MATH 755-01 INTRODUCTION TO PROBABILITY FALL 2008
Lecture 20. Weak convergence and characteristic functions, continued.

We'll say that a family 9t = {u} of probability distributions is weakly precompact if for

every sequence [i1, [lo, ..., lbn, ... Oof distributions belonging to 91 there exists a subsequence
Hngs Hngs oo Mgy ooy M1 < N2 < ... < g < ..., and a probability distribution v such that
(w) lim p,, =v (20.1)

k—oo

(we would call this family compact if it converged necessarily to a distribution also belong-
ing to IM).

Examples: Of course, every finite family of distributions is weakly precompact: in this
case in a sequence [i1, (2, ..., [n, ... some distribution p will be repeated infinitely many
times, and this subsequence converges to u. Also every weakly convergent series of distri-
butions is precompact. Another example: The family 9o p of all normal distributions with
parameters (a, b), |a| < C, b < D, is weakly precompact: from every sequence (a,, b,),
lan| < C, b < D, we can extract a subsequence (an,, by, ) converging to some (Gso, boo),
and by what was said about our example in Lecture 17, the corresponding normal distri-
butions converge weakly to the normal distribution with parameters (aoo, boo)-

On the other hand, the family of normal distributions with parameters (0, n) is not
precompact: if it were, the sequence of distribution functions F,, (x) would converge, by
Theorem 18.2, to some distribution function G(z) at all points at which it is continuous;
while in fact it converges (for all z) to 1/2, which is not a distribution function.

Theorem 20.1. A family 9 of probability distributions is weakly precompact if and
only if for every positive € there exists a C' < oo such that for every p € 9M

pul—C, Cl>1—¢ (or, which is the same, u([— C, C|°) < ¢). (20.2)

Proof. Let us prove the “only if” part first: suppose that not for every positive e
there exists a C' < oo such that for every p € 9t (20.2) is satisfied. This means that there
exists a positive € such that for every C' there exists a = pc € 9 such that

pul—-C, Cl<1—e. (20.3)

Let us take such an ¢ > 0.

Let us choose a sequence of distributions u,, € M (some of distributions in this se-
quence may coincide). Namely, we take C' = n; and we take as p,, an arbitrary distribution
belonging to 91 for which

pnl—n,n] <1—c. (20.4)

No subsequence of this sequence can converge to any probability distribution v.
Indeed, if p,, —w v, the corresponding distribution functions F,,, (x) = fi, (— 00, ]
converge as k — oo to G(x) = v(— 00, x] at all points = at which G is continuous (for z
in a dense set K). We have:

fony [— ey ] <1 — €. (20.5)
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Now let a < b be arbitrary real numbers. Because K is dense, there exist a' < a
and b’ > b such that o/, V' € K. For sufficiently large k& we have n, > b, —nj, < a’; and
then we have:

Fnk (b/) - Fnk (CL/) = Hny, (alv b/] < Hny [_nk> nk] <l-e (20‘6)

Taking k£ — oo, we obtain:
G')—-Gd) <1 —¢; (20.7)

and because a > a’, b <V,
G(b) —G(a) <1—e. (20.8)

So the difference of the values of the distribution function G(z) at two arbitrary points a
and b is not greater than 1 — ¢; which contradicts lim, ., G(z) =1, lim, ., G(z) = 0.
Now to the “if” part. Suppose that for every positive ¢ there exists a C' < oo such
that for every p € 9 (20.2) is satisfied. Let us take the function G(z) whose existence is

stated in Theorem 19.1. It is nondecreasing and right-continuous. Let us prove that
lim G(z) =1, lim G(z)=0. (20.9)

Xr— 00 r——00

Let us prove, say, the first equality here. This equality means that for every ¢ > 0
there exists a D such that for every « > D

G(z) >1—e. (20.10)

Let us take a C' so that (20.2) holds for all p € 99t. This C' may not belong to the
set K of continuity points of GG; but K is dense, so we can take a D > (' such that D
belongs to K. We have for this D:

F,, (D) = pn, (— 00, D] > pp, [—C, C] > 1 —¢; (20.11)
and
G(D) = lim F,, (D) > 1. (20.12)

We prove that lim, .o, G(z) = 0 using the inequality pu([—C, C]¢) = ,u((— oo, —C) U
(C, 00)) < e in (20.2).

Now by Theorem 5.5 there exists a distribution v having G(z) as its distribution
function; and by Theorem 18.1 we have p,, —, v (k — 00).

The statement of Theorem 20.1 holds also in the multidimensional case: a family 91
of distributions in R™ is weakly precompact if and only if for every positive € there exists
a C such that u{x € R": || < C} > 1 —¢ for every pu € 9M. The proof is mostly the
same but much longer because we have to consider parallelepipeds instead of intervals,
continuity in n variables instead of one, etc.

It turns out that the corresponding theorem is also true for distributions on a metric space X (with
its Borel o-algebra) — if this metric space is complete and separable; instead of intervals [— C, C] or
spheres p{x € R": |x| < C'} we take compact sets.
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Now to characteristic functions. First a simple result.

Theorem 20.2. If p, —, v (n — 00), then the corresponding characteristic func-
tions converge at every point:

Tim f,, (8) = fu(1), t € R (20.13)

Proof. The characteristic functions corresponding to distributions are expressed as
integrals with respect to these measures; so we have to prove that

lim e 1, (dx) = / e y(dr). (20.14)

n—oo
— 00 — 00

But for every fixed real ¢ the function g;(x) = €*® is bounded and continuous on (— co, 00),
so (20.14) follows immediately from the definition of weak convergence.

Theorem 20.3 (the order of exposing the material and the numbering of the theorems
is different here from what was in the lecture). Let w1, pio, ...y fin, ... be a sequence of
probability distributions; and let the limit

lim f,. (t) =g(t) (20.15)

n—oo

exist for every t € R1.

If the family of distributions M = {u,, n = 1,2,3,...} is weakly precompact, then
there exists a probability distribution v such that

fp, = V (n — o0) (20.16)

(and, by Theorem 20.2, the limiting characteristic function is the characteristic function
corresponding to this limiting distribution: lim, .« f,, (t) = f.(t) = g(%)).

Proof. According to the definition of precompactness, there exists a subsequence
tn,, k=1,2,3, ..., and a probability distribution v such that

Py —w V (k — 00). (20.17)

We want to prove that the whole sequence converges to the same limit. Suppose that this
is not so: (20.16) does not hold. What does it mean?
Convergence (20.16) means that for every bounded continuous function g(z) we

have / h(z) pn(dz) — / v(dz) as n — oo (in Lecture 17 we denoted the

“test function” with f(x), but here the letter f is used for characteristic functions); or, in
detail: for every bounded continuous h( ) and every positive e there exists a natural ng

such that for every n > ng we have ‘/ x) i (dz) — / h(z) v(dx)| < e

— 00



The negation of this statement is as follows: there exist a bounded continuous func-
tion h(z) and a positive £ such that for every natural ng there exists an n > ng such
that

oo
‘/ ) i (dx) — / h(z) v(dx)| > e. (20.18)
— 00

Let us fix this function h(z) and the positive . We are going to construct a certain
sequence nj — oo (different from the sequence ny, for which p,, —, v as k — o0). Take
no = 1. There exists a natural n such that (20.18) holds; let us denote this n as n}. Then
we take ng = n) +1; there exists an n}, > n} +1 (which can be rewritten as n}, > n/) such
that (20.18) holds for n = n),. Proceeding like this, we obtain a sequence of natural num-
bers n} < nh < ng <
< nj, < ... such that

‘/ o (dz) — /OO hiz) v(de)| > e,  k=1,2,3,.... (20.19)

— 00

Because of precompactness, we can extract from this sequence a subsequence n%j such
that
o, =¥ (), (20.20)

J

where v/ is some probability distribution. By Theorem 22.177, we get

lim f, , (t) = f. (1), t € R (20.21)

Jj—o0 "kj

But f, . (t) is a subsequence of the sequence f,, (t), which converges to g(¢). So we have
J

fo(t) = lim f, , (t) = g(t) = f.(1), t e R (20.22)

—00 .
‘7 .7

By the uniqueness theorem (Theorem 15.1) we have v/ = v.
It follows from (20.19) that

’/ )t (dz) - / h() V(da:)‘zg, j=1,2,3, .., (20.23)

which we can (because v = V') rewrite as
’/ ) iy (d) - / h(z) y'(d:z:)‘ >e j=1,2,3,... (20.24)

But this clearly contradicts (20.20).

The source of the contradiction is that we supposed that the whole sequence pi,, 74, v
So this is impossible, and our theorem is proved.
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Can it be that the characteristic functions converge, but the sequence of distributions
does not have any weak limit? Or the precompactness condition is satisfied automatically
if lim,, oo fn(t) exists for every t € R1?

It turns out that there are convergent sequences of characteristic functions such that
the corresponding distributions do not converge.

We turn to our old example of u, being the normal distribution with parame-
ters (0, n). We have:

Fun (8) = e/, (20.25)

the limit

{ 0 t#0, (20.26)

lim f,, () = ) F—0

n—oo

exists for every ¢, but p, has no weak limit.
However the following result holds:

Theorem 20.4. Let py, pi2, -y fn, --- be a sequence of probability distributions; let
the limat

lim f,, (t) =g(t) (20.27)

n—oo

exist for every t € R, and let the function g(t) be continuous at t = 0.

Then the sequence of distributions p, converges weakly as n — oo (to a distribution
whose characteristic function turns out to be the limiting function g(t)).

Proof. First of all, g(0) = lim,,—. o f, (t) = lim,, oo 1 = 1. We are going to use the
continuity of ¢g(t) at t = 0, which means that for every positive ¢ there exists a positive §
such that for all ¢t € (-4, 0)

l9(t) —g(0)] = [g(t) — 1] <&/3. (20.28)

The functions f,, () are continuous, and therefore Borel measurable. The func-
tion g¢(t), being a pointwise limit of a sequence of measurable functions is also measurable;
so we can integrate it:

0
‘2%5/_6[9(75) — 1] dt| < /3. (20.29)

Now, the functions f,, (t) converge to g¢(t) as n — oo, and they are dominated on
the interval (— 4, §) by the constant 1, which is integrable with respect to the Lebesgue
measure. So by the dominated convergence theorem we have:

1 1
lim 2—15 /_ 0 dt— % /_ )it (= o), (20.30)

n—oo

This means that for n > ng we have:

5 [ et [t a <. a

-
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Together with (20.29) this yields

‘2_15 /_ Z [fun (8) = 1] dt‘ < 2e/3. (20.32)

Let us remember that the characteristic function is also an integral; so the integral in
(20.32) is an iterated integral:

w1 et = ([T ] @ eoss)

The function e® — 1 is certainly measurable in the variables ¢, z, it is also bounded
(Je?*® — 1| < 2), and the integral of its absolute value over (— 6, &) x (— 0o, 0o) with respect
to the measure A\; X p,, is definitely finite. So we can use Fubini’s Theorem and change
the order of integration:

From this point, not in Lecture 2277.

The interior integral in (20.34) is evaluated very easily:

dr _ —idx ind
1 e e _,_sindz
— [ (" -1)dt= 25 e b 7o (20.35)
26 J_;
0, T =
Let us introduce the notation:
sindx
ha)=31" 55 0 70 (20.36)
0, T =
Draw the graph of the function h(x).
We see that h(z) is nonnegative everywhere, and
h(z)>1-1/27 for |x| > /6. (20.37)
Formulas (20.32) —(20.36) mean that for n > ny we have:
> 2e
/ h(z) pn(dz) < 3 (20.38)
Using a Chebyshev inequality, we get:
| h@) pota .
pn(RY\ [=7/6, ©/6]) < —oc <e.  (20.39)

mt{h(2): z & [=7/5, 7/0]} ~ 3-(1—1/27)
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But this is only for n > ng; what about n =1, 2, ..., ng — 1?7 For every fixed n we
can find a C,, such that

pn (RN [=Cy, C)) < e (20.40)
So we take
C = max(w/é, Cl, CQ, ceey Cno—l); (2041)
and we have that for every n =1, 2, ..., ng — 1, ng, ng + 1, ...
pn(RY\ [-C, C)) < &, or, which is the same, p,[—C, C] >1—¢. (20.42)

Remembering that ¢ was an arbitrary nonnegative number, we see that the family of
distributions u,, is weakly precompact, and we can apply Theorem 20.3.

Theorem 20.2 and Theorem 20.4 (and also Theorems 20.1 and 20.3) are true also in
the multidimensional case:

Theorem 20.5. Let 1, pt2, ...y fn, .. be probability distributions in the r-dimension-
al space R".

If pw, —w v as n — oo, where v is some probability distribution in R", then the
corresponding characteristic functions converge at every point:

Tm f,, () = fu(t),  teR (20.43)
If
i f,,, (8) = g(t) (20.44)

for every t € R", and the function g(t) is continuous at t = 0, then there exists a weak
limat
v=(w) im p,, (20.45)

n—oo

and its characteristic function is equal to the limiting function g(t):

£o(t) = / T u(de) = g(t). (20.46)



