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Abstract

This paper concerns the long-term behaviour of a system of interacting random
walks labeled by vertices of a finite graph. The model is reversible which allows to
use the method of electric networks in the study. In addition, examples of alternative
proofs not requiring reversibility are provided.
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1 Introduction

Let G be a finite non-oriented graph with n > 1 vertices labelled by 1,2,...,n. Somewhat
abusing notation, we will use G also for the set of the vertices of this graph. Let A = (a;;)
be the adjacency matrix of the graph, that is a;; = a;; = 1 or a;; = 0 according to whether
vertices ¢ and j are adjacent (connected by an edge) or not. If vertices i, j € G are connected
by an edge, i.e. a;; = 1, call them neighbours and write i ~ j. By definition, a vertex is not
a neighbour of itself, i.e a;; = 0 for all i = 1,...,n (i.e. there are no self-loops).

Let Z, be the set of all non-negative integers including zero. Consider a continuous-
time Markov chain, CTMC for short, £(t) = (&1(2),...,&.(t)) € Z7 evolving as follows.
Given £(t) =& = (&,..., &) € Z7, a component &; increases by 1 at the rate

OEHBAD _ o tBY it (1.1)

where a, 5 € R are two given constants. A positive component &; decreases by 1 at constant
rate 1.
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In other words, denoting the rates of the CTMC () by g¢,,, for £, € Z7, we have

ea£i+B(A£)i = 6a§i+6 Zj:jwi gj’ fr] = g + €;,

dem =941, n=2¢&-—e, (1.2)
where e; € ZT} is the i-th unit vector, and ||-|| denotes the usual Euclidean norm.

It is easy to see that if 5 = 0, then CTMC £(¢) is a collection of n independent
reflected continuous-time random walks on Z, (symmetric if also a = 0). In general, the
Markov chain can be regarded as an inhomogeneous random walk on infinite graph Zf.
Alternatively, it can be interpreted as a system of n random walks on Z, labelled by the
vertices of graph G and evolving subject to a nearest neighbour interaction.

The purpose of the present paper is to study how the long term behaviour of CTMC
&(t) depends on the parameters a and [ together with properties of the graph G. In our
main result (Theorem , we give a complete classification saying whether the Markov
chain is recurrent or transient, and in the recurrent case whether it is positive recurrent
or null recurrent. We find phase transitions, with different behaviour in various regions
depending of parameters «, 5 and properties of graph . Furthermore, we give results
(Theorem on whether the Markov chain is explosive or not. (This is relevant for the
transient case only, since a recurrent CTMC always is non-explosive.) These results are
less complete and leave one case open.

It is obvious that CTMC £(t) is irreducible; hence the initial distribution is irrelevant
for our results. (We may if we like assume that we start at 0 = (0,...,0) € Z1.)

CTMC £(t) was introduced in [13], where its long term behaviour was studied in several
cases. In particular, conditions for positive or null recurrence and transience were obtained
in some special cases; these results are extended in the present paper. In addition, the
typical asymptotic behaviour of the Markov chain was studied in some transient cases.

One example of our results is the case @« < 0 and S > 0, which is of a particular
interest because of the following phenomenon observed in [13] in some special cases. If
a < 0 and =0, then, as said above, CTMC &(t) is formed by a collection of independent
positive recurrent reflected random walks on Z,, and is thus positive recurrent. If both
a < 0 and 8 < 0, then the Markov chain is still positive recurrent (as shown below). The
interaction in this case is, in a sense, competitive, as neighbours obstruct the growth of
each other. Now keep o < 0 fixed but let g > 0. If § is positive, but not large, then one
could intuitively expect that the Markov chain is still positive recurrent (“stable”), as the
interaction (cooperative in this case) is not strong enough. On the other hand, if 8 > 0
is sufficiently large, then the intuition suggests that the Markov chain becomes transient
(“unstable”). It turns out that this is correct and that the phase transition in the model
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behaviour occurs at the critical value § = NG where A\ (G) is the largest eigenvalue

/\1‘?40) then the Markov chain is positive recurrent, and if
£ > /\1‘((1|G) then the Markov chain is transient. Moreover, it turns out that exactly at the

of graph G. Namely, if § <




critical regime, i.e., § = %, the Markov chain is non-explosive transient. We conjecture

that if § > /\1‘?‘|G), then it is explosive transient. This remains as an open problem in
the general case (see Remark below). Another important contribution of this paper

to the previous study of the Markov chain is a recurrence/transience classification in the
case a = 0 and § < 0. This case was discussed in [13] only for the simplest graph with two
vertices. We show that in general there are only two possible long term behaviours of the
Markov chain if &« = 0 and f < 0. Namely, CTMC &(t) is either non-explosive transient or
null recurrent, and this depends only on the independence number of the graph G.

We also consider some variations of the Markov chain defined above. First, we include
in our results the Markov chain above with dynamics obtained by setting f = —oo (with
convention 0 - co = 0). In other words, a component cannot jump up (only down, when
possible), if at least one of its neighbours is non-zero; this can thus be interpreted as
hard-core interaction. See Section [3.3] for more details on this hard-core case.

In Section [5| we consider the discrete time Markov chain (DTMC) ((t) € Z7 that
corresponds to CTMC £(t), i.e. the corresponding embedded DTMC. We show that our
main results also apply to this DTMC.

Finally, in Section [7, we study the CTMC with the rates given by

6a£i7 n = 5 + €,
6757"7 = e_ﬁzj:jwi gja n= 6 — €, (13>
0, [l — &l # 1.

We show that similar results holds for this chain, although there is a minor difference.

We use essentially the method of electric networks in our proofs; this is possible since
the CTMC £(¢) is reversible (see Section [3.1). The use of reversibility was rather limited
in [13], where the Lyapunov function method and direct probabilistic arguments were the
main research techniques. In addition, we provide examples of alternative proofs of some of
our results based on the Lyapunov function method and renewal theory for random walks.
The advantage of these alternative methods is that they do not require reversibility and
can be applied in more general situations. Therefore, the alternative proofs are of interest
on their own right.

Remark 1.1. In the case a = § = 0, all rates (1.1) equal 1, and the Markov chain is a
continuous-time simple random walk on Z'. It is known that a simple random walk on
the octant Z is null recurrent for n < 2 and transient for n > 3; this is a variant of the
corresponding well-known result for simple random walk on Z", and can rather easily be
shown using electric network theory, see Example below.

Remark 1.2. We allow the graph G to be disconnected. However, there is no interaction
between different components of GG, and the CTMC &(t) consists of independent Markov
chains defined by the connected components of G. Hence, the case of main interest is when
G is connected.



Remark 1.3. The case when GG has no edges is somewhat exceptional but also rather trivial,
since then the value of [ is irrelevant, and £(t) consists of n independent continuous-time
random walks on Z,; in fact, £(¢) then is as in the case § = 0 for any other G with n
vertices. In particular, if G has no edges, we may assume 3 = 0.

Remark 1.4. CTMC £(t) is a model of interacting spins and, as such, is related to models
of statistical physics. The stationary distribution of a finite Markov chain with bounded
components and the same transition rates is of interest in statistical physics. In particular, if
components take only values 0 and 1, then the stationary distribution of the corresponding
Markov chain is equivalent to a special case of the famous Ising model. One of the main
problems in statistical physics is to determine whether such probability distribution is
subject to phase transition as the underlying graph indefinitely expands. In the present
paper, we keep the finite graph G fixed, but allow arbitrarily large components &;. We then
study phase transitions of this model, in the sense discussed above.

2 The main results

In order to state our results, we need two definitions from graph theory. We also let e(G)
denote the number of edges in G.

Definition 2.1. The eigenvalues of a finite graph G are the eigenvalues of its adjacency
matrix A. These are real, since A is symmetric, and we denote them by A;(G) > \o(G) >
-+ > M(@G), so that A\; := A\ (G) is the largest eigenvalue.

Note that A\;(G) > 0 except in the rather trivial case e(G) = 0 (see Remark [1.3).

Definition 2.2. (i) An independent set of vertices in a graph G is a set of the vertices
such that no two vertices in the set are adjacent. (I.e., no pair of vertices in the set
are joined by an edge of G.)

(ii) The independence number k = k(G) of a graph G is the cardinality of the largest
independent set of vertices.

For example, if G is a cyclic graph C,, with n vertices, then kK = |n/2].
The main results of the paper are collected in the following theorem, which generalises
results concerning positive recurrence of the Markov chain obtained in [13].

Theorem 2.3. Let —oc0 < a < 00 and —oo < ff < 00, and consider the CTMC &(t).
(i) If a <0 and a+ A (G) <0, then £(t) is positive recurrent.
(i) &(t) is null recurrent in the following cases:

(a) =0, <0 and k(G) < 2,



(b) a=p=0andn <2,
(¢c) a=0,8>0,eG) =0andn <2.
(iii) In all other cases, £(t) is transient. This means the cases
(a) a>
(b) a =0, B>0 and e(G) > 0,
(c) a=0,5>0,eG)=0andn > 3,
(d) a=p=0andn >3,
)
)

Q

(e) a=0, <0 and k(G) > 3,
(f) a <0 and o+ A (G) > 0.

Theorem [2.3]is summarized in the diagram in Figure

B <0 £>0

Oé—|—6>\120

k>3 n <2

( Null Rec. ) Cl‘rans ) < ull R@ ( Trans. )

Figure 1: The different phases for the CMTC &(¢). (Ignoring a trivial exception if e(G) = 0,
a =0 and > 0, see Remark )

Remark 2.4. Theorem [2.3|shows that the behaviour of the Markov chain has the following
monotonicity property: if the Markov chain is transient for some given parameters (ag, o),
then it is also transient for all parameters (o, 5) such that o > ag and 8 > 5. This
can also easily be seen directly using electric networks as in Section [3.2], see the proof of

Lemma [4.8

Remark 2.5. There is a vast literature devoted to a graph eigenvalues. In particular,
there are well known bounds for the largest eigenvalue A\;. We give two simple examples



where the largest eigenvalue \; easily can be computed explicitly, which allows us to rewrite
the conditions of Theorem in the case @ < 0 in more explicit form. These examples
basically rephrase results previously obtained in [I3, Theorems 4 and 6].

Example 2.6. Assume that G is a regular graph, i.e., a graph with constant vertex degrees
v, say. Then A\ = v. Hence, the Markov chain is positive recurrent if and only if a < 0
and a4 fr < 0. If a < 0 and o + v > 0, then the Markov chain is transient.

Example 2.7. Assume that the graph G is a star Ky, with m = n — 1 non-central
vertices, where m > 1. A direct computation gives that \; = y/m. Hence, the Markov
chain is positive recurrent if and only if @ < 0 and a+8+y/m < 0. If @ < 0 and a+£/m > 0,
then the Markov chain is transient.

We consider also two examples with o = 0 and < 0, when the independence number
k(QG) is crucial.

Example 2.8. Let, as in Example[2.7] G be a star Ky, where m > 1. Then «(G) = m =
n — 1. Assume that & = 0 and 8 < 0. Then, the Markov chain is null recurrent if n < 3,
and transient if n > 4.

Example 2.9. Let G be a cycle C,,, where n > 3. Then k(G) = |n/2]. Assume that « =0
and 8 < 0. Then, the Markov chain is null recurrent if n <5, and transient if n > 6.

3 Preliminaries

3.1 Reversibility of the Markov chain
Define the following function
O o 1 «
W) =53 &&—-1D)+8 Y &&= (@B +BAEE - TSE), ezl (1)
i=1 i\j: g
where the second sum is interpreted as the sum over unordered pairs {i, j} (i.e, a sum over

the edges in G), (-,-) is the Euclidean scalar product, F is the unit n x n matrix, A is the
adjacency matrix of the graph G and

S(§) = Zfz’- (3.2)
i=1
A direct computation gives the detailed balance equation
OEHBAD W (E) _ W (Eter) (3.3)

fori=1,...,n and £ € Z7. Note that, recalling (1.2)), (3.3)) is equivalent to the standard
form of the balance equation

Gene”® = gpee” ™, & el (3.4)
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Hence, means that the Markov chain is reversible with invariant measure u(§) := eV,
§eZl.

The explicit formula for the invariant measure p enables us to easily see when g is
summable, and thus can be normalised to an invariant distribution (i.e., a probability
measure); we return to this in Lemma [4.13]

Remark 3.1. Recall that a recurrent CTMC has an invariant measure that is unique up
to a multiplicative constant, while a transient CTMC in general may have several linearly
independent invariant measures (or none). We do not investigate whether the invariant
measure /4 is unique (up to constant factors) for our Markov chain also in transient cases.

3.2 Electric network corresponding to the Markov chain

Let us define the electric network on graph Z7 corresponding to the Markov chain of
interest. According to the general method (e.g., see [2] or [6]) the construction goes as
follows. First, suppose that 8 > —oo. Given § = (&1,...,&,) € Z} replace each edge

{g_eiaf} :{(61)527-"7&_17'-'7671)7 (61)527“'7&7"'7571)}7 1= 1?"'7”7

(assuming & > 1) by a resistor with conductance (resistance™!) equal to

Cg_ehg = 6W(§). (35)

Note that C¢_, ¢ does not depend on i in our case. Also, Cp o, = e'V(€)

=1, i.e., the edges
connecting the origin 0 with e; have conductance 1, and thus resistance 1 (Ohm, say).

We denote the network consisting of Z'} with the conductances by 'y g,g. Other-
wise, we will for convenience sometimes denote an electric network by the same symbol as
the underlying graph when it is clear from the context what the conductances are.

Let N(I') be an electric network on an infinite graph I'. The effective resistance R, (') =
R (N(T")) of the network is defined, loosely speaking, as the resistance between some fixed
point of T, which in our case we choose as 0, and infinity (see e.g. [2], [6] or [8] for more
details). Recall that a reversible Markov chain is transient if and only if the effective
resistance of the corresponding electric network is finite. Equivalently, a reversible Markov
chain is recurrent if and only if the effective resistance of the corresponding electric network
is infinite.

A common approach to showing either recurrence or transience of a reversible Markov
chain is based on Rayleigh’s monotonicity law. In particular, if N(I") is a subnetwork of
N(TI'), obtained by deleting some edges, then R (I') < R (I"). Therefore, if R (I') < o0,
then R (I') < oo as well, and thus the corresponding Markov chain on IT' is transient.
Similarly, if the network N(I') is obtained from N(I') by short-circuiting one or several
sets of vertices, then R (I") < R (I'). Hence, if Roo(I') = 00, then Ry (I") = oo as well,
and the corresponding Markov chain on I' is recurrent.



Example 3.2. We illustrate these methods, and give a flavour of later proofs, by showing
how they work for a simple random walk (SRW) on Z7, which as said in Remark|1.1|is the
special case @ = 8 = 0 of our model. The corresponding electric network has all resistances
equal to 1.

First, we obtain a lower bound of R (Z") by some short-circuiting. (See [2, page 76],
or the Nash-Williams criterion and Remark 2.10 in [8, pages 37-38].) Let, recalling (3.2)),

Vi ={zxe€Z}:S(x)=L}, L=01,..., (3.6)

and let I'” be the network obtained from Z" by short-circuiting each set V;, of vertices; we
can regard each V, as a vertex in I'". Then we have < L"! resistors in parallel connecting
Vi—1 and V. As a result, their conductances (i.e. inverse of resistance) sum up; hence the
effective resistance R between V;_; and V}, is < ﬁ Now I'” consists of a sequence of
resistors Ry, in series, so we must sum them; consequently the resistance of the modified

network is

(I = Z Ry = 1_ (3.7)

If n =1 or n = 2, this sum is infinite and thus R ( ") > Ro(I'") = oo; hence the SRW
is recurrent.

On the other hand, if n > 3, one can show that the random walk is transient. See, for
example, the description of the tree NTj 5849 in [2, Section 2.2.9], or the construction of
a flow with finite energy in [8, page 41] (there done for Z", but works for Z” too), for a
direct proof that R.(Z") < oco. An alternative argument uses the well-known transience
of SRW on Z™ (n > 3) as follows. Consider a unit current flow from 0 to infinity on
Z". By symmetry, for every vertex (zi,...,x,) € Z", the potential is the same at all
points (£xy,...,+x,). Hence we may short-circuit each such set without changing the
effective resistance R,,. The short-circuited network, I'” say, is thus also transient. However,
I can be regarded as a network on Z7 where each edge has a conductance between 2
and 2" (depending only on the number of non-zero coordinates). Hence, by Rayleigh’s
monotonicity law, R (Z") < 2"R(I'") < 00, and thus the SRW is transient.

3.3 The hard-core interaction

Let us discuss in more detail the model with hard-core interaction, i.e. § = —oo. Then a
component &; can increase only when &; = 0 for every j ~ ¢, and it follows that the set

o= {€ € 2" : & = 0 when i ~ j} (3.8)

is absorbing, i.e., if the Markov chain £(t) reaches €, then it will stay there forever. In
particular, if the chain starts at 0, then it will stay in I'g. Moreover, it is easy to see that
given any initial state, the process will a.s. reach I'g at some time (and then thus stay in I'y).
Hence, any state § € ZT} \ I'y (i.e., with at least two neighbouring non-zero components)
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is a non-essential state, and the long-term behaviour of (t) depends only on its behaviour
on ['y.

Therefore, in the hard-core case we consider the Markov chain with the state space I'y.
This chain on I'y is easily seen to be irreducible.

Note that I'y is the set of configurations such that (A, &) = 0, where A is the adjacency
matrix of graph G. Equivalently, a configuration ¢ belongs to I'y if and only if the set
{i : & > 0} is an independent set of vertices in G (see Definition [2.2)).

Remark 3.3. In the special case a = 0, the Markov chain with the hard-core interaction
B = —o0 can be regarded as a simple symmetric random walk on the subgraph I'y C Z}.
In this special case, yields W (&) = 0 for every £ € Iy, so by (3.9)), the conductance
of every edge in I'g is 1. We may also regard this network as a network on Z7 with the
conductance for edge {£ — ey, £} defined by

C _ Loif Zi,j: invj §i&; =0,
et 07 1f Zi,j: inj élgj 7£ O?

where the second case simply means that the edge is not wired.

(3.9)

4 Proof of Theorem 2.3

In this section we prove Theorem by proving a long series of lemmas treating different
cases. Note that we include the hard-core case § = —oo. (For emphasis we say this
explicitly each time it may occur.) Recall that I', g denotes Z' regarded as an electrical
network with conductances corresponding to the CTMC £(¢).

As a first application of the method of electric networks we treat the case o > 0.
Lemma 4.1. If a >0 and —oo < < 00, then the CTMC &(t) is transient.

Proof. Consider the subnetwork of I'y g ¢ consisting of the axis I" = Z,e; = {x € Z7} : x; =
0,4 # 1}. For k > 1, the conductance on the edge connecting (k — 1)e; = (k —1,0,...,0)

and ke; = (k,0,...,0) is by (3.5) and (3.1)) equal to

6I/V(kel) — Q%k(k—l); (41)

k=1)

hence the resistance is e~ 2% Since the resistors in I are connected in series, the

effective resistance of this subnetwork is
Reo(I") =) e 2" < oo, (4.2)
k=1

as o > 0. Therefore, the effective resistance of the original network I', 5 ¢ is also finite.
Consequently, the Markov chain is transient. O



We give similar arguments for the other transient cases. Recall that A is a non-negative
symmetric matrix with eigenvalues Ay, ..., \,. Thus there exists an orthonormal basis of
eigenvectors v; with Av, = \;v;, i« = 1,...,n. By the Perron-Frobenius theorem v; can
be chosen non-negative, i.e. vi € R%}. (If G is connected, then v; is unique and strictly
positive.)

Lemma 4.2. If a <0 and o+ BN\ > 0, then the CTMC £(t) is transient.

Proof. For each t > 0, define z(t) := tvy and y(t) := (|z1(t)], ..., |za(t)]). By construc-
tion, y(t) is piecewise constant. Let yo = 0,y1, ¥, ... be the sequence of different values of
y(t), where at each t such that two or more coordinates of y(¢) jump simultaneously, we in-
sert intermediate vectors, so that only one coordinate changes at a time, and ||yx+1 —yk|| = 1
for all k. Then S(yx), the sum of coordinates of yg, is equal to k, and thus k/n < |jyx| < k.
Furthermore, for each k there is a t; such that ||yx — y(t)|| < n, and thus

lye — tevill = llye — z(te)[| = O(1). (4.3)

Express yj in the basis vi,...,v, as yx = Y., ay;v;; then (4.3) implies a;; = O(1) for
1 # 1. Thus

n

(0B + BA)yk,ye) = > (a+ BN)az, = (a+ BAi)ai, + O(1) > O(1), (4.4)

i=1
since o + A1 > 0 by assumption. Therefore, by (3.1)),

Q a
W) > ~ 250 +0(1) = 2k o), (4.5
Consider the subnetwork IV C T', 3¢ formed by the vertices {y;}. The resistance of the

edge connecting y,_1 and y; is equal to
lal

Ry =e W) < Ce 2k, (4.6)

so that the effective resistance of the subnetwork R (I') = >, Ry < co. Hence Ry (I'ap¢) <
oo and the Markov chain is transient. O

Lemma 4.3. If a =0, >0 and e¢(G) > 0, then the CTMC &(t) is transient.

Proof. We do exactly as in the proof of Lemma up to (4.4). Now a = 0, so (4.5)
is no longer good enough. Instead we note that (4.3) implies ax1 = ¢ + O(1) and also
k= S(yr) = S(z(tx)) + O(1) = Ct), + O(1), where C' = S(v;) > 0. Thus, with ¢ = C™!,

ap1 =t +O(1) =ck+ O(1). (4.7)

Furthermore, A; > 0 since e(G) > 0, and thus (3.1]), (4.4) and (4.7)) yield, recalling oo = 0,
1

W(ye) = 58N (ck + O(1))* + O(1) > ¢,k (4.8)

for some ¢; > 0 and all large k.
It follows again that the subnetwork I := {y;} has finite effective resistance, and thus
the Markov chain is transient. [l
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Alternatively, several other choices of paths {yx} could have been used in the proof of
Lemma [4.2] for example {(k,1,0,...,0) : k > 0}.

Lemma 4.4. If a =0, =0 and n > 3, then the CTMC £(t) is transient.

Proof. As said in Remark[l.T]and Example[3.2] in this case, the Markov chain is just simple
random walk on Z , which is transient for n > 3. O

Lemma 4.5. If a =0, § >0, e(G) =0 and n > 3, then the CTMC &(t) is transient.

Proof. When e(G) = 0, the parameter [ is irrelevant and may be changed to 0. The result
thus follows from Lemma [4.4] O

Lemma 4.6. If a =0, f > —oc and k > 3, then the CTMC &(t) is transient.

Proof. Since k > 3, there are three vertices of the graph G not adjacent to each other;
w.l.o.g. let them be 1, 2 and 3. Consider the subnetwork

I’ .= Zi X {O}n—S = {(61,52,53,0, - ,O)} C F() C Fa,ﬁ,G = Zﬁ_ (49)

By (3.1), we have in this case W (§) = 0 for every £ € I”, and thus implies that in the
corresponding electrical network all edges in I have conductance 1, and thus resistance
1. Hence, the Markov chain corresponding to the network I" is simple random walk on
I" = Z%. By Remark and Example , a simple random walk on the octant Z?3 is
transient, and thus Roo(I") = Roo(Z3) < co. Consequently, Roo(Tapc) < Reo(I”) < o0,
and thus the Markov chain is transient. O

We turn to proving recurrence in the remaining cases.
Lemma 4.7. If a <0, a+ )\ <0 and > 0, then the CTMC £(t) is recurrent.

Proof. Let § = —(av+ A1) > 0. The eigenvalues of the symmetric matrix aF + SA are
a+ BN <a+pr =—0,i=1,...,n. Thus, by (3.1),

1 a ) ||

W) = §<(OzE + BA)E, &) — 59 = —§<§,§> +55(8). (4.10)

We now argue as in Example [3.2] Let again V;, be defined by (3.6), and let I be the

network obtained from I'y g ¢ by short-circuiting each set Vi, of vertices. For £ € Vi, we

have by the Cauchy—Schwarz inequality L? = S(£)? < n(¢,€), and thus by (4.10]) and (3.5)),

the conductance
Ce o e =V < i < Qe (4.11)

for some positive constants ¢, C'.

For L > 1, there are O(L" ') vertices in V;, and thus O(L"!) edges between V7,_; and
Vi,. When short-circuiting each V7, we can regard each Vy as a single vertex in I'”; the
edges between V;_; and V}, then become parallel, and can be combined inte a single edge
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between V;,_; and V. The conductance, C}, say, of this edge is obtained by summing the
conductances of all edges between V7,_; and V7, (since they are in parallel), and thus

Cp=O0(L") - 0(e™) = 0(1). (4.12)

Consequently, the resistances C’L_1 are bounded below, and since I'” is just a path with
these resistances in series,

Re(I") =) C;' =0, (4.13)
L=1

As explained in Section , this implies that R (I'a.5,¢) = 0o and that the Markov chain
&(t) is recurrent. O

Lemma 4.8. If a <0, a+ )\ <0 and —oo < 3 <0, then the CTMC &(t) is recurrent.

Proof. We use monotonicity. If we replace 8 by 0, then Lemma [4.7] applies; consequently,
Ro(Ta06) = 00. On the other hand, if W;(&) is defined by with /8 replaced by 0,
then W (&) < Wo(&) (since B < 0), and thus by (3.F)), each edge in I', g has at most the
same conductivity as in I'y o ¢. Equivalently, each resistance is at least as large in I', g ¢ as
in I', 0., and thus by Rayleigh’s monotonicity law, Ry (s 56) > Roo(Ia0.6) = 00. Hence,
the Markov chain is recurrent. O

Lemma 4.9. If a =0, =0 and n < 2, then the CTMC £(t) is recurrent.
Proof. See Remark [1.1] and Example [3.2 O
Lemma 4.10. If a =0, —o00 < <0 and k < 2, then the CTMC &(t) is recurrent.

Proof. We assume that n > 3; the case n < 2 follows by a simpler version of the same
argument (taking u = 0 below), or by Lemma and Rayleigh’s monotonicity law as in
the proof of Lemma [4.8|

The assumption x < 2 implies that amongst any three vertices of the graph there are
at least two which are connected by an edge.

Let b:= —f > 0. Then, since a = 0, (3.1 yields

W(x) = —;(Ax, x) = —b Z XX, x 7. (4.14)

i,j: invj
Let again V}, be defined by ({3.6)), short-circuit all the vertices within each V7, and denote
the resulting network by I'. We can regard each V7, as a vertex of I'”.

Fix L € Z, and consider x = (z1,...,x,) € V. Let us order the components of x
in decreasing order: x(y > x) > x3) = -+ = T(y) = 0. Denote x(3) = u; then, by con-
struction, v € {0,1,...,|L/3]}. Among the three vertices corresponding to xn), (2), Z(3)

at least two are connected, so that we can bound

W(x)=—b Z zix; < —bu’. (4.15)

i.ji i
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Hence, by (3.5]), the conductance of each of the resistors coming to x from V7,_; is bounded
above by e, Next, the number of such x € V;, with 2(3) = u is bounded by n! (u-+1)""3L,

as there are at most u + 1 possibilities for each of x4, z(s), ..., T(n), at most L possibilities
for z(y) and then z() = L — Z?>2 x(;) is determined, and there are at most n! different
orderings of z; for each z(y),. .., xx).

All these resistors are in parallel, so we sum their conductance to get an effective con-
ductance between V7, and V7, which is thus bounded above by

L
n! LZ(u +1)" e ™ < C(n,b)L, (4.16)

u=1

for some C'(n,b) < co. (Thus, the conductance between V7,1 and V7, is of the same order
as in the case Zi in Example ) Hence, the effective resistance Ry, between V;_; and V,
is bounded below by c¢L~!, and thus

o0 (o] 1
Ro(I")=) Ry >c)»_ 7 =00 (4.17)
L=1 L=1
Finally, Reo(I'a5.¢) > Roo(I'") = 00, and the chain is therefore recurrent. O

Lemma 4.11. If a =0, 5 >0, ¢(G) =0 and n < 2, then the CTMC &(t) is recurrent.
Proof. Since e(G) = 0, we may replace 3 by 0; the result then follows from Lemma[4.9 O

This completes the classification of transient and recurrent cases. We proceed to dis-
tinguish between positive recurrent and null recurrent cases; we do this by analysing the
invariant measure p(¢) = ¢"(© and in particular its total mass

Zopa = Z W) — Z 3 (@B+BAEH=aS(©) < (4.18)

§eZ §ELY

Note that if Z7 = Z,3¢ < oo, then the invariant measure p can be normalised to an
invariant distribution Z—'e"'(©. Furthermore, recall that an irreducible CTMC is positive
recurrent if and only if it has an invariant distribution and is non-explosive.

Remark 4.12. In general, a CTMC may have an invariant distribution and be explosive
(and thus transient), see e.g. [10, Section 3.5]; we will see that this does not happen in our
case. In other words, our CTMC is positive recurrent exactly when Z, 3 < 0o. See also
Section [Bl

Lemma 4.13. Let —0o < av < 00 and —o0 < B < 00. Then Zy,pa < oo if and only if
a <0 and a+ A <0.

13



Proof. We consider four different cases.
Case 1: o> 0. By ([4.1)), e Wiker) = e3k=1 > 1 and thus Zy 6 > > e, €V *e) = o0.

Case 2: a < 0 and a+ A1 > 0. Let y, be as in Lemma Then (4.5) applies and implies
in particular W (y,) > —C' for some constant C. Hence,

o
aﬂGZZ W) >

k=1

e (4.19)

00
k=1

Case 8: a <0, a+ A\ <0 and f > 0. The estimate (4.11)) applies for every £ € V1, and
since the number of vertices in Vy, is O(L"™!) for L > 1, we have

Zopa=1+3 Y O <14> L te < o0, (4.20)

L=1¢&eVy, L=1

Case 4: a < 0, a+ A <0 and —oo < § < 0. We use monotonicity as in the proof of
Lemma . Let again Wy(&) be given by with 8 replaced by 0. Then, since 5 < 0,
W(&) < Wy(§) and thus Z, 56 < Zaoe. Furthermore, Z, o < oo by Case Hence,
ZQW&G < 00. ]

Lemma 4.14. (i) If a <0 and o+ A <0, then the CTMC £(t) is positive recurrent.
(i) If a =0, —00o < B <0 and k < 2, then the CTMC &(t) is null recurrent.
(i) If a =0, 8 =0 and n <2, then the CTMC &(t) is null recurrent.
(iv) If a =0, >0, e(G) =0 and n < 2, then the CTMC £(t) is null recurrent.

Proof. In all four cases, the Markov chain is recurrent, by Lemmas [4.7] [4.10] [4.17]
Hence the chain is non-explosive, and the invariant measure is unique up to a constant
factor; furthermore, the chain is positive recurrent if and only if this measure has finite
total mass so that there exists an invariant distribution. In other words, in these recurrent
cases, the chain is positive recurrent if and only if Z, 3¢ < co. By Lemma this holds

in case (i)} but not in (iv)) O
Proof of Theorem[2.3. The theorem follows by collecting Lemmas [4.1}4.6] and [4.14] O

5 The corresponding discrete time Markov chain

In this section we consider the discrete time Markov chain (DTMC) ((t) € Z" that corres-
ponds to the CTMC £(t), i.e. the corresponding embedded DTMC. Note that we use ¢ to
denote both the continuous and the discrete time, although the two chains are related by
a random change of time.

14



Recall that the transition probabilities of DTMC ((¢) are proportional to corresponding
transition rates of CTMC &(¢). Thus, if the rates of £(t) are gg,, given by (1.2)), and
Ce,, = C, ¢ are the conductances given by (with C¢, = 01if || —n|| # 1), and further
e =D e Qe and Cg =3 C¢,, then the transition probabilities of ((t) are

_ %n _ Cen

5.1
w«  C (5.1)

Den -
It is obvious that a CTMC is irreducible if and only if the corresponding DTMC is,
and it is easy to see that the same holds for reversibility. Similarly, since a CTMC and
the corresponding DTMC pass through the same states (with a random change of time
parameter), if one is recurrent [or transient|, then so is the other. However, in general,
since the two chains pass through the states at different speeds, one of the chains may be
positive recurrent and the other null recurrent. (Recall that many different CTMC have
the same embedded DTMC, and that some of them may be positive recurrent and others
not.) In our case, there is no such complication.

Theorem 5.1. The conclusions in Theorem [2.5 hold also for the DTMC ((t).

Before proving the theorem, we note that it follows from (5.1)) that the DTMC ((¢) is
reversible with an invariant measure

AE) := Ce. (5.2)

We denote the total mass of this invariant measure by

Zopc = Z Ce = Z Z Cep = 22 Z Ceroe, = 22\{@ &> 04O (5.3)
13

§eLy & mn~§ £ 1:§>0

Consequently,
Za,B,G -1 S Z%@G S 27’LZa7ﬂ7g. (54)

Lemma 5.2. Let —oo < av < 00 and —oo < f < oo. Then /Z\a’67G < 00 if and only if o < 0
and o + A1 < 0.

Proof. Immediate by (5.4) and Lemma [£.13| O

Proof of Theorem[5.1. As said above, ((t) is transient precisely when £(¢) is.
A DTMC is positive recurrent if and only if it has an invariant distribution, and then
every invariant measure is a multiple of the stationary distribution. Hence, ((t) is positive

~

recurrent if and only if the invariant measure 7i(§) has finite mass, ie., if Z, 54 < o0.
Lemma shows that this holds precisely in case of Theorem , i.e., when &(t) is
positive recurrent. O
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Remark 5.3. We can use the DTMC ((¢) to give an alternative proof of Lemma [4.14)(i)

~

without Lemmas . Assume o < 0 and o 4 BA; < 0. Then, by Lemma E, Zapa <
oo. Hence, the DTMC ((¢) has a stationary distribution and is thus positive recurrent.
(Recall that this implication holds in general for a DTMC, but not for a CTMC, see
Remark [4.12]) Hence &(t) is recurrent, and thus non-explosive. Furthermore, Lemma [4.13]
shows that also Z, ¢ < 0o, and thus also £(t) has a stationary distribution. Since £(%) is
non-explosive, this implies that £(t) is positive recurrent.

6 Explosions

It was shown in [13] that in most of the transient cases in Theorem the CTMC &()
is explosive. (Recall that a recurrent CTMC is non-explosive.) We complement this by
exhibiting in Lemma one non-trivial transient case where £(t) is non-explosive.

Recall also the standard fact that if, as above, g¢ := Zn qe n 1s the total rate of leaving &,
and ((t) is the DTMC in Section then &(t) is explosive if and only if Y7, qc_é) < oo with
positive probability. In particular, £(¢) is non-explosive when the rates g¢ are bounded.

Combining these results, we obtain the following partial classification, proved later in
this section. Let v; denote the degree of vertex i € GG, and note that

miny; < A\; < max ;. (6.1)

Theorem 6.1. Let —0o < a < 00 and —oo < < 00, and consider the CTMC &(t).
(i) &£(t) is non-explosive in the following cases:

(a) a <0 and o+ A (G) <0,
(b) =0 and <0,
(¢c) a=0,5>0 ande(G) =0.
(t)
(
(

(i1) &(t) explodes a.s. in the following cases:

a) a>0,
b) a=0, >0 and ¢(G) > 0,

(¢) a <0 and o + fmin; v; > 0.

)
)

Remark 6.2. Theorem gives a complete characterization of explosions when the graph
G is regular, i.e., y; is constant, since then min; v; = Ay, see (6.1)).
For other graphs GG, Theorem leaves one case open, Viz.

a<0 and a+fminy; <0< a+ BMN(G) (6.2)

(and, as a consequence, 3 > 0). We conjecture that £(¢) always is explosive in this case,
but leave this as an open problem. (Our intuition is that in this case, which is transient
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by Theorem , €(t) will tend to infinity along a path that stays rather close to the line
{svi:s € R} in R", and that the rates g. are exponentially large close to this line.)

Lemma 6.3. If o < 0 and o+ A (G) = 0, then the CTMC &(t) is transient and non-
explosive.

We prove first an elementary lemma.

Lemma 6.4. Define the functions ¢, : R — R and &,V : R" — R by, with u =

(g, ...y Up),
o(u) :==e"+1, Y(u) == u(e" — 1), (6.3)
O(u) =Y d(uy), V(u) =Y o(u). (6.4)

i=1 1=1
Then ¥(u)/®(u) — 400 as |[ul| — oo.

Proof. Note that ¢(u) > 0 and ¢(u) > 0 for all v € R, and that ¢ (u)/¢(u) — +o0 as
u — Eo0.

Fix B > 0. Then ¢¥(u) — Bé(u) > 0 if |u| is large enough, and thus there exists a
constant C' = C'(B) > 0 such that ¢)(u) — Bp(u) > —C for all u € R. Consequently, for
any u € R",

Zng ;) <Z (u;) + C) = ¥(u) + nC. (6.5)

Furthermore, ¢(u) — 400 as u — £00, and thus ¥(u) — 400 as ||ul]| — oo. Consequently,
there exists M = M(B) such that if ||ul| > M, then ¥(u) > nC, and hence, by (6.5)),
B®(u) < 2¥(u), i.e., U(u)/P(u) > B/2. Since B is arbitrary, this completes the proof. [

Proof of Lemmal[6.5 The CMTC £(¢) is transient by Theorem [2.3(iii) (f)] (Lemma 4.
Let

Qx) = %((aE +BAXX),  x€ERT (6.6)

be the quadratic part of W (x) in . Let, as in Section I 4l vy, ..., v, be an orthonormal
basis of eigenvectors of A with Av, = A\yvy. The assumptions imply > 0 and thus, for
any k <n, a+ A\ < a+ A = 0. Hence, for any vector x = > 7', cxVy,

n

Q) = 5 (0 + BA)e < 0. (6.7)

k=1

In other words, Q(x) is a negative semi-definite quadratic form on R™.
We denote the gradient of Q(x) by U(x) = (Ui(x),...,U,(x)). Thus, by (6.6),

U(x):=VQ(x) = (aF + A)x. (6.8)
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It follows from and that, for any x € R™,

Qx te) = Qx) + Qe)) £ ((aE + BA)x, &) = Q(x) + % + U (x). (6.9)

Let @’ := —a/2 > 0. Since W (x) = Q(x) +a'S(x) by (3.1)), and S(x) is the linear function
(13.2)), it follows from that

W(x+te)—W(kx) =Qx+te)—Q(x)+dS(e;) =+xUi(x)—a +d. (6.10)
In particular, for £ € Z7, the rate of increase of the i-th component is, by (1.2)) and (3.3,

Gegro; = W (Ete)=W(&) _ ,Ui(€) (6.11)

Fix £ € Z7 and consider the DTMC ((t) started at ((0) = &, and the stochastic process

Qc(t) == Q(¢(t)), t € Zy. Denote the change of Q¢(t) in the first step by AQ(0) :=
Qc(1) — Q¢(0). Then the expected change of Q.(t) in the first step is, using (6.9), (5.1)),

(1.2) and (6.11)),
E(AQ:(0) [ C(0) =€) = pen(Qn) — Q)

N Z <P§7§+ei (Ui(€) = @') + Pege, (=Ui(€) — a/>>

=g > (HOUE) — 1en0lil6) ) — (6.12)

i=1

where 1¢ denotes the indicator of an event £. Furthermore, using (6.11)) and the notation

©-4).

n n

e := Z(Qg,ﬁei + Geg-e) = Z(eUi(é) + 1g,50) < O(U(E)). (6.13)

i=1 i=1
(With equality unless some & = 0.) Moreover, if & = 0, then implies U;(¢) =
B> i€ = 0. Hence, (6.12) yields

n

E(AQc(0) [ ¢(0) =€) > g' Y (" OUi(€) —Ui(€)) —d' >
(AQc(0) | ¢(0) =€) gi;( © = Ui6) ~ o' 2 )
Lemma now implies the existence of a constant C such that if |U(&)|| > C4, then

E(AQc(0) | ((0) =€) > 0.
We have, as in (6.7), with wy := a 4+ S < 0, the eigenvalues of aF + S A,

YuE) (6.14)

Q(x) = % D wilx, vi)?, (6.15)
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and it follows that the gradient U(x) can be expressed as

U(x) = ZWMX, Vi) Vi, (6.16)
k=1
and thus .
TP =) wiix, vi)*. (6.17)

Comparing (6.15) and (6.17)), and recalling wy, < 0, we see that

2minwy| - [Q(x)] < [U)|* < 2max fwyl - |Q(x)]. (6.18)
Hence, the result above shows the existence of a constant C5 such that

f Q)] = o then E(AQ(0) | C(0) =€) > 0. (6.19)

Fix m > 0 and consider ((t) for ¢ > m. Define the stopping time 7, := inf{t >
m : |Q¢(t)] < Cy}. Then and the Markov property imply that the stopped process
—Q¢(tATy), t > m, is a positive supermartingale. (Recall that Q¢(¢) < 0 by (6.7).) Hence,
this process converges a.s. to a finite limit. In particular, if we define the events &,, :=
{lQc(t)] > Cy for every t > m} and & = {|Q(t)] — o0 as t — oo}, then P(£, NE’) = 0.
Clearly, & :=J>_, £’ N&,,. Consequently, P(£') = 0.

We have shown that a.s. |Q¢(t)| = |Q({(t))| does not converge to co. In other words, a.s.
there exists a (random) constant M such that |Q(¢(¢))| < M infinitely often. By and
(6.13), there exists for each M < oo a constant C5(M) < oo such that |Q(€)| < M implies
ge < C3(M). Consequently, a.s., gepy < C3(M) infinitely often, and thus >,°, qc_(i) = 00,
which implies that £(¢) does not explode.

Remark 6.5. Note that if « < 0, § > 0 and o+ A\ < 0, then the function ) defined
in (6.6) is negative definite, so that Q(x) := —Q(x) — oo as ||x|| — oco. Therefore, it
follows from equation that the CTMC £(t) is positive recurrent by Foster’s criterion
for positive recurrence (e.g. see [9, Theorem 2.6.4]). In other words, the function @ can be
used as the Lyapunov function in Foster’s criterion for showing positive recurrence of the
Markov chain in this case. In fact, function Q was used in Foster’s criterion to show positive

recurrence of the Markov chain in the following special case a < 0 and a + fmax; v; < 0
in [13 Section 4.1.1].

Proof of Theorem[6.1. The non-explosive case[(i)(a)| follows from Theorem [2.3(1)| when o+
BA1(G) < 0 (then the chain is positive recurrent), and from Lemmal6.4 when a+ 5\ (G) =

0. The other non-explosive cases |(i)(b)| and |(i)(c)| are trivial because in these cases (|1.2)
implies g, < 1, and thus g < 2n is bounded.

For explosion, we may assume that G is connected, since we otherwise may consider
the components of G separately, see Remark [1.2] Then, [I3, Theorem 1(3) and its proof]
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show that if & + fmin;»; > 0 and § > 0, then &(¢) explodes a.s.; this includes the cases
|(i1) (b)| and |(ii)(c)| above, and the case a > 0, § > 0. Furthermore, [13, Theorem 2| shows
that if @ > 0 and 8 < 0, then £(¢) a.s. explodes; together with the result just mentioned,
this shows explosion when a > 0. [

Remark 6.6. It is shown in [I3] that explosion may occur in several different ways, de-
pending on both the parameters «, 8 and the graph G. For example, if GG is a star, then
there are (at least) three possibilities, each occuring with probability 1 when (a, ) is in
some region: a single component &; explodes (tends to infinity in finite time); two adjacent
components explode simultaneously; or all components explode simultaneously.

Furthermore, the results in [I3] show that in the explosive cases in Theorem [(ii)] the
Markov chain asymptotically evolves as a pure birth process, in the sense that, with prob-
ability one, there is a random finite time after which none of the components decreases, i.e.
there are no "death” events after this time. Consequently, the corresponding discrete time
Markov chain can be regarded as a growth process on a graph similar to interacting urn
models (e.g., see models in [I], [II] and [12]). One of the main problems in such growth
processes is the same as in the urn models. Namely, it is of interest to understand how
exactly the process escapes to infinity, i.e. whether all components grow indefinitely, or the
growth localises in a particular subset of the underlying graph.

We do not discuss this sort of problems here and hope to address it elsewhere.

7 A modified model

In this section, we study the CTMC £(¢) with the rates g, in (1.3)), and the corresponding
DTMC g(t) This model is interesting since we have “decoupled” « and 3, with birth rates
depending on « and death rates depending on /.

Since e ¢ve, differ from g¢¢1e, by the same factor e P255~i%  which furthermore does
not depend on &;, the balance equation holds for ¢, too, and thus E () has the same
invariant measure p(€) = e as £(t).

The electric network I',, g ¢ corresponding to £(¢) has conductances
6&—6'5 — W—e)ta(&G-1) _ ;WI(E-B(AL): (7.1)
Remark 7.1. If § > 0, then C¢,) < Ce,, and if 8 < 0, then Ce,, > Ce . (If = 0, the two

models are obviously identical.)

Theorem 7.2. The results in Theorem hold for g(t) too, with a single exception: If
e(G) =1, a <0 and a+ N (G) =0, then £(t) is null recurrent while &(t) is transient.

Here A\ (G) is as above the largest eigenvalue of G. If e(G) = 1, then A\;(G) = 1; thus
the exceptional case is e(G) =1, a = = < 0.
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Proof. The lemmas in Section || all hold for E () too by the same proofs with no or minor
modifications, except Lemma in the case a < 0, a+ A1 = 0; we omit the details. This
exceptional case is treated in Lemmas [7.4] and [7.5] below. O

A few cases alternatively follow by Remark [7.1] and the Rayleigh monotonicity law.
Before treating the exceptional case, we give a simple combinatorial lemma.

Lemma 7.3. Suppose that G is a connected graph with e(G) > 2, and let as above vi =
(v11, - .., v1,) be a positive eigenvector of A with eigenvalue \y. Then, for each 1,

vy < Zvlj- (7.2)
J#i
Proof. First, e.g. by (6.1), Ay > 1. Hence, for every 1,
v < Aoy = (Avy), ZUU < Zvlj (7.3)
Jri J#i

If one of the inequalities in ([7.3)) is strict, then (7.2)) holds. In the remaining case A\; = 1,
and every j # i is a neighbour of i. Consequently, if j # ¢, then

V15 = )\12}1] AV1 Zvlk > V1;- (74)

k~j
By the assumption e(G) > 2, G has at least 3 vertices, and thus (7.4 implies >, vi; >
2v1; > vy, so ((7.2)) holds in this case too. O

Lemma 7.4. If a <0, a+ A >0 and e(G) > 2, then the CTMC g(t) is transient.
Proof. If G is connected, then vy satisfies ((7.2) by Lemma .

On the other hand, if GG is disconnected and has a component with at least two edges,
it suffices to consider that component.

In the remaining case, G' consists only of isolated edges and vertices. There are at
least two edges, which we w.l.o.g. may assume are 12 and 34. Then A\; = 1 and v; :=
%(el +ey+e;te) = %(1, 1,1,1,0,...) is an eigenvector satisfying .

Hence we may assume that v; satisfies . Hence there exists 6 > 0 such that for
every 1 =1,...,n,

S(vy) = vy + Z v1; > 204 + 0. (7.5)
J#i

We follow the proof of Lemma , and note that there is equality in and .

Hence, for any 4, again writing @’ := —a/2 > 0, and using (4.3),

W (yk) + ayr; = a' (S(yr) — 2yk,) + O(1) = d'ti,(S(v1) — 2v1,) + O(1)

> a0ty + O(1) > 'k +O(1) (7.6)

for some ¢ > 0. Thus, the resistance of the edge connecting y; and yx, is, for some ¢,
Ry = C’y_,wyﬁel = e WK =¥k < o=k +0(1) (7.7)
Hence, Y 7 | Rx < 00, and the network is transient by the same argument as before. [
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Lemma 7.5. If a <0, a+ X\ >0 and e(G) = 1, then the CTMC £(t) is null recurrent.
Proof. Suppose first that n = 2 so G = Ky consists of a single edge. Then (3.1)) gives, with

a' = —a/2 > 0 as above,
W (&1, &) = —d' (& — &) +d'(& + &), (7.8)
and then yields
Crre, = W OOE _ a4/ (6mt1) < 1 (7.9)

and similarly, 5§7€+e1 < 1. Hence all conductances are bounded by 1, and thus all resistances
are bounded below by 1. We may compare the network fawg,g to the network Zi with
unit resitances, and obtain by Rayleigh’s monotonicity law Reo(Ta ) > Roo(Z%) = o0,
recalling that simple random walk on Z2 is recurrent by Remark and Example .

Hence £(t) is recurrent.
The invariant measure ''© is the same as for £(¢) and has total mass Z, 3¢ = oo by
Lemma m; hence £(t) is not positive recurrent.

This completes the proof when G is connected. If GG is disconnected, then G consist of
one edge and one or several isolated vertices. By Remark , &(t) then consists of n — 1
independent parts: one part is the CTMC in Z?% defined by the graph Ko, which is null
recurrent by the first part of the proof; the other parts are independent copies of the CMTC
in Z, defined by a single vertex, and these are positive recurrent since o < 0. It is now

easy to see that the combined () is null recurrent. O

The corresponding DTMC ((¢) has invariant measure

Cei=> Cey. (7.10)
n

Note that this (in general) differs from the invariant measure C¢ for ((¢), see (5.2)). Denote
the total mass of this invariant measure by

Zaﬁ’g = Z 5& = Z 55,77. (711)
3 &n

There is no obvious analogue of the relation (5.4), but we can nevertheless prove the
following analogue of Lemma [5.2

Lemma 7.6. Let —0o < a < 00 and —oo < 8 < 0o. Then Za,ﬁ,G < o0 if and only if < 0
and o+ A < 0.

Proof. By the proof of Lemma [4.13| with minor modifications. In particular, in the case
a < 0and a+ B\ = 0, we argue also as in (7.5)—(7.7)) in the proof of Lemma [7.4] (but now
allowing 6 = 0). We omit the details. O

Theorem 7.7. Theorem holds for the DTMC ((t) too.

Proof. By Theorem [7.2] for recurrence vs transience, and by Theorem [7.7] for positive re-
currence vs null recurrence. O

We are not going to analyse the modified model any further.
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8 Alternative proofs using Lyapunov functions

In this section we give alternative proofs of some parts of Theorem [2.3] These proofs do
not use reversibility, and have therefore potential extensions also to cases where electric
networks are not applicable. They are based on the following recurrence criterion for
countable Markov chains using Lyapunov functions, see e.g. [4, Theorem 2.2.1].

Recurrence criterion 8.1. A CTMC with values in Z is recurrent if and only if there
exists a positive function f (the Lyapunov function) on Z7 such that f(§) — oo as § = 00
and Lf(&) <0 for all £ ¢ D, where L is the Markov chain generator, and D is a finite set.

Note that the Lyapunov function f(§) is far from unique. The idea of the method is
to find some explicit function f for which the conditions can be verified. There is also a
related criterion for transience [4, Theorem 2.2.2], but we will not use it here.

We give only some examples. (See also [I3] for further examples.) It might be possible
to give a complete proof of Theorem using these methods, but this seems rather chal-
lenging. Note that (since our Markov chains have bounded steps), the Lyapunov function
f can be changed arbitrarily on a finite set; hence it suffices to define f(§) (and verify its
properties) for ||£|| large. We do so, usually without comment, in the examples below.

Example 8.2. (Proof of the hard-core case of Theorem |2.4(ii)(a)| by the recurrence cri-
terion[8.1) Assume that o = 0, f = —00 and kpyax(G) < 2. As said in Section 3.3 we may
assume that the Markov chain lives on I'y defined in ; since k < 2, this implies that no
more than two components of the process can be non-zero. Therefore, the Markov chain
evolves as a simple random walk on a certain finite union of quadrants of Z2 and half-lines
Z, glued along the axes. Each of these random walks is null-recurrent, and, hence, the
whole process should be null-recurrent as well. We provide a rigorous justification to this
heuristic argument by using the recurrence criterion 8.1}
The generator L of the Markov chain in the case « =0, § = —o0 is

n

LA =D (f(€+e) = F(©) Liegy—0.my + (F (€ — €1) = F(€)) Lie,50y-

=1

We define a Lyapunov function on Z} by

3
1O =tog (e —elP=n+3). Il =cn (8.)
where e = (1,...,1) € Z is the vector whose all coordinates are equal to 1, and C; > 0

is sufficiently large so that the expression inside the log is greater than 1. Note that the
function is defined for any state in Z, but we consider it only on the subset I'y. Let £ € I'y
with ||€|| > C; + 1. First, assume that ¢ has two non-zero components, say z > 0 and
y > 0, so that

1 =tog (@ =17+ - 12 - 5 ).
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and both z and y can increases as well as decrease. A direct computation gives that

>
+log <<$—2)2+(@/—1)2—%) + log ((x—1)2+(y—2)2—%>
_4log ((:z:— 12 4 (y— 12 — %)

Cog (1o S —w ety =2 g
(222 +2y? — 4z — 4y +3)* ) —

Lf(§) = log ($2+ (y—1)° - %) + log ((:1:— 1% 442 - 1)

Next, assume that ¢ has only one non-zero component, say © = a + 1 > 0. Then f(§) =
log (a® +1/2), and this component can both increase and decrease. Note that some of the
other components may also increase by 1, and assume there are m > 0 such components.
A direct computation gives that

Lf(&) = {10% <(a +1)%+ %) +log ((a 1%+ %) — 2log <a2 + %)}
ofa-2) o)
4a* — 4a* +9 2a° — 1
v () (D) <o

Hence, Lf(§) < 0 whenever ¢ € 'y with ||€]| > C; + 1. It follows now from the recurrence
criterion that CTMC &(t) is recurrent.

Now consider the case & = 0 and —oco < < 0. The generator of the Markov chain
with parameter a = 0 is

n

LF(€) =D (f(E+e) = f(€) P+ (f (£ =€) = F(©) 1,50 (8.2)

=1

We consider for simplicity only some small graphs G, using modifications of the Lya-
punov function used in the hard-core case.

Recurrence in the case a = 0, b := —f8 > 0 and G = Ky, the graph with just 2
vertices and a single edge, was shown in [I3] by applying the recurrence criterion
with the Lyapunov function f(§) = log(& + & + 1). Alternatively, one could use e.g.
(&) =log(& + &) or log(£2 +&5). We extend this to the case G = K, the complete graph
with n vertices, for any n > 2.

Example 8.3. (Recurrence in the case « = 0, f§ = —b < 0 and G = K,;.) We use the
function f(§) :=log||£]|. (Similar arguments work for variations such as log(||¢[| 1) and

log(& + -+ +&a).)
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Regard f(£) as a function on R™\ {0} and write r = ||£]|. The partial derivatives of f

of(§) &
)& (8.3)

and all second derivatives are O(r*2). Hence, a Taylor expansion of each of the differences

in (8.2) yields the formula, for § € Z7,

are

NIGEDY & (7 — Lpenoy) +O(r2) =) 5} (749 —1) +O(r?).  (84)

— 2 ;
=1 =1

Suppose first that at least 2 components §; are positive. Then A& = > i & > 1 for
every 4, and thus (8.4]) implies, since r < ). ¢&;,

1—e?

- - fz —2 -2
LF(E) < —(1—e® >4+ 0 < — O 8.5
JO=-(-¢") 2 5+007) s ———+0(7), (8.5)
which is negative for large r, as required.
It remains to consider the case when a single component &; is positive, say £ = (z,0,...,0)

with 2 > 0. Then the estimate ({8.4)) is not good enough. Instead we find from (8.2))

Lf(€) =log(z + 1) + log(z — 1) — 2logz + (n — 1)e” " (log Va2 + 1 — log z)
21 n-1 2+ 1 1 n-1

< —bx
x? L x? 2 ¢

= log * e " log (8.6)

22
which is negative when x is large.

Hence, in both cases, Lf(§) < 0 when ||£]| is large, and recurrence follows by the
recurrence criterion .11

The argument in Example 8.3/ used the fact that G is a complete graph so that (A£); > 1
unless only &; is non-zero. Similar arguments work for some other graphs.

Example 8.4. Let again o = 0, 8 < 0 and let G = K, a star with 2 non-central
vertices, which is the same as a path of 3 vertices. Number the vertices with the central
vertex as 3, and writre £ = (z,y, 2z). Taylor expansions similar to the one in , but
going further, show that f(§) := logl|/{]| is not a Lyapunov function. (The problematic
case is £ = (x,2,0), with Lf(§) = 37~* + O(r~%).) However, similar calculation also show
that f(€) := log(||¢]]* — 1) is a Lyapunov function, showing recurrence by the recurrence
criterion Bl We omit the details.

A An alternative argument in the hard core case

We present here yet another argument, which seems to be able to give an alternative proof
of Theorem [2.3{(iii)(e)l However, the argument is not completely rigorous, so it should in
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its present form be regarded only as a heuristic argument. It is included here in order to
suggest future developments.

For simplicity, we consider a particular case, namely, when the graph G is a cycle Cq
with 6 vertices. In this case the state space of the Markov chain is I'y = U‘? F? U Uf F?,
where (with addition of indices modulo 6)

F? = {(21,...,26) : ;=0 unless i € {j,j + 3}},
F?: {(xl,...,xﬁ):xi:()unlessie {j,j+2,j+4}}.

The Markov chain is simple random walk on this state space.

If the random walk is in F?, then it will sooner or later reach a point where two of the
three allowed coordinates are 0, and thus only one non-zero, say x;. The random walk then
may either go back into I’?, or it may move into Fj?. In the latter case, it might either return
again to the intersection line L; = I'’ N T}, or it might cross I'} and reach L3, in which
case it may go on to other parts of I'. We want to show that with positive probability, the
latter case will not happen. Consequently, the random walk will a.s. eventually be confined
to IA“;)’ = F;’- U FJQ- U F?+2 U F?HA for j = 1 or 2; in particular, the random walk is transient.

If the random walk is in F?, it may escape through F?, sz 4o OT F? +4- Allowing three
routes of escape does not seem to be significantly different from just one, so we consider for
simplicity instead random walk on I'} := I U T'5. (This is one of the non-rigorous steps.)
The rest of the argument is thus devoted to showing the following, which implies that there

is a positive probability of not escaping.

Claim A.1. A random walk on 1"} a.s. hits the line L3 C F? only a finite number of
times.

We drop the index j. Note that I is a product IV = U x (V U W), where U = Z,
V= Zyand W= Z%, and V and W intersect in the single point 0 (the 0 in both V" and

We consider continuous time, with jumps with rate 1 along any edge. Then the random
walk consists of two independent components, a continuous-time random walk in U and a
continuous-time random walk in V U W.

Consider the latter (i.e. a continuous-time random walk in V' UW). It returns infinitely
often to 0, making excursions into either V' or W; the excursions are independent. (Recall
that random walk in V' or in W is recurrent, thus every excursion is finite and eventually
returns to 0.)

Consider first excursions into V' =2 Z,. Let Ty be the time until the first return,
fv(s) :=Ee TV its Laplace transform, and

gv(s) = /000 e duy(z) = %, (A1)

the Laplace transform of the corresponding renewal measure py. By symmetry, we can
consider a random walk on Z instead of Z,, and then the intensity duy(x)/dz of a return

26



at z is &~ =2, where ~ means 'of the same order as’. Hence, as s — 0,
o
gv(s) = / e~V dr 2 572, (A.2)
0
and thus fy(s) ~ 1 — s'/2,

For excursions into W = Z2 | we similarly have duw (z)/dx ~ 2! and hence, for small
s, gw(s) = [ ezt dz ~ |log s| and thus

1
firls) = T2 o OB 111, (A3
For the combined excursions, we have fyuw(s) = 3 fv(s) + 2 fw(s) and thus
L fruwls) = 5 (1= fu(s)) + 5 (1= fu(s)) =~ 5 (1= fur(s)) = 1/]logs],

3 3 3

since 1 — fiy(s) > 1 — fy(s). Hence, the Laplace transform of the renewal measure py w
describing the intensity of returns to 0 in VU W is

fVuW(S)
1 - fVuW(S)

Now consider also U. We are interested in excursions into I'> = U x V that cross to the

gvow (s) = ~ [log s|. (A4)

other boundary. This happens if the random walk in U hits 0 during an excursion of the
V U W walk into V.

Consider an excursion into I'* = U x V = Z2 starting at time ¢; it begins with a step
from (Xy(t),0) to (Xy(t),1), where Xy is the random walk on U. By Lemma [A.2] below,
the probability that a random walk in Z2 starting at (x, 1) hits the diagonal before it hits
Zy x {0} is ~ 1/(x 4+ 1). Hence, the probability ¢(t) that an excursion starting at time ¢
hits the diagonal in T'? is q(¢) ~ EX_+1

Now, X; is (almost) the same as the modulus of a simple random walk on Z, so at time
t, by the Central Limit Theorem, the probability function P(X, = k) = O(t~'/?), uniformly
in k. Hence, for large t,

+O(t7 V%) =t V2 logt = O(t).

T
_.I_
—_

(A.5)
The expected number of times an excursion into U x V hits the diagonal before it hits
Zy x {0} is thus

/ q(t) dpvow (t) < C/ 0% dpyow ( / / “Oem ds dpyvuw (1)
0

—C/ "Lgvuw )d$~/ “051Jog 5| ds < oo,
0
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where we used the fact that
1 00 0
/ s 00t ds = / s 00l ds — / s 0Pems ds = 1(0.49) - 4 +o(t 1)
0 0 1

and hence, for t > 1, say, t %4 ~ fol s 05le=st ds. Consequently, a.s. only a finite number
of excursions into I'"* will hit the diagonal. Any excursion hitting the line L;,3 = {0} x V
has to hit the diagonal first, and thus there is a.s. only a finite number of such excursions,
each hitting the line a finite number of times.

This completes our (partly heuristic) argument for Claim [A.1] and thus for transience
of the Markov chain.

Lemma A.2. Let (X,,,Y,) be a discrete time symmetric simple random walk on Zi. Then,
for every x > 0,

2

< P((Xn,Y,) hits the diagonal before it hits y = 0 | (Xo, Yp) = (z,1)) < T2
x

(A.6)

K| —

Proof. Define 7 := min{n : Y, =0or X,, = Y,,}, Z, := XnY;Yn and Z,, := Z,r.. A direct

computation gives that E(Z,.; — Z, | (X,,Y,)) <01if 0 <Y, < X,,. Hence, the stopped

process Z, is a bounded supermartingale. Furthermore, 7 < oo a.s., and it follows from the

Optional Stopping Theorem that E(Z, | (Xo, Yy) = (z,1)) < Zy = x+r1 On the other hand,

Z, takes only the values 0 and 1/2, with the latter value if the diagonal is hit first. Thus

E(Z,) = iP(Z, = 1). Therefore, given (Xo,Yy) = (z,1), the probability that (X, Y,) hits
2

diagonal before the line y = 0 is no larger than .

Consider now the process Wn .= Winn, where W,, := }2—’; A direct computation gives
that E <Wn+1 - W, | (Xn,Yn)) > 0 is non-negative. Thus W, is a bounded submartin-

gale, and by the optional stopping theorem E(W,) > W, = % Furthermore, E(W,) =
P(W. = 1), the probability of hitting the diagonal. Therefore, given (X, Yy) = (z, 1), the
probability that (X,,,Y;) hits the diagonal before it hits the line y = 0 is at least . O
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