MATH 755-01 INTRODUCTION TO PROBABILITY FALL 2008
Problems.

Specialists in probability theory have endeavored to apply it to number theory; e. g.
Chebyshev.

For some subsets A of the set N of natural numbers what may be called asymptotic
density exists:

V(A) = lim number of elements in A N{1,2, ,n}

n— 00 n

(%)

For example, for the set D3 of natural numbers divisible by 3 we have v(D3) = 1/3; for
the set Pr of all prime numbers v(Pr) = 0 (even if it is not so easy to prove as in the case
of D3)

Let NV be the class of sets for which the limit (x) exists.

Is the class N a o-algebra in N7

Is it an algebra?

Is the set function v of the previous problem finitely additive (i.e., does, for disjoint
Ay, ..., Ay € N such that [J2; A; € N, the equality v (U, 4;) = 3_,%; v(A;) necessarily
hold?)?

Is the set function v of problem countably additive?

Can you produce an example of a probability space and a sequence of events A; in it,
such that >~ 7, P(A;) = oo, P{infinitely many of A; occur} = 17

Can you produce an example of a probability space and a sequence of events A; in it,
such that >~ P(A;) = oo, P{infinitely many of A; occur} € (0, 1)?

@ Can you produce an example of a probability space and a sequence of events A; in it,
such that Y., P(A;) = oo, P{infinitely many of A; occur} = 07

The deadline for Problems f@ is Sep. 17.

Let Z2 be the class of all rectangles {(z, y): a < x < b, ¢ < y < d}, finite or infinite,
in the plane R? (if, say, b = oo, the inequality = < co means the same as x < co: no real
number x is equal to 0o); let O be the class of all open sets in R?.

Prove that o(Z?) = o(0).

Let X be a Borel set in R™. Prove that the class of all Borel subsets of X is a o-algebra
in X.

Prove that this o-algebra is the same as that generated by all subsets of X that are
open in X.

The deadline for Problems f is Sep. 19.
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@ (the deadline Sep.22). Let p be the one-dimensional normal distribution with pa-
rameters (a, b) (a € (— o0, 00), b € (0, 0)); i.e., a continuous distribution on R! with
density
1 2
_ —(z—a)“/2b
x) = e *
p(z) b (*)

this function is positive, and it can be checked that its integral over the whole line is equal
g
to 1).

What is the result of putting this distribution through the filter with f(z) = e“*?

Prove that if £ and 7 are two random variables (on the same sample space, and
taking values in R!), then & + 7 is also a random variable.

Prove or disprove: Let F(t), —oo < t < o0, be a right-continuous nondecreasing
function, F(—o0) = 0, F(+o00) = 1. If F has a finite number of jumps at the points
Tm < Tmy1 < ... < T, and is constant on the intervals (—o00,Zm), (Tm,Tmt1); ey
(Tp—1,Tn), (zn,00), then this function is a distribution function of a discrete random
variable.

Prove or disprove the statement of the previous problem with the finite sequence of
jump points replaced by a countable one that is infinite on one side: z,, < xp41 < ... <
T < Tpg1 < oy OF . < T < Tpg1 < ... < Tpyoronboth: ... <z <zpg <y <22 < ..l

Prove or disprove: Let F(z), —oo < x < oo, be a right-continuous nondecreasing
function, F'(—oo) =0, F(+o00) = 1. If

Y F(@) - Fa)] =1,

xT

then the function F' is a distribution function of a discrete random variable.

(The sum has, in appearance, an uncountable number of summands, but in fact all
of them except a countable number are equal to 0, because a nondecreasing function can
have only countably many discontinuities.)

Prove or disprove: Let F(t), —oo < t < oo, be a right-continuous nondecreasing
function, F'(—oo) =0, F(+00) = 1. If F' has jumps at the points that form a dense set in
R!, then the function F is a distribution function of a discrete random variable.

Prove or disprove: Let F(x), —oo < x < o0, be a right-continuous nondecreasing
function, F'(—o0) = 0, F(+o0) = 1. If F' is continuous on R, it is a distribution function
corresponding to a density.

Prove or disprove: Let F(x), — oo < & < 00, be a nondecreasing function, F'(—oo) =
0, F(+00) = 1. If F is continuous on R! and piecewise continuously differentiable (that
is, R! is divided into pieces by points (... <)Tpm < Tpma1 < ... < (< ...) so that F is
continuously differentiable on the open intervals between these points, to the left of the
smallest x,, if it exists, and to the right of the greatest of them), it is a distribution
function corresponding to a density.



Prove or disprove: Let F(x), —oo < & < oo, be a right-continuous nondecreasing
function, F(—o0) =0, F(+o00) = 1. If

/OO F'(z) dz = 1,

— 00

then the function F' is a distribution function corresponding to a density.

The deadline for Problems f is September 26.

(deadline Sep.29). Suppose we take a random permutation of numbers 1, 2, ..., n;
that is, the sample space € consists of all n! sequences w = (x1, xa, ..., x,,) such that
{z1, 2, ..., xn} = {1, 2, ..., n}; (of course, F = P(Q)); and the probabilities are taken so
that all different orders of the natural numbers from 1 to n are equally probable:

1

P{(x1, xa, ..., xp)} = T

The random variable £ is equal to the number of numbers i, 1 < ¢ < n, standing in their
own place: for w = (z1, za, ..., Tn),

E(w) =&(21, T2, ..., Tp) = #{i: x; = 1}

It was proved in the lecture that B¢ =1, FE? = 2.
Is B¢ =37
Let &1, & be two random variables taking the values in measurable spaces (X;, &;).
Prove that & = (&, &2) is a random vector with values in the product space (X7 x X,

X1 x X,) (that is that the function &: w — (& (w), &(w)) is a (F, X1 x X,)-measurable
function from 2 to X; x Xs).

Prove that if real-valued random variables &, £ have (absolutely) continuous joint
distribution with density pe, ¢, (21, z2), then each of them separately has a continuous
one-dimensional distribution, with densities

(0. @)

pale) = [ peclone) dm pele) = [ peslon o) do

— 00 — 00

Let f(t, w) be a (B[0, 1] x F)-measurable function on [0, 1] x ©, taking values 0, 1.
Is the following true for all such functions:

E f(ta .) #(dt) = Ef(tv .) #(dt)7

[0, 1] [0,1]

i.e., E Zte[071] f(t, .) = ZtE[O,l] Ef(t, .)?

Prove or disprove that for every sequence Ai, Ao, ..., A,, ... of independent events
P(ﬂf; Ai) = HzO:O1 P(A;).



Let &1, &, ...y &y ... and 7, 12, ..., Ny, ... be two sequences of real-valued random
variables; and the limits & = lim,, o &, 7 = lim,, oo 7, exist (exist for every w € Q —
even if we omit the w in our short notation).

Prove that if for every n the random variables &, and 7, are independent, then also
their limits £ and n are independent.

(The same is true for independence of more than two random variables; the proof is
the same, but the formulas in it are written longer.)

An easier version of Problem :

Prove the same for sequences &,, 7, being non-decreasing and the convergence
&n(w) = &(w), Np(w) — n(w) (n — o0) being uniform.

The deadline for Problems f is October 1.

Let &1, &, ..., &, ... be an infinite sequence of real-valued random variables. Show
that the event

{mn—»oogn S I‘}

belongs to the tail o-algebra F>. for every real = (lim denotes the upper limit; another
notation for it is lim sup; and we know that an upper limit, finite or infinite, always exists).

Using the fact that a finite lim,, o =, exists if and only if lim, o0, m—oo(Tn — Tm)
= 0, prove that the event

{there exists a finite limit lim &,} = {w: there exists a finite limit lim &,(w)}
n— 00 n—00

belongs to the tail o-algebra.
Prove or disprove: the event

{ lim &, = —OO} S féoo-
Prove that the random variable lim,_, &, (taking values in the extended real
line [— 00, 00]) is measurable with respect to the tail o-algebra F> .
Prove or disprove: the event

{ lim Gt & :0}

n— o0 n

belongs to the tail o-algebra.
Prove: the event

oo
{the series Z& converges}
i=1

belongs to F>o.



Prove or disprove, for nonnegative &;: the random variable Y .= & is measurable
with respect to the tail o-algebra.

The deadline for Problems — is October 3.

(the deadline is October 10). Let a random variable ¢ have the normal distribution
with parameters (0, b). Prove that all odd-numbered moments m;, = E¢¥ about zero are
equal to 0, and for k = 2m we have:

Maom = BE*™ = (2m — 1) - b™,

where (2m — 1)!! denotes the product of all odd numbers from 1 to 2m — 1.

(* means a non-obligatory problem). Prove or disprove: if the characteristic function
fe(t) is differentiable at 0, then E|{| < oo.

HINT: A random variable having the standard Cauchy distribution with density p(x) =
71 /(142?) has no expectation; its characteristic function f(¢) = e~!*! is not differentiable
at 0, but a little more, and it would be: at least the one-sided derivatives are not infinite.
Couldn’t we try and consider a density p(x) that goes to 0 at =00 a little slower than p(x),
but still the expectation does not exist? It could be that for this density the characteristic
function has zero derivative at t = 0.

Better take your density (-ies) symmetric with respect to 0 (even functions): the
corresponding characteristic functions will be real-valued.

Let the two-dimensional random vector xi have the normal distribution with zero
. . . 11
expectation (EF€ = 0) and the matrix of covariances By = 1 1). Prove that the
distribution of this random vector is concentrated on some line in the plane (i.e. that
almost surely c1&1 + c2€2 = const for some (c1, c2) # (0, 0)).
Deduce form this that the normal distribution with parameters (0, B;) has no density

with respect to the two-dimensional Lebesgue measure As.
Is the result of the previous problem true if we replace the matrix B; with
1 2
= ?
B, (2 4).

Prove that the normal distribution with parameters (a, B), where B is a nonsingular
matrix, has the density

p(x) = const - exp{—%qul(xk —ag)(z; —ar)},
k,l

where the matrix Q = (qr;) = B~

What is the constant in this formula equal to?

Let a four-dimensional random vector ({q, ..., £&4) have the normal distribution with
parameters (07 B = (bjk)). Find the fourth mixed moment my111 = E(&1£2€384).
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Let p1, p2, ..., fin, ..., v be distributions concentrated on nonnegative integers: for
all natural n

> k=D vk} =1
k=0 k=0

Prove (or disprove) that if
lim p,{k} = v{k}

for every k=0, 1, 2, 3, ..., then u, —, v (n — o00): convergence of the values of the
probability mass function implies weak convergence of distributions.

Let puy,, be the normal distribution with parameters (a,, by,), b, > 0; suppose a,, — a,
b, — 0 as n — oo.

Prove that p, —w d, (n — o0), where J, is the distribution concentrated at the
point a: §,(C) =11 C > a, and =0if C % a.

Prove or disprove: if e, —4 fiy, then &, — 7 almost surely.
Using Theorem 13.1, prove that if &, —p n, then pe, —w py.
The deadline for Problems f is Oct. 17.

Check that
)=

0, lt] > 1,
is a characteristic function of a continuous distribution on the real line. Find its density.
For a random variable ¢ having the density obtained in the previous problem, check
that F|¢| = oo.

Let &1, &, ..., &, ... be a sequence of independent random variables having the

distribution with the density found in Problem (such a sequence exists by Theo-

rem 10.5). Let (, = M Does the sequence (, converge in probability to a

n
constant as n — oo? If yes, what is this constant equal to?

For the sequence of random variables of the previous problem, does the weak limit
of the distribution of (,

(w) lim pe,
n—oo

exist? If yes, is the limiting distribution discrete or continuous, and what is its probability
mass function or its density?

The deadline for Problems f is Oct. 31.

Give an example of a time-homogeneous Markov chain for which the limit

limy oo pgc’;) does not exist.



Give an example of a time-homogeneous Markov chain for which the limit

limg o0 pg;) exists, but depends on .

Is the Markov chain with the transition matrix (23-24.24) ergodic?

For finite homogeneous Markov chains, is the condition of Theorem 26.2 necessary
and sufficient for the chain to be ergodic?

For the Markov chain with the transition matrix (23—24.24), find the solution p =
(po, .-+, p4) of the system p- P = p, Z;:()py =1.

Let us change the last example in Lectures 23 —24 taking the remainder after divid-
ing by 6. Find the corresponding transition matrix P. Find the solution p of the system

p-P=p, p-1=1.1Is limk%op;’;):py, x,y=0,1, .., 57

For a finite ergodic Markov chain, is the solution of the system p-P=p, p-1 =1
necessarily unique?

The deadline for Problems f is Nov. 14.

(the deadline is Nov.21). Let & be a continuous random variable with probability

density
4—x
, z € |0, 4],
pe() = 8 0.4

0, x ¢ [0, 4];

n=(§-1)%
Find the conditional expectation E{{|n = y}.
(deadline Dec. 1). Invent a family of stochastic matrices P!, 0 < s < ¢, such that

P™ = T (the identity matrix), the Chapman—Kolmogorov equation (34.9) is satisfied for
all 0 < s <t <u, P # const, and P*" depends on (s, t) continuously.



