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7 Differentiation of Functions of One Real
Variable

7.1 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.

7.2 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
7.3 Rolle’s Theorem

Theorem 7.1 (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. |}

7.4 The Mean Value Theorem

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

Theorem 7.2 (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) = f(a) = 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

o) = () — L= (@) = T (b)

Then the function g 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 7.1)
that ¢’(s) = 0 for some real number s satisfying a < s < b. But

F0) — fla)

gis) = 1) - 2L

Therefore f(b) — f(a) = f'(s)(b — a), as required. |}
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7.5 Concavity and the Second Derivative

Proposition 7.3 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 6 satisfying 0 < 6 < 1 for which

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

and
q"(t) = B> 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.

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 € satisfying 0 < § < ¢ for which ¢”(#) = 0. Then

0=q"(0) =h*f"(s +6h) = 2(f(s + h) = f(s) = hf'(s)).
Rearranging, we find that
f(s+h) = f(s) + hf'(s) + 3h*f"(s + 6h),
as required. ]

Corollary 7.4 Let f:(s—0dy, s+0d0) be a twice-differentiable function through-
out some open interval (s — do, s + 0g) centred on a real number s. Suppose
that f"(s+ h) > 0 for all real numbers h satisfying |h| < do. Then

f(s+h) = f(s) + hf'(s)

for all real numbers h satisfying |h| < dg.
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It follows from Corollary 7.4 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 7.5 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.

7.6 Taylor’s Theorem

The result obtained in Proposition 7.3 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 7.6 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,c1, ..., c_1 be real numbers, and let

k—1
p(t) = f(s+th) =) cqt™.
n=0

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

_ W f(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

5!
G-

Hi—n
cit’ "
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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) = h"f™M(s) — nle,.
The result follows. |}

Theorem 7.7 (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

fls+h)= +Zhnf(” )+ f"“)(s+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

p(t) = f(s+th) — f(s) = >

n=1

thh"
n!

F(s)

for all t € D. A straightforward calculation shows that p™(0) = 0 for n =
0,1,...,k—1 (see Lemma 7.6). 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 7.1) to the function ¢ on the interval [0, 1]
to deduce the existence of some real number t; 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, %o, ..., 1 satisfying 0 < t, <tp_1 <---<t; <1
with the property that ¢™(t,) = 0 for n = 1,2,...,k. Let # = t;. Then
0<f<1and

hk
0= %q(k)w) — %p(k)(g) —p(1) = o ®) (s + 6h) — p(1),
hence
1
Fls+h) = F9)+ X0 r(s) +p()
k=1 ;. k
= J5)+ X0 TOs) 4 s+ o),



as required.  Jj

Corollary 7.8 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 & such

that .
Fls+h)=f(s)=>_

n=1

:’—li

f <elhl*

whenever |h| < 0.

Proof The function f is k-times continuously differentiable, and therefore
its kth derivative f*) is continuous. Let some strictly positive real number &
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| < 6. If h is an real number satisfying |h| < d, and if 6 is a real number
satisfying 0 < 6 < 1, then s+60h € D and |f®)(s+0h)— f®)(s)| < kle. Now it
follows from Taylor’s Theorem (Theorem 7.7) that, given any real number h
satisfying |h| < § there exists some real number 6 satisfying 0 < 6 < 1 for
which

n k
f(s+h)=f(s) —l—Z%f(")(s) —l—%f(k)(s—i-eh).
Then
~ A" e B
fls+h) = f(s) =D 1) = Sl f (s +0n) = f0(s)]

n=1

< ¢|nlf,
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’'(z) of f
exists for all x satisfying a < x < b, the one-sided derivatives

f'a) = hli>I(I)1+ h ’
b+ h)— f(b
POy = i SO0

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

h—0+ h h—0~ h

= f(b).

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

Proposition 7.9 Let f be a continuously differentiable real-valued function
on the interval |a,b]. Then

()
[ D 0= 1) - )

Proof Define g:[a,b] — R by

o) = 1)~ f0) - [ 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 7.2) 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. |}

Corollary 7.10 (Integration by Parts) Let f and g be continuously dif-
ferentiable real-valued functions on the interval [a,b]. Then

b X b X
[ 10 B2 de = g0y90) - st@rgta) - [ o) L as

Proof This result follows from Proposition 7.9 on integrating the identity

F@) 2D~ L (fag(a)) - g(e) L g

Corollary 7.11 (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

/f M—/f

for all continuous real-valued functions f on |[c, d].
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Proof Let F' and G be the functions on [a, b] defined by

Fa)= [ fdy, G)= / Flu(t) 2l

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 7.2) 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 7.12 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

k—1

fls+h) = fls)+Y_ ﬁf<n><s) + " /1(1 — )L R (5 4 th) dt
B < ] (k—11J, '
Proof Let
_ h™ ! m—1 p(m)
) = /O (1= 0™ f0) (s 1 th) dt

form=1,2,...,k—1. Then

rl(s,h):h/o f’(s+th)dt:/0 %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 7.10) that

pmtl 1
(i) = e [ s gt
m!J,
m 1
= %/ (1—t)mi (f'™ (s +th)) dt
hm

= = (s + )

102



[t d
_ﬁ/o S t)) 7 s+ th) d

. hm ' M1 p(m
— —%f( )(8)+m/0 (1-1) 1f( )(5+th)dt
= rn(s,h) — Wf(m)(s).

Thus B
Tm(sa h) = ﬁf(m)(s) + Tm+1(8, h)
form=1,2,...,k — 1. It follows by induction on k£ that

k=1,

Fls+h) = F)+ D0 (s) + el )

(kh—kl)' /1(1 —)F B (s 4 th) dt,
1)1,

as required. |}
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8 Norms of Linear Transformations

8.1 Linear Transformations

The space R™ consisting of all n-tuples (z1,xs, ..., x,) of real numbers is a
vector space over the field R of real numbers, where addition and multipli-
cation by scalars are defined by

(l’l,l'g,. .- ,ill'n) + (y17y27' . 73/71)
(xl +y1ax2 +y27"'7xn+yn)7
MNz1, T, .o x,) = (Azp, Amg, ..., Axy,)

for all (z1,x9,...,2,), (y1,%2,.-.,Yn) € R" and X € R.

Definition A map 7T:R™ — R" is said to be a linear transformation if
Tx+y)=Tx+Ty, T(Ax) = \Tx

for all x,y € R™ and X\ € R.

Every linear transformation 7:R™ — R™ is represented by an n x m
matrix (7; ;). Indeed let eq,e,, ..., e, be the standard basis vectors of R™
defined by

e; =(1,0,...,0), e =(0,1,...,0),...,e, =(0,0,...,1).

Thus if x € R™ is represented by the m-tuple (z, 22, ..., x,,) then

m
X = E xjej.
Jj=1

Similarly let £y, f5, ... f, be the standard basis vectors of R" defined by
f, =(1,0,...,0), £=1(0,1,...,0),...,f = (0,0,...,1).

Thus if v € R™ is represented by the n-tuple (vq,vs, ..., v,) then

n
vV = ’Ulfz
=1

Let T:R™ — R" be a linear transformation. Define T; ; for all integers 7
between 1 and n and for all integers j between 1 and m such that

i=1
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Using the linearity of T', we see that if x = (x1, 22, ..., x,,) then

Tx=T <Z l‘jGj) Z ZL'J Te] = Z <Z E,jxj> fz
j=1 j=1 =1 \j=1
Thus the 7th component of T'x is

,I;,ll'l + E,2x2 +- E,mwm'

Writing out this identity in matrix notation, we see that if Tx = v, where

T U1
T2 %
X - . ) V - )
Tm Un
then

(%1 T1,1 T1,2 Tl,m x

U2 T2,1 T2,2 Tz,m X2

Un, Tn 1 Tn,Q Tm n Tm

8.2 The Operator Norm of a Linear Transformation

Definition Given T:R™ — R”" be a linear transformation. The operator
norm ||T||op of T is defined such that

| T|lop = sup{|Tx| : x € R™ and |x|=1}.

Lemma 8.1 Let T:R™ — R™ and U:R™ — R™ be linear transformations
from R™ to R™, and let X be a real number. Then || T ||op is the smallest non-
negative real number with the property that |Tx| < ||T||op|x| for all x € R™.
Moreover

AT llop = AT llop  and [T+ Ullop < 1 Tllop + [[Ulop-

Proof Let x be an element of R™. Then we can express x in the form
x = puz, where u = |x| and z € R™ satisfies |z| = 1. Then

Tx| = [T(pz)| = |pT2| = |pl [Tz] = [x[|Tz| < |[Top|x]

Next let C' be a non-negative real number with the property that |Tx| <
C|x| for all x € R™. Then C' is an upper bound for the set

{ITx| :x € R™ and |x|=1},
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and thus ||7||op < C. Thus ||T||op is the smallest non-negative real number C
with the property that |Tx| < C|x| for all x € R™.
Next we note that
INL|lop = sup{|A\Tx|:x€R™ and |x|=1}
= sup{|\||Tx|:x € R™ and |x|=1}
= [N sup{|Tx|: x € R™ and |x|=1}
= AT [lop-
Let x € R™. Then

(T +U)x| < [Tx[+|Ux] < [[T]lop|x| + [[Ullop x|
< (ITlop + 11U lop) x|

It follows that
(T + U)llop < ITllop + [|U][op-

This completes the proof. |}

8.3 The Hilbert-Schmidt Norm of a Linear Transfor-
mation

Recall that the length (or norm) of an element x € R™ is defined such that
X" =2l + a5+

Definition Let T:R™ — R”" be a linear transformation from R™ to R",
and let (7} ;) be the n x m matrix representing this linear transformation
with respect to the standard bases of R™ and R". The Hilbert-Schmidt norm
IIT||as of the linear transformation is then defined so that

1T lns =

Note that the Hilbert-Schmidt norm is just the Euclidean norm on the real
vector space of dimension mn whose elements are n X m matrices representing
linear transformations from R™ to R™ with respect to the standard bases of
these vector spaces. Therefore it has the standard properties of the Euclidean
norm. In particular it follows from the Triangle Inequality (Lemma 2.2) that

1T+ Ullus < [Tllas + 1U]lus - and AT [lus = [A] | T']|us

for all linear transformations 7" and U from R™ to R™ and for all real num-

bers .
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Lemma 8.2 Let T:R™ — R"™ be a linear transformation from R™ to R".
Then T s uniformly continuous on R™. Moreover

Tx = Ty| < |[Tl[us[x =y

for all x,y € R™, where |T||pgs is the Hilbert-Schmidt norm of the linear
transformation T'.

Proof Let v = Tx — Ty, where v € R" is represented by the n-tuple
(v1,v2,...,v,). Then

v =Ta(x1 — )+ Tiolwe —yo) + -+ T (T — Ym)

for all integers ¢ between 1 and n. It follows from Schwarz’s Inequality
(Lemma 2.1) that

2 < (zn%j) (z@- —ym) _ (ZT) _—
j=1 j=1 j=1
Hence

n m

VoY R < (zznﬁj) i yf? = [Tl — P
=1

i=1 j=1

Thus |[Tx — Ty| < ||T||us|x — y|. It follows from this that 7" is uniformly
continuous. Indeed let some positive real number ¢ be given. We can then
choose § so that ||T||usd < e. If x and y are elements of R” which satisfy
the condition |x —y| < ¢ then |Tx — T'y| < e. This shows that 7T:R™ — R"
is uniformly continuous on R™, as required. |}

Lemma 8.3 Let T:R™ — R™ be a linear transformation from R™ to R™ and
let S:R™ — RP be a linear transformation from R™ to RP. Then the Hilbert-
Schmidt norm of the composition of the linear operators T and S satisfies
the inequality ||ST|lus < |1S|lns |ITus.

Proof The composition ST of the linear operators is represented by the
product of the corresponding matrices. Thus the component (ST ; in the

kth row and the jth column of the p X m matrix representing the linear
transformation ST" satisfies

(ST)]{:,]’ - Z Sk,ijji’j.
i=1
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where Si; and T; ; denote the components in the relevant rows and columns
of the matrices representing the linear transformations S and 7" respectively.
It follows from Schwarz’s Inequality (Lemma 2.1) that

e (£9)(£0)

Summing over k, we find that

S sTR, < (ZZS@) (ZT) SEL <Z T;?j) |

k=1 k=1 i=1

Then summing over j, we find that

P m
ISTIRs = 3 3°(6TR, < st (
k=1 j=1

< IISIIHsllTlle-

n

1 j=1

1=

On taking square roots, we find that ||ST'||uas < ||S]|us ||7]|us, as required. |}

Proposition 8.4 Let T:R™ — R" be a linear transformation from R™ to
R™. Then the operator norm and the Hilbert-Schmidt norm of the linear
operator T' satisfies the inequalities linear operators T and S satisfies the
inequality

1T lop < 1T l1s < /7|7 [lop-

Proof It follows from Lemma 8.2 that that |Tx| < ||T'||us|x| for all x € R™.
Now the operator norm ||7'||o, of 1" is by definition the smallest non-negative
real number with the property that |Tx| < ||T|op|x| for all x € R™. It
follows that ||T']|op < ||T||us-

We denote by T; ; the coefficient in the ith row and jth column of the
matrix representing the linear transformation 7" for ¢ = 1,2,...,n and j =
1,2,....m

Let ¢ be an integer between 1 and n, and let

X = (7},1’7},% s >E,m)'

Then the ith component (7x); of the vector Tx satisfies the equation
_ 2
o Z T
j=1
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It follows that

ST < ITx| < [T leplt] = 17 o

j=1
Therefore .
> T < T,
j=1
and hence
IT 7 = ZZ < n||T|2,
=1 j=1

The result follows. |

The Hilbert-Schmidt norm on the real vector space L(R™,R") of linear
transformations from R™ to R" is just the Euclidean norm on that vector
space obtained on identifying that vector space with R"™" by means of its
natural basis. The definition of convergence in a Euclidean space then ensures
that an infinite sequence 17,75, T3, .. ., of linear transformations from R™ to
R™ converges to some linear transformation 7" if and only if, given any positive
real number 7, there exists some positive integer N such that ||T; —T'|lus < n
whenever j > N. Similarly a subset V' of L(R™,R") is open in L(R™, R™) if
and only if, given any linear transformation S: R™ — R"™ that belongs to V,
there exists some strictly positive real number 7 such that

{T € LR™,R") : |T — S|lus <n} C V.

Lemma 8.5 Let 11,715, T3, ... be an infinite sequence of linear transforma-
tions from R™ to R™, and let T' be a linear transformation from R™ to R™.
Then the infinite sequence 11,15, T3, ... of linear transformations converges
to the linear transformation T if and only if, given any positive real num-
ber €, there exists some positive integer N such that positive integer N such
that || T; — T|op < € whenever j > N.

Proof First suppose that the infinite sequence 17,75, T3, ... converges to
T. Then, given any positive real number ¢, there exists some positive in-
teger N such that ||7; — T'|lus < € whenever j > N. It then follows from
Proposition 8.4 that

175 = Tllop < [IT5 = T'llus < &

whenever j > N.
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Conversely, suppose that, given any positive real number 7, there exists
some positive integer N such that ||7; — T|lop < n whenever ;7 > N. Let
some positive real number € be given. Then there exists some positive inte-
ger N such that |7 — |lop < €/+/n whenever j > N. It then follows from
Proposition 8.4 that

|17 = Tllus < Vo llT; = Tllop <€
whenever j > N, and thus 7; converges to T" as j — +o00. |}

Lemma 8.6 LetV be a subset of the set L(R™,R™) of linear transformations
from R™ to R™. Then V is open in L(R™ R™) if and only if, given any
element S of V', there exists some positive real number € such that

{T'e LIR™,R") : [T = S|lop <e}CV

Proof The set V is open in L(R™,R"™) if and only if, given any element S
of V', there exists some positive real number 7 such that

{T'e LR™,R") : [T = S|us <n} C V.

Let some positive real number £ be given. It follows from Proposition 8.4
that if the set V' contains all linear transformations 7" from R™ to R™ that
satisfy ||T'—S||op < € then it contains all linear transformations 7" that satisfy
|T — Sllus < ¢, because [|T'— S|lop < ||T"— S|lus. In the other direction,
if the set V' contains all linear transformations that satisfy ||7"— Sl|lus < €
then it contains all linear transformations 7 that satisty |7 — S|op < €/v/7,
because ||T'— S|lus < v/n||T — S|lop- The result follows. |

110



9 Differentiation of Functions of Several Real
Variables

9.1 Observations on the Concept of Differentiability

Let us consider the definition of differentiability for functions of a single real
variable. Let D be a subset of the set R of real numbers, and let p be a value
in the interior of D. The function f is then said to be differentiable at p,
with derivative f’(p), if and only if the limit of the difference quotient

f(p+h)— f(p)
h

as h — 0 exists and is equal to f'(p).

We wish to extend the definition of differentiability to real-valued func-
tions f: D — R defined on subsets D of m-dimensional Euclidean space R™.
Let p be a point in the interior of D. Then p+h € D for all m-dimensional
vectors h that are sufficiently close to the zero vector in R™. Then given
any non-zero m-dimensional vector h for which p + h € D, the difference
f(p+h) — f(p) is a real number. And, in dimensions greater than two,
there 1s no algebraic operation for dividing real numbers by non-zero vectors
that is compatible with the usual “laws” of algebra such as the Commutative
Laws, Associative Laws and Distributive Law satisfied by the operations of
addition, subtraction, multiplication and division within the fields of real and
complex numbers).

Thus the derivative of a function of several variables cannot be defined as
a limit of difference quotients.

Next we consider partial derivatives. Let f: D — R be a function defined
on a subset D of R™. On might be tempted to define differentiability by
saying that the function f is differentiable at a point | in the interior of D
if and only if all the partial derivatives of f exist at the point p. However
mathematicians do not define differentiability for functions of several vari-
ables in this fashion, and the following example demonstrates why they do
not do so.

Example Let f:R? — R be defined so that
Ty ,
s i (zy) #(0,0);

flay) =4 @)
0 if (z,y) = (0,0).
The usual propositions and rules of calculus ensure that
0f(x,y) 4 9f(@y)
ox oy
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are defined for all points (z,y) of R? that are distinct from the origin (0,0).

Also 9 1.0 0.0
f(xay) :llmf<’)_f(’):0,
0 |uy=00) "0 h
9 lay=00 0 h

because f(h,0) = 0 and f(0,h) = 0 for all non-zero real numbers h. Thus
the partial derivatives of the function f exist at every point of R2.
But now let us consider the behaviour of the function f along the line
xr =1vy. Now |
T if t #0;
0 ift =0.

It follows that f(¢,t) increases without limit at ¢ — 0, and therefore the
function f:R? — R is not continuous at the origin (0, 0).

This example demonstrates that, were mathematicians to take the exis-
tence of well-defined partial derivatives as the criterion for differentiability,
then many functions would be differentiable that were not continuous. The
following lemma however provides a characterization of differentiability for
functions of a single real variable that can be generalized directly so as to
apply to functions of several real variables.

Lemma 9.1 Let f: D — R be a real-valued function defined on some sub-
set D of the set of real numbers. Let s be a real number in the interior of
D. The function [ is differentiable at s with derivative f'(s) (where f'(s) is

some real number) if and only if

lim —— (f(x) — f(s) — f'(s)(x — 5)) = 0.

T—S |,Q7 — S|

Proof It follows directly from the definition of the limit of a function that
f(x) — f(s)

lim =—=—== = f'(s)
if and only if
tim [P i
But
f(wm) : 5(3) . f/(S)' — ﬁ |f(x> _ f(s) o f’(s)(m o S)|
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It follows immediately from this that the function f is differentiable at s with
derivative f’(s) if and only if

lim - (7(2) = () = F() e —5) = 0.
25 |7 — 8|
Now let us observe that, for any real number ¢, the map h — ch defines a
linear transformation from R to R. Conversely, every linear transformation
from R to R is of the form A + ch for some ¢ € R. Because of this, we may
regard the derivative f’(s) of f at s as representing a linear transformation
h +— f'(s)h, characterized by the property that the map

x> f(s) + f1(s)(x — s)

provides a ‘good’ approximation to f around s in the sense that

C)) — 0,

T—S8 ’:L‘—S| N

where
e(z) = f(z) — f(s) = f'(s)(z — s)

(i.e., e(z) measures the difference between f(z) and the value f(s)+ f'(s)(x—
s) of the approximation at x, and thus provides a measure of the error of
this approximation).

We shall generalize the notion of differentiability to functions ¢ from R™
to R™ by defining the derivative (Dy)p of ¢ at p to be a linear transformation
from R™ to R™ characterized by the property that the map

x = p(p) + (Dg)p (x — p)

provides a ‘good’ approximation to ¢ around p.

9.2 Derivatives of Functions of Several Variables

Definition Let X be an open subset of R™ and let ¢: X — R™ be a map
from X into R™. Let p be a point of X. The function ¢ is said to be
differentiable at p, with derivative (Dp)p: R™ — R", where (Dy),, is a linear
transformation from R™ to R”, if and only if

lim —— (p(x) - @(p) — (Dg)p(x — p)) = O.

x—p |x — p|
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The derivative of a map ¢: X — R"™ defined on a open subset X of R™
at a point p of X is usually denoted either by (D¢)p or else by ¢/(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 9.2 Let T:R™ — R" be a linear transformation from R™ into R".
Then T is differentiable at each point p of R™, and (DT)p, =T

Proof This follows immediately from the identity Tx—Tp—T (x—p) = 0. |}

Lemma 9.3 Let o: X — R" be a function, let T:R™ — R" be a linear
transformation, and let Q: X — R™ be defined so that

1
X)— @) —T(x—p)) ifx#p;
o | T (P00 Bl Tl p) i £
0 ifx=p
Then ¢: X — R" is differentiable at p with derivative T:R™ — R™ if and
only if im Q(x) = 0 = Q(p). Thus the function ¢: X — R" is differentiable
X—p

at p, with derivative T, if and only if the associated function Q2: X — R" is
continuous at p

Proof It follows from the definition of differentiability that the function ¢
is differentiable, with derivative T:R™ — R, if and only if lim Q(x) = 0.

X—p

But Q(p) = 0. It follows that lim Q(x) = 0 if and only if the function 2 is

x—p
continuous at p (see Proposition 4.17). The result follows. |

Example Let ¢: R* — R? be defined so that
x x? —9?
()= ()
Y Ty

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

(G-

IQ;yy >_(p2;qq )
(z+p)z—p) —(y+a(y )

ﬁx—m+2My—®+2@—

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

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

(. —p)* = (y—@)?| < |z —pl*+ |y — qI* < 2r?

and 2(z — p)(y — q) < 2r%, and thus

(z—p--9® _, 4 _2@-0P-0q o
N T N T
Thus, given any positive real number ¢, let § = %5. Then
(@—p——a0 | __ 4 2(z —p)ly —a) .
V(e =p)?+(y—q)? ) 'Wx—p)”(y—q)? )

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

<x,yl)iir%o,o> e p)21+ (y—q)? ( (xQ(_xpfp;(;y—_qu ) - ( 8 > '

Thus the function ¢: 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
2q 2p '
9.3 Properties of Differentiable Functions of Several
Real Variables

Lemma 9.4 Let p: X — R"™ be a function which maps an open subset X
of R™ into R™ which is differentiable at some point p of X. Then ¢ is
continuous at p.

Proof Let Q: X — R™ be defined so that Q(p) = 0 and

1

)= )

(p(x) —¢(p) — (Dp)p (x — P))

for all points x of X satisfying x # p. If p: X — R” is differentiable at p
then ©: X — R” is continuous at p (see Lemma 9.3). Moreover

p(x) = ¢(p) + (Dp)p (x — p) + |[x — p[ 2(x)

for all x € X. It follows that p: X — R™ is continuous at p, as required. |}
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Lemma 9.5 Let p: X — R" be a function which maps an open subset X of
R™ into R™ which is differentiable at some point p of X. Let (Dy)p,:R™ —
R™ be the derivative of p at p. Let u be an element of R™. Then

1
(Dp)pu = lim — (o(p + tu) — ¢(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
lim
x=p [X — p|

(0(x) = @(p) = (Dp)p (x = p)) = 0.

In particular, if we set (x — p) = tu, and (x — p) = —tu, where ¢ is a real
variable, we can conclude that

lim (p(p + tu) — ¢(p) — t(Dyp)pu) = 0,

t—0+t ¢

tim + (p(p + ) ~ ¢(p) — {(Dg)pu) = 0,

t—0—

It follows that 1

t—0

as required. |

We now show that given two differentiable functions mapping X into R,
where X is an open set in R™, the sum, difference and product of these
functions are also differentiable.

Proposition 9.6 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 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'
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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 ——— () + 9(x) = (f(P) + 9(p)) — (D) + (Dg)y)(x — p))

X—p ’X — p|

= i (709 - SB) - (D1 (x - )

X—p |X — p‘

+ tim o (90x) = g(p) — (Da)p(x ~ p))

Therefore
D(f +g)p = (Df)p + (Dg)p'

Also the function —g is differentiable, with derivative —(Dg)p. It follows
that f — ¢ is differentiable, with derivative (D f), — (Dg)p. This completes
the proof. |}

9.4 The Multidimensional Product Rule

Proposition 9.7 (Product Rule) 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 that f and g are differentiable at p. Then the function f - g
15 differentiable at p, and

D(f-9)p=9®)(Df)p + f(P)(Dg)p-

Proof The functions f and g are differentiable at p, and therefore there are
well-defined functions (1: X — R and @5: X — R, where

lim Q1(x) =0=C1(p) and  lim Qs(x) =0 = Qs(p),

X—=p X—Pp

that are defined throughout X so as to ensure that

fx) = f(p) + (Df)p (x = p) + [x = p[Qu(x)

and
9(x) = g(P) + (Dg)p (x = p) + [x — p| Q2(X)
for all x € X (see Lemma 9.3).
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fx)g(x) = f(p)g(p)
+ (9(0) (Df)p + (B) (Dg)y ) (x — p)

+ |x — p| Q(x)
where
Qx) = ﬁ(l?f)p(x ~p) x (Dg)p(x — p)
T (9(p) + (Dg)olx — D)) (%)
F(F(D) + (Df)p(x — D) Qa(x)
T lx — pl Qu(3)Qe(x).
Now

[(Df)p(x = P)[ < [[(Df)plloplx — Pl

where ||(Df)pllop denotes the operator norm of (D f), (see Lemma 8.1) Sim-
ilarly

[(Dg)p(x —p)| < [[(Dg)pllop|x — pI.
It follows that
1
x — p|

(D)ol - p) x (Dg)plx — p>\
< 1Dl l(D)plonlx — Bl

and therefore

lim ( L (D) —p) x (Dg)y(x — p>) o

X—Pp |X — p|
Next we note that
tim ((9(p) + (Dg)o(x ~ P))Q:(x))
= lim(g(p) + (Dg)p(x — p)) x lim Q1(x) =0,

because lim @Q(x) = 0.
X—p

Similarly

Jinn ((f(p) + (D)o (x — P))Qa(x)
= lim(f(p) + (Df)p(x = p)) x Jim Qs(x) =0,
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because lim Q1(x) = 0.
X—p

The quantities Q1(x) and Q2(x) converge to zero and therefore remain
bounded as x tends to p. It follows that

lim |x — p| Q1 (x)Qa(x) = 0.
X—p
Putting these results together, we see that

lim Q(x) = 0.

X—p

It follows from this that the function f - ¢ is differentiable at p, and

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

(see Lemma 9.3). This completes the proof. |}

9.5 The Multidimensional Chain Rule

Proposition 9.8 (Chain Rule) Let X be an open set in R™, and let
p: X — R"™ be a function mapping X into R™. Let Y be an open set in R™
which contains o(X), and let 1:Y — R be a function mapping Y into R¥.
Let p be a point of X. Suppose that ¢ is differentiable at p and that v is
differentiable at o(p). Then the composition op:R™ — R* (i.e., v followed
by 1) is differentiable at p. Moreover

Do)y = (DY)y(p) © (Dp)p.

Thus the derivative of the composition Yoy of the functions at the given point
is the composition of the derivatives of those functions at the appropriate
points.

Proof Let q = ¢(p). The functions ¢: X — R™ and ¢: Y — R are differen-
tiable at p and q respectively, and therefore there are well-defined functions
0:: X — R” and Qy: Y — R* that are defined throughout X and Y respec-
tively so as to ensure that

lim Q4 (x) = 0=Q(p), lim Q(y)=0=Q(q)

X—p y—q

for all x € X, and

p(x) = ¢(p) + (Dp)p (x = p) + [x = p[(x)
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and
Y(y) = Q) + (DY)q (y —a) + [y — al Qa(y)

for all y € Y (see Lemma 9.3).
Substituting ¢(x) and ¢(p) for y and q respectively, we find that

b(p(x)) = ¢(eP)) + (DY)alp(x) = #(p))
+lp(x) = o(p) 2(p(x))
= ¥(@(P)) + (DY)pp)((Dp)p(x = P))

+ ‘X - p’ Q(X)a
where
Qx) = (D)ep)(Eh(x))
| S (Pl = )+ )| ().
Let .
M(x) = H(Dw)p(x —p) + (x)
for all x € X satisfying x # p. Then

for all x € X satisfying x # p. Moreover

[(De)p(x = p)| < [[(D@)pllop|x — P,

where ||(Dy)pllop denotes the operator norm of the linear operator (Dg),
(see Lemma 8.1). It follows that

0 < M(x) < [[(De)pllop + [€21(x)]

for all x € X satisfying x # p. It follows from the continuity of the function
)y at p that M(x) remains bounded as x tends to p in X. Now

Q%) = (D)) (1(x)) + M (%) (p(x))

Also the function ¢: X — R" is continuous at p and the function y: Y — RF
is continuous at ¢(p). It follows that the composition function €25 o ¢ is
continuous at p (see Lemma 4.1), and therefore

lim Qs (p(x)) = Qa((p)) = 0.

X—=p
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We have already shown that M (x) remains bounded as x tends to p in X.
It follows that
lim (M (x)Qs(p(x)) = 0

X—p

(see Proposition 4.9).
Linear operators on finite-dimensional vector spaces are continuous. It
follows that

lin (D) o (0 (%)) = (D) (hm Ql<x>) _

X—Pp X—Pp
It follows that

lim Q(x) = lm (DY), (U (x)) + lim (M (x)Qa(0(x)))

X—p X—p X—p

= 0=0Q(p).

This result ensures that the composition function ) o ¢ is differentiable at p,
and that

Do @)p = (DV)y(p) © (Dp)p
(see Lemma 9.3). The result follows. |}

Example Consider the function ¢: R? — R defined by
z?y> sin 1 if © #£0;
90(1;7 y) = T 7
0 if x =0.

Now one can verify from the definition of differentiability that the function
h:R — R defined by

1
2 . .
h(t) = t sin — if t # 0,
0 ift=0

is differentiable everywhere on R, though its derivative h': R — R is not con-
tinuous at 0. Also the functions (z,y) — x and (z,y) — y are differentiable
everywhere on R (by Lemma 9.2). Now ¢(z,y) = y*h(z). Using Proposi-
tion 9.6 and Proposition 9.8, we conclude that ¢ is differentiable everywhere
on R2.

Let (ey,eq,...,€,) denote the standard basis of R™, where

e; =(1,0,...,0), e =(0,1,...,0),..., en=1(0,0,...,1).
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Let us denote by f;: X — R the ith component of the map ¢: X — R", where
X is an open subset of R™. Thus

p(x) = (f1(x), f2(x), .-, fa(x))
for all x € X. The jth partial derivative of f; at p € X is then given by

dfi filp +te;) — fi(p)

= lim .
Ox; t—0 t

X=p

We see therefore that if ¢ is differentiable at p then

(95 0f2 fm
(Dgp)PeJ - <8xjiaxj77 @l’]) .

Thus the linear transformation (Dy)p: R™ — R™ is represented by the n x m

matrix
of oh o
Ory Oxy Oz
Ory Oxy Oz
Ofn Ofn O fn
90, 01, " B

This matrix is known as the Jacobian matriz of ¢ at p.

Example Consider the function f:R? — R defined by

LY . .
fla.y) ={ gy @y # 0.0

Note that this function is not continuous at (0,0). Indeed f(t,t) = 1/(4t?)
if ¢ # 0 so that f(t,t) — +oo ast — 0, yet f(x,0) = f(0,y) = 0 for all
x,y € R, thus showing that

lim x,
(z,9)—(0,0) f@y)

cannot possibly exist. Because f is not continuous at (0,0) we conclude from
Lemma 9.4 that f cannot be differentiable at (0,0). However it is easy to
show that the partial derivatives

of(x,y) of(x,y)
o and 9y
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exist everywhere on R?, even at (0,0). Indeed

of (z,y) of (z,y)

REASSE =0, Lz =0

07 | (zy)=00) % lww=00)
on account of the fact that f(x,0) = f(0,y) =0 for all z,y € R.

Example Consider the function g: R? — R defined by

xy? |
g(:ﬂ?y) = 2 + gt if (mjy)#(0,0),
0 if (Iay) = (0,0)

Given real numbers b and ¢, let up.:R — R be defined so that wu,.(t) =
g(bt,ct) forallt € R. If b= 0 or ¢ =0 then up.(t) =0 forallt € R. If b #£ 0
and ¢ # 0 then
b*t® bt

B A e

We now show that the function uy.: R — R has derivatives of all orders.
This is obvious when b = 0, and when ¢ = 0. If b and ¢ are both non-zero, and
if the function us . has a derivative ul()kc) (t) of order k that can be represented
in the form

Ubjc(t)

ug (1) = pr(t) (b* + A2) 71,

where pi(t) is a polynomial of degree at most £+ 1, then it follows from stan-
dard single-variable calculus that the function w; . has a derivative ul(fjl) (1)

of order k£ + 1 that can be represented in the form
w(8) = P ()8 + )7,

where py41(t) is the polynomial of degree at most k + 2 determined by the
formula

P (t) = pi(8) (0" + *t%) — 2(k + 1)c*tpi(1).

Thus the function u, .: R — R has derivatives of all orders.
Moreover the first derivative u;, .(0) of up.(t) at t = 0 is given by the

formula )

% if b 0;
0 ifb=0.

upo(0) =

We have shown that the restriction of the function g: R? — R to any line
passing through the origin determines a function that may be differentiated
any number of times with respect to distance along the line. Analogous
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arguments show that the restriction of the function g to any other line in the
plane also determines a function that may be differentiated any number of
times with respect to distance along the line.

Now g(z,y) = % for all (z,y) € R? satisfying > 0 and y = ++/7, and
similarly g(z,y) = —3 for all (z,y) € R? satisfying < 0 and y = +v/—=.
It follows that every open disk about the origin (0,0) contains some points
at which the function ¢ takes the value %, and other points at which the
function takes the value —%, and indeed the function g will take on all real
values between —% and % on any open disk about the origin, no matter how
small the disk. Therefore the function ¢g: R? — R is not continuous at zero,
even though the partial derivatives of the function g with respect to x and y

exist at each point of R?.

Remark These last two examples exhibits an important point. They show
that even if all the partial derivatives of a function exist at some point, this
does not necessarily imply that the function is differentiable at that point.
However we shall show that if the first order partial derivatives of the compo-
nents of a function exist and are continuous throughout some neighbourhood
of a given point then the function is differentiable at that point.

9.6 Partial Derivatives and Continuous Differentiabil-

ity
Let e, e,, ..., e, denote the standard basis of R, defined so that
m
(Zl, 29y ,Zm) = Z zjej
j=1
for all (21, 29,...,2,) € R™. Similarly let €;,€,,...,€, denote the standard

basis of R", defined so that
n
(Wi, wa, . wy) = Y wje;
j=1

for all (wq,ws, ..., w,) € R™

Let X be an open set in R™, and let ¢: X — R™ be a function from X to
R™ which is differentiable at some point p of X. Then the partial derivative
of the ith component f; of the function ¢ with respect to the jth coordinate
function z; at a point p of X is determined by the formula




Definition Let X be an open set in R™. A function ¢: X — R" is continu-
ously differentiable if the function sending each point x of X to the derivative
(Dy) of ¢ at the point x is a continuous function from X to the vector space
L(R™ R™) of linear transformations from R™ to R™.

A function of several real variables is said to be “C'” if and only if it is
continuously differentiable.

Lemma 9.9 Let X be an open set in R™. and let p: X — R" be a contin-
uwously differentiable function on X. Then the first order partial derivatives
of the components of @ exist and are continuous throughout X .

Proof Let e, e,, ..., e, be the basis vectors that determine the standard
basis of R™ and let €;,€,,...,€, be the basis vectors that determine the
standard basis of R,,. Then the partial derivative of the ith component f; of
the function ¢ with respect to the jth coordinate function z; at a point p of
X is determined by the formula

It follows that if (Dy)p is a continuous function of p then so are the partial
derivatives of ¢. |}

9.7 Functions with Continuous Partial Derivatives

Proposition 9.10 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, where p = (p1,p2,- -, Pm)-
Suppose that the partial derivatives of the components of ¢ with respect to
the Cartesian coordinates exist and are continuous throughout X . Suppose
also that the partial derivatives of the components of ¢ are all equal to zero
at the point p. Then, given any positive real number ¢, there exists a positive
real number § such that, for all points u and v of H(p,d), u € X, v € X
and

[f(0) = f(v)| < elu—v],

where

H(p,0) ={(z1,22,...,2m) E R" t|z; —pj| <6 for j=1,2,...,m}.

)

0
Proof Let us denote the jth partial derivative 8_f of the ith component f;
Lj
of pby 0;fifori=1,2,...,nand j =1,2,...,m. Then 0;f; is a continuous
function on f.
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Let some positive real number ¢ be given. Then there exists a positive
real number § that is small enough to ensure that x € X and

|<ajfi)(xlax27 ce amm)| < 5/\/%

for all points x of H(p,d).
Let ey, e,, ..., e, denote the standard basis of R, defined so that

m
(21,22, 2m) = Z Z;€;
j=1

for all (z1, 22, ..., 2,m) € R™. Let u and v be points of H(p,d), and let points
q; be defined for j =0,1,2,...,m so that qy = v and

q;j = qj1 + (u; —vj)e;

for j = 1,2,...,n. Then q,, = u and q; € H(p,d) for j = 1,2,...,m
Now, for each integer j between 1 and m, the points q; and q;_; differ only
in the jth coordinate. Applying the Mean Value Theorem of single-variable
calculus (Theorem 7.2), we find that, given any pair of integers ¢ and j,
where 1 <7 <n and 1 < j < m, there exists some real number 6 satisfying
0 < 6 < 1 such that

i) = filayr) = (a5 = 0)(@,7) (1~ O)ayr + by ).

It follows that
|fila;) — fila;—1)] <

for j =1,2,...,m. It then follows that

|fz( Z |fz q] fz % 1 S Z

On applying Schwarz’s Inequality (Lemma 2.1), we find that

<i\uj—vj]> <mz ¥ =mu-— v’
j=1

It follows that

|uj — vyl

3
v mn

m
> g — v < Vmfu—v|
j=1
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and therefore -

| fi(u) — fi(v)| < NG

lu —v|.

It follows that

n

p(w) — (V)PP =Y (filw) = fi(v)* < ¥Ju— v’

i=1
for all points u and v of H(p,d). The result follows. |}

Remark The essential strategy underlying the proof of Proposition 9.10
can be presented, in the two-dimensional case, as follows. Consider a city
laid out on a gridiron pattern, where all streets run either from north to
south, or from east to west. To get from one street intersection to another,
it is always possible to find a route that does not involve both northward
and southward legs, and does not involve both eastward and westward legs.
(Thus to get from one street intersection to another that lies to the northeast,
one can choose a route that involves only travelling northwards or travelling
eastwards along city streets.) Suppose that all streets have a maximum
gradient equal to m. Then the height difference between any two intersections
is bounded above by v/2md, where d is the direct distance between those
street intersections.

Corollary 9.11 Let ¢: X — R"™ be a continuously differentiable function
defined over an open set X in R™, and let p be a point of X. Let M be a
positive real number satisfying M > |[(D@)pllop, where ||(Dy)pllop denotes
the operator norm of the derivative of ¢ at p. Then there exists a positive
real number & such that

[p(u) = (v)| < M[u—v|
for all points w and v of X that satisfy lu —p| < § and |v —p| < 4.

Proof Let My = [[(D¢)pllop and let € = M — M. Let ¢: X — R™ be defined
such that

P(u) = p(u) = (Dy)pu

for all u € X. Then (D¢)p, = (D¢)p — (Dg)p = 0. It follows from Proposi-
tion 9.10 that there exists a positive real number ¢ such that

[Y(u) — ¢ (v)] < efu—v|

127



for all points u and v of X that satisfy [u —p| < ¢ and |v — p| < §. Then

() = $(v) + (Dg)p(u — V)]
() = (V)| + [(Dp)p(u — V)|

<
< glu—v|+ Mylu—v| = M|u—v]|

|o(u) = @(v)]

for all points u and v of X that satisfy jlu — p| < § and |v — p| < ¢, as
required. |

Corollary 9.11 ensures that continuously differentiable functions of sev-
eral real variables are locally Lipschitz continuous. This means that they
satisfy a Lipschitz condition in some sufficiently small neighbourhood of any
given point. This in turn ensures that standard theorems concerning the
existence and uniqueness of ordinary differential equations can be applied to
systems of ordinary differential equations specified in terms of continuously
differentiable functions.

Theorem 9.12 Let X be an open subset of R™ and let p: X — R"™ be a
function mapping X into R™. Suppose that the Jacobian matrix

of of  on
Oxr, Oxy Oz
Ox; Oxy Oz,
Ofm  Ofm O fm

exists at every point of X, where f; denotes the ith component of ¢ for
1=1,2,...,n. Suppose also that the coefficients of this Jacobian matriz are
continuous functions on X. Then ¢ is differentiable at every point of X, and
the deriwvative of ¢ at each point is represented by the Jacobian matriz.

Proof Let p € X, and, for each integer ¢ between 1 and n, let g;: X — R be
defined such that

gi(x) = fi(x) = > Jij(x; — pj)
j=1
for all x € X, where x = (x1, 9, ..., z,,) and
_ _Of;
Jiy = (0, fi)(p) = o, |
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fori =1,2,...,nand j = 1,2,...,m. The partial derivatives 0;g; of the
function g; are then determined by those of f; so that

(9591)(x) = (9;£:) (%) = Ji

for i = 1,2,...,n and j = 1,2,...,m. It follows that (9;¢;)(p) = 0 for
j=12,....,m.

Let ¢: X — R™ be defined so that ¥ (x) = (¢1(x), g2(X), . . ., gn(x)) for all
x € X. Then the partial derivatives of the function ¥: X — R"™ are all equal
to zero at the point p.

Let some positive real number € be given. It follows from Proposition 9.10
that there exists some positive real number ¢ such that

[ (x) = ¢(p)| < e[x - p
for all x € X satisfying |x — p| < d. But then
p(x) = ¢(p) = J(x = p)| < efx —p|

for all x € X satisfying |x — p| < J, where J denotes the Jacobian matrix
of ¢ at the point p (i.e., the matrix whose coefficient in the ith row and jth
column of the matrix is equal to the value of the partial derivative

0fi
81:]-

at the point p). It follows from this that

lim lp(x) —¢(p) — J(x —p)| =0,

xp [X — p|
and thus the function ¢ is differentiable at p. Moreover the matrix repre-
senting the derivative (Dy)p of ¢ at the point p is the Jacobian matrix at
that point, as required. |}

Corollary 9.13 Let X be an open set in R™. A function ¢: X — R" is
continuously differentiable if and only if the first order partial derivatives of
the components of ¢ exist and are continuous throughout X .

Proof The result follows directly on combining the results of Lemma 9.9
and Theorem 9.12. |}
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9.8

Summary of Differentiability Results

We now summarize the main conclusions regarding differentiability of func-
tions of several real variables. They are as follows.

(i)

(i)

(vi)

(vii)

A function p: X — R" defined on an open subset X of R™ is said to
be differentiable at a point p of X if and only if there exists a linear
transformation (Dy)p: R™ — R™ with the property that

lim
x=p [X —p

(p(x) —p(p) — (Dp)p (x —P)) = 0.

The linear transformation (Dy), (if it exists) is unique and is known
as the derivative (or total derivative) of ¢ at p.

If the function ¢: X — R" is differentiable at a point p of X then the
derivative (D), of ¢ at p is represented by the Jacobian matrix of
the function ¢ at p whose entries are the first order partial derivatives
of the components of .

There exist functions p: X — R™ whose first order partial derivatives
are well-defined at a particular point of X but which are not differen-
tiable at that point. Indeed there exist such functions whose first order
partial derivatives exist throughout their domain, though the functions
themselves are not even continuous. Thus in order to show that a func-
tion is differentiable at a particular point, it is not sufficient to show
that the first order partial derivatives of the function exist at that point.

However if the first order partial derivatives of the components of a
function ¢: X — R" exist and are continuous throughout some neigh-
bourhood of a given point then the function is differentiable at that
point. (However the converse does not hold: there exist functions
which are differentiable whose first order partial derivatives are not
continuous.)

Linear transformations are everywhere differentiable.

A function ¢: X — R” is differentiable if and only if its components
are differentiable functions on X (where X is an open set in R™).

Given two differentiable functions from X to R, where X is an open
set in R™, the sum, difference and product of these functions are also
differentiable.
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(viii) (The Chain Rule). The composition of two differentiable functions is
differentiable, and the derivative of the composition of the functions at
any point is the composition of the derivatives of the functions.
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10 Second Order Partial Derivatives and the
Hessian Matrix

10.1 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 10.1 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) = fla+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 7.2) 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

92 f

S(h,k) =l 55

= hk fyy(u,v).

(m’y):(uuv)

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 7.2) 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(h7 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 | foy(a+h,b+k) — fuy(a,b)| < e whenever |h| < 0 and |k| < 0. It follows

that (k)
B S A <
o 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 10.2 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.

10.2 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 10.3 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 9.8) 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 7.3). 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 10.3 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 10.2. 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 10.4 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’jhih]‘ 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 10.5 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 10.3).
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

(i)

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 10.6 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 10.3). Suppose that the Hessian matrix (H;;(p)) is positive
definite. It follows from Lemma 10.4 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 10.6 that the
function f has a local minimum at (0, 0).
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