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AVERAGING SEQUENCES

FERNANDO ALCALDE CUESTA AND ANA RECHTMAN

ABSTRACT. In the spirit of Goodman-Plante average condition for the exis-
tence of a transverse invariant measure for foliations, we give an averaging con-
dition to find tangentially smooth measures with prescribed Radon-Nikodym
cocycle. Harmonic measures are examples of tangentially smooth measures for
foliations; we also present sufficient hypothesis on the averaging condition in
order to obtain a harmonic measure.

1. INTRODUCTION

Averaging sequences for foliations were introduced in the pioneering work of J.
F. Plante [20] on the influence that the existence of transverse invariant measures
exerts on the structure of a foliation. Although only the case of sub-exponential
growth was dealt with in [20], Plante’s approach is clearly reminiscent of the classic
work of E. Fglner on groups. Using the same kind of ideas, S. E. Goodman and
J. F. Plante exhibited an averaging condition which guarantees the existence of
transverse invariant measures for compact foliated spaces [10].

In this paper we formulate a more general averaging condition which gives rise to
a tangentially smooth measure for a compact foliated space (M, F) (Theorem [L10).
This condition may be related to the n-Fglner condition of [2], in the same spirit
as Fglner, but using a modified Riemannian metric along the leaves. The modifi-
cation is done by replacing any complete Riemannian metric along the leaves with
the product with a certain tangentially smooth function. When this function is
harmonic, we obtain a harmonic measure.

We can use the discrete approach to study foliations, which is the equivalence
relation defined on any total transversal. Such an equivalence relation is also the
orbit equivalence relation under the holonomy pseudogroup. In fact, this is the
point of view adopted at first by S. E. Goodman and J. F. Plante in [20] and [10].
Similarly, we start by showing an averaging condition for orbit equivalence relations
R defined by finitely generated pseudogroups acting on compact spaces and con-
tinuous cocycles § : R — R*% (Theorem [33). Under some additional conditions, if
0 is harmonic, the measure obtained is harmonic. As in the classic case, our result
is reminiscent of Kaimanovich’s characterization of amenable equivalence relations

[13].
Given a continuous cocycle § : R — R, the Radon-Nikodym problem is to deter-
mine the existence of probability measures which are quasi-invariant and admit § as
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their Radon-Nikodym derivative. In the foliated setting, discrete equivalence rela-
tions and cocycles can be replaced by compact foliated spaces and modular forms.
According to Theorem B3] the existence of an J-averaging sequence gives a positive
answer to the Radon-Nikodym problem. Similarly, according to Theorem [£.10] that
involves a boundedness condition, any n-averaging sequence defines a tangentially
smooth measure whose modular form is equal to 7.

2. PRELIMINARIES

2.1. Foliations and equivalence relations. A compact p-dimensional space M
admits a d-dimensional foliation F of class C", with 2 < r < oo or r = w, if there
exists a cover of M by open sets U; homeomorphic to the product of an open disc
P; in R? centered at the origin 0 and a locally compact separable metrizable space
T;. Thus, if we denote the corresponding foliated chart by ¢; : U; — P; x T;, each
U; splits into plaques ;' (P; x {y}). Each point y € T} can also be identified with
the point ¢; *(0,y) in the local transversal ¢; * ({0} x T;). In addition, the change
of charts ¢ o ;! 1 i(U; NU;) — ¢;(U; NU;) is given by

(2.1) ;00 (@,y) = (0% (x),7; ()

where 7;; is an homeomorphism between open subsets of T; and T} and gplyj is a

C"-diffeomorphism depending continuously on y in the C"-topology. We say that

A ={(Ui, i) }ier is a good foliated atlas if it satisfies the following conditions:

(i) the cover U = {U, }ier is locally finite, hence finite;

(ii) each open set U; is a relatively compact subset of a foliated chart;

(iii) if U;NU; # 0, there is a foliated chart containing U; N U;, implying that each
plaque of U; intersects at most one plaque of U;.

Each foliated chart U; admits a tangentially C°°-smooth Riemannian metric g; =
©¥go induced from a C*°-smooth Riemannian metric go on R?. If F is C*°, we can
glue together these local Riemannian metrics g; to a global one g using a tangentially
C>-smooth partition of unity. In fact, any C! compact foliation equipped with a
C! foliated atlas A admits a complete Riemannian metric along the leaves because
there is a C* foliated atlas C'-equivalent to A. We refer to Lemma 2.6 of [I].

A discrete equivalence relation R is defined by F on the total transversal T' = LIT;:
the equivalence classes are the traces of the leaves on T'. We can see R as the orbit
equivalence relation defined by the action of the pseudogroup I', called the holo-
nomy pseudogroup of F, generated by the local diffeomorphisms ;;. These diffeo-
morphisms form a finite generating set, which we will denote I'™),| which defines a
graphing of R. This means that each equivalence class R[y] is the set of vertices of a
graph, and there is an edge joining two vertices z and w if there is v € I'") such that
7(2) = w. We can define a graph metric dr(z,w) = min {n /Iy € T : g(z) =w},
where T(") are the elements that can be expressed as words of a length of at
most n in terms of '), This approach makes it possible to turn R into an
étale equivalence relation since the graphs of the elements of I' form a topology
whereby the maps ((y,7(y)), (7(y),7'(7(y))) € R*R = (y,7>7(y)) € R and
(y,7(v)) € R — (v(y),y) € R are continuous, and the left and right projections
B:(,z)eR—yeTanda: (y,z) € R— z €T are local homeomorphisms. A
transverse invariant measure for F is a measure on 7' that is invariant under the
action of I'. It is quite rare for a measure of this kind to exist.
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2.2. Compactly generated pseudogroups. In the last section, we obtained we
obtained a pseudogroup from a foliated atlas. Here we will recall the Haefliger equiv-
alence for pseudogroups obtained from different atlases and its metric counterpart
in the compact case [I1]. For any compact foliated space (M,F) the holonomy
pseudogroup T is compactly generated in the sense of [11], meaning that:

(i) T contains a relatively compact open set T} meeting all the orbits;

(i) the reduced pseudogroup I'|z; (whose elements have domain and range in T})
admits a finite generating set (called a compact generation system): each ele-
ment v : A — B extends to an element 7 of I' whose domain contains the
closure of A.

Observe that T is covered by the domains of a family of elements of I with range in
T:. The union of these elements and their inverses defines the fundamental equiva-
lence between the holonomy pseudogroup I' and the reduced pseudogroup T'|7y.
The notion of Haefliger equivalence is modelled by this definition:

Definition 2.1. Two pseudogroups I'; and I'; acting on the spaces 77 and T,
respectively, are Haefliger equivalent if they are reductions (to open sets meeting
all the orbits) of a same pseudogroup I' acting on the disjoint union 7' = Ty U T;.

In general, the quasi-isometric type of the orbits is not preserved by Haefliger
equivalence. However, if T} and T» are two relatively compact open subsets of
T meeting all the orbits of T', the reduced pseudogroups I'|7; and T'|p, become
Kakutani equivalent (i.e. the orbits of T'|y, and T'|p, are quasi-isometric in the
sense of Gromov) with respect to some good compact generation system [16].

In this context, any probability measure vg on the compact set K = T; that is
preserved by the action of T'| extends to a unique Borel measure v on T which is
I-invariant and finite on compact sets. We refer to Lemma 3.2 of [20].

2.3. Existence of transverse invariant measures. In this section we will dis-
cuss a sufficient condition for the existence of a transverse invariant measure, which
serves as motivation for Theorem B3l In [10], Goodman and Plante formulate:

Proposition 2.2 (Goodman-Plante [10]). Let {A,} be an averaging sequence for
T, i.e. a sequence of finite subsets A, of T such that for all v € TV (and then for
allyeTl),

AT
where AyA = AAy(A) = (A\v(A)) U (v(A) \ A) and |A| denotes the cardinality
of A. Then {A,} gives rise to a transverse invariant measure v whose support is
contained in the limit set lim, oo Ay, ={y € T |y, € Ay :y =limy 00 Yn -

The idea of the proof is the following. Assuming that 7" is compact, we may
construct a I'-invariant probability measure on 7" from the sequence of probability
measures v, defined by v,(B) = |B N A,|/|A,]| for every Borel set B C T. Accor-
ding to Riesz’s representation theorem, each measure v,, can be identified to the
functional I, on the space C(T) of continuous real-valued functions on T given by

L(f) = ﬁ S ).

"yea,
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By passing to a subsequence, if necessary, I,, converges in the weak topology to a
positive functional I which determines a unique Borel regular measure v such that
I(f) = [, fdv for every f € C(T). The averaging condition implies that I and v
are I-invariant since for every v € I' and every f € C(T') with support on the range

of v, we have

Ay An| _

[I(foy) = I(f) <], lim — 0.

Finally, it is clear that v(T) = 1 and supp(v) = lim, o0 Ay.

In the non-compact case, for any good compact generation system, the holonomy
pseudogroup I' is Kakutani equivalent to its reduction I'|x to a compact total
transversal K. Then any averaging sequence A,, for I' defines an averaging sequence
A, N K for T'|k, and we obtain a probability measure vx on K that is invariant
under I'|g. Now, we can extend vk to a unique Borel measure v on T which is
I'-invariant and finite on compact sets.

Example 2.3. Consider a graph with bounded geometry, as for example any orbit
I'(z) of the holonomy pseudogroup of a compact foliated space. This graph is said
to be Fglner if it contains a sequence of finite subsets of vertices A, such that
|0A,|/|An| — 0, where 0A,, denotes the boundary set with respect to the graph
structure. Since A, A C 9AU~"Y(9A) for any v € T, we get that |A,A,| <
2|0A,|, and we have an averaging sequence. In particular, any orbit I'(x) having
sub-exponential growth is an example of Fglner graph, in this case we have

|An+1 - An—1| _ 07

ot

where A,, = '™ (z).

Using the one-to-one correspondence between foliated cycles and transverse in-
variant measures stablished by D. Sullivan [21], it is not difficult to show the fol-
lowing continuous version of Goodman-Plante’s result:

Proposition 2.4 (Goodman-Plante [10]). Let {V,,} be an averaging sequence for
F, i.e. a sequence of compact domains V,, (of dimension d) in the leaves such that

area(0V,,)
im ———"
n—oo  vol(V;,)

where area denotes the (d — 1)-volume and vol the d-volume with respect to the
complete Riemannian metric along the leaves. Then {V,,} gives rise to a trans-
verse invariant measure v whose support is contained in the saturated limit set

Recall that a foliated d-form o € Q4(F) is a family of differentiable d-forms over the
plaques of A depending continuously on the transverse parameter and which agree
on the intersection of each pair of foliated charts. A foliated r-cycle is a continuous
linear functional ¢ : Q4(F) — R strictly positive on strictly positive forms and null
on exact forms with respect to the leafwise exterior derivative dx. Thus, Sullivan’s
result identifies the space of transverse invariant measures with the positive cone
H}(F) in the d-th homology group of foliated currents. Any averaging sequence
V., gives us the sequence of foliated currents

1
Enla) = vol(V,) /Vn @

=0
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where « is a foliated d-form. By passing to a subsequence, if necessary, we have
a limit current £ = lim,_, &,. Since the boundaries of the domains V,, vanish
asymptotically, Stokes’ theorem implies that £ is a foliated d-cycle [21].

3. AVERAGING SEQUENCES IN THE DISCRETE SETTING

The main objective of this section is to prove the existence of a harmonic measure
for an étale equivalence relation R using some kind of averaging sequence. The
equivalence relation R is given by the action of a pseudogroup I' on a compact space
T, but all the results are still valid if we take a compactly generated pseudogroup
acting on a locally compact Polish space. The main result is proved in section 3.2

3.1. Quasi-invariants measures. Let v be a quasi-invariant measure on 7. In-
tegrating the counting measures on the fibers of the left projection 3(y,z) = y
with respect to v gives the left counting measure dv(y,z) = dv(y). The same is
valid for the right projection «a(y,z) = z and we get the right counting measure
dv=Y(y,z) = dv(z,y) = dv(z). Then ¥ and v~! are equivalent measures if and
only if v is quasi-invariant, in which case the Radon-Nikodym derivative is given
by §(y,z) = dv/dv—1(y, z). The map 6 is known as the Radon-Nikodym cocycle of
(R,T,v). We will denote | - |, the measure on R[y] given by |y|, = é(y, 2).

More generally, a cocycle with values in R is a map 0 : R — R satisfying
d(z,y)(y, 2) = 6(x, z) for all (z,y),(y,z) € R. As we mentioned in the introduc-
tion, given a continuous cocycle § : R — R*, the Radon-Nikodym problem is to
determine the set of probability measures v on T which are quasi-invariant and
admit ¢ as their Radon-Nikodym derivative.

3.2. Discrete averaging sequences. We are interested in giving a sufficient con-
dition to solve the Radon-Nikodym problem in the discrete setting. We will state
this condition using the notion of modified averaging sequence of V. A. Kaimanovich

(see [13] and [15]):
Definition 3.1. Let § : R — R be a cocycle of R. Let {A,} be a sequence of

finite subsets of T such that A, C R[y,] for each n € N. We will say that {A4,,} is
a d-averaging sequence for I" if

for all y € '), An equivalence class R[y] is §-Folner if R[y] contains an d-averaging
sequence {4, } such that |0A,],/|4.|l, = 0 as n — +oo.

Definition 3.2. A measure v on T is harmonic or stationary (for the simple random
walk on R) if it satisfies any one of the following equivalent properties (see [19]):
(i) for every bounded measurable function f: 7T — R, we have [ Afdv = 0;

(ii) D*v = v;

(iii) the Radon-Nikodym cocycle § : R — R’ is harmonic, i.e. for v-almost every
y € T and every z € Rly], we have

(3.1) 3(e9) = 2o 3 8(wy)

where w ~ z means that w is a neighbor of z in the graph R[y] and deg(z) is the
number of neighbors of z.

wn~z
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Recall that D : L>®(T,v) — L*®(T,v) is the Markov operator defined by

bf deg Z f(z

z~y

D* is the dual operator acting on the space of positive Borel measures on T', and
A L>®(T,v) — L*°(T,v) is the Laplace operator defined by Af(y) = Df(y)—f(y).
Finally, we will use D to denote the set of discontinuities of the degree function
deg.

Theorem 3.3. Let R be the orbit equivalence relation defined by a finitely generated
pseudogroup I' acting on a compact space T'. Let § : R — R’ be a continuous
cocycle. Any d-averaging sequence {A,} gives rise to a positive Borel measure v
on T whose support is contained in the limit set of {A,}, which is quasi-invariant
and has § as Radon-Nikodym cocycle. Moreover, if we assume that § is harmonic
and v(D) =0, then v is a harmonic measure.

Proof. We start by constructing a sequence of probability measures v,, given by
vn(B) = |B N Auly, /|Anly, for every Borel subset B of T. By passing to a subse-
quence, the sequence v, converges in the weak topology to a positive Borel measure
v on T. First, we will prove that v is a quasi-invariant measure having a Radon-
Nikodym cocycle equal to 6. For every local transformation v € I' an every function
f € C(T) with support on the range of v, we have

[ 1Grame = [ s6w)ae) = lm e 3 )5 u)
and

/f (zy)dvly) = nlijgom# > TG w)1)8(y, yn)

= dim —— 57 f)o(r() )
n— 00 |An|yn ey

where z = (y). Therefore

0 < | [ et - / f(y)zs(z,ymu(y)\
< Jim | > FOW)S W, yn) — FW)6(v(w), yn)
Yn lyeA,
|Ay Anly
< lim — =0
< lim [lF] Tl
and thus
/f<z>d< 9= [ Hs i),
proving the claim.
On the other hand, if v(D) = 0, then

Afdv = lim Afdvy,

n—r00
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for all f € C(T). If ¢ is harmonic, we have

/Af(y)dvn(y) - |Anl|u 2. (deg > f) ) (Y Yn)

yEA, Z"’y

1
= |A|ynzdg > F(@)d(y.yn) — f (deg > (2 yn)

yGA ZNy ZNy
1
= T X T 2 P8 — F0)3em)
7 1Yn yGA g ZNy

and then

y yn - f(y)é(zv yn)

IN
e
SE
E
<§_
™
]
kﬁ

. IAvAnly : @y 194nly
< Jgn < n —
< lim |If], > < Tim 2 f] [T 0.

In general, the above theorem remains valid when the Laplace operator A pre-
serves continuous functions. This is always true when D = (J, as in the following
case:

Corollary 3.4. Let R be the orbit equivalence relation defined by a group of finite
type I' acting freely on a compact space T. Let § : R — RY be a continuous
harmonic cocycle. Any §-averaging sequence {A,} gives rise to a harmonic measure
v on T supported by the limit set of {A}.

Arguing as in the invariant case, we can extend Theorem [B.3] to any compactly
generated pseudogroup I' acting on a locally compact Polish space T'. Moreover, in
the 0-dimensional case, the degree function is again continuous. This applies in par-
ticular to solenoids [3] and foliated spaces defined by repetitive graphs (introduced

in [§] and studied in [I], [4] and [17]):

Corollary 3.5. Let R be the orbil equivalence relation defined by compactly gen-
erated pseudogroup I' acting on a locally compact separable 0-dimensional space T .
Let 6 : R — R% be a continuous harmonic cocycle. Any §-averaging sequence { A, }
gives rise to a harmonic measure v on T supported by the limit set of {A,}.

4. AVERAGING SEQUENCES IN THE CONTINUOUS SETTING

We are interested in stating the previous results in the continuous setting, namely
for a foliated space (M, F). Instead of working with quasi-invariant measures, we
are going to use tangentially smooth measures. These were introduced in [2] and
form a larger class than harmonic measures. As previously mentioned, transverse
invariant measures for foliations are rather rare, but harmonic measures always
exist. Harmonic measures were introduced by L. Garnett in [7].

)
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4.1. Tangentially smooth measures. Consider now a regular Borel measure p
on M. Using a C" foliated atlas A, we can give a local decomposition p = [ AYdv;(y)
on each foliated chart U;, where \Y is a measure on the plaque ¢; *(P; x {y}) and
v; a measure on T;. Assume that F is a C"-foliation.

Definition 4.1 ([2]). A measure p on M is tangentially smooth if for every i € T
and v;-almost every y € T, the measures A are absolutely continuous with respect
to the Riemannian volume dvol restricted to the plaque passing through y, and the
density functions h;(z,y) = d\? /dvol(z,y) are smooth functions of class C"~! on
the plaques.

SN dv(y) = [ M\ dv;(y) be two decompositions. Then we obtain

/ / (x,y) dvol(x,y) dv;(y / / (x,y) dvol(x,y) dv; (y),
PX{y} PX{y}

and we can consider the Radon-Nikodym derivative d;(y) = dv;/dp;(y) such that
hi(z,y) = 8;(y)hi(z,y). This situation arises naturally in the intersection of two fo-
liated charts U; and U;. Indeed, i L= [ Ndvi(y) =
J AYdv;(y). Thus, as before, we deduce that

hj s Yij
G0 )= i) - BRI

Then the functions h; verify that logh; — logh; = logd;; on U; N U;. Since d;;
is a function on Tj, we have that drlogh; = drlogh;. Then n = drlogh; is a
well-defined foliated 1-form of class C"~2 along the leaves, which makes it possible
to estimate the transverse measure distortion under the holonomy.

Definition 4.2. The foliated 1-form 7 is the modular form of u.

Since the functions h; coincide on the intersections of the plaques modulo multipli-
cation by a constant, they define a primitive of the induced 1-form on the holonomy
covering of each leaf L. If F has no essential holonomy, the functions log h; can be
glued together to obtain a measurable primitive log A of 7.

According to [7], any harmonic measure is an example of tangentially smooth
measure since the densities h; are positive harmonic functions of class C™~! on the
plaques. In particular, any transverse invariant measure combined with the Rie-
mannian volume on the leaves gives a harmonic measure which is called completely
invariant. A harmonic measure p is completely invariant if and only if n = 0 (we
refer to corollary 5.5 of A. Candel’s paper [5]).

4.2. Modular form associated with a cocycle. We have just associated a 1-
foliated form to any tangentially smooth measure. Since our objective is to cons-
truct a measure for (M, F) starting with a continuous cocycle and an averaging
sequence, we will now describe the construction of a continuous modular form
n € QY(F) associated with any continuous cocycle 6 : R — R . We will start by
considering the tangentially C"-smooth continuous functions cy; : U;NUx — R given
by cri(er (7,9)) = log dki(y) where & (y) = d(y, vii(y)) for all (z,y) € Py x Ty.
By choosing a tangentially C"-smooth partition of unity {p;}7, subordmated to
the foliated atlas A, we can glue the functions cg; obtaining tangentlally C"-smooth
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continuous functions ¢; : U; — R given by ¢; = Z;nzl PrCri- The cocycle condition
implies that ¢;; = cxj — cgi, so that

m m m
Cj —C = E PkCkj — E PkCki = E Pk | Cij = Cij-
k=1 k=1 k=1

Hence, for each i = 1,...,m we can define a tangentially C"~'-smooth continuous
foliated 1-form n; = >} ; (dFpk) cki on U;. Each local 1-form 7; is exact
m
M = Z(d}'pk) cri = drc; = drlogh;
k=1
where h; = e : U; — R is a continuous function of class C" along the leaves.

Proposition 4.3. There is a well-defined continuous foliated 1-form n € Q(F),
that will be called the modular form of 8, such that n|y, = ;.

Proof. For each pair 4,j € {1,...,m}, we have that:

ny ==Y (drpr)cks — D _(drpr) cri = <Z dfﬂk) cij =0
k=1 k=1 k=1
on U; NU;. Then the 1-form 7 is well defined and continuous. O

Remark 4.4. The modular form 7 of a continuous cocycle § admits a continuous
primitive log h on the residual set of leaves without holonomy. In general, by passing
to the holonomy covers of the leaves, we may find a global continuous primitive on
the holonomy groupoid Hol(F), see [2].

4.3. Modular form of a harmonic measure. In the case when p is a harmonic
measure (and assuming that M is compact), we know from the Ph.D. thesis of B.
Deroin [6] (see Lemma 4.19 on page 116) that the modular form 7 is bounded. Let
us look at the proof in order to specify properties of the primitive logh and the
cocycle . Let A = {(U;, ¢;)}ier be a good C™ foliated atlas of (M, F), and h; the
local density functions of u. Assume that A is a refinement of a good atlas A’ =
{(Ul, #}) }icr, and R are the corresponding local densities. Thus, every plaque of U;
is relatively compact in a plaque of U/. In fact, using a vertical reparameterization,
we can suppose that ¢; ' (P x {y}) C (#,)~ (P! x {y}) for every y € T;. There exists
a relatively compact open set V C P/ such that ¢; ' (P; x {y}) C (¢))"*(V x {y})
for every y € T;. Since h; is harmonic, the Harnack inequality implies the existence
of a constant C; > 0 such that

o hila0,9) < hi(e.y) < Cibi(ao, ),

for all x,z9 € P; and for all y € T;. Since the atlases A and A’ are finite, we have
the following result:

(4.2)

Proposition 4.5. If u is a harmonic measure, then n is a bounded foliated 1-form
having a measurable uniformly tangentially Lipschitz primitive log h. 0

In fact, if we replace the plaques gb;l(Pi x {y}) by disjoint disks E, around the
points ¢; (0, y) and if we denote the plaques (¢})~'(V x {y}) as V,, then the axis
T of A is *x-recurrent in the sense of [I8], see also [I2]. For each point p € M, let
L, be the leaf of F passing through p. According to Theorem 5 of [I8], there is an
assignment of a probability measure 7, on L, NT satisfying:
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(i) mp(g) > 0 for each point g € L, N T}
(ii) f(p) = quLmT 7p(q) f(q) for each bounded harmonic function f on L,.

If both p and ¢ belong to the geometric realization of T, and and as a result they
are identified with two points y and z of T, we obtain a random walk on R with
transition probabilities 7(y, z) = m,(q) for all (y, z) € R. Thus, the Radon-Nikodym
cocycle d(y, z) = 6(y, vi; (y)) = i;(y) given by (@I)) has the following property:

Proposition 4.6. If u is a harmonic measure, then the Radon-Nikodym cocycle is
m-harmonic, i.e. §(z,y) = 3, crpy Tz w)d(w,y) for v-almost every pointy € T
and every z € Rly]. O

Reciprocally, if we choose V' in such way that the sets V,, are pairwise disjoint,
then Theorem 1 of [12] tells us that the modular form of a m-harmonic cocycle has
a primitive logh with h harmonic. Thus, by replacing the simple random walk
with the random walk whose transition kernel is m, the discrete and continuous
approaches become equivalent from the point of view of harmonicity:

Proposition 4.7. A tangentially smooth measure p is harmonic if and only if the
measure v (well defined up to equivalence) is mw-harmonic. 0

4.4. Continuous averaging sequences. In the present setting, we can reformu-
late the Radon-Nikodym problem as the problem of determining tangentially smooth
measures 4 on M which admit 7 as their modular form. The aim of this section
is to establish Theorem B3] for foliations. First, we need a continuous analogue of
Definition Bl Consider a d-dimensional foliation F of class C™ on a compact space
M, endowed with a tangentially C"-smooth Riemannian metric g, and a continuous
cocycle § : R — R’}. The modular form n admits a continuous tangentially C"-
smooth primitive log h on the residual set of leaves without holonomy. In restriction
to each leaf without holonomy L, passing through y € T', we can multiply g by the
normalized density function h/h(y) in order to obtain a modified metric (h/h(y))g.

Definition 4.8. Let {V},} be a sequence of compact domains with boundary con-
tained in a sequence of leaves without holonomy L,, . We will say that {V,,} is a
n-averaging sequence for F if

area, (0V,,)

=0
oo vol, (Vi)

where area, denotes the (d — 1)-volume and vol, the d-volume with respect to
the modified metric along L,, . A leaf L, is n-Fglner if it contains an n-averaging
sequence {V,,} such that area, (0V},)/vol,(V,,) = 0 as n — +o0.

Remarks 4.9. (i) The isoperimetric ratio area,(9V;,)/vol,(V,) does not depend
on the choice of y and A in the second definition. This justifies the notation, which
is slightly different from that used in [2].

(ii) When g is a completely invariant harmonic measure, the normalized density
function is equal to 1 and thus the modified volume and the Riemannian volume
coincide. Hence, we recover the common definition of averaging sequence.

(iii) In general, for harmonic measures, Harnack’s inequalities (2] imply that the
modified volume of the plaques and the modified area of their boundaries remain
uniformly bounded. Repeating the same argument as in the classical case, we have
that the leaf L, is n-Folner if and only if the graph Rly| is d-Folner.
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Theorem 4.10. Let (M, F) be a compact foliated space of class C", 2 < r < 00
orr =w, and let R be the equivalence relation induced by F on a total transversal
T. Consider a continuous cocycle § : R — R, and let n be the modular form of §.
Assume that F admits a foliated atlas such that the modified volume of the plaques
is bounded. Any n-averaging sequence {V,} for F gives rise to a tangentially smooth
measure p whose support is contained in the limit set of {V,,} and whose modular
form is equal to n. In particular, if we assume that n has a primitive logh such

that h is harmonic, then p is a harmonic measure.

Proof. As in the discrete case, we will start by constructing a sequence of foliated
d-currents

1 h
nle) = vol, (V) / h(yn)m

where « is a foliated d-form. By passing to a subsequence, the sequence &, converges
to a foliated d-current &. Let p be the measure on M associated with the current
¢. For every function f € C(T'), we have [ fdp = &(fw) where w = dvol is the
volume form along the leaves.

Now, we will prove that p is a tangentially smooth measure with modular form
7. Consider a good C™ foliated atlas A = {(U;, ¢;)}icr obtained by refinement
from a given good atlas, and whose plaques have bounded modified volume. Since
the modified volume of the plaques of A and the modified area of their boundaries
remain bounded, the traces A,, = V,, NT of the domains V,, on the total transversal
T form a d-averaging sequence. In fact, since V;, is covered by the plaques P, of A

centered at the points y of A,,, we have that:
h(z,y
/ ( )dvol(x,y)> 5(y, yn)
P

voln(vn)z/wwnﬁ > /Py“’?: ) ( , 1(0,y)

yEA, yEAR

where w,, is the modified volume form along the leaves and h(x,y) denotes the
density function restricted to a foliated chart U, containing the plaque P,. Then
there is a constant C' > 0 such that vol, (V,,) < C|A,|y, Actually, we can choose
C > 0 such that & < vol,;(Vy)/|Anly, < C. Thus, by passing to a subsequence,
we may assume that the ratio vol,(V;,)/|Ax|y, converges to a constant ¢ > 0.
Now, as stated in the proof of Theorem B3] we may also assume that the sequence
of measures v, (B) = |BN A,ly, /|Anly, converge to a quasi-invariant measure v
on T whose Radon-Nikodym derivative is equal to §. Combined with the modified
Riemannian volume along the leaves, this transverse measure gives us a tangentially
smooth measure 1/ on M. Thus, for every function f € C'(M) with support in U;,

we have
fdu'z// f(z,y dvol(x,y) dv(y).

/ 2 J Pix{y} ( )hi(O,y) (9) dv(y)

Then
fdy = lim —— </ f(x,y) dvol(x,y)) 5(y, yn)
/ n—+o0 |An|yn ye;ﬁTi P;x{y} hi(0,y)
1

(4.3) = lim —— / f wy.

n—+too |An|yn Z PIX{y} !

yeV,NT;
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On the other hand, by definition, we have

/ fdp = €(fw) = lm — [ e

n—-+00 Vol77 (Vn)

1
(4.4) = lim / fuw

Comparing identities @3) and @), we deduce that p = 1,/ is a tangentially
smooth measure with Radon-Nikodym cocycle .

To conclude, we will prove that p is harmonic when h is harmonic. Recall that
according to Theorem 1 of [12], see also Proposition[d7] this is always the case when
d is m-harmonic. We will start by denoting h,, = h/h(y,) as the normalized density
function on the leaf L,,. Since the Laplace operator Ar preserves continuous
functions, we have that

1
Axrfdp= lim (V)/ (Axrf)hnw

n—o0 VOl

n

for all f € C(T). Green’s formula implies that

/ (Aff) hypw = / ((A]:f) I — f (A]:hn) W = / b, Zgrad(j flgrad(h yw-

n n n

Since h,, is harmonic, we have

/ Lgrad(hy)W :/ div(grad(hy)) w :/ (Arh,)w=0
A% Vn

n n

/ ngrad(hn)w < ||f||oo/ Lgrad(h,)%W = 0
oV, oV

for all n € N. On the other hand, since f is bounded, there exists a constant k£ > 0
depending only on f such that we have

and then
0<

1 . area, (0V;,)
_ o Lora < lim k— 21" —
voly (V) /8Vn tgrad(f)¥ ' =00 vol, (Vi)

and therefore

Arfdp= lim %/\/ (Axf)hpw=0. O

n—o0 volp (V,

According to Remark [£4] the notion of n-Fglner remains valid for the holonomy
covers of the leaves of F. Thus, it suffices to replace F with the lifted foliation in
the holonomy groupoid Hol(F) in order to globalize the previous result.

5. EXAMPLES

5.1. Discrete averaging sequences for amenable non Fdglner actions. There
are amenable actions of non amenable discrete groups whose orbits contain ave-
raging sequences [I5]. For example, let dT' be the space of ends of the free group
I" with two generators 7, and 2 whose elements are infinite words = = 7172 .

with letters v, in & = {vil,% 1} If v denotes the equidistributed probablhty
measure on OI' (such that all cylinders consisting of infinite words with fixed first
n letters have the same measure), then I' acts essentially freely on OT' by sending
each generator v and each infinite word x = y172... to v.o = yy172.... Since



AVERAGING SEQUENCES 13

this action is amenable, according to Theorem 2 of [13] (see also Proposition 4.1 of
[2]), we know that v-almost every orbit is §-Fglner (where ¢ is the Radon-Nikodym
derivative of v). We will recall here an explicit construction by V. A. Kaimanovich
in [I5].

For each x € I, let b, : I' — R be the Busemann function defined by

be(7) = limn s 100 (dr (v, ) — dr (1, 2,))
where dr is the Cayley graph metric, z(, is the word consisting of first n letters of

x and 1 is the identity element. The level sets Hy(z) = {7 € ' /by(y) = k} are
the horospheres centered at x. The Radon-Nikodym derivative of v is given by

5 ) = Y () = 35

where «.v is the translation of v by 7. Since | - |, = (-, z) is a harmonic measure
on I'.z, v is also a harmonic measure. In fact, as stated in Theorem 17.4 of [I4], v
is the unique harmonic probability measure on OT.

Let AZ be the set of all points v~ 1.z in I'.z such that 0 < b,(y) = dr(1,7) < n.
Since [Af N Hi (@)l = 34, ()=dp(1,4)=k 0(V 12, 2) = 3k =1forall 0 <k <n,
we have that |A,|, = n+ 1. But 0A7 = {1} U (AZ N H,(x)) and so |0AZ], = 2.
The d-averaging sequence {A¥} defines a harmonic measure (which is equal to v
up to multiplication by a constant).

5.2. Averaging sequences for hyperbolic surfaces. The geodesic and horocy-
cle flows are classical examples of flows on the unitary tangent bundle of a compact
hyperbolic surface. They are given by the right actions of the diagonal subgroup

et/? 0
STt

and the unipotent subgroup

S UCRVIY

of G = PSL(2,R) on the quotient I'\G by the left action of a uniform lattice T".
If H denotes the hyperbolic plane, we can identify I'\G with the unitary tangent
bundle of the compact hyperbolic surface I'\H. The right action of the normalizer
A of H" in PSL(2,R) defines a foliation F by Riemann surfaces on I'\G. Since
A is an amenable group, F is an amenable non Fglner foliation. Moreover, there
is an invariant measure 4 on I'\G. In [7], L. Garnett proved that x is a harmonic
measure by describing its density function on a foliated chart.

We can identify G/A with the boundary OH by sending each coset of A in G to
the center of the horocycle defined by the corresponding coset of HT in G. For each
point z € JH, there is a unique probability measure v, on OH which is invariant
by the action of all isometries of H fixing z. This measure is the image of the
normalized Lebesgue measure on the circle of the tangent plane at z under the
exponential map, and is called the visual measure at z. According to Proposition 2
of [7], the normalized density function is given by dv,/dv,,(z) where z, zp € H and
x € JH. In particular, for z = co, we have that

dv, Y
dv (%) =15
Z0 Yo
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where z = z+iy and zp = xo+iyo. In the leaf passing through x = oo, the sequence
Ve ={zeH|-1<x2<1,e ™ <y<1} becomes an-averaging sequence (where
7 is the modular form of 1). Indeed, on the one hand, we have that

d 1 1
area ) = v 00) dvol(z) = du A dy = dx @ = 2n.
n(V©) (00) Y

vee dvi vee Y 1 Jem Y

On the other hand, the modified length of a smooth curve o(t) = x(t) + iy(t) (with
0 <t <1) is given by length, (o) = fol V&' ()2 + y'(t)?dt, and so we have that
length, (OV,;7) = 2(2+ (1 —€")) < 6.

As before, this n-averaging sequence defines a harmonic measure (which is equal to
w1 up to multiplication by a constant). In fact, all leaves are n-Fglner since for each
point x € OH obtained as the image of oo under g € G, the sets V¥ = ¢g(V,>°) form
a m-averaging sequence in the leaf passing through x.

5.3. Averaging sequences for torus bundles over the circle. To conclude,
we will present other examples of foliations on homogeneous spaces studied by
E. Ghys and V. Sergiescu in [9]. Each matrix A € SL(2,Z) with |tr(4)] > 2
defines a natural representation ¢ : Z — Aut(Z?) which extends to a representation
®: R — Aut(R?) given by ®(t) = A'. If A > 1 and A~! < 1 are the eigenvalues of
A, then ® is conjugated to the representation @y given by

t
w0 = (5 2l )
Let T3 be the homogeneous space obtained as the quotient of the Lie group G =
R? x4 R with group law (z,y,t).(2", ¢, ') = ((z,y)+ Al (2, '), t+t') by the uniform
lattice I' = Z? x, Z with a similar law. Observe that G is isomorphic to the solvable
group Sol® = R? x4, R with group law (z,y,t).(2', ', t') = (x+ X', y+ 1"ty t+1)
(where z and y are the first and second coordinate with respect to the eigenbasis)

and T3 is diffeomorphic to the quotient of Sol® by a uniform lattice I'g. The right
action of the image A of the monomorphism

. log b 3
(a,b) ER x R* — (a,O, 1og/\) € Sol

defines a foliation F on T'3. The Lebesgue measure on 7% defined by the volume
form Q = dx A dy A dt is a tangentially smooth measure. Since the Riemannian
volume along the right orbits is given by

da A db
b2

the density function is equal to

(log \) A\~ tdx A dt

%. In the orbit of the identity element, the

sequence V,, = { (a,b) € A/ —1<a <1, e ™% <ph <1} becomes a n-averaging
sequence (where 7 is the modular form of u). Indeed, on one hand, we have that

1 1 0
area,(V,,) = /Vn @)\t(log MM tde A dt = /1 dx /_n dt = 2n.

On the other hand, the modified length of a smooth curve o(t) = (a(t),b(t) (with
0 <t <L) is given by length, (o) = fOL Va (t)? 4+ ' (t)2dt, and so we have that
length, (0V;) = 2(2+ (1 — e"'8%)) < 6.
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By replacing the orbit corresponding to y = 0 with another orbit, it is easy to
see that all leaves are n-Fglner. As in the previous example, all n-averaging se-
quences define (up to multiplication by a constant) the same harmonic measure:
the Lebesgue measure.
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