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1. INTRODUCTION

Let (&)i>1 be i.i.d. random variables, with E(&;) = 0 and E(£2) = 1, and consider the random
walk (S,,)n>0 defined by Sy = 0 and for n > 1,

Sn:§1+...+§n‘
The central limit theorem gives the asymptotic position of the rescaled random walk:

Sn
P DN

\/ﬁ n—00
where N is normal random variable with distribution A/(0, 1), and where n(_%o means conver-
gence in distribution. But one can wonder what happens for the whole trajectory of the walk,

and if one has a functional central limit theorem. More precisely, for ¢ € [0, 1], we can consider
the interpolated rescaled random walk defined by

n 1
X = (S + 1 ).

NG

where |-| denotes the floor function, i.e. |u] is the greater integer such that

lu] <u < |u]+ 1.
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Thus, for any t € [ &),

n’ n § 1
X{ = = (S (nt = K)ésa)

SO Xt(n) is the affine interpolation between ﬁSk and ﬁSkH, see Fig 1.
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FIGURE 1. The interpolated random walk.

Now we can consider the random walk at different times. Let to =0 < t; < --- <t, < 1. The
increments of the random walk being independent, we have

(n) - (n) (n) (n) (n) (d)
(X\_tIJ’X\_tQJ_Xl_t1J7""X\_th_Xl_tk’—lj>TI,—}—O>O(N17N27.“7N’€)’
where the random variables Ny, N, ..., N, are independent and

Nj ~ N(0,5 = t;-1),

for all j. By the continuous mapping theorem, we get that

n n n d
(X XE) D (N Ny Ny Ny Ny oo+ N,

n—o0
Note that for all j,
N1++Nj NN(O,tj)
Now recall Slutsky lemma: if (X,,), converges in distribution to some random variable X and
(Y,)n converges in probability to some constant y, then

(men) —O>O (X, y)

n—

in distribution. Since, for all j

n n  nt;— |[nt;] P
Xt(j) - Xftj)j = #Qnt]’JJﬂ —2 0

from the previous convergence, Slutsky lemma, and the continuous mapping theorem, we also
have

n n n d
(X, X0, X)L (N Ny Ny, Ny Ny ).

Hence, for any fixed number of times, we have convergence of the finite-dimensional distributions
of the sequence of random function (Xt("), t € [0,1]). But we would like to have the convergence

in distribution of the whole random function (Xt("),t € [0,1]), which does not follow from the
finite-dimensional distribution convergence. This is the content of Donsker theorem or Donsker
invariance principle, that states that the rescaled random walk converges in distribution to the
Brownian motion, see Fig 2:

where (By;t € [0, 1]) is a stochastic process that satisfies:
L4 BO - 07
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e forall k> 1, foralltg=0<t; <--- <ty <1, the random variables
By, ,B, — By, ..., By, — By, _,

are independent with B;, — By, | ~ N(0,¢; — t;—1) (one says that the increments are
independent and stationary),
e t — B, is almost surely continuous.

PP |
/

FIGURE 2. A Brownian trajectory.

The stochastic process (By;t € [0, 1]) is thus a random variable with values in %, the space of
continuous functions from [0, 1] to R, whose distribution has some prescribed properties: for
any k, and all t; < --- < t;, the random vector (By,, ..., By, ) is a centered Gaussian vector in
R* with covariance given by E(B,B;) = min{s,t}. It is not obvious that such a process exists!
And Donsker theorem is not obvious neither. The aim of the first part of this course is to prove
Donsker theorem. To that end, we will need criteria to handle convergence in distribution
for random variables with values in %', i.e. random continuous functions. Since convergence
in distribution of random variables depends only on the distribution of the random variables,
we thus need to understand convergence of probability measures on %, and more generally
probability measures on a metric space. So we start by studying probability measures on
metric spaces through their topological and measurable properties.

2. PROBABILITY MEASURES ON METRIC SPACES
2.1. A bit of topology.

Definition 2.1. Let E be a topological space.

e We say that E is metrizable if there exists a metric d: Ex E — [0, 4+00) which induces
the same topology than the one of E. Hence, any open set of E is the union of open
balls of the form.:

B(z,r) ={y € Eld(z,y) <r},
forx € E and r > 0.
o We say that E is separable if it contains a countable dense subset.
e A metric space (E,d) is complete if any Cauchy sequence in E is converging in E.

Definition 2.2. A topological space E is said to be a Polish space if it is separable and
metrizable and such that the metric d makes (E,d) complete.

Remark 2.1. It is useful to known that a space is metrizable even if the distance is unknown!
For instance, one can use sequential compactness to prove compactness, etc. ..
Note that completeness is a metric property and not a topological one: two metrics d; and dy
can induce the same topology on E and F can be complete for d; and not for dy. For instance,
the distance

d'(z,y) = | arctan z — arctan y|
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R, induces the same topology than the one given by the usual metric d(x,y) = |x — y|. But R
equipped with d’' is not complete.

In the sequel, ”(F,d) is a Polish space” means that E is a Polish space whose topology is
induced by the metric d and such that (£, d) is complete.

Examples:

e R and more generally R?, equipped with the usual distance, are Polish spaces.
e A compact metric space K is a Polish space: for any n > 1,

Kc UB(x,D,

zeK

so by compactness, one can extract a finite subcover: there exists k,, and x1, ..., z, in
K such that

n 1

j=1 K
The subset {z;;1 < j < k,,n > 1} is then countable and dense in K. Hence, K is
separable. Moreover, K is complete: for any Cauchy sequence (z,),, by compactness,
there exists a subsequence (zy(n))n that converges in K. But a Cauchy sequence that
admits an accumulation point converges, hence K is complete.

e The space
C([0,1]) ={f: [0,1] = R | f continuous}

is a separable complete metric space. The metric on C([0,1]) is given by the uniform
norm

d(f,9) = ||f — gllec = sup |f(t) — g(t)],
t€[0,1]

so the sequence (f,), converges to f if (f,), converges uniformly to f. By the Stone-
Weierstrass theorem, the set of polynomials on [0, 1] is dense in C(]0, 1]), and thus the
set of polynomials with rational coefficients, which is countable, is dense in C'(]0, 1]), so
C([0,1]) is separable. Moreover, let (f,) be a Cauchy sequence in C([0, 1]), i.e. for all
e > 0, there exists N, such that, for all m,n > N, for all t € [0, 1],

|[fn(t) = fm(D)] <e.

Hence, for all ¢ € [0, 1], the sequence of real numbers (f,(t)), is a Cauchy sequence in
R which is complete, hence, there exists f(t) € R such that f,(t) — f(t). Define f by
f:t— f(t). Letting m goes to infinity in the above majoration, one gets that for all
n > N, for all t € [0, 1],

[fa(t) = f(D)] <,
i.e. (fn)n converges uniformly to f. It is well known that the uniform limit of a sequence

of continuous functions is continuous: by continuity of fy, there exists 6 > 0 such that
for all |t —s| <9, |fn(t) — fn(s)| < e. Hence,

1£(t) = f(&)| < [f(@) = fn(@)| + [fn (@) = In@)] + | n(y) = f(y)]

< 3e.

Thus f is continuous and C([0, 1]) is complete.

e Note that the above is still true when [0, 1] is replace by a compact metric space K, i.e.
C(K), the space of continuous functions from K to R, is a Polish space. One has to use
the general statement of the Stone-Weierstrass theorem:

Theorem 2.1 (Stone-Weierstrass theorem). Let K be a compact metric space. Let A
be a subalgebra of C(K) such that A contains a non-zero constant function. Then A
is dense in C(K) if and only if it separates points: for any x,y € X, there exists a
function f € A such that f(x) # f(y).
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(see [2]).

Let {x,}, be a countable dense subset of K (recall that K is separable since it is

compact). Define fy = 1, and for n > 1, f,(x) = d(x,z,), for z € K. Let A be the
subalgebra of C'(K) generated by linear combinations with rationals coefficients of the
fn, n > 0. Then A is countable and satisfies the assumptions of Stone-Weierstrass
theorem, hence it is dense in C(K).
Note that the space C'(R,), the space of continuous function from R, to R, equipped
with the topology of uniform convergence is not separable. But if one endows C'(R.)
with the compact-open topology, i.e. the topology of uniform convergence on compact
sets given by the metric

d(f.9)=>_ sup |£(£) = g(@)] A

k>1 te[0,k

1
277

then one can prove that C'(R,) is a Polish space.

e Any separable Hilbert space is a Polish space, so for instance L*(R) is a Polish space.
e Any separable Banach space is a Polish space, so for instance LP(R), for p € [1,+00) is
a Polish space.

e A finite product of Polish spaces is Polish (exercise).

e As a counterexample, one has that L*(RR), the space of essentially bounded functions
on R, is not separable: denote for ¢t € [0,1], f; = 1joq. Then, for any ¢ # s,

||ft - fs“oo = 17

where || - || denotes the essential supremum, i.e. ||f|lo = inf{a > 0| A(|f] > a) = 0}.
Thus, the open balls B(f;, %), for t € [0, 1], are pairwise distincts. Now suppose that
L>(R) is separable, and let A C L*(R) be a countable dense subset. By density, any
non-empty open set intersects A, hence each balls B(f;, %), for t € [0,1] contains an
element of A. But since they are disjoint and there are uncountably many of them, this
contradicts the fact that A is countable.

Note also that the space

Cp(R) ={f: R — R | f continuous and bounded}
equipped with the uniform norm ||- ||« is a complete normed space, but is not separable.

Exercise 1. Prove that Cy(R) is not separable (mimic the proof for L>*(R), i.e. find
an uncountable family {f;}ier in Cp(R) such that || f; — fi]|ec > 1 for ¢ # j).

2.2. Regularity of probability measures on metric spaces. Let E be a topological space.
We will always, unless specified, equipped E with the Borel o-algebra, denoted by B(E), which
is the o-algebra generated by the class of open sets of . We will denote by M;(E) the space
of probability measures on (E,B(E)).

Exercise 2. Let (E,d) be a metric space. Let A C E, and define for all z € |

d(xz,A) = inf{d(x,y) | y € A}.

Show that x +— d(z, A) is 1-Lipschitz on E. Show also, that we have the equivalence

reA & d(x,A)=0.

We will need the following useful lemma. We use the standard notations:

aANb=min{a,b} ; aVb=max{a,b}.

Lemma 2.1. Let (F,d) be a metric space.
(1) Let F' C E be a closed set. Define, for all n,

folx) =1 —nd(z,F))V0, z€E.
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(2) Let G C E be an open set. Define, for all n,
gn(z) =nd(x,G)N1, xz€FE.
Then, for all n, f, and g, are bounded Lipschitz functions, and, as n — oo,

fn\lﬂF and gn/‘]lG’
Proof. We have that f, is bounded by 1. If x € F', then d(x, F') = 0 since F' is closed, hence
fo(z) =1 for all n. If x ¢ F, then d(z, F') > 0, hence there exists ny such that d(z, F') > nio,
so for all n > ng, nd(z, F) > 1, that is f,(z) = 0. Hence, f, \( 1r, as n — 0o ((fn)n 18
obviously nonincreasing). Moreover, since z — max(z,0) is 1-Lispschitz and z — nd(z, F) is

n-Lispschitz, one obtains that f, is n-Lipschitz for all n. The proof for (g,), is similar and left
as an exercise. 0

A first consequence of this lemma is the following: a probability measure on a metric space is
uniquely characterized by the integrals of bounded continuous functions.

Proposition 2.1. Let (E,d) a metric space and let p,v € My(E). If for all bounded and
continuous (or Lipschitz) function f,

[ tan= [ fav.

E E

Proof. Let G be an open set. By lemma 2.1, there exists a nondecreasing sequence (g,), of
bounded continuous functions such that g, ~ 1g as n — co. By assumption, we have

/ gndp = / gndv,
E E

for all n, and by monotone convergence theorem, we get

w(G) = /Eﬂgdu = /E]lgdy =v(G).

Since probability measures on the Borel o-algebra B(FE) are characterized by their values on
open sets (by Dynkin 7\ theorem 7.3, since the class of open sets is a m-system), we get
p=uv. U

then p = v.

Proposition 2.2. Let (E,d) be a metric space and let p € My(E). Then, for any Borel set
A, one has

w(A) = inf{u(U) | U open such that A C U}.

One says that p is exterior reqular. We also have,
w(A) = sup{u(F) | F closed such that F' C A}.

In other words, for any Borel set A and for every € > 0, there exists an open set U and a closed
set F' such that F C A C U and

WU\ F) <e.

Remark 2.2. One may wonder why we want to approximate a Borel set from the outside by
an open set, and from the inside by a closed set, and not the other way around. But in that
case, the best possible choice would be AcAc A, which obviously does not work: consider
for instance the Lebesgue measure on [0, 1] and the set of rationals Q.

Proof. Define
A={A€B(E)|Ve>0,3U open and F closed such that ' C A C U and u(U \ F) < €}.
We will show that A is a o-algebra that contains the open sets, hence, we will have A = B(FE).
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We start by showing that A contains the class of open sets. Let ¢ > 0 and let A be an open set.
We have to find an open set U and a closed set F' with F' C A C U and such that u(U\ F) < e.
Set U = A. For F, define

1
F, = {:c € Ald(z, A% > }
n

The sequence of sets F), is clearly increasing, i.e. F,, C F, 1, for all n. Since the function
x +— d(x, A°) is continuous, each F,, is closed. Moreover, since A€ is closed, we have d(x, A°) > 0
for every x € A, and thus there exists n large enough such that d(z, A°) > % Therefore,

A={JF,,

and thus,
li%n p(Fp) = p(Unky) = p(A).

Hence, for n large enough, we have

p(Fn) 2 (A) — ¢,

so we choose F' of the form F,, for some sufficiently large n. Hence, A € A, and so A contains
the class of open sets.
Now let us show that A is a o-algebra:

(i) It clearly contains E (take U = F = E).
(ii) It is closed under complementation: if A € A, then there exist an open set U and a
closed set F' such that F C A C U and pu(U \ F') <e. Set U’ = F°, which is open, and
F’" = U¢, which is closed. We have F' C A° C U’ and since U" \ F' = U \ F, it follows
that w(U'\ F') <e.
(iii) It is closed under countable unions: let £ > 0. Let, for each n, A, € A. Then there
exist open sets U,, and closed sets F,, such that F,, C A, C U,, and

pUNF) € 5o

Then
u,f, C U,A, C U,U,
and
(UnUn) \ (UnFy) C Un(Un \ )

(since if x belongs to one of the U, and to none of the F},’s, there exists n such that
xz € U, \ F,). Therefore,

1 ((UnUn) \ (UnF)) < e (Un(Un \ Fp)) < ZN(UH \ Fn) < %7
where we used sub-o-additivity.

Set U' = U,, Uy, which is open as a union of open sets. We can’t do the same for F,
since an arbitrary union of closed sets isn’t necessarily closed. So define F) = U<, Fi,
which is closed as a finite union of closed sets. Since U, I, = U, Ug<, Ik, and the
sequence is increasing, and since (U, F,) < oo, there exists n. such that

3

Now set F' = U<y Fj. Then F' C A C U’, and
€ €
pUNF) = pl(U") = plF7) = n(U") = wl(UnF) + p(Un ) = plF7) < 5 4 5 =&
Therefore, A is a o-algebra that contains the open sets, and hence A is the Borel o-algebra
B(E). O

One of the most important notion of this course is the notion of tightness. We first introduce
this notion for a single probability measure on a Polish space.
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Proposition 2.3. Let E be a Polish space and let € My(E). Then, u is tight, i.e. for all
e > 0, there exists a compact subset K. C E, such that

p(K7) <e.
It says that on a Polish space, almost all the mass of a probability measure is concentrated

on a compact set. Before proving this fact, a reminder about compactness may be useful, see
Appendix 7.1.

Proof of Proposition 2.3. Let ¢ > 0. Since F is separable, there exists a dense sequence (z,),
in F/, hence for all £ > 1, we have,

Since,
N 1 1
UUB(xna>:UB<xna )7
N n=1 k k
we have

so there exists N, such that

Now define

Ny, 1 ¢
=2 u(|U By (xn, k)
k n=1
€
S Z ﬁ - 67
k
which concludes the proof. 0]

On a Polish space, we can then improve the regularity of probability measures:

Proposition 2.4. Let E be a Polish space. Then every u € My(E) is inner reqular, i.e. for
all A € B(E),

pu(A) =sup {u(K) | K C A compact} .
Proof. By exterior regularity, we have that
pu(A) =sup {u(F) | F C A closed},
hence for all A € B(F) and all € > 0, there exists a closed set F' C A such that

p(A) — u(F) <e.
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By tightness, there exists a compact set K. such that pu(K¢) <e. Put K = FNK,.. Then K
is a compact set included in F', hence also in A, and we have

AN K) = p(A\ (FNK.)) = p((A\ F)U (A\ Ke))
< WA\ F) + p(K7)
< 2e. L]

3. CONVERGENCE OF PROBABILITY MEASURES AND THE PORTMANTEAU THEOREM

3.1. Weak convergence.

Definition 3.1. Let E be a metric space. Let (pin)n, C M1(E) and p € My(E). We say that
(tn)n converges weakly to u, if for all bounded and continuous function f € Cy(E), we have

| Fdua = [ s
E n—oo Jp
We denote this convergence by p, :%lj [, OT [1 = [LOT 1 = [i

In probabilistic term, if X,, has distribution pu,, and X has distribution pu, then weak convergence
corresponds to convergence in distribution for random variables:

d kl
x, % x o Ly —
n—oo n—oo

Note that since integrals [ fdu for all bounded continuous function f characterize the measure
1 by Proposition 2.1, the limit is unique.

For instance, the sequence of Dirac masses on R (41 ), converges weakly to dy. But note that
the sequence (9,), does not converge weakly to a p;obabﬂity measure. Indeed, if for instance
f is a continuous function which goes to 0 at infinity, one has

/fdén — f(n) = 0.

The problem here is that the mass of the sequence (9,), “escapes” at infinity. An important
part of this course will be to give a criterion in order to avoid this phenomenon. This is the
notion of "tightness” for sequences that will be introduced later.

Note that one says that (u), converges vaguely to a bounded measure (but not necessarily a
probability measure) if for all continuous function vanishing at infinity f, one has

[ fdun = [ fan.

In the above example, one has that (d,), converges vaguely to the zero measure.

Example 3.1. Let (E, d) be a metric space. Let (x,), C E and « € E. Then (d,,), converges
weakly to d, if and only if (z,), converges to z.
Indeed, assume that x,, — x. Then, for any continuous function f on F, we have

], fdbe, = fla) =3 fla) = [ fds.

by continuity of f. Hence, (d,, ), converges weakly to d,. Now suppose that x, 4 x. Then,
there exists some ¢ > 0, such that d(z,,z) > ¢ for infinitely many indices n. Consider the
bounded continuous function

fly) = max{l - id(y,x),O}.

Then, f(z) =1 while f(z,) = 0 for infinitely many indices n. Hence, f(x,) does not converge

to f(x).
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Let u € M;(FE) and let g: E — F be a continuous function between two metric spaces. We
denote by gxp the pushforward measure (or image measure) of i by g, i.e.

gui(A) = p(g7(4) = n({g € A},

for all Borel set A € B(F'). It is a probability measure on (F,B(F')) and we recall that by the
change of variables formula, one has

| Fdogn= [ fogdn,

for any integrable measurable function f: F — R.
The following result is well known for convergence in distribution of random variables, in term
of weak convergence, it states:

Theorem 3.1 (Continuous mapping theorem). Let E and F be metric spaces. Let (pin)n C
My (E) converging weakly to i € My(FE). Let g: E — F be a continuous function. Then the
sequence of pushforward measures (gufin)n converges weakly to gup.

Proof. Let f be a bounded continuous function on F. Then, by the change of variable formula,

gty = / i, —s / dy = / g,
/Ff Gpbin = | Jogdpn —2 | fogdu= [ fdgypu
since f o g is a bounded continuous function on £. O

3.2. The Portmanteau theorem. We now give a criterion for weak convergence. This is
known as the Portmanteau theorem (even if there is no mathematician named Portmanteau...).

Theorem 3.2 (Portmanteau theorem). Let (E,d) be a metric space and (i), and p be prob-
ability measures on E. The following assertions are equivalent:

(1) The sequence (i), converges weakly to p.
(2) For all bounded and uniformly continuous function f, [ fdu, =2 [ fdu.

(8) For all bounded and Lipschitz function f, [ fdu, — [ fdu.

(4) For all open set G C E, u(G) < liminf, u,(G).
(5) For all closed set F' C E, u(F) > limsup,, i, (F).
(6) For all Borel set A € B(E) of p-continuity, i.e. such that u(0A) =0, p,(A) — p(A).

(7) For all bounded measurable function f which is continuous p-almost everywhere, [ fdp, =
[ fdp.
Proof. Since
{Lipschitz functions} C {uniformly continuous functions} C {continuous functions},
we have (1) = (2) = (3).
Obviously, (4) < (5) using complementation. ] B
Let us prove that (4) + (5) = (6). Let A € B(E) such that u(0A) = 0. Since A C A C A, we

have . B
n(A) = p(A) = p(A).
Since for all n, 1, (A) < p,(A) < p,(A), we have
_. 6 o (4 o
lim sup fip, (A) < limsup pin(A) < p(A) = p(A) = p(A) < liminf g, (A) < liminf 1, (A),
hence we get liminf,, u1,,(A) = limsup,, p,(A) = p(A), i.e. p,(A) — w1(A).
Now we prove that (6) = (7). Let f be continuous p-a.e. and bounded. By linearity, one can

suppose that f is bounded by 1. We can also suppose that f > 0 (it not, just write f = f, —f_).
Then for any v € M;(F), using Fubini’s theorem, we have

1 1 1
| vt zva= [ [ vsgdvat= [ [ 1eepdtiv= [ fav
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Hence, for all n,

1
/E fdpy, = /0 pn(f > t)dt.

Denote by D the set of discontinuities of f. Now remark that for all ¢ € R,
oHf >t c{f=t}ubD.

Indeed, let x € 9{f >t} = {f >t} \Int{f > t}. If x € D ie. f is continuous at x, then
r € {f =t}. Indeed, let x, € {f > t} such that z,, — x. Then, f(z,) — f(x) by continuity
at =, and thus x € {f > t}. Moreover, if f(z) > t, then by continuity {f > ¢} would contain
a neighbourhood of z, hence € Int{f > ¢t} C Int{f > t}, which contradicts the fact that
r € 0{f >t} Hence,x € {f =t} UD.

Now remark that the set {t € R|u(f =t) > 0} has Lebesgue measure equal to zero. Indeed,
{t e R|pu(f =1t) > 0} is the set of the atoms of the probability measure zif equal to the image
measure of u by f, and as such is at most countable (exercise). Hence, u ({f =t}) = 0 holds
for Lebesgue-almost all t € R. Hence,

pO{f =z t3) <u({f =1t}) + n(D)
which is equal to 0 for Lebesgue almost all . So, we get that:
o 1, (f >1) — p(f > t) Lebesgue almost everywhere, by assumption (6),
e 1,(f > 1) <1, which is integrable on [0, 1] with respect to Lebesgue measure,
so by dominated convergence theorem,

1 1
/Efdunz/o pn(f > t)dt — ; M(fzt)dt:/Efdu.

n—oo

This proves (7).

Moreover, (7) = (1) is trivial.

It remains to prove (3) = (4). Let G be an open set. From lemma 2.1, there exists a nonde-
creasing sequence (gi)x such that g, is bounded and k-Lispschitz for all k, such that

9 /" Lla, as k — oo.
Hence,
tn(G) = /ﬂcdun > /gkdun — /gkdu-

Using monotone convergence theorem, one obtains,

liminf 1o (G) > [ g — [ odn = p(G),
n —00
which concludes the proof. [l

Example 3.2. Recall that if X is a real random variable, its cumulative distribution function
is the function

Fy:R—[0,1]
t— P(X <t).

In other words, if p denotes the distribution of X (i.e. the image measure of P by X), then
Fx(t) = p((—o0,t]), for all t € R. It is well known that convergence in distribution is charac-
terized by the following: for all ¢ € R such that Fly is continuous at ¢, we have

FXn(t) Tjo Fx(t).

Recall that Fx is a cadlag (”continue & droite avec limite & gauche”, French for "right continuous
with left limits”) function and that the points of discontinuity of F'x are exactly the atoms of
the distribution of X. Hence, Fx continuous at ¢ is equivalent to u({t}) = 0. Moreover,
0(—o00,t] = {t}, hence Fx continuous at t is equivalent to say that (—oo,t| is a set of u-
continuity. Hence, the Portmanteau theorem implies that if X,, — X in distribution, i.e.
fn, — p weakly, then, Fx (%) — Fx(t), for all t continuity point of Fly.
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Conversely, let £ > 0 and consider first the open interval (a,b). Let D be the set of discontinuity
points of Fx. Since D is countable (exercise: prove it), there exists ax ~\, a, and by * b such
that for all k, aj and by are continuity points of Fx (since D is countable, D¢ is dense in R).
Hence,
liminf P (X, € (a,b)) = lim inf P (X, € (ax, by])
Z limninf (FXn (bk) — FXn (ak))

= Fx(bx) — Fx(ax)
= P(X - (ak,bk])

by assumption. Letting k — oo, we get
liminf P (X, € (a,b)) = P(X € (a,b)).

Now let U be an open set. Since any open set is the countable union of disjoint open intervals,
we write

U = U(ah bz),

for some a; and b;. Now, choose N large enough such that
N

Vv = J(ai, b)

i=1
satisfies P(X € V) > P(X € U) — €. Eventually, we get
liminf P(X,, € U) = liminf P(X,, € Vi) = P(X € V) > P(U) —e.

Since ¢ is arbritarly, we obtain liminf, P(X,, € U) > P(X € U), and we conclude, using the
Portmanteau theorem, that X,, converges in distribution to X.

Exercise 3. Show that the continuous mapping theorem is still true if one only assume that g
is continuous p-almost everywhere. Hint: Let D be the set of discontinuities of g. Show that if
A is a closed set in F, one has g~'(A) N D° C g~'(A) and use the Portmanteau theorem, item

(5)-

Exercise 4. Let (E,d) be a separable metric space. We say that the sequence of random
variables (X,,), converges in probability to the random variable X if for all € > 0,

lim P (d(X,,, X) > ¢) = 0.

We denote this convergence by X, % X. (The assumption that E is separable is to ensure
n—oo

that d(X,Y’) is measurable for two random variables X and Y).

Show that if X, 7%0 X then X, ﬂ) X.

n—o0

d
Show that if X, 9, x, where x € F is deterministic, then X, % x.
n—oo

n—oo

4. TOPOLOGY ON M;(FE)

Let Y be a real normed space. Denote by Y* the topological dual of Y, i.e. the space of
continuous (i.e. bounded) real linear forms on Y. The topology on Y* induced by the norm

Il = sup lo()]
|lz||=1
is often too finer to be useful, for instance (in infinite dimension) there are very few sets that are
compact for the norm topology. Another topology, which is coarser (i.e. smaller), is given by
the weak® topology: it is the weakest topology on Y* making all evaluation maps ev,: Y* — R,
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¢ — ¢(x), continuous, as x ranges over Y. A basis of neighbourhood of ¢ € Y* for the weak*
topology is given by the sets

V(6,21, . ymne) = ({0 € Y7 | o) - ¢(a)

=1

<o)

indexed by z1,...,zx € Y, and € > 0.
In particular, it can be proved that a sequence (¢,,), in Y* converges to ¢ € Y* for the weak*
topology, if and only if

On() —2 O(x),

n—oo

for all x € Y, i.e. if ¢, converges pointwise to ¢.

In our case, we consider the normed space Y = C,(FE), where F is a metric space. By Propo-
sition 2.1, the map from M;(FE) to the topological dual of Cy(E) defined by

ps (£ [ fd)

is injective, so My (FE) can be identified with a subset of Cy(E)*. The weak topology on M, (E)
is defined as the restriction of the weak* topology of Cy(FE)* to M;(F) and the notion of
weak convergence for sequences of probability measures corresponds to the notion of sequencial
convergence of this topology.

We will now see that the weak convergence is metrizable when E is separable, and there are
several metrics of interest on M, (E). We first introduce the Lévy-Prokhorov distance.

Let (E,d) be a metric space. Define the (open) e-neighbourhood of a subset A C E by
A*={x e F|d(z,A) < e}
It is useful to note that if A is a closed set, then

A=) A

e>0

Definition 4.1. Let (E,d) be a metric space and let pu,v € M;(E). The Lévy-Prokhorov
distance between p and v is defined by

p(p,v) =inf{e > 0| VB € B(E),u(B) < v(B°) +¢}.

Note that since B5 = B° (since d(x, B) = d(z, B)), one can replace in the definition of the
Prokhorov distance B € B(E) by B C E closed. Note also that obviously, for all B € B(E),

w(B) <v(B)+1,
hence p(u,v) € [0, 1].

To manipulate this distance, it is useful to note that:
e If for all Borel set B,
u(B) <v(B°) +e,
then p(p,v) <e.
e If there exists a Borel set B such that
w(B) > v(B%) +¢,

then p(u,v) > e.

Before proving that p is indeed a distance, let us compute an example.
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Example 4.1. Let us compute the Lévy-Prokhorov distance between two Dirac masses 9, and
dy, with  # y. By definition,

p(65,0,) =inf{e > 0| VB € B(E),,(B) < 6,(B°) +¢}.
Let € > d(z,y). Let B be a Borel set. If v ¢ B, then obviously

0=10,(B) <6,(B)+e.
On the other hand, if x € B, and since y € B® < d(z,y) < &, we also have
1=06,(B) <y)(B°)+e=1+c¢.

Hence, p(04,6,) < ¢ and letting € | d(z,y) gives p(ds,0,) < d(z,y) A 1.
Now, if 0 < e < d(z,y) A 1l. Then, y & {z}*, hence

0({7}) > 0,({7}°) +¢,

hence, we obtain p(d,,d,) > d(z,y) A 1. Finally,
p(0z,0y) = d(z,y) A L.
Proposition 4.1. The Prokhorov distance p is a metric on My(E).

Proof. Let € > 0. Then for all B € B(FE), since B C B®,
1(B) < u(B°) +¢.

Hence, for all ¢ > 0, p(p, 1) < &, and so p(u, pu) = 0.
Let us show that p is symmetric (which is not obvious from the definition!). If p(u,v) > €,
there exists a Borel set B such that

w(B) > v(B%) +e.
Now one remarks that
(B%)°) c B
(exercise: prove it).
Thus,
p(((B))) +e < u(B) +2 < v((B)),

thus there exists A = (B¢)° (which is a Borel set) such that v(A) > u(A®) + e. Hence,

plv, ) = €.
Letting € 1 p(u,v) gives that p(v,u) > p(p,v). Exchanging the roles of pu and v gives the
equality.
Now we prove that p(u, ) = 0 implies that y = v. Suppose that for all ¢ > 0,

pp,v) <e.
Then for all closed set B, u(B) < v(B?) + e. Take ¢ = +. One has that

B = () B¥,
k

since d(z, B) = 0 < x € B, since B is closed. Since (Bi)k is decreasing in k, one gets that
u(B) < h]ICnI/ (BE) =v(B).

By symmetry, we get u(B) = v(B). Since probability measures on a metric space are charac-
terized by their values on closed sets, we get u = v.

It remains to prove the triangle inequality. Let p, v,y in M;(E). Let ¢ > 0 and § > 0 such
that

p(p,v) <e and p(r,7) <d.
Then for all Borel set B,

w(B) <v(B*)4+¢ and v(B) <~(B°%) 4.
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Now remark that (B)° ¢ B+ Hence,
v(B9) <7 ((B)') 40 < y(B™) +56,
and thus
w(B) < 4(B*H) 4 ¢+ 6.
Hence, p(u,v) < e+ 4, and letting € | p(u,v) and § | p(v, ) gives the triangle inequality. [

When FE is separable, the weak convergence is metrizable by the Lévy-Prokhorov distance:

Theorem 4.1. Let (E,d) be a separable metric space. Let (fi,)n and p be probability measures

weakly

on E. Then pn, —" i if and only if P(fn, 12) — 0.

Proof. Suppose that p(p,, i) d 0. Let € > 0. Hence, for n large enough, for all closed set F,

pn(F) < pu(F°) + .

Now taking € = 1,
1
lim sup g1, (F) < pu (F*) + o

and noticing that F' = N F # and that the intersection is decreasing, we get, letting k — oo,
that

lim sup p, (F) < p(F),

which proves that pu converges weakly to p by the Portmanteau theorem.

Conversely, assume that u, W%k;y p. Let e > 0. Since E is separable, let (z,), be a dense
n o

sequence in F such that
E =] B(z,¢).

Define By = B(x1,¢), and forn > 1, B,y = B(xy41,6) \ (B1U---UB,). The B,’s are pairwise
disjoints (if there are empty sets among the B,,’s, just reindex them), and

E =JB..

Now let N be large enough, such that
N
) (U Bk> >1—c.
k=1
Denote by G the family of open sets of the form
(B“UUB%)E, Wlth{21,7lk}C{1,,N}
Hence, for any GG € G, by the Portmantean theorem, we have
lim inf tn(G) > u(G),
thus there exists ng such that for all n > ny,
1n(G) = p(G) — €.
Moreover, as G is a finite family, this holds uniformly over G: there exists ny such that for all
n > ng, for all G € G,
pn(G) = p(G) —e.
Now let A € B(F) be a Borel set. Define, Iy ={k € {1,...,N} | BeN A # @}, and let
G(A) = U By.

kel
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Then G(A)® belongs to G, and moreover G(A)® C A*. Hence, for n > ny,
u(A) = p(ANG(A) + (AN G(A))

< u(G(AY) +p ( U Bk)

k>N+1

< pin (G(A)7) + 2¢

< ln (A?’a) + 3e.
Hence, one obtains that for n > ng, p(,, 1) < 3¢, which concludes the proof. 0
Proposition 4.2. Let E be a separable metric space. Then My(E) is separable.

Proof. Let pn € My(E). We use the same notations than in the previous proof. Let (x,), be a
dense sequence in E such that

E =JB(zye).
and define By = B(xy,¢), and for n > 1, B,1 = B(p41,¢) \ (By U --- U B,) so that for N

large enough, we have
N
) (U Bk> >1—c.
k=1

Let A be a Borel set and denote as before G(A) = Uger, Br, where Iy = {k € {1,..., N} |
By NA# @}. Then,
p(A) < p(G(A) + p (AN G(A))
<Y p(By) +e.

k€l 4
By density of Q, choose ¢, ...,qy € QN [0, 1] such that

Z|qk— (Bk)| <e and qu—l
k=1

(First choose 71,...,ry € QN [0, 1] such that S0, |rx — u(By)| < € and put g = Z]C’“ and
k=1"Fk

use the fact that S5, u(By) > 1 — ¢). Hence, denoting 7 = "»_, qid,,, one obtains that

p(A) < Y ge+ 25 = T(G(A)) + 2 <7 (A%) + 3¢

kela

Hence, we get p(p, m) < 3¢, and finally the countable set

{quaxk | n Z 17(117-"7% S Qﬂ [Oal]JZQk - 1}

k=1 k=1

is dense in M (E). O

We now introduce another metric on M;(E). Define, for all f: E — R,

Il = sup L&) =T W

eyep  d(xyy)
TF#Y

and
[ fIlBL = [If]leo + [ f]Lip-

This defines a norm on the space of bounded Lipschitz functions on E (exercise).

Definition 4.2. Let (E,d) be a metric space and let p,v € My(F). The Kantorovich-
Rubinstein (or Fortet-Mourier) distance between j and v is defined by

/ Fdy— /fdz/

B(p,v) == sup
1 £llsL<1
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It is easy to verify that [ is a metric on M;(E), so the details are left as an exercise.

Both the Lévy-Prokhorov distance and the Kantorovich-Rubinstein distance induce the topol-
ogy of weak convergence as a consequence of the following lemma:

Lemma 4.1. For all u,v € My(E),

iﬁ(ﬂ, v) < p(p,v) < 24/B(1,v).

Proof. We start with the second inequality. Assume that p # v, so S(u,v) > 0 (if not the
inequality is trivial). Let e > 0 and let B € B(FE). Consider the functions

fe(z) = max {O, 1-— id(x, F)} )

as in lemma 2.1. Then
]lB S fE S II-BE7
and || fe||pL < 1+ %, thus,

w(B) < / fedp < / fedv + (1 + i) B(u,v)

< u(B)+ (1 4 i) By, v).
Thus,
i) < max e, (14 1) 5}

Choose € = 21/8(u, ). Then we get,
pliev) < max {2y/5(,0), 6(0.) + 5500}

< 2y/B(u,v),

for B(p,v) < + by a simple analysis of functions. If B(u,v) > %, the inequality is trivial since
p(u, v) is bounded by 1.

Now we prove the first inequality. Suppose without loss of generality that p(u,r) > 0 and let
e > p(p,v). Let f such that |[f||pL < 1. Hence, ||f|l« < 1 and ||f||Lip < 1. Then, using
Fubini’s theorem,

Jo f e

| ntr == [ s> ma
< [ s> v s> el

Now remark that since f is 1-Lipschitz, we have {f > t}* C {f > t—e}. Then, since p(u,v) < ¢,
we have

p{f>t}) <v({f>1)°) +e
<v{f>t—c})+e

Hence,

p{f>th) —v{f>t) <v{f>t—ch) —v{f>1}) +e
=v({t—e< f<t})+e.
Exchanging the role of p and v, we get by symmetry,

w{f>t) v > <pft—e<f<th+v{t—e<f<t}) +e

Using Fubini’s theorem again, one obtains

1 1
[ ndt—e<g<tya= [ [ tyacpadtdn<e.
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The same holds for the measure v, so eventually, we get

‘/Efd,u—/Efdy S/_llu({t—5<fﬁt})dt+/_1lu({t—s<fgt})dt+25

1 1 1
< 1 Ldtd / / 1 Ldtd / dt
—/E/_l ree<preydtap + | ] Ap<icppadtdv + [ €
< 4e.

Letting € | p(u, v) gives B(u,v) < 4p(p,v). O

Since we have seen that the Lévy-Prokhorov distance is a metric for weak convergence, we then
have:

Proposition 4.3. Let E be a separable metric space and let (), and p be probability measures
on E. Then, the following assertions are equivalent:

(i) the sequence (i), converges weakly to .
(1) B(tn, 1) —2 0.
() ol 1) = 0.

5. TIGHTNESS AND PROKHOROV THEOREM

We start with a first compactness result when the underlying space is compact. The main
ingredient for the proof is the Riesz representation theorem (or Riesz-Markov-Kakutani theo-
rem):

Theorem 5.1 (Riesz representation theorem). Let (X,d) be a compact metric space. Let
A: C(X) — R be a linear form such that:

(i) A is positive: for all f >0, A(f) >0,
(ii) A(1) = 1.

Then, there exists on X a unique Borel probability measure p such that for all f € C(X),
A = [
X

Hence, the Riesz representation theorem asserts that the topological dual of C'(X) corresponds
to the set of bounded signed measures on X (recall that a finite signed measure is a measure
taking values in R).

In fact, the above theorem holds if X is only assumed to be locally compact (X is Hausdorff
and any point of X admits a compact neighbourhood) and separable and with C'(X) replaced
by C.(X), the space of continuous functions with compact support, or Cy(X), the space of
continuous functions vanishing at infinity. Of course, if X is compact, then C.(X) = Co(X) =
C(X). This theorem is not easy and we refer for instance to Rudin [3] for a proof. Note that
Riesz theorem is a way to construct Lebesgue measure on R starting with the Riemann integral.
Note also that, when X is not compact, the topological dual of C,(X) consists of objects more
general that measures (in fact bounded finitely additive measures).

Theorem 5.2. Let K be a compact space. Then, My(K) is compact.

Proof. Recall that the space of continuous functions C'(K) is separable. Let A = {fi}x be a
dense subset of C'(K). Since K is compact, every f; is bounded, hence for all n,

/K Jedpy,

Thus, since [—|| fi||oo, || frl|oo] is compact, there exists an extraction ¢y such that [ frdp,, ()
converges as n — oo. Using a diagonal extraction argument, one can construct an extraction
¢ such that for all £,

< [ flloo < 00

LTI
/ka Heop(n)
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converges, as n — 00, to some A(fix) € R. We now prove that this convergence holds on the
whole of C(K). Let ¢ > 0 and let f € C(K). By density of A, there exists k such that
|f = fello < &. Then,

‘ / fdppm) — / f duwm)’
/ fdpipm) — / Jedpip(n)

< 3e,

<

+ ‘/ fduw(m) - /fkdlulcp(m)‘ + ‘/fkd,utp(n) - /fkd,utp(m)‘

for n, m large enough, since ||f — fi||« < € and since [ frdpi,m) converges for any k. Hence,
( i fduw(n)) is a Cauchy sequence in R and thus converges to some A(f). Define A: f — A(f).

Then A is a linear form on C(K) as the pointwise limit of a sequence of linear forms. Moreover,
as

< [ floos

letting n — oo, one has that

IACHT < oo
As such, A is a bounded linear form on C'(K), i.e. A belongs to the topological dual of C(K).
Moreover, one has A(1) = 1 and A is clearly a positive linear form, i.e. if f > 0, then A(f) > 0.
By the Riesz representation theorem, there exists a probability measure p € M;(K) such that

A(f) = /deu,
for all f € C'(K). Hence, for all f € C(K),

bt /d,
/KfW()@KfM

i.e. (fp(n))n converges weakly to u, so M (K) is (sequentially) compact. O

Remark 5.1. In fact, we have proved the Banach-Alaoglu theorem in our particular case of
C(K), which states that the closed (for the norm) unit ball of the dual of a normed vector
space Y is compact for the weak* topology. Recall that unless a normed vector space is finite
dimensional, its closed unit ball is not compact for the norm topology!

But note that we cannot expect the above result to be true when the space K is not compact
anymore (recall the counterexample of (6,,), C M;(R)). Indeed, the space M;(FE) is in general
not closed for the weak* topology on Cy(K)*.

Note also that if Y is not separable, the closed unit ball of Y* is not metrizable for the weak*
topology. In particular, compactness and sequential compactness are not equivalent.

So we need a criterion that will allow us to still extract weakly converging subsequences. This
is the content of Prokhorov’s theorem, whose key idea is captured by the following notion of
tightness for sequences of probability measures.

Definition 5.1. Let (E,d) be a metric space. Let A C My(FE). We say that A is tight, if for
all € > 0, there exists a compact subset K C E, such that

Ve A, u(Ke) <e.

We have already seen that a single measure is tight on a Polish space. As an exercise, prove
that a finite family A = {u1, ..., un} of probability measures on a Polish space is tight.
One of the most important result in this course is then the following theorem.

Theorem 5.3 (Prokhorov theorem). Let (E,d) be a metric space and let A C My(E). If A is
tight then A is relatively compact. Moreover, if (E,d) is Polish, then if A is relatively compact,
then A is tight.
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Proof. (<) We first prove that if A is relatively compact then it is tight when (F,d) is a Polish
space. Let (u,), C A converging weakly to some pu. Let (G),), be an increasing sequence of
open sets such that £ = J,, G,,. Then, for all € > 0, there exist n such that for all u € A,

w(Gy) >1—e.

Indeed, if this is not the case, there exists € > 0, such that for all n, there exists u, € A, such
that
pn(Gr) < 1—c¢.
Since A is relatively compact, there exists a subsequence (fiy(n))n Weakly converging to some
probability measure pu. Hence, by the Portmanteau theorem, for all n
w(Gy) < limNinf oy (Gr) < limNinf tovy) (Gony) <1 —¢,

which contradicts the fact that £ = U,, Gj..
Now let (z,), be a dense sequence in E. Then, for all k£ > 1,

1
E = U B(zp, =),
n>1 k
and let G,, = U}_; B(zj, %), so I is the increasing limit of the G,’s. By the previous claim,

there exists ny such that for all y € A,
e 1 €
1 B(z;, =) | >1—=.
(J’gl Tk ) 2t
Set
nE 1
K= ﬂ U Bf(xﬁ%)'

k>1 =1
Then, we have, for all u € A,

M(KC)SZM(

k>1

nk

1
B(Q?',*)
Jj=1 "k

€
)SZ%:€7
k

and by construction K is totally bounded, hence since F is complete, K is compact, and A is
tight.

(=) Now we prove that if A is tight then it is relatively compact. So let (i), C A. We have
to prove that there exists a subsequence of (u,), that converges weakly. By tightness, for all
J > 1, there exists a compact K; C E such that, for all n,

1
Nn(Kj ) >1—-.
J
Up to replacing K; by Uzzl K;, one can assume that the sequence of compact sets (K;); is
increasing. Now for all n and all j, define v/ by

, 2W(ANK;
(A) = 0T,
fin(K5)
so vl is a probability measure on the compact set K. Hence, we have for all j, (v4),, C M;(K;)
which is compact since K is compact, hence there exists a subsequence that converges weakly
to some probability measure 1/ € M;(K;). By diagonal extraction, there exists an increasing
¢ such that, for all 7,
I i

Yon) nSe0 V'
Now, consider for all j, the sequence (fi,(m)(K;))n C [0,1]. By diagonal extraction again (or
the fact that [0, 1]" is compact), there exists a subsequence (fpoy(n)(K;))n such that for all j

/Lgoow(n)(Kj) n_>—o>o aj € [Oa 1]7
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where a; > 1 — % Set ¢ = ¢ o 1. Hence, we have that for all 7,

/~L¢(n)(Kj) o 4 € [1 — 5 1] :
Let now B € B(E). Then, for all j
4t U (BE) > a0 (BF)
(Portmanteau)
> limsup (o) (K500 (BF))
= lim sup pg(n) (B* N Kj11)

> lim sup pig(n) (B N K;)

= limnsup (u¢(n)(K W (n)(Ba)>

> a;lim inf Vé(n)(B€>
(Portmanteau)

> a1 (BF).

(We have used that if a,, and b, are nonnegative and a,, — a, then lim sup,,(a,b,) = alimsup,,(b,)).
Now using that B = .- B®, we get that for all closed set F,

a1’ TN (F) = ag (F),
and by exterior regularity of probability measures on a metric space, the fact that
aj+1Vj+1(B) 2 ajyj(B),

for all Borel set B. We thus have a nondecreasing sequence of measures (a;1);, hence u defined
by
w(B) = lim a;»7(B), B € B(E),

_]*)OO
is a measure on F (since the pointwise limit of a nondecreasing sequence of measure is a
measure). Moreover, since 1 — % <a; <1, we have

w(E) = jlggo aj = 1.

Hence, p1 is a probability measure on E and we have u = lim;_,o /. It remains to prove that
(Mo (n))n converges weakly to p. So let f be a continuous and bounded function on £. We have,

‘/Efd:ucﬁ(n) —/Efd,u‘ < /Cfd%(n) + |/ fpom) _/Kj fa;dvi| + |/K] faydi —/Efd/t|
||f||oo ‘/ Flpgm) — / fa;dv? +‘/ fajdyj_/fdﬂ'
K; K; E
f o . | | |
=T /Kj ot (K )y _/ fasdv) + /Kj fagdv, — /Kj fadv

| / fazdvi — fdu‘

[ 1loo / ' -
< W21 I R dv’ _/ di?
= ’/% ;) aj‘—i— X, fajdvye, X, fa;dv

—i—‘/Kj fajduj—/Efd,u'.
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Since pym) () converges to a; as n — oo and since (l/j)(n))n converges weakly to 1/, we get
that

J— < _— . J .
hmnsup‘/ fdu¢,(n) / fdu‘ Uj + /j fa]dz/ / fdu
But

‘/Kj fa;dv’ — /Efd,u| < ’/K] fa;dv’ —/Efduj + ‘/E fdv’ — éfdu‘
< W llcka; = 11++| [ fa? = [ gan

and since p is the limit of v7, letting j — oo, we finally get

limnsup ‘/E Jdpgmy — /E fdu‘ = 0.

Thus, (ft¢(n))n converges weakly to u, and A is relatively compact. O

Y

Remark 5.2. The most interesting fact for us is that tightness implies relative compactness.
Note that this holds under the assumption that (£, d) is only a metric space.

The typical use of this theorem will be the following: if one can prove that a sequence (i), of
probability measures on F is tight, then by Prokhorov theorem, it is relatively compact, hence
for any subsequence, one can extract a weakly convergent sub-subsequence. If moreover, one
can prove that there is a unique accumulation point, then the whole sequence converges in view
of the following easy but useful lemma:

Lemma 5.1. Let (E,d) be a metric space and let (z,), C F and z € E. Then x, — z if
and only if for all subsequence (2,())n, there exists a further sub-subsequence (Zoy(m))n that
converges to .

Proof. The direct half is trivial (and not very useful...). Now, if z,, /4 z, there exists ¢ > 0, and
some ¢ such that d(z,m), ) > €, for all n. But then, no subsequence of (z,(,)), can converge
to . U

Example 5.1. Recall that for ;1 a probability measure on R (or more generally on R?), its
characteristic function or Fourier transform is the function f

At) = / et u(dr), teR.
R

By Fourier inversion formula, p is characterized by fi. Moreover, let u, and p be probability
measures on R. It is well known that weak convergence is characterized by pointwise conver-
gence of characteristic functions:

fn — 1 & /ln(t)njooﬂ(t), vVt e R.

n—o0

Lévy’s theorem asserts that in fact, we don’t need to know a priori that the limit is the
characteristic function of a probability measure, we just need continuity at 0:

Theorem 5.4 (Lévy’s theorem). Let p,, and p be probability measures on R. Suppose that
there exists a function ¢, which is continuous at 0, such that,

VEER,  fult) = 0(0)
Then ¢ is the characteristic function of a probability measure p on R, and

fin = 1.

n—oo

Proof. Let us show that for any p € M;(R), and all 6 > 0,

pllal > 2/0) < < [ (1= i)y dn
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Indeed, using Fubini theorem, we have

(15/65(1 —Q 5// - m dt,u(dx = 2/ (1 - sinéix)) pu(dz).

sinu
u

Now, since the function f: v+ 1 —

get
[ (1—81“;;5”3));@(@) 2 f (1—Sin(§jx))u(dx> > i (lda] > 2).

which proves the claim.
Let ¢ > 0. By assumption, fi,, converges pointwise to ¢. Since fi,,(0) = 1, we also have ¢(0) = 1.
Moreover, since ¢ is continuous at 0, there exists o > 0 such that

(1= (1) dt < =
5/ <2

By dominated convergence theorem, we also have that there exists ng such that for all n > ny,

L ammoa- g [ a-owa

Hence, for all n > ng, one has

is nonnegative and satisfies f(u) > 3 for |u| > 2, we

<&
5

71 ' — [ d
1—fin(t))dt
o /_5( n(B)di <e,
and thus
sup pn, (|z] > 2/0) <e

n>ng

As such, the sequence (f1,),, is tight, so by Prokhorov theorem, there exists a subsequence (fi,, )k
that converges weakly to some probability measure . By dominated convergence theorem, this
implies pointwise convergence of the corresponding characteristic functions:

i) = A(t), VEER.
k—o0
Hence, one obtains that ¢(t) = fi(t), for all t € R, so ¢ is the characteristic function of p. Since

1 is characterized by its characteristic function, we get that any weak accumulation point of
(tn)n is equal to p, so the whole sequence converges weakly to . O

6. CONVERGENCE OF STOCHASTIC PROCESSES

In the sequel, we denote by ¢ = C([0, 1]) the space of continuous functions from [0, 1] to R.

Definition 6.1. A continuous stochastic process X = (Xi)icpo) s a random variable with
values in € .

It means that the map
X: Q=7
w X(w)

is a measurable map from the probability space (2, F,P) to the measurable space (¢, B(%)).
Hence, for almost all w € €,

X(w): [0,1] - R
t— Xi(w)

is a continuous function on [0, 1], i.e. the map t — X, is a.s. a continuous random function.
We will use the notations (X;)¢cpo,1) or (X(t))icp,1] interchangeably.
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6.1. Borel o-algebra and cylindrical o-algebra. Let, for all ¢ € [0, 1],
T 6 — R

T = Ty

be the evaluation map at time ¢. The cylindrical o-algebra Cyl(%) is the smallest o-algebra
such that all the evaluation maps m;,t € [0, 1], are measurable, i.e.

Cyl(€) = o (m, t€10,1])

=0 ( U 7Tfl(l3(1R<))) :

te[0,1]
Then we have the following.
Proposition 6.1. We have,
B(¢) = Cyl(?¥).

Proof. For all t € [0,1], 7 is continuous (since if X,, — X in &, i.e. X,, — X uniformly,
then X,, — X pointwise, i.e. for all ¢t € [0, 1], m(X,) — m(X)). Thus, by definition of the
cylindrical o-algebra Cyl(%€), one has
Cyl(€) C B(F).
Now we prove that any open ball of € lies in Cyl(%¢’). Let x € € and let r > 0. Since
B(z,r)= |J Bylz,s),
s€Q

0<s<r

it suffices to prove that any closed ball lies in C'yl(%¢’). But,
By(z,r) ={y € ¢ | d(z,y) < r}

~{vee) s w1 -yl <)

te(0,1]

= N {ye?|la(t) —y®)] <r}

t€[0,1]
(continuity)

= () {yed||=(t) —y) <7}
t€[0,1]NQ

= (1 m " (Byla(t),7).
t€[0,1]NQ

As such, Bf(xz,r) € Cyl(¥¢). Since € is separable, any open set is a countable union of
open balls or closed balls. Hence, the sets of open balls is included in Cyl(%), and finally
B(€) C Cyl(F). O

This has the following important consequence. For all K > 1, and all 0 < t; < --- <t < 1,
define

.....

(f = (f(tl)v' "7lf(tk))a

and consider the class of cylinders
C={m! W (Bix--xB)|k>10<t <<ty <1,Bi,..., B, € BR)}.
Then, C is a m-system that generates C'yl(%). Hence,
B(€¢)=0o(C).
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Since by Dynkin 7\ theorem, two probability measures are equal if and only if they are equal
on a m-system that generates the Borel o-algebra, we get the for all x4 and v in M; (%), p and
v are equal if and only if for all ¢; < --- < t,

Ty, ot = Tyt # Y

where Tyt denotes the image measure of p by the map 7. From a probabilistic point of view,
let X = (Xi)ieo,1) and Y = (Yy)epo1] be two continuous processes, i.e. two random elements of
%. Then,

X @
if and only if they have the same finite-dimensional distributions: for all £k > 1, and all 0 <

t1<~"<tk§1,

(Xps o X)) Y (i, Y0

=

(as random vectors in R¥!).
In the sequel, we will denote for all £ > 1 and all ¢, ...,%; by

l1,ty —
ILL - 7Tt177tk#llj/

the finite-dimensional marginals of y € M{(%).
Note that by the continuous mapping theorem, if the sequence (i, ), of probability measures
on € converges weakly to some u € M;(%), then all the finite-dimensional marginals of p,
converges to that of u: forall k > 1, and all 0 <¢; < --- <t <1,

t1, 0ty 1,0k
The above convergence is thus weak convergence in M;(R¥) and is called convergence of the
finite-dimensional distributions. But the converse does not hold! For instance, consider the
sequence of continuous functions (z,),, where

1
zn(t):max{l—nt—
n

,0}, t €0,1].

Then, the sequence of Dirac masses (d,, ), converges in the sense of finite dimensional distri-

3=

butions to the Dirac mass at the zero function dy. Indeed, recall that ¢, converges weakly to
dp if and only if z, — 0 (the zero function). But ||2,||c = 1, hence z, does not converge to the
zero function. But clearly, for any fixed ¢ € [0, 1], z,(t) — 0 as n — o0, and so J,, converges in
finite-dimensional distributions to the zero function.

Strategy: The strategy for proving that a sequence of probability measures (p,), C M;(%)
converges weakly to some probability measure p is thus the following:

e Prove that (i), is tight. By Prokhorov theorem, it implies that (1), is relatively com-
pact: for all subsequence of (u,),, there exists a further sub-subsequence that converges
weakly.

e Prove that there is a unique accumulation point. To that end, prove that the finite-
dimensional distributions converge to that of u.
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Indeed, if we known that (p,), is relatively compact, then for all subsequence of (uy,),, there
exists a further sub-subsequence, say p,,, that converges weakly to some v (depending on the
subsequence). By the continuous mapping theorem, the finite dimensional distributions will
also converge: for all k, for all £, ..., 1,

(2 TR 7 AN PP 7%
l’l/ni 14 °

But if we also known that for all ¢4, ..., ¢,

qull,...,tk N Iutl,...,tk

?
n—oo

then,

t1y. 0tk
Y

th,...,tk =
for all k£, and thus v = p since finite-dimensional distributions characterize probability measures
on €. Hence, for all subsequence, there exists a further sub-subsequence that converges weakly

to the same pu, hence the whole sequence (p,), converges weakly to p.

6.2. Tightness in ¥. To understand tightness of families of probability measures on €', we first
need the understand compactness in 4. This is done using the Arzela-Ascoli theorem, which
will be of fundamental importance in the sequel. First recall the definition of equicontinuity.

Definition 6.2. Let K be a compact metric space. A subset A C C(K) is said to be (uniformly)
equicontinuous if for all € > 0, there exists 6 > 0, such that for all f € A, for all x,y € K such

that d(z,y) < J, we have
[f(z) = f(y)] <e.

We can restate this definition using the modulus of continuity. Define, for f continuous,

ws(f) = sup |[f(z) = f(y)l,

d(z,y)<d

so f is uniformly continuous if and only if ws(f) — 0 as 6 — 0. Then A C C(K) is equicontin-
uous if and only if

?gﬁwa(f) = 0

Roughly speaking, a sequence of functions is equicontinuous if and only if it is "uniformly
uniformly continuous”.

Theorem 6.1 (Arzela-Ascoli theorem). Let K be a compact metric space. Then A C C(K) is
relatively compact if and only if

(1) A is “pointwise uniformly bounded”:
Ve e K, sup|f(z)| < oo.
feA

(2) A is equicontinuous:
sup ws(f) == 0.

Proof. Suppose that A is relatively compact. Since the evaluation map m,: f — f(z) is con-

tinuous, 7, (A) is a compact subset of R. Since 7,(.A) contains 7, (A) = {f(z) | f € A}, we get
that for all f € A, |f(x)| < co. This proves (1). Replacing A by its closure, one may suppose
that A is compact (a subfamily of an equicontinuous family is equicontinuous). Let ¢ > 0. Let
g1, ..., gr a finite family of functions in A such that

./4 C LTJ B(gk,e).

k=1
Let f € Aand let k € {1,...,r} such that d(f, gr) < . Since K is compact, g is uniformly
continuous for all £, and since the family ¢4, ..., g, is finite, there exists 6 > 0, such that for all
ke{l,...,r}, ws(gr) <e. Hence, for all z,y € K, such that d(z,y) < ¢,

|f(@) = fW)] < |f(2) = ge(x)| + ge(z) — g ()] + |9k (y) — f(y)] < 3e.
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This proves the equicontinuity of A.

Conversely, assume (1) and (2). Let (f,), C A. Our aim is to prove that there exists a
subsequence of (f,,), that converges uniformly to some f. Since K is compact, K is separable,
and denote by @ = {q¢1, ¢2, . . .} a dense countable subset of K. By assumption (1), forall ¢ € @,
the sequence (f,,(q)), is included in a compact subset of R. Hence, there exists a subsequence
(fs,0)(@))n that converges to some f(q) € R. Using a diagonal extraction argument, one has
that there exists an extraction ¢ such that for all ¢ € Q, fsm)(q) = f(q), as n — co. We have
that f is uniformly continuous on ). Indeed, by (2), for all € > 0, there exists 6 > 0, such that
for all =,y € @ such that d(z,y) < ¢, for all n, we have

| fom) (@) = fom (W)] <,
and letting n — oo gives that |f(z) — f(y)| < . Hence, f is uniformly continuous on a dense
subset of K, so there exists a unique extension, still denoted by f, to K, which is uniformly
continuous (exercise). It remains to prove that (f(n))n converges uniformly to f (exercise). Let
0 > 0 such that

supws(g) <e and ws(f) <e.
geA

Since @ is dense, one has
K c |J B(g,9).
q€Q
By compactness of K, there exists a finite subcover, say:

K C LJJ B(g;,9).

j=1
Let z € K, and let j € {1,...,J} such that d(z,¢;) < J. Then, we have

[fom) (@) = ()] < [fom)(2) = fom (@) + | fom (@5) — Fla)] + () = f(2)]

< igﬁ ws(g) + jgﬁfj |f¢(n)(Qj> — flgy)] +ws(f)

Now, since fym)(q) — f(q) for any ¢ € @, there exists ny (depending only on €), such that
for all n > ny,

,,,,,

Finally, sup,cx | fom)(x) — f(z)| < 3¢, for all n > ny. This concludes the proof. O
Remark 6.1. When K = [0, 1] (or more generally a compact convex subset of RY), one can
replace assumption (1) in Arzela-Ascoli theorem by:

(1) supjenlF(0)] < oo.
Indeed, (1')4(2) implies easily (1). Let = € [0,1] and write

@) < 1£0)] + Z ) — Fan)]

where for k=1,...,n, z, = %x, 80 |zp — xp—1| = £ < L. Choose n large enough so that = < 4.

Then, for all f € A,

z
n

|f ()] < sup|f(0)] + nsupws(f),
feA feA

which is finite by (1) and (2).

Exercise 5. Let X a metric space and Y a complete metric space. Let f: A — Y be a
uniformly continuous function on a dense subset A C X. Then, there exists a unique uniformly
continuous extension of f to the whole X.

The next proposition is then more or less a direct translation of the Arzela-Ascoli theorem.
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Proposition 6.2. Let A C My(%). Then, A is tight if and only if one has:
(i) the family {u° | n € A} is a tight family in M;(R),
(ii) for alle >0 and all n > 0, there exists § > 0 such that for all u € A,
pn({z et |ws(z) >n}) <e.
Proof. Assume A is tight. Let ¢ > 0, and let K a compact set in € such that for all 4 € A,
p() >1—e.
By continuity Ky := mo(K) is compact in R and then

1 (Ko) = o (WEI(’CO)) =p({z €€ |z € Ko}) 2 pu(K) 2 1—¢,

for all u € A. This proves the first item. Now let alsonp > 0. Since K C % is compact, by Arzela-
Ascoli theorem KC is equicontinuous. Hence, there exists § > 0 such that sup,cecws(z) < 7.
Hence, for all € A,

p({z €€ ws(z) <np) > uk) >1-e¢,
which proves the second assertion.
Conversely, assume (i) and (ii). Let ¢ > 0 and for all n, let §,, > 0 such that for all u € A,

u({xe‘g\w(gn(x)gl})21—6.

n
Let also Ky C R a compact set such that, for all u € A,

/J,O(Ko) Z 1— E.
Now, define,

K:Q{xe%\wg(x)g;}ﬂ{x€%|$0€Ko}.

Then K is closed. Indeed, {z € € | 2o € Ko} = 7' (Kp) is the inverse image of the compact
set Ky by the continuous function 7y, hence is closed. Moreover, for all n, {x €C |ws(x) < %}
is closed, since if (), C € converges uniformly to x, then for all s,t € [0, 1],

|2(s) = ()] < [x(s) = zr(s)| + |wrls) — 2 (t)] + |2 (t) — z(t)]

< e = zpfloo + ws(ar) + [Jox = 2|
1

< 2ljr — zpfloo + —
n

1
< - ask— oco.
n
By Arzela-Ascoli theorem, K is relatively compact, hence compact, and we have, for all u € A,

p0) < X ({o € s (0) > 1) + ali5)

n>1

SZQ%—l—g:Qe.

n>1

Hence, A is tight in €. U
In more probabilistic terms, the previous proposition translates as:

Proposition 6.3. Let (X™), be a sequence of stochastic processes in €. Then, (X™), is
tight if and only if one has

(i) the sequence (X™), is tight (in R),

(ii) for all e >0 and all n > 0, there exists § > 0 such that

limsup P (wg(X(”)) > 77) <e.
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The previous proposition is not very convenient to use, since it involves the modulus of continu-
ity, which is generally difficult to handle. Several criteria for tightness are known; the following
one, due to Kolmogorov, is perhaps the easiest to apply.
For f € C(]0,1]), define the a-Hoélder norm (it’s not a norm) by
M) = sup M =IO
s,t€[0,1] |3 - t’

s#t

Proposition 6.4 (Kolmogorov criterion). Let (X™),>1 be a sequence of random variables in
&. Suppose that

e the sequence (X™(0)),>1 is tight in R,

e there exists 3, p, C positive such that for all s,t € [0,1],
supE[X ™) (s) = X (t)|" < Cft — 5"+,

n>1
Then, (X(”))nzl is tight. More precisely, for all a €]0, %[ and all € > 0, there exists M > 0
such that
sup P(No (X)) > M) < e.

n>1

To prove this criterion, we will need the following lemma. Denote, for all k£ > 0,

i
Dk:{%]z:o,...ﬂ’“}

the dyadic rationals of order k, and let D = (J;>o Dy, the dyadic rationals in [0, 1]. Any dyadic
rational d € D; can be written

l
ag
d=> 5
k=0

where ag, ..., a; are in {0,1}. Note that D C Dy, for all k, and recall also that I is dense in
[0,1].

1 3
1 4 3 5 4 z
8 8 8 8

FIGURE 3. The dyadic rationals in [0, 1].

Lemma 6.1. Let z: [0, 1] — R. Suppose there exists o > 0 and K > 0 such that for all £ > 0
and for any two consecutive elements s and ¢ of Dy, one has

|z, — xs] < K|t — s|*.
Then, for all s,t € D, we have

2K
]__ —Q

|$t_xs| S |t—8‘a.

If moreover, x € €, then N, (z) < 2.

Proof. Let s,t € D and assume without loss of generality that s < t. Note that if s and ¢
are consecutive in some D, then the inequality is trivial since K < 1_25(_ <. If not, the idea is
to write the interval [s,¢] as a union of intervals [, k41|, where 7, and 75,1 are consecutive

dyadic rationals in some Dj.
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So let [ > 1 be the unique integer such that

1
—<t—s5<

1
91 1"

Draw a picture).
p

]
T

)
q s t g+ g

Suppose first that there exists ¢ € D;_; such that ¢ < s <t <q+ 21—1,1, i.e. s and t lie between
two consecutive dyadic rationals in ID;_;. Thus, we can write s and t as:

ag bk
s=q+2? and t=q+2?,
k>l E>1

where a; and by, are in {0, 1} and are equal to zero for k large enough. Let for n > [,

" a b
sn=q+22k and tn=q+22%,
k=l k=l

B

and let L > 1 large enough such that s; = s and t;, = ¢t. Then, s, and s,,, are equal or are
two consecutive dyadic of D,,;; and the same holds for ¢,, and ¢, 1, hence, using the convention
that s, = 1,1 = ¢,

d($5, $t) = d(-rsLa xtL)

L L

< Z d($5k7w5k+1)+ Z d(‘rtk’xé‘tﬂ)
k=l—1 k=l-1
1
< 2K Z 2(k+1)a
k>1-1

_ 2K 1
71— 92-a9la

2K
< —(t — s)°.
STt 79)

Now suppose that there exists ¢ € D;_; such that ¢ — 21%1 <s<qg<t<q+ 21%1 This time,

9= 3—1
we write
a b
5:q—22—k and t:q—l—zg,
k>l k>l
and the same reasoning as in the previous case gives the result.
If moreover = € €, by density of D in [0, 1], one obtains N, (z) < 1_25,&. O

Proof of Kolmogorov’s criterion. For all £ > 0 and all n > 0, define

X <2k) X (2k '

Zny = max
0<i<2F—1
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k ( ) (H 1)’ > sza>
<y (e (2k> " ( k)\ i
< 2" max IP’(’X(”<') (22+1>’> 2’m)

0<i<2k—1
p

< s (0 (1) -0 ().
2

using Markov inequality. By assumption, we get

P (Zyi > K27F) < CK P27 h0re),

Then,

><

P (Zuy > K275) =P (Eli € {0,...,2" — 1},

v

Since 0 < a < %, by the previous lemma, we have

2K

2—(1

CK~?
1 — 26-pa’

IP’(J\fa(X("))> ><P(3kz>0 Zngo > K270) < CK 7 Y 97K 0w =

k>0

the right hand side being independent of n and goes to 0 as K — oco. Hence, we obtain that
for all € > 0, there exists M > 0 such that

supP (No(X™) > M) < ¢

n>0
Now from the inequality ws(X) < N,(X)0%, we deduce that
P (ws(X™) > 1) <P (No(X™) > 0o ),
hence for all £ > 0, there exists 4 > 0, such that
s171Lp]P’ (w(;(X(”)) > 7]) <e

which implies, together with the first assumption of the proposition, the tightness of (X)),
by the "probabilistic” Ascoli criterion of Proposition 6.3. 0

6.3. Donsker theorem.
Theorem 6.2 (Donsker theorem). Let (§k)k>1 be a sequence of i.i.d. random variables with

E(&) = 0 and Var(§;) = 1. Define (Sp)n>0 by So =0, and S, = & + -+ + &, forn > 1.

Consider the continuous stochastic process (Xt(n)>te[0,1] defined by

xM = Sy + (nt = [nt]))E ey 1)

=
N4
fort €10,1] andn > 0. Then, asn — oo, X™ converges in distribution to a Brownian motion
(Bt)tcpo,1]-

We will prove Donsker theorem under the additional assumption that E(£}) < oo in order to
apply Kolmogorov criterion with p = 4 (it does not work for p = 2). We refer to Billingsley [1]
for the general statement.

Proof of Donsker theorem. Recall that, for t € [0, 1], the interpolated random walk is

o1
X" = N (Stnes + (nt = [1])€pnis 1)
that is if nt € [k, k + 1), then

X" = (Sk: + (nt — k)&i1) -

Sl
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The proof that the finite-dimensional distributions converge has been seen in the introduction
(for the symmetric random walk, but the proof is the same here). Hence, it remains to prove
that (X)), is tight. To that end, we are going to prove that (X)), satisfies Kolmogorov
criterion with p =4 and § =1, i.e. for all s,¢ € [0, 1]

4
supE [X™ — XS(”)‘ <Ot — s

n>1

Note that the first condition in Kolmogorov criterion is trivially satisfied since Xén) =0 for all
n. So assume without loss of generality that s < ¢. First assume that nt and ns are integers,
say nt = m and nt = k. Then,

> &l

¥ _ x(n 1 1
j=k+1

ShoVn Vn

But,

E( i fj) = > E(&%&éela),

j=k+1 a,b,c,d

and due to the independence and the centering of the ;’s, the only contributing terms are
those for which the four indices are equal or only two of them are different. Hence,

4

m m 4 m

2($6) - £ mer+(}) § mevmed
j=k+1 a=k+1 a,b;fb-‘rl

= (m — k) E(&]) + 6(m — k)(m — k — 1) E(&)),

since (E(z?))? < E(£}) by Cauchy-Schwarz inequality. Hence, we obtain

X" = X < —(m— kP E(E) = (t - ) E(§).
Now if £ < ns <nt < k+ 1, i.e. nt and ns are in the same interval, then

, i1
E[X{" - X[ = Sint — ns|' B¢}
n

=n?(t —5)%(t — s)*E&
< C(t-s)?,
for some constant C' > 0, since in this case (nt — ns) < 1. If now ns and nt are in different
interval, say k <ns < k+1<m <nt <m+ 1, then, using (a + b+ c)* < 33/4(a* + b* + ¢*),

E[x(" - x| <c (IE x - xwl +E[x - X0 +E[x - X<">(4)

S

4
+ le(ns —(k+1D)*EE

1 1 7
=2

n2

< Cl(t - 5>27

for some constant C’ > 0, since ns — (k+ 1) < 1, nt —m < 1, and by the previous case (a sum
over an empty set is 0 by convention). Finally, we have obtained that for all s,¢ € [0, 1], for all
n?

E[x" - xM[" < ¢t - ).

Hence, by Kolmogorov criterion the sequence of random variables (X (™), is tight in 4. This
concludes the proof of Donsker theorem. O
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7. APPENDIX.

7.1. Compactness. To be clear, we recall here the (French!) definition of a compact space.
Usually, in the Anglo-Saxon literature, the Hausdorff condition (i.e. distinct points have disjoint
neighbourhoods) is omitted.

Definition 7.1. A topological space X is called compact if it is Hausdorff and if every open
cover of X has a finite subcover.

We now introduce the notion of total boundedness, which is a generalization of compactness.

Definition 7.2. A metric space (E,d) is totally bounded if and only if for all € > 0, there
exists a cover of E by balls of radius (at most) € whose centers lie in E.

For instance, a compact metric space (E, d) is totally bounded, since from the cover

E C |J B(z,e),
zeFE
one can extract a finite subcover by compactness. The converse statement is not true, for
instance (0, 1) is totally bounded, but not compact.
Note also that any totally bounded space is bounded (as a finite union of bounded sets is
bounded), but the reverse is not true. For instance, consider a space X equipped with the
discrete metric d(x,y) = 1 if x # y and 0 otherwise. Then it is bounded as sup, ,cx d(7,y) =1,
but not totally bounded if X is not finite, as any ball of radius ¢ = 1 is a singleton, and no

2
finite union of singletons can cover X.

Exercise 6. Let (F,d) be a metric space and let X C F a totally bounded subset. Show that
any subset Y of X is totally bounded.

Proposition 7.1. Let (E,d) be a metric space and let A C E. Then A is totally bounded if
and only if A is totally bounded.

Proof. (<) This is easy, since A C A4, so if A is totally bounded, so is A.
(=) Assume A is totally bounded. Let € > 0, and consider the finite cover

n
AC U B(z;,e/2),
i=1
for some x1,...,x, in A. Since the closure of a finite union is the union of the closure, and
since the closure of any open ball with radius £/2 is included in an open ball with the same
center and radius €, we get

AcC Lnj B(xz;,¢/2) C | B, e).

i=1 i=1
Hence A is totally bounded. O

Theorem 7.1. Let (E,d) be a metric space. The following assertions are equivalent:
(i) E is compact.
(ii) E is sequentially compact: any sequence in E has a convergent subsequence converging
to some point in E.
(iii) E is complete and totally bounded.

Proof. The equivalence between (i) and (ii) is the well known Bolzano-Weierstrass theorem.

(ii)=(iii): Let (x,), be a Cauchy sequence. By (ii), (z,), admits a converging subsequence,
hence the whole sequence converges. Thus E is complete. Suppose by contradiction that F
does not admit a finite subcover by balls of radius €. Let 1 € E. Then B(zy,¢) does not
cover E, hence there exists xo € E such that d(xs, 1) > . Suppose that we have constructed
T1,..., Ty 1. Since U B(w;,¢) does not cover E there exists x,, such that d(x,,x;) > €, for
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all £ < n—1. Hence, we obtain a sequence (z,),>1 such that any k # [, d(xy,z;) > €, and thus
cannot admit a converging subsequence. This contradicts (ii) and £ is totally bounded.
(iii)=(ii): Let (z,,), in E. By assumption, for all & > 1, there exists a finite cover of E by
balls of radius % Hence, for any k, there exists an infinite number of elements of (z,), that lie
in the same ball By, of radius % Hence, for any k, there exists a subsequence (4, (n)), such that
for all n, x,, ) € Bi. By a diagonal extraction argument, there exists a subsequence (Zy(n))n
such that d(xw(m), xw(n)) < %, for all n > m. We recall here how this works: for any k, there
exists a subsequence (%, (n))n such that for all n, z,, ») € By, hence for all m,n,

2
d(m@k(m)’ l@k(”)) < %

For k = 1, we get that there exists (7, (n))n such that for all m,n,

AT 1 (m)s T o1 (m) < 2.
For k = 2, there exists an infinite number of elements of the sequence (2, (»)), that lie in the
ball B,. Hence, there exists (4, o0p,(n))n such that for all m,n,

2

d(ﬂiwo@(m),%@lom(n)) < ) =1

Repeating the argument, we obtain that there exists (%4, o...0p,(n))n such that for all m,n,
2
d($@lo"'o@k(m)’w‘Pl°"’°<Pk(”)) < s
Now define ¢ by
p(k) =pro--opy(k),
for all k. Then, for all m and all n > m,

9
A(Zp(m)s Tp(n)) < p—

since ¢ 0- - -0, is extracted from ¢y 0-- -0y, as n > m. Hence, (Ty(n))n is a Cauchy sequence,
and since E is complete it converges. This proves (ii). O

As an exercise, prove Tychonoff theorem using diagonal extraction:

Theorem 7.2 (Tychonoff theorem).
[0, 1]
is sequentially compact (for the product topology).

Exercise 7. Let (E,d) be a metric space. Show that
(i) If £ is compact, then any continuous function is bounded.
(ii) If E is totally bounded, then any uniformly continuous function is bounded.
(iii) If £ is bounded, then any Lipschitz function is bounded.

Definition 7.3. Let (E,d) be a metric space. A subset A C E is relatively compact if its
closure A is compact.

In terms of sequences, a subset A C F is relatively compact if and only if for any sequence
(2,,)n in A, there exists a convergent subsequence (Zy(n))n, but the limit may not lie in A.

On a complete metric space, we have the following.

Proposition 7.2. Let (E,d) be a complete metric space and let A C E. Then A is relatively
compact if and only if A is totally bounded.

Proof. If A is relatively compact, then A is compact, hence it is totally bounded (no completude
needed here). Now, if A is totally bounded, then A is also totally bounded, and since it is closed
in the complete metric space ), it is also complete. Hence, A is complete and totally bounded,
hence compact. O
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7.2. Dynkin 7—) theorem. Let F be a set. Recall that a A-system A is a class of subsets of F
that contains F, that is closed under countable increasing unions and under taking complement
of subsets in supersets:
(i) E € A,
(i) if (A,), is a increasing countable collection of sets of A, i.e. A, C A,4; for all n, then
U, A, € A,

(iii) if A C B are two sets of A, B\ A € A.

Then Dynkin 7—\ theorem asserts that:

Theorem 7.3 (Dynkin 7—\ theorem). If A is a mw-system, i.e. is closed under finite intersec-
tions, then the smallest A-system containing A is equal to the o-algebra generated by A.

It has the following important consequence: if A is a m-system and if two probability measures
on o(A) are equal on A, they are equal on o(A). Indeed,

A={Aca(A)|p(A) =v(A)}

is a A\-system containing .4, hence by Dynkin 7—\ theorem, it contains o(.A).
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