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Estimation of persistence diagrams via the three-gap theorem
Luis Suarez Salas and Jose A. Perea

The time delay (or sliding-window) embedding is a technique from dynamical systems to reconstruct
attractors from time-series data. Recently, descriptors from topological data analysis (TDA) — specifically,
persistence diagrams — have been used to measure the shape of said reconstructed attractors in applications
including periodicity and quasiperiodicity quantification. Despite their utility, the fast computation of
persistence diagrams of sliding-window embeddings is still poorly understood. We present theoretical
and computational schemes to approximate the persistence diagrams of sliding-window embeddings
from quasiperiodic functions. We do so by combining the three-gap theorem from number theory with
the persistent Kiinneth formula from TDA, and derive fast and provably correct persistent homology
approximations. The input to our procedure is the spectrum of the signal, and we provide numerical as
well as theoretical evidence of its utility to capture the shape of toroidal attractors.

1. Introduction

The sliding-window embedding is a powerful technique for reconstructing attractors of a dynamical
system from observed time-series data. When combined with tools from topological data analysis (TDA),
such as persistence diagrams, one can measure the topological properties of the state space to detect
patterns in the original signal. In general, combining sliding windows with persistence can be used to
probe for the presence of nontrivial recurrent behavior. For example, Figure 1 depicts a system with
behavior more complex than periodicity.

Indeed, leveraging measurements of the system, such as the horizontal position x (¢) of the block or
the angular position 6 (¢) of the pendulum, one can determine (as we will explain below) that the system
exhibits a type of recurrent behavior known as quasiperiodicity (Figure 3 and Section 2.2). In dynamical
systems this behavior emerges when oscillators are superimposed, also in the transition between stable
and chaotic dynamics [Weixing et al. 1993], and has been observed, for instance, in fMRI scans obtained
from mice [Belloy et al. 2017], in the formation of quasicrystals [Levine and Steinhardt 1984] and in the
study of biphonation in mammal vocalization [Wilden et al. 1998].

Mathematically, we say that f : R — C is quasiperiodic (see Definition 2.29) with frequency vector
w = (vi,...,wy) if {a),-}lN: | are positive real numbers which are linearly independent over Q (i.e.,
incommensurate) and

f(@)=F(wit, ..., oNt),
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Figure 1. Left: schematic model for a pendulum on a sliding block. Right: illustration of
antiearthquake technology (see also [Yirka 2013]), whose dynamics are captured by the model on
the left.

where F : TV — C is a complex-valued continuous function on the N-torus TV = RV /Z", called the
parent function of f [Gakhar and Perea 2024]. Note that in the case of a single frequency, f is just a
periodic function.

Periodicity or quasiperiodicity in a signal with frequency vector of length N corresponds to observing
the traversal of a (topological) circle or an N-torus attractor, respectively, in the phase space of the
underlying dynamics [Skraba et al. 2012]. Takens’ embedding theorem [1981], on the other hand,
under appropriate conditions [Xu et al. 2019], ensures that the sliding-window embedding of the signal
(Section 2.2 and Figure 2, center) provides a topological reconstruction of said attractors. Finally,
periodicity/quasiperiodicity can be quantified with shape descriptors from TDA: the Rips persistence
diagrams (defined in Section 2.1 and shown in Figure 2, right) of the reconstructed attractors via sliding-
window embeddings. In short, they measure the prominence and dimension of holes in a point cloud,
providing a convenient summary of its multiscale geometry and topology.

Much work has been done to establish the usefulness of sliding windows and persistence, with
applications including parameter estimation in damping mechanisms [Myers and Khasawneh 2022],
stability of stochastic delay equations [Khasawneh and Munch 2016], quantifying the presence of
biphonation in vibrating vocal folds [Tralie and Perea 2018] and periodicity detection in gene expression
data [Perea et al. 2015]. Furthermore, there are well-defined methodologies for optimizing the embedding
parameters of the sliding-window embedding, in such a way that the topological features in the persistence
diagrams are maximally amplified [Gakhar and Perea 2024]. However, the algorithmic complexity of
computing the persistent homology of Rips filtrations remains a challenge in real-world applications. This
is the case even with highly optimized libraries like Ripser [Bauer 2021], which exploits cohomology
duality, apparent pairs and clearing optimizations to achieve substantial speed-ups. The main difficulty
lies in that the worst-case complexity of the matrix-reduction algorithm [Zomorodian and Carlsson 2005]
for computing persistent homology in degrees j = 0, ..., J is cubic in the number of simplices of
dimensions 0, ..., J 4+ 1 [Morozov 2005]; the case relevant to us is J = N, i.e., the number of Q-linearly
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Figure 2. Given a time series (left column), we reconstruct the underlying attractor via its
sliding-window embedding (middle column), and then compute its persistent homology (right
column). Top row: the signal from the periodic motion of an ideal pendulum (left). The sliding-
window point cloud parametrizes a circle (middle), so its persistence diagram exhibits exactly one
nontrivial 1-dimensional homology class (right). Bottom row: A quasiperiodic function with two
incommensurate frequencies (left); its sliding-window embedding (center) recovers a 2-torus. The
corresponding persistence diagrams (right) confirm this topology by showing two independent
1-dimensional classes and one 2-dimensional class.

independent frequencies in the signal f. Moreover, the number of j-dimensional simplices for Ripser
grows as (;’i"{) where ngw is the number of points in the sliding-window embedding. In practice, this
proves to be computationally taxing even when N =2 and ngw = 1000, and motivates our efforts to
develop approximation methods with known error bounds (see Figure 3) that would provide a faster
and computationally accessible alternative (see Figure 11 and Table 2). Our method relies on the three-
gap theorem, which uses continued-fraction expansions from number theory to describe how points —
sampled at irrational rotation angles — are distributed around a circle. We also use the Kiinneth formula in
persistent homology. Thanks to the results in Section 2.3, our pipeline applies to a general quasiperiodic
function f. It suffices to compute the spectrum of f —e.g., via the fast Fourier transform (FFT) —to
obtain the input to our algorithm (Section 2.5). Specifically, we replace the standard Ripser-based step 3

by our two-part alternative (3b) shown below (we keep the original procedure as step (3a) for comparison).
(1) Start with a time series f.
(2) Reconstruct the phase space by computing {SWy ; f (t)}tT:o'

(3a) Compute dgmf({SWd,, f (t)}tTZO, d») using Ripser.

(3b) (i) Use the FFT to retrieve the frequencies of f and then compute their continued-fraction expansion
(CFE).
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Figure 3. Top row: the plot on the left is the phase space (x, X) from the pendulum attached to a
sliding block shown in Figure 1. The solution x(¢) we used for the sliding-window embedding
is plotted in the middle, followed by the modulus of its discrete Fourier transform on the right.
Bottom row: persistence diagrams of the sliding-window embedding of x(¢) (brown circles) of
a truncated Fourier series of x(¢) (blue squares), and our proposed approximation K3g (orange
crosses). The orange rectangles depict the theoretical approximation bound.

(i1) Use the CFE as shown in Section 3 and then apply the results from Section 4 to approximate
dgm¥ ({SWa - f ()}, dp) for j =1,2.

In step (3b)(ii), the continued-fraction expansions allow us to compute exact persistence diagrams on
each frequency circle (via the three-gap theorem; see Section 3), which we then assemble — using the
Kiinneth formula as detailed in Section 4 — to approximate the persistence diagrams of interest.

Remark 1. The idea of using Fourier analysis together with the Kiinneth formula to compute persistent
homology is not unique to our work. Indeed, in [Kim and Jung 2026], these tools are combined to

construct a multiparameter filtration whose persistent homology can be computed exactly. As the authors
state:

Our main idea is to transform time-series data into a barcode through the Liouville torus without
utilizing sliding-window embedding.

Thus their method depends on reconstructing the full Liouville torus.
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feature our 3G method method of [Kim and Jung 2026]
FFT-based decomposition yes yes
Kiinneth-type product formula yes yes
Takens’ theorem yes yes
sliding-window embedding yes no
Liouville torus no yes
continued fraction expansion yes no
filtration type 1-parameter multiparameter
type of signal quasiperiodic periodic
exactness vs. approximation  approximate (error bound) exact

Table 1. At-a-glance comparison of our 3G pipeline vs. the exact multiparameter method of [Kim
and Jung 2026].

By contrast, our work approximates the persistence diagram via a single-parameter sliding-window
Rips filtration

f > Re(SWy.r f) > dgm” (SWy - f).

(time-series data)  (Rips complex of sliding-window embedding)  (persistence diagram)

Meanwhile, [Kim and Jung 2026] provides exact formulas for the persistence diagram of the Liouville
torus W ¢, obtained from the multiparameter filtration

f———— Rq(m¥y) x - x Rey (myWy) ——— dgm'(wy).

(time-series data) (multiparameter filtration of the Liouville torus) (persistence diagram)

We summarize the distinguishing features of these two methods in Table 1.

2. Background and definitions

In this section we cover the mathematical concepts needed for our three-gap (3G) method. We first define
persistence modules, their barcodes and stability theory, and the special case of persistent homology for
filtered simplicial complexes. Next we introduce dynamical systems and highlight Takens’ reconstruction
theorem, which underlies the sliding-window embedding. After that, we show how the Fourier transform
recovers the frequency vector of a general quasiperiodic signal. We then recall continued-fraction
expansions and their fundamental properties, leading directly to the three-gap theorem — the number-
theoretic pillar of our work. We conclude with an overview of our 3G method (named for its use of the
three-gap theorem), emphasizing how these components fit together.

2.1. Persistent homology. Our presentation of persistence modules and their interleaving distance follows
[Chazal et al. 2016, Chapters 1, 3 and 4]. These concepts provide an algebraic account of stability,
used herein.
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2.1.1. Persistence modules.

Definition 2.1. A persistence module V over the real numbers R is an indexed family of vector spaces
{VilteR},
together with a doubly indexed family of linear maps

W:Vy—> Vs <t}

which satisfy the composition law

whenever r < s <1, and where v! is the identity map on V; for every 7 € R.
Definition 2.2. A morphism ® between two persistence modules U and V is a collection of linear maps
O . U t —> Vt

such that the diagram
U, —— U,

A | I

v

V.v —S> Vl‘

commutes for all s <¢. Composition is defined in the obvious way, as are identity morphisms. This makes
the collection of persistence modules into a category. The set of all morphisms from U to V is denoted by

Hom(U, V).
When U =V, these are called endomorphisms, and we write
End(V) = Hom(V, V).
We have the following generalization of a morphism:

Definition 2.3. Let U= {U,, u}} and V = {V,, vl} be persistence modules indexed by ¢ € R. A morphism
of degree § > 0 is a family of linear maps

¢ U — Vigs for t eR,
such that for all s < ¢ the square
U —= 5,
(Psl ljﬂt
1468
Vs+s
Vivs — Vits
commutes. We write
Hom? (U, V) = { of degree §}.
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When U =V, such a map is called a degree-§ endomorphism, and we write
End® (V) = Hom® (V, V).
Definition 2.4. For any persistence module V = {V;, v!} and § > 0, the shift map
1= 1 Vi = Virsher
is a degree-8 endomorphism in End® (V).
Definition 2.5. Let U and V be persistence modules and fix § > 0. A §-interleaving consists of
® e Hom*(U,V) and W e Hom’(V, U),

such that
Vo =1¥ and OV =1%.

Definition 2.6. The interleaving distance between two persistence modules U and V is
d;(U,V) =inf{§ > 0| U and V admit a §-interleaving}.
If no finite § exists, set dj (U, V) = oo.

Under appropriate finiteness conditions, which we describe below, a persistence module can be uniquely
determined up to isomorphism by an invariant called the barcode. Indeed, first note that the direct sum of
persistence modules can be defined componentwise; that is, U@ V has vector spaces U; @ V; (direct sum
of vector spaces) and linear maps v’ @ u.

Definition 2.7. Let V be a persistence module such that V; is finite dimensional for each t € R (i.e., V is
pointwise finite). By [Crawley-Boevey 2015], there is a unique multiset becd(V) of intervals I C R, called
the barcode of V, such that

Iebced(V)

where [; is the persistence module with vector spaces the field [ for each t € I and the zero vector space
otherwise, and linear maps the identity whenever possible and the zero map when not. By multiset we
mean that intervals may appear with finite repetition (multiplicity). The persistence diagram of V is the
following multiset of points in the extended plane R? = [—00, 00] x [—00, 00]:

dgm(V) = {(inf({), sup(/)) | I € bed(V)}.

The space of persistence diagrams can be endowed with an extended pseudometric called the bottleneck
distance dp [Cohen-Steiner et al. 2007; Chazal et al. 2016]. In the following definition we consider the
points in the diagonal y = x as part of the persistence diagrams; moreover, each point (x, x) is included
with countable infinite multiplicity.
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Definition 2.8. Let dgm, dgm’ C R? be two persistence diagrams. Their bottleneck distance is

dp(dgm,dgm) = inf sup {|ly — ()},

¢:dgm—dgm’ yedgm
where ¢ is a bijection of multisets and ||(a, b)||.c = max{|a|, |b|} is the extended sup norm on R2.

Conceptually, given two persistence diagrams we consider all multiset bijections that pair points
between them. The distortion of a given pairing can be quantified using the largest infinity norm over all
paired points. The bottleneck distance is then the smallest possible distortion over all bijective pairings.
In essence, this captures how similar two persistence diagrams are to each other in the plane. We note that
including all points (x, x) along the diagonal ensures that any two diagrams admit a bijective matching
(so that unmatched off-diagonal points may be paired with diagonal points).

The interleaving distance between persistence modules and the bottleneck distance between their
persistence diagrams satisfy the celebrated isometry theorem [Lesnick 2015],

Theorem 2.9. Let U and V be pointwise finite persistence modules. Then
d; (U, V) = dp(dgm(V), dgm(V)).

2.1.2. Persistent homology of filtered simplicial complexes. In this section we describe a formal notion
of “shape” for discrete data sets. Unless otherwise noted, definitions follow [Hatcher 2002; Gakhar and
Perea 2024].

Definition 2.10. Given a set X, an abstract simplicial complex (or a simplicial complex, for short) with
vertices in X is a subset K € P(X) of the power set of X, such that

(1) every o € K is finite and nonempty,
(2) foranyo € K,iftr A and 7t Co,thent € K.

The elements of K are called simplices and the dimension of a simplex is one less than its cardinality:
dim(o) = |o| — 1. We also define dim(K) = max{dim(o) | 0 € K}. A face of o is any nonempty proper
subset of it. The n-th skeleton of K is denoted by K® :.={o e K |dim(oc) <n}forneN=1{0,1,...};
in particular, K@ is called the set of vertices of K and K"~ K@ is its set of edges. A subcomplex of
K is a subset L € K which is also an abstract simplicial complex.

We can construct an abstract simplicial complex from any set of points in a metric space. Indeed,
this is achieved via the Rips complex, which treats each point in a metric space (X, d), say x € X, as a
vertex; edges {xp, x} are created between two vertices if their distance is at most some fixed € > 0, i.e.,
d(xg, x1) < €; connecting three vertices creates a triangle {xo, x1, X2}, four a tetrahedron {xg, x1, x2, x3},
and so on. Formally:

Definition 2.11. Given a metric space (X, d) and a real number ¢, the Rips complex R.(X, d) is the

simplicial complex

Re(X,d)={{x0,...,x,} S X |d(x;,xj) <€, VO<1i,j<n}
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With this construction we can leverage a powerful shape descriptor from algebraic topology — simplicial
homology — which assigns algebraic objects to an abstract simplicial complex in a deformation-invariant
manner. In particular, the O-th dimensional homology measures the number of connected components,
the 1-st dimensional homology detects loops, and the 2-nd dimensional homology detects cavities. In
general, the n-th dimensional homology detects n-dimensional holes. The relevant definitions are below.

Definition 2.12. Let K be a simplicial complex and [ a field. For n € N, let C,,(K; ) denote the F-vector
space with basis the set of n-simplices of K:

Co(K: F) = { Y ayo |as €F, ay # 0 for only finitely many a}.
oceKm K®=1

For n < 0, we let C,,(K; F) be the zero vector space.

We call an element t € C,,(K; F) an n-chain. If

T = > Ay O
oceK M~ K@=
and oy is one of the simplices in the sum (i.e., a5, 7# 0), we write og € 7.
Definition 2.13. Fix a partial (e.g., a total) order < on the vertices of K so that each simplex o € K is
totally ordered. The n-th boundary map 9, : C,,(K; F) — C,,—1(K; [F) is the linear transformation defined
forany o = {vg, ..., vy} € K™ K"~ ag

(o) = i(—l)”{vo, ces Uiy ey Unly

i=0
where v; < ;41 fori =0,...,n—1, and {vy, ..., U;, ..., v,} denotes the (n—1)-th face of o obtained
by removing the i-th vertex v; from the totally ordered set {vo, ..., v,}.

One can show that 9,, 0 9,41 =0 for all n € N.

Definition 2.14. For n € N, a field F and a simplicial complex K, let
ker(d,) ={t € Cu(K; F) [ 9,(r) =0} and  im(9+1) ={8n+1(B) | B € Cry1(K; F)} S ker(3y).

The n-th homology of K with coefficients in [ is the quotient vector space
ker(9,)
im(d,41)

We note that the isomorphism type of H,(K; [F) is independent of the partial order on the vertices
of K. Moreover, when K = R.(X, d) and € > 0, the nonzero elements of H,(R.(X, d); F) correspond
to nontrivial n-cycles (i.e., elements of ker(d,)) not bounding any (n+1)-chain in the Rips complex

H,(K:;F)=

R.(X, d), and thus measure n-dimensional holes in (X, d) at scale €. We note that
R.(X,d) C Ro(X,d) whenever € <€,

which is a particular case of the following definition:
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Definition 2.15. A filtered simplicial complex I = {K}ccR is a collection of simplicial complexes K,
such that

Ke g Ke/
whenever € < €’. We refer to K as a filtration.

We note that the family
R(X’ d) = {RG(X’ d)}GER

is a filtered complex in the sense of Definition 2.15, called the Rips filtration of the metric space (X, d).
The main idea behind persistent homology is to track the evolution of homology classes in a filtration
as € changes. For instance, as € increases one may see several connected components (0-cycles) merge
into one, or an empty spherical cavity (a 2-cycle) become filled. The resulting multiscale summary is
recorded in the persistence diagram of the following persistence module.

Definition 2.16. Let K = {K.}.cr be a filtration. For each n € N, define the n-th persistence module
H,(K; F) ={H,(K¢; F), T e : Hy(Ke; F) = Hy(Ke; ), e < El}

as the family of [F-vector spaces H,(K; [F) and linear transformations 7 - induced by the inclusion maps
K. < K., for € < €. The n-th persistent homology groups are

Hy € (K F) = im(T.e)
and their dimensions over [ are the persistent Betti numbers
BEC (K; F) := rank(T, o) = dimg (HS€ (K; F)).

If X ={Kc}eer and n € N are such that H, (IC; F) is pointwise finite dimensional, then Definition 2.7
ensures the existence of the barcode

bed, (K) = bed(H, (K5 F))
and the persistence diagram dgm,, () = dgm(H, (KC; F)).

Remark 2. When the n-th homology of a filtration changes at only finitely many filtration values, the
resulting persistence diagram has a particularly simple description in terms of persistent Betti numbers;
see [Cohen-Steiner et al. 2007, p. 106]. Indeed, let K = {K}ccRr be a filtration whose n-th persistence
module is pointwise finite and changes at only finitely many values of €, namely €} <€, < --- < €y
(i.e., finitely many homological critical values). Then given interleaved values €; < r; < €;4 with
ro =€_; = —oco and ry4] = €541 = 00, the persistence diagram dgm,, (XC) is the collection of points
(€i, €;) that have positive multiplicity

i Fj—1 Fi—1,Fj—1

B IR = B UG )+ BT K E) = BT UG M
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Unless otherwise stated, we assume that every metric space (X, d) is finite. Hence for each € € R the
Rips complex R.(X, d) is a finite simplicial complex and the persistence module

Hy(R(X,d); F)

is pointwise finite. The corresponding barcode and persistence diagram are denoted by bcd,’f (X, d) and
dgmf (X, d), respectively, and the intervals I € bcd,lf (X, d) are closed on the left and open on the right.
An interval [a, b) € bcd,’f(X , d) indicates that an n-cycle is born at € = a and becomes trivial at € = b;
its persistence (lifetime) b — a provides a measure of robustness for this homological feature. Plotting
dgmf (X, d) in the extended plane R? yields a visualization of the persistent homology of the Rips filtration
R(X, d). Points (a, b) € dgm,’f (X, d) that lie far from the diagonal y = x represent topological features of
(X, d) with greater robustness, as the stability theorem (Theorem 2.19, which we describe next) implies.

When working with metric spaces and the Rips filtration, we can connect the bottleneck distance of
the corresponding persistence diagrams with the Gromov—Hausdorff distance. The latter measures the
similarity between bounded metric spaces and is defined below.

Definition 2.17. Given two nonempty bounded subsets A and B of a metric space (X, d), the Hausdorff
distance dy (A, B) is defined as

dy(A, B) = max{sup inf d(a, b), sup inf d (b, a)},

acAbeB beB a€

where d(a, b) denotes the distance between points a and b in X.
Definition 2.18. For two bounded metric spaces (X1, d;) and (X3, d»), the Gromov—Hausdorff distance
don (X1, X2)

is defined as follows. Take any common metric space Z and any pair of isometric embeddings ¢; : X1 — Z
and ¢, : X, — Z; compute the Hausdorff distance between ¢;(X) and ¢>(X>) in Z. Then dgg (X1, X2)
is the infimum of all such Hausdorff distances:

dou (X1, X2) = _inf dy($1(X1), 92(X2)).
Z,$1,92

The aforementioned connection is the content of the well-known Rips stability theorem [Cohen-Steiner
et al. 2007; Chazal et al. 2016].

Theorem 2.19. Let X| and X, be finite metric spaces. Then
dp(dgmf (X, dy), dgmf (X, d»)) < 2dgu (X1, X2).
In addition to stability, one can also describe the Rips persistence of metric products.

Definition 2.20. Let (X, dx) and (Y, dy) be metric spaces. The maximum metric d, is given by

doo((x, ), (x", ¥")) = max{dx (x, x"), dy (y, ¥},

where (x, y), (x',y) e X x Y.
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We note that (X x Y, d) is a metric space. Further, its barcodes are given by [Gakhar and Perea 2019]:

Theorem 2.21 (persistent Kiinneth formula). Let (X, dx) and (Y, dy) be finite metric spaces. Then,

bedf (X x ¥,do) = | J 1IN J | T ebedf (X, dx), J €bedR (¥, dy)},
i+j=n
foralln e N.
Finally, we present an observation which we use repeatedly:

Proposition 2.22. Let (X, dx) and (Y, dy) be two finite metric spaces. Suppose there exists a bijection
f : X = Y such that for some ) > 0

dx(t1, ) = Ady (f(t1), f(t2)).
Then
dgm® (X, dx) = {(ra, Ab) | (a, b) € dgmR (Y, dy)}.

Proof. Let us define the metric d;} = Ady on Y. By assumption, f is an isometry between (X, dy) and
(Y, d%). This implies that f induces simplicial isomorphisms between R.(X, dx) and R.(Y, d%) for all
€ > 0. This, in turn, induces isomorphisms on the corresponding persistence modules, which implies they
have the same persistence diagrams. O

2.2. Dynamical systems. Having presented persistent homology as a tool to measure shape in discrete
data, we now introduce the framework that models the source of said data. Indeed, several real-world
scientific measurements arise from underlying deterministic mechanisms. Although said mechanism may
be unknown or highly complex, the theory of dynamical systems enables its mathematical description. The
framework consists of a phase space M that represents all of the relevant states of the system and a function
@ that keeps track of the evolution of the system. The following definitions are taken from [Perea 2019].

Definition 2.23. A global continuous time dynamical system is a pair (M, @), where M is a topological
space and @ : R x M — M is a continuous map such that ® (0, p) = p, and ®(s, P(z, p)) = P(s +1, p)
forall pe M and all ¢, s € R.

Note that any autonomous system of ordinary differential equations
X(1)=Ax@), xt)eM,

on a smooth manifold M defines a dynamical system. Its flow &, : M — M is given by following the
integral curves (solutions) of the ODE from each initial condition. Hence the evolution of the system is
fully determined by the vector field A and the chosen initial state.

Representing a model in this fashion allows for a topological understanding of the system. This is
done by looking at trajectories in the phase space M; indeed, although most systems can only be solved
numerically, given equations, a general understanding of the shape of trajectories in M provides qualitative
information of the system [Skraba et al. 2012]. In particular, knowing the topology of an attractor —i.e.,
a subset of M that pulls nearby trajectories into it—is of great significance. Formally:
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Figure 4. Trajectories of the system from Example 2.25, plotted in the xy-plane (left) and from
Example 2.26 in the xx plane (right). In each case, the attractor is a topological circle, highlighted
in red.

Definition 2.24. A set A € M is called an attractor if
(1) it is compact,
(2) itis an invariant set, i.e., if a € A then ®(¢,a) € A for all t > 0,

(3) there is an invariant open neighborhood U of A such that A = ({® (¢, p) | p € U}.
t>0

Example 2.25. Consider the dynamical system given by the radial equation (in polar coordinates)
F=r(l—r?), 6=1,
where r > 0. This system has a circle as an attractor in the xy-plane, shown in red in Figure 4, left.

Example 2.26. Consider the van der Pol equation
¥4+ux?—Di4+x=0,

where > 0 is a parameter. This system also has an attractor in the xx-plane as shown in Figure 4, right.
In this case, it is not a round unit circle, yet it is topologically equivalent to it.

An attractor that is homeomorphic to a circle corresponds to a system exhibiting periodicity. In
general, an attractor that is homeomorphic to an N-dimensional torus, a toroidal attractor, comes from a
quasiperiodic system [Gakhar and Perea 2024]. In practice, we often only have a measurement of the
dynamical system in the form of time-series data. The underlying equations governing the system are
unknown —i.e., neither M nor ® are given. Nevertheless, there is a way to reconstruct attractors of this
unknown system while preserving qualitative information. Concretely, Takens’ landmark theorem [1981]
shows that a single time series measurement — sampled from a generic observation function — suffices to
reconstruct the topology of the underlying attractor.
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Theorem 2.27 (Takens’ embedding). Let M be an m-dimensional compact Riemannian manifold. For
pairs (¢, f), where ¢ € C*(M, M) and f € C*(M, R), it is a generic property that the following map is
an embedding:

W, 7o M =R W, c(p) = (f(p), F(@(p)), F@* (P, .... F(@™"(P)))

The reconstruction given by the image of W, 7 may look different from the original state space M, but
we are assured it will be topologically equivalent. This is a powerful guarantee that validates the sliding-
window embedding (defined below) as a means to reconstruct observed dynamics from time-series data.

Definition 2.28. For a function f : R — C, an integer d > 0 called the embedding dimension, and a real
number 7 > 0 called the time delay, the sliding-window embedding of f at ¢ is given by

(@
SWao sy =| 7T fect,
Ft+do)

For T C R a set of time points, the sliding-window point cloud of f sampled at T is the set
SWq,o(T) = {SWa f(1) |1 € T}.

In the context of a dynamical system ® : R x M — M, an observation function f : M — R, and
an initial condition pg € M such that the trajectory ¢t — ®(¢, po) densely samples an attractor A € M,
Takens’ theorem implies that the sliding window of the time series # — f o ®(t, po) — with appropriate
parameters T > 0 and d > dim(M) — produces a point cloud whose Rips persistence diagrams can be
used to infer the homology of A.

In particular, for toroidal attractors and selecting (d, t) according to [Gakhar and Perea 2024], we are
detecting homological features of an N-dimensional torus, as depicted in Figures 3 and 5. In summary,
here are steps for detecting the presence of toroidal attractors given time-series data:

(1) Start with a time series pertaining to a measurement of a system.
(2) Construct the sliding-window point cloud from it.
(3) Compute its persistence diagrams to determine if the point cloud samples an N-torus.

Although sliding windows and persistence are well established and have found multiple applications
[Tralie and Perea 2018; Perea et al. 2015; Gakhar and Perea 2019], computing persistence diagrams
remains computationally taxing. We now move onto the tools that will enable the fast approximation of
Rips persistence diagrams of sliding-window point clouds from quasiperiodic functions.

2.3. Fourier analysis of quasiperiodic signals.

Definition 2.29. We say that f : R — C is quasiperiodic with frequency vector w = (w1, ..., oy) if
{wi}{": | are positive real numbers which are linearly independent over Q (i.e., incommensurate) and

f(l‘) = F(wit, ..., oNt),
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Figure 5. Left column: the x(¢) coordinate of the solution to the radial system from Example 2.25
(top row) and the van der Pol system from Example 2.26 (bottom row). Middle column: the
sliding-window embedding of x (¢) with appropriate parameters d and t. Right column: the Rips
persistence diagrams in dimensions 0, 1 and 2 for the sliding-window point cloud.

where F : TV — C is a complex-valued continuous function on the N-torus TV = RV /ZV, called the
parent function of f.

As we will see below, one can leverage the spectrum of a quasiperiodic function to infer the underlying
frequency vector, as well as to approximate the Rips persistence diagrams of the sliding-window point
cloud. This is enabled by the following result [Gakhar and Perea 2024, Theorem 1.7 and Corollary 1.13].

Theorem 2.30. Let [ : R — C be a quasiperiodic function with frequency vector @ and parent function F.
For each k € ZV, the k-th Fourier coefficient of F can be computed as

A
F(k) = lim 2_”f f(t)e—zmk,m) dr.
r—oo A Jy
where i = «/—1. Furthermore, if

Skft)y= Y Fle™*®  for K eN
lklloo<K

then for each j, T € N, dgm§e (SWy.; f(T)) can be approximated in bottleneck distance by
dgm” (SWq - Sk £ (T))

as K — oo. The approximation is of order O (KN/>~") when |f(k)| =O(|lkll;") and r > %N.
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Theorem 2.30 shows that, in bottleneck distance, the Rips persistence diagrams of a quasiperiodic
signal f can be arbitrarily closely approximated by those of its truncated Fourier series Sk f (#). Moreover,
the coefficients of Sk f are determined by the spectrum of f, which can be estimated via the discrete
Fourier transform (implemented in the FFT algorithm).

This result justifies reducing general quasiperiodic functions to finite exponential sums of the form

M
f)=> c;e™ " for MeN, c; eC\ {0} and w; €R,
j=1

where wy, ..., wy are not necessarily Q-linearly independent. Set ¢; = +/d + 1c;, choose an embedding
dimension d € N and a delay 7 > 0, and let

1 T 1 g eZm’wlt
1 le[iwlr . e2m’er 1
A:ﬁ i . EC(d+l)><M and Uy = . ECM.
+ g : y
: =~ 2miopt
elriodt | lmioydt cme M

In this setting, the sliding-window embedding can be written succinctly as
Swd,rf(t) = Avy,

and according to [Gakhar and Perea 2024, Corollary 1.3], the set {v;};cr is a dense subset of a space

homeomorphic to the N-torus, for N < M equal to the dimension of spang{wy, ..., wy} as a Q-vector

space. The multidimensional version of Kronecker’s approximation theorem, as presented in [Hlawka

et al. 1991, Chapter 2, Theorem 2], allows one to take ¢ € N and retain density. Furthermore, d and t can

be chosen so that the same holds true for {SW, ; f (¢)};en [Gakhar and Perea 2024, Theorem 1.15].
With this in mind, the Cartesian product

M
Gr=][ig;e*™ " |t=0.1,.... T} )
j=1

offers a way to approximate {Ut}szo in Hausdorff distance, and hence the resulting Rips persistence
diagrams in bottleneck distance, by Theorem 2.19, as T — oo. See also Figure 10. This is useful since the
persistence diagrams of G can be readily computed using the persistent Kiinneth formula (Theorem 2.21).
We will show in Theorem 4.3 that this approach can be used to approximate the Rips persistence diagrams
of the sliding-window embedding of f.

2.4. Continued fraction expansion. The continued-fraction expansion of a real number lies at the heart
of our work. All definitions, propositions, and theorems in this section are classical and can be found in
standard references — most notably [Olds 1963, Chapter 3], and for Theorem 2.38 see, e.g., [Rockett and
Sziisz 1992, p. 22]. As we will show, continued-fraction data enables us to infer persistent-homology
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information of sliding-window point clouds once the frequencies of the signal are estimated —e.g., with
the FFT.

Definition 2.31. Let w be a real number. The continued-fraction expansion of w is given by

1
w=a+—— =la,az,a3,...],
a+ T
a3+a4+---

where a; € Z and a; € N, for k > 1.

Note that the expansion, which is obtained by repeated applications of the division algorithm, is infinite
if and only if w is irrational. From here onward, we let w denote a positive irrational number.
Definition 2.32. Let k € N. The k-th convergent of w is given by

&:[al,az,...,ak]e@.

qk

The terms py and g play a special role in the theory, and can be obtained recursively as follows.

Proposition 2.33. The numerator py and the denominator qy. of the k-th convergent of w satisfy

Pk =akpk—1+ prk—2 and g = arqgi—1 + qgr—2,
for k> 1, where
po=1 q=0, p_1=0 g 1=1

Proposition 2.33 provides a convenient computational method for obtaining the k-th convergent of w,
and implies the following result.

Proposition 2.34. The terms py and qy are relatively prime.

We can quantify the quality of the convergent p; /g as an approximation to w by examining the
absolute error

' Pk
w _—
qdk

Proposition 2.35. Let k > 1. Then

1 1
< -
qkqk+1 g

<

1 ‘ Dk
<|lw——
2qkqk+1 Gk

Furthermore, this result allows us to establish the existence and uniqueness of infinite continued-fraction
expansions. Indeed, this follows by noting that gx < gi4+ for all £ > 1, and justifies the equality sign in
Definition 2.31. The next result further characterizes their convergence behavior.

Proposition 2.36. Let k > 1 be odd. Then

Pk Pk+1
—_—< o< —.
9k gk+1
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A~ L & 9 oo O

Figure 6. The Klein diagram for the golden ratio ¢ = %(1 + +/5). Here F; denotes the k-th
Fibonacci number, which can be used to compute the k-th convergent py/q; of ¢; specifically,
Pe/qx = Fi/Fi—1.

Example 2.37. The results presented here can be used to argue that the golden ration ¢ is the “most”
irrational number. Indeed, by computing

¢=%<1+«/§>=1+ﬁ=[1,1,1,---],

I+
one can show that this expression corresponds to the slowest possible rate of convergence. The Klein
diagram shown in Figure 6 provides a geometric picture of this observation.

We end this section by stating a critical property of the k-th convergent of w attributed to Lagrange.
Namely, that the k-th convergent provides a best rational approximation with bounded denominator to w;
see [Rockett and Sziisz 1992, p. 22].

Theorem 2.38. Let a/b be different from pyi1/qr+1 with0 < b < qg41. Then
lbw —a| = |gkw — pi| > |qk+10 — pr+1].

2.5. The three-gap theorem method. Thus far we have shown that exponential functions are fundamental
in the study of quasiperiodic signals, and that their frequencies can be optimally approximated with their
k-th convergents. If we let

f([) — eZﬂiw[’

then viewed as amap f : R — S! € C, f(¢) parametrizes the unit circle. Fix a natural number 7 € N
and consider the times t =0, 1, ..., T. This yields the sample

(f®)1t=0,1,..., T} ={" |t=0,1,...,T},
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\'\ N

Figure 7. On the left, we depict S;_ 17 in black. Each gap size is shown in a different color; in
this case, there are only two distinct gaps (red and yellow). On the right, we show S /s |, in black,
which has three distinct gap sizes (green, red and yellow).

which in flat coordinates (i.e., modulo 1), corresponds to
{tomod1|r=0,1,..., T} < [0, 1].
Definition 2.39. For any real number x € R, write
[x]=x mod 1
for its equivalence class on the flat circle [0, 1]/0 ~ 1. For T € N and w € R~ Q we let
So.7 :={I0], [0], [2w], ..., [Tw]}.

By identifying the endpoints of [0, 1], we view S, 7 as a finite sequence of points on the circle (see
Figure 7). To measure distances in this space we use the quotient metric

d([x], [y]) = min{|x — y|, [1 = (y =), [T = (x = »)I},

which turns (S, 7, d) into a metric space. When we write S, r we will require w € R\ Q unless otherwise
stated. The asymptotic sampling properties of this set are well documented [Zhigljavsky and Aliev 1999]
and follow in large part from the three-gap theorem (Steinhaus conjecture) [van Ravenstein 1988], which
we state below.

Theorem 2.40 (three-gap theorem). Let T € N and w € R\ Q. The points in S,, 1 partition [0, 1]/0 ~ 1
into T + 1 intervals, such that their lengths take at least two and at most three different values. If three
distinct lengths occur — denoted in increasing order by 54, §p and 6¢ — then

dc =684+ 6p.

Importantly, the conclusion of the three-gap theorem — that there are at most three distinct interval
lengths — holds for every irrational w and every sample size 7. We illustrate the content of the three gap
theorem in Figure 7 for o =& — 1 (left), v = NG (right) and T = 17.

The lengths 84, § and 8¢ in the three gap theorem are in fact governed by the convergents of w [Leong
2017]; see Proposition 3.2 for explicit formulas for the gaps and their multiplicities. This observation yields
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3-gap code
c eiw|t
dgm{ (Gr, do)
M persistent
Z cje®it cje'®i'+  3-gap code > Kiinneth ——>
j=1 formula
dgmy (Gr. dso)
iwpt
cme™ W 3 gap code

Figure 8. A schematic representation of the 3G method. Starting from a sum of exponentials
approximating a quasiperiodic function, we extract its frequency parameters via the FFT. We then
apply the three gap construction independently to each frequency circle and compute the resulting
persistence diagrams. Finally, we assemble these individual diagrams using the persistent Kiinneth
formula, yielding an approximation to the Rips persistence of the sliding-window point cloud of
the original signal.

a complete description of pairwise distances between neighboring points in S, 7, and we will show in the
next section how they can be used to compute the persistence diagrams of the Rips filtration R(S,,, d);
see Figure 9 for an example. This leads to our approximation scheme for the persistence diagrams of
sliding-window point clouds from quasiperiodic functions: The three-gap theorem method (3G), depicted
schematically in Figure 8.

In short, we first extract the independent frequencies w; of the input quasiperiodic signal; then, for
each frequency w;, we compute its continued-fraction expansion and use its convergents to find the
lengths 84 and §p (and 8¢ = 64 + 8 when appropriate) in (Sy, .7, d), as well as their multiplicities (see
Proposition 3.2); the lengths and multiplicities of these gaps are used to derive the barcodes bcdf;e (Sw;.T» d)
and persistence diagrams dgmff (Sw;.T> d) — this is the content of Corollaries 3.4 and 3.8, and the output
of Algorithm 1 below; finally, we use the persistent Kiinneth theorem to compute dgm,’f(GT, doo) —
see (2) for the definition of Gy and Theorem 4.5 for the results. The quality of the approximation
of dgm,’f(SWd,T f(T),dy) via dgm,’f(GT, d~o) 1s discussed in detail in Section 4, for d, the standard
Euclidean distance in C?*!. The relevant approximation results are given in Theorem 4.3 and further
clarified in Remark 3.

Input frequency w;
Scale frequency w; = w;/(2m)
Obtain continued-fraction expansion, C.F.E., of w;

Use C.EE. as shown in Proposition 3.2 to obtain gaps and their multiplicities

AN

Scale gaps as detailed in Theorem 4.5 to obtain the barcode of R(S.;,7. d)

Algorithm 1. 3-Gap code.
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3. Main results

We now move on to detailing the connection between the three-gap theorem and persistence diagrams. The
theorem allows us to compute persistence diagrams by leveraging information from the continued-fraction
expansion of the underlying frequencies estimated with the FFT of a quasiperiodic signal. With this at
hand, we show how, using the persistent Kiinneth formula, we can establish an approximation method for
the persistence diagrams of sliding-window embeddings from quasiperiodic functions. Finally, we show
how to obtain error bounds for our method.

3.1. Persistence diagrams. Computing dgmg (S,.7,d) via the three-gap theorem reduces to relating the
lengths of the gaps to the convergents of w. Although the connection between gap sizes and convergents
is classical (see [van Ravenstein 1988; Beresnevich and Leong 2017]), we include an alternative proof
of the three-gap theorem that highlights how each continued-fraction coefficient contributes to the 0-th
persistence diagram. Throughout, let {0, 1,..., T} € N denote the (discrete) set of time values, and let
w € R~ Q be an irrational frequency. We begin by finding the distance from a point in S, 7 to its nearest
neighbor:

Cl(j) =min{d([jw], x) | x € Sp. 7 ~{[jol}} for 0<j<T.
Lemma 3.1. Let T € N and w € R~ Q with i-th convergent p;/q;. Fix 0 < jo < T and let
k(jo) = max{j | ¢; < max{jo. T — jo}).
If0 < ji1 <T satisfies
ljo—jil= Ak (jo)»
then
Cl(jo) = d(Ljow], Lj10)).

Proof. Let us first show the result when jy = 0. In this case, CI(jy) = d (Ljow], [j1w]) if and only if
1wl =min{[jol], 1 -[jol |1<j <T}.
The latter is equivalent to finding p € N such that for all pg, go € N with go < T,
ljiw — p| < |go@ — pol.

By Theorem 2.38 this is satisfied by the convergents of w, namely by ji = gj, and p = pj,. This
shows the result for jj = 0. For the general case, we note that since

d(Ljow], Lj1w]) = d(0, [| jo — jile)),

we can apply the previous argument, now restricting pg < max{ jo, T — jo} since | jo— ji| <max{jo, T — jo}.
Similarly, the minimum is achieved when |jy — ji| = 9%, (o> and the result follows. O
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Proposition 3.2. Let T € N and w € R~ Q with continued-fraction expansion (a1, ay, a3, ...] and i-th

convergent p;/q;, and arrange the elements of S,.7 = {[0], [w], ..., [Tw]} in increasing order as
[niw] < [njy1w] for 0<i<T.
Let k, r and s be the unique integers for which
Gkt qr—1 =T < qk + qi+1 and T =rqi+q-1+s for 1 <r<agy1and0<s<qgr—1,
and let D; = q;w — p; for each i. If
84 =I|Dkl, 8B =I|Di+i1l+ (ax+1 —1)|Dil, 3¢ =84+ 3,
and @ denotes addition modulo T + 1, then for0 <i <T,
{d((niol, [nigiw)} S {84, 85, 8c}-
Furthermore, denoting the multiplicity of gaps by Ny = #{i | cz([n,'a)], [nig1w]) = 61}, we have
Nao=T+1—-¢qr, Np=s+1, Nc=gqgy—s—1.
Proof. We first establish the existence and uniqueness of &, r and s. For all i > 0,
gi t+4qi-1 < qi +qit1.

Thus T € [gx+qr—1, gk +qr+1) for some k; that this k is unique follows by the monotonicity of {g; +¢;_1};.
We also note that by assumption 7' — g;— > qy; thus by the division algorithm there exist unique r and s
such that

T —qk—1=rqk+s,

where 1 <r and 0 < s < g¢. On the other hand, since T — qx—1 < qx + qk+1 — qk—1 = (@r+1 + 1)g, by
Proposition 2.33, we conclude r < ai;. This shows the existence and uniqueness of k, r and s.

For convenience of presentation in what follows, we define the notion of the “right” and “left” of
a point. For x, y € S,, 7, we say that y is to the right of x if d(x, y) is achieved by traversing from x
clockwise to y in this representation. Similarly, achieving the distance while traversing counterclockwise
is used to define left. Since translation is an isometry under d we note [ijw] is to the right or left of [i,w]
if and only if for all j > 0, [(i{ 4 j)w] is to the right or left, respectively, of [(i» + j)w]. We make use of
this fact repeatedly.

Let us now show that

{d(0, [n1w]), d(0, [nT®])} = {54, 85}

This equality will apply to general points in S, 7 by the isometry property of the translation map. In
particular, it will allow us to compute N4 and Np, and find the explicit pairs that achieve the corresponding
gap. We assume without loss of generality that

1
[qro] < 3,
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i.e., [grw] is to the right of 0. By Proposition 2.36, [g;—iw] and [gr+1@] are to the left of O, i.e.,
[grw] < [gk—1@], [gk+1@]. Thus by Lemma 3.1 n| = g, and thus

d(0, [mo)) = [gxw] = 8.

In fact, Lemma 3.1 also shows

[gkw] < [gr—10] < [gr+10].
Moreover, since

d([gr-10], [(qk-1 + q)]) = d([qrw], 0) = [gxo]

and, by Theorem 2.38,

d([gro], 0) < d([gk-10], 0),
we conclude

[gr—10] < [(qr—1 + gL)w].
Repeating this argument and noting g1 = ak+19x + gx—1 we can say that for 0 <i < ap4q,

[gr—10] < [(gr—1 +igw] < [(gr—1 + (@ + Dgr)o] < [grr10].
Thus

ag+1—i—1

d([(ge1 +ige], 0) =d(gel, 0+ Y d[(gr-1+jg)el, (g1 + (G + Dl
Jj=0

= [ Dit1| + (ar+1 — D) Dl
By Lemma 3.1 we can conclude ny = gx—1 +rqi and the above computation shows
d([(qe—1 +rq)@], 0) = | Dist| + (@1 — )| Del = 8.

Thus we have shown
{d(0, [n1w)), d(0, [n7w])} = {84, 85}

Now consider n; € [0, (r — 1)gk +qx—1 +s]. Since nj + g, < T and
d([njol, [(nj + qw]) = d(lgr@], 0) = [qrw] = 84,

we conclude, by the same reasoning as with n; = 0, that [(n; + g )w] is the closest point to the right of
[njw], i.e., njgy1 =n; + gi. This shows there are

r—Dag+qg1+s+1=0qgp+qg-1+s)+1—qp=T+1—q

different gaps of length §4, i.e., Na =T +1 — g.
Similarly, for n; € [rqx +gx—1, T] we note

nj—(rgr +qir-1) €0, 51,
and thus

d([njol, [(nj = (rge + ge-1))]) = d([(rqe + gr—1)@], 0) = | Diy1| + (axs1 — )| Di| = 3.
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Carrying over the arguments for the case n; = rqx + qx—1, we conclude [(n; — (rqx + qr—1))w] is the
closest point to the left of [n;w], i.e.,nj_y =n; — (rgx +qx—1). Thus there are s + 1 different gaps of
length 65, i.e., Ng =s+ 1.

What remains to consider is the case nj € ((r — )gx +qx—1 + 5, rgr +qix—1). If r > 1, we note

d([n;wl, [(n; — go]) = d([gro], 0) = [qrw] = 84.

Thus n;_y =n; —q. Since nj — qx < (r — 1)qx +qr—1 + s, we have already accounted for this gap. On
the other hand,

d([njwl, [nje10]) # 84, 8

since nj +qi, nj+ (rqx +qi—1) > T. As a consequence of the inequality shown before,
[gr-10] = [(gr—1 +ig)w] < [(gr—1 + (( + D] < [grr10],
we conclude the next smallest gap length is
| Dicy1] + (ar+1 — (r — D) Di| = | Disr| + (ar1 —r + 1| Di| =84+ 65 = ¢

This gap is achieved when n; | =n; — ((r — )qx + gx—1). Thus there are g — s — 1 different gaps of
length 6¢, i.e., Ne =qr —s — 1.

We have shown there are distinct gaps, distances between adjacent points, of lengths §4, §p and §c¢.
Furthermore, since

No+Np+Nc=T+1,
we conclude all gaps have been accounted for, i.e.,
{d([nio, [nig1w))} € {84, 8. 8c}. O

It is clear that the three-gap theorem follows from Proposition 3.2. Furthermore, Proposition 3.2 details
the relation between the length of the gaps and the k-th convergents of @. The next theorem translates
what this means in terms of the 0-th dimensional persistence diagram of S,, 7. We assume r < a4 and
s + 1 < py to streamline the exposition; the other parameter regimes lead to analogous conclusions:

o Case: r > aj. In this regime one shows that 4 > dg. In Theorem 3.3 below, one then swaps the
labels 64 and §p so that the combinatorial pattern of gap lengths remains identical.

e Case: s +1 > pi. Here N¢ = 0, meaning no third gap appears. Equivalently, the final merge
of adjacent points occurs at € = max{84, 5}, which then plays the role of ¢ in the theorem’s
description.

In each scenario, relabeling or omitting the appropriate gap lengths shows that the proof of Theorem 3.3
carries over without change.
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Theorem 3.3. Let T € N and w € R~ Q with continued-fraction expansion [ay, ay, as, ...| and i-th

convergent p;/q;, and let k, r and s be the unique integers for which
Gk + qi—1 < T < gk + qr+1 and T=rqr+qi—1+s for 1 <r<aiy1and0<s <q;—1.

Let
D; =giw — pi,
and suppose
r<agy1 and s+1< py.
Then

T+1

F if 0 <e < |[Dxl,
- F* if |Dy| < D — )| Dyl
Ho(Re(Sow,7,d); F) = { 451 l.f| tl =€ < 1Dertl + @1 = 1)1 Dil
F if |Dit1] + (ak+1 — )| Di| < € <|Disrl+ (ak+1 —r + D[ Dil,
F if |Diri| + (ary1 —r + 1| Di| < e.
Proof. Let §; and Ny, where I € {A, B, C}, be as defined in Proposition 3.2. Since r < a4 we note
k(T) = k, and thus by Lemma 3.1,
8A <83.

Furthermore, since s 4+ 1 < ¢y, there are three possible lengths for the gaps, i.e., N¢ > 0.
Ate =0,
3 T+1
Ho(Ro(Sw,1,d); F) =F

by definition. We can interpret this as connected components that are separated by Ngo+Np+Nc =T +1
gaps. Since the Rips complex connects two points when € is greater or equal to their distance, the first time
points will be connected is at € = §4. Now, the newly formed connected components will be separated
from each other only at the gaps of length §p and d¢, i.e.,

Np+Nc¢

Ho(Rs,(Sp7,d); F) =F = F*.

Similarly, the next time we connect points is at € = §p; now the remaining connected components will be
separated by only N¢ gaps, and thus

g —s—1

Ho(Rs, (So.7.d); F) =F € =F

The last time we connected points was at §¢; since this means all adjacent points are connected we
conclude there is only one connected component, i.e.,

Ho(Rs.(Sw.7,d); F) =F. 0

Corollary 3.4. Let T € N and w € R ~ Q with continued-fraction expansion [a,, ay, as, ...] and i-th
convergent p;/qi, and let k, r and s be the unique integers for which

Gk +qk—1 < T < qi + qi41 and T=rqr+qi-1+s for1<r<a1and0<s <q;—1.
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Let
D; =gqiw— pi,
and suppose
r<aky and s+1< pg.
If
8o =Dk, 8 =|Dr+1l+ (ax+1 —1)|Dkl, 8¢ =34+ 35,
then
dgmg (So,7, d) = {(0,84)" 7%, (0,85)" ", (0, 8¢)% 72, (0, 00)},

where the upper indices indicate the multiplicity of each point in the diagram.

Proof. For € < € let
Te e Hy(Re(Sp.1,d); F) — Ho(Re/(Su.7, d); F)

denote the linear transformation induced by the inclusion of Rips complexes, and let ,88’6/ be its rank.
Since S, 7 is the vertex set of R (S, 7, d) for all € > 0, and a basis for Hy(K; F) is given by choosing a
vertex in each path-connected component of the simplicial complex K, then T¢  is surjective whenever 0 <
€ <€, and the zero map for € <0. Hence ,38’6/ isequal to 0 if € <0, and equal to dimp (Ho (R (Sw. T, d); F))
if 0 < € < ¢€'. The result follows from applying Corollary 3.4 to compute dimg(Ho (R (S, 7, d); F)), and
combining the result with the formula from (1); see Remark 2. U

Example 3.5. Consider the parameter value +/5 shown in Figure 9, top left. To compute the lengths of
the gaps in S s5 ¢, we follow Proposition 3.2. We note that

V3=12,4,4,4,4,4,...],
and thus using Proposition 2.33 we obtain gy = 1, ¢» =4, g3 = 17 and g4 = 72. Since
qG1+q <16 <g2+q3
we conclude k = 2. One can readily check that
16 =3¢, +¢q1+3

is the desired decomposition, i.e., r =3 and s = 3. Hence we have Ny = 1641 —4 = 13 gaps of length
84 =14v/5—-9~0.05573, Ng =3+1 =4 gaps of length § 3 = |17+/5—38| + (4 —3)|4+/5—9| ~ 0.06888,
and Nc =4 —3 — 1 =0 gaps of length 8¢ = [17+/5 — 38| 4+ (4 — 3+ 1)|4+/5 — 9] ~ 0.12461. Thus, by
using Corollary 3.4 in the case of two gaps, we have

dgm{ (S sz 1. d) = {(0,0.05573)"3, (0, 0.06888)°, (0, c0)}.
Example 3.6. Similarly, we consider the set S;_; 16 shown in Figure 9, bottom left. In this case

m—1=1[2,7,15,292,1,1,...],
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Figure 9. We illustrate above how the O-th dimensional persistent homology can be computed
using the three-gap theorem. At e =0, all points in (S, 7, d) count as a basis in Hy(R. (So.T, d); F)
(birth time). At € = §4, points get connected for the first time. The three possible gaps are the
only instances when components are connected (death time). Top row: the set S 5 ¢ is illustrated
with the two gaps it creates. These can be traced in the barcodes and persistent diagram as shown.
Bottom row: the set S;_; 16 creates three gaps.

p1=1, pp=7, p3 =106 and ps = 113. Thus k = 2 since
p1+p2=16 < pr+ps.
Furthermore, the desired decomposition is given by
16=2p>+p1+1,

ie.,r=2and s = 1. Thus we have Ny = 16+1—7 =10 gaps of length §4 = |7(w — 1) — 15| &~ 0.00885,
Np =2 gapsof length 65 = |[106(r — 1) —227|4(15-2)|7(w — 1) —15|~0.12389,and Nc =7—1—-1=5
gaps of length ¢ = |106(wr —1) —227|4+(15—2+41)|7(w —1) — 15|~ 0.13274. Moreover, by Corollary 3.4

dgm® (S, _1.16, d) = {(0,0.00885)'°, (0, 0.12389)2, (0, 0.13274)*, (0, 00)}.
We also compute dgmf(Sw,T, d). In Theorem 3.7 we assume
s+1<gqgr and SC<%

to simplify the presentation. If instead s 4+ 1 > gy, then N¢ = 0 and only the two gap lengths §4 and ép
occur—so one may simply set max{§4, 65} in place of §c. Likewise, if the largest gap &, satisfies
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Sp > l, then by Lemma A.5 we have A < §y, forcing every potential 1-cycle to be 0 in Hy, i.e., a trivial
case. We denote addition modulo 7 + 1 by &.

Theorem 3.7. Let T € N and w € R ~\. Q with continued-fraction expansion [ay, ay, as, ...]| and i-th
convergent p;/q;, and let k, r and s be the unique integers for which

Gk +qi—1 =T < qi + G and T=rqi+qi-1+s for1<r=<aiy1and0=<s <q;—1.
Let
D; =gqiw— p;,
and assume

s+1<qx and |Digyil+ (ag1 —r + D|Di| < 3.

Let " be the set containing the pairs (x,y) for x,y € S, 7 and x <y, for which there exists a 7 €
([0, x) U (y, 1)) N S, 7 such that 1 —d(x, y) < 2max{d(y, ), d(x, 2)} < 2d(x, y). If
A =min{d(x, y) | (x,y) €T},

then
Fif [Digil + (a1 —r + DI Dy| <€ <A,

Hi(Re(Sw,7.d); F) = :
0 otherwise.

Proof. Let {)c,-}iT:0 be the points of S, r in ascending order, and consider the 1-chain

T
o= Z{xi,xi@l},
i=0

where i @ 1 denotes i + 1 mod (7 4 1). By Proposition 3.2, the maximum distance between consecutive
points is

8¢ = [Diy1| + (agq1 —r + DDyl
Hence

0 € C1(Re(Su,7.d)) < €>6c.
One checks immediately that do = 0. Lemma A.4 then shows any nonboundary 1-cycle in
C1(Rsc (Su.7. d))

is homologous to o. Consequently [o] generates Hy(Rs.(So,T, d); F).

To show that o is not a boundary, it suffices to prove there is no 2-simplex v € C2(Rs. (S, T, d)) with
0t = 0. We argue by contradiction. Suppose there exists T € C2(Rs. (ST, d)) such that 37 = o. Let us
first show we may assume, without loss of generality, that

d(0, x;) = Sc.
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To see this, we construct an explicit isometry on (S, 7, d) which reindexes the points accordingly. By
hypothesis, there is an index ip with
d_(xi05 xio@l) = 8C'
Define
o if i > o,
Gy =17 L
1—(x;,—x;) ifi <ip.
A direct check shows
d(¢(xi), p(x))) =d(x;, x;) forall i, j,
S0 ¢ is an isometry. By Proposition 2.22, it induces identical persistence diagrams. Finally, set

yj =¢xi@;) for j=0,1,...,T,
so that
0:y0<y1<"‘<yT<1 and j()’o,)’l)=5c-

This relabeled sequence {y;} therefore has the desired property; we thereafter write x; := y; for all j.
Now, since dt = o, T must contain a 2-simplex of the form {0, x;, x;,} for some iy > 1. If x;, < % then

d(0, x;,) = d(0, x1) +d(x1, xi,) > Sc.
If instead x;, > % and c?(xl,x,-o) < ¢, then
d(0, x;) = min{d (0, x1) +d(x1, x;,), 1 — [d(0, x1) +d (x1, x;,)1} > 8¢,

since 8¢ < % In either case {0, x1, x;,} ¢ 7, contradicting dt = 0. Therefore no such 7 exists, and o is
not a boundary.
To conclude the proof, it suffices to show that for any € with §¢ < € < A, a 2-simplex

T € Co(Re(Sw.7, d))

satisfying dt = o appears precisely at € = A. In particular, no such t exists when € < A, but at € = A one
does. Hence for all € > A, the class [o] is trivial in Hi (R (S, 7, d); F).

We now demonstrate by explicit construction that at € = A there is a 2-chain 7 € Co(Ry(S,.7, d)) with
37 = 0. Choose (x,,, X,,) € " so that & = d(xy,, Xn,), and let x,,; be the third point paired with (x,,, X»,)-
By assumption

max{d (Xn,, Xn3)» d(Xn,» Xny)} < d(Xnys Xny) = A,

Hence {x,,, Xpn,, Xs,} lies in Ry (S, T, d).
Next define the 2-chain

ny—1

T =) {Xi. Xig1s Xny).

i=n
Because for n; <i < no,

d_(-xi9 xi-‘rl) < d_(-xnl ) xnz),
71 € Co(Ry.(Sw, 7, d)).
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To define the analogous chains 7, and 73, we use the fact that S,, 7 can be identified with the circle. Let
{xl.z}?:2 , be the sequence of points obtained by starting at x,, and moving clockwise until x,,,, inclusive —
SO x% = Xp, and xf‘z = Xp,. We then set

Ar—1
2 2
T2 = Z {xl ’ xi+]a xnj;}s
i=1
interpreting o, = 0 if A, = 2.
Similarly, let {x?}fﬁl be the sequence of points starting at x,, and moving clockwise until x,,, with
xf = X, and xfh = Xp,. We define

Az—1

§ : 3.3
3= {xi ’-xi+]a-xn1}a
i=1

again taking 73 = 0 if A3 = 2. In all cases, each 7; lies in C2(R;,.(So, T, c?)).
Finally set
T=11+ 72+ 3+ {Xn, Xny, Xns}-
By construction T € C2 (R, (Sy. 75 d)), and one checks directly that 0t = o. This completes the existence
argument at € = A.

To complete the proof, let € € (6¢, A). If one assumes the existence of a 2-simplex 19 € C2 (R (Sy. 7, d))
with dtg = o, then by considering

max{d(x, y),d(y, 2),d(z, x) | {x, y, z} € 70}
one obtains a contradiction to the minimality of A; see Lemma A.S5. g

Corollary 3.8. Let T € N and w € R\ Q with continued-fraction expansion [ay, ay, as, ...] and i-th

convergent p;/q;, and let k, r and s be the unique integers for which
Gk +qr—1 =T < qk + g1 and T=rqi+qi-1+s for1<r=<agy1and0=<s <q—1.
Let
D =gqiw— pi,
and assume

s+1<ge and |Disil+ (e —r+DIDil < 5.

Let I" be the set containing the pairs (x,y) for x,y € S, 7 and x <y, for which there exists a z €
([0, ) U (y, 1)) N Sy, 7 such that 1 —d(x, y) < 2max{d(y, 2), d(x, 2)} < 2d(x, y). If
»=min{d(x, y) | (x,y) € T},
then
dgm (Su,7, d) = {(IDgs1] + (@1 —r + DIDg|, 2)).
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Proof. The 1-cycle o constructed in the proof of Theorem 3.7 provides a persistent generator for
Hi(R(So,7.d): F)

whenever | Dy 1|+ (a1 —r +1)| D] = 8¢ < € < A. This shows that the persistent Betti numbers ﬁf’el
are zero for € < §¢ or A < €', and equal to one for §¢ < € <€’ < A. The result follows from Remark 2. [J

4. Approximation method

We now detail our approximation method for the sliding-window embedding of quasiperiodic functions.
To handle general quasiperiodic functions, it is sufficient to consider those that are sums of exponentials,
as discussed in Section 2.3. When f takes this form, its sliding-window embedding admits the matrix
representation
SWuc f(1) = Avy.
Recall that
SWa o f(T) ={SWac f(@) |1 =0, ..., T}

denotes the corresponding sliding-window point cloud, and let ¢y be the trajectory {v; |t =0, ..., T};
we assume 7’ < T, and let G7 be as defined in (2). Throughout this section let [y, M, N € N, we use j
and [ as dummy variables, and we let i = »/—1 € C. Our approximation method relates the following
metric spaces, and their corresponding persistence diagrams:

(SWa,r f(T), d2) ~ (@1, doo) ~ (G717, doo).

The first relation is obtained using an eigenvalue argument. Let oy, and omax be the smallest and largest
singular values of A, respectively.

Lemma 4.1. Let
M

f@) = chezm“’ft for cj € C\ {0} and wj € R.
j=1
— -1 R
Define k = max{o,;, Omaxv' M }. Suppose (a1, by) € dgmlo (¢7,dx0). If
b
=S k2,
ay
then there exists a unique (ag, by) € dgml’; (SWy.r f(T), dr) such that

1 max{bg, by} max{ag, a;)
L , — <k.
k  min{bg, b1} min{ag, a1}

Proof. Note that

Omind2 (Vy, , Vpy) < do(Avyy, Avyy) < Omaxd2 (Vg5 V) and  doo(Vyy, Vpy) < do (Vg5 V) <V Mdoo (v, v1y).
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We conclude that

1 v
dOO(vl‘| 9 vl‘z) 5 dZ(U[], vl‘z) 5 = dZ(Avl‘l ) Avl‘z) 5 (;:maX dZ(Avﬁ 9 Avlz) 5 Mdoo(vtp vlz)'

min min
Since SW, . f(t) = Av; and A is full-rank (provided d and t are chosen according to [Gakhar and Perea
20241]), then

Rc(SWy ¢ f(T), d2) = Re/oin (@7, doo) = Re(omaxfomin) (SWa, f(T), d2)

under the induced simplicial maps obtained from w : SWy ; f(T) — ¢, u(Av,) =v; and v : ¢pr —
SWy . f(T), v(v,) = Av,. We have the diagram

Re(SWy; f(T), d) ——— Ripe(SWy o f(T), da)

~,

Rke (¢T s doo)

where ¢ is the inclusion R, (SWy ; f(T), d2) — Ri2. (SWy. . f(T), dp). Furthermore ¢ is contiguous to
vou;thatis, for o € Re(SWy . f(T), dz) we have t(c) Uvo (o) € Rz (SWy . f(T), d2). Hence we
obtain a commutative diagram at the level of homology, which we reparametrize in logarithmic scale as

Hy (Rine)(SWa - f(T), d2); F) &y Hy (R2n(k)+1n(e) (SWa, f(T), d2); F)
N /'
Hy, (Rin(k)+ince) (@1, do); F)
This gives us a In(k) interleaving which implies by Theorem 2.9 that, if for (a1, b1) € dgmfs (07, do),
In(by) —In(a;) > 21n(k),
ie., bi/a; > k2, there exists a unique (ag, bg) € dgmllg (SWy. - f(T), dp) such that

[In(b;) —In(bg)| < In(k) and |[In(a;) —In(ay)| < In(k).
This implies

Ingk) < ln(max{bo, b1}>’ ln(max{ao, ar)

min{bo, by} min{ag, a;}

) < In(k),

from which the result follows. O

To relate the two metric spaces

(¢7,do) and (G, doo),

we apply Theorem 2.19 together with the definition of the bottleneck distance.



ESTIMATION OF PERSISTENCE DIAGRAMS VIA THE THREE-GAP THEOREM 33

V’i?“:\\.' o o oo e oo o Ao LI )

, ?&g{ T8
| ‘E-%;’a‘} SR

Figure 10. Comparison of ¢;3 (red triangles) and G5 (blue dots) for a two-frequency torus with
incommensurate w; and w,. Left: points plotted on the torus T> C C2. Right: same points in
the rectangular fundamental domain [0, 1). The pair marked x realizes the Hausdorff distance
between ¢3 and G 3.

Lemma 4.2. Let A =dgy (o7, Gr/) and (a», b)) € dgmfg(GT/, doo). If
by —ar > 4x,
then there exists a unique (ay, by) € dgmllg (71, dso) such that
b1 — by| <20 and |ay —a| < 2A.
Proof. Let B = dp(dgm (G, doo), dgmf (¢, dx)). By Theorem 2.19, B < 2A. Thus
by —ar > 4)1 > 2B,

and hence by the definition of the bottleneck distance, Definition 2.8, there exists a unique (aj, by) €
dgmy (¢7, doo) such that

|by — byl < B<2A and |a; —ax| < B <?2A, O

Using the same notation as before, we combine the results to obtain a direct relation between
dgmp (SWy - f(T), dp) and dgmf (G, doo):
Theorem 4.3. If (az, by) € dgm{(G7, doo) satisfies

by —2A

> max{k>, 1},
ay+2A

then there exists a unique (ag, by) € dgmfg({SWd,T f (t)}tho, dy) satisfying

ar — 2\

by — 2\
maX{O, 2 k } <byg<k(by+2)\) and max{O, } <apg <k(a)+21).
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Proof. Let us note that the assumption implies

by —ay > by — ay max{k>, 1} > 21 + 21 max{k>, 1} > 4x,
and thus by Lemma 4.2 there exists a unique (a;, by) € dgml’; (¢, do) such that

by =2\ <by <by+2)2 and ap; —2X <a; <ap+2A.

We conclude
bl by —2A

>
aj ar + 2\

> kz,

and thus by Lemma 4.1 there exists a unique (ag, by) € dgml’; (SWy . f(T), d2) such that

1 max{bg, b1} max{ag,a;}
- < — , — <k.
k  min{bg, b1}  min{ag, a1}

without loss of generality we assume by = max{bg, b;}. Combining our inequalities, we get

by—2) b
21< <%<bo<kb1<k(b2+2x).

An analogous inequality can be obtained for a(, completing the proof. U

A similar result can be obtained for “symmetric” signals. The following shows it is sufficient to scale
our coefficients and consider only half of the frequencies.

Corollary 4.4. Let

N
F@O) = ;@™ 4 e7 i) for c; e C\ {0} and w; € R.
j=1

Let ¢ denote the trajectory
dr = {(E 7T L Ene?TIONY T 11 =0,1,..., T},
and let G denote the grid
Gp = (G ¥ . eye?™ vy T 1 =0,1,...,T, n=1,...,N}.

Let k = max{o,,, Omax/2N} and A = dg (¢, Gr). If (a2, by) € dgmf (G, do) satisfies

by —2X

> max{kz, 1},
ar + 2A

then there exists a unique (ay, by) € dgmllé (SWy.. f(T), dy) satisfying

by — 2\ a — 2\

maX{O, } <by<k(by+2)) and max{O, } <ag <k(a)+21).
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Proof. Let

br = (272(@eFIN, L EyeTION GO Gy TON Ty p
By Lemma 4.1, if (@1, by) € dgm{ (¢, dso) and
@ > k%,
a)

then there exists a unique (ag, bg) € dgmllg (SWy . f(T), dy) such that

1 max{bo, b1} max{ap,a}
- < — —, — — < k.
k min{bg, b} min{ag, a}

On the other hand, since

da(cie' ", c;e'™™) = dy(cre™' MM, creT ),

the maps u : qu — ¢r, u(v;) = «/Evt and v : ¢7 — qST, v(v;) = 2*%vt are isometries. Thus, by
Proposition 2.22, (a1, bi) € dgmf(¢r, doo) if and only if there exist a unique (ay, by) € dgm (¢7, doo)
such that

aj=a, and by =b.
Combining this fact with Lemma 4.2, we can say that if (az, by) € dgml]; (Gr/,ds) and
by —ay > 4\,
then there exists a unique (ai, b)) € dgmllg (qST, d~o) such that
|by —bs| <22 and |a; —az| < 2A.

By the equivalences that have now been shown, we can replicate the arguments in Theorem 4.3 to conclude
the result. O

Remark 3 (error-bound confidence region). Let
(a2, by) € dgmf (G, dos).

Under the hypotheses of Theorem 4.3 there is a corresponding (ag, bg) € dgmllg (SWy . f(T), dy) satisfying

by —2A ay — 2\
maxi 0, <by<k(bp+2A) and max{0, <ap <k(ar+2A\).
It follows that (ag, bp) lies in the rectangle
(x0, y1) (x1, y1)
(ao, bo)

(x0, Yo) (x1, o)
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where xo = max{0, (ax —2)1)/k}, x; = k(az +2X), yo = max{0, (b —2X)/k} and y; = k(b 4+ 2A). This
rectangle serves as a confidence region for the approximation.

We have shown explicitly how dgm,lg (Gt,dx) approximates dgm,lg (SWy . f(T),dy). In order to
leverage our results from Section 3 we use the Kiinneth formula; see Theorem 2.21. It allow us to apply
Theorems 3.3 and 3.7 to compute dgmllg (Gr1,dx) for lp =1, 2. This approach is detailed in the next
result. For ease of presentation, we shall express persistence information using the barcode notation bcdiR
in the following result; these barcodes correspond exactly to the persistence diagrams dgmiR as detailed
in Section 2.

Theorem 4.5. Letcj € Cand w;j €R. Fora,b,s € R, leta =2sin(ra), a)g =w;/Q2r) and, for I =|a, b),
we let I = [a, b) and write sI to denote [sa, sb). Let

Gr ={(c1e"", ..., cne' ™™ ) Yoy <7
Then,
bedf (Gr.do) = ) Uerllin-- NleylIn | I € bedf (S, 7. d)).
Y=l
Proof. For 0 <[ < N let
X = {Cleiwlt}szo-
By Theorem 2.21,
bedf (Gr.doo) = ) (1N Ny | Jebedf (X, dy)).
>un=l

Thus it is sufficient to show that J; € bcdff (Xy, d») if and only if there exists a unique /; € bcds (Sw;’T,, d)
such that
Ji=lall;.

To do so, define x; = w;t; mod 27r and consider the metric d; on X; given by
d(cie"", c1e"”™) = |¢j| min{|x; — x2|, |27 — x2 + x1], |27 — x1 + x2}.

This metric captures the geodesic distance between points along the circle of radius |¢;| centered at (0, 0).
By trigonometric identities,
|ca| sin(Jci| ™ di(cie’", ¢;e'"))

sin(3(r — |ci|~dy (el crei®i)))

do(cre' ", cje' ) = =2|c/| sin(3 (|~ di(cre ™, e ™))).

Thus, as a consequence of Theorem 2.9, J; € bcdff (X1, d») if and only if there exists a unique [a, b) €
bedf(X;, d;) such that

Ji = [2lalsin(3lal ™ a), 2]e| sin(3]ei|7'D)).
Furthermore, noting

dy(cie’™", cje'™) = 2zt |eild ([wjn1], [w)ta]),
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we can similarly say [a, D) € bcdf (X1, dp) if and only if there exists a unique [ag, bg) € bcdf (Sa)l’,T’ cf)
such that
la, b) = [27|ci|ao, 27 |c1|bo).

Combining these equivalences gives the desired result. U

4.1. Example. We execute the workflow illustrated in Figure 8, which takes as input a quasiperiodic
function and produces the diagrams, for 7" < T,

dgmf (G, dy) for 1=1,2.
Concretely, we set

f(t)=Lel\/§t+ 1 i\/gt.

—=€

V2 V2

We then carry out three stages:

(1) Algorithm 1 (three-gap code): For each incommensurate frequency w; € {(+/3, +/5}, run Algorithm 1

using the results from Section 3 to obtain the exact diagrams

R 7 / W
dgm, (Sw;,T’, d) forl=12andw; = P

(2) Persistent Kiinneth formula: Assemble these single-frequency outputs via Theorem 4.5 to obtain the

diagrams
dgmf (G, dy) for 1=1,2.

(3) Error bounds: Finally, Theorem 4.3 provides an explicit bottleneck-distance bound showing that
dgmlR (G, d) approximates the true sliding-window diagram dgm,R (SWy,¢ f(T), do) within the claimed

error.
Remark 4. In practical applications to real-world data, the frequencies w; are first estimated via the FFT

of the observed time series (see Section 5).

With the roadmap in place, we begin by constructing the sliding-window embedding matrix as detailed
at the end of Section 2.3. In our example one obtains
1 1
1 eix/gr ei«/gr agjﬁ;)

Jd+1 : : GrelVSt
eiﬁdr eiﬁdr

SWa f(1) =

where ¢ = ¢y = /d + 1/\/5.
We take

d=1 and 7=—" _.
V3-4/5

With these parameters A is orthonormal. Hence

k= max{or;i:], OmaxV M} = max{1, «/5} =+/2, where M =2.
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Finally, we approximate the sliding-window point cloud
SWy . £(2000)

using 7’ = 500. This sets the stage for fleshing out our 3G approximation method. We next apply
Algorithm 1 to each frequency component in turn.
First, the scaled frequencies admit the continued-fraction expansions

3 5
wﬁ:j—;=[0;3,1,1,1,2,...] and wg:;/—;=[o;2,1,4,3,1,...].

By Corollaries 3.4 and 3.8, the resulting persistence diagrams are
dgmg (S, s00- d) = {(0, 1.577 x 107%)'%, (0, 2.077 x 107°)*'®, (0, 3.654 x 107)**, (0, 00)},
dgmf (S, s00. d) = {(3.654 x 1077, 334.551 x 107},
dgmg (S 500- d) = {(0,0.368 x 107%)"%1, (0, 2.637 x 107)*, (0, 3.005 x 107", (0, 00)},
dgm{ (S 500- d) = {(3.005 x 107, 334.846 x 107)}.

With our single-frequency persistence diagrams in hand, we now apply the persistent Kiinneth formula

(Theorem 4.5). Recall

Gsoo = {(€"'", €' ™) }o<ty.1<500-

To verify the hypotheses of Theorem 4.3, we identify the diagrams of maximal persistence. From
dgm{ (Su 500, d) the interval (af, b)) = (3.654 x 1073, 334.551 x 10~%) induces in dgm{ (G500, do) the
interval

(af, b)) = (2sin(a}m), 2 sin(bjm)) = (0.02296, 1.73586).

Similarly, from dgm{ (S, s00. @) with (a5, b3) = (3.005 x 1072, 334.846 x 10~%) we obtain
(dy, by) = (2sin(djm), 2 sin(bym)) = (0.01888, 1.73678).
In dgmg(G500, ds) the most persistent interval is (a3, b) = (0.02296, 1.73586).

Since A < dy (¢2000, Gs00) = 0.20975 and max{k?, 1} = 2, we compute

b —2x _ 1.73586 —2-0.20975 by —2x _ 1.73678 —2-0.20975

" - 7 - =3.0049 > 2.
ay+2x  0.02296 +2-0.20975 ay+2x 0.01888 +2-0.20975

=2.9751>2 and

Thus the conditions of Theorem 4.3 are met. Define, for any x,

x —2A

X(x):max{O, } and Y(x)=k(x+2)).

We compute the error bounds to be
(X (a)), Y(a))) = (0,0.6257), (X (b)), Y (b)) = (0.9308, 3.0481),
(X (d3), Y(ay))) = (0,0.6200), (X (b)), Y (by)) = (0.9315,3.0494),
(X (@3), Y(@3)) = (0,0.6257), (X (b5), Y (D3)) = (0.9308, 3.0481).



ESTIMATION OF PERSISTENCE DIAGRAMS VIA THE THREE-GAP THEOREM 39

dgm{e dgm§ o
running time
3.0 3.0 700 g
2.5 2.5 SO0 "
2.0 2.0 2300 == S s
g5t - sW(000) | Eps|F ) - SW(2000) | 3300 ?(2)
8 ol ~SWs00) | S 0] - SWL(500) | “ 300 3G e
0.5 = K7(500) 0.5 = K1 (500) 100 - ot
' K3G(500 : K3G(500 0 e ™2
0.0 36000 0.0 36000 0 200 400 600 800 1000
00 05 1.0 15 20 2.5 3.0 00 05 1.0 1.5 20 25 3.0 n
birth birth

Figure 11. Persistence diagrams from Section 4.1. We also report the computation times
for Ripser [Bauer 2016] on the sliding-window embedding (SW) and the method (K ). Our
implementation (K3g) does not invoke Ripser at any stage.

Therefore Theorem 4.3 guarantees unique diagrams
(a1, b1), (a2, by) € dgmf (SWy ; £(2000), d>) and (a3, b3) € dgm¥ (SWy ; £(2000), d»)
satisfying
0<a; <0.6257, 0.9308 < by <3.0481,
0 <ay <0.6200, 0.9315 < by <3.0494,
0<a3=<0.6257, 0.9308 < b3 <3.0481.
Finally, we compute the actual persistence diagrams of the sliding-window embedding for verification.

By evaluating
dgmP(SW, ; £(2000), dy) for i =1,2,

one finds that the diagrams predicted by our 3G method are
(a1, b1) =(0.193,1.771), (a2, b2) =(0.194,1.753) and (asz, b3) =(0.296, 1.753).

Each (a;, b;) lies within its respective error-bound rectangle, as shown in Figure 11. For comparison, we
also include two alternative approximations — the sliding-window landmark method SW (n) and the
landmark-based Kiinneth method Ky (n) [Gakhar and Perea 2019] — together with their corresponding
error-bound rectangles and measured computation times for varying sample sizes #.

5. Applications

In this section, we will apply our pipeline, 3G, to the following examples: synthetic tremor signals in
nonlinear tuned vibration absorbers as indicators of safe or unsafe operations [Detroux et al. 2015];
neuroscience, where quasiperiodicity is associated with task-specific functions in certain brain areas
[Kaslik et al. 2022]; and celestial mechanics, where quasiperiodicity translates to favorable trajectories
for missions [Gémez and Mondelo 2001]. We contribute to these fields by providing a faster alternative
(see Figure 11 and Table 2) to analyze the reconstructed signals of potential quasiperiodic systems.
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5.1. Methodology. We focus on dynamical systems whose flow @ arises from a known system of ordinary
differential equations. To generate a corresponding time series “observation”, we solve these ODEs from
a chosen initial condition and record the resulting solution values as the signal f(z). We reconstruct
the system by computing the sliding-window point cloud {SWy ; f (et)}tTZO, where € is chosen according
to the Nyquist—-Shannon sampling theorem [Shannon 1949]. The framework detailed in [Gakhar and
Perea 2024] provides a method for selecting d and t and approximating dgmj.e {SWy. f (et)}tTZO, d>) with
dgmf({SWd,,Sl f(et)}tT:O, d>). Since S| f is a sum of the form shown in Corollary 4.4, we can apply
our result to approximate the latter, thus closely approximating the former. Indeed, in the examples we
consider,

2
S]f(ét) — ch(eiewjt _{_efl'éa)jt)‘
j=1
Thus 3G can be used to approximate dgm§-e ({SWy :S1f (et)}tTZO, d») with a known error bound as detailed
in Remark 3.

5.2. Results. We consider systems with known quasiperiodic behavior, specifically those with two
incommensurate frequencies. Hence the sliding-window point cloud {SWy . f (et)}tT:0 samples a 2-torus.
We label the corresponding persistence diagrams as SW(T') (shown as brown dots). By SWg, (T'), we
denote the persistence diagrams of the sliding-window embedding S;(f) (shown as blue squares). The
approximation obtained from 3G is labeled K35 (7T) (shown as orange crosses).

5.2.1. Double gyre. The driven double gyre system provides a model for patterns occurring in geophysical
flows [Shadden et al. 2005]. A topological approach to it has shown great success. Indeed, as shown
in [Char6 et al. 2020], there are multiple topological classifications that can be observed in the system
representing the motion of a fluid particle. In this work, they noted that the motion of fluid can be sparse,
meaning some initial conditions will imply a particle will be contained in a small region. Different initial
conditions have shown trajectories with the topology of a standard strip, five-handle structure with torsion,
torus, and mobius strip. This result was achieved by calculating homologies in a branched manifold
while keeping track of the orientability chains, allowing for the identification of the branches and the
localization of twists or torsions. This approach is called branched manifold analysis through homologies
(BraMAH). At its core, it follows the principle of reconstructing a dynamical system from a time series.
Yet the details at each step are completely different from SW. Nevertheless, for the corresponding initial
conditions, we independently corroborated the presence of a torus, i.e., quasiperiodicity in the motion
of the fluid particle; see Figure 12. This highlights the robustness offered by a topological approach to
dynamical systems.
Concretely, the driven double gyre is given by the equation X = (—dy/dx,, d¥/dx|), where

Y (x1, x2,t) = Asin(wg(xy, 1)) sin(wxz)
with
g(x1, 1) = nsin(at) (x7 — 2x1) +x1,
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Figure 12. Top row: phase portrait of the driven double gyre system with initial condition xg
(left), the corresponding trajectory x;(¢) used for sliding-window embedding (center), and its
Fourier power spectrum via FFT (right). Bottom row: the persistence diagrams of the resulting
Rips filtrations for x; (7).

and parameter values A, © =0.1 and A = %n. The system has a toroidal attractor for the initial condition
xo = (0.5, 0.625) [Char6 et al. 2020]. We solve the system using dt = 0.1 up to r = 800. Furthermore,
SW is done using f =x;,d =4, t =119.03 and € =0.1.

5.2.2. The torus. We now consider a toroidal attractor in R* with coordinates (x, y, z, 7). The dynamical
system is given by the set of equations

i=—y+x(l=vVal+yh), y=x+y(-Vai+y?),
t=—kr+z(4— V41, F=kz+r@—VF+rh.

When £ is irrational, the solutions span a torus [Penalva Vadell 2018]. We consider the case k = /2 with
the initial condition (xg, yo, zo, o) = (1, 0, 4, 0). We solve the system with dt = 0.1 up to r = 800. The
sliding window is done using f =x +2z,d =4, T = 87.56 and € = 0.1; see Figure 13.

5.2.3. Pendulum attached to a sliding block. We now consider a particular type of tuned mass damper
(TMD). A TMD is a device used to suppress vibration by moving a mass attached to the main structure
through springs and dampers [Wen et al. 2019]. This model has been successfully used to dampen the
effect of long-duration earthquake ground motions [Murudi and Mane 2004]. Indeed, one can consider
the main structure being a skyscraper and the incoming wave being generated by the earthquake. Thus a
better understanding of this system translates to earthquake-resistant technologies.
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Figure 13. Diagrams obtained for the torus in R*.

We consider the case of a pendulum attached to a sliding block; see Figure 14. It was shown to exhibit
quasiperiodicity in [Wen et al. 2019]. The governing equations are

¥+a’x—egh —ELA*0 =0 and 6+ (1+&)p%0 —eha’x +E6%0 =0,

R
0.35 dgm,
0.25. 0.30+
0.201 0.251
0.201
< 0.15 <
5 S 0.15,
< 0.10] e SW(2000) S 010 . e SW(2000)
0.05 = SWq, (2000) ] = SWq, (2000)
' .+ KaG(200) 0051 © Ki(200)
0.00 L : : : : : 0] e ——
0.00 0.05 0.0 0.15 020 025 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
birth birth

Figure 14. Top row: phase portrait (x, x) of the pendulum on a sliding-block system (left), the
scalar trajectory x (¢) used for sliding-window embedding (center), and its Fourier spectrum via

FFT (right). Bottom row: persistence diagrams of the Rips filtration on the sliding-window point
cloud derived from x ().
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and g is the acceleration of gravity. The parameter values are m = 0.5, M =1, L =1and k =5. We
solve the system with the initial condition (xg, X, 80, 90) = (0.1, 0, —0.1, 0) and dt = 0.27 up to t = 540.
The sliding window is done using f = x,d =4, t = 108.05 and € = 0.027.

in which

5.2.4. Generalized Wilson—Cowan equations. We consider a generalized version of the Wilson—Cowan
equations. Traditionally, these equations are derived via a time-coarse graining technique that averages
the response. They also restrict to a weak gamma distribution of time delays. The extended model has
been treated in [Kaslik et al. 2022], and is given by

u(t) =—u()+ fi <9u +/

h(t —s)(au(s) + bv(s)) ds),

() =—v(@)+ /> (91; —l—/ h(t —s)(cu(s) +dv(s)) ds),

—o00
where u(¢) and v(¢t) model the firing activity in two neuronal populations, a, b, ¢ and d are the connection
weights, and 6, and 6, are background drives. The activation functions f; and f, are smooth and
increasing on the real line. We consider three types of delay kernels 4 : [0, co) — [0, c0), namely, weak
gamma, strong gamma and Dirac kernels. Their analysis indicates a preferable kernel based on the
function of the model populations.

One can readily verify that this system recovers the Wilson—Cowan equations in the case of a weak
gamma kernel. We consider the case of a Dirac kernel; see Figure 15. This system has been shown to
exhibit quasiperiodicity [Kaslik et al. 2022; Coombes and Laing 2009]. Furthermore, it has applications to
the subthalamic nucleus—globus pallidus network involved in Parkinson’s disease (guided by anatomical
and electrophysiological research) [Holgado et al. 2010]. The system of interest becomes

u) =—-u®)+ f1O, +aut —1) +bv(t — ), v@)=—-v@)+ 20, +cult —12) +dvt — 1)),

where

fix) = fa(x) = m-

The parameter values are 8, =0.1,60, =0.2, 71 =10, =0.152,a=d =—19,b=c=10and § = 10. We
solve the system with initial conditions (ug, vg) = (0.05, 0.05) and dt = 0.001 up to ¢ = 50. The sliding
window is done using f =u,d =4, t =1.712 and € = 0.01.

5.2.5. Electromagnetic radiation on a Wilson neuron model. Wilson [1999] introduced a simplified model
for a neocortical neuron by making assumptions on the Hodgkin—Huxley model. The biophysics of these
neurons is governed by the interplay of about a dozen ion currents. His model showed the need for only
four ion currents to accurately replicate known spiking behavior. We analyze an extension of his model
that incorporates the presence of electromagnetic radiation (EMR).
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Figure 15. Top row: phase portrait («, v) of the generalized Wilson—Cowan equations (left), the
scalar trajectory u(t) used for sliding-window embedding (center), and its Fourier power spectrum
via FFT (right). Bottom row: persistence diagrams of the Rips filtration on the sliding-window
point cloud derived from u(z).

Commonplace presence of electronic devices introduces EMR exposure to neurons. The effects EMR
has was imitated with the presence of a flux-controlled memristor in [Ju et al. 2022]. Their proposed model
was shown to exhibit quasiperiodicity and their results were successfully replicated using a microcontroller
unit-based hardware platform. Their mathematical model describes membrane potential v, recovery
variable r and inner state of the memristor ¢,

d
Cn Gy = ~moo(®)(v = Ena) = 857 (v — Ex) + lex = ki W(@)v,
dr _ 1 do _ _
g = T, R =v—lag e,

where
Moo (V) = 17.8+47.6v+33.80> and reo(v) = 1.24+3.7v +3.20%.

We use typical model parameters for the membrane capacitor, C,, = 1, reverse potential for sodium and
potassium, Ey, = 0.5 and Ex = —0.95, respectively, maximal conductance of potassium, gx = 26,
potassium ion channel activation time constant, 7, = 5, and external stimulus current /.5 = 1 [Xu et al.
2021]. The EMR external contribution is given by ¢ext = A sin(2w F't), and the terms ky W (¢)v and k¢
denote the induction current caused by variation of magnetic flux and the leakage of magnetic flux. The
memductance of the memristor is given by W(¢) = a — btanh(¢) [Bao et al. 2017]. The remaining



ESTIMATION OF PERSISTENCE DIAGRAMS VIA THE THREE-GAP THEOREM 45

dgmf dgm¥
0.14 { 0.14 1
0.12] 0.12]
0.10 0.10
£ 008 £ 008
< <
 0.06 e SW(2500) g 0.064 e SW(2500)
0.04 = SW;, (2500) 0.04+ = SWs, (2500)
0027 ¢ Ks(200) 0027 + Ks(200)
0.00 | - ool -
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
birth birth

Figure 16. Top row: phase portrait (v, r, ¢) of the system (left), the radial coordinate trajectory
r(t) used for sliding-window embedding (center), and its Fourier power spectrum via FFT (right).
Bottom row: persistence diagrams of the Rips filtration on the sliding-window point cloud derived
from r(¢).

parameter values area =1,b=3,k; = 1.2, k; =0.5, A =0.35 and F = 0.22. We solve the system using
the initial conditions (vg, rg, ¢o) = (0, 0, 0) and dt = 0.01 up to ¢ = 500. The sliding window was done
with f =r,d =4, t =72.21 and € = 0.07; see Figure 16.

5.2.6. Competitive threshold-linear network. Threshold-linear networks (TLNs) provide an accessible
model incorporating a threshold nonlinearity [Morrison et al. 2024]. TLNs refine linear approximations
of networks. The TLN model can be described by the equations

n
dx;
d_tl =—Xx; + [Zl Wijx; +bi:|
j:

where i =1, ..., n and x; represents the activity level of node i. The term W;; is the directed connection

_|_

strength, b; is the external drive and [y]+ = max{y, 0} is the threshold nonlinearity.
We consider competitive TLNs, where W;; <0, W;; =0 and b; > 1. Furthermore, we consider the
connection strength:
0 ifi =j,
Wij=4—-1+4+A if node j is connected to node i,
—1—4 otherwise.
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Figure 17. Top row: three-dimensional PCA projection of trajectories from the competitive
TLN model (left), the scalar trajectory x4(¢) used for sliding-window embedding (center), and its
Fourier power spectrum via FFT (right). Bottom row: persistence diagrams of the Rips filtration
on the sliding-window point cloud derived from x4(¢).

This model has shown complex behavior, including quasiperiodicity. We replicate the quasiperiodic
behavior of [Morrison et al. 2024, Figure 2] and refer to it for the initial condition and connection matrix.
The remaining parameter values are n =25, b; = 1, A = 0.25 and § = 0.5. We solve up to = 600 and
perform the sliding window with f = x4, d =4, T =27.53 and € = 0.07; see Figure 17.

5.2.7. Restricted three-body problem. In celestial mechanics, the restricted three-body problem (RTBP)
offers an accessible model with known equilibrium points [Koon et al. 2000]. The equations describe
the progression of three celestial bodies in which one of them is considered a massless particle. The
other two bodies, called primaries, are assumed to move in circular orbits around their center of mass.
By taking a coordinate system that rotates with the primaries and under the appropriate scaling, it can
be assumed the primaries have masses 1 — u and u, u € [0, %] are fixed at (u, 0,0) and (u—1, 0, 0),
respectively, and complete one revolution in 2 [Gémez and Mondelo 2001]. This framework allows us
to express the motion of the massless particle by the equations

X=2y=Q,, V+2=9, I=Q,
where

l—p pn
Q=302+ +——+—+u(l - ),
A rn
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Figure 18. Top row: phase portrait of the restricted three-body problem in (x, y, z)-space,
showing the Earth (blue/green) and the Moon (gray) as fixed primaries (left), the scalar trajectory
x (1) used for sliding-window embedding (center), and its Fourier power spectrum via FFT (right).

Bottom row: persistence diagrams of the Rips filtrations on the sliding-window point cloud
derived from x(¢).

and

=\/(x—u)2+y2+z2 and r2=\/(x—/H-1)2—|-y2+z2

are the distances from the particles to the primaries.

The case of the Earth—-Moon system is of particular interest since it can aid in spacecraft missions
interested in the Sun and the magnetosphere of the Earth [Gémez and Mondelo 2001]. Indeed, near the
equilibrium points of the system, quasiperiodicity is present which translates to nice trajectories for a
mission. We replicate this behavior for the Earth—-Moon system; see Figure 18. In this case, © =0.0121506.
We solve the system with the initial condition (xg, yg, 2o, X, ¥, 2) = (—0.5,0, 0, 0, 0, 0.73) up to r = 100.
The sliding window was done with f =x,d =4, T =4.37 and € = 0.03.

5.2.8. Bicircular restricted four-body problem. Considering the effects of the sun in the RTBP model
gives rise to the bicircular restricted four-body problem (BCR4BP). The model is of importance for
exploiting the force from the sun in trajectory designs for lunar missions and has found applications for
ballistic lunar transfers to the lunar region [McCarthy and Howell 2023]. The new model uses the same
coordinate axes as the RTBP and the same circular motion assumptions of the Earth and Moon, but it
now includes terms pertaining to the influence of the Sun. The Sun is assumed to lie in the x—y plane

at a fixed distance to the origin, a4, and move with a constant angular velocity, s, in circular motion.
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Figure 19. Top row: phase portrait of the bicircular restricted four-body problem in (x, y, z)-
space, showing Earth (blue/green), Moon (gray), and Sun (red/yellow) as fixed primaries (positions
not to scale). Center: the scalar trajectory z(¢) used for sliding-window embedding. Right: its
Fourier power spectrum via FFT. Bottom row: persistence diagrams of the Rips filtrations on the
sliding-window point cloud derived from z().

Furthermore, the model assumes the Earth and Moon are not perturbed by solar gravity. Under these
assumptions, the equations are [McCarthy and Howell 2023]

. . 9 .. . dY .. 07
x—2)’+a, y—_2x+g’ Z_E’
where |
_ m m
Y= “+i+%(x2+y2)+x(—4——34(x4x+y4y+141>>,
r13 23 Fa3 ay

and (x4, ya, z4) denotes the position of the sun, r;3, 723 and r43 the distance of the Earth to the massless
object, the Moon to the massless object, and the Sun to the massless object, respectively, and m4 is the
nondimensional mass of the Sun. We note that the case A = 0 reduces to the RTBP. A study of the system
as A increases to 1 is done in [McCarthy and Howell 2023], where they showed the model exhibited
quasiperiodicity. We replicate the quasiperiodic behavior (see Figure 19) for parameter values A = 1,
n=0.012155, as = 388.84, my = 328950.69 and Og = —0.9251986. The system was solved with the
initial condition (xg, yo, zo, X, ¥, 2, 0s) = (1.09, 0, 0, 0, 0.19, 0.05, 2) up to t = 200. The sliding window
was done with f =z,d =4, T =39.99 and € = 0.009.
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example SwW SW(S1) Ksg

52.1 7008.66 7672.85 0.87
522  4351.15 5351.15 042
523  3126.81 3218.73 0.50
524  5556.86 7628.48 0.98
525 513754 6505.54 0.66
52.6 580528 719397 0.22
527  6900.29 7937.03 2.09
528 661533 8231.25 0.59

Table 2. Running times, in seconds.

5.3. Concluding remarks. In this section, we detailed how our 3G method can be implemented on
general quasiperiodic functions. Our approximation method was used on dynamical systems known
to exhibit quasiperiodicity. As our figures show, we successfully approximated the diagrams obtained
from SW. Error bounds can also be computed for our method, illustrated in the plots as rectangles.
Furthermore, our approach significantly reduces computational time, as shown in Table 2. We hope our
work contributes to the implementation of the sliding-window embedding technique on large data sets.

6. Conclusions and future work

We detailed how SW is a vital method used for better understanding of quasiperiodic signals. The
correspondence between a quasiperiodic function of N incommensurate frequencies and an N-dimensional
torus makes persistent homology an ideal component. However, the exponential computational cost of the
latter limits the datasets that can be impacted by SW. Our contribution is providing an approximation to
the persistence diagrams of interest (Section 4). Our method, 3G, achieves this within known error bounds.
On average, our computation took less than 1 second to run for the examples depicted in Section 5. This
contrasts with an average computation time of 5,563 seconds when using a standard library, Ripser [Bauer
2016], to compute the persistence diagrams of interest (Table 2).

Future work for our project would involve improving our approximation by tightening the error
bounds. A more granular approach would be to inspect the specific transformation matrix instead of
relying on a singular value argument. Another direction is to apply our work to real-world data, such as
electrocardiogram datasets.

Appendix

Proposition A.1. Let 0 € C{(R:(S,. 7)) and 0 # 0. If (o) = 0O, then there exist N € N and o; €
C1(Rc(Sw,1)) with o; # 0, such that

N—-1
o = E oj,
i=0
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d(o;) =0and ift C o,
a(t) #0.

Moreover, a; can be expressed as a sum of the form

N;i—1
o; = Z[xj,xj+1],
j=0
where x; € Sy, 7. Ni € Nand xy, = xo.

Proof. Let 11 C o be such that d(t;) = 0 and there are no T C o such that () =0 and t; C 7. If no
such t; exists, then let 0 = o and the result follows. Otherwise, let o1 = o/1;. By the maximality of 7y,
o1 satisfies the stated conditions. Now let 7, C 77 be such that d(t;) = 0 and there are no T C 77 such
that 9(7) =0 and » C 7. If no such 7, exists, then let o, = 77 and the result follows. Otherwise, let
0y = 11 /72. As before, one can check o, has the desired conditions. After finitely many steps, the process
will stop resulting in the desired sum.

We now show o; can be expressed as stated. Note that since o; # 0, there exists [xg, x1] € o;.
Furthermore, since d(o;) = 0, there must exist a [x, x2] € o; to cancel the term x;. Similarly, there must
also exist a term [x;, x3] € o; to cancel the term x;. After repeating this process finitely many times,
say N;, we must reach a point with a term [xy,_1, Xo] to cancel the term x¢. Clearly

N;—2
a( Z[x,-,xj+1]+[x1v,._1,xo]> =0;
j=0
thus by the properties of o;, all of its terms must have been accounted for. U

For [x, y] € C1(Rc(Sw,T)), We let
Ly,=1

if in the circle representation of S, 7, d(x, y) is the length of the arc starting at x and ending at y obtained
by traversing clockwise. Similarly, we let
Ly,=-1

if d(x, y) is the length of the arc traversing counterclockwise. Since d(x, y) # % for x,y € So, 7, Ly y is
well defined. We now define

Fx, yD) =Ly yd(x, y).

Using linearity, we extend this function to all of Ci(Rc(S, 1)), i.e., if 0 =) ;[xi, yil € C1(Re(Sw, 7)),
f@) =Y fWlx,yi) =) Ly.y d(xi, yi).
i i

Proposition A.2. Let 0 € C1(Rc(Sw.7)), f(0) #0and N € N such that

N
o= Z[xi,xi+1]-
i=0
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If there exists an ig for which

Ly x., ==*1
Jor0<i <igpand

Ly xi =Fl1

forig <i <N, then o is homologous to a

N
o =) [Xi,Xit1] € C1(Re(So,1)),
=0

1

where N € N, X;+1 is adjacent to x; and

Ly, 5., =sgn(f(0)),
for0<i< N.

Proof. Without loss of generality we let
Ly =1

for 0 <i <ij. Consider the circle representation of S, 7. Let {x?}?’io denote the points in the arc starting
at xp and ending at x; traversing clockwise contained in S, 7. We note x8 = x¢ and x%o =x1. If Ny > 1,
one can verify

No—1 No—2

0 0 0 0 0

D o) x - xo, 1] = a( D o) a0, xN0]>,

j=0 Jj=0
i.e., [xg, x1] is homologous to

No—1

0 .0
oo= Y 1}, il

j=0

If No=1 we let op = [xg , xg,o] = [xo, x1]. By repeating this process, we construct o; for 0 <i <ip such

that

io io N,‘—l Aq
YILED 3D BERTIES y !
i=0 i=0 j=0 i=0

where yo = xo and ya,+1 = Xj,+1, is homologous to

io
Z[Xi, Xiv1].
i=0

Similarly, by considering the points in the arc starting at x; and ending at x; 1, for igp <i < N, traversing
counterclockwise contained in S, 7, we can construct o; as before such that

N Nl‘fl As

N
Z o; = Z Z[Xﬁ,x§~+1]22[5’i,5’i+1],

i=ip+1 i=ip+1 j=0 i=0
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where yo = x,+1 and ya,+1 = xy+1, s homologous to

N

Z [xi, Xig1].

i=ip+1

We note y4,+1 = Yo = Xj,+1 and y4, = ¥ since the points of the clockwise arc, o;,, end where the points
of the counterclockwise arc, o;,11, start. Thus [ya,, ya,—1] = —[y0, ¥1] and

A—1

N
Zol = Z [yi, yis1]+ Z Yis Yit1]
i=0

Repeating this argument A = min{A; + 1, Ay + 1} times, we conclude [ya,—i, ya,—i+1]1 = —[Yi, yi+1] for
0 <i < A. We note that by construction

Ay As
f( Z[)’i, Vi1l + Z[)_’i: §i+1]> = f(o) #0.
i=0 i—0

Thus A # Aj;i.e.,

—Ar—1

N Ar
Z Z [yi, yi+1] or ZG’ = Z iy Yig1] O
i=0

i=A1+1

Corollary A.3. Let 0 € C1(R:(S,, 7)) and d(c) = 0. Then o is homologous to 0 if and only if f (o) = 0.

Proof. By Proposition A.1, o can be expressed as

N-1
Z [xi, Xiv1],
i=0

where x; € S, 7, N € N and x = xo. The result follows by noting that in Proposition A.2, f(o) =0 if

and only if A; = A, which happens if and only if ¢ is homologous to 0. U

For the following result we let {xi}iT:0 denote the elements of S, r in ascending order, & denote
mod T + 1 addition, and k € N.

Lemma A4. Let 0 € C1(Rc(Sw. 1)) be such that 3(o) = 0 and o is not homologous to 0. Then o is

homologous to
T
k Z[xi, xi@l].
i=0

Proof. By Proposition A.1, we can express o as

N—-1
D IE Kl
i=0
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where x; € S, 7, N € N, and xy = xo. Furthermore, by repeated application of Proposition A.2, o is
homologous to

No
o= Z[yi, Yit1l,
i=0
where y; € Sy 7, No € N, yn,+1 = Yo, Yi+1 is adjacent to y; and

Ly, v\, =sgn(f(0))
for 0 <i < Ny. We note that a necessary condition to cancel a term [y;, y;+1] is the existence of term
[yn,«, ynl+1] f0r Wthh
Ly, v, =—sgn(f(0)).

Since this can’t happen, we conclude the expression for & can’t be reduced. Furthermore, we note that by
construction 7' < Njy. Indeed, the minimal number jj of terms needed to obtain

Jo
el ( Z[Yi: yi+l]) =0
i=0

is jo = T since this covers all of the points in S, r. We conclude

T

T
Z[)’i, Yit1] = Z[Xi, Xig1].
i=0

i=0
In fact, an application of Proposition A.1 to & shows

Nr—1

o= E g;
i=0

for some N; € N. By the properties of o; and what has been shown, we conclude

T
o; = Z[Xj,xjeal]
j=0
forall0<i <N,—1. O

Lemma A.S. Let T € N and w € R\Q with continued-fraction expansion |ay, ar, as, ...] and i-th

convergent p;/q;, and k, r and s be the unique numbers for which

Gk +qr—1 =T < gk + Git1
and
T=rqi+qi-1+s for 1 <r=<ap1and0=<s <gq—1.
Let
D; = giow — p;.
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We assume
s+1<qx and |Digpil+ (ag1 —r +D|Dy| < 3.

Let " be the set containing the pairs (x,y) for x,y € S, 7 and x <y, for which there exists a z €
([0, ) U (y, 1)) N S, 7 such that 1 —d(x, y) < 2max{d(y, 2), d(x, 2)} < 2d(x, ). If

A =min{d(x,y) | (x,y) €T},
then for € € (|Di+1] + (ax+1 —r + 1)|Dil, 1),

[c]=0
in Hi(Re(Sp.1,d); F).

Proof. Let us write 8¢ = |Dg+1| + (ax+1 —r + 1)| Dy |. Since §¢ < % and w is irrational, A > §¢; thus € is
well defined. To show the result, it is sufficient to show there does not exists a T € C2 (R (S, 7)) such that

o =0a(7).

We will assume such 7 exists and arrive at a contradiction. Thus suppose there exists a T € C2(Rc (S, 7))
such that
o =09(1).
Let
*o = max{d (x, y), c?(y, 2),d(z, y)} | there exists [x, y, z] € T}.

Let y1, y2 € S, 7 for y1 < y» be such that ci(yl, ¥y2) = Ag. By assumption there exists y3 € S,, 7 such that
[y1, ¥2, y3] € T or [y1, y3, ¥2] € T. We note that by construction

max{d (y2, y3), d(y1, y3)} <d(y1, y2).

Furthermore, without loss of generality we can assume y3 € ([0, y;) U (y2, 1)). Indeed, let us suppose
y3 € (¥1, ¥2). There must exist a term of the form [yy, yz, zo] to cancel the term —[yy, y,] in the case of
the term [y;, y3, y2]. In the case of the term [y, y, y3] take zo = y3. If zo9 € ([0, y1) U (y2, 1)) we are
done. Thus we assume zg € (y1, y2). This implies there must exists a term [y;, 2o, 21] € T to cancel the
term —[yy, zo] from a([y1, ¥2, zol). If z1 € (y1, ¥2), there must be a term of the form [y, z1, z2] € T to
cancel the term —[y;, z1] from d([y1, zo, z1]). On the other hand, if z; € ([0, y1) U (y2, 1)) we note

Lyl,m = _Lyl,yzv

or otherwise
d(y1,z1) >d(y1, y2),
a contradiction. As before, there must exists a [zg, 22, z1] to cancel the term [zg, z1] from d([y1, zo, z1])-

Since in both scenarios we end up in a case analogous to the term [y;, ¥2, zo], we conclude this process
won’t end. Thus without loss of generality we assume y3 € ([0, y1) U (2, 1)), as stated. We note

Ly, .y, = Ly, y,
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since otherwise d(y2, y3) > d(y1, y2) = Ao, a contradiction. Similarly, it must be the case that

Ly, .y, =Ly,

since otherwise d (y3, y1) > d (y1, ¥2) = Ap. These two conditions imply

1—d(y1, y2) =d (2, y3) +d(y3, y1) < 2max{d(y2, y3), d(y1, y3)},

i.e., (y1, y2) € I', but since

M<e<A

this is impossible by the minimality of A. Thus no such 7 exists. O
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On dense orbits in the space of subequivalence relations

Francois Le Maitre

We first explain how to endow the space of subequivalence relations of any nonsingular countable
equivalence relation with a Polish topology, extending the framework of Kechris’ recent monograph on
subequivalence relations of probability measure-preserving (p.m.p.) countable equivalence relations. We
then restrict to p.m.p. equivalence relations and discuss dense orbits therein for the natural action of the
full group and of the automorphism group of the relation. Our main result is a characterization of the
subequivalence relations having a dense orbit in the space of subequivalence relations of the ergodic
hyperfinite p.m.p. equivalence relation. We also show that in this setup, all orbits under the full group
action are meager. We finally provide a few Borel complexity calculations of natural subsets in spaces of
subequivalence relations using a natural metric we call the uniform metric. This answers some questions
from an earlier version of Kechris’ monograph.

1. Introduction

Measured group theory can roughly be defined as the study of countable groups through the partitions
into orbits associated to their free probability measure-preserving (p.m.p.) actions on standard probability
space. A fundamental notion there is that of an orbit subgroup: a countable group A is an orbit subgroup of
another countable group I when A admits a free p.m.p. action all of whose orbits are contained in those of
a free p.m.p. action of I'. In this more flexible framework, while the Ornstein—Weiss theorem [1980] tells
us that all countable infinite amenable subgroups are orbit subgroups of one another, the Gaboriau—-Lyons
theorem [2009] characterizes nonamenable groups as being exactly those which admit the free group
on two generators as an orbit subgroup. Their result has had many applications, making it possible to
extend results which were only known for groups containing free subgroups to the optimal class of all
nonamenable groups; see, e.g., [loana et al. 2009; Seward 2014].

This motivates the following more general question: given a partition of the space into orbits, what
are the possible subpartitions into orbits? In more precise terms, let us call an equivalence relation on a
standard probability space (X, i) nonsingular when it comes from an action of a countable group which
preserves w null sets, and p.m.p. when it comes from an action of a countable group which actually
preserves the measure ;. We can now ask our question more precisely: given a nonsingular equivalence
relation, what are its possible subequivalence relations? An essential step towards answering such a
question is Kechris’ remarkable result that when the ambient equivalence relation is p.m.p., the space
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of subequivalence relations can be endowed with a natural Polish topology. This allows descriptive set
theory to enter the picture, and as such it is the first building block in Kechris’ monograph [2024] on
spaces of subequivalence relations, whose initial version appeared online in 2013. We begin by extending
this fundamental result to the nonsingular case:

Theorem A (see Theorem 2.6). Let R be a nonsingular equivalence relation on a standard probability
space. Then its space Sub(R) of subequivalence relations is a Polish space for the topology induced by

the measure algebra of R.

We endow R with the usual measure obtained by integrating cardinality of vertical fibers, allowing us
to make sense of its measure algebra in the above result. In particular, we are identifying subequivalence
relations which coincide on a conull set. We refer the reader to Section 2 for details. Our description of the
topology on the space of subequivalence relations was already known to Kechris [2024, Section 4.4(1)]
in the p.m.p. case.

We actually provide two proofs of Theorem A. The first one is very short and uses the fact that in
a measure algebra, converging sequences always admit subsequences whose limit is actually equal to
their lim inf (see Proposition 2.3). This observation provides a unifying viewpoint to some special cases
noted by Kechris [2024, Theorems 5.1 and 18.3]. The second proof is somehow more natural, in that
we directly show that the various axioms of being a subequivalence relation define closed subsets in the
measure algebra. Along the way, we study a natural non-Hausdorff topology on the measure algebra that
we call the lower topology. This topology has some nice continuity properties which also allow us to
give a slick proof of the fact that the map which associates to a subset of an equivalence relation the
equivalence relation it generates is Baire class one; see Proposition 3.19, which is a natural generalization
of [Kechris 2024, Proposition 19.1].

Our next result is in the p.m.p. setup, and was motivated by the question of dense orbits in the space of
subequivalence relations, asked by Kechris in his monograph. Indeed, it is very natural to try to understand
subequivalence relations up to isomorphism, and this is precisely what the action of the automorphism
group of R on subequivalence relations of R encodes. As it turns out, when R is the ergodic hyperfinite
p.m.p. equivalence relation, we obtain the following complete characterization of dense orbits for the
natural actions of both the full group [R] and the automorphism group Aut(R):

Theorem B (see Corollary 4.13). For a subequivalence relation S of the hyperfinite ergodic p.m.p.
equivalence relation Ry, the following are equivalent:

(1) S is aperiodic and has everywhere infinite index in Ro.
(i1) The [Ro]-orbit of S is dense in Sub(Ry).
(iii) The Aut(Rg)-orbit of S is dense in Sub(Ry).

In this theorem, S being everywhere of infinite index in R means that for every A C X of positive
measure, the restriction of S to A has infinite index in the restriction of R to A (almost every R 4-class
splits into infinitely many S)4-classes; see the end of Section 4.1 for more on this).
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Example 1.1. View R as the cofinite equivalence relation on X = {0, 1} endowed with the probability
measure (U = (%(80 +51))®N, namely ((x,), (y»)) € Ro if and only if there is N € N such that x, = y, for
all n > N. Define S by ((x), (y4)) € S if and only if there is N € N such that x,, = yp, foralln > N.
Then S is both aperiodic and has everywhere infinite index in R (see Proposition 4.6), so by the above
theorem it has a dense orbit in Sub(RRy).

Example 1.2. View Ry as the equivalence relation on X = {0, 1}Z2 endowed with the probability
measure (L = (%(50 + 4 1))®Zz generated by the Bernoulli shift of Z2. Then since the shift is mixing, the
subequivalence relation S generated by Z < 72 is ergodic. By construction, S is of infinite index, so since
it is ergodic it is everywhere of infinite index. By the above theorem S has a dense orbit in Sub(RRy).
Note that by [Kechris 2024, Theorem 10.1], ergodic subequivalence relations actually form a Gy set, so
the Baire category theorem provides us with a dense G subset consisting of ergodic subequivalence
relations of Ry satisfying the equivalent conditions of Theorem B.

Our approach to Theorem B is very much inspired by a joint work in preparation with Fima, Mukherjee
and Patri, where we similarly characterize dense orbits in the space of von Neumann subalgebras of the
hyperfinite type II; factor. In this setup, we have to rely on a difficult result of Popa [2019, Lemma 2.3]
which characterizes the subalgebras which have a sequence of unitary conjugates converging to the trivial
subalgebra. Here we similarly first need to understand which subequivalence relations have a sequence of
translates converging to the trivial subequivalence relations Ax = {(x, x) : x € X}, which is the content
of our next result:

Theorem C (see Theorem 4.7). Let R be an aperiodic p.m.p. equivalence relation on a standard
probability space (X, u). Let S € Sub(R) be a subequivalence relation. The following are equivalent:

(1) S has everywhere infinite index in R.
(ii) The closure of the [R]-orbit of S contains Ax.
(iii) The closure of the Aut(R)-orbit of S contains Ax.

The proof of Theorem C relies on an inductive construction, using a countable dense subgroup of the
full group and the fact that such a subgroup acts highly transitively on almost every orbit, a result due to
Eisenmann and Glasner [2016, Theorem 1.19].

Once this is done, we prove Theorem B using the fact that finite equivalence relations are dense
in Sub(Rp) and that they can always be translated inside any aperiodic subequivalence relation. This
allows us to apply Theorem C on a fundamental domain of the finite subequivalence relation we want to
approximate. A more general statement on the closed subspace of hyperfinite subequivalence relations
can actually be proved this way; see Corollary 4.12.

Using Ioana’s intertwining of subequivalence relations [2012, Lemma 1.7] and the two above examples
of subequivalence relations, we moreover have the following result, which again follows from a more
general statement on the space of hyperfinite subequivalence relations (see Theorem 4.16).
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Theorem D (see Corollary 4.17). Let Rq be the ergodic p.m.p. hyperfinite equivalence relation. Then all
[Rol-orbits are meager in Sub(Ry).

It then follows from Mycielski’s theorem (see, e.g., [Gao 2009, Theorem 5.3.1]) that Rg contains a
continuum of aperiodic subequivalence relations of infinite index which are in pairwise disjoint full group
orbits. Moreover, by [Kechris 2024, Proposition 10.1] and Example 1.2, such a continuum can be found
inside ergodic subequivalence relations. We leave the following question open:

Question 1.3. Can Sub(R) contain a comeager Aut(RR)-orbit?

This question can also be asked for equivalence relations R different from R, although the existence
of dense Aut(R)- or [R]-orbits in their space of subequivalence relations is already an open problem (see
the remark preceding Corollary 4.13 for some examples where there are no dense orbits though). Also
note that if R is a type Il or type III ergodic nonsingular equivalence relation, it is not hard to show that
there are always dense full group orbits in Sub(R) (see the remark right before Section 4.4 for a sketch
of proof), but the question of comeager orbits is completely open there.

We conclude with a few complexity calculations, answering some questions from an earlier version of
[Kechris 2024]. Let us highlight here a way of understanding Kechris’ uniform topology on the space of
subequivalence relations which we use: given two nonsingular equivalence relations R and R;, denote
by €(R1, R») the set of Borel subsets A of X such that Rij4 = R4, and define

dy(R1,R2)=1— sup  p(A).
AG@(Rl,Rz)

This defines a metric that we propose to call the uniform metric since it induces the uniform topology
defined in [Kechris 2024, Section 4.6], although it looks finer a priori (to see that the two topologies
coincide, one needs to use [Ioana et al. 2009, Theorem 1]).

Outline. Along with basic preliminaries, Section 2 provides a first proof of Theorem A using the lim inf.
Section 3 contains the second proof, which relies in a more direct way on the topology of the measure
algebra, using as well the lower topology that we define and study therein. Section 4 is devoted to the
proofs of Theorems B and D in their more general form, and contains in particular the proof of Theorem C
in Section 4.2. Finally, Section 5 contains our complexity computations, which use the uniform metric.

2. The Polish topology on the space of subequivalence relations in the nonsingular setup

The main purpose of this section is to extend the topology on the space of subequivalence relations from
[Kechris 2024] to the nonsingular setup. To do so, we use the framework of measure algebras, which
does yield the right topology for the probability measure-preserving case, as noted in [Kechris 2024,
Section 4.4(1)]. This direct approach also sheds a new light on some results from [Kechris 2024], such as
Theorem 5.1 and Proposition 4.27.

2.1. The measure algebra of a standard o -finite space. Let (Y, A) be a standard o -finite measured
space, i.e., a standard Borel space endowed with a o -finite atomless measure. Such spaces are always
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isomorphic either to R endowed with the Lebesgue measure or a finite-length interval, also endowed with
the Lebesgue measure. The measure algebra of (Y, A) is the space MAlg(Y, A) of all Borel subsets of X,
where we identify A, B € X Borel as soon as A(A A B) =0.

In order to endow MAIlg(Y, A) with a complete metric, we first have to choose some finite measure
w in the same class as A, i.e., sharing the same measure-zero sets. Note that this does not change the
definition of the measure algebra. We can then equip the measure algebra MAlg(Y, A) = MAIlg(X, n)
with the metric d;,(A, B) = u(A A B).
Lemma 2.1. Let p and 1’ be two finite measures on Y in the same equivalence class. Then d,, and d,y
are uniformly equivalent. given any € > 0, there is § > 0 such that for all A, B € MAlg(Y, u), we have
thatd, (A, B) < § implies d,v(A, B) < € and vice versa.
Proof. By symmetry, given € > 0 it suffices to find a § such that the direct implication holds. But this is a
direct consequence of the fact that x and 1’ are in the same class: indeed by [Cohn 2013, Lemma 4.2.1],
there actually is § > 0 such that whenever ©(C) < §, we must have ' (C) < €. O

In particular, the above lemma yields that even when A is infinite, its measure algebra is endowed
with a natural topology, independent of the choice of some p finite in the class of A. The fact that d, is
complete is usually proved via the following lemma, which is important to us on its own:

Lemma 2.2. Let (A,) be a sequence of elements of MAIg(Y, ) such that ), (A, A A,41) < —+00. Let
liminf A, = Uy (,>n An- Then the sequence (A,) converges to liminf A,.

Proof. By the Borel-Cantelli lemma, for almost all x € X there is N such thatforalln > N, x ¢ A, A A, 4.
Letting € > 0, we then find N and a set X such that u(Xg) > 1 —€ and forall x € X and all n > N, we
have x ¢ A, A A,+1. Now observe that for all n > N, we have A, N Xo = liminf A,, N Xo; in particular
A, Aliminf A, € X \ X, which has measure less than €, as wanted. O

Proposition 2.3. Let (A,) be a sequence of elements of MAIlg(Y, ) which converges to some A €
MAIlg(Y, ). Then we can find a subsequence (A,,) such that

A=liminf A, =(_J (] An,.

N k=N

Proof. Since (A,) converges, it is Cauchy; in particular it admits a subsequence (A, )« such that for all
keN, d, (A, An.,,) < 1/2%. Thus, by the previous lemma, A,, — liminf A,, = A. g

Proposition 2.4. The metric d,, is complete, and MAIlg(Y, ) is separable.

Proof. Let (A,,) be a Cauchy sequence, it suffices to show that it has a convergent subsequence. But because
the sequence is Cauchy, we may find a subsequence (A, ), such that for all k € N, (A, A A, ) < 27k,
Then ), (A, A A,,,,) <400 and we get the desired result by applying the previous lemma.
Towards proving separability, first note that since (Y, u) is standard, we may as well assume it is an
interval of finite length endowed with the Lebesgue measure. The regularity of the Lebesgue measure can
then be used to show that finite unions of open intervals with rational endpoints are dense in the measure
algebra, thus yielding the desired countable dense subset. O
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2.2. The space of subequivalence relations. Given an action of a countable group I" by Borel bijections
on a standard Borel space X, we obtain the associated equivalence relation Rr = {(x, yx) :x € X, y €'}
whose equivalence classes are exactly the I'-orbits. This equivalence relation is a Borel subset of X x X,
and its classes are countable: Rr is by definition a countable Borel equivalence relation (CBER, which
can conveniently be read as “seeber”). Conversely, the Feldman—Moore theorem ensures that every CBER
comes from a Borel action of a countable group; see for instance [Kechris and Miller 2004, Theorem 1.3].

Given such an equivalence relation, define its Borel pseudofull group as the set of all partial Borel
bijections ¢ : dom¢ € X — rng ¢ C X such that for all x € A, we have (x, ¢(x)) € R. By definition, the
Borel full group is the group made of elements of the Borel pseudofull group whose domain and range
are equal to X.

If (X, n) is now a standard probability space, we say that a CBER is nonsingular (or that p is quasi-
invariant, or that R is nullpreserving) if for all ¢ in its Borel pseudofull group, we have p(dom ¢) = 0 if
and only if u(rng ¢) =0. The main (and only by the Feldman—Moore theorem) source of such equivalence
relations is the following:

Definition 2.5. An action of a countable group I" by Borel bijections on X is called nonsingular (or
nullpreserving, or quasipreserving w) if for all A € X Borel, we have ©(A) =0 if and only if u(y A) =0.

Remark. By Lemma 2.1, nonsingular actions yield action by uniformly continuous homeomorphisms on
the measure algebra MAlg(X, w).

Given I' ~ (X, p) nonsingular, the associated CBER Rr is nonsingular, and conversely any nonsingular
CBER arises in this manner; see [Kechris and Miller 2004, Proposition 8.1].
Now let R be a nonsingular CBER. We equip R with the left measure M defined by

M(A) = fX|Ax|du<x>

for all A C R Borel. Let m be an equivalent probability measure. Then the measure algebra of R with
respect to M is equal to that of R with respect to m. This measure is o-finite since R can be covered by
the graphs of the elements of a countable group I" such that R = Rr (each such graph has measure 1).

It then follows from Proposition 2.4 that MAlg(R, M) is a Polish space. Moreover, by Lemma 2.1,
the topology (and actually the uniform structure) do not depend on the choice of m. Since the measure m
is not canonical, we will most of the time write our topological space as MAlg(R, M).

A Borel subset of R is called a Borel subequivalence relation if it is an equivalence relation on X.
An element of MAIlg(R, M) is called a subequivalence relation if its equivalence class contains an
equivalence relation. Denote by Sub(R) € MAIg(R, M) the space of subequivalence relations of R. We
can now easily prove the following result of Kechris (our proof is moreover motivated by [Kechris 2024,
Theorem 5.1], which we have essentially recast as Proposition 2.3).

Theorem 2.6 [Kechris 2024, Section 4.4(1)]. The space Sub(R) of subequivalence relations of R is a
closed subset of MAlIg(R, M), and hence Polish.
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Proof. Observe that the lim inf of any sequence of equivalence relations is an equivalence relation. By
Proposition 2.3 the result follows. g

Observe that we did not even use that R was nonsingular in the above. However, we need nonsingularity
for our space to encode the right notion of equality of subequivalence relations as follows:

Proposition 2.7. Let S| and S, be two Borel subequivalence relations of a nonsingular CBER R, and
suppose M (S1 A Sy) = 0. Then there is a full measure Sy- and Sy-invariant set on which S| and S, are
the same.

Proof. By definition, for almost all x we have [x]s, = [x]s,. Since & is nonsingular, we find a smaller
Sp-invariant set X for which the same conclusion holds (if S; = Rr we let Xy = ﬂy er ¥ X1, where
Xl = {X eX: [X]Sl = [X]Sz})- O

We will also see in the next section that nonsingularity is important if we want to concretely see our
space of subequivalence relations as a closed set, i.e., to say that the axioms of subequivalence relations
each define closed sets. Let us conclude this section by pointing out yet another way of understanding the
topology which, was pointed out to us by Stefaan Vaes.

Remark. Given a nonsingular equivalence relation R on (X, w), consider the space of subalgebras of its
von Neumann algebra LR, which is Polish when endowed with the Maréchal topology [1973]; see also
[Fima et al. 2024] for a detailed proof. Then it is a result of Aoi [2003] that subequivalence relations
of R are in one-to-one correspondence with subalgebras of LR containing L°°(X, w). It is not hard to
see that such subalgebras form a closed set, and the map which associates to S € Sub(R) the subalgebra
LS of L'R is a homeomorphism (see Theorem E from the recent preprint by Shuoxing Zhou [2024]),
yielding yet another way of understanding the Polish topology induced by the measure algebra of R on
Sub(R). For (many!) other interpretations of this topology in the probability measure-preserving setup,
the reader should consult [Kechris 2024].

3. Strong and lower topologies

In this section, we first study the strong topology on the space of subequivalence relations as defined in
[Kechris 2024], which will be useful towards establishing our orbit density result (Theorem B). We then
use a lower topology on the measure algebra so as to obtain a natural proof of the fact that the space
of subequivalence relations is closed in the measure algebra, and of the fact that the map which takes a
subgraph to the equivalence it generates is Baire class one [Kechris 2024, Proposition 19.1].

3.1. Topologies on measure algebras of o-finite spaces. We first go back to measure algebras of o -finite
spaces, which we now write as (Y, M), motivated by our previous example where Y is a nonsingular
CBER.

Proposition 3.1. Let (Y, M) be a standard o -finite space. Let (Y,) be a countable family of finite-measure
subsets of Y such that\ ), Y, =Y. Then the map ® : MAlg(Y, M) — [ ], MAIg(Y,,, My,) which takes A
to the sequence (ANY,) is a homeomorphism onto its image.
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Proof. Observe that the probability measure

1
m(A) =) 2”+1—M(Yn)M(A NY,)

is equivalent to M, and thus the associated metric d,, induces the topology of MAIlg(Y, M). Now the
space [ [, MAlg(Y,, My,) can be endowed with a compatible metric d given by

d((An). (B)) =)

n

——M(A, A By).
2n+1M(Yn) ( n l’l)
It is then straightforward to check that @ is an isometry for the metric d,, on its domain and d on its
range. g

We now go on to obtain a more precise version of this result, following Kechris’ approach to the strong
topology on Sub(R).

Observe that every element ¢ of the Borel pseudofull group of a CBER R is completely determined
by its graph, namely the set {(x, ¢(x)) : x € dom ¢}, which is a Borel subset of R. From now on, we
identify elements of the Borel pseudofull group to their graph. Doing this up to measure zero when R is
nonsingular, we arrive at the following definition:

Definition 3.2. The pseudofull group of a nonsingular equivalence relation R on (X, ) is the quotient of
the Borel pseudofull group by the equivalence relation which identifies ¢; and ¢, when M (¢ A @) =0.
It is denoted by [R]], and for ease of notation we still write its elements as ¢’s. Finally the full group
of R is the group [R] of all elements of [R] with full measure domain and range.

By the definition of M we have that M (¢ A¢@;) =01if and only if ©(dom ¢ Adom ¢;) =0 and for almost
all x € dom ¢ Ndom ¢;, we have ¢ (x) = ¢2(x). The Borel pseudofull group is stable under countable
increasing unions and arbitrary countable intersections, so it is stable under taking lim inf. Following the
same approach as for the proof of Theorem 2.6, one obtains that [R] is a closed subset of MAIg(R, M),
in particular it is Polish. Note however that [R] is not closed for this topology (see Example 3.6).

We now make a slight modification of Kechris’ uniquely generating sequences of involutions. Let us
say that an element ¢ of the Borel pseudofull group is a moving partial involution if dom ¢ = rng ¢ and
for all x € dom ¢, we have both ¢(x) # x and ¢(¢(x)) = x.

Definition 3.3. A sequence (¢,),en Of moving partial involutions of the Borel pseudofull group of a
CBER R is called a uniquely generating sequence of moving partial involutions if

R\ Ax = | ¢,
neN
where Ay = {(x, x) : x € X} is the equality relation.

Proposition 3.4. Every CBER R admits a uniquely generating sequence of moving partial involutions.

Proof. Suppose that (T},),en 1s a uniquely generating sequence of involutions for R as in [Kechris 2024,
Proposition 4.6], and for every n € N let ¢,, be the restriction of 7}, to its support. O
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Remark. The disjointness of the graphs of the ¢, simplifies a bit the arguments we carry out in this paper
since it guarantees that all the ¢; (x) are distinct whenever they are defined (see in particular the proof of
(i) = (ii) in Theorem 4.7). The disjointness also allows us to upgrade Proposition 3.1 and obtain that the
map
MAIg(R, M) — MAIg(Ax, Ma,) X 1_[ MAlg(¢,, My,)
neN

which takes A to the sequence (A N Y,) is not only a homeomorphism onto its image, but actually
surjective.

The following corollary is a slight reformulation of [Kechris 2024, Theorem 4.13] which identifies the
strong and the weak topology on the space of subequivalence relations:

Corollary 3.5. Let R be a nonsingular equivalence relation, and (¢,) be a uniquely generating sequence
of moving partial involutions. Then the map

Sub(R) — [ [ MAlg(gn, M,,)

neN

which takes S to the sequence (S N @,)neN is a homeomorphism onto its image.

Proof. This is a direct consequence of the definition of uniquely generating sequences of moving partial
involutions and of Proposition 3.1, once we note that every equivalence relation contains Ay. O

Following the above corollary and Kechris’ terminology, we now define the strong topology to be the
topology induced by d,, on Sub(R), which is Polish by Theorem 2.6.

3.2. Lower topologies on measure algebras. Let us first work a bit more on the relationship between M
and m. Observe that M defines a lower-semicontinuous function on MAlg(Y, M) (possibly taking 400
as a value). Indeed if M(A) > «, we have a § > 0 such that M(C) < M(A) — a whenever C is a subset
of A satisfying m(C) < &, and so as soon as m(A \ B) < § we have M(B) > «. In particular for every
k € N the set of elements with measure < k is closed.

Let us denote by MAlgf (R, M) the F, subset of elements of MAIg(R, M) with finite M-measure. It
can be endowed with the metric dys (A, B) = M (A A B), which clearly refines the topology induced by d,,,.
Moreover, the proof of Proposition 2.4 can easily be adapted to show that dy; is complete separable (see
[Le Maitre 2022, Lemma 2.1] for a complete proof). Let us see why d,,, and d, yield different topologies
on MAlgf (R, M).

Example 3.6. Going back to the case Y =R, observe that if 7 in the full group of R is aperiodic, then
T" — @ for d,, while it stays in the sphere around 1 for dys. In particular d,,, does not refine dy;. Let us
also mention that [R] is dys-closed, and that the metric induced by dj; on [R] is the well-known uniform
metric d, (S, T) = n({x € X : S(x) # T (x)}), endowing [R] with a Polish group topology.

Despite the above example, M and m share the same lower topologies when restricted to MAIg (Y, M).
These lower topologies are not Hausdorff; however they have nice continuity properties.
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Definition 3.7. Let (Y, M) be a o-finite measured space. We endow its measure algebra with the lower
M -topology which is defined by taking as neighborhoods of an element A € MAlg(Y, M) all sets of the
form

{BeMAlg(Y,M): M(A\ B) <€}
for some € > 0.

This neighborhood system does satisfy the axiom that implies that it is a basic neighborhood system
for the topology it induces, namely every neighborhood V contains a smaller neighborhood all of whose
elements admit V as a neighborhood (axiom (Vyy) in [Bourbaki 1989, Chapter 1, §1.2]). This is simply
because if M(A\ B) < 3¢ and M(B\ C) < 3¢ then M(A\C) <e.

Note that the only neighborhood of the empty set is the whole measure algebra, while Y is con-
tained in every neighborhood of every point. Moreover, {&} is closed, and more generally M is lower
semicontinuous for the lower M -topology.

Lemma 3.8. If M is a o-finite measure on Y and m is an equivalent finite measure, then the measures M
and m induce the same lower topology on the space MAlg ( (Y, M) of finite M -measure subsets.

Proof. Take A such that M(A) < +o0o. Because M and m, when restricted to A, are equivalent,
we find § such that every subset of A of m-measure less than § has M-measure less than €. Then
{B:m(A\ B) <46} C{B:M(A\ B) < €}. So the lower m-topology refines the lower M-topology. The
other inequality works the same. O

Let us note that the space of infinite measure subsets is open for the lower M-topology, while it is not
for the lower m-topology. Indeed if A has infinite measure, the set of B such that M (A \ B) < 1 does
not contain any m-neighborhood, because there are subsets of A of very small m-measure but still with
infinite measure.

We will now list various interesting properties of the lower topology, and then relate it to the usual
topology in the last two lemmas.

Lemma 3.9. Let M be a o-finite measure on Y. Then the intersection map (A1, Ay) — A1 N Ay is

continuous, where we put the M-lower topology everywhere.

Proof. Let € > 0. Note that (A1 N A) \ (BiNBy) C (A1 \ B1)U(A2\ By), soif M(A;\ By) < ¢ and
M(A>\ By) <€,then M((A1 N A2)\ (B; N By)) < 2¢ as wanted. O

Lemma 3.10. Let m be a finite measure on Y. Then the countable union map (Ap)nen —> UnEN A, s
continuous for the m-lower topology everywhere.

Proof. Let (A;),en be a family of elements of the measure algebra. Then since m is finite, we may find
N such that u((U, An) \ U,y An) < €. Now if we take By, ..., By_; such that m(A; \ B;) <€/N,
and any By, By+1, ..., we see that m((Un An) \ (Un Bn)) < 2¢, as wanted. O

Remark. The countable union map is not continuous if we put the usual topology everywhere (indeed X
can easily be obtained as a limit of unions of sequences of sets which converge coordinatewise to o).
Here is nevertheless a positive result for the usual topology which will be useful later on.
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Lemma 3.11. Let m be a finite measure on Y, and (Y;) jen be a disjoint family of measurable subsets

of Y. Then the restriction of the countable union map to the set
{(A,) e MAIg(Y, )N :Vn e N, A, C Y,},
is continuous for the d,-topology.

Proof. Since the Y,, are disjoint and m is finite, given any € > 0 we can find N such that m(Un> N Yn) <€;
in particular if (A,) satisfies A, C Y}, for every n then its union is, up to an € error, independent of (A,,),~n-
The conclusion thus follows from the continuity of finite unions for the d,,-topology. U

We now relate the Hausdorff topology associated to the metric d,, and to the corresponding lower
m-topology:

Lemma 3.12. Let m be a finite measure on Y, and denote by t,il the lower m-topology and by t,, the
topology induced by the metric d,,. Then the identity map (MAlg(Y,m), 1/") — (MAIg(Y, m), t,) is

Baire class one.

Proof. We begin by noting some useful continuity properties for the lower m-topology. By definition, for

every A € MAlg(Y, m) the map B — m(A \ B) is upper semicontinuous for the lower topology. Since

m(B)=m(X)—m(X\B), we deduce that m defines a lower semicontinuous map (MAlg(Y, m), 1151) —R™.

By Lemma 3.9, for every A € MAIlg(Y, m) the map B — m(A N B) is thus lower semicontinuous as well.
We finally observe that

dn(A, By=m(AAB)=m(A)+m(B)—2m(ANB),

so d, (A, -) is a Baire class one function on (MAlg(Y, v), r,[n) — R, being the sum of two Baire class
one functions. In particular, d,,-open balls are F,, for t/,. Since every 7,,-open set is a countable union of
open balls by separability, the conclusion follows. O

We conclude this section by a lemma which intertwines the two topologies we have defined in presence
of a finite measure:

Lemma 3.13. Let m be a finite measure on Y. The space of all (A, B) such that A C B is closed if we
put on the first coordinate the m-lower topology, and on the second the usual measure algebra topology.

Proof. Suppose that A Q B,and let e =m(A\ B). Thenif m(A\ A") < %e and m(B’ A B) < %e, we still
have A’ ¢ B'. a

3.3. Seeing that the space of subequivalence relations is closed. We now provide a more concrete
proof that the space of subequivalence relations is Polish by seeing that the conditions which make an
equivalence relation define closed sets in MAIg(R, M) for the topology induced by d,,. First note that
reflexivity means containing Ay, and hence defines a closed set by Lemma 3.13.

Let us fix a nonsingular equivalence relation R. We recall that m is some finite measure equivalent
to the measure M obtained by integrating the cardinalities of vertical fibers. Observe that the flip
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o :(x,y)— (y,x) quasipreserves M (this is one characterization of nonsingularity, see [Kechris and
Miller 2004, Proposition 8.2]); in particular it quasipreserves m and hence induces a homeomorphism on
MAIg(R, M).

This implies that the space of (Borel) subgraphs of R (symmetric subsets of R \ idx) is closed in
MAIg(R, M), because it is the set of fixed points of o contained in R \ idx. In particular, we recover the
following fact from [Kechris 2024, Chapter 18]:

Proposition 3.14. The space of subgraphs is Polish for the topology induced by the measure algebra
MAlg(R, M). (|

Remark. This could also be seen through the same approach as for Theorem 2.6, noting that the liminf
of any sequence of subgraphs is a subgraph.

To see that the space of subequivalence relations is closed, we need to deal with transitivity. Observe
that on the space of measurable subsets of R, we have an operation o defined by

Ao B :={(x,z):3y € X such that (x, y) € A and (y, z7) € B}.

Note that o extends the composition of elements of the pseudofull group of R, and that it is well-defined
only because we are in the nonsingular setup.

Lemma 3.15. On the pseudofull group of R, the composition is continuous for the M-lower topology,
and hence for the m-lower topology.

Proof. Note that the M-measure of the graph of an element of the pseudofull group is the p-measure of
its domain, so by Lemma 3.8 we only need to check the continuity for the lower M-topology.

Now fix ¢g, ¥ € [R], let € > 0 and find § such that whenever u(A) < § we have ,u(wO_I(A)) < %e.
Take ¢ such that M (¢ \ ¢g) < 8. Then u({x € dom(¢p) : ¢(x) # @o(x)}) < § (in the definition we consider
that @o(x) is different from @(x) if x ¢ dom ¢). Then, taking v such that M (¥ \ ¥g) < %e, the set
X1 ={x edomyyg: ¥(x) =Y¥p(x)} contains dom iy up to an %e error, and

¥y (b € dom(go) : (x) # @o(0)}) = Yy, ({x € dom(go) : 9(x) # g0 (x)))

has thus measure at most %e. We conclude that the set of x € dom @y such that pyr(x) = @o¥o(x)
contains dom g up to an %6 + %e = € error, as wanted. The fact that the continuity also holds for the
m-lower topology is then a direct consequence of Lemma 3.8 since elements of [R]] have M-measure at
most 1. O

Lemma 3.16. The map A, B +— A o B is continuous if we put everywhere the lower m-topology.

Proof. Fixing a countable subgroup I' < [R] such that R = Rr, the desired continuity follows from the
previous lemma along with the formula

AoB= | J ynAo(y'nB)
y,y'el’
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and the fact that finite intersections and countable unions are continuous maps for the lower topology
(Lemmas 3.9 and 3.10). O

We thus arrive at the desired result saying that the space of transitive subrelations is closed.

Proposition 3.17. The space of A C R such that Ao A C A is closed in the Polish topology on
MAlg(R, M).

Proof. This follows directly from the previous lemma along with Lemma 3.13. O
Theorem 3.18. Sub(R) is a closed subset of MAIg(R, M) for the d,,-topology.

Proof. We already observed that being reflexive exactly means containing Ax and thus is a closed
condition by Lemma 3.13. The fact that symmetry is a closed condition is a reformulation of the fact that
subgraphs form a closed set (Proposition 3.14). Finally transitivity is a closed condition by the previous
proposition. So Sub(R) is the intersection of three closed subsets, and hence closed itself. (|

We also have the following nice consequence of our work on the lower topology, which generalizes
Proposition 19.1 from [Kechris 2024].

Proposition 3.19. The map which takes a measurable subset of R to the equivalence relation it generates
is continuous in the lower topology; in particular it is Baire class one for the strong topology (induced
by d,,).

Proof. This map associates to a A € R the equivalence relation _J,, n(Ax UAUO0(A))®", soitis a con-
tinuous map by the continuity of o, of countable unions (Lemma 3.10) and of composition (Lemma 3.16).
The statement about the strong topology then follows directly from Lemma 3.12. U

We can finally obtain the following strengthening of Proposition 4.27 from [Kechris 2024]:

Corollary 3.20. The map which takes a sequence (R,) of subequivalence relations of R to the equivalence
relation \/,, R, they generate is continuous in the lower topology; in particular it is Baire class one for

the strong topology.

Proof. This is a direct consequence of the previous result along with the fact that taking countable unions
is continuous in the lower topology (Lemma 3.10). O

4. Dense orbits for hyperfinite subequivalence relations in the p.m.p. case

In the present section, we exclusively work in the probability measure-preserving setup, so R is a
p.m.p. equivalence relation on (X, ). Recall that Aut(R) is the group of all T € Aut(X, ) such that
T x T (R) =TR. Observe that Aut(R) acts on MAIg(R, M) by T - (x, y) = (T (x), T(y)) and preserves
the measure M. The group Aut(R) contains the full group of R, and it is a Polish group for the topology
induced by the group Aut(R, M) of all measure-preserving bijections of (R, M); see [Kechris 2010,
Proposition 6.3] where Aut(R) is denoted by N[R]. The trivial subequivalence relation will play an
important role; we denote it by Ay = {(x, x) : x € X} (given our identification of full groups elements to
their graphs, we could also write it as the identity map idy).
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4.1. Preliminaries on conditional measures and index. In order to work in the p.m.p. setup, we have to
understand which sets can be taken to other sets by (pseudo)full group elements up to measure zero. This
is done here through the concept of conditional measures, a low-tech version of the ergodic decomposition
which was already present in Dye’s founding paper [1959]. We already used them in a previous paper on
nonergodic p.m.p. equivalence relations (see [Le Maitre 2016, Section 2]) but we recently gave a more
detailed exposition for general full groups in a joint work with Slutsky, which we use here as a reference
(see Appendix D in [Le Maitre and Slutsky 2021]).

Definition 4.1. Let R be a p.m.p. equivalence relation on (X, u), and denote by M the closed subalgebra
of (X, ) consisting of [R]-invariant subsets and by Ex the projection L?(X, 1) — L*(X, Mg, 11). Given
A e MAlg(X, ), its Mp-conditional measure ur is the Mr-measurable function

pr(A) = Epg (xa)-

It can be checked that pur takes values in [0, 1], satisfies the usual axioms of a measure, and that
elements of [R] preserve ur; see [Le Maitre and Slutsky 2021, Proposition D.6]. Say that R is ergodic
when Mz = {&, X}. Then R is ergodic if and only if ugx = u. By [Le Maitre and Slutsky 2021,
Proposition D.10], we moreover have:

Lemma4.2. Let A, B MAIlg(X, ), and let R be a p.m.p. equivalence relation on (X, ). The following

are equivalent:

(1) There is ¢ € [R] such that dom ¢ = A and rng ¢ = B.
(i) ur(A) = ur(B).

We finally note the following important consequence of aperiodicity (having only infinite classes) for a
p.m.p. equivalence relation (it is actually a characterization, but we don’t need that):

Proposition 4.3 (Maharam’s lemma; see [Le Maitre and Slutsky 2021, Theorem D.12]). Let R be a
p.m.p. aperiodic equivalence relation, let A € MAIg(X, n), and let f : X — [0, 1] be an M -measurable
function such that 0 < f < ur(A). Then there is B C A such that ur(B) = f.

We finish this section by recalling some important definitions on the index of subequivalence relations:
Definition 4.4. Let R be a nonsingular equivalence relation on (X, u). We say that S € Sub(R)

« has infinite index in R if for almost all x € X, the R-equivalence class of x contains infinitely many
distinct S-classes,

« has finite index in R if for almost all x € X, the R-equivalence class of x is the union of a finite set
of S-classes,

« has everywhere infinite index in R if for all A C X such that £(A) > 0, the restriction of S to A has
infinite index in the restriction of R to A.
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Remark. It might not be clear at first sight that having infinite index is not the same as having everywhere
infinite index. Here is the simplest example of an infinite-index S € Sub(R), not everywhere of infinite
index: take R ergodic, let A C X be of positive nonfull measure, and let S =Rja U Ax\a.

Let us note that when R is ergodic, since the number of S-classes inside the R-class of x € X is
‘R-invariant, it is constant almost everywhere, and hence S either has finite or infinite index in R. Similarly,
if S is ergodic and of infinite index, then it is everywhere of infinite index because the S-class of almost
every x € X intersects A. We finally note the following nonergodic way of producing everywhere infinite
index subequivalence relations:

Lemma 4.5. Let R| and R, be nonsingular aperiodic equivalence relations on respective standard
probability spaces (X1, 1) and (X2, n2). Then Ry x Ay, is everywhere of infinite index in R1 X Ra.

Proof. Let A C X| x X, be of positive measure. By Fubini’s theorem, for almost all (xy, x) € A the
vertical section Ay, = {xé € Xy (xq, xé € A)} has positive measure, and hence by aperiodicity the R,-class
of x intersects Ay, in an infinite set. This implies that the (R xR2)4-class of (x1, x2) contains infinitely
many (R xAx,)a-classes. O

Proposition 4.6. The equivalence relation S from Example 1.1 is everywhere of infinite index in Ry.

Proof. The even—odd partition of N induces a bijection {0, 1}¥ — {0, 1}V x {0, 1}N under which Ry
becomes Ry x Ro and S becomes Ry X Ay 1yv, so the result follows from the previous lemma. U

4.2. Approximating the diagonal. Recall that Ay denotes the equality relation on X. We will now
characterize equivalence relations whose orbit closure contains Ay, mirroring Popa’s result [2019,
Lemma 2.3] on asymptotic orthogonalization of subalgebras of a finite factor.

Theorem 4.7. Let R be an aperiodic p.m.p. equivalence relation. Let S € Sub(R) be a subequivalence

relation. The following are equivalent:
(1) S has everywhere infinite index in R.
(i1) The closure of the [R]-orbit of S contains Ax.
(iii) The closure of the Aut(R)-orbit of S contains Ax.
Proof. The implication (ii) => (iii) is clear since [R] < Aut(R).

Let us then check that (iii) implies (i) by proving the contrapositive: assuming that S does not have
infinite index everywhere, we need to show that the Aut(R)-orbit of S does not contain Ay.

By assumption, we have a subset A C X of positive measure such that the restriction Sy4 has finite
index in R} 4. Shrinking A further if necessary, we may assume the index of the restriction of S to A in
the restriction of R to A is constant equal to k. Let N € N such that 1/N < w(A).

By aperiodicity and Maharam’s lemma with f = 1/(2kN) (see Proposition 4.3), we can partition
X in 2kN pieces of equal R-conditional measure. Using Lemma 4.2, we thus have B € X and
@1, -« QN € [R] with domain B such that ¢; = idp and the sets ¢1(B), ..., gy (B) partition X.
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Let By be the set of x € B such that there are at least k + 1 distinct indices i € {1, ..., 2kN} such that
pi(x) € A. Write Ag ={x € A: i, <pi_1(x) € Bp}. Then since Ay is covered by the disjoint translates
of By, we have 1 (Ag) <2kNu(Byp). Letting A; = A\ Ag, we again have that A is covered by the disjoint
translates of By = B\ By, but by definition for every x € B there are at most k indices i € {1, ..., 2kN}
such that ¢(x) € Ay, so that

k
Ay <ku(B)) < —.
u(Ay) < kp(By) AN

Since A = AgU Ay, we then have w(A) < k/(2kN) + 2kN(Bg). But 1/N < u(A) so 1/2N <
2kN u(By), and hence

By) 2 ——.
n(Bo) EN?

Now for all x € By, because the index of Sj4 in R4 is k, we must have two distinct i, j such that
(¢i(x), 9j(x)) € S. In particular,

-1
Z M((/)i Qj ns) > W
I1<i<j<2N
The latter estimate will actually be valid for every translate of S by 7' € Aut(R) because T (A) will still

satisfy 1/N < u(T (A)), so for every T € Aut(R),

1

-1
. MTlenT 8> .

1<i<j<2N
This inequality defines a closed set of subequivalence relations, but it is not satisfied by Ay, which
finishes the proof of (iii) = (i).

We finally prove that (i) implies (ii). We fix S € Sub(R) everywhere of infinite index. Let us also fix a
uniquely generating sequence (¢x) of moving partial involutions of R as provided by Proposition 3.4.
Applying Proposition 3.1 to the sequence of M-finite measure subsets ¢, it suffices to show that given
some k € N and € > 0, we can find T € [R] such that foralli € {1, ..., k},

MU(T7'-8)Ng) <e.

We will actually do better and construct T € [R] such that forall i € {1, ...k}, M(T~'-S)Ng;) =0.
Observe that it now suffices (and it is necessary) to build 7" such that for almost all x € dom ¢; and all
ief{l,..., k},

(T(x), Tgi(x)) &S.

Our construction makes a crucial use of a result of Eisenmann and Glasner [2016, Proposition 1.19]:
letting I' = {y,, : n € N} be a dense subgroup of [R], we have that I" acts highly transitively on the orbit
of almost every x € X, and we may as well restrict ourselves to the set of all such x. By the definition of
high transitivity, this means that for all x € X, every partial bijection between finite subsets of I'x is the
restriction of some y € I'.
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We will now build 7" as the increasing union of elements v, of the pseudofull group defined inductively
as follows.

First, 1 is the restriction of yy to the set of all x € X such that for all i € {1, ..., k}, we have
(vYox, yopi(x)) ¢ S. Then, assuming v, has been built, we extend it as 1,1 by letting

Ynr1(X) = Yug1X
if x ¢ dom Y, Yp+1X ¢ tng ¥y, and foralli € {1,...,k}

(a) if ; (x) € dom ¥, then (Vu41X, i (X)) ¢ S,

(b) if @i (x) ¢ dom ¥, then (Yuq1X, Yay19i(x)) ¢ S.
Letting ¢ = (J,, ¥», we now prove the following central claim:
Claim. The element of the pseudofull group  has full domain.

Proof of the claim. Assume not. Observe first that for almost all x in the complement of the domain
of i, the R-class of x intersects the complement of the range of . Indeed, otherwise we have a positive
measure R-invariant set such that ¥ ~! takes it into a subset of itself of smaller measure, contradicting
that R is measure-preserving.

Take x € X \dom v as above. Letiy,...,i; € {1, ..., k} be the indices such that ¥ ¢;, (x), ..., ¥¢; (x)
is defined, and denote by ji, ..., jr—; the remaining indices. Since S has infinite index in X \ rng v,
there are z € [x]g N X \ rng ¢ and pairwise distinct zy, ..., Zx—; € [x]gr N X \ rng ¥ such that

e forallm e ({1,...,1} we have (z, ¥¢;, (x)) ¢S,
o forallme{l,..., k—1} wehave (z,z,) ¢ S.

By high transitivity, there is y € I" such that
yx=z,and forallm € {1, ...,k —1} we have y¢;, (x) = zn.

This shows that for almost all x € X \dom i there is n € N such that y,,;1x ¢ rng ¢ and for alli € {1, . .., k},
we have:

@) If ¢; (x) € dom ¢ then (y41x, Ye;(x)) ¢ S.
(b)) If @;(x) ¢ dom ¥ then (41X, Vay19i (X)) ¢ S.

Let n be the first integer such that the set of x € X \ dom ¢ satisfying the above conditions is nonnull. By
the definition of v, this set should be contained in the domain of ¥, |, and hence of ¥, a contradiction. [

So ¢ is everywhere defined; since R is measure-preserving this implies that it belongs to the full
group, and we thus rather write it as 7 = . We finally check that 7 is as wanted.

Let x € X. Define n > —1 as the least integer such that x € dom ¥,,11, so that T (x) =¥, 41 (x) = Y41 (x)
by construction. Leti € {1, ..., k}.

If i (x) € dom ¥, then (v, 41X, ¥, (x)) ¢ S by (a), which means that (T (x), Tg;(x)) ¢ S.
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If ; (x) ¢ dom v, let m be the least integer such that ¢; (x) € dom ¥, 4-1. Thenm > n and Y, 419, (x) =
Ym+1@i (x) by construction. There are two possibilities:

« m =n: Then (b) guarantees (V,41X, Vpt+1¢i(x)) ¢ S so that (yp+1x, Yni19i(x)) ¢ S, and hence
(T'(x), Toi(x)) &S.

o m > n: But then (Y119 (X), ¥m@i@; (x)) ¢ S by (a) applied to x’ = ¢;(x) and n’ = m. The fact
that ¢; is involutive implies that (¥, 11¢; (x), ¥, (x)) ¢ S, and hence (T'¢;(x), T (x)) ¢ S, which is
equivalent to (T (x), Te;(x)) ¢ S.

Since in all cases we reached the desired conclusion (7 (x), T ¢;(x)) ¢ S, the proof is finished. Il

4.3. Dense orbits in the space of hyperfinite subequivalence relations. By definition a CBER is called
finite when all its equivalence classes are finite, and hyperfinite if it can be written as an increasing union
of finite Borel subequivalence relations. In our measured context, we ignore null sets and thus use the
following definition:

Definition 4.8. A nonsingular equivalence relation R on (X, w) is called hyperfinite when it admits a
restriction to a full measure set which is hyperfinite in the above sense.

Hyperfiniteness can then be characterized in full group terms as follows: R is hyperfinite if and only if
forall Ty, ..., T, € [R] and € > 0, after throwing away a set X’ of measure ¢, the equivalence relation
generated by the restrictions Tyx\x/, . . ., Ty x\x’ 1s finite.

Remark. The above characterization of hyperfiniteness is Dye’s original notion [1959] of approximate
finiteness for full groups (see also [Le Maitre 2014, Proposition 1.57] or [Kechris and Miller 2004,
Lemma 10.4] for a proof of this characterization).

Definition 4.9. Given a nonsingular equivalence relation R on (X, w), let us denote by Subypy,(R) its
space of hyperfinite subequivalence relations.

Using liminf as in the proof of Theorem 2.6 and the fact that the class of nonsingular hyperfinite
equivalence relations is stable under countable increasing unions, one can show that Subyy,(R) is closed
in Sub(R); see [Kechris 2024, Theorem 8.1]. Let us observe that this can also be seen as a consequence
of the characterization via approximate finiteness: if S is not hyperfinite as witnessed by some € > 0 and
T, ..., T, its in full group, any S’ which contains the 7; in its full group up to an %en error will also fail
to be hyperfinite.

Before we state our main result on dense orbits in Subpy,(R), we need a preparatory well-known

lemma on finite subequivalence relations:

Lemma 4.10. Let R be an ergodic p.m.p. equivalence relation. Then two finite subequivalence relations
S1 and S; of R are in the same [ R]-orbit if and only if for alln e N

pn({x e N:lxls | =n}) = n({x e N:|x]s,| =n}). (D
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Proof. The direct implication is clear. Assume conversely that (1) holds. Let us fix some notation by
letting, fori € {1,2} and n > 1,
X ={xeN:|[x]s|=n).

Our assumption then becomes: the equality (X ,ll) = M(Xﬁ) holds for every n > 1. Let < be a Borel
linear order on X. We can then define, for all i € {1,2} and j € {1, ..., n}, the Borel set

Y,’;’j ={xe Xﬁl : x is the j-th element of [x]s,}.

For i € {1,2} and ji, j» € {1,...,n}, if we define <p;',,jl,j2 Y!

. nvjl
Jj2-th element of its S;-class, then 9"}1, i € [S:1 € [R]. In particular since R is p.m.p., we have that

— le;,jz by taking x € le;,jl to the
M(Yri,jl) = ;L(Y,;"/.Z). Since Xfl is partitioned by (Yr’;’j ’}':1’ we conclude
np(Yy ) = w(X,) = w(Xp) =nu¥y ),
so that (Y, ) = u(Y;7 ).
Since R is ergodic, for every n € N we can fix some ¢, € [R] such thatdom ¢, =Y ,11,1 andrng ¢, =Y nz’l
We then extend simultaneously these ¢, as T € [R] by letting, foreveryn > 1, je{l,...,n}andx € X r]l j

T(X) =y 1 j9n®p j.1(X).

In other words, given x € X whose Si-class has cardinality n, we look at the first element y of the S;-class
of x, and then 7 (x) is the element of the Sp-class of ¢, (y) which is in the same position as x. Then by
construction 7 - S; = S,, as wanted. O

Theorem 4.11. Let R be a p.m.p. ergodic equivalence relation, and let S € Sub(R) be aperiodic and
have everywhere infinite index. Then the closure of the [R]-orbit of S contains Subpy,(R).

Proof. It follows from the definition of hyperfiniteness that finite equivalence relations are dense in
Subpyp(R), so it suffices to approximate every finite subequivalence relation of R by an element of the
[R]-orbit of S. Let Rq be such a finite equivalence relation. For each n let

Xn ={x € X :|[x]lry|l = n}.

Because S is aperiodic, we can find an element of the [R]-orbit of R contained in S. Indeed, by
Maharam’s lemma we first have a partition of X into pieces (Y ,)1<j<n such that us(¥; ) = u(X,)/n.
We then have for every 2 < j < n some ¢; , € [S] such that dom¢; , =Y, andmnge;, =Y, ,.

Now let Yy =| |, Y1, ¥1 =idy, and forall j > 2, ¢; = |_|n>j @j.n. Note that the ranges of the /;
partition X. Denoting by Sy the equivalence relation generated by all the ¥, we then have

So = |_| |_| @ni X @n,j(Ay,,) = |_| Vi x ¥j(Ay, N (domy; x dom ;).

n i j=I i,j

In particular the Sp-class of every x € |_|'j1-:1 Y,,; has cardinality n, and so by Lemma 4.10 we can fix
some T € [R] such that T - Sp = Ry.
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By Theorem 4.7, we find a sequence (7}) in the full group of the restriction of R to Y; such that
Tk - Sy, — Ay,. We then let Tk(x) = ijkwj_l(x) for all x e g ;.
By construction Tk -S= [_]l-’j Vi X Y (Ty - Sy, N (dom y; x dom;)), so by Lemma 3.11

Ti- S — | |wi x i (Ay, N (dom y; x dom y))) = S,
i’j
which yields the desired result since we then have Tfk -S> T -5 =Ry. O

Remark. By [loana et al. 2009, Corollary 5.4(ii)], if R is aperiodic and comes from a measure-preserving
action of a property-(T) countable group, then there are no dense orbits in the space of subequivalence
relations because any S with a dense orbit would have to have finite index in some restriction of R, and
hence cannot contain Ay in its orbit by Theorem 4.7. The general fact is that there cannot be dense
orbits in the space of subequivalence relations of R as soon as R is not approximable, as defined by
Gaboriau and Tucker-Drob [2016]. Indeed if S has a dense orbit, Lemma 2.2 provides a sequence S,
such that R = liminf §,,, while nonapproximability forces some restriction of ﬂn> ~ Sn to coincide with
R on a positive-measure subset A, contradicting the density of the orbit of S by Theorem C. For more
examples of nonapproximable equivalence relations, the reader can consult the paper of Gaboriau and
Tucker-Drob, where they obtain, for instance, a quantitative version of nonapproximability for some
equivalence relations coming from actions of product groups; see [loc. cit., Theorem 2.4].

Corollary 4.12. Let R be an ergodic p.m.p. equivalence relation, and let S € Sub(R). The following are
equivalent:

(1) S is aperiodic and has everywhere infinite index in R.

(ii) S is aperiodic and the closure of the [R]-orbit of S contains Ax.
(ii1) S is aperiodic and the closure of the Aut(R)-orbit of S contains Ax.
(iv) The closure of the [R]-orbit of S contains Subyy,(R).

(V) The closure of the Aut(R)-orbit of S contains Subpy, (R).
Proof. The equivalence of (i)—(iii) is a direct consequence of Theorem 4.7. The implication (i) = (iv) is
exactly Theorem 4.11, and (iv) clearly implies (v). Finally, let us prove (v) = (iii): assume the closure
of the Aut(R)-orbit of S contains Subyy,(R). Since Ay is hyperfinite, Ax belongs to the closure of the
Aut(R)-orbit of S, so we only have to show S is aperiodic. Assume for the sake of contradiction that S is

not aperiodic. Then for some n € N we have u({x € X : |[x]s| <n}) >0. Let s = u({x € X : |[x]s]| < n}).
Then S belongs to the Aut(R)-invariant set B of all S’ € Sub(R) such that
sup MS'N(TU---UTp ) <dn+(1—=8)m+1).
T1,.... Thr1€[R]

Note that the intersection map is continuous for the lower M-topology by Lemma 3.9 and that M is lower
semicontinuous for the lower M-topology. Since arbitrary supremums of lower semicontinuous functions
are lower semicontinuous, the Aut(R)-invariant set B is closed for the lower M-topology; in particular it
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is closed for the strong topology. Since the closure of the Aut(R)-orbit of S € B contains Subpy,(R), we
have B C Subpy,(R).

However B is disjoint from the set of aperiodic subequivalence relations since for 7 aperiodic we can
find 71, . . ., Ty41 in the full group of 7 with disjoint graphs, so that M (T N(TyUuTruU---UT,41)) =n—+1.
Since Subpy,(R) contains aperiodic subequivalence relations, we reached the desired contradiction. So S
is aperiodic, and hence (iii) holds, as wanted. Il

Corollary 4.13. For a subequivalence S of the hyperfinite ergodic p.m.p. equivalence relation Ry, the
following are equivalent:

(1) S is aperiodic and has everywhere infinite index in Ry.

(ii) S is aperiodic and the closure of the [Rol-orbit of S contains Ax.
(i) S is aperiodic and the closure of the Aut(Ry)-orbit of S contains Ax.
@iv) The [Ro]l-orbit of S is dense in Sub(Ry).

(v) The Aut(Rg)-orbit of S is dense in Sub(Ry).

Proof. This is a direct consequence of the previous corollary since every subequivalence relation of a
hyperfinite equivalence relation is hyperfinite. g

Remark. In the nonsingular ergodic type Il or type III cases, one can show that there are always dense
orbits in the space of subequivalence relations. Let us sketch the proof: first note that by assumption
there is a sequence (¢,) of elements of [R] such that for all n, dom¢, = X but X =| |, rng ¢, (this
actually characterizes equivalence relations of type Il or III among ergodic nonsingular equivalence
relations). We then enumerate a dense subset of Sub(R) as (S,,). The desired subequivalence relation
with a dense orbit is S = |, ¢, - S,, as one can see by approximating each ¢, by a full group element in
the dj; metric.

4.4. Meagerness of full group orbits. In this section, we use loana’s intertwining for subequivalence
relations in order to show that full groups orbits are always meager in the space of hyperfinite subequiv-
alence relations. In what follows, we use the uniform metric on the full group of a p.m.p. equivalence
relation R, defined by

dy(Th, T2) = p(fx € X : T1(x) # To(x)}) = du(Th, Ta),

which is biinvariant, complete and separable, thus endowing [R] with a Polish group topology. We
will use without mention the well-known fact that if M(SNT) > 1 — €, then there is S € [S] such that
d, (S, T) < € (to see this, note that SN T € [[S]], and hence it can be extended to an element S of the full
group of S by Lemma 4.2).

Definition 4.14 (Ioana). Let S and T be two subequivalence relations of a p.m.p. equivalence relation R.
Write S < T if there is no sequence (7},) in the full group of 7 such that for all U;, U, € [R], we have

MSNUT,Uy) — 0.
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We will crucially use Ioana’s version [2012, Lemma 1.7] of Popa’s intertwining theorem: if S < 7,
then S can be translated by an element of the full group of R so as to have somewhere-finite index in 7.
The interested reader is also referred to [Spaas 2023, Lemma 3.1] for a characterization of S <7 when S
has infinite index in R.

We leave it to the reader to check that < is [R]-invariant, meaning that if S < 7 and Uy, U; € [R],
then U; - S < U, - T. Also note that we always have S < S.

Lemma 4.15. The relation < defines an F, subset of Sub(R) x Sub(R).

Proof. We show that the complement of < in Sub(R) x Sub(R) is Gs. Let us fix (U;) dense in R. It
is then not hard to check that S A 7T if and only if there is a sequence (7},) in the full group of T such
that M(SNU;T,U;) — O for all i, j € N (this is essentially the first step of the proof of [Ioana 2012,
Lemma 1.7]). It follows that S 4 T if and only if for every k € N and € > 0, we can find T € [7] such that

MSNU;TUj) <e forall i,jell,... k} 2)

Now by density of (U;), we finally have S A T if and only if for every k € N and € > 0O, there is / € N
such that M(TNU;) >1—e andforall i, j € {1,...,k}

MESNUUU)) <e.
It is now straightforward to check that this last condition defines a G set, so we are done. U

Theorem 4.16. Let R be an ergodic p.m.p. equivalence relation, and consider the [R]-action on the
Polish space Subny,(R) of hyperfinite subequivalence relations of R. Then all [R]-orbits in Subyy,(R)

are meager.

Proof. Assume for the sake of contradiction there is a nonmeager [R]-orbit. Since there is a dense [R]-orbit
in Sub(R), the topological 0-1 law yields that there is a comeager orbit. Denoting by E the equivalence
relation generated by the [R]-action on Sub(R), we deduce that E is comeager in Subpy, (R) X Subpyp(R).

By [Dye 1959, Theorem 4], the p.m.p. equivalence relation R contains an ergodic hyperfinite subequiv-
alence relation S. Let 7 be an aperiodic subequivalence relation of S with diffuse ergodic decomposition,
such as the one coming from Example 1.1 once we identify S to Rgy. The following claim will essentially
finish our proof:

Claim. We have T £ S.

Proof of the claim. Suppose 7 < S. Then by [loana 2012, Lemma 1.7], there is a nonzero ¢ € [R] and
k € N such that if B =rng¢, then every (¢ - §) p-class is contained in the union of at most k classes
of 7;p. Since T has diffuse ergodic decomposition, we can find Cy, ..., Ciy4 partitioning B which are
all 7;p-invariant and have positive measure.

As S is ergodic, the (¢-8)p-class of almost every x € B intersects all the C;, and since they are
7Trp-invariant, we conclude that almost every (¢ -S)p-class cannot be contained in less than k + 1 classes
of 7, a contradiction. O
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Since < is [R]-invariant, its complement also is. This complement is moreover G5 by Lemma 4.15,
and by the above claim it contains the subset [R] -7 x [R]-S, which is dense in Subpy,(R) x Subpy,(R)
by Theorem 4.11. So the complement of < is comeager, and it should thus intersect E. This means that
one can find a subequivalence relation S’ and T' € [R] such that S’ £ T - &', a contradiction. U

Remark. Our proof is inspired by the Glasner—Weiss proof that Aut(X, ) does not have comeager
conjugacy classes, replacing Rokhlin’s lemma by Theorem 4.11 and Del Junco’s disjointness by Ioana’s
intertwining relation X£; see [Glasner and Weiss 2008, Section 3].

Corollary 4.17. Let Rg be the hyperfinite ergodic p.m.p. equivalence relation. Then all the [Ro]-orbits
are meager in Sub(Ry).

Proof. Again this follows directly from the above theorem, since every subequivalence relation of a
hyperfinite equivalence relation is hyperfinite. (]

5. The uniform metric and complexity calculations

We begin this final section by introducing a natural metric on the space of all nonsingular equivalence
relations. Given two nonsingular equivalence relations R and R, denote by €(R, R,) the set of all
A e MAIg(X, w) such that Rij4 = Raja. Define

dy(Ri,R2)=1—sup p(A)= inf 1—u(A).
A€C(R|,R2) AeC(R1,R2)

Let us check that this is indeed a metric. Symmetry is clear. For Hausdorffness, if d,,(R, R,) =0 then we
find (X,) with u(X,) > 1 —27" and R1x, = Rox,. By the Borel-Cantelli lemma, almost every x € X
is in all but finitely many X,,, which yields a full measure set restricted to which R and R, coincide.

We finally need to show that the triangle inequality holds. Observe that if A} € €(R1, R,) and
Ar € €(Ry, R3), then A1 N Ay € €(Rq, R3); moreover

X\ (A1NA2) S(X\ADU(X\ A,
so by taking measures and infimums we get the desired triangle inequality.
Lemma 5.1. The uniform metric refines the strong topology.

Proof. The uniform metric clearly refines the uniform topology defined in [Kechris 2024, Section 4.6],
which in turn refines the strong topology. (|

Remark. The results from [loana et al. 2009, Theorem 1] applied to the subequivalence relation R| NR;
yield that the uniform metric actually induces the uniform topology.

In what follows, we freely identify the Cantor space {0, 1}" to the set of subsets of N, and the continuous
reduction alluded to is thus defined on the whole {0, 1}V.

Proposition 5.2. Suppose R is an aperiodic nonsingular equivalence relation. There is a continuous
reduction from the set Subg, (N) of finite subsets of N to the complement of the set of subequivalence
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relations which are of infinite index, and to the set of finite index subequivalence relations, both for the

uniform metric.

Proof. Let (X,) be a partition of X into sets which intersect almost every R-class (e.g., obtained via
Maharam’s lemma as sets of R-conditional measure constant equal to 27"~1). Let B € N. We associate
to B the set Yp =, eN\B X, and let the reduction be B — Rp, where

Rp=(RNYp x Yp)L U RN (X, X X,).
neB
The continuity of our reduction for the uniform metric is clear from the definition (if two subsets B
and B’ coincide on the first n integers, then the associated equivalence relations coincide on | J, _,, X).
Moreover, if B is finite we see that R 5 has finite index equal to | B| + 1, and if not it has infinite index, as
wanted. O

Corollary 5.3. Let R be a nonsingular aperiodic equivalence relation. The set of subequivalence relations
of R with infinite index is Gs-hard in the uniform metric; in particular it is Gs-complete in the strong

topology.

The next statements are all about the strong topology.

Proposition 5.4. Let R be a nonsingular aperiodic equivalence relation. The space of finite index
subequivalence relations is F,5-hard if and only if E has infinitely many ergodic components, otherwise
it is Fy-complete.

Proof. Denote by Subj.1(R) the space of finite index subequivalence relations. Note that by ergodicity,
if E has only finitely many ergodic components, then the space of finite index subequivalence relations is
equal to the union over k € N of the spaces Subj<xj(R) of all subequivalence relations whose index is
uniformly less than k.

Let us show that for each k € N, the set Subj¢x(R) is closed. Suppose S ¢ Subj<xj(R). Then there is a
positive measure set of x € X such that [x] contains at least k+ 1 distinct S classes. We thus find A C X of
positive measure and ¢y, . . ., ¢ € [R]] with common domain A and such that first, A, rng ¢y, ..., rng ¢
are pairwise disjoint, and second, S is disjoint from the union of the graphs of the ¢; goj_l. In other words,
we find a finite subequivalence relation of R which is disjoint from S (after of course removing Ax) and
all whose nontrivial classes have cardinality > k + 1.

Now let S, — S. Since

M(‘PIU“'U(PkmSn):/AHi efl,....k}: (x,0i(x)) € Sp}ldp(x) = 0,

for n large enough there will be a positive measure set of x € A such that for all i € {1,...,k},
(x, 9i(x)) ¢ Sy in particular, S, has somewhere index > k. So Subj¢;(R) is closed and hence
Sub<o](R) = Upen Subj<kj(R) is Fy. Moreover, Subj.oo)(R) = (U Subi<i(R) is F,-complete
by virtue of the preceding proposition.
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Now if R has infinitely many ergodic components, let (X,,) be a partition of X into R-invariant sets
of positive measure. Denote by Subg, (N) € {0, 1}N the set of finite subsets of N, viewed as finitely
supported functions N — {0, 1}.

For every n e N, let ®,, : {0, N - Sub(R,x,) be the continuous reduction from Proposition 5.2, and
for a sequence (x,),en Of elements of {0, N, Tet

O ((xn)nen) = |_| Pnlxn) € Sub(R).
neN
By Lemma 3.11 & is continuous, and by construction
@~ (Subj<oc)(R)) = [ | Subsn(N).
neN

Being a (countable) infinite product of F,-hard sets, the latter is F,s-hard, so the set of finite index

subequivalence relations is F,s-hard. O

Remark. It follows from [Kechris 2024, Proposition 9.4] that Sub;_;(R) is always Fy; (the proof in the
nonsingular case works the same), so when R is aperiodic and has infinitely many ergodic components,
Sub[<o0](R) is actually Fi,s-complete.

We finally use a similar approach to show that the set of finite subequivalence relations is always
F,s-complete (for R aperiodic), by first directly showing that the space of finite subequivalence relations
if F,-hard. In the remainder of the paper, we set

Fo=@D2/22={f :N— Z/2Z| f(n) =0 for all but finitely many n € N}.
N

Lemma 5.5. The space Subq,(I'g) of finite subgroups of T'gy is an F,-complete subset of the space
Sub(lg) of subgroups of T'.

Proof. The set of finite subgroups is countable. In particular it is F,. It is F,-complete via the continuous
reduction BCN— Ap:=p, cp Z/2Z < T of the F,-complete set of finite subsets of N to Subg, (I'g). U

Remark. The above lemma can also be proven by first noting that by the Baire category theorem, the
countable dense set Subg,(I'p) cannot be G in the perfect zero-dimensional Polish space of subgroups
of 'y, and then applying Wadge’s theorem; see [Kechris 1995, Theorem 22.10].

The following proposition was stated and proven in the p.m.p. setup in the first version of this paper (in
this restricted setup, it is a consequence of [Dye 1959, Theorem 4]). We are very grateful to the referee
for pointing out that the same result is true in the purely Borel setup and for indicating the proof.

Proposition 5.6. For every aperiodic CBER R, there is a free I'y-action which induces a subequivalence
relation of R.

We rely on the following key lemma:

Lemma 5.7. Let R be an aperiodic CBER. Then its Borel full group contains a fixed-point free involution.
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Proof. By [Kechris and Miller 2004, Lemma 7.4], R contains a Borel subequivalence relation S, all
whose classes have cardinality 2. Our involution U is then defined by: for all x € X, U(x) is the only
y # x such that (x, y) € S. U

Proof of Proposition 5.6. We first inductively define a decreasing sequence (A,),en of Borel subsets of
X and fixed-point free partial involutions (¢, ),y in the Borel pseudofull group of R with support A,
as follows. We begin with an everywhere defined involution ¢y with support Ay = X, as provided by
the previous lemma and then, assuming ¢, has been built, we let A, ; be a Borel fundamental domain
for ¢,,. Noting that the restriction of R to A, has to remain aperiodic, we use the above lemma to find
@n+1 as a fixed-point free involution in the Borel full group of the restriction of R to A,11.

We extend these to involutions to get a free ['g-action. Letting G, = { fe®nZ/22:Nm>n, f(m) =0},
we can write I'g as the increasing union I'g = | J,, G,,, and we have G,, = (s, ..., s,), where s; (k) = 0 if
i #k,and s;(k) =1 if i = k. Our inductive construction of the action will be such that for all n,

X=|]g A 3)
8€G,

We begin by letting sg - x = ¢o(x) for all x € X. And then, assuming that the action of G, has been
defined so that X = |_|g€Gn g-A,+1, we start defining the 5,41 action on A, by letting s,+1 X = @41 (x)
if x € A,41. Since we want 5,1 to commute with G, and we have X = I—lgeG,, g- A1, we are then
forced to extend 5,11 to the whole of x by letting, for every x € A, and every g € G,

Sn+1(8 - X) =&~ Snt1 - X.

It is then not hard to check that this does define a G, action with X =|_| 2€Gois
us a ['g-action by induction in the end. This action is free since (3) implies that the action restricted to

g+ Ay42, which provides

each G, is free, which finishes the proof. O

Remark. It follows from [Dye 1959, Theorem 3] that when R is p.m.p. hyperfinite and aperiodic, one
can upgrade the above result and obtain that R is equal to the equivalence relation generated by the
[g-action. This led Dye to ask whether any p.m.p. equivalence relation should come the free action of
some countable group (see the paragraph right before Lemma 6.5 in [Dye 1959]). This question was
answered in the negative 40 years later by Furman [1999].

Given a nonsingular equivalence relation R, we denote by Subg,(R) the space of finite subequivalence
relations of R.

Proposition 5.8. Let R be an aperiodic nonsingular equivalence relation. Then Subg, (R) is F,5-complete.

Proof. Partition X into (X,),en so that each X, has positive measure and the restriction of R to each X, is
aperiodic. By the previous lemma, each restriction of R to X,, contains a subequivalence relation coming
from a free ['g-action «,. Now consider the map (Sub(Iy))N — Sub(R) which takes any sequence
(An)nen to the equivalence relation | |, eN Ra,(a,)- This is a topological embedding by Lemma 3.11, and
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it reduces the F,s-complete set Subg,(I'o)N C Sub(Io)"N to the set of finite equivalence relations, which
is thus F,s-hard.

We are left with proving that Subg,(R) is Fys, which is due to Kechris [2024, Theorem 8.5] in the
p-m.p. setup. While his proof generalizes to the nonsingular setup, we provide here another approach,
relying on spaces of measurable maps. Let us fix a uniquely generating sequence of moving partial
involutions (¢,),en. Consider for every n € N the continuous map

tn 1 Sub(R) — MAIlg(X, n)

which associates to every S € Sub(R) the set of x € dom ¢, such that (x, ¢,(x)) € S.

Identifying subsets to characteristic functions yields a natural homeomorphism & between MAlg(X, )
and the Polish space of measurable maps LO(X, u, {0, 1}); see [Le Maitre and Slutsky 2021, Appendix B]
for more on LY spaces. Using this homeomorphism and putting all the maps 1, together, we get a
continuous embedding

L= (P oty)nen : Sub(R) > [JLOX, . {0, 1) ~LO(X, . {0, 1}V).

neN

We will conclude the proof via a straightforward application of the claim below.
Claim. Let Y be a Polish space, and let D C Y be F,. Then LO(X, W, D) is an Fys subset of LO(X, w,Y).

Proof of the claim. It follows directly from the definition of the topology of convergence in measure given
in [Le Maitre and Slutsky 2021, Appendix B] that for any open subset U C Y, the map f € L(X, i, Y)
w(f~1(U)) is lower semicontinuous. Taking complements, given a closed subset C C {0, 1}V, the map
fel%X, u,Y)— w(f~1(C)) is thus upper semicontinuous. Now write D =, C,, as an increasing
union of closed subsets C,,, and observe that ;.(f~!(D)) = 1 if and only if for all € > 0 there is n such
that u(f~1(C,)) > 1 —e. O

In order to finish the proof, take D = Subg,(N) to be the F, set of finite subsets of N, viewed as a
subset of ¥ = {0, 1}V. Then L°(X, u, Subg,(N)) is F,5 in LO(X, u, {0, 1}V) by the above claim. Finally,
observe that Subg,(R) = ¢~ (LO(X, i, Subgn(N))), which is thus F, by continuity of ¢. Il

Remark. Endowing Sub(R) with its strong topology and the uniform metric, we get a Polish topometric
space in the sense of Ben Yaacov [2008], and our remark preceding Corollary 4.12 can be upgraded to
the fact that if a p.m.p. equivalence relation R has property (T), then R is a metrically isolated point of
Sub(R); see also [Gaboriau and Tucker-Drob 2016] for more examples. I don’t know whether the action
of the full group or automorphism group of the hyperfinite ergodic p.m.p. equivalence relation admits a
metrically generic orbit, as characterized in [Ben Yaacov and Melleray 2025].
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Coincidence of critical points for directed polymers
for general environments and random walks

Stefan Junk and Hubert Lacoin

For the directed polymer in a random environment (DPRE), two critical inverse-temperatures can be
defined. The first one, S., separates the strong disorder regime (in which the normalized partition
function W,f tends to zero) from the weak disorder regime (in which Wf converges to a nontrivial limit).
The other, f., delimits the very strong disorder regime (in which w? converges to zero exponentially
fast). It was proved in earlier work that 8, = B, when the random environment is bounded above for the
DPRE based on the simple random walk. We extend this result to general environments and an arbitrary
reference walk. We also prove that 8. = 0 if and only if the L? critical point is trivial.

1. Introduction

We start by defining the directed polymer in a random environment with a general reference random walk.
For the simple random walk case, an overview of known results can be found in the lecture notes [Comets
2017] and the survey [Zygouras 2024]. We let X = (X )r>0 denote a random walk on 74 starting from
the origin and with independent identically distributed (i.i.d.) increments. The associated probability is
denoted by P. We let 1 € [0, co] denote the exponent associated with the tail-decay of | X;|, defined as

log P(|X1| >
_llm Sup w =7 c [0, OO], (1)
U— 00 10gu

where here and in what follows | - | stands for the Euclidean norm in R?. Our main results are proved
under the assumption that n > 0.

Additionally, we consider a collection @ = (w x)g>1 yez¢ Of 1.i.d. real-valued random variables (we
let P denote the associated probability) and make the assumption (throughout the whole paper except for
Theorem 2.9) that wy , has exponential moments of all order, that is

A(B) :=log E[eP”19] <00 forall B €R. ()

The above assumption implies that w o has finite mean and variance, and without loss of generality we
may assume that

Elwi0] =0 and E[w],]=1. (3)
MSC2020: 60K35, 60K37, 82B26, 82B27, 8§2B44.
Keywords: disordered models, directed polymers, strong disorder.
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Given a realization of w (the random environment), 8 > 0 (the inverse temperature) and n > 1 (the
polymer length), we define the polymer measure P‘f, » as a modification of the distribution P which favors
trajectories that visit sites where o is large, namely

Pf,n(dX) — Lﬁez;f:l(ﬂwk,xk—k(ﬂ))P(dX)’ where Wnﬂ — E[eZZ:mﬂwk‘xk—x(ﬂ))].
Wa
The quantity W,f (the dependence in w is omitted in the notation for better readability) is referred to as
the (normalized) partition function of the model. A direct application of Fubini yields E[Wnﬂ ] =1. Using
Fubini for the conditional expectation, it was observed in [Bolthausen 1989] that the process (Wf Jn>0 18
a martingale with respect to the filtration (F,,) defined by

Foi=0(wgx:k<n,xe Zd).

As a consequence, (Wf JneN converges almost surely as n — oo, and we let Wé denote its limit. By
Kolmogorov’s 0-1 law, [IJ’(W!,SO =0) € {0, 1}. Using terminology established in [Comets et al. 2003], we
say that strong disorder holds if [P’(Wf;, =0) = 1 and that weak disorder holds if IP(WO% > (0) = 1. Finally
(relying on [Comets et al. 2003, Proposition 2.5] for the existence of the limit, which easily generalizes to
the case of general random walks) we define the free energy of the directed polymer by setting

— lim L p_1 g
f(B) = nlgrolo . log W), = n[E[log Wl

We say that very strong disorder holds when f(8) < O (that is to say when Wf converges exponentially
fast to zero). It was established in [Comets and Yoshida 2006] that the “strength of disorder” is monotone
in B in the sense that there exist 8, and BC in [0, oo] such that:

(a) Weak disorder holds when 8 < B, and strong disorder holds when 8 > f..
(b) Very strong disorder holds if and only if 8 > S..

The weak and strong disorder regimes correspond to different asymptotic behavior of X under Pa’in as
n — 0o. When weak disorder holds, in the simple random walk case (see [Comets and Yoshida 2006], and
see also [Lacoin 2025] for a recent short proof) the scaling limit of (Xj);_, under Pf’ pon the diffusive
scale is the same as under P, i.e., Brownian motion. Analogous results have been proved in the case
when X is in the domain of attraction of an «-stable law [Wei 2016].

On the contrary, when strong disorder holds, the polymer is believed to exhibit a different behavior:
the trajectories should localize around a favorite corridor along which the environment w is particularly
favorable. This conjectured localized behavior has been corroborated by several mathematical results
[Carmona and Hu 2002; 2006; Comets et al. 2003; Bates and Chatterjee 2020], the stronger results being
obtained under the assumption of very strong disorder and additional technical restrictions.

This distinction between strong and very strong disorder is however not crucial: it was conjectured
in [Carmona and Hu 2006; Comets and Yoshida 2006] that the two critical points 8. and Bc coincide,
and this conjecture was proved to hold true in [Junk and Lacoin 2024] under the assumption that the
disorder is bounded above. We remove this assumption and extend the result to arbitrary random walks.



COINCIDENCE OF CRITICAL POINTS FOR DIRECTED POLYMERS 91

We refer to the introduction of [Junk and Lacoin 2024] and to the recent survey [Zygouras 2024] for a
more detailed discussion on the localization transition.

Let us also mention — although the present paper does not bring any new perspective on the topic — that,
in the case where X is the nearest-neighbor random walk in Z¢, beyond the change from delocalization
to localization, the critical point B, is also expected to mark a transition from diffusive to superdiffusive
behavior. This is captured by the transversal fluctuation exponent &, defined informally through the relation
E); # [1X,]?] = n?T°D under the polymer measure P(f,n. In the weak disorder phase, the invariance
principle implies & = % while in the strong disorder phase it is expected that the polymer becomes
superdiffusive, with § > % Proving this for the standard model is a major open problem in this field.

To our knowledge, superdiffusivity results have only been obtained for models for which it is known that
Bc = 0. For the DPRE introduced above, it is predicted that £ = % for all 8 > 0 when d = 1, a conjecture
which has proved to hold true in the specific case log-I" distributed environment in [Seppildinen 2012].
Upper and lower bounds for £ have been achieved in [Petermann 2000; Mejane 2004] for a polymer
model in which both the environment and the random walk are Gaussian. In addition, results have been
obtained for DPRE with heavy-tailed environments [Auffinger and Louidor 2011; Dey and Zygouras
2016; Berger and Torri 2019] as well as related models where the environments displays long-range
correlations [Lacoin 2011; 2012a; 2012b]. The question of finding a directed polymer model for which
&= % for small values of 8 and & > % for large values of 8 remains widely open.

To facilitate the discussion of the results, let us finally introduce the L? critical point

B = sup{ B=0: (2B )N per(xiV = x) < 1}, 4)
k>1
where P®? is the law of two independent copies X () and X of the random walk X. It is not difficult to
check that sup,, [E[(Wf)z] < oo if and only if B € [0, B2) U {0}, which implies that (W,f)neN converges
in L? for B < f, and hence B. > B,. We also note the equivalence

Br=0 <= XV — X®);- is recurrent. (5)

Historically, the B, critical point was used as a sufficient criterion to ensure 8. > 0 in the case when
XM — X is transient (in particular in the simple random walk case in d > 3; see [Imbrie and Spencer
1988; Bolthausen 1989]). Here we show that this condition is also necessary in the sense that 8, = 0
whenever X() — X® is recurrent. We refer the reader to [Cosco et al. 2021] for a previous work exploring
the relation between 8, = 0 and 8. = 0 considering a more general setup in which X is only assumed to
be a Markov chain on a countable state space.

2. Results

2.1. Coincidence of the critical points. As mentioned earlier, it had been conjectured in [Carmona and
Hu 2006; Comets and Yoshida 2006] that there is a sharp transition from weak to very strong disorder, or
in other words that 8. = f.. This conjecture was formulated in the case where the reference walk P is
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the simple random walk on Z¢, and it was recently proved to hold true under the additional assumption
that the environment  is bounded above [Junk and Lacoin 2024]. We extend the validity of this result by
relaxing the assumptions on the random walk and on the environment; recall (1).

Theorem 2.1. If > 0, then B, = B.. Furthermore, if B. > B> then weak disorder holds at B..

Remark 2.2. The assumption 7 > 0 is necessary and the result may fail to hold when the assumption
is violated. For instance, it was proved in [Viveros 2023] that for a very heavy-tailed one-dimensional
random walk, one may have B, = oo and B. € (0, 00). To illustrate this point further, we show in
Proposition 2.11 that it is even possible to have . = 0 and B, = .

In the case of the simple random walk on Z¢ with d > 3, we have B. > S, (see [Birkner and Sun
2010, Section 1.4] for d > 4 and [Junk and Lacoin 2024, Theorem B] for the full details concerning the
case d = 3). This strict inequality is however not always valid. A simple counterexample is that of the
simple random walk when d = 1 or 2 (for which 8, = 8, = 0, and weak disorder trivially holds at .).
We later show that the equality 8. = B> is in fact valid whenever B, = 0; see Theorem 2.9. We may also
have 8. = B, when 8, > 0, for instance if either n =d = 1 or n = d = 2; see [Junk and Lacoin 2025,
Corollary 2.22]. It is an interesting question whether weak or strong disorder holds at S, in that case.

To complement our result and to highlight the gap between what we can prove and what we believe to
be true, we present a sufficient condition for 8. > B,. This criterion is related to the tail distribution of
the first intersection time of two independent walks

T :=inf{n > 0: XV = x@},
with the convention inf & = co. We then define the exponent o by

log P®(T
a := —lim sup o8 (T €, %)) € [0, oo]. (6)
n— 00 10gn

Proposition 2.3. If B, > 0 and a > 1, then f. > .

Remark 2.4. The example with 8, = 8, from [Junk and Lacoin 2025, Corollary 2.22] has « = 0. We

believe that one should have 8. > 8, for all « > 0, but the ideas used in our proof — which combine

the observations made in [Birkner and Sun 2010, Section 1.4] with pinning model estimates adapted

from [Derrida et al. 2009] — clearly stop working whenever « < % Note that ¢ = %a’ — 1 for the simple
1

random walk and thus the assumption « > 5 is satisfied when d > 4 but not for d = 3.

2.2. Integrability of Wf at criticality. We defined the integrability threshold exponent as
p*(B) :=sup{p > 1:supE[(W})"] < o0}.
n>1
It was introduced in [Junk 2025a] and provides detailed information concerning the tail behavior of the
partition function. When strong disorder holds, we have p*(8) = 1. On the other hand, by [Junk and Lacoin
2025, Corollaries 2.8 and 2.20], if n > 0 we have p*(8) > 1 in the weak disorder phase and in that case we
have IP[W& >u]l =< u"P"® (where f(u) <g(u)if f(u)/g(u) is bounded away from 0 and oo as u — o).
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As observed in [Junk and Lacoin 2024], the fact that weak disorder holds at 8. combined with results
from [Junk 2025b] allows us to deduce the value of p* at the critical point. The proof of the following
result is identical to the one found in [Junk and Lacoin 2024]. It relies on an extension of [Junk 2025a,
Corollary 1.3] to the case of unbounded @ which is proved in [Junk and Lacoin 2025].

Corollary 2.5. Assuming (X;)i=o is the simple random walk on 7¢ and d > 3, we have p*(B.) = 1+2/d.

Proof. From [Junk 2025b, Theorem 1.2] it is known that 8 — p*() is right-continuous at points where
p*(B) e (1+2/d, 2]. Since p* jumps from p*(B.) > 1 to 1 at S, and since B, > B, implies that p*(8.) <2,
we necessarily have p*(8.) < 1+2/d. On the other hand, from [Junk and Lacoin 2025, Corollary 2.8]
we have p*(B.) > 1+2/d. O

Corollary 2.5 can be extended beyond the case of the simple random walk. We let D denote the
transpose of the transition matrix of X (defined by D(x, y) := P(X| = x — y)). With a small abuse of

notation we set

log | D
||Dk||<>o 1= max Dk(O, X) = max Dk(x, 0) =max P(X;r=x), v:=—limsup M. (7)
xezd xez4 xezd k—> 00 log k

Let us note that if X' — X is transient, 1, & and v (recall (1) and (6)) satisfy the following inequality

(we provide a proof in Appendix B for completeness):

via—i—lizi—n. (8)

Proposition 2.6. If B, > 0 and weak disorder holds at B., then

Py e[1+ 22—’7, 1+ ﬁ]
Remark 2.7. From Theorem 2.1, the assumption made in Proposition 2.6 is satisfied when 8. > B, but
we do not require that latter condition. At the moment it is not known whether weak disorder holds at 8,
in general. Moreover, the interval [1 + (2 A n)/d, 14+ 1/(v Vv 1)] is ill-defined if d = 1 and n > 1, but in
that case the walk X — X is recurrent and B, = 0; recall (5).

Remark 2.8. There are plenty of examples for which v=d /(2An) =a+1. This includes all d-dimensional
random walks where X has a finite second moment and a support that generates Z¢ (or a subgroup of finite
index), and symmetric 1-dimensional walks satisfying P(X; =x) = |x|~'777°() as x — co. In these cases,
Proposition 2.6 allows one to identify the value of p*(8,) if one assumes that weak disorder holds at j,.

2.3. Absence of phase transition in the recurrent case. It was established in [Carmona and Hu 2002;
Comets et al. 2003] that 8. = 0 in dimensions 1 and 2 (see also [Comets and Vargas 2006] and [Lacoin
2010] for proofs that B, = 0 when d = 1 and d = 2, respectively). These results —and their proofs —
suggest that there is no weak disorder phase as soon as 8, = 0. We provide a proof of this statement
under the minimal assumption that « admits some finite exponential moments,

(B> 0:E[ef*10] < 00} # 2. 9)

Note that Wf is only defined for § such that A(8) < oo in that case.
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Theorem 2.9. Assume that (9) holds. If B, =0, then B, = 0.

For the rest of this section, we return to assuming (2). Combining the above and Theorem 2.1, we obtain
as a corollary that very strong disorder holds for all 8, provided that the power-tail assumption is satisfied.

Corollary 2.10. If n > 0 and > =0, then B. =0.

To illustrate the necessity of the assumption n > 0 for this last result, we present an example of a
polymer model for which g, = 0 and BC = 00. We define the tower sequence (ax)r>0 by ap = 1 and
ap41 := 2%, and a function f(x) on Zby f(x)=1if |[x] <1 and

fx) =

— if |x| € (ak_1, ax] for k> 1.

Qax + a}_,

With the above definition, we have erz f(x) <5. We can thus define g(x) = f(x)/ ZyeZ f(y) and
consider a simple random walk on Z whose increment distribution satisfies P(X| = x) = g(x).

Proposition 2.11. For a directed polymer based on the above random walk, we have , = B, = 0 but
f(B) =0 for every g > 0.

2.4. Organization. In Section 3, we present three technical results. These results are adapted from [Junk
and Lacoin 2024] and are used to prove Theorems 2.1 and 2.9, and Proposition 2.3.

In Sections 4 and 5, we prove Theorem 2.1. The proof largely follows the reasoning used in [loc. cit.]
to treat the case of an upper-bounded environment, but a couple of technical innovations are required
to deal with an unbounded environment and general random walks. While we shortly recap some of
the main ideas, we direct the interested reader to [loc. cit.] for more in-depth explanation of the proof
mechanism.

In Section 6, we prove Theorem 2.9 using the material from Section 3.

The proof of Proposition 2.3 is based on an observation made in [Birkner and Sun 2010, Section 1.4]
and on an adaption of the methods used in [Derrida et al. 2009], which is developed in Appendix A.

One of the bounds in Proposition 2.6 can be derived directly from [Junk and Lacoin 2025, Corollary 2.20]
but the other one requires an extension of [Junk 2025b, Theorem 1.1] to the case of an arbitrary random
walk. This is done in Appendix B.

Finally, the proof of Proposition 2.11, which is a result of illustrative value, is detailed in Appendix C.

3. A toolbox of preliminary results

We present here a couple of technical results required for our proof of Theorems 2.1 and 2.9. These
results can be found in [Junk and Lacoin 2024, Section 3]. We present them here with a couple of key
modifications to fit our setup.

3.1. A finite volume criterion relying on fractional moments. By Jensen’s inequality, for any 6 € (0, 1),

E[log W, 1= 6"'E[log(W,)?] < 6~ log E[(W,)?]. (10)
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Hence, to show that very strong disorder holds, it is sufficient to show that E[(W,,)?] decays exponentially
fast in n. Adapting the argument used to prove [Comets and Vargas 2006, Theorem 3.3], we show that
such an exponential decay holds if there exists some n such that [E[W,‘f ] is smaller than a large power of n.
To make this statement precise, we need to fix the value of 6, so, recalling (1), we set!

3 i 20d
=npAl, 0:=1—-L and K=2=2, (11)
= 4d 7

Proposition 3.1. Assume that n > 0. There exists ng such that, if for some n > ng we have

E[(W.)?] < 2n~ %, (12)
then very strong disorder holds.
Proof. From (10), we have

.. 1 P

f(B) < lggloréfM log E[(Wym)” 1. (13)
Given x, ..., xy, € 7%, we let an (x1, x2, ..., xp,) denote the contribution to the partition function of
trajectories that go through x1, x», ..., x,, at times n, 2n, ..., nm, that is,
an (X1, %2, ..., Xp) 1= E[eﬁ L% wk’Xk_nmk(ﬁ)1{Vi€[[l,m]],Xni=x,'}]-

The case m = 1 defines the point-to-point partition function,
Wi (o) = E[ef Mo on Oy ), (14)

which will play an important role later. Now, using the inequality
0 0
<Za,-) <y, (15)
iel iel
which is valid for an arbitrary collection of nonnegative numbers (a;);c; and 6 € (0, 1) —in the remainder

of the paper we simply say by subadditivity when using (15) — we obtain

m

E[(Wom)?1 < S EH(Wan (1, %2, xn))] = ) [T EL(W,(xi —xi-1))°]
(X1,eees X ) E(ZYm (X150 Xm)E(Zdym i=1
= ( T EHW))

xezd
where the factorization for the first equality is obtained by combining the Markov property for the random
walk with the independence of the environment. In order to conclude using (13), we need to show that
under the assumption (12) we have ) ;4 [E[(Wn x))?1 < 1.
We set R = R, := n'%". Using the inequality A (x) < W, for |x| < R and Jensen’s inequality for
|x| > R, we obtain

3 E[(W, ()1 < QR+ DIE[(W)’1+ Y P(X, =x)’. (16)

xez4 |x|>R

1Throughout the paper we use the notation @ A b = min(a, b) and a Vb = max(a, b) fora, b € R.
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Let us show that both terms on the right side of (16) are smaller that % for n sufficiently large. For the first
term, it is simply a consequence of the assumption (12) and our choice for R. To bound the second term, for
any k > 0, we use Jensen’s inequality for the uniform measure on the annulus {x € Z¢ : |x| € (2¥R, 2t1 R}
to obtain

Y. PXa=x)"<@PRIOP(X,| € @R 2R (17)
|x|€(2kR 2K+ R]

Recalling (1), we have P(| X 1| > u) < u~"? for u sufficiently large. Hence
P(IX,] € @R, 2°T'R]) < P(IX,| > 2R) <nP(IX1| > @*R/m) < Q*R)™2n!+12. (18)

Since by choice d(1 —0) —07j/2 = —ij/4+7%/8d < —ij/8 < 0, by combining (17) and (18) and summing
over k we obtain that there exists C > 0 such that

3 P(Xy =x)° < Ca? TP RIS — Cpf 2402,

[x|>R

Since 1, 8 < 1, this concludes the proof. O

3.2. Bounding the fractional moment using the size-biased measure. We introduce the size-biased
measure for the environment defined by ﬁn (dw) := Wf P(dw). Intuitively, strong disorder holds when
P, and P are “asymptotically singular” (meaning that there exist typical events under PP that become
increasingly untypical under P, asn grows). The following result (which is a reformulation of [Junk and
Lacoin 2024, Lemma 3.2]) is a quantitative version of this statement:

Lemma 3.2. For any measurable event A and 6 € (0, 1),
E[(WH'1 < PA) 9 4+ B, (49"

Proof. We adapt the proof found in [Berger et al. 2025, Lemma 2.2]. We split the expectation in two and
then bound the first part using Holder’s inequality and the second part using Jensen’s inequality,

LW’ T = E[(W) 4]+ ELWS) Lac] < EIWSIPP(A) 7 + EIW Lac )%,
which gives the desired result. (|

To prove that f(8) < 0, our strategy is to combine Proposition 3.1 with Lemma 3.2 and find an event A,
which is unlikely under the original measure [P and typical under the size-biased measure P,.

3.3. Spine representation for the size-biased measure. In this section, we recall a well-known represen-
tation for the size-biased measure. We define (®;);>; as a sequence of i.i.d. random variables — whose
distribution is denoted by [®P — with marginal distribution given by

Pld € -1 =E[ePor 0B, ], (19)
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and X a random walk with distribution P. Note that P and & are unrelated to the notation Wnﬁ (x) for the
point-to-point partition function introduced in (14). Given w, @ and X, all sampled independently, we
define a new environment @ = (X, w, ®) by

- Wi, x ifx;éXi,
Wix ‘=1 . .
W; if x = X;.

In words, @ is obtained by tilting the distribution of the environment on the graph of (i, X;)72,. The
following result states that the distribution of @ corresponds to the size-biased measure. We refer to [Junk
and Lacoin 2024, Lemma 3.3] for comments on and a proof of the following classical statement:

Lemma 3.3. Pr((@i)icpingxezt €)= PP QP(@;)icqinyrezd € -)-

In the course of our proof we refer to the above as the spine representation of the size-biased measure.
Under P, the distribution of the environment has been tilted along a random trajectory X, which we
refer to as the spine.

4. Organization of the proof of Theorem 2.1
Let us start by reformulating the result. We want to show that the following implication holds:

P(WE =0)=1and B> = f(B)<O. (20)
It is a simple task to check that (20) implies both statements in Theorem 2.1.

4.1. Identifying the right event. Recalling (11), we introduce a new family of parameters. We set

Kg:zg(iﬂ)ﬂ and K= 1+dK,+ 25 @1)
n\1-6 1-6
Using a union bound, we have, for n sufficiently large,
P( max |X¢| =) <nP(Xi| = n®7) < g K070, (22)
kell1,n]
We introduce the shifted environment 6, . by setting
(en,za))k,x = Wptk,z4x>» (23)

and let 6, ; act on functions of w by setting 6, x f () = f (6, w).

Proposition 4.1. Assume that strong disorder holds and 8 > B,. Then there exist C > 0 and ny € N such
that for all n > ng there exists s = s, € [0, C logn]l such that, setting

Ap =30y, m) € [0,n—sT x [-n">, n*1? : 0,, ,WF > n3},
we have
P(A,) <n K/ and P, (AS) <n K/
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Proof of Theorem 2.1 assuming Proposition 4.1. We assume that strong disorder holds and that g > $,.
Combining Lemma 3.2 and Proposition 4.1, for 6 and K given by (11), we have, for any n > ny,

E[(WD)'] < (0= H/ )0 4 (07800 = 207K,
and we can conclude the proof of (20) using Proposition 3.1 for n sufficiently large. 0

Bounding P(A,) is not difficult (and the bound is valid for any choice of s). Indeed, by translation
invariance for w, a union bound and Markov’s inequality, we have

P(A,) <n@n®2 + DIPIWE > nk3] < n@2n®2 4+ 1) =5 < n=X/9 (24)

where the last inequality is valid for n sufficiently large, due to our choice of parameters (21).

The harder problem is to estimate P, (A;). The strategy we use for this is the same as in [Junk and Lacoin
2024]. The main task is to obtain a good lower bound on [P( Wsﬂ > nX3) —and hence on @S (Wf >nks)y —
in the strong disorder regime. For this, we extend the validity of [loc. cit., Proposition 4.2] (which is
proved only for upper-bounded disorder and the simple random walk):

Proposition 4.2. If strong disorder holds and B > B, then for any € > 0 there exist C = C(B, €) > 0 and
ug =uo(B, €) > 1 such that for every u > uy,

PIWE > ul > u="* for some s € [0, Clogu]. (25)
Note that P[W’ > u] > u~(+9 immediately implies that
PoW/ = ul =E[WPL s 1= 0" (26)

The proof follows the same road map as in [Junk and Lacoin 2024], but several technical adaptions are
required. This is detailed in the next subsections.

4.2. Tail distribution of the maximum of the point-to-point partition function. The starting point in
proving Proposition 4.2 is to establish that the tail distribution of max, > Wf decreases like u~! in
the strong disorder regime. In the case of upper-bounded disorder, this is an easy consequence of the
martingale stopping theorem; see [Junk and Lacoin 2024, Lemma 4.3]. Without this assumption, the
proof is more subtle, but it has already been obtained in [Junk and Lacoin 2025, Corollary 2.6 and

Proposition 2.19] (we consider the special case when p*(8) = 1).

Lemma 4.3. If strong disorder holds, then there exists ¢ > 0 such that, for any u > 1,
PEn>0:WF>u) e [5, 1].
u' u
Proof. The lower bound is due to [Junk and Lacoin 2025, Corollary 2.6] and the upper bound holds for
any nonnegative martingale due to Doob’s martingale inequality. (|

To prove Proposition 4.2, we show that a similar lower bound holds for the maximum of point-to-point
partition functions introduced in (14).
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Theorem 4.4. If strong disorder holds and B > B, then there exists ¢ > 0 such that for all u > 1

P[ sup WP(x)>u]=E. (27)

n>0,xez4 u
Proof of Proposition 4.2. The inequality in (25) is deduced from (27) in [Junk and Lacoin 2024, Section 6],
without relying on the assumption that the environment is bounded above. That argument also does not
rely on the specifics of the simple random walk, so we merely sketch the proof. We set
Ay m = { sup Wf(x) > v}
nell0,M], xe[-M, M]¢

to be a truncated analog of the event considered in (27). For fixed v > 1, using (27) we can find M (v) such
that P(Ay m@)) > ¢/2v. On A := A, m), we let (T, Y) be the minimal element (for the lexicographical
order) in [1, M| x [—M, M such that Wﬁ (Y) > v. Choosing (T, Y) minimal guarantees that the shifted
environment 67 yw is independent of the past and distributed like w. Note that on the event AN6r y A
we have max, yye1,2myx—2m,20m7¢ Wt(y) > v2, and by independence P(AN6O7yA) = P(A)? > (c/2v)>.
Repeating this argument, we find that

k
P@En <kM, WP > vk) > (%) > yk+e/2)

where the last inequality holds for v large enough (depending on ¢). From this lower bound, (25) is
deduced easily (with ug = v and C =2M/log v) by replacing u by v* with k = [log, u] and observing that

max [P’[Wf >ul>

P[3s e[1,C1 WP > ul. O
sel[1,C logu]] ~ Clogu [3s el ogull: Wy = ul

To conclude, we need to show that Proposition 4.1 follows from Proposition 4.2, and we need to

prove Theorem 4.4. The first task is accomplished in the next subsection. The proof of Theorem 4.4 is
technically more demanding and is detailed in Section 5.

4.3. Proof of Proposition 4.1. The following adapts the argument presented in [Junk and Lacoin 2024,
Section 6] to the setup of a generic random walk.

Recall from (24) that the required bound on P(A,,) is valid for any choice of s. We can thus focus
on bounding ﬁ(A;), assuming that Proposition 4.2 holds. We apply Proposition 4.2 for u = n*3 and
¢ = 1/(3K3) and we consider s € [0, C" logn]], which is such that (recall (26))

Py (WP > nf3] > n=K8 = =173, (28)

Using the spine representation, we wish to bound P ® PRP[&e Ac]. Clearly {0 € A}} C BV uB?,
where

BV = {krr[ﬁlxﬂ 1Xel > nf2), BP = (Vi € [0, [n/s] — 11 : 65 x,, WP < n®3},
elll,n

and where we recall that (X )0 denotes the spine. Now from (22) we have

PRP®P(BY) = P(BM) < 1n=K/0-0)
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To estimate the probability of B?, we observe that, by construction, the variables 6;; x;, Wsﬁ are i.i.d.
under P ® P ® P (see [Junk and Lacoin 2024, Lemma 5.1] for a proof of this claim). Hence

PRPRPBP]=PRPQPIW, < nfs)/sl =B wh < nfs]l0/s) < (1 —p=1B3) /sl < o=V,

where the second equality is a consequence of Lemma 3.3, the first inequality comes from (28) and the
last (valid for n sufficiently large) from the fact that s = s, is O (logn). Overall, we obtain that, for n
sufficiently large,

Pa(AS) < POPRP[B" ]+ PRP@P[BP] < Jn K/0=0) 4 o=V < p=K/0=0), m

5. Proof of Theorem 4.4

5.1. Overview. The reasoning we use to prove Theorem 4.4 is analogous to that in [Junk and Lacoin 2024].
We explain here how it can be decomposed in three separate steps. For this we require some notation. We
let u,, denote the endpoint measure for the polymer and 7, the probability that two independent polymers
share the same endpoint. More precisely, recalling that D is the transpose of the transition matrix of X
(see above (7)), we set
P
ub) = PL (X, =x) = ngfgx) =Y (Dl () (29)
n

xezd

We have D,uf_l(x) = Pf’n_ 1 (X, = x) —the only reason why we introduce D as the transpose of the
transition matrix is for the convenience of multiplying on the left by D rather than on the right. To
justify the expression of I, let us mention that the quantity naturally appears when computing the bracket
increment of W,,

ELWS — WP )2 | Fuil = x(BYWE_ )21, where x(B) = P28 _ 1. (30)

n

We introduce the notation I, ] 1= Zz: atl

that if W, increases from level u to u K, the accumulated sum of /,, increases by an amount proportional
tolog K.

I,, and set 7, :=inf{n : W,, > u}. The first step is now to show

Proposition 5.1. If strong disorder holds then there exist { > 0 and Ko > 0 such that for all u > 1 and
K > Ky we have

Pty <00 Iz, 14, < ¢ logK) < u 'K

The second step establishes that with large probability, if I, ;] is large then I, cannot be small on
the whole interval (t,, Tg,].

Proposition 5.2. If strong disorder holds and B > B, then for any ¢ > 0 there exists § > 0 such that, for
allu > 1 and K > Ky large enough,

P(‘L’Ku <00 Iyt 1= ¢logK; max [, < 8) <u 'K
n€(ty,Tkul
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Finally, in a third very short step we guarantee that with large probability there are no significant dips
of Wf between 7, and tg,. We set ok , ;= min{n > 1, : Wf <u/K}.

Lemma 5.3. P(ok.u < Tku <00) <u 'K

Proof. Note that {0k , < Tk, <00} C {7, <00;3n >0, w? > KZWfKV“}. Applying the optional

n+UK.u
stopping theorem to the martingale (W,l,3 +ox ) (considering the filtration 7544 ), We obtain that on the

event {7, < oo} we have

PEn>0: W), > KWl |Fp 1<K2
We conclude by taking expectation on the event {7, < oo} and using Lemma 4.3. (|

We can now deduce Theorem 4.4. Before presenting the proof, let us explain how Propositions 5.1
and 5.2 are proved. Proposition 5.1 is the analog of [Junk and Lacoin 2024, Proposition 8.1] but it requires
a different proof since several of the arguments used in [loc. cit.] are specific to upper-bounded disorder.
All the details are provided in Section 5.2. On the other hand, the proof of Proposition 5.2 is identical to
that of [loc. cit., Proposition 8.2], and we only provide a sketch of the argument in Section 5.3.

Proof of Theorem 4.4. We have

{rKu<aK,u; max In>8}§{ max Wf(x)z%}. 3D

n€(ty, Tkul I’lZO,XGZd
Indeed, if n € (v, tk,] is such that [, > 6, and t¢, < ok ,, we have Wf_l > u/K and thus

B B _wh B Su
max W,_ (x)> max DW,_(x)=W,_, max Dpp1(x) =W, _ I, > X

We estimate the probability of the left side event in (31) as follows: first we observe that

IP(tKu <oy k; max [, > 8)
ne(Ty, Tkul

>P(rgy <00) —Poku < Tku < 00) — [F"(rKu < 00; ne?rlf?m] I, < 5), (32)
and then that
U:D(‘L’Ku < 00; ne{g&};{ﬂ} I, < 6)
< P(tgu <00 Iyt < £ 1og K) + P(tku < 005 Iz, 10,1 > ¢ l0g K ne{gz’l?m] I, <3). (33)

Using Propositions 5.1 and 5.2 in (33), we obtain that

[P’(tKu <o0; max [, < 8) < 2u" K2,
I’lG(Tu,fKu]

Then, combining this with Lemmas 4.3 and 5.3 in (32), we obtain that

c 3
Pltg, <o, xk; max [,>68)>— — —,
( Ku K ne(t,,tkul " ) — Ku K2u

which allows us to conclude using (31) by taking K > 6/c. O
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5.2. Proof of Proposition 5.1. Note that in an unbounded environment, we have to deal with the possibility
that 7,x = 7, and thus (7, ;] = 0 (for upper-bounded @ we a priori have Wg < Lu for some fixed L,
and one may choose K > L). There is another more serious reason why the argument used in [Junk and
Lacoin 2024] requires modification, but to explain it we need to recall it. The argument relies on the
martingale M, defined by My =0 and
B B

~ ~ W =W,

Myt =M, + Lﬂ"
W
We have, by construction, M, — M, > log W,’? —log W,g for any n > m, and the quadratic variation of
this martingale is directly related to I, via the relation (recall (30))

(M) — (M) = x(B)a.p)-

We observe that if Wnﬂ increases by a multiplicative amount K, then M has to increase by at least
log K. Such an increase can occur only if the increase of the bracket (1\71 ) is large. In order to derive
satisfactory quantitative estimates from this line of reasoning, we rely on Azuma-like concentration results
for martingales that require boundedness of the increments of M;; see [Junk and Lacoin 2024, Lemma 8.4].
In the present setup, the assumption (2) only guarantees that the moments of (1\7,2+ 1 — Mn)nzl are all
finite, and thus such an exponential concentration result cannot hold with full generality.

For this reason, we consider, instead of (1\71,,), the martingale (M,,) defined as the martingale part in

the Doob decomposition of (log W,,),en, that is to say

n
M, =Y (log(Wf/W{_ ) — Ellog(W{ / W{_ ) | Fiil).
k=1
This martingale enjoys similar properties as M. For instance, since the conditional expectations in the
previous display are nonpositive by Jensen’s inequality, we have for n > m

M, — M, >log WP —log WP, (34)

and the increments of the bracket of M,, are also proportional to I, (recall the meaning of =< introduced
at the beginning of Section 2.2),

(M) — (M)y_1 :=E[(My — My—_1)* | Fn1] =< 1. (35)

One of the two inequalities implied by the < symbol is proved in [Comets et al. 2003] and can be deduced
directly from (37) in Lemma 5.7 below. The other one is left as an exercise to the interested reader and is
not used in the proof.

Our strategy is thus to adapt the argument used in [Junk and Lacoin 2024] by applying it to the
martingale (M,,),en. In addition to (34) and (35), we also need a concentration result similar to [Junk
and Lacoin 2024, Lemma 8.4]. To prove it, we require an overshoot estimate which guarantees that Wé
is much smaller than u K with large probability, which has been proved in [Junk and Lacoin 2025].
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Proposition 5.4 [Junk and Lacoin 2025, Proposition 2.3]. For any p > 1 there exists C,, such that, for
all u > 1,
EL(WP)? | 7, < 00] < Cpu”.

Now let us turn to our replacement for [Junk and Lacoin 2024, Lemma 8.4], which we derive from the
following technical estimate:

Lemma 5.5. Let (U;);>1 be a sequence of positive, i.i.d. random variables with moments of all orders
(positive and negative) and E[U;] = 1. There exists ¢ : Ry — Ry such that for every r > 0 and every

nonnegative sequence (¢;);>o such that Zizl o, =1,
Ele’V] < e#® Xiz1 7
where V :=1logU —E[logU] withU =} ;- o; U;.

We postpone the proof of Lemma 5.5 to the end of this section. Applying Lemma 5.5 to the increments
of M,,, we obtain the following estimate, which is going to yield the desired concentration property:

Lemma 5.6. Let ¢ be given by Lemma 5.5 in the case where U; has the same law as eP®10~*B)_ For
every v > 0and u > 1, we have

[E[eU(MTK“_MIL‘)_(D(U)I(T“’TK“]1{fl<u<oo} | 7. <oo] < 1.
Proof. Recalling (29), we have

w)
B
Wn —1

— Z Dug_l(x)eﬂwn,x_)\(ﬂ)‘

xez4

Since Du,—1(x) is F,—1 measurable and wy , is independent of F,_1, we can apply Lemma 5.5 with
(ej)i=1 replaced by (Dpy—1(x)),eze and (Uy)i=1 by (eP®=»=*P)) 4. This yields

IE[ev(Mn_Mnfl) | ]:n—l] < e(p(v)ln‘

Applying this observation at times t, +7n — 1 and 7, 4+ n yields, with G, := F 4.,

[E[ev(MnJrTu_Man»m)_(p(U)I‘rqun |Gl <1

’

and hence (eVMmu=¢@ @), o is a supermartingale for the filtration (G,). Combining the optional
stopping theorem (at time n A (tg, — 7,)) and conditional Fatou (to let n — c0), we obtain

[E[eU(MrKu_Mru)_(/)(v)l(m,fKuJ1{rKu<Oo} | Gol < [E[liminfeU(MrKu/\m_Mru)_(p(v)l(ru.rKu/\mJ | Gol <1,
m—o0

which yields the result after taking expectation over the Gy-measurable event {7, < oo}. O

Proof of Proposition 5. 1. For this proof only, we set P, :=P(- | 7, < 00). From Lemma 4.3, it is sufficient
to prove that
Pu(tku <005 Iz, 10,1 < ¢ log K) < K2
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We have
P, (tku < 00; I, tx 1 <¢logK) < [I_j’u(sz > x/Eu)-l—[I_j’u(tKu < 00; Iz, 15,1 < ¢ log K Wé <VKu).

We are going to prove that both terms in the right-hand side are smaller than %K ~2. Using Markov’s
inequality and Proposition 5.4 , there exists a constant C > 0 such that

Ell(We)°] _

-3
K36 = CK™,

Pu(WE > VKu) <
yielding the right result if Ko > 2C. For the second term, if ¢, < co and ij < +/Ku then (34) implies
that M., — M., > % log K. Hence Lemma 5.6 for v = 6 implies that

T [p0Mep, —Mz, ) =@ (6) (1, tx 1
> 17¢ Tu u-Tg
1> Eule ! ! 1{7:Ku<00§W5¢S\/iml(ru,r](u]fflog K}]

Z K3_¢(6)§@M(TKM < OO’ I(fmrKu] S C IOgK ’ Wtﬂu S \/?u)
Setting ¢ = 1/(2¢(6)), this implies that, for K > 4,

U?DM(TKM <00 I(ru,rKu] =< UOg K; Wg < \/?M) =< K_S/z =< %K_z,

and thus the desired result. O

It remains to prove Lemma 5.5. We rely on an estimate for the two first moments of log U (as defined
in Lemma 5.5) proved in [Comets et al. 2003]. More precisely, in [loc. cit.] the result is stated in the case
of convex combination of finitely many variables, but the proof extends immediately to countable sums
by passing to the limit. Let us display it here:

Lemma 5.7 [Comets et al. 2003, Lemma 3.1]. Let (U;);>1 be a sequence of positive i.i.d. random variables
such that [E[U13 + (log U))?] < oo and E[U;] = 1. There exist ¢, C > 0 such that, for any nonnegative
sequence (a;);>q such that Zizl a; = 1 and setting U := Ziz] o;U;,

¢ af <Elog(1/U)]<C Y eof, (36)
i>1 i>1
and
E[(logU)*1 < C Zaiz. (37
i>1

Proof of Lemma 5.5. Without loss of generality we may assume that r > }1. Setting V = log U, we have
[E[erV] _ [E[erv]e—r[E[log Ul

and we use (36) to control the second term on the right-hand side. For the first term, note that Taylor’s
formula implies that

Ele' ] < E[1 47V + 1r2(V)2e V] < 1+ E[Lr2 (V)2 7],
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where x; := max(x, 0) denotes the positive part of x. Hence, using the inequality 1 4+ x < e*, we can
conclude, if we can define ¢ which does not depend on the «; and satisfies
[E[%rz‘_/zeﬁ*] <o) Y otiz.
i>1
We have
[E[%r2x72e"/+] < e rZ[E[V2 ylt [E[l{v>1}ezrv]
To bound the first term we simply observe that by (37) we have
E[V*1y_y] <E[(logU)*]1 < C Y of.
B i>1

As for the second one, we have
[E[l{VzuezrV] <PV > 1)]/2[E[e4’V]1/2.

To bound the second factor in a way that does not depend on the «;;, we observe that by Jensen’s inequality
(recall that we assume 4r > 1) we have

Ele*V]=E[U*] < E[U}"].
To conclude the proof it is sufficient to show that
P(V>1)<CY of, (38)

i>1

)1/2

and to observe that ()", o) '~ <", o7 by subadditivity. We have

P(V>1)=P[U>el<P[3i:U; >a, +|P[Zla,U Lz e]
1>
The first term can be bounded by E[U 8] Zl>1 oz using union bound and Markov’s inequality for U;’. 8 The
second term can be controlled using Chernoff’s inequality: for any a > 0,

Pl S ailily, i z | <P[Sai@i= D1y, _m ze—1]
l

i>1
< E|exp(a( X @i (Ui = D1y, oy — (= D)) |

i>1
Using it with a = (otmax)~ /% we obtain (using the inequality e* <14 x +x2, valid for |x| < 1)

[E[exp((xr;;){zai(Ui — 1)1{U,-§a._1/2})] <1+ [E[o{r;;){zai(Ul -1l (U< —1/2}] + [E[OlmaX ; (U1 ) ]
Ca;

<1+4+Coyla? <1+Ca;<e

max—i
The penultimate term in the first line above is nonpositive due to the FKG inequality. Multiplying over all
i > 1, we obtain

Cg

B e~ 8!
Pl:lZOliU 1{U< —1/2} > e] < CXP(C (@max) 1/2(6 D)< ——— ( 1)4 ;4ndx’

concluding the proof of (38) (in the last inequality we use V¥ < 81x~* for x > 0). O
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5.3. Proof of Proposition 5.2. Our proof closely follows the one presented in [Junk and Lacoin 2024].
However, since some technical adjustments are necessary, we provide a sketch of it. In this section we
are going to condition on the event {7, < oo} and consider the conditional probability P, :=P[- | F¢,].
Welet T =T u, ¢, K) :=inf{m > v, : Iz, m] > ¢ log K} and we are going to prove that if 8 > B, then
there exists a § > 0 such that

Pu(T <oo; max I, <8) <K 2 (39)
ne(t,T]
Since {/(z, 7,1 = ¢ log K} C {T < oo}, the bound (39) directly implies that
[FDM( max In =< ) ; I(ru,rKu] = ; IOg K) =< K_z» (40)
ne€(Ty,Tkul

and we obtain Proposition 5.2 by taking expectation in (40) on the event {7, < oo}, which has probability
smaller than 1/u (see Lemma 4.3).

Let us now describe the main idea we use to prove (39). Recalling from (30) that x (8) := 2P =22(B) 7,
we introduce a parameter ¢ > 0 defined by (recall (4) and the assumption 8 > 0)

oo
X(ﬁ)ZP@’z(X,S“ =XP)=:1+4e. (41)
n=1
We show that I, < 4, for § sufficiently small, implies that a certain bounded stochastic process (J,,) —
which is obtained by considering a positive quadratic form based on the Green function evaluated at
and is defined below — has a “positive drift” proportional to 7, in the sense that

In 55 = [E[Jn_Jn—l |]:n—1]2281n- (42)

The above implies that on the event {7 < 00 ; max,e(,, 7] In < 8}, the accumulated drift of J on the
interval (t,, 7] is large (at least 2¢¢ log K') and since J is bounded, it must necessarily be compensated
by the martingale part of J taking a large negative value. We then show that the latter is unlikely using
martingale concentration estimates.

Let us now introduce the functional J. Recalling (41), we fix ng > 0 such that

X(B) ) PTXPD =X = 143 (43)

n=1

and introduce Gy, the Green function associated with X" — X@ truncated at time ny,

no

go(x) =Y PXP —XP =x), Golx,y):=goly—x).

n=1

The transition matrix of XV — X is given by T := D D* = D* D (note that since we are only considering
convolution operators on 74 they all commute) and Go = (T — T@0+Dy /(1 — T). Next we define

(WF, GoW?)

Jn = (/'Ln’ GOMn) =
(Wh)2
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where, if a and b are such that ) ;. a(x)||b(x)| < 0o, we use the notation

(a.b)="Y_ a(x)b(x).

xezd

At this point, it is maybe difficult to see the intuition for choosing J, in this way, and we refer to the
discussion following [Junk and Lacoin 2024, Proposition 7.7] as well as its proof.

The truncation to level ng in the definition of g is necessary to treat the case when the random walk
XM — X@ is recurrent, but even in the transient case there is a technical reason why we prefer to consider
Gy rather than G := T /(1 — T'). This is because it is convenient to have ||go||; < oc. Indeed, using first
the Cauchy—Schwarz inequality, then ||g * f|l2 < |lgll1]|f]l2 and finally ||go|l1 = no, we have

0 < Jp < IGoiP 1211?12 < llgoll i ll? 113 = nolln?12. (44)

While the above inequality is not required to establish that J,, is bounded (we have J,, < ||gollo0), it plays
a crucial role in the proof of Lemma 5.9. We consider Doob’s decomposition of J,,,

Jn_JOZNn+An’
where A, and N,, are defined by Ag =0, No =0 and
An—',—l = An + [E[Jn—',-l - Jn | fn]a Nn+1 = Nn + (Jn+1 - Jn) - [E[Jn—H - Jn | fn]

The implication (42) is proved using the following lower bound on the increments of (A,) (recall that
x(B)go(0) — 1 > 0 by construction):

Lemma 5.8. We have

An— A1 = (X(B)80(0) — DI —4x (BY(Dph_ )%, Goply_) —2x3(B) Y Db (x)*.  (45)

xezd

where x3(B) := E[(eP1074B) _ 1)3] = 2 GH=31B) _ 302CH=22B) 1 2 As a consequence, there exists a
constant C (which depends on B) such that

Ap—An1 > (x(B)go(0) — )T, — CI)/2. (46)

Since J, > 0, the above bound can be used to control the increments of (N,). Next, we obtain the
following:

Lemma 5.9. We have, almost surely for every n,
E[(Ny = Na-1)? | Fact] < k1,
where (recall (7)) « = n}(| D] + e*EHTAH8/2),

The proofs of Lemmas 5.8 and 5.9 replicate those of the analogous statements proved for the simple
random walk [Junk and Lacoin 2024, Lemmas 8.5 and 8.6]. At the end of the section we provide
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indications about the changes that are required. The last input needed for the proof of Proposition 5.2 is a
concentration result for bounded martingales from [loc. cit.].

Lemma 5.10 [Junk and Lacoin 2024, Lemma 8.4]. Let (N,) be a discrete-time martingale starting at 0,
with increments that are bounded in absolute value by A > 0. For v > 0, let T, be the first time that (N,)
hits [v, 00). For any a > 0, we have

PUN)7, <a; T, < o] < ¢~ V/(A+Dogv/a(A+1)=1)
As a consequence, for any stopping time T we have
PN}y <a:T < o00: Ny > v] < e~V/(A+Dlogv/a(a+1)=1)
Proof of (39) assuming Lemmas 5.8 and 5.9. If I,, < §, recalling (43), we have from (46),
An— A1 = Li(x (B)go(0) — 1 = C8'/2) = 2el,,

where the second inequality is valid for § < §o(¢) sufficiently small. Thus, if 7 < oo and max, ¢, 77 In <9,

we have
AT — A, >2¢elogK. 47)

Using (44) and the trivial bound ||[,LS l2 <1, we have
Nr—N;, =A,, —Ar+Jr—Jy, <Ay, — AT +nyo. (48)
Hence (48) and (47) imply that, for K > Ky(ng, ¢, ¢) sufficiently large,
Ny —N; <—t¢elogk.

On the other hand, if max,¢(, 71 I, <6, we have, from Lemma 5.9 and the definition of 7T,

T T-1
(N7 —(N);, <k Z 1} < K(5 Z I, +32> <k8(clogK +8) <28 1log K.
n=r,+1 n=t,+1

Thus we obtain

IPM( r?axﬂ I, <6;T < oo) <P,(T <o00; Nyt =N, <—¢elogK ; (N)7T — (N), <2«8¢logK).
ne(ty,,

Using Lemma 5.10 for the martingale (N, — N¢,4m)m>0, stopping time 7 — 7, with A =n¢ (which is a
bound for the increments of N; see (44)), v =¢elog K and a =2k ¢S log K, we have

Pu(No, = Ny 203 T < 003 (N)7 = (N)g, < @) < e /00t D0os0/atms DD,

To conclude the proof of (39), and hence of Proposition 5.2, we need to check that the exponent is smaller
than —2log K, which is immediate if one chooses ¢ sufficiently small (since ¢ is fixed). Il
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Proof of Lemma 5.8. Let us first explain how (46) is deduced from (45). We have
Y Dulb_ (0 < LD llee < 1,
xezd
no
(D)%, Goy_1) < Tl Gorty_llow < nllgoll 1t _ylloo < e

0”00 "

where in the last inequality above we used the fact that ||/L£_1 loo < IID ,uf_l lloo/ I D&ollso- These bounds
replace those given in the display following [Junk and Lacoin 2024, (61)]. The proof of (45) is now
identical to the one presented in the simple random walk case, namely [loc. cit., Lemma 8.5]. The only
modification needed is to replace D> by T = D D* in [loc. cit., (67)]. O

Proof of Lemma 5.9. Using (44), we have
E[(Ny = Nu—))* | Footl = E[(Jy = Ju)* | Futl = ElJy — Juy | Fud P < ELJ> +J2 | Fuil
< n2ELP 13 1 Foil 4 1P 1.

To bound the second term we observe that (D) (x) > || D|leoft(x + Zmax), Where zmax € Z¢ satisfies
D(0, Zmax) = || Dllco, and thus I, = IIDMf_l 13 = I D113 1820 Mf_l I3 = IIDllioII/tf_l 13- To conclude,
we need to prove that

ELIRIS | Far] < eHEOHHESIN2LE,

which can be done by replicating the argument in the proof of [loc. cit., Lemma 8.6]. U

6. Proof of Theorem 2.9

6.1. Proof strategy. Let us assume that 8, = 0 and fix 8 > 0 such that L(28) < co. We are going to
identify a sequence of events A, which is such that

lim P(A,)=0 and lim P, (A7) =0. (49)
n—oo

n—oo

From Lemma 3.2, this implies that lim,,— o [E[(Wf Y¥1=0for0 e [%, 1) and hence Wf converges to
zero in probability. More precisely, we are going to prove that (49) holds along a diverging sequence of
integers n (which is of course sufficient for our purpose).

The key point is to find an observable R, (a function of @) whose value is greatly affected by the size
biasing. Aiming for the simplest possible choice, we take a linear combination of the (wy ). We set
pr(x) := P(Xy = x) and define

n
R,:=)
k=

Y P«
1 xezd

The choice of the coefficients is made with the spine representation in mind (recall Section 3.3), since
pr(x) is the probability that the site (k, x) is visited by the spine. By (3), we have E[R,] = 0 and

FRZI=Y Y p(x)?=3%,. (50)
k=1xezd
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On the other hand, from Lemma 3.3 we have
n
Eu[R.] =[E®E[Zpk<xk>@k} = X(B) S, (51)
k=1

where in the last identity we used that [E[&)k] = A/(B), (which is an immediate consequence of the
definition (19)). Recalling (5), since 8, =0 and X, is the expected number of return to zero before time n
of (X,E]) — X,Ez))kzo, we have lim,,_, .o X, = 00. Now (50) implies that the typical order of magnitude of
R, under P is at most 4/%,,. On the other hand, (51) indicates that R, may be typically much larger — of
order X, — under @n This motivates our definition for the event

A ={R, > T4 (52)
We are going to prove the following:

Proposition 6.1. For any B > 0 such that L(28) < o0 and A, defined as in (52), we have
lim P(A,)=0 and liminfP, (A7) =0.
n—oo n—oo

A consequence of the above and Lemma 3.2 is that lim inf,,_, o E[( Wf Y¥1=0for 6 e [%, 1) and thus
that strong disorder holds, proving Theorem 2.9.

6.2. Proof of Proposition 6.1. The first equation directly follows from (50), since lim,,_, oc %, = 00 and
P(A,) < E[RI(S,) 2 = (572
For the second we use Lemma 3.2. We have
P.(A) =P®P® P(@(w, d, X) € AS).
To estimate the above, we split R, (®) into two parts:

Ru(@) =2(B) Y peXi)+ Y Y pel)@sx — X (B)Lix,=) =: RS (X) + R (0, &, X).
k=1 k=1 xezd

Hence
PRP® P(R,(@) <3/ < P(R?(w, 6, X) < -+ PP e P(RV(X) <253/4).
We are going to show that along some subsequence, both terms on the right-hand side converge to zero.

Starting with R,(f) (w, @, S), we have for every realization of X

EQE[RY (@, @, X)’1 < B+ 1(B)— 1) Y pr(Xp)” < max(1, 2" (B)) 2,
k=1

(we have used that E[(w — 1 (8))%] = 1”(B)), so that by Chebyshev’s inequality

PRP® P(R?(w,d, X) < —X* <max(1, 2" () x; /%
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Hence we have the desired convergence to zero. To conclude, we need to show that

liminf P(R(V(X) <223 =0. (53)
n—oo

Contrary to R,(lz), the variable R,(,l) is not—in full generality — concentrated around its mean. This is the
reason why we do not employ the second moment method to prove (53). To add symmetry to the problem,
it is convenient to consider, rather than R,(ll)(X ), a random variable with an extra layer of randomness
whose conditional mean is equal to R,(ll)(X ). More specifically, we let X’ denote a simple random walk
which is independent of X and has the same distribution (we let P ® P’ denote the distribution of (X, X")),
and set

0n(X, X) =2 (B) D Lix,—x)).

k=1
We have R\"”(X) = E'[0,(X, X')], and thus
PRV (X) <254 <2P ®@ P'(Qu(X, X') <454, (54)
Let us quickly justify (54). If f(X, X’) is a nonnegative function and u > 0, we have by Markov inequality
Elf(X,X)<u = P'(f(X.X")<2u) > 3,
and thus, using Markov inequality again for the variable Y = P'(f (X, X') < 2u),
P(E'Lf(X, XY <u) < P(Y > 1) <2E[Y] =2P @ P'(f(X, X) < 2u).

The remaining step is to bound the right-hand side in (54). For notational simplicity, we set P := P ® P’
and introduce the renewal process
T:={k>0: X, =X,}.

With this new notation, we have
P® P'(Qu(X,X") <4%)H =P(V(B)|tN[1,n]| <4E[ N[1, n]I/*).

We conclude the proof of (53), and hence of Proposition 6.1, by applying the following technical result

(proved in the next subsection) to the renewal 7. O

Lemma 6.2. Given ¢ > 0 and t a recurrent renewal process, we have
liminf P (| N[1, n]| < cE[lr N[1,n][1¥*) =0. (55)
n—oo

6.3. Proof of Lemma 6.2. With a small abuse of notation, we identify the set  with an increasing

sequence (7;);>0. We set a,, := E[71 An] and K(n):= P(t; > n). Setting 7y := Zle(f,- —Ti_1)An, we

have for any k£ > 1

E[tiq1] (k4 Day
no n '

P(ltN[l,n]l k) = P(tg1 > n) = P(Tj1 > n) < (56)
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On the other hand,
P(cn[l,n]l=i) <P(Njell,il:tiqy—7u <n)=(1-K@®n),
which implies after summing over i that
E[ltN[L,n][1< (K@)~ An.
Replacing k in (56) by c((K (n))~! An)3/*, we obtain that (55) holds if
liminf((K (n))~" Am)¥428 — 0. (57)
n— 00 n

~1/4 = 0, then there is nothing to prove. Otherwise we consider 7 such that

If liminf,,_, o an
app1(n+ 17 > qn15 (58)

(the fact that ar,n~!/3 diverges implies in particular that it is not eventually decreasing, so that one can find
an infinite sequence satisfying the above). Since o, +1 =y, +K (n), (58) implies that for n sufficiently large

K(n) > ((1 + %)1/5 — l)an > Z—Z,

and we obtain that, along the subsequence satisfying (58),
(R~ AmY4EE < 6(a /m)'/*
n

Since «;, = o(n) by dominated convergence, this is sufficient to conclude that (57) holds. Il

Appendix A: Proof of Proposition 2.3
Assume that 8, > 0 and « > % (recall (6)). We will show that there exist 8 > , and y € (0, 1) such that

sup E[(W/)!7] = sup E,[((WF)"] < o0. (59)
n>0 n>0
This implies uniform integrability of Wf , and hence that weak disorder holds at 8 > f,. The first step
of the proof, inspired from [Birkner and Sun 2010, Section 1.4], is to reduce the problem to the control
of the partition function of another model, the disordered pinning model. The argument is based on the
size-biased representation from Lemma 3.3. Let W,f =F [eZLl(M‘“"L —Hp ))] (where X’ with law P’ has

the same distribution as X), and observe that
EL(WH1=E®E® E[(WF)"] < E[(E® E[WF])"]. (60)

Now, using the notation §, := l(x,=x;} and P = P ® P’, we introduce notation (21) for the partition
function appearing in the right-hand side of (60), as well as a counterpart /Z\ﬁ with constrained endpoint:

Zz —E® E[Wf] — E[eZﬁzl(ﬂ@k—k(ﬂ))Bk]’ /Z\fa — E[eZﬁzl(ﬂ@k—l(ﬂ))ﬁk(gn]’ 61)
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with the convention Zy = 28 =1. With (59) and (60), the proof of Proposition 2.3 is reduced to proving that

sup [E[(?n)y] < 00.

n>0
To show the above, we rely on a method developed in [Derrida et al. 2009]. The notable differences with
[loc. cit.] are that we are trying to control the unconstrained partition function rather than the constrained
one and that we make no regularity assumptions on the interarrival law K (n) := P(t; = n), but these
differences only result in minor modifications in the argument. We refer to [loc. cit.] for more insight
concerning the proof.

We fix an integer m > 1 and set y = 1 — 1/logm and B = B, + 1/m?. We define the shifted
environment ;& by setting (6;®)x = 1« and the shifted partition functions 6; Z,, by replacing & by 6 i
in (61). Decomposing the partition function according to the value of the last renewal point before m
(variable a) and first renewal point between m and n (variable b), we obtain that

A m—=1 __ n N ~
Z,=Y z;( Y Kb —a)ef@Pg,7, 4 P(t>n— a)).
a=0 b=m

Thus, setting A, = [E[(fn)y] and B, = [AE[(/Z\,‘;)V]I/V and using the subadditivity of x — x?, we obtain

m—1 n ~ o
Ap< Y Bg( S K(b—a) ke —r*BA, 4 P(z > n— a)V). (62)
a=0 b=m
Let us now set A, := max(Ay, ..., A,) and observe that with our choice for 8 and y,

[E[eyﬁ&)l—)/)t(ﬁ)] — [E[e(1+y)ﬂ!?)1—(1+y)/\(ﬂ)] < B =20(f2 1) . .

The inequality (62) implies that

Ap < p(r:g ém BYK(b—a) ) Ay + <m§; BY) < 2p<j§ [2 BYK(b—a) ) Ay p+m. (63)

To obtain the first line we used that P(t > n —a)? <1, and in the second line we used the bound B) <2,
which will be proved below in (67). From (63), we deduce that (A,),cn is bounded if

m—1 oo

2,0( D> BgK(b—a)V) <1 (64)

a=0 b=m

We are going to prove that (64) holds for m sufficiently large. We do so by combining two arguments.
The first is the observation that by taking y sufficiently close to one, we can, at the cost of some small
error term, drop the power of y in our sum.

Lemma A.1. Fory =1—1/logm and B = B> + 1/m?, there exists C > 0 such that for all m sufficiently

large we have

m—1 oo m—1 oo

Y S BYK(b—a) 50( Y Y BaK(b—a)>+Cm_1.

a=0 b=m a=0 b=m
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The second point is to demonstrate, via a change of measure argument, that for most n we have
B, « [E[Z‘;], and that, as a consequence, the sum we wish to control is small.

Lemma A.2. Fory =1—1/logm and B = B, + 1/m?, we have

m—1 oo
lim Z Z B,K(b—a)=0.
meee a=0 b=m

The combination of Lemmas A.1 and A.2 allows us to conclude that (64) holds.

Proof of Lemma A.1. The idea is that B} K (b —a)? < CB,K (b — a) for the values of a and b that most
contribute to the sum and bound the remainder of the contribution by Cm~!. Letting « be a large integer
and using that y =1 — 1/logm, we have

m—1 oo
> Y BIK(b-a)
a=0 b=m
m—1 oo m—1 oo
=YY BaK b=k ayzn + D ) BIK (O = O Lk pay <y
a=0 b=m a=0 b=m

To control the second term, we split it into two. As the double sum below contains m* —1 terms, we have

m—1m+m*—2-1

-1
Z Z BZI/K(b—a)yl{B‘Jl’K(b_u)y<m—K} E m .
a=0 b=m

On the other hand, using again B, < 1, we have

m—1
> > BIK®b-a) =m Y K@)

a=0 b>m+m+—2 r>mk=2
Finally, we observe that for m sufficiently large,

D K@) = Y max(r*PK(r), ) < Com~ B 4w ) <m 2 (65)

r>mk=2 r>mK=2

The first inequality above boils down considering separately the cases K (r) > > (for which the first
bound holds provided that logm > 9/a) and K (r) < r— (for which the second bound holds provided that
m is not too small). For the second inequality we recall the definition (6) of @ and observe that, grouping

terms, we have for n sufficiently large,
D PR <Y @ PP e [n21 n2h) <Y @ )P @) T <l
r>n k>1 k=1

The last inequality in (65) is valid provided « is chosen sufficiently large (we have not chosen an explicit «
to underline that this step of the proof only requires o > 0). O
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Proof of Lemma A.2. Given XV and X® two independent random walks with distribution P, we let
L(XWD, x@y =%, Lixm_x®
L(XM, X®) is a geometric random variables with parameter

| denote the number of times they meet. By the strong Markov property,

PEAL(XD, XP)=0)=1-> " K(n).
n>1

Hence by (4) we have

anl K(I’l)
1= Kn)

K”(n) = 1. We let t” denote a renewal

1= (e)»(2/32)—2)»(/32) _ 1)E®2[L(X(l), X(Z))] — (81(2/32)—2)»(,32) -1 (66)

Let us set K" (n) = e*?F)=22B) K (). By (66) we have Y
process with interarrival law K” (let P” denote the distribution). We are going to show that

n>1

m—1 oo
lim Z Z B,K"(b—a)=0.
meoee a=0 b=m

A first idea might be to note that, by Jensen’s inequality, we have
B, < [AE[?c] = E[e?CP=21(B)) ZZ:lak(Sa] < eca/sz[e(x(zﬁz)—zx(ﬁz))Zgzlakaa] <2P"(aet") (67)
— a — — b
where in the second inequality we used the fact that with our choice of 8,

(A(2B) —21(B)) < (A(2B2) —24(B2)) + Cm 2,

and the last inequality is valid for m sufficiently large since a < m. Hence

m—1 oo m—1
Y Y BK'(b—a)<2) P'laet)P'(x/ =m—a)=2
a=0 b=m a=0

(the summand in the right-hand side is the probability that a is the last renewal point before m). Since
this is not sufficient for our purposes, the idea in our proof is to use something sharper than Jensen’s
inequality in (67). We use Holder’s inequality instead, and observe, for any positive function g(®),

B, < Elg(@) ZE1E[g(@) 7/ -7 d=nlr, (68)

We set g(&) = e~ em Xiz @itmAB)=2B—en)l with g, := (m logm)~ /2. We have

— & — 2
L 1og Blg(@) 710 = m(ITVx (ﬁ " %) A8~ em) iz\(ﬁ)) <o

The last inequality is Taylor’s formula at order 2 with C being a bound for 1" in an interval around S
(say [0, B2 + 1]). With our choice of g,,, we obtain that [E[g(cb)_y/(l_y)](l_y)/y is uniformly bounded
in m. Summing over a and b in (68), we can conclude, if we can show that

-1

lim E
m—0o0
a=

0

3

> Elg@)ZK" (b —a) =0. (69)
b=m
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Note that, since [AE[g(c?))] = 1, we can interpret g(®) as a probability density. It has the effect of tilting
down the values of ® while keeping them independent. We have, for any i <m,

[AE[g(cf))e'B&)"_}”(ﬂ)] — o it 2P =20 ()

where

Cn = A2B2) — A(2B — &m) — 20(B2) + A(B) + A (B —m) "~ £m(X (2B2) — X (B2)).

Recall that B = B(m) = B> + 1/m?, and in particular that |8 — 2| < &,,, and hence B can be replaced by
B2 when computing the asymptotic equivalence. Setting 8, = 1(,¢,» and using Fubini as in (67) as well
as the definition of K”, we obtain

[AE[g(C?))ZZ] — E[eZ‘Z:.(A(Z,Bz)—%(ﬂz)—im)akaa] — E”[e—é'm > k=i 512’3;/]‘ (70)

Considering a decomposition over the last renewal point in [0, m — 1], we deduce from (70) that

m—1
3 g (@) Z] = E"leon T 4,
=0 b=m

Q

Furthermore,

E/[e"%n I Lken] < %4— P'(t"N[l,m—=1]| < (&n)~" logm).

Using the same truncation method as in (56), we have

kE[tl”/\ (m—1)] -
m—1 -

P(x = (m—1) = o~ (4ol

where the last inequality follows from the definition of «. Replacing k by (£,,) ™" logm (which is m!/2o(D)

and recalling that o > %, we conclude the proof of (69). O

Appendix B: Proof of Proposition 2.6

Recall that X and X® are two independent random walks with distribution P (starting from the origin).
We assume that (X ,(11) - X ,(12)),,22 is transient (which is equivalent to 8, > 0).

B.1. Preliminaries. We first prove the inequality (8). Let us denote by N, := ) ,_, 1{ XD _x @) the
- k — %k
number of collisions after time 7. The first thing we want to show is that (recall (6))
log P®2(N, > 1
o =limsup 282" Mz ) 1)
n— 00 10g n

The inequality < is an immediate consequence of P®2(T € [n, 00)) < P®%(N, > 1)). For the other
direction, observe that if N, (e ,)2 > 1 then either Ny > (log n)? or there exists a gap larger than n between
two consecutive collisions, and thus by the strong Markov property,

PP (Nyogme = 1) < P2(Ny > (logn)?) +log(n)> PE*(T € [n, 00)).
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Since N; is a geometric random variable, we obtain

P®X(T € [n, o0)) > (PP (Nygogny = 1) — P(T < 00)12"%),

(logn)?
Since P(T < o0) < 1, this allows us to conclude the proof of (71). Next we observe that by the strong
Markov property applied at the first intersection time after n,

1 2
E®’N,] Y, POX =X

®2 _
PN = D= Faaing = E®2[Ny]

(72)

Since the denominator is positive and does not depend on n, we can relate the “tail exponent” for
P®2(N, > 1) to that of a the sequence P®2(X,(,l) = X,(,2)) using the following elementary lemma (the
proof is left to the reader):

Lemma B.1. If (fu)n>1 is a sequence of positive numbers such that ), | fn < 00 and F, :=) -, fx,

we have

— log F, — 1 log F, 1
fm 08 o o8 i 198 F S i 08
n—oo logn n—oo logn n—ooo logn n—ooo logn

A particular consequence of the above and of (72) is that

P®2 X(l) =X(2) 1 P®2 N, >1 o P®2 X(l) =X(2)
X=X _ gy loe ("_)§1+klim X=X

1+ L

k— 00 Ing n—>00 logn

Proving (8) then reduces to proving that

p2x( _ x@
(X i) <. (73)

P®2(x(1) — X(z))
lim inf k k2> and limsup
k—00 logk nAa2 k00 logk

The second inequality in (73) follows from the fact that P®2(X " = X ) = | D*||2 < || Dl To prove
the first inequality in (73) we first use Cauchy—Schwarz to observe that, for any x € 79,

2 1 2
PEX - X0 =x) =) D'r+x,0D 0 < ) D', 0 = PEEX = X,
yezd yezd

As a consequence, for every L > 1,

1 2 1 2
PE2(xV =x?) > PE(x" - x| < L).

QL+ 1)4

Taking L = k'/CAmM+¢/d for ¢ > O arbitrary, we prove below that

lim PE2(X - XD < ke — (74)
—00

which implies that for  sufficiently large P®(X ,(Cl) = X,(f) ) > (17241 k=4/CAmM=¢ and hence, by sending
& — 0, that the first inequality in (73) holds.
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We can restrict the proof of (74) to the case d = 1. Moreover, the inequality follows from Chebyshev’s
inequality if n > 2. If n < 2, we truncate the increments of X! and X® at level L = k!/7*¢ before
applying Chebyshev’s inequality: given § > 0 and recalling (1), this yields, for k > k(8) sufficiently large,

PO (IX\" —XP|> L) <2k P(1X1| > L)+ L 22k E[X 31 x,1<L] <2kL ™" 4 L 722k L2770 <4k L 19,
from which (74) follows by taking, for instance, § = n’e. g

B.2. Proof of Proposition 2.6. The bound p*(8) > 1+ %(n A 2) is proved as [Junk and Lacoin 2025,
Corollary 2.20] under the assumption that weak disorder holds, so we only have to prove the upper bound
p*(Bc) <1+1/(vVv1). Moreover, if 8, > 0 then by [loc. cit., Corollary 2.11] we have p*(8,) = 2; hence
p*(B:) < 2. Therefore we only have to prove p*(8.) < 1+ 1/v in the case v > 1, which we assume in
the following. This claim is a consequence of the following result, which partly generalizes [Junk 2025b,
Theorem 1.2] to the case of an arbitrary reference random walk.

Proposition B.2. If p*(8) € (1+ 1/v, 2] then B < B, and limu_o4 p*(B +u) = p*(B).

Given T > 0, we set 71 ;= inf{k > T : X,(cl) = X,((z)}. Given this value T > 0, we introduce a new
partition function by setting, for# > 7 and n e N,

n
Z;f (t,x):= E®2 |:exp( Z[’B(wk,XQ) + a)k’Xl((Z)) - 2)»(,3)]) 1{7'1:t and X,('):x}i|’

k=1

and Z,’f (t,x)=0if r < T — 1. Proposition B.2 follows from the combination of two technical results.
The first one is a bound on [E[(W,’Z3 )?] which is uniform in n and follows from a decomposition of the
squared partition function (W,’,S )2. We recall the definition yx (8) := e*@AH =228 _ 1,

Lemma B.3. We have, forany > 0,n > 0and p <2,

J
ELW/)P1 < EL(W7_ )] Z((l +xBNY Y E[zﬁ_la,x)ﬂ/z]) .

Jj=0 t>T xezd
Of course, the above result is meaningful only if
B /2 1
DO EEZ 0P <
= = 1+x(B)

As a consequence of our second technical result, this condition can be satisfied by taking T sufficiently
large, if p lies in a certain range,

LemmaB4. (i) If pe (1+1/v, p*(B)), then

lim > Y 2P (0P =0.

T—o0
t>T xezd
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(i1) If the value of T is fixed and p > 1+ 1/v, then the function
B> Y EHZD (1,077

t>T xezd

is continuous in B.

Proof of Proposition B.2. Assume p*(8) € (14 1/v, 2]. Since p*(B) is nonincreasing in 8, we need
to show that for any p € (1+ 1/v, p*(8)) there exists u > O such that p*(8 + u) > p. First, using
Lemma B.4(i), we choose T in such a way that

B p/2 ;
2 2 HEr (0" = g

t>T xezd
Then, using (ii) and the monotonicity of x (8), we find u € (0, 1) such that

B+u p/2 1
2 2 EZ 0™ S 5 Gy

t>T xezd

Finally, we use Lemma B.3 to conclude that

sup E[(W/*)P] < 2E[(WET)P] < oc. O

n>0

B.3. Proof of Lemma B.3. We introduce, fori > 1,
T c=inflk > T+ 7T : X"V = x2).
Givenn, j>1,t:=(t,...,tj) € N/ and x := (x, .. X)) € (Z4)7, we define the event
Anjt,x)=(Viell, j1: T =1 and X" =x;} N {t; <n).

For j =0 we set A, 0 = {71 > n} and define, for j > 0,

n
2z, (%) = E® [exp( D _1B@, ypp + 0 ) = 2’\(/3)]) 1A,l‘,-<t,x>} :
k=1
With this notation we have Ztﬂ (t,x)= Zf 1 (2, x). Since the events (A, ;(f, x)) ;¢ x partition the probability

whHr=>" > 2z,

J=0 (¢,x)eNJ x (z4)J

space, we have

Note now that Zf’ ;@ x) can be factorized using the Markov property for the random walks X"
and X@ at time 7; and iterating. Recalling the definition of (23), for j > 0 and ¢; < n we obtain, setting
(to, x0) = (0,0) as well as A;t =1t; —t;_1 and Ajx = x; — x;_1,

J
zZhtx)= (Het,._l,x,._lzg.,m,-t, A,‘x))et,,,x,. z) o

i=1
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Assuming that p <2 and combining subadditivity with shift invariance, we obtain that

EWAHP1<Y " Liyy<m ]‘[[E[z (Db, Ax)PPIEZL, )P, (75)

j=0 (t,x)

For the last factor, we now observe that
E[(ZF )P/") < E[ELZD ) | Froa1P/%) < EL(WS_ )P,

where for the last inequality we simply used Fubini as follows:

T-1

[E[Zf,o | Fr_i1] = E®? |:exp( Z[’B(a)k,Xi]) +a)k’X152>) - 2)»(/3)]) 1{W>T1X,~(l)7éxi(2)}i| < (Wﬁ_l)Z.
k=1

Similarly, for each of the factors in the product in (75), we estimate
KAt AP < E[ELZR (Ajt) | FroalP2) = ELZ0_ (Ait, Ax)P1(1+ x)P72,

where the factor 1 4 x comes from the fact that X1 and X® collide at time A;¢. Taking the sum over

all ordered sequences of (1, ..., t;) instead of restricting to ¢; < n, we obtain
J j
SN TTEER (At Ax)P?) < Z((l +0 Y. EHZP G x)f’”]) : (76)
Jj=0 (¢t.x) i=1 Jj=0 t>T,xeZ

and hence the desired result follows from the combination of (75)—(76).

B.4. Proof of Lemma B.4. Recall that D is the transpose of the transition matrix of X, and also recall
the definition (29) of u,. We have

20 (T =145, 0P =WE_)PPE (XD =XP =x,¥r e[[L,s — 1], XV # X))/

< (Wh_)P(D*ur—1 (x)? = (D Wr_1 (x))". (77)
Setting Y7 := szl Y reza (D pur—1(x))?, the above yields

SN2 )P < (WP )PYr < (sup W) Yy

1>T xezd nz0

To prove item (i) of the lemma, it is thus sufficient to show that

fim E[sup(WF)?Yr] = 0. (78)

T—o0 n>1

We are going to show that there exists some C > 0 such that almost surely

Yr<C and lim Yy =0. (79)

T—o0
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The convergence (78) follows from (79) and dominated convergence for . To ensure domination, we use
the fact that, by [Junk and Lacoin 2025, Theorem 2.1], sup,,~, (Wf ) € L? for p < p*(B). To prove (79),
we observe that
3 (D wro1(0))” < min(lur—i 12, 1D*1Z7). (80)
xez4
The bound ||p7r—_1 ||’,; comes from the fact that convolution contracts £ norms and the other bound comes
from the fact that (D*ur_;(x))? < ||DS||é’O_1DSuT_1(x). Since p > 14 1/v, the definition of (7) implies
that || D* ||£O‘1 is summable, which implies the first part of (79).

We then note that weak disorder implies lim7_,  ||;t7—1]|, = O (this is, for instance, a consequence
of [Comets et al. 2003, Theorem 2.1], which proves that lim,,_, o, I, = 0). Hence, using the dominated
convergence theorem for the sum over s (|| D* ||£o“ is used for the domination), we obtain the second part
of (80).

Now let us prove item (ii), which is an exercise in applying the dominated convergence theorem. For
B’ < B” and every k and x, we have the bound

(Bwr,x —2(B)) < B"(@k x)+ (81)

valid on [B’, 8”]. For fixed t > T — 1 and x € Z¢, and almost every w, applying dominated convergence
to P and using (81) as the domination, we obtain that 8 — Z?q (t, x) is continuous. Next we apply the
dominated convergence theorem to the counting measure on N x Z%. From (77) we have
sup 27, (1, 0)"7 < sup (DTW ()7,
BelB'.B"] BelB'.B"]
and we have, in the same way as (80),
sup (D'TWP_(0))’ < sup (Wp_pPIDTT L
Lo BElB B Belp'.B"]
The first term is finite by (81) and the second is summable in #; hence S — Z,ZT erzd Z?_l(t, x)P/?
is continuous for almost every w. Finally, using the combination of the above inequalities, we have

sup 3320 PP < s (WE_ )P IDTL

BelB B ' Fa1=1 Belp.B"] o

Since the right side is in L' (again by (81)), we apply dominated convergence with respect to [P to obtain
the claim of (ii). Il

Appendix C: Proof of Proposition 2.11

Before starting the proof let us explain its mechanism. Our choice for the distribution of X; was made so
that it has a varying tail exponent, namely

.. dog P(1X1] > n) ) log P(|X1| > n)
liminf —————>=—-4 and limsup———~ =
=0 logn n—00 logn

0.
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The statement about the lim inf ensures that (Xj),>0 is recurrent, which will be proved in Section C.1,
and thus by (5) this implies that 8, = 0 (the fact that 8. = 0 is then implied by Theorem 2.9). On the other
hand, the information about the lim sup allows us to replicate the argument given proof given in [Viveros
2023, Theorem 1.1], which proves that f(8) = 0 for all g if the tail distribution of X is sufficiently fat.
This is the content of Section C.2.

C.1. Proving the recurrence of (Xi)x>0. Note that g(x) is symmetric and has a unique local maximum
at zero, and thus P (X = x) = g**(x) has the same property for every k. This implies that

mayiP(Xk =x)=P(Xx=0) and P(X;=0)> P(X¢y1=0).

xeZ¢
Using these properties, we have for any choice of N and M

2N

_Z (Xi =0z NP(Xoy =0) = 5
i=N+1

P(|Xan| = N).

In view of the above, to prove recurrence of X, it is sufficient to show that
limsup P(|Xon| < N) >0, (82)
N—o00
which we will do by showing that the lim sup is equal to one. In order to estimate P(|X,y| < N), we
truncate the increments and apply the second moment methods. Given M > 1, we set

N
Xy = Z(Xi — Xi—Dlyx,—x,_11=my-

i=1
Using the union bound and Chebyshev (note that E[|X %|] < M?),
P(IXan| < N) = P(IXan| < N3 Xon = Xon) = 1 = P(1Xan| > N) =2NP(IX1| > M)

We take N = M3 and M = a;, for k > 1. In that case 2M?/N = Zak’l, which converge to zero as k — oo.
As for the other term, it is bounded as follows:

1 _ _
N Y f gNzg <4Na* <4a;.
|x|>ag i~k i
Taking k — oo this proves (82) and concludes the proof that (X )i>0 is recurrent. Il
C.2. Proving that §(f8) = 0. Now we replicate the proof of [Viveros 2023, Theorem 1.1] (proved under
a slightly different assumption). Let us consider a large N (whose value will be determined later) and set
Vi (x) 1= EeZio0 Bornnn=b@Ng o0l

VN (x) V)
P(Vke[0, N —1]:|Xk| <N2)  E[Vy@®)]

Vy(x) =
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In words, Vy(x) is the partition function started at time 1 from x whose underlying random walk is
conditioned to remain within distance N2 from the starting point. We have, for any k > 1,

wh =gl g wh_ = Y )V = gllak)) Y V(). (83)
xe”Z [x]<ak [x]|<ak
Setting h(N) = P(Vk € [0, N — 1] : | Xi| < N?), we can rewrite the sum above as
1 —
g(lak]) Z Vn(x) = (20k+1)g(|ak|)h(N)(2ak+l Z VN(X)) =: Qar+ 1 g(laxDh(N)UN k-

[x|=<ax [x[<ax

Now we set N = N := [./ar—; |. With this setup, we are going to show that
lim L log[(2ax + 1)g(lak)h(Nk)] =0,  lim Uy, =1, (84)
k—o0 INg k—o00

where the second convergence holds in probability. The combination of the two limits in (84) ensures that

. 1
Jim = log(g<|ak|> ||Z VNk<x>> =0

holds in probability, and hence from (83) we deduce that §(8) = O (we obtain > from (83) but the other
inequality is trivial). To prove the first line in (84), we simply observe that (2a; + 1)g(|ax]|) is of order
ak__41 (or N 8) and that 2#(N) > P(]X;| < N)V does not decay exponentially fast in N.

For the second line, since by construction E[Uy, ] = 1, we only need to show that the variance goes
to zero. Using the fact that

[E[‘_/Ie(x)] < eV 2B)=21(B))

and that VI%, (x) and VI%, (y) are independent if |x — y| > 2N 2 we obtain

2
Var(U® ) < eNoem 22 VL
’ 2a; + 1
and the result follows from our choice for Ny. O
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