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Abstract

This doctoral thesis explores the multifaceted applications of the Markov chain
tree Theorem in the study of stochastic processes, highlighting the deep connection
between graph theory and the dynamics of continuous-time Markov chains. The
work is organized into two main parts, each addressing asymptotic problems through
a combinatorial lens.

In the First Part, we analyze the behavior of Markov chains on finite directed
graphs where transition rates decay exponentially with respect to a positive pa-
rameter. We introduce the discrete counterpart of the Freidlin-Wentzell theory,
formulating a discrete Hamilton-Jacobi equation for the large deviations functional
of the invariant measure. Through a geometric characterization of viscosity solu-
tions and the application of the Matrix tree Theorem, we classify all the solutions
and establish a selection principle analogous to that observed in continuous diffusion
processes.

The Second Part is devoted to the study of multiscale Markov chains and
metastability phenomena. Leveraging the theory of trace processes, the thesis
describes the decomposition of the limiting invariant measure through effective
dynamics on reduced state spaces. By extending the Markov chain tree Theorem
to chains that are not necessarily irreducible, the entire problem of metastability is
framed within a purely combinatorial context based on the relationships between
the weights of arborescences and directed forests.

Overall, the thesis demonstrates how the topological structure of the transition
graph provides powerful and rigorous tools for resolving complex issues related to
convergence and scale separation in stochastic systems.



Introduction

Some theorems in mathematics are so powerful that they establish unexpected
connections between disparate fields, thereby indicating the tools best suited for
further analysis. This is precisely the case of the Markov Chain Tree Theorem.

This result establishes a fundamental connection between the invariant measure
of Markov chains and specific subgraphs of their associated transition graphs,
known as spanning arborescences.

Moreover, the elegance of the theorem is reflected not only in its statement but
also in the diversity of its proofs. Indeed, several alternative approaches exist, each
highlighting a different mathematical structure: from matrix-based representations
to directed graph techniques, as well as constructions based on liftings of Markov
chains (see, for instance, [5,27,55]).

The purpose of this doctoral thesis is to illustrate the Markov Chain Tree
Theorem in action. In the following chapters, we will build upon this result to study
a sequence of irreducible Markov chains with exponentially decaying transition
rates, to examine the large deviation limit of the invariant measure, to propose an
extension to the non-irreducible case, and to apply the theorem to the analysis of
metastability in multiscale Markov chains.

More specifically, this thesis is divided into two parts.

Part I, Freidlin- Wentzell Theory on Metric Graphs, presents the results from [4],
a work carried out in collaboration with Prof. Davide Gabrielli (University of
L’Aquila) and Prof. Michele Aleandri (LUISS University of Rome). Part II, On
the Limiting Invariant Measure of Multiscale Markov Chains, describes some of
the results obtained in [2|, currently in preparation, that is a joint work with Prof.
Diego Alberici and Prof. Davide Gabrielli, both at the University of L’Aquila.



Chapter 1 introduces the two parts of the thesis by presenting the common
theoretical framework. We consider an irreducible continuous-time Markov chain
X; with transition digraph (V, E') and outline all the combinatorial objects that
the reader will need to be familiar with throughout the thesis: arborescences,
forests, maps, and inward- and outward-oriented unicyclic components. We also
summarize the main notions of distances on directed graphs, in particular defining
geodesic distances and resistance distances, thus connecting our results to the
theory of electrical circuits. Finally, we focus on the statement and proof of the
Markov Chain Tree Theorem for irreducible chains. Alongside this, we present
two additional results that will be heavily used in the subsequent sections: the
Harmonic Tree Formula, as proved in [55], and the ergodic theorem.

In Part I, we consider a sequence of finite irreducible Markov chains depending
on a positive parameter N. The transition graph is a fixed, finite, strongly connected
directed graph, while the transition rates decay exponentially with N, with a rate
that may vary from edge to edge. The stationary equation that uniquely identifies
the invariant measure for each IV, at the exponential scale, in the limit as N — oo,
reduces to a discrete equation for the large deviation rate functional of the invariant
measure, which in general does not have a unique solution. In analogy with the
continuous case of diffusions, we refer to this equation as a discrete Hamilton-Jacobi
equation.

Similarly to the continuous setting, we introduce notions of viscosity supersolu-
tions and viscosity subsolutions, and we provide a detailed geometric character-
ization of the solutions in terms of special faces of the polyhedron of Lipschitz
functions on the transition graph. This construction parallels the weak KAM
theory in a purely discrete framework. We also identify a special vanishing viscosity
solution obtained in the limit from the combinatorial representation of the invariant
measure provided by the Matrix Tree Theorem. This gives a selection principle
on the set of solutions to the discrete Hamilton-Jacobi equation, obtained via the
Freidlin-Wentzell minimal arborescences construction, thus elucidating a discrete
analogue of what occurs in the continuous case.

Chapter 2 provides a brief overview, based on [19,20,24,26,27|, of the known
results in the continuous setting concerning diffusion processes. We briefly describe
the large deviation principle, the Freidlin-Wentzell theory for the small-noise limit of
a diffusion process, the associated Hamilton-Jacobi equations, and the weak KAM
theory. Chapter 3 presents the new results in the discrete setting, as published
in [4].

In Part 11, we explore the asymptotic behavior of invariant measures in multiscale
Markov chains. From a theoretical standpoint, multiscale Markov chains provide a
precise description of how long-time behavior emerges from local equilibrium within



metastable sets. This approach has proven particularly effective in the study of
interacting particle systems, statistical mechanics, and stochastic dynamics, where
metastability plays a fundamental role. More generally, the analysis of multiscale
Markov chains offers a unifying framework for understanding complex stochastic
phenomena driven by rare events and scale separation.

In this section, we present the results obtained in the context of [2], concerning
the decomposition of the limiting invariant measure into effective dynamics re-
stricted to irreducible classes, leveraging trace process theory. We begin in Chapter
4 by focusing on the works [12,13,28,40,42,43,46,47|, which provide the definition
of the trace process and a description of the metastability of a sequence of Markov
chains. These results play a key role in our analysis.

Chapter 5 describes the multiscale behavior of irreducible chains and analyzes
the limiting invariant measure. This analysis proceeds through the definition of
an effective chain that operates on a reduced state space: the limiting invariant
measure will concentrate only on certain states, allowing us to disregard transient
states in the limit. The primary tool remains the Markov Chain Tree Theorem, now
extended to chains that are not necessarily irreducible. The fact that the theorem
applies both to the original process and to the trace process, through combinations
of arborescences and forests, allows us to frame the entire problem within a purely
combinatorial framework. This leads to special relations between the weights of
trees and forests, which we summarize in the last sections of this thesis.



Digraphs and Continuous-Time Markov Chains

In this section, we aim to briefly outline the general framework of our work. The
common foundation lies in the strong relationship between directed graphs and
continuous-time Markov chains. Since a Markov chain can be naturally identified
with its weighted transition graph, it is reasonable to seek results through a
combinatorial perspective, in addition to the algebraic one.

1.1 Directed Graphs and Continuous-Time Markov
Chains

We begin with some basic definitions from graph theory. This introductory section
is intended to provide a general overview of the tools and concepts that will be

used throughout the thesis. For a more comprehensive treatment, we refer the
reader to [16] and [10].

1.1.1 Strongly Connected Digraphs

Definition 1. A directed graph (or simply, a digraph) (V, E) consists of a non-
empty finite set V' of elements called vertices, and a finite set E of ordered pairs of
distinct vertices, called edges.

The order of the digraph (V, F) is the number of its vertices, denoted by |V|.

Visualizing a graph is often a powerful method for understanding its structure.
In fact, one of the most effective ways to describe a small graph is simply to draw
it (See Figure 1.1).

For each edge (z,y) € E we assign a positive number r(z,y), which we call
the weight of the edge (x,y). Henceforth, depending on the context and for the
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Figure 1.1: A digraph

sake of notational convenience, we shall refer to an edge either by its endpoints
(x,y) € E or simply as einE.

Definition 2. We say that (V', E’) is a subgraph of (V,E) if V' CV and E' C E.

If V' =V, then (V', E') is said to be a spanning subgraph of (V, E'). We shall
often construct new graphs from old ones by deleting or adding some vertices and
edges.

In the following, (V, E) is always a finite digraph.

Definition 3. A path from xy to xy in (V, E) is an alternating sequence vy, », =
T1€1T9€s . .. Tp_1€p_1X) Of distinct vertices x; € V' and edges e; == (z;,x;11) € E
(such that the tail of e; is x; and the head of e; is x;y1 for everyi=1,... k—1).

Given a weighted graph, the weight of a walk 7 is defined as the product of
the weight of every edge belonging to v, namely:

T(’Yacy) = H T(Gi).

€i€Yzy

A geodesic path between two vertices is the walk whose weight is the minimal
one among all the other walks connecting the same endvertices.
If v4,4, 1s a path, £ > 3 and 2y = xy, then ~v,,,, is a cycle.

Definition 4. A digraph (V, E) is strongly connected if, for every pair x,y of
distinct vertices in V' there exists a path connecting x to y.

For example, the digraph in Figure 1.1 is strongly connected.
From now on, unsless specified, we will consider finite, strongly connected
digraphs.
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Figure 1.2: An arborescence rooted towards a vertex x

1.1.2 Arborescences and Directed Forests

Some general remarkable classes of graphs and their properties are needed to
discuss: let us now move on to the definition of the key object of this thesis.

Definition 5. Let (V, E) be a directed graph. A spanning arborescence T directed
towards x € V' is a spanning subgraph of (V, E) such that:

e for each vertex y # x there exists exactly one directed edge exiting from y and
beloning to T;

e for any y € V there exists one directed path from y to x in 7;
e there are no edges exiting from x.

Let T, be the set of arborescences spanning (V, E) directed toward = € V' and
T be the set of all spanning arborescences T = J, .y Tz-
If the graph is strongly connected, then 7, is non empty for any = € V.
Just as in the case of paths, it is natural to define the weight of a spanning
arborescence as follows:
r(r) =[] r(zv)

(z,y)eT

for all 7 € T. It is also possible to assign a weight to a set of spanning arobrescences
by simply summing the weights of the individual arborescences, for example:

TET

The same notation will be used from now on for other sets: if A C 7T, then

r(A) =3 car(7).
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Figure 1.3: A forest with root set S = {z, vy, 2}

Definition 6. A directed forest f spanning (V, E) with root set S is a spanning
subgraph of (V, E) that is the disjoint union of directed rooted arborescences {T;}icr,
where each 1; has a root x; € V. We denote by S the set of the roots of each
constituent arborescence: S = {x; }icr.

We call Fs the set of all spanning forests of (V, E') with root set S, and Fs(i — j)
the set of spanning forests of (V, E') such that j € S, 7 € V' \ S and i belongs to
the arborescence rooted in j.

We shall also call F the set of all the spanning forests of (V, E'). As before, we
can assign to each forest f € F a weight given by:

TES ecef

where 7 are the constituent arborescences of f, and e are the edges beloning to f.
As before, we can expand this definition to forests sets: we define for example

r(Fs) = Zfe]—‘s r(f) and r(Fs(i — j)) = Zfe]-‘s(i—m‘) r(f).
Another class of subgraphs that will later be relevant is the following:

Maps and Unicyclic Components

Definition 7. Let (V, E) be a digraph. A map § is a spanning subgraph of (V, E)
such that for each vertex x € V' there exists exactly one edge (x,y) € | exiting from
x.

The name is due to the fact that a map f is encoded by a function ]E V=V
by considering belonging to f only the |V| edges (V, (z, f(x)zev)).
The last definition deals with subgraphs with only one cycle.

Definition 8. A subgraph u of a directed graph (V, E) is called an inward oriented
unicyclic component , or simply in-unicyclic component , if
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Figure 1.4: An inward oriented unicyclic component and an outward oriented unicyclic
component.

e there exists a unique directed cycle in u,

e for any vertex x belonging to u outside the cycle there is a unique edge in u
exiting from x and a directed path from x to the unique cycle.

A subgraph o of a digraph (V, E) is called an outward oriented unicyclic com-
ponent , or simply out-unicyclic component , if

e there exists a unique directed cycle in o,

e for any vertex x belonging to o outside the cycle there is a unique edge in o
entering in x and a directed path from the unique cycle to x.

If a in-(out-)unicyclic component u (o) is spanning, i.e. contains all the vertices
in V, it is called an in-(out-)unicyclic graph. Call 4™ and U°" the collection
of all the in-unicyclic and out-unicyclic graphs, respectively.

On a strongly connected graph every node belongs to the cycle of at least
one unicyclic graph and call U™ and U™ the set of in-unicyclic and out-unicyclic
graphs with x belonging to the unique cycle.

The structure of maps is well known and we refer for example to [54] for

the following basic fact: every map is the spanning disjoint union of in-unicyclic
components. In particular, every in-unicyclic graph is a map.
Inverting the orientation of all the edges of a map, a graph with exactly one
edge entering in each node is obtained, that is, a spanning disjoint union of out-
unicyclic components. Moreover, for any spanning collections of spanning disjoint
out-unicyclic components, changing the orientation of its edges it is obtained a
map.

Directed Acyclic Graphs (DAG)

We conclude by focusing on a class of graphs with interesting topological properties.
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Definition 9. A digraph is acyclic, or a directed acyclic graph (DAG), if it
has no cycles.

A DAG (V, E) induces a partial order on V' by setting x; > z; if there exists a
directed path in the DAG from z; to x;. In particular, the following holds:

Theorem 1. A relation is a partial order if and only if it is the directed path
relation of a DAG.

For the direct proof of this result and further properties of digraphs, see [10].

1.1.3 Distances

For a strongly connected digraph it makes sense to introduce the notion of distance
between two vertices. There are various notions in the literature, and we choose to
present the following definitions which will be useful during the discussion.

Geodesic Distance

Definition 10. Let I'y, be the set of paths vy, connecting x and y. The geodesic
distance between two vertices x,y € V is the weight of the minimal path in Ty, :

d(l’, y) = ,anellzl T(’Yl’y)‘
Ty Ty

Note that here we are using the notion of distance improperly, since in general
d(x,y) may not be symmetric. It is therefore necessary to extend the common
definition of distance, according to [48].

Definition 11. Let M be a nonempty set. The function a : M x M — [0, 00] is
an asymmetric distance function if a satisfies:

1. a(z,y) > 0 and for each x € M, a(z,z) =0,

2. a(x,y) = a(y,x) = 0 implies that there exists a zero-weighted path from z to
y or that x =y,

3. a(x,y) < a(z,z)+alz,y) for each z,y,z € M.

If we take M = V', the geodesic distance d satisfies the definition of asymmetric
distance function.
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Resistance Distance

In network theory, effective resistance is defined as the total resistance of a circuit
measured between two points, equivalent to the resistance of a single resistor that
would produce the same voltage-current relationship. This concept allows one to
reduce a complex network into a simpler, single-resistor model, taking into account
the arrangement of all individual resistances, whether in series, parallel, or in more
general configurations.

We first recall the theory for undirected graphs as developed in [39]. Further
details and proofs concerning the undirected setting are provided in Appendix
A. In this work, we extend the analysis to directed graphs (digraphs), where the
orientation of edges dictates the direction of current flow.

Consider a digraph (V, E'). We associate to it an electrical network in which
each vertex v € V corresponds to a circuit node, and each directed edge (x,y) € E
corresponds to a circuit branch containing a resistor with resistance equal to the
edge weight r(z,y). Current is assumed to flow consistently with the orientation of
the digraph.

Effective resistance and arborescences. In this directed setting, the effective
resistance between nodes is defined through the preservation of the total weight of
spanning arborescences. Let w € V' be a fixed root vertex. Denote by 7T, the set of
arborescences oriented toward w, and define their total weight as

r(Tw) == Z r(7),

TETw

where r(7) is the product of the resistances along the edges of 7.
A network reduction is a transformation that produces a simpler network while
preserving this total weight:

r(Tw) = 7(Tw),
where 7; denotes the set of arborescences in the reduced network, and f’f;} is the
corresponding reduced weight. In this sense, the reduced network is an equivalent
network, analogous to the concept of a single effective resistor in classical circuits: it
preserves the “resistance structure” between nodes in terms of arborescence weights,
even in the presence of edge orientations.

Basic network transformations We now describe three basic transformations
that reduce the network while preserving the total arborescence weight. These
transformations correspond to familiar operations in electrical circuits:

1. Parallel reduction: Two edges (x,y); and (z,y)s in parallel with resistances
r(z,y); and r(z,y)s are replaced by a single edge (z,y) of resistance 7(x,y) =
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r(z,y)1 + r(z,y)2. Similarly for edges (y,z); and (y,x)s in the opposite
direction: 7(y,z) = r(y,x); + r(y, z)s.

2. Series reduction: Two edges (z,y) and (y,z), with y of degree 2, are
replaced by a single edge (z, z) with

o, 2) = r(z,y)r(y, 2)
’ r(y,z) +7r(y,2)’

and similarly in the opposite direction. This ensures that the total weight of
arborescences remains invariant.

3. Star-Delta transformation: A degree-3 node s connected to nodes x,y, 2
can be removed and replaced by a complete subgraph among {z,y, z}, with
reduced resistances computed to preserve arborescence weights. See Appendix
A for details in the undirected case; the directed case preserves orientations
in the same manner.

All this problems are currently polynomially solvable by means of determinant
methods. Counting spanning trees can be solved efficiently for general graphs using
the determinental technique outlined first by Kirchoff [38]. Spanning trees of an
n-vertex graph are counted by computing the determinant of an (n — 1) x (n — 1)
matrix with integer entries.

Mapping arborescences. For each transformation, we define a map ¢ : T, —
T, that associates each original arborescence to an arborescence in the reduced
network. This mapping ensures that the external structure of arborescences

is preserved and that r(7,) = 7(7,), providing a rigorous justification for the
computed reduced resistances.

1. If the transformation is a parallel reduction on two nodes x,y € V', ¢ associates

o o: T — 721, where 7! C T, is the set of arborescences containing one
edge between (x,y); and (z,y),, and 7! C Ty, is the set of arborescences
containing the edge (x,y). Let 3; denote the spanning forests of (V, E)
obtained by deleting the edges (x,y); or (z,y)s from arborescences in T,
and observe that T = (31U (z,9)1)U(S1U(z, )2) and 7' = U (z, ).

e ¢: T2+ T2, where T2 C T, denotes the set of arborescences con-
taining one edge between (y,2); and (y,z)s, and T} C T, is the set of
arborescences containing the edge (y,z). Let ¥y denote the spanning
forests obtained by deleting the edges (y,z); or (y,z)s from arbores-
cences in T2. Again we notice that 72 = (35 U (y,z)1) U (X2 U (y, 7)2)
and T2 = %, U (y, 2).
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© o:T3— 7;3, where 772 is the set of arborescences in T, that contain
no edges between z and y and 7 is the set of arborescences in 7y, with
no edges between x,y. Let >3 denote those spanning arborescences.

The arborescences share the same external structure >; forv=1,...,3. If
we impose that 7(7,) = 7(7T,), then we have, respectively:

r(E)(r(z, y) +r(z,y)2) = r(E0)(F(2, y))
)

r(32)(r(y, x)1 + 7y, )2) = r(X2)(F(y, x))
r(33) = 7(X3).

As a consequence
f({I?, y) = T('rv y)l + T’(.T, y)2 and 72(3/7 1:) = T<y7 13)1 + T(y, x)2-
2. If the transformation is a series reduction, ¢ associates:

e ¢: T +— 7:1, where 7! is the set of arborescences in 7T, containing
both the edges (,y) and (y, z) and 7 is the set of arborescences in 7,
containing the edge (z,z). Let ¥; denote the spanning forests of (V, E)
obtained by deleting the edges (z,y) and (y, z) from arborescences of this
type, and observe that 7} = ¥y U ((z,4) U (y, 2)) and 7! = £, U (, 2).

o ¢: T2 — 7’3, where 72 is the set of arborescences in T, containing
both the edges (z,y) and (y, ) and T2 is the set of arborescences in T,
containing the edge (z,x). Let ¥y denote the spanning forests of (V, E)
obtained by deleting the edges (z,y) and (y, ) from arborescences of this
type, and observe that 72 = ¥y U ((z,5) U (y,z)) and 72 = £, U (2, z).

e ¢: T3 — T2, where T2 is the set of arborescences in T, that contain
one edge between (y, z) and (y, z) and 772 is the set of arborescences in 7Ty,
with no edges between x,y. Let ¥3 denote the spanning forests of (V, F)
obtained by deleting the edges (y,z) and (y, z) from arborescences of
this type. We notice that 72 = (33U (y,x)) U (X3U (y, 2)) and 7? = 3s.

The arborescences share the same external structure >; forv=1,...,3. If
we impose that A r(7,) = 7(7y), then we have, respectively:

( r(X1)(7(z, 2))
Ar(Ee)r(z,y)r(y, x) = r(X2)(7(z, x))
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As a consequence \ = ) and so

1
S e e
r(z,y)r(y, x)
r(y,x) +r(y, z)

3. For the directed Star-Delta transformation, we address the reader to section
5.8, in which we analyze a more general transformation.

r(z,y)r(y, 2)
r(y,x) +r(y,2)

Ha,y) = and 7(y,z) =

1.1.4 Transition Graphs of Continuous-Time Markov Chains

There exists a natural one-to-one correspondence between finite weighted digraphs
and continuous-time Markov chains, which we present below.

Let (V, E) be a finite and strongly connected weighted digraph, to which we
associated with each edge (z,y) € E a positive weight r(x,y) > 0.

Using the the backward generator :

E - ‘ny:r(x7y) .fE?éy’
Y E:m: = - Zyevr(xu y) r =1y,

(V, E) becomes the transition graph of a Markov chain X := (X};);>0 with state
space V and ¢t € RT, where the transition rates between a pair of states z and y
correspond to the weight r(z,y).

Since (V, E) is strongly connected, the Markov chain X is irreducible: recall,
indeed, that a Markov chain is said to be irreducible when all states communicate
with each other.

A classical result on Markov chains! tells us that if a Markov chain is irreducible,
then it admits a unique stationary distribution 7, which is the one that satisfies
the balance equation with all elements positive

mx) Y rxy) = Y wyry.x). (1.1)
yi(zy)EE y:(y,®)EE
These are the equations characterizing the stationary distribution of an ir-
reducible chain, but in the course of this discussion we are also interested in a
combinatorial representation of the same, which we briefly present in the next
section.

1.2 Markov Chain Tree Theorem

A very useful representation for the invariant measure of a finite irreducible Markov
chain is given by the Markov Chain Tree Theorem.?

!For a comprehensive discussion, see [51]
2See [5,27,55]
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Figure 1.5: A graph (V, E) and its corresponding litfing graph (7, E)

Theorem 2 (Markov Chain Tree Theorem). The invariant measure of an irreducible
Markov chain with strongly connected transition graph (V, E) is given by

m(x) = (1.2)

forallx € V.

A simple and elegant proof is provided in [5] by constructing a Markov chain in
an enlarged state space, such that its projection is the original Markov chain on
(V, E) with rates r. In particular, we consider the directed graph (7, E) The set of
vertices coincides with the set of arborescences and (7,7') € Eif and only if 7 € T,
7 €T, (x,y) € E and the arborescence 7’ is obtained by 7" = [t U (z,y)] \ (v, 2)
where (y, ) is the unique edge exiting form y in 7. The rates 7 of (7,7') € E with
7 € T, and 7/ € T, are given by #(r,7') := r(x,y). We call X the Markov chain
associated with such rates. There is a natural projection map II : (7, E) — (V, E)
such that, for any 7 € T, II(7) = x and, for any (7,7') € E with 7 € 7, and
e T, I(r,7) = (z,y).

Next result is from [5].

Theorem 3. The Markov chain X 1is irreducible and has a unique invariant measure

given by
1

() = (), (13)

where Z = r(T). The process X =11 (X), is a Markov chain on (V| E) with

transition rates r and we deduce (1.2) as a consequence.
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Proof. We give a sketch of the proof. The irreducibility of the Markov chain X
is discussed in [5]. The graph (T, E) is Eulerian, since for each node 7 there is
a bijection among the outgoing and ingoing edges. Indeed, for each 7 € T, the
outgoing edges in (7, E) are in correspondence with the outgoing edges from x
in (V,E). Let 7 € T, and (7,7') € E with 7/ € 7,. We have that 7 U (z,y) =
u, € UM so that there exists 7/ € T, such that 7’ U (z,2) = 7 U (2,y) = u,. This
correspondence (7,7’) <> (7”,7) gives the bijection among exiting and entering
edges at 7, i.e. a bijection between exiting and entering elements of E on each
T € T (see [14] section 2.6 for more details). Moreover by (1.3) we have, up to a
common multiplicative constant,

p(r)r(z,y) = a(m")r(z, ) = r(ug). (1.4)

Using the fact that the graph (7, E) is Eulerian, the stationarity of (1.3) follows.
The last statements of the Theorem are direct consequences of the definitions. []

1.3 Harmonic Tree Formula

Consider now an irreducible continuous time Markov chain (X;);>o with transition
graph (V,E). Given a set S C V, we denote by Py(y|z) the probability that,
starting from the point x € V'\ S, the process enters the set S for the first time at
the point y € S:

PS(y|z) := P(X7 = y| X = 2) where ¢ := min{t > 0| X; € S},
where both PS(-) and P(-) refer to X;. Then we have the following representation:

Theorem 4 (Harmonic Tree formula).

Py (yla) = (1.5)

forz eV andy e S.

For a graphical proof of this result, see [55].

1.4 FErgodic Theorem

Finally, to conclude this survey of known results that will be used in the following
chapters, we briefly recall the Ergodic Theorem for continuous-time Markov chains.
The literature on this topic is extensive; therefore, we shall not dwell on the details
of the proof here either, and instead refer the reader to [9,51].
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Theorem 5. Let X; be an irreducible, positive recurrent continuous-time Markov
chain with state space V. Let m be its unique invariant measure. Then, for any
bounded function f:V — R and for any initial distribution

lim %/ f(Xs)ds = Z fz)m(z) almost surely. (1.6)
0

t—o00
zeV

In particular, we have that, almost everywhere

1 t
lim — [ (X, =2)ds = E;[I(X; = 2)] = (), (1.7)
t—o0 t 0
where K, denotes the expectation with respect to the invariant probability measure
m, that 1s, the expectation of the process when initialized according to .
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Freidlin-Wentzell Theory on Graphs
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Continuous Diffusions

Our analysis is rooted in the fundamental duality that arises in statistical mechanics
between discrete and continuous systems. This dichotomy not only corresponds to
distinct mathematical frameworks but also reflects different physical interpretations
and modeling strategies. In particular, the well-established body of results in the
context of continuous diffusions provides strong motivation to explore analogous
structures and behaviors in the discrete setting.

In this section, we provide a brief overview of fundamental results concerning
continuous diffusions, focusing particularly on Freidlin—Wentzell theory and weak
KAM theory. We then present our contributions in the discrete case, which exhibit
a strong parallel with their continuous counterparts.

2.1 Freidlin-Wentzell Theory

Before proceeding, let us briefly recall the concept of the Large Deviations Principle.
For a more in-depth analysis, see [20].

Definition 12 (Rate Function). Let X be a Hausdorff topological space. An
extended real-valued function I : X — [0, 00] is called a rate function if it is lower
semicontinuous; that is, for every c € [0, 00|, the level set {z € X | I(z) < ¢} is
closed in X.

Moreover, if all such level sets are compact, then I is called a good rate function.

Definition 13 (Large Deviation Principle). Let n > 0, and let { i, }nen be a family
of probability measures on X. We say that u,, satisfies the Large Deviation Principle

19
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(LDP) with rate function I : X — [0, 00] if

1
limsup — log u,,(F) < —inf I(z) for every closed set F C X,
n

n—00 ek

1

liminf —log i1, (G) > — inf I(x)  for every open set G C X.
n—oo N zelG

If the upper bound holds only for compact (rather than closed) sets F, then the

sequence i, is said to satisfy a weak LDP.

2.1.1 Small-Noise Limit of a Diffusion Process

Consider a standard Brownian motion W, in R? starting at the origin, and a
diffusion process Xf taking values in R, which is the unique strong solution to the
stochastic differential equation:

dXE = b(XE)dt + v/edWy:

with ¢ > 0 and X§ = 0, where b : R? — R? is a uniformly Lipschitz continuous vector
field. Let Cy = Cy([0,T]; RY) be the Banach space of continuous paths starting at
the origin, endowed with the supremum norm ||-||o. Then the family of probability
measures induced by {X¢}.>¢ on Cy satisfies the large deviations principle with
a good rate function I : Cy — RU {oco} given by the Freidlin-Wentzell action
functional :

Lon(f) = %fOT |£(t) = b(f())[?dt if f lies in the Sobolev space H'([0,T]; RY),
o +00 otherwise.

The proof of these statements is well known, and for a comprehensive overview
of the topic, we refer the reader to [27] and [19].

Freidlin-Wentzell Quasipotential

In this way, the principal term of the logarithmic asymptotics of probabilities
of events concerning the process X; are reduced to the solution of variational
problems, namely the minimization of the action functional over suitable classes of
trajectories. In particular, for fixed =,y € R? and t > 0, we define the finite-time
action by

V(t,z,y) = min{lo,(f) - f € H'([0,4;R?), f(0) = =, f(t) = y}.
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Definition 14. A point 0 € R" is called an asymptotically stable equilibrium
point of the deterministic dynamical system & = b(x) if b(0) = 0 and there ezists a
neighborhood U of 0 such that, for every xy € U, the solution x(t) of the system with
initial condition x(0) = xo is defined for all t > 0 and satisfies lim;_,o, z(t) = 0.

Definition 15. Assume that 0 is an asymptotically stable equilibrium point of the
deterministic system @ = b(z). The quasipotential with respect to 0 is defined by

V(0,2) =inf {Iox(f): T >0, f € H'([0,T;R"), f(0)=0, f(T)=uz}.

Invariant Measure

The asymptotic behavior of the invariant measure of the diffusion process X; as
e — 0 can also be described in terms of the quasipotential V (0, x).

In order to guarantee the existence of an invariant measure for the perturbed
diffusion process, we impose suitable conditions on the behavior of the vectorfield
b(x) at infinity.

Assumption 1. We assume that outside a sufficiently large ball with center at
the origin, the projection of b(x) onto the position vector r(x) of the point x is
negative and separated from zero, that is, there exists a large number N such that
(b(x),r(z)) < =1/N for |x| > N.

Theorem 6. Let the point 0 be the unique stable equilibrium position of the non-
perturbed system, let the space R" be attracted to 0, and let Assumption 1 hold.

Then the process X;{ admits an invariant measure ¢ for every € > 0 and we
have that

limelog u(D) = —(inf V(0,z) — inf V(O,y)), (2.1)

e—0 zeD yeR”

for any domain D C R™ with compact boundary, where V (0, z) is the quasipotential
of b(x) with respect to 0.

For an outline of the proof of this theorem, see Chapter 4 of [29].

2.2 Weak KAM Theory

In this section, we provide a brief introduction to the Weak KAM Theory, as it
will be needed in later chapters, particularly in the study of action-minimizing
solutions.

Weak KAM theory is a variational framework that connects viscosity solutions
of the Hamilton—Jacobi equation with the dynamics of Lagrangian systems. The
acronym "KAM" refers to the Kolmogorov—Arnold-Moser theorem, which deals
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with the stability of quasi-periodic orbits in Hamiltonian systems. While the
classical KAM theory requires strong regularity and non-degeneracy conditions,
the "weak" version applies in broader settings and plays a fundamental role in the
study of low-regularity or non-integrable systems.

Our aim is to give a concise overview of the essential statements and properties
without entering into the technical details of the proofs. The complete development
of the theory, including rigorous formulations and demonstrations, can be found
in [26], |23], [50]. Therefore, we focus here solely on stating the results.

Let M be a compact C°° manifold without boundary. Denote by TM its
tangent bundle, by T*M its cotangent bundle, and by 7 : T'"M — M its canonical
projection. A point (x,v) € TM is identified by # € M and v € T,M = 7 (x).
With this notation, we have m(z,v) = x. The cotangent bundle is 7* : T*M — M.
A point of T*M is denoted by (z,p), where z € M, and p € T M = L(T,M — R).

Definition 16 (Lagrangian). A continuous function L : TM — R on the manifold
M s called Lagrangian.

As a typical case of L, we can think of L(z,v) = 1g,(v,v) where g is a
Riemannian metric on M. The metric g allows one to identify the differential of a
function with a vector field, thus yielding a well-defined notion of the gradient V
on M. For the definition of differential, local partial derivates and gradients over
functions defined on manifolds, we address the reader to [22| and [21].

A non-degenerate Lagrangian L on the manifold M is a C? Lagrangian such
that, for each (z,v) € T'M, the second partial derivative ag?gﬁ ) is a non degenerate
quadratic form at each point of T'M.

Definition 17 (Hamiltonian). If L is a non-degenerate Lagrangian on the manifold
M, its corresponding Hamiltonian H : T*M — R is the function defined by

H(z,p) = sup{< p,v > —L(z,v)},
xeM

where < p,v > denotes the value of v € TM under the linear form p € T*M and

. oL
p.— v

Viscosity Subsolutions of the Hamilton-Jacobi Problem

Before proceeding, let us consider the Hamilton—Jacobi equation

ou
where H : T*M — R is the Hamiltonian associated to a non-degenerate Lagrangian
L :TM — R. The unknown is a continuous function U : [0, 4+00) x M — R, and

VU represents the gradient of U at x.
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Now let g : M — R be a continuous function, and let us impose the following
boundary conditions for all x € M:

U0,z) = g(z). (2.3)

Definition 18 (Viscosity Solution). Let U : [0, +00) x M — R be a bounded and
uniformly continuous function on [0,+00) x M. We say that U is a viscosity
solution of the Hamilton-Jacobi equation (2.2) with initial value (2.3) if for each
function ¢ € C*((0,00) x M),

1. U 1is a viscosity subsolution: if U — ¢ has a local maximum at a point
(t*,2*) € (0,00) X M, then

ety (v Vo)) <0

and

2. U is a viscosity supersolution: if U — ¢ has a local minimum at a point
(t*,2*) € (0,00) X M, then

%(t*,x*) + H(a:*,ng(x*,t*)) > 0.

For a detailed discussion of the consistency and uniqueness of these solutions,
together with their physical interpretation, see [24].

Tonelli Lagrangian and Dominated Curves

Definition 19 (Superlinear above Compact Subsets). We say that a Lagrangian
L:TM — R is superlinear above compact subsets if for every compact subset
K C R, and every k > 0, we can find a constant ¢(K, k) > —oo such that for all
(x,v) €eTM and x € K,

L(z,0) > K], + (K, b),
where ||-||,, s a fixed continuous norm on the vector bundle T'M.

Definition 20 (Tonelli Lagrangian). A Lagrangian L on the manifold M is called
a Tonelli Lagrangian if it satisfies the following conditions:

1. L:TM — R is of class at least C?.

2. For each (x,v) € TM, the second partial derivative QZ—L is positive definite

ov?(z,v)
as a quadratic form.
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3. L s superlinear above compact subsets of M.

From now on we will assume that we have a Tonelli Lagrangian L of class
C",r > 2, on the manifold M. The corrisponding Hamiltonian H will be of class
crt,

Definition 21 (Dominated Curve). Let u: U — R be a function defined on the
open subset U C M. If c € R, we say that u s dominated by L + c on U, which
we denote by u < L + ¢, if for each continuous piecewise C* curve v : [a,b] — U
we have

b
u(7(b)) - u(1(a)) < / L(4(s),(s))ds + (b — a).

Definition 22 ((u, L, ¢)-calibrated Curve). Let u: U — R be a function and let
c € R be a constant, where U is an open subset of M. We say that the (continuous)
piecewise C' curve v : [ — U, defined on the interval I C R is (u, L, ¢)-calibrated,
if for every t < t', we have

!

u(y(t)) —uly(t) = /t L(v(s),4(s))ds + c(t’ —1).

Weak KAM Solutions

Definition 23 (Weak KAM solution). Let L be a Tonelli Lagrangian on the
compact manifold M. A weak KAM solution of negative type (of a positive type)
15 a function u : M — R for which there exists ¢ € R such that:

1. The function u is dominated by L + ¢;

2. For every x € M we can find a (u, L, ¢)-calibrated C* curve v : (—o0,0] — M
(resp. v : [0, +00) — M) with v(0) = x.

Definition 24 (Mané’s Critical Value). If L is a Tonelli Lagrangian on the
connected compact manifold M, the Mané critical value of L is the constant c|0]
(or cp[0], if we need to precise the Lagrangian) defined by

0] =inf{c e R|Fu: M — R,u < L+ c}.
It can be proved [26] that ¢[0] > —inf,cp L(2,0) and thus ¢[0] of L is finite.

Definition 25 (Minimal action for a given time). If L is a Tonelli Lagrangian
on the compact connected manifold M, for t > 0 fived, we define the function
Ayt M x M — R by
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AMM=MALM$WW& (2.4)

~

where the infimum is taken over all the continuous piecewise C' curves 7 :
[0,t] = M with v(0) = x and y(t) = y. This function is called the minimal
action to go from x to y in time t.

Lax-Oleinik Semigroup

We call F(M,[—o0,+0o0]) the set of arbitrary functions from the manifold M to
the set [—o0, +00] of extended real numbers. We now introduce a semi-group of
non-linear operators (V;);>o from F(M,[—o0, +00]) into itself.

Definition 26 (Lax-Oleinik semigroup). Fiz u € F(M,[—o0,+o0]) and t > 0.
The function Vyu : M — [—o00,400] is defined at x € M as

Vo) = nf{u(0) + [ L) 2(s))ds), 2.5)

where the infimum is taken over all the absolutely continuous curves v : [0,t] — M
such that v(t) = x.

By the definition of the minimal action (2.4), for ¢t > 0, we have
Viu(z) = inf {u(y) + Ai(z, )}
yeM

We will also set Vyu = u. We call the family of maps V, : F(M, [—o0, +o0]) —
F (M, [—00,+00]), t € [0,+00) the Lax-Oleinik semigroup .

Theorem 7. Suppose L : TM — R s a Tonelli Lagrangian on the compact
manifold M. Let V; be the associated Lax-Oleinik semigroup. Let u € C°(M,R),
then the continuous function U : [0, +00) X M — R defined by U(t,z) = Vyu(z) is
a viscosity solution of

ou
E(t,x) + H(x,VU(t,z)) =0
on the open set (0,4+00) x M, where H : T*M — R is the Hamiltonian associated

to L.

Let us now consider the time-independent Hamilton-Jacobi equation H(z, d,u) =
c for some fixed ¢ € R, where the unknown is a C! function u : M — R and d,u is
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its differential. We call W the set of viscosity subsolution of such a problem. For
¢ > ¢[0], we define

Sx,y) = SgVI;U(y) — u(w).

By using the Perron method (see [26] theorem 8.2.2), it follows that for each
x € M the function S°(x,-) is a viscosity subsolution of H(y,d,u) = ¢ on M itself,
and a viscosity solution on M \ {z}.

Definition 27 (Projected Aubry set). Let H : T*M — R is a continuous Hamil-
tonian. We define the projected Aury set C as the set of x € M such that S (x, )
is a wviscosity solution of H(z,d.u) = c[0].

Theorem 8. Any viscosity solution u: M — R for H(z,d,u) = c|0] satisfies

u(z) = inf u(zg) + S (g, x) Vo € M.

xoeC



Freidlin-Wentzell Solutions of Discrete Hamilton
Jacobi Equations

The Freidlin-Wentzell theory has a basic structure that has been extended to
generalized frameworks, both infinite-dimensional and finite-dimensional. In the
discrete case of continuous-time Markov chains, the analogous framework is that
of Markov chains with exponentially small transition rates, which are widely
used and considered in statistical mechanics and metastability (see, for example,
[52,53,58-60]). For Markov chains of this type, we have a large deviation principle
for the invariant measure.

In this chapter, we present in detail the results obtained in [4]. In particular,
within the framework of large deviations theory, we introduce a stationary discrete
Hamilton-Jacobi equation on a finite directed weighted graph, which naturally
arises from variational problems associated with the large deviation rate functional
of Markov chains with exponentially small transition rates.

In the case of diffusion processes there is a rich and not trivial relation among
large deviations and Hamilton-Jacobi equations, as illustrated for example in
the references |25, 30, 32, 34|, where non uniqueness, non differentiability, phase
transitions and selection principles are intertwined. The main aim is to illustrate
and study all these issues in the simplified discrete setting. In the discrete setting we
can for example obtain a complete geometric characterization of viscosity solutions,
that was instead difficult for example in reference [25], with the aim of giving a
geometric characterization of the selection principle for the vanishing viscosity
solution. Moreover the discrete version of the theory is interesting in itself with
strong connections with other mathematical problems on graphs and challenging
extensions as for example to the case of metric graphs and related stochastic
processes on them.

We provide a detailed analysis of the structure of the viscosity solutions and

27
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identify a special solution obtained as the limit of the unique invariant measure.
The discrete theory parallels the weak KAM theory and Freidlin-Wentzell theory
in the continuous setting. The discrete framework allows for a clearer view of
formulas, constructions, and characterizations.

3.1 The Discrete Hamilton-Jacobi Equation

Let G = (V, F) be a finite, strongly connected directed graph. Assume there are
no loops, i.e., no edges of the form (z,z). Consider a sequence of irreducible
Markov chains with transition probabilities depending on a parameter N. Denote
by (rn(2,9))@yecr the rates of jumps from x € V to y € V with (z,y) € E, and
define ry(z) = Zy:(w)eE rn(z,y) as the total rate of jumps from x € V.

Under these assumptions, the invariant measure is unique ( [51]) Furthermore,
the stationarity condition characterizing the invariant measure my is given by:

() Z rv(z,y) = Z n(y)ry(y,x), VeV (3.1)

yi(z,y)EE yi(z,y)EE

We consider the case where the rates are exponentially small. This is a classic
framework used for example in [27] to describe the effective fluctuations of diffusion
processes and describe the behavior at very low temperatures of particle systems
like a Glauber or an Ising-like dynamics. It is also a a general model of a multiscale
Markov chain in a regime on which there are dynamic and static large deviations.
Specifically, we assume that the following condition holds throughout the rest of
the section.

Assumption 2. ( [60]) The rates of jump (rn(,Yy))@y)ce are exponentially small
with N, namely the following limits exist and are finite

Az, y) = _Nl—i>r£oo N~ 'logry(z,y) >0, VxeV.

Define a sequence of functions Wy by the relation 7y (z) := e VW~ then
equation (3.1) uniquely defines (Wy)nen. The study of large deviations of (7x)nen
is related to the study of the limit of the sequence (Wy)nen. The following lemma
shows that the limit can be characterized as a solution of a discrete equation.

Lemma 1 (HJ equation). Consider the sequence of probability measures (pn)nen
solutions to (3.1) and assume that there exist the limits

W(z):=— lim N 'loguy(z), VzeV.
N—+o0
Then W satisfies the following set of equations
W)+ min {Ale,y)} = min {W(y)+Ay,0)}, VeV, (32)
y:(z,y)EE YEE

HERT
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Proof. Since in (3.1) there are finite sums, considering limy_, ;o 7 log(+) on both
sides, using Assumption 2, we obtain the result by the following basic fact. Given

a finite collection (aﬁv), with ¢ = 1,...k, of sequences such that there exist the
loga}'\,

limits a’ := limy_ 400 —5~. Then we have

k

1 . )
lim —lo E al = maxa'.
N—+oo N & —1 N i

1=

The proof is elementary and this fact is sometimes called the basic principle of
large deviations ("the largest exponent wins", see for example [20] formulas 1.1,
[.2) equation (3.2) holds. O

This is precisely what occurs in the continuous case of diffusions, where the HJ
equation is derived as the vanishing noise limit of the stationary equation, see [29].
In line with the classical FW theory for diffusions, we refer to the limiting equation
(3.2) as a discrete Hamilton—Jacobi equation (discrete HJ equation).

It turns out that, unlike equation (3.1), the discrete HJ equation does not
always admit a unique solution, as occurs in the continuous setting. An interesting
feature of the discrete framework is that it allows for a detailed characterization of
the set of solutions. To achieve this, we introduce an additional assumption.

Assumption 3. For any x € V there is exactly one (x,y) € E such that Az, y) =
0. Call Ey C E the set of edges (x,y) € E having A(x,y) equal to zero (Figure
3.1).

This is a technical assumption that allows to give a simple and complete
carachterization of the solutions of the HJ equation. In particular the edges in
Ey are those across which the chain jumps at zero cost and represent the discrete
counterpart of critical points and w limit sets. Under this assumption the geometric
structure of (V) Ey) simplifies and elementary cycles play the same role of the stable
equilibrium points for continuous dynamics. In the general case, however, there
may be more variations, making a full characterization of solutions to the discrete
HJ equations more challenging. The meaning of the assumption is that at each
vertex of the graph there is always exactly one typical escape direction that is
across the unique edge having zero cost. In absence of fluctuations the chain will
follow the unique typical edge so that our model can be considered a perturbation
of a discrete deterministic, apart the holding times, dynamical system. We are
excluding also cases on which there is a vertex for which the total rate of jump is
exponentially small, being an actractive point modulo fluctuations.
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(a) A graph (V, E) satisfying Assumption 2. The edges with A equal to zero
are highlighted in red.
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(b) The corresponding subgraph (V, Ep).

Figure 3.1
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By Assumptions 2 and 3, it follows that the function W : V' — R of Lemma 1
has to satisfy following discrete HJ equation

W(z)= min {W(y)+A(y,z)} , Ve eV. (3.3)
y:(y,z)€E

Remark 1. Here we are considering continuous time Markov chains but similar
results hold in the case of discrete time Markov chains. We are studying the behavior
of the system at an exponential scale, and t is possible to associate to any discrete
time Markov chain with exponentially small transition probabilities a continuous
time chain having the same asymptotic rates. Some of the related mathematical
structure, as for example the sample path Large Deviations, will have a different
structure, but the discrete Hamilton Jacobi equation will be the same. Since for
discrete time Markov chains the transition probabilities are normalized to one, this
will corresponds to the fact that for each x € V' there will be at least an edge in
Ey exiting from x. This implies in particular that the HJ equation in the discrete
time case will be always of the form (3.3). The Markov Chain Tree Theorem holds
also in the discrete time case and we have therefore that the discrete time case,
corresponds to a special case of the continuous time one. We will briefly discuss the
connection with the discrete weak KAM theory in section 3.5 in terms of discrete
time Markov chains.

3.2 Freidlin-Wentzell Quasipotential

Let 7 be an arborescence as in Definition 5. Given a weight function ) : £ — R,
to any arborescence 7 the following weights are associated

Q(7) = Deer Qle),
Po(r) = leer QL)

In the formulas above, the products and sums are taken over all directed edges e
that belong to the arborescence 7. For example, if the weight function is ry, then
Pry (1) = Il.c, rn(e); and if the weight function is A, then A(7) =" . A(e). A
similar notation is used for subgraphs that are not arborescences.

(3.4)

A cycle in G is a sequence (z1,...,z,) of distinct vertices z; € V such that
(2, ziv1) € E where 2,1 = 21.

With this notation, the Markov chain tree theorem (Theorem 1.2) can be
restated as follows: the invariant measure of an irreducible Markov chain is given
by

2767; Pry (T)

T Y Pl (39

T (T)
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The Matrix Tree Theorem allows for the immediate deduction of a Large
Deviations principle for the sequence of invariant measures.

Lemma 2. The sequence of invariant measures (7y)nen defined in (3.5) satisfies
a Large Deviations principle with rate functional

: 1 : :
FW(x) = Nl_l)IEOO—NlogﬂN(x) = Tlél% A(T) — ig;A(T), reV. (3.6

The function FW is called FW-quasipotential and it is a solution to the discrete
HJ equation (3.2).

Proof. Formula (3.5) together with Assumption 2 implies immediately (again by
the basic principle of large deviations "the largest exponent wins", as discussed
in the proof of lemma 1) that the sequence (7my)nen satisfies (3.6). The function
FW :V — Rt is the LD rate functional of the invariant measure. By Lemma 1,
FW is a solution of equation (3.2). Note that the additive constant in (3.6) implies
that inf,cy FW(x) = 0. O

3.3 Viscosity Solutions

Observe that the discrete HJ equations (3.2) and (3.3) form a collection of equations
that must be satisfied at each node of the graph. In general, this discrete HJ
equation does not have a unique solution.

Solutions to (3.3) can be naturally characterized—similarly to viscosity solutions
for continuous HJ equations—using subsolution and supersolution conditions.
Differently from the continuous setting where the notion of viscosity solutions
introduces a class of weak solutions that do not satisfy the equation in classical
sense, in the discrete setting we are not enlarging the set of solutions of (3.3),
that is algebraic in nature and has a well defined set of solutions. What happens
is that, in order to have a characterization of the solutions of (3.3), it is very
useful to introduce a notion of subsolution and one of supersolution. The set
of sub/supersolutions are easier to be characterized and the set of solutions is
the intersection of the two. The definitions of sub/supersolutions parallel the
continuous definitions and indeed could be very useful in comparisons and scaling
limits.

Definition 28. A function W : V — R is a subsolution of equation (3.3) if the
following inequality holds for all (x,y) € E:

W) <W(y)+Aly,z), (z,y) k. (3.7)
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A function W : V. — R is a supersolution of (3.3) if, for any x € V, there
exists y* = y*(x) € V such that (y*,x) € E and

Wi(x)=W(y") + Ay*, z), reV. (3.8)

Let Eyw C E be the set of edges where equality (3.8) is verified and we call it the
Skeleton of W. A function W is a solution of (3.3) if it is both a subsolution and
a supersolution.

Call W and W the set of subsolutions and supersolutions, respectively, and call

W = WnNW the set of solutions.

Since adding an arbitrary constant to a solution leads to another solution, it is
natural to consider the set of normalized solutions, which we refer to as

Wy = {W eW: 1161‘f/W(m) = 0} : (3.9)
As already observed in the proof of Lemma 2, the FW solution belongs to W.

Moreover, notice that By Assumption 3, the graph (V| Ey) is a map. Call C the
set of cycles of the map (V, Ey), then 1 < |C| < [%W ([-] represents the integer

part). The value one is obtained in the case of one in-unicyclic graph and the
second bound follows since there are no loops (edges of the type (z,z)).

For any C; € C,i=1,...,]|C|, call u; the associated in-unicyclic component of
(V, Ey) whose vertices are the basin of attraction of C;, i.e. the set of x € V such
that d(x,C;) = 0. For simplicity of notation we write also i € C to denote the cycle
C;.

3.3.1 Charachterization of YW and W
The Set of Subsolutions W

Recall that a discrete pseudo quasimetric is a function d : V x V — [0, 4+00) that
satisfies

e triangle inequality: d(z,z2) < d(z,y) + d(y, 2), for any z,y,z € V,
e point inequality: d(z,x) =0, for any x € V.

It may be not symmetric, i.e. there may exist x,y € V such that d(x,y) # d(y, x),
and not separable, i.e. there may exist x,y € V, with x # y, such that d(z,y) = 0.
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The weight functions A : E' — [0, +00) induce on the graph (V, E) a pseudo
quasimetric d defined as

d(z,y) = inf A(va,), (3.10)
Yo,y ERx,y
where R, is the set of directed paths 7, , from z to y: a directed path from x
to y is given by v, := (2o, 21,...2,) such that z; € V, (z;,2,41) € E, for all i
and o = z,z, = y. Call A(y,,) the length of the path 7,, and observe that
d(z,y) = d(y,x) = 0 when z,y belong to the same cycle in the map (V, Ep).
Given U, S C V, define

d(U,y) = 21:25 d(xz,y), d(z,S):= Z1/r€1kfslal(gz:,y), dU,S) = meg}gesd(m,y)
the distance between a set and a vertex, a vertex and a set, and two sets, respectively.

Call respectively 7, 4, Yu.y, Yu,s the geodetic paths achieving the minimum in
the above definitions (one of the paths chosen arbitrarily in the case of several
minimizers).

Given a vertex x, it belongs to the exiting basin of attraction of the cycle C; € C
if d(C;,x) < d(Cj,z) for any j # i. In the case where there is equality among two
or more cycles, the node x is assigned to the basin of attraction of an arbitrary
cycle among the minimizers.

Definition 29. Call Lip, the set of Lipschitz functions with Lipschitz constant one
that are identified by the set of |V'| x (|[V| — 1) inequalities

The following result links subsolutions and Lipschitz functions.

Lemma 3. The set of subsolutions and the set of Lipschitz functions define the
same polyedron, i.e. YW = Lip,.

Proof. Let W be a subsolution and let v,, = (y = x¢, x1,...,%, = =) be a path
from y to x. Observe that, for any i, W(z;41) — W(z;) < A(zy,2,41) and the
left hand side of the sum over i of this inequalities is telescopic. Inequality (3.11)
follows by taking the infimum over all paths. Conversely if (3.11) holds then, for
any (y,z) € E,

W(z) = W(y) < d(y,z) < Ay, ).

]

Since a function in Lip; must be constant along the cycles in C, the space Lip,
is a [V| =3 ¢ cc(|Ci| = 1) dimensional polyhedron.
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Remark 2. Every polyedron B can be written as the Minkowski sum 3 = € + B,
where € is a convex cone and B is a polytope, i.e. a bounded polyedron, see for
example section 5.3 of [57]. In the case of Lip,, the cone € is reduced to a single
line corresponding to functions that are multiple of the identity. This characteristic
is also inherited by the solutions of the discrete HJ equations. For this reason, we
focus solely on the normalized solutions by adding a suitable constant function. We
do not delve further into these discrete geometric features.

The Set of Super Solutions W

Consider an out-unicyclic component o such that its unique cycle is one of the
cycles in C and define the function w, : V' — R as follows:

e w,(x) =0 for any z in the unique cycle,
e w,(x) =0 for any z & o,

e the values of w,(z) for the remaining x € o are uniquely determined by the
condition w,(a) — w,(b) = A(b, a), for any (b,a) € o.

The third condition uniquely identify the values (wo(:c))meo since for each = € o
there is a unique path 7 going from the cycle to z and then w,(z) = > . A(e).
Define also the indicator function of the nodes belonging to an out-cyclic component
I, : V —{0,1} by fixing I,(x) = 1 when x € o0 and zero otherwise.

A collection (0;);er of out-unicyclic components is called spanning if the cycle
of each component o; is an element of C, all the components are disjoint and each
x € V belongs to one component.

Proposition 1. A function W : V. — R is an element of W the set of supersolutions
of the Hamilton Jacobi equation (3.3), if and only if there exists a spanning collection
of out-unicyclic components (0;);c; and some values of the parameters (\;)icr, with
A € R, such that

W= (w, +\l,) - (3.12)

i€l

Proof. Consider a function W as in (3.12). Note that the terms of the sum are
functions with disjoint support. Since the collection (0;);c; is spanning, any z € V
belongs to exactly one o; and for each x € o; there is exactly one (y,x) € 0,. By
the disjoint support property we have W (z) — W(y) = w,, () — wo, (y) = Ay, x),
so that the supersolution condition is satisfied at each x € V.

Conversely suppose that W is a supersolution. In the skeleton Ey, there is
at least one edge entering on each vertex of V. For each vertex in V' remove
arbitrarly from FEy all but one edge entering. As discussed below definition 28, the
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resulting graph is a spanning collection of out-unicyclic components (0;);c;. The
corresponding cycles can be only the elements C; € C and there are no other cycles,
indeed W (x) = W(y) for each x,y € C;. Define \; := W (z), x € C;, Vi € I. Then,
for vertex z € 0;, W(z) = w,,(2) + A; and since the supports are disjoint formula
(3.12) holds. O

3.3.2 Freidlin-Wentzell Solutions

In Lemma 2, we proved that FWV is a solution of the discrete HJ equation (3.3). It
is also interesting and non-trivial to deduce this fact directly by inserting FWV in
(3.2).

Proposition 2. The FW -quasipotential in (3.6) is always an element of Wy, the
set of normalized solutions of (3.2).

Proof. The validity of (3.2) is checked for each node. Fix z € V and let y* € V
be such that (z,y*) € Ey and 7" € T, be the minimal arborescence in (3.6). Then
A(z,y*) =0 and A(7*) is minimal in 7.

From the setup, v* := (z,y*) UT* € U™ and moreover

A() = min A(y) = A(). (319

In fact, any v € U™ can be written as v = (z,y) U7 for a suitable y € V and
7 € T, and A(y) = A(z,y) + A(7). Since both A(x,y*) and A(7*) are minimal
(respectively on (x,y) € E and T,) we proved (3.13).

For any y € V', up to a constant, FW(y) = A(7) for a suitable 7 € T, and
moreover when (y,z) € F the graph (y,x) U7 € UP. By (3.13)

FW() + Ay, z) = A(y,2) UT) > A(Y") = FW(z),  V(y,z) e £, (3.14)

that means FW € W. It remains to prove that there exists an (y/,x) € E such
that the equality holds in (3.14), i.e. FW € W. Consider (3/,z) the unique edge
entering in x and belonging to the unique cycle in v* € U™ (recall that ~* is
carachterized by (3.13)).

Since v*\ (v, z) € Ty

FWW) + AW, 2) AN\, 2) + AW, 2) = A(y") = FW(x).  (3.15)
Last inequality together with the inequality (3.14), implies the equality. O]

3.4 The Geometric Structure of W

In this section we give some general representations of the set of solutions of the
discrete HJ equation and discuss their geometric characterizations.
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3.4.1 Minimal Solutions

Proposition 2 establishes that there exists at least one solution of (3.3). The
following proposition indicates that if there are two or more solutions, they can be
combined to form others.

Proposition 3. Suppose that {VVj}jGJ C W s a family of solutions of the discrete
HJ equation (3.3). Then the function Wy, defined as

Wj(x) = ;g{m@)}, Ve eV.

is a solution of the discrete HJ equation. If moreover {Wj }jeJ C W,y then Wy € W,

Proof. For all z € V:

min_ {W,(y) + A(y,z)} = min {inf {W](y)} + A(y, x)

y:(y,x)EE y:(y,x)EE

The forth equality is obtained using that W; is solution for each j € J. The
second statement follows by the fact that 0 < inf, W;(z) < inf, W;(z) = 0 so that
W; e Wh. m

Corollary 1. The discrete HJ equation (3.3) admits among the normalized solution
a minimal one, defined as

Wy i=1nf {W : W € Wy} . (3.16)

Proof. By Proposition 2, W,, € W, and, by definition, W, < W for any W €
W. ]

Proposition 3 can be easily extended to the solutions of the general discrete HJ
equation (3.2).
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3.4.2 Quasipotentials

For each subset C' of V', the distance between set C' and a node x defines a function
that measures the minimum cost to move from a node in C' to the node z. If C'is
a cycle in C this function is a normalized solution to the discrete HJ equation.

Definition 30. For each cycle C € C of (V, Ey), define the corresponding quasipo-
tential based on C' as

We(z) :=d(C,z), reV. (3.17)

Observe that, by definition, W¢(z) = 0 for any x € C' and W (x) > 0 for any
x & C.

Fix C € C and consider the edges J¢ = UgevnoeyYoe. Call (V,7¢), the
directed graph obtained removing arbitrarily from 7¢, for each node x ¢ C' all the
entering edges except one and finally adding the edges of the cycle C.

Lemma 4. The directed graph (V,7%) = 0 is a spanning out-unicyclic graph with
unique cycle C. Moreover, We(x) = w,(z).

Proof. Since it is constructed using geodetic, the directed graph (V,75) has a
unique cycle that is C' and, for each vertex x € V outside the cycle, there is
exactly one edge entering to x, and this means that it is a spanning out-unicyclic
component. The equality We(x) = w,(x) follows by definition. O

Proposition 4. For each C' € C the quasipotential W based on C' belongs to W.

Proof. By Proposition 1 and Lemma 4, W is a supersolution. For the subsolution
condition, suppose that there exists (y, z) € E such that We(z) > We(y) + Ay, ).
By definition of W previous inequality is impossible when at least one among z,y
belong to C'; we assume therefore that =,y ¢ C. Define the path Y, = Jo, U (y, 7).
Then it follows that

d(07 l’) = A(’_}/C,I) = WC<:U> > WC(y) + A(yw%) = A(;VC,I) )

which is impossible since 7¢; is a geodetic from C' to x. The normalization follows
since We > 0 and We(z) = 0 for any = € C. O

This is a special situation of a more general case when, given a collection of
spanning out-unicyclic components (0;);cr, for each = € o0; the unique path from
the cycle C; to x is a geodetic path 7, ,. An out-unicyclic component of this type
is called geodetic out-unicyclic component.

The following simple lemma will be useful for the characterization.
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Lemma 5. Take V € W. The associated family of spanning out-unicyclic compo-
nents (0;)ier in Proposition 1 is composed by geodetic out-unicyclic components.

Proof. Assume by contraddiction that o; is not geodetic. There exists an x € 0;NCf
whose path in o; from C; is not the geodetic one. This implies that V(z) — V(y) >
d(Cy, ), with y € C;, and by Lemma 3, V' is not a subsolution. ]

The following theorem gives a complete characterization of solutions of (3.3) in
terms of the parameters A = (\;);cc € RICL.

Theorem 9. The set W of the solutions to the discrete HJ equation (3.3) coincides
with the family of functions

Wy = min {WCZ. + Ai} , (3.18)

where the vector A = (\;)iec belongs to the polyhedron LipS in RI° defined by
N — A <d(C},C). (3.19)

Proof. For any i, W¢, + \; is a solution then, by Proposition 3, W) it is also a
solution for any A € RICl. It remains to show that every solution can be written as
in formula (3.18) with A statisfying (3.19).

Take a solution W € W. Since W is both a supersolution and subsolution, it
can be written as (3.12) with (0;);e; a spanning geodetic out-unicyclic components.
Since any solution has to be constant on each cycle in C, adding all the edges of the
cycles in C we can assume that the set of labels I of the components coincides with
C. We call \; = W(zx), where z € C;. Inequality (3.19) is then satisfied because W
is in Lip;:

N = A = W(2) = W(y) < diy,z) = d(C;, ),
where x € C; and y € C;. By definition we have W(z) = W, (x) + A; for any
x € 0;. The final step in the proof is to show that, for any =z € o; and j # i,
it holds: W¢,(z) + A\i < We,(z) + A;. Take y € C;. Since W is subsolution,
W(x) —W(y) < d(Cj,x) that is equivalent to W(z) < \; + W, ().
O

Observe now that the function d induces a discrete quasimetric among the cycles
C in (V, Ey) defined by d(C,C"), for any C,C" € C. Under the Assumption 3, the
distance d(C,C") > 0, for any C' # C". Condition (3.19) says that the parameters
(\;)ice coincide with the set Lip$ of the Lipschitz functions on C with respect to
the quasimetric d.

The FW solution can be identified as a special solution of the form (3.18). Let
FWE be the minimal weight of arborescences on the complete graph with vertices
C and weights d. We have the following representation of the FW solution FW
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Proposition 5. The solution FW in (3.6) corresponds to a solution as in (3.18)
with \; = FWC(Cy), i.e. we have

FW(x) = min {WC(:U) + FWE(C) } (3.20)

Proof. For x € C" € C, it is easy to show by contraddiction that the minimum in
(3.20) is obtained for C' = C’. Moreover, by definition Wer(x) = 0. We have then
that, up to a constant, the right hand side of (3.20) coincides with FW on all the
vertices belonging to the cycles in C. Since by Theorem 9 the values A completely
identify the solution, then the right hand side of (3.20) coincides with FW. [

The above result implies that the minimal arborescence 7 € 7, is obtained by
joining minimal arborescences among the cycles in C. It incurs zero cost for paths
from vertices to the cycle of the basin of attraction and requires a single geodetic
path ¢, for some C' € C.

3.4.3 Faces of the Polyhedron Lip,

We describe some features of the polyhedron Lip,, and identify the solutions of
(3.3) with a subset of the relative boundary of such polyhedron.

The polyhedron Lip, is identified by the inequalities (3.11), but as shown in
Lemma 3 we can restrict to the inequalities W (z) — W(y) < A(y, z) for (y,z) € E.
Furthermore, the inequalities associated to edges such that A(y,x) > d(y, z) are
redundant. The relative boundary of Lip, is the region where at least one of the
effective inequalities is indeed an equality. The relative boundary is the union of
faces of different dimensions.

A face is identified therefore by the edges of F¥ where equality takes place and
this means that to each face, there is an associated subgraph f C G that shares the
same vertices of G and has special features. Of course equality has to be always
satisfied on edges of the cycles in C so that for any ¢ we have C; C f. A complete
geometric carachterization of faces may be difficult: we have for example that any
directed path on § has to be a geodetic; we just identify some special faces. Let
g be a function belonging to a face in the relative boundary of Lip, associated
the subgraph f. Ignore the orientation of arrows in f; since equality takes place
on edges, the values of g on vertices belonging to the same connected component
of the unoriented subgraph are completely determined by the value of one single
vertex. This means that the dimension of the face corresponds to the number of
components of the induced subgraph. This dimension can be decresead by one
considering the invariance of the polyhedron by a global addition.

Consider f = (u;);ec, the collection of in-unicyclic components that are the
basin of attaction of the cycles in (V, Ey). Note that any path in f is geodetic
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and moreover each edge e € f is such that A(e) = 0. The subgraph § has |C|
components and corresponds to a special |C| dimensional face of Lip, that contains
all the functions ¢ that are constant on each basin of attraction u;. The values \;
that the function g assumes on each basin must satisfy (3.19). We call such face
the minimal |C| face.

Consider now § = (0;);ec @ spanning collection of out-unyciclic geodetic compo-
nents. Any subgraph § of this type has |C| components and corresponds to a |C|
dimensional face of Lip,. A function g that belongs to one of such faces assumes
the values \; on the cycles in C and the values on all the remaining vertices in o;
are completely determined by (A;);ec. The values (\;);ec have to satisfy additional
constraints with respect to (3.19), depending on the geometry of f; indeed there
could also be in some cases no values of ()\;);cc. The new constraints arise from the
fact that, fixing (\;);ec, the function is naturally Lipschitz inside each component,
but it is not guaranteed to be globally Lipschitz.. We call faces of this type mazimal
IC| faces.

Theorem 10. The set W of the solutions of the Hamilton Jacobi equation (3.3)
coincides with the union of the maximal |C| dimensional faces of the polyhedron
Lip,. Moreover for any X\ = (\;)iec € Lipf there exist, among the functions in Lip,
assuming the values \; for all C; € C, a minimal function g,, and a mazimal one
gy ;s moreover gy, belongs to the minimal |C| dimensional face and gy belongs to a
mazximal |C| dimensional face and indeed coincides with Wy.

Proof. Given a solution W € W, the corresponding skeleton identifies the spanning
outgoing geodetic family (0;);c¢ of a f that corresponds to a maximal |C| dimensional
face of Lip; to which W belongs. Conversely given W that belongs to a maximal
|C| dimensional face identified by f, then: W is a subsolution since is one Lipschitz
and it is also a supersolution with the skeleton corresponding to the edges of §.

For the second part of the statement fix A € Lipf. For any function W € Lip,,
for any x € V and for any ¢ € C we have W (z) — \; < d(C;, z). This implies

W(z) < irilf {Ni+d(Ci,z)} = Wi(z).

The unique function g,, that belongs to the minimal |C| dimensional face and
assumes the values A on the cycles is the function that is constantly equal to A;
on each vertex of u; for any ¢ € C. Since the one Lipschitz condition imposes that
any function in Lip, that takes the values A € Lip$ on the cycles has necessarily to
assume on u; a value bigger or equal to \;, for any 7, the proof is complete. O

An interesting question is to find a useful geometric carachterization of FW as
an element of the relative boundary of Lip;.
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3.5 Discrete Weak KAM Theory

In this section, we briefly outline how the above results parallel the general structure
of the so-called weak KAM theory (see, for example, [23,26,50], to which we refer
for comparison) in a purely discrete setting.

The key step in establishing this correspondence is to prove a sample path
large deviations principle. The corresponding rate functional plays the role of the
action. Although it is not natural to identify a Lagrangian and a corresponding
Hamiltonian, we can define a discrete-time Lax-Oleinik semigroup and develop the
parallel analysis. It turns out that it is easier and more natural to discuss this
relation in terms of discrete time Markov chains. As explained in remark 1 the
associated discrete HJ equation is the same.

We consider a family of discrete time Markov chain (X N depending on the

, Dier
parameter N, assuming values on V' and such that

Nl—igloo —% log Py(z,y) = A(z,y) >0,
where Py are the transition probabilities. This is exactly the framework of [52,
53,58-60]. Consider a finite trajectory (va, . .Xév); by the assumption (3) we
have that the limiting behavior described by the variables (X 2. X ,‘jo) is purely
deterministic. When X = x then XY, = y where y is the unique element of V/
such that A(z,y) = 0. The Markov chains X are therefore random perturbations
of the deterministic dynamical system X°°. The behavior of X is such that after
a finite transient period, the system reach one of the cycles in C and moves then
periodically around it. A sample path large deviations is easy to compute and it
is one of the main instruments used in [52,53,58-60|. Consider a fixed sequence
x = (x1,...,7) we have then

_ 1
lim —NlogP((XlN,...,Xév):($1,-~-axk)>

N—+o00
Lk k
= Nlifiloo N ;log Py (i, ip1) = ; A(wi, Tiy1) -

We have therefore that the exponential cost to observe a finite trajectory x is given
by an action functional A on finite trajectories and defined by

k

Alx) =Y Az, 3i41) (3.21)

i=1

The functional (3.21) acts as an action, assigning a cost to every trajectory of
the system. An interesting feature of the action (3.21) is that it does not depend
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on the parameter T'. For this reason, even though the stochastic dynamics are in
continuous time, it is natural to define a corresponding discrete-time Lax-Oleinik
semigroup.

Given a function Vy : V — R we define an iterated function V,, at time n as

n—1

Volz,) == inf Vo(zo) + Z Az, xi41) p = il;f Vi (y) + Ay, @) }

i=0
(3.22)

This defines our discrete-time Lax-Oleinik semigroup. The fixed points of (3.22)
are the solutions of the discrete HJ equation (3.3). This framework is natural for
our discrete setting, as there is no straightfowrward definition of the Hamiltonian
corresponding to the action (3.21).

Based on the definition (3.22), we note that our discrete contructions parallel
the weak KAM theory, including discrete versions of all the related machinery and
geometric constructions. We do not provide a detailed comparison here.

3.6 Examples and Remarks

3.6.1 The Reversible Case

As an example, we consider the reversible case: in this situation, if (z,y) € E then
also (y,z) € E. The detailed balance characterizing the invariant measure 7y in
the reversible case is given by

7TN($)7“N(Z',y) = 7TN<y)TN<yax) ) (l’,y) €L. (323>
The equivalent of Lemma 1 for the equation (3.23) gives the conditions
W(z)+ Alz,y) = W(y) + Ay, z),  (v,y) € E. (3.24)

Equations (3.24) have a unique solution (up to an arbitrary additive constant) if
the following condition, called gradient condition, is satisfied: §(z,y) = A(z,y) —
Ay, x) is a discrete vector field of gradient type, namely antisymmetric §(z,y) =
—0(y, z). If the rates are reversible (i.e. (3.23) is satisfied) the gradient condition
is satisfied and there is a unique solution to (3.24); if the gradient condition is not
satisfied there are clearly no solutions to (3.24).

The gradient condition corresponds to requiring that, for any cycle C =
(o, ..., Ty), it holds Z(m,y)ec d(z,y) = 0. In this case the unique, up to an
arbitrary constant, solution to (3.24) is

FW(z) = Y de) Vz €V, (3.25)

€€V T
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Figure 3.2: The switch of orientation from an arborescence oriented toward x to an
arborescence oriented toward y.

where z* is an arbitrary fixed node and 7.+, is also an arbitrary path. The
independence of the definition (3.25) from the initial point and the arbitrary path
follows by classic homological arguments since ¢ is antisymmetric and the sum
along any cycle is zero. Considering different paths and inverting the direction
of one of them you get a cycle and deduce the invariance. Changing the initial
point just change the values by a global additive constant. We used the notation
FW since (3.25) coincides, up to a constant, with the Freidlin-Wentzell solution.
Moreover, FW(y) — FW(z) =>_ .,  0(€).

In the reversible case the Assumption 3 imposes a strict condition on the graph
(V, Eo).

Lemma 6. Given a sequence of reversible Markov chains, Assumption 3 imposes
that the map (V, Ey) contains only cycles of length 2, i.e. |C| =2 for any C € C.

Proof. Consider C' € C. Recalling the gradient condition and the fact that A(e) =0

for e € C, we have
0=> d(e) ==Y Al-e),

ecC ecC

where —e is the edge obtained from e by switching its orientation. The above
equalities can be true only if A(e) = A(—e) = 0 for any e € C' but this implies
that for each node in C there are at least two edges in Ej unless |C] = 2. O]

Remark 3. In the reversible case, there is a bijection between T, and T, for any
x,y € V. The map from elements in T, to T, involves inverting the orientation of
the edges in the unique directed path from y to x in T,.. Similarly, the inverse map

involves inverting the orientation of the edges in the unique path from y to x in T,
(see Figure 3.2).
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Proposition 6. The minimal weight arborescences 7, € T, and 7, € T, are
related by the bijection in remark 3. In particular all the minimal weights arbores-

cences (1) ,ev have the same unoriented support, differ just by the orientation and
A7) - A = L.y, de).

Proof. Given 7, € T, and 7, € T, two elements linked by the bijection, by definition,
we have

A(r) —A(r) = > de) = FW(y) — FW(x). (3.26)

eCVa,y

This implies that the weights of the arborescences in 7, are the same as those
in 7., up to a global shift, and the minimizers are therefore mapped bijectively.
Consequently, every pair of minimizers in (7,),cy is related simply by the inversion
of some arrows. The last statement follows from the fact that (3.26) holds for any
pair of arborescences related by the bijection. O

In the reversible case, we can characterize the maximal |C| dimensional face to
which the Friedlin Wentzell solution belongs. Recall that a maximal |C| dimensional
face is indentified by a spanning collection of geodetic out-unicyclic components.

Proposition 7. In the reversible case the solution FW belongs to the mazimal
|C| dimensional face of Lip, associated to the spanning out-unicyclic geodetic
components obtained reversing all the edges of the map (V, Ey).

Proof. We need to show that the skeleton of FWV is obtained by reversing the edges
in (V, Ep). Recall that FW solves (3.24), then for any (z,y € F) we have

FW(z) + Az, y) = FW(y) + Ay, z) .

Fix z € V and consider the infimum over all y such that (z,y) € F of the left hand
side of the above equation. We have that the minimum is achieved for the unique
(x,y*) € Ey. This leads to the equality FW(z) = FW(y*) + A(y*, z) which is
equivalent to say that (y*,z) belongs to the skeleton of FW. O]

3.6.2 The Ring

Consider G as a finite ring with k nodes , where V- =7Z/(kZ) and E = {(z,z+1),z €
V}. In this case, we have a simple and compact representation of the FW
solution, which shares a similar structure with the continuous one, see [25]. Let
0 : E — R be the discrete vector field, i.e. such that §(z,y) = —d(y, x), defined
by 0(xz,x 4+ 1) := A(x,z + 1) — A(z + 1, z), with the remaining values defined by
antisymmetry. Define the function S : N — R by setting S(z) := Zi: y,y+1).
In the previous formulas the function § is computed on edges of G so that the sums
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in the arguments are modulo k and y + k =y. If S(k+1) := 25:1 My, y+1)=0
we have that S(y + k) = S(y) so that S is a periodic function of period k, and this
corresponds to the reversible case (since the gradient condition is satisfied).

We have

FW(x) = min {S(:c) —S(y) — Ay, y + 1)} : (3.27)
r<y<z+k

The function FW defined in (3.27) is defined on N but can be easily shown to be

periodic of period k so that can be naturally interpreted as a function on V. To

prove that (3.27) coincides with (3.6) up to a constant, we have just to add and
subtract on the right hand side of (3.27) the constant 25:1 A(z,z+1), getting that

the right hand side of (3.27) coincides with min 7, {A(T) — 3 Az 2+ 1)}
In the reversible case, when S is periodic, we may write

s i { —S(y) — Ay, y+1 } .
FW() = S)+_min { = S() - Mg,y +1)
The second term on the right hand side does not depend on x so that FWV coincides
with S up to an additive constant.

The minimization formula (3.27) is very similar to the corresponding continuous
one for diffusions on a circle and features a simple and interesting geometric
interpretation, as in [25]. In the continuous case it is easier to describe but in the
discrete setting there is a similar construction. Consider f a continuous function
on the unit circle R/Z and define the function S : R — R as S(z) := [; f(y)dy.
Taking

FW(z) = inf {S(x) - S(y)} , (3.28)

yE[z,x+1]

then Theorem 2.3 in [25| summarize some general properties of the function
FW, including the fact that it is one-periodic, i.e. it is a function on the circle,
coincides with .S up to an additive constant if fol f(y)dy = 0, and can be practically
constructed by the so called sunshine transformation (see figure 3.3). Formula
(3.28) can be interpreted as a minimal continuous arborescences construction, as
suggested by the remark 1 in [25]. For the definitions of continuous arborescences on
metric graphs and a continuous version of the Matrix Tree Theorem for diffusions
on metric graphs, we refer to [3]. In the case of the continuous ring, a continuos
arborescence directed torward a point x is obtained cutting the ring on another
point, say y, and orienting the two portions of the segment identified by x to direct
torward x. Formula (3.28) coincides up to an additive constant with

i) = min { ['setss | Trene) 6

yE€[z,z+1
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Figure 3.3: An example of the sunshine transformation for the case of a continuous
function S (in black) with fol f(y)dy > 0. The light is assumed to arrive
horizontally from the left; parts of the graph below the horizontal red line
are in shadow, while the remaining parts are illuminated. The sunshine
transformation retains the shadowed parts of the graph and replace the
illuminated parts with horizontal segments, shifting them vertically to ensure
that the final transformed graph remains continuous. An example of this
transformation is illustrated on a portion of the graph inside the rectangle
at the upper left. The transformed graph is periodic of period one. In the
case fol f(y)dy < 0, the construction is performed with the light arriving
horizontally from the right. For fol f(y)dy = 0, the graph is already periodic,
every point of the graph is in shadow, and the transformation does not modify
the graph.
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where [-]; is the positive part. This suggests that solutions of HJ equations
associated to diffusions on metric graphs can be obtained by continuous minimal
arborescences constructions.

3.6.3 Vanishing Viscosity Solutions

In the continuous setting, viscosity solutions of HJ equations can be obtained by
a vanishing viscosity limit. In the case of a diffusion process on a ring, see for
example [25,29], the stationary HJ equation associated to the rate functional of
the invariant measure is

In general, the viscosity solution of (3.30) is not unique and a natural selection
principle for a solution is to consider the stochastic process behind and look at
(3.30) as a limit of the stationary Kolmorogov equation. This means to consider
the small noise limit € — 0 of the stationary condition

€ (e’eflwe(“’”)>m — (f(:n)e’eflwe(x)) =0. (3.31)

T

The unique smooth solution W€ can be found explicitely and converges, in the
limit as € goes to zero, to the solution (3.28), i.e. W — FW. The same solution is
selected by the classic vanishing viscosity limit obtained by considering the equation

H(w, W;) = Wo (Wy = f) = eWg,.. (3.32)

Indeed, the unique smooth solution of the previous equation can be computed
explicitely by the change of variables 1€ = 1/W¢ that linearizes the equation, and
then it can be shown that again W — FW.

We observe that the solution FW to the discrete HJ equation (3.3) can also be
considered a vanishing viscosity solution. The stationary condition (3.1) written
substituting e VWY to 1y can be written as

o~ NWN () Z ra(@,y) = Z e VWY W (y, 3) VeeV  (3.33)

yi(z,y)elr y:(y,x)EE

By Lemma 2 we have that limy_, oo W& = FW.

3.6.4 Bidimensional Case

In this subsection we show how the FW-solution is an inner point of the polytope
identified by W.
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Take V = {1,2,3,4} and let E be the set of edges depicted in figure 3.4.
Suppose that A(1,2) = A(2,1) = A(3,4) = A(4,3) = 0 and that, without loss of
generality, 0 < A(2,3) < A(4,1). The graph (V, Ey) contains two cycles, Cy and
C5. By Theorem 9 there exists a pair (A, A2) € Lip% such that any solution to the

N

Figure 3.4

discrete HJ equation (3.3) can be written as

Wi(z) = min{We, (z) + A1; We, (x) + A2},

where
|1 2 3 4
We, 0 0 A(2,3) A(2,3)
We, | A(4,1) A(4,1) 0 0

The FW-solution is given by
FW(1) = FW(2) = A(4,1) — A(2,3); FW(3) =FW(4) =0.

By a straightforward calculation, we obtain that taking A\; = A(4,1) — A(2,3) and
Ao = 0, we have Wy = FW. This choice of parameters shows that the FW-solution
is indeed an inner point of the polytope identified by the normalized solution W,
see figure 3.5.

The grey area in figure 3.5 is the set Lip? and W), is indicated by the thicker
segments on the axis.

3.7 Conclusions and Perspectives

The final section is dedicated to outlining potential extensions and unresolved
questions. We discuss only general ideas and proposals.

We discussed Markov chains that satisfy Assumption 3, this has been done
mainly for reasons of simplicity since in this case the structure of the graph (V, Ey)
is simple and has a canonical form. Many of our arguments works also in the
general setting when assumption 3 does not hold, but in this case the structure of
the graph (V, Ey) can be somehow arbitrary and this is the discrete counterpart of
the equilibrium points in the continuous setting. In particular, in the general case,
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Figure 3.5

equation (3.2) has to be used, and it is not clear if it is always possible to get a
simple and complete carachterization of the solutions.

Another interesting issue is to study the asymptotic behavior of the invariant
measure of a multiscale Markov chain using the Markov chain tree theorem; in this
paper we considered the case of exponential decaying rates and considered just
the exponential asymptotic behavior but an interesting issue is to analyze the full
asymptotic behavior and how HJ equations are related. This problem is related to
the renormalization group contruction in [52,53,58-60].

The natural extension and generalization of our result is to consider not just
graphs but metric graphs having diffusions along the metric edges with possibly a
sticky behavior on the nodes, as in [3]. The natural scaling to be considered is the
small noise one, which can involve in different ways also the behavior on the nodes.
The analytical problems obtained are within the general theory of HJ equations on
metric graphs [17] for which more delicate and involved definitions of solutions are
necessary. Several different scaling limit related to problems of this type seems to
be interesting.

An interesting problem is to study the discrete HJ equation of the lifted Markov
chain described in Section 1.2 and its relation to the discrete HJ equation on the
original graph. Is there a simple continuous version of such a lifting?

Finally it is very interesting to investigate the application of the discrete HJ
equations to problems involving metastability, like in [52,53,58-60], and the relation
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with problems and algorithms for optimization of paths on graph [57].



Part 11

On the mmvariant measure of
multiscale Markov chains
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Trace Processes

In this second part, we focus on the limiting behavior of the invariant measure in
multiscale Markov chains. Our analysis is grounded in the theory of trace processes,
as developed in [40,42, 43,46, 47|, which offers a comprehensive framework for
studying the dynamics of Markov chains restricted to subsets of the state space.
Trace processes are particularly useful in capturing the effective behavior of many
complex systems,in which the state space can be naturally decomposed into regions
in which the process remains trapped for long periods of time, with rare transitions
occurring between them. This phenomenon, commonly referred to as metastable
behavior, cannot be adequately captured without an explicit multiscale description.

In order to analyze the invariant measure in this context, we will make use
of the Markov chain tree theorem, along with the forest-based representation of
absorption probabilities, both of which were outlined in the introduction. These
combinatorial tools provide an explicit characterization of the invariant measure
and its asymptotic behavior, even in the presence of multiple interacting time
scales.

We begin by briefly reviewing the definition and main properties of trace
processes, in the context of metastable Markov chains. For a more in-depth
analysis, see [42].

4.1 Definition of Trace Processes

Let V be a finite set, and let X; be a continuous-time, irreducible Markov chain
taking values in V.

Denote by r(x,y), for x # y € V, the jump rates of the chain, and by r(z) =
> yev (@, y) the total rate at which the process leaves state z. Let 7 be the unique
invariant measure associated with X;.

93
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We denote by D(]0,00), V) the space of CADLAG trajectories w : [0,00) — V/,
endowed with the Skorohod topology (see [15]). For each x € V| let P, be the
probability measure on D([0,00), V') corresponding to the law of the process X;
started from x, and let E, denote the associated expectation.

Let S C V be a non-empty, proper subset. We define T;° as the total amount
of time the process spends in S over the interval [0, ¢]:

t
15 = [ xsxods
0

where yg represents the indicator function of the set S:

lifxeS
Xs(f):{

0 otherwise.

Denote by Q¢ the generalized inverse of the additive functional T}°:
Q7 ==sup{s > 0: T < t}. (4.1)

The irreducibility guarantees that for all ¢t > 0, Q7 is finite almost surely.

Q7 corresponds to a ‘time change’ that only counts the time spent in S. When
X, is outside S, the clock is paused.

The process T} is continuous. It increases linearly when X; € S, and is constant
whenever X; € V'\ S.

Definition 31. The trace of the chain X; on the set S, denoted by X}, is
X7 = Xos.

Taking the trace of the process corresponds to a change in the time scale: when
the process reaches V' \ S, time is effectively paused until X; re-enters S, at which
point the clock resumes. In particular, X;° takes values in the set S.

It can be proven (see [12]) that X} is an irreducible, continuous-time, S-valued
Markov chain. Let 7 = inf{t > 0: X; # X} be the time of the first jump of X.
Define the hitting time of a state y € V as H, := inf{t > 0 : X; = y} and the
return time to the set S as HY = inf{t > 7, : X; € S}. The jump rates of X} are
given by:

ro(z,y) = r(2)P,[HS = H,)], z,y € S,z #y. (4.2)

The unique invariant measure wg(x) of X is the measure 7 conditioned to S:
m(z)

m) = (13)

Moreover, mg is reversible if so is 7 (see again [12]).



On the Limiting Invariant Measure of Multiscale
Markov Chains

Multiscale Markov chains play a central role in the modeling of stochastic systems
whose dynamics evolve on widely separated time scales.

From a theoretical standpoint, multiscale Markov chains allow for a precise de-
scription of how long-time behavior arises from local equilibrium within metastable
sets. This approach has proven particularly effective in the study of interacting par-
ticle systems, statistical mechanics, and stochastic dynamics, where metastability
plays a fundamental role. More generally, the analysis of multiscale Markov chains
provides a unifying framework for understanding complex stochastic phenomena
driven by rare events and scale separation. This is a well-established topic in the
literature (see, e.g., [11,31,37,41-44,47]|). Indeed, the recursive structure we obtain
in section 5.4 is consistent with those encountered in those contexts.

In particular, this part of the thesis shows the results obtained in [2|, concerning
the decomposition of the limiting invariant measure of multiscale chains.

5.1 Notation and combinatorial tools

Let G = (V, E) be a finite strongly connected digraph with set of vertices V' and
set of edges E. To every edge (x,y) € E we associate a positive rate ry(z,y) > 0
depending on a parameter N > 0.

We call X}V a continuous time Markov chain on (V, E') and with transition rates
ry. Since for finite N the chain is irreducible, it admits a unique strictly positive
invariant measure my that is characterized by the stationarity condition

7 (2) Z ryv(z,y) = Z wn(y)rn(y, x), Vr e V. (5.1)

yi(z,y)EE y:(y,x)EE
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Our aim is to determine the limiting invariant measure

7= lim 7y, (5.2)
N—oo
under suitable assumptions on the rates. Our approach is based on the combinatorial
representation of 7wy given by the Matrix tree theorem.
We consider the case when the Markov chain XY has a multiscale behavior.
This is formalized in the following basic properties, to which additional hypotheses
will be added when necessary.

Assumption 4. We assume that for each pair of edges (z,vy), (w, z) € E the limit

lim TN<:U7 y)

N—+oo 7y (w, 2) (5:3)

exists and is finite, zero or 400.

This assumption decomposes the set E into disjoint equivalence classes £ = U; E;
where the index i € {1,..., F'} is an integer number. The edges (z,y) and (w, z)
belong to the same equivalence class when the limit (5.3) is finite and strictly
positive. We label the equivalence classes with natural numbers since they have a
natural total order relation: we define F; > F; when j > 4 and this happens when
the limit (5.3) is +oo for every (z,y) € E; and (w, z) € E;. In this case we say that
the edges in £ are "faster" than those in £;, since the corresponding transition
rates are much bigger. The equivalence class Er contains the rates that are faster
than any other and we call the edges in Er the fast edges.

5.1.1 Equivalence classes, DAG and invariant measures

Let us briefly recall the classic equivalence classes in Markov chain theory from a
graph-theoretic perspective. Given a digraph (U, &) we divide U into equivalence
classes according to communication. In this subsection (%0, €) is a generic digraph,
not necessarily strongly connected. The construction introduced here will be applied
in the following to several digraphs, and not necessarily to the original transition
graph.

Let us denote by Ry a positive weight associated to each edge of the digraph.
We say that z,y belong to the same equivalence class () C U if there exists a
directed path in (U, &) both from z to y and from y to x. The subgraph (Q, €[Q)]),
where €[Q] C € are the edges of € that have both extrema in @, is a strongly
connected subgraph. We denote by (Q, €[Q], Ry) the weighted digraph where the
weight of the edges in €[Q)] is again Ry. In the theory of Markov chains such
equivalence classes are called irreducible classes. Let Q be the collection of all the
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equivalence classes and let (Q, £) be a directed graph such that (Q, Q") € & if there
exists an z € Q and a y € @)’ such that (z,y) € €. By construction, the digraph
(Q,&) is a directed acyclic graph (DAG), i.e. it does not contain directed cycles. A
DAG naturally induces a partial order on Q; we say that Q' < @ if there exists
a directed path from @ to Q" in (Q,&). Since the DAG is finite, it has at least a
local minimum, i.e. a Q € Q such that there are not ' € Q different from ) such
that @' < @. Since there are no edges in £ exiting from a locally minimal @, such
equivalence classes in the theory of Markov chain are called closed, or recurrent.
We call M C Q the collection of the equivalence classes corresponding to local
minima.

Recall that the equivalence classes M, () are subsets of U while O, M are set
of disjoint subsets of . We denote by Su(M) the support of M defined by
Su (M) := UpyemM C 0. A similar notation is used also for Q.

As follows by the classic theory of Markov chains, the set Z of invariant
measures of a Markov chain associated to the weighted digraph (U, €, Ry) is a
| M| dimensional convex subset of P(%0), the set of probability measures on U, and
in particular it coincides with the simplex

T=9 ) cupp,0<en <1, > ey=1p, (5.4)

MeM MeM

where £} is the unique invariant measure of the irreducible Markov chain associated
to the strongly connected weighted graph (M, €[M], Ry) with M € M. Note that
each pl; can be naturally interpreted as an element of P(M) as well as of P(),
where we recall that we denote by P(.S) the probability measures on the set S. In
particular we have that, for any p € Z, u (Su (./\/l)) =1

Since it will be used in the following, we prove a simple proposition for the case
M| =1 that generalizes Theorem 1.2 and that does not seem to be available in
the literature.

Proposition 8. Given a Markov chain with transition graph (0, €) and rates Ry,
there exists an unique minimal equivalence class, i.e. |M| =1, and an unique
mvariant measure if and only if there exists at least one rooted arborescence in
(50, €). In this case the unique invariant measure is given by formula (1.2).

Proof. 1f IM]| =1 by (5.4) the invariant measure is unique. Moreover, the acyclic
graph (Q, £) has an unique local minimum M so that from each @ # M there is
at least one exiting edge in £. For each node of this type, choose arbitrarily one
outgoing arrow. By definition the result is necessarily an arborescence in (Q, )
directed torward M. For each (Q, Q') belonging to such an arborescence, consider
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an edge (z,2') € € with x € @ and 2’ € @)', which necessarily exists. We selected
in this way one vertex x for each @@ ¢ M. Consider now, on the strongly connected
graph (Q, €[Q)]), a directed arborescence oriented torward z. Considering altogether
all the edges, we obtain a directed arborescence in (3, €).

Conversely, if there exists at least one directed arborescence in (U, €), say 7,
then there can exist at most one locally minimal equivalence class in (Q, £), namely
the class containing x. This follows from the fact that, from any other vertex
y € ‘Y, there exists a directed path leading to x.

Once that the set of arborescences is not empty, then the denominator in (1.2)
is not zero and the formula is well defined. Inserting (1.2) into (5.1) (written with
the rates Ry), we obtain on both sides Ry (U,) where U, is the set of spanning
unicyclic graphs that contain one single cycle to which z belongs (in some cases,
the cycle may be just the vertex x) and from each node outside of the cycle there
is one single edge exiting and a directed path torwards the unique cycle. Unless
the Markov chain is irreducible, i.e. M = V', the invariant measure is not strictly
positive. L]

The proof of the above proposition implies directly the following result
Corollary 2. The number of spanning arborescenses in a DAG (Q,E) such that
|IM| =1 is given by HQEQ (a@), where dg is the outgoing degree of the vertex (.

Proof. As in the proof of Proposition 8, all the arborescences are obtained selecting
arbitrarily an exiting edge for each @@ ¢ M, and this gives the final result. ]

5.2 Assumptions and the limiting invariant mea-
sure

We introduce an additional assumption in order to prove our results. This type of
assumption was introduced in [42], see also [28]. The following assumptions are
imposed on the original weighted graph (V, E,ry).

Assumption 5. The rates (rn)nen are such that for any n € N > 0, considering
two collections of n distinct edges {e1,...e,} and {f1... fn}, the limit

lim I r(es) (5.5)

Noo [ ra(fi)
exists and is either finite and strictly positive, zero or +oo.

A second stronger assumption, exactly the one introduced in [42] and [28], is
the following



CHAPTER 5. MULTISCALE MARKOV CHAINS 59

Assumption 6. The rates (ry)yen are such that, considering for each edge e € E
two integer numbers me > 0 and m,, > 0 such that ) o me =Y .pm,, the limit

[Leeg (e)™ 50

lim
N—oo H ccE TN(e)m

exists and is either finite and strictly positive, zero or +oc.

Since any arborescence has the same number of edges, i.e. |V|— 1, we have that,
TN (T)
rn (")
(positive, zero or +o0). This means that, as for the edges, we can divide the

arborescences into equivalence classes and we call 77 the fast one. Note that to
identify the fast class of arborescences and the corresponding scale is not an easy
task and it is essentially the main aim of this paper. We would like to stress that
fast arborescences are not necessarily those consisting solely of fast edges (this
occurs only when such arborescences exist), but rather those belonging to the
fastest equivalence class of arborescences.

under assumption 5, for any pair 7,7 € T there exists the limit limy_, |

Proposition 9 (Existence of the limiting invariant measure). Let XN be a Markov
chain satisfying Assumption 5, then there exists the limit m:=limy_,o 7y and it
1s a probability measure.

Proof. The fact that 7 is a probability measure follows by the fact that our graph
is finite and we can exchange the limit with the sum. We have

V(T (TF) o |
rn ()~ (TF) [H%]

mv(a) = (5.7)

Here T.F' denotes the arborescences rooted at x that belong to the fastest equivalence
classe of arborescences having a nontrivial intersection with 7,. We have that 7"
is not empty but may not contain arborescences in 7.

Let G, GF be two collection of arborescences such that G contains at least one

fast arborescence. Let g € G be one among the fastest arborescences in G and let
g* € G be a fast arborescence. We have then

x(h)

@) () (Theo B)
N P (S 2]

By Assumption 5 the two terms inside the parenthesis converge to a finite value.

Moreover, the term TZV((QQ*)) converges to a finite value if ¢ is a fast arborescence, and

(5.8)
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to zero otherwise. Therefore, (5.8) is converging to a finite value, that may be zero,
when N — oo.

AT (1) ()
We can deduce that all the terms (7)o () an ()
(5.7) converge and moreover the limit of the first two is zero while the third one

may converge either to zero or to a finite value. Therefore we have

in equation

() _ (T

N]iIEOO WN(:E) - Nliriloo N (T) - N—+oo 'y (TF) ’ (59>
and the limit exists and is a probability measure.
O

The argument above shows that, in computing the limit of 7y, only fast
arborescences contribute. Consequently, if we can show that a class of arborescences
is not fast, it can be neglected in the determination of the limit of my.

5.3 The basic iterative step and the main result

Recall that Er is the equivalence class containing the fastest edges, i.e. the
equivalence class of edges E; with the maximal value of j. We define also (V, Er)
as the fast subgraph. The fast subgraph is not necessarily strongly connected and
we can construct the DAG of the equivalence classes, as illustrated above; we call
(Q, ) this DAG and we denote by @) € Q a generic equivalence class. We recall
that () is an equivalence class with respect to communication using fast edges only.
Later on, we will add some upper indices to denote that this is the first step of an
iterative procedure. Graphs constructed at iteration number ¢ will have an upper
index (7). We call M the set of local minima of the partial order induced by the
DAG and M a generic element of M.

We now proceed in two steps. First, we define a reduced dynamics on the
vertices of V' belonging to the minimal classes of the DAG; this corresponds to the
trace process as defined in [42|. Then, using the reduced dynamics, we introduce
an effective dynamics, which is a Markov chain on the equivalence classes in M.

5.3.1 Reduced dynamics

For notational convenience, let V denote the support of M, i.e., the set of all
vertices belonging to the minimal classes.

V=) M=sum)cV.

MeM
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It is worth noticing that V is the set of recurrent points in the fast graph (V, Er),
while V' '\ V' is the set of transient points in the fast graph.

Let us introduce the symbol Px(y | z), where S C V and y € S while z ¢ S.
This symbol denotes the probability that, starting from the point z € V'\ S, the
process X}V enters the set S for the first time at point y:

Py(y|z) = P(XY =y| XY =2) where T:=inf{t >0| X} €S}. (5.10)
We define the following reduced rates for a Markov chain restricted to V.

Definition 32. For every x,y € V we define the reduced rates as

TAN(‘I7y) = TN(xvy)+ Z TN<x’Z)P]‘\?<y|Z)7 x,yEV. (511>
2EV\V

The absorption probabilities (5.10) have a representation in terms of spanning
forests [55] as:
ry (Fo(z = y)

rn(Fy)
where | given S C V| Fg denotes the collection of directed spanning forests of the
digraph (V, E) with |S| components and with root set S. For z ¢ S and y € S,
we denote by Fg(z — y) the subset of forests where the vertex z belongs to the
component rooted at y. Recall that the weight of a set of forests, or more generally
of any family of subgraphs, is defined by:

rv(Fs) =Y, ] (), (5.13)

fE€Fs (zy)ef

PY(yl2) = (5.12)

and recall that any forest f € Fg has the same number of edges, that is V| —|S|.
Substituting (5.12) into (5.11) yields, by direct inspection,

rN (]:V\{x} (x — y))
v (Fy) '

(5.14)

fN(l’,y) -

It can be seen [42] that 7y are the transition rates of a reduced chain, XtN ,
which coincides with the trace process of XN on V. By equation 5.11, it is clear
that the rates 7y are irreducible, since ry are irreducible rates, and we denote by
7 the associated invariant measure on V.

The rates and transition graph of the reduced dynamics can be obtained by
successive iterations of the star-delta reduction presented in section 5.8. Performing
in sequence a reduction removing one single node in each step and doing this for all



CHAPTER 5. MULTISCALE MARKOV CHAINS 62

the nodes in V'\ V we obtain the chain with weigtehd transition graph (V, E T N).

We now show that Assumption 6 is preserved under the reduction operation. To
this end, it suffices to prove this property for a reduction that removes a single
node.

Proposition 10. If ry satisfies Assumption 6, then so does 7. In particular, the
reduction procedure (5.11) preserves the validity of Assumption 6.

Proof. Consider two vectors of integer numbers m = (me)ecp € A and m' =
(m,)eer € B, where A, B are sets of vectors such that ) __.m(e) => . .pm'(e) =
K for a given fixed constant K. Consider also two positive coefficients ¢(m), ¢/(m/) >
0. Since we are assuming the validity of (6) there exist m* € A and m” € B such

Mecpra(e)™e : Meeprn (€)™
Mo > 0 for any m € A and limy_, o o (@)

any m’ € B. We have therefore

that limy_ 4o > 0 for

Yomeacm) [Lcpr(e)™ (c(

. Z c(m)[].epre)me
) HeeE r(e)™e meA \ c(m*) [oepr(e)™e
Y omren (V) [oepr(e)me '

m*
) [Leep (€)™ ) 5~ (e(m’)HeeEMe)mé )
W EB \ e(m)[I.cpr(e)™
(5.15)

The first term inside the parentheses on the right-hand side converges, while the
second term converges to a finite value. Therefore, their product converges, and
consequently the limit of the left-hand side exists as N — 4o0.

The proof is now concluded by observing that, using formula (5.59), an expres-
Heepin@™e TNEE):, for any pair of vectors of integers m = (1), and

cehTN(E)7e

' = (1)) .z such that Yoeci M(€) = Y scp M (€) can be written as the left hand
side of (5.15).

The result for formula (5.11) follows by performing a finite sequence of single-
node removals.

sion of the form

]

5.3.2 Effective dynamics

We now illustrate the first step of an iteration defining the effective rates 7y of an
irreducible Markov chain on the state space M. These rates are defined using the
reduced rates. The subsequent steps of the iteration follow the same procedure,
and we will later introduce indices to denote the iteration level. Before giving the
formal definition, we need to introduce some notation.

Given M € M, we call 1} the invariant measure of the chain having weighted
transition graph (M, Er[M] ,TN). This means that the transition graph is the
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strongly connected subgraph formed by the fast edges connecting vertices in M, and
that the rates coincide with ry. We call also ppr := limy_, 4o 1137, the corresponding
limiting measure, that exists by the same argument from Assumption 5. Notice
that py, is strictly positive, since the latter transition graph is irreducibile.

We are now ready to define the effective rates

Definition 33. We call effective rates the transition rates of an effective Markov
chain X} with state space M that are defined by

rn(My, My) = Z an ()N (v, ye) VM, My € M. (5.16)

y1€M1,y2€ M2

We call effective graph the transition graph (M, E) of this effective Markov chain.

From 5.16 it is clear that the rates 7, are irreducible, as we already noticed that
ry are irreducible and p} is strictly positive. Moreover, by the same argument
as in Proposition 10 if the rates ry satisfy assumption 6, the effective rates (5.16)
also satisfy 6 . The chain X}V is therefore a multiscale irreducible Markov chain
too. If we call 7 its invariant measure, we have that this converges to a limiting
measure, that we denote by 7.

We can now state one of our main result.

Theorem 11. Let 7¥(x) be the unique invariant measure for each finite N > 0 of
a Markov chain on V' whose transition rates satisfy assumptions 4 and 5. Then we
have

7= lim 7V = > " F(M)py. (5.17)

N—oo
MeM

Note that, as a consequence of this theorem, we have that for any x € V'\ v,
m(z) = 0. This is a direct consequence of Lemma 7 in the following.

5.4 The recursion and the forest representation

We now illustrate how (5.17) defines a recursive structure that is geometrically
encoded by a tree. Since the construction is based on an iteration of the procedure
just described, we change the notation in this section to clarify the iterative process.

5.4.1 The iterative notation

The construction presented in this section coincides with that introduced in |13,
13,40,42,46| for different problems. In the present setting, however, we apply
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it to the invariant measure and provide an independent proof based on directed
arborescences and forests.
We label by (0) the initial transition graph (V, F), which in this section is

denoted by (M(O), E (0)>, and we denote by 7753) the original rates ry. Similarly, we

label by (1) the transition graph obtained through the construction of the effective
dynamics described in the previous section. Accordingly, M™ corresponds to what
was previously denoted by M, and E(M to what was previously denoted by E. The
resulting effective graph is therefore (M(l), E (1)). The associated transition rates,

obtained after the first iteration of the procedure, are denoted by 77](\}).

To summarize, we have the following equivalences:

M(O)jE(O)jf](\?) = (V,E,ry) ,
MO EO FP) = (M, E, y) .

We are now going to define for each integer (i) a weighted transition graph
<M(l) EOF > that is obtained from (./\/l =) g1 50 1> by the same con-

struction that gave <M ©, B0 7 ) from <./\/l r](\?)).

This means that the Markov dynamics at iteration (i + 1) is obtained as an
effective dynamics on the local minima of the DAG associated with fast commu-
nication in the dynamics at iteration (i). By the same arguments used for the

first iteration, we conclude that if the rates fg\i,) satisfy Assumption 6, then also
the rates f%“) satisfy Assumption 6. For each (i), we call r(z)’ the fast rates and

MU the local minimal equivalence classes with respect to communication on
< M), E@,F) .

The elements of M©® are elements of V, while the elements of M) are
subsets of V. Given two different elements ]\41(1)7 M2(1) € MW they are subsets
of V and moreover disjoint Likewise, elements of M are subsets of MW,

so that an element M® ¢ M® is given by M? = {Mi(l)}’ where Mz'(l) are

disjoint substets of V We may then associate to M) a subset of V' by defining
Su (M(2)> U; M ) C V. By construction we have that Su ( )ﬂS ( (2)> —

J
0, when M; @ # M This construction can be iterated at every level. In

particular, each element M® e MU is a subset of M~V different elements are
disjoint subsets. Moreover, we can associate to any M a subset of V defined by

Su (M(i)> = Up-nepmSu (M(i_1)> cV.

For each (i) we denote by 7?](\2',) cP (M(i)> the invariant measure of the chain



CHAPTER 5. MULTISCALE MARKOV CHAINS 65

with transition rates F](\i,), and by 7@ € P (./\/l(i)) the corresponding limiting

measure.

Given M) ¢ MUY with i > 0, we call ,ug\?gﬁl) e P (M(”l)) the in-

variant measure of the irreducible Markov chain with weigthed transition graph

(M(l‘rl), EJ(\?’F [M(i“)} ,FJ(\?’F) We remark once again that uﬁf}éﬁn is a positive

probability measure on M@ whose support is concentrated on the elements be-
longing to the equivalence class M+D € M+ We call ug&)(i .1, the limiting value

(&),N
M(i+1) .

of u

5.4.2 The recursive formula
Using the iterative notation, formula (5.17) reads
_0) _ i 0 _ (0)
70 = ]\}1_13(1)0% = Z 7 (M(1)> Py - (5.18)
M@ e @)

Since the relation between the reduced chains at iterations (i) and (i + 1) is always
the same, and Assumption 6 is always satisfied, the proof of Theorem 11 which
yields formula (5.18), can be applied at any iteration (7). This then gives the
corresponding recursive formula.

=0) — Z 2 (i+1) <M(i+1)> ”EQW), i>0. (5.19)
M (+1) g A (i+1)

The number of possible iterations is finite; let us denote it by k. The iterative

procedure stops at the first iteration (¢) for which ‘M(i) = 1, so that there is a
single clement M® € M® with 77 (M (i)> = 1. The number of iteration k is
therefore defined as k = inf {z LMD = 1}. The iteration can also be formally

extended to higher indices, but we then have ‘M(j)

=1 for all 7 > k.

5.4.3 The forest

In this subsection, using formula (5.19), we are going to obtain a representation
formula for the limiting measure 7, which in this section is denoted by 7, in terms
of weighted forests. We begin by defining the forest and the associated weights,
and then explain how the measure can be derived from them.

For each index (z) with i > 1, we denote by 9 the equivalence classes in

MU= with respect to fast communication, determined by the fast rates f%_l).
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The nodes of the forest are the elements of UfZOM(j). These nodes can be naturally
organized into levels: the nodes at level j are precisely the elements of MU). The
forest is then constructed by adding edges between nodes.

Edges connect only nodes belonging to consecutive levels. More precisely,
an edge is drawn from M@ € M® to MEHD ¢ MED if MO ¢ MO+ or
equivalently, if Su (M(i)> C Su <M(i+1)).

In this way, for each node M belonging to M), j £ k., if M) € MU+D for
some MUtD € MUHD then there is exactly one outgoing edge to a node at the
next higher level. Otherwise, if M) € QUFY for some QU+Y € QU \ MUY,
there is no edge to a higher-level node. Similarly, there are no outgoing edges from
the unique element in M®*) | since there are no nodes at a higher level.

This construction thus produces a directed forest, with edges oriented toward
higher levels. For each connected component, the unique node at the highest level
is called the root. In particular, there is a single component whose root is M *).

The forest is weighted: we assign a weight to each edge as follows. To the edge
<M(”1), M(i)> we associate the weight ,&5\2(”1) (M(i)>. Note that for each node,
the sum of the weights of all edges connecting it to nodes at the lower level is equal
to one. This follows from the fact that »_, o ¢y ﬂg\i}(m) (M(")> =1

Since all iterative steps are identical and the rates satisfy Assumption 6 at each
iteration, Lemma 7 implies that 7 (Q(i)> =0 for any QW ¢ M.

Consequently, 7?](\(,)) (M(0)> =0 for any M© such that Su (M(O)) Z Su (M(k)>.

Moreover, by definition, 7(*) (M (k)> — 1 for the unique element of M®¥) It follows

that the recursion (5.19) has a unique solution, which provides a formula for the

limiting invariant measure m = 7.

Given M@ € MO there exists a unique path connecting this node to the root
of the component to which it belongs. If this root is not A/*) then 7(© (M(O)) =0.

If the root of the component containing M(© is M*) which occurs, for example,
when Su (M(0)> C Su (M(k)>, we call 7,0 the unique path from M to the root

in the forest we have constructed. We then have the following formula.

Corollary 3. The unique solution of the recursion in Theorem 11 is given by
(@) i
H(M(iLM(iH))@M(O) a1 <M( )> Su(M®© C Su (M(k)>

0 Su (MO ﬂSu(M(k)):@.
(5.20)

=(0) ( Mm)) _
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Figure 5.1: An example of a forest with two components and k = 3. The corresponding
weight is written near each edge. Above the elements in M(® the values of
70 are shown according to formula (5.20).

0

Using lemma 7 the proof of the above corollary is simple and consist just in
iterating the recursion. We illustrate in Figure 5.1 the construction and the formula.

5.5 Some estimates
In this section we establish some estimates that will be needed later.
Lemma 7. [t holds that limy_, o Ty (V \ V) =0.

Proof. By the Markov chain tree theorem, we need to prove

. ZzGV\V N (7;)
]\}51(1)0 ~ (7 =0. (5.21)

Since we have a finite sum, this follows by

lim ry (T:)

N—>ooTN(T>:07 vZEeVAV,

and again, since we have a finite sum, it is enough to prove

=0, VzeV\V, V..

For any z € @, with @ € Q \ M, there exists by definition at least one edge,
denoted by (z,7'), exiting from z and belonging to Er. For any arborescence
T, € T, the graph 7, U (2, ') is a spanning unicyclic graph.
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If all the edges of the unique cycle belong to Er, we remove one of them, thereby
obtaining an arborescence, and iterate this procedure until the first time that we
reach an arborescence directed torward a vertex w € () from which there exists
an edge (w,w’) € Er exiting from w, and such that v’ and w belong to different
equivalent classes in Q.

This is possible because the procedure outlined above allows one to transform
any arborescence into any other within a strongly connected digraph (which in this
case is (Q, Er)), and because for any ) & M there must exist an edge (w, w') € Ep
such that w € @ and v’ € Q.

When such an edge (w,w’) is added to the arborescence, the resulting unique
cycle must contain at least one edge that does not belong to to Er (by definition
of the equivalence classes). Removing this edge, we obtain a new arborescence
7, with the following properties: if the original arborescence 7, contains n; edges
on E;, fort=1,..., F then 7.« contains ng + 1 fast edges, while all the other n;
remain unchanged except for a single index ¢*, for which there are n; — 1 edges in
E;«. As a consequence

rn(m) _ ra(T)

o (T) = ry(7) Nooo
and the convergence is due to the fact that in the ratio we can pair in numerator
and denominator edges belonging to the same equivalence classes (giving a finite
value in the limit) with an extra fast edge in the denominator paired with a slowed
one in the numerator getting zero in the limit.

)

]

The above lemma says that for any z € V'\ V we have T, N TF = (). Therefore,
all arborescences of this type can be neglected in the computation of the limit of
mn. We now consider another class.

Lemma 8. Let 7 € T, with x € V and in particular v € M € M. Then, if T
contains edges of the type (z,2'), with = € M and 2’ ¢ M, then T & TF. Moreover,
if, for any M € M with M’ # M, T contains more than one single edge of the
type (2,2'), with z € M" and 2/ ¢ M', then 7 ¢ T*. Finally, if for any M" € M
there exists an edge (z,2') in T with z,2/ € M" and (2,2') & Ep, then T &€ T*.

Proof. To prove the statement, it suffices to show that, given an arborescence
7 having at least one of the features described above, it is possible to construct
another arborescence 7 such that

lim ()
N—+oo 1y (77)

—0. (5.22)

For simplicity we consider the case when there are two edges of the type (z,2'),
with z € M’ and 2/ & M’ and M’ # M. The other cases can be discussed similarly.
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Recall that, since M’ € M, the outgoing edges are necessarily slow, i.e. they do
not belong to EF.

Since the root © ¢ M’, and since there are only two edges, denoted by (z, 2’)
and (w,w’), exiting from M’, this means that 7 N (M’, E[M’]) is a spanning forest
of (M ""E[M ’]) with two components, one rooted at z and the other one rooted at
w.

Since (M " Ep[M' ]) is strongly connected we can for example remove the slow
edge (z,2’) and all the edges of the component rooted at z, and consider instead
only edges in Fr [M'] in such a way that we have only one spanning arborescence
rooted at w. This can be shown easily since (M " Er[M' ]) is strongly connected.
The global directed graph obtained in this way is again a 7" € T,. Moreover, (5.22)
holds since we remove a collection of edges, among which at least one is slow,
and replace them with the same number of edges, all of which are fast. A similar
argument applies to prove the remaining statements of the lemma.

O

5.6 First iteration

Let us fix some notation:

o Given M € M, wecall T [M, EF} the spanning arborescences of (M, Er [M]),
and by T, [M BT } the ones rooted at x € M. By the above discussion, they
are the same of T [M] and T} [M], the fast arborescences restricted to the
digraphs (M, E [M]).

e We call TF the fast spanning arborescences on (V, E), and likewise we
denote by TF those rooted at = € V.

o We call T the spanning arborescences of the effective rates on (./\/l, E) and
Tu the ones rooted at M.

The following lemma is established in [42]. We complement it with a combina-
torial characterization.

Lemma 9. The invariant measure 7y of the reduced Markov chain with rates 7y
in (5.11), (5.13) is given by

n(r) = zreV, (5.23)

where the constant cy = Y, .y 7n(2) is such that limy_ o cy = 1.
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There are several interesting combinatorial interpretations of the constant cy;
see for example Proposition 5.70.

A~

Proof. Recall that we denote by 7, the set of spanning arborescences of the reduced

graph oriented towards y € V. Formula (5.23) follows by the Ergodic Theorem.
Indeed, if we consider X}¥ € V and we set X}V = Xijpv(t) € V, where T'(t) =

[{s < t: XN e V}|, by Ergodic Theorem we write for almost all the trajectories

XN

[TI(X, = z)ds

™ (x) = lim =2 (5.24)
t—o00 t
Again, by Ergodic Theorem and since T'(t) — oo as t — 0o, we have a.e.
&) 1w N
[TOUXN = x)ds
~N IRT 0 T(s)
7 (x) = tlg(r)lo 0 : (5.25)
by multiplying both numerator and denominator by ¢, we therefore have:
t -1
I(XN =x)ds t .
#(x) = lim Jo 1 - ©)ds a0 = () (wN (V)) ,
and this is (5.23).
Finally, by lemma 7, we have that
>_yeir T (Ty)
N yeVv Y
= = > 1.
CN ZW (y> T'N(T) N—o0
yeVv
O
5.6.1 Proof of Theorem 11
We can now prove our main result.
a) If z € V\ V, by Lemma 7, we have that m(z) = 0
b) Let now z € V. By lemma 9, we have
TN (ﬁ) .
m(x) = lim reV. (5.26)

Since we can restrict the computation to fast arborescences, we can consider in
the numerator of (5.26), when x € M,
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TN <7;) = {TN (7;F [M]> Z H [ Z PN (Y yj)rN (EF [Mz])

7€Ta (Mi,Mj)er LyeM;
Yj EMJ‘

}(1+0N(1))

(5.27)
where we recall that Ty, denotes the set of arborescences on the effective graph
oriented towards M;. Note that in the limit, all the negligible-weight arborescences
highlighted in the lemmas 8 and 9 can be disregarded.

Before proceeding, let us observe that, given two minimal classes M;, M;, by
the definition of effective rates (5.16) and by matrix tree Theorem 1.2,

P (Mg, M;) ry (TF [Mi]> = 3 iy ) (T M), (5.28)

yi€EM;,y; €M,

By equation (5.28), we can rewrite (5.27) as:

P (7;) _ {rN (7;F [M]) S 11 [FN (M, M;) (TF [Mi])

7€Tar (M;,M;)er

}(1+0N(1))

(5.29)
and since in every arborescence 7 € Ty, there is exactly one effective edge going
out from each class M; # M, (5.29) rewrites:

in (7o) = (T D0) o (Ta) TT v (T710) (L0()) - (5.30)

i

By applying the same approach to the denominator, equation (5.27) then
becomes

() = = (7. M) v (Tar) Hagns v (T [Mi])
; N (7:) HM/eM N (TF[M’])

Now, dividing both the numerator and the denominator by [],,c v v (T7[M])
and using Theorem 1.2, we obtain

(1+oy(1).  (5.31)

i) == %%TM) (1+ox(1) = ¥ @)y (M) L+ on(L)  (5:32)

Finally, by Assumption 6, the limit exist and we have

() = 7 (M) u™ (). (5.33)
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5.7 Examples

In this section, some concrete models are presented with the aim of illustrating the
application of the main theorems discussed in this work. Although an exhaustive
analysis of the phenomenological consequences in explicit models is intended for
future dedicated research, these examples serve to demonstrate how the novel
insights provided by our theorems allow for a systematic approach to complex
problems.

Beyond the cases examined here, the theoretical framework developed in this
work may find fruitful application in other explicit models driven by rare events,
where for instance the jump rates are intrinsically multiscale.

5.7.1 The case k =1

The simplest possible case is when k£ = 1. This corresponds to the case when the
DAG constructed by the equivalence classes of <M(O), Eﬁ”) has a unique minimal
class. In this case, by Proposition 8 there exists at least an arborescence that has
all fast edges. A fast arborescence of this type can only be rooted at some x € M),
which is the unique element of M. In computing the limiting value of 7?](\(,)) , We can
use the Markov chain tree theorem considering only the arborescences whose edges
are all fast. For such an arborescence, restricting it to (M ) E}i” [M (1)]> yields a
spanning arborescence of this subgraph; otherwise, the original arborescence could
not have been fast. We therefore have

AW(TE) =0 (T[] ) 7O ). -
5.34
AT = (T M) ) 0 (P

where 7753) (Ff) is a common factor related to the sum of all the weight of fast
spanning forests directed torward M. As a result, we obtain

) W (7 (o))
() = i - . .

M)

5.7.2 A simple case with k£ =2

Let us start with a simple example where all the computations can be done
explicitely and k& = 2, so that the forest construction only has 3 levels. We consider
the Markov chain associated with the graph (V, F) in figure 5.2 with V' = {x,y, z}.
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There are only two equivalence classes of edges Fy, s with F; the slow ones and
FE5 the fast ones. In the figure, fast edges are drawn as straight lines, while slow
edges are represented with wavy lines. More precisely, the rates are defined as
follows: consider a function ¢: V' x V — (0,00) and define:

ryn(z,x) = c(z,x),
TN(Zv y) = C(Z, y),
7,N(y7 x) = %C(y,l’),
rn(z, z) = %c(m, z).

so that the fast rates are Oy(1), while the slow ones are O(1/N). The graph is so
simple that the Markov chain tree theorem can be applied directly. We have

rn (Te) = ey, o)e(z, ) + c(2,9)]
TN ('T) %c(a:,z)c(z,y),
N (T) = ﬁc(y,x)c(m,z)

We have for the state x, and likewise for the other ones

TN('E)

T T (Ta) +ra(T,) + i (T2) (5.36)
. Le(y,7)le(z,7) + (2, y)]
-~ Lely,w)e(z, @) + oz, y)] + we(x, 2)e(z,y) + m2c(y, v)e(x, 2) (5.37)
and therefore
m() = lim () = Ay, 2)lelz,2) + elz y)] (5.38)

N—oo c(y, x)[c(z,x) + c(z,y)] + c(x, 2)e(z,y)

As shown in Figure 5.2, the recurrent nodes of (V, Er) are V = {z,y} and the
reduced rates can be computed directly:

(o) =rx(e PR = el ) S — (53
n(y,x) =ry(y,z) = %c(y,x). (5.40)

To construct the effective dynamics, we observe that Q) = {{z}, {y}, {z}} and
MO = {{x} {y}} since every equivalence class consists of a single point. Accord-
ingly, p&Y (2} and pY {y) are delta measures concentrated at = and y, respectively. We

then have 7y ({z},{y}) = #n(z,y) and 7y ({y}, {z}) = Fn(y, 2)
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N/ N\ ==

Figure 5.2: The graph (V, E), the fast digraph (V, Er) (that in this case coincides with
the DAG) and the first iteration effective graph <V, E’) Rates On(1) are

drawn by straight lines while rates O(1/N) are drawn with wavy lines.

1 1

MO :ET yT Z e

1

e (@) 1) )
MO \/

Figure 5.3: The weighted forest with 2 components and k = 2 associated to the example
in section 5.7.2

All the effective rates are at the same scale, so that (\_/, EF ) is irrecucible,
IM®@| =1 and contains the only element M® = {z} U {y}. The probability
measure ,LL&];? € P({z} U {y}) can be explicitely computed from the invariant
measure of the chain with rates (5.39) (this is because in this special case 7 = 7),

and therefore we have

paso () = W) (o)) = ——— W Dle7) Lz )

Hare c(y, z)[e(z,2) + c(z,9)] + c(x, 2)e(z, y) ’

1N
and NE\N))({Z/}) =1~ MM@) ({95})
So, as N — 0o, we have

m(x) = p) (o))

that is the result obtained directly in (5.38).

5.7.3 A product state space

We discuss a class of models that, in special cases, can be imagined as discrete
counterparts of coupled diffusions.
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Consider the finite vertex set V= X x ). The rates are related to a symmetric
edge-weight function ry : (X x Y)? — [0,00). The parameter N > 1 controls the
weights, giving rise to two distinct time scales:

wy(z,2’) oz #2 andy=y
rv((@y), (@) = § ywalyy) ife=2"andy#y (5.41)
0 ife#2 andy #y

Transitions in the z-direction are fast, while transitions in the y-direction are slow.

We assume that the full graph (X x Y, ry) is irreducible for every N > 1, hence
the associated Markov process has a unique invariant measure my.

In order to underline a parallel with the continuous case in [1|, we consider
the case in which, for every choice of y € ), the graph (X, w,) is irreducible and
the associated Markov process is reversible with respect to the unique invariant
measure

Ty (@) w,(e,7) = @) w,(@,7) (5.42)

for all z, 2" € X.

Similarly, we assume that for every choice of x € X the graph (), w,) is
wrreducible and the associated Markov process is reversible with respect to the
unique invariant measure m:

T (y) wa(y,y') = m(y) w.(y',y) (5.43)

for all y,y’ € V. Note that the two scale chain (5.41) is not necessarily reversible.
There are || equivalence classes in M) that can be labeled by the elements
y €Y, ie. wehave MM .= {(z,y),z € X}
The effective rates for the slow variables are

i} 1
w (M!Sl)’Mzg’l)> = NZ my () wa(y,y) (5.44)

reX

for all y,y’ € Y. All the effective rates are at the same scale so that they are all
fast; the effective graph’s irreducibility follows by the irreducibility of (Y, w,) and
the positivity of the invariant measure m,. This means that M@ contains one
single element. The unique invariant measure of the effective process with rates
(5.44) does not depend on N and coincides with 7(1) .

We obtain therefore, by our result with index of iteration k = 2, that

A}iﬁmoo v (z,y) = m,(z) 7D (M;l)) . (5.45)

forevery x € X, y € ).
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Even if the fast dynamics on X and the slow one on ) are reversible, the
global dynamics (5.41) and the effective one (5.44) are in general not reversible. In
order to compare it with the continuous framework [3] we give conditions to have
reversibility of the effective dinamics. This is important since it coincides with the
case where the invariant measures can be usually computed.

Proposition 11. Suppose that there exist a,,b, > 0 such that
ay T (y) = by m,(x) (5.46)

forallz € X, y€ ). Then the effective process (5.44) is reversible with respect to
1ts unique nvariant measure

b
70 (My“)) =2, yey, (5.47)

where Z > 0 is the suitable normalization constant.

Proof. Let us verify that the effective rates and the prescribed measure satisfy the
detailed balance equation:

. . b
=(1) (sz,l)) fg\}) <Mz§1)szE/1)) (5.44),(5.47) ?y Z 7 (@) waly, ) =

zeX
Z ay T (y) we(y,y') =
xGX
(5.43)
= Z Ay 7T:1: wx y y)
xeX

(5.47),(5.44)  _ (1) M\ (1) 1) a0
AR 7 (My,) TN (My, MV ) O

Corollary 4. Let (m, € P (X))yey , i € P(Y) be some given probability measures.
Then there ezist irreducible transition rates wy(z, ") and w,(y,y') such that:

i) for everyy € Y, the rates wy(x,x") are reversible with respect to the invariant
MEeASUTE Ty

ii) for every x € X, the rates w,(y,y’) are reversible with respect to the invariant
measure defined by

m(y) = 5 m() i) (5.48)

where Z, > 0 s the suitable normalization;

ii1) the effective transition rates defined as in (5.44) are reversible with respect to

the invariant measure T (Mé”) = n(y).
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Proof. Define the measures 7, € P ()) as in (5.48). Parts i) and i) are straight-
forward since, given a probability measure, it is always possible to construct a
reversible Markov chain with respect to that measure, for instance by employing
the Metropolis-Hastings algorithm.

Now, in order to prove part 4ii), set

by = Aly) . a = Z, =Y m,(z) ily). (5.49)
yey
Then
a; mo(y) = my(z) i(y) = my(x) by . (5.50)
Therefore by Proposition 11 the effective rates 7’](\, <Mz,(,1 , M;,l ) verx Ty(@) wa(y, y)
are reversible with respect to the invariant measure 7! (M;l ) = u(y) . O

Remark 4. Let us choose

1 1
my(x) = 7 e Ve wB(y) = —o e W (5.51)
y A
for B, >0,V :XxY >R, and F(y) := —%logZy. The measure (5.48)
provided by Corollary 4 is
7@ (y) = C, e PV~ (BB Fl) (5.52)

where C, is the suitable normalization.
We notice that, in the case of continuous diffusions, it follows that

[ WViaa) m@) e = VFW), (5.53)
As a consequence, also the simpler measure

7Oy = C, e V) (5.54)

xT

would do the job.

5.7.4 Boundary driven exclusion process

Consider the boundary driven exclusion process. In this section, we consider only
the simplest case; however, in the future we plan to develop this example further, as
much deeper combinatorial results can be obtained through higher-order expansions
and the derivation of large deviation results. We consider a one-dimensional segment
with n nodes, where each node can accommodate at most one particle.
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Figure 5.4: The rates of a one-dimensional boundary driven exclusion process in weak
contact with external reservoirs.

|M(0)|:2” 0000 (0000|000 (0000|000
IMD] =n 41 3
M| =1

Figure 5.5: The recursive forest associated to the boundary driven exclusion process, that
is a two-levels tree.

We denote by 1 a generic configuration of particles and n € V = M© = {0, 1}".
We have that n(z) = 0,1 with z = 1,...,n, where n(z) = 1 means that there is
a particle at site x while instead n(z) = 0 means that the site = is empty. The
dynamics is described as follows. Particles jump to a nearest-neighbor site at rate
1, provided that the site is empty, so that the exclusion rule (allowing at most one
particle per site) is preserved. The system is in contact with boundary sources,
which evolve slowly compared to the bulk dynamics. In particular, at left boundary,
i.e. =1, a particle is created at rate a/N when the site is empty, while at the
right boundary, i.e. x = n, the particles are destroyed at rate §/N. Here a, 8 are
some fixed positive constant. The rules of the dynamics is illustrated in figure 5.4.
This dynamics is usually called the boundary driven exclusion process in contact
with weak reservoirs.

The edges of the transition graph are of two types. The fast edges have unit
weight and correspond to particle jumps that preserve the total number of particles.
The slow edges are of order O(1/N) and correspond to creation and annihilation
of particles.

We denote these sets respectively by Er and Fg, and we write £ = Es U Fp.
The forest corresponding to the iterative construction is indeed a tree and it is
illustrated in Figure 5.5.

After the first iteration, we obtain a DAG only composed by n + 1 local minima



CHAPTER 5. MULTISCALE MARKOV CHAINS 79

and we have M) = {MJO),]' =0,.. }> where M = {n: X0 inx)=j}.

Since V =V, the reduced rates are equal to the original ones, i.e. 7 =r.
The fast dynamics restricted to the equivalence classes M ;1) corresponds to the
simple exclusion dynamics on the interval with closed boundaries. We then have

that the invariant measures do not depend on /N and moreover u( WN u;(;)(l) = 11,
i

where f; is the uniform probability measure on M J( ). The effective dynamics is

such that 7 _(1 (Mi(l), M;1)> = 0if |i — j| # 1. Otherwise we have

A (M M) = Smn() = 0) = (1-£) % (5.55)
O (MO, MDY = L) =1) = 1.8 ‘
N i) i—1 N/M Ui nN "

The effective dynamics is a random walk on the integer numbers from 0 to n that
increases or decreases its value by one, with rates given in (5.55). This Markov
chain is reversible, and its invariant measure does not depend on N and can be
directly computed, obtaining:

) () () e

that is a Binomial distribution of parameters n and o o where Z is the normal-

ization factor. As a consequence, we can write the limiting measure as

Zw (27) s () = Ber o (). (5.57)

that is a Bernoulli product measure on {0, 1}" of parameter <04L+ﬁ>

We can indeed obtain the above result in this case by a direct identification of
the fast arborescences. Consider n € M ng)' The structure of the fast arborescences

7;7F can be deduced from Lemma 8 as follows. Consider an arborescence 7 and
restrict it to a fast equivalence class, i.e. T [M ](1)] In general, the restriction of a
spanning arborescence to a subgraph is a spanning forest. For the fast arborescences
TE TF it holds that, for any 7, 7 [M W s itself a spanning arborescence.

When j > i, it must be a spanning arborescence rooted at a configuration
n € M ). such that n'(n) = 1. When j < i, the arborescence is rooted on a

n e MJ( ) such that 7'(1) = 0. When j = i, the arborescence is rooted on 7.

(1)

From the equivalence classes M, with j > ¢, there is only one slow edge exiting

from the root and going toward M ﬁ)l, while for 7 < i the slow edges go torward

()
My
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Fix a configuration with ¢ particles n € Mi(l). Any fast arborescece ’7;7F , when

restricted to M ](1), is an arborescence rooted on a configuration of particles having
j particles, one of those is in the lattice site n. All the edges of this subarborescence
have weight 1. The number of configurations on which this subarborescence can be
”_1) and by symmetry, for each root, the number of arborescences in

rooted are ("]
j
<M 0. FE F) is the same, and let us call it NV;. Moreover, in 7;7F there is one single
edge exiting from M ](1), with 5 > ¢, and it is the unique edge connecting the root
of the subarborescence 7,° [M]O)] to Mﬁ)l. The latter has a weight that is %
Likewise, for j < ¢ we have a similar situation, but the number of roots in M ;1)

with j < is (”]_.1) and the weight of the unique edge going from M 3(1) to M ﬁr)l is

i
We finally obtain that ’7:7F [Mi(l)] is an arborescence rooted at 7).

From this we deduce that, for n € Mi(l), we have

ign—i [n—1 _ n
e (1) = (T (7 ) ) 11 559

£=0

that is a common factor that does not depend on the configuration 1 considered
times the factor a2i"(®gn—2:in0) that gives a product Bernoulli measure with

parameter R

5.8 Star-Delta reduction for directed graphs

We start discussing the reduction in the case of the complete graph and then
consider the general case. Let K, 1 := (V, E,ryn) be a complete weighted directed
graph with n+1 vertices V' = {x1, ..., x,, s}. One of them, s, is the one we are going
to remove. To each edge in (z,y) € E we associate a nonegative rate ry(x,y) > 0,
that is the weight of the graph. We split the edge set F as the disjoint union of two
subsets: F = E’J E* that are respectively the boundary edges and the internal
ones:

e E’ consisting of edges of type (z;,z;), with z;,z; € V'\ {s}, and
e £ consisting of edges of type (z;,s) or (s, z;), with z; € V' \ {s}.

We describe now K, = (V, E, #n) a weighted directed complete graph, that
we call the Wye-Delta reduction of K, 1. The set of vertices is V := V \ {s} =
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Figure 5.6: The graph K, 1: the figure shows only the edges in E’ highlighted

{z1,...,z,} and the set of edges is E = E". The reduced rates associated to the
edges in E are defined as:

rn(zi, s)rn(s, x;)

kaev T.N<S $k> '

ry (e, xj) = ry(z,x;) + (5.59)

Remark 5. It will be sometimes useful and natural to write the above rates as
(2, x;) = ry (s, ;) + ry(xi, x;) , (5.60)

and to consider K, as a multigraph having two different edges going from x; to
x; having respectively weights associated to the two terms on the right hand side
of (5.60). We call K, this multigraph. In particular we identify the splitting in
(5 60) as a splitting of the edges of K,, and we have in this case that the edges of
K, are E*U E*. Any pair of vertices x;,x; € K, are connected by an edge in E°
with weight vy (x;, x;), and by an edge in E* with weight vy (x;, ;). We call Ry
the weight of the multigraph defined in this way.

We call respectively T and T the arborescences of the original and of the
reduced complete graphs. Similarly, we identify any other quantity associated to
K, using the hat symbol.

Let us illustrate the construction, considering without loss of generality the
vertex z1. We can classify a spanning arborescence 7 € Tt according with
the geometric structure of the forest f := 7N E" notice that f is a spanning
directed forest of Kn with one component dlrected torwards x;. This directed
forest contains only edges in E°. We may have several cases, depending on the
number of components. In general, the forest f has k£ components, that we call
(C)kE_,, i.e. we have f = Ui, ;.

Each component is a directed arborescence (not spanning), and without loss of
generality we call C; the one rooted at ;. The number k& can be equal to one, in



CHAPTER 5. MULTISCALE MARKOV CHAINS 82

A~ A
\

g PR
T~ f | 9
3 P2

s
AAN

N D
Lr§/“ Te

] |
v ~

Figure 5.7: The multi-graph K,

the case that 7 was containing just one edge of E’ exiting from s, or can assume
every natural number up to n, that corresponds to the case when 7 was containing
only edges in E‘. Indeed, the number of components k coincides exactly with
}T NE! ‘

Calling ¢; := |C;|, we have that Zle ¢; = n. Since 7 is directed torward x,
among these k edges belonging to E, only one is directed exiting from s and
is therefore connecting s to the component C;. We call 7,, » the arborescences
directed torwards x;, and such that the corresponding directed forest f has k
components.

Recall that 7., is the set of all the spanning arborescences of K, rooted in

. We call r§(s) := > rn(s, x;) the exiting rate from the node s. We have the
followmg result: note that the corresponding result for non directed graphs [18]
has a stronger statement that can not be extended in the directed case.

Lemma 10. For any x; € Kn we have

~ T (7;%)
(T = ey

Proof. Without loss of generality, we prove it for the vertex x;. Observe that the
edges in E can be considered both edges of K, or K,+1. We call ]-"(x“, Ce,Ty,) A
spanning forest in K, having ¢ components, rooted at z;,, ..., z;,. We use a similar
notation for spanning forests in K.

Note that ﬁ(xl-l, ...,x;,) is both a subgraph of K, and of K, 41, so that we

can compute both 7y (ﬁ(xil, . ,xi£)> and 7y (ﬁ(mil, o ,Sﬂ'z’[))- We now com-
pute rn (7, ), by separating the contributions according to the classification of

arborescenges introduced above.
Given f € T,,, all the arborescences in 7,1 (recall the definition given before

lemma 10) that gives such an f are of the form f U (s, x;), for some z; € K,,. This
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means that the weight of all arborescences of this type, with respect to the weight

function 7y, is ry(f) Yo rN(s,z;) = r(f)rt(s). Summing over all the elements

in 7., we obtain
TN (7;1,1) =TN (7- ) o (s) . (5.61)

Given f € .7:"(3:1,1'@-2) all the 7 € 7T,, that are associated to f are of the
form f U (z,s) U (s,y) for some y € C;. This is because transforming the
arborescence into f requires exactly two edges to be removed: one leaving s
and one entering it. This means that the weight of all such arborescences is

TN <]:"(x1, $22)> TN (Tiy, 8) D yec, TN (8, y). Summing over all elements in Fl(x1,24,),

- Z Z ra(f)ra (@, )ZT’N(S,y), (5.62)

Tip FT1 fe]:'(m,ziQ) yeC1

we obtain

where we recall that C; = Cy(f) is the component containing z;.
In a similar way, for arborescences belonging to 7,

k—1
N (Tork) = > > rv (D) [T a9 Y ra(s,y),
{{JJQ, ,:czk}ES } {fe]—' (%1,Tig ;- ,:vlk)} J=1 yeCi
(5.63)
where by S¥~! we denote the collection of subsets of K, containing exactly k — 1
elements, all different from z;. We have finally that rn(7,,) = > p_ "8 (Tar k),
where the terms in the right hand side are given by (5.65).

In order to compute 7y (7;,), it is convenient to use the splitting (5.60) and the
multigraph of remark 5.

The total weight associated to ’f;l in K, is the same as the total weight
associated to all the arborescence directed torwards x; on the multigraph M,, and,
with the different weights, associated to the different families of edges. In formulas,
recalling that we denote by Ry the weights on K., (that, as we saw, can be of two
different types), and denoting by Tm the arborescences directed torwards z; in K,

we have 7'y (7;1> = RN (TM
If we consider a directed arborescence on the multigraph, i.e. an element of Tml,

and consider just the edges belonging to E°, we obtain a  spanning directed forest
in K,,, that may have k = 1,...,n components. We call ']I‘yc1 r the arborescenses of

K,, associated to forests with k: components. We have 7y (Tz,) =S¢ Ry (T4, 1)
In the case of k = 1, since every element of Tm,l has all the edges in E°, we
simply have that T,, ; = 7,,; but the edges are weighted now with 7y in the

multigraph, and not with 7y, so that RN (']AI‘mJ) =ry (7;1>
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In the case of k = 2, we have

Ry(To2)= Y. > ()Y rv(wn.y). (5.64)

Tig#T1 feF(w1,w4y) yeCi

In the general case,

k—1
RN (Tay ) = > > rn(f) Y T,
{{zigsmi YeSET} {FeF @121y 2,) } {Wigreoryi €TF } I=1
(5.65)
where, as before, Sﬁl_l is the collection of subsets of K, with k elements, all different
from x;.
The notation {Yigr i €T} denotes a sum over configurations of points

{yw, e ,yik} in f(n, not necessarily distinct, and such that if we consider a graph

having as vertices the & components (1, ..., Cy of f and we draw an arrow from
Cy to Cy,, when y;, € C),,, then we obtain an arborescence directed torward Cf.

Recalling the form of the rates 7} from (5.59) and (5.60), using the following
lemma 12, we obtain that for each k we have ry (T, ) = Ry (Ta, 1)r8(s). This
implies the statement of the Theorem.

[

Proposition 12. Given C,...,Cy a partition of K, then we have

k—1
S IIrnGo) = | D rnts,y) | (r3t(s)™ (5.66)

{vigr-mryiy €TH} I=1 yeCh

Proof. Consider an abstract, complete directed graph A; having as vertices the
connected components, and weight to the edge (C;, C;) equal to w(C;, C;) =
Zyecj rn(s,y) :=r;. Note that the weight associated to an edge depends just on
the arriving node. In particular, all the edges entering in C; have the same weight
r;. Note also that Z§:1 r; = r3(s).

Let TC"} be the set of arborescences directed torwards C;. The left hand
side of (5.66) coincides with w (7#). By the directed version of the matrix tree
Theorem, we can write the total weigth of the arborescences directed torward C}
as a determinant of a Laplacian matrix [61]. More precisely, consider a k X k
matrix L with rows and columns indicized by the vertices C;. The elements L;;
along the diagonal corresponds to the total weights of edges exiting from C;, and
in our case we have L;; = r{"*(s) — r;. Outside of the diagonal, we have that
L;; = —w(C;,C;) = —rj. Let L' be the (k — 1) x (k — 1) matrix obtained by
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removing the first line and the first colimn from L. The directed version of the
matrix tree Theorem [61] says that w (T(ﬁ) = det L'. We have that the matrix
L' is the difference between a diagonal matrix and a rank-one matrix and can be
written as

LY = ¢t (s)I — 1T, (5.67)

where T is the (k — 1) x (k — 1) identity matrix, 1 is a k — 1 dimensional column
vector having all the elements equal to one, and 77 is the k — 1 dimensional row
vector given by 1 = (ry,73,...,7). The determinant of L! is the product of the
corresponding eigenvalues that can be easily computed due to the special form of
the matrix. In particular, we have that 1 is an eigenvector of (5.67) with eigenvalue
r1, and then if we consider a basis of the k — 2 dimensional plane orthogonal to the
vector r, we obtain k — 2 eigenvectors with eigenvalues all equal to r3“*(s). The
k — 1 eigenvectors we found are linearly independent. We obtain therefore

det L' =1, (7“?\}“5(5))/%72 : (5.68)

that coincides with the right hand side of (5.66), and this concludes the proof. [

5.8.1 The general theorem

Consider as usual (V) E') to be a finite strongly connected digraph where V' = SU vV,
S #£(. (V,E) is the transition graph of a Markov chain with transition rates ry.
We consider the trace process on the set V. The corresponding reduced graph is
(V, E), and the reduced rates are

Pn (@i xj) == ry(zi, ;) + ZTN@% s) Py (xls) Ti, Tj € v,
ses

where we recall that P]g (x;]s) is the probability that a Markov chain having rates
rn and starting at s hits V' for the first time in x;. As already discussed, by the
Matrix-tree theorem we can write:

PN (T oy (T = 7))

f’N(xiyxj) = TN(./T‘.A) (569)
1%
Theorem 12. Let x € V. Then
rn(Te) = TN(]:(/) fN(7A;) (5.70)

where we recall that Fy, denotes the collection of spanning forests of (V, E) with
root set V.
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Proof. We prove the statement by induction. First of all, we observe that lemma
10 is written for the complete graph, but the proof holds also in the case that some
rates are equal to zero: it corresponds to the statement of this Theorem in the case
that | S| = 1.

Assume that (5.70) holds after the removal of |S| — 1 nodes. We will show that
the statement then also holds for |S|. Consider y € S, and call V = V U {y} and
7, T, respectively the reduced rates and arborescences. By the inductive hypothesis
we have for z € V

rn (To) =1 (Fy) 7 (f;;) : (5.71)

We now apply the inductive hypothesis, considering the removal of a single node,
to the second term on the right-hand side above, and we obtain

v (1) = | Doty 2) | i (22) - (5.72)

2V

Inserting (5.72) in (5.71) and using (5.69), we get

ry (T2) = ZTN (]-"V(y — z)) N (Tl.) , (5.73)

zeV

and, since this is clearly true,

Yo (Foly = 2) = rn(Fyp).

eV

the proof concludes.

5.9 Conclusions and Perspectives

The result obtained in Theorem 11 is consistent with the results presented in
[13,13,40,42,44,46]. Tt is therefore natural to expect that the objects defined in [46]
[31], like the capacities and the rate functional, admit a combinatorial representation
in terms of forests, that would be reasonabily similar to the combinatorial expression
of the Drazin-Inverse presented in [35].

Furthermore, these results hint at a deeper connection that warrants further
investigation. It remains a distinct possibility that Theorem 11, and the relationship
between the original chain and the trace process, could be interpreted in terms of
couplings, specifically within the framework of intertwining duality relations, as
seen in [6] and [49].
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One of the central contributions of this research is that it does not rely on the
assumption of reversibility. This approach contributes to the ongoing effort within
the field to generalize ’electrical network tools’ beyond their traditional reversible
constraints, building upon the theoretical foundations recently laid by authors such
as [45] [8], [7], [56], [33], [36].

We also ask whether the assumption of complete asymptotic regularity (Defini-
tion 5) is truly necessary for the existence of the limit of the invariant measure, or
whether this condition can be relaxed. It is noteworthy that the two parts of this
thesis (as well as our first and second papers, [2,4|) are connected by a remarkably
similar underlying structure. Indeed, in the first work we again consider a sequence
of Markov chains with multiscale transition rates, in which the set of fast edges
satisfies an additional condition, namely Assumption 2. This observation gives us
reason to believe that this assumption may be removed, thereby allowing for a
significant extension of the results obtained in our first work [4].

The main results can be further pushed and generalised in different non trivial
directions. Among the simplest possible natural extensions, there is the setting,
still of finite state spaces, but with cardinality growing with V.

Moreover, this combinatorial approach, relying on arborescences and forests,
provides a natural framework for investigating the first-order corrections to the
invariant measure in the limit.
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The Reversible Case: Reductions on Undirected
Graphs

We now present the known results concerning reduction theory for undirected
graphs. For a more detailed treatment, we refer the reader to [18]. We emphasize
that undirected graphs can be interpreted as transition graphs of reversible Markov
chains; consequently, these results may also be understood from a probabilistic
perspective as reduction results for reversible Markov chains.

A.1 Planar Graph Transformations

A natural method to develop graph-theoretic algorithms is to develop simplifying
transformations that, when applied repeatedly to a graph, reduce it in polynomially
many steps to a trivial graph such as a single edge. We examine algorithms of this
type.

We start with n-vertex graph G = (V, E), with no loops and possibly with
parallel edges. Consider the following four basic transformations:

e Pendant edge deletion: A pendant edge e € E (incident with a vertex of
degree 1) can be deleted along with the degree 1 vertex.

e Parallel reduction: Two edges e and f in parallel (each having the same
two endvertiees) can be replaced by a single edge ¢ having the same two
endvertices.

e Series reduction: Two edges e = (x,y) and f = (y, z) for which y is a degree
2 vertex can be replaced by a single edge ¢’ = (z, z), with y being deleted.
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e Star-Delta transformation: If w is a degree 3 vertex (a star) adjacent to three
vertices x,y, z by edges e, f, g respectively, vertex w and edges e, f, g can be
deleted and replaced by edges € = (y, z), f' = (z,2) and ¢’ = (z, 2).

e Delta-Star transformation: If ¢’ = (y, 2), f' = (z,2) and ¢’ = (z,y) are edges
of G (a delta), they can be deleted and replaced by adding a new vertex w
adjacent to x, vy, z.

G is called a Delta-Star-Delta-reducible graph if it can be reduced to a single
edge by repeated application of the six transformations above, in any order.

-

————— O r——0—— 0

Figure A.1: Pendant edge deletion

e e

Figure A.2: Parallel edge reduction

— e ——o _ ————————e@

Figure A.3: Series edge reduction

A.2 Spanning Trees

Let G be a Delta-Star-Delta-reducible graph. For each edge e € F we associate a
weight 7(e).

Definition 34. A spanning tree T € G is a spanning connected subraph of G with
no loops.

Let us denote by 7 the set of spanning trees of G. We assign a weight r to
each 7 € T as follows:
r(r) =] r).

ecT

Similarly, we assign a weight to the set 7: »(7) = > (7).
We next show how these edge weights are updated under each of the six basic
transformations. We first observe that if, for any single edge e € F, the inclusion
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I S

Figure A.4: Star-Delta reduction

Figure A.5: Delta-Star reduction

and exclusion weights are both multiplied by a factor 9, the effect on the total weight
is likewise a factor of §. We therefore maintain a single overall scale S := [[ .5 7(e).

Suppose, then, that G is the graph prior to the transformation, with normalized
weights on the edges and overall scale d.

e If the transformation is the deletion of a pendant edge e with weight r(e),
observe that e is in every spanning tree of (G, and hence the resulting reduced
graph’s overall scale is multiplied by r(e), with other edge weights remaining
unchanged.

e If the transformation is a parallel reduction on two edges e, f with weights
r(e) and 7(f), observe that every spanning tree contains at most one between
e or f. Hence the replacement edge ¢’ will have weight r(e) + r(f), and the
remaining edge weights and overall scale remain unchanged.

e If the transformation is a series reduction on two edges e, f with weights r(e)
and r(f), observe that every spanning tree contains at least one between e
and f. There are r(e)r(f) ways to include both e and f, and r(e)+r(f) ways
to exclude one of them; there is no way to exclude both and get a spanning
tree. Then normalizing as before, the replacement edge ¢’ has weight T?Sﬂ{}),

the overall scale is multiplied by r(e) + r(f), and again no other edge weights

are changed.

Let us now consider the last two redcutions. Let Gy be a graph with scale d,
having a vertex w of degree 3 (a star) adjacent to three vertices z,y, z via edges
e, f, g of weights r(e), 7(f), r(g), respectively. Let Ga be the same underlying graph
as Gy, but with vertex w and edges e, f, g removed and replaced by ¢ = (y, 2),
f'= (z,2) and ¢’ = (x,y), having weights r(e’),r(g’),r(f’) respectively; Ga has
overall scale 9.



APPENDIX A. THE REVERSIBLE CASE 92

Now consider the total weight of Gy and GaA. A spanning tree 7 of Gy is one
of five types, according to the structure of the forests f =7\ {e, f,g}:

1. 7/ has x,y, z in the same component;

2. 7’ has two components with x and y in the same component;

3. 7’ has two components with x and z in the same component;

4. 7" has two components with y and z in the same component; or
5. 7’ has three components, containing x,y and z respectively.

The same applies to a tree 7 spanning Ga, depending upon the structure of
f=r\{e. f".g'}

Fori=1...5, let ¥;, let 3; be the sum over all forests f of Gy \ {e, f,g9} =
Ga \{€, [, g’} of type i above of the product of the weights of the edges in f.
Then observe that the total weight of the spanning trees in Gy is

d| (14 70+ 7(6) )1+ @) (6 4 7(0) ) ot ) () + 1l0) ) Bt
160 (7 4 7(0) ) 4+ (Ao,

while the total weight of the spanning trees of G is
) {21 + <T(e/) + r(f’)) Yo + (T(e/) + r(g’)) Y + ((f’) + r(g’)> Yat
() + ) 4 (10l )

Equating the coefficients of >; through X5 gives the following system of five
equations:

ar(f) (r(a) T ilg)) = a(r(e) + r(g/>), (A1)
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Given r(e),r(f),r(g), d, we have five equations to solve for the four unknowns
r(e),r(f),r(¢g"),é and given r(e'),r(f’),r(¢’),d we have five equations to solve for
the four unknowns r(e),r(f),r(g),d.

Given r(e),r(f),7(g),d from the first equation of (A.1) we obtain

d
r(e) +r(f) +r(g)

5:

Then, using the second, third and fourth equation of of (A.1), we can compute:

-
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I
-

: (A.2)

(9)

It remains to verify that the last equations in (A.1) is satisfied:

oy
~

r(g’) 7’(6) +T(f) —I—T(g)

|H

1 1 1
5Te'rf’—i—re'rg’+rf’7"g’):57’e'rf'rg’< - - ),
(H) 4 ) + 00 ) = 83 (i + 2+
which simplifies to dr(e)r(f)r(g) as required.

Similarly, in the case of the Delta-Star transformation, we are given r(e’), ("), r(¢’)
and 8. Since r(e) = LU gy — dHUG) o p(g) = DD e obtain:

dr(f)r(g) dr(e)r(g) dr(e)r(f) 7’
r(e) r(}’)
(/) :Gwmn+mwmﬁwﬁ%@0 T @)
r(9) @)

and as a consequence

d:

(rr 4 7@ re) 41000 ) (o + i + )

that satisfies from the second to the fifth equation of (A.1). In order to verify the
first one, just observe that

(@) +1(0) 4 7(0) = (M) )+ ) (i + 2 o )

and the other edge weights remain unchanged.
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