Chapter 1

Probability review

1.1 Measure theory for probabilists

In this first section, we recall the main notions of measure theory needed in probability theory.
Standard (advanced) textbooks on the subject are [5, 8]. A first introduction is given in [43].

1.1.1 Probability space

Definition 1.1.1. A probability space is a triple (2, F,P) where Q is a given set (sometimes
called the 7fundamental set”), F is a o-field on Q, and P is a probability measure on (2, F).
We recall here that

- A o-field (or o-algebra) on Q is a collection F of subsets of Q0 such that
(i) 0eF,

(ii) if A€ F, then A € F,

(i1i) if (Ap, n > 1) C F, then Up>1 A, € F.

- A probability measure (or probability distribution, or distribution) on (0, F) is an applica-
tion P : F — [0,1] such that

(1) P(0) =0,
(i) if (Ap, n > 1) C F is such that A, N Ay, = 0 for all n # m, then

P (Un>145) = > P(4y),
n>1

(iii) P(Q) = 1.

Definition 1.1.2. A sub-o-field of F is a collection G of subsets of Q such that
(i) G C F (that is, if A€ G, then A€ F),
(ii) G is itself a o-field.

Definition 1.1.3. Given a collection A of subsets of S, the o-field generated by A and denoted
by o(A) is the smallest o-field on Q0 that contains A.

Example 1.1.4. The o-field on R generated by the collection of open intervals |a, b] with a < b,
is called the Borel o-field on R and is denoted by B(R). Elements of B(R) are called Borel sets.
Note that B(R) is also generated by the collection of semi-infinite intervals | — oo, z], z € R.

Example 1.1.5. The measure p that assigns to each interval |a,b[C R its length b — a can
be extended uniquely to all subsets of B(R). It is called the Lebesgue measure on R and and
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2 Chapter 1. Probability review

is denoted by u(B) = |B|. Note that it is not a probability measure, since u(R) = oo, but it
verifies points (i) and (ii) of the definition. Moreover, it becomes a probability measure when
restricted to the interval [0, 1].

Remark 1.1.6. In this course, probability measures on (R, B(R)) will generally be denoted by
the letter u, in order to avoid confusion with probability measures P on general spaces (€2, F).

1.1.2 Random variable

Let (2, F,P) be a probability space.

Definition 1.1.7. A random variable on (2, F) is an application X : @ — R such that
{we: X(w)e ByeF, VBeB(R).

Note that in order to check that a given application X is a random variable, it is sufficient to
verify that
{weQ: X(w)<theF, ViteR.

Remark 1.1.8. The set {w € Q: X(w) € B} is often simply denoted by {X € B}.

Definition 1.1.9. - Let G be a sub-o-field of F. A random variable X is said to be G-measurable
if

{we: X(w)e Bedg, VBeDB(R).
- 0(X) denotes the o-field generated by the collection of subsets {{X € B}, B € B(R)} (note
that this collection of subsets is itself a o-field; it is therefore equal to the o-field o(X)).

Remark 1.1.10. - X is a G-measurable random variable if and only if o(X) C G.

- A B(R)-measurable random variable f : R — R is also called a Borel-measurable function.

- Any continuous function f : R — R is Borel-measurable.

- If X is a random variable and f : R — R is a Borel-measurable function, then f(X) is a
random variable.

Definition 1.1.11. The law (or distribution) of a random random variable X : (Q,F) —
(R, B(R)) is the probability measure px defined on (R, B(R)) as

px(B) =P({X € B}), BeB(R).

A random variable (considered separately) is essentially characterized by its law. Two ran-
dom variables X, Y with the same law are said to be identically distributed (i.d.) and this is
denoted by X ~ Y. We distinguish two particular types of random variables.

A) Discrete random variables. If X takes its values in a countable set D, then its law px is
entirely characterized by the sequence of non-negative numbers (ux({z}), x € D) that sums up
to 1.

B) Continuous random variables. If the law of X is absolutely continuous with respect to
Lebesgue’s measure on R (this is to say that ux(B)=0 for all Borel sets B such that |B| = 0),

then the Radon-Nikodym theorem implies that there exists a Borel-measurable function px :
R — R, called the density function of X, such that

ux (B) :/Bpx(x) dx, VB e B(R).

This implies in particular that [, px(z)dz = 1.
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Remark 1.1.12. In the expression px(x), the subscript X recalls that the application py is
the density function of the variable X (as it is the case for the law pyx), whereas z is a real
number, namely the point in which the application px is evaluated.

Definition 1.1.13. For A € F, the application 14 : Q — R, called the indicator function of A,

is defined as
1, ifweA,
Law) = { 0, ifwé Al

It is a random variable and is moreover discrete (taking only two values 0 and 1).

1.1.3 Expectation
Let (2, F,P) be a probability space. Recall that an event A € F is said to be negligible if
P(A) = 0. On the contrary, an event B € F is said to be almost sure (a.s.) if P(B) =

The definition of the expectation (or average, or mean, or even Lebesgue’s integral, depending
on the context) of a random variable X on (€2, F,P) is made in three steps.

Step 1. For any random variable X of the form

[o.¢]
- Z Xg ]-Aiu
=0

where x; are non-negative numbers and A; € F, we define

le A;) € [0, 00].

In particular, note that E(14) = P(A).

Step 2. For any non-negative random variable X, let us define the following sequence of random
variables
i
Xn(w) = Z 2n ]_{27,71 <X<Z+l}(w)'
i=0

Note that X,, is of the type defined above: 2% >0and 4; = {2% <X < Z;'—nl} € F because X is
F-measurable. Moreover, X, (w) < X,+1(w) for all n and w and lim,,_ X, (w) = X(w) (X, is
a sequence of staircases with more and more refined steps below the function X). It is therefore
natural to define

o0 L
E(X) :T}I_)H;OE(Xn) :T}LH;OZ_P({Q—n <X< 2;; 1) €0, 0]
1=0

Note that the sequence (E(X,,)) is also non-decreasing and therefore converging in [0, 0o].

Step 3. For any random variable X, let us define X+ = max(X,0) and X~ = max(—X,0), its
positive and negative parts. Note that |X| = X* 4+ X~ > 0. We say that X is integrable if
E(|X]) < oo and we define

E(X)=EX") -E(X").

Another notation for E(X) is the following:

/ X (w) dP(w <0r /Q X(w)]P’(dw)).
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When P = p is a probability measure on (R, B(R)) and X = f is a Borel-measurable function,
this notation becomes

| #(a)duta).
R
We have the following useful formulas for computing expectations.

Proposition 1.1.14. Let X be a random variable and g : R — R be a Borel-measurable function
such that E(|g(X)|) < co. Then

E(g(X)) = /R o(2) dyux (),

where px is the law of X. We moreover have the following two particular cases.

A) If X is a discrete random variable with values in D, then

E(9(X)) = ) 9(x) P({X = z}).

zeD

B) If X is a continuous random variable with density function px, then

Blo(X) = | gle)pxe)do.
We list hereafter some well known properties of expectation.
(i) Linearity: if ¢ € R and X, Y are integrable, then E(cX +Y) = cE(X) + E(Y).

(ii) Monotony: if X, Y are integrable and X > Y a.s. (that is, P({X > Y}) = 1), then
E(X) > E(Y). This implies in particular positivity: if X > 0 a.s. then E(X) > 0.

(iii) Strict positivity: if X > 0 a.s. and E(X) =0, then X =0 a.s.
Furthermore, we say that a random variable X is square-integrable if E(X?) < oo and that
it is bounded if there exists K > 0 such that |X| < K a.s. We have the following series of
implications:

X is bounded = X is square-integrable = X is integrable,

X is integrable and Y is bounded = XY is integrable

and
X,Y are both square-integrable = XY is integrable.

We define the variance of a square-integrable random variable X as
Var(X) = E((X —E(X))?) = E(X?) —E(X)? >0
and the covariance of two square-integrable random variables X, Y as

Cov(X,Y) = E(X — E(X))(Y — E(Y)) = E(XY) — E(X)E(Y).
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1.1.4 Inequalities
We list here some of the well known inequalities concerning expectation.

Proposition 1.1.15. (Cauchy-Schwarz’ inequality)
If X, Y are square-integrable random variables, then

E(IXY]) < VE(X?) VE(Y?).

Proposition 1.1.16. (Chebychev’s inequality)
If X is a random variable and ¢ : R — Ry is increasing on Ry and such that E(p(X)) < oo,
then for any a > 0, we have

E(p(X))

¢(a)

Note that the above inequality has actually different names (Chebychev, Markov, Bernstein,
Chernoff, ...), depending on the community of researchers. We shall use it often with ¢(x) =
exp(tz), t > 0.

PHX >a}) <

Proposition 1.1.17. (Jensen’s inequality)
If X is a random variable and ¢ : R — R is convex and such that E(|(X)|) < oo, then

Y(EX)) < E(¥(X)).

1.1.5 Convergence theorems
Let us cite here the three famous convergence theorems of measure theory.

Lemma 1.1.18. (Fatou’s lemma)
If (X)) is a sequence of non-negative random variables, then

E (lim inf Xn) < liminf E(X,,).

n—oo n—~o0

Theorem 1.1.19. (Beppo-Levi’s monotone convergence theorem,)
If (X,) is a sequence of non-negative random variables such that X,, < X,,+1 a.s. for alln, then

Jm B = B fim X,).

Theorem 1.1.20. (Lebesgue’s dominated convergence theorem,)
If (X,,) is a sequence of random variables such that X = lim,,_,o, X,, exists a.s. and there exists
an integrable random variable Y with |X,| <Y a.s. for all n, then

lim E(|X, — X|) =0 and lim E(X,)=E(X).

n—oo n—~o0

1.1.6 Independence

Let (Q,F,P) be a probability space. We define the notion of independence for three different
objects.

1) Independence of events. A collection (Ay, ..., Ay) of events in F is said to be independent if
P(ATN...NAY) =P(A])---P(A4))

for any A7 = A; or Af.
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2) Independence of o-fields. A collection (G, ..., G, ) of sub-o-fields of F is said to be independent
if

P(A1N---NA,) =P(A4)---P(4,)
for all A; € G;.

Remark 1.1.21. The collection of events (Ayq, ..., A,,) is independent if and only if the collection
of o-fields (0(A1), ...,0(Ay)) is independent.

3) Independence of random variables. A collection (X7, ..., X,,) of random variables is said to be
independent of the corresponding collection of o-fields (o(X7),...,0(X,,)) is independent.

Remark 1.1.22. In order to check that the collection (X7, ..., X)) is independent, it is actually
sufficient to verify that

P(Xy <ty Xn <) =P(Xy < 1) - P(Xp < ),
for all tq,...,t, € R.

Remark 1.1.23. - The independence of two objects is often denoted by the sign 1; we may
therefore write G1H, X 1Y or X 1G. Note that if X 1Y and f,g : R — R are Borel-measurable
functions, then f(X) L g(Y).

1.2 Conditional expectation

The conditional probability of an event A given an event B is defined as

P(ANB
P(A|B) = %7 given that P(B) > 0.
In a similar way, we may define
E(X1

This generalizes easily to conditioning with respect to a discrete random variable Y with values
in a countable set D:

P(AIY) = o(Y),  where p(y) = P(A]Y =y), yeD.
E(X|Y) = (Y), where g(y) =E(X|Y =y), ye D.

However, how can we generalize such a formula for a continuous random variable Y, since
P(Y = y) =0 for all y € R? The answer is obtained by conditioning with respect to a o-field.

Definition 1.2.1. Let (2, F,P) be a probability space, G be a sub-o-field of F and X be an
integrable random variable on (Q, F,P). The conditional expectation of X given G is the random
variable Z such that

(i) Z is G-measurable,

(ii) BE(ZY) = E(XY) for any random variable Y G-measurable and bounded.
Z is denoted by E(X|G).

Remark 1.2.2. The existence of Z is guaranteed by Radon-Nikodym’s theorem and it follows
from the definition that Z is integrable. Note moreover that if both 71, Z5 satisfy (i) and (ii),
then Z; = Z5 a.s., so the conditional expectation is well defined up to a negligible set.
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We further define
- P(A|G) = E(14]G) for A € F.
-E(X|Y) =E(X|o(Y)) for a random variable Y.

Remark 1.2.3. Note that E(X|G) or E(X|Y) is a random variable, whereas in many textbooks
on information theory, conditioning often denotes the expectation of some random variable;
think for example at the conditional entropy of two random variables with joint density function

bx,y:
h(X]Y) = —E(log(px|y)) = —E(log(px,y)) + E(log(py))

(recall that pyy = p;f—;’ by definition).

Example 1.2.4. When do we have an explicit expression for conditional expectation? This is
the case at least in two particular situations, for which we recover classical formulas.

A) If X, Y are two discrete random variables with values in a countable set D, then

E(X|Y)=¢(Y), where¢(y) =Y aP(X ==z[Y =y), yeD.
zeD

B) If X,Y are two continuous random variables with joint density function px y, then

E(X[Y) = ¢(Y), where ¢(y) = / J:wdy, y e R,

R py (y)

and py is the marginal density function of Y given by py(y) = [z px,y(x,y)dy, assumed here
to be positive everywhere for simplicity.

In many other situations however, the conditional expectation of a random variable with respect
to some general o-field is not directly computable. We therefore need some rules in order to
proceed; these are listed below.

1) B(E(X|G)) = B(X).
2) If X is independent of G, then E(X|G) = E(X) a.s.

3) If X is G-measurable, then E(X|G) = X a.s.

4) If Y is G-measurable and bounded, then E(XY|G) = E(X|G)Y a.s.

5) If H is a sub-o-field of G, then E(E(X|H)|G) = E(E(X|G)|H) = E(X|H) a.s.

Moreover, Jensen’s inequality is also valid for conditional expectation.

Proposition 1.2.5. Let X be a random variable, G be a sub-o-field of F and b : R — R be
convez and such that E(|¢(X)|) < oco. Then

Y(E(X]G)) < E((X)|G)  a.s.
A further property is given in the following proposition.

Proposition 1.2.6. Let G be a sub-o-field of F, X, Y be two random variables such that X
is independent of G and Y is G-measurable, an let o : R> — R be a Borel-measurable function
such that E(|o(X,Y)|) < co. Then

E(p(X,Y)|G) = oY),  where ¢(y) = E(p(X,y)).
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This property has the following consequence: when computing the expectation of a function ¢
of two independent random variables X and Y, one can always divide the computation in two
steps by writing

E(p(X,Y)) = E(E(p(X,Y)]Y)) = E((Y))

where ¢(y) = E(¢(X,y)) (this is actually nothing but Fubini’s theorem).

Homework 1.2.7. Using only definition 1.2.1, prove

- formulas A) and B) in example 1.2.4.

- properties 1) to 5).

- proposition 1.2.6 in the case where X, Y are discrete and G = o(Y").

1.3 Convergences of sequences of random variables

For a given sequence of random variables (X, n > 1) defined on a common probability space
(Q, F,P), there are several notions of convergence to a limiting random variable X. Let us
review the most important ones.

The first one is convergence in probability.

Definition 1.3.1. The sequence (X,,) is said to converge in probability to X (and this is denoted
by X, E>X) if for all e > 0,

lim P(|X, — X| > ¢) = 0.

n—oo

A stronger notion of convergence is that of almost sure convergence.

Definition 1.3.2. The sequence (X,,) is said to converge almost surely to X (and this is denoted
by X, — X a.s.) if
P(lim X, — X| :o) ~1

n—oo

Almost sure convergence implies convergence in probability, whereas convergence in probability
only implies that there exists a subsequence converging almost surely. Moreover, we have the
following equivalent criterion for almost sure convergence:

X, — Xas. iff Ve>0, P(|X,, — X|>c¢eio0.)=0, (1.3.1)

9

where ”i.0.” stands for ”infinitely often”, that is, ”for an infinite number of n”.

Example 1.3.3. (Convergence in probability does not imply almost sure convergence)

Let (&,) be a sequence of i.i.d. (that is, independent and identically distributed) random variables
such that P(&n = 1) = ]P)(fn = 0) = 1/2 Let us define X1 = 1, X2 = 51, X3 =1- 51, X4 = flgg,
X5 =&(1—8&2), Xo = (1-£61)62, X7 = (1 -&)(1 —&2), Xs = 16283 and so on. It is easy to see
that (X,,) is a sequence of 0’s and 1’s such that

P(X,=1)=—, VYne{2, ., 2+ 1}

It therefore converges to 0 in probability as n — oo, but not almost surely, since each realization
of the sequence contains an infinite number of 1’s.

A sufficient condition guaranteeing almost sure convergence is given in the following lemma.
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Lemma 1.3.4. (Borel-Cantelli)
Let (Ay,) be a sequence of events in F.

e}
a) IfZ]P’(An) < 00, then P <limsup An> =0.
n=1

n—oo

n—oo

o
b) IfZ]P’(An) = oo and the events (A,) are independent, then P <lim sup An> =1.
n=1

Let us recall here that limsup A4,, = ﬂ U A,, and that

o0 m>1n>m

w € limsup 4,, iff we A, i.o. (1.3.2)
n—oo
Therefore, using (1.3.1) and part a) of the Borel-Cantelli lemma, we see that X,, — X a.s. if
for all ¢ > 0,

o
> P(IX, - X[ > ) < 0.
n=1

Let us finally give two more notions of convergence for sequences of random variables.

Definition 1.3.5. Let (X)) be a sequence of integrable (resp. square-integrable) random vari-
ables defined on a common probability space (Q, F,P). (X,,) is said to converge in mean (resp.
quadratically) to X if
lim E(| X, — X|) =0 (resp. lim E(|X, — X|*)=0).
n—oo

n—oo

Note that by Chebychev’s inequality, either convergence in mean or quadratic convergence im-
plies convergence in probability.

Homework 1.3.6. - Prove (1.3.2).
- For a sequence (A,,) of events in F, one also defines liminf 4,, = U m A,,. Note that

n—00
m>1n>m

w € liminf A,, iff there exists m > 1 such that w € A,, for all n > m, (1.3.3)
n—oo
and that .
<lim sup An> = liminf A7. (1.3.4)
n—o0 n—0oo

Deduce (1.3.1) from (1.3.2), (1.3.3) and/or (1.3.4).

1.3.1 Laws of large numbers

Let (X,, n > 1) be a sequence of i.i.d. random variables defined on a common probability space
(Q, F,P) and let us define the sequence of empirical means

1 n
Sn:EZ;Xi, n>1.
1=

We recall below the two laws of large numbers.

Theorem 1.3.7. (Weak law of large numbers)
a) If E(|X1]) < oo, then

S, 5 E(X7).
b) If limg—00 aP(|X1| > a) =0, then

Sn — E(X1 1{x,|<n}) — 0.
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Remark 1.3.8. - Assumptions are made only on X7, since the X,, are i.i.d.
- Assumption in part b) does not imply that E(]X;|) < co. It is actually the weakest condition
under which convergence in probability takes place.

Theorem 1.3.9. (Strong law of large numbers)
a) If E(|X1]) < oo, then
S, — E(X1) a.s.

b) If E(|X1|) = oo, then

limsup |[S,| =00 a.s., thatis, (Sy) diverges a.s.
n—oo

The conclusion of the strong law (part a) is definitely stronger than that of the weak law (part a).
One can however appreciate the difference of the conclusions when the assumption E(| X1|) < oo
is relaxed.

Homework 1.3.10. - Show that

B = [P > 0)da

and use this to prove that in the weak law, assumption a) implies assumption b).
- Prove the weak law (part a) under the assumption that E(X?) < oo.
- Prove the strong law (part a) under the assumption that E(X{) < co and E(X;) = 0.

1.4 Distributions

Let p be a distribution on (R, B(R)). In this section, we define a series of objects related to
and discuss their properties.

1.4.1 Distribution function

Definition 1.4.1. The distribution function of a distribution p is the application F,, : R — [0,1]
defined as
Fut) = (] - oo, t]), teR.

F,, has the following properties:
(i) F), is non-decreasing on R.

(i) lim¢— oo Fu(t) = 0 and limy—, o F, () = 1.
(iii) F), is right-continuous on R, that is, lim. o F,(t +€) = F,(t), for all t € R.

Reciprocally, we have the following proposition.

Proposition 1.4.2. Any function F' satisfying conditions (i) to (iii) is the distribution function
of some distribution p, and there is a one-to-one correspondence between the set of distributions
and the set of distribution functions.

Let us consider the following two particular cases.

A) If p is discrete (that is, there exists a countable set D such that p(D)=1), then F), is the
step function given by

W= Y e}, VieR

zeD, x<t
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Remark 1.4.3. A frequent notation for discrete distributions is Dirac’s notation:

p="> n{x})6,

zeD

where 6, denotes the distribution with values in {0,1} defined as

1, ifxeB,
596(3)_{ 0, ifz¢ B,

and whose distribution function is the step function Fy(t) = 1j, ((t), t € R (also known as
Heaviside’s function).

B) If p is absolutely continuous with respect to Lebesgue’s measure (that is, u(B)=0 for all
Borel sets B such that |B| = 0), then F}, is continuous and differentiable, its derivative being
the density function p, of u and

Fu(t) = /t pu(x)dx, VteR.

—00
Note that because p,, is the derivative of F},, one sometimes finds the notation p,(x) = ‘;—‘;(az).

In general, F), can be a combination of continuous and step functions, or even something more
complicated such as the devil staircase illustrated below:

0 1

Figure 1.1: devil’s staircase

This function has the following strange properties. First of all, the set where it is constant has
Lebesgue’s measure equal to 1 (so the function is constant almost everywhere), but on the other
hand, the function is continuous and increasing from 0 to 1! It is neither a step function (being
continuous), nor an absolutely continuous function (because its density function would be equal
to zero almost everywhere, which is impossible).

Homework 1.4.4. - Prove properties (i) to (iii).

- Give an example of distribution p such that F), is not left-continuous.

- From figure 1, deduce a mathematical definition of the devil staircase and prove the assertions
made about it.
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1.4.2 Characteristic function

The characteristic function is an object of central importance for proving limit theorems con-
cerning sums of independent random variables, as shown by proposition 1.4.7 below.

Definition 1.4.5. The characteristic function (or Fourier transform) of a distribution p is the
application ¢, : R — C defined as

du(t) = /Reitx du(z), teR.

¢, has the following properties:

(i) ¢.(0) = 1.
(ii) ¢, is continuous on R.
(ili) ¢, is non-negative definite, that is,

n
Y iTroult; —t) 20, Yn>1, c1,.e0 €C, by, oty €R.
jk=1

Proof. (i) is clear.
(ii) Using the dominated convergence theorem, we see that

WMQ—%QM<ARM—JMMM@—M,asu—ﬂ—m.

(iii) Let us simply compute
2

n n n
g ¢ Cr Oty —ty) = / g cj e eli® e du(z) = / g cj e du(z) > 0.
R . R |4
J.k=1 j=1

jk=1

Reciprocally, we have the following Fourier’s inversion theorem.

Theorem 1.4.6. Any function ¢ satisfying conditions (i) to (iii) is the characteristic function
of some distribution p, and there is a one-to-one correspondence between the set of distributions
and the set of characteristic functions. Moreover, we have the following Fourier’s inversion
formula: for all a < b continuity points of the distribution function F),

T efita —e ith
Mmm:@@—@@zmnil-—f——@@w (1.4.1)

Furthermore, if [ |¢,(t)| dt < oo, then p admits a bounded continuous density function p,, given

by
pu(x) = FL(.I) _ 1 /Re_m ou(t)dt, xeR.

T or

Proof. We only prove here inversion’s formula 1.4.1. By definition of ¢, and Fubini’s theorem,
we have for all T > 0,

1 T o—ita _ o—ith T eit(a:—a) _ 6z't(a:—b)
— T t)dt = dt | d
2T T it ¢lu( ) \/]R (/ T 2mit H(«T)

_ /}R </T sin(t(z — a)) — sin(t(z — b)) G /T cos(t(x — a)) — cos(t(x — b)) dt> ()

T 2t T 2t
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cos(t(z—a))—cos(t(z—b))

T is an odd function and

Since t —

T . 1 .
i sin(ct) gt — { o }f c>0,
T—o0 -7 27Tt

we obtain that
T git(z—a) _ it(x—b)
li dt =1 b.
TE}})O o it ]a,b[(‘r)7 Va 7é a,

Since a, b are assumed to be continuity points of F),, the dominated convergence theorem finally
implies that

T e—ita _ e—itb
lim —/ ———— pu(t)dt = /R Lgp(z) du(x) = Fl,(b) — Flu(a).

-T it

We list here some more properties of characteristic functions:

(iv) ¢, is uniformly continuous on R, that is, Ve > 0, 30 > 0 such that |¢,(t) — ¢u(s)| < €
whenever |t — s| < 0.

(v) If p is symmetric on R (that is, u(B) = u(—B) for all B € B(R)), then ¢,(t) € R, for all
teR.

(vi) If p is compactly supported (that is, there exists M > 0 such that u([—M, M]¢) = 0),
then ¢, is C* on R; it is moreover the restriction to iR of the analytic function 7, : C — C
defined by

Yu(z) = / e du(zr), =ze€C.
R
Note that 1), restricted to R is Laplace’s transform of f.

Finally, let us recall the following result.

Proposition 1.4.7. If u, v are two distributions on R, then the characteristic function of their
convolution product i * v is given by

(bu*u(t) = Qbu(t) ¢V(t)7 t e R.

Since the convolution product p * v is the law of the sum of two independent random variables
X and Y with laws u and v respectively, this explains the importance of characteristic functions
for analyzing sums of independent random variables. We will see an application of this in section
1.5.3.

Homework 1.4.8. Prove properties (iv) to (vi) and show that property (iii) implies that

Pu(—t) = du(t) and that [¢,(¢)] < ¢,.(0) = 1.

1.4.3 Moments

Definition 1.4.9. The moment of order k > 0 of a distribution u is the real number my, defined

as
mk:/mkd,u(m).
R
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Note that m; exists and is finite for all j < k if and only if

/ 2| dp(z) < oo. (1.4.2)
R

Given that all the moments (mg, £ > 0) of a given distribution p exist, they have the following
properties:

(1) moy = 1.
(i) The infinite matrix M whose entries are given by Mji, = mjiy, j,k > 0 is non-negative
definite, that is,

n
Z cjc M >0, Vn>1, cp,...,cq e C.
Jik=1

Proof. (i) is clear.
(ii) Let us compute

n
> Cj@mﬂk:/ Z ¢; ek’ du(x) / Zw«“] dp(@
k=1 k=1

O
For a given sequence of moments (my), it is however not clear whether the underlying distribu-

tion p is unique. In order to get an answer to this question, we first need to relate moments to
characteristic functions.

(ili) Let & > 1. If (1.4.2) is satisfied, then ¢, is k times continuously differentiable on R and

d* ¢, & il m; j k
Sh |, =1 Mk 50 du(t) :;;Tt + o(th), (1.4.3)
where g(t) = o(tF) means that lim, g ||gt(‘t;3‘ = 0. The first relation shows that ¢, is a moment

generating function.

(iv) If ¢, is k times differentiable at 0, then
/ |z|?” du(z) < 0o, V¥p € N such that 2p < k.
R

From these two properties, we deduce in particular that ¢, is C°° on R if and only if all
moments my exist. Even in this case however, many characteristic functions (and therefore
many distributions) may correspond to a given sequence (my). The one-to-one correspondence
is ensured by the following theorem.

Theorem 1.4.10. If i is a distribution such that its moments (my) satisfy

x-|"‘

< o0, (1.4.4)

lim sup — (mog)2

k—oo 2k

then  is the unique distribution with sequence of moments (my,).
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Remark 1.4.11. Carleman showed that condition (1.4.4) can be replaced by the slightly weaker
condition

Zmﬁ = 0. (1.4.5)

Both (1.4.4) and (1.4.5) are conditions hmltmg the growth of the sequence (mgy). They may
in turn be reformulated into conditions limiting the weight of the distribution’s tail. Note that
they are both satisfied if mqy < (Ck)?* for some C' > 0 (in which case the above series is greater
than or equal to the harmonic series). Note moreover that these conditions only involve even
moments Moy because Cauchy-Schwarz’ inequality guarantees that

2
M3ppp1 = </R Pkt d,u(m)) < /Ra:% du(x) /Rx2k+2 du(x) = mog mogyo, Vk>0. (1.4.6)

Proof of theorem 1.4.10. (sketch)
We show the result under the much stronger condition that there exists C' > 0 such that

ma, < C%. VE > 0. (1.4.7)

(This condition is satisfied for example if we know a priori that the measure p is compactly
supported). By Cauchy’s criterion, ¢, admits the following Taylor’s expansion

ik my
ou(t) =) — 1" <R (1.4.8)

k>0

with convergence radius R = %, where

1 1
| \mﬂ)k . (m%)%
L =limsu = limsu ,
P < k! P 2k

using (1.4.6). Stirling’s formula (log(k!) ~ klog k) then implies that

= limsup — (mgk)i

k—oo 2K
so condition (1.4.7) guarantees that L = 0, i.e. R = oo, i.e. the function ¢, is analytic on R
(or more precisely, is the restriction to R of an analytic function on C). It is therefore entirely
determined by the sequence of its derivatives at 0, i.e. the sequence (i¥ my,). Fourier’s inversion’s
theorem 1.4.6 allows us to conclude that (my) determines u entirely. O

Remark 1.4.12. Note that condition (1.4.4) only guarantees that L < oo, i.e. R > 0. This
does not allow us to conclude directly that ¢, is uniquely determined by the sequence (my)
(since it is not analytic outside [—R, R]), so the proof of the theorem becomes more delicate.

Example 1.4.13. A famous example of distribution which is not characterized by its moments
is the log-normal distribution po with density function

1 1 log )?
po(:v):\/—Z_WEexp<—( gQ))’ x> 0.

This distribution has moments mj, = exp(k?/2) that do not satisfy condition (1.4.5) because
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It can be checked that the distributions pg, —1 < a < 1, with corresponding densities
pa(x) = po(2) (1 + asin(2rlog(x))), x>0,
have the same sequence of moments for any —1 < a < 1.

Homework 1.4.14. - Prove properties (iii) and (iv).

- Prove that any sequence of real numbers (my,) satisfying (i), (ii) and condition (1.4.7) is indeed
the sequence of moments of some distribution p (hint: use characteristic function).

- Consider the sequence (my = I#I, k > 0). Is the related matrix M non-negative definite?
What is then the associated distribution u? Is this distribution unique?

- Check the assertions made in example 1.4.13 and show furthermore that for any a > 0, the

discrete distributions v, defined by
va({ae’}) = caa’ exp(—j°/2), j €L,

have the same moments m;, = exp(k?/2) (where ¢, is an appropriate normalization constant).
- For A > 0, let py be the distribution with density function

pax) = ex exp(=2?), 2 >0,

where ¢, is an appropriate normalization constant. For which values of A is the distribution pu)
uniquely determined by its moments? From this example, deduce approximately the limiting
weight of a distribution’s tail, above which condition (1.4.4) is not satisfied.

1.4.4 Stieltjes’ transform

In random matrix theory, Stieltjes’ transform plays a role similar to the one of characteristic
function for sums of independent random variables.

Definition 1.4.15. The Stieltjes (or Cauchy) transform of a distribution p is the application
9y : € — C defined as

r—z

gu(2) :/]R ! du(x), =zeC.

Remark 1.4.16. g, is a priori ill-defined on R (or more precisely on supp p). We will see
however that the distribution p is entirely determined by the behavior of g, on the set C, =
{#z € C : Im(z) > 0}. The situation is much more complicated for measures p with support in
the complex plane. These appear when studying eigenvalues of non-Hermitian random matrices.

We immediately see from the definition that

1 1 1
l9.(2)] < /]R 7] du(z) < /R i (2)) dp(x) = ()]

Moreover, g,, has the following properties:

(i) g is analytic on C\R (it is actually analytic outside supp p).
(ii) Im (gu(2))Im(z) > 0 for all z € C\R.
(ili) lim vlg,(iv)| = 1.
V— 00
Proof. (i) For all € > 0, the application z — ﬁ is analytic on {z € C : [Im(z)| > ¢}, and the
dominated convergence theorem allows us to show that the same is true for gﬂ(z).
(ii) Denoting z = u + iv with v # 0, we can decompose g, (z) into its real and imaginary parts:

gu(u—i-iv):/ﬁdu(az)—ki/ﬂx(;du(l‘). (1.4.9)

r (z —u)? + 02 x —u)? 4+ v?



1.4. Distributions 17

This implies that
Im (g,,(2)) Im(z) :/Rmdu(l’)
(iii) The above formula (1.4.9) gives also

o[Tmg, (i0)] = (( / m;““—fﬂdumf ([ ﬂ”—fﬁdum)j% -1

Reciprocally, we have the following proposition.

Proposition 1.4.17. Any function g satisfying properties (i) to (iii) is the Stieltjes transform
of some distribution p, and there is a one-to-one correspondence between the set of distributions
and the set of Stieltjes’ transforms. Moreover, we have the following inversion formula: for all
a < b continuity points of the distribution function I,

b
j(Ja,b)) = Fu(b) — Fu(a) =lim~ | Im (g(u+ i) du. (1.4.10)

vl0 T Jq

Furthermore, if p admits a density p,, then
1
/ . .
pu(u) = F,(u) = - 11%1 Im(gu(u+iv)), wueR.

Proof. We only prove here formula (1.4.10). Using (1.4.9) and Fubini’s theorem, we obtain that
for all v > 0,

%/ablm(gu(u—kiv))du = %A(/bmc@ dp(z)

_ /R (% arctan (‘”f) L aretan (b‘—“f)> du(z).

Since the integrand converges to 1j,((z) for all  # a,b as v | 0, and since a, b are continuity
points of F},, the conclusion follows by dominated convergence theorem. O

Finally, let us consider the relation between Stieltjes’ transform and moments in the case where
w is compactly supported (i.e. there exists M > 0 such that u([—M, M]¢) = 0 and all moments
my, exist). Using the following Taylor’s expansion:

miz:_z(ll—g) :_éz(g)k’

k>0

valid for all  such that |z| < |z|, we obtain the following Laurent’s expansion of g,:

1 o

gu(2) = _22?7 (1.4.11)
£>0

valid for |z| > M. One can deduce from this formula that g,(z) behaves like —1 as [2] — occ.
Using Cauchy’s formula, we moreover obtain that

i k

my = — 2" gu(z)dz, k>0,

2T Cr
where Cr denotes the circle of radius R > M centered at zero. In this sense, the Stieltjes
transform is also a moment generating function.
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Homework 1.4.18. - Compute the Stieltjes transform of the following distributions: p = d,,,

= U([0,1]).
- Compute the inverse Stietjes’ transform of

—z+Vz2 -4
gu(z) = —5 — *€ C.

Does p admit a density function? How does it look like?

1.5 Weak convergence of sequences of distributions

This is the central notion of convergence for sequences of distributions. It has several equivalent
formulations, which we review here.

Definition 1.5.1. A sequence (un, n > 1) of distributions on (R,B(R)) is said to converge
weakly to a limiting distribution p (and this is denoted by p, = p) if for all f € Cyp(R),

fim [ @) den(o) = [ 1) duta
n—oo

Remark 1.5.2. A distribution may be viewed as an element of the dual space of Cy(R), the
space of continuous bounded functions on R. The term ”weak convergence” comes from the fact
that convergence of (u,,) only takes place against test functions f, and not in some norm defined
on the space of distributions. Note that from the strict point of view of functional analysis, this
type of convergence should actually be called ” weak-* convergence” and not ”weak convergence”.

We have the following characterization of weak convergence, known as portmanteau’s theorem.

Theorem 1.5.3. The following are equivalent:

a) The sequence () converges weakly to u, according to definition 1.5.1.

b) For any closed set G C R, limsup,, . pn(G) = p(G).

¢) For any open set U C R, liminf, o pn(U) = p(U).

d) For any Borel set B C R such that p(0B) = 0, limy,_,o0 pin(B) = u(B) (recall that OB is
the boundary of B).

Note that condition d) of the theorem can in turn be rephrased into the following simpler
one: () converges weakly to p if and only if for all a < b continuity points of the distribution
function F),,

lim p,(Ja,b]) = p(Ja, b]). (L5.1)

n—~o0

Weak convergence allows us to define a further notion of convergence for sequences of random
variables.

Definition 1.5.4. A sequence of random variables (X,) (not necessarily defined on the same
probability space) is said to converge in distribution (or in law) to a random variable X (and

this is denoted by X, LN X ) if the sequence of distributions (ux, ) converges weakly to pux.

Let us note that convergence in probability implies convergence in distribution. Reciprocally,
we have the following proposition.

Proposition 1.5.5. Let (pu,) be a sequence of distributions converging weakly to p. Then
there exists a sequence of random variables (X,,) and X defined on a common probability space
(Q, F,P) such that p, = pux,, p = px and X,, — X a.s.
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1.5.1 Weak convergence and distribution function

One deduces easily from (1.5.1) that the sequence (u,) converges weakly to u, according to
definition 1.5.1, if and only if

lim F,, (t) = F,(t), for all t continuity points of F},.

n—oo

This condition is actually the easiest to check in many practical situations. We shall see other
nice characterizations of weak convergence in the following paragraphs.

A slightly weaker notion of convergence for distribution functions is that of vague convergence,
which we define below.

Definition 1.5.6. A sequence (F},) of distribution functions is said to converge vaguely to a
non-decreasing and right-continuous function F on R if

lim F,(t) = F(t), for allt continuity points of F.

n—oo

The only difference with the preceding definition is that F' may not be a distribution function.
The reason for being interested in vague convergence comes from the next theorem, known as
Helly’s selection theorem.

Theorem 1.5.7. (Helly)
Any sequence (I,) of distribution functions admits a subsequence (Fyy) that converges vaguely.

When does vague convergence imply weak convergence? In order to answer this question, we
need the following notion.

Definition 1.5.8. A sequence (u,) of distributions (resp. a sequence (Fy,) of distribution func-
tions) is said to be tight, if for all € > 0, there exists M > 0 such that

lim sup py, ([-M, M]¢) < e (resp. limsup (1 — F,(M) + F,(—M)) < E) ,

n—oo n—oo

that is, up to a factor e, all the weight of the distribution p, remains in the bounded interval
[~ M, M] as n goes to infinity.

Proposition 1.5.9. If (F,,) converges vaguely to F' and (F,,) is tight, then F is a distribution
function.

Remark 1.5.10. Recalling the following criterion for the convergence of real numbers:
r, — z iff any subsequence (7)) admits itself a subsequence that converges to z,
we see that
pn = g iff any subsequence (p, 1)) admits itself a subsequence that converges weakly to p.
(1.5.2)
We could therefore be tempted to say, using Helly’s theorem 1.5.7, that any tight sequence ()

of distributions converges weakly to some limiting distribution g. This is wrong however, since
nothing guarantees that all subsequences of (u,) converge weakly to the same limit.
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Example 1.5.11. Let us consider the following sequences of distributions: u, = U(|—n,n]) or
pn = N(0,n). Tt is easy to see in both cases that the corresponding sequences of distribution
functions F),, satisfies

1
lim F,, (1) =5, VieR

However, the constant function F(t) = 5 is not a distribution function. As an immediate
corollary, we obtain that the sequence (p,) is not tight. Actually, one can check the stronger
statement that for any M > 0,

lim sup i ([ M, M%) = 1,

n—~o0

that is, all the weight of the limiting distribution is ”lost at infinity”.

1.5.2 Weak convergence and characteristic function

The following theorem is known as Lévy’s continuity theorem.

Theorem 1.5.12. (Lévy)
Let (pn) be a sequence of distributions on (R, B(R)).

a) If (pun) converges weakly to a limiting distribution u, then the corresponding sequence
(bu,) of characteristic functions converges pointwise to ¢,,.

b) Reciprocally, if the sequence (¢n,) converges pointwise to a limiting function ¢ that is
continuous at 0, then the sequence (uy,) is tight, ¢ is a characteristic function and () converges
weakly to the distribution p with characteristic function ¢.

Proof. (sketch)

Part a) of the theorem is a direct consequence of the definition 1.5.1 of weak convergence, since
x — €"* is a bounded continuous function on R, for any t € R.

In order to prove part b), we would first have to check that the assumption of ¢, converging to
¢ continuous at 0 ensures that the sequence (u,) is tight (but let us skip this). Therefore, any
subsequence (,un(k)) admits itself a subsequence converging weakly to a distribution v, and the
part a) proved above implies that ¢, = ¢, so ¢ is a characteristic function. Fourier’s inversion’s
theorem 1.4.6 then implies that v is independent of the subsequence considered, and (1.5.2)
allows us to conclude. O

One can see why continuity at 0 is needed, by considering the following example. If u,, = N'(0,n),
then ¢, (t) = exp(—”TtQ) and this sequence of characteristic functions converges pointwise to ¢
given by ¢(0) = 1 and ¢(t) = 0 for all ¢ # 0. This function is neither continuous at 0 nor a
characteristic function.

1.5.3 Central limit theorem

Let (X,) be a sequence of i.i.d. random variables defined on a common probability space
(Q,F,P) and let

1 n
Sn:Ez;Xi, n>1.
1=

We recall below the well known important consequence of Lévy’s theorem.
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Theorem 1.5.13. (Central limit theorem,)
IfE(X?) < oo, then

Vi (Sp —m) %Y ~ N(0,0?).
where m = E(X;) and 0% = Var(X1).

This is to say that the sequence of distributions p,, of \/n (S, —m) converges weakly to a gaussian
distribution p = N'(0,02). This result is therefore a refinement of the law of large numbers; it
tells us that the deviation of S,, from m is of order ﬁ and that the law of this deviation tends
to a Gaussian as n goes to infinity. Note that the Gaussian law appears independently of the
law of X7; the central limit theorem is therefore a universal result.

Proof. (sketch)
Let us consider the sequence of characteristic functions

6 () = E(explitym (S, —m)) =E <exp (\’/—% SO - m)))
=1

- e (o () - ()

where ¢, is the characteristic function of the law of X; — m (note that we have used here
proposition 1.4.7). Since X; is square-integrable, we have the following Taylor’s expansion

((1.4.3) for k = 2):
242

Gi(t) =1— % + o(£2).

A small piece of analysis (watch out that the above o(t?) is complex) allows us to conclude that

. . 02t2 t2 " o'2t2
nlggoebun(t)—r}g&(l—%Jro(g)) = exp <— 5 >

This function is continuous at 0 and it is the characteristic function of N(0,0?), so conclusion
follows by Lévy’s theorem. O

Homework 1.5.14. (De Moivre-Laplace’s theorem)
Prove the central limit theorem in the case where (X)) is a Bernoulli sequence with P(X; =
+1) = P(X; = —1) = 3, without the help of Lévy’s theorem.

1.5.4 Weak convergence and moments

Theorem 1.5.15. Let (my,k > 0) be a sequence of real numbers satisfying condition (1.4.4).
If (1) is a sequence of distributions such that for all k >0,

/ z* dpn () — my, asn — oo,
R

then there erxists a unique distribution p with sequence of moments (my) and such that (p,)
converges weakly to pi.

Proof. The sequence (u,,) is tight because for any M > 0,

2

T 1
1 dpn (o s/ 2 (e g—/xQdunx
@< [ At < 5p [t i

poll=3.00%) = [

[— M, M]e
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and limsup,,_, fR 22 dp, () = mg < oo by assumption. Therefore, any subsequence of the
sequence () admits itself a subsequence that converges weakly to a distribution with the
sequence of moments (my). Condition (1.4.4) and theorem 1.4.10 then imply that there is only
one such distribution, so (1.5.2) allows us to conclude. O

The advantage of this characterization of weak convergence is that only a countable number of
limits needs to be computed. On the other hand, it has two serious drawbacks: first, all the
moments of all distributions u, need to exist, as those of the limiting distribution p; then, even
in the case where we know that the limit exists, it is not always a trivial problem to deduce the
distribution g from the sequence (my), even though formulas like (1.4.8) or (1.4.11) may help
(used together with inversion’s theorems).

1.5.5 Weak convergence and Stieltjes’ transform

Theorem 1.5.16. A sequence (uy,) of distributions converges weakly to a limiting distribution p
if and only if the corresponding sequence (g,, ) of Stieltjes’ transforms converges to g, uniformly
on compact sets of C.

Proof. (sketch)
We first prove that weak convergence of (u,) implies uniform convergence of (g,,,) on compact
sets of C,.. It is actually sufficient to verify that

sup [gu, (2) — gu(2)| — 0, asn — oo. (1.5.3)
zER

for all rectangles R = [—-M, M| x [m, M] with M > m > 0. Using the Arzela-Ascoli theorem,
the above uniform convergence takes place if

Gun (2) = gu(2), Vz € R,
and for all € > 0, there exists § > 0 such that

Sup |G, (21) — gu,, (22)| < e, whenever |21 — 29| <, 21,22 € R.
n>1

The first condition is verified since x +— ﬁ is a bounded continuous function on R, for any

z € R. Let us check the second:
dﬂn( ) = /
R

J

- \Z2_z1\ _ 2 —a
= m2 )

so the conclusion follows, since m is a fixed positive number.

1 1

r — 21 Xr — 29

22— 2

(x —21)(x — 22)

IN

dpin ()

Gpun (21) = Gpun (22)]

We then give an idea of the proof of the reverse implication, which follows the lines of the proof
of Lévy’s theorem. The uniform convergence of (g,,) on compact sets of C, guarantees that
(pn) is tight (again, this needs to be checked carefully). So every subsequence (ji,(x)) admits
itself a subsequence that converges weakly to a distribution v, and the first part of the proof
implies that g, = g,. Inversion’s theorem 1.4.17 then shows that v = p, independently of the
subsequence considered and (1.5.2) allows us to conclude. O
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1.6 Empirical distribution and convergence

Definition 1.6.1. The empirical distribution w, of a set of n random variables Xy, ..., X, is

given by
1 n
n=— 0x,.
K n ZZ} X;
This is to say that
1
pn(A) = - #{ie{l,..,n}: X, € A}, VAe B[R),

where #B denotes the cardinality of B.

Note that u, is a random distribution in general and that for any Borel-measurable function
f:R — C, we have

[ 1@ duala) = 13 10
=1

The empirical distribution of a set of i.i.d. random variables converges to the theoretical distri-
bution, as shown in the following proposition.

Proposition 1.6.2. If (X,) is a sequence of i.i.d. random variables with law u, then the
sequence of corresponding empirical distributions i, converges weakly to p, almost surely.

Proof. (sketch)
Using the convergence criterion established for distribution functions, we see that what needs
to be proved is that

lim F, (t) = F,(t) for all ¢t continuity points of F},, a.s.

n—oo
There is a technical issue concerning the position of the two letters ”a.s.” that we do not address
here. We simply note that

1. 1 —
i=1

and that the random variables Y; = 1y, <4 are i.i.d. with mean
E(Y1) =P(X; <t) = F,L(1),
so we obtain by the law of large numbers 1.3.9 that
nlLIgo F,,(t) = Fu(t), as.
for all t € R. Modulo the above technical issue, the proposition is proved. O

This result is an illustration of the fact that a sequence of random distributions may converge
almost surely to a deterministic limit. We will encounter the same phenomenon when considering
the empirical distribution of eigenvalues of random matrices.

1.7 Concentration

For large n-dimensional systems, asymptotic results of the type ”law of large numbers” often
present much interest on their own, even for relatively small values of n. In many applications
however, it may happen that one becomes interested in studying the deviation of some quantity
depending on n from its asymptotic value. This can be done essentially in two ways, either
by studying the law of the standard deviation using a central limit theorem, or by looking at
probabilities of large deviations. We review here this second method.
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1.7.1 Large deviations principle

Let (n, n > 1) be a sequence of distributions on (R, B(R)).

Definition 1.7.1. Let (a,, n > 1) be an increasing sequence of positive integers (so a, > n)
and I : R — [0,00] be a function such that

{zr e R:I(z) < a} is a compact set, Vo € R;. (1.7.1)

The sequence (i) is said to satisfy a large deviations principle with speed a, and (good) rate
function I if

1
limsup — log p,(G) < — inf I(x), for any closed set G C R, (1.7.2)
n—oo 0n zeG
and )
liminf — log pu,(U) > — inf I(x), for any open set U C R. (1.7.3)
n—00 (G, zeU

In a more readable way, conditions (1.7.2) and (1.7.3) may be rewritten together as

1
lim — log p,(B) = — inf I(x), for any "nice” set B,

n—00 Op el

or even more intuitively as

pn(B) ~ exp (—an inf I(a:)) , asn — oo,
zeEB

which says in particular that if in}fg I(x) > 0, then p,(B) decays exponentially to zero as n goes
re

to infinity. Note that the above principle is sharp, because it gives an upper and a lower bound
to pn(B).
Remark 1.7.2. Condition (1.7.1) implies that the infimum of I on any closed set G is achieved.
Sometimes, condition (1.7.1) is replaced by the weaker condition that I is lower semi-continuous,
that is,

{r eR:I(z) <a}is aclosed set, VaeR4,

in which case the rate function I is not anymore ”good”, because its infimum on a closed set
may not be achieved.

In the following, we will essentially be interested in obtaining upper bounds of the type (1.7.2)
for various sequences of distributions (u,). The upper bound implies that there exists C' > 0
and ng sufficiently large such that

e

pn(G) < C exp (—an iné[(x)) . VYn > ng.

Consider now the particular case where I : R — [0, 00] is a function with a unique root xy € R.
For any € > 0, the set Jzg — &,z + €[° is closed, so the assumptions made on [ and remark 1.7.2
imply that

inf I(x) =1. > 0.

€ |xzg—e,xo+e[¢
Using the upper bound (1.7.2), we therefore obtain that there exists C' > 0 and ng sufficiently
large such that
pn (Jzo —€,20 +€[¢) < C exp(—an L), Vn > ng.
In other words, all the weight of the distribution w,, concentrates around x( at exponential speed
an, as n goes to infinity. This concentration phenomenon is of most interest for us.

Homework 1.7.3. Prove the statement made in remark 1.7.2 and find an example of ”bad”
rate function I for which the statement is wrong.
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1.7.2 An example: sequences of i.i.d. random variables

Let (X, n > 1) be a sequence of i.i.d. random variables defined on a common probability space
(Q,F,P). Let v be the law of X; (and therefore of any X,,). We assume that

¥, (t) = E(eX1) = / e dv(z) < oo, for some ¢t > 0 and some t < 0, (1.7.4)
R

(note that this condition implies that all moments of v exist) and define the function I, : R —
[0, 00] by

I,(x) = sup (xt — log ¢, (t)), = €R.
teR

We state the following lemma without proof.

Lemma 1.7.4. Under assumption (1.7.4), the function I, defined above is convez, satisfies
(1.7.1) and has a unique root xg = E(X1) = [pxdv(x). Moreover, it is non-increasing on
| — 00, 9], non-decreasing on [zg, o[ and

I,(x) = sup (xt —log,(t)), Vx >z, and I,(r)=sup(zt—Ilogy,(t)), Vr < xp.
>0 t<0

Let S, = % Yo, X and g, be the law of S,,. We have the following theorem, due to Cramér.

Theorem 1.7.5. (Cramér)

Under assumption (1.7.4), the sequence of distributions () satisfies a large deviations principle
with speed n and rate function I,. In particular, for all € > 0, there exists C' > 0 and ng
sufficiently large such that

P(|Sn —x0| > €) = pn(Jxo —€,20 +¢[°) < C exp (—n inf Iy(az)> ,  Vn>ng. (1.7.5)

z€ |xzg—e,xo+el¢

Proof. We shall not prove here the whole large deviations principle; we only prove inequality
(1.7.5). First note that

P(|Sn —xo| =€) =P(S,, > xo+¢) + P(S, < o —¢). (1.7.6)
For the first term on the right-hand side, we obtain by Chebychev’s inequality that for all ¢ > 0,

P(S, > zp+¢) < e t@otR (etSn) _ oot | (eg(xl+...+xn))

- e () = o (1)

Since this inequality is satisfied for all ¢ > 0, we also have

P(S, > wo+¢) < infexp <_n (% (@0 + &) —log ¥ <%>>>

t>0

— oxp (—nstgg (% (@0 +¢) ~log vy <%>>>

— oxp (—nsup(t(o0 +2)  log (1))
>0
= exp(—nl,(zo+¢)),
by lemma (1.7.4). A similar computation shows that

P(Sn < zo— 5) < exp (_n Iu(930 - 5)) ’
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so using (1.7.6, we obtain that

P(|Sp, —xo| > €) <2 exp (—n inf : L,(a:)) ,

z€|zo—e,x0+e

which concludes the proof. [l

This concentration phenomenon has the following immediate consequence:

D P(ISn — w0l =€) =Y pn (Jro — &, w0 +€[°) <00, Ve >0,

n>1 n>1

(because of the exponential decrease). Part a) of Borel-Cantelli’s lemma 1.3.4 therefore implies
that S, — zg a.s. This tells us that we may easily recover ”law of large numbers” results from
concentration results.

Example 1.7.6. In the case where v = N (zg,0?), we have

o t?
¥y (t) = exp <T + xo t> < oo, VteR,
and )
I(x) = (:1:;720), x €R.
o

I, is therefore continuous (implying (1.7.1)), convex and has a unique root oy € R. By the proof
of the preceding theorem, we obtain that for any € > 0,

2
P(|S, — zo| > ) < 2exp (—%) . (1.7.7)
g

Homework 1.7.7. - Prove the assertions made in lemma 1.7.4.
- Check the computations of example 1.7.6.
- Compute 1, and I, when v is the binomial distribution given by v({+1}) = v({-1}) = 1.

1.7.3 Talagrand’s concentration inequalities

What we deduce from the preceding paragraph is that the empirical mean of n i.i.d. random
variables concentrates around the theoretical mean with exponential speed n. Talagrand has
shown that this concentration phenomenon holds in much greater generality for functions de-
pending on n independent random variables.

Let us recall here that the median of a random variable X is the real number M (X) defined as

M(X)=sup{tc R: P(X <t) < %}

and that a function f: R™ — R is Lipschitz with Lipschitz constant L if

[f(@) = fl < Lz —yl, Vo,yeR",
where ||z]|? = 22 + ... + 22.

Theorem 1.7.8. (Talagrand)
If (X1, .., Xp) is a collection of independent random variables such that maxi<;<n |X;| < K a.s.
and f: R™ — R is convex and Lipschitz with Lipshitz constant L, then for all € > 0,

P (X1, X)) — M(F(X1, . X))| > €) < 4 exp (- (4;L)2) .
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Although it is not directly clear from the above formulation, an important feature of this theo-
rem is that the resulting speed of concentration is equal to the number n of independent random
variables involved in the problem. We shall come back to this point when dealing with eigen-
values of random matrices, but let us illustrate this in a well known situation.

Let us consider for instance the case where the X; are i.i.d., bounded by some constant K and

1 n
flxy,xy) = - z;xi,

so that f(Xy,...,X,) = Sy, the empirical mean of the X;. f is convex because it is linear and

1 o 1 - - 1
|f(z) = f(y)] < 5; |z — wil < 5\/21:1 1 \/Zi:l |z —yil® = 7n lz —yll,

1

so f has Lipschitz constant I = —=. The above theorem implies therefore that

B

ne?
P(]S, — M(S,)| >¢€) <4dexp| — Tk

which is of the same flavor as inequality (1.7.7). There are slight differences however:

- The expectation E(X;) has been replaced by the median M (S,). Note that either the
above result itself or the law of large numbers (see section 1.3.1) imply that M(S,) tends to
E(X7) as n goes to infinity. This remains true for many situations where concentration takes
place.

- Although the above result is valid only for bounded random variables, it can be extended
to more general random variables such as gaussian random variables (and the assumption that
f is convex can also be removed).
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