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Abstract. Let (X, &, v) be a finite measure space and let T: X - X be a measurable
transformation. In this paper we prove that the averages A,f(x)=
(n+1)""' Yozi=n f(T'x) converge a.e. for every f in L?(dv), 1 <p <o, if and only
if there exists a measure y equivalent to v such that the averages apply uniformly
L?(dv) into weak-L?(dy). As a corollary, we get that uniform boundedness of the
averages in L”(dv) implies a.e. convergence of the averages (a result recently
obtained by Assani). In order to do this, we first study measures v equivalent to a
finite invariant measure u and we prove that sup,.o A,(dv/du) V" V<o a.e. is
a necessary and sufficient condition for the averages to converge a.e. for every f in
L?(dv).

1. Introduction

Let (X, % v) be a finite measure space and let T:X > X be a null-preserving
transformation. We consider the operator 7, acting on measurable functions and
denoted by the same letter,

Tf(x) = f(Tx).

Associated with T we have the averages
Af=(m+1)" Y TS
i=0

and the maximal operator
Mf =sup A,|f|.

n=0
Assani has proved [1] that if the averages are uniformly bounded in L’(dv),
1< p <, then the sequence {A,f} converges a.e. for every f in L?(dv). We prove
in this paper that a.e. convergence of the averages follows from a condition weaker
than uniform boundedness of the averages. In fact, we have the following characteriz-
ation (Theorem 3.1): The averages A, f converge a.e. for every fin L?(dv), 1 <p <0,
if and only if there exists a measure y equivalent to v such that

sup y((x: 1A,/ )| > A0 =2~ | Itas
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for every A >0 and any function in L?(dv). Of course, Assani’s result is then a
consequence of ours.

In § 2, we study the problem for measures v equivalent to an invariant measure
n and we give a characterization (Theorem 2.9), in terms of the Radon-Nikodym
derivative dv/du, of the measure » for which the a.e. convergence of the averages
holds for any f in L?(dv) (the problem for p=1 was studied in [7]; see also [5]
and [11] for Hopf’s averages). Finally, in §3 we get the theorem for general
measures v.

Throughout this paper, C will be a positive constant not necessarily the same at
each occurrence, and p and g will denote numbers bigger than 1 such that p+gq = pq.
N will stand for the set of natural numbers and, if s and k are natural numbers,
[s, k] will be the set {i e N: s <i= k}. Finally, x4 will be the characteristic function
of the set A and we will consider two sets as ‘equal’ if they agree up to a set of
measure zero.

2. The measure-preserving case

Let (X, %, i) be a finite measure space and let T: X - X be a measure preserving
transformation. In order to state and prove the first result we will need some
definitions and previous results.

Definition 2.1. Let k be a natural number. The measurable subset B is the base of
a rectangle of length k+1if T"'BAT7/B=, i#j, 0=<ij<k

LEMMA 2.2, Let k be a natural number. Then, there exists a countable family {B;: i € N}
of sets such that
(i) X=U7- B
(ii) BnB,=Jifi#j
(iii) For every i, B; is the base of a rectangle of length 1+ s(i) with 0=s(i)<k, and
such that if s(i)<k then T"'*"A= A for every measurable subset A of B,.
Consequently, for every measurable subset A of B;
k s(i) k
_ZO Xra= C(i) 'Zo XT/A= C(i)Xu,“;’(‘)T"'A =2 _ZO XT7'A (2.3)
J= J= J=

where C (i) is the least integer bigger than or equal to (k+1)(1+s(i))™".

The proof of this lemma is the same as the proof of Lemma 2.10 in [5] but
changing T" by T7". Lemma 2.2 has already been used in [7].

Definition 2.4. Let a be a function on N. We define the maximal function M *a on
N by

M*a(j)=sup(n+1)"" T |a(i+))].
n=0 i=0
THEOREM 2.5. Let u and v be positive functions on N. There exists C >0 such that

Y u()=CaA7 3 la(plre()

G:MTa)>ay Jj=0
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Jor every A >0 and any positive function a on N if and only if the pair of functions
(u, v) satisfies the following condition

A,": There exists D> 0 such that
s k p—1
Y u(i+j)< Y v'_q(i+j)> < D(k+1)" forall natural numbers i, s and k with s < k.
Jj=0 Jj=s

where C and D are functions of p and of each other alone.

THEOREM 2.6. Let u and v be positive functions on N. There exists C > 0 such that
X IMTa(pPu(jy=C T la()lv(j)
ji=0 j=0
for every positive function a on N if and only if the pair of functions (u, v) satisfies
the following condition
S, There exists D> 0 such that

k k
|M+(v“"x[5_k])(j)]"u(j)SD‘Z v'79(j) forall natural numbers s and k withs < k.
i=s Jj=s

where C and D are functions of p and of each other alone.

For the proofs of Theorems 2.5 and 2.6 just look at the proofs in [12] or in [6]
and write them in the set of the natural numbers.

LEMMA 2.7. Let (X, &, v) be a finite measure space and let {%,} be a sequence of
o-algebras such that F =%, > F > F,>---. Let F.=( )\, %, and denote by E, the
conditional expectation with respect to F,. If {f,} is an a.e. convergent sequence of
functions such that |f,|< C a.e. and f is the a.e. limit of f, then Ef is the a.e. limit

of E,.f..
Proof. 1t follows from Theorem 7.6 in [4, p. 66], and the decreasing martingale
theorem (see for example [9]). O

Before stating and proving our main result in this section we still need some
notation.

Let f be a measurable function on X. For every x € X we will consider the function
f. on N defined by f.(i) =f(T'x). Now, we are ready to state and prove our main
result in this section.

THEOREM 2.8. Let V be a positive measurable function on X. The following are
equivalent:

(a) The sequence {A,f} converges a.e. for all fin L"(Vdy).

(b) There exists a positive measurable function U such that

sup f AU du = J fIVda

n=0

forall fin L"(Vdu).
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(c) There exists a positive measurable function U such that

sup J
n=0 J{xeX:|A,f(x)|>r}

for all A >0 and any fin L?(Vdu).
(d) Mf(x)<ooa.e. forall fin LP(Vdu).
(e) There exists a positive measurable function U such that

Ud;LSA_”J IfPVdu
X

J Ud,u,S)t“pJ |APVdu
{xeX:Mf(x)>A} X

forall A>0 and any fin L*(Vdu).
(f) There exists a positive measurable function U such that

L lel”UduSL fPVda

forall fin L?(Vdu).

(g) MV (x)<m a.e.

(h) There exists a positive measurable function U such that for almost all x in X the
pair (U,, V,) satisfies A, with a constant independent of x.

(i) There exists a positive measurable function U such that for almost all x in X the
pair (U,, V,) satisfies S; with a constant independent of x.

Proof. The following implications are clear: (a)=(d), (e)=(c), ()=(e), ()=(d),
()= (b), (b)=>(c) and (i)=>(h). Then, it will suffice to prove (d)=(a), (d)=(e),
(c)=(g), (g)=(i), (i)=(f) and (h)=(e).

Statement (a) follows from (d) by Banach’s Principle since L?(Vdu)n L'(du)
is dense in L?(Vdu) and the averages A,f converge a.e. for all fin L'(du).

On the other hand, (d) implies that M is a continuous sublinear operator from
L?(Vduw) to L°(du) where L°(duw) is the space of all measurable functions provided
with the topology of the convergence in measure (see [3, p. 10, Theorem 1.1.1]).
Then (e) follows from Nikishin’s theorem [2, p. 536]. It is also easy to see that (g)
implies (i) if we take U = (MV'~%)7?V'79, To prove the other implications we need
to work harder.

(c)=(g). We may assume U = 1. It follows from (c) that Kolmogorov’s condition
holds [10, p. 190], i.e. there exists a constant C >0 such that for any measurable
set F and any f in L”(Vdu)

2
sup (J’ |A,,f[p/2Ud,u,> =C J Udu J Iflde/J.S Cu(F) J |ﬂdeu. O (2.9)
n=0 F F X X

Now, fix a natural number k and let {B;: i € N} be the sequence given by Lemma
2.2 for k (in the proof we will use the notation in the lemma). For fixed B; we take
any measurable set A contained in B;. Let R, =Uo<;=x T7Aand Ry=Js<;=0x T7A
(keep in mind that R, =Jo<;=si TA and Ry=Jo<,=;iy T *A) and consider
for each natural N the function oy =min (o, N) where o = V' ™% Then if we apply
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(29) with F=R,, f=onxr, and n=2k we have

2
(I |A2k(0'NXR.)|p/2Ud.“) 5C#(R2)J ondu. (2.10)
R, R,
On the other hand, (2.3) and the fact that T preserves u give
2k
> '[ |A2k(0'NXR|)|p/2( T x)U(T**7x) du
j=k T—-ZLA
= C(i)J |Azi(anxr )P 2(x) U(x) du (2.11)
R;
C(Hu(Ry)=2(k+1)u(T *A) (2.12)
2k
C(i)I ondu=27% j on(T'x) du. (2.13)
R, j=k J17%*A

We have also

2k
(2k+1)7' Y on(Tx) < Ap(oaxr (T 7x),  (xe T*A, k=j=2k). [(2.14)
i=k
Then, (2.14), (2.13), (2.10), (2.12) and (2.11) give
2k k 2
(J |Qk+1)™' ¥ on(TX))P? ¥ U(Tx) du)
T—ZkA i=k

j=0

2k
=Ck+1D)u(T *A) ¥ J on(T'x) du.
i=k T-ZkA

7

Let E, be the conditional expectation with respect to F (%, =T "%, F.=
(Nn=0 %.). Then the last inequality can be written in the following way

(J o Ea((@K ) T Ty § T d)

2w
Y TJO'N> du.
=k

Jj=

= C(k+1)p(T_2kA)j Ez,((
T %A

and therefore for any subset F € %,, we have

1 2 C
(;L(F) L““) = (P .[ 8y (2.15)

where

2k p/2 g )
f,—=E2,((((2k+1)‘l > T’oN) ) TJU)XMB,
j=k j=0

j=

and
2k
8= Ezk((k+ 1) _Zk TJU’N)XT'“B,-
j=

Observe that f; and g; are %,,-measurable functions. Then a standard argument
proves that

f=Cg a.e.
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(check it for characteristic functions f; and g;, then for simple functions and finally
for positive functions). Summing over i in the last inequality we have

2 p/2 2
(E2k<((2k+1)" zk TfaN) (k+1)7! i TfU))
o .

Jj= j=0

sCEZk<(k+l)_' zzk TfaN>. (2.16)
j=k

j=

Since oy and U are functions in L'(du) the averages A,on and A,U converge a.e.
to invariant functions Eon and EU respectively. Then Lemma 2.7 together with
2.16 give (Eon)? '(EU)*= C a.e. Since C is independent of N and EU #0 a.e.
we get imy_ . Eon <0 a.e. Therefore, up to a set of measure zero, we have

oC

X=U X,, X ={x: lim Eo-Nss}
s=1 N =»oc

Of course, each X is invariant and thus

J o-d,u=limJ EcrNdp.=J lim Eondu =su(X,)<o©
X, X X

N . . No

Hence o€ L'(X,, du) and since X, is invariant we have Mo (x) <o a.e. in X,. This
proves the implication.

(i)=(f). We consider the truncated maximal operator M, (L=1), M,f=
SUPp<1 A,,|f|. Since T preserves the measure u we have

J IMLfPUdu = (k+1)7" ij IM_f(T'x)PU(T'x) dp. (217)

i=0

If H* = f, x{0..+x] then the right-hand side in (2.17) is smaller than or equal to

i=—oC

J (k+1)™" ¥ IMTH*()|"V,(i) du.
X
By (2.6), the integrand is dominated by
k+L . X
Ck+1)7' ¥ |ATx)PU(Tx).
i=0
If we put these inequalities in (2.17) we get

I IM_fPUdp < C(k+L+1)(k+1)"" '[ lf17V du.

If we let k and then L tend to infinity we obtain (f).
Finally, (e) follows from (h) by transference arguments in the same way that (f)
follows from (i) but using Theorem 2.5 instead of Theorem 2.6.

Remarks: 2.18. An easy way to get MV' 9 <o a.e.istotake V' ?in L'(du), actually
it is the only way for ergodic T. But this means that L?(Vdu)< L'(du) and thus
the convergence follows from the individual ergodic theorem. We will now give an
example which shows that it is possible to get MV' ¢ <o a.e. and V'™ ¢ L'(du).
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Let X ={(n,i)eZxZ:1=n, 1=<i=<n} and let T be the transformation given by
T(n,i)=(n,i+1)if 1=i=n and T(n, n)=(n, 1). Consider the measure u deter-
mined by w{(n, i)}=2"". Finally, let v= Vdu where V(n,i)=2"". It is clear that u
is a finite invariant measure, » is a finite measure equivalent to u, MV'™ 9 <o and
V'™ is not in L'(du).

2.19. The proofs of the implications {a)=(d)=>(e)=(c)=>(g) do not use Theorems
2.5 and 2.6. We will now give a proof of (g)=>(a) also without using 2.5 and 2.6.
In this way we prove the equivalence of (a), (¢), (d), (e) and (g) without using
conditions A, and S,. Therefore, the importance of 2.6 in Theorem 2.8 is that it
allows to get a strong type inequality (and thus dominated convergence) and not
only a weak type inequality as Nikishin’s Theorem ensures.

A direct proof of (g)=(a). By (g) we have X =J,., X, where X,=
{x:lim sup, .. A, V' 9(x) < k}. Of course, X, is invariant. On the other hand, using
Holder’s inequality, a truncation argument and Birkhoff’s ergodic theorem we have

J'xk i dMS<ka |f|”Vd,L>1/p<J‘Xk Vvi-a d#) 1/q
< (J’XA If'delL)]/p(k#(Xk))l/q,

Therefore L”(X,, Vdu)< L'(X,, Vdu). Then (a) follows from this inclusion and
the individual ergodic theorem.

3. The a.e. convergence in the general case
This section is devoted to establishing a characterization of the finite measures »
for which the individual ergodic theorem holds in L7(dv), 1 <p < 0.

THEOREM 3.1. Let (X, &, v) be a finite measure space and let T: X > X be a null-
preserving transformation. The following are equivalent:
(a) There exists a (finite) measure y equivalent to v such that

sg;g y({x: |Af(x)|>AD=A"" J- | f17 dv

for all A >0 and any fin L"(dv).
(b) There exists a measure vy equivalent to v such that

y({x: Mf(x)>A})=a"" J |fI" dv
X

for all A >0 and any fin L"(dv).
(c) The sequence {A,f} converges a.e. for all fin L"(dv).
(d) Mf(x)<co a.e. for all fin L"(dv).
Proof. The implications (b)=>(a) and (¢)=>(d) are clear and (b) follows from (d)
by Nikishin’s theorem (see the proof of (d)=>(e) in Theorem 2.8). Hence we have
only to prove (a)=(c).
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(a)=>(c¢). Since (a) holds and the averages A, are uniformly bounded from L*(dv)
to L™(dy) we have by Marcinkiewicz’s interpolation theorem

sup J AP dy=C j | A dv (3.2)
n=0 X X

for every f in L*’(dv). Let L be a Banach’s limit, i.e. a functional on the set of
bounded sequences such that if {s,} and {#.} are bounded sequences

lim inf s, < L({s,}) <lim sup s, (3.3)
k—oc k—>o0
if s, = tiyy then L({s:}) = L({t}). (3.4)

For every measurable set E we consider the sequence {[x A,xedy} which is a
bounded sequence by (3.2). We then define

i 4]

It is clear that u is a finitely additive measure. On the other hand, by (3.3) and
(3.2) we have

w(E)= C(y(X)V9(v(E))/?* <oo where q'+2p=2pq'. (3.5)

Hence u(X) <0 and it follows from (3.5) and the fact that » is a finite measure
that lim,_ . u{E,) =0 for every sequence of measurable sets {E,} with E, > E,,
and (¢ Ex=. Thus u is a (countably additive) measure. It is easy to see that u
is invariant and absolutely continuous with respect to ». Let v be the Radon-Nikodym
derivative du/dv and let D be the set {x: v(x)# 0}. Observe that T"'D=X a.e.
(u) since w is invariant and w(X — D)=0. Consider the set Y =( )., T "D. It is
clear that u(X —Y)=0 and the restriction of T to Y, le, applies Y in Y.
Furthermore, |y is invariant with respect to T|,. Therefore we have that »|, is
equivalent to the invariant measure u | y- From (a) in this theorem and the equivalence
of (¢) and (a) in Theorem 2.8 it follows that A,(fyy)(x) converges a.e. in Y for
every fe L”(dv). Since A,(fxx_y){(x)=0 for every x in Y we have that for every
fin LP(dv) the averages A, f(x) converge a.e. in Y. To prove the convergence in
X —-Y it suffices to establish the following property (the idea of this part of the
proof is in [1]):

3.6. For v-almost all x in X there exists n such that T"xe Y.
We will now prove 3.6. If 3.6 does not hold then there exists B with v(B)> 0 such
that for every i, B T™'(X — Y). Then for every n

YB)=(n+ )™ {TX = Y))
and therefore
¥(B)=u(X = Y)=0

and this finishes the proof because ¥ is equivalent to ». O
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Once Theorem 3.1 has been proved, the result of Assani mentioned in the
Introduction follows as a corollary.

COROLLARY 3.6. (See [1].) Let (X, &, u) be a finite measure space and let T: X - X
be a null-preserving transformation. If sup,.o | A,|, < then for every fin L,(dv)
the sequence of the averages A, f converges a.e.

Remark 3.7. Observe that uniform boundedness of the averages is certainly a stronger
condition than the conditions in Theorem 3.1. In order to see this, we consider the
example in Remark 2.18. We proved in that example that MV'™¢ <o and therefore,
by Theorem 2.8, the averages converge a.e. However, V does not satisfy A, and
thus (see [8]) the averages are not uniformly bounded in L7(dv).
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