Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

Studienzentrum Gerzensee Doctoral Program in Economics:
Econometrics, 2022-23, Week 1

(This version: August 26, 2022)
Administrative Details

o Grades
e Exams: midterm and final are closed book, but we allow 1 page (double-sided) of notes.

e Graded take-home problem set after weeks 3 and 4.
Overview of Econometrics Sequence

e Week 1: Basic tools of probability, statistics, and econometrics
e Week 2: Linear model (including IV and linear GMM)

e Weeks 3 and 4: Mostly cross-section (Honore) and time-series (Watson) topics
Readings for Week 1

e Hogg, R.V, J.W. McKean, and A.T. Craig, Introduction to Mathematical Statistics, 6" Edition, Pren-
tice Hall, 2005. HMC (or earlier version: Hogg, R.V and A.T. Craig, Introduction to Mathematical
Statistics, Fifth Edition, 1995, Macmillon Publishing.)

e Rao, C.R., Linear Statistical Inference and Its Applications, Second Edition, 1973, Wiley.
e Many other good books ... if you have a favorite, use it ... here’s a nice one:

— Casella, G. and R.L. Berger (2008), Statistical Inference, 2"® Edition, Thompson Press.
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1 Some Probability Concepts

1.1 Basic concepts

1. Experiments and Outcomes
e Uncertain/Not Perfectly Predictable/Random/Stochastic (example: roll of die)
2. Sample Space (denoted by )

e Set of all possible outcomes (die example: {(1), (2),(3), (4),(5),(6)})

e Points in Q are denoted by w

e More complicated examples ... may contain an infinite number of possible outcomes
— Countable (Experiments like flipping a coin until a “Tails” appears)
— Uncountable (growing a tomato and measuring its weight)

3. Events

e An event is a subset of ), that is, it is collection of specific outcomes.
— Die example: Rolling a’3 or 4’, that is the subset A = {(3), (4)} € & = {(1),(2), (3), (4), (5), (6)}

is an event

4. Set Operations
Let A and B denote two subsets of §2 and let a denote an element of 2
e a € A (ais contained in A)
e A C B (Ais asubset of B)
e AU B (the union of A and B)
e AN B (the interection of A and B)
o A° (the compliment of A in Q)

5. o-Algebra (or o-field)

e Let A be a collection of subsets of 2 that satisfy
(a) e A
(b) If A€ Athen A° € A
(c) If Ay, Ag,...,€ Athen (U2,4;) e A
e Sometimes (a) is replaced with () € A
¢ You should show that, because (U2, AS)® = N52, A;, then (b) and (c) imply that N2, 4, € A

6. Probability measure

e A real-valued set function (maps sets into the real line) with the properties:
(a) If A e Athen P(4) >0
(b) P(€2) =1
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(c) If {A;}2, is a countable collection of disjoint sets in A, then P(U2; A;) = > .o P(A;)
7. A Probability Space is the triple (€2, .4, P).
8. Facts

e There are many useful facts (see Hogg and Craig, Section 1.3 theorems 1-5), including;:
(a) 0 < P(A) <1
(b) P(A) =1—P(A°)
(¢c) P(AUB) =P(A) +P(B) —P(AN B)
(d) If {A;}22, are a set of mutually exclusive and exhaustive subsets of 2, then P(A) = 32 P(AN
A;).

1.1.1 An Exercise: Bonferroni inequality

Suppose A and B are two events. Let C = AU B and D = AN B.

1. Show P(C) < P(A) +P(B)
2. Show that P(D) > 1 —P(A°) — P(B¢). (Hint: Show that AN B = (A°U B)¢ and apply (1).

3. Let Ay, As, ..., A, denote n events. Show that
P(A;UA2U...UA,) <P(A;) +P(A42) + ... + P(A,).

(Hint: Use induction)

1.2 Conditional Probability

Let A and B denote two events in Q with P(A) > 0 and P(B) > 0. Then

P(AN B)

P(AIB) = 5

is called the conditional probability of the event A given B.
e Note: P(A|B)P(B) =P(AN B) =P(B|A)P(A).

Being a bit more careful: Formally, the idea is to construct a new probability space from (€2, A, P) by assigning
zero probability to all outcomes that are not in B. The new probability measure, say P, is constructed using
the restriction that if wg € (AN B) and wp € B (so that wa and wp are in B), then
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so that the relative odds of events in B remain the same under P and P,. If w ¢ B then P,(w) = 0. These
restrictions determine P, up to a scale factor, which is determined by the restriction that P,(B) =1 . The
notation P(A|B) is short-hand for P,(A), with P, constructed in this way.

1.2.1 Independence

e Events A and B are independent if P(A|B) = P(A)

o P(A|B) =P(A) implies P(AN B) = P(A)P(B). This implies that P(B|A) = P(B).

1.2.2 Bayes Rule

Suppose we know P(B|A) but we really want to know P(A|B). (Example, let B denote to the event that a
medical test comes up “positive” and A be the event that a patient has a particular disease.) How can we
compute P(A|B) from P(B|A) together with some additional information?

We know
P(ANB)

PAIB) = g

and we also know that
B=(BnA)U(BNA°

where (BN A) and (B N A°) are two disjoint sets. Thus,

P(B)=P(BNA)+P(BnN A9

and
P(BNA)=P(ANB) =P(B|A)P(A)
and
P(B N A°) =P(B|A°)P(A°)
so that

P(AN B)
P(B)

~r(p P P(BIA)P(4)

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

which is known as Bayes Rule.

2 Random Variables

Consider a probability space (€2, A,P). (Example: Q denotes outcomes of 3 flips of a fair coin.) A random
variable is a function that maps elements of € into the real line. (Examples: (i) X (w) = number of heads;
(ii) X (w) = number of heads in first two flips; (iii) X (w) = 1 if heads appears on the 15* and 3" flip and

equals 0 otherwise.)
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Being a bit more careful: As a technical matter, we must make sure that the sets of events that give rise to
particular values of the function X are contained in A. This makes the probability space for X, say (Qx,
Ax, Px), consistent with the original probability space (£2,.4,P). Such a restriction makes X measurable
with respect to A. Thus, a random variable X (w) is a real valued function that maps w € € into the real
line, with the property that for any real z, {w|X(w) =2} = A(z) € A. Letting Ax C Ax the resulting
probability function, Py, is given by Px(Ax) = P{w|w € Q, X (w) € Ax }.

e Fxample: A fair coin is tossed 3 times.

Q={(HHH),(THH),(HTH),(HHT),(HTT),(THT),(TTH),(TTT)}
— X (w) = number of heads

Qx = {0,1,2,3)

A denotes all subsets of 2, and Ax denotes all subsets of £ x
— Px(1) = P[(HTT),(THT),(TTH)] = 3/8, etc.

2.1 Distribution and Density Functions

Cumulative Distribution Function (CDF): The CDF of a random variable X (w) is defined as
Fy(z) “ P|X (@) <)

which is often denoted P(X < z) (with a slight abuse of notation). The notation Fx(x) emphasizes that

this function is for the random variable X and is evaluated at the point x.

e Some Properties of the CDF:

1. For o > 1, Fx(x2) — Fx(z1) =P(z1 < X < x9)
(a) Fx(—o0)=0
(b) Fx(oc0) =1

(¢) Fx(-) is non-decreasing

Probability Density Function (pdf):

e Suppose X is a discrete random variable and can take on only a finite number of values 1, o, ...x),.
We can then define
def  def
P(X =) = pi = fx(xi)
as the density function for X and the resulting CDF is a step function. Again, the notation fx(x)

emphasizes that function is for the random variable X and is evaluated at the point x.

— For a discrete random variable Fx (z) =3, ., fx (i), so the CDF is a step function.



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

e For a continuous random variable, define the pdf analogously: fx( . ) satisfies Fx(z) = ffoo fx(s)ds

so that
dif dF(ZZ?)

fx(x) pr

— Note: o
Plz; < X < as] = Fx(x2) — Fx(21) :/ fx(z)dx

e For mixtures of discrete and continuous random variables, F'x(x) is defined by summing over the

discrete and continuous components separately.

e Example: Suppose X has pdf

(@) l,for0<z<1
€Tr) =
X 0 otherwise

The associated CDF is
r,for0<x <1

Fx(z) = 0 forz <0
1forz>1

X is said to be Uniformly Distributed on (0,1), sometimes written as X ~ (0, 1).

2.2 More than One Random Variable
2.2.1 Two Random Variables

Let X and Y denote two scalar random variables. The joint CDF is defined as

Fxy(z,y) @ P(X <2)n (Y <y))

which is often denoted P(X < z,Y <y).

e For a discrete random variable Fx vy (z,y) =3, o, > .. <, fxv (i, yi), where fx vy (2;,y;) = P(X =
z;) and (Y =y;)).

e For a continuous random variable Fx y (z,y) = [Y_ [*  fx,y (21, 22)dz1d2s.

o Fx(z) =P((X <)) =P((X <a)N (Y < 0)) = Fxy(z,00) = [*_ [ff‘;o f(z,y)dy} dz is the CDF
of X. Thus (for continuous RVs)

fx(z) = /jo fxy (@, y)dy

with obvious modifications for discrete RVs. In this context, Fix(z) and fx(x) are sometimes called

the marginal distribution and marginal density of X, respectively.

e The random variables X and Y are independent if Fx y (z,y) = Fx(z)Fy (y) for all  and y. (Also,
by implication, fx vy (z,y) = fx(z)fy(y).)
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2.2.2 Conditional Distribution Functions

Let X and Y denote two discrete scalar random variables. The conditional pdf is defined as

def P[(Y = y) and (X = z)]

for values of x with P(X = z) > 0. Equivalently
fX Y(xay)
X =g) =000

for values of & with fx(z) > 0. We will use this as the definition of the conditional density in both the

discrete and continuous cases. I will write this as fy|x (y[z).

e The conditional CDF is P(Y < y|X = z) = [Y__ fy|x(s|z)ds (with obvious modification for discrete
RVs).

e If X and Y are independent, then Fy|x(y|X = z) = Fy(y) and fy x(y|z) = fy(y) for all z and y.

2.2.3 Multivariate Distribution Functions

CDFs and PDFs for the vector of random variables X = (X1, Xo,...,X,,) are defined analogously to the

bivariate case. Similarly for conditional distributions.

2.3 Expectations

e Let X denote a discrete random variable and let g(X) denote a function of X, then

Eg(X) <Y o) Fx (i)

e Let X denote a continuous random variable and let g(X) denote a function of X, then
def [
Bg(0) ™ [ gla)fxla)da

o A few useful facts. Suppose a and b are constants, and g1 (z) and go(x) are two functions:

—Ea= [Z_afx(x)dz=a [ fx(z)dz=a
Elag(X)] = |7, ag(z) fx (x)dz = a [7_ g() fx (z)dz = aEg(X)
= E[g1(X) + 92(X)] = Eg1(X) + Ega(X)

— Thus, E is a linear operator. (Note, sometimes I will use the notation Ex to make it clear that

the expectation is taken with respect to fx.)
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e Example: Suppose X is uniformly distributed on [0, 1]

! 1 1
IE(X):/ rdr = —x? lo ==
o 2 2
and
2 ! Lagp_ 1
E(X*) = Oxdx:§x ’0:?

e Jargon: E(X) is called the mean of X. (More jargon involving expectations will be listed below.)

2.3.1 Functions of more than one random variable

e Suppose X and Y have joint density fx,y(x,y) and let g(X,Y") be a scalar function of X and Y, then
Eg(X,Y) = [ [g(x,y)fx,y(x,y)dxdy. (Note, following the notation I introduced above, I could have
written this as Ex y¢g(X,Y) to make it clear that the expectation is taken with respect to fxy.)

e Suppose G is a matrix of random variables, then E(G) is a matrix with (i5)"" element equal to E(G;;).

e Exercise: Suppose g(X,Y) = a(X)b(Y) and X and Y are independent. Show Eg(X,Y") = [Ea(X)]x[Eb(Y)].
(Or, perhaps more clearly Ex yg(X,Y) = [Exa(X)]x[Eyb(Y)].)

2.3.2 Conditional Expectations

The conditional expectation of Y given X = x is the expectation of Y constructed using the probability

density fy|x(y|z). Thus, for a continuous random variable

BYIX =a)= [ ufrixlle)dy
Y (9,
where 2, is the restricted sample space associated with the event X = x.
e Note that E(Y|X = x) depends on the particular value of 2 (obvious, but worth pointing out). The

function py (z) = E(Y|X = z) is called a regression function. It shows how the conditional mean of ¥

changes as the realization of X changes.

2.3.3 Law of Iterated expectations

The law of iterated expectations says that the expecation over Y can be computed in two steps: Specifically

Ey(Y) = Ex [Eyx(Y|X)]

This results follows from

Bx [Evix(v1X)] = | [ / yfyx<y|w>dy]} fa)ds
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= [ [vmxiorc@asis = [ [ yfvicty.otpis

— [ [ textorizdy = [ utvw)y =Er ()

2.4 Application: Optimal Prediction

e Problem 1: Find the constant & that minimizes Mean Squared Error (mse), E [(Y — h)?].

— Solution: E[(Y — h)?] = [(y — h)?fy (y)dy, which yields the first order conditions:

/ny(l/)dy = h/fY(y)dy =h

so the optimal value of h is the mean of Y.

¢ Problem 2: Find the function 2(z) that minimizes Ey|x—, [(Y - h(m))ﬂ .

— Solution: This is same problem as 1, but using the conditional distribution of Y|X = z. Thus,
the optimal h(.) is h(z) = E(Y|X = z).

x Equivalently: The minimum mean square error predictor is given by regression function.
e Problem 3: Find the function h(z) that minimizes Ey, x {(Y - h(X))Q} .

— Solution: Write
B [(V = hC0P] = [ [0~ )P s (o p)dody
= [ [t~ b Psvix ol fx@pdedy
— [ [t noP sl rxwia

where the second equality factors the joint density into the conditional times the marginal and
the final equality interchanges the order of integration. Note that the term in || was minimized
in Problem 2 with h(z) = E(Y|X = z). Evidently, this solves Problem 3.

2.5 Transformation of Variables

Let X be a random variable with CDF Fx. Let Y = h(X) where h(-) is 1-to-1 with inverse h~*. What is
the distribution of Y7

e Discrete case: Suppose that X can take on values x1, o, ..., £,. Then Y can take on values y1, ys, ...,
Yn with y; = h(x;). Thus, P(Y = y;) = P(X = h™!(y;)), so that

fr(y) = fx(h™(y))
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e Continuous case: We need to consider two cases:

— Suppose that h(.) is increasing. Then
Fy(y) =P(Y <y) =P(X <h7'(y)) = Fx(h™'(y)).
Thus,

_dFy(y) _ dFx(h™'(y)
dy dy

fr(y)

— Suppose that h(.) is decreasing. Then
Fy(y) =P(Y <y) =P(X > h™(y)) =1 — Fx(h""(y)).

Thus,

_ B y) _ AP () 1)

dh~'(y)
dy dy '

fy(y) dy

The two cases can be combined as:

) = Fx () \M\

dy

Example: Suppose X is uniformly distributed on [0, 1], and let Y = X2. Then

[N

() = Fx(y 1 {;yéforogygl

1
—  2) =
)(2 y?) 0 otherwise

Eztension to the case where h is not one-to-one: Let Uy,...,U,, be a partition of the real line and
suppose that y = h(x) is a one-to-one transformation on each U; with range R; and inverse h;l(y).
The density of Y = h(X) is

dh;. 1(y)'

e = X peln ) |

where the summation is over those ¢ for which y € R;.

The extension to the multivariate discrete case is straightforward (just book-keeping). The extension
to the continuous case requires somewhat more work (see Hogg and Craig Sections 4.3 and 4.5). The

result is

fr(y) = fx(h™ )|

where |J| is absolute value of the Jacobian determinant in the inverse transformation — the absolute
value of the determinant of the matrix [0x;/dy;| where z; is the it" component of X and y; is the gt

component of Y.

— In particular, suppose Y = HX where H is a non-singular matrix. Then |J| = |H 1| = |H|!
and fy (y) = fx(H 'y)|H|".

10
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2.6 Moments

e The k*" moment of X is defined as E(X*)
— The mean of X is the first moment, E(X!). Tt is denoted as u = E(X)
e The k*" centered moment of X is defined as E((X — u)*)

— The second centered moment is called the variance and is denoted o2.

— A straightforward calculation shows
o = E((X - 1)?) = B(X?) - 42

— oY Vo2 is called the standard deviation of X.

— All odd centered moments are equal to zero for symmetric pdfs. (A pdf is symmetric if f(—z) =
f(z) for all z > 0. A pdf is symmetric around a point a if f(a — ) = f(a + x).)
— The first moment and the second, third and fourth centered moments are used to measure the

center (location), spread, skewness and kurtosis of the distribution.

— Example: Suppose X ~U(0,1) (i.e., X is uniformly distributed on (0,1)). Then

1 1 1
QZEX2_2:7_72:7
0" =EX°) —p' =3 -(3)" = 33

Example: Suppose X has mean px and variance 0%. Let a and b be constants and Y = a + bX.

Then Y has mean and variance given by py = a + bux and o3 = b?c% (so that oy = [blox).

Example: Suppose X has mean pux and variance o%. Let

ox '

Z

Then pz =0 and oz = 1. Z is called the standardized version of X.

2.6.1 Moment generating function

The Moment Generating Function (MGF) of X is defined as
M (t) = E(e™¥)

Since

E(e!X) = /emfx(z)dx
M(t) = / 2e'® f (x)dz = M(0) = E(X)
M"(t) = / 2 fx (z)dr = M"(0) = E(X?)

11
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and in general
MO (t) = / Pl fy (2)dz = MO (0) = B(X7)

Thus, if you know the MGF of random variable, it is often a straightforward calculation to find its moments.

e The MGF does not exist for all random variables — the relevant integrals may not converge. (e'® can

get very large for extreme values of X). The MGF can be modifed to produce a Characteristic Function
which always exists. (This uses it in place of t with i = /—1.)

e The MGF can be inverted to find the density. A calculation shows that fx(z) = 5 [~ M (it)e~"**dt

where 1 = v/—1.

— Thus, a moment generating function uniquely characterizes a distribution. Thus, if X and Y have
the same MGF, then they have the same CDF'.

e Example: Suppose X is uniformly distributed on [0, 1], then
! 1
M(t) = / edy = E[et —1]
0

e Example: Suppose X has MGF Mx (¢t) and Y = a + bX, where a and b are constants. Then My (t) =
]E(et(a-i-bx)) _ eatE(eth) _ eath(bt).

2.6.2 Moments for vector-valued random variables

e Suppose that X and Y are two scalar random variables with joint cdf Fx y(z,y). The covariance
between X and Y is defined as
oxy =E[(X = ux)(Y — py)]

— You should show that oxy = E(XY) — uxpuy.

— You should that oxy = 0 when X and Y are independent.
e Let a and b denote two constants, and let W = aX + bY. Then

— pw = apx + buy

— o, = d’0% + b?0% + 2aboxy

e These results can be generalized. Suppose X = (X7 X5 --- X))

is the mean vector.

e E(XX') = [E(X,X]/)] is the n x n second moment matrix.

12
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o E[(X — pux)(X —ux)'] = [E((X; — ) (X; — py))] is the n x n covariance matrix.

— 0 = E[(X; — p:)(X; — p5)] is called the covariance between X; and X;.

— The matrix

011 012 **+ Oln
, 021 022 -+ O2pn

E[(X —pux)(X —px)]=E=
Oni On2 Onn

is called the covariance matrix.
— Exercises ... Show:

* Y is a symmetric n X n matrix since o;; = 0;.
* If X; and X; are independent, then o;; = 0.
* L =E(XX')— uxpy .

e Let a denote a n x 1 non-stochastic vector and let Y = o’ X. Denote the mean vector of X as pux and

its covariance matrix as Y x. Then

— py = o' px. (Exercise: Show this)

2

— The variance of Yis 0% = o'Yxa. (Because o7 must be non-negative, this implies ¥ is positive

semi-definite.) (Exercise: Show this)
® pij = Jij/(UiiO'jj)% is the correlation between X; and X.

— [pij] is called the correlation matrix

— Since

Oii  Oij
9ji Ojj

is positive semi-definite, then |V| > 0, which implies U“-ajjzzﬂ so that —1 < p;; < 1.

ij

— If X; and X; are independent, then p;; = 0.

e The moment generating function for X is
Mx (1) = E(e")

where ¢ is a n x 1 vector.

3 Selected Probability Distributions

e Bernoulli: X can take on two values, 0 and 1, f(1) = p and f(0) = 1 —p. Thus, f(z) = p*(1 —p)}~*

for x = {0,1} and f(x) = 0 for all other values of z.

— The parameter p indexes the distribution

— Exercise: Work out MGF and all moments.

13
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e Binomial: Suppose X; , i = 1,...,n are Independent and Identically Distributed (written as .i.d.
or iid) Bernoulli random variables with parameter p. Let Y = > | X;. Then Y has a Binomial

distribution with parameters n and p. Y can take on values 0,1, ...,n. The PDF is

fly) = ( " )p”(l -p)"
y

n n!

is the number of ways that ¢ successes can occur in n outcomes.

where

— Exercise: work out MGF of Y. Use: My (t) = TI7_; Mx, () which follows from (i) (et 2= % = e?X?)

and (ii) independence.

e Poisson: X takes on the values 0,1,2, ... with

This distribution is useful for modeling “successes” that occur over intervals of time. (Customers
walking into a store, changes in Fed Funds Rate, etc.). Let g(z,w) denote the probability that z

successes occur in a period of length w. Suppose

1. g(1,h) = Ah + o(h), where X is a positive constant, h > 0, and o(h) means a term that satisfies
limy,_o[o(h)/h)] =0
(a) olp9(w,h) =o(h)
(b) The number of successes in non-overlapping periods are independent.

When these postulates describe an experiment, then you can show (See Hogg and Craig Section
3.2) that the number of successes over a period of time with length w follows a Poisson distribution

with parameter m = Aw.

— Exercise: You should be able to show the MGF is em(et_l), and that both the mean and

variance are equal to m. (Hint: remember that e* = 377 | LzF.)

3.1 Some Continuous Distributions

e Uniform: f(z) = (b—a)~! for a <x < b and 0 elsewhere. This is written as X ~ U[a, b].
— MGF is
Mx(t) =
e Univariate Normal

— Standard Normal (denoted A/(0, 1)): Standard normal variables play an important role in statistics
and are often denoted by Z. Thus Z ~ A (0,1) means that Z has pdf:

14
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— General Normal (denoted N (u,02)): Let Y = pu+ 0Z where Z is standard normal and o > 0.

Then from the change-of-variables formula

We write Y ~ N (i, 0?).
— MGTF for standard normals:

& 1 1.2 >~ 1 1
= et® e 2% dz = / exp|—=22 + tz]dz
/,oo V2o oo V2T pl 2 ]

= /700 \/%exp[—%{z2 — 2tz}]dz

2 o0
—olg] [ el - 0Pl

— since the integral term =1 (it is the integral of the density of a random variable distributed

N(t,1)).
— Thus, from the MGF
*E(Z)ZO
« B(Z%) =
02 =1
x* B(ZF)=0for k=1,3,5,.
x E(Z%) = 3.

— MGTF for General Normal:

Y = pu+0Z so that My (t) = e"* Mz(ot) = ettt
x A direct calculations yields
CEY)=n
- E(Y?) = 02 + p?, so that Var(Y) = o2
- E[(Y — p)*] =0, for k =1,3,5,...
- E[(Y — )] = 30"

e Chi-Squared Distribution: Let Z;, i = 1,...,n be distributed iid N(0,1) (where iid N denotes
independent and identically distributed normal) and let Y = Y7 | Z2. Then Y; is distributed as a x2

random variable. The parameter n is called the degrees of freedom of the distribution.
e F Distribution: Let Y ~ x2, X ~ x2 and suppose that Y and X are independent. Then

Y/n

Q:m

15
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is distributed F;, ,,. The parameters n and m are called the numerator and denominator degrees of

freedom.

e Students t distribution: Let Z ~ N(0,1) and Y ~ X2 and suppose Z and Y are independent.

Then,
Z

(Y/n)?

is distributed t¢,,. The parameter n is called the degrees of freedom of the distribution.

3.2 Multivariate Normal Distribution

A short digression: some algebra and notation

e Matrix square roots: Suppose % is a positive definite matrix. Then ¥ can be factored as
Y =AA

where A is a matrix square root of ¥.. Often the notation A = X'/2 is used to stress this interpretation,
so that ¥ = ©1/2%1/% Note that £~ = (4’)~' A~! which is sometimes written as ¥~ = X~ 1/#x-1/2
where ©.1/2 = (£1/2)=1 | (Note: A is not unique. This non-uniqueness matters in some applications,

but it will not matter here.)
e Inverse determinants and determinants of inverses, etc.: Recall that |A|~! = |A~!| and that |A| = |A/],

e With ¥ = B1/2%V/% then |¥| = |EV2?| x || = |21/2]2. Similarly [£~1/2|2 = |~ 1| = |S|~!. Thus
=12 = (272

Definition: A p—dimensional random vector X is p—dimensionally normally distributed if the one-dimensional
random variables a’X are normally distributed for all ¢ € R?, where a is non-stochastic and non-zero (See
Rao page 518). It follows from this definition that if X = (X1, Xs, ..., X,)’ is normally distributed, then X;

is normally distributed for i = 1,..,p. (To see this, choose a so it extracts X; from the vector X.)

e Let p and ¥ denote the mean vector and covariance matrix of X. The multivariate normal distribution

is characterized by p and . To see this, note that for any a € RP:
Eld'X]=d'n  and Var[a' X] = a'Xa.

e The moment generating function for X evaluated at a is the moment generating function for a’X
evaluated at ¢ = 1. That is:

My (a) = B’ = My x (1) = e #+1e'>,

and the final equality follows from o’X ~ N(a'p,a’¥a). Because the MGF uniquely defines the
probability distribution, again we see that the pdf for X must only depend on the parameters p and
3.
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e This multivariate normal distribution is typically denoted
X ~N(pX)

or sometimes X ~ N (p, ) to emphasize that X has p elements.

The multivariate normal has a special role in statistics because of the central limit theorem, a result discussed
below. In many applications subsets of elements of X and/or a function of X appears, and it is useful to
characterize the relevant pdf for this function of X. Here I discuss a few results that will prove useful in our
later work. (For a more detailed discussion see C. R. Rao: Linear Statistical Inference and Its Applications
pp. 185-189 and pp. 519-527, and Sections 3.5, 9.1, 9.8 and 9.9 of HMC.)

We will now state a number of results about multivariate normal distributions. Proofs are sketched. (Com-
plete proofs can be found in C. R. Rao: Linear Statistical Inference and Its Applications pp. 185189 and
pp. 519-527 and Section 3.5, 9.1, 9.8 and 9.9 of HMC.)

Theorem A. (Linear functions of X are normally distributed) Let X ~ N, (1, X), let B be a k x p matrix,

and let n denote a k x 1 vector, then

Y =n+ BX ~ Ni(n+ Bu, BEB').
Notes: The proof is straightforward.

Theorem B. (The multivariate normal density) Suppose X ~ N, (u, %) and ¥ has rank p. Then X has
density given by

fx(z) = Wexp{—%(w — )Y Yo —p)}, x€RP.

(2m
Notes: Perhaps the easiest way to see this is as follows. Let Z denote a p-vector of iid N(0,1) random

1,
variables, then you can verify that Mz(a) = My z(1) = e2® ® | which implies that Z is multivariate normal.

(Remember we worked out the MGF for a multivariate normal above.)

p ’
The pdf of Z is fz(2) = [[}_, (\/%7) "3 = (\/%7) e~ 277 where the first equality follows from the
PDF for a standard normal and the independence of the elements of Z. Now let X = pu+ £Y/2Z, and
from Theorem A, X~N(u,Y) . From the change-of-variables formula, the density of X is then fx(z) =

|21/2|_1 fz (2*1/2(:##)), and rearranging yields the formula given above.

Theorem C. (Independent normally distributed random variables have a joint normal distribution.) If
X1~ Np(p1,31) and Xo ~ Ny (p2, X2), and X; and X, are independent, then X = (X1, X3)" ~ Npiq(p, X),

where
Y 0
= i and Y= ! .
M2 0 3
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Proof: Write out the joint density of X = (X] X})" as the product of the densities of X; and X5 and

rearrange.

Theorem D. (Conditional normal distribution). Let X~N,(u, ). Also let X = (X{ X3), pn = (pf pb)’,

% b
and ¥ = " 12 , be the partitions of X, p and 3.
Y91 Yoo

The conditional distribution of X; given X5 = x5 is given by
Xi|Xo =23~ N (,Ul + 219X 00 (2 — p2), B11 — E1222_21221) .
Proof: This is a (tedious) calculation applied to the definition of a conditional distribution. Write:

f (z1) = fxy (w1, m2) (2m) P87 2 exp {~§(z — p)'S 7 (@ — p)}
Al fx,(22) (27)=P2/2| S99 |~ /2 exp {—%(xg — i2)' Yoy (2 — ug)}

where X5 is pox1. Using the partitioned inverse formula:

V-1 —VIE Y5

nt =
N ) DEPR AnE D Vsl § SNED YPPR 7Autd AP Dty

where V = 211 - 2122;21221 and ‘Z| = |222‘ X |V|

Substituting these expressions into fx,|x,(z1) and rearranging yields:

_ 1
lele (z1) = V| 1z (27)71)1/265510 (‘2(551 - M1|2)IV71($1 - ﬂ12)>

with pq)2 = p1 + Y19¥ 05 (2 — p2). The result then follows immediately.

Theorem E. Suppose Xo ~ N (2, X92) and X1|Xs = x5 ~ N (A + Bzs, Q) for all values of x5 and where
A, B, and Q are constants. Then X = (X{ X/)’ has a multivariate normal distribution.
Proof: The joint distribution is

le,Xz (9017 562) = fxl\xzzng2 ($1 |$2)fx2 (£C2)

Write these out, carry out the multiplication and you will discover that
X4 N A+ Bus BY9B'+ Q) BXas
Xo M2 7 Yoo B’ Yoo
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Theorem F. (Sums of independent normals) If X7 ~ N, (1, %1) and Xo ~ N, (u2, X2), and X7 and X, are
independent, then
X1+ Xo ~ N(pa + po, X1 + 32).

Proof: Immediate.

Let X ~ N, (1, 5). Also let X = (X}, X3)', p= (i}, up)', and

by by
5 11 12

o1 Moo
be the partitions of X, p and ¥ such that X; and p; are k—dimensional and X7 is a k X k matrix, then
Theorems G and H hold:
Theorem G. The marginal distribution of X7 is Ny (u1,211).
Theorem H. (For a normal, a zero correlation implies independence) If Y15 = 0 then X; and X, are
independent.
Proof: Write out the joint distribution and you can see that it factors appropriately.
Theorem I. (Characterizing independence of linear combinations of normal variables) If X ~ N, (u, %), B
is a p X k matrix, and C is a p X m matrix, then B’X and C’'X are independent if and only if B’X.C = 0.

Proof: Note the B’X and C’'X are jointly normally distributed with covariance B’X.C = 0.

Quadratic forms of normal random vectors:

The quantity Y'AY is called a quadratic form. Without loss of generality, assume that A is symmetric.
(This follows since Y’AY = Y’A'Y so that Y'AY = Y'BY with B = 1(A+ A’). ) In all of the quadratic

forms discussed below, assume that the matrix in the middle is symmetric.

There are many useful theorems on the distribution of quadratic forms. We will discuss a few. They rely on
the following sets of results: Suppose Z;~iid N(0,1) random variables for i = 1,...,n. Then we know a few

things:

e First: > ! | Z?~x?2. This can be written in another way: let Z denote the nx1 vector (Z1, Zs,..Zy,)’,
then Y1 | Z2 = Z'Z~x2.

e Second: Suppose we partition Z into its first ny elements and last no elements: Z =

Zl:n1
Zn1+1:n

Then we know
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— Zi.pn, is independent of Z,,, 110
— AZj.,, is normally distributed
- Z7/11+1:nZn1+1:nNX312
— AZy.p, and Z;, 1., Zn, 41 are independent.
e Third: Suppose P is a n X m matrix with orthonormal columns, that is P'P = I,,. Then
— P'Z is normally distributed
— P'Z ~ N(0,1,,) so that the elements of P'Z are m iid N'(0,1) random variables
— Letting Y = P'Z, then Y'Y ~x2, and rewriting this Y'Y = Z'PP'Z~2,

Now, a few results:

Theorem J. If X~N, (i, ) where ¥ has rank p, then (X — ) S7H(X — p)~x3.

Notes: Write Z = $~1/2(X-u). Note that Z~N(0,1,). Then (X — p)'S™ X — p) = Z'Z ~ x2 follows
directly.

Theorem K. (Quadratic forms around idempotent matrices) Let M denote an idempotent pxp matrix with

rank k, then Z "M Z~3.

Notes: Write M = PAP’, where A contains the eigenvalues of M on the diagonal and the rows of P are the

orthonormal eigenvectors. Because M is idempotent we can write

I, 0O
0 O

It

_ /
| = PP

M=[P P]

Thus Z'MZ =Y'Y where Y = P{Z, and the result follows from Y ~N(0, P{P;), where P{P; = I,.

Theorem L: Let X = PZ and Q = Z'AZ, where PA = 0, then X and Q are independent.

Notes: Suppose Z is px1, A is pxp with rank m, and P is gxp. Because A is symmetric, it can be
decomposed as A = GAG’, where G is a p X m matrix with full column rank and A is a diagonal matrix
with the non-zero eigenvalues of A on the diagonal. Let Y = G'Z. Then Z'AZ = Y'AY. Note that (Y X'
are multivariate normal, with Cov(X,Y) = PG. But PA = PGAG’ = 0. This implies PGAG'G = 0, so

PG =0 (because AG’'G is non-singular). Because X and Y have covariance zero, they are independent.

Theorem M : Let Q1 = Z "A1Z and Qo = Z "AyZ, where A1 A3 = 0. Then @)1 and @5 are independent.

Notes: Same idea as Theorem K.

Exercise: Let Y;, for i = 1,...,n be distributed iid N'(u,0%). Let Y = L 3™ ¥, and s> = 2 3" (V; —
Y)2. Show
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L () % ~ N(0,1)

1
(ii) (n—1)s*/0~x3 4

3. (iii) Yand s? are independent.
) | e =05 s ] - T
) [/ [(050) s - )] = T

where t,,_1 is the Student’s ¢ distribution with n — 1 degrees of freedom.

o

N

Solution: Let

e V)., denote the nx1 vector (Y1,Ys,...,Y,)’

e [ denote an nx1 vector of 1s.
Note:

e From Theorem C: Y7.,~N,, (i, 0%1).

o Let Z1., = (Y1.n, — pl)/o. Then Zy.,~N,(0,I) follows from Theorem A. Rearranging yields Y7.,, =
lw+0Zy.p .

To show (1):

o Write Y = AY;.,,with A = (I'l)~'I'.

e From Theorem A: Y ~N(Alp,02AIA"). But Al =1 and AA’ =n~1, so Y~N(p,0%/n)
To show (2):

o Y (Yi—Y)? = (Yiin — Y1) (Yis — Y).
o Y., — 1Y = MYy, with M = I-(I'l) 'I'.

e MY1., = M(ul+0Zy.,) = oM Zy.,, because M1 = 0.

02V —IY) (Y1 = 1Y) = Z1.n M Z1.y~x2 (v) Where the results follows from Theorem K.

rank

The result (2) follows by noting that rank(M) = trace(M) = trace(l,,~(I'l)"1l) = n — trace[l(I'l) *l]=
n — trace[(I'l) "'l =n — 1.

To show (3);

e s2=02(n—-1)"'21.,MZy.,
° S7’Z:14}3:n = Ml'+'014231:n

e The results follows from Theorem L after noting the M A = 0.

Result (4) follows directly from (1)-(3).
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4 Some Useful Inequalities

4.1 Jensen’s inequality

Jensen’s inequality: Let h(e) be a convex function and X a random variable. Then E[h(X)]|>h(E(X)).

Proof: Recall that if the function h is convex, then for any value g, there is a line through (h(zg), z¢) such
that h(z) is never below the line. Equivalently, for any xq, there is a constant a, such that h(z)>h(z¢) +

a(x—xg) for all z.
e Set zg = E(X), then

= E[R(X)]ZE (h(z0) + a(X -x0)) = M(E(X)) + aE(X — E(X)) = h(E(X)).

If h is concave, E[A(X)]<h(E(X)), by an analogous argument.

Example: E(Y*4)>[E(Y?)]?, so that E(Y*)<oco implies that E(Y?)<oo. (This follows from Jensen’s inequality
with X = Y2 and A(X) = X2).

4.2 Chebyshev’s inequality

Chebyshev’s inequality: Let ¢>0, then P(|X| > ¢)<E(X?)/e%.

Proof:

E(X?) = /OO 2 f(z)dx

= /_6 2?2 f(x)dx + /E 2?2 f(x)dx + /OO 22 f(z)dx
> /_€ 2?2 f(x)dx + /OO 2?2 f(x)dx

> /_6 Ef()dx + /OO e f (2)dx

= EP(IX|> )

and rearranging yields the result.

e The following result, called Markov’s inequality, follows from an analogous argument. Let € > 0, then
P(1X] > ) <E(|X|")/e".
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5 Large Sample Theory

5.1 Convergent sequences of non-stochastic variables

e Let {X,} denote a sequence of non-stochastic variables. Then we say X, has a limit X if, for any
€ > 0 there is a number N (which may depend on €, so write it as N(¢)), such that | X,, — X| < € for
all n > N(e). This is written as

lim X, =X

n— oo

or X, —» X.

5.2 Convergent sequences of random variables

We need to discuss convergence of random sequences, {X,,} to the random limit X. With random sequences,
one can’t be sure that | X, — X| < e because of randomness in X,, and X. There are a variety of ways to

handle this randomness, leading to different notions of convergence for random sequences.

Recall that a random variable is a mapping from the sample space, ) to the real line. So, we can write
the random variable as X,,(w), where the randomness depends on the outcome, w. Write the sequence as
{X,(w)} and we want to know if this sequence of random variables converges to a random variable, say

X (w). There are a variety of notions of convergence, and they are discussed in turn.

5.2.1 Almost sure convergence

For a given w we can ask whether lim,,_, . X (w) = X (w) using the standard definition of a limit. If the set
of w for which this limit obtains has probability 1 then we say X,,(w) converges to X (w) almost surely (or

with probability 1). This is written as
X, 2% X if P{w| lim X, (w) = X(w)} = 1.
n—oo

5.2.2 Convergence in Probability

For any € > 0 we can calculate p,(e) = P(|X,, — X|>¢). If for any value of €>0, the associated {p,(¢)}

sequence converges to 0, then we say that X,, converges in probability to X.
X, % X if for any € > 0, lim p,(e) = 0.
n—oo

This is sometimes written as plimX,, = X.
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5.2.3 Mean Square convergence

Let ms, = E(X, — X)2 denote the mean squared deviation of X,, from X. Then X,, converges to X in

mean square if lim, . ms, = 0. This sometimes written as

X, ™5 X if lim E[(X, — X)*] =0.

n—oo

5.2.4 Weak Convergence (Convergence in Distribution)

Suppose Fx, (z) is the CDF for X,, and Fx(x) is the CDF for X, both evaluated at z. Then, in the limit
X, will have the same CDF as X if the function Fx, converges to F'x. This notion of convergence is called

weak convergence, or convergence in Distribution or convergence in Law. It is written as

X, = X (or X,"5X) if lim Fx,(z) = Fx ()
n—oo

for all values of z where Fx(.) is continuous.

To see the implication of restricting the definition to points of continuity of Fx, consider the following
example. Suppose X,, = 1/n with probability 1 and X = 0 with probability 1. Then Fx, (z) =1 (x > %),
while Fx(x) = 1(z>0) . Thus Fx, (0) = 0 for all n, while Fx(0) = 1. Yet, X,, is getting close to X, so that
for all probability statements about values other than z = 0, Fx (x) is well approximated by F'x(x) when

n is large. In this sense, X,, = X.

The following are alternative equivalent ways to characterize weak convergence:

X, = X if

lim Fx, (z) = Fx(z)

n—oo

for all values of z where Fx(.) is continuous, or

E(9(Xn))=E(g(X))

for any continuous bounded function g.
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5.2.5 Vector-valued random variables

If X, is a vector, then X,, =2 X if each element of X,, converges a.s. to the corresponding element of X.
Convergence in probability and mean square convergence is defined analogously. X, =X if the joint CDF of
X, converges to the joint CDF of X.

As it turns out, convergence in distribution obtains when a’ X,,=a’X for arbitrary non-stochastic vector a.
This result is known as the Crameér-Wold device. We'll see a version of this following the univariate central

limit theorem shown below.

5.2.6 Relationship between the modes of convergence

o If X, ™ X then X, > X.

— Using the fact that probabilities are non-negative, Chebychev’s inequality, and convergence in
mean square: 0 < P(|X,, — X|>¢)<E(X,, — X)?/e2 — 0. So E(X,, — X)? — 0 implies that
P(| X, — X|>¢) — 0.

o If X, “3 X then X,, & X
To prove this we need to show that for any ¢ > 0 and 6 > 0 3 N(e, ) such that P(w | | X, (w) —
X(w)| > ¢e) < § for n > N. For each w with lim,_,o X,(w) = X(w) we can find a N(g,w)such
that | X, (w) — X(w)| < € for all n > N(g,w). Let N(g,d) be the largest of these values such that
Plw | | Xpn(w)— X(w)| < &) >1-=4, for all n > N(e,d). (The existence of this value of N is guaranteed
by the condition that P{w]|lim, o X,(w) = X(w)} = 1). Then P(w | | X, (w) — X(w)| > €) < § for
all n > N as required.

o If X,, & X does not imply that X, ©5 X. (See Amemiya, page 88 for a counterexample)
o If X, & X then X, = X. (The proof is in Rao, page 122, result ix)

e Note: X,, = X does not imply that X,, = X. (Think about the definitions.)

5.3 Slutsky’s Theorem and the Continuous Mapping Theorem

e Slutsky’s theorem (Rao page 122)
— X, = X and Y,, & 0 implies X,,Y;,, 5 0
— Let ¢ be a constant and suppose X, = X and Y,, 2 ¢

* X, +Y,=X+c
x X,Y, = Xc
* X, /Y, = X/e,if c£0
~If (X, -Y,) B 0and Y, = Y, then X, = Y

e Continuous Mapping Theorem (Rao, page 124)
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— Let g(.) be a continuous function, then
* X, = X implies that g(X,) = g(X)
* X, 5 X implies that g(X,) 2 g(X)
« If (X, — Y,) B 0and Y, = Y, then g(X,) — g(¥,) 2 0.

5.4 O, and o, notation

Sometimes expressions contain many different sequences of random variables and order of magnitude notation

is useful to keep track of which terms are most important.

A quick review from your first calculus course: Let {a,}32; and {g,}22; denote two sequences of real
numbers. Recall that

an = o(gy) if lim L

n—oo gTL

and

Qn

In

an = O(gy) if 3 a number M < oo such that < M foralln

Similar notation is used for sequences of random variables. Suppose that {a,}22 is a sequence of random

variables, then

. a
Gn = Op(gn) if =
n

Ny

and
an = Op(gy) if for any € > 0, 3 a number M such that P (

Qn
n

<M> > 1 — € for all n.

Let {f»} and {g,} be sequences of real numbers and let {X,,} and {Y¥,,} be sequences of random variables.

You can verify the following:

o If X,, =0,(fn) and Y,, = 0,(gn), then

= Xo Yo = 0p(fngn)
* | Xp]® =o0p(f) for s >0
x X, +Y, = op(max{fn,gn})
— If X,, = O,(fn) and Y,, = Op(gy,), then
* XnYn = Op(fngn)
* | Xp|® = Op(f5) for s >0
* X, +Y, =O0p(max{fn,gn})
- If X,, = 0,(fn) and Y;, = O,(gy), then

* Xn}/n = Op(fngn)
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5.5 Law of Large Numbers
5.5.1 The sample mean

Let Xi, X2, ... be a sequence of random variables with E(X;) = u and Var(X;) = 02, and Cov(X;, X;) =0
for i#j. The sample mean is X = % >, X;. Note that

E(X) = p and Var(X) = 02/n .

If X; are i.i.d.N(u,0?), then X ~ N(u,02/n) . If X; are not normally distributed, then the distribution of
X is not normally distributed.

Laws of large numbers (LLN) and central limit theorems (CLT) yield large-sample approximations to the

behavior of X. Specifically, LLN yields the approximation

X~pu

— 0‘2
XiNQ&)
n

even when the X; random variables are not normally distributed. The notation “~” means “approximately
distributed”.

and CLT yields the approximation

5.5.2 A weak law of large numbers

Let Xi, X2, ... be a sequence of random variables with E(X;) = pu and Var(X;) = 02, and Cov(X;, X;) =0
for i#j. Then X 5 p.

Proof:

B(X — > o) < 2 _ S0

where the first inequality follows from Chebyshev’s inequality.

Ezercise: (A straightforward extension) Let X1, X5, ... be a sequence of random variables with E(X;) = y;
and Var(X;) = o2, and Cov(X;,X;) = 0 for i#j. . Let 52 = n~ !> " 02 and 1 = n~ 'Y | p; with
lim,, 0o n @2 = 0. Then X — i 2 0.

5.5.3 A strong law of large numbers

If X1, Xo,... are d.i.d. with E(X) = u < oo, then X %3 y1. (Proof: Rao, pages 114-115)
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5.6 Central Limit Theorem
5.6.1 A CLT based on the moment generating function

Lemma (Continuity Theorem): Let Y, be a sequence of random variables with moment generating
function M, (t) that exist for some interval ¢t € (—h,h), with h>0. Let M (¢) be the moment generating
function of the random variable Y, which also exists on (—h, h). If lim,,_,, M, (t) = M(t) for all te(—h,h),
then Y, =Y.

A Central Limit Theorem: Let X1, Xo,... denote a sequence of i.i.d. random variables with E(X;) =0
and Var(X;) = 1 and MGF Mx (t) that exists for t€(—h, h) for some h>0. Then ﬁ S Xi=Z~N(0,1).

(Note: This theorem assumes the existence of the MGF. A related CLT, but without this restriction, is

presented in the next subsection.)
Proof: Note, the first two moments of X imply that M% (0) = E(X) = 0 and M¥%(0) = E(X?) = 1. And,

using a mean value expansion:

1
2

1

Mx (t) = Mx(0) + tM%(0) + 5

MY (1) =14 > MY (1)

where 7 is between 0 and ¢. Because MY (t) is continuous, lim;_,o M% (1) = M%(0) = 1.

Let Z, = ﬁ >i, X, then from the properties of MGFs:

Mg, (t) = [Mx(t/vn)]"

142 "
= {1 + QHMSQ(Tn)]

where 7, is between 0 and t/y/n.

Recall that if lim,, ... a, = a, then lim,, ., (1 + %)n — el

Thus .
. . 1, 1,
lim Mgz, (t) = lim |1 + 3 — My (mn)| =e2".
n

n—oo n— oo

(Here, 2t>My/(7,,) = a,, in the expression above and lim,_,o 2t2 M7/ (1,,) = 3t2.)

The result of the theorem follows from noting that e3t” is the mgf of a standard normal.

Corollary: Let Y7, Y5, ... denote a sequence of 4.7.d. random with mean p, variance o2 and MGF that exists
for te(—h, h) for some h>0. Then /n(Y — p) = 0 Z~N(0,0?).

Proof: Let X; = Y=  and note that X; satisfies the assumption of the CLT. Note /n(Y —pu) = Uﬁ S X

o

and the result follows directly.
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5.6.2 A CLT based on the characteristic function

Characteristic Function (Rao, page 99-108):

Consider a random variable X with CDF F(z). The characteristic function of X, denoted C(t), is given by
C(t) = E(e™™) = /eimdF(:z:)
where i = y/—1. Thus, C (t) = M (it). This change is useful because
e'® = cos(x) 4 isin(x)

so that [e®®| = 1for all z. This means that C(t) will always exists, while M (t) exists only for certain

distributions.

Some useful results:

1. Let o, = E(X"), which is assumed to exist. Then

drc( ) _ ztw :
e =1 / dF(x) exists

2. Suppose «;. exists, then expanding C(t) in a Taylor Series expansion about C'(0) yields:
)+ Z )+ o

and C(0) =

3. Let ¢(t) = In(C(t)), then if o, exists

4. If X ~ N(p,0?), then C(t) = M(it) = explity — %] and thus ko = 0, k1 = p, ke = 0%, k; =0 for

5. Let Z = X+Y, where X and Y are independent, then Cz(t) = Cx (t)Cy (t) and ¢z (t) = ¢px (t)+ oy (2).
6. Let Z=0X, where dis a constant. Then Cy(t) = Cx (dt)

7. There is a 1-to-1 relation between F'(x)and C(t)

29



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

8. Let C,(t) denote the CF of X,, and C(t)denote the CF of X. If X,, = X, then C,(t) — C(t) for all ¢.
Moreover, if Cy,(t) — C(¢) for all ¢t and if C(t)is continuous at ¢t = 0, then X,, = X.

(Lindberg-Levy CLT): Let X, X, ... denote a sequence of #id random variables with E(X;) = p and
Var(X;) =02 #0. Let X,, =n~'>"" | X;. Then

5

(Y” - .u) = N(Oa 1)

Proof (this parallels the proof using the MGF):

Let Z,, = @(Yn — ) = Z?d()f/i?::)' Since E(X:£) = 0 and Var(¥:£) = 1, the log-CF of X4 is

o(t) = 57 +0(%)

so that Z,, has log-CF

n

2.0)= 3 |- (= + Ol 1=

i=1

t3 1,

12

which is the log-CF of a N(0,1) random variable. Since —¢? is continuous at t =0, Z,, = Z ~ N(0,1).

5.6.3 Numerical Example

Suppose that X; are iid Bernoulli random variables with parameter p. Then E(X) = p and Var(X) = p(1—p).
The CLT says that

(X —p)
Vi —pyiz = N

which implies that for large n

(Y —p) e
\/ﬁ(p(l —p))'/? N (1)

where “~” means “approximately distributed as”. Thus

X 2N, 22

Suppose p = 0.25 and n = 100 then P(X < .20)=P(Y < 20) where Y = Zjﬂﬂ X; is distributed binomial
with n = 100 and p = .25. A direct calculation shows: P(Y < 20) = .14. The normal approximation gives
X — .25 20 — .25 )

.2516675)1/2 — (.251é675)1/2

P(X < .20):P<(

P(Z < —1.155) = .12;
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5.6.4 Multivariate CLT

Suppose X;~iid(u,¥). Then /n(X — p) = N(0,3) .
Sketch of proof: (We’'ll use the Cramer-Wold device discussed earlier).

Let Y, = /n (X — ) , with MGF, My, (t). The goal is the show that My, (t) — e'>*/2, the MGF for a
N(0,%) random variable.

Note that My (t) = E(et'Yr) = E(e”l/z Ein (W X—t'u))

But ('X; — ' p)~iid(0,t'St), so the proof to the univariate CLT shows My, (t) = My, (1) — e¥'>t/2,

5.7 The §/-method

Let U,, denote a sequence of scalar random variables, and let V,, = v/n(U,, — a), where a is a constant. Let

g(.) be a continuously differentiable function. Suppose V;, = V ~ N(0,02). Then

Vilg(Un) — g(@) = LDy _ p (0, E 02>.

da da

Proof: By the mean value theorem

dg ( ﬁn )
da

9(Un) = g(a) + (Un — a)

where U, is between a and U,. Since V,, = V ~ N(0,0?), then n~zV, %0 (by Slutsky’s them) so that
U, % a. Since dg(.)/da is continuous dg(U,)/da 2 dg(a)/da (by the continuous mapping theorem). Thus

Vi(g(Uy) = g(a)) = [Va(Uy — )] [dg(Tn) /da] = V [dg(a)/da] ~ N (07 [di(j)} 02>
by Slutsky’s theorem.

e A similar result holds for vectors. Let U,, denote a sequence of random vectors, and let V,, = /n(U,—a),
where a is a constant vector. Let g(.) be a continuously differentiable function. Suppose V,, = V
~ N(0,%). Then

An example: Suppose X; is distributed #dN(2,1) for i = 1,...,n. Then we know
X~ N2 )
‘n
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or

V(X —2) ~N(0,1)

Let Y = YQ.

In the §-method, let U, = X, a =2, g(U,) =Y = X27 and g(a) = a? = 4. Then the delta-method implies
V(Y = 2%) ~ N(0,(4)%)

Suppose n = 100 and we want to know P(Y < 3.7). Using the properties of normal random variables, an
exact calculation yields
P(Y <3.7) = .22.

The delta-method approximation yields
Y -4 3.7—-4
3.7) =P <
) ((16/100)1/2 - (16/100)1/2)
= P(Z<-.75)=.23

P(Y

IN

6 Estimators

6.1 Background and Examples

Let Y denote an n x 1 vector of observations randomly sampled from a population. Because of random
sampling, Y is a random variable. Denote the CDF of Y by F'(y, 6), where 0 is a parameter that characterizes
the CDF. An estimator is a procedure for using the observed Y to guess the value of 6. Let g(.) denote the

“guessing” function.
That is, let § = g(Y) denote an estimator of . The realization of an estimator is an estimate.

Ezxample: Method of Moments Estimators find 6 so that sample moments of Y match the population

moments of Y.

Let Y; ,i=1,2,...,n be scalar i.i.d.N(u,0?) random variables. Then E(Y;) = u and E[(Y; — p)?] = o2

The method-of-moment estimators of p and o2 are
n
f=n"'> Yiand6? =n""> (V; — )
i=1 i=1
which use sample moments as estimators of corresponding population moments.

Because Y is random, the value of §(Y) is random. The mean of 6 is E(d) and the variance is Var(d) =

E [(é - E(é))Q] , where the expectation is computed over Y, or equivalently over the values of 6.
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An estimator is said to be unbiased if E(f) = 6. The bias in the estimator is defined as

Bias(f) = E(6) — 6.

A natural question is what constitutes a “good” estimator. One way to answer this question is to define a
Loss Function, say L(é7 0) which shows the loss that occurs when 0 is used when taking some action, when,
in fact, the true value of the parameter is . (Think of Loss as the negative of utility). Good estimators are
estimators that make expected loss as small as possible. (This is analogue of choosing the estimator that
maximizes expected utility.) We will discuss this more formally in a later section (as an introduction to our

discussion of Bayes methods), for now we focus on a special case:

L(0,0) = (0 — 0)? = quadratic loss
which is called quadratic loss. Expected quadratic loss is mean squared error:
E (L(é, 9)) —E ((é - 9)2) = mse(d)
where the expectation is taken over Y.

A convenient decomposition for mse is obtained by writing (8 — 8) = [0 — E(8)] + [E(f) — )], so that
E ((é - 0)2) - E {(9 - E(é)ﬂ + (E(é) - 9)2 +2xE {(é - E(é)) (E(é) - 9)}
— Var(d) + [Bias(é)] :
noting that the final term vanishes because E[f — E(§)] = 0.

Thus for an unbiased estimator, mse(d) = Var(f).

Y.

e Exercise: Y; is i.i.d. (u, 1). Consider the estimator i1 =Y and fio = %

— Derive mse(j11) and mse(fiz).

— Which is estimator has the lowest mse?

A final bit of jargon: An estimator is said to be consistent if

0L

6.2 The Likelihood Function

An important tool for statistical inference is the Likelihood Function. Suppose that the random variable Y
has probability density functionf(y|f), where the notation makes it clear that the pdf depends on 0. The
likelihood function is

L(0,Y)= f(Y]0).
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This is the density of Y evaluated at y = Y. Because the density is evaluated at a random point, £(6,Y") is

random. When viewed as a function of 6, £(6,Y") is a random function.

It is useful to derive a few identities involving the likelihood function. For simplicity, suppose 6 is a scalar.

e Because f(y|f) is a pdf
1= [ ftwlo)ay

— Differentiating both sides, and assuming the support of Y does not depend on 6

_ [0fwlo)
0_/739 dy

— Let
_ 9l f(ylo) 1 9f(ylo)

5(6,y) 0 f(ylo) a0

which is called a Score function. (When I want to emphasize dependence of this function on 6
I will write the function as S(#).)

— Note
of (ylo)
tolv}

=5(0,y) x f(ylo)
so that

0= /%da@ = /5(9,y)f(yl9)dy —E[S(0,Y)).

Evidently the Score function has an expected value of 0. (Note the randomness in the score

function comes from evaluating the function at the random value Y.)

e Differentiating again, yields:

o:/85(97y)f(y\9)dy+/S(H»y)2f(yl9)dy

00
— So that
_E {‘95599975/)] = E[S(0,Y)?] = Var [S(6,Y))]
~ Let

00 062

which is called the Information.

76) = -&| 20| - & (WW

) =E[S(0,Y)?] = Var[S(0,Y)]

6.2.1 The Cramer-Rao inequality and unbiased estimators

Let = g(Y) denote an unbiased estimator of §. Then

- / o(0) (u16)dy
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Differentiating both sides with respect to 8 yields:

1= /g(y)%dy: /g(y)S(Q,y)f(yW)dy

with § = g(Y) this implies

E [é x sw,yﬂ = Cov[d, S(6,Y)] = 1

where the first equality holds because E(S(Y,6)) = 0.
But, for any two random variables, say U and V, Var(U) x Var(V) > [Cov(U, V)]>. Thus
Var(f) x Var (S(0,Y)) > 1

This yields

Var() > =7(6)"

Var (S5(6,Y))

which is the Cramer-Rao inequality.

6.2.2 Extensions to vector valued 6

Analogous results obtain when 6 is a k x 1 vector:

e S(0,Y)is a k x 1 score vector with E(S(6,Y)) =0

— Var(S(0,Y)) =E(S(0,Y)S(0,Y)) = —E(%) = Z(#) which is the k x k& Information matrix
— If § is an unbiased estimator, then E[(§—8)(8—6)] > Z(6)~. (Where > means that the difference

between the lhs and rhs matrices is positive semi-definite.)

6.3 Maximum Likelihood Estimators

o Let Y7,Y5,..., Y, be iid, each with density f(y|6). Then write the likelihood as

L,(0) = Hf(mw)

where I supressed its dependence on Y for convenience.

o Let
Ln(0) = In(Ln(0))

denote the log-likelihood function.
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e Suppose that 6 is a k x 1 vector and let

0 (6) = alnjé'gﬂ&)

and
n

Sa() = si(9)

i=1
denote the Score. (Note that these functions are evaluated at the random value Y. For notational

simplicity T write s;(8) instead of s;(8,Y;), etc.)

o Let 95:(6)
Si
7(0) = ~E(Z5T) = B(si(0)s:(6)),
denote the information in the i*” observation. Note that this does not depend on i when Y; are iid.
Also,

E(S,(0)S,(0)) = var S,,(0) = nZ(6)
because the observations are iid.

o Let é\mle solve
max L,(0)

or equivalently solve maxy £, (0).

e Notation: In this formulation € is the argument of the function. To highlight the ’true’ value of 6 that
describes the pdf of Y, denote this true value by 6. (Note, the arguments above about the properties
of 5(0), Z(0) were for 0 = 6y.)

e Some asymptotic properties of MLEs
Given a set of “regularity” conditions:
é\mle £> 60

and
Z(0,)"* /(e — 00) = N(0,1)

so that
é\mle < N(007n711(90)71)'

e These results say that the MLE is

— Consistent
— Approximately normal

— Achieve Cramer-Rao lower bound.

Let me now sketch the proof to these results: (for simplicity assuming 6 is a scalar)

Sketch of consistency proof under iid sampling:
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Let
C(0) = Eg, [In(f(Y']0)) — In(f(Y[60))]

where 6y is the true value of § and Ey, means taking the expected value using the density f(y|6o).
Let’s show that C'(6) <0
To see this, note that

fY]0)
f(Y,|6o)

fY16)
f(¥100)

Eg, In| ] <InEy,[ ]=In(1)=0

where the first inequality follows from Jensen’s inequality since the log function is concave.

Clearly then C(#) is maximized at § = 6,. When this maximum is unique, that is, when C(#) < 0 for 6 # 6,
then we say that the parameter 6 is identified when 6 = 6, (or, more simply 6, is identified).

To complete the discussion of consistency, assume that C(0) < 0 for 6 # 6, and that

n=1y {In(£(Yil0)) — In(f(Yil6o))} & C(6)

uniformly in 6. (This is Uniform LLN result — see Gallant, A. R. (1997), An Introduction to Econometric
Theory, Princeton University Press., page 135). Thus the maximizer of C,,(#) converges to the maximizer of
C(0), which we just showed was 6,. Thus the maximizer of n=1 3" In(f(Y;,6)) = n=1L,(#) converges to 6.
This means that the MLE is consistent.

Sketch of Asymptotic Normality:

e First

3

;ﬁ Z (8y) = N0, Z(60))

follows immediately from applying the CLT to n='/2 3" s;(6p).

— Next -
05,(0)
tolv}

Sn (é\mle) - Sn (90) + (é\mle - 00)

where 6 is between 0y and Gmle Since S, (0 mle) =0,

105,@)] " 1
n 00 [

\/ﬁ(é\mle - 90) = [_

Also,

185 _ 1 i ds;(0) » ~ 9si(fo)
n n ~ 00

(uniform LLN, CMT, Counsistency of é\mle).
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— Thus
V(O — 00) 5 N(0,Z(6p) ")

by Slutsky’s Theorem.

— These results also hold for vector é\mle and vector values S, (), etc.

6.3.1 Examples (to be worked out in class)
e iid N'(p,0?)
e Binomial (n,p)

e Uniform [0, 6]

6.4 Method of Moment Estimators
Suppose Y;,i = 1,...,n is a sequence of iid(p, X) random [ X 1 vectors.

e The method of moments estimator of p is
ﬁmm = nil Z Y;.
From the LLN and CLT, we have
Fimm =5 p
and
Vi — 1) = N (0, %),

Notice that the estimator can be constructed and these properties obtained without knowing very much
about the probability distribution of Y.

e Now suppose that u = h(6,) where pisl x 1, 6, is k x 1 with k¥ < I. Our goal is the estimate 6,. A

Method of Moments estimator can be obtained by solving
mein Jn(0)

where

50 = =3V ho)]

i—1 %

3
S|

(Yi — h(6))]
—1

= (Y = h(0))'(Y = h(0))

Let §mm denote the method of moments estimator. The properties of é\mm can be derived in a way

that parallels the discussion of the maximum likelihood estimator.

— Consistency follows by arguing that J,,(0) — J(0) and that J(6) is minimized at 0 = 6,.

38



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

— Asymptotic normality is proved using the following steps

1. (Asymptotic normality of gradient) Show the gradient evaluated at 6, satisfies a CLT.

The gradient is
97 (9)

9u(6) = Z50% = 2|2V — h(6)

so that

Vgn(8,) = —2[6};(:,")}’[\/5(? —h(0,))] = N (0, 4 [8’3(99;’)} s [a]é(;,")b

2. (Mean value expansion) Linearize gn(gmm) around gy, (0,) and solve for §mm.

N 9gn(0) ~
In(Omm) = gn(6o) + 80(, )(0m7rz —0,)
where 6 is between 0, and 0.
3. (Asymptotic behavior of Hessian) Show

00’

where

o ) [

a constant, non-singular matrix.

3?9(/0) _9 [825))] , {agé/e)} (6T — h(0))

where m,,(0) denotes the derivatives of Oh(6)/00" with respect to 6. Evaluating this expres-

sion at 6 = 6, the second term vanishes in probability and the first term is 2H.

4. (Rearrange and use Slutsky’s theorem) Write

V1O, — 0,) = [6959(,9)] [Vngn(0,)] = N ((),H—1 [a};(;/")] ¥ {825)} H—1>

so that
6m,m ~ N(em Vn)

where

- (5[5

7 Suflicient Statistics

A key task in statistics is data reduction, by which I mean summarizing the information in a large data
set using a small number of “statistics” (functions of the data). A useful concept in this regard is a suf-

ficient statistic. Loosely speaking, if 6 is an unknown parameter characterizing the probability density of
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(Y1,Ya,...,Y,), then a statistic S(Y7,Ya,...,Y,) is sufficient for 0, if S(Y1,Ys,...,Y;) summarizes all of the
information in (Y7,Ys,...,Y,) about 8. Thus, if interest focuses on the value of 6, one only needs to retain
the statistic S(Y7,Ya,...,Y},), and the rest of the data can be discarded.

To formalize this, let Y = (Y31,Y3,...,Y,,) ” denote the vector of random variables under study, and S(Y)
denote a statistic. Write the pdf of Y asfy (y|6), the pdf of S as fs(s|f) and the conditional pdf of Y given
S = s as fy|s(yls,0), where each has been written to emphasize that the density depends on ¢. The statistic
S'is sufficient if fy|s(yls,0) = fy|s(yls), that is the conditional density of ¥ given S does not depend on 6.

Two examples:

e Suppose Y7 and Y are #id Bernoulli random variables with P(Y; = 1) = 6. Let S = Y; + Y3, and note
that S can take on the values 0, 1, or 2. If S =0, then Y1 = Y2 = 0, so P({0,0}|S = 0) = 1; similarly
it S=2,thenY) =Y, =1,s0 P({1,1}|S =2) = 1. If S =1, then one of Y; or Y5 is equal to 1 and the
other is equal to 0, with both events being equally likely, thus P({0,1}|S = 1) = P({1,0}|S = 1) = 0.5.

In all of these cases P(y|S = s) does not depend on the value of 8, so S is a sufficient statistic.

e Suppose Y;~iid N(p,1), for i = 1,...,n. Equivalently Y~N (lu, I,,), where [ is an nx1 vector of 1’s.
Let S(Y) =Y =n~13"" | Y; denote the sample mean. Using the conditional normal formula, the pdf
of Y|S is normal with mean vector I+ 1x(n=t/n=1)(Y—pu) = 1Y, and covariance matrix I, — n=1Il".

Because this conditional distribution does not depend on pu, Y is sufficient for .

7.1 2 useful results for Sufficient Statistics

Factorization Theorem: Let fy(y|f) denote the density of Y. Then S is sufficient for 6 if and only if
fy (y|@) can be factored as fy (y|6) = h(y)g(s|f), where h(.) does not depend on 6. (The proof is straight-
forward, and you can see it in the HCM textbook).

This theorem is useful for two reasons:

e As amechanical matter it provides another way to check that a candidate S is sufficient. For example, in
the Y;~iidN(p, 1) example, the pdf fy (y|u) is proportional to exp [—% >0 (y; — p)?], but Y0 (i —
w? =" [y —Y)+ (Y = u)]2 =31 (yi — Y)?> 4+ n(Y — p)? so that the pdf factors as required,
thus showing that Y is sufficient for p.

e Because fy(Y]0) = h(Y)g(S|0) is the likelihood, any likelihood inference will be based on g(S]0) and
only involve the data through the sufficient statistic. Thus, for example, the MLE of 0 is

o(Y) = argméixf(YW) = arg mélxg(S\H) =0(9).
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Rao-Blackwell Theorem:

Background: Suppose Y is a random variable with E(Y') = y and variance 0. Let X denote another random
variable and let p(x) = E(Y|X = z). From the law of iterated expectations we know that E(u(X)) =
p. Further, writing ¥ = p(X) + (Y—pu(X)), recognize that two terms on the rhs of this expression are

uncorrelated (from the law of iterated expectations), so that

oy = Var(u(X)) + Var(Y —u(X)).

This implies that Var(u(X))<o%.

Application: Suppose A(Y) is an unbiased estimator of 6, so that § = E[f(Y)] and let S be a sufficient

statistic for 8. Using the law of iterated expectations:

where 0(S) = E[O(Y)]S].

Note, while 0(S) = E[A(Y)|S] is a function of S, it is not a function of §, because the conditional distribution
of Y given S does not depend on . Thus, 6(S) is an estimator in the sense that it depends on the data (S)

but not the unknown value of 6.

Now, E(§(Y)) = E(E(A(Y)|S)) = E(A(S)) from the law of iterated expectations, so 6(S) is unbiased, and
from our result above, it has a variance that is weakly smaller than the variance of é(Y) Thus, the MSE of
an unbiased estimator, 9(Y)7 can be reduced, by computing the expected value of the estimator conditional

on a sufficient statistic; that is by computing 9~(S)

Ezample: Yi~i.i.d.N(u,1). Let S =Y. Let i = Y;. This estimator is unbiased and has a variance equal to

1. Now E(a|S) = =EMW1|]Y) = u+ }?—Z (Y — p) =Y, so that the variance of the estimator /i is 1/n.

8 Hypothesis Tests

We will first cover hypothesis testing in a specific (important) example. We’ll then move on to a more general

discussion of the hypothesis testing problem.

8.1 Wald Tests

Suppose we are interested in a kx 1 vector of parameters, say 6, that characterizes the probability distribution

of Y. Also, suppose we have an estimator of 4, say é, where (perhaps based on an asymptotic approximation)
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we have éNNk(H, Q) where we know 2 but we don’t know the value of §. Suppose there are two competing

hypotheses:

H, : 0 =0y (where 6 is a known value of 6)

and
H, : 0+£0,.

In the jargon of hypothesis testing, H, is called the null hypothesis and H, is called the alternative hypothesis.
How might we decide between H, and H,? The standard procedure is based on the following logic:

If 6 = 6o, then § should be close to 6o, that is He — 9]| s likely to be small.

But if 046y, then He — 0,

is likely to be large.
We are helped with “likely” and “small” and “large” because we know that

éw/\/(é), Q). Thus, we can form a test-statistic, say £, as

€= (0—100)"Q (60— 6.

Under H, : { ~ x3, where k is the number of elements in 6.

Under H,: ¢ will have a distribution that puts more mass on larger values than under the x7 distribution

because the wrong mean has been used for the distribution of 0.

This gives rise to a decision rule of the form:

Choose H, if £< cv and Choose H, if £>cv.

where the number cv is called the eritical value of the test.

The critical value is chosen so the probability of incorrectly choosing H, (that is incorrectly “rejecting” H,)
is set equal to a pre-specified value (typically 1%, 5%, or 10%). This probability is called the size of the
test.

Suppose we want the size of the test to be o, how do we choose cv? That'’s easy: cv solves

PE>cv]|0=0,)=a

so that cv is the 1 — o percentile of the x7 distribution.
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The power of the test is defined as P(§> cv |H, is true). But because H, includes many values of 6 (the
alternative hypothesis is said to be composite), the power will be different for the different values of 6
included in H,.

We can say a few general things, however. Suppose the normal distribution for 6 was based on a CLT
argument, say /n(0 — 0) 4, N(0,V). In this case we know that 2 = n='V, and Q~! = nV 1. In this case

the test statistic is

E=n(0—00)V 10— b)

so that if the mean of 6 is equal to a fixed constant that differs from 6, then & — co. In this case P(€> cv)—1

for any fixed value of cv. The test therefore has power = 1 for any (fixed) value of § under the alternative.
When power — 1, a test is said to be consistent.
A test of the form £ is called a Wald test. It’s basic form can generalized in several ways.

8.1.1 Hypotheses involving linear functions of 6

Suppose the null does not involve restrict all the elements of €, but rather the linear combinations, say R0,

where R is a jxk matrix with rank j. Suppose the null and alternative are:
H, : RO = rq where 7y is a known value and H, : R0#r.

If  ~ N(0,9), then R ~ N(RO, RQR'), so the hypotheses can be tested using the Wald statistic

&€= (RO —ro) (ROR) " (RO — ry)

which will be distributed as a X? random variable under the null. (Thus, the critical value will be the 1 — «

percentile of the x? distribution.)

8.1.2 Hypotheses involving nonlinear functions of 0:

When the normal approximation is motivated by the CLT: \/n(f — 6) = N(0, V), then nonlinear functions

can be handled via the é-method. Thus, consider the j non-linear functions R(6), with null and alternative:

H, : R(0) = ro where 1 is a known value and H, : R(0)#rg.
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The delta-method implies

Vi(R() — R(8)) = N(0, HV H') where H = 22%)

so that R(0)<N(R(0),), where Q =n *HV H'.

The Wald statistic becomes & = (R(6) — r0)'Q ™ (R(A) — 7).

8.2 Neyman-Pearson Tests
8.2.1 A more general framework

Suppose that we have two competing hypotheses about the distribution of a random variable Y.

Hypothesis 1 will be called the Null and is written as
H,:Y~F,

Hypothesis 2 will be called the Alternative and is written as
H,:Y~F,

It is useful to categorize the errors in inference that we can make
We can say that H, is true when H, is true. This is called Type 1 Error
We can say that H, is true when H, is true. This is called Type 2 Error

We will consider tests based on realizations of the random variable Y. Specifically, we will define a region of
the sample space, say W, and reject H, (Accept H,) if YE€W, and otherwise reject H, (Accept H,). W is
called a critical region .

Our goal is to find procedures for choosing W to minimize the probability of making errors. However, we can
also always make the probability of type 1 error smaller by making W smaller, and make the probability of
type 2 error smaller by making W larger. A standard procedure in test design (procedures for choosing W)
is to fix the probability of type 1 error at some pre-specified value, and choose the critical region to minimize

the probability of type 2 error.
The pre-chosen probability of type 1 error is called the size of the test.
The probability of accepting H, when H, is true is called the power of the test: power = 1—P(type 2 error).

The hypothesis testing design problem is: Choose a test to maximize power subject to a pre-specified size.

44



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

8.2.2 Likelihood Ratio Tests and the Neyman-Pearson Lemma

The Neyman-Pearson Lemma says that power is maximized, subject to a size constraint, by choosing the

critical region based on the likelihood ratio

where £, (Y) and £,(Y) are the likelihoods under the alternative and null, respectively. The critical region

for a test with size o is
W ={y|LR(y)>cv}
where cv is chosen so that
P[LR(Y)>cv|Y~F,] =«

The proof of this remarkable result is pretty easy.

Suppose the random variables have a continuous distribution with density f, and f, under the alternative
and null. Then £,(Y) = f, and L,(Y) = fa.

Let W denote the NP critical region. Let X denote any other critical region with size a. Decompose W and
X as

W =(WnX)UWnxs)
and
X = (XnW)HU(XNWE)

Now (because tests have size «):

aZ/W fo(y)dy=/Xf(y)dy
o= | s+ [ pwdr= [ g [y

/WHXC fo(y)dy = /X . fo(y)dy

But, for any YeW (and hence for any Ye(WNX°)), fo(Y)>cv fo(Y), and for any YeW® (and hence for
any Ye(XNWe)) fo(Y)<cv f(Y). Thus

so that

which implies

45



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

/WmXc Jaly)dy = /meC fa(y)dy.

Adding [ Aw.. fa(y)dy to both sides of this inequality yields

[rw=[ e[ nwdz [ neds [ = [ o

or

P(YEW|Y ~F,)>P(YEX|Y ~F,).

8.2.3 Two examples

Ezxample 1: Yi~iid N'(p,1), fori =1,...,n.

Ho PH= Ho
Hy:p= pa
with pg # pe. Note
n 1 n
Flp) = (2m) 72 expl=5 D (yi = )]
i=1
and thus
Ir(Y) = In(LR(Y))

_ % (Z(Yi —p0)® =Y (Vi - ua)2>

= aluo, pa) + Y Yi(Ha = o)
Evidently, when p, > po, the LR test rejects for large values of > Y;, or equivalently large values of
Y=n1YVY.
This means that we can write the LR testing procedure as

Reject Hy when Y > cv where cv is chosen so that

— — 1
PY >cv|Y NN(MO’E) =«
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where the notation makes clear that the probability is computed under the assumption that the sample was

drawn from the null distribution.

Notice that the critical region is the same for any H, with p, > pg. That is, we use the same critical region

for
Ho :pp= po
Hg :p>po

Since the LR critical regions are the same for all of the simple hypotheses making up H, and each is most
powerful, then the LR procedure is said to be Uniformly Most Powerful (UMP) for H, vs. H, in this

instance.

As a general matter, UMP tests don’t exist. That is, there is no single test (critical region) that maximizes
power for all values of the parameter under the alternative. What can be done in this case? One approach
is to use a weighting function to capture the tradeoff between the various values under the alternation and

then to construct a test that maximizes weighted average power.

8.3 Maximizing Weighted Average Power

Consider the simple null and composite alternative hypotheses:
H,:0=0,and H, : 0 € ©,.

Where simple means the hypothesis includes only one pdf (that is, one value of #) and composite means the

hypothesis contains more than one pdf (multiple values of 6).

Suppose you want to construct a test that maximizes weighted average power using the weight function w(6)
for values of § € O©,. Write the density of y, conditional on a particular value of 8 as f(y|@). For critical
region W, the power of the test for a particular 6 is fW f(y|0)dy, so that weighted average power is

WAP = [ [ [y f(y|0)dy] w(B)d6.

Interchanging the order of integration yields

WAP = [, [f@ (y|0)w(6 )d@] dy = [y 9(y)dy, where g(y f@ (y|0)w(0)do.

Notice that g(y) is the density of Y under the assumption that 6 is a random variable with density w(f) and
f(y|0) is the density of Y conditional on . Thus, the problem is equivalent to the testing problem with a

simple alternative:

Hy:y~g(y).
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The best test is given by the Neyman-Pearson test, that is the null is rejected for large values of

gY) e, f(Y[O)w(0)dd
LR(Y)_f(YWo) _Je —

Example 1: Y;~iidN(u,1), where Y is a scalar. We are interested in H, : p = po versus H, @ p#p,.
Without loss of generality, set pg = 0. Suppose we put weight of % on each of g = 1 and p = —1.
One shortcut to constructing the test is to note that Y is sufficient for u, so we need only consider the
scalar random variable Y ~N(j,1/n). A calculation shows that the WAP test rejects for large values of
C=eV 4 = L R g C(IY]). You can verify that ((|Y]) is increasing in the value of [Y].

Thus, the test rejects for large values of Y.

Example 2: Y;~iid Nj(u,X) where Y is a k x 1 vector. We are interested in H, : u = po versus H, : u#pug.
Suppose we use a weight function with pu~A(pg,w?Y). In this case we can see that the distribution of Y

under this weighted average alternative is
Hy weighted * Y ~N (po, (1 + w?)X).
Using sufficient statistics, the null and weighted-average alternative are:
Ho : Y~N (g, n 1Y) versus Hy weights : Y ~N (1o, (1 + nw?)n=1%)

The WAP test is then the LR, which is

¢ = 03(n(F—p0) 57 (F—pao) =n(¥—po) S~ (F=o) / (1mes?)) |

so the test rejects for large values of the exponent. Notice that the exponent can be written as

nw2 —

——n(Y — 'Y -
T2 n( o) ( 1o)
So the test rejects for large values of

& =n(Y — 1o)X (Y — po)

which is the Wald statistic that we studied earlier as an ad hoc test.
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8.4 Tests based on the maximized value of the likelihood ratio.

Another way to accommodate a composite alternative is to use the largest value of the LR statistic under
all values of #€@,. For testing
H,:0 =0y versus H, : 0£0,

this yields:

- ( F(Yin6) ) _ (M)
0200 \ f(Y1.n]00) f(Y1:n60)

where Y7., denotes the n x 1 data vector, 0 is the MLE (and I have assumed that 0 # 0p). The Likelihood
Ratio Statistic is defined as

=((0)

€Lr = 2(In(¢(9))

and the null hypothesis is rejected for large values of £ g, that is for {1, r> cv, where cv is a critical value
that satisfies Py, (§Lr > cv) = @, where « is the size of the test. To find c¢v we need the distribution of 1,5

under the null.

Let Ly, (0) = In(f(Y1:r]0)), so that In(¢(0)) = Ly (0) — Ly (60)

Write R -
£ 0) = £(0) + 0, — 0y 222D 4 L0, — iy T, )
where 6 is between 6, and .
Since 2L2( — 0 one sees that
&or = —(0— 90)/82552?)@ — o)
= [Vl - ooy |- 8;3(;?] V(G — o)

From our earlier results

V(= 6)] = N(0,Z(6) ")
under H,. And

1La(B) 1 P In(f(Yi,0) o,
o oeor = n = atag L)

Thus, under H,
(LR = €~ Xi

This final result follows from noting that £, is asymptotically a quadratic form of a N(0,Z) variable around

the inverse of its covariance matrix.

Thus, we see that £, is (essentially) the same as the Wald statistic £y that we discussed earlier, using the
MLE of 6. They differ only to the extent that they use different estimators of the covariance matrix.
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More generally, as we discussed previoulsy, if v/n(6 —6) = N'(0,V)
We could form a statistic:

€=n(0 —0p)'V=1(0 — 6y) where V is consistent for V. Then & = x} random variable under the null.

For MLEs we know that V is the information matrix. We could estimate it in a variety of ways. Here are a

few

where @ is between 6 and 6.

Score tests (sometimes called Lagrange multiplier tests) are based on % o1 si(0o), as we will discuss in

class.

8.5 0Odds and ends: what is a p-value?

Let £ denote a test statistic. Suppose a test rejects when & > cv, where cv is the critical value. Suppose you
collect some data and find that & = ¢9bs¢7ved the observed value of your statistic. The p-value associated

with this statistics is
p —value = Py (£(Y) > gObserved)

which is the probability of a value of the test statistic that is at least as large as the value you observed.

Note that p — value represents smallest size for which you would reject Hy.

(Exercise: Suppose that the null hypothesis is true. Show that the p — value is distributed 2/(0,1).)

9 Confidence Sets

A (1 —a) x100% confidence set for 6 is a (random) set of values of 6 that contains 6y, the true value of 0,
with probability 1-«. Let C(Y') denote such a set. That is, suppose that P[dy € C(Y)] = 1-a. (Note that

the randomness comes from Y~ Fy (y|fp), so that the set C'(Y) is random.)
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9.1 Inverting test statistics

An easy way to construct such a confidence set is to “invert” hypothesis tests.

Here’s the approach: Let © denote a set that contains the true value of §. Consider carrying out hypothesis
tests using every value of 6§ in © as a null hypothesis and use a size « test for each of these 6 values. Let
C(Y') denote the set of values of § for which the test does not reject the null.

Note that, since g € O, the null § = 6y was one of the tests constructed. This test rejected the null
with probability «, hence did not reject with probability 1 — «. Thus, with C(Y") constructed in this way,
]P)[e() € C(Y)] = 1-a.

When the hypothesis test is carried out using a Wald-statistic with a limiting x? distribution, the confidence
set is particularly easy to construct. Thus, suppose 6L N (6, %LV), and V is a consistent estimator for V.

Then H, : 8 = 0y is not rejected using a test of size « if
-1

= @00 27| G-t =i

where X%,l—a denotes the 1 — a quantile of the x? distribution. The confidence set is therefore

o) = {9|

G- 0 Fﬂ -0 < e }

which is recognized as the interior of an ellipse centered at 6 = 0

In the one dimensional case (k = 1), the normal distribution can be used in the place of the x? yielding

~ 1~ N 1~
C(Y):{9|9—Zl_a/2><\/;<9<9+Zl_a/2x\/HT/}

where Z;_, /5 denotes the 1 — /2 ordinate of the N(0,1) distribution.

9.2 [Efficient confidence sets

We have discussed constructing confidence sets by “inverting” test statistics, but this is not the only way to
form such sets. Perhaps the easiest is to simply flip a coin for each value of § and include that value if a
“heads” appears, and otherwise exclude that value. Such a confidence set will contain the true value with
probability 0.50 (the probability of a head appearing). Of course, this is a silly way to form a confidence set

because it ignores the information in Y, yielding a confidence set that is “larger” than it needs to be.
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Pratt (1961)! discusses efficient confidence sets and shows how these are related to most powerful (i.e.,

efficient) tests. Here is a version of his insight.

Let C(Y') denote a confidence set for a parameter 6. The “volume” of C'(Y') can be expressed as

Vo(Y) = /@ 1[0C(Y)]do

where 1[] is the indicator function. ( 1[z] =1 if x is *true’ and 1[z] = 0 if x is ’false’.)

Because the set C'(Y) depends on Y, the set is random, and so is its volume. Suppose Y~f. Then the

expected volume is:
Re = E[Ve(Y)] = [Vo(w)f(s)dy.
which serves as a criterion for evaluating confidence sets: C(Y") is preferred to C2(Y) if Re, < Re,.

Now, consider the testing problem: H, : Y~ fy versus H, : Y~f. If we have a 1 — « confidence set C(Y),
an a-level test can be constructed as: “accept H, if 0€C(Y), and otherwise reject H,.” The probability of
Type 2 error (i.e., 1-Power) for this test is

P(accept Ho|H, is true) = P[(0eC(Y)|Y ~f] = /I[QGC(y)]f(y)dy.

Now, rewrite the expression for expected volume:

Rce = E[Ve(Y)]
:/wwmw

- / [/@ 1(0 € C(y)d9} f(y)dy
= [[[10<cwrua)aw

Thus, Rc can be minimized by making the final term in [ |’s as small as possible for each value of 6.
But, as shown above, this term is the probability of Type 2 error (i.e., 1-Power) for Hy : Y ~ fy. So
[f 1(0 € C(y)f(y)dy} can be minimized by choosing the most power test for Hy : Y ~ fp . This is achieved

using a Neyman-Pearson test.

Ezample: Above we considered the testing problem with Y;~i.i.d. Ny (i, ) and

Hy : o= po versus Hy @ u~N(0,w?X).

I Pratt, John W. (1961), "Length of Confidence Intervals," Journal of the American Statistical Association, 56 (295), pp.
549-567.
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We showed that the optimal test was the Wald test

§= (? - NO)I(n_lz)_l(? — Ho)-

Pratt’s results show that a confidence interval formed by inverting this test will have the smallest expected

volume, with the expectation computed using Y|u ~ N (p, ¥) with u~N(0,w?).

10 The Bayes Approach to Estimation and Inference

10.1 Basic concepts and some jargon

We have been concerned with learning about a parameter 6 from data Y where the pdf of Y depends on 6,
that is Y ~ f(.|6). We have studied the behavior of procedures (e.g., estimators, tests, etc.) over possible
random draws of Y from this pdf. Estimators with small expected loss over this pdf are good, as are tests
that have a low probability of type 1 and type 2 error. This approach to inference is called frequentist (or

classical). Tt treats 6 as a constant and the data (V) as a random draw from f(.|6).

An alternative framework, called Bayes, treats both Y and 6 as random. The data come f(Y]0), the
probability distribution of Y for a particular 6, and the goal is to learn about 6 from the Y you actually
observe, say Y = y. This is the same goal as frequentist inference, but with # random, we can use the
rules of probability to deduce that the information about # contained in Yis summarized in the conditional

distribution f(6|Y"). Bayes analysis focuses on computing this conditional distribution.

Bayes inference uses some new jargon.

e The marginal pdf for 6, say f(0), is called the prior.

The conditional pdf of Y given 0, f(Y'|0), is called the likelihood. This is same definition of the likelihood

used in above from frequentist inference.

e The conditional pdf of 8 given Y, f(0|Y), is called the posterior.

The marginal pdf of Y, say f(Y), is called the marginal likelihood.
Being a little clearer with notation:

e fo(0) is the pdf for # evaluated at 6. (the prior)
. fy‘g(y|é) is the pdf for Y conditional on § = § evaluated at y. (the likelihood)
e fy(y) is the pdf for Y evaluated at y. (the marginal likelihood)

° f9|y(§|y) is the the pdf for 6 conditional on Y = y evaluated at 6. (the posterior)
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e fy.o(y,0) is the joint pdf for (Y;6) evaluated at (y,6).

The relationship between these densities follows directly from what we know about marginal, joint and

conditional pdfs:

1. The joint pdf for (Y, 0) can be written as
Fro(w:0) = fyio(yl6) fo(6)
2. The marginal density of Y is the joint density, integrated with respect to 6. That is

fr(y) = /fY,e(yaé)déZ /fY|9(y|é)f0(é)d9~'

3. The conditional density of 6 given Y=y and evaluated at 8 = 6 is given by

Fro@,0)  Friewl0)fo®)  fripl

T ) = ) = ol 0040~ Ty p(016)fo @)D

4. Thus
Likelihood x Prior

Posterior =
osterior Marginal Likelihood

5. And noting that the Marginal likelihood does not depend on 6:

Posterior(0)x (Likelihood(8)x Prior(6))

10.2 Examples

Example 1:

Y|pu~N(u,1). Y is a scalar. Prior 4 = 2 w.p. 1/3 and p = 4 w.p. 2/3. You observe ¥ = 2.7. Derive

posterior for pu.

First, note that the posterior is (Likelihood xprior)/(Marginal likelihood). Thus, if prior = 0, then so will

be the posterior. Thus, the posterior will only have mass at © =2 and p = 4.

_9ly —2.7) — Fyu(2.7|p = 2)P(p = 2)
P(p=2Y =2.7) = (27 p=2)P(p =2) + fy,(2.7|p = )P(p = 4)

where fy,(2.7|u = 2) = \/%e*(l/2)x(2'7*2)2 , and similarly for p = 4.

Plugging in the numbers we find:

€—<1/2><2.7—2>2(1/3)

]P)(/‘ = 2|Y = 2'7) = - (/D ET-22(1/3) fe- /2 @T-D2 (2/3)

~ 0.65
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and because u can take on only two values, 2 and 4, then

P(p = 4]Y = 2.7)~1 — 0.65 = 0.35.

Example 2:

Now suppose the prior is u~N(1,4). We carry out the same calculations

B B Iy @7 p=m) fu(m)
fu\Y(“ =m|Y =2.7) = f fY\u(2'7|:u‘ =u) f,(u)du

We can solve this directly. Alternatively, from our work on the multivariate normal we know that if
Sy iu(lp =m)~N(m,1) and fu(m)~N(1,4), then

(L)

and f,y (m|Y = 2.7)~N (1 + (4/5)(2.7 — 1), 4 — 42/5).

Y
1

Example 3:

Suppose Y;|p are iid N'(u,1) and pu~N(7,w?), where 7 and w are known constants. Let Y = (Y7,...,Y,,)".
fu(m) is therefore the N'(7,w?) density and fy|,—p, is the N'(Im, I,) density where [ is an n x 1 vector of

1s. The normal-normal densities imply that (Y’ )’ has a joint normal density, and you can verify that

N Ir 7 WA+ 1, w?l
T w3l w?

so that p|Y =y ~ N (7 +w?l' (W' + 1,,) "My — I7),w? — ' (W' + I,,) " 'w?l).

Y
I

Note that (w?ll’ + I,,)~' = (I,,—kll') where k = nw?/(n + w?). Plugging this in and simplifying yields:
plY = y~NA7+ (1 = N7y, (1 = X)?/n), where A =1/(1 4+ nw?) and g=n""3"_, v;.
This is the posterior for p.

There is a simplification that can be exploited here. Recall that Y is sufficient for 4. Thus, for the purpose

of conducting inference about u, the data are completely summarized by Y. Note Y|u = m ~ N(m,1/n).

w+1/n w?
w? w?

Following the same steps as above

(7]
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. Rearranging

so that u|Y = 7 is normally distributed with mean 7+ [%} (y—7) and variance w?— %

these expressions yields the same expression that were derived above.

Jargon: Note that the posterior has the same form as the prior — it is normal — but with different parameter.

When the posterior and prior have the same form, the prior is said the be conjugate.

10.3 Bayes Estimators

Armed with the posterior, constructing Bayes estimators is straightforward. Suppose loss is denoted by
L(6,6). You observe Y = y. The problem is then

min By, [L(97 9)} ;

that is, 0 is chosen to minimize expected loss, where the loss is averaged over the values of 6 using the
knowledge that Y = y. (Jargon: Egy—, [L(é, 9)} is called posterior risk.)

When loss is quadratic, i.e., L(é,@) = (é — 0)?, then risk is mean squared error, and we know (from the

results in Section 2.4) that the mse-minimizing value of 6 is

0 = Egjy—y(0),
that is, the Bayes estimator is the posterior mean.
Ezxample: In example 3 in the last section, the posterior was
plY = y~NOAT + (1= N7, (1 = N)?/n)
where A = 1/(1 + nw?). Thus, the Bayes estimator for y is

[aPwes = A4 (1 = \)g.

10.4 Bayes Credible Sets

Bayes credible sets are the analogue of frequentist confidence sets. Specifically, a 100 x (1 — a)% Bayes
credible set, say C(y), is a set that satisfies

Pory=y(0 € C(y)) =1 -«
where the notation emphasizes that the probability is computed using the posterior for 8 given Y = y.
Because this holds for all y, we also have

Poy(@cC(Y)=1—a
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where now the probability is computed over both 6 and Y.

Bayes credible sets are easily computed from the posterior. Examples will be discussed in class.

11 More on Bayes methods

As time allows we will cover more topics in Bayes methods.

11.1 More on Risk and Bayes and Frequentist estimators

Let L(é, 0) denote loss. Then, there are various versions of Risk.

e Frequentist Risk uses § = A(Y) and is

R(0,0) = Eyg [L(é(y),a)} .

That is, R(é7 0) holds @ fixed and computes the risk over the possible values of Y that might be drawn.

— Admissability: 0 is said to be inadmissable if there exists another estimator, say 0, such
that R(6,0)<R(0,0) for all §, and where the inequality is strict for some 6. Thus, inadmissable
estimators are dominated.

e Posterior Risk conditions on Y =y (the sample values of V') and averages the values of 0 given Y =y

yielding the exected loss
Eopy—y [L((3),6)]
which is called posterior risk.
e Bayes Risk averages over both Y and 6 using their joint pdf:
r(0) = Ey[L(O(Y),0)].
— Notice that (from the law of iterated expectations)

r(0) = Ey,o[L(0(Y),0)] = Ey [Egjy [L(O(Y), 0)]]

so that r(6) averages posterior risk over all possible values of Y.

— Because Bayes estimators minimize ]Eg‘y:y[L(é(y), )] for each value of y, they also minimize the
average value of ]E9|y[L(é(Y), )] over Y. Thus Bayes estimators minimize Ey [E9|Y[L(é(Y), 0)]] =
r(0).

e Note, you can also write
r(0) = By, o[L(O(Y),0)] = Eg[Ey o[ L(O(Y, 0)]] = Eq[R(D,0)]

so that Bayes risk averages frequentist risk over the values of 8 using the prior for 6.
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— Because Bayes estimators minimize r(é) they must be admissable. (Exercise: Show this.)

11.1.1 Some properties of Bayes Estimators (discussed as time allows)

1. In general, Bayes estimators are biased, conditional on the value of p.

(a) Recall in example 3, the Bayes estimator was %% = At + (1 — A\)Y. Thus Ey,—,, (252 =

AT+ (1 =XNm=m+ A7 —m) #m.
2. Bayes estimators are admissable (see the last subsection)

3. Bayes estimators are normally distributed in large samples, centered at the MLE. The general result
that the posterior is approximately normal, centered at the MLE with variance given by the inverse of
the information is called the “Bernstein — von Mises theorem,” which says (loosely) that (under a set
of regularity conditions) that the posterior distribution of # is well approximated in large samples by
the N(OMLE n=11(0y)~1), where (o) is the information.

(a) You can see this in the example:

V(P —Y) = a7t -Y) 50

v — 0.

recognizing that \/nA = 74>

(b) The more general argument is more involved. I sketch in here:

Let Y7.,, denote the sample of size n of i.i.d. observations. The likelihood is f(Y7.,|0), and the log-likelihood
is L, (0) = In(f(Y1.1]0)). Use w(#) to denote the prior density for 6.

The posterior for 8|Y1.,, is f(0|Y1.n) = %.

Let v = /n(0 — MLE) 5o that 0—0MLE -~/ /n. Then, from the change of variables formula:

f(Yl:n|éMLE + V/ﬁ)w(éMLE +7/v/n) n~1/2
J F N |0MEE [\ )w(§MEE + ) /m)dy n /2
[f (Yien |02 EE 4/ /) ) f (Vi [0V 25w (GMEE 4 4/ /)
JUF V| 0MEE 4 /5/0) ] f (Vi |0 EE)w(OMEE v/ /) dry
eLn(éMLE-‘r’y/\/ﬁ)—Ln(éMLE)w(éMLE + ’y/\/ﬁ)
[ eLn(OMEE+y/n) = Lu(OMER)y (GMLE 4~ [\ /) dry

f(’Y|Y1n) =

Now as n grows large w(@MEE 1~ /\/n)w (0,) and
Ln(éMLE—&-y/\/ﬁ)—Ln(éMLE):lazgig;é)ﬁ where 0 is between §MLEand GMLE {~/\ /n.

2 n

Thus Ly, (0M5F + v/ /n) — L, (0MEP) B — 17(05)42.

o8



Gerzensee Econometrics, 2022-23, Week 1 Mark Watson

Using these approximations

e—0-5Z(60)7" w(6o)
eSOy w(0o)
1/7/27Z(0p)~L e 0500
1/1/20Z(6) L [ e~ 02007 dy

= 1/\/27Z(0p) e 05T

f(’ﬂyln) =

while the final equality follows by noting that the denominator of the preceding expression is 1. (It the pdf

of normal integrated over all value .. so it integrates to 1.)

The results then follows by noting that 1/+/27Z(f5)~1e=°-Z(%)7" is the normal density with mean = 0 and
variance = I(6p)~t. That is, for large n, v|Y1.,~N(0,Z(6p)"1). Because 6 = GMLE ~/+/n the posterior
of 6§ is approximately N (§MEF n=1T(gy)~1).
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