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1 THE DIFFERENTIAL CALCULUS OF FUNCTIONS OF
SEVERAL VARIABLES

1.1 LINEAR TRANSFORMS

Recall that a mapping A of a vector space X into a vector space Y is said

to be a linear operator if

A(x1 +22) = Axy + Axe,  A(czy) = cA(xy)
for all z1,z9 € X and all scalars ¢. Note that one often writes Axr instead
of A(z) if A is linear.

Linear operators of X into X are often called linear transformations on
X. If Ais a linear transformation on X which (i) is one-to-one and (ii) maps

X onto X, we say that A is invertible. In this case we can define an operator



A~! on X by requiring that A~'(Az) = x for all z € X. It is trivial to verify
that we then also have A (Aflac) =z, for all z € X, and that A~! is linear.

THEOREM. A linear operator A on a finite-dimensional vector space X is

one-to-one if and only if the range of A is all of X.

Let L(X,Y) be the set of all linear transformations of the vector space
X into the vector space Y. Instead of L(X, X), we shall simply write L(X)
If A1, A2 € L(X,Y) and if ¢, ¢y are scalars, define ¢; A; + coAg by

(ClAl + CQAQ) (ZL') = c1A1x + cAsx (SL‘ S X)
It is then clear that ¢; Ay + coAg € L(X,Y).

If X,Y,Z are vector spaces, and if A € L(X,Y) and B € L(Y, Z), we
define their product BA to be the composition of A and B :

(BA)x = B(Az) (z € X)
Then BA € L(X,Z). Note that BA need not be the same as AB, even if
X=Y=27
We equip the Euclid space R™ with the inner product (-,-) defined by

n
(x,y)=x -y = Z:ck.yk, for all x,y € R".
k=1

This inner product induce a norm || - || on R™ defined by

1
n 2
|z|| == \/{x, z) = (Z xi) , forall zeR".
k=1

For A € L(R™,R™), define the (operator) norm ||A|| of A to be the supre-
mum of all numbers ||Az||, where z ranges over all vectors in R" with
|z|| < 1. In other words,

|A]l == sup [|Az|.
Jefl<1

Observe that the inequality
|Az|| < ||Al||z]|, forall zeR".

Also, if A is such that |[|Az| < A||z|| for all z € R™ then ||A|| < X\. Moreover



(i)

(iii)

If Ae L(R",R™), then ||A]| < oo, and A is a uniformly continuous
mapping of R™ into R™.

If A,B e L(R"R™) and c is a scalar, then
1A+ Bl < [|A[[ +[[Bl, llcAll = [¢[[[Al

With the distance between A and B defined as ||A — B||, L (R",R™)

is a complete metric space.
If A€ L(R",R™) and B € L (R™ R"), then

IBAI| < [|BI[[|All

Since we now have metrics in the spaces L (R™,R™), the concepts of

open set, continuity, etc., make sense for these spaces. Our next theorem

utilizes these concepts.

THEOREM 1.1. Let GL,(R) be the set of all invertible linear transformations

on R™. Then the following statements hold.

(i)

If A€ GL,(R), B € L(R"), and

1
B-All < ——.
1B =A<

then B € GL,(R).
GL,(R) is an open subset of L (R"), and the mapping A — A~!
is continuous on GL,(R). (This mapping is also obviously a 1 — 1

mapping of GL,(R) onto GL,(R), which is its own inverse, so the

inverse mapping is indeed a homeomorphism).

Proof. If A =1, it’s easy to check that

m=0



Similarly, in general case,

A1 o
B! <: I—A—l(A—B)> :,;)A_(mﬂ)(A_B)m' (-1)

So (i) holds. Clearly (i) implies that GL,(R) is open. To show A — A~!
is continuous on GL,(R), observe that for fixed A € GL,(R), and B €
GL,(R),

Bl-Al'=B1YA-BAL.

Hence
1B7 =AM < [|B7H A = BIH A7) -
It follows from (1.1) that

1A~

1B~ < = -
1—[|A=1 (A= B)|

This establishes the continuity assertion made in (ii), since
|B™'—A7Y| =0 as |B— Al —0. O
Suppose {z1,...,2,} and {y1,...,ym} are bases of finite dimensional

vector spaces X and Y, respectively. Then every A € L(X,Y) determines a

set of numbers a;; such that
m
i=1

It is convenient to visualize these numbers in a rectangular array of m rows

and n columns, called an m by n matriz:

ail ai2 e Aln

aai a2 e a2
[A] = "

aml Am2 - Omn

Observe that the coordinates a;; of the vector Az; (with respect to the basis

{y1,...,ym}) appear in the j th column of [A]. The vectors Az; are therefore



sometimes called the column vectors of [A]. With this terminology, the range

of A is spanned by the column vectors of [A].

If © = 7 ¢jxj, the linearity of A shows that

m n
Az = Z Zaijcj Yi (1.2)
i=1 \j=1
Thus the coordinates of Az are Y 7 a;jcj. Suppose next that an m by n
matrix is given, with real entries (a;;). If A is then defined by (1.2), it is
clear that A € L(X,Y) and that [A] is the given matrix. Thus there is a
natural one-to-one correspondence between L(X,Y") and M,,«,(R), the set
of all real m by n matrices. We emphasize, though, that [A] depends not
only on A but also on the choice of bases in X and Y. The same A may
give rise to many different matrices if we change bases, and vice versa. We
shall not pursue this observation any further, since we shall usually work
with fixed bases.

Finally, suppose {x1,...,zn} and {y1,...,ym} are standard bases of R"
and R™ and A is given by (1.2). The Schwarz inequality shows that

m n 2 m n n
ol = 3 (S ) <30 (S5e-30¢) = B el
i=1 \j=1 i=1 \j=1 j=1 E;SSTZ
Thus
1/2

2
|A[l < Z az;

1<i<m
1<j<n

We see that if the matrix elements a;; are continuous functions of a pa-
rameter, then the same is true of A. In fact, the converse is true by the

equivalence of the norms on finite dimensional vector space.

1.2 THE DIFFERENTIAL OF A FUNCTION OF SEVERAL VARIABLES

1.2.1. DIFFERENTIABILITY In order to arrive at a definition of the “deriva-

tive” of a function whose domain is R™ (or an open subset of R™ ), let us



take another look at the familiar case n = 1, and let us see how to interpret

the derivative in that case in a way which will naturally extend to n > 1.
If f is a real function with domain (a,b) C R! and if x € (a,b), then
f'(x) is usually defined to be the real number

1 £ @+ 1) = f(2)
h—0 h

provided, of course, that this limit exists. Thus

flx+h) = f(z) = f'(x)h +r(h) (1.3)

where the "remainder” r(h) is small, in the sense that

lim r(h)

h—0 h =0

Note that (1.3) expresses the difference f(z + h) — f(x) as the sum of the

linear function that takes h to f’(z)h, plus a small remainder.

We can therefore regard the derivative of f at z, not as a real number,
but as the linear operator on R! that takes h to f’'(x)h. Observe that
every real number o gives rise to a linear operator on R! the operator in
question is simply multiplication by «. Conversely, every linear function that
carries R to R! is multiplication by some real number. It is this natural
1-1 correspondence between R! and L (Rl) which motivates the preceding

statements.

Let us next consider a function f that maps (a,b) C R! into R™. In that
case, f'(x) was defined to be that vector y € R™ (if there is one) for which

flz+h) - f(x)

li —y=0.
hs0 h y=0
We can again rewrite this in the form
fl@+h) = f(x) =hy+r(h), (1.4)

where r(h)/h — 0 as h — 0. The main term on the right side of (1.4) is again

a linear function of h. Every y € R™ induces a linear operator of R! into



R™, by associating to each h € R! the vector hy € R™. This identification of
R™ with L (Rl,Rm) allows us to regard f’(x) as a member of L (Rl, Rm).

Thus, if f is a differentiable mapping of (a,b) C R! into R™, and if

x € (a,b) then f/(x) is the linear transformation of R! into R™ that satisfies

fl@+h) = f(x) = f'(@)h _

I
B0 h 0,
or, equivalently,
_ _f!
o W@+ h) = @) = @l _
h—0 |h

We are now ready for the case n > 1.

DEFINITION 1.1. A function f : E — R™ defined on a set £ C R" is
differentiable at the point « € E, which is a limit point of F, if there exists
a linear mapping A € L(R™,R™) such that

_f@+h) - flz) - Abl

1
o 1]

z+heEE

0. (1.5)

The linear mapping A is called the differential, tangent mapping, or deriva-
tive mapping of the function f: F — R" at the point z € F, and is usually
denoted by the symbols df(z), Df(z), or f'(x).

A glance at (1.5) shows that f is continuous at any point at which f is

differentiable. Moreover, there are some remarks of this definition.

REMARK 1.1. There is an obvious uniqueness problem which has to be
settled before we go any further. Suppose F and f are as in the definition
x € E, and (1.5) holds with A = A; and with A = Ay. Then A; = As.
Indeed, if B = Ay — As, the inequality

IBh|| < [If(z+h) = f(z) — Arh|| +[|f(z + k) — f(z) — A2h]| .

shows that || Bh||/||h|| — 0 as h — 0. Hence ||B|| = 0, which implies B = 0.



REMARK 1.2. The relation (1.5) can be rewritten in the form

fl@+h) = f(z) = f'(x)h+r(h), (1.6)
where the remainder r(h) = o(h) as h — 0, x + h € E; in other words
(W)l
lim =0.
)

In the future we shall mostly be dealing with the case when E is a open set
in R". So if z € F, then for any sufficiently small displacement h from z the
point x + h will also belong to E. We may interpret (1.6) by saying that for
fixed = and small h, the left side of (1.6) is approximately equal to f'(x)h,

that is, to the value of a linear transformation applied to h.

REMARK 1.3. If f is differentiable at every x € E, (so every point in E is
a limit point of E, for example E is open), we say that f is differentiable in
E. Then For every x € E, f'(x) is linear transformation of R™ into R™. But
f’ is also a function: f’ maps E into L (R™, R™).

REMARK 1.4. We remark that the differential is defined on the displace-
ments h from the point x € E. To emphasize this, we attach a copy of the
vector space R™ to the point x € R™ and denote it T, R". The space T,R"
can be interpreted as a set of vectors attached at the point x € R™. The
vector space T,R" is called the tangent space to R™ at x € R™.

The origin of this terminology will be explained below. The value of the
differential on a vector h € T;R™ is the vector f'(z)h € Tp,)R™ attached
to the point f(z) and approximating the increment f(x + h) — f(x) of the
function caused by the increment h of the argument x. Thus df(z) or f/(z)

is a linear transformation f’(x) : T,R"™ — T R™.

ExaMPLE 1.1. We have defined derivatives of functions carrying R™ to R™
to be linear operators of R” into R™. What is the derivative of such a linear

operator? The answer is very simple.
If Ae L(R™ R™) and if z € R", then

Alz)=A. (1.7)



Note that x appears on the left side of (1.7) but not on the right. Both sides
of (1.7) are members of L (R™,R™), whereas Az € R™. The proof of (1.7)
is a triviality, since

A(x + h) — Ax = Ah

by the linearity of A. With f(z) = Az, the numerator in (1.5) is thus 0 for
every h € R™. In (1.6), r(h) = 0.

1.2.2. PARTIAL DERIVATIVES We again consider a function f that maps an
open set E C R™ into R™. Let {e1,...,e,} and {uq,...,un} be the standard
bases of R” and R™. We define the partial derivative or partial differential
of f at x by

provided the limit exists in R™. Equivalently, 0; f(x) is the linear mapping
in L(R,R™) so that

flx+te;) — f(x) =0;f(x)t+o(t) ast - 0,t € R.

Writing f (21,...,2,) in place of f(x), we see that 0;f is the derivative
mapping of f with respect to x;, keeping the other variables fixed. The

notation

of

R
is therefore often used in place of 9;f. The components of f are the real
functions f1, ..., fm defined by

m

flx) =) filz)u (z€E) (1.8)

i=1
Similarly partial derivative of each component f; : ' — R is defined by

0;£:) (z) = lgg fi(z+ teg) — fi(2) |

REMARK 1.5. In many cases where the existence of a derivative is sufficient

when dealing with functions of one variable. However, continuity or at least

10



boundedness of the partial derivatives is needed for functions of several
variables. For example, the functions f and ¢ described in EXERCISE 1.1
are not continuous, although their partial derivatives exist at every point of
R2. Even for continuous functions, the existence of all partial derivatives
does not imply differentiability, see EXERCISE 1.2 and THEOREM 1.3.

However, if f is known to be differentiable at a point z, then its partial
derivatives exist at x, and they determine the linear transformation f’(x)

completely:

THEOREM 1.2. Suppose f maps an open set £ C R™ into R™, and f is
differentiable at a point « € E. Then the partial derivatives (0; f;) () exist,
and
m
flx)ej = (0if) (x)ui (1<j<n). (1.9)
i=1

Here, {e1,...,e,} and {ui,...,uy} are the standard bases of R and R™.
Proof. Fix j. Since f is differentiable at x,

I (z+tej) — f(z) = f'(x) (tej) + r (tej) ,
where [|r (te;)|| /t — 0 as t — 0. The linearity of f’(x) shows therefore that

If we now represent f in terms of its components, then

t—0 4 t

i=1

It follows that each quotient in this sum has a limit, as ¢ — 0, so that each
(0;fi) (z) exists, and then the desired result follows. O

Let [f'(x)] be the matrix that represents f’(x) with respect to our stan-
dard bases. Then f'(z)e; is the j th column vector of [f'(x)], and (1.9)

11



shows therefore that the number (0; f;) (x) occupies the spot in the ¢ th row
and j th column of [f(z)]. Thus

nfi(x) -+ Onfi(x)
[f'(2)] = 10 fu(w)] = P
Ofm(@) - Onfm(w)
The matrix [f/(x)] is sometimes called the Jacobi matriz of f at x. When

it is a square matrix, we say det [f'(z)] is the Jacobian of f at x.

Since the matrix [f’(z)] and the linear operator f’(z) are essentially the
same thing, so we will not distinguish between the two, both are denoted by
f'(x). Then, if h = Y] hje; is any vector in R", by (1.9) we have

Ofi(x) -+ Onfi(x) hi
fl(@)h = : : :

DEFINITION 1.2. A differentiable mapping f of an open set E C R™ into R™

is said to be continuously differentiable in E if f’ is a continuous mapping

of E into L (R™,R™).

More explicitly, it is required that to every x € E and to every € > 0
corresponds a § > 0 such that

1" (y) = f(2)]| <=

if y € F and ||z — y|| < §. If this is so, we also say that f is a C''-mapping,
or that f € C1(E,R™).

THEOREM 1.3. Suppose f maps an open set £ C R" into R™. Then f €
CY(E,R™) if and only if the partial derivatives 0; fi exist and are continuous
on EFforalll1<i<m,1<j<n.

Proof. Assume first that f € C1(E,R™). By (1.9), for each 1 < i < m,
1<j<nandxe€kF,

9;fi(x) = (f'(x)ej,ui) .

12



Hence
0ifily) — 0 fi(x) = ([f'(y) — f'(2)] e, us) ,

and since ||u;|| = ||e;|| = 1, it follows that

10;£) () = @3 f) @) < [[f'(w) = £'(@)] s
<|[lf' @) - f@] -

Thus 0; f; is continuous.

For the converse , fix x € E and € > 0. Since F is open, there is an open
ball B(x,r) C E, with center at x and radius 7, and the continuity of the
functions 0; f; shows that r can be chosen so that for all ||y — z|| < r and

for all 4, 7,

10, £:(y) — s fi(@)]| < — . (1.10)

mn
Suppose h = > 1 hjej, ||| <7, put vg = 0, and vy, = hie; + - - - + hyey for
1 <k <n. Then

n

file +h) = fix) = Y [fi(w + o) = fi (z +0p)] - (1.11)

k=1

Since |lvg]| < ||| < rfor 1 < k < n and since B(x,r) is convex, the segments
with end points x + vi_1 and x + vy, lie in B(x, 7). Since vy = vgp_1 + hieg,

the mean value theorem shows that the & th summand (1.11) is equal to
hi Ok fi (x + vp—1 + Orhyey)

for some 0y € (0,1), and this differs from hy, O fi(z) by less than |hle/(mn)
using (1.10). By (1.11) it follows that, for all A such that ||h| < r,

o+ )= o) = 3 0350 ()] < ,jn;\hj\a <l

and hence

m n

Fla+h) = f@) =D > hi(0if:) (@)us|| < [|hlle.

i=1 j=1

13



This says that f is differentiable at . The matrix [f/(z)] consists of the row
(01fi) (x),...,(Onfi) (x); and since Oy f;,...,0,f; are continuous functions
on E, it’s easy to see that f € C1(E,R™). O

EXERCISE 1.1. Define f and g on R? by: f(0,0) = ¢(0,0) = 0, f(z,y) =
zy?/ (22 +y*) ,g9(z,y) = zy?/ (2® +y°) if (z,y) # (0,0). Prove that f is
bounded on R?, that g is unbounded in every neighborhood of (0,0), and
that f is not continuous at (0,0); nevertheless, the restrictions of both f and

g to every straight line in R? are continuous!

EXERCISE 1.2. Define f(0,0) = 0 and

3

242 if (z,y) # (0,0)

flz,y) =

(i) Prove that d;f and dof are bounded functions in R2. (Hence f is

continuous.)

(ii) Let u be any unit vector in R?. Show that the directional derivative
(0uf) (0,0) exists, and that its absolute value is at most 1.

(iii) Let 7 be a differentiable mapping of R! into R?, with v(0) = (0,0)
and [|7/(0)|| > 0. Put g(t) = f(7(t)) and prove that g is differentiable
for every t € RY. If 4 € C!, prove that g € C*.

(iv) In spite of this, prove that f is not differentiable at (0,0).
1.2.3. THE BAsic LAwS OF DIFFERENTIATION Next, we will discuss sev-

eral basic laws of differentiation. First of all, the operation of differentiation

is linear, which is easy to prove and hence we omit the proof.

PROPOSITION 1.4 (Linearity). If the functions f: E — R and g : F — R,
defined on a set £ C R™ are differentiable at the point x¢9 € F, then a
linear combination of them (af + fBg) : E — R™ is also differentiable at
that point, and the following equality holds:

(af + Bg) (z0) = (af'+ B") (z0).

14



If the functions in question are real-valued, the operations of multiplica-
tion and division (when the denominator is not zero) can also be performed.
We have then the following theorem. The proof of this theorem is the same

as the proof in the case that £ C R is an interval, so we omit the details.

ProrosiTioN 1.5. If the functions f : E — R and g : F — R, defined
on a set £ C R™ are differentiable at the point xg € E, then the following

statements hold.

(i) Their product fg is differentiable at zy and
(f - 9)'(x0) = g(wo) f'(w0) + f(w0)g (w0) -

(ii) Their quotient f/g is differentiable at xg if g(xo) # 0, and

(£) o) = 5 fotan) o) = ) )]

The next proposition asserts that mutually inverse differentiable map-

pings have mutually inverse derivative mappings at corresponding points.

PRrOPOSITION 1.6 (Differentiation of an Inverse Mapping). Let f : U(zg) —
V(yo0) be a mapping of a open neighborhood U(z¢) C R™ of the point xy onto
a open neighborhood V' (yo) C R™ of the point yo = f(z). Assume that f is
continuous at the point zg and has an inverse mapping f~! : V(yo) — U(xo)
that is continuous at the point yo. If the mapping f is differentiable at xg
and the derivative mapping f’(zo) € L(R") has an inverse f’(x¢)~!, then
the mapping f~! : V(yo) — U(xo) is differentiable at the point yo = f(z0),
and the following equality holds:

(F71) (wo) = f'(wo) "

Proof. Take k € R™ for which yp + k € V(yo) and put

Af Y yoik)=fF o+ k) — f (o) = F Mo+ k) — 0.

15



Observe that

k=yo+k—yo=f(f"wo+k)—f(f " (w0))
= flzo+AF  (yoi k) — f(x0)
= (@) AF M (yos k) + r(AF (yos k),

where r(h) == f(zo + h) — f(x0) — f'(xo)h = o(h) as h — 0. Then we get
A yos k) = f'(xo) "k + f (o) T (AS T (yoi k) (1.12)
We have only to show that
r(Af Y (yos k) = o(k) as k— 0.
To this end, it suffices to show that Af~1(yo; k) = O(k) as k — 0, that is

-1 .
k0 %]

By assumption, f~! is continuous at 39 so Af~!(yo;k) — 0 as k — 0. By
(1.12), since r(h) = o(h), for k with sufficiently small norm, we have

17/ Geo) (AT s B < 5187 (oo B
and hence
1A s B < 17 o) ™ I+ 117 o)™ (A F~ (s )]
< 17 Geo) BN + 185 o B
So AL (yo: k)| < 2IIf (o) L||[[E| for k with sufficiently small norm, as

desired. We now complete the proof. O

EXAMPLE 1.2 (Polar coordinates in R?). Let f : (0,00) x (0,27) — R2\{0}
be given by f(r,¢) = (rcos g, rsinp) =: (z,y). Let g be the inverse function

to f. From
cosp —rsing
f’(m@)=( . )

singp rcos@

16



we deduce that det[f’(r, )] =r > 0. Then

g'(w,y>—f'<r,so>1—< cosp sing )

—sing - cosy

T y
— /I2+y2 /x2+y2
y
T P
We now extend the chain rule to the present situation.
PROPOSITION 1.7 (The Chain Rule). Suppose f maps E C R™ into R™ and
f is differentiable at g € E. Suppose g maps a set F' C R™ containing

f(E) into R* and g is differentiable at f (zo). Then the mapping g o f of
E into R* is differentiable at z, and

(gof) (x0) =g (f (z0)) f' (wo0) - (1.13)

On the right side of (1.13) we have the product (composition) of two linear

operators.
Proof. Put yo = f (xg), and define the error term u(h), v(k) by
f (@0 +h) — f(x0) = f(zo)h + u(h),
9o+ k) —g(yo) = g'(yo)k +v(k),
for all h € R™ and k € R™ with 29 + h € FE and yo + k € F, respectively.
We put Af(xo;h) = f(xo+ h) — f(zg). Then given h with o+ h € E,
(g0 f)(@o+h) = (g0 f)(@o) = g(f(zo+h)) — g(f(0))
= ¢'(f(20))[f (w0 + h) — f(wo)] + v(f (2o + h) — f(0))
= g'(yo) [f'(xo)h +u(h)] + v(Af(zo; h))
9' (o) f'(zo)h + ¢'(yo)u(h) + v(Af(zo; b)) .

So it suffices to show that ¢'(yo)u(h) + v(Af(ze;h)) = o(h) as h — 0,
xo+ h € E. Firstly, since f is differentiable at xo, u(h) = o(h) so

o' (wo)u(h)]| _

lim sup < lim Hg'(yg)H
zg+heE *0
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To show this for another term, note that as h — 0, xg + h € E we have
Af(xzo;h) — 0, yo + Af(zo;h) = f(xo + h) C F, then we have

i WA @osh)Il o (AF (os W) [Af (2o h)]
|

————"" = lim
Tl e I Ve T
. v(k
— 7ol i =0,
yo+kEE
as desired. Thus g o f is differentiable at xzy and (1.13) holds. O

REMARK 1.6. The chian rule can be rewritten in coordinate form, as fol-

lowing. As we know,

Ofilx) -+ Onfi(x)

fi(z) = : : :
O fm(z) -+ Onfm()
and y = f(x), then
Ahag1(y) Omg1(y
g (y) = : :
Ngr(y) - Omgr(y
The chian rule asserts that
o (grof)(z) - 910f
(go f)(z) = :
O1(gkof)(z) -+ gkOf
0g(y) -+ Omg1(y) 81fl () - Onfi(z)

In particular, if ¢ is a real function, i.e., k = 1, then
=Y " ig(f(2)) - i fi(x).
j=1
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EXAMPLE 1.3. Let v be a differentiable mapping of the segment (a,b) C R!
into an open set ¥ C R™, in other words, v is a differentiable curve in F.

Let f be a real-valued differentiable function with domain E. Define

g(t) =f(v(#) (a<t<b).

The chain rule asserts then that

gt)=f )t (a<t<b).

In particular, let uw € R™ be a unit vector (i.e., ||u|| = 1), and specialize v so
that
y(t) =z +tu (—oco<t<o0).

Then +/(t) = u for every ¢t € R. Hence ¢'(0) = f'(x)u.
Some of these ideas will play a role in the following theorem.

THEOREM 1.8 (The Finite-Increment Theorem). Suppose f maps a convex
open set 2 C R™ into R™, f is differentiable in F, and there is a real number
M such that

|/ (@)|| <M forall z€E.

Then for all a,b in F,
1£(b) = fla)ll < MIb—al|.
Proof. Fix a € E,b € E. Define
v({t)=(1—t)a+tb for te€[0,1].
Since E is convex, v(t) € E. Put
g9(t) = f(r(t)) for ¢ €]0,1].
Then ¢ is continuous on [0, 1] and, for ¢ € (0, 1), by the chain rule we have

g®) = (1)) = f(v#) (b - a),
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and hence
lg @] < [l7C@)] 16— all < Mb—a]] for all £ € (0,1).
Then by the mean value theorem, there exist £ € (0, 1) with

l9(1) = g(0)] = 1g'(§)] < M[|b— all.

But ¢(0) = f(a) and g(1) = f(b). This completes the proof. O

COROLLARY 1.9. If f maps a region G C R"™ into R™ and f is differentiable
in G with f'(z) =0 for all z € G, then f is constant.

1.3 THE Basic FAcTs OF DIFFERENTIAL CALCULUS OF REAL-
VALUED FUNCTIONS OF SEVERAL VARIABLES

Let Q@ C R™ be a region (sometimes also called a domain), that is Q is
an open connected set in R™. In this section we will always suppose that

f:Q— Ris a real-valued differentiable function.

1.3.1. GRADIENT AND DIRECTIONAL DERIVATIVES Take any z € ). Then
f'(x) is a linear functional on (the Hilbert space) R™, by the preceding
remark, for h € R™

n

fl(@)h =Y 0f(@)hi = (h,Vf(2)),

i=1
where V f(z) € R" is the so-called gradient of f at x defined by
o1 f(x)

Vi) =) oif(x)e=|
= Onf ()

Hence the gradient V f is a mapping form Q C R" into R".

20



REMARK 1.7. The gradient is perpendicular to level sets. In fact, let ~
be a differentiable curve [0,1] — €, which lies in a level set of f, that is
f(y(t)) = cfor all t € [0,1]. Then we have for all ¢ € [0, 1] that

(VI(y(1),~'(t)) =0.

Let u € R™ be a unit vector (i.e., ||[u]| = 1), then we define the directional

derivative of f at x, in the direction of the unit vector u by

@uf) () =t PO IO gy wpay). @)

If f and x are fixed, but u varies, then (1.14) shows that 0, f(x) attains its
maximum when w is a positive scalar multiple of V f(z). (The case (V f)(z) =
0 should be excluded here.) If uw = 3 ] u;e;, then (1.14) shows that 0, f(x)

can be expressed in terms of the partial derivatives of f at x by the formula

n

Ouf(x) = 0if()u;.
i=1
In other words, the direction of V f(x) is the direction of steepest ascent at

x, —V f(x) is the direction of steepest descent.

1.3.2. THE MEAN-VALUE THEOREM We know the following mean-value
theorem for a differentiable function f with single variable: f(z) — f(y) =
(&) (x — y) for some & € (x,y). We cannot generalize this, however, for
vector-valued functions with single variable, since in general we get a dif-
ferent ¢ for every component. The fundamental theorem of calculus does
not have this disadvantage: f(y) — f(z) = fxy f/(€)d¢ is also true for vector-

valued functions with single variable, but requires f’ to be integrable.

We are now going to prove some versions of the mean-value theorem for
functions of several variables. Let 2 be a region in R™. For any point a,
b in R™, denote by [a,b] and (a,b) the closed and open line segment with

endpoints a and b respectively, i.e.,

[a,b] ={(1—t)a+tb:te[0,1]};
(a,b) ={(1—t)a+tb:te(0,1)}.
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Now we can state the mean-value theorem.

THEOREM 1.10 (The Mean-Value Theorem). Let f be a real-valued function
defined in a region © C R”™ and let the closed line segment [z,x + h| be
contained in ). If the function f is continuous at the points of the closed line
segment [z, z + h| and differentiable at points of the open interval (z,z + h),
then there exists a point £ € (z,x + h) such that

fl@+h) = f(x) = f(&h=(h, V().
Proof. Consider the auxiliary function
F(t) = f(z +th)

defined on the closed interval 0 < ¢ < 1. This function satisfies all the
hypotheses of Lagrange mean-value theorem: it is continuous on [0, 1], be-
ing the composition of continuous mappings, and differentiable on the open
interval (0,1), being the composition of differentiable mappings. Conse-

quently, there exists a point 6 € (0, 1) such that
F(1) — F(0) = F'(9).

But F(1) = f(x + h),F(0) = f(x),F'(#) = f'(z + Oh)h, and hence the

equality just written is the same as the assertion of the theorem. O

REMARK 1.8. The theorem is called the mean-value theorem because there
exists a certain “average” point £ € (x,z + h) at which Eq. (8.53) holds.
We have already noted in our discussion of Lagrange’s theorem (Sect. 5.3.1)
that the mean-value theorem is specific to real-valued functions. A general

finite-increment theorem for mappings has been given in THEOREM 1.8.

1.3.3. HIGHER-ORDER PARTIAL DERIVATIVES Let f : 2 — R be a func-
tion defined in a region 2 C R™. Suppose f has the partial derivative
o, f = 8% with respect to the variables x; in €2. Then this partial derivative
0;f :  — R is also a function which in turn may have a partial derivative

0; (0;f) with respect to a variable z; at some point € €. In this case,
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0; (0if) (z) is called the second partial derivative of f with respect to the

variables x; and x; at = and is denoted by one of the following symbols:

o0 f
ox 7 01‘1

0jif(x) or

(x).

The order of the indices indicates the order in which the differentiation is

carried out with respect to the corresponding variables.

We have now defined partial derivatives of second order. If a partial

derivative of order k .

9" f
Oy = —
! kf al’z’l N 83:%

has been defined, we define by induction the partial derivative of order k+1

by the relation
Ojir-ir f () = 0 (0iy iy, f) () -

At this point a question arises that is specific for functions of several vari-
ables: Does the order of differentiation affect the partial derivative com-
puted?

LEMMA 1.11. Let f : © — R be a real function having partial derivatives
0;f and 0;f in a region 2 C R"™. If the second order partial derivative 0;; f
exists in € and is continuous some point x € €2, then 9;; f exists at this point

x. Moreover,
O*f (z) = *f 2)
Oxjaa:i N 8([3131'] '

Proof. Note that by definition,

Pf @ te) — §h@)
6.%'j8.%'i (:E) N th(l) t
— lim Lim flx +tej + se;) — f(x+tej) — f(z+ se;) + f(x)
t—05—0 st ’

To show this repeated limit exists, we show that the double limit exists and

thie repeated limit equals to the double limit. Thus, we set, for s, ¢ in R,

(s, t) == f(x +tej + se;i) — f(x + tej) — f(x + se;) + f(x)
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Let F(z) = f(x + se;) — f(x), then by the mean-value theorem,

¢(s,t) = F(z+te;) — F(zx) =t 8—F(CE + O1te;)

al‘j
of of

2

8$ia$j

= st (x + O2se; + O1tey),

where 61, 6 in (0,1). Thus, by the continuity of 0;; f at z,

(s, t) P
sgglo st - 895@81:] (x) ’

Observe that for any fixed t # 0,

0 0
L (s t) o @ te) — 5 (@)
s—0 st t '

Since the double limits exists, we get

as desired. O

The following example shows that the condition in LEMMA 1.11 that the

second partial derivatives must be continuous is indeed necessary.

EXAMPLE 1.4. Let f: R? — R be given by

RIS

fay) = { Wi for @) £ 0,0);
’ 0, for (z,y) = (0,0).

One can show that f € C' (R?), but 2£(0,0) = 1 and 21 £(0,0) = —1.

Let us agree to denote the set of functions f : 2 — R all of whose partial
derivatives up to order k inclusive are defined and continuous in the domain
Q C R™ by the symbol C*®)(Q;R) or C¥)(Q). Then using the preceding

lemma, we obtain the following.
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THEOREM 1.12. If f € C*)(Q), the value 9, ;, f(x) of the partial derivative
is independent of the order i1, ...,4; of differentiation, that is, remains the

same for any permutation of the indices i1, ..., k.

Proof. In the case k = 2 this theorem is contained in LEMMA 1.11. Let us
assume that the theorem holds up to order n inclusive. We shall show that
then it also holds for order n + 1.

But 9 ,iyeipsr f(2) = 05y (8iginsr f) (x). By the induction assumption
the indices i3,...,%,41 can be permuted without changing the function
Oig.insr f(x), and hence without changing 0;,...;,,,, f(x). For that reason it
suffices to verify that one can also permute, for example, the indices i; and

ip without changing the value of the derivative 0;,4,...i,,, f(2). Since

Divigerinin f (@) = Oiyiy (Bigevin i [) ()

the possibility of this permutation follows immediately from LEMMA 1.11.
By the induction we complete the proof. ]

EXAMPLE 1.5. If f(z) = f(21,...,2,) and f € C*)(Q), then, under the
assumption that [z, z + h] C €, for the function ¢(t) = f(x +th) defined on
the closed interval [0, 1] we obtain ¢ € C*)[0, 1] with
oM@y = > hieoh L(z +th). (1.15)
! k (9:62‘1 ce 890%

1<iy, - ig<n

We can also write formula (1.17) as

) 0 o \*
") (t) = hla—m+-"+hn87 flx +th).

1.3.4. TAYLOR’S FORMULA In this subsection we generalize the Taylor’s
formula to the functions of several variables. To this end, we shall use the
the polynomials in n-variables to approximate functions in n-variables with

appropriate differentiability.
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Recall that for £ > 1,

k!
torm) = Y e, (L1
a1 Qp.
Oél+"'+04n:k
where a1, - - - , a,, are nonnegative integers. To keep things simple, we intro-
duce the following notations. We say o = (aq, -+ , ) € Nf is a multi-index,
and put
lal =a1+ 4+ ap; al=ail - a,l.
For x = (x1,--- ,x,,) € R", we put
=gt
then (1.16) becomes
k k! @
(x1+ -+ ) :Zam . (1.17)
la|=k

Moreover, for multi-index a € Nfj, we define the differential operator 9 by

N olel
0% = ozt ... Oz

Now we can state the Taylor’s formula.

THEOREM 1.13. If the function f : Q — R is defined and belongs to class
C*+1(Q) in a region @ C R”™. Suppose the closed interval [z, + h] is
completely contained in €, then there exists 6 € (0,1) so that

fath =3 éaaf(:p)ha—krk(f,x;h) (1.18)
0<]al<k

where

)= 3 0t 6 e

|a|=k+1

is called the Lagrange form of the remainder term.

Proof. Taylor’s formula follows immediately from the corresponding Taylor

formula for a function of one variable. In fact, consider the auxiliary function

o(t) = f(z+th) for t€]0,1].
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Then by EXAMPLE 1.5, ¢ belongs to the class C*+1D[0,1]. By Taylor’s

formula for functions of one variable, we can write that

ko0
- (0) 1 k)

for some 0 € (0,1). By ExAMPLE 1.5 and (1.15) we obtain that for 0 < j <
k+1 and t € [0, 1],

So(j)(t) = (hlal + -+ hnan)] f(.l‘ + th)
1
=" Lo f(x+th) e
=g

Combine this with ¢(1) = f(x + h) and ¢(0) = f(z), we get the desired
result. O

If we write the remainder term in relation (1.3.4) in the Lagrange form

rather than the integral form, then the equality

ko ,0) 1
=Y ‘(0)+1/ PFD () (1 — )k dt.

=0

implies Taylor’s formula (1.18) with remainder term
re(fowsh) = ) /aa flx+th)h (1 —t)kdt.
|a|= k+1

This form of the remainder term, as in the case of functions of one variable,

is called the integral form of the remainder term in Taylor’s formula.

We end this subsection with the Taylor’s formula with the remainder

term in Peano form.

THEOREM 1.14. If the function f : @ — R is defined and belongs to class
C®)(Q) in a region Q C R"™. Suppose the closed interval [x,z + h] is com-
pletely contained in €2, then

fath =% éaaf(x) B 4 re(f, 23 )

0<|a|<k
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where

ri(fo@;h) = o([|h]|*) as h—0.
Proof. By THEOREM 1.13

fath) = > %aaf(x)hw > éaaf(weh)h“

0<|a|<k—1 |a\ k
= > faa z) h® + Z flx 4 6h) — 0“f(x)] h*
0§|a\<k : o= k& '

Thus )
re(foash) = ) — [0°f(a +0h) = 8*f(2)] b

laj=k

Since for |o| = a1+ -+ ap, =k
n n o __ k
A = |3t ][R ] < AT = [|A]|",

and f € C*)(Q), it’s easy to see that

(S, @5 h)|
Ih]*

and thus the desired result follows. O

—0 as h—0,

1.3.5. EXTREMA OF FUNCTIONS OF SEVERAL VARIABLES One of the most
important applications of differential calculus is its use in finding extrema
of functions. Recall that a function f : Q — R has a local mazimum (resp.
local minimum) at a point a € ) if there exists a neighborhood U of the
point a such that f(z) < f(a) (resp. f(z) > f(a)) for all z € U.

If the strict inequality f(z) < f (a) holds for z € U\{a} (or, respectively,
f(z) > f(a)), the function has a strict local maximum (resp. strict local
minimum) at a. The local minima and maxima of a function are called its

local extrema.

LEMMA 1.15. f: — R has partial derivatives with respect to each of the
variables 1, ..., z, at the point a € €). Then a necessary condition for the
function to have a local extremum at a is V f(a) = 0, in other words,

of of
8x1() 0,--- axn() 0.
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Proof. Consider the function ¢ (1) = f (z1,a2,...,an) of one variable de-
fined, according to the hypotheses of the theorem, in some neighborhood of

the point a; on the real line. At ay the function ¢ (1) has a local extremum,

and since o7
/ _ "
‘2 (a’l) - 8371 (CL)
it follows that (%fl (a) = 0 The other equalities are proved similarly. O

LEMMA 1.15 shows that the local extrema of f : 2 — R are found either
among the points at which f is not differentiable or at the points where the

differential f’ (a) vanishes.

If a € Q satisfying Vf(a) = 0, we say that a is a critical point (or
stationary point) of f. A critical point may not be a extremum point. An
example that confirms this is any example constructed for this purpose for
functions of one variable. Thus, where previously we spoke of the function
x — 3, whose derivative is zero at zero, but has no extremum there, we

can now consider the function

oy, .. x) = (21)°

all of whose partial derivatives are zero at a = (0, ...,0), while the function

obviously has no extremum at that point.

REMARK 1.9. Generally, the point a is a critical point of the mapping f :
Q — R™ if the rank of f’(a) is less than min{m,n}, that is, smaller than
the maximum possible value it can have. In particular, if m = 1, the point
a is critical if Vf(a) = 0.

After the critical points of a function have been found by solving the
system V f(a) = 0, the subsequent analysis to determine whether they are
extrema or not can often be carried out using Taylor’s formula and the
following sufficient conditions for the presence or absence of an extremum

provided by that formula.

THEOREM 1.16. Let f : Q — R be a function of class C®) (Q). Let a € Q

be a critical point of f. If If, in the Taylor expansion of the function at the
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point a

i )
fla+h) —f(a)+§ij:1m(a) hihj +o (|[2]°) (1.19)
the quadratic form
h+— 1 (a) hih; (1.20)
8.%‘81’]' v .

(i) is positive-definite or negative-definite, then f has a local extremum
at a, which is a strict local minimum if (1.20) is positive-definite and

a strict local maximum if it is negative-definite;

(ii) assumes both positive and negative values, then the function does not

have an extremum at a.

Proof. Let h # 0 and z¢ + h € Q. Let us represent (1.19) in the form

T 9%f hi R
- (aq —— +7(h) (1.21)
;5= 9% 0 )HhH il (

Flath)=F(a)= 2]

where r(h) — 0 as h — 0. It is clear that the sign of the difference f (a + h)—
f (a) is completely determined by the sign of the quantity in brackets. We

now undertake to study this quantity.

The vector s = ﬁ obviously has norm 1. The quadratic form (1.20)
is continuous as a function A € R™, and therefore its restriction to the
unit sphere S"~! = {z € R" : ||z|| = 1} is also continuous on S"~!. But the
sphere S™~! is compact. Consequently, the form (1.20) has both a minimum
point and a maximum point on S, at which it assumes respectively the values
m and M.

If the form (1.20) is positive-definite, then 0 < m < M, and there is
a number § > 0 such that |r(h)| < m for ||h| < 6.. Then for ||h] < o
the bracket on the right-hand side of (1.21) is positive, and consequently
fla+h)— f(a) >0 for 0 < ||h|| < 6. Thus, in this case the point a is a
strict local minimum of the function.One can verify similarly that when the
form (1.20) is negative-definite, the function has a strict local maximum at

the point a.
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Thus (i) is now proved. We now prove (ii).

Let sy, and sps be points of the unit sphere at which the form (1.20)

assumes the values m and M respectively, and let m < 0 < M.

Setting h = ts,,, where t is a sufficiently small positive number so that
a+ tsy, € €, then

Flattsm) = f (@) = 5 2n+ r(tsm))

where 7(ts;,) — 0 as t — 0. Starting at some time (that is, for all sufficiently
small values of ¢ ), the quantity m + o(1) on the right-hand side of this
equality will have the sign of m, that is, it will be negative. Consequently,

the left-hand side will also be negative. Similarly, setting h = tsjs, we obtain

fla+tsy)— f(a)= %tQ(M + r(tsar))

and consequently for all sufficiently small ¢ the difference f (a + tsps) — f (a)

is positive.

Thus, if the quadratic form (1.20) assumes both positive and negative
values on the unit sphere, or, what is obviously equivalent, in R™, then in
any neighborhood of the point a there are both points where the value of
the function is larger than f (a) and points where the value is smaller than

f (a) . Hence, in that case a is not a local extremum of the function. O

‘We now make a number of remarks in connection with this theorem.

REMARK 1.10. THEOREM 1.16 says nothing about the case when the form
(1.20) is semi-definite, that is, non-positive or non-negative. It turns out
that in this case the point may be an extremum, or it may not. This can be

seen, in particular from the follow- ing example.

EXAMPLE 1.6. Let us find the extrema of the function f(z,y) = 2* + y* —
222, which is defined in R2.

In accordance with the necessary conditions V f(z,y) = 0 we write the
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system of equations

%(x,y) =423 — 42 =0
%?Jj(m’y) = 4y3 =0

from which we find three critical points: (—1,0), (0,0), (1,0). Since

% f

ox?

Of _ O f 2

(z,y) = 122% — 4,

at the three critical points the quadratic form (1.20) has respectively the

form

8(h1)*, —4(h)*, 8(h)*.

That is, in all cases it is positive semi-definite or negative semi-definite.
THEOREM 1.16 is not applicable, but since f(z,y) = (mQ - 1)2 +yt -1, it
is obvious that the function f(x,y) has a strict minimum -1 (even a global
minimum) at the points (—1,0), and (1,0), while there is no extremum at
(0,0), since for = 0 and y # 0 we have f(0,y) = y* > 0, and for y = 0
and sufficiently small  # 0 we have f(x,0) = 2 — 222 < 0.

REMARK 1.11. It should be kept in mind that we have given necessary
conditions ( and sufficient conditions for an extremum of a function only at
an interior point of its domain of definition. Thus in seeking the absolute
maximum or minimum of a function, it is necessary to examine the boundary
points of the domain of definition along with the critical interior points,
since the function may assume its maximal or minimal value at one of these

boundary points.

1.3.6. SOME GEOMETRIC IMAGES CONNECTED WITH FUNCTIONS OF SEV-
ERAL VARIABLES

(a). The Graph of a Function and Curvilinear Coordinates

Let z, y, and z be Cartesian coordinates of a point in R3 and let z =
f(z,y) be a continuous function defined in some domain €2 of the plane R?

of the variables z and y.
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By the general definition of the graph of a function, the graph of the

function f: Q) — R in our case is the set

S:{(az,y,z)eRB:(w,y) eQ,z:f(a:,y)}

in the space R3. It is obvious that the mapping F : Q — S defined by the
relation (z,y) — (x,y, f(z,y)) is a continuous one-to-one mapping of {2 onto
S, by which one can determine every point of S by exhibiting the point of
) corresponding to it, or, what is the same, giving the coordinates (x,y) of
this point of 2.

Thus the pairs of numbers (x,y) € € can be regarded as certain coordi-
nates of the points of a set S— the graph of the function z = f(x,y). Since
the points of S are given by pairs of numbers, we shall conditionally agree

to call S a two-dimensional surface in R3.

If we define a path I : I — Q in Q, then a path FoI': I — S auto-
matically appears on the surface S. If x = z(¢) and y = y(t) is a parametric
definition of the path I', then the path F oI on S is given by the three
functions z = z(t) y = y(t),z = z(t) = f(z(t),y(t)). In particular, if we set
x = x9+t,y = yo, we obtain a curve x = xo+t,y = yo,2 = f (zo + t,yo) on
the surface S along which the coordinate y = yg of the points of .S does not
change. Similarly one can exhibit a curve x = zg,y = yo+t, z = f (zo, Yo + t)
on S along which the first coordinate xg of the points of S does not change.
By analogy with the planar case these curves on S are naturally called co-
ordinate lines on the surface S. However, in contrast to the coordinate lines
in Q C R?, which are pieces of straight lines, the coordinate lines on S are
in general curves in R3. For that reason, the coordinates (z,y) of points of

the surface S are often called curvilinear coordinates on S.

Thus the graph of a continuous function z = f(z,y), defined in a domain
Q) C R? is a two-dimensional surface S in R?® whose points can be defined
by curvilinear coordinates (z,y) € . At this point we shall not go into
detail on the general definition of a surface, since we are interested only in

a special case of a surface - the graph of a function.

(b). The Tangent Plane to the Graph of a Function
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Differentiability of a function z = f(x,y) at the point (z¢,yo) € 2 means
that

f(z,y) =f (xo,y0) + A(x — z0) + B (y — yo) +

5 5 (1.22)
to(@—20)?+w-w)?) as (z.y) = (w0,90)
where A and B are certain constants.
In R3 let us consider the plane
z=z0+ Az —z0) + B(y— o) (1.23)

where 29 = f (z0,y0) . Comparing equalities (1.22) and (1.23), we see that
the graph of the function is well approximated by the plane (1.23) in a neigh-
borhood of the point (xg,yo, 20) . More precisely, the point (x,y, f(x,y)) of
the graph of the function differs from the point (x,y, z(x,y)) of the plane

(1.23) by an amount that is infinitesimal in comparison with the magnitude

\/ (x — 3!:0)2 + (y — yo)2 of the displacement of its curvilinear coordinates
(x,y) from the coordinates (xg,yo) of the point (z, yo, 20)-

By the uniqueness of the differential of a function, the plane (1.23) pos-

sessing this property is unique and has the form

2= £ (a.0) + 5 (oo 00) (o= 20) + 5 (anan) (=) . (120)

This plane is called the tangent plane to the graph of the function z = f(z,y)
at the point (zo, yo, f (z0,Y0))-

Thus, the differentiability of a function z = f(x,y) at the point (xq,yo)
and the existence of a tangent plane to the graph of this function at the

point (xo,yo, f (z0,y0)) are equivalent conditions.
(c¢). The Normal Vector
Writing (1.24) for the tangent plane in the canonical form

5 (wo0) & —20) + 5L 0,00 (0= 0) = (2 = f 20, 0) =0
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we conclude that the vector
af of
<ax ($07y0)787y (x()vy())?_l) (125)

is the normal vector to the tangent plane. Its direction is considered to
be the direction normal or orthogonal to the surface S (the graph of the

function) at the point (zo,yo, f (20, y0))-

In particular, if (zg,yo) is a critical point of the function f(z,y), then
the normal vector to the graph at the point (x¢, yo, f (0,%0)) has the form
(0,0,-1) and consequently, the tangent plane to the graph of the function at
such a point is horizontal (parallel to the xy-plane). The three graphs in

Figure 1: Tangent plane

Figture 1 illustrate what has just been said. Figture 1 a and ¢ depict the
location of the graph of a function with respect to the tangent plane in a
neighborhood of a local extremum (minimum and maximum respectively),
while Figture 1 b shows the graph in the neighborhood of a so-called saddle

point.
(d). Tangent Planes and Tangent Vectors

We know that if a path I' : I — R? in R? is given by differentiable
functions x = z(t),y = y(t), 2 = z(t), then the vector (2/(0),'(0), 2'(0)) is
the velocity vector at time ¢ = 0. It is a direction vector of the tangent at the
point 29 = x(0),yo = y(0) z0 = 2(0) to the curve in R? that is the support
of the path T'.

Now let us consider a path I' : I — § on the graph of a function
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z = f(z,y) given in the form = = z(t),y = y(t),z = f(x(t),y(t)). In this

particular case we find that

(0. 0).#©) = (#1050, 5 (0,300 + 5L 0.0 0))

from which it can be seen that this vector is orthogonal to the vector (1.25)
normal to the graph S of the function at the point (xo, yo, f (0,%0)) . Thus
we have shown that if a vector (£,, () is tangent to a curve on the surface S
at the point (xo,yo, f (xo,¥o0)) , then it is orthogonal to the vector (1.25) and
(in this sense) lies in the plane (1.24) tangent to the surface S at the point
in question. More precisely we could say that the whole line x = xo+&t,y =
yo + nt,z = f (xo,y0) + Ct lies in the tangent plane (1.24).

Let us now show that the converse is also true, that is, if a line x = xg+£t
Yy =1yo+nt,z = f(xo,y0) + (t, or what is the same, the vector (£,7, (), lies
in the plane (1.24), then there is a path on S for which the vector (£,, () is
the velocity vector at the point (xo,yo, f (z0,v0)). The path can be taken,

for example, to be

r=x0+&, y=yo+nt, z=f(xo+&yo+nt).

In fact, for this path,

PO =& YO =n 20 =5 om0+ E (.

In view of the equality

) 5
o 0,0)2'(0) + 5 (0.0) ' (0) = £(0) =0
and the hypothesis that

0 0
&ic(xoayo)§+5§($o,yo)n—4—0

We conclude that
(2'(0),4/(0),2'(0)) = (&, C)
Hence the tangent plane to the surface S at the point (xo, yo, 20) is formed

by the vectors that are tangents at the point (z¢,yo,20) to curves on the
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3

Figure 2: Vectors in the tangent plane

surface S passing through the point (see Figture 2). This is a more geometric
description of the tangent plane. In any case, one can see from it that if
the tangent to a curve is invariantly defined (with respect to the choice of

coordinates), then the tangent plane is also invariantly defined.
(d). The General Case

We have been considering functions of two variables for the sake of visu-
alizability, but everything that was said obviously carries over to the general

case of a function
y=f(z1,...,2n) (1.26)

of n variables. At the point (ay,...,an, f (a1,...,ay,)) the plane tangent to

the graph of such a function can be written in the form

y:f(al,...,an)—kzga‘i (a1, ..., an) (z; — a;) (1.27)
=1

<§£(a),...,$(a},—l)

is the normal vector to the tangent plane (1.27). This plane itself, like the

the vector

graph of the function (1.26) has dimension n, that is, any point is now given

by a set (x1,...,x,) of n coordinates.
Thus, (1.27) defines a hyperplane in R"*1,

Repeating verbatim the reasoning above, one can verify that the tangent

plane (1.27) consists of vectors that are tangent to curves passing through
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the point (ai,...,an, f (a1,...,a,)) and lying on the n-dimensional surface
S— the graph of the function (1.26).

1.4 THE IMPLICIT FUNCTION THEOREM

In this section we shall prove the implicit function theorem, which is impor-

tant both intrinsically and because of its numerous applications.

1.4.1. INTRODUCTION Let us begin by explaining the problem. Suppose,

for example, we have the relation
P 4y?—-1=0 (1.28)

between the coordinates x,y of points in the plane R2. The set of all points

of R? satisfying this condition is the unit circle.

The presence of the relation (1.28) shows that after fixing one of the
coordinates, for example, z, we can no longer choose the second coordinate
arbitrarily. Thus relation (1.28) determines the dependence of y on z. We
are interested in the question of the conditions under which the implicit
relation (1.28) can be solved as an explicit functional dependence y = y(z)
Solving Eq. (1.28) with respect to y, we find that

y=+v1— 22 (1.29)

that is, to each value of x such that |z| < 1, there are actually two ad-
missible values of y. In forming a functional relation y = y(z) satisfying
relation (1.28) one cannot give preference to either of the values (1.29) with-
out invoking additional requirements. For example, the function y(x) that
assumes the value ++/1 — 22 at rational points of the closed interval [-1,1]
and the value —/1 — 22 at irrational points obviously satisfies (1.28).

It is clear that one can create infinitely many functional relations satis-

fying (1.28) by varying this example.
The question whether the set defined in R? by (1.28) is the graph of a

function y = y(x) obviously has a negative answer, since from the geometric
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point of view it is equivalent to the question whether it is possible to establish

a one-to-one direct projection of a circle into a line.

Figure 3: 22+ 94> —1=0

But observation (see Figture 3) suggests that nevertheless, in a neighbor-
hood of a particular point (zg,yo) the arc projects in a one-to-one manner
into the x -axis, and that it can be represented uniquely as y = y(x), where
x +— y(x) is a continuous function defined in a neighborhood of the point
zo and assuming the value yy at zg. In this aspect, the only bad points are
(—1,0) and (1,0), since no arc of the circle having them as interior points
projects in a one-to-one manner into the x-axis. Even so, neighborhoods of
these points on the circle are well situated relative to the y axis, and can
be represented as the graph of a function x = z(y) that is continuous in a
neighborhood of the point 0 and assumes the value —1 or 1 according as the

arc in question contains the point (—1,0) or (1,0).

How is it possible to find out analytically when a geometric locus of
points defined by a relation of the type (1.28) can be represented in the
form of an explicit function y = y(x) or z = z(y) in a neighborhood of a

point (zg,yo) on the locus?

We shall discuss this question using the following, now familiar, method.
We have a function F(z,y) = 22 +y% — 1. The local behavior of this function
in a neighborhood of a point (zg, yo) is well described by its differential

Fy (w0, 90) (z — o) + F (20, %0) (¥ — ¥o)
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since
F(z,y) =F (zo0,v0) + F;; (o, y0) (z — xo) +
+ F, (x0,90) (v — vo) + o (|z — zo| + [y — yol)
as (x,y) = (zo,Y0)-

If F (z0,y0) = 0 and we are interested in the behavior of the level curve
F(z,y) =0

of the function in a neighborhood of the point (zg,yo), we can judge that

behavior from the position of the (tangent) line

Fy (20, 90) (z — x0) + F, (z0,90) (y — y0) = 0. (1.30)

If this line is situated so that its equation can be solved with respect
to y, then, since the curve F'(x,y) = 0 differs very little from this line in a
neighborhood of the point (g, y0), we may hope that it also can be written
in the form y = y(z) in some neighborhood of the point (z¢,yo). The same
can be said about local solvability of F'(x,y) = 0 with respect to =.

Writing (1.30) for the specific relation (1.28) we obtain the following

equation for the tangent line:

zo (r —x0) +yo (¥ —y0) =0.

This equation can always be solved for y when yg # 0, that is, at all points
of the circle except (—1,0) and (1,0). It is solvable with respect to x at all
points of the circle except (0, —1) and (0, 1).

1.4.2. AN ELEMENTARY VERSION OF THE IMPLICIT FUNCTION THEOREM
In this section we shall obtain the implicit function theorem by a very intu-
itive, but not very constructive method, one that is adapted only to the case
of real-valued functions of real variables. The reader can become familiar
with another method of obtaining this theorem, one that is in many ways
preferable, and with a more detailed analysis of its structure in the next

section.

The following proposition is an elementary version of the implicit func-

tion theorem.
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PROPOSITION 1.17. F : Q@ — R is a function defined in a region Q C R?
and F € C®)(U;R), where p > 1. Suppose (g, 1) € 2 satisfies that

(1) F(x()?yO) =0 )
(ii) Fy (z0,y0) # 0.

Then there exist open intervals U and V with g € U, yo € V, U x V C Q
and a function f € C® (U; V) such that

F(z,y) =0 if and only if y = f(x) for (z,y) e U x V. (1.31)

Moreover, the derivative of the function f at the points x € U can be

computed from the formula

Fi(a, f(2) L32)

F@) =~ Fa @)

Before taking up the proof, we shall give some possible reformulations

of (1.31), which should bring out the meaning of the relation itself.

REMARK 1.12. PROPOSITION 1.17 says that the portion of the set defined
by the relation F'(x,y) = 0 that belongs to the neighborhood U x V of the
point (g, o) is the graph of a function f : U — V of class C?) (U; V).
In other words, one can say that inside the neighborhood U x V of the
point (zg,yo) the equation F(x,y) = 0 has a unique solution for y, and the
function y = f(x) is that solution, that is, F'(x, f(z)) =0 on U.

It follows in turn from this that if y = f(z) is a function defined on
U that is known to satisfy the relation F(x, f(z)) = 0 on U, f (z0) = yo,
and this function is continuous at the point xzg € U, then there exists a
neighborhood W C U of zg such that f(W) C V, and then f(z) = f(z) for
z € W. Without the assumption that f is continuous at the point zo and
the condition f (1) = o, this last conclusion could turn out to be incorrect,

as can be seen from the example of the circle already studied.

Let us now prove PROPOSITION 1.17.
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Proof. Step 1. We shall show that there exists open intervals U and V with
o €U,y €V, U xV CQand a function f: U — V satisfying (1.31).

Suppose for definiteness that Fy (xo,yo) > 0. Since F' € CM(Q;R), there
exists a closed disk D = D(xg,yo;r) of radius r = 2 centering at (xg, yo)
that Fy(v,y) > %Fé(mo,yo) > 0 for all (x,y) € D. The function F (zg,y)
is defined and strictly increasing as a function of y on the closed interval
Yo — B <y < yo+ B. Consequently, F(zo,y0 —B) < F(z0,y0) = 0 <
F (z0,y0 + ). By the continuity of F, there exists a positive number o < /3
such that for all  with | — zg| < « there holds

F(x7y0_6)<0<F(xay0+/8) :

We shall now show that the open intervals
U={zeR:|z—xola} , V={yeR:|y—yl| < B}

is the required one in which relation (1.31) holds. For each fixed x € U we
fix the vertical closed interval with endpoints (z,yo — 8) and (x,y0 + ) .
Regarding F'(x,y) as a function of y on that closed interval, we obtain a
strictly increasing continuous function that assumes values of opposite sign
at the endpoints of the interval. Consequently, for each x € U, there is a
unique point y, € V such that F(z,y,) = 0. Setting f : U — V ;2 — y,, we

arrive at relation (1.31).
Step 2. We now establish that f € C (U; V).
Take any z € U, it suffices to show that
Af(x;h) = f(x+h)— f(z) >0 as h—0.
Note that we have
F(z+h, f(x+h)) = F(z, f(z))
=F(x+h,f(x+h)—F(x+h, fx)+ F(x+h, f(z)) — F(z, f(x))
= Fy(x +h, f(x) + 1A f(z;h)Af(x;h) + Fy(z + 02h, f(2))h =0

where we used the Lagrange’s mean-value theorem and 6,62 € (0,1). Thus

Ry F (x4 62h, f(x))
AT = F T h @) + 0 A f@ ) (1.33)
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Since (x + 02h, f(x)) and (x + h, f(z) + 1A f(x; h)) belongs to the closed
disk D, we have

2sup(e mep |F2(€,m)]
Fy (20, 0)

|Af(z;h)] < Ih|.

Thus Af(z;h) — 0as h — 0.
Step 3. We now establish that f € C(V) (U; V) and (1.32) holds.
By (1.32), we have

flz+h) - f(x) Fy(x + 62h, f(x))

h - Fy(w b f(2) + 01Af (2 )

Since F € C1(Q) and f € C(U;V), we get that

S h) ()
h—0 h
~ lim Fy(x + b2h, f(z))
=0 Fl(z + b, f(z) + 01A f (3 h)
_ Pl /(@)
Fy(, f(z))
Thus f is differentiable in U and (1.32) holds. By the theorem on continuity

of composite functions, it follows from formula (1.33) that f is continuous,
ie., fecOU;V).

Step 4. We now establish that f € C?) (U; V).

If F € C®)(U), the right-hand side of formula (1.32) can be differentiated
with respect to z, and we find that
[Fre + 2y - f'(@0)] By — Fy [Fpyy + Fyy - f'(2)]
(7)°

where Fy, F, Fy/,, Fy,, and F}; are all computed at the point (z, f(x)). Thus

Tz -y

feC®(U;V)if FeCc®(Q).

Fa) =~

(1.34)

Since the order of the derivatives of f on the right-hand side of (1.32),
(1.34) and so forth, is one less than the order on the left-hand side of the
equality, we find by induction that f € C?) (U; V) if F € CP)(Q). O
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EXAMPLE 1.7. Let us return to relation (1.28) studied above, which defines
a circle in R?, and verify PROPOSITION 1.17 on this example. In this case

Fz,y) =2 +y* — 1
and it is obvious that F € C'(°) (RQ). Next,
Fy(z,y) =2z, F,(z,y) =2y

so that Fy(x,y) # 0 if y # 0. Thus, for any point (zo,y0) of this circle
different from the points (-1,0) and (1,0) there is a neighborhood such that
the arc of the circle contained in that neighborhood can be written in the
form y = f(x). Direct computation confirms this, and either f(z) = v/1 — 22
or f(z) = —v/1 — x2. Next, by PROPOSITION 1.17

Fy (mo,0) _ @0

f(wo) = S F)(zo,50) o

(1.35)

Direct computation yields

i @) =—vi-a

which can be written as the single expression

x x
flw) = s ==
f(@) y
and computation with it leads to the same result,
Lo
f(zo) = ——
Yo

as computation from formula (1.35) obtained from PROPOSITION 1.17.

It is important to note that formula (1.32) or (1.35) makes it possible
to compute f’(x) without even having an explicit expression for the relation
y = f(z), if only we know that f (z¢) = yo. The condition yy = f (z¢) must
be prescribed, however, in order to distinguish the portion of the level curve
F(x,y) = 0 that we intend to describe in the form y = f(x).

It is clear from the example of the circle that giving only the coordinate
o does not determine an arc of the circle, and only after fixing 39 have we

distinguished one of the two possible arcs in this case.
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The following proposition is a simple generalization of PROPOSITION 1.17

to the case of a relation F'(x1,...,2n,y) = 0.

ProproSITION 1.18. Suppose F' :  — R is a function defined in a region
Q c R and F € CP(Q), where p > 1. Suppose (xg,70) € © where
zg € R™ and yy € R, satisfies that

(i) F(xo,y0) =0,
(i) £y (zo,90) # 0.

Then there exist n-dimension open rectangle U and V with xg € U, yg € V,
U xV cQand a function f € C®) (U;V) such that

F(z,y) =0 if and only if y = f(x) for (z,y) e U x V.

Moreover, the partial derivatives of the function f at the points x € U can

be computed from the formula

oF
af Oy (l’,f(l')) .
o, () = —Wy for1<j<n. (1.36)

Proof. The proof of the existence of U, V' and the existence of the function
f U — V and its continuity in U is a verbatim repetition of the corre-
sponding part of the proof of PROPOSITION 1.17 with only a single change,

which reduces to the fact that the symbol & must now be interpreted as

('xlv s 7$n)'
If we now fix all the variables in the functions F'(z1,...,z,,y) and
f(z1,...,2,) except x; and y, we have the hypotheses of PROPOSITION

1.17 where now the role of z is played by the variable ;. Formula (1.36) fol-
lows from this. It is clear from this formula that % ceCU)(j=1,...,n),
that is, f € O (U; V). Reasoning as in the proof of PROPOSITION 1.17 we
establish by induction that f € C?) (U; V) when F € C?)(Q). O

EXAMPLE 1.8. Assume that the function ' : Q — R is defined in a domain
Q C R™ and belongs to the class CM(Q); a = (ay,...,a,) € Q and F (a) =
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F(ai,...,a,) = 0. If a is not a critical point of F, then at least one of the

partial derivatives of F' at a is nonzero. Suppose, for example, that

oF

67%(@)750'

Then, by PROPOSITION 1.18 in some neighborhood of a the subset
of  defined by the equation F(x1,...,2z,) = 0 can be defined as the
graph of a function f (z1,...,2,—1), defined in a neighborhood of the point
(a1, -+ ,an) € R"! that is continuously differentiable in this neighborhood
and such that f(a1,...,an—1) = a,. Thus, in a neighborhood of a noncrit-

ical point a of F' the equation
F(.C[Jl,...,iﬁn) =0

defines an (n — 1)-dimensional surface.

In particular, in the case of R? the equation
F(z,y,2) =0

defines a two-dimensional surface in a neighborhood of a noncritical point
(20, Y0, 20) satisfying the equation, which, when F”, (x¢, 30, z0) # 0 holds, can

be locally written in the form

As we know, the equation of the plane tangent to the graph of this function

at the point (xq, Yo, 2z0) has the form

0 0
z— 29 = c‘)ii (z0,%0) (x — xo) + a]yf (z0,%0) (¥ — %o) -

But by formula

6 F;. Zo, 5 2 (9 F, (1’0790,2’0)
67£ (x07y0) = _M’ i ($0>y0) =2 ——

Fl(z0,y0,20) Oy F! (%o, Yo, 20)
and therefore the equation of the tangent plane can be rewritten as

F} (0,0, 20) ( — x0) + F (20, Y0, 20) (¥ — vo) + F (20,90, 20) (2 — 20) = 0
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which is symmetric in the variables x, v, z.

Similarly, in the general case we obtain the equation

of the hyperplane in R™ tangent at the point a = (ay,...,ay) to the surface
given by the equation F'(z1,...,2,) = 0 (naturally, under the assumptions
that F'(a) = 0 and that @ is a noncritical point of F').

It can be seen from these equations that, given the Euclidean structure
on R"™, one can assert that the vector

VF (a) = (aF 8F> (a)

ox1’ " Oz,

is orthogonal to the r-level surface F'(x) = r of the function F' at a corre-
sponding point a € R™.
For example, for the function

2 2 2
o Yy z
F(aj,y,z) = 94—()*24—0*2
defined in R?, the r-level is the empty set if » < 0, a single point if 7 = 0,

and the ellipsoid

$2 y2 22

2 TeptaETT
if r > 0. If (zo,y0, 20) is a point on this ellipsoid, then by what has been

proved, the vector

2 2 2
VF(%,yo,Zo):(mO A zo)

a2’ 2
is orthogonal to this ellipsoid at the point (xg, yo, 20) , and the tangent plane
to it at this point has the equation

xo (x —x0) | Yo (y —vo) |, 20(z—20) _
a? + b2 + c? =0

which, when we take account of the fact that the point (xo,yo,20) lies on

the ellipsoid, can be rewritten as

Tox Yoy 20%
2Tt e
a &

47



1.4.3. THE ImpLICIT FUNCTION THEOREM We now turn to the general

case of a system of equations

Fl(xlv--'ax’ruylw"ym)zo

(1.37)
Fo (1, o, Y1y Ym) =0
which we shall solve with respect to y1,...,%mn, that is, find a system of
functional relations
yl - fl (xla“' 7‘%.71)
: (1.38)

Ym = fm (xla‘- . 7xn)
locally equivalent to the system (1.37).

For the sake of brevity, convenience in writing, and clarity of statement,
let us agree that x = (z1,...,2,), ¥y = (y1,...,Ym) . We shall write the left-
hand side of the system (1.37) as F'(x,y), the system of equations (1.37) as
F(z,y) =0, and the mapping (1.38) as y = f(z).

As we know,

ox1 Oxp
Fpley)=| + -~ &+ |(zy);

OF OF

ox1 e Oxn

8y1 6ym

OFm .. OFn

8y1 3ym

We remark that the matrix Fé(:v, y) is square and hence invertible if and
only if its determinant is nonzero. In the case n = 1, it reduces to a single
element, and in that case the invertibility of Fy(z,y) is equivalent to the
condition that that single element is nonzero. As usual, we shall denote the

. -1
matrix inverse to Iy (z,y) by [Fé(x,y)] .

We now state the main result of the present section.
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THEOREM 1.19 (The Implicit Function Theorem). Suppose F : Q — R™ is
a vector-valued function defined in a region Q € R*™" and F € C®)(Q),
where p > 1. Suppose (zg,y0) €  where o € R™ and yg € R™, satisfies
that

(i) F(xo,y0) =0,

(ii) Fy (w0, o) is invertible.

Then there exist n-dimensional open rectangle U and m-dimensional open
rectangle V with 29 € U, yo € V, U x V C Q and a function f € C®) (U; V)
such that

F(z,y) =0 if and only if y = f(x) for (z,y) e U x V.

Moreover, the derivative mapping of the function f at the points x € U can

be computed from the formula

fi(z) =~ [Ej(a, f(2))] " [Filz, f(2))] . (1.39)

Proof. The proof of the theorem will rely on PROPOSITION 1.18 and the ele-
mentary properties of determinants. We shall break it into stages, reasoning
by induction. For m = 1, the theorem is the same as PROPOSITION 1.18
and is therefore true. Suppose the theorem is true for dimension m — 1. We

shall show that it is then valid for dimension m.

Step 1. By hypothesis (ii), the determinant of F}(xo,yo) is nonzero at
the point (zg,y0) € R"™™. Consequently at least one element of the last row
of this matrix is nonzero. Up to a change in the notation, we may assume
that the element gyL::(xo,yo) is nonzero. Since F' € C1(Q), ‘gyL:; is nonzero

in some neighborhood of the point (zq, yo) -

Step 2. Then applying PROPOSITION 1.18 to the relation

Fm(xla--w-xn,ylv"'?ym):07

we find a (n + m — 1)-dimensional open rectangle W and an open interval
V1 with (zo, (¥0)1,-- -, (W0)m-1) € W and (yo)m € V! and a function fe
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c®) (W; Vl) such that

Fo(z1,...,Zn,y1,-..,ym) =0 if and only if
ym:f(xl,...,xn,yl,...,ym_l) for all (z,y) € W x V1.

Step 8. Substituting the resulting expression yn = f (&, Y1, Ym—1)
for the variable y,, in the first m — 1 equations of (1.37) we obtain m — 1

relations

(@, (T, Y1y s Ym—1)
=F (x,yl,...,ym,l,f(:n,yl,...,ym,1)> =0;
: (1.40)
D1 (Ty1y s Ym—1)
=F, 1 (:p,yl,...,ym,l,f(x,yl,...,ym,1)> =0.

It is clear that ®; € C®) (W) (i =1,...,m — 1), and

®; (zo; (Yo)1s---> (W0)m-1) =0 (4,...,m—1).

By definition of the functions ®;, for 1 <i,5 <m — 1,

0P, OF; ~

f(xayla s aymfl) = f(xvyla s 7ym71,f ('Iayla e 'aymfl))
0y 0y
o of (1.41)

i -

+ aym (xaylv s 7ym71>f (xayb c 'aymfl))ay‘ (wvyla .. '7ym71) .

7

Since
Fm (Iyylv'-‘ 7ym—17f(x7y17‘ . '7yn—1)> =0

we have for 1 <j <m —1,

OF,, -

T%(x7y17"'7ym—l7f(xayla'"7ym—1))

OFm ; of

+(f)ym(3772117-‘-7Z/m—17f(557y17--'aym—l))E):yC(CU?yl,--~,ym—1) =
(1.42)
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Taking account of relations (1.41) and (1.42) and the properties of determi-

nants, we can now observe that

oF, . OR

673/1 aym
det : :
OFm . OFm
oy OYm
oFm oy Of . oR L oR_Of  oRm
Oy1 dyn  Oy1 OYm-1 ' Oym OYm-1 Oym
= det : : :
OFm 4 OFn _Of . _OFm 4 OFm Af  OFm
Oy 0Yym  Oy1 0Ym—1 Oym  OYym—-1  Oym
& ce . 0%, OFm
8y1 aym—l 8ym
- det 8(19777,71 . 8(I"mfl amel 7é 0 )
8y1 aymfl aym
0 - 0 OFm

OYm

Since gyLZ: # 0, thus

9@, 0]
Oy1 OYm—1
det : ) : (7o, (¥0)1,--- (Y0)m—1) # 0.
8q)m71 .. 8<I)'mfl
0y1 OYm—1

Then by the induction hypothesis there exist a n-dimensional open rect-
angle U, a (m — 1)-dimensional open rectangle V™! so that zyp € U
and ((y0)1,---, (Wo)m—-1) € V and U x V™~L C W; and a mapping g €
c®) (U; V™=1) such that for (z,y1,...,ym-1) € U x V™1

O(x,y1,...,Ym—1) =0 if and only if y; = g;(z) foreach 1 <i<m —1.

Step 4. Let V. =V™ 1 x V! then V is a m-dimensional open rectangle
with yo € V. Clearly U xV C W x V! C Q and (z9,y0) € U x V. We define
f:U—=V by

filx) =gi(z) for €U, 1<i<m-—1;
fm($)=f($,g1($),~- ygm-1(z)) forx € U .
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First of all, f is well-defined since g : U — V™! (2, g1(),...,gm-1(x)) €
U x V™1 cW;since f: W — V1,

f((lf) = (fl(x)v U 7fm—1(x)7fm(x)) € mel X Vl =V.
Moreover, f € CP)(U;V), since g € C)(U; V™ 1) and f € C@(W; V).
It’s easy to see that for (z,y) € U x V,

F(x,y) =0 if and only if y = f(x).

To complete the proof of the theorem it remains only to verify formula
(1.39). Since
F(x,f(z))=0, forxzelU (1.43)

and f € CP) (U;V)and F € CP) (Q), where p > 1, it follows that F(-, f(-)) €
C®) (U;R™) and, differentiating the identity (1.43) we obtain

Fl(a, f()) + F)x, f(x)) - £ (z) = 0.

Taking account of the invertibility of the matrix F(x,y) in a neighborhood
of the point (z9, o), we find by this equality that

fl(z) =~ [Ej(x, f(2))] " [Fulz, f(2)]

and the theorem is completely proved. O

1.5 SoME COROLLARIES OF THE IMPLICIT FUNCTION THEOREM

1.5.1. THE INVERSE FUNCTION THEOREM A mapping f : U — V, where
U and V are open subsets of R”, is called a C® -diffeomorphism, where
p € NgU{oo} , if f is a bijection; f € C?®)(U; V) and f~1 € C®)(V;U). As

we know, a C(9-diffeomorphism is a homeomorphism.

The basic idea of the following frequently used theorem is that if the
differential of a mapping is invertible at a point, then the mapping itself is

invertible in some neighborhood of the point.
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THEOREM 1.20 (Inverse Function Theorem). Let f : @ — R"™ be a mapping
of a region Q C R™ such that f € C®) (Q;R™) for p > 1. If f’(a) is invertible
for some a € (), then there exists an open neighborhood U C 2 of a and an
open neighborhood V of f(a) such that f : U — V is a C®)-diffeomorphism.
Moreover, if x € U and y = f(x) € V, then

Proof. We define
F(z,y)=f(z)—y forzeQandyeR".

Then F is defined in the neighborhood Q x R™ of the point (a, f(a)) € R?"

and
Fy(z,y) = f'(z), Fylx,y)=-I
where [ is the identity mapping on R™. By hypotheses of the theorem the
mapping F'(x,y) has the property that
FeCP (QxR%RY), p>1;
F(a, f(a)) = 0;
F! (a, f(a)) = f'(a) is invertible .

By the implicit function theorem there exist open neighborhoods W, V' of
the points a, f(a), respectively; and a mapping g € C®) (V; W) such that
for all (z,y) e W x V,

f(z) —y =0 if and only if == g(y); (1.44)

and
9 =~ [Fag). )] [Fila).y)] = [Fgw)] .

Note that g : V' — W is injective. Indeed if g(y1) = g(y2) for y1,y2 € V', by

(1.44), we y1 = f(9(y1)) = 9(9(y2)) = y2. Solet U =g(V), then g: V - U
is bijective and it follows form (1.44) that

g_1 =f ie,g= f_l.
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However, our proof is not completed since we have to show that U is an

open neighborhood of a.

Since f(a) € V, a = g(f(a)) € g(V) = U. It suffices to show that U is
open. Note that
U=g(V)=Wnf (V)

and f is continuous, so U is open. 0

The following is an immediate consequence of the inverse function the-

orem.

COROLLARY 1.21 (Open Mapping). Let f be a CW-mapping of an open
set £ C R™ into R™. If f’(x) is invertible for every z € F, then f is an open
mapping, i.e., f(U) is open for every open U C E.

Proof. Since for any open U C E and any x € U, there exists a open
neighborhood V,, C U of x so that f is a C(l)—diﬁ'eomorphism from V onto
f(V), and hence f(V) is open. So f(U) = Uzer f(Vy) is open. O

REMARK 1.13. The hypotheses made in this theorem ensure that each point
x € E has a neighborhood in which f is 1 — 1. This may be expressed by
saying that f is locally one-to-one in . But f need not be 1 —1 in E under

these circumstances.

We shall now give several examples that illustrate the inverse function
theorem. The inverse function theorem is very often used in converting from
one coordinate system to another. The simplest version of such a change of
coordinates was studied in analytic geometry and linear algebra and has the

form
1 a1l -+ Qnpl T

Yn Ain - Qnn Tn
This linear transformation A : R} — R} has an inverse AL Ry — RE
defined on the entire space R} if and only if the matrix (a;;) is invertible,

that is, det (a;;) # 0 The inverse function theorem is a local version of this
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proposition, based on the fact that in a neighborhood of a point a smooth

mapping behaves approximately like its differential at the point.

ExAMPLE 1.9. (Polar Coordinates) The mapping f : R, x R — R? of the
half-plane Ry x R = {(p, ) € R? | p > 0} onto the plane R? defined by the

formula

T = pcos
peosy (1.45)
Yy =psine
is illustrated in Figture 4.

© Yy

s

g

®o ©o

0 p 0 ooz

Figure 4: Polar coordinates

The Jacobian of this mapping, as can be easily computed, is p, that is,
it is nonzero in a neighborhood of any point (p, ¢), where p > 0. Therefore
formulas (1.45) are locally invertible and hence locally the numbers p and ¢
can be taken as new coordinates of the point previously determined by the

Cartesian coordinates x and y.

The coordinates (p, ¢) are a well known system of curvilinear coordinates
on the plane-polar coordinates. Their geometric interpretation is shown
in Figture 4. We note that by the periodicity of the functions cosp and
sin ¢ the mapping (1.45) is only locally a diffeomorphism when p > 0; it is
not bijective on the entire plane. That is the reason that the change from
Cartesian to polar coordinates always involves a choice of a branch of the

argument ¢ (that is, an indication of its range of variation).

EXAMPLE 1.10 (Spherical Coordinates). Polar coordinates (p, 1, ) in three-

dimensional space R? are called spherical coordinates. They are connected
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with Cartesian coordinates by the formulas

z=pcosy;
y = psinysinp; (1.46)

x = psinycosp.

The geometric meaning of the parameters p, v, and ¢ is shown in Figture 5.

Figure 5: Spherical coordinates

The Jacobian of the mapping (1.46) is p?sint, and so by Theorem 1
the mapping is invertible in a neighborhood of each point (p, v, ¢) at which
p >0 and sinty # 0.

The sets where p = const, ¢ = const, or 1) = const in (z,y, z)-space
obviously correspond to a spherical surface, a half-plane passing through the
z-axis, and the surface of a cone whose axis is the z-axis respectively. Thus
in passing from coordinates (x,y, z) to coordinates (p,1, ), for example,
the spherical surface and the conical surface are flattened; they correspond
to pieces of the planes p = const and 1 = const respectively. We observed
a similar phenomenon in the two-dimensional case, where an arc of a circle
in the (x,y)-plane corresponded to a closed interval on the line in the plane
with coordinates (p, ) (see Figture 4). Please note that this is a local

straightening.

In the n-dimensional case polar coordinates are introduced by the rela-
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tions
T1 = pCcosyi

T9 = psingj cos Y2

Tp—1 = psin; sins - - - sin P2 COS Pp—1
Ty, = psin g sin g -+ - sin @2 sin @y, 1
The Jacobian of this transformation is

n—1 3

P L sin™ 2 1 sin™ 3 g - - - sin o

and by the inverse function theorem it is also locally invertible everywhere

where this Jacobian is nonzero.

EXAMPLE 1.11 (The General Idea of Local Rectification of Curves). New
coordinates are usually introduced for the purpose of simplifying the analytic
expression for the objects that occur in a problem and making them easier
to visualize in the new notation. Suppose for example, a curve in the plane
R? is defined by the equation

F(x7y) =0

Assume that F' is a smooth function, that the point (xg, yo) lies on the curve,
that is, F'(zo,y0) = 0, and that this point is not a critical point of F. For
example, suppose FZ;(.T}, y) # 0. Let us try to choose coordinates £, n so that
in these coordinates a closed interval of a coordinate line, for example, the

line n = 0, corresponds to an arc of this curve.

We set
§:$—$0, n:F(xay)

1 0
(5 )

of this transformation has as its determinant the number Fy(z,y), which

The Jacobi matrix

by assumption is nonzero at (zg,yp). Then by the inverse function theo-

rem, this mapping is a diffeomorphism of a neighborhood of (xg,yo) onto

o7



a neighborhood of the point (£,17) = (0,0). Hence, inside this neighbor-
hood, the numbers £ and 1 can be taken as new coordinates of points lying
in a neighborhood of (zg, o). In the new coordinates, the curve obviously
has the equation n = 0, and in this sense we have indeed achieved a local

rectification of it (see Figture 6).

Yy F(z,y) =0

)

Figure 6: Local rectification of curves

1.5.2. LOCAL REDUCTION OF A SMOOTH MAPPING TO CANONICAL FORM
In this subsection we shall consider only one question of this type. To be
specific, we shall exhibit a canonical form to which one can locally reduce
any smooth mapping of constant rank by means of a suitable choice of

coordinates.

We recall that the rank of a mapping f : £ — R” of a domain Q C R”
at a point x € € is the rank of the linear transformation tangent to it at
the point, that is, the rank of the matrix f’(z). The rank of a mapping at
a point is usually denoted rank f(z).

THEOREM 1.22 (The Rank Theorem). Let f : U — R be a mapping
defined in an open neighborhood U C R™ of a point g € R". If f €
c®) (U;R™) for some p > 1, and the mapping f has the same rank k at
every point x € U, then there exist open neighborhoods O (zg) of 2y and
O (yo) of yo = f(xo) and diffeomorphisms u = ¢(z),v = ¥(y) of those
neighborhoods, of class C®), such that the mapping v =1 o fo o Y(u) has
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the coordinate representation
(Upy ey Uky ey Up) = U0 = (V1,...,0mp) = (U1,...,u,0,...,0) (1.47)
in the neighborhood O (ug) = ¢ (O (z0)) of ug = ¢ (z0).

In other words, the theorem asserts (see Figture 7) that one can choose
coordinates (u1,...,uy) in place of (x1,...,x,) and (v1,...,v,) in place of
(y1,-..,Ym) in such a way that locally the mapping has the form (1.47) in
the new coordinates, that is, the canonical form for a linear transformation
of rank k.

i
|

O(wo) O(yo)
@ (U
O(uo) O(vo) L
uo Vo
W= oo

Figure 7: The rank theorem

Proof. In order to avoid relabeling the coordinates and the neighborhood U,
we shall assume that at every point € U, the principal minor of order k in

the upper left corner of the matrix f/(z) is nonzero.
Let us consider the mapping ¢ defined in a neighborhood U of xg by the
equalities

Sol(xlw"uxn):fl(xlv"'axn)7

k\Z1,..., = Jk(Z1,..., T 5
2 ( n) f( n) (1.48)
Okt1 (1, ..., Tn) = Thy

On (T1,. . xn) = xp .
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Then

9h ... OA OHh .. OhA
8581 airk 8xk+1 aitn
) gﬁ . % aafk- . %
)= ™ Tk Ok o | (),
1 0
0
0 1

and by assumption its determinant is nonzero in U. By the inverse function
theorem, ¢ is a C'?)-diffeomorphism of some open neighborhood O (z9) ¢ U
of o onto an open neighborhood O (ug) = ¢ (O (m0)> of up = ¢ (zo).

We now consider the composite function
g=Ffop 1:0(u)—R™.

I) Since (¢~ (u)) = u for all u € O (ug) and ¢; = f; for 1 < j < k, we
see that
g1 (U, ... un) = ur,

(1.49)
gk (U1, .« up) = uy .

II) Since the mapping ¢! : O (ug) — O (x0) has maximal rank n at each
point u € O (ug), and the mapping f : O (x9) — Ry has rank £ at
every point € O (zg), it follows, as is known from linear algebra,
that the matrix

has rank k at every point u € O (ug).
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Direct computation of the Jacobi matrix of the mapping (1.49) yields

1 0
0
0 1
Ogk+1 .. O99k+1 Ogrt1 .. Ogk41 J
ouq ouy, Oug4+1 O,
9m .. Ogm  Ogm  Ogm
8“1 8uk 8uk+1 8un

hence at each point u € O (ug) we obtain

99;

(u) =0 fork+1<i<n,k+1<j<m.
8ui

Thus, assuming that O (ug) is convex (which can be achieved by

shrinking O (up) to a ball with center at ug, for example), we can con-

clude from this that the functions gg41, ..., gm really are independent
of the variables ugy1,...,u,. Sofor k+1 < j <mand u € O(uo),
we can write gj(u1,- - ,uy) instead of g;(u1, - ,up).

At this point we can exhibit the mapping 1. We set

V1YL, Ym) = 01

¢k(y17"' 7ym) = Yk
U1 (Y15 2 Ym) = Ykt1 — Gkt1 (Y15, Yk)

YY1, Ym) = Ym — Im (Y15, Yk)

Since yo = f(wo) , uo = w(z0) and @; = f;j for 1 < j <k, grt1,-+ , gm
are well defined in an open neighborhood of y9. Thus the mapping v is

defined in an open neighborhood of yy and belongs to class C®) in that
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neighborhood. Moreover,

1 0
0
0 1
/
1/} (y) = _Ogk+1 .. _ Ogkt1 1 0
oY1 Oy
_9%m .. _99m
o Oyk 0 1

Its determinant equals 1 and so by the inverse function theorem the mapping

Y is a CP)-diffeomorphism of some neighborhood O (yo) of yo € R} onto a

neighborhood O (vg) = 1 <O (yo)) of v9 € R}.

Note that yo = f(z0) = g(uo), in an open neighborhood O (ug) € O (u)
of up so small that g (O (up)) C O (yo) , the mapping

Yo fop 0 (ug) = O (vo)

is a mapping of smoothness p from this neighborhood onto some open neigh-
borhood O (vg) € O (vp) of vy € R? and that it has the canonical form:

vi = (Y10 fop ) (u) = vi(g(w)) = ur,

vk = (Yo fop ) (u) = Yr(g(u) = u,
Ukt = (Yrg1 0 fo o ) () = hrra(g(u) =0,

Um = (Ym0 f o™ h)(u) = ¥m(g(u) = 0.
Setting ¢! (O (ug)) == O (xg) and ¥~ (O (vg)) = O (yo), we obtain the

neighborhoods of xy and 39 whose existence is asserted in the theorem. [J

1.6 THE INVERSE FUNCTION THEOREM

The inverse function theorem states, roughly speaking, that a continuously
differentiable mapping f is invertible in a neighborhood of any point = at

which the linear transformation f’(z) is invertible.
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We will introduce a fixed point theorem that is valid in arbitrary com-
plete metric spaces. It will be used in the proof of the inverse function
theorem. Let X be a metric space, with metric d. If ¢ maps X into X and
if there is a number A < 1 such that

d(e(x), o(y)) < Ad(z,y),

for all z,y € X, then ¢ is said to be a contraction of X into X.

LEMMA 1.23 (Contraction Principle). If X is a complete metric space, and
if  is a contraction of X into X, then there exists one and only one z € X

such that ¢(x) = x. In other words, ¢ has a unique fixed point.
Now we are prepared to prove the inverse function theorem.

THEOREM 1.24 (Inverse Function Theorem). Suppose f is a C'))-mapping
of an open set £ C R™ into R", f’(a) is invertible for some a € E. Then

(i) there exist open sets U and V' in R" such that a € U, f(a) € V, f is
one-to-one on U, and f(U) =V ;

(ii) if g is the inverse of f (which exists, by (i)), defined in V', by
g(f(x))=x for z €U,

then g € C(V).

REMARK 1.14. Since the linear map f’(a) is the best linear approximation
to f at a, it is plausible that f is invertible in a neighborhood of a if and
only if f’(a) is also.

REMARK 1.15. Although the inverse function theorem apparently reduces
the invertibility of f on an open set to a single number at a, because f is con-
tinuously differentiable, the invertibility of the derivative at a is equivalent

to its invertibility in a neighborhood of a.

REMARK 1.16. Writing the equation y = f(z) in component form, we arrive

at the following interpretation of the conclusion of the theorem: The system
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of n equations

can be solved for z1,...,x, in terms of y1,...,yn, if we restrict x and y
to small enough neighborhoods of a and b; the solutions are unique and

continuously differentiable.

Without loss of generality, suppose that f(a) = 0.

Proof of (i). Since f’ is continuous at a, there is an open ball U with center
at a so that U C E, and

/(@) = f'(a)] <

2|/ f"(a)~ 1
We associate to each fixed y € R™ a function ¢, defined by

(zel). (1.50)

pyle) =2+ ()" (y— flz)) (z€B).
Note that x is a fixed point of ¢, if and only if f(z) =y.
Since @ (z) = I — f'(a)"' f'(z) = f'(a)~" (f'(a) = f'(x)), so we have

1
Hgogl(a:)H < 3 (xelU)
Hence by THEOREM 1.8,

1
ley (21) = ¢y (22) ]| < S llz1 —22fl (21,22 € U) , (1.51)

which implies that ¢, has at most one fixed point in U. So f(x) =y for at
most one x € U. Thus fis 1 — 1 in U. In fact, it follows from (1.51) that

lz1 = @2l < 20 £/ (a) "Ml f(21) = fla2)l (21,22 € V), (1.52)

which implies that the inverse of f is continuous, as we will see later.

Next, put V = f(U). We shall show that V is open. Let yo € V, i.e.,
yo = f(xo) for some zy € U. We will show that y € V whenever ||y — yol|
is sufficiently small. To this end, for the given y we will use contraction
theorem to show that there esists a fixed point of ¢, in U. Take a closed
ball B = B(zg,r) C U, we shall show that ¢, maps B into B if ||y — yo|
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is small. Then it follows that ¢, has a fixed point z € B and for this z,
f(x) =y. SoV = f(U) is open.

Observe that, for z € B,
leu(@) = ol < llpy(@) = oy (o)l + lloy (20) = ol
< 2 lle ol + 7)1y — sol
< 2+ 7@y = ol

hence ¢y (z) € B if ||f'(a)7|||ly — yoll < 5. This proves part (i) of the

theorem. ]

Proof of (ii). Pickyand y+k € V.Letx = g(y) € U,and x+h = g(y+k) €
U. Hence y = f(z),y + k = f(z + h). It follows from (1.52) that
lg(y + k) =gl = [l +h — 2| = [[n]
< 2| f'(@) "M Ilf (@ +h) — f(z)] (1.53)
=2/l (&) | I1%l.
so g is continuous at y. Moreover, it follows from (1.50) that f’(z) is invert-
ible. Then

gly+k) —gy) = f'(@) k=x+h—z— f(z)"'k
= f'(x)"H{f (@)h = [f(x+h) — f(2)]},
and hence
lg(y + k) —g(y) — f'(=) "'k

]
;oo llf(@+h) = f(x) — f'(x)h]] M

<@ £t |

<21/ o) IR =D = SR

As k — 0, (1.53) shows that h — 0. The right side of the last inequality
thus tends to 0. Hence the same is true of the left. We have thus proved

that ¢'(y) = f'(z)7"; e,

Jd) =[] weV).
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Finally, note that ¢ is a continuous mapping of V onto U, that [’ is a
continuous mapping of U into the set GL,(R) of all invertible elements of
L (R™), and that inversion is a continuous mapping of G L, (R) onto GL,(R),
by THEOREM 1.1. If we combine these facts, we see that g € C'(V'). This
completes the proof. ]

A THE BASIC THEOREMS OF DIFFERENTIAL CALCU-
LUS

A.1 MEAN-VALUE THEOREMS

A.1.1. FERMAT’S LEMMA AND ROLLE’S THEOREM A point zog € F C R
is called a local mazimum point (resp. local minimum point) and the value
of a function f : E — R at that point a local mazximum value (resp. local

minimum value), if there exists a neighborhood Ug (xg) of z¢ in E such that

f(2) < f (w0) (vesp. f(2) > f(x0)) forall @ € Ug (xo) .

If the strict inequality f(z) < f(xo) (resp. f(z) > f(zo)) holds at ev-
ery point x € Ug (z9) \{xo}, the point xg is called strict local mazximum
point(resp. strict local minimum point) and the value of the function f :

E — R a strict local mazimum value (resp. strict local minimum value).

The local maximum and minimum points are called local extremum
points and the values of the function at these points local extreme wval-
ues of the function. We say an extremum point zop € E of the function
[+ E — R is interior, if z¢ is a limit point of both sets {z € F: x < ¢}
and {x € F: x> x0}.

LEMMA A.1 (Fermat). Ifa function f : F — R is differentiable at an interior

extremum point xg € E, then its derivative at z¢ is 0: f’ (x¢) = 0.

Proof. By definition of differentiability at xg we have
fxo+h) = f(x0) = f' (xo) h + a(o; h) h
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where « (zg;h) — 0 as h — z,z9 + h € E. Let us rewrite this relation as

follows:
f(zo+h) = f(z0) = [f (w0) + (wo; )] h (A1)

Since z is an extremum point, the left-hand side of (A.1) is either non-
negative or non-positive for all values of h sufficiently close to 0 and for which
xog+h € E. If f'(x9) # 0, then for h sufficiently close to 0 the quantity
I (z0) + a(xo; h) would have the same sign as f’ (x¢), since a (zg;h) — 0
as h — 0,z9 + h € E. But the value of h can be both positive or negative,

given that zg is an interior extremum point.

Thus, assuming that f’ (z¢) # 0, we find that the right-hand side of (A.1)
changes sign when h does (for h sufficiently close to 0 ), while the left-hand
side cannot change sign when h is sufficiently close to 0. This contradiction

completes the proof. ]

REMARK A.1. Geometrically Fermat’s lemma is obvious, since it asserts
that at an extremum of a differentiable function the tangent to its graph
is horizontal. (After all, f’ (z¢) is the tangent of the angle the tangent line
makes with the z -axis.) Physically this lemma means that in motion along
a line the velocity must be zero at the instant when the direction reverses

(which is an extremum point!).

REMARK A.2. Fermat’s lemma gives a necessary condition for an interior
extremum of a differentiable function. For non-interior extremum points, it

is generally not true that f/ (x¢) = 0.

This lemma and the theorem on the maximum (or minimum) of a con-
tinuous function on a compact interval together imply the following propo-

sition.

THEOREM A.2 (Rolle’s Theorem). Let f be a real-valued function that is
continuous on a compact interval [a, b] and differentiable on the open interval

(a,b). If f(a) = f(b), then there exists a point £ € (a,b) such that f/(§) = 0.
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Proof. Since the function f is continuous on [a, b], there exist points @, s

in [a,b] at which it assumes its minimal and maximal values respectively.

If f(xm) = f(xpr), then the function is constant on [a, b]; and since in

that case f'(xz) =0 in (a,b), the assertion is obviously true.

If f(xm) < f(xp), then, since f(a) = f(b), one of the points x,, and
xpr must lie in the open interval (a,b). We denote it by . Fermat’s lemma
now implies that f/(§) = 0. O

The following theorem states that every function that results from the
differentiation of another function has the intermediate value property: the

image of an interval is also an interval.

THEOREM A.3 (Darboux’s Theorem). Let I C R be an interval. Let f :
I — R be a differentiable function. Then f’ has the intermediate value
property: If a and b are points in I with a < b, then for every t between
f'(a) and f’(b), there exists an £ in [a, b] such that f/(§) =¢.

Proof. If t equals f’(a) or f'(b), then setting x equal to a or b, respectively,
gives the desired result. Now assume that ¢ is strictly between f/(a) and
1/ (b). Without loss of generality, suppose that f/(b) <t < f'(a).

Let ¢ : I — R such that ¢(x) = f(z) — tx. Since ¢ is continuous on the
compact interval [a, b], the maximum value of ¢ on [a, b] is attained at some

point in [a, b].

Because ¢'(a) = f'(a) —t > 0, we know ¢ cannot attain its maximum
value at a. (If it did, then (¢(t) — ¢(a))/(t —a) < 0 for all t € [a,?],
which implies ¢'(a) < 0.) Likewise, because ¢'(b) = f'(b) —t < 0, we
know ¢ cannot attain its maximum value at b. Therefore, ¢ must attain

its maximum value at some point £ € (a,b). Hence, by Fermat’s lemma,

Y€)= 0,1e f/(€) =t. O
A.1.2. THE LAGRANGE MEAN-VALUE THEOREM The following theorem

is one of the most frequently used and important methods of studying real-

valued functions. Lagrange’s theorem is important in that it connects the
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increment of a function over a finite interval with the derivative of the func-
tion on that interval. Up to now we have not had such a theorem on finite
increments and have characterized only the local (infinitesimal) increment

of a function in terms of the derivative at a given point.

THEOREM A.4 (Lagrange’s Theorem). If a real-valued function f is con-
tinuous on a compact interval [a,b] and differentiable on the open interval
(a,b), there exists a point £ € (a,b) such that

fb) = fla) = f(E)(b—a). (A.2)

which is obviously continuous on the compact interval [a, b] and differentiable

on the open interval (a,b) and has equal values at the endpoints:

Applying Rolle’s theorem to F'(z), we find a point £ € (a,b) at which

f(0) = f(a)

=0. O
b—a

F'(&) = f'(&) -

REMARK A.3. In geometric language Lagrange’s theorem means that at

some point (&, f(§)), where £ € (a,b), the tangent to the graph of the func-

tion is parallel to the chord joining the points (a, f(a)) and (b, (b)), since
f()=f(a)

the slope of the chord equals =5 —-=.

REMARK A.4. If x is interpreted as time and f(b) — f(a) as the amount of
displacement over the time b—a of a particle moving along a line, Lagrange’s
theorem says that the velocity f/(z) of the particle at some time & €(a,b)
is such that if the particle had moved with the constant velocity f/(£) over
the whole time interval, it would have been displaced by the same amount
f(b) — f(a). Tt is natural to call f'(£) the average velocity over the time

interval [a, b].
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ExaMPLE A.1. We note nevertheless that for motion that is not along a
straight line there may be no average speed in the sense of REMARK A .4.
Indeed, suppose the particle is moving around a circle of unit radius at
constant angular velocity w = 1. Its law of motion, as we know, can be
written as

r(t) = (cost,sint)

Then
r'(t) = v(t) = (—sint, cost)

and ||v(t)|| = V/sin?t + cos?t = 1. The particle is at the same point r(0) =
r(2m) = (1,0) at times ¢t = 0 and ¢ = 27 and the equality

r(2m) —r(0) = v(£)(27 — 0)

would mean that v(§) = 0. But this is impossible.

FEven so, we shall learn that there is still a relation between the displace-
ment over a time interval and the velocity. It consists of the fact that the
full length L of the path traversed cannot exceed the maximal absolute value
of the velocity multiplied by the time interval of the displacement. What
has just been said can be written in the following more precise form:

[x(b) —r(a)[| < sup ['@)[|b— al.
te(a,b)
As will be shown later, this natural inequality does indeed always hold. It is
also called Lagrange’s finite-increment theorem, while relation (A.2), which
is valid only for real-valued functions, is often called the Lagrange mean-
value theorem (the role of the mean in this case is played by both the value
1'(€) of the velocity and by the point £ between a and b).

Now we give some applications of the Lagrange mean-value theorem.

PRrROPOSITION A.5 (Criterion for Monotonicity). Let f be a differentiable

real-valued function on an open interval I C R.

(i) If f" is nonnegative (resp. positive) at every point of I, then f is

increasing (resp. strictly increasing) on I.

70



(ii) If f’ is nonzero at every point of I, then f is strictly monotone on I.

Proof. To show part (i), indeed, if 1 and xy are two points of the interval

and x1 < x9, that is, xo— x1 > 0, then by formula (A.2)

f(z2) — f(z1) = f(€) (2 — 1), wherez; <& < x93

and therefore, the sign of the difference on the left-hand side of this equality
is the same as the sign of f/(¢).

To show part (ii), note that by the intermediate value property of f,
either f'(x) > 0 for all x € T or f'(x) < 0 for all x € I, then the desired

result follows form (i). O

PROPOSITION A.6 (Criterion for a Function to be Constant). A real-valued
function that is continuous on a compact interval [a,b] is constant on it if

and only if its derivative equals zero at every point of the open interval (a, b).

Proof. Only the fact that f'(z) = 0 on (a,b) implies that f (z1) = f (z2) for
all z1,x9, € [a,b] is of interest. But this follows from Lagrange’s formula,

according to which

fz2) = f(21) = f (&) (w2 —21) =0

since £ lies between z1 and x4, that is, £ € (a,b), and so f/'(£) = 0. O

From this we can draw the following conclusion (which as we shall see, is
very important for integral calculus): If the derivatives Fj(z) and Fj(x) of
two functions Fj(z) and Fy(x) are equal on some interval, that is, Fj(z) =

FJ(x) on the interval, then the difference Fj(z) — Fa(x) is constant.

PrOPOSITION A.7. Let f be a differentiable real-valued function defined on
a compact interval [a,b]. Then [’ : [a,b] — R has no discontinuity point of
the first kind.

Proof. Suppose for contradiction that ¢ € [a,b] is a discontinuity point of

the first kind for f’. Without loss of generality we suppose ¢ € (a,b). Then
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by assumption the limits
lim f'(z) =: f'(c+) , lim f'(x) =: f'(c—)
zlc ztc

exists and are finite. However, note that

/ 1 f(x) — f(c) T !
fe) = Bﬁﬁ = lﬁrclf (&)
where ¢ < &, < z, since &, | cas x | ¢, we get f'(c) = f/'(c¢*). Similarly,

f'(¢) = f'(¢7), and hence f’ is continuous at ¢, which is absurd. O

EXERCISE A.1. Let f : [a,b] — R is continuos. If f is differentiable in (a, b)
and the limits

liin fl(z)=:A

exists and is finite. Then show that f is differentiable at a and f’(a) = A.

A.1.3. THE CAUCHY MEAN-VALUE THEOREM The following proposition
is a useful generalization of Lagrange’s theorem, and is also based on Rolle’s

theorem.

THEOREM A.8 (Cauchy’s Theorem). Let x = z(t) and y = y(t) be functions
that are continuous on a compact interval [a, b] and differentiable on the open
interval (a,b). Then there exists a point £ € (a, b) such that

() (y(0) — y(a) =y (&) (x(b) — x(a)).

If in addition z/(t) # 0 for each ¢ € (a,b), then x(a) # z(b) and we have

y®) —y(@) (O
()~ x(a) ~ () (A.3)

Proof. The function
F(t) = 2(t)[y(b) — y(a)] — y()[z(b) — z(a)]

satisfies the hypotheses of Rolle’s theorem on the compact interval [a,b].
Therefore there exists a point £ € (a,b) at which F’(§) = 0, which is equiv-
alent to the equality to be proved.

72



To obtain relation (A.3) from it, it remains only to observe that if 2/(t) #
0 on (a,b), then x(a) # x(b), again by Rolle’s theorem. O

Clearly, Lagrange’s theorem can be obtained from Cauchy’s by setting
z(t) =t and y(t) = f(t).

REMARK A.5. If we regard the pair (z(t),y(t)) as the law of motion of
a particle, then (2/(t),y'(t)) is its velocity vector at time ¢, and (z(b) —
x(a),y(b) —y(a)) is its displacement vector over the time interval [a, b]. The
theorem then asserts that at some instant of time £ € [a, b] these two vectors
are collinear. However, this fact, which applies to motion in a plane, is the
same kind of pleasant exception as the mean-velocity theorem in the case
of motion along a line. Indeed, imagine a particle moving at uniform speed
along a heliz:
r(t) = (cost,sint,t)

Its velocity makes a constant nonzero angle with the vertical, while the
displacement vector can be purely vertical (after one complete turn).

We give some applications of Cauchy’s mean-value theorem.

THEOREM A.9 (L’Hopital’s Rule I). Let f and g be two differentiable real-
valued function on (a,b) such that ¢'(z) # 0 for all x € (a,b). If one of the

following statements hold
(i) limg, f(z) = limy, g(z) =0,

(ii) limgjq g(z) = oo,

and in addition the limit limg, % exists in [—oo, 0o], then we have

flx) . f(=)

lim —~% = lim
sla g(@)  ala g'(2)

Proof. 1If (i) holds, put f(a) = g(a) = 0, then f and g is continuous on
[a, z], for each x € (a,b). By Cauchy’s mean-value theorem, there exists &,

in (a,z) so that




Thus &, | a as z | a and hence

lim M = lim (&)

zla g(z)  ala g'(&) el g'(x)

as desired.

If (ii) holds, put [ = lim,, %. We begin with assuming that [ is finite.
For any given € > 0, there exists § = d. > 0 so that for all x € (a,a + §),
f'(2)
g'(x)
Thus for every x € (a,a+ 9), by Cauchy’s mean-value theorem, there exists
£€(x,a+0) C (a,a+0) so that

—ec L@ IO _FO) g (A4)

g(x) —gla+4) (&)

Observe that since g(x) — oo as x | a, we have

l—e< <l+e.

. f(x)ff(aJré)_i . f(z)

hnngaup g(x) — gla+9) —ln;i p g(z)’

TN AC) e A G W )
zla g(l’) _g(a+5) xla @ x) ’

Thus letting = | a in (A.4) we get
f(x) f(z)

[ — e <liminf —= <limsup —% <[l +e€.
wla g(x) T e 9(@)

Since € is arbitrary, we get

lim inf @ = lim sup @ =1,
zla g (l’) zla g :L')
and the desired result follows.
If [ is oo or —oo, the theorem follows by the same argument. O

COROLLARY A.10 (L’Hopital’s Rule II). Let f and g be two differentiable
real-valued function on (a,o0) such that ¢’(x) # 0 for all x € (a, ). If one

of the following statements hold
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(i) limg—eo f(z) = limy—00 g(x) = 0,

(i) limg—eo g(z) = 00,

I ()
g'(z)

lim f(z) = lim I'(z)

and in addition the limit lim,_ exists in [—oo, 0o], then we have

P gla) e g(a)
Proof. Since t — % is continuous on (0, 00), using change of variable we have

lim /(@) = lim / (%)

w00 g(z) 1O g (§)

Thus we define F' and G by
1 1 1
F(t)=f <> and G(t)=g¢g <> for t € (0,-).
t t a
Then F and G are differentiable on (0,a~1) with

=4 () -5 ()

It’s easy to see that the conditions of THEOREM A.6 are satisfied, so

lim @ = 1jmw — lim F'(t)
z—o0 g(x) t10 G(t) i0 G'(t)
(%) f'(x)

as desired. O

A.2 TAYLOR'S FORMULA

From the amount of differential calculus that has been explained up to this
point one may obtain the correct impression that the more derivatives of
two functions coincide (including the derivative of zeroth order) at a point,

the better these functions approximate each other in a neighborhood of that

75



point. We have mostly been interested in approximations of a function in

the neighborhood of a point by a polynomial
P,(zx)=co+ci(x—x0)+ - +cn(x—x0)",

and that will continue to be our main interest. We know that an algebraic

polynomial can be represented as

24 P(n)
Py () _Pn(aco)—i-nl('xo)(x—wo)—i--”—i-nn‘(:m)(x—xo)”
; _ PP (x0) _ . : . .
that is, ¢ = ~*5= for k = 0,1,...,n. This can easily be verified di-

rectly. Thus, if we are given a function f(z) having derivatives up to order

n inclusive at xg, we can immediately write the polynomial

) (p
T (fa0i) = 30 T (ot

k=0 ' . (A.5)
= 7o)+ T oz o T gy,

whose derivatives up to order n inclusive at the point x are the same as the
corresponding derivatives of f(z) at that point. The algebraic polynomial

given by is the Taylor polynomial of order n of f at xg.

‘We shall be interested in the value of

f(x> —Tn(f,.%'();.%') :T’n(f,.f(}();l')

of the discrepancy between the polynomial P,(z) and the function f(x),
which is often called the remainder, more precisely, the nth remainder or

the nth remainder term in Taylor’s formula:

k) (o
@) = T o (fag) . (a8)

k=0

The equality (A.6) itself is of course of no interest if we know nothing

more about the function r, (f, zo;x) than its definition.
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THEOREM A.11 (The Peano Form of Remainder). Let f be a real-valued
function on an interval I C R such that its nth derivative f("(zq) at zg € I

exists. Then
mn (fyzo;x) = o(jlx —xo|") asx —xp,xel.

Proof. We shall use the induction. When n = 1, the theorems follows form
the definition of derivative. Suppose now the theorems holds for n — 1.
Observe that

T?',L (f7 Zo; l’) =Th1 (flv Zo; :E) )
then by L’Hospital’s rule and by assumption
r(fowosz) o (@) = Tul(f, 203 2)

220 (2 — x0)" N i (x — xo)™
/ T / . 1 L (f .
— lim f (x) n l(fnifo’x) — ~ lim T'n l(f 7'%;?7_515) —-0.
g n(x — xp) n T ( — z0)
Thus the theorem also holds for n, as desired. O

REMARK A.6. Taylor’s formula with the Peano form of the remainder, is
obviously a generalization of the definition of differentiability of a function

at a point, to which it reduces when n = 1.

We return once again to the problem of the local representation of a
function f : O — R by a polynomial. We wish to choose the polynomial

Py (zo;2) =20+ 1 (x —x0) + -+ + ¢ (¥ — 20)" 80 as to have
f(x) = Py(zo,z) + o(Jz —x0|") asz—xzp,x el (A.7)

Clearly Taylor;s polynomial satisfies us if f(")(z) exists. In fact, if the

polynomial exists it must be unique.

PROPOSITION A.12. If there exists a polynomial P, (xg;x) satisfying con-
dition (A.7), that polynomial must be unique.
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Proof. Indeed, from relation (A.7) we obtain the coefficients of the polyno-

mial successively and completely unambiguously

co= lim f(z);

I5x—xg
cp = lim 7‘]0(33) Y ;

IDx—290 T — X

flz) — [Co +- - +epo1 (- JUo)nfl
cp, = lim

I>z—x0 (l’ — :):0)”

Thus the polynomial is unique. O

We shall now use a highly artificial device to obtain information on the
remainder term. A more natural route to this information will come from

the integral calculus.

THEOREM A.13 (The Mean-Value Form of the Remainder). If the function
f is continuous on the closed interval with end-points z¢ and x along with
its first n derivatives, and it has a derivative of order n 4+ 1 at the interior
points of this interval, then for any function ¢ that is continuous on this
closed interval and has a nonzero derivative at its interior points, there exists
a point £ between zg and x such that

O,
(foia) = Lo e - o) ] (A8)

REMARK A.7 (The Largane Form and the Cauchy Form of the Remainder).
A particularly elegant formula results if we set ¢(t) = (z — )"+ in (A.8),

then we get the so-called the Lagrange form of the remainder:

Fn+D) (g (z— xo)"“ '

ra (20 @) = (n+1)!

If we setting ¢(t) = x — ¢ in (A.8) we obtain the Cauchy’s form of the

remainder:
(g

n!

(x = &)" (x — xp) .

o (zo; ) =
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Taylor’s formula with the Lagrange form or the Cauchy form of the re-
mainder, is obviously a generalization of Lagrange’s mean-value theorem, to

which it reduces when n =0

Proof. On the closed interval I with endpoints x¢p and x we consider the

auxiliary function

F(t) =r(f t;2) = f(x) = To(f, t; )
= f(z) — Y f(]:‘(t)(m—t)k , fortel.
k=0 ’

Clearly F(xg) = rn(f,zo;2) and F(z) = r(f,z;z) = 0, and we see from
the definition of F' and the hypotheses of the theorem that F' is continuous

on the closed interval I and differentiable at its interior points, with

, " oflet+L) (g moorR) (g B
F(t):— Zf k‘()(x_t)k_z(fk_(lzl(l,_t)k1
k=0 k=1
(n+1)
:_f - (t)@:_t)n.

Applying Cauchy’s theorem to the pair of functions F(t), ¢(t) on the closed

interval I, we find a point & between x¢ and x at which

F(x) = F () _ F'(¢)
p(x) =@ (xo)  ¢'(E)

Substituting the expression for F'(£) here and observing that

F(z) = F(x0) = —ra (f,20;7)

we obtain the desired equality. O

If the function f has derivatives of all orders n € N at a point zg, the

series

0 £(n) (4
S s
n=0 :

is called the Taylor series of f at the point x.

79



It should not be thought that the Taylor series of an infinitely differen-
tiable function converges in some neighborhood of xg. Since for given any
sequence g, €1, . ., Cp, . .. of real numbers, one can construct (although this
is not simple to do) a function f such that f(") (zq) = ¢,, for all n € Ny. As
we know, the radius of convergence of the series is given by

1

‘ £ (20)
n

R:

—.

. n

lim sup
n—oo

Obviously, f(z) =Y )" % (x —z0)", L.e., Tp(f, x0;2) — f(zx) if and
only if r,(f,zo;2) — 0. It should also not be thought that if the Taylor
series converges, it necessarily converges to the function that generated it.
A Taylor series converges to the function that generated it only when the

generating function belongs to the class of so-called analytic functions.

PROPOSITION A.14. Let f be a infinitely differentiable real-valued function
in an open interval I, i.e., f € C°°(I). If there exists a constant M > 0 so
that

|F™(2)] < M forall z €I, neNy,

then for each xg € I, the Taylor series of f at xg converges to f in I, i.e.,
> f(n)
f(x) :an(!xo)(x—xo)” forall z €1.
n=0

If in addition I is bounded, then the convergence is uniform in z.

Proof. 1t suffices to show that for each given z¢ and z in I, r,(f, zo;x) — 0.

By the Taylor formula with the Lagrange form of the remainder,

F(E)

n+1 |z — ‘TOVH—I
1) ETw)T =M

[7n(f, o5 )| = SV TaEor

Clearly 7, (f,xo;x) — 0 as n — oo. If I is bounded, then |x — zo| < d =

diam(/) < oo and hence

dn+1
[rn(fs 205 2)| < va
so o (f, xo; ) — 0 uniformly in x as n — oo. O
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EXAMPLE A.2 (A Nonanalytic Function). Here is Cauchy’s example of a

nonanalytic function:

fz) =

efl/zz, ifx#0;
0, ifx=0.

Starting from the definition of the derivative and the fact that for each fixed
k € Ny

17,2
2Pe V" 50 asx — 0

it’s easy to verify that f(™)(0) =0 for n =0, 1,2,.... Thus, the Taylor series
in this case has all its terms equal to 0 and hence its sum is identically equal
to 0, while f(z) # 0 if x # 0.

We end this section with the Taylor formula with integral form of the
remainder, which gives a more natural route to the Lagrange form of the

reminder.

THEOREM A.15 (Integral Form of the Remainder). If the real-valued func-
tion f has continuous derivatives up to order n + 1 inclusive on the closed

interval with endpoints zg and x, then
1 x
o) = o [ 50 - 0" .
n! Sz

Proof. Using the Newton-Leibniz formula and integration by parts, we carry
out the following chain of transformations, in which all differentiations and

substitutions are carried out on the variable ¢:
)= St + | " Pt dt = flao) - / P @) dt
— f(z0) ~ (B~ 1) /f” (@ — 1)d
— f(w0) + £ (@o)(x — x0) / (0@ - t)at
= f(zo) + f'(z0)(x — z0) / £ ((x —1)%) dt

T R

= f(zo) + f'(wo)(z — x0) — §f”(t)(x -
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— = Tu(fani) + oy [ ") @ — 6 e,

Thus r,(f,z0;x) = f(x) — T, (f, xo; z) is the integral above. O

B DIFFERENTIAL CALCULUS FROM A MORE GENERAL
POINT OF VIEW

B.1 MULTILINEAR TRANSFORMATIONS
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