”Vasile Alecsandri” University of Bacau
Faculty of Sciences

Scientific Studies and Research

Series Mathematics and Informatics
Vol. 19 (2009), No. 2, 221 - 240

THE CENTENNIAL OF CONVERGENCE
IN MEASURE

LIVIU C. FLORESCU

Abstract. In this work we recall the classical definitions and results
about the topology of convergence in measure, but we also present
some recent ones.

1. INTRODUCTION

Convergence in measure or convergence in probability was encoun-
tered already in the papers of Borel and Lebesgue, but it was not
until 1909 that Riesz (see [18]) introduced it as an independent kind
of convergence of a sequence of measurable functions.

Suppose that (€2, A, ) is a finite positive measure space, (uy )nen is
a real valued measurable sequence on €2 and that u is a measurable
function, also. It is happens that lim pu(|u, —u| > ¢) = 0, for any

positive number e, we say that the sequence (u,)n,en converges in
measure to u.

In his memoir from 1909, Riesz discovered that from every sequence
of measurable functions which converges in measure one can select
an almost everywhere convergent subsequence; from this he obtained
that, in order for a measurable sequence (u,)nen to be convergent in
measure, it is necessary and sufficient that the relation lim  p(|u,, —
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u,| > €) = 0 hold for any € > 0.
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In [11] Fréchet introduced the following metric for convergence in
measure:

(u,v) = d(u,v) = inf{e + p(jlu —v| > ¢) : ¢ > 0}.

Relating to the previous result of Riesz, d is a complete metric on
the space of measurable functions. Fréchet showed that the almost
everywhere convergence cannot be defined by a metric (it is not even
a topological convergence). Other metrics on the same space were
introduced by Ky Fan and by Hoffmann-Jgrgensen (see [14]).

Fréchet gave in [12] a necessary and sufficient condition for a set
of measurable functions on [0, 1] to be compact under the metric d of
convergence in measure. The generalization to an arbitrary measure
space is due to Smulian ([20]).

It is Vitali who proved that the convergence in measure play an im-
portant role for characterizing the strong convergence in L'(u). Ex-
actly, if (un)nen is a sequence of integrable functions and if u is a
measurable function then wu is integrable and (u,),en is strongly con-
vergent to u in L'(y) if and only if (uy,),en is uniformly integrable and
convergent in measure to u (see [3, 7]). Having in mind the Dunford-
Pettis criterion which characterizes the weak compactness in L'(u),
the Vitali’s result say that (u,),en converges strongly to w if and only
if it converges in measure and weakly to u (see Th. IV.8.12 from [7]).

Many mathematicians generalized the concept of convergence in
measure to the case of functions valued in a separable metric space
(see [1, 4, 5, 6, 21]) and, with the help of Hoffmann-Jgrgensen’s char-
acterization, to a generally topological case.

Assume that S is a topological space; we say that a sequence (u,)nen
of measurable functions from 2 to S is convergent in measure to the
measurable function v : 2 — S if, for any bounded continuous map-
ping f: S — R,

1S (un) = f(u)]ly = /Q ) = F(w)ldp — 0, ie. flun) ——s f(u).

L (p)

If S is a metrizable space and d is a metric compatible with the topol-
ogy of S this is equivalent with p(d(u,,u) > ¢) — 0, for any € > 0,

therefore with the classical convergence in measure of (u,)nen tO u.
Surprisingly, for a separable metric space S, the convergence in
measure on S is preserved if we replace the strong convergence on
L'(u) with the weak convergence (i.e. f(u,) L+()> f(u), for every
“w
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bounded continuous mapping f : S — R). But this last convergence
is not induced by a complete uniformity (see [8]).
In the case where S is a metrizable Suslin space (particularly, if S is
a Polish space), Dudley showed that (u,),en i convergent in measure
to u: 2 — S if and only if
/ [f(un) — f(uw)]du| — 0, for every A € A,
A

sup
IfllpL<1

where

e = [[fllec + I flle =sup|f(z)| + sup “———F—,
/] [fllos + 111 Sup |/ (@)] Sy
and d is a metric compatible on S.
Let U be the uniformity on the set of measurable functions for which
a sub-base is {Ua. : A € A, e > 0}, where
Une = {(w,0) : sup

s [ U - s du\ <o),

U is a no-complete uniformity compatible with the topology of con-
vergence in measure. A completion of the space of all measurable
functions by rapport of U is the space of Young measures on S (see
2, 9] for Young measures).

2. DEFINITIONS. (GENERAL PROPERTIES

Let (€2, A, i) be a positive finite measure space; a set N C 2 is a
p—null set if there exists B € A such that N C B and u(B) = 0.

The Lebesgue extension of (£2, A4, ;1) is the measure space (2, A, ')
where A' = {AUN : A € A, N is a g—null set} and p*(AUN) = u(A),
for all A € A and all g—null set N.

The measure p is complete if A = A! and p = p!; in this paper we
suppose this situation.

2.1. Definition. Let (S, 7s) be a topological space; a function u :
) — S is y—measurable, or simple measurable, if u=!(D) € A, for
very D € 79; A C© 5 is p-measurable iff the characteristic function x ,
is pu—measurable (i.e. A € A).

Let M(S) be the set of all p—measurable functions on 2 to S. This
set can be partitioned into equivalence classes; two functions belong-
ing to the same equivalence class if they coincide u-almost everywhere
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(with except of a p—null set). We note by M(S) the set of all equiv-
alence classes and we identify any p—measurable function of M(S)
with the corresponding equivalence class of M(S) and with all p—
measurable functions on {2 to S that belong to this equivalence class.

Particularly, if S is a separable metric space, then u is measurable
whenever u™1(B) € A, for all open ball B C S. If S = R then
u: ) — R is measurable whenever u=1(A4,) € A, for all a € R, where
A, may have one of the following forms: (a,+0), [a, +00), (—00,a) or
(—o0, al.

2.2. Theorem (see [21], 1.4.20). Let S be a topological space and let
u: ) — S;if u is u—measurable then f ow is u—measurable, for every
continuous mapping f : S — R.

Conversely, if S is a metric space and f o u is p—measurable, for
every continuous mapping f : .S — R then u is p-measurable.

2.3. Theorem. Let w = (u,v) : Q — S x T be a mapping of Q into
a product of topological spaces S and T If w is p—measurable then so
areu: 2 — S andv:Q —T.

Conversely, if u and v are measurable and every open set in S x T
1s a countable union of open sets D x G, where D is open in S and G
15 open in T', then w is p-measurable.

Proof. If w is p—measurable then, from theorem 2.2, composing w
with the projections of S x T"on S or T', we obtain that both u and
v are measurable.

Conversely, if u and v are measurable, then, for any open sets D, G
in S, T respectively, we have w™(D x G) = u'(D) x v=1(G). Hence
w™(D x G) is p—measurable.

The measurability of w™(U), for any open set U C S x T, follows

from the assumption made on the topology of S x T .

2.4. Remarks. (i) If S and T are two separable metric spaces then
w = (u,v) : @ — S x T is p—measurable if and only if v and v are
p—measurable.

(i) If (S,d) is a separable metric space and u,v : Q@ — S are two
p—measurable mappings then d(u,v) : Q — Ry, t +— d(u(t),v(t)), is a
p—measurable mapping. Indeed, from (i), w = (u,v) : 2 — S x Sis a
p—measurable mapping and, from the theorem 2.2, d o w = d(u,v) is
p—measurable.
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(iii) We recall Nedoma’s pathology: if A is a o—algebra on a set S
with card(S) > card(R), then the diagonal set {(z,z) : z € S} is not
a member of the product oc—algebra A® A. In this case, a metric d on
the S is not a measurable mapping if we equip S x S with the product
o-algebra A ® A, where A is the Borel c—algebra on (S, d); for more
details see 21.8, page 550, from [19] and [13].

We remark that, in this case, S cannot be equiped with a metric
d that makes S separable (if (S,d) is a separable metric space then
card(S) < card(R)).

Now we define the convergence in measure on M(.S). This notion
was introduced in 1909 by F. Riesz ([18]) in the case S = R:
“Soient fi(x), fa(x), -+, f(x) des fonctions mesurables, définies
sur l’ensemble E; ¢ étant une quantité positive quelconque, nous
désignerons par m(n, e) la mesure de l’ensemble [|f(x) — fu(z)| > €l;
alors nous dirons que la suite [f,(x)] tend en mesure vers la fonction
f(z) si, quelque petite que soit la quantité e, on alim,—, m(n,e) = 0.”

2.5. Definition. Let (2,4, ) be a positive finite measure space,
let (S,d) be a separable metric space, let (u,), € M(S) and let u €
M(S); we say that (u,), converges in measure to u, and write

Uy — u, if, for every & > 0,
lim p({t € Q: d(un(t),u(t)) >e}) =0.
(un)n is Cauchy in measure if, for every £ > 0,

lim p({t € Q:dlun(t),u,(t)) >ec})=0.

Usually, we will note {t € Q : d(u(t),v(t)) >} by (d(u,v) > €).

So (up), converges in measure to u ((uy), is Cauchy in measure) if,
for every € > 0, lim,, o p(d(up, u) > €) = 0 (limy, pn—oo p(d (W, up) >
g)=0).

Even in the case of a non-separable metric space (S, d) and of non-
measurable functions we still say that (u,), C S converges in mea-
sure to u € S (respectively, (u,), is Cauchy in measure) if, for
every € > (),

lim " (d(un, u) > €) =

n—oo

(lim " (d(um, un) > €) = 0).

m,n—00
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In the above relations p* : P(2) — R, is the outer measure associated
to w:
pw(A)=inf{u(B): AC B,B € A}.
Note that p*(A) = u(A) if A € A.
Because of Nedoma’s pathology (see (iii) of remark 2.4, generally,
the set (d(u,,u) > ¢€) ¢ A and we must replace the measure with the
outer measure.

In the 2.14 we will extend the convergence in measure to the general
topological case.

2.6. Theorem (Riesz, 1909 - for the real-valued measurable map-
pings).

Let (up)n be a sequence of arbitrary mappings defined on Q0 with
values in the metric space (S, d).

1). If (up), converges in measure to u : 2 — S then there exists a
subsequence (ul,), of (un)n that converges to u p—almost uniformly (i.
e., for each € > 0, there is a set A. C Q with pu*(A:) < € so that (ul,),,
converges to u uniformly on Q\ A.); (ul), converges also p—almost
everywhere to u.

2). If (up)n converges to u p—almost uniformly then (uy,), converges
in measure and j1—almost everywhere to u.

3). If (S,d) is a complete metric space and if (uy), is Cauchy in
measure then there exist a function u : 0 — S and a subsequence
(ul)n of (un)n p—almost uniformly convergent to w.

4). If (S,d) is complete metric space then (uy), is convergent in
measure if and only if (uy,), is Cauchy in measure.

Proof. 1). We suppose that, for any ¢ > 0, lim,, p*(d(un,u) > ) =
0; then we can find a subsequence (u),), of (u,), such that

1 1
w (d(u;,u) > §> < g for every n € N.

o 1 oo
Let A, = ZLJn <d(u’i, u) > 5) and A = QA,L; then, for every n € N,
1 (Api1) < 57 and p*(A) = 0. For every p € N, (uy,),, is convergent
to w uniformly on Q \ A, and (u,), is pointwise convergent to u on
O\ A

2). For every 6 > 0 there exists Ay C Q such that u*(Ap) < 6 and
(un)n converges to u uniformly on Q\ Ay. For every € > 0, let now
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no € N such that d(u,(t),u(t)) < e, for every n > ng and for any
t € Q\ Ay. Therefore (d(u,,u) >¢) C Ay and so (u,), is convergent
in measure to u.

If pe N, 0= % and if A, is such that p*(4,) < % and u, ﬁ u

then A = (2, A, is a pnull set and u, () — u(t), for every t € Q\ A.
3). If (uy,), is Cauchy in measure then, as it is noted above, we can
find a subsequence (u},), of (uy), such that, for every n € N,

1 1
* d /! !/ . < —.

oo 1 oo
For any p € N, let us note 4, = U (d(u;H, u;) > @) and A = m A,
i=p p=1

Then p*(4,) < 5, 1" (A) = 0 and, for every t € Q\ A, (u),(t)), is
a Cauchy sequence in the complete metric space (S,d). Fix a point
3 !/

xo € S and then define u : Q — S, u(t) = { fiam, u"(ai)) :f& E i\ 4,

Then (u), converges to u p—almost uniformly.

4). Obviously, every sequence convergent in measure is Cauchy in
measure.

Conversely, if (u,), is Cauchy in measure then, from 3), there exist
a function u and a subsequence (uy,), of (uy), p—almost uniformly
convergent to u; from 2) (u!,), converges in measure to u.

For any € > 0 and for every n € N,

p(d(un, w) > €) < p(d(un, u,) > ) + p7 (d(uy, u) > €)

and so (uy), is convergent in measure to u. .

2.7. Theorem (see theorem 4.2.2 from [6]). If (S,d) is a metric
space and if (uy), C M(S) converges to u p—almost everywhere then
u e M(S).

Proof. Let D be an open set in (S, d); if u=*(D) = () then u=!(D) €
A.
Suppose now that u=(D) # 0.
For every m € N* let F,,, = {y € D : S(y, =) C D}, where S(y, =) =
{z € S:dy,z) <L} F, isaclosed set, for every m € N*. Indeed, if
(yp)p € F and y, — y then, for every z € S(y, ), d(y, z) < =; there
exists p € N such that d(y,,2) < £ so z € S(y,, =) C D. It follows
that S(y, ) C D, hence y € F,,.
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Now let A be the p—null set {t € Q : u,(t) - u(t)}; then

() uO)\NA=|J U (Nu'(Fa)\ A

meN* neN k>n

Indeed, for every t € u='(D) \ A,u(t) € D and u,(t) — u(t).There
exist m € N* such that u(t) € F,, and there is n € N* such
that d(ug(t),u(t)) < 5=, for every k > n. For every y €
S(u(t), 7). d(y,u(t)) < dy,ur(t)) + d(ug(t),u(t)) < =. There-
fore S(uk(t), =) C S(u(t),L) C D, so that uy(t) € Fbn. Hence
t € uy ' (Fap), for every k > n.

Conversely, for every ¢t €, cxe Unen Misn U (Fin) \ A, there exist
m,n € N* such that, for every k > n, ux(t) € F,, and ug(t) — u(t).
As F,, is a closed set, u(t) € F,,, € D. So, t € u='(D) \ A.

Now, as (u,) C M(S) and F, are closed sets,
Unners Unen Nisn i (Fn) € A and, from (x), v (D) is a pu-

measurable set, for every D € 7g. .

2.8. Remarks. (i) From the above theorem, in the theorem 2.6,
u € M(S) whenever (u,), € M(S).

(ii) Generally, for a topological space S, the result in the previous
theorem is not valid (see the proposition 4.2.3 from [6]).

2.9. Theorem. Let (S,d) be a metric space; a sequence (uy,), is con-
vergent in measure to u if and only if every subsequence (ul,)n of (Un)n

has a subsubsequence (u!), convergent to u p—almost everywhere.

Proof. Every subsequence (u/,), of a sequence (uy,), convergent in
measure to u is convergent in measure to u. From 1) of theorem 2.6 ,
(ul,)n has a subsequence (u!), convergent p—almost everywhere to u.

Conversely, if (u,), does not converge in measure to u, then there
exist an € > 0 and a subsequence (u/,), such that p*(d(u,,u) > ) > &,
for every n € N; but this subsequence cannot have a subsubsequence

p—almost everywhere convergent to u. .

2.10. Proposition. Let S and T be metric spaces and let (uy,), C S*
be a sequence convergent in measure towu : Q) — S. If f: S —=T is a
continuous mapping then (f(u,)), € TS is convergent in measure to

f(u).
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Proof. Every subsequence (u!), of (u,), has a subsubsequence
(ul), convergent to u p—almost everywhere. Then (f(ul)), is pu—
almost everywhere convergent to f(u). Therefore, from the theorem
2.9, (f(un))n is convergent in measure to f(u). .

2.11. Corollary. Let S,T,V be three metric space and let (u,), C
S convergent in measure to u € S and (Un)n C T convergent in
measure tov € T®. If h: S x T — V is a mapping continuous on the
product metric space S X T then (h(un,vp))n C V is convergent in
measure to h(u,v).

From the characterization given in the theorem 2.9 the notion of
convergence in measure depends only on the topology of S and is
independent of the choice of metric d. Fréchet showed that the con-
vergence almost everywhere is not a topological one, even on the sub-
space M(S) C S®. For this reason the characterization presented in
the theorem 2.9 is not a convenient tool to extend the convergence in
measure from metric spaces to general topological spaces.

The following theorem presents some topological alternatives of def-
inition 2.5 for convergence in measure.

2.12. Theorem (Hoffmann-Jgrgensen, 1996 - see [14]). Let (S5,d)
be a separable metric space, let (u,), € M(S) and u € M(S); the
following statements are equivalents:

(74) fQ (Up, w)dp — 0, for every bounded continuous mapping
;S xS =0, +oo) with ®(x,x) =0, for every x € S.

(i) o £ ) — F(u)ldp — 0, for cvery f € CV(S).
() [, f(up)dp — [, f(u)dp, for every A € A and every f € C*(S).

(v)  p((up,u) € F) — 0, for every closed set FF C S x S with
p((u,u) € F) =0.
Proof. From (ii) of remark 2.4, the mapping t — (u,(t),u(t)) is
measurable and so ((un,u) € F) € A.
(i) = (it)| Let & : S x § — [0,400) be a bounded continuous
mapping with ®(x,z) = 0, for every z € S. For every subsequence
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(ul)n of (uy,), there exists a subsubsequence (u), convergent to wu

p—almost everywhere (see the theorem 2.9); so (®(ul’, u)), converges
p-a.e. to 0. From theorem of bounded convergence [, ®(ull, u)dp — 0.
So, every subsequence of ( fQ b (uy, u)d,u)n C R has a subsubsequence
convergent to 0; then [, ®(u,, u)du — 0.

(i) = (iii) | For every f € C®(S), the mapping ® : S x S —
[0, +00), defined by ®(x,y) = |f(z) — f(y)|, is a bounded continuous
function on S x S and ®(z,x) = 0, for every x € S. Therefore

fQ | f(un) — f(u)|dp — 0.

(i49) = (4v) | This implication is obvious if we remark that (iii)

says that (f(u,))n is strongly convergent to f(u) while (iv) that it is
weakly convergent to f(u) in L(p).

(tv) = (i) | a). First, we suppose that (S,d) is a compact metric

space; so C°(S) = C(S). With the uniform convergence norm, || - ||,
C(9) is a separable Banach space.

The mapping ¢ : @ — C(S) defined by ¢(t) = d(u(t),-), for every
t € Q, is a measurable function (¢ = d(-, -) ou and we use the theorem
2.2). Moreover

lolls = / o) oodpe(t) = / sup d(u(t), 2)du(t) < K - 1(Q) < +oo,

z€eS

where K = sup, ,c5d(7,y).
Hence ¢ € L'(u, C(S)). As the subspace of all y—simple functions is
dense in L' (i, C(S)), for every € > 0, there exists 6 : Q — C(9),0(t) =
- X4, (t) - fx such that

(1) lo =0l = /quplso(t)(w) = 0(t)(2)|du(t) <

€
zeS 4
(in the representation of 6, {A;,---,A,} C Ais a partition of {2 and
{fla T >fp} - C(S))

From (iv), >20_, [y felun)dp — 320_, [, fu(u)dp and so, there
exists ng € N such that, for every n > ny,

(2) g/A frolun)dp — ;/A Fu(u)dp

<€
5
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Now, from (2) and (1)

/Q dfa®)w(0)dute) < [ |d<u,un>—k§:;x/4k - )it

[ futuin - Z / )| + /Q d(u, u)du| <
g[)sup|d<u<t>,> 0(t) ()| dp(t) + = +/\e (t)(w)ldp <

zE€S

< £ + c + / sup |p(t)(z) — 0(t)(x)|du < e, for every n > ny.
4 2 Q z€S

Therefore [, d(u(t), un(t))du(t) — 0.
But, for every € > 0,

/Qd(u(t),un(t))du(t) > /(d( . )d(u,un)du > e - p(d(u,uy) > ¢)

and so ju(d(u,u,) > ) — 0, for every e > 0. Hence u,, - u.

b). Let now S be a separable metric space and let j : S — [0,1]" be
the natural embedding of S in the Hilbert cube; we note by S = j(S ),
the metric compactification of S and let d be a compatible metric on S.
We define the mapping J : M(S) — M(S) by J(u) = jou € M(S)
(for the measurability of J see theorem 2.2 ). We remark that J is an
injective function and that u, —— u in M(S) iff J(u,) - J(u) in
M(S) (we can use the subsequence characterization from the theorem
2.9).

The J is an homeomorphism between M(S) and J(M(S)) C
M(S).

For every f € C%(S) we define f : S — R letting f = f oj. Then
f € C*(S) and therefore

J 17 = FG I = [ 17(w) = fw)ldn =

From a), j o u, = J(up) —— j ou = J(u) and so u, —— u.
(i1) = (v) | For every F = F C S x S with u((u,u) € F) = 0 and
for every a > 0 we note by F'* = {(z,y) € Sx S :e((z,y), F) < a} the

open e—ball of radius a and center F, where e = d x d is the product
metric on S x .S; F'* is an open set in S xS and so there is a continuous
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function @, from S x S to [0, 1] such that ®,(z,y) = 1 if (z,y) € F
and ®,(z,y) =0 for (x,y) € (S x S)\ F°.

We define now @ : S x S :— Ry, &(x,y) = |Pu(z,y) — Pu(z, z)|. Then
® is a bounded continuous mapping on S x S with ®(z,x) = 0, for
every r € S.

From (ii), [, ®(up, u)dp — 0. Now, ®q(z,y) < ®(2,y) + Po(z, z) and
then

(3) limsup/@A(un,u)d,uglim/q)(un,u)du—i-/@a(u,u)d,u.
n [¢) n Q Q
But
[eutwdu= [ s < () € )
Q

(w,u)eFe)
and we rewrite (3)

(4) lim Sup/Q@a(un,u)dp < u((u,u) € F).

n

On the other hand,
/@a(un,u)d,u :/ D (uy, u)dp >
Q

((un,u)€F®)

> / Ba(ttmy ) dpt = i (tny u) € F)
((un,u)EF)

and, from (4), we obtain

(5)  limsup p((up,u) € F) < p((u,u) € F), for every a > 0.

liﬁlg((u,u) € F*) = u((u,u) € F) =0 and, from (5), lim pu((u,,u) €
F)=0.

(v) = (i4) | For every bounded continuous mapping ® : S x S —
0, +00) with ®(z,z) = 0 and for every p € N*, F), = (IJ‘I[%, +00) is a
closed set in S x S and p((u,u) € F,) = u(@) = 0. From (v),

Q i) € F) = (@) 2 1) —0

p
On the other hand,

(7)

/@(un,u)du:/ @(un,u)du+/ D (U, u)dp <
Q (@(un,u)<%) (D (un,u)>1)
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1 1
< - u(Q)—i—M'u(CI)(un,u)Z—) :
p p
where M is such that ®(x,y) < M, for every (z,y) € S x S.
From (6) and (7)

1
lim sup/ D (up, u)dp < = - u(Q), for every p € N*
Q p

n

and therefore lim,, [, ®(uy, u)dp = 0.

2.13. Remark. The equivalence (iii) <= (iv) shows that the strong
convergence of (f(uy,)), in L'(p) is equivalent with the weak conver-
gence, for every f € C®(S). We remark that

/A[f( n) — du' /If Up) w)|dp <
< 2-sup

sup | [ 17(0) - 7w du‘ |

So (iii) is equivalent with [, f(un)dp — [, f(u)dpu, unlformly with
A € A. From (iv) this is equivalent with fA up)dp — [, fu)dp,
pointwise with A € A.

sup
AeA

Previous theorem allows us to extend in a topological sense the
definition of convergence in measure to topological spaces.

2.14. Definition. Let S be a topological space; a sequence (uy), C
M(S) converges in measure to u € M(S) if

/ |f(un) — f(u)|dp — 0, for every f € C°(S),

LN f(u), for every f € C°(S).

ie. if f(up) o

3. METRICS ON M(S)

In [11] M. Fréchet introduced a metric compatible with the topology
of convergence in measure on M(R). Other metrics were introduced
by Ky Fan.

3.1. Theorem (see th. 9.2.2 of [6]). Let (S,d) be a separable metric
space and let a : M(S) x M(S) — R, defined by

a(u,v) =inf{e > 0 : p(d(u,v) > ¢) < e}.
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Then:
(1) 0 < a(u,v) <p() and p(d(u,v) > afu,v)) < a(u,v).
(In the other words the infimum in definition of «(u,v) is attained.)
(17) « is a metric on M(S).

(119)  Up —— u < a(up,u) — 0 and
M(S)

(Un)n is Cauchy in measure in M(S) < (u,) is a—Cauchy.

Proof. (i) Let us remark that, if u(d(u,v) > ¢) < ¢ and if € < 7,
then p(d(u,v) >n) <mn.

If we suppose that a(u,v) > p(Q) then p(d(u,v) > () > pu(2)
what is absurd.

Let now €, | a(u,v) such that p(d(u,v) > ex) < €;. Then, for every
J < k,p(d(u,v) > e;) < ¢;. Letting k — 400 in the last inequality,
p(d(u,v) > a(u,v)) < g;, for all j and so p(d(u,v) > a(u,v)) <
au,v).

(ii) « is symmetric and nonnegative.

a(u,v) = 0 if and only if d(u,v) = 0 p—almost everywhere so that
iff u=v p-a.e.

Let now u,v,w € M(S); for every a > a(u,w) + a(v,w) there exist
b > a(u,w) and ¢ > a(v,w) such that a = b+ c. Let ¢ < b and
n < c¢ such that p(d(u,w) > ¢) < € and p(d(v,w) > n) < n. As
d(u,v) < d(u,w) + d(v,w), (d(u,w) <e)N (dv,w) <n) C (d(u,v) <
e+mn)or (d(u,v) >e+mn) C (du,w) >e)U(d(v,w) >n) from where
p(d(u,v) > e +n) < e+n. Therefore a(u,v) <e+n<b+c=aso
that a(u,v) < a(u,w) + a(v,w).

Therefore « is a metric on M(S).

(i) If u, - u (respectively, (uy), is Cauchy in measure) then,
for every € > 0, there is ng € N such that pu(d(u,,u) > ¢) < ¢, for
any n > ng (respectively, pu(d(um,,u,) > €) < €, for every m,n > ny)
so that a(u,,u) < e, for every n > ng (a(um,u,) < e, for every
m,n > ng).

Therefore a(uy,, u) — 0 (U, u,) — 0).

Conversely, if a(un,u) — 0 (respectively, a(um,u,) — 0) then, for
every n > 0 there is ny € N such that a(u,,u) < n, for any n > ny
(U, up) < m, for every m,n > nyg).

So p(d(un,u) > n) < n, for any n > ng (u(d(tp, un) > 1) < n, for
every m,n > ng) and therefore u, Liu ((up)n is Cauchy in measure).
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3.2. Corollary. If (S,d) is a separable complete metric space then
(M(5), ) is a complete metric space.

The proof follows immediately from the previous theorem and (iv)
of theorem 2.6.

3.3. Theorem. Let (S,d) be a separable metric space and let (3,7 :
M(S) x M(S) — R, defined, for every u,v € M(S), by

B d(u,v)
Bl v) = /Q 1+ d(u,v) a

v(u,v) = inf{e + p(d(u,v) > ¢) : e > 0}.

Then
(1) B and vy are metrics on M(S).

(17) mwfﬁﬁg(l%—p(Q))‘a and o <y <2-a.

Proof. (i) # and v are both nonnegative and symmetric.

B(u,v) = 0 iff d(u,v) = 0, p—a.e., hence iff u = v p-a.e.

If y(u,v) = 0 then there exists a sequence (g,,), C (0,400) such
that &, + p(d(u,v) > e,) < £, for every n € N*. Therefore &, < &
so that p(d(u,v) > ) < + so that p(d(u,v) # 0) = 0, from where
U =, fi-a.e.

Let now u,v,w € M(S); from d(u,v) < d(u,w) + d(v, w) we obtain
d(u,v) < d(u, w) + d(v, w) < d(u, w) d(v,w)
1+d(u,v) — 1+du,w)+dv,w) = 1+du,w) 1+d(v,w)

By integrating on €, 8(u,v) < G(u,w) + B(v, w).

For every a > v(u, w) +y(v,w) let b > ~v(u, w) and ¢ > v(v, w) such
that @ = b+ ¢ and then let £, > 0 such that ¢ + u(d(u,v) >¢) < b
and 1 + p(d(u,v) > n) < c. As in the proof of (ii) from theorem 3.1,
wld(u,v) > e+ n) < pldu,w) > ¢) + p(d(v,w) > n) from where
Y(u,v) < e+n+ p(d(u,v) >e+mn) < b+ c=a and we obtain the
triangle inequality for ~.

(ii) For every u,v € M(S) and for any a > a(u,v), u(d(u,v) > a) <

a.
d(u,v) d(u,v)
B(u, v =/ —dlﬂr/ ————dp <
(,0) (d(up)>a) L T d(u,v) (d(uw)<a) L+ d(u,v)

< u(d(u,v) >a)+1%a-u(m <a+ta-pS)
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so that %M(Q)-ﬁ(u,v) < a. Therefore f(u,v) < (14+u(Q)) - a(u,v).

For every a < a(u,v), u(d(u,v) > a) < a. Hence
d(u,v) a

> ————dp > - p(d
A2 [ Trig™ 2 g 00> >

a? a? a?

” l+a ~ 1+ a(u,v) ” 1+ p(92)
so that \/[1 + u(Q)] - B(u,v) > a. Therefore .
Blu,v).

For every a > vy(u,v) there is € > 0 such that e+ p(d(u,v) > ¢€) < a
from where ¢ < a and p(d(u,v) > a) < p(d(u,v) > ¢) < a and so
a(u,v) < a. Therefore a(u,v) < vy(u,v).

For every a > a(u,v), u(d(u,v) > a) < a therefore y(u,v) < a +
p(d(u,v) > a) < 2a and so y(u,v) < 2 - au,v).

3.4. Corollary.
(i) If S is a separable metric space then «, 3 and 7 are uniformly
equivalent metrics on M(S).

(i) If S is a complete separable metric space then
(M(9), @), (M(S5), 5) and (M(S),~) are complete metric spaces.

3.5. Remark. o and (8 are called the Ky Fan metrics and + is the
metric introduced by Fréchet in [11].

In the particular case where 2 = [0, 1] and S = R, Fréchet charac-
terizes the relatively compact subsets of (M(.S),~). In the case where
S is a complete separable metric space, due to condition (ii) of the
corollary 3.4, a subset A C (M(S),v) will be relatively compact if
and only if it is totally bounded. Using this remark it is proved in
[7] the following characterization of compactness in the topology of
convergence in measure.

3.6. Theorem (see IV.11.10f [7]). Let (S,||-||) be a separable Banach
space; a subset A C M(S) s relatively compact in measure if and only
if, for every € > 0 there exist a constant K > 0 and a measurable
partition {Ey,--- , E,} of Q0 such that:
). wp(|fll = K) <e, for every f € A.
2). supguepag, |1f(8) = f()]| <&, for every f € A and for any
i=1,---,n, where E; = (|| f|]| > K).



THE CENTENNIAL OF CONVERGENCE IN MEASURE 237

3.7. Remark. The previous theorem was proved first by Fréchet in
the case = [0,1] and S = R (see [12]). The generalization to an
arbitrary measure space is due to Smulian ([20]).

3.8. Remark. Let (S,d) be a separable metric space; for every
J € C*(S) we define dy : M(S) x M(S) — Ry by dy(u,v) = || f(u) —
f)lh = [y |f(u) = f(v)|du, for every u,v € M(S). Then {d; : f €
C*(S)} is a family of pseudometrics on M(S); from (iii) of the theorem
2.12, this family generates the topology of convergence in measure on
M(S).

From the (iv) of 2.12, the same topology is generated by the family
of pseudometrics {d4; : A € A, f € C°(S)}, where da; : M(S) x

M(S) = R dag(u,0) = ' JCE f<v>]du].

In the particular case of a locally compact space another family of
pseudometrics generating the topology of convergence in measure is
{day: A€ A, fe CS)} where C°(S) is the set of all real continuous
mappings on S vanishing at infinity. In [8] we show that the uniformity
generated by this family is not complete.

Let (S,d) be a separable metric space; for every f : S — R let

™ fla) = fy
Il = supics o)) € e and |7z = sup, L1
We note by BL(S, d) the Banach space of all functions f : S — R for
which ||fllsr = || fllz + | fllec < 4+00. We remark that BL(S,d) C

ch(S).

€ R,.

3.9. Theorem (see theorem 6 and 8 in [4] and proposition 3.3.4
from [9]). Let (un), € M(S) and let w € M(S); the following two
statements are equivalent:

(1) [, flun)dp — [, f(w)dp, for every A € A and every f € C*(S).

(1) supjfy,, <1 /A[f(un) - f(u)]d,u‘ — 0, for every A € A.

3.10. Remark. From the previous theorem and (iv) of theorem 2.12
we can deduce that u,, —— u in M(S) if and only if, for every A € A,

J 1) - f(U)]du‘-

So, the topology of convergence in measure is generated also by the
family of pseudometrics {ds : A € A}.

d(tun,u) — 0, where d4(u,v) = SUD)|| £ <1




238

[10]
[11]
[12]

[13]

LIVIU C. FLORESCU

REFERENCES

Billingsley, P. — Convergence of Probability Measures, John Wiley&
Sons, Inc., New-Yor. London. Sydney. Toronto, 1968.

Castaing, Ch., Raynaud de Fitte, P. and Valadier, M. — Young Measures on
Topological Spaces. With Applications in Control Theory and Prob-
ability Theory, Kluwer Academic Publ. Dordrecht.Boston.London, 2004.
Diestel, J. — Sequences and Series in Banach Spaces, Springer-Verlag,
New-York. Berlin. Heidelberg. Tokyo, 1984.

Dudley, R. M. — Convergence of Baire measures, Studia Mathematica, t.
XXVII (1966), 251-268.

Dudley, R.M. — Probabilities and Metrics, Aarhus Universitet, Lect. Notes
45 (1976).

Dudley, R.M. — Real Analysis and Probability, Cambridge Studies in
Advanced Mathematics, 74, Cambridge University Press, 2004.

Dunford, N. and Schwartz, J.T. — Linear Operators, Part I, Interscience,
New-York, 1958.

Florescu, L.C. et Godet-Thobie, C. — Quelques propriétés des mesures
de Young, An. Stiint. Univ. ALI.Cuza lasi Mat.(N.S.), t. XLVI, £.2 (2000),
393-412.

Florescu, L.C. and Godet—Thobie, C. — Compactness in Measure Spaces
and Young Measures (2010).

Foran, J. — A note on convergence in measure, Real Analysis Exchange,
22(2) (1996/1997), 802—-805.

Fréchet, M. — Sur divers modes de convergence d’une suite de fonc-
tions d’une variable, Bull. Calcutta Math. Soc. 11 (1919-1920), 187-206.
Fréchet, M. — Sur les ensembles compacts de fonctions mesurables,
Fund. Math., IX (1927), 25-32.

Grasse, K. A. — Mapping properties that preserve convergence in
measure on finite measure spaces, J. Math. Anal. Appl. 326 (2007),
1116-1123.

Hoffmann-Jgrgensen, J. — Convergence in law of random elements and
random sets, High dimensional probability (Oberwolfach, 1996), Progress
in Probability no. 43, Birkhauser, Basel, 1998, 151-189.

Jacod, J., Mémin, J. — Sur un type de convergence intermédiaire entre
la convergence en loi et la convergence en probabilité, Séminaire de
Probabilités, XV (J. Azéma and M. Yor, eds.) Lecture Notes in Math. 986,
Springer-Verlag, Berlin, 1983, 529-546.

Kallenberg, O. — Foundations of Modern Probability, Springer-Verlag,
New York, 1997.

Lang, S. — Real and Functional Analysis, Springer-Verlag, New York,
1993.

Riesz, F. — Sur les suites de fonctions mesurables, C.R. Acad. Sci. Paris,
148 (1909), 1303-1305.



THE CENTENNIAL OF CONVERGENCE IN MEASURE 239

[19] Schechter, E. - Handbook of Analysis and Its Foundations, Academic

Press, New York, 1997.

[20] Smulian, V. L.~ On compact sets in the space of measurable functions,
Mat. Sbornik N.S. 15(57) (1944), 343-346.

[21] Warga, J. — Optimal Control of Differential and Functional Equa-
tions, Academic Press, New York. London, 1972.

“AlLI.Cuza” University, Faculty of Mathematics,
Bd. Carol I, 11, 700506 Iasi, ROMANIA,
e-mail: 1loQuaic.ro



