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Section Handout #1 - Linear Algebra Review

Notation

Anmisannxm matrix, i.e. amatrix with n rows and m columns, such that:
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X, isan n-dimensional column vector, i.e. amatrix with one column, such that:

%, 0

Note that we’ll usually use capital letters to denote matrices, and lower case letters to
denote vectors.

Matrix Operations

> Transpose: Rn=(Anm)’ such that h= 3
> Adding: Gim = Anm + Bom such thatig= g; + by
Note that we can add two matrices only if they have the same dimensions.

» Multiplying by scalar:  Bm = cA,m such that p= ca

k

> Multiplying: Cnm = AnkBim such thatc; = Z ay b

Note that: (1) We can multiply two matrices only if the number of columns in the first

is the same as the number of rows in the second, (2) The order is important, so even if
AB is a valid operation, it does not necessarily mean that BA is valid, and (3) If x is
an rxl vector then xx’ is an3m matrix while x’x is a scalar.

» Comparison: A = B if and only ifijg= b for each i and j



Some Propertiesto Remember

(A+B)' = A’ + B’
(A+B)+C = A+(B+C)
(AB) = B'A’
(AB)C = A(BC)

A(B+C)=AB +AC or (A+B)C=AC+BC

Special M atrices

>

Square matrix: a matrix with the number of rows equals the number of
columns
Symmetric matrix: the matrix A is symmetric iff A=A’. Note that for a matrix

to be symmetric it must be a square matrix.

Lower triangular matrix: a square matrix for which all the elements above the main
diagonal equal to zero.

Upper triangular matrix: a square matrix for which all the elements below the main
diagonal equal to zero.

Diagonal matrix: a matrix which is upper and lower triangular, so all off-
diagonal elements are zeros.

The identity matrix: a diagonal matrix with all elements on the main diagonal
equal to one. We denote the matrix by I. Note that this matrix is the matrix analogue
for the scalar 1, in the sense that for any matrix A, we have that: Al = 1A = A.

The zero matrix: a matrix with all its elements equal to zero. Note that this
matrix is the matrix analogue for the scalar 0, in the sense that for any matrix A, we
have that: AO=A=0.

Idenpotent matrix: a matrix A that satisfie§ AAA = A, which also means
that A2 = AAA = (AA)A = AA = A and that A" = A for any n. Note that for a matrix
to be idenpotent it must be a square matrix.



Rank

An nxk matrix A can be thought of as comprising k vectors: A fvjv...\]. The
number of these k vectors which are linearly independent isotenn rank or simply
therank of a matrix. The row and column rank of a matrix are always equal.

A matrix with rank equal to its number of columns igubf rank.

If C=AB then each of the columns of C will be a linear combination of the columns of A.
Each of the rows of C will be a linear combination of the rows of B. So:

rank(AB) < min{rank(A), rank(B)}

A useful corollary is that: rank(X) = rank(X'X) = rank (XX).

Inverting M atrices and Deter minants

The matrix A is invertible (or non-singular) if there exists another matrix B such that we
have AB = BA = | (where | is the identity matrix). A matrix is invertible only if it is a
square matrix, but not all square matrices are invertibles. A square matrix is invertible if
and only if it is of full rank.

We denote the inverse of A as'fso if A’ exits, it is always the case that:

AAT =AlA =
For example:
1 2 20 33 1 10
A=3 3 200 A*=g5 -1 -27
A 3 4 B3 05 150

We always have that: (A%)= (A

If A and B are both invertible then (AB)= B'A™, but note that (ABj can exist even if
A and B are not invertible (A and B can even be non-square matrices).

Let A;j be the (n-1)x(n-1) submatrix obtained by deleting row i and column j from A.
Then M;/det(A)) is the (i,jthminor of A and G/(-1)”Mj; is the (i,j)thcofactor of A.

The determinant of an nxn matrix A is det(A) #@&1 + &2Ci2 + ... + anC 1n, Where gis
the (i,))th element of A. Thadjoint of A, adj(A) is the matrix whose (i,j)th element is
Cji, the (j,i)th cofactor of A.



Theinverse A" of amatrix A is defined as adj(A)/det(A). The determinant of a matrix is
nonzero if and only if it has full rank. Consequently, a matrix with zero determinant is
non-invertible or singular.

Econometric application: the OLS estimates of the parameters B are b = (X'X)*X’Y.
From the above, these can only be computed if X is of full rank.

Taking Derivatives

Taking derivative with respect to a matrix:
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Taking derivative with respect to a vector:
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Then we have:
1. For a, b vectors: o(a'b) = ob'a) =a
ob ob
2. For a square matrix A: o' Ad) _ 2Ab O(b'AD) _ bb’
ob 0A



Block Matrices

Sometimes we find it more convenient to separate the matrix into blocks, and not into
elements, and then do all the operations block by block instead of element by element
(provided that the dimensions match).

For example:
m 9 7 |7 40
%4 56 |7 8- A AL
A=0 3 5 |4 50="
%55|30%D°&2 A,
H 5 0 |8 8H
1 9 75 7 45
wee A=0 2 %0 a5 d a-d % sl
3 5 50 3 07

Eigenvectors and Eigenvalues

Given asguare matrix A, it is often useful to think of a transformation which would make
it diagonal. Eigenvectors and eigenvalues allow us to turn A into a diagona or nearly
diagonal matrix.

The number A isan eigenvalue of A if and only if det(A-Al) = 0. Thisisthe characteristic
equation for A, and is an n'th degree polynomial in, with exactly n (possibly repeated

and complex) solutions. The eigenvalues of a matrix are sometimes referred to as the
characteristic values.

If det(A-Al)=0, there must be a nonzero vector éagenvector) v such that (AAl)v = 0,

so Av =Av. Each eigenvalue thus defines a corresponding eigenvector. Note that we
could multiply v by any scalar and it would still satisfy this condition, so the eigenvectors
are defined only up to normalization.

Let P be the matrix whose columns are the eigenvectors of A: Bvz,.[v\]. A useful
result is that if A has n distinct eigenvalues, the corresponding n eigenvectors are linearly
independent.

@A, .. 00O
AP =Av,,...V,] =[AV,..., AV. ] =[A V..., AV, ] :[vl,...,vn]g: ; B: Pr
B .. AH

wherel is a diagonal matrix with the eigenvectors of A on its diagonal. Then, if P is
invertible, P*AP =I" and we haveliagonalized A. Alternately, A = FP™.



Symmetric M atrices

In econometrics we will use a lot of symmetric matrices. In particular, given the
regression model Y = Xb + e, the variance-covariance matrix E = ee’ is a symmetric nxn
matrix.

If an nxn matrix A is symmetric, it has n distimetl eigenvalues and its eigenvectors are
mutually orthogonal, i.e.iv; = v;'v; = O for any #j.

Proof: start with Ay = A1vi, AV, = Av 2, A = A’, M#EA,. ThenAvi've = Avp)'v 2 =
(Av1)'V 2= VI’AV 2 = VI'AV, = V' (Av ) = Avi'Va.
S0 Av1'v, = Apvi'vp which, byAiZA,, implies v'v, = 0.

Remember that we can scale eigenvectors by any factor we like. So let's scale all the
eigenvectors in the matrix P to be of length one. Now if the eigenvectors are mutually
orthogonal we have that P’P = PP’ = | (where | is the identity matrix), so P! = P

This result turns out to be very useful in finding powers of matrices: consider AAlE A
A is symmetric, AA = (FP’)(PIP") = PTP'PI'P’ = Fr%P, since P'P = I. This is useful to
know, sincd 2 is simply the matriX with each diagonal element squared.

Consider™"2. This will only be defined if the eigenvalues of A are all non-negative.
Pri2ppri?p= prp’ = A, so F¥?P’ is the square root of the matrix A. This is the
Cholesky factorization of A.

Sometimes we will want to construct/A This will be F™>P’ and will be defined if all
the eigenvalues of A are positive.

Definiteness of Quadratic Forms

A quadratic form is a polynomial in;x...x , where the highest power is two. Thus
matrix, for Q(x;,...x,) = Za;x,x; or, if n=2, Q(X,,X,) = &, X +a,XX, +a,X;

We can always write a quadratic form in matrix notation as x’Ax where A is a symmetric
matrix, for example in the case n=2:

Hall %aiz 4
QX5 %) = (%, ;)1 E
a, ayp 2

» A matrix A is positive definite if X’ Ax > 0 for any vectorR

» A matrix A is positive semidefinite if X’ Ax 0 for any vector x



» A matrix A isnegative definiteif X’Ax < 0 for any vectox#0
» A matrix A is negative semidefinite if xX’Ax 0 for any vector x
» A matrix A is indefinite if it is neither positive semidefinite nor negative semidefinite

The definiteness of a quadratic form is determined by its eigenvalues. Suppose we
choose x to be an eigenvectaraf A. Then X' Ax = A|v[|v,[. Although this is only a

one-way proof, it is true that

A is positive definite= the eigenvalues of A are all positive,
A is positive semidefinite- the eigenvalues of A are all non-negative, and so on.

We suggest that positive-definite matrices are thought of as being like positive numbers,
in that one can find their square roots.

More useful facts about eigenvalues are that:

det(A) = ﬁ/\i and trace(A) = i/\i



