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Resumé

I dette bachelorprojekt behandles det klassiske momentproblem og dets forbindelse til
momentmetoden i sandsynlighedsregning. Forskellige resultater bevises undervejs med
henblik pa at lgse det klassiske momentproblem og at etablere resultater indenfor mo-
mentmetoden. Nogle af disse resultater (herunder Kontinuitets saetningen) har yderligere
anvendelser, som ogsa vil blive behandlet i dette projekt. Disse anvendelser inkluderer
blandt andet den centrale graenseveerdis seetning i sandsynlighedsregning og Bochners saet-
ning i analyse.

Abstract

This bachelor thesis in mathematics deals with the classical moment problem and its
connection to the Method of moments in probability theory. Several important results are
proven along the way, some of which are needed to establish the concept of the Method of
moments, or to solve the classical moment problem. Furthermore, a number of applications
of the results established along the way (of which, most notably, the Continuity Theorem)
are given, in order to illustrate how fruitfull the subject is. Such applications include the
Central Limit Theorem in probability and Bochner’s theorem in analysis.



Introduction

This thesis deals with the classical moment problem and its relevance and applications
in probability theory. The classical moment problem is as follows: given a sequence of
real numbers, does there exist a measure y on R having these numbers as its moments?
Furthermore, if this is the case, is u the only measure having this property?

The thesis is organized as follows: In the first chapter we introduce the basic concepts
regarding moments and characteristic functions, along with relevant and basic results con-
cerning them. The chapter concludes with an important connection between moments of
a probability measure and properties of its characteristic function. The basic inequalities
involving moments follow the approach from [3] and the proofs of the results regarding
characteristic functions mainly follow [6]. Also a great thanks to Ernst Hansen for pro-
viding us with some very useful notes on the subject of characteristic functions.

In Chapter 2, we first consider the uniqueness part of the classical moment problem,
i.e., we give sufficient conditions for a probability measure that has all moments, to be the
only probability measure with these moments. We apply these conditions to adress the
question whether a number of concrete probability distributions (which appear frequently
in applications, cf. Table 1.1) are completely determined by their moments, or not. While
the answer is yes in most cases considered, the Weibull distribution turned out to be more
difficult to handle. We would like to thank Thomas Mikosch for pointing out the reference
[8] to us, which proved instrumental in establishing the behaviour of this distribution.
Furthermore, we also give examples of families of probability measures, that share the
same moments. In the end of the second chapter we consider the existence part of the
classical moment problem. To adress this, we need to employ important tools from func-
tional analysis (such as the Hahn-Banach extension theorem and the Riesz representation
theorem, discussed therein).

The way the classical moment problem is closely linked to probability theory is dis-
cussed in Chapter 3. We consider several different types of convergence of real-valued
random variables, including distributional convergence (or weak convergence in measure
theory). As it turns out, one can determine distributional convergence from convergence
of the corresponding moments. This, however, requires the limit random variable to be
uniquely determined by its moments. This is how the previous chapter is linked to this
chapter. This approach to determine distributional convergence is called the Method of
moments. In the end of the chapter, the applicability of the Method of moments is il-
lustrated with a proof of the Central Limit theorem. The main tool used to prove the
Method of moments is the Continuity Theorem, which basically links weak convergence of
probability measures and pointwise convergence of the corresponding characteristic func-
tions. The Continuity theorem has a broad range of applications. For instance, we use
it to prove Stirling’s formula and another version of the Central Limit theorem. And we
also prove a little bonus result, giving necessary and sufficient conditions for a function
to be the characteristic function of some probability measure on R. (This is Bochner’s
theorem.)



The thesis ends with two appendices. The first contains several approximation re-
sults (of continuous functions by real polynomials, trigonometric polynomials and simple
functions). These are needed in order to prove some of the results regarding character-
istic functions and they are also used to show that probability measures concentrated
on bounded intervals are uniquely determined by their moments. The second appendix
contains the Carathéodory theorem, whose proof mainly follows [5]. This is used to prove
that every right-continuous and non-decreasing function F' on R corresponds to a measure
won (R,B), related by F(x) = p((—o0,x]), x € R. With this latter result available, we
can prove some useful convergence results in Chapter 3.
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Chapter 1

Moments and Characteristic
Functions

1.1 Moments and Basic Inequalities

Let 11 be a probability measure on the measure space (R, B), where B is the Borel o-algebra
on R. The definition of the moments of p naturally occurs when considering integrals of
polynomials with respect to . More precisely,

Definition 1.1. Let v be a probability measure on (R,B). For k € N, the measure pu has
kN moment if the map x — ¥ is u-integrable. In this case, the k'™ moment of u is defined

) / 2* dp(x),

while the k™ absolute moment of u is

[lal" duo)

A sequence of real numbers (ap)nen is called a moment sequence, if there exists a
probability measure ju on (R,B), such that for each n € N, a, is the n'™™ moment of p.

Let X be a real-valued random variable defined on a probability space (2, F, P). Then
the distribution of X, denoted by X (P) is a probability measure on (R,B), so if X(P)
has k"™ moment, we say that X has k™" moment. In this case we define the k™" moment
of X as the k" moment of X (P). This is denoted by E(XF), while the absolute moment
is denoted by E |X|*. By the Change of variable theorem (cf. Theorem 16.13 in [2]),

/ 2*dX(P) = / X*kqp,

which justifies the above notation. In Table 1.1, we list the moments of a random vari-
able X which follows different distributions. All these moments can be derived from the
definition.
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The next lemma is an immediate result

Lemma 1.2. Let p be a probability measure on (R,B) and m € N. If u has k™ moment
and m < k, then i has m™ moment, as well.

Proof. Indeed, for x € R

2™ < 1 ) if |z] <1
x|”  else.
" el

Hence |z|™ < 1+ |z|*. Integration reveals

[t auto) < [1du@)+ [l duto) <.

which shows that the m™ moment exists, as claimed. ]
The following version of an important inequality will come in handy, later on.

Lemma 1.3 (Chebyshev’s inequality). Let X be a real-valued random variable defined
on (Q,F, P). Let ¢ be an even function that is strictly positive and increasing on (0,00).
Assume that ¢(X) has first moment. Then, for every r > 0,

P(X[zr) <
Proof. The function ¢ is non-negative and has minimum ¢(r) on the set {|X| > r}, so
B00) = [oxyapz [ o(x)aP 2 60)PIX| 2 1)

Rearranging this gives us the result. O

One of the many applications of Chebyshev’s inequality is in the proof of the Weier-
strass approximation theorem with ¢(¢) = t? (see Appendix A). It will also be used in the
case ¢(t) = |t|" for a positive integer r in the proof of a later theorem (cf. Theorem 3.35).

Lemma 1.4 (Lyapounov’s inequality). Let X be a real-valued random variable defined
on (Q,F,P). If X has k™ moment, for some k > 1, then for every m = 1,2, ...k — 1, we
have that

(E(IX|™)Y™ < (B(IX[*)V/*.

Proof. Fix m = 1,2,....k — 1. By Lemma 1.2 we know that X has m'™ moment. We
observe that the map x +— z*/™ is convex on [0, 00) (since k/m > 1). Jensen’s inequality
implies that

(BX[™)H™ < B((1X™)™) = (B(X]")).

Rearranging this gives us the result. O



Remark 1.5. With this lemma, we now see that a necessary condition for a sequence
of real numbers (v, )nen to be a moment sequence, is that ((a,)'/™)pen is non-decreasing,
However, it is not a sufficient condition, as we will see next. Consider the following
sequence

ag=1, ay=1, a3=2, a4=3, and a,, =m™, form >5.

Then ((a)'/™)pen is non-decreasing. Now assume that it is a moment sequence, i.e., that
there exists a probability measure y, such that [ 2™ du(z) = o, for all n € N. Then the
non-negative function = + (3z — 22?)? is integrable and must have non-negative integral.
But we see that

0< /(3m — 2272 du(z) = /91‘2 + 42t — 1223 du(z) = 9ag + 4ay — 1203 = —3,

which is a contradiction. So we conclude that no such measure p exists, hence the condition
cannot be sufficient. For a necessary and sufficient condition, see chapter 2.

Let Cy(R) be the class of all real-valued, continuous and bounded functions on R. The
next result will provide a criteria for showing that two probability measures are equal.

Theorem 1.6. Let yu and v be probability measures on (R,B). If

/f dp = /f dv, for all f € Cp(R),

then p = v.

Proof. Let (a,b) denote a bounded interval in R. There exists N € N such that n >
2/(b—a) for all n > N. For each such positive integer n, define the following function

1 ifo[a—F%,b—%]

n(z—a) ifze(a,a+
foa) = A —a) e 1n)

nb—xz) ifze(b—+,b)

0 else.

Then fn, — 1(,p), as n — oo, pointwise and dominated by the constant function 1. By
the Lebesgue dominated convergence theorem,

/fn du — /1(a,b) dup = p(a,b), as n — Q.

Similarly for v, and since f,, € Cp(R), p and v agree (a,b). Hence they also agree on
all open bounded intervals. These subsets form an intersection-stable generator for the
Borel o-algebra B. So by the uniqueness theorem for probability measures (cf. Theorem
3.31in [2]), p=v. O



1.2 Characteristic Functions

We will need another concept in order to obtain a new approach to moments of probability
measures.

Definition 1.7. Let u be a probability measure on (R,B). The characteristic function of
w is the function ¢ : R — C defined by

»(0) = /ewm du(z), 6€eR.

Note that ¢ is well-defined, since the map z + €* is measurable for all # € R and
|eie"”‘ =1, so this map is also u-integrable. The above formula involves a complex-valued
integral, so we rewrite it as

»(0) = /cos(&x) du(x) —i—z’/sin(@x) du(x), 6eR

From this we see that ¢ is conjugate symmetric (i.e., ¢(—0) = ¢(0) for all § € R). Since
sin is an odd function and cos is even, we get for all § € R,

o(—0) = /cos(—Hx) du(x) +i/sin(—0m) du(x)
= /cos(l%) du(x) —i/sin(@m) du(z) = ¢(0).

If X is a real-valued random variable, then we can define the characteristic function
of X. We simply define it as the characteristic function of the distribution of X. This
approach is justified by the Change of variable theorem:

/ e dX(P) = / X AP = E(9%).
Lemma 1.8. Let X be a real-valued random variable with characteristic function ¢. Then
aX + b has characteristic function ¢, given by
Y(0) = ePp(ab), 0 eR.

Proof. The proof is a simple calculation:

1/}(9) _ /eia(aXer) dP = ei@b/eiaQX dP — eiebé(ae%
as wanted. O

Lemma 1.9. Let X1, Xo, ..., X,, be real-valued independent random variables with charac-
teristic function ¢;, respectively. Then S, = Y1 | X; has characteristic function v, given

by

n

w(0) = [[oi(0), 0¢cRr

i=1



Proof. Since X1, X, ..., X,, are independent, then so are X1 X2 ¢i0Xn for each
f € R. So
n n n
¥(0) = B(e") = B (H el’”“) = [T &) =[],
i=1 i=1 i=1
as claimed. 0

By using some of the approximation results from Appendix A, we shall see that prob-
ability measures are uniquely determined by their characteristic functions.

Theorem 1.10. Let pu and v be two probability measures on (R,B), and let ¢, and ¢, be
their respective characteristic functions. If ¢, = ¢, then p=v.

Proof. Let ¢ : R — C be a generalized trigonometric polynomial, i.e., of the form (see

Appendix A)
N

q(0) = chemf@, 0 € R.
j=1

Note that the integral of ¢ with respect to p is uniquely determined by the characteristic
function ¢,. More precisely,

N ' N
/ 9(0) du(0) = Y ¢; / e du(0) = 3 esu(ay).
=1 j=1

A similar result holds, of course, for v. So p and v agree on the generalized trigonometric
polynomials, when it comes to integration. Given f € Cy(R), by Corollary A.6 there exists
a sequence of real generalized trigonometric polynomials (¢, )nen such that for every n € N,

T~

S |-

sup | f(0) — gn(0)] <
0e[—n,n]
Furthermore, the fact that ||g,|| < ||f||+ 1, for all n, ensures that the Lebesgue dominated

convergence theorem applies to the sequence (g, )nen converging pointwise to f, as n — oo.
Hence

/qndu—>/fd,u, as n — oo.

A similar argument applies to v. So the integrals of any f € Cy(R) are the same for both
measures. By Theorem 1.6, we conclude that y = v. O

There are further important and useful results regarding characteristic functions. First
of all, we will establish a connection between existence of moments of a measure and
smoothness properties of its characteristic function. For this we need the following lemma:

Lemma 1.11. The following holds

Y gin(t
/ sm()dt—>z, as y — oo.
o t 2




Proof. Note that the map ¢ — sin(¢)/t is not integrable on (0, 00). For instance, observe
that

(e e

1
Z; 2 L (5 4mi 2y S
]:

where it is easily seen that the left hand side has infinite integral, so we have to be careful.
We consider the function f : (0,00)? — R given by f(t,x) = sin(t)e ™. For all y > 0
we see that f is mo-integrable over (0,y) x (0,00) by use of Tonelli’s theorem,

Y o] Yy oo Yy
/ |f| dme = / / |sin(t)| e™ ™ dadt < / / te” " dxdt = / 1dt =y < o0.
(0,)x (0,00) 0o Jo 0o Jo 0

Fubini’s theorem then applies and both orders of integration represent the integral of f
on (0,y) x (0,00) with respect to ma. The first order of integration reveals

y oo Y g
/ f dmag :/ / sin(t)e ™ dxdt :/ Mdt.
(0,) % (0,00) o Jo o t

In the other order we first consider the inner integral. Since the integration domain is
a bounded interval and the integrand is continuous on the whole real line, the integral
exists both as a Riemann integral and a Lebesgue integral. Therefore the integral can be
calculated as a Riemann integral (see section 17 in [2]). Using the substitution z = tx on
the inner integral gives us

/Oy sin(t)e ' dt = /ny sin (g) e*‘zé dz = % [1 :;2 e ? (cos (%) + z sin (;))]

1 -r _ . —Z
= - (1 2t Y% (cos(y) + wsin(y)) — 1+$2>

z=yx

z=0

— ( LI Y2 cos(y) — — e‘y”“’sin(y)>,

14122 1422 1+ 22
where we used the antiderivative F'(z) = Tra2€ (cos (%) + xsin (%)) Now we get that
oo 1y
/ fdme = / / sin(t)e™ " dtdx
(0,)x(0,00) o Jo
* 1 1 x

= /0 (1 PR e Y cos(y) — 22 e v sin(y)) dx

3 [ (e costy) + e inty)) d
= — — e COS —F € S1n xZ.
2 Jo \1ta2 LA = Y

The last equality follows since the integrand is integrable and fooo ﬁ dx = 7/2. Com-
bining the two representations of the integral reveals

Y sin(t 1 & 2

/ sin(t) dt— =] = / ——e Ycos(y) + S sin(y)dz| < / 2e7Y dx < —.
0 t 2 0 1 + x2 1 + 1’2 0 Yy
Letting y — oo yields the result. O



As a consequence of the above theorem, we see that the map y — foy w dt is bounded
on (0,00). It will also be useful to observe that

v sin(at) v sin(at) o sin(2) T ifa>0
/ S dtzz/ Smadt:2/ M gz { —r ifa<0, asy— oo(ll)
w o ! o 0 ifa=0

by using that ¢ — sin(at)/t is an even function and by the substitution z = at.

As we will see next, integrating the characteristic functions reveals some very interest-
ing results. First we need to make sure that the characteristic function of a measure can
be integrated, in fact, as it turns out, it is uniformly continuous:

Lemma 1.12. Let u be a probability measure on (R,B). Let g : R — C be a p-integrable
function and let A € R. The complex-valued function

f(a) = / Nlg(t) dult),  zER,

18 uniformly continuous.

Proof. Integrability of g ensures that f is well-defined. Let z € R be arbitrary. We want
to prove that | f(z + Azx) — f(z)| = 0, as Az — 0. We see that

fe + D) - ()] = \ [ exesatgin - g du(t)‘

< /|g(t)] Kei,\Azt _ 1> éXt| gt :/|g(t)\

Note that the integrand converges pointwise to 0, as Az — 0, dominated by the u-
integrable function t — 2|g(t)|. Therefore, an application of the Lebesgue dominated
convergence theorem shows that |f(z + Az) — f(z)| — 0, as Az — 0. O

ei)\A:pt 1 ‘ du(t)

Setting A = 1 and g(t) = 1 we see that the characteristic function of p is uniformly
continuous. It is now possible to integrate the characteristic function with respect to the
Lebesgue measure over a bounded interval.

Theorem 1.13 (The inversion formula). Let ¢ be the characteristic function of a
probability measure p on (R,B). For a < b,

1t M¢(t) dt%u((a’b)Hu({a})+u({b})’
2 J_r it 2

as T — oo. (1.2)

Proof. For fixed a,b we introduce the function f(t) = (e~ — e~ /(it), for t € R.
Observe that f is bounded, since for t € R

b .
/ efztz dz
a

b
()] = g/ | dz=b—a,




so the integral in (1.2) is well-defined. Also f is conjugate symmetric, hence f¢ is also
conjugate symmetric. This implies that the imaginary part of the function is odd, so
f_TT f(t)p(t)dt is real. We write out the characteristic function in (1.2),

/_if(t)qﬁ(t) dt:/j/f(t)em du(a)dt.

We want to interchange the order of integration, by use of Fubini’s theorem. It applies
since we have the sufficient integrability conditions

/_i/\f(t)em\ dp(x)dt < /_i/b—a du(z)dt = 2T(b — a) < 0.

We write out the integrand

—i(la—z)t _ efi(bfx)t

f(t)eitac e =
_ cos((a — x)t) —isin((a — x)t) — cos((b — x)t) + isin((b — x)t)
it
_ sin((b — z)t) — sin((a — z)t) B .cos((a — x)t) — cos((b — z)t) .
t t

The new inner integral is therefore (only the real part is relevant because of conjugate
symmetry)

/T sin((b — z)t) — sin((a — z)t) g — /T sin((b — x)t) gt — /T sin((a — x)t) gt

_7 t r t o t

We consider the limit 7" — oco. Depending on the sign of a — x and b — x the limits will
be either m, 0 or —7, as we saw in (1.1). This then gives us

. 2r  x € (a,b)
/ FOET dt s {n ze{aby, as T oo
-7
0 else
This convergence is dominated (since the function y — [/ Sir;(t) dt is bounded). Applying

the Lebesgue dominated convergence theorem we obtain

T
// f(t)e™ dtdu(x) — /2771(&1,) + 7lyqpydu, as T — oo.
-T
Thus proving the claim. O

As an interesting application, we obtain the following:

Corollary 1.14. Let ¢ be the characteristic function of a probability measure p on (R, B).
If ¢ is integrable with respect to the Lebesgue measure m, then p has density with respect
to m. The density is

1

g(z) = o /e_mtgb(t) dm(t), z € R.

10



Proof. One might think that the function g from above is complex-valued. However we
quickly realize that the integrand is conjugate symmetric, hence g is a real-valued function.
There can be at most countably many points of discontinuity for p. So let a < b be two
points of continuity. Let f denote the function from the previous proof. For every T' > 0
the map ¢ — 1(_p 1) f¢ is bounded by an m-integrable function

efmt _ efzbt

Lm0 F(£)p(t)] <

M < (b—a) o).

it
since we assume that ¢ is integrable. Now letting " — oo we get that 1_r.7)f¢ — fo.

So by the Lebesgue dominated convergence theorem combined with the inversion formula
we get (using that a, b are points of continuity, so that the point masses are zero)

/ fé dm = / / e () dedmi(t),

Here we have used the integral representation of f that we saw in the previous proof. We
want to apply Fubini’s theorem, so we check for integrability

—m:¢ )‘ dxdm(t // —](b )| dzdm(t)

since ¢ is integrable by assumption. Applying Fubini’s theorem reveals

((a,b)) = / ’ / %e*i%(t) dm(t)dz = /a ’ o). (1.3)

So = g - m on all Borel sets of the form (a,b), where a,b belongs to a dense subset in
R. These sets form an intersection-stable generator for the Borel o-algebra on R. By the
uniqueness theorem for probability measures, we conclude that = g - m.

Strictly speaking, we have not yet shown that g - m is a probability measure. But we
can pick a sequence of endpoints a,, b, consisting of continuity points of u, such that

(t)] dm(t)

(G, bp) = (—00,0), as n — oo.

So [% g(z)dx = p((—o0,00)) = 1. The density g is also continuous (actually uniformly
continuous) due to Lemma 1.12. This then implies that g cannot be negative. If g were
negative in a point zp then it would also be negative in an interval (a,b) around xy. But
then (1.3) would give p((a,b)) a negative value, which is impossible. O

Now we can establish the connection between the characteristic function of a proba-
bility measure p and its moments (if they exists).

Theorem 1.15. Let ¢ be the characteristic function of a probability measure u on (R, B).
If 1 has k™ moment, then ¢ is a C*-function. Furthermore, its derivatives are given by

o0 =it [ e duta),
for all 6 € R.

11



Proof. Suppose that u has n*® moment. We prove the assertion by simple induction, let-

ting k < n denote the order of differentiability. Let k = 1, we observe that ‘d% cos(«9x)} =
|-z sin(fz)| < |z|. By the assumption that p has 15° moment, the last function is inte-
grable. Hence the function 6 — [ cos(fz) du(z) is differentiable and (see Appendix A.9
in [4])

d
0 /cos(ﬁx) du(x) = —/msin(ﬁm) du(x).
The same argument also gives that

d% / sin(0z) dp(z) = / v cos(0) du(x).

Hence ¢(0) = [ cos(0z) du(x) + i [ sin(fx) du(z) is also differentiable and

¢'(0) = —/xsin(ﬁx) du(x) —i—z’/:ccos(@w) du(x) = i/weiex du(x).

Continuity of ¢’ follows from Lemma 1.12. This proves the induction start. Now let ¢ be
C*=1. We want to show that ¢ € C*. We have, respectively, that

—zF L cos(0z)

- ] <
’d@ ’ x sm(ﬂx)‘_ x

O k-1
‘d@x sin(fx)

= ’xk cos(@x)‘ < ‘xk’,

so the left hand side is integrable (x has n'® moment, hence also k" moment). It follows
that the functions 0 +— [2*~!cos(fz) du(z) and 6§ — [ xF~1sin(x) du(z) are differen-

tiable, hence ¢*~1 is also differentiable. The induction assumption gives
P O) = (p* VY (h) = i*kV <— / 2 sin(0z) du(z) + i / ¥ cos(6z) du(az)>
= ik/xkewx du(z).

Continuity follows from Lemma 1.12. O

We quickly see that this result gives a new approach to obtain the moments of a
measure. If we know that the measure has k™ moment, and we know its characteristic
function ¢, then the k™ moment of p is equal to —i¥¢(*) (0). As a further consequence of the
above result, it is possible, under additional assumptions, to approximate the characteristic
function of a measure with its moments. In order to obtain this result, we will need the
following lemma:

Lemma 1.16. For any n > 0, we have that

eiy—zn:(iy)k < min 2w |y|"+1 eR (1.4)
Lo | 1) YT '

12



Proof. We prove (1.4) for all y > 0, the proof for y < 0 is completely analogous. Let
y > 0, we will prove the following version of Taylor’s formula with remainder

n . k 'TL+1 Y
s Y ¢ n _ir
ey_z(k!) I /0 (y — x)"e™ da, (1.5)

n!
k=0

which will be proved by induction on the non-negative integer n. The induction start is
clear. For the induction step fix n € N and observe that integration by parts gives us

Yy ) _ n+l  7T=Y Yy _ n+1 )
/ (y—z)"e* dr = [—Me“] —/ —wie” dx
0 0

n+1 =0 n+1
yn—i-l i /y n+1 iz
= — dx.
niiltag ), Won e de
Hence
n . .
) (Zy)k gl /y .
7 — ) (|
¢ kZ:O B, W)t de
(Z?J)k vty i /y n+l1 iz
— — d
= k! * n! n+1+n+1 O(y )T et da
n+1l ,. k 42
(Zy) Q /y n+1 iz
— _ dz,
W Ty ), W) e da

k=0

thus proving (1.5). With this available we observe that, for n > 0

1 (Y Y
< — —z)" dx = .
_n!/o (y— )" do (n+1)!

n+1

. i)k
o

k=0

n

So we have proved the first half of (1.4). For the other half, consider (1.5) for n—1, (where
n > 1), then

k=0
= (iy)"¥ " /y —1
— A\ i 1) d
Rl VR R G
k=0
Hence
w N ()" 1 /y iy 1 2n
Yy < _ n Z.Z’_l d < .
c I;O WS o), W s D de s o
The conclusion also holds for n = 0, thus completing the proof. 0

13



Theorem 1.17. Let X be a real-valued random wvariable defined on a probability space

(Q,F, P) and let ¢ be the characteristic function of the probability measure. If X has n'"
moment, for some n € N, then

B(0) =1 +ZTE(X )+ o0(]0]"),  as 6 — 0.
k=1

Proof. What we need to prove, is that

[6(0) -1 - Ti, G B(x)
o

—0, asf—0.

We replace y by 6X in (1.4) and obtain

ox = (10X)F
= !

X" |0 x|
§,9|nmm<2 " 101X )

[ |
— n! " (n+1)!

Integrating the above with respect to P and using Theorem 1.15 reveals

[lox

|9|"/min RS UIE i I
n! 7 (n+1)! '

The last integrand converges to 0, as § — 0, bounded by the function 6 — 2|X|" /nl,

which is integrable by assumption. By the Lebesgue dominated convergence theorem, we
have proved the claim. O

ox - (I0X)F
=2 !

IN

dP

‘<z><e> —1-3 P
k=1

IN

14



Chapter 2

The Classical Moment Problem

Let (on)nen, be a sequence of real numbers, where Ng = NU {0}. The classical moment
problem focuses on two questions: Under what conditions is (& )nen, the moment se-
quence of some measure p on R? This we call the existence part. Secondly if (amn)nen,
is a moment sequence of some measure p, under what conditions is p the only measure
having this property? This we call the uniqueness part. In this chapter we consider these
two questions.

2.1 Uniqueness

If a distribution has all moments and it is the only distribution with these moments, then
we say that the distribution is uniquely determined by its moments (or M-determinate);
if not we say it is M-indeterminate. The focus of the first section in this chapter is to
establish sufficient conditions for a given sequence of real numbers to be the moments of
at most one measure. One of these sufficient conditions, which we discuss next, involves
the support of the measure.

2.1.1 Bounded Support

As a consequence of Theorem 1.6 and the Weierstrass approximation theorem (see Ap-
pendix A), we obtain the following result:

Theorem 2.1. Let u and v be probability measures on (R,B) concentrated on a bounded
interval I. If u and v have the same moments, then u = v.

Proof. The maps = — z* are bounded on I, so the moments always exist for measures
concentrated on bounded intervals. By hypothesis, the measures i and v have the same
moments, hence polynomials of the form p(z) = Y | a;z" are integrable and

[ pla) dute) = ; [ duta) = ; [ via) = [ plo) dot).

Let f € Cp(R). It follows that f is continuous on [a,b] for some a,b € R such that
I C [a,b]. For any € > 0, the Weierstrass approximation theorem ensures the existence of

15



a polynomial p such that |f(z) — p(z)| <, for all x € I. Since p and v are concentrated

on I, we deduce that
‘/fdu—/pdu‘ < [1f=plduse

Similarly for v. It follows that
< ‘/fdu—/pdu‘Jr‘/fdu—/PdV

‘/fdu—/fdv

An application of Theorem 1.6 shows that u = v. O

< 2e.

So if a probability measure g is concentrated on a bounded interval, it is uniquely
determined by its moments. We therefore have the following corollary:

Corollary 2.2. The B-distribution and the uniform distribution are uniquely determined
by their moments.
2.1.2 Further Sufficient Conditions

Lemma 2.3. Let X be a real-valued random variable on a probability space, which has all
moments, and let a,b € R. If X is uniquely determined by its moments, then so is aX +b.

Proof. Since X has all moments, so does aX + b. Let Y be another real-valued random
variable also having all moments. Assume that E((aX +b)¥) = E(Y*) holds for all k € N,
we want to show that aX +b =Y. Set Z = (Y — b)/a, then we have E((aX + b)¥) =
E((aZ + b)¥) for all k € N. We prove, by complete induction on k, that E(X*) = E(ZF)
holds for all £ € N. The induction start clearly holds, since

aB(X)+b=FE(aX +b)=E(aZ+b)=aE(Z)+b.
Now suppose that F(X") = E(Z") holds for all positive integers r < k. Then

Ek: (f) V' E(X") = E((aX +b)F) = E((aZ + b)F) = Ek: (f) V'l B(ZY).

1=0 i=0

We see that all the terms, except the last, cancel. Hence E(X*) = E(Z¥), by the assertion
that X is uniquely determined by its moments, we conclude that X = Z. Therefore
aX +b=aZ +b=Y, so the proof is complete. O

Theorem 2.4. Let p be a probability measure on (R,B) having all moments (ax)en. If

the power series
o0 k:
r
Z RUIAE
k=1

has a positive radius of convergence r, then p is the only measure having (ay)ken @S
moments.

16



Proof. Let (Bx)ren denote the sequence of absolute moments of p. First we want to show
that
Brr*

k!

for some positive r. By hypothesis, there exists s € (0, 1) such that limy_,o (az5*)/k! = 0,
since the series converges. Now choose 0 < r < s, then (2.1) holds for the sequence of
even k’s, since in this case o, = . Furthermore 2kr?*~1 < s2¥ holds for k large enough,
SO

— 0, as k — oo, (2.1)

2k—1 r2k—1 r2k—1 ‘:E|

TR S @k

2k r2k—1 r2k—1 |x|

NG TI

i 2 g2k

@10 = (@1
2k—1

where we used that |x| <1+ \xl% Integrating with respect to u reveals

Bop_ 72k 2k—1 Bops2k 2k—1 52
@11 S @k-D T @R @k -1 @ O e

Hence (2.1) also holds for the sequence of odd k’s. Hence (2.1) must hold. By Lemma

1.16, with y = ha we have
0z ithz = (1h$)k _
e <e — E I =le

k=0

n o, k
i(0+h)x (th) iz
€ Z X €

‘h$|n+1
~ (n+1)!

n . k
thx (th)
B Z k!

k=0 k=0

Hence by integrating with respect to p and using Theorem 1.15 we get that

n k n . k
|¢(0+h) I | e pELL L e
k=0 " k=0
|’m|nJrl _ W”H Br+1
/(n+1)! dulw) = C(n+ 1)

Using (2.1) we conclude that

> H(k)
¢(9+h):2¢k(9)hk, for |h| <r.

Similarly, if v were another probability measure on (R,B) with moments (ag)ren and
characteristic function 1, then

(k)
1/1(9+h):2w (G)hk, for |h| <.

Let t = 0. Since ¢*)(0) = i*ay, = *)(0), it follows that ¢ and ¢ agree on (—r,r).
Hence their derivatives will also agree on (—r,7). Then letting t =r —e and t = —r + €
reveals that ¢ and ¢ agree on (—2r + €,2r — €). Therefore they agree on (—2r,2r).
Repeating this argument gives us that ¢ and ¢ will agree on R. By Theorem 1.10, the
proof is complete. O



Now we can prove the following corollary:

Corollary 2.5. The normal-, gamma- and Laplace-distribution are uniquely determined
by their moments.

Proof. We consider the power series in Theorem 2.4,
L
k=1

Here v, denotes the moment k" moment, and they are listed in Table 1.1. We know from
the root-criteria for power series, that the above has positive radius of convergence if

limsup |— < 00.

oy ’1/]€

Due to Lemma 2.3, we only need to consider the standard normal distribution, the stan-
dard Laplace distribution and the gamma distribution with scale parameter 5 = 1.

For the standard normal distribution, we only need to consider the even moments. We
use that the gamma-function is increasing, when the argument is greater than 2. So for
k > 2 and even,

o 1k F(@) 1/k F(@) 1/k
() =<2Wﬁ2!> -\ Ararn) <V*

So the sequence ((a/k!)Y/*)ren is bounded, by the root-criteria we conclude that the
conditions in Theorem 2.4 are met.
For gamma distribution with scale parameter 1, we see that

(k) \ Lk k , 1/k . 1/k
ap\VE _ [ T (I A+ -1 -
<F> - E! - T < H(A—Fl) =\+1.
j=1J j=1

We therefore see that the sequence ((ag/k!)'/*)en is bounded, by the root-criteria we
conclude that the conditions in Theorem 2.4 are met. Hence the gamma distribution is
uniquely determined by its moments.

For the standard Laplace distribution, we have, for k even

(@)= ()" =1

Hence the Laplace distribution is uniquely determined by its moments. O
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2.1.3 Examples of M-indeterminate Distributions

Given a measure p on (R, B) having all moments, in general it may not be the only measure
with those moments. The following two examples, illustrate this (cf. [4], section 2.3).

Example 2.6 (Heyde (1963)). Consider the lognormal distribution, i.e., the measure on
(R,B) given by the following density with respect to the Lebesgue measure:
1 2
or)"2ptem o8 (@)/2 25
hm—{()

0 else.

It is well-known that py = fo - m is a probability measure. For a € [—1,1] we will
justify that fo(z) = fo(z) (1 + asin(27log(x))) is a probability density with respect to
the Lebesgue measure. First f, is clearly measurable. We also have that a:sin(27 log(x)) €
[—1,1] for all x, so f, is non-negative. For k € Ny we have

/a:k due(z) = /OO 2* fo(z) (1 + asin(2nlog (z))) dx

0

= /OO ¥ fo(z) dz + a /00 2 fo(z) sin(2m log (x)) d.

0 0

Since the above integrands are integrable (they are bounded by the m-integrable function
z — 2]z| fo(z)). So now we calculate the last integral. We use the substitution y = log(z)

/ 2¥ fo(x) sin(2m log (z)) dx = / (27’[’)7%6@/7?/2/2 sin(27y) dy.
0 —0
We rewrite the exponent
2 2 2
Y L s 1 2 2 k (y — k)
ky—=—=—Ww —-2ky)=—=(y—k)*"—k)= — — ———
v 5 y)=—5y—k) ) =3 5

so the integral is

/ 2" fo(z) sin(2r log(z)) do = / (27) 2" 2eWR* 2 gin(27ry) dy
0

= / (2%)_%ek2/2et2/2 sin(27(t + k)) dt
= / (27T)_%6k2/2€t2/2 sin(27t) dt = 0.

—00

With use of the substition ¢ = y — k, periodicity of sin and the last integrand being an
odd function. So we have found uncountably many probability measures all having the
same moments. By setting o to 0, we conclude that the standard log-normal distribution
is not uniquely determined by its moments.

Example 2.7. Let A € (0,1) and o € [—1, 1], then set
far@) = exe " (14 asin(8 2l sen()) )
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where f = tan(A7/2) and 1/¢) = fe*””'A < co. It is wellknown that cye 12! is a
probability density with respect to m and it has all moments. The functions f, ) are
measurable and non-negative since a € [—1, 1]. The following integral exists (the integrand

is bounded by |x|" e*|x|A)

/gr:"e"xIA sin(3 |z]* sgn(x)) da.
We claim it is 0 for all n € Ny, we would then get
/x"fa,A(x) dm(z) = /:t?’"‘c,\e_k”’A dm(z) —1—046)\/31:”6_“7A sin(3 |z|* sgn(x)) dm(z)
= /:13"0,\6_|$A dm(x).

Thus (pa = fan - m)ae[_l,l] is a family of probability measures having the same
moments for each fixed A\. So now we prove the claim. We look at the integrand z —
gelal® sin(3 |z|* sgn(z)). If n is even then the integrand is odd and the claim holds. So
now let n be odd, then the integrand is even and we only have to prove the claim with
integration domain [0,00), so we need to show

> A
/ 2"~ sin(Bax?) dx = 0,
0
for n odd. Using the identity with ¢ € C and Re(q) > 0
/OO plemat gy — —F(p),
0
with p = (n + 1)/, ¢ = 1 + iB and the substitution ¢t = 2* we get

n+1l 00
( . ;)7)1+1 - / AR e (LB \ A= g
141:6) x 0

= /\/ g cos(Bz?) dx — z')\/ g sin(Bz?) dr.  (2.2)
0 0

We then focus on the denominator (1 + z,@’)nTJrl Since

| | i sin(Ar/2) eiAT/2
1 =1+itan(Ar/2) =1 -
+if + i tan(A7w/2) + cos(A7/2) cos(Am/2)’

we get that (1 4+ i)"HD/A = @AT(H1)/2A) / cos(Ar/2)(+1/A Since n 4 1 is even the
right-hand side is real, thus (2.2) reveals the claim.
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2.1.4 The Weibull Distribution and the Krein Condition

So far we have studied whether certain commonly used distributions are uniquely deter-
mined by their moments. The only distribution listed in Table 1.1 that has all moments,
but we have not yet considered is the Weibull distribution. As it turns out, this is more
difficult to handle, and surprisingly the question whether or not it is uniquely determined
by its moments depends on the parameter value. In order to show this, we state the
following theorem from [8] without proof:

Theorem 2.8. Let f be a probability density with respect to the Lebesgue measure, that
has all moments and is concentrated on (0,00). If the following Krein condition holds:

/°° —log(f(2?))
0

T4 22 dx < oo,

then the measure f - m is M-indeterminate. If, however,

[l
0

1+x2 T = 00,

and f is differentiable and there exists xg > 0, such that for x > x¢ we have that
(—zf'(x))/f(x) /oo, as x — oo, then f-m is M-determinate.

Corollary 2.9. The Weibull distribution with parameter ¢ > 0 (see Table 1.1) is uniquely
determined by its moments if and only if ¢ > 1/2.

Proof. The density of the Weibull distribution is given by f(x) = cfcac e /B for
x > 0. We want to apply Theorem 2.8. Observe that

[ /w—log(ﬁc) de—Dlogl) 1wt
0 0

14 22 1+22 14 22 Be1 + 22

The two first terms in the integrand have finite integral, so the above if finite (respectively
infinite) if and only if [ 2*¢/(1 + x?) du is finite (respectively infinite).
If ¢ > 1/2, then we have that

00 2c o] o]
2
/ m Qd:nZ/ $2dx2/ %dac:oo.
1 1+x 1 1+flj 1 xr

Furthermore we see that f is differentiable and

e 2€ c—1 e
f'(z) = % ((c — 1)z 2% 5 — xc_le_ﬁcxﬁc ) . ((c — 1)z — C{L‘2C_2> .

So we get that for all ¢ > 0

ZC

R T (R ) s
= c - — C
f(x) éxc—lefgfc 3¢

o
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By Theorem 2.8 we conclude that if ¢ > 1/2, then the Weibull distribution with parameter
¢ is M-determinate.
Conversely, if 0 < ¢ < 1/2, then we see that

00 x2c o]
/ 5 dr < / 2272 dx < oo,
1 1+ 1

since 2¢ — 2 < —1. By Theorem 2.8 we conclude that the Weibull distribution is M-
indeterminate for parameter values in (0,1/2). Hence the proof is complete. ]

2.2 Existence

In this section, we will prove the existence part of the classical moment problem. We will
need some definitions and lemmas. First we prove that every non-negative polynomial is
a sum of squares, more precisely:

Lemma 2.10. Ifp : R — R is a non-negative polynomial, then there exists polynomials
q1,92, ..., qr such that

p(z)=aq (1U)2 + Q2(IL‘)2 + ...+ qk(:z:)2, for all x € R.

Proof. We prove it by complete induction on n = deg(p). For n = 0, p is a non-negative
constant and the claim obviously holds. Let n > 0 and deg(p) = n and assume that the
claim holds for all non-negative polynomials of order less than n. Set

k =inf{p(z) | x € R} = min{p(z) |z € R} > 0.

Set g(z) = p(xz) — k, for all x € R. Then g is a non-negative polynomial and g has at least
one real root ¢. The multiplicity of ¢ is necessarily even, since the complex roots come in
conjugate pairs. We factor the polynomial g, so

g(z) = (x — c)2h(ﬂs), T €R,

for some polynomial h, which has degree less than n. By the induction hypothesis A is a
sum of squares, hence

f(@) = (& = o)*h(z) + (VK)®, z€R
is a sum of squares. Thus completing the proof. O

Next we will need a very important result from functional analysis, the Hahn-Banach
extension theorem. First we need to define the following

Definition 2.11. Let X be vector space over R. A sublinear functional on X is a map
p: X — R, such that

Loplz+y) <p(x)+ply), foralz,yeX
2. p(Ax) = Ap(x), forallxze X, A >0
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A seminorm on X is an example of a sublinear functional on X. The proof of The
Hahn-Banach extension Theorem follows [5] section 5.2.

Theorem 2.12 (The Hahn-Banach extension Theorem). Let X be a vector space over R
and let p: X — R be sublinear functional on X. If M is subspace of X and f: M — R is
a linear functional on M, such that f(z) < p(z) for all x € M, then there exists a linear
functional F : X — R such that F|y; = f and F(x) < p(z) for all z € X.

Proof. First we show that if z € X \ M, then there exists a linear functional g : M +Rz —
R, such that g|p; = f and g(y) < p(y), for all y € M + Rx. Observe that for yi,ys € M
we have that

fly) + f(y2) = f(y1 +y2) <p(y1 +92) =p(y1 — 2+ 2 +y2) <p(y1 — ) + p(z + y2).

Hence we deduce that sup {f(y) —p(y — ) |y € M} <inf {p(z+y) — f(y) | y € M}. Let
« be a number satisfying

sup {f(y) —p(y — ) |y € M} <o <inf{p(z+y) - f(y) |y € M},

and define g : M + Rz — R by g(y + A\x) = f(y) + A, for y € M. Clearly g is a linear
functional on M + Rx and g|pr = f. So we have that g(y) < p(y), for y € M. We have
for A >0

o302 (1(8) +0) (1 (2) (o)1 (8) = 20

For A <0, set p = —X > 0 and we get that

o= (3)-2) 50 (2) 5 (2) o))

Hence g(y) < p(y), for all y € M + Rx.
Now we consider the family of maps

F=A{F:Y - R| M CY subspace of X, F linear, F|y = f, F(y) < p(y), for ally € Y}

We define a relation < on F as follows: If Fi, F» € F with domains Y7, Y, respectively,
we say that Fy = Fy if Y7 C Y3 and Fily, = Fy. It is easily verified that < is a partial
ordering on F. We claim that any family of maps (F});c4 in F, that is totally ordered
with respect to <, has an upper bound. For every i € A, let Y; be the domain of F;.
Set Y = (J;c4 Yi. Then Y is a subspace of X, containing M. Indeed if y1,y2 € Y, then
y1 € Y;, and y2 € Y;, for some i1,i2 € A. By the total ordering of (F;);ca, we conclude
that y1,y2 € Vi, or y1,y2 € Y, either way A\y1 + Aaye € Y for all A1, A2 € R, since Y,
and Y;, are subspaces of X.
Then define F : Y — R as follows: for y € Y, theny € Y; for a i € A, set

F(y) = Fi(y).

First, we justify that F is well-defined. Suppose y € Y; and y € Yy. By the total
ordering of (F;);ca, we can assume that F; < Fy. Then y € Y; C Yy and Fyly, = Fj, so
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Fy(y) = Fi(y). Hence F is well-defined. It is easily verified that F' € F, simply by using
the properties of F}. Also clearly F, < F, for all i € A, hence F has an upper bound.

By Zorn’s Lemma there exists a maximal element F' € F for the partial ordered set
(F,=). We now verify that F' is the extension of f that the theorem claims exist. By
construction it is indeed a extension of f, however we need to show that F' is defined on
the whole space X. Now suppose that the domain X’ of F' is not the whole space X. Let
x € X\ X'. By the argument in the beginning of the proof, there exists a linear functional
g : X'+ Rz — R, such that g|x» = F and g(y) < p(y), for all y € X' + Rz. It is easily
seen that g € F and that F' < g and F' # g, contradicting the fact that F' was maximal
in (F,=<). We conclude that X’ = X and thus proving the theorem. O

The following Corollary, due to Choquet (1962), follows [1].

Corollary 2.13. Let X be a vector space over R and let M be a subspace of X. Let
E be a non-empty, convexr subset of X, that is closed under multiplication with non-
negative constants and with the property that x € E and —x € E implies x = 0. Assume
furthermore that M+ FE = X. Then every linear functional f on M, which is non-negative
on M NE, can be extended to a linear functional F on X, which is non-negative on E.

Proof. Define a relation < on X as follows: z < y if y — z € E. We justify that it is a
partial order relation. Since 0 € E we have that < x, hence < is reflexive. If x <y
and y < z, then set z = y — x. We then have that z,—z € E, hence y —x = z = 0, so
indeed x = y. Therefore < is anti-symmetric. Finally assume that x < y and y =< z, then
y—x,z—1y € E so by convexity (z—x)/2 € E, hence z—x € E, thus proving transitivity.

Observe that for every x € X, there exist y1,y2 € M such that y; < x < yo. It follows
sincex € X =M+ FE,sox=y;+y forsomey; € M andy € E. Thenz—y; =y € E,
S0 y1 = z. A similar argument gives the existence of yo. Also observe that if y1,yo € M
and y1 = y9, then yo —y; € M N E, so since f is linear and non-negative on M N E, we
get that f(y1) < f(v2)-

For x € X, consider the set {f(y) | y € M,z < y}. The first observation above gives
us that the set is non-empty. Furthermore it gives us that there exists y; € M such that
y1 = x, so for all y € M where z <y, we get that f(y) > f(y1). Hence the set is bounded
from below. So

p(z) =inf{f(y) |y e M,z 2y}, z€X,

is a well-defined real-valued function on X. We also see by the second observation above,
that f(y) = p(y) for all y € M. We easily see that for A > 0 we have that y < x if and
only if Ay < Az, so p(Azx) = Ap(z). We also see that for z,2’ € X,

p(x) +pa’) = inf{f(y)|ye M,z =y} +inf{f(y) |ye M 2y}
= inf{f(y)+fW) | y.y € M,z <y,a’ <y}
> inf{fly+9)|y+v € M, (z+2)/2=<(y+v)/2} =p(z+ )

so p is sublinear. So f is dominated by the sublinear functional p on M. By The Hahn-
Banach extension Theorem, there exists a linear functional F' on X, so F|y = f and
F < pon X. We only need to verify that F' is non-negative on E. Let x € E. We
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have that x = 0 — (—x) € E, hence —z < 0, so F(—z) < p(—z) < f(0) = 0, hence F is
non-negative on E. O

Please observe that in this section we let moment-sequences be label with Np, in
contrary to N in the definition. The 0" moment is then just understood as the measure
of the whole space.

Theorem 2.14. Let (ap)nen, be a sequence of real-numbers. There exists a Radon mea-
sure p on R such that

oy = /m” du(z),  for all n € Ny,

if and only if for alln >0 and all (n + 1)-tuples (cg,c1, ..., ¢) of real numbers we have
n
Z CiCjOéH_j Z 0. (2.3)
i,j=0
Note that the measure p above is a probability measure if and only if g = 1.

Proof. Assume that there exists a measure p on R with (o, )nen, as moments. Let n >
0 and let (co,c1,...,¢n) be any (n + 1)-tuple of real numbers. Then set the following

polynomial
n 2 n
p(x) = (Z cix’) = Z cicjx' .
i=0

i.j=0

Then clearly p(z) > 0 for all z € R. So the integral with respect to p is well-defined and

non-negative:
n n
0= /p a _/ Z cicjz™ dp(x) = Z CiCj ity

$,j=0 $,j=0
hence (2.3) holds.

Conversely, assume that (2.3) holds for all n > 0 and all (n+ 1)-tuples of real numbers.
Consider the following vector spaces of functions

CR)={f:R—=R| fiscontinuous}, C.(R)={f¢€ C(R)|supp(f) is compact},

Pol = {f € C(R) | f is a polynomial}, H = {f € C(R) | exists p € Pol such that |f| < p}

Here supp(f) = {x € R | f(x) # 0} is the support of f. It is easily verified that these are
all vector spaces. Let HT = H N C(R)* and Polt = Pol N C(R)", where C(R)" is the
space on non-negative continuous functions on R.

Now consider again the sequence (ay)nen,. Define the linear functional F' : Pol — R

by

n
F(co+ c1z 4 coz® + ... 4+ cpa™) = Z Cioy.
i=0
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It is easily verified that F' is linear. We claim that F' is a non-negative functional, i.e.,
F(p) > 0 whenever p is a non-negative polynomial. By Lemma 2.10 and linearity of F' it
suffices to prove that F(q?) > 0 for every polynomial q(z) = co + c17 + c22? + ... + 27
We quickly realize that it must hold, since (using that (2.3) is assumed to hold)

n n
F(q(x)2) =F Z CiCj.%'H_j = Z CiCj()di+j Z 0.
i,j=0 i,j=0

So now we have constructed a linear functional on Pol, which is non-negative on
Polt = PolN Ht. Observe that H' is convex and that if both the function g and —g
lie in HT, then g must be the zero-function. We also see that H = Pol + H™, since
Pol + H™ C H obviously holds and given a function f bounded by a polynomial p, then
f=-p+(f+p) € Pol+ HT. Now Corollary 2.13 (with X = H, M = Pol, and E = H™)
gives us that we can extend F' to a linear functional F on H, which is non-negative on H+.
Further, since C.(R) C H, we can restrict F' to a linear functional Fy on C,(R). By the
Riesz representation theorem (cf. Theorem 7.2 in [5]), there exists a unique non-negative
Radon measure p on R, such that Fy(f) = [ f dp for all f € C.(R).

We show that polynomials are p-integrable. For each n € N, construct the function

1 for x € (—n,n)
z+(n+1) forze[-n—1,-n]
—x+n+1 forxzenn+1]

0 else

i(—n,n) (.CE) =

Then i(_n’n) € C.(R), for all n € N. Let p be a polynomial, then [p| € H™, and let ¢
denote a polynomial that bounds |p|. Then i(,n,n) Ip| € C.(R), so we get that
FO(i(—n,n) |p‘) = F(i(—n,n) ‘p|) < F(i(—n,n) |p’) + F((l - i(—n,n)) |p’)

/1(—n,n) |p| dp
= F(p)) = F(lpl) + F(q— Ip|) = F(q) = F(q) < o,

where we used that F((1— i(_nm)) Ip]) > 0 and F(q—|p|) > 0. The bound is independent
of n, so by Fatou’s Lemma [ |p| du < F(q), since 1(_,1,”) |p| converges pointwise to |p|, as
n — o0o. Hence p is p-integrable.

Let p € Pol™ be a non-negative polynomial. We want to show that [pdu = F(p).
Because p is p-integrable, we conclude by the Lebesque dominated convergence theorem,
that

/(1 — I(—n,n))p dp — 0, asn — oo.

So we get that

/p dp = /L_n,n)p dp + / (1= Icnm)p dp < F(1(_pnyp) + / (1= T(pn))p dpt

< Fp)+ / (1= T(nm)p dit = F(p) + / (=T ()P it
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holds for all n € N. Letting n — oo yields [ p du < F(p). For the other inequality observe
that we can find another positive polynomial ¢ such that p(z)/q(x) — 0, as n — oo.
Hence there exists xg € R, such that x > z( implies that p(z) < eq(x). Let n be a positive
integer, such that n > xg. Then 1_; ., < i(—n,n) < 1, where i(_mn) € C.(R). Then we
get that

0<p(l-— i(_nm)) <p(1 =1 zg.m9) < €g, forallz eR.

Since F' is non-negative on HT, we get that

0< F(p) - F(pl(fn,n)) < GF(Q)'

Hence

F(p) = F(p) < F(pl_pn) +€eF(q) = /pi(n,n) dp+ eF(q) < /p dp + €F(q).

Since € was arbitrary and independent of ¢, we get that F(p) < [p du. Hence F(p) =
[ p du for all p € Pol™.

Let n € Nyg. If n is even, then 2" is a non-negative polynomial, so in particular
it is the difference of two non-negative polynomials. If n is odd, then we have that
" = (1+2"M 42™) — (14+2"1), so 2" is still a difference of two non-negative polynomials.
For n € N, let p1,2 € Pol™ such that ™ = p; — ps, then

/x" dﬂ(w)Z/pl du—/pz du = F(p1) — F(p2) = F(2") = .

Thus (@ )nen, is the moment-sequence of the measure p. O
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Chapter 3

Method of Moments

The goal of this chapter will be to establish an important connection between two kinds
of convergence: weak convergence of measures and convergence of the corresponding mo-
ments.

3.1 Weak Convergence of Probability Measures

The next definition opens up for a new concept regarding convergence of a sequence of
measures. It is of great importance in asymptotic theory of mathematical statistics.

Definition 3.1. Let u, (fin)nen be probability measures on (R,B). Let C' denote the set of
points of continuity of ju (i.e., the points a € R where u({a}) =0). The sequence (tin)nen
is said to converge weakly to p if for alla € C

tn(—00,a] = p(—o00,al, asn — oo. (3.1)
We write i, — @, asn — 0o.

Note that the limit is unique. If v were another probability measure on (R,B) sat-
isfying (3.1), then p and v would agree on the collection {(—o0,a] | a € C'}, which is an
intersection-stable generator of B. By the uniqueness theorem for probability measures,
we get that p = v.

Weak convergence of a sequence of probability measures can also be expressed in
terms of pointwise convergence of the associated distribution functions. Let us recall the
definition.

Definition 3.2. Let u be a probability measure on (R,B). The distribution function of u
is the function F : R — [0, 1] given by

F(z) = p(—o0,z], zeR.

It is easily verified that the distribution function F' of a probability measure on (R,B)
has the following properties: (1) F' is non-decreasing, (2) F' is right-continuous, (3)
limg , o F(z) = 0 and (4) limyoo F'(z) = 1. It is a deep result that if a function F
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satisfies the above conditions (1)-(4), then there exists a unique probability measure p on
(R,B) such that F is the distribution function of p. Details concerning the construction
can be found in Appendix B. We are now ready to spell out the above mentioned con-
nection to weak convergence of a sequence of probability measures. If F' and F;,, denote
the distribution functions of y and p,, respectively, then the condition that u, — p, as
n — 00, is equivalent to

F,(a) = F(a), asn— o

for every continuity point a of F'. In establishing this equivalence we have also used the
fact that left-continuity of F' at a point z is equivalent with p({z}) = 0. So F'is continuous
at x if and only if u({z}) = 0.

We can express weak convergence in terms of integrals of certain functions.

Theorem 3.3. Let i, (fin)nen be probability measures on (R,B). Then p, — u, as
n — oo, if and only if

/f dpy, — /f dp, asn— oo, forall f € Cy(R). (3.2)

Proof. Suppose (3.2) holds and let a be a continuity point of u. Define for each k € N,
the functions g and fi by

1 if v € (—o0,a— 1) 1 if x € (—o0,a)
(@) =S k(z—a) ifeecla—1ta , fu@)=Sk(a+L-2) ifze|aa+i].
0 else 0 else
Then
gk < 1(—oo,a] < fk’ (33)

Also, note that (gx — fx)(xz) — 0, as k — oo, everywhere except for x = a, but since a
is a continuity point of p, it follows that gr — fr — 0, as kK — oo, p-almost surely. This
sequence is bounded by the constant 1, hence by the Lebesgue dominated convergence
theorem, [ (gx — fx) du — 0, as k — oo. So, given € > 0, we can then choose k large

enough so that
‘/gk dﬂ—/fk du‘ <e (3.4)

Let k be fixed, such that (3.4) holds. We also have for all n € N (by using (3.3)) that

/gk d,un < Mn(_oo7a] < /fk dﬂn (35)

And similarly we have that

[ o du<n-cca < [ fidn (3.6)
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Since gi, fr € Cp(R), we know by hypothesis that [ gi dpun — [ gk dp, as n — oo, and
[ fi dun — [ fi du, as n — oo. So choose Ny, Ny € N such that

)/gkdun—/gkdu‘ < € foralln>N;
‘/fkdun—/fkdu‘ < € foralln> N,.

Set N = max{Nj, No}. By using using (3.5) and (3.6), and then using (3.4), we deduce
that for all n > N

|[pn (=00, a] — p(—00,d]| < ’/fk dﬂn/gk du‘ + ka du/gk A

< ’/fkdﬂn—/fkd,u‘—i-‘/gkd,un—/gkdu’—i-e—i—e<4e.

Since € was arbitrary, we conclude that p,(—00,a] — pu(—o00,a], as n — oo. This proves
that p, — j, as n — 0.

For the converse implication, let C,, denote the set of continuity points of u. Pick
f € Cp(R), let M > 0 denote the bound and let ¢ > 0. We have that (3.2) holds for
indicator functions 1(_, 4 for all @ € C,,. By additivity of integrals, (3.2) also holds
for indicator functions 1(,4 where a,b € C, and a < b. By linearity, (3.2) also holds
for all finite sums of such indicator functions, which we call simple functions. By the
approximation Theorem A.7 in Appendix A we can find a sequence of such simple functions
(sk)ken such that

sup | f(z) — sp(x)| <e. (3.7)
z€(—k,k]

Now choose k large enough so that 1 — u(—k, k] < e. Furthermore, choose NN; large enough

to ensure that for all n > N;
‘/sk dpin, — /sk du‘ < e. (3.8)

pin(—k, k] = pin(—00, k] — pin(—00, —k] — p(—00, k] — u(—o0, —k] = u(—k, kl,

By hypothesis

as n — 00. So choose Ny large enough to ensure that for all n > No

(=, k] = p( =k, k]| <e. (3.9)
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Then combining (3.8), (3.7) and (3.9), we obtain that for all n > max{N;, N2}

'/fdun—/fdu’ < 6+‘/fd,un [1au- /skd,un—i—/skd,u‘

< e+/rf—skrdu+/rf—skrdun
— e+/( |f5k|du+/ = du+/ 1 — el dpn

) ) )

+/ |f78k|d/"’n
(—k,k]c

)

< 36+Mﬂn((_k7k]c) +Mﬂ((_k7k]c)
< 3e+ M (2— pu(—k, k] +e—pu(—k,k]) <3¢+ 3Me =3e(M +1).
Since € > 0 was arbitrary, we conclude that (3.2) holds. O

3.2 Convergence of Random Variables

We will focus on a few types of convergence of random variables in this section.

Definition 3.4. Let X, (X, )nen be real-valued random variables. We say that X,, converge

in distribution to X, asn — oo, and write X, o, X, asn — o0, if the laws of X,, converge
weakly to the law of X, i.e., X,(P,) = X(P), as n — oo.

Note that we do not require the random variables to be defined on the same probability
space. We illustrate this idea by an example, which follows section 25 in [2]:

Example 3.5. Let A > 0. For each n € N with n > A, let ,, denote the space of n-tuples
of 0’s and 1’s. Consider the o-algebras F,, = P(£2,,), the power set of €, and for w € Q
let the probability measures P,, assign probability

o= () (-3

Where k denotes the number of 1’s in w. Let X,, be the random variable on (Q,,F,, P,),
which represents the number of successes in n Bernoulli trials, with probability A/n as
success parameter. The probability mass is concentrated on a countable set. So if we know
how the point masses behave in the limit, we know how the entire distribution behaves,
hence we know the weak convergence properties of (X, )nen a<n. We see that

o - () <><><>

A (1 - 2" i Nre
= x n ( > T as n — Q.
! 1 A 120 !

Hence X,, converge in distribution to the Poisson distribution.
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We also want to point out why it is too restrictive to require (3.1) to hold for points
of discontinuity. The basic argument is that it allows us to bring the weak law of large
numbers under the theory of weak convergence. It is illustrated in the next example.

Example 3.6. Let X1, Xo, ... be independent random variables where P(X; = 1) =1/2 =
P(X, = —-1). Forn € N, set S;, = >"}'_; Xi. Then the weak law of large numbers asserts
that for every € > 0,

g

If F), is the distribution function of n=1S,, and u, denotes its law, then (3.10) gives us
that

1
=S,
n

> 6) — 0, asn — oo. (3.10)

1
F.(z) = 1—P<nSn>x>—>1, asn — oo, ifz>0 (3.11)

(s
n

So if we let 9 denote the one-point measure at 0, then p, S €0, a8 . — 00.

However, we also see that if u, —» o, as n — 0o, then (3.11) and (3.12) holds.
So (3.10) is equivalent with g, — €y, as n — oo. Now we see why requiring (3.1) to
hold in all points a € R is too restrictive. Letting n go through the odd numbers, then
Sp = 0 is impossible. By symmetry we must have P(S, < 0) =1/2 = P(S,, > 0), hence
F,(0) = 1/2. Thus p,(—o00,0] = 1/2 fails at converging to o(—00,0] = 1, as n — oo.

=
&
IA

> |x|> —0, asn—oo, ifz<O0. (3.12)

We introduce two other familiar types of convergence of real valued random variables.
The definition requires all of the random variables to be defined on the same probability
space, in contrast with the case of convergence in distribution.

Definition 3.7. Let X, (X,,)nen be real-valued random variables on the same probability
space (U, F, P). We say that X,, converge almost surely (or a.s.) to X, as n — oo if

P(lim Xn:X>:1.

n—oo
. . a.s.
In this case we write X,, — X, as n — o0.

Definition 3.8. Let X, (X,,)nen be real-valued random variables on the same probability
space (2, F, P). We say that X,, converge in probability to X, as n — oo and write

Xn£>X, as n — 00, if for every e > 0
P(|X,—X|>¢€¢) —0, asn— oc.

Theorem 3.9. Let X, (X,,)nen be real-valued random variables on the same probability
space (U, F, P). Then

1. If X, 255 X, as n — o0, theaniX, asn — o0o.

2. IaniX, as n — 0o, theangX, as n — oo.
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Moreover, all implications are strict.

Proof. Assume X,, 2% X, as n — oo, and let € > 0. Consider the set Qy = {w € Q |
limy, 00 Xp(w) # X (w)}. We have that Qy € F and it has P-measure 0. Now,

( U fw e Q| [Xalw) - X(@)] > e}>
meN

n=m

is a decreasing sequence of F-sets. By downward continuity of P,

%gnooP(U{an—X\x}) :P(ﬂ U{|Xn—X]>e}>. (3.13)

n=m m=1n=m
Note that
o0 o0
N U fw €0 [Xa(w) - X(@)| > e} € D,
m=1n=m
because if w lies in the left-hand side then | X, (w) — X (w)| > € happens infinitly often,
hence X,,(w) cannot converge. But then the right-hand side in (3.13) is 0. This proves the
first implication. Next we find a counterexample confirming that the implication is strict.
Let P be the uniform distribution on (0,1]. Let X = 0 and set

X = 1(0,1/2] Xo = 1(1/2,1}

Xs =112 Xa=1Lasa120 X5 =134 X6 =1/41

and so on we divide each interval in the preceeding block in halfs. Then the probability
of X,, and X being different will decrease towards 0, as we move along the blocks, so X,
converges in probability to X, as n — oo. However X,,(w) = 1 infinitely often for all
w € (0,1], hence X, fails to converge to X on a set with P-measure 1.

Now assume that X, converges in probability to X, as n — oo. Let ¢ > 0 and
f € Cy(R) be given, and let M denote the bound on f. Since f is continuous, there exists
9 > 0 such that | X, (w) — X (w)| < ¢ implies |f(Xp(w)) — f(X(w))| < e. Now we see that

‘ [raxae- [ de(P)' _ ] [ s ap— [ 50 dP‘é [ 1506 - sx)| ap
- F(Xa) = F(X)| dP
| Xn—X|<o

s ) - @) ap
| Xn—X|>0
e+2MP(|X, — X|>0) =€ asn— 0.

IN

Since € was arbitrary, we conclude that X, D x by Theorem 3.3.

Now let X and Y be independent random variables, each attaining the values 0 and 1
with probability 1/2. Set X,, =Y, for all n > 1. Then clearly X,, converge in distribution
to X, as n — oo. However, because of independence, we have P (| X —Y|=1) =1/2. So
X, fails to converge in probability to X, thus proving the converse does not hold. O
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Remark 3.10. If the limit is a constant P-a.s. then convergence in distribution implies
convergence in probability. Let X = a P-a.s. and € > 0. Then

P(|X,—al>¢) < P(Xp,<a—¢)+P(X,>a+e)
= P(X,<a—€¢+1-P(X,<a+e€) —0, asn— oo.

The following theorem, due to Skorohod, is very useful in proving some of the following
results.

Theorem 3.11 (Skorohod’s Theorem). Let i, (pn)nen be probability measures on (R, B)
and assume that pi, — p, as n — co. Then there exist real-valued random variables
Y, (Yo)nen defined on the same probability space (U, F, P) such that Y, (Yn)nen have dis-
tribution p, (fn)nen, respectively, and Y, (w) — Y(w), as n — oo for all w € €.

Proof. Set the background space to ((O, 1), Bl0,1), mlBy, 1)). Let F be the distribution
function corresponding to p. Then define

Yw)=inf{zeR|w<F(x)}, we(0,1).

Consider the set {vr € R | w < F(x)}. It is an interval going to oo, because F is non-
decreasing. Furthermore, this interval is closed, due to right-continuity of F'. Therefore
{reR|w< Fx)} =[Y(w),00). So for w € (0,1), we have that w < F(x) if and only
if Y(w) < z. This observation will be used several times in the proof. First, we get that

PlweQ|Yw <z)=Pwe|w<F(z)=F(z), zekR

So Y has distribution pu. The construction and above argument also hold for Y,,, n € N.
We only need to show the pointwise convergence. Let w € (0,1). Given € > 0, find
x € R such that Y(w) — € < z < Y(w) and that pu({z}) = 0 (recall that there are at
most countably many discontinuity points of u). So F(z) < w. Since F,(z) — F(x), as
n — oo, this implies F,(z) < w for n large enough. Hence Y (w) — € < z < Y, (w) for n
large enough, therefore we have that
liminf Y, (w) > Y(w). (3.14)
n—o0
Next, if w < w’ choose 2’ such that Y (w') < 2/ < Y(w') + € and that pu({z'}) = 0. Then
we have that w < w’ < F(2'). So for n large enough, w < F,(2’) holds. Therefore we have
that Y, (w) < 2’ <Y (') + € for n large enough. Hence for all w’ > w

limsup Y, (w) < Y (o).
n—oo
If w is a point of continuity for Y, then limsup,,_, ., Yn(w) < Y(w). This combined with
(3.14) gives us that Y, (w) — Y (w), as n — oo, for all continuity points w of Y. Since Y is
non-decreasing, there can be at most countably many of these. Changing Y;,(w) = Y (w) =
0 for such points reveals pointwise convergence for all w € (0,1). Changing YY), on a set
with Lebesgue measure 0 does not change the fact that Y and Y,, have distributions p and
ln, respectively, and the proof is complete. O
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Theorem 3.12. Let h : R — R be B-B-measurable. If i, — p1, asn — oo and p(Dy) = 0,
where Dy, is the set of discontinuity points of h, then h(u,) — h(), as n — co.

Proof. First, note that Dy, is measurable, so the assumption makes sense. We show this
by looking at the complement. If A is continuous at x then it is also continuous on an
e-neighbourhood of z, let B(z,¢,) denote it. So

Dj = |J Bl e),

z€D},

hence Dy is open, hence D}, is measurable.

Let Y,Y, denote the random variables having distribution g and pu,, respectively,
according to Skorohod’s Theorem. So if Y (w) ¢ Dy, then h(Y,(w)) — h(Y (w)), as n — oc.
Since P(w € Q| Y(w) € Dp) = u(Dy) = 0, the convergence happens with probability 1.
So h(Y;) converges to h(Y) in probability, as n — oo. Using Theorem 3.9 reveals that
R(pn) = h(p), as n — oo. O

3.3 Tightness and Weak Convergence of Measures

Using Helly’s selection principle allows us to establish additional results about weak con-
vergence. This will be illustrated in the next theorem.

Theorem 3.13. For every sequence of distribution functions (Fy)nen there exists a sub-
sequence (Fp, )ken and a non-decreasing right-continuous function F such that F,, (z) —
F(x), as k — oo, for all continuity points x of F'.

Proof. Let D be a countable dense subset of R. Let {r} | £ € N} be an enumeration of
it. Then the sequence of numbers {F,(r1) | n € N} is bounded. Hence there exists a
subsequence (Fix)gen of (Fj,)nen, that converges at r1. Let I3 denote the limit. Clearly
l; € ]0,1]. Now this new sequence of numbers {Fi;(r2) | k € N} is also bounded. So again
there exists a further subsequence (Fyy)ren, that converges at ro. Let lo denote the limit
and we have again that Iy € [0, 1]. In this way, we recursively define subsequences (Fjj)ren
for each j € N, that converges at r;. Let [; denote the limit, we have that {; € [0, 1].

Next choose the diagonal elements (Fj)ren. Pick r; € D, then from a certain step on
(Frk)ken is a subsequence of (Fj)ken, so (Fik)ren converges at rj, as k — oco. Thus we
have found a subsequence (F},, )ren, that converges at all points in D. We can then define
the following function

G(r) = lim F,, (r), forallre D.
k—o00

Note that G is non-decreasing, because the F},’s are so. Define
F(z) =inf{G(r) |re D, x <r}, foralxzeR.

By construction, F' is non-decreasing. Given xg € R, we show right-continuity of F' at
this point. Let € > 0. There exists 9 € D such that z¢p < 9 and G(rg) —e < F(xg) <
G(rp). If r € D and x¢ < r < 1 then

0 < G(r) — F(z) < G(rg) — F(zp) <k,
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but then by passing to infimum (and using the definition of F') we obtain
0 < F(x) — F(xo) <k, for all z¢p < x < rg.

This shows that F' is right-continuous.

We then only need to show that F),, (z) converges pointwise to F'(x) for all continuity
points of F', as k — oco. Let xg be a continuity point of F' and let ¢ > 0. There exist
r,r’, 7" € D such that r < ' < zyp < r” and by continuity we can also assume that
F(r") — F(r) < e. Then we have

F(r) < G(r') < F(z) < G(r") < F(r) +e, (3.15)
and, respectively, for all k£ € N,
Fo, (') < Fy, (z0) < Fy, (7).
Letting k — oo combined with (3.15) gives us that for & large enough
o (0) — F(zo)] < e
Hence F),, (z) converges pointwise to F'(z), as k — oo, for all continuity points z of F'. [J

In accordance with Theorem B.5, we see that there exists a unique measure g on
(R,B), such that for all a,b € R, a < b

w(a,b] = F(b) — F(a) Va,beR, a<hb.

However, we cannot be sure that p is a probability measure. We do see from the above
proof that F(z) < 1, for all z € R, but nothing is preventing mass from escaping at
infinity. The following example shows that this can, indeed, happen.

Example 3.14. Consider, for each n € N, the uniform distributions on (n,n + 1), uy.
Then for all a,b € R, u,(a,b] — 0, as n — oco. Hence every subsequence of (i, )neny must
converge weakly to the O-measure.

We therefore introduce a new concept which will play an important role for weak
convergence.

Definition 3.15. A sequence of probability measures (pin)nen on (R,B) is said to be tight,
if for each € > 0 there exists a finite interval (a,b] such that for alln € N

pn(a,b] > 1 —e.

Example 3.16. Let (z,)nen denote a sequence of real numbers. For each n > 1, let &,
be the corresponding one-point-measure. Then

1 ifx, € (a,b]
eea(a,b] = {O else

So the family of one-point-measures corresponding to the sequence (zy,)nen is tight if and
only if the sequence is bounded.
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As it turns out, the concept of tightness is precisely what prevents mass from escaping
at infinity.

Theorem 3.17. Let (pin)nen be a sequence of probability measures on (R,B). Tightness
is a necessary and sufficient condition that for every subsequence (fin, )ken there exists a
further subsequence (Mnk(j))jeN and a probability measure  such that i) 2, as
j — o0.

Proof. Let (pn)nen be tight. For each n > 1, let F,, denote the distribution function of .
Applying Theorem 3.13 to the sequence of distribution functions reveals a new function
F. Where F;, converges pointwise to F, as k — oo, in every continuity point of F', for
some subsequence (F),, )yen of (Fy,)nen. Now, by applying Theorem B.5, we can find a
measure f on (R,B), such that u(a,b] = F(b) — F(a) for every a,b € R and a < b. Given
€ > 0, choose a < b according to tightness so that

pn(a,b) >1—€¢ VneN
By increasing b and a ensures it holds in continuity points of F'. Then we obtain that

wu(a,b] = F(b) — F(a) = lim (F,(b) — Fy(a)) = lim p,(a,b] > 1 —¢,
n—oo n—oo

hence (1 is a probability measure (we knew from the proof of Theorem 3.13 that u(R) < 1).

Hence F is indeed a distribution function and F,, converges pointwise to F', in all of the

continuity points of F', along a subsequence. As discussed in the section after Definition

3.2, this is equivalent with the measures pu, converging weakly to u, along a subsequence.

Hence the convergence also holds along any further subsequence.

For the other implication, assume that (t,)nen is not tight. Then there exists € > 0
so that for every finite interval (a,b], pn(a,b] <1 — e for some n. For each k € N, choose
ng such that p,, (—k, k] <1 — e Assume that some subsequence (fin,; )jen Of (tn, )ken
converges weakly to some probability measure p. Let (a,b] be any finite interval, where
a < band pu({a}) = p({b}) = 0. For j large enough (a,b] C (—k(j), k(j)] and so

1= €2 fing (=k(G)s RG] 2ty (a,b] = i(a B, as j — oc.

So p(a,b] < 1— e for every finite inteval. Hence p cannot be a probability measure, which
is a contradiction. O

Corollary 3.18. Let (fin)nen be a sequence of probability measures on (R,B). If (tn)neN
is tight and if every weakly convergent subsequence (fin,)ken has the same limit p, then

i —> 1, as M — 00.

Proof. Note that p is a probability measure due to the previous theorem. According to the
theorem every sequence (fin, )ken contains a further subsequence (py, ; )jen converging
weakly to some limit. This limit must be p by hypothesis. So every subsequence (i, )ken
contains a further subsequence (,unk(j)) jen converging weakly to p.

Now suppose (i )nen fails to converge weakly to p, as n — oo. So for some continuity
point a of p, pp(—00,a] - u(—o00,al, as n — co. Hence there exists € > 0 so that

|ny, (=00, a] — p(=00,a]| > ¢,
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for an infinite sequence (i, )ken. No further subsequence of such can converge weakly to
u, contradicting what we just concluded. O

Tightness also has a strong connection to characteristic functions.

Theorem 3.19. Let (pn)nen be probability measures on (R,B) and let (¢ppn)nen be the
respective characteristic functions. If for all 8 € R

dn(0) = ¢(0), asn — oo,
where ¢ is a function that is continuous at @ = 0, then (fn)nen s tight.

Proof. Observe that for every u > 0 we have

1 [ ‘ 1 IR L | 1, 1,
/ 1— ez@x o = = |:0 _ .619:)3:| - - <u et g »ewx>
uJ_, u i by U i i
= 2-— 2 (ewfc - e_wz) =2— 2 sin(ux)
ur2i uw ’

Furthermore we also have that
u u
/ |1 — ¢, (0)] dGS/ 2 df = 4u.
—u —u

Therefore we can apply Fubini’s theorem. Using the definition of the characteristic func-
tion gives

1 [ 1 [ :
/ 1—¢n(0) do = // 1— e df dp,(x)
uJ uJ

lz|>2/u

ux  Juz|

Y

2
fn {az ER||z| > u} (3.16)

The function ¢ is continuous at # = 0 and ¢(0) = lim,_ ¢, (0) = 1, hence it is also
continuous in a neighbourhood (—ug,ug). So for every € > 0 we find a u > 0 such that
u < ug and

1/u1—¢(9) do < e.

U —Uu
We have that ¢, converges to ¢ bounded by 1, the Lebesgue dominated convergence
theorem gives us that there exists ng € N such that

1 u
u/ 1 — ¢n(0) df < 2¢, for all n > nyg.

—Uu
Setting a = 2/u in (3.16) we get that
pn{z R [o] > a} < 26 n>np.
Letting a increase insures that it also holds for the first finitely many n. Hence (1 )nen

is tight. O
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This leads us to a connection between weak convergence and characteristic functions.

Theorem 3.20 (The Continuity Theorem). Let (tin)nen be probability measures on (R, B)
and let (¢p)nen be the respective characteristic functions. Assume that ¢, converges point-
wise to some function ¢, as n — oco. The following are equivalent:

1. (pn)nen s tight.
2. (fn)nen converges weakly to some probability measure L.
3. @ 1is the characteristic function of some probability measure p.
4. ¢ is continuous.
5. ¢ is continuous at 0 = 0.
Where p in 2. and 3. refers to the same probability measure.

Proof. (2. implies 3.) Assume that (u,)nen converges weakly to some probability measure
u, let ¢* denote the characteristic function of . For every 6 € R, the function z — ?*
has bounded modulus and it is continuous. Applying Theorem 3.3 to both imaginary and
real part of ¢%% reveals that ¢,(0) — ¢*(0), as n — oo for every # € R. So we must have
that ¢ = ¢*. Hence ¢ is the characteristic function of pu.

(1. implies 2.) By Corollary 3.18, we only need to check that every weakly convergent
subsequence of (f,)nen has the same limit. Assume that g, N v, as k — oo and let
¢* denote the characteristic function of v. By the proof of the preceeding implication
and since (fn, )ken is a subsequence of (py)nen, we must have that ¢ = ¢*. So the limit
of every weakly convergent subsequence of (p,)nen has the same characteristic function,
hence by Theorem 1.10, we conclude that the limits are the same. Corollary 3.18 gives us,
that p, — u, as n — oo.

(3. implies 4.) By Lemma 1.12 every characteristic function is continuous.

(4. implies 5.) Trivially true.

(5. implies 1.) Follows simply by Theorem 3.19. O

With this result at hand, we can prove the following theorem, which is a version of the
Central Limit Theorem. It illustrates how useful the Continuity theorem is.

Theorem 3.21. Let (X;)ien be a sequence of independent, identically distributed real-

valued random variables. Assume that the second moment exists and let E(X;) = p and

let the variance be V(X;) = E((X; — E(X;))?) = 02. Set, for eachn >1, S, = > | X;.
Then g

n — U D

— = X

o\/n ’

where X 1is standard normal distributed.

as n — oo,

Proof. Set Y; = (X; — u)/o, i > 1. Then E(Y;) =0, V(Y;) = 1 and the sequence (Y;);en
is independent and identically distributed. Also note that

Sn —np _ 2 iz Xi —np _ 2 Yi
o\v/n o\/n N
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So if we prove the claim for 4 = 0 and 02 = 1, then we have also proven it in general.
We calculate the characteristic function ¢ of X,

. . z2 —2ifz+a>
P(0) = /eleX dP = /e’ax \/:;76_2 dm(x) :/\/1276_ =R dm(z)
T T

1 _@-in? 92 _92/ 1 2 _02
= e 2 e 2 dm(x)=¢€ 2 e 2 dm =e 2.
/\/ﬁ () Vor )

In view of the Continuity Theorem, we only need to prove that

92
$s,(0) e 2, asn— oo,
N

for all # € R. We write out, using Lemma 1.8, Lemma 1.9 and Theorem 1.17

oq-se () on () - (-5 (2

We want to show that the last expression converges to e=0%/ 2 asn — o0o. Let § € R be

fixed and let € > 0. Then we can find N € N, such that for all n > N we have that
lo(62/n)| /(6%/n) < €/(262). Hence for all n > N we have that 2n|o(6%/n)| < e. So we
have, for n large enough, that

0° +e\" 0° 02\ \" 0% —e\"
1- <|1l—-— — <|(1- .
(-5r) = (-5 (5) =(-5)

From the above we can then obtain that

62 62\ \" 0% 62 2\ \" 024
limsup(1——+o|— <e 2, and liminf({l1——+o0o|— >e 2
n—00 2n n n— 00 2n n

Since € was arbitrary, we conclude that

62 62\ \" 02 62 62\ \" 02
limsup(1l——+o0o|— <e 2z, and Iliminf|{1——+4o0(— >e 2.

Hence

92 92 n
¢§%(9)=<1—2n+0<n>> — ¢(0), asmn — oc.

By the Continuity Theorem, the proof is complete. ]

As an additional consequence of the Continuity theorem, we have an approach to
determine if a function is a characteristic function of some probability measure. Next we
will prove a result that gives necessary and sufficient conditions for a function to be a
characteristic function of some probability measure. But first we will need a definition
and a few lemmas.

Definition 3.22. A function f : R — C is positive definite if for any finite set of numbers
zj,tj, where 1 < j <mn andt; € R and z; € C, we have that

DOty —te)zizE > 0. (3.17)

=1 k=1
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We have the following properties of such functions:

Lemma 3.23. If f : R — C is positive definite, then for each t € R

f(=t)=f@), @) < £(0).

If f is continuous att = 0, then f is uniformly continuous. If so, then for every g : R — C
continuous we have that

T T o
/ / f(s=1t)g(s)g(t) dsdt >0, for all T > 0. (3.18)
o Jo

Proof. Setting n = 1, t; = 0 and 2z; = 1 at (3.17) reveals that f(0) > 0. Then we set
n=21t =0,1t=tand 21 =1 = 29 and get that 2f(0) + f(¢t) + f(—t) > 0, hence
f(t)+ f(—t) is real (since f(0) was). Now we set n =2, t; =0, to =1¢, 21 = 1 and 29 =1,
and so we get 2f(0) —if(—t) +if(t) > 0, hence f(t) — f(—t) is purely imaginary. We

therefore conclude that f(—t) = f(t). Let t1 =0, to = t, 21 = f(t), 22 = — | f(t)|, then we
get that

FOYFOP+FO) LFOP+F @) (= FONFO+F (=) FO=1FO]) = 2£0) [F D=2 1f (),

using what we just proved. The left-hand side is non-negative, hence we conclude that
£(0) > |f(t)]. We see that if f(0) =0, then f is constantly 0, in this case (3.18) holds. If
f(0) # 0 then we can assume without loss of generality that f(0) = 1, just replace f(t)
with f(t)/f(0). Note that (3.17) can be written as a matrix product, so we see that f is
positive definite if and only if the matrix A = (f(¢; —tx));r=12,. n is positive semi-definite
for all choices of n € N and ¢t; € R. We know that positive semi-definite matrices have
non-negative determinants. Hence setting ¢t; = 0, to =t and t3 =t + h we have that

F0)  f() flt+h)
f(=t)  FO)  f(h) | =1=[fOP-IF(R)P=If(t+ h)P+2Re(f(£) f(h) f(t + h)).
f(=t—h) f(=h)  f(0)

Where the determinant is non-negative. So we see that

f(t) = fE+ D) = [FOF + [ +h)> — 2Re(f(t) f(t + h))

< 1= [f()* + 2Re(f(t)f(h) [(t+ D)) — 2Re(f(1) f(t + h))
= 1= [f(R) +2Re(f (1) f(h) f(t + R)(f(h) — 1))
< 1—|f(W)*+2]1—f(h)|—0, ash—0.

Hence f is uniformly continuous, when f is continuous at ¢ = 0. Therefore we see that
the integral fOT fOT f(s—1)g(s)g(t) dsdt is well-defined, both as a double Riemann-integral
and as a double Lebesgue integral. It is therefore equal to the limit of Riemann sums.
Each sum is non-negative due to (3.17), hence the limit is also non-negative. We conclude
that fOT fOT f(s —t)g(s)g(t) dsdt > 0, for each T > 0. O
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Lemma 3.24. Let h: [0,00) — R be a measurable function, which is bounded from below,
and assume that h(B) converges, as 8 — oo (possibly to oo). If

1 «
a/ h(B) dB — ¢, asa— oo, for some ¢ € R,
0

then limg_,o h(5) = c.

Proof. Assume that limg_, h(5) # c. If the limit is larger, then we can find € > 0 and
K > 0 such that h(5) > ¢+ € for all 5 > K. Hence we have that

1 [ 1 (K 1 [ K a—-K
/0 h(ﬁ)dﬂz/o h(ﬁ)dﬂ—i—a/ h(B) dB > — inf h(B)+ (c+e)

o} @ K o BeEl0,K] Q@

This converges to (c+ €), as & — 00, contradicting the assumption limg_,c h(B) # c. If
the limit is assumed to be smaller than ¢, the argument is completely analogous. O

Theorem 3.25 (Bochner). Let f: R — C be a function. f is a characteristic function of
some probability measure if and only if f is positive definite, f(0) =1 and f is continuous
att=0.

Proof. Let f be the characteristic function of the probability measure u. Then f(0) =
is clear, and f is continuous due to Lemma 1.12. We see that:

n

Z ft; —te)ziz, = ZZ/ T dp(x z]zk—/ZZe” T2 etk dp(z)

Jj=1k= Jj=1k=1 Jj=1k=1
2
n
= / Ze”jmzj du(x) >0
j=1

Hence f is positive definite.

Conversely, let f have the above properties. By the Continuity theorem, we only need
to construct a sequence of probability measures, such that the corresponding characteristic
functions converge to f. Set for each T' > 0

h@:{o—mfmiﬁe}ﬂﬂ

0 else.

T
pr(z) = % /T <1 — ’yT|> f(y)e*iyz dy, xé€R.

Then fr — f pointwise, as T' — 00. So we only need to verify, that for each T' > 0, pr is a
probability density with respect to the Lebesgue measure and it has fr as its characteristic
function. We quickly realize that pp is measurable for all T > 0. Also pr only attains
real-values, since the integrand is conjugate symmetric (since f is due to Lemma 3.23), so
the integral over the interval [T, T is real.
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By use of Lemma 3.23 with the function g(t) = e~%*, we obtain

0 < 27rT/ / fls —t)e st dsdt:%lT/f(s_t)e—i(s—t)x d(1jo7y2 - m2)(s, t)
1 T
= 5o [ W Il ma)) = g [T =) e dy = pr(o)

Here we have used Fubini’s Theorem (we integrate over bounded intervals, so the integra-
bility conditions are met). Then we used the Change of variable theorem, with the trans-
formation h(s,t) = s —t. We considered the image measure h(v), where v = 11 2 - ma.
It can be verified that h(v) has the density y +— (T — [y|)1;_77](y) with respect to the
Lebesgue measure m.

So we have now concluded that pr is non-negative. Next we verify that pr integrates
to 1 for all T' > 0. Consider, for a > 0 and y # 0, the integral

L L 1 [*2sin(By) ,, 2(1—cos(ay))
a/o /66 dmdﬁafo , P= = (3.19)

ay

And fory =0
;/ / 1dxd5_a_hmw.
0

y—0 agy?

So for o > 0 the following holds

;KViW@MMBZ t//?%/'( W) e dysds
_ 7T/_TQ (1 |y|> / / e~ dydBdy
ETRCOITS
L g
_ / fT< ) COS(t) dm(t). (3.20)

Where we used Fubini’s theorem and the transformation ¢ = ay. Observe that the last
integrand is bounded by the map t + (1 —cos(t))/t? (recall that Lemma 3.23 ensures that
|f(t)] < f(0) = 1). The map is integrable and integrates to 7, hence we can apply the
Lebesgue dominated convergence theorem and obtain

ahﬁrroloa/ / pr(x) dedf = algngoﬂ-/fT< >1—COS(75) dy
1
= 2 [ o=y

Since f (so fr as well) is continuous at ¢ = 0. Consider the function h(S) = f_ﬁﬁ pr(z) dz,
it is increasing (since pp(xz) > 0), hence it converges, as 5 — oo. By Lemma 3.24 we
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conclude that h(8) — 1, as § — oo. So pr is a probability density with respect to the
Lebesgue measure, for each T > 0.
Let 6 € R. By substitution in (3.19), we get that

T 2 sin(a(6 —
_ / / elGazelyax d.fUd,B — Sln(a( Qy))
aljo Jop a(t —y)

Hence by substitution in (3.20) we get that, for a > 0

L / n e = L [ I‘COS( O=9) 4miy)

—y)?
_ /fT (9 _ ) ﬂ dm(t) — fr(0), as a — oco.

Where we used the transformation t = «(f — y), the Lebesgue dominated convergence
theorem and that f (so also fr) is continuous at ¢ = 6 by Lemma 3.23. Now consider the

function h(8) = [ f 5 epr(x) dr. Due to conjugate symmetry of the integrand, it is real-
valued. The integrand is bounded by the integrable function pr, hence by the Lebesgue
dominated convergence theorem h(/3) converges to the characteristic function of py-m, as
B — oo. By Lemma 3.24, h(f) also converges to fr(6). So now we conclude that, for each
T > 0, ur = pr-m is a probability measure, and that fr is the corresponding characteristic
function. By the Continuity theorem, we conclude that f is the characteristic function of
some probability measure. O

3.4 Convergence of Moments

In this section we will establish a method of deducing weak convergence from convergence
of moments. First we consider yet another type of convergence of random variables:

Definition 3.26. Let p > 0 and X, (X,,)nen be real-valued random variables defined on a
common probability space (U, F, P). Then X,, converge in LP to X if

E|X,—-X”P =0, asn— oco.

It is written X, L, X, as n — oo.

Theorem 3.27. Let p > 0 and X, (X,)nen be real-valued random variables defined on a
common probability space (U, F, P). If X, L, X, as n — oo, then X, Lif X, asn — oo.

Proof. 1t follows from Chebyshev’s inequality, that for every € > 0

E|X, - X

P(Xo—X| > £ =50

— 0, asn — oo.

Rearranging this yields the result. O
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Remark 3.28. The converse is not necessarily true. For each n let X,, attain two values
0 and n and let

PX,=0=1-—, PX,=n)=—.
n
Then clealy Xni(), as n — oo, but
1
EXnO]p:/|Xn\p dP=nP— =10, asn— oo.
n

So X, fails to converge to 0 in LP, as n — oo.

So we have checked for general relations between all the types of convergence, except
between LP-convergence and almost surely convergence. As we will see next, none of them
implies the other.

Let X,, be uniformly distributed on (n,n + 1), then

Xp(w) =0, asn— oo, forallwe.

Hence X,, =25 0, as n — oo. But
E|Xn0|p:/|Xn|p dPZ/ | Xn|P dP > nP — oo, asn — oo.
Xn€(n,n+1)

So X, fails to converge to 0 in LP for every p > 0.

For proving that the implication also does not hold the other way, consider the counter
example in Theorem 3.9. Here X, where indicator functions on smaller and smaller blocks
of (0,1]. We saw that X, failed to converge to 0 almost surely, but

E\Xn—Op:/]Xn\p dP:/ | X, P dP — 0, asn — oo.
{Xn=1}

SoXnﬁo,asn%oo,foreveryp>O

Consider a sequence of random variables, which converges in distribution to some limit
random variable. We want to consider if the moments of the limit random variable exist.

Lemma 3.29. Let X, (X, )nen be real-valued random variables, not necessarily defined on

the same probability space. If X, o, X, as n — oo, then
E|X| <liminf E, | X,]|.
n—oo

Proof. Because the random variables are not necessarily defined on the same probability
space, the means are dependent of the probability space. This is emphazised by using
the index. However, using Skorohod’s Theorem makes it possible to construct random
variables Y, (Y, )nen such that X and Y have the same distribution, and similarly for X,
and Y,. These new variables are defined on the same background space, therefore using
Y =lim,,_, Y,, almost surely combined with Fatou’s Lemma gives us

E|X|=E|Y|=E

liminf Y, | <liminf F'|Y,| = liminf E | X,,|.

This completes the proof. O
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The following concept will be used in order to establish connection with convergence
of moments and convergence in LP.

Definition 3.30. A sequence of random variables (X, )nen, not necessarily defined on a
common probability space, is uniformly integrable if

lim sup/ | Xn| dP, = 0. (3.21)
70 neNJ | X, |>a
Theorem 3.31. Let X, (X,)nen be real-valued random variables defined on a common

background space. If X, == X, as n — oo, then the following two statements hold:

1. If (Xn)nen is uniformly integrable, then (X,)nen as well as X have first moment
and E(X,) — E(X), asn — oco.

2. If X, (Xn)nen are non-negative and have first moment and E(X,) — E(X), as
n — 00, then (X, )nen is uniformly integrable.

Proof. (1) If (3.21) holds, then let « be large enough so the supremum is less than 1. This
gives us that

E|Xy| :/\Xn\ dP:/ | X | dP+/ | X,| dP < o+ 1.
[ Xn|<a [ Xn|>a

So the moments exists for (X,),en, as well for X by applying Lemma 3.29. Now define a
new set of random variables for each o € R

X0 =1x, <t Xn , X% =1xj<q} X

The set of discontinuity points of X is at most countable, so pick a sequence of continuity
points (o )ren which goes to oo, as k — co. Since P(|X| = ay) = 0, then X 225 X%
as n — 0o, bounded by aj. Hence by the Lebesgue dominated convergence theorem

E(Xg*F) = /)(ﬁ”C dP — /X'O”C dP = E(X%), asn — oc.

So let € > 0, then choose n large enough, so that |[E(X3*) — E(X?)| < e. Then we have
for n large enough

|E(Xn) — E(X)]|

IN

|E(Xn) — E(Xp*)| + |[E(X™) — E(X)| +€

= /Xnng dP'+‘/X“kXdP'+e

= / X, dP / X dP
| Xn|>ak | X|>ak

< sup/ X, dP / X dP
nENJ | X, |>ay | X|> o

It holds for every € as long as n is large enough, hence F(X,,) — E(X), as n — oc.

+ + €

+ +e—e€ ask— oo
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(2) We still have that
/X;‘;k dP = B(X™) — E(X) = /X% dP, asn — oo.

Thus leading to

’/ Xn dP—/ X dP'
n>0g X>ayp

‘/Xn—XfL‘k dP—/X—Xak dP‘
= ‘/Xn—XalP‘—i—‘/XTOL"f—XO"c dP‘.
Which tends to 0, as n — oo. It follows that

/ X, dP — X dP, asn— oo,
Xn>ay X>ag

for every aj. For each € > 0 choose aj so large that fX>ak X dP < e. Then there exists

ng so that for all n > ny,
/ X, dP <.
X'nZO‘k

By possibly increasing «j, the above holds for every m. Since X,, are assumed to be
non-negative, we can replace X,, with |X,|. Thus (X,,)nen is uniformly integrable. ]

Theorem 3.32. Let X, (X,)nen be real-valued random variables not necessarily defined

on a common probability space. If X, 2, X, as n — 00, and (Xp)nen 1S uniformly
integrable, then X has first moment and

E.(X,) - E(X), asn— oc.

Proof. Construct new random variables defined on a common probability space Y, (Y}, )nen,
as in the proof of Lemma 3.29. Since Y, %% Y, as n — oo, and (Yy,)nen is uniformly
integrable the result follows from Theorem 3.31. O

Corollary 3.33. Let X, (X,)nen be real-valued random variables, not necessarily defined

on the same probability space. Assume that X, 2, X, as n — o0, and sup, ey E | X, [P =
M < oo for some p > 1. If r < p is a positive integer, then

E,.(X])— E(X"), asn— occ.
Proof. E(X"), E(X]) are welldefined, since | X,|"” < |X,[’ +1, so F|X,|" < M + 1. By

Lemma 3.29, F | X|" < liminf, . F|X|" < M + 1.
If | X,,| > a, then (|X,|/a)" < (|X,| /a)?. Therefore we get that

/| Il R < arp/l Pl e
Xn|Za Xn|>a
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Hence

sup/ | Xn|" dP, <a"PM — 0, asa— oo.
neNJ| X, |>a

So (X7 )nen is uniformly integrable for every positive integer r < p. By Theorem 3.12,
X 2, X", as n — 0o. So now lim,,_,o En (X)) = E(X") follows from Theorem 3.32. [

With this result available, we can now prove Stirling’s Formula:

Theorem 3.34 (Stirling’s Formula). The following holds

. n\" v2nmw
lim (—) =1.
n—oo \ e n!

Proof. Let (X;);en be a sequence of real-valued, independent, identically distributed ran-
dom variables. Let X; follow a gamma distribution, with shape and scale parameter 1,
so the mean and variance are 1. For each n > 1, set S, = > " | X;, then S, is gamma
distributed with shape parameter n and scale parameter 1. Then for each n > 1, set
Un = (Sp,—n)/+/n. According to Theorem 3.21 U, 2, X, as n — oo, where X is standard

normal distributed. By Theorem 3.12, |U,,]| 2, | X|, as n — oo.
Observe that

BE(U?) = E ((Sn — n>2> _ E(S2)+n*—2nE(S,)  n(n+1)+n?—2n? .

G - -

n n

Hence sup,,cy E(|U,|*) =1 < co. By Corollary 3.33, we conclude that

2
E|U,| —» E|X|= \/7, as n — oo. (3.22)
™

Now we calculate E |Uy|, using that S,, are gamma distributed,

e’} _ n—1_—x 00
E|U,| = / 2= nja"" e dr = vn |z —n|z" e ® da.
o vn I(n) n! Jo

Consider the last integral. By the Monotone convergence Theorem (cf. Theorem 16.2 in

[2),

) k
/ |z —n|z"le ™ dr= lim / |z —n|z" e ™ dx
0 0

k—o0,k>n
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We split up the last integral and use partial integration

k n k
/ |z —n|z" e ™ dz = / (n —x)z" e ™ do + / (x —n)z" e ™ da
0 0 n

n n k
= n/ Ve da:—/ e " dm—{—/ z"e " dx
0 0 n
k
—n/ " e " dx
n
n n
— — — n — —
= n/ 2" e xdm—[—x”e x]o—n/ 2" e dy
0 0
_k
n X
—|—[ x'e ]n-l-n/
n

— [—x"e_x]g — 2 (g)n, as k — oo.

k k
2" e do — n/ 2" e dr
n

So the above calculations gives us that

B0, = 2" (ﬁ)"

n! \e
This combined with (3.22) yields the result. O

With Corollary 3.33 at hand, we are also able to prove the next theorem, which
gives a method of deducing weak convergence from convergence of moments, under some
additional assumptions.

Theorem 3.35 (The Method of Moments). Let X, (X, )nen be real-valued random vari-
ables not necessarily defined on a common probability space, but all of them have all mo-
ments. Suppose that X is uniquely determined by its moments (see Chapter 2). If for
every positive integer r

E,(X])— E(X"), asn— oo,

theangX, as n — oo.

Proof. Let i, (fin)nen denote the distributions of X, (X, )nen, respectively. Since E(X2)
converges, it is bounded. Let K denote the bound. Chebyshev’s inequality gives us, for
each n € N, that
K
P, (| X, > x) < o
So in terms of u, this means that

pn(—, ) 21—,

for all n € N, hence (i, )nen is tight. So by Theorem 3.17 there exists a weakly convergent
subsequence. Now let (fn, )ren denote any weakly convergent subsequence of (uy)nen
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(such exists as we just saw). Let v denote the limit, we want to show that v = . For any
even positive integer p we have, by hypothesis

/a:p dpin, () = En, (X% ) = E(X?), ask — oo,

since (i, )ren is a subsequence of (ty)nen. So ([ 2P dpin, (x))keN is bounded. Since p
is even, [a? dpn,(z) = [|@|P dpn, (x). Therefore ([ |z|P dumn, ()
by Corollary 3.33 we have for all positive integers r < p

/:cr dpin, (x) — /af dv(z), ask — oo.

pen 18 bounded, hence

But it also converges to [ 2" du(z). So p and v have the same moments, since p € N
was arbitrary. Now, u is uniquely determined by its moments by hypothesis, so we have
that 4 = v. Now we have seen that every weakly convergent subsequence converges to p
weakly, hence by Corollary 3.18, we conclude that p, — p, as n — oo. O

To end this chapter we will discuss an application of the above theorem. More pre-
cisely, we apply the Method of moments to prove yet another more general version of the
Central Limit Theorem for the case of so-called triangular arrays of random variables.
Triangular arrays are described as follows: Let (k;,)nen be a sequence of positive integers
tending to oo, as n — oco. Let for each n € N, {X,,1,X,,2,..., Xp o, } denote independent
real-valued random variables defined on a common probability space (2,,F,, P,). The
probability spaces are allowed to vary with n. Let S, = Z’,ﬁ’;l Xpk, for n > 1, denote the
rOW sums.

Theorem 3.36. Let ({Xn 1, Xn2, ., Xnny }) ey b€ @ triangular array of real-valued ran-
dom wvariables as described above. Assume that for each n € N, there exists M,, > 0
such that | Xy k| < My, for each k = 1,2,...,ky,. Furthermore, assume that E(X, ) = 0
for alln € N and k = 1,2,...,ny, and let E(ng) = U?L’k denote the 24 moments. Let

kn
Sp = 4y Ur%,k’ n>1.If

M,
— =0, asn— o0,
Sn

then Sy /sn 2> X, asn — oo, where X is standard normal distributed.
Proof. Note that the bounds ensure that the moments of all the random variables X, j

exist. Hence the moments of S,, exist. Using the multinomial formula we obtain

T! Tn
(S =% 7r1!r2!...rm!X;?lX;?Z...Xnﬁk, reN, (3.23)
where the sum > extends over all k,-tuples of non-negative integers, which sum up to 7.
Since r < ky, eventually for n large enough, some factors will be X ¥ =1 (for r; = 0).
To avoid this, we consider another way of writing up the above sum. Let u denote the
number of r;’s different from 0, then 1 < u < r. Summing over these, we get:

T
/ r! 1 "y r
(Sp)" = E E T g X0, X0, Xy, for n large enough so that r < k.
—~ Irol...ry ! u!
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Here the sum Y’ extend over all u-tuples (71,79, ...,7,) of positive integers, which sum
up to r, and Y. extends over u-tuples (iy,%2,...,7,) of distinct integers in the range
1 <o < ky. The sum Y_" is introduced to ensure that all the k,,-tuples in (3.23), which
are represented by the same u-tuple in the sum Y., are accounted for. However >’
and >_" both accommodate for any permutation of the index (in)1<i<u, hence 1/(u!) is
introduced.

By independence we have that

E (( > ) ZZ 1"1'7"2 - 'u'A (ri,79,...,7,), for n large enough so that r < k,,

(3.24)
where )
An(Tl, T2y ey TU) = mE(X;le)E(XZ?Q)E(X;ZH)
n
We want to show that
. 1 ifrqi=ro=..=r,=2
JL)II;OAn(Tl,TQ,...,Tu) = {0 olse. (3.25)
For the case ri1 = ry = ... = r, = 2, observe that we can rewrite the sum as
* 1 2 2 2 *ok 1 2 2 2
An(27 27 seey 2) = Z 82u 5a2%n zlan i Un,iu - Z 82u 5.%n 11Un i Un,iu7 (326)

where >_* extends over all u-tuples (i1,1is2,...,4,) in the range 1 < i, < k,. And >.**
extends over all u-tuples (i1, 9, ...,4,) in the range 1 < i, < k,, with at least two index
equal. Now observe that

kn,
2u __ 2 2u—1\ __ 2u 2 _ _ * 2 2 2
st = (o2 isn )_ nkz 2 sh == 0 On i Oni
k=1 k=1

Hence (3.26) is reduced to

1
. 2 :** 2 2 2
An(Q, 2, veey 2) =1- STuo—n7i10-n,i2"'0—n7iu'
n

Each term in Y_** has at least one JZ ;. repeated. For each such term, replace one of these

repeated factors with the bound M?2. Then

2
1 M,
Kk 2 2 2 n
0< E 30 O Tnsia O < . — 0, asn— oo.
n n

We here used that the rest of the sum is bounded by the sum over all (u — 1)-tuples
(i1,42,...,14—1) in the range 1 < i, < ky, which we just saw was equal to s2“~2. So we
conclude that (3.25) holds for ry =ry = ... =1, = 2.
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If ro, = 1 for at least one a, then F(X)% ) = 0, so (3.25) holds. Now assume that
re > 2 for all o and r, > 2 for at least one . Then r = Zzzl o > 2u. We now have
EIXe | < M=202 . 5o

Nyia?

n 1
§ : r—2u 2 2 2
An('rl,T'Q,...,Tu) S STMn O'n7i10'n7,i2...0'n7iu
n

-2
M\ Z 1
Sn, 821/, n,11 7 n,12 Nyy

n
M. r—2u
= <”> An(2,2,...,2) =0, as n — oo.

Sn

Thus we conclude (3.25) holds.

Now we return to (3.24). If r is odd, then all terms in the sum will go to 0, as n — oo,
because of (3.25). This agrees with the fact that E(X") = 0, when X is standard normal
distributed. Similarly if r is even, then all terms will also go to 0, as n — oo, except for
the case u =r/2 and 1 =19 = ... = 1, = 2. So in this case (3.24) will converge to

r! 1

MW:1-3-5-...-(7"—1):E(X7“),

where X is standard normal distributed. Since the normal distribution is uniquely de-
termined by its moments (Corollary 2.5), we conclude by the Method of moments (The-
orem 3.35), that S, /s, converge in distribution to the standard normal distribution, as

n — 0o. O
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Appendix A

Approximation Results

A.1 Real Polynomials

Theorem A.1 (The Weierstrass Approximation Theorem). Let f : [a,b] — R be contin-
uous. There exists a sequence of real polynomials (qn)nen, so that

sup |f(z) —agn(z)| =0, asn— oo.
z€la,b]

The idea of the proof is due to Bernstein (cf. section 2.6 in [7])

Proof. We prove it first for continuous functions defined on [0, 1]. Consider the Bernstein
polynomials: p,(z) = S7_o f (£) (})2*(1 — 2)"*, they are defined for = € [0, 1]. Observe
that p,(0) = f(0) and p,(1) = f(1). So we need to check that for any e > 0, we can choose
n € N, such that sup,¢(g 1) |f(2) — pa(z)| <e.

Since f is continous on a compact interval, it is also uniformly continous. Choose §
such that, for any z,y € [0,1], where |z —y| < 0 implies that |f(z) — f(y)] < §. Now
choose n € N large enough, such that ||f]| /(2nd?) < e. Here ||f]| = SUPgefap) |f(2)] is the
uniform norm, which is finite since f is continous on the compact interval [0, 1]. Now let
x € (0,1), we see that

|f(2) = pale)| = ‘f(:x)znj(’;) (1—a)" Zf< )() (1 )t
ki:o @) - f <:> ‘ (Z) 51— gyt

. f<x>—f<:z>x ()

+ Z -7 <7]z>‘ (Z)ka(l —a) (A1)

\>5
Where we used that > (Z) z*(1 — )" % = (1—z+x)" = 1. For the first sum we will use
uniform continuity and in the second we will use the general inequality |f(z) — f(k/n)| <
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2||fIl. Now let X be a binomial distributed random variable, with size n and succes
parameter x, and let P denote the corresponding probability measure. Then we recognize

> (3)eta eyt = px - BO| 2 0 < 0 = ST < o

52l

by use of Chebyshev’s inequality and that x(1 —z) < 1/4. So in (A.1) we get

1

<
46%n —

+

€.

@) -m@l <5420 3 (})era-art < i

€ €
22
EEy

Thus we have justified that
sup |f(z) — pn(z)| < e
z€[0,1]

For establishing the result for arbitrary compact intervals [a, b], with a < b, we use the
affine transformation t(x) = (z — a)/(b — a). It maps [a, b] bijectively to [0,1]. So given a
continuous function f on [a,b], the function f = f ot is continous on [0,1]. Let (Hp)nen
denote the approximating polynomials, then (pp)neny = (Pn © t~')nen approximates f,
since

sup |f(z) — pa(x)| = sup |fot(y) —pnot(y)l= sup |f(y)—pn(y)|.
z€a,b] y€[0,1] y€[0,1]

O]

The above proof can easily be generalized to the multidimensional case, only the
notation is changed. Let x = (z1, 22, ..., ) and i = (i1, ig, ..., ). Recall that a polynomial
of several variables x1, z, ..., 71, is a function p : R¥ — R, of the form

for some N € N, where o; € R. The summation extends over the set of all k-tuples, that
sums to N, Ay = {(il,’ig, vy ig) € Ng | Z?zl 1y = N}

-----

are real numbers such that a; < b; for each j. There exists a sequence of real polynomials
(Pn(x))nen such that

sup |f(x) — pp(x)] = 0, asn — oco.
er?:l aj,b;]

As a consequence, we now obtain the following result which will be very useful in the
next section.
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Corollary A.3. Let f : C — R be continuous, where C' is a compact subset of R¥. There
exists a sequence of polynomials (pp(X))nen, such that

sup |f(x) — pn(x)] = 0, asn — oo.
xeC

Proof. Since R¥ is a normal space and C is closed, Tietze’s extension theorem (cf. Theorem
4.16 in [5]) gives us that f can be extended in to a continuous map f defined on R*. We
therefore have f(x) = f(x), for x € C. Since C' is bounded, choose K > 0 large enough,
so that C' C [~K, K]*. Then the previous theorem gives us the sequence of polynomials
and

sup |f(x) —pn(x)| < sup  |f(x) —pn(x)] = 0, asn — oo.

xeC xe[— K, K]
O
A.2 Trigonometric Polynomials
Definition A.4. A real trigonometric polynomial is a function p : R — R of the form
p(0) =c+ Y agcos(kb) + bysin(kd), 0 € R, (A.2)
k=1
where ¢, ap, by, € R for all k =1,2,...,n.
A complex trigonometric polynomial is a function p : R — C of the form
p(0) = > e, HeR, (A.3)
k=—n
where ¢, € C for allk = —n,...,—1,0,1,...,n.
A generalized trigonometric polynomial is a function p : R — C of the form
p(0) = Zakew’fe, g e R, (A.4)
k=1

where ap, € C and a, € R for allk =1,2,...;n. We call it a real generalized trigonometric
polynomial, if the imaginary part is 0.

We see that the product of two complex trigonometric polynomials is again a complex
trigonometric polynomials, using the identity e*?eim? = ¢i(k+m)f  Ugsing translations
between the complex exponential function and the trigonometric functions, reveals that the
product of two real trigonometric polynomials are again a real trigonometric polynomial.
We also see that every complex trigonometric polynomial, p, can be written on the form
p = p1 + ipe, for propriate real trigonometric polynomials p1, po.

Theorem A.5. Let f : [—m, 7] = R be a function where f(—m) = f(7). If f is continuous,
then there exists a sequence of real trigonometric polynomials (pp)nen, such that

sup |f(z) —pn(x)] = 0, asn — oo.
x€[—m,m]
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Proof. The periodicity of f secures that we can find a function F : S' — R, where S*
denotes the unit circle, such that

F(cos(0),sin(0)) = f(0), Vo € [—m, 7).

F is continuous, since f is so. So by Corollary A.3, there exists a sequence of polynomials
of two variables (g, )nen, such that

sup |[F(x,y) — qu(z,y)] — 0, asn — oc.
(z,y)eSt

Where ¢, (x,y) = ZZ,Z:O arz*y! for some ag; € R. Then

Pn(0) = gn(cos(0),sin(h)) = Z ax cos® (0) sin'(9),
k,l=0

SO Py, is a linear combination of products of real trigonometric polynomials, which is again
a real trigonometric polynomial. Using that the map, 6 — (cos(6),sin(#)), is a bijection
of [—m, 7] to S, gives us that

sup |f(0) —pn(0)|= sup |F(z,y)— qn(z,y)] — 0, asn — oo.
oc[—m,x] (z,y)est

O

Corollary A.6. Let f: R — R be continuous and bounded. For every K > 0 there exists
a sequence of real generalized trigonometric polynomials (py)nen such that

sup |f(0) —pn(0)] = 0, asn — o,
0e[—K,K]

and for allm € N
[Pall < LFIF+ 1.

Proof. Let g : R — R be a function given by

—_

if 2 € [~ K, K]
r+K+1) ifze(-K-1,—-K)
K+1-z) ifze (K K+1)

else.

—~

g(x) =

o

and define f : R — R by

F0)=90)f(6), O€R.
Then f is continuous and equal to 0 on (=K — 1, K + 1)¢ (so especially f(—K — 1) =
f(K +1)). Also f(0) = f(6) for 6 € [-K, K] and Hf” < |Ifll- By the previous theorem,

we can find a sequence of real trigonometric polynomials (gy)nen, such that

sup f((Kjrl)e> —qn(Q)’ — 0, asn— oo.

oe[—m,x]
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With the possibility of removing the first finitely many n’s, we can assume that

lanll < | 7]| + |17 =

<[+ 1=+

Where periodicity of ¢, ensures that we only need to consider the interval [—7,7]. Then

set g
™
m®) = (Fog). Ok

These are real generalized trigonometric polynomials. We have that

swp |f(6)=pu(®)] = swp |f6)=pu(6)] < sup |F(0) = pu(d)
0e[-K,K]| 0e[-K,K]| 0e[-K—1,K+1]
f<(K+1)9

™

= sup
oe[—m,m]

)—qn(e)‘ — 0, asn— oc.

A.3 Simple Functions

Theorem A.7. Let f : R — R be continuous, let a,b € R where a < b and let € > 0.
There exists a simple function of the form s(x) = 31" | 1, pCi, such that

sup |f(z) —s(z)] <e.
z€(a,b]

Proof. f is uniformly continuous on [a,b]. So given € choose § > 0 such that
Vo,y € fa, b fr—y| <d=[f(z) - fy)l <e
Divide [a, b] into d-pieces, i.e., find a1, a9, ..., an, so that a = a; < az < ... < a, = b and
la; —a;y1| <6 fori=1,2,....,n—1.

Then s(z) = 207! L(a;,0::1]f (@i) has the wanted properties. O
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Appendix B

The Carathéodory Theorem

We will briefly introduce a very powerful mathematical construction in order to prove
that certain real-valued functions uniquely determines a measure on (R,B). The idea
is to prove existence of measures from certain set-functions that only have some of the
properties of a measure. Let P(X) denote the power set of a set X.

Definition B.1. An outer measure p* on a set X is a function p* : P(X) — [0, 00] such
that

1. p*(0) =o0.

2. W (A) < u*(B), if AC B.

3o (Unei An) < D002 ¥ (An) for any sequence (Ay), oy of subsets of X
We then define another concept:

Definition B.2. Let p* be an outer measure on X. A subset E of X is called p*-
measurable if
W (A) = i (AN E) + (A1 E9)

holds for all A € P(X).

The definition of outer measures automatically gives us one inequality
iH(A) = (AN E) U (AN E9) < (AN E) + (AN E).

Lemma B.3. Let A be an algebra on X. If A is stable under countable disjoint union,
then A is a o-algebra.

Proof. We only need to check that for given any sequence (Ay), oy of A-sets, the union
will still be in A. Set By = A; and inductively define B,, = A, \ U?:_11 Bj, for n > 2. Then
(Bn) ey are disjoint and therefore (J;~, A, = Up—; Bn € A. O

The proof of the Carathéodory theorem follows [5], section 1.4.
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Theorem B.4 (The Carathéodory Theorem). Let u* be an outer measure on X. Let E
denote the set of u*-measurable subsets of X. Let u be the restriction of u* to E. Then
(X,E, u) is a measure space.

Proof. First we show that E is an algebra. By definition ) € E and E is stable under
complement. Let E, F € E and let A C X be arbitrary, then

pi(A) =

P (ANE)+ p* (AN E°)

PANENF)+ " (ANENF)+p* (ANE°NF) + " (ANE°N F°)
P(ANENF)UANENF)UANENE))+p (AN (EUF)%)
(AN (EUF)) + p* (AN (EUF)°),

*

Y

so FUF €E, so E is an algebra. Now we show that E is stable under disjoint countable
union. Let (En)nen be a disjoint sequence of E-sets. Set Fy, = |J;_; Ej € E for each
n €N, and set F = (J;2, E, = U;—; F. We want to show that F € E. Let A C X
be arbitrary. We first show that p*(AN F,) = >°7_; u*(AN Ej), by induction on n. It
clearly holds for n = 1. Let it be true for n — 1, n > 2. Then we have that

W (ANF,) = p* (ANF,NE,)+u* (ANE,NEY) = ' (ANE,)+u* (ANF,—1) = Z pr(ANE;).
j=1

So now we have that

WA = WANE) +u(ANE) = Y pf (AN E)) + u* (AN FY)
j=1

> Y w(ANE)) + pf(ANF°).
j=1

Hence it also holds in the limit. That combined with the fact that A = (ANF)U(ANF*) =
(Uj’;l AN Ej> U (AN F°), gives us that

pr(A) = Y p(ANE) +p (ANF) > p (ANF) +p (AN F) > p*(4). (B.1)

M

1

J

So F' € E, hence E is stable under countable disjoint union, hence by Lemma B.3, E is
a o-algebra. By setting A = |J;2 E,, in (B.1) also gives us that p* is a measure when
restricted to E. O

Theorem B.5. Let F : R — R be a function. Assume that F is non-decreasing and
right-continuous. Then there exists a unique measure 1 on (R,B), with the property that
for all a,b € R, where a < b

u(a,b) = F(b) - Fla).
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Proof. (Uniqueness) Let A be another measure on (R,B) with the above property. The
measure(s) having this property must be o-finite, i.e., there exists a sequence of B-sets
(Kp)nen such that A(K,) < oo and (Jo-; K, = R. It follows by using the sequence
((=n,n]),en- We see that p and A must agree on the collection {(a,b] | a,b € R, a < b},
which is an intersection stable generator of B. By the uniqueness theorem of o-finite
measures (cf. Theorem 10.3 in [2]), we conclude that u = A.

(Existence) Let L = limy_,_ o F(x) denote the limit to the left, it may be —oo. The
limit exists since F' is non-decreasing. Let I denote the collection

I={(-o00,a]|a€R}U{(a,b] | a,b e R a<b}U{0}.

Define v : T — [0,00] by v(0) = 0, v(—00,a] = F(a) — L and v(a,b] = F(b) — F(a). Now
let

e}

pH(A) =inf > w(l) | el, AC fjfj , (B.2)

j=1 j=1
which is well-defined for all subsets A C R. By Carathéodory’s Theorem the proof is
complete, if we show the following:

1. p* is an outer-measure.
2. B C E, where E denotes the set of p*-measurable subsets of R.
3. v(a,b] = p*(a,b] for all a,b € R, a < b.

1. p*(0) = 0 and monotonicity of p* follows from the definition of p*. We only need to
check, for every sequence (A, )nen of subsets of X, that

() < 3w (3.3

First (B.3) holds whenever p*(A,) = oo for at least one n, so now we assume they are
all finite. Let € > 0 be given. For each A, choose a sequence ([, ;)jen in I, so that

A, C U;’;l I, j and p*(A,) + €27 > Z;’il v(I,,;). Then |02 A, C Ufszl I, j, so

p* (U An) <Y Ly =) p(A)Fe2 " =et+ > p(An).
n=1

n,j=1 n=1 n=1

Since € was arbitrary, (B.3) holds.

2. Since I generates B, and E is a o-algebra by Carathéodory’s Theorem, it is enough
to show that I C E. Let I € I, according to the definition of an outer measure and the
remark following it, we only need to show that

WH(A) 2 W (ANT) + (AN T°),

for all subsets A C R. Let A C R be arbitrary and (I,,),en be any sequence of I-sets, such
that A C (J;7, I,. Observe that the complement of any I-set is a disjoint union of two
other I-sets. So I = I’ UI"”, where I',I"” € T are disjoint. Now set for each n € N

Jo=1N1, , J,=1InNI,, ) =1"N1I,.
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For each n € N, J,,, J/,, J! are I-sets and they form a disjoint union of I,,. Furthermore
v(Jn) +v(J)) +v(J)!) =v(l,). This combined with the fact that

Amlg[jjn, Am[’gGJ;, AnI”gGJ;{,

n=1 n=1 n=1
and that u* was an outer measure gives us

iy +Z J/ +Z J//

n=1 n=1
AN (AN T) 4 (AC T
WANT) 4+ 5 (AN (I'UT") = g*(AN D) + p* (AN T°).

o0

Z v(I,
n=1

(AVANAY]

Since (Ip)nen Was arbitrary we must have that
pr(A) = p (ANT) + p* (AN I°).

3. Let I = (a,b] be given. p*(I) < v(I) by definition. In order to show the other
inequality we need to establish the following:

abQU ap, by = v(a,b] < Zyan,n (B.4)

We prove it by complete induction by the number N. The induction start holds because F'
is non-decreasing. So now let N > 2 and assume that (B.4) holds for all covers of strictly
less than N intervals. Find ng € {1,2,.., N}, such that b € (an,, bn,]. If an, < a, then we
are done. So now assume a < ay,, then

N
(ava’no] = (avb] \ (ano’bno] - U (an’bn]‘

n#ng
Then the induction assumption gives us that v(a, an,| < Zn ng V(an, bn]. So
v(a,b] = F(b) = F(a) < F(bng) = Fan,) + F(an,) — F(a)
N N
< V(anoa bno] + I/(a, ano] = V(anm bno] + Z ana n Z v an; n
n#£ng n=1

Thus proving (B.4). Now choose any sequence (I, )nen of I-sets, such that I C (J;2, I,
Then p*(I) > v(I) will follow if

<> u(I). (B.5)
n=1

It is enough to show it, when I,,’s are of the form (ay,by]. If I, = ) we can disregard
it, if I,, = (—o0,a] then replace it with (c,a] for a propriate ¢. We will still have that
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I C ;2 I, and monotonicity of v (since F is non-decreasing) will still ensure (B.5).
Since F' is right-continuous we have that

v(I) =sup{F(t)) - F(d)|d b €1, d <V'}. (B.6)

Let € > 0 and @/,1’ € I be arbitrary, such that ' < . For each n choose b, < b},
such that F(b)) < F(b,) + €2~™ according to right-continuity in b,. Then I, = (ay,b,] C
(an,b),) and then [a’,0'] C I C |J;2; (an,b},). In accordance with compactness of [a’, '],
choose a finite subcover such that

N N
(@, 0] C [, 0] € | (an,b (an, b
n=1 n=1
By (B.4) we obtain
N N
F(t)—F(a) = w(d V] <> vla,b,]=> F(b,)— Flan)
n=1 n=1

oo oo
< Z an)—l—62”:e+2yl
n=1 n=1

Since € was arbitrary, v(a’,0'] < >, v(I,). Now since da/, b’ were arbitrary (B.6) gives
us that v(a,b] < >°°,v(l,). Since (Ip)neny Was an arbitrary cover of I, we conclude
that p*(I) > v(I). Hence we have proved the existence of a measure with the wanted
properties. O

Setting F'(x) = x proves the existence of a measure on (R, B) which, for every interval
of the form (a,b], assigns a value equal to the length of (a,b]. As a further remark, if
F also has the property that lim,_,_o F(z) = 0 and lim,_,o, F'(z) = 1, then the unique
measure corresponding to F' is a probability measure.
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