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1 Probability Theory

Complementary reading: Chapter 1 (CB). Sections 1.1-1.6.

1.1 Set Theory

Definitions: A random experiment is an experiment that produces outcomes which are
not predictable with certainty in advance. The sample space S for a random experiment
is the set of all possible outcomes.

Example 1.1: Consider the following random experiments and their associated sample
spaces.

(a) Observe the high temperature for today:
S={w:—0o<w<oo}=R

(b) Record the number of planes landing at CAE:
S={w:w=0,1,2,...,} =7Z*

(c) Toss a coin three times:

S = {(HHH), (HHT), ..., (TTT)}

(d) Measure the length of a female subject’s largest uterine fibroid:

S={w:w>0}=R"

Definitions: We say that a set (e.g., A, B, S, etc.) is countable if its elements can be put
into a 1:1 correspondence with the set of natural numbers

N={1,2,3,..,}.

If a set is not countable, we say it is uncountable. In Example 1.1,
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Any finite set is countable. By “finite,” we mean that |A| < oo, that is, “the process
of counting the elements in A comes to an end.” An infinite set A can be countable or
uncountable. By “infinite,” we mean that |A| = +o00. For example,

e N={1,23, ..., } is countably infinite

e A={w:0<w < 1} is uncountable.

Definitions: Suppose that S is a sample space for a random experiment. An event A is a
subset of S, that is, A C S.

o If we A, we say that “A occurs”

o If w¢ A we say that “A does not occur.”

The set A is a subset of B if
we€A=— we€ B.

This is written A C B or A C B. Two sets A and B are equal if each set is a subset of the
other, that is,
A=B<«+= ACBand B CA.

Set Operations: Suppose A and B are subsets of S.

e Union: AUB={weS:weAorwe B}
e Intersection: ANB={we S:weAdandwe B}

e Complementation: A°={we S:wé¢ A}
Theorem 1.1.4. Suppose A, B, and C are subsets of S.

(a) Commutativity:

(b) Associativity:

(c) Distributive Laws:
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(d) DeMorgan’s Laws:

(AU B)° A°n B¢
(ANB) = A°UDB°

Extension: Suppose that A;, As, ..., A, is a finite sequence of sets, where each A; C S.

e Union:

UAi:{wES:wEAiEIi}

i=1
e Intersection:

ﬂAi:{wES:weAi‘v’i}

1=1

These operations are similarly defined for a countable sequence of sets A;, A,, ..., and also
for an uncountable collection of sets; see pp 4 (CB).

Definitions: Suppose that A and B are subsets of S. We say that A and B are disjoint

(or mutually exclusive) if
ANB=0.

We say that A, As, ..., are pairwise disjoint (or pairwise mutually exclusive) if
Definition: Suppose A;, A,, ..., are subsets of S. We say that Ay, As, ..., form a partition
of S if

(a) A;iNA; =0 Vi#j (ie., the A;’s are pairwise disjoint)

(b) UZ, 4i=5.
Example 1.2. Suppose S = [0,00). Define A; = [i — 1,i), for i = 1,2, ...,. Clearly, the A;’s
are pairwise disjoint and U2, A; = S, so the sequence Ay, Ao, ..., partitions S.

Remark: The following topics are “more advanced” than those presented in CB’s §1.1 but
are needed to write proofs of future results.

Definitions: If A; C Ay C A3 C -+, we say that {A,} is an increasing sequence of sets.
If Ay D Ay D A3 D -+, we say that {A,} is a decreasing sequence of sets.

1. If {A,} is increasing, then
Jan A = 4
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2. If {A,} is decreasing, then
Jmn Ao =[] 4
i=1
3. If {A,,} is neither increasing nor decreasing, lim,,_,~, A, may or may not exist.

Example 1.3. Suppose S = R" = [0, 00). Define
A, =la—1/n, b+ 1/n],

where 1 < a < b < oo. For example, A1 = [a — 1, b+ 1], Ay = [a — 1/2, b+ 1/2],
A3 = [a—1/3, b+ 1/3], etc. Clearly, Ay O Ay O A3 D ---, that is, {A4,} is monotone
decreasing. Therefore,

lim A, = QAi = [a, b).

Example 1.4. Suppose S = (—1,1). Define

A (—=1/n, 0], n odd
"1 (0, 1/n), n even.

That is, Ay = (—1,0], Ay = (0,1/2), A3 = (—1/3,0], etc. The sequence {4, } is neither

increasing nor decreasing.

Question: In general, what does it mean for a sequence of sets { A, } to “converge?” Consider
the following;:

B = |JA
k=1

B, = UAk Note: By C B,
k=2

By = UAk Note: Bs C By
k=3

In general, define
B, = U A,
k=n

Because {B,} is a decreasing sequence of sets, we know that lim,, ., B,, exists. In particular,

n—oo

lim B, = ﬁBn
n=1

= ﬁ G Ay =limsup A, = lim A,,.

n=1k=n
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Interpretation: For a sequence of sets {A,},
lim A, ={weS:Vn>13k3>we A}
This is the set of all outcomes w € S that are in an infinite number of the A,, sets. We write

w € lim A, <= w € A4, i.o. (infinitely often).

Now, let’s return to our arbitrary sequence of sets {A,}. Consider the following:

Cro= ()4
k=1

Cy, = ﬂAk Note: Cy D O}
k=2

Cy = ﬂAk Note: O3 D Cy
k=3

In general, define
Co =) Ar
k=n

Because {C,, } is an increasing sequence of sets, we know that lim,,_,., C, exists. In particular,
(o]
e = Ua
n=1

= G ﬁAkzlimiannzli_mAn-

n=1k=n

Interpretation: For a sequence of sets {A,},
lim A, ={weS:In>15we A, Vk > n}.
This is the set of all outcomes w € S that are in A,, eventually. We write
w e lim A, <= w € A, e.v. (eventually).
Now, we return to our original question: In general, what does it mean for a sequence of sets
{A,} to “converge?”
Answer: We say that lim,,_,., A, exists if
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and define
lim A, =A

n—0o0

to be this common set. We also write A,, — A, as n — oo. If
lim 4, # lim A4,
we say that lim,,_,., A, does not exist.

Example 1.5. Define 4, = {w : 1/n < w < 1+ 1/n}. Find lim A, and lim 4,. Does
lim,, . A, exist?

1.2 Basics of Probability Theory

Question: Given a random experiment and an associated sample space S, how do we assign
a probability to A C S?

Question: How do we define probability?

1. Relative Frequency:
A

n—oo M

2. Subjective: “confidence” or “measure of belief” that A will occur
3. Modern Axiomatic: pr(A) = P(A), where P is a set function satisfying certain
axioms.

Definition: Let B denote a collection of subsets of S. We say that B is a o-algebra on S if

(i) 0eB
(i) Ae B= A° € B;i.e., Bis closed under complementation.
(iii) Ay, Ao, ...,€ B=J;2, 4; € B; i.e., Bis closed under countable unions.
Remark: At this point, we can think of B simply as a collection of events to which we can

“assign” probability (so that mathematical contradictions are avoided). If A € B, we say
that A is a B-measurable set.

Results: Suppose that B is a o-algebra on S.

e Because S = ), we see that S € B (because B is closed under complementation).
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o If Ay, Ay, ..., € B, then Af, AS, ..., € B; see Property (ii);
= U A e B Property (iii)
i=1

— <U Af) = ﬂ A, eB DeMorgan’s Law; Property (ii)
i=1 i=1
Therefore, a o-algebra B is also closed under countable intersections.
Examples:

1. B={0,S}. This is called the “trivial o-algebra.”
2. B={0,A, A¢,S}. This is the smallest o-algebra that contains A; denoted by o(A).
3. |S| = n; i.e., the sample space is finite and contains n outcomes. Define
B =2°
to be the set of all subsets of S. This is called the power set of S. If |S| = n, then

B = 2° contains 2" sets (this can be proven using induction).

Example 1.6. Suppose S = {1,2,3}. The power set of S is
B=2"= {{1}7 {2}7 {3}7 {17 2}7 {17 3}7 {27 3}7 S, Q)}
Note that B = 2° contains 2% = 8 sets.

Remark: For a given sample space S, there are potentially many o-algebras. For example,
in Example 1.6, both

By, = {0,S}
Bl = {@,{1},{2,3},5}

are also o-algebras on S. Note also that By C By C B = 2% We call By and B; sub-o-
algebras of S.

Remark: We will soon learn that a o-algebra contains all sets (events) to which we can
assign probability. To illustrate, with the (sub)-c-algebra

Bl - {@7 {1}7 {27 3}7 S}7

we could assign a probability to the set {2,3} because it is measurable with respect to this
o-algebra. However, we could not assign a probability to the event {2} using By; it is not
B;-measurable. Of course, {2} is B-measurable.
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Definition: Suppose S is a sample space. Let A be a collection of subsets of S. The o-
algebra generated by A is the smallest o-algebra that contains .A. We denote this o-algebra
by (A). In other words,

e AC o(A), and

e if ¥(A) is another o-algebra on S that contains A, then o(A) C X(A).

Example 1.7. Suppose S = {1,2,3}. Suppose A = {1}. Then
o(A) =o({1}) ={0,{1},{2,3}, S}.
Note that ¥(A) = 29 (the power set) also contains A. However, o(A) C X(A).
Definition: Suppose S = R = (—o00,00). Consider the collection of sets
A={(a,b): —c0 < a<b< oo},

that is, the collection of all open intervals on R. An important o-algebra on R is o(.A). This
o-algebra is called the Borel o-algebra on R. Any set B € o(A) is called a Borel set.

Remark: The Borel o-algebra on R is commonly denoted by B(R). It contains virtually
any subset of R that you could imagine; sets like [a, ], (a,b], [a,b), (—o0, ], and [a, c0), and
unions, intersections, and complements of these sets. It is possible to find subsets of R that
are not Borel sets. However, these are pathological in nature, and we will ignore them.

Kolmogorov’s Axioms: Suppose that S is a sample space and let B be a o-algebra on S.

Let P be a set function; i.e.,
P:B—|0,1],

that satisfies the following axioms:

1. P(A) >0, forall Ae B
2. P(S)=1

3. If Ay, Ag, ..., € B are pairwise disjoint, then
i=1 i=1

We call P a probability set function (or a probability measure). The third axiom is
sometimes called the “Axiom of Countable Additivity.” The domain of P must be restricted
to a o-algebra to avoid mathematical contradictions.
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Definition: The triple (S, B, P) is called a probability space. It consists of

S = asample space (collection of all outcomes)
B = a o-algebra (collection of events to which you can assign probability)
P = a probability measure.

Example 1.8. Consider the probability space (S, B, P), where

e S={H,T}
o 5= {(Z)v {H}7 {T}v S}
o« P:B—[0,1], defined by P({HT}) = 2/3 and P({T}) = 1/3.

This is a probability model for a random experiment where an unfair coin is flipped.

Example 1.9. Consider the probability space (S, B, P), where

e S =(a,b), where —co < a < b < o0
e B=BR)NS={BNS:BecBR)}; ie., the Borel sets on S
o P:B—0,1], defined for all A € B,

1
P(A) = /A — dr  (“uniform” probability measure).

For example, suppose a = 0, b = 10, and A = {w : 2 <w < 5}. Then P(A) = 3/10.

Theorem 1.2.6. Suppose that S = {w;,ws,...,w,} is a finite sample space. Let B be a
o-algebraon S (e.g., B = 2%, etc.). We can construct a probability measure over B as follows:

1. Assign the “weight” or “mass” p; > 0 to the outcome w; where > "  p; = 1.

2. For any A € B, define
P(A) =) pil(wi € A),
i=1

where I(+) is the indicator function; i.e.,

1, (UZ'GA
I(wZEA):{O w,%A

We now show that this “construction” of P satisfies the Kolmogorov Axioms on (S, B).
Proof. Suppose A € B. By definition,

P(A) :zn:pij(wi €A)=0
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because both p; > 0 and I(w; € A) > 0 Vi. This establishes Axiom 1. To establish Axiom
2, simply note that

P(S) = sz‘f(wi €S)= Zpi = 1.
=1 i=1

To establish Axiom 3, suppose that A;, As, ..., Ay € B are pairwise disjoint (a finite sequence
suffices here because S is finite). Note that

) - S

i=1 Jj=1
n k
= > piY I(w €A
i=1  j=1
k n k
= D ) pil(wi € Aj) =) P(A)).
j=1 i=1 Jj=1

Therefore, the Kolmogorov Axioms are satisfied. O

Special case: Suppose S = {wi,ws,...,w,}, B =2% and p; = 1/n for each i = 1,2,...,n.
That is, each outcome w; € S receives the same probability weight. This is called an
equiprobability model. Under an equiprobability model,

_ 14

P(A) = 15

When outcomes (in a finite S) have the same probability, calculating P(A) is “easy.” We
simply have two counting problems to solve; the first where we count the number of outcomes
w; € A and the second where we count the number of outcomes w; € S.

Example 1.10. Draw 5 cards from a standard deck of 52 cards (without replacement).
What is the probability of getting “3 of a kind?” Here we can conceptualize the sample
space as

S ={[2s,2p,2m,2¢,35],[25,2p,20,2¢,3p], - [As, Ap, An, Ac, Kcl }

This is a finite sample space, and there are
52
S| = <5) = 2598960

outcomes in S. Assume an equiprobability model with B = 2%. Define A = {3 of a kind}.
How many ways can A occur?

= (DO o
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Therefore, assuming an equiprobability model,

54912

= ~ 0.0211.
(4) 2598960

Remark: If |S| = n < oo, we call S a discrete sample space. We also use this terminology
if |S| = +o00, but S is countable, e.g., S = {w;,ws, ..., }. For a g-algebra on S (e.g., B = 25,
etc.), if we assign P({w;}) = p; > 0, where > p; = 1, the Kolmogorov Axioms are still
satisfied for this construction.

Example 1.11. Suppose that S = {1,2,3,...,}, B =2 and

P({i}) =pi=(1-p)"'p,
where 0 < p < 1. This is called a geometric probability measure. Note that

o0

Y Y =

=1

The Calculus of Probabilities: We now examine many results that follow from the Kol-
mogorov Axioms. In what follows, let S denote a sample space, B denote a o-algebra on
S, and P denote a probability measure. All events (e.g., A, B, C, etc.) are assumed to be
measurable (i.e., A € B, etc).

Theorem 1.2.8.

(a) P(0)=0

(b) P(4) <1

(c) Complement Rule: P(A°) =1— P(A).
Proof. To prove part (c), write S = AU A° and apply Axioms 2 and 3. Part (b) then follows
from Axiom 1. To prove part (a), note that S¢ = () and use part (¢). O

Theorem 1.2.9.

(a) P(A°NB)=P(B)— P(ANB)
(b) Inclusion-Exclusion: P(AUB) = P(A) + P(B) — P(AN B)
(c) Monotonicity: If A C B, then P(A) < P(B).
Proof. To prove part (a), write B = (AN B) U (A°N B) and apply Axiom 3. To prove

part (b), write AU B = AU (A°N B) and combine with part (a). To prove part (c), write
B = AU (A°N B). This is true because A C B by assumption. O

PAGE 11



STAT 712: CHAPTER 1 JOSHUA M. TEBBS

Remark: The identity
P(AUB)=P(A)+ P(B) - P(ANDB)

is called the inclusion-exclusion identity (for two events). Because P(AUB) < 1, it follows

immediately that
P(ANB)> P(A)+ P(B) — 1.

This is a special case of Bonferroni’s Inequality (for two events).

Theorem 1.2.11.

(a) P(A) =32, P(ANC;), where C1, (s, ..., is any partition of 5.

(b) Boole’s Inequality: For any sequence A, As, ...,
P(Ua) 3o
=1 =1
Proof. To prove part (a), write

A=ANS=An (Gc) ZG(AHCZ-),
=1 =1

and apply Axiom 3. We will prove Boole’s Inequality later. O

Two additional results:

1. Inclusion-Exclusion: For any sequence A;, As, ..., A,

P(QAi):gP( =) > P(A, N Ay)

11 <i2

+3 3N P(AL NAL N A) = (1) ((n] AZ-) .

i1 <ig<is i=1
2. Continuity: If A, — A, as n — oo, then P(A4,) — P(A); i.e.,
lim P(A,) = P ( lim An> — P(A).
n—oo n—oo
Proof of Inclusion-Exclusion. If w ¢ A; Vi =1,2,...,n, then LHS = RHS = 0 and the result
holds. Otherwise, suppose that w is in exactly m > 0 of the events A;, A,, ..., A,. Clearly,

w € U, A; so the probability associated with w is counted once on the LHS. For the RHS,
consider the k-fold intersection A; NA;,N---NA;, , where iy < iy < --- < i and k < m. The
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outcome w is in exactly (T]Z) intersections of this type. Therefore, the probability associated

with w is counted
m\ [(m n m\ " m
1 2 3 m

times on the RHS. Therefore, it suffices to show that

=) 6) 6+ ()

or, equivalently, > " (T)(—l)Z = 0. However, this is true from the binomial theorem,;
viz.,
m m . .
a + b m — ] a,lbm7Z7
=3 (7)
by taking a = —1 and b = 1. Because w was arbitrarily chosen, we are done. O

Proof of Continuity. Although this result does hold in general, we will assume that {A,} is
monotone increasing (non-decreasing). Recall that if {A,} is increasing, then

lhn.An:: [314%

n—oo
i=1
Define the “ring-type” sets Ry = Ay, Ry = Ay N AS, Ry = A3N AS, ..., and so on. In general,
R,=A,NA

n—1»

for n = 2,3,...,. It is easy to see that R; N R; = () Vi # j (i.e., the ring sets are pairwise
disjoint) and

U
n=1 n=1

Therefore,

P (JH&AQ —p (D An) -y <D Rn> - iP(Rn) - JL%iP(Rj). (1.1)

Now, recall that P(R;) = P(A;) and that P(R;) = P(A; N AS_,) = P(A;) — P(A;_1) by
Theorem 1.2.9 (a). Therefore, the expression in Equation (1.1) equals

n—oo n—o0

lim {P(Al) + i[P(Aj) - p(Ajl)]} = lim P(A,).

We have shown that P(lim, . Ay) = lim,, o P(A,). Thus, we are done. O

Remark: As an exercise, try to establish the continuity result when {A,} is a decreasing
(non-increasing) sequence. The result does hold in general and would be proven in a more
advanced course.
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Proof of Boole’s Inequality. Define B,, = U A;. Clearly, {B,} is an increasing sequence of
sets and B, — U2, A, as n — oo. Note that

Bj = Bj—l U Aj - P(B])
— P(4;)

(Bj-1) + P(4;)

<p
> P(B;) — P(Bj).

We have

Pll)4,)=P||)B.|=P(lim B,) = lim P(B,)
(U ) (U ) (Jim 5.) = i

because {B,} is increasing. However, note that
P(B,) = P(B1)+ Y [P(B;) = P(B;-1)] < P(A) + ) P(4;)) =) P(4;).
s : :
Taking limits, we have

. . NE
lim P(B,) < JEEOZ;P(A]) le(An). O
J= n=

n—o0

Bonferroni’s Inequality: Suppose that A, As, ..., A, is a sequence of events. Then

P (ﬂA> > iP(AZ-) —(n—1).

Proof. By Boole’s Inequality (applied to the sequence A, AS, ..., AS),

P <O Ag) < zn: P(A9).

Recalling that |J;, AS = (N, 4;)° and P(AS) =1 — P(A;), the last inequality becomes

1-P <ﬁAl) Sn—zn:P(Ai).

Rearranging terms gives the result. O

Example 1.12. The matching problem. At a party, suppose that each of n men throws his
hat into the center of a room. The hats are mixed up and then each man randomly selects
a hat. What is the probability that at least one man selects his own hat? In other words,
what is the probability that there is at least one “match?”

Solution: We can conceptualize the sample space as the set of all permutations of {1, 2, ..., n}.
There are n! such permutations. We assume that each of the n! permutations is equally
likely. In notation, S = {wi,ws,...,wn}, where w; is the jth permutation of {1,2,...,n}
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and N = nl. Define the event A; = {ith man selects his own hat} and the event A =
{at least one match} so that

A= UA — P(A <UA>

=1
We now use inclusion-exclusion. Note the following:

—1)! 1
P(4;) = (G

n! n
—2)!

P(A;, NA;,) = (n ,) 1<y <ia<n
n!
—3)!

P(A“ﬂAmﬁAls) = (n ') 1<y <ipa<iz<n

n!

This pattern continues; the probability of the n-fold intersection is

REE

Therefore, by inclusion-exclusion, we have

P(Ua) = Sran-E S rmna

11 <12

+ Y Y P(A,NA,NAL) =+ (—1)"'P (ﬁ Ai)

11 <t2<1i3

-G (e

= Sy

k=1
El(n—k)! n! k!
k=1 k=0

Interestingly, note that as n — oo,

JEEOP(UA> =l [1—2%] -1 5

=1 k=0 k=0

e

=1—e¢'~0.6321.

Some view this answer to be unexpected, believing that this probability should tend to zero
(because the number of attendees becomes large) or that it should tend to one (because
there are more opportunities for a match). The truth lies somewhere in the middle.

Recall: The McLaurin series expansion of f(z) = e” is
N N
€ :ZH=1+$+E+E+"‘+-
Exercise: Define B = {exactly k men select their own hats}. Find P(B) for n large (rela-
tive to k). Answer: e /K.

PAGE 15



STAT 712: CHAPTER 1 JOSHUA M. TEBBS

1.3 Conditional Probability and Independence

Definition: Consider a random experiment described by (S, B, P). The conditional proba-
bility of A € B, given that B € B has occurred, can be computed

e over (S, B, P) using

P(ANB)
P(A|B) = ——-—
(1B) = S5
e over (B,B*, Pg), where B* = {BNC : C € B} and where Pg and P(-|B) are related

by
P(A|B) = Ps(ANB) V(AN B) € B*.

Exercise: Show that B* is a g-algebra on B.

Example 1.13. Experiment: Toss two coins. Assume the model
S = {(HH),(HT), (TH), (TT)}
B = 2°
P = equiprobability measure; i.e., P({w}) = 1/4, for all w € S.

Define

A = {(HH),(HT)}
B = {(HH),(HT), (TH)}.

We can calculate P(A|B) in our two ways:

e Over (S, B, P),
5B b PAND)  PA) 24 2
W)= "pm) P 33

e Over (B, B*, Pg), where
B* = {BNnC:Ce€B}
= {0,B,{(HH)}, {(HT)} {(TH)}, {(HH), (HT)}, {(HH), (TH)}, {(HT), (TH)}}
and Pp is an equiprobability measure; i.e., Pg({w}) = 1/3 Vw € B. Note that B* has

23 = 8 sets and that B* C B. We see that

P(AIB) = P5(An B) = Py({(HH), (HT)}) = 2.

Remark: In practice, it is often easier to work on (5, B, P), the original probability space,
and compute conditional probabilities using

P(AN B)

P(AIB) = =55
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If P(B) =0, then P(A|B) is not defined. Provided that P(B) > 0, the probability measure
P(:|B) satisfies the Kolmogorov Axioms; i.e.,

1. P(A|B) >0, forall Ae B
2. P(B|B) =1

3. If Ay, Ay, ..., € B are pairwise disjoint, then

P (G A B> = iP(Ai]B).

Proving this is left as an exercise.

Important: Because P(:|B) is a bona fide probability measure on (.5, B), it satisfies all of
the probability rules that we stated and derived in §1.2. For example,

1. P(A°|B) =1—- P(A|B)
2. P(A; U Ay|B) = P(A{|B) + P(A3|B) — P(A1 N Ay|B)
3. For any sequence Aq, Ao, ...,

i=1

B) < iP(AAB).

These are the “conditional versions” of the complement rule, inclusion-exclusion, and Boole’s
Inequality, respectively.

Law of Total Probability: Suppose (S, B, P) is a model for a random experiment. Let
By, By, ..., € B denote a partition of S; i.e., B;N B; =0 Vi # j and U2, B; = S. Then,

P(A) = iP(AﬂBi) = iP(A|Bi)P(Bi)'

The first equality is simply Theorem 1.2.11(a). The second equality arises by noting that

P(A|B,) = ”]f(—;fi) —  P(NB) = PAIB)P(B).

“multiplication rule”

Example 1.14. Diagnostic testing. A lab test is 95% effective at detecting a disease when
it is present. It is 99% effective at declaring a subject negative when the subject is truly
negative. If 8% of the population is truly positive, what is the probability a randomly
selected subject will test positively?
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Solution. Define the events

D = {disease is present}
4 = {test is positive}.

We are given

POX|D) = 0.95 (sensitivity)
P(X|D) = 0.99 (specificity)
P(D) = 0.08 (prevalence)

The probability a randomly selected subject will test positively is

P(H) = P(X|D)P(D)+ P(%|D°)P(D")
= (0.95)(0.08) + (0.01)(0.92) ~ 0.0852.

Note that we have used LOTP with the partition {D, D°}.

Question: What is the probability that a subject has the disease (D) if his test is positive?
Solution. We want to calculate
P(D Nx)
P(DPR) = PR
P(XD)P(D)
P(R|D)P(D) + P(XH|D¢)P(D¢)
(0.95)(0.08)
(0.95)(0.08) + (0.01)(0.92)

~ 0.892.

Note: P(D]X) in this example is called the positive predictive value (PPV). As an
exercise, calculate P(D°pX), the negative predictive value (NPV).

Remark: We have just discovered a special case of Bayes’ Rule, which allows us to
“update” probabilities on the basis of observed information (here, the test result):

Prior probability Test result Posterior probability
P(D) =10.08 — M — P(DpX) ~ 0.892
P(D) =0.08 — AN —  P(D]X°) =~ 0.004

Bayes’ Rule: Suppose (5,5, P) is a model for a random experiment. Let By, Bs,...,€ B
denote a partition of S. Then,

_ P(A|B)P(B)
P(B;|A) = > P(A|B;)P(B;)’

This formula allows us to update our belief about the probability of B; on the basis of
observing A. In general,

P(B;) — Aoccurs — P(B;]A).
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Multiplication Rule: For two events A, B € B,

P(ANB) = P(A|B)P(B)
— P(B|A)P(A).

For n events A, As, ..., A, € B,

P (ﬁ Ai> = P(A;) x P(A3|A;) x P(A3]A1NAy) X+ xX P (An

n—1
N Ai> :
i=1
Proving this is an easy induction argument.
Definition: Two events A, B € B are independent if

P(ANB) = P(A)P(B).

This definition implies (if conditioning events have strictly positive probability):

P(A|B) = P(4A)
P(B|A) = P(B).

Theorem 1.3.9. If A, B € B are independent events, then so are

(a) A and B¢
(b) A¢ and B
(c) A®and B°.

Generalization: A collection of events Aj, A, ..., A, € B are mutually independent if

for any sub-collection A; , A;,, ..., A;,, we have

]

P (ﬂ Aij) =[] P,).

i2, .o

Special case: Three events Ay, Ay, and As. For these events to be mutually independent,
we need them to be pairwise independent:

P(AiNAy) = P(A)P(Ay)
P(A1NA3) = P(A1)P(A;)
P(A; N A3) = P(Ay)P(A3)

and we also need P(A; N Ay N A3) = P(A;1)P(Ay)P(As). Note that is possible for

e Aj, Ay, and Az to be pairwise independent but P(A; N Ay N As) # P(A;)P(A2)P(A3).
See Example 1.3.11 (pp 26 CB).
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o P(A1NA3NA3) = P(A1)P(Ay)P(As) but Ay, Ay, and A; are not pairwise independent.
See Example 1.3.10 (pp 25-26 CB).

Example 1.15. Experiment: Observe the chlamydia status of n = 30 USC students. Here,
we can conceptualize the sample space as

S ={(0,0,0,...,0),(1,0,0,...,0),(0,1,0,...,0),..., (1,1,1,..., 1)},

where “0” denotes a negative student and “1” denotes a positive student. Note that there are
|S| = 230 = 1,073,741,824 outcomes in S. Suppose that B = 2° and that P is a probability
measure that satisfies P(A;) = p, where A; = {ith student is positive}, for i = 1,2, ..., 30,
and 0 < p < 1. Assume that Ay, A,, ..., A3y are mutually independent events.

Question: What is the probability that at least one student is positive?
Solution. Clearly, P(AS) =1 — P(A;) =1—p, for i = 1,2,...,30. Therefore,

(U = (0

:1—ﬁpm9
e

Question: What is the probability that exactly £ students are positive?

Solution. Consider any outcome w € S containing exactly k& 1’s and 30 — k£ 0’s. Any such
outcome has probability p*(1—p)3°~* because individual statuses are mutually independent.
Because there are (313) such w’s in S that have exactly k 1’s, the desired probability is

()t o

This expression is valid for £ = 0,1,2,...,30. For example, if p = 0.10 and & = 3, then
P(exactly 3 positives) ~ 0.236.

1.4 Random Variables

Remark: In Example 1.15, the underlying sample space
S ={(0,0,0,...,0),(1,0,0,...,0),(0,1,0,...,0), ..., (1,1,1,...., 1)}

contained |S| = 23% = 1,073,741,824 outcomes. In most situations, it is easier to work with
numerical valued functions of the outcomes, such as

X = number of positives (out of 30).
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We see that the “sample space” for X is
X={z:2=0,1,2,...,30}.
Note that X is much easier to work with than S.
Definition: Let (S, B, P) be a probability space for a random experiment. The function
X:S—=R
is called a random variable on (5, B, P) if
X' B)={weS:X(w)eB}ehB (1.2)

for all B € B(R), where B(R) is the Borel g-algebra on R. The set X (B) is called the
inverse image of B (under the mapping X). The condition in (1.2) says that the inverse
image of any Borel set B is measurable with respect to B. Note that the notion of probability
does not enter into the condition in (1.2).

Remark: The main point is that a random variable X, mathematically, is a function whose
domain is S and whose range is R. For example, in Example 1.15,

X((0,0,0,...,0)) = 0
X((1,0,0,..,0)) = 1
X((1,1,1,..,1)) = 30.

Notes: Suppose that X is a random variable on (S, B, P); i.e., X : S — R.

1. The collection of sets o(X) = {X~}(B) : B € B(R)} is a o-algebra on S.

2. The measurability condition
X' (B)={weS: X(w)e B} eB,

for all B € B(R), suggests that events of interest like {X € B} on (R,B(R)) can
be assigned probability in the same way that {w € S : X(w) € B} can be assigned
probability on (.5, 5).

3. In a more advanced course, we might say that “X is a B — B(R) measurable mapping

from S — R.”

Example 1.16. Consider a random experiment with

S = {1,2,3}
By = {@7{1}7{273}75}
P = equiprobability measure; i.e., P({w}) =1/3, for allw € S.
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Define the function X so that X (1) = X(2) = 0 and X(3) = 1. Consider the Borel set
B = {0}. Note that

X1 B)=X1{0})) ={wesS: X(w)=0}=1{1,2} ¢ B,.

Therefore, the function X is not a random variable on (S,B;). It does not satisfy the
measurability condition. Question: Is X a random variable on (S, B), where B = 257

Discrete sample spaces: Consider an experiment described by (.S, B, P) where

S = {wl,wg,...,wn}
B = 2°
P = a valid probability measure.

Here, we allow for both cases:

e n< oo = S finite

e “n=o00" = S countable (i.e., countably infinite).

Suppose X is a random variable on (S, B, P) with range X = {x1, zs, ..., x,, }. We call X the
support of the random variable X; we allow for both cases:
e m<oo — “finite support”

e “m = o0” = “countably infinite support.”

Define a new probability measure Px according to

Py(X =) =P{wes5: X(w) =u}).

~
a probability on (S, B)

We call Px an induced probability measure, because it is a measure “induced” by
the random variable X. It is a probability measure on (R, B(R)), and (R, B(R), Px) is a
probability space. We often use the terminology:
(S,B,P) —> domain space
(R,B(R), Px) == range space.

Remark: The probability measure Px on (R, B(R)) satisfies the Kolmogorov Axioms (i.e.,
it is a valid probability measure).

Example 1.17. Experiment: Toss a fair coin twice. Consider the model described by
S = {(HH), (HT), (TH), (TT)}
B = 2°
P = equiprobability measure; i.e., P({w}) = 1/4, for all w € S.
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Define a random variable X on (S, B, P) by
X = number of heads observed.

The random variable X satisfies

w | (HH) (HT) (TH) (TT)
Xw)| 2 1 1 0

Therefore, the support of X is X = {z: 2 =0,1,2} and

Px(X=0) = P{weS: X(w)=0})=P{(TT)}) =

= I

PX =1) = P(wes: X(w)=1}) = P({(HT),(TH)}) = >

Px(X=2) = P{we S: X(w)=2})=P{HH)}) =

A~ =

We have the following probability distribution for the random variable X:

x 0 1 2
Px(X=uz)|1/4 1/2 1/4

Important: We use upper case notation X to denote a random variable. A realization of
X is denoted by X (w) = x (i.e., lower case).

Remark: In practice, we are often given the probability measure Px in the form of an
assumed probability distribution for X (e.g., binomial, normal, etc.) and our “starting
point” actually becomes (R, B(R), Py). For example, in Example 1.15, we calculated

Petx =)= (M)

T

forz e X ={x:2=0,1,2,...,30}. With this already available, there is little need to refer
to the underlying experiment described by (.S, B, P).

Example 1.18. Suppose that X denotes the systolic blood pressure for a randomly selected
patient. Suppose it is assumed that for all B € B(R),

1

yea

(. J
v~

PX(B) = PX(X S B) = / 6_(95—#)2/202 dz.
B

= fx(x), say.

The function fx(x) is given without reference to the underlying experiment (S, B, P).

Remark: Suppose we have an experiment described by (S, B, P), and let X : S — R be a
random variable defined on this space. The induced probability measure Px satisfies

Px(XeB) = P{weS:Xw)eB)).
——— N ~ “
calculated on (R,B(R)) calculated on (S,B)

PAGE 23



STAT 712: CHAPTER 1 JOSHUA M. TEBBS

We should remember that although P and Px are different probability measures, we will
start to get “lazy” and write things like P(X € B), P(0 < X <4), P(X = 3), etc. Although
this is an abuse of notation, most textbook authors eventually succumb to this practice. In
fact, the authors of CB stop writing Px in favor of P after Chapter 1! In many ways, this is
not surprising if we “start” by working on (R, B(R)) to begin with. However, it is important
to remember that Py is a measure on (R, B(R)); not P as we have defined it herein.

1.5 Distribution Functions

Definition: The cumulative distribution function (cdf) of a random variable X is
Fx(z) = Px(X <x), forall ze€R.

It is important to emphasize that Fx(z) is defined for all x € R; not just for those values of
x € X, the support of X.

Example 1.19. In Example 1.17, we worked with the random variable
X = number of heads observed (in two tosses)

and calculated

x o0 1 2
Px(X=x)|1/4 1/2 1/4

The cdf of X is therefore

0, x <0
)14 o<z <1
Fx() = 3/4, 1<z <2
1, T > 2

and is graphed in Figure 1.1 (next page).

Theorem 1.5.3. The function Fy : R — [0, 1] is a cdf if and only if these conditions hold:

1. lim, o Fx(z) =0 and lim, o Fx(z) =1
2. Fx(z) is a non-decreasing function of x
3. Fx(z) is right-continuous; i.e.,

lim FX(J}) = Fx(l’0> Vo € R.

+
I—)IO

An alternate definition of right continuity is that lim, . Fx(z,) = Fx(zo), for any
real sequence {z,} such that z, | x¢.
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Figure 1.1: Cumulative distribution function Fx(z) in Example 1.19.

Remark: Proving the necessity part (=) part of Theorem 1.5.3 is not hard (we do this
now). Establishing the sufficiency (<=) is harder. To do this, one would have to show there
exists a sample space S, a probability measure P, and a random variable X on (5,5, P)
such that Fy(x) is the cdf of X. This argument involves measure theory, so we will avoid it.

Proof. (=) Suppose that F is a cdf. To establish (1), suppose that {x,} is an increasing
sequence of real numbers such that z,, — oo, as n — oco. Then B, = {X < z,} is an
increasing sequence of sets and

o0

lim B, = lim {X <.} = | J{X <,} = {X < o0}
n—oo n—o0 et

Therefore, using continuity of Py, we have

lim Fy(z,) = lim Py(X < ,) = Py (lim (X < xn}) = Py(X < o0) = P(S) = 1.
n—00 n—00 n—00

Because {z,} was arbitrary, we have established that lim, .. Fx(x) = 1. Showing

lim, , o, Fx(z) =0 is done similarly; just work with a decreasing sequence {x,}. To estab-

lish (2), suppose that 27 < 9. Then {X <z} C {X < x5} and by monotonicity of Px, we
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have
Fx(l‘l) = PX(X S 1‘1) S Px(X S 132) = Fx(l‘g).

Because x; and xo were arbitrary, this shows that Fx(z) is a non-decreasing function of
x. To establish (3), suppose that {z,} is a decreasing sequence of real numbers such that
Ty, — To, as n — 00. Then C,, = {X < z,,} is a decreasing sequence of sets and

i — i < - < - <
nh_}rgo C, nh_)rglo{X < z,} Q{X <z} ={X <0}

Using continuity of Px again, we have

n—oo n—oo

lim Fx(z,) = lim Px(X <=z,) = Px (hm {X < mn}) = Px(X < ) = Fx(xo).
n—oo

As xg was arbitrary, this establishes (3) and we are done. O
Example 1.20. Suppose that X is a random variable with cdf

0, <0
Fy () = { 1—e @B >0,

where § > 0. This cdf corresponds to an exponential distribution and is graphed in
Figure 1.2 (next page). It is easy to see that this function satisfies the three properties of a
cdf stated in Theorem 1.5.3. First, we have lim,, ., Fx(z) = 0, because Fx(x) =0 Vz <0,
and

lim Fx(z) = lim (1 — e %) =1 — lim e *# =1,

T—00 T—00 T—00
because e~*/# — 0, as  — 0o. Second, Fx(x) is clearly non-decreasing when 2 < 0 (it is
constant). When z > 0,

d d 1

—Fx(r) = —(1—eP)=—e P >0 Vo >0,

dx x() dx( ¢ ) B ¢ v
Therefore, Fx(x) is non-decreasing. Finally, Fix(x) is a continuous function; therefore, it is
clearly right-continuous.

Definition: A random variable is discrete if Fy(x) is a step function of x (see Example
1.19). A random variable X is continuous if Fx(z) is a continuous function of z (see
Example 1.20). A random variable X whose cdf Fx(z) contains both continuous and step
function pieces can be categorized as a mixture random variable.

Definition: Suppose X and Y are random variables defined on the same probability space
(S, B, P). We say that X and Y are identically distributed if

Px(X € B) = Py(Y € B)

for all B € B(R). We write X Ly.
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Figure 1.2: Cumulative distribution function Fy(x) in Example 1.20 when § = 2.

Note: Because (—oo, z] is a Borel set, we see that
XLV = Fy(z) = Fy(z) Vo € R,

Does this relationship go the other way? The answer is “yes,” but it is much harder to prove;
see Theorem 1.5.10 (pp 34 CB). Because of this equivalence, a random variable’s cdf Fx(z)
completely determines its distribution.

Remark: When two random variables have the same (identical) distribution, this does not
mean that they are the same random variable! That is,
XLy =4 X=Y.

For example, suppose that

S = {(HH),(HT), (TH),(TT)}

B = 2°

P = equiprobability measure; i.e., P({w}) = 1/4, for all w € S.
If X denotes the number of heads and Y denotes the number of tails, it is easy to see that X

and Y have the same distribution, that is, X < Y. However, 2 = X((HH)) # Y((HH)) =0,
for example, showing that X and Y are not everywhere equal.
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1.6 Density and Mass Functions

Review: Suppose that X is a random variable with cdf Fx(x). Recall that
Fx(z) = Px(X <x), forallzeR
and that Fx(z) completely determines the distribution of X. Recall that

X discrete <= Fx(z) is a step function

X continuous <= Fx(x) is continuous.

Remark: Suppose X is a random variable with support X. If X" is a countable set, then X
is discrete. This is an equivalent characterization to that given above. This implies that a
cdf Fx(z) can have at most a countable number of discontinuities.

Definition: The probability mass function (pmf) of a discrete random variable X is
given by
fx(xz) = Px(X =x), forall z.

Example 1.21. Suppose that X is a random variable with pmf

e
fX(x): I .93:0,1,2,...
0, otherwise,

where A > 0. This is called a Poisson distribution. Note that X = {z : 2 =10,1,2,...,}
is countable. The pmf and cdf of X is shown in Figure 1.3 when A\ = 5 (next page). An
expression for the cdf of X is

Fe)= Y el = Y0 M0

wulx wulx

In other words, the cdf Fy(x) “adds up” all probabilities less than or equal to x. Here are
some calculations:

1,—-X
Py(X =1) = fX(1):A16, = e
' Ne=r A\le™A
Px(X 1) = Fx(1) = fx(0) + fx(1) = ==+ =~ = ¢ (1 + ).

Note: In general, if X is a discrete random variable with pmf fx(x), then
Px(X€B)=) fx(x)=) Px(X=u).
zeB zeB

That is, we “add up” all probabilities corresponding to the support points x € B. Of course,
if ¢ X, then fx(z) = Px(X =2x)=0.
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Figure 1.3: Pmf (left) and cdf (right) of X ~ Poisson(A = 5) in Example 1.21.

Remark: We now transition to continuous random variables and prove an interesting fact
regarding them. Recall that the cdf of a continuous random variable is a continuous function.

Result: If X is a continuous random variable with cdf Fiy(x), then Px(X =) =0 Vz € R.
Proof. Suppose ¢ > 0 and note that {X = z} C {x —e¢ < X < x}. Therefore, by
monotonicity,

Px(X =)< Px(r—e< X <z)=Px(X<z)—Px(X <z—¢€)=Fx(x)— Fx(z —e¢).
Because Py is a probability measure, we have

0<Px(X =2 < lim[Fx(z)— Fx(z —¢)]

e—0
= Fx(x)— ll_r}éFX(m —€)
= Fx(I) - Fx(ﬂf) = 0,
because Fx(z) is continuous. Therefore, we have shown that 0 < Px(X = z) < 0. Because

€ was arbitrary, we are done. O

Remark: This result highlights the salient difference between discrete and continuous ran-
dom variables. Discrete random variables have positive probability assigned to support
points x € X'. Continuous random variables do not.

Definition: The probability density function (pdf) of a continuous random variable X
is function fx(z) that satisfies

Px(o)= [ fxtud,
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for all z € R. If fx(z) is a continuous function, then

d d [*
%Fx(x) = %/oo fx(w)du = fx(z).

This is a consequence of the Fundamental Theorem of Calculus. The support X of a
continuous random variable X is the set of all x € R such that fx(z) > 0.

Example 1.22. The random variable X has probability density function (pdf)
Ll
fx(x) = 3¢ for x € R.

(a) Find the cdf Fx(z).
(b) Find Px(X >5) and Px(—2 < X < 2).

Solution. (a) Recall that the cdf F'x(z) is defined for all x € R. Also, recall the absolute

value function
—z, <0
2| =
z, x=>0.

Case 1: For x < 0,

x x 1
Fx(x) = / fx(w)du = / ée“du
1 ,1* 1 1
= ie“ = §(e$ —0)==¢€"

Case 2: For x > 0,

Pt = [ ptuin = [ st [ gt

Summarizing, the cdf of X is

1— 56”, x> 0.

The pdf and cdf of X are shown in Figure 1.4 (next page). This is an example of a LaPlace
distribution.
(b) The desired probabilities are

1
Py(X >5)=1-Px(X <5)=1—Fx(5)=1— (1 - 56—5> ~ 0.0034
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Figure 1.4: Pdf (left) and cdf (right) of X in Example 1.22.

and
= Fx(2) — Fx(-2)
1 1
= (1 — —6_2) ——e2=1-—¢"2~~0.8647.

Remark: In the last calculation, note that we wrote
{X <2} ={X <2}U{-2< X <2}

Therefore,
Px(X < 2) = Px(X < —2) +Px(—2 <X < 2)
and, after rearranging,
= Fx(2)— Fx(-2).

Result: If X is a continuous random variable with cdf F'y(x) and pdf fx(z), then for any
a<b,
Px(a<X<b):Px(CLSX<b>:P)((a<X§b):Px(CL§X§b)

and each one equals

Fy(b) — Fy(a) = / Fe(x)da.
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Theorem 1.6.5. A function fx(z) is a pdf (pmf) of a random variable X if and only if

(a) fx(z) >0, for all z € R

(b) For a pmf or pdf, respectively,

fo(:v) =1 or /fo(x)dx =

zeR

Proof. We first prove the necessity (=). Suppose fx(z) is a pdf (pmf). For the discrete
case, fx(x) = Px(X =z) >0 and

ZfX(iE) = ZPX(X =x)=P(S) =1

For the continuous case, fx(x) = (d/dz)Fx(x) > 0, because Fx(x) is non-decreasing and

T—00

/fX )Jdr = hm ’ fx(u)du = lim Fx(x)=1.

We have proven the necessity.

Remark: Proving the sufficiency (<) is more difficult. For a function fy(x) satisfying (a)
and (b), we recall that

= Z fx(u)  (discrete case)

wulx
x) = / fx(u)du  (continuous case).

In essence, we can write both of these expressions generally as the same expression

0= | OO P (w)du

If X is discrete, then Fx(z) is an integral with respect to a counting measure; that is,
Fx(x) is the sum over all u satisfying u < z. Thus, to establish the sufficiency part, it
suffices to show that Fx(z) defined above satisfies the three cdf properties in Theorem 1.5.3
(i.e., “end behavior” limits, non-decreasing, right-continuity). We do this now. First, note
that

lim Fx(x) = lim fx(u)du

T——00 T——o00 J_

= lim [ fx(u)l(u < z)du,
R

r—r—00
where the indicator function

1, vu<z
”“S“"”):{o u>x
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is regarded as a function of u. In the last integral, note that we can take the integrand and
write
Sx(u)I(u < x) < fx(u)
for all u € R because fy(z) > 0, by assumption, and also that [, fx(z)dz = 1 < oo.
Therefore, we have “dominated” the integrand in
lim [ fx(u)l(u<z)du
T——00 R

above by a function that is integrable over R. This, by means of the Dominated Conver-
gence Theorem, allows us to interchange the limit and integral as follows:

lim [ fx(u)l(u<z)du= / fx(u) lim I(u <z)du=0.
R R

T—r—00 T——00
N

-

=0
We have shown that lim,_, ., Fx(z) = 0. Showing lim, ,, Fx(z) = 1 is done analogously
and is therefore left as an exercise. To show that Fy(x) is non-decreasing, suppose that
x1 < 9. Tt suffices to show that Fx(z1) < Fx(z3). Note that

Fy(a) = /_ Y re(w)du < _xQ Fr(u)du = Fy(za),

because fx(u) > 0, by assumption (i.e., if you integrate a non-negative function over a
“larger” set, the integral cannot decrease). Finally, to prove that Fx(z) is right-continuous,
it suffices to show that

lim Fy(z) = Fx(xg).

$—)I6‘r
Note that
lim Fx(x) = lim fx(w)du = hm fX( ) (u < x)du
=g z—=xg J —o0 z—)mo
et /fX hm I(u < z)du.
ZI)—>1’0

It is easy to see that I(u < ), now viewed as a function of z, is right-continuous. Therefore,

/fX hm Iu<z)du = /fX(u)I(u < xo)du
R

x—>xo

_ /_OO Fxe(u)du = Fx(wo).

We have shown that Fx(z) satisfies the three cdf properties in Theorem 1.5.3. Thus, we are
done. O

Remark: Asnoted on pp 37 (CB), there do exist random variables for which the relationship

0= | OO P (u)du

does not hold for any function fx(x). In a more advanced course, it is common to use the
phrase “absolutely continuous” to refer to a random variable where this relationship holds;
i.e., the random variable does, in fact, have a pdf fx(z).
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2 Transformations and Expectations

Complementary reading: Chapter 2 (CB). Sections 2.1-2.3.

2.1 Distributions of Functions of a Random Variable

Remark: Suppose that X is a random variable defined over (S, B, P), that is, X : S - R
with the property that
X' B)={weS:X(w)eB}eB

for all B € B(R). Going forward, we will rarely acknowledge explicitly the underlying
probability space (S, B, P). In essence, we will consider the probability space (R, B(R), Px)
to be the “starting point.”

Question: If X is a random variable, then so is
Y = g(X),

where g : R — R. A central question becomes this: “If I know the distribution of X, can I
find the distribution of ¥ = ¢(X)?”

Note: For any A C R in the range space of g, note that
Py(Y € A) = Px(g(X) € A) = Px(X € g~ '(4)),

where g71(A) = {z € X : g(x) € A}, the inverse image of A under g. This shows that, in
general, the distribution of Y depends on Fx (the distribution of X) and g.

Remark: In this course, we will consider g to be a real-valued function and will write
g : R — R to emphasize this. However, the function ¢ for our purposes is really a mapping
from X (the support of X) to Y, that is,

g: X =Y,
where Y = {y : y = g(z), * € X} is the support of Y.

Discrete case: Suppose that X is a discrete random variable (so that X is at most count-
able). Then Y is also a discrete random variable and the probability mass function (pmf) of
Y is

@) =P =y)=Px(gX)=y)=Px(X=g"'(y))= >  fx(a).

r€X:g(x)=y

Above, the symbol g~!(y) is understood to mean

g ' (y) ={z e X:g(x) =y},
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the inverse image of the singleton {y}. In other words, g~!(y) is the set of all x € X that
get “mapped” into y under g. If there is always only one z € X" that satisfies g(x) = y, then
g '(y) = {z}, also a singleton. This occurs when ¢ is a one-to-one function on X'

Example 2.1. Suppose that X is a discrete random variable with pmf

(n>px(1 _p)n—:E’ Tr = 07 172a w1
x

0, otherwise,

fx(z) =

where 0 < p < 1. We say that X follows a binomial distribution.

Note: As a frame of reference (for where this distribution arises), envision a sequence
of independent 0-1 “trials” (0 = failure; 1 = success), and let X denote the number of
“successes” out of these n trials. We write X ~ b(n,p). Note that the support of X is
X={z:2=0,1,2,...,n}.

Question: What is the distribution of
Y =¢g(X)=n-X7?
Note that the support of Y is given by
YV=A{y:y=g), e X} ={y:y=0,1,2,...,n}.
Also, g(z) = n — x is a one-to-one function over X (it is a linear function of x). Therefore,
y=g(r)=n-z <= z=g"'@H=n-y.
Therefore, the pmf of Y, for y = 0,1, 2,...,n, is given by

ry) =Y =y)=Px(n-X=y) = Px(X=n-y)

That is,
n
1—p)p", =0,1,2,....n
Frly) = <y)( p)'p y
0, otherwise.

We recognize this as a binomial pmf with “success probability” 1 — p. We have therefore
shown that
X ~bn,p = Y=gX)=n—-X~bn,1-p).
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Figure 2.1: A graph of g(z) = (1 —2) over X = {z : 0 < x < 1} in Example 2.2.

Continuous case: Suppose X and Y are continuous random variables, where Y = ¢g(X).
The cumulative distribution function (cdf) of Y can be written as

Fy(y) =Y <y) = Px(9(X)<y)

= / fx(z)dz,
B

where the set B = {x € & : g(x) < y}. Therefore, finding the cdf of Y is straightforward

conceptually. However, care must be taken in identifying the set B above.

Example 2.2. Suppose that X has pdf

1, O0<z<1
0, otherwise.

fx(z) :{

This is a uniform distribution with support X = {z : 0 < < 1}. We now derive the
distribution of
Y =9(X)=X(1-X).

Remark: Whenever you derive the distribution of a function of a random variable, it is
helpful to first construct the graph of g(x) over its domain; that is, over X, the support of
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X. See Figure 2.1. Doing so allows you to also determine the support of ¥ = g(X). Note
that 0 < 2 < 1= 0 < y < 3. Therefore, the support of Y is Y ={y: 0 <y < 1}.

Important: Note that, for 0 < y < i,
Y <y} ={X <2} U{X > 25},
where g7 ({y}) = {21, 22}. Therefore, for 0 <y < 1, the cdf of Y is

Fy(y) = Py(Y <y) = Px(X <a1)+ Px(X > x)

x1 1
= / ldm—i—/ ldx,
0 T2

where x; and x9 both satisfy y = g(z) = (1 —x). We can find x; and x5 using the quadratic
formula:
y=gx)=2(1-2) = —2°+z—-y=0.

The roots of this equation are

—1+ /(1) - 4(-1)(=y)
2(-1)
1 1 —4y

—+
2 2

(x1 is the root with the negative sign; x5 is the root with the positive sign). Therefore, for
0<y<i,

- 1
Fyly)=F Y <y) = /0 ldz + [Jr@ ldx
B 1_ 1—4y 1_1_ 1—4y
2 2 2 2
= 1—+/1—4y.
Summarizing,
0, y<0
F(yy=< 1-yT-1y, 0<y<3i
1, Yy > }L.

It is easy to show that this cdf satisfies the three cdf properties in Theorem 1.5.3 (i.e., “end
behavior” limits, non-decreasing, right-continuity). The probability density function (pdf)
of Y is therefore

d
_ 2R
Iy () dy y(y)
_ [20 -4yt o<y < g
N 0, otherwise.
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Figure 2.2: Pdf of X (left) and pdf of Y (right) in Example 2.2.

We can write this succinctly as
friy) =2(1—4y) 210 < y < 1/4),

where I(-) is the indicator function. In Figure 2.2, we plot the pdf of X and the pdf of Y side
by side. Doing so is instructive because it allows us to see what effect the transformation g
has on the original distribution fx(z).

Monotone transformations: In Example 2.2, we see that y = ¢g(z) = x(1 — z) is not
a one-to-one function over X = {x : 0 < z < 1}. In general, when ¥ = ¢(X) and g is
one-to-one over X', we can get the pdf of Y easily (in terms of the pdf of X).

Recall: By “one-to-one,” we mean that either (a) g is strictly increasing over X or (b) g is
strictly decreasing over X'. Summarizing,
e Strictly increasing: z1 < zo = g(z1) < g(22); if ¢ is differentiable, ¢'(z) > 0 Vo € X

e Strictly decreasing: x7 < x5 = g(x1) > g(x9); if g is differentiable, ¢'(x) < 0 Vx € X

Case 1: If g is strictly increasing, then

Fy(y)=F (Y <y) = Px(g(X)<y)
Px(X < g 'y))
= Fx(g9'(y))
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The penultimate equality results from noting that {z : g(z) <y} = {x : 2 < g7 (y)}. We
have shown that

Fy(y) = Fx(g *(y)), when g is strictly increasing.

Taking derivatives, the pdf of Y (where nonzero) is

fy(y)zd%Fy(y) - %Fx(gl(y))
= fx(g‘l(y))d%g‘l(y)
> 0

1

Recall: From calculus, recall that if g is strictly increasing (decreasing), then g~' is strictly

increasing (decreasing).

Case 2: If g is strictly decreasing, then

Fy(y) =Py (Y <y) = Px(9(X)<y)
= Px(X>g ()

= 1= Fx(g"' ().

Again, the penultimate equality results from noting that {z : g(z) <y} ={z: 2 > g '(y)}.
We have shown that

Fy(y) =1— Fx(g (y)), when g is strictly decreasing.

Taking derivatives, the pdf of Y (where nonzero) is

fy(y)zd%Fy(y) = d%[l—Fx(g‘l(y))}
= —fx(gl(y))%gl(y)-
—_———

<0
Combining both cases, we arrive at the following result.

Theorem 2.1.5. Let X have pdf fx(z) and let Y = ¢g(X), where ¢ is one-to-one over X
(the support of X). If fx(x) is continuous on X and ¢g~!(y) has a continuous derivative,
then the pdf of YV is

_ d _
o) = £xta™ ) 0™ 0)
for values of y € Y, the support of Y, fy(y) = 0, otherwise.

Remark: The quantity (d/dy)g~!(y) is sometimes called the Jacobian of the inverse trans-
formation x = g~ (y).

PAGE 39



STAT 712: CHAPTER 2 JOSHUA M. TEBBS

Example 2.3. Suppose that X ~ (0, 1); i.e., X has pdf

1, 0<z<1
fx(@) = { 0, otherwise.

For g > 0, find the pdf of
Y =¢9g(X)=—-FInX.

Solution. First, note that g(x) = —fInx is strictly decreasing over X = {z : 0 < z < 1}
because ¢'(z) = —f/x < 0 Vo € X. The support of Y is Y = {y : y > 0}. The inverse
transformation z = g~ !(y) is found as follows:

y=g(x)=—-LFlnr = —%zlnx — r=g (y) ="
The Jacobian is p p .
1) = —y/By — —y/B
—q (y) = —(e = ——e Y*.
T W) = () ==

Applying Theorem 2.1.5 directly, we have, for y > 0,

fry) = fx(gl(y))‘%gl(y)‘

- 1x le—y/ﬁ — le—y/ﬁ_

8 B
Summarizing, the pdf of YV is

l -y/B
fr(y) = 56 ’ y=>0

0, otherwise.

This is the pdf of an exponential random variable with parameter 5 > 0. We have therefore
shown that
X ~U0,1) = Y =g(X)=—-FInX ~ exponential(f3).

Example 2.4. Suppose that X is a continuous random variable with pdf

a—1_-z/
fx@)={ Tt ¢ =0

0, otherwise,

() a;O/ u* e "du
0

is called the gamma function and will be discussed later. A random variable X with pdf
fx(z) is said to follow a gamma distribution with

a — “shape parameter”

5 — “scale parameter.”
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We write X ~ gamma(a, ). We now find the distribution

Solution. First, note that g(z) = 1/x is strictly decreasing over X = {z : x > 0} because
g (r) =—1/2> <0Vzx € X. Thesupport of Yis Y = {y : y > 0}. The inverse transformation
x = g !(y) is found as follows:

The Jacobian is

dy dy \y y?

Applying Theorem 2.1.5 directly, we have, for y > 0,

fry) = fx(gl(y))'d%gl(y)‘
1 a—1

1 —1/By 1
= - e X —
['(a) B> <y> y?

1 1

— e /By
F(a)ﬁa ya-i-l
Summarizing, the pdf of YV is
1 1 1
—-1/By
—e , >0
Fr(y) =3 Tla)foyes ’
0, otherwise.

This is called the inverted gamma distribution (not surprisingly). We have shown that

X ~gamma(a, ) = Y =g(X) = % ~ 1G(a, B).

Q: What if g is not one-to-one over X7
A: We can always use the general result that

Fy(y) =P (Y <y) = Px(g(X)<y

= / fx(z)dx,
B

where B = {z € X : g(z) < y}. With an expression for the cdf Fy(y), we can then just

differentiate it to find the pdf fy(y). We already illustrated this “first principles” approach
in Example 2.2.

)

Special case: Suppose that X is a continuous random variable with cdf Fy(x) and pdf
fx(z). Consider the transformation

Y =g(X) = X%
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Note that g(z) = x? is not a one-to-one function over R. However, it is one-to-one over
X ={r:0<x <1}, for example. In general, the cdf of Y = g(X) = X? is, for y > 0,

Fy(y) =Py (Y <y) = Px(X*<y)

Therefore, the pdf of Y = X? is, for y > 0,
foly) = di;Fy(y) - d% Fx(v7) — Fx(—v)]
1 1
— $elWilg = (VD (_ﬁ>

1
NG Ix(Vy) + Fx (=)l

Remark: This is a general formula for the pdf of Y = g(X) = X?. Theorem 2.1.8 (pp 53
CB) generalizes this result.

Example 2.5. Standard normal-x? relationship. Suppose the random variable X has pdf

fx(x) = \/%612/2[@ € R).

This is the standard normal distribution; we write X ~ A/(0,1). The support of X is
X ={zr: —00 <z < oo}. Consider the transformation

Y =g(X) = X%

The support of Y is Y = {y : y > 0}. However, because Y is continuous, Py (Y = 0) = 0.
We can therefore proceed assuming that y > 0. By the last result, we have, for y > 0,

— /2
Fe(y) = —— | etz 4 L vz o L 267
2y LV2r V2 2y V27
V21 Y
Summarizing, the pdf of Y is
1 1

0, otherwise.
This is the pdf of a y? distribution with v = 1 degree of freedom. We have shown that
X ~N(0,1) = Y =g(X)=X*~xl

We will use this fact repeatedly in this course.
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Interesting: Recall that we defined the gamma function

INEY! aéo/ u® e du.
0

The gamma function satisfies certain properties (see Chapter 3). We will later show that
['(1/2) = /7. Rewriting the x? pdf, we see that, for y > 0,

1 1 _
fy(y) = Eﬁe y/2
1 1-1_—y/2

1o nY? € )
NEPE

which we recognize as a gamma(a, ) pdf with parameters & = 1/2 and § = 2. Therefore, the
X7 distribution is a special member of the gamma(c, 3) family; it is the gamma distribution
arising when o = 1/2 and = 2.

Probability Integral Transformation: Suppose that X is a continuous random variable
with cdf Fx(x). Define the random variable
Y = Fx(X).

The random variable Y ~ (0, 1), that is, the pdf and cdf of Y, respectively, are given by

0, y <0
fry) =I0<y<1l) and Fy(y)=< vy, 0<y<1
1, y>1

Proof. Suppose that Fx(z) is strictly increasing. Regardless of the support of X, the random
variable Y = Fx(X) has support Y ={y: 0 <y < 1}. The cdf of Y, for 0 <y < 1, is given
by

Fy(y) = Pr(Y <y) = Px(Fx(X) <y) = Px(X < Fi'(y)) = Fx(Fx'(y) = .

In the third equality above, we used the fact that {z : Fx(r) <y} = {z: 2 < Fy'(y)}. This
is true because Fx(x) is strictly increasing (i.e., a unique inverse exists). Therefore,

0, y <0
Fy(y)=< vy, 0<y<1
1, y>1,

proving the result. O

Remark: The Probability Integral Transformation remains true when X is continuous but
has a cdf Fx(x) that is not strictly increasing (i.e., it could have flat regions over X’). In
this situation, we just have to redefine what we mean by “inverse” over these flat regions;
see pp 54-55 (CB).

Remark: The novelty of this result is that it holds for any continuous distribution, that
is, a continuous random variable’s cdf, when viewed as random itself, follows a U(0,1)
distribution, regardless of what the random variable’s distribution actually is. This result
is useful in numerous instances, for example, in the theoretical development of probability
values used in hypothesis testing.
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2.2 Expected Values

Definition: Suppose that X is a random variable. The expected value (or mean) of X
is defined as

EX) = Z xfx(x) (discrete case)

reX

EX) = /Rxfx(a:)dx (continuous case)

Note: If E(|X]|) = +oo, then we say that “E(X) does not exist.” This occurs when the
sum (integral) above does not converge absolutely. In other words, for E(X) to exist in
the discrete case, we need > . |z|fx(x) to converge. In the continuous case, we need

fR|x\fX Jdz < o0.

Example 2.6. A discrete random variable is said to have a Poisson distribution if its
probability mass function (pmf) is given by

e
fX(x): x| y .7320,1,2,...
0, otherwise,

where A > 0. The expected value of X is

im” ix”‘wzx_l fwz Y

= e

because > A\/y! is the McLaurin series expansion of e*. Therefore, if X ~ Poisson(\),
then E(X) = \.

Example 2.7. A continuous random variable is said to have a Pareto distribution if its
probability density function (pdf) is given by

B
fx(z) = %](z > ),

where o« > 0 and S > 0. The expected value of X is
o0 50&B
E(X) = /R$fx(:v)dx = /a asﬂ“dx

= Baﬁ/ ialaz:

1 o0
= pof <_5—1 P )

B Bab 1 . 1 _ pa
- B—1\af! wl—{iloxﬁ_l =1
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provided that 3 > 1. Note that if § = 1, then E(X) = o [>7(1/z)dz, which is not finite.
Also, if 0 < 8 < 1, then the limit above becomes

1
lim —— = lim 2! % = 4+
T—00 :L'B*l T—>00

showing that E(X) does not exist either. Therefore, if X ~ Pareto(c, ), then

E(X)= %, provided that 5 > 1.
If 0 < 5 <1, then F(X) does not exist.

Functions of Random Variables: Suppose X is a random variable (discrete or continu-
ous). The expected value of g(X) is

Elg(X)] = Zg(a:)fx(az) (discrete case)
Elg(X)] = /Rg(x)fx(a:)dsn (continuous case)

Note: If E[|g(X)|] = 400, then we say that “FE[g(X)] does not exist.” This occurs when
the sum (integral) above does not converge absolutely. In other words, for Eg(X)] to exist
in the discrete case, we need ) . |g(x)|fx () to converge. In the continuous case, we need

Je l9(@)| fx (@)dz < oo.

Law of the Unconscious Statistician: Suppose X is a random variable and let Y = g(X),
g : R — R. In the continuous case, we can calculate E(Y) = E[g(X)] in two ways:

Elg(x)] = / o) fx (2)de
E(Y) = / uhy (9)dy.

where fy(y) is the pdf (pmf) of Y. If X and Y are discrete random variables, the integrals
above are simply sums. The Law of the Unconscious Statistician says that E(Y) = E[g(X)]
in the sense that if one expectation exists, so does the other and they are equal.

Example 2.8. Suppose that X ~ U(0,1), and let Y = g(X) = —In X. We will show that
E(Y) = Elg(X)]. With respect to the distribution of X,

Elg(X)|=FE(—InX) = /0 —Inx dz.

Let
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Integration by parts shows that the last integral

1 1 1
/ —lnzdxr = —xlnx’ —/ (—1)dx
0 0 Jo

= (0-0)+1=1.

To calculate E(Y), recall from Example 2.3 that Y ~ exponential(1). Therefore, fy(y) =
e YI(y > 0) and

E(Y):/O ye Ydy.

Let
u=1y du = dy

dv=e? v=—eV
Integration by parts shows that the last integral

/ ye Ydy = —ye ¥ —/ —e Ydy
0 0 0

= (0-0)+1=1.

Therefore, E(Y) = E[g(X)], as claimed.

Note: The process of taking expectations is a linear operation. For constants a and b,
E(aX +b) =aE(X)+0.

For example, in Example 2.8,

EQY —3)=2E(Y)—-3=2(1)—3=—1.

Theorem 2.2.5. Let X be a random variable and let a, b, and ¢ be constants. For any
functions ¢;(z) and go(x) whose expectations exist,

() Blagi (X) + bga(X) + ] = aBlgy (X)) + bE[ga(X)] + c.
(b) if g1(x) > 0 for all x, then E[g,(X)] > 0.

(c) if g1(z) > go(x) for all x, then E[g;(X)] > Elg2(X)].
(d) if a < gi(x) < b for all z, then a < E[g1(X)] <b.

Proof. Assume X is continuous with pdf fx(x) and support X. To prove (a), note that
Elagi(X) +bg2(X) + ¢ = /[agl(x) +bga(2) + o fx (x)dx
R

=~ a / g1(2) fx (2)do + b / 0o(2) fx () + c / fx(@)da
= al[g(X)] +bE[g(X)] +c.
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To prove (b), note that g;(z)fx(x) > 0 for all x € X'. Therefore,

/ x)dx > 0.
—

91(z) — g2(x) > O From part (b), we know
0. To prove part (d), note that

To prove (c), note that g;(z) > ga(x)
E[g1(X) — g2(X)] = E[g1(X)] = Elga(X)] =

Bl = [ (o) Z/afx dx—a/fx )z = a.

An analogous argument shows that E[g;(X)] <b

Interesting characterization: Suppose that X is a random variable and suppose E(X)

exists. Then
E(X) = argmin E[(X — b)?.

beR
Proof. Let
h(b) = E[(X — b)’] = B(X? — 2bX +b%) = E(X?) — 2bE(X) + b*,
Note that p
5 h(b) = ~2(X) + 2b L0 = b=EX).

Because (d*/db*)h(b) = 2 > 0, the solution b = F(X) is a minimizer. O

Interpretation: Suppose that you would like to predict the value of X and will use the
value b as this prediction. Therefore, the quantity X — b can be thought of as the “error”
in your prediction. Prediction errors can be positive or negative, so we could consider the
quantity (X — b)? instead because it is always non-negative. Choosing b = F(X) minimizes
the expected squared error of prediction.

Special Expectations: We list below special expectations of the form E[g(X)].

1. g(X) = X*. The expectation
Elg(X)] = B(X") =,
is called the kth moment of X.
2. g(X) = (X — pu)*, where u = E(X). The expectation
Elg(X)] = E[(X — )" =,
is called the kth central moment of X.
3. g(X) = e, where t is a constant. The expectation
Blg(X)] = E(e"") = Mx(t)

is called the moment generating function of X. Note: The function kx(t) =
In Mx(t) is called the cumulant generating function of X.
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4. g(X) =tX, where t is a constant. The expectation
Elg(X)] = E(t")
is called the factorial moment generating function of X; see pp 83 (CB).

5. g(X) = e where t is a constant and ¢ = v/—1. The expectation

Elg(X)] = B(e"¥) = ¥x(t)

is called the characteristic function of X. In this case, the function g : R — C.

2.3 Moments and Moment Generating Functions

Definition: Suppose that X is a random variable. The kth (uncentered) moment of X is
e = E(XP).
The kth central moment of X is
e = E[(X = )",

where p = E(X). Usually when talking about moments, k is a positive integer.

e The 1st moment of X is y} = E(X), which is the mean of X.

e The 2nd central moment of X is us = E[(X — p)?]. We call this the variance of X
and usually denote this by o2 or var(X). That is,

o? =var(X) = E[(X — p)?].

Remark: Note that the variance of X can be computed as

var(X) = E[(X — p)?] = E(X?—2uX + u?)
= BE(X?) —2uE(X> I
= B(X? -
E(X?) - [ (X))

This is called the variance computing formula.
Remark: Because g(z) = (x — p)? > 0 for all x € R, we know that
o? =var(X) = E[(X —p)?)] >0

by Theorem 2.2.5(b). The only time var(X) = 0 is when X = u with probability one; i.e.,
Px (X = u) = 1. In this case, the distribution of X is degenerate at u; in other words, all
of the probability associated with X is located at the single value x = p.

PAGE 48



STAT 712: CHAPTER 2 JOSHUA M. TEBBS

Definition: The positive square root of the variance of X is the standard deviation of

X, that is,
o =Vo?=/var(X).

In practice, the standard deviation o is easier to interpret because its units are the same as
those for X. The variance of X is measured in (units)?.

Example 2.9. Suppose that X ~ Poisson(\); i.e., the pmf of X is

Ae™
fX(SC): 7 y 33:0,1,2,...
0, otherwise,

where A > 0. In Example 2.6, we showed E(X) = A. We now calculate var(X). The 2nd
(uncentered) moment of X is

) > ) )\me—)\ 0 :v—le—)\
B =) o' = = A) v gy
=0 r=1
%) A\ )
= AD_(y+1) eu
y=0
— \E(Y +1),

where the random variable Y ~ Poisson(\). Therefore,
E(X*)=AEY +1)=MNEY)+1]=AA+1)
and the variance of X is
var(X) = BE(X?) — [E(X)P = AA+1) = A2 =)\
Summary: If X ~ Poisson()), then E(X) = var(X) = .
Example 2.10. Suppose that X ~ Pareto(q, §); i.e., the pdf of X is

B
fx(x) = %I(m > ),

where a > 0 and f > 0. In Example 2.7, we showed E(X) = Sa/(8 — 1), provided that
B > 1. We now calculate var(X). The 2nd (uncentered) moment of X is

E(X?%) :/Rngx(m)da: = /oon f;jﬁdx

<1
— B
= Ba /a xﬁ_ldx

1 I
==
B Bal 1 1 B Ba?
N ﬁ—2(a5—2 z—o0 P 2) B—2’
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provided that 8 > 2. If 0 < 3 < 2, then F(X?) does not exist. Therefore, the variance of X
is

)= B0 BCOF = ()

pa?
(B-1)2B-2)

Note that this formula only applies if § > 2. If 0 < f < 2, then var(X) does not exist.

Theorem 2.3.4. If X is a random variable with finite variance, i.e., var(X) < oo, then for

constants a and b,
var(aX + b) = a*var(X).

Proving this is easy; apply the variance computing formula to var(Y’), where Y = aX + b.

Remarks: Note that this formula is different than the analogous result for expected values;
ie.,

E(aX +b) =aE(X)+0.

The result for variances says that additive (location) shifts through b do not affect the
variance. Also, if @ = 0, then var(b) = 0. In other words, the variance of a constant is zero.

Definition: Suppose that X is a random variable with cdf F'y(x). The moment generat-
ing function (mgf) of X is
Mx(t) = B(e™),

provided this expectation is finite for all £ in an open neighborhood about t = 0; i.e.,
dh > 0 3 E(e!®) < oo Vt € (—h,h). If no such h > 0 exists, then the moment generating
function of X does not exist. A general expression for My (t) is

Mx(t) = E(e'*) = /Ret””dFX(m),

written as a Riemann-Stiljes integral, which is understood to mean

Mx(t) = Z e fx(z) (discrete case)

TEX

Mx(t) = /emfx(m)dac (continuous case)
R

Example 2.11. Suppose that X ~ Poisson(\); i.e., the pmf of X is

e
fX(l‘): 7 5 ZL’:O,]_,Q,...
0, otherwise,

where A > 0.
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The mgf of X is

vV tX w e
> )\ tyz t t
_ e—AZ( e _ e Apre — A =1)

Note we have used the fact that

i.e., the LHS is the McLaurin series expansion of h(t) = e**'. This expansion is valid for all
t € R. Hence, the mgf of X exists.

Example 2.12. Suppose that X ~ b(n,p); i.e., the pmf of X is

fx(z) = (Z>pm(1 -p)" 2=0,1,2,..,n

0, otherwise,

where 0 < p < 1. The mgf of X is

Mx(t) = B(e™) = ietQE(Z)px(l—p)“

B Z (n) (pe')*(1 = p)"" = (¢ + pe)",

where ¢ = 1 — p. Note that we have used the binomial expansion formula above; i.e.,

A

=0
with @ = pe! and b = ¢ = 1 — p. This expansion holds for any a and b. Therefore, the
expansion is valid for all ¢ € R. Hence, the mgf of X exists.

Example 2.13. Suppose that X ~ exponential(/); i.e., the pdf of X is
1
fila) = 5o 1 > 0)

where 5 > 0. The mgf of X is

el 1 [ (1
M () = E(e™) = / o e = / (30 gg
1 1

_ 1 —o(3-0)|”
1 ,xl,t 0
- [ ( >J
1 . —xl—t
= o (1m0
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Note that
1
lim (371 = 0 = —t>0
T—00 15}
1
lim e_x<%_t) = 400 if = —t<0.
Z—00 15}

Therefore, provided that
1
S>>0 = t< -,
5 5
the mgf of X exists and is given by
1
11—t

Note that 3h > 0 (e.g., h = 1/83) such that Mx(t) = E(e!*) < 0o Vt € (—h, h).

Mx(t)

Generalization: If X ~ gamma(a, (), then

1 “ 1
Mx(t) = (1—5t) , t < E

When a = 1, the gamma(a, 8) distribution reduces to the exponential(3) distribution. The
gamma mgf is derived on pp 63-64 (CB).

Why are mgfs useful?
Reason 1: Moment generating functions are functions that generate moments.

Theorem 2.3.7. If X is a random variable with mgf M (¢), then
B(X*) = My (0),

where

M (0) = ——Mx(t)

dtk —0

This result shows that moments of X can be found by differentiation.

Proof. Set k = 1. The mgf of X can be written generally as

My(t) = B(e") = / e dFy (x).
R
Taking the first derivative, we have

CMx(t) = o [ carx(o)

dt
; / —emdFX

_ /R e dFy (z) = B(XeX).
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Therefore,

d 0X\ __
M (1) - BE(Xe*X) = B(X).

Showing this for £ = 2,3, ..., is done similarly. O
Remark: In the argument above, we needed to assume that the interchange of the derivative

and integral (sum) is justified. When the mgf exists, this interchange is justified. See also
§2.4 (CB) for a more general discussion on this topic.

Interesting: Writing Mx(¢) in its McLaurin series expansion (i.e., a Taylor series expansion
about ¢t = 0), we see that

1) (2) (3)
M) = (o) + 00 gy MO g MO g
= 1+ E(X)t+ E(‘ZXQ)t? + E(é(3)t3 + E(QZ"‘)# 4.
= B(X*) ,
= % <k! ik

You can also convince yourself that Theorem 2.3.7 is true, that is,

k d
E(X") = %Mx(t) ;
t=0

by differentiating the RHS of M (¢) written in its expansion (and evaluating derivatives at
t = 0). This argument would not relieve you from having to justify an interchange of the
derivative; the interchange now would involve an infinite sum. As in our proof of Theorem
2.3.7, this interchange is justified provided that the mgf exists.

Example 2.14. Suppose that X ~ b(n,p); i.e., the pmf of X is
n
1—p)"™™ x=0,1,2,....n
Frlz) = (x>p (1-p)
0, otherwise,
where 0 < p < 1. In Example 2.12, we derived the mgf of X to be
Mx(t) = (q+ pe)",

where ¢ = 1 — p. Differentiating Mx (t), we have

d d
T Mx () = (g +pe')" = n(g+pe’)"pe’.
Therefore,
d
E(X) = 2 Mx(t)] = n(q+pe’)"'pe” = np.
t=0
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Discussion: In general, a random variable’s first four moments describe important physical
characteristics of its distribution.

1. E(X) = p describes the “center” of the distribution of X.

2. 0% = var(X) = E(X?) — [E(X)]? describes the “spread” or “variability” in the distri-
bution of X.
3. The skewness of X is defined as
¢ _ BlX =)
(02)3/2
and describes the “skewness” in the distribution of X (i.e., the departure from sym-
metry).
e £ =0 = fx(z)is symmetric about u
e { > 0= fx(x) is skewed right
o { <0 = fx(x) is skewed left.

4. The kurtosis of X is defined as
El(X — p)’]

SN PE)E

and describes the “peakedness” of a distribution relative to the amount of variability
in the tails of the distribution of X.

e k=3 = mesokurtic; normal distribution (as a reference)
e k> 3 = leptokurtic; fx(z) has a more acute peak around p and fatter tails

e k < 3 = platykurtic; fx(z) has a broader peak around p and thinner tails.
Remarks:
e Obviously, we need the appropriate moments to exist for these quantities to be relevant;

for example, we need E(X?) to exist to talk about a random variable’s skewness.

e If a random variable’s mgf exists, then it characterizes an infinite set of moments.
However, not all random variables have mgfs.

e Higher order moments existing implies the existence of lower order moments, as the
follow result shows.

Result: Suppose X is a random variable. If F(X™) exists, so does E(XF) for all k < m.
Proof. The kth moment of X is

B(XY) = /R TPy (x).
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To prove that E(X*) exists, it suffices to show that
B(|X|") = / [fdFy () < oo,
R

Toward this end, note that we can write

[laltaFx(e) - /| o)+ [ lalars

lz|>1

< /| AP + [ warar

lz|>1

< /R dFy(z) + /R | dFy ()
= 1+ E(X|™).

The first inequality results because |z|* < 1 whenever |z| < 1 and |z|* < |2|™ whenever
|z| > 1. The second inequality results because, in both integrals, we are integrating positive
functions over a larger region. We have shown that E(|X|¥) < 1 + E(]X|™). However,
E(X™) exists by assumption so E(|X|™) < co. Thus, we are done. O

Why are mgfs useful?
Reason 2: Moment generating functions uniquely determine a random variable’s distribu-
tion.

Theorem 2.3.11. Suppose X and Y are random variables, defined on the same probability
space (S, B, P), with moment generating functions My (¢) and My (t), respectively, which
exist. Then

Fyx(z) = Fy(z) Vo € R <= Mx(t) = My(t) Vt € (=h,h), 3h > 0.

Remarks: The practical implication of Theorem 2.3.11 is that the mgf of a random variable
completely determines its distribution. Proving the necessity (=) of Theorem 2.3.11 is easy.
Proving the sufficiency (<=) is not. Note that if X is continuous,

Mx(t) = /Ret’”dFX(x)
= /Retxfx(x)d%

is a LaPlace transform of fx(z). The sufficiency part stems from the uniqueness of LaPlace
transforms.

Recall: In Section 2.1, recall that we posed the general question:

“If I know the distribution of X, can I find the distribution of Y = ¢g(X)?”
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In the light of Theorem 2.3.11, we now have another approach on how to answer this question.
Specifically, we can derive the mgf of Y = g(X). Because mgfs are unique, the distribution
identified by this mgf must be the answer.

Example 2.15. Suppose that X ~ gamma(a, #). Find the distribution of
Y = g(X) =X,

where ¢ > 0. Recall that the mgf of X is

1 “ 1
Mx(t) = (1—515) , t < E

The mgf of YV is

My (t) = E(e™) = E(e")
= Mx(Ct)

J— 1 ¢
B (1—5023) ’

which exists for ¢t < 1/8 <=t < 1/fc. We recognize My (t) as the mgf of a gamma
distribution with shape parameter o and scale parameter Sc. Because mgfs are unique (i.e.,
they uniquely identify a distribution), it must be true that Y = ¢X ~ gamma(q, Sc).

Remark: When finding the distribution of a function of a random variable Y = g(X), we
have three ways to approach this problem:

1. CDF technique: derive Fy(y) directly; I call this the “first principles” approach

2. Transformation: requires g to be one-to-one (Theorem 2.1.5)

3. MGF technique: derive My (t) and identify the corresponding distribution.
Theorem 2.3.15. Suppose X is a random variable with mgf Mx (). For any constants a
and b, the mgf of Y = g(X) = aX + b is given by

My (t) = " My (at).
Proof. The mgf of Y is
My(t) = E(e™) = E[e*X)]

— E(ebteatX)
= B = " Mx(at). O

Example 2.16. Suppose that X has pdf

1
fX(x) — %ef(xfﬂ)2/2g2l<x c R)7
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where —0o < p < 0o and 02 > 0. A random variable with this pdf is said to have a normal
distribution with mean u and variance o2, written X ~ N(u,0?). In Chapter 3, we will
show that the mgf of X is

Mx(t) _ eut+a2t2/2.

Here, we derive the distribution of Y = ¢g(X) = aX + b, where a and b are constants. To do
this, simply note that

My (t) = " Mx(at) = bt pilat)+o?(at)? /2

6(au+b)t+a202t2/2
)

which we recognize as the mgf of a normal distribution with mean ay + b and variance a?0?.
We have therefore shown that

X ~N(p,0?) = Y =g(X)=aX+b~ N(ap+b,a’c?).

This result, which is important in its own right, is actually just a special case of a more general
result stating that linear combinations of normal random variables are also normally
distributed, a fact that we will prove more generally in Chapter 4.

Interesting relationships: The following diagram describes the relevant relationships be-
tween mgfs and their associated distributions and moments:

MGF exists ——  distribution is

determined
moments are —— 777

determined

Q: Does an infinite set of moments uniquely determine a distribution?
A: Yes, if X' is bounded. No, otherwise. That is, it is possible for two different distributions
to have the same (infinite) set of moments, as the following example shows.

Example 2.17. Suppose that X and Y have pdfs

1
fX(x) = me(lnx)2/2f<l‘>0>

fr(y) = fx(@)[l +sin2rny)].

A random variable X ~ fx(z) is said to have a lognormal distribution (actually this is
just one member of the lognormal family of distributions). For these two distributions, it is
possible to show that

EX")=EY")=¢""? forr=1,273, ...
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However, these two distributions are very different distributions; see Figure 2.3.2 (pp 65
CB). This example illustrates that even if two random variables have the same (infinite) set
of moments, they do not necessarily have the same distribution.

Interesting: Another interesting fact about the lognormal distribution in Example 2.17 is
that X has all of its moments, given by E(X") = e"/2, for r = 1,2,3, ...,. However, the mgf
of X does not exist, because

B = [T ety
0

2mx
is not finite. See Exercise 2.36 (pp 81 CB).

Why are mgfs useful?
Reason 3: Moment generating functions can help to establish convergence results.

Theorem 2.3.12. Suppose {X,} is a sequence of random variables, where X,, has mgf
Mx, (t). Suppose that
Mx, (t) — Mx(t),

as n — oo for all t € (—h,h) Fh > 0; i.e., the sequence of functions My, (t) converges
pointwise for all ¢ in an open neighborhood about ¢ = 0. Then

1. There exists a unique cdf Fx(z) whose moments are determined by Mx ().

2. The sequence of cdfs
Fx, (x) = Fx(x),

as n — oo, for all x € Cp,, the set of points x € R where Fx(-) is continuous.

In other words, convergence of mgfs implies convergence of cdfs. We write X, X , as
n — 00, and say that “X,, converges in distribution to X.”

Aside: When discussing convergence results in mathematical statistics, we will often be
asked to evaluate a limit of the form

b cn
lim [1 + -+ M} )
n—00 n n
where b and ¢ are constants (free of n) and lim,_,. g(n) = 0. A L’Hopital’s rule argument
shows that ) o
lim {1 +o —g(")} = e
n—00 n n

A special case of this result arises when g(n) =0 and ¢ = 1; i.e.,

lim (1 + E) = e,
n—o00 n
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Example 2.18. Suppose that X,, ~ b(n,p,), where np,, = X for all n. For this sequence of
random variables, we have

Mx, (t) = E(etXn) = <Qn +pnet)n

= {1+M}n,

n
where ¢, = 1 — p,,. Therefore, with b = A(e! — 1), ¢ =1, and g(n) = 0, we have

lim My, (t) = '),

n—o0

which we recognize as the mgf of a Poisson distribution with mean A. Therefore, the limiting
distribution of X, ~ b(n,p,), where np, = X for all n € N, is Poisson(\). We write

X, % X, as n — oo, where X ~ Poisson(A).

Example 2.19. Suppose that Y,, ~ gamma(n, ), where f3 is free of n, so that

1 " 1
Myn(t) = (1—Bt> , t < B

Find the limiting distribution of

Solution. The mgf of X, is

My, (t) = B(e™) = E[et(%”)}

- [rbes]
(-8

provided that t/n < 1/ <=t < n/f. Taking b = —ft, ¢ = —1, and g(n) = 0 in the general
limit result stated earlier, we see that

lim My, (t) = e”".

n—o0

The limiting mgf M (t) = € is the mgf of a degenerate random variable X with all of its
probability mass at a single point, namely, x = §. That is, the cdf of X is

We have therefore shown that X, A x , as n — 0o, where X has a degenerate distribution
at 8. In Chapter 5, we will refer to this type of convergence as “convergence in probability”
and will write X,, == 3, as n — oo.
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3 Common Families of Distributions

Complementary reading: Chapter 3 (CB). Sections 3.1-3.6.

3.1 Introduction

Definition: A parametric model (or parametric family) is a set of distributions indexed
by a finite-dimensional parameter 8 = (6;,0s, ..., 0,), where d > 1. Unless otherwise stated,
the parameter 6 is regarded as fixed (i.e., it is not random).

Example 3.1. Suppose X ~ exponential(5). Because 8 > 0, we see that a collection of
distributions emerges; i.e.,

{fx(xw) = %e‘x/ﬂl(x >0); 5> 0} )

Here, the parameter @ = 3, a scalar (d = 1). One member of this collection (i.e., family)
arises when [ = 2, for example,

1
fx(z|2) = 56’“:/2[(95 > 0).
The pdf
1
fx(x]3) = ge_x/?’l(x > 0)
corresponds to another member of this family.

Example 3.2. Suppose that X ~ N (u,0?); i.e., the pdf of X is
1

2ro

Ix (x|, 0?) = e~ (=127 (1 € R),

2 !

where —oco < pu < oo and 0? > 0. Here, the parameter @ = (u,0?) is two-dimensional
(d = 2). One very important member of the N (i, 0?) family arises when = 0 and o2 = 1.
This member is called the standard normal distribution and is denoted by A(0,1).

Remark: A common format for a first-year sequence in probability and mathematical statis-
tics (like STAT 712-713) is to accept a given parametric family of distributions as being ap-
propriate and then proceed to develop what is exclusively model-dependent, parametric
statistical inference (in contrast to nonparametric statistical inference). We therefore en-
deavor to investigate various “named” families of distributions that will be relevant for future
use (we have seen many already). We will examine families of distributions that correspond
to both discrete and continuous random variables.
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3.2 Discrete Distributions

Recall: A random variable X is discrete if its cdf Fiy(x) is a step function. An equivalent
characterization is that the support of X, denoted by X, is at most countable.

1. Discrete Uniform. A random variable is said to have a discrete uniform distribution if
its pmf is given by

1

— =1,2,..,.N
fralN) = N T b2

0, otherwise,

where N € N. Note that this distribution puts the same weight 1/N on each outcome
reX={x:x2=12,.., N} Notation: X ~ DU(1, N).

Mean/Variance: The relevant moments of X ~ DU(1, N) are

N+1
E(X) = T+
N+1)(N -1
var(X) = (V+ 1) )
12
MGF: The mgf of X ~ DU(1,N) is
Mol
Mx(t) = E(e*) = ;:1 etxﬁ
1 1 1
_ Net—i_ﬁezt_’_” | Nt

Generalization: The discrete uniform distribution can be generalized easily. The pmf of
X ~ DU(N(), Nl) is

1 _ r = NO N[) + 1,... Nl
Ny. N;) = { Ni—No+1’ ’ T
fx (2| No, N1) { 0, otherwise,

where Ny and N; are integers satisfying Ny < Nj.

2. Hypergeometric. A random variable X is said to have a hypergeometric distribution
if its pmf is given by

(2) G

= =0,1,2,... K
fx(z|N,M,K) = (]I\(’)
0, otherwise,

where N, M, K € N, M < N, K < N. The support X = {z: x =0,1,2,..., K} is appropri-
ate when K is “small” when compared to both N and M. Notation: X ~ hyper(N, K, M).
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Remark: To understand this distribution, it is easiest to conceptualize a finite population
of N objects, where the objects are classified as either of “Type I” or “Type II.”

N = population size
K = sample size
M = number of Type I objects in the population.

We sample K objects from the population at random and without replacement (SRSWOR).
The random variable X records

X = number of Type I objects in the sample (i.e., out of K).

Mean/Variance: The relevant moments of X ~ hyper(N, K, M) are

KM
N

var(X) — %(1_%) <]X[__ff)

The term (]]\[V:If ) is called the “finite population correction factor” and arises in sampling

contexts. The mgf of X ~ hyper(N, K, M) exists but not in a convenient form.

Curiosity: If the population size N — oo so that % — p € (0, 1), note that for fixed K,
E(X)— Kp and var(X)— Kp(1—p),

which are the corresponding moments of the b(n,p) distribution. Not only do the mo-
ments converge, but the hyper(N, K, M) pmf also converges to the b(n,p) pmf under the
same conditions; see Exercise 3.11 (pp 129 CB). When N is “large” (i.e., large relative to
K), probability calculations in a finite population (or when sampling without replacement)
should be “close” to those in a population viewed as infinite in size (or when sampling is
done with replacement).

Terminology: A Bernoulli trial is an experiment with two possible outcomes, where

e the outcomes can be thought of as “success” or “failure”

e p = pr(“success”) is the same for each trial.

3. Binomial. A random variable X is said to have a binomial distribution if its pmf is
given by
n

fx(xln,p) = @pz“‘p)"‘”“? r=0,1,2,..,n

0, otherwise,

where n € N and 0 < p < 1. The random variable X counts the number of “successes” in n
independent Bernoulli trials. Notation: X ~ b(n,p).
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Mean/Variance: The relevant moments of X ~ b(n,p) are

E(X) = np
var(X) = np(l—p).

MGF: The mgf of X ~ b(n,p) is
My (t) = (g +pe")", where ¢ =1—p.

Remark: When n = 1, the b(n, p) distribution reduces to the Bernoulli distribution with
pmf

_ px(l _p)li‘ra IE:O,1
fx(@lp) = { 0, otherwise.

We write X ~ Bernoulli(p).

4. Geometric. A random variable X is said to have a geometric distribution if its pmf is

given by
)a:— 1

1— =123, ..,
petelpy = { 10

otherwise,

where 0 < p < 1. Conceptualization: Suppose independent Bernoulli trials are performed.
The random variable X counts the number of trials needed to observe the 1st success. The
support of X is X = {x:x=1,2,3,...,} = N. Notation: X ~ geom(p).

Mean/Variance: The relevant moments of X ~ geom(p) are

ﬁwlg’ﬁl*—‘

where ¢ =1 — p.

MGF: The mgf of X ~ geom(p) is

My(t) = BE) =3 (L=p 'y = L3 ()

z=1
p = t\x
= = ge' )" — 1
_ b L
g \1—qget
_ _pe
1 —gqet’

for ge! <1 <=t < —1Ing.
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Memoryless Property: For integers s > ¢,
PX(X>S‘X>t):Px(X>8—t).
The geometric distribution is the only discrete distribution that has this property.

5. Negative Binomial. A random variable X is said to have a negative binomial distri-
bution if its pmf is given by

(:::—1) (1 —p)T Y142
— , T =TT T s een
fx(alr,p) = paTr
0, otherwise,

where 0 < p < 1. Conceptualization: Suppose independent Bernoulli trials are performed.
The random variable X counts the number of trials needed to observe the rth success, where
r > 1. The support of X is X ={z : 2 =r,r+ 1,7+ 2,...,}. Notation: X ~ nib(r,p).
When r = 1, the nib(r, p) distribution reduces to the geom(p) distribution. The value r is
called the waiting parameter.

Mean/Variance: The relevant moments of X ~ nib(r, p) are

’
E(X) = =
X) = 7

var(X) = r—g, where ¢ =1 — p.
D

MGPF: The mgf of X ~ nib(r,p) is

M =5 = Yo (17 o
= (pe')’ i (i : i) (get)™

_ (Y
- \1l—get)”’

for ge' <1 <=t < —Ing. That > 7 (fj) (ge")*" = (1 — ge')™" follows from the lemma
below.

LEMMA. Suppose that r is a nonnegative integer. Then

— (z—1 t\z—r ty—r
; <r_1)(qe )= (1 —qe')
Proof. Consider the function f(w) = (1 —w)~", where r is a nonnegative integer. It is easy
to show that
F/w) = (1 — w) 0+
fr(w) =r(r+1)(1 —w)~ "+
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In general, f®(w) = r(r+1)---(r + 2z —1)(1 —w)~+2) where f*)(w) denotes the zth
derivative of f with respect to w. Note that

f<z>(w)] — (1) (2 — 1),

w=0

Now, consider writing the McLaurin Series expansion of f(w); i.e., a Taylor Series expansion
of f(w) about w = 0; this expansion is given by

— /(0) —~r(r+1)- +—1)Z — (T2 1\
:ZZ:; . er (r+z :Z(rril >w.

z2=0 z2=0

Letting w = ¢e' and z = o — r proves the lemma. O

Alternative definition: Suppose independent Bernoulli trials are performed. We have
defined X ~ nib(r, p) to record

X = number of trials needed to observe the rth success.
Define the random variable Y = X — . Note that
Y = number of failures observed before the rth success.

We can derive fy(y) = fy(y|r,p) by performing a transformation for discrete random vari-
ables. First note that Y = {y : y =0,1,2,..., }. Therefore, the pmf of Y = g(X) = X —r,
fory =0,1,2, ..., is given by

) =Y =y)=Px(X-r=y) = Px(X=y+r)

= (y +;_ 1)p’"(l —p)’.

We can get the mean and variance of Y = X — r easily:

= —Tr) = —r = i —r = E

EY)=FEX —r)=FEX) p )
and rq
var(Y) = var(X —r) = var(X) = el

6. Poisson. A random variable X is said to have a Poisson distribution if its pmf is given

by
ATe=A
fX('T|A): 7! ’ x:O,]_,Q?”,
0, otherwise,

where A > 0. The support of X is ¥ = {z:2=0,1,2,...,}. Notation: X ~ Poisson(\).

Mean/Variance: The relevant moments of X ~ Poisson(\) are
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MGF: The mgf of X ~ Poisson()\) is
Mx(t) = 6)\(&71).

Conceptualization: A Poisson random variable X can be interpreted as counting the
number of “occurrences” in a unit interval of time (or space), where the occurrences arise
according to a Poisson process; see pp 135-136 (CB).

Recall: In Chapter 2, we showed that if X, ~ b(n,p,), where np, = X for all n, then
X, BN X, as n — oo, where X ~ Poisson()\). Therefore, if X,, ~ b(n,p) and n is large,

n . AT
Px, (Xn =) = (x)pm(l -p)"

9

z!

where A = np. The approximation is best when n is large (not surprising) and p is small.
See pp 94 (CB) for a numerical example.

New Result: Suppose {Y,} is a sequence of random variables, where

fel) = ("I

for y =0,1,2,...,. That is, Y, follows a negative binomial distribution, but where Y, records
the number of failures before the rth success (i.e., under our alternative definition). This
negative binomial distribution is linked to the Poisson distribution in the following way: If

r — oo and p — 1 such that (1 —p) — A > 0, then Y, N Y, where Y ~ Poisson(A). This
result can be established by first deriving My, (t), the mgf of Y;, and then showing

My, (t) — eM<"=D),
the mgf of Y. See Exercise 3.15 (pp 130 CB).

3.3 Continuous Distributions

Recall: A random variable X is continuous if its cdf Fx(x) is a continuous function.

1. Uniform. A random variable X is said to have a uniform distribution if its pdf is given
by
1

fx(xla,b) = { b—a’

0, otherwise,

a<xz<b

where —oo0 < a < b < co. Notation: X ~ U(a,b).

Mean/Variance: The relevant moments of X ~ U(a,b) are

B(X) = a—2|—b
var(X) = (bIQa)_
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MGFEF: The mgf of X ~ U(a,b) is

6bt_eat
t
Mx(t) =14 (b—a)t’ 70
1, t=0.
CDF: The cdf of X ~ U(a,b) is
0, r<a
Fx(z) = 9[::2’ a<z<b
1, x > b.

Remark: A special member of the U(a,b) family arises when a = 0 and b = 1. It is called
the “standard” uniform distribution; X ~ U(0,1).

2. Gamma. A random variable X is said to have a gamma distribution if its pdf is given

by
fx(z|la, B) = Wlwaxalex/ﬁl(x > 0),

where o > 0 and § > 0. Notation: X ~ gamma(a, 3). Recall that

a — ‘“shape parameter”

8 — “scale parameter.”

The cdf of X can not be written in closed form; i.e., it can be expressed as an integral of
fx(z|a, B), but it can not be simplified.

Gamma function: For o > 0, define the function

The gamma function satisfies certain properties:
1. I(1) =1
2. T(a+1) =al'(a)
3. T'(1/2) = /~.
Note that if « € N = {1,2,3, ..., }, then second (recursive) property implies

Na)=(a—1)!
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Mean/Variance: The relevant moments of X ~ gamma(a, ) are

E(X) = af
var(X) = af*

MGPF: The mgf of X ~ gamma(a, ) is

1 “ 1
Mx(t) = (1—515) , t < E

Connection with Poisson distribution: Suppose that we observe events according to a
Poisson process (with intensity parameter A > 0). Define

W = time until the ath event.

Then W ~ gamma(a, ), where § = 1/\.
Proof. Clearly, W is a non-negative random variable that is continuous. The cdf of W, for
w > 0, is given by

= 1 — pr({fewer than « events in [0, w]})

— 1_ZM.

= 7

Result: If X ~ Poisson(\), then X counts the number of events over a unit interval of time.
Over an interval of length w > 0, the number of events is Poisson with mean Aw.

The pdf of W, for w > 0, is given by

!

fW(w):inW(w) — et _szl )\wﬂ A ()\u.))J)\]

J/

TV
telescoping sum

_ —\w _ —w A(Aw)*
= lde - [/\ - W]

X
_ a—1_—dw
= —w* e Y,

I(a)
which is the pdf of W ~ gamma(a, 8), where 5 = 1/A. O

Integration Trick: Because the gamma(a, §) pdf integrates to one, we have

Tl et /OO 1,0/
2 e M Pdr =1 = x* e Pdr = T'(a) B°.
/0 I'(a) B 0 (@)

This result is extremely useful and will be used repeatedly.
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3. Exponential. A random variable X is said to have an exponential distribution if its pdf
is given by

fx(z|B) = %e“”/ﬂl(x > 0),

where § > 0. Notation: X ~ exponential(3). The exponential(/3) distribution is a special
case of the gamma(a, ) distribution when o = 1.

Mean/Variance: The relevant moments of X ~ exponential(/3) are

CDF: The cdf of X ~ exponential(f) is

0, <0
Fx(x) _{ 1—e®B 2>0.

Memoryless Property: For s >t > 0,
Px(X > s|X >1t) = Px(X >s—1t).
The exponential distribution is the only continuous distribution that has this property.

Recall: From our previous result relating the gamma and Poisson distributions, we see that
the exponential distribution with mean 5 = 1/\ describes the time to the first event in a
Poisson process with intensity parameter A > 0.

4. Chi-squared. A random variable X is said to have a chi-squared distribution with p
degrees of freedom if its pdf is given by

where p > 0. Notation: X ~ x2. The x; distribution is a special case of the gamma(a, ()
distribution when o = p/2 and 8 = 2. Usually, p will be an integer. The x? distribution
arises often in applied statistics.

Mean/Variance: The relevant moments of X ~ 2 are

EX) = p
var(X) = 2p.
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MGF: The mgf of X ~ Xf) is

1 \"? 1
Mx(t): (E) R t<§

5. Weibull. A random variable X is said to have a Weibull distribution if its pdf is given
by

Fx(@ly, B) = %x“e””/% > 0),

where v > 0 and 5 > 0. Notation: X ~ Weibull(v, 8). The Weibull distribution is used
extensively in engineering applications. When ~ = 1, the Weibull(y, 8) distribution reduces
to the exponential(/3) distribution.

Mean/Variance: The relevant moments of X ~ Weibull(v, 3) are

E(X) = g'T(1+1/y)
var(X) = Y7 [D(1+2/y) -T*(1+1/7)].

The mgf of X exists only when v > 1. Its form is not very useful.

6. Normal. A random variable X is said to have a normal (or Gaussian) distribution if its

pdf is given by
1

2ro

Ix (x|, 0?) = e~ @127 (1 € R),
where —oo < p < 0o and 02 > 0. Notation: X ~ N (u,0?).

Mean/Variance: The relevant moments of X ~ N'(u, 0?) are

E(X) = p
var(X) = o°

MGF: The mgf of X ~ N (u,0?) is

Mx(t) — 6ut+a'2t2/2.

Result: If X ~ N(u,0?), then

X —p
g

Z = ~ N(0,1).

Proof. We can derive the pdf of Z using a transformation; note that g(x) = (z — p)/o is
one-to-one over R, the support of X. The support of Z is also R = {z : —00 < z < o0}.
The inverse transformation z = g~'(2) is found as follows:

= x=g'(2)=0z+p.
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The Jacobian is

L) = ozt =0
Applying Theorem 2.1.5 directly, we have, for z € R,
-1 d -1 1 —(oz+pu—p)? /20
f2(2) = fx(97(2))| 729 (2)] = e X0
dz 2mo
— 1 6—22/2

This is the pdf of Z ~ N(0,1). O

Remark: We can derive E(Z) = 0 and var(Z) = 1 directly (i.e., using expected value
definitions). First,
> 1
) = ———(0—0)=0.

1 2 1 2
E(Z) = —=°/2g :__<—z/2
(2) /RZ \/27re N V2T ¢ oo Vo

Second,

1 2
E(7? :/22 — e F 2y
Z) R V2m
—_——

Note that g(z) is an even function; i.e., g(z) = g(—=z), for all z € R. This means that g(z)
is symmetric about z = 0. Therefore, the last integral

1 2 & 2 2
2 —z2/2 2 —2z%/2
zt——e dz = zf——e dz.
/]R V2T /0 V2T

Now, let u = 2?2 = du = 2zdz. The last integral equals

& 2 2 /
2 —z%/2 _ —u/2 -
2f——e dz = ue du
[ # s Vo

1
= emu/? —du
V2 / 2\/u
= Lemu/2qu,

v

Recognizing u3~'e=v/2 as the kernel of a gamma distribution with shape parameter o = 3/2
and scale parameter § = 2 (and because we are integrating over R"), the last expression

1 sy - /2 1 (3) 3/2
— w2le™ 2y = —T (= )2¥
\/27r/0 V2r \2

1 1 (1
= —T 232 =1,
V22 ()

because I'(1/2) = /7. We have shown that F(Z?) = 1. However, because E(Z) = 0, it
follows that var(Z) = E(Z?) = 1 as well.
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Note: Because
Z~N0,1) = X=0Z+p ~ N(u,o?),

it follows immediately that
E(X)=E(eZ+p) =cE(Z)+p=yp

and
var(X) = var(oZ + pu) = o*var(Z) = o>

Remaining issues:

e Showing that fz(z) integrates to 1 over R is an interesting integration exercise using
polar coordinates; see pp 103-104 (CB).

e We can show directly that if Z ~ N(0, 1), then the mgf of Z is given by

1 2 2
My(t) = E(e? :/etz—e_z Pz = et /2,
Z() ( ) " \/%

o With My(t) = ¢”/? and X = 0Z 4 1, we can use Theorem 2.3.15 to show that

My (t) = e My(ot) = etel)*/? = gnt+o*t/2,

7. Beta. A random variable X is said to have a beta distribution if its pdf is given by

Fla+8) o -1
fx(z|o, f) = ——=2" 11 —2)° 110 <z < 1),
where @ > 0 and 8 > 0. Notation: X ~ beta(a, ). Note that the support of X is
X = {x :0 <z < 1}; this is different than our other “named” distributions. The beta

distribution is useful in modeling proportions (or probabilities).

Mean/Variance: The relevant moments of X ~ beta(a, 3) are

(67

E(X) = a+p

af
(a+pB)2(a+B+1)

The mgf of X exists, but its form is usually not very helpful.

var(X) =

Remark: The pdf of X ~ beta(a, ) is sometimes displayed as

felalan§) = gzt (1= 0 <o < 1),
where T )
B(a, B) = —F((Z)+(§)) = /0 2271 —2) lda

PAGE 72



STAT 712: CHAPTER 3 JOSHUA M. TEBBS

is the beta function. Note that integrals of the form fol 7711 — 2)°~'dz can therefore be
calculated quickly (similarly to our gamma integration result).

Example 3.3. If X ~ beta(a, 3), derive E(X*), where k > 0.
Solution. By definition,

E(X") = i " 11:((2();:(?)3:”‘_1(1 z)’ldx
_ T'la+p) lxoc—&-k:—l 2V g
= Ty,
_ DHla+p)Tla+K)I(B)

C(a)T(B) T(a+ k + B)
 T(a+ ) (a+k)
 T(a)l(a+B+k)

The mean of X, for example, is

_T(@+AT(a+1)  Da+p)alla) o
P = faT a5 +1) ~T(@) (a+ A+ B) —a+h’

as claimed. To derive var(X), calculate F(X?) and use the variance computing formula.

Remark: The pdf of X ~ beta(q, ) is very flexible; i.e., the pdf fx(z|o,3) can assume
many shapes over X = {z: 0 < x < 1}. For example,

l. =0 = fx(z|a, B) is symmetric about x = 1/2

e a=0=1= X ~U(0,1)

o a=f=1= fx(z|a,B) xzz7}(1 — )7 " is “bathtub-shaped”
2. a>p = fx(z|a, ) is skewed left
3. a < f = fx(x|a, ) is skewed right.

8. Cauchy. A random variable X is said to have a Cauchy distribution if its pdf is given

by
1

mo |1+ (52)°]
where —oco < p < oo and o > 0. Notation: X ~ Cauchy(u, o). The parameters p and o
do not represent the mean and standard deviation, respectively.

fX(xLu?U): [(:CER)v

Note: When p = 0 and 0 = 1, we have Z ~ Cauchy(0, 1), which is known as the “standard”
Cauchy distribution. The pdf of Z is

fz(2) I(z € R)

B (14 22)
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and X ~ Cauchy(u,o) and Z ~ Cauchy(0, 1) are related via X = 0Z + p, similar to what
we observed in the N(u,0?) family. Note that
o 1
()
m L2 2

1 />~ 1 1
/sz(z)dz = ;/_oo : +22dz = (arctanz N

showing that f7(z) is a valid pdf.

Remark: If Z ~ Cauchy(0, 1), then E(Z) does not exist.
Proof. 1t suffices to show that E(|Z]) = +o00. Note that

R N A
—_————

= g(z), say

Note that g(z) is an even function; i.e., g(z) = g(—=z), for all z € R. This means that g(z)
is symmetric about z = 0. Therefore, the last integral

1 2 [ =z
4= = d
/R’Z‘ (1 + 22) : 7r/0 1+ 22

2 [In(1+ 2%
2

:|:+OO.D

T 0

This result implies that none of Z’s higher order moments exist; e.g., E(Z?), E(Z3), etc.
Also, because X ~ Cauchy(u, o) and Z ~ Cauchy(0, 1) are related via X = 0Z + u, none of
X’s moments exist either.

Other “named” continuous distributions: There are hundreds (thousands?) of other
“named” continuous distributions. In many ways, this should not be surprising because it
is easy to come up with a valid pdf. If A(z) is a non-negative function with domain D and
Jph(z)dz = K < oo, then fx(z) = h(x)/K is a valid pdf! Below I list some additional
named continuous distributions; see CB for pdf and moment formulae.

e Lognormal. X ~ lognormal(yu,o?), where —oco < 1 < oo and ¢? > 0. This distribu-
tion arises according to the following transformation:

X ~N(p,0?) = Y =g(X)=e* ~lognormal(u,c?).

— positive support: X = {z : z > 0}
— popular competitor to the Weibull distribution in reliability /engineering applica-
tions.

e LaPlace. X ~ LaPlace(u, o), where —oo < 1 < 0o and o > 0.

— support over R: & = {z: —o0 <z < oo}

— pdf fx(x|p,o) is symmetric about p and has heavy tails, which makes it useful
in robustness discussions

PAGE 74



STAT 712: CHAPTER 3 JOSHUA M. TEBBS

— sometimes also called the “double exponential distribution.”

e Inverted Gamma. X ~ IG(«q,3), where @ > 0 and 5 > 0. This distribution arises
according to the following transformation:

1

X ~gamma(a, ) = Y =g(X)= <~ IG(a, B).

— positive support: X = {z : z > 0}
— useful distribution to model variances in a Bayesian framework.

e Pareto. X ~ Pareto(a, ), where @ > 0 and > 0. This distribution arises according
to the following transformation:

X ~exponential(1/8) = Y = g(X) = ae® ~ Pareto(a, 3).
— support: X ={z:x > a}
— useful in economics applications; e.g., income distributions, etc.

e Logistic. X ~ Logistic(u, 3), where —co < p < oo and ¢ > 0. This distribution
arises according to the following transformation:

X ~exponential(l) = Y =g(X)=p+ Bn (e’ —1) ~ Logistic(y, 3).

— support over R: & = {z: —o0 <z < o0}
— if you take the cdf of X ~ Logistic(u, 5) and write

F
In —X(x) ,
1—-F X (SL’)
this is a linear function of z; this forms the basis for logistic regression.

Note: There are many more distributions that I will not list. Many “named” distributions
arise in CB’s exercises; look for these and do them. An excellent expository account of
probability distributions (both discrete and continuous) and distributional relationships is
given in the following paper:

e Leemis, L. and McQueston, J. (2008). Univariate distribution relationships. American

Statistician 62, 45-53.

3.4 Exponential Families

Definition: A family {fx(z|0);0 € ©} of pdfs (or pmfs) is called an exponential family
if its members can be expressed as

Fx(x]0) = h(z)c(8) exp {Z wl-(B)ti(:c)} :

for real functions h(:), ¢(-), w;(-), and ¢;(-), where
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e h(z) > 0 cannot depend on 6
e ¢(0) > 0 cannot depend on z
o wi(0),wy(0), ..., w,(0) cannot depend on z
o t1(x),ta(x), ..., t(z) cannot depend on 6.
Remark: Many families we know are exponential families; e.g., Poisson, normal, binomial,

gamma, beta, etc. However, not all families can be “put into” this form; i.e., there are
families that are not exponential families. We will see examples of some later.

Example 3.4. Suppose that X ~ Poisson(0); i.e., the pmf of X is

gre?
fx(alo) = o T=OL2e
0, otherwise,

where © = {6 : 0 > 0}. Write the support X = {z: 2 =0,1,2,..., } and the pmf as

fre—?
fx(z|0) = p I(x e X)
I
(r e X) o0 rnd
z!

= h(z)c(f)exp{wi(0)t:1(x)},

where h(z) = I(z € X)/z!, c(0) = e w(0) = In6, and t,(z) = x. Therefore, the
Poisson () family of pmfs is an exponential family with & = 1.

Example 3.5. Suppose that X ~ gamma(a, 3); i.e., the pdf of X is

1 -
= @ P T 0
fX(x‘Oéaﬂ) F(Oz)ﬁam e (33'> )7
where © = {0 = (o, 5) : @ > 0,3 > 0}. Note that the pdf of X can be written as
- I(ZL’ > O) 1 alnz —z/B
fX('x‘&aﬁ) - T F(Oé)ﬁa e e
_ Hz>0) 1 exp (ozlnx — f)
z  D(a)pe B

= h(gj)c(g) exp{w1 (O)tl (ﬁ) + w2(9)t2(x)}’

where h(z) = I(x > 0)/z, ¢(0) = [['(a)B°]7, w1(0) = a, t;(z) = Inx, we(0) = —1/, and
to(x) = x. Therefore, the gamma(«, 3) family of pdfs is an exponential family with k& = 2.

Remark: As noted earlier, some families are not exponential families. For example, suppose
that X ~ LaPlace(u, 0); i.e., the pdf of X is

1
fx(elu,0) = ——e Iz € R),
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where © = {0 = (u,0) : —00 < p < oo, o > 0}. It is not possible to put this pdf into
exponential family form (the absolute value term |xr — u| messes things up). As another
example, suppose X ~ fx(x|f), where

fx(z|0) = e’(x’e)l(x > 0),

where © = {# : —00 < 6 < oo}. The indicator function I(x > 6) = I(y,«)(x) can neither be
“absorbed” into h(x) nor into ¢(6).

Important: Anytime you have a pdf/pmf fx(z|@) where the support X depends on an
unknown parameter 0, it is not possible to put fx(z|@) into exponential family form.

Remark: In some instances, it is helpful to work with the exponential family in its canonical
representation; see pp 114 (CB). We will not highlight this parameterization.

Important: Suppose that X has pdf in the exponential family; i.e., the pdf of X can be
expressed as

Fx(x]0) = h(z)c(0) exp {Z wi(H)ti(a:)} ,

where 0 = (04,0,, ...,04)" and d = dim(0).

e When d = k, we call {fx(x]0);0 € ©} a full exponential family.

e When d < k, we call {fx(x]0);0 € ©} a curved exponential family.

Example 3.6. Suppose that X ~ gamma(q, 5); i.e., the pdf of X is

! T
NGRS

where © = {0 = (a,5) : @ > 0,8 > 0}. In Example 3.5, we showed that this was
an exponential family with d = k = 2. Therefore, the gamma(a, ) family is a full ex-

fx(zla, B) = e (x> 0),

ponential family. Now consider the gamma(a, 3) subfamily where 3 = 1/a?, that is,
X ~ gamma(a, 1/a?). The pdf of X is
1 a—1_—x a?
— ](JJ > O) &201 alnzx e—a2x
r (o)
I(z >0) a®
= %I?é(a) exp (a Inx — a2x)

= h(z)c(a) exp{wi(a)t(z) + waa)tz(z)},

where h(z) = I(z > 0)/z, c(a) = o®*/T(a), wi(a) = a, ti(z) = Inx, wy(a) = —a?, and
ty(x) = x. Therefore, the gamma(a, 1/a?) subfamily has d = 1 and k = 2. Because d < k,
the gamma(a, 1/a?) family is a curved exponential family.
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Remark: For the original gamma(c, 5) family, the parameter space is
©={0=(a,p) :a>0,5> 0}

For the gamma(a, 1/a?) subfamily, the parameter space is
1
@0:{0:(a,5)':o¢>0,ﬁ:@}.

Clearly ©y C ©. Also, note that © contains an open set in R?, but ©, does not. These
theoretical issues will be important in Chapter 6 when we study sufficient statistics (data
reduction) and completeness.

3.5 Location and Scale Families

Result: Suppose that Z is a continuous random variable with cdf Fz(z) and pdf fz(z).
Define X = 07 + pu, where —oo < p < oo and o > 0. The pdf of X can be written in terms

of the pdf of Z, specifically,
1 T —
etolmo) =212 (1)),
o o

Fx(z|p,0) = Px(X <zlp,0) = Pz(0Z+p<x)

_ PZ<Z<$;“>

_ FZ<I;M).

()
)

Fz
the last step following from the chain rule. That fx(z|u, o) is a valid pdf is easy to show.
Clearly fx(z|u, o) is non-negative because o > 0 and fz(z) is a pdf. Also,

/fXIW, diﬂ—/ fz( )dx—/fz )dz =1,

the last step following after making a z = (x — u)/o substitution. O

Proof. The cdf of X is

The pdf of X is therefore

d
fX(mllL[/70-) = %FX(Z"/L?(T) =

d
dx
Ly
Pk

Remark: In the language of location-scale families, we call fz(z) a standard pdf. With
fz(z) and the transformation X = oZ + u, we can “generate” a family of probability
distributions indexed by p and o.
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Remark: What we have just proven is essentially the sufficiency part (<) of Theorem
3.5.6 (pp 120 CB). The necessity part (=) is also true, that is, if

fx(elno) =~ f (x - “) ,

o

then there exists a random variable Z ~ f;(z) such that X = 0Z + p.
Definition: The collection of pdfs

{fx(@|p) = fz(x — p); p€R}

is called a location family generated by fz(z). The parameter p is called a location
parameter. From our previous result (taking o = 1), we have that

Z~ fr(z) = X=Z+p ~ fx(@|p)= fz(z—p).

Example 3.7. Suppose that Z ~ exponential(1); i.e., the pdf of Z is
fz(z) =e7I(z > 0).
The pdf of X = Z + p is therefore

Ix(@lp) = fz(z —p) = e U(x —p>0)
e (2 > p).

This is called a shifted exponential distribution with location parameter pu. The pdf of
any member of this family is obtained by taking f7(z) and shifting it to the left or right
depending on if © < 0 or > 0.

Definition: The collection of pdfs

{rxtelo) = 112 () o> 0}

is called a scale family generated by fz(z). The parameter o is called a scale parameter.
From our previous result (taking p = 0), we have that

Z~fr(2) = X=0Z ~ fX(x|a):§fZ (g)

Example 3.8. Suppose that X ~ N(0,0?); i.e., the pdf of X is
1

— P [(2 € R),

Fralo?) = ——

where 02 > 0. Show that the N'(0,0?) family is a scale family.
Solution. We have to identify the standard pdf fz(z) and the scale parameter o that makes

=1 ).
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Note that if we take the N'(0,1) pdf; i.e.,

—_

z) = e 21 (2
fZ() \/ﬂ ]( ER)7

then

1 x 1 1 _(Q)Q/Q x
“f (%) = = (2 er)
afZ <0) o \/27re o
1
= 27me_x2/2"2[(:v €R).

= fx(zlo?)

Thus, the AV(0,0?) family is a scale family with standard pdf fz(z) and scale parameter o.

Remark: In Example 3.8, we see that the scale parameter ¢ > 0 does, in fact, represent
the standard deviation of X. However, in general, u and o do not necessarily represent the
mean and standard deviation.

Definition: The collection of pdfs

{fxum,a) _Ly (“””‘“); LER, a>o}

o o

is called a location-scale family generated by fz(z).

Example 3.9. Suppose that X ~ Cauchy(u,o); i.e., the pdf of X is
1

o 2

o [1 + (TH) }

where —oo < p < oo and o > 0. It is easy to see that the Cauchy(u,o) family is a
location-scale family generated by the standard pdf

fx(z|p, o) = I(x € R),

fz(z) = I(z € R).

(1 + 22)
However, note that p and o do not refer to the mean and standard deviation of X ~
Cauchy(p, 0); recall that E(X) does not even exist for X ~ Cauchy(u, o). In this family, u
satisfies

o
PelX <) = [ fulalnoyds = 05
i.e., 1 is the median of X. Also, 20 = IQR(X), the interquartile range of X.

Theorem 3.5.7. Suppose that Z ~ fz(2) and let X = 0Z + p. If E(Z) and var(Z) exist,
then
E(X)=0E(Z)+p and  var(X) = o*var(2).
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Proof. The expected value of X is
B(X)=E(oZ+n) = [ (oz+n)izl2)iz
R
= o [ apaez+ [ prae)a:
R R
= oBE(Z)+ p.
Showing var(X) = o?var(Z) involves slightly more work, but is just as straightforward. O
Special case: If F(Z) =0 and var(Z) = 1, then E(X) = p and var(X) = 0.

Calculating probabilities: Suppose that Z ~ fz(z), Fz(z) and define X = 07 + pu. We
know that X has a location-scale pdf given by

fx(elno) = 1z ("” - “)

g

and

g

r—
PX(X§x|,LL,U):FX(x|,u,U):FZ( M) :

Therefore, calculating probabilities of events of the form {X < x} can be done by using the
cdf of Z, regardless of the values of p and o. This fact is often exploited in introductory
courses where Fz(2) is presented in tabular form; Z ~ N (0, 1), for example. Of course, with
computing today (e.g., R, etc.), this clumsy method of calculation is no longer necessary.

3.6 Inequalities and Identities

Remark: This section is split into two sub-sections:

e Section 3.6.1. Probability Inequalities

e Section 3.6.2. Identities (read on your own).
We will discuss only two results; other results are left as exercises. Markov’s Inequality is
actually presented in the Miscellanea section; see pp 136 (CB).

Markov’s Inequality: Suppose Y is a random variable with

e P (Y >0)=1;ie,Y is a lifetime random variable

e P (Y =0) <1;ie, Y is not degenerate at y = 0.
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For any r > 0,
EY)

Py(YZ?“)S
r

Proof. The expected value of YV is
E(Y) = / yfy(y)dy = / yfy(y)dy
0 {yy>r}

> [ ey =rPr(y 2 1).0
{y:y>r}

Chebyshev’s Inequality: Suppose X is a random variable with var(X) = 0? < oo. For

any k > 0,
1
Px(IX —p| = ko) < =k
Proof. Rewrite the event {|X — u| > ko} = {(X — p)* > k?0?}. This is justified because
| X — ul, k, and o are all non-negative. Therefore,

Pe(IX — ] > ko) = Py (X — p)? > k20?).
Now, apply Markov’s Inequality to the RHS with Y = (X — p)? and r = k%02 to get

E[(X — u)?] o2 1
2 7.2 2
Px((X —p)* > k0% < 1252 127 = 7 U

Remarks:

e Chebyshev’s Inequality can be equivalently stated as

1

e Both Markov and Chebyshev bounds can be very conservative (i.e., they can be very
crude upper/lower bounds). For example, suppose that ¥ ~ exponential(5). Using
Markov’s upper bound for Py (Y > 15) gives

E(Y

Py (Y > 15) < Q = —.

15

However, the actual probability; i.e., when calculated under the exponential(5) model

assumption, is
[0.9]

1

Py (Y > 15) = / ge_y/5dy ~ 0.0498.
15

That Markov and Chebyshev bounds are conservative in general should not be surpris-

ing. These bounds utilize very little information about the true underlying distribution.
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4 Multiple Random Variables

Complementary reading: Chapter 4 (CB). Sections 4.1-4.7.

4.1 Joint and Marginal Distributions

Definition: Let (S, B, P) be a probability space for a random experiment. Suppose that
X"YB) € Band Y'(B) € B, for all B € B(R); i.e., X and Y are both random variables
on (S,B,P). We call (X,Y) a bivariate random vector.

e When viewed as a function, (X,Y) is a mapping from (S, B, P) to (R?, B(R?), Px.y).

e Sets B € B(R?) are called (two-dimensional) Borel sets. One can characterize B(R?)
as the smallest o-algebra generated by the collection of all half-open rectangles; i.e.,

{(z1,22) : —00 < 1 < ay,—00 < T3 < ag, ay,as € R},

e Pxy is a probability measure induced by the random vector (X,Y).

Note: Generalizing this definition to n-dimensional random vectors X = (X3, Xo, ..., X,) is
straightforward and we do this in Section 4.6. In this case, X is a mapping from (5,5, P)
to (R™, B(R"™), Px) with the property that

X YB)={weS:X(w)e B} B,

for all B € B(R"). As in the univariate random variable case, the measurability condi-
tion X~1(B) € B, for all B € B(R"), suggests that events of interest like {X € B} on
(R™, B(R™), Px) can be assigned a probability in the same way that {w € S : X(w) € B}
can be assigned a probability on (S, B, P).

Example 4.1. Experiment: Toss two dice. Assume the model

S = {w:(wl,wg) Dw; € {1,2,...,6}, 221,2}
B = 2°
P = equiprobability measure; i.e., P({w}) = 1/36, for all w € S.

Define the random variables

Xi = sum; e, Xj(w) =w; + wy

X, = absolute difference; i.e., Xo(w) = w1 — wy|

and let X = (X7, X3). The bivariate random vector
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is a vector of (univariate) random variables on (S, B, P). To show how probabilities are
assigned on (R? B(R?), Py, x,), consider the (two-dimensional) Borel set B = {(5,3)} € R
Note that

XT{G3)) ={wes: X(w)=(53)} ={(1.4), (4 1)} € B

This suggests that we can write
2
PX17X2(X S B) - \PXLXE(XI =5, Xy = 32 = !D({<174>7 (47 1)}) = 90"

— -~ 36
calculated on (R2,B(R?)) calculated on (5,B)

Note: From now on, I will not emphasize probability as an induced measure (e.g., write
Py, Pxy, etc.), unless it is important to do so.

Definition: We call (X,Y) a discrete random vector if there exists a countable (support)
set A C R? such that P((X,Y) € A) = 1. The joint probability mass function (pmf) of
(X,Y) is a function fxy : R* — [0, 1] defined by

fX,Y(x7y> = P(X = J?,Y = y)

Analogous to the univariate case; i.e., as an extension of Theorem 1.6.5 (pp 36 CB), we have

(a) fxy(z,y) >0, for all (z,y) € R?

(b) ZZ(@”y)eA fxy(z,y) =1

Also, for any B € B(R?),

P(X,Y)€B)=> Y fxy(z.y).

(z,y)EB

Definition: Suppose that (X,Y) is a discrete random vector with pmf fxy(z,y), support
A C R?, and suppose g : R?> — R. Then ¢(X,Y) is a univariate random variable and its
expected value is

Elg(X, V)] =YY gl y)fxy(z,y).

(z,y)EA

This definition is analogous to the definition of mathematical expectation for univari-
ate discrete random variables. Existence issues are also identical; i.e., we need the sum
above to converge absolutely (this concern only arises when A4 is countably infinite). If
2D wyeald(®@ )| fxy(z,y) does not converge, then E[g(X,Y)] does not exist.

Remark: The expectation properties summarized in Theorem 2.2.5 (pp 57 CB) for functions
of univariate random variables also apply to functions of random vectors. Let a, b, and ¢ be
constants. For any functions ¢;(z,y) and go(z,y) whose expectations exist,

(a) Elagi(X,Y)+bg2(X,Y) 4+ ] =aF[q1(X,Y)] + bE[g2(X,Y)] + ¢
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(b) if g1(x,y) > 0 for all x,y, then E[g:(X,Y)] >0
(c) if g1(x,y) > ga(x,y) for all z,y, then Elg;(X,Y)] > E[g2(X,Y)]
<

(d) if a < gi(x,y) < b for all z,y, then a < E[g,(X,Y)] <b.

These results are also true when (X, Y) is a continuous random vector (to be defined shortly).

Marginal Distributions (Discrete case): Suppose (X,Y) is a discrete random vector with
pmf fxy(x,y). Suppose B € B(R). Note that

P(XeB)=P(XeB,YeR) = P((X,Y)eBxR)

= Z Z fxy(z,y)

(z,y)e BxR

= >3 fxxlxy).

zeB yeR

= fx(z)

We call
fx(z) = fo,y(ifay)

yeR

the marginal probability mass function (pmf) of X. Similarly, we call

fr(y) = Z fxy(z,y)

z€eR

the marginal pmf of Y. In other words, to find the marginal pmf of one random variable,
you take the joint pmf and sum over the values of the other random variable.

Example 4.2. Suppose the joint distribution of (X,Y) is described via the following con-
tingency table:
Y
0 1 2
0 01 02 02
1 03 01 0.1

The entries in the table are the joint probabilities fxy(x,y). The support of (X,Y) is

A ={(0,0),(0,1),(0,2),(1,0),(1,1),(1,2)}.

We use this joint pmf to calculate various quantities, illustrating many of the ideas we have
seen so far. For example,

P(X=1Y =1) = fxy(1,1)=0.1
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and

1

E(XY) = Y > ay fxy(z,y)

=0 y=0

= (0)(0)(0.1) + (0)(1)(0-2) + (0)(2)(0-2) + (1)(0)(0-3) + (1)(1)(0.1) + (1)(2)(0.1)
= 0.3.

The marginal pmfs of X and Y are, respectively,

fx(x) = 05I(x=0)+05I(x=1)
fry) = 04I(y=0)4+03I(y=1)+0.31(y =2).

Note that

E(X) = 05
E(Y) = 009.

These can be calculated from the marginal distributions fx(z) and fy(y), respectively, or
from using the joint distribution, for example,

E(X) = Y > =z fxy(zy)

z=0 y=0

= (0)(0.1) + (0)(0.2) + (0)(0.2) + (1)(0.3) + (1)(0.1) + (1)(0.1) = 0.5.

Definition: We call (X,Y") a continuous random vector if there exists a function fyy :
R? — R such that, for all B € B(R?),

P((X,Y)eB) = //fxy(x,y)dxdy.

B

We call fxy(z,y) a joint probability density function (pdf) of (X,Y). Analogous to
the univariate case; i.e., as an extension of Theorem 1.6.5 (pp 36 CB), we have

(a) fxy(z,y) >0, for all (z,y) € R?

(b) [ [ge fxy(z,y)dedy = 1.

Example 4.3. Suppose (X,Y) is a continuous random vector with joint pdf

fxy(z,y)=cry I(0 <y <z <1).

(a) Find the constant c.
(b) Calculate P(X —Y > 1).
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1.0

0.8

0.6

0.4

0.2

0.0
|

0.0 0.2 0.4 0.6 0.8 1.0

X

Figure 4.1: A graph of the support A = {(z,y) € R? : 0 < y < x < 1} in Example 4.3.

Solution. First, note that the two-dimensional support set identified in the indicator function
I0<y<z<l)is
A={(z,9) eR*: 0<y <z <1}

which is depicted in Figure 4.1. The joint pdf fxy(x,y) is a three-dimensional function
which is nonzero over this set (and is zero otherwise). To do part (a), we know that

//fX,Y(x,ymxdy _1

RQ

1,1 ¢
/ / cry dedy = - = 1
y=0 Ja=y 8

shows that ¢ = 8. The joint pdf of (X,Y) is therefore

Therefore, the calculation

fxy(z,y)=8zy (0 <y<xz<1).

To calculate P(X —Y > 1) in part (b), we simply integrate fx,y(z,y) over the set

1
B:{(x,y)€R2:0<y<x<1,x—y>§}.
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The boundary of the set B is determined as follows:

1 . 1
r—y== =z — .
Y73 4 8
Therefore,
1
P(X—Y>§) = //fx,y(w,y) dxdy
B

z 1
- /8 / 8zy drdy ~ 0.698.
y=0 Jo=y+3

This probability could also be calculated by interchanging the order of the integration (and
adjusting the limits) as follows:

1 z—1
/ / "8y drdy ~ 0.698,

Remark: Either way, we see that the limits on the double integral come directly from a
well-constructed picture of the support and the region over which we are integrating. When
working with joint distributions, not taking time to construct good pictures of the support
and regions of integration usually (i.e., almost always) leads to the wrong answer.

Definition: Suppose (X,Y) is a continuous random vector with pdf fxy(z,y) and suppose
g:R? - R. Then ¢g(X,Y) is a univariate random variable and its expected value is

Elg(X,Y)] ://g(x,y)fx,y(rv,y)d:rdy-

This definition is analogous to the definition of mathematical expectation for univariate
continuous random variables. Existence issues are also identical; i.e., we need the integral
above to converge absolutely. If [ [o.]9(%, y)|fx,y (2, y)dzdy is not finite, then E[g(X,Y)]
does not exist.

Example 4.4. Suppose (X,Y) is a continuous random vector with joint pdf
fxy(@,y)=8zy I(0 <y <z <1),

as in Example 4.3 (see the support A in Figure 4.1). We have

E(X2Y) = //9529 fX,Y(xay)dxdy
R2

1 1

= / / 2%y x S8xy dxdy
y=0 Ja=y

1 1 9

= / / 8z3y% dady = =.

y=0Ja=y 7
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Marginal Distributions (Continuous case): Suppose (X, Y) is a continuous random vector
with pdf fxy(x,y). Suppose B € B(R). Note that

P(XeB)=P(X€B,Y€R) = P((X,Y)€BxR)
= //fX,Y(JI;y)dxdy

BxR

— /B/fogy(x,y)dyd:c.

= fx(@)

We call
Frla) = / Py (2, y)dy
R

the marginal probability density function (pdf) of X. Similarly, we call

fY(y):/RfX,Y(xvy>d$

the marginal pdf of Y.

Main point: To find the marginal pdf of one random variable, you take the joint pdf and
integrate over the other variable.

Example 4.5. Suppose (X,Y) is a continuous random vector with joint pdf
fxy(@,y)=8zy I(0 <y <z <1),

as in Example 4.3 (see the support A in Figure 4.1). The marginal pdf of X is, for 0 < z < 1,

fx(z) = / Szy dy = 4a°.
Yy

=0

The marginal pdf of Y is, for 0 <y < 1,

1
frly) = / 8ry du = 4y(1 - y°).
a=y
Summarizing,
fx(x) =42°1(0 <z < 1) and fr(y) =4y(1 —y>)I(0 <y < 1).

These marginal pdfs are shown in Figure 4.2 (next page). Note that X has a beta distribution
with parameters &« = 4 and § = 1; i.e., X ~ beta(4,1). The random variable Y does not
have a “named” distribution but its pdf is clearly valid.
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15

1.0

f(y)

0.5

0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.2: Marginal pdf of X (left) and marginal pdf of Y (right) in Example 4.5. Note that
the marginal distribution of X is beta with parameters & = 4 and § = 1; i.e., X ~ beta(4, 1).

Extension: Suppose that in the last example, we wanted to calculate P(Y > %) We could
do this in two ways:

1. Using the marginal distribution of Y,

1 ! 9
P(Y> 5) :/y; fy(y)dy = 16

2. Using the joint distribution of (X,Y),

1 1 ! 9
PlYy>=)= -
( > 2) /y:; /H Ixy(z,y)dxdy T

Note geometrically what we are doing in each case. In (1), we are calculating the area
under fy(y) over the set B ={y:1 <y < 1}. In (2), we are calculating the volume under
fxy(z,y) over the set B={(z,y):0<y<z <1, :<y<1}

Example 4.6. Suppose (X,Y) is a continuous random vector with joint pdf
fxy(z,y) = e (x> 0,y >0).

In this problem, we find the distribution of

Z=g(X,Y)=

<>
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and calculate F(Z). First, note that the two-dimensional support set identified in the indi-
cator function I(x > 0,y > 0) is

A={(z,y) €R*:2 >0,y >0} =R" xR,
The joint pdf fxy(x,y) is a three-dimensional function which is nonzero over this set (and is

zero otherwise). Clearly, the random variable Z has positive support, say Z = {z : z > 0}.

X <
Y

P
2 //fx,ﬂ%@dxdy,
B

where the set B = {(z,y) € R? : x > 0, y > 0,
determined as follows:

Fyz)=P(Z<z) =

< z}. The boundary of the set B is

< |8
8

x
—=2z = y=-.
Y z

The double integral above becomes

oo oo e
/ / e_(”y)dydx = )
=0 Jy=x/z z+1

0, z2<0
Fz(Z> = z

Therefore, the cdf of Z is

z > 0.

The pdf of Z is

— (zjl)QI(Z > 0)

and is shown in Figure 4.3 (next page). Finally, note that

[e'S)
u=z+1 u—1
= 5— du
1 u

i.e., E(Z) does not exist.
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Figure 4.3: Pdf of Z in Example 4.6.

Definition: Suppose that (X,Y’) is a random vector (discrete or continuous). The joint
cumulative distribution function (cdf) of (X,Y) is

Fyy(z,y) = P(X <2,Y <y), forall (z,y) € R*

As in the univariate case, a random vector’s cdf completely determines its distribution. If
(X,Y) is continuous with joint pdf fxy(x,y), then

z oy
Fxy(z,y) = / / fx.y(u,v)dvdu

and 92 ( )
xy\T,y)
Gm—ay = fX,Y(xay)'

These expressions summarize how fxy(x,y) and Fxy(z,y) are related in bivariate settings.

Remark: The following material (on joint mgfs) is not covered in CB’s §4.1 but is very
useful. In addition, this material will be presented in other courses (e.g., STAT 714, etc.).

Definition: Suppose that X = (X, X3)" is a bivariate random vector (discrete or continu-
ous). The joint moment generating function (mgf) of X; and X, is

MX(t) = E(et/X) — E(6t1X1+t2X2)7
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where t = (¢1,t2)". For Mx(t) to exist, this expectation must be finite in an open neighbor-
hood about t = 0; i.e., E(elX1+2%2) < 0o Vt; € (—hy, hy) Vits € (—ha, hy) 3y > 0 Thy > 0.

Notes:

1. We may also write
Mx(t) = MX1,X2(t17 tg)

2. As with mgfs for univariate random variables, a random vector’s mgf Mx (t) uniquely
identifies the distribution of X.

3. It is easy to see that

MXl(tl) = MXLXQ(tl?O)
Mx,(t2) = Mx, x,(0,t2).

Therefore, the marginal mgfs are easily obtained from the joint mgf.

Example 4.7. Suppose X = (Xj, X3)' is a continuous random vector with joint pdf
Ixix, (21, 22) = e ™21(0 < 21 < 29 < 00).
The joint mgf of X; and X5 is
My, x,(t1,ty) = BE(eh*1t2%2)
= //e“w“t”’;{thx2 (1, 9)dx1dTy
R2

oo z2
—_ / / et1501+t2$26—1‘2 d.ﬁlﬁldl’g
x2=0 J x1=0
1

(1=t —t2)(1 —t2)’

provided that ¢; +t2 < 1 and t5 < 1. Therefore, the marginal mgf of X; is

MX1<t1) = MXI,XQ(YH,O) = 1 for t; < 1,
— 1
and the marginal mgf of X is
2
Mx,(t2) = Mx, x,(0,t2) = <1 ; ) , forty < 1.
— 12

Because mgfs are unique, we see that

X; ~ exponential(1)
Xy ~ gamma(2,1).
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Definition: Suppose that X = (X7, X3)' is a random vector. The expected value of X is

o= (50),

provided that both E(X;) and E(X5,) exist. In the last example, we see that

E(X):(;).

It is also possible to calculate F(X) using the joint mgf:

OMx(t)
_ aMX(t) _ 8t1 .
BX) = ot | OMx(t) ’
t=0 8152 t1=t2=0

i.e., F(X) is the gradient of Mx(t) evaluated at t = 0. Verify this with Example 4.7.

4.2 Conditional Distributions and Independence

Conditional Distributions (Discrete case): Suppose (X,Y) is a discrete random vector
with pmf fxy(z,y). The conditional probability mass function (pmf) of Y given X =«

1S
fxy(z,y)

) =",
frix(ylz) Fx(@)
which is defined for values of  where fx(z) > 0. In the discrete case, this definition follows
directly from the definition of conditional probability; i.e.,

frix(yle) = PY =y|X =xz)
P(X =xz,Y =y)

= I)

fX,Y(l",y)

fx(z)

Interpretation: The function fy|x(y|z) is a univariate pmf; it describes the distribution of
Y (i.e., how Y varies) when X is fixed at the value z. Similarly, the conditional pmf of X
given Y =y is

s
>

fxy(z,y)
fY(y) ’

which is defined for values of y where fy(y) > 0. This function is a univariate pmf and
describes the distribution of X (i.e., how X varies) when Y is fixed at the value y.

fxiy(zly) =
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Example 4.8. We revisit the joint pmf of (X,Y’) in Example 4.2:

Y
0 1 2
0 01 02 02
1 03 01 0.1

The conditional pmf of Y, when X =z = 0, is found as follows:

ny(0,0) 0.1 B

fy1x(0]0) ) =05 " 0.2 (for y = 0)
fx, y(O, 1) 02 _

fy1x(1]0) ) =05 = 0.4 (for y = 1)
_ fxx(0,2) 02 -

frix(2[0) = T =05 04  (fory=2)

Therefore,
Jyix(y[0) =02I(y =0) +04I(y = 1) +0.41(y = 2).

Note: Suppose B € B(R). Conditional probabilities can be calculated using conditional
pmfs as follows:

PY€BX=2) = > frxylr)

yeB

P(XeBlY =y) = > furlzly)

reB

For example, in Example 4.8,

1
P(Y <11X =0) =) fyx(yl0) =02+ 0.4 =0.6.

y=0

Conditional Distributions (Continuous case): Suppose (X,Y) is a continuous random
vector with pdf fxy(z,y). The conditional probability density function (pdf) of YV
given X = x is
fxy(z,y)
frixyle) = ———=—,
xle) = =505
which is defined for values of x where fx(z) > 0.

Interpretation: The function fy|x(y|r) is a univariate pdf; it describes the distribution of
Y (i.e., how Y varies) when X is fixed at the value x. Similarly, the conditional pdf of X

given Y =y is
fX,Y(a:ay)
fr(y) 7
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Figure 4.4: Example 4.9. Left: Conditional pdf of Y when x = 2. Right: Conditional pdf of
X when y = 5. Note that the vertical axes are different in the two figures.

which is defined for values of y where fy(y) > 0. This function is a univariate pdf and
describes the distribution of X (i.e., how X varies) when Y is fixed at the value y.

Example 4.9. In Example 4.7, we worked with the joint pdf
fxy(z,y)=e Y10 <z <y < 00).

Recall that we showed (using mgfs) that X ~ exponential(1) and Y ~ gamma(2, 1) so that
the marginal pdfs are

fx(x) = e *I(x>0)
fr(y) = yeVI(y >0).

The conditional pdf of Y given X = x is therefore

frix(ylz)

= = WAy > ).

This function describes the distribution of Y when X is fixed at > 0. In Figure 4.4 (left),
we display this conditional density when z = 2; i.e.,

frix(yle =2) = e_(y_Q)I(y > 2).
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The conditional pdf of X given Y =y is

fxp(@ly) = %&y)

YI0<z<y< 1
= O<z<y OO):—I(O<:U<y).
ye~vI(y > 0) y
This function describes the distribution of X when Y is fixed at y > 0. In Figure 4.4 (right),
we display this conditional density when y = 5; i.e.,

fxpy(zly=5) = %[(O <z <5H).

Remark: Note that Y|{X = x} has a shifted exponential distribution with location “pa-
rameter” z. Similarly, note that X|{Y =y} ~ U(0,y).

Note: Suppose B € B(R). Conditional probabilities can be calculated using conditional
pdfs as follows:

HYEBW=$)=&éhmM@@
P(XeBlY =y) = /BfX|y(x|y)d:U.

For example, in Example 4.9,

5
P(Y <5|X =2)= / e WAy =1—¢73
v

=2
and

5
1
P(X>3]Y:5):/ Sde ==,
s b 5

Note: We now formally define conditional expectation (e.g., conditional means, conditional
variances, and conditional mgfs).

Definition: Suppose (X,Y) is a continuous random vector. We define conditional expec-
tations as follows:

EMGNXZx}IQAﬂwﬁw@MMy
HMXWEW}=(AM@AYMMM-
Notes:

1. If (X,Y) is discrete, then integrals above are replaced by sums.

2. The same existence issues still remain; for example, for E[g(Y)|X = z] to exist, we
need [, [9(y)| fyix (y|2)dy < oo.
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Special case: If g(Y) =Y and h(X) = X, then
B(YVIX=2) = [ ufrxtola)dy
R

B =y) = [ afavelyde
R
These are called conditional means.

Important: Conditional expectations are always functions of the variable on which you are
conditioning. Furthermore, the use of notation for the conditioning variable is important in
describing whether a conditional expectation is a fixed quantity or a random variable.

E(Y|X =2z) <«— function of z; fixed
E(Y|X) <+— function of X; random variable

E(X|Y =y) <«— function of y; fixed
%

E(X|Y) function of Y’; random variable

Example 4.10. In Example 4.9, we worked with the joint pdf
fxy(z,y)=e Y10 <z <y<o0)
and derived the conditional pdfs to be
frix(yle) = ey > x)
frivlaly) = ~I0<2<y)

The conditional mean of Y given X = x is

EY|X=2) = /ye_(y_x)l(y > x)dy
R

= / ye~ WP dy
y=x

=" / (u+z)e "du = EU + z),
0
where U ~ exponential(1); in the last integral, note that e *I(u > 0) is the pdf of U ~
exponential(1). Therefore,
E(Y|X=2)=EU+2)=BEU)+z=14+u.

The conditional mean of X given Y =y is

1 1 [ 1 (22
EX|lY=y) =[] x-I0<z<y)dr=- rdr=—-|—=
R Y Y Ja=o y\2

This should not be surprising because X|{Y =y} ~ U(0,y).

Yy )ZQ
=0 2
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Remark: We have just calculated E(Y|X = z) = 1+ 2 and E(X|Y = y) = y/2. These
are fixed. The versions F(Y|X) =1+ X and E(X|Y) = Y/2 are random. Because E(Y|X)
and E(X|Y) are random variables, it makes sense to think about their distributions, their
means, their variances, their moment generating functions, etc.

Definition: Suppose (X,Y) is a continuous random vector. For notational purposes, let

EY|X=2) = pyix=
E(X|Y =y) = pxy—y

denote the conditional means (viewed as fixed quantities; not random). The conditional
variance of Y given X = x is

var(Y|X = z) = E[(Y — MY|X:z)2\X =7x]= /R(?J - MY|X:z)2fY|X(y’x)dy-
Similarly, the conditional variance of X given ¥ =y is
var(X|Y =y) = E[(X — MX\Y:y)2|Y =yl = /(95 - ,U/X|Y:y)2fX\Y(x|y>dx‘
R

Note that var(Y|X = z) is a function of z and var(X|Y = y) is a function of y. If (X,Y) is
discrete, then integrals are replaced by sums.

Computing Formulas (Conditional versions): Computing formulas for conditional vari-
ances are analogous to the unconditional versions:

var(Y|X =2) = BE(Y}X =2)—[BEY|X =2))?
var(X[Y =y) = E(X?|Y =y) - [B(X]Y = y).

Exercise: With the conditional distributions in Example 4.10, show that var(Y'|X =) =1
and var(X|Y = y) = y*/12.

Remark: The following material (on conditional mgfs) is not covered in CB’s §4.2 but is
very useful. This material will be presented in other courses (e.g., STAT 714, etc.).

Definition: Suppose (X,Y) is a continuous random vector. The conditional moment
generating function (mgf) of Y given X =z is

MY\X(t) = E(etY|X =)= /RetnyX@’l’)dy-

Similarly, the conditional mgf of X given Y =y is

My (t) = E(eX|Y = y) = / ¢ iy (ly)d.

Notes:

1. If (X,Y) is discrete, then integrals above are replaced by sums.
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2. As with unconditional mgfs, we need to require that the corresponding integrals (sums)
above are finite for ¢ € (—h, h) 3h > 0. Otherwise, the mgfs do not exist.

3. Conditional mgfs enjoy all of the same properties that unconditional mgfs do (e.g.,
uniqueness, useful in generating moments—now, conditional moments).
Example 4.11. Suppose that (X,Y) is a continuous random vector with joint pdf

efx/yefy

fX,Y<x7y) = TI<$ > O7y > O)

In this example, we find the conditional mgf Mx|y (t). To do this, we need to find fx)y (z|y),
the conditional pdf of X given Y = y. Recall that

fxy(z,y)
fxiy(zly) = ———,
v(ely) fr(y)
so we need to first find fy(y), the marginal pdf of Y. For y > 0,
—/ye—y © q
fr(y) = / i](x >0,y >0)dr = e_y/ —e Ny = eV,
R Y z=0 Y
=1
Therefore, the conditional pdf of X given Y =y is
—z/Y o=y
¢ ; I(z >0,y >0)
= = —e (x> 0).
fxpy (zly) e—vI(y > 0) ye (x )

That is, X|{Y = y} ~ exponential(y). Finally, the conditional mgf of X given Y =y is

1
Mxpy (t) = E(eX|]Y =y) = /]Rem ge’z/yf(x > 0)dx

1 1
= , for t < —.
I—yt (0

Now, let’s illustrate how to use Mxy (t) to “generate” conditional moments:

0 B 0
QMX\Y@) =y(l—yt)? = EX|Y =y) = gMX\Y(t) =y
t=0
0 2 -3 2 o 2
t=0

The conditional variance is therefore
var(X|Y =y) = B(X?|]Y =) — [E(X|Y =) = 2* —¢* = ¢°.

These results are expected because X|{Y = y} ~ exponential(y).
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Definition: Let (X,Y) be a random vector (discrete or continuous) with joint pmf/pdf
fxy(z,y). We say that X and Y are independent if

fxy (@, y) = fx(2)fy(y),

for all z,y € R. In other words, the joint pmf/pdf equals the product of the marginal
pmfs/pdfs. The shorthand notation “X 1L Y” means “X and Y are independent.”

Observation: Suppose that X 1l Y. The conditional pmf/pdf of Y given X = x is

_ Sxx(@y) xay [x@)fr(y)

Therefore, if X 1l Y, then for any B € B(R),
PV EBIX =2) = [ fxlylo)dy
B
= / fr(y)dy = P(Y € B).
B

In other words, knowledge that X = x does not influence how we assign probability to the
event {Y € B}. Similarly, if X 1L Y, then

fxy(zly) = fx().

Lemma 4.2.7. Suppose (X,Y) is a random vector with joint pmf/pdf fxy(z,y). The
random variables X and Y are independent if and only if there exists functions g(x) and
h(y) such that

fX,Y(xay) = g(x)h’(y)a
for all z,y € R.

Remarks:

1. The usefulness of Lemma 4.2.7 is that the functions g(z) and h(y) can be any functions
of z and y, respectively; they need not be valid pmfs/pdfs.

2. The factorization in Lemma 4.2.7 must hold for all z,y € R. This means that if A,
the support of (X,Y), involves a “constraint,” then X and Y cannot be independent.

e By “constraint,” I mean something like this:
A={(z,y) eR*:0 <z <y < oa}.

Note that the corresponding indicator function I(0 < z < y < oo) cannot be
absorbed into g(z) or h(y).
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e Therefore, for Lemma 4.2.7 to be applicable, the support set A must be a Carte-
sian product of two sets, one that depends only on x and the other that depends
only on y. For example,

A={(z,y) eR*:0<2<1,0<y<1}={rcR:2>0} x{ycR:y>0}
The corresponding indicator function /(0 < z < 1,0 < y < 1) in this case can be

written as I(0 <z < 1)I(0 <y < 1).

Proof of Lemma 4.2.7: Proving the necessity (=) is straightforward. Suppose that X 1L Y,
and take g(z) = fx(z) and h(y) = fy(y). Because

Fx(@y) "= fx(@) fr(y) = g(2)h(y),

we have shown that there do exist functions g(x) and h(y) satisfying fxy(z,y) = g(z)h(y).
Proving the sufficiency (<=) is done as follows. Suppose that the factorization holds; i.e.,
suppose that fxy(z,y) = g(x)h(y), for all x,y € R, for some functions g(z) and h(y). For
illustration, suppose that (X,Y’) is continuous. Let

/]R g(z)dr =c  and /R h(y)dy = d.

Note that

cd= [ g@ts [ 1wy = [ [ a@narts= [ [ vy =1,

RZ

because the factorization fxy(x,y) = g(z)h(y) holds by assumption. Furthermore,

o) = [ fertendy = [ gy = dola)
R R
An analogous argument shows that fy(y) = ch(y). Therefore, for all z,y € R, we have

9(x)h(y)
= dg(x)ch(y) = fx()fv(y),

showing that X 1L Y. For the discrete case, simply replace integrals with sums. O

fxy(z,y)

Example 4.12. Suppose that (X,Y) is a continuous random vector with joint pdf

1
fxy(z,y) = @ﬁy%_y—xﬂ[(x >0,y > 0).

For all x,y € R, note that we can write

1
Fry(@,y) = zoza®e™2I(z > 0) x yleVI(y > 0).
—

_ ‘g’(x) = h(y)

By Lemma 4.2.7, we have that X 1L Y.
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Theorem 4.2.10. Suppose that X and Y are independent random variables.

(a) For all A, B € B(R),
P(X e A)YeB)=P(X € AP(Y € B),
that is, {X € A} and {Y € B} are independent events.

(b) If g(x) is a function of = only and h(y) is a function of y only, then

provided that all expectations exist.

Proof. We prove part (b) first because part (a) is a special case of part (b). Suppose (X,Y)
is continuous. By definition,

Elg(X)h // y) Ixy(z,y)drdy

= / [ s@h)sx@)fv(w)dody

_ / o(@) () da / h(y) fr(y)dy = Elg(X)E[A(Y)].

If (X,Y) is discrete, simply replace integrals with sums. To prove part (a), suppose A, B €
B(R) and define

Because the expectation of an indicator function is the probability of the set that it indicates
(see next remark), we have

Elg(X)h(Y)] = EU(X € A)I(Y € B)]
= FE[I(X €AY € B)]
= P(X €AY eB)

and

Elg(XIERY)] = E[U(X € AJE[I(Y € B)]
= P(Xe AP € B).

Because A and B are arbitrary, the result follows. O

PAGE 103



STAT 712: CHAPTER 4 JOSHUA M. TEBBS

Remark: To see why expectations of indicator functions are probabilities, suppose that X
is a random variable on (S, B, P) where, for all w € S,

(1, Xw)eA
X(w) = Ia(w) = { 0, X(w)¢ A,

for A € B(R). That is, X is a binary random variable and
E(X)=1Px(X € A) +0Px(X ¢ A) = Px(X € A).
Abusing notation, this is written simply as P(A).

Theorem 4.2.12. Suppose that X and Y are independent random variables with marginal
mgfs Mx(t) and My (t), respectively. The mgf of Z = X +Y is

My (t) = Mx(t)My(t).

That is, the mgf of the sum of two independent random variables is the product of the
marginal mgfs.
Proof. The mgf of Z is

Mz(t) _ E(etZ) _ E [et(XJrY)]
— E(etXetY)
= B(E)EE)
= Mx(t)My(t). O

Remark: Theorem 4.2.12 is extremely useful. If X 1l Y, then we can easily determine the
distribution of the sum Z = X 4+ Y just by examining the mgf of Z.

Example 4.13. Suppose that X ~ Poisson(A;), Y ~ Poisson(\y), and X 1l Y. The mgf
of Z=X+Yis

Mz(t) = Mx(t)My()

eAl(et—l)ekg(et—l) — e()\l-‘r)\g)(et—l)

Y

which we recognize as the mgf of a Poisson distribution with mean A\; + Ay. Because mgfs
are unique, Z = X + Y ~ Poisson(A; + A2).

Remark: The following distributional results can also be established using the same argu-
ment as in Example 4.13. In each case, X 1L Y.

1. X ~b(ny,p), Y ~b(ng,p) = Z=X+Y ~b(ns+nag,p)
2. X ~nib(r,p), Y ~nib(rg,p) = Z=X+Y ~nib(r; + re,p)
3. X ~N(p,01), Y ~ N(pu,03) = Z=X+Y ~N(u + pa,0f + 03)

4. X ~gammal(ay, 3), Y ~ gamma(ay, ) — Z =X+Y ~ gamma(a; + oz, 3)
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Note: We finish this section with an example, three results, and a remark.

Example 4.14. Suppose that X; ~ Poisson(A;), Xs ~ Poisson()), and X; 1L X,. Find
the conditional distribution of X, given Z = X; + Xy =n, for n > 1.
Solution. The conditional pmf of X, given Z =n is, for z; =0,1,2,...,n,

P(Xi=2,7Z=
fxyz(@1|n) = —fXI}ZZ((::)’ o ( }(in n) 2
. P(Xlle,ngn—xl)
B P(Z =n)
X11X, P(X1 = l’l)P(XQ =n — IL‘l)
B P(Z =n)

)\:lv1€—>\1 )\;fole—/\z
r! (n—ay)!
(A + )\2)n€7()‘1+>‘2)
n!

. n' < )\1 )xl < )\2 >n—a:1
B xll(n—xl)! )\14‘)\2 )\1+)\2

. n )\1 o 1_ /\1 ner
- T )\1 + )\2 )\1 + /\2 .

That is, X;[{X1 + Xo =n} ~ b(n,p), where p = A1 /(A1 + A\2).

Result: Suppose that (X,Y) is a random vector (discrete or continuous) with joint cdf
Fxy(x,y). Then X and Y are independent if and only if

FX,Y(ﬂC,y) = Fx(z)Fy(y),

for all z,y € R, where Fx(z) and Fy(y) are the marginal cdfs of X and Y, respectively.
Proof. Exercise.

Result: Suppose that (X,Y) is a random vector (discrete or continuous) with joint mgf
Mx y(ti,t2). Then X and Y are independent if and only if

Mxy(t1,t2) = Mx(t1) My (t2),

for all values of t1,t; € R where these mgfs exist.
Proof. Exercise.

Result: If X and Y are independent then so are U = g(X) and V = h(Y). That is,
functions of independent random variables are also independent.
Proof. We will prove this in the next section (Theorem 4.3.5).

Remark: The first result above (dealing with cdfs) might be a better characterization
of independence than what we stated initially using pmfs/pdfs; i.e., that X and Y are
independent if and only if

fxy(x,y) = fx(z)fy(y),
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for all z,y € R. The reason for this is that fxy(z,y) = fx(x)fy(y) may not hold on a set
A C R? where P((X,Y) € A) = 0, yet, X and Y remain independent (see pp 156 CB). In
this light, it might be better to say that X and Y are independent if and only

fxy (@, y) = fx(2)fy(y),

for “almost all” z,y € R, acknowledging that this may not be true on a set of measure zero.

4.3 Bivariate Transformations

Setting: Suppose (X,Y) is a random vector with joint pmf/pdf fxy(z,y) and support
A C R2%. Define the random variables

U = gl(X,Y)
V = 92(X7Y)>

where g; : R? — R, for i = 1,2. We would like to find the joint pmf/pdf of the random
vector (U, V).

Note: From first principles, there is nothing to prevent us from deriving the cdf of (U, V).
In the continuous case,

Fyv(u,v) = PU<wu,V <o)
= P(u(X,Y) <u, g2(X,Y) <)

- /B / P (2, y)dedy,

where the set B = {(z,y) € A: ¢1(z,y) < u, go(z,y) < v}. With this, one could calculate
the joint pdf by
GQFU,V (u, U)

foy(u,v) = Oudv

Discrete case: If (X,Y) is discrete, we can calculate the joint pmf of (U, V) directly. By
definition,

fov(u,v) = PU = =)
= Plgi(X, Y) u, g2(X,Y) =)

= ZZfXYﬂU?/

(z,y)EAuw
where the set A, = {(z,y) € A: q1(x,y) = u, g2(x,y) = v}.
Notation: To match the notation of CB, we denote by

A = support of (X,Y)
B = support of (U,V).
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Note that
B ={(u,v) e R* :u=gi(x,y), v=ga(a,y), for (z,y) € A}.

The vector-valued function ¢ : R? — R? satisfying

U X g1(X,Y)
(v) =0 (3)-(05)
is a mapping from A to B; i.e., g: A— B.
Example 4.15. Suppose that X ~ b(nq,p), Y ~ b(ng,p), and X 1L Y. Define
U = g(X,Y)=X+Y

(a) Find fyv(u,v), the joint pmf of (U, V), using a bivariate transformation.
(b) Find fy(u), the marginal pmf of U.
Solution. The joint pmf of (X,Y) is

X1Y

Fev(@y) "= fx(@)fy(y)

= (Z})px(l —p)"r (22>py(1 —p)=,

A={(z,y):x=0,1,2,....,n1; y=0,1,2,...,n2}.

for values (z,y) € A, where

The support of (U, V) is

B = {(u,v) eR*:u=a+y, v=y, for (z,y) € A}
= {(u,v) €ER?*:u=0,1,2,....,0, +n9, v=0,1,2,....,n9, v < u};

note that necessarily v < u because = > 0. Now, the joint pmf of (U, V') equals

fUVUU ZZfXny

(z,y)EAuw

where the set A, = {(z,y) € A: x4+ y =u, y =v}. In this case, the set A,, consists of
just one point, the singleton {(u — v,v)}. To see why this is true, note that the system

u = qgi(z,y)=z+y
= gr,y) =y

has only one (unique) solution
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Therefore, the joint pmf of (U, V), for values of (u,v) € B, is given by

fov(u,v) = ZZ fxy(z,y)

(1'7y)€-/4uv

ny _ e N9 _
_ u—v (] _ ni—(u—v) v(1 — no—uv
(u_v>p (1-p) (U)p( p)

()

This completes part (a). To do part (b), the marginal pmf fy(u) is found by summing
fuv(u,v) over values of v € B, that is, v =0,1,2,...,u. For u =0,1,2,...,ny + ng, we have

fuolu) = ﬁf(uﬁb)(fﬁp%1_pwﬁMﬂi

v=0

()

v=0

S () = ()

this is known as Vandermonde’s Identity. Therefore,

fU(U) _ (nl Zn2>pu(1 _ p)n1+n2*u7

for u=0,1,2,...,n1 + ng, showing that U = X +Y ~ b(ny + na, p).

It can be shown that

Remark: Had we only been interested in finding the distribution of U = X + Y in this
example, note that an mgf argument would have been much easier. The mgf of U is

L ni ng __ ni—r+n2
My(t) *E" Mx(t)My (t) = (q + pe')™ (q + pe")" = (q + pe')™ ™"

which we recognize as the b(n; + ng, p) mgf. The result follows because mgfs are unique.

Continuous case: Suppose (X,Y) is a continuous random vector with joint pdf fxy(x,y)
and support A C R?. Define

U = 91<X>Y)
V = QQ(X,Y>

(v)=o(3 )= (560)

is a vector-valued mapping from A to B C R?, where

so that

B={(u,0) € R’ :u = gi(a,y), v =gala.y), for (,y) € A}:
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ie., g: A— B. In what follows, we will assume that g is a one-to-one transformation. That
is, for each (u,v) € B, there is only one (z,y) € A satisfying

u = g1(ﬂc,y)
= go(7,y).

Because g is one-to-one, we can find the inverse transformation

r = g;1<u7 U)

= g, (uv).
The Jacobian of the (inverse) transformation is defined as

A9y '(u,v) gy ' (u,v)

J = det _Ju %% ,
| o) a6, 0)
ou ov

that is, J is the determinant of this 2 x 2 matrix of partial derivatives. We will assume that
J # 0 over B. By a theorem in analysis (the Change of Variables Theorem), we are able to
conclude that the joint pdf of (U, V) is, for (u,v) € B,

fU7V(u7 U) = fX,Y(gl_l(ua U)? gz_l(ua U))|J|>
where |J| denotes the absolute value of J. Of course, if (u,v) ¢ B, then fyv(u,v) = 0.

Discussion: Let A C A and B = g(A) C B; i.e., g(A) is the image of A under the mapping
g. Because g : A — B is one-to-one, the events {(X,Y) € A} and {(U,V) € B} have the
same probability; i.e.,

P((U,V)e B)=P((X,Y) € A) = //fxy(x,y)dxdy.
A

The Change of Variables Theorem from analysis says that

[ [ txvisay = [ [ fetor .o o) ldude

A B

Therefore, for any B C B, we have

PUOYV)eB) = [ [ Festor(uv),g5 o))l Jldud.

B

This implies that the joint pdf of (U, V'), where positive, is

Jov(u,v) = fxy(gr " (u,0), g5 " (u,0))]J].
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Example 4.16. Suppose that X ~ gamma(ay, 8), Y ~ gamma(as, #), and X 1L Y. Define

U = g(X,Y)=X+Y
X

(a) Find fyv(u,v), the joint pdf of (U, V'), using a bivariate transformation.
(b) Find fy(u), the marginal pdf of U.

(c) Find fy(v), the marginal pdf of V.

Solution. First, note that the joint pdf of (X,Y") is

X1lYy
fxy(zy) "= fx(@)fr(y)
1 ) 1
— ar—=1,—z/B [ = ee—l,-y/B
T e x> 0) % e I(y >0
T ( ) Tag)po” (y > 0)
1 ~1, as—1 —(v+y)/8
= R T r I(x>0,y>0
Flanag)pare’ Y7 > 0,y>0)

and the support of (X,Y) is
A={(z,y) €eR*:2>0, y>0}.
The transformation above maps values of (z,y) € A to
B={(u,v) €eR*:u>0,0<v<1};

i.e., B is the support of (U, V). To verify the transformation is one-to-one, we show that
g(x,y) =g(z*,y*) € B= x =2* and y = y*, where

(5)=(zem)=(222),

Suppose g(z,y) = g(z*,y*). This means that both of these equations hold:

*

X . Xz

r+y=x"+vy" and

The two equations together imply that x = x*. The first equation then implies y = y*.
Hence, the transformation ¢ : A — B is one-to-one. The inverse transformation is found by
solving

u = x+vy
x
v =
r+y

for x = g;'(u,v) and y = g5 ' (u,v). Straightforward algebra shows that

()= ()~ Gte) - Gt )
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The Jacobian is

dg1 (u,v) gy H(u,v)

— v — v u — — _ — —
J = det ?u v) 692_@(“7 o |~ det l—y —y | =W u(l —v) = —u,
ou ov

which is nonzero over B. Therefore, the joint pdf of (U, V) is, for u > 0 and 0 < v < 1,
fU,V(“? U) = fX,Y(Qfl(U, U), ggl(ua U))‘J’

= fxy(uo,u(l —v))| =yl

1 ar— o1 —fuvtu(l—o
- ['(ap)T () portoz (uv)*Hu(1 — v)]o2~ e~ lwwtu-vl/B
— 1 aitaz—1, a;—1 as—1_—u/B
~ T(an)T(ag)gose VT (1 = vy e,

This completes part (a). To find the marginal pdf of U in part (b), we integrate fyy (u,v)
over 0 < v < 1; that is,

1
u>0 1 artaz—1, a;—1 as—1_—u/B
u) = yMITRT M T —v)* e dv
fotw) / [(0)T (o) o102 (1-v)

ual-i—ocz—le—u/ﬁ

1
_ a1—1 1 _ as—1
['(an)l(ag)porte LO v (L)

J/

-~

= B(Oq,ag)
utrter—le=w/8 D (a)T (o)
(o) () portez T'(aq + an)
1

B F(Oél + Oé2)6a1+oz2 uaH—aQ—le_U/Bl(u > 0)7

which we recognize as a gamma pdf with shape parameter a; + as and scale parameter f3.
That is, U = X +Y ~ gamma(a; + as, 8). This completes part (b).

Remark: Had we only been interested in finding the distribution of U = X + Y in this
example, note that an mgf argument would have been much easier. The mgf of U is

v 2 oo = (+5) (75) = ()

for t < 1/, which we recognize as the gamma(a; + a9, 5) mgf. The result follows because
mgfs are unique.

Finally, in part (c), to find the marginal pdf of V', we integrate fy,y (u,v) over u > 0; that is,
1

0<v<1 - aitas—1, a1—1 as—1_—u/B
v = U v 1—w e du
fole) L T =)

a1 1(1 )az—l /oo N L /5d
— uOél ag— e—u U
I'(an)l(ag)Borte2 J,—g

-~

= D(ar+az)po1tez

= BT e )l < v < 1),
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which we recognize as a beta pdf with parameters a; and ay. That is, V = X/(X +Y) ~
beta(a, ). This completes part (c).

Remark: In addition to deriving the marginal distributions in this example, that is,

U = X+Y ~gamma(ag + as, )

X
= X+Y ~ beta(ozl,ozg),
note that U and V' are also independent. We know this because we can write the joint pdf
1
= ortez—lya=l(] _yye-le=w/fr(y > 0,0 < v < 1
fov(u,v) F(oq)l“(ag)ﬁaﬁa?u vl —v)*® e (u>0, v<1)

a1taz—1 *U/BI >0
_ U © (u>0) x vl =) (0<v<1).

['(ap)T (ag)porte b ~
N - % = h(v)
= g(u)

We have factored the joint pdf fyy(u,v) into two expressions, one of which depends only
on u and the other which depends only on v. From Lemma 4.2.7, we know that U 1L V.
We could have also concluded this by noting that fyy(u,v) = fu(u)fv(v) for all (u,v) € B.
Clearly, g(u) and h(v) above are proportional to fy(u) and fy(v), respectively.

Remark: We now illustrate the utility of the bivariate transformation technique in a situ-
ation where only one function of X and Y is of interest.

Example 4.17. Suppose that X ~ N (0,1), Y ~ N(0,1), and X 1L Y. Find the distribu-
tion of X/Y.
Solution. First, note that the joint pdf of (X,Y) is

fx (@) fr(y)
1 e 1 o

—e
V2T V2T
e ie_(z2—"_y2)/27

27

for all (z,y) € R? i.e., the support of (X,Y) is A = R% We initially have an obvious

problem; the transformation

X1y
fX,Y(xu y) =

X
U= gl(X7 Y) = ?7

by itself, is not one-to-one; e.g., ¢1(1,1) = ¢1(2,2) = 1. A second problem is that the
transformation U = X/Y is not defined when y = 0. We deal with the second problem first.
We do this by redefining the joint pdf as

1 — (@
fry(@,y) = oe 0O,

but only for those values of (z,y) € A*, where
A" ={(z,y) eR*:z € R, y e R—{0}}.
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The joint pdf fxy(z,y) over A and the one over A* define the same probability distribution
for (X,Y") because P(A\ A*) = 0; see also pp 156 (CB). Now, to “make” the transformation
one-to-one, we define a second variable V' = ¢5(X,Y) and augment ¢;(X,Y) with it; i.e.,

U\ X\ [ aX)Y)

v ) I\ y )T gxy) )
We want to choose V' = ¢g2(X,Y') to be something “easy” and also so that g : A* — B*, say,
is one-to-one. Consider adding V' = ¢2(X,Y) =Y so that the transformation is

U = a1 (X, Y) = —
V = gX,Y)=Y.
Clearly, g is one-to-one; i.e., g(x,y) = g(x*,y*) implies that x = z* and y = y*. The support

of (U,V) is
B*={(u,v) ER*:u € R, veR~-{0}}.

The inverse transformation is found by solving

for z = gy *(u,v) and y = g5 ' (u, v). Straightforward algebra shows that
()= (0= (e )= (W)
y) % \w 92" (u,v) v

dg1 (u,v) gy (u,v)

The Jacobian is

vou
J = det 8%_@&7”) ﬁgQ_Q(vu,v) = det 0117 v(1) —u(0) = v,
ou ov

which is nonzero over B*. Therefore, the joint pdf of (U, V), for (u,v) € B*, is given by

fU,V<U'>U) = fX,Y(gl_1<U’>U)aggl(uav)ﬂ‘]’
= fxy(uv,v)[v]

_ [l g2
2w

_ ez,

Remark: If we let B = R?, then the joint pdf fyv(u,v) over B and the one over B* (as
shown above) define the same probability distribution for (U, V') because P(B \ B*) = 0.
Therefore, in what follows, we can work with fy 1 (u,v) defined over B instead.
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Recall that our original goal was to find the distribution of U = X/Y. The pdf of U, for
—0o0 < u < 00, is given by

fo(u) = /OO fov(u,v)dv
- /mtﬂeﬁ”@iﬂmk

oo 2T

To do this integral, let 02 = 1/(1 + u?) and write

00 Y oy 1 o
ot = [ et - L [ s,
- 27T _OOH_/

oo 2T
= h(v), say

Note that h(v) is an even function; i.e., h(v) = h(—v), for all v € R. This means that h(v)
is symmetric about v = 0. Therefore, the last integral

/ |v]e™/27" dy = 2/ ve 127y,
—00 0

Therefore, for —oo < u < 00,

1 (e.)
fU(u) e - 2/ U6792/202dv
0

2T
00 2
— l (_0,261)2/20'2 ) — 0_(1 _ O) — ;2’
T V0 s (1 4 u?)

which we recognize as the pdf of U ~ Cauchy(0,1). We have shown that the ratio of two
independent standard normal random variables follows a Cauchy distribution (specifically, a
“standard” Cauchy distribution).

Remark: Compare our solution to Example 4.17 with the solution provided by CB (pp
162). The authors augmented the ¢;(X,Y) = X/Y transformation with g,(X,Y) = |Y|
instead of with ¢2(X,Y) = Y as we did. Their transformation is not one-to-one, so they
“break up” A into disjoint regions over which, individually, the transformation is one-to-one;
they then apply the transformation separately over these regions.

Theorem 4.3.5. Suppose that X and Y are independent random variables (discrete or
continuous). The random variables U = g(X) and V' = h(Y") are also independent.

Remark: Theorem 4.3.5 says that functions of independent random variables are themselves
independent. In the statement above, it is assumed that g is a function of X only; similarly,
h is a function of Y only.

Proof. Assume that X and Y are jointly continuous. For any u,v € R, define the sets

A, = {ze€eR:g(x) <u}
B, = {yeR:h(y) <v}
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The joint cdf of (U, V) is

Fyy(u,v) = PU<u,V <w)
= PXe€eA,Y eB,)

*2 p(X € A)P(Y € B,),

the last step following from Theorem 4.2.10(a). Therefore, the joint pdf of (U, V) is

82
fov(u,v) = 8u81;FU’V(u’U)

82

= P(X e A,)P(Y € B,
5ugy L (X € A)P(Y € B,)
d d

= — —P(Y € A,).
duP(XeAu)l & (Y e ”),
funct;)rn of u funct?()jl of v

By Lemma 4.2.7, U and V are independent. O

4.4 Hierarchical Models and Mixture Distributions

Example 4.18. Suppose X ~ b(n,p). As a frame of reference, suppose that
X = number of germinating seeds per plot (out of n seeds).

A generalization of this model would allow p, the probability of “success,” to have its own
probability distribution. Suppose that

X|P ~ bn,P)
P~ beta(a, ),

where n is fixed and a, f§ > 0. The model in the second layer P ~ beta(a, 3) acknowledges
that the probability of success varies across plots.

Example 4.19. Consider the hierarchy

X|N ~ b(N,p)
N ~ Poisson(\),
where p is fixed and A > 0. As a frame of reference, suppose N is the number of eggs laid
(random) and X is the number of surviving offspring. This model would be applicable if

each offspring’s survival status (yes/no) is independent and p = pr(“offspring survives”) is
the same for each egg.

Remark: The models in Example 4.18 and 4.19 are called hierarchical models.
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Example 4.18 (continued). In the binomial-beta hierarchy, we now find fx (), the marginal
distribution of X.
Solution. Note that x € {0,1,2,...,n} and 0 < p < 1. The joint distribution of X and P is

fx.p(r,p) = fxip(zlp)fr(p)

- (S

n\ I'(a + 3) T+a—1 n—z+B—1
- QJFWHW%p (= py

Therefore, the marginal pmf of X, for x =0,1,2,...,n, is given by
1
fr@) = [ farGalpfeto)ds
0
L\ T« +p _ 4B
— / ( )Mpﬁa 1(1_p>n x4+ 1dp
0

e

= (n) M 119”“’1(1 —p)" T dp
(o + )

T

- (r

— \a/T(a)T(B) I'a+B+n)
This is called the beta-binomial distribution. We write X ~ beta-binomial(n, «, 5).
Q: If X ~ beta-binomial(n, «r, ), what are F(X) and var(X)?
A: From the definition,

n

EX) = Za:fx(x)

=0

_ ix(n> [(a+ B) F(a:—l—a)lj(n—vaB).

z ) T'(a)T(5) I'(a+5+n)

=0
Clearly, this is not a friendly calculation. Unfortunately, £(X?) and E(e'*) are even less
friendly.

Theorem 4.4.3. If X and Y are any two random variables, then
E(X) = E[E(X]Y)],
provided that all expectations exist.

Remark: The result in Theorem 4.4.3 is called the iterated rule for expectations. Before
we prove this result, it is important to note that there are really three different expectations
here:

E(X) — refers to the marginal distribution of X
E(X|Y) — refers to the conditional distribution of X|Y
E[E(X]|Y)] — calculated using the marginal distribution of Y.
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Recall that E(X|Y) is a function of Y, say g(Y).

Proof. Suppose (X,Y) is continuous with joint pdf fxy(z,y). The LHS is

EX) = \//iL‘fX,y(l‘,y)dl‘dy

- / / © Fxy () f (y)dady

_ /RURfoY(ﬂy)dx} fr(y)dy

-

E(X]Y=y)

- / E(X|Y = y)fy (y)dy = E[E(X|Y)).

The discrete case is proven by replacing integrals with sums. O

Illustration: Let’s return to our binomial-beta hierarchy in Example 4.18, that is,

X|P ~ b(n,P)
P~ beta(a, B).

The mean of X is

E(X) = E[E(X|P)] = E(nP) = nE(P) =n (a i 5) .

Remark: This example illustrates an important lesson when finding expected values. In
some problems, it is difficult to calculate E(X) directly (i.e., using the marginal distribution
of X). By judicious use of conditioning, the calculation becomes much easier.

Definition: A random variable X has a mixture distribution if the distribution of X
depends on a quantity that also has a distribution.

Remark: We can classify the beta-binomial distribution as a mixture distribution because
it arises from the hierarchy

X|P ~ b(n,P)
P~ beta(a, 3).

In general, we can write the beta-binomial pmf as

1
@) = [ Fantalo) fr(p)ap
0
i.e., fx(x) can be thought of as an “average” of values of fx|p(z|p). The pdf fp(p) is called

a mixing distribution. In the Example 4.19 hierarchy

XN~ b(N,p)
N ~ Poisson(\),
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Casella and Berger (pp 163) show that, for z = 0,1,2, ...,
fx(@) = Y fan(eln)fx(n)
n=0

2 (1 — p)®
> () -mre X

n=x

(Ap)Te
x! '

In this example, the Poisson pmf fy(n) is the mixing distribution and, marginally, X ~
Poisson(Ap). Note that \p = E(X) = E[E(X|N)].

Example 4.20. Non-central x? distribution. Consider the hierarchy
X |Y ~ X12>+2Y
Y ~ Poisson(\),
where p > 0 and A > 0. The conditional pdf of X given Y =y is

1

STt e e >0
g TY)ez

fxyy(zly) =

Therefore, the marginal pdf of X, for x > 0, is given by
fx@) =Y fxy(zy) = Y fay(@y)fry)
y=0 y=0

00 -\
L e (R0

ZoT(g 1 y)25 /

This is called the non-central x? distribution with p degrees of freedom and non-centrality
parameter A > 0, written X ~ XZ()\). The non-central x? distribution can be thought of as
a mixture distribution; it is essentially an infinite weighted average of (central) x? densities
where the mixing distribution is Poisson()). If A = 0, the non-central x2()) distribution
reduces to our “usual” central X% distribution.

Note: To find E(X), we could calculate

* 0o | . Mg
E(X) = / xfx(z)dx :/ x S E—, A (—) dx.
(0= | wfx@yda= | Z TR "

Alternatively, we could simply calculate
EX)=FEEX|Y)=E(Pp+2Y)=p+2X

using the iterated rule for expectations.
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Theorem 4.4.7. If X and Y are any two random variables, then
var(X) = Elvar(X|Y)] + var[E(X]|Y)],
provided that all expectations exist.

Remark: The result in Theorem 4.4.7 is called the iterated rule for variances. It is also
known (informally) as “Adam’s Rule.”

Proof. First, note that
Epvar(X[Y)] = E{E(X?|Y) - [E(X|Y)]P}
= BE(X?Y)] - E{[B(X|Y)]*}
= B(X*) - B{[EX|Y)]}.
Second, note that
var[E(X|Y)] = E{[E(X|Y)]?
E{[E(X[Y)]?

{E[E(X]Y)]}

} _
} - [BX))
Combining these two equations completes the proof. O

Example 4.21. Calculate var(X) if X ~ x2()).
Solution. Use the fact that X is a mixture random variable arising from the hierarchy

XY ~ X12;+2Y
Y ~ Poisson(\).

Note that

Efvar(X[Y)] = E[2(p+2Y)] = 2p+ 4\
var[E(X|Y)] = var(p+2Y) =4\

Therefore,

var(X) = FE[var(X|Y)] + var[E(X|Y)]
— 2p 4\t 4N
2p + 8.

Example 4.22. Find the moment generating function of X ~ x2(X).
Solution. We again exploit the hierarchy

XY ~ X123+2Y
Y ~ Poisson(\).

The mgf of X is given by
Mx(t) = E(e'*) = E[E(e"|Y)].
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Because X|Y ~ X2y, we know that

tXY 1 §+Y f 1
E(e"| )_<1—2t> : ort<§.

Note that this is the (conditional) mgf of X given Y. Therefore,

(1_1215)%/] |

The last expectation is an expectation taken with respect to the marginal distribution of Y.
Because Y ~ Poisson()\), we have

( 1 )’2’+Y] i ( 1 >§+y A\Ve A
1—2 o \1T-2 Y
1OV ()
A 12
- (1 - 2t) 2

y!

Mx(t) = E[E(™]Y)] = E

Mx(t) = E

This is the mgf of X ~ x2(\), valid for t < 1/2.

Exercise: If X ~ AN (u,1), show that Y = X? ~ x?()\), where A = p?/2. Hint: Derive the
mgf of Y.

4.5 Covariance and Correlation

Setting: We have two random variables X and Y with finite means and variances. Denote

by

E(X) = pux var(X) = 0% < 00
E(Y)=pny var(Y) = o3 < oo0.

Definitions: The covariance of X and Y is
cov(X,Y) = oxy = E[(X — pux)(Y — py)].

The correlation of X and Y is

XY
corr(X,Y) = pxy = %.
X0y
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Notes:
1. Both oxy and pxy are real numbers. Specifically,
— 0 < oxy < 0O

and
—1<pxy <L

2. Both oxy and pxy describe the strength and direction of the linear relationship
between X and Y. Values of pxy = £1 indicate a perfect linear relationship.

Theorem 4.5.3. For any two random variables X and Y,
cov(X,Y)=FE(XY)—- EX)E(Y).

This is called the covariance computing formula.
Proof. From the definition,

cov(X,Y) = E[(X —pux)(Y — py)]

Discoveries: It is easy to establish each of the following results:

1. cov(X,Y) = cov(Y, X)
2. cov(X, X) = var(X)

3. cov(a, X) = 0, for any constant a € R.

Theorem 4.5.5. If X 1L Y, then cov(X,Y) = 0.
Proof. If X 1L Y, then E(XY) = E(X)E(Y) by Theorem 4.2.10(b). O

Remark: The converse of Theorem 4.5.5 is not true in general. That is,
cov(X,Y)=0 =5 X 1LY
Counterexample: X ~ N(0,1) and Y = X?. Note that
B(XY) = E(X*) = B[(X - 0)%],
which is the numerator of £, the skewness of X. Because the normal pdf is symmetric,

¢ = 0. Therefore, E(XY) = E(X?3) =0. Also, F(X)=0and E(Y) =1, so cov(X,Y) = 0.
However, clearly X and Y are not independent. They are perfectly related (just not linearly).
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Theorem 4.5.6. If X and Y are any two random variables and a and b are constants, then
var(aX + bY) = a*var(X) + b*var(Y) + 2ab cov(X,Y).

Proof. Apply the variance computing formula var(W) = E(W?) — [E(W)]?, with W =
aX +bY. O

Note: The following are commonly-seen special cases of Theorem 4.5.6:

ea=b=1:
var(X +Y) = var(X) + var(Y) + 2cov(X,Y)

ea=10b0=-1:
var(X —Y) = var(X) 4+ var(Y) — 2cov(X,Y)
e X LY,a=1,b=+1:
var(X +£Y) = var(X) + var(Y).

Theorem 4.5.7. For any two random variables X and Y,
(a) =1 < pxy <1
(b) |pxy| =1 if and only if there exists constants a,b € R, a # 0, such that
PY =aX +b) =1,
i.e., Y = aX + b with probability 1 (“almost surely”).
Proof. Define the function
h(t) = B{[(X — px)t+ (Y — my)]*}.
Note first that h(t) > 0 for all ¢ € R. Expanding the square and taking expectations,
h(t) = (Tg(tQ + 2cov(X, Y)t + 032/,

a quadratic function of ¢. Because non-negative quadratic functions can have at most one
real root, the discriminant of h(¢); i.e., [2cov(X,Y)]? — 40% 0% < 0. However, note that
[2cov(X,Y)]? —do%oy <0 <= [cov(X,Y)]* < oxoy (4.1)
< —oxoy <cov(X,Y) <oxoy.

Dividing through by oxoy gives
< cov(X,Y) 1

establishing part (a). To prove part (b), note that
|pxy| =1 <— |COV(‘XV7 Y)| = 0xO0y
< [cov(X,Y)]* = 003
<= LHS of Equation (4.1) =0

<= h(t) has a single root of multiplicity 2.
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However, because [(X — ux)t+ (Y — py)]? is a non-negative random variable, its expectation
h(t) = 0 if and only if

(X —px)t+ (Y —uy))* =0 as. (X —px)t+ Y —puy) =0 as.

<~
— Y =—tX + uxt+puy as.
We have shown Y = aX + b almost surely for some a,b € R, a # 0. Thus, we are done. O

Interpretation: If |[pxy| = 1, then the entire bivariate distribution of (X,Y") falls on a
straight line with positive slope (pxy = 1) or negative slope (pxy = —1).

Bivariate Normal Distribution
Definition: The random vector is said to have a bivariate normal distribution if the
joint pdf of (X,Y) is

1
fX,Y z,y) = e*Q/27
(@9) 2roxoyy/1 — p?

for all (x,y) € R?, where

o0 1 2 [(w—,ux)z_Qp(w—Mx) (y—uy)+(y—uy>1'
1—p Ox Ox Oy Oy

Notation: (X,Y) ~ mvny(u,X), where the mean vector p and the variance-covariance

matrix X are )
() e me ()
Y/ 951 oYX Oy Jaxo

respectively, and where oxy = oyx = poxoy. Note that 3 is symmetric.

Remark: When we discuss the bivariate normal distribution, we will assume that the
correlation p € (—1,1). If p = £1, then (X,Y) does not have a pdf. This situation gives
rise to what is known as a “less than full rank normal distribution.” As we have just seen,
p = £1 means that all of the probability mass for (X,Y’) is completely concentrated in a
linear subspace of R2.

Note: If (X,Y) ~ mvny(p, ), then the (joint) moment generating function is
Mx y(t) = exp(t'p + t'3t/2),

where t = (t1,t2)".

Facts: Suppose (X,Y) ~ mvny(p, X).

1. X ~N(ux,0%) and Y ~ N(uy,o0%). That is, bivariate normality implies univariate
normality. This is easy to show using the joint mgf above.

e The converse is not true. That is, univariate normality of X and Y does not
necessarily imply that (X,Y") is bivariate normal; see Exercise 4.47 (pp 200 CB).
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2. Conditional distributions are normal. Specifically,
YH{X =1} ~ N(Bo + iz, o3 (1 - p%)),
where

Bo = py — Bipx
b = p (U—Y) :
ox

Note that the conditional mean E(Y|X =
the conditional variance var(Y|X =z) = o

= Py + [1x is a linear function of x and

z)
2(1 — p?) is free of z.

3. In the bivariate normal model,
cov(X,Y)=0 <= X 1Y

Recall that this is not true in general. To prove the necessity (=) one can show that
the joint mgf factors into the product of the marginal normal mgfs (when p = 0). One
could also show that when p = 0, joint pdf fxy(z,y) = fx(x)fy(y), where fx(z) and
fy(y) are the marginal pdfs of X ~ N (ux,0%) and Y ~ N (uy, 0% ), respectively.

4.6 Multivariate Distributions

Remark: We now generalize many of our bivariate distribution definitions and results to
n > 2 dimensions. We will use the following notation:

X = (X1,Xs,..,X,) <— random vector

x = (x1,29,...,o,) <+— realization of X.

Mathematical definition: Suppose (S5, B, P) is a probability space. We call X : S — R"
a random vector if

X YB)={weS:X(w) € B} €B,

for all B € B(R"). Sets B € B(R") are called (n-dimensional) Borel sets. One can char-
acterize B(R™) as the smallest o-algebra generated by the collection of all half-open hyper-
rectangles; i.e.,

{(z1, 29, ..., x,) : —00 < 1 < a1, —00 < Ty < ag, ..., —00 < Tp, < ay, a; € R}.

The range probability space is (R", B(R™), Px). We call Px the induced probability measure
of X. Similar to the univariate case, there is a one-to-one correspondence between Px and
a random vector’s cumulative distribution function (cdf), which is defined as

Fx(x) = Px(Xi <21, X5 <29,..., X, < zy,),

for all x € R™. As before, we will eventually start writing P for Px.
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Definition: We call a random vector X discrete if there exists a countable set A C R
such that Px(X € A) = 1. The joint probability mass function (pmf) of X is

fx(x) = Px(Xy =21, Xo = 29, .., X}y = 2p).

For any B € B(R"),
Px(Xe€B)=)Y fx(x).
x€EB

Definition: The random vector X is continuous if there exists a function fx : R® — R
such that

Px(X c B) = /fo(X)dX7

for all B € B(R™). We call fx(x) the joint probability density function (pdf) of X. In the
continuous case, the (joint) cdf and the joint pdf are related through
a’l’b
0x10xy - - - Oxy,

Fx(x) = fx(x),

for all x € R", provided that this partial derivative exists.

Mathematical Expectation: Suppose X is a random vector and let g : R” — R. Then
g(X) is a random variable and its expected value is

Elg(X)] = Zg(x)fx(x) (discrete case)
xcA

E[g(X)] = /n 9(x) fx(x)dx (continuous case).

The usual existence issues arise; we need the sum (integral) above to converge absolutely.
Otherwise, E[g(X)] does not exist.

Marginal distributions: Suppose X ~ fx(x). If X is continuous, the marginal pdf of X;
is given by
fxi(@i) = 1 fx (x)dx(—s),
Rr—
where x(_;) = (21, ..., Ti—1, Tiy1, ..., Tn). If X is discrete, the marginal pmf of Xj is

fx() = > fx(x).

X(_i)G.A

In other words, to find the marginal pdf (pmf) of X;, we integrate (sum) fx(x) over the
other n — 1 variables. The “bivariate marginal” pdf fx, x, (7, ;) of (X;, X;) can be found
by integrating (summing) fx(x) over the other n — 2 variables, and so on.

Conditional distributions: To find the conditional pdf (pmf) of a subset of random
variables, divide the joint pdf (pmf) fx(x) by the pdf (pmf) of the other variables. For
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example, suppose X = (X1, Xo, X3) ~ fx, x, x.(T1, T2, x3). Then, for example
ple, pPp ) y <33 1,X2,X3 ) sy L3 ) ple,
le,Xz,Xs(xthaxii)

sz,X?, x2>x3)
thXQ,Xg(iEj,fL’g,l'g)

fX3 (x3>

The first conditional distribution describes the univariate distribution of X; when X5 = x5
and X3 = wx3. The second distribution describes the bivariate distribution of X; and X,
when X3 = x3.

le\XQ,X3($1\332,953) =

le,XQ\X3($1,I2|iU3) =

Remark: Example 4.6.1 (pp 178-180 CB) illustrates many of the multivariate distribution
concepts we have discussed so far.

Moment generating functions: Set t = (¢, t,...,t,)". The moment generating function
of X = (Xl, XQ, ...,Xn), is

MX(t) = E(et’x) = F (et1X1+t2X2+"'+tan)
- / graHa et g ()
For Mx(t) to exist, we need E(et*X) < oo for all t in an open neighborhood about 0. That

is, 3hy3hy - - - 3h,, > 0 such that E(etX) < oo for all t; € (—hy, hy), i = 1,2, ...,n. Otherwise,
we say that Mx(t) does not exist.

Remark: As we saw in the bivariate case, we can obtain marginal mgfs from a joint mgf.
The marginal mgf of X is

My, (t:) = Mx(0, ..., 0, 4,0, ..., 0),
where ¢; is in the ith position. The (joint) marginal mgf of (X;, X;)" is found by
My, x, (ti t;) = Mx(0, ...,0,£,0, ..., 0,£;,0, ..., 0).

Recall that from the marginal mgf My, (¢;), we can calculate

E(X;) = d—tiMXi(tz‘)

t;=0

A new result is that
2

B(X;X;) = MMXi,Xj (i t;)
i0lj

ti=t; =0

From these, we can calculate

cov(Xi, X;) = E(XiX;) — E(X;)E(X;).
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Multinomial Distribution
Experiment: Perform m > 1 independent trials. Each trial results in one (and only one)
of n distinct category outcomes:

Probability
Category 1 D1
 Category 2 D2
Trial outcome — Category 3 D3
N : :
Category n Dn

The probabilities py, ps, ..., p, do not change from trial to trial and Y, p; = 1. Define
X; = number of outcomes in Category ¢ (out of m trials).

We call X = (X1, X5, ..., X;,)’ a multinomial random vector. The joint pmf of X is

m)!

— LT1y22 |, Tn
fX<X> - xlle! . lﬁ' pl p2 pn 9

for values of x € A, where A = {(z1, 22, ..., 2,) 1 2, = 0,1,2,...,m; > | x; = m}. We write
X ~ mult(m, p; Y, pi = 1). The parameter p = (p1,ps, ..., ps) is an n-dimensional vector.
However, because Y ., p; = 1, only n — 1 of these parameters are “free to vary.”

Theorem 4.6.4 (Multinomial Theorem). Let m and n be positive integers, and consider
the set A defined above. For any numbers pq, pa, ..., pn,

m!
(pr+p2t 4 pn)" =~ DIPE P
= rileg! - ay,!

This is a generalization of the binomial theorem. Clearly, the multinomial pmf sums to one.
MGF: The mgf of X ~ mult(m,p;> . p; =1) is
Mx(t) = (pre" +pae’ + -+ + pae'™)™,

where t = (t1,ta, ..., t,)".
Proof. The mgf is

Mx(t) — E(et/X) — E (6t1X1+t2X2+...+tan)
m!

o t1z1+toxo++tnxn _ prf1yT Ln
— E el1r1+iats — 'p11p22...pn

=y T1:Tg! - Tp!

m!

§ : t1\@ to\x tn\T

- ' ' ' (plel) 1(p262) 2"'<pn€n> n?
T1:X2: Ty
x€A

which is the multinomial expansion of (pie™ + pye®2 + -+ + p,ef»)™. O
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Result: If X ~ mult(m,p;> " p; = 1), then X; ~ b(m,p;), i = 1,2,...,n. That is, the
category counts X, X, ..., X,, have marginal binomial distributions.
Proof. The mgf of X is

Mx(tl) = Mx((), ceny O,ti,(), 70) = (qZ +pi€ti)m7

3

where ¢; = >, ;p; = 1 — p;. We recognize Mx, (t;) as the mgf of X; ~ b(m, p;). Note that
this implies

E(X;) = mp;
var(X;) = mpi(1l —p).

Result: If X ~ mult(m,p; Y ;" pi = 1), then (X;, X;)" ~ trinomial(m, p;, pj, 1 — p; — pj)-

Trinomial Framework

Probability

Category i Di

Trial outcome — Category j Dj
Neither 1—pi—pj

Proof. The mgf of (X;, X;) is
MXZ',X]' (tl,t]) = Mx(o, ...,O,ti,O, ...,O,tj,O, ,O) = (qU —|—pi€ti —|—pj€tj)m,

where ¢;; = > ;e = 1 — pi —p;.  We recognize My, x,(ti,t;) as the mgf of a
trinomial(m, p;, pj, 1 — p; — p;) distribution. Also,

82
E(XiX;) = oo Mxx(tity)
0l

t;=t;=0
82

B M(qzj +pie +pje )" =m(m — 1)p;p;.

t;=t;=0

Therefore, for i # j,

cov(X;, X;) = E(XiX;) — E(X;)E(X;)
m(m — 1)pip; — (mp;)(mp;)
= —mp;p;.

Summary: The mean and variance-covariance matrix of X ~ mult(m, p;> ., p; = 1) are
mp1
mpa

p=EX)=| . [=mp

mpn,
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and
mp1(1 - p1) —mpip2 T —mpi1Pn
B o) - | MPETR T T () — p)
—Mmpyp1 —mpppy -+ mpu(l—pn)

respectively. Note that 3 is symmetric.

Remark: We now generalize many of the definitions/results we presented for bivariate
distributions (with n = 2) to n-variate distributions. Proving the general results are natural
extensions of the n = 2 results (so we will avoid).

Definition: Suppose X7, X, ..., X,, are random variables. Let fx,(x;) denote the marginal
pdf (pmf) of X;. The random variables X;, Xs, ..., X;, are mutually independent if

fx(x) = H fx; (i)

Ixi (1) [xp (22) -+ fx, (20),

for all x € R"; i.e., the joint pdf (pmf) fx(x) factors into the product of the marginal pdfs
(pmfs). Mutual independence implies pairwise independence, which requires only that
fxix;(xi,75) = fx,(2:) fx,;(x;) for each i # j. The opposite is not true.

Result: The random variables X, X5, ..., X,, are mutually independent if and only if

Fx(x) = H Fx, (;)

= Fx, (l’l)FXz (172) - Fx, (xn>7

for all x € R™; i.e., the joint cdf Fx(x) factors into the product of the marginal cdfs.

Result: The random variables X, Xo, ..., X,, are mutually independent if and only if

Mx(t) = H Mx, (t:)

— My, (1) My, (t2) - - M. (t),

for all t; € R where these mgfs exist; that is, the joint mgf Mx(t) factors into the product
of the marginal mgfs.

Theorem 4.6.6. Suppose X1, X, ..., X,, are mutually independent. Suppose ¢1, go, ---, gn
are real functions; i.e., g; : R — R, where g; is a function of z; only, i = 1,2, ...,n. Then

H gz‘(Xz')] = H Elg:(Xy)],

that is, the expectation of the product is the product of the marginal expectations.

E

PAGE 129



STAT 712: CHAPTER 4 JOSHUA M. TEBBS

Theorem 4.6.7. Suppose X1, Xs, ..., X,, are mutually independent random variables. Sup-
pose the marginal mgf of X; is My, (t), for i = 1,2,...,n. The mgf of the sum

Z=X+Xo+ - +X,

is given by .
My(t) = H Mx, (t) = Mx, (t)Mx,(t) - - - Mx, (1),

that is, the mgf of the sum is the product of the marginal mgfs.

Special case: If, in addition to being mutually independent, the random variables
X1, X, ..., X,, also have the same (identical) distribution, characterized by the common mgf
Mx (t), then

My(t) = HMx(t) = [Mx(t)]".

Random variables X, X, ..., X,, that are mutually independent and have the same distribu-
tion are said to be “iid,” which is an acronym for “independent and identically distributed.”

Remark: Theorem 4.6.7 (and its special case) makes getting the distribution of the sum of
mutually independent random variables very easy. The (unique) distribution identified by
My(t) is the answer.

Example 4.23. Suppose that X, Xy, ..., X,, are iid Poisson(\), where A > 0. The mgf of
the sum
Z=X+Xo4 - +X,

is given by t t
My(t) = [Mx(t)]" = [eMe—D]n = emre=D)

which we recognize as the mgf of a Poisson distribution with mean nA. Because mgfs are
unique, we know that Z ~ Poisson(nA).

Example 4.24. Suppose X1, X, ..., X, are mutually independent, where X; ~ gamma(c;, ),
where «a;, 5 > 0. Note that the X;’s are not iid because they have different marginal distri-
butions (i.e., the shape parameters are potentially different). The mgf of the sum

Z=Xi+Xy 4+ X,

is given by

Melt) = ﬁMXi(t) () - ()

=1

which we recognize as the mgf of a gamma distribution with shape parameter > | a; and
scale parameter 3. Because mgfs are unique, we know that Z ~ gamma(>_; | o, 3).
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Remark: The result in Example 4.24 has important special cases:

1. a; =1, fori=1,2,...,n. In this case, X;, Xs, ..., X, are iid exponential(f) and

Z = ZXi ~ gamma(n, 3).

=1

2. a; = p;/2, where p; > 0, and § = 2. In this case, X1, X, ..., X, are mutually indepen-
dent, X; ~ XI27i’ and

7 = ZXZ- ~ gamma (g, 2) 2 XZ,
i=1

where p = """ | p;; i.e., “the degrees of freedom add.”

Example 4.25. Suppose X1, X, ..., X,, are mutually independent, where X; ~ N (u;, 0?),
for : = 1,2,...,n. Consider the linear combination

J = ZCL,J)(z = CL1X1 + CLQXQ + -+ CLan,
=1

where a; € R. Then
n n
Z~N (Z @ifli, Za?a?) .
i=1 i=1
In other words, linear combinations of (mutually independent) normal random variables are

also normally distributed.
Proof. The mgf of Z is

MZ(t) = E(etZ) = E[et(a1X1+a2X2+'“+aan)]

E(ealtXl eathQ X antXn)

.. 6

indep E(ealt)ﬁ)E(eathg) . E(ea”tX”)
= MX1 (61175)]\4)(2 (agt) cee MXn (CL,J)
= H expluiait + (a;t)*o? /2]

=1

= exp [(i az-,uz) t+ (i a?af) t2/2] :

which we recognize as the mgf of a normal distribution with mean 3, a;u; and variance

>or , aio?. Because mgfs are unique, the result follows. O

Remark: In the last example, Z remains normally distributed even when the X;’s are not
mutually independent (the only thing that potentially changes is the variance of 7).
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Linear Combinations: Suppose X7, Xs, ..., X,, are random variables with (marginal) means
E(X;) and (marginal) variances var(X;), for i = 1,2, ...,n. Consider the linear combination

Z = ZCL%XZ = (lle + CLQXQ + -+ CLan.
i=1

The mean of Z is
E(Z) = E(a1X1 + a2X2 + R —|— CLan)

= WE(X) + aB(Xs) 4+ anB(X,) = zn: 4, B(X;).

The variance of Z is
var(Z) = var(a1 X7+ aaXo+ -+ + a, X,)

= Z aZvar(X;) + Z a;a;cov(X;, X;)
i=1

i#]
= Z azvar(X;) + 2 Z a;ajcov(X;, X;).
i=1 i<j

Theorem 4.6.11. Suppose X = (X, Xy, ..., X,,) is an n-dimensional random vector with
joint pdf (pmf) fx(x). The random variables X7, X, ..., X, are mutually independent if and
only if there exists functions g;(z1), g2(x2), ..., gn(x,) such that

fx(x) = g1(w1)g2(x2) - - gn (),
for all x € R™. This is a generalization of Lemma 4.2.7 for n-dimensional random vectors.

Theorem 4.6.12. Suppose the random variables X7, X, ..., X, are mutually independent.
The random variables Uy = ¢1(X1), Uz = ¢2(X2), ..., U, = g,(X,,) are also mutually inde-
pendent. This is a generalization of Theorem 4.3.5 for n-dimensional random vectors.

Multivariate Transformations
Setting: Suppose X = (X1, X, ..., X,,) is a continuous random vector with joint pdf fx(x)
and support A C R™. Define

Ul = gl(X17X27“'7Xn)
U2 - gQ(XlaXQa"'an)
Un = gn<X1,X2,...,Xn).
Assume that this is a one-to-one transformation from A = {x € R" : fx(x) > 0} to

B={ueR":u =gx), i=1,2,...,n; x € A},
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the support of U = (Uy, Uy, ..., U,). Because the transformation is one-to-one (by assump-
tion), the inverse transformation is

v = gy (u, U, .., Uy)
To = 92_1<U1,U2,...,Un)
Tn = g;1<u1au27"‘7un)'

With u = (uy, ug, ..., u,), the Jacobian of the inverse transformation is

dgi'(w) dgi'(w) g ()
ouy Ous ou,
dgy'(w) gz '(w) gy ()

J = det ouq Ous ou,, :
dg,'(n) g, ' (u) dg,, ' ()
ouy Ouy ou,,

i.e., J is the determinant of this n x nm matrix of partial derivatives. Provided that J # 0
over B, the pdf of U = (Uy, Us, ..., U, ), where nonzero, is

fu(w) = fx(gr ' (w), g2 ' (), ... g, (w)]]].
This generalizes our discussion on bivariate (n = 2) transformations in Section 4.3.
Example 4.26. Suppose X, X5, and X3 have the joint pdf
fx(x1, 29, x3) = 48z x93 1(0 < 1y < 29 < w3 < 1).

Note that the support of X = (X1, X5, X3)is A={x € R3:0 <1 < 1y < 73 < 1}, the
upper orthant of the unit cube in R3. Define

X4

= X, Xo, X3) = —

U1 91( 1 2 3) X2
X

Uy, = gz(Xl,Xz,Xs)IYQ
3

Us = 93(X1,X2,X3) = X3.
This defines a one-to-one transformation from A to
B={ucR®:0<u <1,0<uy;<1,0<us<1}.

The inverse transformation is

T = gfl(lh, Usg, Ug) = UyUoUs
Ty = gy (u1,us,uz) = upug
r3 = 93_1(U1,U2,U3) = U3
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and the Jacobian is

ouy Ousy Oug U
1 —1 -1 2U3  UIU3 UIU2
J = det 09> (w) 09, (w) 99, (W) = det 0 uz U = ugu3,
Oy Ouy Ouy 0o 0 1
dgs (u) 0Jgz (u) 9gs (u)
0u1 8u2 8u3

which is never equal to zero over B. Therefore, the joint pdf of U = (Uy, Uy, Us), for u € B,
is given by

fulur,ug,uz) = fx(gi(w), 95" (), g5 (w))]J]|
= 48(uyusus) (ugus)(us) X upuz

= 48ujuyuj.
Notice that we can write
folur,ug,uz) = 48uguiul I(0 <up < 1,0 <up < 1,0 <ug < 1)

= 2ul(0<u; <1) 4udl(0<wug<1) 6u3l(0<uz<1)
= fo.(w) fu, (u2) fu, (us).

We see that Uy ~ beta(2, 1), Us ~ beta(4, 1), and Us ~ beta(6,1). Also, Uy, Us,, and Us are
mutually independent.

4.7 Inequalities

Remark: This section is divided into two parts. Section 4.7.1 presents numerical inequali-
ties; Section 4.7.2 presents functional inequalities. We highlight one of each.

Holder’s Inequality: Suppose X and Y are random variables, and let p and ¢ be constants

that satisfy

1 1
St -=1
p q

Then
|E(XY)| < E(IXY]) < [E(IX[P)]YP[E(Y[9)]e.

Proof. See CB (pp 186-187).

Note: The most important special case of Holder’s Inequality arises when p = ¢ = 2:
|B(XY)| < B(IXY]) < [E(X)V2[E(Y?)]V2,

This is called the Cauchy-Schwarz Inequality.
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Application: In the Cauchy-Schwarz Inequality, if we replace X with X — ux and Y with
Y — uy, we get
|BIX = ) (Y = )] < {E[(X = px)FHENY — iy )]}
Squaring both sides, we get
[cov(X,Y)]? < o307t

This is called the covariance inequality.

Note: From the covariance inequality, it follows immediately than —1 < pxy < 1. Using
Cauchy-Schwarz is far easier than how we proved it in Theorem 4.5.7.

Jensen’s Inequality: Suppose X is a random variable and suppose g : R — R is a convex
function. Then

Elg(X)] = g(E(X)).
Remark: See Definition 4.7.6 for a general definition of convexity. If ¢ is twice differentiable,
then g is convex if ¢”(x) > 0 for all z. If g is strictly convex, then the inequality is strict. In
the proof below, I will assume that ¢ is twice differentiable. This assumption is not needed;
see CB (pp 190) for a more general proof.

Proof. Expand g(x) in a Taylor series about u = E(X) of order two; i.e.,

g(x) = g(u) + ¢' () (x — p) + g’éé)

where ¢ is between x and p (a consequence of the Mean Value Theorem). Note that

g9"(€)
2
because ¢ is convex by assumption. Therefore,

g(x) > g(p) + ¢ (1) (z — )

(z — p)?,

(z—p)* >0

and, taking expectations,
Elg(X)] = Elg(p) + ¢ (1)(X — p)] = g(p) + ¢'(p) E(X — p) = g(E(X)). D
=0
Application: Suppose X is a random variable with finite second moment; i.e., E(X?) < oo.

Note that g(z) = 2? is a convex function because ¢”(z) = 2 > 0, for all z. Therefore, Jensen’s

Inequality says that
Blg(X)] = E(X?) = [E(X)]* = g(E(X)).
Of course, we already know this because var(X) = E(X?) — [E(X)]* > 0.

Note: If g is concave, then —g is convex. (If g is twice differentiable, then this is obvious).
Therefore, if g is concave, the inequality switches:

Elg(X)] < g(E(X)).

For example, consider g(z) = Inz, which is concave because ¢’(z) = —1/x? < 0, for all .
Therefore, assuming that all expectations exist, we have

Elg(X)] = E(In X) < In(E(X)) = g(E(X)).
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5 Properties of a Random Sample

Complementary reading: Chapter 5 (CB). Sections 5.1-5.5.

5.1 Basic Concepts of a Random Sample

Definition: The random variables X, Xs, ..., X,, are called a random sample from the
population fx(x) if

1. X1, Xy, ..., X,, are mutually independent

2. The marginal pdf (pmf) of each X; is the same function fx(z).
Alternatively, we say that
“Xq, Xo, ..., X, are iid from fx(x).”

The acronym “iid” is short for “independent and identically distributed.” The function
fx(z) is called the population distribution because it is the distribution that describes
the population from which the X;’s are “drawn.”

Conceptualization: Consider an experiment that is repeated n times, independently and
under identical conditions. Each time the experiment is performed, you observe an X; whose
distribution is described by fx(x). Performing the experiment n times yields X3, X, ..., X,,.

Result: If X, X5, ..., X,, are iid from fx(z), the joint pdf (pmf) of X = (X1, X5, ..., X,,) is

n

fx(x) =[] (@) = fx (@) fx(wa) - fx(wn).

i=1
This follows immediately from Definition 4.6.5 (CB, pp 182).

Example 5.1. Suppose that X;, X5, ..., X,, are iid N (i, 0?), where —oco < p < oo and
0? > 0. Here, the N'(u, 0?) population distribution is
1

2mo

This is the (marginal) pdf of each X;. The joint pdf of X = (X3, Xo, ..., Xj,) is

fy(z) = e~ =127 [(1 € R).

n

T N L —@imwreo?
Fx(x) 11 Fx(a:) 11 Nor WARC (2, € R)

_ ( ! ) o~ T [ (x € R™),
2mo
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Remark: This function, when viewed as a function of xy, s, ..., x,, describes probabilisti-
cally the (joint) random behavior of X, Xs, ..., X,,. Later on (when we start thinking about
estimation), we will begin to regard fx(x) not as a function of z;, xs, ..., z, but instead as
a function of @ = (u,0?) with the x;’s held fixed. This will give rise to what we call a
likelihood function.

Discussion: Under an iid sampling model, calculations involving the joint distribution of
X = (X1, Xs, ..., X,,) are greatly simplified. Suppose that in Example 5.1 we wanted to
calculate the probability that each X; exceeded the mean p by two standard deviations; i.e.,

P(X1 > p+20,Xe>pu+20,....X, > pu+20).

From first principles, this probability could be found by taking fx(x) and integrating it over
the set B={x € R": 21 > pu+ 20,29 > p+ 20, ..., 2, > p+ 20}, that is, by calculating

/ ) / . / . (
pu+20 J pt20 pn+2o

This is a tedious calculation to make directly using the joint distribution fx(x). However,
note that we can write

1

n
_ 1 5w )2
) e 207 2=t @) g g - da,.

1
2ro

P(Xy>p+20,Xo>pu+20,...,X, >p+20)
=P(X;>p+20)P(Xo>p+20)---P(X,>p+20) (mutually independent)
= [P(X1 > p+ 20)|", (identically distributed)

which is much easier. We have reduced an n-fold integral calculation to a single integral
calculation from one marginal distribution. Of course, we pay a price for this simplicity—we
have to make strong assumptions about the stochastic behavior of X7, X5, ..., X,,.

Remark: When we say “random sample,” we essentially mean that we are sampling from
an infinite population. When sampling from a finite population, say, {z1, x2, ..., zn}, where
N < oo denotes the size of the population, we can sample in two ways:

1. SRSWR (simple random sample with replacement).

e When sampling with replacement, the value z; is “replaced” after it is selected
(e.g., think of drawing numbered balls out of a hat; each time you draw a ball
and observe it, you put it back in the hat).

e In this case, each X; has the same discrete uniform distribution, with probability
1/N attached to each of zy,xs,...,xy. The X;’s are also mutually independent
because the process of choosing each x; is the same. In other words, X7, Xo, ..., X,
remain iid.

e This type of sampling model forms the basis for the statistical (re)-sampling
technique known as bootstrapping.
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2. SRSWOR (simple random sample without replacement).

e When sampling without replacement, the value z; is not replaced after it is
selected (e.g., after you draw a ball and observe it, you do not put it back).

e In this case, the X;’s are no longer mutually independent. To see why, note that

1
P(Xl = ZL’l) = N
P(X2 = ZE1|X1 = Il) = 0.
Therefore, X; and X5 are not independent.
e Interestingly, the X;’s remain identically distributed; see CB (pp 210).

e Heuristically, if the population size N is “large,” this type of sampling closely
approximates sampling from an infinite population; see Example 5.1.3 (CB, pp
210-211).

Disclaimer: In this course, unless otherwise noted, we will regard X, X, ..., X,, as iid.

5.2 Sums of Random Variables from a Random Sample

Definition: Suppose X, Xs, ..., X,, is a random sample. A statistic T is a function of
X1, Xo, ..., X, that is,
T=T(X)=T(Xy,Xs, ... X,).

The only restriction is that a statistic 7' cannot depend on unknown parameters.

Examples: Each of the following satisfies the definition of a statistic:
1. Sample mean: T(X) = X, where

X =

S|

2 X
i=1
2. Sample variance: T'(X) = 52, where

1 —
52:n_12(xi—x)2

i=1

3. Minimum order statistic: 7'(X) = X(1) = min{ X, X, ..., X, }

4. Sample range: T(X) = X(») — X(1).
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Note: The definition of a statistic is very broad. For example, even something like
T(X) = In(S? + 4) — 12.08¢ (i 1X7)

satisfies the definition. In addition, if 4 and o2 are unknown, then

e X is a statistic, but X — x is not.

e S5? is a statistic, but S%/0? is not.
Definition: Suppose X, Xo, ..., X, is an iid sample from fx(z). Suppose that T' = T'(X)
is a statistic. The probability distribution of T is called its sampling distribution.

Revelation: Because T = T(X), a function of Xj, X5, ..., X,,, the statistic T is itself a
random variable (or a random vector if T' is vector-valued). Therefore, T" has its own distri-
bution! This distribution is called the sampling distribution of 7. In notation,

X1, Xo,... X, ~ fx(x) <— population distribution
T=T(Xy,X2,....X,) ~ fr(t) <— sampling distribution of T’

Common goals: For a statistic 7" = T(X), we may want to find its pdf (pmf) fr(¢), its
cdf Fr(t), or perhaps its mgf Mrp(t). These functions identify the distribution of 7. We
might also want to calculate E(T") or var(T'). These quantities describe characteristics of T’s
distribution.

Lemma: Suppose X1, Xs, ..., X,, are iid with E(X) = y and var(X) = 0® < co. Then
E (Z Xi> = nE(X)) =nu
i=1
var (Z Xi> = nvar(X,) = no?.
i=1

Proof. Exercise. Compare this result with Lemma 5.2.5 (CB, pp 213), which is slightly more
general.
Theorem 5.2.6. Suppose X, Xo, ..., X,, are iid with F(X) = p and var(X) = 0% < oo.
Then

(a) B(X)=n

(b) var(X) = %/n

(c) E(S?) = o2
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Proof. To prove (a) and (b), just use the last lemma. We have
— 1 < 1 - 1
EX) = E(=> Xi|=-E()_ Xi| =—(np)=p
[t o= n
— 1 n 1 n 1 2
var(X) = var <ﬁ ZZ;Xz) = var (; XZ-> = ﬁ(nUQ) = %.

To prove part (c), first note that

n

S -X)? = ixf —nX .
=1

i=1

Therefore,
1 — — 1 - —
E(S?)=F X, — X)?| = E X2 _nX
=5[> >] L (z .
1 n e
— E X2 —nEX)].
L (z ) WE ()
Now,

E(X’) = var(X) + [BX)P = — + 4.

1 2
ln(a2—|—/¢2) —n (U——i—;f)} =0’ 0O
n—1 n

Curiosity: How would we find var(S?)? This is in general a much harder calculation.

Therefore,

E(S?) =

Theorem 5.2.7. Suppose Xi, Xy, ..., X, are iid with moment generating function (mgf)
Mx (t). The mgf of X is
Mx(t) = [Mx(t/n)]".

Proof. The mgf of X is

Mx(t) = B(e!X) = Blen®XettXa)] - = plen¥ien’z. . enin)
ilrliep E<€%X1)E(€%X2) . E(eiX")
= Mx, (t/n)Mx,(t/n)-- My, (t/n)
My (t/m)]" O
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Remark: Theorem 5.2.7 is useful. It allows us to quickly obtain the mgf of X (and hence
quickly identify its distribution), as the next two examples illustrate.

Example 5.2. Suppose that X, Xy, ..., X,, are iid N(u,0?). Recall that the (population)
mgf of X ~ N (p,0?) is
M (t) = e+ 2

for all ¢t € R. Therefore,
My(t) = [ert/msota/m?/2n

eut+(02/n)t2/2

which we recognize as the mgf of a NV (u,0?/n) distribution. Because mgfs are unique, we
know that X ~ AN (u,0%/n).

Example 5.3. Suppose that X, Xy, ..., X, are iid gamma(«, 5). Recall that the (popula-
tion) mgf of X ~ gamma(a, ) is
1 e
Mx(t) =
0= (=5)

Mxlt) = {{mﬁ"

= =il

for t < n/@, which we recognize as the mgf of a gamma(na, 3/n) distribution. Because mgfs
are unique, we know that X ~ gamma(na, 8/n).

for t < 1/5. Therefore,

Special case: X, Xy, ..., X,, ~ iid exponential(3) = X ~ gamma(n, 3/n).

Remark: In cases where Theorem 5.2.7 is not useful (e.g., the population mgf does not
exist, etc.), the convolution technique can be.

Theorem 5.2.9 (Convolution). If X and Y are independent continuous random variables
with marginal pdfs fx(z) and fy(y), respectively, then the pdf of Z = X + Y is

fz(2) = /fo(w)fy(z—w)dw.

The pdf fz(z) is called the convolution of fx(z) and fy(y).
Proof. Introduce W = X and perform a bivariate transformation:

w=g(z,y) ==z r=g;"(w,z)=w
_ _ , -1 _
z=go(z,y) =x+y y=g; (w,2)=z—w
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The Jacobian of the (inverse) transformation is

dg; ' (w,2) gy (w, z)

1
— Z f— pr—
J = det _?wz 392? e det| 1‘ 1.
ow 0z
Therefore, the joint pdf of (W, Z) is given by
fwz(w,2) = fry(w,z = w) =" fx(w)fy(z —w).

Finally,

- / Fe(w) i (= — w)dw

Example 5.4. Suppose that X ~ U(0,1), Y ~ U(0,1), and X 1L Y. Find the pdf of
Z=X+Y.

Solution. First, note that the support of Z is Z = {2z : 0 < z < 2}. The marginal pdfs of
X and YV are fx(z) = I[(0 < z < 1) and fy(y) = I(0 < y < 1), respectively. Using the
convolution formula, the pdf of Z = X 4+ Y is

as claimed. O

f2(z) = / Fx(w) fy(z — w)dw

= /I(O<w<1)[(0<z—w<1)dw
R

1
= / I(0<z—w< 1)dw.
0

Notethat 0 < z —w < 1<= z—1<w < z and also 0 < w < 1. Therefore, if 0 < z < 1,
then

If 1 <z <2, then
1
fZ(z):/ dw =2 — 2.
z—1
Therefore, the pdf of Z = X 4+ Y is given by

z, 0<z<1
fz(2)=¢ 2—2, 1<z<2
0, otherwise.

The pdf fz(z), shown in Figure 5.1 (next page), is a member of the triangular family of
distributions (the name is not surprising).
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Figure 5.1: The pdf of Z in Example 5.4.

Example 5.5. Suppose that X ~ Cauchy(0,0x), Y ~ Cauchy(0,0y), and X 1 Y. Find
the pdf of Z =X +Y.

Solution. First, note that the support of Z is Z = {2z : —00 < z < co}. The marginal pdfs
of X and Y are

1
fx(x) = MWU+(£y]erK
frly) = - I(yeR).

moy ([l + (;£)?]

Using the convolution formula, the pdf of Z, for all z € R, is

f2(2) = / fx(w) fy (2 — w)duw
1

1
= /RWO'X[l + (%)2] 7T0'Y[1 + (z—w)g] dw

oy
1

mlox +ov)[l+ (7551

ox+oy

where the last step follows from using the method of partial fractions (see Exercise 5.7, CB,
pp 256). Therefore, it follows that Z ~ Cauchy(0,0x + oy ).
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Extension: Suppose that X, X5, ..., X, are iid Cauchy(u, o), where —oo < p < oo and
o > 0. What is the sampling distribution of X?

Solution. The easiest way to answer this would be to use characteristic functions. The
characteristic function of X ~ Cauchy(u, o) is

Yx(t) = (") = ol
where i = v/—1. Therefore,
Yrelt) = [ox (t/m]" = [er oty = git=el
which we recognize as the characteristic function of the Cauchy(u, o) distribution. Therefore,
X1, Xs, ..., X, ~iid Cauchy(y,0) == X ~ Cauchy(u,o).

Q: Can we show this without using characteristic functions?
A: Yes, this could be done in three steps.

1. First, argue that
Z, Zo,y ..., Zp ~ iid Cauchy(0,1) — Z Z; ~ Cauchy(0,n).
i=1
This could be done using convolution for n = 2. Then use induction.
2. Next, argue that
f7(z) = nfsr z(n2)

_ ﬁ I(z €R),

i.e., Z ~ Cauchy(0,1). See Exercise 5.5 (CB, pp 256) to see why the first equality
holds.

3. Finally, let X; = 0Z; + p, for each i = 1,2, ...,n, so that X = 07 + i (a location-scale
transformation). Therefore,

o

fx(x) = %fz (x_u) = : Iz € R),
i.e., X ~ Cauchy(u,o).

Obviously, the characteristic function argument is much easier. However, to understand
characteristic functions, you have to understand complex analysis. As in the words of CB,
“you win some and you lose some.”
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Back to exponential families....
Theorem 5.2.11. Suppose X, X, ..., X, are iid with pdf (pmf) in the exponential family;
ie.,

Fx(x|0) = h(z)c(0) exp {Z wi(O)ti(x)} :

Define the statistics

T =Ti(X) = im(Xj)

Ty =Th(X) = antg(Xﬁ

Ty = Ti(X) = ifk(Xj)

and set T = (T3, Ts, ..., Tx), a k-dimensional statistic. If fx(z|@) is a full exponential family;
ie., if
d = dim(6) = k,

then
k
o(t]8) = H()[e(0)]" exp {waem} .
i=1
That is, T has pdf (pmf) in the exponential family as well.

Example 5.6. Suppose Xi, Xs, ..., X, are iid gamma(a, 3); i.e., the population pdf is
1

fx(z]0) = Wm”‘_le_”&/ﬁl(z > 0)
= fw>0)_ 1 exp <a Inz — f)
v I(a)pe B

= h(z)c(0) exp{w1(0)t1(z) + w(0)ta(x)},

where 8 = (a,8), h(z) = I(z > 0)/z, ¢(0) = [[(a)B3*]7!, wi(0) = «, t;(z) = Inz,
wy(0) = —1/B, and ty(x) = x. Note that this is a full exponential family with d = k = 2.
Theorem 5.2.11 says that T = (7}, T3), where

Ti=Ti(X)=)» InX; and T=T(X)=> X,
j=1 Jj=1

has a (joint) pdf that also falls in the exponential family; i.e., fr(t|@) can be written in the
form

fr(t[0) = H(t)[c(0)]" exp {Z wi(e)ti} :
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5.3 Sampling from the Normal Distribution

Remark: This section is dedicated to results that arise when Xy, X5, ..., X, are normally
distributed.

Theorem 5.3.1. Suppose that X, X, ..., X,, are iid N (u,0?). Let X and S? denote the
sample mean and the sample variance, respectively. Then

(a) X 1L S?
(b) X ~N(u,02/n) <— we showed this in Example 5.2
(c) (n—=1)S%/0% ~ x5 5.

Proof. We first prove part (a). Recall that

Note also that

Therefore, we can rewrite S? as

, 1 T —o, 1 - 1
s = n_lz(Xi—X) +n_1[—Z(Xi—X)]

=2 =2

= g(Xo - X, X5—X,....X,, — X), say.

Because functions of independent random variables (vectors) are independent, it suffices to
show that X 1L (X; — X, X3 — X, ..., X,, — X). Consider the n-variate transformation

Y1 =2 T =1 _Z?:Qyi
Yo =To — T To = Y1+ Yo
Y3 =T3 —T — T3 =Y T Ys

The Jacobian of the (inverse) transformation is

1 -1 -1 -+ -1
1 1 0 - 0

J=det| 1 O 1 - 0 | =n
1 0 0 - 1
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Therefore, the pdf of Y = (Y3, Y2, ..., Y},) is given by

F(y) = rx <y1 = i vty Y1 s Y1+ yn> Inl.

1=2

Going forward, we assume (without loss of generality) that X, Xs, ..., X,, are iid N(u, 0?),
with 1 = 0 and ¢? = 1. Under this assumption,

fx(x) = —52(z; € R)

(& 221 1 zI(XeRn)

/\u::

\_/

This simplifies the calculations and is not prohibitive because the N(u,c?) family is a
location-scale family (see CB, pp 216-217). From above, we therefore have, for all y € R",

xly) = (27:;”/2 exp —% (yl — Z?ﬁ) + Z(?Jl + yi)°

hi(y1) ~ v d

Because the joint pdf factors, by Theorem 4.6.11, it follows that Y; 1L (Y3,Y3,...,Y;), that
is, X 1 (X — X, X3 —X,...,X,, — X). The same conclusion would have been reached
had we allowed X7, X5, ..., X}, to be iid N (p, 0?), i and o2 arbitrary; the calculations would
have just been far messier. We have proven part (a). To prove part (c), we first recall the

following:

X; —
Xi~N(p,0?) = Z;=

P ONO0,1) = 72~

Therefore, the random variables Z2, 73, ..., Z% are iid x?. Because the degrees of freedom
add (see Example 4.24 in the notes),

Now, write
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It is easy to show that the cross product term is zero because

Therefore, we have

Now,

because X ~ N (u,0%/n), and

Wgzi(x";y):%im—mkw.

X - g
=1 =1

Furthermore, we know that W 1L W3 because X 1L S? and functions of independent random
variables are independent. The mgf of Wy ~ X2 is, for t < 1/2,

n/2
1
(1 Qt) = My, (t) = B(e™) = Bl
— E(etWZGtWS)
W2£W3 E(@tWZ)E(etWB)

= MW2 (t) MW3 (t)

1\ 12
= M ([
because W3 ~ x?. This shows that

1 (n—1)/2
MWQ(t> = < > )

1-2¢t

which, when ¢ < 1/2, we recognize as the mgf of a x2_; random variable. Because mgfs are
unique,
—1)5?
wy= DS e g
o
Remark: My proof of part (c) is different than the proof your authors provide on pp 219-220
(CB). They use mathematical induction (I like mine better).
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Remark: When X1, Xy, ..., X,, are iid A (u, 0?),
n XZ —u 2
()~
o
n -\ 2
(n - 1)82 Xz - X 2
= Z - ~ Y.

=1

In the second result, one can interpret having to “estimate” y with X as being responsible
for “losing” a degree of freedom.

Remark: When X, Xo, ..., X,, are iid N (i, 0%), we have shown that (n — 1)S?/0? ~ x2_,.
Therefore, we get the following results “for free:”

E[M} — -t

V"J—”ST e,

The first result implies that E(S?) = o2. Of course, this is nothing new. We proved

E(S?) = 0% in general; i.e., for any population distribution with finite variance. The second

result implies

(71;—411)2 var(S?) =2(n—1) = var(S?) = 20"

n—1

This is a new result. However, it only applies when X1, X5, ..., X, are iid N (u, o?).

General result: Suppose that X1, X», ..., X,, are iid with E(X*) < co. Then

- (320

where recall py = E[(X — p)?] is the fourth central moment of X. See pp 257 (CB). As an
exercise, show that this expression for var(S?) reduces to 26*/(n — 1) in the normal case.

Lemma 5.5.3 (special case). Suppose that X, X, ..., X, are independent random variables
with X ~ N (s, 073), for j = 1,2,...,n. Define the linear combinations

UZZ%‘X]‘ = X1 t+aXo+ -+ a,X,
j=1

V = ijXj = lel + b2X2 + - —|— ann,
j=1

where a;,b; € R are fixed constants (i.e., not random). Then
ULV <« cov(U,V)=0.

In other words, the linear combinations U and V' are independent if and only if U and V' are
uncorrelated.
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Remark: Your authors prove this result in a very special case, by assuming that n = 2
and X1, Xy are iid N(0,1), i.e., uy = pp = 0 and 07 = 03 = 1. They perform a bivariate
transformation to obtain the joint pdf fuyv(u,v), where U = a1 X7 + a2 X3 and V = b1 X; +
by X5, and then show that

fov(u,v) = fu(u)fy(v) <= cov(U,V)=0.

Result: Suppose U and V are linear combinations as defined on the last page. If
X1, Xo, ..., X,, are independent random variables (not necessarily normal), then
cov(U, V) = Zajbjaf».
j=1
Establishing this result is not difficult and is merely an exercise in patience (use the covari-
ance computing formula and then do lots of algebra). Interestingly, under the simplified
assumption that o7 = 1 for all 7,

cov(U,V) = Zajbj = a'b,
j=1
where a = (ay,aq, ...,a,) and b = (b1, by, ..., b,)". Therefore U 1L V if and only if a and b
are orthogonal vectors in R".

Student’s ¢ distribution: Suppose that U ~ N(0,1), V ~ x2, and U 1L V. The random
variable

vip "
a t distribution with p degrees of freedom. The pdf of T is
re)

fr(t) I(t € R).

B Ver T(5) (1 + %)(zﬂrl)/?
Note: If p =1, then T' ~ Cauchy(0, 1).

Application: Suppose that X;, X, ..., X, are iid M (p, 0%). We already know that

X —p
o/v/n

X —p
="K
S/v/n !
where S denotes the sample standard deviation of X, Xs, ..., X,,. To see why, note that

X —p
X—p o (7—@) o/\/n N “N(0,1)”

o/v/n _\/(n;Ql)SQ/(n_l) \/%

Because X Il S?, the numerator and denominator are independent. Therefore, T ~ t,_1.

Z:

~ N(0,1).

The quantity

'=5m=5
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Derivation: Suppose U ~ N (0,1), V ~ XZ, and U 1L V. The joint pdf of (U, V) is

1 2 1 P
fU,V<u7 ’U) — U /2 —,U57167v/2’
v tgert

N(0,1) pdf X%\;df

for —oo < u < oo and v > 0. Consider the bivariate transformation
U

Vip
W:g2(U7V) =V

T = gl(U, V) ==

The support of (U, V) is the set A = {(u,v) : —00 < u < oo,v > 0}. The support of (T, W)
is B = {(t,w) : —oo < t < oo,w > 0}. The transformation above is one-to-one, so the
inverse transformation exists and is given by

u=g'(tw) = tyw/p
v=gy (t,w) = w.

The Jacobian of the (inverse) transformation is

dgy ' (t,w)  dgy ' (t,w)

w/p Llw1/? w
J = det quw = det VP2 = /-,
© ?t w) 892Q(t,w) © 0 1 D

ot ow

which never vanishes over B. For (¢, w) € B, the joint pdf of (7, W) is

frw(t,w) = va(gfl(t w), g5 (t, w))!JI

— e—(tw/p?/2__ = Bl
. /27T [‘( )217/2

_ —(ty/w/p)2/2_ + Pgl 1—w
,/_27T\/_ r( )2]3/2

S U U SR

Ve pT(5)22

Therefore, the marginal pdf of T is

frt) = /OoofT,W(t w)dw

L1 1 pEL g (142
m%wgmﬂfo L

gammal(a,b) kernel

-1
where a = (p+1)/2 and b = 2(1 + %) . The gamma integral above equals

p—|—1 2 _17 (p+1)/2
Fap*=T——) 2|1+ — .
(o ( 2 ) ( i p) ]
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Therefore, for all t € R,

_1] (p+1)/2

t2
2 <1+—)
p

as claimed. O
Moments: If T' ~ t,,, then

E(T) = 0, ifp>1

var(T) = Z%’ if p > 2.

To show that F(T) = 0 when p > 1, suppose U ~ N (0,1), V ~ Xf,, and U 1L V. Write

E(T) = E( V/p) = E(U)E( V/p) =0,

because E(U) = 0. We need to investigate the second expectation to see why the “p > 17

condition is needed. Recall that V ~ x2 = gamma( ,2). Therefore,

(o) o) -

o P2 —v/2
- F(2)2P/2 o' e
_ VP (P e
- P\9p/2

T(2)2 2
VNG

V2r(e)

which is finite. However, the penultimate equality holds only when (p — 1)/2 > 0; i.e., when
p > 1. Showing var(7T) = p/(p — 2) when p > 2 is done similarly.

Snedecor’s F distribution: Suppose that U ~ x2, V ~ xZ?, and U 1L V. The random
variable

Up _

V/q p,aq»

an F distribution with (numerator) p and (denominator) ¢ degrees of freedom. The pdf of
W is

W =-“~1=

L) (p\"? wh!
et = gt (2) @i [ 0)
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Note: This pdf can be derived in the same way that the ¢t pdf was derived. Apply a
bivariate transformation; i.e., introduce Z = U as a dummy variable, find fw z(w, 2z), and
then integrate over z.

Moments: If W ~ F, ,, then

q .
F = — f 2
(W) o e
2
q p+qg—2 .
var(W) = 2 , if g >4
(W) (q—2) plg—4)

Proof. Exercise.
Application: Suppose we have independent random samples

Xl,XQ,...,Xn ~ lldN(,UJX,O'g()
Y1, Yo, Yy ~ iid N(uy, ov).

We know ( 1)52 ( 1)52
n— m —
—2X ~ X?z—l and —2y ~ in—l'
Ox Oy

Also, these quantities are independent (because the samples are; therefore, S% 1l S%).

Therefore,
T— A
= 5 = ) 2 n—1,m—1-
(m — 1)SY/(m —1) Sy ) ok
o}

Furthermore, if 0% = 0% (perhaps an assumption under some Hy), then S%/S2 ~ Fj, 1 m_1.

In this case,
S2 m—1
E(=2)="— ~1.
S2 m—3 L
Y

Therefore, if 0% = 0%, we would expect the ratio of the sample variances to be close to 1
(especially if m is large).

Theorem 5.3.8.
(a) f X ~ F,,, then Y =1/X ~ F,,
(b) If X ~t,, then Y = X? ~ F} .
(c) If X ~ F,,, then

Note: The first two results above are important in analysis of variance and regression. The
result in part (c) is useful when estimating a binomial success probability.
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5.4 Order Statistics

Definition: The order statistics of an iid sample X1, X5, ..., X,, are the ordered values of
the sample. They are denoted by X(1) < X(g) < -+ < X5 iee,

X(l) = min X@
1<i<n
X2 = second smallest X;

X@n) = max X;.

1<i<n

Remark: Many statistics seen in practice are order statistics or functions of order statistics.
For example,

e T'(X) = X(ns1y, the sample median (n odd)
o T'(X) = X(ny — X(1), the sample range
e T(X) = 1(Xu) + X)), the sample midrange.

Revelation: Because order statistics are statistics (i.e., they are functions of X3, Xs, ..., X,,),
they have their own (sampling) distributions! This section is dedicated to studying these
distributions.

Note: We will examine the discrete and continuous cases separately. In general, “ties”
among order statistics are possible when the population distribution fx(x) is discrete; ties
are not possible theoretically when fx(z) is continuous.

Theorem 5.4.3. Suppose X, Xo, ..., X,, is an iid sample from a discrete distribution with
pmf fx(x;) = p;, where 1 < g < -+ < x; < --- are the possible values of X listed in
ascending order. Define Fy = 0,

Pr=p, P=p+ps... FP=pi+p+-+pi..
Let X1y < X(9) < -+ < Xy denote the order statistics from the sample. Then

P(X(j) < m;) = Zn: (Z) PH(1 — Bt

k=j
and .
n
P(Xg=z)=) (k) [PF(1—P)" % =P (1-P_y)" "]

k=
Proof. Let Y denote the number of X;’s (among X, X», ..., X,,) that are less than or equal
to x;. The key point to realize is that

{(Xp) <@ ={Y 2j}.

Furthermore, Y ~ b(n, P;). To see why, consider each X; as a “trial:”
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o if X; < x;, then call this a “success”
o if X; > x;, then call this a “failure.”

Note that Y simply counts the number of “successes” out of these n Bernoulli trials. The
probability of a “success” on any one trial is

P(X;j<zi)=pi+p+-+p=PF.
Therefore,

P(Xy <w) = PY =)
- 3 (y)ra- e
‘ \ k
k=j
The expression for P(X(;) = ;) is simply P(X(;) < z;) — P(X(;) < 2;—1). The definition of

Py, = 0 takes care of the 1 = 1 case. O

Example 5.7. Suppose X1, Xy, ..., X, are iid Bernoulli(#), where 0 < 6 < 1. Find E(X(;)).
Solution. Recall that the Bernoulli (population) pmf can be written as

m=1—-0, x=x,=0
fx(l’): p2:9, $:$2:1
0, otherwise.

Using the notation defined in Theorem 5.4.3, we have Py, = 0, P, = p; = 1 — 6, and
Py =pi+p,=(1—-0)+6=1. The random variable X;) is binary (0-1). Therefore,

E(Xy)=PX =1 = 1-PX; =0)
= 1-P(Xy <0)
- 1—§:<Zy1—wwmﬁ

For example, if = 0.2 and n = 25, then F(X(;3)) =~ 0.000369. Note that X3 is the sample
median if n = 25.

Exercise: Suppose that X, X, ..., Xy are iid Poisson with mean A = 2.2. Calculate E(X ;)
for j =1,2,...,10. Compare each with E(X;) = 2.2.

Theorem 5.4.4. Suppose X, Xo, ..., X, is an iid sample from a continuous distribution
with pdf fx(z) and cdf Fx(z). Let Xy < X < --- < X, denote the order statistics.
The pdf of X(;), for j =1,2,...,n, is given by

n!
(= Dli(n =)

fx () = [Fx () fx (2)[1 — Fx ()]
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Two special cases:

e j = 1. The pdf of X(;), the minimum order statistic, collapses to
Fxo (@) = nfx (@)1 — Fx ()",
e j =n. The pdf of X, the maximum order statistic, collapses to

Fxo (@) = nfx(@)[Fx ()"

The formulae for these special cases should be committed to memory.

Proof of Theorem 5.4.4. Let Fx  (x) = P(X(;) < x) denote the cdf of X(;). Let Y denote
the number of X,’s that are less than or equal to x. As in the discrete case, {X(;) < 2} =
{Y > j}. Furthermore, Y ~ b(n, Fix(z)). To see why, consider each X; as a “trial:”

e if X, <z, then call this a “success”

e if X; > z, then call this a “failure.”
Note that Y simply counts the number of “successes” out of these n Bernoulli trials. The
probability of a “success” on any one trial is P(X; < z) = Fx(x). Therefore,

Fx, (z) =P(Xy <z) = P >))

= 3 (1) - e

k=j

The pdf of X(;) is given by

fxp (@) = %FX@(“:)
d <~ (n
= - [Fx ()]*[1 = Fx(x)]" "
do £~ k) X X

where

) 1(n)k[Fx(x)]k‘lfx(x)[l—Fx(x)]”_’“

o

b = ( )[Fx<x>1 (n— )1 — Fx ()" (o).
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Note that the expression above

I[F g1 1-F "= F g1 1—-F "I
(0)alEx @ o)l = (@)™ = o Fe(olP ™ fx(@)L - F(o)

is the desired result. Therefore, it suffices to show that a — b = 0. Re-index the a sum and
re-write the b sum as

n—1

>y <k . 1) (k+ DIFx @) fx ()1 = Fx(@)" ™!
b = X_: <Z) (’fl — k)[FX(Z’)]kfx(I)[l _ FX(x)]n—kfl.

To establish that a — b = 0, simply note that

n n!
(k+1)(k+1) = Gkttt

n!

El(n —k —1)!
n! n
= m(n—k) = (k)(n—k) O

Conceptualization: There is an easy way to remember

n! , :
_ J—1 - n—j
i ®) = G Fx @ e[ = P
Think of each of X7, Xs, ..., X, as a “trial,” and consider the trinomial distribution with the
following categories:

Category Description Cell probability # Observations
1 Less than x p1=P(X <zx)= Fx(x) j—1
2 Equal to x pa=P(X =2)=“fx(z)” 1
3 Greater than x p3=P(X >z)=1- Fx(x) n—j

Therefore, we can remember the formula for fx () by linking it to the trinomial distribution
(see Section 4.6 in the notes). The constant

n! n!

G=Din=5" (G -Dln-j)

is the corresponding trinomial coefficient; it counts the number of ways the X;’s can fall in
the three distinct categories.
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Example 5.8. Suppose that X, Xy, ..., X,, are iid #(0,1). Find the pdf of X;), the jth
order statistic.
Solution. Recall that the population pdf and cdf are

0, <0
fx(x)=1(0<z<1) and Fx(z)=< z, 0<z<l1
1, x>1.
The pdf of X(;) is, for 0 <z < 1,
n! , :
, = =N —z)"
I'(n+1)

i.e., X(jy ~ beta(j,n —j+1).

Example 5.9. Suppose that X;, Xy, ..., X, are iid exponential(3), where 5 > 0. Recall that
the exponential pdf and cdf are

0, <0

1
fx(z) = Be_x/ﬁl(x > 0) and Fx(z) = { 1—e /P 2>0.

The pdf of X(y) is
fxop (@) = nfx(@)[l = Fx(z)]"
>0 n le—x/ﬂ [1 . (1 . 6—x/6)]n—1

. n —nz/fB
= —e I(z >0),

that is, X(1) ~ exponential(3/n). The pdf of X, is

Fxo (@) = nfx(@)[Fx(@)]"

= %e‘x/ﬁ(l — e B2 > 0).

The pdfs of X(;) and X, are depicted in Figure 5.2 for n = 10 and 8 = 2.

Theorem 5.4.6. Suppose X, Xo, ..., X, is an iid sample from a continuous distribution
with pdf fx(z) and cdf Fx(z). Let X1y < Xy < --- < X(,,) denote the order statistics.
The joint pdf of (X(;), X(;)), i < 7, is given by

n!
Txo X0 0) = GG =T =i = )

[FX(U)]Zfle(u) [Fx(’l}) _ FX(U)]jfl—i
x fr(@)l - Fx()]",

for —oco < u < v < 0.
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PDF of maximum
0.10 0.15 0.20
1 1 1

PDF of minimum

0.05
|

00

0.

Figure 5.2: Order statistic distributions. Xy, X, ..., X9 ~ iid exponential( = 2). Left: Pdf
of X(1). Right: Pdf of X(09). Note that the horizontal axes are different in the two figures.

Remark: For a rigorous derivation of this result, see Exercise 5.26 (CB, pp 260). For
a heuristic argument, we can again link the formula for fx x (u,v) to the multinomial
distribution:

Category Description Cell probability # Observations
1 Less than u p1 = Fx(u) i—1
2 Equal to u pe = “fx(u)” 1
3 Between v and v p3 = Fx(v) — Fx(u) j—1—i
4 Equal to v Py = “fx(v)” 1
5 Greater than v ps =1 — Fx(v) n—j

Special case: The joint pdf of (X(1y, X(,) is given by
FXy o (s 0) = n(n = 1) fx (w)[Fx (v) = Fx (w)]" 7 fx(v),
for —oco < u < v < 0.

Example 5.10. Suppose that X, Xy, ..., X,, are iid ¢(0,1). Find the pdf of the sample
range R = X(n) — X(l).
Solution. The first step is to find the joint pdf of X(;) and X,); this is given by

Fxy Xom (W, 0) = n(n—1)(v —u)" 10 <u < v <1).
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Now consider the bivariate transformation

R=g1(X0),Xm) = Xm—Xq
S:gg(X(l),X(n)) = X(n).

Note that the support of (R,S) is B = {(r,s) : 0 < r < s < 1}. The transformation above
is one-to-one, so the inverse transformation exists and is given by

x(l):gfl(r,s) = s—7r
Ty =95 (r,s) = s.

The Jacobian of the (inverse) transformation is

dg; ' (r,s)  g1'(r,s)

J = det ? ) 095(?697", 9= det

8r Os
Therefore, the joint pdf of (R, S) is, for all (r,s) € B,

fR,S(Tv‘g) = fX(1)X(n)<g 1(T75> (T 5))“]’
= n(n—1s—(s—r)]""

= nn—1Dr"2I0<r<s<]1).

—1
0

1
1

The marginal pdf of R is therefore

falr) = / 1n(n—1)r"’2ds

= aln— 1" (=10 <r <)
_ ﬂ%g%%zﬂwwﬂl—m%ﬁw<r<w7

a beta pdf with parameters n — 1 and 2, that is, R ~ beta(n — 1, 2).

Result: Suppose X, Xy, ..., X,, is an iid sample from a continuous distribution with pdf
fx(z). The joint distribution of the n order statistics is

IX 0 XXy (1, T2y oy ) = nl fx (1) fx (22) - -+ fxe (),
for —co< 1 <aTp < -+ < x,, < 0.

Q: We know (by assumption) that Xi, Xo, ..., X,, are iid. Are X1y, X(2), ..., X(») also iid?
A: No. Clearly, X(1), X(2), ..., X(n) are dependent; i.e., look at the support! Also, the marginal
distribution of each order statistic is different. Therefore, the order statistics are neither
independent nor identically distributed.
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5.5 Convergence Concepts

Remark: In some problems, exact distributional results may not be available. By “exact,”
we mean “finite sample;” i.e., results that are applicable for any fixed sample size n.

e In Example 5.10, the sample range R ~ beta(n — 1,2). This is an exact result.

When exact results are not available, we may be able to gain insight by examining the
stochastic behavior as the sample size n becomes infinitely large. These are called “large
sample” or “asymptotic” results.

Q: Why bother? Large sample results are technically valid only under the assumption that
n — oo. This is not realistic.

A: Because finite sample results are often not available (or they are intractable), and large
sample results can offer a good approximation to them when n is “large.”

Example 5.11. Suppose X1, Xs, ..., X,, are iid exponential(6), where § > 0, and let

_ 1

the sample mean based on n observations. An easy mgf argument (see Example 5.3 in the
notes) shows that

X, ~ gamma(n,d/n).
This is an exact result; it is true for any finite sample size n. Later, we will use the Central
Limit Theorem to show that

VX, — 0) -5 N(0,62),

as n — 0o. In other words, o
X, ~ AN(0,6%/n)

for large n. The acronym “AN” is read “approximately normal.”

Remark: In Example 5.11, the exact distribution of X, is available and is easy to derive.
In other situations, it may not be. For example, what if X7, Xo, ..., X, were iid beta? iid
Bernoulli? iid lognormal?

Review: Suppose (z,)5°, is a sequence of real numbers. We say that “x,, converges to z”
and write

lmz,=2 or x,—x, asn — oo,
n—oo

if Ve > 0 Ing(e) > 1 3 |z, — 2| < € ¥n > ng(e). This means that every open neighborhood
of = contains all but a finite number of the full sequence ()% ;.

Remark: The definition above is a statement about non-stochastic convergence. Non-
stochastic means “not random;” i.e., the z’s are real numbers (to us, fixed constants). On
the other hand, stochastic convergence involves random variables. Interestingly, showing
stochastic convergence often boils down to showing non-stochastic convergence.
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5.5.1 Convergence in probability

Definition: We say that a sequence of random variables X, X5, ..., converges in proba-
bility to a random variable X and write X,, == X if Ve > 0,

lim P(]X, — X|>¢€) =0,

n—0o0

that is, P(]X,, — X| > €) — 0, as n — co. An equivalent definition is

lim P(|X, — X| <e¢) =1,

n—oo

ie., P(|X,—X|<e€) =1, as n — oo.

e For ¢ > 0, quantities like P(|X,, — X| > ¢) and P(|X,, — X| < ¢€) are real numbers.
Therefore, convergence in probability deals with the non-stochastic convergence of
these sequences of real numbers.

o Informally, X, 4 X means the probability of the event
{|Xn — X| > €} = {“X,, stays away from X"}
gets small as n gets large.
e In most statistical applications, the limiting random variable X is a constant.
Example 5.12. Suppose Xi, X, ..., X,, are iid exponential(f), where § > 0. Show that

X, =50, as n — oo. o
Solution. Suppose € > 0. Recalling that X,, ~ gamma(n,/n), it would suffice to show that

P(X,—0]<e¢) = Pl—e<X,—0<e)
= Pll—e<X,<0+¢)

0+€ 1
= / —ex"_le_”x/edx — 1, asn — oo.
o—e L(n)(;)"

gamma(n,0/n) pdf

Unfortunately, it is not clear how to do this. Alternatively, we could try to show that
P(| X, —60| >¢€) — 0, as n — oco. This is easier to show. Recall that by Markov’s Inequality,

P(Xn—=0l>¢) = P((X,—0)>¢)
E[(X,—-0)Y var(X,) 6
€2 T T & e 0

as n — 0o. We have used Markov’s Inequality to bound P(]X,, —6| > €) above by a sequence
that is converging to zero. Therefore, P(|X, —6| > €) — 0 as well; i.e., X,, == 6, as n — oo.

Note: Example 5.12 is a special case of a general result known as the Weak Law of Large
Numbers (WLLN).
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Theorem 5.5.2 (WLLN). Suppose that X;, Xs, ..., X, is an iid sequence of random variables
with E(X;) = p and var(X;) = 0% < co. Let

denote the sample mean. Then X,, == p, as n — co.
Proof. Suppose € > 0. By Markov’s Inequality,

P(Xn—plze¢) = P(X0—p)?* =€)
E[(Xn—p)? _ var(X,) o’

< = =——0.0
€2 €2 ne2

Remark: In the version of the WLLN stated in Theorem 5.5.2, we assumed finite variances;
i.e., that E(X?) < co. Can we weaken this assumption? It turns out that the WLLN still
holds for iid sequences as long as F(]X|) < oo, i.e., the first moment is finite (this is called
Khintchine’s WLLN). Of course, the proof of this version is more difficult.

Remark: The WLLN guarantees that X,, — p1, as n — co. Does a similar result hold for
52 the sample variance? That is, does S? — 02, as n — oo?
A: Yes, in most cases. Suppose € > 0. From Markov’s Inequality,

E[(5?% — 0%)?] _ V&I‘(S2).

P(‘SZ_02’26>§ ) 2

€ €

Therefore, a sufficient condition for $2 -+ ¢2 is that var(S?) — 0, as n — co. Recall that

- (223) ]

where 1y = E[(X —p)*] is the fourth central moment of X. Therefore, the sufficient condition

var(S?) — 0 requires finite fourth moments; i.e., E(X?}) < co. However, $? -+ o2

the weaker assumption of E(X?) < oo.

under

Remark: When the limiting random variable is a constant, convergence in probability is
sometimes referred to as “consistency” (or “weak consistency”). We might say, “X,, is a
consistent estimator of p” and “S? is a consistent estimator of ¢2.”

Example 5.13. Suppose X;, X, ..., X,, are iid with continuous cdf F'x. Let
Fu(z) = ~ i[(x <)
n\r) = — i ST
(=

denote the empirical distribution function (edf). The edf is a non-decreasing step
function that takes steps of size 1/n at each observed X;. By the WLLN,

F,(z) = %i[(xi <) E[I(X; <) =P(X; <) = Fy(z).

i=1
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Figure 5.3: Empirical distribution functions ﬁn(x) calculated from X1, Xy, ..., X, iid M (0,1).
Upper left: n = 10. Upper right: n = 50. Lower left: n = 100. Lower right: n = 250. The
N(0,1) cdf is superimposed on each subfigure.

That is, F,(z) - Fx(z) at each fixed z € R. In a sense, we can think of the edf F, ()

as an “estimate” of the population cdf Fy(z). Figure 5.3 depicts the edf F,(z) calculated
when X1, X, ..., X,, are iid N/ (0,1) for different values of n.

Continuity: Suppose X, — X and let » : R — R be a continuous function. Then
h(X,) L, h(X). In other words, convergence in probability is preserved under continuous
mappings.

Proof. Suppose X, — X. Suppose ¢ > 0. Because h is continuous, 36(¢) > 0 such that
|z, — x| < 0(e) = |h(2x,) — h(z)| < € (this is the definition of continuity). Define the events

A = {z:|z,—z| <d(e)}
B = {z:|h(z,) —h(x)|] <€}
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and note that A C B. Therefore, by monotonicity of P,
P(IX, — X|<d(e)) = P(X,, € A) < P(X, € B)=P(|h(X,) — h(X)| <e).

However, because X,, —— X, this means that P(|X,, — X| < §(¢)) — 1, as n — oco. Clearly,
P(|h(X,) — h(X)| <€) — 1 as well. Because € > 0 was arbitrary, we are done. O

Remark: In Example 5.12, we showed that X,, = 0. This means that
Yi L5 6% eXn L2y ¢, and sinX, - sinf.
Note that hi(z) = 2%, hy(x) = €%, hz(x) = sinx are each continuous functions on R*.

Example 5.14. Suppose X, Xs, ..., X,, are iid Bernoulli(p), where 0 < p < 1. Let

denote the sample proportion. Because E(X;) = p < oo, it follows from the WLLN that
o~ D ..
p — p, as n — oco. By continuity,

]/9\ P p
n({——) — In|{—].
n(l—ﬁ) n(l—p>

The quantity In[p/(1—p)] is the log-odds of p. Note that h(z) = In[z/(1—x)] is a continuous
function over (0, 1).

Useful Results: Suppose X,, = X and Y,, == Y. Then

Proof. To prove part (a), suppose X, -5 X and suppose ¢ > 0. Note that
P(leX, —cX|>¢€) = P(|c]| X, — X| > €) = P(|X,, — X| > ¢€/||).

However, P(|X, — X| > €/|¢|) = 0 because X,, <+ X, by assumption. Because € > 0
was arbitrary, part (a) holds. I will next prove the “+” version of part (b) and leave the
remaining parts as exercises. Suppose X,, — X and Y, — Y and suppose ¢ > 0. From
the Triangle Inequality,

X, +Y, - (X+Y)|=|X, - X+Y,-Y|<|X,—-X|+|Y,-Y]
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Therefore,

P(X,+Y,—(X+Y)| >e¢ P(X,—X|+1|Y,=Y|>¢)

<
< P(X, — X| > ¢/2) + P(|Y, — Y| > ¢/2),

the last step following from Boole’s Inequality and monotonicity of P. However, because
X, 2 X and Y, 2 Y, we know P(|X, — X| > ¢/2) — 0 and P(|Y,, — Y| > ¢/2) — 0.
Because € > 0 was arbitrary, we are done. O

Remark: Convergence in probability generally can be established by using one of these
approaches.

Approach 1: Appeal to the definition directly; that is, show

P X, —X|>6) =0 or P(X,—X|<e) — 1.

This approach is particularly useful when X, is a sequence of order statistics (e.g., X(1),
Xy, etc.) and the limiting random variable X is a constant.

Example 5.15. Suppose X1, X», ..., X,, are iid #(0, 0), where § > 0. Show that X, 5 9.
Solution. Recall that the U(0,0) pdf and cdf are

, <0
, O0<zx<d
, x>0.

fr(a) = %1(0 cx<0)  and  Fy(z)=

—| KO

The cdf of X, is

FX(n) (x) = P(X(n) S l‘)
= P(XlgiE',XQSZZ',..,XnSI)
PSP P(X) < @)P(Xy <) P(X, < )

PG <o)

= [Fx(x)]" = (—)n, for0 <z < 0.
Therefore,
0, <0
Fx,(x) = (%) , O0<o <0
1, x>0

Suppose € > 0. By direct calculation, we have
P(’X(n)—9|<€) = P(—€<X(n)—9<6)
= P(9—6<X(n)<9+6)

9_ n
= Fx,,(0+¢)— Fx, (0 —¢) = 1—( 6) o1
—_———

=1
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Approach 2: When the limiting random variable is a constant, say ¢, use Markov’s Inequal-
ity; i.e., for r > 1,

E(|Xn — ")
67‘
and show the RHS converges to 0 as n — oo. The most common case is r = 2, so that

P(|Xn —c[Z€) <

E[(X, —¢)?] = var(X,)+[E(X,) — c]?
= var(X,) + [Bias(X,)]*.

Therefore, it suffices to show that both var(X,,) and Bias(X,,) converge to 0.

Example 5.16. Suppose X1, Xs, ..., X,, are iid N (p, 0?), where —oo < u < oo and o2 > 0.
Define

Show that S? -+ o2, as n — 0.
Solution. Tt suffices to show that var(S?) and Bias(S?) converge to 0. First note that

=13 -0 = () - wr = ()

i=1 =1

where S? is the “usual” sample variance (with denominator n — 1). Therefore,

) - of(52) o] () - ()

var(S?) = var K”;l) 52} _ (”_ 1)2var(52) _ (”‘ 1>2 200 _ 20—t

n—1 n

Also,

_ 2
BlaS(Sz):E<S2—U2): (n 1)0'2_0-2:_0-__>0

Approach 3: Use continuity of convergence results in conjunction with the WLLN. This
approach is widely used and often allows the weakest assumptions. The following lemma
can be useful when making this type of argument.

LEMMA: Suppose X, 2y X and ¢, — ¢, as n — 0o. Then ¢, X, Ly eX.
Proof. Exercise.

Example 5.17. Suppose X, Xs, ..., X,, are iid with E(X}{) < oco. Consider the “usual”
sample variance
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From the WLLN, we have
1 n
=3 X7 5 BE(XD).
n
i=1

Also from the WLLN, we have X, —= E(X;), so Yi L5 [E(X))]?, by continuity. Let
¢, =n/(n — 1) and observe that ¢, — 1, as n — 0o. From the previous lemma, we have

S? =c, (% Zn:XE - Xi) 231 x {E(X?) — [E(X))]?} = var(X;) = 0%

This shows that S? -2+ 62 (i.c., S? is a consistent estimator of ¢2) under finite fourth moment
assumptions. This actually remains true for iid samples under finite second moments.

Approach 4: Show that X, N c; i.e., that X, converges in distribution to a random
variable whose distribution is degenerate at the constant c¢. This approach “works” because

X, 5o = X, D
when the limiting random variable is a constant (it is not true otherwise).

Remark: We have already seen an illustration of this approach in Example 2.19 (pp 56
notes). We showed My, (t) = Mx(t) where the limiting random variable X had a distribu-
tion that was degenerate at the constant 5. That is, the cdf of X was

Therefore, X, SN B and hence X,, - 8.

5.5.2 Almost sure convergence

Definition: Suppose that (S, 3, P) is a probability space. We say that a sequence of random
variables X1, X, ..., converges almost surely to a random variable X and write X,, = X
if Ve > 0,

P(nli_>no10|Xn—X] < e> :P<{w €5 Tim | X, (w) — X(w)| < e}) ~1.

Remark: The set
{w €S lim | X,(w) — X(w)| < e}
n—oo

is the set of all outcomes w € S where X,,(w) = X(w). Note that X,,(w) is a sequence of
real numbers for each w € S. Therefore, if this sequence of real numbers X, (w) converges
to X(w), also a real number, for almost all w € S, then X,, =% X. By “almost all,”
we concede that there may exist a set N C S where convergence does not occur; i.e.,
Xp(w) 4 X(w), for all w € N. However, the set N has probability 0; i.e., P(N) = 0.
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Remark: Almost sure convergence is a very strong form of convergence (often, much
stronger than is needed). In fact, the following result holds:

X, X = X, 5 X,

That is, almost sure convergence implies convergence in probability. The converse is not
true in general; see Example 5.5.8 (CB, pp 234).

Theorem 5.5.9 (SLLN). Suppose that X1, Xs, ..., X,, is an iid sequence of random variables
with F(X;) = p and var(X;) = 0? < co. Let

denote the sample mean. Then X,, =% 1, as n — oo.

Continuity: Suppose X, =% X and let ~ : R — R be a continuous function. Then
h(X,) <% h(X). In other words, almost sure convergence is preserved under continuous
mappings.

Proof. Suppose X,, == X and let Sy = {w € S : X,,(w) = X (w)}. Because X,, == X, we
know that P(Sp) = 1. Because h is continuous, h(X,(w)) — h(X(w)) for all w € S;. We
have shown that h(X,(w)) = h(X(w)) for almost all w € S. Thus, we are done. O

Conceptualization: Suppose @\n is a sequence of estimators for an unknown param-
eter, say . We can think of updating the value of 6, as data become available (e.g.,
X1,X5,X3,...). One might wish that gn become “close” to # when n is sufficiently large
and then never “wander away” again after further data collection. Almost sure convergence
guarantees this. Convergence in probability does not; it guarantees only that the probability
0, “wanders away” becomes small. This may seem like an argument against convergence in
probability. However, in practice (i.e., to establish many useful asymptotic results), conver-
gence in probability is all we will ever need. In many ways, this should not be surprising.
After all, statisticians tend to think in terms of probability rather than in terms of absolutes.

5.5.3 Convergence in distribution

Definition: We say that a sequence of random variables X7, Xs, ..., converges in distri-
bution to a random variable X and write X, %5 X if the sequence of cdfs

FXn<$> — Fx($),

as n — oo, for all z € Cp,, the set of points z € R where Fx(+) is continuous.

Remark: When we talk about convergence in distribution, we write X, HNS'S However, it
is important to remember that it is not the random variables themselves that are converging.
It is the cdfs F, (x) that are (pointwise at all continuity points of F). Mathematically,
Ve > 0 Vo € Cp, Ing(e,x) > 13 |Fx, () — Fx(x)] < e Vn > ng(e x).
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Example 5.18. Suppose Y71,Y5,...,Y, are iid exponential random variables with mean
E(Y) =1, ie., the pdf of Y is fy(y) = e YI(y > 0). Define

Xp =Yy —Inn,

where Y(,,) = max;<;<, Y;, the maximum order statistic. Show that X,, converges in distri-
bution and find the (limiting) distribution.

Solution. The cdf of Y 1is
0, y<0

Fy(y) = { 1—e™, y>0.
The cdf of Y, is

Fy,,(y) = P(Y) <) L Py <y

= [ ()"
= (1—-¢e¥)" fory>0.
The cdf of X,, =Y,y —Inn is

Fx,(xr)=P(X, <x) = P(Yyn <x+Inn)
= Fy, (z+nn)

_ _ o (@dnn)]™ _ _ €
[1 e ] 1

—x

_ ) S exp(—e®) = Fx(a)

as n — oo. This is the cdf of a (standard) Gumbel random variable. Note that Fx(x) is
continuous on R and also that Fx, (z) — Fx(z) for all x € R.

Continuity: Suppose X, %y X and let h : R — R be a continuous function. Then

h(X,) LN h(X). In other words, convergence in distribution is preserved under continuous
mappings.

Example: Suppose X, —— X, where X ~ N(0,1). Because h(x) = z? is continuous,
X2 N X3 Recall that X ~ N(0,1) = X? ~ y2.

Remark: One of the most common approaches to showing X, % X is to use moment
generating functions. In a more advanced course, we might use characteristic functions.
Lévy’s Continuity Theorem on characteristic functions says that if X,, ~ ¢x, (), then

X, -5 X <= ¢x,(t) = ¥x(t), for all t € R.

This was actually stated in the Miscellanea section in Chapter 2 (see Theorem 2.6.1, CB,
pp 84). The “mgf version” of this result, that is,

X, -5 X <= My, (t) = Mx(t), for all |t| < h (3h > 0),

was Theorem 2.3.12 (CB, pp 66). Of course, this result is applicable only when mgfs exist
(characteristic functions, on the other hand, always exist).
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Theorem 5.5.12. X,, 25 X — X, 4 X

Remark: The converse to Theorem 5.5.12 is not true in general. Suppose that X,, ~ A(0, 1)
for all n. Suppose that X ~ N(0,1). Clearly, X, HNS'S Why? The cdf of X, is

|
Fx, (x) = / \/—Q_WeUQ/Zdu = Fx(x), for each n.

Trivially, F, (z) — Fx(x), for all z € R. However, there is no guarantee that X,, will ever be
“close” to X with high probability. For example, if X,, 1l X, then Y = X,, — X ~ N(0,2).
For e > 0, P(|X, — X| <€) = P(]Y] < €), a constant. This does not converge to 1.

Remark: The converse to Theorem 5.5.12 is true when the limiting random variable is a
constant (see “Approach 4”7 in the convergence in probability subsection):

d
X, —c = Xni>c.

This is precisely what is stated in Theorem 5.5.13 (CB, pp 236).

Theorem 5.5.14 (Central Limit Theorem, CLT). Suppose X1, Xo, ..., is an iid sequence of
random variables with F(X;) = p and var(X;) = 0? < co. Then

X, —
Zy = o/\/ﬁlu —Ly N(0,1), asn — oo.
Remark: Note that o .
7 Xn—M:Zz‘:le‘—nM

NG Vo

Showing this is simple algebra. In more applied courses, it is common to write things like
X, ~ AN (u,0%/n)  or iXi ~ AN (nji,na?)
i=1
for large n. However, do not ever write something like
X, i>./\/’(u,02/n) or zn:Xi i>/\/'(n,u,naQ).
i=1

These statements are not true, and, in fact, do not even make sense mathematically. Con-
vergence in distribution is a statement about what happens when n — co. The distribution
in the limit can not depend on n, the quantity that is going off to infinity.

Example 5.19. Suppose X1, Xs, ..., X,, are iid x? so that F(X;) = 4 = 1 and var(X;) =
0% = 2. The CLT says that

Yn—l . Z?:lXi—n
2/n vV 2n
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Illustration: Suppose n = 100. We would expect the distribution of Xigy to be well
approximated by a A/ (1,2/100) distribution, or, equivalently, the distribution of leiq X; to
be well approximated by a N(100,200) distribution.

Remark: To prove the CLT, we will assume that the mgf of X; exists. This assumption
is not necessary, but it does make the proof easier. A more general proof would involve
characteristic functions (which always exist).

Proof of Theorem 5.5.14: Let o

Xn—

a/\y/n

We will show My, (t), the mgf of Z,, converges pointwise to Mz(t) = e"’/2, the mgf of
Z ~ N(0,1). Define

Ly =

X; —
v, ==k
g

for i =1,2,...,n, and let My (t) denote the common mgf of Y.
Notes:
e If the X;’s are iid, then so are the Y;’s.

o If the mgf of X; exists for all t € (—h,h) Fh > 0, then the mgf of Y; exists for all
€ (—oh,oh).

e Note that E(Y;) = 0 and var(Y;) = 1 by construction.

Simple algebra yields

Therefore,

Now write My (t/+/n) in its McLaurin series expansion:

> (-0
My (t/v/n) = My (0) —! ),

where
(#) d*
M, (0) = dtkMY(t)

t=0
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Because My (t) exists Vt € (—oh, oh), this expansion is valid Vt € (—y/noh, y/noh). Now,

MP(0) = My(0) =1
MP(0) = E(Y) =
MP0) = BY?) =1

Therefore, the expansion above becomes

Mo =1+ g,

where the remainder term

To summarize, we have written

My, (t) = [My(t/vn)]" = {1+2€272+Ry(t/\/5)r = [1+%+@}cn

where b = t2/2, g(n) = nRy(t/\/n), and ¢ = 1. It therefore suffices to show that
lim,, o g(n) = lim, o nRy(t/y/n) = 0, for all t € R. An application of Taylor’s Theo-
rem (see Theorem 5.5.21, CB, pp 241) yields

i (V) _
S TN
for t # 0 (fixed). Because t is fixed, we also have (for t # 0)
o o FYUNVR) Rt/
R (YRR (YA

Also lim,, o, nRy(t/4/n) = 0 when ¢ = 0 because Ry(0) = 0. We have shown that
lim,, o nRy (t/4/n) =0, for all t € R. Thus, we are done. O

= nh_)n;@ nRy(t/v/n).

Remark: We have the following important result:
X, —p
o/\/n

Statements like the second statement are commonly seen in asymptotic results. We can
interpret this as follows. If we

L N0,1) = VaX, — p) -5 N(0,02).

1. center X,, by subtracting p

2. scale X,, — p up by multiplying by /7,
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then /n(X, — ) converges to a bonafide distribution. The sequence n?(X, — p) collapses

if p < 1/2 and blows up if p > 1/2. The value p = 1/2 is “just right” to ensure n”(X,, — p)
converges to a nondegenerate distribution with no probability “escaping off” to 4oo.

Example 5.20. Suppose X1, X, ..., X,, are iid Bernoulli(p), where 0 < p < 1, so that
E(X;) = p and var(X;) = p(1 — p). The CLT says that
- d
V(X = p) — N(0,p(1 - p)),

as n — oo. For the Bernoulli population distribution, the X,’s are zeros and ones, so X,, is
a sample proportion (i.e., the proportion of ones in the sample). More familiar notation
for the sample proportion is p, as presented in Example 5.14 (notes). This result restated is

Vi p) 5 N0, p(1 - p)) = =P 45 w0, 1),

/p(1—p)

5.5.4 Slutsky’s Theorem

Theorem 5.5.17 (Slutsky’s Theorem). Suppose that X, 44 X and Y, 2 a, where a is a
constant. Then

(a) Y, X, -5 aX

(b) X, +Y, -5 X +a.

Example 5.21. Suppose X1, Xs,..., X, is an iid sample with F(X;) = p and var(X;) =
0% < 0o. The CLT says B
Xn — K
o/vn
as n — oo. Let S? denote the sample variance. In Example 5.17 (notes), we showed that
52 25 62 as n — co. Because h(x) = o/+/x is continuous over R+,

25 N(0, 1),

0 p
— — 1.
S

Therefore, by Slutsky’s Theorem,

Xo—p o Xp—

S/ S o/

=

=
=
=
N

Note that replacing o (an unknown parameter) with S (a consistent estimate of o) does not
affect the asymptotic distribution.

Exercise: Suppose Xi, Xo, ..., X, are iid Bernoulli(p), where 0 < p < 1. Show that

~

B N N(0,1).
p(1-p)

n
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5.5.5 Delta Method

Theorem 5.5.24 (Delta Method). Suppose X, is a sequence of random variables satisfying
Vi(X, = 0) =5 N(0,0%),
as n — 0o. Suppose g : R — R is differentiable at § and ¢'(f) # 0. Then

Valg(X,) — g(8)] —% N (0,[g(0)]0%)

as n — oo. In other words,
1(0)12 2
9(Xy) ~ AN(Q(Q), M), for large n.
n

Proof. Write g(X,,) in a (stochastic) Taylor series expansion about 0:

9(X) = 9(0) + g O, 0) + T o2

where &, is between X,, and 6. Multiplying by y/n and then rearranging, we have

Vala(X,) — 9(6)] = o (0) y(x, — o)+ VL) (x gy
i>./\/'(0,c72) :\]’%n ’

Now, /n(X, —0) N N(0,0?) by assumption so
g (0)Vn(X, —0) -5 N (0,[g'(0)20?) .

Therefore, if we can show R, — 0, then the result will follow from Slutsky’s Theorem.
Note that ,
9"(&n)

R, = (X, — 0) V(X — 0).
2 Yin "%

L N(0,02)

Provided that ¢”(&,) converges to something finite, we can get R, —— 0 if we can show
X, — 0 -2+ 0. Suppose € > 0. Consider

lim P(|X,, — 0] >¢) = lim P(v/n|X, — 0] > /ne).
n—oo n—oo
We know that /n(X,, — 6) N N(0,0?) by assumption, so
d
Vil X, = 0] = |Vn(X, = 0)] — |X],

where X ~ A(0,0?), by continuity; note that h(z) = |z| is continuous on R. Because the
distribution of | X| does not have probability “escaping off” to 400, we have

n—o0

lim P(|X, — 0] >¢) = lim P(v/n|X, — 0| > /ne) = 0.
n—oo N —  —

L) x|
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Therefore, X,, == 6. By continuity, X,, — # — 0. Finally,

Vila(X,) ~ 90)] = g OV, — o)+ Y E) (x gy
LN (0] (0)]202) 2 ’

Applying Slutsky’s to the RHS gives the result. O

Example 5.22. Suppose X1, Xo, ..., X,, are iid Bernoulli(p), where 0 < p < 1. Recall that
the CLT gives

Va(p —p) —5 N0, p(1 - p)),

as n — o0o. We now find the asymptotic distribution of the log-odds

o =1 (7).

properly centered and scaled. Note that g(p) is differentiable over 0 < p < 1 and

g9(p) =In (%) = J'(p) = :

p(1—p)’

which never equals zero over (0,1). Therefore, the delta method applies and

Y N R (e iy

1
i N (07 —) )
p(1—p)
as n — 0o. In other words,

p p 1
In{—— N.AN(IH( ), ), for large n.
<1—p) 1—p/) np(l—p)

Example 5.23. Suppose X;, Xs, ..., X,, are iid Poisson(f), where 6 > 0, so that F(X;) =0
and var(X;) = 0. The CLT says that

VX, —0) -5 N(0,6),

as n — oo. Find a function of X, say ¢(X,), whose asymptotic variance is free of .
Solution. The delta method says that

Valg(X.) — g(0)] -5 N (0.[9'(0)]%6) ,

as n — oo. If we set the large sample variance [¢'(6)]?6 equal to a constant (free of 6), we
can identify the function ¢ that satisfies this equation; that is,

GOP8E o = [WJOP=7 = )=

‘£
\/57
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where ¢; = /¢ (also free of #). A solution to this first-order differential equation is
c
9(0) = / ﬁ do = 2c,V0 + ¢,

where ¢, is a constant free of §. Taking ¢; = 1/2 and ¢y = 0 yields g(6) = /6.

Claim: The function g(X,) = v/ X, has asymptotic variance that is free of 6.

Proof. We have
1
0) = Vi — g(0)= -
4(0) /)= 57

which never equals zero (because 6 > 0). Therefore, the delta method says
ﬁ(\/y —\/5) LN (o {Lre L N(o l)
n ) 2\/5 74 )
as n — 0o. In other words,

\/ Xy ~ AN <\/§, %) , for large n.
n

In this example, we see that a square root transformation “stabilizes” the asymptotic
variance of X,,.

Exercise: Suppose X1, Xs, ..., X,, are iid Bernoulli(p), where 0 < p < 1. Find a function of
P, say g(p), whose asymptotic variance is free of p.

Ans: g(p) = arcsin \/j_o\

Theorem 5.5.26 (Second-order Delta Method). Suppose X, is a sequence of random vari-
ables satisfying
(X, — 0) -5 N(0,02),
as n — o0o. Suppose g : R — R is twice differentiable at 0, ¢’(f) = 0, and ¢”(#) # 0. Then
d o 2
nlg(Xa) —9(0)] — S9"(0)x
L gamma(1/2,0%¢"(0)).

Example 5.24. Suppose X1, Xy, ..., X,, are iid with F(X;) = p and var(X;) = ¢% < oo.
The CLT guarantees that

VX, — 1) 5 N(0,07),

as n — oo. Consider g(X,) = Yi. With g(u) = u?, we have ¢'(u) = 2u, which is nonzero
except when p = 0. Therefore, provided that u # 0,

V(X2 — u?) =5 N0, 4207),
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by the (first-order) delta method. If g = 0, then the previous asymptotic distribution
collapses. However, we can apply the second-order delta method. Note that ¢"”(u) = 2 and
therefore (when p = 0),

n(Xo — i) =nX, -5 o>\

< gamma(1/2,20?).

5.5.6 Multivariate extensions

Remark: We now briefly discuss asymptotic results for multivariate random vectors. All
convergence concepts can be extended to handle sequences of random vectors.

Central Limit Theorem: Suppose Xi, Xy, ..., is a sequence of iid random vectors (of
dimension k) with F(X;) = ., and cov(X;) = Zpup. Let X, = (X140, Xog, oo, Xpy)

denote the vector of sample means. Then /n(X,, — ) N mvn (0, X).

Multivariate Delta Method: Suppose X,, is a sequence of random vectors (of dimension
k) satisfying

d
n k\Ys
(A1) /n(X,, — p) — mvng(0,X)
(A2) g:R* — R is differentiable at pu (and is not zero).

Then

Vila(X,) - alpw)] < A (0. 2202200,

where

dg(p) _ (99(x) 99(x)  Ig(x)
ox Oxy = Oxg 7 Oz
Remark: The limiting distribution stated in the multivariate delta method is a univariate

normal distribution. Note that g : R* — R, so ¢g(X,,) is a scalar random variable. The
quantity

X=pW

09(1) 5, 09(1)

ox ox’
Remark: The multivariate delta method can be generalized further to allow for functions
g : R¥ — RP, where p < k; that is, g itself is vector valued. The only difference is that now

= a scalar.

Jg1(x)  0g1(x) g (x)

8;1:1 8.172 axk
oy | 220 P9 0ml
g = 0x1 8x2 al'k ,
ox : : . :

Ogp(x) 9gp(x) = 99p(X)

0$1 8.732 8$k pxk
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in which case g(p) is p x 1 and

dg(p) Eag(u)
ox ox!

= p X p matrix.

Example 5.25. Suppose X = (X7, X3)’ is a continuous random vector
fx(x) =e (0 < 21 < 23 < 00).

In Example 4.7 (notes), we showed that

X, ~ exponential(1)
Xy ~ gamma(2,1).

We have F(X;) =1, E(X3) = 2, var(X;) = 1, and var(X,) = 2. Also,

E(X1X2> = //$1$2fX1,X2<551,$2)d$2d371 =3
R2

SO

with joint pdf

COV(Xl,X2> = E(X1X2> - E(X1>E(X2) =3—-2=1.

Therefore, for the population described by fx(x), we have

1 11
n= ( ) and 3= ( ) .
2 2x1 L2 2x2

Now suppose X1, X, ..., X,, is an iid sample from fx(x); i.e., X1, Xa,
independent and X; = (X3;, Xs;) ~ fx(x), for j =1,2,...,n. Define

X1+252X1j and X2+252X2j
j= j=

< X1y )
Xn = ~ )
( Xoy

the vector of sample means. The (multivariate) CLT says that

and denote by

VX, — p) -5 mvn, (0, X),

as n — 0o, where g and X are given above. In other words,

e (3): (% 50))

for large n.

..oy Xy, are mutually
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Q: Find the large sample distribution of

— X
R=g¢(X,) ==X,
Xoy
suitably centered and scaled.
Solution: With g(xq,x9) = z1 /22, we have
0g(x1, ) _ i and 0g(x1, ) _._n
011 T 0T x5

so that

()= )

The multivariate delta method says that

VAlo(X,) - )] = Vit (R - 3) > N(0.03)
as n — 00, where
a-ot (1 -)(12)( )
4

In other words,

1 1
R~AN(=,— |, forlarge n.
2 8n

Example 5.26. In medical settings, it is common to observe data in the form of 2 x 2 tables
such as

Cured Not cured
Group 1 X1 X12
Group 2 X9 X

Set X = (X117, Xi2, Xo1, Xo2) and assume X ~ mult(n; p11, p12, P21, pa2). Note that

X=> Y
k=1
where Y, = (Yig, Yiok, Y1k, Yoor) and Y, = I(kth individual is in cell ij), for i = 1,2,
j=1,2,and k = 1,2,....,n. In other words, Y1,Ys,..., Y, are iid mult(1; p11, p12, P21, P22)
with

p=EY)=| P |=p
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and
pii(l—p11)  —pupie —Pp11P21 —p11p22
> =cov(Y,) = —pi2pi1 pr2(l — pi2) —P12P21 —P12P22
—P21P11 —P21DP12 p21(1 - p21) —P21P22
—P22P11 —P22P12 —P22P21 p22(1 - p22)
= D(p) - pp’,

where D(p) = diag(p). Define the vector of sample proportions as

The (multivariate) CLT says that \/n(p — p) LN mvn(0,3), as n — oco. This is a less-than-
full-rank normal distribution (STAT 714) because r(D(p) — pp’) = 3 < 4.

Q: Find the large sample distribution of the log-odds ratio

g(ﬁ) —In (ﬁllﬁQQ)

P12P21

suitably centered and scaled.
Solution: With

ofp) = (2222,

P12P21
we have
" PL 01 0 0
dg(p 0 po 0 0 _
2 =(1 -1 -1 1 12 =(1 -1 -1 1 )D7!
ap ( ) 0 0 272_11 0 ( ) (p)

By the multivariate delta method,

Valg(®) — g(p)] ~= N(0,0?),

as n — 0o, where

P11 P12 P21 ]922.

~ o~ 2 2
1 1
n ({7\111/9\22) ~ AN [ 1n (p11p22) = Z — .
P12P21 P12P21 n- = Dij

In other words,

1=

for large n.
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