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Chapter 1
Limits in R

We begin with a few standard definitions. We refer to a mapping a : Ny — R as a
(R-valued) sequence; sometimes we also use the notation {a,, n = 1,2,...}.

A sequence a : Ny — R converges to a* in R if for every £ > 0, there exists
an integer n*(¢) such that

(1.1) la, —a*| <e, n>n*(e).

We shall write lim,,_,., @, = a*, and refer to the scalar a* as the limit of the
sequence.

Sometimes it is desirable to make sense of the situations where values of the
sequence become either unboundedly large or unboundely negative, in which case
we shall write lim,,_,, a,, = oo and lim,,_,, a,, = —o0, respectively. A precise
definition of such occurences is as follows: We write lim,, ., a,, = o0 to signify
that for every M > 0, there exists a finite integer n*(M/) in Ny such that

(1.2) an, > M, n>n*(M).

It is natural to define lim,, ,, a, = —oc as lim,, o, (—a,) = c©.

If there exists a* in RU{+oc} such that lim,,_,, a,, = a*, we shall simply say
that the sequence a : Ny — R converges or is convergent (without any reference
to its limit). Sometimes we shall also say that the sequence a : Ny — R converges
in R to indicate that the limit a* is an element of R (thus finite).

Applying the definition (1.1) requires that the limit be known. Often this infor-
mation is not available, and yet the need remains to check whether the sequence
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converges. The notion of Cauchy sequence, which is instrumental in that respect,
is built around the following observation: If the sequence a : Ny — R converges
to a* in R, then for every € > 0, there exists a finite integer n*(¢) such that (1.1)
holds, hence for n, m > n*(¢) we have

la, — am| < lan —a*| + |a* — ap| < e+ = 2e.

This observation is turned into the following definition.

A sequence a : Ny — R is said to be a Cauchy sequence if for every £ > 0,
there exists an integer n* () such that

(1.3) lan, — am| <e, m,n >n*(e).

As observed earlier, a convergent sequence a : Ny — R in R is always a
Cauchy sequence. It is a deep fact concerning the topological properties of R that
being a Cauchy sequence is sufficient for convergence of the sequence in R.

Theorem 1.0.1 (Cauchy criterion) A sequence a : Ny — R is convergent in R if
and only if it is a Cauchy sequence.

This provides a criterion for convergence which does not require knowledge
of the limit.

1.1 Accumulation points

Since not all sequences converge, it is important to understand how can non-
convergence occur. To that end, consider a sequence a : Ny — R. A subsequence
of the sequence a : Ny — R is any sequence of the foom Ny — R : & — a,,
where

nE < Nk, k:1,2,

This forces limy,_, ., ny, = 0.

An accumulation point for the sequence a : Ny — R is defined as any a* in
R U {+£00} such that

: *
lim a,, =a
k—ro0
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for some subsequence Ny — R : & — a,, .

A convergent sequence a : Ny — R has exactly one accumulation point,
namely its limit. In fact, were the sequence not be convergent, it must necessarily
have distinct accumulation points, in which case there is a smallest and a largest.
The next definition formalizes this observation.

Consider a sequence a : Ny — R. The quantities

A = limsup A4,, = inf (sup am)

n—00 n21 \ m>n

and

n— 00 n>1 m>n

A = liminf A,,, = sup (inf am>

are known as the limsup and liminf of the sequence a : Ny — R.

The following notation is found to be convenient to discuss liminf and limsup

quantities: For eachn = 1,2, ..., we define the quantities
(1.4) A, =supa,, and A, = inf a,,
m>n m>n

Note that A, < A, and the sequences n — A,, and n — A, are non-increasing
and non-decreasing, respectively. Therefore, A = lim,, ., A, and A = lim,,, A,,
both exist, but are possibly infinite. Moreover, we always have A < A.

Theorem 1.1.1 Consider a sequence a : Ny — R. If it converges to a*, then
A = A = a*. Conversely, if A = A = a* for some a* in R U {£o00}, then the
sequence converges to a*.

Note that if a, b : Ny — R are two sequences such that
a, <b,, n=12,...

then A < B and A < B. The following arguments will often be made on the
basis of this observation: Consider a sequence {p,, n = 1,2, ...} where for each
n=1,2,..., p,is the probability of some event so that

(1.5) 0<p, <1, n=12...
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If we show that
(1.6) 1 < liminf p,,
n—0o0

then we necessarily have convergence of the sequence with lim,, .., p, = 1: In-
deed, we always have lim sup,,_,., p, < 1 as aresult of (1.5), whence

liminf p,, = limsupp, =1
n—00 n—00

upon using (1.6). In a similar vein, if we show limsup,_,. p, = 0, then we
necessarily have convergence of the sequence with lim,, .., p, = 0.

1.2 Two important facts

In addition to the Cauchy convergence criterion, here are two facts that are often
found useful in studying convergence. A sequence a : Ny — R is said to be
non-decreasing (resp. non-increasing) if

n < Apy1 (reSp. api < ap), n=12 ...

A sequence that is either non-decreasing or non-increasing is called a monotone
sequence.

Theorem 1.2.1 A monotone sequence a : Ny — R always converges and we have
lim,, o @, = sup (a,, n=1,2,...) (resp. lim,, o, a, = inf (a,, n=1,2,...))
if the sequence is non-decreasing (resp. non-increasing).

A sequence a : Ny — R is said to be bounded if there exists some B > 0 such
that
sup (Jan|, n=1,2,...) < B.

Theorem 1.2.2 (Bolzano-Weierstrass) For any bounded sequence a : Ny — R,
there exists a convergent subsequence Ny — R : k — a,,, withlim;_, a,, = a*
for some a* in R.

1.3 Cesaro convergence

With any sequence a : Ny — R we associate the Cesaro sequence a : Ny — R
given by

_ 1
apn=—(a1+...4+a,), n=12 ...
n
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Theorem 1.3.1 (Cesaro convergence) If the sequence a : Ny — R converges to
a*, then the Cesaro sequence a : Ny — R also converges with limit a*.

Proof. First we assume the convergent sequence a : Ny — R to have a finite limit
a* in R. Note that

1 n
ap, —a* = — g (ap, —a*), n=12,...
n
k=1

Now, for every £ > 0, there exists an integer n*(¢) such that

la, —a*| < =, n>n*(e).

DO ™

On that range, with B(e) = S27- |a), — a*

, we have

— * 1 - *
la, —a*| < —Z|ak—a|
"
n

1 n*(e) 1
_ - S - .
= 321 lay — a*| + - E ay — a

k=n*(e)+1

B(e) Lo n*(e)

< €
n n
B
(1.7) < B@ .
n

Since limn_m% = 0, it follows that for every € > 0, there exists a finite
integer n**(e) such that

Just take n**(¢) = [@1 As a result,
la, —a*| <e+e=2 n>max(n*(e),n™(e))

and the proof is now complete since ¢ is arbitrary. We leave it as an exercise to
show the result when a* = £o0. [ |
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However, the converse is not true: Take the sequence a : Ny — R given by
a, = (=1)", n=12,...

This sequence does not converge and yet lim,, ,,, @, = 0. This example nicely
illustrate the smoothing effect of averaging. It might be tempting to conjecture
that such averaging always produces a convergent sequence. However, this is not
so as the following example shows: Consider the sequence a — R given by

22" < < 22

_ (_1\k
=D T T

It is plain that liminf, . a, = —1 while limsup,,_,, a, = 1, and so the se-
quence a — R does not converge. However, it is also not Cesaro convergent.

1.4 Series

Starting with a sequence a : Ny — R, we define the partial sums
Sp=a1+...+a,, n=12 ...

where s,, is known as the n'* partial sum. We refer to the sequence s : Ny — R :
n — s, as the sequence of partial sums associated with the sequence a : Ny — R.
It is customary to say that the series » . -, a, converges if the sequence s : Ny —
R converges to some s* in R, in which case we often write Z;’ozl a,, as its limit.
This amounts to the following: For every € > 0 there exists a finite integer n*(¢)
such that

lsp — s*| <&, n>n*(e).

The series s : Ny — R is said to be absolutely convergent if the series as-
sociated with the sequence of absolute values Ny — R, : n — |a,| does itself
converge in R.

A series which is absolutely convergent is also convergent in the usual sense
since

m=n e
ag| < a ’
> S Y n=1,2,...
k=n+1 k=n+1
However, the converse is not true as is easily seen through the example

(=D"

ap, = , n=12,...
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A series which is convergent in the usual sense but not absolutely convergent is
said to be conditionally convergent.

When the sequence a : Ny — R assumes only non-negative values, i.e., a,, >
0 foralln = 1,2,..., then the sequence s : Ny — R of partial sums is non-
decreasing, so that lim,, . S, always exists, possibly infinite. When this limit is
finite, it is easy to establish the following fact.

Lemma 1.4.1 For any sequence a : Ny — R whose sequence of partial sums
converges in R, we have lim,, ., a,, =0

Proof. Since the sequence of partial sums s : Ny — R converges in R, it is a
Cauchy sequence: For every € > 0, there exists a finite integer n*(¢) such that

|sn — sm| <€, n,m>n*(e).

Selecting m = n + 1 with n > n*(g), we get |a,+1| = |sn — Sny1]| < € whenever
n > n*(¢), and the conclusion lim,, ., a,, = 0 follows. [ |

Many tests exist to check the convergence of series. The most basic one is the
Comparison Test given next.

Theorem 1.4.1 (Comparison Test) Consider two sequences a, b : Ny — R, such
that

0<a,<b,, n=1,2,...

If "> b, converges in R, then Y .~ | a, also converges n R with

0< i an < i b,,.
n=1 n=1

On the other hand, if )" | a, = oo, then we necessarily have Y~ | b, = oc.
Geometric series play a pivotal role in determining the convergence of series
through the Comparison Test. The geometric series with reason p is the series

associated with the sequence a : Ny — R given by

a,=p", n=12 ...
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It well known that
Sp,=a1+...+a, =

Therefore,

lim s, = P if [p| < 1.

n—00 1—p
This observation constitutes the basis for two criteria for convergence of series,
namely the criteria of Cauchy and d’ Alembert, also known as the Root Test and

Ratio Test, respectively.

Theorem 1.4.2 (Ratio Test) Consider a sequence a : Ny — R. Assume that the
limit

lim ‘an—l-l‘ —
n—00 |ay|

exists (possibly infinite). Then,

(1.8) D lan| <00 ifR<1
n=1

and

(1.9) D lan| =00 ifl<R.
n=1

Theorem 1.4.3 (Root Test) Consider a sequence a : Ny — R. Assume that the

limit
lim {/|a,| =R
n—oo

exists. Then,

(1.10) D lan| <00 ifR<1

n=1

and

(1.11) D lan| =00 ifl1<R.
n=1
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1.5 Power series

In a number of places we shall need to understand the behavior of series that
belong to the class of power series. With any sequence a : Ny — R we associate

the formal power series
o

Zanz”, z e C.

n=1
A natural question arises as to when such formal series are in fact convergent. In
particular, we define the domain of convergence of the power series as the set C
given by

C={z€C: ) lanll2]" < oo}.
n=0
This region is determined by the asymptotic behavior of the sequence a : Ny — R.

This is the content of the following well-known result which is a consequence of
the Root Test (applied to the sequence {a,z", n =0,1,...}).

Theorem 1.5.1 With

R = limsup {/|ay|,

n—oo
we have
o0
> lanllz|" < 0o if |2| < R7!
n=1
and
o
> lanllz" =00 if R7' < |4
n=1

The open disk {z € C: |z| < R™'} is therefore contained in C.
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Chapter 2

Probability distribution functions
and their transforms

A number of developments concerning rvs and their probability distribution func-
tions are sometimes best handled through transforms associated with them. There
are a number of such transforms with varying ranges of applications. Here we
focus mainly on the notion of characteristic function.

2.1 Definitions

With any rv X : Q — R, we associate its characteristic function ®x : R — C
given by .
(2.1) dx(0) :=E [”¥], 6€eR.

The definition (2.1) is well posed since for each # in R, the rvs @ - R : w —
cos (X (w)) and 2 — R : w — sin (X (w)) are both bounded. As a result, their
expected values E [cos (X )] and E [sin (§.X )] are well defined. This fact allows
us to make sense of (2.1) in the usual way by linearity through

E [¢"Y] = E[cos (0.X) + isin (0X)] = E [cos (6X)] + iE [sin (§X)] .

Characteristic functions are akin to Fourier transforms. In fact, if the rv X
admits a probability density function fy : R — R, then

by (0) = /Reiexfx(m)da:, 6 € R.

13



14CHAPTER 2. PROBABILITY DISTRIBUTION FUNCTIONS AND THEIR TRANSFORMS
Much of the discussion makes use of the elementary relation
(2.2) et 1= / ibe*ds, z,0 R
0

so that the bounds .
(2.3) ‘eiew 1| < / ‘i@eies‘ ds < |0|x
0
hold.! Obviously, the characteristic function ®y of the rv X is determined by its

probability distribution function Fx : R — [0, 1].

2.2 Basic properties

Here are some simple properties.

Theorem 2.2.1 Consider arv X : () — R with characteristic function x : R —
C given by (2.1). It satisfies the following properties:

(i) Boundedness: We have

(2.4) |Px(0)] < Px(0)=1 6#€R.

(ii) Uniform continuity on R: We have

(2.5) (1sirr(1)sup(|(I>X(9+5)—(I>X(9)|, 0 €R)=0.
_>
(iii) Positive semi-definiteness: For everyn = 1,2, ..., we have
(2.6) S Bx(bh — )z > 0
k=1 (=1
with arbitrary zy, . . ., z, in C.

'With ab in R, we have

la +1ib] = Va? + b2 < |a| + |b].
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Proof. (i) It is plain that ® x(0) = 1. Next,
|2x(0) <E[|e?*|]] =1, 0€R.

(ii) Fix # and 0 in R. Since

POFOX _ ibX _ i6X (eiéX . 1)

Y

it follows that

[@x(0+0) = @x(0)] = |E[""IY] —E ["]]
= [E[(™ - 1)e™]|
B [|(e* —1) ]

B[ —1]].

IN

so that
27  sup(|Px(0+6)—Px(0)], 6eR)<E[|”"* —1]].
Uniform continuity follows if we can show that

imE [|e"* —1[] =1.

This last statement is a simple consequence of the Bounded Convergence Theo-
rem. u

(iii) Fix n = 1,2, ... and pick arbitrary z1, ..., z, in C: It is plain that

n

Z Z @X(Gk — Hg)zkz;

k=1 (=1

= i iE [e0:—00X] 2 2

k=1 (=1

= E _Zn: 2": ej(ek—ge)szz;]

Lk=1 ¢=1

n n
= E E E IO X e =0X o %

Lk=1 ¢=1
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= E (Zeje’“xzk> (ZejerZg) ]
L \k=1 (=1

n 2

§ 6J9kXZk

k=1

(2.8) - E > 0.

2.3 Bochner’s Theorem

Sometimes a function ® : R — C arises in the discussion, and it is imperative to
know whether it is the characteristic function of some rv. The terminology given
next should facilitate the discussion.

A function ® : R — C is said to be a characteristic function if there exists a
rv X : Q0 :— R such that

() =E [¢"*] = dx(0), O€R.

Alternatively, a function ® : R — C is said to be a characteristic function if there
exists a probability distribution F' : R — [0, 1] such that

() /R AR (z), 0 €R.

Not every function @ : R :— C is a characteristic function. That much is clear
from the basic properties derived in Theorem 2.2.1. Interestingly enough the three
properties given there turn out to be sufficient. This is a consequence of a deep
result of Harmonic Analysis, known as the Bochner-Herglotz Theorem [?, Thm.
6.5.2, p. 179].

Theorem 2.3.1 A function ® : R — C is a characteristic function if it is (i)
bounded with |®(0)| < ®(0) = 1 for all 0 in R; (ii) uniformly continuous on R;
and (iii) positive semi-definite.
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The property of positive semi-definiteness already implies the boundedness
property (i). It also implies uniform continuity if  : R — C is continuous at § =
0 [?, Thm. 6.5.1, p. 178]. This gives rise to the following sharp characterizzation.

Theorem 2.3.2 A function ® : R — C is a characteristic function if and only if
it is positive semi-definite and continuous at 0 = 0 with (0) = 1.

2.4 Easy analytical facts

We begin with a simple fact that will prove useful in a number of places.

Theorem 2.4.1 Fix x and  inR. Foreachk = 1,2, ..., the expansion

2.9) e =3 % (i02)" + Ry(x:6)

holds with the remainder term given by

)k—l

(2.10) Ry (z;0) = (z'e)’f/x (z ¢ (e —1) dt.
0

(k—1)!

Proof. The proof proceed by induction: Throughout # and x in R are scalars held
fixed.

Basis step For £ = 1, we use (2.2) to get

et 1 = /i@ewtdt
0

= /ie(ei“—1)dt+/ i0dt
0 0

= i9x+i9/ (e —1)at
0
(2.11) = 0z + Ry(x;0)

by direct inspection.
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Induction step Now assume that (2.10)-(2.10) holds for some £ = 1,2,.... It
is plain that

I —<fk‘_t)1k)!1 (% 1) dr
_ /O ’ —(fk__t)lk)!l ( /0 t ieei‘)Sds) dt
-

x . k )
2.12) - / il k|5) e ds
0 .

since

/j%dt: [—“";—,N]:”;—,S“ 0<s<ua.

Therefore, we have
T _ k-1 ]
T o k )
0 .
k

— (w)kﬂ /Ox % (ews . 1) ds + (i@)kﬂ /O:v (x ;!S) s

.Tk+1

@1y = Renlw0)+ (0 5oy

and the proof of the induction step is now completed. [ ]
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2.5 Characteristic functions and moments

Since the probability distribution function of the rv X can be recovered from its
characteristic function, it is not unreasonable to expect that there might be simple
ways to recover moments whenever they exist and are finite. This is explored
below.

Consider arv X : 2 — R with characteristic function ®x : R — C given by
(2.1). Fix 6 in R. It follows from Theorem 2.4.1 that

k
i L
(2.14) X =N i (i0X)" = Ri(X;0)
=0
Therefore, if the rv X has a finite moment of order k for some k£ = 1,2, ..., the
expectation
E[R(X;0)]
exists and is well defined since all the moments of X of order ¢/ = 1,2, ... k exist

and are finite. Thus, the relationship

(2.15) E[¢9X] =) " = (i0) E [X'] + E[Ri(X;0)]

1
¢!
=

=]

does hold. This suggests the following result.

Theorem 2.5.1 Consider a rv X : ) — R with characteristic function ®x :
R — C given by (2.1). If E[|X|"] < oo for some n = 1,2, ..., then for each
k =1,2,...,n, the characteristic function ®x : R — C is everywhere k' differ-
entiable with

k
(2.16) d

_ sy \k 06X
7 x(0) = E [(ZX) e ] , OeR.
Proof. If k£ = 1. Fix 6 in R and for each h # 0 note that
Dy (0+h)—Dy(d) = E[eiex (ez’hX_l)}

X
(2.17) = E[eiex / iheihtdt]
0
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so that .
1 . ,
- (Dx(0+h) — Px(0)) =E [ezex/ Z'ezhtdt:| .
0
The bound
X X
(2.18) efX / ie™dt| = || / ieihtdt‘ < |X|
0 0

holds uniformly in h # 0, whence

b
lim (eiex/ ieihtdt> = (iX) %
h—0 0

by the Bounded Convergence Theorem. We now conclude that

h—0

X
= E [lim (eiex/ ieihtdt)]
h—0 0

(2.19) = E[(iX)e"¥]

1 X
Jim — (Px(0+h)—Px(0) = lLmE {elex / iemtdt] :
- 0

by the Dominated Convergence Theorem and the conclusion (2.16) holds for & =
1.

If £ > 2, we proceed by induction: The basis step was just established. To es-
tablish the induction step, assume that foreach ¢ = 1, ... k — 1, the characteristic
function ®x : R — C is everywhere ¢*" differentiable with

dé

et
Under the assumption E [|X |k} < 00, we shall now show that the characteristic
function ®x : R — C is everywhere (¢ + 1)"** differentiable with

(2.20) Oy (0) =E [(iX)f ei‘)X] , OcR.

d“_l . +1 90X
2.21) o Ox(0) = E [(zX) e ] , OcR.
Indeed, for every h # 0, we have
d_gq)X(g +h) — d_fq)X(e) - E -(Z'X)Z (ei(0+h)X _ 61’9X)i|
do* do* i

_E -(z'X)Z R G 1)}
= E|GX)" e / z'he”‘tdt}
0
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so that

1 (d—gcp 6+ h) — d—ch (9)) —E {(iX)eewX / ) ieihtdt}
h\agt ¥ dot~ 0

Again we see that

X
‘(ZX)Z eiQX/ ieihtdt’ S ‘X’E-ﬁ-l
0

uniformly in h # 0 with E [|X|“!] < co by assumption. Invoking the Dominated
Convergence Theorem we conclude that

1i 1 dZ(I) 0+ h dg@ 6
iy e ®x (0 + 1) = 25 ®x(0)

X

= limE {(iX)eewX / z’ei’“dt}
X

= E {(iX)e ¢ lim ieihtdt}

h—0 0

(2.22) ) [(z'X)”l ei“] ,

and this establishes (2.21) holds. This concludes the induction step as we have
now shown that (2.20) holds for / =1, ... k.
|
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Chapter 3

Convergence of random variables

In Chapter 1 we reviewed basic notions of convergence in R. In the present chapter
we turn to developing a convergence theory for sequences of rvs.

Before we proceed several remarks are in order:

Basic points: (i) Compatibility with convergence in R (ii) Dual perspective on
rvs: mappings vs. probability distributions!

3.1 Almost sure convergence

Consider rvs { X, X,,, n = 1,2,...} defined on some probability triple (2, F, P).

The sequence of rvs {X,,, n = 1,2,...} converges almost surely (a.s.) to the
rv X if P [C] = 1 where C is the event

C={we: lim X,(w) =X(w)}.
n—oo
We shall write lim,, ,,, X,, = X a.s. Sometimes the qualifier “almost sure(ly)”
is replaced by the qualifier “with probability one” (often abbreviated as wp 1), in
which case we write lim,, ,, X, = X wp 1.

It is easy to see that the convergence set C' is indeed an event in F since
o0 o oo 1
C= mk:l Un:l mm:n |X7l - X’ < E :

23
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The following notation will prove convenient in what follows: Pick ¢ > 0
arbitrary, and for eachn = 1,2, .. ., define the events

An(e) = [|Xn — X| < €]
and

Bn(e) = NusnAm(e)
(3.1) = [[Xpn—X|<e,m=nn+1,..].

Theorem 3.1.1 The sequence of rvs { X,,, n = 1,2,...} converges a.s. to the rv
X if and only if

(3.2) P[Bo(e)]=1, >0
with
(3.3) By (g) = U2 By(e).

Proof. With this notation, the characterization of C' given earlier can now be
expressed in the more compact form

C =M, Boo(k™).

Note also that B,,(¢') C By (c) whenever 0 < ¢’ < . Hence, by the continuity
property of P under monotone limits, we get

(3.4) P[C] = lim P [B(k™)].

k—o0

This last convergence being monotonically decreasing as k increases, we conclude
that P [C] = 1 if and only if

The conclusion follows since for every € > 0 there exists a positive integer k such
that (k+1)7' <e <k ! with Bo.((k+1)7!) C Byo(e) C Buoo(k™1). ]

This simple observation paves the way for the following simple criterion for
a.s. convergence.
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Theorem 3.1.2 The sequence of rvs { X, n = 1,2,...} converges a.s. to the rv
X if for every € > 0, it holds that

(3.5) d PX, - X|> €] < oo

n=1

Proof. Pick ¢ > 0. Note that B (¢) = liminf, .. A,(g), or equivalently,
Boo(g)¢ = limsup,,_,., An(€)°. The first part of the Borel-Cantelli Lemma now
yields P [Bo(€)¢] = 0 provided

Y P[A,(e)] < o0.

This is equivalent to P [B.(g)] = 1 provided (3.5) holds, and the proof is com-
pleted by invoking Theorem 3.1.1. ]

The sequence of rvs { X,,, n = 1,2,...} is said to be completely convergent to the
rv X if for every € > 0, we have

(3.6) D PlX, - X[ >¢] < o

n=1

By Theorem 3.1.2 we see that complete convergence implies a.s. convergence.
But complete convergence is only a sufficient condition for a.s. convergence, and
not a necessary condition. The next example shows that the converse does not
hold.

A.s. convergence does not imply complete convergence
Take 2 =0, 1], F = B(R) and P is Lebesgue measure A. Define the rvs {X,,, n =
1,2,...} tobe

1 if0<w<1—32
X, =
0 ifl-f<w<l
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forevery n = 1,2,.... Fix win [0,). It is plain that lim,,_,., X, (w) = 0, and the
sequence {X,,, n =1,2,...} converges a.s. to the rv X = 0. However, for every
ein (0, 1), we get

PlX,| > =~ n=1,2,...
n

whence (3.6) fails since > -, = = oo.

3.2 Convergence in probability

Consider rvs { X, X,,, n = 1,2,...} defined on some probability triple (2, F, P).

The sequence of rvs {X,,, n = 1,2,...} converges in probability to the rv X if
for every € > 0, we have

lim P[|X, — X| >e] = 0.

n—oo

We shall write X, LN nX.

Convergence in probability admits the following Cauchy criterion.

Theorem 3.2.1 (Cauchy criterion for convergence in probability) The sequence
ofrvs {X,, n =1,2,...} converges in probability if and only if for every ¢ > 0,
we have

(3.7) lim (sup Pl X, — X,n| > 5]) = 0.

n—oo m>n

A.s. convergence is a stronger notion of convergence than convergence in
probability.

Theorem 3.2.2 Almost sure convergence implies convergence in probability: If
the sequence of rvs {X,,, n = 1,2,...} converges a.s. to the rv X, then it also
converges in probability to the rv X.
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Proof. Pick ¢ > 0 arbitrary. We have B, (¢) C A,(¢) foreachn = 1,2,...,
whence
P[B,(e)] <P[A.(e)], n=1,2,...

The sets {B,(¢), n = 1,2,...} being non-decreasing, we readily conclude
that lim,, ., P[B,(¢)] = P| ( )] with B, (¢) defined at (3.3). It is now plain
that

P (B ()] = lim P[B, ()] < liminf P[A,(<)].
By Theorem 3.1.1 the a.s. convergence of the sequence {X,,, n = 1,2,...} im-
plies P[B(c)] = 1, and this immediately implies lim inf,, . P[A4,(¢)] = 1.
Thus, lim,, ., P [A,(¢)] = 1, and the sequence {X,,, n = 1,2,...} converges in
probability. [ ]

Here is an example of a sequence which converges in probability but does not
converge almost surely:
A counterexample
Take 2 =0, 1], F = B(R) and P is Lebesgue measure A. Define the rvs {X,,, n =

1,2,...} as follows: For each n = 1,2,..., there exists a unique integer k =
0,1,... such that 2 < n < 28! so that n = 2¥ + m for some unique m =
0,...,2% — 1. Define
1 ifwel,
X, =
ifwdl,

where I,, = (m27% (m + 1)27%).
The set €2, of boundary points

={m27", m=0,...,2" k=0,1,...}

is countable, hence P [(2,] = 0. With w not in €2, we note that X,,(w) = 0 and
X, (w) = 1infinitely often, so that lim inf,, ., X, (w) = 0 < limsup,,_,,, X, (w) =
1. The sequence {X,,, n = 1,2,...} therefore does not converge a.s.. However,
with X = 0, we have lim,, . P [|.X,, — X| > ¢] = 0 for every € > 0 since

P[L,] if0<e<1
P[IX, — X|>¢] =
0 if1>e.
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The sequence {X,,, n =1,2,...} indeed converges in probability.

Yet, despite this counterexample which shows that a.s. convergence is strictly
stronger than convergence in probability, there is a partial converse in the follow-
ing sense.

Theorem 3.2.3 Convergence in probability implies almost sure convergence but
only along a subsequence: If the sequence of rvs { X,,, n = 1,2, ...} converges in
probability to the rv X, then there exists a (deterministic) subsequence Ny — N
with

N < N1, k:1,2,

such that the subsequence of rvs {X,,,, k = 1,2,...} converges almost surely to
X.

Proof. The assumed convergence in probability of the sequence of rvs {X,,, n =
1,2,...} to the rv X amounts to

lim P[|X — X,| >¢] =0, ¢>0.

n—oo

More precisely, fix € > 0. Then, for every § > 0 there exists a positive integer
n*(e, ) such that

PIX — X,| >¢] <9§, n>n*()).

We now use this observation (with e = k! and § = 27%) as follows: For each
k =1,2,..., there exists a positive integer n; such that

PIX - X,| >k <27, n>n.
It is always possible to select ny as any positive integer satisfying

max (n*(e,d), ng_1) < ng

with the convention ny = 0. This construction guarantees n, < ng41 for all
k=1,2,....
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Pick ¢ > 0 and introduce the integer k(¢) = |e~!|. With the quantities just
introduced we have

ZIP)HXnk _Xl > 8]
k=1

- Yo PIX, - X[>e+ Y PX, —X] >

k=1,2,.... k=1>¢ k=1,2,...: k= 1<e

ke)+ Y P[X, —X|>k™]
k=k(e)

IN

< k(e)+ Z 2"
Kk (o)

and the conclusion ;- P[|X,, — X| > ¢] < oo follows. The desired a.s. con-
vergence of the sequence of rvs {X,, , £ = 1,2,...} is now a consequence of
Theorem 3.1.2. [ |

3.3 Convergence in the 7" mean

Consider rvs { X, X,,, n = 1,2,...} defined on some probability triple (2, F, P).

With r > 1, the sequence of rvs {X,,, n = 1,2,...} converges to the rv X in
the r' mean if the rvs {X,,, n = 1,2, ...} satisfy

(3.8) E[| X, <oo, mn=1,2,...

and

(3.9) lim E[|X, — X|"] =0.
n—oo

We shall write X,, — ,.X. The case r = 2 is often used in applications where it
is referred as mean-square convergence. The case » = 1 also occurs with some
regularity, and is referred as mean convergence.

It follows from (3.9) that E[|X,, — X|"] < oo for all n sufficiently large,
whence the rv X necessarily has a finite moment of order r by virtue of Minkowski’s
inequality under (3.8).
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Convergence in the r** mean also admits a Cauchy criterion which is given
next.

Theorem 3.3.1 (Cauchy criterion for r'* mean convergence) With r > 1, the
sequence of rvs { X,,, n = 1,2,...} converges in the r*" mean if and only if

(3.10) lim (sup E[|X, — Xm|r]) =0.

n—oo mzn

Convergence in the " mean becomes more stringent as r increases. This is
not surprising if we recall that for any rv £ : 2 — R, we have

E[EFI<1+E[E], 1<s<r
as a result of the trivial identity 2° < 1 4 2" for z > 0.

Theorem 3.3.2 With 1 < s < r, convergence in the r*" mean implies conver-
gence in the s'"mean: If the sequence of rvs {X,,, n = 1,2,...} converges in the
r'" mean to the rv X, then the sequence of rvs { X,,, n = 1,2, ...} also converges
in the s*" mean to the rv X .

Proof. This is a simple consequence of Lyapounov’s inequality

E[[X,— X|']* <E[X, - X[']", n=1,2,...

Next, we compare r*" mean convergence to convergence in probability.

Theorem 3.3.3 Convergence in the r'* mean implies convergence in probability:
If the sequence of rvs {X,,, n = 1,2,...} converges in 7" mean to the rv X for
some r > 1, then it also converges in probability to the rv X.

Proof. Pick ¢ > 0 arbitrary. Markov’s inequality yields

E[[Xn — XT]

Pl X, —X|>¢] <
61”

, n=1,2,...
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so that lim,,_,o, P [| X, — X| > €] = 0 as soon as lim,, . E[|X,, — X[ =0. m

The converse is more delicate as the next example already illustrates; see also
Section 3.5.
(Counter)examples
Consider a collection of rvs {X,,, n = 1,2,...} such that

0  with probability 1 —n=¢
X, =

«

n®  with probability n~
foreachn = 1,2,... where & > 0 and 5 > 0. Thus,

P| X, >¢el=n"" n=12...

assoonas 0 < € < 1sothat X, £, »0.
On the other hand, with r > 1, we find

E[|X,[T=0(1-n"%)+ nPp T =n n=1,2,...

so that
0 ifrf<a
lim E[|X,|"]=<¢ 1 ifrf=a
e oo ifrp > a.

. . L .
It is now plain that X,, — ,0 when r3 < « but no such conclusion can be
reached when 3 > a.

We close this section with a simple observation, based on Theorem 3.1.2,
which allows us to determine a.s. convergence in the presence of convergence
in the 7** mean.

Theorem 3.3.4 If the sequence of rvs {X,,, n = 1,2, ...} converges in r'" mean

to the rv X for some r > 1, then it also converges almost surely to the rv X
whenever the condition

ZEHXn — X|"] < o0
n=1

holds.
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Proof. By Markov’s inequality, we have

E[[Xn — X|']

P[IX, — X|>¢] <
61”

, n=1,2,...

for every € > 0, whence

o0 1 oo
PlX, - X|>¢ < =Y E[X, - X,
>oPIH — X| > < 23R X - X1

n=1

and the conclusion is immediate by Theorem 3.1.2. [ ]

3.4 Convergence in distribution

For any rv X : 2 — R, its probability distribution function Fy : R — [0, 1] sat-
isfies the following properties: (i) it is non-decreasing; (ii) it has left-limit and is
right-continuous at every point; and (iii) lim,_, o, Fx(z) = 0andlim,_ ., Fx(z) =
1.

Let C(F'x) denote the set of points in R where F'x : R — [0, 1] is continuous,
i.e.,

C(Fx) = {$ eR: Fx(l’—) = Fx(l')}

The complement C(Fx)¢ of C(Fx) in R consists of the points where Fly : R —
[0, 1] is not continuous.

Theorem 3.4.1 For any rv X : () — R, its probability distribution function F'y :
R — [0, 1] has the property that C(Fx) is a countable subset of R.

Proof. Foreachn = 1,2,..., let D,, denote the collection of points of disconti-
nuity in C(F )° whose discontinuity jump lies in the interval (=, %], i.e.,

n+1’

3|

D, = {x €C(Fx)°: %%—1 < Fx(z) — Fx(z—) <

Noting that
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it follows that |D,,| < n+ 1. The desired result is now immediate since C(Fx )¢ =
U, D, n

The sequence of rvs {X,,, n = 1,2,...} converges in distribution to the rv X
if
n—0o0
We shall write X,, =, X or X, N »X. Some authors refer to this mode of
convergence as convergence in law or as weak convergence.

As this mode of convergence involves only the probability distribution func-
tions, it is sometimes convenient to define this notion without any reference to
the rvs (viewed as mappings): The sequence of probability distribution functions
{F,, n=1,2,...} converges in distribution to the probability distribution func-
tion F'if
(3.12) lim F,(z) = F(z), z€C(Fx).

n—o0

We shall write F,, —,, ' or F,, £, nF.

At this point the reader may wonder as to why the definition of distributional
convergence requires the convergence (3.11) only on the set of points of continuity
of the limit. This is best seen on the following example.

The importance of discontinuity points
Consider the two sequences of rvs {X,,, n = 1,2,...} and {X/, n = 1,2,...}
given by

1 1
X,=—— and X =—, n=12,...
n n

defined on some probability triple (€2, F,P). Both sequences converge as deter-
ministic sequences with lim,, ., X,,(w) = 0 and lim,,_,, ¥;,(w) = 0 for every w
in €. Yet it is easy to check that

0 ifx<O 0 ifz <0
lim Fy, (z) = and lim Fy/ (z) =

n—oo n—oo

1 ifz>0 1 ifz>0
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Theorem 3.4.2 Convergence in probability implies convergence in distribution:
If the sequence of rvs {X,,, n = 1,2,...} converges in probability to the rv X,
then it also converges in distribution.

Proof. Fixn =1,2,... and pick = in R. With € > 0, we note that

Fx, () P[X, < 1]
= PX,<z,X<z+4+¢e]+PX, <z,2+e<X]
< PX<z+el+P[|X, - X]|>¢]

(3.13)

Fx(z+¢e)+P[|X, — X|>¢]
In a similar way, we find
Fx(xr—¢e) = P[X <z—¢]
PX<z-—¢eX,<2]+P[X <z—c2<X,)
PX, <z]+P[|X, — X]| > €]
Fx, () +P[| X, — X| > €]

IN

(3.14)

Let n go to infinity in these inequalities. Under the assumed convergence in
probability, we find
limsup Fy, () < Fx(z +¢)

n—o0

and
Fx(z —¢) <liminf F, (x)

n—oo

Picking z to be a point of continuity for F'x, we get

lalg)lFX(aH—s) = hi[r)lFX(x —¢) = Fx(x).

Therefore,

limsup Fy, (z) = lig)l (lim sup Fx, (x))

n—o0 n—oo

el0
= Fx(z)
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and

Fx(z) = lgi{(I)lFX(x —¢€)

< lim <lim inf Fx, (x))

el0 n—oo

= liminf Fy, (z)
n—oo

whence lim inf,,_,, Fx, (z) = limsup,,_, . Fx, (z) = Fx(z). It follows that
liminf Fy, () = Fx(x), C(F¥).
n—oo

Although weak convergence is weaker than convergence in probability, there
is one situation where they are equivalent.

Theorem 3.4.3 With c a scalar in R, the sequence of rvs {X,,, n = 1,2,...}
converges in probability to the degenerate rv X = c if and only if the sequence of
rvs {X,, n=1,2,...} converges in distribution to the degenerate rv X = c.

Proof. Assume that the sequence of rvs {X,,, n = 1,2,...} converges in distri-

bution to the degenerate rv X = c. Fixe > 0. Foreveryn = 1,2, ..., we observe
that
PllX, —X|<e] = P[Xn—c|l<¢]
= Ple—e<X,<c+¢
= PX,<c+¢e]-P[X, <c—¢
(3.15) = Fx,(ct+e)—Fx,((c—¢)-)
so that
Pl|X,—X|>¢] = 1—Fx,(c+e)+ Fx,((c—¢e)—)
(3.16) < 1—Fx, (c+e)+ Fx,(c—e).

Recall that Fx(z) = 0 (resp. Fx(x) = 1)if z < ¢ (resp. ¢ < ) so
that the only point of discontinuity of F'x is located at x+ = c. Thus, under
the assumed convergence in distribution, we have lim, ., Fx, (¢ +¢) = 1 and
lim,, o Fx, (¢ —€) = 0, whence lim,,_,, P[| X,, — X| > ¢] = 0 as desired. m
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3.5 Uniform integrability

If a rv X has finite first moment, we know that

(3.17) lim E[1]X|> B]|X]|] =0.

B—oo

This is a simple consequence of the Dominated Convergence Theorem (since
Yp < |X| where Y = 1[|X| > B]|X]| for all B > 0). Thus, for every ¢ > 0,
there exists B*(¢) > 0 such that

(3.18) E[1[X| > B]|X[|<e, B> B*(e).

As we consider a collection of rvs {X,,, n = 1,2,...} with finite first mo-
ments, we can certainly assert the following: For each n = 1,2,... and every
e > 0, there exists B*(¢;n) > 0 such that
(3.19) E[1[|X,] > B][X,|] <e, B> B*(g;n).

This is a direct consequence of (3.18). However, sometimes it is required that
this condition holds uniformly with respect to n = 1,2, ... in that B*(e;n) can
be selected independently of n. This leads to the following stronger notion of
integrability for a sequence of rvs.

The collection of rvs {X,,, n = 1,2, ...} is said to be uniformly integrable if

(3.20) im ( sup E[1[|X,| > B |Xn|]> = 0.

1
B—oo \ n=1,2,...
In other words, for every ¢ > 0, there exists B*(¢) > 0 such that

(3.21) sup E[1[|X,| > B]|X,|]<e, B> B*(e).
n=1,2

,,,,,

Interest in this notion arises from the need to have an easy characterization of
situations where interchange between limits and expectation can take place.

Theorem 3.5.1 Consider a collection of rvs {X, X,,, n = 1,2,...} such that
lim, .., X,, = X a.s. If the collection of rvs {X,, n = 1,2,...} is uniformly
integrable, then E [| X|] < oo and

(3.22) lim E[X,] = E[X]

n—oo
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3.6 Weak convergence via characteristic functions

Weak convergence of a sequence of rvs can be characterized through the limiting
behavior of the corresponding sequence of characteristic functions.

Theorem 3.6.1 The sequence of rvs { X,,,n = 1,2,...} converges weakly to the
rv X if and only if

lim (I)Xn(9> = (I)X<6)7 0 € R.

n—o0

This result suggests the following strategy: Consider the limit

(3.23) d(0) = nlggo Oy (0), R

and identify the rv X whose characteristic function coincides with ¢ : R — C.
However, a word of caution is in order as the limit (3.23) may not necessarily de-
fine the characteristic function of a rv as can be seen from the following example.
The limit of characteristic functions is not always a characteristic function _
For eachn = 1,2,.. ., the rv X, is the uniform rv on the interval (—n,n). Easy
calculations show that

sinin@) lf97£0

n _i0x
(3.24) Dy (0) = / C dr=
—n 21 1 if6 =0,
so that
0 if0+£0
() = lim By, (0) =
e 1 if6=0.

Obviously, there are no rv X whose characteristic function coincides with the
limit.

This difficulty can be remedied with the help of the next result by simply
checking continuity at § = 0 for the limit (3.23). This is a consequence of the
Bochner-Herglotz Theorem.
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Theorem 3.6.2 Consider a sequence of rvs { X,,,n = 1,2, ...} such that the lim-
its
®(0) = lim dy, (0), O€R

n—oo

all exist. If ® : R — C is continuous at @ = 0, then it is the characteristic function
of somerv X, and X,, —,, X.

Proof. Foreachn = 1,2, ..., the function ®x,_ : R — C is a characteristic func-
tion. Therefore, by Theorem 2.3.1 it is (i) bounded with |y, (0)| < ®y, (0) =1
for all # in R; (ii) uniformly continuous on R; and (iii) positive semi-definite.
Properties (i) and (iii) are clearly inherited by the limit ® : R — C. Therefore,
by Theorem 2.3.2 the assumed continuity of ® implies that it is a characteristic
function, i.e., there exists a rv X such that ® = ®x. Invoking Theorem 3.6.1 we
conclude that X,, —,, X. [ |

3.7 Weak convergence via the Skorokhod represen-
tation

Consider a collection {F, F,,, n = 1,2,...} of probability distribution functions
on R.

Theorem 3.7.1 If the sequence of probability distribution functions {F,,, n =
1,2,...} converges weakly to F', then there exists a probability triple (Q0*, F*, P*)
and a collection of R-valued rvs {X*, X*, n = 1,2,...} all defined on 2* with
the following properties:

(i) We have
(3.25) F(z) =P [X*"<z], z€R
and
N reR
(3.26) F,(z) =P X} < z] n—1.2...

(ii) The rvs { X, n = 1,2,...} converges a.s. to X* (under P*), i.e.,

n’

P* Hw* e lim X} (w*) = X*(w*)H =1

n—oo
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3.8 Functional characterization of convergence in dis-
tribution

The following equivalent characterizations of distributional convergence have many
use.

Theorem 3.8.1 Consider the R-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (2, F,P). The following three statements are equivalent:
(i) The rvs {X,,, n = 1,2,...} converge in distribution to the rv X, i.e.,

lim FXn(x) = FX.Z'), T € C(Fx)

n—oo

(ii) For every bounded continuous mapping g : R — R, it holds that

(3.27) lim E[¢(X,)] = E[g(X)].

n—oo

(iii) The characteristic functions converge in the sense that

(3.28) lim @y, (0) = Dy(6), 6€cR.

n—o0

Proof. It follows from Theorem 3.7.1 that (i) implies the validity of (ii): Indeed,
with the notation used in that result, consider the probability triple (2*, F*, P*)
and the R-valued rvs { X*, X* , n =1,2,...} all defined on * such that

(3.29) PX <z]=P[X*"<z], z€R
and

N reR
(3.30) P[X, <z] =P X} < x] n—1.2 ..
with

P* lw* € Q°: lim X} (w*) = X*(w*)| = 1.

n—oo

Pick a mapping ¢ : R — R which is continuous and bounded - Set

B, = sup |g(x)| < oo.
zeR
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Obviously,
Elg(X)] =E"[¢g"(X")] and E[g(X,)] =E"[g"(X7)], n=12,...

It is plain that
lim g(X;) = g(X*) P*-as.

n—oo

by the continuity of g, with

wr e
* * <
9IS Bor ) g

Invoking the Dominated Convergence Theorem we readily conclude that

lim E* [g7(X;)] = B [ (X")].
This completes the proof of the validity of (ii). The proof that (ii) implies (i) is
omitted.
The equivalence of (i) and (iii) is just Theorem ??. Note that (iii) is a sim-
ple consequence of (ii) since for every € in R the mappings * — cos(fx) and
x — sin(fx) are bounded and continuous on R. [ |

An immediate consequence of Theorem is the following continuity result for
weak convergence.

Theorem 3.8.2 Consider the R-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (0, F,P). If the rvs {X,,, n = 1,2,...} converge in
distribution to the rv X, then the R-valued rvs {h(X,), n = 1,2,...} converge
in distribution to the rv h(X) for any continuous mapping h : R — R, namely

h(X,) = h(X).

Proof. The proof follows by a simple application of Theorem 3.10: Pick a
bounded continuous mapping g : R — R. Given the continuous mapping A :
R — R, we note that the mapping g o h : R — R given by

gohx) =g(h(r)), zeR



3.9. WEAK CONVERGENCE OF DISCRETE RVS 41

is also a bounded continuous mapping R — R. Therefore, by Part (ii) of Theorem
3.10 we conclude from the assumed convergence X,, =—>,, X that

lim E[goh(X,)]=E[goh(X)].

or equivalently,
lim B [g(h(X,))] = E[g(h(X))].

n—oo

Invoking one more time Part (ii) of Theorem 3.10 we now conclude that A (X,,) =,
h(X) as desired. u

3.9 Weak convergence of discrete rvs

In this section we consider a collection of discrete rvs { X, X,,, n = 1,2,...} with
PXeS|=PX,eS=1 n=12,...
where S = {a;,7 € I} is a countable subset of Z.

Theorem 3.9.1 The sequence of discrete rvs X,, =, X converges weakly to
the rv X if and only if

lim P[X, =a] =P[X =q], i€l

n—0o0

Proof. Assume first that X,, =,, X. Pick a a point of disconitnuity for F'y. By
assumption a is an element of Z, so that € > 0 can be selected so that both a £ ¢
are not in Z, whence

(3.31) lim P[X, <axe|=P[X <axfeg.

n—oo

Note however that
332) PX,<a—¢|=PX,<a+¢]+P[X,=4qa], n=12,...

and
(3.33) PX<a—¢=P[X<a+e]+P[X =dq].
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since the probability distribution functions are piecewise constant with jumps only
at points in Z.
Let n go to infinity in (3.32). It is plain from (3.31) that lim,, ., P [X,, = q]
exists and is given by
lim P[X, =a]|=P[X <a+¢c]|-PX <a—¢=P[X =
n—oo
where the last equality follows from (3.33).
Conversely, assume that
(3.34) lim P[X, =a|=P[X =4qa], a¢C(Fx)

n—oo

With a Borel subset B in R, we shall show that

(3.35) lim P[X,, € Bl]=P[X € B].

n—oo
This will immediately imply X,, =>,, X upon specializing B to sets of the form
B = (—o0,z] with z in C(Fx). To do so, fix n = 1,2, ... and pick A an arbitrary
positive integer A:

We see that

P[X, € B

= P[|X.| <A X, €B|+P[|X,| > A, X, € B]
(3.36) = E:M%ORWKAPLXﬁ::M—+PHX%|>/LX;EEB]
while

P[X € B]

= P[X|<A X €B]+P[X|>A,X € B
(3.37) ::ELQWMQPW:@+PWH>AXEBL

Substracting we conclude that

IP[X, € B -P[X € B
= Za&ZﬁB:|a\§A IP[X, =a] —P[X = af]| + P[|X,| > A] + P[|X]| > A].

Let n go to infinity in this last inequality: Using (3.34) we get

nh—>Holo ZaGZﬁB:MSA [P[Xy = a] —PX =d]| =0
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since this sum has at most 24 + 1 terms, while

lim P[|X,| > A] = lim (1—P[X,]< A
n—oo

(3.38) — 1-P[X| < Al =P[X| < 4]

by a similar argument. Collecting these facts we obtain

limsup [P[X, € B] —P[X € B]| < 2P[|X| > A].

n—o0

Now let A go to infinity in this last inequality and note that

li
A—oo n—00

m (limsup IP[X, € B]-P[X € B]|) =0

and the desired conclusion (3.35) follows since the left handside does not depend
on A [ |

In the more restrictive setting where S C N, probability generating functions
can be defined, and the following analog of Theorem 3.6.1 holds.

Theorem 3.9.2 The sequence of N-valued rvs {X,,,n = 1,2,...} converges
weakly to the rv X if and only if

lim Gx,(z) = Gx(z), |z] <1.

n—0o0

3.10 Convergence in higher dimensions

The discussion so far has been in the context of R-valued rvs. We now outline the
corresponding theory for RP-valued rvs with p > 1. The first observation is that
the three first modes of convergence, namely a.s. convergence, convergence in
probability and convergence in the 7* mean are “metric” notions in the following
sense: Thervs {X,,, n=1,2,...}

e converge a.s. to the rv X if

lim | X, — X|=0 a.s.
n—00
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e converge in probability to the rv X if

lim P[|X,, - X|>¢]=0, >0

n—o0

e converge in the 7" mean (for some » > 1) to the rv X if

lim E[|X, — X|'] = 0.

n—o0

They are all expressed in terms of the distance | X,, — X| of X, to X.

In R? there are a number of ways to define the distance between two vectors.
Here we limit ourselves to metrics that are induced by norms, so that distance is
measured by

d(z,y) =z —yl, =yeR’

where || - || : R? — R, is a norm. Therefore, a natural to define the modes of
convergence for R”-valued rvs as follows:
Consider any norm || - || : R? — R, . The RP-valued rvs {X,,, n =1,2,...}

e converge a.s. to the rv X if

lim || X, — X||=0 a.s.
n—oo

e converge in probability to the rv X if

lim P[|| X, — X|| >¢]=0, >0
n—oo

e converge in the 7" mean (for some r > 1) to the rv X if
lim E[||X,, — X||"] =0.
n—o0
Note that all norms on R? are equivalent in the following sense: If ||-||, : R? — R
and || - ||, : R» — R, are two different norms, then there exists constants ¢, > 0
and C,, > such that

Cap|Zlla < Nzllo < Capllzlla; = € RE.

Norms often used in applications include
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e The Euclidean norm (or L;-norm):

p
lzlla = | Y lzil?, 2= (21,...,2,) €R?
k=1

e The L;-norm:
p
Il =) lzwl, @ =(z1,...,3,) €R?
k=1

e The Manhattan norm

|]|oo = max(|zx|, k=1,...,p), x=(21,...,2,) € RP

However when it comes to convergence in distribution matters are quite dif-
ferent because this notion does not rely on a notion of proximity in the range of
the rvs under consideration. Furthermore, probability distribution functions on R”
are more cumbersome to characterize. So instead of using the definition given in
Section 3.4 we instead rely on the equivalence given in Theorem 3.10

The sequence of RP-valued rvs {X,,, n = 1,2,...} converges in distribution
to the RP-valued rv X if for every bounded continuous mapping g : R? — R, it
holds that
(3.39) Tim E[g(X,)] = E[g(X)].

Here as well we shall write X,, —,, X or X, i> 22X . Some authors also refer
to this mode of convergence as convergence in law or as weak convergence.

Theorem 3.10 has the following multi-dimensional analog.

Theorem 3.10.1 Consider the RP-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (2, F,P). Then, the rvs {X,,, n = 1,2,...} converge in
distribution to the rv X if and only if

(3.40) lim ®yx () = ®x(0), 6€R.

n—o0
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This amounts to ' ‘
lim E [el‘)’xﬂ _E [el“} L 0eR

n—o0

In the same way that Theorem implied Theorem 3.8.2, we readily see that
Theorem 3.10.1has the following important consequence.

Theorem 3.10.2 Consider the RP-valued rvs {X, X,,, n = 1,2,...} defined on
some probability triple (0, F,P). If the rvs {X,,, n = 1,2,...} converge in
distribution to the rv X, then the R?-valued rvs {h(X,), n = 1,2, ...} converge
in distribution to the R?-valued rv h(X) for any continuous mapping h : R? — RY,
namely

hMXn) = M(X).



Chapter 4

The classical limit theorems

The setting of the next four sections is as follows: The rvs {X,,, n =1,2,...} are
rvs defined on some probability triple (2, F,P). With this sequence we associate
the sums

Sn:iXka n:1,2,...
k=1

Two types of results will be discussed: The first class of results are known as Laws
of Large Numbers; they deal with the convergence of the sample averages

_ 1 &
Sn:_g Xk, 7121,2,...
n
k=1

The second class of results are called Central Limit Theorems and provide a rate
of convergence in the Laws Large Numbers.

4.1 Weak Laws of Large Numbers (I)

Laws of Large Numbers come in two types which are distinguished by the mode
of convergence used. When convergence in probability is used, we refer to such
results as weak Laws of Large Numbers. The most basic such results is given first.

Theorem 4.1.1 Assume the rvs {X,X,, n = 1,2,...} to be i.i.d. rvs with
E[|X]?] < co. Then,
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whence g
4.2) on Py EX].
n
Proof. Foreachn =1,2,..., we note that
2 n 2
E &—]E[X] ] = E 1 (X, — E[X))
n N n F
k=1
1
4.3) = - Varls,)
with
Var[S,] = > Y Cov[X;, X/]
k=1 (=1
= ) Var[Xy]
k=1
(4.4) = nVar[X]
since

Cov[Xg, X = 6(k; 0)Var[X]|, kl=1,....n

under the enforced independence assumptions.

As a result,
5 Sn _E[X] 2 _ nVar[X]| _ Var[X]
n n? n?
and the desired conclusions follow. ]

4.2 Weak Laws of Large Numbers (II)

A careful inspection of the proof of Theorem 4.1.1 suggests a more general result.
Assume that the rvs {X,,, n = 1,2,...} are second-order rvs. For each n =
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1,2, ..., we note that

E[1XS (X - E[x)

k=1

By computations similar to the ones used in the proof of Theorem 4.1.1, we find

Var[S,] = Var[ZXk]

= ) ) Cov[X, X/]

k=1 (=1
(4.5) = ) Var[Xil+ > Cov[Xy, X/,
k=1 kf=1, kAL
whence
1 i
E =) (Xi—E[X])
it
4.6 _ Y Var| X ! Cov| X, X,
(4.6) = ar[ Xg| + — Z ov[ Xy, Xo|.
k=1 kf=1, kAL

Theorem 4.2.1 Consider a collection {X,,, n = 1,2,...} of second-order rvs
such that

1
4.7) 7}1_{{)10 = ; Var[X}] = 0.
We have
1 & 2
(4.8) N (X —E[X]) .0
n k=1
and
1 n
(4.9) ~D (X —E[X])
k=1

whenever either one of the following conditions holds:
(i) The rvs {X,,, n = 1,2,...} are uncorrelated
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(ii) The rvs { X,,, n = 1,2,...} are negatively correlated, i.e.,

k#1
COV[XIWXK]SOa k,’g:i?n

(iii) The rvs { X,,, n = 1,2, ...} satisty the condition

(4.10) lim — Y Cov[Xy, X, =0.
k=1, k£¢

This result is often applied when the rvs {X,,, n = 1,2,...} have identical
means and variances, namely there exist ¢ and o > 0 such that

E[X,=p and Var[X,]=0% n=12,...

In that case, condition (4.7) is automatically satisfied and the convergence state-
ments take the simpler form

1
@.11) P =
n k=1
and
1 n
(4.12) XS au
n
k=1

4.3 The classical Weak Law of Large Numbers (I1I)

As we now show, the finiteness of the second moment of X can be dropped.

Theorem 4.3.1 Assume the rvs {X,X,,, n = 1,2,...} to be i.i.d. rvs with
E[|X|] < co. Then, we have

Sn

(4.13) - Ly L E(X].
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Proof. Fixn =1,2,... and 6 in R. Note that
B [eia(%fE[X])} _F [ez’% Z;;:l(xk_m[)q)]

n
Hez% X, —E[X])

k=1

E

- Tk [egxk E[X)}

(4.14) — (E [elﬁ(X*E[X])D

so that

ol
—

E [eiO(ST"—E[XD} _ (]E [e o(x— IE[X])])

As pointed out in Section 2.4, using Theorem 2.4.1 (fork = land x = X —
E [X]), we get

| X-E[X] )
VX EXD — 1 4 ig(X — E[X]) +if / (¢ = 1) dt,
0

X-E[X]
/ (" — 1) dt]
0

upon taking expectations. Substituting ¢ by %, we obtain the relation

E [g%(xfwn] g e, (g)

whence

E [eXFXD] =1+ iE

where

It follows that

4.15) E [¢7(5)] = (1 n g e (%)) .

By Dominated Convergence, we conclude that lim,, ., C} (%) = 0, whence

ti (B [e5]) = (145 (7)) =1
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It follows that 82 — E[X] 5,0, and this conclude the proof of (4.13). n

4.4 The Strong Law of Large Numbers

Strong Laws of Large Numbers are given are convergence statements in the a.s.
sense. The classical Strong Law of Large Numbers is given next.

Theorem 4.4.1 Assume the rvs {X,X,,, n = 1,2,...} to be i.i.d. rvs with
E[|X]|] < co. Then,

(4.16) lim — =E[X] a.s.

We give two proofs of this result under stronger assumptions on the moments
of X. One proof assumes E [| X'|*] < oo while the second proof is given under the
condition E [| X|?] < co. A proof under the first moment condition E [| X|] < oo
is available in [].

Proof 1 Assume E[|X|*] < oo — Note that there is no loss in generality in
assuming that E [X] = 0 as we do from now on in this proof. The basic idea of
the proof is as follows: By the Monotone Convergence Theorem it is always the

case that g (%)1 = gE <%)1
()]~

>(2)] <

E

Therefore, if we could show that

(4.17) i E
n=1

we immediately conclude that

E

n=1

As a result,

o] 4
Z (%) <O a.s.

n=1
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and the conclusion lim,, ., % = 0 a.s. is now straightforward.
In order to establish (4.17) we note that

4
S \? 1 "
(X)IZFE (ZX'f)
k=1
with

n 4 n n n n
(4.18) E (ZXk) => E[X;X; XX,

k=1

E

Under the enforced independence assumptions it is plain (with E [X] = 0) that
E [X;X;X,X,] = 0 as soon as one of the indices i, j, k, ¢ is different from all the
other three, e.g., i ¢ {j, k, (}, etc. The only cases when E [X; X, X, X,| # 0 are
as follows: () If i = j = k = {, then E [ X, X; XX/ = E[X"]; there are n
such configurations; (ii) If {4, j, k, ¢} contains only two distinct values, say a # b
appearing as aabb, abab and abba in (4.18), then E [X,; X; X, X,] = (E[X?])?%
there are 3n(n — 1) such configurations. It follows that

E (i Xk> =nE [X*] + 3n(n — 1)(E [X?])?,

whence
S\ ? 1 n—1
E|(=) | = SE[X'] +3——(E[X?))~
(2)]- e +atem e
The conclusion (4.17) readily follows, and this completes the proof. [ |

Proof 2 Assume E [|X|?] < oo —Foreach k = 1,2,. .., we note that

Sk2 Var [X]
Var { 12 } = 2
so that
Sh2

k2

2|

1 <= Var[X
>5}§6—25 a];[]<oo, e > 0.
k=1
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It follows from Theorem 3.1.2 that
. S
(4.19) lim “5 =E[X] as.
Now assume that the rvs { X, X,,, n = 1,2,...} are non-negative, i.e., X > 0
a.s. (in which case obviously E [X] > 0). The case when the rvs {X, X,,, n =
1,2,...} are non-positive, i.e., X < 0 a.s., can be handed mutatis mutants.

Fix n = 1,2, .... There exists a unique positive integer k(n) such that
(4.20) k(n)> <n < (k(n) +1)2
Under the non-negativity assumption we note the inequalities
Skn)2 < Sp < Skn)+1)2 s

by virtue of the fact that X, > O a.s. for ¢ = k(n)?, ..., (k(n)+1)*—1. It follows
that

k(n)® [ Sk Sn _ (k(n)+1)* (" Sm)+1)2
aan S () < S s (wessts):

Using (4.20) we readily get

n n

k(n)? k(n)? k(n) 1 1
(422) e

It is now straightforward to conclude from the first inequality in (4.22) that

2
lim sup m <1

N—00 n
k(n)

with T < 1, and the second inequality in (4.22) therefore yields 1 < liminf, kT

As a result, lim,,_,, = 1 (whence lim,,_,, k(n) = oo as expected). Finally
let n go to infinity in (4.21), and we readily get (4.16) upon combining this last
conclusion with the convergence (4.19).

To complete the proof note that E [( X*)?] < oo since E[|X|?] = E[(X )% +
[E [(X)?]. Thus, it holds that

k(n)?

n +
(4.23) lim L X _ E[XF] as.

n—0o00 n

since the rvs { X, X,;t, k= 1,2,...} form an i.i.d. sequence of rvs with finite
second moments. The desired result (4.16) automatically follows since

X,=X'-X;, n=12...
and E[X] =E[X*] - E[X]. m

(n)?
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4.5 The Central Limit Theorem

The Central Limit Theorem completes the Law of Large Numbers, in that it pro-
vides some indication as to the rate at which convergence takes place.

Theorem 4.5.1 Assume the rvs {X,X,,, n = 1,2,...} to be i.i.d. rvs with
E[|X]?*] < co. Then, we have

(4.24) vn (ﬂ ~E [X]) —, v/ Var[X] - U

n

where U is standard zero-mean unit-variance Gausssian rv.

Proof. Fixn = 1,2,... and 6 in R. This time, as in the proof of Theorem 4.3.1
we get
E eie\/ﬁ(%—E[X])} _ <]E [ei%(X—lE[XD] )n

under the enforced independence.
Using Theorem 2.4.1 (with £ = 2 and x = X — E [X]), we get

pi0(X—E[X])
. 02 )
= 1+i0(X -E[X]) - 5 (X - E[X])
62 X-E[X] ‘
(4.25) - (X —E[X] —t) (" —1) dt,
0

and taking expectations yields

E [eiG(XfE[X])]

62 0>
with
X-E[X] '
4.27) Cy(0) =E / (X —E[X]—) (¢ — 1) dt] .
0

Substituting 6 by \% in this last relation leads to

. 2 2
B |:6z%(X—E[X])] —1— g_n - Var [X] — 29_71 - Ch (%)
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so that

E [V -E)| (1 - % - Var [X] - % -Gy (%))n

Again, by Dominated Convergence, we obtain

. 0
Jim Ce <ﬁ> =0

under the second moment condition E [| X |?] < oo, whence
, 62 62 0 62

It follows that 2
lim E [eim(%fﬁm)] _ o % VarlX]

n—oo

This complete the proof of (4.24). [ ]

4.6 The Central Limit Theorem — An application

We are still in the setting of Theorem 4.5.1. We can rephrase (4.24) as

lim P {\/ﬁ (& —E[X]) < w}

n—00 n
(4.28) - P[\/W[X].ng], z €R.
as we recall that every point in R is a point of continuity for the rv U (or 1/ Var[X]-
" It follows that

lim P H\/ﬁ <& — ]E[X])’ < :c}

n—+00 n

- IP[ Var[X]-ng}—IP[\/\T[X]-US—x}

(4.29) — 20 <L) 1, z>0
Var[X]
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Fixxz > 0andn =1,2,...: We have

(3

if and only if
Sn
—x < ﬁ(——E[X]) <z
n
if and only if
S, x S x
EIX e
[X] [ n n'n * \/ﬁ]
Thus, if we think of
%= n=12
n
as an estimate of E[X] on the basis of the observations X1,..., X, then the

SLLNs already tells us that the estimate is increasingly accurate as n gets large
since R
lim X, =E[X] a.s.

n—o0

The calculations above show via (4.29) that

sefies 0 2]
(4.30) — 20 <L> 1, z>0.
Var[X]

In other words, for large n, the unknown value E [X] lies in a symmetric inter-
val centered at the estimate X, (obtained from the observed data X1, ..., X,) of
width \2/—”% with a probability approximately given by

2 (_) L
Var[X]

the accuracy of this approximation improving with increasing n. With o in (0, 1)
given, we can ensure that
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for large n if we select x > 0 such that

20 (L> —1=1-a,
Var[X]

o <—I ) —1-
Var[X]

With X in (0, 1) let 2, denote the unique solution to the nonlinear equation

or equivalently,

MIQ

1-—®(z)=\, zeR

Equivalently,
PlU >z =X xR

With this notation we see that the random interval

S,  z1-2+/Var[X] Sn+21—% Var[X]

n N N

is known as the confidence interval for estimating [E [ X | on the basis data X, ..., X,
with confidence (1 — a)%

Note that this analysis is predicated on knowing the variance Var[X]. When
this value is unknown, we replace Var[X| by the sample variance S? given by

52 = n112<xk——2)@), n=23,...

4.7 Poisson convergence

The setting is a follows: For eachn = 1,2,.. ., let X1(p,), ..., Xn(p,) denote a
collection of i.i.d. Bernoulli rvs with parameters p,, in (0, 1). i.e.,

P [Xk,n(pn) =1]=1- ]P)[Xk,n(pn) =0l=pn, k=1...,n
Write .
Sp=> Xi(pa), n=12, ..
k=1
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Theorem 4.7.1 Assume there exists A > 0 such that

4.31) lim np, = A.

n—0o0

Then, we have
(4.32) Sy =, ()

where I1(\) denotes a Poisson rv with parameter \.

The convergence (4.32) can be restated as

(4.33) lim P[S, =k|=—¢", k=0,1,...

We give two proofs of this important result.

Proof 1 The first proof uses the characterization of weak convergence for integer-
valued rvs given in Theorem 3.9.1: Fix n = 1,2,.... Under the independence
assumptions, the rv S, is a binomial rv Bin(n; p, ). Thus, Fix £ = 0,1, .... For
every integer n such that £ < n we have

n n—
P[S, =k = (k)pgu — )"
n! k n—~k
- " 1y,
1 Dn ¥ n! n
- — : -(1=p,
k! (1—pn) (n—k)! (1=pn)
434) 1 npn \" n! (1 yr
' KB \1-p, nk(n —k)! P} -
It is plain that
. n! _.oonm—=1)...(n—k+1)
R % -
while (4.31) implies
lim (1= p,)" = Tim (1- %)" —
n—00 n—00 n
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and
. Pn
lim
n—oo ] — Pn

=A

since lim,,_,, p, = 0. Collecting we conclude to (4.33) as we make use of Theo-
rem 3.9.1. [ |

Proof 2 This second proof relies on the characterization of weak convergence
for integer-valued rvs given in terms of probability generating functions: Fix n =
1,2,.... Foreach 6 in R we get

E [eiesn] ) [eif?Z}Z:l Xk(pn)i|
f[ eieXk(Pn)]
k=1

E [eka (Pn)}

= K

I
=

1
—Pn+ pnew)n

I
e N
— =l

(4.35) = (1-pa(1=€")".
Under (4.31) we get that
. 0\ 10
T}Lngonpn(l—e )—)\(1 e )
Thus,

lim E [eies”} = e_’\(l_ew), feR

n—oo

and the conclusion (4.32) follows since

E[eié’ﬂ()\)] _ Z_e

as we use Theorem 3.9.2. ]



Chapter 5

Gaussian Random Variables

This chapter is devoted to a brief discussion of the class of Gaussian rvs. In
particular, for easy reference we have collected various facts and properties to be
used repeatedly.

5.1 Scalar Gaussian rvs

With
peR and o >0,
an R-valued rv X is said to be a Gaussian (or normally distributed) rv with mean

 and variance o? if either it is degenerate to a constant with X = y a.s. (in which
case o = () or the probability distribution of X is of the form

1 v (t—m)?
P[Xga:]:\/m/ e 22 dt, x€R

(in which case o > 0). Under either circumstance, it can be shown that
2
60X j0p— 02
(5.1 E[e"*] =57 feR.

This fact is established in Section 5.11. The following equivalent definition cap-
tures both cases.

An R-valued rv X is said to be a Gaussian rv with mean x (in R) and variance
o? > 0 if its characteristic function is given by

. . o2
(5.2) E [e?X] = %% §eR.

61
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It is then follows by differentiation that
(5.3) E[X]=p and E[X?]=4>+0>

so that Var[X| = o2, This confirms the meaning ascribed to the parameters x and
o? as mean and variance, respectively.

It is a simple matter to check that if X is normally distributed with mean p and
variance o2, then for scalars a and b, the rv a X + b is also normally distributed
with mean ay + b and variance a*0?. In particular, with o > 0, the rv o= (X — p)
is a Gaussian rv with mean zero and unit variance.

5.2 The standard Gaussian rv

The Gaussian rv with mean zero and unit variance occupies a very special place
among Gaussian rvs, and is often referred to as the standard Gaussian rv. Through-
out, we denote by U the Gaussian rv with zero mean and unit variance. Its proba-
bility distribution function is given by

(5.4) PlU <z|= / o(t) reR
with density function ¢ given by

(5.5) 6(@) = ——c%, zcR

As should be clear from earlier comments, the importance of this standard rv
U stems from the fact that for any Gaussian rv X with mean p and variance o2, it
holds that X =, u + oU, so that

PX <z] =

|—|

<o l(w—p)
PR
(x—u)), r € R.

r—|

The evaluation of probabilities involving Gaussian rvs thus reduces to the evalua-
tion of related probabilities for the standard Gaussian rv.
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For each x in R, we note by symmetry that P [U < —z] = P [U > z], so that
O(—z) = 1 — &(x), and  is therefore fully determined by the complementary
probability distribution function of U on [0, c0), namely

(5.6) Q(z) =1—®(z) =P[U >2z], x>0.

5.3 Evaluating Q(x)

The complementary distribution function (5.6) repeatedly enters the computation
of various probabilities of error. Given its importance, we need to develop good
approximations to )(x) over the entire range x > 0.

The error function In the literature on digital communications, probabilities of
error are often expressed in terms of the so-called error function Erf : R, — R
and of its complement Erfc : R, — R defined by

2 T

(5.7 Erf(z) = —/ e dt, x>0
VT Jo

and 5 oo

(5.8) Erfe(z) = 7 /x e Pdt, x>0

A simple change of variables (t = \%) in these integrals leads to the relationships

Erf(z) =2 (@(x\/ﬁ) - %) and Erfe(z) = 2Q(zv/2),

so that
Erf(z) =1 — Erfe(z), x >0.

Conversely, we also have

O(z) = % (1 + Exf (%)) and Q(z) = %Erfc (%) .

Thus, knowledge of any one of the quantities ®, (), Erf or Erfc is equivalent to
that of the other three quantities. Although the last two quantities do not have
a probabilistic interpretation, evaluating Erf is computationally more efficient.
Indeed, Erf(z) is an integral of a positive function over the finite interval [0, z]
(and not over an infinite interval as in the other cases).
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Chernoff bounds To approximate ()(x) we begin with a crude bound which
takes advantage of (??): Fix x > 0. For each § > 0, the usual Chernoff bound
argument gives

PU>z] < E[e™]e ™
6—0.73"!‘%

22 (0-2)?

(59) = e 2¢ 2

where in the last equality we made use of a completion-of-square argument. The

best lower bound
2

x

(5.10) Qz)<e 2z, x>0

is achieved upon selecting § = x in (5.9). We refer to the bound (5.10) as a
Chernoff bound; it is not very accurate for small = > 0 since lim, 0 Q(z) = %

N

x

while lim,_,ge~ 7 = 1.

Approximating ()(z) (r — oo) The Chernoff bound shows that Q)(z) decays
2

to zero for large x at least as fast as ¢~ 7. However, sometimes more precise
information is needed regarding the rate of decay of ()(x). This issue is addressed
as follows:

For each x > 0, a straigthforward change of variable yields

Qr) = /Ooas(t)dt
= /Oogb(x—i-t)dt
o) [

5.11) — $(x) / e dt,
0

2
With the Taylor series expansion of ¢~ 2 in mind, approximations for Q(x) of

increased accuracy thus suggest themselves by simply approximating the second
exponential factor (namely e~*") in the integral at (5.11) by terms of the form

— (=D)* o
(5.12) > S =01,
k=0 )



5.4. GAUSSIAN RANDOM VECTORS 65

To formulate the resulting approximation contained in Proposition 5.3.1 given
next, we set

foreachn =0,1,....

Proposition 5.3.1 Fixn = 0,1,.... For each x > 0 it holds that

(5.13) Qant+1(z) < Q) < Q2n(),
with o)
(5.14) | Q(z) — Qn(z) |< (27172!'95—@%1%(1:).
where .

"L (—=1)k(2k)!
(5.15) Qu(z) = 6(2) ko( gk

A proof of Proposition 5.3.1 can be found in Section ??. Upon specializing
(5.13) ton = 0 we get

2 2
e~ T 1 e~ T
5.16 1—— ) <Qz) < , x>0
( ) x27r( $2)_Q()_x 27
and the asymptotics
(5.17) Qz) ~ Se (2 — 00)
TV 2T

follow. Note that the lower bound in (5.16) is meaningful only when z > 1.

5.4 Gaussian random vectors

Let o denote a vector in R? and let 3 be a symmetric and non-negative definite
d x d matrix, i.e., ¥’ = X and 8’360 > 0 for all 0 in R<.

An R¢valued rv X is said to be a Gaussian rv with mean vector g and co-
variance matrix X if there exist a d X p matrix T" for some positive integer p and
i.i.d. zero mean unit variance Gaussian rvs Uy, . .., U, such that

(5.18) TT =%
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and
(5.19) X =4 pn+TU,

where U, is the RP-valued rv (U, ..., U,)".
From (5.18) and (5.19) it is plain that

EX]|=E[p+TU,| =pn+TE[U,| =p

and
E[(X-p)(X-p)] = E[TU,(TU,)
= TE[U,U,|T
(5.20) = TI,T' =%,
whence

E[X]=p and Cov[X]|=23.

Again this confirms the terminology used for p and 3 as mean vector and covari-
ance matrix, respectively.

It is a well-known fact from Linear Algebra [, , p. ] that for any symmetric
and non-negative definite d x d matrix X, there exists a d X d matrix 7" such that
(5.18) holds with p = d. This matrix 71" can be selected to be symmetric and non-
negative definite, and is called the square root of X. Consequently, for any vector
p in R? and any symmetric non-negative definite d x d matrix X, there always
exists an R?-valued Gaussian rv X with mean vector p and covariance matrix 3
— Simply take

X =4 m+ TU,

where T is the square root of 3.

5.5 Characteristic functions

The characteristic function of Gaussian rvs has an especially simple form which
is now developed.

Lemma 5.5.1 The characteristic function of a Gaussian R%-valued rv X with
mean vector p and covariance matrix X is given by

(5.21) E [eig'X} _n-30%0 g o pa
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Conversely, any R¢-valued rv X whose characteristic function is given by (5.21)
for some vector p in R% and symmetric non-negative definite d x d matrix ¥ is a
Gaussian R%-valued rv X with mean vector p and covariance matrix .

Proof. Consider an R%valued rv X which is a Gaussian rv with mean vector
and covariance matrix 3. By definition, there exist a d X p matrix T" for some
positive integer p and i.i.d. zero mean unit variance Gaussianrvs U1, ..., U, such
that (5.18) and (5.19) hold.

For each 6 in R?, we get

E [elelX:| — eiell,l, £ —eielTUp:|
= 619,“ . E -eZ(TIO)/UPi|
= eiall‘l' . E -eizzzl(Tle)kUk]
yal p- X ’
(5.22) — . [[E [euT 0)@]
k=1
Wal p 1 / 9
(5.23) — . I1 o sI(T0)
k=1
The equality (5.22) is a consequence of the independence of the rvs Uy, ..., U,,

while (5.23) follows from their Gaussian character (and (??)).
Next, we note that

p
D IT'ON* = (T'0)(T'6)
k=1
(5.24) = 0(TT)0=0'%0

upon invoking (5.18). It is now plain from (5.23) that the characteristic function
of the Gaussian R%valued rv X is given by (5.21).

Conversely, consider an R%-valued rv X with characteristic function of the
form (5.21) for some vector g in RY and some symmetric non-negative definite
d x d matrix 3. By comments made earlier, there exists a d X d matrix T" such
that (5.18) holds. By the first part of the proof, the Re-valued rv X given by
X := p + T'U, has characteristic function given by (5.21). Since a probability
distribution is completely determined by its characteristic function, it follows that
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the rvs X and X obey the same distribution. The rv X being Gaussian with mean
vector p and covariance matrix X, the rv X is necessarily Gaussian as well with
mean vector p and covariance matrix 3. [

5.6 Existence of a density

In general, an R%valued Gaussian rv as defined above may not admit a density
function. To see why, consider the null space of its covariance matrix X,! namely

NE):={xcR?: Tz =0,

Observe that 8’30 = 0 if and only if € belongs to N(X), in which case (5.21)
yields

and we conclude that
(X —pn)=0 as.

In other words, with probability one, the rv X — p is orthogonal to the linear
space N(X).

To proceed, we assume that the covariance matrix 3 is not trivial (in that it
has some non-zero entries) for otherwise X = p a.s. In the non-trivial case, there
are now two possibilities depending on the d x d matrix 3 being positive definite
or not. Note that the positive definiteness of 3, i.e., 8360 = 0 necessarily implies
0 = 04, is equivalent to the condition N (X) = {0,}.

If the d x d matrix 3 is not positive definite, hence only positive semi-definite,
then the mass of the rv X — g is concentrated on the orthogonal space N(X)+
of N(X), whence the distribution of X has its support on the linear manifold
p + N(X)* and is singular with respect to Lebesgue measure.

On the other hand, if the d x d matrix X is positive definite, then the matrix
3 is invertible, det(X) # 0 and the Gaussian rv X with mean vector p and
covariance matrix 3 admits a density function given by

flz) = L t@wS'@mw g epe
(2m)ddet ()

I'This linear space is sometimes called the kernel of 3.
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5.7 Linear transformations

The following result is very useful in many contexts, and shows that linear trans-
formations preserve the Gaussian character:

Lemma 5.7.1 let v be an element of R? and let A be an q x d matrix. Then, for
any Gaussian rv R%-valued rv X with mean vector p and covariance matrix X,
the R?-valued rv Y given by

Y=v+AX

is also a Gaussian rv with mean vector v + Ap and covariance matrix AL A’

Proof. First, by linearity we note that

EY]=E[v+AX]|=v+ Ap

so that
Cov[Y] = E[A(X —p) (AX — p))]
= AE[(X — p)(X —p)] A’
(5.25) — AXA

Consequently, the R?-valued rv Y has mean vector v+ A and covariance matrix
A A

Next, by the Gaussian character of X, there exist a d x p matrix T" for some
positive integer p and i.i.d. zero mean unit variance Gaussianrvs Uy, ..., U, such
that (5.18) and (5.19) hold. Thus,

Y =4 v+A(p+TU,)
= v+Au+ATU,
(5.26) - n+TU,
with B
p:=v+Apu and T :=AT

and the Gaussian character of Y is established. ]

This result can also be established through the evaluation of the characteristic
function of the rv Y. As an immediate consequence of Lemma 5.7.1 we get
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Corollary 5.7.1 Consider a Gaussian rv R?-valued rv X with mean vector p and
covariance matrix 3. For any subset I of {1,...,d} with |I| = q¢ < d, the R9-
valued rv X | given by X; = (X;, i € I)' is a Gaussian rv with mean vector
(pi, © € I)" and covariance matrix (X;;, i,j € I).

5.8 Independence of Gaussian rvs

Characterizing the mutual independence of Gaussian rvs turns out to be quite

straightforward as the following suggests: Consider the rvs X, ..., X, where
for each s = 1,...,7, the rvX, is an R%-valued rv with mean vector u, and
covariance matrix X,. With d = dy + ... + d,, let X denote the R?-valued rv
obtained by concatenating X, ..., X,, namely
X1
(5.27) X = :
X,
Its mean vector p is simply
231
(5.28) p=1 :
Ky
while its covariance matrix 3 can be written in block form as
X X oo Xy,
b by D SO
(5.29) s=| T
X1 Yo ... X,

with the notation
3 :=Cov[ X, Xy s,t=1,...,r

Lemma 5.8.1 With the notation above, assume the R*-valued rv X to be a Gaus-
sian rv with mean vector p and covariance matrix 3. Then, foreachs =1,...,r,
the rv X  is a Gaussian rv with mean vector pu, and covariance matrix ;. More-
over, the rvs X, ..., X, are mutually independent Gaussian rvs if and only they
are uncorrelated, i.e.,

(530) Es,t :(5(8,t>2t, S,t: 1,...,T.
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The first part of Lemma 5.8.1 is a simple rewrite of Corollary 5.7.1. Some-
times we refer to the fact that the rv X is Gaussian by saying that the rvs X4,..., X,
are jointly Gaussian. A converse to Lemma 5.8.1 is available:

Lemma 5.8.2 Assume that foreachs = 1,...,r, the rv X, is a Gaussian rv with
mean vector p, and covariance matrix ;. If the rvs X, ..., X, are mutually
independent, then the R%-valued rv X is an R%-valued Gaussian rv with mean
vector p and covariance matrix 3 as given by (5.29) with (5.30).

It might be tempting to conclude that the Gaussian character of each of the rvs
X4,..., X, alone suffices to imply the Gaussian character of the combined rv
X. However, it can be shown through simple counterexamples that this is not so.
In other words, the joint Gaussian character of X does not follow merely from
that of its components X1, . . ., X, without further assumptions.

5.9 Convergence and limits of Gaussian rvs

In later chapters we will need to define integrals with respect to Gaussian pro-
cesses. As in the deterministic case, these stochastic integrals will be defined as
limits of partial sums of the form

kn
(5.31) Xp=Y av", n=12...
i=1
where foreachn = 1, 2, . . ., the integer k,, and the coefficients ag»”), 1=1,... kg,
are non-random while the rvs {Y}("), j=1,...,k,} arejointly Gaussian rvs. Typ-
ically, as n goes to infinity so does k,,. Note that under the foregoing assumptions
foreachn =1, 2,..., the rv X,, is Gaussian with
kn
(5.32) E[X,) = > a"E |v}")]
=1
and
b  kn

(5.33) Var[X,,] = Z Z al(-n)ag-n)Cov[Y;(”), Y.(")]_
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Therefore, the study of such integrals is expected to pass through the conver-
gence of sequence of rvs {X,,, n = 1,2,...} of the form (5.31). Such considera-
tions lead naturally to the need for the following result [, Thm. , p.]:

Lemma 5.9.1 Let { X}, k = 1,2,...} denote a collection of R%-valued Gaussian
rvs. Foreachk = 1,2, ..., let u;, and ¥, denotes the mean vector and covariance
matrix of the rv X . The rvs { X, k = 1,...} converge in distribution (in law)
if and only there exist an element p in R? and a d x d matrix ¥ such that

(5.34) lim p, =p and lim 3, = 3.
k—o0 k—o0

In that case,
Xk —L X

where X is an R%-valued Gaussian rv with mean vector p and covariance matrix
3.

The second half of condition (5.34) ensures that the matrix ¥ is symmetric
and non-negative definite, hence a covariance matrix.

Returning to the partial sums (5.31) we see that Lemma 5.9.1 (applied with
d = 1) requires identifying the limits y = lim,,_,, E [X,,] and 6% = lim,,_,, Var[X,,],
in which case X,, =, X where X is an R-valued Gaussian rv with mean p and
variance .. In Section ?? we discuss a situation where this can be done quite
easily.

5.10 Ryvs derived from Gaussian rvs

Rayleigh rvs A rv X is said to be a Rayleigh rv with parameter o (o > 0) if
(5.35) X =4 VY2422

with Y and Z independent zero mean Gaussian rvs with variance o2. It is easy to
check that

(5.36) PX >z]=€¢22, >0
with corresponding density function

(5.37) %1@ X <] = %6—2%2, x> 0.
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It is also well known that the rv © given by

Z
(5.38) © := arctan (?)

is uniformly distributed over [0, 27r) and independent of the Rayleigh rv X, i.e.,

2

(5.39) P[ng,@ge]:;(l—e_i?), 0 €[0,2m), x > 0.
m

Rice rvs A rv X is said to be a Rice rv with parameters « (in R) and o (0 > 0)
if
(5.40) X =4 V(a+Y)? 4 22

with Y and Z independent zero mean Gaussian rvs with variance o2. It is easy to
check that X admits a probability density function given by

d e _w2+a2 ax
(5.41) —P[X <a]= e g (§> Cz>o0.
Here,
1 27
(5.42) ofw) = 5 / St e R
0

is the modified Bessel function of the first kind of order zero.

Chi-square rvs For each n = 1,2,..., the Chi-square rv with n degrees of
freedom is the rv defined by

2=q Ui+ ...+ U2

where Uy, ..., U, are n i.i.d. standard Gaussian rvs.

5.11 A proof of (5.1)

Assume p = 0 and 0% = 1. Fix 6 in R. We need to evaluate

—— | e 2 dx
V2T /R



74 CHAPTER 5. GAUSSIAN RANDOM VARIABLES

Our starting point is the Taylor series expansion
0 (’LQZ‘)
e’ = Z R reR.

k=0

Assuming a valid interchange of integration and summation (to be justified be-

low), we get
/ewme Tdr = / i(z&m)k e‘édx
R R\ k=0 k!
D 9 k 12
- Z(Zkl) /xke_2dx
k=0 =~ VR
=, (ih)*
(5.43) = Z(k') my,
k=0 ’

where we have set

Note that

by symmetry, so that

=0
(5.44) = Moy
;:; (20)!

Therefore, it remains to compute mgp, £ = 0,1, .. ..
To that end, fix ¢ = 0, 1, . ... By integration by parts yields

322
Maey1) = /x2(£+1)6_2dx
R

= 2/00 xz(”l)e_%dx
0
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(5.45) = 2(20+1) / e 7 du.
0

In other words,
ma(e4+1) = (QE + 1)m2ﬁ7 (= 07 17 s
Iterating we get

moy = (20— 1)mae—1)
= (2€ — 1)(2£ — 3>m2(g_2)

(5.46) = (20-1)(20—3)(20—5)-...-5-3-1-my.

It follows that
(20)! (20)!

Moy = My = —55— -

202 —1)2(-2)---(2-3)2-2)2- 1) 2!

foreach ¢ = 1,2, .... Collecting we conclude that

e 22
e i dr = (
R =0
|

=1
— ZE_
=0

_o
2

WE

(—6%)" (20)!
ot 0

20
02\ °
()

™m,

(5.47) = e 0-

The desired conclusion now follows from the fact that mgo = /27 since

/ L 2=
e 2dx = 1.
R V2T

mo

75
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5.12 Exercises

Ex. 5.1 Derive the relationships between the quantities @, (), Erf or Erfc which
are given in Section 5.3.

Ex. 5.2 Given the covariance matrix ¥, explain why the representation (5.18)—
(5.19) may not be unique. Give a counterexample.

Ex. 5.3 Give a proof for Lemma 5.8.1 and of Lemma 5.8.2.

Ex. 5.4 Construct an R%-valued rv X = (X, X5) such that the R-valued rvs X
and X, are each Gaussian but the R?-valued rv X is not (jointly) Gaussian.

Ex. 5.5 Derive the probability distribution function (5.36) of a Rayleigh rv with
parameter o (o > 0).

Ex. 5.6 Show by direct arguments that if X is a Rayleigh distribution with pa-
rameter o, then X? is exponentially distributed with parameter (202)~! [Hint:

Compute E [e*”ﬂ for a Rayleigh rv X for § > 0.]

Ex. 5.7 Derive the probability distribution function (5.41) of a Rice rv with pa-
rameters « (in R) and o (o > 0).

Ex. 5.8 Write a program to evaluate Q),, ().

Ex. 59 Let X;,..., X, beii.d. Gaussian rvs with zero mean and unit variance
and write S,, = X; + ...+ X,,. For each a > 0 show that

,ﬁ

e 2
av/2m™n

This asymptotic is known as the Bahadur-Rao correction to the large deviations
asymptotics of .S,,.

(5.48) P[S, > na] ~ (n — 00).

Ex. 5.10 Find all the moments E [U?] (p = 1,...) where U is a zero-mean unit
variance Gaussian rv.

Ex. 5.11 Find all the moments E [U?] (p = 1,...) where X is a x2-rv with n
degrees of freedom.



