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Preamble

This notes correspond to the first part of the course Convergence of probability measures, limit
theorems and optimal transport. I am deeply grateful to Francois Chapon for sending me his lecture
notes, on which these notes are largely based. The main reference for this first part of the course is
the book [1] by Billingsley, more precisely Sections 1 through 8 (except for Section 4). The other
references [2, 3] are used for background on topology and measure theory.
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1 Introduction

1.1 A motivation: scaling limit of random walks

Let (&)i>1 be i.i.d. random variables, with E[¢;] = 0 and E[¢?] = 1, and consider the random walk
(Sp)n>0 defined by Sp = 0 and for n > 1,

Sni= €1+ +En.

The central limit theorem gives the asymptotic position of the rescaled random walk:

Sn ()
— —— N
/n n—oo ’

where N is a normal random variable with distribution N'(0, 1), and where ﬂ) means convergence
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 any n > 1, we can consider the interpolated
rescaled random walk up to time n, defined as a function of ¢ € [0,1] by

1
Xt(n) = ﬁ(SLmJ + (nt — I_ntJ)‘SLntj-i-l)a
where |-] denotes the floor function, i.e. |u] is the largest integer such that |u] < u < |u] + 1.
Thus, for any t € [%, %),
1
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SO Xt(n) is the affine interpolation between ﬁSk and ﬁskﬂ, see Figure 1.
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Figure 1: A realisation of interpolated random walk in the case where &; follows the Rademacher distribution.

Now we can consider the random walk at different times. Fix some times tp =0 <t1 < --- <
tr < 1. Our goal is to study the joint convergence of (Xt(?), Xgl), e ,Xt(:)). To this end, it is more
convenient to start by working at times which are of the form m/n, so that the affine interpolation

plays no role. For i € [0, k], let m; = |nt;|. Then, for each i € [1, k], we have
X(”) _ X(n) — sz — Smi—l _ VI — M- . sz — Smi—l (d) N
ml/n mifl/n \/,ﬁ \/ﬁ m n—00 79

where N; ~ N(0,t; —t;_1), using the central limit theorem again, the fact that /m; — m;—_1/v/n —
Vi — ti—1, Slutsky’s theorem' and the scaling property of the normal distribution. The increments

Tt states that if (X,,)n>1 converges in distribution to some random variable X and (Y;),>1 converges in prob-
ability to some constant y, then (Xn,Yy)n,>1 converges in distribution to (X,y). In particular, combined with the
continuous mapping theorem, it shows that (Y5, X,),>1 converges in distribution to yX.



of the random walk being independent, we deduce” that

(n) (n) (n) (n) (n) (d)
(o) X8 =X X =X ) s (N1, N, N,
where we now assume that the random variables Ny, Na, ..., N are independent. By the contin-
uous mapping theorem?, we get that
(n) (n) (n) (d)
(0 X8 X8 ) S (N Ny No, Ny Np o4 ).

Furthermore, for all 7 € [1, k], recalling that m; = |nt;],

n n nt; — | nit; P)
X - x, = \/nL S -

Combining this with the previous convergence (using Slutsky’s theorem) shows

@
(x5, X0 X)) =S (N, Ny Ny oo Ny Ny ).

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

But we would like to have the convergence in distribution of the whole random function
(Xt(")7 t € [0, 1]), which does not follow from the finite-dimensional distribution convergence. This
is the content of Donsker theorem or Donsker invariance principle, which states that the rescaled
random walk converges in distribution to the Brownian motion:

(XM, te0.1]) L (Bt € [0.1)),

where (B, t € [0, 1]) is a stochastic process that satisfies:
[ BO = O’

o forallk > 1,foralltg =0<t; <--- <t <1, the random variables
By,,Bt, — Bt,,..., By, — By, _,

are independent with By, — By, _, ~ N(0,t; —t;_1) (one says that the increments are inde-
pendent and stationary),

e t+— By is almost surely continuous.

See Figure 2 for an illustration of Brownian motion.

The stochastic process (By,t € [0,1]) is thus a random variable with values in C([0, 1]), the
space of continuous functions from [0, 1] to R, whose distribution has some prescribed properties:
for any £ > 1, and all 0 < ¢; < --- < t; < 1, 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 to prove Donsker’s theorem, we will need criteria to show convergence in
distribution for random variables with values in C([0, 1]), i.e. random continuous functions.

2We use here that if (X,),>1 and (Yy),>1 converge in distribution to X and Y respectively, and if, for any
n > 1, X, and Y, are independent, then (X,,Y,)n>1 converges in distribution to (X,Y”), where Y’ has the same
distribution as Y and is independent of X.

3Tt states that if a sequence (X,)n>1 of r.v. with values in E converges in distribution to X and f: E — F is
continuous, then (f(Xy))n>1 of r.v. with values in E converges in distribution to f(X).



B,

Figure 2: A Brownian trajectory.

1.2 Content of these notes

To prove convergence in distribution of a sequence (X,),>1 of random variables in RY towards
a limit X, one rarely uses the definition, which requires to prove the convergence of E[f(X,,)]
towards E[f(X)] for any continuous bounded f: R? — R. Instead, it is sufficient to work with
simpler families of test functions f: for example, it is enough to prove the convergence of the
characteristic function (i.e. f(z) = /@€ for &€ € R?) or of the cumulative distribution function
(ie. f(z) = [T 14,<q, for a € RY). No similar criteria exists for random variables in C([0, 1]),
but relying directly on the definition of convergence in distribution in that case seems hopeless as
well. We present in these notes tools to prove convergence in distribution for random variables in
general metric spaces (and which are even useful in R). However, we mainly use the equivalent
point of view of weak convergence of probability measures on those metric space.

Therefore, we start by studying topological properties of probability measures on metric spaces
and more precisely on Polish spaces, which is a convenient type of space to work with. Then, we
introduce weak convergence of probability measures on those spaces and describe the associated
topology on the set of probability measures. One of the most important results (if not the most!)
is Prokhorov’s theorem, which provides a necessary and sufficient condition for the relative com-
pactness of a family of probability measures, in terms of a notion called tightness. This yields a
general method to prove weak convergence of probability measures. Finally, we show how this
method applies to the particular case of the space C([0, 1]) and use it to prove Donsker’s theorem.



2 Probability measures on metric spaces

2.1 Reminder: Metric spaces and compactness

We recall here the definition of metric spaces, compactness and related notions, as well as some
basic facts.

Definition 2.1. Let E be a set. A function d: E x E — R is called a metric (or a distance) if it
satisfies the following properties:

o Foranyx € FE, d(xz,x) =0;

e Positivity: for any v,y € E, if x # y then d(x,y) > 0;

o Symmetry: for any x,y € E, d(x,y) = d(y,x);

o Triangle inequality: for any x,y,z € E, d(z,z) < d(x,y) + d(y, 2).

In that case, (E,d) is called a metric space.

For x € F and r > 0, we denote the ball centered at x of radius r by
B(z,r) ={y € E | d(z,y) < €}.
In the sequel, all the balls are meant to be open, except if it is explicitly said they are closed.

Definition 2.2. Let X be a topological space and K C X.
e K is called compact if every open cover of K has a finite subcover.

o K is called sequentially compact if any sequence in K has a subsequence converging to some
point in K.

Remark 2.3. This is the Anglo-Saxon definition of compactness. The French definition (used
e.g. by Bourbaki) additionally requires that K is Hausdorff, i.e. that any two distinct points in K
have disjoint neighborhoods. However, in this course we mainly work with metric spaces, which
are always Hausdorff: if (E,d) is a metric space and z,y € E are distinct, then the balls B(z,r)
and B(y,r) with r = d(x,y)/2 are disjoint neighborhoods of x and y.

Definition 2.4. A metric space (E,d) is called totally bounded if for all € > 0, there exists a
finite cover of E by balls of radius (at most) € whose centers lie in E.

This is a generalization of compactness: a compact metric space (E, d) is totally bounded, since
from the cover
E C U B(z,¢),
zeE
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 an infinite set E equipped with the
discrete metric d(z,y) = 1 if  # y and 0 otherwise. Then it is bounded as sup, ,cpd(z,y) = 1,
but not totally bounded if X is not finite, as any ball of radius ¢ = % is a singleton, and no finite
union of singletons can cover E.

Exercise 1. Let (E,d) be a metric space and let A C E a totally bounded subset. Show that any
subset B of A is totally bounded.

Proposition 2.5. 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 A, so if A is totally bounded, so is A.
(=) Assume A is totally bounded. Let € > 0, and consider the finite cover

ACOB@MML

=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 e, we get
n

AcC O B(zi,e/2) C U B(w;,¢).
i=1 i=1

Hence A is totally bounded. O

Before stating the main result of this subsection, which links the different notions introduced
above, we recall the definition of completeness.

Definition 2.6. A metric space (E,d) is said to be complete if any Cauchy sequence in E is
converging in E.

Theorem 2.7. Let (E,d) be a metric space. The following assertions are equivalent:
(i) E is compact.
(ii) E is sequentially compact.

(iii) E is complete and totally bounded.

Proof. The equivalence between (i) and (ii) is well-known and sometimes referred to as Bolzano—
Weierstrass theorem, although this is not historically accurate. It is left as an exercise below. We
prove here the equivalence between (ii) and (iii).

(ii) = (iii): Let (xn)n>1 be a Cauchy sequence. By (ii), (z)n>1 admits a converging subse-
quence, hence the whole sequence converges. Thus, F is complete. Suppose by contradiction that,
for some € > 0, E does not admit a finite subcover by balls of radius €. Let 1 € E. We build a
sequence (z,,)n>1 by choosing inductively z,, ¢ (J7=! B(x;,¢) for all n > 2 (this is possible because
U™ B(zi,¢) does not cover E). Then, for any k # I, d(zy,2;) > ¢, and thus the sequence (,)5>1
cannot admit a converging subsequence. This contradicts (i) and E is totally bounded.

(iii) = (ii): Let (@ )n>1 in E. We first construct successive subsequences which are contained in
smaller and smaller balls using the following fact: for all £ > 1, by total boundedness, there exists
a finite cover of F by balls of mdius1 % and so from any sequence one can extract a subsequence

staying in the same ball of radius 1. Thus, for k& = 1, there exists a subsequence (%zl(n))nZI

staying in the same ball of radius 1, so that, for all m,n > 1,
Cl(xwl(m), :E<P1(TL)) <1l14+1=2.

For k = 2, there exists a subsequence of the previous subsequence (
m,n > 1,

T 0ps(n))n>1 Such that for all

1 1

<-+-=1

(00 (m)> xwom(n)) =579

Proceeding inductively on k, we obtain that, for any k& > 1, there exists (
for all m,n > 1,

T py0m0py(n) )n>1 Such that

d(z x . (2.1)

Eli

pro---0pk(m)» <P10"'0<Pk(”)) <

Now define ¢ by
p(k) = @100 pp(k),



for all £ > 1. Then, for all m > 1 and all n > m,

AT p(m)s Tip(n) = AT 10100 (M) Tprom0pm (pmeroopn(n) < —

2
m
using (2.1) with k = m and n replaced by @mi1 0+ 0 pn(n). Hence, (Tym))n>1 is a Cauchy
sequence, and since E is complete, it converges. This proves (ii). ]

Exercise 2. Let (E,d) be a metric space. We prove here the equivalence between compactness
and sequential compactness.

1. Assume that F is compact.
(a) Prove that if (F),),>0 is a non-increasing sequence of non-empty closed subsets of E, then
(>0 Fr is non-empty.
(b) Let (zn)neny € EN. Letting F, be the closure of {z,, : m > n}, prove that (z,)nen has a
convergent subsequence, hence showing that F is sequentially compact.

2. Assume that F is sequentially compact. Let (U;);e; be an open cover of E.

(a) Prove by contradiction that there exists » > 0 such that, for any x € E, there exists
i(z) € I such that B(x,7) C Uj(). Such a number r is called a Lebesgue’s number of the
cover (U;)ier-

(b) Using total boundedness of E with the radius r (this makes use of the implication (ii) =
(iii) proved above), deduce that there exists a finite subcover of (U;);cs, hence showing
that F is compact.

Exercise 3 (Tychonoff theorem). Using diagonal extraction, prove that [0, 1] is sequentially
compact for the product topology.

Exercise 4. Let (E,d) be a metric space. Show that

1. If FE is compact, then any continuous function is bounded.
2. If F is totally bounded, then any uniformly continuous function is bounded.

3. If ' is bounded, then any Lipschitz function is bounded.

Definition 2.8. 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
(xn)n>1 in A, there exists a convergent subsequence (l’w(n))nzl, but the limit may not lie in A.
On a complete metric space, we have the following.

Proposition 2.9. 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 A is totally bounded by Theorem 2.7
and so A is totally bounded by Proposition 2.5 (no completude needed for this implication).
Now, if A is totally bounded, then A is also totally bounded (it is included in the same finite
cover by balls as A by definition of the closure). Moreover, it is closed in the complete metric
space E, so it is also complete. Hence, A is complete and totally bounded, hence compact by
Theorem 2.7. ]

2.2 Polish spaces
Definition 2.10. Let E be a topological space.

o We say that E is metrizable if there exists a metric d: E x E — [0,+00) which induces the
same topology than the one of E.



o We say that E is separable if it contains a countable dense subset.

Definition 2.11. A topological space E is said to be a Polish space if it is separable, metrizable
and such that the metric d makes (E,d) complete.

Remark 2.12. It is useful to know 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 dy and do
can induce the same topology on F and F can be complete for d; and not for do. For instance, on
R, the metric

d (z,y) = |arctan x — arctany|

induces the same topology than the one given by the usual metric d(x,y) = | — y|. But (R,d’) is
not complete, see the exercise below.

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

Exercise 5. Prove that (R,d') is not complete.

Example 2.13. « R and more generally RY, equipped with the Euclidean distance, are Polish
spaces.

e A compact metric space K is a Polish space. Indeed, compactness implies completeness
(recall Theorem 2.7) so it remains to prove separability. For any n > 1,

we U (sl

zeK n
so by compactness, one can extract a finite subcover: there exists k, and @y, 1,...,Tp, in K
such that

En 1

K C Blx,i,— ).

7=1
The subset {xn,j : 1 < j < kp,n > 1} is then countable and dense in K. Hence, K is
separable.

e The space

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

is a separable complete metric space, with the metric given by the uniform norm

d(f,9) = If = gllec = sup [f(t) —g(#)],
te[0,1]

so that the sequence (fy,)n>1 converges to f iff (f,)n>1 converges uniformly to f. Indeed, 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. To prove completeness, let (f,),>1 be a Cauchy sequence in C([0,1]),
i.e. for all € > 0, there exists N, such that, for all m,n > N, for all ¢ € [0, 1],

‘fn(t) - fm(t)‘ <Eé.

Hence, for all t € [0,1], the sequence of real numbers (f,(t))n>1 is a Cauchy sequence in R
which is complete, hence, it converges to some limit f(¢) € R. This defines a function f on
[0,1]. Letting m — oo in the bound above, one gets that for all n > N, for all ¢ € [0, 1],

[fn(t) = F(D)] <e,

i.e. (fn)n>1 converges uniformly to f. It is well known that the uniform limit of a sequence
of continuous functions is continuous. Thus, f is continuous and C([0, 1]) is complete.



o Note that the above is still true when [0, 1] is replaced 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 (see [2]):

Theorem 2.14 (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).

Let {z, : n > 1} be a countable dense subset of K (recall that K is separable since it
is compact). Define fy = 1, and for n > 1, f,(z) = d(x,z,), for x € K. Let A be the
subalgebra of C(K) generated by linear combinations with rationals coefficients of the f,,
n > 0. Then A is countable and satisfies the assumptions of Stone—Weierstrass theorem,
hence it is dense in C(K).

o Note that the space C(Ry), the space of continuous function from Ry to R, equipped with
the topology of uniform convergence is not separable. But if one endows C(Ry) with the
compact-open topology, i.e. the topology of uniform convergence on compact sets given by
the metric

d(f,9) =Y sup |£(t) — gD A —

E>1 te(0,k] 2k’
then one can prove that C(R}) is a Polish space.

¢ Recall a Banach space is a normed vector space that is complete. Thus, any separable
Banach space is a Polish space. For example, for any p € [1,+00), LP(R) is a Polish space.
The completeness of LP(R) is usually proved in a measure theory course, so we rather give
some details on how to show separability.

First, one checks that integrable simple functions are dense in LP(R): this follows from
the fact that any non-negative measurable function is the limit of an increasing sequence
of non-negative simple functions. Then, using exterior regularity of Lebesgue measure (see
Proposition 2.18, which can be applied to the Lebesgue measure restricted to finite intervals),
one can deduce that integrable simple functions built only with indicator functions of open
sets are dense in LP(R). Furthermore, using that open sets of R are a countable union
of disjoint open intervals shows that integrable simple functions built only with indicator
functions of intervals are also dense. Finally, considering only such simple functions with
rational coefficients and rational endpoints for the intervals, one gets a countable set which
is dense in LP(R).

e A finite product of Polish spaces is Polish.

o As a counterexample, L>°([0, 1]), the space of essentially bounded functions on [0, 1], is com-
plete, but not separable.

To prove the non-separability, denote for ¢ € [0, 1], f; :== Ljo,¢- Then, for any ¢ # s,

||ft - fSHoo = 17

where |||, denotes the essential supremum, i.e. ||f|| ., = inf{a > 0 | A(|f| > a) = 0}
where X is the Lebesgue measure. Thus, the open balls B(ft, %), for t € [0, 1], are pairwise
distincts. Now suppose that L>°(]0,1]) is separable, and let A C L*°(]0,1]) be a countable
dense subset. By density, any non-empty open set intersects A, hence each balls B( fi, %), 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.

10



¢ 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 6. Prove that Cy(R) is not separable (mimic the proof for L*°(R), i.e. find an
uncountable family {f;}icr in Cp(R) such that ||f; — f;]|, > 1 for i # j).

2.3 Regularity of probability measures on metric spaces

Let E be a topological space. We will always, unless specified, equip £ with the Borel o-algebra,
denoted by B(E), which is the o-algebra generated by the class of open sets of E. We will denote
by M (FE) the space of probability measures on (F,B(E)).

Definition 2.15. Let (E,d) be a metric space. Let x € E and A C E. We define the distance
between x and A by
d(z, A) = int{d(z,y) | y € A}.

Exercise 7. Let A C E.
1. Show that x + d(z, A) is 1-Lipschitz on E.
2. Let z € E. Show that x € A if and only if d(z, A) = 0.
3. Let x € E. Show that d(z, A) = d(z, A).

We will need the following useful lemma. We use the standard notations: for a,b € R,
a A b= min{a, b} and a Vb= max{a,b}.
Lemme 2.16. Let (E,d) be a metric space.

(i) Let F' C E be a closed set. Define, for allm >0 and x € E, f,(x) = (1 —nd(xz, F)) V0.
(ii) Let G C E be an open set. Define, for alln >0 and x € E, g,(x) == nd(z,G) A 1.

Then, for all n >0, f, and g, are bounded Lipschitz functions, and, as n — oo,

fn\,(ﬂF 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
fa(z) =1for all n. If z ¢ F, then d(z, F') > 0, hence there exists ng such that d(x, F") > n—lo, Slo)
for all n > ng, nd(xz, F') > 1, that is f,(x) = 0. Hence, f, \, 1p, as n — 0o ((fn)n is obviously
nonincreasing). Moreover, since x — max(x,0) is 1-Lipschitz and = — nd(x, F') is n-Lipschitz by
Exercise 7, one obtains that f,, is n-Lipschitz for all n. The proof for (g), is similar and left as
an exercise. O

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

[ rdun= [ rav

E E

then p = v.

11



Proof. Let G be an open set. By Lemma 2.16, there exists a nondecreasing sequence (gn)n>0 of
bounded continuous functions such that g, * 1g as n — co. By assumption, we have

/gnduz/gnd%
E FE

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

,u(G):/E]lgdu:[EIlgdu:u(G).

Since probability measures on the Borel o-algebra B(F) are characterized by their values on open
sets (by Dynkin 7\ theorem®), we get p = v. O

Proposition 2.18. Let (E,d) be a metric space and let p € My(E). Then, for any Borel set A,
one has
pu(A) = inf{u(U) | U open such that A C U}.

One says that p is exterior regular. 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
p(U\F) <e.

Remark 2.19. 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(FE)|Ve>0,3U open and F closed such that F C A C U and pu(U \ F) < &}.

We will show that A is a o-algebra that contains the open sets, hence, we will have A = B(E).

We start by showing that A contains the class of open sets. Let A be an open set. Let € > 0,
we want to find an open set U and a closed set F' with ' C A C U and such that (U \ F) < €.
Set U := A. Then, for any n > 1, define

1
F, = {:c €A ’ d(z, A% > }

n
The sequence of sets F;, is clearly increasing, i.e. F;,, C Fj,11, for all n > 1. Since the function
x +— d(z, A°) is continuous (see Exercise 7), each Fj, is closed. Moreover, since A¢ is closed, we

have d(z, A¢) > 0 for every x € A (by Exercise 7 again), and thus there exists n large enough such
that d(z, A®) > 1. Therefore,

A= ] Fa,

n>1

and, since the union is increasing,

Jim p(F,) = u( U Fn) = p(A).

n>1

“More precisely, we use the following important consequence of Dynkin m\ theorem: if A is a m-system, i.e. is
closed under finite intersections, and if two probability measures on o(A) are equal on A, then they are equal on
o(A). Here the m-system is the class of open sets.
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Hence, for n large enough, we have

() > p(A) —e,

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)
(i)

(iii)

It clearly contains E (take U = F = E).

It is closed under complementation: if A € A, then there exist an open set U and a closed set
F such that F C AC U and u(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 pu(U’"\ F’) <e.

It is closed under countable unions: let, for each n, A, € A and set A :=J,;>1 An. Let € > 0.
Then, there exist open sets U,, and closed sets F,, such that F,, C A, C U, and

€
1(Un \ Fr) < ol
Then
UF.cAc U
n>1 n>1
and

(U Un> \ (U Fn> c J W\ Fp)

n>1 n>1 n>1

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

u((U Un> \ (U F)) w(U(Un\Fn)) <3 U\ F) <

n>1 n>1 n>1 n>1

9

DO | ™

where we used o-subadditivity.

Set U’ = U,;>1 Un, 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, = {J,,, Fk, which
is closed as a finite union of closed sets. Since U, F, = U,, Ur<,, Fr, and the sequence is
increasing, and since u(|J,, Fy,) < oo, there exists N such that

o(UR) <utim+ 5

n>1

Then Fjy C ACU’, and

| ™

p(U'\ Fy) = p(U") — u(Fy) = w(U") - u(U Fn> +u<U Fn) —pu(Fy) <

n>1 n>1

Thus, A € A.

Therefore, A is a o-algebra that contains the open sets, and hence A is the Borel o-algebra

B(E).

O]
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2.4 Probability measures on Polish spaces

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.

Proposition 2.20. Let E be a Polish space and let p € Mq(E). Then, u is tight, i.e. for all
e > 0, there exists a compact subset K. C E, such that

H(K?) <.

It says that on a Polish space, almost all the mass of a probability measure is concentrated on
a compact set.

Proof of Proposition 2.20. Let € > 0. Since F is separable, there exists a dense sequence (z,,), in

E, hence for all £ > 1, we have,
1
E=||B - .
(zm k)

n>1
Since,
1 N 1
L>Jl (wn7 I{I) = Ng T L_J B<$n) ]{J)’
n> >1 n=l1
we have
N 1
1= pu(E) = ngnoou<nUIB<mm k))
so there exists IV > 1 such that
N
1 €
Blan )| 21—
Now define
Ny, 1
K= — .
nuz (”“’ k)
k>1n=1

By construction K is totally bounded, hence, by Theorem 2.7, K is a compact set since E is
complete. Then,

9
SZZT:E)

k>1
which concludes the proof. O

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

14



Proposition 2.21. Let E be a Polish space. Then every p € My(FE) is inner regular, i.e. for all
A€ B(E),
w(A) =sup{u(K) | K C A compact}.

Proof. By exterior regularity, we have that
w(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
u(4) — u(F) <.

By tightness, there exists a compact set K. such that u(K¢) <e. Put K = FN K,. Then K is a
compact set included in F', hence also in A, and we have
(AN K) = p(A\ (FNKe)) = p((A\F)U (A\ Ke))
< (A F) + u(K)
< 2e,

so u(A) < p(K)+2¢. This proves u(A) < sup{u(K) | K C A compact} and the reversed inequality
is direct. ]

15



3 Weak convergence and topology on probability measures

3.1 Weak convergence

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

[ £ = [ ran.
We denote thi by i R —
e denote this convergence by pin —=" fi, O fin —> 1 OT fin = [

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

X, (d) X o (weakly)
n—o00 n—00

Note that since integrals [ f du for all bounded continuous function f characterize the measure
u by Proposition 2.17, the limit is unique.
For instance, the sequence of Dirac masses on R (d1),, converges weakly to dp. But note that

the sequence (d,,), does not converge weakly to a probability 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 (d,,),, "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

[fam = [ 1

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

Example 3.2. Let (E,d) be a metric space. Let (z,,), C E and x € E. Then (dg, ), converges
weakly to d, if and only if (x,), converges to x.
Indeed, assume that x,, — x. Then, for any continuous function f on E, we have

[ Jdbn, = (@) =3 f@) = [ 1des,

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

fly) = max{l - éd(y,m), 0}.

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

f().

Let p € M1(F) and let g: E — F be a continuous function between two metric spaces. We
denote by g4pu the pushforward measure (or image measure) of p by g, i.e.

gxh(A) = (97 (4)) = u({g € A}),
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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

/Ffdg#u:/Efogdu,

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 3.3 (Continuous mapping theorem). Let E and F' be metric spaces. Let (fin)n C Mi(E)
converging weakly to u € My(E). Let g: E — F be a continuous function. Then the sequence of
pushforward measures (g pin)n converges weakly to g .

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

/fdg#ﬂn—/fogdun /fogdu /fdg#u,

since f o g is a bounded continuous function on E. 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 3.4 (Portmanteau theorem). Let (E,d) be a metric space and (uy)n and p be probability
measures on E. The following assertions are equivalent:

1) The sequence (pin)n converges weakly to .

2) For all bounded and uniformly continuous function f, [ fdun, = J fdp.

3) For all bounded and Lipschitz function f, [ fdun, avd [ fdp.

5
6

For all closed set F C E, p(F) > limsup,, i (F).
For all Borel set A € B(E) of p-continuity, i.e. such that p(0A) =0, pn(A) =2 w(A).

7

For all bounded measurable function f which is continuous p-almost everywhere, [ f duy, —
n—oo

(

(2)

(3)

(4) For all open set G C E, u(G) < liminf,, 1, (G).
(5)

(6)

(7)

J fdp.
Proof. Since

{Lipschitz functions} C {uniformly continuous functions} C {continuous functions},

we have (1) = (2) = (3).
Obviously, (4) < (5) using complementation.
Let us prove that (4) + (5) = (6). Let A € B(E) such that u(dA) = 0. Since A € A C 4, we
have .
n(A) = p(A) = p(A).
Since for all n, i, (A) < pn(A) < pn(A), we have

_ (6 _ . (4 .
lim sup pun (A) < limsup pin(A) < p(A) = p(A) = p(A) < liminf g, (A) < lim inf 1, (A),

hence we get lim inf,, p,,(A) = limsup,, pn(A) = u(A), i.e. pn(A) — u(A).

n—oo

17



Now we prove that (6) = (7). Let f be continuous u-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 = fy — f_).
Then for any v € M;(FE), using Fubini’s theorem, we have

1 1 1
>tdt://]l ddt://]l dtd:/ dv.
/OV(f—> o) L= ), Tespydtdy= | fdv

Hence, for all n,
1
/ fdun :/ Un(f > t)dt-
E 0
Denote by D the set of discontinuities of f. Now remark that for all ¢ € R,

o{f >t} C {f=t}UD.

Indeed, let x € O{f >t} = {f >t} \Int{f > t}. If z € D, i.e. f is continuous at x, then x €
{f =t}. Indeed, let z,, € {f > t} such that x,, — z. Then, f(z,) — f(z) by continuity at =, and
thus = € {f > t}. Moreover, if f(x) > t, then by continuity {f > ¢} would contain a neighborhood
of x, hence x € Int{f > t} C Int{f > t}, which contradicts the fact that x € 0{f > t}. Hence,
ze{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 =t) > 0} is the set of the atoms of the probability measure ;1 equal to the image
measure of 4 by f, and as such is at most countable (exercise). Hence, pu({f =t}) = 0 holds for
Lebesgue-almost all ¢ € R. Hence,

woff = t}) < p{f =t}) + (D)

which is equal to 0 for Lebesgue almost all t. So, we get that:
o n(f>1) — wu(f > t) Lebesgue almost everywhere, by assumption (6),
n—oo

o n(f >1t) <1, which is integrable on [0, 1] with respect to Lebesgue measure,

so by dominated convergence theorem,

/Efd,un:/ un(f>tdt—>/,uf>tdt /fdu

n—oo

This proves (7).

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

It remains to prove (3) = (4). Let G be an open set. From lemma 2.16, there exists a
nondecreasing sequence (g)r such that gy is bounded and k-Lispschitz for all k, such that

g S lg, as k — occ.

@=/Lﬂ%2/%@m;g/%w-

Using monotone convergence theorem, one obtains,

Hence,

lim inf p,, (G) > /gk dp . /]lG dp = p(G),
n —00
which concludes the proof. O

Example 3.5. Recall that if X is a real random variable, its cumulative distribution function is
the function

Fx:R —[0,1]
tP(X <t).

18



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

FXn(t) — Fx(t).

n—oo

Recall that Fx is a cadlag ("continue a droite avec limite a gauche”, French for "right continuous
with left limits”) function and that the points of discontinuity of Fx are exactly the atoms of the
distribution of X. Hence, Fx continuous at ¢ is equivalent to p({t}) = 0. Moreover, d(—o0,t] =
{t}, hence Fx continuous at t is equivalent to say that (—oo,t] is a set of p-continuity. Hence,
the Portmanteau theorem implies that if X,, — X in distribution, i.e. u, — p weakly, then,
Fx, (t) =2 Fx(t), for all ¢ continuity point of Fx.

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 a; \, a, and by b such that
for all k, aj, and by are continuity points of F'x (since D is countable, D¢ is dense in R). Hence,

lir%lian(Xn € (a,b)) > lim inf P(X,, € (ak, bk))
> limninf(FXn (b)) — Fx, (ag))

= Fx(bx) — Fx(ax)
= P(X € (ax, bg])

by assumption. Letting k — oo, we get
lim inf P(X,, € (a,b)) > P(X € (a,b)).
n
Now let U be an open set. Since any open set is the countable union of disjoint open intervals, we

write
U = U(ai7 bz)v

7

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

N

Vv = [ (ai, b)

i=1
satisfies P(X € Viy) > P(X € U) — . Eventually, we get

liminf P(X,, € U) > liminf P(X,, € Vy) =P(X € Vy) > 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 8. Let (F,d) be a separable metric space. We say that the sequence of random variables
(Xn)n converges in probability to the random variable X if for all € > 0,

lim P(d(Xn, X) > ¢) = 0.

n—oo

P
We denote this convergence by X, L X. (The assumption that E is separable is required to

n—oo
ensure that d(X,Y") is measurable for two random variables X and Y).

1. Show that if X, —=2 X then X, — 2 X.

n—o0 n—oo

2. Show that if X, & xz, where x € F is deterministic, then X, & x.

n—o0 n—00
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3.3 Weak 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

6]l = sup [¢(x)],

llz]l=1

is often too fine 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. with less open sets), is
given by the weak® topology: it is the weakest topology on Y* making the evaluation maps

evy: Y* — R

¢ — ox)

continuous for all x € Y. A basis of neighborhood of ¢ € Y* for the weak* topology is given by
the sets

k
V(¢ 21, ap,e) = [ €Y |o(wi) — d(as)| < e},
i=1

indexed by z1,...,2; € Y, and € > 0.
In particular, it can be proved that a sequence (¢p)n>0 in Y* converges to ¢ € Y* for the
weak™ topology, if and only if

n—00

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

In our case, we consider the normed space Y = Cy(E), where E is a metric space. By Propo-
sition 2.17, the map from M;(E) to the topological dual of Cy(E) defined by

M(E) — Gy(E)*
po— (f = [ fdu)

is injective, so M (F) 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(E)* to M;(E) and the notion of weak con-
vergence for sequences of probability measures corresponds to the notion of sequential convergence
of this topology.

3.4 The Lévy—Prokhorov metric

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

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

A=A

e>0
as a direct consequence of Exercise 7.

Definition 3.6. Let (E,d) be a metric space and let pu,v € My(E). The Lévy-Prokhorov metric
between 1 and v is defined by

p(p,v) =inf{e > 0| VB € B(E), u(B) < v(B°) +¢}.
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Note that since B = B° (since d(x, B) = d(x, B)), one can replace in the definition of the
Lévy—Prokhorov metric B € B(FE) by B C E closed.
Note also that obviously, for all B € B(E),
w(B) < v(BY) 41,

hence p(p,v) € [0, 1].
To manipulate this metric, it is useful to note that:

o If for all Borel set B,
u(B) < v(B°%) + ¢,

then p(p,v) <e.
o If there exists a Borel set B such that

u(B) > v(B%) +e,

then p(u,v) > e.

Before proving that p is indeed a metric, let us compute an example.

Example 3.7. Let us compute the Lévy-Prokhorov metric between two Dirac masses d, and 4,
with x # y. By definition,

p(0z,0y) =inf{e > 0| VB € B(E), 6,(B) < §,(B°) + ¢}.
Let € > d(z,y). Let B be a Borel set. If x ¢ B, then obviously
0=0,(B) < 0y(B) +e.
On the other hand, if z € B, and since y € B* < d(z,y) < €, we also have
1=10,(B) <8,(B°) +e=1+ce.

Hence, p(0s,9y) < € and letting € | d(z,y) gives p(0,9,) < d(z,y) A 1.
Now, if 0 < e < d(z,y) A 1. Then, y & {x}°, hence

5.({a}) > 8, ({2}°) + =,
hence, we obtain p(d,dy) > d(x,y) A 1. Finally,
p(626,) = d(z,y) A 1.
Proposition 3.8. The Lévy—Prokhorov metric p is a metric on My(E).
Proof. Let € > 0. Then for all B € B(E), since B C B¢,
u(B) < u(B) +e.

Hence, for all € > 0, p(u, p) < e, and so p(p, u) = 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®) +¢.

Now one remarks that
((B%)°)" ¢ BC.

(exercise: prove it).
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Thus,
n(((B))) +& < p(B%) + < w(BY)),

thus there exists A = (B¢)“ (which is a Borel set) such that v(A4) > u(A°) + . Hence,
p(v,p) = e.

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

plp,v) <e.

Then for all closed set B, ju(B) < v(B°) +e. Take € = £. One has that

B =(BF,
k

e

since d(z, B) = 0 < z € B, since B is closed. Since (B%)k is decreasing in k, one gets that
B) < limv(B*%) = v(B
u(B) < limy(B¥) = v(B).

By symmetry, we get u(B) = v(B). Since probability measures on a metric space are characterized
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(v,y) <4.
Then for all Borel set B,

w(B) <v(Bf)+e and v(B) < ~y(B%)+04.
Now remark that (B°)° C B+, Hence,
v(B°) < 4((B%)) +0 < v(B) +3,

and thus
uw(B) < y(B**0) 4 £+ 4.

Hence, p(u,v) < e+ 9, and letting € | p(u,v) and 0 | p(v,~y) gives the triangle inequality. O
When FE is separable, the weak convergence is metrizable by the Lévy—Prokhorov metric:

Theorem 3.9. Let (E,d) be a separable metric space. Let (fun)n and p be probability measures on

E. Then, uy, :%’:ij w if and only if p(pin, 1) = 0.

Proof. Suppose that p(pn, 1) =2 0. Let € > 0. Hence, for n large enough, for all closed set F,
fin(F) < pu(F°) +e.

Now taking € = %,
1 1
lim su F)<pul(F*)+ —,
'SP fin )< u(FF)+ o

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

lim sup pun (F) < pu(F),
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which proves that p converges weakly to p by the Portmanteau theorem.

ki
Conversely, assume that p, W%y p. Let ¢ > 0. Since E is separable, let (x,), be a dense
n o]

sequence in F such that
E =|JB(zn,e).
n

Define By = B(x1,¢), and for n > 1, B,y1 = B(zp+1,¢) \ (B1 U---U By,). The B,’s are pairwise
disjoints (if there are empty sets among the B,,’s, just reindex them), and

E=|]JB.
n

Now let N be large enough, such that
N
7 ( U Bk> >1—e.
k=1
Denote by G the family of open sets of the form
(Biy U---UBy;,)°, with {i1,...,i} C{1,...,N}.
Hence, for any G € G, by the Portmantean theorem, we have
lim inf i (G) > (@),
thus there exists ng such that for all n > ny,
1n(G) > p(G) —e.

Moreover, as G is a finite family, this holds uniformly over G: there exists ng such that for all
n > nyg, for all G € G,
1in(G) > p(G) — e.

Now let A € B(E) be a Borel set. Define, Iy ={k € {1,...,N} | By N A # &}, and let

G(4) = | B
kely

Then G(A)® belongs to G, and moreover G(A)® C A3, Hence, for n > ny,

w(A) = p(ANG(A)) + (AN G(A))

< W(GAY) + u( U Bk>
k>N+1

< pin(G(A)F) + 2¢

< ,un(A35 + 3e.

SN—

IN

Hence, one obtains that for n > ng, p(pn, 1) < 3e, which concludes the proof. O

3.5 Separability of M;(E)
Proposition 3.10. Let (E,d) be a separable metric space. Then Mi(E) is separable.
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Proof. Let n € My(FE). We use the same notations than in the previous proof. Let (z,), be a
dense sequence in E such that

E = B(zn,e).

and define By = B(z1,¢), and for n > 1, By41 = B(xp41,€) \ (B1U---U By,) so that for N large
enough, we have

N
M(U Bk> >1—e.
k=1
Let A be a Borel set and denote as before G(A) = Uges, Bk, where Iy = {k € {1,...,N} |
Bi N A # @}. Then,

p(A) < u(G(A)) + u(A\ G(A))

< Y u(Bi) +e
kJEIA

By density of Q, choose q1,...,qn € QN [0, 1] such that

Z\qk— (Br)| <e and qu—l

k=1
(First choose r1,...,7n € QN[0,1] such that Y5, |ry — u(Bg)| < € and put g = Z and use
k=1"k
the fact that Zszl w(Bg) > 1 —¢). Hence, denoting m = Zszl qx0z, , one obtains that
H(A) < 3 g+ 2 = (G(A)) + 22 < (4 + 3¢
kely
Hence, we get p(p, m) < 3e, and finally the countable set
n n
{ZQkﬁst”ZLQL,%E@ﬂOl Z = }
k=1 i1
is dense in M (E). O

3.6 The Kantorovich—Rubinstein metric

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

o @) = FW
||f||Lip T z?;EpE d(x,y) 9
zAy

and

1 fllgr, = [Iflloo + HfHLip‘

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

Definition 3.11. Let (E,d) be a metric space and let pu,v € Mi(E). The Kantorovich-Rubinstein
(or Fortet—Mourier) metric between pu and v is defined by

/Efd,u—/Efdl/.

It is easy to verify that  is a metric on M (E), so the details are left as an exercise.

(m,v) = sup
I fllpr <1
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Exercise 9. Show that

2d(z, y)
Oz, 0y) = —————.
B0, 3,) 2+d(z,y)
Hint: use the function f(z) = %&Z)’x).

Both the Lévy—Prokhorov metric and the Kantorovich-Rubinstein metric induce the topology
of weak convergence as a consequence of the following lemma:

Lemme 3.12. For all p,v € My(E),

1801.0) < pla ) < 24/B0,0).

Proof. We start with the second inequality. Assume that p # v, so 5(u, v) > 0 (if not the inequality
is trivial). Let ¢ > 0 and let B € B(FE). Consider the functions

fe(z) = max{O, 1-— éd(l’, F)},

as in lemma 2.16. Then
1p < f: < 1pe,

and || fellp;, < 1+ 1, thus,
pB) < [foan< [ foave (1 + i)ﬁ(u, )
< u(BY) 4+ (1 + i)ﬁ(ﬂ, D).

Thus,
1

p(p,v) < maX{e, <1 + g)ﬁ(u, V)}-

Choose € = 21/5(u,v). Then we get,
1
pluv) < max{ 20,0, B0,) + 53/30) |

< 24/B(w,v),
for B(u,v) < % by a simple analysis of functions. If 8(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, ) > 0 and let
e > p(p,v). Let f such that [|f|g;, < 1. Hence, [|f|l,, <1 and || f[[;;, < 1. Then, using Fubini’s

theorem,
[sau= [ra]=|[ wtr>ma- [ wis >

1
< [ ns >t —v({f > thlat
-1

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>1t)°) +e

v({f >t—e})+e.

<
<
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Hence,

n({f >th) —v{f > 1)) <v{f >t —e}) —v{f >t}) +¢
v({t—e< f<t}) +e.

Exchanging the role of u and v, we get by symmetry,
w{f >t}) —v({f >t <p{t —e < f <t +v({t—e < f<i}) +e
Using Fubini’s theorem again, one obtains
1 1
/;MQt—e<f§tbwzié/;ﬂwgq4ﬂ&du§a

The same holds for the measure v, so eventually, we get

o o

g/imﬁ—g<fgfna+/img—s<fgﬂyu+%

1 1 1
< 1 dtd +// 1 dtdu—l—/ edt
/E /_ | Ust<pey AT [ HIst< e .
< 4e.

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

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

Proposition 3.13. Let E be a separable metric space and let (py)n and p be probability measures
on E. Then, the following assertions are equivalent:

(i) the sequence (n)n converges weakly to p.
(i) B(pn,p) —2 0.

(i) p(pn, ) — 0.

n—oo
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4 Tightness and Prokhorov’s theorem

4.1 Compactness of probability measures on a compact set

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 theorem):

Theorem 4.1 (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 = [

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 neighborhood) and separable and with C(X) replaced by
Cc(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 Cy(X) consists of objects more general that measures
(in fact bounded finitely additive measures).

Theorem 4.2. Let K be a compact space. Then, M1(K) is compact.

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

‘/kad/ln

Thus, since [—||frlloo, [ frlloo] is compact, there exists an extraction ¢ such that [ fi dpg, (n)
converges as n — oo. Using a diagonal extraction argument, one can construct an extraction ¢

/F, Jk ! 94( I‘)

converges, as n — 00, to some A(f;) € 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 — fi| < e.
Then,

‘ / fdpgm) = / f d%(rn)‘

/fdﬂgo(n) _/fk dugo(n)
< 3¢,

< [ frlloo < 00

<

for n,m large enough, since ||f — fxll,, < € and since [ fj dju,(,) converges for any k. Hence,

(f fd,u@(n)) is a Cauchy sequence in R and thus converges to some A(f). Define A: f — A(f).
n

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

/ fdpgm)

< [ flloos

27



letting n — oo, one has that

IAHT < 1l 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 u € M;j(K) such that

A(f) = /K fdu,

for all f € C(K). Hence, for all f € C(K),

d n—>/ du,
/Kf fron) =2 KfM

i.e. (fy(n))n converges weakly to p, so M1(K) is (sequentially) compact. O

Remark 4.3. 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 Mi(R)). Indeed, the space M;(E) is in general
not closed for the weak™ topology on Cj(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.

4.2 Prokhorov’s theorem

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 4.4. Let (E,d) be a metric space. Let A C M1(E). We say that A is tight, if for all
e > 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 4.5 (Prokhorov’s 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.

Proof. (<) We first prove that if A is relatively compact then it is tight when (F,d) is a Polish
space. Let (un)n C A converging weakly to some u. Let (G,,), be an increasing sequence of open
sets such that E' = |J,, Gy,. Then, for all € > 0, there exists n such that for all © € A,

w(Gp) >1—e.
Indeed, if this is not the case, there exists £ > 0, such that for all n, there exists u,, € A, such that

n(Gr) <1—c¢.
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Since A is relatively compact, there exists a subsequence (ji,(n))n Weakly converging to some
probability measure u. Hence, by the Portmanteau theorem, for all n

w(Gy) < limNinf vy (Gn) < limNinf PN (Gony) <1 —¢,

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

1
E = | B(zy, %),
n>1
and let G, = Uj—; B(zj, 7), so E is the increasing limit of the G,’s. By the previous claim, there

exists ng such that for all u € A,

e 1 €
i jL:JlB(xj,k) >1—2—k.

Set
ng 1
K=1U By(zj, 7).

k>1j=1

Then, we have, for all 4 € A,
C
[ 1 €
wE) <> pl |UB@no)| | <D =5
~ k 2
k>1 j=1 k

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

(=) Now we prove that if A is tight then it is relatively compact. So let (up)n 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 F such that, for all n,

1
pn(K;5) > 1 — ;

Up to replacing K; by ngl K;, one can assume that the sequence of compact sets (Kj); is in-
creasing. Now for all n and all j, define v by

Vi (A) = pn (AN Kj)
" pn(K5)
so v} is a probability measure on the compact set K;. Hence, we have for all j, (), C M;(K;)
which is compact since K is compact, hence there exists a subsequence that converges weakly to

some probability measure v/ € My (K ;). By diagonal extraction, there exists an increasing ¢ such

that, for all 7,
v — I,
w(n) n—00

Now, consider for all j, the sequence (f,(,)(Kj))n C [0,1]. By diagonal extraction again (or the
fact that [0, 1] is compact), there exists a subsequence (#gpop(n) (Kj))n such that for all j

Hporp(n) (KJ) n:Zo aj € [0? 1]7
where a; > 1 — Jl Set ¢ = p o 1p. Hence, we have that for all 7,
J o
V¢(n) n—00 v
1
po(K) =2, 0 € [1 = §,1].
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Let now B € B(E). Then, for all j
aj1?H(B%) > aj17 T (BF)

> lim sup (u¢(n)( ]H) 5 1) (§)> (by Portmanteau theorem)
= lim sup 1) (B N Kj41)
2 lim sup i) (B* N K)
= limsup (pg(n) (K50, (B7) )
> a; limninf Vé(n) (B%)
> a1 (B°) (by Portmanteau theorem).

(We have used that if a,, and b,, are nonnegative and a,, — a, then lim sup,, (a,b,) = alimsup,, (b,)).
Now using that B = (.5, B®, we get that for all closed set F,

aj 1 U (F) > al(F),
and by exterior regularity of probability measures on a metric space, the fact that
a1 TN (B) > ajvi(B),

for all Borel set B. We thus have a nondecreasing sequence of measures (a;7);, hence u defined
by
u(B) = lim a0/ (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

u(E) = lim a; = 1.

]—)OO

Hence, p is a probability measure on E and we have py = lim;_, vJ. Tt remains to prove that
(u¢(n))n converges weakly to u. So let f be a continuous and bounded function on E. We have,

'/fdﬂqs(n)/fdM'S +|/ fdu¢(n)—/ fajdeJr/ fajdl/j—/fdp
E B K; K K; E
Smﬁ- / fdﬂ¢(n)_/ faj dv’ + / faj dl/j—/ fdu
K; K; K; E
/K.fud)( dl/¢(n / fa; dl/ / fa; dl/ —/
+’/ fajdyj—/fd,u
K; E
LLanlle o) + D) —aq| + / -d J _/ -d J
‘ (K5) aJ’ | . fajdvy,, . fa;dv
+ / fa; dvi —/ fdpul.
K; E

Since f1g(n)(K;) converges to a; as n — oo and since (Vj)(n))” converges weakly to 17, we get that

[Efd%(n)—/Efdu‘ HfHOO-i-/ fajdv? — /fdﬂ
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/K;f Ho(n)

MW,

HfH

lim sup
n

faj dv?




But

<

‘/Kjfajduj—/Efdu

/Kjfajdl/j—/Efduj —i—‘[Edej—/Efdu’

< fllolas =1 ++| [ v = [ ran

)

and since p is the limit of 17, letting j — oo, we finally get

[ Fdhog ~ [ Fan| =0

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

lim sup
n

Remark 4.6. The most interesting fact for us is that tightness implies relative compactness. Note
that this holds under the assumption that (E,d) is only a metric space.

4.3 Applications of Prokhorov’s theorem

The typical use of this theorem will be the following: if one can prove that a sequence (), of
probability measures on F is tight, then by Prokhorov’s 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:

Lemme 4.7. Let (E,d) be a metric space and let (xy,), C E and x € E. Then x, — x if and only
if for all subsequence (Ty(n))n, there exists a further sub-subsequence (Tyop(n))n that converges to
x.

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

Example 4.8. Recall that for p a probability measure on R (or more generally on R?), its char-
acteristic function or Fourier transform is the function i

at) = / e u(dx), teR.
R

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

fn = p & fin(t) — A(t), VEER.

n—oo n—oo

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 O:

Theorem 4.9 (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, fin(t) — o(t).

n—oo
Then ¢ is the characteristic function of a probability measure pu on R, and

(weakly)

n
n—o0
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Proof. Let us show that for any p € M;(R), and all § > 0,

el > 2/9) <+ [ (= pe

Indeed, using Fubini theorem, we have

(15/_2(1— ) 5// — %) dtyu(da) _2/<1— Sin;ix))u(dm)-

sinu
u

Now, since the function f: u+— 1 — is nonnegative and satisfies f(u) > % for |u| > 2, we get

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

5/ (1—19¢ dt<§

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

1 [0
L et [ o s
-3

Hence, for all n > ng, one has
5 / ))dt < e,

sup i (|z| > 2/0) <€

nzno

<,
2

and thus

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

fn(t) > D), VEER

Hence, one obtains that ¢(t) = fi(t), for all t € R, so ¢ is the characteristic function of u. Since p
is characterized by its characteristic function, we get that any weak accumulation point of (i )n
is equal to p, so the whole sequence converges weakly to p. O

Exercise 10. Let E be a separable complete metric space. Show that (M;(E),p) is also a
separable complete metric space:

(i) Let (un)n be a Cauchy sequence in (M1(E),p). Let € > 0 and {xy}r be a dense sequence in
E. Show that there exists M > 0 such that for all n,

M
Lbn <U B(x;, 26)) >1— 2.

=1

(ii) Deduce that (py,)y is tight.
(iii) Conclude.
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5 Convergence of stochastic processes

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

Definition 5.1. A continuous stochastic process X = (Xt)te[o,l] is a random variable with values

n%E.
It means that the map

X: Q=%
w i 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— Xt (w)
is a continuous function on [0, 1], i.e. the map ¢ — X; is a.s. a continuous random function. We

will use the notations (X¢)iep,1) or (X (t))sc(o,1] interchangeably.

5.1 Borel og-algebra and cylindrical o-algebra
Let, for all t € [0, 1],

m: % — R

T = Tt

be the evaluation map at time ¢. The cylindrical o-algebra Cyl(%) is the smallest o-algebra such
that all the evaluation maps 7, t € [0, 1], are measurable, i.e.

Cyl(%) = o(m, t €0,1])
= 0( U 7Tt_l(B’(R)))-
te€(0,1]
Then we have the following.

Proposition 5.2. We have,
B(€¢) = Cyl(%).

Proof. For all t € [0,1], m; is continuous (since if X,, — X in ¥, i.e. X,, — X uniformly, then
X, — X pointwise, i.e. for all ¢ € [0,1], m(X,) — m(X)). Thus, by definition of the cylindrical
o-algebra Cyl(%€), one has

Cyl(¢) C B(¥).

Now we prove that any open ball of € lies in Cyl(%). Let x € € and let r > 0. Since

B(z,r) = U By (z, s),

seQ
0<s<r
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it suffices to prove that any closed ball lies in Cyl(%). But,

By(z,r) ={y € € | d(z,y) <7}

— {y €% | sup |z(t) —y(t)| < 7”}

te[0,1]
= () yed||at) —y@)| <r}
te(0,1]
= ﬂ {ye@||zt) —yt)| <r} (by continuity)
t€[0,1]NQ
= N w(Brla(t)n).
t€[0,1]NQ

As such, By(x,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(¥). O

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

Tty ty - € — Rk

f = (f(t1)7 R f(tk:))a

and consider the class of cylinders
C={ml o (Bix - xB) [k>1,0<t1 <+ <1, <1,By,..., By € BR)}.
Then, C is a w-system that generates Cyl(%). Hence,
B(¢) =0(C).

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 p and v in M;(%), p and v are
equal if and only if for all t; < -+ < tg,

Tyt # B = Tty #Y)

where T4t denotes the image measure of p by the map 7T'. From a probabilistic point of view, let
X = (Xt)eo1) and Y = (Y4)se(0,1) be two continuous processes, i.e. two random elements of %
Then,
d
x2y
if and only if they have the same finite-dimensional distributions: for all k > 1, and all 0 < t; <
e < tk < 1’

(Xtyy.o, X)) =

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

t1,0te
T = Tyt M

the finite-dimensional marginals of y € M(%).

Note that by the continuous mapping theorem, if the sequence (), of probability measures on
¢ converges weakly to some p € M1(%), then all the finite-dimensional marginals of y,, converges
to that of pu: forall k > 1,and all 0 <t < --- <t <1,

t1,ty t1,..tk
Hn - '
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The above convergence is thus weak convergence in My (RF) and is called convergence of the finite-
dimensional distributions. But the converse does not hold! For instance, consider the sequence of
continuous functions (zy),, where

zn(t) = max{l —n|t — ;U,O}, t €[0,1].

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

o
Sl
—_

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

Strategy: The strategy for proving that a sequence of probability measures (i), C M1(%€)
converges weakly to some probability measure p is thus the following:

o Prove that (), is tight. By Prokhorov’s theorem, it implies that (u, ), is relatively compact:
for all subsequence of (py,)n, 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 p.

Indeed, if we known that (uy), is relatively compact, then for all subsequence of (i, )y, 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 ¢4, ...,t,

M%li,...,tk N ytl,...,tk )

But if we also known that for all tq,..., g,
tyoth byt
P n oo M v,
then,

Pt — #t17---7tk7

for all k, and thus v = u since finite-dimensional distributions characterize probability measures
on %. Hence, for all subsequence, there exists a further sub-subsequence that converges weakly to
the same p, hence the whole sequence (i), converges weakly to p.

5.2 Tightness in @

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

Definition 5.3. 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 § > 0, such that for all f € A, for all z,y € K such
that d(z,y) < §, we have

|f(z) = fly)l <e.
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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 equicontinuous
if and only if

sup ws(f) — 0.

feA 6—0
Roughly speaking, a sequence of functions is equicontinuous if and only if it is "uniformly uniformly
continuous”.

Theorem 5.4 (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)| < oc.
feA

(2) A is equicontinuous:

sup ws(f) — 0.
feA 6—0

Proof. Suppose that A is relatively compact. Since the evaluation map 7, : f — f(x) is continuous,
7. (A) is a compact subset of R. Since 7,(A) contains m,(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,...,9, a
finite family of functions in A such that

AC U B(gg,¢)-
k=1

Let f € A and let & € {1,...,7} such that d(f,gx) < e. Since K is compact, g is uniformly
continuous for all k, and since the family gy, ..., g, is finite, there exists § > 0, such that for all
ke{l,...,r}, ws(gr) < e. Hence, for all z,y € K, such that d(z,y) < 9,

[f(x) = )] < |f(2) = gr(@)] + |gr(2) — gx(y)| + gk(y) — f(y)| < 3e.

This proves the equicontinuity of A.

Conversely, assume (1) and (2). Let (fn), 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 @ = {q1,¢2, ...} a dense countable subset of K. By assumption (1), for all ¢ € @,
the sequence (f,(q)), is included in a compact subset of R. Hence, there exists a subsequence
(f44(n)(@))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, f4n)(q) — f(q), as n — co. We have that f
is uniformly continuous on Q. Indeed, by (2), for all € > 0, there exists § > 0, such that for all
x,y € @ such that d(x,y) < 4, for all n, we have

‘f(i)(n)(x) - f(ﬁ(n)(y)‘ <g,

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 (fe(,))n converges uniformly to f (exercise). Let § > 0 such
that

supws(g) <e and ws(f) <e.
geA
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Since @ is dense, one has
K c |J B(q,9).
q€Q

By compactness of K, there exists a finite subcover, say:

J
K c | B(g;.9).
j=1

Let x € K, and let j € {1,..., J} such that d(z,q;) < 0. Then, we have

| o) (@) = F(@)] < [Fom)(®) = fom) (@) + [ fom) (@) — F(gi)] + | f(g5) — f(2)]

< zlelgwé(g) + max [ fom)(g5) = F(a)] +ws(f)

<2+ max | fomy (i) — f(a5)l-

Now, since fyn)(q) — f(q) for any ¢ € Q, there exists ng (depending only on €), such that for

n—oo
all n > ny,

1111

Finally, sup,¢ |fn)(z) — f(2)] < 3¢, for all n > ng. This concludes the proof. O

Remark 5.5. When K = [0, 1] (or more generally a compact convex subset of R%), one can replace
assumption (1) in Arzela-Ascoli theorem by:

(1) sup e |F(0)] < cc.
Indeed, (1")4(2) implies easily (1). Let = € [0, 1] and write

[f@)] < [FO)+ > [f(zn) = flar-1)l,
k=1

. Choose n large enough so that % < 4.

where for k=1,...,n, o = %x, SO |zp — w1 = 7 g%

Then, for all f € A,

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

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

Exercise 11. 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.

Proposition 5.6. Let A C M(%). Then, A is tight if and only if one has:
(i) the family {p° | u € A} is a tight family in My (R),
(ii) for alle > 0 and all n > 0, there exists 6 > 0 such that for all p € A,

p{z € € ws(z) > n}) <e.

Proof. Assume A is tight. Let € > 0, and let K a compact set in %€ such that for all iy € A,

p()>1—e.
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By continuity Iy := 7 (K) is compact in R and then
HO(Ko) = (w5 (o)) = nl{x €€ | 2o € Ko}) > w(K) 21—,

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

iz € % |wp(w) < n}) > p(K) = 1,

which proves the second assertion.
Conversely, assume (i) and (ii). Let ¢ > 0 and for all n, let §,, > 0 such that for all p € A,

u({x €C |ws,(z) < i}) >1- 2%

Let also Ko C R a compact set such that, for all u € A,
P (Ko) > 1 —e.

Now, define,
1
K:ﬂ{xe%hug(:v)gn}ﬁ{xe%moelfo}.

n

Then K is closed. Indeed, {z € € | w0 € Ko} = 7, ' (Kj) is the inverse image of the compact set

Koy by the continuous function mg, hence is closed. Moreover, for all n, {:U €C |ws(x) < %} is

closed, since if (z)r C € converges uniformly to z, then for all s,¢ € [0, 1],
|2(s) — 2z (t)] < [x(s) — zr(s)| + |zn(s) — zp(t)] + |z (t) — x(t)]
<l — zpll oo + ws(@r) + 2 — 2l

1
<2l — aplo + -

1
< — ask — oo.
n

By Arzela-Ascoli theorem, K is relatively compact, hence compact, and we have, for all u € A,

u(c®) < 3 {x €6 s, (@) > ) + i)

n>1

g
§Z27+€:2€
n>1

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

Proposition 5.7. Let (X)), be a sequence of stochastic processes in €. Then, (X™),, is tight
if and only if one has

(i) the sequence (Xén))n is tight (in R),
(ii) for alle >0 and alln > 0, there exists § > 0 such that

limsupIF’(w(;(X(")) > 77) <e.
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The previous proposition is not very convenient to use, since it involves the modulus of conti-
nuity, 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-Ho6lder norm (it’s not a norm) by

Ny = g U= T
stef0,1] s —t@
s#t

Proposition 5.8 (Kolmogorov criterion). Let (X(™),>1 be a sequence of random variables in € .
Suppose that

o the sequence (X™(0)),>1 is tight in R,
o there exists 3, p,C positive such that for all s,t € [0, 1],

sup E| XM (s) — X(”)(t)‘p < Ot — s|'*P.
n>1

Then, (X™),>1 is tight. More precisely, for all o €]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:{%u:o,...,z’f}

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

where ag,...,a; are in {0,1}. Note that Dy C D4 for all k, and recall also that D is dense in
[0, 1].

D=

1 3
1 1 3 5 4 7

Figure 3: The dyadic rationals in [0, 1].

Lemme 5.9. Let x: [0,1] — R. Suppose there exists « > 0 and K > 0 such that for all k > 0 and
for any two consecutive elements s and t of Dy, one has

|z — x| < K|t — s|™.
Then, for all s,t € D, we have

2K
’.’Et — $S| S m‘t — 8|a.

If moreover, x € €, then No(z) < 25
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Proof. Let s,t € D and assume without loss of generality that s < t. Note that if s and t are
consecutive in some I, then the inequality is trivial since K < % If not, the idea is to
write the interval [s,t] as a union of intervals [y, Tx+1], where 7, and 751 are consecutive dyadic
rationals in some D).

So let I > 1 be the unique integer such that

(Draw a picture).

L)
-
=)
_|_
[\
Tl
|

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

S—q—i—z and t—q—l—z

k>l k>l

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

n

+Z;7]]z and tn—q+22kv

k=l

and let L > 1 large enough such that sy = s and {7 =¢. Then, s, and s,41 are equal or are two
consecutive dyadic of D, 1 and the same holds for ¢, and t¢,41, hence, using the convention that

Si-1=1t-1=4q,

d(xs,ze) = d(xs,, Tt,)

L L
< Z d($8k7x8k+1)+ Z d((L‘tk,l‘st+1)
k=l—-1 k=l—-1
<2K Z IS
K 1
T 1-202e
2K
< ———(t—s)"
1—-2-«

Now suppose that there exists ¢ € D;_1 such that ¢ — 21 1 <s<qg<t<qg+ This time, we

2[1

] ] ]
T T T
1 s 4q tq+2%1

q— ol—1
write b
ag k
s = —Z? and t:q—i—ZQ—k,
k>l k>l
and the same reasoning as in the previous case gives the result.
If moreover x € €, by density of D in [0, 1], one obtains N, (z) < 1_2§<_a. O

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

x () -2 (%0)|
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Then,

P(Zn,k > K2‘ko‘> = IP(EIi €{0,...,2F — 1},

(36) ~x(%5 ) |2 02)
< 3 p([x(5e) - x5 )| 2 K27)
I (A CH R E”)

§2kK_”2kpa]E<‘X(”)< ) X 22k1>

P(Zns > K275) < CK P k0re),

> K2~ ’m)

)

-|-1\3

using Markov inequality. By assumption, we get

Since 0 < « < , by the previous lemma, we have

2K
1—-2~«

CK™P
1 — 28—pa’

IP’(NQ(X(")) > ) <IP>(EII<: >0, Zpp > K27 ’m) < CKPY omkEmre) -

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

sup PN (X ™M) > M) <&

n>0

Now from the inequality ws(X) < N, (X)d%, we deduce that
P(ws(X™) > 1) < P(Na(X™) > 7o),
hence for all € > 0, there exists 6 > 0, such that

sup]P’(wg(X(”)) > 77) <e

which implies, together with the first assumption of the proposition, the tightness of (X (”))n by
the "probabilistic” Ascoli criterion of Proposition 5.7. ]

5.3 Donsker theorem

Theorem 5.10 (Donsker theorem). Let (§)g>1 be a sequence of i.i.d. random wvariables with
E(&1) =0 and Var(&;) = 1. Define (Sp)n>0 by So =0, and Sy, = &1+ -+ &, forn > 1. Consider
the continuous stochastic process (Xt(n))te[o,l} defined by

n 1
X{ = = Sty + (0t = 10ty

fort € [0,1] and n > 0. Then, as n — oo, X () converges in distribution to a Brownian motion
(Bt)tefo,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.
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Proof of Donsker theorem. Recall that, for ¢ € [0, 1], the interpolated random walk is

a1
xm = %(Sw + (nt — LntJ)ﬁLntHl)’

that is if nt € [k,k + 1), then

1
vn
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 5 =1, i.e. for all s,¢ € [0, 1]

XM = (S + (nt — k)éxp)-

4
supE Xt(n) - XS(")’ < C|t — 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 < t. First assume that nt and ns are integers, say
nt =m and nt = k. Then,

> g

j=k+1

n . 1 1

But,

4
E( > €j> = Y E(&béela),

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
E( > @) = > E&)+ <2> > E(EEE)
j=k+1 a=k+1 a,bjberl
= (m = KE(&)) + 6(m — k)(m — k = DE(),
since (E(x?))? < E(&}) by Cauchy-Schwarz inequality. Hence, we obtain

B X - x| < om— k7RG = (¢ - 5 E(ed).

s

Now if k£ < ns <nt < k+ 1, i.e. nt and ns are in the same interval, then
E}Xt( ) X! )‘ = ﬁ]nt — ns|RE}
= n*(t — s)*(t — 5)°E¢{
< C(t - 3)27
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+ ¢)* < 33/4(a* + b* + ¢*),
4 4 4 4
E[x" - x| < C’(E‘Xt”) - X +E[x® - x|+ E[x{, - x| )
4
uu 1
> & +5(ns— (k+1)'Eg

1 1

=C| = (nt —m)'E¢l + SE
n n

j=k+2

< Cl(t - 5)27
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for some constant ¢’ > 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,t € [0, 1], for all n,

E| X" - X(”)’4 < C(t—s)

s

Hence, by Kolmogorov criterion the sequence of random variables (X (”))n is tight in %. This
concludes the proof of Donsker theorem. O
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