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Definition 1.1 (Universal Set). In a specific problem, we assume the existence of a sample
space, or universal set () which contains all other sets. The universal set represents all pos-
sible outcomes of some random process. We sometimes call the universal set the universe.
The universe is always assumed to be nonempty. Subsets of the sample space are sometimes
called events.

Definition 1.2 (Countable Set Operations). Let A;, As, ..

U A; = {x € Q: 3 a positive integer j such that z € A,}.

=1

ﬂ A; ={x € Q: x € A;, Vpositive integers j}.
i=1

. C Q2. We define

Exercise 1.3. Prove that the set of real numbers R can be written as the countable union

R = U[—j,ﬂ-

(Hint: you should show that the left side contains the right side, and also show that the
right side contains the left side.)
Prove that the singleton set {0} can be written as

{0} = (1=1/3,1/5)



Definition 1.4 (Disjointness). Let A, B be sets in some universe ). We say that A and
B are disjoint if AN B = (). A collection of sets A, Ay, ... in Q is said to be a partition
of Qif U A, =, and if, for all 4,5 > 1 with i # j, we have 4; N A; = 0.

Remark 1.5. Two or three sets can be visualized with a Venn diagram, though the Venn
diagram is no longer very helpful when considering more than three sets.

The following properties follow from the above definitions.

Proposition 1.6. Let A, B,C be sets in a universe €.

(')AUB BUA.
AN(BUC)=(AnB)U((ANC(C).
(A)°=A

AUQ = Q.
AUu(BUC)=(AuB)uUC.

(1 AU

(vii) A

(viii

ii)
iii)
g
) (BmO):(AUB)m(AUC).
1)
)

Exercise 1.7. Using the definitions of intersection, union and complement, prove properties
(i) and (iii). (Hint: to prove property (ii), it may be helpful to first draw a Venn diagram
of A, B,C. Now, let x € Q2. Consider where x could possibly be with respect to A, B,C.
For example, we could have z € A, x ¢ B, x € C. We could also have z € A,z € B, x ¢ C.
And so on. In total, there should be 23 = 8 possibilities for the location of x, with respect
to A, B,C. Construct a truth table which considers all eight such possibilities for each side
of the purported equality AN (BUC) =(ANB)U(ANC).)

Exercise 1.8 (De Morgan’s Laws). Let A, A, ... be sets in some universe 2. Then

(GAZ) = ﬁAg, <ﬁAi> = DA;?.
i=1 i=1 i=1 i=1

Exercise 1.9. Let A;, Ay, ... be sets in some universe . Let B C €. Show the following
generalization of Proposition 1.6(ii).

Bn (UAk> = JnB).
k=1 k=1
Exercise 1.10. Let f: R — R be a function. Show that

Uyer{z € R: f(z) =y} =R.
Also, show that the union on the left is disjoint. That is, if y; # yo and y;,y2 € R, then
{z eR: f(z) =y}n{z eR: f(z) =y} =0

Definition 1.11. A Probability Law (or probability distribution) P on a sample space
Q) is a function whose domain is the set of all subsets of €2, and whose range is contained in
0, 1], such that

(i) For any A C 2, we have P(A) > 0. (Nonnegativity)

3
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(ii) For any A, B C Q such that AN B = (), we have
P(AUB)=P(A)+P(B).
If Ay, Ay, ... € Qand A;NA; = () whenever i, j are positive integers with ¢ # j, then

P ( G Ak> = i P(Ay). (Additivity)

(iii) We have P(Q2) = 1. (Normalization)
More generally, a measure p satisfies properties (i) and (ii) and has a range in [0, 0o].

Remark 1.12. For technical reasons, it is sometimes not possible to define a probability
law on an arbitrary uncountable sample space. However, in practice, many sample spaces
will be finite or countable, so this issue will not arise in many applications of statistics.
Nevertheless, this is an important foundational issue in probability theory; for more on the
subject, take a class on measure theory, or consult my graduate probability notes here.

Proposition 1.13 (Properties of Probability Laws). Let 2 be a sample space and let
P be a probability law on Q. Let A, B,C C (.

o [f AC B, then P(A) < P(B).

e PLAUB)=P(A)+P(B)—P(ANB).

e P(AUB) <P(A)+P(B).

e PLAUBUC)=P(A)+P(A°NB)+P(A°NB°NC).
Let n be a positive integer. Let Aq,..., A, C Q. Then

o(0n) <o

Proof. Let A C B. Then B = (BNA)U (BN A°), and (BNA)N (BN A°) ={. So, using
Axiom (ii) for probability laws, BN A = A, and using Axiom (i) for probability laws,

P(B)=P(BNA)+P(BNA°)=P(A)+P(BNA°) >P(A).

So, the first item is proven. We now prove the second item. Write A = (A~ B)U (AN B)
and note that A~ B and AN B are disjoint. Similarly, write B = (B~ A) U (BN A) and
note that (B ~\ A) and (B N A) are disjoint. Finally, we can write AU B as the union of
three disjoint sets: AUB=(ANB)U(ANB)U(B\ A).

So, using Axiom (ii) for probability laws twice,

P(A)+P(B)=PA~B)+P(ANB)+P(B~A)+P(ANB)=P(AUB)+P(ANB).

So, the second item is proven. The third and fourth items are left to the exercises. The final
inequality follows from the third item and induction on n. 0

Definition 1.14 (Random Variable). Let €2 be a sample space. Let P be a probability law
on 2. A random variable X is a function X : 2 — R. (Sometimes we might also consider
a random variable to be a function from 2 to another set.) Let n be a positive integer. A
random vector X is a function X: 2 — R". A discrete random variable is a random
variable whose range is either finite or countably infinite. A probability density function
(PDF) is a function f: R — [0,00) such that [*° f(z)dz = 1, and such that, for any

4
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—o0 < a < b < oo, the integral fab f(x)dx exists. A random variable X is called continuous
if there exists a probability density function f such that, for any —oo < a < b < 0o, we have

Pla<X<b) = /bf($)d:£.

When this equality holds, we call f the probability density function of X.
Let X be any random variable. We then define the cumulative distribution function
(CDF) F: R — [0,1] of X by

F(z) =P(X <ux), Vo eR.
We say two random variables X, Y are identically distributed if they have the same CDF.

Remark 1.15. There is another foundational issue here for uncountable sample spaces which
we will not discuss further. It suffices to say that the definition of a random variable should
have an extra condition, which is not needed for finite or countable sample spaces; for more
on the subject, take a class on measure theory, or consult my graduate probability notes
here.

Definition 1.16 (Probability Mass Function). Let X be a discrete random variable on
a sample space €2, so that X: QO — R. The probability mass function (or PMF) of X,
denote fx: R — [0,1] is defined by

fx(z)=P(X=2)=P{X =12}) =P{w e Q: X(w) =2x}), z €R.

Definition 1.17 (Independence). Let A;, As, ... be subsets of a sample space €2, and let
P be a probability law on 2. We say that A;, Ay, ... are independent if, for any finite
subset S of {1,2,...}, we have

P (NicsAi) = [[P(A)).

i€s
Let X;: Q - R" X5: Q — R”,... be random variables. We say that X, Xs,... are inde-
pendent if, for any integer m > 1 and for any By, By, ..., C R",

i=1
Here we denoted {X € B} :={w € Q: X(w) € B} where X: Q — R"” and B C R™.

1.2. Examples of Random Variables. We now give descriptions of some commonly en-
countered random variables.

Definition 1.18 (Bernoulli Random Variable). Let 0 < p < 1. A random variable X is
called a Bernoulli random variable with parameter p if X has the following PMF:

P Jifk=1
PX=k=<K1—p ,ifk=0
0 , otherwise.
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Definition 1.19 (Binomial Random Variable). Let 0 < p < 1 and let n be a positive
integer. A random variable X is called a binomial random variable with parameters
n and p if X has the following PMF. If k is an integer with 0 < k < n, then

n _
PIX =) = ()i
For any other k, we have P(X = k) = 0.

Recall that a sum of n independent Bernoulli random variables with parameter 0 < p < 1
is a binomial random variable with parameters n and p.

Definition 1.20 (Geometric Random Variable). Let 0 < p < 1. A random variable X
is called a geometric random variable with parameter p if X has the following PMF.
If k is a positive integer, then

P(X =k)=(1-p)""p.

For any other k, we have P(X = k) = 0. Note that X is the number of times that are
needed to flip a biased coin in order to get a heads (if the coin has probability p of landing
heads).

Definition 1.21 (Negative Binomial Random Variable). Let 0 < p < 1 and let n be
a positive integer. A random variable X is called a negative binomial random variable
with parameters n and p if X has the following PMF. If £ is an integer with n < k, then

P =)= (1) Ja-nn

n—1
For any other k, we have P(X = k) = 0. Note that X is the number of times that are
needed to flip a biased coin in order to get n heads (if the coin has probability p of landing
heads). The case n = 1 recovers the geometric random variable.
The negative binomial is equivalently defined as Y = X — n, i.e. the number of tails that
occur before the nt* heads occurs, so that for any k > 0,

Py =0 =P —ken) = (T g = (YT a- e
Definition 1.22 (Hypergeometric Random Variable). Let m,n,p be positive integers
such that m < p. A random variable X is called a hypergeometric random variable with
parameters m,n,p if X has the following PMF. If £ is a positive integer with max(0,p +
m —n) < k < min(m,p), then

by D)
()
For any other k, we have P(X = k) = 0.
Suppose we have an urn containing n cubes, where m cubes are red and the remaining
n —m cubes are blue. We then randomly select p cubes from the urn, without replacement.
Let 0 < k < m be an integer. Then the probability that exactly & of the selected cubes are
red is given by the above distribution, since (m) is the number of ways to select k of the

k

(labelled) red cubes, (T;:T:) is the number of ways to select p — k of the (labelled) blue cubes,

and we then divide by the total number of ways to select p cubes from all n of them.



Definition 1.23 (Poisson Random Variable). Let A > 0. A random variable X is called
a Poisson random variable with parameter )\ if X has the following PMF. If k£ is a
nonnegative integer, then

)\k
-2

kl
For any other x, we have px(x) = 0.

Example 1.24. We say that a random variable X is uniformly distributed in [c, d] when

X has the following density function: f(z) = &~ when z € [¢,d], and f(z) = 0 otherwise.

Example 1.25. Let A > 0. A random variable X is called an exponential random
variable with parameter \ if X has the following density function: f(x) = Ae™** when
x >0, and f(z) = 0 otherwise.

Definition 1.26 (Normal Random Variable). Let p € R, 0 > 0. A continuous random
variable X is said to be normal or Gaussian with mean g and variance o2 if X has the
following density function:

1 _eew?
flx) = e : VreR.

NG

In particular, a standard normal or standard Gaussian random variable is defined to
be a normal with 4 =0 and o = 1.

Proposition 1.27 (Poisson Approximation to the Binomial). Let A > 0. For each
positive integer n, let 0 < p, < 1, and let X,, be a binomial distributed random variable with
parameters n and p,. Assume that lim, .o p, = 0 and lim,_,.onp, = A. Then, for any
nonnegative integer k, we have

)\k:
lim P(X, = k) = e

n—o00 k-

Lemma 1.28. Let A > 0. For each positive integer n, let A\, > 0. Assume that lim, ., \, =
M. Then
A\
lim (1 — —) = e
n—oo n

Proof. Let log denote the natural logarithm. For any x < 1, define f(z) = log(1 — z). From
L'Hopital’s Rule,

. f(SL’) T ! T —1 o
fi = = iImfle) =lm e =1 ()
So, using lim,, o, A\, /n = 0 we can apply (x) and then lim, o0 Ay = A, SO

lim <1 — &> = lim exp (log (1 ) )
n—00 n n—oo

— exp <nm log (1-52) | n) — exp((—1)(\)) = e

n—00 )\n/n



Proof of Proposition 1.27. For any positive integer n, let A\, = np,. Then lim, ..o\, = A
and lim,, o, Ap,/n = 0. And if k is a nonnegative integer,

- () (-5

So, using Lemma 1.28, lim,, ,o, P(X,, = k) =1- %e_’\ 1. ]

Remark 1.29. A Poisson random variable is often used as an approximation for counting
the number of some random occurrences. For example, the Poisson distribution can model
the number of typos per page in a book, the number of magnetic defects in a hard drive, the
number of traffic accidents in a day, etc.

Exercise 1.30. The Wheel of Fortune involves the repeated spinning of a wheel with 72
possible stopping points. We assume that each time the wheel is spun, any stopping point is
equally likely. Exactly one stopping point on the wheel rewards a contestant with $1, 000, 000.
Suppose the wheel is spun 24 times. Let X be the number of times that someone wins
$1,000,000. Using the Poisson Approximation the Binomial, estimate the following proba-
bilities: P(X = 0), P(X = 1), P(X = 2). (Hint: consider the binomial distribution with
p=1/72.)
Remark 1.31. The Bernoulli, binomial, geometric and Poisson random variables are all
examples of the following general construction of a random variable. Let ag,ai,as,... > 0
such that > .~ a; = 1. Then define a random variable X such that P(X = i) = a; for all
nonnegative integers 1.

There are many other random variables we will encounter in this class as well, but these
will be enough for now.

Exercise 1.32. For any a > 0 define the Gamma function I'(«) by the formula

[Na) = /00 e " d.
0
Since o > 0, it follows that 0 < [ 2% e dx < oo, so this quantity is well-defined.
Using integration by parts, show that for any a > 0, we have the recursion
Fla+1) =al(a).
Since I'(1) = 1, conclude by an inductive argument that, for any positive integer n,
F(n+1)=nl

In this way, the Gamma function extends the definition of the factorial to any positive real
number.

Definition 1.33 (Gamma Distribution). Let a, f > 0. Define the gamma distribution
with parameters («a, 3) to be the random variable with the probability density function

xa—le—z/ﬁ .
f) = OV ifx >0
0, ifx <0.



By changing variables, note that
tB xaflefz/ﬁ t yaflefy
PX/p<t)=P(X <t :/ —dx:/ S dx.
That is, X/5 has the gamma distribution with parameters (a,1). Also, choosing ¢t = oo

shows that the integral of the density function is one on (—o0, ).

For example, if & = p/2 where p is a positive integer and [ = 2, we get the chi squared
distribution with p degrees of freedom:

xp/2—16—1/2 .
fla) = { 2T it >0
0, ifz <0.
This distribution can be defined as the distribution of the sum of p independent standard

Gaussian random variables. See Example 1.109 below for a derivation of this fact when p = 1
or p=2.

Definition 1.34 (Beta Distribution). Let a, 5 > 0. Define the beta distribution with
parameters («, ) to be the random variable with the probability density function

f(z) = B(Olé,ﬂ)xail(l — )P fo<z<l1

Here B(a, 3) = fol N1 — )L

It can be shown that B(a, ) = Fr((acziff)) The quickest proof first switches to (squared)

polar coordinates so that « = rcos?f, y = rsin?#. Then the Jacobian determinant is

2 o .
dot (cos 0 2r cosfsind

sin?@  2rsinfcosf ) = 2rsinf cosd.

Using this change of variables, we get
F(a)(B) = / / > ey eV dady
o Jo
oo pm/2
_ / / 2Ta+ﬁ—le—r(cos2 6-+sin® 0) COSQa—l i Sin26—1 0dOdr
o Jo

w/2
= 2/ r“+5_16_rd7‘/ cos?* 1 9sin®~1 0do
0 0

=T(a+B) /0 t 11— )% Ydt =T(a + B)B(w, B).

In the last line, we changed variables by t = cos? §, so that dt = —2 cos 6 sin 6d6.

Definition 1.35 (Cauchy Distribution). Define the (centered) Cauchy distribution to
be the random variable with the probability density function

1 1
= — R
/(@) ml+a? voe

9



Note that - f o Tizdr = Ltan'(z)[2=, = 1. Also, from Remark 1.40, note that
E|X|=2 fo = xQ =y ——5—dx = 00, S0 EX does not exist when X is a Cauchy distributed random
variable.

1.3. Expected Value.

Definition 1.36 (Indicator Function). Let A C Q be a set. We define the indicator
function of A, denoted 14: Q2 — R so that 14(w) =0if w ¢ A, and 14(w) =1 if w € A.

Definition 1.37 (Expected Value). Let 2 be a sample space, let P be a probability law
on Q. Let X be a random variable on . Assume that X: Q — [0,00). We define the
expected value of X, denoted E(X), by

E(X) = /OOOP(X > t)dt.

In analytic notation, EX = [, X(w)dP(w). More generally, if g: [0,00) — [0,00) is a
differentiable function such that ¢’ is continuous and g(0) = 0, we define

Eg(X) = / g (t)P(X > t)dt.
0
In particular, taking g(¢) = t" for any positive integer n, for any ¢ > 0, we have
EX" = / nt" 'P(X > t)dt.
0

For a general random variable X, if Emax(X,0) < oo and if Emax(—X,0) < oo, we then
define E(X) = Emax(X,0) — Emax(—X,0). Otherwise, we say that E(X) is undefined.

Remark 1.38. If we assume that the expected value and the integral on R can be commuted,
then the following derivation of the formula for Eg(X) can be given. From the Fundamental
Theorem of Calculus, we have

X 00
o) = [ gt = / GO ot
0 0
Therefore, Eg(X) = E [[° ¢'(t)1x>ndt = [;° ¢/ () Elixsnydt = [77 ¢ (HP(X > t)dt.

Remark 1.39. If X only takes positive integer values, then for any t > 0, if k is an integer
such that £ — 1 <t <k, then P(X >t) =P(X > k), so

E(X) z/OOOP(X>t)dt:§:/:lP(X>t)dt:§:P(X2k) :ip()o k).

Also, using Fubini’s Theorem 1.80 to rearrange the sum, we can arrive at

:iP(X>k):i i PX=j)= > PX=

k=0 j=k+1 0<k<j<oco
co J 00
=D > P(X=j)=) jP(X=
j=0 k=0 7=0

10



Remark 1.40. If X is positive with density function f that is continuous, then recall that
(d/dt)P(X < t) = f(t) for all t € R. Since P(X > t) = 1 —P(X < t), we then have
(d/dt)P(X > t) = —f(t). So, we can recover the usual formula for expected value by
integrating by parts (assuming g(0) = 0 and |g(¢)| < 1 for all t > 0):

Eg(X) = /Ooog’(t)P(X > t)dt = —/OOO (t )jtP(X > t)dt = /Uoog(t)f(t)dt.

Exercise 1.41 (Stein Identity). Let X be a standard Gaussian random variable, so that

X has density = — e~T/2 /V2r, ¥ x € R. Let g: R — R be a continuously differentiable
function such that g and ¢’ have polynomial volume growth. That is, 3 a,b > 0 such that
l9(2)],|¢'(z)] < a(l+ |z|)b, V 2 € R. Prove the Stein identity

EXg(X) = Bg/(X),

Using this identity, recursively compute EX* for any positive integer k.
Alternatively, for any ¢ > 0, show that EeX = ¢**/2_ i.e. compute the moment generat-

ing function of X. Then, using dtk |t oEetX = EXF and using the power series expansion
of the exponential, compute EX* directly from the identity Ee!X = /2.

Theorem 1.42 (Fundamental Theorem of Calculus). Let f be a probability density
function. Then the function g(t) = ffoo f(z)dz is continuous at any t € R. Also, if f is
continuous at a point x, then g is differentiable at t = x, and ¢'(x) = f(x).

Proposition 1.43. Let X4,...,X,, be random variables. Then

B ) = YO B(X
i=1 i=1
Unfortunately the above property is not obvious from our definition of expected value.

Definition 1.44 (Variance). Let ) be a sample space, let P be a probability law on €.
Let X be a random variable on 2. We define the variance of X, denoted var(X), by

var(X) = E(X — E(X))? = EX? — (EX)2
We define the standard deviation of X, denoted oy, by
ox = y/var(X).

Proposition 1.45. Let €2 be a sample space, let P be a probability law on Q. Let X be a
random variable on €. Let a,b be constants. Then

var(aX + b) = a*var(X).

We will review conditional expectation later on in the notes.

Exercise 1.46 (Inclusion-Exclusion Formula). Let A;,..., A, C Q be events. Then:
P(U, A) ZP — Y PANA)+ > PANANA
1<i<j<n 1<i<j<k<n

o (=D)"MP(AL NN AY).

To prove this formula, show that 1yn 4, = 1 —[];_,(1 — 1,,) and then take expected values
of both sides.

11



1.4. Joint PDF's.

Definition 1.47 (Joint Probability Density Function, Two Variables). A joint
probability density function (PDF) for two random variables is a function f: R?* —
[0,00) such that [[o, f(x,y)dedy = 1, and such that, for any —oo < a < b < oo and

—o00 < ¢ < d < oo, the integral fy [ ny(x y)dxdy exists.

Definition 1.48. Let X,Y be two continuous random variables on a sample space 2. We
say that X and Y are jointly continuous with joint PDF fxy: R? — [0, 00) if, for any
subset A C R?, we have

P((X,Y) € A) — / /A Fey (2, y)dedy.

In particular, choosing A = [a, b] X [c,d] with —oc0 < a < b < 00 and —o0 < ¢ < d < 00, we
have

Pla<X<bhe<Y<d-= /d/ P (@, y)dudy.
We define the marginal PDF fx of X by o
fr@) = [ ferlepdy,  voew
We define the marginal PDF fy of Y by
= /00 fxy(z,y)de, Vy e R.
Note that
P(CSYSd)ZP(—OOSXSOO,céYSd)Z/ / Fry (2, y)dudy.
y =—c0

Comparing this formula with Definition 1.14, we see that the marginal PDF of Y is exactly
the PDF of Y. Similarly, the marginal PDF of X is the PDF of X.

Example 1.49. Suppose X and Y have a joint PDF so that

1 2 2
P((X,Y)e A) = %//A e~ @I 2 drdy.

That is, we can think of X as the x-coordinate of a randomly thrown dart, and we can think
of Y as the y-coordinate of a randomly thrown dart on the infinite dartboard R2.
In this case, the marginals are both standard Gaussians:

1 ) & .2 dy 1 _22/9
fx(x) = ez/z/ e V2L = ”C/, Vr € R.
V2T Lo V2 \/
1 2 o 2 dl’ 1 2
= e /2/ e = e V2, Vy € R.
fr(y) o . o o Y

That is, if we only keep track of the z-coordinate of the random dart, then this z-coordinate
is a standard Gaussian itself. And if we only keep track of the y-coordinate of the random
dart, then this y-coordinate is also a standard Gaussian.

12



Example 1.50 (Buffon’s Needle). Suppose a needle of length ¢ > 0 is kept parallel to
the ground. The needle is dropped onto the ground with a random position and orientation.
The ground has a grid of equally spaced horizontal lines, where the distance between two
adjacent lines is d > 0. Suppose ¢ < d. What is the probability that the needle touches one
of the lines? (Since ¢ < d, the needle can touch at most one line.)

Let x be the distance of the midpoint of the needle from the closest line. Let 6 be the acute
angle formed by the needle and any horizontal line. The tip of the needle exactly touches
the line when sinf = z/(¢/2) = 2z/¢. So, any part of the needle touches some line if and
only if x < (¢/2)sinf. Since the needle has a uniformly random position and orientation,
we model X, © as random variables with joint distribution uniform on [0, d/2] x [0, 7/2]. So,

fxol(z,0) = {fw z€0,d/2] and 0 € [0,7/2]

0, otherwise.

(Note that [ 5. fx.e(z,0)dzdd = 1.) And the probability that the needle touches one of the
lines is

0=n/2 px=(£/2)sinb 4
// fxo(x,0)dxdd = / / —dxdf
0<z<(£/2)sin 6 6=0 z=0 md

20 [T 20 o—rs2 20
=— - sin fdf = EZ[_ cos 9]9:0/ =
Note that z < ¢/2 < d/2 always, so the set 0 < z < (£/2)sin# is still contained in the set

z € [0,d/2].
In particular, when ¢ = d, the probability is 2/7.

Definition 1.51. Let X, Y be random variables with joint PDF fxy. Let g: R* — R. Then
Bo(X.Y) = [ o(e.o)festog)dody.
R?
In particular,
E(XY) = / / zy fxy (z,y)dzdy.
R2

Exercise 1.52. Let X,Y be random variables with joint PDF fxy. Let a,b € R. Using
Definition 1.51, show that E(aX + 0Y) = aEX + bEY .

Definition 1.53 (Joint Density Function). We say that random variables Xj,..., X,
have joint density function f:R" — [0,00) if [, f(z)dz =1, and if

P((Xy,...,X,) EA):/f(:B)dZB, VACR"
A
We define the marginal density f;: R — [0, 00) of X7 so that
fi(zy) = flzr, ... xn)deg - - - dxy, vV €R.
Rn—1

Similarly, we can define the marginal density fio: R? — [0, 00) of X, X5 so that

flg(l'l,ffg) = f([L‘l,...,JZn)dffg"'dl’n, le,xg GR.
Rn—Q
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And so on.

Exercise 1.54. Let X1, Y] be random variables with joint PDF fx, y,. Let Xs, Y5 be random
variables with joint PDF fx,y,. Let T: R? — R? and let S: R? — R? so that ST(x,y) =
(z,y) and T'S(x,y) = (z,y) for every (z,y) € R% Let J(z,y) denote the determinant of the
Jacobian of S at (z,y). Using the change of variables formula from multivariable calculus,
show that

fX27Y2(x7y) = le,Y1(S(xay)) |J($7y)| .

We defined independence of random variables in Definition 1.17. Below is an equivalent
definition (the equivalence is beyond the scope of this course).

Definition 1.55 (Independence of Random Variables). Let X;,..., X, be random
variables on a sample space €2, and let P be a probability law on 2. We say that Xi,..., X,
are independent if

P(Xlgxly>Xn§xn):HP<Xz§xl)> Vxl,...,an]R.

=1

Exercise 1.56. Let Xq,..., X, be discrete random variables. Assume that

n

P(X)=a,..., Xy =2,) = [[P(Xi=2), Var,... .z, €R
i=1
Show that X,..., X, are independent.

Exercise 1.57. Let Xi,..., X, be continuous random variables with joint PDF f: R" —
[0,00). Assume that

le 77777 Xn(lCl,...,.Z'n)ZHin(.Ti), ‘v’xl,...,xneR.

Show that Xi,..., X, are independent.

Exercise 1.58. Let Xi,..., X,,: 2 — R be uncorrelated random variables with EX? < oo
for any 1 < i <n. Show that

VaI‘(Z X;) = Z var(X;)

Proposition 1.59. Let Xq,...,X,, be random variables on a sample space 2, and let P be
a probability law on ). Assume that X4, ..., X, are pairwise independent. That is, X; and
X; are independent whenever i,5 € {1,...,n} withi # j. Then

VaI‘(Z X;) = Z var(X;).

Proposition 1.60. Let X4,...,X,, be independent random variables. Then
E(J[x) =][]EX).
i=1 i=1
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Proposition 1.61. Let 0 = ng < ny < ng < ... < ng = n be integers. Let Xy,..., X,
be independent random wvariables. For any 1 < i < k, let g;: R" "-1 — R. Then the
random wvariables gi(X1,..., Xn), 92(Xns1,- s Xng)s oo Ge(Xnp 415+, Xn,,) are inde-
pendent. Consequently,

k k
E([[o(Xn 1. X0)) = [[ B (X, 10 - X))
=1 =1

Definition 1.62 (Covariance). Let X and Y be random variables with finite variances.
We define the covariance of X and Y, denoted cov(X,Y), by

cov(X,Y)=E(X - EX))(Y —E(Y))).
Remark 1.63. By the Cauchy-Schwarz inequality (see Theorem 1.99), we have
lcov(X,Y)| < (E(X — EX)?)'?(E(Y — EY)*)"2.
So, the covariance is well defined if X,Y both have finite variance. Note that
cov(X, X) = E(X — E(X))? = var(X).

The covariance of X and Y is meant to measure whether or not X and Y are related
somehow. The covariance of two random variables can be any real number. In order to more
accurately measure how two random variables are “related” to each other, it is natural to
divide the covariance by the product of the standard deviations, i.e. the right side of Remark
1.63.

In linear algebraic terms, if we think of the random variables X — EX and Y — EY as
vectors with the inner product (X — EX|Y — EY) := E[(X — EX)(Y — EY)| and norm
(X —EX)|| := (X-EX, X —EX)"2 then the covariance is the cosine of the angle between

. _E Y-EY
the unit vectors TX_EX] and V_BY]"
Definition 1.64 (Correlation). Let € be a sample space, let P be a probability law on €.
Let X and Y be discrete random variables on €2 taking a finite number of values. We define
the correlation of X and Y to be

cov(X,Y)
Vvar(X)y/var(Y)

From Remark 1.63, the correlation of X and Y is a real number in the interval [—1, 1]. If
the correlation is 1 or —1, then X — EX is a constant multiple of Y — EY with probability
1, by the known equality case of the Cauchy-Schwarz inequality (see Theorem 1.99). By
contrast, correlation zero is analogous to X and Y being independent. However, correlation
zero does not necessarily imply that X and Y are independent. Other correlation values can
be thought of as an interpolations between these extreme cases.

Exercise 1.65. Let X4,...,X,, be random variables. Then

n

V&I‘(Z X;) = Zvar(Xi) +2 Z cov(X;, X;).

i=1 1<i<j<n
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1.5. Conditional Probability and Conditional Expectation. In elementary probabil-
ity theory, conditional probability and conditional expectation allow a rigorous notion for
incorporating previously unknown information into a probability law.

Definition 1.66. If A, B are events and if P(B) > 0, we define the conditional probability
of A given B, denoted P(A|B), to be

P(A|B) := P(AN B)/P(B).

For example, if P is uniform on the sample space Q = {1,2,3,4,5,6}, and if B = {2,4, 6},
then P({1}|B) = 0 and P({2}|B) = 1/3.

Let X: Q — [—00,00] be a random variable with E|X| < co. Note that, if B is fixed,
then the function A — P(A|B) is itself a probability law on €, so we can e.g. define the
conditional expectation of a random variable X given B, denoted E(X|B), to be the
usual expectation of X with respect to the probability law P(-|B).

E(X|B) := E(X15)/P(B).

In case X > 0, we have the equivalent definition E(X|B) = [~ P(X > t|B)dt.

If Z is a discrete random variable, i.e. if Z takes at most countably many values, and
if P(Z = z) > 0 for some z € R, we let B := {Z = z} in the above definition to define
E(X|Z = z). By splitting the sample space 2 into countably many disjoint sets By, Ba, ...
such that U, B, = Q and P(B,) > 0 for all n > 1, we can write

- f: P(ANB,) = i P(A|B,)P(B,).

EX = f: E(X1p, ) = f:E(X|Bn)P(Bn). (1)

By breaking up expected values or probabilities into pieces in this way, sometimes the quan-
tities on the right side are easier to compute, allowing computation of the left side.
There is a way to condition on events with probability zero, but we will not do so here.

Proposition 1.67. Let B be a fized subset of some sample space 2. Let P be a probability law
on Q. Assume that P(B) > 0. Given any subset A in 2, define P(A|B) = P(AN B)/P(B)
as above. Then P(A|B) is itself a probability law on S).

Proof. We first verify Axiom (i). Let A C Q. Since Axiom (i) holds for P by assumption,
we have P(AN B) > 0. Therefore, P(A|B) =P(ANB)/P(B) >

We now verify Axiom (iii). Note that P(Q|B) = P(Q N B)/P( ) =P(BnNB)/P(B) =
P(B)/P(B) =

We now verify Axiom (ii). Let A,C C Q with ANC = (. Since A and C are disjoint,
we know that AN B and C'N B are disjoint. So, we can apply Axiom (ii) for P to the sets
AN B and CNB. So,

P(AUuC|B)P(B)=P((AuC)NB)=P((ANB)N(CNB)), by Proposition 1.6(ii)
=P(ANB)+P(CNB)=P(AB)P(B)+ P(C|B)P(B).

Dividing both sides by P(B) implies that Axiom (ii) holds for two sets. To verify that
additivity holds for a countable number of sets, let Aj, As,... be subsets of €2 such that
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A;NA; = 0 whenever 4, j are positive integers with i # j. Since A; N A; = () whenever i # j,
we have (A4; N B) N (A; N B) = 0. So, using Exercise 1.9, and Axiom (ii) for P,

P(B)P < GAk B) - P ((DAk> ﬂB) - P (G(Akm3)> . by Exercise 1.9

=Y P(A,NB)=P(B)) P(AB)
k=1 k=1
So, Axiom (ii) holds. In conclusion, P(A|B) is a probability law on €. O

Remark 1.68. Proposition 1.67 implies that facts from Proposition 1.13 apply also to
conditional probabilities. For example, using the notation of Proposition 1.67, we have
P(AuC|B) < P(A|B) + P(C|B).

Example 1.69 (Medical Testing). Suppose a test for a disease is 99% accurate. That is,
if you have the disease, the test will be positive with 99% probability. And if you do not
have the disease, the test will be negative with 99% probability. Suppose also the disease is
fairly rare, so that roughly 1 in 10,000 people have the disease. If you test positive for the
disease, with what probability do you actually have the disease?

The answer is unfortunately around 1/100. To see this, let’s consider the probabilities.
Let B be the event that you test positive for the disease. Let A be the event that you
actually have the disease. We want to compute P(A|B). We have

P(A|B) = P(AN B)/P(B) = (P(A)/P(B))P(AN B)/P(A) = (P(A)/P(B))P(B|A).

We are given that P(A) = 107*, P(B|A) = .99 and P(B|A¢) = .01. To compute P(B), we
write B = (BN A)U (BN A, so that

P(B)=P(BNA)+P(BNA°) =P(B|A)P(A) + P(B|A°)P(A°)

=.99(107%) + .01(1 — P(A)) = .99(10*) + .01(1 — 107*) =~ 1072,

In conclusion,
1074
P(B)
So, even though the test is fairly accurate from a certain perspective, a positive test result
does not say very much.

Many people find this result counterintuitive, though the following reasoning can help to
explain the result. Suppose we have a population of 10,000 people. Then roughly 1 person
in the population has the disease. Suppose everyone is given the test. Since 9,999 people
are healthy and the test is 99% accurate, around 100 healthy people will test positive for the
disease. Meanwhile, the 1 sick person will most likely test positive for the disease. So, out of

around 101 people testing positive for the disease, only 1 of them actually has the disease.
So, P(A|B) is roughly 1/101 ~ 1072

Definition 1.70 (Conditioning a Continuous Random Variable on a Set). Let X
be a continuous random variable on a sample space Q. Let A C Q with P(A) > 0. The
conditional PDF fx 4 of X given A is defined to be the function fx|a satisfying

P(A|B) = (.99) ~ 107*10% = 102,

P(X € BJ|A) = / [xja(z)dez, VB CR.
B

17



Example 1.71. Suppose A’ C R and we condition on X satisfying X € A’. That is, A is
the event A = {X € A’}. Then, using Definition 1.66,

P(XeB,X€eA) [pnfx(x)ds

P(XeB|A)=PXeB|XeA)= P(X e ) = TP(X € A7

So, using Definition 1.70, in this case we have

Ix (@) Al
_ ) Pxeay: TE
T) =
fxia(@) {0, otherwise.

Example 1.72. Suppose you go to the bus stop, and the time 7" between successive arrivals
of the bus is an exponential random variable with parameter A > 0. Let ¢ > 0. Suppose you
go to the bus stop and someone says the last bus came ¢t minutes ago. Let A be the event
that T' > t. That is, we will take it as given that T" > ¢, i.e. that up to time ¢, the bus has
not yet arrived. Let X be the time you need to wait until the next bus arrives. Let x > 0.
Using Definition 1.66 and Example 1.25,
Pl >t+az,T>t) PT>t+ux)
P(X >z|A)=P(T >t T>t)= ’ =
(X >2ld) =P(T>t+aT>1) P(T > 1) P(T > 1)
A [ e ds —A(t+z) 00
= ft?;? =< S e N = )\/ e ds.
A7 emAsds e=At .

From Definition 1.70, P(X > z|A) = [ fxja(z)dz. That is, fxja(z) = Xe™**. That is,
XA is also an exponential random variable with parameter A. That is, even though we
know the bus has not arrived for ¢ minutes, this does not at all affect our prediction for the
arrival of the next bus.

This property is called the memoryless property of the exponential random variable.

Exercise 1.73. Suppose you go to the bus stop, and the time T between successive arrivals
of the bus is anything between 0 and 30 minutes, with all arrival times being equally likely.

Suppose you get to the bus stop, and the bus just leaves as you arrive. How long should
you expect to wait for the next bus? What is the probability that you will have to wait at
least 15 minutes for the next bus to arrive?

On a different day, suppose you go to the bus stop and someone says the last bus came 10
minutes ago. How long should you expect to wait for the next bus? What is the probability
that you will have to wait at least 10 minutes for the next bus to arrive?

Exercise 1.74. Let A;, Ay, ... be disjoint events such that P(4;) = 27 for each i > 1.
Assume U2, A; = Q. Let X be a random variable such that E(X|A;) = (—1)""! for each
1> 1. Compute EX.

Definition 1.75 (Conditioning one Random Variable on Another). Let X and Y be
continuous random variables with joint PDF fyy. Fix some y € R with fy(y) > 0. For any
x € R, define the conditional PDF of X, given that Y =y by

Ixpy (zly) = %{Uy’)y), Vel
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We also define the conditional expectation of X given Y =y by

[e.9]

EX|Y =y) = / z fxy (zly)dz.

From Definition 1.48, note that [~ fxyy(z|ly)dz = 1. So, fx)y(z|y) is a probability

distribution function.

Example 1.76. We continue the dart board example from Example 1.49. Suppose X and
Y have a joint PDF so that

1 2 2
P((X,Y)€ A) = 2_///4 e~ @I 2drdy, VA CR

™

We verified the marginals are both standard Gaussians:

fx(z) = \/12_7Te_”32/2, VreR, fr(y) =

So, in this particular example, we have

e v/ VyeR.

1
V2T
2 2
fX,Y(xvy) l71-67(33 /2 1 —x2
fxpy(zly) = =2 T2 e,
fr(y) Vi V27

That is, in this particular example, conditioning X on Y does not at all change X.

Example 1.77. Suppose X and Y have a joint PDF given by fxy(z,y) = + if 2% +y* < 1,
and fxy(z,y) = 0 otherwise. Let’s compute the marginals first, and then determine the
conditional PDFs. Let z,y € R with 22 + y? < 1. Using Definition 1.48,

y=vi-a? W1 — 22

=12 T ™

So, if 22 + y? < 1, then
fX,Y(xay) o 1/7T 1

Pxv (ely) = Kly) 21 —y?/m B 21— 2

Similarly,
1

frix(yle) = Wik

That is, in this particular example, conditioning X on Y can drastically change X. For
example, X conditioned on Y = 0, and X conditioned on Y = 1/2 have very different PDFs.

The following Theorem is a version of (1) for continuous random variables.

Theorem 1.78 (Total Expectation Theorem). Let X,Y be continuous random variables.
Assume that fxy: R* = R is a continuous function. Then

B - [ TBRXY = )y (y)dy.

[e.9]
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Proof. Using Definition 1.75 and then Definition 1.48,
JEe st = [ ([ eravtalii )

= [ ([ erevtetnsan) do= [~ [ atsrtamis

= /OO rfx(x)de = EX.

o0

OJ
In the above proof, we used the following Theorem from analysis.

Theorem 1.79 (Fubini Theorem). Let h: R*> — R be a continuous function such that
[Jeo |h(x, y)| dady < oco. Then

//R z,y dxdy—/ (/ h(x,y)dx) dy:/R</Rh(x7y)dy) iz,

Theorem 1.80 (Fubini Theorem for Sums). Let {a;;}i j>0 be a doubly-infinite array of
nonnegative numbers Then

Exercise 1.81. Find a doubly-infinite array of real numbers {a;;}; ;>0 such that

(Hint: the array can be chosen to have all entries either —1,0, or 1. And most of the entries
can be chosen to be 0.)

Exercise 1.82. Let X,Y be random variables. For any y € R, assume that E(X|Y =y) =
e~ Also, assume that Y has an exponential distribution with parameter A = 2. Compute
EX.

1.6. Functions of Random Variables.

Proposition 1.83. Let X be a continuous random variable with density function fx: R —
[0,00). Let g: R — R be continuous. Let Y = g(X). Assume that fx is a continuous
function. Then for any y € R,

d
=3 [ (o).
Y J{zeR: g(z)<y}
Proof. Let A C R. Recall that fx is defined so that

P(XeA)= / fx(z)dx
A
So, if we let y € R and if we define A := {z € R: g(x) < y}, we have

Fy(y) =P(Y <y) =P(g(X) <y) =P(X € 4) = /AfX(a:)da: = / fx(x)d.

{zeR: g(z)<y}
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So, if Fy is differentiable, d%Fy(y) = fy(y) for all y € R, completing the proof by the
Fundamental Theorem of Calculus, Theorem 1.42. 0J

Example 1.84. Let X be a uniformly distributed random variable on [—1, 1], and let g: R —
R so that g(z) = 23 for any x € R. Let Y := g(X). Then for any y € R,
d d 1
_ _/ fx(@)dz = ~dz.
Ay Jizer: gz)<y} Ay Jivel-1,1): w3<y} 2

If y < —1 the integral is zero. If y > 1, the integral is 1. And if y € [-1, 1], we have
d1 =" 1d 1
F=go5 [ == g
And if y ¢ [—1, 1], we have fy(y) = 0.
Definition 1.85 (Monotonic Function). Let I,J C R be open intervals. Let g: I — J.
We say that ¢ is strictly increasing if, for any x,y € I with = > y, we have g(z) > g(y).

We say that g is strictly decreasing if, for any x,y € I with = > y, we have g(z) < g(y).
We say that g is strictly monotonic if g is either strictly increasing or strictly decreasing.

fr(v)

Remark 1.86 (Monotonic Functions are Invertible). Let I, J C R be open intervals.
Let g: I — J be a monotonic function with range J. As we recall from calculus, ¢ has an
inverse. That is, there exists a monotonic function h: J — I such that g(h(x)) = x for every
x € J and h(g(z)) = z for every x € I. Also, as we recall from calculus, if g is differentiable
with ¢/(z) # 0 for all € I, then h is differentiable, and by differentiating the identity
h(g(z)) = = and applying the chain rule, we get

d 1
L - L.
Tho) = . Vae
Or, written another way (defining y := g(x), so that x = h(y)),
1
Wy)= ——\ Yye
W= G0

If we graph g and h, then h is obtained by reflecting g across the line {(z,y) € R*: z = y}.
Similarly, g is obtained by reflecting h across the line {(z,y) € R?*: x = y}.

Proposition 1.87. Let X be a continuous random variable such that Fx is differentiable.
Let I,J C R be open intervals. Let g: I — J be a monotonic, differentiable function with
range J. Assume that ¢'(z) # 0 for every x € I. Let Y := g(X). Let h: J — I be the
inverse of g. Then for any y € J,

ﬁwthMW%mﬂzﬁwm- !

9" (h(y))’
Proof. Let y € J. First, assume g is strictly increasing. Then
Fy(y) = P(Y <y) = P(9(X) <y) = P(X < h(y)) = Fx(h(y)).
Since F'x and h are differentiable, the Chain Rule then proves the first equality, using also

the Fundamental Theorem of Calculus, Theorem 1.42.. The second equality follows from
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Remark 1.86, where we noted that

d 1
" " gamy Ve

O

Exercise 1.88. Let X be a uniformly distributed random variable on [0, 1]. Find the PDF
of —log(X).

Exercise 1.89. Let X be a standard normal random variable. Find the PDF of eX.
1.7. Inequalities.

Exercise 1.90. Let ¢: R — R. We say that ¢ is convex if, for any x,y € R and for any
t € [0,1], we have
otz + (1 —t)y) < to(x) + (1 = t)d(y).
Let ¢: R — R. Show that ¢ is convex if and only if: for any y € R, there exists a constant
a and there exists a function L: R — R defined by L(z) = a(z —y) + ¢(y), © € R, such that
L(y) = ¢(y) and such that L(z) < ¢(z) for all z € R. (In the case that ¢ is differentiable,
the latter condition says that ¢ lies above all of its tangent lines.)

(Hint: Suppose ¢ is convex. If z is fixed and y varies, show that increases as y

() —9(x)
y—x
increases. Draw a picture. What slope a should L have at z7)

Exercise 1.91 (Jensen’s Inequality). Let X: Q — [—o00,00] be a random variable. Let
¢: R — R be convex. Assume that E|X| < co and E |¢(X)| < co. Then

$(EX) < E¢(X).
(Hint: use Exercise 1.90 with y := EX.) Deduce the triangle inequality:
[EX|<E|X].

Exercise 1.92 (Markov’s Inequality). Let X: Q — [—00, 00| be a random variable. Then

E|X
P(|X|2t)§%, Vit > 0.
(Hint: multiply both sides by ¢ and use monotonicity of E.)

Corollary 1.93. Ifn is a positive integer, then

E|X|"
P(|X|>1t) < |t”| , Vit > 0.
Proof. From Markov’s Inequality, Exercise 1.92,
E|X|"
P(X|>t)=P(X|">t") < |t”| , Vit > 0.

We refer to E | X|" as the n® moment of X.

Definition 1.94 (Variance). Let X : Q — [—00, 00] be a random variable with E | X| < oo
and EX? < co. We define the variance of X, denoted var(X), to be

var(X) := E(X —EX)? = EX? — (EX)%
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Remark 1.95. By Jensen’s Inequality, if EX? < oo, then E|X| < oo, so EX € R.

Exercise 1.96. Let a,b € R and let X: 0 — [—00, 00] be a random variable with EX? < oo.
Show that

var(aX + b) = a*var(X).
Then, let X be a standard Gaussian. Show that EX = 0 and var(X) = 1.
Finally, show that the quantity E(X — #)? is minimized for ¢ € R uniquely when ¢t = EX.

Replacing X by X — EX and taking n = 2 in Corollary 1.93 gives:

Corollary 1.97 (Chebyshev’s Inequality). Let X: Q — [—o00, 0] be a random variable
with EX? < oco. Then

var(X)
2

P(X —EX|>1t) < Vi > 0.

(By Exercise 1.91, EX € R.)

Corollary 1.93 shows that, if large moments of X are finite, then P(X > t) decays rapidly.
Sometimes, we can even get exponential decay on P(X > t), if we make the rather strong
assumption that Ee™ is finite for some 7 > 0. Note that, by the power series expansion of
the exponential, Ee™X < oo assumes that an infinite sum of the moments of X is finite.

Exercise 1.98 (The Chernoff Bound). Let X: Q — [—o00,00] be a random variable.
Show that, for any r,t > 0,
P(X >t) <e "Ee™.

If 1 <p<oo,andif X: Q — [—o00,00] is a random variable, denote the L,-norm of X as
11, = (E | X ")1/? and denote the Lo-norm of X as || X|| := inf{c > 0: P(|X| <¢) =1}
Theorem 1.99 (Hoélder’s Inequality). Let X, Y : Q — R be random variables. Let 1 <
p < 00, and let q be dual top (so1/p+1/q=1). Then

E|XY| < [[X]], [[Y],-

This inequality is an equality only if X is a constant multiple of Y with probability 1. The
case p = q = 2 recovers the Cauchy-Schwarz inequality:

E|XY| < (EX?)VX(EY?)Y2,
Proof. By scaling, we may assume [|X||, = [[Y]|, = 1 (zeros and infinities being trivial).

Also, the case p = 1, ¢ = oo follows from the triangle inequality, so we assume 1 < p < oo.
From concavity of the log function, we have the pointwise inequality

X(@)Y ()] = (X (@) (Y (@) < }3 X (@) + 3 YW, VYweo

which upon integration gives the result. If this inequality is an equality with probability
one, then the strict concavity of the log function implies that P(X =Y) = 1. O

Theorem 1.100 (Triangle Inequality). Let X,Y: Q — R be random variables. Let
1 <p<oo. Then
X+ Y, < IXI,+IVl,, 1<p<oo
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Proof. The case p = oo follows from the scalar triangle inequality, so assume 1 < p < oo.
By scaling, we may assume [|X|[, =1 —t¢, [[Y||, =¢, for some ¢ € (0,1) (zeros and infinities
being trivial). Define V := X/(1 —t), W := Y/t. Then by convexity of z — |z|” on R,

(1 =t)V(w) +tW ()P <1 —=1t) V()| +tW W), YweQ
which upon integration completes the proof. 0

Exercise 1.101. Let X,Y: © — R be random variables. Let 0 < p < 1 and let || X||, :=
(E|X|P)"/P. Show that there exists c(p) > 0 such that ||X + YHp < c(p)(HXHp + HYHP). In

particular, it suffices to choose ¢(p) = 2'/P. (Hint: a pointwise inequality should imply that
IX + Y5 < I1X15 + 1Y)

Exercise 1.102 (M AX-CUT). The probabilistic method is a very useful way to prove the
existence of something satisfying some properties. This method is based upon the following
elementary statement: If € R and if a random variable X : 2 — R satisfies EX > «, then
there exists some w € €2 such that X(w) > a. We will demonstrate this principle in this
exercise.

Let G = (V, E) be an undirected graph on the vertices V= {1,...,n} so that the edge
set F is a subset of unordered pairs {7, } such that i,j € V and i # j. Let S C V and
denote S¢:=V \.S. We refer to (5, 5¢) as a cut of the graph G. The goal of the MAX-CUT
problem is to maximize the number of edges going between S and S¢ over all cuts of the
graph G.

Prove that there exists a cut (S,5¢) of the graph such that the number of edges going
between S and S¢ is at least |F|/2. (Hint: define a random S C V such that, for every
i€V, P@iesS) =1/2 and the events 1 € S;2 € S,...,n € S are all independent. If
{i,j} € E, show that P(i € S,j ¢ S) = 1/4. So, what is the expected number of edges
{i,j} € E such that i € S and j ¢ S7)

1.8. Independent Sums and Convolution. Let X,Y be independent random variables.
From Proposition 1.67, the moment generating function of X 4+ Y can be easily expressed
as Mx.y(t) = Mx(t)My(t), for any ¢ such that both quantities on the right exist. On the
other hand, the CDF of X + Y has a more complicated dependence on X and Y.

Example 1.103. Let X, Y be independent integer-valued random variables. Then, repeat-
edly using properties of probability laws, and using that X, Y are independent,

PX+Y=t)= Y PX=5Y=k=Y PX=35Y=t—j)

3,kEZL: j+k=t JEZ
=Y P(X =P =t—j) = px()pr(t—j).
jEeZ JEZ

Definition 1.104 (Convolution on the integers). Let g, h: Z — R be functions. The
convolution of g and h, denoted g % h, is a function g * h: Z — R defined by

(g=h)(t Zg h(t —7), VteZ.

JEZL
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Example 1.105. Let g(k) := e™* and let h(k) := e~* for any nonnegative integer k > 0,
and let g(k) = h(k) = 0 for any other integer £ < 0. Then if ¢ > 0 is an integer,

t t
(g*h)( Zg —k)= Ze’ke’(t’k) = Ze’t = (t+1)e "
k=0 k=0

keZ
And (g * h)(t) = 0 for any negative integer t.

A similar formula holds for continuous random variables. That is, if X,Y are two contin-
uous random variables, then the density of X + Y is the convolution of fx and fy.

Definition 1.106 (Convolution on the real line). Let g,h: R — R be functions. The
convolution of g and h, denoted g * h, is a function g * h: R — R defined by

(g*h)(t) = /00 g(x)h(t — z)dz, VteR.

Proposition 1.107. Let X,Y be two continuous independent random variables. Assume
that fy is a continuous function. Then

Ixv(t) = (fx * fy)(1), vVt eR.

Proof. Let X, Y be independent continuous random variables. Then, changing variables,

y=t—zx
P(X+Y <t) =/ fxy(x,y)drdy —/ / fy(y)dyd.
{(z,y)ER?: z+y<t} =—00

Then, since P(X +Y < t) is differentiable with respect to ¢, we have by the Fundamental
Theorem of Calculus, Theorem 1.42,

P = 5Py <0 = [ g [ pdie = [ ps@f-ad.

r=—00 Y=—00 T=—00

O

Example 1.108. Let g(x) = h(z) := \/%e“”zﬂ for any # € R. Then if ¢t € R, we complete

the square and change variables twice to get

(g=h)(t) = ! /OO =T 20=(t=2)%/2 0, 1 - ot Hat—t2/2 1.

o 2m
_ i = o~ (@—t/27+2/4—t2/2 g0 eft2/4i /oo e~ @=t/2) 1.
o e 27T

_ 7t2/4i ~ fod —t2/4 _+ / 7:1:2/2d _ —t?/4 1
e 27r/_ e r=e 2\/_\/% Tr=e€ —2\/?

And (g*h)(t) = e /151 = for any t € R.

Alternatively, we know that if XY are independent standard Gaussian random variables,
then X + Y is a Gaussian random variable with mean zero and variance 0? = 2. That is,
X +Y has density e /4 \lf teR.

More generally, the above argument shows: if X is a Gaussian with mean uy € R and
variance 0% > 0, if Y is a Gaussian with mean py and variance 0%, and if X, Y are indepen-
dent, then X + Y is a Gaussian with mean py + pux and variance 0% + o%. By induction,
this statement implies: if X1,..., X, are independent Gaussian random variables with means
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Bx.,-- -, tx, € R and variances 0% ,...,0%, > 0, then X; 4 --- + X,, is a Gaussian with
2

mean y ., fix, and variance )\, 0% .
Example 1.109. Let X,Y be independent standard Gaussian random variables. We will
find the distribution of X2 + Y?2. First, if ¢ > 0, note that

Vit
P(X?<t)=P(X < \/Z) _/ e*mz/2d:c/\/27r.
Vi
So, if t > 0,
1

d_ vVt _,
t) = —2 e 2y /N 2m = e 212
fXQ( ) dt /0 / m

For t < 0, fx2(t) = 0. The same formula holds for Y. Therefore,

1 * —x - —(t—x -
Ixeave(t) = fx2 % fy2(t) = %/ e T2y =12t )/z(t—x) 1/21x>01t_x>0d9:

t ¢
_ L e~ 2202 (4 _ )12y = iet/2/ a2t — 2) Y2
2m Jo .

2m
Lo tjan o1y 1/2, 12y je=t _ L __t/2
= —e 28in” (Tt E)|IZ, = ze R
2T 2

Exercise 1.110 (Convolution is Associative). Let g, h,d: R — R. Then for any ¢t € R,
((gxh)*d)(t) = (g (h*d))()

Exercise 1.111. Let X,Y, Z be independent and uniformly distributed on [0, 1]. Note that
fx is not a continuous function.

Using convolution, compute fx.y. Draw fx,y. Note that fx,y is a continuous function,
but it is not differentiable at some points.

Using convolution, compute fxiyiz. Draw fx.y.z. Note that fx,y.z is a differentiable
function, but it does not have a second derivative at some points.

Make a conjecture about how many derivatives fx,i..+x, has, where Xi,..., X, are in-
dependent and uniformly distributed on [0, 1]. You do not have to prove this conjecture.
The idea of this exercise is that convolution is a kind of average of functions. And the more
averaging you do, the more derivatives fx, .1, has.

Exercise 1.112. Construct two random variables X, Y such that X and Y are each uni-
formly distributed on [0, 1], and such that P(X +Y =1) = 1.

Then construct two random variables W, Z such that W and Z are each uniformly dis-
tributed on [0, 1], and such that W + Z is uniformly distributed on [0, 2].

(Hint: there is a way to do each of the above problems with about one line of work. That
is, there is a way to solve each problem without working very hard.)

1.9. Additional Comments. The foundations of measure theory were developed in the late
1800s and early 1900s by several mathematicians. Measure theory allows the definition of a
probability law. In the 1930s, Kolmogorov provided an axiomatic foundation of probability
theory via measure theory, e.g. the axioms of Definition 1.11. Probability theory was often
not considered a “serious” subject, perhaps due to its historical affiliation with gambling.
Since the 1930s and continuing to the present, more and more subjects embrace probabilistic
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and statistical thinking. Statistics began to use more probability theory in the 1800s and
1900s.

2. Limit THEOREMS

The Laws of Large Numbers and Central Limit Theorem provide limiting statements for
sequences of random variables. The exact notions of convergence will depend on the limit
theorem. The general goal is to obtain the strongest possible convergence with the weakest
possible assumption. Sometimes, the convergence can be upgraded to a stronger notion, but
other times this is impossible.

2.1. Modes of Convergence. Below are a few of the most commonly encountered notions
of convergence of random variables.

Definition 2.1 (Almost Sure Convergence). We say random variables Y;,Y5,...: Q@ = R
converge almost surely (or with probability one) to a random variable Y: Q — R if

P(limY,=Y)=1.

n—oo

That is, P({w € Q: lim, o Yo (w) =Y (w)}) =1

Definition 2.2 (Convergence in Probability). We say that a sequence of random vari-
ables Y1,Y5,...: 0 — R converges in probability to a random variable Y : 2 — R if: for
all e > 0,

nlggl() P(|Y,-Y|>¢)=0.

That is, V & > 0, lim,, o P(w € Q: |V, (w) = Y(w)| > ) =0.

Definition 2.3 (Convergence in Distribution). We say that real-valued random variables
Y1,Y,, ... converge in distribution to a real-valued random variable Y if, for any t € R
such that s — P(Y < s) is continuous at s = ¢,

lim P(Y, <t)=P(Y <t).

n—o0

Note that the random variables are allowed to have different domains.

Definition 2.4 (Convergence in L,). Let 0 < p < co. We say that random variables
Y1,Ya,...: Q@ — Rconverge in L, to Y: Q = Rif [[Y] ) < oo and

lim ||, — Y], = 0.
n—oo
(Recall that [|[Y], := (E[Y|")'/?if 0 < p < oo and || X|| := inf{c > 0: P(|X] < ¢) =1}.)

Exercise 2.5. Let Y7,Y,,...: 2 — R be random variables that converge almost surely to
a random variable Y: 2 — R. Show that Y7, Y5, ... converges in probability to Y in the
following way.

e For any € > 0 and for any positive integer n, let
Ape = U {weQ: |V, (w) —Y(w)| > e}

Show that An,a 2 An—i—l,a 2 An+27a 2 T
e Show that P(N%,A,,.) =0.
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e Using Continuity of the Probability Law, deduce that lim, ., P(A4,.) = 0.

Now, show that the converse is false. That is, find random variables Y7, Y5, ... that con-
verge in probability to Y, but where Y7, Y5, ... do not converge to Y almost surely.

Exercise 2.6. Let 0 < p < co. Show that, if Y7,Y5,...: Q2 — R converge to Y: Q — R in
L,, then Y1,Y5,... converges to Y in probability.
Then, show that the converse is false.

Exercise 2.7. Suppose random variables Y;,Y5,...: €2 — R converge in probability to a
random variable Y : 2 — R. Prove that Y7, Y5, ... converge in distribution to Y.
Then, show that the converse is false.

Exercise 2.8. Prove the following statement. Almost sure convergence does not imply
convergence in Ly, and convergence in Ly does not imply almost sure convergence. That
is, find random variables that converge in Lo but not almost surely. Then, find random
variables that converge almost surely but not in Ls.

Remark 2.9. The following table summarizes our different notions of convergence of random
variables, i.e. the following table summarizes the implications of Exercises 2.6, 2.7 and 2.8.

Almost sure
convergence

&

Convergence | 2.7 | Convergence
in probability in distribution

Convergence
in L,

2.2. Limit Theorems. Laws of Large numbers say that if you perform a poll, then the
sample mean converges to the mean of the random variable, regardless of the population size.
Or, in the terminology of elementary statistics, the sample mean becomes more accurate as
the sample size increases. We will discuss the sample mean and related concepts more in
Section 4.

Theorem 2.10 (Weak Law of Large Numbers). Let X,..., X, be independent identi-
cally distributed random variables. Assume that u:= EX; s finite. Then for any e > 0

X, 4t X
limP(‘ (S >5>:O.

n—oo n
Theorem 2.11 (Strong Law of Large Numbers). Let X, ..., X,, be independent iden-
tically distributed random variables. Assume that p = EX is finite. Then

X+ + X,
P(lim Lhe :,u)zl.

n—00 n

Remark 2.12. A Monte Carlo simulation takes n independent samples from some ran-
dom distribution and then sums the sample results and divides by n. The Strong Law of
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Large Numbers guarantees that this averaging procedure converges to the average value as
n becomes large.

The Laws of Large Numbers unfortunately say nothing about the distribution of the sum
X1+ -+ X,. Or, in the terminology of elementary statistics, the precision of the sample
mean is not addressed by the Laws of Large Numbers. The precision of the sum X;+---+ X,
is instead dealt with in the Central Limit Theorem. This Theorem was apparently called
“Central” since it is so fundamental to probability and statistics, and mathematics more
generally.

More formally, let X, X5,...: 2 — R be i.i.d. random variables with mean zero and
variance 1. From the Strong Laws of Large Numbers, %(X 1+ -+ X,) converges to 0 almost
surely (and in probability). From these results, it is still unclear what value X; +--- + X,
“typically” takes. For example, if P(X; = 1) = P(X; = —1) = 1/2, then lim,_,,, P(X; +
-+ X, =0) =0. (What is the exact probability that P(X; + ---+ X,, = 0)?) In order
to see what values X; + --- + X, “typically” takes, we need to divide by a constant smaller

than y/nlogn

Consider \/iﬁ(Xl + .-+ X,,). Dividing by /n is quite natural since \%(Xl +--+ X))
has mean zero and variance 1 by Exercise 1.58. So, we expect that the most typical values
of X1+ ---+ X, occur in some range (—a+/n, ay/n) for some a > 0.

Dividing by anything other than /n will not work correctly. For example, if g: N — (0, 00)
satisfies lim,,_,o, g(n) = 0o, then it follows from Chebyshev’s inequality, Corollary 1.97, that

W(Xl + .-+ + X,,) converges to 0 in probability. Similarly, %(Xl + .-+ X,,) does not
converge in any sensible way as n — oo (though we will not show this here). In summary,
in order to see what values X; + - - - + X, typically takes, we must divide by /n.
Unfortunately, we cannot hope for \/Lﬁ(Xl + .-+ 4+ X,,) to converge almost surely or in
probability. (We will not show this here.) So, we have to look for a different notion of

convergence.

Theorem 2.13 (Central Limit Theorem). Let Xi,..., X, be independent identically
distributed random variables. Assume that E|X,| < oo and 0 < Var(X;) < oo.

Let p = EX; and let 0 = \/Var(Xy). Then for any —oo < a < 00,

1imP<X1+"'+X”_“n Sa) :/ o2t
n— 00 O'\/ﬁ — 00 \/ﬂ

Remark 2.14. The random variable X1+"'Jj\(/’%—(1/ 2" 1as mean zero and variance 1, just like

the standard Gaussian.

Exercise 2.15. Estimate the probability that 1000000 coin flips of fair coins will result in
more than 501, 000 heads, using the Central Limit Theorem. (Some of the following integrals

may be relevant: fi)oo e 12dt/\/2m = 1/2, f_loo e P12dt /2 ~ 8413, f_200 e P 12dt )21 ~
9772, ffoo e "*/2dt//2m ~ 9987.) (Hint: use Bernoulli random variables.)

Casinos do these kinds of calculations to make sure they make money and that they do
not go bankrupt. Financial institutions and insurance companies do similar calculations for
similar reasons.
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Exercise 2.16. Let X, Y be independent, discrete random variables. Using a total proba-
bility theorem-type argument, show that

PX+Y=2)=) PX=2)P(Y=z—2), VzeR

Exercise 2.17. Let X, Y be independent, continuous random variables with densities fx, fy,
respectively. Let fx.y be the density of X + Y. Show that

fxay(2) = /fo(x)fy(z — x)dz, Vz e R.

Using this identity, find the density fx.y when X and Y are both independent, uniformly
distributed on [0, 1].

Exercise 2.18 (Confidence Intervals). Among 625 members of a bank chosen uniformly
at random among all bank members, it was found that 25 had a savings account. Give
an interval of the form [a,b] where 0 < a,b < 625 are integers, such that with about 95%
certainty, the number of any set of 625 bank members with savings accounts chosen uniformly
at random lies in the interval [a,b]. (Hint: if ¥ is a standard Gaussian random variable,
then P(—2 <Y <2) = .95.)

Exercise 2.19 (Hypothesis Testing). Suppose we run a casino, and we want to test
whether or not a particular roulette wheel is biased. Let p be the probability that red results
from one spin of the roulette wheel. Using statistical terminology, “p = 18/38” is the null
hypothesis, and “p # 18/38” is the alternative hypothesis. (On a standard roulette wheel,
18 of the 38 spaces are red.) For any i > 1, let X; = 1 if the i spin is red, and let X; = 0
otherwise.

Let 1 := EX; and let 0 := y/var(X;). If the null hypothesis is true, and if Y is a standard
Gaussian random variable

X1+ + Xy —np

nlgrolo P ( o\/n
To test the null hypothesis, we spin the wheel n times. In our test, we reject the null
hypothesis if | X; + --- + X, — nu| > 20+/n. Rejecting the null hypothesis when it is true is
called a type I error. In this test, we set the type I error percentage to be 5%. (The type I
error percentage is closely related to the p-value.)
Suppose we spin the wheel n = 3800 times and we get red 1868 times. Is the wheel biased?
That is, can we reject the null hypothesis with around 95% certainty?

> 2) = P(|Y| > 2) ~ .05.

Exercise 2.20 (Numerical Integration). In computer graphics in video games, etc., var-
ious integrations are performed in order to simulate lighting effects. Here is a way to use
random sampling to integrate a function in order to quickly and accurately render lighting
effects. Let Q = [0, 1], and let P be the uniform probably law on €, so that if 0 <a <b <1,
we have P([a,b]) = b — a. Let Xi,..., X, be independent random variables such that
P(X;€la,b])=b—aforall0 <a<b<1 forallie{l,...,n}. Let f:[0,1] — R be a
continuous function we would like to integrate. Instead of integrating f directly, we instead

compute the quantity
1 n
— X;).
- Z f(X3)
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Show that

lim E (%Zf(&)) = /0 f(t)dt.

. IS
nh_)n;@ var (ﬁ Z_;f(XZ)) = 0.
That is, as n becomes large, = > | f(X;) is a good estimate for fol f(t)dt.

Exercise 2.21 (Optional; Numerical Integration, Continued). Let P denote the uniform
probability law on [0, 1], and let X: [0,1] — R be a random variable. This exercise dis-
cusses how to numerically compute expected values on a computer, as in Exercise 2.20. The
procedure below is an example of Monte Carlo simulation.

Consider the function X (¢) := t for all ¢t € [0, 1]. We know that EX = 1/2. To approximate
EX with Matlab, we can use sum(rand(1,1000))/1000, which sums 1000 independent,
random samples from the uniform probability law on [0, 1], and averages them (by dividing
by 1000). Enter the term sum(rand(1,1000))/1000 a few times in the command line of
Matlab, to get a few different results.

Consider the function X (t) := ¢* for all ¢ € [0,1]. Using Matlab, approximate EX by
averaging 1000 random samples from the uniform probability law on [0, 1].

Now, let P denote the standard Gaussian probability law on R, so that

EX ::/ X (e 2dt /v 2r

for any function X : R — R. Using the Matlab function randn, approximate EX for X (¢) :=
t and X (t) := t? by averaging 1000 random samples from the standard Gaussian probability
law.

Remark 2.22. When Matlab or other computer programs generate “random numbers” using
e.g. rand or randn, these numbers are not actually random or independent. These numbers
are pseudorandom. That is, functions such as rand output numbers in a deterministic
way, but these numbers behave as if they were random. All “random” numbers generated
by computers are actually pseudorandom, and this includes slot machines at casinos, video
games, etc. So, when using Monte Carlo simulation as we did above, we should be careful
about interpreting our results, since it is generally impossible to take random samples from
a probability law on a computer.

And, theoretically, if you knew enough about the random number generator that a slot
machine is using, you could predict its output.

Exercise 2.23. Suppose you begin at the lower left corner of an 8 x 8 chess board. Every
day, you are allowed to move either up or right to a consecutive board space (unless you are
waiting). When you land on a new space, you have to wait a number of days specified by
the number sitting on that board space, until you move again. The numbers on the board
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spaces appear below.

12213260
4 73 2 48 3 4
34445 5 4 2
4 75 3 4455
4 542 3 373
4 6 6 4 3 4 3 2
546 34341
036272735

Your goal is to reach the top right corner of the chess board in the shortest amount of time.
Find the path that takes the shortest amount of time, and also find the shortest amount
of time that it takes to reach the top right corner. (Hint: Use recursion. That is, solve a
more general problem. For any square on the board, find the least number of days it takes
to reach that square starting from the bottom left corner, using only up and right moves. If
you are still stuck, read a bit about dynamic programming.)

Exercise 2.24 (Renewal Theory). Let t1,ts,... be positive, independent identically dis-
tributed random variables. Let u € R. Assume Et; = u. For any positive integer j, we
interpret ¢; as the lifetime of the j lightbulb (before burning out, at which point it is re-
placed by the (5 + 1) lightbulb). For any n > 1, let T;, := t; + - - - + t,, be the total lifetime
of the first n lightbulbs. For any positive integer ¢, let N; := min{n > 1: T,, > t} be the
number of lightbulbs that have been used up until time ¢. Show that N;/t converges almost
surely to 1/ as t — oo. (Hint: if ¢, ¢ are positive integers, then {N; < ct} = {T, > t}.
Apply the Strong Law to T,;.)

Exercise 2.25 (Playing Monopoly Forever). Let 1,5, ... be independent random vari-
ables, all of which are uniform on {1,2,3,4,5,6}. For any positive integer j, we think of ¢,
as the result of rolling a single fair six-sided die. For any n > 1, let T,, =t +---+1t, be the
total number of spaces that have been moved after the n* roll. (We think of each roll as
the amount of moves forward of a game piece on a very large Monopoly game board.) For
any positive integer ¢, let N, := min{n > 1: T,, > t} be the number of rolls needed to get ¢
spaces away from the start. Using Exercise 2.24, show that N;/t converges almost surely to
2/T as t — oo.

Exercise 2.26 (Random Numbers are Normal). Let X be a uniformly distributed
random variable on (0,1). Let X; be the first digit in the decimal expansion of X. Let X,
be the second digit in the decimal expansion of X. And so on.

e Show that the random variables X, X5, ... are uniform on {0, 1,2,...,9} and inde-
pendent.
e Fix m € {0,1,2,...,9}. Using the Strong Law of Large Numbers, show that with
probability one, the fraction of appearances of the number m in the first n digits of
X converges to 1/10 as n — oo.
(Optional): Show that for any ordered finite set of digits of length &, the fraction of appear-
ances of this set of digits in the first n digits of X converges to 107* as n — co. (You already
proved the case k = 1 above.) That is, a randomly chosen number in (0, 1) is normal. On
the other hand, if we just pick some number such that v/2 — 1, then it may not be easy to
say whether or not that number is normal.
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(As an optional exercise, try to explicitly write down a normal number. This may not be
so easy to do, even though a random number in (0, 1) satisfies this property!)

2.3. Additional Comments. A version of the Law of Large Numbers was stated as early
as the 1500s. In the 1700s and 1800s, various laws of large numbers were proved with weaker
and weaker hypotheses. For example, the L, Weak Law was known to Chebyshev in 1867.
The Strong Law of Large Numbers might have first been proven in 1930 by Kolmogorov.

If the random variables have infinite mean, then the Strong Law cannot hold.

Exercise 2.27. Let X;,Xs,...: Q — R be iid. with E|X;| = oco. Then P(|X,| >
n for infinitely many n > 1) = 1. And P(lim,_,o 2FF22 € (—00,00)) = 0. (Hint: show

S>> P(|X,] > n) = oo, then apply the second Borel-Cantelli Lemma. Write 5= — Sni1

n n+1
H(SL) — ii*j:, and consider what happens to both sides on the set where lim,, ., Sn—" eR))

Exercise 2.28 (Second Borel-Cantelli Lemma). Let A;, Ay, ... be independent events
with > 7  P(A,) = oo. Then P(A, occurs for infinitely many n > 1) = 1. (Hint: using
1 —x <e ™ for any x € R, show P(Nf_,A¢) < exp(— Y.'_ P(A,)), let t — oo to conclude

n=s n

P(uye  A,) =1 for all s > 1, then let s — 00.)

The Central Limit Theorem was described by de Moivre in 1733 and again by Laplace in
1785 and 1812, where the Fourier Transform was used. In 1901, Lyapunov proved the Central
Limit Theorem under an assumption similar to E | X 1|2+‘E < oo for some € > 0. The Central
Limit Theorem under the assumption of a finite (truncated) second moment was proven by
Lindeberg in 1920. This result was extended by Feller in 1935, also with contributions by
Lévy in the same year.

Theorem 2.29 (Lindeberg Central Limit Theorem for Triangular Arrays). Let
1,72, ... be a sequence of natural numbers with lim, . j, = oo. For any n > 1, let
Xonts-o s Xnn: 2, — R be independent with mean zero and finite variance. (Note e.g.
that X31 and Xo9 might not be independent, and the sample space is allowed to change as
n changes.) Define

In
o ZVar(Xan), Vn>1.
k=1

Assume that o, > 0 for all n > 1. If, for any ¢ > 0, we have
' 1 Jn ,
Jim o 3 B(Xoe i oen) =0 (9

. X e+t X
then the random variables %

dom wvariable.

converge in distribution to a standard Gaussian ran-

n

The Lindeberg condition (x) implies the Feller condition

.1
lim — max E|X,,|* = 0.
n—00 0'721 1<k<n ’

It was shown by Feller that if the above assumptions hold (without (%)) and if the Feller
Xn,l+"‘+Xn,n

condition holds, then the Lindeberg condition (x) is necessary and sufficient for -
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to converge in distribution to a standard Gaussian random variable. The combined result is
sometimes known as the Lindeberg-Feller theorem.

Berry and Esseén separately gave an error bound for the Central Limit Theorem in the
early 1940s.

Theorem 2.30 (Berry-Esseén). There ezists ¢ > 0 such that the following holds. Let
X1, Xo, ... be t.i.d. real-valued random wvariables with mean zero, variance 1 and E \Xl\g <
00. Let Z be a standard Gaussian random variable. Then for anyn > 1,

3
sup |P(X; + -- +Xn/\/ﬁ<t)—P(Z<t)|§c'M.
teR Vn

With the assumption of more bounded moments, an asymptotic expansion can be written,
with explicit dependence on t, for the difference |P(X; +---+ X,,//n <t)—P(Z < t)|.
This expansion is called the Edgeworth Expansion; see Feller, Vol. 2, XVI1.4.(4.1).

One may ask for general conditions under which the average of any i.i.d. random variables
have a limiting distribution, with moment assumptions different than the Central Limit
Theorem. Necessary and sufficient conditions are described in the following Theorem.

Theorem 2.31. Let X, Xs,... be i.i.d. real-valued random wvariables. Assume there exists
a function h: [0,00) — (0,00) such that, for any x > 0, lim, o L(tx)/L(x) = 1. Assume
also there exists 6 € [0, 1] and o € (0,2)such that

o lim, ... P(X; > 2)/P(|X1]| >2) =90,

e P(|Xy|>2)=a"L(x), V2 >0.
For any n > 1, define

= inf{x > 0: P(|Xy| > x) < 1/n}, by = E(X11x,|<a,)-
Then Xl*j—nx’”“" converges in distribution to a random variable Y as n — oo

Exercise 2.32. Show that there exists a nonzero random variable X such that, if X;, X, ...
are i.i.d. copies of X, then 21+X» i5 equal in distribution to X, for any n > 1. (Optional:
can you write out an explicit formula for the density of X7) (Hint: take the Fourier trans-
form.)

Show that there exists a nonzero random variable X such that, if X, X5, ... are i.i.d.
copies of X, then 21E52x js equal in distribution to X, for any n > 1.

By projection the random variables onto one-dimensional lines, the following Central Limit
Theorem in R¢ can be proven from the corresponding result in R.

Theorem 2.33 (Central Limit Theorem in R?). Let XM X® . be ii.d. Re-valued
random variables. Let p € RL. (We write a random variable in zts components as X" =

(Xl(n),...,Xa(ln)) € R%.) Assume EX™ =y for alln > 1, and for any 1 < i,j < d, all of
the covariances
a; = B(X" —Ex")(x" —EX)).

XD oy x () _py

are finite. Then as n — oo, NG converges weakly to a Gaussian random vector
Z =(Zy,...,Zq) € R with covariance matriz (a;;)1<ij<d-
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Remark 2.34. By definition, a random vector Z = (Z1,. .., Z;) € R%is Gaussian if, for any
v1,...,0q € R, the random variable Z‘::l v;Z; is a Gaussian random variable. Equivalently,
for any v € R?, the random variable (v, Z) is a Gaussian random variable. The covariance
matrix (a;j)1<;j<a of Z is defined by

a;; = E((Z — BZ)(Z; — BZ)))

Exercise 2.35. Let Z = (Zy,...,Z;) € R? be a Gaussian random vector.

e Show that the covariance matrix (a;;)1<i j<a of Z is symmetric, positive semidefinite.

That is, for any v € R, we have
d
vl av = Z viva;; > 0.
ij=1

e Given any symmetric positive semidefinite matrix (b;;)1<; j<a, Show that there exists a
Gaussian random vector Z such that the covariance matrix of Z is (b;;)1<; j<q. (Hint:
write the matrix b in its Cholesky decomposition b = rr*, where r is a d x d real
matrix. Let e, ... e@® be the rows of r. Let X7,..., Xy be independent standard
Gaussian random variables. Let X := (Xi,..., X,). Define Z; := (X, e®) for any

1<i<d)
Proposition 2.36.
o (Slutsky’s Theorem) Let X1, Xs,...: Q — R be random wvariables that converge in
distribution to X : Q — R. Let ¢ € R. Let Y1,Ys,...: Q2 — R be random variables

that converge in probability to c. Then X1+ Y1, Xo+Ys, ... converges in distribution
to X +c. Also, X Y1, X5Ys, ... converges in distribution to cX.

o Let X1, X5,...: Q — R be random variables that converge in distribution to X :  —
R. Let f: R — R be continuous. Then f(X1), f(X2),... converges in distribution to
fX).

Exercise 2.37. Suppose [ tell you that the following list of 20 numbers is a random sample
from a Gaussian random variable, but I don’t tell the mean or standard deviation.

5.1715, 3.2925, 5.2172, 6.1302, 4.9889, 5.5347, 5.2269, 4.1966, 4.7939, 3.7127
5.3884, 3.3529, 3.4311, 3.6905, 1.5557, 5.9384, 4.8252, 3.7451, 5.8703, 2.7885

To the best of your ability, determine what the mean and standard deviation are of this
random variable. (This question is a bit open-ended, so there could be more than one correct
way of justifying your answer.)

Exercise 2.38. Suppose [ tell you that the following list of 20 numbers is a random sample
from a Gaussian random variable, but I don’t tell you the mean or standard deviation. Also,
around one or two of the numbers was corrupted by noise, computational error, tabulation
error, etc., so that it is totally unrelated to the actual Gaussian random variable.

—1.2045, —1.4829, —0.3616, —0.3743, —2.7298, —1.0601, —1.3298, 0.2554, 6.1865, 1.2185
—2.7273, —0.8453, —3.4282, —3.2270, —1.0137, 2.0653, —5.5393, —0.2572, —1.4512, 1.2347
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To the best of your ability, determine what the mean and standard deviation are of this
random variable. Supposing you had instead a billion numbers, and 5 or 10 percent of
them were corrupted samples, can you come up with some automatic way of throwing out
the corrupted samples? (Once again, there could be more than one right answer here; the
question is intentionally open-ended.)

3. EXPONENTIAL FAMILIES

A basic problem in statistics is to fit data to an unknown probability distribution. As in
Exercise 2.37, we might have a list of numbers, and we known these numbers follow some
Gaussian distribution, but we might not know the mean and variance of this Gaussian.
We then want to infer the mean and variance from the data. In this example, there are
two unknown parameters. In order to generalize this problem, we introduce exponential
families. Exponential families provide a general class of distributions with a given number
of unknown parameters. Many of the examples introduced in Section 1.2 can be understood
as exponential families.

Definition 3.1 (Exponential Families). Let n,k be a positive integers and let u be a
measure on R™. Let t1,...,t: R® — R. Let h: R"” — [0, 00| so that h is not identically zero.
For any w = (wy, ..., w;) € R* define

a(w) :=log /n h(z) exp <i witi(x)>du(x).

The set {w € R*: a(w) < oo} is called the natural parameter space. On this set, the
function

fw() = h(z) exp <iwztz($) - a(w)), VreR"

satisfies [p, fu(@)du(x) = 1. So, the set of functions (which can be interpreted as probability
density functions, or as probability mass functions according to )

{fw: a(w) < OO}
is called a k-parameter exponential family in canonical form.

More generally, let © C R¥ and let w: © — R*. We define a k-parameter exponential
family to be a set of functions {fy: 0 € O, a(w(f)) < oo}, where

fo(x) == h(z)exp (Zwi(Q)ti(as) - a(w(G))), Vi e R

An exponential family is called curved if the dimension of © is less than k.

Remark 3.2. If w: © — R* has an inverse function, then the corresponding k-parameter
exponential family can be written in canonical form.

When we deal with probability density functions, we will simplify to du(x) = dz and
n =1, so that

a(w) = log/Rh(a:) exp (iwltl(a:)>dx
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and we can then interpret

folw) = h@)exp (D wil)ti(e) —a(w()),  VaeR

as probability density functions on the real line, since fR fo(z)dz = 1 for every 6 such that
a(w(f)) < oo, and fy@g)(z) > 0 for all z € R.

To specialize to probability mass functions on e.g. the integers, we let u be counting
measure (so that u({m}) = 1 for any integer m, and pu({z}) = 0 for any = € R that is not
an integer), so that

a(w) :=log i h(m) exp (iwz(Q)tz(m))

m=—0Q

and we can then interpret

fo(m) == h(m)exp (Zwi(e)ti(m) — a(UJ(Q))), VYmeZ

as a probability mass function, since Y . fu@)(m) =1 and fug)(m) > 0 for all m € Z.
Below we will use fy interchangeably for a single variable density /mass function and for a
joint density /mass function.

Example 3.3. Let us see how to phrase Exercise 2.37 using a two parameter exponential
family. We write a Gaussian density of mean p € R and standard deviation o > 0 as

1 _ew? 1 W 1, 2
e 202 = ex (—x——x —<—+10 cr)), VzeR.
2o V2m P 207 &

Then, we interpret 6 as 6 = (0, 0,) = (11, 02) € R?, and define

t1(z) =z, ty(z) = 22,

91 1% 1 1
0) = — =~ 0) = —— = ——
wl( ) 92 O‘27 wQ( ) 292 20‘27
62 1 2
a(w(#)) = 2—912 + élog 0y = %'2 + log o,

and h(x) := \/%7 for all z € R. Let © := {# € R?: 6, > 0}, and for any 0 € O, define

fo(x) == h(z)exp <sz(9)tz(x) - a(w(&)))), VreR.

Then {fy: 6 € ©} is a two parameter exponential family.
If we instead want to write this exponential family in canonical form, we replace the 6
terms with wy, wsy terms as follows

2

a(w) = %‘2 +logo = (%)2 [(—4) (_D}_l — %log ((—2) <_1)> S llog(—2wg).
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We then restrict to the set {(wy,ws) € R?: wy < 0} and define

fuw(z) == h(x)exp (Zi:wztz<x> — a(w))), VzeR.

Remark 3.4 (Location Family). Let X be a random variable with density f: R — R.
Let 1o € R. Then the densities {f(z + p)} er are called the location family of X. This
family may or may not be an exponential family.

Exercise 3.5. Let X be uniformly distributed on [0, 1]. Show that the location family of X is
not an exponential family in the following sense. The corresponding densities { f(z + )} er
cannot be written in the form

h(z) exp(w(p)t(z) — a(w(p)))

where h: R - R, w: R— R, t: R - R, z € R and a(w(u)) is a real number chosen so that
the integral of the density is one. (Hint: Argue by contradiction. Assume that the location
family is a one-parameter exponential family. Compare where the different densities are zero
or nonzero as the parameter changes.)

Remark 3.6 (Scale Family). Let X be a random variable with density f: R — R. Let
o > 0. Then the densities {7 f(z/0)},0 are called the scale family of X. This family
may or may not be an exponential family. Note that these are probability densities since

2o f(w/o)de = [7 f(x)de = 1.

Remark 3.7 (Location and Scale Family). Let X be a random variable with density
f:R = R. Let p € R0 > 0. Then the densities {o'f((z + 1)/0)}s>0 are called the
location and scale family of X. This family may or may not be an exponential family.

3.1. Differential Identities. Recall from Exercise 1.41 that a standard Gaussian random
variable X satisfies

Eel* = etz/Q, VteR,
and using this information we can recover the m** moment of X by the formula

dt—m|t:0E€t =EX™.
Similarly, we can differentiate the parameters of exponential families and find out information
about moments of the exponential family. We describe such a procedure below.

As in Definition 3.1, let

a(w) :=log /n h(z) exp (Zf: wit,-(a:))du(x).
Define now
W= {w € R*: a(w) < oo}.

Lemma 3.8. The function a(w) is continuous and has continuous partial derivatives of all
orders on the interior of W. Moreover, we can compute these derivatives by differentiating
under the integral sign.
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Proof. We prove only the case of a first order partial derivative. Consider the case of the
partial derivative with respect to w; at w in the interior of W. Let e; = (1,0,...,0) € R*.
Since the exponential function is analytic, it suffices to show that the partial derivative of
e®®) exists in the direction e;. We form the difference quotient for e*®) as follows.

exp (a(w + 861>> — exp(a(w))

3

=2 [ i) [exp (sta(o) + fjwin(x)) ~ exp (fjwimw)}du(z)
_ /n h(z) exp(éh8 eXp (Z wit( )

By the Mean Value Theorem, for any 0 < o < 1 and for any § € R
e*? — 1| < |aB| max(1,e™”) < |af]| Pl <al P < |af (e2? 4- ), (%)
So, using § > 0, a :=¢/d and 3 := 6ty (x)
k
exp(eti(z)) — 1 ( )
h iti
(@) ZPEEN = o (Y witita)

i=1

So, if

k
1
V- gh(m) <€25t1(z) + e—25t1(z)> exp (Zwiti(x),
then |X.| <Y for any 0 < ¢ < § < 1. We then conclude by the Dominated Convergence

Theorem 3.10 that
0

—elw) —
awle Eli% Rn

= /n t1(z)h(z) exp (Z witi(ﬂv))d,u(w)

Here we also use that [y, Y (z)du(z) = e®(wH2%e) 4 eaw=20¢1) < o0 for sufficiently small §
(depending only on w), since w is in the interior of W.

h(x)exp(stl (x)) exp (sz l )

3
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Using the right part of inequality (%), we can similarly show that

/Hlt exp(zw” ))du(z) < oo.

for any positive integers myq, ..., my, so that an inductive argument completes the above
proof for any iterated partial derivative. O

Remark 3.9. Using Definition 3.1 we can rewrite the penultimate formula as

e a%l o) _ / i exp(Zwt a(w))du(). = / 1) fulr)dp(r).

Theorem 3.10 (Dominated Convergence Theorem). Let X, Xs,...: Q — R be ran-

dom variables that converge almost surely. Assume that'Y is a nonnegative random variable
with EY < oo and |X,,| <Y almost surely, ¥ n > 1. Then

E lim X, = lim EX,,.

n—oo n—oo

Corollary 3.11. Let € > 0. Let X: Q — R be a random variable such that Ee*X < oo for
all w € (—e,¢e). Then, for any integer n > 1, EX™ exists and

dn
o™ = EX".
Proof. Apply Lemma 3.8 when p =P, h=1, k=1, t(z) = . O

Remark 3.12. If X is a Cauchy distributed random variable, then Ee** = oo for all w # 0.
So, in this case, the hypothesis of the above Corollary does not apply. Indeed, E|X| = oo
in this case.

Example 3.13. Recall that when du(z) = dz and n = 1, we have

a(w(f)) = log/Rh(x) exp <iwl(9)tl(;ﬂ))dm

so that
k
fo(x) := h(z)exp (sz(e)tz(x) — a(w(&)))), VreR

is probability density functions on the real line. If Ey denotes the expected value with respect
to this density function, then we have by the chain rule and Remark 3.9

0 0e™™) gw; ow; ow;
a(w(9)) _Z_ ,a(w(6) i iEgt; = E ( i )
T Z dw, 00, Z a6, T Z 06,
Returning to Example 3.3, where we wrote the Gaussmn density of mean p and standard

deviation o > 0 as a two-parameter exponential family, we had £ = 2, n = 1, we wrote # as
0 = (01,05) = (1,0?) € R? and define

W) =2, t(z) = a2,
0y ' 20, 207
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6?2 1 2

a(w(#)) = 2—92 + = log 0y = %7 + log o,
So that 9 9 ) )
—a(w(®)_Y_awo) _ "1 _ F _ @ (_ > - " E
‘ 26, 6, ~ o2~ Belg") = Ga)

That is, Eq(z) = p, as we anticipated.

Exercise 3.14. Using a two parameter exponential family for a Gaussian random variable
(with mean p and variance o), compute both sides of the following identity in terms of u
and o:

o2
—a(w) a(w) — < .7 <9.
e ﬁwiawje /Rt( z)tj(x exp( 5 w;t; ))du( ), V1<i,j<2

Recall that in this case,

= _ 2 _ M B 1
ti(z) =, to(z) == 2%, wy = g wyi= —5,
2
1
a(w) = —4%2 — - log(—2us)

Example 3.15. We write the binomial distribution with parameters n, p as a one parameter
exponential family (where n is fixed), and then take derivatives to find its moments. Recall
from Definition 1.19 that the binomial random variable X with parameters n, p satisfies: if
x is an integer with 0 < x < n, then

P(X =) = ( )pxu —pre.

For any other x, we have P(X = z) = 0. We write

(=== (M) a=mr () = (1) e (st0x (;2) = (-Dutostr - )

So, define h: R — R so that, if x is an integer with 0 < x < n, then h(x) ( ) (It does
not matter what other values h takes in this example.) Let 6 := p, © ,1) and define

t(z) =z, w(#) :=log (&), a(w(f)) == —nlog(l — ).
Since X only takes values integers values with positive probability, we have
fala) = hix)exp (w(b)t(@) — a(w(®)), Vo eR
As in the previous example, we have

d d d
—a(w(0)) Z_ pa(w(9)) — = — -
e Tk dea(w(@)) Eg(dew(e)t>.

n
i

That is,

(%JF ﬁ)EG(m) - 139'

That is, the expected value of the binomial with parameters n,p (with p = ) is
n 1

1-01/(6(1—0))
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Exercise 3.16. Let X: Q — R™ be a random variable with the standard Gaussian dis-
tribution:

P(XeA):= / e~ @A) 2 g (20) T2, VA C R" measurable.
A

Let vy, ..., v, be vectors in R™. Let (-,-) : R” x R” — R be the standard inner product
on R", so that (x,y) := > ., zy; for any = = (z1,...,2,), ¥y = (Y1,..-,Yn) € R"™

First, let v € R™ and show that (X, v) is a mean zero Gaussian with variance (v, v).

Then, show that the random variables (X, v1),..., (X, v,) are independent if and only if
the vectors vy, ..., v, are pairwise orthogonal.

(Hint: use the rotation invariance of the Gaussian.)

3.2. Additional Comments. Exponential families were apparently introduced by Dar-
mois, Koopman and Pitman in the 1930s.

4. RANDOM SAMPLES

When conducting a poll of a sample population, one often assumes that there exists
a random variable X: 2 — R that describes a single observation from the population.
Repeated observations of the population are then performed independently of each other.
This concept is formalized as a random sample.

Definition 4.1 (Random Sample). Let n be a positive integer. A random sample of size
n is a sequence X7, ..., X, of independent, identically distributed (i.i.d.) random variables.

As in Exercise 2.37, a basic problem is to find e.g. the mean or standard deviation
of the unknown distribution of X. That is, if we have a random sample of size n then
%(Xl + .-+ X,,) seems to be a reasonable guess for the mean of the unknown distribution
if n is large. More generally, any function of the random sample is called a statistic.

Definition 4.2 (Statistic). Let n,k be positive integers. Let Xi,..., X, be a random
sample of size n. Let f: R® — RF. A statistic is a random variable of the form Y :=
f(X1,...,X,). The distribution of Y is called a sampling distribution.

Example 4.3. The sample mean of a random sample X7, ..., X, of size n, denoted X, is
the following statistic:

1 &

X = — Xz
Example 4.4. Let n > 1. The sample standard deviation of a random sample X7,..., X,

of size n, denoted S, is the following statistic:

Sim (| —— S (% - X

n—14%
=1

The sample variance of a random sample X1,..., X, of size n is S%.

From the usual definition of the variance (for the uniform distribution on the integers
{1,...,n}), it might seem sensible to divide by n above instead of n — 1. The second part
of the following exercise attempts to explain why dividing by n — 1 is sensible.
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Exercise 4.5. Let n > 2 be an integer. Let Xi,...,X,, be a random sample of size n.
Assume that = EX € R and ¢ := y/var(X) < oo. Let X be the sample mean and let S
be the sample standard deviation of the random sample. Show the following

e Var(X) = o?/n.

o ES? = o2,

If we divided by n instead of n — 1 in the definition of S, then the second part of the
above exercise would not hold. Since ES? agrees with the variance of X, we say that S? is
unbiased. We will discuss this concept more in Section 6.

Exercise 4.6. Let X: Q — R be a random variable with EX? < co. Show that the quantity
E(X —t)? is minimized for ¢ € R uniquely when ¢ = EX.

4.1. Sampling from the Normal. The Central Limit Theorem implies that the combi-
nation of a large number of independent identically distributed random actions results in a
Gaussian distribution. For this reason, one can often (but not always) assume that sampling
from a large population is sampling from the normal distribution with unknown mean and
variance. Since this Gaussian assumption is so common, we discuss properties of sampling
from the normal in this section.

Proposition 4.7. Let n > 2 be an integer. Let Xi,..., X, be a random sample from the
Gaussian distribution with mean p € R and variance 0® > 0. Let X be the sample mean and
let S be the sample standard deviation.

° X and S are independent random variables.
e X is a Gaussian random variable with mean u and variance o*/n.
o (n—1)S?/0? is a chi-squared distributed random variable with n—1 degrees of freedom.

Proof. By replacing Xi,..., X,, with X7 — pu,..., X,, — u, it suffices to assume that pu = 0
in the proof. It further suffices to assume o = 1 by dividing all the random variables by o.
To prove the first item, we first note that the random variables X is independent of all of
the random variables X, — X, ..., X,, — X. This follows from Exercise 3.16, since the vector
(1,...,1) € R™ is orthogonal to any vector in the span of

1 1
0,1,0,...) = —(1,...,1),...,(0,...,0,1) — =(1,...,1).
(777 ) n(? 7)7 )(7 77) n(? 7)

(We are not asserting that the random variables X, Xo—X, ..., X,,— X are all independent; in

fact this is false by Exercise 3.16 since the vectors (0, 1,0, .. .)—%(1, ...,1),(0,0,1,0,...,0)—

1

~(1,...,1) are not orthogonal in R".) So, the first item will be completed if we can write S

as a function of X, — X, ..., X,, — X. Observe

n

(n=18* =3 (X = X)* = (X1 = X)* + 3 (X; - X)?

i=1

1=2

= (X = (X =R+ 3= X = (- 7))2 £ -T2

The second item follows from Proposition 1.45, Example 1.108 and Exercise 1.58.
We now prove the third item. Let X, := 13" X, and let 52 := - >" (X; — X,,)%

In the case n = 2, we have S3 = 1(X; — X,)? + 1(X, — X;)? = £(X; — X,)?. From Example
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1.108, \%(Xl — X,) is a mean zero Gaussian random variable with variance 1. So, S3 is a
chi-squared distributed random variable by Definition 1.33 with one degree of freedom. That
is, the third item of this proposition holds when n = 2.

We now induct on n. From Lemma 4.8,

n

"+ 1(Xn+1 — Yn)z, Vn 2 2.

nSe = (n—1)S; +
From the first item, S, is independent of X,,. Also, X,,, is independent of S,, by Proposition
1.61, since S, is a function of X1, ..., X,,, the latter being independent of X,, ;. In summary,
S, is independent of (X,,,; — X,,)%. By the inductive hypothesis, (n — 1)S2 is a chi-squared
distributed random variable with n—1 degrees of freedom. From Example 1.108 X,, 11 — X, is
a Gaussian random variable with mean zero and variance 1+1/n, so that \/n/(n + 1)(X,41—
7,1) is a mean zero Gaussian with variance 1. Definition 1.33 then implies that n.S,, is a
chi-squared random variable with n degrees of freedom, completing the inductive step. [

Lemma 4.8. Let X, Xo, ... be random variables. For any n > 2, let X,, := %Z?’:l X; and
let S2:= L 5" (X; — X,,)%. Then

nS?

n

= =12 = (X — X% Yn>2

n

= (Xn-i-l - yn—i—l)2 + (yn—kl - 7n) Z(_QX’L + 7n—‘,—l + 7n)

=1

= (Xn-i—l - 7n-',-l)2 + (Yn-kl - Xn)n(_Qyn + 7n-&-l + Yn)

= (Xaa(1=1/(n+ 1) = == K)” + 0K = X,

TL2

— Xt 1 1= o \2
= —— (X — X,)? ( L - = Xi>
(n+1)2( - 4 n—|—1+(n+1 n>z

=1

n2 ~ X 1 ]_ 2

= (X1 — X, 2 ( ntl X@)
(n+1)2( +1 yam n+l nn+1) <

n? — X 1 —\2

— X - X 2 n+1 N X
2

- n I \2 n v — 9
= (n+1)2(Xn+1_Xn) +m(Xn+1—Xn) _n+1<Xn+1_Xn> .
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If X1, Xs,... are a random sample from a Gaussian random variable with mean p € R
and standard deviation o > 0, then Example 1.108 implies that

ik 4 X X
o\/n ING

is a Gaussian random variable with mean zero and variance one. If the mean and standard
deviation are unknown, then it might be difficult to find either u or o by looking at this
quantity for different values of u and o. However, if we substitute the sample variance S for
o and examine instead

X—p
S/vn’

then there is only one unknown parameter p appearing in this expression. So, if we insert

different values of p into ;f/;\/%, we might be able to determine the unknown mean pu, if

we knew the distribution of ;f/;\/% for fixed pu. This distribution is given by the following
proposition.

Proposition 4.9. Let X be a standard Gaussian random variable. Let' Y be a chi squared
random variable with p degrees of freedom. Assume that X and Y are independent. Then
X/+\/Y/p has the following density, known as Student’s t-distribution with p degrees of
freedom:

L") £\
f t::—(1+—> . VieR
om0 = e\
Remark 4.10. If X;,..., X, is a random sample from a Gaussian random variable with

mean y € R and standard deviation o > 0, then (X — u)/(S/y/n) also has Student’s t-
distribution, since X — p has mean zero, and dividing the top and bottom by o reduces to
the case treated in the proposition (using also independence of X and S by Proposition 4.7).

Proof. First, let Z := /Y /p. We find the density of Z as follows. Let ¢ > 0. Then

d d d [vP @/ 1ew/2
= _—P(Z<y)=—PY <y’p) =— ¢
) = G P(Z < 9) = PO <) = [
1 1
— oupp P21, p—2,—y"p/2 — P/2p=1o—YP/2 )
s gy 267/

Let ¢: R* — R? so that ¢! (x,y) = (y,2/y), ¢(a,b) = (ab,a), |Jach(a,b)| = ‘det <l1) 8)’ =
|al, for all (z,y), (a,b) € R% By the Change of Variables formula, for any U C R?,

// f:cyda:dy—//f (a,b))|Jace(a, b)| dadb.

Let t > 0. Then by the deﬁnltlon of the joint distribution, and independence of X, Z,

P(S <1)=P(X<12) = /{ ( P (@) f2(y)dady

z,y)ER?: z<ty,y>0}

b=t 0
:/ la| fx(ab)fz(a)dadb :/ / la| fx(ab)fz(a)dadb.
{(a,b)€R?: b<t,a>0} b=—o0 Ja=0
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So, taking the derivative in ¢,applying the Fundamental Theorem of Calculus, and using the
change of variables x = a? so that da = ﬁdm,

_ = _ pp/2 * —a?t?/2 _p—1_—a’p/2 1
2 0 2 00
— pp/ / apef(p+t2)a2/2da — pp/ / :L.(p/Q)*l/Qe*(ertQ)x/de'
V2m2®/) 1T (p/2) Jo V2r 22T (p/2) Jo

From Definition 1.33, the integrand is the density of a gamma distributed random variable
with parameters a, 8 where a« — 1 = (p/2) —1/2 and 8 = 2/(p + t?); so that if we divide and
multiply by 5°T'(«), we have

_ P’ ap 1) —
P () 9(p+1)/2 —(p+1)/2<1 4 ﬁ)‘p2 Ly ( t2>_p_‘51,

s Vzmrrpp). ! ~ A\ Ty

Ix/z(t)

PRI ( 2 >2

O

Remark 4.11. The definition of Student’s t distribution looks not quite right in the Casella
and Berger book.

Exercise 4.12. Let X be a chi squared random variables with p degrees of freedom. Let
Y be a chi squared random variable with ¢ degrees of freedom. Assume that X and Y
are independent. Show that (X/p)/(Y/q) has the following density, known as Snedecor’s
f-distribution with p and ¢ degrees of freedom

@ p /)T ((p+ q)/2)

fxmyvyg(t) = (p/2)T(q/2) (1 +t(p/q) , Vit > 0.

) —(p+q)/2

Exercise 4.13 (Order Statistics). Let X:  — R be a random variable. Let Xi,..., X,
be a random sample of size n from X. Define X(;) := min;<;<, X;, and for any 2 <1 < n,
inductively define

X = min {{X1, . Xk S X0y X}

so that

The random variables X(y), ..., X(,) are called the order statistics of X,..., X,.

e Suppose X is a discrete random variable and we can order the values that X takes
as r1 < x3 < ---. For any ¢ > 1, define p; := P(X < ;). Show that, for any
1<i,5<n,

Py <o) =3 ()b -

k=j
(Hint: Let Y be the number of indices 1 < j < n such that X; < z;,. Then Y is a
binomial random variable with parameters n and p;.)
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You don’t have to show it, but if X is a continuous random variable with density fx
and cumulative distribution function Flx, then for any 1 < j < n, FX(j) has density

n! , .
. = F Tl 1-F "I R.
fX(J)(x) (j _ 1) (n _ j)'f (x)( X(x)) ( X('r)) ) Vze
(This follows by differentiating the above identity for the cumulative distribution
function.)

e Let X be a random variable uniformly distributed in [0,1]. For any 1 < j < n,
show that X(;) is a beta distributed random variable with parameters j and n — j.
Conclude that (as you might anticipate)

J
EX; = T
e Let a,b € R with a < b. Let U be the number of indices 1 < j < n such that
X; < a. Let V be the number of indices 1 < j < n such that a < X; < b. Show
that the vector (U,V,n — U — V) is a multinomial random variable, so that for any
nonnegative integers u, v with © + v < n, we have

PU=u,V=uon-U-V=n—u—0v)
n!

- < Fx(a)" (Fx(b) — Fx(a))"(1 — Fx(0))" ™",

ulvl(n —u —v)!

Consequently, for any 1 <1i,5 < n,
j—1 n—k
P(X(<a, X <b)=PU>i,U+V=j)=) > PU=kV=m)+PU2>j).
k=i m=j—k
So, it is possible to write an explicit formula for the joint distribution of X(;) and
X(;) (but you don’t have to write it yourself).

4.2. The Delta Method. From Examples 4.3 and 4.4 and Exercise 4.5, the sample mean
and sample variance give good estimates for the mean and variance of random samples. More
generally, we might want an estimate for a function of the mean or a function of the variance.
Such an estimate is provided by the following version of the Central Limit Theorem.

Theorem 4.14 (Delta Method). Let § € R. Let Y1,Ys, ... be random variables such that
Vn(Y, —0) converges in distribution to a mean zero Gaussian random variable with variance
02 >0. Let f: R — R. Assume that f'(0) exists. Then

Vn(f(Ya) = f(6))

converges in distribution to a mean zero Gaussian with variance o2(f'(0))* as n — oo.

Proof. Since f'(9) exists, lim,_,g JW=1O) oxists. That is, there exists h: R — R such that

y—0
lim,_,q @ =0 and, for all y € R,

fy) = 1(0) + f(O)(y = 0) + h(y = 0).

In particular,
Valf(Ya) = F(O)] = f/(0)v/n(Ya — 0) + Vnh(Y, —0).  (x)
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By assumption, for all s,t > 0, lim,, o P(|Y;, — 0] > st/\/n) =2 [ eny/z\;l_Qy?' So, Vn >1,
P(vn|h(Y, = 0)] > t) = P(Vn|h(Y, = 0)] > t, [V, — 0] > st/v/n)
+P(Vn|h(Yy = 0)| > t, [V, — 6] < st/v/n)
<P(|Y, — 0| > st/\/n) + P(Vn|h(Y, —0)| > t, |V, — 0] < st/\/n).

Asn — oo, the first term converges to 2 f;o e v*/2 4L and the second term goes to zero since

ma
lim,_,0(h(z)/2) = 0. So, for any s,t > 0, lim, oo P(v/n |R(Y, —0)| > t) < 2 [F 6_y2/2j_2y7'

Since this holds for any s > 0, we can let s — co to get lim,, . P(v/n|h(Y,, —0)| > t) = 0.
That is, y/nh(Y,, — ) converges in probability to zero as n — o0o. So, by Proposition 2.36
and (), v/n[f(Yn) — f(0)] converges in distribution to a mean zero Gaussian with variance

a*(f'(6))*. O

Example 4.15. Suppose X, is the sample mean for a random sample Xi,...,X,, of size
n and 0 < var(X;) < oco. Let p := EX; # 0. From the Central Limit Theorem 2.13,
Vn(X,, — p) converges in distribution to a mean zero Gaussian with variance 0% := var(X,).
So, if we use f(z) := 1/x for any = # 0, the random variable \/n(f(X,) — IIL) converges in

distribution to a mean zero Gaussian with variance o(f’())? = o?u~* as n — oc.

From Exercises 2.6 and 2.7, this does not imply that the variance of /n(f(X,) — 1/u)
2

— +e
converges. However, if we assume there exists ¢, ¢ > 0 such that E |v/n(f(X,) — i) <c

for all n > 1, then we can conclude that

lim var(vi(f(X,) — i)) = o*(f'())?

n—oo

by Theorem 4.16 below with X! = (f(X,) — l%)2 for all n > 1.

So, we can say that 1/X,, has expected value near 1/u variance near n~'o?u~*, when n is
large.

Theorem 4.16 (Convergence Theorem with Bounded Moment). Let X, Xs, ... be
random variables that converge in distribution to a random variable X. Assume 30 < g,¢ <
oo such that E ]Xn|1+€ <ec,Vn>1. Then

EX = lim EX,,.

n—oo

For a proof, see my Graduate Probability Notes (Theorem 1.59 together with Exercise
3.8(iii).)

In the case that f/(f) = 0 in the Delta Method, we can instead use a second order Taylor
expansion as follows.

Theorem 4.17 (Second Order Delta Method). Let § € R. Let Y1,Ys, ... be random
variables such that /n(Y, — 0) converges in distribution to a mean zero Gaussian random
variable with variance 0® > 0. Let f: R — R. Assume that f'(6) = 0, f"(0) exists and is
nonzero. Then

n(f(Ya) — £(0))
converges in distribution to a chi squared random variable with one degree of freedom, mul-
tiplied by o®3 f"(0) as n — oo,
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Proof. Since f'(0) = 0, there exists g: R — R such that lim, 0 g(z) = 0 and, for all y € R,
fy) = 1(0)+ (y = 0)g(y — 0).

Since f”(0) exists, the following limit exists

1o [0 +25) 4 F0) =200 +5) . 259(25) —2s9(5) _ . g(25) = (s)

s—0 52 s—0 52 s—0 S

=24'(0).
Since ¢'(0) exists, there exists r: R — R such that lim, o @ =0 and, for all y € R,
9(y) = g(0) + ¢'(0)y + r(y).

Since ¢'(0) exists, g is continuous at 0, so g(0) = lim,_,0 g(z) = 0. Combining the above, for
all y € R,

fy) = f0)+ (y—0)g(0) + (y — 0)*¢'(0) + (y — O)r(y — 0)
= J(6) + (y = 67°54"(6) + (y — O)r(y — 6).

Let h(y) := yr(y) for all y € R. Then lim,_,g héé’) = lim, o T(;’) = 0. Also,
1

nlf(Ya) = fO)] = 5 /" (O)n(Yn —0) + nh(Yo =0).  (¥)

By assumption, for all s,¢ > 0, lim, o P(|Y;, — 0] > st/\/n) =2 [ 6_92/2\}1—23’;. So,Vn >1,
P(n|h(Y, —0)|>t) =Pn|h(Y, —0)] >t, |V, —0| > st/v/n)
+P(n|W(Y, —0)| > t, |V, — 0| < st/v/n)
<P(|Y, — 0| > st//n) +P(n|h(Y, —0)] > t, |V, — 0| < st//n).

As n — o0, the first term goes to 2 f;o 6_92/2%, and the second term goes to zero since
lim. o(h(2)/2%) = 0. So, for any s,¢ > 0, lim, o P(n |h(Y, — 0)| > t) < 2 [Fev"/20L.
Since this holds for any s > 0, we can let s — oo to get lim,, o P(n |h(Y, —0)| > t) = 0.
That is, nh(Y, — ) converges in probability to zero as n — oo. So, by Proposition 2.36

and (%), n[f(Y,) — f(0)] converges in distribution to a chi squared random variable with one
degree of freedom, multiplied by o2 f”(6). O

Let m > 2 be an integer. Theorem 4.17 generalizes to: if f'() = --- = fm=D(g) = 0, if
f0™)(6) exists and is nonzero, then as n — oo,

" (f(Ya) = £(0))
converges in distribution to the distribution of the absolute value of a Gaussian to the m!"
power, multiplied by am% ().

4.3. Simulation of Random Variables. In practice we often want to simulate random
variables on a computer. The sampling of random variables on a computer is also called
Monte Carlo simulation. In this section, we assume that a computer can simulate any
number of independent random variable that are uniformly distributed in (0,1). From this
assumption, we will try to transform that random variable into other ones.

There are some caveats to our assumption that we can sample from the uniform distribu-
tion on (0, 1).
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(1) Computers cannot deal with arbitrary real numbers. The most common number
system used on computers is instead double precision floating point arithmetic.
This number system includes zero and any number of the form

:E(l.&lag s CL52) . 2b1~~-b1171023’
where ay, ..., as9,b1,...,b11 € {0, 1} are binary digits. Consequently, a computer can
at best simulate a number that is drawn randomly from the 25 numbers of this form.
Put another way, every random variable simulated on a computer is automatically
discrete.

(2) A computer cannot produce a truly random quantity. When we repeatedly sample
from a random variable on a computer, the computer uses a deterministic process
to produce a sequence of numbers that behaves as if it were random. For this rea-
son, random number generators on computers are said to produce pseudorandom
outputs. There are a various random number generating algorithms available.

We can verify that a random number generator behaves “as if it were random” by checking
for its agreement with the Law of Large Number and Central Limit Theorem.

Exercise 4.18. Using Matlab (or any other mathematical system on a computer), verify
that its random number generator agrees with the law of large numbers and central limit
theorem. For example, average 107 samples from the uniform distribution on [0, 1] and check
how close the sample average is to 1/2. Then, make a histogram of 107 samples from the
uniform distribution on [0, 1] and check how close the histogram is to a Gaussian.

Example 4.19 (Discrete Random Variables). If we want to simulate a random variable
that is uniformly distributed in {1, 2,3}, and if U is uniform on (0,1), we define

1 ifU <1/3
X(U):={2 if1/3<U <2/3
3 if2/3<U.

Then X (U) is uniformly distributed in {1, 2,3}.

More generally, if we want to simulate a random variable taking values x1,...,z, € R
with probabilities py, ..., p, > 0 such that p; +---+p, = 1, we define py := 0 and we define
X (U) so that

X(U) =, if pp+-+pa <U<pr+--+p ViI<i<n
Then P(X(U) = x;) = p; for all 1 <i < n, as desired.
More generally, if X: €2 — R is an arbitrary random variable with cumulative distribution

function F': R — [0, 1], then the function F~! (if it exists) is a random variable on [0, 1] with
the uniform probability law on (0, 1) that is equal in distribution to X, since

P(s€[0,1: F7l(s) <t) =P(s € [0,1]: F(t) > s) € F(t) = P(w € Q: X(w) < 1).

Here (*) used the definition of the uniform probability law on (0, 1). In general, F'~! may not
exist, but we can still construct a generalized inverse of F' and obtain the same conclusion
as follows.
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Exercise 4.20. Let X: 2 — R be a random variable on a sample space €2 equipped with a
probability law P. For any ¢t € R let F(t) :== P(X <t). For any s € (0,1) define

Y (s) :=sup{t € R: F(t) < s}.

Then Y is a random variable on (0, 1) with the uniform probability law on (0, 1). Show that
X and Y are equal in distribution. That is, P(Y <t) = F(¢) for all t € R.

Exercise 4.20 then suggest the following method for simulating a random variable on a
computer.

Algorithm 4.21 (Sampling a Random Variable). Let X: 2 — R be a random variable.
Let P be a probability law on Q. For any ¢ € R, let F'(t) := P(X < ). Let U be a random
variable uniformly distributed in (0,1). For any s € (0, 1), let

Y (s) :=sup{t € R: F(t) < s}.
To sample X on a computer, sample Y (U).

Example 4.22. Let X be an exponential random variable with parameter 1, so that for
any t > 0, P(X < t) = f(f e dr = 1— et = F(t). Then F7'(s) = —log(l — s) for
any 0 < s < 1, since F(F~(s)) = s. By Exercise 4.20, F~! is an exponential random
variable with parameter 1 if P is the uniform probability law on (0,1). Or by Algorithm
4.21, F~Y(U) = —log(1 — U) is an exponential random variable with parameter 1.

When an explicit formula can be given for Y in Algorithm 4.21, the random variable
can be simulated efficiently. However, if Y cannot be accurately or efficiently computed,
Algorithm 4.21 may not be a sensible way to simulate a random variable. For example,
consider a standard Gaussian random variable. The inverse of its cumulative distribution
function cannot be described using elementary formulas. Here are some possible ways to
simulate a standard Gaussian.

e Approximate the inverse cumulative distribution function and apply Algorithm 4.21.
The quality of the approximation then correspond to the quality of the simulation.
e Sample many independent uniform random variables Uy, ..., U, in (0,1). Form the

sum LtotUnn/2, By the Central Limit Theorem 2.13, this random variable is close
ny/1/12

to a standard Gaussian. In fact, explicit error bounds can be given by Theorem 2.30.
Moreover, if we perform this same procedure where Uy, ..., U, are i.i.d. and the first
k moments of U; agree with the first £ moments of a standard Gaussian, the error in
Theorem 2.30 will be a constant times n~*~1/2. (This follows from the Edgeworth
expansion, an asymptotic expansion for the error in the Central Limit Theorem.)
However, if we only want a few samples from the Gaussian, this procedure is very
inefficient, since it requires many samples from other random variables.

Perhaps the best way to simulate a standard Gaussian random variable is the Box-Mueller

algorithm.

Exercise 4.23 (Box-Muller Algorithm). Let U;,Us be independent random variables
uniformly distributed in (0, 1). Define

R :=+/—2logUy, U .= 27U,.

X :=RcosV, Y := Rsin V.
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Show that X,Y are independent standard Gaussian random variables. So, we can simulate
any number of independent standard Gaussian random variables with this procedure.

Now, let {a;;}1<i j<n be an n x n symmetric positive semidefinite matrix. That is, for any
v € R", we have

n
vlav = Z vva;; > 0.
ij=1
We can simulate a Gaussian random vector with any such covariance matrix {a;;}1<ij<n
using the following procedure.

o Let X = (Xy,...,X,) be a vector of i.i.d. standard Gaussian random variables
(which can be sampled using the Box-Muller algorithm above).

e Write the matrix a in its Cholesky decomposition a = rr*, where r is an n x n real
matrix. (This decomposition can be computed efficiently with about n?® arithmetic
operations. )

o Let e, ... ,e(") be the rows of r. For any 1 < i < n, define
Z; = (X, eD).
Show that Z := (Z1, ..., Z,) is a mean zero Gaussian random vector whose covariance matrix

is {aij}1§i7jgn, so that

4.4. Additional Comments. The assumption that astronomical data sampling error arose
from sampling from the normal distribution was common in the early 1800s, and Quetelet
was one of the first of that period to apply the normal assumption to other scientific fields.
In the late 1700s, Laplace’s applications of statistics were also eclectic. The Delta Method
was known in the early 1800s, though it was not precisely described until the early 1900s.

5. DATA REDUCTION

Suppose we have some data and an exponential family. We would like to find the parameter
6 among the exponential family that fits the data well. One way to achieve this goal is to
look for a sufficient statistic.

5.1. Sufficient Statistics.

Definition 5.1 (Sufficient Statistic). Suppose X = (Xi,...,X,) is a random sample of
size n from a distribution f where f € {fp: 6 € O} is a family of densities (such as an
exponential family). Let ¢: R®™ — R* so that Y :=#(X,...,X,,) is a statistic. We say that
Y is a sufficient statistic for @ if, for every y € R* and for every § € O, the conditional
distribution of (X7, ..., X,,) given Y = y (with respect to probabilities given by fy) does not
depend on 6. That is, Y provides sufficient information to determine 6 from Xi,...,X,,.

Note that any invertible function of a sufficient statistic is sufficient.

Also, the term “sufficient” is a bit misleading. A sufficient statistic does not contain
sufficient information to ezactly determine the parameter 6. As we will see in the next
example, the sample mean is a sufficient statistic for the Bernoulli distribution, but this
does not mean that we can exactly determine the unknown parameter of the Bernoulli.
Being a sufficient statistic essentially means that we can make the best possible guess for
the unknown parameter using the sufficient statistic.
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Example 5.2. Let X;,...,X,, be a random sample of size n from a Bernoulli distribution
with parameter 0 < # < 1. We claim that Y := X; + --- 4+ X, is a sufficient statistic for 6.
Let z1,...,2, € {0,1} and let 0 < y < n be an integer. Then Y has a binomial distribution
with parameters n and . We may assume that y = 21 + - - - + x,,, otherwise there is nothing
to show. Then

P((Xy,....X,) =(x1,...,2,), Y =)

P((X1,..., X)) = (x1,...,2,) | Y =y) =

PY =y)
_P((Xy, . X)) = (2, w)) [T, P(X; =) _ [T, 0% (1 — o)
PY =y) P(Y =y) (Z)Gy(l —0)v

0v(1 — )" 1 1

(Z) Hy(l - Q)n—y (Z) (zlJr-T-L-Jr:vn) .
Since the last expression does not depend on 6, Y is sufficient for 6.

Example 5.3. Let X;,..., X, be a random sample of size n from a Gaussian distribution
with known variance 0 > 0 and unknown mean p € R. We claim that Y := (X;+---+X,,)/n
is a sufficient statistic for pu. Let xq,...,2, € R and let y € R. Then Y is a Gaussian with
variance o2 /n and mean y, and we may assume y = (xy + - -+ + x,,)/n, so that

Fxroapy (21 aly) = fxo xov (@1, .o 20, Y) _ le,...,Xn,Y(xh...,acn,rf1 ZLI ;)
1yeeey<Sn ) ) fY(y> fy<y)
oo () TR exp (= gh(ed b a) - g 4 5 Y )
fr(y) n'/20-1(2m)~1/2 exp ( — Py — S+ %y)

1(2m) /2 expy ( — Lt xi))

n'/20=1(2r)~ Y2 exp ( — #yﬂ)

Since the last expression does not depend on p, Y is sufficient for u.

Theorem 5.4 (Factorization Theorem). Suppose X = (Xy,...,X,,) is a random sample
of size n from a family {fo: 0 € O} of joint probability density functions, or a family of joint
probability mass functions. (In the case of probability mass functions, we also assume that
the set Ugeo{z € R™: fo(z) > 0} is countable.) Let t: R™ — R* so that Y :=t(X1,...,X,)
15 a statistic. Then Y is sufficient for 6 if and only if there exist nonnegative functions
{go: 0 € ©}, h: R" - [0,00), go: R¥ — [0,00), such that

fo(z) = go(t(x))h(x),  VO€O.

When {fy: 0 € O} are joint probability density functions, this equality holds for all z € R™
except a set of measure zero. When {fy: 0 € O} are joint probability mass functions, this
equality holds on the set Upco{z € R™: fy(x) > 0}.

A set B C R™ of measure zero satisfies: for all € > 0, there exists a countable set of balls
By, Bs, ... such that the total volume of By, Bs, ... is less than ¢, and B C U2, B,.

Proof. We only prove the case that the sampling distribution is discrete. The general case
relies on measure theory, appearing in the Keener book, section 6.4.
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Suppose Y is sufficient. Let z € R™ and note that

fo(x) =Po(X =2) =Pp(X =z and t(X) = t(x)) = Pe(Y = t(2))Pp(X = z|Y = t(x)).
By sufficiency, the last quantity does not depend on 6, so fy(x) = go(t(x))h(z), where
go(y) :==Py(Y = y) for all y € R* and h(z) := P(X = z|Y = t(2)) for all x € R".

Conversely, assume that fy(x) = go(t(z))h(z) as stated in the theorem. Define r4(z) :=
Py(t(X) = 2) for any z € R¥. For any x € R", define t 1t(x) := {y € R": t(y) = t(z)}.
Then by our assumption and definitions

fo(x) go(t(x))h(z) go(t(x))h(z)
Pyo(X =2|Y =t(x)) = = —
o =l =) = S B0 = t01] S PoX =)
__get@)h(x)  ge(t(x))h(x)
Yo 0(2) X 90(H(2))(2)

_ ge(t(iv))h(iﬂ) _ h(z)
9o(t()) Zzet_lt(x) h(z) Zzet_lt(w) h(z)
Since the probability does not depend on 6, Y is sufficient for 6. U
Remark 5.5. If t(x) := z for all x € R", then the statistic ¢(Xy,...,X,) = (X1,..., X,)
is automatically sufficient for 6, choosing gy := fy and h := 1. So, at least one sufficient

statistic always exists.

5.1.1. Minimal Sufficient Statistics. Suppose t: R — R¥ and YV := ¢(X,,..., X,,) is a suf-
ficient statistic for 6. Let u: R — R™ so that Z = u(Xy,...,X,) is another statistic.
Suppose there exists 7: R™ — R such that r(u(x)) = t(z) for all x € R". That is, suppose

Y =r(2).
It follows from the Factorization Theorem 5.4 that Z is also a sufficient statistic for 6 since
fo(x) = go(t(x))h(x) = go(r(u(x)))h(x), ~ Ve eR", VOeO.
So, define gy(y) := go(r(y)) for all y € R™. Then
fo(z) = go(u(x))h(z), VzeR" VOeoO.

That is, Z is sufficient for . That is, if Y is sufficient for 6, and if Y is a function of Z, then
all “information” about 6 is also stored in Z.

We would like to determine the parameter 6 fitting the data using as little information as
possible. For example, if we have a massive data set, we would like to use a minimal amount
of memory on our computer in order to determine the parameter . The above observations
motivate the following definition.

Definition 5.6 (Minimal Sufficient Statistic). Suppose X = (X,...,X,) is a random
sample of size n from a family {fy: 6 € O} of joint probability density functions, or joint
probability mass functions. Let t: R® — R* so that Y := #(Xy,...,X,) is a statistic.
Assume that Y is sufficient for . Then Y is minimal sufficient for @ if, for every statistic
Z: 0 — R™ that is sufficient for 6, there exists a function 7: R™ — R* such that Y = r(Z).

Example 5.7. Let X;,..., X,, be a random sample from a Gaussian distribution with un-
known mean 6 € R and variance 1. Then X is minimal sufficient for the mean 6. Let
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t: R" — R" so that t(z) = x for all x € R” and define Y := #(Xy,...,X,). Then Y is
sufficient for 6, but Y is not minimal sufficient for 6.

It is fairly hard to prove directly that a statistic is minimal sufficient. The following
theorem gives a condition for verifying minimal sufficiency that applies in particular to
exponential families.

Theorem 5.8. Suppose (X1,...,X,,) is a random sample of size n from a family {fp: 0 €
©} of joint probability density functions or joint probability mass functions. (In the case
of probability mass functions, we also assume that the set Ugpco{z € R™: fy(x) > 0} is
countable.) Let t: R® — R™ and define Y = t(Xy,...,X,). When {fy: 0 € ©} are joint
probability density functions, suppose the following condition holds for every x,y € R™, and
when {fg: 0 € O} are joint probability mass functions, suppose the following condition holds
for every x,y in the set Upeco{z € R™: fp(x) > 0}.

de(x,y) € R that does not depend on € such that

fo(z) = c(z,y) foly) VO€O
if and only if ¢t(z) = t(y).
Then'Y is minimal sufficient.

Proof. We first prove sufficiency.

For any z € {t(x): x € R"}, let x, be any element of 7'z, so that ¢(x,) = 2. Then for any
y € R", t(x4(y)) = t(y), so by assumption, fy(y) = c(y, Tyy)) fo(Tey)). So, define gg: R™ — R,
h: R™ — R by

go(2) = fo(x.), h(y) == c(y, ryy)), VzeR™ yeR™

Then fy(y) = go(t(y))h(y) for all y € R™, so the Factorization Theorem 5.4 says that ¢ is
sufficient.

We now prove minimal sufficiency. By the Factorization Theorem 5.4, there exist h': R™ —
R and g7, 5, ... : R™ — R such that, for all § € ©,

fo(x) = gy(u(z))l/ (z), VzeR"

Let y € R™. If h'(y) = 0, then fy(y) = 0 for all # € ©. Our assumption ignores this case.
That is, we may assume that h'(y) # 0. Let z,y € R” with u(z) = u(y). Then

Fallw) = gh{u(@)W (), = gh(u(y))W () = ghlu()P (5 ol) — fy(y) Z;g;

Vo ce.
P (y)

W) We have

= W)
fo(x) = foly)e(z,y), VO€O.

So, by assumption t(x) = t(y). That is, u(z) = u(y) implies t(x) = t(y). We conclude that
t is a function of u by Exercise 5.9, so that Y is minimal sufficient for 6. OJ

So, define ¢(z,y)

Exercise 5.9. Let A, B, be sets. Let u: Q@ — A and let t: Q — B. Assume that, for every
x,y € Q, if u(r) = u(y), then t(x) = t(y). Show that there exists a function s: A — B such
that

t = s(u).
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Exercise 5.10. Let {fy: 6 € O} be a k-parameter exponential family {fp: 6 € O, a(w()) <
oo} of probability density functions or probability mass functions, where

fo(z) := h(x) exp (szw)tz(fﬂ) — a(w(é’))>, Vx eR.

For any 6 € O, let w(f) := (w.(),...,wi(0)). Assume that the following subset of R is
k-dimensional:

{w(0) —w(d) e R¥: 0,6 € ©}.

That is, if z € R* satisfies (z,y) = 0 for all y in this set, then z = 0. (Note that the
assumption of the exercise is always satisfied for an exponential family in canonical form.)
Let X = (X1,...,X,,) be a random sample of size n from fy. Define ¢t: R" — R" by

n

HX) = (X)), (X))

j=1

Show that ¢(X) is minimal sufficient for §. (Hint: if you get stuck, look at Example 3.12 in
Keener.)

Conclude that if we sample from a Gaussian with unknown mean p and variance o2 > 0,
then X is minimal sufficient for # and (X, .S) is minimal sufficient for (u, o?).

Warning: the fy exponential family mentioned here is a function of one variable. If you
use the Theorem from class about checking the ratio of fy(z)/fo(y), the functions there are
joint density functions (i.e. the product of n copies of the same function).

Remark 5.11. If a minimal sufficient statistic exists, it is unique up to an invertible trans-
formation. To see this, let Y: @ — R™ and let Z: 2 — R™ be minimal sufficient statistics.
By minimality of YV, there exists r: R™ — R™ such that Y = r(Z). By minimality of Z,
there exists s: R" — R™ such that Z = s(Y'). Composing each of these identities with each
other, we getj

Y =r(s(Y)), Z =s(r(2)).

That is, r o s is the identity map on the range of Y, and s o r is the identity map on the
range of Z. That is, Y and Z are each the invertible image of each other.

The uniqueness of the minimal sufficient statistic is nice, since it implies that (up to an
invertible map), there is at most one way to reduce the data at hand when we are trying to
determine the parameter ¢ that fits our data.

Also, by this uniqueness, the converse of Theorem 5.8 also holds. The converse of Theorem
5.8 then suggests a strategy for proving existence of the minimal sufficient statistic that is
used in the following Proposition.

Proposition 5.12 (Existence of Minimal Sufficient Statistic). Suppose X1,..., X, is a
random sample of size n from a distribution f where f € {fp: 0 € O} is a family of probability
density functions, or a family of probability mass functions. (In the case of probability mass
functions, we also assume that the set Upco{x € R": fo(x) > 0} is countable.) Then there
exists a statistic Y that is minimal sufficient for 6.
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Proof. We first assume that © is countable. We relabel {fy: 6 € ©} as fi, fo,.... Let RN/ ~
denote RY where two elements z,y € RY are considered equivalent if there exists o € R such
that z = ay. Define t: R® — RY/ ~ by

t(z) == (f1<x),f2(x),...).

We will show that Y := ¢(Xy,...,X,,) is minimal sufficient for §. This follows immediately
from Theorem 5.8.

Proof of sufficiency for uncountable case. We take as given the following facts from
real analysis. The set of functions L := {f: R — R: [.|f(x)]dz < 1} has a countable
dense set, i.e. it has a countable subset L’ such that for any f € L, there exists a sequence
fis fas... € L' such that lim;_, [, |fi(x) — f(x)|de = 0. Similarly, the set of functions
L:={f7Z —R: % ., |f(x)] <1} has a countable subset L’ such that for any f € L,
there exists a sequence fy, fa,... € L’ such that lim; o > ., [ fi(x) — f(z)] = 0.
It follows that there is a countable set © C © such that, for any # € © and for any ¢ > 0,
there exists ¢ € ©’ such that
sup |Py(A) — Py (A)] < e.
ACQ
That is, {fy: ¢ € ©'} is a countable dense subset of {fy: 6 € ©}.
From above, we have a minimal sufficient statistic for § € ©'. It remains to show this
property extends to all # € ©. To this end, we use regular conditional probabilities and the
change of variables formula for the pushforward measure. V6 € ©,V A C R*, B C RY,

P,(AN+(B)) / Py(Alt = )Pyt~ (dy)) / Py(Alt = t(x))dP(x).
B +1(B)
Since Y is sufficient for # € ©’, we have

P,(ANt(B)) = / P(Alt = t(2))dPi(z), Vi>1, ACR", BCR"

Or, written in analytic form,
/ 4P (z) / P(Alt = t(z))dPs(x), Vi>1 ACR" BCRY. (%)
Ant=1(B) B
This condition is preserved under total variation limits, so it extends to the whole set of

densities. That is, for any 6 € ©, we choose 01,0, ... € ©" such that
lim sup [Py, (A) —Py(A)| = 0.

1— 00 ACRn

Then

< [Pi(B) = Py(B)| = 0,

/B P(Alt = 1(x))dP,(x) — / Py(Alt = t(x))dPy(x)

as ¢ — oo. Similarly, as i — 0o

/ 4P (z) — / 0Py (x)
Ant—1(B) Ant—1(B)
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We conclude by (x) that, for all § € ©,
/ 0Py (z) = / P(Alt = 1(2))dPy(z), VYACR" BCR"
Ant—1(B) B

So, going backwards and using the regular conditional probability definition of Py, we then
have

/BP(A|t — t(2))dPy(y) = /BP9<A|t — y)dPy(y), YACR" BCR".

That is, Py(A|t = y) does not depend on § € ©. Therefore, Y is sufficient for § € ©.

Proof of minimal sufficiency for uncountable case. Minimal sufficiency follows by the
proof of Theorem 5.8.
O

Exercise 5.13. Let P, P, be two probability laws on the sample space {2 = R. Suppose
these laws have densities fi, fo: R — [0, 00) so that

Pi(A):/Afi(x)dx, Vi=12  VACR

Show that .
sup [P1(4) = Po(4)] = 5 [ (o) = fo(o)]do
ACR R
(Hint: consider A := {z € R: fi(x) > fo(x)}.)
Similarly, if Py, Py are probability laws on €2 = Z, show that

sup [Py(4) — Py(4)] = 5 3" [P1(2) — Po().

ACZ

5.2. Ancillary Statistics. Minimal sufficient statistics provide sufficient information to
estimate a parameter 0 in a family of distributions {fy: # € ©}. However, even a minimal
sufficient statistic can have excess “information.” For example, we saw in Proposition 5.12
that a minimal sufficient statistic can have infinitely many nontrivial components in its
range. It would be desirable to come up with statistics that contain as little unnecessary
information as possible, while still being minimal sufficient. In order to accomplish this task,
we first define what we mean by “excess information” of a statistic.

Definition 5.14 (Ancillary Statistic). Suppose Xj,..., X, is a random sample of size
n from a distribution f where f € {fy: 0§ € ©} is a family of distributions. A statistic
Y =t(Xq,...,X,), t: R" = R™ is ancillary for @ if the distribution of ¥~ does not depend
on 6.

Example 5.15. Let X;,...,X,, be a random sample of size n from the location family for
the Cauchy distribution:

1 1
= - Vo= ...,x,) ER" VOeR.
fg(l‘) gﬂl+($z—9)2’ x (xlv y & )e €
Then the order statistics X(;) < -+ < X,y are minimal sufficient for §. Sufficiency follows
by the Factorization Theorem 5.4 since, if t(x) = (zq),...,Tw)), then fo(t(x)) = fo(z).
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Minimal sufficiency follows from Theorem 5.8, since if z,y € R" are fixed, then the following
ratio is constant in 6

fole) it mmzp TS0+ (- 9)7)

fo(v) H?:1 W H?:1[1 + (2 — 0)?]
only when t(z) = t(y). To see this, note that the top and bottom are each polynomials in 6,
and these polynomials must be a constant multiple of each other, so their (complex) roots
must be identical (counting multiplicities), and these roots are 6 = z; & /—1, 0 = y; £ /—1
respectively (i =1,...,n), so that t(x) = t(y).

Even though the order statistics (X1, ..., X(»)) are minimal sufficient for 6 in this case,
they certainly seem to contain a lot of extraneous information about #. Indeed, the statistic
X(n) — Xq) is ancillary. To see this, let Z;,..., Z, be independent Cauchy random variables,
i.e. they each have density %1 1962 for all x € R. Then X; = Z; 4+ 0 for all 1 <7 <n, so that
X = Zgy + 0 for all 1 <@ < n, sothat X(,) — Xq) = Z@n) — Z(1), and the last expression
does not depend on 6.

5.3. Complete Statistics. Continuing Example 5.15, we saw that X,y — X(;) is ancillary,
i.e. there exists a constant ¢ that does not depend on # such that

Let f: R™ — R so that f(z1,...,2,) = [xn — 1]l 1<z, 0, <1 — ¢ for all (zq,...,2,) € R™
Then we have shown that

E¢f(Y) =0, Vo e o,
where Y = (X(q),..., X)) is the vector of order statistics. Note that

FY) = Xy = Xo)llrex) xo<y = ¢ # 0.

The above observations imply that Y contains extraneous information, despite it being
minimal sufficient. That is, Y is not complete, in the following sense.

Definition 5.16 (Complete Statistic). Suppose X7, ..., X, is a random sample of size n
from a family of distributions {fy: 0 € O}. Let t: R" — R™. A statistic Y = ¢(X3,..., X,,)
is complete for {fy: § € O} if the following holds:

For any f: R™ — R such that Egf(Y) =0 V0 € 0O, it holds that f(Y) = 0.

(When we assume that Eg f(Y") can be defined, we are also assuming, as usual, that Eg | f(Y)] <
oo for all € ©.)

Remark 5.17. From our discussion above, we see that a nonconstant complete statistic is
not ancillary. (If Y is ancillary, then there is a constant ¢ € R such that Eg(Y —¢) =0
for all 6 € ©, and if Y is also complete, we then have Y — ¢ = 0, so that Y = ¢.) Also, a
complete statistic may not be sufficient. Consider for example a statistic that is constant.

Remark 5.18. Unfortunately, a complete sufficient statistic might not exist.

Exercise 5.19. Give an example of a statistic Y that is complete and nonconstant, but such
that Y is not sufficient.

Exercise 5.20. This exercise shows that a complete sufficient statistic might not exist.
Let Xq,..., X, be a random sample of size n from the uniform distribution on the three
points {6,0 + 1,0 + 2}, where 6 € R.
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e Show that the vector Y := (X1, X(,,)) is minimal sufficient for 6.
e Show that Y is not complete by considering X,) — X(1).
e Using minimal sufficiency, conclude that any sufficient statistic for # is not complete.

Example 5.21. We return to Example 5.2. Let X = (Xi,...,X,) be a random sample
of size n from a Bernoulli distribution with parameter 0 < 8 < 1. We showed that Y :=
X1+ -+ X, is a sufficient statistic for . We show now that Y is also complete. Let
f: R — R. Assume that Eyf(Y) = 0. Since Y is binomial, we can write out this expected
value as the following sum

0=Eyof(Y Zf ()031-9) Vo e (0,1).

Let a:= 6/(1 — ). Dividing by 6™ and rewriting this expression, we have

0= Zj:f(j) (?)oﬂ Ya > 0.

This function of « is a polynomial. A polynomial can only be zero for all @ > 0 if the
polynomial itself is always zero. That is, f(j) = 0 for all 0 < j < n. Therefore, Y is
complete.

Example 5.22. We return to Example 5.3. Let Xi,...,X,, be a random sample of size n
from a Gaussian distribution with known variance o2 > 0 and unknown mean pu € R. We
claim that Y := (X, +--- + X,,)/n is a complete sufficient statistic for p. For simplicity of
notation we just consider n = ¢ = 1, so that Y is a standard Gaussian random variable. Let
f: R — R such that E, | f(Y)]| < oo for all i € R and such that

1 & 1 2
B, (V) = <= | swetrray vper

Multiplying by e’ 12\/27, we equivalently have
0= / f(y)e’%ery"dy, Vi eR.
R

In case f(y) > 0 for all y € R, we must have f = 0 since the integral of a nonnegative
function being zero implies that the function is zero. In case f is positive somewhere and
negative elsewhere, write f = f, — f_ where f, := max(f,0) and f_ = max(—f,0). Then,
using the above equality for any p and dividing by the case when u = 0, we get

Jo Fr(y)e 2 ermdy [ f-(y)e 2V evdy
Ju Fe()e 2" dy Jo F-(e 2vdy

VueR.

filaye 2
fR f+(y)67§y2dy’
and similarly for the right side with f_. Inverting the moment generating function by The-
orem 11.2, we conclude that f, = f_, therefore f = 0 as desired.

The left side is the moment generating function of a random variable with density
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Exercise 5.23 ((Optional) This exercise requires some measure theory so it is optional.).
Let {fp: 0 € ©} be a k-parameter exponential family {fp: 0 € O, a(w(f)) < oo} of joint
probability density functions or probability mass functions in canonical form, where

fw(z) == h(x)exp <sztz(x) - a(w)), Ve R", Vw € {w € R*: a(w) < oo}

Assume that the following subset of R* contains an open set in RF:

{w e R*: a(w) < oo}.
Assume also that there is no redundancy in the functions ty,...,t;, i.e. assume: if 3
at,...,a € R such that Zle a;t;(z) =0 for all z € R", then a; = -+- = oy, = 0.

Let X be a random sample of size 1 from fp (so X = (X3,...,X,), and X,..., X, are
all real valued). Define ¢: R — R" by

HX) = (1 (X)), ... 5 (X)).

Show that ¢(X) is complete for 6.

Hint: if you get stuck, look at Theorem 4.3.1 in Lehmann-Romano. An early step in the
proof uses the change of variables formula for the pushforward measure.

Once we know the above statement, we can deduce the following about repeated random
samples from a single variable exponential family.

Let {fs: 0 € O} be a k-parameter exponential family {fp: § € O, a(w(f)) < oo} of
probability density functions or probability mass functions in canonical form, where

fw(z) = h(x)exp <sztz(x) — a(w)), VzeR, Vw € {w € R*: a(w) < oo}.

Assume that the following subset of R¥ contains an open set in RF:
{w e R*: a(w) < oo}.

Assume also that there is no redundancy in the functions t,...,t;, i.e. assume: if 3
at,...,a € R such that Zle a;t;(z) =0 for all z € R, then a; = -+ =, = 0.
Let Xi,..., X, be a random sample of size n from fy. Define t: R" — R"™ by

HX) = (X)), (X))

j=1
Show that ¢(X) is complete for 6.

Exercise 5.24 (Conditional Expectation as a Random Variable). Let X, Y, Z: Q@ — R
be discrete or continuous random variables. Let A be the range of Y. Define g: A — R by
g(y) = E(X|Y =y), for any y € A. We then define the conditional expectation of X
given Y, denoted E(XY), to be the random variable g(Y).
(i) Let X,Y be random variables such that (X, Y) is uniformly distributed on the triangle
{(z,y) e R*: 2 >0,y >0,z +y < 1}. Show that

B(X|V) = %(1 _v).
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(ii) Prove the following version of the Total Expectation Theorem
E(E(X|Y)) = E(X).

o If X is a random variable, and if f(t) := E(X — t)?, ¢t € R, then the function
f: R — R is uniquely minimized when ¢t = EX. A similar minimizing property holds
for conditional expectation. Let h: R — R. Show that the quantity E(X — h(Y))?
is minimized among all functions A: R — R when A(Y) = E(X|Y). (Hint: use the
previous item.)
(ili) Show the following:

E(XAY)Y) = h(Y)EX]Y).
E(EXAY)]Y) = E(X]|A((Y)).

E(X|X) = X.
E(X +Y|2) =E(X|Z) + E(Y|Z).
(v) If Z is independent of X and Y, show that
E(X|Y, Z) = E(X|Y).
(Here E(XY, Z) is notation for E(X|(Y, Z)) where (Y, Z) is interpreted as a random
vector, so that X is conditioned on the random vector (Y, Z).)

(iv) Show the following

Exercise 5.23 strengthens Exercise 5.10 by the following Theorem.

Theorem 5.25 (Bahadur’s Theorem). IfY is a complete sufficient statistic for a family
{fo: 0 € O} of joint probability densities or joint probability mass functions, then Y is a
minimal sufficient statistic for 0. (In the case of probability mass functions, we also assume
that the set Upeco{x € R™: fo(x) > 0} is countable.)

Remark 5.26. So, by Remark 5.11, a complete sufficient statistic is unique, up to an
invertible map. Also, by Example 5.15, the converse of Bahadur’s Theorem is false.

Proof. By Proposition 5.12, there exists a minimal sufficient statistic Z for . To show
that Y is minimal sufficient, it suffices to find a function r such that Y = r(Z). Define
r(Z) = E¢(Y|Z). Since Z is minimal sufficient and Y is sufficient by assumption, there
exists a function u such that Z = u(Y"). So, by conditioning on Y, we have by Exercise 5.24

D BBy (r(2)]Y) = EyEg(Eg(Y]2)|Y)

) gy,

Eo(r(u(Y))) = Eor(Z)
= ByBy(Bo(Y[u(V))|V) L BgBy(Y|u(Y))

That is,
Eolr(u(Y)) —Y] =0, Vo e o.
Since Y is complete, we conclude that r(u(Y)) = Y, and since r(u(Y)) = r(Z), we have
r(Z) =Y, as desired. O
The following theorem says that complete sufficient statistics have no ancillary informa-
tion, unlike the minimal sufficient statistics, as we saw in Example 5.15.

Theorem 5.27 (Basu’s Theorem). IfY is a complete sufficient statistic for {fy: 6 € ©},
and if Z is ancillary for 0, then for all 0 € ©, Y and Z are independent with respect to fq.
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Proof. Suppose Y: Q — R¥ and Z: Q@ — R™. Let A C R¥ and let B C R™. We need to
show that

PyY € A,Z € B)=Py(Y € A)Py(Z € B), Vo eo.
Using Exercise 5.24,

Py(Y € A, Z € B) = Bylyealzen = EoBo(lyealzeslV) = EglyeaBo(lzep|Y)
Let g(Y) := Eg(12ep]Y). Note that g(Y') does not depend on 6 by Exercise 6.9, i.e. g(Y) is
a function of the sample but not an explicit function of . By Exercise 5.24 (ii),

Eog(Y) = E¢Eg(12eBlY) = Eglzep = Py(Z € B).

The quantity ¢ := Py(Z € B) does not depend on 6 since Z is ancillary. Then Ey[g(Y)—c|] =
0 for all # € ©. Since Y is complete, we must have g(Y) = ¢. In conclusion,

PQ(Y €eAZe€ B) = EglyEAPQ(Z c B) = P@(Y € Z)Pg(Z S B)
U

So, Basu’s Theorem says that complete sufficient statistics provide an “optimal” reduction
of data. Unfortunately, as we saw above, complete sufficient statistics might not exist, so we
might not be able to reduce data in this way.

5.4. Additional Comments. Sufficient and ancillary statistics were introduced by Fisher
in 1920. Complete and minimal sufficient statistics were studied in the mid 1900s by Ba-
hadur, Halmos, and Savage, and Lehmann and Scheffé.

Above, we have typically focused on families of probability density functions or probability
mass functions, in order to avoid use of measure theory. However, many of the above
theorems naturally generalize to the setting of a dominated family of functions.

Definition 5.28 (Dominated Family). Let © C R™. Let {fy: 6 € O} be a family of
functions so that fy: R™ — [0,00) for all § € ©. We say that {fy: 0 € ©} is a dominated
family if there exists a measure u on R™ such that Py is absolutely continuous with respect
to u, for all # € ©.

For example, a family of probability density functions is absolutely continuous with respect
to Lebesgue measure. And a family of probability mass functions is absolutely continuous
with respect to a counting measure, if Upeco{z € R": fy(z) > 0} is countable.

We can then restate the Factorization Theorem and its Corollaries for dominated families.

Theorem 5.29 (Factorization Theorem). Suppose X = (X3, ..., X,,) is a random sample
of size n from a dominated family {fy: 0 € O} that is dominated by a measure p on R™.
That is, fo: R® — [0,00) for all @ € ©. Lett: R* — R, so that Y = t(X1,...,X,)
15 a statistic. Then Y is sufficient for 6 if and only if there exist nonnegative functions
{go: 0 € ©}, h: R" - [0,0), go: R¥ — [0,00), such that

fo(x) = go(t(x))h(x), VO €O, forae x with respect to p.
Theorem 5.30. Suppose X = (X1,...,X,,) is a random sample of size n from a dominated

family {fp: 0 € O} that is dominated by a measure p on R™. Let t: R" — R™ and define
Y :=t(Xy,..., X,). Suppose the following condition holds for a.e. x,y € R™ with respect to

:
Je(z,y) € R that does not depend on 6 such that
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fo(z) = c(z,y) foly) VOeO
if and only if ¢(z) = t(y).
Then Y is minimal sufficient.

Proposition 5.31 (Existence of Minimal Sufficient Statistic). Suppose X = (X,...,X,)
is a random sample of size n from a dominated family {fy: 0 € O} that is dominated by a
measure {1 on R™. Suppose the set {fy: 6 € O} has a countable dense set with respect to the
total variation metric d(fo, for) = supgcgn |[Po(B) — Po(B)|. Then there exists a statistic Y
that is minimal sufficient for 6. -

To see the original proof, read Theorem 6.1 in “Completeness, Similar Regions, and Un-
biased Estimation-Part I” by Lehmann and Scheffé.

6. POINT ESTIMATION

Let Xi,..., X, be a random sample of size n from a family of distributions {fy: 0 € ©}.
If Y is a statistic that is used to estimate the parameter 6 that fits the data at hand, we
then refer to Y as a point estimator or estimator

6.1. Heuristic Principles for Finding Good Estimators. Let Xi,..., X, be a random
sample of size n from a family of distributions {fy: 6 € ©}.

Definition 6.1 (Likelihood). If we have data # € R™, then the function ¢: ©® — [0, 00)
defined by

() = fola)

is called the likelihood function

Likelihood Principle. All data relevant to estimating the parameter 6 is contained in
the likelihood function. (This is the intuition in the proof of Proposition 5.12.)

Sufficiency Principle. If Y = #(X;,..., X,,) is a sufficient statistic, and if we have two
results z,y € R™ from an experiment with the same statistics ¢(z) = t(y), then our estimate
of the parameter # should be the same for either experimental result. (This is the intuition
behind Theorem 5.8.)

Equivariance Principle. If the family of distributions {fy: § € ©} is invariant under
some symmetry, then the estimator of # should respect the same symmetry.

For example, a location family is invariant under translation, so an estimator for the
location parameter should commute with translations.

6.2. Evaluating Estimators. There are many different ways to create estimators. A priori,
it might not be clear which estimator is the best. One desirable property of an estimator is
that it is unbiased.

Definition 6.2. Let Xy,..., X,, be a random sample of size n from a family of distributions
{fo: 0 € ©}. Let t: R* — R* and let Y := #(X,...,X,) be an estimator for g(f). Let
g: © — R*. We say that Y is unbiased for g(#) if

E)Y =g(0), Voeco.
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For example, we saw in Exercise 4.5 that the sample mean and sample variance are unbi-
ased estimates of the mean and variance, respectively.

Even if an estimator is unbiased, its distribution of values might be quite far from 6.
Recall that we made a similar observation that the Law of Large Numbers does not give any
information about the Central Limit Theorem. It is desirable to examine the distribution of
values of the estimator. The most common way to check the quality of an estimator in this
sense is to examine the mean-squared error, or squared Lo norm, of the estimator minus 6:

Ey(Y — g(0))*.
If the estimator is unbiased, this quantity is equal to the variance of Y.
Definition 6.3 (UMVU). Let X;,..., X, be a random sample of size n from a family of
distributions {fp: 0 € ©}. Let g: © - R. Let t: R* — R and let Y :=#(X;,..., X,,) be an

unbiased estimator for g(¢). We say that Y is uniformly minimum variance unbiased
(UMVU) if, for any other unbiased estimator Z for g(#), we have

Vary(Y) < Vary(Z2), Vo e 0.
More generally, we are given a loss function
(: 0 xRF -5 R,
and we could be asked to minimize the risk function
r(6,Y) :=Egl(0,Y)
over all possible estimators Y. In the case of mean-squared error, we have £(6,y) := (y—g(0))?

for all y,0 € R.

Definition 6.4 (UMRU). Let Xj,..., X, be a random sample of size n from a family of
distributions {fy: 0 € ©}. Let g: © — R. Let t: R” — R and let Y := ¢(Xy,..., X)) be
an unbiased estimator for g(f). We say that Y is uniformly minimum risk unbiased
(UMRDU) for risk function r if, for any other unbiased estimator Z for g(#), we have

r(0,Y) <r(0,2), Vo eo.

Remark 6.5. Unfortunately the UMVU might not exist. Suppose we want a UMVU for a
binomial random variable X with known parameter n and unknown parameter 0 < 6 < 1,
and we want an estimator for 6/(1—6). In fact, no unbiased estimate exists for this function,
since Egt(X) = Z?:o (?)t(j)@j(l —6)"7 and this is a polynomial in 6, i.e. only polynomials
in 0 of degree at most n can possible have unbiased estimates. And 6/(1 — 0) is not a
polynomial in 6.

Recall that the function ¢ — #2 is a convex function of t.

Definition 6.6. Let ¢: R — R. We say that ¢ is strictly convex if, for any z,y € R with
x # y and for any ¢ € (0,1), we have

otz + (1 —t)y) <tp(x) + (1 —1)(y).

A strictly convex function is convex.
The Rao-Blackwell Theorem says that, if £(6,y) is convex in y, then any sufficient statistic
can be used to improve any estimator for g(f).
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Theorem 6.7 (Rao-Blackwell). Let Z be a sufficient statistic for {fy: 0 € ©} and let Y
be an estimator for g(0). Define W := Ey(Y'|Z). (Since Z is sufficient for 6, W does not
depend on 0 by Ezxercise 6.9, i.e. W s a well-defined function of the random sample but not
an explicit function of 0.) Let 8 € © with r(8,Y) < oo and such that £(0,y) is convex in
y € R. Then

r(0,W) <r(,Y).
And if (0,y) is strictly convez in y, then this inequality is strict unless W =Y.

Proof. By the (conditional) Jensen’s inequality, Exercise 6.8
OW)=10(0,Eg(YZ)) < Eg[t(0,Y)|Z].
Taking expected values of both sides and applying Exercise 5.24(ii), we get
r(0,W) < EgEy[((0,Y)|Z] = Egl(0,Y) =r(0,Y).

And if £(0,y) is strictly convex in y, then this inequality is strict, unless Y is a function of
Z. ItY is a function of Z, then Eg(Y|Z) =Y, s0o W =Y. O

Exercise 6.8 (Conditional Jensen Inequality). Prove Jensen’s inequality for the condi-
tional expectation. Let X,Y: 2 — R be random variables that are either both discrete or
both continuous. Let ¢: R — R be convex. Then

(EX]Y)) < E(p(X)|Y)

If ¢ is strictly convex, then equality holds only if X is constant on any set where Y is
constant. That is, (by Exercise 5.9) equality holds only if X is a function of Y.
(Hint: first show that if X > Z then E(X|Y) > E(Z|Y).)

Exercise 6.9. Let Y, Z be a statistics, and suppose Z is sufficient for {fp: 0 € ©}. Show
that W := Ey(Y|Z) does not depend on . That is, there is a function ¢: R™ — R that does
not depend on 6 such that W = ¢(X), where X is the sample distribution.

Remark 6.10. By Exercise 5.24, if Y is unbiased, then EgW = E¢Ey(Y|Z) = EpY, so that
W is also unbiased in Theorem 6.7.

Remark 6.11. What happens if Z is constant in the Rao-Blackwell Theorem? This seems
desirable since then W := Ey(Y'|Z) is also constant, so W has variance zero for any fixed
0 € O. But if g is not constant, then it is impossible for Z to be unbiased, hence W is not
unbiased. Moreover, W is a function only of # and not a function of the random sample. So,
W is not a statistic.

Put another way, if Z does not have enough information, then conditioning on Z in the
Rao-Blackwell Theorem seems undesirable. On the other hand, if Z has excess information
(i.e. Z is not complete), then this might also lead to no improvement in the variance.
For example, if Z is the vector of order statistics, then conditioning on Z does not change
anything, i.e. Eo(Y|Z) =Y, i.e. conditioning on Z does not improve the variance at all.

Example 6.12. Let Xi,..., X, be a random sample of size n with unknown mean pu € R.
Suppose we want to construct an estimator for the mean using the Rao-Blackwell Theorem
6.7. Let t: R" — R so that t(zy,...,2,) = x; for all x = (z1,...,2,) € R". Let Y :=
t(X1,...,X,) = Xj. Note that Y is unbiased since EY = EX; = u. By Exercise 5.24 (v)
and (iv),

W =E(Xi|Xy,...,X,) = E(X;]| X)) = X;.
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That is, conditioning on the whole sample does not change the statistic X; at all, even
though the sample itself (Xi,...,X,) is sufficient for pu. So, sometimes the Rao-Blackwell
procedure may not be helpful.

Now, let’s instead condition on ) X;. Since the random variables are i.i.d., for any
1 < k < ¢ < n, the joint distribution of (Xj, > " | X;) is equal to the joint distribution of
(X, > X;). So, by the definition of conditional expectation in Exercise 5.24,

E<Xk| Z Xi) - E<X£| Z Xi)'

Therefore, by Exercise 5.24(iv)

W= B0 Y X = - ROGIY X) = B XY X =YX
i=1 j=1 i=1 j=1 i=1 i=1

So, in this case the Rao-Blackwell Theorem 6.7 did in fact substantially improve our estimator
Y = X}, since W has variance of order n~!, while Y has constant variance.

From the above example, we see that the choice of the sufficient statistic Z in Theorem 6.7
can make a significant difference in the variance of the new estimator, and the choice of the
unbiased estimator does not seem very important. The Example suggests that conditioning
on too much “excess information” is not helpful, since conditioning on the whole sample made
no improvement in the variance of the estimator. And indeed, the following Theorem says
that a complete sufficient statistic is essentially the best thing to condition on in Theorem
6.7.

Theorem 6.13 (Lehmann-Scheffé). Let Z be a complete sufficient statistic for {fp: 0 €
©} and let Y be an unbiased estimator for g(0). Define W := Ey¢(Y'|Z). Then W is UMRU
for g(0). If €(0,y) is strictly convex iny for all 0 € O, then W is unique.

In particular, W is the unique UMVU for g(0).

Proof. W is unbiased by Remark 6.10. We first show that W does not depend on Y. Let Y’
be another unbiased estimator for g(#). We show that

Ey(Y|Z) =Ey(Y'|2), Vo e o. (%)
By Exercise 5.24(ii),

Eo(Eo(Y|2) — B(Y'|2)) = B(Y — V') = g(0) — g(6) =0, VO €O,
Therefore, Eg(Y|Z) = E¢(Y'|Z) by completeness of Z. (By the definition of conditional
expectation in Exercise 6.8, Ey(Y|Z) and Ey(Y|Z) are both functions of Z. Also, recall that
these are not explicit functions of # since Z is sufficient, using Exercise 6.9.)

Now by the Rao-Blackwell Theorem 6.7,
r(0,Y") > r(0,Eo(Y'|2)) 2 (0, Eg(Y]2)) = (0, W),  VOecO.
U

Remark 6.14. Let Z: Q — R* be a complete sufficient statistic for {fy: # € O}, and let
h: R¥ — R™. Let g(0) := Egh(Z) for all § € ©. Then h(Z) is unbiased for g(6). By Exercise
5.24(iv) and (iii)

W= Ey(h(2)|2) = Eg(Eg(h(2)|1(2))|Z) = Eg(h(2)[1(2)) = h(Z).
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So, by Theorem 6.13, h(Z) is UMVU for g(6).
So, one way to find a UMVU is to come up with a function of a complete sufficient statistic
that is unbiased for a given function g(6).

Here are some methods for finding a UMVU, as suggested by Theorem 6.13.
Suppose we have a complete sufficient statistic Z: 0 — R* (recall it may not exist) and
we want to estimate g(6), g: © — R.
(1) (Condition Method/Rao-Blackwell) Find an unbiased estimator Y for g(f). Then
Ey(Y|Z) is UMVU.
(2) Solve for an h: R* — R such that Eyph(Z) = g(6).
(3) Somehow guess an h: R¥ — R such that Egh(Z) = g(0).

Example 6.15. Suppose we are sampling from the Gaussian distribution with unknown
mean 4 € R and unknown variance o2 > 0. Recall from the Factorization Theorem 5.4 and
Exercise 5.23 that (X, S?) is complete sufficient for (i, 02). So X is UMVU for u (with fixed
o) by method (3) above, since X is a function of the complete sufficient statistic Z = (X, S?),
using h(z,y) := x and g(u, 0*) := p. Similarly, S? is UMVU for o2 (with fixed ) by method

(3) above, since S? is a function of the complete sufficient statistic Z = (X, S?), using
h(z,y) =y and g(u,0?) := 0.

If we wanted a UMVU for 2, we can use method (3) above, noting that EX = w2 +a%/n,
E[Y2 — 5% /n] = 1.
So X° — S?/n is UMVU for i (with fixed o) by method (3) above, since X7~ S%/n is
a function of the complete sufficient statistic Z = (X, S?), using h(z,y) := z — y/n and
9(p,0°) = 1.
Example 6.16. Let us illustrate method (2) above for a binomial random variable X with
known parameter n and unknown parameter 0 < # < 1. Suppose we want to estimate

g(0) :==0(1 —0) (this is the variance of a Bernoulli random variable with parameter 0 < § <
1.) We want to find h: R — R such that

0(1 — 0) = Egh(X) = Z ()67 (1 — 6)".

Letting a := 0/(1 — 0), so that a(1 —0) =0, ie. § =a/(1+a)and 1 —0 =1/(1+ a), we
want to find h(j) such that

(1 =0)""E¢h(X) = zz; (;L) hi)ad =0(1—0) " =(1+a) 'a(l+a)" " =a(l+a)" >
=) R ()

Since this holds for all 0 < # < 1, i.e. for all @ > 0, both polynomials in ¢ must have the
same coefficients, so that h(0) = h(n) = 0, and h(j) (?) = (?:f) forall 1 <j <n—1. That
is, forall 1 <57 <n—1,

h(j)z("_Q)/(”)z("‘”! (n=D  _ (n=9)j

j—1)"\4y nl m—j-DIG—-1)! nn-1)

68



So, the UMVU for 6(1 — 0) is

X(n—X)

n(n—1) "
Example 6.17. Let’s illustrate method (1). Suppose we have n independent samples
X1,...,X, from the Bernoulli distribution with unknown parameter 0 < # < 1. From Ex-

ample 3.15 and Exercise 5.23, Z := Y " | X; is complete and sufficient for . Also, % S Xi
is unbiased for 6, so £ >°" | X; is UMVU for 6.

Suppose we want to estimate #2. We use the unbiased estimate Y := X; X, (noting that
EgY = EgX,Eyp X, = 62, by independence.) The UMVU is then E(Y|Z). Let 2 < 2 < n be
an integer. Note that Y =1 when X; = Xy =1 and Y = 0 otherwise. So,

Eo(Y|Z =2)=Eg(1x,=x,=11Z = 2) = Py(X1 = Xy = 1|Z = 2)
Xl = XQ = ]‘72?:1 Xz = Z)

Py(3oi1 Xi = 2))

Po(Xi =X =130 Xi=2-2) ()0 21—

. P
=Py(X =Xo=1|) X;=2)= ol
=1

Pol2im Xi = 2) NG
1 (n—2)z!  ,2(z—1)
T an—-Dn—2)(z-2)! " nn-1)
Additionally, Ey(Y|Z = z) = 0 = 6? ng;ll)) for z =1 and for z = 2. So,
2(z—1)
= = —"— < z<n.
Ey(Y|Z = 2) n(n—1) Vo< z<n
So, the UMVU is
Z(Z -1
E,(v|z) = 22 =1
n(n—1)

The above procedures work well when we have a complete sufficient statistic, and these
procedures do not work when we do not have a complete sufficient statistic. The following
result attempts to deal with the case that the complete sufficient statistic does not exist,
while we would still like to find the UMVU. Consider e.g. that we have a UMVU W, for g, (6)
and we have a UMVU W, for go(#). Does it follow that W + W5 is UMVU for ¢1(0) + g2(0)7
If the complete sufficient statistic exists, this follows immediately from Lehman-Scheffé’s
Theorem 6.13. It turns out the answer is also yes even when Theorem 6.13 does not apply
(i.e. when we don’t have a complete sufficient statistic). This follows from the following
Theorem.

Theorem 6.18 (Alternate Characterization of UMVU). Let {fp: 0 € O} be a family
of distributions and let W be an unbiased estimator for g(0). Let Ly(Q2) be the set of statistics
with finite second moment. Then W € Ly(2) is UMVU for g(0) if and only if Eg(WU) = 0
V0 e0, for allU € Ly(2) that are unbiased estimators of 0.

Proof. Assume W is UMVU for ¢g(#). Let U be an unbiased estimator of 0. Let s € R and
consider W + sU. Note that W + sU is an unbiased estimator for g(6). Since W is UMVU,
we have

Varg(W) < Varg(W + sU) = VargW + 2sEg(W — EgW)U + s?VargU.
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The minimum value occurs at s = 0 if and only if the derivative in s is zero at s = 0, so that
0=Ey(W—-EyW)U = EqWU. So, this reasoning can be reversed, since if Y is any unbiased
estimator for g(#), then U := W — Y is an unbiased estimator for 0, and Y = W + sU with
s=1,so
Varg(Y') = Vary(U + W) = VargU + VargWW > Var,U.
O

6.3. Efficiency of an Estimator. Another desirable property of an estimator is high effi-
ciency. That is, the estimator is good with a small number of samples. One way to quantify
“good” in the previous sentence is to define a notion of information and to try to maximize
the information content of the estimator.

Definition 6.19 (Fisher Information). Let {fy: § € O} be a family of multivariable
probability densities or probability mass functions. Assume © C R. Let X be a random
vector with distribution fy. Define the Fisher information of the family to be

1(0) = Ix(0) :== Eg(dielogfg(X))Q, Ve o,

if this quantity exists and is finite.

In order for the Fisher information to be well defined, the set {z € R™: fp(z) > 0} should
not depend on 6§, otherwise the derivative - log fy(X) might not be well-defined.

If {fs: 6 € O} are n-dimensional probability densities, note that

d 4 fo(x) d d d
Eo—log fy(X) = [ @10 d:/— dr = ~— dr = ~—(1) = 0.
o %) =[BRS pyayie = [ Lp@de =G [ s = G0

Similarly, if {fy: 6 € O} are multivariable probability mass functions, Egd% log fo(X) = 0.
So, we could equivalently define

1(0) = varg(d%log WXx).,  voee.

(Differentiation under the integral sign can be justified whenever Proposition 9.8 applies.)
We also have another equivalent definition:

2
d? d
2 d ifg(x) fe(I)mfe(ﬁ) - (@f&(@)
Ej—1 X)=[ 4~ de = d
o o ) = [ GGy e = [ ol fote)s
d? d 2
- /R = ola) - (@ log fg(ﬂ@)) fo(x)dz = 0 — Ix(0) = —Ix(0).

The Fisher information expresses the amount of “information” a random variable has.
Example 6.20. Let 0 > 0 and let fy(x) := J\}ﬂe_(x_e)Q/[z"Q] for all 6 € ©, x € R. We have
d —(X —0)? 1 1
[(9) = Varg (@T) = ;V&rg(X — 9) = ;
For the Gaussian case, we interpret “more information” as ¢ small, since then the variance
is small, so more “information” is conveyed by a single sample than when o is large. The
Fisher information also agrees with our intuitive notion of information since the information
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of a joint distribution of independent random variables is equal to the sum of the separate
informations.

Proposition 6.21. Let X be a random variable with distribution from {fp: 0 € ©} (densities
or mass functions). LetY be a random variable with distribution from {ge: 0 € O} (densities
or mass functions). Assume that X and Y are independent. Then

](X,Y)(Q) :Ix(9>+fy(9>, Vo e 0o.

Proof. Since X and Y are independent, (X, Y") has distribution from the multivariate density
fo(X)ga(Y). Also, & log fy(X) and <L log go(Y') are independent for any 6 € ©, so

T (6) = Varg (5 108 fo(X)go(Y)]) = Vary (550108 Fo(X) + 1o go(Y )

df do
= Varg(% log f@(X)) + Varg(die log gg(X)> = Ix(8)+ Iy (0).

O

Exercise 6.22. Let X be a random variable with distribution from {fy: 6 € ©} (densities or
mass functions). Let Y be a random variable with distribution from {gy: 0 € ©} (densities
or mass functions). Show that

Iixy)(0) = Ix(0) + Iy|x=.(0), V0€O,zeR

(If X,Y are continuous random variables, recall that Y| X has density fxy(x,y)/fx(x) for
any fixed z. And if XY are discrete random variables, recall that Y| X has mass function
P(X=2Y=y)/PY =y). And if )

Theorem 6.23 (Cramér-Rao/ Information Inequality). Let X: Q — R™ be a random
variable with distribution from a family of multivariable probability densities or probability
mass functions {fy: 0 € ©} with © CR. Let t: R" — R and let Y := t(X) be statistic. For
any 0 € © let g(0) := EpY. Then

g'(0)]”
Varg(Y) > , Vo e o.
oY) 2 Ix(0)
In particular, if Y is unbiased for 0,
1
Vary(Y) > , Vo e o.
oY) 2 Ix(0)

Equality occurs for some 8 € © only when d% log fo(X) and Y — EyY are multiples of each
other.

(Differentiation under the integral sign in the proof can be justified whenever Proposition
9.8 applies. Also, we assume that {x € R": fy(x) > 0} does not depend on 6, and for a.e.
x € R™, (d/df) fo(x)) exists and is finite.)



Proof. For any 6 € © let g(0) := EgY. We assume that X is continuous, the discrete case
being similar. Using Eg log fo(X) = 0 and Remark 1.63,

~ |5 [ teiaran| = | [ 1o o)) oo \Eed%logm )
Cove(ﬁlogfg( ) (X))’S\/Varg(dielogfg( YWarg(t(X))/Ix (6)Varg(t(X))

The equality case follows from Remark 1.63 and the known equality case of the Cauchy-
Schwarz Inequality (see Theorem 1.99). O

For a one-parameter family of distributions, the equality case of Theorem 6.23 gives a new
way to find a UMVU that avoids any discussion of complete sufficient statistics. To find a
UMVU, we look for affine functions of £ log fs(X).

Example 6.24. Suppose fy(z) := 0% g peq for all z € R, 0 > 0. (This is a beta distri-
bution with 8 = 1.) We have

d 1
ﬁlogfg( )—a—i-logx, VO <z <.

A vector X = (X1,...,X,) of n independent samples from fy is distributed according to the
product []7_, fo(z;), so that

1
longg x; —Z(E—i—logxi)—n( logHaJy), Vo<, <1,1<7<n.

=1

By Theorem 6.23, any function of Zlog [T, fo(X;) (plus a constant) is UMVU for its
expectation. So, for example,

1 n
Y = —Elogil:IIXi

is UMVU of its expectation, which is § since Eq-% log [T7, fo(X;) = 0.
Theorem 6.23 suggests the following quantity represents the efficiency of an estimator.

Definition 6.25 (Efficiency). Let X : Q@ — R” be a random variable with distribution from
a family of multivariable probability densities or probability mass functions { fy: § € O} with
© CR. Let t: R* — R and let Y := ¢(X) be statistic. Define the efficiency of Y to be

1

[X(H)Varg(Y)’ ve < 67

if this quantity exists and is finite. If Z is another statistic, we define the relative efficiency
of Y to Z to be

Ix(0)Varg(Z)  Vary(Z)
IX (H)Varg(Y) - Varg(Y)’

Vo eo.
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6.4. Bayes Estimation. In Bayes estimation, the unknown parameter # € © is regarded
instead as a random variable W. The distribution of W reflects our prior knowledge about
the probable values of W. Then, given that ¥ = 6, the conditional distribution of X|¥ = ¢
is assumed to be {fy: 6 € O}, where fy: R™ — [0,00). Suppose t: R" — R* and we have a
statistic Y := #(X) and a loss function £: © x R¥ — R. Let g: OtoR".

Definition 6.26 (Bayes Estimator). A Bayes estimator Y for g(¢) with respect to ¥
is defined such that

El(g(V),Y) < El(9(¥), Z).
for all estimators Z. Here the expectation is with respect to both ¥ and Y.

Note that we have not made any assumptions about bias for Y or Z.
In order to find a Bayes estimator, it is sufficient to minimize the conditional risk.

Proposition 6.27. Suppose there exists t: R¥ — R such that, for almost every x € R",
Y = t(X) minimizes

E(l(g(¥), 2) [ X = ),
over all estimators Z. Then t(X) is a Bayes estimator for g(0) with respect to V.

Remark 6.28. The condition on almost every x € R" is with respect to the marginal,
unconditional distribution of X given by

P(X € A) = / Py(X € A)dV(F), VYACR"

We also emphasize that ¢: R¥ — R can depend on the distribution of W.

Proof. By assumption, E(¢(g(V),#(X))| X = z) < E({(g9(¥),Y)|X = x) for any esti-
mator Y, and for almost every x. Taking expected values of both sides, we then get
El(g(¥),1(X)) < El(g(¥),Y). [

Example 6.29. Suppose n =1, g(d) = 60 and £(¥,Y) = (¥ — V)2 The minimum value of
E[(¥ — Y/(X))*|X = 2] = B[(¥ — Y (2))*|X = 2] = E[V* - 20Y () + (Y (2))*|X = 2]
= E[VX = 2] - 2Y(2)E(V|X = 2) + Y (2)

occurs when Y(z) = E(V|X = z). So, define t(z) :== E(¥|X = z) for any x € R. By
Proposition 6.27, ¢(X) = E(¥|X) is the Bayes estimator for g() := 6 with respect to W.

Given that U = 6 > 0, suppose X is uniform on the interval [0,6]. Also, assume that
U has the gamma distribution with parameters a = 2 and § = 1, so that ¥ has density
0e=%1p~o. The joint distribution of X and V¥ is then

1
fox(0,2) = fxju=o(z]0) fu(0) = 510<m<09€_910>0 = lgepepe ™.

The marginal distribution of X is then

I[x(z) = 1:v>0/ fu x(0,2)dd = 1ac>0/ e %d) = e " 1,0

So, the conditional distribution of ¥ given X is

f\l’ X(97 LU) 10<3r<9€_‘9 —0
—(0]x) = — = = locgpe™ ".
f\y|X— (0]z) Fx(@) 1,0 0<z<0€
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So,
E(U|X = 2) / 6 Farxs (B])d6 = / 60d = ¢ ((z + 1)e ") = = + 1.

So, the Bayes estimator minimizing mean squared error for this particular ¥ is ¢(X) = X +1.

In contrast, the UMVU for 0 for a single sample X is 2X by Theorem 6.13, since 2X is
complete sufficient and unbiased for #, and Ey(2X|2X) = 2X. (For n samples, (141/n)X )
is UMVU for 6.)

6.5. Method of Moments.

Definition 6.30 (Consistency). Let {fy: 0 € ©} be a family of distributions. Let Y}, Y5, ...
be a sequence of estimators of g(f). We say that Y1, Y5, ... is consistent for ¢(0) if, for any
0 € O, Y1,Y,,... converges in probability to the constant value g(f), with respect to the
probability distribution f.

Typically, we will take Y,, to be a function of a random sample of size n, for all n > 1.

Example 6.31. Let X;,...,X,, be a random sample of size n with distribution fy. The
Weak Law of Large Numbers, Theorem 2.10, says that the sample mean is consistent when
Ey | X1| < oo for all § € ©. More generally, if j > 1 is a positive integer such that Eq | X;|’ <
oo for all # € O, then the j** sample moment

1 n
Mj = M;(0) := EZXik
=1

is also consistent (as n — 00), i.e. as n — oo, M; converges in probability to the ;% moment
pi(0) == BX{.
Note also that if h: R — R is continuous, and if Y;, Y5, ... is consistent for g(6), then
h(Y1), h(Y3), ... is consistent for h(g(@)).

Definition 6.32 (Method of Moments). Let g: © — R*. Suppose we want to estimate
g() for any 6 € ©. Suppose there exists h: R — R¥ such that

9(0) = hlpa, -+ pj).
Then the estimator
h(M,,. .., M)
is a method of moments estimator for g(6).

Example 6.33. To estimate the mean pu, we can use © = R = {u; € R}, j = 1 and
h(p1) = p1, so that the method of moments estimator of y; is the sample mean M.
To estimate the standard deviation, we can use © = R x (0,00) = {(u1, po): p1 € R, pig >

0}, 7 = 2 and h(u1, po) = /pe — p3, so that the method of moments estimator of the

standard deviation is /My — M2,

This approach is good in that it uses essentially no assumptions about model parameters.
Perhaps for this reason, the method of moments is one of the oldest methods of point esti-
mation, originating in the late 1800s. However, when information about model parameters
is available, often the method of moments does not work well (despite being consistent).
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Example 6.34. Suppose Xi,..., X, is a random sample of size n from the interval [0, 6]
and 6 > 0 is unknown. As mentioned in Example 6.29, (1 +1/n)X,) is UMVU for . Since
Ey X, = 0/2, the method of moment estimator for  is 2M;, = 2 23" 1 X;. This estimator is

unbiased and consistent, but its variance is —92 while the variance of the UMVU is

(”:L‘l) EXZ, — 92_%/0 2UP(X, > t)dt — 6

e <(”;1> 1)—(n:—21>2/062tP(X1<t)dt

<<” ) [ ()2
_ <n+1 (n+2) ~n*(n+2) —2(n +1)°)

_ <n+1 7 (n+2) = 2(n +1)°)

= <2n—i—1 (n+2) — 2(n+1)2)=#12)(5n—4n+2—2)=mn9—fm-

Example 6.35. Suppose we have a binomial random variable with unknown parameters
n,p. It is known that EX; = np and EX? = np(1 — p) + n*p®. So, we solve for n,p in the
system of equations

My =np,  My=np(l—p)+n’p’

to get the estimator for n:

M2
N = ! 5
My — (My — M7?)
and the estimator for p:
My
P=—.
N
6.6. Maximum Likelihood Estimator. Let Xi,..., X, be a random sample of size n from

a family of distributions {fp: 6 € ©}. So, we denote the joint distribution of X7,..., X, as
ﬁfg(l’i), V1<i<n.
i=1
If we have data x € R™, recall that we defined the function ¢: © — [0, 00)
= ﬁ folx:)
i=1

and called it the likelihood function.

Definition 6.36 (Maximum Likelihood Estimator). The maximum likelihood esti-
mator (MLE) Y is the estimator maximizing the likelihood function. That is, Y := ¢(X),
t: R" — R and t(z1,...,x,) is defined to be any value of § € © that maximizes the function

er(ﬂfz’),
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if this value of # exists. A priori, the § maximizing ¢(6) might not exist, and it might not be
unique

Remark 6.37. Maximizing the likelihood ¢(f) is equivalent to maximizing log¢(#), since
log is monotone increasing.

It is relatively easy to construct examples where the MLE is not unique.

Example 6.38. Let fy(x1) := 1jgg41(21) for all 1,0 € R. Then, for all z1,...,2,,0 € R,

we have
H folz;) = H Liggt) (i) = H Losc[0,641]-
i=1 i=1 i=1

So, if 1 =--- =z, =0, we have

Hfa(iﬁz') = locjp,0+1 = loc|-1,0)-

i=1

That is, any value of § € [—1,0] is a maximum of the likelihood function, i.e. there are
infinitely many maxima of the likelihood function. This is certainly not desirable.

If the likelihood function is continuous and © is compact, then at least one maximum of
the likelihood function must exist.

A common assumption of a probability density function is that it is logarithmically con-
cave. We will describe how this condition guarantees the uniqueness of the MLE. For a proof
of consistency of the MLE under certain assumptions, see the Keener book, Theorem 9.11.

Recall that ¢: R" — R is convex if for any x,y € R" with = # y and for any t € (0, 1),

otz + (1 —t)y) < to(x) + (1 —1)o(y).

And ¢: R™ — R is strictly convex if this inequality is always a strict inequality. We also say
¢ is concave if —log ¢ is convex, and ¢ is strictly concave if — log ¢ is strictly convex.

Definition 6.39 (Log-Concave). We say that ¢: R" — [0,00) is logarithmically con-
cave or log concave if log ¢ is concave, i.e. —log ¢ is convex.

For example, the function ¢(x) = e‘“’2, r € R, is log concave, since log ¢ is concave. If

we allow ¢ to take infinite values, then 1_; ¢ is log-concave, so Example 6.38 shows that
log-concavity still does not guarantee uniqueness of the maximum of the likelihood function.
However, strict log-concavity does guarantee uniqueness.

Proposition 6.40. Let fy: R — [0,00) be a family of probability density functions, where
0O CRF. Fixx,...,x, € R. Assume that the function

18 strictly log-concave, for every 1 < i <n. Fiz xq,...,x, € R. Then the likelihood function
0 — I fola:)
i=1
has at most one maximum value.
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Proof. The function 6 — log fy(x;) is strictly concave for all 1 < i < n, so the function
0> log fo(x:) =log [ | fo(x:)
i=1 i=1

is strictly concave by Exercise 6.43. From Exercise 6.41, this function has at most one global
maximum. 0

Exercise 6.41. Let f: R — R be a convex function. Let z € R" be a local minimum of f.
Show that x is in fact a global minimum of f.
Show also that if f is strictly convex, then there is at most one global minimum of f.
Now suppose additionally that f is a C' function (all derivatives of f exist and are con-
tinuous), and x € R" satisfies V f(z) = 0. Show that x is a global minimum of f.

Exercise 6.42. Let A be a real m x n matrix. Let £ € R™ and let b € R™. Show that the

function f: R™ — R defined by f(z) = 3 ||Az — b||? is convex. Moreover, show that

Vf(z) = AT(Az —b), D?f(z) = AT A.

(Here D?f denotes the matrix of second derivatives of f.)
So, if Vf(z) =0, i.e. if AT Az = ATD, then x is the global minimum of f. And if A has
full rank, then AT A is invertible, so that z = (AT A)~1ATb is the global minimum of f.

Exercise 6.43. Let f1,..., f,: R — R be n strictly convex functions on R. Define g: R" —
R by

g(x1, ..., x) ::Zf(xi), V(zy,...,x,) € R™
i=1

Show that g: R™ — R is strictly convex.
Exercise 6.44. Let f: R® — R. Suppose for any fixed 1 < ¢ < n, and for any fixed

T1yevesTio1,Titl,-- -, Ty, the function
i f(z,...,x)
is strictly convex. Conclude that f has at most one global minimum.
Example 6.45. Consider a random sample from a Gaussian distribution with unknown
mean 4 € R and unknown variance o2 > 0, so that § = (i, o). The value of § maximizing

n 2

oz | T exp(—(a — p)?/[20%]) = 3 ~logor - %log(Zﬂ) _mo)

oV 2w — 202
=1

can be found by differentiating in the two parameters. We have

0 . . Ti— [ 0 _ -1 -3 2
aﬂlogé(é’)—; —— aglogE(Q)—; ol o3 — p)?,

Setting both terms equal to zero, we get
P
n - iy n 4 7 .
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This is the unique critical point of the function £(6). If we relabel o := 1/0?, then

- 1 (2 — p)°
1 —n)?/[20%]) = 1 — —log(27) — a———
ogH — exp(—(a = "/ [207)) = D logia = 5 log(2r) — a1
For fixed a > 0, the function — log ¢(0) is strictly convex in p, and for fixed u, the function
—log ¢(0) is strictly convex in a. So, this unique critical point is the global maximum of the

likelihood function by Exercise 6.44.
We already know the sample mean is UMVU for the mean, by e.g. Exercise 5.10. Let

Y =Y, = Ya(X1,..., X)) i= %i (Xj _ %ix)z
j=1 i=1

We also know from Proposition 4.7 that Y is asymptotically unbiased for o2, i.e.

oon—1
lim — = lim =1.
n— 00 0'2 n—00 n

We will show that Y has asymptotically optimal variance without using the exponential
family. If we fix p € R and look at the information of the n-dimensional Gaussian X, we
get by modifying Example 6.20 and using Proposition 6.21

d — (X, —p)?
I5(0) = nIx, () = nVar, (- “CLZIEY v, [0, — )
=no B, (X, — p)* — o*) = 2no 2
By the Cramér-Rao Inequality, Theorem 6.23, with g(o) = E,(Y) = o*(n — 1)/n (using
Proposition 4.7), the variance of any unbiased estimator Z of o%(n — 1)/n satisfies

g (@) _40*(n—1)*  20%(n—1)°
Z) > = = .
Var, (2) = Ix(o) n?2no =2 n3

And by Proposition 4.7,
Var, (V) = Varg[ - Z (X - —ZX> ] —2 (-1 =201

In summary,

EY ’ Var,(Y)

lim — =1, im 5 =
nooe o o |g'(o)|” /1x (o)
That is, the estimator Y is asymptotically unbiased (as n — oo) and it asymptotically
achieves the optimal variance bound in the Cramér-Rao Inequality.

Example 6.46. Consider a random sample that is uniform on [0, 0] with 6 > 0 unknown.
The value of # maximizing

- 1 -n -n
H— 00(xi) =01y a.cpo0 =0 Lo 1) 2y €0,6]

Cb

occurs when 6 is as small as possible such that the likelihood is nonzero, since 7" is a
decreasing function in ¢. Once 6 < x(,), this expression is zero, so the smallest value of ¢
giving a nonzero likelihood is 0 = x(, So the unique global maximum occurs at 0 = (),
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so that X, is the MLE for . In contrast, recall that the UMVU for 6 is (1 + 1/n)X(y), so
both are asymptotically equivalent, though the MLE is biased.

Example 6.47. Consider a random sample from the exponential density 1,-¢0e~%" with
0 > 0 unknown. Then

log H 1xi>09679$i =1y 2.>0logd —0 Z Ti.
i=1

So,

d - bz, n
@bgglwo@e =, >0 > @

As a function of 6, the likelihood is increasing for small # and decreasing for large 6, so there

is a unique maximum of
1

Y = —i——
% Z?:l Xi ’
which is the MLE for 6.

To find the asymptotic efficiency of the MLE, recall that the exponential distribution has
mean =1 and variance 02, so by the Central Limit Theorem 2.13, v/n(X,, — 6~!) converges
in distribution to a Gaussian random variable with mean 0 and variance =2 as n — oco. So,

the Delta Method, Theorem 4.14, with g(z) = 1/z, ¢'(x) = —1/2? for all z > 0, shows that

V(5 -0) - \/ﬁ(%n ~4(1/9))

converges in distribution to a Gaussian random variable with mean 0 and variance (¢'(1/60))%072 =
6? as n — oo. That is, (using also Theorem 4.16)

Var(Y') = Var [n_l/Q\/ﬁ<%ﬂ — 9)] = %6’2(1 +o(1)).

On the other hand, the information inequality, Theorem 6.23, says the smallest possible
variance of an unbiased estimator of 0 is

1 /Var(% - ix) = 1/(nf72) = 62/n.

So, the MLE asymptotically achieves the optimal variance for an estimator of 6.

Example 6.48. Consider a random sample from the exponential density 1,-00e=% with
6 > 0 unknown. That is, we continue the previous example. Instead of finding an MLE
for 6, suppose we want an MLE for e=?. From the previous example, we can immediately
conclude that

¢ = 6_1/ i1 Ti |
by with g(6) := e=?. Proposition 6.49.

Proposition 6.49 (Functional Equivariance of MLE). Let g: © — ©’ be a bijection.
Suppose Y is the MLE of 6. Then g(Y') is the MLE of ¢(0).

Proof. By definition of the MLE Y, (X7, ..., X,,) achieves the maximum value of 6 — £(9).
Writing £(0) = £(g~'g(#)), we have the equivalent statement: g(Y)(X7,..., X, ) achieves the
maximum value of 6’ — £(g~1(0")). O
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So, unlike the UMVU, once we know the MLE for 6, we can easily get the MLE for
invertible functions of 6.

Lemma 6.50 (Likelihood Inequality). Let X : Q — R™ be a random variable with proba-
bility density fo: R™ — [0,00). Let f,: R" — [0,00) be another probability density. Assume
that the probability laws Py and P, corresponding to fy and f,, are not equal. Then the
Kullback-Leibler information

fo(X)
fu(X)

I1(0,w) := Eylog

satisfies 1(0,w) > 0.

Remark 6.51. If Py(f,(X) = 0 and fp(X) > 0) > 0, then define I(0,w) := oo, so there
is nothing to prove. Also, in the definition of I(6,w), if both densities take value zero, we
define the ratio of zero over zero to be 1.

Proof. We may assume that Py(f,,(X) =0 and fy(X) > 0) = 0. Note that fp(X) > 0 with
probability one with respect to Py. By Jensen’s Inequality, Exercise 1.91,
Ju(X) fo(X) Ju(x)

1(6,0) = Bylog Jo(X) = log B fo(X) o /a:eRn: Jo(@)>0 Jo() fole)de < log{1) =0.
If 1(,w) = 0, then both of the inequalities above are equalities. The last inequality being
an equality implies that {x € R": fy(z) > 0} and {z € R: f,(z) > 0} are equal almost
everywhere. Since log is strictly concave, equality in the application of Jensen’s Inequality
implies that ’}‘; ((;)) is constant almost surely (with respect to the probability law Py), therefore
the densities f, and fy, must be proportional, hence equal almost surely with respect to Py,
so their corresponding probability laws are equal. 0]

Theorem 6.52 (Consistency of MLE). Let X;, Xs,...: Q — R" be i.i.d. random vari-
ables with common probability density fo: R* — [0,00). Fix § € © C R™. Suppose ©
is compact and fg(x1) is a continuous function of 0 for a.e. xy € R. (Then the maz-
imum of (0) exists, since it is a continuous function on a compact set.) Assume that
Eg supy e log for(X1)| < 00, and Py # Py, for all 0" # 6. Then, as n — oo, the MLE'Y,,
of 0 converges in probability to the constant function 0, with respect to Py.

Proof. For simplicity we assume that © is finite. For a full proof, see the Keener book,
Theorem 9.11. Fix 0 € ©.

For any ¢ € © and n > 1, let £,(¢') :== 257" log fo(X;). Denote © = {6,6y,...,6,}.
By the Weak Law of Large Numbers, Theorem 2.10, for any 6’ € ©, £,(60') converges in
probability with respect to Py to the constant u(0') := Egylog for(X1) as n — oo. Since
Py # Py, for all 8’ # 0, we have u(0) > u(0') for all ¢ € © with ' # 6, by Lemma 6.50

(since 1(0,0") = pu(0) — u(0') > 0). For any n > 1, let
A, = {0,(0) > 0,(0;), Y1<j<k}

Then lim,,_,., Py(A,) = 1, and on the set A,, the MLE Y, is well-defined and unique with
Y, =0,s0{Y,=0}°C A%, and for any ¢ > 0

n—o00 n—o0

80



If g: © — O is a bijection, it follows from Proposition 6.49 that the MLE for ¢() is also
consistent.

The above Theorem is analogous to a weak law of large numbers, since it gives convergence
in probability of the MLE. Continuing this analogy, the following Theorem is analogous to
the Central Limit Theorem, since it gives the limiting distribution of the MLE.

Theorem 6.53 (Limiting Distribution of MLE). Let {fy: 6 € ©} be a family of proba-
bility density functions, so that fy: R" — [0,00) V 0 € ©. Let X1, Xs,... be i.i.d. such that
X1 has density fy. Let © C R. Assume the following

(i) The set A :={x € R: fyp(x) > 0} does not depend on 6.
(ii) For every x € A, 8% fo(x)/06? exists and is continuous in 0.
(ili) The Fisher Information Ix,(0) exists and is finite, with Eg-Llog fo(X1) = 0 and
2

d d
Ix,(0) = Ee(@ log fo(X1))? = —E.gﬁlog fo(X1) > 0.

(iv) For every 0 in the interior of ©, 3 € > 0 such that
2
Eg sup |1pcig—corel1——73 log for(X7)| < 00.
90/61(% 0’ c[o—e,0+ ]d[Q’P g fo ( 1)
(v) The MLE'Y,, of 0 is consistent.

Then, for any 0 in the interior of ©, as n — oo,
\/E(Yn - 9)

converges in distribution to a mean zero Gaussian with variance Ix;@’ with respect to Py.
1

Remark 6.54. Combining this Theorem with Proposition 6.49, under the above assump-
tions (and also if the variance of the MLE converges, i.e. we can apply something like
Theorem 4.16), the MLE for § achieves the asymptotically optimal variance in the Cramér-
Rao Inequality, Theorem 6.23. The same holds for an invertible function of 6.

Proof. For simplicity we assume that © is finite. For a full proof, see the Keener book,
Theorem 9.14. Fix # € ©. (When © is finite, it has no interior, so the theorem is vacuous
in this case, but the proof below is meant to illustrate the general case while avoiding a few
technicalities.)

For any ¢’ € © and n > 1, let £,(¢') := 1 3" | log fo (X;).

Choose € > 0 sufficiently small such that [0 —e,04+¢]NO = {f}. For any n > 1, let A, be
the event that Y,, = 6. Since Y7, Y53, ... is consistent by Assumption (v), lim,_,., Ps(4,) = 1.
Since Y,, maximizes ¢,,, we have /(Y,,) = 0 on A,,. (Since © is finite, this is not true, so take
it as an additional assumption.) Taylor expanding ¢/, then gives

0="0,(Y,)=0.00)+ 0 (Z,) (Y, — 0), if A, occurs,
where Z,, lies between 6 and Y,,. Rewriting this equation gives

0 (6
Vn(Y, —0) = %, if A, occurs. (%)
By Assumption (iii), the summed terms in ¢ (¢) i.i.d. random variables with mean zero
and variance Ix,(#). So, the Central Limit Theorem 2.13 says that \/nf,,(0) converges in

distribution to a mean zero Gaussian with variance Ix, (6).
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We now examine the denominator of (x). By Assumption (iv) and the Weak Law of Large
Numbers, ¢/(6') converges in probability to Ey¢"(¢'). Since |Z, — 0| < |Y,, — 0] when A,
occurs, we conclude that Z,, also converges in probability to 8 as n — oo. Since Z,, only
takes finitely many values, ¢/ (Z,) converges in probability to Egf! () o —Ix,(0). So, (x)
implies that \/n(Y, — @) converges in distribution as n — oo to a mean zero Gaussian with
variance

Ix,(0) 1
[IX1(0)]2 ]X1<0)'
So, we are done by Exercise 6.55. O
Exercise 6.55. Suppose Wi, W, ... are random variables that converge in distribution to a
random variable W, and Uy, Us, ... is any sequence of random variables. Let Ay, As,... C Q)

satisfy lim,, .., P(A,,) = 1. Then, as n — o
WnlAn + U’nlA,c1
converges in distribution to W.

6.7. EM Algorithm. Let X: 2 — R" be a discrete or continuous random variable. Let
h: R" — R™ be a non-invertible function, and let Y := ¢(X). For example, let m < n,
and define ¢ by t(z1,...,2,) = (x1,...,Tm) ¥ (21,...,2,) € R™. Suppose we would ideally
observe the sample X, but we can only observe the “incomplete” sample Y.

Suppose X has distribution from a family {fy: § € ©} where fy: R" — [0,00) for all
6 € ©. To find the MLE of 8, we would ideally maximize

log £(0) = log fo(X).
However, since X cannot be directly observed, we cannot compute ¢(6) directly, so we might
not be able to find the MLE. So, we instead approximate the maximum value of log ¢(0) by

conditioning on Y.
The following algorithm tries to find the MLE for Y.

Algorithm 6.56 (Expectation-Maximization (EM) Algorithm). Initalize 6, € ©. Fix
k> 1. For all 1 < j <k, repeat the following procedure:

¢ (Expectation) Given 0;_1, let ¢;(0) := Ey,_, (log fo(X)[Y'), for any 0 € ©.

e (Maximization) Let #; € © achieve the maximum value of ¢; (if it exists).
Remark 6.57. In the case that Y is constant, the algorithm just outputs the MLE of X
in one step. In the case that Y = X, the algorithm just outputs the MLE of ¥ = X in

one step. In the case where m < n, Xi,...,X,: @ — R are i.i.d. with common density
fo: R —[0,00) and t(z1,...,2,) == (x1,...,2m) V (21,...,2,) € R", we have

85(0) = Bo, , (D" log fo(X)| (X1, X)) = D log fo(Xi) + Boyy Y log fo(Xo).

i=m-+1

So, ¢; is the log likelihood for Y = (Xj, ..., X,,), plus the expected value of the log likelihood
for Xm+1; ce ,Xn.

Note that we cannot apply the Likelihood Inequality 6.50 directly to ¢;, i.e. the maximum
value of ¢; is not 6;_;, in general.

Denote fxy(x|y) the conditional density (or conditional probability mass function) of X
given Y = y.
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Lemma 6.58. Suppose X has density fo and Y = t(X) has density hg. We then denote
g6(xly) := fxyy(zly). Then for any 6 € ©,

log ho(Y) —loghg, ,(Y) > ¢;(0) — ¢;(0;-1).

Equality holds only when go(X|y) = go,_,(X|y) almost surely with respect to Py,_, (for fived

y)-
Proof. Since fxy(z,y) = fxv(@ly) fy(y), we have
log fy (y) = log fx,y (x,y) —log fxv (z[y).
Since Y = h(X), fxy(x,y) = fx(x)ly=n@)- That is, when y = h(z), we have
log fy(y) = log fx(x) —log fxy(xly) = log fo(x) — log fx|y (x[y).
Using our streamlined notation, we write instead
log hg(y) = log fo(x) — log go(x[y).
Multiplying both sides by hg,_, (z|y) and integrating in x, we get

By, , (logho(¥)|Y = y) =By, ,(log fo(X)|Y = y) —Eo,_,(logga(XIy)|v =)

Setting also 6§ = 0;_; and subtracting one equality from the other, we get

log hy(y) —log hy,_, (y) = Eo,_, <log fo(X)‘Y = y) —Ey,_, (log fej_l(X)‘Y = y)
~ By, (Tog go(X[y)[Y =) + Eo,_, (log gu,_, (XIn)|Y =)

From the Likelihood Inequality, Lemma 6.50, the sum of the last two terms is nonnegative,
and it is zero only when log go(X|y) = log gg,_, (X|y) almost surely with respect to Py, , (for
fixed y). In summary,

log ho(Y) —loghg, ,(Y) > ¢;(0) — ¢;(0;-1).
O

Proposition 6.59 (EM Algorithm Improvement). Let Oy, ...,0; be an oulput of the
EM Algorithm 6.56. Then for all 1 < j <k,

log hg;(Y') > log hg, , (V).

Proof. By the definition of #; in Algorithm 6.56, ¢;(0;) > ¢;(6;_1). So, Lemma 6.58 says
that
log hg,(Y') —loghe,_,(Y) > 0.

And equality occurs only when gg, (X|y) = go,_, (X|y) almost surely with respect to Py, _,
(for fixed y), or when 6; = 6;_;. O
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6.8. Additional Comments. The Cramér-Rao and Limiting Distribution for the MLE
have analogous statements when © is a vector space.

Theorem 6.60 (Multiparameter Cramér-Rao/ Information Inequality). Let X: ) —
R™ be a random variable with distribution from a family of multivariable probability densities
or probability mass functions {fp: 0 € ©}. Assume that © C R™ is an open set. We assume
that {x € R™: fy(x) > 0} does not depend on 0, and for a.e. x € R™, and for all 1 <i < m,
(0/00;) fo(x) exists and is finite. Define the Fisher information of the family to be the
m x m matriz 1(0) = Ix(0), so that if 1 <i,5 < m, the (i,j) entry of 1(0) is

0 0 0 0
Covo (g 108 fo(X). 55108 fo(X) ) = Bo(grlog u(X) - 55 Tog o)), Vo€ 0,

and assume this quantity exists and is finite. Moreover, assume that I(6) is an invertible
matriz. (It is symmetric positive semidefinite by e.g. Ezercise 2.35, but it might have a zero
eigenvalue, a priori.)

Let t: R" — R™ and let Y := t(X) be statistic. For any 6 € ©, let g(0) := EgY so that
g: © — 0. Assume that all first order partial derivatives of g exist and are continuous.
We assume that the assumptions of Proposition 9.8 hold, so that we can differentiate under
the integral sign. Let Dg(6) denote the matriz of first order partial derivatives of g, and let
Varg(Y') denote the vector of variances of the components of Y. Then

Varg(Y') > (Dg(0))"[Ix(0)] ' Dg(0), Vo eo.
In particular, if Y is unbiased for 6,
Vary(Y) > [Ix(0)] 7, Vo e o.

Equality occurs for some 8 € © only when d% log fo(X) and Y — EgY are multiples of each
other.

Theorem 6.61 (Limiting Distribution of MLE). Let {fy: 0 € ©} be a family of proba-
bility density functions, so that fo: R" — [0,00) V 0 € ©. Let X1, Xs,... be i.i.d. such that
X1 has density fy. Let © CR™. Assume the following
(i) The set A :={xz € R": fy(x) > 0} does not depend on 6.
(ii) For everyxz € A,V 1<1i,j <m, %29{%(;) exists and is continuous in 0.
(iii) The Fisher Information Ix,(6) exists and is finite, with EgVglog fo(X1) =0 and

I, (0) = By (5108 o(X) - 508 /o(X)) = ~BoDflog (1)

(D3 denotes the matriz of iterated second order derivatives in 6.) Moreover, assume
that Ix,(0) is an invertible matriz.
(iv) For every 0 in the interior of ©,V 1 <1i,j <m, 3 &> 0 such that

2

0
Eg sup |lgcio—c.04e) 5077 89’39’ log for(X1)| <

0'co
(v) The MLE'Y,, of 0 is consistent.
Then, for any 6 in the interior of ©, as n — oo,

\/E(Yn B 9)
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converges in distribution to a mean zero Gaussian random vector with covariance matrix
[Ix,(0)]7!, with respect to Py.

7. RESAMPLING AND B1As REDUCTION

The goal of bias reduction is to begin with an estimator and a random sample of fixed size
n, and to find a way to reduce the bias of the estimator. We already know that conditioning
as in the Rao-Blackwell Theorem 6.7 can allow us to reduce variance and maintain the bias
of an estimator. Unfortunately, reducing the bias can sometimes increase the variance of the
estimator. Recall that any random variable X can be written as

E(X -0 =E(X —EX+EX - 0)?=E(X —EX)*+ (EX —0)%.

From this equality, we can intuitively assert that reducing the variance of an estimator could
increase its bias, while reducing the bias of an estimator could increase its variance. This
tradeoff is known as the bias-variance tradeoff.

A standard way to reduce bias is to resample from our random sample. In jackknife
resampling, we consider the sample of size n with one sample removed, and then average the
estimator over all n ways of removing one sample.

7.1. Jackknife Resampling.

Definition 7.1. Let X1, X5,...: 2 — R” be i.i.d random variables so that X; has distri-
bution fy: R™ — [0,00), 6 € ©. Let Y1,Ys,... be a sequence of estimators for # so that for
any n > 1,Y, =t,(Xq,...,X,) for some t,: R" — ©. For any n > 1, define the jackknife
estimator of Y,, to be

Lpi=nY, — n

1
- Ztn—l(le--in—l,Xi—i-la'”»Xn)-
i—1

The jackknife estimator reduces the bias of the original estimator, as we now show.

Proposition 7.2. Assume that Y1,Ys, ... are asymptotically unbiased, so that there exists
a,b € R such that

EY, =0 +a/n+b/n*+ O(1/n%), Vn>1. (%)
Then
EZ, =0+ 0O(1/n?).
And if b =0 and the O(1/n®) term is zero in (), then Z, is unbiased.
Proof.

n

(%) b 9 1=
EZn— 0 - O(1 — E Etn, X,...,Xi,,Xi ;---,Xn
n —i—a—i—n+ (/n) n 2 1( 1 1 1 )

(%) b 9 n—1«— a b 3
n@—l—a—i—n—l—O( /n”) - l§:1(9+n_1+<n_1)2+0( /n’))

B b b o 9
—9+n —n_l—l—O(l/n)—Q—l—O(l/n).
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Example 7.3. The jackknife estimator of the sample mean is the sample mean.

n—1«
ny, — - thn—l(Xlw"7Xi—17Xi+17-”7Xn)
n 1 n
:;Xi_;;<X1+"'+Xi1+Xi+1+"'+Xn)
- : 1 n : T n . 1°
=1 =1 =1
Example 7.4. Let X4,..., X, beii.d. Bernoulli random variables with parameter 0 < 6 <

1. The MLE for 6 is the sample mean, so by the Functional Equivariance Property of the
MLE, Proposition 6.49, the MLE for 6? is

1 & 2
Y, = (- Xi) .
This estimator is biased, since
1 1
EY, = ﬁ<n9 +n(n— 1)92> — 0%+ —(0— 6?).

n
By Proposition 7.2, the jackknife estimator

1 & 2 — 1 1 2
aen((EX) PN 2 x)

=1 Je{1,...,n}: j#£i

is an unbiased estimator of 62.
7.2. Bootstrapping.

Definition 7.5. Let X;,..., X, be a random sample of size n. Let m > 1. We define the
bootstrap sample Y7,...,Y,, as follows. Given Xi,..., X, let Y7,...,Y,, be a random
sample of size m from the values { X7, ..., X, } with replacement.

We typically take m significantly larger than n.
For example, if we are given a sample of the form {3,3,5,6}, then Y; has probability 1/2
of taking the value 3.

Remark 7.6. Note that Y,...,Y,, are conditionally independent, by their definition. Al-
though the original sample consists of independent random variables, the bootstrap sample
does not. The easiest way to see this is to show that the covariance of Y; and Y3 is nonzero.
Indeed, using the conditional independence, we have

— E[(E(mxl, . ,Xn)ﬂ —EX".

Meanwhile

EY|X1,...,X,) = %Z (%ng) =X ®)

=1
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So, the covariance of Y7 and Y5 is

— — —  Var(X
E(Y; — BY})(Y; — BY;) = EV}Y; — (EY})(EY;) = EX — (EX)? = VarX = M.
n
So, if X is nonconstant, this covariance is nonzero.
Example 7.7. Suppose u := EX;, 0 := y/Var(X}), and v := E(X; — u)3. Suppose we

want to estimate p®. The method of moments estimator for p3 is then X However, this
estimator is biased. We have

EX =EX —pu+p)®
=1+ 3u°E(X — p) + 3uE(X — p)* + E(X — p)?
=1 +3uc’/n+vy/n* = i® + O(1/n). (%)

Here we used
n

B(X ) = B( 1)) = 5B — )+ nln— DE(X, — ) (Xo — p)) = T50”

3IH

=1

3

BE -’ =B(- > (X -m) = 3B 3 (x 1) (X~ )
7,:1 1<i,j,k<n

ni, (nE<X1 0+ S B (- (- ) =
1< k<n: ijVi#kVith
Repeating the computation (x) for the conditional expectation of Y gives, as in (1),
EY|X1,.... X)) =E(Y - X + X)}|X1,..., X,)
=X’ 4 3X°E(Y - X|X1,.... X,)) + 3XE[(Y — X)2|X1, ..., X,)
+E[(Y - X)®|Xy,..., X))

—3 31 N2 1 _\3
— X4 2x- (XZ-—X> - <Xi—X> 2
Here we used

. 1—
E(Y - X)2X1,....X,) = —X_,
n

- ] — —\3
=1

The bias-reduced estimator of 2 is then defined to be the original estimator, minus the bias
of the bootstrap estimator:

X' - (B0 X0, X)) = BV, L X))

N n —\2 n _\3

-3 BX%Zizl <Xi_X> %Zizl (Xi_X>

= X — _ ‘
n n2
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This estimator has expected value

So, the bias is asymptotically better than X

8. SOME CONCENTRATION OF MEASURE

8.1. Concentration for Independent Sums. In certain cases, we can make rather strong
conclusions about the distribution of sums of i.i.d. random variables, improving upon the
laws of large numbers.

Theorem 8.1 (Hoeffding Inequality/ Large Deviation Estimate). Let X, Xs, ... be
independent identically distributed random variables with P(X; =1) = P(X; = —1) = 1/2.
Let aq,as,... € R. Then, for anyn > 1,
n +2
P(ZaiXiZQ <e T, V>0,
i=1

Consequently,

e
275) <9 WL Wi

i=1

Proof. By dividing ay, .. .,a, by a constant, we may assume Y ., a? = 1. Let a > 0. Using

i=1""
the (exponential) moment method as in Markov’s inequality, Corollary 1.93, and at > 0,

n n
P(Z a; X; > t) — P<€a2?’:1 a; X > eat) < efatEeaZ?zl a;Xi _ e—at H EeaaiXi.
i=1 1=1

The last equality used independence of X7, X, ... and Proposition 1.13. Using an explicit
computation and Exercise 8.2,

Ee®®i = (1/2)(e"% + ¢~*%) = cosh(aa;) < e %/?, Vi> 1.
In summary, for any ¢ > 0

n
n 2

P(Z a; X; >t) < e~ e i1 6i/2 — patta?/2,
i=1
Since av > 0 is arbitrary, we choose v to minimize the right side. This minimum occurs when
a =t, so that —at + a?/2 = —t?/2, giving the first desired bound. The final bound follows
by writing P(|>"", a;X;| > t) =P, a;X; > )+ P(—> 1, a;X; > t) and then applying
the first inequality twice. 0

Exercise 8.2. Show that cosh(z) < ¢**/2, ¥V z € R.

In particular, Hoeffding’s inequality implies that

(3l

> t> <22 >0,
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This inequality is much stronger than either Markov’s or Cheyshev’s inequality, since they
only respectively imply that

1< 1 1<
PRIz <3 P(E[Ex

Note also that Hoeffding’s inequality gives a quantitative bound for any fixed n > 1, unlike
the (non-quantitative) limit theorems which only hold as n — oc.

1
203——, Vi > 0.
nt2

Exercise 8.3 (Chernoff Inequality). Let 0 < p < 1. Let Xj, Xs,... be independent
identically distributed random variables with P(X; = 1) = p and P(X; = 0) = 1 —p for any
1> 1. Then for any n > 1

1 & ep\tn
P(— Xi>t)< *"p<—> Vi

Prove the same estimate for P(£>°" | X; < t) for any ¢ < p. (Hint: 1+ 2 < e* for any
rE€R, 501+ (e* —1)p < ele"~p))

Exercise 8.4. For any natural number n and a parameter 0 < p < 1, define an Erdos-Renyi
graph on n vertices with parameter p to be a random graph (V, E') on a (deterministic) vertex
set V of n vertices (thus (V, F) is a random variable taking values in the discrete space of

all 2(3) possible undirected graphs one can place on V') such that the events {i,j} € F for
unordered pairs with 7, 7 € V' are independent and each occur with probability p.

Suppose we have an Erdds-Renyi random graph G = (V, E') on n vertices with parameter
0 < p < 1. Define d := p(n —1).

e Show that d is the expected degree of each vertex in G. (The degree of a vertex
v € V is the number of vertices connected to v by an edge in E.)

e Show that there exists a constant ¢ > 0 such that the following holds. Assume
P> Clo%. Then with probability larger than .9, all vertices of GG have degrees in the
range (.9d, 1.1d). (Hint: first consider a single vertex, then use the union bound over
all vertices.)

8.2. Concentration for Lipschitz Functions. One way to phrase the general question
in the subject of concentration of measure is: how far is a random variable from its mean
value? Hoeffding’s Inequality says that linear functions of mean zero +1 valued independent
random variables are exponentially close to their mean value. A similar statement can be
made for bounded random variables (see Theorem 8.7 below). In order to answer the general
question, we next consider Lipschitz functions of i.i.d. random variables. We focus on the
Gaussian setting for simplicity.
For any = = (71, ...,2,) € R", we denote ||z|| := (22 +--- + 22)1/2.

Theorem 8.5 (Concentration of measure for Gaussians, Lipschitz function form)).
Let f: R™ — R. Suppose that for all x,y € R™, |f(x) — f(y)| < ||l —yl|, so that f is 1-
Lipschitz. Let X = (Xi,...,X,) be a mean zero Gaussian random vector with identity
convariance matriz. Then for allt > 0,

P(zeR": |f(z) —Ef(X)] >1t) <272/
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Proof. We assume that f all partial derivatives of f exist and are continuous. Let YV =
(Y1,...,Y,) be another mean zero Gaussian random vector with identity convariance matrix,
such that Y and X are independent. Let 0 < 6 < 7/2 and define

Zy = Xsinf + Y cos.

By rotation invariance of a Gaussian random vector, Zy and -2 2529 = X cosf) — Y sin 6 have
the same joint distribution as X and Y (since the vectors (sin 9 cosf) and (cosf, —sin @) are
orthogonal in R%) Let ¢: R — [0,00) be a convex function. Using then Jensen’s Inequality,
Exercise 1.91, then the Chain Rule, then Jensen’s inequality and Fubini’s Theorem,

/2
Bo(/(X) ~ Bf(Y)) < Ba(f(X) — (V) = Bo( [ 1(zu)as)

= ol [ e, i) =wa( s [T R0, 5 700)

<w s [ o(5uenia. wam)an =5 [ B30, g5 20 )ao

_ %/2 /Om Bo(S(VN(X),Y))do = Bo(T(V (X))

Let a € R and let ¢(z) := e** for all x € R. Then using independence in Y and Fubini’s
Theorem,

Bexplal/(X) - Bf(V)) < Bewp (033 ;jf (%) = By [[ B exp (a5 52 00w,

Using an explicit computation, for any s € R and for any 1 < i <mn,

oo V2 V2T
So, applying this inequality with s = aZ 8—f(X ) for each 1 <i <m,

0 2
Eexp(alf(X) — Ef(Y)]) < Eexp ( Z (&i( >> ) < exp (az%).
(Since f is 1-Lipschitz, [(V f(x),y)| <1 for all 2,y € R™ with ||y|| < 1. Tn particular, using

y =V @)/ V)], we get [[Vf(z)] <1.) S
P(f(X) = Ef(Y) > t) = P(exp(a [f( ) —Ef(Y)]) > )

—at 27T_2 _ _ 27T_2
<e “exp |« 3 = exp at + « 3)

The minimum « occurs when « = 4¢/7%, so making this choice of «, we get
P(f(X) ~Ef(Y) > ) < exp(—212/7).
Similarly, P(f(X) — Ef(Y) < —t) < exp(—2t?/7?), so that
P(/(X) —Ef(Y)| > 1) =P(f(X) —Ef(Y) > 1) + P(f(X) - Ef(Y) < —1)
< 2exp(—2t*/7?).
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Theorem 8.6 (Johnson-Lindenstrauss Lemma). Let 2, ... 2™ € R™. Let ¢ > 0.
Then there exists a linear function h: R™ — ROElogsn) gych, that
Hx(i) - x(j)” < ||h(x(i)) - h(x(j))H <(1+¢) ||:13(i) - x(j)H , V1<i,j<n.

One proves this via the probabilistic method. By concentration of measure, a random
projection does what we require.

Proof. Fix 1 <k <m. Let II: R™ — R™ be the orthogonal projection such that
M(z1,. .y 2m) == (21, .., 2k, 0,...,0), V(z1,...,2m) € R™.
Let X = (X1,...,X,,) be a standard m-dimensional Gaussian random vector. Define
a:=E|IX]|.
We will eventually show that @ > 1072y/k. Observe

k
E|IX|P=E) X} =kEX]. =k (¥
i=1
Now, we use Remark 1.38 and 8.5 for the 1-Lipschitz function x — ||Ilz||,

BIILY) = [ 4 P(IIX]| 2 wdu
0

2a o)
:/ 4u3P(HHXH2u)du—|—/ LAP(|TIX | > u)du
0

2a

2a oo
< / 4P du —i—/ 40P (| TIX]| — a| > u/2)du
0 2a

< 16a* + 8/ We P du = 16a* + 8(272) (20 + 72)e 24 /™ < 16a* + 21
2

a

m

2
< 16a* + 200k < 216 (/ ||Ha:||2'ym($)d:£> , using Jensen’s inequality and ().

So, if Z := ||IIX]| is a random variable, we have shown that EZ* < ¢(EZ?)? where
¢ 1= 216. So, using Holder’s Inequality, Theorem 1.99, for p = 3/2, ¢ = 3,
E22 _ E(22/324/3) < (Ez)2/3(Ez4)1/3 < (EZ)2/3C1/3<EZ2)2/3.
Using this inequality and (%),
EZ > YWEZ2 > 21672k (x%)

In summary, a > 24k for a defined above.

Let A be an m x m matrix of i.i.d. standard Gaussian random variables. Fix z(® ¢
R™ with ||z|| = 1. By rotation invariance of the Gaussian measure, A and AQ have the
same distribution where @) is a fixed m x m orthogonal matrix, so if we choose ) so that

Q(1,0,...,00" = 29 we get
P (AeR™™: ||TAzO|, —a] > ea) =P (A € R™™: ||[IIA(L,0,...,0)"||, — a| > €a)
=P (X e R™||IX]| — a| > ca).
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So, by Theorem 8.5 applied to the 1-Lipschitz function z — ||IIz||, and using a > 2-*V/k,
for any € > 0, and for any

P (A e R™™: } HHAJ:(O)HQ - a! > Ea) < e~ 2e"a?/m* < 9e~27'0ke?

Let 2, ..., 2™ be n points in R™. If k > 212 ~2]ogn, the union bound shows that

2@ —
P A c Rme: =P ;& j l) -T > ca ) < n 26—2*10]@52 <1
[ — 20 || 2

For any 1 < i < n, define y; := ITA2® /(a(1 — ¢)). Then 3 A € R™™ such that

(@) _ o) 1
g = e 143 Vi<ij<n
[2® — 20)]] S1-e
So, our required embedding is h := a(lf—i), so that h(z®) = 3@ for all 1 < i < n. Note

that A is linear and its nonzero entries form a rectangular matrix of i.i.d. Gaussians. Also,
we can choose k := [2'2¢72logn]. (In fact, if we choose k to be slightly larger, then the
probability becomes exponentially small, so essentially all A satisfies our desired property,
hence essentially all linear projections h: R" — RO logn) satisfy our desired property.) O

8.3. Additional Comments. Hoeffding’s inequality in Theorem 8.1 can be generalized to
the following statement.

Theorem 8.7 (Hoeffding Inequality/ Large Deviation Estimate). For all i > 1,

let a; < b; be real numbers. Let X1, Xs, ... be independent random variables with P(X; €
la;,b;]) = 1. Then, for anyn > 1,

2t2

(ZX ol ZX >t> <e TLemm? g0,

Consequently,

2t2

> t) <2 TLC? | WE> 0.

P(‘Z::Xi—E(Z::Xj)

Lemma 8.8 (Hoeffding’s Lemma). Let a < b be real numbers. Let X be a random variable
with P(X € [a,b]) = 1. Then for any a € R,

Ee aX < efon(b a)

Theorem 8.5 can be generalized to uniformly log-concave densities on Euclidean space (see
Ledoux, “The Concentration of Measure Phenomenon,” Proposition 2.18)

Theorem 8.9 (Concentration of measure for Log-Concave Measures, Lipschitz
function form)). Let f: R™ — R. Suppose that for all z,y € R™, |f(z) — f(y)] < ||z — vy,
so that f is 1-Lipschitz. Let u: R™ — R be a function such that e~ is a probability density
on R". Assume there exists ¢ > 0 such that the Hessian of u satisfies Hess(u)(x) > cI, in

the matriz sense. (That is, all eigenvalues of the Hessian of u are bounded below by c, for
all x € R™.) Let X have distribution e=*. Then, for all t > 0,

P(zeR": |f(z) —Ef(X)] >1) <2/
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9. APPENDIX: RESULTS FROM ANALYSIS

Theorem 9.1. (Minkowski’s Inequality) Let 1 < p < oo, and let f: R? — R be mea-

surable. Then
< [ 1)l o
p,dy R

In particular the integrand on the right is measurable, so if the right side is finite, then
fR x,y)dz is defined for almost every y € R.

i f(x,y)dr

Proof. The right side is unchanged by replacing f with |f], so without loss of generality we
assume f: R? — [0,00). The case p = 1 follows from Fubini’s Theorem, Theorem 1.79. If
1 < p < oo, measurability follows from Fubini’s Theorem, and the inequality follows from
Fubini’s Theorem and the Holder inequality for y, Theorem 1.99 (for Lebesgue measure),

with exponents p. p/ (using (p — 1)p' — p).
/fxyd:x /f:xy 1/Rf(:n’,y)jlzvld
_/R(/Rf(a;’,y) /Rf(a:,y)dx . dy ) da
< [([1rawra)”([1] separei) " o
= 156yt ([ 1 [ sgpaapan) ™

If the right-most term is nonnegative and finite, we divide both sides by it to conclude, using
1 —1/p’ = 1/p. If the right-most term is zero, there is nothing to prove. In the case that f
is the indicator function of a rectangle, the right-most term is finite, so the Theorem holds
in this case. The Monotone Convergence Theorem then implies that the Theorem holds for
more general functions f.

The case p = oo takes more work. Measurability follows by approximating f by simple
functions, and using that the limit of measurable functions is measurable. We then use
duality. Let g: R — [0,00) be measurable with [, g(y)dy < 1. Then by Fubini’s Theorem
and Holder’s inequality for y, Theorem 1.99 (for Lebesgue measure)

Low( [ swna)ay= [ ([ renatidn)ie < [1f@llgdr @

From the Reverse Holder inequality, if A: R — R is measurable, then

Il = sup / o(2)h()dz.

g: R—[0,00)
Jr 9(y)dy<1

dy =

So, taking the supremum over such g in (%), HfRf(m,y)dmedy < o 1 (@, 9) | o gy d O

We say f: R — R is a Schwartz function if, for any integers j, k& > 1, f is k times
continuously differentiable and there exists ¢;; € R such that

®) ()] < Cjk. VzeR.
)<
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Proposition 9.2 (Properties of Convolution on R). Let 1 < p < oo, let p’ with 1/p +
1/p) =1. Let ¢: R = R with [ |¢(x)]dx < oo, let e > 0 and define ¢-(x) := 1¢(x/e) for
any x € R and ¢ := [ ¢(x)dx. Let f,g: R — R be Schwartz functions.

(a) For any 1 <p < oo, limy ||¢e * f — cf]], = 0.
(b) lim. o+ [[¢e * f — cfl, = 0.
(¢) Foranyz € R, lim. o+ (¢pxf)(x) = cf(x) (using only that f is bounded, continuous).
(d) The convergence in (c) is uniform on R (using only that f is uniformly continuous).
(e) V' m > 1, f g ism times continuously differentiable, and (f  g)™ = f™ x g.

Proof of (a),(b):
o0 = efl, =

/R 6:(0) (f(z —y) — F(x))dy

p,dx

< [ 1015 =) = @y by Theorem. 0.1

= / o) If(z —ey) — f(z)l, 4, dy, changing variables.
R

The y-integrand is bounded by 2| f||, [ [¢(y)| dy < oo and by |p(y)] eyl || /']l by the Fun-
damental Theorem of Calculus. Since f is Schwartz, the latter quantity is bounded, so it
goes to zero pointwise as € — 0. So, the Dominated Convergence Theorem, Theorem 3.10,
implies (a) and (b).

Proof of (¢): Arguing as in (a) (taking absolute values, changing variables, and applying
Dominated Convergence),

(62 % £)(x) — cf (2)] < / 6()||f(x — ey) — F()|dy — 0.

Proof of (d): Let n > 0. Choose m > 0 so that 2 ||f||oof‘y|>m |6(y)| <mn. Choose 6 > 0 by
uniform continuity of f so that for any x € R, if |u| < § then |f(z 4+ u) — f(x)] < n/| ],
Then for any 0 < e < §/m and for any x € R, if |y| < m, then |f(x —cy) — f(x)] < n/ 0|,

So, continuing the calculation of (c), and applying the definition of m,

/R 6| 1@ — 2y) — f(x)|dy = /{

yER: |y|>m} {y€eR: |y|<m}

n
<2|fl / 6()] dy + / 6 - <n+n=2m.
{yeR: [y|>m} {yeR: [y|<m} 9l

Proof of (e): Let h > 0 and x € R. Then

‘(f*g)($+h2_(f*g)(l')_(f/*g)(x> SHf(x_Fh})L_f(x)_f/(x) d ||gH1
1 z+h -
<|5 [ @rn-oroa]| < mi,.

Since f is a Schwartz function, ||f”||, < oo, so the case m = 1 follows by letting h — 0.
The case of larger m follows by iteration. O
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Let f: R — R with [; |f(2)|dz < co. For any £ € R, we define
fl) = F(©) = [ oo
R

Then ]?: R — R is called the Fourier Transform of f.

Proposition 9.3 (Properties of Fourier Transform). Let f, g be Schwartz functions.
Let £ € R and let A > 0.

(@) [f(OI < [l f(@)ldz, ¥V £ €R. ~
) Flf(x = h)(€) =" f(&), Fle"f(2)](§) = f({+h), YV heR.
(¢) FLf(x/N]E) = AF(AS).-
(d) (f 9) =137
&) 00 = Flizf(x)
07 = e
) Jo f@)g(x)de = [; fx)g(x)da.
Proof of (a): |f |—UR et f () dx’<fR|f )| dx.
Proof of (b): By the change of variables formula, if £ € R,

Fifw=mle) = [ o= = [ e fajdo = e o)

R

Fie f@)€) = [ e fla)ds = Fié + ),
Proof of (¢): By the change of variables formula,

Flf(a/N](E) = / e f (/N = A / e f () d = AF(EN).

R
Proof of (d): Applying Fubini’s Theorem, Theorem 1.79, and part (b) give

f< (e | [

Y [ e et = 7 [ <oty = Ferate)

Proof of (e): Let h > 0. Using part (b) and the Dominated Convergence Theorem 3.10,

Fle+ h]i ~f© o, Kemh_ 1) f(x)} (€) = Flizf(@)](€) ,as h — 0.

We now justify the use of the Dominated Convergence Theorem. By the Mean Value Theo-
rem, |Re(e™" —1)/h| = |(cos(zh) — 1)/h| < |z| and |Im(e*" — 1)/h| = |(sin(zh) — 1)/h| <
o], 50 (¢ — 1)/A] < 2|a| and |f(a)(e" — 1)/h] < 2[o] | /()]

Proof of (f): Integrating by parts and then using that f is a Schwartz function

~ i / fl(@)eSdr = lim / F(@)(i€)e*dr = —ie ().

N%oo

Proof of (g): Apply Fubini’s Theorem 1.79. O
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Proposition 9.4. Let f,g be Schwartz functions. Let £ € R.
(a) Fle™](€) = V2me /2.
(b) lime_,ng F(6) = 0.
(c) f is a Schwarz function.

Proof. Let £ € R. Completing the square, and then shifting the contour in the complex
plane,

/ e T/ g =82 / e~ @2y — o=E%/2 / e 2y = \2re /2,
R R

R

Now, let ¢(x) := e **/2/+/2x for any = € R and denote ¢.(z) := e '¢(z /) for any z € R.
Note that [ ¢-(x)dx = 1. From Proposition 9. 3( ),(d) and Proposition 9.2(a),

5.©F(©) - Flo)| = o7t /m*f F(a)ldz 0,

as ¢ — 0. Combining this statement with Proposition 9.3(c) and part (a) of the current
Proposition, e °¢"/ 2]/”\(5) converges to f(f) uniformly over all £ € R, as ¢ — 0. Since fitself
is bounded by Proposition 9.3(a), e~<*¢*/2f(¢) vanishes at & = oo, for every £ > 0. So, the
uniform convergence implies that f(f ) also vanishes as £ — oo, proving (b).

To prove (c), note that repeated application of Proposition 9.3 shows that f is k times
differentiable for any k£ > 1, since f is a Schwartz function. And part (b) of the current
Proposition says that f*) vanishes at infinity for any k& > 1, so repeated application of
Proposition 9.3(f) shows that f is a Schwartz function. O

Exercise 9.5. Give an alternate proof of the fact Fle=*"/?](¢) = v/2me /2 using the fol-
lowing strategy:
o Let g(&) := (2m) "2 F[e=**/?)(€). Show that ¢'(€) = —£g(€) for all £ € R.
e Deduce that (d/d€)(g(&)et™/?) = 0.
e Finally, conclude that g(&) = e=¢/2.
Theorem 9.6 (Fourier Inversion). Let f: R — R be a Schwartz function. Then
1

fla) =5 /}Re_”gf(é)dé, VzeR.

Proof. let ¢(z) := e~*"/2/\/2x for any & € R and denote ¢.(z) := e '¢(x/¢) for any z € R.
Note that [, ¢.(z)dz = 1. By Proposition 9.3(c) and Proposition 9.4(a), F[¢](§) = e=12,
Flo)(€) = e <€/ and F(F(¢.)) = 2n¢.. So, using Theorem 9.3(g), we get

2n [ Fajoade = [ Foe g )
R R
Using this equality for f(z+y), applying Theorem 9.3(b), and using ¢.(—y) = ¢.(y) Vy € R,

% /Rf(g)emeszgz/zdf @ /Rf(x +y)p-(y)dy = /Rf(x — o (y)dy = (¢ x )(x).

As e — 0, the left side converges to % fR f({' )e€d¢ by the Dominated Convergence Theorem
3.10. And the right side tends to f uniformly in z by Proposition 9.2(d). So f(z) =

= F(€)e~"€d¢ almost everywhere in z € R, hence everywhere since f is Schwartz. O
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Lemma 9.7 (Stirling’s Formula). Let n € N. Then n! ~ /2mnn™e™". That is,

. n!
lim — = 1.
n—0oo \/2mrnnte="

Proof. We prove the weaker estimate that 4 ¢ € R such that
n! = (1+0(1/n))e' “y/nn"e " (%)

Note that log(n!) = >"" _, logm. We use integral comparison for this sum. On the interval
[m, m + 1] the function x — logz has second derivative O(1/m?). So, Taylor expansion (i.e.
the trapezoid rule) gives

m+1 1 1
/ log zdx = §log(m+1)+§logm+0(1/m2).

m

n n—1 m41 n—1
1
log xdx = / log xdx = logm + = logn +c+ O(1/n).
/1 g m§:1 g m§:1 gm + 3 log (1/n)

Since [["logzdx = n(log(n) — 1) + 1, log(n!) = >_ _, log m, exponentiating proves (x). [
Proposition 9.8 (Differentiating under the Integral Sign). Let f: R x R" — R.

Suppose

o Forallg € R, [p,|f(0,2)|dr < co.

o For almost all 6 € R, the derivative Of(0,x)/00 exists for all x € R™.

o There is a function g: R™ — [0,00) with [g, |g(x)|dz < oo and |0f(0,2)/00] < g(x)
forall® € R, x € R™.

Then for all 0 € R,
90 (0, ) —/ 9 [0, )
7 an‘ ,r)dx 7 ,x)dx.

Proof. Let h(0,z) := %f(@,x) and let ho(0,z) = foe h(t,z)dt for any 6 € R, z € R". By
assumption, [p, |h(0,2)|dr < oo for any 6 € R, so that foe Jen |A(t, @) dzdt < oo for any
0 € R. By Fubini’s Theorem 1.79,

o 9
/ / h(t,z)dzdt = / / h(t,z)dtdx = / ho(0, x)dx < 0.
0 Jre nJo R

Taking derivatives in # of both sides and applying Lebesgue’s Fundamental Theorem of
Calculus, Theorem 1.42 (twice) concludes the proof. O

10. APPENDIX: CONVERGENCE IN DISTRIBUTION, CHARACTERISTIC FUNCTIONS

Definition 10.1 (Vague Convergence of Measures). Let p, g, fio, ... be a sequence of
finite measures on R (i.e. u(R), p,(R) < oo for all n > 1). We say that py, pio, . .. converges
vaguely (or converges weakly, or converges in the weak* topology) to p if, for any
continuous compactly supported function g: R — R,

i [ gte)dna(a) = [ ote)into)

n—oo R
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In functional analysis, there is a subtle but important distinction between weak and weak*
convergence, though this difference of terminology seems to be ignored in the probability
literature.

As we will show below, convergence in distribution of random variables X;, X,... to a
random variable X is equivalent to px,, ftx,,. .. converging vaguely to px.

Proposition 10.2. Let X, X1, X5, ... be random variables with values in R. Then the fol-
lowing are equivalent

o Xy, Xy, ... converges in distribution to X.
® [ix,, Xy, - .. CcOnVETges vaguely to px.

Proof. Assume that X1, X5, ... converges in distribution to X. Let g: R — R be a continuous
compactly supported function. Then g is uniformly continuous. So, if € > 0, there exist t; <

- <ty oand ¢y, ..., ¢y € R such that g.(t) == 327" Cil(, 1., (1) satisfies [g-(t) — g(t)| <
for all t € R. Since Fx: R — [0,1] is monotone increasing and bounded, any point of
discontinuity of Fly is a jump discontinuity. So, F'x has at most a countable set of points of
discontinuity. Therefore, t; < --- < t,, can be chosen to all be points of continuity of Fx.
By the definition of the expected value,

Eg(X) — : Ci <FX(ti+1) - FX(E))‘ = |Eg(X) — Eg.(X)| <E|[g(X) —g.(X)| < e.

i=1

3

The same holds replacing X with any of X, X5,.... So, applying the triangle inequality,
limsup [Eg(X,,) — Eg(X)

n—0o0
< limsup |Eg(X,) — Eg-(X,)| + [Eg-(X,,) — Eg.(X)| + |Eg.(X) — Eg(X)
n—oo
m—1
< 2¢ + lim sup Z les| | Fx, (ti1) — Fx(tig1) — [Fx, (t:) — Fx (t)]| = 2.

n—oo

Since £ > 0 is arbitrary lim,, ., Eg(X,) = Eg(X) as desired.

Now, suppose for any continuous, compactly supported g: R — R, lim, .., Eg(X,) =
Eg(X). Let t € R be a point of continuity of Fy. Then, for any ¢ > 0, there exists § > 0
such that if |s —t| < 24, then |Fx(s) — Fx(t)| < e. By continuity of the probability law,
let m > 0 such that P(|X| > m) < e. By choice of d,e we have P(|X —t| < J) < e. Let
g: R —[0,1] so that g = 0 on (—o0,—2m|, g =1 on (—m,t —d], g = 0 on (t,00) and g is
linear otherwise. Then

Eg(X) =Eg(X)(1 omex<—m + 1 omex<i—s + Li—s<x<t)
=O0(e) + Fx(t —6) + O(e) = Fx(t) + O(e).

Since hm,Hoo 9(X,) = Eg(X), there exists ng = ng(e) > 0 such that, for all n > ny,
Eg(X,) = Fx(t) + O(e). By the definition of g,
P(X, <t)>Eg(X,) > Fx(t) — O(e), Vn > ng(e).

Repeating the above with g where g =1 on (t + d,m| and g = 0 on (—o0,t] U [2m, 00) gives
P(X, >t) >1— Fx(t) — O(¢e), Vn > ng(e).
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Combining these inequalities gives
Fx, (t) = Fx(t) + O(¢e), Yn > ng(e).
Letting ¢ — 0" concludes the proof. 0

Lemma 10.3. Let pq, s, ... be a sequence of probability measures on R. Then any subse-
quential limit of the sequence (with respect to vague convergence) is a probability measure if
and only if pu, fa, ... is tight: ¥V ¢ >0, 3 m = m(e) > 0 such that
limsup(l — p,([—m,m])) < e.
n—oo

Exercise 10.4. Let X, X1, X,,... and let Y, Y], Y5, ... be random variables with values in
R.

(i) Assume that X is constant almost surely. Show that X, Xs,... converges to X in
distribution if and only if X, X5, ... converges to X in probability.

(ii) Prove Lemma 10.3.

(iii) Suppose that X;, X, ... converges in distribution to X. Show there exist random
variables Z, Zy, Zs,...: Q@ — R such that puz = pux, pz, = px, for any n > 1, and
such that Z;, Zs, ... converges almost surely to Z. (Hint: use Exercise 4.20.)

(iv) (Slutsky’s Theorem) Suppose X7, X, ... converges in distribution to X and Y7, Y, ...
converges in probability to Y. Assume Y is constant almost surely. Show that
X14Y7, Xo+Y5, ... converges in distribution to X +Y . Show also that X;Y7, XoY5, ...
converges in distribution to XY. (Hint: either use (iii) or use (ii) to control error
terms.) What happens if Y is not constant almost surely?

(v) (Fatou’s lemma) If g: R — [0, 00) is continuous, and if X;, X, ... converges in dis-
tribution to X, show that liminf, ., Eg(X,) > Eg(X).

(vi) (Bounded convergence) If g: R — C is continuous and bounded, and if X3, X, ...
converges in distribution to X, show that lim,,_,., Eg(X,,) = Eg(X).

(vii) (Dominated convergence) If Xy, Xs,...: Q — R converges in distribution to X, and
if there exists a random variable Y:  — [0,00) with |X,,| <Y for all n > 1 and
EY < oo, show that lim,,_,., EX, = EX.

Theorem 10.5 (Lévy Continuity Theorem, Special Case). Let X, X1, Xs, ... be real-
valued random variables (possibly on different sample spaces). The following are equivalent.

e For everyt € R, lim, , ¢x, (t) = dx(t).
o Xy, Xy, ... converges in distribution to X.

Proof. The second condition implies the first by Exercise 10.4(vi).

Now, assume the first condition holds. Let g: R — R be a Schwartz function (for any
integers 7, k > 1, g is k times continuously differentiable and there exists c;, € R such that
19 ()| < 1+\ lJ, V2 € R.) The Fourier Inversion Formula, Theorem 9.6, implies that

1 .
X,) == [ e g(y)dy.
9(Xn) 2%46 9(y)dy

where §(y) = [ €™ g(x)dz for all y € R. From the Fubini Theorem 1.79,

By(X,) = 5- [ Be gty = 5 [ ox, (05w
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Similarly, Eg(X) = 5= [ ¢x(—y)g(y)dy. So, lim,_. Eg(X,) = Eg(X) by the Dominated
Convergence Theorem, Theorem 3.10 (and Proposition 9.4(c)). Since any continuous, com-
pactly supported function g can be uniformly approximated by Schwartz functions in the
Lo norm (by e.g. replacing g with g % ¢., where ¢.(x) = e~ 'e "/ /\/27, letting ¢ — 0F
and applying Proposition 9.2(d)), the identity lim,_,. Eg(X,) = Eg(X) holds for any con-
tinuous, compactly supported g: R — R. We then conclude by Proposition 10.2. 0]

Remark 10.6. In particular, if Y = X; = X5 = .-, the above Theorem implies that if
Ox(t) = ¢y(t) for all t € R, then X and Y have the same distribution.

Exercise 10.7 (Lévy Continuity Theorem). Let X, X, X,,... be real-valued random
variables (possibly on different sample spaces). Assume that, V¢ € R, ¢(t) := lim,, . ¢x,, (t)
exists. Then the following are equivalent.
(i) ¢ is continuous at 0.
(ii) px,, pixy,-.- is tight. (V¢ > 0, 3 m = m(e) > 0 such that limsup,_, (1 —
fix, ([=m,m])) < e.)
(iii) There exists a random variable X such that ¢x = ¢.
(iv) X1, Xs, ... converges in distribution to X.

(Hint: Use Lemma 10.3 to get from (ii) to other conditions.)

11. APPENDIX: MOMENT GENERATING FUNCTIONS

Exercise 11.1. Unfortunately, there exist random variables X, Y such that EX" = EY™
foralln =1,2,3,..., but such that X,Y do not have the same CDF. First, explain why this
does not contradict the Lévy Continuity Theorem, Weak Form. Now, let —1 < a < 1, and
define a density

_ (log x)2
(

fa(x) — x\}ﬂe s (1+ asin(27r logx)) Jif 2 >0
0 , otherwise.
Suppose X, has density fo. If —1 < a,b <1, show that EX; = EX}' foralln =1,2,3,...

(Hint: write out the integrals, and make a change of variables s = log(x) — n.)

Theorem 11.2 (Inversion of Moment Generating Function). Let X,Y be random
variables. Denote Mx (t) := Ee'X for anyt € R. Suppose Mx(t) = My (t) for allt € (—¢,¢).
Then X andY have the same distribution.

Proof. From (the proof of) Lemma 3.8 with u = P, h = 1, k = 1, t(z) = x, Mx(t) is
complex-differentiable in a neighborhood of the origin. From a well-known theorem from
complex analysis, Mx(z) is then equal to its power series for all z € C with |z| < e. That
is, its power series is absolutely convergence for all |z| < e, and

V() = 3 /A oMy (©)

m ) Yzl <e.

k=0

By Lemma 3.8 again, (d/dt)|,—oMx(t) = EX* for all k > 0. Since the series converges

absolutely, we have
k

lim 7% =0, Vo<z<e. (%)
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Fix 0 <r < s < e. If k is an odd integer, then (k + 1)r* < e¥*! for sufficiently large k, and
forall 0 < z < r, |z* < 1+ |z/"!
values gives

, so multiplying these inequalities and taking expected

EX|"rk ot BT

k! ~ k! (k+1)!
That is, (%) implies that
E|X/[*
lim X ¥ =0, VOo<z<e. (%)

Let i :=+/—1. Let x,t, h € R. From the Taylor expansion of the exponential function,

e (ine N\ (ha)" e N (ha)*)_ Jha"
€t<eh _zz: nl ) =" _; K| =+ 1)

We denote ¢x(t) := Ee®™X. So, taking expected values of these same quantities with r = X,

"L ()FESXXE| AT E XM
t4+h) — <
Ox(t+h) =) S T

k=0

, VteR,Vh € (—¢,¢).

By (*x), the series then converges, so that

oo . E itXXk
¢X(t+h)22%h’“, VteR, Vhe (—¢,¢).
k=0 ’

By Lemma 3.8, differentiating ¢x can occur under the expected value, so that
X))
x(t+h) = ZTh . VtER,Vhe(—ge).  (xx%)

Similarly,

A (1)
dy(t+h) =) . VteR, Vhe(—ee). (1)

k!
k=0
Setting ¢t = 0, using these equalities and our assumption we see that for any k>0,

d* vk _ ok @ X _ ity
ﬁh:o(bx( ) =i1"EX" =1 ﬂh oEe' =i dtk’t oEe™” dk| —oEe
Therefore, ¢px(t) = ¢y (t) for all t € (—e,¢) by (x * %) and (1), since each coefficient of their
power series also agrees. Consequently, ¢x(t) = ¢y (t) for all t € (—2¢,2¢) by (x*x) and ().

Iterating this argument, ¢x(t) = ¢y (t) for all t € R. We then conclude by Remark 10.6. I
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12. APPENDIX: NOTATION
Let n,m be a positive integers. Let A, B be sets contained in a universal set €.
N = {1,2,...} denotes the set of natural numbers
Z=A...,-2,-1,0,1,2,...} denotes the set of integers
Q ={a/b: a,b,€ Z,b # 0} denotes the set of rational numbers
R denotes the set of real numbers
C = {a+bv/—1: a,b € R} denotes the set of complex numbers

€ means “is an element of.” For example, 2 € R is read as “2 is an element of R.”
YV means “for all”

3 means “there exists”
R™ = {(x1,29,...,2,): z; E RV1 < i <n}
f: A — B means f is a function with domain A and range B. For example,

f: R? — R means that f is a function with domain R? and range R
() denotes the empty set

A C BmeansVa € A, we have a € B, so A is contained in B
ANB:={a€A:a¢ B}
A= Q A, the complement of Ain 2
AN B denotes the intersection of A and B
AU B denotes the union of A and B
AAB = (AN B)U(B\ A)
P denotes a probability law on €2

Let n > m > 0 be integers. We define
ny\ n! ~nm—1)--(n-m+1)
= s )

m m)m!  m(m—1)---(2)(1)
...,a, be real numbers. Let n be a positive integer.

Let aq,

Zai:al+a2+"'+an—l+an-
i=1

||ai:a1~a2---an_1-an.
i=1

min(ay, az) denotes the minimum of a; and as.

max(aq, ag) denotes the maximum of a; and as.

The min of a set of nonnegative real numbers is the smallest element of that set. We also
define min()) := oc.
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Let A C R.

sup A denotes the supremum of A, i.e. the least upper bound of A.

inf A denotes the infimum of A, i.e. the greatest lower bound of A.

Let X: Q — R be a random variable on a probability space (2, F, u).

E(X) denotes the expected value of X
X, = (E |X|P)1/?, denotes the L,-norm of X when 1 < p < 0o
| X, :==inf{c > 0: P(|X| < ¢) =1}, denotes the Lo-norm of X
var(X) = E(X — E(X))?, the variance of X
ox = \/m , the standard deviation of X

Let A C Q.
E(X|A) :=E(X1,4)/P(A) denotes the expected value of X conditioned on the event A.

14: ©Q — {0,1}, denotes the indicator function of A, so that
1 ,ifweA
1 = ’
aw) {O , otherwise.

Let X be a random variable on a sample space €2, so that X: 2 — R. Let P be a
probability law on Q. Let x,t € R.

Fx(z)=P(X <z)=PHw e Q: X(w) <z})
the Cumulative Distibution Function of X.

Mx (t) = Ee'* denotes the Moment Generating Function of X at t € R

Let g,h: R — R. Let t € R.

(gxh)(t) = / g(x)h(t — x)dz denotes the convolution of g and h at t € R

(o)

Let n, k be a positive integers and let ;1 be a measure on R™. Let ¢1,...,t;: R® — R. Let
h: R™ — [0, 00] so that h is not identically zero. Let © C R* and let w: © — R*. For any
6 € © define

ofuw(®)) = log |

n

h(z) exp (i wi(é)ti(:ﬁ)>du(m).
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We define a k-parameter exponential family to be a set of functions {fp: 6 € O, a(w(h)) <
o0}, where

fol) == h(z) exp (Zwi(é’)ti(a’) _ a(w(e))), Vo e R

Let 6 € ©
Py denotes probability law corresponding to fj.

Ey denotes expected value with respect to fy.
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