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A DIRICHLET PRINCIPLE FOR NON REVERSIBLE MARKOV
CHAINS AND SOME RECURRENCE THEOREMS

A. GAUDILLIERE, C. LANDIM

ABSTRACT. We extend the Dirichlet principle to non-reversible Markov pro-
cesses on countable state spaces. We present two variational formulas for the
solution of the Poisson equation or, equivalently, for the capacity between two
disjoint sets. As an application we prove a some recurrence theorems. In par-
ticular, we show the recurrence of two-dimensional cycle random walks under
a second moment condition on the winding numbers.

1. INTRODUCTION

Since Kakutani work [10], probability theory has not only proven to be a powerful
tool inside potential theory, but potential theory has also given deep insight into the
study of Markov processes. For example, the Dirichlet and the Thomson principles,
which express escape probabilities as infima and suprema, respectively, give efficient
recurrence and transience criteria. One can use the Dirichlet principle to prove the
recurrence of random walks in random conductances in dimension one and two,
and the Thomson principle to prove transience in dimension larger than or equal
to three [15, 17].

Recently, potential theory and the Dirichlet principle played an important role
in the proof of almost sure convergence of Dirichlet functions in transient Markov
processes [1, 6], and in the proof of the recurrence of a simple random walk on
the trace of transient Markov processes [5]. In a completely different context, the
Dirichlet principle has been a basic tool in the investigation of metastability of
reversible Markov processes (cf. [4, 3] and references therein).

Most applications of potential theory to Markov processes, as the ones cited
above, are however restricted to reversible processes due to the lack of variational
formulas for the effective resistance between two sets in non-reversible processes.
We fill this gap here, presenting a Dirichlet principle for general Markov processes
in discrete state spaces.

To illustrate the interest of the Dirichlet principle, we present some direct impli-
cations of this result. In Lemma 2.8, we extend to non-reversible transient Markov
processes a well known pointwise estimate of a function in terms of its Dirichlet
form and the Green function. In the last section, we state some recurrence theorems
for non-reversible processes. In particular, we show that the recurrence property of
Durrett multidimensional generalization [8] of Sinai random walk relies in fact on
the scale invariance properties of a stationary measure and not on the reversibility
of the process. We also give a sufficient second moment condition for the recurrence
of two-dimensional cyclic random walks considered before in [11, 13, 7, 12].

Key words and phrases. Markov process, Potential theory, Non-reversible, Dirichlet principle,
Recurrence.



2 A. GAUDILLIERE, C. LANDIM

In a completely different direction, relying on the Dirichlet principle presented in
this article we prove in [9] the metastable behavior of the condensate in supercritical
asymmetric zero range processes, extending to the non-reversible case the results
proved in [3].

2. NOTATION AND MAIN RESULTS

Consider an irreducible Markov process { X; : ¢ > 0} on a countable state space F
with generator L. Denote by A(z), « € E, the holding rates, by p(z,y), z #y € E,
the jump probabilities, and by r(x,y) = A(z)p(z,y) the jump rates. In particular,
for every function f : E'— R with finite support,

(L)) = Y r(@y)fy) - f@)], zcE. (2.1)
yeLr
Note that Lf is well defined for a bounded function f.
Assume that the Markov process {X; : t > 0} admits a stationary state u. Let
L?(i) be the space of square summable functions f : E — R endowed with the
scalar product defined by

(fog)u = Y nx) fx) g(x) .

rel

Denote by the same symbol L the generator acting on a domain of L?(u), and by
D(f) the Dirichlet form or energy of a function f: E — R :
D(f) = 5 3 wle)rew) [F) ~ F@)P
z,yel
so that for f in the domain of the generator we have D(f) = (f, (—L)f) ..

For each x € FE, denote by P, the probability measure on the path space
D(R4, E) of right continuous trajectories with left limits induced by the Markov
process X; starting from z. Expectation with respect to P, is denoted by E,.

Denote by {X; : t > 0} the stationary Markov process X; reversed in time. We
shall refer to X; as the adjoint or the time reversed process. It is well known that
X} is a Markov process on E whose generator L* is the adjoint of L in L?(u).
The jump rates *(z,y), © # y € E, of the adjoint process satisfy the balanced
equations

ple)rz,y) = ply)r(y, =) . (2.2)
Denote by \*(x) = A(z), z € E, p*(x,y), * # y € E, the holding rates and the
jump probabilities of the time reversed process Xj'.

As above, for each z € E, denote by P} the probability measure on the path
space D(Ry, F) induced by the Markov process X} starting from x. Expectation
with respect to [P} is denoted by EZ.

For a subset A of E, denote by T4 (resp. T);) the hitting (resp. return) time of
a set A:

Ty :=inf{s>0:X,€ A},
T5 = inf{t >0: X, € A, X5 # Xo for some 0 < s <t} .

When the set A is a singleton {a}, we denote Ty,y, T{J;} by Ty, T, respectively.
We set for every z in E, M (x) = p(x) ().
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Definition 2.1. For two disjoint subsets A, B of E, the capacity between A and
B is defined as
cap(A,B) = > M(x)P. [T} > T#] . (2.3)
z€A

Clearly, the sum may be infinite. We prove below in Lemma 2.3 that the capacity
is symmetric: cap(A, B) = cap(B, A).

We may also express the capacity in terms of the distribution of the adjoint
process. By (2.2), for any sequence xg,1,...,Z, such that p(x;, z;41) > 0, 0 <
i <n, M(z0) [Tocijcn P(Ti, Tix1) = M(2n) [[o<icp P* (@ig1, 25). Tt follows from this
observation that for any a € A, b € B, M(a)P,[Ts < T, Tp = Tp] = M(b)P;[Ta <
T4, Ta =T,]. Hence,

cap(A, B) ZM oI5 <TH) = ZZM oI <TH Tp =T,
a€A a€AbeB
so that
cap(A,B) = > M) PTH <Tf] = cap™(B, A). (2.4)
beB
As in the reversible case, the capacity is a monotone function in each of its
coordinates:

Lemma 2.2. Fiz two disjoint subsets A, B of E. Consider two sets A’, B’ such
that AC A’ C B¢ and B C B’ C A°. Then,

cap(A4,B) < cap(4,B’), cap(4,B) < cap(4’,B).

Proof. The first claim follows from the original definition and the second one from
equation (2.4). O

For two disjoint subsets A, B of E, let V4 5, Vi  : E — [0, 1] be the equilibrium
potentials defined by

VA,B(w) = ]P)QC[TA < TB] s VX,B(‘T) = ]P);[TA < TB] . (25)

When the set B¢ is finite, the equilibrium potential V4 p has a finite support
and belongs therefore to the domain of the generator. Moreover, in this case, V4 p
is the unique solution of the elliptic equation

(LV)(2) = 0, ze€E\(AUB),
Vi)=1, z€A,
V(y) =0, yeB.
Furthermore, since by the Markov property, —(LVa p)(z) = A2)P,[Ts < TS],
T €A,
cap(4,B) = (Va, (—L)Vag)y = D(Va) . (2.6)
This identity does not hold in general, since the scalar product is not well defined
if the set B¢ is not finite. However, following [2], if the process X; is positive

recurrent and the measure M(z) = p(x)A(z) is finite, one can show that this
formula for the capacity holds.

Lemma 2.3. For any disjoints subsets A and B of E,
cap(A, B) = cap(B,A) .
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Moreover, if {K,|n > 1} is an increasing sequence of finite sets such that E =
Unlen, then

cap(A,B) = lim lim cap(4m,Bn),

m—+00 n—-+0o00

where Amy = AN Ky, B, = BUKE.
Proof. Assume first that B¢ is finite. In this case by (2.6),
cap(A,B) = D(VA,B) = D(l — VB,A) = D(VB,A) .

Since 3, cp yepe M(@)r(z,y) and 3o p g p(x)r(z, y) are finite, and since Vp 4
is equal to 1 on B, we may write D(Vp 4) as

3 Z,u r(z,y)Ve,a(x)(Vg,a(x) — VB, a(y))

+ = Z“ 2)Vp,a(y)(Ve,a(y) — VB,a(z)) (2.7)

+ an 2,y)V,a(y)(Ve,aly) — VB.a(@)) ,

z,y

where ¢, (x,y) = (1/2)[pu(x)r(x,y) — u(y)r(y, z)] and all these sums are absolutely
convergent since Vg 4 is bounded.

The first two lines of the previous sum are equal. Since Vp 4 is bounded,
(LVp,a)(z) is well defined by (2.1) for each = in E. Moreover, (LVp 4a)(z) = 0
for x € (AUB)¢ and —(LVp,4)(x) = MN(@)P,[Ta < T4], x € B. Therefore, the sum
of the first two lines is equal to

ZN Wa.a(x)(—LVpa)(z) = Y MO)P[T] <Tj] = cap(B,A). (2.8)
beB

On the other hand, since cq(z,y) = —ca(y, ) and since the sum 3 u,, may
be written as (1/2) 3>, {taz,y + ty2}, the last line in (2.7) is equal to

3 3 calwn)(VE.aly) ~ VA.a(e)

z,y

= % Z ca(,9) (V5 a(y) = Vi alz +cha$ y)(1 = VE a(x))

z,y¢B zZBy€eB
= =D D caley)Vial@)+ )Y calr,y).
z¢ByeE r¢ByEeB
As co(z,y) = —caly, ), Zz,ygB co(z,y) = 0. We may therefore replace the

sum over B in the last term by a sum over E. Since p is a stationary state,
> yer Ca(z,y) = 0 for all z € E. This proves that the last line of the previous
displayed formula vanishes. In conclusion, when B¢ is finite,

cap(A4,B) = D(Vp,a) = cap(B,A) .

It remains to remove the assumption that B¢ is finite. Let {K,|n > 1} be an
increasing sequence of finite sets such that £ = U,>1K,. For each m < n, let
Am =ANK,, B, = BUK; and note that Bg is finite for each n > 1. Since each
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set A,, is finite, by (2.3), by (2.4) and by Beppo Levi’s theorem,
lim lim cap(An,,B,) = mngcap(Am,B) = mliriloocap (B, Anm)

m—+00 n—-+0o0

= lim M(b)Py[T > T4 ] = cap”(B,A) = cap(A, B).
beB

Since B¢ is finite, by (2.4) and by the first part of the proof, for any m < n,
cap(Ap, By) = cap(Bn, Am) = cap* (A, Br). Repeating the same computations
we obtain that

mLHEOO ngr}rloo cap(Am, Bn) = mgr}rlm nEIJIrloo cap (Am7 Bn) = cap(B, A) :
This proves the lemma. (I

Denote by S (resp. A) the symmetric (resp. anti-symmetric) part of the genera-
tor L in L?(n): S = (1/2){L+ L*}, A= (1/2){L — L*}. The next result is proved
in Section 3.

Theorem 2.4. Fix two disjoint subsets A, B of E, with B¢ finite. Then,
cap(4, B) = inf sup{2<L*F, H), — (H, (fS)H>#} , (2.9)
H

where the supremum is carried over all functions H : E — R which are constant
at A and B, and where the infimum is carried over all functions F which are equal
tol at A and 0 at B. Moreover, the function Fa g which solves the variational
problem for the capacity is equal to (1/2){Va,g + V] g}, where Va g, Vi 5 are the
harmonic functions defined in (2.5).

In the reversible case, the supremum over H in the statement of Theorem 2.4 is
easily shown to be equal to ((—L)F, F'),, and we recover the well known variational
formula for the capacity:

cap(4, B) = inf (~L)F, F),,

where the infimum is carried over all functions F' which are equal to 1 at A and 0
at B.

When the set E is finite and the sets A and B are singletons, A = {a}, B = {b},
the supremum over H becomes a supremum over all functions H : £ — R. In this
case,

sup {2<L*F, H), — (H, (—S)H)M} = (L'F, (=8)"'L*F), . (2.10)
H

Therefore, when the set F is finite, since L (—S)71L* = {[(=L)71]*}~! [12, Section
2.5], the formula for the capacity between two singletons becomes

cap({a}, {b}) = inf (F', L(=8)"'L*F),, = inf (F, {{(=L)""]"} 7" F)y,

where the infimum is carried over all functions F' which are equal to 1 at a and 0
at b, and where [(—L)~1]® stands for the symmetric part of the operator (—L)~1.

In Lemma 4.1 below we express the right hand side of (2.10) as an infimum over
divergence free flows. We have therefore two alternative formulas for the scalar
product (L*F, (—S)"!L*F),, one expressed as a supremum over functions, and
another one written as an infimum over flows.
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2.1. Estimates on the capacity. We compare in this subsection the capacity
associated to the generator L with the symmetric capacities cap® associated to the
generators S. Let {X; : ¢ > 0} be the Markov process on E with generator S. We
shall refer to X/ as the symmetric or reversible version of the process X;. Denote
by P, x € E, the probability measure on the path space D(R4, E) induced by the
Markov process X starting from x.

For two disjoint subsets A, B of E, let cap®(A, B) be the capacity between the
sets A and B for the reversible process X;:

cap’(4,B) = > M(z)P; [T} > T#] .
z€A
In the case where the set B¢ is finite,
cap®(A, B) = <V1§,Ba (=9) VX,B># )
where V p is the equilibrium potential: V3 p(z) = P;[Ta < T5]. Moreover, since
the generator S is symmetric in L2(u), it is well known that if B¢ is finite,

cap(4, B) = inf (=S)F, F), = inf (~L)F, F),, (2.11)

where the infimum is carried over all functions F' which are equal to 1 at A and 0
at B. Taking H = —F in the variational formula (2.9) we obtain that

cap(4,B) > ir}f((—L)F, F), .
The next result follows from the previous observation, (2.11) and Lemma 2.3.

Lemma 2.5. For two disjoint subsets A, B of E,
cap®(A, B) < cap(4, B) .

Recall that a generator L satisfies a sector condition with constant Cy if for every
f, g in the domain of the generator,

<Lfag>i < C'0 <(_L)faf>u <(_L)gag>ﬂ

Next result, whose proof is presented at the end of Section 3, shows that if the
generator L satisfies a sector condition, we may estimate the capacity between two
sets by the capacity associated to the symmetric part of the generator.

Lemma 2.6. Suppose that the generator L satisfies a sector condition with constant
Co. Then, for every pair of disjoint subsets A, B of F,

Cap(AvB) < Cocaps(A,B) :

2.2. Flows in finite state spaces. We have seen that one can reduce capacity
computations to the case when B¢ is finite. By identifying B with a single point
(this will be rigorously done in the next section) we can then restrict ourselves to the
case of a finite space E. We then assume in this subsection that the F is finite. In
this case the stationary measure p is unique up to multiplicative constants. Define
the (generally asymmetric) conductances

c(r,y) = pa)r(z,y), @y = w@)r(ey), r#yck.
Note that ¢(z,y) = ¢*(y, z). Let cs(x,y), ca(x,y), be the symmetric and the asym-
metric parts of the conductances:

sz y) = (12{cz,y) + 7 (@,9)}, calr,y) = (1/2){c(,y) — ¢ (2,9)}
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for x # y € E. Clearly, cs(z,y) = ¢s(y,x) and cq(x,y) = —ca(y,x). The sym-
metric conductances cs(z,y) are the conductances of the reversible Markov process
associated to the generator S.

Denote by £ the set of oriented edges or arcs of E: & = {(z,y) € E x E :
¢s(x,y) > 0}. For an oriented edge e = (z,y) € &, let e = x be the tail of the arc
e and let e™ = y be its head. We call flow any anti-symmetric function ¢ : £ — R.
Denote by F the set of flows endowed with the scalar product

1 1
2 cs(z,y)
(z,y)e€
and let || - || be the norm associated to this scalar product.

Denote by (div ¢)(x), = € E, the divergence of the flow ¢ at x:

(dive)(@) = > @z,y), z€E.
y:(z,y)EE

A flow ¢ whose divergence vanishes at all sites, (divy)(x) = 0 for all z € E, is
called a divergence free flow. An important example of such a divergence free flow
18 ¢q.

For a function f : E — R, let Us(x,y) = cs(z,y)[f(x) — f(y)] be the gradient
flow associated to f. Clearly, ¥ belongs to F and

[sl* = (Op, W) = (L)f, Fu- (2.13)

Let G ={¥s|f: E— R} C F. We refer to G as the set of gradient flows.

A finite sequence v = (xg, ..., T, = o) of sites in F which starts and ends at the
same site is called a cycle if (x;, z;41) is an arc for each 0 < ¢ <n—1and if z; # ;
for 0 < i < j < n. An arc e is said to belong to a cycle v = (zg,...,2, = x¢) if
e = (x;,2,41) for some 0 < i < n. We associate to a cycle v = (zg,...,2n, = Zo)
the flow x~ : £ = R defined by

n—1
Xy = Z{é‘(ziymi+l) - 6(zi+lyxi)} : (2'14)
=0

Denote by C the subspace of F spanned by flows associated to cycles.
A flow ¢ € C associated to a cycle has no divergence:

(dive)(z) =0 xz€E.

Also, ¢ is a gradient flow if and only if ¢ is orthogonal to all cycle flows. In other
words, we have

F=g®cC, g1lc. (2.15
In addition, a flow ¢ that is orthogonal to all gradient flows satisfies, (divp)(zo) =
for all g in E, because (divey)(zg) = (¥ ¢, ) for the function f defined by f(x)
0z0,5- This proves that C is the set of all divergence free flows.

Inspired by the computation of the current through an arc (z,y), presented in
(4.5) below, for a function f: E — R, denote by ®; : £ — R the flow defined by

Qy(z,y) = flx)e(z,y) — fy)ely, o) . (2.16)

In Section 4 we prove the following result.

~

I o
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Theorem 2.7. For any disjoint and non-empty sets A, B C F,
cap(4,B) = inf inf [|®; — ell?,
]

where the first infimum is carried over all functions f : E — R which are equal to
1 on the set A and 0 on the set B, and the second infimum is carried over all flows
w € F such that

(div ¢)(z) =0, =z€(AUB)°, Z(div ©)(a) =0, Z(div ©)(b) =0.
acA beB

In the case where A and B are singletons, the second infimum is carried over all
divergence free flows. Hence, in the case of singletons, the infimum corresponds to
a projection over the space of gradient flows.

In the last section of this article, when we shall estimate some capacities among
singletons, the divergence free flow p(z,y) = cu(z,y), (z,y) € &, will be used
repeatedly to obtain upper bounds.

2.3. Transient Markov processes. Assume in this subsection that the irre-
ducible Markov process {X; |t > 0} is transient, and denote by G(z,y) its Green
function:

Gz,y) = Ex[/ H{X; =y} dt} :
0
Define the capacity of a state x € E, denoted by cap(z), as
cap(z) = M(z)Py [T, = oo .
Since G(z,z)~! = M(z)P, [T, = 0], we have that
1
cap(z) = () r

. 2.17
p (2.17)

Fix a finitely supported function f : E — R such that f(z) # 0, and let F(y) =
f)/f(z) so that F(x) = 1. By Definition 2.1, if {A, |n > 1} is a sequence of

increasing, finite sets such that £ = U,>14,,
cap(z) = lim cap(z, A45) .
n—oo
Since A, is finite and since F is finitely supported, with F'(z) = 1, by Theorem 2.4,
cap(z) < lim sup {2<L*F, H), — (H, (fS)HM} ,
n—oo He®B,
where 9B,, is the set of functions H : E — R which vanish at AS. As F(-) =
f()/f(x), replacing H by H'(-) = H(-)/f(x), we obtain that
1
cap(z) < —— lim sup {2L*f,H — (H,(-S)H }
( ) f(.’L')2 n=oo [rem, < >,U< < ( ) >,U<

In view of (2.17), we have proved the following result, which generalizes a well
known estimate in the context of reversible Markov processes [12, Proposition 5.23],
[1, Lemma 2.1].

Lemma 2.8. Let f : E — R be a finitely supported function and let {A,|n > 1}
be a sequence of increasing, finite sets such that E = U,>1A,. Then, for every
re kb,

w(z) f(x)? < G(x,z) lim  sup {2<L*f, H), — (H,(—S)H>H} ,

n—oo He®,
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where B, is the set of functions H : E— R which vanish at A .

3. CoLLAPSED CHAINS AND PROOF OF THEOREM 2.4

We start this section by assuming that F is finite and that p is the unique
stationary probability measure. In the case where the sets A and B are singletons,
the proof of Theorem 2.4 takes the following form.

Lemma 3.1. Fiz a pair of points a # b in a finite set E. Then,
cap({a}, {b}) = inf(f, L(=8)7'L* flu, (3.1)

where the infimum is carried over all function f : E — R such that f(a) = 1,
f(b) = 0. Moreover, the function f,, which solves the variational problem (3.1) is
unique and equal to (1/2){Vap+ V', }, where Vop, V5, are the harmonic functions
defined in (2.5).

Proof. The operator L(—S)™'L* restricted to the space of mean zero functions is
symmetric, strictly positive and bounded because the state space is finite. There
exists, in particular, a unique function f,; which solves the variational problem
(3.1). Moreover, as (—S)~1! is also strictly positive on the the space of mean zero
functions, there exists a strictly positive constant Cy such that

(faw, L(=S) ' L* fat)y > ColL* fay, L far)u > 0. (3.2)

The previous expression can not vanish due to the boundary conditions of f, .
Since fqp solves the variational problem (3.1),

(L(=S)"'L* fap)(x) = 0, z#a,b.

Let Wy = S_lL*fa,b + co, where ¢j is a constant chosen for W, ; to vanish at b:
Wap(b) = 0. Since LW, = 0 on E \ {a,b}, W, is a multiple of the harmonic
function V, p introduced in (2.5): Wy, = AV, p, where A = W, (a).

We claim that A = 1 so that W, = V. Indeed, since W, is harmonic on
E\{a,b} and f,p(a) =1, fap(b) =0,

<fa,b7 L (75)71L*fa,b>,u = <fa,b; (7L) Wa,b>,u = 7#(0’) (L Wa,b)(a) .

On the other hand, since W, — co = STLL* f,;, and SS™1! is the identity,

<fa,ba L(_S)_lL*fa,b>u = <L*fa,ba (_S)_lL*fa,b>u = <Wa,b; (_S)Wa,b>u
= W, (=L)Wap)p = —pla) Wap(a) (L Wap)(a) ,
where the last identity follows from the fact that W, ; is harmonic on E\ {a, b} and

that W, 5(b) = 0. By (3.2) and the two previous displayed formulas, W, 3(a) = 1
so that W, ;, = V5. Hence, by the last displayed formula and (2.3),

(faps L(=S)"'L* fap) = (Vap, (=L)Vap)u = cap({a}, {b}),
which concludes the proof of the first assertion of the lemma.

Denote by f, 5 a function which solves the variational problem (3.1). We claim
that fop = (1/2){Vap + Va*:b}. Indeed, since Wy, = V5 and since Vg is L-
harmonic on E \ {a,b}, on this set (1/2)L*V, , = SV, = L* fq 5. Furthermore, as
V5 is L*-harmonic on F'\ {a, b}, we have in fact that (1/2)L*{Vap+ V', } = L* fab.
Hence,

L*(1/2){Vap +Vy'p} = L*fap on E\ {a,b}
and (1/2){Vap +V,p} = fap on {a,b} .
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It follows from these two identities that fo» = (1/2){Va + V" }. O

To extend the previous result to the case where the sets A and B are not sin-
gletons, we define a Markov chain in which a set is collapsed to a single state. Fix
a subset A of F, and let E4 = [E\ A] U {0}, where ? is an extra site added to E
to represent the collapsed set A. Denote by {Y? : t > 0} the chain obtained from
X, by collapsing the set A to a singleton. This is the Markov process on E 4 with
jump rates T4 (z,y), ¥, y € Ea, given by

Talr,y) = r(x,y), Ta(z,0) = Zr(m,z), r,y€e B\ A,
zEA

X (3.3)
TA(d,2) = mgﬂ(yﬁ(%x)v rEE\A.

<A
The collapsed chain {X, :¢ > 0} inherits the Jirreducibility from the original chain.
Denote by 114 the probability measure on E 4 given by

Ta(®) = p(A), Tal@) = ple), zeB\A. (3.4)
Since

Yooy = Y ez,

ygA,zEA ygA,zEA

one checks that 74 is a stationary state, and therefore the unique invariant proba-

bility measure, for the collapsed chain Yf.

We may extend the concept of collapsed chain to the case in which more than
one set is collapsed to a singleton. One can proceed recursively, collapsing first
a set A to a point a ¢ E, obtaining a Markov chain in (E \ A) U {a}, and then
collapsing aset B C E, BNA = &, to a point b ¢ EU{a}, obtaining a new Markov
chain in [E'\ (AU B)] U {a,b}. One checks that the final process is the same if we
first collapse B and then A. The rate 74 p(a,b) at which the collapsed chain jumps
from a to b is given by

Fap(a,b) = ﬁ S =) Y r(za). (3.5)

z€A reB

Denote by L4 the generator of the chain {Y? .t >0} and by L, the adjoint
of Ly in L?(fi4). Recall that we represent by {X; : ¢ > 0} the adjoint of the chain

X; and by L* its generator. Let {F:‘ :t > 0} be the chain obtained from X; by
collapsing the set A to a singleton and by L* 4 the generator of this process. We
claim that

*

L, = L*4. (3.6)
To prove this claim, denote by 7 (z,y) the rates of the adjoint of {Y? :t>0}:

— _ AaA)Taly, )
raey = )

Let r*(z,y), =, y € E, be the jump rates of the adjoint process and let ™ 4(3, ),

x, y € E4, be the jump rates of its collapsed version.
In view of the previous displayed formula and by (3.3), (3.4), for z, y € E'\ A,

.  wy)r(y, o)
TA(zay) - ,U/(ZE)

) :L'ayEEA-

= T*(y,:c) = FA(ZL',y) .
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Furthermore, for y € E'\ A, since i4(9) = u(A), by (3.3),
- _ p@)TA@) Y)Y ear(y:2)
T =T T )
_ 2earB)r(zy)
- eal M(A) =T A(07y> .

Finally, for € E \ A, by analogous reasons,
/L(A> FA(a,SC) ZzGA /L(Z)T(Z,.’L‘)

Ti(x,0) = =
A0 = TG (o)
= Zr*(m,z) = 7%4(x,0),
z€EA
which proves (3.6). It follows from this result that
Sa = (1/2{CZa+L,}, (3.7)

if S4 stands for the generator S = (1/2)(L + L*) collapsed on the set A.

Fix two functions f, g: E4 — R. Let F, G : E — R be defined by F(z) = f(z),
x € E\ A, F(z) = f(d), z € A, with a similar definition for G. We claim that

(Laf, 9)m, = (LF,G)u. (3.8)

Conversely, if F', G : E — R are two functions constant over 4, (3.8) holds if we
define f, g: B4 — R by f(z) = F(z), z € E\ A, f(0) = F(z) for some z € A.

Fix two functions f, g : E4 — R. By definition of L4,

Tafs 9p, = D Aal@)Tale,y) [fy) - f@)]g(x) .
z,y€Ea

In view of (3.3), (3.4), this expression is equal to

> u@{ Y @) ) - f@)]+ Y r(@. ) [f@) - f@)]} 9(a)

zeE\A yEE\A eA
+ 3 S wE) iz ) () - £0)]g0) .
yEE\Az€EA

Since F(z) = f(z) for x € E\ A, and F(y) = f(9) for y € A, with similar identities
with G, g replacing F', f, the last sum is equal to

> uw@{ Y r@y) [Fy) - F@) + Y r(w,2) [F(2) - @)} Glx)

zeE\A yEE\A eA
+ 33 w@)r(ey) [Fly) - F(2)]G() .
z€AyeE\A

Since F' is constant on A, we may add to this expression
DO @) r(z,y) [Fy) - F(2)) G(z)
zeAycA

to obtain that the last displayed expression is equal to (LF,G),, which concludes
the proof of the first assertion of (3.8). The second statement is obtained following
the computation in reverse order.

It follows from (3.6) and (3.8) that

(L*af, 9)u, = (L"F, Gy, (Saf,9)m, = (SF,G)u. (3.9)
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The next assertion establishes the relation between collapsed chains and capac-
ities. Fix two disjoint subsets A and B of E. Let E4 g = [E \ (AU B)] U {a,b},

—A
where a # b are states which do not belong to E. Denote by {X, Py > 0} the
chain in which the sets A, B have been collapsed to the states a, b. Let 74, g(x,y),
Pap(r,y), and Aa5(7), , y € Ea p, be the jump rates, the jump probabilities,

—A
and the holding rates, respectively, of the chain X, ’B, and denote by Ty p its
unique invariant probability measure.
Denote by capy p the capacity associated to the collapsed chain. We claim that

capy,p({a}, {b}) = cap(4,B) . (3.10)

Denote by @f’B, x € E 4 p, the probability measure on D(R, E ) induced by
the collapsed chain Yf’B starting from x. By Definition 2.1,

capa p({a}, {0}) = Map(@)B, [T > T;F]
= Map@ Y. Paplaa)B’[T.>T],

EEEA,B

where M 4 p(z) = ﬁA,B(x)XAB(x). Since M 4,5(a)Pa pla, ) =iy pla)Ta,p(a,z)
and since Py p(a,a) = 0, by the explicit expression (3.3) for the rates of the col-
lapsed chain, the previous expression is equal to

Fia,p(a) Z —— Z w(z)r(z,z) @f’B (T.>T,]

z€E\[AUB] n(4) z€A

—A,B
+ Tiapa)Tapla,b) Py [T > Ty .

By construction, ﬁf’B[Ta >Ty] =Py[Ta > Tp]forz € E\[AUB]J, and @:’B[Ta >
Ty] =1 ="P,[Ta > Tp], v € B. Hence, as Jiy g(a) = u(A), by (3.5) the last sum
is equal to

Z Zu(z)r(z,x)Pz[TA >Tg] .
z€E\Az2€A
Since P,[T4 > Tp] =0, z € A, and since p(z) r(z,x) = M(2)p(z,x), this expres-
sion is equal to
= Y M(z)P.[T} > T3] = cap(A, B),
z€EA

which concludes the proof of claim (3.10).

Lemma 3.2. Fiz two disjoint subsets A, B of a finite set E. Then,

cap(A, B) = inf SLI;p{2<L*F, H), — (H, (fS)H>#} .

where the supremum is carried over all functions H : E — R which are constant
at A and B, and where the infimum is carried over all functions F' which are equal
tol at A and 0 at B. Moreover, the function Fa p which solves the variational
problem for the capacity is equal to (1/2){Va,5 + V] g}, where Va p, Vi 5 are the
harmonic functions defined in (2.5).
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Proof. Fix two disjoint subsets A, B of E. By Lemma 3.1 and identity (3.10),
Cap(AaB) = H}f <ZZ,Bfa (_8)_1ZZ7Bf>ﬁA,B ’ (311)

where L4 p is the generator of the chain {7;4 P > 0} introduced right after
(3.9), S is the symmetric part of La g, S = (1/2)(La.p + 3273), and where the
infimum is carried over all function f : Ea g — R such that f(a) =1, f(b) = 0.

By the variational formula for the norm induced by the operator (—S)~!, the
previous expression is equal to

inf sup {2Z5 5/ Dy — (e (=S)h), ) -
h

where the supremum is carried over all functions h : E4 g — R. By (3.6), ZLB =

L* A p, and by (3.7), S = S4.p, where S, p is the generator S collapsed at A and
B. Hence, the previous displayed equation is equal to

inf sup{2<FA,Bf, Ma,, — (b (*gA,B)hﬁA B} :
foon ' ’

Let F, H : E — R be defined by F(z) = f(z), x € E\ (AUB), F(z) = f(a),
z € A, F(y) = f(b), y € B, with a similar definition for H. By (3.8), (3.9), the last
variational problem can be rewritten as

inf sup{2<L*F, H), — (H, (fS)HM} . (3.12)
F g

where the supremum is carried over all functions H : F — R which are constant at
A and B, and where the infimum is carried over all functions F' which are equal to
1 at A and 0 at B. This proves the first assertion of the lemma.

To prove the second assertion of the lemma, recall from Lemma 3.1 that

cap(4,B) = (Lxpfas: (=)' Tapfothm, .,
where fop = (1/2){Vap + V;b} and Vg p, V;b are the harmonic functions for the
collapsed process. By the first part of the proof, the right hand side is equal to

sup {2(L* Fa . )y — (H.(=S)H), }

where the supremum is carried over all functions H : E — R which are constant
at A and B, and where F4 p(z) = fop(x), z € E\ (AUB), Fap(z) =1, z € A,
Fap(y) =0,y € B. As we have already seen, by construction of the collapsed
process, for z € E\ (AU B),

— —A,B
]P)CE

Va7b($) = [Ta<Tb] = PZ[TA <TB] = VA,B(,%),

with a similar identity for V;b. In conclusion,

cap(A, B) = sgp{Q(L*FAB,HM — (H,(=S)H), } .
where Fia g = (1/2){Va,5 + V} p}, concluding the proof of the lemma. O
Remark 3.3. The expression inside braces in the displayed formula of Lemma 3.2

does not change if H is replaced by H 4 ¢, where c is a constant. We may therefore
restrict the supremum to functions H which vanish at B.
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We finally turn to the case where F is denumerable. Fix two disjoint subsets A,
B of E and suppose that B¢ D A is finite. Similarly to what we did earlier in this
section, we define chain where the infinite set B is collapsed to a state.

Denote by X; the Markov process on the finite set B°U {0}, where 9 is an extra
site added to E to represent the collapsed, possibly infinite, set B, whose rates
7(z,y), z, y € B¢ U {0}, are defined by

7lx,y) = r(z,y), 7T(z,0) = Zr(x,z), z,y € B,

zeB

T,2) = Y py)r(y.x), weB°.

yeB

(3.13)

Note that 7(d,z) is finite because >  pu(y) r(y,z) = M(x) < oo, as p is a sta-
tionary state, and that 7(9,x) > 0 if there exists z € B such that r(z,2) > 0. In
particular, the collapsed chain {X; : t > 0} inherits the irreducibility from the orig-
inal chain. Moreover, since »:  pec > cp #(Y)r (Y, ) = D cp D yepe MY (Y, 2),
n(x) = u(z), x € B¢, m(d) = 1 is a stationary measure.

Let P,, 2 € B®U {0}, represent the probability measure on the path space
D(Ry, B°U {0}) induced by the Markov process X; starting from z. Clearly, for
any A C B¢,

Py[Ts <Tf] = Py[To <Tf], yeB°.
Therefore, by (2.3), for any A C B°,

cap(A,B) = Y M(y)P,[Tp <Tf] = Y M(y)P,[Ty <T}] = @@p(4,0),
yeA yeA
(3.14)
if cap stands for the capacity of the collapsed chain.

Denote by L the generator of the collapsed chain. Fix a pair of functions f,
h: B°U {9} — R such that h(d) = 0. Let F, H : E — R be the functions defined
by F(z) = f(z), x € B®, F(z) = f(d), z € B, with a similar definition for H. We
claim that

(Lf,h)yg = (LF,H), . (3.15)
Conversely, if F', H : E — R are constant on the set B and if H vanishes at B,
(3.15) holds if f, h : B°U{d} — R are defined by f(z) = F(x), x € B, f(d) = F(z),
z € B, with a similar definition for h.

To prove (3.15), fix a pair of functions f, h : B¢ U {09} — R with the above
properties. By definition of the collapsed chain and since h(d) = 0, (Lf,h); is
equal to

> w@)yr@y) h(@) [fly) = f@)] + Y ul@)F(z,0)h(z) [f() - f(2)] .

Since 7(x,0) = > ..p7(7,2) and since I’ is constant over B, the second term is
equal to

Yo > w@)r@y) k(@) [fO)=f@)] = Y D u)r(z,y) H) [Fly) - F()] .
reBcyeB zeBcyeB
Hence, adding the two terms,

Lfhg = > > wa H(x) [F(y) — F()] = (LF,H),

r€B°ycE
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because H vanishes on B. This proves the first assertion of claim. The converse
one is proved by following the previous computation in the reverse order.

Proof of Theorem 2.4. Fix two disjoint subsets A, B of E and assume that B¢ is
finite. By (3.14), cap(4, B) = cap(A4,?). On the other hand, and by Lemma 3.2
and by Remark 3.3,

@p(4.2) = inf sup {2(f, Th)y — (b (~D)h)g} .

where the supremum is carried over all functions h : B U {0} — R which are
constant at A and vanish at 9, and where the infimum is carried over all functions
f which are equal to 1 at A and 0 at 0. Since f vanishes at 9, by claim (3.15), the
right hand side of the previous is equal to

inf Sl;[p{2<L*F, H), ~ (H,(~L)H), |
where the supremum is carried over all functions H : F — R which are constant at
A and vanish at B, and where the infimum is carried over all functions F' which are
equal to 1 at A and 0 at B. The expression inside braces in the previous formula
remains unchanged if we replace H by H + ¢, where ¢ is a constant. We may
therefore veil the assumption that H vanishes at B. This proves the first assertion
of Theorem 2.4.
By (3.14) and by Lemma 3.2,

cap(4, B) = cap(A,0) = s%p{2< fan, Thyy — (h, (—L)hﬁ},

where fao = (1/2){Vao + Vi,}, and Va,, Vi, are the harmonic functions asso-
ciated to the collapsed process and to its adjoint. By (3.15),

cap(4, B) = sup{2(L"Fap, H)u — (H,(~L)H), | .
H

where F4 p(x) = fao(z), * € B®, Fap(z) =0, z € B. By construction of the

collapsed process, Vao = Va,p and Vi , = Vi  on B¢, where Vg and V} 5 are

the harmonic functions of the original process. O

Proof of Lemma 2.6. Fix two disjoint subsets A, B of E and assume that B¢ is
finite. By Theorem 2.4, the capacity cap(A4, B) is given by (3.12). By the sector
condition, the expression inside braces in this formula is bounded by

2\/ CO<(_S)F3 F>i/2<(_S)Ha H>i/2 - <H’ (_S)H>H :
The supremum over H is thus bounded by Co{(—S)F, F),. Therefore,

Ca'p(AaB) < Co I%f«_S)Fa F>Ma

where the infimum is carried over all functions F' equal to 1 at A and 0 at B.
By definition of the capacity in the reversible case, the right hand side is equal to
Cocap®(A, B). This proves the lemma in the case where the set B is finite. To
extend it to the general case, it remains to apply Lemma 2.3. (]
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4. FLows AND PROOF OF THEOREM 2.7

We assume in this section that the state space F is finite. We first prove Theorem
2.7 in the case where the sets A and B are singletons. The proof relies on an identity,
established in Lemma 4.1 below, which provides a variational formula for the norm

C11s1—1 ,\1/2
(A=D1
Before stating this result, we start with an elementary observation. We claim
that

two gradient flows ¢, W, are equal if and only if f — g is constant . (4.1)

Indeed, if the gradient flows are equal, since ¥y — U, = ¥;_,. in view of (2.13),
(=L)(f —9),(f — g9)) = 0 which implies that f — g is constant. The converse is
obvious.

Recall that we denote by C the set of divergence free flows and by ®; the flow
associated to a function f: E — R introduced in (2.16).

Lemma 4.1. For every function f : E — R,
(ALY ) = L (=87 L ) = inf [|®f — ol? .

Proof. Fix a function f : E — R. Since ®; is a flow, by (2.15) and by (4.1) there is
a function W : E — R, unique up to an additive constant, and a unique divergence
free flow Ay such that
q)f = Uy + Af .

Computing the divergences of each flow we obtain that L*f = SW so that W =
STYL*f + cq for some constant cy. Therefore, since ¥y = Uy . for any constant
¢, Uy, with V.= STIL*f, is the the projection of the flow ®; on the space of
gradient flows. Moreover, by (2.13),

(Ty, Oy) = (V,(=8)V) = (L*f,(=8) 'L ), (4.2)
because (L*f,1),, = 0 as p is invariant. Furthermore, since ¥y is the projection of
the flow ®¢ on the space of gradient flows,

(Wy, WUy) = inf(Pr—p, &f—¢),
peC
which concludes the proof of the lemma. (I

Lemma 4.2. Fiz a pair of points a # b in E. Then,
b}) = inf inf ||®; — p|?
cap({a}, {b}) = inf inf 5 — [,

where the infimum is carried over all functions f : E — R such that f(a) = 1,
f(b) =0. Moreover, the infimum is uniquely attained at

f=/2{Vap +Vi}, v = (1/2){®v:, — 7, }, (4.3)
provided for a function g : E — R we denote by ®; the flow given by ®;(x,y) =
g(@)c*(z,y) — g(y)c* (y, z).

Proof. The first assertion of the lemma follows from Lemmas 3.1 and 4.1. More-
over, the function f which solves the variational problem for the capacity coincides
with the one which solves the variational problem (3.1). Hence, by Lemma 3.1,

(1/2){Va,p + V7 } is the unique functions which attains the minimum. It remains
to show that (1/2) {®y», — @},  } is the optimal divergence free flow.
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Let ' = (1/2){ V4 + V5, }. We claim that (L*F)(z) = (SV4,p)(2) for all z € E.
For = # a, b, this identity is obvious and has been derived in the proof of Lemma
3.1. For z = a, it reduces to the identity P[T," < T,] = P,[T,” < T,7] which, in
view of (2.3), is equivalent to cap({a}, {b}) = cap*({a}, {b}). Since this identity is
the content of Lemma 2.3, and since the same argument applies to x = b, the claim
is in force. In particular, by the proof of Lemma 4.1, ¥y, , is the projection of the
flow @ on the space of gradient flows, and there is a unique divergence free flow
Apr such that

Cp = Uy, + Ar, (Pr—Ar,Pr—Ap) = ;gg(q’F*%@F*@-

An elementary computations shows that Ap = ®p — ¥y, , = (1/2){®Py- — 7, },
which completes the proof of the lemma. (I

We may restate the previous lemma to obtain a variational formula for the
capacity in terms of the Dirichlet form.

Lemma 4.3. Fiz a pair of points a # b in E. Then,
cap({a},{b}) = ir‘}fD(V) ,

where the infimum is carried over all functions V : E — R such that Uy is the
orthogonal projection on the space of gradient flows of some flow ®; with f(a) =1,
f(b) = 0. Moreover, the infimum is uniquely attained, up to additive constants, at
V=Vas.

Proof. By Lemma 3.1,
cap({a}, {0)) = WE(L"S. (-8) 'L ),

where the infimum is carried over all functions f : E — R such that f(a) = 1,
f(b) = 0. To conclude the proof of the first assertion of the lemma it remains to
recall identity (4.2).

To prove uniqueness of V, 3, recall from the proof of Lemma 4.2 that SV, =
L*F, where F = (1/2){Va —|—Va*7b}. Hence, by the proof of Lemma 4.1, ¥y, , is the
orthogonal projection of ® . Therefore, D(V, ;) > infy D(V'). On the other hand,
by (4.2) and since by Lemma 3.1, F' is the optimal function, D(V, ) < infy D(V).
This shows that V, ; is optimal.

To prove uniqueness, suppose that W is another optimal function, and that Uy,
is the orthogonal projection on the space of gradient flows of some flow ®, with
gla) =1, g(b) = 0. By the optimality of W and by (4.2)

cap({a},{0}) = D(W) = (L"g,(=8)"'L*g)u -

Hence, by the uniqueness of Lemma 3.1, g = F', and by the proof of Lemma 4.1,
L*F = SW. Since L*F is also equal to SV, ;, we obtain that SV, ; = SW, which
implies that V; , — W is constant, as claimed. (I

The flows @y and @7, =~ which appear in the previous lemma have a simple
probabilistic interpretation. Denote by {X,, : n > 0} the discrete time skeleton of
the chain, and recall that M (z) = p(z)\(z) is a stationary state for X,,, unique
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up to a multiplicative constant. For B C F, let Gp be the Green function of the
process killed at B:

7'571

GB(xay) = Ez[ Z 1{Xn = y}} )
n=0
where 75 (resp. 71) stands for the hitting time of (resp. return time to) B for the

discrete time cham Xn:

5 = min{n >0:X, € B}, 74 = min{n>1:X, € B}.
In the same way, G, B C E, stands for the Green function of the time reversed
chain killed at B.

Denote by P,, x € E, the probability on path space D(Z,, E) induced by the
Markov chain {X,, : n > 0} starting from «, and by 6,,, n > 0, the time shift by n
units of time. Fix two disjoint subsets A, B of E. By the last exit decomposition,
for every z € F,

Py[ra <7B] = ZPJ[XnEA,n<TB,T§O(9n <74 00y

n>0

= ZZPI[Xn:a,n<TB}Pa[T§<TZ}
ac€An>0

:ZGBxa oTE <74] .
acA

Since M (z)Gp(z,y) = M(y)G5(y, x), it follows from the previous identity

Vap(z) = Pylra < 78] Z M GB a, ) M(a)Po [ <7}] . (4.4)
acA
Denote by v4 g the harmonic measure, also called the normalized charge distri-

bution,
1

cap(4A, B)
Fix two disjoint subsets A, B of E. Denote by i(z,y) = ia,5(z,y) the current

through the arc (z,y) for the process which starts from the harmonic measure v4 p
and which is killed at B:

vapla) = M(a)Po [ < 7] .

7'571

i(z,y) = Ey, [ Z {1{Xp =2, X1 =y} - X =y, X1 = x}}} .
n=0

By the Markov property and in view of (4.4), if we denote by i*(x,y) the current
through the arc (z,y) for the time reversed chain,

= > vas@{Ghla.2)p"(z,y) — Ghla,y)p*(y. )}

a€A

* E3 1 * *
= (;41/,43 { )GB(a,ac)c (x,y) — WGB(a’y)C (y,ac)} (4.5)
= cap(A,B)*l{VAB(x) c(z,y) — Vasly) C*(%x)}-

Since this last expression is equal to cap(A4, B)~'®}, _(x,y), ®}, , is, up to the
multiplicative constant cap(A, B), the current through the arc (x,y) for the time
reversed Markov chain X started from the harmonic measure v4 g and killed at B.
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Analogously, (I)VZ{,B is, up to the same multiplicative constant, the current through
the arc (x,y) of the discrete time Markov chain X,, started from the harmonic
measure v p and killed at B.

Given a function f : £ — R, we may write the flow ®; as &y = ¥y + T, where
T is the flow given by

Yi(z,y) = calz,y){f(x) + f(y)}.
It turns out that the flows U and Y are orthogonal:

1 1
(O, Ts) = 3 > W‘I’f(%y) Ti(r,y) = 0. (4.6)
s(z.y)
(z,y)e€
Indeed, by definition of the flows ¥ and Yy,
1
> o W) Vo) = 3 o) (G S0}
(zy)e€ ° Y z,y€E

Since cq(z,y) = (1/2){c(z,y) — c(y,2)} = (1/2){c(z,y) — ¢*(z,y)}, the previous

expression is equal to

5 M@ (- P)fw) — 5 3 M@ - P @) = 0,

rel zeE

where P represents the operator in L2(M) defined by (Pg)(z) = > yer P y)9(y),
and where P* stands for the adjoint of P in L?(M). This proves (4.2).

This orthogonality permits to restate Lemma 4.2 in a slightly different form,
quite useful in some cases.

Lemma 4.4. Fiz a pair of points a # b in E. Then,
b}) = inf inf {D T —ol?
cap({a}, (b)) = inf int {D() + s — ¢}

where the infimum is carried over all functions f : E — R such that f(a) = 1,

F(b) = 0.
We are now ready to prove Theorem 2.7.

Proof of Theorem 2.7. We proceed in two steps, collapsing each set at a time. Fix
two disjoint subsets A, B of E and recall the notation introduced around (3.9). We
first prove that

infinf |[®p — ¢||? = infinf |®fF — |4, 4.7
inf in [2F — ol i 1@ —¥lla (4.7)

where the infimum on the left hand side is carried over all functions F' : E — R
constant over A and flows ¢ such that (div p)(z) =0, 2z € A°, > 4 (div ¢)(z) = 0;
while on the right hand side || - |4 represents the norm associated to the scalar
product introduced in (2.12) on the set E 4 for the process X; and the infimum is
carried over all functions f : E4 — R and divergence free flows 1 on F 4.

Consider a function F' : E — R constant in A and a flow ¢ on F such that
(div @)(z) =0, z € A°, Y 4(div ¢)(x) = 0. Recall the definition of the function
f: Ea — R introduced below (3.8) and let 1 be the flow on E 4 given by

1#(%?/) = <p(x,y) ) w(%a) = Z(p(xay)a T,y€ A,

yeEA
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One checks that v is a divergence free flow. Moreover, by Schwarz inequality,

12f —¥l% < 12F — ¢l
It follows from this estimate that the left hand side of (4.7) is greater than or equal
to the right hand side.

Conversely, fix a function f: E4 — R and a divergence free flow ¢ on E 4. Let
F : E — R be the function defined above (3.8), and let ¢ be the flow in E given by

oz, y) = Plz,y), z,yed®,  ozw) = 2f@)calz,w), z,weA,
B Cs(way) c
@(m,y) - (I)F(:L'ay) - m{;q)F(ZE,Z)—w(IE,O)}, reA ayeA'

One checks that (div ¢)(z) = 0, x € A°, that ) _ _,(div p)(z) = 0, and that
|®F — ¢l = ||®f — || a. Therefore, the left hand side of (4.7) is less than or equal
to the right hand side, proving claim (4.7).

We are now in a position to prove the theorem. Fix a site z € F and a set A ¥ x.
By (3.10), cap({z}, A) = cap({z}, {9}). The assertion of the theorem when the set
B is a singleton follows from Lemma 4.2 and (4.7). The general case is proved
analogously by first collapsing the set A and then collapsing the set B. (I

We conclude this section with a bound on the capacity in the denumerable case.
Assume that F is a countable set, fix a site x € F and a set B & z, with B¢ finite.
Then,

Cap({$},B) < (48)
inf {D(F) + 1 Z M{F(m) FF(y)—2)2 + 4 Z ca(x,z)Q}
F 2 cs(x,y) Y cs(z,2) b’

(z,y)€€ (z,2)€E
z,yGBC ©€BC,2€B

where the infimum is carried over all functions F' : E — R such that F(z) = 1,
F(2)=0,z€B.

Indeed, recall the notation introduced around (3.13). Denote by E the set B¢ U
{0}, where 0 is an extra site added to E. Let {X; : t > 0} be the process obtained
from X, by collapsing the set B to the point 9, and let D, &, ¢(z,y) and cap be the
associated Dirichlet form, oriented bonds, conductances and capacities, respectively.

By (3.14), cap({z}, B) = cap({z},{0}). Fix a function F : E — R which
vanishes on B and is equal to 1 at z, and let f : E — R be given by f(y) = F(y),
y € B¢, f(?) = 0. Since ¢,(z,y) is a divergence free flow, by Lemma 4.4,

0.0 < D) + 5 Y mo s {E @) + ) - 2l )}
(z,y)€E s

Clearly, D(f) = D(F). On the other hand, by (3.13) if the arc (x, y) is contained in
B¢, we may replace ¢s(x,y), ¢o(z,y) and f by cs(x,y), co(x,y) and F, respectively.
In contrast, for an arc (x,0), x € B¢, since ¢(z,0) = > ci(z, 2), t = a,s, and
since f(0) =0 = F(z), z € B, by Schwarz inequality,

[e@ [ 1@+ 1@) 2]} = { X eule.2)[Fla) + F(z) 2]}

z€B

<> %[F(@ +F() =2 ) esl@,2)

z€B z€B

zeB
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Since 0 < F' < 1, F(z) + F(z) — 2 is absolutely bounded by 2. Putting together all
previous estimates we derive (4.8).

5. RECURRENCE CRITERIA

It is well known that in the reversible case the Dirichlet and the Thomson prin-
ciple provide powerful tools to prove the recurrence or the transience of irreducible
Markov processes evolving in countable state spaces. In this section, we examine
this matter in the non reversible case.

Consider a irreducible Markov process {X; : ¢t > 0} on a countable state space F
satisfying the assumptions of the beginning of Section 2. We assume, in particular,
the existence of a stationary state u.

It is well known that the Markov process X; is recurrent if and only if there exist
a site 0 € E and a sequence of finite subsets B,, containing 0 and increasing to F,
B, C B,+1, Uy B, = E, such that

Jim Py [T, <T] = 0.

By (2.3), for any finite set B containing the site 0,

1
M(0)

Hence, the Markov process X; is recurrent if and only if there exist a site 0 € F
and a sequence of finite subsets B,, containing 0 and increasing to E such that

lim cap(0, B;) = 0. (5.1)

Po[Tse < T3] = cap(0,B°).

The proof of the recurrence is thus reduced to the estimation of the capacity between
a site and the complement of a finite set. This problem can be further simplified
by collapsing the set B¢ to a point, as we did in Section 3.

The first two results follow from the previous observation and the bounds stated
in Lemmas 2.5 and 2.6. Recall that {X} |t > 0} stands for the reversible version of
the process X; whose generator is given by S.

Lemma 5.1. Let {X;|t > 0} be a irreducible Markov process on a countable state
space E which admits a stationary measure. The process is transient if so is the
Markov process { X |t > 0}.

Lemma 5.2. Let {X;|t > 0} be a irreducible Markov process on a countable state
space E which admits a stationary measure. The process is recurrent if its generator
satisfies a sector condition and if the Markov process {X} |t > 0} is recurrent.

Cycle random walks with bounded cycles, [13], [12], mean zero asymmetric ex-
clusion process [16], or asymmetric zero range process on a finite cylinder [9] are
examples of non reversible Markov processes which satisfy the sector condition.

Lemma 5.3. Let {X;|t > 0} be a irreducible Markov process on a countable state
space E which admits a stationary measure. The process is recurrent if the Markov
process { X7 |t > 0} is recurrent and if

ca,y)?

P L oo
cs(w,y)

(z,y)€E
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Proof. Fix € > 0 and a site 0 € E. By assumption, there exists a finite set A 3 0

such that
Z M < e.
(z,y)€E ¢s(z,9)
{z.y}zA
y (2.3), for all subsets B of E such that A C B¢, B¢ finite, cap®*(4,B) <
> seacap®({z}, B). Hence, since the process X7 is recurrent, by (5.1) and by
Lemma 2.2, there exists a finite set B¢ D A such that cap®(A4, B) < e.

Denote by Vi g : E— R the equilibrium potential associated to the reversible
process X*: Vi p(z) = P;[Ta < Tp]. Since D(V} p) = cap®(A, B), by construction
of B, D(V} p) < e. Therefore, by (4.8) with I =V} 5, cap(0, B) is bounded above
by

1 Ca(‘ray)2 3 2 ca(va)Q
S Y, ==V 1% —2 40y e
€ + ) Cs(-’L',y) { A,B(x) + A,B(y) } + CS(ZC,Z)
(w,y)€E (z,2)e€
z,y€B® z€EB®,2€B

Since Vi  is identically equal to 1 on A, the previous expression is less than or

equal to
ca(z,y)? ca(z,y)*
e+ 4 — = + 2
Z cs(x,y) Z cs(x, z)
(z,y)eg (I,y)eg
TEAYEA® z,yEA”
By definition of the set A, this expression is bounded by 5¢, which concludes the
proof of the lemma. ([

5.1. Random walks with self-similar rescaled invariant potential. In [g],
Durrett built from a random potential, with a large scale self-similarity property,
a reversible nearest-neighbor random walk on Z? for which Sinai random walk is a
special case when d = 1. He proved that such a random walk is recurrent under
simple and natural assumptions on the scaling limit of the potential. Note, however,
that such a random walk could never be a particular case of classical randoms walks
in random environment in dimension d > 2 due to the reversibility condition.

We want to point out here that the key feature of this model is not the reversibil-
ity but, as Durrett suggested, the existence of a strongly fluctuating invariant mea-
sure. The reason for the restriction to the reversible was that it allowed the use
of the Dirichlet principle. Our extended Dirichlet principle permits to reproduce
Durrett’s argument with only assumptions on the invariant measure and without
the reversibility hypothesis.

Consider a discrete time, nearest-neighbor random walk {X,, |n > 1} on Z? with
random transition probabilities p(x,y) : Q — [0, 1], and assume the existence of a
(random) invariant measure y. We define the invariant potential V : Z¢ — R by

wz) = e V@ pezt,

and assume, without loss of generality, that V(0) = 0. The relation between the
random potential and the invariant measure in [8] is not exactly the same, but this
definition makes our point more clear. We can extend V into a continuous function
V : R — R and see it as a random variable in C(R?, R), the space of continuous
functions from R? to R equipped with the topology of uniform convergence on
compact sets. We assume that there exists a > 0 and a random variable W : Q —
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C(R% R) such that A=V (\-) converges in law to W(-) when \ 1 co. Hence, W
is a self-similar d-dimensional process and we have the following result.

Lemma 5.4. If there is almost surely a > 0 such that the connected component of
the origin in {x € RY: W(z) < a} is bounded, then X is almost surely recurrent.

We refer to [8] for examples of (reversible) processes which satisfy such hypothe-
ses. Even though we could relax Durrett’s reversibility hypothesis, it is not clear
how to build non artificial irreversible examples in which one has enough control on
an invariant measure to check the assumptions on V. One can start, for example,
as in [8], with a random potential V with stationary increments, and build the
reversible random walk inside this potential to have p as invariant measure. We
may then add some irreversibility by superposing to this reversible dynamics some
drift along cycles on the level sets of V', keeping u as an invariant measure.

Proof of Lemma 5.4. We follow closely Durrett’s proof. First, following Skorohod
[14], we can build on the same probability space random variables Vi, Vs, ... with
the same law as V and such that n=*V,,(n ) converges almost surely in C(R%,R)
to W(-). Define C,, a > 0, as the bounded connected component of the origin in
{zx e RY: W (x) < a}, and set

Gn=nC)NZ, 9_-G,={r€Gn:W&G, ,|z—y|=1},

where || - || stands for the Euclidean norm.
We claim that p,(0_G,,) converges almost surely to 0, where i, (z) = e~ "V»(*),
x € Z%. Indeed, by assumption there are r, R > 0 such that

Co C[-R,RI*, W(y)>a/2

for all y € B(z,r), z € 9C,, where B(x,r) stands for the ball centered at xz with
radius 7 and 9C, for the boundary of C,. Therefore, almost surely, for n large
enough,

,Ltn(afGn) _ Z ern(m) < |Gn|€7(a/4)na < nd(QR)def(aM)na,
z€d_Gn
which proves the claim.

For any finite subset B of Z? which contains the origin, since u(0) = e VO =1,
we have

Polry = o] < p(0)Po[rg > 74.] = cap(0, B°) .
By taking the test function 1{B} in (4.8) we obtain that cap(0, B¢) is bounded
above by

Ca(.’L‘7y)2
S elmy) +4 @y = 5 Y cilwy) < 5u(0-B).
r€EB,ye B¢ r€B,yeB° reB,ye B¢

Since p(0) = 1 we also have cap(0, B¢) < 1, thus cap(0, B¢) < 5u(0-B) A 1. Now,
for any k > 0,

Py(rgh = +00) < min{cap(0,B°) >0: 0 € B C [k, k]"}
< i 5u(0-B) A 1.
B oeBgl[ljlk,k]d ,u( )

Since V,, has the same distribution as V', taking expected values with respect to
the environment, denoted by E, by the monotone convergence theorem, we obtain
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that, for alln > 1,

E[]P’O[TO"":—l—ooH < lim E

i _B 1
Jim B min  5u(0-B) A1)

= B [OeBrcn[l—nk,k]d Siin(0-B) A 1}

_ . . <
E[klgrgo OeBIcn[lPk,k]d S5un(0-B) A 1} < E {5un(8,Gn) A 1} .

Thus, by the dominated convergence theorem,

E[Po[ry = +o0]] < lim E[5un(0-Gn) A1]

n—-+oo

- E{ lim E)un((')_Gn)/\l} -0,

n—-+oo

which proves that the process is almost surely recurrent. (I

5.2. Two dimensional random walk in asymmetric random conductances.
The most natural way to generalize the classical random conductance model on
a graph may be the following. To define the asymmetric conductances ¢(z,y) on
each arc (z,y) we superpose symmetric functions c,(x, y) and a divergence free flow
¢q(z,y) with the restriction that |c,| < ¢s to end with nonnegative conductances
c(x,y).

More precisely, consider a family I" of finite cycles v on a countable graph (E, &),
and a family of nonnegative random variables Z.,, v € I, such that for each (z,y) €
57

> Zy Ixy(@y)| < oo,

~yer
where x, is the divergence free flow introduced in (2.14). Define the divergence
free flow ¢, by

ca(r,y) = Y Zyxy(my), (v,y)€E.
vel

There are two natural ways to define symmetric conductances in this context.
Consider a family of nonnegative random variables {Y(,,) : (z,y) € £} such
that Y, ,) = Y(y,z)- We may set cs(z,y) = Yo, + |ca(z,y)], or cs(z,y) =
Yiew) + 2qer Zy X (2, 9)]-

In the special case of the two dimensional lattice, we can decompose each flow
associated to a finite cycle as a linear combination of elementary flows associated to
cycles of length 4. For z € Z2, denote by 1, the cycle (z,x+e1,x+e1+e2, v +ea, 1),
where e1, e stands for the canonical basis of R2. A flow x., associated to a finite
cycle v can be written as

Xy = Z Wy e Xva
z€Z4
where W, ., =1 (resp. —1) if the cycle 7, is contained in the interior of v and the
cycle v runs counter-clockwise (resp. clockwise), and W, . = 0 if the cycle ~, is
not contained in the interior of ~.
Denote by E expectation with respect to the random variables Z, and assume

that

> E[Z,]|Wyh,| < 0o forallz ez,

yel’
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In this case Wy, 1= > . Zy W, 4, is almost surely well defined for all = € Z% and
so is the divergence free flow ¢, given by

ca = Y Wy, Xq, - (5.2)
reZd
Note that each arc (z,y) belongs to exactly two elementary cycles, denoted by
v*%(z,y) and characterized by the fact that x., ;. (2, y) = +1. With this notation,
for any arc (z,9), ca(®,y) = Wyt (2y) — Wy (a,y)-

Lemma 5.5. Suppose that

Wt @pl” + Wy @yl
sup E| cs(z,y) + Wor @]” + W5 )]
(z,y) cs(z,y)
where the supremum s carried over all arcs. Then, the random walk s almost
surely recurrent.

< 00,

Proof. Let BS = [-n,n]?, n > 1, consider a function f, : Z? — R such that
fn(0) =1, fn(z) =0 for x € By, and a divergence free flow ¢, =Y azx~,, where
the sum is performed over all x € Z? for which the elementary cycle v, is contained
in BS. Repeating the proof of (4.8) and keeping in mind that ¢, is absolutely
bounded by ¢, we obtain that

ap(0,B) < D(fa) + = 3 L ea@ ) [fa@) + fa)] — )}
es(

2 T
e Y)

Consider the divergence free flow ¢,, given by

1
Pn = ZFn('Ym>W'yIX'yIv where  Fi(y2) = an(z),

)
ZEYe
and where the sum is carried over all sites = in Z2 for which the elementary cycle
vz is contained in Bf. By the previous bound,

ap(0.B,) < D) + 3 3 Leaw)lfale) + al0)]  pulen)}

2, o oY)

As we know, D(fn) = (1/2) 32, ,ez2 ¢s(@,9)[fn(y) — fn(7)]?. On the other hand,
it follows from the definitions of the asymmetric conductance and the divergence
free flow @, that cq(z,y)[fn(z) + fu(¥)] — ©n(z,y) is equal to Wi, {fn(z) +
Fa®) = (L2 Fa(rH (@, 9)} — Wa- (o gp L (@) + fuly) — (1/2)Fa(y~(.9))} if the
arc (z,y) does not belong to one side of the square BS. The absolute value of
this difference is bounded above by [W.+(, )| MaXeey+ (24 [fn(eT) — fule7)] +
W (2,9)| MaXeen—(z,y) [ fn(eT) = fu(e™)|. If the arc (x,y) belongs to one side of
the square B¢, taking advantage of the fact that f,, vanishes outside B, we obtain

a similar formula with an extra factor 2. In conclusion, cap(0, By,) is bounded above
by

W*wa Wv+w,y2 —\12
Y {onto + el E el Y g o) - e
T,y€Z? ’

where the maximum is carried over all arcs e in v~ (z,y) U~yT(z,y).

Let
_log(1 + |[z]l)

fulz) = (1 log(n + 2)

)Hl=n @)
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where ||2||co = max{|z1],|z2|}, x = (21,22). It follows from this choice and from
the assumption of the lemma that
lim Elcap(0,B,)] = 0.

n—00

In particular, there exists almost surely a subsequence (B,, : k > 1) such that
limg o0 cap(0, By, ) = 0 and the almost sure recurrence follows. [l

We conclude with an example which satisfies the assumptions of the previous
lemma. Suppose that the random variables Z, are independent Poisson variables
with parameter A7, 0 < X < 1/3, and that the random variables Yz, have a
common distribution bounded away from 0 and with a finite first moment. Let ¢,
be given by (5.2) and let cs(x,y) = Y(4 ) +|ca(, y)|. We claim that the hypotheses
of the previous result are fulfilled.

Indeed, by assumption there exists § > 0 such that c,(x,y) > Y5 ,) >0 >0
almost surely. Therefore, to show that the assumptions of the previous lemma are
in force we need only to prove that

sup E[cs(z,y)] < oo and sup E[W,?J < 00. (5.3)
(=,y) zeZd

Since [co (2, y)| < Wt (o) + Wy (a,y), for every arc (z,y),

Elcs(z,y)] < E[Y(z,y)] + ZZW%’Y’)(LYDE[Z’Y} :
p=% ~vel

By assumption, the first term on the right hand side is bounded uniformly over
(z,y), while the second term is less than or equal to Y, -, 8k3*\¥ because there

are at most 4 - 3*71 self-avoiding walks of length k£ and because a cycle of length
k containing in its interior an elementary cycle must cross a line parallel to one of
the axis in at most 2k points. This proves the first bound in (5.3). To prove the
second bound, fix an elementary cycle v,. By definition of the random variables
Z,

v
2 2 2
E[W’YI] = E[W%} + Z AP W’v,’y: :
~yer
The first expectation has been estimated above, while the second one can be esti-
mated in the same way. This concludes the proof of (5.3).
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