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Real analysis






Chapter 1

Sets and relations

1.1 Binary relations

In this chapter we are going to define relation formally. A relation in everyday life shows an association of
objects of a set with objects of other sets (or the same set) such as John owns a BMW, Jim has a green Audi,
etc. The essence of relation is these associations. A collection of these individual associations is a relation,
such as the ownership relation between people and automobiles. To represent these individual associations, a
set of “related” objects, such as John and a BMW, can be used. However, simple sets such as {John, BMW} are
not sufficient here. The order of the objects must also be taken into account, because John owns a BMW but
the BMW does not own John, and simple sets do not deal with orders. Thus sets with an order on its members
are needed to describe a relation. Here the concept of ordered pair is going to be defined first. A relation is then
defined as a set of ordered pairs.

Definition 1.1: Ordered pair

An ordered pair is a list of a pair of objects with an order associated with them. If objects are represented
by x and y, then we write an ordered pair as (z, y) or (y, x). In general (x, y) is different from (y, x).

Two ordered pairs (z, y) and (2/, y') are equal if and only if x = 2’ and y = y/. For example, if the ordered
pair (z, y) is equal to (1, 2), then x = 1, and y = 2. The ordered pair (1, 2) is not equal to the ordered pair
(2, 1).

Definition 1.2: Cartesian product

A Cartesian product of two non-empty sets X and Y, denoted as X x Y, is defined as the set of all
ordered pairs (z, y) where z is an element of X and y is an element of Y. That is,

XxY :={(z,y)lre X andy € Y}

Definition 1.3: Binary relation

Let X and Y be two non-empty sets. A subset R of X X Y is called a binary relation from X to Y.
In other words, a binary relation from a set X to a set Y is a set of ordered pairs (z, y) where z is an
element of X and y is an element of Y.




If X ={1,2,3}and Y = {4, 5}, then {(1, 4), (2, 5), (3, 5)}, for example, is a binary relation from
X to Y. However, {(1, 1)} is not a binary relation from X to Y because 1 is notin Y.

If X =Y, ie.,if Risarelation from X to X, we simply say that it is a relation on X. In other words, R is
a relation on X if and only if R C X?2. If (x, y) € R, then we think of R as associating the object = with the
object y, and if {(z, y), (y, )} N R = &, then we understand that there is no connection between x and y as
envisaged by R. Conventionally, we write Ry instead of (z, y) € R.

1.2 Preorders and equivalence relations

Definition 1.4: Preorder

A binary relation 7~ on a non-empty set X is called a preorder if it has the following properties:
(a) Reflexivity: x - x forall z € X,

(b) Transitivity: x —~ yandy 2, 2z = x = zforall z, y, z € X.

| '

Definition 1.5: Equivalence relation

A binary relation ~ on a non-empty set X is called an equivalence relation if it has the following
properties:

(a) Reflexivity: z ~ xforallz € X,
(b) Symmetry: x ~y — y ~xforallz, y € X,
(c) Transitivity: x ~yandy ~ z =—> x ~ zforall x, y, z € X.

For any # € X, the equivalence class of x is defined as the set

[z] :={y € X[y ~ x}.

Definition 1.6: Partition

A partition of a non-empty set X is a class {X;} of non-empty subsets of X such that (i) U; X; = X,
and (ii) X; N X; = @ for any two X; and X in { X;}. The X;’s are called the partition sets.

If X = {1, 2, 3, 4, 5}, then {{1, 2, 3}, {4, 5}} and {{1, 2, 5}, {3, 4}} are two different partitions of X.
If X = R, then it can be partitioned into the infinitely many closed-open intervals of the form [n, n + 1) where
n is an integer.

We now show that a given equivalence relation ~ on X determines a natural partition of X. Let the relation
~ on X satisfies reflexivity, symmetry and transitivity. We show that all distinct equivalence classes form a
partition of X. By reflexivity, x € [z] for each element = € X, so each equivalence set is non-empty and their
union is X. It remains to show that any two equivalence sets [z1] and [z2] are either disjoint or identical. We
prove by showing that if [z1] and [x2] are not disjoint then they must be identical. Suppose that z € [z1] N [x2].
Then z ~ z1 and z ~ x9, and by symmetry, 1 ~ z. Let y € [x] which implies that y ~ x;. Since y ~ x;
and x1 ~ z, transitivity implies that y ~ z. Then, again by transitivity, y ~ z and z ~ x5 implies that y ~ x2,
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so that y € [x2]. Hence, [z1] C [z2]. By a similar logic, one can show that [z3] C [z;]. From this we can
conclude that [z1] = [z2].

The converse statement is somewhat trivial. Consider a partitions { X;} of a set X, and let R be a relation
on X defined by, for any two elements x and y of X,

xRy if and only if = and y belong to the same element X; of {X;}.

We think of the elements of X being distributed into a number of sets, each of which is a member of a given
partition. Every element of X is exactly in one set. Notice that every element x of X is in the same set as
itself. For any x and y of X, if x and y are in the same set, so are y and x. Finally, For any z, y and z of X, if
x and y are in the same set, and y and z are also, so are x and z. Thus, the relation R is reflexive, symmetric
and transitive, and hence is an equivalence relation. Thus, there is no real distinction between partitions and
equivalence relations.

Let x = (z1, x2) be the quantities of two goods 1 (apple) and 2 (orange), and x is an element of
X C Ri, which is called the consumption set. Define the preference relations >~ on X of a consumer
as follows. We read x - y as “x is at least as good as y”. From 77, we can derive two other important
relations on X:

(a) The strict preference relation, >, defined by x > y <= z 7 y buty 7 x and read “z is (strictly)
preferred to y”.

(b) The indifference relation, ~, defined by x ~ y <= x =~ y and y 77 = and read “z is indifferent
toy”.

The relation - is rational if (i) it is complete, i.e., for all x, y € X, we have that x 2~ y or y - x (or

both), and (ii) it is transitive, i.e., forall x, y, z € X, if x =~ y and y 7 z, then x = z.

It is easy to prove the following property.

If 7~ is rational, then the indifference relation ~ is an equivalence relation, but the strict preference
relation > is not.

For a consumption bundle z € X, the set [z] = {y € X|y ~ z} is called the indifference set of z. Notice
that ~ induces a partition of X and vice versa.

1.3 Partial orders

A binary relation 7~ on a non-empty set X is called a partial order if it has the following properties:
(a) Reflexivity: x 77 x forall z € X,
(b) Antisymmetry: 2’ =~ 2’ and 2" = 2’ imply 2’ = 2" forall 2/, 2" € X,

(c) Transitivity: ' = 2" and 2" = 2" imply 2’ == 2’ for all 2/, 2" and 2" € X.



Definition 1.8: Partially ordered set

A partially ordered set (written “poset”) is a set X on which there is a binary relation 7~ that is reflexive,
antisymmetric and transitive.

Definition 1.9

Two elements 2’ and 2" of a partially ordered set are ordered if either ' =~ 2" or " = z'; otherwise x’
and 2" are unordered.

| r
\

Definition 1.10: Chain

A partially ordered set is a chain if it does not contain an unordered pair of elements.

| '

Example 1.3: Examples of partially ordered sets
The following are partially ordered sets.
(a) The real line R with usual ordering relation > on the real numbers is a poset.

b) Given any two vectors z’, 2’ in the m-dimensional Eucledian space R™ = {z = (21, ..., Tm
y ) p )
zi € Rforalli =1, ..., m}, 2’ > a” if 2} > 2 foralli = 1, ..., m. R™ with the vector
ordering relation > is a poset.

(c) The power set, P(X), of a set X is the set of all subsets of X. The power set P(X) with the set
inclusion ordering relation D is a poset. If X’ and X" are distinct subsets of X with X’ C X",
then X’ C X"

(d) The lexicographic ordering relation <., on R™ is such that 2’ <., 2" in R™ if either 2’ = x”
or there is some ¢’ with 1 < i’ < m, 2} = a7 for each i with 1 < i < ¢/, and 2}, < z},. The set
R"™ with the ordering relation <., is a poset, indeed, is a chain.

| r
\

Definition 1.11: Bound of a set and bounded set

Suppose that X is a partially ordered set with respect to =, and X’ is a subset of X. If u € X such that
u = x for every x € X', then w is an upper bound of X’. Similarly, if [ € X such that [ X z for every
x € X', then [ is a lower bound of X". If a subset X’ of a poset X has an upper (lower) bound, then X’
is bounded above (below). In case X’ has both an upper bound and a lower bound, then X" is a bounded
set.

First, observe that a subset X’ of a poset X may be unbounded. Consider X = R, the set of real numbers,
and X'=7Z=1{..., -2, —-1,0, 1, 2, ...}, the set of integers. Then Z is an unbounded set in R. On the other
hand, if X’ = N = {1, 2, ...}, the set of natural numbers, then X’ is bounded below by 1. Next, let X = R
and X’ = {5, 10, 15}. Then both 15 and 20 are upper bounds of X’. Now let X = R and X’ = [a, b). The
real number b is an upper bound of X’ which is not contained in X’. Two important observations emerge. First,
a subset X’ of a poset X may or may not contain its upper (lower) bounds (if they exist). This gives rise to the
notion of a greatest element and a least element.

Definition 1.12: Greatest and least elements

Suppose that X is a partially ordered set with respect to =, and X" is a subset of X. If 2/ € X' such
that 2/ - x for every € X', then 2/ is a greatest element of X'. Similarly, if 2/ € X’ such that 2’ X x




for every x € X', then 2’ is a least element of X”.

A greatest (least) element of X is trivially an upper (lower) bound of X’. For example, if X = R and
X' = {5, 10, 15}, then 2 is not a least element of X', whereas 5 is. Notice that a subset X’ of a poset X can
have at most one greatest (least) element. Next, a subset X’ of a poset X may have many different upper and
lower bounds. This gives rise to the notion of a supremum and an infimum.

Suppose that X is a partially ordered set with respect to -, and X' is a subset of X. An element of X
is a supremum or a least upper bound of X’ (with respect to X), denoted sup y (X’), if it is the case that
(a) supy (X') = z forall z € X', and (b) for any u € X such that v = x for all x € X', it holds that
sup y (X’) = u. Similarly, an element of X is an infimum or a greatest lower bound of X’ (with respect
to X), denoted inf x (X'), if it is the case that (a) inf x (X’) Z x forall z € X', and (b) for any [ € X
such that [ X z for all z € X, it holds that inf x (X”) = u.

The above definition says that if the set of upper (lower) bounds of X' has a least (greatest) element, then
this least (greatest) element is the supremum (infimum) of X’. Two important points must be kept in mind.
First, a supremum or an infimum of a set may not exist. If it exists, then it must be unique. Second, one must
be clear about the underlying set in expressing sup(X’) or inf(X"). Consider the following example.

Suppose X =R, Y =[0,1) U{2}, and X' = [0,1). Then supy(X') = 1 # 2 = supy (X').

Notice also that, if a subset X’ of a poset X contains sup y (X’), then the supremum is the greatest element.
Similar property holds for the infimum. Following is an important result concerning the set of real numbers.

Every non-empty set of real numbers that is bounded above has a supremum. This supremum is a real
number.

Proof. Let X C R be a non-empty subset of real numbers, and let U := {u € R | u > z forall z € X}, the
set of upper bounds of X. By assumption, U is non-empty. By the axiom of completeness,' there exists a real
number « such that

r<a<u, foralx € X and u e U.

Because x < aforall z € X, « is an upper bound of X. This implies that « € U with the property that o <
for all w € U, and hence, « is a supremum of X. [

The following definition introduces the notion of a maximal (minimal) element, which is, in general, dif-
ferent from a greatest (least) element.

If 2’ is in X’ and there does not exist any z” € X’ with 2 >~ 2/ (2/ = z”), then 2’ is a maximal
(minimal) element of X'.

A greatest (least) element is a maximal (minimal) element. Thus, it is a stronger notion that maximal

!'This axiom says that, if L and H are two non-empty subsets of real numbers with the property that for all I € L and for all h € H
we have [ < h, then there is a real number o such that ] < o < hforalll € L and forall h € H.



(minimal) element. A poset can may have any number of maximal (minimal) element. For example, In the
fence a1 > b1 < as > by < ag > by < ..., all the a;’s are maximal, and all the b;’s are minimal. Consider
another example. Let X be the set with at least two elements, and S = {{z} | z € X} be the subset of P(X)
consisting of singletons. Take the usual set inclusion ordering, i.e., for any two sets X and Y in P(X), X 3 Y
if and only if X C Y. This is the discrete poset — no two elements are comparable. Thus, every element
{z} € S is maximal and minimal, and for any 2’ and z”, neither {z'} C {2”} nor {z”} C {2'}. Hence, we
can conclude that distinct maximal (minimal) elements are unordered.

In economics, we relax the axiom of antisymmetry, using preorders instead of partial orders. Let X C
R . Preferences of a consumer are represented by a preorder 2 (as in Example 1.2). The preference
relations are never assumed to be antisymmetric. In this context, for any B C X, wecallz € B a
maximal element if x - y for all y € B, and it is interpreted as the consumption bundle that is not
dominated in the sense that x < y for any y € B. The notion of greatest element for a preference
preorder would be that of most preferred choice. That is, some x € B with y € B implying that z > y.
An obvious application is to the definition of demand correspondence. An element p of R’} , is called
a price system which maps every consumption bundle z into its market value p - z € R,. An income
level m is an element of R . The budget correspondence B is a correspondence from R | x Ry to X
which is given by
B(p, m)={ze€ X |p-z<m}.

The demand correspondence maps any price p and any level of income m into the set of maximal
elements (with respect to 77) of B(p, m), which is given by

D(p, m) = {x € X | x is a maximal element of B(p, m)}.

It is called demand correspondence because the theory predicts that for given p and m, the rational
choice of a consumer z* will be some element of D(p, m).

1.4 Functions

1.4.1 Definition and properties

A function from a set X to a set Y is a rule that assigns to each element z of X a unique element y of Y. We
say that y is the image of x under f, and write y = f(x). Conversely, x is an element of the preimage or inverse
image of ¥, written x € f~!(y). Formally,

Let X and Y be two sets. A function f from X to Y, written f : X — Y, is a relation from X to Y
with the property that for each x € X there exists a unique element y € Y such that (z, y) € f.

The underlying set X is called the domain of f, and f(X) is its range. If A C X, then its image under f is
given by
f(A) :=={y € Y| there exists x € A suchthat y = f(z)} = Uzea {f(x)}.

Given a subset B of Y, its inverse image is given by
fYB):={zr e X|f(zx) € B}.
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If f: X — Yand f(X) =Y, then f is surjective or onto. A function f is injective or one-to-one if for
any two distinct elements z1, 9 € X, we have f(z1) # f(x2). A function is bijective if it is both one-to-one
and onto, i.e., if each element y € Y has a unique inverse imagein X. Let f : X — Y andg:Y — Z.
Then their composition, g o f is a function from X to Z and is defined by (g o f)(z) = g(f(x)). We have
(hog)of=ho(gof)=hogo f,ie., the composition is associative.

Theorem 1.1

Let f : X — Y be a function and B = {B; |i € I} a family of subsets of Y. Then
@ f" (Vier Bi) = Uier 1 (By),

(b) f~ (Mier Bi) = Nier 71 (By).

Proof. The proof is left as an exercise. [

Definition 1.16: Increasing function

A function f : X — Y is (strictly) increasing if 2’ > 2’ in X implies that f(z') (>) > f(a”).

1.4.2 Representation of binary relations

Definition 1.17: Utility function

A function f : X — R is a utility function, where X C R"", representing preference relation - if, for
allz, ye X,z Zy < f(x) > f(y).

Proposition 1.1

A preference relation 7 can be represented by a utility function only if it is rational.

Proof. To prove this proposition, we must show that if there is a utility function that represents the preference
relation -, then 77 must be complete and transitive. First, because f(-) is a real valued function defined on X,
it must be that for any x, y € X, either f(x) > f(y) or f(y) > f(z). Because f(-) represents =, this implies
either that = - y or that y 7~ x. Hence, 7~ must be complete. Next, Suppose that = >~ y and y =~ z. Because
f () represents —, it must be that f(z) > f(y) and f(y) > f(z). Therefore, f(x) > f(z), which implies that
x 77 z, and hence 7 is transitive. [

1.4.3 Examples and graphical representation

Let f : X — Y be a function, and consider the subset of X x Y

Gy ={(z,y) € X xY|y = f(z)}. (1.1)

The above set is called the graph of the function f. In what follows we consider real valued functions f :
X — R, where X C R2?, that assign to each x = (21, x2) € X a number f(x1, o) in R.

9



Following are the examples of real valued functions from R? to R.
(i) f(z1, v2) = a171 + agxe  (Linear),
(i) f(x1, z2) = Az{'25? (Cobb-Douglas),

(iii) f(z1, x2) = min{ajz1, asxs} (Leontief),

1

(iv) f(xy, z9) = A alxl_p + oz, “ ] ”  (Constant elasticity of substitution).

Given a real valued function f : X — R, consider the set I(z) := {y € R?| f(x) = f(y)}. Thus, if
x ~ y then the function f(.) is constant on the set I(x). Let this value be . The graph of I(z) defines an
indifference curve or a level curve at the level . The graphical representation of functions from R? to R is
often difficult since the graphs are three dimensional. We represent such functions by their level curves. How
such level curves are drawn is a topic of discussion of Chapter 3.

1.5 Correspondences

A correspondence ¢ from X to Y is a function that to each element x in X assigns a non-empty subset ()
of Y. Hence, a correspondence from X to Y, denoted ¢ : X —— Y/, is a function from X to P(Y"). Notice
that a function associates with every element x € X an element y € Y. In saying this we are not making
the distinction between the element y in Y and the subset {y} of ¥ which consists of one point only. Given a
correspondence ¢ : X — P(Y), consider the subset G, of X x Y defined by

Gy ={(z,y) € X x Y|y € o(z)}. (1.2)

The set G, is called the graph of . Conversely, if G is a subset of X x Y such that for every x € X the set of
points y € Y with (z, y) € G is non-empty, then G is the graph of a correspondence, i.e.,

p(a) ={y € Y|(z, y) € G}. (1.3)

We now introduce the notion of inverse image(s) of a correspondence. Let ¢ : X —— Y be a correspondence,
where X C R™ and Y C R™, and W be any subset of Y. Define the upper inverse of W under ¢, denoted

@ (W), by
e (W) :={z € X | p(z) C W},

and the lower inverse of W under ¢, denoted ¢ ~1(W), by

e IW):={z e X |p(z)NW # o}

Consider the following two-player normal form game I' = (N, {S;}ien, {ui(-)}ien), where N =
{1, 2} is the set of players, S1 = {s1, s2, s3} and So = {t1, to, t3, t4} are the strategy sets of players
1 and 2 respectively, and u;(s, t) is the payoff function of player ¢ which is given as follows.

10



L [t [0]ts]t]
st | 1,1]1,1]0,0]0,0
s210,0]22]22]00
s3 || 1,0 1,0]0,0]3,3

A strategy t* of player 2 is a best response against a strategy s of player 1 if ua(s, t*) > wua(s, t) for all
t € S,. In a similar fashion one can define the best response of player 1. Notice that the best response
of player 2 is a correspondence ¢ as there is no unique optimal strategy against s; and so. The best
response correspondence of player 2 is given by ¢(s1) = {t1, ta}, @(s2) = {t2, t3}, p(s3) = {t4}. In
this example, the upper and lower inverses of the set W = {9, t3} C S5 are given by gpjrl (W) = {s2}
and o (W) = {s1, s2}.
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Chapter 2

The analysis of metric spaces

2.1 Metric space

A metric space is a pair (X, d), where X # @ andd : X x X — R is a distance function or metric
over X that associates with each pair of points (x, y) in X a real number d(z, y) that satisfies

(a) d(z,y) > 0forallz, y € X,
(b) d(z,y) =0 < x=yforallzx, y € X,
(¢) d(z, y) =d(y, ) forall z, y € X,

d) d(z, z) < d(z, y) +d(y, z) forall z, y, z € X. (Triangular inequality)

Following are the examples of metric spaces.
(a) (R, d) where d(x, y) = |x — y| forz, y € R.
(b) (R", d2) where R" = {(z1, ..., zp)|@; € Rfori =1, ..., n} is the n-dimensional Euclidean

space, and da(z, y) = /D> (z; — y;)? for z, y € R™.

Proof. The proofs of 2.1(a)-(c) are trivial. Thus, we will only prove the triangular inequality

which makes use of the following inequality:

2 2 2
(a1 4 ...+ an) Sﬂ‘F.--‘i‘ai
pP1+ ...+ Dn Y4 Pn

To prove the above inequality, notice that, for real numbers a and b, and for p > 0 and g > 0, the

fora; € R and p; € Ry ;. 2.1

following is true.

2 2 2
Chal) 2.2)
pta — P q

The above is nothing but the restatement of (ag — bp)? > 0. Now replace b by b + c and g by
q + rin (2.2) to get the following:
(a+b+c)? _a*> (b+c)? o b 2

a a
S—4 < —+—+—. (2.3)
p+a+r T p  q+r " p q T




Repeat the above steps to get the inequality in (2.1). Take a; = (z; — v;)(y; — 2;) and p; =
(y; — z)2. Then inequality (2.1) implies that

Z(ﬂfz‘ —yi)(yi — z) < (xi —vi)? Z(yi — z)?. 2.4

=1 =1 =1

The above inequality is known as the Cauchy-Schwartz inequality. Now we are ready to show the
triangular inequality.

=1
= Z{(l‘z‘ — i) + (i — 2)}°
=1
=D (@i —y)?+ ) (Wi—2)?+2) (i — i)y — =)
=1 =1 =1
< [da(z, 9)I* + [da(y, 2)1° +2,| D (@i — )% | D (yi — 2)?
=1 =1

= [dg(x, y)]2 + [dQ(yv Z)]2 + 2d2(.§8, y)dQ(y7 Z)
= [da(, y) + da(y, 2)]*.

The above inequality follows from (2.4). U

(¢) (R", ds) where doo(x, y) = max;—1, . n{|zi — y;|}. For proving the triangular inequality,
notice thatforall¢ = 1, ..., n, o; < max; oj and 3; < max; 3;, which together imply o; +3; <
max; o;j + max; §;, which in turn implies max;(a; + ;) < max; oj + max; ;. Now take
a; = |x; — y;| and B; = |y; — z;| to complete the proof.

(d) (R", d,) where dy(z, y) = (S0, |zi — il?)?.

(e) (C([a, b)), d2) where C([a, b]) = {f : [a, b] — R| f is continuous}, the set of all real valued
1
continuous functions defined on [a, b] C R, and da(f, g) = ([[f(z) — g(z)]*dz)2.

The proofs of (c)-(e) are left as exercise.

The Euclidean norm of a vector = € R", denoted ||z||, is defined as

1
n 2
el = (z ) |
=1

The Euclidean norm satisfies the following properties at all z, y € R™, and o € R.
(a) Positivity: ||z|| > 0, with equality if and only if x = 0.
(b) Homogeneity: ||ax|| = |o].||z]].

(¢) Triangular Inequality: ||z + y|| < ||z]| + ||y||-
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It is easy to show that, for d(z, y) := ||z — y||, (R", ||.||) is a metric space.

Definition 2.3: Open and closed balls

Let (X, d) is a metric space. For x € X and r > 0, the open ball with centre = and radius r is given by
Br(z) = {y € X[d(z, y) <r}, 2.5)
and the closed ball with centre = and radius r is given by

By(z) = {y € X|d(z, y) <7} (2.6)

Definition 2.4: Bounded set

A subset S of X is bounded if there exist € X and r > 0 such that S C B,(z).

Lemma 2.1

Let (X, d) be a metric space and S C X. The diameter of S is defined by
diam(S) := sup{d(x, y)|z, y € S}

Then S is bounded if and only if diam(S) is finite.

Proof. Necessity: Let z, y € S. Since S is bounded, there exist z9p € X and r € (0, oo) such that S C
B, (x0). Since d is a metric, by the triangular inequality, we have

d(.’L‘, y) < d(xa xO) + d(ai‘o, y) < 2r,
= diam(S) = sup{d(x, y)} < 2r < occ.

Sufficiency: Assume S # & and take € S. Consider any other x € S. Then we have d(z, z) < diam(S).
Take r > 0 such that diam(S) < r. This implies that z € B,(z). Thus, S C B,(Z) implying that S is
bounded. O

Definition 2.5: Bounded function

Let A be an arbitrary set, and let (X, d) be a metric space. The function f : A — X is bounded if
and only if f(A) = {f(a)|a € A} C X is bounded.

2.2 Sequences in a metric space

Definition 2.6: Sequence

Let (X, d) be a metric space. A sequence in (X, d) is a function from N, the set of natural numbers, to
X that associates with each n € N an element z,, of X, and is denoted by {x,, }.

Definition 2.7: Convergent sequence

A sequence {z,} in a metric space (X, d) converges to a point € X if and only if for any ¢ > 0,
there exists n. such that d(z,, =) < ¢ for every n > n.. If a sequence {z,} in a metric space (X, d)
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converges to a point z € X, then we say that the sequence is convergent and its limit is «, and write

lim =z, = x.
n— oo

Lemma 2.2: Uniqueness of limit

If {z,,} converges to x and 2’ in a metric space (X, d), then x = 2.

Proof. Suppose that x # 2/, and define by r = d(z, 2/) > 0. Take ¢ such that 0 < ¢ < r/2. Since {x,}
converges to x and 2/, we can find n. and n. such that d(z,,, z) < e forn > n. and d(z,,, ') < e forn > n.,
respectively. Take any n > max{n., n.}. By the triangular inequality,

d(z, 2') < d(x, xp) + d(ap, 2') < 2e <r=d(z, '),

which is a contradiction. [

Proposition 2.1

We have lim,, ; o 5> = 0.

Proof. Let {x,} be a sequence such that 2, = 1. We have to find an n. such that [1/n — 0| = 1/n < ¢ for
every n > n.. Notice that if n > n., then 1/n < 1/n.. Thus, if we pick n. > 1/e, then 1/n. < ¢, and so
|1/n — 0] < e. Since € can be chosen arbitrarily, 1/n converges to 0. O

If {x,} is convergent, then {x,,} is bounded.

Proof. Take € = 1, and suppose that {z,,} converges to x. Then there exists n; such that d(x,, ) < 1 for all
n > ni. Now take r such that

r>max{l, d(z1, z), ..., d(zn,, x)}.

We have to check that z,, € B,(z) forall n € N. If n > ny, then d(z,, ) < 1 < r, and hence z,, € B,(z). If
n < nq, then d(x,, x) < r, and hence z,, € By(z). O

Let {z,} = {x1, z2, x3, 24, T5, T6, T7, Ts, ...} be a sequence. Then {x9, x4, x¢, xs, ...} is a subse-
quence of {x,, }. Formally,

Definition 2.8: Subsequence

Let s : N — X be a sequence and let p : N — N that associates with each £ € N a natural number
ny, € N be a strictly increasing function, i.e., p(n +1) > p(n) foralln € N. Thensop: N — X isa
subsequence of s.

If {z,, } is a subsequence of {z,,}, then lim,,_, o x, = = implies that lim,,, -, « z, = z.

Proof. If p : N — N is strictly increasing, then p(n) > n for all n € N. Fix an & > 0. Then there exists
ne € N such that d(z,, ) < € for all n > n.. Take k& > n.. Since n; > k, we have ny > n.. Thus,
d(zp,, x) <eforng >n.. 0O



The above lemma further asserts that if two subsequences of a sequence {x,} converge to two different
limit points, then the sequence has no limit. Thus, the converse of Lemma 2.3 is not always true. For example,
the sequence {x, } such that z,, = (—1)" is bounded by —1 and 1. But the subsequence {xs,} converges to 1
and the subsequence {z2,,11} converges to —1.

Properties of a sequence in (R, d) where d(z, y) := |z — y|.

(a) A sequence {x,} that is increasing (decreasing), i.e., ,, < (>) x4+ for all n € N, and bounded
is convergent to its supremum (infimum), i.e., lim,_, oo @, = sup,,{z,} (inf,{z,}).

(b) Every sequence in R contains a monotone subsequence.

(c) (Bolzano-Weirstrass Theorem) Every bounded sequence in R contains a convergent subsequence.
(d) limy— 0o (Zn + Yn) = limy— 0o Tp, + limy— 00 Yn.

(@) limy—y oo(Tpn yn) = (limy— 0o @) (impy— 0o Yn)-

® lim,,_, o (Ln) — Do e @a for fim, |, oy, % 0.

Yn T limp— 00 Yn

(g =z, < y, for all n € N, and lim,_,  x, and lim,_, - y, exist. Then lim, - x, <

limy,— o0 Yn-

Proof. (a) Suppose that {x,} is an increasing and bounded (from above) sequence. By the axiom of the
supremum, s = sup,{x,} exists. Take an ¢ > 0. Given that s = sup,{z,}, s — € cannot be an upper bound
of z,, and hence there exists an N € N such that s > xx > s — €. Since the sequence is increasing, we have
that s > x,, > s — ¢ for all n > N. Therefore,

s—e<xp<s+e, forallm > N,

which implies that |z, — s| < € for all n > N. The proof for a decreasing sequence is analogous.

(b) Let {x,, } be an arbitrary sequence of real numbers. The term x5 is a dominant term if for all s < n we have
Ts > xp. Let
S ={seN|zs >z, forall n > s}

be the set of all subindices of the dominant terms of the sequence {x,}. There are two possibilities. First,
S is infinite. Then order the dominant terms with increasing subindices, i.e., x5, > ... > x5, > ... for
s1 < ... < s < .... Therefore, the subsequence {x, } is a decreasing subsequence. The second possibility
is that S is finite. Then there exists s; such that x,, is not a dominant term for each n > s;. Since g, is not
a dominant term, there exists so > s; such that x5, < zs,. Given that x, is not a dominant term, there exists
s3 > sg such that x5, < xs,. Continuing in this way, we can construct an increasing subsequence.

(c) Let {z,,} be a bounded sequence of real numbers. Property (b) tells us that {x, } contains at least one
monotone subsequence. Clearly, this subsequence must be bounded. Thus, by Property (a) this subsequence is
convergent. [J

Properties of a sequence in (R™, d).
(a) A sequence {x,} in R™ converges to a vector x = (', ..., ™) if and only if each coordinate

i i -
sequence {z!, } converges to z* foreachi =1, ..., m.
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(b) A sequence {x,} in R™ is bounded if and only if each coordinate sequence {x} is bounded for
eachi=1,..., m.

(c) (Bolzano-Weirstrass Theorem) Every bounded sequence in R™ contains a convergent subse-
quence.

2.3 Open and closed sets

Definition 2.9: Open and closed sets

Let (X, d) be a metric space. The set A in X is open if and only if for every x € A, there exists ¢ > 0
such that B.(xz) C A. The set A is closed if and only if X \ A is open.

Example 2.2

Following are examples of open sets.
(a) @ and X are open sets in X.
(b) Any open interval (a, b) of R with the usual metric d(z, y) = |z — y| is an open set.
(c) The subset {(z, y) € R?|z > 1, y < 1} of R? with the metric d5 is an open set.

(d) An open ball in R” is an open set. Take an open ball B,.(z) for x € X, and y € B,(z). by the
definition of an open ball, r — d(z, y) > 0. Take s = 3[r — d(z, y)] and z € B,(y). Then we
have

d(y, ) < s = 5l — d(z, y),
= 2d(y, z) +d(z, y) <,
=d(y, z) +d(z, y) <,
= d(z, z) <d(y, z) +d(z, y) <.

Hence, Bs(y) C By (x).

Example 2.3

Following are the examples of closed sets.
(a) @ and X are closed sets in X.
(b) Any closed interval [a, b] of R with the usual metric d(z, y) = |x — y| is a closed set.

(c) The subset {(z, y) € R?| 2% + y? < r} of R? with the metric ds is a closed set.

(d) A closed ball in R"™ is a closed set.

r
\

Lemma 2.7
Properties of open (closed) sets.

(a) If {A;}ier is an arbitrary collection of open (closed) sets, then U;c 1 A; is open (N, A; is closed).
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(b) If {A;}ien for N = {1, ..., n} is a finite collection of open (closed) sets, then N;cn A; is open
(Usen A; is closed).

Proof. (a) If x € U;cr A;, then x belongs to some particular A;. Since A; is open, there exists some € > 0 such
that B.(x) C A;, which implies that B.(z) C U;erA;.

(b) If x € N;enA;, then z belongs to each A;. Since each A; is open, there exists an open ball B, (z) C A;.
Notice that the smallest such ball is contained in all the A;’s, and hence in their finite intersection. That is, if we
take ¢ = min;{e;}, then B.(x) C B, (x) C A; for each i € N, which implies that B-(x) C N;enA;. Thus,
NienA; isopen. [

The finite intersection property is important. Consider {(—1, 1), (—=1/2, 1/2), ..., (=1/n, 1/n), ...}
which is an infinite family of open sets whose intersection is {0}, which is a closed set.

Let (X, d) be a metric space, A C X and z € X.

(a) A point z;,; is an interior point of A if there exists ¢ > 0 such that B.(x;,:) C A. The set of all
interior points of A is denoted by int(A).

(b) A point ¢, is an exterior point of A if there exists £ > 0 such that B.(xc,) C A€. The set of all
exterior points of A is denoted by ext(A).

(c) A point x4 is a boundary point of A if for any ¢ > 0, the open ball B.(xp;) has non-empty
intersection with both A and A, i.e., B:(zpq) N A # @ and B.(xpq) N A® # &. The set of all
boundary points of A is denoted by bd(A).

(d) A point z; is a closure point of A if for any € > 0, the open ball B.(z) has a non-empty
intersection with A, i.e., Bo(z) N A # @. The set of all closure points of A is denoted by cl(A).

Since any interior point of A lies inside an open ball contained in A, we have int(A) C A. In the same
manner, ext(A) C A°. Now let an x € A. Any open ball around it contains the point itself, and hence
z € cl(A). Thus we have int(A) C A C cl(A). It is also easy to see that int(A), bd(A) and ext(A)
constitute a partition of X, i.e., int(A) Ubd(A) Uext(A) = X. Finally, we have cl(A) = int(A) Ubd(A) and
ext(A) = int(A°). Using the above concepts, we get the following characterizations of open and closed sets.

For an arbitrary set A,
(a) the setint(A) is the largest open set contained in A,
(b) A is open if and only if int(A) = A,
(c) the set cl(A) is the smallest closed set that contains A,

(d) Ais closed if and only if c/(A) = A.

Proof. (a) We have shown that int(A) C A. Next take x € int(A). Then there exists ¢ > 0 such that B (z) C
A. Now, following Example 2.2(d) show that y € B.(x) implies that y € int(A). Thus, B.(z) C int(A), and
hence int(A) is open. Finally, take a set B that is an open subset of A. We need to show that B C int(A).
Consider an € B. Since B is open, for an ¢ > 0 we have that B.(z) C B C A. Therefore, v € int(A)
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which implies that B C int(A).

(b) If int(A) = A, then A is open because int(A) is open. If A is open, then its largest open subset is A itself,
and hence int(A) = A. O

Let y = (y1, y2) be a production plan where y; € R_ represents an input and y» € R represents an
output. For example, y = (—2, 3) implies that 2 units of an input produce 3 units of output. The set
Y = {y € R? | y is a production plan} is called the production possibility set, which is the set of all
feasible production plans. A production plan v is efficient if and only if there isno 3y’ € Y with ¢/ >,
1.e., it is not possible to produce the same output with less input or more output with same input. Let
Eff(Y)={yeY |y >y = v ¢ Y} be the set of efficient productions of Y. Notice that every
interior point of Y is an inefficient plan. Take an y° € int(Y"). Then there exists an e-ball B.(y°)
around " which is contained in Y. This ball contains at least a plan /' > y°. Therefore, y° ¢ Eff(Y).
Henceify € Eff(Y), theny € bd(Y), ie., Eff(Y) C bd(Y). Convince yourselves that the converse
is not true in general.

In what follows, we provide yet another characterization of closed sets.

Let (X, d) be a metric space and A be a setin X. A point z in X is a limit (cluster) point of A if every
open ball around it contains at least one point of A, which is distinct from z. The set of all limit points
of A is called its derived set and is denoted by D(A). Formally, x € D(A) if and only if for each ¢ > 0
we have B.(z) N (A \ {z}) # @.

Notice that the concept of limit points is more restrictive than that of the closure points. Define by I(A) :=
cl(A) \ D(A), which is the set of all isolated points of A. In other words, a point y is in I(A) if and only if
there exists € > 0 such that B.(y) N A = {y}. Thus, closure points of a set A are either its limit points or its
isolated pointas, because D(A) U I(A) = cl(A).

Let (X, d) be a metric space and A be a set in X. A point x € X is in D(A) if and only if there exists
a sequence in A \ {x} that converges to x.

Proof. First suppose that there is a sequence {x,,} C A\ {«} that converges to z. Then for any given & > 0
there exists an n. € N such that d(z,,, ) < ¢ for all n > n., which implies that z,, € B.(z) for each n > n..
Thus we have B.(x) N (A \ {x}) # @ for this ¢. Since this is true for any ¢ > 0, z € D(A).

Next suppose that x € D(A). Then forall ¢ > 0, B-(z) N (A \ {z}) # @. We will construct a sequence with
the desired property. Take ¢ = 1. Since By (z) N (A \ {z}) # @, there is some x; € By(z) N (A \ {z}). Next
take € = 1/2. Since By 5(x) N (A \ {x}) # 2, there is some z2 € By /5(7) N (A \ {x}). Continuing this way,
we can have some z,, € By, (z) N (A\ {z}). Thus, we have constructed a sequence {z,} C A\ {x} with the
property that

1
0 <d(zp, z) < —.
n

Asn — 00, — 0and d(zy, ) — 0. Therefore, {z,,} converges to z. [
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Let (X, d) be a metric space and A be a set in X. Then the following three statements are equivalent.
(a) A is closed.
(b) A contains all its limit points, i.e., D(A) C A.

(c) Every convergent sequence in A has its limit in A4, i.e., if z,, € A for all n and {x,,} converges to
xz, then z € A.

Proof. First, we show the equivalence between (a) and (b). Assume that A is closed, then X \ A is open. Then
forany x € X \ A, there exists some ¢ > 0 such that B.(z) C X \ A, which implies that B.(z) N A = @.
Thus, no point in X \ A can be a limit point of A, and hence all such points must be contained in A. To show
the converse, suppose that X \ A is not open, i.e., A is not closed. Then there is a point z € X \ A such that for
every € > 0 the open ball B, (z) is not entirely contained in X \ A, which implies that B.(z) N (A\ {z}) # @.
Thus € D(A) which lies in X \ A, and hence A does not contain all its limit points.

Next, we show the equivalence between (a) and (c). Let A be closed. If a sequence of A has a limit then
either this limit coincides with one of the elements of the sequence (and then it lies in A) or it is a limit point of
A (which is contained in A since A is closed). Therefore A contains the limits of all its convergent sequences.
Conversely, suppose that the limit of any convergent sequence of A lies in A. Every limit point of A is a limit
of some sequence {x,,} in A. Therefore A contains all its limit points, and hence is closed. [

Let X C RR? be the consumption set of an indiviual. A preference relation = is continuous if for any
x € X, its upper contour set U, = {y € X|y 7 x} and its lower contour set L, = {y € X|y Z =z}
are both closed. The lexicographic preferences are discontinuous. To see this, consider the following
sequences of commodity vectors " = (1 + 1/n, 0) and y™ = (1, 1) such that 2™ > y" for all n € N.
But lim,, o ¥ = (1, 1) = (1, 0) = lim;,—,o 2". Thus, the ordering is reversed at the limit, and it is
discontinuous.

2.4 Continuous functions

Let f: S — T, where S C R" and T C R™. Then f is said to be continuous at x € S if for all
g > 0, there exists § > 0 such that y € S and d(z, y) < J implies that d(f(z), f(y)) < e. A function
f 8 — T is said to be continuous on S if it is continuous at each point in S.

A function f is continuous at x if the value of f at any point y that is close to « is a good approximation of
the value of f at z. Thus, the identity function f(z) = z for all x € R is continuous at each = € R, while the

function f : R — R given by
1, if x>0,
flz) = .
-1, ifx <0,

is continuous everywhere except at = 0. At z = 0, every open ball Bs(z) contains at least one y > 0. At all
such points, f(y) =1 > —1 = f(x). Continuity can also be defined in terms of sequences as follows.
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Let f : S — T, where S C R" and 7' C R™. Then f is said to be continuous at x € S if for all
sequences {z,, } such that z,, € S for all n, and lim,,_, o ,, = x, it is the case that lim,,_, o f(z,) =

f(@).

Composition of continuous functions is continuous. Let f : S — T and g : T" — U be two
functions, where S ¢ R”, T ¢ R™ and U C R. If f is continuous at € S and g is continuous at
f(z) € T, then g o f is continuous at x € S.

Let f : S — T be a function, where S C R™ and 7' C R™. The following three statements are
equivalent.

(a) f is continuous on S.
(b) For every closed subset C of T, f~1(C) C S is closed.

(c) For every open subset O of T', f~1(0O) C S is open.

Proof. First, we show that (a) implies (b). The inverse image of C'is given by
fHC)={zxecS|fx)cCCT}.

Let C be an arbitrary closed subset of 7" and z be an arbitrary limit point of f~!(C). Then there exists a
sequence {x, } in f~1(C) that converges to z. By continuity of f, { f(x,)} converges to f(z). By construction,
{f(x,)} is a sequence in C. Since C is closed, f(x) must lie in C, which implies that z € f~1(C). Thus,
f~Y(C) contains all its limit points, and hence is closed.

Second, we show that (b) implies (c). Notice that, for an arbitrary subset O of T, f~1(0) = S\ f~1(T'\ O).
To show this, pick an z € f~1(O), which implies that f(x) € O C T. Therefore, f(x) ¢ T\ O, which implies
that z ¢ f=1(O), and hence x € S\ f~Y(T \ O). Thus, f~1(0) c S\ f~%T \ O). On the other hand,
pick an z € S\ f~Y(T \ O), which implies that z ¢ f~*(T \ O), and hence f(z) ¢ T \ O. Therefore,
f(x) € Oimplying that x € f~1(0O). Thus, S\ f~1(T\O) C f~1(O). Therefore, f~1(0) = S\ f~1(T\O).
Since O is an open subset of T', T\ O is closed, and by continuity of f, f~1(T"\ O) is closed. Therefore,
f~YH0) =S\ f~YT\ O) is open.

Finally, we show that (c) implies (a). Pick an x € S, and suppose that f is not continuous at x but
the inverse image of an arbitrary subset O of 1" is open. We show that these will lead us to a contradiction.
Since, by assumption, f is not continuous, there exist some £ > 0 and some 2% € S such that for all § > 0,
d(f(x%), f(x)) > e for d(x°, z) < 4, ie., f(2°) does not lie in the open ball B.(f(z)) for d(z°, x) < 6,
which implies that 2° ¢ f~'(B.(f(x))), and hence 2° € S\ f~1(B.(f(z))). Take 6 = 1/n. Thus, z,, = 2°.
Since d(z, x) € [0, 1/n), d(zpn, ) — 0asn — oc. Thus, z,, — . Now, by assumption, f~1(B.(f(x)))
is open since B.(f(x)) is open. Then the set S\ f~1(B.(f(z))) is closed. Since {x,} is a sequence in
S\ f~1(B:(f(z))) which is a closed set, we have

v €S\ fH(B:(f(2))): 2.7
Notice that f(x) € B-(f(x)) since an open ball contains its center. This implies
v € [7H(B(f())). (2.8)
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Thus, (2.7) and (2.8) contradict each other. [

The above theorem states that a function is continuous if and only if the inverse image of any closed (open)
set under it is closed (open). This is true for the inverse images of a continuous function. A continuous function
does not necessarily map closed (open) sets into closed (open) sets, and a function that maps closed (open) sets
into closed (open) sets is not necessarily continuous. Try to find examples for this assertion.

2.5 Compact metric spaces

Definition 2.14: Compactness

Consider the metric space (R™, d). A set A C R™ is compact if it is closed and bounded.

Definition 2.15: Sequential compactness

| r
\

Consider the metric space (R”, d). A set A C R" is sequentially compact if every sequence in A has a
convergent subsequence whose limit lies in A.

It can be shown that a subset A of R" is sequentially compact if and only if it is closed and bounded.
Interested students should refer to Rudin (1976, Theorem 2.41).

Example 2.6

Following are the examples of compact sets.
(a) A finite set is compact.
(b) A closed interval [a, b] of R is compact.

(c) The subset [a, b]™ of R™ is compact.

Theorem 2.3

Suppose that f : R” — R is a continuous function. If A C R™ is compact, then f(A) = {y e R |y =
f(z) for some x € A} is a compact subset of R.

Proof. Pick any sequence {y,} in f(A). For each n, pick x,, € A such that f(z,) = y,. This gives us a
sequence {x,, } in A. Since A is compact, there is a subsequence {z,, } of {z,}, and a point z € A such that
{zn, } converges to x. Define y = f(x) and y,,, = f(zp,). By construction, {y,, } is a subsequence of {yy }.
Moreover, since x € A, it is the case that y = f(x) € f(A). Since, f is continuous, y,, = f(zp,) must
converge to y = f(z). Thus, f(A) is compact. [

Theorem 2.4: Weirstrass

Let A C R™ be compact, and f : A — R is continuous on A. Then f attains both its maximum and
minimum on A4, i.e., there exist points x4, and Z,,;, in A such that

f(@Tmaz) =sup(f(A4)) and  f(zmin) = inf(f(A)).

Proof. By the previous theorem, f(A) is compact, and hence is a bounded subset of R. Thus, a = sup(f(A))
exists. Notice that, for each n € N, a — 1/n is not an upper bound of f(A). Thus we can find an x,, € A such
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thata > f(x,) > a—1/n. Then n — oo implies that f(x,,) — a. Thus a is a limit point of f(A). Since f(A)
is closed, a € f(A). Hence, there exists &4, € A such that a = f (%4, ). The existence of the minimum is
shown in a similar fashion. [

Notice that compactness of A and continuity of f are indispensable for Theorem 2.4. Consider the following
two cases.

(a) Let f(x) = % and A = (0, 1]. It is easily seen that f does not have a maximizer since A is not compact.

(b) Let A =0, 1] and f is given by
0, ifz=0,
flz) = {

L otherwise.
x

Then f does not have a maximizer since the function is not continuous.

2.6 Fixed point theorems

2.6.1 Intermediate value theorem

In this section we introduce an important property pertaining to the continuous functions: the intermediate
value theorem that will be useful for the fixed point theorems.

Let f : [a, b — R be a continuous function, where [a, b] is a compact interval of R. If f(a) < f(b),
then for every real number v € (f(a), f(b)) there exists ¢ € (a, b) such that f(c) = .

Proof. Let S := {x € [a, ] | f(z) < ~} and ¢ := sup(S). Notice that S is non-empty since it contains
at least a, and is bounded above by b. Hence, c is well defined by the supremum property. Notice also that,
by construction, f(z) > ~ for all z € (¢, b]. We will show that f(c) = . Suppose first that f(c) > 7, i.e.,
f(e)—~ > 0. Since f is continuous, there exists § > 0 such that | f(x) — f(c)| < € forevery z € (c—4, c¢+9).
Choose ¢ = f(c) —~ > 0. Then f(z) > f(c) — [f(c) — ] = v forevery x € (¢ — 9, ¢+ §). Thus, ¢ — J is
an upperbound of .S, contradicting the fact that ¢ = sup(S). Now suppose that f(c) < v, i.e., v — f(c) > 0.
Continuity of f, fore = v — f(c) > 0, implies that f(x) < f(c)+ [y — f(¢)] =~ forevery z € (¢c— 9, c+9).
Thus, there are points x strictly greater than ¢ for which f(x) < - which contradicts the definition of c.
Therefore, f(c) =~. O

2.6.2 Brouwer’s fixed point theorem

Given a set X and a function f : X — X, the point z* is said to be a fixed point of f if z* = f(x*).

Our objective is to look for sufficient conditions under which a function from a set into itself has a fixed
point. To fix ideas, let f : [0, 1] — [0, 1] be defined by f(x) = 2. Notice that f(0) = 0, f(1) = 1, and
f(z) < x (i.e., the graph of f lies strictly below the diagonal of the unit square) for all z € (0, 1). Thus,
the set of fixed points of f is given by £(f) = {0, 1}. Next, consider g : [0, 1] — [0, 1] be defined by
g(x) =1/4+ (1/2)z. The set fixed points of g is given by £(g) = {1/2}. Now consider i : [0, 1] — [0, 1]
be defined as h(z) = 3/4 for x € [0, 1/2], and h(x) = 1/4 for z € (1/2, 1]. It is easy to check that the set
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fixed points of & is given by £(h) = @. The function h fails to have a fixed point because of its discontinuity
at x = 1/2. The following theorem guarantees the existence of a fixed point.

Let f : [0, 1] — [0, 1] be a continuous function. Then the set of fixed points of f given by E(f) =
{z €0, 1] | x = f(z)} is non-empty.

The above theorem is a trivial consequence of the intermediate value theorem in R. Let f : [0, 1] — [0, 1]
be a continuous function. Define by g(x) := f(x) — x. Notice that the function g : [0, 1] — [0, 1] is
continuous on with g(0) > 0 and g(1) < 0. If one of these two expressions holds with equality, then either O or
1 is a fixed point of f. Otherwise, by the intermediate value theorem, there is z* € (0, 1) such that g(z*) = 0
implying that f(z*) = x*, and hence z* is a fixed point of f.
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Chapter 3

Differential calculus

3.1 Differentiable functions

First, we revise the concept of differentiability of a real valued function.

Definition 3.1

Let f : S — R be a function where S C R. The function f is differentiable at z € S if

f/(.’l’:) = lim f(y) — f(x)

y— Yy—x

eR

exists. The function f is differentiable on S if it is differentiable at each z € S.

Lemma 3.1

| '

Let f : S — R be a function where S C R. If f is differentiable at a point «, then it is continuous at
x.

Proof. Take two points  and = + h in .S. Hence,

flz+ h}i - f(as)] [

tim (@ + h) — £(a)] = [;gg)

lim h| = f'(2).0 =0.
lim ] f(x).0=0
The above implies that limy,_,o f(z + h) = f(z), and hence f is continuous at z. [J

The converse of the above lemma is not necessarily true. The function f(x) = |z| is continuous on [—1, 1],
but is not differentiable at x = 0.

Definition 3.2: Local maximizer

A point 20 is a local maximizer of a function f : S — R, where S C R, if there exists some § > 0
such that f(2°) > f(x) forall z € Bs(x).

| r
\

Theorem 3.1

Let f : (a, b) —> R be differentiable on (a, b) and x° be a local maximizer (minimizer) of f. Then

f'@%) =0.

Proof. Suppose that f has a local maximum at z°. Then we have f(x°+h) — f(2) < 0 for all h with |h| < 6,
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and therefore,

f(a® +h) = f(2")

IN

0, for h € (0, 9),
> 0, for he(—0,0).

Thus, we have
fim L& S@) g SE D) )

> 0.
h—0+ h h—0— h -

Differentiability of f implies that

0< f/(ZEO) = lim f(xo + h’) — f(xo)

<
h—0 h <0

9

and hence f/'(z°) =0. O

Theorem 3.2: Rolle’s theorem

Let f : [a, b — R be differentiable on (a, b) such that f(a) = f(b) = a. Then there exists ¢ € (a, b)
such that f/(c) = 0.

Proof. Because f is continuous on a compact set [a, b], by Weirstrass Theorem, there exist two points i,
and 2,4, in [a, b] such that f(2,,,) = min f(z) and f(2mee) = max f(x). If f(Zmin) = [(@maz) = @,
then f is constant, and hence f'(x) = 0 for all x € [a, b]. Otherwise, f(Zmin) < a for z,,, € (a, b) and
f'(xmin) = 0 (because T,y is a local minimizer) or f(Zmae) > « for e, € (a, b) and f'(zpe:) = 0
(because x4, 18 a local maximizer), or both. [

Theorem 3.3: Mean value theorem

Let f : R — R be a differentiable function. If a and b are two points in R with a < b, then there exists
some ¢ € (a, b) such that

o=@
Proof. Define the following function
o(@) = 1)~ (@) - LU= (g

Because ¢ satisfies the assumptions of Rolle’s theorem, there exists some point ¢ in (a, b) such that ¢’(¢) = 0,

/ / f(b) — f(a)

gle)=fle) = =———
The above completes the proof. [ If a function f : R — R is differentiable at a point x € R, its derivative
at z, f'(x) is interpreted as the slope of the tangent to the function at the point z. Let g(y) = my + ¢ be the
tangent to f(y) at z. Intuitively, the derivative of f at x is the best linear approximation of f around z by the
function g. This motivates the following generalized notion of differentiability.

Definition 3.3: Differentiability

Let f : S — R™ be a function where S is an open set in R™. The function f is differentiable at x € S
if there exists an m X n matrix M such that for all £ > 0, there exists a > 0 such that y € S and

i.e.,
=0.

||z — y|| < ¢ implies
1f(2) = fy) = M(z —y)|| <ellz -yl
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Equivalently, f is differentiable at z € S if

o W) = f@ - M=ol _
v ly =<l

The function f is differentiable on S if it is differentiable at each x € S.

The matrix M is called the derivative of f at = and is denoted D f(x). In case of n = m = 1, we denote
Df(z) by f'(x). Let g : R® — R™ an affine function of the form g(y) = My + ¢, where M isan m X n
matrix and ¢ € R™. The derivative of f at x is the best affine approximation of f around the point x by the
function g. Here, the best means the ratio

I1f(y) — 9(y)]]
|y — |

goes to zero as y — x. Since the values of f and g must coincide at z, we must have g(z) = Mz + ¢ = f(z)
or ¢ = f(x) — Mx. Thus, we may write the approximation function g as

g(y) = My — Mz + f(x) = M(y — x) + f(x).

Given this value for g(y), the task of identifying the best affine approximation to f at x now amounts to
identifying a matrix M such that

) =gl _ [1f(y) — flx) — M(y — )]
ly — =|| |y — ||

—0 as y— .

This is precisely the definition of derivative given above.

When f is differentiable on S, the derivative D f itself forms a function from S to R™*™. If Df : § —
R™*™ is a continuous function, then f is said to continuously differentiable on S, and we write f is C*. Consider
now the following example.

Let f : R — R be given by

0, if x =0,
fla) = {x2 sin(1/2%), if z #0.

oy = (1) - (2) s (2)

Since | sin(-)| < 1 and |cos(:)| < 1, but 2/x — oo as x — 0, it is clear that lim,_,o f’(z) is not well
defined. However, f’(0) does exist! Indeed

f/(O) — lim f(x) — f(O)

1
————~ = lim zsin <2> = 0.
z—0 X z—0 X
The above implies that f is differentiable at z = 0, but D f is not continuous at this point. Thus, f is
notC' on R .

For x # 0, we have

Next, given functions f : R® — R™ and h : R¥ — R™, their composition is given by the function
foh:RF — R™ whose value at any = € R” is given by f(h(z)). Then
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Lemma 3.2: Chain rule of derivative

Let f : R” — R™and h : R* — R”, and let z € R*. If h is differentiable at x, and f is differentiable
at h(x), then f o h is itself differentiable at x, and its derivative is obtained through the “chain rule” as:

D(f o h)(z) = Df(h(x))Dh(z).

3.2 Partial derivatives

Definition 3.4: Partial derivative

Let f : S — R, where S C R" is open. Let e; denote the vector in R™ that has a 1 in the j-th place
and zeros elsewhere (j = 1, ..., n). Then the j-th partial derivative of f is said to exist at a point x if
there is a number 0 f(x)/0x; such that

flx+te;) — f(z) _ Of

lim ; = a—xj(w) or fj(x).

For the partial derivatives, the following theorem is true.

Theorem 3.4

Let f : S — R, where S C R” is open. Define the gradient vector of f at x by the vector of partial
derivatives of f at x as Vf(z) := [fi(z), ..., fu(2)].

(a) If f is differentiable at z, then all partials f;(x) exist at z, and D f(x) = V f(z).

(b) If all the partials exist and are continuous at x, then the derivative of f at x exists and is given by

Df(z) = v f().

(¢) fisC!on S if and only if all partials f;(x) exist and are continuous on .

J

Thus to check if f is C', we only need to figure out if (a) the partial derivatives all exist on S, and (b) if
they are all continuous on S. On the other hand, the requirement that the partial derivatives not only exist but
be continuous at x is very important for the coincidence of the vector of partials with D f(z). In the absence of
this condition, all partials could exist at some point without the function itself being differentiable at that point.

Consider the following example.

Example 3.2

Let f : R? —; R be given by

0, if (z, y) = (0, 0),

\/m ) Y )
We will show that f has all partial derivatives everywhere, but that these partials are not continuous at
(0, 0). Then we will show that f is not differentiable at (0, 0). Since f(x, 0) = 0 for any = # 0, it is
immediate that for all z # 0,

8f o f(w,y)—f(:z:,())_ L _
5y ™ 0 = [ 7 p= B




Similarly, at all points (0, y) for y # 0, we have df(0, y)/0x = 1. However, note that

of o f@0) = f0,0 . f(0,y) = f(0,0) 9f

So, 9f(0, 0)/0z and (0, 0)/0y exist at (0, 0). But

. of . Of
Thus, the partials are not continuous at (0, 0). Now suppose that f were differentiable at (0, 0). Then
we must have Df(0, 0) = (0, 0). Take the points (z, y) of the form (a, a) for some a > 0, and

note that every open neighborhood of (0, 0) must contain at least one such point. Since f(0, 0) = 0,

Df(0,0) = (0, 0) and ||(z, y)|| = V/x% + y2, we have

: ||f(a7 CL)—f(O, 0)_Df(07 0).(@, a)”_ : 0’2 _1
5 Ifa, @)~ 0, 0] “a o Tl

Thus, f is not differentiable at (0, 0).

J

r

The failure of the existence of derivative in the above example induces a generalized notion of derivative
which is studied in the following section. In what follows we extend the concept of derivative of a vector-valued

function.

Definition 3.5: Jacobian matrix

Let f : S — R™, where S C R" is open, assigns to each z = (z1, ..., z,) € R" a vector
f(@) = (fY(z), ..., f™(x)) in R™. The Jacobian matrix of f at x € S is the m X n matrix of partial
derivatives which is given by

1 1
o (z) o (2)

Jp(z) =] :
8 (@) " (x)

Following is an extension of Theorem 3.4 in case of a vector-valued function.

Theorem 3.5

Let f : S — R™, where S C R" is open.

(a) If f is differentiable at x, then all partials 9f¢/9z; fori =1, ..., mand j = 1, ..., n exist at
z,and D f(x) = Jy(x).

(b) If all the partials afi/axj fori=1,..., mand j =1, ..., n exist and are continuous at x, then
the derivative of f at x exists and is given by D f(x) = J¢(x).

(¢) fisC!on S if and only if all partials 8 f*/dz; fori =1, ..., mand j =1, ..., n exist and are
continuous on S.

r

Example 3.3

Let f : R2 — R? such that f(z, y) = (2? + 2%y + 10y, = + ). The Jacobian of f at (z, y) € R? is




given by
22(1+y) 22+10

3.3 Directional derivatives

Definition 3.6: Directional derivative

et f: S — R, where S C R" is open. Let x be a point in S and let A € R™. The directional derivative
of f at x in the direction A is defined as

Df(w; h) = lim flz+th) - f(=)

, where t € R and ||h|| =1,
t—0 t

whenever this limit exists.

. J

Theorem 3.6

Suppose f is differentiable at z € S. Then, for any h € R", the directional derivative D f(x; h) of f at
x in the direction h exists, and we have D f(z; h) = V f(x) - h.

Example 3.4

Let f(x1, 12) = z122, h = (3/5, 4/5) and 2° = (1, 2). First we compute D f(z°; h), and then verify
the above result. The directional derivative of f at x in the direction h is given by

_ 3t 4ty _
Df(er, o2 by = lim LEFM =F@ _pp (2145) (224 F) —mze _ doy | 3oy

t—0 t t—=0 t 5 5
Therefore,
Df(z% h) = D(1, 2; (3/5, 4/5)) = 2.
On the other hand,
Vf(z1, x2) = (z2, x1)
Therefore,

Vi@l 29) h=(21) (Z;g) — 2= Df(1, 2 h).

3.4 Higher-order derivatives

We have discussed earlier that, for a function f : S — R where S C R" is open, which is differentiable
on S, the derivative D f is itself a function from S to R". Suppose now that there is an € S such that D f
is differentiable at z, i.e., such that for each i = 1, ..., n, the function f; : S — R is differentiable at x.
Denote the partial derivative of f; in the direction e; at by f;;(z) or 0 f(x)/0z;0x; if i # j, and by fii(x)
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or 9% f(z)/9%x; if i = j. The Hessian matrix of f at x is given by
fu@) .. finlz)
Hif(@)] =] + .

Definition 3.7

A function f : § — R, where S C R" is open, is twice-differentiable at z if the second derivative
D?f(x) equals the Hessian matrix of f at z, i.e., D?f(2) = H[f(z)]. For n = 1, we denote D?f(x)
by f”(x). If f is twice-differentiable at each 2z € S, then f is twice-differentiable on S. If for each 1,
the cross partial f;; : S — R is continuous, then f is twice continuously differentiable on S, and we
write f is C2.

Theorem 3.7: Young’s theorem

| r
\

If f: S — Ris a C? function, then D?f is a symmetric matrix, i.e., we have

fij(@) = fji(x) forall 4, j=1,...,n, and z € S.

The above asserts a one-way implication. The matrix D? f may fail to be symmetric if a function is not C2.

3.5 Taylor’s theorem

In this section we discuss a generalization of the Mean value theorem, known as Taylor’s theorem. The idea is
that a many times differentiable function can be approximated by a polynomial. The notation f*) (z) denotes
the k-th derivative of f at a point z, and k = 0 implies that f*)(2) = f(2).

Theorem 3.8: Taylor's theorem in R

Let f : (a, b)) —> R be an m-times continuously differentiable function. Suppose also that f("+1)(z)
exists for every z € (a, b). Then for any x, y € (a, b), there is a z € (x, y) such that

R () (y — z)E (m+1) () (y — g)(m+1)
f(y)=Zf ()ISJ P g )y -2
k=0 ’

(m+1)!

Example 3.5

We would like to approximate f(y) = eV around 2 = 0 by a polynomial P,,(y). Notice that f*)(z) =
e® forall k =0, ..., m. Then f() (0) =1forall k =0, ..., m. Thus, applying Taylor’s theorem for
R and ignoring the remainder term, we have

2 m
eyzl—i—y—k%%—...—ky—

I = Pn(y).

Taylor’s theorem gives us a formula for constructing a polynomial approximation to a differentiable func-
tion. For m = 0, we obtain the Mean Value Theorem. With m = 2, and omitting the remainder, we get

fl@+h) = f(z)+ f'(z)h.

With f differentiable, the remainder term will be very small. Thus, the linear function on the right-hand-side
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of the above equation seems to be a good approximation to f(-) around x. Following is a generalization of the
above theorem.

Theorem 3.9: Taylor’'s theorem in R™

Let f : S — R be a C' function, where S C R™ is open. Then for any z, y € S, we have

f(y) = f(x) + Df(z) - (y — ) + Ri(z, y), where Z}I—)H; ﬁ;(fvaﬁl) =0.

Proof. See Sundaram (1996, pp. 64-65). [

Example 3.6

Let ¢, r and 7 denote the nominal rate of interest, the real rate of interest and the rate of inflation. The
nominal rate of interest is given by the formula 14-¢ = (1+7)(1+4). Define by f(r, 7) = (1+7r)(1+m).
Let (r%, 7%) = (0, 0). Notice that Df(0, 0) = (1, 1). Then by Taylor’s expansion of f(r, 7) around
(r0, 7°) we have

14+i=f(r,7) = f@° 7))+ Dfe% 7% (r =0 7 =20 =14+, )T - (r,a)=14+r+nx

The above implies ¢ ~ r + 7.

Example 3.7: Rule of 70

With compound interest rate, the time it takes for an initial investment to double is 70/100r years. Let
T is the time taken, i.e.,

1+nr)T1r=21
= Tln(l1+7r)=1In2
In2  0.693147 70

T = - _
T h+n r 1007

since In(1 + ) ~ r.

Definition 3.8: Total derivative

f:S — RbeaC! function, where S C R™. The total derivative f at z € S is defined as

df (x) = Vf(x) - de = fi(x)dz;.
i=1

| r

Example 3.8: Indifference curves

Let u : Ri — R be the continuously differentiable utility function of a consumer derived from the
consumption of two goods 1 and 2 in quantities = (z1, x2). The indifference curve at level « is the
set {x € R2 | u(z) = a}. The total derivative of u at z is given by

du(x) = w1 (x)dzy + uz(x)drs = 0.
The above equation implies that

dra  wi(x)
o = UQ(.’E) = MRSlz(JB).




Given that the marginal utilities are positive, the indifference curve between goods 1 and 2 is negatively
sloped.

3.6 Inverse and implicit function theorems

Given two sets A and B, if a function f : A — B is one-to-one and onto, then there is a unique function
f~t: B — Asuchthat f(f~%(b)) = bforall b € B. The function g is called the inverse function of f.

Let f : S — R" be a C' function, where S C R is open. Suppose there is a point € S such that the
n x n matrix D f(x) is invertible. Let y = f(x). Then

(a) There are open sets U and V in R" such thatx € U,y € V, f is one-to-oneon V', and f(U) = V.

(b) The inverse function f~! : V — U of f is a C' function, whose derivative at any point 3° € V
satisfies

Df(y%) = (Df(a®))~", where f(z°)=1y".

Let f : R?> — R? be defined by f(z, y) = (22 + 2%y + 10y, = + y>). We will show that f has an
inverse in the neighborhood of (1, 1). We have

2z(1+y) a2+ 10

Df((L’, y) = ']f(xa y) = 1 3y2

Thus, f(1, 1) = (12, 2) and

Df(1, 1) = lf 131] ,

and det(Df(1,1)) = 1 # 0. Therefore, Df(1, 1) is invertible. By the Inverse function theorem,
we deduce that there is an open set U C R? containing (1, 1) such that f when restricted to U has a
continuously differentiable inverse f~!, and

3 -11

S| =@y

Now, consider the function F' : R? —; R defined by F(z, y) = (z — 2)3y + ze¥~!, and suppose we are
interested in solving the equation F'(x, y) = 0. We will ask the question whether it is possible to define y as a
function of x in some neighborhood of (z*, y*). This question motivates the following theorem. We introduce
some additional notations. Given integers m > 1 and n > 1, let a typical point in R”*" be denoted by (x, y),
where z € R™ and y € R™. For a C! function F mapping some subset of R™*" into R", let DF,(x, y) denote
the portion of the matrix DF'(z, y), which is an n x (m + n) matrix, corresponding to the last n variables.
Notice that DF(z, y) is a n x n matrix. Define DF,(x, y) similarly, which is an n x m matrix.
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Theorem 3.11: Implicit function theorem

Let F : S — R" be a C! function, where S C R™*™ is open. Let (z*, y*) be a point in S such that
DF,(x*, y*) is invertible, and let F'(z*, y*) = c. Then, there is a neighborhood U C R™ of z* and a
C! function g : U — R" such that

(@) (z, g(x))isin Sforallz € U,
(b) g(z*) =y,
(c) F(z, g(x)) =cforallz € U.

The derivative of g at any « € U is obtained from the chain rule:

Dg(z) = — (DFy(z, y)) ' DFy(z, y).

Example 3.10

Consider the equation F(z, y) = (x — 2)3y +ze¥~! = 0. We will show that y can be defined implicitly
as a function of x in the neighborhood of (0, 0) but not around (1, 1). First notice that F'(0, 0) =
F(1,1) = 0. We have DF, (x, y) = OF (z, y)/0y = (z — 2)3 + ze¥~L. Now, DF,(0, 0) = —8 # 0,
and hence DFy (0, 0) is invertible. But DF),(1, 1) = 0, and hence DF, (1, 1) is not invertible.




Part 11

Convex analysis
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Chapter 4

Convex sets and separation theorems

4.1 Convex sets

Convexity is often assumed in economic theory since it plays important roles in optimization. The convexity of
preferences can be interpreted as capturing consumer’s liking for variety, and the convexity of production set is
related to the existence of non-increasing returns to scale.

Definition 4.1: Convex set

A set X in R" is convex if given any two points 2’ and z” in X, the point
2 =1 - Nz’ + 2"

is also in X for every A € [0, 1].

A vector of the form z* as defined above is called a convex combination of =’ and z”. The set of all convex
combinations of 2’ and z” is the line segment connecting these two points, which is denoted by [/, z”].

Example 4.1

Following are the examples of convex sets.
(a) Given a set X, and two points 2’ and z” in X, the line segment [z, "] is a convex set.
(b) The disc {(z, y) € R? | 2% + y? < r} is a convex set.
(c) The circle {(z, y) € R? | 22 + y? = r} is not a convex set.

(d) Theset H(p, a) ={x € R" | p-z = a for p € R" and a € R} is a convex set.

| r

Lemma 4.1

Following are some useful properties relating to convex sets.
(a) An arbitrary intersection of convex sets is convex.

(b) If X and Y are convex sets in R", and «« € R, then the sets

X+Y = {zeR"|z=xz+y forsome x € X and y € Y}, and
aX = {ze€R"|z=oax forsome z € X}
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are convex.

(c) If X is a convex set in R”, then int(X) and ¢l(X) are also convex.

Proof. The proof is left as an exercise. [

4.2 Convex hull

First we introduce a generalization of the notion of convex combination to more than two vectors in R".

Definition 4.2: Convex combination

1

A point y € R" is said to be a convex combination of m vectors =, ..., ™ € R" if it can be written

as

m m
y=>Y_ Nz’ with A €[0,1] forall i and Y A =1.
i=1 i=1

The following theorem gives a characterization of convexity in terms of convex combinations.

Theorem 4.1

A set X is convex if and only if every convex combination of points in X lies in X.

We are sometimes interested in extending a set X so that is becomes convex by adding as few points to it
as possible. The resulting set is called the convex hull of X.

Definition 4.3: Convex hull

Let X be a set in R™. The convex hull of X, denoted co(X), is the smallest convex set that contains X .

Clearly, there is at least one convex set that contains X, namely, R" itself. If there are more, co(X) is the
intersection of all such sets.

Theorem 4.2

The convex hull of X is the set of all convex combinations of elements in X, i.e.,

co(X) = {y eER" |y= Z M\iz" for some m, with ' € X, \; € [0, 1] for all 4, Z i = 1}.
i=1 i=1

Proof. LetY be the set of all convex combinations of elements in X. Clearly, Y contains X since any = in X
can be written as a trivial convex combination with itself. Next we show that Y is a convex set. Let y! and y?
be two points in Y such that

Aiz', with \; € [0, 1] forall i and » ;= 1,
1 =1

Qﬁ»—t
I
NE

.
I

n
pja?, with p; € [0, 1] forall j and Z i = 1.
1 j=1

<
o
|
7

<
Il
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Then for some « € [0, 1],

m n
y=>0-a)y' +ay® = Z(l —a)\z' + Zaujxj .
i=1 j=1

Since (1 — a)A; € [0, 1] for each 4, ap; € [0, 1] for each j, and 37" | (1 — a)A; + > 0, ap; = 1. Thus,
y is a convex combination of points in X, and hence is in Y. Moreover, any convex set that contains X must
include all convex combinations of points in X, and must therefore contains Y. Thus, Y is the smallest convex
set containing X, i.e, Y = co(X). O

The previous theorem says that any point in the convex hull of X can be expressed as a convex combination
of a finite number of points in X, but it does not tell us how many such points are required. The following
theorem says that if X is a subset of the n-dimensional Euclidean space, then this convex combination can be
created with at most n + 1 points in X.

Let X C R™. If y is a convex combination of points in X, then y is a convex combination of n + 1 or
fewer points in X.

The idea behind the above theorem is the following. Consider the set X = {(0, 0), (0, 1), (1, 0), (1, 1)},
a subset of R2. The convex hull of this set is the square with vertices (0, 0), (0, 1), (1, 0) and (1, 1). Consider
now the point y = (1/4, 1/4), which is in co(X). We can construct a set X’ = {(0, 0), (0, 1), (1, 0)}, the
convex hull of which is the triangle with vertices (0, 0), (0, 1) and (1, 0) that contains y.

4.3 Separation theorems

In this section we analyze some important results regarding convex sets that have interesting applications in
economic theory, especially in general equilibrium.

Given p € R" and o € R, the hyperplane generated by p and « is the set of points in R™ given by
Hp, a)={x eR" |p-z=a}.

The above hyperplane H (p, «) divides R™ into two regions: an upper half-space and a lower half-space,
which are respectively given by

Hy(p,a) = {2€R"|p-2>a},
Hi(p,a) = {s€R"|p-z<a}

It is easy to show that H(p, «), Hy(p, ) and Hy,(p, «) are convex sets.

Following are the examples of hyperplanes.

(a) If n = 1, the hyperplane H(p, o) = {z € R | pr = a} is the set {a/p}. The half-spaces are
given by Hy (p, ) = [/p, o) and Hy(p, @) = (=50, a/p].
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(b) Ifn =2, p = (p1, p2) € R? and py # 0, then
H(p, a) = {(z1, 22) € R? | prar1 + powz = o}

is the set of points lying on the straight line with slope —p;/p2 that passes through the point
(07 a/ p2)'

Definition 4.5: Separating hyperplane

A hyperplane H(p, o) C R™ separates two subsets X and Y of R" if X C Hy(p, @) and Y C
H(p, «), or vice-versa. Moreover, the separation is strict if X N H(p, «) = @and Y N H(p, ) = 2.

Example 4.3

Let X = {(z,y) e R? |y > 22} and Y = {(x,y) € R? | y > —2% — 1}. Then the hyperplane
H((0, 1), —1/2), i.e., the line y = —1/2 separates X and Y. Notice that H((0, 1), —1/2) is one of
the infinitely many hyperplanes that separate X and Y.

Given X C R” non-empty, closed and convex, and z* ¢ X, there exists a unique y* € X such that

d(z*, y*) = min {d(z*, y) | y € X}. 4.1)

Proof. Let x* ¢ X and B,(x*) be the closed ball with radius r > 0 and center x*. Pick 7 sufficiently large
sothat Y = B.(x*) N X # @. Since B,(z*) and X both are closed set, so is Y. Since B, (z*) is bounded,
and Y C B,(z*), Y is also bounded. Thus, Y is compact. The distance function d(z*, y) : ¥ — R, isa
continuous function on a compact set Y. Therefore, by Weirstrass’ theorem, there exists y* € Y such that

d(z*, y*) = min{d(z*, y) |y € Y}.

Ify € X \ Y, then we must have y ¢ B,.(x*), and hence d(z*, y) > r. Therefore, we have established that
d(z*, y*) = min{d(z*, y) | y € X}. Finally, we show that y* is unique. Suppose that there is z* # y* such
that d(z*, y*) = d(x*, z*). Since X is convex, the point w* = (1/2)y* + (1/2)z* is in X. Then it must be
the case that d(x*, w*) < d(z*, y*), which is a contradiction to (4.1). O

Definition 4.6: Supporting hyperplane

A hyperplane H(p, ) is a supporting hyperplane for a set X if it contains a point on the boundary of
X and the whole set lies on the same side of H (p, «v). Equivalently, H (p, «) supports X if

a=inf{p -z for z € X} or a =sup{p-x for z € X}.

Intuition suggests that a convex set in R™ should have a supporting hyperplane through each point of its
boundary, and also, given two disjoint convex sets, there should be a hyperplane that separates the two sets.
The following theorems establish that both of the above intuitions are correct.

Theorem 4.4

Let X be a non-empty, closed and convex subset of R", and let 2* be a point in R™ \ X. Then

(a) (supporting hyperplane theorem) there exists a point y* € bd(X) and a hyperplane H (p, «) that

42



passes through y* that supports X and separates X from {z*}, i.e., H(p, «) is such that

p-rf<a=p-y"=inf{p -z for z € X}.
(b) There exists a second hyperplane H (p, () that separates X strictly from {z*}, i.e.,
p-ax*<B<p-z, foral e X.

Proof. (a) Let p = y* — x* where y* is given by (4.1), and a = p - y*. Then H (p, «) passes through y* that is
orthogonal to the line joining y* and x*. We claim that this is the desired hyperplane. First, we have

p-:):*:p-y*—p-(y*—w*):a—Hp|]2<a.

So z* € H(p, ). To show that X lies in Hy (p, ), we proceed by contradiction. Suppose there is a point
y € X such thatp-y < «, and let

2 = (1= Ny + \y, for Ae (0, 1).

Since X is convex, z* € X. Now, notice that z* — 2* = z* — y* — A\(y — v*) = —p — A(y — y*). Therefore,
" —2M* = Il +2xp- (y—y") + Ny — v,
= lz" =y 1P = lla* =P = =A[2p-(y—y") + Ay —y*I]°] -

Since by construction p - y* = « and by assumption p - y < «, we have p - (y — y*) < 0. Hence, the above
equation implies that, for small values of \, ||z* — y*|| — ||z* — || > 0, which is a contradiction since y* is
chosen to minimize the distance ||z* — y|| for y € X. (b) The proof of this part is identical (with the same p)
to that of (a), except that we now choose 3 so as to H (p, ) passes through the point (1/2)z* + (1/2)y*. O

The above theorem can easily be generalized to the case when X is a convex set, but not necessarily closed.
The following theorem proves the existence of a hyperplane that separates two disjoint convex sets.

Let X and Y be two non-empty and disjoint convex sets in R™. Then there exists a hyperplane
H(p, «) C R™ that separates X and Y.

Proof. Let Z = X —Y = X 4+ (—1)Y, which is convex by Lemma 4.1(b). We claim that 0 ¢ Z. If we
had 0 € Z, there would exist a point x € X and y € Y such that x — y = 0. But this implies * = y, and so
xz € X NY, which contradicts the assumption that X and Y are disjoint. Since 0 ¢ Z, by the general version
of the previous theorem, there exists p € R" such that, forz € Z,z € X andy € Y,

0=p-0<p-z=p-(z—y) = p-y<p-z

The set of real numbers of the form {p - y for y € Y} is bounded above by the number p - z, and hence has a
supremum, which we call «. Thus, we have that

py<a<p-z, forxe X and yeV.

Therefore, H(p, ) separates X and Y. [

Theorem 4.5 is used to prove the so-called second theorem of welfare economics. Let us introduce some
necessary definitions prior to proving the theorem. The production plan of a firm is described by its production
set Y := {y € R" | F(y) < 0}, where F(-) is called the transformation function. Obviously, bd(Y) = {y €
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R™ | F(y) = 0}. A production y € Y is profit-maximizing for some price vector p € R} , if p-y > p -3/ for
all ¥ € Y. A production y € Y is efficient if there is no 3y € Y such that 4/ =~ y and /' # y. It is obvious
that every efficient y must lie on bd(Y"), but the converse is not necessarily true. Now we prove the following
important theorem.

Theorem 4.6: Second theorem of welfare economics

Suppose the production set Y is convex. Then every production y* € Ef f(Y) is a profit-maximizing
production for some price vector p € R"}.

Proof. Suppose that y* € Ef f(Y), and defined the set Py := {y’ € R™ | y > y*}. The set Py~ is convex,
and because y is efficient, Y N P« = &. Then by Theorem 4.5, there is a non-zero price vector such that that
p-y >p-yforeveryy € Py andy € Y. Note, in particular, that this implies p - ¢/ > p - y* with y/ > y*.
We must have p € R’} because if p; < 0 for some 7, then we would have p - ¢/ < p - y for some y such that
y <y’ with y/ — y; sufficiently large. Since y* € bd(Y'), there is a hyperplane H (p, 7) that passes through y*,
and supports Py, i.e., m = p-y* = inf{p-y fory € Py}. Now takeanyy € Y. Thenp -y’ > p -y for
every y' € P,. Since the set of real numbers of the form {p - y | y € Y'} is bounded above, by the supremum
property we have p-y < w =p-y* forally € Y, i.e, y* is profit-maximizing at p. [

4.4 A quick tour of linear algebra

Let A= {a', ..., a™} denote a finite set of vectors as well as the index set of the vectors.

Definition 4.7: Linear combination and span

A vector b can be expressed as a linear combination of vectors in A = {a!, ..., a™} if there exist real
numbers {x;}jc4 such that
b= Z xjal.

JEA

The set of all such vectors that can be expressed as a linear combinations of vectors in A is called the
span of A and is denoted span(A).

Definition 4.8: Linear independence

set A = {a', ..., a™} of vectors is linearly independent if for all sets of real numbers {z;} ;e 4

ijaj=0 = z; =0 forall j e A.
jEA

If the vectors in A are linearly dependent, then it is the case that there exist real numbers {x;}jc4 not

Z xjaj =0.

jEA

all zero such that

Definition 4.9: Rank

The rank of a set A of vectors, denoted p(A), is the size of the largest subset of linearly independent
vectors in A.
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Example 4.4

The set A = {(0, 1, 0), (=2, 2, 0)} is a set of linearly independent vectors, whereas the vectors in
A"={(0, 1, 0), (-2, 2, 0), (—2, 3, 0)} are linearly dependent. Notice that p(A) = p(A’) = 2.

It is also true that, given a set A of vectors, the dimension of span(A) is equal to its rank. Let A =
{(0, 1), (1, 0)}. Then span(A) = R?, and dim[span(A)] = p(A) = 2.

Definition 4.10: Finite cone

Given an m X n matrix A, the set of all non-negative linear combinations of the columns of A is called
the finite cone generated by the columns of A. Formally, such cone is given by:

cone(A) = {y € R™ | y = Az forsome z € R} }.

Notice the difference between cone(A) and span(A), which is given by:

span(A) = {y € R™ | y = Az for some z € R"}.

For example, let the columns of a matrix Asx» be the vectors (1, 0) and (0, 1). Then span(A) = R?, whereas
cone(A) is the non-negative orthant. The following lemma states a useful property of finitely generated cones.

Let A be an m X n matrix, then cone(A) is a closed convex set.

We will skip the proof of the above lemma. The convexity of cone(A) is easy to show, whereas the proof
of closedness is a bit more complicated. Interested readers should refer to Vohra (2005).

4.5 The theorems of the alternative

Let us start with the problems of the following kind:

Given a matrix A,,x, and b € R™, find an x € R"” such that Az = b or prove that no such z
exists.

The above kind of problems motivates the fundamental theorem of linear algebra which is stated below.

Theorem 4.7: Fundamental theorem of linear algebra

Let Abeanm x nmatrix,b € R™, F = {z e R" | Az =b},and G ={y € R™ | yA =0 and yb #
0}. Then F' # @ if and only if G = @.

The proof of the above theorem is omitted. One can provide an easy geometric interpretation. The first
alternative is equivalent to the fact that b € span(A). Let span(A) be a plane is R2. If b ¢ span(A), then b
must be a vector that has non-zero inner product (yb # 0) with a vector y that is orthogonal to the plane, i.e.,
orthogonal to each of the linearly independent column vectors of A (yA = 0).

Next, we modify the above question a bit, and look for the set of non-negative solutions to the system
Ax = b. The well-known Farkas lemma, which can be derived from the separation theorems, analyzes such
problems.
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Let Abe an m x n matrix,b € R”, F={z €¢ R" | Az =b, 2 > 0},and G = {y € R" | yA >
0 and yb < 0}. Then F # @ if and only if G = @.

The proof of the above theorem may be omitted by the students since the graphical intuition is simple
enough. Take a matrix A whose columns are a; = (1, 1) and a3 = (0, 1). Clearly, span(A) = R? and
cone(A) is triangle shaped area between the vectors (1, 1) and (0, 1). The first alternative implies that vector
b = (b1, b2) lies inside the triangular area. To see the intuition behind the second alternative, let b = (1, 0) ¢
cone(A). We need to find a vector y € R? with the desired property. Let y = (1, —1). Notice that y” - a; =
(1, =0T -(1,1) =0and y* - as = (1, —1)T - (1, 0) = 1, and hence yA € [0, 1]. Also, y* - b = (1, —1)T -
(0, 1) = —1 < 0. The idea is to make use of the separation theorem. Since cone(A) is closed and convex, and
b ¢ cone(A), then there exists a hyperplane that strictly separates b from cone(A). Convince yourselves that
29 = 1/2 + 21 where (21, 22) € R? is such a hyperplane, and it is orthogonal to y. The set G are called the
Farkas alternative of F'.

The following theorem is a generalization of Farkas lemma.

Let Avxns Brmxts Crxn and Dy, are matrices, and b € R™ and d € R* are vectors. Define

F:={zeR" 2’ eR| Az + Bz’ =b, Cz + Dz’ < d, z > 0},
G :={y e R™, y'E]Rk| yA+y'C >0, yB+y' D=0, yb+3y'd<0and ¢y >0}

Then F' # @ if and only if G = @.

Proof. Consider the system of inequalities Cx + Da’ < d. This can be converted to a system of equations by
introducing slack variables for every inequality, i.e., there exists s € le_ such that

Cx+ Dz’ +s=d.

/

xt, v T wri r=z—-2'w Z, 2 . This i u u T
Next, the vector 2’ € R? can be written as " where z, 2/ € Rt This is because any real number j

can be written as the difference of two non-negative real numbers z; and z; So, F'is given by:
F:={zeR" 2z, 7 cR, sc R” | Ar+B2z— B2 +0-s=b, Cx+Dz— D2 +Is=d, x, z, 2/, s > 0},

where I}, is the identity matrix. In matrix notation, the above system looks

s
A B —-B 0| |z| |b — Or — w
C D —-D I| | d B
S

The Farkas alternative of F'is given by:
G:={jeR™" | §Q >0 and jw < 0} where = [y,]
Y

Notice that Jw < 0 is equivalent to yb + y'd < 0. And @ > 0 is equivalent to the following system of
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inequalities:
yA+1y'C >0,
yB+y'D >0,
—yB—-y'D >0,
y-0+19y'1>0.

The second and the third inequalities together imply yB + ' D = 0, and the last inequality implies ¢ > 0.
Now apply Farkas lemma to complete the proof. [

Let X be a convex subset of R”. A function L : X — R is linear if (a) L(x + y) = L(z) + L(y) for
any vectors z, y € X, and (b) L(ax) = aL(zx) for any vector z € X and any scalar a. A function
f : X — Ris an affine function if there is a linear function L : X — R and a real number b such that
f(z) =L(z)+bforallz € X.

Convince yourself that all linear functions are affine functions, but the converse is not true. The following
theorem is another theorem of the alternatives, which is very useful in establishing the existence of the Lagrange
multipliers for constrained optimization problems.

Let f; : X — R fori =1, ..., m be affine functions, X be a convex subset of R". Define

F:={z eR"| fi(z) <0 for i =1, ..., m},
G :={y € R, y; >0 foratleastone i |y - f(z) >0 forall z € R"},

where f(z) = (fi(x), ..., fm(x)). Then F' # @ if and only if G = @.

Proof.  We first show that if (a) holds then (b) cannot hold. Given any x satisfying (a) and any multipliers
y1 >0, ..., ym > 0, each term of the expression » ;" y; f;(x) is non-positive. Terms for which y; # 0 are
actually negative, so that the above expression must be negative if the multipliers are not all zero. Therefore (b)
cannot hold.

Assume now that (a) does not hold. We must show that in this case (b) holds. Let
S = {z € R™ | there exists z € X such that z; > f;(x) foralli =1, ..., m}.

The above set is clearly non-empty since each z; can be written as z; = f;(x) + « for @« > 0. Next, we
show that S is a convex set. Let 2’ and 2 be two elements of S, and define 2 = pz’ + (1 — p)2” and
o = pr’ + (1 — p)a” for p € (0, 1). The point 2’ is in S implies that there exists some x’ in X such that

2! > fi(2') for each i = 1, ..., m. Similarly, z” is in .S implies that there exists some z” in X such that
2! > fi(2") foreach i = 1, ..., m. Hence, it follows that
=l (1= )2l > phi@) + (- ) file”) = filah), foreachi=1, .., m.

Notice that * € X since X is convex, and the last equality holds because f; is an affine function for each 1.
Thus, we have shown that that there exists some = (= z*) in X such that z# > f;(x) for each ¢, and hence

zM is in S. Next, if (a) does not hold, then 0 ¢ S. If O were in S, then for all ¢ = 1, ..., m we would have
fi(z) < 0, contradicting the hypothesis that (a) does not hold good. So, by the Separating Hyperplane theorem
we have that there exists a non-zero vector y = (y1, ..., Ym) such that

m
0§y-z:2yizi, forall z € S.
i=1
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Fix an 2° € X and set v’ = (fi(zY), ..., fin(2%)). Then for any ¢ € R, and r > 0 we have that
w® 4+ rq € S, and hence

1
y (@' +rg) >0 = yog>——(y-u).
Taking the limit of the above expression as 7 — oo and using the fact that g - ¢ is continuous, we have that

y-q >0, forall ¢ € R,

The above implies that y; > 0 for all 7 = 1, ..., m. Now consider any z € X, and any fixed ¢ € R'", and
€ > 0. Thus we have that

y-(f(x) +eq) >0.

Taking the limit of the above expression as € — 0, we get the desired result. [

4.6 Applications

Farkas lemma has been applied to many problems in economics and finance. In what follows we discuss two
useful applications.

4.6.1 No arbitrage in financial markets

Suppose there are m financial assets and n states of nature. Let a;; be the payoff from one share of asset 7 in
state 7. Thus the returns of m assets will be represented by a matrix A,,x,. A portfolio of assets is represented
by a vector y € R™ where the i-th component, y; represents the portfolio weight of asset 7. Let w € R" be a
vector whose j-th component denotes wealth in state j. We assume that wealth in a future state is related to the
current portfolio by:

m m
wj:Zyiaij for j=1,..., n with Zyl:l
i=1 i=1

Therefore, w = Ay. This assumes that assets are infinitely divisible, and the returns are linear in the quantities
held. The no arbitrage condition asserts that a portfolio that pays off non-negative amounts in every state must
have a non-negative price.

Let A, be the matrix of asset returns and p € R, be a vector of asset prices. If y € R™ is a
portfolio of assets, then
yA>0 = y-p>0. 4.2)

Equivalent to (4.2), the system yA > 0 and 3 - p < 0 has no solution. From Farkas lemma we deduce the
existence of vector 7 € R} such that p = A7. Since p > 0, it follows that 7 > 0. Scale 7 by dividing through
> 7. Letp® =p/ > #jandm = &/ 3, #;. Notice that 7 is a probability vector. As long as relative prices
are all that matter such scaling can be done without loss of generality. Now we have p* = A, i.e., there is a
probability distribution under which the expected return of every asset is equal to its price. The probabilities
are called the risk-neutral probabilities.

4.6.2 Core of a coalitional game

A coalitional game is denoted by (N, v) where N = {1, ..., n} is the set of players, and v : 2V — R, called
the characteristic function, which assigns to each subset S of N a real number v(S). The subset .S is called a
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coalition. A vector x € R" is called a feasible allocation if z; > v({i}) and > | z; = v(N). Let I(N, v)
denote the set of feasible allocations or imputations of the game (N, v).

Consider an economy with two buyers 1 and 2, and one seller s, i.e., N = {1, 2, s}. The seller has one
item, say a car, and the buyers have nothing. We are interested in a feasible trade of this item. Suppose that
the seller has no value for the object. Buyer 1 derives a utility of 5, and buyer 2 derives a utility of 10 form
the object, respectively. Let S be a coalition. Note that there are 23 = 8 possible coalitions, namely, @, {1},
{2}, {s}, {1, 2}, {1, s}, {2, s} and {1, 2, s}. The characteristic function v(S), which denotes the “worth” of
a coalition S is given by:

v(@) =v({1}) = v({2}) = v({s}) = v({L, 2}) =0,
v({l, s}) =5, and v({2, s})=v({1, 2, s}) = 10.
We assume that the item is assigned to the highest-valuation buyer, and hence v(V) = 10.

The core of a game (N, v) is the set

C(N,v):= {:UEI(N7 v) : Z:cl > v(S) forall SQN}.

€S

Let us first compute the core allocations of the above buyer-seller economy. If (1, z2, x5) € C(N, v), then
we must have

x1 + 29 + x5 = 10,

1 +x9 > 0,
1+ T > 5,

x2 + x5 > 10,

z; >0 for ie{l, 2 s}.

Notice that
To+2s>10 <— 10—212>210 < x>0,

which together with ;1 > 0 imply z; = 0. Then x5 > 5. Similarly,
T1+xs>5 < 10—290>H < zx1>05.

Therefore, 1 = 0, z92 € [0, 5] and zs € [5, 10] with 29 + x5 = 10 constitute a core allocation of the
buyer-seller game.

Unfortunately, not all coalitional games have non-empty cores. For example, consider (N, v) where N =
{1, 2}, and v(@) = 0, v({1}) = v({2}) = 0.75 and v({1, 2}) = 1. It is easy to see that C'(N, v) = &.
Therefore, we will look for conditions under which the core of a coalitional game is non-empty.

Let C C 2V \ @ be a collection of non-empty coalitions of N. The collection C is balanced if there exist
numbers yg > 0 for S € C such that for every player ¢ € N we have

Z ys = 1. (4.3)

The numbers {ys | S € C} in (4.3) are known as the balancing coefficients for the collection C.
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Let B(N) be the set of feasible solutions to the following system:

ys >0 forall SC N,

> yg=1 forall i€ N.
S:ieS

The number yg can be thought of as the weights given to coalition S. It is easy to verify that B(N) # & since
we can always find

1 forall S with |S|=1,
Ys =

0 otherwise.

In our buyer-seller economy, the collection of singletons is given by C = {{1}, {2}, {s}}. Then, y;1, =
Yq2) = Y{s} = 1, and hence (1, 1, 1) is a vector of balancing coefficients. For the collection of coalitions of
size 2, the vector of balancing coefficients is (1/2, 1/2, 1/2).

Definition 4.13: Balanced game

A game (N, v) is balanced if
> o(S)ys < v(N)

SCN

for every balanced collection of weights, i.e., for all y € B(N).

Let us verify whether the buyer-seller game is balanced. Notice that the only coalitions, besides the grand
coalition, having positive worths are {1, s} and {2, s}. So, we need to show that for every y € B(NN), we have

v({1, s}y, sy +v({2, s} ypo,5) < 0(N)
<~ 5y{175} + 10y{2’ s} <10
= Y[1,s) T2Y2,5) < 2.

Since yy1 s} + Yq2,5) = 1, we have from the above that y(5 5} < 1 because y(; 4}, yq2, 53 = 0. Now,

Yg1, sy +2yq2,5) < 2
— Y(1,s) <2 [1- y{z,s}] = 2y11, 5)-

The above is true since yy; 43 > 0, and hence (N, v) is balanced.

Theorem 4.11: Bondareva-Shapley

Given a coalitional game (N, v), C'(N, v) # @ if and only if (V, v) is balanced.

Proof. If x € C(N, v), then

in =v(N),

iEN

> i >w(S) ¥ SCN,

€S

x; free V i€ N. (CORE)
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The Farkas alternative for (CORE) is

v(N)yn = > v(S)ys <0,
SCN

yn— Y ys=0 YV i€eN,
S:ieS

ys >0 V SCN,
yn free. (BAL)

Now suppose C'(N, v) # @. Then (CORE) has a solution, and the Farkas alternative (BAL) has no solutions.

Consider y € B(N) and let yx = 1. Therefore, B(IN) is the set of solutions to the final two constraints of
(BAL). Since (BAL) has no solutions, we must have

v(N)yn = > v(S)ys >0,
SCN

i.e., (IV, v) is balanced.

To prove the other direction, suppose that (N, v) is balanced, i.e., for all y € B(N) we have

v(N)yn = Y v(S)ys.
SCN
We will show that (BAL) has no solutions, and hence (CORE) has a solution. Assume for contradiction that

(BAL) has a solution y. Clearly, yny # 0, else ys = 0 for all S which would contradict the first inequality of
(BAL). Define ys = ys/yn forall S C N. Since y is a solution to (BAL), we get

o(N) < 3 w(S) y,

SCN

Y Ys=1VieN,
S:ieS
yngO YV SCN.

Therefore, y' € B(NV). But the first inequality contradicts the fact that (N, v) is balanced. [
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Chapter 5

Concave and quasiconcave functions

5.1 Concave and convex functions

5.1.1 Definitions and properties

Let f: X C R®™ — R be a real valued function. From now on we will assume that X is a convex subset of
R™. The hypograph and epigraph of f are defined as follows.

Definition 5.1: Hypograph and epigraph of a function

The hypograph (or subgraph) and epigraph of a function f, denoted respectively hyp f and epi f, are
defined as

hypf = {(z,y) € X xR| f(z) >y},
epif = {(z,y) € X xR|f(z) <y}

Intuitively, the hypograph of a function is the area lying below the graph of the function, while the epigraph
is the area lying above the graph.

Definition 5.2: Concave and convex functions

A function f : X — R is concave (convex) on X if hyp f (epi f) is convex.

The following theorem gives a characterization of concave (convex) functions.

A function f : X — R is concave (convex) on X if and only if for all zz, y € X and for all A € [0, 1],
it is the case that

fQz+ (1 =Ny) 2 (S)Af(z) + (1= A)f(y)

Proof. First, suppose that f is concave, i.e., hyp f is convex. Let  and y be two arbitrary points in X. Then,
(z, f(x)) € hyp f and (y, f(y)) € hyp f. Since hyp f is convex, we have, for any \ € [0, 1],

(Az + (1 =Ny, Af(z) + (L= A)f(y)) € hyp f.
By definition of hyp f, a point (w, z) is in hyp f only if f(w) > z, and hence
fOz 4+ (1= Ny) > Af(z) + (1 =N f(y)
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Now suppose that for all z, y € X and for all A € [0, 1], it is the case that

fQz+ (1= Ny) = Af(z) + (1= A f(y). (5.1
We will show that for two arbitrary points (w1, z1) and (wa, 22) in hyp f, their convex combination is also in
hyp f. Since the above two points are in hyp f, we have f(w;) > z; and f(wz) > 2. Condition (5.1) and
A € [0, 1] imply that
fAwr + (1= Nw2) = Af(wr) + (1= A) f(w2)
> Az + (1 — )\)22

Therefore, the point (Aw; + (1 — XN)we, Az1 + (1 — A)z2) is in hyp f, and hence it is convex. The proof for a
convex function is similar. [

For strict concavity and convexity replace ‘>’ (‘<’) by ‘>’ (‘<’), and take A € (0, 1). The notions of
concavity and convexity are neither exhaustive nor mutually exclusive. We may have functions that are neither
concave nor convex, and functions that are both concave and convex. The function f : R — R defined by
f(x) = 23 is neither concave nor convex. To see this take z = —2 and yy = 2. Then check the conditions of the
above theorem for A = 1/4 and A\ = 3/4. A linear function such as f(z) = 2+ 3z is both concave and convex.
Such functions are called affine functions. Another observation is that a function f : X — R is concave if
and only if — f is convex. The following theorem states an important result associated with concave functions.

Let f : X — R be a concave function on X. Then
(a) every local maximum of f is a global maximum,

(b) the set arg max{f(x)|x € X}, the set of maximizers of f on X is either empty or convex

Proof. (a) Let 2° be any local maximum of f, but not a global maximum. Then there is » > 0 such that
f(x) < f(2°) for all z € B,(2°) N X. Since z is not a global maximum, there is y € X such that
f(y) > f(2). Since X is convex, for any A € (0, 1), (1 — Ny + A\x® € X. Pick A close to 1 so that
(1 =Ny + Az € B,.(z°). By concavity of f,

FIA =Ny +A2%) 2 (1= N f(y) + Af(2°) > f(2°)

since f(y) > f(2%). But (1 — Ay + Az® € B,(2°) by construction, so f(z°) > f((1 — Ny + Az?) > f(z2V),
which is a contradiction.

(b) Suppose that x; and x5 both maximize f on X, i.e., f(x1) = f(z2). By concavity of f we have, for any
Ae(0,1),
fQz1+ (1= Nax2) > Af(z1) + (L= A)f(z2) = f(21).

The above must hold with equality or x; and x2 would not be maximizers. Thus, the set of maximizers must is
convex. [

Following are some useful properties of a concave function.

Let f, g : R — R be two concave functions. Then
(a) the function af + Bg : R® — R is concave for o, 5 > 0,

(b) the function min{f, g} : R™ — R is concave,
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[ (c) if h : R — R is non-decreasing and concave, then h o f : R™ — R is concave. ]

Proof. The proof of the above lemma is left as an exercise. [J

Another important implication of concavity is stated in the following lemma.

Let f : X — R be a concave function on X. For any o € R, the upper contour set of f,
Uy(a) == {z € X| f(z) > o}

is either empty or convex. Similarly, if f is convex, then the lower contour set of f,
Ly() = {z € X| /() < a}

is either empty or convex.

. J

Proof. Let 2’ and 2" be two points in Uf(a), i.e., f(2') > a and f(z”) > «. By concavity of f,
FOZ + (1 =N2") > Af(2)+ (1 =N f(@") > da+ (1 - Na=a.

Therefore, Az’ + (1 — A)2” isin Uy(ar). O

The converse statement of the above theorem is not always true. To guarantee the sufficiency we would
need a weaker condition called quasiconcavity, which will be introduced later.

5.1.2 Continuity of concave functions

The main result of this subsection is that a concave function must be continuous everywhere on its domain,
except perhaps at the boundary points.

Let f : X — R be a concave function on X. Then f is continuous on int(X).

Proof. See Sundaram (1996, p. 177). O

Continuity of a concave function may fail in the boundary of X. Consider the following example.

Example 5.1

Define f : [0, 1] — R by
Ve if0<z<l,
flz) = .
-1 ifz=0,1.

Then f is strictly concave on [0, 1], but is discontinuous at 0 and 1.

5.1.3 Differentiable concave functions

Concave functions have nice characterization when they are differentiable.
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Let X be an open and convex set in R™, and let f : X — Ris a C! function. Then f is concave if and
only if for all 2°, x € X, it is the case that

fl@) < f(2%) + v f(2) - (z - 2°).

Proof. Suppose that f is concave on X. Take z, z° € X. By the concavity of f, we have, for all A\ € [0, 1],

P+ Mo —a%) 2 f(2°) + Af (@) = F(=)]
0
—f

ZL‘O r—Xx IL'O
R O o R

Taking the limit of the above expression as A — 07, we get
V@) (@ —a%) > fla) - f(2°).
To prove the converse, take 2’ and 2" in X, and let 2* = Az’ + (1 — \)z”. By hypothesis,
J) < F@) + 95 @) - @ =),
fa") < @) + V@) - (2" = a?)
Multiplying the first inequality by A and the second inquality by 1 — A, and adding we get

F@) = M) + (1= M) f(a").

This completes the proof. [

Let X be an open and convex set in R”, and let f : X — R is a C? function. Then f is concave if and
only if V2 f(x) is negative semi-definite for all z € X.

Proof. First, recall that a symmetric 7 X n matrix A is negative semi-definite if and only if A7 A h < 0 for all
h € R"™. Suppose that f is concave. Take an x € X and an arbitrary direction vector h in R™. Because X is
open, there is some § > 0 such that z + ah € X forall« € I = (-6, §). Define g : I — R by

g(a) == f(x + ah) — f(z) — Vf(z)ah. (5.2)
Since f is C2, g is also C2 with g(0) = 0. By the previous theorem, the concavity of f implies
fx+ah) < f(z)+ Vf(z)ah = g(a) <0, forall o€ I.

Thus, g is a twice continuously differentiable function with a maximum at 0, and hence we must have ¢'(0) = 0
and ¢”(0) < 0. Now differentiating twice (5.2) with respect to « we get

g"(a) = hT'V2f(x + ah) h.

And ¢”(0) < 0 implies that
g"(0) =T V2 f(z)h < 0.

Since the vector is chosen arbitrarily, we conclude that V2 f(z) is negative semi-definite for all z € X.

To show the converse, suppose that V2 f(z) is negative semi-definite. Pick any two points = and x + h in
X. By Taylor’s theorem, we have, for some o € (0, 1),

F+h) — f@)— () h = %thzf(x + ah)h,
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where = + ah € (x, x + h). Since V2 f(x) is negative semi-definite, the right-hand-side of the above equation
is negative, which implies

f(@+h) < f(z)+Vfx)h,

and hence by the previous theorem, f is concave. [

5.2 Quasiconcave and quasiconvex functions

5.2.1 Definitions and properties

A function f : X — R is quasiconcave on X if the upper contour set of f, Us(a) = {z € X| f(z) >
o} is convex. The function f is quasiconvex if the lower contour set of f, L¢(a) = {z € X| f(z) < a}
is convex.

The following theorem gives a characterization of quasiconcave (quasiconvex) functions.

A function f : X — R is quasiconcave on X if and only if for all z, y € X and for all A € [0, 1], itis
the case that

fAz 4+ (1= A)y) = min{f(z), f(y)}.

Similarly, A function f : X — R is quasiconvex on X if and only if for all z, y € X and for all
A € [0, 1], it is the case that

fAz + (1= Ny) < max{f(z), f(y)}-

Proof. First suppose that U («) is convex. Take x, y € X and A € [0, 1]. Assume without loss of generality
that f(xz) > f(y) = a. Thus, z, y € U¢(«), and by convexity of Us(a) we have Az + (1 — Ny € Uy(a),
which means

fQz+ (1 =Ny) > a= f(y) =min{f(x), f(y)}.

To show the converse, suppose that f(Az + (1 — A)y) > min{f(x), f(y)} for all , y € X and for all
A € [0, 1]. If Ug(cr) is empty or singleton, then it is trivially convex. So suppose that Us(cr) contains at
least two points = and y. Then f(z) > « and f(y) > «, and so min{f(x), f(y)} > a. By hypothesis,
f(Az + (1= XN)y) > min{f(x), f(y)}, and hence Az + (1 — A\)y € Uy(«). Since o was chosen arbitrarily,
this completes the proof of the first part. The proof of the second part is analogous. [

For strict quasiconcavity and quasiconvexity replace ‘>’ (‘<’) by ‘>’ (‘<’), and take A\ € (0, 1). Also,
a function f : X — R is (strictly) quasiconcave if and only if —f is (strictly) quasiconvex. The notions of
quasiconcavity and quasiconvexity are generalizations of concavity and convexity, respectively. For instance,
the set of all concave functions are contained in the set of quasiconcave functions.

Let f : X — R be concave on X, then it is also quasiconcave. Similarly, if f : X — R be convex
on X, then it is also quasiconvex.
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Proof. The concavity of f implies that, for all z, y € X and for all A € [0, 1],

fAz+ (1 =XNy) 2 Af(z)+ (1 =N f(y)
> Amin{f(z), f(y)} + (1 = A)min{f(z), f(y)}
= min{f(z), f(y)}.

So f is quasiconcave. [

Following lemma states some useful properties of quasiconcave functions.

Let f, g : R® — R be two quasiconcave functions. Then
(a) the function of : R™ — R is quasiconcave for e > 0,
(b) the function min{f, g} : R™ — R is quasiconcave,

(c) if h : R — R is non-decreasing, then h o f : R — R is quasiconcave.

Proof. The proof of the above lemma is left as an exercise. [

With respect to the above lemma, f + g : R™ — R is not necessarily quasiconcave. Suppose that
f(x) = 23 and g(z) = —x are both quasiconcave, but f(x) + g(z) = 2% — x is not quasiconcave. Theorem
5.7 and Lemma 5.3(c) together imply that monotonic transformation of any concave function would result in a
quasiconcave function. But the converse, i.e., whether any quasiconcave function is a monotonic transformation
of a concave function, is not necessarily true. That is why quasiconcavity is a generalization of concavity.
Consider the following example.

Define f : Ry — R by

0, ifo<z<1,
fz) = 5 .
(x—1)%, ifx>1.

Since f is non-decreasing, it is quasiconcave. Now, suppose that there existed a concave function g and
a strictly increasing function h such that h o ¢ = f. First, observe that g must be constant on [0, 1].
Suppose that, for z, y € [0, 1], we have z > y = g(z) > ¢(y). Since h is strictly increasing, we must
have f(z) = h(g(z)) > h(g(y)) = f(y), which is a contradiction to the fact that f is constant on [0, 1].
Next, observe that g must be strictly increasing in x for z > 1. Apply an argument similar to the above
to establish this fact. Since g is constant on [0, 1], it has a local maximum at every z* € (0, 1). These
local maxima are not global maxima since g is strictly increasing for x > 1. This contradicts the fact
that every local maximum of a concave function is a global maximum.

Quasiconcave functions do not have similar implications for continuity and differentiability as concave
function. To see this consider the following example.

Define f : Ry — R by
x?’, fo<z<1,
fle) =<1, ifl<ax<2,
3 if x> 2.
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Since f is non-decreasing, it is both quasiconcave and quasiconvex on R. But f is discontinuous at
x = 2. Moreover, f is constant on (1, 2), and hence every point in this open interval is a local maximum
as well as a local minimum. However, no point in (1, 2) is either a global maximum nor a global
minimum. Finally, f'(0) = 0, but 0 is neither a local maximum nor a local minimum.

5.2.2 Differentiable quasiconcave functions

Quasiconcave and quasiconvex functions have derivative characterizations as do the concave and convex func-
tions.

Let X be an open and convex set in R”, and let f : X — R is a C! function. Then f is quasiconcave
if and only if for any z, y € X, it is the case that

fly) > f(z) = Vf(z) (y—x)>0.

Proof. First, suppose that f is quasiconcave on X, and let x, y € X such that f(y) > f(x). Let A € (0, 1).
Since f is quasiconcave, we have

@+ My — =) 2 min{f(z), f(y)} = f(z)

= f($+A(y;x)) =@ S0 forall A€ (0, 1),

Taking the limit of the above expression as A — 0% we get Vf(x) - (y —x) > 0.

To show the converse, define by g(\) := f(x + A(y — x)). Observe that g(0) = f(z) < f(y) = g(1), and
that g is a C* function on [0, 1] with the derivative ¢'(\) = V f(z + A(y — x)) - (y — ). Now suppose that, for
all z, y € X, wehave f(y) > f(x) = Vf(z)- (y —x) > 0. We will show that this implies the quasiconcavity
of f,1i.e.,

g(A) = flz + Ay —2)) 2 min{f(z), f(y)} = f(z) = g(0), forall Ael0,1].

Suppose on the contrary that the above is not true, i.e., there is some A\’ € (0, 1) such that g(\°) < g(0).
Because g(0) < g(1), we can chose A\ such that ¢'(\°) > 0. Now let 2° = z + X°(y — ). Because
f(z) = g(0) > g(\°) = £(2°) and 2° € X, we have, by hypothesis, that

V) (2= 2") =V f(E") - (=X)(y—2) >0 = Vf(0) - (y—=) <0. (5.3)
The above is true since A > 0. On the other hand, we have chosen A? such that
g =vf(=")-(y—x)>0. (54)

Inequalities (5.3) and (5.4) contradict each other. Therefore, there cannot be such A’ € (0, 1) with g(\%) <
9(0), and we conclude that f is quasiconcave. [J

It is also possible to have a second-derivative test for quasiconcave functions as their concave counterparts.
Let a C? function f be defined on some domain X C R™, and let x € X. Fork = 1, ..., n, let H,[f(z)] be
the (k + 1) x (k + 1) matrix given by

0 file) ... ful@)

- h@) ful@) ... fu(z)
Hi[f(z)] == | . : . :

Je@) fu(@) ..o fre(@)
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The above matrix is the leading principal minor of the bordered Hessian of f at « of order k. The following
theorem gives the second-derivative characterization of a quasiconcave function.

Let X be an open and convex set in R”, and let f : X — R is a C? function. Then
(a) if f is quasiconcave on X, then we have (—1)* det (Hy[f(z)]) > Ofork =1, ..., n;

(b) if (—1)* det (Hg[f(x)]) > Ofork =1, ..., n, then f is quasiconcave on X.

Proof. See Sundaram (1996, p. 217). U

In the above theorem, the week inequality is not a sufficient condition for quasiconcavity. To illustrate the
point, let f : R2 — R is such that f(z, y) = (z — 1)*(y — 1)*. Itis easy to check that

det(H1[f(z, y)]) = —4(z — 1)*(y — 1)* <0, forall z, y € R%,
det(Hs[f (z, y)]) = 16(z — 1)*(y — 1)* > 0, forall z, y € R?,

with equalities holding in either case if and only if z = 1 or y = 1. Notice that f(0, 0) = f(2, 2) = 1. Now
take A = 1/2. Then

F((1/2)(0, 0) + (1/2)(2, 2)) = f(1, 1) = 0 <1 = min{f(0, 0), f(2, 2)},

and hence f is not quasiconcave.
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Part 111

Static optimization
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Chapter 6

Static optimization

6.1 Parametric optimization problems in R"

Let f: X x ® — R be a given function, where X C R™ and ©® C R™. A constrained maximization problem
is written as

m;ix{f(a?; 0) | x e C(9)}. (Pr)

That is, given some value of §, we look for the value of x that maximizes the function f(-; 8) over the set C'(9).
Similarly, a constrained minimization problem is written as

min{f(z; 0) | x € C(0)}. (P)

x
The function f(.; ) is called the objective function and the set C'(6) C X is called the constraint set or feasible
set which depends on # € ©. The vector z = (21, ..., ) € X is a vector of decision or choice variables,
and 0 = (01, ..., 0,,) € O is a vector of parameters. Intuitively, let © represent all possible “environments”

in which an agent may find herself, and let X be the set of all “actions” available to her. Given a value of 6, the
agent will find her choices restricted to some subset of X. Changes in the parameters will result in changes in
the constraint set, as described by the constraint correspondence C : © —— X. Given the objective function,
f(z; 6) gives her payoff when she faces an environment ¢ and chooses an action x. The set of optimal actions
is described by the decision rule or best-response correspondence S : © —— X that assigns to each 0 a subset
S(0) of X. The set

S(0) = argmax, {f(z;0) |z € C(O)} ={z e CO) | f(x; 0) > f(y; 0) forall y € C(0)}

is the set of maximizers of f on C'(f) whose elements x* solve the problem (P;). When S(0) is singleton, the
best-response correspondence becomes a function, and we write * = x(6). The payoff accruing to the agent
is given by the (maximum) value function V : © — R, defined by

V(0) = max{f(z; 0) |z € C(0)} = f(z; §), where z* € S(0).
x
Given a value of the parameter vector 6, V' (6) is the maximum attainable payoff to the agent.
An agent consumes non-negative quantities of n commodities. The utility function is given by u(z)

where © = (x1, ..., x,) is the vectors of quantities consumed. She has an income m > 0, and faces a
price vector p = (p1, ..., pn), where p; > 0 denotes the price of the i-th commodity. Her budget set,
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the constraint set, is given by
B(p, m) ={z € R} |p-z <m}.
The utility maximization problem is written as
mgx{u(x) | z € B(p, m)}.

Suppose there is a unique maximizer * = z(p, m) = (z;(p, m));_, of the utility maximization prob-
lem. The value function is given by V(p, m) = wu(z(p, m)). The function z;(p, m) is called the
demand function for commodity 4, and V' (p, m) is called the indirect utility function.

A firm’s cost minimization problem is to identify the combination of n inputs z = (21, ..., z,) that
minimizes its total cost of producing at least y units of output, given the production function f : R} —
R and the input price vector w = (wy, ..., w,) € R’, where w; denotes the price of the i-th input.
The firm’s feasible production set is given by

F(y) ={zeRL | f(2) > y},

and the problem is to solve
min{w - z | z € F(y)}.
4

Suppose there is a unique minimizer z* = z(w, y) = (2(w, y))?_; of the cost minimization problem.
The minimum value function is given by C(w, y) = w - z(w, y) = >, w; zi(w, y). The function
zi(w, y) is called the conditional demand for input ¢, and C'(w, y) is called the cost function.

In what follows, we will develop the analysis when the optimization problem is given by (/). The
analysis of a problem of type (P)) is analogous because of the fact that arg min {f(x; 0) | x € C(0)} =
argmax,{—f(z; 0) | = € C(6)}. We state a useful result in the following lemma.

Let f: X — R where X C R” and h : R — R be strictly increasing. Then z* is a maximum of f
on C'(0) if and only if z* is a maximum of ho f on C(#), and z* is a minimum of f on C'(@) if and only
if z* is a minimum of ~ o f on C(0).

Proof. Suppose that 2* € S(6) = argmax,{f(z; 0) | x € C(0)}. Pick any x € C(0). Then, for any 0 € ©,
f(z*; 0) > f(x; 0), and since h is strictly increasing, h(f(z*; 6)) > h(f(x; 8)). Since z is an arbitrary point
in C(#), the inequality holds for all z € C(#), and hence =* is a maximizer of h o f over C(0).

To show that converse, suppose that * maximizes h o f over C(0), i.e., h(f(z*; 0)) > h(f(x; 0)) for
all z € C(0), but does not maximize f over C'(f). Then there exists some y € C(#) such that f(y; 0)) >
f(x*; 6)) for any 6 € ©. Since h is strictly increasing, we must have h(f(y; 0)) > h(f(x*; 6)), which is a
contradiction. [

One important question is under what conditions the set S(6) is non-empty. The answers to this question
depend obviously on the nature of the objective function and the constraint set. For example, if the objective
function is continuous and the constraint set is compact, then S(6) is non-empty. This is the Weirstrass theorem
we have studied in Chapter 2. In Chapter 2, we have also studied several fixed point theorems that address such
problem of existence. In this chapter, our objective is twofold. First, we would analyze the conditions an
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optimal solution must satisfy, keeping aside the problem of existence. Second, we would like to analyze how
changes in the value of the parameter vector § change the set of maximizers S(6) and the value function V'(6),
which are called the comparative statics problems.

6.2 Optimality conditions

6.2.1 Convex constraint sets

Consider the problem
max{f(x) |z € C}, (6.1)

where C'is a convex setin R”,and f : X — Risa C? function where X C R™. For the time being, we are
omitting the parameter 6 since we are interested in the solution to the maximization problem given in (6.1) for a
fixed value of §. Consider a special case when C' = [~1, 2] and f : R — R defined as f(z) = 22° — 322 + 2.
Notice that, on C, f/(0) = f/(1) = 0, but neither 0 nor 1 is a maximizer. The maximum is achieved at z = 2
(we have f(2) = 6), but f/(2) # 0. We have seen that 2* is a maximizer of f implies that f'(z*) = 0. Such a
result fails here because the maximum may be achieved at the boundary of the constraint set. The idea is that if
x* maximizes f on C, then as we move away from this point in any feasible direction the value of the function
must decrease. In what follows, we state this result formally.

Consider the problem stated in (6.1), where C' is a convex set. Take any point x € C and a direction
vector h € R™. We say that h is a feasible direction from z if there exists some § > 0 such that
x+th e Cforallt e (0, 9).

The above definition asserts that / is a feasible direction if any small movement away from x in the direction
of h still leaves us inside the feasible set.

Assume that f is a C! function, and let 2* be a solution to problem (6.1). Then
Df(z*)-h <0 (6.2)

for every feasible direction h from x*.

Proof. Let x* be a solution to (6.1), and h be an arbitrary direction vector feasible from x*. Then there exists
ad > 0suchthat z* +th € C forall t € (0, §). Because any feasible movement away from z* reduces the
value of f, we have

fla* +th) — f(z*) < 0.

for all ¢ such that 2* + th € C. Dividing the above by ¢ > 0 and taking the limit at ¢ — 0™, we have

L S th) — f()

t—0t+ t

=Df(z*; h) =Df(z*)-h <0.

Because f is C', the directional derivative exists, and can be written as the scalar product of the derivative and
the direction vector. This completes the proof. [

If C is an open set, all points = in C' are by definition interior points, and given any z in C, all directions
are feasible from it. In this case the inequality D f(x*) - h < 0 holds for all & only if all first order partials of f
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are zero at x*. Otherwise, it is possible to increase the value of the function by moving in the direction of (or
opposite to) the coordinate vector corresponding to the non-zero partial. For example, suppose that fi(z*) > 0
and fj(2*) = 0 for all j # k, and choose the direction vector A such that by, > 0 and h; = 0 for all j # k.
Then

Df(x*)-h = fx(z")hy >0,

which contradicts the above theorem. Thus,

Assume that f is a C! function and C'is open, and let z* be a solution to problem (6.1). Then

Df(z*)-h = 0.

Notice that the result of the above theorem is also a necessary condition for a local maximum of a function
on an open set. Now, for an arbitrary direction vector h in R, D f(z*) - h = 0 can hold only if D f(z*) = 0.
Obviously, the fact that D f(z*) = 0 does not imply that z* is a local maximum. To see this, consider the
function f : R — R defined by f(x) = 2. Notice that f/(0) = 0, but x = 0 is not a maximum of f on R.
For a C! function f : X — R, if we have that Df(z) = 0 for z € X, then x is said to a critical point of f.
For the above example, « = 0 is only a critical point of f. In fact, for this example x = 0 is neither a maximum
nor a minimum. Such a critical point is called a saddle point of the function. For example, for f : R? — R
defined by f(x, y) = 22 — 2, (0, 0) is a saddle point.

Assume that f is a C? function. If f has a local maximum at x*, then the Hessian matrix of f at z* is

negative semi-definite, i.e.,
W'D f(z*)h <0 (6.3)

for all feasible direction h € R™.

Proof. Fix an arbitrary h € R™. For any given « > 0 we can use Taylor’s theorem to write

Qﬂx*+ah)—jﬂf):an@ﬁﬂah)+ithD%ﬂx*+AaaMh

for some A\, € (0, 1). As z* is a local maximizer, it is a critical point of f, i.e., Df(z*) = 0, and the above
equation reduces to

f(z® +ah) — f(z") = O; T D% f(z* 4 Aqarh)h.
Moreover, it must be true that, for sufficiently small «, we have f(z* + ah) — f(z*) < 0, and hence
AT D?f(x* + Aaah)h <0
Taking the limit of the above expression as & — 0, we get the desired result. [

The following theorem gives sufficient conditions for a strict local maximum of a function on an open set.
Thatis, f(z*) > f(z) forall x € B,(z*) for some r > 0. A point that satisfies the conditions of the following
theorem is said to be a regular maximizer of f on C.

Assume that f is a C? function with the constraint set C' being open and convex, and let z* be a critical
point of f on C, i.e., Df(x*) = 0. If the Hessian matrix of f at x* is negative definite, then f has a
strict local maximum at x*.
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Proof. Fix an arbitrary h € R". By the convexity and openness of C, there exists some § > 0 such that
z* + ah € C for all @ € (0, 0). Fixing some « in this interval, both z* and z* 4+ «h lie in C, and Taylor’s
theorem gives

f(@* + ah) — f(z*) = Df(«*)(ah) + % (ah)T D% f(z* + Aaah)(ah)

for some A\, € (0, 1). Given that D f(z*) = 0, the above equation reduces to
a? a?
f(z* +ah)— f(z*) = > AT D% f(x* + Naarh)h = ?Q(a),

where Q() = hT D% f(z* + Aoah)h is a quadratic form for a given . It can be shown that Q(«) is continuous
at a = 0. Since D? f(x*) is negative definite by assumption, we have

Q(0) = KT D% f(z*)h < 0.

Then continuity of Q(-) at « = 0 implies that, for sufficiently small values of «, we have Q(«) < 0. Then it
follows that
f(z* +ah) — f(z*) <0.

Because h was chosen arbitrarily, any sufficiently small movement away from x* reduces the value of f, and
hence x* is a strict local maximum. [

Unfortunately, the above theorem cannot be strengthen to a condition of the sort: “if x* is a critical point of
f such that D? f(x*) is negative semi-definite, then f achieves a local maximum at 2*.” To see this, consider
C =Rand f, g : R — R defined as f(z) = x* and g(x) = —2*. First notice that f'(0) = ¢’(0) = 0, i.e.,
x = 0is a critical point of both the functions. We also have f”(0) = ¢”(0) = 0. However at z = 0, f reaches a
global minimum and g reaches a global maximum. The following theorem gives conditions for the uniqueness

of a maximum.

Let 2* be an optimal solution for the problem in (6.1) with C' convex. If f is strictly quasiconcave, then
x* is unique.

Proof. Suppose there are two optimal solutions =’ and 2", i.e., f(z’) = f(2”). Convexity of C implies that, for
any A € (0, 1), 2 = Az’ +(1—\)2” € C. And strict quasiconcavity of f implies that f(2*) > f(2') = f(z")
which is a contradiction. [J

Consider a competitive firm that produces a single output in quantity ¥ using two inputs in quantities x;
and x2. The firm’s production technology is described by a Cobb-Douglas production function

y = f(z1, x2) :x’facg, where a, 8 >0 and o + 8 < 1.

The firm takes as given the price of output p, and the prices of inputs w; and ws in order to maximize
the profit which is given by
w(x1, x2) = px‘f‘wg — W1T] — WoLo .

The factor demand functions are given by

ap ([ Bwr Fli===
561(19, wi, w2) = wil 074)2 >
1
[ Bp [aws ¥ 1=a=p
x2(p, wy, we) = w5 \ Bur .
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In an exercise, you are asked solve the above problem.

6.2.2 Inequality constraints: The Karush-Kuhn-Tucker theorem
Necessary conditions for optimality

In this section we will consider the problem of maximizing a non-linear real-valued function subject to a finite
collection of non-linear constraints. Let M = {1, ..., m} be an index set. For each i € M we have a C?
function g* : R” — R which will give rise to a constraint. The objective function will be a C? function
f : R" — R. Consider the following maximization problem

max{f(z) | g'(x) >0 fori € M}. (KKT)

Recall that z is a local maximum for problem (KKT) if there is some r > 0 such that f(x) > f(z') for all
2’ € B,(x) N C. Since f is a C* function, by Taylor’s theorem we have the following:

f(z 4+ ah) = f(z) + (ah) - Vf(z) + R(a),

for a > 0. For sufficiently small values of o, h - V f(x) > 0 implies that f(x + ah) > f(x). We will often
make use of the above result. Theorem 7 in Chapter 4, which is known as “Gordon’s theorem of alternatives”
is very useful in establishing the existence of the Lagrange multipliers for constrained optimization problems.
Following theorem, known as the Fritz John conditions, is one of the earliest results in the theory of constrained
optimization.

Suppose M # & and x* is a local maximum for problem (KKT). Then there exists a set of non-negative

multipliers {0, (1, - .., fm} notall zero such that
poV f(x*) + Z wivg'(z*) =0, (6.4)
ieM
pig'(z*) =0, fori € M. (6.5)

Proof. Let z' := vg'(z*) fori € M and 2° := v f(z*). If the theorem were true we can divide Equation (6.4)
throughout by » 7,51 (0} Mi» and Equation (6.4) can then be interpreted as saying that 0 belongs to the convex
hull of z%’s. This is what we intend to prove. Suppose the contrary, i.e., 0 & co({z°, 2!, ..., 2™}). Recall that
the convex hull of a finite number of vectors is closed. Then, by the Separating Hyperplane Theorem, there is a
vector h in R™ such that b - z* > O foralli =0, 1, ..., m. Since each ¢’ is differentiable, by Taylor’s theorem
we have for i € M and for any o € (0, 1)

g'(a* +ah) = g'(z*) + (ah) - Vg'(z") + R(a) = (1 — a)g'(«*) + ag'(z*) + (ah) - V' (z") + R(a),
where the error term R(«) is quadratic in cv. Since g*(z*) > 0 for i € M, the above expression reduces to
g'(a* +ah) > alg'(z") + h- Vg'(2")] + R(a).
Since h - z* = h - Vg'(z*) > 0 and g*(z*) > 0, for @ > 0 we have that

g'(x* + ah)
a

> g'(a*) + h-Vg' (%) + RS‘) >0, forall i € M. (6.6)
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The above inequality implies that 2* + ah is feasible for o sufficiently small. On the other hand, A - 2° > 0
implies that f(z* + ah) > f(2*) for @ > 0 and sufficiently small, which contradicts the local optimality of
x*. Now we prove the second part of the theorem. Consider the following system of strict inequalities.

g (z*) + h-vg'(z*) >0, forall i € M,
h-vf(z*)>0

The first inequality is implied by condition (6.6) for small values of «, and the second one is equivalent to
h-20>0.1f0 € co({z°, 2, ..., 2™}), ie., if 2* is a local maximum, then there is no h € R™ that solves
the above system of inequalities. Since the functions h - V f(x*) and ¢*(z*) + h - Vg'(z*) for i € M are
affine functions, by Gordon’s theorem of the alternative (in Chapter 4) we can find non-negative multipliers
o, M1, -- -, tm not all zero such that

he \povf@) + ) wvg' (@) |+ mig'(@*) <0, forall h e R™.
€M 1EM

Choosing h = 11V f(2*) + 3, ps i Vg'(x*), the above inequality reduces to

11>+ g (@*) < 0.
ieEM

Given that ||h[|* > 0, we must have Y, pig"(2*) < 0. On the other hand, ¢*(z*) > 0 and p; > 0 for all
i € M imply that >, pig"(@*) > 0. Thus, >, pig*(2*) = 0. Given that the multipliers are non-negative,
we have y;9'(2*) = 0 foreachi € M. [

The above lemma may fail if M is not a finite set since we cannot guarantee the existence of an a > 0 such
that g*(z* + ah) > 0 for all i € M. We also may not be able to characterize the optimal solution z* if 1o = 0.
In this case, Equation (6.4) reduces to

> wivg'(z*) = 0.

i€M
It is possible to encounter non-linear programing problem of the sort described in the above equation. To see
this, consider the following example.

Let f(x1, ¥3) = x2, and the constraints given by g' (x1, 22) = 1 > 0and ¢?(z1, 22) = —x1 —22 > 0.
Notice that the only feasible solution is (z}, z3) = (0, 0). Now V £(0, 0) = (0, 1), vg'(0, 0) = (1, 0)
and Vg2(0, 0) = (-1, 0). Thus, Equation (6.4) yields:

,UO(Ov 1) +'u1(1a O) +/L2(_1a O) =0.

All non-negative solutions of the above equation have pyp = 0, and hence V f(0, 0) cannot lie in the
convex hull of Vg*(0, 0) and vg?(0, 0). Hence, without additional assumptions we cannot guarantee
that 10 > 0. These additional assumptions are called constraint qualifications, which says that at a local
maximum z* for the problem (KKT), the vectors in {Vg*(x*)};cs are linearly independent.

Suppose M # @ and x* is a local maximum for problem (KKT). If the vectors in {Vgi(x*)};cps are
linearly independent, then there exists a set of non-negative multipliers {\1, ..., A, } not all zero such
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that

viET) + Y Aivgi(a) =0, (6.7)
€M
A\ig'(z*) =0, forie€ M. (6.8)

Proof. Apply Theorem 6.5. If pg > 0, then divide Equations (6.4) and (6.5) by g to obtain the result where
Ai = pi/po. I po = 0, then Y-, y, wivVgt(z*) = 0. However, the linear independence of the vectors in
{Vgi(x*)}icns implies that p; = 0 for all i € M, which is a contradiction. [

Stated component-wise, Equation (6.7) reads

af

g
* N (3*) =0 forallj=1, ..., n.
axj(x )+§4 ﬁxj(x ) or all j n

Condition (6.8) is known as the complementary slackness conditions, which implies that for some i € M it
cannot be the case that both \; and ¢’ (x*) are strictly positive (“slack™). Thus if ¢g’(z*) > 0, then \; = 0, and
if \; > 0, then g*(z*) = 0.

Now we consider a special case of the maximization problem (KKT) in which the inequality constraints are
replaced by equality constraints.

max{f(z) | g'(z) = 0 for i € M}. (L)

The theorem of Lagrange gives the first order optimality conditions for a local maximum of the above problem.

Suppose M # @ and x* is a local maximum for problem (L). If the vectors in {Vg'(x*)}icns are
linearly independent, then there exists a set of multipliers {\}, ..., A* } not all zero such that

V@) + D Avgi(at) =0. (6.9)

eM

Proof. Given the optimality of * we will construct a vector of multipliers A* € R which satisfies condition
(6.9). Let z = (z, y) where z € R™ is the first m coordinate vectors of =, and y € R"™"™ is the last n — m
coordinate vectors of x. Thus, * = (2*, y*). Denote by g(z) the vector (g'(z), ..., g"(x)). The linear
independence assumption implies that p(Vg.(z*, y*)) = m, where p(A) is the rank of a matrix A. Further,
given a function F(z, y) from R™*¥ to R!, VF,(z, y) denotes the portion of the matrix VF(z, ), which is
an [ x (I + k) matrix, corresponding to the first / variables, and VFy(z, y) denotes the portion of the matrix
VF(z, y) corresponding to the last & variables. We have to show the existence of A* such that

V(25 y) A vg (2,

) =0, (6.10)
VI (25, y*) + A vy (2F, ) = 0.

6.11)

Since p(Vg.(z*, y*)) = m, by the Implicit Function Theorem, there are an open set V' C R™~"™ containing y*
and a C! function b : V' — R™ such that z* = h(y*) and g(h(y), y) = 0 for all y € V. Therefore,

Vh(y*) = — (Vg (2", y*)) "' Vgy(z*, ). (6.12)

Now define
== (Vg (2, y) TV (2 ), (6.13)

70



which immediately implies Equation (6.10). Now, define the function /' : V. — R by F'(y) = f(h(y), y).
Since (h(y*), y*) is local maximum of f on an open set V', we have VF'(y*) = 0, i.e.,

VI(2" Yy )VA(YT) + Y fy (25, y7) = 0. (6.14)

Substituting for VA(y*) as in (6.12) and using the definition of A\* in (6.13) in the above equation, we get
condition (6.11).

Notice that although the maximization problem in (L) is a special case of that in (KKT), the above theorem is
not a corollary to the Karush-Kuhn-Tucker theorem. In Theorem 6.7, the complementary slackness conditions
are trivially satisfied by any \* € R™ (without any restrictions on the sign) because at the optimum g*(z*) = 0
for all ¢ € M. The following theorem generalizes Theorems 6.6 and 6.7. Append to the index set M of
the maximization problem (KKT) an additional set M= := {j | ¢’(z) = 0}. Now consider the following
maximization problem.

max{f(z) | g'(x) >0 forall i € M, and ¢’(z) = 0 forall j € M~}. (P)

Let 2* be a local maximum for problem (P). If the vectors in {Vg¥(z*)} for k € M= U {i € M |
g'(x*) = 0} are linearly independent, then there exists a set of multipliers {1} }icprun= such that

(a) Vf(x*)+ ZieMUM: Mngi(x*) =0,
(b) p; > Oforalli € M,

(c) p is unrestricted for all ¢ € M~

(d) pig'(z*) =0foralli € M,

(e) g'(z*) > 0foralli € M, and

(f) ¢*(z*) =0 foralli € M~.

Proof. See Vohra (2005, p. 93). O

The above theorem gives the optimality conditions for a maximization problem when both equality and
inequality constraints are involved. We should not confuse the constraints for j € M~ with those for 7 in
{i € M | g'(x*) = 0}, which is a subset of M such that g*(2*) = 0 for k belonging to this set. This is the set
of binding or active constraints at the optimum.

Using the optimality conditions

In what follows we describe “cookbook’ procedures for using the optimality conditions stated in Karush-Kuhn-
Tucker and Lagrange theorems. For a detailed discussion on when such procedures work and when they fail,
(see Sundaram, 1996).

A cookbook procedure for the KKT theorem

Consider the maximization problem (KKT). To solve such a problem in practice, one may follow the fol-
lowing three steps. In the first step, we form a function £ : R” x R™ — R, called the Lagrangean, which is
given by

Lz, A) = f(z)+ > Xig'(2). (6.15)
=1
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In the second step, find all solutions (z, \) to the following set of equations:

oL

— = =1, ... .
al,] (x7 A) 07 for J ’ y 1, (6 16)
g)i(x, A) >0, A\ >0, )\ig)i(x, AN)=0fori=1,...,m. (6.17)

Let L be the set of solutions to the above system. In the third step, we compute the value of f at each x in the
set {z | there is A such that (z, \) € L}. In practice, the value of = that maximizes f over this set is typically
also the solution to the original maximization problem (KKT).

onsider the following maximization problem:
max{z® —y | 22 +y? < 1}. (6.18)

Let f(z,y) := 22 — y and g(z, y) := 1 — 2% — y2. First notice that the constraint set C' := {z, y |
z2 + y2 < 1} is the unit disc in R2, and hence is compact, and the objective function is continuous.
Therefore by Weirstrass theorem, the is at least one maximum of f over C'. Next, notice that at the points
(z, y) at which the constraint is binding, we must either have  # 0 or y # 0 to have 22 + y? = 1.
Since Vg(x, y) = (—2z, —2y), it follows that at all such points where the constraint is binding, we
must have p(Vg(z, y)) = 1. Therefore the constraint qualification is satisfied if the optimum occurs on
the boundary of the disc. If the optimum occurs at a point where g(z, y) > 0, then the set of binding
constraints is empty, and the constraint qualification holds vacuously. Now write down the Lagrangean
as follows.
Lz, y, ) =22 —y+ A1 — 2% — 2.

The optimal solutions to Problem (6.18) must be given by the following system:

2z(1 —\) =0, (6.19)
—1—2\y =0, (6.20)
A>0, 1—22—¢y2>0, N\Q—22—-9%) =0. (6.21)

Notice that A cannot be equal to 0 in order to have Equation (6.20) satisfied. Hence, we must have
1 — 22 — 4% = 0, i.e., the constraint must bind at the optimum. For the first equation to hold, we must
have x = 0 or A = 1. If A = 1, then Equation (6.20) implies that y = —1/2. Then the binding constraint
implies that z = 4+/3/2. Thus we get two candidate solutions which are given by

V3 o1 V3 o1
A=[-——,—-2=,1 d (—,—=,1].
(x7 y7 ) ( 2 ) 2 ) an 2 b 2 )
The value of f at both the candidate solutions is equal to 5/4. Next, we have to check whether z = 0 is
a candidate solution. In this case the equation in (6.21) implies that we must have y = £1. Buty = 1is
inconsistent with the fact that A > 0 since Equation (6.20) implies, in this case, that A\ = —1/2. Thus,
the other candidate solution is given by

Gy ) = <0, 1, ;)

At the above candidate optimum, f(0, —1) = 1 < 5/4, and hence we can discard this point. Since
there is no other candidate solution, there are exactly two optimal solutions, namely (—+/3/2, —1/2)
and (v/3/2, —1/2). Also at these two points the sufficient conditions are clearly satisfied. These two
points cannot be minima as we have discarded the candidate optimum (0, —1) because at this point f
reaches a value equal to 1 which is lower than 5/4.
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A cookbook procedure for the Lagrange theorem

The procedure is similar to that of the KKT theorem. Consider the maximization problem (L). In the first
step, write down the Lagrangean, which is given by

Lz, A) = f(2)+ D Nig'(@). (6.22)
i=1
In the second step, find all solutions (z, A) to the following set of equations:
oL
ang(f”” A)=0, forj=1,...,m, (6.23)
oL ,
a—)\i(w, A)=0, fori=1,...,m. (6.24)

Let L' be the set of solutions to the above system, which is given by

L' :={(z, \)| VL(z, \) = 0}.
In the third step, we compute the value of f at each x in the set {x | there is A such that (z, \) € L'}.
Discussion on the Lagrangean method

We will give an intuitive interpretation of the Lagrangean method described above. Consider the following
problem.

max{ f(z1, z2) | g(x1, 2) = c}. (6.25)

x1,T2

Instead of directly forcing the agent to respect the constraint, imagine that we allow her to choose the values of
x1 and z9 freely, but make her pay a fine A\ “per unit violation” of the restriction. The agent’s payoff, net of the
penalty, is given by the Lagrangean function:

L(x1, T2, \) = f(x1, x2) — A[ec — g(x1, z2)]. (6.26)

The agent maximizes (6.26), taking A as given. The first-order conditions are given by:

oL . .
8751/‘1(1‘1’ Lo, )‘) = 07 (Ll)
oL

Given an arbitrary ), there is no guarantee that the solution to the above system will be an optimal solution to
problem (6.25). But if we pick the correct penalty \*, the agent will choose to respect the constraint even if in
principle she is free not to do so. Hence, apart from (L1) and (L2), the optimal solution (7, x3, A\*) must also
satisfy the constraint which can be written as

aﬁ * * * * *
87/\(:61’962’ A%) = g(z7, 23) —c=0. (F)

Thus, the Lagrangean method is a way in which one transforms a constrained optimization problem to an

unconstrained one.

Sufficient conditions for optimality

The conditions given in Theorems 6.6 and 6.7 are only the necessary conditions that an optimal solution z* must
satisfy. These conditions only assert that «* is a critical point of the Lagrangean, but do not say anything about
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whether z* is a minimum or a maximum. If the objective and the constraint functions are twice continuously
differentiable, then the second order conditions sometimes give the sufficient conditions for optimality. As
we have mentioned above that the maximization of the Lagrangean function is an unconstrained maximization
problem, we can make use of the theorems on sufficiency in the previous section along with our knowledge of
concavity and quasiconcavity to get the sufficient conditions in this context. We state two important theorems.
The first one guarantees a strict local maximum of a the Lagrange problem, and the second theorem gives
sufficient conditions for uniqueness for the KKT problem.

Let z* € R" be a feasible point for the problem (L) for some A\* € R™ such that the vectors in
{Vg(x*)}icn are linearly independent, and let (z*, A*) satisfies condition (6.9) in Theorem 6.7. Define

H:={heR"|vg(z") h=0},

and let V2 L(z*, \*) = V2f(x*) + D1, Afv2gi(2*) denote the n x n matrix of derivatives of the
Lagrangean with respect to z at (z*, \*). If hT'v2 L(z*, \*)h < 0 for all h € H with h # 0, then z*
is a strict local maximum for the problem (L).

Proof. See Sundaram (1996, p. 118). U

Let 2* be an optimal solution to the problem (KKT). If f is strictly quasiconcave and the constraint
function ¢° for all i € M are quasiconcave, then x* is the unique optimal solution.

Proof. Notice that the set C* := {x € R" | g(x) > 0} is convex because g’ is quasiconcave. z* maximizes
the strictly quasiconcave function f over the convex set C' = M;cpsC?. Hence, the theorem follows from
Theorem 6.4. [

Application

In this subsection we analyze one problem from economics in order to illustrate the the usage of Theorems 6.6
and 6.7.

Optimal consumption choice by utility maximization

A consumer chooses quantities (1, x2) € Ri of goods 1 and 2, given the price vector (p1, p2) with p; > 0
for ¢ = 1, 2 and given her income m > 0. Her utility function is given by u(z1, x2) = x1x9. Formally, the
consumer solves the following problem.

max{xiz2 | p1x1 + pare < m, x1 >0, x9 > 0}. (6.27)
First notice that the budget set, which is given by
B(p1, pa, m) = {(x1, x2) € R* | pry + poxa <m, 21 >0, x5 > 0}, (6.28)

is compact, and the utility function u(-) is continuous. Thus, by Weirstrass Theorem, a solution (z7, z3) to the
maximization problem (6.27) exists.

Now, if either 21 = 0 or z2 = 0, then u(x1, x2) = 0. On the other hand, the consumption point (Z1, Z2) =
(m/2p1, m/2ps) is feasible and gives a utility u(Z1, T2) = m?/4pips > 0. Since any solution (z3, %) must
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be such that u(z7], x3) > u(Z, T2), we must have that 27 > 0 for ¢ = 1, 2. Then the complementary slackness
conditions of Theorem 6.6 imply that the multipliers associated with the constraints z; > 0 and x2 > 0 must be
zero at the optimal solution. Further notice that, given the monotonicity of the preferences, the third constraint
must hold with equality. Therefore, the reduced budget set is given by

B*(p1, p2, m) = {(z1, x2) € R? | p1zy + poxo = m}. (6.29)
Now we are within the settings of the Lagrange theorem. The Lagrangean is given by:
L(x1, T2, \) = 2122 + \[m — p121 + p2xal.
The critical points of £(x1, x2, \) are given by

xQ_Apl :07
l‘liAPQ 207

m — p1x1 — per2 = 0.

If A = 0, then the above system has no solutions. Hence, we have that A # 0. The first two equations imply
that A\ = p1/x1 = pa/x2, S0 x2 = (p1/p2)x1. Using this in the third equation, we see that the unique solution
to the set of above equations is given by x = m/2p;, 5 = m/2ps and \* = m/2p1p2 > 0. Also, the other
two inequality constraints 7 > 0 for 7 = 1, 2 are also satisfied.

Now we will use the second-order conditions to show that (27, x3) is a strict local maximum of « on
B*(p1, p2, m). Notice that Vg(x*) = (—p1, —p2). Hence we have that

H={heR*|Vg(a") -h=0}={heR”| hi=—(pha)/p1}.

And the second derivative of the Lagrangean at the optimum with respect to (x, z2) is given by

-1

For h € H we have h' V2 L(z*, \*)h = —2p2h2/p1 < 0. Hence, by Theorem 6.9 we have that (x%, x3) is a
strict local maximum. Moreover, (z7, %) is the unique maximum. Notice that the budget set B(p1, p2, m) is

01
VZL *)\*: )\*
soemr=[0 s

convex and the objective function w(-) is strictly quasiconcave, and the claim follows from Theorem 6.10.

6.3 Comparative statics

6.3.1 Comparative statics for smooth optimization problems

We consider the parametric maximization problem (/). In this subsection, we first analyze several properties
of the value function V() and of the optimal solution correspondence S(6). Next, we study the behavior of
the value function and the optimal solution with respect to the parameter 6. This is known as the comparative
static analysis.

Theorem of the maximum

The following theorem states some properties of the optimal solution to the maximization problem () and of
the value function.
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Given the sets X C R” and © C R™, let f : X x © — R be a continuous function, and C() is
compact for each § € ©. Then

(a) the solution correspondence S : © —— X which is given by S(0) := argmax,{f(z; 0) | x €
C(6)} is non-empty, and the value function V (6) = max,{f(x; 6) | x € C(0)} of the problem
P is continuous;

(b) if f : X x© — Ris concave on X x O, and C'(0) is convex for each € ©, then S(0) is a convex
set. Moreover, if f(xz, 6) is strictly concave, then the set S(6) is singleton, i.e., S(8) = {x(6)}.
The function z(#) is a continuous function.

Proof. Omitted. [

Applications

In what follows we analyze two concrete examples from economics where the above theorems readily apply.
Walrasian equilbrium:

Consider an exchange economy & = (u’, w’)?_; where u'’ : Ri — R is the utility function of consumer

i =1, ..., n, which is continuous and strictly quasiconcave, and w’ € Ri is her endowment vector. An allo-

cationz = (z!, ..., 2") € ]R?FXL is a vector that describes the amount of each commodity consumed by each

agent. An allocation is feasible if the consumption of each commodity does not exceed its total endowment,

A Walrasian equilibrium for the exchange economy ¢ is a price-allocation pair (p*, z*) such that (i) all
agents maximize utility taking p* as given, and (ii) the market for each commodity clears.

First notice that, given a price vector p, the demand vector of consumer 7 is given by:
xi(pa D Wi) € argmax ; {Uz(l’l) | D - CL‘i <p- wi}‘

From Berge’s theorem it follows that the demand function 2%(p, p - w') is continuous for any strictly positive
price vector. Also the demand function is homogeneous of degree zero. One obtains the aggregate demand
function by summing the individual demands across all consumers, i.e.,

z(p, w) =Y @' (p, p-w'), (6.30)
i=1

and the aggregate excess demand is given by:

n

2(p,w) =Y [@'(p, prw') —w] = 2(p, w) —w. (6.31)
=1

It is not so difficult to show that (p, w) and z(p, w) are continuous functions, and are homogeneous of degree
zero in prices. Now notice that the individual budget constraints must hold with equality, i.e.,
i

p'xi(p,p'wi):p'w.

76



Summing over all consumers in the above equation we get the Walras’ law:
p-z(p, w) =0. (6.32)

It is worthwhile to note two important implications of the above result. First, Walras’ law implies that if the
markets of any L —1 goods clear, then the remaining market must automatically clear. Second, the homogeneity
of degree zero of z(p, w) means that only relative prices matter. Formally, it allows us to normalize prices and
worry about only L — 1 markets. Hence, we do the following normalization such that p € A where A is the
unit simplex in RL e, Zlel p; = 1. Formally,

L
A:—{pERi: Zpl—l}.

=1

It is easy to show that A is a compact and convex set. For simplicity we will assume that each of the individual
utility functions is strictly quasiconcave which implies that the aggregate excess demand z(p, w) is single-
valued, and abuse notations to express it as z(p) since the function is defined for constant endowment vectors.
The following theorem asserts that a Walrasian equilibrium for the economy £ exists.

Let z : A — R’ be the aggregate excess demand function which is continuous. Then there exists a
price vector p* € A such tha z(p*) < 0.

Proof. Define a price-adjustment rule g : A — A as follows.

_ o max{0, z(p)}
9(p) 1+ Zlel max{0, z(p)}

It is easy to show that g;(p) is continuous for each [, and g(p) = (g1(p), - -, gr(p)) € A. It follows from the

for (=1, ..., L.

Brouwer’s fixed-point theorem that there is a price vector p* € A such that g(p*) = p*. Then

g — P max{0, ()}
-
L+ 30y max{0, z(p*)}

We will show that the price vector p* are the Walrasian prices. Notice that the above equation implies

for I=1,..., L. (6.33)

L

P + 0] Zmax{(), 21(p")} = pf + max{0, z/(p*)} fori=1,..., L,
=1

L
= p Zmax{o, z1(p*)} = max{0, z(p*)} fori=1, ..., L,
1=1

L
= z1(p")p; ZmaX{O, 21(p*)} = z1(p*) max{0, z;(p*)} forl=1,..., L,
=1

Adding up the above L equations we get:

L L
> max{0, z(p*)} [Z pia (p*)] =Y ap’) max{0, z(p")}.
j=1 =1

=1

The Walras’ law implies that

L
> piap*) =0.
=1
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Hence,
L
> a(p) max{0, z(p*)} = > 4(p*) =0.
=1 =1

Each term Z;(p*) of the above summation is greater than or equal to zero because Z;(p*) € {0, z7(p*)}. In fact,
each Z;(p*) must equal zero, otherwise the last equality would not hold, and hence z;(p*) < O0forl =1, ..., L.
In other words, p* is a Walrasian price vector. [

Nash equilibrium:

Let I' = (N, {P;}ien, {mi(-) }ien) be a normal-form Bertrand game, where N = {1, ..., n} is the set of
n firms, P; is a non-empty subset of R for each 7 € N and p; € F; is the unit price of the product of firm
i, and m; : P; X ... x P, — R is the profit function of firm i. A vector p = (p1, ..., pn) = (Pi, P—i)
where p_; = (p1, .-+, Di—1, Dit1, - - -5 Pn), called a strategy profile, is an element of P := P} X ... x P, =

P;x P CR" where P_; = Py X ... x Py x Py x ... x P, CR}7L,

*

A strategy profile p* = (pj, ..., p}) is a Nash equilibrium if it is feasible (i.e., is an element of P) and
if

*

p; = argmax,, cp, m;(p;, p-;) foreachi € N. (NE)

The choice p; of price by firm ¢ is a best response for this firm to the prices set by its rivals p_; if it
maximizes firm i’s profit. Formally,

The best-response correspondence of firm ¢ is a mapping ¢; : P_; —— P; if

Vi(p—i) = argmax,, c p. ™i(pi, P—i)-

Define by ¢ : P —— P the Cartesian product of the best-reply correspondences of the n firms, i.e.,
»(p) == Y1(p-1) X ... X Yp(p—yn). Now assume that each 7; is strictly quasiconcave, and hence the best-
response correspondence of firm ¢ is a function. Notice that if a strategy profile p* is a Nash equilibrium of
the game I, then for each firm ¢ we have that p! = v;(p* ;). Thus, p* = 9 (p*), i.e., p* is a fixed point of the
function . Therefore, proving the existence of a Nash equilibrium is equivalent to proving the set of of fixed
points of ¢ is non-empty.

LetI' = (N, {P;}ien, {mi(-) }ien) be a Bertrand game, and assume for each firm ¢ that
(a) the strategy space P; is a non-empty, compact and convex set in R, and
(b) the profit function 7;(+) is continuous and strictly quasiconcave in p; given p_;.

Then the set of Nash equilibria of I" is non-empty.

Proof. We will use Brouwer’s fixed-point theorem to prove the existence of a fixed point. So we will prove that
the function ) is continuous, and that P is compact and convex. Since P is a Cartesian product of n compact
and convex sets, it is compact and convex. Consider the best-response function of firm ¢. Since 7; is continuous
and P; is compact and convex, by Weierstrass theorem, v); exists, and by Berge’s theorem it is continuous.

78



The function 1 which is the Cartesian product of n continuous functions, is itself continuous. Therefore, by
Brouwer’s fixed point theorem its set of fixed points is non-empty. [l

6.3.2 Value function and the Envelope theorem

The value function V' : ® — R for a maximization problem gives the maximum attainable value of the
objective function for each value of the parameters:

V(9) = m;tx{f(x; 0) | xeC(0)} = f(z; 0), where z* € S(6).

The above expression has a nice and intuitive geometric interpretation. Consider the above maximization
problem with a single parameter 6. Fix an x that is feasible, and plot the objective function f as the function
of the parameter alone. The function V() corresponds to the upper envelope of this family of curves. Two
important observations emerge. First, the concavity or convexity of V' will crucially depend on the nature of
the objective function and the constraint set. Second, the value function is, in general, not differentiable. An
important result, called the envelope theorem will give us sufficient conditions for the differentiability of the
value function.

Consider the following maximization problem and the associated value function:
V(0) = max{f(x; 0) | g(; 6) > 0}.
x

Suppose the objective function f is concave in (x, §) and that all the constraint functions g* for i =

1, ..., m are quasiconcave in (z, #). Then the value function is concave.
Proof. Take two arbitrary parameter vectors 6’ and 0", and let 2’ = z(#’) and 2" = x(6") be the corresponding
optimal choices of 2. Consider now the pair (z*, *) defined by

2 = (1 =Nz’ + 2" and 0* = (1 — \)§ + \”, for A € (0, 1),

and observe that, in principle, z* is not necessarily an optimal choice corresponding to #*. We first show that
2 is feasible for #*. Since 2 is feasible for 6’ and z” is feasible for 6", it follows that, foreach j = 1, ..., m,
g’ (2'; 0') > 0 and g’ (2; ") > 0. Thus, quasiconcavity of g7 implies that

¢ (z*; 0%) > min{g? (z/; 0'), ¢/ (2" 0")} > 0,

foreach j = 1, ..., m, and hence z* is feasible for #*. Now,

V(0*) = f(x(0); 6*)
(z*; 0%)
1= N f(a'; 6') + \f(a"; 0")

)
NV (O + AV (0").

v
~

v

Thus, V is concave. [

Let V(0) = max,{f(z; ) | g(z; ) = 0}, where f, g : R® — R are C? functions. If 2* be a
regular solution, i.e., a strict local maximum of this problem for 09, then V is differentiable at 6°, and
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the derivative is given by

DV (6°) = DoL(z*, 6°) = Do f(x*, 6°) + AT Dgg(a*, 6°).

Proof. Differentiating the Lagrange function
L(z*, 0% = f(z*, 6°) + AT g(z*, 6°)
with respect to (x, ), for @ = 6°, we get the first-order conditions of the problem:

D L(x, 0°) = D, f(z, 0°) + AT Dpg(z, 8°) = 0, (6.34)
DyL(z, 8°) = g(z, 8°) = 0. (6.35)

Under the assumptions of the theorem, the decision rule is well-defined and is a differentiable function. Thus,

Differentiating the value function with respect to 6 and using (6.34), we obtain

DV (6°) = Dyf(z*, 0°) + D, f(z*, 8°)Dx(6°)
= Dyf(x*, 0°) — AT Dpg(z*, 8°)D2:(6°) (6.36)

Substituting x(#) in (6.35) and differentiating with respect to 6
D,g(x*, 0°)D2(6°) + Dyg(z*, 6°) = 0.
Using the above expression in (6.36) we get the desired result. [

We will use the Envelope theorem to give an intuitive interpretation of the Lagrange multiplier. Consider
the Lagrange problem with the constraints g*(x) +; = 0 for i € M. The value function is given by

V(7) = max{f(z) | g(2) +~ = 0}.

By Envelope theorem we have DV (y) = A°. Thus, the multipliers measure the sensitivity of the value
function to the changes in the constants of the constraint functions. Therefore, A\ can be interpreted as shadow
prices.

Consider the utility maximization problem defined as
V(p, m) = max{u(z) | m —p-x = 0}.
x

The Lagrangean for the consumer problem is given by

L(z, \; p, m) =u(z) + A

l
m — szxz] .

By envelope theorem

oV .
aipl(pv m) = —A xl(pa m)7
av .
%(1% m) = A
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Dividing the first equality by the second one we get

oV (p, m)/0p;

zilp, m) = - AV (p, m)/Om’

which is the Roy’s identity.

6.3.3 Monotone comparative statics

Consider the maximization problem (7)), and assume that the best response correspondence is given by S(6) =
{z(#)}. We aim at finding sufficient conditions under which the optimal solution is monotone on ©. First
consider the following definition.

Let f : X — R be a C? function where X C R". The function f is said to be (strictly) supermodular
on X if the off-diagonal elements of its Hessian matrix are all (strictly) positive, i.e., fi;(z)(>) > 0 for
allé, =1, ..., nandi # j.

The following theorem states a simpler version of “monotone comparative statics” result of Topkis (1978).

Let f : X x © — R be a C? function, where X, © C R. If f is (strictly) supermodular on X x O,
then the function x(6) = argmax,{ f(z, 0) | = € C(0)} where C(0) C X is (strictly) increasing in 6.

We omit the proof. Instead, we consider the following examples to understand the intuition of the above
theorem.

Consider a continuum [0, 1] of firms with a machine apiece, and a continuum [0, 1] of workers who are
heterogeneous with respect to productivity ¢q. Let F'(s) denote the distribution of machine size and let
G(q) be the distribution of productivity. An worker with a given productivity level ¢ produces a total
output y(s, ¢) if he uses a machine of size s. where 7(s) is the rental rate of a type s machine and
w(q) is the wage of a type ¢ worker. Assume that workers are assigned to the machines according to the
assignment rule s = s(q) where ¢ = s~!. A Walrasian equilibrium is a tuple (s, w(q), r(s)) such that

(i) (a) q(s) = argmax, {y(s, q) — w(q)} for each s;
(b) r(s) = max, {y(s, ¢) — w(q)} for each s;
(c) w(q) = max, {y(s, q) — r(s)} for each ¢;

(ii) If s([q1, g2]) = [s1, s2] for any [q1, g2}, [s1, s2] C [0, 1], then F'(s2) — F'(s1) = G(g2) — G(q1)-

Suppose that the equilibrium assignment is increasing, i.e., s’(¢) > 0. We will establish conditions
under which such supposition is valid. The first order condition of the maximization problem of a type
s firm implies that

w'(q) = i?jygs(;q) for s = s(q). (6.37)

The above equation implies that the marginal wage of a type g worker is equal to his marginal product.
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Applying the envelope theorem to the above maximization problem one gets

r'(s) = W for s = s(q), (6.38)

i.e., the marginal rent of a type s machine is its marginal product. In an equilibrium, the assignment of
workers to machine must also satisfy the second order condition of the maximization problem:

82 i
8—;<s<q>, g) —w"(q) < 0. (6.39)

Differentiating equation (6.37) one gets

2 2
W'(0) = S (s(0). 0)5(0) + 55 (5(0). 0

From the above it is clear that s'(q) > 0, i.e., the assignment is positively assortative if y(s, q) is
supermodular on [0, 1] x [0, 1]. Now suppose that s and ¢ are both distributed uniformly over the
intervals [ — oy, p + o) and [ — og, 1 + o4], respectively. Then the second equilibrium condition

/5 s —(k—0s) ds:/q q— (1 —0g) dq
U—0s (N+08_/~L_US) pn—ogq (M—"_O-q_l'l’_o-q)

ag
= s=35(q) = p+—(q—p)
Oq

implies that

That is the matching function is linear whose slope depends on the relative dispersion of the workers
to machines, i.e., whether o5 2 o04. Notice that if y(s, ¢) = sq, then w”(a) = 05/04 > 0. Thus the
equilibrium wage function is convex, i.e., the economy represents increasing wage inequality.

Let there be two firms 1 and 2 in a Bertrand market. They face an identical C? demand function D(p;, P5)
with D;(p;, pj) < 0, Dyi(pi, p;) < 0and Dj(p;, pj) > 0fori, j = 1, 2 and i # j. Both firms have
zero cost of production. The profit of firm 7 is given by

I (pi, p;) = piD(pi, p;) (6.40)

which she maximizes with respect to p;. The Nash equilibrium is given by (p}, p3) such that p; =
Y1(p3) and p3 = 1a(p}) where ;(p;) is the best response of firm . We will look for conditions under
which the best response functions are increasing. Notice at a Nash equilibrium that

I (ps, p;) = piDi(pi, p;) + D(pi, pj) = 0.
Differentiating the above expression with respect to p; at p; = 1;(p;), we get
Yi(p7)Di(i(ps), ps) + ¥i(py)[Dii(i(ps), pi)¥i(p;) + Dij(¥ilps), pj)]
+ Di(¥i(p;), p)¥i(p;) + Dj(vi(ps), pj) =0

 %ilp) D (Vip;), pj) + Dj(¥i(p;), pj)
2D;(1i(p;), p;) + ¥i(pj) Dii(i(py), j)”

Given the assumption on D(p1, p2), the best response functions are increasing if D;;(p;, p;) > 0 for

= ¥i(p;) =

all (p;, pj), i.e., the demand function of any firm is supermodular in its own price and that of its rival.
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