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Abstract: The infinite-dimensional hypercube (IDH) is a novel example of a locally infinite graph
and can play an important role in understanding Anderson localization and other related physical
phenomena. In this paper, we investigate the IDH from the perspective of transience and recurrence.
We examine the Green function associated with the heat semigroup on the IDH and establish several
of its fundamental properties. By using the unilateral Green function, which we introduce, we provide
conditions for the heat semigroup to be transient. Finally, we prove that the transience (or recurrence)
of the heat semigroup is equivalent to that of a discrete-time Markov chain defined on the IDH.
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1. Introduction

As a special class of finite graphs, hypercubes are widely used to build mathematical models across
diverse research fields. In statistical physics, hypercubes serve as the configuration spaces of various
mean-field spin glass models [8]. In mathematical biology, the REM House-of-Cards model adopts a
hypercube as its space of gene types [1]. Moreover, in quantum information theory, hypercubes are
often used to represent the testing grounds of quantum annealing algorithms designed for searches in
unstructured energy landscapes [2].

From a topological perspective, however, hypercubes are essentially of finite dimension. Recently,
an infinite dimensional analogue of hypercubes, called the infinite dimensional hypercube (IDH), has
been introduced in Reference [9]. It has been shown that the IDH plays an active role in building an
alternative model for understanding Anderson localization in disordered quantum systems, as well as
in addressing other problems in mathematical physics (see [9, 10]). The IDH is a connected infinite
graph, and its vertex set has a group structure, which is very similar to that of the d-dimensional integer
lattice Z¢. However, the IDH is locally infinite; namely, each of its vertices has an infinite number of
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neighbors, which is in sharp contrast to the local finiteness of Z¢. Graphs are naturally classified
into two categories: locally finite ones and locally infinite ones, although these two categories are not
complementary sets of each other. The IDH actually provides a novel example of locally infinite graphs
and seems to deserve attention from various aspects. We note that the vertex set of the IDH has a group
structure, which distinguishes the IDH from other locally infinite graphs studied in the literature [3].

The study of the long-time behavior of discrete-time Markov chains is a classical research field in
probability theory, wherein the most fundamental problem might lie in determining whether a given
Markov chain exhibits recurrence or transience. Schmidt [7] investigated, within the framework of
Dirichlet forms, recurrence and transience of discrete-time Markov chains on a class of weighted
graphs. Among others, he found the close connection between the notion of recurrence/transience
for discrete-time Markov chains and that for regular Dirichlet forms. Kostenko and Nicolussi [6]
considered the transience of the operator semigroup generated by a Laplacian on the Cayley graph of
a finitely generated group. Recently, Keller and Muranova [4] characterized recurrence and transience
for non-Archimedean and directed graphs. There is also interesting work on recurrence and transience
for growing trees and hypercubes [5].

In this paper, motivated by the preceding discussion, we investigate the IDH from the perspectives
of recurrence and transience. More precisely, analyze the transience of the heat semigroup on the
IDH and examine its relationship with a discrete-time Markov chain. Our main contributions are
summarized as follows. We first examine the heat semigroup on the IDH together with its Green
function and establish several fundamental properties of the function. We then introduce a function,
called the unilateral Green function, and use it to derive sufficient conditions for the heat semigroup to
be transient. Finally, we construct a discrete-time Markov chain on the IDH and prove that this Markov
chain is transient if and only if the heat semigroup is transient.

2. Preliminaries

In this section, we describe our setup by introducing the infinite dimensional hypercube and the
related Laplacian, heat semigroup, and Dirichlet form.
Let I' stand for the family of finite subsets of N := {m € Z | m > 0}, namely

I'={o|ocN, #(o) < o}, (1)

where #(0) means the cardinality of o as a set. Note that the empty set @ is an element of I' with
#(0) = 0. Two elements o, T € I are said to be adjacent, written o ~ 1, if #(0cAT) = 1. Here AT
denotes the symmetric difference of o and 7. With the adjacency relation “~”, I' forms an infinite
graph, which we denote by (I, ~).

Remark 2.1. The graph (I', ~) is called the infinite dimensional hypercube (IDH), while I is called the
vertex set of the IDH.

For a vertex o € I', we write N(0) = {t | T € I', 7 ~ o}, which is known as the nearest neighbor set
of 0. It can be shown that N (o) has a representation of the form

N(o) ={oak | k e N}, ()
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where oAk := oAlk}. Thus, as a graph, the IDH is locally infinite, i.e., each of its vertices has infinitely
many nearest neighbors. The IDH has many amazing properties. For example, it is connected and has
a topological group structure. Moreover, it can be viewed as the inductive limit of hypercubes.

Let H be the space of square summable real-valued functions defined on the vertex set I, i.e.,

H=PT)=(f:T>R| D @) < 3)
oel
with the usual linear operation and inner product, that is, H = [*(I',m) with a counting measure m
defined by m({y}) = 1 for all v € I'. We denote by (-, -) the inner product in H and write || - || = V-, -).
It is known that ¥ is a separable Hilbert space of infinite dimension. We denote by {¢, | vy € T’} the
canonical orthonormal basis (ONB) for H, where i, is the function on I" given by

1, o=y,

4
0, cel,o#vy. @)

'70)/(0-) = {

We use [~°(I') to mean the Banach space of all bounded functions on I with the usual linear operation
and the norm || - ||, defined by

1l = suplf(o)l, fel™(D). &)

oel

It is easy to see that H is a proper linear subspace of [*(I") and || f]| < ||f]| for f € H.

To overcome the local infiniteness of the IDH, a function needs to be introduced. A function
w: N — (0, 00) is called a weight on N if it satisfies the requirement that |w| := ;> w(k) < oo.
The summability condition for the weight function ensures the boundedness of the Laplacian.

Lemma 2.1. [11] Let w be a weight on N. Then there exists a positive self-adjoint bounded linear
operator A,, on H such that

(o)

Apf(o) = Z w(k)[f (o) = flork)], o €T, (6)

k=0
where f € H and A,, f(07) means the value of the function A, f at o

The operator A,, indicated above is called the w-Laplacian on the IDH, while the operator semigroup
{e7™ | t € R,} on H generated by —A,, is known as the heat semigroup on the IDH.

Lemma 2.2. [11] Let w be a weight on N and &,, be the form on H defined by
Eu(f.8) =(fLAwg), [, geH. (7

Then &, is a Dirichlet form on H. And moreover, it admits a representation of the form

R
Euf.8) = 5 ) > wh(f(@) ~ fleak)(g() ~ gab).  f.geH. (8)

oel’ k=0

This lemma, together with the general theory of Dirichlet forms, shows that the heat semigroup
{e7™ | t € R,} is actually a Markov semigroup. It can be shown that the heat semigroup has a
representation of the form

e f(@) = ) plof@), feH 1R, ©)

Tel
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where p,(o, ) = (e, ). Conventionally, the family {p, | # € R.} of functions on I" x I is called
the heat kernel on the IDH.

Lemma 2.3. []/1] Let w be a weight on N. Then, the heat kernel {p, | t € R,} admits the following
properties:

(1) plo,7)=p(r,0)=0forallo, rel andt e R,;

(2) Ps+0,7) = Dyer Ps(0, )y, T) forall o, T €U and s, t € Ry;
(3) Dierplo,t)y=1forallo, rel andt € R,.

3. Green function and transience of heat semigroup

In this section, we first examine the Green function of the heat semigroup and then use it to
investigate the transience of the heat semigroup. Throughout this section, w is assumed to be a fixed
weight on N.

Recall that the heat semigroup {¢"** | ¢ € R,} is Markovian, hence the operator e
preserving for each ¢ € R,. This, together with the uniform continuity of the heat semigroup {e
t € R,}, implies that the function ¢ e "My (1) is nonnegative and continuous on [0, co) for any o,
7 € I'. In view of these facts, we come to the next definition.

v is positivity

—tAy, |

Definition 3.1. The Green function of the heat semigroup {e™® | t € R, } is the function G,,: T xI' —
[0, o] given by

G,(0,7) = f e "™y (tydt, o, TeT, (10)
0
where Y, is the basis vector of the canonical ONB for H.

Clearly, the Green function is positive in the sense that G, (o, 7) > 0 for all o, T € I'. The next
proposition shows that it also admits symmetry and some kind of invariance.

Proposition 3.1. G,, is symmetric, and moreover for all o, 7, y € T, it holds true that
Gu(ooy,1Ay) = Gy(o, 1), (11

where o Ay signifies the symmetric difference of o and vy.

Proof. Since e ™, (1) = ("™, .y = p(0, T), we have

GW(O-, T) = f pl‘(o-’ T) dt’
0

for all o, T € I'. This, together with the symmetry of the heat kernel, implies the symmetry of G,,. Now
let o, T, v € I' be given. Then, by Proposition 3.1 of [11], we have

ploary, tay) = p(o, 1),
which implies (11). |
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Referring to the discussion of w-Laplacian A,, in [11], the operator norm of A,, satisfies ||A,,|| < 2|w]|.
This, together with A,, > 0, implies that the spectrum of A,, has an estimate of the form spec(A,,) C
[0,2|w]]. Thus, for any & > 0, the operator af + A,, is invertible and its inverse (al + A,,)”! is also
bounded, where I is the identity operator on H. Usually, (@l + A,,)”" is known as the resolvent of —A,,.
By convention, we write simply (a+A,,)"! = (al+A,,)"!. The next proposition gives the links between
the Green function and the resolvent.

Proposition 3.2. For all vertices o, T € I, it holds true that
Gy(o,1) = lin01+ (@+ A Yo (1), (12)

where lim,_,o+ means the right limit at 0.

Proof. Let o, T € I' be given. According to the spectral theory of self-adjoint operators, there exists a
unique projection-valued measure 7 on the Borel space (R, Z(R)) such that supp(rr) C [0, 2|w|] and

2w
M:flmm. (13)
0

Write y,.(-) = (7(-Ws, ). Then u,. is a signed measure on (R, Z(R)) with the property that
supp(io-) C [0, 2|w|]. By the functional calculus of self-adjoint operators, we have

2w
ﬂWmﬁ@m%mﬁL e g (d).

Note that the function ¢ +— e @ is integrable on [0, co) for all @ > 0 and all A > 0. Thus, by the
Fubini theorem, we have

) 00 2|w| 2|w| 00 2|w| 1
f e_’“e_mwlﬁa(‘l')dt :f e‘m (f e_MIJ(r,T(d/l)) dt :f (f €_t(a+ﬂ)dt) ﬂa’,r(d/l) :f —/’lO',T(d/l)’
0 0 0 0 0 o a@+41

2wl g

which, together with (@ + A,,)™' = N ~7(dA), implies that

foo e_tae_tAW'wl’O'(T)dl = <(a’ + Aw)_lwov %) = (CY + AW)_llf//‘T(T)'
0

It then follows from the monotone convergence theorem that

(oe)

G,(o,7) = lim e e My (T)dr = lirgl (@+ A (7).
0 a—07t

a—0+
This completes the proof. m|

In the following, we define F,,(0) := G,,(0,0), o € I', where 0 € T" is the empty subset of N. This
identity allows us to reduce the study of the two-point Green function to that of a single-point function
centered at the origin @ of I'. We call F, the unilateral Green function of the heat semigroup. The next
proposition actually provides a useful sufficient condition for the heat semigroup to be transient.

AIMS Mathematics Volume 11, Issue 2, 3636-3646.



3641

Proposition 3.3. Suppose there exists some oy € I such that F, (o) < co. Then the heat semigroup
{e7™ | t > 0} is transient, i.e., G,(0,T) < oo, Vo, T €.

Proof. By definition, we know that G,,(0y,0) = F,(0¢) < oo. Thus, due to the connectivity of the
IDH (T, ~), it suffices to prove that G,,(y,T) < oo for all y € I with ¥ ~ o whenever o, T € I satisfy
G, (0,7T) < o0,

Let o, 7 € I satisfy that G,,(0,7) < oo and y € I satisfy that y ~ 0. Since y ~ o, there exists a
unique ko € N such that y = o-Aky. Recall that the heat kernel is defined by p,(o,y) = (€™, ¥, ),
where {{/,},cr is the canonical orthonormal basis of H. The operator A,, is bounded and self-adjoint
with [|A,|| < 2|w|. Hence, the heat semigroup {e~™ | ¢t > 0} admits a norm-convergent power series
expansion,

n.

o, O (D"
=N AL 120,
n=0

Consequently,

Py = 3 N vy (14)
n=0 )

For n = 0, we have
<A?vw0" Wy> = <'~ﬂa', wy> =0.
For n = 1, we compute (=A, ¥/, ¥,) = =AY, (y). Using the definition of w-Laplacian A,,, y,(y) =0
and yAky = o, we obtain
Ao (y) = —wiko).

Thus, (~A,¥, ¥,) = w(ko) > 0. Hence, the linear term in (14) is tw(ko).
For n > 2, we bound the absolute value of each term

(-

n!

" " "
< AL < A" < = @lwl)".

(Ao, ry)

Now choose #, > 0 sufficiently small so that
1
tow(ko) > » —>(2lw])".
ow(ko) Z; (2w

Such a 7, exists because the right-hand side is O(IS) as to — 0*. Then from (14) we obtain

(o)

tn
P(@7) 2 towlko) = 3 5 2wl)" > 0.

n=2 "

Thus, there exists some f, > 0 such that p, (c,y) > 0.
Expanding e %y, in the ONB {i, | k € T'}, we have

e 0y = Z<e"°AWz//m Y, = me(m KW .

kel kel

Thus, in the norm convergence, we further have

e_(H—tO)Awl//U = e_tAwe_tOAwl//O' = Z P (0-’ K)e_mwl!’m

kel
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which implies that

MY (7) = 3 Pyl e Y(T) 2 p(n e (7).

kel

Integrating both sides gives

f e Ay (1)dt > pi(0, ) f ey (T)dt = pi(0,Y)Gu(y, T),
0 0

which together with

G(o,7) = f e (1)dt > f e Ry (T)dt
0 0

yields G,,(o, 1) > p,, (0, )G, (y, 7). Thus G,,(y, T) < co. O

Remark 3.1. Suppose there exists no oy € I' such that F,,(0y) < co. Then, for all o, T € T, it holds
that G, (0, 7) = F,(0AT) = oo. In this case the heat semigroup {e™™ | t > 0} is said to be recurrent.
Thus, recurrence and transience of the heat semigroup are mutually exclusive.

Recall that the form &,, defined (7) is a Dirichlet form. A function &: I' — R, is called a reference
function for &, if it holds that

D) < NE(, VfeH, (15)

yell

where &,,(f) := &,(f, f). Clearly, the constant function &£(y) = 0 is a reference function for &,,, which
is known as the trivial reference for &,. We denote by /. the cone consisting of nonnegative functions
in H, namely

H.={feH]|f=0} (16)

Given nonnegative functions u, v defined on I', we abuse the symbol {u, v), which is defined as

vy = > uyw).

yell

Clearly, the symbol (u, v) means the same as the inner product of u and v whenever u, v € H,. For
f € H,, we denote by ® f the nonnegative function given by

(Gf)(o) = f ) e f(o)dt, o eTl. (17)
0

Note that (6 f)(0") may take the value co. In the following, we denote by I'(T') the space of absolutely
summable functions on I" with the usual linear operation and norm.

Proposition 3.4. Suppose that E,, has a reference function & € [1(I') N I*(T) satisfying that £(y) > 0 for
all y € T. Then F, (o) < oo for all o € . In particular, the heat semigroup {e~™ | t > 0} is transient.
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Proof. Itis easy to see that ¢ € H. On the other hand, it follows from (15) and the strict positivity of &
that &,,(f) = 0 implies f = 0. By Lemma 2.7 of Reference [7], we have

Af1s &)
V& 68 = ,
O Ve

which together with (15) gives (£, &) < 1. Thus (G&)(y) < 4%7) < ooforally e I'. Now let o € I be
given. Then, by straightforward calculations, we find

(o) 1 00
F, (o) = f(; e"A”’gbU((Z))dt: éT@) ‘fo (e_tA“'gl/g,f((D)w@)dt,

which, together with £(@)yy < & and (e ™, &) = e &(0r), implies that

(G&)(0)
£@0)

This completes the proof. O

< 00,

F,(0) < é% f(;oo e E(oydt =

4. Transience of Markov chain

In this section, we investigate the transience (recurrence) of a discrete-time Markov chain on the
IDH and its connection to that of the heat semigroup.
Let us consider the adjacency operator A,, on (I', ~), which is defined as

Auf(@) = ) wkf(cak), oel, feH, (18)
k=0

where w is a weight on N. Clearly, A,, is a self-adjoint bounded linear operator on H. Define a function
O,onI'xT as

m@ﬂ:ﬁm%%xmrd. (19)

Due to the self-adjointness of A,,, we have Q,,(c,7) = Q,(1,0) >0,V o, 1 e€l. For o € I', we have

> o =1.

Tel

In other words, Q,, is a transition probability matrix on I'. Thus, there exists a discrete-times Markov
chain X = {X,, | n > 0} defined on some probability space (Q,.%#,P) and valued in I" such that P{X, =
v} =pu(y), y €T, and

PiXo1 =7|X, =0} =0Qu(0,7), o,7€l,n>0, (20)

where p is a probability distribution on I', which is known as the initial distribution of X.
As is well known, transience and recurrence of a discrete-time Markov chain are mutually exclusive.
So, we need only to consider the transience of X and its links with that of the heat semigroup.
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In the following, we use Qif) to mean the usual nth power of the transition probability matrix Q,,,
where n > 0. It can be shown that

1
ALf@) =) 0P D)f(x), o el, feH, 21
le" el
where A” is the nth power of the adjacency operator A,,.
The next lemma is an immediate consequence of a general result in the theory of Markov chains [7].

Lemma 4.1. Let w be a weight on N. Then X is transient if and only if
Z 0"(0,7) <00, Yo, tel. (22)
n=0

It follows easily from the definitions of A,, and A,, that A,, = |w|l — A,,. Hence

X

e—tAW — e—t|w|I+tAw — e—tlwletAW — e—tlwl E _'Ailw t> O,
n.

n=0

in view of e”™ = ¢~ . I where the operator series converges in the operator norm. Given o, T € T,
one can find

oo [”
@Yty = ™M ) Al v), 120,
n=0 "

which together with (21) implies that
s ngn
(™) = ™y M2 o0 1> 0.
oy n!

Thus, by the formula fow e~ Mt = |W’|’—'+1 and the definition of the Green function G,,, one comes to the
next useful formula

Guam = — 0P, 23)
|W| n=0
Formula (23) reveals that the Green function G,,(c, 7) is finite if and only if the series ), QEC‘)(U, T)
converges. Consequently, the transience of the heat semigroup (which requires G, (o, 7) < oo for all
o, 7T € I') is equivalent to the transience of the Markov chain (which, by Lemma 4.1, is characterized
by the convergence of the same series for all o, 7). This, together with Lemma 4.1, proves the next
theorem.

Theorem 4.1. The Markov chain X is transient if and only if the heat semigroup {e™™ | t € R,} is
transient.

Transience of the heat semigroup, characterized by the finiteness of the Green function, naturally
extends to the probabilistic setting. The equivalence between the analytic notion of transience (via
the Green function) and the probabilistic notion (via expected occupation time) is established in the
Theorem above. Through this equivalence, we come to the next corollary, which provides a useful
sufficient condition for a Markov chain to be transient.
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Corollary 4.1. Suppose there exists some oy € I such that F,,(c() < co. Then the Markov chain X is
transient.

Remark 4.1. From the perspective of the associated continuous-time Markov chain {X,};»o generated

by _Aw’
Fu(0) = By [ f Lo dr]
0

represents the expected total time spent at vertex o when starting from the origin 0. Thus, finiteness of
F\,.(0) for some o indicates transience. This function, therefore, serves as a natural bridge between the
analytic properties of the heat semigroup and the probabilistic behavior of the underlying stochastic
process.
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