Matrix Algebra I

1 Terminology

Matrix algebra is widely used in econometrics. The course will follow the appendix of Green(2003).
Besides, the course will use Curtis(2012) as the supplement. There are many books which con-

tain much books contain more advanced theory about matrix algebra, such as Magnus and
Neudecker(2002).

Definition. A field is a mathematical system F' consisting of a nonempty set F' together with
two operations, addition and multiplication\, which assign to each pair of elements «, 5 € F
uniquely determined elements o 4+ 8 and af of F, such that the following conditions are
satisfied, for o, 8,7 € F.

1. a+pB=0+a, af = Ba.
2.a+(B+7)=(a+B)+7, (@B)y=a(By).
3. a(f+7)=aB+ay.

4. 40 € F' , such thata + 0=« Vo € F.

5. Ya € F, 3—a € F, such that a + (—a) = 0.
6. 31 € F,such that 1 #0 , al = a, Va € F.

7. Va € F, a #0, 3o~ € F, such that aa™! = 1.

Exercise. 1. Examine that the real number system R is a field.
2. Verify that Z ={...,-2,—-1,0,1,2,...} is not a field.

Definition. A nx1 vector a over F is an ordered set of n elements arranged either in a column.
Let a; be the ith component of the vecor a, thena can be denote as a = (ay, as,. .. ,an)/, a; € F
fori=1,2,...,n.

Since the field of real number R is a specific example of field, the results holds over the general
field F' are also applicable over the field R.

Definition. A m x n matix A over field F is a rectangular array of elements in m rows and
n columns with each element belongs to F', and m X n is its dimension.



If we denote the element at ith row and jth column as a;;, the matrix A € F™*™ can be
represented as:

ail a2 o Qip
az1 a2 -+ Q2p
A= : : : - (aij) ’
am1 Am2 **°  Omn
Sometimes, we write the matrix in a vector form, that is, A = (ai1,a9,...,a,), a; =

(ali, a4,y - - - ,ami)'.

In view of the preceding, a row vector is also a matrix with one row, whereas a column
vector is a matrix with one column. A matrix can also be viewed as a set of column vectors
or as a set of row vectors.

Based on the different properties of the matrix, there are some terminology defining a
corresponding type of matrix. Given the matrix m X n matrix A,

e Symmetric matrix: fori=1,2,...,nand j =1,2,...,n, a;; = aj, m =n.
e Square matrix: the dimension of the matrix satisfyes m = n.

e Diagonal matrix: a diagonal matrix is a square matrix whose only nonzero elements
appear on the main diagonal, that is, moving from upper left to lower right.

e Identity matrix: a diagonal matrix with the same value, which is one, on the main
diagonal. It is always denote by I.

e Scalar matrix: a diagonal matrix with the same value, A, in all diagonal elements,
which can be written as A = \I.

e Triangular matrix: one that has only zeros either above or below the main diagonal.
If the zeros are above the diagonal, the matrix is lower triangular. Otherwise, it is
upper triangular.

e Idempotent Matrix: An idempotent matrix A, is the one that satisfies A’A = A.

2 Algebraic Manipulation and Application

2.1 Basic Algebraic Manipulation for Matrices

Similar to the algebra manipulation of the scalar variable, there are also corresponding ma-
nipulation for the matrix. They are defined as follows.

e Equality of matrix: A = B if and only if a;; = b;;, for all 4 and j.

e Transposition: Given the m x n matrix A, its transposition can be written as A’ , and

air aml - Amil
A’ _ a:12 a:22 N CL7?12 _ (a].i) '
Aln G2n " Omn
If A is symmetric, A’ = A. For a vector a = (a1, as,...,a,), @ = (a1,as,...,a,).



e Addition: Given two matrices A and B with same dimension m X n, the addition of
this two matrix is defined as

A+ B = (ajj+by) fori=1,2,...,m,j7=1,2,...,n. (1)

Matrices cannot be added unless they have the same dimensions, in which case they are
said to be conformable for addition. A zero matrix or null matrix is one whose
elements are all zero. In the addtion of matrices, the zero matrix plays the same role as
the scalar 0 in scalar addition; that is,

A+0=A.

Exercise. Based on (1), examine the following properties.
1. Commutative: A+ B =B + A.
2. Associative:(A+B)+C=A+ (B+C).
3. (A+B)=A"+B.

e Multiplication: For a m x K matrix A and a K X n matrix B, the product matrix,
C = AB, is an m X n matrix with

K
C = A B < Cij = Z aikbkj. (2)
mxn mxK Kxn k=1

To multiply two matrices, the number of columns in the first must be the same as the
number of rows in the second, in which case they are conformable for multiplication.
Mulplication of matrices is generally not commutative. In some cases, AB may exist,
even if AB and BA do have the same dimensions, they will not be equal(You can
examin this based on (2).

Example. If
01 11
a=(01)m=(a0)
then,
0 1 11 0 0
aB=(5 1) (00)=(0)
However,
11 01 0 2
Ba=(40)(01)=(00)
hence,

AB + BA.

e Scalar Multiplication: the operation of multiplying every element of the matrix by a
given scalar. For scalar ¢ € F' and matrix A €,

cA = (caij), c € R. (3)



Exercise. Please examine the following properties,
1. Associative law: (AB)C = A (BC).
2. Distributive law: A (B + C) = AB + AC.
3. Transpose of a product: (AB) = B’A’,(ABC)' = C'B’A’.

2.2 Some Useful Applications

Based the above algbric manipulations, the product of a m x n matrix X and a n x 1 vector
B is written

n
y=XB8=>_ XiBi
i=1
where X; is the ¢th column vector of X; the number of elements in 8 must equal the number

of the columns in X'; and the result y is a vector with number of elements equal to the number
of rows in X, m x 1.

Example. The equations

5 = 4a+2b+c

= 2a+4+6b+c
a+b
can be written as,
5 4 2 1 a
4 | =12 6 1 b | ey=Xg0,
1 1 10

which is the usual form of regression model in econometrics. And we can see that the model
can be represented in a concise form now.

We can easily derive that for any matrix or vector A, AI = A, A=A, A0 =0,04A=0.
only when A is a square matrix, TA = AI = A,0A = A0 =0.

Usually we always need to sum up the values of a vector of a column vector in a matrix.
When the dimension of the target vector is very high, we can use matrix to simplify the rep-
resentation. Define a n x 1 vector,

n elements

For a vector & = (21,2, ...,2n),Y = (Y1,Y2,-..,Yn), we can have following useful represen-
tation,

o > u;=1x.
o If z =X,A € R, then Y " | x; = /th =nA.

e Given A e R, Y% | Az; =AD" | @ = A/x. In particular, if A = 1/n, then z = /x/n.



n 2
o > ! x =x'x

n _ /
d Zizl TiYi = XYy.
!

1
/

2

Furthermore, given the matrix X = , , X = (zi1, Ty s i) fori=1,2,...,m,
X,
we have,
X
X/ n
X'X=(X1,Xq,.... X)) | 7| =) XX}
: i=1
X,

A fundamental matrix in statistics is the one that is used to transform data to deviations
from their mean, that is, x — (Z. It can be written as

n n

!/ !/
X—Lx:Ix—LLx:<I—LL>x:MOX. (4)

Henceforth, the symbol M%will be used only for this matrix. Its diaonal elements are all
(1 —1/n), and its off-diagonal elements are —1/n, which implies that the matrix are sym-
metric. The matrix M is primarily useful in computing sums of squared deviations. Some
conputations are simplified by the following results, which is left as an excercise.

Exercise. Prove the following equations,
1. M =0.
2. (Idempotent Matrix) MY M" = M.
Hence, /M°? = 0’ and further,

n
Z (i —2) =1 (MOX) = (L/MO) x=0x=0.
=1
Thus the sum of the squared deviations about the mean is,
n
Z (i — ) = (x—2) (x — 1) = (Mox)/ M'x = x' MY M x = x' Mx. (5)
i=1
For two vectors = and y,

Z (r; — %) (yi — y) = (MOX)/ (Moy) = x'MOy. (6)
i=1
So,
( Y (-2 XL (@) (i~ 7) ) _ ( xX'M"x  x'M'y. )
die (Wi — ) (i — @) Sy (i —9)? y'M°x. y'M
- (M'z) (M°2)
= ZM°Z,
where Z = (x,y).



3 Geometry Interpretation

3.1 Vector Space, Basis and Linear Independence

As we have said, the vector can be treated as matrix, thus the addition and scalar multiplication
of the vector is the same as defined for the matrix.

Definition. Let F' be an arbitrary field. A wvector space V over F is a nonempty set V of
objects v, called wvectors, together with two operatons, one of which assigns to each pair of
vectors v and w a vector v + w called sum of v and w, and the other of which assigns
to each element a € F' and each vector v € V' a vector av called the product of v by the
element o € F'. The operations are assumed to satisfy the following axioms, for o, 5 € F' and
u,v,w €V.

lL.u+(v+w)=(u+v)+wandu+v=v+u.
2. 30 € V, such that u4+0 =u, Vu € V.

3. Yu € V, 3—u € V, such that u + (—u) = 0.

4. a(u+v) = au+ av.

5. (a+ B)v = av + po.

6. (af)u = a(fu).

7. lu =u.

The usual common vector space is the R™, which is defined in the following.

Definition. The vector space R™ over the field of real numbers R is the algebraic system
consisting of all n x 1 vector @ with a; € R. Va = (a1,...,a,),b = (b1,...,b,) € R",
a = b if and only if a; = b;, for i = 1,2...,n. And it includes operations sum,a + b =
(a1 +b1,...,a, +by) € R™ and product, VA € R, Aa = (Aay, ..., a,) € R™.

Exercise. Examine the space R™ is a vector space.

Example. For a special case, R?, given two vectors a = (1, O)/, B = (0, 1)/, Vv € R?, we can
always find @ € R and b € R that satisfy ¥ = aa 4+ bB3. As it suggests, any vector in R? can
be represented as a linear combination of a and 3.

Definition. A subspace S of the vector space V is a nonempty set of vectors in V' such that:
e [faand barein S, thena +be S.
e [fae Sand X € F, then \a € S.

The definition for a vector space are clearly satisfied for any subspace S of a vector space

V.
Definition. Let (ai,as,...,a,) be a set of vectors in V. A vector b € V is said to be a linear
combination of (ay,as,...,a,) if IA1,..., A\, € F and not all equal to zero, such that

b= Xai+ -+ \a,.



Exercise. If S is a subspace of V' containing the vectors aq, ..., a,, then every linear combi-
nation of aq,...,a, belongs to S.

Definition. Given a set of vectors X = (X1, Xo,...,X,), S={a:a=> " \X;,\ € F}
is a subspace spanned by X, denote S = (X1, Xo,...,X,) or S = (X). A subspace S is
called finitely spanned if 3s1, ..., s such that S = (s1,...,8g).

Lemma. Let (ay,as,...,a,) be a set of vectors in V, for n > 1. Some vector a; can be
expressed as a linear combination of the remaining vectors (@1, @, ..., Qi—1,Qiy1,...,0y) if
and only if 3p1, ..., pm € F, not all equal zero, such thaty ;| pia; = 0.

Definition. A set of vectors (84, 3s,...,8,) is linearly independent if and only if the only
solution to
)\1,31+)\2,32+"'+>\n,3n :0, )‘i GF,

is A\ =X ==X\, =0. It is linearly dependent if and only if {\;} not all equal to zero.

Lemma. Let S be a subspace of a vector space V over a field F, such that S is spanned by n
vectors (a1, azs, ..., a,). Suppose (by,...,by,) are vectors in S with m > n. Then the vectors
(b1,...,by) are linearly dependent.

Proof. Forn =1, 5 = (a), b; = \a, for i = 1,2,...,m. Then, at least one \; # 0, otherwise,
b; =0,i=1,...,m. Thus, assume \; # 0,

Ajb1 +0bg + -+ - + (=\1) bj +0bjiq1 +---+0b, = AjA1a — A\ Aja =0,

which means that (by,...,by,) are linearly dependent.

Now suppose the theorem is true for subspaces spanned by n — 1 vectors, and consider m
distinct vectors(by, ..., bn) in S, with m > n. Then, b; = 377 \ija;.

Without loss of generality, let A;; = 0, then the terms involving a; are all missing for
bj. (bi,...,by) belongs to the subspace (as,...,a,). Since m > n > n — 1, the induction
hypothesis implies that (by,...,b,,) are linear dependent.

Assume for some i, A\;1 # 0, more specifically, let ¢+ = 1. Then the coefficient of a; in
bg—)\gl)\l_llbl is Aot —/\21/\1_11)\11 = 0, so that, for each j, bj—/\jl)\l_llbl belongs to (as, ..., an).
And from the induction hypothesis, m —1 > n—1, Juo, us, . .., m € F, not all zero such that

2 (bg — )\21)\1_11b1) + ot Um (bm - /\m)\l_llbl) =0.
It can be rewritten as

[(—p2Aa1 A ) + -+ + (—mAmi AT )] b1 + paba + - + pnbn = 0,

since pg, {43, - - - , b are not all zero, then (by,...,by,,) are linearly dependent. O
Lemma. Let S be a subspace of a vector space V', and suppose that (ai,as,...,ay,) and
(b1,...,by) are both sets of generators of S, which are linearly independet. Then n = m.

Exercise. Prove the above lemma.

Definition. A finite set of vectors A set of vectors (ai,as,...,a,) is said to be a basis of a
vector space V' if (a1,aq,...,a,) is a linearly independent set of generators of V.



Obviously, in the above case, (a,3) is a basis for R2. There are also other basis for

this vector space. Generally, for R", a specific basis is that £ = (e, eq,...,e,) with e; =
/
0,0,...,.1 ,...,0] . Then V3 € R™, db € R™, B8 = Eb. For a specific vector space, the
ith

basis is not unique. However, given the basis, the representation of a given vector is unique.

Definition. Suppose V' is a vector space which has a basis (a1, as,...,a,). The uniquely
determined number of basis vectors, n, is called the dimension of the vector space V' (dimV =

Example. By definition, the space spanned by a basis for R is R™. An implication of this is
that if @ and b bare a basis for R? and c is another vector in R?, the space spanned by (a, b, )
is, again, R2.

And consider the set of three coordinate vectors whose third element is zero. In particular,

a = (al,ag,O)’ and b = (bl,bg,O)/.

If the spanned vector space (a,b) = {x : & = (z1,x2,23) € R®,z3 = 0}. This area is a sub-
space, a two-dimensional subspace.

Exercise. Let (aj,as,...,a,) be a basis for a vector space V. Prove that a; # 0 for i =
1,...,n.

Lemma. If (a1,as,...,a,) is linearly dependent and if (a1, aq,...,an—1) is linearly indepen-
dent, then ay, is a linear combination of (a1, asz,...,an_1).

Proposition. Let V = (a1, az,...,a,) be a finitely generated vector space with genenra-
tors (a1,as,...,a,). Then a basis for V' can be selected from among the set of generators
(a1,a2,...,a,). In other words, a set of generators for a finitely generated vector space al-

ways contains a basis.

3.2 Rank of a Matrix

We view a matrix as a set of column vectors. The number of columns in the matrix equals
the number of vectors in the set, and the number of rows equals the number of coordinates in
each column vector.

Definition. The column space of a matrix is the vector space that is spanned by its column
vectors.The row space of a matrix is the vector space that is spanned by its row vectors.

If the matrix X = (x;),.., , it can be written as X = (X1, Xo,...,X,), where X; =
(214, 25, . . ., Tmi)| € R™*1. Then the column space of the matrix X is (X1, Xa,..., X,). The
column space might have n dimensions. But, as we have seen, it might have fewer dimensions;
the column vectors migth be linearly dependent, or there might be fewer rows than n.

Example. The matrix



has three vectors from R®, but the third is the sum of the first two, so the column space of
the matrix cannot have three dimensions. Nor does it have only one, since the three columns
are not all scalar multiplies of one another. Hence, the column space is a two-dimensional
subspace of R?. Similar to the row space, it can easily find the dimension of the row space is
also two.

Definition. Let A be an m x n matrix with column vector {a1, as,...,a,}. The rank of the
matrix,rank (A), is defined as the dimension of the column space (ai,as,...,a,).

Actually, we can also conclude that the rank of the matrix is equal to the dimension of
the row sapce. And it holds regardless of the actual row and column rank, which means
rank (A) = rank (A’).

Definition. For an m x n matrix A, if rank (A) = m, then the matrix is said to have full
row rank. Similarly, if rank (A) = n, it has full column rank.

Furthermore, we have,
rank (A) < min(row number, column number). (7)

Proposition. For the rank of the matriz, the following results hold, let A be m x K matrix
and B, K x n.

rank (AB) < min (rank (A) ,rank (B)).
Proof. For C = AB, if C = (c1,...,¢,), A = (a1,...,ax), then ¢; = Zfil bira;, for

1 =1,...,n, which means the column space is spanned by the column vectors of A. Hence,
rank (C) < rank (A). Apply the same logic to the rows of C, which are all linear combinations
of the rows of B, rank (C) < rank (B). Therefore,

rank (AB) < min (rank (A),rank (B)). (8)
O

Further we have ,

o If B is K x K matrix of rank K, then rank (AB) = rank (A).
e rank (A) = rank (A’ A) = rank (AA’).

3.3 Determinant of Matrix

The determinant is only defined for square matrix. It is a function of the elements of the matrix.
There are various definitions, most of which are not useful for our work. Determinants figure
into our results in several ways, however, that we can enumerate before we need formally to
define the computations.

In this section, the determinant is defined as a rule which assigns to matrix a number
which tells something about the its behavior.

Definition. Let F' be an arbitrary field. A determinant is a function which assigns to a matrix
A= (a,ag,...,a,) in F"*" an element of F', D (a1, as,...,a,) (or,|A|,|(a1,a2,...,ay,)|):
F"*" — F. such that



. |(a1,...,ai,1,ai +aj,aiy... ,an)| = |(a1,a2,...,an)|, for i <mn and j 7& 1.

o |(a1,...,ai—1,0ai,ai11...,a,)] = A|(a1,as,...,a,)|, forall A € F.
o |(e1,e9,...,e,)|=1,ife;=10,0,..., 1 ,...,0
ith

Proposition. Let D and D' be two functions satisfying the definition of determinant, then
for all ay,as,...,a, € F",

D (ay,as,...,a,) = D' (a1,as,...,a,)
The proposition establishes the uniqueness of determinant.

Proposition. There exists a function D (a1,aq,...,a,) satisfying the definition of determi-
nant. Further,

n n
D (aj,az,...,a,) = E E aij, - .- anj, D (e, €j,,...,€j,)
fi=1  ja=1

= E aljl...anjnD(ejl,ejQ,...,ejn).
jla-nz.jn

where it is understood that the sum is taken over the n! possible choices of {j1,...,jn} in which
all the j;’s are distinct.

Example. There are some settings in which the value of the determinant is also of interest,
so we now consider some algebraic results. Consider a matrix,

d 0 ... 0
0 do2 ... O
0 0 ... dy

The determinant is simply the product of the diagonal values, which is,

ID|=]]d
=1

A special case is the identity matrix, |I| = 1. Let C = diag (c1,¢2,. .., cy), then,

|DC| :Hcidi:HCi dj,
i=1 i=1 j=1
which can be written as,
|DC| = |D||C|. (9)
And then we have
|eD| = c"|D]. (10)

10



Actually, we have the following result.
Proposition. Let A and B be n X n matrices, then

o [A| = |A|.

» |[AB| = [A[|B].

For matrices more than two dimensions, the determinant can be obtained by using an
expansion by cofactors. Using any row, say, i, we obtain

n
A= a; (1) Ayl
j=1
where A;; is called cofactors, the matrix obtained from A by deleting row 7 and column j.

The determinant of the A;; is called a minor of A.

Exercise. Calculate the following resutls,

=7.

a cC
b d|

ail ai2 ais
2. as1 a2 a3 =7
a3y asz ags

Combined with the rank of the matrix, the following proposition holds.

Proposition. For a n x n matriz A, |A| # 0 if and only if rank (A) = n, which means A is
full of rank.

3.4 A Least Squares Problem

For a regression model,
y=XpB+te,

y is the m x 1 vector of independent varables, the X = (X1,..., X,) with X; € F™*1 3
the n x 1 parameter that we are interested, e is the n x 1 residual term vector.

Based on above sections, let (X) be the column space spanned by column vectors, if
y € (X),3B e Fl y =" B;X; = X[, which means that e = 0.

Suppose, however, that y is not in the column space of X. Then there is no 3 satisfying
y = X 3. But we can still we can find that X3 € (X)), and e is the difference, or 'residual’.
We are interested in finding 3 such that vy is as close as possible to X 3 in the sense that e is
as short as possible.

Definition. The length, or norm, of a vector e is
lle|| = vee.

The problem is to find the |le]| = ||y — X 3| is as small as possible. The solution is that 3
that makes e perpendicular, or orthogonal, to X 3, which represents the column space (X).

11



Definition. Two nonzero vectors a and b are orthogonal, written a L b, if and only if
a'b="ba=0.
Returning once again to our fitting problem, we find that the 3 we seek is that for which
el Xp.
Expanding this set of equation gives the requirement

(XB)e = 0
— ,6/X,y—,8/X,X,8
3 (X’y — X’X,B).
Generally, 3 # 0, then the set of equations becomes

X'y=X'X83. (11)

The means of solving such a set of equations is the subject of next section. Actually, the linear
combination X 3 is called the projection of y into the column space of X, (X). We use the
cosine function in order to measure how close of y to the column space (X)), that is,

Theorem 1. The angle 0 between two vectors a and b satisfies

a’b
cosf) = ————.
lal - 0]

cosf € [0,1]. The larger, a is closer to b.
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Matrix Algebra II

1 Solution of a System of Linear Equations

Consider the set of n linear equations,

XB=y (1)

in which 3 is the n x 1 unknown parameters vector. X is a known matrix of data, m x n, and
y is a specified vector of values. We are interested in knowing whether a solution ezists; if so,
then how to obtain it; and finally, if it does exist, then whether it is unique.

1.1 Systems of Linear Equations

For most of our applications, we shall consider only square systems of equations, that is, those
in which X is a square matriz. In what follows, therefore, we take m to equal n. Since the
number of rows in X is the number of equations, whereas the number of columns in X is the
number of variables, this case is the familiar one of “n equations with n unknowns.”

There are two types of systems of equations.

Definition. A homogeneus system is of the form X3 =0 .

By definition, a nonzero solution to such a system will exist if and only if X does not have
full rank. If so, then for at least one column of X, we can write the preceding as

X = —Z&Xj.

gk R
This means, as we know, that the columns of X are linearly dependent and that | X| = 0.

Definition. A nonhomogeneous system of equations is of the orm X3 = y, where y is a
nonzero vector.

The vector y is chosen arbitrariliy and is to be expressed as a linear combination of the
columns of X. Since B has n elements, this solution will exist only if the columns of X span
the entire n-dimensional space, R"™. Equivalently, we shall require that the columns of X be
linearly independent or that | X| not be equal to zero.



1.2 Inverse Matrices

Definition. Given a n x n matrix A, if there is a n x n matrix B satisfies AB = BA = 1,
then B is the inverse matriz of A. Denote it as B = A~!. And A is also called nonsingular
matriz.

Example. We consider the 2 x 2 matrix here, let

then,

Al 1 ( azy  —aig > _ b < azy  —ai2 >
aiiaze — aizae1 \ —021 411 |A| \ —a21 an
For equation system X3 = y, suppose that we could find the inverse matrix X ~!, then
the following would be obtained:

X 'Xp=I8=8=X"1y.
Proposition. If the inverse exists, then it must be unique.

Proof. Suppose it is not true and let B and C be the different inverse matrices of the matrix
A. Then CAB = CAB,but B=1IB = (CA)B =CAB = C (AB) = CI = C, which
would be a contradiction if C' did not equal B. ]

We shall use a¥ to indicate the ijth element of A~!. The general formula for computing

an inverse matrix is it
(D" A Chi
A A

where Cj; is the jith cofactor of A. Then we can write,

v =

(2)

1
-1 __ ! _ .
A = T4l |C,C_(CU).

It follows, therefore, that for A to be nonsingular, |A| must be nonzero.
Proposition. If a n X n matriz A is invsersible if and only if |A| # 0 or rank (A) = n.

Exercise. Some computational results involving inverses are

LA™ =

\V)

(a7t = a;

w

(A =@

4. If A is symmetric, then A~! is symmetric;

ot

. (AB) '=B'A"l
6. (ABC) '=C"'(AB)'=C"'B'A"!



Recall that for a data matrix X, X’X is the sum of the outer products of the rows X.
The following result, which is called an updating formula, shows how to compute the new S

that would result when a new row b is addded to X: X = < ‘Z‘; ), then

1
1+ (X'X)"'b

(X’X>_l = (X'X +bb) " = (X'Xx)" - ( ) (X'x) "ot (X'X) 7"

Note it results from the following general formulas:

-1 _ 1 _ _
(k) = A (g ) AT “
(A+BCB) '=A"'$A'B(C"'+BA'B) 'BA™". (5)

1.3 Solving the Least Squares Problem

We now have the tool needed to solve the least squares problem posed before. The problem
is in equation (?7?):

X'y=X'Xp3.
Then if X’X nonsingular, then

1

B=(X'X)" X'y

1.4 The Generalized Inverse of a Matrix

Inverse matrices are fundamental in econometrics. Although we shall not require them much in
our treatment in this book, there are more general forms of matrices than we have considered
thus far. A general inverse of a matrix AT that satisfies the following requirements:

e AATA=A.

e ATAAT = AT,

e AT A is symmetric.
e AA™ is symmetric.

A unique AT can be found for any matrix, whether A is singular or not, or even if A is not
square.

The unique matrix that satisfies all four requirements is called the Moore-Penrose inverse
or pseudoinverse of A. If A happens to be square and nonsingular, then the generalized
inverse will be the familiar ordinary inverse. But if A~! does not exist, then ATcan still be
computed.

Example. For a special case,

XpB=uy,



where X has m rows, n < m columns, and column rank equal r = n. Then, since X'X is
n X n and
rank (X'X) = rank (X) = n.

(X'X) " exists. Then the Moore-Penrose inverse of X is X = (X’X) " X', which can be
verified by multiplication. Then the solution can be written as

B=X"y.

Recall this was the solution to the least squares problem obtained before. If y lies in the
column space of X, this vector will be zero, but otherwise, it will not.

2 Partitioned Matrices

In formulating the elements of a matrix, it is sometimes useful to group some of the elements in
submatrices. For example, we may want to test the structural change, or make the partitioned
regression. One way to partition the matrix is like the following.

A Ap
—  ~~
A — mi1 Xni mi1Xng
~~ Ag Ao ’
mxn S~~~ N~~~

ma Xni maXng

where n = ni+no, m = m1+ms. A is a partitioned matrix. The subscripts of the submatrices
are defined in the same fashion as those for the elements of a matrix. A common special case

is the block diagonal matrix,
B A 0

where A17 and Ay are square matrices.

2.1 Manipulation of Partitioned Matrices

Similar to the algebraic manipulation of matrices element by element, we can define the minip-
ulation for partitioned matrices. In all the following manipulation, the matrices must be
conformable for the operations involved.

e Addition:

A+B:<AH+BH A + Bys >

A1+ By A+ By
e Multiplication:
A11 A12 Bll BlQ
AB =
( Ay Ag ) ( By B )
_ < A11B11 + A12By1 Ai1Bia + A12By >
A9 B11 + A»Bs A2 B+ A»Ba



e Determinant:

A 0
‘ 011 Az ’: | An| | Azl
A A | _ B . B B B
‘ Ay A | | A11] |A22 A Ajj A12’ = | Ao ‘An Ai2A7, A21‘ .
e Inverse:

Ay o ' [Afl o
0 Ago o 0 A2_21 ’
( A A )1 _ ( ALl (I+ A12F2A21Af11) ~A A Fy )
As Ao ~FyAs Al F, ’

where )
Fy= (A — A21A1_11A12) -

The upper left block could also be written as
_ -1
Fi=(An - A12A221A21) -

Example. (Deviations from Means)For a matrix,
A n ST\ _ [ e =
sia st ) " an o )
the inverse of the lower right-hand element of A~ is
Fy = (alz—(a) (/)" (V)
w! -1 1
= [.’E’ <I—> w} = (z’M°z)"".

n

-1

Now suppose that we replace & with X, a matrix with several columns. We seek the lower
right block of (Z’Z)_l7 where Z = (1, X) . Tha analogous result is

((z2)"), = (x'm°x)"".

e Kronecker Product: For general matrix A and B,

anB a2B ... a,B
A ® B — ang ang e agnB
amlB (ImQB e amnB

Notice that there is no requirement for conformability in this operation. The Kronecker
product can be computed for any pair of matrices. If A is m1 X nq and B is mg X no,
then A ® B is mimso X nins. And furthermore, if A is m x m and B is n X n,

~ A B| = |A]"|BI"

- (A®B)=A'® B ;
—tr(A® B)=tr(A)tr (B);

~ (A9 B)(C® D) = AC ® BD.



3 Characteristic Roots and Vectors

Definition. For a square matrix A over field F', the characteristic vectors c over field F and
characteristic roots A\ € F' are those that satisfy

Ac = e (6)

If ¢ is any solution vector, then kc is also for any value of k. To remove the indeterminancy,
c is nomalized so that c'c = 1.

Proposition. A € F is a charateristic root of n x n matriz A if and only if the determinant
|A — M| =0.

Proof. The (6) can be rewritten as (A — AI)c = 0. This equation is a homogeneous sys-
tem that has nonzero solution if and only if the matrix (A — AI) is singular or has a zero
determinant. Therefore, if A is a solution, then

|A — M| =0. (7)
This polynomial in A is the characteristic equation of A. O
Example. If
a-(31)
then
|A—>\I|:' 5;A 4iA }:A2—9A+18.

The two solutions are A = 6 and \ = 3.

In solving the characteristic equation, there is no guarantee that the characteristic roots
will be real.

Example. If
5 1
a=(% 1)
then
|A — M| :' 5__; 4iA ':A2—9>\+22.
The two solutions are A = %\ﬁi .

The same result can emerge in the general n x n case.

However, the characteristic roots of a symmetric matrix are real. This result
will be convenient because most of our applications will involve the characteristic roots and
vectors of symmetric matrices.

For an n X n matrix, the characteristic equation is an nth-order polynomial in A. Its
solutions may be n distinct values, as in the preceding example, or may contain repeated
values of A, and may contain some zeros as well.



A n x n sysmmetric matrix has n distinct characteristic vectors, ¢, ¢a, ..., c,. The corre-
sponding characteristic roots, A1, Aa, ..., Ay, although real, need not be distinct, which means
there may be many characteristic belonging to a given characteristic root. The characteristic
vectors of a symmetric matrix are orthogonal, which implies that for every i # j, ¢;c; = 0. It
is convenient to collect the n-characteristic vectors in a n X n matrix whose ith columns is the
c;corresponding to \;,

C = (c,c,...,¢n),

and the n-characteristic roots in the same order, in a diagonal matrix,

A 0 ...0
A 0 X ... 0
0 0 0 X\
Then, the full set of equations
ACZ' = )\ici
is contained in
AC =CA.

Since the vectors are orthogonal and ¢,¢; = 1, we have

Cc'C=1I. (8)

It implies that
c'=c (9)

Consequently,
cc'=cCc'c=1 (10)

as well, so the rows as well as the columns of C' are orthogonal.

Definition. The diagonalization of matrix A is
C'AC=C'CA=TIA=A. (11)
Furthermore, we also have,

Definition. The spectral decomposition of A is
n
A=CAC' =) \cid). (12)
i=1

In this representation, the n x n matrix A is written as a sum of n rank one matrices. This
sum is also called the eigenvalue decomposition of A.



3.1 Rank of the Matrix

The diagonalization result enables us to obtain the rank of a matrix very easily.

Theorem 1. For any matriz A and nonsingular matrices B and C, the rank of BAC is
equal to the rank of A.

Proof. rank (BAC) = rank ((BA)C) = rank (BA). And rank (BA) = rank (A'B’) =
rank (A’) = rank (A). O

Corollary. For a symmetric matriz A, A = CAC’, rank (A) = rank (A).

Proof. Since C and C’ are nonsingular and square matrices, then,
rank (A) = rank (CAC") = rank (A).
O

Finding the rank of A is trivial. Since A is a diagonal matrix, its rank is just the number of
nonzero values on its diagonal. By extending this result, we can prove the following theorems.

Theorem 2. The rank of a symmetric matriz is the number of nonzero characteristic roots it
contains.

Note how this result enters the spectral decomposition given above. If any of the char-
acteristic roots are zero, then the number of the rank one matrices in the sum is reduced
correspondingly. It would appear that this simple rule will not be useful if A is not square.
But recall that

rank (A) = rank (A'A) .

Since A’ A is always square, we can use it instead of A. Indeed, we can use it even if A is not
square, which leads to a fully general result.

Theorem 3. The rank of any matrix A equals the number of nonzero characteristic roots in
AA.

Since the row rank and column rank of a matrix are equal, we should be able to apply this
theorem to AA’ as well. This process, however, requires an additional result.

Theorem 4. The nonzero characteristic roots of AA’ are the same as those of A’ A.

3.2 Condition Number of a Matrix

As the preceding might suggest, therre is a discrete difference between full rank and short
rank matrices. In analyzing data matrices, however, we shall often encounter cases in which
a matrix is not quite short ranked, because it has all nonzero roots, but it is close. That
is, by some measure, we can come very close to being able to write one column as a linear
combination of the others. This case is important; it will be examined in the discussion of
multicollinearity in econometrics I. Our definitions of rank and determinant will fail to indicate



this possibility, but an alternative measure, the condition number, is designed for that purpose.
Formally, the condition number for a square matrix A is

)\mam

’)/:

)
)\min

where A4, 1S maximum characteristic root and A;,;, the minimum one. For nonsquare ma-
trices X, such as the data matrix in the example, we use A = X’X. As a further refinement,
because the charecteristic roots are affected by the scaling of the columns of X, we scale the
columns to have length 1 by dividing each column by its norm.

For this measure, the smallest root is close to zero compared with the largest means that
this matrix is nearly singular. Matrices with large condition numbers are difficult to invert
accurately.

3.3 Trace of a Matrix

Definition. The trace of a square n x n matrix is the sum of its diaonal elements:
n
tr (A) = Z Qg .
i=1
Exercise. Examine the following properties of trace manipulation.

1. tr(cA)=c-tr(A) ceR.

2. tr

7. tr(A'A) =31 aja; =30, Z;L:1 a?j :
8. The permutation rule can be extended to any cyclic permutation in a product
tr(ABCD) =tr(BCDA)=tr (CDAB) =tr (DABC). (13)
Theorem 5. The trace of a matriz equals the sum of its characteristic roots.
Proof. For a matrix A,
tr (A) =tr (CAC") =tr (C'CA) =tr (A). (14)

Since A is diagonal with the roots of A on its diagonal, the general result is the following. O



3.4 Determinant of a Matrix

Recalling how tedious the calculation of a determinant promised to be, we find that the
following is particularly useful. Since

C'AC = A,
Al = |c'Ac|=|c'||A||C|
= |C']|cl|A| = |C'C||A]
= |4]. (15)

Since |A] is just the product of its diagonal elements, the following is implied.
Theorem 6. The determinant of a matrix equals the product of its characteristic roots.

Notice that we get the expected result if any of these roots is zero. Since the determinant
is the product of the roots, it follow that a matriz is singular if and only if its determinant is
zero and, in return, if and only if it has at lest one zero characteristic root.

3.5 Powers of a Matrix

We often use expressions involving powers of matrices, such as AA = A%. For positive integer
powers, these expressions can be computed by repeated multiplication. But this does not show
how to handle a problem such as finding a B such that B? = A, that is, the square root of a
matrix. The characteristic roots and vectors provide a solution. Consider first,

AA = A? = CAC'CAC’ = CA*C’ (16)

Two results follow. Since A is a diagonal matrix whose nonzero elements are the squares of
those in A, the following is implied.

For any symmetric matriz, the characteristic roots of A? are the squares of those of A,
and the charecteristic vectors are the same.

The proof is obtained by observing that (16) is the spectral decomposition of the matrix
B = AA. Since A> = A%A and so on, it is easy to extend to any positive integer. By
convention, for any A, A = I. Thus, for any symmetric matrix A, A¥ = CA*C'for k =
1,2.... Hence, the chracteristic roots of A* is A\¥ if the characteristic roots of A is A, whereas
the charecteristic vectors remain the same as those of A.

If A is nonsingular, so that its roots A; are nonzero, then this proof can be extended to
negative powers as well. If A™! exists, then,

1

Al =(cAc) = ()T e) Tt =caie,

where we have used the earlier result, C' = C~'. This gives an important result that is useful
for analyzing inverse matrices.

Theorem 7. For any nonsingular symmetric matric A = CAC', A¥ = CA*C’, for k =
e, —2,-1,0,1,2,....

10



We now turn to the general problem of how to compute the square root of a matrix. In the
scalar case, the value would have to be nonnegative. The matrix analog to this requirement
is that all the characteristic roots are nonnegative. Consider, then, the candidate

AY? = CAY2C' = Cdiag <\/Y1 o @) C.

This equation satisfies the requirement for a square root, since
AY2AV? = CAY2C'CAYRC = CAC = A.

If we continue in this fashion, we can define the powers of a matrix more generally, still
assuming that all the chareacteristic roots are nonnegative.

If all the roots are strictly positive, we can go one step further and extend the result to
any real power.

Theorem 8. For the characteristic roots of matriz A is positive, then A" = CA"C’, for any
real number r.

Example. (Idempotent Matrices)

For an idempotent matrix A, A2 = A. Therefore for any nonnegative number k, A¥ = A.
Further, if X is a characteristic root of an indempotent matrix, then A = A\¥, from which A = 1
or A=0. If A is a symmetric idempotent matriz, all its roots are one or zero.

Assume that all the roots of A are one. Then A =TI, and A= CAC’' =CC’' =1I. If the
roots are not all one, then one or more are zero, which means |A| = |A| = 0. Hence, we have
the following results for symmetric idempotent matrices: (1) The only full rank, symmetric
idempotent matriz is the identity matriz I;(2)All symmetric idempotent matrices except the
identity matriz are singular.

The diagonal matrix only contains value one or zero, then

rank (A) = rank (A’A) = rank (AA) = rank (A) = tr (A) = tr (A).
Example. (Factoring a Matriz)
In some applications, we shall require a matrix P such that
PP=A"

One choice is
P=A'2C
so that,
P'P=(A"12C) A0 = oAl
are desired. Thus, the spectral decomposition of A, A = CAC’ is a useful result for this kind
of computation.

There are other method that we can use, such as the Cholesky factorization and singular
value decomposition.

11



4 Quadratic Forms and Definite Matrices

Many optimization problem involves double sums of the form
n n
=) wirjai.
i=1 j=1
This quadratic form can be written as
g=12Azx,

where A is a symmetric matrix. In general, ¢ may be positive, negative or zero; it depends on
A and x. There are some matrices, however, for which ¢ will be positive regardless of x, and
others for which ¢ will always be negative.

Definition. For a given matrix A,
o If 2’ Ax > (<) 0 for all nonzero x, then A is positive(negative) definite.

o If '’ Ax > (<)0 for all nonzero x, then A is nonegative definite or positive semidefi-
nite(nonpositive definite).

Recall that a symmetric matrix can be decomposed into
A=CAC".
Therefore, the quadratic form can be written as
' Ax = ' CAC'z.

Let y = C'z. Then

n

Az =y Ay = Z)\ny (17)

i=1
If \; is postitive for all ¢, then regardless of y, that is, regardless of x, ¢ will be positive.
Continuing this line of reasoning, we obtain the following theorem.
Theorem 9. Let A be a symmetric matrix.

e If all the chareacteristic roots of A are positive(negative), then A is postitive defi-
nite(negative definite).

o [f some of the roots are zero, then A is nonnegative(nonpositive) definite if the
remainder are positive.

e [f A has both negative and positive roots, then A is indefinite.
Exercise. Examine the theorem implies a number of related results.
1. If A is nonnegative definite, then |A| > 0.

2. If A is positive definite, so is A~!.

12



3. The identity matrix I is positive definite.

4. If A is m x n matrix with full column rank and m > n, then A’A is positive definite
and AA’ is nonnegative definite.

5. If A is positive definite and B is a nonsingular matrix, then B’ AB is positive definite.
For the idempotent symmetric matrices,

Every symmetric idempotent matrix is nonnegative definite.

S

If A is symmetric and idempotent, n X n with rank J, then every quadratic form in A
can be written as @’ Ax = Z;-Izl yjz, where y has relationship with .
4.1 Comparing Matrices

Derivations in econometrics often focus on whether one matrix is “larger” than another. As a
starting point, the two matrices must have the same dimensions.

Definition. For two n x n matrices A and B,
d=x'Ax —x'Bx =2 (A - B)=x.

If d is always positive for any nonzero vector, x, then by this criterion, we can say that A is
larger than B. The reverse would apply if d is always negative.

It follows from the definition that if d > 0 for all nonzero x, then A— B is positive definite.

If d is only greater than or equal to zero, then A — B is nonnegative definite. The ordering
is not complete. For some pairs of matrices, d could have either sign, depending on . In this
case, there is no simple comparison.

A particular case of the general result which we will encounter frequently is: if A is positive
definite and B is nonnegative definite, then A + B > A.

Example. For the updating formula,
X'X=X'X+bt>X'X.
Furthermore, we have the following theorem.

Theorem 10. If A and B are two positive definite matrices with the same dimensions and
if every characteristic root of A is larger than (at least as large as) the corresponding charac-
teristic root of B when bothsets of roots are ordered from largest to smallest, then A — B 1is
positive(nonnegative) definite.

Example. For the inverses of symmetric matrices, the result analogous to a familiar result
for scalars is: if A > B, for any nonzero vector x,

d=z' (B'-AHz>0=>B"'>A4" (18)

5 Matrix Calculus

After the introductory sections above, now we will turn to the matrix calculus.

13



5.1 Differentiation
For a scalar function, f (z): R — R, let y = f (x). If it is differentiable, then we denote
dy d*y
/ _ Ay o _*J
Fa)= =28

Then for a scalar-valued function, f(x) : R" — R, let y = f ().
derivatives, or gradient vector, or simply gradient, is

The vector of partial

Oy / 0z N1
g (@) = aj(; ;m) _ Oy/:axz _ ]iz
ay/aq:l jﬁ

Notice that it is a column vector. The shape of the derivative is determined by the denominator
of the derivative.
A second derivatives matrix or Hessian is computed as

0%y 0%y
0x10T1 0x10x2
9%y 0%y
IJ'CE) = Ox20x1  Ox20x2
9%y 0%y
0xn0x1  Oxndxa
_ 0 (oy 0
- Ooxr1 \ Oz Oxa

0 [0y
0%y
0x'Ox

)

(

0%y
0x10Tn
0%y
O0x20xn

0%y
O0Tn Oy
o)

oxy

Oy
ox

(%))

If function is defined as f (X)) : R™*" — R, the gradient is defined as:

of (X of (X
0X OTij  J xn
The following are some results for common function.
e For a linear function, y = a’x = )" | a;x;, the gradient is
Qy/0x1 ai
oy 0y/0xs as
= — = = = . 20
g(2) =" 5 C=a (20)
0y /0xy, an
H =0.

e For a set of linear functions y = X3, we have y; = X3, where X/, is the ith row of X.

Therefore, for each 1,

0y;

oB

14
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Therefore,

9y1/0B' 1
ay aﬂ/ /
2! 2 l=x
Ayn /0B’ X5,
This can be written as g—g = X', whereas the more familiar form will be
0Xp
— =X 21
o (21)

e For a quadratic form,

n n
:B/Aiﬁ = E E Tiljhij, (22)
i=1 j=1

which is very common in econometrics. The gradiant w.r.t. x,

oz’ Az n n
Oz, D i1 Tini + Dy Tiai
ox' Az Oz Az [ noo
Az _ | o | | Timwmeit XN nion | gL ANg (23)
ox : .. )
afgﬁ Z?:l TiQpi + Z?:l Lilin
Tn

For the gradient w.r.t. X, the coefficient on a;; is x;x;. Therefore,

ox' Ax
— = T;%,.
8@1']' v
The square matrix whose ijth element is z;x; is za’, so
or'A
J(;Am =zx'. (24)

For a determinant form, f (A) = log|A|, the gradient for each term is

91A] _

_1)itd A;i
aaij ( ) ’ ]|7

where |A;;| is the ¢jth minor in A. The ijth element of the inverse of A is

by — (1) Ayl
Al
which implies that,
of (A) (=1 ]Ay| _

- b'iv
aaij ’A’ J

hence,

Of (A) _ /o1y e
-y

(25)

Those above are some basic calculus. For more examples, please refer to Magnus and Neudecker(2002).
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5.2 Taylor Expansion

In econometrics, Taylor series approximation is frequently used. A Taylor series is a poly-
nominal approximation to the target function. For example for function f (z), let xp be an
arbitrarily chosen expansion point

f(x) +Z L &%/ (20) (z — z0)" (26)

n!  dri

The choice of the number of terms is arbitrary; the more that are used, the more accurate
the approximation will be. The approximation used most frequently in econometrics is the
following approximations.

e Linear approximation:

f(z) = f(x0) + f' (z0) (x — z0), (27)
which can be written as

f@) =~ [f(xo) = f (x0) o] + f' (x0) =
= a-+ bz

e Quadratic approximation:

f (@)~ f (o) + 1 (wo) (x — o) + %f" (o) (2 — w0)*. (28)

It can also be written as

%

f (@) f(x0) — [ (wo) zo + %f” (o) x| + [f (o) = f" (x0) w0 = + %f" (20) 2

= a+ Bz +ya?

Extend the above results to single-valued function, we have

e Linear approximation

n

f(@) =~ f(@o)+ ) filxo)(zi — o)

n=1
1 (o) + 2L ().
[f (o) — g (m0) @o] + g (w0)
= a+ gz (29)
e Quadratic approximation:
f(z) = f(zo) + Z fi (®o) (zi — x0;) Z Z gj; g; ; — x0i) (x; — wo;)  (30)
n=1 =1 j=1 Lt

16



The second-oder terms in the expansion is

% Z Z 07 (o) (i — z0s) (2 — 2oj) = 1 (x — z0) H (x0) (x — x0),

=1 j=1 8$iaxj 2
to the preceding one. Collecting all the terms, we have
1
f@)~a+pz+ §aslH (o) , (31)

where ' H
o= f(ao) — g (o) o + NI g g ) H () .

5.3 Transformations

If y is a column vector of functions, y = f (x). The inverse trasformation is © = f~! (y) if
=1 (y) exists. Then the Jacobian matrix of the transformation from y to x is

Oz Oz Oz

3 3 o B
Y

Ozn  Oxn Oxn

oy Oy oy

Then the absolute value of the determinant of J, abs (|J]|) is the Jacobian determinant of the
transformation from y to @. In the nonsingular case,
abs (|J|) = abs (‘A_l‘) = L
abs (|A])
In the singular case, the matrix of the partial derivatives will be singular and the determinant
of the Jacobian will be zero.

Example. For linear function y = Az = f (), the inverse transformation is © = f~! (y). If
A is nonsingular, then,
x=Aly

If A is singular, then there is no inverse transformation. Let J be the matrix of partial
derivatives of the inverse function:
J = .
dy;

The absolute value of the determinant of J is

abs (|J|) = abs < gm

)

And it is the Jacobian determinant of the transformation from y to . In the nonsingular
case,

abs (|J]) = abs (|JA7']) = abs(1|A\)'

17



In the singular case, the matrix of the partial derivatives will be singular and the determinant
of the Jacobian will be zero, which means the transformation from x to y are functionally
dependent.

Clearly, if the vector @ is given, then y = Ax can be computed from . Whether & can be
deduced from y is another question. Evidently, it depends on the Jacobian. If the jacobian is
not zero, then the inverse transformations exist, and we can obtain x. If not, then we cannot
obtain x.

5.4 Optimization and Constrained Optimization

The optimization is very important in econometrics. There are many estimators obtained by
minimizing or maximizing some specific criterion function. In this section, we assume that the
criterion function are secondly diffentiable.

Consider finding the = where f () is maximized or minimized. Since f’(x) is the slope
of the f(x), either optimum must occur where f’(z) = 0. Otherwise, the function will be
increasing or decreasing at x. This result implies the first-order or necessary condition for an
optimum:

dy

de
For a maximun, the function must be concave; for a minimum, it must be convex. The
sufficient condition for an optimun is:

0 (33)

d2y

For a maximun,

dgy

dz?
Some functions, such as the sine and cosine functions, have many local optima, that is, many
minima and maxima.

For a minimum, > 0.

Example. The function f (z) = ioi(wa;), the damped cosine wave, does as well but differs in

that although it has many local maxima, it has one, at x = 0, at which f (z) is greater than
it is at any other point. We can see those properties from the following figure.
Thus, z = 0 is the global mazximun, whereas the other maxima are only local mazima.

Certain functions have only a single optimum, such as the gllobally convex or globally
concave. These function are very common in econometrics and some theoretical economics
modelling. Further, the globally concave functions usually have a maximun and globally
convex functions have a minimum.

For maximizing or minimizing a function of several variables, f (x), the first-order condi-

tions are,
of (z)
ox

The result is interpreted in the same manner as the necessary condition in the univariate
case. At the optimum, it must be true that no small change in any variable leads to an

=0. (34)
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Figure 1: The function f (z) = Cloj(fz)
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improvement in the function value. Meanwhile, the second-order condition for an optimum in
the multivariate case is that, at the optimizing value,

o P (@)

Oxdx’
must be positive definite for a minimum and negative definite for a maximum.
In a single-variable problem, the second-order can usually be verified by inspection. This
situation will not generally be true in the multivariate case. As discussed earlier, checking the
definiteness of a matrix is, general, a difficult problem. For most of the problems encountered
in econometrics, however, the second-order condition will be implied by the structure of the

problem. That is, the matrix H will usually be of such a form that it is always definite.

(35)

Example. Consider the problem,

! !
max R=ad'xz —x' Ax.
xeR?

The first-order condition is

oR N
a—w—a—(A—i-A)w—O.

If A is inversible, then

T = (A+A')_1 a.

And the second-order condition is,

OR
——=—(A+A4).
Oxox’ (4+4)
Then we can verify the charateristic roots of — (A + A’) are all negative or positive.

Exercise. Solve the following problem,

Jmin (v~ XB) (v~ XB).

Example. It is often necessary to solve an optimization problem subject to some constraints
on the solution. For such problems, the common used method is the Lagrange multipliers.
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Basics of Probability Theory

1 Brief Introduction

The subject of probability theory is the foundation upon which all of statistics is built, pro-
viding a means for modeling populations, experiments, or almost anything else that could be
considered a random phenomenon. Before we define probability, we have to introduce the set
theory. For more details, please refer to Resnick(1998).

1.1 Set Theory

Definition 1. If A is any set(whose element may be numbers or any other objects), then

If z is a member(or an element) of A, then z € A.

If x is not a memeber of A, then x ¢ A .

The set which contains no element will be called the empty set, (. If a set has at least one
element, it is called nonempty.

If A and B are sets, and if every element of A is an element of B, we say that A is a subset
of B, and write A C B, or B D A. If, in addition, there is an element of B which is not in A,
then A is said to be a proper subset of B.

If AC B and B C A, we write A = B. Otherwise, A # B.

In order to draw conclusions related to a random phenomenon, the first step is to identify
the following definitions.

Definition 2. An experiment is repeatable process that has a well defined set of possible
outcomes. The set, 2, of all possible outcomes of a particular experiment is called the sample
space for the experiment. An event is a subset of the sample space, A C (.

Exercise 1. For each of the following experiments, describe the sample space.
1. Toss a coin four times.
2. Count the number of insect-damaged leaves on a plant.
3. Measure the lifetime(in hours) of a particular brand of light bulb.
4. Record the weights of 10-day-old rats.

Remember that probability is a mathematical construct and when we apply probability
ideas to real situations we always make assumptions (e.g.. fairness of a dice, etc.). Hence,
probability statements are statements about a mathematical model not statements about
reality.

Given any two events(or sets), we have the following elementary set operations:



e Union: The union of A and B, AUB ={z:x € Aorx € B}.
o Intersection: The intersection of A and B, ANB ={z:x € Aandx € B}.
o Complementation: The complementation of A, A° ={x:x ¢ A}.

Example 1. Consider the experiment of selecting a card at random from a standard deck
and noting its suit: clubs(C), diamonds(D), hearts(H ), or spades(S). The sample space is

Q={C,D,H, S},

and possible events are

A={C,D}, B={D,H,S}.
From the events we can form
AUB={C,D,H,S}, AnNB={D}, A = {H,S}.
Furthermore, notice that AU B = Q and (AU B)“ = 0.
Theorem 1. For any three events A, B and C, defined on a sample space, 2, then we have
1. Commutativity: AUB=BUA, ANB=BnNA.
2. Associativity: AU(BUC)=(AUB)UC,AN(BNC)=(AnB)NC.
3. Distributive Laws: AN(BUC)=(ANB)U(ANC), AU(BNC)=(AUB)N(AUC).
4. DeMorgan’s Law: (AU B)° = A°N B¢, (AN B)“ = A°U B-.
Exercise 2. Do the following excercise.
1. Prove Theorem 1.
2. Verify the following identities.
(a) AAB=A\(ANB)=AnB".
(b) B=(BNA)U (BN A°).
(¢) B\A=DBn A-.
(d) AUB= AU (BN A°).
The operations of union and intersection can be extended to infinite collections of sets as well,

which is called countable union and countable intersection. If Ay, Ao, ... is a collection of sets,
all defined on a sample space, €2, then

o0
UAi:{a:GQ:mGAiforsomei},
=1

ﬂAi:{xGQ:xeAiforalli}.
i=1



Exercise 3. Let Q = (0,1], A; = [1/4, 1]. Verify the following identiy
L. Uzoil [%’ 1] = (07 1]'
2. N2 [5: 1 =1{1)

Definition 3. Two events A and B are disjoint(or mutually exclusive) if AN B = (. The
events Ay, Ag ... are pairwise disjoint if A; N A; =0 for all ¢ # j.

Example 2. Consider the collection 4; = [i,i+ 1), i = 0,1,..., then it is consist of pairwise
disjoint sets. Further, [J;2; A; = [0, 00).

Definition. If A;,... are pairwise disjoint and (J;=; A; = €2, then the collection A;, Ao, ...
forms a partition of 2.

2 Mathematical Probability

2.1 Axiomatic Foundations

For each event A in the sample space 2 we want to associate with A a number between zero
and one that will be called the probability of A, denote by P (A). It would seem natural to
define the domain of P as all subsets of ; that is, for each A C Q we define P (A) as the
probability that A occurs.

Definition 4. A collection of subsets of € is called a o—algebra, denoted by B, if it satisfies
the following three properties:

e Qe B.
o If A € B, then A € B.
o If A1, As,--- € B, then UzoilAzEB

The pair consisting of a set and a o—algebra defined on that set is referred to as a mea-
surable space.

Exercise 4. Do the following exercise,

1. Prove if Ay, Ag,--- € B, B is a o—algebra, then (2, A; € B.

2. Prove if By and By are both o—algebra, then By N By is also a o—algebra.
Example 3. Consider a set ¥ together with non-trivial subset A C ¥.

1. The trivial c—algebra: B = {0,}.

2. The power set. B =P () or {0,1}7, the class of all subsets of .

The sample space € is the set of all possible outcomes of an experiment and we can
define events as subsets of {2 containing outcomes that are of interest. Now we can generate
a measurable space (2, F), where F is a o-algebra defined on Q. Here F is a collection of
subsets of 2 and we interpret the elements of F as being events. Thus if A € F then A is an
event. We say “event A occur”. Since probability is always associated with events so F will
be the domain for probability measure.



Definition 5. Given a sample space {2 and an associated o —algebra JF, the probability measure
on (2, F) is a function P : F — [0, 1] with the following properties,

e P(A)>0for VA e F.

e P(Q)=1.

o If Ay,--- € F are disjoint then P (|J;2, Ai) = > ooy P (4).
Then (2, F, P) is called a probability space.

2.2 The Calculus of Probabilities

From the definition of the probability, we can build up many properties of probability measure,
which are quite helpful in calculation of more complicated probabilities.

Proposition 1. If P is a probability measure on (Q, F), and A is any set in F, then,

1. P (D) =0, where () is the empty set.

2. P(A)<1.

3. P(A)=1—-P(A).

For Proposition 1, it is very easy to prove based on the definition of probability measure.
Theorem 2. If P is a probability measure on (2, F), A and B is any set in F, then,

1. P(BNA®)=P(B)—P(ANB).

2. P(AUB)=P(A)+P(B)—P(ANB).

3. If AC B, then P(A) < P(B).
Exercise 5. Prove Proposition 1 and Theorem 2.
Proposition 2. Consider a probability space (2, F, P),

1. P(A) =2, P(ANGC;) for any partition Cy,Cy, .. ..

2. If Ay,--- € F, then, P(U;2, Ai) <> 72y P(A).
Theorem 3. For general, Consider a probability space (2, F, P), with Ay,..., A, € F, then,
P (O Ai> = fjp (A)=) P(AinAj)+ > P(ANA N A+ +(=1)" T P (A NN Ay).

i=1 i=1 i<j i<j<k

Proposition 3. (Probability limit of sequence of sets)

1. If {A;} is an increasing sequence of sets A1 C Ag C ..., then, lim, o P(A,) =
P Uz A),

2. If {A;} is an increasing sequence of sets Ay D Ay D ..., then, lim, o P(A,) =
P (21 Ad)-

Exercise 6. Prove Proposition 2, Theorem 3 and Proposition 3.



3 Conditional Probability and Independence

All of the probabilities that we have dealt with thus far have been unconditional probabiliteis.
A sample space was defined and all probabilities were calculated with respect to that sample
space. In many instances, however, we are in a position to update the sample space based on
new information. In such cases, we want to be able to update probability calculations or to
calculate conditional probabilites.

Definition 6. Consider a probability space (2, F,P). If A and B are events in F, and

P (B) > 0, then the conditional probability of A given B, written P (A|B), is
P(ANB)
P(AB) = ——=

(1B = =5

Example 4. Some trivial properties of conditional probabilities can be obtain.

1. We can notice that P (A|B) = 1 if A C B. The intuition is that our original sample
space, €2, has been updated to B. All further occurrences are then calibarated with
respect to their relation to B.

2. In particular, note what happens to conditional probabilites of disjoint sets. Suppose A
and B are disjoint, so P (AN B) = 0. It then follows that P (A|B) = P (B|A) = 0.
3. We have P(ANB) = P(A|B) P (B), and similarly, P(AN B) = P(B|A) P (A), then
P(A
P(AIB) = P (B|A) 55
Proposition 4. (law of total probability) Consider a probability space (2, F, P) with a parti-
tion {C1,C2---} of Q. Forall Ae F, P(A) =32, P(A|B;)P(B;) .

Theorem 4. (Bayes’ rule) Let Ay, Ag, ..., be a partition of the sample space, and let B € F.
Then for each i =1,2,...,

_ P(BJA) P(4)
P (A|B) = S, P (BIAj) P (A))

In some cases, it may happen that the occurence of a particular event, B, has no effect on
the probability of another event, A. Symbolically, we are saying that

P(A|B)=P(A).
If this holds, then by Bayes’ rule and Example 4, we have,

P(B) P (B)
P(B|[A)=P(AlB)=——==P(A)——==P(B
so the occurrence of A has no effect on B. Moreover, since P (B|A) P(A) = P(ANB), it
then follows that

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

Definition 7. For a probability space (Q,F,P), if A,B € F , A and B are statistically
independent if
P(AnB)=P(A)P(B).



Based on the independence, we introduce the mutual independence.

Definition 8. Consider a probability space(£2, F, P) and a set of events {41, A, ..., A, }. We
say that {A;,..., Ay} are mutually independent if any subcollection A;,, ..., A;,, we have

P (k]Aij =1[P(4;).

j=1

Exercise 7. Consider the experiment of tossing a fair coin three times. List the sample space
Q). Let H; be the event that ith toss is a head. Prove that Hy, Ho and H3 are mutually
independent.



Probability Distributions

1 Random Variables

In many experiments it is easier to deal with a summary variable X than with the original probability
structure.

Example 1.1. In an opinion poll, we might decide to ask 50 people whether they agree or disagreee
with a certain issue. If we record a 1 for agree and 0 for disagree, the sample space for this experiment
has 2250 elements, each an ordered string of 1s and 0s of length 50. We should be able to reduce this to
a reasonable size! It may be that the only quantity of interest is the number of people who agree out
of 50 and, if we define a variable X =number of 1s recorded out of 50, we have captured the essence
of the problem. Note that the sample space for X is the set of integers {0, 1,2,...,50} and is much
easier to deal with than the original sample space.

Usually in defining the quantity X, we have to defined a mapping from the original sample space
to a new sample space, usually a set of real numbers.

Suppose € is the sample space and F is the corresponding o—algebra generated by . Let &’
be the another set and F’ be the o—algebra generated by €'. Hence, (2, F) and (', F’) are two
measurable spaces. Suppose a function,

X:0-Q,
meaning X is a function with domain  and range £’.Then X determins a function,
X LP(@) =P,
where P (') and P () are the power sets for Q' and Q, respectively. It can be defined by
X 1A ={weQ: X (w)e A}, for A e,
which you can see from the Figure 1.

Definition 1.2. The map X is called measurable if X! (F') C F. Then X is also called a random
element of €. The following notation is used to represent X,

X:(QF) = (Y, F).
Definition 1.3. Consider a probability space (2, F, P), and suppose
X:(QF)— (R,B(R)),
where B (R) is the o—algebra generated by R, then X is called random variable.

Although we define the random variable, we must check that our probability function, which is
defined on the original sample space, can be used for the random varaible.

Suppose we have a sample space S = {s1,...,s,} with a probability function P and we define a
random variable X with a range X = {x1,..., %, }. We can define a probability function Px on X in
the following way. We will observe X = z; if and only if the outcome of the random experiment is an
sj € S such that X (s;) = z;. Thus,

Px(X=az;)=P{s; € 5: X (s5) =x;}).



Figure 1: Inverse
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Definition 1.4. Consider a probability space (Q,F,P), for X : (Q,F) — (Q,F'), define a set
function, Po X~ (A’) = P (X! (A4’)). Then Po X! is a probability function on (€, F’), and it is
called induced probability or the distribution of X.

Hence, based on the discussion above, we don’t have to discuss the probability based on the general
set now. We can turn to the probability based on the measural space (R, B (R)), which we are very
familiar with.

Exercise 1.5. Consider the experiment of tossing a fair coin three times again. Let X =the number
of heads obtained in the three tosses. Find the range of X , X and the induced probability function
on X.

2 Distribution Functions

With every random variable X, we associate a function called the cumulative distribution function of
X.

Definition 2.1. The cumulative distribution function or cdf of a random variable X, denoted by
Fx (x), is defined by
Fx (z) = Px (X < x), for all z.

Exercise 2.2. (Cintinuation of Fzercise 1.5)Consider the experiment of tossing three fair coins, and
let X =number of heads observed. Define and draw the cdf of X.

Theorem 2.3. The function F (x) is a cdf if and only if the following three conditions hold:
o lim,, o F(x)=0 andlimy,_, o F (z) =1.
e F(x) is a nondecreasing function of x.
o F(z) is right-continuous; that is, for every number xo, limy ,, F (x) = F (zo).

Exercise 2.4. Suppose we do an experiment that consists of tossing a coin until a head appears. Let
p =probability of a head on any given toss, and X =number of tosses required to get a head. Define
the cdf of X and verify the three properties of this cdf.

We may state that Fx completely determines the probability distribution of a random variable
X. This is true if P (z € A) is defined only for events in B, the smallest o—algebra containing all
the intervals of real numbers of the form (a,b),[a,b),[a,b] and (a,b]. If probability is defined for a



larger class of events, it is possible for two random variables to have the same distribution function
but not the same probability for every event. In our usual applications, we are concerned only with
events that are intervals, countable unions or intersections of intervals. Hence, we do not consider such
pathological cases.

Definition 2.5. The random variables X and Y are identically distributed if, for every set A € B,
P(Xe€A) =P e€A).

Note that two random variables that are identically distributed are not necessarily equal.
Theorem 2.6. The following two statements are equivalent:

1. The random variables X and Y are identically distributed.

2. Fx (x) = Fy (x) for every x.

Exercise 2.7. (Cintinuation of Ezercise 2.2) Define Y =the number of tails observed. Check that X
and Y are identically distributed.

3 Density and Mass Functions

Exercise 3.1. (logistic distribution) Check the function Fx = is a cdf.

_ 1
1+e—%

Combined with Exercise 2.4, whether a cdf is continuous or has jumps corresponds to the associated
random variable being continuous or not.

Definition 3.2. A random variable X is continuous if Fx (z) is a continuous function of A random
variable X is discrete if Fx (x) is a step function of x, which means X only takes values that are in
some countable subset {z1,za,...} of R..

Associatedwith a random variable X and its cdf Fx (z) is another function, called either the
probability density function(pdf) or probability mass function(pmf). The terms pdf and pmf refer to
the continuous and discrete cases, respectively.

Definition 3.3. The probability mass function(pmf) of a discrete random variable X ,fx (z) : R —
[0, 1], is given by
fx () =P(X =x), for all z,

which is the probability at the point x.
Proposition 3.4. Properties of pmf:
e 0< fx(x) <1, V.
o fx(z)=0,ifx ¢ {z1,22,...}.
« S, fx(@) =1
For the relationship between the cdf of X and pmf of X,

Fx(z)= Y fx(u).

wulx

Definition 3.5. The probability density function(pdf), fx (x), of a continuous random variable is the
integrable function fx (x): R — [0, 00) that satiesfies

Fx (z) = /T fx (t)dt for all z.

It can also be written as p
fx (z) = b ().



Note that the expression “X has a distribution given by Fx (z)” is abbreviated symbolically by
“X o~ FX (if)”.
For continuous random variable, since {X =2} C {& — e < X < z}, for any € > 0, then

PX=z)<Pz—e<X<z)=Fx(z)—Fx (X —¢),
for any € > 0. Therefore,

OSP(X:x)Slﬁijg[FX(a:)—FX(X—e)}:Q

by the continuity of F'x. It implies that
Pla<z<b)=Pla<z<b)=Pa<z<b=Pla<z<bh).
Proposition 3.6. Properties of pdf:
e 0< fx(x) <1, Va.

o [T fx(x)=1.
Exercise 3.7. Check the following function is a pdf,

1. (Normal distribution) fx (z) = —2— exp (—2%2 (x — ,u)z), xR

2no

e ™ x>0

2. (Exponential distribution) fx (z) = {0 Otherwise
erwise

3. (Cauchy distribution) fx (x) = m for z € R.

4 Expected Value and Variance

The expected value, or expectation, of a random variable is merely its average value, where we speak
of “average” value as one that is weighted according to the probability distribution. By weighting the
values of the random variable according to the probability distribution, we hope to obtain a number
that summarizes a typical or expected value of an observation of the random variable.

Definition 4.1. If X is a random variable with sample space X' (R or subsets of R), the expected value
or mean of the function g (X) :X — Y, where ) is new sample space(R or subsets of R), is

[y 9 () fx (x)dx If X is continuous

Ex[g(X)] = {ZzeXg (@) fx (1) = X ,en g (@) P(X =) If X is discrete,

provided that the integral or sum exist, that is, Ex [|g (X)|] < oo. In particular, the mean of the
random variable X is defined as,

Ex [X] = f,\( xfx (x)dx If X is continuous
* B Prextfx (@) =2 cxaP (X =2z) If X is discrete,

provided that the integral or sum exist, that is, Ex [|X|] < oco.
Note that usually we just write it as FE [¢ (X)] and E (X).

Exercise 4.2. Calculate the mean of the follow distributin,



Ae ™ >0

1. X ~ Exp()\), with = .
p (A), with fx () {O Otherwise

2. Let pdf of X be fx (z) = ﬁ

3. Let pdf of X be fx (z) = \/2170 exp (—ﬁ (x — u)2), x €R.

Theorem 4.3. Let X be a random variable and let a,b,c be constants. Then for any functions g1 (z)
and g (x) whose expectations exist,

E(agi (x) + bgs (z) + ¢) = aE [g1 (z)] + bE [g2 (z)] + ¢.
If g1 (x) > 0 for all x, then E g1 ()] > 0.

I 1 (2) > g () for all 2, then B [gy (2)] > E g2 (2)].
If a < g1 (z) <b for all z, then a < E[g1 (x)] < b.

Exercise 4.4. Prove Theorem 4.3.
Exercise 4.5. Prove min, £ [(X — b)Q} = E(X — EX)°.

Definition 4.6. If X is a random variable with sample space X' (R or subsets of R), the variance of
X is Var (X) = Ex [(X - EX)Q}, that is,

2 . .
var ) = e O P () T x e
whenever the sum or integral is fintie.
Exercise 4.7. Calculate the variance of the follow distributin,
Ae ™ x>0

1. X ~ Exp()\), with = .
zp V), with fx () {0 Otherwise

2. Let pdf of X be fx (z) = m

3. Let pdf of X be fx (z) = 21m exp (—# (x — u)Z), x eR.
Theorem 4.8. If X is a random variable with finite variance, then for any constants a and b,
Var (aX +b) = a*Var (X).

Exercise 4.9. Prove Theorem 4.8.

5 Higher Moments and Moment Generating Functions
The various moments of a distribution are an important class of expectations.
Definition 5.1. For each integer, the nth moment of X (or Fx (z)), ul,, is
pn, = E(X").
The nth central moment of X, p,, is
fn = E (X —p)",
where p = pj = E (X).



We now introduce a new function that is associated with aprobability distribution, the moment
generating function(mgf). As its name suggests, the mgf can be used to generate moments. In practise,
it is easier in many cases to calculate moments directly than to use the mgf. However, the main use of
the mgf is not to generate moments, but to help characterizing a distribution. This property can lead
to some extremely powerful results when used properly.

Definition 5.2. Let X be a random variable with cdf Fx. The moment generating function(mgf) of
X, denoted by Mx (t), is

E [etX] _ {f}( e fx (x) da If X is continuous

My (t) =
x (t) S wen € fx (@) = X, cp P (X =2) If X is discrete,

provided that the expectation exists for ¢ in some neighborhood of 0. That is, 3h > 0, V¢t € (—h,h),
E [e'] exists.
If the expectation does not exist in a neighborhood of 0, we say that the moment generating function

does not exist.

Theorem 5.3. If X has mgf Mx (t), then
E(X") =My (0),
where e
M) (0) = = Mx (t
x (0= -5 X()t:O
That is, the nth moment is equal to the nth derivative of Mx (t) evaluated at t = 0.
Exercise 5.4. Prove Theorem 5.3.

Exercise 5.5. Calculate the mgf of the follow distributin. Use the mgf to calculate the mean and
variance.

de ™ >0

1. X ~ Ezp (M), with = .
p (A), with fx () {O Otherwise

2. Let pdf of X be fx (z) =

2o

exp (—# (x — ,u)Q), z €R.

Proposition 5.6. For any constants a and b, the mgf of the random variable aX + b is given by
Myxip (t) = " Mx (at) .

Exercise 5.7. Prove Proposition 5.6.

As we mentioned, the usefulness of the mgf stem from the fact that, in many cases, the mgf can
characterize a distribution.

Theorem 5.8. Let Fx () and Fy (y) be two cdfs all of whose moment exist. If the mgf exist and
My (t) = My (t) for allt in some neighborhood of 0, then Fx (u) = Fy (u) for all u.

Further, we can have the following theorem.

Theorem 5.9. (Convergence of mgfs) Suppose {X;,i=1,2,...} is a sequence of random variables,
each with mgf Mx, (t). Furthermore, suppose that

lim My, (t) = Mx (t), for allt in a neighborhood of 0,
11— 00

and Mx (t) is an mgf. Then there is a unique cdf Fx whose moments are determened by Mx (t) and,
for all x where Fx (x) is continuous, we have

hm FXi (t) = FX (t) .

1—> 00
That 1is, convergence, for |t| < h, of mgfs to an mgf implies convergence of cdfs(Convergence in
distribution,).



6 Differentiating and Integral

In some cases, we will encounter such a problem like

d b(0) ( )
— f(z,0)dz,
do /.0

where —oo < a (0),b(6) < oo for all . Sometimes we are desired to interchange the order of integration
and differentiation.
The following theorem provides a rule for that problem.

Theorem 6.1. (Leibnitz’s rule) If f(0), a(0) and b(0) are differentiable with respect to 0, then

Y0 af (x,0)
a(0) +/ ——dz.
ooy 00

d o

d d
@ o(8) f(x,@)dx:f(b(t‘)),é) @

()= ((0),0)

Thus if a (0) and b (#) are constant, we have a special case of Leibnitz’s rule:

d [° Y of (x,0)
@/a f(I,e)dl':/a le’

Thus, in general, if we have the integral of a differentiable function over a fintie range, differentiation
of the integral poses no problem.

However, for infinite range, problems can arise. For such problems, we use the following theorem to
verify the interchange. The following theorems are all corollaries of Lebesgue’s Dominated Convergence
Theorem.

Theorem 6.2. Suppose the function h (z,y) is continuous at yo for each x, and there exists a function
g (x) satisfying
o |h(z,y)| < g(x) for all x and y,
o [T2g(x)dr < .
Then
+oo +oo
lim h(x,y)dx :/ lim h(x,y)dx.

Y—=Yo J _~o —oo YY0

The key condition in this theorem is the existence of a dominating function g (z), with a finite
integral, which ensures the integrals connot be too badly behaved. Let

fz,046)— f(z,0)
6 b

h(z,y) =
then we have the following theorem.

Theorem 6.3. Suppose f (x,0) is differentiable at 6 = 6y, that is,

lim f('r790+6) _f(xaGO) — 2 (Jf,@)
556 5 a0 -

exists for every x, and there exists a function g (x,0y) and a constant 5o > 0 such that

. w < g (z,6p), for all © and |5] < do.

o fj;og (x,6p) dz < 0.



0

Then
d /+OO +oo
— f(z,0)dx = / dzx.
o J - 0=0o —o0 =00

In Theorem 6.3, the statement is for one value of 8, 6y. Typically, if f (z,0) is differentiable at all
0, not joust one value 6y, we have the following corollary.

Corollary 6.4. Suppose f (x,0) is differentiable in 6 and there exists a function g (x,0) such that

o |55f @0y

. fjoojg (x,0) dx < oo, for all @' such that |0' — 6] < &o.

+o0 o
ot :[W l&gf(xao)

< g(x,0), for all 8" such that |0' — 6] < dy.

Then
d [T
— f(z,0)dx

dz.
a0 . 9:901 “




Random Variables

1 Univariate Random Variable

1.1 Transformation for Univariate Distribution

If X is a random variable, then any function of X, say g (X), is also a random variable. Often
g (X) is of interest itself and we write Y = g (X) to denote the new random variable g (X).
Formally, g (X) is defined as

g(X): X = ).

Then for any set A C ), we have
PYeA)=P(g(X)eA)=P({zeX:gx)e A})=p(X g (4).

When transformations are made, it is important to keep track of the sample spaces of the
random variables. We define

X={z: fx(x) >0} andY ={y:y =g (x),for some z € X'}. (1.1)

The pdf of X is positive only on the set X and is 0 elesewhere, X is called support of a
distribution. This terminology can also apply to a pmf.

Theorem 1.1. Let X have cdf Fx (x), let Y = g(X), and let X and Y be defined as (1.1).
e If g is an increasing function on X, Fy (y) = Fx (¢7' (y)) fory € Y.

e If g is a decreasing function on X and X is a continuous random variable, Fy (y) =
1—Fx (97" (y) fory €Y.

Exercise 1.2. Prove Theorem 1.1.

Theorem 1.3. Let X have a pdf fx (xz) and let Y = g (X), where g is a monotone function.
Let X and Y be defined as (1.1). Suppose that fx (z) is conituous on X and that g=* (y) has
a continuous derivative on Y. Then the pdf of Y is given by

0 otherwise '

fy (v) = {fX (7 ) o™ w)] wey

Exercise 1.4. Prove Theorem 1.3.



1.2 Normal Distribution

A fundamental distribution in statistical inference. Not only it provides a reasonable model
for many quantities that practitioners are interested in it is also the approximate distribution
of many statistics like sample mean. A key feature of the normal distribution is that it is
completely characterised by its mean and variance.

Definition 1.5. The pdf of the normal distribution with mean p and variance o2 is given by

exp (—(X_M)z) ,—00 < & < 00. (1.2)

f (2ln, 0?)

1
270 202
If X ~ N (u,0%), then the random variable Z = (X — ) /o has N (0,1) distribtuion also
known as the standard normal. It is easily established by the result in Section 1.1,

f(Z<z)= \/127_/ efgdt.

then the pdf of Z is f () = b= exp (—;)

2

Example 1.6. As we have talked, f (z) = \/% exp (—%) is a pdf, then it should have
+o0o 22
/ exp (—) dz = V2m.
e 2

Notice that the ingegrand above is symmetric around 0, implying that m f0+°° exp (——) dz =
ff)oo exp (—%) dz, which means

It can be shown in the following.
+o00 22 2 +o00 u2 +o00 ,02
exp | —— dz} = / exp <—> du/ exp <—> dv
[/0 ( 2 ) 0 2 0 2
+o0 +oo 2 2
= / / exp <_u — U) dudv.
o o 22

b cos sin 6 _
—avs —rsin@ rcosé =N
then,

oo oo w2 0? oo 2 0 (u,v)
[ exP(‘z‘z)d“d” - /') exP(‘z)“bs<‘a<r,e>

2
—T> rdrdd
2

Define u = rcosf, and v = rsin0,

avs (| )

Wl

) drdf

I

B
o

+
8

D

e

T
7 N

\)



Figure 1: Standard Normal Density

Since the normal distribution is determined by its mean and variance, we can use the
result of last class to derive the following properties. If X ~ N (,u, 02), then Y =aX +0b ~
N (au + b, a202).

Straightforward calculus show that the normal pdf (1.2) has its maximum at x = p and
inflection points(where the curve changes from concave to convex) at p+ 0. Furthermore, the
probability content within 1,2, or 3 standard deviation from the mean is

P(|IX —pl<o)=P(|Z] <1)=.6826,

P(|X —pul <20)=P(|Z] <2)=.9544,

P(|X —pul <20)=P(|Z] < 3)=.9974.
Figure 1.1 shows the features of the nomal pdf.

Exercise 1.7. Examine the mgf of normal distribution N (u, 0?) is Mx (t) = exp (ut + %2152).

1.3 Gamma Distribution

The gamma family of distributions is a flexible family of distributions on [0, 00). At first, we
talk about the gamma function.

Definition 1.8. The gamma function is a function T' (o) : RT™ — R™ such that

I' () :/0 t*Le~tdt.

One can easily verify that I' (a+ 1) = oI (a), In particular, when o = n, I'(n) = n x
(n—1)x---x1=nl
Based on the gamma function it immediately follows that

toz—le—t

f(tla) = T(a)

, 0 <t < oo,



is a pdf. Further, we let X = 8T, from the transformation rule, we have,

I
I'(a) g

Definition 1.9. A random variable X with pdf (1.3) is called that X follows gamma distri-
bution with parameter « and 3, denoted as X ~ Gamma (a, 3).

The « is called shape parameter since it most influences the peakedness of the distribution,
while the parameter [ is called the scale parameter, since most of its influence i son the spread
of the distribution.

If X ~ Gamma («, 3), we have

0‘7167%,0<:1:<oo,a>0,5>0. (1.3)

Ix (‘T‘avﬂ) =

«
e Moment generating function: Mx (t) = (ﬁ) < %

e E(X)=aB, Var (X) = ap®
Exercise 1.10. Verify the properties of the gamma distribution.

1.4 Chi-square Distribution

Chi-square distribution is a very widely used distribution in econometrics. Actually it is a
special case of gamma distribution family. If we set o = p/2, where p is an integer, and § = 2,
then the gamma pdf becomes

1 -1 _—x
f(1'|p) = Wlp/Q 16 /2, 0< < oco. (14)

Definition 1.11. A random variable X with pdf (1.4) is called that X follows Chi-square
distribution with p degrees of freedom, denoted as X ~ x? (p).

We know that Chi-square distribution is special distribution in the gamma distribution
family. Hence, it shares the properties of the gamma distribution. If X ~ x2 (p), then

e Moment generating function:Mx (t) = (%) E,t < %
o E(X)=p, Var(X) =2p.
1.5 Beta Distribution

Before we talk about the beta distribution, we have to talk about the beta function.

Definition 1.12. The beta function is defined as B (a, 8) : Rt x RT — [0, +00),

1
B(a,B) = / 227 (1—2)"da.
0
The beta function is related to the gamma function through the following identity,

I'(a)T(B)

I(a+p)

This equation is very useful in dealing with the beta function since we can take advantage of
the properties of the gamma function.

B(a7ﬁ) =



Figure 2: Beta Densities

PDF

Definition 1.13. The beta family of distributions is continuous family on (0,1) indexed by
two parameters («, ),

b e
B (a, B)

The beta distribution is one of the few common 'named’ distributions that give probability
1 to a finite interval, here taken to be (0,1). As the parameters o and [ vary, the beta
distribution takes on many shapes, as shown in Figure 2.

Further, for the beta distribution, we have

f (x|, B) = -2 o<z<1,a>08>0.

1 a4+n— -1 B(a+n,8 I'(a+n)T'(a+p
° B(X") ,ﬁ) Jo @ ”f dr = J(B(a,m) - rga+ﬂ)+75>r<a§'
Q
E(X) = atp Var (X) = (a+B8)*(a+p+1)"

e Moment generating function: Mx (t) =1+ 72, (Hf;é aiEir) =

2 Multivariate Random Variable

What we have talked about are all univariate random variable, actually we always encounter
multivariate case. A multivariate model attempts to capture the nature of any dependencies
(e.g. dependence between income and expenditure).

Definition 2.1. An n-dimensional random variables is a function from a sample space € into
R?, the n-dimensional Euclidean space. That is, X : Q@ — R% And the probability space
change from (Q, F, P') to (R, o (RY), P).



2.1 Joint and Marginal Distributions

Similar to the univariate case, for multivariate random variables, we have the joint distribution
function, joint density/mass function, moment generating function.

Definition 2.2. If X = (X1, Xs,...,X,) is a random variable, the joint cumulative distri-
bution is a function Fx : R? — [0,1] given by, Fx (z) = P(X; < 21,..., X, < x,), where
x=(x1,...,2p).

Most ideas associated with multivariate distributions are illustrated using the bivariate
case. The generalisations to n—dimensions are usually obvious.

Theorem 2.3. Suppose that X and'Y are random variables. If Fxy is the joint distribution
function of X andY then Fxy has the following properties.

Fxy (—o0,y) = lim; o Fxy (z,y) = 0.

Fxy (y,—o0) =limy,_ Fxy (z,y) = 0.

FX,Y(OOa OO) = hmzﬁoo,yﬁoo FX,Y (.’L’, y) =1

Right continuous in x andy: lim, o+ Fxy (x + h,y) = Fxy (x,y) andlim;,_,o+ Fxy (z,y+h) =

FX,Y (ﬂf7y)

There are also discrete random variables and continuous random variabls. Correspondingly
we have the following definitions.

Definition 2.4. Let Z = (X,Y)’ be a discrete bivariate random vector. Then the function
f(z,y) : R xR — [0,00) defined by f (z,y) = P(X =z,Y = y) is called the joit probability
mass function or joint pmf of Z. Sometime we also write fz (z,y) = P(X =z,Y =y).

Apparently, we have,

* 0<fz(zy) <L

® E(x,y)eR2 fz (z,y) =1.

e P((X,)Y)e A) = Z(x,y)eA fz (z,y).

Definition 2.5. Let Z = (X,Y)’ be a discrete bivariate random vector. Then the function
f(z,y) : Rx R — [0,00) is called a joint probability density function or joint pdf of the
continuous bivariate random vector Z if , for every A C R x R,

P(ZEA)://Af(x,y)dxdy.

We sometimes denote the R x R as R%. And we have,
¢ 0<fz(zy) <L
o [ Jr2f(2,y)dody =1.

2 x
o TXGW = f(xy).



Definition 2.6. Let Z = (X,Y)’ be a discrete bivariate random vector. Function g (z,%) is
defined as a real-valued function, g (X,Y) : R? — R. The expectation of g (X,Y) is

Z(%y)eRz g(x,y) f(z,y) if Z is discrete

Elg(X,Y)] = {f]R Jo9(,y) f (z,y)dady if Z is continuous

Definition 2.7. Let Z = (X,Y)’ be a discrete bivariate random vector. Denote t = (t1,ts)’.
The moment generating function of Z is defined as

My () = E (etlz) _ {Z(Ly)eRg exp (L1 X +t2Y) f (x,y) if Z is discrete

Je Jeexp (X +t2Y) f (z,y) dady if Z is continuous

Proposition 2.8. Let Z = (X,Y) be a bivariate random vector. If Z is discrete with joit
pmf fxy (z,y). Then the marginal pmf of X, fx (x) = P (X = z) is given by

fx (@)= fxy (@),

yEeR

and the marginal pmf of Y is defined similarly.
If Z is continuous, the marginal probability density functions of X is definded as

fx (x) = / f(z,y)dy, —0o <z < o0.
R
Exercise 2.9. Define a joint pdf by

kxy? x€(0,1),y € (0,1
f(x,y) = ( .) ( ).
0 otherwise

Calculate
o k.
e P(X+Y >1).

e fx(z), P(A <X <3).

2.2 Transformation for Multivariate Distributions

The transformation can be extended to multivariate distributions. Let X = (X,..., X, )be
a random vector with pdf fx (z1,...,z,). Let A = {x: fx (x) > 0}. Consider a new ran-
dom vector (Uy,...,U,), defined by Uy = g1 (X1,...,Xpn), Us = ¢2(X1,...,Xy)... Uy, =
gn (X1,...,Xp). Suppose that Ay, Ay,..., A form a partition of A with these properties.
The set Ap, which may be empty satisfies P ((X1,...,Xp) € Ag) = 0. The transforma-
tion (Uy,...,Un) = (g1 (X),...,gn (X)) is a one-to-one transformation from A; to B for

each i = 1,2,...,k. Then for each 7, the inverse functions from B to A; can be found.
Denote the ith inverse by z1 = hy; (ug,...,up), ..., &y = hp; (u1,...,u,). This ith in-
verse gives, for (ui,...,u,) € B, the unique (z1,...,z,) € A; such that (ui,...,u,) =



(g1 (1, 2n) sy gn(x1,...,2y)). Let J; denote the Jacobian computed from the ith in-
verse. That is,

oz dx1 dz1 Ohi;(u)  Ohii(u) Ohyi(u)
Ou; Ous " Oun ou Ou tet Ouy
Odzy Oz dzz Ohoilu)  Ohg(w) Ohai(w)
J _ 8ul 8“2 T 8Un _ ouq Ousg e Oun
Orn  Ozn (oY Ohni(u)  Ohni(u) Ohni(u)
Ou; Ous " Oun Ouy Bun cee o,

the determinant of an n x n matrix. Assuming that these Jacobians do not vanish identically
on B, we have the following representation of the joint pdf, fy (u) for u € B:

k

fo(w) =Y fx (hi (), ... hai (w) |i]. (2.1)

=1

Example 2.10. Let X = (X1, X2, X3, X4) with fx (x) = 24exp(—z1 — 22 — 23 —24),0 <
T1 < 29 < 13 < 14 < 00. Consider the transformation,

Ur=X1,U =X - X1,U3 = X3 — Xo,Us = Xy — X3.

This transformation maps the set A onto the set B = {u;0 < u; < 00,1 =1,2,3,4}. The
transformation is one-to-one, so k = 1, and the inverse is

X1 =U1,Xo=U1 + U, X3 =Uy + Uz + U3, Xy == Uy + Uz + U3 + Us.

The Jacobian of the inverse is

=)
—= =0 O
—_oo o o

1
1
1
1

Since the matrix is triangular, the determinant is equal the the product of the diagonal ele-
ments. Thus, by (2.1), we obtain

fu (u) = 24 exp (—4dur — 3ug — 2ug — ua),

on B.

2.3 Conditional Distributions and Independence

As we have learned in the previous classes, the conditional probability plays an important
rolein econometrics. And since the original sample space is very difficult to deal with, we
change the sample space to the real line. Based on the multivariate random variables, we
define some useful definitions. We still consider the bivariate case.

Definition 2.11. Let (X,Y) be a discrete bivariate random vector with joint pmf f (z,y)and
marginal pmfs fx (z) and fy (y). For any z such that P (X = z) = fx (z) > 0, the conditional

pmf of Y given that X = x is the function of y denoted by f (y|z) = P(Y =y|X =z) = %



Definition 2.12. Let (X,Y) be a continuous bivariate random vector with joint pdf f (x,y)
and marginal pdfs fx () and fy (y). For any x such that fx (z) > 0, the conditional pdf of
Y given that X = z is the function of y denoted by f (y|z) and defined by

[ ylz) =

Besides, remember that f (y|z) is pdf or pmf and use it in the same way that have previously
used unconditional pdfs or pmfs.

Definition 2.13. If g (V) is a funcion of Y, then the conditional expected value of g (Y') given
that X = x is denoted by F [¢g (Y)|z] and is given by

dyerd W) f(ylz)  if Z is discrete
Jz 9 (W) f (y|x) dedy if Z is continuous '

Elg (V)] = {
Of course, the conditional expected value has all of the properties of the usual expected value.
Theorem 2.14. If X and Y are any two random variables, then

E(X)=E[E(X]Y)].

It can be interpreted as

B0 = [ BXY =0 )y = [ [ / xf(x!y)dx] Fr@dy= [ [ o8 (e asay,

where E (X|Y = y) is a function of y, then we can interpret it by the definition of expected
value.

Theorem 2.15. (Conditional variance identity) For any two random variables X and Y,
Var (X)=FE (Var (X|Y)) + Var (E(X|Y)),
provided that the expectation exists.

Proof. By definition,

Var(X) = E

(x - EX)Q} =E [(X - EXY)+ E(X]Y) - EX)Q]
_E :(X _ E(X|Y))2} v E [(E (X|Y) - EX)Q]

H2E{[X - BE(X[Y)][E(X]Y) - EX]}
= Bx- E(X|Y))2} tE [(E (X|Y) - EX)Z}

- E {E [(X ~E(X|Y))? |Y} } + Var (E(X]Y))
= EWar(X|Y))+ Var (E(X]Y)).



Again, we also have talked about the independence of probability, here is the similar
definition.

Definition 2.16. Let (X,Y’) be a bivriate random vector with joint pdf or pmf f (x,y) and
marginal pdfs or pmfs fx (z) and fy (y). Then X and Y are called independent random
variables if, for every x € R and y € R,

f(z,y) = fx (@) fy (y).

Theorem 2.17. Let X and Y be independent random variables.

o ForanyACRand BCR, P(X €AY e B)=P(X € A)P(Y € B); that is, events
{X € A} and {Y € B} are independent events.

e Let g(x) be a function only of x and h(y) be a function only of y. Then

Elg(X)h(Y)]=E[g(X)]E[RY)].

Exercise 2.18. Prove Theorem 2.17.

Theorem 2.19. Let X and Y be independent random variables with mgf Mx (t) and My ().
Then the mgf of the random variable Z = X +Y is given by

Mz (t) = Mx (t) My (t) .

Exercise 2.20. Prove Theorem 2.19.

2.4 Covariance and Correlation

In the univariate case we used mean as a measure of central tendency and the variance as a
measure of spread. In the multivariate case, in the last section, we have discussed the absence
or presence of a relationship between two random variables, independence or nonindependence.
In this section, we define some tools to measure the relationship.

Definition 2.21. The covariane of X and Y is the number defined as
Cov(X,)Y)=F[X-EX)(Y —-EY)|.
Theorem 2.22. For any two random variables X andY,
e Cov(X,Y)=FE(XY)-E(X)E(Y).
e Var(aX £bY) = a*Var (X) +b*Var (Y) £+ 2ab(X,Y).
e Cov(aX,bY)=abCov (X,Y).

Definition 2.23. The correlation coeficient of X and Y is the number defined by

where ox = \/Var (X) and oy = /Var (Y) .



Correlation measures the degree of linear association between two variables. While the
magnitude of the covariance between X and Y depends on the variances of X and Y , corre-
lation always satisfies —1 < pxy < 1.

Theorem 2.24. For any random variable X and Y,
e —1<pxy <1
e |pxy| =1 if and only if Ja # 0,b such that P (Y = aX +b) = 1.If pxy = 1,then a > 0,
and if pxy = —1, then a < 0.
2.5 More about Univariate Distributions

In this section, we will use the tools introduced above to examine some properties of specific
distributions and the relationship between distributions.

Theorem 2.25. Let X1, ..., X, be mutually independent random variables with mgfs Mx, (t), ...

Let Z = X1+ Xo+ -4+ X,,. Then the mgf of Z is

In particular, if X1, ..., X, all have the same distribution with mgf Mx (t), then,
Mz (t) = (Mx ()"
This theorem is an extension of Theorem 2.19.

Proposition 2.26. Suppose X1, ..., X, are mutually independent random variables, and X; ~
Gamma (o, ). If Z = X1+ -+ Xy, Z ~ Gamma (3., a;, ).

Corollary 2.27. Suppose X1,..., X, are mutually independent random variables, and X; ~
) IfZ=X1++Xn, Z~X* (X1 pi)

For Chi-square distribution, we have,

o If X ~ N (0,1), then Y = X2 ~ x2(1) .

e If X~ N (,u,JQ), then % ~x2(1).

e If X1, Xs,..., X, are mutually independent, X; ~ N (0,1), 1 | X2 ~ x2 (n).
Exercise 2.28. Examine the properties of Chi-square distribution.
Definition 2.29. If Z ~ N (0,1) and X ~ x?(p), X and Z are independent. Then the ratio

A
X/p

where ¢ (p) is called ¢ distribution with p degree of freedom. The density of ¢ (p) is

+1 +1
r (pT) < 22\ "

—
1+> ,—00 < & < 00.
p

~t(p),

Further, we can verify that for ¢ (p), E(X) = 0,p > 1, Var (X) = ;25,p > 2.

11



Definition 2.30. If X; and X5 are two independent chi-square distribution with degrees of
freedom parameters p; and ps, then the ratio

Xi/m
XQ/PQ

~ F(plap2)a

where F'(p1,p2) is called the F' distribution with degree p; and ps. Further, the density of
F(p1,p2) is

D (2ie2)  rp\7 g2/
o = L) () |
TG ) ()
p2

2.6 Extension to General Case

The extension of the results for bivariate distributions to more than two variables is direct.

Let X = (X1,...,X,) be a random vector, then the mean vector is
E(X1)
E(Xs)
p=FE(X)= :
E(Xn)

The covariance matriz is defined as
Var (X) = E[(X —p) (X —p)] = BE[XX'] — pp'.

Usually we denote it as ¥. That is Var (X) = X. Further, based on the properties of the
expected value operation, let a = (ay, ..., a,)

)

E(d'X)=dE(X)=dp. (2.2)

Var (a'X) E [(a'X —a'p) 2}

= F {(a’X —a'p) (d'X — a’,u)/}

= dE[(X-p) (X —p)]a

= a'Var(X)a. (2.3)

If we let Var (X) = (0i;), Var (&' X) = >71L, 370, aia;jo;.
For the case Y = AX, where A is a m X n matrix. Then ¥; = a}X since A =
(a1,as,...,a,), from (2.2) and (2.3),

E(Y;) = ajp, Var (Y;) = alVar (X) a;.

Further,
E (Y1) ayp ay
E(Y2) asp a;
E (V) al al,

12



We can also have

Cov (aj X, a;-X)

E {(a;X — a;u) (a;X — a;u)/}
= @E[(X-p) (X -p)]a
a;Var (X)a;
= a)Xa,.
Since aYa; is the ijth element of AXA’,
Var (AX) = AX A

2.7 Multivariate Normal Distribution and Chi-square Distribution

Definition 2.31. If X = (X1,...,X,,)’ follows a multivariate normal distribution with mean
vector p and covariance ¥, then the joint density is

n 1
f(@|E, p) = (2m)"2 ‘2!_% exp {—2 (® —p) 27" (@ - N)} , x €R™
It is denoted as X ~ N (u, X).

Theorem 2.32. Let X = (X', X})', then correspondingly, p = (p}, ), ¥ = < Zi X2 )

Yo1 2o

And then the marginal distributions are
X1~ N (pg,211),
X1 ~ N (p9,%322) .
The conditional distribution of X1 given X o is normal as well:
Xi|zy ~ N (112, 5112)

where
f12 =ty + T1oX5 (@2 — p)
Y112 = Y11 — Y1285, Yoy
The result is similar to Xol|x.
Proposition 2.33. If X ~ N (u,Y), then Z = AX +b~ N (Au+ b, AL A').
Proof. Since the mgf of X is

Mx (t) = exp <t’u+ ;t’Et) ,
xp (t' (AX +b))]
xp (' AX +t'b)]
(t6) B {exp [(a't) X |}

= exp (t'd) xp<tAu—|— tAEA’)

[e
:E[
p

= ( (Ap+b) + tAEA’)

13



thus,
Z ~N (Au + b, AZA/) )

O

Corollary 2.34. If X ~ N(0,I), and C is a square matrix such that C'C = I, then
C'X ~N(0,1).

Theorem 2.35. If X ~ N (0,I), A is a idempotent and symmetric matrix, then X’ AX ~
X2 (rank (A)).

Proof. X'AX = X'CAC’'X after the diagnalization. And we know that Y = C'X ~
N (0,I). And A is projection, which is symmetric and idempotent, such that there are only
1 or 0 in the diagnal line of A. Thus,

Y'AY = Z \y? ~ x? (rank (A)).

Corollary 2.36. If X ~ N (0,1,) , > (z; — &) ~ x> (n—1).

Theorem 2.37. If X ~ N (0,I), X’AX and X'BX are two idempotent quadratic forms
in X, then X’AX and X'BX are independent if AB = 0.

Proof. We know that
X'AX = X'AAX = X1 X, X'BX = X'B'BX = X,X),.

Then
FE (XlX’Q) = AF (XX’) B = AB.
Since AX and BX are also normal distributed random vector. Their zero covariance

matrix implies that they are statistically independent. Thus, if AB = 0, then AX and BX
are independent. ]

Proposition 2.38. If X ~ N (0,I), X’AX and X'BX are two idempotent quadratic forms
in X, AB =0,
X'AX /rank (A)
X'BX /rank (B)

~ F (rank (A),rank (B)).

Surely some of cases above can be easily extended to general case that X ~ N (u, X).
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Estimation and Inference

1 Basic Concepts of Random Samples

Often, the data collected in an experiment consist of several observations on a variable of
interest. We usually present a model for data collection that is often used to describe the
situation. In assumptions of many econometric models, we always assume the data satisfies
some similar conditions, for example, in classical regression, the data collected are assumed to
be independent and identical ; in time series, we always construct the data generating process
for the data.

Definition 1.1. The random variables X1, ..., X, are called random sample of size n from the
population f(x) if Xi,..., X, are mutually independent random variables and the marginal
pdf or pmf of each X is the same function f (x) : R — [0, +00). Alternatively, Xi,..., X, are
called independent and identically distributed(i.i.d) random variables with pdf or pmf f (z).

As we have emphasized, the random variable can help us to transform the original sample
place to the real number system. Here, the random sampling model describes a type of
situation in which the variable of interest has a probability distribution described by f (z).
Since the random variables X1, ..., X, are mutually independent, the joint pdf or pmf is

n

fl@r,mn) = f (@) f(w2) .. f (wn) = [[ f (@)

=1

Further, since they are identically distributed, each marginal density function is f (x).
In particular, if the population pdf or pmf is a member of a parametric family, with pdf
or pmf given by f (x|6), then the joint pdf or pmf is

n

fxy,. o anl0) =] f(2il6),

=1

where the same parameter value # is used in each term in the product. By considering different
possible values of 8, we can study how a random sample would behave for different populations.

2 Data Reduction

When a sample X1, ..., X, is drawn, some summary of the values is usually computed. Any
well-defined summary may be expressed mathematically as a function S (z1,...,x,) whose
domain includes the sample space of the random vector (Xi,...,X,). Since the random



sample X1, ..., X, has a simple probabilistic structure, the disribution of ¥ = S (X1,..., X,,),
which is also a random variable, is particularly tractable.

Since the distribution of Y is always derived from the distribution of the variables in the
random sample, it is called the sampling distribution of Y.

Definition 2.1. Let Xq,...,X,, be a random sample of size n from a population and let
S (x1,...,2,) : R" = REU{0}. Then Y = S (X1,...,X,) is called a statistic. The probability
distribution of a statistic Y is called the sampling distribution of Y.

Remark 2.2. The definition of a statistic is very board, with the only restriction being that a
statistic cannot be a function of a parameter. For example, if X; ~ f(x]6),i = 1,...,n, then
S1 = X is a statistic but S; = X1 + 6 is not.

Example 2.3. Before attempting to estimate parameters of a population or fit models to
data, we normally examine the data themselves. . Given X; ~ F'(x) for i = 1,...,n, where
F (z) is a probability distribution, we define the following widely used descriptive statistics.

e Sample mean: X = 25" X;.

Median: M =middle ranked observation.

Sample midrange: midrange = Max1mum2—M1n1mum.

Sample variance:S% = 15" | (X, — X’)Q.

Standard deviation:S is the square root of S2.

Lemma 2.4. Let X1,...,X,, be a random sample from a population and let g (x) be a funztion
such that E g (x)] and Var|g (X)] exist. Then

E (Zg(X;-)) =nE (9(X1)), (1)
=1
and .
Var (Zg (Xz)> =nVarlg(X1)]. (2)
i=1
Proof. Note that . .
E (Zg (X») =Y Elg(Xi)] =nE (g(X1)).
i=1 i=1
Since the X;s are identically distributed, the second equality is true because F [g (X;)] is the

same for all i. Note that the independence of X1i,..., X, is not needed for (1) to hold. To
prove (2),

n n 2
Y g(X)-E (Zg (Xi)>]
=1 =1

> (9(Xi)—Elg (Xi)])2] :

i=1

Var (Zg(XQ) = F
i=1

= F




Then there is n? terms. For each term that i # j,
E{(g(Xi) = Elg (Xi)]) (9 (X;) = Elg (X))} = Cov(g(Xi),9(X;)) =0
due tot he independence. Hence,
Var (Zg (X») =" B (0 (x0) ~ Elg (X0))?] = nVar g (X2)].
i=1 i=1

O]

Theorem 2.5. Let X1,..., X, be a random sample from a population with mean p and vari-
ance 0® < co. Then,

« B[X]=p.
° Var[X] = %2
o E[5?] =o”.

Exercise 2.6. Prove Theorem 2.5.

Remark 2.7. Pay attention to that the expectation and variance are all based on the probability
measure of the random sample Xy,..., X,,.

Theorem 2.8. Let X1,..., X, be a random sample from a population with mgf Mx (t). Then

the mgf of sample mean is
t n
Mg (t)=|Mx | — .
e (3]

Exercise 2.9. Prove Theorem 2.8.

2.1 The Sufficiency Principle

Usually we want to use the information in a sample X,..., X, to make inferences about an
unkown parameter 6. If the sample size n is large, then the oberved sample z1,...xz, is a
long list of numbers that may be hard to interpret. Hence in this way, we also want to use
some statistic to summarizes the information. Remerber, no matter how you summarize the
sample, all the randomness comes from the sample X,..., X,.

Any statistic, T(X), X = (X1,...,X,)’, defines a form of data reduction or data sum-
mary. An experimenter who uses only the observed value of the statistic, T (X)), rather
than the entire observed sample, X, will treat as equal two samples,  and y, that satisfy
T (x) = T (y) even though the actual sample values may be different in some ways.

In this section, we study the sufficiency principle when we are doing data reduction, which
promotes a method of reduction that does not discard information about 6 while achieving
some summarization of the data.

Definition 2.10. SUFFICIENCY PRINCIPLE: If T (X) is a sufficient statistic for 6, then
any inference about 6 should depend on the sample X only through the value 7' (X). That is,
if  and y are two sample points such that T' () = T (y), then the inference about 6 should
be the same whether X = a« or X = y is observed.



Definition 2.11. Let X be a vector containing a random sample of size n. A statistic T (X)
is a sufficient statistic for 0if the conditional distribution of the sample X given the value of
T (X)) does not depend on 6.

Remark 2.12. When T (X)) has a continuous distribution, then Py (7'(X) =1t) = 0 for all
values of t. For this case, a more sophisticated notion of conditional probability is needed. A
discussion of this can be found in Lehmann(1986). In the following, we will use the discrete
case to illustrate the concepts.

As we have emphasized, the randomness comes from X. And X; ~ F (z]6),i=1,...,n
Therefore, we use Py (-) denote the probability measure of X condion onf. If Py (T'(X) =t) =
Py(X :T(X)=t) >0, conider the probability Py (X = x|T (X) =t). By the definition, if
T (X) is a sufficient statistic, this conditional probability is the same for all values of 6 so we
have omitted the subscript, that is,

B(X =2l (X)=t)=P(X =a|T (X)=1).

The sufficient statistic captures all the information about # in this sense. Consider the
first case, we only observes X = x and we can compute T (X) = T (x), since we define T (+)
and have the observations @. Then we can use the X = @ and T'(X) = T (x) to make the
inference of 6.

For the second case, assume 7' (X) = T (x) is a sufficient statistic and we cannot oberve
X but only know T (X) = T (x), then we know P (X =y|T'(X) =T (x)), a probability
distribution on a sample space Ar(;y = {y: T (y) =T (x)}, because this can be computed
from the model without knowledge of the true value of . Then we can define a new random
variable satisfies P (Y =y|T (X) =T (x)) = P(X =y|T'(X) =T (x)). We donot have to
worry about the value of 6. Further, X and Y have the same unconditional distribution.
Since {Y = «} and {X = x} are both subsets of the event {T'(X) =T ()},

P X=2) = Pp(X=xzandT (X)=T (x))
= P(X=y|T(X)=T(x)) P (T(X)=T(x))
= P(Y =y[T(X)=T(x)) B (T (X) =T (x))
= P(Y=y).
Then for both cases, we all have equivalent knowledge about the random sample X. For
the first case, we can observe X = x and the information about 6 contained in X = x. For
the second case, we do not have more knowledge about 6 than the first case. But we can

still have have equivalent information about random sample X. All the knowledge about 6 is
contained in the statistic 7" (X).

Remark 2.13. We know that if T (X) is a sufficient statistic for 0, fix  and ¢, for any 0,
Py (X =|T (X) =T (x)) is the same. Further,
Py(X =xandT (X)=T (x))

Py(T(X) =T ())

Py(X = a|T (X) =)

Pg (X = ZB)
By (T(X) =T (x))
f (x]0)
(T (x)]6)’
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where f (x]0) is the joint pmf of the sample X and ¢ (¢|0) is the pmf of T'(X). Thus, T'(X)
is a sufficient statistic for 6 is and only if, for every x, the above ratio of pmfs is constant as
a function of 6.

Theorem 2.14. If f (x|0) is the joint pdf or pmf of X and q (t|0) is the pdf or pmf of T (X),
then T' (X)) is a sufficient statistic for 6 if, for every x in the sample space, the ratio %
1s constant as afunction of 6.

Exercise 2.15. Let Xq,..., X, beiid. N (,u, 02), where o2 is known. Show that T (X) = X
is the sufficient statistic for p.

Theorem 2.16. Let f (x|0) denote the joint pdf or pmf of a sample X. A statistic T (X) is
a sufficient statistic for 6 if and only if there exist function g (t|6) and h (x) such that ,for all
sample points x and all parameter points 0,

f(z]0) =g (T (x)]0)h(x).
Exercise 2.17. Prove Theorem 3.7.

Exercise 2.18. Assume Xq,...,X, are iid. N (,u, 02) and both p and ¢? are unknown.
Show that T (X) = (X, 5?) is a sufficient statistic for (u,0?) .

3 Point Estimation

Usually we want to use the information in a sample X7,..., X, to make inferences about an
unkown parameter . If the sample size n is large, then the oberved sample x1,...x, is a
long list of numbers that may be hard to interpret. Hence in this way, we also want to use
some statistic to summarizes the information. Remerber, no matter how you summarize the
sample, all the randomness comes from the sample X1, ..., X,.

Any statistic, T(X), X = (X1,...,X,)’, defines a form of data reduction or data sum-
mary. An experimenter who uses only the observed value of the statistic, T (X)), rather
than the entire observed sample, X, will treat as equal two samples, * and y, that satisfy
T (x) = T (y) even though the actual sample values may be different in some ways.

Definition 3.1. If X1,..., X, is sampled from density function f (x|@). Any statistic 6 (z)
with the same dimension of 0 is a point estimate.

Definition 3.2. An estimator, T (X)), is a rule or strategy for using the data to estimate the
parameter, which is defined before the data is drawn.

Remark 3.3. What is the difference between estimators and estimates? The estimator is a
ramdom variable from whose distribution the estimates are sampled; an estimator captures
our uncertainty about the values of our estimates. Properties of an estimator determines how
useful it is. A good point estimator will have most of its mass concentrated around the value
that we’re trying to estimate. This will ensure that the estimator has a high probability of
yielding a value close to the parameter value.

Definition 3.4. Finite sample properties of estimators are those attributes that can be com-
pared regardless of the sample size.

Some estimation problems involve characteristics that are not known in finite samples. In
these instances, estimators are compared on the basis on their large sample, or asymptotic
properties.



3.1 Methods of Finding Estimatros
3.1.1 Method of Moments

Let X1,...X, be a sample from a population with pdf f (x|@),0 = (1,...,6;). Method
of moments estimators are found by equating the first £ sample moents to the correponding
k population moments, and solving the resulting system of simultaneous equations. More
precisely, define

1~ -
= EZ)(g, 1= Eg[X7] j=1,...k.
Then let m; = pj;,5 =1,...,k. We have k equations for k£ unkonwn parameters.

3.1.2 Maximum Likelihood Estimators

Definition 3.5. Let f (z|@) denote the joint pdf or pmf of the sample X = (X1,...,X,)".
Then given that X = x is observed, the function of @ defined by

L (8lx) = f (x[0)
is called the likelihood function. The log-likelihood function is
0(0)x) =log L (0)x) .

Remark 3.6. When X1,... X, are i.i.d., the likelihood can be written as

n

L(6lz) =] f (xil6), £(6]x) Zlogf (:]6) .
i=1
If not, sometimes we can use the decomposition, f (x|0) = f (zn|®1:0m-1,0) f (Tn—1|T1:0—2,0) ... f (21]0),
1 = (T1,... ,wj_l)/, which is widely used in time series analysis, then,

n

L{O]2) = 1 (0110) [ (eiwns1,0)  £(0f) = S loa f (wizrs 16) +log f (11]6).

=2 i=1

Likelihood is used as a measure of the plausibility of parameter values for a given sample
hence it is reasonable to take as a point estimator the value that maximises the likelihood
function.

Definition 3.7. For each sample point @, let 6 (z) be a parameter value at which L (6]z)
attains its maximum as a function of @, with x held ﬁ}fed. A maximum likelihood estima-
tor(MLE) of the parameter 6 based on a sample X is m6 (X).

Remark 3.8. Intuitivel, the MLE is the parameter point for which the observed sample is
most likely. In general, the MLE is a good point estimator, possessing some of the optimality
properties discussed later.

The way we obtain the MLE is always differentiable the likelihood with respect to 6, that

8
00
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¢(6z) = 0. (3)



And then check the second derivative. Any way the procedure is a case in optimization
application.
We proceed by defining for 7 (0) the induced likelihood function L*, given by

Lx(nlx)= sup L(O|x).
{0:7(0)=n}

The value 7 that maximizes L* (n|x) will be called the MLE of n = 7(0), and it can be seen
that the maxima of L* and L conincide.

Theorem 3.9. (Invariance property of MLEs) If 0 is the MLE of 8, then for any function
7(0), the MLE of 7(0) is T (9)

Proof. Let 7 denote the value that maximizes L* (n|x). We must show that L* (f|xz) =
L*[r(0) |x]. Then
L*(fle) = sup sup L (6|bx)
n {6:7(0)=n}
= sup L (0|x)
0

- I (é|a:) :

where the second equality follows because the iterated maximization is equal to the uncondi-
tional maximization over @, which is attained at 6. Furthermore,

L(6jx) = su L (0|x
( | ) {e:T(a):pT(é)} Or)

Hence, the string of equalities shows that L* (9]|x) = L* (7’ (9) ]a:) and that 7 (é) is the
MLE of 7 (). O

There are many other methods to find estimator for parametric models, such as Markov
Chain Monte Carlo, Expectation maximization and so on.

3.2 Methods of Evaluating Estimators

In order to identify good estimators, we may insist that the center of the distribution of the
estimator is close to the parameter . The usual measure of central tendency is the mean. If
the mean of an estimator is equal to the parameter, then the estimator is unbiased.

Definition 3.10. An estimator of parameter 6, 0, is unbiased if
Biasg (9) = Fy (é — 0) =0,
ie., Fy (é) =0.

Unbiasesdness is a desirable attribute, but many unbiased estimators are poor uses of data.
A second criterion used to choose among unbiased estimators is efficiency.



Definition 3.11. An unbiased estimator 1 is more efficient than another unbiased estimator
0, if

Var (91> —Var (ég)
is a positive definite matrx.

In discussing efficiency, we have restricted the discussion to unbiased estimators. But
focusing on unbiasedness may still preclude a tolerably biased estimator with a much smaller
variance. A criterion that recognizes this possible tradeoff is the mean-squared error.

Definition 3.12. The mean-square error of an estimator 6 is
MSE (9|0> — Ey [(é - 9) (é - 0” .
Remark 3.13. Tt is obvious that
Eo [(@) . 0) (é — 0)'] — E, [(é —E, (é) + Ey (é) — 9) (é — E, (9) + Ey (é) - 0)']
(650 (6) (- 50 (3)] (2 () 0) (5 () -0)

= Var (9) + Biasg (9) Biasg (9)/



