Real Analysis:

Differential Calculus




1. One-Variable Calculus: Differentiability of Functions

e Slope of a Linear Function:

The slope of a linear function f measures how much f(z) changes for each unit
increase in x.

— It measures the rate of change of the function f.

- Linear functions have the same rate of change no matter where we start.

e The view of the slope of a linear function as its rate of change (the marginal effect)
plays a key role in economic analysis:

— marginal cost;
— marginal utility;
— marginal product of labour.



1.1 Slope of Nonlinear Functions

e How do we measure the marginal effects of nonlinear functions?

e Suppose that y = f(x) is a nonlinear function and we are at the point (z, f (z()) on
the graph of f, as in the following figure.

— We want to measure the rate of change of f when x = .

- A natural solution to this problem is to draw the tangent line to the graph of f at
xo as pictured in the figure.

e Since the tangent line very closely approximates the graph of f around (x, f (x¢)),
it is a good proxy for the graph of f itself.

— The slope of the tangent line should be a good measure for the slope of the non-
linear function at x.

e For nonlinear f, the slope of tangent line varies from point to point.



f '(0) or %}—JZ— (xo)-

Figure _
2.8 ' The graph of a nonlinear function.




e We use the notion of the tangent line approximation to a graph in our daily lives.

— Contractors who plan to build a large mall or power plant or farmers who want too
subdivide large plots of land will generally assume that they are working on a flat

plane,

- even though they know that they are actually working on the rather round earth
surface.

— In effect, they are working with the tangent plane to the earth and the computations
that they make on it will be exact to 10 or 20 decimal places — easily close enough

for their purposes.
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e We define the slope of a nonlinear function f at a point (zg, f (xg)) on its graph as
the slope of the tangent line to the graph of f at that point.

— We call the slope of the tangent line to the graph of f at (x, f (z¢)) the derivative
of f at xy, and we write it as

d
f’ (CIZQ) or é (QZ()) .
- The latter notation comes from the fact that the slope is the change in f divided
A
by the change in z, or —f
Ax

e Since the derivative is such an important concept, we need an analytical definition to
work with.

— This problem is best handled using a limiting process.



e Recall that a line segment joining two points on a graph is called a secant line.
e Back off a bit from the point (x, f (z()) on the graph of f to the point (z¢ + Ay, f (¢ + h1)),
where h; is some small number.

— Draw the secant line ¢; to the graph joining these two points, as in the following
figure.

e By choosing the second point closer and closer to (zg, f (xy)), we will be drawing
better and better approximations to the desired tangent line.

e Choose h, closer to zero than h; and draw the secant line ¢ joining (z, f (z()) and
(SC() + ho, f (330 + hg)) :

e Continue in this way choosing a sequence {h,} of small numbers which converges
monotonically to 0.

— For each n, draw the secant line through the two distinct points on the graph
(an f (xO)) and (xO + hna f (370 T hn)) .



'-(XO + h‘1, f(XO +.h1))

(XO + hz, f(XO + hz))

xO + hy, f(xg + M)

_ (Xo, fi (Xo))

1 ] ] ]

Xy Xy + b3 Xg+hy,  Xg+ by

Figure | . .
2.10 , Approximating the tangent line by a sequence of secant lines.
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e The secant lines {/,,} geometrically approach the tangent line to the graph of f at
(xo, f (0)), and their slopes approach the slope of the tangent line.

e As /,, passes through the two points (z, f (z¢)) and (zg + hy, f (o + hy)), its slope is

f@o+ha) = f(2o) _ f(2o+ hn) — f(20)
<£170—|—hn)—5130 h,, .

e Hence the slope of the tangent line is the limit of this process as h,, converges to 0.
e Definition:

Let (zg, f (x¢)) be a point on the graph of y = f(z). The derivative of f at x, written
d
as f'(x) or e (xo) or d—y (x0) , is the slope of the tangent line to the graph of f at
X X

(o, f (w0))-

— Analytically, f’ (xg) = lim f (zo+ h) — f (o)

. if this limit exists.
h—0 h

— When the limit does exist, we say that the function f is differentiable at x; with
derivative f' (z).



1.2 Differentiability and Continuity

e The continuity of f is a necessary condition for its differentiability, but not sufficient.

e Theorem 1:

Let f be defined on an open interval I containing the point x,. If f is differentiable
at xq, then f is continuous at x.

— Proof: To be discussed in class.

e Counter-example: Consider the function f (x) = |z|.

— Show that this function is continuous at x = 0.

— Show that this function is not differentiable at x = 0.



1.3 Higher-Order Derivatives

e Continuously Differentiable Functions:

If f is a differentiable function, its derivative f'(x) is another function of z. If f/(x)
is a continuous function of z, we say that the original function f is continuously
differentiable, or C'* for short.

— Geometrically, the function f’ will be continuous if the tangent line to the graph of f
at (x, f(z)) changes continuously as = changes.

— Example: Every polynomial is a continuous function. Since the derivative of a
polynomial is a polynomial of one less degree, it is also continuous.

= Every polynomial is a C'! function.



e Second Derivative:

Let f be a C! function on R. Since its derivative f’(x) is a continuous function on R,
we can ask whether or not the function f’ has a derivative at a point xy.

— The derivative of f'(x) at z is called the second derivative of f at z; and is written
as

d (d d?
7 (an) or 7 () (o) = 55 (),

— The second derivative of f at x is defined as

f/,($0> — lim f/($0+h) —f/<.f130)

h—0 h

, if this limit exists.
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e Twice Continuously Differentiable Functions:

If f has a second derivative everywhere, then f” is a well-defined function of . If f”
IS a continuous function of x, then we say that f is twice continuously differentiable,
or C? for short.

— Example: Every polynomial is a C? function.

e This process continues for all positive integers.

— If f(x) has derivatives of order 1,2, ..., k and if the kth derivative of f — written as

d
f¥(2), or d—],:(x) — is itself a continuous function, we say that f is C*.
X

e If f has a continuous derivative of every order, that is, if f is C* for every positive
integer k, then we say that f is C* or “infinitely differentiable”.

— Example: All polynomials are C* functions.
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1.4 Approximation by Differentials

e The definition of the derivative leads us naturally to the construction of the linear
approximation of a function.

e Recall that for a linear function f(x) = max + b, the derivative f'(x) = m gives the
slope of the graph of f and measures the rate of change or marginal change of f:

increase in the value of f for every unit increase in the value of z.

e Let us carry over this marginal analysis to nonlinear functions.

— After all, this was one of the main reasons for defining the derivative of such an f.
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¢ In formulating the analytic definition of the derivative of f, we used the fact that the
slope of the tangent line to the graph at (xq, f (x)) is well approximated by the slope
of the secant line through (z, f (z)) and a nearby point (¢ + h, f(z¢ + h)) on the
graph.

— In symbols, f(xo+h) — f(x0)

proximated by” or “is close in value to”.

~ f'(xz9), for small h, where ~ means “is well ap-

e If we set h = 1, then the above relationship becomes
fzo+1) — f (o) = [ (w0);

— in words, the derivative of f at z(, f' (z¢), is @ good approximation to the marginal
change of f at x.

- Of course, the less curved the graph of f at z(, the better is the approximation.
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e Example: Consider the production function F' (L) = Lv/L.
— Suppose that the firm is currently using 100 units of labour.

— Marginal product of labour: F' (100) = i(l()())_% = L = 0.025;

— The actual increase in outputis: F'(101) — F(100) = 0.02494..., pretty close to 0.025.

e What if the change in the amount of z is not exactly one unit?
— Substituting Az, the exact change in z, for h, we get

S (xo+ Ax) — f (x0)
Az

Ay = f(xg+ Ax) — f(xg) = [ (x0) Az,

~ [’ (xg), implying that

or  flxg+Ax) = f(x) + f (20) Ax.

— Here we write Ay for the exact change in y = f (z) when x changes by Az.

- Once again, the less curved the graph and/or the smaller the change Ax in x, the
better the approximation.
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e The expression f (zg + Ax) = f (zo) + f' (z9) Ax gives an effective way of approxi-
mating f(z) for x close to some x.
e Example: Consider again the production function y = F(x) = 5/.

Suppose the firm cuts its labour force from 900 to 896 units. Let us estimate the
change in output, Ay and the new output at z = 896.

— Note that F'(z) = ix_%. Substituting xy = 900 and Ax = —4,

_1 1 . : .
o Ay & F' (z0) Az = $(900)72 (—4) = ~30 that is, output will decrease by approxi-
1
mately — units;
Y30
1
o New output, F' (xg+ Ax) = F (z9) + F' (x¢) Az = 15 — 2= 14.9666...

— The actual new output is: F (896) = 11/896 = 14.9663...;

o once again the approximation by the derivative is a good one.
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e The equations
Ay = f(zo+ Az) — f(w0) = [ (w0) A,

or f (o + Ax) = f (o) + f'(20) Az,
are merely analytic representations of the geometric fact that the tangent line 7 to the
graph of y = f(x) at (z¢, f (%)) is @ good approximation to the graph itself for = near
(-
e As the following figure indicates,

— the left-hand sides of the equations pertain to movement along the graph of f,

— the right-hand sides pertain to movement along the tangent line /,

- because the equation of the tangent line, the line through the point (xg, f (x¢))
with slope f' (zy), is

y = f(x0) + [ (w0) (x — o) = [ (x0) + f (20) Az.



f(Xo) + f’(Xo) Ax
f(xy + Ax)

f(xg) )

e ——— e

-__~._..__._-__~—..___—__-_.

-—.——.——.__—__—.__—__

e . o —— e

Ay = flxy + Ax) - f(xg)

Comparing dy and A y.

Figure
215
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e Write Ay for the actual change in y as x changes by Az, that is, for the change along
the graph of f, as in the figure.

e Write dy for change in y along the tangent line ¢ as x changes by Axz.
e Then the above equation can be written as
Ay =~ dy = [’ (zg) Aw.

e We usually write dz instead of Az while working with changes along the tangent line,
even though Az is equal to dx.

¢ Differentials: The increments dy and dz along the tangent line ¢ are called differentials.
e We sometimes write the differential df in place of dy.
e The equation of differentials for the variation along the tangent line
df = f'(wo)dx  or  dy=f"(x)dx
df

gives added weight to the notation o for the derivative f'(x).
T
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2. Calculus of Several Variables: Partial Derivatives

e To apply calculus to the study of functions of several variables, we take the simplest
approach.

— We change one variable at a time, keeping all the other variables constant.

— Since we are not looking at the total variation of f but just the partial variation
— the variation brought about by the change in only one variable, say z; — the
corresponding derivative is called the partial derivative of f with respect to z;.

of

- It is denoted by 5
Ly

; other common notations include f;, f,., and D;f.

e Recall that the derivative of a function f of one variable at z is

df . flxo+h)— f(x0)
gz (o) = fim h |

e The partial derivative with respect to x; of a function of several variables, f (x1, xs, ..., z,),
at the vector zy = (9,29, ..., 2?) is defined in a similar manner.
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e Definition:

Let A be an open set in R", 2y = (29,29, ...,20) € A,and f : A — R. Then

of (:UO 0 x@) T a2y, . a) +h, o a) — f (29,29, .20, . 2))
8[132' L2 B

o h—0 h
if this limit exists, where: =1,2,...,n.

)

e Note that only :th variable changes; others are treated as constants.

— This means, of course, that we can compute partial derivatives just like ordinary
derivatives of a function of one variable.

- That is, if f (z1, 29, ..., x,) is given by some formula involving (z1, zo, ..., z,,) , then
we find D, f (x) by differentiating the function whose value at x; is given by the
formula when all z; (for ;7 # ) are thought of as constants.

e Example: Suppose f : R* — Ris given by f (z1, 22) = 27 + 323 + 2x125. Then
- le (ZIZ) — 356% + 2562,
- Dgf (£U> — 956% + 25171.
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2.1 Geometric Interpretation of Partial Derivatives

e Note that we can represent a function z = f(z, y) geometrically by drawing its graph
in R3.
af

e When we study p (a,b), we are holding y constant at b and looking at variations in
i
x around r = a.

— In terms of the graph, we are looking at f only on the two-dimensional slice {y = b}
in R? as in the following figure.

— On this slice, the graph of f is a curve — the graph of the function of one variable
r — f(x,b).
of

- The partial derivative — (a, b) is the slope of the tangent line to this graph on this
X
slice, line ¢ in the figure.

0
e Similarly, a—f (a, b) is the slope of the tangent line to the curve which is the intersection
Yy

of the graph of f with the slice {z = a}, as illustrated in the next figure.



P Graph of x —= fix,b)

Graphof f ~

Figure | -
14.1 " The graph of x — f(x, b) on the slice {y = b}.



Graph of y — fla,y)
| Slice {x = a} |
Figure |
14.2 The graph of y — f(a, y) on the slice {x = a}.




20

2.2 The Total Derivative

e Suppose we are interested in the behaviour of a function F'(z,y) in the neighbour-
hood of a given point (z*, y*).

— Calculus of one variable and the concept of partial derivative tell us that

- if we hold y fixed at y* and change z* to z* + Ax, then
OF

F (" + Ax,y") — F(z*,y") = %(x*,y*) - Ax;
- if we hold z fixed at z* and change y* to y* + Ay, then
F (" y" + Ay) — F(x w)@a—y(x Y7) - Ay.

e What if we allow both z and y to vary simultaneously?

— Since we are working in the realm of linear approximations, it is natural that the
effect of the combined change is roughly the sum of the effects of the one-variable
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changes:

— We sometimes use the above expression in the following form:

oF oF
F(x"4+ Ax,y" 4+ Ay) = F(a*,y") + — (2", y") - Ax + —(z", y") - Ay.
ox oy
e Example: Consider a production function Q = F(K, L) = AK1L1 around the point
(K*, L*) = (10000, 625).
o) Q)

— () = F'(10000, 625) = 20, 000; —(10000, 625) = 1.5;  —=(10000, 625) = &.
Q ( ) ) ) ) aK( ) ) ) aL( ) )

— If L is held constant and K increased by AK , () will increase by approximately
1.5-AK.

- For an increase in K by 10 units, we estimate
(10010, 625) = 20,000 4 1.5 - 10 = 20, 015,
a good approximation to ()(10010, 625) = 20,014.998 ... .
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— Similarly, a 2-unit decrease in L should induce a 2 - 8 = 16-unit decrease in ().
- Consequently, for a 2-unit decrease in L we estimate
Q(10000, 623) = 20,000 — 8 - 2 = 19, 984,
a good approximation to ()(10000, 623) = 19,983.981 ... .

— Finally, if we want to consider the effect of both changes, we would use the above
expression to estimate

OF OF
F(10010,623) A F(10000, 625) + (10000, 625) - 10 + ——(10000, 625) - (~2)

= 20,000+ (1.5-10) + (8 - (=2))
= 19, 999,

which compares well with the exact value 19, 998.967... .
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2.2.1 Geometric Interpretation of Total Derivative

e What is the geometric significance of the approximation

OF OF
F(z"4+ Ax,y" 4+ Ay) = F(z",y") + %(x*, y*) - Az + a—y(x*, y*) - Ay?

e For a function of one variable, the corresponding approximation is

f(a*+h) = f @)+ f (@) -

— As discussed above, the right-hand side is the equation of the tangent line to the
graph of f at «*.

— That is, this equation states that the tangent line to the graph of f at z* is a good
approximation to the graph itself in the vicinity of (z*, f(x*)), as illustrated in the
following figure.



Tangent line

fxX*) + FOXh b —
fx* + hy p—————————=

Graph

g |
4 b
>

X* ®
Figure

The geometry of expression (8). 14.4
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e For a function z = F(x,y) of two variables, the analogue of the tangent line is the
tangent plane to the graph, as illustrated in the following figure.

— That is, the expression

OF OF
F (" 4+ Ax,y"+ Ay) = F(a*,y") + — (2", y") - Ax + — (2", y") - Ay
Oz Oy
says that the tangent plane to the graph of F' at (z*, y*, F'(z*, y*)) is a good approx-

imation to the graph itself in the vicinity of (z*, y*, F'(z*, y")).

= The change F(z* + s,y* +t) — F(x*,y*) can be well approximated by the linear
mapping
oF OF



‘The tangent plane to the graph of F.




25

_ OF oF . .
e Thus, we consider the vector a—(m*,y*),a—(gg*,y*)) as representing the linear
L Y

approximation of F' around (z*, y*).

— In this sense, we call this linear map and the vector which represents it the deriva-
tive of F' at (=%, y*) and write it as

DF(", ") = V(" ") = (ff @) e y>)

— This vector is also called the gradient vector of F' at (z*, y*).

e It is rather natural to form a vector whose entries are all the partial derivatives of F
and call it the derivative of F..

— But, it is important to realize that more is happening here since the linear mapping
which this gradient vector represents is the appropriate linear approximation of F

at (z*, y").

- As mentioned above, we use this approximation all the time when we use linear
mathematics for major construction projects on our round earth.
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e We use the notations dx, dy, and dF' when we are working on the tangent plane to
the graph of F at (z*, y*).

— These variations on the tangent plane are called differentials.

e Using the differentials, the above expression is written as

— This expression for dF' in terms of dx and dy is called the total differential of /' at
(x*, y").
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2.2.2 Functions of More than Two Variables

e The observations and analytical expressions for functions on R? carry over in a nat-
ural way to functions on R".

e If we are studying a function F'(zy,zs,...,x,) of n variables in a neighbourhood of
some selected point z* = (x7, x3, ..., x}), then
F (z7 + Axq, ..., x8 + Axy)

~ F (xl,xga 7$n) + a—ZL'l(x ) . ACC1—|‘ +5’$n

— The right-hand side is the representation of the (n-dimensional) tangent hyperplane
to the graph of F'.

(%) - Azy,.

e The above equation says that the linear mapping

OF OF

IS a good approximation to the actual change in F..

(h1, hoy ...y hp)

(%) - hyy
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e We call this linear map and the vector which represents it the derivative of /' at «*
and write it as

DF(z*) = VF(z") = (g—i(az*) oF (ﬁ)).

s eeey agjn

— This vector is also called the gradient vector of /' at x*.

e We frequently use the differentials dF', dxy, dx-, ..., dz, to denote changes on the
tangent hyperplane.

e The above expression says that in the vicinity of the point x*, the tangent hyperplane
to the graph of F' is a good approximation to the graph itself in that the actual change
AF = F(x* 4+ Ax) — F(x*) is well approximated by the total differential

OF oOF
F=—(x%) -
d o (x ) dry + + oz,

on the tangent hyperplane with dz; = Ax; for all 1.

(%) - dxy,
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2.3 Explicit Functions from r" to r~

e Up to now we have been studying functions with only one endogenous variable. But
functions with several endogenous variables arise naturally in economic models.

e Most real-world firms produce more than one product. To model their production, we
need a production function for each product.

— If the firm uses three inputs to produce two outputs, we need two separate produc-
tion functions: q1 = fl (LEl, X9, LE’g) ,and ¢y = f2 (331, X9, 563) :

— We can write ¢ = (q1, ¢2) as an output vector for this firm and summarize the firm’s
activities by a function F = (f1, f?):

q=(q1,q) = (f1 (71, T2, 73) f2 (5'31,932,5133>) = F (21, 72,73) .
— The domain of I lies in R?, and its target space is R?. We write F' : R? — R2,

e A firm which uses n inputs to produce m products would have a production function
F . R" — R"™.
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e When there are m endogenous variables in the system, there should be m separate
functions to determine their values:

Yyr = fl (xla'“axn)a
Ya = f2 ('Tla“wxn)?

Ym = ST (21, @)

e Instead of viewing the system as m functions of n variables, we can view it as a
single function from R" to R":

F(xy,...,2,) = (f1 (1, oy @), f2 (21, oy n) s oy ™ (2, ,ZBn)) :

e On the other hand, if we start with a single function F' : R” — R as above, we see
that each component of F', f' (x4, ..., x,) , is a function from R" to R.

e This method is especially useful when we develop and use the theorems of calculus
for a function from R" to R"".

— We apply the usual theory to each component function ' : R” — R separately and
then combine all the information learned so far back into one big vector or matrix.
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e Consider F = (f1, f*, ..., f™) : R* — R™ at a specific point z* = (z}, 2%, ..., 2%) in
R™ and use approximation by differentials to estimate the effect of a change at z* by
Ax = (Axy, Axy, ..., Axy) .

e We first apply the approximation by differentials to each component f' of F, i =
L,2,...,m:

Nafl afl

fHa*+ Az) — f1 (2%) ~ 6—331(£C*> AT+ .+ axn(:z:*) - Az,
2 2
fA(x* + Ax) — 2 (2 ~ g—afjl(x*) Az + . F gin(aﬁ*) - Axy,,
ofm

f"(x*+ Az) — f" (2") = af—m(a:*) cAxy+ .+

) - Az,
o (") - Az,

ox,
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e Then we use vector and matrix notation to combine these and get

(5’f1 8f1 \ Ax

Ty o ey | A

xl .Cli'n A.CEQ

Fx"+Ax)— F (%) ~ E
of" i (@ )) Az,

\ o ) B
— This expression describes the linear approximation of F' at z*.

e We write the matrix on the right-hand side as

afl afl

(8;1;1( ) &Un( )\
DF (z*) = DF,. = ,

afm afm

\ 0 ") 9,

and call it the derivative or the Jacobian derivative of F' at =*.

— This matrix, also referred to as the Jacobian matrix, is the natural generalization
of the gradient vector of a single endogenous variable to m endogenous variables.
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e As we emphasized in the last subsection, it is natural to form a matrix composed of
all the first order partial derivatives of the component functions, f's, and call it the
derivative of F'.

— But more is happening here.

- The above expression says that the linear map which this matrix represents is the
effective linear approximation of F' around z*.

e This is the essence of what calculus is all about.

In studying the behaviour of a nonlinear function F' : R" — R in the vicinity of some
specific point z*:

(1) we use derivatives to form the linear approximation D F'(z*),

(2) we use linear algebra to study the behaviour of the linear mapping DF'(z*), and

(3) we use calculus theory to translate information about the linear function DF'(z*) to
the corresponding information about the nonlinear function F' in a neighbourhood
of x*.
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2.4 Higher Order Derivatives

elet AbeanopensetinR", and f: A — R.

e Example: Suppose f : R? — Ris given by f (21, 22) = 23 + 323 + 2x125. Then
— D1 f (x) = 32% + 219,
— Dyof (x) = 925 + 211
— In this example the gradient vector is

Vf(z)= (3z]+2x9, 925+ 217) , forall z € R*.

e When f : A — R has (first-order) partial derivatives at each x € A, we say that f
has (first-order) partial derivatives on A.
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e Second-Order Partial Derivatives and the Hessian Matrix:

—When f : A — R has (first-order) partial derivatives at each x on A, these first-
order partial derivatives are themselves functions from A to R.

- If these (first-order) partial derivatives are continuous on A, then we say that f is
continuously differentiable (C') on A.

- If these functions have (first-order) partial derivatives on A, these partial deriva-
tives are called the second-order partial derivatives of f on A.

— To elaborate, if D, f (z) exists for all z € A, we can define the function D, f : A — R.

- If this function has (first-order) partial derivatives on A, then the j-th (first-order)
partial derivative of D, f at = (thatis, D; (D, f (z))) is a second-order partial deriv-
ative of f at x, and isdenoted by D;;f (z).[Herei=1,2,....n,and j =1,2,...,n.]

- In the example described above,

Dllf ([IZ) = 65131, DQQf (513) = 18332,
Dlgf (33) = 2= D21f ([lf) .
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- We note in this example that the “cross partials” D»f (x) and Do f (z) are equal.
This is not a coincidence; it is a more general phenomenon as noted in the fol-
lowing Theorem, known as “Young’s Theorem”.

e Theorem 2 (Young’s Theorem):

Suppose A is an open setin R", and f has first and second-order partial derivatives
onA. If D;;f and Dj;f are continuous on A, then D;; f (x) = D;;f (), forall x € A.

e When all the hypotheses of Theorem 1 hold forall = 1,2,...,n,and j = 1,2, ..., n,
we will say that f is twice continuously differentiable (02) on A.

— This will be the typical situation in many applications.
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e When the first and second-order partial derivatives of f : A — R existon A, the n xn
matrix of second-order partial derivatives of f described below

D11f($) Do f (;C) oo Dinf (:c)
Hy () = sz (z) = D21{ () Dgzj: () DQn{ (z)

Dyif (x) Dpaf (z) -+ Dpnf (2)
is called the Hessian matrix of f at x € A, and is denoted by H; (x) or D*f (x).

— When f is twice continuously differentiable on A, the Hessian matrix of f is sym-
metric at all x € A.

— In the example described above, the Hessian matrix of f for all (z1, z5) € R? is

6331 2
Hf<x>:( 2 18:,;2)‘
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3. Composite Functions and the Chain Rule

eletg: A — R"” be a function with component functions ¢ : A — R (i = 1,2, ..., m)
which are defined on an open set A C R”, and let f : B — R be a function defined
on an open set B C R which contains the set g (A).

—Then we can define F : A — Rby F(z) = f(g(2)) = f (¢" (x),9*(2),..., g™ (2))
for each z ¢ A.

- This is known as a composite function (of f and g).

e The “Chain Rule” of differentiation provides us with a formula for finding the par-
tial derivatives of a composite function, F, in terms of the partial derivatives of the
individual functions, f and g.
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e Theorem 3 (Chain Rule):

Let g : A — R™ be a function with component functions ¢' -+ A — R (i = 1,2,...,m)
which are continuously differentiable on an open set A C R". Let f : B — R be a
continuously differentiable function on an open set B C R which contains the set
g(A). If F: A — Risdefined by F(x) = f(g(z)) on A, and a € A, then F is
differentiable at a and we have, for 1 =1,2,...,n,

D;F(a) = Z D;f (9" (a),g°(a),...,g" (a)) Dig’ (a).
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4. Homogeneous Functions and Euler’s Theorem

e A function f : R” — R is homogeneous of degree r on R, if for all x in R";, and all
t>0, f(te)=t"f(x).
— Example: Consider f : R* — R given by f (x1, x9) = x4z}, where a > 0 and b > 0.
Then, if t > 0, we have f (tzq, tas) = (tx)" (tzs)” = t9t0a0h = t7P f (21, 25) . So f
is homogeneous of degree (a + b) .

e Theorem 4:

Suppose f : R — R is homogeneous of degree r on R';, and continuously differ-
entiable on R’} . Then, foreach: = 1,2,...,n, D;f is homogeneous of degree r — 1
onR” .

— Proof: To be discussed in class.
e Theorem 5 (Euler’s Theorem):

Suppose f : R — R is homogeneous of degree r on R, and continuously differ-
entiableonR" .. Thenz -V f (x) =rf(x),foral z € R .

— Proof: To be discussed in class.
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5. Inverse Functions

e Let Abe asetinR", and let f be a function from A to R".
— f is one-to-one on A if whenever 2!, 2? € Aand ! # 2%, we have f (z') # f (2?).

— If there is a function g, from f (A) to A, such that ¢ (f (x)) = « for each x € A, then
g is called the inverse function of f on f (A).

- Notation: We often write f~! for the inverse function of f.

e Example: Consider f : R — R is defined by f (z) = 2z.

— Note that f is one-to-one on R.

— Also, we can define the function g : R — R by ¢ (y) = %, and note that it has the

property g (f (x)) = x. Hence g is then the inverse function of f on R.

1 1
— Furthermore, ¢' (f (x)) = = = ,forall z € R.

2 f'(x)
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e For functions of a single variable, it is easy to look at the graph of the function defined
on an interval £/ and determine whether or not the function is one-to-one on E.

— As the following figure illustrates, the graph of f cannot turn around; i.e., it cannot
have any local maxima or minima on E.

— It must be monotonically increasing or monotonically decreasing on E.

— The function whose graph is pictured in the following figure is not one-to-one be-
cause two points z; and x5 map to the same point y*.

e Example: Consider the function f(x) = z°.

— As a function defined on the entire real line R, f is not one-to-one. Why?

— However, if we restrict the domain of f to be [0, co), then the restricted f is one-to-
one and has a well-defined inverse g(y) = /v.



o Figure
A function is not one-to-one in an interval containing a local max or min. 4.1
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e Example: Consider the function f(z) = z° — 3x.

— Look at its graph in the following figure.
— f is not one-to-one on the entire real line R.
— f has two local extrema, so it is not a monotone function.

— However, since f is monotone for x > 1, its restriction to (1, co) is invertible.

e The following theorem summarizes the discussion thus far for functions of a single
variable.

e Theorem 6:

A function f defined on an interval £/ in R has a well-defined inverse on the inter-

val f(FE) if and only if f is monotonically increasing on all of E or monotonically
decreasing on all of E.



Figure | | o
3.3 The graph of f(x) = x> — 3x.
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e Calculus Criterion for a Single-Variable Function to be Monotonically Increas-
ing or Decreasing:

— f is an increasing function if x1 > xo = f (1) > f (x9);

— f is a decreasing function if x1 > xo = f (x1) < f (22).

— Theorem 7:
Let f be a continuously differentiable function on domain D C R.
If "> 0 oninterval (a,b) C D, then f is increasing on (a,b).
If f' <0 oninterval (a,b) C D, then f is decreasing on (a,b).
If f isincreasing on (a,b), then f" > 0 on (a,b).
If f is decreasing on (a,b), then f' <0 on (a,b).

- Proof: To be discussed in class.
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e Combining Theorems 6 and 7 we get:

Theorem 8:

A C! function f defined on an interval E in R is one-to-one and therefore invertible
on E if either f'(x) > 0 forall x € E or f'(z) <0 forall x € E.

e Let I/ be an open interval in R, and f : £ — R be continuously differentiable on FE.
Let a € E, and suppose that [’ (a) # 0.

—Letf'(a) > 0.

= Since f' is continuous, there is an open ball B, (a) such that f' (z) > 0 for all x in
B (a).

= f isiincreasing in B, (a).
- Thus, for every y € f (B, (a)), there is a unique x in B, (a) such that f (z) =y

- That is, there is a unique function g : f (B.(a)) — B.(a) such that g (f (x)) =z
forall xz € B, (a).
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- Thus, g is an inverse function of f on f (B, (a)).
- We say that g is the inverse of f “locally” around the point f (a).
- [Note that there is no guarantee that the inverse function is defined on the entire
set f (F).]
—Letf'(a) <O.

- An inverse function could similarly be defined “locally” around f (a) .
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e The important restriction to carry out the above kind of analysis is ' (a) # 0 .
— To illustrate this, consider f : R — R, given by f () = x* and consider a = 0.

- Clearly f is continuously differentiable on R, but f' (a) = f'(0) = 0.

- Draw the curve for f(x) = z* and convince yourself that we cannot define a
unique inverse function of f even “locally” around f (0) .

o That is, choose any open ball B, (0), and consider any point, y # 0, in the set
f(Be(0)).
o There will be two values xi, x5 in B.(0), x1 # w9, such that f (z;) = y and
fx2) =y.
e Note: [’ (a) # 0 is not a necessary condition to get a unique inverse function of f.
— For example, consider f : R — R is defined by f (z) = z°.
— Then f is continuously differentiable on R, with ' (0) = 0.

— However f is an increasing function, and clearly has a unique inverse function
g (y) = y** on R, and hence locally around f (0).
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5.1 Derivative of the Inverse Function

e From a geometric point of view, if f maps x, to yy, so that the point (xg, yo) is on the
graph of f, then f~! maps y, back to z,, and therefore the point (1, z¢) is on the

graph of f~1.

— For any point (z, ) on the graph of f, the point (y, z) is on the graph of f~1.

— This means that the graph of f~! is simply the reflection of the graph of f across
the 45° line.

- The following two figures illustrate this phenomenon.

— Due to the close relationship between the graph of an invertible function f and the
graph of its inverse f~!, it is not surprising that there is a close relationship between

their derivatives.

— In particular, if f is C! so that its graph has a smoothly varying tangent line, then
the graph of f~! also will have a smoothly varying tangent line; that is, f~! will be
C' too.



Figure

4.2 . - The graphs of the functions y = 2x andy = 5X.

o=



X

| Figu‘re
The graphs of the functions y = x*andy = \/J_c' for x,y = 0. 4.3
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e The following theorem gives a complete picture for the existence and differentiability
of the inverse of a single-variable C* function.

e Theorem 9:
Let f be a C' function defined on the interval I in R. If f’(z) # 0forall x € I, then

(a) f is invertible on I,
(b) its inverse g is a C* function on the interval f(7), and

(c) for all y in the domain of the inverse function g,
1
f'(g ()

g (y) =



50

e Example: Consider the following pair of functions which are inverses of each other:

f(af>=i_1 andg(y)=i—z

+ 1’
: 1 . 1 _ 1
— Since f (2) = 3 the inverse ¢ of f maps 3 to 2, that is, ¢ 2= 2.

2
(x + 1)27

2
— Since ' (z) = f(2) = 5 + 0, by Theorem 9,

J G) N f’1(2> -5

— We can check this by computing directly that

DO
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e Let AbeasetinR”, and let f be a function from A to R".

e Jacobians:

Suppose A is an open set in R", and f is a function from A to R", with component
functions !, ..., f". If a € A, and the partial derivatives of f!, ..., f" exist at a, then
the n x n matrix

le; (a) sz; (a) --- an; (a)
pr= | PO D0 - D

Dyif*(a) Dof"(a) - Duf" (a)

is defined as the Jacobian matrix of f at a.

— The determinant of this matrix, denoted by J; (a), is called the Jacobian of f at a.

e When A C R",and f : A — R", the counter-part of f' (a) # 0 is that the Jacobian of
fata, Js(a), is non-zero.
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e Theorem 10 (Inverse Function Theorem):

Let A be an open set of R", and f : A — R" be continuously differentiable on A.
Suppose a € A and the Jacobian of f at a, Js(a), is non-zero. Then there is an
open set X C A containing a, and an open set Y C R" containing f (X), and a
unique function g : Y — X, such that

(i forall x € X, g (f (x)) =z, and

(ii) g is continuously differentiable on Y with

Dg (f(a)) =[Df (a)]"".
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e In order to show that Dg (f (a)) = [Df (a)]”" we proceed as follows.

— Under the hypothesis of the Inverse Function Theorem, there is a functiong : ¥ —
X, such that g is continuously differentiable on Y and g (f (x)) = x for all x € X.

— We can define for z € X, F'' (x) = ¢' (f (x)) as a composite function of f and ¢'.

— Using the Chain Rule we get
D,F' (x E:Dﬂ ) Diff (z), i=1,...,n.

— But since F! (z) = ¢' (f (x)) = 1, we have
‘ 1 . 1 fOI’Z - 1
'QFC”_{Ofm¢¢L
— We can repeat these calculations with 7 (z) = ¢° (f (z)), and get

2y J 1 fori=2
Dif <$)_{O for i # 2.
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— The results for £ (z), ..., F"* () should now be obvious.

— This information can then be written in familiar matrix multiplication form:

Dig' (f (x)) D2g' (f(x)) -+ Dug' (f (x)) Dif'(x) Dof ' (x) -+ Dyf'(z)
;| D (f () Dog”(f () -+ Dug®(f (2)) | le_2 () sz_2 () an_2 ()

Dig" (£ (2)) Dag’(f (@)) -+ Dug”(f (@) ) \ Dif" () Dof"(2) -+ Duf" (@)
—Thatis, I = Dg(f(z))- Df (x).
— Thus, the matrix D f (a) is invertible, and we have Dy (f (a)) = [Df (a)] .

— It follows that (taking determinants) the Jacobian of g at f (a) is equal to the recip-
rocal of the Jacobian of f at a:
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6. Implicit Functions

e So far we have been working with functions where the endogenous or independent
variables are explicit functions of the exogenous or independent variables:

y=F(x1,29,....,%,) .

When the variables are separated like this, we say that the endogenous variable (y)
IS an explicit function of the exogenous variables (z1, zo, ..., T,,).

e Consider the expression
G (x1, 22, ..., Tp,y) =0

where the exogenous variables (z1, zo, ..., z,,) are mixed with the endogenous vari-
able (y).

— If for each (x4, 9, ..., x,), the above equation determines a corresponding value
of y, we say that the equation defines the endogenous variable y as an implicit
function of the exogenous variables x4, xo, ..., x,,.
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— An expression like above is often so complicated that one cannot solve it to sepa-
rate the exogenous variables on one side and the endogenous one on the other.

- However, we still want to answer the basic question: how does a small change in
one of the exogenous variables affect the value of the endogenous variable?

o In what follows we explain how to answer this question for implicit functions.
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e Example 1: The equation 4z + 2y — 5 = 0 express y as an implicit function of .

— We can solve the equation and write y as an explicit function of x: y = 2.5 — 2x.

e Example 2: A more complex example is the equation: y? — 5zy + 422 = 0.

— We substitute any specified value of z into the equation and then solve the resulting
quadratic equation for y.

— Even though this equation is more complex than Example 1, we can still convert
the equation into an explicit function (actually, a correspondence) by applying the
quadratic formula:

bx £+ /2522 — 1622 1
_ 2 V25 ‘ :—(5:C:|:3:E):{

4x
x.

Y > )

e Example 3: Changing one exponent in Example 2 to construct the implicit function
y° — bay + 42° = 0 yields an expression which cannot be solved into an explicit
function because there is no general formula for solving quintic equations.

— However, this equation still defines y as a function of z: for example, x = 0 implies
y=0;r=1gives y = 1, and so on.
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e Example 4: Consider a profit-maximizing firm that uses a single input x at a cost
of w dollars per unit to produce a single output via a production function y = f(x).
If output sells for p dollars a unit, the firm’s profit function for any fixed p and w is:

m(x)=p- flz)—w-

— The profit-maximizing choice of x is determined from setting the derivative of the
profit function equal to zero:

p-fi(x) —w=0.

— Think of p and w as exogenous variables. For each choice of p and w, the firm
chooses z that satisfies the above equation.

— There is no reason to limit the models to production functions for which the above
equation can be solved explicitly for x in terms of p and w.

— To study the profit-maximizing behaviour of a general firm, we need to work with
the above equation as defining x as an implicit function of p and w.

— We will want to know, for example, how the optimal choice of input  changes as p
or w increases.
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e The fact that we can write down an implicit function G(z, y) = ¢ does not mean that
this equation automatically defines y as a function of .

e Consider, for example, the simple implicit function

4y =1 (%)

—When x > 1, there is no y which satisfies (*).

— Usually we start with a specific solution (x, 39) of the implicit equation G(z,y) = ¢
and ask if we vary z a little from x, can we find a y near the original y, that satisfies
the equation.

- For example, if we start with the solution (z = 0,y = 1) of (*) and vary x a little,
we can find a unique y = v/1 — 22 near y = 1 that corresponds to the new .

- We can even draw the graph of this explicit relationship, y = /1 — 22, around the
point (0, 1), as we do in the following figure.



_ | Figure
~ The graph of x*. + y* = 1 near the point (0, 1). | 15.1
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e However, if we start at the solution (x = 1,y = 0) of (*), then no such functional
relationship exists.

— Look at the figure in the next page.

- If we increase z a little to x = 1 + ¢, then there is no corresponding y so that
(1 + ¢, y) solves ().

- If we decrease x a little to x = 1 — ¢, then there are two equally good candidates
for y near y = 0, namely

y=-+v2—¢e2 andy = —\/2¢c — e2.

- As the figure illustrates, because the curve z* + y* = 1 is vertical around (1,0), it
does not define y as a function of x around (1, 0).



Figure
The graph of %2 + y? = 1 near the point (1, 0). 15.2
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6.1 Implicit Function Theorem: One Exogenous Variable

e For a given implicit function G(z,y) = ¢ and a specified solution point (¢, yy), we
want the answers to the following two questions:

— Does G(x,y) = c determine y as a continuous function of z, y = y(z), for x near z
and y near y,?

— If so, how do changes in z affect the corresponding y’s?

e Answers of these two questions are closely related to each other:

— If the first question has a positive answer, one can use the chain rule to compute
y'(x) in terms of 0G/0x and 0G//Jy.

— On the other hand, this formula for /(x) in terms of 0G/0x and 0G /0y leads to the
natural criterion for the existence question.

e We suppose that there is a C'! solution y = y(x) to the equation G(z,y) = c, that is,

G(z,y(x)) = c. (A)
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— Use the Chain Rule to differentiate (A) with respect to = at x:

0G de 0G dy B
8—x($0,y($0)) T + 9y (xo,y(xo))'%(ﬂfo) = 0,

i
oG oG ,
or r (20, Y0) + 8—y (z0,%0) - ¥ (o) = O.
— Solving for y/(xg) yields

oG

) % (3707 yU)

Yy (330) - = oG (B)

a—y ($07 yO)

— We see from (B) that if the solution y(z) to the equation G(x,y) = c exists and is

. . . 0
differentiable, it is necessary that B (x0, y0) be non-zero.
Y

e As the following fundamental result of mathematical analysis indicates, this neces-
sary condition is also a sufficient condition.
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e Theorem 11(a) (Implicit Function Theorem: one exogenous variable):

Let G (x,y) be a C! function on an open ball around (z*,y*) in R*. Suppose that
0G

G (z*,y")=c. If B (z*,y*) # 0, then there exists a C'' function y = y (x) defined on
Y

an open interval I around the point x* such that:
(@) G(x,y(z)) =cforall xinl,
(b) y (z*) = y*, and
0G
L % <£U*, y*>
€y (z%) = _5_(;(3:* y
ay Y y
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e Example: Consider the function G : R? | — R defined by G (z,y) = 23", where «, 3
are positive constants.
- At (2", y) = (1,1), G (z*,y*) = 1.
—%—5(1,1) — 3 > 0, that s, %—3(1,1) £ 0.
— Also G is a C" function on R% .
— Hence we can invoke the implicit function theorem to obtain a C'! function y = y ()
defined on an open interval I around the point x* = 1 such that:
oz (y(z))’ =1forallzinI;y(1) =1, and
oG oG Q

© y/<1) — _% (17 1)/8—y (17 1) — _E'
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e Example: Return now to the equation z? + ¢ = 1.

— We saw that this equation does determine y as a function of x around the point

(x =0,y =1).
oG - . .
"By (0,1) = 2 # 0. So the Implicit Function Theorem assures us that y(x) exists
around (0, 1).
oG
a7 (0,1) 0
- Furthermore, the theorem tells us that 3/(0) = —aé =5 = 0.
dy
— In this case, we have an explicit formula for y(x): y(z) = V1 — x2.
X
- We can compute directly from this explicit formula that i/ (0) = ——— = 0.
p y p ) =~ .

— On the other hand, we noted earlier that no function y(x) exists for z* + 3> = 1
around (x =1,y = 0).

0G
- This is consistent with the theorem since 5 = 2y =0 at (1,0).
Y
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6.2 Implicit Function Theorem: Several Exogenous
Variables

e The Implicit Function Theorem for one exogenous variable and the discussion around
it carry over in a straightforward way to the situation where there are many exogenous
variables, but still one equation and therefore one endogenous variable:

Gl@1, T2, ., T, y) = C. (©)

— Around a given point (z7, x5, ..., z}, y*), we want to vary © = (z1, zo, ..., x,,) and then
find a y-value which corresponds to each such (x1, xo, ..., z,).

— In this case, we say that the equation (C) defines y as an implicit function of
(1’1, Ly vuny l’n)
e Again, given G (-) and (xj,x3, ..., 2}, y*), we want to know whether this functional
relationship exists, and, if yes, how y changes if any of the z;’s change from z.

— Since we are working with a function of several variables (z1, zo, ..., z,,), we will hold
all but one of the z;’s constant and vary one exogenous variable at a time.
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— But this puts us back in the two-variable situation that we have been discussing.

e The natural extension of the Implicit Function Theorem for one exogenous variable
in this setting is the following.

e Theorem 11(b) (Implicit Function Theorem: several exogenous variables):

Let G (x1, %o, ..., 1, y) be a C* function on an open ball around (z7}, x5, ..., x5, y*) in

0G .
R* such that G (x5, 23, ..., x5, y*) = c. If ay (x5, 25, ..., 2%, y*) # 0, then there exists
a C' function y = y (x1, xs, ..., ;) defined on an open ball B around (z%, x5, ..., x7})
such that:

(a) G<xlax27 "'7xkay(x17x27 7'73/{3)) = c for all (SCl,SCQ, 733/6) S B7

(b) y* =y (27, 23, ..., x}) , and

a ' 1) M2y ooy Mo
(c) 55 G —g‘g foralli=1,2,.. k.

a—y (.I'T, QZ’;, cees LU;’;, y*)
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6.3 System of Implicit Functions

e Definition: A set of m equations in m 4+ n unknowns

Gd(xla L2y weny xm+n> = (1,

G*(x1, T2y ooy Tpan) = Ca,

Gm($17$27---7$m+n) = Cm,

Is called a system of implicit functions if there is a partition of the variables into
exogenous variables and endogenous variables, so that if one substitutes into (D)
numerical values for the exogenous variables, the resulting system can be solved
uniquely for corresponding values of the endogenous variables.

— This is a natural generalization of the single-equation implicit function.
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6.3.1 Linear System of Implicit Functions

e From our discussion in linear algebra we know that for /inear system of implicit func-
tions, in order for each choice of values of the exogenous variables to determine a
unique set of values of the endogenous variables it is necessary and sufficient that:

(1) the number of endogenous variables is equal to the number of equations, and

(2) the (square) matrix of coefficients corresponding to the endogenous variables be
invertible (have non-zero determinant).

e Example: Consider the linear system of implicit functions:

do 4+ 2y 4+ 22 —r+ 3s = b,
20 +0-y+224+8r—5s =7,
20 4+2y+0-24+1r—s5 = 0.

— Since there are three equations, we need three endogenous variables, and, there-
fore, two exogenous variables.
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— Let us try to work with y, z and r as endogenous and x and s as exogenous. Putting
the exogenous variables on the right side and the endogenous variables on the left,
we rewrite the system as

(22 -1 [y [ 5 — 4z — 35 |
02 8 z | = | 7—2x+5s
120 1 | |r] | —2r+s

— Since the determinant of the coefficient matrix is 40, we can invert it and solve for
(y, z, ) explicitly in terms of = and s:

- - - - -1

Y 22 —1 [ 5 — 4z — 35 | 1'2 —2 18 | [5—4x —3s |
z| =102 8 7 — 2x + bs :@ 16 4 —16 { — 2x + bs
| T _20 1_ i —2T + S | _—4 4 4 1L —2r + s |
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— On the other hand, if we want x, y and z to be endogenous, we have to solve the
system

(422 [« 547 —3s |
20 2 y|=17—8r+5s
_220_ | 2 | i 0—r+s |

— Since the determinant of the coefficient matrix is zero, we know that there are right-
hand sides for which the above system cannot be solved for (x,y, 2).

- For example, for r = —5 and s = 0, the system becomes
dr + 2y + 2z = 0,
20+ 0-y+ 2z = 47,
20 +2y+0-2 = o.

- Adding the last two equations yields the inconsistent system:
4o + 2y + 2z = 0,
dr + 2y + 2z = 52

- Since there is no solution in (x,y, z) for (r,s) = (=5, 0), this partition into exoge-
nous and endogenous variables does not work.
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6.3.2 Nonlinear System of Implicit Functions

e The corresponding result for nonlinear systems follows from the usual calculus par-
adigm:
— linearize by taking the derivative;
— apply the linear theorem to this linearized system; and
— transfer these results back to the original nonlinear system.

e Write the nonlinear system of m equations in m 4+ n unknowns as

1
F (y1,y2, cers Ymy L1, T2y vy In) = Cq,

F2<y17y27 ooy Ymy L1y L2y e ny ZCn> — (2,
(E)

m
F" (Y1, Y2, -y Yy T1y T2y vvs L) = Cpp.-

— Here we want (y1, 49, ..., ¥,n) to be endogenous variables and (x1, xo, ..., ,) to be
exogenous variables.



e The linearization of system (E) around the point (v, ..., y", 7, ..., x}) is:

n

OF! OF! OF! OF!
—d oo + —dy,, + —d dx, =0,
o y1+ ...+ D Ym T 9 1+ ...+ O X
OF™ OF™ OF™ OF™
d oo + ——dym, d dx, =0,
o, Y+ ...+ B Ym + oy Ty + ...+ O x

where all the partial derivatives are evaluated at (v, ..., y", x7, ..., z}) .

n

e The linear system (£’) can be solved for (dy1, dys, ..., dy,,) in terms of (dz1, dxs,
if and only if the coefficient matrix of the dy; ’s

( OF! OF! \
Oy OYm
oF™  QF™
\ 9y T Oy /
is invertible (have non-zero determinant) at (v, ..., y", 27, ..., x}).

n
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(E)

o, dxy)

(F)
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e Since the system is linear, when the coefficient matrix in (F) is invertible, we can use
its inverse to solve the system (E£') for (dy;, dys, ..., dy,,) in terms of (dz1, dxs, ..., dx,,):

1 -1

" e ] [ OF! OF! - OF! OF!
dy, — ... — —dxr;+ ... + dx,,
dyg ayl aym (9:1:1 agj‘n
: — : . : : a (G)
' OF™ OF™ OF™ Fm
dy,, .. — d dx,,
L 4m | Oyx OYm | Oxy PLH et 0x,, o |

e Since the linear approximation (£’) of the original system (E) is a true implicit function
of (dy1, dys, ..., dy,,) in terms of (dx1, dxo, ..., dx,), the basic principle of calculus leads
us to the following conclusion:

— if the coefficient matrix in (F) is invertible, then the nonlinear system (E) defines
(Y1, ¥o, ..., ym) @s implicit functions of (z1, 2o, ..., x,), at least in a neighbourhood of

T Vi R s §

= The sufficient condition for the existence of implicit functions for the nonlinear sys-
tem (E) is: the coefficient matrix in (F) is invertible.
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e Furthermore, one can actually use the linear solution (G) of (dyi, dys, ..., dy,,) In
terms of (dz, dx, ..., dx,) to find the derivatives of the y;’s with respect to the z;’s

at (yi, ...,y , o3, ., xh).

0 . - :
e To compute a—yk for some h and k, recall that this derivative estimates the effect on
Th

y;. of a unit increase in z;, (dzr;, = 1).

e So we set all the dz;’s equal to zero in (£') or (G) except dx;, and then solve (£') or
(G) for the corresponding dy;’s.
— For example, if we use (G), we find

op 7 [ oFL oF || OF!
oxy, oy o OYm dxy,
Dy gFm  oFm | | apm

| Oz, Oy Oy | | Oz
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e Alternatively we can apply Cramer’s Rule to (£’) and compute

OF! OF! OF!

a—m « o o 8—% « o o %

gFm  9Fm  9F™
L
Oz}, oF'  oF'  9F' |

G g

oFm  9Fm™  9F™
T T

e The following theorem — the most general form of the Implicit Function Theorem —
summarizes these conclusions.
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e Theorem 11(c) (Implicit Function Theorem: most general form):
Let ' F? ... F" . R™™" — R be C! functions. Consider the system of equations

Fl (yla"'aymaxla"wxn) — (1
F2 (Y1, ooy Yy T1y ooy T) = €2

F" (Y1, coes Yy X1y ooes Ty) = Cpy

as possibly defining v, ..., y,, as implicit functions of x1, ..., x,,. Suppose that

(Y7, .., y5, o3, ...,xt) is a solution to the system of equations. If the determinant of
the m x m matrix

( OF! aFl\
Oy Oyn
OF™  QF™

\ O Oy

evaluated at (yi, ...,y",, x5, ..., z*) is nonzero, then there exist C' functions




Y1 — fl (331,
Y2 = f2 (9317
Ym = [ (21, ...

, Tn)

defined on an open ball B around (x7, ..., z}) such that

F (£ (a), o I
F? (f1 (), .y [

T),T

1, 75671) — (1

Fm (fl (), ..., f" (a:),:z:l,...,:cn) = ¢,

forall x = (x1,...,x,) in B and

X

Yy =

U = S (1, ...

f :
vy = [ (a1,
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0 Of*
Furthermore, one can compute a—yk (y*, x*) = (‘9L (z*) by setting dz;, = 1 and dz; = 0
T T
for j = h in
OF! OF! OF! OF!
24 et ——dy,, + ——d . dr,
o, Y1 + +0ym Ym T 9 T+ O x
OF™ OF™ OF™ OF™
d ey, d dr,
o Y1 + + Do Ym + s T+ + o €T

and solving the resulting system for dy;..
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