Chapter 15

Probability Spaces
and Random Variables

We have already introduced the notion of a probability space, namely a
measure space (X,§,p) with the property that pu(X) = 1. Here we look
further at some basic notions and results of probability theory.

First, we give some terminology. A set S € § is called an event, and
w(S) is called the probability of the event, often denoted P(S). The image
to have in mind is that one picks a point z € X at random, and p(S) is the
probability that € S. A measurable function f: X — R is called a (real)
random variable. (One also speaks of a measurable map F': (X,§) — (Y, )
as a Y-valued random variable, given a measurable space (Y,®).) If f is
integrable, one sets

(15.1) B(H) = [ 1

X

called the expectation of f, or the mean of f. One defines the variance of f
as

(15.2) Var(f) = [ If =P du, o= ().
X

The random variable f has finite variance if and only if f € L2(X, ).

A random variable f : X — R induces a probability measure v; on R,
called the probability distribution of f:

(15.3) ve(S) = u(f71(S)), Se€BR),

207
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where B(R) denotes the o-algebra of Borel sets in R. It is clear that f €
LY(X, p) if and only if [ |z|dvs(z) < oo and that

(15.4) E(f) = /mdyf(:n).

R

We also have

(15.5) Var(f) = /(x —a)2dvs(z), a=E(f).
R

To illustrate some of these concepts, consider coin tosses. We start with

(15.6) X =t} w((hh) =u(it)) = 5.

The event {h} is that the coin comes up heads, and {t} gives tails. We also
form

k
(15.7) Xe=][X, m=px-xp
j=1

representing the set of possible outcomes of k successive coin tosses. If
H(k,?) is the event that there are exactly ¢ heads among the k coin tosses,
its probability is

(15.8) pe(H(k, 0)) = 27F <’Z>

If N : Xi — R yields the number of heads that come up in k tosses, i.e.,

Ni(x) is the number of A’s that occur in z = (x1,...,z) € X, then
k
(15.9) E(Ng) = 7

The measure vy, on R is supported on the set {¢ € Z1 : 0 < ¢ < k}, and
[k
(15.10) vn, ({0}) = px(H (k,€)) = 27F <€>

A central area of probability theory is the study of the large k behavior
of events in spaces such as (X, p), particularly various limits as k — oc.
This leads naturally to a consideration of the infinite product space

(15.11) z=1][x,
j=1
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with o-algebra Z and product measure v, constructed at the end of Chapter
6. In case (X, p) is given by (15.6), one can consider Ny, : Z — R, the number
of heads that come up in the first k throws; Nk = Njom, where 1, : Z — X,
is the natural projection. It is a fundamental fact of probability theory that
for almost all infinite sequences of random coin tosses (i.e., with probability
1) the fraction k~LN}, of them that come up heads tends to 1/2 as k — oo.
This is a special case of the “law of large numbers,” several versions of which
will be established below.

Note that k‘_lﬁk has the form

(15.12)

=

k
> 6
j=1
where f; : Z — R has the form

(15.13) filx) = f(z;), f:X—-=R, z=(x1,22,23,...) € Z.
The random variables f; have the important properties of being independent
and identically distributed.

We define these last two terms in general, for random variables on a
probability space (X, §, ) that need not have a product structure. Say we
have random variables fi,..., fr : X — R. Extending (15.3), we have a
measure Vg, On R* called the joint probability distribution:

(15.14) vp,(S) = u(F1(S), SeBRY), F=(f, .., fr): X =R~
We say

(15.15) fi,..., fr are independent <= vp, = vy X - X vy,.
We also say
(15.16) fi and f; are identically distributed <= vy, = vy,.

If {f; : j € N} is an infinite sequence of random variables on X, we say
they are independent if and only if each finite subset is. Equivalently, we
can form

(15.17) F=(fi,fofs...): X >R =]]R,
Jj>1

set

(15.18) vp(S) = u(F7(S)), S e BR™),

and then independence is equivalent to
(15.19) ve = [[vs,-
Jj=1
It is an easy exercise to show that the random variables in (15.13) are inde-
pendent and identically distributed.

Here is a simple consequence of independence.
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Lemma 15.1. If f1, fo € L*(X, ) are independent, then

(15.20) E(fif2) = E(fL)E(f2).

Proof. We have 2%,y € L'(R? vy, 1), and hence zy € LY(R? vy, ).
Then

E(fufs) = / vy dvy, 1, (2, y)

R2

:/mydi/fl(ib") dvy, (y)
R2

= E(f1)E(f2).

(15.21)

The following is a version of the weak law of large numbers. (See the
exercises for a more general version.)

Proposition 15.2. Let {f; : j € N} be independent, identically distributed
random variables on (X,§,p). Assume f; have finite variance, and set
a = E(f;). Then

(15.22)

| =

k
E fj —a, in L?-norm,
J=1

and hence in measure, as k — 00.

Proof. Using Lemma 15.1, we have

k
2 1 b2
o pz If; —allF2 = =
j=1

1 k
(15.23) H =D fi- a(
=1

since (fj—a, fr—a)r2 = E(fj—a)E(fe—a) =0, j # ¢, and ||f; —al7, = b?
is independent of j. Clearly (15.23) implies (15.22). Convergence in measure
then follows by Tchebychev’s inequality.

The strong law of large numbers produces pointwise a.e. convergence
and relaxes the L?-hypothesis made in Proposition 15.2. Before proceeding
to the general case, we first treat the product case (15.11)—(15.13).
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Proposition 15.3. Let (Z,Z,v) be a product of a countable number of
factors of a probability space (X,§, 1), as in (15.11). Assume p € [1,00), let
feLP(X,pn), and define f; € LP(Z,v), as in (15.13). Set a = E(f). Then

k
(15.24) ij —a, in LP-norm and v-a.e.,
j=1

| =

as k — oo.

Proof. This follows from ergodic theorems established in Chapter 14. In
fact, note that f; = 771 f;, where Tg(z) = f(p(z)), for

(15.25) 0:Z —7Z, o(x1,x9,23,...) = (T2, T3, 24,...).
By Proposition 14.11, ¢ is ergodic. We see that

k
D fi=
1

j=

(15.26)

> =
> =

k—1 ‘
> Tf = Apfr,
=0

as in (14.4). The convergence Agf; — a asserted in (15.24) now follows
from Proposition 14.8.

We now establish the following strong law of large numbers.

Theorem 15.4. Let (X,§,p) be a probability space, and let {f; : j € N}
be independent, identically distributed random variables in LP(X,pn), with
p € [l,00). Set a= E(f;). Then

(15.27)

| =

k
E fj —a, in LP-norm and p-a.e.,
=1

as k — oo.

Proof. Our strategy is to reduce this to Proposition 15.3. We have a map
F: X — R* as in (15.17), yielding a measure v on R*, as in (15.18),
which is actually a product measure, as in (15.19). We have coordinate
functions

(15.28) & R — R, &(zr,20,23,...) =y,
and

(15.29) fi=¢oF
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Note that &; € LP(R*>, vf) and

(15.30) /5]- dvp = /xj dvy, = a.
ROO

R

Now Proposition 15.3 implies

k
(15.31) ij — a, in LP-norm and vp-a.e.,
j=1

ol

on (R*,vp), as k — oo. Since (15.29) holds and F' is measure-preserving,
(15.27) follows.

Note that if f; are independent random variables on X and Fj =
(fisooy &) : X — RE then

[6th o tydu= [ G o v,
X Rk

(15.32)
= /G(ml, oy og) duyy (x1) - dvy, (zg)-
RF

In particular, we have for the sum

k

(15.33) Se=>_ fr

j=1
and a Borel set B C R that

vs, (B) = /XB(fl + o fr)dp

X

:/XB(acl+-~+afk)duf1(:c1)-~dyfk(wk).
RF

(15.34)

Recalling the definition (9.60) of convolution of measures, we see that

(15.35) VS, =V k- kU,
Given a random variable f : X — R, the function

(15.36) GO = B ) = [ dny(a) = VEr iy (6

R
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is called the characteristic function of f (not to be confused with the char-
acteristic function of a set). Combining (15.35) and (9.64), we see that if
{f;} are independent and S}, is given by (15.33), then

(15.37) X5 (&) = X (&) - x5, ()-

There is a special class of probability distributions on R called Gaussian.
They have the form

(15.38) dvd(x) = ! e~ (@=a)*/20 gy

V2o

That this is a probability distribution follows from Exercise 1 of Chapter 7.
One computes

(15.39) /a:dfyg =a, /(m —a)?dy? =o.

The distribution (15.38) is also called normal, with mean a and variance o.
(Frequently one sees o2 in place of ¢ in these formulas.) A random variable
fon (X,§,p) is said to be Gaussian if vy is Gaussian. The computation
(9.43)—(9.48) shows that

(15.40) \/%%T(g) — —0E%/2—iaE

Hence f: X — R is Gaussian with mean a and variance ¢ if and only if
(15.41) xr(€) = o082 /2—iaE

We also see that

(15.42) Ve *h =0t
and that if f; are independent Gaussian random variables on X, the sum
Sk = f1+ -+ fr is also Gaussian.

Gaussian distributions are often approximated by distributions of the
sum of a large number of independent randon variables, suitably rescaled.
Theorems to this effect are called Central Limit Theorems. We present one
here.

Let {f; : j € N} be independent, identically distributed random vari-
ables on a probability space (X, §, p), with

(15.43) E(f))=a, E((fj—a)*) =0 < .
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The appropriate rescaling of f1 + --- + fi is suggested by the computation
(15.23). We have

1

B

k
p S (fi—a) = llglli- = o
j=1

Note that if 11 is the probability distribution of f; — a, then for any Borel
set B C R,

(15.45) Vg (B) = vy(VkB), v =vi%-- %1 (k factors).
We have
(15.46) /m2 dvy = o, /:Edl/l =0.

We are prepared to prove the following version of the Central Limit Theorem.

Proposition 15.5. If {f; : j € N} are independent, identically distributed
random variables on (X, §, p), satisfying (15.43), and gy is given by (15.44),
then

(15.47) Vg, — 7, weak* in M(R) = C.(R).

Proof. By (15.45) we have
(15.48) Xo (§) = X (K120,

where X (€) = xf,—a(§) = V27101 (€). By (15.46) we have y € C%(R), x'(0) =
0, and x”(0) = —o. Hence

(15.49) X =1=3€+7(), 7€) =o0(§?) as ¢ —0.
Equivalently,

(15.50) X(€) = 77, p(e) = of€?).

Hence

(15.51) Xau (6) = €708 2+

where

(15.52) pe(&) = kp(k™'/%€) -0 as k— o0, VEeR.
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In other words,

(15.53) lim 2,,(6) =3§(6), VEER
Note that the functions in (15.53) are uniformly bounded by /27w. Making
use of (15.53), the Fourier transform identity (9.58), and the Dominated
Convergence Theorem, we obtain, for each v € S(R),

/ vdug, = / B(E) 7, (€) d€
(15.54) = [

:/vdvg.

Since S(R) is dense in C,(R) and all these measures are probability mea-
sures, this implies the asserted weak* convergence in (15.47).

Chapter 16 is devoted to the construction and study of a very important
probability measure, known as Wiener measure, on the space of continuous
paths in R™. There are many naturally occurring Gaussian random variables
on this space.

We return to the strong law of large numbers and generalize Theorem
15.4 to a setting in which the f; need not be independent. A sequence
{f; + 7 € N} of real-valued random variables on (X,§, ), giving a map
F : X — R as in (15.17), is called a stationary process provided the
probability measure vp on R* given by (15.18) is invariant under the shift
map

(15.55) 0:R*® — R*®, O(x1,22,23,...) = (T2, 23, 24,...).

An equivalent condition is that for each k,n € N, the n-tuples {f1,..., fn}
and {fx, ..., fkan—1} are identically distributed R™-valued random variables.
Clearly a sequence of independent, identically distributed random variables
is stationary, but there are many other stationary processes. (See the exer-
cises.)

To see what happens to the averages k! Z?:l f; when one has a sta-
tionary process, we can follow the proof of Theorem 15.4. This time, an
application of Theorem 14.6 and Proposition 14.7 to the action of 6 on
(R, vp) gives

(15.56)

ol e

k
g ¢ — P&, vp-ae. and in LP-norm,
i=1
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provided
(15.57) & € LP(R*®,vp), e, freLlP(X,u), pe€ll,o0).

Here the map P : L2(R*®, vp) — L?(R™,vp) is the orthogonal projection of
L?(R*°, vr) onto the subspace consisting of #-invariant functions, which, by
Proposition 14.3, extends uniquely to a continuous projection on LP (R, vp)
for each p € [1,00]. Since F : (X,§,u) — (R, B(R*),vp) is measure
preserving, the result (15.56) yields the following.

Proposition 15.6. Let {f; : j € N} be a stationary process, consisting of
fj € LP(X, ), withp € [1,00). Then

(15.58)

> =

k
ij — (P&)oF, p-a.e. and in LP-norm.
j=1

The right side of (15.58) can be written as a conditional expectation. See
Exercise 12 in Chapter 17.

Exercises

1. The second computation in (15.39) is equivalent to the identity

/ e dy = g

—0o0

Verify this identity.
Hint. Differentiate the identity

/ e~ dy = Vs V2,

2. Given a probability space (X, §, ) and A; € §, we say the sets A;, 1 <
J < K, are independent if and only if their characteristic functions x 4,
are independent, as defined in (15.15). Show that such a collection of
sets is independent if and only if, for any distinct 4q,...,7;in {1,..., K},

(15.59) p(Aiy 0N Ay) = p(Aiy) - p(As)).

3. Let fi1, fo be random variables on (X,§, ). Show that f; and fy are
independent if and only if

(15.60) E(e—i(51f1+52f2)) = E(e_iglfl)E(e_i&fQ), vVE eR
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Extend this to a criterion for independence of f1,..., f.
Hint. Write the left side of (15.60) as

// e~ (€171+6272) dvg, g, (1, 72)
and the right side as a similar Fourier transform, using dvy, X dvy,.

4. Demonstrate the following partial converse to Lemma 15.1.

Lemma 15.7. Let fi and fo be random variables on (X, pu) such that
E1f1L + & fs is Gaussian, of mean zero, for each (£1,&) € R2. Then

E(fifs) =0= f1 and f2 are independent.

More generally, if Z’f & fj are all Gaussian and if f1,..., fr are mutu-
ally orthogonal in L?(X, ), then f1,..., fi are independent.
Hint. Use

E(e—i(§1f1+§2f2)) — e—||§1f1+§2f2||2/27
which follows from (15.41).

Exercises 56 deal with results known as the Borel-Cantelli Lemmas. If
(X, 3, 1) is a probability space and Ay € §, we set

A =limsup Ay = ﬁ G Ag,
k—o0 =1 k=0

the set of points z € X contained in infinitely many of the sets Ay.
Equivalently,
XA = limsup xa,-
5. (First Borel-Cantelli Lemma) Show that

S ulAy) < 00 = p(4) = 0.
k>1

Hint. p(A) < N(Ukzz Ak) < Z/@g 1(Agk).

6. (Second Borel-Cantelli Lemma) Assume {Ay : k > 1} are independent
events. Show that

S u(Ay) = 00 = u(A) = 1.

k>1
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Hint. X\ A = Up>1 Ni>e A s0 to prove p(A) = 1, we need to show
,u(ﬂkzg Az) = 0, for each ¢. Now independence implies

L

u((i] 4) =TT (1 = n(Aw)).

k={

which tends to 0 as L — oo provided ) u(Ag) = oo.

7. If x and y are chosen at random on [0,1] (with Lebesgue measure),
compute the probability distribution of  — 3 and of (z — y)2. Equiva-
lently, compute the probability distribution of f and f2, where Q =
[0,1] x [0,1], with Lebesgue measure, and f : @ — R is given by
f@y) =z —y.

8. As in Exercise 7, set @ = [0,1] x [0,1]. If x = (x1,22) and y = (y1,y2)
are chosen at random on (), compute the probability distribution of

|z — y|? and of |z — y|.
Hint. The random variables (z7 —y1)? and (x5 — y2)? are independent.

9. Suppose {f; : j € N} are independent random variables on (X,§, u),
satisfying E(f;) = a and

k
1
(15.61) Ifi = alfz =05, lim 5> o;=0.
=1

Show that the conclusion (15.22) of Proposition 15.2 holds.

10. Suppose {f; : j € N} is a stationary process on (X, §, p). Let G : R™ —
R be B(R*>°)-measurable, and set

9; = G(fj, fi+1, fiva, -+ )-
Show that {g; : j € N} is a stationary process on (X, §, ).

In Exercises 11-12, X is a compact metric space, § the o-algebra of
Borel sets, i a probability measure on §, and ¢ : X — X a continuous,
measure-preserving map with the property that for each p € X, ¢~ *(p)
consists of exactly d points, where d > 2 is some fixed integer. (An
example is X = S, ¢(z) = 2%.) Set

O=J[X, Z={(x)€Q: plara) =i}
k>1
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11.

12.

13.

Note that Z is a closed subset of €.

Show that there is a unique probability measure v on 2 with the prop-
erty that for x = (z1,22,23,...) € Q, A € §, the probability that
r1 € Ais u(A), and given o1 = py,...,Tx = pr, then 2311 € 0 (pr),
and x11 has probability 1/d of being any one of these pre-image points.

More formally, construct a probability measure v on €2 such that if

AJES,

V(A X - X Ay) = /.../d%k1(xk)---d7x1(x2)du(ar1),

Ay A

where, given p € X, we set

Z Oa:

qego (»)

4 denoting the point mass concentrated at g. Equivalently, if f € C(Q)
has the form f = f(xq1,...,2k), then

/de—/ /f L1y @) dygy (k) - - - dy, (22) dp(y).

Such v is supported on Z.

Hint. The construction of v can be done in a fashion parallel to, but
simpler than, the construction of Wiener measure made at the beginning
of Chapter 16. One might read down to (16.13) and return to this
problem.

Define fj : Z — R by fj(x) = x;. Show that {f; : j € N} is a stationary
process on (Z,v), as constructed in Exercise 11.

In the course of proving Proposition 15.5, it was shown that if v, and
~ are probability measures on R and 7 (§) — 4(&) for each & € R, then
v — 7y, weak™ in C,(R)’. Prove the converse:

Assertion. If vi and ~y are probability measures and vy — v weak® in
Ci(R), then iy(£) — (&) for each & € R.

Hint. Show that for each ¢ > 0 there exist R, N € (0,00) such that
vp(R\ [-R,R]) < ¢ for all k > N.
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14. Produce a counterexample to the assertion in Exercise 13 when v are
probability measures but « is not.

15. Establish the following counterpart to Proposition 15.2 and Theorem
15.4. Let {f; : j € N} be independent, identically distributed random
variables on a probability space (X, §,p). Assume f; > 0and [ fjdp =
+o00. Show that, as k — oo,

> =

k
ij — 400, p-a.e.
j=1

16. Given y € R, t > 0, show that

f(1—e—ivE
Xty (§) = e 07
is the characteristic function of the probability distribution

Vp oy = —e7t§
ty — k! ky-
k=0

That is, x1y(¢) = [ € ¢ duy,(z). These probability distributions are
called Poisson distributions. Recalling how (9.64) leads to (15.37), show
that vy * Vs y = Vepyy.

17. Suppose ¥ (&) has the property that for each ¢ > 0, e (&) is the charac-
teristic function of a probability distribution v4. (One says v; is infinitely
divisible and that i generates a Lévy process.) Show that if p(§) also
has this property, so does a) (&) + bp(£), given a,b € RT.

18. Show that whenever p is a positive Borel measure on R\ 0 such that
fR(|y2| A1) dp < oo, then, given A >0, b € R,

B(E) = AL+ ibE + / (1— e —iyexs(y)) duly)

has the property exposed in Exercise 17, i.e., ¢ generates a Lévy process.
Here, x; =1 on I =[—1,1], 0 elsewhere.

Hint. Apply Exercise 17 and a limiting argument. For material on Lévy
processes, see [Sat].



