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8 Differentiation of Functions of One Real
Variable

8.1 Interior Points and Open Sets in the Real Line

Definition Let D be a subset of the set R of real numbers, and let s be a
real number belonging to D. We say that s is an interior point of D if there
exists some strictly positive number ¢ such that x € D for all real numbers x
satisfying s — 0 < x < s+ §. The interior of D is then the subset of D
consisting of all real numbers belonging to D that are interior points of D.

It follows from the definition of open sets in Euclidean spaces that a
subset D of the set R of real numbers is an open set in R if and only if every
point of D is an interior point of D.

Let s be a real number. We say that a function f: D — R is defined
around s if the real number s is an interior point of the domain D of the
function f. It follows that the function f is defined around s if and only if
there exists some strictly positive real number ¢ such that f(x) is defined for
all real numbers z satisfying s —d < x < s+ 4.

8.2 Differentiable Functions of a Single Real Variable

We recall basic results of the theory of differentiable functions.

Definition Let s be some real number, and let f be a real-valued function
defined around s. The function f is said to be differentiable at s, with
derivative f'(s), if and only if the limit

fls+h) = f(s)
h

f'(s) = lim

h—0

is well-defined. We denote by f’, or by 3—f the function whose value at s is
x
the derivative f'(s) of f at s.

Let s be some real number, and let f and g be real-valued functions
defined around s that are differentiable at s. The basic rules of differential
calculus then ensure that the functions f+ ¢, f —g and f- g are differentiable
at s (where

(f +9)(x) = f(x) +9(z), (f—9)(x)=[f(z)-g(z)
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and
(f-9)(x) = f(x)g(z)
for all real numbers = at which both f(z) and g(z) are defined), and

(f+9)(s)=F(s)+d(s),  (f—9)(s)=[(s) —g'(s).

(f - 9)'(s) = ['(s)g(s) + f(s)g'(s) (Product Rule).

If moreover g(s) # 0 then the function f/g is differentiable at s (where
(f/9)(x) = f(z)/g(x) where both f(x) and g(x) are defined), and

f'(s)g(s) — f(s)g'(s)
g(s)?
Moreover if h is a real-valued function defined around f(s) which is differ-

entiable at f(s) then the composition function h o f is differentiable at f(s)
and

(f/9)(s) = (Quotient Rule).

(ho f)(s)=N'(f(s))f'(s) (Chain Rule).
Derivatives of some standard functions are as follows:—

a
dx

(z™) = ma™ %(Sin x) = cosx, %(COS r) = —sin,

d
—(expz) = expux,

d 1
7 y (logz) = . (x > 0).

dr
8.3 Rolle’s Theorem

Theorem 8.1 (Rolle’s Theorem) Let f:[a,b] — R be a real-valued func-
tion defined on some interval |a,b]. Suppose that f is continuous on [a, D]
and is differentiable on (a,b). Suppose also that f(a) = f(b). Then there
exists some real number s satisfying a < s < b which has the property that

F(s) = 0.

Proof First we show that if the function f attains its minimum value at u,
and if a < u < b, then f’(u) = 0. Now the difference quotient

fluth) = f(u)
h

is non-negative for all sufficiently small positive values of h; therefore f'(u) >
0. On the other hand, this difference quotient is non-positive for all suffi-
ciently small negative values of h; therefore f'(u) < 0. We deduce therefore

that f'(u) =0.
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Similarly if the function f attains its maximum value at v, and if a < v <
b, then f'(v) = 0. (Indeed the result for local maxima can be deduced from
the corresponding result for local minima simply by replacing the function f
by —f.)

Now the function f is continuous on the closed bounded interval [a, b].
It therefore follows from the Extreme Value Theorem that there must exist
real numbers u and v in the interval [a,b] with the property that f(u) <
f(z) < f(v) for all real numbers x satisfying a < z < b (see Theorem 4.21).
If a <u < bthen f'(u) =0 and we can take s = u. Similarly if a < v <b
then f’(v) = 0 and we can take s = v. The only remaining case to consider
is when both u and v are endpoints of the interval [a,b]. In that case the
function f is constant on [a, ], since f(a) = f(b), and we can choose s to be
any real number satisfying a < s <b. |}

8.4 The Mean Value Theorem

Rolle’s Theorem can be generalized to yield the following important theorem.

Theorem 8.2 (The Mean Value Theorem) Let f:[a,b] — R be a real-
valued function defined on some interval |a,b|. Suppose that f is continuous
on |a,b] and is differentiable on (a,b). Then there exists some real number s
satisfying a < s < b which has the property that

f(b) = fla) = f'(s)(b—a).

Proof Let g:[a,b] — R be the real-valued function on the closed inter-
val [a, b] defined by

b—=x T —a

9(a) = f(2) = (@) = T [ ().

Then the function ¢ is continuous on [a, b] and differentiable on (a,b). More-
over g(a) = 0 and g(b) = 0. It follows from Rolle’s Theorem (Theorem 8.1)
that ¢'(s) = 0 for some real number s satisfying a < s < b. But

f(0) — f(a)
b—a

Therefore f(b) — f(a) = f'(s)(b — a), as required. |}

g'(s)=['(s)—

A number of basic principles of single variable calculus follow as immedi-
ate consequences of the Mean Value Theorem (Theorem 8.2). A number of
such consequences are presented in the following corollaries.
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Corollary 8.3 Let f:]a,b] — R be a real-valued function defined on some
interval [a,b]. Suppose that f is continuous on |a,b] and is differentiable
on (a,b) and that f'(x) > 0 for all real numbers x satisfying a < x < b.

Then f(b) > f(a).

Corollary 8.4 Let f:]a,b] — R be a real-valued function defined on some
interval [a,b]. Suppose that f is continuous on [a,b] and is differentiable

on (a,b) and that f'(x) = 0 for all real numbers x satisfying a < x < b.
Then f(x) = f(a) for all x € [a,b].

Corollary 8.5 Let f:]a,b] — R be a real-valued function defined on some
interval |a,b], and let M be a real number. Suppose that f is continuous
on [a,b] and is differentiable on (a,b) and that f'(x) < M for all real num-
bers x satisfying a < x < b. Then f(z) < f(a) + M(x — a) for all x € [a,b).

Corollary 8.6 Let f:]a,b] — R be a real-valued function defined on some

interval |a,b], and let M be a real number. Suppose that f is continuous
on [a,b] and is differentiable on (a,b) and that |f'(x)] < M for all real
numbers x satisfying a < x < b. Then |f(b) — f(a)| < M(b— a).

8.5 Concavity and the Second Derivative

Proposition 8.7 Let s and h be real numbers, and let f be a twice dif-
ferentiable real-valued function defined on some open interval containing s
and s + h. Then there exists a real number 0 satisfying 0 < 8 < 1 for which

Fls+h) = f(s)+ hf'(s)+ Lh2f" (s + Oh).

Proof Let I be an open interval, containing the real numbers 0 and 1, chosen
to ensure that f(s+ th) is defined for all ¢ € I, and let ¢: I — R be defined
so that

q(t) = f(s+th) — f(s) = thf'(s) = *(f(s + h) = f(s) = hf'(s)).
for all t € I. Differentiating, we find that
¢ (t) =hf'(s+th) = hf'(s) = 2t(f(s + ) = f(s) = hf'(s))

and
q"(t) = W f"(s +th) = 2(f(s + h) — f(s) — hf'(s)).
Now ¢(0) = ¢(1) = 0. It follows from Rolle’s Theorem, applied to the func-

tion ¢ on the interval [0, 1], that there exists some real number ¢ satisfying
0 < ¢ < 1 for which ¢'(¢) = 0.
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Then ¢'(0) = ¢'(¢) = 0, and therefore Rolle’s Theorem can be applied
to the function ¢’ on the interval [0, ¢] to prove the existence of some real
number 6 satisfying 0 < 6 < ¢ for which ¢”(6) = 0. Then

0=q"(6) = h*f"(s +0h) = 2(f(s + h) = f(s) = hf'(s)).
Rearranging, we find that
f(s+h)=f(s)+hf'(s)+ LR f"(s + 6h),
as required. [

Corollary 8.8 Let f:(s—dy, s+0d0) be a twice-differentiable function through-
out some open interval (s — dg, s + dg) centred on a real number s. Suppose
that f"(s 4+ h) > 0 for all real numbers h satisfying |h| < dg. Then

f(s+h) = f(s)+ hf'(s)
for all real numbers h satisfying |h| < dq.

It follows from Corollary 8.8 that if a twice-differentiable function has
positive second derivative throughout some open interval, then it is concave
upwards throughout that interval. In particular the function has a local
minimum at any point of that open interval where the first derivative is zero
and the second derivative is positive.

Corollary 8.9 Let f: D — R be a twice-differentiable function defined over
a subset D of R, and let s be a point in the interior of D. Suppose that
f'(s) = 0 and that f"(x) > 0 for all real numbers x belonging to some
sufficiently small neighbourhood of x. Then s is a local minimum for the
function f.

8.6 Taylor’s Theorem

The result obtained in Proposition 8.7 is a special case of a more general
result. That more general result is a version of Taylor’s Theorem with re-
mainder. The proof of this theorem will make use of the following lemma.

Lemma 8.10 Let s and h be real numbers, let f be a k times differentiable
real-valued function defined on some open interval containing s and s + h,

let co,cq, ..., c_1 be real numbers, and let
k—1
plt) = f(s+th) = et
n=0
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for all real numbers t belonging to some open interval D for which 0 € D and
1€ D. Then p™(0) = 0 for all integers n satisfying 0 < n < k if and only if

hf (s)

Cp — |
n.

for all integers n satisfying 0 < n < k.

Proof On setting ¢t = 0, we find that p(0) = f(s) — ¢o, and thus p(0) = 0 if
and only if co = f(s).

Let the integer n satisfy 0 < n < k. On differentiating p(t) n times with
respect to t, we find that

T
L

5!
(j —n)!

n

p™ () = B ™) (s + th) —

N
cit’ "

<.
Il

Then, on setting ¢ = 0, we find that only the term with j = n contributes
to the value of the sum on the right hand side of the above identity, and
therefore

p™(0) = " f™(s) — nle,.

The result follows. |}

Theorem 8.11 (Taylor’s Theorem) Let s and h be real numbers, and let f
be a k times differentiable real-valued function defined on some open interval
containing s and s + h. Then

n k
Fls+h) = F()+ 30 o 7O(s) + T 7O+ 0h)

for some real number 0 satisfying 0 < 6 < 1.

Proof Let D be an open interval, containing the real numbers 0 and 1,
chosen to ensure that f(s+ th) is defined for all t € D, and let p: D — R be
defined so that

k-1

pt) = f(s+th) — f(s) = 3 g

n!

n=1

for all t € D. A straightforward calculation shows that p™(0) = 0 for n =
0,1,...,k—1 (see Lemma 8.10). Thus if ¢(t) = p(t) — p(1)t* for all s € [0, 1]
then ¢™(0) = 0 for n = 0,1,...,k — 1, and ¢(1) = 0. We can therefore
apply Rolle’s Theorem (Theorem 8.1) to the function ¢ on the interval [0, 1]
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to deduce the existence of some real number ¢; satisfying 0 < ¢; < 1 for
which ¢/(t;) = 0. We can then apply Rolle’s Theorem to the function ¢’ on
the interval [0,¢;] to deduce the existence of some real number ¢, satisfying
0 < ty < t; for which ¢”(t3) = 0. By continuing in this fashion, applying
Rolle’s Theorem in turn to the functions ¢”,q¢”,...,q¢%* Y, we deduce the
existence of real numbers t1,t9, ..., satisfying 0 <t <t <---<t; <1
with the property that ¢™(t,) = 0 for n = 1,2,...,k. Let § = t;. Then
0<6<1and

O—i(k)g—l(k)g_ _h_k(k) on) —
_k‘!q ()_k!p () p(l)_k!f (S+ ) p(l)v
hence

-1

fls+h) = fls)+ ) —f"(s)+p(1)
i
= fls)+ ) I ()+ f /(s +0h),
n=1

as required. |}

Corollary 8.12 Let f: D — R be a k-times continuously differentiable func-
tion defined over an open subset D of R and let s € R. Then given any strictly
positive real number €, there exists some strictly positive real number 6 such
that
k_pn
Fls+h) = 1ls) = 32 o f™(s)| < ellt

n=1

whenever |h| < 6.

Proof The function f is k-times continuously differentiable, and therefore
its kth derivative f*) is continuous. Let some strictly positive real number e
be given. Then there exists some strictly positive real number ¢ that is small
enough to ensure that s +h € D and |f*) (s + h) — f#)(s)| < kle whenever
|h| < §. If h is an real number satisfying |h| < 0, and if 0 is a real number
satisfying 0 < 6 < 1, then s+6h € D and |f®)(s+0h)— f*)(s)| < kle. Now it
follows from Taylor’s Theorem (Theorem 8.11) that, given any real number h
satisfying |h| < ¢ there exists some real number 6 satisfying 0 < 6 < 1 for
which

fls+h) = +Z f<" ) 4 — fk)(s+9h)
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n k
fls 1) = ()= S eos)| = B g0 oy - )
< <l

as required. |}

Let f:[a,b] — R be a continuous function on a closed interval [a,b]. We
say that f is continuously differentiable on |a,b] if the derivative f’(x) of f
exists for all x satisfying a < x < b, the one-sided derivatives

fla+h) = f(a)

o) = hlgél+ h ’
b+ h)— f(b
Py =y 0D IO

exist at the endpoints of [a, b], and the function f’ is continuous on [a, b].
If f:[a,b] — R is continuous, and if F(z) = [ f(t)dt for all z € [a,d]
then the one-sided derivatives of F' at the endpoints of [a, b] exist, and
. Fla+h)—F(a) . F(b+h)—F(b)
hligh h = fla), hliglf h

= f(b).

One can verify these results by adapting the proof of the Fundamental The-
orem of Calculus.

Proposition 8.13 Let f be a continuously differentiable real-valued function
on the interval [a,b]. Then

v d
[ o= 50 - s
Proof Define g:[a,b] — R by

o) = 1) — @) - [ L

Then g(a) =0, and

AL ([ 400) -

for all x satisfying a < x < b, by the Fundamental Theorem of Calculus.
Now it follows from the Mean Value Theorem (Theorem 8.2) that there
exists some s satisfying a < s < b for which g(b) — g(a) = (b —a)g'(s). We
deduce therefore that g(b) = 0, which yields the required result. |}
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Corollary 8.14 (Integration by Parts) Let f and g be continuously dif-
ferentiable real-valued functions on the interval [a,b]. Then

[ o 4

dx
Proof This result follows from Proposition 8.13 on integrating the identity

102D~ () — o) DD

Corollary 8.15 (Integration by Substitution) Let u:[a,b] — R be a
continuously differentiable monotonically increasing function on the interval
[a,b], and let ¢ = u(a) and d = u(b). Then

[ rwe= [ o™l a

for all continuous real-valued functions f on [c,d].

:f@mw—ﬂwww—/g@> dr.

Proof Let F' and G be the functions on [a,b] defined by

u(x)

Fa)= [ f)dy, /f

C

Then F(a) =0 = G(a). Moreover F(x) = H(u(x)), where

/f ) dy,

and H'(s) = f(s) for all s € [a,b]. Using the Chain Rule and the Fundamen-

tal Theorem of Calculus, we deduce that

F'(z) = H'(u(x))u'(x) = f(u(x))u'(x) = G'(x)

for all z € (a,b). On applying the Mean Value Theorem (Theorem 8.2) to the
function F'— G on the interval [a, b], we see that F'(b) —G(b) = F(a)—G(a) =
0. Thus H(d) = F(b) = G(b), which yields the required identity. [}

Proposition 8.16 (Taylor’s Theorem with Integral Remainder) Let
s and h be real numbers, and let f be a function whose first k derivatives are
continuous on an interval containing s and s+ h. Then

) h*

f(s+h) = f(s)+ Z —f"M(s) + m/o (1 —t)* 1 f®) (s 4 th) dt.
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Proof Let

rm(s,h) = n I /01(1 — t)m’lf(m)(s + th) dt

(m—1
form=1,2,...,k—1. Then
r1(s,h):h/01f’(s+th)dt:/;%f(erth)dt:f(erh)—f(s).

Let m be an integer between 1 and k£ — 2. It follows from the rule for
Integration by Parts (Corollary 8.14) that

hm+1 1
Pmi1(s,h) = ' /(1—t)mf(m+1)(s—|—th)dt
m!  Jo
™ [t d
= — [ (1=t)"— (f") (s +th)) dt
o [ a0 (s )
hm

= a0+ th)],

_ hm/ (= ty") 0 (s + oh) e

m! J,
m

h h™ !
= —mﬂm)(swm/o (1 — )™ (s + th) dt
= ru(s,h) — mf(m)(s).

Thus m
rm(sa h) = %f(m)(s) + rm+l(s7 h)

form=1,2,...,k— 1. It follows by induction on k that

k=1 .,
Fs4m) = F)+ D0 Ts) + el )
:: h" hk ! k—1 p(k
= O+ )+ g [ 00

as required. |
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9 Differentiation of Functions of Several Real
Variables

9.1 Functions with First Order Partial Derivatives

If a real-valued function of a single real variable is differentiable, then it is
guaranteed to be continuous. However, for a function of two or more real
variables, the mere existence of first order partial derivatives throughout the
domain of the function is not sufficient to ensure continuity.

Example Let f:R? — R be defined so that

2xy ) .
flz,y) =< 22+ 2 if (z,y) # (0,0);

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

If (z,y) # (0,0) then the partial derivatives of f are well-defined at (z,vy),

and

of 2y(x®—y?) of —2x(a®—y?)

or  (22+y22" oy (22 +92)2
The partial derivatives of the function f at (0,0) are also well-defined, and
are equal to zero, because the function f has the value zero along the lines
y = 0 and x = 0. Thus the first order partial derivatives of the function f
are well-defined throughout the domain R? of the function.

Nevertheless f(z,y) = 1 at all points of the line z = y with the exception

of the origin (0,0), where the function takes the value zero. It follows from
this that the function f is discontinuous at (0, 0).

Example Let g:R? — R be defined so that

2y .
g(z,y) = x2+y2€z2+y2 if (z,y) # (0,0);

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

This function g also have well-defined first order partial derivatives through-
out R% But |g(x,y)| increases faster than any negative power of the distance
from the origin as the point (x,y) approaches the origin along any straight
line other than the lines y = 0 and x = 0.

Example Let h:R? — R be defined so that
2%y

hz,y) = 20142 if (z,y) # (0,0);

0 if (z,y) = (0,0).
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The function h takes the value zero along the lines y = 0 and x = 0. It
therefore has well-defined first order partial derivatives at the origin that
have the value zero. It also has well-defined first order partial derivatives at
all other points of R2.
Now if (u,v) is a point of R?, and if v # 0 and ¢ # 0, then
2tuv

h(tu, tU) = m

It follows that ?r% h(tu,tv) = 0 whenever v # 0. This limit is also zero
—

when v = 0 because the function takes the value zero along the line y = 0.
Nevertheless h(t,t?) = 1 for all non-zero real numbers ¢. The point (,t%)
approaches the origin (0,0) as ¢ tends to zero, and h(0,0) = 0. It follows
that the function h is not continuous at the origin.

9.2 Growth of Functions with Bounded Partial Deriva-
tives

An open set X in R™ is a product of open intervals Jq, Js, ..., J,, if

X:J1><J2X-"XJm
= {(z1,22,...,2p) ER™ 12, € J; for i =1,2,...,m}.

Suppose that u and v are points of X, where X is an open set in R™ that
is a product of open intervals. Then there exist real numbers a; and b; for
1 =1,2,...,m such that a; < u; < b; and a; < v; < b; for i = 1,2,...,m.
Then H C X, where H is the closed subset of R™ consisting of those
points (x1,Za,...,xy) whose ith coordinate z; satisfies min(u;,v;) < x; <
max(u;,v;) for i =1,2,... m.

Lemma 9.1 Let u and v be points of R™. Then
> i — v < Vmla— v,
i=1

Proof Consider the scalar product (u—v).s of the m-dimensional vector u—
v with the vector s whose ith component s; is determined for i =1,2,...,m

m
so that s; = 1if u; > v; and s; = —1 if u; < v;. Now (u—v).s = > |u; — v
i=1

and [s| = y/m. Schwarz’s Inequality ensures that (u —v).s < ];1 — V| [s|.
The required inequality follows immediately. |
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Proposition 9.2 Let X be an open set in R™ that is a product of open
intervals, let f: X — R be a real-valued function on X, and let M be a
positive constant. Suppose that

of
a.ﬁEi

throughout the open set X fori=1,2,...,m. Then

[f(0) = f(v)| £ VmM]u - v|
for all points u and v of X.

<M

Proof Let u = (uy,us,...,uy,) and v = (v1,vs,...,0,). The fact that X is
a product of open intervals guarantees that there exist real numbers a; and b;
fori=1,2,...,m such that a; < u; < b; and a; < v; < b; fori =1,2,...,m.
For each integer k between 0 and m, let

Wi = (wk,la Wg,2y -« - - 7wk,m)
where
PO wy if i >k
Then a; < wg,; < b; for k =0,1,2,...,m and @ = 1,2,...,m. Moreover,

for each integer k between 1 and m, the points wy_; and and wy, differ only
in the kth coordinate, and the line segment joining these points is wholly
contained in the open set X. It follows that
d af
- 1 - t _ t = —_ _
o S =) wiy + twi)) = (vr — uk) o

)
(l—t)wk_ 1+Htwyg

It follows that

d

5 (= wis+ owi)| < 07—,

and therefore

|f(Wi—1) = f(Wi)| < M |ug, — vg
for i = 1,2,...,m (see Corollary 8.6). Applying the inequality stated in
Lemma 9.1, we conclude that

f@) = fV)] < D 1f(wiea) = F(wi)| <MD fug — vy

< \/%M|U—V|,

as required. |
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Example Let f:R™ — R be the function defined so that f(z1,xs,...,Tm) =
of

> a; for all (z1,x9,...,2,) € R™. Now
i=1 ox;

1,2,...,m. Let u=(0,0,...,0) and v = (1,1,...,1). Then ju—v|=+m
and |f(u)— f(v)| = m, and thus |f(u)— f(v)| = v/m |[u—v|. This shows that
the inequality proved in Proposition 9.2 is sharp, i.e., there exist instances
where, with an appropriate choice of the function f and the points u and v,
the stated upper bound on |f(u) — f(v)] is attained.

= 1 throughout R™ for ¢ =

Corollary 9.3 Let X be an open set in R™ that is a product of open in-
tervals, let ¢: X — R™ be a function mapping X into R", and let M be a
positive constant. Suppose that

of;
al’i

throughout the open set X for i = 1,2,...,m and j = 1,2,...,n, where
f;: X — R is the jth component of the map . Then

lp(u) — p(v)| < vVmnMu - v|

for all points u and v of X.

<M

Proof Let u and v be points of X. On applying the inequality stated in
Proposition 9.2, we find that

o(u) — p(v)[* = Z(fj(u) — fi(v))? < mnM* fu—v[*.

The result follows. |}

Corollary 9.4 Let X be an open set in R™, let p: X — R™ be a function
mapping X into R™, and let M be a positive constant. Suppose that

of;
3%
throughout the open set X fori = 1,2,...,m and j = 1,2,...,n, where

fi: X — R s the jth component of the map ¢. Then the function ¢ is
continuous on X.

<M

Proof Let p be a point of X. The set X is open in R™, and therefore there
exists an open set V' that is a product of open intervals such that p € V' and
V C X. It then follows from Corollary 9.3 that

o(u) = o(v)| < vVmnMu —v|

for all points u and v of V. This inequality ensures that the function ¢ is
continuous around the point p. The result follows. |
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9.3 Functions with Continuous Partial Derivatives

We now investigate the behaviour of functions of several real variables whose
first order partial derivatives are continuous.

Definition Let X be an open set in R™, and let f: X — R" be real-valued
function on X, and let p be a point of X. Suppose that the first order
partial derivatives of f are defined at the point p. The gradient (Vf)p of f
at the point p is the m-dimensional vector whose components are the partial
derivatives of the function f at the point p. Thus

x:p)

(V5)p = (aa—f ot

Ty £2
Examples previously considered demonstrate that the mere existence of
partial derivatives of a real-valued function around a given point is not suf-
ficient to enable the gradient of that function to provide a reasonable ap-
proximation to the function around that point. On the other hand, as we
shall see, if the partial derivatives are not only defined around that point but
are also continuous there, then the gradient of the function does determine

a “first order” approximation to the function around that point.

o

0T,

) )
X=p X=p

Proposition 9.5 Let X be an open set in R™, let f: X — R be a real-
valued function on X, and let p be a point of X. Suppose that the first order
partial derivatives of the function f are defined throughout the set X and
are continuous at the point p. Then, given any positive real number €, there
exists some positive real number § such that

[f(0) = f(v) = (Vf)p . (u=v)[ < efu—v|

for all points w and v of X satisfying lu — p| < 0 and |v — p| < &, where
(Vf)p denotes the gradient of the function f at the point p.

Proof Let p = (p1,p2,...,Pm), and let g: X — R be the real-valued function
on X defined so that

9(x) = f(x) = f(p) = (Vf)p . (x—p)

for all x € X. Then the function g has first order partial derivatives, defined
throughout the open set X, which are continuous at the point p. Moreover
9(p) = 0 and

=0

8$ix:p
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fori=1,2,...,n. Moreover

g() —g(v) = f(u) = f(v) = (Vf)p . (=)

for all points u and v of X.

Let some positive real number ¢ be given. for ¢+ = 1,2,...,n. Now the
domain X of the functions f and ¢ is an open subset of R™. This, together
with the continuity of the first order partial derivatives of the function ¢ at
the point p, ensures that some positive real number § can then be chosen
small enough to ensure both that

{(z1,29,...,2p) ER™ : |p; —x;] <0 fori=1,2,....m} C X

and also that

99| £

<
a(L'Z‘ - \/m
fori=1,2,...,m at all points (z1,xs, ..., Z,,) of R™ that satisfy |z; —p;| < 0
fori=1,2,...,m. Now g(p) = 0. It therefore follows from Proposition 9.2
that

lg(u) —g(v)| <elu—v|

at all points x of R™ whose components x1,Zs, ..., T, satisfy |z; — p;| <
for i =1,2,...,m. The result follows. |

Corollary 9.6 Let X be an open set in R™, let f: X — R" be a real-valued
function on X, and let p be a point of X. Suppose that the first order
partial derivatives of the function f are defined throughout the set X and are
continuous at the point p. Then

) 1
lim
x—p |X — p|

[f(x) = f(P) = (Vf)p . (x=p))[ =0,
where (V f)p denotes the gradient of the function f at the point p.

Proof Proposition 9.5 ensures that, given any positive real number ¢, there
exists a positive real number 9§ such that

1
x — p|

[f(x) = f(P) = (Vf)p. (x—p)|<¢

for all points x of X satisfying 0 < |x — p| < J. The result therefore
follows directly from the formal definition of limits of functions of several
real variables. |}
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Corollary 9.7 Let X be an open set in R™, let p: X — R™ be a function
on X taking values in R™, let fi, fo,..., fn be the components of the map p,
and let p be a point of X. Suppose that the first order partial derivatives
of the components of the map ¢ are defined throughout the set X and are
continuous at the point p. Then, given any positive real number €, there
exists some positive real number § such that

() = (V) = (Dp)p (0 = V)| < elu—v]|
for all points w and v of X satisfying |[u — p| < ¢ and |v — p| < 8, where
(De)pw = ((Vfi)p - W, (Vfa)p-W,....(Vfa)p - W)

for all w € R™.

Proof It follows from Proposition 9.5 that, given any positive real number ¢,
there exists some positive real number ¢ such that

[fi(w) = f5(v) = (Vfj)p - (w=v)| < ﬁlu — V|

for j =1,2,...,n, and for all points u and v of X satisfying |u—p| < § and
v —p| <. Then

lo(u) — (V) — (De)p (u—v)[*

= Y (W) = ) = (Ve (w=v))*
j=1

< lu-v)?

for all points u and v of X satisfying lu —p| < § and |v —p| < d. The result

follows. |}

Corollary 9.8 Let X be an open set in R™, let p: X — R™ be a function
on X taking values in R™, let fi, fa,..., fn be the components of the map p,
and let p be a point of X. Suppose that the first order partial derivatives
of the components of the map ¢ are defined throughout the set X and are
continuous at the point p. Then

[p(x) —¢(p) = (Df)p (x = p))| =0,

where
(De)pw = ((Vfi)p - W, (Vfo)p.W,....(Vfa)p. W)
for all w € R™.
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Proof Proposition 9.7 ensures that, given any positive real number £, there
exists a positive real number § such that

1

=—p| o(x) — @(p) — (Df)p (x—p)| <€

for all points x of X satisfying 0 < |x — p| < d. The result therefore
follows directly from the formal definition of limits of functions of several
real variables. |}

9.4 Derivatives of Functions of Several Variables

Definition Let X be an open subset of R™ let p: X — R” be a function
mapping X into R”, let T:R™ — R" be a linear transformation from R™ to
R", and let p be a point of X. The function ¢ is said to be differentiable at
p, with derwative T:R™ — R™ if and only if

lim

o =Pl (p(x) —¢(p) —T(x—p)) =0.

Henceforth we shall usually denote the derivative of a differentiable map
©: X — R" at a point p of its domain X by (Dy)p.

The derivative (Dy)p, of ¢ at p is sometimes referred to as the total
derivative of ¢ at p. If ¢ is differentiable at every point of X then we say
that ¢ is differentiable on X.

Lemma 9.9 Let T:R™ — R" be a linear transformation from R™ into R".
Then T is differentiable at each point p of R™, and (DT), =T.

Proof This follows immediately from definition of differentiability, given
that Tx —Tp—T(x—p)=0forallx e R™. |}

Lemma 9.10 Let X be an open subset of R™ let p: X — R™ be a function
mapping X into R", let T:R™ — R™ be a linear transformation from R™
to R", and let p be a point of X. Then the function ¢ is differentiable at
p, with derwative T, if and only if, given any positive real number ¢, there
exists some positive real number § such that

lp(x) —p(p) = T(x—p)| <elx—p|

at all points x of X that satisfy |x — p| < 6.
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Proof First suppose that the function ¢: X — R™ has the property that,
given any positive real number g, there exists some positive real number §
such that

lp(x) = ¢(p) = T(x — p)| < eox —p|
at all points x of X that satisfy |x — p| < §. Let some positive number &
be given, and let ¢y be chosen so that 0 < ¢y < €. Then there exists some

positive real number ¢ such that the above inequality holds at all points x of
X that satisfy |[x — p| < 6. But then

1
x — p|

lp(x) —¢(p) —T(x—p)| <e
at all points x of X that satisfy 0 < |x — p| < 9, and therefore

) 1
lim
x—p |x — Pp|

(p(x) —¢(p) = T(x—p)) =0.

Thus the function ¢ is differentiable at the point p.

Conversely suppose that the function ¢ is differentiable at the point p.
Let some positive real number € be given. Then there exists some positive
real number § such that

1
x — p|

lp(x) —p(p) —T(x—p)| <e¢

at all points x of X that satisfy 0 < |x — p| < 0. Considering separately the
cases when x = p and when 0 < |x — p| < 0, it then follows that

o(x) = ¢(p) = T(x = p)| < &[x - p|
at all points x of X that satisfy |x — p| < d. The result follows. ||

Lemma 9.11 Let X be an open subset of R™ let p: X — R™ be a function
mapping X into R™, and let p be a point of X. Suppose that the function ¢
is differentiable at the point p. Then ¢ is continuous at p.

Proof Suppose that the function ¢ is differentiable at p with derivative
(Dp)p. It then follows from the definition of differentiability that

lp(x) — p(p) — (Dp)p(x —p)| = 0.
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It then follows from basic properties of limits that

lim [p(x) = ¢(p) = (Dg)p(x —p)|

= (tim bx = pl) (tim 1960 o(0) — (DR)ylx P
— 0,

and therefore
lim (p(x) — ¢(p) — (Dy)p(x — p)) = 0.

But then o
lim ¢(x) = lim (¢(p) + (Dy)p(x — p)) = »(P),

X—p X—p
and thus the function ¢ is continuous at p. The result follows. |}

Proposition 9.12 Let X be an open set in R™, let p: X — R" be a function
on X taking values in R™, and let p be a point of X. Suppose that the
first order partial derivatives of the components of the map ¢ are defined
throughout the set X and are continuous at the point p. Then the function ¢
is differentiable at the point p.

Proof Let fi, fs,..., f, be the components of the map ¢. It follows from
Corollary 9.8 that

S m— o(x) = ¢(p) = (Df)p (x—P))| =0,

where
(Do)pw = ((Vfi)p- W, (Vo)p.w,....(Vfi)p. W)

for all w € R™. The function ¢ therefore satisfies the definition of differen-
tiability at p, as required. |

We now summarize some basic facts concerning differentiability of func-
tions of several real variables. Let X be an open set in R™ and let p: X — R”
be a function mapping X into R™. Now the mere existence of first order par-
tial derivatives of the function ¢ at a point p of X is not sufficient to ensure
that the function ¢ is differentiable at the point p. Indeed examples of
real-valued functions of two real variables discussed at the beginning of this
section demonstrate that the existence of first order partial derivatives of the
map ¢ throughout the domain X of ¢ is not even sufficient to ensure the
continuity of the function ¢. However if the first order partial derivatives of
the components of the function ¢ exist and are bounded throughout the open
set X then the function ¢ is at least continuous on X (see Corollary 9.4).
And if these first order partial derivatives are continuous throughout the
open set X then the function ¢ is differentiable on X (see Proposition 9.12).
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9.5 The Jacobian Matrix of a Differentiable Function

Proposition 9.13 Let X be an open set in R™, let p: X — R" be a function
mapping X into R™, and let p be a point of X at which the function ¢ s
differentiable. Let w be an element of R™. Then

.1
(Dp)pw = lim = (p(p +1w) — (p)) -
Thus the derivative (Dy)p of ¢ at p is uniquely determined by the map .

Proof It follows from the differentiability of ¢ at p that

1
I — o(p) — (D —p))=o0.
g (p(x) = o(p) = (Dp)p (x — P))
In particular, if we set (x — p) = tw, and (x — p) = —tw, where t is a real

variable, we can conclude that

lim % (p(p +1tw) —@(p) — t(Dp)pw) = 0,

t—0t+

Tim 5 (p(p + tw) = () — HDp)yw) =0,

It follows that 1
lim - (¢(p +tw) — p(p)) = (Dp)pw,

t—0 t

as required. |

Corollary 9.14 Let X be an open set in R™, let o: X — R™ be a function
mapping X into R™, and let p be a point of X at which the function ¢ is
differentiable. Then the derivative (Dy)p of ¢ at the point p is uniquely
determined by the map .

Proof The result of Proposition 9.13 shows that, for all w € R™, the value
of (Dy)pw is expressible as a limit involving the function ¢ itself and is
thus uniquely determined by the function ¢ itself. Thus there cannot be
more than one linear transformation from R™ to R™ that can represent the
derivative of the function ¢ at the point p. |}

Corollary 9.15 Let X be an open set in R™, let o: X — R" be a function
mapping X nto R™, and let p be a point of X at which the function ¢ is
differentiable. Let fi, fo,..., fn denote the components of the function let
p: X — R™. Then the first order partial derivatives of the components of ¢
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are all defined at the point p, and the derivative (D), of the map ¢ at the
point p is represented by the n X m matriz whose coefficient in the ith row

dfi
and jth column is equal to the value at p of the partial derivative —f of fi

al'j

with respect to the jth coordinate function x; on X.

Proof Letej, e, ..., e, denote the standard basis of R™, where the ith com-
ponent of the vector e; is equal to 1 when 7 = j, but is equal to zero otherwise.
Basic linear algebra ensures that the linear transformation (Dyp)p: R™ — R”
is represented by the matrix .J(p) whose coefficient J; ;(p) in the ith row and
jth column is equal to the 7th component of the vector (D), e;. It then
follows from Proposition 9.14 that

1
Jij(p) = lim = (fi(p + te;) — file;)) = 0%j |yep

as required. |

Let X be an open set in R™, let ¢: X — R” be a differentiable function
mapping X into R". Corollary 9.15 ensures that the derivative of ¢ at any
point p of X is the linear transformation from R™ to R™ that sends w € R™
to J(p)w, where J is the n x m matrix

of of  on
Oxry Oxy Oz
Ory Oxy Oz
Ofn Ofn 0 fn
9%, D1, " B

of functions on X whose coefficients are the first order partial derivatives of
the components fi, fo, ..., f, of the map . This matrix of partial derivatives
is known as the Jacobian matriz of the map .

Example Let ¢: R? — R? be defined so that

A))- (77

for all real numbers x and y. Let p and ¢ be fixed real numbers. Then

() =((7))
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xz;yyz > - ( pQQ;qqz )
(x +p)(x—p) = (y+ ) )
gz —p)+2p(y —q) + 2(90 -

p(z—p) —2q(y — q) + (z — ) (y q)2>
2q(x —p) +2p(y —q) +2(z —p)(y — q)

i ) ) (epe=d”)

Now, given (z,y) € R?, let r = \/(z — p)2 + (y — ¢)%. Then |z —p| <r
and |y — ¢| < r, and therefore

(z—p)*—(y—q)? <|z—pf+|y—q]* <2r?

and 2(z — p)(y — ¢) < 2r?, and thus

(e—p-y—a _, 4 _2@-Py-9 _,

V(e —p)?+(y —q)? V(e —p)+(y —q)?
Thus, given any positive real number ¢, let § = %5. Then

(- -W—a0" | __ .4 2(x —p y—q) _.

V(e —p)?+(y—q)? V(@ (y —q)?

whenever 0 < |(z,y) — (p, q)| < 0. It follows therefore that

o V(= p)21+ (v —q)? ( (x2(—$p22p;(éy—_q§)2 ) - ( 8 > ‘

Thus the function p: R? — R? is differentiable at (p, ¢), and the derivative of
this function at (p, q) is the linear transformation represented by the matrix

2p —2q
29 2p )
9.6 Sums, Differences and Multiples of Differentiable
Functions

Proposition 9.16 Let X be an open set in R™, and let f: X — R and
g: X — R be functions mapping X into R. Let p be a point of X. Suppose
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that f and g are differentiable at p. Then the functions f + g and f — g are
differentiable at p, and

D(f+9)p = (Df)p + (Dg)p

and
D(f - g)p = (Df)p - (Dg)p-

Moreover, given any real number c, the function cf is differentiable at p and

D(cf)p = c(Df)p-

Proof The limit of a sum of functions is the sum of the limits of those
functions, provided that these limits exist. Applying the definition of differ-
entiability, it therefore follows that

lim = (76 900 = () + 9(0)) = (D)o + (D)) (x — )
= Jim e (J6) = S (p) — (D)plx )
+lim - (90x) — 9(p) ~ (D)ol — )
= 0.
Therefore

D(f+9)p = (Df)p + (Dg)p-
Also the function —g is differentiable, with derivative —(Dg)p. It follows
that f — g is differentiable, with derivative (Df), — (Dg)p.
Let ¢ be a real number. Then

= clim —— (769~ F(p) — (DN)olx )

x—p [X — P

= 0

It follows that the function cf is differentiable at p, and D(cf)p, = c¢(Df)p,
as required. |

9.7 An Inequality limiting the Growth of a Differen-
tiable Function

We shall derive an inequality bounding the growth of a function of of several
real variables around a point where it is differentiable. The statement of
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the result makes reference to the operator norm of a linear transformation.
Accordingly we now give the definition of operator norms.

Definition Let T:R™ — R"” be a linear transformation. The operator norm

|T||op of T is the smallest non-negative real number with the property that
Tw| < ||T||op |W]| for all w € R™.

The operator norm ||T||op of a linear transformation 7: R™ — R™ may be
characterized as the maximum value attained by |T'w| as w ranges over all
vectors in R™ that satisfy |w| = 1.

Lemma 9.17 Let T:R™ — R™ be a linear transformation from R™ to R",
and let | T||op denote the operator norm of T'. Also let A; ; = T'e;.Te; for all
integers i and j between 1 and m, let A denote the matrixz whose coefficient
in the ith row and jth column is A;;, and let Anax denote the mazimum
eigenvalue of the real symmetric matriz A. Then ||T||op = v/ Amax-

Proof The matrix A is a real symmetric matrix, and, given any such matrix,
there exists an orthogonal matrix R, with transpose RT for which RART is
diagonal. The inverse of the matrix R is then equal to its transpose RT. Let
A; denote the coefficient in the ith row and column of the diagonal matrix
RART for i = 1,2,...,m. Then A\, \s,..., )\, are the eigenvalues of the
matrix A.

Let w € R™, and let w = (wy,ws, ..., w,,). Then

‘TW|2 = (i wiei) . (i wje]) = iifli,jwiwj.
=1 Jj=1

i=1 j=1

Thus if we represent w in matrix algebra as a column vector with coefficients
Wy, Wy, - . ., w, then |[Tw|?> = wl Aw, where w’ denotes the row vector that
is the transpose of the column vector w.

Let u = Rw, so that uy = > Ry jw; fork=1,2,...,m. Then w = RTu,
j=1
and therefore

ujw|2 = WTAW = uTRARTu = Z )\kui < Amax Z Uz
k=1 k=1

Moreover

n
E u; =u'u=w'R'Rw = ww = |w|%.

k=1
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We conclude therefore that
|TW|2 < /\max|w|2

for all w € R™. Moreover if w = RTe;,, where k is an integer between 1 and
m for which A\, = A\pay, then

|TW|2 = )\max|w|2.
The result follows. |

Proposition 9.18 Let X be an open set in R™, let ¢: X — R" be a func-
tion mapping X into R™, let p be a point of X at which the function ¢ s
differentiable, and let M be a real number satisfying M > ||(Dy)pllop, where
|(Dg)pllop denotes the operator norm of the derivative (Dg)y of ¢ at p.
Then there exists some positive real number & such that

p(%) = ¢(p)| < M |x - p|
for all points x of X satisfying |x — p| < 0.
Proof Let ¢ = M — |[(D¢)p|lop- Then ¢ > 0. Now

[(De)pv] < [[(D@)pllop V]

for all v.€ R™. The definition of differentiability ensures that

. 1
lim
X—p |x — p|

(p(x) = p(p) — (Dp)p(x —p)) =0,

and therefore there exists some positive real number § such that

1
x — p|

(%) = @(p) = (Dp)p(x —p)| < &
for all x € X satisfying 0 < |x — p| < J. Then

lo(x) — o(p)] < [(Dg)p(x — p)| + [x — P

for all x € X satisfying |x — p| < 0. Now

[(D@)p(x = P)| < [[(D#)pllop X — P

for all x € X. It follows that
lp(x) — 0(P)| < ([[(Dp)pllop +€)Ix —p[ = M [x — p|

for all x € X satisfying |x — p| < 0, as required. |}
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9.8 The Product Rule for Functions of Several Vari-
ables
Let f: X — R and g: X — R be real-valued functions defined over a subset X

of R™. We denote by f - g the product of the functions f and g, defined so
that (f - ¢g)(x) = f(x)g(x) for all x € X.

Proposition 9.19 (Product Rule) Let X be an open set in R™, let f: X —
R and g: X — R be real-valued functions on X, and let p be a point of X.
Suppose that f and g are differentiable at p. Then the function f - g is
differentiable at p, and

D(f-9)p=9®)(Df)p+ f(P)(Dg)p-

Proof The differentiability of the functions f and g at p ensures the exis-
tence of positive real numbers ensures that there exist positive real numbers
M, N and 0 such that x € X,

[f(x) = f(p)| < M |x - p

and
l9(x) —g(p)| < N [x — p

at all points x of R™ that satisfy |x — p| < 0. (This follows from Propo-
sition 9.18.) Let h: X — R be the real-valued function on X defined so
that

hx) = (f(x)—f(p)(9(x)—g(p))
= f(x)g9(x)+ f(p)g(p) — f(P)9(x) — f(x)g(p)
for all x € X. Then h(p) =0 and

h(x) 1 o .
K—p| ‘X_p,|f() f)lg(x) = g(p)|

< MN|x—p|

at all points x of R™ that satisfy |x — p| < d. It follows that

It then follows from the definition of differentiability that the function h: X —
R is differentiable at the point p, and (Dh), = 0.
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Now

f(x)g(x) = f(p)g(x) + g(p)f(x) — f(P)g(p) + h(x)

for all x € X. Differentiating, and using the fact that (Dh), = 0, we find
that f - g is differentiable at p, and

(D(f-9)p = f(P)(Dg)p + 9(P) (Df)p,

as required. |}

9.9 The Chain Rule for Functions of Several Variables

Proposition 9.20 (Chain Rule) Let X and Y be open sets in R™ and
R" respectively, let p: X — R™ and :Y — R¥ be functions mapping X and
Y into R™ and R* respectively, where o(X) C Y, and let p be a point of
X. Suppose that ¢ is differentiable at p and that 1 is differentiable at o(p).
Then the composition 1 o p: X — RF is differentiable at p, and

D( o p)p = (DY)yp) © (D)p.

Thus the derivative of the composition 1 o @ of the functions at the point p
is the composition of the derivatives of the functions ¢ and ¢ at p and p(p)
respectively.

Proof The differentiability of the functions ¢ and ¢ at p and ¢(p) respec-
tively ensures that there exist positive real numbers M, N, §; and 7; such
that the following conditions hold: x € X and |p(x) — ¢(p)| < M|x — p| for
all x € R™ satistying [x—p| < 613y € Y and [¢(y) =¥ ((p))| < N [y —¢(p)]
for all y € R” satisfying |y —o(p)| < m1; [(DY)p@yw| < N |w| for all w € R”.
(This follows from Proposition 9.18.)

Let some positive real number ¢ be given. It follows from the differentia-
bility of ¥ at ¢(p) that there exists some real number 7y, where 0 < 7y < 7,
such that

[¥(y) = ¥($(P)) — (D)o (¥ = $(P))| < 31y = #(p)|

for ally € Y satisfying [y—¢(p)| < m2. (This follows from a direct application
of Lemma 9.10.) Let some real number d, be chosen so that 0 < §; < 4; and
Méy < my. If x € R™ satisfies |x — p| < 2 then x € X and |p(x) — ¢(p)| <
M|x — p| < 2, and therefore

[¥(0(x)) = (e(P)) — (D¥)y(p) (0(x) — @(p))]

IN

S7le) — o)

selx—npl.

IN
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Now it follows from the differentiability of ¢ at p that there exists some real
number § satisfying the inequalities 0 < § < §5 that is small enough to ensure
that

p(%) = ¢(p) — (Dp)p(x = p)| <

for all x € R™ satisfying |[x — p| < 0. Now |[(D¢)ypyw| < N |w| for all
w € R". It follows that

(DY) o) ((x%) = (P)) = (D) (p) (Dip)p(x — D)
N p(x) = ¢(p) — (Dp)p(x — p)|

for all x € R™ satisfying |x — p| < .
The inequalities obtained above ensure that x € X and

|¢(90(X))—w(90( )) (sz)w(p( ©)p(x — D)
|9 (4( D((P)) — (DY) g(p) (0(x) — (p))]
+\ Dw @ (©x) = @(p)) — (DY) pp)(D)p(x — p)|
< elx—p|

at all points x of R™ that satisfy |x — p| < d. It follows from this that the
composition function v o ¢ is differentiable at p, and that (D(v o ¢))p =

(DY) y(p) © (D)p, as required. |}
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10 The Inverse and Implicit Function Theo-
rems

10.1 Contraction Mappings on Closed Subsets of Eu-
clidean Spaces

Theorem 10.1 Let F be a closed subset of R", let r be a real number satis-
fying 0 <r <1, and let p: ' — F be a continuous map from F to itself with
the property that

//’

p(x) = p(x")| < 7]x’ —x

for all X',x" € F. Then there exists a unique point xX* of F for which
p(x) = x".

Proof Choose xy € F, and let X1, X, X3, . .. be the infinite sequence of points
of F' defined such that x; = ¢(x;_1) for all positive integers j. Then

%41 — X5 S 7rlx; — x5
for all positive integers j. It follows that
[xj1 = x;] < 77[x1 = %o

for all positive integers j, and therefore

ri — ok

J
x— %, < x1 = X0 < T x1 = o]

—r
for all positive integers j and k satisfying j < k.

Now the inequality » < 1 ensures that, given any positive real number ¢,
there exists a positive integer N large enough to ensure that r/|x; — x| <
(1—r)e for all integers j satisfying j > N. Then |x;, —x,| < ¢ for all positive
integers 5 and k satisfying k& > j > N. The infinite sequence x1, X3, X3, . . .
is thus a Cauchy sequence of points of R”. Now all Cauchy sequences in R"
are convergent (see Theorem 2.8). We conclude therefore that the infinite

sequence Xi,Xg,Xs,... is convergent. Let x* = lim x;. Then x* € F,
j—+oo

because F' is closed in R™. Moreover

x"= lim x4 = lim ¢(x;) = go( lim xj) = p(x").
J—+00

Jj—+o00o Jj—+oo

*

We have thus proved the existence of a point x* of F' for which p(x*) = x*.
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If x belongs to F', and if p(X) = x then
[x = X[ = [p(x) — p(x")| < r[x = X7,

But r < 1. It follows that the Euclidean distance |x —x*| from X to x* cannot
be strictly positive, and therefore x = x*. We conclude therefore that x* is
the unique point of F' for which ¢(x*) = x*, as required. |}

10.2 The Inverse Function Theorem

Lemma 10.2 Let X be an open set in R™, let ¢: X — R™ be a differentiable
function mapping X into R", let p be a point of X, and let ¢ be a positive

real number. Suppose that |x — p| < c|o(x) — @(p)| for all points x of X.
Then |v| < ¢|(Dy)pv]| for all v e R™.

Proof Let v € R™. Then

tiv=|(p +tv) — p| < clp(p +tv) — »(p)|

for all positive real numbers ¢ small enough to ensure that p+tv € X. Now

(D)o = lim p(P +tv) — o(p)

t—0t t

(see Proposition 9.13). It follows that

v < lime|EREN) - pP)| _ |}y, #PHEV) —¢(p)
T t—0+ t t—0+ t
= c|(De)pvl,

as required. |

Proposition 10.3 Let X be an open set in R™, let p: X — R" be a differ-
entiable function on X, and let p be a point of X at which the derivative of
© 18 both invertible and continuous. Then there exist positive real numbers
r, s and ¢ such that the following properties hold:

(i) if x € R" satisfies |x —p| < r then z € X;

(i) if y € R" satisfies |y — o(p)| < s then there exists x € X satisfying
|x — p| <7 for which p(x) =y;

(111) |x' — x"| < clp(x') — @(x")| for all points x' and x" of X for which
|x' —p| <rand|x" —p| <r.
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Proof The derivative (Dyp)p: R" — R™ of ¢ at the point p is an invertible
linear transformation, by assumption. Let T = (Dcp);l, let a positive real
number ¢ be chosen such that 2|7x| < ¢ for all x € R" satisfying |x| = 1,
and let ¢: X — R" be defined such that

U(x) =x=T(p(x) - q)

for all x € X, where q = ¢(p).

Now the derivative of any linear transformation at any point is equal to
that linear transformation (see Lemma 9.9). It follows from the Chain Rule
(Proposition 9.20) that the derivative of the composition function 7" o ¢ at
any point x of X is equal to T(Dyp)x. It follows that (Dy)x = I — T(Dyp)x
for all x € X, where I denotes the identity operator on R”. In particular
(DY)p = I — T(Dy)p = 0. Moreover ¢)(p) = p. It then follows from a
straightforward application of Corollary 9.7 that there exists a positive real
number r small enough to ensure both that x € X for all elements x of R"
satisfying |x — p| < r and also that

[P(x) = p(x")] < 5lx" = x|

for all points x" and x” of X for which |x" — p| <r and |[x”" — p| < r.
Let x' and x” be points of X for which |x' — p| < r and |x" —p| < 7.
Then

P(x) —Y(x") =x" —x" = T(p(x') — p(x")),
because T is a linear transformation, and therefore
V() = (x") + T(p(x') — p(x"

< [P) = X+ T (e(x) = o(x"))|
< G =X+ T(p(x) = e(x")]

|X/ _ X//|

Subtracting %|X/ — x| from both sides of this inequality, and multiplying by
2, we deduce that

X' —x"| <2[T(p(x) — p(x"))] < clp(x) = p(x")],

for all points x" and x” of X satisfying |[x' — p| < r and |x" — p| < r.
Now let
F={xeR":|x—p|<r}

Then F is a closed subset of R”, and F' C X. Moreover |1)(x) — ¢(x")| <
T’ —x"| for all X' € F and X" € F.
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Let y € R" satisfy |y —q| < s, where s =r/c,let z=p+T(y — q), and
let

0(x) =v¢(x)+z—p
for all x € X. Now the choice of ¢ then ensures that
lz—p| < iy —q] <jes=ir

If x € X satisfies |x — p| <, and if

x'=9Y(x)+z—p,
then
X' —z| = [¢(x) — p| = [¥(x) — ¥(p)] < 3lx —p| < 57,
and therefore
X' —p| <X —z|+]z—p| <7

We conclude therefore that 6 maps the closed set F' into itself, where
F={xeX:|x—p|<r}

Moreover |0(x)| < r for all x € F' and

0(x") = 0(x")] = [¥(x') = p(x")| < 3[x" = x|

for all x’ € F and x” € F. It then follows from Theorem 10.1 that there
exists a point x of F for which §(x) = x. Then |x — p| < r. Also

x=0(x)=¢x)+z—p=x—-T(p(x) —q) +2z—p,

where q = ¢(p), and thus z — p = T(p(x) —q). But z—p=T(y — q). It
follows that Ty = T'(¢(x)), and therefore

y = (De)p(Ty) = (De)p(T(p(x)) = ¢ (x).

We have thus shown that, given any element y of R™ satisfying |y — q| < s,
there exists x € X satisfying |x — p| < r for which ¢(x) = y. This completes
the proof. |}

Theorem 10.4 (Inverse Function Theorem) Let o: X — R™ be a con-
tinuously differentiable function defined over an open set X in n-dimensional
Fuclidean space R™ and mapping X into R™, and let p be a point of X. Sup-
pose that the derivative (D)p: R™ — R™ of the map ¢ at the point p is an
invertible linear transformation. Then there exists an open set W in R"™ and
a continuously differentiable function pu: W — X that satisfies the following
conditions:—
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(i) w(W) is an open set in R"™ contained in X, and p € p(W);
(ii) o(u(y)) =y forally e W.

Proof It follows from Proposition 10.3 that there exist positive real numbers
r, s and ¢ such that the following properties hold: if x € R" satisfies [x —p| <
r then z € X; if y € R” satisfies |y — ¢(p)| < s then there exists x € X
satisfying |x — p| < r for which ¢(x) =y; |x' — x| < c|p(x') — ¢(x”)| for all
points x" and x” of X for which |x’ —p| <r and [x” —p| < r. It then follows
from Lemma 10.2 that |(Dy)yv| > c|v| for all u € X satisfying [u — p| < r
and for all v € R™.
Let

W={yeR": |y —o(p)| <s}.

If y is a point of W, there exists a point x of X such that |x — p| < r and
p(x) = y. There cannot exist more than one point of X with this property
because if X’ is a point of X distinct from x, and if |x’ — p| < r, then

o(x') =yl = clx’ = x| > 0.

Therefore there is a well-defined function p: W — R™ characterized by the
property that, for each y € W, u(y) is the unique point of X for which
[u(y) —p| <rand p(uy)) =y.

We next show that p (1) is an open subset of R". Let u € u(W). Then
lu—p| < r, and there exists w € W for which u(w) = u. But then p(u) = w,
and thus u € 1 (W). We conclude that

p(W)cCc o tW)n{xe X :|x—p|<r}.

Conversely let u be a point of ¢! (W) satisfying |[u — p| < r, and let w =
©(u). Then w € W and p(w) = u, and therefore u € p(W). We conclude
from this that

pW)=p(W)n{xeX:|x—p[<r}

It follows that (W) is the intersection of two open subsets of X, and must
therefore itself be open in X. Now X itself is open in R". It follows that
(W) is indeed an open subset of R™.

Let w € W, and let u = pu(w). Then |u — p| < r. Let some positive
real number € be given. The differentiability of the map ¢ at u ensures the
existence of a positive real number § such that n + |u — p| < r and

() = p(w) = (Di)u(x —w)| < Sfx — ]
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for all x € X satisfying |x —u| < ¢d. Let y € W satisfy |y — w| < 4, and let
x = p(y). Then ¢(x) =y and p(u) = w, and therefore

Ix —uf < clp(x) — p(u)| = cly — w| < cd.
It follows that
€ €
[y = w = (Dp)alx —u)| < Flx—u| <~y —w],

and therefore
[(Dp)y'(y —w) = (x—u)| < cly—w— (Dp)u(x —u)
< ey —wl.
But x —u = p(y) — u(w). We conclude therefore that, given any positive
real number ¢, there exists some positive real number § such that

\u(y) — (w) — (D) (y — w)| <ely — w|

for all points y of W satisfying |[y—w| < §. It follows that the map u: W — X
is differentiable at w, and moreover

(Dp)w = (Dg)y" = (D) -

Now the map u:W — X is continuous, because it is differentiable. Also
the coefficients of the Jacobian matrix representing the derivative of ¢ at
points x of u(W) are continuous functions of x on u(W). It follows that
the coefficients of the inverse of the Jacobian matrix of the map ¢ are also
continuous functions of x on p(W). Each coefficient of the Jacobian matrix of
the map p is thus the composition of the continuous map p with a continuous
real-valued function on p (1), and must therefore itself be a continuous real-
valued function on W. It follows that the map u: W — X is continuously
differentiable on W. This completes the proof. |}

10.3 The Implicit Function Theorem

Theorem 10.5 Let X be an open set in R", let fi, fo,..., fm be a continu-
ously differentiable real-valued functions on X, where m < n, let

M={xeX: fi(x)=0fori=1,2,...,m},
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and let p be a point of M. Suppose that fi, fa, ..., fm are zero at p and that
the matrix

on of  oh

Oxry Oxy Oz

Oxy Oxy Oz

Ofm  Ofm fm
15 invertible at the point p. Then there exists an open neighbourhood U
of p and continuously differentiable functions hy, hs, ..., hy of n —m real
variables, defined around (pyy1, ..., pn) in R"™™  such that

MNU = {(z1,29,...,2,) €U :

ZT; :hi(xm+17~--7xn) fOT’i: 1,2,...,77?,}.

Proof Let ¢o: X — R”™ be the continuously differentiable function defined
such that

o(x) = (100, fo0), - Fon(), )

for all x € X. (Thus the ith Cartesian component of the function ¢ is equal
to f; for © < m, but is equal to x; for m < i < n.) Let J be the Jacobian
matrix of ¢ at the point p, and let J; ; denote the coefficient in the ith row
and jth column of J. Then of

3xj
fori=1,2,...,mand j =1,2,...,n. Also J;; =1if¢>m, and J;; =0 if
¢ > m and j # i. The matrix J can therefore be represented in block form

(T A
()

where Jj is the leading m xm minor of the matrix J, A is an m x (n—m) minor
of the matrix J and I,,_,, is the identity (n —m) x (n —m) matrix. It follows
from standard properties of determinants that det J = det J,. Moreover the
hypotheses of the theorem require that det Jy # 0. Therefore det J # 0. The
derivative (Dy)p of ¢ at the point p is represented by the Jacobian matrix J.
It follows that (Dep)p: R™ — R™ is an invertible linear transformation.

The Inverse Function Theorem (Theorem 10.4) now ensures the existence
of a continuously differentiable map p: W — X with the properties that p(W)
is an open subset of X and p(u(y)) =y for ally € W.

Jij =
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Let y be a point of W, and let y = (y1,%2,...,¥n). Theny = p(u(y)),
and therefore y; = f;(u(y)) for i = 1,2,...,m, and y; is equal to the ith
component of u(y) when m < i <n.

Now p € pu(W). Therefore there exists some point q of W satisfying
u(q) = p. Now p € M, and therefore f;(p) = 0 for i = 1,2,...,m. But
¢ = fi(u(q)) = fi(p) when 1 < i < m. It follows that ¢ = 0 when
1 <i<m. Also ¢; = p; when i > m.

Let g; denote the ith Cartesian component of the continuously differ-
entiable map u: W — R” for ¢+ = 1,2,...,n. Then ¢g;: W — R is a con-
tinuously differentiable real-valued function on W for ¢+ = 1,2,... . n. If
(Y1,Y2, -+, Yn) € W then

(yhva s ,yn) = (p(/'b(y17y27 s 7yn))

It then follows from the definition of the map ¢ that y; is the ith Cartesian
component of u(y1, Yo, ..., Yn) when i > m, and thus

vi = (Y1, Y2, ..., yn) when i>m.

Now (W) is an open set, and p € p(W). It follows that there exists
some positive real number § such that H(p,d) C u(W). where

H(p.0)
= {(xy,29,...,2,) ER":p; =<y <p;+dfori=1,2,... ,n}.
Let
D = {(z1,22,. ., 20-m) ER"™ i ppyj — 0 < 25 < Py +0
for j=1,2,...,n—m},
and let h;: D — R be defined so that
hi(zl,ZQ,...,zn,m):gi(O,O,...,O,zl,z%...,zn,m)

fori=1,2,...,m.

Let x € H(p,d), where x = (x1,2,...,2,). Then x € pu(W). There
therefore exists w € W for which u(w) = x. But the properties of the
map p ensure that w = p(u(w)). It follows that

x = pu(w) = p(p(p(w))) = u(e(x)).
Thus

(xb Lo, ... 7xn) = /L((,D(X))



On equating Cartesian components we find that

€Ty = gi(fl(x)’f2<x>7 s '7fm(X)7$m+17 s 7:En>-

fori=1,2,...,n.
In particular, if x € H(p,d) N M then

fix) = fa(x) =+ = fm(x) =0,
and therefore
T; = g,-(O,O,...,O,xm+1,...,xn>
= hi<xm+1, . ,xn).
fort=1,2,...,m. It follows that

MﬂH(I)?(;) - {<x1ax27"'7‘rn)€H(p76):

;= hi(Tmi1, ..., z,) fori=1,2,...,m}.
Now let x be a point of H(x, ) whose Cartesian components x1, za, .. ., T,
satisfy the equations
T; = hi(JIerl, . ,.I‘n)

fori=1,2,...,m. Then
;i =9:(0,0,...,0, Zpmy1, .-, Tp)
fori =1,2,...,m. Now it was shown earlier that
Yi = Gi(Y1, Y25 - - 1 Yn)
for all (y1,v2,...,yn) € W when i > m. It follows from this that
;i =g:(0,0,...,0, Tty .., Tp)

when m < ¢ < n. The functions g1, ¢, .. ., g, are the Cartesian components
of the map p: W — X. We conclude therefore that

(1,0, ... xy) = (0,0, .., 0, Tys1y- -, Tp),s
Applying the function ¢ to both sides of this equation we see that

o,z ... x,) = @(u(0,0,...,0,Zmi1,. ., Ty))
= (0,0,...,0,Tpms1,. ., Tyn).
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It then follows from the definition of the map ¢ that

fi(xl,xg, ce ,In) = 0,

fori=1,2,...,m. We have thus shown that if x is a point of H(x, d) whose

Cartesian components z1, s, . .., z, satisfy the equations
Tr; = hi(l‘m+1, Ce 7$n)
fort=1,2,...,mthen x € M. The converse of this result was proved earlier.

The proof of the theorem is therefore completed on taking U = H(p,d). |}

117



11 Second Order Partial Derivatives and the
Hessian Matrix

11.1 Second Order Partial Derivatives

Let X be an open subset of R" and let f: X — R be a real-valued function
on X. We consider the second order partial derivatives of the function f

defined by
o'f 0 [of

We shall show that if the partial derivatives
of  of o f o*f

81'7;’ &cj’ &claxj and &Uj&cl

all exist and are continuous then

orf o
8331-8%- N 81']8.T1

First though we give a counterexample which demonstrates that there exist
functions f for which
0 f 0 f
8:16,093]- 09333171 ’

Example Let f:R? — R be the function defined by
———— 1
f(ili', y) = x? + y2
0 if (z,y) = (0,0).

For convenience of notation, let us write

folz,y) = 8f((;;y)7
filzy) = %a;y)?
fay(@,y) 82(;;525)
Frolz,y) = %
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If (z,y) # (0,0) then

(3z%y — v®)(2? + y?) — 22%y(2® — y?)

fe = (22 + y2)?2
3aty + 302 — 22—y — 2uty + 2%y
- (22 + 42)?
aty + dxyP — o5

(22 + 42)?2
Similarly
f = —:Ey4 — 4a3y? + 2P
vy (x2 T y2)2
(This can be deduced from the formula for f, on noticing that f(x,y) changes

sign on interchanging the variables x and y.)
Differentiating again, when (z,y) # (0,0), we find that

fay(2,y) = %
(—y* — 1222y + 5z*) (2? + %)  —dx(—zy* — 423y + 25)
- (22 + 2)3 (22 + 42)3
=Pyt —1220%% 4 5a® — oy — 122%y" 4 Saty?
- (2 +y2)3
42yt + 162ty — 4a2°
(22 + y2)3
a4 9a%y? — 92%yt —f°
- (22 +y2)3

Now the expression just obtained for f,, when (z,y) # (0,0) changes
sign when the variables x and y are interchanged. The same is true of the
expression defining f(x,y). It follows that f,,. We conclude therefore that
if (z,y) # (0,0) then

28 + 9zty? — 922yt — o8
(132 + y2)3

f:ry = fyw =

Now if (z,y) # (0,0) and if r = /22 4+ y? then

_ ety + a2y’ -y 6
_ . <

| fo(, )] = 6r.

r rd
It follows that
lim )fx(x, y) = 0.

(z,y)—(0,0
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Similarly
lim f,(z,y) =0.

(z,9)—(0,0)
However
lim 2y (T,
(2,9)—(0,0) fon(@,)
does not exist. Indeed
. . b
glcll)%fry(xa()) - l%fym(xao) - }}_%E =1,
6
. s T A

Next we show that f,, f,, fuy and fy, all exist at (0,0), and thus exist
everywhere on R?. Now f(x,0) = 0 for all z, hence f,(0,0) = 0. Also
f(0,y) =0 for all y, hence f,(0,0) = 0. Thus

fy(xao) =T, fx(oay):_y
for all x,y € R. We conclude that
d(fy(x,0))

fuy(0,0) = =1,
Y d$ x=0
d(f:(0,y))
.(0,0) = =—1,
fy ( ) dy 40
Thus
o*f 4 o*f
Oxdy ' Oyox
at (0,0).

Observe that in this example the functions f;, and f,, are continuous
throughout R? \ {(0,0)} and are equal to one another there. Although the
functions f,, and f,, are well-defined at (0,0), they are not continuous at

(0,0) and fz(0,0) # f4.(0,0).
Theorem 11.1 Let X be an open set in R? and let f: X — R be a real-valued
function on X. Suppose that the partial derivatives
af  of >*f
—, = and
or’ 0Oy 0xdy
exist and are continuous throughout X. Then the partial derivative
0*f
Oyox
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exists and is continuous on X, and

o0 f B 0*f
oxdy  Oyox’
Proof Let
of of O*f 0*f

and f,, =

fx(ﬂj,y):%, fy(xvy)za_ya fzy:

0x 0y Oyox

and let (a,b) be a point of X. The set X is open in R? and therefore there
exists some positive real number L such that (a + h,b+ k) € X for all
(h, k) € R? satisfying |h| < L and |k| < L. Let

S(h,k) = f(a+h,b+k)— f(a+ h,b) — f(a,b+ k) + f(a,b)

for all real numbers h and k satisfying |h| < L and |k| < L. We use the Mean
Value Theorem (Theorem 8.2) to prove the existence of real numbers u and
v, where u lies between a and a + h and v lies between b and b+ k, for which

S(h, k) = hk

= hk fuy(u,v).

(,y)=(u,v)

Let h be fixed, where |h| < L, and let ¢: (b — L,b+ L) — R be defined so
that ¢(t) = f(a+ h,t) — f(a,t) for all real numbers ¢ satisfying b — L < t <
b+ L. Then S(h,k) = q(b+ k) — q(b). But it follows from the Mean Value
Theorem (Theorem 8.2) that there exists some real number v lying between b
and b+k for which ¢(b+k) —q(b) = kq¢'(v). But ¢'(v) = fy(a+h,v)— f,(a,v).
It follows that

S(h> k) = k(fy(a + h, U) - fy(av U))

The Mean Value Theorem can now be applied to the function sending real
numbers s in the interval (e — L,a + L) to f,(s,v) to deduce the existence
of a real number u lying between a and a + h for which

S(h, k) = hk fuy(u,v).

Now let some positive real number ¢ be given. The function f,, is contin-
uous. Therefore there exists some real number ¢ satisfying 0 < § < L such
that | fyy(a+h,0+k)— fuy(a,b)] < e whenever |h| < 0 and |k| < d. It follows

that Sk
I S A <
7 fay(a,b)| < e
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for all real numbers h and & satisfying 0 < |h| < ¢ and 0 < |k| < §. Now

S(h, k) 1. fla+hb+k)— fla,b+k)

R L h
1y flathb) -~ fab)
k h—0
_ fx(aab+k)_fx(aab)
= ’ .

It follows that
fx(av b + k) - fx(av b)
k

- fxy(ayb) S €

fe(a, b+ k) — fo(a,b)

whenever 0 < |k| < 0. Thus the difference quotient

tends to fyy(a,b) as k tends to zero, and therefore the second order partial
derivative f, exists at the point (a,b) and

fyola,b) = lim 2200 k}i = )

k—0

as required. |

Corollary 11.2 Let X be an open set in R™ and let f: X — R be a real-
valued function on X. Suppose that the partial derivatives

of and ’f

exist and are continuous on X for all integers i and j between 1 and n. Then

02 f 02 f

8:171-8:13]- N 8:)3]8351

for all integers i and j between 1 and n.

11.2 Local Maxima and Minima

Let f: X — R be a real-valued function defined over some open subset X of
R™ whose first and second order partial derivatives exist and are continuous
throughout X. Suppose that f has a local minimum at some point p of X,
where p = (p1,p2,...,pn). Now for each integer i between 1 and n the map

l— f(ph'"7pi—17t7pi+17"'7p7l)
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has a local minimum at ¢ = p;, hence the derivative of this map vanishes
there. Thus if f has a local minimum at p then

=0.

6% x=p

In many situations the values of the second order partial derivatives of
a twice-differentiable function of several real variables at a stationary point
determines the qualitative behaviour of the function around that stationary
point, in particular ensuring, in some situations, that the stationary point is
a local minimum or a local maximum.

Lemma 11.3 Let f be a continuous real-valued function defined throughout
an open ball in R™ of radius R about some point p. Suppose that the partial
derivatives of f of orders one and two exist and are continuous throughout
this open ball. Then there exists some real number 6 satisfying 0 < 6 < 1 for
which

f(p+h)= —i—th 8f

p+0h
for all h € R™ satisfying |h| < 4.
Proof Let h satisfy |h| < R, and let

q(t) = f(p +th)

for all ¢ € [0,1]. It follows from the Chain Rule for functions of several
variables (Theorem 9.20) that

"(t) = th(ﬁkf)(li’ + th)

k=1

and .
"(t) = > hihx(9;001)(p + th),
k=1
where of( )
L1, T2y .., Tp
(0 f ) x1,z9y ... xy) =
g 1 2 ax]

and

(6j8kf)(x1, Lo, ... 7'T’VZ) =



Now
q(1) = q(0) +¢'(0) + 24" (0)

for some real number 6 satisfying 0 < # < 1. (see Proposition 8.7). It follows
that

fp+h) = +th O f)(p Zhhkﬁﬁkf)(p+9h)
jk: 1
= fP)+ Q) Iz hihe 5—5— 7
; Dy, ];1 8:76] &Bk p46h

as required. |}

Let f be a real-valued function of several variables whose first second order
partial derivatives exist and are continuous throughout some open neighbour-
hood of a given point p, and let R > 0 be chosen such that the function f is
defined throughout the open ball of radius R about the point p. It follows
from Lemma 11.3 that if

of

=0
al’j p

for j =1,2,...,n, and if |h| < R then

i=1 j=1 x=p+0h

for some 6 satisfying 0 < 6 < 1.
Let us denote by (H; j(p)) the Hessian matriz at the point p, defined by

e
1\P) = 8:16,@93]

X=p

If the partial derivatives of f of second order exist and are continuous then
H; ;(p) = H;,(p) for all ¢ and j, by Corollary 11.2. Thus the Hessian matrix
is symmetric.

We now recall some facts concerning symmetric matrices.

Let (¢;;) be a symmetric n x n matrix.
n n
The matrix (c; ;) is said to be positive semi-definite if Z Z cijhih; >0

i=1 j=1

for all (hy, ha, ..., h,) € R™
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The matrix (¢; ;) is said to be positive definite if Z Z ¢; jhih; > 0 for
i=1 j=1
all non-zero (hq, ha, ..., h,) € R™

n n
The matrix (¢, ;) is said to be negative semi-definite if Z Z ¢ jhih; <0
i=1 j=1

for all (hq, ho, ..., h,) € R™.
The matrix (c; ;) is said to be negative definite if Z Zci,jhihj < 0 for

i=1 j=1
all non-zero (hq, ha, ..., h,) € R™

The matrix (c;;) is said to be indefinite if it is neither positive semi-
definite nor negative semi-definite.

Lemma 11.4 Let (c; ;) be a positive definite symmetric n x n matriz. Then
there exists some € > 0 with the following property: if all of the components
of a symmetric n x n matriz (b; ;) satisfy the inequality |b; ; — ¢; ;| < € then
the matriz (b; ;) is positive definite.

Proof Let S"! be the unit (n — 1)-sphere in R™ defined by
St ={(hy,hg, ..., hy) ER™ :h2 + h3 +---+ R =1},
Observe that a symmetric n x n matrix (b; ;) is positive definite if and only

if
Z Z bi,jhihj >0

i=1 j=1
for all (hq, ha, ..., h,) € S"t. Now the matrix (¢; ;) is positive definite, by

assumption. Therefore
n n
Z Z Ciﬂ'hihj >0

i=1 j=1

for all (hy, ho, ..., h,) € ST7L.
But S"! is a closed bounded set in R", it therefore follows from The-
orem 4.21 that there exists some (ki, ko, ..., k,) € S"! with the property

that Lo .
Z Z ci,jhihj Z Z Z Ci,jkikj

i=1 j=1 i=1 j=1

for all (hy, ho, ..., h,) € S"71. Let

A= zn: Zn: Ci,jkikj-

i=1 j=1
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Then A > 0 and

n n

DD cughihy 2 A
i=1 j=1
for all (hy, ho, ..., h,) € S"71. Set e = A/n?.
If (b;;) is a symmetric n x n matrix all of whose components satisfy
’bi,j — Ci,j| < ¢ then

ii(bm‘ — ¢ j)hih;| < en® = A,

i=1 j=1

for all (hy, ho, ..., h,) € S"71, hence

n n n

Z Z bi,jhihj > Z icmhihj —A>0

i=1 j=1 i=1 j=1

for all (hy, ha, ..., h,) € S*"!. Thus the matrix (b; ;) is positive-definite, as
required. |

Using the fact that a symmetric n X n matrix (¢; ;) is negative definite
if and only if the matrix (—¢; ;) is positive-definite, we see that if (¢; ;) is
a negative-definite matrix then there exists some £ > 0 with the following
property: if all of the components of a symmetric n x n matrix (b; ;) satisfy
the inequality |b;; — ¢; j| < € then the matrix (b; ;) is negative definite.

Let f: X — R be a real-valued function whose partial derivatives of first
and second order exist and are continuous throughout some open set X in
R". Let p be a point of X. We have already observed that if the function f
has a local maximum or a local minimum at p then

=0 =1,2,... .
7l (i=12....n)

We now study the behaviour of the function f around a point p at which
the first order partial derivatives vanish. We consider the Hessian matrix
(H;j(p)) defined by

0% f

8@-8:6]- x=p

Hi,j<p)
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Lemma 11.5 Let f: X — R be a real-valued function whose partial deriva-
tives of first and second order exist and are continuous throughout some open
set X in R™, and let p be a point of X at which

af

3@- x=p

=0 (1=1,2,...,n).

If f has a local minimum at a point p of X then the Hessian matriz (H; ;(p))
at p is positive semi-definite.

Proof The first order partial derivatives of f are zero at p. It follows that,
given any vector h € R which is sufficiently close to 0, there exists some 6
satisfying 0 < 6 < 1 (where 6 depends on h) such that

Fp+1) = F(p)+ 5 D05 hulyHiy(p + 0h),

i=1 j=1

where
o*f

00 |, on

H;;(p+6h) =

(see Lemma 11.3).
It follows from this result that

t—0 t2 -

i=1 j=1
The result follows. |

Let f: X — R be a real-valued function whose partial derivatives of first
and second order exist and are continuous throughout some open set X in R”,
and let p be a point at which the first order partial derivatives of f vanish.
The above lemma shows that if the function f has a local minimum at h
then the Hessian matrix of f is positive semi-definite at p. However the fact
that the Hessian matrix of f is positive semi-definite at p is not sufficient to
ensure that f is has a local minimum at p, as the following example shows.

Example Consider the function f:R? — R defined by f(x,y) = 2* — >
Then the first order partial derivatives of f vanish at (0,0). The Hessian
matrix of f at (0,0) is the matrix

20
00
and this matrix is positive semi-definite. However (0,0) is not a local mini-

mum of f since f(0,y) < f(0,0) for all y > 0.
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The following theorem shows that if the Hessian of the function f is
positive definite at a point at which the first order partial derivatives of f
vanish then f has a local minimum at that point.

Theorem 11.6 Let f: X — R be a real-valued function whose partial deriva-
tives of first and second order exist and are continuous throughout some open
set X in R™, and let p be a point of X at which

=0 =1,2,...,n).
amix:p (Z ) 7”)

Suppose that the Hessian matriz (H; j(p)) at p is positive definite. Then f
has a local minimum at p.

Proof The first order partial derivatives of f vanish at p. It therefore follows
from Taylor’s Theorem that, for any h € R™ which is sufficiently close to 0,
there exists some 6 satisfying 0 < 6 < 1 (where ¢ depends on h) such that

Fp+h) = F(p)+ 5 D05 hulyHiy(p+ 0h),

i=1 j=1

where
0 f
8362- 896]-

H; ;(p +6h) =

x=p+6h

(see Lemma 11.3). Suppose that the Hessian matrix (H; ;(p)) is positive
definite. It follows from Lemma 11.4 that there exists some ¢ > 0 such that
if |H; ;(x) — H; j(p)| < ¢ for all  and j then (H; ;(x)) is positive definite.

But it follows from the continuity of the second order partial derivatives
of f that there exists some 6 > 0 such that |H; ;(x) — H; ;(p)| < ¢ whenever
|x —p| < 0. Thus if |h| < § then (H,;(p + ¢h)) is positive definite for all
0 € (0,1) so that f(p+h) > f(p). Thus p is a local minimum of f. |

A symmetric n x n matrix C is positive definite if and only if all its
eigenvalues are strictly positive. In particular if n = 2 and if \; and A\, are
the eigenvalues of a symmetric 2 x 2 matrix C', then

A+ Ay = trace C, AAg = det C.

Thus a symmetric 2 x 2 matrix C' is positive definite if and only if its trace
and determinant are both positive.
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Example Consider the function f:R? — R defined by
flz,y) =42 + 3y — 20y — 2 — 2y — y°.

Now

of (z,y)

ox = (0,0),

(x’y):(o’o)

The Hessian matrix of f at (0,0) is

(55

The trace and determinant of this matrix are 14 and 44 respectively. Hence
this matrix is positive definite. We conclude from Theorem 11.6 that the
function f has a local minimum at (0, 0).
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