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1. Introduction

In this paper we reconsider the basic topological and metric structures on spaces of probability measures and spaces of
random variables. It turns out that many topological structures and metrics used in the literature [4,6,16,19,23] are merely
respectively the topological coreflections and the metric coreflections of more natural and structurally richer approach struc-
tures. For the sake of simplicity, throughout the paper we will consider a Polish space S and the set P(S) of probability
measures on it. When dealing with random variables we will consider a fixed probability space (£2, .4, P) and the set of
S-valued random variables R(S) defined thereon. As far as the topological structures are concerned we will deal in partic-
ular with the weak topology on P(S) and with convergence in probability on R(S). The important classical metrics which
we will encounter are the Prokhorov metric p and the total variation metric dyy, the former of which, as is well known,
metrizes the weak topology on probability measures, and in the case of random variables the Ky-Fan metric K [4] and the
indicator metric d; [23].
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On P(S) we propose an approach structure, in particular a non-metric distance §,, which is more closely related to, and
certainly is strongly inspired by, the weak topology and which we hence also call the weak approach structure. This approach
also has a unifying effect in the sense that §,, has several equivalent expressions, obtained by judiciously putting together
the building blocks either from the weak topology, or somewhat surprisingly, also from the Prokhorov metric or from the
total variation metric. On R(S) too we propose a natural approach structure which is similarly linked to convergence in
probability [4,14] and to the indicator metric [23].

The systematic use of this distance, and the preservation of its numerical information, allows for an isometric or quan-
titative study of various important concepts in stochastic theories. In this paper, apart from a study of the new structures,
their basic properties and interrelation we restrict ourselves to weak compactness and tightness. For compactness we fall
back on the well-known concept of measure of non-compactness [3] as used also in functional analysis [22] and which
was canonically recaptured in the setting of approach structures in [10]. Not to confuse with (probability) measures we will
however refer to such quantitative values differently and speak of index of (relative, sequential) compactness rather than
measure of (relative, sequential) compactness. In the same philosophy and along similar lines, we will introduce a weak and
a strong index of tightness and we will prove a quantitative version of Prokhorov’s theorem.

For more background information on measures of compactness see [3,7], on probabilistic concepts see [11,17,20,21] and
on topological concepts see [5].

2. Preliminaries

There are many papers and a basic reference work [9] on approach theory and we would like to refer the interested
reader to those for more indepth information. In these preliminaries we restrict our attention to the basic concepts required
for the paper.

Approach spaces can be introduced in various equivalent ways, here we will use the characterizations using gauges,
distance and limit operator. Note that we do not suppose that pseudo-quasi-metrics (shortly called pg-metrics) are finite.

An approach space is a set equipped with any of the above mentioned structures and if needed we will make clear on
which set any of these structures is considered by using the set as an index.

2.1. A gauge G on X is a collection of pg-metrics that is closed under the formation of finite suprema and locally
saturated, meaning that the following condition is satisfied

(G) Whenever e is a pg-metric such that Vx € X, Ve >0, Vo <00, 3d € G: e(x,-) Aw <d(x,-) + € then e € G.

If X and Y are approach spaces and f : X — Y is a function, then f is called a contraction if
VdeGy: do(f x f)egyx.

For practical reasons, one often works with a gauge basis instead of with the entire gauge. By definition this is nothing more
than an ideal basis. We recall that a set H of pg-metrics is called an ideal basis if for any d, e € H there exists ¢ € H such
that d v e < c. We then say that such a basis H generates a gauge G if saturating H according to the saturation condition
(G) gives the entire collection G. An approach space is called uniform if the gauge has a basis of p-metrics.

2.2. A distance on a set X is a function & : X x 2X — [0, oo] with the following axioms:

(D1) Vxe X: 8(x, {x}) =0,

(D2) Vx € X: §(x,0) = o0,

(D3) Vx € X, VA, B €2X: 8(x, AUB) =min{8(x, A), §(x, B)},

(D4) Vx € X, VA € 2%, Ve € [0, 00]: 8(x, A) <8(x, A©)) + ¢ where A©) = {x|5(x, A) <€)

The transitions between gauges and distances is given by the formulas

8(x,A)=supinf d(x,a) and G= {d |VAC X: infd(-,a) <8, A)},
deG 9€A acA

these transitions being of course inverse to each other. In terms of distances, a function f: X — Y is a contraction if
vxe X, VACX: Sy(f(), f(A)<8x(x, A).
2.3. Given a subset A C X, we will use the notation F(A) (resp. U(A)) for the collection of all filters (resp. ultrafilters) on

X containing the set A, and x for the principal filter {A C X | x € A}. A function A : F(X) — [0, co]¥ is called a limit operator
if it satisfies

(L1) Vx e X: Ax(x) =0.
(L2) For any family (F)ie; of filters on X, A((;; Fi) = supjej AFi.
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(L3) For any F € F(X) and any selection of filters (S(x))xex on X,
MD(S, F)) <AF +supA(Sx) (x).
xeX

In condition (L3) D(S, F) stands for the so-called diagonal filter D(S, F) := U r ﬂyeF S©y).
The transition between limits and distances is given by the following formulas

AF(X)= sup 8(x,A) and 8(x,A)= inf AUX),
Aesec F UelU(A)
with secF :={A C X |VF € F: FN A # 0}, the transitions again being inverse to each other.
In terms of limit operators a function f: X — Y is a contraction if
VFeFX): Ay(stack f(F))o f <AxF
where stack F:={H Cc X |3F € F: F C H}.
In terms of a gauge or gauge base B the limit is given by the formula

AF(x) =sup inf supd(x, y).
deBFEF yeF

2.4. Approach spaces together with contractions form the topological construct App. The relation among this category
and several well-known other categories is depicted in the following diagram where r (resp. ¢) next to an arrow means the
embedding is concretely reflective (resp. coreflective).

(o
pMet C - UApp = O CReg
r r T
pgMet C ¢ App ¢ D Top

We mention the following salient facts about the above diagram. The interested reader who wants more information on it
is referred to [9].

(1) If (X,7T) is a topological space then it is embedded into App by associating with it the approach space (X, G(7))
where G(7) is the gauge consisting of all pg-metrics which generate topologies coarser than 7, i.e.

G(T) := {e pg-metric | 7, C 74}.

The embedding of Top in App becomes especially elegant when characterized with distances or limit operators. For a topo-
logical space, we have that the associated distance is either 0 or oo, more precisely 8(x, A) =0 if x € A and §(x, A) = co
otherwise, and likewise the limit operator is either 0 or co depending on whether the filter converges or not.

(2) Top is embedded in App simultaneously concretely reflectively and coreflectively. If X is an approach space, then the
Top coreflection is determined by the closure operator which states that x € A if and only if §(x, A) = 0 which means in
terms of the gauge that Ve >0, Vd € G,y € A: d(x, y) <€, i.e. this coreflection is determined by the neighborhood system
with subbase {B4(x,€) |d e G, e > 0}.

(3) pgMet is embedded in App by associating with any pg-metric space (X, d) the approach space (X, G(d)) where the
gauge G(d) is generated by {d}. In this case this is simply the principal ideal G(d) := {e pq-metric|e <d}.

(4) pgMet (resp. pMet) is concretely coreflectively embedded in App. If (X,G) is an approach space, then the pgMet
(resp. pMet) coreflection is determined by the pg-metric (resp. p-metric)

d(x,y):=supe(x,y) resp. d(x,y):=supe(x,y)Ve(y, X
eeg ecG

where G may be replaced by any base, or in terms of the distance d(x, y) := 8(x, {y}) (respectively d(x, y) := 8, {y}) V
5(y, {xh).

(5) The category UApp of the so-called uniform approach spaces is the full subcategory of App with objects those spaces
which have a gauge generated by p-metrics. Hence it is the epireflective hull of pMet in App. It is also easily seen that UApp
is actually concretely reflective in App analogously to the way CReg is embedded in Top.

(6) Given a source (fj: X — Xj)je; where all X; are approach spaces the initial gauge is given by the base

{supdj o (fjx fj)| K C ] finite, d; eg]-}
jek
and the initial limit is given by
A}':supkjfj(}')ofj.
je]

je
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2.5. Given an approach space X its measure of compactness is defined as

Uc(X):= sup inf AU(x).
UU(X) XX
An approach space X is called 0-compact if ;-(X) = 0. A topological approach space is 0-compact if and only if it is compact,
and a pseudometric approach space is 0-compact if and only if it is totally bounded [9,2,10].
In general, however, compactness of the topological coreflection is strictly stronger and we refer to this property as being
compact.

2.6. In an approach space X, a filter F is said to be Cauchy if infyex AF(x) = 0. For p-metric spaces it is easily seen
that this notion coincides with the usual notion of a Cauchy filter, and for topological spaces this simply means the filter
is convergent. This concept allows for a completeness theory for uniform approach spaces which extends the completeness
theory for p-metric spaces. An approach space is said to be complete if every Cauchy filter converges (in the topological
coreflection). An important result says that an approach space is complete if and only if its pseudometric coreflection is
complete (we note that in case of non-completeness the completions on the other hand are in general totally different).

3. Spaces of probability measures

Let S be a Polish space with a fixed complete metric d, with topology 7", and with Borel sets B. P(S) will denote the
set of all probability measures on B. One of the most important and most widely used structures on P(S) is the so-called
weak topology, which we denote by 7,, [4,14]. Although this topology is called the weak topology, from the point of view of
functional analysis it would better have been called the weak* topology, but we will adhere to the usual term. We consider
the Banach space of all continuous bounded real-valued functions Cp(S) equipped with the supremum norm and consider
its continuous dual Cp(S)’. P(S) is embedded in C,(S)’ by the assignment

P(S) = Cp(S) : P — <fr—>/fdP>

and as such is identified with the dual unit sphere. Thus it inherits the weak* topology induced on C(S) by Cp(S) via
restriction. This weak™ topology is a locally convex topology generated by the collection of seminorms {py | f € Cy(S), 0 <

f <1} where
foof

and the restriction to P(S) is called the weak topology on probability measures. The above collection of seminorms however
generates a collection of pseudometrics

[ rar- [ raa

and it is immediately clear that this collection of pseudometrics is a subbasis for a gauge in the sense of 2(1), precisely

pr(P):=

df(P,Q)=

{ sup d; | H C Cy(S) finite, o<f<1erH]
fer

is an ideal basis which generates a unique and canonical approach structure on P(S) which we refer to as the weak approach
structure on probability measures. All associated structures will be denoted by the index w. Thus the gauge generated by
the above base will be denoted G, .

We begin by verifying what are the topological and metric coreflections of the weak approach structure. As we are
dealing with concrete coreflections, in the following theorem we only mention the structures since the underlying sets
remain invariant.

Proposition 3.1. The Top-coreflection of a space with the weak approach structure is determined by the weak topology and the pMet-
coreflection is determined by the total variation metric
dw

Top Met
Tw dry

Proof. For the topological coreflection this is an immediate consequence of 2(4)(2) and the definition of the weak topology
(see e.g. below or [14]). For the metric coreflection this follows from 2(4)(4) and the definition of the total variation metric
(again see e.g. below or [15]). O
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We recall that the weak topology [4,14] has various different but equivalent bases B{N, i=1,...,4, for the neighbor-
hoods. Let P € P(S). Then B},\, consists of the sets V1(P, G, &) where G is a finite collection of open sets, ¢ > 0 and

VI(P.G.&):={Q e P(S) |YG eG: Q(G) > P(G) —¢}.
va consists of the sets V2(P, F, &) where F is a finite collection of closed sets, & > 0 and
V2(P,F,&):={Q € P(S) |YF € F: Q(F) < P(F) +¢}.

Ba, consists of the sets V3(P,H, &) where H is a finite collection of continuous (resp. uniformly continuous or Lipschitz)
functions taking values in [0, 1], € > 0 and
- g}.

Bf,‘v consists of the sets V2(P, &, €) where £ is a finite collection of P-continuity sets, € > 0 and
V2(P,E,8):={Q eP(S)|VE€&: [P(E)— Q(E)| <¢}.
We also recall that the total variation metric [15] is defined as
dry(P, Q) := sup| P(B) — Q (B)|
BeB

V3(P,H,8):={Q eP(S)|VfeH: ‘/fdP—/fdQ

and is equally well given by various formulas analogous to the various bases for the weak topology given above, and notably

by
ffdp—/fdQ‘.

From 3.1 it follows that the distance §,, in a natural way, “distancizes” the weak topology. Note that whereas there are
a variety of metrics which metrize the weak topology, the canonicity of the weak distance comes from the fact that it is
built, as we will now see (especially in 3.3) by exactly the same “building-blocks” as the weak topology itself.

As in the case of the weak topology, the weak approach structure, notably its gauge G, has various different bases. For
any finite collection G of open sets, we let

d¥ : P(S) x P(S) —> [0,00] : (P, Q) > sup(P(G) — Q(G)) v O
Geg

drv(P,Q) = sup
feCp(S),0< <1

and we put Dq := {d]g | G finite collection of open sets}. For any finite collection F of closed sets, we let

d 1 P(S) x P(S) —> [0,00]: (P, Q) > sup(Q (F) — P(F)) v 0
FeF

and we put D, := {dg: | F finite collection of closed sets}. For any finite collection H of continuous maps, with range [0, 1],

we let
fro e

and we put D3 := {d;” | H C Cp(S) finite, Vf € H: 0< f < 1}. As before, continuous maps may be replaced by uniformly
continuous maps or Lipschitz maps. For any finite collection £ of P-continuity sets we put

d§ : P(S) x P(S) —> [0,00] : (P, Q) > Issug|P(E) —Q(B)|

d3t : P(S) x P(S) —> [0, 00] : (P, Q) > sup
feH

and we put Dy := {df | € finite set of P-continuity sets}. For any o > 0 we let

dZ : P(S) x P(S) —> [0, 00] : (P, Q) > sup(P(A) — Q (A®)) v 0
AeB

and we put Ds := {d? | a > 0}.

The collections D, i € {1, 2}, consist of pseudo-quasi-metrics, whereas the collections D;, i € {3, 4}, consist of pseudo-
metrics. The mappings d? do not individually satisfy the triangle inequality, however, as is easily verified, they do satisfy
the combined inequality

d (P, Q) <dZ”*(P.R) +di"*(R. Q)
for any o > 0 and any P, Q, R € P(S), which is sufficient to generate a distance [9]. This last collection is inspired by the
so-called Prokhorov metric [4] which is defined as

p(P, Q) :=infla > 0| VA€ Bs: P(A) < Q(A®) +a}.

Actually all collections generate the same distance, namely §,,. In order to prove this we collect the main technical argu-
ments in the following preliminary lemma which will be used several times.
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Lemma 3.2. The following hold.

(1) Foreach P € P(S), € > 0 and @ > 0 there exists a finite collection G of open sets in S such that for every Q € P(S)

sup (P(A) — Q(A®)) < sup(P(G) — Q(G)) + .
AeBs Geg
(2) Foreach P € P(S),€ > 0and F C S closed there exists an a > 0 such that for every Q € P(S)

Q(F) — P(F) < sup (P(A) — Q (A¥)) +e.
AeBs
(3) Foreach P € P(S), e > 0and F C S closed there exists f € Cp(S) with 0 < f < 1 such that for all Q € P(S)

Q(F)—P(F><Vfd1’—fqu‘+e.

(4) Foreach f € Cy(S) such that 0 < f <1 and € > 0 there exists a finite set of closed sets F such that for all P, Q € P(S)

‘/fdP—/fdQ‘ < sup(Q(F) — P(F)) + .
FeF

Proof. (1) By separability we can choose a finite collection of open balls (Bi){:l with radii /4 such that P(S\Ulj:1 Bj) <e.
Then the collection

G:={(B;, U---UB)@? |1<iy < <ix < j}

satisfies the requirement. Indeed, take a probability measure Q in P(S) and a Borel set A in S. Let I be the set of those
natural numbers 1 <i < j for which B;N A # ¢ and put B :=J;.; Bi. Then we have

j
P(A) < P(B) + P(S\ U Bi)
i=1

<P(B@?) 1
<

sug(P(G) —Q(6)+Q(B™?) +e.
Ge

In view of the fact that B®/2 ¢ A@ we conclude that

P(A) <sup(P(G) — Q(G)) + Q(A@) + ¢
Geg

whence the claim.
(2) We can choose o > 0 such that P(F®) < P(F) + . For any probability measure Q in P(S) we then have

Q(F)— P(F) < (Q(F) — P(F®)) +e¢

sup (Q(A) — P(A®)) +e.
AEBS

NN

(3) Again we can choose « > 0 such that P(F®) < P(F) + €. Then the function f defined by

fx) := <1 — &d(x, F)) v0, VxeS

satisfies the requirement.
(4) Choose k € Ny such that % <e€and, forallie{1,...,k}, let

i
Fi:= {E < f}
and consider the collection F :={F;|i€{1,...,k}}. Then for any P € P,

1 1 1
EZP(F)g/fdP<E+EZP(F)

FeF FeF

from which it is easily seen that the collection F satisfies the requirement. O



842 B. Berckmoes et al. / Topology and its Applications 158 (2011) 836-852

Proposition 3.3 (Distance portmanteau theorem). All collections D;, i € {0, ..., 5}, are bases for G,, and hence generate the same
distance 8,. Writing out this distance explicitly then gives the following expressions where P € P(S) and I C P(S)

Sw(P,I') = inf P(G) — G 0 1
(P, T) sgpégrgtég( (G)— Q) V (1)
= inf F) — P(F 0 2
sgpégrigg(fl( ) — P(F)) v (2)
:sup in;sup|P(E) —Q(B)| (3)
—sup mf sup/fdP /fdQ’ (4)

Qerl fec
=sup inf sup(P(A) - Q(A®))vo0 (5)

a>0Q€l" AeB

where the suprema in (1)-(4) are respectively taken over all finite collections G (resp. ) of open (resp. closed) sets, £ of P-continuity
sets, C of continuous (resp. uniformly continuous or Lipschitz) with range [0, 1].

Proof. In order to see that all collections are equivalent bases for the same gauge it suffices to use the foregoing lemma
and the saturation condition (G) for gauges. The formulas (1)-(5) then follow immediately from the definition of a distance
generated by a gauge (see 2.2) and from the foregoing Lemma 3.2. O

There is another interesting way to characterize §,,. In [19] Topsge showed that the weak topology on P(S) is the initial
topology for the source
(@6 : P(S) — (10,00, ) : P+ P(G)) oy

where 7; stands for the so-called right-limit topology on [0, co] which is generated by the open sets of type ]a, oo]. This
however is nothing else but the topology of the topological coreflection of the space P := ([0, co], dp) where 8p(x, A) :=
(x —supA) v 0. P is an initially dense object in App [9]. The next result shows that Topsge’s theorem also holds in our
setting.

Proposition 3.4. The weak distance §,, on P is initial for the source

(w6 :P(S) — P: P> P(G))cor-

Proof. Since the maps w¢ only attain finite values and since a subbase for the initial gauge is given by
{do (wg x we) | G open, d € Gp}

where Gp stands for the gauge of P, this is an immediate consequence of the fact that a base for the gauge of P is given by
the pseudo-quasi-metrics

[0, 00] x [0,00] = [0,00]: (X, y) > (xAa—y Ana) VO
where a < oo [9]. Note however that all values which come into play are bounded by 1 and hence it suffices to consider

the pseudo-quasi-metric d(x, y) = (x — y) v 0. The above subbase for the initial gauge hence generates the base D;. O

Theorem 3.5 (Convergence portmanteau theorem). Given a sequence (Py), and P in P(S) we have

s,y (Pn)(P) = suplimsup(P(G) — Pp(G)) V0 (6)
G n
= suplimsup(Px(F) — P(F)) v 0 (7)
F n
= suplimsup|P(A) — Pn(A)| (8)
A n
:suplimsup/fdP—/fdPn 9)
f n
= suplimsup sup(P(A) — Pn(A)) v O (10)

a>0 n AeB

the suprema respectively running over all open sets, closed sets, P-continuity sets in S, and all continuous (or uniformly continuous, or
Lipschitz) functions f from S to [0, 1].
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Proof. We only prove the first equality, the formulas (6)-(10) then follow from this upon applying once again Lemma 3.2.
From 3.4 and the formula for an initial limit [9] it follows that

A(Pn)(P) = gung(Pn(G))(P(G))-

Now it suffices to remark that all values are finite (less than 1) and hence, as in 3.4 the structure of P which comes
into play is only the structure in finite points (the interval [0, 1]) and there the structure is simply a pseudo-quasi-metric
(d(x,y) = (x—y) v 0). Hence it follows from the formula for the limit in a pseudo-quasi-metric space [9] that

Ap(Pn(G))(P(G)) = igfilip(P(G) — Pk(G)) VO
>n
and the formula follows. O

By explicitly writing down when the expressions in the foregoing result become zero, one obtains all characterizations
of weak convergence in the classic portmanteau theorem.

Corollary 3.6 (Classic portmanteau theorem). ([4,14]) A sequence (Py), in P(S) converges weakly to P € P(S) if and only if any of
the following equivalent properties hold

VG open: P(G) <liminf P, (G), (11)

VF closed: limsup P,(F) < P(F), (12)
n

VP-continuity set Az lim Pp(A) = P(A), (13)

VfeF(Ss,[0,1]): lip/fdpn:/fdp (14)

where F (S, [0, 1]) stands for all continuous (or uniformly continuous, or Lipschitz) functions from S to [0, 1].

Another fundamental fact about the weak topology is that if f: X — Y is a continuous function then its canonical

extension f : P(X) — P(Y) defined by f(P)(B) := P(f~1(B)), for all B € B(Y), is continuous with respect to the weak
topologies. The result here is considerably stronger.

Proposition 3.7. If f : X — Y is a continuous function and we equip P(X) and P(Y) with the weak approach structures, then
f:P(X)— P(Y) is a contraction.

Proof. Let G be a finite collection of open sets in Y, and let P, Q € P(X); then
dgG(PLfKQ))=2ugU%f‘%GD——Q(f*(GD)vo
€

=dy'(P, Q),
where H :={f~1(G) | G € G}. This proves that
dd o f x f=d}! € Guw,

which by 2.1 proves our claim. O
Corollary 3.8. ([19]) If f : X — Y is continuous then )A‘ 1 P(X) — P(Y) is continuous with respect to the weak topologies.
Corollary 3.9.If f : X — Y is continuous then j’ 1 P(X) — P(Y) is nonexpansive with respect to the total variation metrics.

If we put Pol for the category of completely metrizable separable topological spaces (Polish spaces) and continuous maps
then it follows from 3.7 that

S = (P(S),éw),

Pol — App:
o pp{f»f

is functorial.

The relation between the various “quantitative” structures which came into play is given in the following result. Note
that simple examples show that in general the inequalities are strict. We recall that p stands for the Prokhorov metric and
dry for the total variation metric [4] (see Section 2 for the definitions). We also note that p < dry is a known inequality
[23].
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Proposition 3.10. The following inequalities (as approach distances) hold: p < 8,y <d7y.

Proof. Fix a probability measure P and a collection of probability measures I" on S. To prove that p < 3§, let §w (P, ") < y.
Then by definition we can find a measure Q, € I" such that

sup (P(A) — Q) (AM))) <y
AEBS

and hence

p(P, )= Qirelfrinf{a >0|VYAeBs: P(A) < Q(AY) +a}<y.

This, by the arbitrariness of y, implies that p(P, I") < 8w (P, I'). The second inequality is an immediate consequence of the
fact that dry is the metric coreflection of the weak approach structure. 0O

It is known that the weak topology is completely metrizable. However whereas this requires the choice of a new “exter-
nal” structure (a complete compatible metric) the weak approach structure does not require this, it is complete itself.

Theorem 3.11. The weak approach structure is complete.

Proof. From [9] (see also 2.6) we know that in order to verify that an approach space is complete it is sufficient to verify
that its metric coreflection is complete. It is however a well-known fact that dy is a complete metric [8]. O

Proposition 3.12. The weak approach structure is first countable in the sense that for each P € P(S) the localized gauge
Gw(P):= {d(Pv ) | de gw}

has a countable base, consequently by and large, sequences suffice.

Proof. Although by definition the weak approach structure was constructed making use of the (non-separable) Banach
space Cp(S), when considering the various bases for the weak gauge G, in particular D3 we mentioned that we could also
restrict ourselves to uniformly continuous maps S — [0, 1]. Now since S is a separable metrizable space it can be embedded
in a countable product of unit intervals and consequently there exists an equivalent totally bounded metrization of S. The
completion S of S under this metric hence is compact and the Banach spaces C(§) and U(S) of uniformly continuous maps
are isomorphic. S being compact, C(§) and hence also U/(S) are separable. Then it follows that also the space of uniformly
continuous maps S — [0, 1] is separable (always under the supremum-norm). If £ is a countable dense subset then it
follows immediately from the definition of D3 (with uniformly continuous maps) that an alternative equivalent base for G,,
is given by

D} :={d}* | H C & finite, ¥f e H: 0< f < 1}.

As this base is countable, so are the localized bases D;(P) ={d(P,-) |d e D5}. O
4. Spaces of random variables

In this section we consider spaces of random variables. Let (2, .4, P) be a fixed probability space and let R(S) be the
set of all S-valued random variables on £2. In this context an important topology is given by the topology 7, of convergence
in probability and a natural metric is the so-called indicator metric [23] d; where

di(X,Y):=P({o|d(X(@),Yw))>0})=P({w| X() #Y))}).

Note that d;(X,Y) =0 if and only if X and Y are equal almost everywhere.
R(S) is naturally endowed with an approach structure as follows. We consider the functions ¢, a > 0, determined by

"X, Y)=P({we 2 |d(X(w),Yw)=a}), X.YeR(®).

Each function, for a fixed a, gives the probability that the random variables X and Y lie at a distance larger than or equal
to a. Again, as in the case of the base D5 for G,, these functions do not satisfy the triangle inequality. However, again, they
too satisfy a combined triangle inequality.

Lemma 4.1. Foranya,b > 0and X, Y, Z € R(S) we have

"X, Z) <X, Y) + 9P (Y, 2).
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Proof. This follows from

(X, 2) = P(Jwe 2| d(X(w), Z(®)) = a+b})
<P({we|d(X().Y(w)>a}U{we2|d(Y(w). Z(w)) >b})
<P({we|d(X(),Y(w)>a})+ P({we 2|d(Y(w), Z(w)) >b})
=" +¢"(y, 2. O
Hence it follows again from [9] that this collection generates a gauge G,. We will denote the distance generated by G,
by 8, and refer to the approach structure as the c.i.p. approach structure (c.i.p. for convergence in probability).

As was the case for the weak approach structure in the foregoing section, here too we can find alternative bases, one of
which is particularly interesting. For any a > 0 put

Ko(X,Y) :=inf{o | o (X, Y) <6}.
Then it follows immediately from 4.1 that the maps K, are pseudometrics. Actually K; is nothing else than the so-called
Ky-Fan metric [4]. Let us denote B; :={¢“%|a > 0} and B; := {K,4 | a > 0}.

Proposition 4.2. Both 31 and BB, generate the c.i.p. approach structure on random variables.

Proof. By definition B; generates §,. Let § stand for the distance generated by B;. Since for any a and 6 we have that
@’ (X,Y) < 6 implies Kq(X,Y) <8 we immediately have § < 8p. Conversely, if 0 <6 < §,(X, X), then there exists a > 0
such that 0 < infycx ¢%(X, Y). Letting b :=af ! it follows that § <infycx K, (X, Y) which proves that sp <8, O

Again we first look at the topological and metric coreflections.

Proposition 4.3. The Top coreflection of a space with the c.i.p. approach structure is determined by the topology of convergence in
probability and the pMet coreflection is determined by the indicator metric

8p
Top Met
/ \\\
Tp d

Proof. It suffices to notice that, for any X € R(S), a basis for the neighborhoods of X in the topological coreflection is given
by the collection of sets

{[YeR©S) | P(lweR2|d(X(w).Y(w))>a})<e}, ael0,00[, £>0,

and that this collection is also precisely a basis for the topology of convergence in probability. As for the metric coreflection
it suffices to notice that, for any X, Y € R(S), we have

supP({w e 2 |d(X(w),Y(w) 2a})=P({we 2 |d(X(w),Y(w)>0})=di(X,Y). O

a>0

Proposition 4.4. The limit operator A, on R(S) (for sequences of random variables) is given by the following formula:

Ap((Xn)n)(X) = suplimsup P({w € 2 | d(X(w), Xp(w)) > a}).
a>0 n—oo

Proof. Since the basis for the gauge given by the functions ¢? is increasing with decreasing a this follows at once from the
formula for a limit derived from a gauge (basis) as given in 2.3. O

Of course it also follows at once from this formula that the topological coreflection is given by convergence in probability
since the limit operator will produce a zero value exactly if (X), converges to X in probability, i.e.

Va>0: lim P({we 2 | d(X(w), Xa(w)) >a}) =0.

In analogy with the results for spaces of probability measures here too our construction is functorial, however of a more
metric nature, which is to be expected from the prominent role played by the metric in the definition of the maps ¢°.

Proposition 4.5. Suppose S and T are Polish spaces with fixed metrics ds and dr. If f : S — T is a contraction and we equip R(S)
and R(T) with the c.i.p. approach structures then f : R(S) — R(T) is a contraction where f is defined by f(X) := f o X.
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Proof. We denote by ¢% and ¢f the maps (made by means of the metrics ds and dr) which constitute bases for the
c.i.p. approach gauges on R(S) and R(T) respectively. It suffices now to note that for any a > 0 and any X, Y € R(S)

Pr(foX, foY)<¢s(X,Y). O

If we put Pol,;, for the category of complete separable metric spaces and contractions then it follows from 4.5 that
S — (R(S), 8p),

Poly, — App': .
0 pp{f%f

is functorial.
In analogy to Theorem 3.10 we have the following result where K stands for the Ky-Fan metric [4], which we recall is
given by

K(X.Y):=infla > 0| P{w|d(X(®),Y(®)) > a} <a}.

In the following proposition the inequality K <d; is known [23].
Proposition 4.6. The following inequalities (as approach distances) hold: K < &, <d;.

Proof. This is an easy consequence of the definitions and the fact that the gauge of the c.i.p. approach structure is generated
by the collection By = {K, | y > 0} (see 4.2). O

Again, as was the case for the weak approach structure, the c.i.p. approach structure turns out to be complete, and this
irrespective of whether the original metric on S was complete or not.

Theorem 4.7. The c.i.p. approach structure is complete.

Proof. From [9] (see also 2.6) we know that in order to verify that an approach space is complete it is sufficient to verify
that its metric coreflection is complete. So all we have to do is show that de indicator metric is complete. Let (Xp), be
d;-Cauchy and choose a subsequence (X,), with the property that for each n, P(Xy, # X, ,) < zl" By the Borel-Cantelli
lemma we now have that P(A) =0 if we set A:=(, U@m{an # Xk,,,}- Observe that for each w € 22\ A the sequence
Xk, (w) is eventually constant. We denote this constant value by X(w). Now X is an almost everywhere defined random
variable and it is obvious that (Xy,)» converges almost everywhere, and hence also in probability, to X. We claim that even
d;(Xy,, X) converges to 0 as n tends to oo.

In order to prove this claim, fix € > 0 and let ng be such that for all m >n > ng we have d;(Xy,, X, ) < €. Now since for
all ke Ng and all m > n > ng we have

P(d(x > ) <p(dxe x> £ )+ p(dx X)>l
kn k) kn» hkm? = Sk k> 2k

1
<e+ P(d(ka, X) > —>,
2k
we get, after letting first m — oo and then k — oo, that P(d(Xy,, X) > 0) < € for all n > no whence the claim, and we are
done. O

Proposition 4.8. The c.i.p. approach structure is first countable in the sense that for each P € P(S) the localized gauge
Gp(P):={d(P,) |d e Gy}

has a countable base, consequently by and large, sequences suffice.

Proof. This is an immediate consequence of the definition of either the base 3; or the base 37 as in both cases the indices
of the functions in the base may be restricted to range e.g. over the sequence {% In>1}. O

We end this section with some important relations between the structures which we have introduced on P(S) and
R(S) respectively. We recall that if X is a random variable, then its law is the probability measure Px in P(S) defined by
Px(B) := P(X~1(B)), for all B € B (the so-called image measure).

It is well known that convergence in probability of a sequence of random variables implies weak convergence of their
laws. Since 8, has the topology of convergence in probability as topological coreflection and 6, has the weak topology as
topological coreflection it is natural to ask what becomes of the above property in the new setting.
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Proposition 4.9. The function
L:(R(S).8p) —> (P(S).8w) : X — Px
is a contraction, and consequently for any sequence of random variables (X,)n and any random variable X, we have

w((L(Xn)),) (LX) < Ap ((Xn)n) (X).

Proof. Let X € R(S) and A C R(S). We use the following expressions
8w (L(X), L(A)) = sup inf d}*(L(X), L(Y))
H YeA

and

8p(X, A) =sup mf ga 9X,Y)

a>0YEA

where H ranges over finite sets of uniformly continuous maps with range [0, 1]. Let H be such a set and let ¢ > 0 be fixed.
For all f € H, choose 6 > 0 such that, for all x,y € S, d(x,y) <6y = |f(x) — f(y)| <& and put 0 := minfcp 0. Then it
will suffice to prove that, for all Y € A, we have dgi(L(X), L(Y)) < ¢?(X,Y) + &. This follows from

/fonP /ondP‘

gsup( / [foX— foY|dP+ / |foX—on|dP)

feH
{d(X.,Y)<6} {d(X,Y) >0}

<sup(e+P({w]d(X(w), Y(w) >6}))
feH

—e+¢’X,Y). O

dJH (LX), L(Y)) = sup

Corollary 4.10. ([4]) If a sequence of random variables (Xp),, converges in probability to a random variable X, then it also converges
in law to X.

Corollary 4.11. If a sequence of random variables (Xy), converges to a random variable X in the topology generated by the indicator
metric, then their laws converge to the law of X in the total variation metric.

A converse to 4.10 also holds in case the limit random variable is constant. This result too has the appropriate general-
ization.

Proposition 4.12.If x € S and (Xy)n is a sequence of random variables on S, then we have that X, ((Xn)n) (%) < 2w ((L(Xn))n) (Py).

Proof. Suppose that 0 < a < Ap((Xp)n)(x); then it follows from 4.4 that we can find b > 0 such that
vnam >n:  P({d(Xm.x) >b}) >a.

Now define

fM—[0,1]:y —

d(x,y)
1.
b AN

Then f is a continuous map on S and

Z‘/fdpxm

> / fo deP’
{d(Xm.x) b}
2aq,

’/fdl’xm—/fdpx

and consequently a < Ay (((L(Xy))n))(Px), which proves our claim. O

Corollary 4.13. ([4]) If x € S and (Xp) is a sequence of random variables which converges in law to Py, then it also converges in
probability to the random variable with constant value x.
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The combined results of 3.7, 4.5 and 4.9 show that if f:S — T is a contraction then the following is a commutative
diagram of contractions for the weak and c.i.p. approach structures. As an immediate consequence, applying the topological
and metric coreflections, the diagram is also a commutative diagram of continuous maps for the weak topologies and the
topologies of convergence in probability and a commutative diagram of contractions for the total variation metrics and the
indicator metrics.

R(S) *f> R(T)

P(S) —— P(T)
f

5. A version of Prokhorov’s theorem

In analogy with the index of compactness (see [9,10,2] and 2.5), for a set I" C P(S) we define its index of relative
sequential compactness (wW.r.t. §,,) as the number

Cs,, (I"):=sup inf inf As, (Pg,)(P)
(Pp)n (Pikn)n PEP(S)

the supremum being taken over all sequences (Py), in I" and the first infimum over all subsequences (Py,),. We have the
following important theorem.

Theorem 5.1. A collection of probability measures I' C P(S) is weakly relatively sequentially compact if and only if cs,, (I") = 0

Proof. The ‘only if’-part follows immediately from the definition of c;,, (I"). The ‘if’-part however requires a more technical
argument and, maybe surprisingly, involves the fact that §,, (or equivalently dyy) is complete. Let I" be a collection of
probability measures on S such that cs, (/") =0 and consider a sequence (Py), in I". Choose a subsequence (Py,u))n and a
probability measure Q3 € P(S) such that

Asy (Prym))(Q2) < 1/2.
Now choose a further subsequence (Pi,ok;m))n and a probability measure Q3 € P(S) such that

Ay (Pryoksm))(Q3) < 1/3.
We may continue this procedure ending up for each m > 2 with a sequence (Pk,o...ok,(n))n and a probability measure
Qm € P(S) such that

A8y (Piyore-oky(m)) (Qm) < 1/m. (15)

For simplicity in notation, for any m we will let k™ :=kj o --- o ky, so that (Pym(y)n stands for the mth consecutive subse-
quence of (Pp),. We claim that (Qm)m is a dry-Cauchy sequence. Indeed, fix ¢ > p > 2, then for each n and o > 0 we have
the estimate

sup (Qp(A) — Qq(A®")) < sup (Qp(A) — Pragmy(A)) + sup (Qq(A) — Prag(A™))
AeBs AeBs AeBs
entailing that
sup (Qp(A) — Qq(A%"))
AeBs
< limsup sup (Qp(A) = Pragmy(A@)) + limsup sup (Qq(A) — Pragny (A®))

n n AeBs

< lim sup sup (Qp(A) — Progy (A®)) + limsup sup (Qq(A) — Pragny(A™))

n AeBs

which, applying inequality (15) twice, finally leads to

drv(Qp, Qq) = sup sup (Qp(A) — Qq(A@))

AeBs
)\SW(PkP(n))(Qp) + )LBW(qu(n))(Qq)

<
<1/p+1/q.
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Hence, (Qm)m is a dry-Cauchy sequence. The completeness of dyy allows us to conclude that (Qn), must converge in total
variation to a probability measure P. Now consider the diagonal sequence (P}, := Pin(n))n, Which is a subsequence of (Pp)y.
We will prove that (P),), converges weakly to P, demonstrating the fact that I" is weakly relatively sequentially compact.
Fix € > 0 and choose m such that dry(P, Q) < €/2 and 1/m < €/2. Then for each n and « > 0 we have the estimate

sup (P(A) — P;(A%®)) < sup (P(A) — Qm(A®)) + sup (Qm(A) — P, (A@))
AeBs A€Bs AeBs

which, applying inequality (15), entails that

limsup sup (P(A) — P, (A®®))
n AeBs

< sup (P(A) — Qm(A®)) +limsup sup (Qm(A) — P, (A@))

AeBs n AeBs
< sup (P(A) — Qm(A®)) + limsup sup (Qm(A) — Pymy(A))
AeBs n AeBs

<€/24+1/m<e.

Since the foregoing inequality holds for all € > 0 and « > 0, we see that A, (P;)(P) = 0, which implies the weak conver-
gence of (P;), to P. O

We recall that a collection I" of probability measures on S is said to be tight iff for every € > 0 there exists a compact
set K C S such that for all P € I we have P(S \ K) < €. We generalize this notion in two ways. For a collection I" C P(S)
we define its weak index of tightness as the number

tw(I") :=supinfsup P (X\ U Qo)

G Y0 per

where G ranges over all open covers of S and Gy over all finite subcollections of G.

Theorem 5.2. For a metric d metrizing S and I C P(S) we have

tw(I") = supinfsup P( s\ | ) Ba(x.s
w(I) = supinf sup (\U a(x, x)>,

xeY

the first supremum ranging over all choices 8y > 0, x € S, and the infimum over all finite sets Y in S.

Proof. Let us denote the right hand side by b(I").

tw(I") < b(I'): Fix € > 0 and an open cover G of S and assume that G consists of countably many G, increasing to S. For
each x € S we let ny be the smallest natural number for which x € G,, and we choose §x > 0 so small that By(x, 6x) C Gp,.
Now pick a finite set Y in S so that P(S\ U,y B(x,8x)) <b(I") + € for all P € I". Observe that since Y is finite, it must be
contained in a set G, belonging to G. Furthermore, for each x € Y we have B(x, §x) C Gy, C Gp,, by construction of ny. It
follows that P(S\ Gpy) < P(S\ Uyey B(X, 8x)) <b(I") +€ for all P € I". Hence we infer that t,,(I") <b(I").

b(I') <tw(I'): Fix € >0, 84y > 0 for all xe S and let G be the open cover consisting of all balls B,4(x, 8x). Since we can
pick finitely many x; such that P(S\ {J; Ba(xi, 8x,)) < tw(I") + €, it easily follows that b(I") <tw(I"). O

We recall the definition of an Atsuji space. A metric space is called an Atsuji space if any pair of nonempty disjoint
closed subsets lie at a strictly positive distance from each other or equivalently if any open cover has a Lebesgue number
[1,13] which is why they are also called Lebesgue spaces. Typical extreme examples are a compact space on the one hand
and a discrete space, e.g. N, on the other.

Proposition 5.3. If (S, d) is (moreover) an Atsuji space then it is possible to replace the choice of radii (§x)x in the foregoing result by
a fixed choice for all points, i.e. then

tw(I") = supinfsup P (S\ U Bg(x, 8))

Y
§>0 per xeY

the infimum ranging over all finite sets Y in S.

Proof. This is an immediate consequence of the fact that in an Atsuji space every open cover has a Lebesgue number. 0O
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We define the strong index of tightness of I as the number

ts(I") :=infsup P(S \ K)
K per

the infimum being taken over all compact sets K C S. Observe that the inequality ty (") < ts(I") always holds true. The
following theorem illustrates the fact that both indices indeed generalize the classical notion of tightness.

Theorem 5.4. A collection I" of probability measures on a complete separable metric space S is tight if and only if t,, (I') = 0 if and
only ifts(I") = 0.

Proof. We restrict the proof to the only non-trivial assertion, namely that t,, (/") = 0 implies tightness of I'. Fix € > 0.
Choose a countable dense subset {x; | i € N} then for any m > 1 the family of balls (B(x;, 1/m)); is an open cover and thus
there exists a finite subset (B(x;, 1/m))i=o,....n,, such that

,,,,,

nm
YPerl: P(X\UB(xi, 1/m)> < ;—n
i=0

Put

oo Ny

K:= () |JB&: 1/m)

m=1i=0
then K is compact and for all Pe I', P(X\K)<e€. O

That the indices of compactness and tightness also produce meaningful non-zero values is shown by the following simple
example.

Example 5.5. Consider the real line with the usual Borel o -algebra, fix o > 0 and let I" be the set of all probability measures
Pp:=(1—w)dp + ady

where §y stands for the Dirac measure at x and where n is any natural number > 1. Then it is easily verified that both the
weak and strong index of tightness and the index of relative sequential compactness are equal to o.

Theorem 5.7 will provide us with important inequalities generalizing Prokhorov’s theorem. For its proof some preparation
is required.
For a collection I" of probability measures on a separable metric space S and € > 0 we will consider the set

re):={(1-€)P+€e'Q|Perl, QeP(X), 0<e <€}, (16)

see e.g. [12] for the use of these types of “contaminated” sets in robust statistics. The following lemma furnishes an estimate
for the index of relative sequential compactness of such sets.

Lemma 5.6. For a set I' C P(S) and € > 0 we have the estimate
cs, (I (€)) <cs, (I + €.

Proof. Take I € P(S) and € > 0. Then for a sequence (R,), where
Ry :=(1—€)Pn+€,Qp
in I"(¢) and 6 > 0 we find a subsequence (Py,) of (P,) and probability measure P such that

sup lim sup (P(A) — Py, (A®)) < ¢35, () +3.

sup
a>0 n AeBs
Now the inequality

suplimsup sup (P(A) — Ry, (A))
a>0 n AeBs

= suplimsup sup (P(A) — Py, (AY) + €k, (Pk, — Qi) (A®))

a>0 n AeBs

< suplimsup sup (P(A) — Py, (A®)) + €

a>0 n AeBs
< (s, () +8) +€

establishes the desired result. O
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The reason for introducing both a weak and strong index of tightness will become clear in our general form of a
Prokhorov theorem for distances, as they turn out to provide respectively a lower and an upper bound for the index of
weak compactness, which in consequence allows us to derive some further interesting results.

Theorem 5.7 (Prokhorov for distances). For every collection I" of probability measures on a complete separable metric space S the
following inequalities are valid

tw(I") < ¢35, (I") < ts(I).

Proof. ty (I") <cs, (I'): Suppose that ¢s5,(I") < ¥ and choose € > 0 such that cs, (I") < y — €. Take a countable open cover
G :={Gy | n € N} and suppose that for all n € N there exists P, € I' such that

n
Pn(UGi)<l—y.
i=0

Since cs,, (I") < y — € there exists a subsequence (Py,); and a P € P(X) such that
)‘Sw(Pkn —P)<y —e.

This implies that for all n

n n
P(iL_JOGz) < Sﬁpziﬁﬂ Pk,(UGf) +y—¢€

i=0

k[
< sup inf qu(UGi) +y—€

m,km>nl>m i—0
<Kl—-y+y—€e=1—¢€.

However, since | Ji_, G; 1 X this is impossible. Hence there exists a finite subset Go C G such that for all P € I" we have
P(X\UGo) <y, and thus t,(I") < y.

¢cs,, (I") <ts(I'): Fix € > 0. Now we are allowed to pick a compact set K C S such that the inequality P(S\ K) <ts(I")+¢€
is valid for every probability measure P € I'. If we put I'(- | K) := {P(- | K) | P € I'}, then the relation P = P(K)P(- | K) +
P(S\K)P(-| S\ K) shows that I" c I'(- | K)(ts(I") +€) (see 16). Now note that if there exists a compact set K C S containing
the support of every probability measure P in a set A C P (S then A) is weakly relatively sequentially compact. (Indeed,
since the Daniell-Stone theorem allows us to identify the space of probability measures on S whose support is contained
in K with the space of positive linear functionals A on C(K) for which A(1) = 1, provided with the weak* topology, it
suffices to observe that the latter is a closed subspace of the closed dual unit ball of C(K), and that this ball is compact and
metrizable due to the Banach-Alaoglu theorem, see e.g. [18].) Applying this, Lemma 5.6 and Theorem 5.1, we conclude that

¢s,, (1) < €3, (I 1K) (ts(I) + €))
<65, (FC1K)) +ts(I) +€
=t;(I"')+¢€
whence the desired inequality. O

Corollary 5.8.([4,14]) Let I" be a collection of probability measures on a complete separable metric space S. Then I" is weakly relatively
sequentially compact if and only if it is tight.

Proof. Let I be weakly relatively compact, then by Theorem 5.1 c;, (") =0, and by Theorem 5.7 ty (I") = 0. Now Theo-
rem 5.4 allows us to conclude that I" is tight.

Conversely, let I be tight. Then again by Theorem 5.4 we see that ts(I") =0, and by Theorem 5.7 c5,,(I") = 0. Now
Theorem 5.1 implies that I" is weakly relatively compact. O

Although at present the precise situation with regard to the weak and strong indices of tightness is not yet completely
understood we do have the following results.

Theorem 5.9. Assume that there exists a sequence (Uy), of relatively compact open sets which increases to S. Then for I’ C P(S) we
have

tw(I™) =cs, (I') =ts(IN).
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Proof. It suffices to show that in this case t;(I") <tw(I"). Let € > 0. Now it is possible to find a U, such that suppcp P(S\
Un) <tw(I') + €. Let K be the compact set U, and observe that, since U, C K, we have supp.r P(S\ K) <suppepr P(S\
Un) <tw(I") + €. We conclude that t,(I") <ty (I'). O

Theorem 5.9 has the following obvious corollary for Euclidean spaces.
Corollary 5.10. For I" C PRY) we have t, (I') = cs, (IN) =ts(I).
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