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Abstract. About fifty years ago, questions on the existence and non-existence of finite invariant measures
were studied by various authors and from different directions. In this article, we examine these classical results
and prove directly that all the conditions introduced by these authors are equivalent to each other. We begin at the
fundamental level of a recurrent transformation whose properties can be strengthened to obtain the aforementioned
classical results for the existence of a finite invariant measure. We conclude with the introduction of a new property,
Strongly Weakly Wandering (sww) sequences, the existence of which is equivalent to the non-existence of a finite
invariant measure. It is shown that every sww sequence is also an Exhaustive Weakly Wandering (eww) sequence
for ergodic transformations. Although all ergodic transformations with no finite invariant measure are known to have
eww sequences, there are exceedingly few actual examples for which explicit eww sequences can be exhibited. The
significance of sww sequences is that it provides a condition which is easier to verify than the condition for eww
sequences (Proposition 4.5). In a second paper, we will continue these studies and also connect them to some of the
more recent derived conditions for finite invariant measures. The impetus for this work, began with the late Professor
Shizuo Kakutani, with whom the authors worked and had many fruitful discussions on these topics.

1. Introduction

The results in this article reflect in a significant way properties of infinite ergodic transfor-
mations (ergodic measure preserving transformations defined on an infinite measure space).
This is an area where the authors worked extensively with Professor Kakutani in the past, and
we are now preparing a monograph [4] where we present our work in this area.

We consider only transformations 7 that are 1-1 and onto maps defined on a o -finite
non-atomic Lebesgue measure space (X, B, m). All the transformations 7' that we consider
are measurable (A € B if and only if TA € B) and nonsingular (m(A) = 0 if and only if
m(T A) = 0). We say that m is an invariant measure for a transformation 7 if m(T A) = m(A)
for all A € B. Two measures m and u are said to be equivalent (denoted, m ~ ), when
m(A) = 0 if and only if ©(A) = 0. If an invariant measure p, equivalent to m, exists for
T, then we say that T preserves the measure p, or T is a measure preserving transformation.
Throughout this article all the sets we mention are measurable, and often statements are made,
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ignoring sets of m-measure 0. In the sequel we assume that 7' is a measurable and nonsingular
transformation defined on the finite measure space (X, BB, m).

2. Recurrent transformations

DEFINITION 2.1. Let T be a measurable and nonsingular transformation defined on
the measure space (X, B, m).
e T is a recurrent transformation if whenever A is a set of positive measure, then for
a.a. x € A there is an integer n > 0 such that 7"x € A.
e Two sets A and B are finitely equivalent, A =~ B, if for some integer p > 0

P P
A=Jaudisj). B=|JBiWisj),

i=1 i=1
and
T"A; =B; for1<i<p.
e Aisa wandering set for T if m(A) > 0and T'ANT/A =@ fori # j,i,j € Z.

Before stating our first theorem about the recurrence of a transformation 7', we state
the following lemma about wandering sets for a transformation; we use it in the proof of the
Recurrence Theorem.

LEMMA 2.2 (Wandering Sets). The following two conditions are equivalent for a
transformation T.

(1) T does not admit any wandering sets.

(2) If f(x) is a measurable function, and f(Tx) < f(x) a.e. then f(Tx) = f(x) a.e.

PROOF.

(1) = (2): Assume condition (2) is not true. Then there is a measurable function f such that
f(Tx) < f(x)ae. andm{x : f(Tx) < f(x)} > 0. It follows that there is a constant ¢ such
thatif W = {x: f(Tx) <c < f(x)} then m(W) > 0.

For x € W, it follows that f(T"x) < f(I" 'x) <--- < f(Tx) <c.

For x € T7"W, since T"x € W, it follows that ¢ < f(T"x). Thus, T”"WNW =@
forall n > 0. Thus, fori > j, wehave T'WNT/W = T'(WN T~ =DW) = @; this is a
contradiction to (1).

(2) = (1): Assume condition (1) is not true. Let W be a wandering set for 7', and let
W* = Uzio T7"W.

Let f(x) = Iw+(x), the characteristic function of the set W*. Then,
f(Tx) =Iw«(Tx) = Ip-1y«(x) < f(x),and forx € W, wehave 0 = f(Tx) < f(x) = 1.
This is a contradiction to (2) and completes the proof of Lemma 2.2. O

The Recurrence Theorem 2.3 shows various conditions that are equivalent for a transfor-
mation 7.



INVARIANT MEASURE 341

THEOREM 2.3 (Recurrence). Let T be a measurable and nonsingular transformation
on (X, B, m). Then, the following conditions are equivalent:

(1R) If A is a measurable set of positive measure, then for a.a. x € A, there is an integer
n > 0suchthat T"x € A (i.e., T is recurrent).

(2R) If A is a measurable set of positive measure, then for a.a. x € A, there are infinitely
many integers n > 0 such that T"x € A.

(BR) If f is measurable and f(x) > 0 a.e., then Z;OZI f(T"x) = o0 a.e.

(4R) If A is a measurable set of positive measure, then there is an integer n > 0 such
thatm(T"AN A) > 0.

(5R) T does not admit any wandering sets (i.e., T is conservative).

(6R) If A is a measurable set of positive measure and A ~ B, with A D B then
m(A — B) =0 (i.e., T is finitely bounded).

PROOF.
(1R) = (2R): Repeated applications of condition (1R) implies (2R) .
(2R) = (3R): Assume condition (3R) is not true. Then there is a function f, with f(x) > 0
and a set A, of positive measure, such that ZZOZ 1 f(T"x) < oo forx € A. For some ¢ > 0,
by possibly removing a small subset of A, we may assume that m(A) > Oand f(x) > ¢ >0
forx € A.

Forp > llet A, = {x € A: > 2, f(T"x) < p}. Then, A = U;OZI Ap, and
m(A) > 0 implies that for some p > 0 we have m(A,) > 0;forx € Ap, f(x) > ¢ > 0 and
Yoo f(T"x) < p.

In other words, for x € A, the cardinality of {n : T"x € A} is not greater than p/e a
finite number. This contradicts (2R).

(BR) = (4R): Assume condition (4R) is not true. Then there is a set A, of positive measure,
such that T"AN A = @ forall n > 0. We let

1 if xe X -2, T'A

(x) =
f 1/2" if xeT"A forn >0

Then, f(x) > 0,and forx € A,

Zf(T"x) = 21/2" < 00.
n=0 n=0

This is a contradiction to (3R).
(4R) = (5R): The existence of a wandering set contradicts property (4R).
(SR) = (6R): Suppose there are sets A, B with A D B and for some k > 0

k k
A= UAi(diSj), B =UBl‘(diSj), and A; =T"B; for0<i<k.

i=1 i=1
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Letl1 ={i:1<i<k,n;>0landl, ={i:1<i <k,n; <0}. Define

n,-—l -1

FE =304, (Tx) =03 Ia, (1)

iel; j=0 ieh j=n;
Then, since 14, (T" x) = Ip, (x) for each i, we obtain

f(Tx)=f) =Y (Ia,(x) = I,(0) + Y (I3, (x) — 14, (x))

iEIl iEIZ
= f(x) = Ualx) — Ipg(x)) .

Therefore, f(x) — f(Tx) equals the characteristic function I4_ g, which is nonnegative a.e.
and equals 1 on A — B. Lemma 2.2 then implies m(A — B) = 0, and this proves (6R).

(6R) = (1R): Assume condition (1R) is not true. Then there is a set C of positive measure
such that for x € C, we have T"x ¢ C for any n > 0. Let

oo oo
A=|Jr*c, and B=[]1"C.
n=0 n=1
Then, A D B, m(A — B) = m(C) > O0and TA = B. This contradicts condition (6R) and
completes the proof of the Recurrence Theorem 2.3. O

3. Existence of a finite invariant measure © ~ m

Let T be a measurable and nonsingular transformation defined on a finite measure space
(X, B, m). In this section we study necessary and sufficient conditions for the existence of a
finite invariant measure yu ~ m for T.

Suppose T admits a wandering set W with m(W) > 0. Then for any measure u, equiv-
alent to m, it is clear that (W) > 0 also. If u is an invariant measure for 7' then the infinite
number of mutually disjoint images of W under T will have the same positive u measure. It
follows that the condition: 7" does not admit wandering sets, namely condition (4R) of Theo-
rem 2.3, is a necessary condition for the existence of a finite invariant measure p equivalent
to m. In view of the Recurrence Theorem any one of the equivalent conditions (1R)—(6R) of
Theorem 2.3 is also a necessary condition for the existence of an m-equivalent finite invariant
measure u for T. However, as we shall see later, the converse is not true; in other words,
any one of the conditions of the Recurrence Theorem is not a sufficient condition for the
existence of a finite 7T-invariant measure p equivalent to m. To obtain sufficient conditions
for the existence of such a measure i, the conditions in the Recurrence Theorem need to be
strengthened.

DEFINITION 3.1. Let T be a measurable transformation defined on the finite measure
space (X, B, m). Let us define the following, the first of which we repeat from the previous
section for emphasis.
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e Two sets A and B are finitely equivalent, A ~ B, if

p p
a={Jadisp. B=|JBiWisj),

i=1 i=1
and for some finite set of integers {n; : | <i < p},
Tn’.Ai =B; forl<ic< p.

e Two sets A and B are countably equivalent or simply equivalent, A ~ B, if

o0 o0
A=JAiwdisj), B=|]Bidisj).

i=1 i=1
and
T"' A; = B; forasequence {n; :i > 1}.

e A set Ais strongly recurrent if {n : m(T"A N A) > 0} is relatively dense in Z, or
equivalently: There exists an integer k > 0 such that
max m(T"V"ANA)>0, forall neZ.
0<i<k
e An infinite subset of integers {n; : i > 0} is a weakly wandering (ww) sequence if
there is a set W of positive measure such that

T"WNTYW =@ fori#j;i,j>0.
We call W a weakly wandering set for 7'.

In the past a number of authors have been interested in finding necessary and sufficient
conditions for the existence of a finite invariant measure . ~ m for a given transformation
T. We list below conditions on a transformation T that various authors introduced and proved
them to be necessary and sufficient conditions for the existence of a finite invariant measure
u o~ m.

In 1932 E. Hopf [10], introduced the condition:

H) Ifm(A) >0, AD Band A ~ B thenm(A — B) = 0.

In 1955, Y. Dowker [2] introduced the condition:
(D1) If m(A) > O then lirgi“r}fm(T”A) > 0.
In 1955, A. Calderén [1] introduced the condition:

(C) If m(A) > 0 then liminf,_, o % Z?:_ll m(T'A) > 0.
In 1956, Y. Dowker [3] introduced the condition:

(D2) Ifm(A) > 0 then limsup,,_, o, % l'.’:_ll m(T'A) > 0.
In 1964, A. Hajian and S. Kakutani [5] introduced the condition:
(W) If m(A) > 0 then A is not a weakly wandering set.
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In 1964, A. Hajian [6] introduced the condition:
(S) Ifm(A) > 0 then A is strongly recurrent.
In 1964, A. Hajian and Y. Ito [7] introduced the condition:
(F) If f(x) > 0 is measurable then Y ;o | f(T" x) = oo for any sequence {n;}.

In trying to find an invariant measure u ~ m, it is useful to study the asymptotic behavior
of the measure of the iterates m(7T" A) of a given measurable set A. Actually, the necessary
and sufficient conditions (D1), (C), and (D2) refer to the behavior of the values of {m (7" A)}
or their Cesaro sums. These conditions are closer in nature to an invariant measure that is
being sought. The other conditions (H), (W), (S) and (F), which are the strengthened versions
of the corresponding conditions in the Recurrence Theorem 2.3, are more geometric in nature.
They depend on the class of measures equivalent with m rather than on the measure of the
iterates {T"A}. In the following Theorem we show by direct arguments that all of these
conditions are equivalent. Some of the results and arguments we employ were discussed
and used in [5], [6] and [8]. In what follows, for the sake of completeness, we repeat and
copy some of these arguments in the next result which we call the Finite Invariant Measures
Theorem.

THEOREM 3.2 (Finite Invariant Measures). Let T be a measurable and nonsingular
transformation defined on the finite measure space (X, B, m). Then conditions (D1), (C),
(D2), (H), (W), (S), (F) mentioned above are equivalent to each other. Furthermore, they are
necessary and sufficient conditions for the existence of a finite invariant measure | ~ m .

To prepare the way for the proof of this Finite Invariant Measures Theorem, we first
prove several Propositions and make some observations. For a transformation 7 on the finite
measure space (X, I3, m), let us denote by:

n—1

o, (A) = p Zm(TiA) and o (A) =limsupo,(A).

; n—00
i=0

It is clear that & is a non-negative sub-additive set function defined on B and is invariant under
T. The following Proposition exhibits the additive nature of o on finitely equivalent sets.

PROPOSITION 3.3. Let T be a measurable and nonsingular transformation defined
on the finite measure space (X, B, m). Let A1, Ay, ..., A be a finite collection of mutually
disjoint sets which are finitely equivalent with each other; namely, A; ~ Aj,and AiNA; =0
fori # jii,j=1,2,...,s. Then,

T(A) =5(A)) forij=12,..s

and

E(U Al') = ZE(Ai) =s50(A1).
i=1 i=1
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PROOF. Suppose E = F, then

N N
E=|JE;Wdisj). F=|]JFiWdisj) and TPIE;j=F;, for1<j<s.
j=1 j=1

We first observe that for any set C € 3, and any integer p € Z,n > 1,

|04(C) — 0, (TP CO)| = lnim(TfC) — 1p§1m(TjC) < Mm(X)
n n n JZO n j=p -~ n .

From the above follows that for any sequence {n;} tending to co as k — oo,

D o (E) =) ou(Fi)

i=1 i=1

o (E) — 0, (F)| =

3.1 <Y |ow (Ei) — ou (TP Ep)| < Zz'f;'mm -0
i=1

i=1

as k — oo.
Next, let {ny} be a sequence of integers such that

o(E) = kli)n;o o (E) 5

then,
o(E) = lim oy, (E) = lim oy, (F) <o (F).
k—o00 k— o0
By symmetry, we conclude o (E) = o (F) for any two sets £ =~ F.

Therefore 5(A;) =0 (Aj) fori, j =1,2,...,s. We also have from (3.1)

D 0w (Ai) — 50, (A1)

i=1

S
<) Jon(AD) = on (AD] = 0
i=1
as k — oo.
By a similar argument, we conclude (| _J;_; A;) = sa(A}). O

PROPOSITION 3.4. Let T be a nonsingular transformation defined on the finite mea-
sure space (X, B, m). Let A be a set of positive measure such that

(3.2) liminfm(T"A) = 0.
n—0o0

Then, for 0 < ¢ < m(A) thereis a set A’ C A, withm(A') < ¢, so that S = A — A is not
strongly recurrent.
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PROOF. Let A and ¢ > 0 as above, be given. For k > 1, let gy = Foreachk > 1

£
m-
we choose an integer ny > 0 such that m (T"k_iA N A) < g for0 <i <k—1. Thisis
possible, since A satisfies (3.2), m(X) < oo, and T is nonsingular, which implies that each of

the measures m_;(A) = m(T ' A) is absolutely continuous with respect to m. Let us put

U T ANA.

||
T C8

Then,

oo k—1

m(A) <Y N m(T™TANA) < stk =s.

k=1i=0

Let S = A — A’; then, it is easy to see that m(S§) > m(A) — & > 0 and
THiSNSCcTH ANA—-A)=0 for l<i<k-1, k>1.

This says that for each k > 1 there is an integer n; > 0 such that 7S N (Uf;ol T! S) = 0.
O

PROPOSITION 3.5. Let T be a measurable and nonsingular transformation defined on
the finite measure space (X, B, m). If A is a compressible set of positive measure (i.e., A ~ B
for some subset B of A and m(A — B) > 0), then there is a sequence of mutually disjoint sets
(D :n>1}in A, such that D; ~ Dj fori # j;i,j=1,2,...,and m(Dy) > 0.

PROOF. By assumption, A = B U C (disj.) with m(C) > 0 and A ~ B. Using the
countable equivalence

o0 o
A:UAi(disj), B:UT”iAi(disj),
i=1 i=1
we obtain a decomposition B = By U C, with B ~ B, and C ~ C, (and so m(C3) > 0).
To see this, we observe that,

o0 o0
C = J@inOdisj). andalso B =|_J(A; N B)(dis)).
i=1 i=1
Define

o0 o0
C=|JT"(AiNC) and By =|JT"(AiNB).
i=1 i=1

Clearly C, and B, satisfy the desired properties.
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This same argument applies to B = B U C,(disj) and we obtain By = B3 U C3(disj)
with By ~ B3 and C» ~ (3. Continuing by induction (and denoting C1 = C) we obtain
a sequence C; of countably equivalent sets. In addition, the sets C; are mutually disjoint
because each C;+1 C B; and C; N B; = 0.

As ~ is an equivalence relation, it follows that C; ~ C, for all n > 1. By carefully
truncating each of these countable equivalences we can obtain the sets D,,.

To do this, fix & > 0 be such that m(C1) — & > 0. For each k > 2, since C| ~ Cg, it
follows that

o0

o
G =|JEixlisj), Co=JT"*(Eix)disj).

i=1 i=1
Since m(X) < oo, for each k > 2, there is an N; > 0 such that

[e.e]

&
m( U Ei’k) < F

=N

We let D1 = C1 — U2, U2y, Eik- Then,

m(D1) = m(C1) = Y 5 =m(C) =& > 0.
k=2

Next, for kK > 2 we define

Ni—1
(3.3) Dy= | J 7" (Eix N D1) .
i=1

Equation (3.3) and the fact that D| = UZN=k1_1 (Eix N Dy) imply D ~ Dy for k

> 2.
Moreover, (3.3) implies Dy C Cy for k > 2, and therefore, D; N D; = ¥ fori # j;
i,j=1,2,.... O

PROPOSITION 3.6. Condition (D1) implies condition (F).

PROOF. Assume that condition (F) is not true. Then there is a measurable function
f > 0, asequence of integers {n; : i > 0} and a set A with m(A) > 0 such that

(3.4) D f(I"x) <oo for x€A.
i=0

Since m(X) < oo, for each ¢ > 0O thereis a é§ > 0 and a set B such that m(B) < ¢ and
f(x) = é for x € X — B. Equation (3.4) implies: for x € A, T"'x € X — B for finitely
many i only. In other words, for almost all x € A there is an integer N = N (x) > 0 such that
T"ix € Bfori > N.
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Fork > 1let A(k) = {x € A: N(x) > k}. Then, A = U,fozl A(k), and m(A) > 0
implies for any fixed n, 0 < n < m(A), there is k1 > 0 such that m(A — A1) < n/2, where
A1 = A(ky). We see that for x € Ay, T" x € B for all i > ky; therefore, m(T" A|) < ¢
holds for all i > ky.

From the above discussion we conclude: for ¢ > 0 and > 0 there is a subset A} C A
such that limsupm(T" A1) < e and m(A — Ay) < n/2.

i—00
Next, we repeat the above argument, and using induction, choose sets A D A; D Ay D
- as follows: For p > 1lete, = ¢/p and n, = n/2”. Assume we have chosen the sets
ADA;D---D A, forsome p > 1 that satisfy
3.5) limsupm(T"'A,) <ep, and m(A,_1 —Ap) <np.
i—00

We use the same argument as above and obtain a set A,y C A, that satisfies (3.5) with p
replaced by p + 1.

Finally, we let A" = ()Z; Ap. It follows that

liminfm(T"A") < limsupm(T™ A’) <limsupm(T"" Ap) < ¢,
n—00 i—o00 i—o00

for each p. Then we have

liminfm(T"A") =0,
n—>oo

while
o o0
m(A') > m<A -, - A,,+1)> >m(A) =Y _ n/2" =m(A) —n >0.
p=1 p=1
This is a contradiction to condition (D1). |

For each integer k, denote by wy (x) the Radon-Nikodym derivative of my with respect to
m, where my(A) = m(T*A) for A € B. Since for each k, T¥ is a nonsingular transformation,
wi (x) is positive, and since T¥T" = T**" it follows that

O () = o (T" (x))wn (x) = o (T* (x)) e (x)
holds for every pair of integers k and n.

Define a linear operator V on the Hilbert space H = L*(X, B, m) by setting V f(x) =
f(Tx)(wr (x))% for every f € H. Then, V is a unitary operator on H, and it is easy to verify
that ka(x) = f(Tk (X)) (wi (x))% holds for each k.

Let C be the closed convex hull of the set {Vkl :k=0,1,2,...} in H, where 1 denotes

the constant function 1. Note that V¥1(x) = (wy (x))%.
It is clear from the definition that the closed convex set C is mapped into itself by the
unitary operator V. It is well-known and easy to prove that in any Hilbert space a closed
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convex subset contains a unique element having the smallest norm. Hence, there exists a
unique element gg in the closed convex subset C of H satisfying the property that || go|| < || fI|
holds for every f € C where || || denotes the L2-norm of the space H.

The element V gy belongs to the convex set C and since V is unitary, we have ||V go|| =
llgoll. From the uniqueness of go, it then follows that V go = go, i.e., go is a fixed point of the
linear operator V.

We use this function gg in the proof of our next proposition.

PROPOSITION 3.7. Let T be a bi-measurable, nonsingular transformation on
(X, B, m). Then, Dowker’s condition (D1) (and hence any of the equivalent conditions in-
troduced above) is sufficient for the existence of a finite T -invariant measure on (X, B) equiv-
alent to m.

PROOF. Let gp be the fixed point of V mentioned in the paragraph above, and define a
measure u on (X, B) by setting

w(A) :/(go(x))zdm for AeB.
A

Since the function go(x) is square integrable, it is clear that u is a finite measure on (X, 5),
absolutely continuous with respect to m. Furthermore, since Vgyo = go, we have for any
AebB,

W(TA) = / (g0(x))%dm = / (0(Tx)) 201 (x)dm
TA A

= /A (V go(x))?dm = fA (go(x))%dm = (A),

which shows that u is a T-invariant measure.

To prove the sufficiency of the condition (D1) it remains to show that the condition (D1)
implies that the measure m is absolutely continuous with respect to p. For this purpose, we
prove the following Lemma:

LEMMA 3.8. Foraset A € B, let §(A) = infnzo{fA(a)n (x))%dm}, and consider the
following condition on the transformation T :

OD* Ifm(A) > 0then§(A) > 0.
Then, the conditions (D1) and (D1)* are mutually equivalent.

PROOF. First note that because 7" is nonsingular for each n, we may replace the lim inf
n—o0

in the statement of condition (D1) by inf,,>(, whenever convenient.

Using the Cauchy-Schwarz inequality it is easy to see that (D1)* implies (D1). Con-
versely, suppose condition (D1) holds but there exists a set A with m(A) > 0 and §(A) = 0.
Then, we can get an infinite sequence of integers {ny} for which

/ Z(wnk(x))%dm = Z/(a)nk(x))%dm < 00,
A & & A
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and therefore, Y (wy, (x))% < 00 a. e. on A. But this in turn implies that ), wy, (x) < 00
a.e. on A, from which we conclude that there exists a subset A’ of A with m(A’) > 0 such
that

Zm(T"kA’) =/ ank(x)dm < 00.
X AT

From this it follows m(T" A") — 0 as k — oo, and therefore, 0 = liminf,_, ,c m(T"A").
This contradicts (D1) since m(A”) > 0. O

To complete the proof of the Proposition, let us suppose that there is a set A € B for
which u(A) = 0, but m(A) > 0. Then, by (D1)*, §(A) > 0. From the definition of the closed
convex set C there exists for any €, 0 < & < 8(A), a finite set {o;} of positive numbers such
that ) = 1 and a finite set of non-negative integers {k;} for which the inequality below
holds:

lgo =) e VO < ——.
; ! (m(X))?

Note that from the Cauchy-Schwarz inequality, follows the fact that
if u(A) =0 then / go(x)dm =0.
A
Furthermore, we have

[ 100 = o, 6 Ham <l = Yo VM0 <,
/ j

and
Zaj/A(wk,(x»%dm s/Ago<x)dm+/A|go<x)—2aj(wk,(x>)%|dm <e.
J J

Putting all the above together; since ) = 1, we obtain

&> Zaj/(a)kj(x))%dm > ZajS(A) =6(A) > ¢,
- A -
j

J

a contradiction. This shows that ;1 (A) = 0 must imply m(A) = 0, and hence m ~ . O

PROOF OF THEOREM 3.2. The implications (D1) = (C) = (D2) are obvious.
(D2) = (H): Assume condition (H) is not true.

Then, there are sets A and B such that A ~ B, B C A, and m(A — B) > 0. From
Proposition 3.5 it follows that there is a sequence of mutually disjoint sets {D, : n > 1}
such that m(D1) > 0 and D; =~ Dy for k > 2. Then, for any integer s > 0, we have:
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(D1 UDyU---U Dy) = sa(Dj). This implies so (D7) < m(X). Since this is true for any
integer s > 0 we conclude that (D7) = 0. This contradicts condition (D2).

(H) = (W): Suppose that condition (W) is not true. Then, there is a weakly wandering set
C of positive measure, and a sequence of integers {n; : i > 1} satisfying T"C NT"C = (J
fori # j. Welet A = |J2; A; where A; = T"C fori > 1and B = [ J72| B; where
B; = T"+!C fori > 1. Then, B = T"+'™" A; and B ~ A, B C A, and m(A — B) =
m(T"C) > 0;i.e., A is compressible. Thus condition (H) implies condition (W).

(W) = (S): Suppose condition (S) does not hold. Then, there is a measurable set A of positive
measure so that, for every integer nj there is an integer ny1 such that

ng
m<T”k+‘A nUJ T"A) =0.
i=0
Let N = g2, (T ANJ%,T'A). Thenm(N) = 0, and the set B = A — N is a weakly
wandering set under the sequence {ny : k > 1}. This proves (W) = (S).
Proposition 3.4 proves the implication (S) = (D1), and therefore completes the proof
that conditions (D1), (C), (D2), (W), and (S) are all equivalent to each other.
Proposition 3.6 is the implication (D1) = (F). It remains to show condition (F) implies
condition (W).
(F) = (W): Again, proceed by assuming (W) is not satisfied. Then there is a sequence of
integers {n; : i > 0} and a set C of positive measure, such that 7" C N T" C = @ fori # j.
We let

1 ifxe X —J2,T"C

(x) = ,
f 172" if xeTHC fori>0.

Then, for the above sequence {n;} and for x € C we have

Do fTMx) =) 1/2" < o0,
i=0 i=0

which is a contradiction to condition (F). This proves that all the conditions mentioned in the
theorem are mutually equivalent.

Finally, we note that if there exists a finite invariant measure @, u ~ m, then condition
(W) is clearly true. This shows that any of the conditions of the theorem is necessary for the
existence of such a measure. We finish the proof by noting that Proposition 3.7 shows that
these conditions are also sufficient for the existence of finite invariant measure equivalent to
m. O

4. Non-existence of a finite invariant measure ;. ~ m

In this section we study properties of transformations 7 that do not preserve a finite
invariant measure u equivalent to m.
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DEFINITION 4.1. Let T be a measurable and nonsingular transformation defined on
the finite measure space (X, B, m).

e T is ergodic if whenever T A = A, then either m(A) = 0orm(X — A) = 0.

e An infinite set of integers {n; : i > 0} is an Exhaustive Weakly Wandering (eww)
sequence for the transformation 7' with the set A if m(A) > 0, T"ANT" A = @ for
i,j=0,1,2,...;i>jand X = J2,T" A.

e An infinite set of integers {n; : i > 0} is a Strongly Weakly Wandering (sww) sequence
for the transformation T with the set A if m(A) > 0 and

Tni—)1k+kA n Tnj—nl-HA =0

fori, j,k,1 =0,1,2,...;i > j and whenever one of the indices {i, j, k, [} is larger
than all the others, or i =1 > max{}j, k}.

o For any sequence of integers {n; : i > 1} and any set A € B we consider the following
sequence of sets related to A and the sequence {n;}:
Setng =0andlet Ag = A, Ay =TA— ;2 T" (T~ Ay),
Ay =T*A— 22T (T~ Ag U T~™ A;). Inductively for p > 2 we set,

00
@) Ay =TPA-|JT" (TTAGUT ™A U UT " 1A, ) .
r=0

Let
oo

4.2) w=|J17"aA,.
p=0

We call the set W as constructed above the derived set from the sequence {n; : i > 1}
and the set A € B.

The following simple proposition follows from the definitions.

PROPOSITION 4.2. Let{n; : i > 1} be a Strongly Weakly Wandering sequence for the
transformation T with the set A € B; then, the derived set W from the sequence {n;} and the
set A have the following property:

o o0
Jrwaisjy > 174
r=0 p=1

PROOF. Setng = 0. From equations (4.1) and (4.2) in the definition of the derived set,
it follows that for all p > 0,

oo oo
Jrwoa,ulJrm (T70AUT ™A U UT 1A, )
r=0 r=0

D TPA.
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This implies U,Oio T"W D Uf,ozl TPA.
It remains to show that T"W N T" W = @ fori, j =0,1,2,...;i > j. For this it is
sufficient to show that

4.3) TH " A, NT ™™MA =@ for i, jk,1=0,1,2,...;0i>].
It is clear from (4.1) that
“4.4) Ap,NT" ™A =0 if p>s.

Ifi = k > max{j, !/} then (4.3) follows from (4.4). In all the other cases, we note that
Ar C T*A for k > 0, and (4.3) follows from the properties defining the sww sequence {n;}.
This completes the proof. O

In the next proposition we show some useful properties of an ergodic transformation 7'.

PROPOSITION 4.3. Let T be an ergodic nonsingular transformation of (X, B, m).
Then, T satisfies the following properties:

(IE) IfT'ANTIA =@ foralli # j then m(A) = 0 (i.e., T does not accept wandering
sets).

E) If TAC Athenm(A—TA)=0.

BE) If A is any set of positive measure, then for any integer k > 0 we have
o2 T"A = X.

(4E) If f is measurable and T -invariant (i.e. f(Tx) = f(x) a.e.) then f(x) = c a.e.
for some constant c.

(SE) If m and w are equivalent T -invariant measures then m = cu for some non-zero
constant c.

PROOF. Suppose (1E) is not true, and that A is a wandering set of positive measure:
ie,T"ANT/A=@fori # j.Let B C Asuchthat0 < m(B) < m(A). Then

o0
B* = U T"B

n=—oo

is a T-invariant set of positive measure with m(A — B*) > 0, contradicting that T is ergodic.

If (2E) is not true, then there exists a set A with TA C A and m(A — TA) > 0. But,
then the set B = A — T'A would be a wandering set contradicting property (1E).

For any k > 0 and any set A of positive measure, let A* = [ J°Z, 7" A. Then property
(2E) implies that T A* = A*. The ergodicity of T implies that A* = X. This shows (3E).

Assume (4E) is not true and that f is a T-invariant function (i.e., f(Tx) = f(x) a.e.),
and c is a constant so that the sets A = {x : f(x) > c¢}and B = {x : f(x) < c} both have
positive measure. It follows that TA = A, and T B = B, and A N B = {J, again contradicting
the ergodicity of T.
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Suppose m ~ u, and both m and p are T-invariant. Let f(x) be the Radon-Nikodym
derivative of m with respect to u. Then, for every A € B,

/ FTdu() = / F(Tx)du(Tx) = / FOOd()
A A TA

= m(TA) = m(A) = /A FOOdR()

which implies that f(Tx) = f(x). (4E) says f(x) = c for some constant ¢ proving (5E). O

Ergodic transformations are the basic building blocks for nonsingular transformations,
and in the literature there are many examples of ergodic transformations: some preserving a
finite measure equivalent to m, others preserving a o -finite infinite measure equivalent to mz,
and some preserving no o -finite measure equivalent to m. From Proposition 4.3 property (1E)
it follows that ergodic transformations are recurrent. Property (4E) implies that for an ergodic
transformation that preserves an infinite measure m there does not exist a finite invariant mea-
sure w, i ~ m; in particular, none of the conditions (1R)—-(6R) of the Recurrence Theorem
2.3 is sufficient for the existence of a finite invariant measure p equivalent to m. The Finite
Invariant Measures Theorem 3.2 then implies that if an ergodic transformation 7' preserves an
infinite measure then it necessarily accepts (ww) sequences. This is in sharp contrast to the
misconception that an ergodic transformation in general has some sort of mixing character.
It turns out that ergodic transformations that do not preserve a finite measure u equivalent to
m admit even more interesting sequences than the weakly wandering sequences, as we ex-
hibit below. We note for a given transformation 7', it is easier to verify the “disjointness”
condition in the definition of (sww) sequences than to verify the “exhaustive” condition of
(eww) sequences for T'. The next result shows that for an ergodic transformation 7', all (sww)
sequences are (eww).

PROPOSITION 4.4. Let T be an ergodic transformation. Then every Strongly Weakly
Wandering sequence for T is an Exhaustive Weakly Wandering sequence for T.

PROOF. The proof follows directly from Proposition 4.2 and property (3E) of Proposi-
tion 4.3. O

In the next two propositions we show the existence of (sww) sequences for any transfor-
mation that does not preserve a finite invariant measure p equivalent to m.

PROPOSITION 4.5. For any measurable set A of positive measure,

let AP = Uf: T A for p > 1. Suppose that for some sequence of integers {c; : i > 1}

P

4.5) liminf [m (T AP) + m(T*"AP)] =0 forall p > 1.

1—>00

Then there is a subsequence {n;} of {c;} with the property that every infinite subset of the
sequence {n; :i > 1} is a Strongly Weakly Wandering sequence for the transformation T.
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PROOF. Lete > Obesuchthat0) < ¢ < m(A). Weletcg = 0,p; = 1, APl =

f;_pl T*A, and for i > 1 we let g; = S/Zi. We use (4.5) and choose n; = ¢;; so that
m (T"APY) +m (T?MAPY) < g

Next, we let pp = 2|n1| 4+ p1 + 2, and AP? = fi_pz TSA. We use (4.5) and choose
na = ci, such that m (T"2AP2) + m (T?"2 AP?) < g;.

We continue by induction. Assume that the integers njp,np,...,ng—1 and

P1, P2 - - -, Dk—1, have been chosen. We set py = 2|ng—1| + pr—1 + k, and

Pk
APk = U TSA.

s=—pk

We use (4.5) and choose ny = ¢;, so that
m (T"APY) + m (T2 AP¥) < gy .

Finally, we let

o0
Ag=A— (T AP uT? AP,

s=1

‘We note that
(46) T APs N AO =@ and TZHSA[)S N AO — ¢ forall s > 1.
We have

o0

m(Ao) > m(A) — m[ U (TnsAPs U TZ"“AP“):|
s=1
o0

> m(A) — Z [m (T" AP*) + m(T* AP*)] > m(A) — e > 0.

s=1

Next, we show that any infinite subset of the sequence {r; : i > 1} is an (sww) sequence for
the transformation 7" with the same set Ap. We examine when the following is true:

(4.7) T A Ao N T Ag =
fori, j,k,1 >0, 0<k <k, 0<l'<I, i>]j.
If one of the indices, say k, is larger than all the others, then
Tnk—k’—n,-+n_,-—n,+l’AO C T APK

and (4.6) implies (4.7).
Ifi =1 > max{j, k}, then T2 —m+k'=nj=l' pAq = T2 APi and again (4.6) implies (4.7).
Let us now consider any infinite subsequence of the sequence {n; : i > 1} by eliminating
members from {n1, ny, n3,...}. Let np = 0, and after re-indexing the new sequence in the
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order obtained, let us denote it by the same symbols {n; : i > 0}. From (4.7) it follows that
for this sequence {n;} the following holds:

Ttk Ao T A =@ for i, j k1 =0,1,2,...;i> ]

whenever one of the indices {i, j, k, /} is larger than all the others, ori = k > max{j, [}.
This completes the proof of the Proposition. O
PROPOSITION 4.6. Suppose for a measurable set A of positive measure
n—1

1 ,
lim —Zm(T’A) =0.
=0

n—00 p 4

Let AP = U?:—p TJ A for p > 0. It follows that
liminf [m(T"AP) + m(T*" AP)] =0 forall p>1.
n—>oo

PROOF. The set function

n—1

&(B) = limsup — Zm(T"B)

n
n— oo i—0

is sub-additive and (T*B) = 5 (B) fork € Z. Let A? = | J¥__ T/ A for p > 0. Then,

P P
G (AP) =a< U TfA> < ) F(TIA) =Q2p+1)F(A).

j=-p j=-p
Therefore,
1 n—1
. i .
nli)rrolo;Zm(T A) =0 for AeB
i=0
implies
1 n—1 '
(4.8) lim — Zm(T’A”) =0 forany p > 0.
n—o00 g 4 5
1=l
The inequality
1 n—1 2n—1
- Ti AP THAP) < — Y dm(T AP
n;[m ) + m( )= ; m(T'AP)

together with (4.8) imply
n—1
: = iAP 2i AP\] —
nlggon;[m(TA ) +m(T*AP)] =0
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and this implies
liminf [m(T" AP) + m(T*"AP)] = 0.
n—o0
This completes the proof. O

The next theorem which generalizes a result of Krengel-Jones [11], follows from the two
previous propositions.

THEOREM 4.7. Let T be an ergodic transformation defined on the finite measure
space (X, B, m). Suppose there is no finite invariant measure | equivalent to m. Then T
possesses Exhaustive Weakly Wandering sequences {n;} with the property that every subse-
quence {n}} of the sequence {n;} is again an Exhaustive Weakly Wandering sequence for the
transformation T.

PROOF. Since T does not preserve a finite invariant measure p equivalent to m, Theo-
rem 3.2 implies that there is a set A, of positive measure and

. 1n—l i
nll)ngozi(;m(T A)=0.
1=l

The two previous Propositions (4.5 and 4.6) show that there is an (sww) sequence {n;} for the
transformation T with the property that every subsequence {n;} of the sequence {n;} is again
an (sww) sequence. Proposition 4.4 then concludes the proof of the Theorem. O

We conclude with an interesting observation that says when a (ww) sequence contains
an (eww) sequence.

PROPOSITION 4.8. Let the sequence {n;} be a Weakly Wandering sequence for the
ergodic transformation T. If {2n;} is also a Weakly Wandering sequence for T then {n;}
contains an Exhaustive Weakly Wandering subsequence {n';} with the property that every sub-
sequence of the sequence {n} is again an Exhaustive Weakly Wandering sequence for the
transformation T.

PROOF. Let C be a (ww) set under a (ww) sequence {n;} for 7, and let C? =
Ur__ p I'°C for p > 0. Since for any integer s € Z, the sets 7" (T*C) are mutually disjoint

fori > 0, and m(X) < oo, we have lim m [T" (T°C)] = 0 for any s € Z. Then,
11— 00

p
lim m(T"CP) = lim m<T"f U TSC)

i—00 i—00
s=—p

IA

P
> lim m (1" (T°C)) =0.

§=—
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Similarly, since {2n;} is a (ww) sequence for 7', then there is a set D, m(D) > 0, such that if
DP =JI__, T*D for p = 0, then lim; oo m (T*" DP) = 0.

T ergodic implies: for some positive integer k, A = T¥C N D has positive measure and
that both sequences {n;} and {2n;} are (ww) sequences for the transformation 7" with the same
(ww) set A. From the above discussion we conclude that for the sets A” = Uf:_ » TS A for
p =0,

Tim [m(T" AP) + m(T?" AP)] = lim m(T"™ AP) + lim m(T*" AP) =0.
i—00 i—00 i—00

Proposition 4.5 then completes the proof. O
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