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PREFACE IX

PREFACE

This book is based on courses MA381 and EC3080, taught at Trinity College
Dublin since 1992.

Comments on content and presentation in the present draft are welcome for the
benefit of future generations of students.

An electronic version of this book (irfTgX) is available on the World Wide

Web athttp://pwaldron.bess.tcd.ie/teaching/ma381/notes/

although it may not always be the current version.

The book is not intended as a substitute for students’ own lecture notes. In particu-
lar, many examples and diagrams are omitted and some material may be presented
in a different sequence from year to year.

In recent years, mathematics graduates have been increasingly expected to have
additional skills in practical subjects such as economics and finance, while eco-
nomics graduates have been expected to have an increasingly strong grounding in
mathematics. The increasing need for those working in economics and finance to
have a strong grounding in mathematics has been highlighted by such layman’s
guides a®, ?, ? (adapted fron?) and?. In the light of these trends, the present
book is aimed at advanced undergraduate students of either mathematics or eco-
nomics who wish to branch out into the other subject.

The present version lacks supporting materialSlathematicaor Maple, such as

are provided with competing works like

Before starting to work through this book, mathematics students should think
about the nature, subject matter and scientific methodology of economics while
economics students should think about the nature, subject matter and scientific
methodology of mathematics. The following sections briefly address these ques-
tions from the perspective of the outsider.

What Is Economics?

This section will consist of a brief verbal introduction to economics for mathe-
maticians and an outline of the course.
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What is economics?

1. Basic microeconomics is about the allocation of wealth or expenditure §mong
different physical goods. This gives us relative prices.

2. Basic finance is about the allocation of expenditure across two or more time
periods. This gives us the term structure of interest rates.

3. The next step is the allocation of expenditure across (a finite number or a
continuum of) states of nature. This gives us rates of return on risky assets,
which are random variables.

Then we can try to combine 2 and 3.

Finally we can try to combine 1 and 2 and 3.

Thus finance is just a subset of micoreconomics.

What do consumers do?

They maximise ‘utility’ given a budget constraint, based on prices and income.
What do firms do?

They maximise profits, given technological constraints (and input and output (fices).
Microeconomics is ultimately the theory of the determination of prices by the in-
teraction of all these decisions: all agents simultaneously maximise their objective
functions subject to market clearing conditions.

What is Mathematics?

This section will have all the stuff about logic and proof and so on moved into it.
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NOTATION Xi

NOTATION

Throughout the bookx etc. will denote points ofR™ for n > 1 andz etc. will
denote points oft or of an arbitrary vector or metric spacé. X will generally
denote a matrix.

Readers should be familiar with the symbolsand3 and with the expressions
‘such that’ and ‘subject to’ and also with their meaning and use, in particular
with the importance of presenting the parts of a definition in the correct order
and with the process of proving a theorem by arguing from the assumptions to the
conclusions. Proof by contradiction and proof by contrapositive are also assumed.
There is a book on proofs by Solow which should be referred tohere.

RY = {x ERN iz; >0,i=1,... ,N} is used to denote theon-negative or-
thantof Y, andRY, = {x ERN ix; >0, = 1,...,N} used to denote the

positive orthant
T is the symbol which will be used to denote the transpose of a vector or a matrix.

insert appropriate discussion of all these topics here.
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CHAPTER 1. LINEAR ALGEBRA 3

Chapter 1
LINEAR ALGEBRA

1.1 Introduction

[To be written.]

1.2 Systems of Linear Equations and Matrices

Why are we interested in solving simultaneous equations?

We often have to find a point which satisfies more than one equation simultane-
ously, for example when finding equilibrium price and quantity given supply and
demand functions.

e To be an equilibrium, the point(), P) must lie on both the supply and
demand curves.

e Now both supply and demand curves can be plotted on the same diagram
and the point(s) of intersection will be the equilibrium (equilibria):

¢ solving for equilibrium price and quantity is just one of many examples of
the simultaneous equations problem

e The ISLM model is another example which we will soon consider at length.

e We will usually have many relationships between many economic variables
defining equilibrium.

The first approach to simultaneous equations is the equation counting approach:
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4 1.2. SYSTEMS OF LINEAR EQUATIONS AND MATRICES

e a rough rule of thumb is that we need the same number of equations as
unknowns

e this is neither necessary nor sufficient for existence of a unique solution,
e.g.

— fewer equations than unknowns, unique solution:

2?4y *=0=2=0,y=0

— same number of equations and unknowns but no solution (dependent
equations):

rT+y =
r+y =

N =

— more equations than unknowns, unigue solution:

r =y
r+y =

r—2y+1 =

= =1, y=1

Now consider the geometric representation of the simultaneous equation problem,
in both the generic and linear cases:

¢ two curves in the coordinate plane can intersect in 0, 1 or more points

e two surfaces in 3D coordinate space typically intersect in a curve

¢ three surfaces in 3D coordinate space can intersect in 0, 1 or more points
e amore precise theory is needed

There are three types efementary row operationshich can be performed on a
system of simultaneous equations without changing the solution(s):

1. Add or subtract a multiple of one equation to or from another equation
2. Multiply a particular equation by a non-zero constant

3. Interchange two equations
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CHAPTER 1. LINEAR ALGEBRA S

Note that each of these operations is reversible (invertible).
Our strategy, roughly equating @aussian eliminatiomvolves using elementary
row operations to perform the following steps:

1. (a) Eliminate the first variable from all except the first equation
(b) Eliminate the second variable from all except the first two equations
(c) Eliminate the third variable from all except the first three equations
(d) &c.

2. We end up with only one variable in the last equation, which is easily solved.

3. Then we can substitute this solution in the second last equation and solve
for the second last variable, and so on.

4. Check your solution!!

Now, let us concentrate on simultaneous linear equations:
(2 x 2 EXAMPLE)

r+y = 2 (1.2.1)
20—z =T (1.2.2)

Draw a picture

Use the Gaussian elimination method instead of the following

Solve forz in terms ofy

= 2y—7
e Eliminatex
2—y=2y—7
e Findy
3y 9
y = 3

Find = from either equation:

= 2-—y=2-3=-1
= Y-T=6-T=-1
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6 1.2. SYSTEMS OF LINEAR EQUATIONS AND MATRICES

SIMULTANEOUS LINEAR EQUATIONS @ x 3 EXAMPLE)

e Consider the general 3D picture ...

e Example:
r+2y+32 = 6 (1.2.3)
dr +5y+62z = 15 (1.2.4)
Tx+8y+10z = 25 (1.2.5)

e Solve one equation (1.2.3) farin terms ofy andz:

r=6-—2y—3z

¢ Eliminatex from the other two equations:

4(6—-2y—32)+5y+6z = 15
7T(6—-2y—32)+8y+10z = 25

e What remains is @ x 2 system:

-3y —6z = -9
—6y — 11z = —17
e Solve each equation for.
y = 3—2z
1711
G
e Eliminatey:
17 11
3—27=—— =
z 6 z
e Find:z:
1 1
— f— —Z
6 6
z =1

e Hencey =1 andx = 1.
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CHAPTER 1. LINEAR ALGEBRA 7

1.3 Matrix Operations

We motivate the need for matrix algebra by using it as a shorthand for writing
systems of linear equations, such as those considered above.

e The steps taken to solve simultaneous linear equations involve only the co-
efficients so we can use the following shorthand to represent the system of
equations used in our example:

This is called amatrix, i.e— a rectangular array of numbers.

e We use the concept of trdementary matrixo summarise the elementary
row operations carried out in solving the original equations:

(Go through the whole solution step by step again.)
e Now the rules are

— Working column by column from left to right, change all the below
diagonal elements of the matrix to zeroes

— Working row by row from bottom to top, change the right of diagonal
elements to 0 and the diagonal elements to 1

— Read off the solution from the last column.

e Or we can reorder the steps to give thaussian eliminatiomethod:

column by column everywhere.

1.4 Matrix Arithmetic
e Twon x m matrices can be added and subtracted element by element.

e There are three notations for the gen@ral3 system of simultaneous linear
equations:

1. ‘Scalar’ notation:

1171 + ajpxe + a13r3 = by
2171 + A22%2 + A23T3 = by
a31%1 + azexs + assrs = bs
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8 1.4. MATRIX ARITHMETIC

2. ‘Vector’ notation without factorisation:

a11T1 + a12T2 + 1373 by
(9171 + AooXo + agzrs | = | bo
311 + a32T2 + a3373 b3

3. ‘Vector’ notation with factorisation:

@11 a2 13 T by
Q21 dg22 (23 T2 = by
31 dz2 (33 xs3 b3
It follows that:
ail G2 a13 T a11T1 + a12T2 + A1373
21 Q22 (23 To | = | G171 + Q2272 + Q2373
az1 Qg2 433 T3 311 + a32T2 + A3373

e From this we can deduce the general multiplication rules:

Theijth element of the matrix produétB is the product of the
ith row of A and thejth column ofB.

A row and column can only be multiplied if they are the same
‘length.

In that case, their product is the sum of the products of corre-
sponding elements.

Two matrices can only be multiplied if the number of columns
(i.e. the row lengths) in the first equals the number of rounes (
the column lengths) in the second.

e Thescalar producof two vectors inR”™ is the matrix product of one written
as a row vectorl(x n matrix) and the other written as a column vectox(l
matrix).

e This is independent of which is written as a row and which is written as a
column.

So we haveC = ABifand only ifc;; = X"k = 1"a;;by;.

Note that multiplication is associative but not commutative.
Other binary matrix operations are addition and subtraction.
Addition is associative and commutative. Subtraction is neither.
Matrices can also be multiplied by scalars.

Both multiplications are distributive over addition.
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CHAPTER 1. LINEAR ALGEBRA 9

We now move on to unary operations.
The additive and multiplicative identity matrices are respectioeindl,, = (5})

—A and A~! are the corresponding inverse. Only non-singular matrices have
multiplicative inverses.
Finally, we can interpret matrices in terms of linear transformations.

e The product of amn x n matrix and am x p matrix is arm x p matrix.

e The product of amn x n matrix and am x 1 matrix (vector) is arnm x 1
matrix (vector).

e S0 everym x n matrix, A, defines a function, known asliaear transfor-
mation
Tp - R — R X = AX,
which maps:—dimensional vectors to:—dimensional vectors.

e In particular, am xn square matrix defines a linear transformation mapping
n—dimensional vectors ta—dimensional vectors.

e The system of. simultaneous linear equationsrrunknowns
Ax=Db

has a unique solutiokb if and only if the corresponding linear transfor-
mationT, is an invertible or bijective functionA is then said to be an
invertible matrix

A matrix has an inverse if and only the corresponding linear transformation is an
invertible function:

e SupposéAx = b, does not have a unique solution. Say it has two distinct
solutions x; andx, (X; # X»):

Ax; = bo
AX2 = bo

This is the same thing as saying that the linear transformafjons not
injective, as it maps botk; andx, to the same image.

e Then whenevex is a solution ofAx = b:

A(X+X; —Xo) = AX+ AX; — AXy
= b+by—Dby
= b7

SOX + X; — Xy is another, different, solution #&x = b.
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10 1.4. MATRIX ARITHMETIC

e So uniqueness of solution is determined by invertibility of the coefficient
matrix A independent of the right hand side vedbor

e If A is not invertible, then there will be multiple solutions for some values
of b and no solutions for other values lof

So far, we have seen two notations for solving a system of simultaneous linear
equations, both using elementary row operations.

1. We applied the method to scalar equations:(ip andz).

2. We then applied it to the augmented mafex b) which was reduced to the
augmented matrixl x).
Now we introduce a third notation.

3. Each step above (about six of them depending on how things simplify)
amounted to premultiplying the augmented matrix by an elementary ma-

trix, say
E6E5E4E3E2E1 (A b) = (I X) . (141)
Picking out the first 3 columns on each side:
E6E5E4E3E2E1A = I (142)
We define
A_l = E6E5E4E3E2E1. (143)

And we can use Gaussian elimination in turn to solve for each of the colmns
of the inverse, or to solve for the whole thing at once.

Lots of properties of inverses are listed in MJH’s notes (p.A7?).

The transpose iA ", sometimes denoted’ or A’.

A matrix is symmetric if it is its own transpose; skewsymmetridif = —A.
-1

Note that(AT) = (A™1)".

Lots of strange things can happen in matrix arithmetic.

We can haveAB = 0 even if A # 0 andB # 0.

Definition 1.4.1 orthogonal rows/columns

Definition 1.4.2 idempotent matribA2 = A

Definition 1.4.3 orthogonat matrix AT = A1,

Definition 1.4.4 partitioned matrices

Definition 1.4.5 determinants

Definition 1.4.6 diagonal, triangular and scalar matrices

1This is what? calls something that it seems more natural to call an orthonormal matrix.
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CHAPTER 1. LINEAR ALGEBRA 11

1.5 Vectors and Vector Spaces
Definition 1.5.1 A vectoris just ann x 1 matrix.

The Cartesian product of sets is just the set of orderedtuples where théth
component of each-tuple is an element of thih set.
The orderedh-tuple (x4, zs, . .., x,) is identified with then x 1 column vector
T
T2

Tn,
Look at pictures of points ift? and¥? and think about extensions #7.
Another geometric interpretation is to say that a vector is an entity which has both
magnitude and direction, while a scalar is a quantity that has magnitude only.

Definition 1.5.2 A real (or Euclidean vector spacés a set (of vectors) in which
addition and scalar multiplication (i.e. by real numbers) are defined and satisfy
the following axioms:

1. copy axioms from simms 131 notes p.1

There are vector spaces over other fields, such as the complex numbers.
Other examples are function spaces, matrix spaces.
On some vector spaces, we also have the notion of a dot product or scalar product:

u.v = uTV
The Euclidean norm o is
Vuu=[u] .

A unit vector is defined in the obvious way ... unit norm.

The distance between two vectors is jlist — v ||.

There are lots of interesting properties of the dot product (MJH'’s theorem 2).

We can calculate the angle between two vectors using a geometric proof based on
the cosine rule.

[v—ul® = (v—u).(v—u) (1.5.1)
= |v|P+|ul®-2v.u (1.5.2)
= v P+ llal® =2 vl coso (1.5.3)

Two vectors are orthogonal if and only if the angle between them is zero.
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12 1.6. LINEAR INDEPENDENCE

A subspace is a subset of a vector space which is closed under addition and scalar
multiplication.

For example, consider row space, column space, solution space, orthogonal com-
plement.

1.6 Linear Independence

Definition 1.6.1 The vectors,, X2, x3,...,x, € R" are linearly independent if
and only if

ZO[Z'XZ' =0=q; = 0Vs.

=1

Otherwise, they are linearly dependent.

Give examples of each, plus the standard basis.

If » > n, then the vectors must be linearly dependent.

If the vectors are orthonormal, then they must be linearly independent.

1.7 Bases and Dimension

A basis for a vector space is a set of vectors which are linearly independent and
which span or generate the entire space.

Consider the standard basegihandR".

Any two non-collinear vectors ifit? form a basis.

A linearly independent spanning set is a basis for the subspace which it generates.
Proof of the next result requires stuff that has not yet been covered.

If a basis has elements then any set of more thaalements is linearly dependent
and any set of less thanelements doesn’t span.
Or something like that.

Definition 1.7.1 The dimension of a vector space is the (unique) number of vec-
tors in a basis. The dimension of the vector spf@gis zero.

Definition 1.7.2 Orthogonal complement

Decomposition into subspace and its orthogonal complement.
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CHAPTER 1. LINEAR ALGEBRA 13

1.8 Rank

Definition 1.8.1

Therow spaceof anm x n matrix A is the vector subspace &f* generated by
them rows ofA.

Therow rankof a matrix is the dimension of its row space.

Thecolumn spacef anm x n matrix A is the vector subspace ®&f" generated
by then columns ofA.

Thecolumn rankof a matrix is the dimension of its column space.

Theorem 1.8.1 The row space and the column space of any matrix have the same
dimension.

Proof The idea of the proof is that performing elementary row operations on a
matrix does not change either the row rank or the column rank of the matrix.
Using a procedure similar to Gaussian elimination, every matrix can be reduced to
a matrix in reduced row echelon form (a partitioned matrix with an identity matrix
in the top left corner, anything in the top right corner, and zeroes in the bottom left
and bottom right corner).

By inspection, it is clear that the row rank and column rank of such a matrix are
equal to each other and to the dimension of the identity matrix in the top left
corner.

In fact, elementary row operations do not even change the row space of the matrix.
They clearly do change the column space of a matrix, but not the column rank as
we shall now see.

If A andB are row equivalent matrices, then the equatidns= 0 andBx = 0

have the same solution space.

If a subset of columns oA are linearly dependent, then the solution space does
contain a vector in which the corresponding entries are nonzero and all other en-
tries are zero.

Similarly, if a subset of columns A& are linearly independent, then the solution
space does not contain a vector in which the corresponding entries are nonzero
and all other entries are zero.

The first result implies that the corresponding columnBare also linearly de-
pendent.

The second result implies that the corresponding columi3 afe also linearly
independent.

It follows that the dimension of the column space is the same for both matrices.

Q.E.D.
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14 1.9. EIGENVALUES AND EIGENVECTORS

Definition 1.8.2 rank
Definition 1.8.3 solution space, null space or kernel

Theorem 1.8.2 dimension of row space + dimension of null space = number of
columns

The solution space of the system means the solution space of the homogenous
equationAx = 0.

The non-homogenous equatidix = b may or may not have solutions.

System is consistent iff rhs is in column space of A and there is a solution.

Such a solution is called a particular solution.

A general solution is obtained by adding to some particular solution a generic
element of the solution space.

Previously, solving a system of linear equations was something we only did with
non-singular square systems.

Now, we can solve any system by describing the solution space.

1.9 Eigenvalues and Eigenvectors
Definition 1.9.1 eigenvalues and eigenvectors akeigenspaces

Compute eigenvalues usidgt (A — AI) = 0. So some matrices with real entries
can have complex eigenvalues.

Real symmetric matrix has real eigenvalues. Prove using complex conjugate ar-
gument.

Given an eigenvalue, the corresponding eigenvector is the solution to a singular
matrix equation, so one free parameter (at least).

Often it is useful to specify unit eigenvectors.

Eigenvectors of a real symmetric matrix corresponding to different eigenvalues
are orthogonal (orthonormal if we normalise them).

So we can diagonalize a symmetric matrix in the following sense:

If the columns ofP are orthonormal eigenvectors Af, and is the matrix with

the corresponding eigenvalues along its leading diagonal, A&n= P\ so
P~!AP = X = PT AP asP is an orthogonal matrix.

In fact, all we need to be able to diagonalise in this way isXdo haven linearly
independent eigenvectors.

P~'AP andA are said to baimilar matrices.

Two similar matrices share lots of properties: determinants and eigenvalues in
particular. Easy to show this.

But eigenvectors are different.
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1.10 Quadratic Forms

A quadratic form is

1.11 Symmetric Matrices

Symmetric matrices have a number of special properties

1.12 Definite Matrices

Definition 1.12.1 Ann x n square matrixA is said to be
positive definite <= x"TAx>0VxcR" x#0
positive semi-definite — xTAx>0Vxec R
negative definite = xTAx<0VxecR" x#0
negative semi-definite «—= xTAx<0Vxc R

Some texts may require that the matrix also be symmetric, but this is not essential
and sometimes looking at the definiteness of non-symmetric matrices is relevant.
If P is an invertiblen x n square matrix and\ is anyn x n square matrix, then

A is positive/negative (semi-)definite if and onlyRf AP is.

In particular, the definiteness of a symmetric matrix can be determined by check-
ing the signs of its eigenvalues.

Other checks involve looking at the signs of the elements on the leading diagonal.
Definite matrices are non-singular and singular matrices can not be definite.

The commonest use of positive definite matrices is as the variance-covariance
matrices of random variables. Since

Vij = Cov [f“ fj] = Cov [fj, fz] (1121)
and
N N
w'Vw = Y > ww;Cov[F;, 7] (1.12.2)
i=1j=1
N N
= COV Z wm, Z wjfj (1123)
i=1 j=1
N
= Var[> w;7] >0 (1.12.4)

a variance-covariance matrix must be real, symmetric and positive semi-definite.
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In Theorem 3.2.4, it will be seen that the definiteness of a matrix is also an essen-
tial idea in the theory of convex functions.

We will also need later the fact that the inverse of a positive (negative) definite
matrix (in particular, of a variance-covariance matrix) is positive (negative) defi-

nite.
Semi-definite matrices which are not definite have a zero eigenvalue and therefore

are singular.
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Chapter 2
VECTOR CALCULUS

2.1 Introduction

[To be written.]

2.2 Basic Topology

The aim of this section is to provide sufficient introduction to topology to motivate
the definitions of continuity of functions and correspondences in the next section,

but no more.

e A metric spacés a non-empty sek equipped with anetric, i.e.a function
d: X x X — [0,00) such that

1. d(z,y) =0 <= z=uy.
2. d(z,y) =d(y,z) Vz,y € X.
3. The triangular inequality:

d(z,2) +d(z,y) > d(z,y) Yz, y,z € X.
e An open ballis a subset of a metric spack, of the form
Be(z) ={y € X : d(y,z) < €}.

e A subsetd of a metric space ispen

=
Vo € A, e > 0 such thatBe(z) C A.
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e Aisclosed <= X — Ais open. (Note that many sets are neither open nor
closed.)

e A neighbourhood of € X is an open set containing

Definition 2.2.1 Let X = ®R". A C X is compact < A is both closed and
bounded (i.edx, e such thatd C Be(x)).

We need to formally define the interior of a set before stating the separating theo-
rem:

Definition 2.2.2 If Z is a subset of a metric spacg, then theinterior of 7,
denotednt 7, is defined by

z €int Z <= Be(z) C Z for some € > 0.

2.3 \ector-valued Functions and Functions of Sev-
eral Variables

Definition 2.3.1 A function (or map f : X — Y from adomain X to a co-
domainY is a rule which assigns to each element¥of unique element df .

Definition 2.3.2 A correspondencg : X — Y from adomainX to aco-domain
Y is a rule which assigns to each elemenf¥of non-empty subset &f.

Definition 2.3.3 Therangeof the functionf : X — Y isthe setf(X) = {f(x) €
Y:xe X}

Definition 2.3.4 The functionf : X — Y is injective (one-to-one)
=

f(@) = f@@) = o=

Definition 2.3.5 The functionf : X — Y is surjective(onto)
—
f(X)=Y

Definition 2.3.6 The functionf : X — Y is bijective (or invertible)
=
it is both injective and surjective.
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Note thatiff: X — Y andA C X andB C Y/, then
FA)={f(@):zeA}CY

and
fH(B)={reX:f(r)e B} CX.

Definition 2.3.7 Avector-valued functiors a function whose co-domain is a sub-
set of a vector space, s&/". Such a function had component functions

Definition 2.3.8 A function of several variablas a function whose domain is a
subset of a vector space.

Definition 2.3.9 The functionf: X — Y (X C R", Y C R) approaches thémit
y*asx — x*

=

Ve>0,30 >0st. || x—x*"||<d=|f(x) —y)| <e

This is usually denoted
lim f(x)=y".
Definition 2.3.10 The functionf: X — Y (X C ®*, Y C R) is continuous ak*
=
Ve>0,30 >0st. || x—x*||<d=|f(x) — f(x")| <e.

This definition just says that is continuous provided that

lim f(x) = f(x).

xX—x*

? discusses various alternative but equivalent definitions of continuity.

Definition 2.3.11 The functionf : X — Y is continuous
=
it is continuous at every point of its domain.

We will say that a vector-valued function is continuous if and only if each of its
component functions is continuous.

The notion of continuity of a function described above is probably familiar from
earlier courses. Its extension to the notion of continuity of a correspondence,
however, while fundamental to consumer theory, general equilibrium theory and
much of microeconomics, is probably not. In particular, we will meet it again in
Theorem 3.5.4. The interested reader is referredifto further details.
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Definition 2.3.12 1. The correspondencé X — Y (X C R Y C R)is
upper hemi-continuous (u.h.c.)=t

<~

for every open selV containing the sef(x*), 36 > 0 s.t. || x — x* ||<
= f(x) C N.

(Upper hemi-continuity basically means that the graph of the correspon-
dence is a closed and connected set.)
2. The correspondenge X — Y (X C R", Y C R)islower hemi-continuoyk
(l.h.c.) atx*
=
for every open sel intersecting the sef(x*), 36 > 0 s.t.|| x — x* ||<
0 = f(x) intersects\V.
3. The correspondence X — Y (X C R, Y C R) is continuous (ak™)
=
it is both upper hemi-continuous and lower hemi-continuous{at

(There are a couple of pictures fraghto illustrate these definitions.)

2.4 Partial and Total Derivatives

Definition 2.4.1 The(total) derivativeor Jacobean of a real-valued function &t
variables is theV-dimensional row vector of its partial derivatives. The Jacobean
of a vector-valued function with values ®" is an M x N matrix of partial
derivatives whosgth row is the Jacobean of thgh component function.

Definition 2.4.2 Thegradientof a real-valued function is the transpose of its Ja-
cobean.

Definition 2.4.3 A function is said to bdifferentiable ak if all its partial deriva-
tives exist ak.

Definition 2.4.4 The functionf : X — Y is differentiable
=
it is differentiable at every point of its domain

Definition 2.4.5 TheHessian matrixof a real-valued function is the (usually sym-
metric) square matrix of its second order partial derivatives.
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Note that if f: R — R, then, strictly speaking, the second derivative (Hessian) of
f is the derivative of the vector-valued function

() R — Rx = (f1(x)

Students always need to be warned about the differences in notation between the

case ofn = 1 and the case of > 1. Statements and shorthands that make sense
in univariate calculus must be modified for multivariate calculus.

2.5 The Chain Rule and Product Rule

Theorem 2.5.1 (The Chain Rule)Letg: R* — R™ and f: R™ — R be contin-
uously differentiable functions and let’R” — R? be defined by

h(x) = f(g(x)).

Then
h(x)=f'(9(x)d (x).

——" ——— ——
pXn pXm mxn

Proof This is easily shown using the Chain Rule for partial derivatives.
Q.E.D.

One of the most common applications of the Chain Rule is the following:
Letg: R" — R™ and f: R™™™ — R be continuously differentiable functions, let
x € R", and definéi: R” — RP by:

h(x) = f(g(x),x).

The univariate Chain Rule can then be used to calc%étec) in terms of partial
derivatives off andg fori =1,...,pandj =1,...,n.

ahi m afz agkz m+n afz axk
= — — . (251
5, 0= L5, 000G+ Y (005 (x). @51
Note that ok
oxr” ok J1 ifk=7y
Oz (x) =9 = {O otherwis€

which is known as th&ronecker Delta Thus all but one of the terms in the second
summation in (2.5.1) vanishes, giving:
aZEj <X) o Z

k=1

009209 00+ 5L (00 0.

Revised: December 2, 1998



22 2.5. THE CHAIN RULE AND PRODUCT RULE

Stacking these scalar equations in matrix form and factoring yields:

g—gj<x) %(x)
g—;f(x) gﬂ%(x)
Lx).x) ... 2 (9(x),x) P(x) . P (x)
Lg% o g% ) ) (%)
1 1
2 (g(x),%x) . 32 (9 (%),x)
T : : . (2.5.2)
2l (g(x),%) . 2 (9 (%), %)

Now, by partitioning the total derivative ¢f as

f'() = |Def () Dxf()] (25.3)
pm) pxXm pXn

we can use (2.5.2) to write out the total derivati¢x) as a product of partitioned
matrices:

W (x) = Dgf (9 (x),%x) g (x) + Dxf (9 (x),x). (2.5.4)
Theorem 2.5.2 (Product Rule for Vector Calculus) The multivariate Product Rulle
comes in two versions:

1. Letf, g: R™ — R™ and defingi: R™ — R by
h(x)=(f(x) g(x).
—— ==

Then
W (X) = (g())" f )+ (F(x) g (x).
m m m D wxm

2. Letf: R — Randg: R™ — R™ and definéi: R — R” by
h(x)=f(X)g(x).
—— ==

Then
R (x)=gX) f(X)+f(X)g X).
N—— N——" N——

N—— N——
nxm nx1l 1xm I1x1 nxm

Proof This is easily shown using the Product Rule from univariate calculus to
calculate the relevant partial derivatives and then stacking the results in matrix

form. Q.E.D.
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2.6 The Implicit Function Theorem

Theorem 2.6.1 (Implicit Function Theorem) Letg: R — R™, wherem < n.
Consider the system of scalar equations im variables,g (x*) = 0,,.

Partition then-dimensional vectok as (y, z) wherey = (xy, 2, ..., x,,) IS m-
dimensional and: = (2,41, T2, - - -, Tn) IS (n — m)-dimensional. Similarly,
partition the total derivative of at x* as

¢ (x*) = [Dyyg D,9]
(m x n) (mxm) (mx(n—m)) (2.6.1)

We aim to solve these equations for the firsvariables,y, which will then be
written as functionsh (z) of the lastn — m variables,z.

Supposeg is continuously differentiable in a neighbourhoodxsf and that the
m X m matrix:

1 1
g—gl (x*) ... ggm (x*)
Dyg = : . :
og™ g™
;—m (x*) ... ag—m (x*)

formed by the firstn columns of the total derivative gfat x* is non-singular.
Thend neighbourhoodd” of y* and Z of z*, and a continuously differentiable
functionh: Z — Y such that

1. y* = h(z"),
2. g(h(z),z) =0 Vze Z, and
3. W (z") = = (Dyg)~" Dyg.

Proof The full proof of this theorem, like that of Brouwer’s Fixed Point Theorem
later, is beyond the scope of this course. However, part 3 follows easily from
material in Section 2.5. The aim is to derive an expression for the total derivative
R’ (z*) in terms of the partial derivatives gf using the Chain Rule.

We know from part 2 that

f(z)y=g(h(z),2)=0, VzelZ

Thus
f/ (Z) = Omx(n—m) Vz € Z,

in particular atz*. But we know from (2.5.4) that
f'(z) = Dygh' (z) + D,g.
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24 2.7. DIRECTIONAL DERIVATIVES

Hence
Dygh/ (Z) + Dyg = Omx(nfm)

and, since the statement of the theorem requiresithatis invertible,
W (2") = = (Dyg)™" Dag,
as required.

Q.E.D.

To conclude this section, consider the following two examples:

1. the equationy (z,y) = 2* + y*> — 1 = 0.
Note thaty’ (z,y) = (2x 2y).

We haveh(y) = /1 — y? or h(y) = —+/1 — y?, each of which describes a
single-valued, differentiable function @r-1,1). At (z,y) = (0,1), g—g =

0 and h(y) is undefined (fory > 1) or multi-valued (fory < 1) in any
neighbourhood off = 1.

2. the system of linear equatioggx) = Bx = 0, whereB is anm x n
matrix.

We havey’ (x) = B Vx so the implicit function theorem applies provided
the equations are linearly independent.

2.7 Directional Derivatives

Definition 2.7.1 Let X be a vector space and # x’ € X. Then

1. for A € R and particularly forA € [0, 1], Ax+ (1 — \) x’ is called aconvex
combinationof x andx’.

2. L = {Xx+ (1-X)x': X € R} is theline from x’, whereX = 0, to x,
wherel =1, in X.

3. Therestriction of the functiory: X — R to the lineL is the function

floR—=RA = fOx+(1-N)X).

4. If f is a differentiable function, then trdirectional derivative off atx’ in
the direction fromx’ tox is f|}, (0).
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e We will endeavour, wherever possible, to stick to the convention sthat
denotes the point at which the derivative is to be evaluatedxateinotes
the point in the direction of which it is measuréd.

¢ Note that, by the Chain Rule,
FI ) = £ Ox+ (1= N %) (x —x) (2.7.1)
and hence the directional derivative

fle(0) = [ (x) (x = ). (2.7.2)

e Theith partial derivative off atx is the directional derivative of atx in
the direction fromx to x + e;, wheree; is theith standard basis vector. In

other words, partial derivatives are a special case of directional derivatives

or directional derivatives a generalisation of partial derivatives.

e As an exercise, consider the interpretation of the directional derivatives at a

point in terms of the rescaling of the parameterisation of thelline
¢ Note also that, returning to first principles,

f O+ A= x)) = f (%)

/ 1
11, (0) = liny _

(2.7.3)

e Sometimes it is neater to write — x’ = h. Using the Chain Rule, it is
easily shown that the second derivativefof is

fIZA) =h'f"(x' + Ah)h
and
fIZ(0) =h' f"(x)h.
2.8 Taylor's Theorem: Deterministic Version

This should be fleshed out followirigy

Readers are presumed to be familiar with single variable versions of Taylor's The-

orem. In particular recall both the second order exact and infinite versions.

An interesting example is to approximate the discount factor using powers of the

interest rate: )

1+

1There may be some lapses in this version.

=1—i4+id -3 +it4 ... (2.8.1)
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We will also use two multivariate versions of Taylor’s theorem which can be ob-
tained by applying the univariate versions to the restriction to a line of a function
of n variables.

Theorem 2.8.1 (Taylor's Theorem)Let f : X — R be twice differentiable,
X C R"™. Then for any, x’ € X, 3\ € (0,1) such that

f(x) = f(xX)+ f(x)(x—x)+ %(X—X')Tf"(xl—I—/\(x—x’))(x—x’). (2.8.2)

Proof Let L be the line fromx’ to x.
Then the univariate version tells us that there exists (0, 1)2 such that

Flu1) = F1200) + 715 (0) + S FIEN). (28.3)

Making the appropriate substitutions gives the multivariate version in the theorem.

Q.E.D.

The (infinite) Taylor series expansion does not necessarily converge at all, or to
f(z). Functions for which it does are calladalytic ? is an example of a function
which is not analytic.

2.9 The Fundamental Theorem of Calculus

This theorem sets out the precise rules for cancelling integration and differentia-
tion operations.

Theorem 2.9.1 (Fundamental Theorem of Calculus)The integration and dif-
ferentiation operators are inverses in the following senses:

1.
o | = o)

[ f'@ar = £6) - fta)

This can be illustrated graphically using a picture illustrating the use of integration
to compute the area under a curve.

2Should this not be the closed interval?
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Chapter 3

CONVEXITY AND
OPTIMISATION

3.1 Introduction

[To be written.]

3.2 Convexity and Concavity

3.2.1 Definitions

Definition 3.2.1 A subsetX of a vector space is eonvex set
=
vx,x' € X, A €[0,1], \Xx+ (1 - )x' € X.

Theorem 3.2.1 A sum of convex sets, such as
X+Y={Xx+y:xeXyeY},

is also a convex set.

Proof The proof of this result is left as an exercise.

Q.E.D.

Definition 3.2.2 Let f : X — Y whereX is a convex subset of a real vector
space and” C R. Then
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28 3.2. CONVEXITY AND CONCAVITY

1. fis aconvex function
=
Vx £x € X, A€ (0,1)

FOx+ (1=Nx) <Af(x)+ (1 =N f(x). (3.2.1)

(This just says that a function of several variables is convex if its restriction
to everyline segment in its domain is a convex function of one variable in
the familiar sense.)

2. fis aconcave function
=

Vx #x € X, A€ (0,1)

FOXx+ (1= M%) > M)+ (1 - N FE). (3.2.2)

3. fis affine
=

f is both convex and concave.

Note that the conditions (3.2.1) and (3.2.2) could also have been required to hold
(equivalently)
vx,x' € X, \ €[0,1]

since they are satisfied as equalities whenx = x’, when\ = 0 and when
A=1.
Note thatf is convex < —f is concave.

Definition 3.2.3 Againletf : X — Y whereX is a convex subset of a real vector
space and” C R. Then

1. fis astrictly convex function
=
Vx #£x' € X, A€ (0,1)

x4+ (1= )x) <Af(x) + (1= A) f(x).

LA linear function is an affine function which also satisfig®) = 0.
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2. fis astrictly concave function
=
Vx #x' € X, A€ (0,1)

FOx+(1=M)x") > A\f(x)+ (1 =N f().

Note that there is no longer any flexibility as regards allowsng x’ or A = 0 or
A = 1in these definitions.

3.2.2 Properties of concave functions

Note the connection between convexity of a function of several variables and con-
vexity of the restrictions of that function to any line in its domain: the former is
convex if and only if all the latter are.

Note that a function on a multidimensional vector spaceis convex if and only

if the restriction of the function to the ling is convex for every lind. in X, and
similarly for concave, strictly convex, and strictly concave functions.

Since every convex function is the mirror image of a concave functionyeed
versa every result derived for one has an obvious corollary for the other. In gen-
eral, we will consider only concave functions, and leave the derivation of the
corollaries for convex functions as exercises.

Let f: X — Randg : X — R be concave functions. Then

1. If a,b > 0, thenaf + bg is concave.
2. If a < 0, thenaf is convex.
3. min{f, g} is concave

The proofs of the above properties are left as exercises.

Definition 3.2.4 Consider the real-valued functigh X — Y whereY C R.
1. The upper contour sets ¢fare the set§x € X : f(x) > a} (o € R).

2. The level sets or indifference curvesfddre the setx € X : f(x) = a}
(a e R).

3. The lower contour sets ¢gfare the set§x € X : f(x) < a} (o € R).
In Definition 3.2.4,X does not have to be a (real) vector space.
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Theorem 3.2.2 The upper contour setéx € X : f(x) > a} of a concave
function are convex.

Proof This proof is probably in a problem set somewhere.

Q.E.D.

Consider as an aside the two-good consumer problem. Note in particular the im-
plications of Theorem 3.2.2 for the shape of the indifference curves corresponding
to a concave utility function. Concaveis a sufficient but not a necessary condi-
tion for convex upper contour sets.

3.2.3 Convexity and differentiability

In this section, we show that there are a total of three ways of characterising
concave functions, namely the definition above, a theorem in terms of the first
derivative (Theorem 3.2.3) and a theorem in terms of the second derivative or
Hessian (Theorem 3.2.4).

Theorem 3.2.3 [Convexity criterion for differentiable functions.] Lé¢t: X — R
be differentiable X C R™ an open, convex set. Then:

f is (strictly) concave

=

Vx £ x' € X,

fx) < (Qf ) + [(x)(x = x). (3.2.3)

Theorem 3.2.3 says that a function is concave if and only if the tangent hyperplane
at any point lies completely above the graph of the function, or that a function is
concave if and only if for any two distinct points in the domain, the directional
derivative at one point in the direction of the other exceeds the jump in the value
of the function between the two points. (See Section 2.7 for the definition of a
directional derivative.)

Proof (See?.)

1. We first prove that the weak version of inequality 3.2.3 is necessary for
concavity, and then that the strict version is necessary for strict concavity.

Choosex, x’' € X.
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(@)

(b)

Suppose that is concave.
Then, for\ € (0,1),

FE+Ax=X)) 2 f(X)+A(f(x) - f(X)). (3.2.4)
Subtractf (x’) from both sides and divide by.

S+ Ax=X)) - f(X)
A

Now consider the limits of both sides of this inequality \as— 0.

The LHS tends tg’ (x) (x — x’) by definition of a directional deriva-
tive (see (2.7.2) and (2.7.3) above). The RHS is independentafl
does not change. The result now follows easily for concave functions.
However, 3.2.5 remains a weak inequality everf is a strictly con-
cave function.

> J(x) - fx). (3.25)

Now suppose that is strictly concave ang # x'.
Since f is also concave, we can apply the result that we have just
proved tox’ andx” = ; (x + x’) to show that

FE)E =x) = f(x') = f(x). (3.2.6)

Using the definition of strict concavity (or the strict version of inequal-
ity (3.2.4)) gives:

f") = f(x) > = (f(x) — f(X)). (3.2.7)

Combining these two inequalities and multiplying across by 2 gives
the desired result.

2. Conversely, suppose that the derivative satisfies inequality (3.2.3). We will
deal with concavity. To prove the theorem for strict concavity, just replace
all the weak inequalitiesX) with strict inequalities £), as indicated.

Setx’ = Ax+ (1 — \)x". Then, applying the hypothesis of the proof in turn
to x andx’ and tox” andx’ yields:

and

fx) < )+ f(X)x=X) (3.2.8)
J&) < fE) + () =X (3.2.9)

A convex combination of (3.2.8) and (3.2.9) gives:

Af(x) + (1= A f(x")
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[ IA

FE)+ () (A ((x = %) + (1 = M) (X" = %))
f(x), (3.2.10)

since
AM(x—xX)N+1-N((x"—%x)) = Xx+(1-)x"—x"=0,. (3.2.11)
(3.2.10) is just the definition of concavity as required.
Q.E.D.

Theorem 3.2.4[Concavity criterion for twice differentiable functions.] Lét:
X — R be twice continuously differentiabl€’f), X C %" open and convex.
Then:

1. fis concave
=
Vx € X, the Hessian matrix”(x) is negative semidefinite.

2. f"(x) negative definit&’x € X
=
f is strictly concave.

The fact that the condition in the second part of this theorem is sufficient but not
necessary for concavity inspires the search for a counter-example, in other words
for a function which is strictly concave but has a second derivative which is only
negative semi-definite and not strictly negative definite. The standard counter-
example is given by (z) = x?" for any integem > 1.

Proof We first use Taylor's theorem to demonstrate the sufficiency of the condi-
tion on the Hessian matrices. Then we use the Fundamental Theorem of Calculus
(Theorem 2.9.1) and a proof by contrapositive to demonstrate the necessity of this
condition in the concave case far= 1. Then we use this result and the Chain
Rule to demonstrate necessity for> 1. Finally, we show how these arguments
can be modified to give an alternative proof of sufficiency for functions of one
variable.

1. Suppose first that”’(x) is negative semi-definitéx € X. Recall Taylor’s
Theorem above (Theorem 2.8.1).

It follows that f(x) < f(x') + f'(x')(x — x’). Theorem 3.2.3 shows tht
is then concave. A similar proof will work for negative definite Hessian and
strictly concave function.
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2. To demonstrate necessity, we must consider separately first functions of a
single variable and then functions of several variables.

(a) First consider a function of a single variable. Instead of trying to show
that concavity off implies a negative semi-definited. non-positive)
second derivative'x € X, we will prove the contrapositive. In other
words, we will show that if there is any poinat € X where the second
derivative is positive, therf is locally strictly convex around* and
so cannot be concave.

So supposg”(z*) > 0. Then, sincef is twice continuously differ-
entiable,f”(x) > 0 for all z in some neighbourhood af, say(a, b).
Then f is an increasing function ofu,b). Consider two points in
(a,b), z < 2" and letz’ = Az + (1 — N\)z” € X, whereX € (0,1).
Using the fundamental theorem of calculus,

!

@)= @) = [ i< p@)e -

a;ll

fla) = @) = [ fdt < fa)a —a).

and

Rearranging each inequality gives:

flx) > f@)+ f @) (x—2)
and

f@") > f@) + fia) (@ -2,

which are just the single variable versions of (3.2.8) and (3.2.9). As in
the proof of Theorem 3.2.3, a convex combination of these inequalities
reduces to

f@@') < Af(x) + (1= A)f(a"),
and hencgf is locally strictly convex ora, b).

(b) Now consider a function of several variables. Suppose fthsatcon-
cave and fixx € X andh € ®". (We use arx, x+h argument instead
of anx, x’ argument to tie in with the definition of a negative definite
matrix.) Then, at least for sufficiently small g(\) = f(x + Ah) also
defines a concave function (of one variable), namely the restriction of
f to the line segment from in the direction fromx to x + h. Thus,
using the result we have just proven for functions of one variaple,
has non-positive second derivative. But we know from p. 25 above
thatg”(0) = h' f”(x)h, so f”(x) is negative semi-definite.
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3. For functions of one variable, the above arguments can give an alternative
proof of sufficiency which does not require Taylor's Theorem. In fact, we
have something like the following:

= f locally strictly concave ofia, b)
= f locally concave orja, b)

= f locally strictly convex or(a, b)
= f locally convex on(a, b)

The same results which we have demonstrated for the intésya) also
hold for the entire domaitX’ (which of course is also just an open interval,
as it is an open convex subsetjoy.

Q.E.D.

Theorem 3.2.5 A non-decreasing twice differentiable concave transformation of
a twice differentiable concave function (of several variables) is also concave.

Proof The details are left as an exercise.

Q.E.D.

Note finally the implied hierarchy among different classes of functions:

negative definite Hessian strictly concaveC concave= negative semidefinite
Hessian.

As an exercise, draw a Venn diagram to illustrate these relationships (and add
other classes of functions to it later on as they are introduced).

The second order condition above is reminiscent of that for optimisation and sug-
gests that concave or convex functions will prove useful in developing theories of
optimising behaviour. In fact, there is a wider class of useful functions, leading us
to now introduce further definitions.

3.2.4 Variations on the convexity theme

Let X C R™ be aconvex setanfl: X — R areal-valued function defined on.

In order (for reasons which shall become clear in due course) to maintain consis-
tency with earlier notation, we adopt the convention when labelling vegtarsl

x' that f(x') < f(x).2

2There may again be some lapses in this version.
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Definition 3.2.5 Let
Cla) ={x€ X : f(x) > a}.

Thenf : X — R is quasiconcave
=
Va € R, C(«) is a convex set.

Theorem 3.2.6 The following statements are equivalent to the definition of qua-
siconcauvity:

1. Vx # x' € X such thatf(x') < f(x) andVA € (0,1),

fOx+ (1= > f(X).

2. Vx,x' € X, A € [0,1], f (Ax+ (1 = N)x') > min{ f(x), f(x)}.

3. (If f is differentiable,vx,x" € X such thatf(x) — f(x') > 0, f'(x')(x —
x') > 0.

Proof 1. We begin by showing the equivalence between the definition and
condition 13

(a) Firstsuppose that the upper contour sets are convex amtx’ € X
and leta = min{f(x), f(x’)}. Thenx andx’ are inC(«). By the
hypothesis of convexity, for any € (0,1), Ax + (1 — \)x’ € C(«).
The desired result now follows.

(b) Now suppose that condition 1 holds. To show thét) is a convex
set, we just take andx’ € C'(«) and investigate whethew + (1 —
A)x' € C(«). But, by our previous result,

fAx+ (1= A)x) = min{f(x), f(x)} > a
where the final inequality holds becausandx’ are inC'(«).
2. Itis almost trivial to show the equivalence of conditions 1 and 2.

(@) Inthe case wherg(x) > f(x') or f(x') = min{f(x), f(x)}, there
is nothing to prove. Otherwise, we can just reverse the labatslx’.
The statement is true fot = x’ or A = 0 or A = 1 even if f is not
guasiconcave.

3This proof may need to be rearranged to reflect the choice of a different equivalent character-
isation to act as definition.
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(b)

3.2. CONVEXITY AND CONCAVITY

The proof of the converse is even more straightforward and is left as
an exercise.

3. Proving that condition 3 is equivalent to quasiconcavity for a differentiable
function (by proving that it is equivalent to conditions 1 and 2) is much the
trickiest part of the proof.

(a) Begin by supposing that satisfies conditions 1 and 2. Proving that

(b)

condition 3 is necessary for quasiconcavity is the easier part of the
proof (and appears as an exercise on one of the problem sets). Pick
any A € (0,1) and, without loss of generality and x’ such that

f(x') < f(x). By quasiconcavity,

fFOx+(1-Nx) > f(x). (3.2.12)
Consider
fle ) =fOx+(1-Mx)=fX +\x—X)). (3.2.13)

We want to show that the directional derivative

F1(0) = f/(x)(x — x') > 0. (3.2.14)
But 'y / /
FlL(0) = yi%f(x + (X;X)) —fx) (3.2.15)

Since the right hand side is non-negative for small positive valuas of
(A < 1), the derivative must be non-negative as required.

Now the difficult part — to prove that condition 3 is a sufficient con-
dition for quasiconcauvity.

Suppose the derivative satisfies the hypothesis of the theorerfjdut
not quasiconcave. In other wordsg, x’, A* such that

fVx+ (1= M)X) <min{f(x), f(x)}, (3.2.16)

where without loss of generalitf(x’) < f(x). The hypothesis of the
theorem applied first t&« and A*x + (1 — A*)x’ and then tax’ and
A'x + (1 — A*)x’ tells us that:

Fx+ (1 =A%) (x—(Vx+(1=X)X)) >0 (3.2.17)
fVx+ (1 =M)X) (X — (VX +(1-X)x))>0. (3.2.18)
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Multiplying the first inequality by(1 — A*) and the second by* yields
a pair of inequalities which can only be satisfied simultaneously if:

ffVx+(1-M)xX)(x —x)=0. (3.2.19)

In other words f|; (A*) = 0; we already know thaf|,(A*) < f].(0) <]}
f1o(1). We can apply the same argument to any point where the value
of f|. is less thanf|.(0) to show that the corresponding part of the
graph of f|;, has zero slope, or is flat. But this is incompatible either
with continuity of f|,, or with the existence of a point wheyfé, (\*)

is strictly less thary|.(0). So we have a contradiction as required.

Q.E.D.

In words, part 3 of Theorem 3.2.6 says that whenever a differentiable quasicon-
cave function has a higher valuesathan atx’, or the same value at both points,
then the directional derivative g¢f at x’ in the direction ofx is non-negative. It
might help to think about this by considering= 1 and separating out the cases
x> andx < 2.

Theorem 3.2.7Let f : X — R be quasiconcave ang: & — R be increasing.
Theng o f is a quasiconcave function.

Proof This follows easily from the previous result. The details are left as an
exercise.

Q.E.D.

Note the implications of Theorem 3.2.7 for utility theory. In particular, if pref-
erences can be represented by a quasiconcave utility function, then they can be
represented by a quasiconcave utility function only. This point will be considered
again in a later section of the course.

Definition 3.2.6 f : X — R is strictly quasiconcave

—

Vx # x' € X such thatf(x) > f(x') andVA € (0,1), f (Ax+ (1 = A)x) >
().

Definition 3.2.7 f is (strictly) quasiconvex
—
— f is (strictly) quasiconcave

4EC3080 ended here for Hilary Term 1998.
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Definition 3.2.8 f is pseudoconcave
=
f is differentiable and quasiconcave and

Jo) = f(x) >0 = f(x)(x—x)>0.

Note that the last definition modifies slightly the condition in Theorem 3.2.6 which
is equivalent to quasiconcavity for a differentiable function.

Pseudoconcavity will crop up in the second order condition for equality con-
strained optimisation.

We conclude this section by looking at a couple of the functions of several vari-
ables which will crop repeatedly in applications in economics later on.

First, consider the interesting case of the affine function

fR - Rix— M—p'x,

whereM € R andp € R". This function is both concave and convex, but neither
strictly concave nor strictly convex. Furthermore,

FOX+(1=Nx) = M)+ (1= A)f() (3.2.20)
> min{f(x), f(x")} (3.2.21)

and

() (x+ 1= Nx) = M=) +1-N(-H) (@222
> minf(—f)(x). ()}, (3223)

so f is both quasiconcave and quasiconcave, but not strictly so in either £ase.
is, however, pseudoconcave (and pseudoconvex) since

f(x)> f(x) <= p'x<p'¥x (3.2.24)
— p (x—-x)<0 (3.2.25)
— —fX)(x—-x%x)<0 (3.2.26)
— f)(x—-x)>0. (3.2.27)

Finally, here are two graphs of Cobb-Douglas functidns:

5To see them you will have to have copied tWeMFfiles retaining their uppercase filenames
and put them in the appropriate directory,
C:/TCD/teaching/ WWW/MA381/NOTES/ !
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Graph ofz = 20-5y%5

Graph ofz = 7705¢!%

3.3 Unconstrained Optimisation

Definition 3.3.1 Let X C k", f : X — R.
Thenf has a (strict) global maximum at* <— Vx € X, x # x*, f(x) < (<

)f(x7).

Also f has a (strict) local maximum at* <= de > 0 such thatvx €

Be(x"), x # x*, f(x) < (<) f(x).
Similarly for minima.

Theorem 3.3.1 A continuous real-valued function on a compact subsét"oét-
tains a global maximum and a global minimum.

Proof Not given here. Se@.
Q.E.D.

While this is a neat result for functions on compact domains, results in calculus
are generally for functions on open domains, since the limit of the first difference
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of the function at, say, makes no sense if the function and the first difference are
not defined in some open neighbourhood ggomeBe(x)).

The remainder of this section and the next two sections are each centred around
three related theorems:

1. a theorem giving necessary or first order conditions which must be satis-
fied by the solution to an optimisation problem (Theorems 3.3.2, 3.4.1 and
3.5.1);

2. atheorem giving sufficient or second order conditions under which a solu-
tion to the first order conditions satisfies the original optimisation problem
(Theorems 3.3.3, 3.4.2 and 3.5.2); and

3. atheorem giving conditions under which a known solution to an optimisa-
tion problem is the unique solution (Theorems 3.3.4, 3.4.3 and 3.5.3).

The results are generally presented for maximisation problems. However, any
minimisation problem is easily turned into a maximisation problem by reversing
the sign of the function to be minimised and maximising the function thus ob-
tained.
Throughout the present section, we deal with the unconstrained optimisation prob-
lem

max f (x) (3.3.1)

xeX
whereX C R*andf : X — R is a real-valued function of several variables,
called theobjective functiorof Problem (3.3.1.)
(It is conventional to use the lettérboth to parameterise convex combinations
and as a Lagrange multiplier. To avoid confusion, in this section we switch to the
letter o for the former usage.)

Theorem 3.3.2 Necessary (first order) condition for unconstrained maxima and
minima.

Let X be open and differentiable with a local maximum or minimunat € X.
Thenf’(x*) = 0, or f has astationary poinat x*.

Proof Without loss of generality, assume that the function has a local maximum
atx*. Then3e > 0 such that, whenevefh| < e,

f(x* +h) - f(x7) <0,
It follows that, for0 < h < e,

f +he) — f(x7) _
h — Y
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(wheree; denotes theth standard basis vector) and hence that

9 “ 4 hey) — f(x"
ai(x*):% Jo eh) 1) (3.3.2)

Similarly, for0 > h > —e,

FOc +he) = F(x)
h — Y

and hence 5 ( ) )
Forom o SO+ hey) — f(x*
oz, (x*) = }llliltl) . > 0. (3.3.3)

Combining (3.3.2) and (3.3.3) yields the desired result.

Q.E.D.

The first order conditions are only useful for identifying optima in the interior
of the domain of the objective function: Theorem 3.3.2 applies only to functions
whose domainX is open. Other methods must be used to check for possible cor-
ner solutions or boundary solutions to optimisation problems where the objective
function is defined on a domain that is not open.

Theorem 3.3.3 Sufficient (second order) condition for unconstrained maximgand
minima.

Let X C R" be open and lef : X — R be a twice continuously differentiable
function withf/(x*) = 0 and f”(x*) negative definite.

Thenf has a strict local maximum at*.

Similarly for positive definite Hessians and local minima.

Proof Consider the second order Taylor expansion used previously in the proof
of Theorem 3.2.4: for any € X, 3s € (0, 1) such that

P = FO) 4 T e = x) o= x) /6" 4 s(x = x)) (x — 7).

or, since the first derivative vanisheskt

F) = FO) + 50— x0T (" 4 s = x))(x = x).

Since f” is continuous,f”(x* + s(x — x*)) will also be negative definite fax
in some open neighbourhood »f. Hence, forx in this neighbourhoodf (x) <

f(x*) andf has a strict local maximum at".
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Q.E.D.

The weak form of this result does not hold. In other words, semi-definiteness
of the Hessian matrix at* is not sufficient to guarantee th#thas any sort of
maximum atx*. For example, iff(z) = 23, then the Hessian is negative semi-
definite atr = 0 but the function does not have a local maximum there (rather, it
has apoint of inflexion).

Theorem 3.3.4 Uniqueness conditions for unconstrained maximisation.
If

1. x* solves Problem (3.3.1) and
2. f is strictly quasiconcave (presupposing tbats a convex set),

thenx* is the unique (global) maximum.

Proof Suppose not, in other words that # x* such thatf (x) = f (x*).
Then, for anyx € (0,1),

floax+(1—a)x) >min{f (x), f(x")} = f(x),

so f does not have a maximum at eitheor x*.
This is a contradiction, so the maximum must be unique.
Q.E.D.

Theorem 3.3.5 Tempting, but not quite true, corollaries of Theorem 3.3.3 are:

e Every stationary point of a twice continuously differentiable strictly con-
cave function is a strict global maximum (and so there can be at most one
stationary point).

e Every stationary point of a twice continuously differentiable strictly convex
function is a strict global minimum.

Proof If the Hessian matrix is positive/negative definite everywhere, then the ar-
gument in the proof of Theorem 3.3.3 can be appliedkfeax X and not just for
x € Be (x*). Ifthere are points at which the Hessian is merely semi-definite, then
the proof breaks down.

Q.E.D.

Note that many strictly concave and strictly convex functions will have no station-
ary points, for example
ffR—=Rx— e
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3.4 Equality Constrained Optimisation:
The Lagrange Multiplier Theorems

Throughout this section, we deal with the equality constrained optimisation prob-
lem

maXxex f (X)

st. g(x)=0 (3.4.1)

whereX C R", f : X — R is areal-valued function of several variables, called
the objective functiorof Problem (3.4.1) ang : X — R™ is a vector-valued
function of several variables, called tbenstraint functiorof Problem (3.4.1); or,
equivalently,¢’: X — R are real-valued functions fogr = 1,...,m. In other
words, there are: scalar constraints represented by a single vector constraint:

9" (x) 0

9" (x) 0
We will introduce and motivate thieagrange multiplier methodhich applies to
such constrained optimisation problems with equality constraints. We will assume
where appropriate that the objective functiprand them constraint functions
g',..., g™ are all once or twice continuously differentiable.
The entire discussion here is again presented in terms of maximisation, but can
equally be presented in terms of minimisation by reversing the sign of the objec-
tive function. Similarly, note that the signs of the constraint function(s) can be
reversed without altering the underlying problem. We will see, however, that this
also reverses the signs of the correspondiagrange multipliers The signifi-
cance of this effect will be seen from the formal results, which are presented here
in terms of the usual three theorems.
Before moving on to those formal results, we briefly review the methodology for
solving constrained optimisation problems which should be familiar from intro-
ductory and intermediate economic analysis courses.
If x* is a solution to Problem (3.4.1), then there exist Lagrange multifliarss
(A1, ..., Am), SUCh that

f x4+ ATg (x)=0,.
Thus, to find the constrained optimum, we proceed as if optimisingageangearj
LX) =F(X)+ATg(x).
Note that

6As usual, a row of numbers separated by commas is used as shorthand for a column vector.
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1. £ = f whenevery = 0and
2. g = Owhere/, is optimised.

Roughly speaking, this is why the constrained optimuny @orresponds to the
optimum of L.
The Lagrange multiplier method involves the following four steps:

1. introduce then Lagrange multipliersA = (A, ..., \,).
2. Define the Lagrangeaft X x R™ — R, where
XxR"={(x,\):xe X, AeR"},

by
E(X,A)Ef(x)+)\Tg(x).

3. Find the stationary points of the Lagrangeag,setL’ (x, A) = 0. Since
the Lagrangean is a function of+ m variables, this gives + m first order
conditions. The first are

frx)+Xg (x)=0

or )
of o 0¢’

The lastm are just the original constraints,

g(x)=0

or 4
Jx)=0 j=1,...,m.

4. Finally, the second order conditions must be checked.

As an example, consider maximisation of a utility function representing Cobb-
Douglas preferences subject to a budget constraint.

The firstn first order or Lagrangean conditions say that the total derivative (or
gradient) off atx is a linear combination of the total derivatives (or gradients) of
the constraint functions at

Consider a picture with, = 2 andm = 1.

Since the directional derivative along a tangent to a level set or indifference curve
is zero at the point of tangency, (the function is at a maximum or minimum
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along the tangent) of’ (x) (x' — x) = 0, the gradient vectorf’ (x)', must be
perpendicular to the direction of the tangetit— x.

At the optimum, the level sets gf andg have a common tangent, $6(x) and

¢’ (x) are collinear, orf’ (x) = —\¢’ (x). It can also be seen with a little thought
that for the solution to be a local constrained maximummust be positive if; is
quasiconcave and negativejifs quasiconvex (in either case, the constraint curve
is the boundary of a convex set).

We now consider the equality constrained optimisation problem in more depth.

Theorem 3.4.1 First order (necessary) conditions for optimisation with equality
constraints.

Consider problem (3.4.1) or the corresponding minimisation problem.

If

1. x* solves this problem (which implies thatx*) = 0),
2. f andg are continuously differentiable, and

3. them x n matrix

1 1
g—gl (x*) ... ggn (x*)
g (x*) = : . .
m m
?3971 (x*) ... gng (x*)

is of rankm (i.e. there are no redundant constraints, both in the sense that
there are fewer constraints than variables and in the sense that the con-
straints which are present are ‘independent’),

then3A* € R such thatf’ (x*) + A*" ¢/ (x*) = 0 (i.e. inR", f'(x*) is in the
m—dimensional subspace generated bystheectorsg" (x*),...,¢™ (x*)).

Proof The idea is to solve (x*) = 0 for m variables as a function of the other
n — m and to substitute the solution into the objective function to give an uncon-
strained problem withh — m variables.
For this proof, we need Theorem 2.6.1 on p. 2.6.1 above, the Implicit Function
Theorem. Using this theorem, we must find theweightsy, ..., A\, to prove
that f' (x*) is a linear combination of"’ (x*) ..., g™ (x*).
Without loss of generality, we assume that the firstolumns ofg’ (x*) are lin-
early independent (if not, then we merely relabel the variables accordingly).
Now we can partition the vectat* as (y*,z*) and, using the notation of the
Implicit Function Theorem, find a neighbourhogf z* and a functiorh defined
on Z such that

g(h(z),z)=0 VzeZ
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and also
W (z*) = — (Dyg) ™" D,g.

Now define a new objective functiafi: 7 — R by
F(z)=f(h(z),2).

Sincex* solves the constrained problemux,cx f (x) subject tog (x) = 0, it
follows thatz* solves the unconstrained problemux,., F (z). (This is easily
shown using a proof by contradiction argument.)
Hencez* satisfies the first order conditions for unconstrained maximisatidn of
namely

F'(z*) = 0.

Applying the Chain Rule in exactly the same way as in the proof of the Implicit
Function Theorem yields an equation which can be written in shorthand as:

Dy fh'(z)+ D,f = 0.
Substituting forh’ (z) gives:
Dy f (Dyg)"™" Dag = Daf.
We can also partitiorf’ (x) as
( Dy f (Dyg>_1 Dyg D,f )
Substituting for the second sub-matrix yields:
f'(x) = ( Dyf(Dyg) "' Dyg Dyf(Dyg)™' Dug )

= Dyf(Dyg)"' ( Dyg Dag )
= -2 g (x)

where we define
A =—Dyf(Dyg)™".
Q.E.D.

Theorem 3.4.2 Second order (sufficient or concavity) conditions for maximisa-
tion with equality constraints.
If

1. f andg are differentiable,
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2. f'(x*) + A" "¢ (x*) = 0 (i.e. the first order conditions are satisfiedsat),
3.\ >0forj=1,...,m,
4. fis pseudoconcave, and
5. ¢’ is quasiconcave fof = 1,...,m,
thenx* solves the constrained maximisation problem.

It should be clear that non-positive Lagrange multipliers and quasiconvex con-
straint functions can take the place of non-negative Lagrange multipliers and qua-
siconcave Lagrange multipliers to give an alternative set of second order condi-
tions.

Proof Suppose that the second order conditions are satisfied, but*tie@hot a
constrained maximum. We will derive a contradiction.

Sincex* is not a maximumsix # x* such thay (x) = 0 but f (x) > f (x*).

By pseudoconcavityf (x) — f (x*) > 0 implies thatf’ (x*) (x — x*) > 0.

Since the constraints are satisfied at bo#mdx*, we havey (x*) = ¢g (x) = 0.

By quasiconcavity of the constraint functions (see Theorem 32.6x)—¢’ (x*) =|}
0 implies thatg’’ (x*) (x — x*) > 0.

By assumption, all the Lagrange multipliers are non-negative, so

fr(x) (x—x) + AT (x) (x —x*) > 0.
Rearranging yields:
[f/ (X*) + A*Tg/ (X*)] (X . X*) > 0.

But the first order condition guarantees that the LHS of this inequality is zero (not
positive), which is the required contradiction.

Q.E.D.

Theorem 3.4.3 Uniqueness condition for equality constrained maximisation.
If

1. x* is a solution,
2. fis strictly quasiconcave, and
3. ¢’ is an affine function (i.e. both convex and concave)jfer1, ..., m,

thenx* is the unique (global) maximum.
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Proof The uniqueness resultis also proved by contradiction. Note that it does not
require any differentiability assumption.

¢ We first show that the feasible set is convex.
Supposex # x* are two distinct solutions.
Consider the convex combination of these two solutionss ax+(1 — a) x* ]
Since eacly’ is affine andy’ (x*) = ¢/ (x) = 0, we have

g (xa) = ag’ (x)+ (1 —a) ¢’ (x*) = 0.
In other wordsx« also satisfies the constraints.

e To complete the proof, we find the required contradiction:
Sincef is strictly quasiconcave antl(x*) = f (x), it must be the case that

f(xa) > f(x*).
Q.E.D.

The construction of the obvious corollaries for minimisation problems is left as
an exercise.
We conclude this section with

Theorem 3.4.4 (Envelope Theorem.)Consider the modified constrained optimi-
sation problem:

mgxf (X,) subjectto g(x,a) =0, (3.4.2)

wherex € R", ac R4, f: R"T7 — R and g: "7 — R™ (i.e. as usualf is
the real-valued objective function andis a vector ofm real-valued constraint
functions, but either or both can depend exogenousr controlvariablesa as
well as on theendogenousr choicevariablesx).

Suppose that the standard conditions for application of the Lagrange multiplier
theorems are satisfied.

Letx* () denote the optimal choice &ffor givena (x*: R? — R™ is called the
optimal response functigrand let M («) denote the maximum value attainable
by f for givena (M: R? — R is called theenvelope functiohp

Then the partial derivative of/ with respect tay; is just the partial derivative
of the relevant Lagrangearf,+ A" ¢, with respect tay;, evaluated at the optimal
value ofx. The dependence of the vector of Lagrange multipli®rgn the vector
« should be ignored in calculating the last-mentioned partial derivative.

Proof The Envelope Theorem can be proved in the following steps:
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1. Write down the identity relating the functiod$, f andx*:

M (o) = f (X' (@), )

2. Use (2.5.4) to derive an expression for the partial derival%@jésaf M in
terms of the partial derivatives gfandx*:

M’ (a) = Dyf (x* () , @) x () + Do f (x" (@), ).

3. The first order (necessary) conditions for constrained optimisation say that
Dyf (x* (@) @) = =X"Dxg (x" (@) , @)
and allow us to eliminate th§£ terms from this expression.
4. Apply (2.5.4) again to the identity(x*, o) = 0, to obtain
Dyg (x™ (@) , ) X" (@) + Daxg (X" (t) , @) = O

Finally, use this result to eliminate tt%? terms from your new expression

oM
for B

Combining all these results gives:

M' (@) = Daf (x* (@) &) + A" Dag (x" (o) , @),

which is the required result.

Q.E.D.

In applications in economics, the most frequently encountered applications will
make sufficient assumptions to guarantee that

1. x* satisfies the first order conditions with eagh> 0;
2. the Hessiarf” (x*) is a negative definiten(x n) matrix; and
3. g is alinear function,

so thatx* is the unique optimal solution to the equality constrained optimisation
problem.
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3.5 Inequality Constrained Optimisation:
The Kuhn-Tucker Theorems

Throughout this section, we deal with the inequality constrained optimisation
problem

' maxyex f (X)
st. ¢'(x)>0, i=1,2,....m (3.5.1)

where once agaik’ C R", f : X — R is a real-valued function of several
variables, called th@bjective functionof Problem (3.5.1) and : X — R™

is a vector-valued function of several variables, calleddabestraint functiorof
Problem (3.5.1).

Before presenting the usual theorems formally, we need some graphical motiva-
tion concerning the interpretation of Lagrange multipliers.

Suppose that the constraint functions are given by

g(x,a)=a—h(x). (3.5.2)
The Lagrangean is
LN =fx)+AT (a—-h(x). (3.5.3)

Thus, using the Envelope Theorem, it is easily seen that the rate of change of the
envelope functionV/ («) with respect to the ‘level’ of théth underlying con-
straint function’ is:
oM oL
80@ N aOéi N

A (3.5.4)
Thus

e when)\; = 0, the envelope function is at its maximum, or the objective
function at its unconstrained maximum, and the constraint is not binding.

e when); < 0, the envelope function is decreasing
e when); > 0, the envelope function is increasing

Now consider how the nature of the inequality constraint change axreases
(as illustrated, assuminfquasiconcave as usual ahtdquasiconvex oy’ quasi-
concave, so that the relationship betwegmand)\; is negative)

Rt (x) < o (3.5.5)
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Derivative of | Lagrange | Constraint
Type of constraint | objective fn. | Multiplier fn.
Binding/active <0 A>0 g=20
Non-binding/inactive /=0 A=0 g>0

Table 3.1: Sign conditions for inequality constrained optimisation

(or ¢' (x, ) > 0). For values ofy; such that\; > 0, this constraint is strictly
binding. For values ofy; such that\; = 0, this constraint is just binding. For
values ofa; such that\; < 0, this constraint is non-binding.
Note that in this setup,
PM O\
80612 a 8%
so that the envelope function is strictly concave (up to the unconstrained optimum,
and constant beyond it).
Thus we will find that part of theecessityconditions below is that the Lagrange
multipliers be non-negative. (For equality constrained optimisation, the signs
were important only when dealing with second order conditions).
Consider also at this stage the first order conditions for maximisation of a function
of one variable subject to a non-negativity constraint:

<0, (3.5.6)

max f(z)s.t.x > 0.
They can be expressed as:
fl(z*) < 0 (3.5.7)
fl@) = 0 ifx>0 (3.5.8)
The various sign conditions which we have looked at are summarised in Table 3.1.

Theorem 3.5.1 Necessary (first order) conditions for optimisation with inequal-
ity constraints.
If

1. x* solves Problem (3.5.1), with
g (x)=0,i=1,2,...,b

and '
g x")>0,i=b+1,...,m

(in other words, the firsb constraints arebinding (active) atx* and the
last n — b are non-binding(inactive) atx*, renumbering the constraints if
necessary to achieve this),
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2. f andg are continuously differentiable, and

3. theb x n submatrix ofy’ (x*),

o 1 E) 1
a—gl (x*) ... % (x*)
. . )
dgb dg®
% (x*) ... 8£n (x*)

is of full rank b (i.e. there are no redundant binding constraints, both in
the sense that there are fewer binding constraints than variables and in the
sense that the constraints which are binding are ‘independent’),

thend\ € R™ such thatf’ (x*) + A" ¢’ (x*) = 0, with \; > 0fori =1,2,...,m
andg'(x*) = 0if \; > 0.

Proof The proof is similar to that of Theorem 3.4.1 for the equality constrained
case. It can be broken into seven steps.

1. Suppose&* solves Problem (3.5.1).

We begin by restricting attention to a neighbourhd®dx*) throughout
which the non-binding constraints remain non-bindingj,

g (x)>0Vx € B (x*),i=b+1,....,m. (3.5.9)

Such a neighbourhood exists since the constraint functions are continuous.
Sincex* solves Problem (3.5.1) by assumption, it also solves the following
problem:

' MmaXxeB, (x*) / (X)
st. ¢'(x)>0, i=1,2,...,b. (3.5.10)

In other words, since the non-binding constraints are non-bindig=

B. (x*) by construction, we can ignore them if we confine our search for
a maximum to this neighbourhood. We will return to the non-binding con-
straints in the very last step of this proof, but until thewill be taken to
refer to the vector of binding constraint functions only and to the vector

of b Kuhn-Tucker multipliers corresponding to these binding constraints.

2. We now introduce slack variables= (s, ...,s;), one corresponding to
each binding constraint, and consider the following equality constrained
maximisation problem:

rnaXxEB6 (x*) ,sEWjr f (X)
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st. G(x,8) =0, (3.5.11)

whereG' (x,s) = ¢* (x) — s, 0 = 1,2,...,b.

Sincex* solves Problem (3.5.10) and allconstraints in that problem are
binding atx*, it can be seen thgi*, 0,) solves this new problem. For
consistency of notation, we defigé = 0,.

3. We proceed with Problem (3.5.11) as in the Lagrange case. In other words,
we use the Implicit Function Theorem to solve the systemexfuations in
n -+ b unknowns,
G (x,8) = 0y, (3.5.12)

for the firstb variables in terms of the last. To do this, we partition the
vector of choice and slack variables three ways:

(x,8) = (v,2,5) (3.5.13)

wherey € R* andz € ®"?, and correspondingly partition the matrix of
partial derivatives evaluated at the optimum:

G'(y*,z",s") = G (x*,s") (3.5.14)
= (DyG DG ) (3.5.15)
= (b,G D,G DG ) (3.5.16)
= (Dyg Dug -T,). (3.5.17)

The rank condition allows us to apply the Implicit Function Theorem and
to find a functionh : R* — R’ such thaty = h(z,s) is a solution to
G (y,z,s) = 0 with

W (z*,s*) = — (Dyg) " D,sG. (3.5.18)
(3.5.18) can in turn be partitioned to yield
D,h = —(Dyg)"' D,G = — (Dyg) ' Dyg (3.5.19)
and

Dsh = — (Dyg)_l DsG = (Dyg)_l I, = (Dyg)_l : (3.5.20)

4. This solution can be substituted into the original objective funcfico
create a new objective functian defined by

F(z,s) = f(h(z,s),2) (3.5.21)
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and another new maximisation problem where there are only (implicit) non-
negativity constraints:

MAX,e B (5%) scR?, F (z,s) (3.5.22)

It should be clear that*, 0, solves Problem (3.5.22). The first order con-
ditions for Problem (3.5.22) are just that the partial derivative$’afith
respect to the remaining — b choice variables equal zero (according to
the first order conditions for unconstrained optimisation), while the partial
derivatives ofF’ with respect to thé slack variables must be less than or
equal to zero.

. The Kuhn-Tucker multipliers can now be found exactly as in the Lagrange

case. We know that
D,F = DyfD,h+ D,fI,, = 0,
Substituting forD,h from (3.5.19) gives:
Dyf (Dyg)™' Dyg = D,f.
We can also partitiorf’ (x) as

( Dyf(Dyg)' Dyg D.f )
Substituting for the second sub-matrix yields:
f'(x) = ( Dyf(Dyg) ' Dyg Dyf(Dyg)' Dug )
= Dyf (Dyg>_1 ( Dyg D,g )
= -2 ¢ (%)

where we define the Kuhn-Tucker multipliers corresponding to the binding
constraints , by
A =-Dyf(Dyg)™". (3.5.23)

. Next, we calculate the partial derivatives Bfwith respect to the slack

variables and show that they can be less than or equal to zero if and only
if the Kuhn-Tucker multipliers corresponding to the binding constraints are
greater than or equal to zero. This can be seen by differentiating both sides
of (3.5.21) with respect te to obtain:

DsF = DyfDsh+ DyfO0_t)xs (3.5.24)
= Dyf(Dyg)™" (3.5.25)
= -, (3.5.26)

where we have used (3.5.20) and (3.5.23).
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7. Finally just set the Kuhn-Tucker multipliers corresponding to the non-bifding
constraints equal to zero.

Q.E.D.

Theorem 3.5.2 Second order (sufficient or concavity) conditions for optimisation
with inequality constraints.
If

1. f andg are differentiable,

2. IX € K™ such thatf’ (x*)+ X" ¢ (x*) = 0, with\; > 0fori =1,2,...,m
andg’(x*) = 0if \; > 0 (i.e. the first order conditions are satisfiedt),

3. fis pseudoconcave, and
4. ¢ (x*) =0,i =1,2,...,b; ¢ (x*) > 0,i =b+1,...,m and ¢’ is qua-
siconcave forj = 1,...,b (i.e. the binding constraint functions are quasi-

concave),

thenx* solves the constrained maximisation problem.

Proof The proof just requires the first order conditions to be reduced to

b
f(x") + Z Xig” (x*) =0 (3.5.27)

from where it is virtually identical to that for the Lagrange case, and so it is left as
an exercise.

Q.E.D.

Theorem 3.5.3 Uniqueness condition for inequality constrained optimisation.
If

1. x* is a solution,
2. fis strictly quasiconcave, and
3. ¢’ is a quasiconcave function fgr=1,...,m,

thenx* is the unique (global) optimal solution.
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Proof The proof is again similar to that for the Lagrange case and is left as an ex-
ercise. The point to note this time is that the feasible set with equality constraints
was convex if the constraint functions were affine, whereas the feasible set with
inequality constraints is convex if the constraint functions are quasiconcave. This
is because the feasible set (where all the inequality constraints are satisfied simul-
taneously) is the intersection of upper contour sets of quasiconcave functions,

or the intersection ofn convex sets. QE.D

The last important result on optimisation, the Theorem of the Maximum, is closely
related to the Envelope Theorem. Before proceeding to the statement of the theo-
rem, the reader may want to review Definition 2.3.12.

Theorem 3.5.4 (Theorem of the maximum)Consider the modified inequality cqn-
strained optimisation problem:

max f (X,) subjectto ¢'(X,a) >0,i=1,...,m (3.5.28)

wherex € R", ac R?, f: R — Randg: R"T7 — R™,

Let x* (a) denote the optimal choice af for givena (x*: R? — R") and let
M (a) denote the maximum value attainable pfor givena (M: R? — R).

If

1. fis continuous;
2. the range off is closed and bounded; and

3. the constraint set is a non-empty, compact-valued, continuous correspon-
dence ofx,

1. M is a continuous (single-valued) function; and

2. x* is an upper hemi-continuous correspondence, and hence is continuous if
it is a continuous (single-valued) function.

Proof The proof of this theorem is omitted, along with some of the more technical
material on continuity of (multi-valued) correspondences. QED

Theorem 3.5.4 will be used in consumer theory to prove such critical results as
the continuity of demand functions derived from the maximisation of continuous
utility functions.

The following are two frequently encountered examples illustrating the use of the
Kuhn-Tucker theorems in economits.

"The calculations should be left as exercises.
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1. The canonical quadratic programming problem.

Find the vectorx € 1" which maximises the value of the quadratic form
x ' Ax subject to them linear inequality constraintg’'x > «;, where
A € R is negative definite angl € R" fori =1,...,m.

The objective function can always be rewritten as a quadratic form in a
symmetric (negative definite) matrixl, sincexaSAx is a scalar,

x"Ax = (x Ax) (3.5.29)
= x ATx (3.5.30)
= ;(XTAx+xTATx) (3.5.31)
1
_ T T
~ x (5 (A+A )>x (3.5.32)

and; (A + AT) is always symmetric.

Let G be them x n matrix whoseith row isg’. G must have full rank if
we are to apply the Kuhn-Tucker conditions.

The Lagrangean is:
x'Ax+ AT (Gx —a). (3.5.33)

The first order conditions are:
2x"A+A'G =0, (3.5.34)
or, transposing and multiplying across 5»9&*1:
1
X = —§A’1GT)\. (3.5.35)
If the constraints are binding, then we will have:

1
o= —§GA—1GT>\. (3.5.36)

Now we need the fact tha® (and henceaGA~'G ") has full rank to solve
for the Lagrange multipliera.:

A=-2(GAGT) (3.5.37)

Now the sign conditions tell us that each componenfahust be non-
negative. An easy fix is to let the Kuhn-Tucker multipliers be defined by:

A" = max {om, —2(cac’)” a} , (3.5.38)
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where themax operator denotes component-by-component maximisation.

The effect of this is to knock out the non-binding constraints (those with
negative Lagrange multipliers) from the original problem and the subse-
guent analysis.

We can now find the optimad by substituting for\ in (3.5.35) the value of
A* from (3.5.38).

In the case in which all the constraints are binding, the solution is:
x=A"G"(GA7GT) o (3.5.39)
and the envelope function is given by:
T T 1T\ ! “IA AT 1T\t
x'Ax = o' (GA'G") GAT'AAT'G' (GAT'GT) «
- o’ (GA'G") @

_ _%Oﬁ A (3.5.40)

The applications of this problem will include ordinary least squares and
generalised least squares regression and the mean-variance portfolio choice
problem in finance.

. Maximising a Cobb-Douglas utility function subject to a budget constraint

and non-negativity constraints.

The applications of this problem will include choice under certainty, choice
under uncertainty with log utility where the parameters are reinterpreted as
probabilities, the extension to Stone-Geary preferences, and intertemporal
choice with log utility, where the parameters are reinterpreted as time dis-
count factors.

Further exercises consider the duals of each of the forgoing problems, and it is to
the question of duality that we will turn in the next section.

3.6 Duality

Let X C R™and letf,g : X — R be, respectively, pseudoconcave and pseudo-
convex functions. Consider the envelope functions defined by the dual families of
problems:

M (o) = max f (x)s.t. g (x) < o (3.6.1)
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and
N (8) =ming (x)s.t. f (x) = 5. (3.6.2)

Suppose that these problems have solutionsx$dy) andx' (3) respectively,
and that the constraints bind at these points.
The first order conditions for the two problems are respectively:

f(x)—Xd(x)=0 (3.6.3)

and

g (x) +pf' (x) =0, (3.6.4)
where\ andy are the relevant Lagrange multipliers.
Thus ifx and\* # 0 solve (3.6.3), thes andy* = —1/ ) solve (3.6.4). However,
for the x which solves the original problem (3.6.1) to also solve (3.6.2), it must
also satisfy the constraint, gr(x) = . But we know thatf (x) = M («). This
allows us to conclude that:

x" () = x! (M (a)) . (3.6.5)
Similarly,
x' () =x" (N (8)). (3.6.6)
Combining these equations leads to the conclusion that
a=N (M («x)) (3.6.7)
and
B=M(N(B)). (3.6.8)

In other words, the envelope functions for the two dual problems are inverse func-
tions (over any range where the Lagrange multipliers are non-zerahere the
constraints are binding). Thus, eitheror 5 or indeed)\ or . can be used to
parameterise either family of problems.

We will see many examples of these principles in the applications in the next part
of the book. In particular, duality will be covered further in the context of its
applications to consumer theory in Section 4.6.
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Chapter 4
CHOICE UNDER CERTAINTY

4.1 Introduction

[To be written.]

4.2 Definitions

There are two possible types®tonomywhich we could analyse:

e apure exchange economyn which households are endowed directly with
goods, but there are no firms, there is no production, and economic activity
consists solely of pure exchanges of an initial aggregate endowment; and

e aproduction economyn which households are further indirectly endowed
with, and can trade, shares in the profit or loss of firms, which can use part
of the initial aggregate endowment as inputs to production processes whose
outputs are also available for trade and consumption.

Economies of these types comprise:

e H household®r consumer®r agentsor (later)investorsor, merely,indi-
viduals indexed by the subscriph;

e N goodsor commoditiesindexed by the superscript and

¢ (in the case of a production economy only¥irms, indexed byf.

INotation in what follows is probably far from consistent in regard to superscripts and sub-
scripts and in regard tih or nth good and needs fixing.
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This chapter concentrates on the theory of optimal consumer choice and of equi-
librium in a pure exchange economy. The theory of optimal production decisions
and of equilibrium in an economy with production is mathematically similar.
Goods can be distinguished from each other in many ways:

e obviously, by intrinsic physical characteristiesg.apples or oranges.

e by the time at which they are consumedj.an Easter egg delivered before
Easter Sunday or an Easter egg delivered after Easter Sunday. (While all
trading takes place simultaneously in the model, consumption can be spread
out over many periods.)

¢ by the state of the world in which they are consumed, the service pro-
vided by an umbrella on a wet day or the service which it provides on a dry
day. (Typically, the state of the world can be any pairibh a sample space
Q.)

The important characteristics of househbldre that it is faced with the choice of
aconsumption vectar consumption plaorconsumption bundle:;, = (:U}L, e :L'hN) I
from a (closed, convexjonsumption setX;,. Typically, X;, = R%. More gener-

ally, consumer’s consumption set might require a certain subsistence consump-
tion of some commodities, such as water, and rule out poin#&ofiot meeting

this requirement. The household’s endowments are dergted®) and can be
traded.

In a production economy, the shareholdings of households in firms are denoted
Cp € §RF,

A consumer’s net demand is denoted= x;, — e, € RV

Each consumer is assumed to havpreference relatioror (weak) preference
orderingwhich is a binary relation on the consumption 3gt(?, Chapter 7).

Since each household will have different preferences, we should really denote
householdh’s preference relationr;, but the subscript will be omitted for the
time being while we consider a single household. Similarly, we will assume for
the time being that each household chooses from the same consumptidh set,
although this is not essential.

Recall (se€?) that a binary relatiorR on X is just a subseRR of X x X or a
collection of pairqz, y) wherez € X andy € X.

If (z,y) € R, we usually just writer Ry.

Thusz > y means that eithet is preferred tay or the consumer is indifferent
between the twoi . thatx is at least as good ag.

The following properties of a general relatidhon a general seX are often of
interest:
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1. ArelationR is reflexive
S
zRxVr € X

2. ArelationR is symmetric
=

xRy = yRx

3. ArelationR is transitive
=

xRy, yRz — xRz

4. ArelationR is complete
—

Vz,y € X eitherz Ry or yRx (or both) (in other words a complete relation
orders the whole set)

An indifference relation ~, and astrict preference relation>-, can be derived
from every preference relation:

1. z > ymeanst = y but noty = x
2. r ~ymeanst = y andy > .
Theutility functionu : X — R representshe preference relation if
u(z) > uly) <= = ry.

If /3R — R is a monotonic increasing function amdepresents the preference
relation=, thenf o u also represents, since

flulz)) = f(u(y) <= u(z) Zuly) < v=y.

If X is a countable set, then there exists a utility function representing any pref-
erence relation o/’. To prove this, just write out the consumption planstnn

order of preference, and assign numbers to them, assigning the same number to
any two or more consumption plans between which the consumer is indifferent.

If X is an uncountable set, then there may not exist a utility function representing
every preference relation ot.
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4.3 Axioms

We now consider six axioms which it are frequently assumed to be satisfied by
preference relations when consideriognsumer choice under certaintyNote

that symmetry would not be a very sensible axiom!) Section 5.5.1 will consider
further axioms that are often added to simplify the analysisasfsumer choice
under uncertainty After the definition of each axiom, we will give a brief ratio-
nale for its use.

Axiom 1 (Completeness)A (weak) preference relation is complete.
Completeness means that the consumer is never agnostic.
Axiom 2 (Reflexivity) A (weak) preference relation is reflexive.
Reflexivity means that each bundle is at least as good as itself.
Axiom 3 (Transitivity) A (weak) preference relation is transitive.
Transitivity means that preferences are rational and consistent.

Axiom 4 (Continuity) The preference relatiol- is continuous i.e. for all con-
sumption plang € X' thesetB, = {xe X :x = y}landW, ={x e X :y >
x} are closed sets.

Consider the picture wheN = 2:

We will see shortly thaBy, the set of consumption plans which are better than or
as good ay, andWWy, the set of consumption plans which are worse than or as
good asy, are just the upper contour sets and lower contour sets respectively of
utility functions, if such exist.

E.g.considerexicographic preferences

Lexicographic preferences violate the continuity axiom. A consumer with such
preference prefers more of commodity 1 regardless of the quantities of other com-
modities, more of commodity 2 if faced with a choice between two consumption
plans having the same amount of commaodity 1, and so on.

In the picture, the consumption plaries in the lower contour sét,- but Be (y)

never lies completely if,. for anye. Thus, lower contour sets are not open, and
upper contour sets are not closed.

Theorems on the existence of continuous utility functions have been proven by
Gerard Debreu, Nobel laureate, whose proof used Axioms 1-4 only?(se€)

and by Hal Varian, whose proof was simpler by virtue of adding an additional
axiom (see?).
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Theorem 4.3.1 (Debreu)If X is a closed and convex set aidis a complete,
reflexive, transitive and continuous preference relatiomgrthend a continuous
utility functionu: X — R representing-.

Proof For the proof of this theorem, s€e Q.ED.

Axiom 5 (Greed) Greed is incorporated into consumer behaviour by assuming
either

1. Strong monotonicity:

If ¥ = 1Y, then is said to bestrongly monotonidff whenever:,, > y,,Vn
butx #y,x > y.[x = (z1,...,2y) &C.]; Or

2. Local non-satiation:
Vx € X, e>0,3x € Be(x) s.t.x' > x

The strong monotonicity axiom is a much stronger restriction on preferences than
local non-satiation; however, it greatly simplifies the proof of existence of utility
functions.

We will prove the existence, but not the continuity, part of the following weaker
theorem.

Theorem 4.3.2 (Varian) If X = RY and = is a complete, reflexive, transitive,
continuous and strongly monotonic preference relatiomgrihend a continuous
utility functionu: X — R representing-.

Proof (of existence only%, p.97))
Pick a benchmark consumption plang.1 = (1,1,...,1).
The idea is that the utility of is the multiple of the benchmark consumption plan
to whichx is indifferent.
By strong monotonicity, the sefg € R : t1 > x} and{t € R : x = ¢1} are both
non-empty.
By continuity of preferences, both are closed (intersection of a ray through the
origin and a closed set); and by completeness, they cover
By connectedness dt, they intersect in at least one point;x) say, andx ~
u(x)1.
Now

x>y <= ux)l>u(y)l

= u(x) = u(y)

where the first equivalence follows from transitivity of preferences and the second
from strong monotonicity.

The assumption that preferences are reflexive is not used in establishing existence
of the utility function, so it can be inferred that it is required to establish continuity.
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Q.E.D.

The rule which the consumer will follow is to choose the most preferred bundle
from the set of affordable alternativelsudget sét in other words the bundle at
which the utility function is maximised subject to tlhedget constraintif one
exists.

We know that an optimal choice will exist if the utility function is continuous and
the budget set is closed and bounded.

If the utility function is differentiable, we can go further and use calculus to find
the maximum.

So we usually assume differentiability.

If uis a concave utility function, thefiou, which also represents the same prefer-
ences, is not necessarily a concave function (unfasself is a convex function).

In other words, concavity of a utility function is a property of the particular repre-
sentation and not of the underlying preferences. Notwithstanding this, convexity
of preferences is important, as indicated by the use of one or other of the follow-
ing axioms, each of which relates to the preference relation itself and not to the
particular utility function chosen to represent it.

Axiom 6 (Convexity) There are two versions of this axiom:

1. Convexity:
The preference relatiok is convex <

xry=Xx+(1-Nyry.

2. Strict convexity:

The preference relatiok is strictly convex <

xry=Xx+(1-Ny>>y.

The difference between the two versions of the convexity axiom basically amounts
to ruling out linear segments in indifference curves in the strict case.

Theorem 4.3.3 The preference relatior is (strictly) convex if and only if every
utility function representing: is a (strictly) quasiconcave function.

Proof In either case, both statements are equivalent to saying that

ux) Zuly) = u(Ax+(1-A)y) = (>)uly). (4.3.1)
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Q.E.D.

Theorem 4.3.4 All upper contour sets of a utility function representing convex
preferences are convex sets (i.e. indifference curves are convex to the origin for
convex preferences).

It can be seen that convexity of preferences is a generalisation of the two-good
assumption of a diminishing marginal rate of substitution.

Axiom 7 (Inada Condition) This axiom seems to be relegated to some other cat-
egory in many existing texts and its attribution to Inada is also difficult to trace. It

IS not easy to see how to express it in terms of the underlying preference relation
so perhaps it cannot be elevated to the status of an axiom. Should it be expressed
as:

. Ou
lim =00
zi—0 Jx;
or as P
. i
lim =07

The Inada condition will be required to rule out corner solutions in the consumer’s
problem. Intuitively, it just says that indifference curves may be asymptotic to the
axes but never reach them.

4.4 Optimal Response Functions:
Marshallian and Hicksian Demand

4.4.1 The consumer’s problem

A consumer with consumption s&f,,, endowment vectoe, € X, sharehold-
ingsc;, € R and preference ordering,, represented by utility function;, who
desires to trade his endowment at priges #% faces an inequality constrained
optimisation problem:

maxup, (x) st.p'x<p'e,+c, I(p) =M, (4.4.1)
wherell (p) is the vector of theF" firms’ maximised profits when prices ape
Constrainingx to lie in the consumption set normally just means imposing non-
negativity constraints on the problem. From a mathematical point of view, the
source of income is irrelevant, and in particular the distinction between pure ex-
change and production economy is irrelevant. Thus, income can be represented
by M in either case.
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Since the constraint functions are linear in the choice varialdse Kuhn-Tucker
theorem on second order conditions (Theorem 3.5.2) can be applied, provided that
the utility functionu,, is pseudo-concave. In this case, the first order conditions
identify a maximum.

The Lagrangian, using multipliepsfor the budget constraint and € R for the
non-negativity constraints, is

up (x) + A (M — pTX) +p'x. (4.4.2)
The first order conditions are given by thE-dimensional) vector equation:
uy, (x) + A(—p) + u =0y (4.4.3)

and the sign conditioh > 0 with A > 0 if the budget constraint is binding.

We also haveun = 0y unless one of the non-negativity constraints is binding:
Axiom 7 would rule out this possibility.

Now for eachp € ¥, (ruling out bads, or goods with negative prices, and even
(see below) free goodsy;, € X}, andc;, € R, or for eachp, M;, combination,

there is a corresponding solution to the consumer’s utility maximisation problem,
denotedx,, (p, e, i) or x5, (p, Mj,). The function (correspondence) is often

called a Marshallian demand function (correspondence).

If the utility function u,, is also strictly quasiconcaved. preferences are strictly
convex), then the conditions of the Kuhn-Tucker theorem on uniqueness (Theo-
rem 3.5.3) are satisfied. In this case, the consumer’s problem has a unique solu-
tion for given prices and income, so that the optimal response correspondence is a
single-valued demand function. On the other hand, the weak form of the convexity
axiom would permit a multi-valued demand correspondence.

4.4.2 The No Arbitrage Principle

Definition 4.4.1 An arbitrage opportunitymeans the opportunity to acquire a
consumption vector or its constituents, directly or indirectly, at one price, and
to sell the same consumption vector or its constituents, directly or indirectly, at a
higher price.

Theorem 4.4.1 (The No Arbitrage Principle) Arbitrage opportunities do not ejk-
ist in equilibrium in an economy in which at least one agent has preferences which
exhibit local non-satiation.

2The No Arbitrage Principle is also known as e Free Lunch Principleor theLaw of One
Price
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Proof If preferences exhibit local non-satiation, then Marshallian demand is not
well-defined if the price vector permits arbitrage opportunities.

If the no arbitrage principle doesn’t hold, then any individual can increase wealth
without bound by exploiting the available arbitrage opportunity on an infinite
scale. Thus there is no longer a budget constraint and, since local non-satiation
rules out bliss points, utility too can be increased without bound.

When we come to consider equilibrium, we will see that if even one individual has
preferences exhibiting local non-satiation, then equilibrium prices can not permit
arbitrage opportunities.

Q.E.D.

Examples are usually in the financial markets, in a multi-period corgexi;ov-

ered interest parity, term structure of interest ragas, The most powerful appli-
cation is in the derivation of option-pricing formulae, since options can be shown
to be identical to various synthetic portfolios made up of the underlying security
and the riskfree security.

The simple rule for figuring out how to exploit arbitrage opportunities is ‘buy
low, sell high’. With interest rates and currencies, for example, this may be a
non-trivial calculation.

Exercise: If the interest rate for one-year deposits or loans figer annum com-
pounded annually, the interest rate for two-year deposits or loapper annum
compounded annually and the forward interest rate for one year deposits or loans
beginning in one year’s time i, per annum compounded annually, calculate the
relationship that must hold between these three rates if there are to be no arbitrage
opportunities.

Solution: (1 +71) (1 + f12) = (14 15)>.

4.4.3 Other Properties of Marshallian demand

Other noteworthy properties of Marshallian demand include the following:

1. If preferences exhibit local non-satiation, then the budget constraint is bind-
ing.
This is because no consumption vector in the interior of the budget set can
maximise utility as some nearby consumption vector will always be both
preferred and affordable. At the optimum, on the budget hyperplane, the
nearby consumption vector which is preferred will not be affordable.

2. If p includes a zero pricep{ = 0 for somen), thenx;, (p, M;) may not be
well defined.
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This is because, at least in the case of strongly monotonic preferences, the
consumer will seek to acquire and consume an infinite amount of the free
good, thereby increasing utility without bound. For this reason, it is neater
to define Marshallian demand only on the open non-negative orthant,in
namely$Y. .

3. The demang,, (p, M,,) is independent of the representatignof the un-
derlying preference relatior; which is used in the statement of the con-
sumer’s problem.

4. x;, (p, M) is homogenous of degree 0gn M},.

In other words, if all prices and income are multiplied by> 0, then
demand does not change:

xp, (ap, aMy) = x;, (p, My) . (4.4.4)

5. Demand functions are continuous.

This follows from the theorem of the maximum (Theorem 3.5.4). It fol-
lows that small changes in prices or income will lead to small changes in
guantities demanded.

4.4.4 The dual problem

Consider also the (dual) expenditure minimisation problem:
min p'x 5.t upy (x) > @ (4.4.5)

In other words, what happens if expenditure is minimised subject to a certain level
of utility, u, being attained?

The solution (optimal response function) is called the Hicksian or compensated
demand function (or correspondence) and is usually dergtég, u).

There should really be a more general discussion of duality, based on the mean-
variance problem as well as the utility maximisation/expenditure minimisation
problems.

If the local non-satiation axiom holdshen the constraints are binding in both
the utility-maximisation and expenditure-minimisation problems, and we have a
number of duality relations. In particular, there will be a one-to-one correspon-
dence between income and utility z for a given price vectop. The expenditure
function and the indirect utility function will then act as a pair of inverse envelope
functions mapping utility levels to income levels avide versaespectively.
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A full page table setting out exactly the parallels between the two problems is
called for here.

The following duality relations (or fundamental identitiesasalls them) will
prove extremely useful later on:

e(p,v(p,M)) = M (4.4.6)
v(p,e(p,a) = a (4.4.7)
x(p,M) = h(p,v(p,M)) (4.4.8)
h(p,u) = x(p,e(p,u)) (4.4.9)

These are just equations (3.6.5)—(3.6.8) adapted to the notation of the consumer’s
problem.

4.4.5 Properties of Hicksian demands

As in the Marshallian approach, if preferences are strictly convex, then any solu-
tion to the expenditure minimisation problem is unique and the Hicksian demands
are well-defined single valued functions.

It's worth going back to the uniqueness proof with this added interpretation. If two
different consumption vectors minimise expenditure, then they both cost the same
amount, and any convex combination of the two also costs the same amount. But
by strict convexity, a convex combination yields higher utility, and nearby there
must, by continuity, be a cheaper consumption vector still yielding utility

If preferences are not strictly convex, then Hicksian demands may be correspon-
dences rather than functions.

Hicksian demands are homogenous of degree 0 in prices:

by (ap, @) = by, (p, ). (4.4.10)

4.5 Envelope Functions:
Indirect Utility and Expenditure

Now consider the envelope functions corresponding to the two approaches:
1. The indirect utility function:

vp (P, M) = up (x4 (P, M)) (4.5.1)
2. The expenditure function:
en (p,) = p'hy (p, ). (4.5.2)

Sometimes we meet two other related functions:
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3. The money metric utility function

my (p,x) = ep, (p,up (X)) (4.5.3)

is the (least) cost at pricgs of being as well off as with the consumption
vectorx.

4. The money metric indirect utility function

i (P, M) = ey (p,vn (q, M)) (4.5.4)

is the (least) cost at pricgs of being as well off as if prices werg and
income was\/.

The following are interesting properties of the indirect utility function:

1. By the Theorem of the Maximum, the indirect utility function is continuous
for positive prices and income.

2. The indirect utility function is non-increasing jm and non-decreasing in
M.
3. The indirect utility function is quasi-convex in prices.

To see this, leB3 (p) denote the budget set when prices pr@nd letp A =
Ap+ (1= XN)p.
ThenB (pA) C (B (p) U B (p')).

Suppose this was not the case, for somex, pA\'x < M butp’'x >
M andp’"x > M. Then taking a convex combination of the last two
inequalities yields

Ap ' x+(1-=N)p' x> M,

which contradicts the first inequality.

It follows that the maximum value af, (x) on the subseB (p)) is less
than or equal to its maximum value on the supef$ép) U B (p’).

In terms of the indirect utility function, this says that
up (PA, M) < max {vy, (p, M), vs (P, M)},
or thatv,, is quasiconvex.

4. vy, (p, M) is homogenous of degree zeropnM, or

v (AP, AM) = vy, (p, M) .
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The following are interesting properties of the expenditure function:
1. The expenditure function is continuous.

2. The expenditure function itself is non-decreasing in prices, since raising the
price of one good while holding the prices of all other goods constant can
not reduce the minimum cost of attaining a fixed utility level.

3. The expenditure function is concave in prices.

To see this, we just fix two price vectopsandp’ and consider the value of
the expenditure function at the convex combinagon= Ap + (1 — \) p’.

e(phu) = (pA\) h(p) ) (4.5.5)
= Ap'h(pA@) +(1-X)(p) h(pAa) (45.6)
> Ap'h(p,a)+(1-A)(P) h(p\u) (457
= Xe(p,u)+(1-Ne(p,u), (4.5.8)
where the inequality follows because the cost of a suboptimal bundle for
the given prices must be greater than the cost of the optimal (expenditure-
minimising) consumption vector for those prices.

4. The expenditure function is homogenous of degree 1 in prices:

en (ap,u) = aep, (p,u). (4.5.9)

4.6 Further Results in Demand Theory

In this section, we present four important theorems on demand functions and the
corresponding envelope function§hephard’s Lemmuwill allow us to recover
Hicksian demands from the expenditure function. SimilaRgy’s Identitywill

allow us to recover Marshallian demands from the indirect utility function. The
Slutsky symmetry conditi@nd theSlutsky equatioprovide further insights into

the properties of consumer demand.

Theorem 4.6.1 (Shephard’s Lemma.)

g—;Z (p,u) = 0 (pTX + A (up (x) — 71)) (4.6.1)

apr
2" (4.6.2)

which, when evaluated at the optimum, is juBt(p, ).
In other words, the partial derivatives of the expenditure function with respect to
prices are the corresponding Hicksian demand functions.
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Proof By differentiating the expenditure function with respect to the price of
goodn and applying the envelope theorem (Theorem 3.4.4), we oStaphard’s
Lemma

(To apply the envelope theorem, we should be dealing with an equality constrained
optimisation problem; however, if we assume local non-satiation, we know that
the budget constraint or utility constraint will always be binding, and so the in-
equality constrained expenditure minimisation problem is essentially and equality
constrained problem.)

Q.E.D.

Theorem 4.6.2 (Roy’s Identity.) Marshallian demands may be recovered from
the indirect utility function using:

x" (p, M) = — (4.6.3)

Proof For Roy’s Identity, seé.
Itis obtained by differentiating equation (4.4.7) with respegft'taising the Chain
Rule:

v (p,e(p,u)) =u

implies that

ov ov Oe

o (p,e(p, @) + 577 (P e (P, @) o (p,7) =0 (4.6.4)

and using Shephard’'s Lemma gives:

ov ov

an (p,e(p,ﬂ)) + 8—M

o (p,e(p,u)h" (p,u) =0 (4.6.5)

Hence 5 -
5 (o€ (P, )

o (p,e(p,1))
and expressing this last equation in terms of the relevant level of inddnegher
than the corresponding value of utility

h" (p,a) = — (4.6.6)

np, M) =& 4.6.7
x" (p, M) %(p,M) ( )
Q.E.D.
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Theorem 4.6.3 (Slutsky symmetry condition.)All cross-price substitution effe@gs
are symmetric:
ohy,  Ohy
dpm  Opr

(4.6.8)

Proof From Shephard’s Lemma, we can easily deriveShisky symmetry condi-
tions assuming that the expenditure function is twice continuously differentiable,
and hence that

aQGh _ 826h (4 6 9)
opmopr  OpnOp™’ o
Sinceh” = g;,z andh = %, and the result follows.
Q.E.D.

The next result doesn't really have a special name of its own.

Theorem 4.6.4 Since the expenditure function is concave in prices (see p. 75), the
corresponding Hessian matrix is negative semi-definite. In particular, its diagonal
entries are non-positive, or

82€h
— <0, n=1,...,N. (4.6.10)
9 (p")
Using Shephard’s Lemma, it follows that
Oni; <0, n=1,...,N. (4.6.11)
op"

In other words, Hicksian demand functions, unlike Marshallian demand functions,
are uniformly decreasing in own price. Another way of saying this is that own
price substitution effects are always negative.

Theorem 4.6.5 (Slutsky equation.)The total effect of a price change on (Mar-
shallian) demand can be decomposed as follows into a substitution effect and an
income effect:

ox™ o™  _ Oz™ o
op (p, M) = o (p, @) = 77 (P, M) 1" (p, ), (4.6.12)

whereu =V (p, M).

Before proving this, let's consider the signs of the various terms in the Slutsky
equation and look at what it means in a two-good example.

By Theorem 4.6.4, we know that own price substitution effects are always non-
positive.

[This is still on a handwritten sheet.]
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Proof Differentiating both sides of theh component of (4.4.9) with respect to

p", using the Chain Rule, will yield the so-call&lutsky equatiomwhich decom-
poses the total effect on demand of a price change into an income effect and a
substitution effect.

Differentiating the RHS of (4.4.9) with respectd yields:

ox™ _ ox™ _., Oe _

To complete the proof:
1. setthis equal tg'~ (p,u)

2. substitute from Shephard’s Lemma

3. defineM = e(p,u) (which implies thati = V' (p, M))
Q.E.D.

4.7 General Equilibrium Theory

4.7.1 Walras’' law

Walras .. 3

4.7.2 Brouwer’s fixed point theorem

4.7.3 Existence of equilibrium

4.8 The Welfare Theorems

4.8.1 The Edgeworth box

4.8.2 Pareto efficiency

Definition 4.8.1 A feasible allocationX = (xi,...,xy) is Pareto efficientf
there does not exist arfgasibleway of reallocating the same initial aggregate
endowmenty | x;,, which makes one individual better off without making any
other worse off.

Definition 4.8.2 X is Pareto dominated bX' = (x},...,x}) if >/ x, =
SH ), %), =, x5, Yh andx), =, x; for at least onéh.

3This material still exists only in handwritten form in Alan White’s EC3080 notes from 1991-
2. One thing missing from the handwritten notes is Kakutani’s Fixed Point Theorem which should
be quoted fron®.
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4.8.3 The First Welfare Theorem
(See?))

Theorem 4.8.1 (First Welfare Theorem) If the pair (p, X) is an equilibrium (fol}
given preferences;;, which exibit local non-satiation and given endowmeeys,
h=1,...,H), thenX is a Pareto efficient allocation.

Proof The proof is by contradiction. Suppose tb&ais an equilibrium allocation
which is Pareto dominated by a feasible allocaf®n

If individual h is strictly better off undeX’ or x), >, x;, then it follows that
individual » cannot affordx;, at the equilibrium priceg or

P'X,>p X, =D e (4.8.1)

The latter equality is just the budget constraint, which is binding since we have
assumed local non-satiation.
Similarly, if individual A is indifferent betweerX and X’ or x), ~, x;, then it
follows that

p'x,>p'x,=p ey, (4.8.2)

since ifx), cost strictly less thary,, then by local non-satiation some consumption
vector near enough te), to also cost less thax, would be strictly preferred to
x5, andx; would not maximise utility given the budget constraint.

Summing (4.8.1) and (4.8.2) over households yields

H H H
p Y x,>p Y x=p" Y e, (4.8.3)
h=1 h=1 h=1

(where the equality is essentially Walras’ Law).
But sinceX’ is feasible we must have for each gaod

H H
> T <) e
h=1 h=1
and, hence, multiplying by prices and summing over all goods,
H H
p' Z X, <p' Z e, (4.8.4)
h=1 h=1

But (4.8.4) contradicts the inequality in (4.8.3), so no such Pareto dominant allo-

cationXj}, can exist.
Q.E.D.

Before proceeding to the second welfare theorem, we need to say a little bit about
separating hyperplanes.
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4.8.4 The Separating Hyperplane Theorem

Definition 4.8.3 The set{z ERN:plz= pTz*} is the hyperplanethrough z*
with normalp.

Note that any hyperplane divid&8" into two closed half-spaces,
{z eRV:p'z< pTz*}

and

{z eRY:p'z> pTz*}.
The intersection of these two closed half-spaces is the hyperplane itself.
In two dimensions, a hyperplane is just a line; in three dimensions, it is just a
plane.
The idea behind the separating hyperplane theorem is quite intuitive: if we take
any point on the boundary of a convex set, we can find a hyperplane through
that point so that the entire convex set lies on one side of that hyperplane. We
will essentially be applying this notion to the upper contour sets of quasiconcave
utility functions, which are of course convex sets. We will interpret the separating
hyperplane as a budget hyperplane, and the normal vector as a price vector, so that
at those prices nothing giving higher utility than the cutoff value is affordable.

Theorem 4.8.2 (Separating Hyperplane Theorem)f 7 is a convex subset of

RN andz* € Z,z* ¢ int Z, thendp* # 0in RN such thap* 'z < p*'zvze Z,

or Z is contained in one of the closed half-spaces associated with the hyperplane
throughz* with normalp*.

Proof Not given. Se&
Q.E.D.

4.8.5 The Second Welfare Theorem

(See?)
We make slightly stronger assumptions than are essential for the proof of this
theorem. This allows us to give an easier proof.

Theorem 4.8.3 (Second Welfare Theorem)f all individual preferences are strictlly
convex, continuous and strictly monotonic, andif is a Pareto efficient al-
location such that all households are allocated positive amounts of all goods
(z; >0Vg =1,...,N;h = 1,..., H), then a reallocation of the initial ag-
gregate endowment can yield an equilibrium where the allocatiofi is
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Proof There are four main steps in the proof.

1. First we construct a set of utility-enhanciagdowment perturbationand
use the separating hyperplane theorem to find prices at which no such en-
dowment perturbation is affordable.

We need to use the fact (Theorem 3.2.1) that a sum of convex sets, such as
X+Y={x+y:xeX,yeY},

is also a convex set.

Given an aggregate initial endowmerit= 77 | x*, we interpret any vec-

tor of the formz = ZhH:1 X, — X* as an endowment perturbation. Now
consider the set of all ways of changing the aggregate endowment without
making anyone worse off:

7 =

H
{ze RN x> 0Vg, hostoup (Xp) > up (X)) &Z=> X —X* .
h=1
(4.8.5)

Z is a sum of convex sets provided that preferences are assumed to be
convex:

Z:iXh—{X*}

where
X, = {Xh DU (Xh> > up, (XZ)} .

2. Next, we need to show that the zero vector is in theZsdbut not in the
interior of Z.

To show thaD € Z, we just sefx;, = x; and observe that = >/ | x; —

x*.4

The zero vector is not, however, in the interior 2f since thenZ would
contain some vector, sa&y, in which all components were strictly negative.

In other words, we could take away some of the aggregate endowment of
every good without making anyone worse off than under the allocation

But by then giving—z* back to one individual, he or she could be made
better off without making anyone else worse off, contradicting Pareto opti-
mality, again using the assumption that preferences are strictly monotonic.

“Note also (although I'm no longer sure why this is important) that budget constraints are
binding and that there are no free goods (by the monotonicity assumption).
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So, applying the Separating Hyperplane Theorem with- 0, we have a
price vectop* such that) = p*'0 < p*'zVzc Z.

Since preferences are monotonic, the Benust contain all the standard
unit basis vectors((, 0, ...,0), &c.). This fact can be used to show that
all components op* are non-negative, which is essential if it is to be inter-
preted as an equilibrium price vector.

3. Next, we specify one way of redistributing the initial endowment in order
that the desired prices and allocation emerge as a competitive equilibrium.
All we need to do is value endowments at the equilibrium prices, and redis-
tribute the aggregate endowment of each good to consumers in proportion
to their share in aggregate wealth computed in this way.

4. Finally, we confirm that utility is maximised by the given Pareto efficient
allocation,X*, at these prices. As usual, the proof is by contradiction: the
details are left as an exercise.

Q.E.D.

4.8.6 Complete markets

The First Welfare Theorem tells us that competitive equilibrium allocations are
Pareto optimal if markets are complete. If there are missing markets, then com-
petitive trading may not lead to a Pareto optimal allocation. We can use the Edge-
worth Box diagram to illustrate the simplest possible version of this principle.

4.8.7 Other characterizations of Pareto efficient allocations

There are a total of five equivalent characterisations of Pareto efficient allocations.

Theorem 4.8.4 Each of the following is an equivalent description of the set of
allocations which are Pareto efficient:

1. by definition, feasible allocations such that no other allocation strictly in-
creases at least one individual’s utility without decreasing the utility of any
other individual;

2. by the Welfare Theorems, equilibrium allocations for all possible distribu-
tions of the fixed initial aggregate endowment;

3. intwo dimensions, allocations lying on the contract curve in the Edgeworth
box;
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4. allocations which solve’

H
max > A [un(xn))] (4.8.6)
h=1

{xp:h=1,....H

subject to the feasibility constraints

H H
Z Xy = Z ey (487)
h=1 h=1

for some non-negative weighfta, } 2, .

5. allocations which maximise the utility ofrepresentative agegtven by
H
Z /\h [uh(xh)] (488)
h=1

where{ )\, }/__, are again any non-negative weights.

Proof If an allocation is not Pareto efficient, then the Pareto-dominating alloca-
tion gives a higher value of the objective function in the above problem for all
possible weights.

If an allocation is Pareto efficient, then the relative weights for which the above
objective function is maximized are the ratios of the Lagrange multipliers from
the problem of maximizing any individual’s utility subject to the constraint that

all other individuals’ utilities are unchanged:

max u1 (X1 ) (4.8.9)

S.t.
uh(xh) = 'Lbh<XZ) h = 2, cey H (4810)

since these two problems will have the same necessary and sufficient first order
conditions.
The absolute weights corresponding to a particular allocation are not unique, as
they can be multiplied by any positive constant without affecting the maximum.
Different absolute weights (or Lagrange multipliers) arise from fixing different
individuals’ utilities in the last problem, but the relative weights will be the same.
5The solution here would be unique if the underlying utility function were concave, since linear
combinations of concave functions with non-negative weights are concave, and the constraints

specify a convex set on which the objective function has a unique optimum. This argument can
not be used with merely quasiconcave utility functions.
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Q.E.D.

Note that corresponding to each Pareto efficient allocation there is at least one:
1. set of non-negative weights defining

(a) the objective function in 4. and
(b) the representative agentin 5.

and

2. initial allocation leading to the competitive equilibrium in 2.

4.9 Multi-period General Equilibrium

In Section 4.2, it was pointed out that the objects of choice can be differentiated
not only by their physical characteristics, but also both by the time at which they
are consumed and by the state of nature in which they are consumed. These
distinctions were suppressed in the intervening sections but are considered again
in this section and in Section 5.4 respectively.

The multi-period model should probably be introduced at the end of Chapter 4
but could also be left until Chapter 7. For the moment this brief introduction is
duplicated in both chapters.

Discrete time multi-period investment problems serve as a stepping stone from
the single period case to the continuous time case.

The main point to be gotten across is the derivation of interest rates from equilib-
rium prices: spot rates, forward rates, term structure, etc.

This is covered in one of the problems, which illustrates the link between prices
and interest rates in a multiperiod model.
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Chapter 5
CHOICE UNDER UNCERTAINTY

5.1 Introduction

[To be written.]

5.2 Review of Basic Probability

Economic theory has, over the years, used many different, sometimes overlapping,
sometimes mutually exclusive, approaches to the analysis of choice under uncer-
tainty. This chapter deals with choice under uncertainty exclusively in a single
period context. Trade takes place at the beginning of the period and uncertainty
is resolved at the end of the period. This framework is sufficient to illustrate the
similarities and differences between the most popular approaches.

When we consider consumer choice under uncertainty, consumption plans will
have to specify a fixed consumption vector for each posstate of natureor

state of the worldThis just means that each consumption planren@om vector

Let us review the associated concepts from basic probability theory: probability
space; random variables and vectors; and stochastic processes.

Let 2 denote the set of all possible states of the world, called#neple space

A collection of states of the worldd C 2, is called arevent

Let A be a collection of events ift. The functionP : A — |0, 1] is aprobability
functionif

1. @fed
b) Ac A= OQ—-AcA
() Aje Afori=1,...,00=U>2, A € A
(i.e. A is asigma-algebraof events)
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and

2. @P()=1
(b) P(Q—A)=1- P(A)VA € A (redundant assumption)

() P(UxyA;) = X2, P(A;) when Ay, Ay, ... are pairwise disjoint
events inA.

(2, A, P) is then called grobability space

Note that the certainty case we considered already is just the special case of un-
certainty in which the seé® has only one element.

We will consider these concepts in more detail when we come to intertemporal
models.

Suppose we are given such a probability space.

The functionz : 2 — R is arandom variablg(r.v.) if Vo € R {w € Q : T (w) <

x} € A, i.e.afunction is a random variable if we know the probability that the
value of the function is less than or equals any given real number.

The functionF; : ® — [0,1] ;2 = Pr(2<z)=P{weQ:Z(w) <zx})is
known as theeumulative distribution functiofc.d.f.) of the random variable.

The convention of using a tilde over a letter to denote a random variable is com-
mon in financial economics; in other fields capital letters may be reserved for ran-
dom variables. In either case, small letters usually denote particular real numbers
(i.e. particular values of the random variable).

A random vectois just a vector of random variables. It can also be thought of as
a vector-valued function on the sample sp&ce

A stochastic process a collection of random variables or random vectors indexed
by time,e.q.{Z; : t € T'} orjust{z,} if the time interval is clear from the context.

For the purposes of this part of the course, we will assume that the index set
consists of just a finite number of times. that we are dealing with discrete time
stochastic processes.

Then a stochastic process whose elementsVatkmensional random vectors is
equivalent to anV|7T’|-dimensional random vector.

The (joint) c.d.f. of a random vector or stochastic process is the natural extension
of the one-dimensional concept.

Random variables can lakscrete continuousor mixed The expectationmean,
average) of a discrete r.\&,, with possible values, z,, 3, . . . is given by

Elz] = ixiPr (T =umx).

For a continuous random variable, the summation is replaced by an integral.
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The covarianceof two random variables andy is given by
Cov [2,9] = E[(T —e[7]) (5 — E[9])]-

The covariance of a random variable with itself is called/ésance
The expectation of a random vector is just the vector of the expectations of the
component random variables.
The variance\{ariance-covariance matrpof a random vector is the (symmetric,
positive semi-definite) matrix of the covariances between the component random
variables.
Given any two random variablasandy, we can define a third random varialale
by

e=y—a— pr. (5.2.1)

To specifye completely, we can either specity and 5 explicitly or fix them
implicitly by imposing (two) conditions ola. We do the latter by insisting

1. e andz areuncorrelated(this is not the same as assuming statistical inde-
pendence, except in special cases such as bivariate normality)

2. E[e] =0

It follows that:

Cov [z, 7]
16 W (5.2.2)
and
a = FEly|-pE|[7]. (5.2.3)

But what about the conditional expectatiafi,[j|z = z|? This is not equal to
a + [z, as one might expect, unlegsfe|z = =] = 0. This requires statistical
independence rather than the assumed lack of correlation. Again, a sufficient
condition is multivariate normality.
The notion of the3 of i with respect tar as given in (5.2.2) will recur frequently.
The final concept required from basic probability theory is the notion of a mixture
of random variables. For lotteries which are discrete random variables, with pay-
offs x1, xq, x3, ... OCccuring with probabilitiesr;, m, 73, . . . respectively, we will
use the notation:

mTx D Tex9 P 7T3T3 D...

Similar notation will be used for compound lotteries (mixtures of random vari-
ables) where the payoffs themselves are further lotteries.
This might be a good place to talk about the MVN distribution and Stein’s lemma.
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5.3 Taylor's Theorem: Stochastic Version

We will frequently use the univariate Taylor expansion as applied to a function
of a random variable expanded about the mean of the random vatidlaleing
expectations on both sides of the Taylor expansion:

1@ = B+ S O EE G- B 6
yields:
E[f(z)] = f(E[])+ i %f("’(E[i])m”(i), (5.3.2)
where
m™(Z) = E[(Z — E[Z])"]. (5.3.3)
In particular,
m'(i) = E[(@- EB)! =0 (5.3.4)
m*(i) = E|[(&- B[#)?] = Var[i] (5.3.5)
m*(3) = E|(&- E[#])*| = Skew [3] (5.3.6)
and
mi(i) = E|[(&- Bl)"] = Kurt [7], (5.3.7)

which allows us to start the summation in (5.3.2at= 2 rather tham = 1.
Indeed, we can rewrite (5.3.2) as

BIF@) = FBG]) + o f (Bl Var 7] + ¢ £ (B[] Skew 7

+if””(E[a?])Kurt 7] + i % FO(E[E])m™(z). (5.3.8)

5.4 Pricing State-Contingent Claims

This part of the course draws @? and?.

The analysis of choice under uncertaintly will begin by reinterpreting the general
equilibrium model of Chapter 4 so that goods can be differentiated by the state
of nature in which they are consumed. Specifically, it will be assumed that the

1This section will eventually have to talk separately alfthtorder and infinite order Taylor
expansions.
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underlying sample space comprises a finite number of states of nature. A more
thorough analysis of choice under uncertainty, allowing for infinite and continuous
sample spaces and based on additional axioms of choice, follows in Section 5.5.
Consider a world withV/ possible states of nature (distinguished by a first sub-
script), markets forV securities (distinguished by a second subscript) drabn-
sumers (distinguished by a superscript).

Definition 5.4.1 A state contingent clairar Arrow-Debreu securitys a random
variable or lottery which takes the value 1 in one particular state of nature and
the value 0 in all other states.

Definition 5.4.2 A complex securityis a random variable or lottery which can
take on arbitrary values. The payoffs of a typical complex security will be repre-
sented by a column vectgr; € R, wherey,; is the payoff in stateé of security

j.

The set of all complex securities on a given finite sample spacelis-dimensiond
vector space and th& possible Arrow-Debreu securities constitute the standard
basis for this vector space.

State contingent claims prices are determined by the market clearing equations in
a general equilibrium model:

Aggregate consumption in state- Aggregate endowment in state

Each individual will have an optimal consumption choice depending on endow-
ments and preferences and conditional on the state of the world. Optimal future
consumption is denoted

)

x = "2 |. (5.4.1)

Ty
If there areN complex securities, then the investor must find a portfatio=
(w1, ..., wy) whose payoffs satisfy

N
* —
Ly = Z Yij Wy -
j=1

Let Y be theM x N matrix® whosejth column contains the payoffs of thi¢h
complex security in each of the states of natura,e.

Y = (y1,¥2,---YnN) - (5.4.2)

2Check for consistency in subscripting etc in what follows.
30r maybe | mean its transpose.
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Theorem 5.4.1If there areM complex securities\( = N) and the payoff matrix
Y is non-singular, then markets are complete.

Proof Suppose the optimal trade for consumetate; is z;; — e;;. Then can
invert’Y to work out optimal trades in terms of complex securities.

Q.E.D.

An (N + 1)st security would be redundant.

Either a singular square matrix er N complex securities would lead to incom-
plete markets.

So far, we have made no assumptions about the form of the utility function, written
purely as

U(Io,xl,ﬁg,...,l’]\[),

wherez, represents the quantity consumed at date Q:ard> 0) represents the
guantity consumed at date 1 if stateaterialises.

5.4.1 Completion of markets using options

Assume that there existsstiate index portfolipY’, yielding different non-zero
payoffs in each state.€. a portfolio with a different payout in each state of nature,
possibly one mimicking aggregate consumption). WLOG we can rank the states
so thaty; < Yjif i < j.

We now present some results, followifigshowing conditions under which trad-

ing in a state index portfolio and in options on the state index portfolio can lead to
the Pareto optimal complete markets equilibrium allocation. Now consider com-
pletion of markets using options on aggregate consumption.

In real-world markets, the number of linearly independent corporate securities is
probably less thai/.

However, options on corporate securities may be sufficient to form complete mar-
kets, and thereby ensure allocational (Pareto) efficiency for arbitrary preferences.
Further assume that M — 1 European call options ol with exercise prices
Y1,Yo, ..., Yar 1.

A European call option with exercise pricés is an option to buy a security for

K on afixed date.

An American call option is an option to buyn or before the fixed date.

A put option is an option to sell.
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Here, the original state index portfolio and the— 1 European call options yield
the payoff matrix:

Y1 Y2 Y3 e YM security Y

0 w—v1 ¥Ys—% -+ Yum—Wy call option 1

0 0 Ys—y2 ... Ym—Y2 | = call option 2 (5.4.3)
0 0 0 e YM — YM -1 call option M — 1

and as this matrix is non-singular, we have constructed a complete market.
Instead of assuming a state index portfolio exists, we can assume identical proba-
bility beliefs and state-independent utility and complete markets in a similar man-
ner (see below).

5.4.2 Restrictions on security values implied by allocational ef-
ficiency and covariance with aggregate consumption

Let Cw = aggregate consumption in state
{Qk: {weQ:Cw=Fk}
Let ¢(k) be the value of the claim with payoffs

_{1 if Cw =k
Ykw =

. 5.4.4
0 otherwise ( )

and let the agreed probability of the eveng (i.e. of aggregate consumption
taking the valueg) be:
(k)= > 7w (5.4.5)

weNy,

By time-additivity and state-independence of the utility function:

pw = %ffo‘)“) Vw € Q (5.4.6)
The no arbitrage condition implies
o(k) = wg pw (5.4.7)
- “u(of(i’z))) g (5.4.8)
“u(j(é’z))%(k) (5.4.9)

wheref;(k) denotes the-th individual’s equilibrium consumption in those states
where aggregate consumption equals
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Qe
I

w N =
N
|_\
o

C=L| L |L-1|L-2

Table 5.1: Payoffs for Call Options on the Aggregate Consumption

State-independence of the utility function is requiredf@k) to be well-defined.
Therefore, an arbitrary securityhas value:

Sy = quwmw (5.4.10)
we
= Z Z pwrw (5.4.11)
k wEQk
Zk: u10(020 w%;k TWIW (5.4.12)
Tw
— Z¢ w%;k W(k)xw (5.4.13)
= Zgzﬁ E[Z|C = k] (5.4.14)

5.4.3 Completing markets with options on aggregate consump-
tion

Let z(k) be the vector of payoffs in the various possible states on a European call
option on aggregate consumption with one period to maturity and exercise price
k.

Let{1,2,..., L} be the set of possible values of aggregate consumptiar.

Then payoffs are as given in Table 5.1.

This all assumes

1. identical probability beliefs
2. time-additivity ofu

3. state-independent
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5.4.4 Replicating elementary claims with a butterfly spread

Elementary claims against aggregate consumption can be constructed as follows,
for example, for state 1, usingbatterfly spread:

[2(0) — z(1)] — [x(1) — x(2)] (5.4.15)
yields the payoff:
1 0 0 0 1 0
2 1 1 0 1 1
31— 2 _ 2 — 1 = |1]-]1
L L—1 L—1 L—2 1 1
1
0
= |0 (5.4.16)
0

i.e. this replicating portfolio pays 1 iff aggregate consumption is 1, and O other-
wise.

The prices of this, and the other elementary claims, must, by no arbitrage, equal
the prices of the corresponding replicating portfolios.

5.5 The Expected Utility Paradigm

5.5.1 Further axioms

The objects of choice with which we are concerned in a world with uncertainty
could still be callecconsumption plansbut we will acknowledge the additional
structure now described by terming théotteries

If there arek physical commodities, a consumption plan must specihdamensiond
vector,x € %, for each time and state of the world.

We assume a finite number of times, denoted by th&'set

The possible states of the world are denoted by th€ set

So a consumption plan or lottery is just a collectionDf £-dimensional random
vectors,.e. a stochastic process.

Again to distinguish the certainty and uncertainty cases, wg i¢note the col-
lection of lotteries under consideratio/t; will now denote the set of possible
values of the lotteries if.
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Preferences are now described by a relatiof oWe will continue to assume that
preference relations are complete, reflexive, transitive, and continuous.

X can be identified with a subset6f in that eacltsure thingn X can be identified

with the trivial lottery that pays off that sure thing with probability (w.p.) 1.
Although we have moved from a finite-dimensional to an infinite-dimensional
problem by explicitly allowing a continuum of states of nature, it can be shown
that the earlier theory of choice under certainty carries through to choice under
uncertainty, in particular a preference relation can always be represented by a
continuous utility function orc.

However, we would like utility functions to have a stronger property than conti-
nuity, namely the expected utility property.

Axiom 8 (Substitution or Independence Axiom) If a € (0, 1] andp > ¢, then
ap@® (1 —a)f>=ag® (1 —a)rFVre L.
Axiom 9 (Archimedian Axiom) If p = ¢ > 7 then
da,be (0,1)st.ap® (1 —a)7>=q>bpd (1 —0b)7.
(The Archimedian axiom is just a generalisation of the continuity axiom.)

Axiom 10 (Sure Thing Principle) If probability is concentrated on a set of sure
things which are preferred tqg, then the associated consumption plan is also
preferred tog.

(The Sure Thing Principle is just a generalisation of the Substitution Axiom.)
Now let us consider the Allais paradox.
Suppose

1E1m. > 0.1E5m. & 0.89E1m. & 0.01£0.

Then, unless the substitution axiom is contradicted:
10 1
1£1m. = — . @ —£0.
m. > 11£5m &b 1 0

Finally, by the substitution axiom again,
0.11E1m. & 0.89£0 > 0.1£5m. & 0.9£0.

If these appears counterintuitive, then so does the independence axiom above.
One justification for persisting with the independence axiom is providetl by

Revised: December 2, 1998



CHAPTER 5. CHOICE UNDER UNCERTAINTY 95

5.5.2 Existence of expected utility functions

A function u: ®*ITI — R can be thought of asuatility function on sure things

Definition 5.5.1 LetV : £ — R be a ultility function representing the preference
relation >.

Then’- is said to have amexpected utility representatiahthere exists a utility
function on sure things;, such that

V{#}) = Elu({@})]
_ / L / w({x,}) dFizg ({2})

Such a representation will often be calledf@an Neumann-Morgenstern (or VNM)
utility function, after its originators ®), or just anexpected utility function

Any strictly increasing transformation of a VNM utility function represents the
same preferences.
However, only increasing affine transformations:

f(x)=a+bx (b>0)

retain the expected utility property.

Proof of this is left as an exercise.

We will now consider necessary and sufficient conditions on preference relations
for an expected utility representation to exist.

Theorem 5.5.11f X contains only a finite number of possible values, then the
substitution and Archimidean axioms are necessary and sufficient for a preference
relation to have an expected utility representation.

Proof We will just sketch the proof that the axioms imply the existence of an
expected utility representation; the proof of the converse is left as an exercise.
For full details, seé.

SinceX is finite, and unless the consumer is indifferent among all possible clpices,
there must exist maximal and minimal sure things, saandp_ respectively.

By the substitution axiom, and a simple inductive argument, these are maximal
and minimal in£ as well as inX. (If X' is not finite, then an inductive argument
can no longer be used and the Sure Thing Principle is required.)

From the Archimedean axiom, it can be deduced that for every other loftery,
there exists a uniqu¥ (p) such that

p~V (@) pted-V(p)p-.
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It is easily seen that” represents-.
Linearity can be shown as follows:
We leave it as an exercise to deduce from the axioms thatifj andz ~ ¢ then

@1 -—mZ~mi®(1—m)i.

Definez =nz @ (1 — ) 7.
Then, using the definitions of (z) andV (7),

Z ~ mt®(l-m)y
~ a(V@pte-v@)p)ed-n) (Ve ed-V@)p-)
= (V@) +A-mV@)pre@d-V(@)+1-m)1-V())p-
It follows that
Vit (1l-myg) =V @)+ (1—-m)V(9).

This shows linearity for compound lotteries with only two possible outcomes: by
an inductive argument, every lottery can be reduced recursively to a two-outcome
lottery when there are only a finite number of possible outcomes altqggrtgr.

Theorem 5.5.2 For more general, to these conditions must be added some tech-
nical conditions and the Sure Thing Principle.

Proof We will not consider the proof of this more general theorem. It can be
found in?. Q.E.D

Note that expected utility depends only on the distribution function of the con-
sumption plan.

Two consumption plans having very different consumption patterns across states
of nature but the same probability distribution give the same utiltyg. if wet

days and dry days are equally likely, then an expected utility maximiser is indiffer-
ent between any consumption plan and the plan formed by switching consumption
between wet and dry days.

The basimbjects of choiceinder expected utility are not consumption plans but
classes of consumption plans with the same cumulative distribution function.
Chapter 6 will consider the problem of portfolio choice in considerable depth.
This chapter, however, must continue with some basic analysis of the choice be-
tween one riskfree and one risky asset, followig

Such an example is sufficient to show several things:

1. There is no guarantee that the portfolio choice problem has any finite or
unique solution unless the expected utility function is concave.

2. probably local risk neutrality and stuff like that too.
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5.6 Jensen’s Inequality and Siegel's Paradox

Theorem 5.6.1 (Jensen’s Inequality)The expected value of a (strictly) concave
function of a random variable is (strictly) less than the same concave function of
the expected value of the random variable.

E [u (Wﬂ <u (E [W} whenu is concave

Similarly, the expected value of a (strictly) convex function of a random variable
is (strictly) greater than the same convex function of the expected value of the
random variable.

Proof There are three ways of motivating this result, but only one provides a fully
general and rigorous proof. Without loss of generality, consider the concave case.

1. One can reinterpret the defining inequality (3.2.1) in terms of a discrete
random vectok taking on the valu& with probability 7 andx’ with prob-
ability 1 — 7

Vx #x' € X, e (0,1)
flax+ (1 —7m)x)>7nf(x)+ (1 —7)f(x), (5.6.1)
which just says that
F(EX]) > E[f(%)]. (5.6.2)

An inductive argument can be used to extend the result to all discrete r.v.s
with a finite number of possible values, but runs into problems if the number
of possible values is either countably or uncountably infinite.

2. Using a similar approach to that used with the Taylor series expansion in
(5.3.2), take expectations on both sides of the first order condition for con-
cavity (3.2.3) given by Theorem 3.2.3, where the two vectors considered are
the mean¥ [x] and a generic valug:

f&) < fER])+ [ (EX]) (x - EX]). (5.6.3)

Taking expectations on both sides, the first order term will again disappear,
once more yielding:
FER]) = E[f (%)]. (5.6.4)

3. One can also appeal to the second order condition for concavity, and the
second order Taylor series expansiory @roundF [X]:

BIf@)] = F(E) + 5 " Varla], (565)
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for somez* in the support oft. However, this supposes that is fixed,
whereas in fact it varies with the value taken onihyand is itself a random
variable, correlated with.

Accepting this (wrong) approximation, ffis concave, then by Theorem 3.}.4
the second derivative is hon-positive and the variance is non-negative, so

Blf(z)] < f(EL). (5.6.6)

The arguments for convex functions, strictly concave functions and strictly con-
cave functions are almost identical.

Q.E.D.

This result is often useful with functions suchas- In z andz — <
To get a feel for the extent to which[f(z)] differs from f(E[z]), we can again
use the following (wrong) second order Taylor approximation based on (5.3.8):

BIf(2)] % f(EL) + 5 f" (Bl Var[#]. (56.7)

This shows that the difference is larger the larger is the curvatuféas measured

by the second derivative at the meanrpfand the larger is the variance of

One area in which this idea can be applied is the computation of present values
based on replacing uncertain future discount factors with point estimates derived
from expected future interest rates.

Another nice application of Jensen’s Inequality in finance is:

Theorem 5.6.2 (Siegel's Paradox)Current forward (relative) prices can not all
equal expected future spot prices.

Proof Let F, be the current forward price arfti,, the unknown future spot price.
If

By |Sin] = F,

then Jensen’s Inequality tells us that

1 1

-
Spr1]’

except in the degenerate case wherg is known with certainty at time.
But since the reciprocals of relatives prices are also relative prices, we have shown

that our initial hgpothess is untenable in terms of a different numeraire.
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Q.E.D.

The original and most obvious application of Siegel’'s paradox is in the case of
currency exchange rates. In that casé;! and{S,} are stochastic processes
representing forward and spot exhange rates respectively. It seems reasonable to
assume that forward exchange rates are good predictors of spot exchange rates in
the future, say:

Fy=E; S

But this is an internally inconsistent hypothesis.

However, Siegel’'s paradox applies equally well to any theory which uses current
prices as a predictor of future values. Another such theory which is enormously
popular is the Efficient Markets Hypothesis @f In its general form, this says
that current prices shoullly reflectall available information about (expected)
future values. Attempts to make the wofd8y reflectin any way mathematically
rigorous quickly run into problems.

5.7 Risk Aversion

An individual isrisk averseif he or she is unwilling to accept, or indifferent to,
any actuarially fair gamble.

(An individual isstrictly risk averse if he or she is unwilling to accept any actu-
arially fair gamble.)

Figure 1.17.1 goes here.

i.e. VIWy andVp, hy, he such thaph; + (1 — p) he =0

Wo = (=)W + phy + (1 — p) hy

u(Wo) > (>)pu (Wo + h1) + (1 —p) u (Wo + he)

The following interpretation of the above definition of risk aversion is based on
Jensen’s Inequality (see Section 5.6).

In other words, a (strictly) risk averse individual is one whose VNM utility func-
tion is (strictly) concave.

Similarly, a (strictly) risk loving individual is one whose VNM utility function is
(strictly) convex.

Finally, a risk neutral individual is one whose VNM utility function is affine.
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Most functions do not fall into any of these categories, and represent behaviour
which islocally risk averseat some wealth levels andcally risk lovingat other
wealth levels.

However, in most of what follows we will find it convenient to assume that indi-
viduals are globally risk averse.

Individuals who are globally risk averse will never gamble, in the sense that they
will never have a bet unless they believe that the expected return on the bet is
positive. Thus assuming global risk aversion (and rational expectations) rules out
the existence of lotteries (except with large rollovers) and most other forms of
betting and gaming.

We can distinguish between local and global risk aversion. Anindividual is locally
risk averse atv if v”(w) < 0 and globally risk averse if” (w) < 0 Vuw.

Individuals who gamble are not globally risk averse but may still be locally risk
averse around their current wealth level.

Cut and paste relevant quotes from Purfield-Waldron papers in here.

Some people are more risk averse than others; some functions are more concave
than others; how do we measure this?

The importance and usefulness of the Arrow-Pratt measures of risk aversion which
we now define will become clearer as we proceed, in particular from the analysis
of the portfolio choice problem:

Definition 5.7.1 (TheArrow-Pratt coefficient of) absolute risk aversisn
Ra(w) = —u"(w)/u'(w)
which is the same for andau + b.

Note that this varies with the level of wealth.

v’ (w) alone is meaningless, aandw’ can be multiplied by any positive constant

and still represent the same preferences. However, the above ratio is independent
of the expected utility function chosen to represent the preferences.

Definition 5.7.2 (TheArrow-Pratt coefficient of) relative risk aversiast
Rr(w) = wR(w)

The utility function » exhibits increasing (constant, decreasing) absolute risk
aversion(lIARA, CARA, DARA) «—

R\ (w) > (=,<) 0 Vw.

The utility functionu exhibitsincreasing (constant, decreasing) relative risk aver-
sion(IRRA, CRRA, DRRA) <—

Revised: December 2, 1998



CHAPTER 5. CHOICE UNDER UNCERTAINTY 101

Ry (w) > (=,<) 0 Vw.
Note:
e CARA or IARA = IRRA
e CRRA or DRRA= DARA

Here are some examples of utility functions and their risk measures:

e Quadratic utility (IARA, IRRA):

b o

uw(w) = w— W b>0;
v(w) = 1—bw;
u"(w) = —b<0
b
Ra(w) = 1 —bw
dRa(w) _ ¥
dw (1 —bw)?

In this case, marginal utility is positive and utility increasing if and only if
w < 1/b. 1/bis called the bliss point of the quadratic utility function. For
realism,1/b should be rather large and thiugsather small.

¢ Negative exponential utility (CARA, IRRA):

u(w) = —e ™ b>0;
u'(w) = be "™ > 0;
u'(w) = —be™ <0
RA(’LU) =)
dRA(w) — 0
dw
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The proofs in this case are left as an exercise. The solution is roughly as

follows:*
B 1
u(z) = 5 1° B,z2>0,B>0
W(z) = 275
1 2
u"(z) = —EZ’E’l
I
Ra(z) = B°
1
Rp(z) = B
dRA(Z) . 1 )
dz = —EZ <0
dRR(Z) - 0
dz
e Extended power utility (¥:
1

u(w) = ©T0B (A+ Bw)“™

Note that a risk neutral investor will seek to invest his or her entire wealth in the
asset with the highest expected return. If all investors are risk neutral, then prices
will adjust in equilibrium so that all securities have the same expected return. If
there are risk averse or risk loving investors, then there is no reason for this result
to hold, and in fact it almost certainly will not.

5.8 The Mean-Variance Paradigm

Three arguments are commonly used to motivate the mean-variance framework
for analysis of the portfolio choice problem:

1. Taylor-approximated utility functions (see Section 2.8):

u(W) = %(E[W]) +/ (EW])(W — E[W])
+ 5u”(E[W])(W — E[W])® + Rs (5.8.1)
Ry = % %W(E[W})(W B[ (5.8.2)

4Add commentsy/ (w) > 0, u”(w) < 0 andu’(w) — 1/w asB — 1, so thatu(w) — Inw.
SCheck? for details of this one.
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which implies:

(W) = w(EIV)) + o (EWV)o*(W) + E[R,]  (5:83)
where
B[Ry — Z%u(”)(E[W])m"(W) (5.8.4)

It follows that the sign of theth derivative of the utility function determines

the direction of preference for theth central moment of the probability
distribution of terminal wealth. For example, a positive third derivative im-
plies a preference for greater skewness. It can be shown fairly easily that
an increasing utility function which exhibits non-increasing absolute risk
aversion has a non-negative third derivative.

2. Quadratic utility:

Eu(W)] = E[W]—%E[WQ] (5.8.5)
= E[W] —g((E[W])Q—I—OQ(W)) (5.8.6)
— W(E[W]) - ZVar[W] (5.8.7)

3. Normally distributed asset returns.

Note that the expected utility axioms are neither necessary nor sufficient to guar-
antee that the Taylor approximationsianoments is a valid representation of the
utility function. Some counterexamples of both types are probably called for here,
or maybe can be left as exercises.

Extracts from my PhD thesis can be used to talk about signing the first three
coefficients in the Taylor expansion, and to speculate about further extensions to
higher moments.

5.9 The Kelly Strategy

In a multi-period, discrete time, investment framework, investors will be con-
cerned with both growth (return) and security (risk). There will be a trade-off
between the two, and investors will be concerned with finding the optimal trade-
off. This, of course, depends on preferences, but some useful benchmarks exist.
There are three ways of measuring growth:

1. the expected wealth at time
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2. the expected rate of growth of wealth up to titne
3. the expected first passage time to reach a critical level of wealti1say
Likewise, there are three ways of measuring security:

1. the probability of reaching a critical level of wealth, $&iym, by a specific
timet

2. the probability that the wealth process lies above some critical path, say
aboveb, attimet,t = 1,2, ...

3. the probability of reaching some gdalbefore falling to some low level of
wealth L

It can be shown that th@ strategyboth maximises the long run exponential
growth rate and minimises the expected time to reach large goals.
All this is also covered ir? which is reproduced if?.

5.10 Alternative Non-Expected Utility Approaches

Those not happy with the explanations of choice under uncertainty provided]jvithin
the expected utility paradigm have proposed various alternatives in recent years.
These include both vague qualitative waffle about fun and addiction and more for-
mal approaches looking at maximum or minimum possible payoffs, irrational ex-
pectations, etc. Before proceeding, the reader might want to review Section 3.2.
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Chapter 6
PORTFOLIO THEORY

6.1 Introduction

Portfolio theoryis an important topic in the theory of choice under uncertainty. It
deals with the problem facing an investor who must decide how to distribute an
initial wealth of, sayJV, among a number of single-period investment opportuni-
ties, calledsecuritiesor assets

The choice ofportfolio will depend on both the investor’s preferences and his
beliefs about the uncertain payoffs of the various securitiesiufual funds just

a special type of (managed) portfolio.

The chapter begins by considering some issues of definition and measurement.
Section 6.3 then looks at the portfolio choice problem in a general expected utility
context. Section 6.4 considers the same problem from a mean-variance perspec-
tive. This leads on to a discussion of the properties of equilibrium security returns
in Section 6.5.

6.2 Notation and preliminaries

6.2.1 Measuring rates of return

Good background reading for this sectior?is

A rate of interest (growth, inflatior&c.) is not properly defined unless we state
the time period to which it applies and the method of compounding to be used.

2% per annum is very different from 2% per month.

Table 6.1 illustrates what happens fit00 invested at 10% per annum as we
change the interval of compounding. The final calculation in the table uses the
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Compounded

Annually £100 — £110

Semi-annually £100 — £100 x (1.05)> = £110.25
Quarterly £100 — £100 x (1.025)" = £110.381..
Monthly £100 — £100 x (1+ 10)12 — £110471..
Weekly £100 — £100 x (1+ 10) = £110.506. .
Daily £100 — £100 x (1+52)" = £110.515...
Continuously £100 — £100 x €1 = £110.517..

Table 6.1: The effect of an interest rate of 10% per annum at different frequencies
of compounding.

fact that
) r\"
lim (1 + > ="

n—oo n

wheree ~ 2.7182. ..
This is sometimes used as the definitiore &dut others prefer to start with

2 3 oo

1—|—7’—|—§+3|+

ri

]Oj!

wheren! =n(n—1) (n —2)...3.2.1 and0! = 1 by convention.
There are five concepts which we need to be familiar with:

1. Discrete compounding:

r nt
P, = (1 + —) F.
n
We can solve this equation for any of five quantities given the other four:

(a) presentvalue

(b) final value

(c) implicit rate of return
(d) time

(e) interval of compounding
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2. Continuous compounding:
P, =e"P,.

We can solve this equation for any of four quantities given the other three
((a)—(d) above).
Note also that the exponential function is its own derivative; ghatl +r is
the tangenttg = ¢" atr = 0 and hence that" > 1 + r Vr. In other words,
given an initial value, continuous compounding yields a higher terminal
value than discrete compounding for all interest rates, positive and negative,
with equality for a zero interest rate only. Similarly, given a final value,
continuous discounting yields a higher present value than does discrete.

3. Aggregating and averaging returns across portfoligs£ w 't) and over

time:

Pt = ertPO

Piae = emtpt

1nPt+At — hlpt
'8 e
At

dln P,

r(s) = s

t t
/r(s)ds — /dlnPszlnPt—lnPo
0 0

Pt _ P()@f(f r(s)ds

Discretely compounded rates aggregate nicely across portfolios; continu-
ously compounded rates aggregate nicely across time.

4. The(net) present value (NP\Of a stream of cash flows,
PU7P17"'7PT

Py n P n P, R Pr
(1+T)0 (1+7“)1 (1+7“)2 (1+r)T'

NPV(r)

5. Theinternal rate of return (IRRYf the stream of cash flows,
P07P17"'7PT7
is the solution of the polynomial of degrdéobtained by setting the NPV
equal to zero:
Py Py Py Pr
+ + +...+——==0.
(L+r)" (L)' (L+r) (1+7r)"
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Wy = theinvestor’s initial wealth
Wy = theinvestor’s desired expected final wealth
N = number of risky assets
ry = return on the riskfree asset
r; € = return onjth risky asset
renVy = (fl,...,f]v)
e=E[r] e RY = vector of expected returns

V € RV*N = variance-covariance matrix of returns
1 = (1,1,...,1)
= N-dimensional vector ofs
w; € B = amount invested irith risky asset
weRN = (w,...,w,)
Tw =W T = return on the portfoliow
u= E[fy] = % € ® = theinvestor’s desired expected return

Table 6.2: Notation for portfolio choice problem

In general, the polynomial defining the IRR HEgcomplex) roots. Condi-
tions have been derived under which there is only one meaningful real root
to this polynomial equation, in other words one corresponding to a positive
IRR1

Consider a quadratic example.

Simple rates of return are additive across portfolios, so we use them in one period
cross sectional studies, in particular in this chapter.

Continuously compounded rates of return are additive across time, so we use them
in multi-period single variable studies, such as in Chapter 7.

Consider as an example the problem of calculating mortgage repayments.

6.2.2 Notation

The investment opportunity set for the portfolio choice problem will generally
consist of NV risky assets. From time to time, we will add a riskfree asset. The
notation used throughout this chapter is set out in Table 6.2. The presentation
is in terms of a single period problem, and the unconditional distribution of re-
turns. The analysis of the multiperiod, infinite horizon, discrete time problem,
concentrating on the conditional distribution of the next period’s returns given
this period’s, is quite similaf.

IThese conditions are discusse®in
2Make this into an exercise.
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Definition 6.2.1 w is said to be aunit costor normal portfolioif its weights sum
tol(w'l=1).

The portfolio held by an investor with initial wealfv;; can be thought of either
as aw with w'1 = W, or as the corresponding normal portfoli%w. It will
hopefully be clear from the context which meaning of ‘portfolio’ is intended.

Definition 6.2.2 w is said to be aero cosor hedge portfoliaf its weights sum
to0 (w'1=0).

The vector of net trades carried out by an investor moving from the portialio
to the portfoliow; can be thought of as the hedge portfoko — wy.

Definition 6.2.3 Short-sellinga security means owning a negative quantity of it.

In practice short-selling means promising (credibly) to pay someone the same cash
flows as would be paid by a security that one does not own, always being prepared,
if required, to pay the current market price of the security to end the arrangement.
Thus when short-selling is allowest can have negative components; if short-
selling is not allowed, then the portfolio choice problem will have non-negativity
constraintsyw; > 0fori=1,..., N.

A number of further comments are in order at this stage.

1. In the literature, initial wealth is often normalised to unity,( = 1), but
the development of the theory will be more elegant if we avoid this.

2. Since we will be dealing on occasion with hedge portfolios, we will in future
avoid the concepts ohte of returnandnet return which are usually thought
of as the ratio of profit to initial investment. These terms are meaningless
for a hedge portfolio as the denominator is zero.

Instead, we will speak of thgross returron a portfolio or theportfolio pay-

off. This can be defined unambiguously as follows. There is no ambiguity
about the payoff on one of the original securities, which is just the gross
return per pound invested. The payoff on a unit cost or normal portfolio
is equivalent to the gross return. It is just r. The payoff on a zero cost
portfolio can also be defined as'r.

Note that where we initially worked with net rates of retu% & 1), we
will deal henceforth with gross rates of retu%[.
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6.3 The Single-period Portfolio Choice Problem

6.3.1 The canonical portfolio problem
Unless otherwise stated, we assume that individuals:

1. have von Neumann-Morgenstern (VNM) utilities:
i.e. preferences have the expected utility representation:

v(z) = Efu(2)]
- / w(2)dFs(2)
wherev is the utility function for random variables (gambles, lotteries)
andu is the utility function for sure things.

2. prefer more to less

i.e. u is increasing:
u'(z) >0 Vz (6.3.1)

3. are (strictly) risk-averse

i.e. u is strictly concave:
u"(z) <0 Vz (6.3.2)

Date 0 investment:
e w; (pounds) injth risky assetj = 1,..., N
o (Wy — > w;) inrisk free asset
Date 1 payoft:
e w;7; from jth risky asset
o (Wy— > w;)ry fromrisk free asset

It is assumed here that there are no constraints on short-selling or borrowing
(which is the same as short-selling the riskfree security).

The solution is found as follows:

Choosew;s to maximize expected utility of date 1 wealth,

W = (W() —ij)rf—i—ijfj
J J

= WQTf + ij'(fj — T’f)
J
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{w;}

max f (wi,...,wy) = Elu(Wory + ij(fj —7y))]

The first order conditions are:

E[/(W)(7; —rp)] =0 Vj. (6.3.3)
The Hessian matrix of the objective function is:
A=FE [u” (W) (f—rfl) (T — Tfl)T} : (6.3.4)

h"Ah < 0Vh # Oy if and only if u” < 0. Since we have assumed that investor
behaviour is risk averse\ is a negative definite matrix and, by Theorem 3.2.4,

f is a strictly concave (and hence strictly quasiconcave) function. Thus, under
the present assumptions, Theorems 3.3.3 and 3.3.4 guarantee that the first order
conditions have a unique solution. The trivial case in which the random returns
are not really random at all can be ignored.

The rest of this section should be omitted until | figure out what is going on.
Another way of writing (6.3.3) is:

EW/'(W)7] = E[u/(W)]ry V9, (6.3.5)
or
Cov [u (W), 7| + B[/ (W)IE[F;] = E[u'(W)lr; Vj, (6.3.6)
or [ i }
3 Cov |u/(W), T .
Elrj—rf = Bl (W) vy, (6.3.7)

Suppose; is the price of the random payoff. Thenr; = ;—j and

pj=FE ul(m x] V3. (6.3.8)

E[u/(W)]r;

In other words, payoffs are valued by taking their expected present value, using
. . u/(W) . .
the stochastic discount fact () which ends up being the same for all

investors. Practical corporate finance and theoretical asset pricing models to a
large extent are (or should be) concerned with analysing this discount factor.

(We could consider here the explicit example with quadratic utility from the prob-
lem sets.)
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6.3.2 Risk aversion and portfolio composition

For the moment, assume only one risky assét 1).
We first consider the concept twical risk neutrality The optimal investment in
the risky asset is positive

=
The objective function is increasing @at= 0
=
f'(a)>0 (6.3.9)

—

El' (Worg) (7 —rp)] >0 (6.3.10)
—

u (Worg) E[(F —1g)] >0 (6.3.11)
=

E[r] > Elrgl =1y
This is the property of local risk neutrality — a risk averse investor will always

prefer a little of a risky asset paying a higher expected return thaa none of
the risky asset.

Definition 6.3.1 Let f: X — R, be a positive-valued function defined &nC
RE .. Then theelasticity of f with respect tor; atx* is

i OF (.

]

f (x) Ox;

Roughly speaking, the elasticity is jug% or the slope of the graph of the
function on log-log graph paper. )

A function is said to beénelasticwhen the absolute value of the elasticity is less
than unity; andelasticwhen the absolute value of the elasticity is greater than
unity. The borderline case is callediait elasticfunction.

One useful application of elasticity is in analysing the behaviour of the total rev-
enue function associated with a particular inverse demand fundi¢@). We
have:

dP(Q)Q dP
- P (1 + %) . (6.3.13)
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Hence, total revenue is constant or maximised or minimised where elasticityfpquals
—1; increasing when elasticity is less than (demand is elastic); and decreasing
when elasticity is betweelhand—1 (demand is inelastic).

Now consider other properties of asset demands (assuming fhat> r¢):

>O)

o CARA:>(

=0)

)

Define the wealth elasticity of demand for the risky asset to be

WO da
6.3.14
= AW ( )
Then we have
d(WLO) _ WOdWo
dWy we
a
= —(n-1).
Note that Jo
sign (d—%"%> = sign (n—1) (6.3.15)

since by assuming a positive expected risk premium on the risky asset we guaran-
tee (by local risk-neutrality) that is positive.

e DRRA = increasing proportion of wealth invested in the risky aéget 1)

e CRRA= constant proportion of wealth invested in the risky a¢set 1)

¢ IRRA = decreasing proportion of wealth invested in the risky agget 1)
Theorem 6.3.1 DARA=- RISKY ASSET NORMAL

Proof By implicit differentiation of the now familiar first order condition (6.3.3),
which can be written:

E[uW' (Wors 4+ a(f —re) (7 —1rs)] =0, (6.3.16)
we have (W) — 1)
da T — Tf
dWo — —E[u"(W)(F —r)?] (6:3.17)
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By concavity, the denominator is positive. Therefore:
sign (da/dWy) = sign {E[u"(W)(7 — )]} (6.3.18)

We will show that both are positive.
For decreasing absolute risk aversion:

Ty = RA(W)<RA(WQTf)

T >
r < Ty = RA(W) > RA(WoT’f)

Multiplying both sides of each inequality byu/ (W) (7 — r¢) gives respectively:

u"(W)(F —rp) > —Ra(Worp)u'(W)(7 — ry) (6.3.19)

in the event that > r;, and

U”(W)(’F — Tf) Z —RA(Wo’f‘f)U,(W)(f — ’f‘f) (6320)

(the same result) in the event that
Integrating over both events implies:

Elu"(W)(7 — re)] > —Ra(Worp) E[u' (W)(F — )], (6.3.21)

provided that* > r, with positive probability.
The RHS of inequality (6.3.21) & at the optimum, hence the LHS is positive as
claimed.

Q.E.D.

The other results are proved similarly (exercise!).

6.3.3 Mutual fund separation

Commonly, investors delegate portfolio choice to mutual fund operators or man-
agers. We are interested in conditions under which large groups of investors will
agree on portfolio composition. For example, all investors with similar utility
functions might choose the same portfolio, or all investors with similar probabil-
ity beliefs might choose the same portfolio. More realistically, we may be able to
define a group of investors whose portfolio choices all lie in a subspace of small
dimension (say 2) of th&/-dimensional portfolio space. The first such result is
due to?.

3Think about whether separating out the case ef r; is necessary.
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Theorem 6.3.2 3 Two fund monetary separation

i.e. Agents with different wealths (but the same increasing, strictly concave, VNM
utility) hold the same risky unit cost portfolip; say, (but may differ in the mix of

the riskfree asset and risky portfolio)

l.e.V portfoliosp, wealthsiV;, 9\ s.t.

E [u(Wory + AWop™" (£ = r41))| > E [u(Wory + p' (F - 7,1))] (6.3.22)

—

Risk-tolerancel/ R 4(z)) is linear (including constant)
i.e. 3 HyperbolicAbsoluteRisk Aversion (HARA, incl. CARA)
I.e. the utility function is of one of these types:

e Extended poweru(z) = (A4 Bz)C+!

(C+1)B
e Logarithmic: u(z) = In(A + Bz)
e Negative exponential(z) = —4 exp{Bz}

whereA, B andC' are chosen to guaranteé > 0, v’ < 0.
I.e. marginal utility satisfies

u'(2) = (A+ B2)Y or u/(2) = Aexp{Bz} (6.3.23)
whereA, B andC' are again chosen to guaranteé > 0, v” < 0.

Proof The proof that these conditions are necessary for two fund separation is
difficult and tedious. The interested reader is referred to

We will show thatu'(z) = (A + Bz)“ is sufficient for two-fund separation.

The optimal dollar investments; are the unique solution to the first order condi-
tions:

0 = E[u’(W)gf] (6.3.24)
= E[(A+BW)°(# —ry)] (6.3.25)

= E[(A+ BWyr; + Z Bw;(7; —ri))° (7 —rs)],  (6.3.26)

or equivalently to the system of equations

Bwj

+Z A+BW0Tf f _rf))c(fi _Tf)} =0 (6327)
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or
Bl(1+ Y x(fy —rp)) (7 — )] =0 (6.3.28)
j
where
g Bw
I A + BWO’f‘f.

The unique solutions far; are clearly independent &F, which does not appear
in (6.3.28).

SinceA and B do not appear either, the unique solutionsdpare also indepen-
dent of those parameters.

However, they do depend dan.

But the risky portfolio weights are

— 6.3.29
Zj ’LU]' Zj Bw]/(A+BWUTf> ( )
3’/‘,
= . 6.3.30
> 1 ( )
and so are also independent of initial wealth.
Since the dollar investment in thh risky asset satisfies:
A

w; = .Z‘j(— + W()T’f) (6331)

B

we also have in this case that the dollar investment in the common risky portfolio
is a linear function of the initial wealth. The other sufficiency proofs are similar

and are left as exercises.
Q.E.D.

Some humorous anecdotes about Cass may now follow.

6.4 Mathematics of the Portfolio Frontier

6.4.1 The portfolio frontier in R:
risky assets only

The portfolio frontier

Definition 6.4.1 The (mean-variance) portfolio frontias the set of solutions to
the mean-variance portfolio choice problem faced by a (risk-averse) investor with
an initial wealth ofli1; who desires an expected final wealth of at I8&st= WV

(or, equivalently, an expected rate of return;9f but with the smallest possible
variance of final wealth.
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The mean-variance frontier can also be calledtth@ moment portfolio frontier

in recognition of the fact that the same approach can be extended (with difficulty)
to higher moments.

The mean-variance portfolio frontier is a subset of ploetfolio space which is
justR. However, introductory treatments generally present it (without proof) as
the envelope function, in mean-variance space or mean-standard deviation space
(R, x R), of the variance minimisation problem.

Definition 6.4.2 w is afrontier portfolio

=

its return has the minimum variance among all portfolios that have the same cost,
w ' 1, and the same expected payeff, e.

We will begin by supposing that all assets are risky. Formally, the frontier port-
folio corresponding to initial wealthl, and expected returm (expected terminal
wealthu11) is the solution to the quadratic programming problem:

minw' Vw (6.4.1)

w

subject to the linear constraints:

w'l = W, (6.4.2)
and
w'e > W, =uW. (6.4.3)

The first constraint is just the budget constraint, while the second constraint states
that the expected rate of return on the portfolio is at least the desired mean return
.
The frontier in this case is the set of solutions for all valued/gfandi1; (or 1) to

this variance minimisation problem, or to the equivalent maximisation problem:

max —w'Vw (6.4.4)

subject to the same linear constraints (6.4.2) and (6.4.3).

The properties of this two-moment frontier are well known, and can be found,
for example, in? or ?. The notation here follow8. The derivation of the mean-
variance frontier is generally presented in the literature in terms of portiaight
vectors or, equivalently, assuming that initial wealth,, equals 1. This assump-
tion is not essential and will be avoided.
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The solution

The inequality constrained maximisation problem (6.4.4) is just a special case
of the canonical quadratic programming problem considered at the end of Sec-
tion 3.5, except that it has explicitly one equality constraint and one inequality

constraint.

To avoid degeneracies, we require:

1. that not every portfolio has the same expected retugn,
e # E[r]1, (6.4.5)
and in particular thatv > 1.

2. that the variance-covariance matr¥, is (strictly) positive definite. We
already know from (1.12.4) th& must be positive semi-definite, but we
require this slightly stronger condition. To see why, suppose

Jw # Oy s.t. w' Vw =0 (6.4.6)

Then3 a portfolio whose returtv '+ = 7, has zero variance.

This implies that’, = ry (say) w.p.1 or, essentially, that this portfolio is
riskless.

Arbitrage will force the returns on all riskless assets to be equal in equilib-
rium, so this situation is equivalent economically to the introduction of a
riskless asset later.

In the portfolio problem, the place of the matri in the canonical quadratic
programming problem is taken by the (symmetric) negative definite matik,
which is just the negative of the variance-covariance matrix of asset regiras;
1" anda; = Wy; andg? = e" anday, = W,. (6.4.5) guarantees that tBex N
matrix G is of full rank 2.
The parallels are a little fuzzy in the case of the budget constraint since it is really
an equality constraint.
(3.5.39) says that the optimsad is a linear combination of the two columns of the
N x 2 matrix

va' (aviaT)

with columns weighted by initial wealti, and expected final wealthl’;.
We will call these columng andh and write the solution as

w = Wog + Wih = W, (g + ph). (6.4.7)
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The components gf andh are functions of the means and variances of security
returns. Thus the vector of optimal portfolio proportions,

1
—w = h 6.4.8
WOW g + uh, ( )
is independent of the initial wealtl,.
It is easy to see the economic interpretatiog@ndh:

e g is the frontier portfolio corresponding 1, = 1 andWW; = 0. In other
words, it is the normal portfolio which would be held by an investor whose
objective was to (just) go bankrupt with minimum variance.

e Similarly, h is the frontier portfolio corresponding 10, = 0 andW/; = 1.
In other words, it is the hedge portfolio which would be purchased by a
variance-minimising investor in order to increase his expected final wealth
by one unit.

Alternatively, (3.5.35) says that the optimalis a linear combination of the two
columns of theV x 2 matrix

- _ _
5V 'GT=(3VL §Vile),
with columns weighted by the Lagrange multipliers corresponding to the two con-

straints. We will call the Lagrange multiplie2s /C' and2)\ /A respectively, where
we define:

A =1 Vie=e'V1 (6.4.9)

B = e'Vie>0 (6.4.10)

C = 1"V1'1>0 (6.4.11)
and

D = BC — A? (6.4.12)

and the inequalities follow from the fact thsit—! (like V) is positive definite.
This allows the solution to be written as:
vy A

w = 5(V‘11) + Z(V—le). (6.4.13)

&£(V~'1) and 5 (V'e) are both unit portfolios, sg + A = W,. We know that
for the portfolio which minimises variance for a given initial wealth, regardless
of expected final wealth, the corresponding Lagrange multiphes 0. Thus

2(V~'1) is the global minimum variance portfolio with coBt, (which in fact
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equalsy in this case) andé—(V—ll) is the global minimum variance unit cost
portfolio, which we will denotewyp.
In fact, we can combine (6.4.7) and (6.4.13) and write the solution as:

w =W, <WMVP + <,u — g) h> ) (6.4.14)

The details are left as an exercfse.

The set of solutions to this quadratic programming problem for all posdidiei’; )}
combinations (including negativé&)) is the vector subspace of the portfolio spjce,
which is generated either by the vectgrandh or by the vectorsvyyp andh (or

by any pair of linearly independent frontier portfolios).

In RV, the set of unit cost frontier portfolios is the line passing tyrparallel to

h.

It follows immediately that the frontier (like any straight linedi") is a convex

set, and can be generated by linear combinations of any pair of frontier portfolios
with weights of the formy and(1 — «).

An importantexerciseat this stage is to work out the means, variances and co-
variances of the returns ofyyvp, g andh. They will drop out of the portfolio
decomposition below.

The portfolio weight vectorg andh are

g = %[B(V‘ll)—A(V‘le)] (6.4.15)
h = %[C(V—le)—A(V—H)} (6.4.16)
We have
Var[fy] = gTVgZE (6.4.17)
& D
Var[fy,] = hTVh:% (6.4.18)

from which it follows thatD > 0.

Orthogonal decomposition of portfolios

At this stage, we must introduce a scalar product on the portfolio space, namely
that based on the variance-covariance mafixSinceV is a non-singular, pos-

itive definite matrix, it defines a well behaved scalar product and all the standard
results on orthogonal projectio&¢€.) from linear algebra are valid.

4At least for now.
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Two portfoliosw; andw, are orthogonal with respect to this scalar product

=

w, Vw, =0

—

Cov {Wle', W;f‘} =0

=

the random variables representing the returns on the portfolios are uncorrelated.
Thus, the terms ‘orthogonal’ and ‘uncorrelated’ may legitimately, and shall, be
applied interchangeably to pairs of portfolios. Furthermore, the squared length of
a weight vector corresponds to the variance of its returns.

Note thatwyyp andh are orthogonal vectors in this sense. In fact, we have the
following theorem:

Theorem 6.4.11f w is a frontier portfolio andu is a zero mean hedge portfolio,
thenw andu are uncorrelated.

Proof There is probably a full version of this proof lost somewhere but the fol-
lowing can be sorted out.

Sincewyyp is collinear withV—11, it is orthogonal to all portfoliosv for which

w ' VV~11 = 0 or in other words to all portfolios for whickv "1 = 0. But these
are precisely all hedge portfolios, includihg

Similarly, any portfolio collinear withV ~'e is orthogonal to all portfolios with
zero expected return, sinee’ VV—le = 0 or in other wordsw " e = 0.

Q.E.D.

Some pictures are in order at this stage.

For N = 3, in the set of portfolios costing/, (the 1/, simplex), the iso-variance
curves are concentric ellipses, the iso-mean curves are parallel lines, and the solu-
tions for differentus (or W, s) are the tangency points between these ellipses and
lines, which themselves lie on a line orthogonal (in the sense defined above) to
the iso-mean lines. The centre of the concentric ellipses is at the global minimum
variance portfolio corresponding 1&,, Wywwnvpe. A similar geometric interpre-
tation can be applied in higher dimensions.

? has some nice pictures of the frontier in portfolio space, as opposed to mean-
variance space.

At this stage, recall the definition gfin (5.2.2).

We will now derive an orthogonal decomposition of a portfajimto two frontier
portfolios and a zero-mean zero-cost portfolio and prove that the coefficients on
the two frontier portfolios are th@s of q with respect to those portfolios and sum

to unity.

We can always choose an orthogonal basis for the portfolio frontier.
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For any frontier portfoligp # wyvp, there is a unique unit cost frontier portfolio
z, Which is orthogonal te.

Another importaniexerciseis to figure out the relationship betweén|r,| and
E [fg,).

Any two frontier portfolios span the frontier, in particular any unit gost wyvp
andz,, (or the original basiswyyp andh).

Any (frontier or non-frontier) portfoliay with non-zero costV, can be written in
the formfy + uq where

f, = Wo(g+ E[rglh) (6.4.19)
= Wo (BapP + (1 — Bqp)zp) (say) (6.4.20)

is the frontier portfolio with expected retudti7,| and cosil, andu,, is a hedge
portfolio with zero expected return. Geometrically, this decomposition is equiva-
lent to the orthogonal projection gfonto the frontier.

Theorem 6.4.1 shown that any portfolio sharing these propertiag isfuncorre-
lated with all frontier portfolioS.

If p is a unit cost frontier portfolioi(e. the vector of portfolio proportions) and

q is an arbitrary unit cost portfolio, then the following decomposition therefore
holds:

q="fy+uq=LBpp+ (1 —Pep)2zp + uq (6.4.21)

where the three componentse(the vectory, z, andu,) are mutually orthogo-
nal.
We can extend this decomposition to cover

1. portfolio proportions (orthogonal vectors)
2. portfolio proportions (scalars/components)
3. returns (uncorrelated random variables)

4. expected returns (numbers)

Note again the parallel between orthogonal portfolio vectors and uncorrelated
portfolio returns/payoffs.
We will now derive the relation:

E[fq] - E[fzp] = ﬁqp(E[fp] - E[pr]) (6-4-22)

SAside: For the frontier portfolid, to second degree stochastically dominate the arbitrary
portfolio ¢, we will need zero conditional expected returmay and will have to show that

Cov [Fuy,7g,] =0 = El[fu,|fe,] =0

The normal distribution is the only case where this is true.
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which may be familiar from earlier courses in financial economics and which is
quite general and neither requires asset returns to be normally distributed nor any
assumptions about preferences.

SinceCov [fuq,fp] = Cov [fzp,fp} = 0, taking covariances with, in (6.4.21)

gives:

Cov [Fq, 7] = Cov [Ty, 7p| = Bap Var[Fy) (6.4.23)
or o [~ . ]
. ov Tq, Tp

Bap = ~Narfr] (6.4.24)

Thusgin (6.4.21) has its usual definition from probability theory, given by (5.92).
Reversing the roles qf andz,, it can be seen that

6qu - ]- - ﬁqp (6425)

Taking expected returns in (6.4.21) yields again:
E[ﬁl] - 6QPE[fp] + (1 - ﬁqp)E[fsz (6426)

which can be rearranged to obtain (6.4.22).

The Global Minimum Variance Portfolio

Var[fgium] = ' Vg + 2u(g" Vh) + p*(h"Vh) (6.4.27)
which has its minimum at .
__g Vh
n= hTVh (6.4.28)

The latter expression reducesAgC and the minimum value of the variance is
1/C. The global minimum variance portfolio is denotedr.

S "Vh
Cov [, Puve] = h'V <g— hh> (6.4.29)
T T
. g'Vhh'Vh
= h'vg- 8 20 o (6.4.30)

I.e. the returns on the portfolio with weighltlsand the minimum variance portfolio
are uncorrelated.

6Assign some problems involving the construction of portfolio proportions for various desired
0s. Also problems working from prices for state contingent claims to returns on assets and port-
folios in both single period and multi-period worlds.
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Further, if p is any portfolio, themve is the minimum variance combination of
itself andp, i.e. a = 0 solves:

main %Var[fap+(1_a),\/|vp] (6.4.31)
which has necessary and sufficient first order condition:
aVar[rp] + (1 — 2a)Cov [Fp, Fmve] — (1 — a)Var[fyye] = 0 (6.4.32)
Hence, setting = 0:
Cov [Fp, Tmvp] — Var[fuyvp] =0 (6.4.33)

and the covariance of any portfolio witlve is 1/C.

6.4.2 The portfolio frontier in mean-variance space:
risky assets only

The portfolio frontier in mean-variance and in mean-standard deviation spacj}

We now move on to consider the mean-variance relationship along the portfolio
frontier.

The meany, and varianceg?, of the rate of return associated with each point on
the frontier are related by the quadratic equation:

(0 - Var[w&vpf"]) =¢o(p— E[W&vpﬂ)2> (6.4.34)

where the shape parameter C'/D represents the variance of the (gross) return

on the hedge portfolida. The two-moment frontier is generally presented as the
graph in mean-variance space of this parabola, showing the most desirable distri-
butions attainable, but the frontier can also be thought of as a plane in portfolio
space or as a line in portfolio weight space. The latter interpretations are far more
useful when it comes to extending the analysis to higher moments.

The equations of the frontier in mean-variance and mean-standard deviation space
can be derived heuristically using the following stylized diagram illustrating the
portfolio decomposition.

Figure 3A goes here.

Applying Pythagoras’ theorem to the triangle with vertice8,atandmve yields:
2

o? = Var[fp] = Var[fuve] + < - é) Var|ry] (6.4.35)
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Recall from the coordinate geometry of conic sections that

var[fp] = Var[fMVP] + (,u - E[fMVP])Q Var[fh} (6436)
> 1 C AN?

is a quadratic equation .
i.e. the equation of the parabola with vertex at

1
C
A

p = Elfuve] = c (6.4.39)

Thus in mean-variance space, the frontier is a parabola.

Var[rp,] = Var[fmve| = (6.4.38)

Figure 3.11.2 goes here: indicate positiorgai figure.

Similarly, in mean-standard deviation space, the frontier is a hyperbola. To see

this, recall that:
2

o? = Var[fyve| + < - é) Var|ry] (6.4.40)

is the equation of the hyperbola with vertex at

o = \/V&I‘[vap] == \/g (6441)
A

= = A.42
7 C (6 )

centre ab = 0, © = A/C and asymptotes as indicated.
Figure 3.11.1 goes here: indicate positiorgam figure.

The other half of the hyperbola (< 0) has no economic meaning.

Recall two other types of conic sections:

Var[ry,] < 0 (impossible) gives a circle with centér/C, A/C').

Var[ruyve] = 0 (the presence of a riskless asset) allows the square root to be taken
on both sides:

o=+ <,u — é) Var|ry] (6.4.43)

i.e. the conic section becomes the pair of lines which are its asymptotes otherwise.
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Portfolios on which the expected retupn, exceedsw,, e are termeckfficient
since they maximise expected return given variance; other frontier portfolios min-
imise expected return given variance andiagdficient

A frontier portfolio is said to be an efficient portfolio iff

its expected return exceeds the minimum variance expected r&tarr= E[ruve].J]
The set of efficient portfolios itk (or efficient frontier) is the half-line emanat-

ing frommve in the direction ofh, and hence is also a convex set.

Convex combinations (but not all linear combinations with weights summing to
1) of efficient portfolios are efficient.

We now consider zero-covariance (zero-beta) portfolios. In portfolio weight gpace,
can easily construct a frontier portfolio having zero covariance with any given
frontier portfolio:

Figure 3B goes here.

Algebraically, the expected retuyry on the zero-covariance frontier portfolio of
a frontier portfolio with expected retugmsolves:

Cov [Fmve + (1t — E[fve]) s Puve + (o — Elfuve])in] =0 (6.4.44)
or, sincery, andryyp are uncorrelated:
Var[rmvpe] + (1 — E[fmve]) (1o — Elrmve]) Var[r,] = 0 (6.4.45)
To make this true, we must have
(1 — Elfmve]) (1o — Elfmve]) <0 (6.4.46)

or i andyg on opposite sides df'[7uyvp| as shown.

There is a neat trick which allows zero-covariance portfolios to be plotted in mean-
standard deviation space.

Implicit differentiation of theu — o relationship(6.4.35) along the frontier yields:

du o

— = — — 6.4.47
do  (u— Elrmve])Var[fy] ( )
so the tangent db, 1) intercepts the: axis at
du o?
oM ; _ 6.4.48
H= %6 = "7 (= Elfmve])Var[ig] (6.4.48)

. . Var[vap] B B N
= N (Iu — E[fMVP])Var[fh] (IU, EVMVP]) (6449)
—  Elfwve] — Var{fuve) (6.4.50)

(1t — E[fmvp]) Var[fy)
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where we substituted for? from the definition of the frontier.

A little rearrangement shows that expressiéd.50) satisfies the equatidis.4.45)]
defining the return on the zero-covariance portfolio.

In mean-standard deviation space the picture is like this:

Figure 3.15.1 goes here.

To find z, in mean-variance space, note that the line joining 1) to the mve
intercepts the axis at:

5 1 — Elfmve] 9 w— E[Tmvp]
—0 - =u—o0 — — 6.4.51
0% — Var|[Fyve] H (u — Elfmve)*Var|ry] ( )

After cancellation, this is exactly the first expressjéni.48) for the zero-covariange
return we had on the previous page.

Figure 3.15.2 goes here.

Alternative derivations

The treatment of the portfolio frontier with risky assets only concludes with some
alternative derivations following close® They should probably be omitted alto-
gether at this stage.
1. The variance minimisation solution from first principles.
It can be seen that is the solution to:
1
min L = §WTVW +Ap—we)+y(Wy —w'l) (6.4.52)

fw, . }

which has necessary and sulfficient first order conditions:

L Ny xe—~1-0 (6.4.53)
ow

oL .

o —we=0 (6.4.54)
9L i —wT1=0 (6.4.55)
vy

The solution can be found by premultiplying the FOC (6.4.13) in turn by
e’ and1' and using the constraints yields:

p = Me'V7le)+4(e'V'1) (6.4.56)
1 = M1'Vie)+y(17V 1) (6.4.57)
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The solutions for\ and~ are:

Cu—A
A = 5 (6.4.58)
B— An

Derivation of (6.4.22).

If we only have frontier portfoligw and interior portfoliag, we get a frontier
(in u-o space) entirely within the previous frontier and tangent to jt at

The frontiers must have the same slope:at

Figure 3C goes here.

R~ Fap]
Var[fp] -

At the point on the inner frontier with, invested ing and(1 — wy) in p,

We already saw that the outer frontier has sl 5

p = Erp] +we(E[fq — Tp)) (6.4.60)
o? = wi\/ar[fq]

+2wq (1 — wq)Cov [Fp, Tq] + (1 — wq)*Var[ip] (6.4.61)

Differentiating these w.r.twg:

dp - .
—dwq e E[rq — rp] (6462)
do .

Zad—wq = 2wqVar(fy]

+2(1 — 2wq)Cov [Fp, Tq] — 2(1 — wq) Var[r,(6.4.63)

Taking the ratio and setting, = 0 gives the slope of the inner frontier at
p:

dpu E[rfq — 7p)
do 2cov[fp,?q]—2\2r[fp] (6.4.64)
2\/Var[Fp]
Equating this to the slope of the outer frontier, setting
Cov [Fp, Tq]
= =T 4.
Pap Var|[rp| (6.4.65)
and rearranging yields:
Elfg] = Elf4,] = Bap(E[fp] — E[fg,)) (6.4.66)
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6.4.3 The portfolio frontier in RV:
riskfree and risky assets

We now consider the mathematics of the portfolio frontier when there is a riskfree
asset.
In this case, the frontier portfolio solves:
1+
min —-w Vw (6.4.67)

w

s.t. wet(l—w'lr;=pu (6.4.68)

There is no longer a restriction on portfolio weights, and whatever is not invested
in the IV risky assets is assumed to be invested in the riskless asset.

The solution (which can be left as an exercise) is by a similar method to the case
where all assets were risky:

w, =V l(e— 7°f1)'u ;Irf (6.4.69)

where
H=(e—1r;)' V(e —1r;) = B—2Ar; + Cr;* > 0 Vry (6.4.70)

Along the frontier, we have:

peryo
o={ VA T zry, (6.4.71)
" if w <1,

6.4.4 The portfolio frontier in mean-variance space:
riskfree and risky assets

We can now establish the shape of the mean-standard deviation frontier with a
riskless asset.
Graphically, in mean-standard deviation space, combining any porolidath
the riskless asset in proportionsand (1 — a) gives a portfolio with expected
return

aE[fp] + (1 —a)ry =rp+ a(E[fp] —1y)

and standard deviation of returag/ Var|[].

i.e. these portfolios trace out the ray inp space emanating frorf0, ) and
passing through.

For eachr the highest return attainable is along the ray fronwhich is tangent
to the frontier generated by the risky assets.
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On this ray, the riskless asset is held in combination with the tangency pottfolio
This only makes sense fof < A/C' = E[T -
Abovet, there is a negative weight on the riskless assete-borrowing.

Figure 3D goes here.

Limited borrowing

Unlimited borrowing as allowed in the preceding analysis is unrealistic.
Consider what happens

1. with margin constraints on borrowing:
Figure 3E goes here.

The frontier is the envelope of all the finite rays through risky portfolios,
extending as far as the borrowing constraint allows.

2. with differential borrowing and lending rates:
Figure 3F goes here.

There is a range of expected returns over which a pure risky strategy pro-
vides minimum variance;

lower expected returns are achieved by riskless lending;
and higher expected returns are achieved by riskless borrowing.

6.5 Market Equilibrium and the Capital Asset Pric-
ing Model

6.5.1 Pricing assets and predicting security returns

Need more waffle here about prediction and the difficulties thereof and the prop-
erties of equilibrium prices and returns.

We are looking for assumptions concerning probability distributions that lead to
useful and parsimonious asset pricing models. The CAPM restrictions are the
best known. At a very basic level, they can be expressed by saying that every
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investor has mean-variance preferences. This can be achieved either by restricting
preferences to be quadratic or the probability distribution of asset returns to be
normal. CAPM is basically a single-period model, but can be extended by assum-
ing that return distributions are stable over tinfe.and? have generalised the
distributional conditions.

Recall also the limiting behaviour of the variance of the return on an equally
weighted portfolio as the number of securities included goes to infinity. If se-
curities are added in such a way that the average of the variance terms and the
average of the covariance terms are stable, then the portfolio variance approaches
the average covariance as a lower bound.

6.5.2 Properties of the market portfolio

Let
m; = weight of securityj in the market portfolian
Wi(>0) = individuali's initial wealth
w;; = proportion of individual’s initial wealth

invested inj-th security
Then total wealth is defined by

1
Wio =YW (6.5.1)
=1
and in equilibrium the relation
I
S wi W =miWye Vi (6.5.2)
=1
must hold. Dividing byiV,,,, yields:
I Wz .

and thus in equilibrium the market portfolio is a convex combination of individual
portfolios.

6.5.3 The zero-beta CAPM

Theorem 6.5.1 (Zero-beta CAPM theorem)If every investor holds a mean-variatjce
frontier portfolio, then the market portfolian, is a mean-variance frontier port-
folio, and henceyq, the CAPM equation

E[fg] = (1 = Bam) E [Fam] + BamE [Fm] (6.5.4)
holds.
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Theorem 6.5.2 All strictly risk-averse investors hold frontier portfolios if and
only if
E [fu,|fe,| =0 Vaq (6.5.5)

Note the subtle distinction between uncorrelated returns (in the definition of the
decomposition) and independent returns (in this theorem). They are the same only
for the normal distribution and related distributions.

We can view the market portfolio as a frontier portfolio under two fund separation.

If p is afrontier portfolio, then we showed earlier that for purely mathematical
reasons in the definition of a frontier portfolio:

E[fq] = (1 - ﬁqp)E[fzp] + ﬁqu[fp] (6.5.6)

If two fund separation holds, then individuals hold frontier portfolios.
Since the market portfolio is then on the frontier, it follows that:

E[fq} = (1 - 5qm)E[fzm] + ﬁqu[fm] (6.5.7)
where
N
~ Cov [fq; T
Bam = TM (6.5.9)

This implies for any particular security, from the economic assumptions of equi-
librium and two fund separation:

E[fj] = (1 = Bjm) E[Fam] + Bjm £ (6.5.10)

This relation is the? Zero-Beta version of the Capital Asset Pricing Model
(CAPM).

6.5.4 The traditional CAPM

Now we add the risk free asset, which will allow us to determine the tangency
portfolio, t, and to talk about Capital Market Line (retuvnstandard deviation)
and the Security Market Line (retuxn/).

Normally in equilibrium there is zero aggregate supply of the riskfree asset.
Recommended reading for this part of the coursg & ? and?.

Now we can derive the traditional CAPM. Note that by construction

ry=E[r,]. (6.5.11)
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Theorem 6.5.3 (Separation Theorem)The risky asset holdings of all investors
who hold mean-variance frontier portfolios are in the proportions given by the
tangency portfoliot.

Theorem 6.5.4 (Traditional CAPM Theorem) If every investor holds a mean-
variance frontier portfolio, then the market portfolio of risky assets, is the
tangency portfoliot, and henceyq, thetraditional CAPM equation

E [fQ] = (1 - ﬁqm) Ty + ﬁqu [fm] (6512)
holds.

Theorem 6.5.4 is sometimes known as the Sharpe-Lintner Theorem.

The riskless rate is unique by the No Arbitrage Principle, since otherwise a greedy
investor would borrow an infinite amount at the lower rate and invest it at the
higher rate, which is impossible in equilibrium.

We can also think about what happens the CAPM if there are different riskless
borrowing and lending rates (s&g If all individuals face this situation in equi-
librium, realism demands that both riskless assets are in zero aggregate supply and
hence that all investors hold risky assets only.

Note that the No Arbitrage Principle also allows us to rule out correlation matri-
ces for risky assets which permit the construction of portfolios with zero return
variancej.e. synthetic riskless assets.

Assume that a riskless asset exists, with retyra E[ryyy).

If the distributional conditions for two fund separation are satisfied, then the tan-
gency portfoliot, must be the market portfolio of risky assets in equilibrium. We
know then that for any portfolig (with or without a riskless component):

Elfg) — 75 = Bqm(E[Fm] — 1) (6.5.13)

This is the traditional Sharpe-Lintner version of the CAPM.
Figure 4A goes here.
The next theorem relates to the mean-variance efficiency of the market portfolio.

Theorem 6.5.51If
1. the distributional conditions for two fund separation are satisfied;
2. risky assets are in strictly positive supply; and
3. investors have strictly increasing (concave) utility functions

then the market/tangency portfolio is efficient.
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Proof By Jensen’s inequality and monotonicity, the riskless asset dominates any
portfolio with

Elr] <ry (6.5.14)

for
Elu(Wo(147))] < u(E[Wy(1+7))]) (6.5.15)
< uw(Wo(1+1y)) (6.5.16)

Hence the expected returns on all individuals’ portfolios exeged

It follows that the expected return on the market portfolio must exceed
Q.E.D.

Now we can calculate the risk premium of the market portfolio.
CAPM gives a relation between the risk premia on individual assets and the risk
premium on the market portfolio.
The risk premium on the market portfolio must adjust in equilibrium to give
market-clearing.
In some situations, the risk premium on the market portfolio can be written in
terms of investors’ utility functions.
Assume there is ariskless asset and returns are multivariate normal (MVN). Recall
the first order conditions for the canonical portfolio choice problem:

0 = E[,(W)(F—rp)] Vij (6.5.17)

7

= EQj(W)E[F; — rs] + Cov [u}(W;), 7] (6.5.18)

)

= EWj(W)]E[; — rs] + B} (W;)]Cov Wi, 7] (6.5.19)

)

using the definition of covariance and Stein’s lemma for MVN distributions. Re-
arranging:

Eir,—nr S
Bl ~ 4l 7 1 oy Wi, ] (6.5.20)
where .
= M (6.5.21)
Elu (W)
is the:-th investor'sglobal absolute risk aversion Since
~ . N
VVi :Wé(l—FT’f—FZwik(?:k—Tf)) (6522)
k=1

we have, dropping non-stochastic terms,

N
Cov [Wi, fj] = Cov lwg 3 wi i, fj] (6.5.23)
k=1
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Hence,
E[F; — Y
w — Cov [Wg 3w, fj] (6.5.24)
? k=1
Summing over, this gives (since we have, Wiw;, = Wi w,,, by market-
clearing and", w,,x7x = Tm Dy definition):

E[f] — Tf](i: 9;1> = WmocOV {fm, fj] (6525)

I
or ElF;—rs) = O_0;) 'WyoCov [fm,7;]  (6.5.26)

i.e., in equilibrium, the risk premium on thgth asset is the product of tlaggre-
gate relative risk aversionof the economy and the covariance between the return
on thej-th asset and the return on the market.

Now take the average ovg'rweighted by market portfolio weights:

Elfm — 1] = Ze )" Wo Var[(]Fm) (6.5.27)

I.e., in equilibrium, the risk premium on the market is the product ofdabgre-

gate relative risk aversionof the economy and the variance of the return on the
market. Equivalently, the return to variability of the market equals the aggregate
relative risk aversion.

We conclude with some examples.

1. Negative exponential utility:

ui(z) = —5 exp{—a;z} a; >0 (6.5.28)

implies: , .
O =0"aH) >0 (6.5.29)

=1 =1

and hence the market portfolio is efficient.

2. Quadratic utility:

bi ,

ui(z) = a;z — éz a;,b; >0 (6.5.30)

implies:
I I a ~ -1
Qo= (Z (b— - E[WA)) (6.5.31)
= i=1 i
This result can also be derived without assuming MVN and using Stein’s
lemma.
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Chapter 7
INVESTMENT ANALYSIS

7.1 Introduction

[To be written.]

7.2 Arbitrage and the Pricing of Derivative Securi-
ties

7.2.1 The binomial option pricing model

This still has to be typed up. It follows very naturally from the stuff in Section 5.4.

7.2.2 The Black-Scholes option pricing model

Fischer Black died in 1995. In 1997, Myron Scholes and Robert Merton were
awarded the Nobel Prize in Economics ‘for a new method to determine the value
of derivatives.” See

http://www.nobel.se/announcement-97/economy97.html

Black and Scholes considered a world in which there are three assets: a stock,
whose priceSt, follows the stochastic differential equation:

dgt = /Jgtdt + O-S’tdgt,

Where{it}tT:0 is a Brownian motion process; a bond, whose prigg follows the
differential equation:
dBt = TBtdt,

and a call option on the stock with strike prideand maturity datd’".
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They showed how to construct an instantaneously riskless portfolio of stocks and
options, and hence, assuming that the principle of no arbitrage holds, derived the
Black-Scholes partial differential equation which must be satisfied by the option
price.

The option pay$Sr — X)*™ = max {Sr — X, 0} at maturity.

Let the price of the call at timebe ;. Guess that’, = C'(S;, t). By Ito’s lemma:

. (0C 0C . 19°C L oc .
dCt = <E+%ust+§w0 St) dt—f—%astdzt

The no arbitrage principle yields the partial differential equation:

oc 10°C ,., oC

subject to the boundary condition
C(S,T)=(S—-X)*.

LetT =T — t be the time to maturity.
Then we claim that the solution to the Black-Scholes equation is:

C(S,t) = SN (d (S, 7)) = Xe "N (d(S,7) — ov/7) ,

whereN (+) is the cumulative distribution function of the standard normal distri-
bution and

In2+ (r—162) 71
d(s,7) = —= 5\52 ) N (7.2.1)
_ ln%+(r+%(72>7' (7.2.2)
o7 : 2.

We can check that this is indeed the solution by calculating the various partial
derivatives and substituting them in the original equation.

Note first that .

N (z) = /_; me‘%ﬂdt

and hence by the fundamental theorem of calculus
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which of course is the corresponding probability density function. For the last step
in this proof, we will need the partials af(.S, 7) with respect toS and¢, which
are:

od(s,7)  ad(s,r)  (r+3o) 723
o or B 20T o
and ad (S, ) 1
77_ .
53 N (7.2.4)
Note also that
N'(d(8,7) —ov/7) = e 27l SNNVIN(d (8, 7)) (7.2.5)
_ e (%e(wéa?)f) N'(d(S,7)) (7.2.6)
= %e”N’ (d(S,71)). (7.2.7)
Using these facts and the chain rule, we have:
oc
ot ad (S
= SN (d(8, 7)) 2HET)
, od (S, 7) o
(N (d(S, T) — a\/7_') ( T 2\/7__> +rN (d(S, T) — aﬁ))
(7.2.8)
—SN'(d(S,7)) QL ~ Xe "N (d(S,7) — o/7) (7.2.9)
T
oc
05 ad (S
= N (s, 25D 4y ags, )
S 9d (S, )
~Xe N (d(S,7) = ov/7) TS (7.2.10)
= N(d(S,1)) (7.2.11)
s
05° od (S, 7)
! ’7—
= N'(d(S,71)) 55 (7.2.12)
Substituting these expressions in the original partial differential equation yields:
oc  19%°C ,_, OC
E‘i‘iwa S +%7’S—TC’

Revised: December 2, 1998



140 7.3. MULTI-PERIOD INVESTMENT PROBLEMS

= N(@(57) (S = r8) + N'(d(5,7)) (5—? #3780 T>>
N (d(8,7) = o/T) (= Xe T+ rXeT) (7.2.13)

) (7.2.14)

The boundary condition should also be checked. 7As> 0, d(S,7) — +oo
according as > X or S < X. Inthe former case,' (S,7) = S — X; and in the
latter case(”' (S, T") = 0, so the boundary condition is indeed satisfied.

7.3 Multi-period Investment Problems

In Section 4.2, it was pointed out that the objects of choice can be differentiated
not only by their physical characteristics, but also both by the time at which they
are consumed and by the state of nature in which they are consumed. These
distinctions were suppressed in the intervening sections but are considered again
in this section and in Section 5.4 respectively.

The multi-period model should probably be introduced at the end of Chapter 4
but could also be left until Chapter 7. For the moment this brief introduction is
duplicated in both chapters.

Discrete time multi-period investment problems serve as a stepping stone from
the single period case to the continuous time case.

The main point to be gotten across is the derivation of interest rates from equilib-
rium prices: spot rates, forward rates, term structure, etc.

This is covered in one of the problems, which illustrates the link between prices
and interest rates in a multiperiod model.

7.4 Continuous Time Investment Problems

?
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