurations for which
Wy decouples into a block-diagonal form, namely either C is diagonal and Cj is off-diagonal,
or vice versa. We denote this set by

C. = {(01702) eU(2) x U(Q) : Czﬁ = 032 =0, ’CH = |C%2| =1li#j= 172}' (4-1)
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In the spirit of [22] we write
H. = span{|z, e;), Wo(Ch, Cy) |z, e:)} (4.2)
with 7}, = HJ if and only if |y, j) € HZ, and write H, = H} & H2.

Remark 4.1. 1. The subspaces H, are not orthogonal for different x. Indeed, for Cy off-
diagonal and Cy diagonal one has H. = H? whereas for Cy diagonal and Cy off-

T—e1teg . .
diagonal H! = Hi—e1—627 see also Figure 1. However, H, L H, for all x # y such
that

=P H =Pr. (4.3)

z€Z? z€Z2

2. For (Cy,Cy) € C, the subspaces H. are invariant also in the setting with magnetic field.
This is obvious in Landau gauge where the field is implemented by pre-multiplication by
a diagonal unitary in (2.2).

Since for (C4, Cy) € C, the walk W,,(Cy, Cy) leaves each H; invariant we obtain the following
estimate on its spectrum:

Lemma 4.2. Let (Cy,Cy) € C,.. Then for any arc A C T with |A| < m we have
Plo(We(C1, Co) lyr) N A =01 2 1 =2[¢]l |Al,
where @ is the density of the distribution of F.

Proof. Notice how W2 |, += cF(x)1 |+ with ¢ = det(CyCy), and that W, is off-diagonal.
Hence the eigenvalues of W,,(C1, Cs) |5+ are {£c"/2F(x)"/?}. Since the events that each of the
eigenvalues are in A are disjoint it follows that

PloWo [gr) NA=1-P(F(z) € A) =P (=F(z) € A) 2 1 = 2[¢ll |A]

4.2 Finite restrictions

Below we do a geometric decoupling argument where we use the reflecting coins. In the
argument, we “decouple” the walk inside a finite box from the outside. A box A = Ay has
dimension 2L 4+ 1 in both lattice directions, and we achieve the decoupling by changing the
coins of the walk W, on its boundary. Here and in the following we let (C},C%) € C, be any
pair of reflecting coins. Explicitly, let

cLt —

i,x

{(01,02) |2l =L~ 1,L,L+1 44

C; else,

this means that close to the boundary of A, where ||z|| = L, W, (CF, C¥) has closed orbits
as described in Section 4.1, see Figure 4.
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In, other words, we let C¥ = @,C, where C, = C} whenever L — 1 < || < L+ 1 and C}
otherwise and similarly for CF, see Figure 4. Then, Tt = W(Cy, Cy) — W(CE, CE) has finite
rank with non-vanishing matrix elements only in a small annulus of radius L. We even show
that its norm is bounded.

Lemma 4.3. Suppose that ||(Ci, — Ci,)|| < & for some € > 0. Then the operator T* =
W(Cy,Co) — W(CE, CL) satisfies

ITH| < 2Ck.

Proof.  From Schur’s criterion [24, p.143| we obtain

IC: = CHIP =1 D (Ciw — Cin)l?

TEOAL

_(sup,Z\ D (G —Clk) )(sup Z| P (i —CirlB).

z€dA L z€DA L,

Thus, the statement of the lemma follows from the bound
sup Z] @ (Coe — Cyy)lk)| <sup 2e = 2e.
z€OAL J
Concretely,
1T = [[$1C182Cs — S1CFS2Cy || < [151C182(C — Cy) || + [[1S1(Cr = C1)S:Cy |
< O||Cy — Cx|| + C||Cy — CF|
< 2Ce.

O

Now define HAr = D, AL H and similarly HA%. Since the particles get stuck once they get

close to the boundary, the operator W (CE, CF) leaves the subspaces HA% and HAL invariant,
and we can decompose

W(Ch 02) = W(CIL> CQL)L @ W(ClLa CQL)LC + TL'

Since this construction is independent of the magnetic field, we can decompose Wy (CL, CE)
in the same way. Later we will oftentimes denote these operators by WL, WL and Wi Wi*
respectively. Similarly, we write

1

GF = (W(CF, k) —2)~ (4.5)

etc. for the corresponding Greens functions.
If all coins inside a finite box A are totally reflecting, we have that
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Figure 4: A sketch of the domains Ay and A3 and how the we interchanged the coin in
A3 \Ap with the reflecting coin.

Lemma 4.4. Let (C],C%) € C,). Then, there is a constant ¢ > 0 such that for any z ¢ 0D
and any n > 0 we have for all integers L > 2 that

P [dist (2, 0(W(C],C5)") <n] < cLn.

Proof. The Hilbert space H % consists of (2L + 1)? invariant subspaces of W (C}, C4)L, namely
H,, for (z,y) € Ar. Hence the eigenvalues of WAL are given by the eigenvalues of W restricted
to each subspace. Whether they are in an arc A C 9D is given entirely by the corresponding
F,,. Since all of those are independent then

Plo(W(CT, C5)" ) N A = 0] > (1 = 2[[plolAl))*H+D".

Then since the intersection of a ball of radius n with the unit circle is at most 271 we have for
7 sufficiently small that

B [dist (2, o (W (CF,C3)) < 1] < 1= (1= 2lplloa(279)) 1 < 2(2L + 1) o]l 2.

5 The correlations of the system

In the proof of localization of the unitary Anderson model [16] a similar setup to ours was
used. The main difference is that there the phases were independent, while in the current
setting we have the dependence structure that has its origin in the choice of Landau gauge.
In the independent setup, the value of a single phase is independent of the value of all phases
around it and therefore the conditional density is just the density. In our setup, we will face
two additional technical challenges.

203



5. Quantum Walks in Random Magnetic Fields

The first technical challenge for our setup is to define the conditional density of a set of
phases given a fixed value of all the other phases. As it will turn out, each of the phases
has a density with respect to the Lebesgue measure, and therefore conditioning on a single
value is the same as conditioning on a measure zero event. That means that the usual notion
of conditional probabilities needs to be extended, and the appropriate theoretical framework
turns out to be that of Markov kernels, which we introduce next. The second challenge is that
we have infinitely many phases. Since there is no infinite-dimensional Lebesgue measure, i.e.
no (product) Lebesgue measure on RY, it is not clear what measure the conditional density
should be with respect to. Yet, as we argue in Section 5.2, the locality of the phases in the
Landau gauge will provide us with a work-around to that problem.

5.1 Conditional measures and their densities

In the following, J C Z?* will denote a finite set and let (2, A, P) be a probability space. We
need to define conditional distributions of © 7 given a fixed configuration of the phases outside
J that is © ze.

Definition 5.1 (cf. (10.1.4) in [19]). Let (X, Ax) and (Y, Ay) be measurable spaces and
let T : Q — Y be a measurable function/random variable. A Markov kernel is a function
Q(|-): Ax xY — [0,1] that satisfies

1. Q(- | t) = Q(- | T =t) is a probability measure on (X, Ax) for everyt € Y, and
2. t— Q(A|t) is a measurable function for every A € Ax.

One may have several worries before embarking on that. The first worry is that we are
conditioning on an event {© 7c = x 7} which has measure zero. In order for this conditioning
to be well-defined we need the conditional distribution to be regular.

Definition 5.2 (cf. (10.1.6) in [19]). In the setting above let S : Q@ — X be another measurable
function/random variable. We say that Psr(- | -) is a regular conditional distribution of
S given T if Pgip(- | -) is a Markov kernel and the following relation holds

PlS € ATeB - / Por(A | )Pr(dt),

where Pr is the marginal measure of T, A and B are events in Ax and Ay, respectively, and
P is the probability measure on 2.

The second worry is concerned with the densities. If we considered the model on a finite
subset J of the lattice Z?, then the marginals always have a density with respect to the
corresponding finite-dimensional version of the Lebesgue measure. However, for our particular
model in question, it will turn out that only finitely many of the phases outside J carry all the
information about the phases in 7. Using that finite set 71 we can construct a density of
the corresponding conditional measure.

First, we state the following proposition that exhibits Pgr(- | t) as the conditional measure.
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Proposition 5.3 (cf. (10.3.2) in [19]). In the setup from above, suppose that ) : (X xY, Ax®
Ay ) — R is a random variable. Then

Blu(s.7)] = [

X

Pr(dt) | w(s.t)Par(ds | ) (5.1

5.2 Conditional densities of phases

After having introduced a bit of abstract theory let us connect to our concrete problem
with the magnetic phases stemming from the magnetic fluxes. Recall that we assume that the
distribution of fluxes F' has common density ¢, such that both ¢ and i are bounded (cf. (2.6),

(2.7)).

Recall from (2.10) that the phases 6% (21, z5) satisfy
H+($1,$2) = —9’(3:1 — 1,1’2) (52)

for all © = (x1,2,) € Z* and the distribution of 6, given all phases other than 6, _, is
absolutely continuous with respect to the Lebesgue measure. For ease of notation, we shall
write 0, = 97{ for k € Z?, and from now on consider mainly the phases {6 }rcz2 (corresponding
to the +-phases). For any K C Z? we write O = {0 }rex and for a vector z € R% we write
xk for the restriction of x to K. Later we will show that for any finite set K then Ox has
density with respect to the Lebesgue measure and we will denote such densities by 7

Let J C Z? be a finite set and X = T7" and Y = T be probability spaces. Let © 7. : Q —
X and ©7 : Q — Y be random variables with joint distribution of the #’s. Now, the regular
conditional distribution P je,.(- | -) of ©7 given © . exists in general [19, Section 10.29] and
it is a Markov kernel such that

P(@J € A, @jc € B) = / P@j‘@JC(A ‘ .ch)P@JC(d.Z'Jc)
B
Now, the central observation about the phases in question is that just taking the phases in

the neighborhood of 7 into account already carries all outside information. We shall call this
neighbourhood the “boundary” of J and denote it by 07 and define it by

T =A{(z.y) I'ly —wl <1forapoint (z,y) € J}

as well as

0T+ = TN\ J. (5.3)
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5. Quantum Walks in Random Magnetic Fields

5.2.1 Block decomposition

Let us first restrict our attention to one horizontal strip. In this strip we identify blocks
of neighbouring plaquettes whose boundary phases are labeled by J. These blocks are all
conditionally independent given J¢. In Landau gauge 6,, and 6,,, are independent whenever the
first coordinate of n and m is different. Therefore, we can consider each vertical strip separately.
Let us fix such a strip and let 7y label the phases {6, },c7 in that strip. Denote by {6, }ngs
all the phases in this vertical strip except for the phases labeled by J;. In other words, we are
left with considering the conditional expectation values

E[(en)neﬂ | {en}n¢71]~

Let us now split J; up into blocks. Since all the phases are located in the same vertical
strip we can order them and write {6, },ez. Since J; is a finite set, we can look at the blocks
of consecutive phases in J. lLe. there exists a j < |Ji1| and n;,a; € Z for i = 1,...5 with
a; > 0 such that n; labels the i-th block and a; labels the a; — 1-th phase in the i-th block. We
naturally have that

J
U{ni,...,ni+ai} = jl
i=1

and the union on the left side is disjoint. Let ©; = (6,,, ..., 0n,+q;) be the set of phases of one
such block. Then, by conditional independence, it holds that

E[(0n)nes | {On}tngn] = E[(O)icj) | {0n}ng]
= (E[©i [ {0n}nga])ic
= (E[@Z ’ (anq’,—h eni+ai+1)])i€[j]7

since each of the blocks ©; depend only on the edge directly before and after as we now prove.

Lemma 5.4. For every finite set J C Z? there exists a finite set 0J+ C Z*such that

EO7|Ogc =25: | = E[O7 | Ogg+ = z57+].

Proof. There exist measurable functions ¢; : (T, B(TY")) — R,y : (T?,B(T?)) — R such
that

901(9‘71“) = E[@l ’ 9.714 = E[@l ’ (97%‘—1? 9”i+ai+1)] = P2 ((em‘—lv 9m+a¢+1))

and so ¢y only depends on(6,,_1, 0y, +4,+1) and so it follows that

E[@l | @\ﬁc = lec} = E[@l | (eni*h 9”i+ai+1) = (xni717xni+ai+1)]'
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Inserting, ¢(s) = 1p(s) in [19, (10.3.5)] it follows that the conditional measures are equal.
That is for every B € B(T7) (the Borel o-algebra) it holds that

P@J|@jC(B ’ ZL‘]c) = .P@)ﬂ@@jJr (B ’ ZE@J+). (54)

Define J\0J " = R. Now, for any function ¢ of © 7 and © 7. we have by Proposition 5.3
E[(07,07)] = /] te se(dr ge) /j U(xg,25¢)Po o, (dry | T 70)
TI° T
:/ u@ﬂ(d:ﬂjc)/ w(.%j,xaj+,$R)P@J‘@aj+(d$j | $3J+)
TJ¢ T

Now, since J and 0J ' are finite (disjoint) sets the corresponding densities (with respect to
the Lebesgue measure) of © 7 and ©y7+ exist and so does the joint density. Therefore, we can
define the conditional density, that is the density of the conditional measure Pg o, , (| zo7+).

With this machinery, we can also put on firm ground what we mean by integrating out the
variables 0 and 6;,. For J = {k, 1} we denote it by

E0,.03¥(07,07¢)] = /w V(xg, 207+, 2r)Posle, ., (drs | Tog+).

Having cut down our conditioning from the infinite set 7€ to the finite set 87, the con-
ditional density with respect to the Lebesgue measure becomes possible. Since both Og7+
and ©7 have densities f@M +» fe, with respect to the Lebesgue measure on T such that
fo,,+(xag+) > 0, the density of Po e, . (- | zaz+) is (cf. [19, Section 10.6])

fos0,,4 (@7 | og+)

fo, .+ (xog+)

fos10,,+ (@7 | Tog+) = (5.5)

In Proposition 5.5 below we prove that ||fe e | oo < oo. We will use this fact to

obtain the a priori estimate in Theorem 2.4.

ENas (

5.2.2 Boundedness of conditional density

Let J C Z2 be a finite set labeling the phases we later want to resample. The conditional
distribution of (,),c7 given all the other phases is continuous with respect to the Lebesgue
measure.

One important consequence of the proof is that knowing the value of 67+ contains exactly
the same information as all of 0 7.

Proposition 5.5. Let J C 7Z? be finite. In Landau gauge, the conditional distribution
7—9.7‘03‘7+ ( | ) (56)

exists and is bounded on [0,27]7 x [0, 271071
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5. Quantum Walks in Random Magnetic Fields

[ ] L] *——o [ ] [ ] [ ]
[ ] L] *—9 [ 4 [ ] [ ]
( ] { ] *—e [ ] [ ] ®
[ ] L] *—9 [ ] [ ] ®
[ ] L] *—o [ 4 [ ] ®
[ ] L] *—90 [ ] [ ] [ ]
[ ] L] *——o [ ] [ ] [ ]

Figure 5: The construction of blocks in J: the red edge is ©;, and the blue edges are ©,,

Proof. We continue the decomposition into blocks from above. Each block (in a single vertical
strip) is labeled by i € [j] above. To simplify notation we get rid of the i and write

E[ ©; | (On,—1,0n,4a,41)] = E[O | (01-1,0n+4+1)]. Now, we write it in terms of the fields F'(x).
Using the Landau gauge and that we reduced the problem to a fixed horizontal strip in Step
1, we can consider the array of fields also as one-dimensional {F},},cz such that by (3.4) that
0, = > ., F;. Therefore

n+a

n+a
O =000 _<ZFZ,.. ZF>_9TL1+<ZE,...,ZF1>.

. 1
and so since O, 4411 — On_1 = erna R,

[@ | ( n—1, n+a+1)] = 977,71 +E

n n+a
(ZE; ZF> n 1, n+a+1)]
lzn n+a n+a+1

Our goal is now to calculate the conditional density of (Z" Fy o R ) given Z"+“+1
We are left with considering E [(3°7, F,..., >0 F) | Z”HH F;]. As in (5.5) the con-
ditional density is the joint density divided by the marginal density, we set out to calculate the

= 0»,171 +E
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joint density of ((30, Fy, ... ,Somta F) St F;). To this end, notice that
100 ... 0 F, F,
nia 110 ... 0 Fri Fr
<2F2F> v o | ED | o | B
111 ... 1 P%+a P%+a
Note that det(M,,1) = 1 and that its inverse is given by
1 0 0 0
-1 1 0 . 0
A4;ii'_ 0 -1 1 0
0O 0 0 ... L

Thus, by the density transformation theorem the density f of (Y1, Fi,..., > 10¢ F}) is given
by

f(@o, ... ) = @(xo)p(w1 — 2o)p(w2 — 1) - ... (T0 — Ta1)-
and so the joint density of (X0, Fi,..., 0t F) S ) s

1=n =n

J(@os -+, 70, y) = @) (21 — 0)P(T2 — 1) -+ (T — Tam1)P(Y — Ta)

n+a+1

The marginal density of ) " """ F; is just the a-fold convolution

m(y) = ¢"(y).

Hence, the conditional density corresponding to E [(Y0, Fi,.... > i F) | i F] s
1
(2, Fives zggﬂ)@;;;“m((xov--- Ta) | y) = ) @(x0)p(21—T0, o). . . P(Ta—Ta-1)P(Y—Ta).-

Since this distribution is bounded by what we assumed in (2.6), the conditional distribution
(5.6) is bounded following the steps above in reverse order. O

6 A priori estimate on fractional moments

We generalize the argument in [16] to models with an internal degree of freedom and the
structure as in our magnetic quantum walk.

We will try to follow Hamza’s thesis [17] as close as possible and much of the material is
also contained in [30]. However, there will be substantial differences as changing two phases
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5. Quantum Walks in Random Magnetic Fields

corresponds to a rank-4 pertubation instead of merely a rank-2 pertubation. Our main theorem
is the equivalent of [16, Theorem 3.1] namely an a priori estimate on the Greens function
G(k%,1%,2) = (k*, (W — 2)74%). In fact, below we rather work with a modified resolvent
related to the operator valued Carathéodory function of W, i.e. (W + z)(W — z)~!. Bounds
on this operator imply bounds on the resolvent via the identity

1

(W —2)"t = Z[(W—l—z)(W—z)*1 —1J. (6.1)

We have the following a priori estimate:

Theorem 2.4. For any k*,1* € 7% x {—1,+1}, any 0 < s < 1, and W, = D,S defined
above there exists a constant C(s) > 0 such that

E{Gkﬂz} “G(kialiwzﬂs] < C(S)

The rest of this section is devoted to proving this a priori estimate. Throughout the proof
we assume that k # [. In the case k = [ the proof goes through mutatis mutandis.

Remark 6.1.

1. The perturbations we will consider in the proof are of rank 4. If instead of changing the
phases 0, and 0; we changed a single field F, the corresponding perturbation would be of
infinite rank. Howewver, the proof is actually fairly general and also works for perturbations
of infinite rank.

2. In some sense varying one 0, and all of them corresponding to varying one flux is kind
of equivalent since the latter just corresponds to varying two adjacent fluzes F, — F, + 0
and Fyy1 — F, — 0. In that sense we do not “leave the model” whenever we vary (9,?, 0;.)
and leave all other phases invariant. Nevertheless, one might go through the proof of the a
priori estimate and see that it also works with the infinite rank pertubation corresponding
to varying the flux.

6.1 Basic definitions
Fix two lattice points k # [ € Z? in the +-subspace. Suppose that D|kt) = e~®|kT),
DI|I*) = e7*|I*) and therefore

Dk —e1,—) = ¢ |k —ep, =) = e |k — ey, ).

To ease notation, we define a new basis in which the —-subspace is shifted by one lattice site
to the left, i.e. we set

|ET) = |k, +), |k7) = |k —eq,—).
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In this new basis, we define A* = {k*,[T} and A~ = {k~,{"} as the +- and —-subspaces
at k and [, respectively, and set A = AT U A~. Define new variables a@ = %(Hk +6;) and
8= % (ek —91)7 and for j € 7?2

+a, je€A*
n =

0 jéA
¢ = +6, je{k*, 17},
710 jeA

and

p 0 jeA
0; = :
0, j¢A

with corresponding diagonal operators D,, Ds and D defined by
Dalj*) = e %),
and similarly for D and D. Acting with D, D3 on the basis states at k™, k=, 1,1~ gives

a+ﬁ:9ka 7a75:79ka
a—pB=40, —a+ 3 = -0,

respectively, which are the correct phases in the sense that D,Dgl|j) = D,|j) for j € A. Define
the unitary operator X
V =DgDS (6.2)

which does not depend on « and note that W = D, V. Define the subspace H 4 = span{V 1|} :
j € A}. Notice that V~1[j) for j € A is an orthonormal basis for H 4, and denote by P be the
orthgonal projection onto H 4 which has rank 4. Then, for j € A

VIWY) = VoD, = envi)

such that on H 4 o -
VW = diag(e ™, €' e, ) = VTID,V =: L. (6.3)

Note that L, is only defined on H4. Hence we can decompose VW on the whole Hilbert
space as

VW =1-P+ L,P
with L, diagonal. Notice that this means (cf. [30, (4.5.10)])

WV =V(La—1)P. (6.4)
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5. Quantum Walks in Random Magnetic Fields

since (L, — 1) maps H4 to Ha. X
Following [30], we define for z ¢ T the operator valued Carathéodory functions K and K of
W and V on H4 as

K=K, =PW+2)(W—-2)"'P (6.5)
and
K=K,=PV+2)(V-2)7'P, (6.6)
respectively [30, Prop. 4.5.4]. Since the Carathéodory function satisfies
V+2)V=2)"+(V+2)(V—2)) =20V -2 (V-2)"",
we conclude that for |z| > 1 we have
Me(K,) =K.+ K: <0. (6.7)

Therefore (%m(A—ZIA( )z, x) > 0 for all z € H which we take as our definition for a “disspative”
operator, i.e. —¢K is dissipative.

6.2 A formula for K

We now prove a formula for K ensuring that the inverses in (6.5) are well-defined (cf. [30,
(4.5.18)])

Lemma 6.2. Let K and K be as in (6.5) and (6.6). Let D = diag(—1,1,—1,1) and assume
that o € {0, 7} such that L, & 1 is invertible. In that case, define M := (Lo + 1)(Ly — 1)7%

Then it holds that
(Lo —1)K(Ly—1)"" = (M +K)" + (DK'D+ M), (6.8)

Proof. From (x + z)(z — z)™' = 1+ 2z(2 — 2z)~! and the second resolvent identity (A —z)~' —
(B—2)"t=(A—2)"Y(B—A)(B - z)""it follows from (6.4) that

K—K=P142z(W —2)"' =1 -22(V —2)"HP
=-22P(V—-z2'=(W=-2""P
=-22P((V—-2)"(W-V)(W=2)"")P
= —22P(V — 2)"'WP(Ly — 14)P(W — 2)7'P
_ —%P(]l V4 2)(V = 2) Y P(La — 1)P(W + 2)(W — )" — 1)P
— _%(P + K)P(Ly —14)P(K — P)

_ %(1,4 +K)(La — 1) (14— K)
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where we used (6.1). In the following, we simplify notation and often write 1 instead of 1 4.
This now means that

(24 (1+K)(Ly — 1)K = (1+K)(Ly — 1) + 2K
and hence
(Lo + 14K (Lo — 1)K = Ly — 1 +K(Ly + 1). (6.9)

Notice first that L, £ 1 is invertible for o # 0, 7. Let us define the real-valued function

m(a) = i (W> — cot(a/2) (6.10)

1 — eie

which clearly is odd, i.e., m(a) = —m(—a). It follows that

—io 1 1o’ 1 —ia 1 io 1
M:—(La—l—]l)(La—Il)_l—diag(e R s e >

el — 17 gir — 17 e — 17 gl — ]
= —idiag(m(a), m(—a), m(a), m(—a))
=1-m(a)diag(—1,1,-1,1)

=i-m(a)D

where D = diag(—1,1, —1, 1) satisfies D* = 1 and thus D = D~".
We now argue that L, + 1 +K (L, — 1) is invertible. Since

Lo+ 14K(Ly—1)= (M + K)(Ly — 1), (6.11)

it suffices to prove that M + K is invertible. By (6.10), m(«) is real so M is skew-symmetric,
ie., M* = —M. We decompose M + K in real and imaginary parts as follows

1. 1 .
M+K:§(K+K*)+§(2M+K—K*). (6.12)

The second term in this expansion is skew-symmetric which implies that its numerical range
W(A) == {(¢, AY) : ||¢|| = 1} is a subset of the the imaginary axis. The numerical range of
the first (self-adjoint) part is the positive reals by (6.7). By the Toeplitz-Hausdorff Theorem
[32, 18] the spectrum is a subset of (the closure) of the convex hull of the numerical range,
and therefore must be strictly contained in the left half of the complex plane and therefore the
operator M + K must be invertible.

Thus, we can isolate K in (6.9). Together with (6.11) we obtain

K=(Ly—1)"Y(M+ K)™ (La 1+ K (Lo + n))
= (Lo — 1) Y M + K) ™ (Lo = 1) 4+ (Lo — 1) "H(M + K) 'K (Lo + 1)
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which means that

(Lo — 1)K (Lo — 1) = (M + K) + (M + K)'KM
= (M+K) '+ (M'KY(M + K))™!
= (M+K)'+ (M 1K M+ M)
=(M+K) '+ (DK~ 'D + M)

6.3 Boundedness of Green’s functions

We now prove some preliminary results that will help us prove the boundedness of the Green’s
function. It is a standard trick, which we slightly extend, that for i, j € A we have

(i, (W + 2)(W = 2)7Y) = (i, (W + 2)(W — 2)"'VV L))

<VV L, (W +2)(W — 2) "W L'V L)
UV W (W + 2)(W = 2)7 V)
= COW VYV (W 4+ 2) (W — 2) "V L)
= (VL KV L))

_ ei(o‘(j)_o‘(i))<v_1i, KV_1j>

where we used the definition of L, in (6.3) and «a(i) = « depending on 4. Thus
(i, (W +2)(W = 2)7'5)| = (Vi KV75)]
Furthermore, we have that
(V7' (Lo — 1)K (Lo — 1) 7'V = (Lo — 1) 7'V, K(Lo — 1)7'V )
= %(Vli, KV~5)
which means that
(VY (Lo = DK (Lo — 17V = (V74 KV = [, (W +2)(W = 275 (6.19)
In the next subsection we will show that

Lemma 6.3. For 0 <s <1 and |z| # 1 we have

/0 Wda|(V_1z', (Lo — DK (Lo — 1)V P < C(s)
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This lemma allows us to finish the proof of Theorem 2.4. If we let E denote the expectation
with respect to the marginal measure of {6, },; we obtain by Proposition 5.3.

B OV + 0V =) DT =E[ [ 010 3osa)l 0 + 00 =750

B[ duar(60,00] (6Dl OV + OV = 2) )]
[0,27]2
<CB|[ bV (L - DE (L= 17V
[0,27]2

< CE [ / dBdal(V i, (Lo — 1)K (Ly — H)IVIJW]
[0,27]2
< 27wC(s)

where we used Proposition 5.5 and the definition of 7 as well as (6.13). This finishes the proof
of Theorem 2.4. O

6.4 Proof of Lemma 6.3

To prove Lemma 6.3 we first obtain the following estimate:
/QW do|(V7Y, (L — 1)K (Lo — 1)1V 715)|°
0
= /27T da{(VYi, (M + K)_l + (Dk_lD + M HHV )
0
= [ dal vt R 5 (PRD Y

2T
g/ daH(M+f()‘1
0

| oE Dy

)

where we used (6.8) and that |z + y|* < |z|* + |y|*. We continue by handling each term
separately.

Then, notice that M = im(a)D with m(a) =i (ifﬁ:i) = cot(a/2) as in (6.10). Substi-

tuting = = m(a) we have |2 212;1 and so
2 . L s [e%s) 9 . . s
da|(M + R :/ |+ 5y a
| aalare iy = [ foars w7 e
1 n+1 . L s
nezZ n

where we used Lemma 6.5 below. Similarly, for the second term here we do the substitution
y = m(a) and we use Lemma 6.4 below, where we saw that DK ~'D was still dissipative.
Then we can do the same estimates.
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Lemma 6.4. Suppose for matrices D and K that D> =1, D* = D and K + K* < 0. Then
(DKD)+ (DKD)* <0.

Proof. For any vector v it holds that
(v, DKD + (DKD)*v) = (v, D(K + K*)Dv) = (Dv, (K + K*)Dv) <0
since D is invertible. O

One of the main differences between the otherwise very similar approaches [16] and [17] is
the use of the dissipativity to get a bound of the following type. In [17], the general infinite di-
mensional version is used and in [16], a 2 x 2 version is proved using explicit matrix calculations.
Here we give a third proof using the numerical range and pseudospectra.

Lemma 6.5. Let 0 < s < 1, and D and K such that D*> = 1, D* = D, and K is dissipative,
i.e. K+ K* <0, respectively. Then
n+1
/ (K + D) | dv < O(s),

foralln € Z.
To prove this lemma, we need the following definition:
Definition 6.6. For any € > 0, the pseudospectrum of A is defined as
A(A) = {z € C (eI - 4] 2 2)
Moreover, we need the following general result on the connection between the pseudospec-
trum and the numerical range [33, (17.9)]:

Theorem 6.7. Let W(A) be the numerical range of A and let A, be the closed disc with radius
e and with center 0. Then

A(A) c W(A) + A..
Now we can go ahead and prove the above lemma:
Proof of Lemma 6.5. We decompose K + ivD into real and imaginary part as in (6.12) which
yields

1 1
K +ivD = 5(K+K*)+§(2wD+K—K*)
since K + K* < 0 and therefore we must have sup{\ | A € o(K + K*)} = —r < 0. More-
over, dist(o(K +ivD),0) > r since the skew-hermitian part contributes only something purely
imaginary to the numerical range, and the spectrum is contained in the closure of the nu-
merical range. Thus, since o(A™') = {A™!' | A € 0(A)} for any invertible element A in an
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Banach algebra we have that sup{|\| | A € o((K +ivD)~')} <r~!. Luckily, some theorems on
pseudospectra can help us out here.

Now we know that the real part of the numerical range of (K + ivD) is less than —r < 0.
That means that the real part of W(K 4+ iwD) + A, 5 is less than —r/2 < 0. Therefore, by
Theorem 6.7 we have that 0 € A, 2(K +4ivD) which by definition of the pseudospectrum means
that [|[(K +wD)™|| < 2/r. Hence

/nnﬂ [(5 +ivD)™ [ dv < C(s) < <2> —w

r

7 Proof of exponential decay

In Theorem 2.4 we proved the analog of [16, Theorem 3.1] which has a similar setting as us.
We will need this a priori estimate repeatedly in what follows. But before we go into the proof
of exponential decay of fractional moments in case of strong disorder we derive some spectral
properties in the reflecting case corresponding to maximal disorder.

7.1 Finite Volume Restrictions

For what follows, recall from Section 4.2 the notations Wl = WAL(C'l,NCQ) and Wk =
WAL(CY, CF). Denote the corresponding resolvents by G = (WL —2)~! and GF = (WE —2)~!
for some z ¢ T. To ease notation we do not write out their dependence on z explicitly.

Proposition 7.1. Let u,v € Z* x {—1,+1} such that |u — v| > 2. Then for any n > 0, any
0<s<1 andp>1%s it holds that
e —wel

El[(u, G"0)[] < C' | (L*n)” + por

(7.1)

Moreover, for any a > 0 if |Ci, — Cy,|| = L™2*2=% then there exists a C > 0 such that for
any u,v with [u —v| > 2 then

ElJ(u, GFo)l1] < (72)
Proof. Recall the resolvent identity
GF =G+ GgEWE —whGE.

Before stating estimations we note that due to the invariance of H; and the power series
formula for G* we have that (z*, G*) is 0 except for when v € H. So if u,v are two states
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5. Quantum Walks in Random Magnetic Fields

of distance larger than 2 then manifestly |(u, G*v)| = 0. That means that when we find matrix
elements for GG using the resolvent equation and inserting identities we have

[(u, G"0)| = [(u, GH(WF — WGP o)
-y ‘(u, aradla, (WE - WL)C:L@‘

Gt ~
<o) | e
— | dist(c(W), 2)
Wkt —wt
dist(a(WT), 2)dist (o (W), 2)
Here we also used that ||GZ| = [[(WE — 2)71|| < 1/dist(o(W"), 2) and equivalently for WE.
In the last step, we used that there are only finitely many states with a distance of at most 2

from |a).

Now, we evaluate the expectation in (7.1) which to this end we split into two parts: a small
part of € where the spectrum is close to z and a large part where the spectrum is far from z
since in this case we can handle the denominators. The way to formalize this is to define

M,(2) = {w € Q| dist(c(WF), 2) > n}
and then separately bound each of the terms in

(u, GEv)|*). (7.4)

Elidar, ()] (u, G*0)|*] + Eliday, (e

We start with the first term. By Lemma 4.4, Holder’s inequality with conjugates p, ¢ such that
gs < 1, and Theorem 2.4 we obtain for sufficiently small n > 0

Elidys, oye|(u, GE0)|*] < P[M,(2)]7E|(u, GEo) | < C' (L2n)¥ . (7.5)

Turning to the second part we now use that the numerators in (7.3) cannot explode. First note
that if |[WE — WE|| < en then their spectra are close. Indeed we use the relation |22, (3.38)]

dist(c(Wh),2) >0 dist(a(wL),z)>g

which follows from the normality of unitaries and that it holds for normal operators that
|(A—2)7|| =dist(c(A),z). Thus, both terms in the denominator of (7.3) will be large. After
using that we can afford to forget the indicator function.

(W —wh)

Blic, o (1. G0l < e Bl 17— w7 < L (76)

Putting things together we have for any 0 < s < 1 and p > ﬁ that

1%@ﬂ@ﬂsc(@%ﬁ+WW:;WWj_
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To see the second statement we use Lemma 4.3 to obtain the bound ||(W! — WE)||® <
2¢||Cip — Cirll. Again as in [22] for any @ > 0 we can pick the scale of n such that n =

1
Tagrz which ensures that (L?n)» = % . Then our condition on ||C;, — C;,|| becomes that
|Cie — Cill = L72@+2=% which we acheive by assumption. O

7.2 Almost independence and the Aharonov-Bohm effect

Recall, how we proved that the conditional density is bounded in Proposition 5.5. In the
following we make substantial modifications to the proof that will ensure that the resampling
strategy from [16, Theorem 3.1] can be adapted to our setting, which is more complicated due
to the peculiar independence structure of {6;} in our case.

We start by considering the gauge invariance of Greens functions.

7.2.1 Gauge invariance of Greens functions

) R

n>0

Rewriting

we can write the Greens function as

Glu,v) = (u, (W = 2) o) = =Y 2= (u, W), (7.8)

n>0

As W = D ,Wy(Cy,Cy) = D,Wy it holds that W™ = (D,Wy)"™ and we can expand the matrix
element (u, W"v) as a sum of paths of length n, i.e.,

n—1
(w, W) = (uw, (DWo)"0) = 3, JIWr(@)y(i+ D)e0O7D - (7.9)
v:y(0)=v,y(n)=u =0
For any path 7 of length n from u to v define

n—1

w.(y) == [z " Wa(v(i),v(i + 1))

=0

as well as the contribution of the magnetic field accumulated along ~,

iy

n—

0(v) = p_0(v(i),7(i+1)). (7.10)

i

Il
o

It is a (direct) consequence of the discussion around [10, (20)] that

219



5. Quantum Walks in Random Magnetic Fields

Figure 6: Sketch of the situation with the resolvents in Proposition 7.8. With the arrows we
denote the Greens functions G((0,u) and GE+3)(v,y). Notice that the Green’s functions
inside and outside the box are not independent, but the outer Greens function only depends on
the inner phases through the total flux through all the plaquettes in Ap. When L becomes very
large this dependence becomes smooth with high probability and thus with an extra constant
H%LHOO we can prove all the results as if we had independence.

Lemma 7.2.  Suppose that v, are two paths from u to v. Then

() —6()

is gauge-independent. In other words, 6(y) — 0(%) is completely determined by {F(x)},ezz.

Proof. Let us denote by v~! the inverse of a path ~ which is obtained from inverting the steps

and as well as their order. Then 3! is a loop from u to u, so the phase (') = 0(y) — (%)
picked up along it is an element of the holonomy group (at u). Since our gauge group is U(1)
and therefore abelian, the statement follows directly from [10, (20)]. O

Finally, we are concerned with expectation values, so it is a good sanity check to see that
these are indeed gauge invariant.

Lemma 7.3. For any u,v € (*(Z*) ® C%, |(u, Gv)| is gauge invariant.

Proof. By [10, Lemma IV.2|, W transforms under a gauge transformation V' as W — VW V*.
Since V is unitary, we have that

[(u, (W — 2) 7 0) = [(Vu, VWV = 2)7 V)| = [(Vu, VW — 2) 7' VYY) = [{u, (W — 2)" 1))

O
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7.2.2 Winding numbers

Let us define the winding number through the Alexander numbering introduced in [6] (see
also [27, Lemma 2|.For any closed curve v in the plane the winding number of a point p with
respect to the curve v we denote by w,(p). Notice that the curve partitions the plane into
several connected regions, one of which is unbounded.

1. The winding numbers of the curve around two points in the same region are equal.
2. The winding number around (any point in) the unbounded region is zero.

3. The winding numbers for any two adjacent regions differ by exactly 1; the region with
the larger winding number appears on the left side of the curve (with respect to motion
down the curve).

In the particular case where v is a closed curve that only traverses edges of Z2?. All points
in a plaquette P are part of the same region and thus the winding number of a plaquette P is
well-defined and we write it as w. (P).

Let us give a more explicit construction of the gauge independence of (), which is the
accumulation of phase along the path 7 defined in (7.10). We note that in some sense the
following is a generalization of Stokes’ theorem.

Lemma 7.4. Let v be a closed curve in R? that only traverses edges of Z*. The following
formula holds

0(y) = Y F(P)uw,(P)

Pez?

Proof. Let us work in a Landau gauge where the point 0 is picked so that v is completely above
0. Since the quantity is gauge independent it holds in any gauge. For any plaquette P pick any
point p € P. Consider the vertical line V,, through p. The plaquette P contributes to the sum

0(7) = Z 0(7(i), 7 (i + 1))

exactly for the i’s in the sum where V,, crosses the edge (v(i),y(i+1)) above p. The contribution
is F'(P) times the number of times that V), crosses the edge (y(7),v(i+1)) above p counted with
signs. But by definition of the winding number this is exactly F'(P)w. (P). Since this holds for
any plaquette P the formula follows. O

7.2.3 Proving the Aharonov Bohm effect

Let us now continue with providing probabilistic insight on the Aharonov Bohm effect. In the
following let F = (F}); ez2.The insight is that what happens outside of Ay is conditionally
independent from what is inside the box A conditioned on

Fp =Y F(x). (7.11)

zEAL
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5. Quantum Walks in Random Magnetic Fields

The sum is understood modulo 27. Let i, be the marginal measure of Fy, and let Pgjp, (- | ¢)
be the conditional measure of F given F, = ¢. Then, for any measurable function ¢ (F, F}) it
holds by [19, (10.3.2), (10.3.4)] that

BO(FF)) = [ nr(d0) [ 6(s.0)Par,(ds |0)
T T2
= [ nr 0B F.F) | Fi = 0
So if we define Eg4 by Ey, = [ up, (d¢) we have the relation

E[y(F, Fp)] = Eg[E[{(F, F1) | Fi = ¢]]. (7.12)

Proposition 7.5 (Formalization of the Aharonov Bohm effect). Let v € Ay and v,y € A7 5.
Then

1. (0, G*u)| is independent of {F(z)}sga,, and
2. |(v, GEyY)| depends only on {F(x)}sen, through the Fy.

That means that, |{(0|G*|u)| and |{(v|GE+D|y)| are conditionally independent given Fy. In
particular, it holds that for all w € Ay, and v,y € A7 5 and 0 < s < 1 that

E (|01G"|w)[*| (0| y) ) = B [E (|0, GFu)|*[ (v, GEy)[* | Fr = ¢)]
=E, [E ((0,G*w)* | Fp = ¢) E (|(v, " Iy)[* | F = ¢)].

Proof. (1) follows from the construction of G¥. So let us turn our attention to (2).
Using the decomposition of the Greens function and the construction of G* above, it holds
that

(0, GEu)| = | Z w (7)e =0t |
v:0—u,yCAL
where 7 is any path from 0 to u that completely lies within Ay. Similarly,
(v, GEFy)| = | Z w, ()l =0G0) |

Y=y, yCAf 45

where 7 is any path from v to y in A7 ;. Then the concatenation of v and the reversal
of 74y is a closed path from v to v through v in A¢ ;. Denote this path by ~.. Notice that
0(7e) = 0(y) — 0(%). Since 7. is a path in Af 5 all plaquettes P € Ay have the same winding
number with respect to 7.. Let that number be w.,, (Ar). By Lemma 7.4 it holds that

0(7) = 0(30) = 0(7e) = wy (AL)FL + Y F(P)uw, (P) (7.13)

PeAg
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where we used (7.11). It follows that there exist functions ¢, such that

(v, G(L+3)y>| = o(Fr, {F‘j}ngL) (7.14)
and [(0, GLu)| = ¥({Fj}jen,). Hence |(v, GET¥y)| is conditionally independent of (0, GLu)|
given Fy, and the formula follows (cf. [19, (6.15.5)] ) . O

7.2.4 Independence up to the Aharonov Bohm effect

In the following, we will need that things that happen inside and outside of a closed box are
independent to continue following the strategy of [16]. However, by the Aharonov-Bohm effect
[1] this is not the case. Yet, by conditioning on the total flux through A, can we obtain the
following approximate result. Recall from Section 4.2 how we constructed the operator G* (cf.

(4.5)).

Lemma 7.6 (Factorization using Aharonov Bohm effect). Let f;, be the density of the random
variable Fi, = 3\, F(x) representing the total flux through Ar. For |y| > L +2 and u €
Ap,v € A7 5 we have that

E [|(0, G7u) | (o, GE+y) 7] < ‘ ;

L

E [[(0, G"u)["] E [|{v, G**y) )]

[o0]

forall0 < s < 1.

Proof. By Proposition 7.5 we obtain that
E (0, G u)[*[{v, GF*D))yl*] = By [E [|(0, GFu)* | Fr = 6] B [|(0, G y)* | F = 6]].

Notice that |Az| = L?. Then consider first the term with [(0, GLu)|*, which only depends
on the finitely many variables {F}}jea,. Therefore the conditional density fg ,ir, (z | @) is
well-defined and it holds that

fepin (o 6) = 0]

The joint density is given by

LZ
fFLQ,FL (‘Ta ¢) = H (p(xz)ld{zzfaj] zi=¢ (mod Qﬁ)}(xa ¢) (715)
=1
So it holds that

E [0, GEu)|* | Fy, = o] —/

TL

0. GM ) fr i (2] 9)N (de)

1
< N7 lELI0, Gru)l].
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5. Quantum Walks in Random Magnetic Fields

Now the total expression becomes easier.

E, [E [[(0,G*u)|* | Fr = ¢ E [|(v, GETHy)|* | Fp = ¢]]

1 S S
= HEHOOEH(QGLU)\ JEs [E (|(v, GE*y) [ | Fr = ¢)]
1 S s
= HﬁllooEH(QGLU)\ JE[ (v, GEy) ).
0
Now, as F, = > ., F(z) and the F(z) are independent and have density ¢ then the

density of F7, is the iterated convolution of ¢. Now, for two densities f, g it holds that

27

it (G o)) = [ fa- ety it (@) [ady= it (@),

z €[0,2m 0 x €[0,27] z €[0,27]
Using this consideration repeatedly, we conclude that for each n € N,

inf {¢"(z)} > inf : {p(x)} >c>0.

z €[0,27] z €[0,27

and therefore that H%L”OO > ¢ >0 for all L.

7.3 Resampling arguments

In this section, we generalize the resampling arguments from [16] so that they can be applied
in our setting where we do not quite have independence. According to [16] the resampling
strategy was developed in [3] and [13].

7.3.1 Defining resampling for dependent random variables

This section is devoted to defining resampling abstractly. However, we will be guided by our
concrete example when we present the theory.

Let J be a finite set and X = T and Y = TY. Then X x Y = T%. Denote by Ax the
sigma algebra generated by cylinder Borel sets and Ay = B(TY). Then Ax ® Ay is the sigma
algebra generated by cylinder Borel sets and (T%, B(T%")) = (X x Y, Ax ® Ay). Let p be a
probability measure on X x Y. Let © : X x Y — X x Y = T% be a corresponding random
variable (that is u(A) = P(© € A)). Denote the marginals of © by Ox and ©y. Let E(- | Ox)
be the conditional expectation. For every B € Ay and every x € X then define a measure v,
by v,(B) =E[lp | ©x = z]. Then v,(-) = Po,je, (- | ) is the conditional measure. Let further
v be the marginal of  on X then we have the following decomposition using Proposition 5.3

(@) = [ [ idete. v ppivta). (7.16)
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Consider the measure space (X x Y2 Ay ® AY?), with v a measure on X and v%? on Y?2.
Define the measure fi for any A € Ax ® AZ* by

i) = [ [ Laley i i), (7.17)

Since v, was a Markov kernel then v$? is also a Markov kernel. The corresponding distribution
(Ox, Oy, Oy ) satisfies that ©y and Oy are conditionally independent given © x.
Now, we can define the expectation with respect to the marginal onto J¢

E7[G] = / Gv(dz). (7.18)
Further for each x € X we can define the Cond)i(tional measure of the original phases
E7[G] = / G, (dy) (7.19)
and the conditional measure of the resampledyphases
E7[G) = / Gy (dy). (7.20)
In particular, '
BIEY(G) = [ G (d(n.) =BIG | Ox = ax] (721

Letting E,; be the full expectation value corresponding to the measure ji we can state the
following Lemma.

Lemma 7.7. Suppose that G only depends on fz7c and 07 and G only depends on 07c and
07. Then

Ean[G1Gs) = B [ETE7 [G1Ga)] = BT [E7 [GL]ET [Gy]] = BT EIRT [G1Gy).

7.3.2 Using resampling to construct iteration

Let us now embark on constructing the iteration using resampling arguments following [16,
Proposition 13.1] with some important caveats that we will elaborate on shortly.
Let us first define

D=3 (e — e )nynl.

neJ

and define W, G as in [16]. Notice how the only difference between G* and GL is that GF
depends on the resampled phases 6,, whereas G* depends on the original ones. This thus gives
the equation

B [G4] =B [6H]. (7.22)

Let t = ||T*|| which is bounded by Lemma 4.3. Now, we are ready to prove the equivalent
of 22, Proposition 3.12|, which related the infinite volume resolvents to the finite volume ones.
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5. Quantum Walks in Random Magnetic Fields

Proposition 7.8. For every 0 < s < % we have that
S 1 S S S
E[[{0, Gy)|’] < C(S)QHTHOOCtZ Y. El0.GMPT Y EN(, Gy
L u,L—2<|u[<L+2 o L+2< |0 |<L+4

Proof. We use similar reasoning as in both papers [22, (3.53)] and [16, (13.16)] to see that

E[[(0,Gy)["] < ct™ > E [[(0, G*u) [*[(u', Go) | (', GEH2y) ]

(u,u")eHL,(V,V)EHL+3

Now, the proof of resampling (cf. [16, Proposition 13.1]) needs to be reconsidered. In the
proof from [16, Proposition 13.1] the terms [(0, GFu)|* and |(v', G*+3)y)|* are independent, but
correlated through the factor |(v/,Gv)|®. For us, they are independent up to the Aharonov-
Bohm effect, but still correlated through the factor |(u/, Gv)|®. Nevertheless, with some care
we can still use the same resampling strategy.

We now do the same resolvent equations as in the proof from [16, Proposition 13.1]. Notice
that in this process we can do this formally, in sense that these resolvent equations are true for
any set of parameters 6,, and én

We then obtain since the total expression is independent of {0, },cs and E7(1) = 1 that

E [[{0, GFu) *|(u', Gu) | (', G0y ]
= Ean [[{0, G*u)I* (', Gu) | (', GE+y) ]

< BBIB | (10.6M0F + 0. G DWEG ) [0 G

< (10, G+ 01,60 DG ) |
= A1+A2+A3+A4

which like in [16] has 4 terms Aj, As, Az, A;. We now consider the modified bound for each
term.

A1: To bound the term we first use Lemma 7.7. Then we use Theorem 2.4 and Lemma 7.6
as well as (7.22) to obtain

Ay = EE [[(0, GFu) | (!, Go) | (!, G+ |
<E7 |B7 [|(0.G )|, Gy | B [|(w|Glo) )]
< C(RTR [[(0, GLu)l*| (v, G y) ]

< c<s>uflLrooE (140, G} E [|(v), GE+0y))e]
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A4: Then the bound for the A, term:
Ay =By [[{0, GEDWM GO (!, Go) (0, GO+ DW G0y

< EJCEJEJ [’ <0, @Lﬁw()l\L G(L)u) ’s’<ul’ GU) m <1}/, G(L+3)bWOG(L+3)y> ‘s‘:|
< ETRT [EJ [|<O, éLDWé\LG(L)qus} PRI [|<U'> Gv>|3$] 3 10 [|<U/, G(L+3)DWOGY(L+3)y>|33} 3:|
< EJCEJ |:E.7 |:|<O, éLDWé\LG(L)’LO |35} 3 0(38)%]]*}7 |:|<U/, G(LJ’?’)ZA)WOC;’(LH)@/H?’S} 3:|

where we used Holder on the integrals over the old variables first and use that for s <
we can bound the middle term by Theorem 2.4.

This leaves us with the two factor?é
10, GEDWREGEIW) P as well as |(v, GEH) DWGEH3)y) 35, Those we can estimate as in
[16] with an extra factor of C(s)||f%|\OO when we have to split up the expectations. But this
term is constant so we have the same estimates.
Let us do the first factor explicitly as in [16, (13.30)].

0, GFDWEGPu) > < Y [0, G n) (n, Wyt GPluy|>.
neJNAL
Now, it holds that

|(n, WrGWPw)| = |(n, DS(DS — 2)"'u)| = |(n, (DS — 2) + 2)(DS — z) " u)|

= [(n,u) +2(n, (DS —2) " u)| < 1+ [z] [(n, GFu)].
Thus, using that |z] < 2 by Theorem 2.4 again,

E7 (10, GEDWGPu] < 30 10, GEm[PET [ 1+ [zl (. GRu)[*]
neJNAL
<C(s) > [0,G"m)f>.
neJNAL
Similarly, (and similarly as in [16]) we obtain that

B |:’<U/’G(L+3)f)WOé’(L+3)y>‘3s} < Z [(n, G+ |35,
nGJﬁACL+3
Now, using that J has a fixed number of elements there is a constant C' > 0 such that
1
(Yhes 73)2 <O ,cs @3 for positive reals z,. It follows that
a<c 3 ETE [0, GRa)l L, Gy |

n€JNAL,WETNA] 4

=C > E [[{0. G*m)[*|(n, G y)|* |

nE]ﬂAL,n’GJﬂAi+3
1 ’ s
< Oll e STOE[[0.GM)] D E[[(n,GEy)r ]

neJNAL n’GJﬂACL+3
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Now, for the terms Ay, and A3 we can use exactly the same methods as for the A4 term by
replacing the Holder with a Cauchy-Schwarz since there is now only two terms. Then we do
the analysis as in the A4-part, but now only for one of the factors each time obtaining the same
split up of the expectations with the inner and outer part. In total, we get

S 1 S S S
B[ (0, Gy)I'] < Cl)ll 5 lloet? > E[O.GwI] Y E[(, Gy
L u,L—2<|u|<L+2 v/ L+2<|v/|<L+4
O
Next we bound the resolvent G(£+3)
13.2].

in terms of the full resolvent similarly to [16, Proposition

Proposition 7.9. For every s < % we have that

E[0,Gy)lf] < Csit*(1+¢L) > E[0.G'0)f] Y  E[{,Gyl).

u, L—2<|u|<L+2 o/, L+2<|2/|<L+4
Proof. We do another resampling argument. First, we use the resolvent equation to write
G(L+3) -G+ G(L+3) TL+3 G.

which in turn implies that

E[[(v,G" )] <E [|(v.Gy)T+C Y, E [0, GEP )|, Gy)l].  (7.23)

(w,w')€IA L3

Now, we focus on the term E [|(v/, GFFPw)|*|[(w', Gy)|*] and where we can resample the fields
corresponding to changing the phases at v/, w and w’ in a similar way as above. Following [16]
we denote the resampled phases with E instead of [ and the corresponding expectation with
respect to ji as ]Eall' Now,

E U<U/’ G(L+3)U}>|S|<w/7 GyHS] _ Eau [‘ <v/’ G(L+3)w> ﬂ(w/, Gﬁyﬂs}

+ By [|(0, G|, GDSGy) ]

where D is defined analogously as D above. Let us start bounding the first term. By Lemma
7.7 and Theorem 2.4 on the first term

Ear ||, G w) (!, Gy) | < BT [B [|of, G B (|(w', Gyl |
< C(s) BT ||(u', Gyl
= C(:)E[|(w', Gy) "] (7.24)
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where we also used (7.22). Then, let us turn to the second term. First, we can again use a
resolvent equation to write

[(w',GDSGy)* < C |(w',GD* [(1, DT'DSGy)|* < C Y [(w',GD* [(I,1+ 2Gy)[*
leJ leg

<O !, GNP (1, Gy) >
leg

So that we now obtain

]Eall [’(U', G(L+3)w>|s|<w', GDSGy)ﬂ < EIRIRT [’(U', G(L+3)w>|s|<w', GDSG’y)\S

< chij [EJ [|<U’7 G(L+3) >‘ ]% EJ [‘<w/7 G[)SéyHQS] 2:|

|

< O(s) ET°EY [EJ [|(w',Gl~)SC~¥y>|QS);]

-

<C Y B7ES[B7 [ 1. GO 0. G

leg

> EVR [ (LGl [ (', Gl
leg

93 EJTEJ[ {1, Gyl } ()Y E[|(L.Gy)l* (7.25)
leJg leg

Now, (7.24) and (7.25) yields that

E [|(/, G w) (0!, Gy)*] < C()E [[{w', Gy)I] + C(s) Y E {1, Gy)l*
leg
Combining this result with (7.23) and Proposition 7.8 yields the proof. O

7.4 Iteration and exponential decay of fractional moments Greens
function.

In this section we check that the iteration from [22, Section 3.4| also works in our case and we
prove Theorem 2.3.

Theorem 2.3. Let W =W, be the random quantum walk defined in (2.2). Then there exists
e > 0 such that for all Cy, Co with dist((Cy, Cs),C,) < € such that for all s € (0,3), there exist
constants j1, C > 0 such that and all =, y* € Z* x {+, —} it holds that

E, [|G(a*,y*,2)"] < Cerievl

for all z € C with § < |z] < 2.
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5. Quantum Walks in Random Magnetic Fields

Self-adjoint | Unitary
2nd moment [15] [16]
EigenCorrelators 2] [25]

Table 1: Overview of the relevant literature for proving that a fractional moment estimate of
the Greens function implies localization of i.i.d potentials in the self-adjoint case and i.i.d.
phase in the unitary case. The two methods are the 2nd-moment estimate method and the

eigenfunction correlator method in the self-adjoint and in the unitary case.

Proof of Theorem 2.3. We combine Proposition 7.1 and Proposition 7.9 as in [22, Section 3.4].

That is
2

B0, Gyl < O (1 4+ £L) % max_ B, Gyl

Lo 3 L+2<|a’|<L+4

_a

where we chose t < L~2@+2)-% Now, we can take a large enough so that tL — 0 as L — oo
and hence the front factor tends to 0. Now, using translation invariance this gives us an iterative
proof of exponential decay (cf. [22, Section 3.4]). O

8 Relating Greens functions to dynamical localization.

This section contains some considerations about dynamical localization in the fractional
moment method and what barriers we see to obtain Conjecture 2.5.

The fractional moment approach to localization entails proving a priori and exponential
decay estimates of the expectations for fractional moments of the Green function. In the case
of the standard Anderson model, the unitary Anderson model or when the phases 6; are i.i.d.
different methods exist for relating the estimates to dynamical localization. For the discussion
we follow the spirit of [31]. In the self-adjoint case, there is an approach second moment
estimates [15] and one using eigenfunction correlators. In the unitary case, the second moment
method was "unitarized" in [16] and also used in [21]. On the other hand, the eigenfunction
correlator approach of [2] (see also [5, Theorem 7.7]) was "unitarized" in [25].

We have not succeeded on using any of the approaches for the model of a quantum walk in
a random magnetic field that we introduce and study in this paper. Generalizing the unitary
approach to eigenfunction correlators in [25] seems intractable so we find it natural to try to
follow the steps of [16]. However, as we saw in the proofs above substantial difficulties arise
since the phases are no longer i.i.d. These difficulties that are centred around the appropriate
generalization of [16, Prop. 5.1| seem at the moment difficult to overcome (although admittedly
with natural modifications one can get quite far, but the final estimate corresponding to [16,
(5.24)] we were not able to obtain). Having obtained an appropriate generalization of |16,
Prop. 5.1] we believe that the rest of the proof of dynamical localization (Conjecture 2.5) is
downstream.
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Spectra of generators of Markovian evolution in the
thermodynamic limit: From non-Hermitian to full
evolution via tridiagonal Laurent matrices

FREDERIK RAVN KLAUSEN, ALBERT H. WERNER

Abstract

We determine spectra of single-particle translation-invariant Lindblad operators on the
infinite line. In the case where the Hamiltonian is given by the discrete Laplacian and
the Lindblad operators are rank r, finite range and translates of each other, we obtain
a representation of the Lindbladian as a direct integral of finite range bi-infinite Lau-
rent matrices with rank-r-perturbations. By analyzing the direct integral we rigorously
determine the spectra in the general case and calculate it explicitly for several types of
dissipation e.g. dephasing, and coherent hopping. We further use the detailed information
about the spectrum to prove gaplessness, absence of residual spectrum and a condition
for convergence of finite volume spectra to their infinite volume counterparts. We finally
extend the discussion to the case of the Anderson Hamiltonian, which enables us to study
a Lindbladian recently associated with localization in open quantum systems.

1 Introduction

Schrodinger operators and their spectra are one of the central objects studied in mathemat-
ical physics. Indeed, spectral properties encode many important physical properties such as
the speed of propagation as described by the RAGE theorem [2, 3, 4].

Going beyond the closed system paradigm described by Schrodinger operators and unitary
dynamics, a natural setting is that of Markovian time-evolution, described by a completely
positive dynamical semi-group. These systems have been extensively studied from a quantum
information perspective in particular by considering the generator of such evolutions, i.e. the
Lindblad generator [5]. Here, gaps in the spectrum around the origin in the complex plane
provide information about relaxation times towards the non-equilibrium steady state of the
system (as we will discuss in Section 2.2). Understanding the interplay between disorder (e.g.
in the form of a random potential) and dissipation (e.g. thermal noise) is emerging as an
important problem [6, 7, 8, 9]

In addition, over the past decades, the theory of non-Hermitian Hamiltonians (i.e Non-
self-adjoint Schrodinger operators) has developed rapidly [10, 11, 12, 13]. One motivation for
these investigations has been that non-Hermitian Hamiltonians model open quantum systems
if quantum jumps are neglected [14]. The theory of non-Hermitian Hamiltonians is also closely
connected to the study of tridiagonal Laurent matrices (see [15, 16, 17] and references therein).
In particular, the stability of the spectra under perturbations has been investigated [18].
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In this paper, we extend this connection to the case of Markovian evolution in the single
particle regime (illustrated in Figure 1). For Lindbladians with translation-invariant Hamilto-
nians and Lindblad operators L that are rank-one, finite range and translates of each other
we prove in Theorem 3.8 that the entire Lindbladian can be rewritten as a direct integral of
tridiagonal Laurent matrices 7T'(q) corresponding to the non-Hermitian evolution subject to a
rank-one perturbation F'(¢) which corresponds to the quantum jump terms. The construction
of T'(q) and F(q) is explicit. This decomposition allows us to explore the spectral effects of the
quantum jumps rigorously.

The Lindbladian £ is non-normal and so the notion pseudo-spectrum provides information
about the operator in not encoded in the spectrum as discussed in great detail in [19, 10]. To
determine the spectrum of the Lindbladian from the direct integral decomposition we extend the
use of pseudo-spectra by providing a result of independent interest concerning the spectrum
of a direct integral in terms of the pseudo-spectra of its fibers and thereby generalizing the
corresponding result for the direct sum [20]. This is the content of Theorem 3.12.

The combination of the direct integral decomposition and Theorem 3.12 enables us to obtain
information about the spectrum of the Lindbladian L.

In Section 4 we discuss some abstract consequences of the direct integral decomposition.
First, we use the decomposition to prove that Lindbladians in the class we consider only have
approximate point spectrum. Second, we discuss convergence of finite volume spectra to their
infinite volume counterparts and finally we prove that the Lindbladians in question are always
gapless or have an infinite dimensional kernel.

In Section 5, we then use the direct integral decomposition more concretely to completely
determine the spectrum of some Lindbladians which have received attention in the physics
literature as the one-particle sector of open spin chains [21, 22, 23] thereby complementing the
exact results on the spectrum from [24]. We are particularly interested in an example where
the dissipators are non-normal and where the system shows signs of localization in an open
quantum system [25]. Our rigorous analytic results also complement the large body of very
recent work on random Lindblad operators studied from a random matrix theory point of view
[26, 27, 28, 29].

Finally, to connect to examples to the open quantum system with disorder, in Theorem 6.1
we prove a Lindbladian analogue of the Kunz-Soulliard theorem from the theory of random
operators.

In contrast to many previous investigations, we work directly on the entire lattice Z. That
allows us to utilise translation-invariance, Laurent matrices and some tools from random op-
erator theory that do not work for finite systems. Furthermore, working in infinite volume
directly allows us to determine closed formulas for the spectra explicitly. From one point of
view, one can look at these formulas as approximations to (some) large finite-volume systems.
In Theorem 4.5 we give conditions that ensure this convergence.

With some exceptions, [30, 31, 32, 7, 9], the study of Lindbladian evolutions has, in recent
decades, focused on finite spin systems. We therefore first present some results with conditions
for the Lindbladian £ to be bounded as an operator on respectively the space of bounded,
Hilbert-Schmidt and trace-class operators.
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IR

Figure 1: An example of the systems that we discuss in the following. We have a single particle
on a lattice with hopping between lattice sites and local dissipation. In this example, the
hopping and dissipation have the shortest possible range, but the methods presented apply as
long as these properties stay local.

2 Lindblad systems on the infinite lattice

We consider the Markovian, open-system dynamics of a single quantum particle on the one-
dimensional lattice described by the Hilbert space H = (?(Z) and a distinguished (position)
basis {|k) }xez-

The underlying completely positive dynamical semi-group is generated by a Lindbladian L :
B(H) — B(H) of the form [33, 5]

. R :
L(p) = —ilH,p) + G Y _ LipLi — 5 (LiLep + pLiLy), (1)
k

where H is the Hamiltonian of the system (a self-adjoint bounded operator) and G' > 0 is the
coupling constant of the dissipation and we have used A* to denote the adjoint of an operator A.
We will refer to the second term as the dissipative part. The operators Ly € B(H) implementing
the dissipative part are referred to as Lindblad operators. The semi-group determines the time-
evolution of a state p(t) at time ¢t > 0, which is given by

p(t) = e“(po),

where p(0) = py is the state at time ¢ = 0.

Later, we will often choose our Ly, to act locally as for example L = |k)(k|. In the following,
we will refer to (1) as the Lindblad form. We will similarly say that an operator L is in the
adjoint Lindblad form if

. 1
LX) =i[H X]|+G> LiXL - 5 (LiliX + XLiLy), (2)
k

which describes the evolution of observables in the Heisenberg picture, whereas the evolution
generated on states according to (1) is refered to as the Schrodinger picture. The case of a
Markovian evolution on the infinite line is slightly under-represented in the literature as many
works, in particular from the quantum information side, where open-system dynamics has
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been studied extensively, restrict themselves to finite dimensions. The infinite case adds some
additional complications that we clarify without using the lattice structure of ¢%(Z).

Oftentimes, we will use a decomposition of £ in terms of a non-Hermitian evolution part
Lyue and a quantum jump term L; according to

L(p) = ~i(Hei p— pHig) + G Y LipLic = Lxun(p) + Ly (p).
k
where L;(p) = G, L;pLy and the effective non-Hermitian Hamiltonian is defined by

i .
Ha =H— = 2;1¢Lk. (3)

The Lindblad form ensures that the spectrum is always contained within the half-plane of
the complex plane with non-positive real part (see also [34, 35]).

Furthermore, for finite-dimensional systems £(X*) = £(X)* which implies that the spec-
trum is invariant under complex conjugation o(£) = o(£). This we prove also in the infinite-
dimensional case in Lemma A 4.

In finite dimensions, it is always the case that there is a steady state po, of the dynamics that
satisfies £(ps) = 0 (see for example [35, Proposition 5]). It was discussed in [36, 37, 38, 39] how
the symmetries of L are inherited by £ and the steady state. However, translation invariant
infinite volume Lindbladians have not been studied extensively although some results exist

[40, 7).

2.1 Boundedness of £ as an operator on Schatten spaces

In finite dimensions, the set of density matrices is defined to be the set of positive matrices with
unit trace. In infinite dimensions, this notion is generalised to positive trace-class operators
with unit trace. In the following, we will denote the space of trace-class operators by TC(H),
the Hilbert-Schmidt operators by HS(#) and the space of bounded operators by B(H). See
for example [10, 41] for more details on these spaces. All three spaces are Banach spaces with
regards to their respective norms and HS(H) is also a Hilbert space with the inner product

(X,Y) = Tr(X*Y).

In order to relate the spectra of £ on these different Banach spaces, we will use interpolation
methods. These methods rely on the Schatten classes that interpolate between TC(H), HS(H)
and B(H). To define them we consider operators A € B(H) with and define for p € (1, 00) the
Schatten-p-norm of A via

1Al = Tr(|AF)7,

where |A| = (AA*)2. The Schatten-p-class S, then consists of all bounded operators with
finite p-norm. For p = oo we set So, = K(H), the compact operators on H. Furthermore, the
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Schatten classes interpolate between these spaces in the sense that S = TC(H), S, = HS(H).
For more information see [42] where the Schatten classes are treated extensively.

We first show that under a boundedness assumption on the L any Lindblad generator of
the form (1) will be a bounded operator on TC(H ), HS(#) as well as B(#). To this end, assume
that H € B(H) and that

(A1) : Both Z LyLj and Z LiLy, converge weakly in B(H),

kEZ:|k|<n keZ:|k|<n

neN neN

where we recall a sequence of operators {A,},en C B(H) converges weakly to an operator
A € B(H) if for all v € H it holds that ||A,v — Av|| — 0.

A similar level of generality was used in [43] and [44]. We will use the Riesz-Thorin interpo-
lation theorem in a non-commutative version, where the operators are defined on the Schatten
classes S,. We state it here for convenience.

We say that a pair of operators A, € B(S,) and A, € B(S,) are defined consistently if for
any p € S, NS, it holds that A,p = A,p. If this is the case, we abuse notation by writing
A € B(S,),B(S,;). Notice that since the Lindbladian is defined through the Lindblad form
(1) for some fixed operators H, Ly. Then L is consistently defined and we abuse notation by
writing both £ € B(S,) and £ € B(S,), whenever it is the case.

Theorem 2.1 ([45, Section IX.4]). Let p,q > 1 and A € B(S,),B(S,) consistently, then

A € B(S,,) where % = % + % for each t € [0, 1] with

1—
AL S < TAT AN,

p—p q—q’

The theorem enables us to prove that Assumption (\A;) is enough to ensure boundedness
on all Schatten spaces, but we state the more relevant ones here for clarity.

Lemma 2.2. Suppose that L is of the Lindblad form (1) and that (Ay) holds. Then
L € B(B(H)), BHS(H)), B(TC(H)).
This is also true if L is of the adjoint Lindblad form (2).

Proof. The case £ € B(TC(#)) follows from [44, prop 6.4]. In Appendix A.2 we prove that

L € B(B(H)). Then, to see that £ € B(HS(H)) we use the non-commutative Riesz-Thorin

theorem. Note that since the operator £ is bounded on B(#H) it is also bounded as an operator
on the compact operators K(H) = S,.. Thus, we obtain that

1 1

£l < ILNE-AII£]2

o00—00 "

This shows that £ € B(HS(H)). For further discussions and similar results see also [46, 47].
The result for the adjoint Lindblad form follows in the same way because of the assumption

(A1) ]
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We have now proven that the Lindbladian £ is an element of the Banach algebras B(TC(H)),
B(HS(H)) and B(B(H)), where B(HS(H)) is also a C*-algebra.

In the main text we will only consider the case B(HS(#)). In particular, we only deter-
mine the spectrum exactly there. But in Appendix A.1 we make some remarks on spectral
independence of Lindblad operators.

In the following, we will be concerned with the spectrum of A in each of these algebras. For
any Banach algebra A the spectrum of an operator A with respect to the algebra A is defined
as follows

oa(A) ={\ € C| A— X is not invertible in A}.

Furthermore, we define the approximate point spectrum of an operator in a Banach algebra
A = B(X) for some Banach space (X, ||-||y), is given by

T apon(A) = 1 € C | 3(Wh)nen € X, [dally = L lm || (A= Aesllc = 0}.

A sequence (¢,)nen corresponding to a point A € C as above we will call a Weyl sequence
corresponding to A. It is always the case that o4 appt(A) C 04(A) and for normal operators
equality holds [41, 12.11]. We will prove in Theorem 4.1 that the equality also holds in many
of our cases of interest. The set

O res(A) = 04(A)N\O A appt(A)

is called the residual spectrum of A.

In the following, we will be particularly interested in the case where the Banach algebra
A = B(S,). It is a classical result that S, (and in turn A) is Banach algebra in itself, and
that S, is an ideal in B(H) for all p € [1,00]. The Calkin algebra Q(#) is defined by Q(H) =
B(H)\K(H) and the spectrum of an operator A in the Calkin algebra we call the essential
spectrum egs(A) = oo (A).

In the following, we are mainly concerned with translation-invariant operators with finite
range. We formalize this by the following two assumptions.

(Asa) :  Finite range r < oo : (y|, Ly|z) = 0 whenever max{|x — k|, |y — k|} >r
(Agb) . Translation-invariance: S1LgS_; = Ly for each k € Z

where the operator S,, on H is defined by (S,%)(x) = 1»(x —n) with the convention that S = 5.
Notice that since H = ¢*(Z) the operator S, is unitary and S;! = S* =S5_,.

If we further assume that the Hamiltonian H is translation-invariant meaning that H =
S1H ST, then Assumption (Agb) implies that £ is translation-covariant, i.e. it satisfies that

L(S1pST) = S1 L(p) ST (4)

It is easy to see that (4) implies that £(S,pSk) = S, L(p)S; for all n € Z. Furthermore,
it is also true that (Asa) and (Asb) imply (A;). To see this, notice that (Asb) implies that
>« LeLj is translation-invariant and therefore constant on diagonals. Now, (Asa) implies
that there are only finitely many non-zero diagonals and the diagonal entries are finite. Thus,
S Ll =5 _ S, for a, € C for —r < n <r, which is a bounded operator.

n
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2.2 Relation between spectra and dynamics for Lindblad systems

In the rest of the paper, our focus will be on determining the spectra of certain infinite-volume
open quantum systems. In the Hamiltonian case, there is a clear dynamical interpretation of
the spectra and the different types of spectra. However, due to non-normality of Lindblad
operators, the dynamical implications of the spectra are more subtle and the details of the
topic are still under discussion in the physics literature [49]. We discuss our knowledge in both
finite and infinite dimensional cases.

Finite dimensions: In the finite-dimensional, case the relationship between eigenvalues of
L and the time evolution is given through the Jordan normal form. I.e. £ = SAS™! where
S is invertible and A is of a certain almost-diagonal form. However, even in the cases where
A is diagonal, £ is not necessarily normal. The analysis is counter-intuitive to the person
trained in Hamiltonian formalism due to the peculiarities of non-normality. In particular, the
mathematical guarantees for convergence of the semigroup are much much weaker in the normal
case and they scale much worse with the dimension of the system (see e.g. [50]).

Another peculiarity is the fact that all eigenvectors of £ are traceless, which we describe in
the following remark.

Remark 2.3. All eigenvectors of L with eigenvalues not equal to 0 are traceless. To see that,
note that e'* is trace-preserving for all t € [0,00), so it holds that

Te(p) = Tr (¢£(7)) = ™ Ti(p).
Thus, if Tr(p) # 0 then for all t € [0,00) we get 1 = e which implies that A = 0.

We can give guarantees about the dynamics in terms of the spectral gap g of £ which we
define as follows

g9 = sup {Re(A) [ A € o(L)\{0}}.

In the case where we have a unique steady state p.,, we can get a dynamical guarantee for the
speed of decay towards the steady state in terms of the gap g. Namely that ||et£(p) — pooH <
Ce' where C' > 0 is a constant that depends heavily on the size of the Jordan blocks of the
systems.

In the literature, the cases where £ is not diagonalizable are called exceptional points, there
is evidence that these points can also lead to faster decay towards the steady state [51], although
the mathematical guarantee gets worse.

Infinite dimensions: In infinite dimensions the relationship between spectra and dynamics
can break down due to Jordan blocks of unbounded size (and more generally the breakdown of
the Jordan normal form), due to the lack of a trace class steady state (a phenomenon that we
will encounter in most examples in Section 5) and due to the lack of a spectral gap (which we
prove for our models in Theorem 4.10).

However, we will encounter situations where o(£) has two or more disconnected parts.
Suppose for simplicity that we just have two parts o(L£) = YL 4UXpg, with sup{Re(z) | z €

242



Y4} < g for some gap g € (—00,0) and such that there exists is a closed continuous curve
encircling only ¥ 4. Then we can define the Riesz projections by contour integration to get a
decomposition of H = H 4 @ Hp for two orthogonal subspaces H 4, Hp such that £ leave each
of the two subspaces invariant. Thus, we can decompose £ = L4 ® Lp. Suppose that p € H 4
then, since £, is the generator of a semigroup by [52], it holds that

[e“(o)]| = [le“* ()| < Ce' ol

for some constant C' > 0. Thus, if p = pa + pp with ps € Ha4 and pg € Hp we see that the
part p4 decays quickly.

We leave it to future work to establish a stronger relationship between spectra and dy-
namics in the infinite-dimensional case. In particular, one cannot use our work to gain many
rigorous guarantees about the evolution of infinite open quantum systems, but we consider the
results presented as steps towards such rigorous guarantees. Furthermore, due to the apparent
convergence of the spectra of some finite-dimensional Lindbladians (see Theorem 4.5 and the
discussion in Section 7) one can also view the method presented here as a way to compute large
volume approximations to finite systems (which have discrete spectra and where the relation
between spectra and dynamics is clearer).

In fact, given the question on spectral independence raised in the previous section one might
even ask which Banach algebra (potentially B(S,) for some p € [1,00]) enables us to transfer
knowledge from spectra to dynamics of states p € Sy, p > 0 and Tr(p) = 1.

3 Direct integral decompositions and their spectra

In this section, we specialize to the case where the Hamiltonian H € B (¢*(Z)) is the discrete
Laplacian —A defined in (41). From now on, we will use Dirac notation, to do that we define
for a k € Z the vector |k) = e, and we let (k| be the corresponding dual vector. On caveat
here is that since we will be working with non-selfadjoint operators, then (k|, A|k") # (k|A, |k")
and therefore the comma in the inner product is important and we write it consistently.

Since H only enters through into the Lindbladian given by (1) the commutator [H, -] does
not change when disregarding the term —2|k)(k|. Thus, we will often work with

H=-A=->"|k)Xk+1| + [k+ 1)kl =—(S+5), (5)

where the operator S,, on H was defined by (5,¢)(x) = ¢ (r — n) and we used the convention
that S = S; for the shift operator. For the Lindblad operators L;, we made the following
assumptions in the previous section.

(Aga) :  Finite range r < oo : (y|, Ly|z) = 0 whenever max{|z — k|, |y — k|} > 7.

(Agb) :  Translation-invariance: S, LpS—_,, = Lgin.
Sometimes, we will also need the assumption

(Agc) :  rank-one: Rank(Ly) = 1.

243



6. Spectra of Generators of Markovian Evolution

Notice that in particular, we do not assume that each of the Ly is normal or self-adjoint and in
fact, one of our motivating examples has non-normal L. Notice that H is translation-invariant
in the sense that H = S,,HS}. The assumption (Ayb) implies that £ is translation-covariant
in the sense of (4).

We will use a sequence of isometric isomorphisms of Hilbert spaces to obtain our main
result. Therefore we briefly recall some facts about them. We call a map between separable
Hilbert spaces U : H1 — Ho an isometric isomorphism if it is linear, bijective and preserves
the inner product (U(z),U(y))n, = (z,y)n,. We recall that every isometric isomorphism of
separable Hilbert spaces is a unitary operator [53, Theorem 5.21] . Now, U gives rise to an
isomorphism C*-algebras UT : B(H;) — B(H>) given by conjugation

UM (A) = UAU*. (6)

Where we have introduced the notation U' since we will compose many isomorphisms the
reader should notice that

oyt =Utvt, (7)

3.1 Review of Fourier transformations and symbol curves for Lau-
rent operators

We will use the Fourier transformation extensively and therefore we review it before con-
tinuing. Following the normalization convention in [1, (A.9)] we let F : (*(Z) — L*([0,27]) be
defined by

77.(11’

(F¥)(q r > e

T€Z

for any 1 € (?(Z). Then F is unitary and its adjoint, the inverse Fourier transform, F ! :
L*([0,27]) — ¢*(Z) is given by

Flew) = = / 42 o(g)dg, (8)

for every p € L?([0,27]). We summarise these observations as follows.

Theorem 3.1. The operator F : (*(Z) — L*([0,2x]) is a well defined bounded operator and it
is an isometric isomorphism. For the operator F~' : L([0,27]) — ¢*(Z) defined by (8) satisfies
F~1=F* as well as

FF 1= T r2(0,27)) and F'F = L2 (z)-

Furthermore, F maps the standard basis {|7) } jez to the Fourier basis consisting of functions
1

—L_e~ikiY ., Tt is standard that if T is a translation invariant operator on ¢?(Z) (defined as
Noz J
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STS* =T). Then the corresponding operator FT.F~1 € B(L?([0, 2n])) will be a multiplication
operator.

The Fourier transform transforms Laurent operators into multiplication operators, so we
briefly recall the definition of a Laurent operator. A Laurent operator T € B((*(Z)) is an
operator if for all ¢, j,n € Z it holds (i|, T'|j) = (i + n|, L|j 4+ n), thus, in position basis, we can
write T as a bi-infinite matrix that is constant on the diagonals.

Qo ap a2
T = ... a1 Qg ap
a_9 a—1 Qg

In other words, T is a banded matrix. If a, = 0, whenever |n| > r we say that T is r-diagonal.

In that case,
T = Z aiSi'

i=—T

Lemma 3.2. Suppose that T € B((*(Z)) is translation invariant with constant entries a; on
the i-th diagonal and a; = 0 for |i| > r. Then the Fourier transform of T is defined by

FTF* € B(L*([0,27]))

is a multiplication operator multiplying with ar(q) = Z;:ﬂ” aje. In particular, if S is the
shift operator then ‘
FNS) = FSF* =e

as an operator on L*([0,27]).

Proof. Consider for any j € Z the operator T' =) _, |n){n + j| = S_;. Then for ¢ € [0, 27] it
holds for any ¢ € L?([0, 27]) that

% 1 —iqx * _ 1 —iqx ( T* i
(FTF*¢)(q) = EZ e (TF¢)(x) = EZ e (F ) (z + ) 9)

TEZ TEZL

1 ) 1 L
== e / e’ (g dg (10
Vim = V21 J0,27) @) .
= "Yo(q), (11)

where we used Plancherel’s Theorem in the last step. Now, by linearity if

T=7Y a; ) In)n+jl,

Jj=-r nez
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6. Spectra of Generators of Markovian Evolution

it holds that

(FTF$)(q) = (Z ajt?“”) ¢(q).

j=—r
O
The curve ar(k) = >77__ a;e" can also be viewed as a function from the unit circle
defining 2 = €', then ar(z) = >37_  a;27 we denote this curve the symbol curve. Since

the Fourier transformation is unitary and using that the essential spectrum is the part of the
spectrum that is not isolated eigenvalues with finite multiplicity [54, IV.5.33] we obtain the
following corollary.

Corollary 3.3.  For any Laurent operator T € B((*(Z)) it holds that
o(T) ={ar(z) | z € T} = 0ess(T).

Furthermore, as explained in [55, Theorem 1.2] if 0 € o(7") then the inverse of T is unitarily
equivalent to a multiplication with the inverse symbol

-1
ar-i1\z) = a z) = .
() = 0 () =
In concrete applications, we consider tridiagonal matrices T'(¢) and therefore, we review
some results about tridiagonal Laurent operators and their invertibility in Appendix A.7. If
T(q) is tridiagonal we let o, 8,7 : [0,27] — C be the entries of T'(q). Thus, the symbol curve
is given by the image of T under the map a defined by

a(z) =az"' + B+ vz

In the tridiagonal case, the symbol curve is a (possibly degenerate) ellipse.

3.2 From translation-invariance to a direct integral decomposition

We now show how we can use translation-invariance to get a direct integral decomposition in
the case where we consider £ € B(HS((*(Z))).

To vectorize we will need the tensor product of Hilbert spaces. Thus, we define ¢*(Z) @ (*(7Z)
to be the set of all formal symbols v&@w where v, w € £*(Z) with inner product (v;®wy, va@ws) =
(v1, v2) (w1, we) and taking closure with respect to that inner product. In that way there is an
isomorphism ¢%(Z)®0?*(Z) — (*(Z*) given by |i)®]|j) — |i,j) and extending by linearity. While
we attempt at making many of the other isomorphisms explicit we will regard ¢*(Z) @ (*(Z) as
the same space as (?(Z?) with this isomorphism in mind.
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3.2.1 Vectorization of the space of Hilbert-Schmidt operators

Vectorization is a formalization of the idea of thinking of matrices as vectors. The space of
Hilbert-Schmidt operators is particularly amenable to vectorization. To formalize this we follow
([56, 57, (4.88)]) and define vec : HS(¢*(Z)) — (*(Z) ® (*(Z) by extending linearly

vee([i)(j]) = [i) @ |5)-

Lemma 3.4. The map vec : HS((*(Z)) — (*(Z?) is a isometric isomorphism.

Proof. 1t A € HS((*(Z)) = S»(¢*(Z)) is an operator then the 2-norm of A is given by HAH?SQ =
> ijen |A; ;| where A; ; = (i|, A|5) is the matrix elements of A. Thus, IAlls, = [{A;}igezll
where ||-||,, is the norm on ¢*(Z?). O

The vectorized form of a Hilbert-Schmidt operator A =3, ;, A; ;]i)(j] is given by

vec(A) = Y Ayjli)y @ ).

i,jET
3.2.2 Explicit vectorization of the Lindbladian
The vectorization of a product is given by
vec(ABC) = A® C” vec(B) (12)
analogous to [57, (4.84)]', where C7T is the transpose of C. It follows that (with some more
details, with a slightly different convention, given in [57])
1 1
vec(L(p)) = (—i(H 1) +i(l@H ) +GY L@ (L)' - Shile®l— 218 (L;Lk)T> vec(p)
k
(13)

Recall the definition of the lifted isomorphism vec! : B(HS(H)) — B(¢*(Z) @ (*(Z)) from
(6) and the definition of Heg from (3). The next lemma follows from (13).

Lemma 3.5. The vectorization of the Lindbladian is given by

1 1
vec' (L) = <—i(H 1) +il@H)+GY Lo (L)' - §L;;Lk 21-1® (L;Lk)T>
k

= —iHg ® 1 +il @ Hg+G Y Lp ® L. (15)
k
'We make a with a slight change of notation. The vectorization map in [57, (4.84)] is defined as |i)(j| —
15) ® [4).
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6. Spectra of Generators of Markovian Evolution

Notice that the shift S;pS} from (4) corresponds to the shift (z,y) — (z+1,y+1) on I*(Z?).
That L is translation-covariant means that it is covariant under these joint translations. Thus,
since we only have translation invariance in one coordinate direction we can only hope to utilize
it with a Fourier transform in one of the two variables. One may also think of this as relative
and absolute position with respect to the diagonal. This change of coordinates was suggested
in [58] and it was also used in [9].

Thereby we should be able to decompose the superoperator £ (which if we consider £ as
an operator on Hilbert—-Schmidt operators can be viewed as an operator on ¢*(Z?)) into ¢-
dependent operators on ¢?(Z), where ¢ is the Fourier variable. This is formalized using the
direct integral, that we introduce since it is important to us both for the main theorem and its

applications. More information, for example on the details of measurability, can be obtained
in [59, XII.16].

3.2.3 The direct integral of Hilbert spaces

In the following, suppose that {H,},es is a family of Hilbert spaces indexed by some index set

I (in the following I = [0,27]). The direct integral of Hilbert spaces over an index set I is the

set of families of vectors in each of the Hilbert spaces, it is written by | ;B Hydg and it consists

of equivalence classes up to sets of measure 0 of vectors v such that v, € H, for each q € I.
The space || 1@ H,dq is again a Hilbert space with inner product given by

<U,w>erquq = /I<vq,wq>7.¢q dq.

Now, if A(q) is a bounded operator on H, for each ¢ and the family ¢ — A(q) is measurable
then we can define the integral operator A = || 1@ A(q)dg. Naturally, it acts as [ IEB A(q)dqv =
fl@ A(q)v(q)dg. If for an operator A on fI@ H,dq the converse is true, i.e. there exists a
measurable family of operators {A(q)}qer such that A = fl@ A(q)dq then we say that A is

decomposable. The norm of a decomposable operator is given as

[ A]l = esssup [|A(q)]]- (16)
qel

With these definitions at hand, we see that an equivalent way of interpreting | I@ H,dq is as the
space of [%(Z) valued L*-functions from [0, 2], which we write as L? ([0, 27], (*(Z)).

More formally, we introduce L? ([0, 27|, £*(Z)) as the space of (equivalence classes of) func-
tions f : [0, 27] — ¢*(Z) such that f[0,27r] 1 £(q)|l3dq < oo. The inner product on L? ([0, 27], %(Z))
given by

(f, 9)12(0,2m)02(2)) = /[ ](f(Q), 9(@))e@)dq
0,21
and using this inner product the space becomes a Hilbert space. This space is relevant to us
because the map I : L*([0,27]) ® (*(Z) — L* ([0, 2x],¢*(Z)) defined by I(g ® ¢) = 1), where
Vy(q) = g(q)¢ for any q € [0,27], 9 € L*([0,27]) ,¢ € (*(Z) is an isometric isomorphism.
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3.2.4 From Hilbert-Schmidt operators to direct integrals
Before continuing we introduce the unitary operator C : (*(Z) ® (*(Z) by
Cli k) =1,k =J).

Since f : Z? — Z? given by f(j, k) = (j,k — j) is a bijection, C' maps an orthonormal basis to
an orthonormal basis so it is unitary (and hence an isometric isomorphism) and its inverse is
given by

C*j k) =C7Yi k) =[5,k + 7).
The following lemma shows that conjugation by the operator C' transforms an operator with
joint translation invariance to an operator with translation invariance in the first tensor factor
and it will be useful for us. We were made aware of this trick in [58].

Lemma 3.6. The unitary operator C' satisfies the following relations
(i) CA®S)C*"=1x S
(i) C(S®1)C* =S ® S*

(1) C(S® S)C* =S ® 1.

Proof. We prove this by straightforward computation. For any k, j € Z it holds that
CI®S)C*jk)y=Cl®S)|jk+j)=Cljk+j+1)=1j,k+1)=(1®S9)|jk)
and so (i) follows. Similarly,
C(S@N)C*j,k)y=C(S@N)|j,k+j)=Clj+Lk+j)=|j+1,k—1) =S5S®S5*j,k).
The third relation follows from multiplying the previous two. O

For ease of notation we define F; = F ® 1 the Fourier transform in the first coordinate.
Notice that by Lemma 3.2

keZ

Fi (Z Skla)(b|S; |a’><b’|> Fi=FSay Fr@|d)(¥/| = e D) (V). (17)

The following central lemma sums up the isomorphisms discussed in this subsection and it
is the particular decomposition of a Hilbert space as a direct integral that we are going to use.

Lemma 3.7. The maps vec, Fi, I implement the following isometric isomorphisms of Hilbert
spaces

vec &

HS(2(Z)) = (Z) ® 2(Z) 2 12((0,2n]) ® 2(Z) = L2 ([0, 2n], (Z)) = / C(Z),dq. (18)

[0,27]
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6. Spectra of Generators of Markovian Evolution

As the operator C' : (*(Z) @ (*(Z) — (*(Z) ® (*(Z) was an isometric isomorphism that
means that also the map J : HS((*(Z)) — f[ge%] (*(Z),dq defined by

J =1oF oCovec (19)

is an isometric isomorphism. As we will see, the lifted J7, corresponding to conjugation by
J will help us obtain the representation of £ on which the remaining results of this paper are
based.

3.3 The direct integral decomposition

Let us state and prove our main result.

Theorem 3.8. Suppose that L is of the form (1) with Lindblad operators Ly satisfying assump-
tion Asa), Asb). Then if we let J : HS((*(Z)) — f[ae%] 0*(Z),dq be the isometric isomorphism
defined in (19) it holds that

JNL) —/[i] T(q) + F(q)dg,

with T'(q) a bi-infinite r-diagonal Laurent operator and F(q) a finite rank operator with finite
range for each q € [0,2x|. If Heg = H — § SonLiLe=>__, S then

T(q)=—i Z hie' Sy + i Z S,

l=—r l=—7r

Moreover, in the case Ly = |¢) (1| is rank-one with coefficients |¢) = >, o.|r) and |¢) =
>, Brlr) then

F(q) =G <Z o € Ay, |y — T’1>> Z ﬁrie*iqr’l @(ré -

71,72 ri,rh

so in particular F(q) is rank-one.

Proof. We have to consider
JNL) = (IoF oCovec) (L) =I"F,Clvec' (L),

where the notation was introduced in (6) and we use (7). Thus, we start by considering the
vectorization of the Lindbladian, using Lemma 3.5 we see that

vec' (L) = —iHyg @ 1+l ®H79ff+GZLk®L7k~
keZ
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We now deal with the three terms separately. For the first term we use Lemma 3.6 ii) and
Lemma 3.2 to obtain

F(CHHg @ 1)) =Y mF (CT(S @ 1)) Zhl}"@)ﬂ (S, ® S)) Zhezqz(g)s*

l=—r l=—r l=—r

where we abused notation slightly in denoting the function g — e~ by e, Thereby,

To(Fol)oC)\(Hg® 1) = hle’qlS
(Lo 1

l=—r

Similarly, for the second term we use Lemma 3.6 1) and Lemma 3.2 to obtain

F (M Ha) =Y WA (CTAe8) =Y WFA 18 =Y oS,

I=—r I=—r I=—r

where 1 € L*([0, 27]) is the constant function 1. We conclude that

I (ff (CM(Heyr ® 1)) ) = Z i S;.

l=—r

Finally, for the quantum jump terms we do something slightly different. Notice first that

el (Z Li ® Lk) =t (Z SiLoSE @ SkLos;;>
keZ keZ
= CZ(Sk ® Sk)(Lo ® Lo)(Sy; ® S§)C*
keZ
= C(5k ® Si)C*C(Lo ® Lo)C*C(S; @ S7)C"
keZ
= > (5@ 1)C(Lo® Lo)C"(S; @ 1),
keZ
where we used Lemma 3.6 iii).
Since the operator C'(Ly® Lg)C* is local around |0) ® |0)(0]| @ (0| then the Fourier transform
in the first coordinate is a local operator (¢-dependent matrix) by the computation in (17).
To see the explicit form in the rank-one case, we first write

Ly ®f0 = (Z Qpy C¥T2|7117T2>> Z Br’l @(T;,T‘H

71,72 rirh
Thus,
2 : — 2 : ATl | vk 2 : — § : T /
C Qry Oém"f’l, 7”2> 5r/1 6;02 <T17 T2’C = Ay Qo [T, T2 — T1> Brﬁ 51102 <7“1, To — Tl
1,72 ri,rh 1,72 i,
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6. Spectra of Generators of Markovian Evolution

Now, using the relation (17) yields that

F(q) = (Z ., €9 Ay, |ry — r1)> Z ﬁriefi‘”/l By (ry — 14

!
71,72 15T

By reading off coefficients we obtain the following Corollary.

Corollary 3.9. Suppose that La(p) = —i[A, p] corresponding to Hamiltonian evolution with
the discrete Laplacian. Then

TNLa) = (1 —e )8 + (1 — ) 5"

3.4 Spectrum of direct integral of operators

In the case of a self-adjoint, translation-invariant operator A the spectrum of A coincides with
the union of the spectra of the operators contained in the direct integral representation of A
after the Fourier-transform [59, XIII.85]. However, in our case, due to the non-normality of L,
the information about the pointwise spectrum of 7'(¢) + F'(¢) may not be sufficient to determine
the spectrum of £. In fact, already for the case of the direct sum (direct integral with respect
to the counting measure), the spectrum is not the union of the spectra of the fibers as may be
seen from the following example.

Example 3.10 ([60, Problem 98]). Let H =D, >, C" and A =P, ., A, with

010
A2—<8 (1)>7A3— 00 1],....
000

then 1 € o(A), but o(A,) =0 for all n > 2.

Instead, the correct concept to recover such a connection between the operator N and the
operators forming its direct integral decomposition turns out to be the pseudospectrum, which
where the resolvent has large norm. More precisely, for a bounded operator B € B(X) for
a Banach space X, we define the e-pseudospectrum of B as the set o.(B) C C for which
[(B—A)"!| > 1, where we set | B~!|| = oo whenever B is not invertible. It is casy to see that
0(B) C 0.(B) as well as

a(B) =) o-(B). (20)

e>0

It is instructive to see the desired connection in the case of a direct-sum operator before
turning to the direct integral. The following is a slight reformulation of [20, Theorem 5.
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Lemma 3.11 ([20, Theorem 5]). Suppose that H = @penH, where each H,, is a separable
Hilbert space. Let A, € B(H.,) for each n € N and A = @,enA, be a bounded operator on H.
Then for all € > 0 it holds that

0-(A) = | 0=(4n) and o(A) =) | o-(An).

neN e>0 neN

Proof. Let first A € U,eno.(A,), then there exists an ng € N such that [|(4,, — A) 7| > 1.
Thus, sup,cy [[(An —A)7Y| =1 and hence A € o.(A).

For the converse inclusion, we use contraposition. So suppose that A € U,enoo(A,). Then
for all n € N it holds that ||(A, — A)7!|| < L. Thus, sup,cy [[(An — A) 7| < 2. Tt follows that
Gpen(An, — A) 71 is a well-defined bounded operator. Since

<®(An - )‘)1> (A=) = @(An - )‘)71(*’47@ -A) =1,

neN neN

we see that (A — A) is invertible. As || (A—X)7!| < L then A & 0.(A). The second relation
follows by (20). O

To state the analogue of Lemma 3.11 for the direct integral, we first need to the define the
essential union with respect to the Lebesgue measure on some interval (the following also holds
for other measures, but we consider the Lebesgue measure for clarity). If M, is a family of
measurable sets we say that x € UZSGSI M, if and only if there exists a set M of positive measure
such that M C {q | x € M,}. The following proof is an extension of the proof techniques just
employed and reduces to the case of Lemma 3.11 in the case of the counting measure. For
more information on direct integrals and their spectral theory see [61, 62]. A related theorem
is proven in the self-adjoint case in [59, XIIL.85] and spectra and direct integrals were also
studied in [63].

Theorem 3.12. Let I C R be an interval and H = fIEB Hqdg for some family of separable
Hilbert spaces {H,}qer.- Suppose that {A(q)}eer is a measurable family of bounded operators
A(q) on H, and that A = f1® A(q)dq € B(H). Then for all € > 0 it holds that

ess

o(4) € | Jo-(Alg))-

qel

Moreover,
a(4) = (U UE(A(Q))> :
e>0 qel
Proof. We do the proof again by contraposition. So suppose that A ¢ UZSGSI 0-(A(q)). Then

JAtg) = ), <+
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6. Spectra of Generators of Markovian Evolution

for almost all ¢ € 1. Thus, esssupye; [[(A(g) — A) 7[5, < ¢ It follows that [ (Alg) — N)~'dg
is a well defined bounded operator. Accordingly, considering

(/j@ (A(q) — )\)_1) dg(A—\) = /Iea (A(g) = N)"M(A(g) — Ndg = 1,

we see that (A — \) is invertible. Thus A & o(A).

To see the converse inclusion, suppose that A € (.. Uye; 0:(A(g)). Thus, for each n € N

there exists a set [, such that |I,,| > 0 with ||[(A(g) — A\)~ 1]|Hq > n for all ¢ € I,. Now, our
goal is to construct a vector in the direct integral of the Hilbert spaces out of this family of
vectors which has large norm after application of the resolvent. For each ¢ € I, and n € N

n

there exists a vy, € Hy With [|vgnll;, = 1 and such that [|(A(q) = A)~" vgully, > 5. Now,
defining w,, = f 02x] Van Lger, dg ? then

ol = [ loan Naery da = [ 10 =1
[0,27] In
N 1
[ @ =N o Lierda

Furthermore, it holds that
2
a ‘ [0,27]

H/ “dqu,
[0,27]
— 2 n\ 2 A 2
:/In I (Aa) =) 1vq,n||ﬂqdq2/,n (5) da=1nl (5)"-

So we conclude that Hf[&”] (A(q) — A)*lqu > 2. This means that f[(ei%] (A(q) = A\)7t dq is
not bounded. By [62, Lemma 1.3] we have that if A — X\ = (fl@ (A(q) — A)) dq is invertible

2

then the inverse is given by (A — \)~ (f.r ) dq where E(q) = (A(q) — A\)~! for almost

all ¢g. Thus, we can conclude that then this inverse would also not be bounded and hence A — A
is not invertible and it holds that A € o(A).
O

3.5 Spectrum of non-Hermitian Evolution and of the full Lindbla-
dian

We now gradually move from the abstract operator-theoretic picture to the concrete cases of
non-Hermitian and Markovian Evolution. With Theorem 3.12 in mind, we need to determine
the essential union of the pseudo-spectra. One way to do that is using some continuity in ¢ in
the pseudospectra of T'(q). The continuity is reminiscent of a theorem for self-adjoint operators

20One may worry whether there is a measurable choice of ¢ — v4,. This concern we address in Appendix
A3.
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which also finds the spectrum of the direct integral in terms of its fibers [64]. We prove it using
resolvent estimates in the Appendix A.4. A very recent related result that, in some sense, is in
between the generality of Theorem 3.12 and Theorem 3.13 appeared in [65].

In the following, we say that a family of operators {B(q)},er is norm continuous if the
function ¢ — ||B(q)|| is continuous. From Theorem 3.8 it is clear that our assumptions im-
ply this continuity since the operators T'(q) and F(q) are respectively 2r-diagonal and finite
range with coefficients that polynomials in {e¢%, e~} and hence continuous functions in ¢ (for
completeness we write this out in Lemma A.10).

Theorem 3.13. Let I C R be a compact and suppose that {A(q) }eer is norm continuous. Then

Uotaa) = ([ ).

qel

We give the proof in Appendix A.4. We emphasize that the statement of Theorem 3.13 may
look innocent, but it in some sense a statement of continuity of the pseudospectrum. Indeed,
the spectrum ¢ — o(A(q)) may be very discontinuous even when ¢ — ||A(q)|| is continuous (see
e.g. [66, Example 4.1]), but ¢ — 0.(A(q)) will be continuous for every € > 0. So when the norm
of the (A(q) —\)~! blows up for one ¢ the pseudospectrum of ¢s in the neighbourhood can feel it
and \ ends up in the essential union. The compactness of I ensures that if || (A(g,) — A\) || — oo
for some {g, }nen C I then the sequence has a subsequentially limit g, and we can then prove
that X is part the spectrum of A .

As mentioned, we can use the Theorem 3.13 directly on our direct integral decomposition
from Theorem 3.8 to obtain the following corollary.

Corollary 3.14.  Let £ € B(HS(#H)) be a Lindbladian of the form (1) satisfying assumption
Asa) and Asb) and let T(q) and F(q) be as in Theorem 3.8. Then

o(L)= (Jo(T(q) + F(q)). (21)
q€[0,27]
Furthermore, for the non-Hermitian evolution T = f[éﬁzﬂ] T(q)dq it holds that
o(T)= (Jeo(T(a), and o(T) C o(L).

q€0,27]

Proof. The first two identities follow directly from Theorem 3.8, Theorem 3.13. So we only
prove the last inclusion. Now, since by Theorem 3.8 we know that F'(q) is finite rank for each
q and as the essential spectrum of an operator is invariant under finite rank perturbations [54,
IV.5.35]

0(T(q)) = 0ess(T(q)) = 0ess(T'(q) + F(q)) C o(T(q) + F(q)) C o(L),

where we also used that T'(q) is translation-invariant, which implies that it only has essential
spectrum, see Corollary 3.3. Since these inclusions are true for each ¢ € [0, 27] we obtain the
inclusion. O
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6. Spectra of Generators of Markovian Evolution

Now, for our applications in the next section, we assume that each Lj is rank-one, so it
follows from Theorem 3.8 that F(q) = |T'(¢))(I'r(¢)| is also rank one. In that case, we can
strengthen Theorem 3.13 even further.

Corollary 3.15.  Let L € B(HS(H)) be a Lindbladian of the form (1) satisfying assumption
Asa) and Ab) and let T'(q) and F(q) be as in Theorem 3.8. Assume further that F(q) =
IT'(¢))(Cr(q)| is rank-one. Then

o(L) = (Jo(T(9) U{reC|{Tr(@(T(a) = N)'Tule) =-1}. (22)

q€0,27]

Proof. By the decomposition in Theorem 3.13 it suffices to prove that

o(T(q) + F(q)) = o(T(q)) U{X € C| (Cr(q)|(T(q) = X)'[Tr(q)) =—-1}

for each ¢ € [0,27]. This is known as rank-one update. For completeness, we give a proof in
Appendix A.5. O

3.6 Direct sum decomposition for finite systems with periodic bound-
ary conditions

Before we continue, let us remark that the decomposition also works in finite volume with peri-
odic boundary conditions. For simplicity we let {1,...,n} = [n] and T, = {Z* |k =1,...n}.
We consider the Hilbert space H,, = ¢*([n]) = span{ |j),j = 0...n — 1}. We consider the

shift
S 1j)=1j+1 (modmn)), (23)

which is a unitary on H,, and satisfies

(St = 1. (24)

We say that an n x n matrix CP* is circulant if it is of the form

Gy  Ap—-1 a2 a
a1 Qo Qp—1 a2
per _ :
Cn = . aq ap
Ap—2 e T Qp—1
Gp—1 Qp—2 *°° 431 Qo
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some times we will denote the matrix CP*[ag, a1, ..., a,]|. Similarly, to the infinite-dimensional
case, we define the symbol curve by

3

aceer(2) =Y a2’ (25)
i=0
for z € T (the unit circle).
We can still make sense of vectorization in the sense that the map vec™ : HS(¢%([n])) —
?*([n]) ® £3([n]) and it has similar properties as in Lemma 3.5.

3.6.1 Discrete Fourier transform

We let w, = e’ be the n’th root of unity. Following [66] the discrete Fourier transform on
H,, is the matrix

11 .. 1 1
' 1 w, w? w1
F o= 1 w2 Wl : , (26)
Vil : (n—2)(n—1)
1 w"‘l wgnfl)(nfﬂ wT(Lnfl)(nfl)

which is unitary. It simultaneously diagonalises all circulant matrices.
Proposition 3.16. Let C?*[ag, ay, ..., a,] be a circulant matriz. Then the operator
D= f(n)cgerf(n)*

is diagonal with {acre(2),z € T,} on the diagonals.

3.6.2 The map C™
Similarly as before we define C™ : 2 ([n]) ® ¢2([n]) — €2 ([n]) ® ¢*(|n]) by
i) 1k) = i)k —j  (mod n)).

Again, since f: [n] — [n] given by f(j,k) = (j,k —j (mod n)) is a bijection, C™ maps an
orthonormal basis to an orthonormal basis so it is unitary (and hence an isometric isomorphism)
and its inverse is given by

(C™) 15 k) = (C) k) =i, k+j (mod n)).
The finite-dimensional analogue of Lemma 3.6 follows with the same proof.
Lemma 3.17. The operator (C™)" satisfies the following relations
(i) (COY (1L §™) = 1@ 5™
(i) (CONT (S @ 1) = S @ (SM)*
(iii) (CONT (S & SM) = SM & 1.
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6. Spectra of Generators of Markovian Evolution

3.6.3 Periodic boundary conditions

Suppose that H is an infinite (self-adjoint) banded matrix with range r, in other words, an
r-diagonal Laurent operator with h_,, h_,y1,..., h._1, h, on the diagonals. Let n > 2r then we
can define the n dimensional version of H with periodic boundary conditions as

HT;l)er = Cser[h—'m horirs oo b, hr]

For the Lindblad terms suppose that we start with one Lindblad operator Ly with range at
most r. This operator, even though it strictly speaking is infinite-dimensional, we can view
as a n X n matrix (where we pad with zeros appropriately). Then define for every k € Z the
operator

= (S Lo(8™)¢

and notice that Ly = Ly (mod n) by (24) Now, given the values [h_, h_,41,...,h,—1,h,] and Ly
we define £P°": HS (¢2 ([n D) — HS (¢% ([n])) by

. er * 1 *
£37 () = i3, 0]+ G 37 LupLi = 5 {LiLus ) (27)

ke[n]

3.6.4 The full isometric isomorphism

Define ]_-1(n) = F™ ® 1 to be the discrete Fourier transform in the first coordinate and we
also need to define a map I™ : C" @V — @?;01 V' where each V? is a copy of V and I™ is
defined by

Iy @)= 0@ @0dva0a- - &0.
i—1
In other words, I™ maps |i) ® |v) to a v in the 4’th direct summand. If V is a Hilbert space
then 7™ is an isometric isomorphism. Then, similarly to the decomposition above we get that

n {")
HS (2 (n]) % 2 () © ¢ (In]) =12 (T,) @ () = @) (]

q€Ty,

We now use the map J™: HS (¢ ([n]) ) = @,cr, (2([n]) defined by

T =1 o FM o 00 6 yec™ (28)
Mimicking the proof of Theorem 3.8 we obtain.
Theorem 3.18. Suppose that n > 2r and L2 is of the form (27). Then with J™ defined in
(28)
TNL) = €D (T2 (q) + Fulq)) |

q€Ty

with TP*"(q) an r-diagonal circulant n x n matriz and F,(q) a finite rank operator with finite
range (uniformly in n).
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If Heg = HY* — & 3y LiLe = Y21__, (S™)" then

T () = —i Y e (S +i Y hu(5™)'

l=—r l=—7r

Moreover, in the case Ly = |¢)(1)| is rank-one with coefficients |¢) = >, o,|r) and [yp) =
>, Brlr) then

F.(¢) =G (Z €y |y — r1>> Z [3%@_“”/1 By (ry — 1

/ /
71,72 1Ty

so in particular F,(q) is rank-one.

3.7 Spectral consequences for finite dimensional systems

It follows directly from Theorem 3.18 that

o (LX) =0 <€B (TP (q) + Fn<q>)> = Jo (@ (9) + Fu(q)) (29)

q€Ty, q€Ty

This formula motivates our interest in the set o (T2 (q) + F,(q)), which was the object of
study in [66]. We will specialise on the case where F,(q) = |I'1(¢))(I'r(¢)|. In that case, we
get the following weaker form of the corresponding infinite-dimensional lemma (Cor. 3.15, see
the corresponding statement, which is given in the proof in Appendix A.5). The interpretation
of the lemma that curve in the additional spectrum (see Figure 6 for a plot of the curve) gets
well approximated by the finite-dimensional periodic system, but we do not get as detailed
information as in the infinite volume case in Cor. 3.15.

Lemma 3.19. Suppose that F,,(q¢) = |I'L)(Tr| has rank one.
Let S, = {\ € C | ([g|(TP — X\)"YT'z) = —1}. Then

S\o(TP) C o (TP + F,) C o(TP*) U S,.

Proof. Similar what we do in Appendix A.5, but without using essentiality we do not get
equality. O

Lemma 3.19 motivates spending efforts finding the matrix elements of tridiagonal circulant
matrices that are relevant to our motivating examples. Let the entries of the three main

259



6. Spectra of Generators of Markovian Evolution

diagonals be «, B,v. To find the specific form of the inverse circulant it turns out that the
solutions Aq, Ay to the quadratic equation

a+pz+v22=0 30
Bz 4 (30)

and knowledge of whether the two solutions satisfy |A\;| < 1 < |Ag|is important. In Appendix
A.7 we return to the equation and the question, which we settle for some of our relevant example
of Lindblad operators.
Let us also notice that the inverse of an invertible circulant C,, (where we omit the per) is
given by
ct =F,D'Fr

where D is the diagonal matrix from Proposition 3.16. So using (26) the matrix elements of
C,1 are given by (cf. [66])

1 w
i C k)Y = = o
GhC7 IR =5 3

With a tedious calculation, we obtain the following, which may be a calculation of some
independent interest. To state it more concisely, let [a], be the representative between 0 and
n —1 of a.

Lemma 3.20. Let n be prime and suppose that C,, is an n X n circulant with «, B,y on the
three main diagonals such that v # 0. Suppose that A1 and Ay are solutions to (30) such that
|Aa| <1 < |A1]. Then

li—kln
1 1 1 1 1 »
iLCol k) = 1 £k [ — 1[j = k] — Af=dln )
UG, k) wM—M)&—M”<U¢](M> + 1[j ]W>+1—£2

In particular, our matriz element of particular interest can be found by the following formula

1 1 1

Proof.  Consider first the symbol curve with its corresponding polynomial that has roots A4
and A
ac,(2) =z ta+ B+yz =721 (A — 2)(\2 — 2).

Then

N (1 1 >_ 1 °°<Z>"+§:(/\z)n
ag(z) Y M- \z-M 2=k ) A —X) (=N ’ |
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w!

This means that we have to consider ) 7, =

has n elements, it is a full cycle, and thus

> if n is prime then the set {w | r € [n]}

=A% : M WM - = A LA IR Y —\ A/
r= r= = - -
Similarly,
o n—1 n ) . -
,l —lryr A? J —lryr 1 r
T:O 2 ZW Z ) ;wn 21N = ;(wn 2)
So,
n—1 r
! ! 1 Cdl wl 1 l r
— -n “n _ )\ .
ag, (@h) (A = Ao) ; A" N <A1> TN (wn'22)
Now,
n—1  I(k—j) n—1n—1 . INT
1 w 1 1 1 W w ) '
i, Co k) = — n ( W <n> + w;l)\ )Wiz(k])-
{Jl k) n lz_; a(wh) n (A1 — Ag) ;; 1= A" A\ A Y ( 2)

The first term can be written as

S 1 1 lr llc —j) 1

L
M

1
r=0

where we used that

E (.d lr l(k 7)

Similarly, for the second term:

n—1

l(1+r+k—j)
=2
=0

n—1 1 n—1 1
)\r 7lrwl(k ]):n

In total, this means that

Gl G k) = 7()\11 Az) (

As for the last formula notice that

b—k=1l |
) A1

=nllr=j—-k-1

(mod n)].

)\[k—j]"

li—Hn
1 ) 1 ) 1 1 b
1 #k (— 1) = k]— A=)

0L = 55

LY, )L
=A™\ 1—-x2)  ~(\

1 1 N 1
1= X)) \ NP =1 1-X3/)°
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6. Spectra of Generators of Markovian Evolution

3.7.1 Cathching n — 1 eigenvalues of C?*" close to o(T).

For some tridiagonal Laurent operators we consider functions Ry : C\o(T) — C defined by
Rr(z) = (0], (T — 2)710) + 1. It follows from [54, Theorem III-6.7] that Ry is holomorphic (cf.
Lemma 4.7). We can apply Lemma 3.20 to get the following observation.

Proposition 3.21. Let T be a tridiagonal Laurent operator and let CX* be the corresponding
nxn circulant. Suppose that there exists exactly one zg € C\o(T) such that (0|, (T —25)~*|0) =
—1, and where 2y is a simple pole of Ry. Suppose that the solutions Ay, Ay to (30) with 5 replaced
by B — zo satisfy |Xo| <1 < |\i|. Let K be any compact subset of C\o(T) containing z,. Then
for sufficiently large prime n, it holds that exactly n — 1 eigenvalues of CP* 4 (0)(0| are outside
K and exactly one eigenvalue is inside K and it converges to zg when n — oo along the primes.

Proof. For every z € K consider the Laurent operator with «, 8 — 2, on the diagonals and
consider the solutions A;(z), A2(2) to (30) with /5 replaced by  — z. Notice that any solution
Ai(z) of (30) with absolute value 1 corresponds to z € o(T"). Therefore the two solutions (which
for a suitable choice of labelling are analytic functions of z) must satisfy |Aa(2)] < 1 < |A1(2)]
for every z € K. The functions |A;(z)], |A2(2)] are therefore well defined continous functions on
K, so the extreme value theorem implies that [\;| > ¢; > 1 and Ay < ¢o < 1 for some constants
c1, ¢o > 0 uniformly on K.
Let P be the set of primes. For each n € P define the function f, : K — C by

fa(2) = (0], (C — 2)7(0) + 1
and define also f : K — C by
f(2) = (0], (T — 2)7"|0) + 1.

It follows from [54, Theorem III-6.7] that f,, and f are all holomorphic functions. From Lemma

lcu

3.20 and Lemma A.13 we get the explicit form of the functions and it follows that f, — f.

Suppose that {z,}nep C K such that f,(z,) = 0. Since K is compact take a convergent
subsequence z, — Z. It follows from |[\;| > ¢; > 1 and |A\s| < ¢2 < 1 and the formula for the
inverse (31), that

1

Y(A(2) = X2(2))
Since zg was the unique solution to —1 = (0|, (7' — 2)!|0), we get by Lemma A.13 that Z = 2.

Furthermore, if (on a subsequence) there exists z! # 22 satisfying f,,(z}) = 0 = f.(22) for
all n € P then it contradicts Hurwitz’ theorem (see Theorem 4.6), since z, was a simple pole
of Ry. So we conclude that for sufficiently large n then there is only one z, € K that satisfies
fn(zn) = 0 and (since any convergent subsequence converges to zg) it holds that z, — z5. Now,
as CP" + F), has n eigenvalues counted with multiplicity. Then at least n — 1 of them must be
inside k. =

—1
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With the decomposition from Theorem 3.8 in mind, one should view the previous result
as a result for fixed q. To be able to say something about the gap one would need some
uniformity of the estimate in ¢, — 0. Probably the exponential decay of the differences in the
matrix elements in Lemma 3.20 compared to Lemma A.13 could be key here. In that case, the
calculation could probably be made rigorous.

We also notice that these arguments with exponential decay may potentially shed light on
whether the numerical observation that many eigenvalues lie on the real axis comes from a
symmetry constraint (as argued in [26, Appendix B.9]) or that the eigenvalues in the periodic
system tend to the eigenvalues of the full Lindbladian exponentially fast (cf. Lemma 3.20).

4 General applications of the direct integral decomposi-
tion

Before continuing with the concrete applications in the next section, we discuss some more
abstract consequences of the results presented in the previous section.

4.1 Approximate point spectrum of Lindblad operators

For normal operators, the residual spectrum is always empty [41, Lemma 12.11], whereas
it might not be the case for non-normal operators. In this section, we use the results of
the previous sections to prove, under our standing assumptions, that the spectrum of L is
purely approximate point, i.e. the residual spectrum is empty. A result that we believe is of
independent interest due to the normality aspect of £ that it indicates. Furthermore, one could
hope that the theorem could take part in resolving Question A.2 and Question A.6 concerning
spectral independence. For completeness, we note that covariance in the sense of (4) also
implies that the entire spectrum is essential.

Theorem 4.1. Let H = (*(Z) and consider L € B(HS(H)). Under Assumptions (Asa)-
(Asc) it holds that

Tappt(L) = 0(L).
Proof. We do the split up as in Theorem 3.8 as L = T + F, with T = f[ge%] T(q)dgq and

F = f[(?i%r] F(q)dgq. Then we show approximate point spectrum in several steps starting with
Laurent operators.

Step 1: Laurent operators only have approximate point spectrum. Consider a Laurent
operator T'(q). The spectrum of T'(¢q) is given by the symbol curve, which we define in Section
3.1, (cf. Theorem 3.3). The symbol curve is a curve given by a polynomial of finite degree (see
Appendix A.7) and the trace of the symbol curve must therefore equal its boundary. Hence,
since the boundary of the spectrum is approximate point spectrum by [10, Problem 1.18] it
holds that

o(T(q)) = 00(T(q)) C Tappi(T(q))-
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6. Spectra of Generators of Markovian Evolution

Thus, for fixed ¢ € [0,27] and A € o(T(q)) there exists a Weyl sequence {v,,}nen with
llvgnll = 1 such that |[(T(q) — N)vgn|| — 0 asn — oo (cf. Lemma A.10) .

Step 2: Direct integrals of Laurent operators only have approximate point spectrum. Let
us prove that A € o(7) is part of the approximate point spectrum, i.e. we construct a Weyl
sequence for 7. From Corollary 3.14 it holds that (7)) = U,c(02,0(T'(q)), so let A € o(T'(go))-
From Step 1 we have a Weyl sequence v,, corresponding to A for the operator T'(¢o). Now,
define w,, = f?o,%] U”\/ﬁ]l[q()*ﬁ,qcﬁi] dgq. Then

2 2
funll? = /[ ol gy da =1

Furthermore,

2

%-i-ﬁ 9
= [ Tl - e

90— 3,

H / [j%] (T(q) — Ndqu,

%-‘rﬁ
< [7 a0 @ = Tl + 1) = Vel da =0,
90— 3,
where we used the continuity bound that ||(7'(¢) — T'(g0))|| — 0 as ¢ — go (cf. Lemma A.10)
as well as [[(T'(q) — N)v,|| = 0 as n — 0.

Step 3: Direct integrals of Laurent operators with finite range perturbations only have
approzimate point spectrum. Assume that A\ € o(L). Then we split up into cases according to
whether A € (T

3a) Spectrum of the non-Hermitian evolution is approximate point: Suppose first that A €
o(T). Then translation-invariance of 7'(q) means that S17(¢)S-1 = T'(¢). Consider a Weyl
sequence v, for T'(q). Then {S,v, }nen is also a Weyl sequence for T'(¢) corresponding to A for
any a € 7Z since

1T (q)Savnll = 1SaT(q)S—aSavnll = [|SaT(q)vnll = |T(q)vnl| — 0.

Since F'(q) is finite range and v, is finite norm for every ¢ > 0 there exist an a € Z such
that ||F(q)Saua|l < €. Thus, there exists a sequence a, such that ||[F(¢)S,, va| < +. Now,
wy, = S, v 18 a Weyl sequence for T'(¢) + F since

1(T(q) + F)Snonll < [T(q)onll + [[FSnvnll — 0.

By an argument as in Step 2, we can use continuity to conclude that this eigenvector in the
fiber gives rise to an approximate eigenvector in the direct integral.

3b) Additional spectrum from quantum jump terms is approximate point : Suppose that
A & o(T) then by Corollary 3.15 there is a g such that (I'g|(T(q) — A\)7!|I'z) = —1. Now,
consider the matrix acting on the vector v = (T'(q) — A\)~* |T'L)

(T(q) = A+ IPL)(Tr) (T(q) = N7 [Tr) = [Tn) + (Trl(T(g) =N~ [To)[Tr) =0.

=1
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So we conclude that (T'(q) + |[Tz){T'gr|)v = Av which means that (T'(g) — \)~! |T'z) is an
eigenvector of (T'(q) + |I'L)(T'r|) with eigenvalue A. Again, by an argument as in Step 2, we
can use continuity to conclude that this eigenvector in the fiber gives rise to an approximate
eigenvector in the direct integral. O

Theorem 4.1 shows that every point in the spectrum has a corresponding Weyl sequence.
Although Weyl sequences are not eigenfunctions they hint towards what an eigenfunction looks
like. Now, we prove that the spectrum with origin in the quantum jumps terms are approx-
imately classical, which is a notion we define as follows. We caution the reader that we only
consider £ € B(HS(#)) and so the Weyl sequences are also only in the Hilbert-Schmidt sense.

We say that such a Weyl sequence {p,}nen € HS(H) is approximately classical if (in the
position basis {|k)}rez) it holds that there exist C, u > 0 such that for all n sufficiently large
and z,y € Z it holds that

[{z|pnly)| < Cemre3l,

Proposition 4.2. Let L satisfy the conditions of Corollary 3.15 and let T = f[a.i%] T(q)dq

where T(q) is tridiagonal for each q € [0,27]. Suppose that X € o(L) /o(T) then there exists a
Weyl sequence for A which is approximately classical.

Proof. By Corollary 3.15 there is a ¢ such that (7'(gy) — A\) is invertible and it holds that
(Trl(T(g0) = N)7'[Tz) =—1.
This implies
((T(q0) = A) +IT2) (TCrD((T(a0) = A) 7" [T1) ) = To) + (Trl(T(g0) = N) 7" [Tr) [T1) =0.

So (T'(qo) — A\)7YT') is in the kernel of ((T(q) — A) + [TXCg|) for fixed qo. Let N =
I(T(q) — N)7HTL) ||.  Then, as before, define for each n € N the vector v, by

Uy = ~— /[69 (T(qo) — \) 7T dg.

N lIO*ﬁ,qurﬁ]
Then [jv,|| =1 and v, is a Weyl sequence for f[é.i%] (T'(q) + |I'1)(T'r|)dg since by continuity
52} 52} \/7 2
n _
| @@+ irowaa [ V(T () — X)) dg
[0,27] [20— 5 q0+ 5]

N2 1

0720

_ "/qo (@) + P2 Cr) (T (@) — VML) Pdg — 0.
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6. Spectra of Generators of Markovian Evolution

In the case where (T'(qo) — A) is tridiagonal, we can explicitly determine the inverse. We
now want to unwind the Fourier transform. Back in [*(Z) ® (*(Z) we get that

n %-‘rﬁ )
=LY [T e ] ()~ N dale) )

2,y€Z Y " 2

Now, as |T') is local around 0, we can consider the matrix elements (y| (T'(g) —A)~*|7), which
by Lemma A.13 are exponentially decaying in |y|. Thus,

n (Io+i
lvn(z, )| < % ! (T(a0) = N THTL)] dg < e,

90— 35,

for some ¢ > 0 and thus v, is an approximately classical Weyl sequence corresponding to A. [

For example, in case [I'z) = |0) we get that (y| (T(q) — \)~t0) = \/% where
— 2)2—day

|A2(qo0)] < 1. Thus, we see that all coefficients are exponentially decaying away from the
diagonal. From |A\2(qp)| we can even calculate the coherence length. In Section 6.2 we prove a
weak extension, i.e. there cannot be additional spectrum with Weyl sequences which are not
concentrated along the diagonal. In that sense, we can say that the states are classical.
Notice that there is no eigenvector in the direct integral picture and this is intimately related
to the absence of steady states and which space the operator is defined on. In particular, notice
that for the case of dephasing noise if we instead defined £ on B(B(H)) then £(1) = 0 and
in that case, the identity would be a steady state which normalizable. Since 1 is neither
Hilbert-Schmidt nor trace-class £ does not have a steady state although 0 € o(L).

4.2 Sufficient conditions for convergence of finite volume spectra to
infinite volume spectra

In this section, we achieve a first result for convergence of the spectra finite volume Lindbla-
dians with periodic boundary conditions to their infinite volume spectra counterparts.

To do that, we study the convergence behaviour of spectra of finite size approximations
of Laurent and Toeplitz matrices to their infinite counterpart, a topic of central interest in
numerical analysis [55]. For Lindbladians this subject is, to our knowledge, still untouched, but
in view of Corollary 3.14 under our assumptions, we can in some sense reduce the question of
whether o(LY") — o(L) to the better studied questions of convergence in the case of Laurent
and Toeplitz matrices. Since the spectrum of an operator in finite volume is the set of eigen-
values, the spectrum is independent of which Schatten class we think of the operator as acting
on. This provides further motivation for studying the spectrum of £ as an operator on HS(H).

To study convergence of subsets of C we use the Hausdorff metric which is a measure of
distance between subsets X, Y C C defined by

dy(X,Y) = max {sup d(z,Y),supd(X, y)} .

rzeX yey
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where d is the distance in C. However, we will not use the definition, but only its characteri-
zation in Theorem 4.3 below.

Following [66] for a sequence of subsets of the complex plane {S,},en which are all non-
empty define liminf, ,,, S, as the set of all A € C that are limits of a sequence {\,}nen
which satisfies \,, € S,,. Conversely, limsup,,_,.. S, is defined as all subsequential limits of such
sequences { A\, }neny with A\, € S,. A central characterization of the Hausdorff metric is then
the following.

Theorem 4.3. Let S and the members of the sequence { S, }nen be nonempty compact subsets
of C then S,, — S in the Hausdorff metric if and only if
limsup .S, =S = liminf S,,.

n—00 n—o0

See [67, Sections 3.1.1 and 3.1.2] or [68, Section 2.8] for a proof. In [66] convergence is
proven for periodic boundary conditions for tridiagonal matrices and diagonal perturbations
except that it has not been proven that the symbol curve is fully captured by the finite size
approximations. We will not use the result, but we state it for comparison since it is of a
similar flavour as the condition that we have in Theorem 4.5. Recall the definition of TP from
Theorem 3.18.

Theorem 4.4 ([66, Corollary 1.3]). Suppose that T is tridiagonal with «, 3,y € C on the
diagonal and that K = diag (K11, ..., Knm) for some m € N. Then
lim (o(TP* + P,KP,)Uo(T)) =0(T+ K)

n—oo

where P, is the projection onto the sites {0,...,n}.

It is further conjectured that lim, o, o(TP*"+K) = o(T+ K) under the same assumptions
(see [66, Conjecture 7.3]).

Now, these results are not quite strong enough for our purposes, but we believe that one
can show the assumption in the following theorem are satisfied at least for the model of local
dephasing that we consider in Section 5.1. As we will see in Figures 5 and 6 in the next section
it is important that we use periodic boundary conditions for L.

Recall that T, = {% |k=1,. n} Let us call a pair ({gn}nen, {an}n) of a sequence
{@n}nen C [0,27] and a sequence {ay,}nen C N consistent if a,, — oo and ¢ € T,, for every
n € N.

Theorem 4.5. Suppose that L satisfies the conditions of Theorem 3.8 and let T'(q) be the
corresponding bi-infinite r-diagonal Laurent operator and F(q) the finite rank operator with
finite range for each q € [0,2x]. Suppose further that ¢ — o(T(q) + F(q)) is continuous
with respect to the Hausdorff metric. Assume for any consistent pair ({qn }nen, {an }nen) where
Gn — Qo that
o (Tgfr(Qn) =+ Fan (Qn>) — 0 (T(QO) + F(QO)) :
Then it holds that as n — oo
o(LE) = o(L).
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6. Spectra of Generators of Markovian Evolution

Proof. We use the characterization of Haussdorff convergence from Theorem 4.3 and compact-
ness of spectra repeatedly. Let us first prove that o(£) C liminfy_,o o(LY"). Solet A € o(L),
then by Corollary 3.14 it holds that A € o(T(g) + F(qo)) for some ¢y € [0,27]. Now find a
sequence ¢, € |Jyey Tn such that g, — go. By continuity of ¢ — o(T'(q) + F'(q)), we can find
a sequence A, € o(T(q,) + F(g,)) such that A, — .

For each g, there is a sequence {a,, }men C T,,, such that a,, — oo and ¢, € T,,, for each
m € N. Now, since o (T2 (¢,) + Fu,.(¢:)) — 0 (T'(g,) + F(g,)) as m — co. That is, there
exists a sequence A" € o (TP (¢,) — F,.(gs)) such that A" — X, as m — co. Then we can

finish with a diagonal argument. Le. for each n find k(n) € N such that ’)\Z(n) — )\n‘ < Land
then sequence A\i™ € o (Tper (qn) + F,

Ak(n) ak(n)

(%)) satisfies that

AR — X< A — A+ A, — A = 0

as n — 0o. Thus, we conclude that o(£) C liminfy o o(LY).
Let us then prove that limsupy_,., o(LY") C o(£). So let A, € o(LE*) and suppose that
An — A. By Theorem 3.18 it holds that

oLk = | o (TP (q) + Fu.(q)) -

q€Ta,,

Le. there is a sequence ¢, € T, such that A\, € o (Tffr(qn) + F,, (qn)) Now, going to a
subsequence g, — qo by compactness of T and so on that subsequence

o (T3 (n) + Fa,(a2)) — 0 (T(a0) + Flao)) -

by assumption. Since o (T'(qo) + F(qo)) C o(L) by Corollary 3.14 the theorem follows.

4.3 Gaplessness of translation-covariant Lindblad generators

As a last application of the theory developed we prove gaplessness of translation-covariant
Lindblad generators. We see in Theorem 4.10 how the Lindbladians that we study are gapless
as long as we know that 0 is in the spectrum of £. One might notice that the paper [7], which
has a setup which is fairly similar to ours, assumes that there is a spectral gap. In a similar,
but different way, this is also the case in [9]. Here, we say that £ has a gap if 0 is an isolated
point in the spectrum, where we with isolated point mean that there exist a ball B,.(0) of radius
r > 0 such that o(£) N B,.(0) = {0}.

To prove gaplessness we first go through some preliminaries. First, we recall Hurwitz’s
theorem from complex analysis (here in the formulation of [66], see references therein for a
proof).
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Theorem 4.6 (Hurwitz). Let G C C be an open set, let f be a function that is analytic in G
and does not vanish identically, and let { f,}nen be a sequence of analytic functions in G that
converges to f uniformly on compact subsets of G. If f(A) = 0 for some X\ € G, then there is
a sequence {\,} of points \,, € G such that N\, — X and f,(\,) = 0 for all sufficiently large n.

For some r € N we let T'(g) be an r-diagonal Laurent operator with diagonals a; : S* — C
smooth functions for ¢ = —r,... 7. The following lemma follows from [54, Theorem III-6.7].
Here and in the following o(A) denotes the resolvent set of A, that is the complement of the
spectrum of A

Lemma 4.7. Let U be an open subset of o(T(q)) and k € Z then the function R, : U — C
defined by

Ry(2) = (0], (T(q) — 2)~"|k)

18 holomorphic.
The next lemma follows from the resolvent equation, continuity and r-diagonality.

Lemma 4.8. Let q, — qo be a convergent sequence in S* and suppose that V is an open set
such that V' C o(T,,)No(Ty,) for alln € N. Assume that sup,cy,.cn [[(T(gn) — 2)7'| < C < o0
and sup,ey [[(T(q0) — 2)7Y| < C < oo for some C > 0. Then

R, () = By ()

locally uniformly on V.

Proof. Take any compact set K C V. Then by the resolvent equation, it follows that
Ry, (2) = Ry (2)| = [{O], (T(ga) = 2)7" = (T(q0) — 2)7" [K)]
< [[(T(ga) = 2)™" = (T(q0) — )"

< ||(T(gn) = 2)7| 1T(gn) — T(qo)l [|(T(g0) — 2)~"|
< C?||T(gn) — T(qo)||

Since a; are all smooth functions ||T(g,,) — T(qo)|| — 0 whenever ¢, — ¢y (cf. Lemma A.10).

Thus, |R,, (2) — Ry (2)| — 0 uniformly for z € K. O

The following lemma follows from the definition of local uniform convergence.

Lemma 4.9. Suppose that f. :V — C is holomorphic for each n € N —r < i < r such that
{fiYso = f* (lcu). Let further a; : S* — C be smooth functions and ¢, — q. Then

{Z ai(qn)ﬁ;} e {Z ai(‘])fi} -

i=—r i=—r
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6. Spectra of Generators of Markovian Evolution

We are now ready to prove the gaplessness of infinite-volume Lindbladians.

Theorem 4.10. Suppose that L has H = —A and {Ly}rez satisfies Asa) — Asc). Suppose
0 € o(L). Then L is gapless or has an infinite dimensional kernel.

Notice, that if we add a random potential to H and L is gapless then it stays gapless by
Theorem 6.1.

Proof. 1f (as is the case in Section 5.2) the non-Hermitian evolution is gapless we are done by
Corollary 3.14. So suppose that the non-Hermitian evolution is gapped around 0. By Lemma 4.7
the function R,(-) is holomorphic on o(T'(¢)) and so on the complement of (J ¢ o, o(T(q)) =
o(T), R, are holomorphic for each ¢ € [0,27]. Thus, 0 € o(7) then o(7) is an open set
containing 0 and thus By, (0) C o(7) for some 7 > 0. Now, let V' = B,(0) be the (open) ball
around 0 with radius r.

Now, since 0 € (L) it holds by Corollary 3.15 that there exists a gy € [0, 27| such that

(Tr(90)], (T(q0) — 2) " T(g0)) +1=0.

We prove that the assumptions of Lemma 4.8 are satisfied in Appendix A.6.

Lemma 4.11. For the functions R, and Ry, and the set V' constructed above, the assumptions
of Lemma 4.8 are satisfied.

We conclude that for any sequence g, — qo if we define f,, : V" — C given by

fa(2) = (Crlg)], (T(ga) — 2) 7T 1lgn)) +1

as well as

f(z) = (Tr(q)l, (T(q0) — ) [Trla0)) +1,

then by Lemma 4.9 we conclude that { f, }nen ey f on V. Furthermore, it holds that f(0) = 0.
Now, since f is analytic and f is not identically zero, then every zero of the function is isolated
and there is a ball of some radius r > 0 such that z = 0 is the only zero of f on B,(0). Then

lcu

since { f }nen (ey) f by Hurwitz’s theorem (cf. Theorem 4.6) for every a > 0 then for sufficiently
large n such that f, has a zero z, with |z,| < a.
We define I C [0, 27] to be the set

I'={qel0,2n]| (Tr(a)|,T(a)""[TL(q)) +1#0},

that is all ¢ € [0, 27] such that 0 ¢ o(T'(q) + F(q)).

Now, either there is a sequence {¢, }nen C I such that g, | go or there exists an € > 0 such
that (g0 —¢,q0 +¢) N[0,27] C I°

In the first case, that f, has a zero at z, means that (Tr(q,)|, (T(qn) —2n) ' Tr(gn)) = —1,
which again means that z, € o(L). As {¢,}nen C I then z, converges to 0 without being equal
to zero. In this case, L is gapless.
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In the second case, for every q € (qo—¢,qo+¢) N[0, 27| C I there exists a normalized vector
|v(q)) € (*(Z) such that

(T(q) + F(q)lv(a)) = 0.
Now, split (go — €,q0 + &) N [0,27] C I up into N disjoint intervals I, ... Iy and define

1 D
W= / v(@)Lyer, dg.
\V/ |Iz| [0,27]

Then (w;, w;) = 0;; and it holds that

c Y A )
T v(q) Lger, =0.
\/m /[O,QW] (T(q) + F(a)v(q) q

Thus, we conclude that the kernel of £ is at least N dimensional. Since this holds for any
N € N the kernel of £ must be infinite-dimensional. O

5 Examples of spectra of translation-covariant Lindbla-
dians

In this section, we apply the techniques developed so far to several open quantum systems
studied in the literature such as local dephasing and decoherent hopping. In all cases, we
determine an expression for the spectrum of the Lindblad generator.

In the following, we study Lindbladians £ defined on HS(¢?(Z)) which as in (1) are of the
form

. N .
E(p) = _Z[Ha p] + GZ LypLy, — i(LkLkl) + kaLk)7
k

where G > 0 is the strength of the dissipation and Lj are the Lindblad operators.

We will use Theorem 3.8 to rewrite £ as a direct integral of the operators T'(¢) + F(q)
where T'(¢) is a banded Laurent operator (recall the definition from Section 3.3) and F(q) is
finite range and finite rank. Further by Corollary 3.14 the spectrum of £ is the union of the
spectra of T'(q) + F(q).

From now on we only consider the case where all of the L are rank one. We saw how that
implies that F'(¢) = |I'r(q))(I'r(g)| is rank one for each ¢ € [0,27] and by Corollary 3.15 can
find as the union of (J (g9, (T (¢)) with all solutions z € C to the equation

(Tr(q)l, (T(q) — 2)7'Tr(q)) =—1.

Recall also the symbol curve introduced in Lemma 3.2. In concrete applications, we consider
tridiagonal matrices 7'(¢) and therefore, we review some results about tridiagonal Laurent

271



6. Spectra of Generators of Markovian Evolution

Spectra of finite size Lindbladians

@ N=T0
| N=50
P —. B N=30
| N=10

-4

Figure 2: Spectrum of the Lindbladian corresponding to local dephasing (see (33)) restricted to
N =10, 30,50, 70 lattice sites for G = 2 where we have larger N plotted first and they therefore
appear behind smaller values of N. Notice how it seems that most of the spectrum converges
to —2+41i[—4,4] as N gets larger, but that we also see some spectrum in the interval [—2, 0].

operators and their invertibility in Appendix A.7. If T'(¢) is tridiagonal we let «, 3,7 : [0, 2] —
C be the entries of T'(¢). Thus, the symbol curve is, by Lemma 3.2, given by
a(z)=az'+B+72,2€T

which is a (possibly degenerate) ellipse. In particular, for the dephasing example considered in
the next section, we see from (34) that a(q) = i(1 — e™), 3(q) = —G,v(q) = i(1 — €'9).

5.1 Local dephasing

One prominent example, which has been discussed in the physics literature is local dephasing.
The spectrum was investigated numerically with free boundary conditions in [22] and analyt-
ically many of the same considerations were made in finite volume with periodic boundary
conditions [21, 69]. We plot some numerical results in finite volume in Figure 2.

The model is given by choosing the Hamiltonian as nearest neighbour hopping

H=-A==>"[k)k+1] +[k+1)(k (32)

kEZ

and the local Lindblad operators as local dephasing, i.e. projectors onto single lattice sites
kel

Ly = [E)k]. (33)
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We notice that each Lindblad generator satisfies Ly, = Ly = LiL, = |k)k|. Now, define @
by @ = >, LjL; = 1 and therefore the model satisfies the assumptions of Theorem 3.8. Using
Theorem 3. 8 we can first determine the spectrum of the non-Hermitian part of the evolution
T = f 10,271 T(q)dq in Theorem 3.8 without the quantum jumps F = f 0,27] F(q)dg.

Proposition 5.1 (Spectrum of NHE local dephasing).  Let H = —A as in (32) and let the
Lindblad operators Ly be given as |k)k|, then the generator of the non-Hermitian evolution

T € B(HS(¢*(Z))) satisfies

o(T) = -G +i[—4,4].

Proof. Using Theorem 3.8 and Q@ =), LjL, = 1, we see that T'(q) is given by
T(q) =i(1 —e)S +i(1 —e“)S* -G . (34)

For fixed ¢ this corresponds to a tridiagonal Laurent operator with symbol curve T'(¢q,0) =
i(1— e )e? +i(1 —e)e ™ — G. By Theorem 3.13 and Theorem 3.3, it follows that

oT) = Jo@@) = J{T(0.0) |0 € 0,271}

q€(0,27] q€[0,27]

Putting in the explicit form of the parameters from (34), we find
T(q,0) = —G + 2i(cos(f) — cos(6 — q)) .

Since 6 and ¢ can be varied independently over the interval [—m, 7| we can realize any value in
—G +i[—4,4] as claimed. O

From (34) we see that a(q) = i(1 —e™), B(q) = —G,v(q) = i(1 — ') are the entries of the
tridiagonal matrix 7'(q).

Remark 5.2 (Transfer matrix picture). Notice that the proof of Proposition 5.1 is in some
sense equivalent to finding out that the polynomial ax™ + B+ vz has a root of absolute value
1 if and only if = € —G + [—44,4i], where o, B,7v : [0,2n] — C are the diagonals of the
tridiagonal matriz T(q). This has an interpretation in terms of transfer matrices: If one
considers the Laurent operator with o, 8 and vy on the diagonal and solves it iteratively then a
root of ax™' + B + vz of absolute value less than 1 corresponds to an exponentially decaying
and therefore normalizable solution. Conwversely, a root of absolute value strictly larger than
1 corresponds to an exponentially increasing and therefore not normalizable solution. In this
picture, one can interpret the rank-one perturbation |I'r)(I'L| as boundary condition at 0 for an
iterative solution for positive and negative entries.
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6. Spectra of Generators of Markovian Evolution

Thus, we have computed the spectrum of the non-Hermitian Hamiltonian. Turning now to
the full Lindblad generator £, we can characterize its spectrum depending on the dissipation
strength by including the quantum jump part as a perturbation to the non-Hermitian part.

Proposition 5.3 (Full spectrum for local dephasing). Let H = —A be the (modified) Lapla-
cian defined in (32) and let the Lindblad operators Ly be given as |k)k|, then the Lindblad
generator L satisfies

—G, 0], ifG <4

o(L) = (=G +i[—4,4]) U {[—G ++vG? —16,0], otherwise.

Proof. Since T'(q) is translation invariant its spectrum is essential. Thus, when T'(¢) is com-
pactly perturbed the spectrum can only be extended. So, as in the proof of Corollary 3.14, we
get from Proposition 5.1 that

—G + [—4i,4i)| = o(T) C o(L).

The coefficients of the perturbation also follow from our consideration in Section 3. Based
on Theorem 3.8, we find that F'(¢) = G |0X0|, independent of ¢, which means that we may
choose |T'z) = |T'g) = VG |0). Hence, both |I';) and |T'g) are bounded vectors and ¢
(0|(T(q) — 2)~10) is continuous for z ¢ —G + [—44,4i|. Therefore, we may determine ¢(£) from
Corollary 3.15 which leads to the condition

G(0[(T(q) — 2)7'|0) =-1. (35)

Thus, we now have to compute (0|(7(q) — z)~*|0) which we elaborate on in Appendix A.7.
Define A\, and A_ by (with a convention on taking square roots of complex numbers elaborated
on in Appendix A.7)

B 8\«
A=y E (w) S (36)

Let further, |Aa] < |A1] such that {A;, Ao} = {A;,A_}. Then notice that the conditions of
Lemma A.12 are satisfied and we may therefore |\y] < 1 < |A;]. Thus, we can use Lemma
A.13 to find the inverse of the Laurent operator to obtain

G
V(B=2)2—4ay

Our strategy is to square the equation, solve to find a set of possible z and then reinsert into
(37) to see which sign is correct. The potential solutions satisfy

1= (_1)]1[%7\ <I<|A4] ]

(37)

2=+ G?+ dan.
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In the specific example with dephasing noise, we saw that § = —G, a = —ie”@ + i and
~ = —ie' + 4. Thus, strictly speaking, the considerations above only apply when g # 0, in the
case ¢ = 0 we see that z = 0 is the only solution to (35).

As ay = 2(cos(q) — 1), we consider

z=—G £ /G +8(cos(q) — 1).

As G*+8(cos(q) — 1) € [-16 + G?, G?] it is natural to consider the cases G < 4 and G > 4.
In the case G < 4 we have —16 + G? < 0. Thus,

{V/G? +8(cos(q) — 1)} = i[0, V16 — G?] U[0,G].

q€[0,27)

Therefore, the potential values of z are

2 e[-G,0]U[-2G, G| U (—G+i [—\/16 — G2, V16 — G?D .

Notice that since [—v/16 — G2, V16 — G?| C [—4i,4i] this does not give additional spectrum.

It now remains to check the sign of the remaining possible solutions. From (37) we see
that the square root must yield a (positive) real number and we at the same time need that
IAL] <1< ]|A|, sowe only need to deal with the case where 0 < G? + 8(cos(q) — 1) < G2,
Then

B—2z=TF.\/G?+8(cos(q) — 1).

Using F, and F, to denote two, on the outset, independent signs we obtain from (36) that

290 = —(B —2) £a \/ (B—2) —day = +./G?+8(cos(q) — 1) £,V G2 .

If £, = + then |A\_| < |A{| and £, = — then |[Ay| < |A_|. Thus, from (37) we see that
+, = + is the only valid solution. Thus, only z € [-G, 0] are valid solutions.

In the case G > 4: It holds that —16 + G? > 0 and therefore there is only one segment
[VVG? — 16, G]. This observation translates into

2€[-G+VG2—16,0|U[-2G, -G — VG2 — 16).

Using a similar argument as above one finds that only the part [-G + v/G? — 16, 0] has the
correct sign.
0

We finish this subsection with the following remarks.

Emergence of two timescales: From Proposition 5.3 we see that if we change G from a value
below 4 to a value above 4 the spectrum transitions from being connected to consist of two
connected components. Furthermore, increasing the dissipation strength G, the connected com-
ponent of the spectrum containing {0} shrinks. This indicates the emergence of two timescales
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6. Spectra of Generators of Markovian Evolution

in the dynamics. The first one corresponding to the fast decay at rate e7*“ and a second one

with a much slower decay. On the infinite lattice it is difficult to discuss the density of states,
but it is noticed numerically in [22], that there are of the order of L eigenvalues on the real axis
close to 0 and L? — L eigenvalues with real part close to —G. In general, such a phenomenon
can be explained from symmetry as in [26, Appendix B.9].

Heuristic calculation of the finite-volume spectral gap:  In the dephasing case, that we
study in section 5.1, it holds the solutions on the curve are given by

2= —G+ /G +8(cos(q) — 1).

Thus, naively we can let ¢ = 27 and so cos(3F) — 1 ~ $(37)? = %VL; and thus as 1+ 2z~ 1+ %
for small = we obtain that

/ 272 1672 1672

This formula was also obtained in finite volume with periodic boundary conditions by Znidanic
in [22, (8)].

5.2 Non-normal dissipators

Next, we turn to a model with non-normal Lindblad operators. The following family of
dissipative models was studied in [70, 25, 71, 8]. For the Hamiltonian H we still take the
discrete Laplacian given in (32). The Lindblad operators are of the form

Ly = (|k) +e®lk+1)) (k] —e ™ (k+1)) (38)
for some ¢ € [0,27] and [ € N. Notice that L is not normal. We have that
LiLy = 2|k)k| + 2]k + 10Xk +1] —2e® [kXk+1] — 27 |k +I)Xk|.
Define @) by

Q=Y LpL,=41-2D,

kEZ

where D; is the operator which has ¢ and e~ on the [’th sub- and superdiagonal. To compute
the form of the rank-one perturbation notice that all v, from Theorem 3.8 are 0 except for oy =
1,a; = € . Similarly, By = 1, 5, = —e~® and all other entries are 0.

Thus, from Theorem 3.8 we obtain

I . . o .
|¢%> =3 ay, @y — 1) = (L4 €1)[0) + €% —1) + e )

71,72
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as well as

(Ll

TG = 2 BBy — il = (L e {0] — e ] — )

-
T1:To

We see that also the operator non-Hermitian evolution 7T is given by
< G < G % % —
—iA-ZQ)e1+1e (iA-ZQ) = (-id+cD)e1+1e (iA+GD) —4GLo 1

which is tridiagonal. Let us examine how this () transforms under the shift and Fourier trans-
formation in the first variable that we do in Theorem 3.8. The term —4G1 ® 1 is left invariant.
The term (iGD;) ® 1 becomes:

Ge' e N )G — 1+ Ge et Y G+
J J
For the term 1 ® (GE) we get
Ge™ Y |i)i+ U +Ge® Y 1) 1l
J J
In total,

T(q) =G> e (L+e ) i)+ +e® (1+ e ™) [j)j — 1| —AGL @ L +i(1 — e7)S +i(1 — €')S".

J

We can see that the full operator has non-zero entries in 5 diagonals if [ > 1 so from now on
we will assume that | = 1 which is also the case mainly studied in [25] and [70]. In that case,
we find the infinite band matrix with diagonals:

a=i(l—e")+Ge ™ (1+¢) f=—4G y=i(l—e ")+ Ge” (14 7).

Let us first determine the union of the g-wise spectra without the perturbation F(q). See
also Figure 4 for an illustration.

Proposition 5.4. The spectrum of the non-Hermitian evolution for the Lindbladian from (38)
in the case l =1 is given by

o(T) = U {—4G + 2icos(#) — 2i cos(q — 0) + 2G cos(6 + 0) + 2G cos(qg — d — 6)}.

q,0€[0,27]

For 6 =0 and § = 7 this set is the convex envelope of the points —8G, —41,0, 44.
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m Random
W Non-random

Figure 3: Spectrum £ with non-normal Lindblad operators given by (38) with a random po-
tential in orange and without in blue in the complex plane. In the right picture blue points
are plotted on the top and on the left it is the orange points. In this case G = 1, the lattice
size n = 70 and the support of the distribution of the strength of the external potential V' = 2.
Notice how the blue points are ordered very regularly except that there is a vertical hole in the
middle and those eigenvalues tend to collapse to the real axis. It seems that the main effect of
the external field is to push the eigenvalues vertically.
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Figure 4: The ellipses corresponding to the spectrum of the Laurent matrices 7'(¢) in the
model with non-normal Lindblad operators see for example (39). For the plot, we chose § = 0
corresponding to Proposition 5.4. Notice how the union of the ellipses make up the quadrilateral
described in Proposition 39, compare also to the shape in Figure 3.

Proof. As before, it holds by Corollary 3.14 and the fact that the spectrum of a Laurent operator
is the image of the symbol curve that

o(T)= [JoT(@) = [J{s@e™ +B+~v(q)e”|6€]0,27]}. (39)

q€[0,27] q€[0,27]

The result now follows from a direct computation. For 4 = 0 and § = 7 it reduces to

o(T) = |J {~4G + cos(9) (2i & 2G) + cos(q — ) (—2i + 2G)}
q,0€[0,27]
= J{-4G+2(i£G)+y(~i+G)} = conv(—8G, —4i,0,4i).
z,y€[—2,2]

O

Thus, we have proven that 7 is gapless even before adding the quantum jump term and
therefore also afterwards when considering the full £. We now turn to study the spectral effects
of the perturbation.

Notice that for § = 0 then ay = 2G? cos(q) + 2G* + 2 cos(q) — 2 € R. We now ask whether

the set
U{zeClTrlrg) =7 = -1}

q€(0,27]
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6. Spectra of Generators of Markovian Evolution

increases the spectrum. Absorbing z into 3 yields that 5 = —4G — z and from Theorem 3.8 we
find that |I'z) and (I'r| have all entries zero except for the —1,0, 1st entries, and that part of
each of the vectors are

el
I'r) = VG | 1+¢% | as well as (Tr| = Va (_1 14 e it _e—ia ) :
1

in the basis { |—1),]0),|1)} highlighting that we do allow for ¢-dependent |I'z) and (I'g|.
Now, let w = 4/ 2 — 16ary and then from Lemma A.13 the equation reduces to

1 1 1 eiq

Cr|T7' | T . . AT .

_%:w = (1 14e —e) | A 1 )\711 1+ eid
2o 1 1

=—e "+ 2+2c08(q) — e+ A (-l —e e+ 1)
ANl +e—1— M) — A

1 . 1
—2+2<)\1— )\2>sm(q)— <>\%—|—)\§>,

where A\j, Ay are defined right after (36). This equation in z can be numerically solved for
fixed ¢ (and G). Numerical evidence suggests that the curve stays inside the quadrilateral
conv(—8G, —4i,0, 44) and therefore leads us to the following conjecture.

Conjecture 5.5. For the Lindbladian L with Lindblad operators given by (38) and non-
Hermitian evolution A it holds that

(L) =o(T) = conv(—8G, —41, 0, 47).

The reader can further compare with the plot of the spectrum in finite volume in Figure
3. Notice further, how Corollary 3.14 gives us the inclusion o(£) D o(7). In particular, we
obtain that £ is gapless (independently of the conjecture). Interestingly, this gaplessness could
be related to the dynamical behaviour in a random potential observed in [25]. A topic that we
return to in Section 6.

5.3 Incoherent hopping

We now turn to an incoherent hopping studied numerically in [22]. Here, the Lindblad
dissipators are hopping terms, they are given by Ly = |k)(k +{|. The numerical finding for
finite sections with free boundary conditions of the lattice [22] is that the gap is uniformly
positive as the length of the lattice increases. We find the spectrum for periodic boundary
conditions.
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Theorem 5.6. Let | € Z. For the Lindbladian with H = —A and Ly = |k)}k +1| it holds
that

o(L) = -G +il-4,4U |J { —G £,/ e 24G? + 8(cos(q) — 1)}

q€(0,27]

where £, is either + or — for each q € [0, 27].

Proof.  Notice that LyLy = |k + [}k +1| sostill Q =), LiL; = 1. so (—ZA -¢ ) ® 1+
1® (ZA — %7) is tridiagonal with

a=i(l—e9), f=-G, v=i(l—e™)
on the diagonals. Furthermore,

Fl@)=G (z pp—— 7“2-?“1)) S e M

/ /
71,72 175

with o, = 6,0 and 3, = 6,1. Thus,

II'n) = \FGZ O, Trye™9ry — 1) = VG|0) and

71,72
Tr =VG Z Brief"llqﬁirév/z — 7| | = VGe o).
rhrh

That means,

1 s 1 (—1)MA-| <1< ] pmialy
r I'z) = e G0 0) —
<R’T—z‘ = <|T—z‘> (B — 2)% — dary
So by Corollary 3.15 we need to solve
—iqu
—1= (_1)11[|A_| <1<Ay] ] e : ' (40)
(B—2)? —davy
Squaring yields
o210l (12
1l=—_
(B —2)?—4day’

so solving for z gives

z2=0++ e 2G2 + 4oy = -G+ \/ e~ 24l G2 4 §(cos(q) — 1),

where we again, as in the proof of Proposition 5.3, have to throw some of the solutions away
according to get the correct sign in (40). ]
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6. Spectra of Generators of Markovian Evolution

!

Figure 5: Exact diagonalization of the Lindbladian £ in Section 5.3 for I =1, G = 1,2,5 and
N = 70 comparison of the predicted curve with numerics with free boundary conditions. The
red circle is the unit circle. Notice how the two curves do not match due to the non-Hermitian
Skin effect.

In Figure 5 and 6 we explicitly plot the solutions as a function of ¢ as well as the spectra
obtained by exact diagonalization of £ in finite volume. Notice how the predicted spectrum
fits well with the numerical spectra for finite size systems only for the system with periodic
boundary conditions, as is consistent with Theorem 4.5. This dramatic dependence on bound-
ary conditions is sometimes called the non-Hermitian Skin effect [72, 73, 74]. It states that the
spectra of non-Hermitian operators may exhibit dramatic dependence on boundary conditions.
One could also view the difference between Toeplitz and Laurent operators this way. Further-
more, it is a feature of the non-Hermitian skin effect that the spectrum is pushed inwards and
real eigenvalues start to appear [75]. This effect we also seen in Figure 5 and 6.

5.4 Single particle sector of a quantum exclusion process

In a many-body setting a model with L, = |k){(k+ 1| and L} = |k + 1)(k| was studied
analytically in [76]. We briefly discuss how to adapt our methods to the single particle sector of
that case and rederive the spectrum of the Lindbladian. Going through the proof of Theorem
3.8, we see that we just get two independent contributions that diagonalize in the same way.
Since we still use discrete Laplacian as the Hamiltonian, it holds that a = i(1 — €") and
v = i(1 — e ™) are unchanged. On the other hand, we get the sum Y, LiL; = 1 twice,
which means that 8 = —2G. Therefore we have from Proposition 5.1 the spectrum of the
non-Hermitian evolution o(7) = —2G + [—44, 4i].

We now turn to the spectrum of the full Lindbladian.
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Figure 6: Exact diagonalization of the Lindbladian in Section 5.3 for [ = 1, G = 1,2,5 and
N = 50 comparison of the predicted curve with numerics with periodic boundary conditions.
The red circle is the unit circle. Notice how the numerics and the analytical spectrum in the
infinite volume fit.

Theorem 5.7 (Hopping both ways). If the system has Lindblad operators Ly = |k){k + 1| and
L) = |k + 1)(k| then the spectrum is given by
(L) = [-2G,0] U {—2G + i[—4,4]}.

Proof.  We saw that the spectrum of the non-Hermitian evolution was given by o(7) =
—2G + i[—4,4]. Now, we calculate the spectrum of the quantum jump terms as follows:

Filq) = G10)0| e~
Fy(q) = G[0)(0] ¢

Thus, in total the quantum jump contribution is

F(q) = Fi(q) + Fx(q) = 2G cos(q) [0X0]

which is still rank-one and in contrast to the incoherent hopping discussed in Theorem 5.6 this
expression is real. We use the same method to compute the spectrum as before

1 D) = + 2cos(q)G ’
Tz B2 dm

squaring and solving for z and inserting «, 3,y yields that

—1 = (x|

2= —2G £/ 4c0s%(q)G? + 8(cos(q) — 1).
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6. Spectra of Generators of Markovian Evolution

Let us analyze the function f(q) = 4cos®(q)G?* + 8(cos(q) — 1). It has extremal points ¢
satisfying

0 = 8cos(q) sin(q)G* + 8sin(q).
If g ¢ {0, 7} then

1
cos(q) = e

which has a solution if and only if G > 1.

This means that if G < 1 then the only extremal points are at ¢ € {0,7}. The values are
f(0) = 4G?* and f(r) = 4G? — 16. Thus, by continuity and the intermediate value theorem,
it holds that the range of f is [4G* — 16,4G?*] = [4G? — 16,0] U [0,4G?]. The first interval
corresponds to the segments +i[0,2v/4 — G?] C i[—4, 4]. The second one to [0,2G] analogously
to the dephasing case from Section 5.1.

For G > 1 there is in addition the solution cos(q) = —é which has values —% — 8. Since
G > 1, the potential values of f are extended to the interval [—zZ; — 8,0] U [0,4G?] which

corresponds to solutions ¢ [—\/ 8+ %, +\/ 8+ %} and [0, 2G| respectively. Still, since G > 1,

it holds that /8 + % < 4 and thus ¢ [—\/8 + %, +\/8 + %J C i[—4,4]. Thus, the spectrum
is not extended in that case. ]

6 Lindbladians with random potentials

In this section, we study models as in the previous section where we have added a random
potential V' to the Hamiltonian H. The potential V' = 3" _, V(n)|n)n|is a random such that
(V(n))nez is i.i.d. uniformly distributed potential in some range [—\, A] for some A > 0. In the
closed system case, the study of operators of that type was initiated in the celebrated work by
Anderson [77] and has led to the field of random operator theory and the topic of Anderson
localization.

Although, some results exist (e.g. [25, 9]), it is not clear what the effects of a random
potential in an open quantum system are. In addition, there has recently been interest in
random Lindblad systems from the point of view of random matrix theory [78, 27]. Our
methods are however more along the lines of random operator theory [1]. Different methods
that were also more random operator theoretic were pioneered in [9].

To study the spectrum of our random Lindbladians we use the following Lindbladian version
of the Kunz-Soulliard Theorem from [79] generalised in [80]. We first need a bit of notation.
Recall from Section 2 that we say that a (super)-operator £ € B(HS(H)) is translationally
covariant if for all p € HS(H)

L(SpS™Y) =S L(p)S,
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where S is the translation with respect to the computational basis in HS(#). In the examples
without a random field, the Lindbladian is translation-invariant. We can separate the action
of the potential by &y, where &y (p) = —i[V, p).

We also need the numerical range of an operator A which we define as follows:

W(A) = {{v, Av) | o] = 1}.

For example W (&) = —i[A, A]. The numerical range will be useful because its closure is an
upper bound to the spectrum by the Toeplitz—Hausdorff Theorem [81, 82].

Theorem 6.1. Let Ly be a translation-covariant operator on HS(H), which satisfied that
Tappt (Lo) = 0(Ly), (as ensured for our models of interest in Theorem 4.1). Let further
{V(n)}nez be the ii.d. random potential from above. Define L = Ly + Ev which is also
an operator on HS(H). Then almost surely it holds that

a(Lo) Ca(L) CW(Lo) +W(Ey),
where the second inclusion holds surely.

Proof. Notice first that by the Toeplitz—Hausdorff Theorem [81, 82] it holds that

o(L) € W(L) € W(Lo) + W (&)

For the first inclusion, consider A € o,,pt(Lo) and let {p, }en be a Weyl sequence corresponding
to A for £y. Without loss of generality assume that each p, is compactly supported in the
sense that in the computational basis, we have that p,(z,y) = 0 for (x,y) € Ag, C Z? for some
large but finite box A, C Z?. Then define

1
Q, = { for some j, € 7 : sup (=) (V(z+ jn) = V(Y +7n)| < n} ,

(@,y)€supp(pn)

and notice that each €2, is a set of full measure (one way to see this is that for any & € N
there is almost surely an a € Z such that |[V(a+ j)| < - for any j € {1,...,k }). Hence
Qo = Npen§), must have probability 1 as well. Thus, we can almost surely for each n € N find
integers j, € Z such that |[(—i)(V(z 4 jn) = V(y + ju))| < £.

Now, define the sequence {7, }nen € HS(H) by vn = pu(- — jn), where p, (- — j,) € HS(H)
is defined by (z|, pn(- = Jn)|y) = pn(T — Jn, ¥ — jn), €.8. pn(- — Jn) is the operator p,, shifted by
Jn in both coordinates.

Then {~,} is a Weyl sequence for the eigenvalue A since by translation covariance of Lg it
holds that

(L = X) ()l < [1(Lo = A) ()] + [1Ev ()] -

The first term is small since p, is a Weyl sequence for Ly. For the second term, we estimate:
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||8V (pn( _]n))H = SV ( Z pn($ _jnvy _]n)|x><y|> "

Z,YyESUpPp pntjn

1 (D@ = VE))pale — uy — Gl ]

Z,Yy€ESupp pn+jn

=l D (D +5n) =V +Gu)))palz, y)le + ja)(y + )

z,yESUpp pn

Now, if |(=4)(V(z + jn) — V(y + jn))| < L for each (x,y) € supp(p,) then by definition of the
Hilbert Schmidt inner product it holds that

2

ST (=)V(@+Ga) = V@ + 3u)oa(@, 9|7 + ) (Y + il

Z,yESupp pn

= 3 =DV (@ +ja) = Vy+du)))palz y)l

Z,YESUpp pPn

1 , 1
<= D @yl <

Z,Yy€ESupp pn

It follows that ||y (o (- — jn))|| < £ upon such a choice of j,,, which finished the proof.
Ol

In the following sections, we will see how both of the two inclusions in Theorem 6.1 are in
general strict.

Furthermore, one can see in Figure 3 how it seems as if the random field generally pushes
eigenvalues vertically as would be the straightforward generalization of the theorem by Kunz and
Soulliard [79]. However, the effect is much stronger in the bulk of the spectrum, whereas close
to {0} it does not seem as if the spectrum changes. A model that describes this phenomenon
which is exactly solvable (even without the theory we have developed) is the following.

6.1 Exactly solvable model with random potential

Define on the Hilbert space £*(Z) the Lindbladian by H = 0 and Lindblad operators L;, = |k)(k|.
Then for any i, 7 € Z we have that

Lo(i)(i1) = G Y k) (klla) (j11k) (k| - % {Ik) (kL 1) 1Y = G (1a) (il bi5 — 181 -

This means that all states of the form |i)(j| are eigenvalues with eigenvalue —G if i # j and
0 if ¢ = j. In particular, all states of the form [i)(i| for i € Z are steady states. We conclude
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that o (L) = {0, —G}. Notice that in this case, we do have trace-class steady states in infinite
volume.

To use the Lindblad analogue of Kunz—Soulliard we first need to consider the numerical
range of L£y. However, £y is normal (indeed self-adjoint). That means that the numerical range
is the convex hull of the spectrum i.e. [-G,0].

We can find the exact spectrum of the model in a random potential by noticing that

L)) = 0+ Ev (|a)i]) = (V@) = V(@) i) = 0

as well as

L(|0{]) = =Gl + Ev(li)il) = =G 0G| +i(V(E) = V(7)) i)l -

Hence the spectrum o (£) = {—G + X i[—1,1]} U {0} . Notice, how this is an example where
both inclusions in Theorem 6.1 are strict. In the case at hand we can see that this happens
because L leaves both the diagonal and off-diagonal subspaces of HS(¢*(Z)) = ¢*(Z?*) invariant.
The potential £y is zero on the diagonal part and therefore only the spectrum of the off-diagonal
can be extended by V.

In the case of H = —A the two subspaces get mixed, the effects are more complicated and
rigorous guarantees are harder to obtain. This is the aim of the next section.

6.2 Improving the upper bound on the spectrum

In the following, we prove an upper bound for the Anderson model with local dephasing. The
model recently attracted attention in [83, 84]. In the following, we use the model to exemplify
how we can use a new method to prove a non-trivial upper bound to the spectrum using the
numerical range.

Theorem 6.2. Consider the Anderson model H = —A + V with local dephasing defined in
(33). Then for any p € HS(H) with ||p||, = 1 such that

S loe, ) = a € [0,1]

TEZ

it holds that
(p. Lp) € Ga+{p,Evp) + (p,Tp) € Gla—1)+i[f(a,N), fla,\)]

with f defined by f(a,L) =4 (1 —a+ 2va v1—a)+ (1 —a)X. It follows that

o(f)c |J (Gla—1)+ilf(a,N), f(a,N)]).

a€l0,1]

We have plotted the upper bound to the spectrum in Figure 7.
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Proof. We first rewrite £ using Theorem 3.8.

® @
5_50+5v—/ T(Q)dq+/ F(q)dg+& =T +F+&v.

[0,27] [0,27]

Again, we want to use the upper bound to the spectrum given the numerical range o(L£) C
W(L), so we try to bound the numerical range of each term. So let p € HS(H) with ||p||, = 1.
Notice first how that identity looks in our two pictures: Define |p(q)) = (F1 o C o vec(p))(q) €
(*(Z) Since (F; o C ovec(p)) is an isometric isomorphism it follows that

2T
1= o)z = erxyr—z/ 0)ln) da.

T, YEL neZ

Explicit calculation yields that

) = 5= 32 ole)e " =)

which again means that

Olp(@)) = > pla, z)e .

So it follows that

/0 @I dg = 3 ol ) = a,

TEZL

where @ € [0,1] is a real number that indicates how classical p is. Notice that then
D wylarty 1P y)|> =1 — a. Now, we go term by term. For the first term, we estimate

(p,Evp) =Tr ( o eyl iV (x) - V(y))ﬂ(w,y)lw><yl>

=i > p(xy) (V) = V(y) €il[—(1—a)r, (1 - a)\]
zylaAy

since V' is supported in [0, A]. Notice that the more classical a state is the less it is affected
by an external field.
For the T'(q) term we know from (34) in the proof of Proposition 5.1 that 7'(¢) is tridiagonal
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with «, 3,7 on the diagonals such that a(q) = —7y(¢) and that 3(¢) = [ is constant. Then

<p;rdqp>——<p,/gi] 7%q>dqp>——J€7T<pun7zwq>p«n>dq
—Z/” a(g)(n + 1]o(g))

neZ

+ B(a)nlpla)) +(a)(n — 11o(@))dg
=Y [ lnlola) s

ne”Z

+3 2 [ mG@ln) - o(o)) da

=B+ 3 2 [ (0 el n = 1) d

We want to bound the second term. Define the sequence lg,, = (p(q)|n). And let IZ7 = Iy, 1,55
and similarly with (/. Using Cauchy-Schwarz in a few different spaces we obtain

qn’
2
Z / Im qn qn 1 )dq S ”’YH / Z lqn gn—1

nez nez
qﬂ/ ) At I A
n<—1 n>2

+ |lgolg—1| + |lgalgo| dg

27
< Hv\oo/ 1 W 12 + 12 L1820, + ol ] + [lgalao] dg

2w
Sl [1—a+ ¢/ 0)0)*dg (g, 11l + Il Loall,)

<l M=—a+ 2vaVi—a).
Notice that in particular, this vanishes as a — 1, i.e. for classical p. Notice also that in our

case of interest 3(q) = —G and ||7||, = 2 yielding the second part of the bound.
For the F(q) = |T')(I'g| we obtain

<p,/( |I&»<Iyadqp>::j€ (@) T (Trlp(a))dg

0,27]

Thus, in the case where |I'1)(I'gr| = G|0)(0| in which case the term becomes

27
G/ \O|dq—GZ|pxaz\—Ga

TEZ
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Numerical spectrum along with analytical upper bound

[1 N=70
m N=50
H N=30
m N=10

¢ ecs @m ool aoep @e ges B wm  ewe o

Figure 7: The numerical spectrum of the dephasing Lindbladian £ in a random potential studied
in Section 6.2 for N € {10,30,50,70},G = 2,V = 5 along with the analytically calculated
upper bound for the numerical range (and therefore the spectrum) sketched. Notice the line
with real part close to —1 which is consistent with, but not predicted by our analysis. Notice
further how it seems that the spectrum does not extend much when the real part is less than
1.

O

Notice that Re({(p, Lp)) = G(a — 1) = Re({p, Lop)). This means that the states as seen
from the numerical range get more classical closer to 0. This also implies the absence of a
non-classical eigenvalue since one would then be able to find it in the numerical range. Thus,
for the dephasing model, we see that the long-lived states are the classical even in the presence
of an external (random) potential. In other words, the states that survive longest are very
diagonal so we see very explicitly how the dephasing noise suppresses coherences something
which was also noted for a simpler model in Chapter 8 of [85].

6.3 Further discussion of spectral effects of random potentials

Spectra of random Lindbladians have been studied in random matrix theory approaches in for
example [78]. There a lemon-like shape of the spectrum was found. This shape is reminiscent
of the spectrum in both Figure 3 and Figure 7 where there seems to be a tendency that the
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spectrum close to 0 extends less in the direction of the imaginary axis. This is also mimicked in
the exactly solvable example in Section 6.1 and the discussion in the previous section. Further-
more, inspecting the non-random spectrum with and without the perturbation one can see how
there is a similar phenomenon with eigenvalues jumping from the bulk of the non-Hermitian
spectrum and down to the real line [22]. An analytical explanation stemming from the sym-
metries of the Lindbladian is given in [26]. The one also sees in a corresponding RMT model
[28] and the previous example indicates a mechanism for this behaviour.

7 Discussion and further questions

We believe that the methods developed here can be applied to many one-particle open
quantum systems of Lindblad form. In particular, we believe that many of our results generalize
to Z% for d > 1. Further, directions for the study could be many-body systems — in fact the
model with non-normal Lindblad operators we studied in Section 5.2 is already a candidate
for many-body localization in the many-body setting [86]. A simple example where the number
of particles is not fixed could be to have a Lindbladian where the particle number can only
decrease. If the system starts with one excitation, such models are used to describe the transport
of an excitation during photosynthesis [6]. This would be one way to study the dynamics of
similar systems which are not as intimately related to the spectra of £ as discussed in Section
2.2. Another approach could be through the transport in the steady state as is for example
done for a non-random system in [87]. A system that is almost within our framework, where
transport in the steady state is studied is discussed in [88].

We have also seen how the quantum-jump terms increase the number of real eigenvalues,
this effect was also observed in [22]. We can now explain the phenomenon corresponding to
our first example in that case. For finite-dimensional systems an explanation was given using
symmetries of the Lindbladian in [26, Appendix B.9]. The proof there relies on some rather old
results, so it would be of value to obtain a self-contained proof. Along this line of investigation,
one could try to obtain results on the density of states. Since relatively many eigenvalues are
confined to the real line the density of states will potentially be challenging to define.

Furthermore, we have seen how the spectrum for the finite size numerics in some cases
matches the analytic results for all of Z fairly well. This we have given an explanation of in
Theorem 4.5, but it still remains to give a proof of ([66, Conjecture 7.3]), both in general and
in our cases of interest. As shown by the examples in Figures 5 and 6 it will be important in
that regard to use periodic boundary conditions, as it is the case in the corresponding question
for Laurent operators compared to Toeplitz operators in [89].

Another direction of investigation is to expand on the spectral theory of Lindblad operators
in a random potential and possibly prove a stronger lower bound to Theorem 6.1. In the
self-adjoint case the spectrum and dynamics of the Hamiltonian in infinite volume are related
through the RAGE theorem [2, 3, 4] much closer related than what we can prove for £. Such a
relation is probably difficult to recover since the notion of continuous spectrum breaks down in
the non-normal case. However, we can still define the point spectrum of £ to be spectrum that
corresponds to normalizable eigenvectors. In that case, we can ask, in analogy with the case
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of the Anderson model, whether for large enough strength of the random potential A it is the
case that o(L) has only point spectrum, in the sense of exponentially decaying (normalizable)
eigenfunctions.

Acknowledgements

The authors acknowledge support from the Villum Foundation through the QMATH center of
Excellence(Grant No. 10059) and the Villum Young Investigator (Grant No. 25452) programs.
The authors would like to warmly thank Simone Warzel, Daniel Stilck Franca, Alex Bols, Jacob
Fronk, Paul Menczel and Cambyse Rouzé for discussions as well as Nick Weaver for the useful
input [48, 58].

References

[1] M. Aizenman and S. Warzel. Random operators, volume 168. American Mathematical
Soc., 2015.

[2] D. Ruelle. A remark on bound states in potential-scattering theory. Il Nuovo Cimento A
(1965-1970), 61(4):655-662, 1969.

[3] W. Amrein and V. Georgescu. Characterization of bound states and scattering states in
quantum mechanics. Technical report, Univ., Geneva, 1973.

[4] V. Enss. Asymptotic completeness for quantum mechanical potential scattering: I. short
range potentials. Communications in Mathematical Physics, 61(3):285-291, 1978.

[5] G. Lindblad. On the generators of quantum dynamical semigroups. Communications in
Mathematical Physics, 48(2):119-130, 1976.

[6] M. B. Plenio and S. F. Huelga. Dephasing-assisted transport: quantum networks and
biomolecules. New Journal of Physics, 10(11):113019, 2008.

[7] J. Clark, W. De Roeck, and C. Maes. Diffusive behavior from a quantum master equation.
Journal of mathematical physics, 52(8):083303, 2011.

[8] X. Xu, C. Guo, and D. Poletti. Interplay of interaction and disorder in the steady state of
an open quantum system. Physical Review B, 97(14):140201, 2018.

[9] J. Frohlich and J. Schenker. Quantum brownian motion induced by thermal noise in the
presence of disorder. Journal of Mathematical Physics, 57(2):023305, 2016.

[10] E. B. Davies. Linear operators and their spectra, volume 106. Cambridge University Press,
2007.

292



[11] F. Bagarello, R. Passante, and C. Trapani. Non-Hermitian Hamiltonians in quantum
physics. Springer Proceedings in Physics, 184, 2016.

[12] A. Amir, N. Hatano, and D. R. Nelson. Non-Hermitian localization in biological networks.
Physical Review E, 93(4):042310, 2016.

[13] R. Chonchaiya. Computing the Spectra and Pseudospectra of Non-Self-Adjoint Random
Operators Arising in Mathematical Physics. PhD thesis, University of Reading, Depart-
ment of Mathematics and Statistics, 2011.

[14] K. Mglmer, Y. Castin, and J. Dalibard. Monte Carlo wave-function method in quantum
optics. Journal of The Optical Society of America B-optical Physics, 10:524-538, 1993.

[15] J. Feinberg and A. Zee. Non-Hermitian localization and delocalization. Phys. Rev. E,
59:6433-6443, Jun 1999.

[16] S. Chandler-Wilde, R. Chonchaiya, and M. Lindner. On the Spectra and Pseudospectra
of a Class of Non-Self-Adjoint Random Matrices and Operators. Operators and matrices,
7:739-775, 12 2013.

[17] R. Hagger. On the spectrum and numerical range of tridiagonal random operators. Journal
of Spectral Theory, 6, 07 2014.

[18] A. Bottcher, M. Embree, and V. Sokolov. Infinite Toeplitz and Laurent matrices with
localized impurities. Linear Algebra and its Applications, 343-344:101-118, 2002. Special
Issue on Structured and Infinite Systems of Linear equations.

[19] L. Trefethen and M. Embree. Spectra and Pseudospectra: The Behavior of Nonnormal
Matrices and Operators. 01 2005.

[20] Z. L. Ismailov and I. A. Pembe. Spectra and pseudospectra of the direct sum operators.
Sigma Journal of Engineering and Natural Sciences, 38(3):1251-1259, 2020.

[21] M. Esposito and P. Gaspard. Emergence of diffusion in finite quantum systems. Physical
Review B, 71:1-12, 2005.

[22] M. Znidaric. Relaxation times of dissipative many-body quantum systems. Physical review.
E, Statistical, nonlinear, and soft matter physics, 92 4:042143, 2015.

[23] V. P. Flynn, E. Cobanera, and L. Viola. Topology by dissipation: Majorana bosons in
metastable quadratic markovian dynamics. Physical Review Letters, 127(24):245701, 2021.

[24] T. Prosen. Third quantization: A general method to solve master equations for quadratic
open fermi systems. New Journal of Physics, 10, 01 2008.

[25] I. Yusipov, T. Laptyeva, S. Denisov, and M. Ivanchenko. Localization in Open Quantum
Systems. Phys. Rev. Lett., 118:070402, Feb 2017.

293



6. Spectra of Generators of Markovian Evolution

[26] T. Can, V. Oganesyan, D. Orgad, and S. Gopalakrishnan. Spectral gaps and midgap states
in random quantum master equations. Phys. Rev. Lett., 123:234103, Dec 2019.

[27] T. Can. Random Lindblad Dynamics. Journal of Physics A: Mathematical and Theoretical,
52, 10 2019.

[28] W. Tarnowski, I. Yusipov, T. Laptyeva, S. Denisov, D. Chruscinski, and K. Zyczkowski.
Random generators of Markovian evolution: A quantum-classical transition by superdeco-
herence, 2021.

[29] S. Lange and C. Timm. Random-matrix theory for the Lindblad master equation. Chaos:
An Interdisciplinary Journal of Nonlinear Science, 31(2):023101, 2021.

[30] J. Avron, M. Fraas, and G. Graf. Adiabatic response for Lindblad dynamics. Journal of
Statistical Physics, 148(5):800-823, 2012.

[31] A. Holevo. Statistical Structure of Quantum Theory, volume 67. 01 2001.

[32] H. Tamura and V. A. Zagrebnov. Dynamical semigroup for unbounded repeated pertur-
bation of an open system. Journal of Mathematical Physics, 57(2):023519, 2016.

[33] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan. Completely Positive Dynamical
Semigroups of N Level Systems. J. Math. Phys., 17:821, 1976.

[34] J. P. P. (https://physics.stackexchange.com/users/183551 /jean-pierre polnareff). Nega-
tivity of the real part of eigenvalues of lindblad operators. Physics Stack Exchange.
URL:https://physics.stackexchange.com/q/473322 (version: 2019-04-18).

[35] B. Baumgartner and H. Narnhofer. Analysis of quantum semigroups with GKS-
Lindblad generators: II. General. Journal of Physics A: Mathematical and Theoretical,
41(39):395303, 2008.

[36] B. Buca and T. Prosen. A note on symmetry reductions of the lindblad equation: transport
in constrained open spin chains. New Journal of Physics, 14(7):073007, 2012.

[37] D. Nigro. On the uniqueness of the steady-state solution of the Lindblad-Gorini-
Kossakowski-Sudarshan equation. Journal of Statistical Mechanics: Theory and Ezper-
iment, 2019, 03 2018.

[38] V. Albert and L. Jiang. Symmetries and conserved quantities in Lindblad master equations.
Physical Review A, 89, 10 2013.

[39] G. Styliaris and P. Zanardi. Symmetries and monotones in Markovian quantum dynamics.
Quantum, 4:261, 04 2020.

[40] A. Holevo. A note on covariant dynamical semigroups. Reports on Mathematical Physics,
32:211-216, 1993.

294



[41] M. Einsiedler, T. Ward, et al. Functional analysis, spectral theory, and applications, volume
276. Springer, 2017.

[42] B. Simon. Trace ideals and their applications. Number 120. American Mathematical Soc.,
2005.

[43] M. Falconi, J. Faupin, J. Frohlich, and B. Schubnel. Scattering Theory for Lindblad Master
Equations. Communications in Mathematical Physics, 350:1185-1218, 2016.

[44] S. Attal. Quantum Channels. Online course, 2014.
[45] M. Reed and B. Simon. II: Fourier Analysis, Self-Adjointness, volume 2. Elsevier, 1975.

[46] R. Olkiewicz. Environment-induced superselection rules in Markovian regime . Commu-
nications in mathematical physics, 208(1):245-265, 1999.

[47] D. Pérez-Garcia, M. M. Wolf, D. Petz, and M. B. Ruskai. Contractivity of positive and
trace-preserving maps under LP norms. Journal of Mathematical Physics, 47(8):083506,
2006.

[48] N. W. (https://mathoverflow.net /users/23141/nik weaver). If i multiply the coefficients of
a trace-class operator with bounded complex numbers is it still trace class? MathOverflow.
URL:https://mathoverflow.net/q/406706 (version: 2021-10-22).

[49] T. Mori and T. Shirai. Resolving a Discrepancy between Liouvillian Gap and Relaxation
Time in Boundary-Dissipated Quantum Many-Body Systems. Physical Review Letters,
125(23):230604, 2020.

[50] O. Szehr, D. Reeb, and M. M. Wolf. Spectral convergence bounds for classical and quantum
markov processes. Communications in Mathematical Physics, 333:565-595, 2015.

[51] S. Khandelwal, N. Brunner, and G. Haack. Signatures of Liouvillian Exceptional Points
in a Quantum Thermal Machine. PRX Quantum, 2(4):040346, 2021.

[52] K.-J. Engel, R. Nagel, and S. Brendle. One-parameter semigroups for linear evolution
equations, volume 194. Springer, 2000.

[53] B. Durhuus and J. P. Solovej. Mathematical Physics [Lecture Notes|. Department of
Mathematical Sciences, University of Copenhagen, 2014.

[54] T. Kato. Perturbation theory for linear operators, volume 132. Springer Science & Business
Media, 2013.

[55] A. Bottcher and B. Silbermann. Introduction to large truncated Toeplitz matrices. Springer
Science & Business Media, 2012.

[56] T. Havel. Procedures for Converting among Lindblad, Kraus and Matrix Representations
of Quantum Dynamical Semigroups. Journal of Mathematical Physics, 44, 02 2002.

295



6. Spectra of Generators of Markovian Evolution

[57]

[58]

[59]
[60]

296

G. T. Landi. Lecture notes on Lindblad master equations. Available at http://www.fmt.
if .usp.br/~gtlandi/11---1indblad-equation-2.pdf.

N.  W. (https://mathoverflow.net/users/23141/nik  weaver). Fourier trans-
form of a translation invariant operator on [*(Z) ® [*(Z). MathOverflow.
URL:https://mathoverflow.net/q/355246 (version: 2020-03-19).

M. Reed and B. Simon. IV: Analysis of Operators, volume 4. Elsevier, 1978.

P. R. Halmos. A Hilbert space problem book, volume 19. Springer Science & Business
Media, 2012.

E. A. Azoff. Spectrum and direct integral. Transactions of the American Mathematical
Society, 197:211-223, 1974.

T. R. Chow. A spectral theory for direct integrals of operators. Mathematische Annalen,
188, 1970.

Z. 1. Ismailov and E. O. Cevik. Some spectral properties of direct integral of operators.

M. Fialova. Two-dimensional Dirac operator with translationally invariant electromagnetic

eld.

A. C. S. Ng. Direct integrals of strongly continuous operator semigroups. Journal of
Mathematical Analysis and Applications, 489(2):124176, 2020.

A. Béttcher, M. Embree, and M. Lindner. Spectral approximation of banded Laurent
matrices with localized random perturbations. Integral Equations and Operator Theory,
42(2):142-165, 2002.

R. Hagen, S. Roch, and B. Silbermann. C*-algebras and numerical analysis. CRC Press,
2000.

F. Hausdorff. Set theory, Chelsea, New York, 1957. 1937.

M. Esposito and P. Gaspard. Exactly Solvable Model of Quantum Diffusion. Journal of
Statistical Physics, 121:463-496, 2005.

S. Diehl, E. Rico Ortega, M. Baranov, and P. Zoller. Topology by dissipation in atomic
quantum wires. Nature Physics, 7, 05 2011.

O. Vershinina, I. Yusipov, S. Denisov, M. V. Ivanchenko, and T. Laptyeva. Control
of a single-particle localization in open quantum systems. FEPL (Europhysics Letters),
119(5):56001, 2017.

T. E. Lee. Anomalous edge state in a non-Hermitian lattice. Physical review letters,
116(13):133903, 2016.



[73] E. J. Bergholtz, J. C. Budich, and F. K. Kunst. Exceptional topology of non-Hermitian
systems. Reviews of Modern Physics, 93(1):015005, 2021.

[74] F. Song, S. Yao, and Z. Wang. Non-Hermitian skin effect and chiral damping in open
quantum systems. Physical review letters, 123(17):170401, 2019.

[75] N. Okuma, K. Kawabata, K. Shiozaki, and M. Sato. Topological origin of non-Hermitian
skin effects. Physical review letters, 124(8):086801, 2020.

[76] V. Eisler. Crossover between ballistic and diffusive transport: the quantum exclusion
process. Journal of Statistical Mechanics: Theory and Ezperiment, 2011(06):P06007, jun
2011.

[77] P. W. Anderson. Absence of Diffusion in Certain Random Lattices. Phys. Rev., 109:1492—
1505, Mar 1958.

(78] S. Denisov, T. Laptyeva, W. Tarnowski, D. Chruscinski, and K. Zyczkowski. Universal
Spectra of Random Lindblad Operators. Phys. Rev. Lett., 123:140403, Oct 2019.

[79] H. Kunz and B. Souillard. Sur le spectre des opérateurs aux différences finies aléatoires.
Communications in Mathematical Physics, 78(2):201-246, 1980.

[80] W. Kirsch and F. Martinelli. On the spectrum of Schrodinger operators with a random
potential. Communications in Mathematical Physics, 85(3):329-350, 1982.

[81] O. Toeplitz. Das algebraische Analogon zu einem Satze von Fejér. Mathematische
Zeitschrift, 2(1):187-197, 1918.

[82] F. Hausdorff. Der wertvorrat einer bilinearform. Mathematische Zeitschrift, 3(1):314-316,
1919.

[83] M. Hunter-Gordon, Z. Szab6, R. A. Nyman, and F. Mintert. Quantum simulation of the
dephasing anderson model. Physical Review A, 102(2):022407, 2020.

[84] Y. Rath and F. Mintert. Prominent interference peaks in the dephasing anderson model.
Physical Review Research, 2(2):023161, 2020.

[85] C. Gerry and P. Knight. Introductory quantum optics. Cambridge University Press, 2005.

[86] I. Vakulchyk, I. Yusipov, M. Ivanchenko, S. Flach, and S. Denisov. Signatures of
many-body localization in steady states of open quantum systems. Physical Review B,
98(2):020202, 2018.

[87] T. Prosen. Exact Nonequilibrium Steady State of a Strongly Driven Open XXZ Chain.
Physical review letters, 107(13):137201, 2011.

[88] M. J. Kastoryano and M. S. Rudner. Topological transport in the steady state of a quantum
particle with dissipation. Phys. Rev. B, 99:125118, Mar 2019.

297



6. Spectra of Generators of Markovian Evolution

[89] M. Colbrook. Pseudoergodic operators and periodic boundary conditions. Mathematics of
Computation, 89(322):737-766, 2020.

[90] K. Zhu. An introduction to operator algebras. CRC press, 2018.

[91] B. (https://mathoverflow.net/users/142961/bremen000). Measurable selection involving
measure valued random variable. MathOverflow. URL:https://mathoverflow.net/q/389578
(version: 2021-04-07).

[92] A. Encinas and M. Jiménez. Explicit inverse of a tridiagonal (p,r)-Toeplitz matrix. Linear
Algebra and its Applications, 542:402-421, 2016.

[93] 1. Gohberg, S. Goldberg, and M. A. Kaashoek. Laurent and Toeplitz Operators. Basic
Classes of Linear Operators, pages 135-170, 2003.

A Appendix

In the appendix, we provide some of the technicalities that we have postponed from the main
part for clarity.

A.1 Remarks on spectral independence of Lindblad operators

Let us make some further remarks on the spectrum of Lindblad operators as an operator on the
different Schatten spaces S,. If an operator A is bounded on all Schatten spaces consistently,
ie. Ae B(S,) for all 1 < p < co. Then we say that A satisfies spectral independence if for all
1 < p,q < oo it holds that

oB(s,)(A) = o5s,)(A).

In words this means that the spectrum of A is independent of which Banach algebra B(S,). To
show how involved the situation is we start with the following remark.

Remark A.1. Consider the Lindbladian with H =V for some onsite operator V="V (i)|i) (|
and the dissipative part is 0. In that case L(p) = —i[V, p|. It holds that L(]i){j|) = —i(V (i) —
V() (|i)(g]) for each i,j € N. Thus, from one point of view, L is a Schur multiplier with
the matriz with (i,7) th index —i(V (i) — V' (j)). If sup, |V (i)| < oo then the Schur multiplier
with bounded coefficients. In [48] an example of a Schur multiplier with bounded coefficients,
although not of this form, that does not map trace class operators to trace class operators is
given.

However, the operator discussed in [48] is very far from having Lindblad form which is a
much stronger condition. Therefore, we can ask under which assumptions, for example, locality
of the Lindblad operators, that spectral independence holds.
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Question A.2. Suppose that H = . h; and such that h;, Ly, have range bounded uniformly by
some constant. Is og (L) independent of p?

In particular, in the case L(p) = —i[V, p| where V|x) = V(z)|x) such that |V (z)| <1 is it
the case that og,(L) is independent of p?

In particular, we are concerned with the case L(p) = —i[H, p] where H = —A 4V for some
diagonal non-translation-invariant potential V' as an operator from S, to S, (i.e. V' could be a
random potential, that we will study later). Here A is the discrete Laplacian (in Dirac notation
elaborated on at the beginning of Section 3) defined by

H=-A==> |kXk+1] + |k+1)(k| — 2|k)XK|, (41)

keZ

where |k) is the position eigenstate at site k € Z.
It is natural to conjecture that og, (£) is independent of p € [1,00], but this is beyond our
current methods. However, we do present some partial results.

Proposition A.3. Suppose that 1 < p < p' < co are Holder conjugates, % + 1% =1 and that

L e B(S,) and L € B(Sy). Then L € B(S,) for all p < q < p' and it holds that

O'Sq(/:,) C USp([') U 7s, (ﬁ)

Proof. The first claim follows directly from the non-commutative Riesz-Thorin theorem (The-
orem 2.1). For the second claim notice that if 2 € 05, (£) Nos,(£) then (£ — z)~! is bounded
both from S, to S, and from S,y to S,y. Again, by the non-commutative Riesz-Thorin theorem
this means that (£ — z)~! is bounded from S, to S, for all ¢ € [p,p'] and so z & os, (L) and we
are done by contraposition. O

In fact, we can say a bit more using the Lindblad form. Let us start with the following
lemma proving that the spectrum is invariant under complex conjugation in our infinite volume
setting.

Lemma A.4. Suppose that L is of the Lindblad form (1) and that (Ay) holds. Then for all
p € [1,00] it holds that os,(L) is closed under complex conjugation

O'gp(ﬁ) = 0'3p<£).

Proof. Suppose first that A € gappt.s,(£) there exists a sequence {p;, }nen C Sp(H) where

1€ =X (pn)ll, = 0.
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Then consider the modified Weyl sequence {pj,},en which satisfies that [|p}[l, = [lpall, = 1.
This is a Weyl sequence for \ since

162 =N, = 1 = N pa))*l, = £ = Npw), — 0.

We conclude that A € Gappt,s, (L) C 0s,(L).
Now, assume that A & oappt.s,(£). Let p’ be the Hélder conjugate of p and consider L1 :
Sy — Sy be the Banach space adjoint of £ : S, — &,. It holds that A\ € 0yes5,(£) =

Op.S, (LT) = ps, (L)*where 0,5, here denotes the point spectrum in the algebra S, Thus,
there exists an operator X € Sy such that £(X) = AX which implies that L(X*) = L(X)* =
AX* and thus A € 05, (L) = 0res,5, (L) C 05,(£) which means that A € os,(£L). O

Now, we collect the results in the following theorem using that £ and £ on S, and S,/ are
(Banach)-adjoints.

Theorem A.5. Suppose that 1 < p < p' < oo are Hélder conjugates, ;17 +§ =1 and that

L e B(S,) and L € B(Sy). Then L € B(S,) for allp < q < p' and it holds that

qu(ﬁ) C O'Sp(ﬁ) U O-'Sp’ (ﬁ) = ng(ﬁ) U O'SP(E).

In obtaining Theorem A.5 we did not use Lemma A.4 and therefore we did not use the
property L(p*) = L(p)*. A way to improve the Theorem A.5 would be to settle the following
question positively.

Question A.6. Suppose that L is of the Lindblad form (1) and that (Ay) holds. Is it then the
case that

ng(ﬁ) = USP(L) ?

In that case, (which we consider fairly natural since it is true in finite dimensions) we
would then obtain that for any 1 < p < ¢ <2 0s,(£) C 0s,(£) as well as the reverse inclusion
in the case 2 < ¢ < p < co. In particular, it would hold that os,(£) C os,(£) meaning that
our lower bounds to os,(£) would be lower bounds to os, (£).

A.2 Proof of Lemma 2.2

We prove that £ € B(B(H)). It is easy to see that by (A;) the commutator and anti-
commutator terms in the Lindbladian are bounded. Thus, we are left with the operator J

defined by J(X) = 2, Ly X L.

30ne may argue that the Banach space adjoint of £ has the adjoint Lindblad form, that is £ = £ as follows.
Every S, = S, since every A € S defines a linear functional on S, through A(p) = (4, p)us for every p € S,.

Then for every A € S, p € S, it holds that LT(A)(p) = A(L(p)) = (A, L(p))us = (L(A), p)us = L(A)(p).
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Let N be the weak limit of ), LyL;. By assumption ||N||_ < oo. Since ), LjLj is also
self-adjoint it follows by the spectral radius theorem for every |x) € H that

Mo Lile) 7= (el LeLilz) = (2], ) LeLilz) < [N| =
k k k
Then consider X € B(H) with X > 0. Then X = AA* for some A € B(#H) and it holds that
Y LiXLp =) LiAA'L;
k k
is a sum of positive operators and therefore positive. We bound the norm

(@, > LyAALifa) =Y (o], Ly AA"Lijz) = Y || A" Ly )| <ZHA* I1Z; 1)
k k

k
2 2
< A" IFIN ol ™

Again, by self-adjointness of ), LyAA*L; the spectral radius theorem holds and therefore if
the numerical range is bounded then so is the norm. We conclude that

H > LLAATL;
k

< APVl

Now, for any element X € B(H) we write X = P, — P, +iP; — iP, where Py, Py, P, P,
are all positive and satisfy || P;|| < || X]|| for each i = 1,...,4 (see [90, Theorem 11.2 and 9.4]).
Then

1T (X[ < 41X Nl
where we also used the C*-identity since we could write P; = A; A} and that it holds that
1A = [ AAS = IRl < 1X]I-

We conclude that J as an operator on B(#) has a norm bounded by 4[| N||

A.3 Measurability in the proof of Theorem 3.12

In this appendix, we prove that for each fixed n € N there exists a measurable choice of the
vectors ¢ — vy, in the proof of Theorem 3.12. We do that with inspiration from [91] and let

{am}men be a countable dense subset of 7 which does not contain 0. Then define by, = 2=

Recall that I,, is a set such that |I,,| > 0 with ||(A(¢) — A)~!|| > n. Now, consider the function
N : I, — N defined by

N(q) = min {m e N [[(Alg) = X)bw|| > g} .
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Notice that N is well-defined since (A(q) — A)~* is bounded and hence continuous and by
density of {ay, }men. We claim that N is also B (I,,) — P(N) measurable, where B (I,,) is the
Borel o-algebra on I,,. To see that, notice first that since ¢ — (A(q) — A)~! is measurable then
also ¢ — ||(A(q) — A) "'b,,|| will be measurable for each m. Thus, the set

{a€ L 1]l(Al) = N 0n > 5}

is measurable. Now, it holds that

Nk = U {ee THA@ =20 2 5

m =1

and this is sufficient to prove measurability of N. Now, since any function from (N, P(N)) to
any measure space is measurable and compositions of measurable functions are measurable it
holds that g = by(g) is measurable. We then pick v, = by(g).

A.4 Proof of Theorem 3.13

Proof. We use the characterisation from Theorem 3.12. Whenever A ¢ o(A(q)) define the
resolvent R(q) = (A(q) — A\)~*. Then if both R(p), R(q) exist it follows from the resolvent
equation that

IR = IR < 1R@) [[AMP) — Al |R(g)]- (42)

”C”: We prove the following stronger assertion.
Claim A.7. For any po € [0,27] and € > 0 it holds that

€ess

0-(A(po) € [ Joa-(A(p)). (43)

p€[0,27]
Let us first prove the claim.

Proof of Claim. To prove the claim, let A € o.(A(po)).

Case 1: Suppose first that A\ & o(A(po)). This means that 1 < || R(po)|| < oo. Suppose
that ||R(po)|| < K < oo. Assume for contradiction that there is a sequence p, — po such that
|R(pn)|| = oo. By continuity (cf. Lemma A.10) there exists a 0 > 0 such that ||A(p) — A(g)| <
% as long as |p — q| < 4. If we pick N such that |p, — po| < 0 for n > N this means that

1R

IR o)ll = [1R(pa) Il < 1R (po)ll [[A(po) — Al | 1 B(pa) | = =77

Thus, M < ||R(po)|| and hence ||R(po)|| = oo which is a contradiction. We conclude that
there exists a v > 0 such that sup,,_, <, [R(p)]| < Ky < oo. Thus, the resolvent bound

302



(42) ensures that there is an § > 0 such that if [p — po| < 6 then ||R(p)|| > 5. This means
that A € oo-(A(p)) for all p with [p — po| < 0. Again this implies that A € ;2 9m 72:(A(D)),
proving the claim in the case A &€ o(A(po)).

Case 2: Now, let A € o(A(po)) C 0-(A(po)). Absorb X into A for ease of notation. Now,
suppose that (p,)nen is a sequence converging to py and assume that ||R(p,)|| < C uniformly
in n. Then

1R @) = 1R @)l < [RE)] AP — Apn) | 1R(pm)] < C¥ Alpa) — Alpm) I,

so the sequence (R(py))nen is Cauchy and hence convergent to some Rpy. It holds by norm
continuity that

[1B(pn)Alpo) = 1| = [[R(pa)(A(po) — Alpn))]
< 1Rl [[A(po) = Alpa) | < € [[A(po) = Alpn)|| — 0.

Similarly,|| A(po) R(pn) — 1|| — 0. Since further
[1RoA(po) = L[ < [R(pn) Alpo) = L} + [[o = R(pa)ll | A(po)] — 0,

we conclude that RoA(pg) = 1 and similarly A(pg)Ry = 1. This contradicts that A(po)
is invertible. So we conclude that no such sequence p, exists. Hence for our given ¢ > 0
there is a 0 > 0 such that ||R(p)| > é for every p € [pp — 0,po + 0]. This means that

A€ UZSES[O’QW] UZE(A(p)) O

So we conclude that for all € > 0 it holds that

€ss

0-(A(po) € [ Joae(A(p)) (44)

p€(0,27]

and therefore by Theorem 3.12

o (Alp)) € oA € () Ureeldlp) = 0 ( [ A(p)dp)

e>0 £>0 pe[0,27] [0,27]

Since this holds for any pg € [0, 27] we have proven one inclusion.
7D": For the converse let A € (..,

A & 0(A(q)) for any ¢ € I. It then follows from the resolvent bound (42) that the function
N : I — R defined by N(q) = ||(A(g) — A\)~!|| is continuous. Now,

(USSESI US(A(q))>. Suppose for contradiction that

So={aelireosa@)} ={gell]| Al =N =n} =N (n,).

Since N is continuous and [n,00) is closed we must have that S, is closed. Further, we must
have that S,, C S,_1 and that S,, is non-empty for each n € N. Thus, by the finite intersection
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property (since I is compact) it holds that (1), Sy is non-empty. So let gy € S, for each n € N.
Then ||(A(qo) — X\)7Y|| > n for all n € N and thus A € o(A(q)) which is a contradiction. So we
conclude that A € o(A(q)) for at least one ¢ € I and then A € |J,; 0(A(q)).

O

A.5 Spectrum of rank-one perturbation of Laurent operators

In this appendix, we prove the following relation that was used in the proof of Corollary
3.15.

o(T(q) + F(q)) = o(T(q)) U{N € C | (Tr|(T(q) — A\)'[T'p) =—1}.

” D: 7 From the proof of Corollary 3.14 we saw that o(T(¢q)) C o(T(q) + F(q)). So let
A& a(T(q)) and (Tr|(T(q) — \)"! L) = —1. Assume for contradiction that T'(¢) + F'(¢) — A
is invertible. Let for ease of notation 7' = T'(q) — A. Then the resolvent equation states that

1 1 1

1
T T T rnra e (45)

Suppose that (Ug|$|T'z) = —1 then multiplying with [I',) from the right yields that 77'|T'1) =
0, which is a contradiction.

? C:” Assume that T is invertible and that (Ug|5|Tr) # —1. It is then straightforward to
check that the following operator is well defined and an inverse to T'+ |I')(I'g|

1 1 1 1

S S NV A
T (TglXTp) +1 7T TRl

so we conclude that T+ |T',)(I'g| is invertible.

A.6 Resolvent norm estimates

Proof of Lemma 4.11.  First, sup,o, [|(T(q) —2)7Y| < C < oo for some C > 0 To see
that let 2, € V be a sequence such that ||(T(q) — 2,)7!|| = oo. Since V is compact then z,
has a convergent subsequence and it holds that 2z, — zy with ||(T(¢) — z0)~}|| = oo, hence
2o € 0(T'(¢q)) which is a contradiction to the construction of V.

Second, we show sup,cynen [|[(T(gn) — 2) 71| < C < 0o. We first need the following claim.

Claim A.8. For any z € V then

sup |(T(gn) —2)7"]| < oo
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Proof. Suppose for contradiction that
sup [[(T(ga) — 2)7'|| = o0
neN

Then for every € > 0, there is a n large enough such that for a subsequence

ess

z€0.(T(q,)) C U 02:(T(q)),

q€[0,27]

where the inclusion follows from (44). Thus,

ess

e U eT@)= | o(T).

e>0 gel0,27] q€[0,27]

which is a contradiction. O
Claim A.9. sup,cy,en [[(T(gn) —2)7' | < C < 0

Proof. Assume first for contradiction that sup,cy,cy [[(T(¢n) —2)7!|| = co. Then find a
subsequence (q,,2,) such that ||(T(q,) — 2z,)}|| — oo, by compactness of V and [0,27] a
suitable subsubsequence converges to some point (qo, z0) € [0, 27] X V.

Assume now for contradiction that ||(T(qo) — 20) || < oo For any (q,2) € [0,27] x Vit
follows by the resolvent equations that

[(T(q0) —20)7| = || (T(@) = 2)7Y|| <[[(T(q) —20)" —(T(q) —2)7"|
< H(T(C_Io) —z) " —(T(q) — Zo)_lu
+[[(T(q) = 20)~" = (T(q) — )7}
< ||(T(g0) = 20) || 1T(q0) = T()]l || (T(q) — 20) 7"

+[[(T(q) = 20) 7 |l2 = 2ol || (T(a) = =)~
< C||T(g0) = T(@)]| + Clz = 20l || (T(a) = 2)7"-

Thus, for any z such that |z — zy| < 55 then we conclude for any g € [0, 2] that

[(T(q0) = 20) 7| = [[(T(q) = 2) 7] = [[[(T(g0) = 20) || = [|(T(a) = 2)*|
> [[(T(q) = 2)7'|| = CIT () = T(q)ll - % | (T(q) = 2)7']

=2 @~ 27 - (@) - Tl
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6. Spectra of Generators of Markovian Evolution

Thus, if (g,2) — (g0, 20) and [[(T(¢) — z) || = oo then ||(T(qo) — 20)"'|| = oo which is a
contradiction to ||(T(go) — 20) || < oo and so we conclude that ||(T'(g0) — 2z0)"!|] = oo. That
means that zy € o(T(qo)) since 2o € V this contradicts the construction of V and therefore
sup,cynen |(T(gn) —2)7" || = oo and so the claim is proven. O

O

For completeness, we write out the norm continuity of ¢ — T'(¢) in the case that is relevant
to us.

Lemma A.10. Letr € N and T(q) be an r-diagonal Laurent operator with smooth functions
a; : [0,27] = C on the i’th diagonal for —r <i <r. Then if ¢ — g, it holds that

1T(q) — T(gnll — 0.

Proof. The proof is a simple computation.

s

> (ailg) — ai(gn)) S’

i=—r

<Y ai(g) — aign)] — 0

i=—r

1T(gn) = T()Il =

as ¢ — ¢, by continuity the functions a;. O

A.7 Invertibility of bi-infinite tridiagonal Laurent matrices

In this appendix, we discuss the inversion of bi-infinite tridiagonal Laurent matrices.
In Corollary 3.15 we saw that the solutions to the equation

(Trl(T(q) = A) Ty =—-1

were part of the spectrum of £ extending the spectrum of the non-Hermitian evolution.
In our applications, T'(¢) — A is a tridiagonal Laurent operator and thus to find explicit ex-
pressions we need to evaluate matrix elements of the inverse of such a matrix. For a tridiagonal
operator with «, 8 and 7 on the diagonal the symbol curve is given by

a(z) =az '+ B+72,2z€T,

which is a (possibly degenerate) ellipse. Thus, the spectrum always forms a (possibly degener-
ate) ellipse in that case. In the cases where our Lindblad operators are supported on at most
two lattice sites, by Theorem 3.8 the corresponding Laurent operator will be tridiagonal.

If the matrix has a(q), 5(q),v(q) on the diagonals it will be useful to study the following
equation

a+ Br+~yx?=0. 46
Br + (

306



Figure 8: Plot of the absolute value of the two solutions to (46), for relevant parameters in the
dephasing model for G =1 and A = —0.5 + 1.

In particular, we would like to know whether the two solutions Ay, A2 to the equation satisfy
that

M| <1< [N
To define square roots we will use the following convention.

Convention A.11. For any z € C the two branches £1/z are defined such that Re(4++/z) > 0
and Re(—+/z) < 0. If Re( ++/z) = 0 then we use the convention that Im(++/z) > 0.

The following lemma will be useful. We also sketch the situation in Figure 8.

Lemma A.12. Let a, 3,7y : S' — C be continuous functions. Suppose that T(q) is a family
of tridiagonal Laurent matrices with o(q), 5(q),v(q) on the diagonals, which is invertible for all
q. Assume further that y(q) = 0 for at most one q and that there exists qo,q; such that

la(q)] = |v(q)] and [a(q)] < [v(q)l-

Let Mi(q), A2(q) be the two solutions of a(q) + B(q)x +v(q)a® = 0 such that || < |Xo|. Then
for all q

A2(g)] <1 <[Mi(g)]-
Proof. For all ¢ such that v(q) # 0 we can find the roots as

B B\* a
M=o (27) —y 47)
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6. Spectra of Generators of Markovian Evolution

where we used the convention. From Vieta’s formula, we also know that A\, A\_ = % Notice
that since we have assumed that T'(q) is invertible we know that |A;| and |A\_| are never equal
to 1.

Thus, for at least one ¢q it holds that [A;A_| > 1. That means either [A;(go)| > [Xa(qo0)] > 1
or [Ai(qo)] < 1 < |Aa(qo)| . Similarly since for at least one ¢ it holds that [A;A_| < 1 this
means that either ’)\1(Q1)| <1l< |>\2((J1)| or ’/\I(QI)’ < ’)\2(q1)’ <1.

Now, since the solutions are given by equation (47) it means that A_(q), A (q) are continuous
functions of p as long as 7y(¢) # 0 which happens in at most one point g,. Since S'\{qs} is
connected the image of the set under the map p — (A_(g), A+ (q)) is still connected. Since we
have the properties for the points ¢o and ¢; and we at the same time never have eigenvalues
with absolute value 0 it must mean that we are in the case

M@ <1 <[Aa(g)]

for all ¢ # go. For ¢ = ¢ we have the equation a(gq) + B(g2)x = 0.
]

Knowledge about the modulus of the solutions can be transferred into explicitly knowing
the inverse of the operator. The two solutions Ay are defined through (47) using Convention
A.11. However, to be able to deal with the solutions with largest and smallest absolute values
define Ay, Ay such that {A;, Ao} = {A;,A_} and |Aa] < |A|. Whether A\ is equal to A; or Ag
will introduce a sign in the following lemma. This we write as (—1)MA-I <1<P+IT where 1 is
the indicator function. Finally, we note that for finite size matrices, the problem of inverting
Laurent operators is a lot more intricate and has been studied in [92]. For related results see
[93, Chap 3].

Lemma A.13. Suppose that T is an invertible tridiagonal Laurent operator with o, 5,7y on
the diagonals and such that v # 0. Let Ay be given by (47) and A\, A2 as above. Assume that
[Ao| < 1< |\i| as is for example ensured by Lemma A.12. Then for k > 0 it holds that

(—1)8A-] <1<IAe ]

Ny

In particular, for k =0 we have

Rt <)

(n| T' In+k) = as well as (n| T™' |n — k)

(—1)MA- <1<Ir] ]

VB — day

The proof is a rather standard computation that we repeat for completeness.

(n| T n) =

Proof. First, o(T) is the image of the symbol curve a(z) = az™' + 3+ vz for z € T. Since T
is invertible it holds that a(z) # 0 for all z € T and therefore, using Theorem 3.3, the symbol
curve of the inverse is given by

1 1 z z

a(z) 2 +B+yz o +B2+7 (2 +L2422)
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We can rewrite the denominator v(z — Ay )(z — A_) with

- AR
=2 (2) -2
Ty (27) v

Notice that
Q 15} I} SR
)\+>\_:*7>\++>\_:—*, and >\+—>\_:2 () —_ — .
Y Y 27 ~y

Now, the assumption |As| < 1 < |A;] has implications on how we write this up as a geometric
series:

1 z z 1 1
a(z) Az =A)(z=A0) (M=) (Z—Al - Z—/\2)
B z 1 1 1 1
~ i | niz: riowm
z I, 2z, 1 A2\,
BETEEY (‘Al;(m ‘Z,ZU)
1 > Z\n > /\2 n
- (A2 — A1) (Z(/\l) +Z(?) )

n=1

From this formula, we can read off the coefficients. The computation
Yo — Ap) = (=D)HRA-T<I<Pl Ty (L — AL) = (=) M- <3<l /52 — 4oy

proves the last formula. The formulas for £ > 1 then follow from reading off the coefficients.
O
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7. Exponential Decay of Coherences in Steady States of Open Quantum Systems

Exponential decay of coherences in open quantum
systems with large disorder

FREDERIK RAVN KLAUSEN, SIMONE WARZEL

Abstract

We consider the steady state of single-particle open quantum systems described by the
Lindblad master equation with local terms. For systems where the non-hermitian evolu-
tion is either gapped or strongly disordered, we show exponential decay of off-diagonal
matrix elements of any steady state in the position basis, e.g. exponentially decaying co-
herences. The gap exists whenever any level of local dephasing is present in the system.
In the case of sufficiently strong disorder (in the Hamiltonian) we also assume that the
inverse gap of the effective non-hermitian evolution increases at most polynomially in the
system size, a condition that is satisfied for a type of dissipation recently associated with
localization in open quantum systems. We describe how the result in the disordered case
can be viewed as an extension of Anderson localization to open quantum systems. Finally,
we bootstrap the result to get guarantees on the decoherence for averages of the finite
time evolution starting from any initial state.

1 Introduction

Open quantum systems describe the effective evolution of a quantum system coupled to an
external environment. Under natural assumptions, the evolution of open quantum systems is
governed by the Lindblad master equation [39, 29].

In this paper, we focus on local single-particle open quantum systems. These systems have
been extensively studied in the position basis, as highlighted in [56, 37, 22, 25, 34], and have
found wide applications, including in biology, where they have been employed to understand
dephasing-assisted transport [47].

One of the most intriguing quantum effects within the paradigm of single-particle closed
quantum systems is Anderson localization, first predicted by Anderson [7]. Rigorous results on
localization beyond the paradigm of (single-particle) random Schrédinger operators are limited
but exist [23, 10]. In the case of open quantum systems, an important result is a slow-down of
the dynamics from ballistic to diffusive [27]. In addition, the effect of disorder and relations to
localization open quantum systems has been an object of a recent study [55, 51, 54, 50].

The primary focus of this paper is to establish two key results pertaining to the decoherence
of steady states in Lindbladian models comprising local terms (cf. Assumption 2.4). First, if
there is any dephasing in the system (cf. Assumption 2.6), we prove that any steady state
of the system will exhibit exponentially strong decoherences with constants that are uniform
in the system size. Second, if we consider the Hamiltonian to be a random operator and the
norm of the resolvent of the non-hermitian evolution is polynomially bounded in system size
(cf. Assumption 2.5) then the same result holds for sufficiently large disorder. We also get a
bound on the (Abel-) averaged time evolution starting from any initial state.
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We note that these implications are standard in the single qubit case (cf. [45, 8.4.1]). The
result also resemble results on spectral gaps implying clustering of correlations for Liouvillians
that are for example discussed in [15, 33, 43, 30]. The relations between spectral gaps, their
closing in infinite volume and decoherence in time were also discussed in for example [14, 37]

Our methods rely heavily on the fractional moment approach to random Schrodinger operators
developed by Aizenman and Molchanov [2] and the technicalities are particularly inspired by
the work of Aizenman and Warzel on Anderson localization for multiparticle systems [3, 4].

It will be natural for us to split up the full Lindblad evolution in the non-hermitian evolution
and the quantum jump terms (see e.g. [19]). Surprisingly, we only require knowledge of the
non-hermitian evolution to obtain our bounds on the steady state. Therefore, the study of non-
hermitian Anderson models is in natural connection to our line of inquiry. One way of viewing
our results is that we provide conditions on the decay of fractional moments of resolvent of
the non-hermitian evolution that ensure decoherent steady states. Thus, we draw on intuition
from non-hermitian Anderson models studied in [31, 26, 6] and one can view our results and
methods as a motivation for studying those models.

In a sense, that we describe in Section 3, our result is a direct extension of Anderson lo-
calization to open quantum systems. Thereby, the result complements the work of Frohlich
and Schenker [27] who discuss the evolution along the diagonal starting from the state [0)0],
whereas we discuss the evolution away from the diagonal in configuration space. Both results
are also related to the findings in [16].

Our results may also have implications for collapse theories of quantum mechanics introduced
in [28], as we rigorously demonstrate that macroscopic superpositions in the position basis are
very fragile. In other words, we demonstrate that single-particle cat states are impossible under
weak assumptions. Additionally, our findings contribute to the resource theories of coherence
9, 44].

We emphasize that whenever all Ly, are normal (i.e. Lj Ly = LgL}) then py, = % is a steady
state, where |A| is the dimension of the system. Hence, our results are less surprising in those
cases, and the implications for the steady states are trivial. With that in mind, our first task,
after introducing the setup, is to provide motivating examples, some of which entail non-normal
Li. These examples feature Lindblad operators that are non-normal and have been used in
dissipative engineering [52, 21]. Since all the examples have coherent steady states and one
might view our results as proving the limits of dissipative engineering. While we only study
properties of the single particle sector, we note that properties of the steady state sometimes
can be lifted from the single particle to a many-body setup (e.g. in [56, 18]). In the future, the
limits for dissipative engineering that we prove for single particle systems may be extended to
the dissipative preparation of topological states which is discussed in [11, 20, 34].

2 Setup and Examples
We consider a single-particle open quantum system. To avoid the mathematical complications

of infinite dimensional open quantum systems we will always be looking at finite, but arbitrarily
large, subsets A C Z¢ for d > 1. We emphasize that everything in our setup works on (subsets
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7. Exponential Decay of Coherences in Steady States of Open Quantum Systems

of) amenable graphs, but we state it on subsets of Z2.

As in the study of Schrodinger operators, we mainly think of A as a subset of position space
and so we consider the finite-dimensional Hilbert space £*(A). We then consider evolution of
states, that is positive operators p € B(¢*(A)) with Tr(p) = 1. The generator of Markovian
evolution, henceforth the Lindbladian £y, describes the dynamics of states p € B(¢*(A)) and so
it is an operator on B(¢?(A)). The Lindbladian has the following form, known as the Lindblad
master equation [39, 29],

. . 1 * * *
p=Lalp) = —ilH.pl = 5 Y (LiLwp+ pLiLr) + ) LipLy, (1)
k k

where the sum is over finitely many k. The dynamics of a state in the open quantum system
is then described through the semi-group e** for any ¢ > 0.

Steady states of the dynamics we denote by p., and they satisfy that po = L(po) = 0. In
the finite-dimensional space we are working on, the existence of steady states is guaranteed |8,
Proposition 5], however, they might be non-unique (see e.g. [5] for discussions of these systems).
Our results hold for any steady state, regardless of whether we have uniqueness or not, so we
refrain from discussions about uniqueness and refer the interested reader to [46] and references
therein.

We will assume that H = ) _h, is a sum of finitely many local terms h,, and that L, are
local and elaborate on the locality assumptions in the next section.

1

Notice that, in finite dimensions, if all the L; are normal then Al is a steady state, where |A|

is the number of lattice points in |A| and therefore the dimension of the system.

2.1 Example: Dissipative engineering

Dissipative engineering is the study of using carefully chosen dissipation as a method of
preparing quantum states. In the many-body case, examples of coherent states prepared by
dissipation are given in [52].

In this section, we give examples, that fit our setup of local single-particle Lindbladians £y
with Lindblad operators Lj. The examples were investigated from a spectral point of view in
one dimension in [37].

Here and in the following, we will also make extensive use of Dirac notation, even though it
has to be used with some care in the non-normal case. We single out (what we refer to as)
position basis. Notationally, we let |k) denote the vector in ¢*(A) with a 1 only at the site
k € A. Conversely, we let (k| denote the (conjugate) transpose of the vector.

One of our main motivating examples was introduced in the many-body setting in [21] to
describe how dissipation may construct states with desired properties. Its physical realization
was discussed [40]. More recently, this dissipation was associated with localization in single-
particle open quantum systems in [55] and robustness of the dissipative control was discussed
in [51] also in the single-particle case. It was discussed in connection to many-body localization
in [50].
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Example 2.1 (Coherence creation). Suppose that A C Z and consider the Hilbert space (*(A).
Consider Lindblad operators of the form

Ly = ([k) +[k+0)((k] —(k+1]) (2)
for some l € Z, such that k,k+1 € A. These Ly, are not normal and
LiLy =2 |kXk| +2k+1Xk+1| —2|kXk+1|—2|k+I)Xk|.

A steady state of a system with consisting solely of this dissipation (and H = 0) denoted
Poo 18 given by (x, pooy) = ﬁ for all z,y € A. Thus, these Lindblad operators actively create
coherence in the system. As explained in [21, Sec. II.A] the operator Lj can be thought of
as a pumping process where (upon translating the setup to second quantization) the opera-
tor ((k| — (k+ 1|) annihilates out-of-phase superpositions and then the term (|k) + |k + 1))
recreates in-phase superpositions.

We remark that Example 2.1 can be generalized to more general graphs H = (V, E). To do

that define for every e = (vw) € E the operator.
Le = ([0} + [w))((v] = (w]).
Then,
LeLe = 2[o)v] + 2 |w){w] —2v)w| =2 |w)v],

is symmetric under interchange of v and w. Furthermore,

Y LiLe=2) deg(v) [u)v] =2 ) [o)w| + [w)v] = 2AF, (3)
)

e€E,e=(v,w veV ecE,e=(v,w)
where A% is the graph Laplacian of the graph H.

Example 2.2 (Local dephasing). Local dephasing is defined through the Lindblad operators
Ly, = |kXk| for each k € A.

If we only have dephasing then the maximally mixed state ﬁ is a steady state for any choice

of the Hamiltonian H. In the case H = 0, all states of the form |i)(i| are steady states. The
following example, was studied in [37, 56]. Whether it has the maximally mixed state as its
steady state depends on the boundary conditions (in the natural one-dimensional setup).

Example 2.3 (Incoherent hopping). Let A = (V, E) be a finite directed graph. Then the
incoherent hopping Lindbladian is defined by having a term for every e = (v — w) a Lindblad

term L. = |[v)Xw|. In particular, for the line graph [0,n] C Z the Lindblad terms are of the form
Ly =|k)k+1| for0<k<n-—1

The example has similarities with an exclusion process, that, at least in the many-body case,
gives examples of open quantum systems that do not have the maximally mixed state as the
steady state (see e.g. [48]).
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7. Exponential Decay of Coherences in Steady States of Open Quantum Systems

2.2 Example Hamiltonians: The Anderson model

For the Hamiltonian H we also assume that it consists of local bounded terms h,. Our
standard example of a Hamiltonian is the discrete Laplacian, is given by H = A, defined in (3).
Central to our enquiry is the notion of a random potential V', where V' |z) = V() |x) are all
i.i.d. with bounded, compactly supported density with respect to the Lebesgue measure. For
any local (non-random) Hamiltonian Hy and any A > 0 we say that the system is disordered
with strength A > 0 if the Hamiltonian is of the form.

H=Hy+ \V.

In case Hj is the discrete Laplacian we say that H is the Anderson model, introduced by
Anderson [7] and since the subject of intense study.

2.3 Locality assumptions

Overall, we assume that £, is a sum of local terms with an overall bound R on the radius of
the support of local terms. In the present context, we define the support of the operator A on

?%(A) as follows
supp(A) ={z e A|Jy e A: (y,Ax) # 0 or (z, Ay) # 0}. (4)

To formalize the locality of H we consider H = ) h,. In quantum optics and numerical
simulation of open quantum systems, the terms in the Lindbladian are often split up into
two parts [42]: the quantum jump term and the non-hermitian evolution. The non-hermitian
evolution we can write as

DA:—iZhn—%ZLZLk:—ith—Kz, (5)
n k

ZcA
where we on the right hand side have grouped the h,, and L L; in such a way that

hz= Y. hn, KZ:% > Lilk (6)

n:supp(hn)=2 k:supp(Lg)=Z

Notice that supp(hz) = Z and supp(Kz) C Z.

The second term }, , LypLj is known as the quantum jump term. Generally, the quantum
jump term is more complicated to work with. One of the insights in this paper is how properties
of the time-evolution of p and more specifically the steady state p,, can be inferred only from
knowledge of (the Green function of) the non-hermitian evolution. Throughout, we will have
the following locality assumptions on L,.

Assumption 2.4. We say that a familiy of Lindbladians £ = {Lx}x is local if there exists
an R and and N such that for all A it holds that Ly is a Lindbladian of the form (1) with
decomposition according to (5) satisfying
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e (Finite-Range) It holds that hy = 0 = Kz, whenever diam(Z) > R.
e (Finite Norm) There is a N > 0 such that ||hz|| < N and | Kz|| < N, for all Z C A.

2.4 Gap assumptions on the non-hermitian evolution

We will need some extra assumptions to get the technicalities of the argument to work. To
introduce them, define for a finite subgraph H C A C Z? the points that are at most distance
R from the boundary H, by

ONH = {v € H | dist(v, A\ H) < R}.

In particular, we will use the inner vertex boundary defined by 0H = 01 H. Define also the
boundary operator

Bjor = lo)ul. (7)

veaﬁH

For any set I' C A, define the non-hermitian evolution in I" by

Dr=-iY hz—Kj. (8)

zZcr

Hence,
Re(Dr) = — Y Kz,
Zcr
is a negative semi-definite operator. In the following, we let |I'| denote the number of vertices
in a subgraph I' and for two vertices z, y then |z — y| denote the graph distance (in A) between
x and y. Let further B} (v) = {w € A | |[v —w| < L} be the ball of radius L around v in A.
Now, the following assumption is satisfied for our motivating examples of local dephasing and
coherence creation as we show in Section 2.5.

Assumption 2.5 (Inverse polynomially slow gap closing of non-hermitian evolution).  There
exist constants c, cy,a > 0 such that for any finite connected set A C Z¢, any vertex v € A and
any L < § diam(A) it holds that

T < 0B Re(D
‘L’a B?(v) = G aR(BQ('U)) - e( B?(v))

Recall that the operator D BA () 18 dissipative and thus has spectrum and numerical range in
the left half of the complex plane. However, the non-hermitian evolution can have a gap that
closes in the thermodynamic limit (as was proved for Example 2.1 in [37]). However, due to a
technical trick that we will elaborate on in Section 4.3 are able to impose Dirichlet boundary
conditions on the non-hermitian evolution. With Dirichlet boundary conditions the gap still
vanishes in the thermodynamic limit, but it only vanishes polynomially fast (as we explain in
Appendix C).

In the case of local dephasing, see Example 2.2, a stronger assumption is satisfied.
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Assumption 2.6 (Constant gap of non-hermitian evolution).  There exists a constant y > 0
such that for any finite subset ' C A C Z% then

RQ(D[‘) S —"y]lr.

2.5 Motivating examples satisfy gap assumptions

For a graph H = (V, E) recall the graph Laplacian A% is defined by
AG =" deg(v) [o)o] = Y [o)w| + [w)o].

veV ecE,e=(v,w)

If we let some vertices 9,G C V be boundary vertices then we can define the Dirichlet Laplacian
by
AR =AG+ > (k)|
ked, H

The boundary operator ), _, ;; |k)k| we will also denote by By. Note that all three operators
A% AP and By are positive.

Let us argue that our motivating example of coherence creation from Example 2.1 satisfies
Assumption 2.5. To do it recall from (3) how for any I' C A

1
Re(DI‘) = _5 ZL:LE == _A?7

ecl

the graph Laplacian in I'. Therefore,
AP = Bj — Re(Dr) < Bj - — Re(Dr).

Now, suppose that A C Z? is finite and connected and let us consider I' = B#(v) for any
vertex v € A and L < §diam(A). Then |Bf(v)| < (2L)%. Furthermore, since A is connected
then |8DB/L\(U)| > 1, thereby we obtain from Lemma C.2 that the assumption is satisfied with
a = 4d.

For local dephasing Example 2.2 it holds that

Re(D,) = =5 Y vIkk| = =Ly,

and so Assumption 2.6 is satisfied.
In the example of incoherent hopping Example 2.3 we get that

1
Re(D;) = —3 S kI +1].
keBY

While one can do a technical trick as in Section 4.3, this example cannot quite be taken to
satisfy Assumption 2.6. However, one can still get an exponential decay estimate with respect
to the distance to the nearest point in the graph that has no edge point out of it. We note that
the steady state in the one-dimensional case can be explicitly computed.
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3 Main result

In situations where the Lindbladian £, has multiple steady states (for example in the case
of pure Hamiltonian evolution), it may occur that e*“A(p,) does not have a limit. However,
we can still time-average e*“A(pg). The Abel average is a particular time average that will be
useful since it directly relates to the resolvent.

For any € > 0 and state p, we define the Abel average p. by

&—elwaﬁaﬁwwﬁ——fwA—@*@w (9)

Since e'“A maps states to states it means that p. is a convex combination of states and therefore
a state. In particular, it holds that |p.(z,y)| < 1foralle > 0 and x,y € A. Since e**A(py) is the
time evolution of the state p until time ¢, we interpret p. as the time average up to timescales
of 1.
&
In that spirit, it holds that ¢ — 0 the state py gets projected the kernel of Ly, that is the
subspace of steady states,

laii(r)lps = lsiﬂr)l —e(Ly — &) (o) = Prer(za)(p0)- (10)
Naturally, in the case £ has a unique steady state ps, then P (s A)(po) = poo fOr every initial
state po.

Theorem 3.1. Let L be local in the sense of Assumption 2.4 such that the non-hermitian
evolution satisifies Assumption 2.5. For sufficiently large disorder A > 0, there exist constants
C,p > 0 such that for any connected set A C Z% and any x,y € A,e € (0,1), initial state p,
and any s € (0,1) there exists a Cs > 0 such that

Elp.(z,y)| < Ce eyl 4 271 (11)
Furthermore, for any measurable choice of steady state w — poo(w) of L it holds that
E|poc (2, )| < Cemo, (12)

In the case of any degree of local dephasing we have the following deterministic result. We
prove both results in Section 5.3.

Theorem 3.2. Let L be local in the sense of Assumption 2.4 such that the non-hermitian
evolution satisifies Assumption 2.6 for some v > 0. Then there exist C,pu > 0 such that for
any A C Z%, any x,y € A, initial state py, € € (0,1), and any s € (0,1) there exists a Cy > 0
such that

ool )| < Cetlol 4 21 ¢, (13)
In particular, for any steady state po, of L then

|poo (. y)| < Cemthl, (14)
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One application of the result is to Lindbladians of the form £ = £, + L5, where L1, L, are
two Lindbladian such that one of them satisfies Assumption 2.6. Thus, if the Lindbladian £,
is the local dephasing Lindbladian from Example 2.2 then no matter how weak the dephasing
~ > 0 is, it will dominate the steady state of any local Lindbladian £ = £; + L£5. Or phrased
in another way, that the steady-state p,, of the Lindbladian in the example Example 2.1 for
H = 0 is not stable under perturbations, potentially an aspect of the non-normality of L.

Finally, let us describe why our result can be viewed as an extension to open quantum systems.
Consider the case where there are no Lindblad terms L; and the system is only governed
by unitary evolution corresponding to the Hamiltonian H. The evolution of the system on
states p is given by L(p) = —i[H, p]. To see that, for any eigenfunction ¢ of H it holds that
[)1)| is a steady state po, of the Hamiltonian. Thus, our main result in the disordered case
Theorem 3.1 states, if it was applicable, that there exist constants C, ;x > 0 such that for every
eigenfunction 1 then

E([¢(x)d(y)]) < Cetivl,

which shows that the eigenfunctions must be exponentially localized.

4 Decomposition of £, given vertices x and y

In this section, we discuss a decomposition A that will allow us to reduce the problem from
the full Lindbladian to the effective non-hermitian evolution.

4.1 Decomposition of A C Z¢

We consider the following change of notation.

Ly=) 7 (15)

ZCA

where (; consist of all terms L, and h,, that have support Z. That is

N T . ‘
lz(p)= > LipL;— 5 (LiLip + pLiLy) =i > b pl, (16)

k:supp(Lg)=Z n:supp(hn)=2

which in the terms of hy and Kz defined in (6) means that

l7(p) =iphy —ihzp+ Kzp+pKz+ Y LipLj. (17)
k:supp(Lg)=2

In all of the following, we suppose that |z —y| > 6R. Then define the regions

A= B = ez |lo—a <5}
3
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Figure 1: ~ The points = and y and the construction of A,, A, and A7TY. Any term that acts
non-trivially in A, and A, can only act non-trivially a safety distance of R into A"Y.

and A, = B'””.—;“J‘ (y). Let ATY = A\ (BL;y\ (y) U B'””.—;“J‘ (y)) We assume throughout that
Ay, Ay CA. See also the construction in Figure 1. ‘

We now aim to split up the Lindbladian in £, into an operator £ that is local on A,, A,
and A" and an operator L£3 that connects the regions. To do that, let

with
EO:Z€Z+Z€Z+ Zfz
ZCAy ZCAy ZCATY

That means that £3¥ consists of all the terms that are supported in A,, A, or ATY and £(Z”
consists of all the terms that connect A, U A, to the complement ATY.

Next, we introduce vectorization which one can use to view the operators £y, L}, L3 as
operators on £2(A x A).

4.2 Vectorization

The superoperator £ is complicated to work with, so it is natural to vectorize it. This we
can do as follows, for a more detailed discussion see [38, (4.88)]. Here we consider only finite
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sets A, which means that B(¢*(A)) = HS(¢%(A)), which will ease the discussion, for a discussion
for infinite dimensional spaces see for example [37, Section 3.1]. Let us define a linear map
vec : B((2(A)) — £2(A) @ %(A) by vec(|i) (j|) = |i) |7) = |7, ), then it holds (and is best verified
by straightforward computation) that

vec(ABC) = (A ® C")vec(B),

for A, B,C € B(*(A)) and where T denotes the transpose.

Let us note that when the bounded operators on ¢?(A) for a finite set A are viewed with
the Hilbert Schmidt norm HS(£2(A)), given by |[Al = >ij |A(i, 7). Then the map vec :
HS(¢*(A)) — ¢*(A x A) is an isometric isomorphism. We write B(¢2(A)) = ¢*(A x A) to indicate
this isomorphism.

This means for example that —i[H, p] in vectorized form becomes

vec( —i[H, p]) = vec(—iHpll +illpH) = —iH ® Tvec(p) + 1 @ iH vec(p)

and so the operator L defined by Ly (p) = —i[H, p| is —iH @1 +i(1® HT) in vectorized form.

In the vectorized picture, we obtain a block diagonal form of the operator £3. As the finite
set A is the disjoint union of A; for i € {x,y, L}, we can consider the Lindbladian £ which is
an operator on B((*(A)) = (2(A X A) = ®; jefay, 1102 (A;) @ 2(A;). The following lemma states
that LY is block diagonal with respect to this decomposition.

Lemma 4.1.  On the space B((*(A)) = (2(A X A) = & jefoy, 1302 (N;) @ 2(A;) the operator
LY has block diagonal form

LY = Dijefoy1yLig-
All the eigenvalues of each the operators L;; for i,j € {z,y, L} have non-positive real part.
Moreover, for any e > 0 and u,v € A,

<(1‘,y), (£(1)\ - 6)_1(U,U)> = ]lueAx]lveAy<($7y)v (ﬁw’y - 6)_1(U, U)>

Proof. The decomposition follows if £ (u,v) is supported in £2(A;)@¢2(A;) if u € A; and v € A,
for i,j € {x,y, L}. This follows directly from the construction of £4. Since £} has Lindblad
form all its eigenvalues have negative real part and since the eigenvalues of a direct sum of
operators are the union of the eigenvalues it follows that all eigenvalues of each of the operators
L;; for i,j € {x,y, L} have negative real part. The last statement follows directly. O

Notice that the operators £;; have Lindblad form, but the operator £, , does not. With the
vectorization at hand, we can state how the finite-range assumption influences the support of
L8. To do that, we consider the points that are at most distance R from the boundary

Sr(A, UA,) = {veZ|dist(v,0A,) < R or dist(v,0A,) < R}.

322



Let also
Cr(z,y) = A x d0p(Ay UA,) Udp(Az UA,) X A,

which will upper bound the support of £4 as we now show, see also Figure 2. Note that here
we define the support of a vectorized superoperator analogously to (4) with position space A
interchanged with configuration space A x A.

Lemma 4.2. It holds that

supp(LY) € Cr(,y).
In particular, for any (u,v) € supp(L3) then either |x — u| > ‘xséyl —Rorlv—y|l> Lgy‘ —-R
and thus for any (u,v) € Cr(z,y) it holds that

lz—yl
3

|z —u| +|v—y| > R.

Proof. Suppose that (u,v) € supp(£3). Then there is a term h, or L, with support not

contained in any of the sets A,, A, Aiw that is nonzero upon acting on |u)(v| from either the left

or the right. Due to the finite-range it means that either u € 0g(A,UA,) or v € dp(A,UA,). O
Let us abbreviate Dy, defined in (8) by D, and slightly different we define D, such that
Dy =iy hz—Kyz
zZcr

where T denotes the transpose. Let us look only at the off-diagonal term £, defined in
Lemma 4.1. The central insight is that all the cross terms vanish since the L; terms only act
on either A, or A,. Thus, £,, depends on the non-hermitian evolution only and it holds that

Ly (|2)yl) = Dy |2)yl + |z)y| Dy
Hence, we obtain the following vectorized form
,C%y :Dx®]1+]l®Dy,

where D, and D, are both dissipative, and therefore £, , is dissipative as well. We summarize
the finding in the following lemma.

Lemma 4.3. The off-diagonal operator L, on (*(A,)®(*(A,) in the decomposition in Lemma
4.1 has the following form
Loy =D, 21 +1®D,.

with D, and D, being dissipative operators acting on (*(A,) and (*(A,) respectively. In partic-
ular, the operator does not have any contribution to the quantum jumps.

The decomposition means that for £, , there is no interaction between A, and A, and fur-
thermore for any real ¢ > 0 then £, , — e.
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Figure 2:

how it has a double cross structure and how the point (z,y) in A, x A, is distance

The configuration space A x A with the points # and y and the support of £. The
coordinate axes are indicated with dotted lines and the support of £3 with full lines. Notice

the support of £3.

lz—y|

3

i
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4.3 Getting additional boundary terms in £, ,

In the following, we will use a slight extension of the construction of L., above to get
additional boundary terms, that were used to relax the assumptions in Assumption 2.5 so that
it is satisfied for our motivating example. For the box A, and A, consider their boundaries
O\, and OA, that we recall are defined by OA; = {v € A | dist(v,A\ A;) = 1} for i € {z,y}.
Both of these are non-empty since A is not contained in A, UA,. Define then for i € {x,y} the
non-zero boundary dephasing operators

Bi= > [|k)K|. (19)

keOA;

Let further B = B, ® 1+ 1 ® B,,. Define the modified operators LY = L] + B and L9 = L8 —B.
Then the split up becomes

La =L+ L3 =L + L. (20)

Now, the operator L9 is still reducing on the subspace £2(A;) @ (2(A;) and the operator £3 still
satisfies supp(LY]) C Cr(x,y), which ensures the structure sketched on Figure 2. For the (x,y)
block of L} we now, since B, = By, obtain the operator

Loy =Lyy+B,14+1®By=(D,+B,)®1+1® (D, + B,).

Remark 4.4. The operator E(,)\ does not have Lindblad form (and the Lindblad form will not
be necessary for us). On the other hand, the operator B, @ 1 + 1 ® B,, could arise as the (z,y)

block of the decomposition from a Lindbladian corresponding to Lindblad operators Ly = |k) k|
for each k € OA,;.

4.4 Fractional moment estimates on the effective evolution

The fractional moment method, initiated in [2], is a successful approach to localization of
random operators. Here we briefly sketch how the arguments for strong disorder carry over to
the dissipative non-selfadjoint case. That is,

Ay = Ay + i)V, (21)

for a dissipative non-random operator Ay. The randomness is still independent and diagonal
V'|z) = V(x) |x) where are all i.i.dwith bounded density p with respect to the Lebesgue measure.
Furthermore, we assume that p has compact support.

In particular, one may go through the proofs of fractional moment estimates in the Hamilto-
nian case and try to generalize them to the case of a local, dissipative operator. The strategy
works in the case of large disorder whenever the non-hermitian evolution A is finite-range with
bounded coefficients. This is the case whenever L, is local in the sense of Assumption 2.4.
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7. Exponential Decay of Coherences in Steady States of Open Quantum Systems

In the following, let C_ = {z € C | Re(z) < 0 },C_={2€ C|Re(z) <0} and C, = C°.
We also define the numerical range of an operator A by

W(A) = {{, Wv) | |¢fl =1} (22)

For any S C A we also let Eg denote the expectation with respect to the variables {V(z)}.es-
Then for any z € C, it holds that Ay — z is invertible and we define the Green function
Ga(z,y;2) by Galz,y;2) = (x,(Ax — 2)~' y). Then, the following a priori estimate follows
from rank one perturbation theory analogous to the self-adjoint case, see [4, (5.4), (6.16)] for
details.

Cs

ElGalz,2:2)I"T < 37 (23)

Furthermore, by a similar exercise in rank-2 perturbation theory (cf. [4, Theorem 8.3]), we
obtain under the same conditions that

S CS
]E{z,y} HGA(xvy; 2)| ] < N (24)

The following theorem, which is central to our proof is a modification of [4, Corollary 10.1]
to the non-selfadjoint case and the case of a range 1 operator to a range R operator. Here for
a bounded operator on £%(A) we define

140l =sup Y [Ao(z,9)].
z Yy

Theorem 4.5. For any bounded operator Ay on (*(A\) satisfying Ao(u,v) =0 for |u —v| > R
and Re(W(Ap)) < a for some a € R .Then there exists Ao > 0 such that for all X > Xy, then for
all s € (0,1), there exist Cs, pus > 0 such that for any x,y € A, and any z € C with Re(z) > a,

E[|Ga(z,y;2)|°] < Cyeelevl,

Proof.  We do suitable modifications to [4, Corollary 10.1]. As in the one-step bound there,
we first use the resolvent equation, which we can use without issue since Re(z) > a. Whenever
x # y it holds that

Gz, y;2) = Y Galw,z;2)Ao(,9) Gaay (V5 2).

y'#x

Since Ag(z,y') = 0 whenever | — y/| > R, one can view this as one step in a walk with stepsize
R. Thus,

En[|Ga(,y;2)") Y Ea [|Gale, 252) Ao(2,) Gavy (V5 2)[] -

y'#x
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Now since |G AN (YL Y5 2) ’S is independent of the value of the potential at x, we can integrate
the potential of x out first and we get that using (23),

s HAOHOO()O CS s
Ep [|[Galz, y;2)]°] < — e Z Eavey [|Gavgsy (v w5 2)|7] -
y:0<|y'—z| <R

lz—y|
R

We can iterate this up to times. In every iteration, we get less than R? terms. Then we

obtain using (24) that

[z—yl

s CLSHA ||oooo R lz—y| CS
Ex[|Ga(z, y;2)7] < <;> (QR)dTﬁ.

Thus, picking A sufficiently large the expression yields exponential decay. O

5 Proof of exponential decay of coherences

In this section, we connect the previous results and the assumptions that we have shown that
our motivating examples satisfy to prove our main theorem. But before that, we first prove
exponential decay of the modified resolvent of £,. In all of the following, we assume that the
model satisfies Assumption 2.5 and that x,y are fixed vertices that are taken as starting point
of construction of L, ,,.

5.1 Exponential decay of resolvent of L, ,

Let us lift the exponential decay of fractional moments from Section 4.4 to the case of the
resolvent of £, , using the assumptions in Section 2.5.

Lemma 5.1. Under the assumptions of Theorem 3.1, then it holds that for any (u,v) € Ay xA,
that

E [[{(2,9), (Lay = 2) " (w,0))]] < Clz —y|*erirmvlemel, (25)

Proof. By Lemma B.2 for a contour I' that encloses and is disjoint from the pseudospectrum
or(D, — €) for some r > 0, then for any s € (0, 1),

[((9), (Lo —29)7 ()] = ]<<w,y>, B0 —— B
1 1 dz

S/r (@ +D—>H<y Py e L]

<o [l | o =
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where we used Assumption 2.5, as well as the technical trick in Section 4.3 to obtain the bound-
ary term in Assumption 2.5. Now, since D, and D, are independent it holds by Theorem 4.5
that

1 s 1 *dz
‘<($>Z/)a(£ kY €) (“7U)>| < ClA| — <x’z+Dx—su> 2|9 —(Dy—ff)v> 2
= xT T 27-(-

The claim then follows by noticing that since the density of the potentials V' (z) is compactly
supported the curve I' running around the spectrum can always be taken to have finite length
and so |I'| < C||D, —¢|| < C X for some constant C' > 0. The result not follows letting s = 1/2

and noting that |A,| = ‘%W. O

Lemma 5.2.  Under the assumptions of Theorem 3.2, then for any (u,v) € Ay X Ay,

‘((w, Y), ﬁ(u, v)>‘ < Ceple—ulg=nlv—|, (26)

Ty

Proof. For any z € iR it holds that Re(z + D, — ¢) > 71, and thus using that the psue-
dospectrum is bounded by the inverse distance from the spectrum in (30) with the non-normal
Combes-Thomas from Theorem A.2 there exist constants C, u > 0 such that for all € > 0 then

1
Then using Lemma B.2 as in the proof of Lemma 5.1 we get that

1 1
((%?J)»m(%v» = [{(z,y), (Dy —e)@1+1® (D, —¢)

< C’F‘e—ulx—ule—ulv—y\.

< Cefmxfu\ )

(u, v))

5.2 Abel averaged states and their properties

Recall the definition of the Abel average from (9). Here we also use the Abel average of the
reduced resolvent

pe = —e(Ly =) (po). (27)

Proposition 5.3. Under the assumptions of Theorem 3.1,

E[ol(z,y)] <™t Y polu,v)|Coe et
UENAL WEAy

In particular, E|p2(z,y)| < e*71C;. In the non-random case, the assumptions of Theorem 3.2,
the same bounds hold without the expectation.
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Figure 3: Sketch of the contour I' (dashed) and the numerical range of D, and —D,. The
reader may notice the similarity with the contour in [4, Theorem 7.7].

Proof. Using again Lemma B.2 we first see that for a contour v in C~ enclosing o(D, —¢) then

o), g )| = (0 p— s s ()
S/F (z z+;z—£u>“<y’z— (gy—g)”> ;l—;

Let us now explicitly take I' to be along the imaginary axis and closed up around (D, —¢) with
a distance of at least 1 away from the numerical range of D, — . That is, in the complement
of the bounded set W (D, — €) + B;(0), see Figure 3. Thus, for any z on the contour I' then

Z+D—11—6 < 1 since Re(z) < 0 and H(y, %v)“ < 1 on the segment on the imaginary

axis and on the remaining part of the contour we have that ’(y, Tlfe)wu <1< %, since
Y

the norm of the resolvent of an operator is at most the distance to the numerical range (a fact

that is proven in for example [35, V. 3.2]). Therefore we obtain,

(e g won| <2 [ o —uf

"2+ D, —¢
Now, combined with (30) in Appendix A and using that D, and D, are independent by Theo-
rem 4.5 we get that

*dz

%.

1
=, ="

-

(y,

1

=) 2

(u, v>>‘ < 272 |D| Oy melaulv=ul)
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and hence that

Elpl(z,y)| < > lpo(u,v)|e® 2D |Cuerellomultiomsl),

UENL,VENy

Using that the density of the potentials V' (z) is compactly supported as before then proves
the first part of the proposition. Now, since |pg(u, v)| < 1 for each u, v and the exponential the
terms are summable the second part follows. The non-random case follows by replacing the use
of Theorem 4.5 by an application of Theorem A.2. O

To prove the main theorem we also need the following technical lemma.
Lemma 5.4. For any u,v € A it holds that ”Eﬁ(u,v)“ <C.

Proof. Let us first focus on ||{z(u,v)||. Then from (17) is follows that

ez(uo)l < Y7 ILlu)ol LEll+ 1Kz Hu)ol] + [z}l
k:supp(Ly)=2Z
Furthermore, ||Ly [u)v| Li|| < ||Lell | Li|Ilu)Xv||| = || LxLi|| and it holds that
YoILLil < Y T(LiLy) = Tr(Kz) < |Z][| Kzl

k:supp(Lg)=2 k:supp(Ly)=2

since each of the operators Lj L} are positive operators on the same |Z|-dimensional Hilbert
space. Since {; = 0 whenever, diam(Z) > R we can assume that |Z| < R?. In conclusion, by
the finite norm assumption in Assumption 2.4

12 (u, )| < C,

where the constant depends only on N, R and d. Now, as there are finitely many Z C Z¢ with
diam(Z) < R and {u,v} N Z # () we have that

@) < Y Iatwo)iffuvynz#0 <C.

ZCsupp(E/a\)

5.3 Proof of main theorems: Exponential decay of coherences

We are now ready to prove the main theorems.

Proof of Theorem 3.1. We note that to define £} in Equation (18) we needed to assume that
|z —y| > 6R. However, since p. is a state then |p.(z,y)| < 1 and so we prove the result for
large |x — y| yields the result for all x,y.
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Let p? be the Abel average under the modified Lindbladian from (27) and let us prove under
the assumptions in the theorem that

Elp-(z,y)| < E|p(z,y)| + Ce vl (28)

Once (28) is established, the theorem follows from Proposition 5.3.
To prove (28) we consider the split up £, = L3 + £3 from Equation (18). Using a resolvent
equation yields
(La—e)h =(LA—e)" +(Lh—e)" LI(La—2)7"

and thus

pe=—e(La =€) (po) = —e(LR — ) H(po) + (LY =) LI ((—e)(La — ) (p0))
=2 + (L3 =) (LR ().
Now, using the finite-range and finite norm assumption in the form of Lemma 5.4, that £§

is supported in Cg(7,y) by Lemma 4.2, the explicit form of £ as well as |p.(u/,v")| < 1 there
exists a constant C' > 0 such that

|<xa (‘C(l)\ - 5)_1 (‘Ci(pfs))y” < Z |<(l‘, y)a ('COA - 5)_1£i(u, v)>|]p€(u, U)|
(u,v)€CR(T,Y)

<0 K@yl (Ly -9 o)l

(u,v)ECR(2,Y)
In particular, from the block diagonal form of £ as stated in Lemma 4.1 we get that
’ps(xa y) - pg(xa y)’ < C Z }<($7 y)> (Ex,y - E)il(u; U)>’ﬂu€Az]lv€Ay-
(u,0)ECR(2,y)
Now, taking expectations and using Lemma 5.1 yields that
Elp(z,y) = il(z,y)] <C > E[[{(@), (Lay — &) (u,0))]]
(u,v)ECr(z,y)

< C|Am|a E e—u|x—u|e—ﬂ‘v—y‘]1ue/\w ]lveAy

(u7v)€CR (x,y)
lz—y|

< Ce 5 | A %A A, < Cetlal,

for some adjusted C, > 0. An application of the triangle inequality now establishes (28).
O

The main theorem in the deterministic case follows using similar considerations.

Proof of Theorem 3.2. Using the same strategy as above replacing Lemma 5.1 with Lemma 5.2
one proves the inequality

p-(z,y)| < |p2(z, y)| + Cerl=. (29)

The deterministic part of Proposition 5.3 then finishes the proof. O
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6 Concluding remarks

Let us first remark that we made extensive use of the Lindblad form, but we did not use that
L is dissipative with respect to an inner product. To caution the reader we note that this is
not necessarily the case. It is for example discussed in [53, Section 2.2] that whenever £ is
not unital (that is £(1) = 0) then Re(L£) (defined with respect to the Hilbert-Schmidt inner
product) has positive eigenvalues *. Instead, in this paper, we relied on the dissipativity of the
non-Hermitian evolution.

Second, in our investigations, we had to use the gap assumptions introduced in Section 2.4 to
obtain the proof. We would like to provide some insights into the relationship between the gap
on the imaginary axis and dark states. A dark state [¢) € £2(A) is defined by Ly, [¢)) = 0 for all
k as well as H [¢)) = E|¢) for some E € R. Then, L(|¢) (¢|) = 0, so all dark states are steady
states. Now, let us discuss the connection between dark states and the gap assumption.

e The state py such that po(z,y) = A%‘ for all z,y € A is dark for the example of coherence

creation in Example 2.1 without disorder.

e Only dark states can have spectrum on the imaginary axis. This can be demonstrated
from the following computation. Let |v) is an eigenvector of the non-hermitian evolution
with eigenvalue z on the imaginary axis. Then,

0 = Re(2) = Re(i(v, Hv) — %Z (v, L L)) = _% S 1L o) |1

In particular, |v) must also be an eigenstate of H. These considerations are also true in
an approximative sense.

e For operators with random potentials it is unlikely that the eigenstates are approximately
dark. This phenomenon could give rise to a Lifshitz tail behaviour for the spectrum close
to the imaginary axis.

e We could replace the use of the gap assumption in the proof of Lemma 5.1 with a prob-
abilistic estimate. Thereby, establishing the Lifshitz tails may be way to extend our
method beyond Assumption 2.5.

A Resolvent estimates for non-normal operators

In this Appendix, we consider resolvent estimates for non-normal operators. First, we discuss
the pseudospectrum in the right half plane for dissipative operators and then we turn to the
non-normal Combes-Thomas estimate.

!'Nevertheless, all the eigenvalues of £ has a non-positive real part as was discussed in [8, 32].
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A.1 Psuedospectrum in the right half plane for dissipative opera-
tors.

The e-pseudospectrum of an operator A which we denote o.(A) is also characterised as follows
0=(A) ={A € C|I(A= Mol <&, lvfl =1}
At the same time, we note that our definition of dissipativity (which is that Re({x, Az)) <0
for all vectors z) is equivalent to
A=Azl = All|

for all A > 0 (see e.g. [24, Proposition 3.23]). From those two observations, we extract the
following observations for dissipative operators A on a Hilbert space then for any » > 0 it holds
that r € 01(A). Suppose that Re((z, Az)) < —a < Re(b), then

—1 1
R

TRe(b) 70 (30)

A.2 Combes-Thomas for non-normal operators

In the following, we present the Combes-Thomas estimate from [4, Theorem 10.5] with the
appropriate changes that have to be made because of non-normality. Most importantly, the
distance dist(c(A), z) has to be replaced by the [[(A — z)7!||. Originally, the estimate was
proven in the self-adjoint case by Combes and Thomas in [17] and the discussion in [4, Sec.
10.3] followed the presentation in [1, App II]. Let us start by stating the following lemma. The
proof follows by estimating the Neumann series.

Lemma A.1. Suppose z € 0.(A) and ||B|| <e. Then |[(A—z)7"| <1 and
1 1
= < :
(A=) =Bl ~ < ~ B

We now prove a non-normal Combes-Thomas estimate. To do that we define for any o > 0

S = ($§]mmwwwﬂ(?QZMawwwﬂ. (31)

Theorem A.2 (Non-normal Combes-Thomas). Suppose that A is such that for some o > 0
that S, < 00. Let z € 0.(A). If p < « and S, < ¢ then

[(A+B=2)""| < T

1
(2, (A=2)""y)| < exp(—plz —y| ). (32)
e =S,
Further, if € < 2S, then
o (=2 <2 en(~ 2 -, (3)
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Proof. Take fixed y and let R > 0 be arbitrary. The operator M by
M |z) = exp(umin{ d(z,y), R} )

is bounded, invertible and self-adjoint for any u € (0, 00). Next, notice that for any z such that
|z —y| < R then

(@, (A=2)ly)er ™Y = (e, M(H —2)' M7 y ) =(2,(H+B—2)""y)

as in [4, Theorem 10.5]. Define also similarly again B= MHM ™' — H.
It holds that |B|| < \/ [BIl11 1Bllese = Su < Sa by interpolation (cf. [4, Proposition
10.6]). Now, if z € 0.(A) and S, < € then

1 < 1 < 1
A=) =Bl ~ ¢ — Bl ~ & =8,

[(A+B—-2)""| < i

For a proof of (33) we use the inequality ZZZ—_11

have that S, < £ S, and the same bound follows.

< g in both terms in S, to see that we still

O

B Integral representation of the L, , resolvent

Before we start we breifly reconsider when the formula % = Ooo e!Adt makes sense for matrices
A. The following follows from [49, Theorem 15.1].
Lemma B.1. Suppose that Re(A) < a < 0. Then

L (%4
A—/Oedt

where [[°e!Adt is the matriz defined by (x|, [;° e Adt |y) = [77 (x|, e |y)dt .

In the self-adjoint case, non-interacting systems were studied using a similar decomposition
in the approach to the multiparticle systems in [3, (5.2)].

Lemma B.2. For any pair of dissipative operators Ay, Ay such that sup Re(W(A;)) < —¢ for
i € {1,2} for some e > 0. Suppose that I is a closed continuous curve in {z | Re(z) < 0} that
encloses and is disjoint from o,.(As), for some r > 0. Then

1 /dz 1 ® 1
A1®]1+]1®A2 N F2’/Ti Z+A1 Z—AQ.

Thus, it holds that

((2.9) : A :

TARLT+1® A, (u,0)) = r 27 “ z+ A “
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Proof. By assumption A; ® 1 + 1 ® A, is dissipative and invertible. Therefore

1 o0 o0 o0
_ — dtet(A1®11+]1®A2) _ / dtet(A1®1)€_t(]l®A2) :/ dtetAl ® etAz .
A1+ 1® A, /0 0 0

Now, by the Dunford-Taylor formula [49, Theorem 15.1] if T" is a contour that encloses o(A5)

then it holds that .

r 2mi z— Ay

tz

dz
otz

Therefore,

_ 1 :/oodt/dzetmwz) ot
A1®]l+]l®A2 0 F27Ti Z—AQ

Since I' is disjoint from o,(A,) it holds that Hﬁ” < ! uniformly in z € I'. Further, since

supRe(W(A;)) < —e and T is in the left half of the complex plane it holds that Het(“h*z) ‘ <
e~t. Thus,

efts

6t(A1+Z) ® S < 00,

z— Ay T

which means that we can swap the integrals using Fubini. Thus, since by assumption A; 4 z is
always invertible we get that

- : _/dz /Oodte“/*wz)@ : —/dz L o 1
A1®]1+]1®A2 F2’/Ti 0 Z—AQ FQ?TZ.Z‘FAl Z—AQ

C Lower bounding the Dirichlet Laplacian

Recall the definition of the graph and Dirichlet Laplacians from Section 2.5. The second
largest eigenvalue of the graph Laplacian carries much information about the graph and has
been intensively studied in the field of spectral graph theory, where it is known as the algebraic
connectivity of the graph. For us, it will mainly play a technical role through the following
theorem.

Theorem C.1 ([41, Theorem 4.2]). Let H be a finite graph with n vertices. Let Ay be the

second smallest eigenvalue of A, the graph Laplacian on H. Then
4

Ay > —— .

> = ndiam(H)

The next lemma extends the bound above to derive a lower bound on the Dirichlet Laplacian,
that we give for completeness. Although we believe that a sufficient result can be obtained from
the general theory on the discrete Dirichlet problem (see e.g. [12, 13, 36] and references therein).
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Lemma C.2. Let H be a connected graph with n vertices and (vertex) boundary 0,H and let
AP be the Dirichlet Laplacian on H. Let p = Ia”H‘ be proportion of boundary vertices. Then it
holds that

ADSP P\ >

1y 4
16 = 24 pdiam(H) 7 (34)

where Xy is the second smallest eigenvalue of A™ . In particular, if there is at least one boundary
vertex, i.e |0,H| > 1, it holds that

AL > 1

"2 5 Ly (35)

Proof. Since H is connected A% has a unique eigenvalue 0 with eigenvector 1) = ﬁ(l, 1)
Now, for any normalized vector |¢)) we can write as [¢)) = a|l) 4+ b|y) with (1|p) = 0 and
la|* + |b* = 1. Thus,

W AR [0) = (| AG [0) + (@] By [v) > b (0] AG |) > [b]* A (36)

This means our goal is to prove that |b\2 is not too small for any eigenvector of AD.
So suppose that 1)) = a|1) + b|p) is an eigenvector of AL corresponding to the (smallest)
eigenvalue Ag. Then,

Moall) +Xoblw) = AP [) = aBy [1) + b(AR) |») .

And thus, defining |By) = By |1) and its normalization ‘B H> and norm B then notice that

By |1) = \FZ k)

keoG

2
meaning that B = [0H|n™! as well as (1|By) = |[0H|n~' = p. In particular B2’<1’BH>’ =

[(1Bu)[* = p*.
Now, we continue with

2
B?la

(e - () )| =wela” 10l

Using Lemma C.3 below and that Ay < HADH yields
=B = ) = 5l (1= (1)) < P

so that if J = 4<\ng\|) < 1 then it holds that

8HADH T2°
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Combining this result with (36) yields the main statement. For the second statement. Notice
that diam(H) < n and that p — p? = (1 — p)p > min(p?, (1 — p)?). If all vertices are boundary
vertices, then the operator By = 1 and the statement is true. So, if neither none nor all
vertices are boundary vertices then min(p?, (1 — p)?) > - and the last statement follows. [

Lemma C.3. Suppose that |v) and |w) are unit vectors then for any complex number z it
holds that

o) + 2 [w)|* = 1 = [(vw) . (37)
Proof. Tt is a calculation: Set first z = ¢ for real number z and let |w) = ¢ |w). Since
[v) + 2 [@)]|> = 1+ 22 Re((v|@)) + 2
the minimal value is attained at z = — Re({v|w@)). So the minimum is

o) + @ [@)|I* > 1 = Re((v|@))* > 1~ [{o|@)[" = 1~ |[{v]w)[".
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