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SPECTRAL THEORY FOR WEAKLY
REVERSIBLE MARKOV CHAINS
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Abstract

The theory of L2-spectral gaps for reversible Markov chains has been studied by many
authors. In this paper we consider positive recurrent general state space Markov chains
with stationary transition probabilities. Replacing the assumption of reversibility with
a weaker assumption, we still obtain a simple necessary and sufficient condition for the
spectral gap property of the associated Markov operator in terms of the isoperimetric
constant. We show that this result can be applied to a large class of Markov chains,
including those that are related to positive recurrent finite-range random walks on Z.
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1. Introduction

In this paper we establish new conditions for the existence of L2(rr)-spectral gaps for
general state space Markov chains. Such conditions are often useful since they ensure a
geometric speed of convergence to equilibrium. Information about the size of the spectral
gap can be used to quantify such convergence rates and, hence, are of particular importance for
applications. Moreover, the existence of an L?(r)-spectral gap guarantees a central limit
theorem for functionals of general state space Markov chains (see, e.g. [13]). In certain
situations knowledge of the existence of an L2 (7 )-spectral gap may allow us to obtain uniform
geometric bounds for the rate of convergence to equilibrium even with respect to the total
variation distance (see, e.g. Proposition 1.5 of [21]). In this context finite state space Markov
chains are of particular importance and have given rise to intensive research investigations in the
past (see, e.g. [7] and [10]). Recently, Mitrophanov translated spectral information to derive
perturbation bounds. These are obviously of practical value since they provide information
about the stability of the convergence results under small perturbations of the parameters. For
more details, we refer the reader to [18], [19], and [20].

Let &1, &>, ... form a time-discrete and time-homogeneous positive recurrent Markov chain
with arbitrary state space (€2, ¥), transition kernel p(-, -), and uniquely determined invariant
measure 77. The main goal of this paper is to address the existence of an L?(;)-spectral gap,
i.e. conditions that ensure that

p:= lim sup [P"fIY" <1,

n—oo fGL(Z).I (7T)
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where p is called the spectral radius,
Pf(x):= fQ fp&, dy),  feLl’@), (1)

and L () == {f € L*(n): [q f()7(dx) =0, | fll2 := (Jq fx)?m(dx))/? = 1}.
In the context of reversible Markov chains, the L (7)-spectral gap 1 — p of a Markov chain
is frequently defined in terms of Dirichlet forms, i.e.

’

p=max(| suwp (Pf.f1x|,| inf (Pf)]).

feLd (m feLg ()

where, for f, g € L?(), the scalar product is defined as (f, g), = fQ f(»)g()m(dy). This
Dirichlet form approach has been intensively used in [4], [5], [6], and [7] to obtain good bounds
for the spectral gap in the finite state space Markov chain setting.

The spectral gap definition can be simplified if the associated Markov operator P is self-
adjoint and compact as, e.g. for reversible and finite Markov chains. In this case the existence
of a spectral gap simplifies to the condition that

p = max(|Amax|, [Amin]) < 1,

where Amax and Apin denote the largest and smallest eigenvalues of P, respectively, on the
space L3() := {f € L*(): [, f(x)m(dx) = O}

Probably the best-known condition that ensures the existence of a spectral gap on L?()
in a very general setting is the Doeblin condition, which says that there exist a probability
measure i, a number m € N, some § > 0 and 0 < & < 1 such that

wA) > = p"(x,A)>45 forallx € Q.

It has been shown [17, pp. 387-398] that, for yr-irreducible and aperiodic Markov chains, the
Doeblin condition holds if and only if

sup || p"(x, ) — 7|ty < C8" forsomed <1, 0 < C < oo.
xeQ

Here, the total variation distance for two measures y and v is defined as

Il = vty = sup |u(A) —v(A)]
AeF

and p" (-, -) denotes the n-step transition probability, i.e. forx € Q and A € ¥,

p'(x,A) =PEns1 €Al E1 =)

Moreover, P (as defined in (1)) regarded as an operator on the space B(2, ¥, 7) of bounded,
complex-valued measurable functions, has a spectral gap if and only if the Doeblin condition is
satisfied [12]. From the Riesz—Thorin interpolation theorem, we can deduce that this actually
implies the spectral gap property on the space L(r) (see, e.g. [23]). The latter implication
cannot be reversed and indeed there are many Markov chains that have the L2 (1 )-spectral gap
property, but do not satisfy the Doeblin condition. This means that the Doeblin condition is
often too restrictive when considering the space of square-integrable functions.
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For finite or reversible Markov chains, simple conditions equivalent to the spectral gap
property are known in the time-discrete case [16], [21], [24] as well as in the time-continuous
case[1], [2], [3], [4], [7],[15]. These conditions are given in terms of isoperimetric constants [1],
[21, [31, [8], [15], [24], in terms of geometric constants [7], or using geometric ergodicity [22].
However, without the assumption of reversibility and finiteness of the state space, only a
few results are known. The main problem is that nonreversibility implies that Dirichlet form
techniques can only be applied by using certain reversibilization procedures (see, e.g. [5], [10],
and [15]), which only yields information about the real part of the spectrum [15]. Recently,
Kontoyiannis and Meyn [14] related the size of an L?(r)-spectral gap with the geometric rate
of convergence for the associated Markov chain by introducing a weighted L°°-space. In the
same article it was also shown that geometric ergodicity and the spectral gap property are not
equivalent (i.e. geometric ergodicity does not imply the spectral gap property, but the converse
implication is well known). We will present a very general and simple condition which allows
us to decide whether a geometrically ergodic Markov chain has the spectral gap property. More
precisely, we suggest a condition that enables a comparison between the isoperimetric constant
associated to P2 with those associated to P* P and P P* (where P* denotes the adjoint of P).
Indeed, the suggested condition is much less restrictive than reversibility (for example, it is
satisfied for all finite state space Markov chains). These ideas are conglomerated in Theorem 1,
which can be regarded as the main result of this paper. We apply it in two ways. First, we show
that, for certain weakly reversible Markov chains, proving the spectral gap property can be done
by bounding the isoperimetric constant k from below. Secondly, we apply it to an example
which is closely related to the reflected random walk on Z. More generally, it is used to prove
Theorem 2, which gives a flair for the class of Markov chains where Theorem 1 successfully

applies.
Let us introduce the basic notions and notation, and recall some known facts. Unless stated
otherwise, we consider a positive recurrent time-homogeneous Markov chain &1, &, ... with

arbitrary state space (€2, ), transition kernel p(x, dy), and uniquely determined invariant
probability measure . We say that the chain &1, &, . .. is reversible if, for all A, B € ¥,

Q(A, B) = f ﬁ(dX)/ p(x, dy) = f ﬂ(dX)/ p(x, dy) = Q(B, A) =: Q(A, B),
A B B A

so Q and Q are measures on §22. Alternatively, reversibility can be stated as

%(x, y)=1 Q-almost surely (Q-a.s.).

In order to give a natural generalization of this definition, let us, for simplicity, assume that O
and Q are equivalent measures in the Radon—Nikodym sense.

Definition 1. We say that the Markov chain &1, &, ... is weakly reversible of order n € N if
there exists C € [1, 0co) such that

(n) 5
l < dg <C 0WM-as.,
C ~dow

where Q" (A, B) := [, 7(dx)p"(x, B) and Q™ (A, B) = Q" (B, A).

For C = n = 1, this is exactly the definition of reversibility. Note that a Markov chain that
is weakly reversible of order 7 is not necessarily weakly reversible of order m > n. To see this,
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consider the Markov chain with state space S = {0, 2, 3, ..., n — 1} and transition probabilities
p(, j)=208i+1(j) fori € {0,1,...,n—2}and p(n — 1, j) = do(j), j € S, where §; denotes
the Dirac measure at i. Itis easy to see that this Markov chain is not weakly reversible of order i
for all i # kn, but weakly reversible of order kn (with C = 1), k € N. Moreover, it is not
difficult to see that a Markov chain that is weakly reversible of order n is also weakly reversible
of order kn for all k € N with a constant C depending on k.

Throughout this paper, we assume that dQ (., -) /dQ(") is a measurable function from
QxQF xF,0M) 0 R, B).

In the sequel we will need the following families of isoperimetric constants:

: e e e
ky = /}21;]‘"(‘4)’ kn(A) = (A (AS) /AP (x, A% (dx), neN,

and

1 .
Kpit pn = A0f Kot pu(A) = inf ————— | P P 140 () (dx),
pe pr = 0L kpar p(4) Xrelfn(A)n(AC)fA ac(X)m(dx)

where P* is the adjoint operator of P considered on L (7).
In [24] it was shown that aperiodicity of the Markov chain &1, €, 1, . . . can be measured by
the constants
K, = sup k,(A), n e N.

AeF

In the following let k = k1, k(A) = k1(A), and K = K.

2. Spectral theory for general and weakly reversible Markov chains

The following proposition, which provides a criterion for establishing the spectral gap
property, is probably known. However, since we cannot detect a reference in the literature,
a proof will be provided later on.

Proposition 1. Ler &1, &, ... be a positive recurrent Markov chain. Then the following two
statements are equivalent.
(i) P has an L*(x)-spectral gap.

(ii) There exists an ng € N such that k > 0.

P*"O Pno
If (ii) is satisfied, we obtain the following estimate for the spectral radius p of P on L% ()

1/no
— . _ K2
o(P) C B,(0) := {x € C: x]l2 < p}, p—(l—ggmmJ :

Here ng is as in (ii) and

. E((X +0¢)? — (Y +0)?])
K= 121)f sup E(X 10D
ceR

’

where D denotes the set of all possible distributions of independent and identically distributed
random variables (X, Y) with variance 1 (see [15]).

Let us show how Proposition 1 can be applied to the analysis of e-lazy Markov chains of
order ny, i.e. for Markov chains for which there exist ng € N and & > 0 such that

pP(x,x) >¢ forallx € Q.
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In this case, we have

1 n n C
k psno png (A) = m/ﬁp O(x, A)p™(x, A%)m(dx)

1 n C
Zem//‘l7 ’(x, A% (dx)

= gkpy(A).
This, together with Proposition 1 and Theorem 2.1 of [15], yields the following result.

Corollary 1. A e-lazy positive recurrent Markov chain of order 1 has an L* (1 )-spectral gap
if and only if
k> 0.

We have just seen that it is easier to establish the spectral gap property for Markov chains
which are e-lazy. Indeed, the required laziness property in Corollary 1 cannot be skipped. For
example, consider the Markov chain with state space {1, 2, 3} and transition matrix

010
P=10 0 1
1 00

For the invariant measure 7, we have 7 (i) = % i €{1,2,3}, and an easy calculation shows
that k > 0. But this Markov chain does not have the spectral gap property.
Now let us state the main result of this paper.

Theorem 1. Let &1, &, ... be a positive recurrent, weakly reversible Markov chain of order n.
Then the following three conditions are equivalent.

(i) P has an L*(r)-spectral gap.
(i) kp, > 0.
(i) 0 <k, < K, < 2.

Let us make some comments on this result. First, observe that it is not interesting for
analyzing Markov chains in an MCMC setting, since in that case problems with periodicity
can be simply avoided by generating a lazy Markov chain so that Corollary 1 can be applied.
The situation is different when we are asked for the stability properties of a given Markov
chain. Here, it may be difficult to recognize periodic behavior, but even for positive recurrent
and aperiodic Markov chains, it cannot be deduced in general that they have the spectral gap
property. For this reason, let us explain the content of Theorem 1(iii) for n = 1.

Theorem 1(iii) essentially says that, for weakly reversible Markov chains with k > O, it
suffices to exclude periods of order two (K < 2) to ensure the spectral gap property. It turns
out that this, more precisely, the implication (iii) = (ii), is the most difficult part in the proof
of Theorem 1. Note that, for n = 1, Theorem 1 improves the result in [24].

Before we turn to some examples, let us draw some conclusions from Theorem 1, especially
from the implication (iii) = (ii).

Corollary 2. Let &y, &, ... be a positive recurrent, weakly reversible Markov chain of order 1.
Assume that there exists ¢ > 0 such that

m(A) ¢ (3 —e s+e) forallAe F. )
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Then &1, &>, ... has a spectral gap if and only if
k> 0.

Let us point out how Corollary 2 can be applied. For example, if &1, &, ... is a weakly
reversible Markov chain with a state x € €2 such that 7(x) > % Then (2) holds and we only
have to check that k > O to establish the spectral gap property. Obviously, there are many
other examples, for instance, if there exist x1, x2, x3 € 2 such that 7(x1) = 7 (x) = % and
T(x3) = é, we also conclude that (2) holds, no matter what the other values of the invariant

distribution 7.

Corollary 3. Let &1, &>, ... be a positive recurrent, time-discrete, weakly reversible Markov
chain of order 1 with state space (2, F, ). Moreover, assume that there exist C € F with
7 (C) > 0and ¢ > 0 such that, for all measurable subsets B C C,

p(x,B) > ¢ forallx € B. 3)
Then &1, &, ... has a spectral gap if and only if
k> 0.

Compared to Corollary 1, this result says that besides k > 0, for weakly reversible Markov
chains, laziness is only needed on a small subset C € F with 7(C) > 0.

After presenting some theoretical implications of Theorem 1, we will now see how it can be
applied to establish the spectral gap property of the following class of nonreversible Markov
chains, which can be investigated with the theory of linear higher-order difference equations.

Let &1, &, ... be a Markov chain with state space N and transition probabilities

p,i+k)=gqr >0, p@,i —k)=pr >0, 4
fork e {1,2,...,np}and alli > n; > ng e N,
po=qo = p(,i) @)

foralli > n; > ng € N, for some n| > ng such that

no

no no
po+ Y pkta=1, Y kpi>Y kar. (6)
k=1 1

k=1 k=

Observe that the above class of Markov chains extend the notion of discrete-time birth-and-death
processes in a natural way.

Theorem 2. Let &1, &, ... be an irreducible and weakly reversible Markov chain of order 1
with state space N such that (4), (5), and (6) are satisfied. Then &y, &, ... hasan Lz(rr)-spectral

gap.

Observe that (4) is a constraint only for the transition probabilities p(i, -) fori > n; > ny,
where n1 might be taken arbitrarily large. Hence, this result can also be understood as a certain
extension result for finite state space Markov chains. If a Markov chain, conditioned to stay in
a certain finite domain forever, is aperiodic and irreducible and satisfies the above conditions,
then it has an L?(r)-spectral gap. This means that, given a finite Markov chain, the above
result tells us how the Markov chain might be extended to a countable infinite state space.
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2.1. Proof of Theorem 2

For the proof, we have to establish the following.
(a) The Markov chain has a stationary distribution 7.
(b) kr > 0.

We will see that (a) can be deduced from a stronger result. We will establish that the above
Markov chain is geometrically ergodic by using the Lyapunov function approach. To prove (b),
it turns out that the tail behavior of the invariant distribution r will be of key importance.

The following result is taken from the book of Meyn and Tweedie [17, pp. 358-359].

Result 1. An irreducible and aperiodic Markov chain with state space N is geometrically
ergodic if and only if there exist a real-valued function V with V > 1 and a small set C
such that

PV(@Q) <sV(@i)+blc, s <1,b<oo, foralli e N, @)

where in this discrete setting every subset C C N is small.

First of all it is easy to see that the chain is aperiodic. Now let us show that the above drift
condition is satisfied with V (i) = V(r, i) = r' (this means that P is assumed to operate only
on the second component of V (,i)),C = {1,2,...,n; — 1},and b = 0+ for some r > 1.

For i > ny, we have, by definition,

no
PV(r,i) = por' + Z(quH'j + pjr"_j).
j=1
We readily establish that, for all i > ny,
PV(1,i)
V(l,i)

Condition (6) yields

no

d PV(ri) N . .
—_—— = Jjqj — jpj <0 foralli > ny,
dr V(i) |, X_; / X_; /
J j=
which implies that there exist r = r(q1, 92, ..., qny> P1> P2, ---» Png) > 1 and € > 0 such
that, forall i > nq,
PV(ri)
—— < 1-s.
V(i)

Fori < ny, it follows that
PV (i) < r"0tM = p,

which implies that &1, &>, . . . is geometrically ergodic.

To see that kp > 0, a deeper investigation of the invariant distribution 7 is necessary. In
particular, the tail behavior of 7 (n) for large n is of key importance. By w P = 7w we obtain,
fori > ng +nq,

(i) = gnew (i —no) +qny—17 (i —no+ 1)+ -+qin(i = 1)+ p1w i+ 1)+ - -+ pp,mw (i +no).
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In analogy to linear differential equations, where the exponential function is used as an ansatz
function, the above equation might be solved using the ansatz function f (i) = A' (for further
details, see, e.g. [9]). By this we obtain

2210 4 Pro=1 52001 44 P snott _ L)Lno + A1 4no-1 44 no _ . (8)

Pny Pnyg Pny Pny Pnyg

Denote by Z(P) := {A1, A2, ..., A} the Os of (8), and assume that A ; has multiplicity m ;. It
follows from the general theory of linear difference equations with constant coefficients (see,
e.g. [9, p. 76]) that U;’=1 G, where

n _ n _ n n—m;+1
G:= 1)\, Al A2 PR AR
/ { ! (1) / <2> / mj—1)"/

is a fundamental set of solutions of (8). This means that, for any n > nj, w(n) has a
representation of the form

.
mn) =Y Majo+ajn+ajon®+-+ajmn™" ©)
j=1

for some constants a;; € C, 1 < j <r,0<i <mj;—1,and 25‘21 mj = 2no + 1. Since
there exists a solution of (9) such that w(n) > 0 for all » € N and Z?il (i) =1, we only
have to consider

L€ Z(P):= (A€ Z(P): A € [—A1, A1), A :i=max{A € Z(P)N(0,1)}} and a;; € R.
Ordering A € 7 (P) such that
L>2x1 =M= A = =[N, L<r,

where [ := |Z(P)|, yields
1 )\‘ n
w(n) = A} Z(A—J) (ajo+ajin+ aj,znz + .o+ aj,mj_lnmj*l). (10)
. 1
j=1

By the positivity of 77 (n) for all n € N we have
ajotapin+ al,znz 4La al,ml_mm'*] - 0.

Now we have to distinguish two cases, namely, A1 > |Az| and A1 = |X2|. We only treat the
first case, since the second case can be handled in a similar fashion. From (10) and A; > |A2],

it follows that
. onan+1)
lim —— =

1s
n—oo  1(n)

which implies that, for all ¢ > 0, there exists N = N (¢) such that, for all n > N, we have
A=) <mm+1) < +e)rn).

Choosing ¢ < 1 — A1 we obtain, foralln > N,

W a0 (11)

lte-M >z —7 2
2iZ, (@)
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This yields
I 7 (n)
m ==
n—o00 Z?in 7-[(1)

Now we are prepared to show that k; > 0. For this reason, let us take A = A, such that

=1—-Xx; >0.

ky(A) — ky < e. (12)
Furthermore, a simple computation shows that
k(A) = k(A).

Hence, without loss of generality, we can assume that w(A) < % (otherwise, do the same
analysis with A€). Define

io = io(e) = min{i € A: p’(i, A®) > 0}
and
Pmin = min{p(i, j): pG, j) #0, i, j € N}.

In the following we will always suppress the ¢ in the notation A, and i to simplify the
presentation. For the Markov chain under consideration, we obviously have

pmil’l > 0’
which immediately implies that
(o) o,. ¢ . N a2
k2 (A) = a7 (io, A%) = min{m ({): i < io}Ppin- (13)

We consider the following two cases.
Case 1: ip < n > 2ny. In this case, for any n > 2n| and ¢ < %min{n(i): i < Zﬁ}pfnin
(which in particular is true for ¢ < %n(l) plznin), it follows from (12) and (13) that
min{r(i): i < 2i}p2,
2

ky > ka(A) — & = min{m(i): i < 27)p2;, — >0, (14)

and, hence, we are done in this case.
Case 2: iy > n. First, assume that i) — 1 € A. Forig — 1 € A, we find, by the minimality
of ip and
pllio—1,ig—1+£2k) >0 forallk € {1,2,...,no},

that
{iop—1—2ng,...,ip+2n9—1} C A, {io + 2ng} C AS.

By the definition of 7| and again using the minimality of iy, we can conclude that
B:={ny —no,ny —ng+1,...,i0 +2n9 — 1} C A.

Next we want to show that {1, 2, ..., io+ 2n9 — 1} C A, which will be done by contradiction.
Since the transition probabilities p(i, j) have been left unspecified for small i, we have to make
use of the fact that the underlying Markov chain is irreducible.
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Let us assume that
A°N{1,2,...,n1 —ng— 1} # 2. (15)
Let j. € A°N{1,2,...,n; —ng — 1}. By weak reversibility and irreducibility, there exists a
finite path from jo := n; — ng to j, that staysin {1, 2, ..., n1}, i.e. there exist ji, ja, ..., jk €
{1,2, ..., n} such that

pGo, jDPUts j2) - - pUk—1, ji) P ks Js) > 0.

But this implies that ig < ny, which contradicts the assumption that ig > 2n1, so (15) is wrong,
which means that
AD{1,2,...,ip+2n9—1}.

Since % > 7(A) > Z;SZ"O_I (i), we have

n

1
jo < np = e N: E ) < =},
o < np max{n 2 w(i) < 2}

From here we obtain

(o) 5, ¢

- 7 s A
n(A)P (ip, A™)

> min{(i): i < na}(Min{qu, ..., qng: P1.- -+ Png})*

k2 (A) =

>min{r():i < n2}pr2nin'

Now, as above, choose ¢ small enough so that

min{m(i): i < na}p,.
. .

Second, assume that ip — 1 ¢ A. Using similar arguments as before, we deduce in this case
that A° D {1,2,...,ip — 1} and, hence,

ky = (16)

A C {ig,ip+1,i0+2,...}. (17

By assumption, we have iy > 5. Take & such that 0 < & < 1 — Ay, and choosen > N = N (&).
Then, (11), together with (17), yields

(i), . 2
ky(A) > 7T(IL‘)(HFHH{CHJIL e sqngs Pls s Pno})
> (1 — A1 — &)(Min{q1, g2, - - Gng» Pl» - > Prg})”

> (1= M = ) Pin-
Once again we choose ¢ small enough so that

(> A= — &) Pin
—_— 2 .

Theorem 2 now follows from (14), (16), (18), and Theorem 1.
We now provide an example to show how the explicit bounds on k; can be derived using our
approach.

(18)
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A
L0 ()
0.5+
Ap) 5
0.0 030 035 040 S0
-0.5f 25(p)
-1.0f
-1.5F
-2.0¢ 2(p)
-2.5 -///
FIGURE 1: The Os of (21).
Example. Consider the Markov chain &, &>, ... with state space N and transition matrix P
given by
2p g g 0 0 O
2p 0 g g 0 O
p=|r p 0 q q 0 i
0 pp 0 q g

where p € (J—t, %) and ¢ = 1 — p. It can be easily established that this Markov chain is not
reversible, but weakly reversible of order 1. Moreover, it can be easily established that (7) is
satisfied with drift function V (i) := i, C = {1}, and b = 3, and, hence, the Markov chain
is geometrically ergodic. Hence, there exists an invariant probability measure mw such that
7w P = mr, which yields
(1 =2p)n(1) =2pn(2) + pr(3), (19)
7(2) =qn(l) + p(3) + 7 (4)), (20)

and
7)) =q@n—-2)+xmn—1))+pEhr+1)+ x4+ 2)), n > 3.

The latter is a fourth-order difference equation, which can be solved using the ansatz function
f(@i) = AL, This yields
CSIPC LI PR ) @1)
p p p
The solution of (21) as a function of p is presented in Figure 1, where it can be seen that
all the Os of (21) are pairwise unequal. Hence, it follows from the general theory of difference

equations (see, e.g. [9]) that
n(i) = m(p, i) = AM, + BA, + CAL + DA, (22)

for some A = A(p), B = B(p), C = C(p), and D = D(p) € R, where the dependence on
p will be suppressed in the following. These quantities can be calculated from the boundary
conditions, which are given by (19), (20), and

Zn(i) =1 (23)
i=l1
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B(p)+C(p)

0.40 0.45 0502
C(p)

FIGURE 2: Values of the coefficients B(p) and C(p).

Since |A;] = 1 and |X4| > 1 (see Figure 1), we conclude from (22) and (23) that

A=D=0.
Inserting (22) (with A = D = 0) into (23) yields
_ B n C
Y 1—x3°
which, together with (22), can be used to derive the formulae for B and C. These quantities are
plotted in Figure 2. Note that B and C can be written down explicitly in terms of p, but these
expressions are lengthy and do not enlighten anything, so we abstain from a representation here
and only provide the numerical values.

Let us show that k» > 0. Since k(A) = k(A°), we can assume that 7 (A) < % and again
define

1

ip:=min{i: i € A}.
Let us distinguish the cases igp = 1 and ip # 1. In the first case choose ng € N such that
:’il (i) > % and define i := min{i: i € A°}. From 7 (A) < % we conclude that i| < ng,
which yields

1
ka(A) > mﬂ(il —12pg > 8pgm(iy — 1) > 8pgmin{m(i): i < no} > 0.

For iy #£ 1, we have

by(d) > (p* + 2pq)7 (i)

7w (A)m (A°)
BAY + CAY

= (p* +2p9)— i
By /(1 = A2) + CA3/(1 — A3)
B+C

> 2 2

z (P +209) 5

>0 forall p e (% %) (24)

For the last inequality, see Figure 2. We have just shown that
. . oL 2 B+C
k2(A) > miny8pg min{m (i): i < no}, (p +2pq)B cl
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and since this holds for all A € ¥, we end up with

B+C
ko > min{Spq min{m(i): i < ng}, (p2 +2pq)B + C} > 0.

The spectral gap property now follows from Theorem 1.

3. Proofs

We will first provide the proofs of the results needed for the proof of Theorem 1.
Let us start with the proof of Proposition 1. It turns out that this will be an easy consequence
of the isoperimetric inequality derived in [15].

3.1. Proof of Proposition 1

Since P*' P" is positive and self-adjoint, the proof of Theorem 2.1 of [15] (with P replaced
by P*' P") yields, forall f € L} (),

Ky < inf (ff = PV P f)y < kpur
8 feLol(”)

V1= 8’%«: pn Z NP fll2 = /T=kpor pu, (25)

It is not difficult to see that, for all n in N, we have 1 — kp.n p, > 0, so the right-hand side of
(25) is well defined. The necessity of (ii) follows from this inequality.
On the other hand, if (ii) is fulfilled for some ny € N, we obtain, by using the left-hand side

of inequality (25),
n
non non 2
1Py < | PO < (,/ 8k,,*no,,,zo> :

Bearing in mind that || P" ||, is monotonic decreasing in n, the desired estimate follows upon
taking the nonth root. This completes the proof of Proposition 1.

Let us turn to the most difficult part in the proof of Theorem 1, namely the proof of the
following result.

This is equivalent to

Lemma 1. Let &1, &, ... be a stationary and weakly reversible Markov chain of order n on
an arbitrary state space (2, ¥, w). Let Cr be the reversibility constant associated with the
Markov chain. Then we obtain the following estimate for ky;, :

k2
kan = sup min[ (5182(1—8) CRrd),
8,61,62,6€Ry 16

k Q- —-en—e)1-9) 1 3
("( 1 -0k, _1—8)_1—8>8j|.

Lemma 1 is closely related to Lemma 6 of [24] in that the assumption of reversibility is
replaced by weak reversibility. Although the proof is very similar to that provided in [24], we
provide it here for the sake of completeness.
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Proof of Lemma 1. Without loss of generality, let us assume that n = 1 (otherwise, argue
with p" (-, -) instead of p(-,-)). For A € ¥, we have

ka(A) = m/ n(dx)p (x, A)

1 . .
= r TN </An(dx)/AP(x, dy)p(y, A )+/An(dx) /AC p(x, dy)p(y, A ))

—1 C
= Z(A)m(AY </A”(dx)/ px, dy)p(y, A )+f ﬂ(dX)/ p(x, dy)p(y,A)>

{AeF: n(t;é)<1/2}7r(A)n(AC)/”(dx)/p(x dy)p(y, A%),

v

and, therefore,

Z her <1/ T (A (A0 /A 7o /A Pix, d)p(y, 4. (26)

Hence, we can assume without loss of generality that w(A) < % Let us define

k
Akja = {y € A: p(y, A9 = Z}'
Then we obtain

/An(dx)/Ap(x, dy)p(y, A°) = /AN(dX) px, dy)p(y, A%

Ag/a

k
- / (@) p(x, Agsa). @7
A

Let us continue by estimating f 4 7 (dx)p(x, Ag/a). For this, define
C .= A2/40A, A, = {x € C: p(x, Agya) = ¢}
We now consider the following two cases.

Case 1: assume that there exists 54 > 0 such that w(C) > §am(A). Then it follows that

1 C
= mfc”’“ il

1 C
chp(x,Ak/4)ﬂ(dx)+/cp(x,A )7 (dx)

: - k
= m(/ p(x, Ay (dx) + e (C N A7) + Z”(C)>

k
= m/ px, Agya)m(dx) + 26 + 5.

Choosing ¢ = k/8 we obtain

1

m Agss p(x, Agja)m(dx) =

)

ENIE
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and, therefore,
k C k C
px, Agya)m(dx) > —m(C)m(C) = 34w (A)mw (A%).
Aigg 4 4

Together with (27) and (26) this yields

2

k
ko (A —34.
2()216A

Case 2: assume that m1(C) < 54w (A). Let us define
Bg, = {x € Agja: p(x, A°) <1 —¢1}

and split the second case into the following two cases.
Case 2(i): assume that there exists €2 > 0 such that w(Bg,) > €27 (Ar/4). Then it follows
that

1
ka(8) =~ fA m(dx) p*(x, A)
N S
= w(A)m(A%) Jp,
1
>
= m(A)m(A) J,
k 1 d B
Z—T[(A)TL'(AC) Ak/47‘[( x)p(x, Bg))
k 1
4Cg m(A)m(A) / TADPE Bage)- 28)

7(dx)p?(x, A%

7 (dx) p(x, dy)p(y, A9
Ag/a

v

v

Moreover, we have

/ w(dx)p(x,C) < CR/ w(dx)p(x, Bg)) < Crm(C) < Crdam(A)
B, c
and

/ m(dx)p(x, A) = e1m(Bg)) > €162 (Aka) = €162(1 — S4)m (A).
B,
Subtracting the first inequality from the second, we obtain

/ m(dx)p(x, Agsa) = (e261(1 —84) — Créa)m(A).

Be)

Inserting this into (28) yields

k
kr(A) > — 1—364) — CRréa).
2( )_4CR(8281( A) ROA)

Case 2(ii): assume that there exist 84, €1, and & (the same as before) such that w(C) <
Sam(A)andm(Bg) < e (Agy4). First, we observe that, for small €1, £2, and 6 4, the associated

https://doi.org/10.1239/jap/1331216845 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1331216845

260 A. WUBKER

m(A) is bounded away from % This can be established in the following way:
/ w(dx)p(x, A®) > / w(dx)p(x, A®)
A Ak /4

> f 7 (dx) px, AS)
Ak/4ﬂB§l

> (1 — 1) (Agsa N Bg))

> (1 —e) — &) (Axsa)
> (I —ep(1 —e2)(1 —84)m(A).

This yields
(I —end —e)d—384)
7 (A°) '

Since k(A) < K for all A € ¥ by the definition of K, we obtain

k(A) >

(I —end —e)d —=84)

(AY) = X

(29)
This inequality will now be used in order to continue the estimation of k3 (A). Define
H; :={y € A®: p(y, A®) > ¢}.

Then we have

1 C
ka(A) = W/A”(dx) /ACP(’“ dy)p(y, A%)

1 C
= r(Am(An fA @) fH p(x, d)p(y, A)

1
S G, /A 7 (dx) p(x. H) (30)

L

In order to obtain a suitable estimation of L, we consider the probability flow out of the set
AUH:
1

k< ——— m(dx)p(x, He)
T(AUHDT(HD Jaone "

1
= m(/l;ﬂ(dx)P(X, Hs) +L§OAC JT(dx)p(x, HE))
w(A)m(A°) L ﬂ(H;mAC)

T(AUHS7(Hy) ~ " 7(AUHOT(H,) '
1 ( 7 (HE N A°) )
oA RALL S
7 (He) T (A)

=

=

From this we obtain
w(HS N A°)

L > n(H)k — )

(3D
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Now we continue to estimate 7w (H,) and w (HS N A®)/m(A). It holds that
m(A) > / 7(dx)p(x, A) > (1 — &) (H; N A°).
HENA®
It follows that
w(HS N AS) - 1

m(A) T l—¢
By adding 7 (H;) to both sides of w (HS N A®) < w(A)/(1 — &) we obtain

(32)

(A%) < ﬁnm) 7 (Hy),

and, hence,
2—¢ 1

l—e 1-—¢

m(He) = 7 (A®)
Using (29) we obtain

T (H,) > (I—-end—e)d—-684)2—-¢ 1 .
K 1—c¢ 1—¢

This and (32) inserted into (31) yields

LZk<(2—8)(1—81)(1—82)(1—5A)_ 1 )_ €
(1—-¢)K 1—¢

Again, inserting this into (30), we obtain

kz(A)zs(k((z_‘?)(l‘sl)(l—82)(1—5A)_ 1 )_ e )
(1-9)K l—s 1_¢

Recall that we have just proved the following three different inequalities for k2 (A):

k2
ky(A) > —6
2( )_16A

for m(C) = 54 (A),
k
kr(A) > —— 1—3584) — )
2(A) > 4CR(8281( 4) — CRréa)

for m(C) < dam(A), mw(Bg) > exm(Ags4), and

kz(A) > 8(k<(2_8)(1 —81)(1 —82)(1 —6A) B 1 ) . s )
(1-9e)K 1—¢ 1—e¢

for m(C) < dam(A), m(Bg) < &2 (Ag/4). As an immediate consequence, we obtain

[k k
ky > sup min| —§&, —(e162(1 — 8) — CR9)),
8,61,82,6€R4 16 4

(((Emtemtomdon 1y o)
(1-oK t=e) 1-¢

completing the proof of Lemma 1.
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Based on Lemma 1 we derive the following result.

Proposition 2. Ler &1, &, ... be a weakly reversible Markov chain of order n such that

0<k, = 1nfk (A) < sup k,(A) =K, <2.
Ae¥F
Then it follows that
kzn > 0.

Proof. Once again, without loss of generality, we may assume that n = 1. Choose &1 and
g7 in a way such that g162(1 — 8) = 2Cé (e.g. &1 = &2 = /2Cr8/(1 — 8)), where Cr is as
in (33). Now choose ¢ and § sufficiently small such that the third term in the min expression of
(33) is larger than 0. But then (33) is also bounded away from 0 and, hence, the result follows.

We will also need the following result.

Lemma 2. Consider the Markov chain &1, &>, . ... The following inequalities hold:

1/q
an() ?

dg

1
kpso png < 2 /pesssupyeg

LP(p(y,-))

1/q
P"o P*”O

do
do LP(p(y,)

Proof. Without loss of generality, we can assume that 7 (A€) > % The first inequality can
be seen as follows:

1
kong <2 /peSSSUPyesz

T[(A)T[(AC)ICP*P(A)Z/ P*P 1 pc(x)m(dx)
A
=/Qp(x,A)p(x,A°)ﬂ(dX)

. a0 o (dy)
= ﬂ(A)LL dé(x,y)p(x, A )—H(A) p(y, dx)

d d 1/p
S”M)(/ / d_g("’y)pj;(my)) dx))
1/q
([ f e ”3 0. a0)

Sn(A)< dg( y) o ))’;(( Z;)l/p(n(AC)kz(A))‘/‘f
< 7 (A)m(A%)2 Pesssup, g é(-,y) Lp(p(y,.))kZ(A)l/q'
Turning to the second inequality:
T (A)(A%)ka(A) = m(A)m(A)ka(A®)
=/ P* 1pe(x) P 15 (x)7(dx)
i 7(dx)

=7T(A)/QfAP Lae(X) p(x, dy)n(A)
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do
—C,y)
do LP(p(y,)

L e () n(dy))”q
X(/A/QP Ly, dn T

< JT(A)n(AC)Zl/”esssupyEQ

< m(A)esssup,cq

kppe(A)/4.
LP(p(y.)

dQ

Let us generalize the definition of weakly reversible in the following way.

Definition 2. We say that the Markov chain &1, &, . . . is metareversible of order n € N if there
exists g € (1, oo] such that

dow
< 00 m-as.
La(p(y,-)

essupcq

From the definition, it is immediately clear that weakly reversible Markov chains are meta-
reversible, but in general the converse is not true.
The following proposition implies the first equivalence in Theorem 1.

Proposition 3. Let us assume that &1, &>, . . . is metareversible of order n. Then the following
two conditions are equivalent.

(i) P has an Lz(n)-spectml gap.
(i) kp, > 0.

Proof. That the existence of an ng with k,, > 0 is necessary was shown in [24]. Assume
now that there exists ng such that k»,, > 0. Then we have, by Lemma 2 and weak reversibility,
k png p«no > 0. From Proposition 1, P* has a spectral gap. But it is well known that o (P) =
o (P*). So this implies that P has an L?(;r)-spectral gap.

With these preparations, the proof of Theorem 1 becomes rather short.

3.2. Proof of Theorem 1

By assumption wehave 0 < k;,, < K, and, hence, Proposition 2 yields kp,, > 0. Since weakly
reversible Markov chains are metareversible, the result immediately follows from Proposition 3.
The following corollary is an easy consequence of Proposition 3.

Corollary 4. Assume that &1, &>, ... is a weakly reversible Markov chain of order ny with
reversibility constant C. Then we obtain the following estimates:

kP*”O po = Ckzn(p k2n0 =< Ckpno px"0 -

Proof. Use Lemma 2, and choose p = ocoand g = 1.
For the proof of Corollary 2, we need the following result.

Lemma 3. Let K := sup, ¢ k(A) = 2. Then, for any sequence of sets A, € F with the
property that k(A,) — 2, we have T(A,) — %

Proof. First let us show that, for all A € ¥, we have

0<k(A) <2
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The first inequality is trivial. In order to show the second inequality, let us consider K :=
sup 45 k(A). Then, for every e > 0, there exists A € F such that k(A) > K — ¢. For such a
set A, it follows that

/Ap(x, A7 (dx) > (K — e)m(A)m (AS). (34)
Since p(x, A°) only takes values between 0 and 1, an @ with 0 < & < 1 exists such that
/Ap(x, A9m(dx) = an(A). (35)
This together with (34) yields
a > (K —&)m(A). (36)

Since k(A) = k(A€), we obtain /AC p(x, A)yr(dx) > (K — &) (A)m(A®). So there exists 8 €
[0, 1] such that

/AC p(x, A)m(dx) = pr(A°). (37)
As above, this yields
B > (K —e&)m(A). (38)
Adding (36) and (38) we obtain
2>a+ B> (K —e)r(A)+ (K —e)r(A°) = K —e. (39)

Since this is true for all ¢ > 0, we have K < 2. According to (35) and (37), we associate with
A, and A{ the constants o, and f,. Fromk(A,) > 2 —¢,,0 <&, — 0, and (39) with K = 2,
o =y, B = By, and € = g, it follows that o, — 1 and B, — 1. Using (36) and (38) with
K =2 and keeping in mind the first inequality in (39), we can conclude that 7 (A,) — %
3.3. Proof of Corollary 2

Lemma 3 and condition (2) imply that K < 2. Hence, the result follows from Theorem 1.

3.4. Proof of Corollary 3

We have to show that (3) implies K < 2. So let us assume that K = 2 and A, € F isa

sequence such that
k(A,) — 2.

By Lemma 3 we know that 7 (A,) — l. We have

2= D, P AP

= 2< lim / p(x, AD)m(dx) + / p(x, A (dx)
A,NC

n—oo o
AsnC

—i—/ p(x, A)m(dx) +/ p(x, A,,)n(dx))
ApNCE ASNCe

<2((1 = &) (C) +7(C%))
=2 —2en(C)
<2,

since m(C) > 0 by assumption. This contradicts the assumption that K = 2 and, hence, the
result follows.
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