Chapter 3
Foundations of Differentiability:
Functions of several variables

In this section we shall consider finite dimensional normed vector spaces V' and
W. We recall that it will be no essential restriction of generality if we often assume
V =K" and W =K™.

In earlier chapters we have frequently used the concept of an inner or interior
point of a subset X of a metric space Y’; since X was almost always an interval in
Y =R, all points with the possible exception of end pints were inner points. We
recall the definition:

Definition 3.1. Let (Y,d) be a metric space. A point a € X C Y is called an
inner point or an interior point of X if and only if a neighborhood of a in Y is
contained in X. (We recall that a subset U is a neighborhood of a in Y if there is
a number r > 0 such that U,(a) = {x € Y | d(z,a) < r} is contained in U.) The
set of all inner points is called the interior of X. a

We observe that X is open if and only if every point of X is an inner point of
X, i.e. if X agrees with its interior.

In the main definition for this chapter we formulate the differentiability of
functions f: X — M for X C V and M C W, it follows exactly the lead of
the first definition of Chapter 4 of Analysis I. But the more familiar definition of
differentiability via condition 4.7(ii) in the case of one variable must fail here in
the case of several variable because we cannot form a quotient of two vectors.

| DEFINITION OF DIFFERENTIABILITY |

Definition 3.2. Let V and W be two finite dimensional normed vector spaces.
A function f: X — M, X CV, M C W is called differentiable in an inner point
a of X if there is a linear function L:V — W and a function r: X — W such that
the following conditions hold:

(i) f(z)=f(a)+ L(z —a) +r(x) and

(ii) limz;»aa |z —al~tr(x) =0

This is equivalent with the existence of a linear function L such that
(i) lima o o 1) — f(a) — Lz — a)]| = 0.

We say that f is differentiable, if X is open and f is differentiable in all points
of X. ad
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Notice that A(z) = f(a)+L(x—a) = Lz+(f(a)— La) defines an affine function,
and that f(z) = A(z) plus a remainder function f — A which is very small near a
if f is differentiable at a. These circumstances should allow us to reduce various
local properties of f to those of A. For instance it is not unreasonable to surmise
that, locally, f is invertible if A is invertible and that is the case if L is invertible;
and for this we have a very effective test via the determinant det L.

If f:I — W is a curve in the finite dimensional normed vector space (see 2.1)
then Definitions 2.2 and 3.1 are easily seen to be compatible in view of the fact
that each linear map L:R — W is given by a unique vector v € W via L(t) = t-v
so that v — L: W — Hom(R, W) is a linear bijection.

Recall that a Banach space is a normed vector space in which every Cuachy
sequence converges. We notice that Definition 3.2 can be straightforwardly gener-
alized to the case of two Banach spaces V and W with the only proviso that the
linear map L is postulated to be continuous, which in the infinite dimensional case
is not automatic.

Remark 3.3. If f is differentiable in a, then the linear map L is uniquely deter-
mined.

Proof . We indicated the proof as a variant of the proof of 4.2. Indeed, for a nonzero
vector v, set radv = |[v||~!-v; then radv is a unit vector, and v = |v||-radv.
Assume now that f(x) = f(a)+ Li(z —a)+7r1(z) = f(a)+ La(x — a) + ro(z) such
that ||x —a||7tri(z) — 0 and ||z — al| 7t -ra(x) — 0 for x — a. We conclude that

(Ly — L) (rad(z — a)) = (L1 — Lo)(||lz — al| *+(z — a))

=z —al| ' (re —r1)(x) = 0 for z — a.

(%)

Let e be an arbitrary unit vector in V; since a is an inner point of X, there is a
d > 0 such that 0 < ¢t < ¢ implies © = a + t-e € X. Then rad(z —a) = e and
|z —al| =t (ro—r1)(z) =t~ (ro —r1)(a+t-€) — 0 for t — 0. Therefore (x) implies
(L1 — Lo)(e) = 0 for all unit vectors e. Thus Ly = L. O

The proof works even if a is a boundary point of X, provided there is a basis e1,...,en of
unit vectors of V' and a § > 0 such that a +-t-e, € X for K =1,...,nand 0 <t < 4. But a
condition close to this one will be necessary because of the following example: Let X = {(z,y) €
R2 : 2z < 1=y = 0} and a = (0,0). Then the zero function f: X — R is differentiable in a and
each of the infinitely many linear functions L with L(z,y) = cy, ¢ € R satisfy the condition of

differentiability of f in a with r = 0 even though a is an accumulation point of X.

Definition 3.4. The uniquely determined linear map L of Definition 3.2 is called
the derivative of f in a and is denoted by df,, or df (a), or D, f, or f'(a).

It is of paramount importance to remember always that D, f (or f'(a))
is a linear map V' — W, that is, an element of Hom(V, W).
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Notation. Assume that V' and W are finite dimensional normed vector spaces.
Let X be an open subset of V. Then a function w: X — Hom(V, W) is called a
W-valued differential form. If W = R, one omits the adjective “W-valued” and
speaks of a differential form or also as a Pfaffian form. If now f: X — Y C Wisa
differentiable function, then df: X — Hom(V, W) (recall df (z) = f'(x)) is in fact
a W-valued differential form. It is in this context that the notation df (z) is the
preferred notation for the derivative of f at x € X.

If V=K" and W = K™ then the elements of Hom(V, W) may be identified
canonically with m x n matrices. After such an identification the derivative D, f
is a matrix, and we will have to determine its coefficients.

Even in the case of the more special situation V = W = K, the derivative Dy
is a linear map, but in the case of one dimension one is not consciously aware of
this fact since the linear maps K — K may be identified with 1 x 1-matrices, that
is, with elements of K.

@ Students tend to be confused about the significance of the derivative f’(a)
of f at a. This is a function f'(a):V — W. That is, if v € V then
f'(a)(v) € W. If X is open and f differentiable on X, then f’ is a function f’: X —
Hom(V, W) which associates with each point a € X a linear map f'(a):V — W.
In terms of the terminology of differential forms, f’ is in fact a differential form.

Remark 3.5. If a function f is differentiable in a, then it is continuous in a.

Proof . Exercise. d

Exercise E3.1. Prove Remark 3.5. a
The converse implication already fails in one variable.

Proposition 3.6. An affine function x — Lx +v:V — W is differentiable and
has the derivative L.

Proof . Exercise. O
Exercise E3.2. Prove 3.5.

Rules of differentiation: The Sum Rule

We hasten to secure the rules of differentiation which we know from the one di-
mensional case.

Proposition 3.6. (Rules for sums and scalar products) If f,g: X — R™, X CR"
are functions and if a is an inner point of X, and if r € R is a number, then
the differentiability of f and g in a implies that of f + g and r-f. Moreover,
D.(f+g)=Dof + Dag and Dy(r-f) = 1Dy fo. (Equivalent formulation:

(f+9)(a)=f'(a)+4'(a) and (r-f)(a)=rf(a)).
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Proof . Exercise. a
Exercise E3.3. Prove Proposition 3.6. a

As a consequence, the set D,(X) € WX of a functions X — W which are
differentiable in a form a vector space, and the function D,: D, — Hom(V, W) is
a linear map.

Rules of differentiation: The Chain Rule

The Chain Rule remains the most important single differentiation rule in the

general context.

Theorem 3.7. Assume that U, V and W are finite dimensional vector spaces,
X CU,Y CV and assume that g: X — Y and f:Y — W functions such

that D,g exists in the inner point a € X and that Dy f exists in the inner point

b g(a) €Y. Then the composition f o g: X — M is differentiable in a and

(1) Da(fo9) = (Duf)(Dag) = (Dyg(a)f)(Dag)-
Equivalent notation:
(2) (fog)(a) = f'(g9(a))g (a).

Proof . The proof of Theorem 4.15 was deliberately organized in such a fashion
that it painlessly applies to the present situation. a

Exercise E3.4. Rewrite the proof of 4.15 In Analysis I, being conscious of the
present context, properly replacing absolute values by the appropriate norms.

IfXCUandY CV and ¢: X — Hom(V, W) and ¢: X — Hom(U, V), let us
write (py)(a) = ¢(a) o¥(a):U — W.
Corollary. If X CU andY CV are open subsets and f and g are differentiable,
then, using the notation we just introduced, we can summarize the Chain Rule also
in the form

(+) (fog) = (o9 5
Exercise E3.5. Verify that (x) is an acceptable abbreviation. Note
(fog): X — Hom(U, W),
g+ X — Hom(U, V),
[ og: X — Hom(V,W).
@ For an understanding of the Chain Rule we alert the student again to the
fact that D,g and Dy f, b = g(a), are linear maps and that the juxtaposi-

tion (Dy f)(Dqag) of linear maps denotes their composition which could have been
denoted by (Dyf) o (Dag).
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In a computational vein, if U = KP, V = K", and W = K™ then the linear
maps D,g and Dy f “are” n X p—, respectively, m x n—matrices so that (Dyf)(Dag)
“is” an m x p matrix product.

Or, again reformulated in other words:

i)  the affine approximation of g near a is x — g(a) + (D,g)(x — a),

ii) the affine approximation of f near b = g(a) is y — f(b) + (Dpf)(y — b) =
f(g(a)) + (Dg(a)f) (y - g(a)),

iii) the affine approximation of f o g near a is f(g(a)) + Do(f © g)(x — a).

iv) The composition of the affine maps in i) and ii) is

z—f(g(a)) + (Dga) ) (9(a) + (Dag)(z — a) — g(a))
:f(g(a)) + (Dg(a)f)(Dag)(m - a)'

Therefore we have the following reformulation of the Chain Rule:
The affine approximation of a composition of differentiable functions is the com-
position of their affine approximations.

The General Mean Value Theorem

As a first simple application of the Chain Rule we formulate the final version of the
Mean Value Theorem for vector valued functions of several variables. The decisive
work was done in Chapter 2 leading us to the key Lemma 2.10. In particular we
recall from 2.8ff. the concept of geodesic distance d(x,y) of two points x, y of a
connected open subset of a normed vector space.

| MEAN VALUE THEOREM |

Theorem 3.8. Let X be a connected open subset of finite dimensional normed
vector space V. Let f: X — W be a differentiable function with values in a finite
dimensional normed vector space W and assume that the function x — f'(x): X —
Hom(V, W) is bounded so that || f'|| = sup{||f'(x)|| : € X} is well defined. Then

(%) (Vz, y € X) [If(2) = W < If']]-d(z,y).
If © and y are connected in X by a straight line segment, then
() I1f (@) = fFIl < I1F 1]z = yll.

Proof . Let 7:[a,b] — X be a piecewise differentiable curve. Then from the Chain
Rule we compute that (f o)’ (t) = f'(z)(7/(¢)). In particular, for all such v and

all ¢ in the domain of y we get [|(f o 7)' ()| < lf" (v' )1V O < L7117 )]l
Now Lemma 2.10 applies and immediately yields the assertion of the theorem. O

We should remark, that this theorem hold for not necessarily finite dimensional
Banach spaces V and W as well.
Theorem 3.8 allows us at once to conclude:

If two (vector valued) functions (of several variables) have the same derivatives on
an open connected set then they differ on this set by at most a constant.
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Rules of differentiation: The Product Rule

The product rule plays a distinctly smaller role here than it does in the one-variable
situation. We discuss it anyhow to maintain the parallelity of our proceeding with
the elementary situation. In a first reading, this subsection may be skipped. The
first thing we have to realize is that we do not have a given multiplication of
vectors. This requires a systematic approach to multiplications as we see if we
analyze the general situation as follows:

Assume that we are given functions f: X — Wi, X C Vj and ¢:Y — Wy,
Y C Vi, both of which are differentiable in the inner points a of X, respectively,
b of Y. Moreover, let B:W; x Wy — U be a bilinear function, that is, a function
which is linear in each of its arguments if the other one is held fixed. We would
like to make statement about the differentiability of the function

(z,y) — B(f(z),9(y)) : X xY - U in (a,b) € X x Y.

This function is the composition of the functions f x g : X XY — Wy x Wa,
(f x g)(z,y) = (f(:c),g(y)), and, secondly, the function B. The function f X g is
differentiable in (a, b) and has the derivative D, f X Dyg where (D, f X Dyg)(u,v) =
(Daf(u), Dyg(v)). By the Chain Rule, the function Bo(f x g) now is differentiable
in (a,b) if B is differentiable in (f(a),g(b)). Therefore we have to investigate the
differentiabilityof bilinear functions. We begin by a Lemma, that belongs largely
to linear algebra:

Lemma. Let W1, Wy and U be finite dimensional normed vector spaces and
B: Wi x Wy — U be a bilinear map. Then there is a a unique smallest real number
|B|| such that

(3) (Ywy € Wi, wy € Wa) || B(w, we)llv < | Bl ||lwi ||l w, -[|walw, -

Proof . Exercise. g

Exercise E3.6. Prove the preceding lemma.

[Hint. Pick a basis ej,...,e, of Wi and a basis f1,..., fnn of W and define
the vectors b, € U by b = Blej, fx), j = 1,...,m, k = 1,...,n. Write
wy =Y 7" wjre; and wy = Y1 yi- fr. As usual set [|z]|o = max{|x1|, ey}
similarly for ||y||oo = max{|y1|,-..,|yn|}, and define 8 = || ZJ -1, m bjx|lv. Then

PR ¢

1B (wy, w2)llo = 11 22 5=1,..m 2590-bjklle < llzlloo-[lylloo |l By 127, there are num-

bers ¢; and ¢y such that pr||oocp|\wp||wp, p = 1,2. Thus ||B(wy,ws)|ly <
C-lwrl|wy-[lwallw,- Set [| Bl = sup{[|B(wy, w2)llo = [willw, <1, [lwallw, < 1.
Complete the proof.]

Theorem 3.9. (i) A bilinear map B: W1 x Wy — U is differentiable in every point
(z,y) and has the derivative D, B given by D,y B(u,v) = B(z,v) + B(u,y).

(ii) For differentiabl functions f and g as in the discussion preceding the theo-
rem, the composite function F' = Bo (f x g) is differentiable in (a,b) and has the
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derivative Dqp) f = (D(f(a)’g(b)) B)(D,f x Dpg) which is given by
(D(a,b)F)(xay) = B(Daf(x)vg(b)) + B(f(a’)v Dbg(y))

Proof . (i) Set L(u,v) = B(u,y) + B(z,v). Then B(z + u,y +v) = B(x,y) +
B(z,v)+ B(u,y)+ B(u,v) = B(z,y) + L(u,v) + B(u,v). By the preceding lemma,
(%) 1B, 0)l[v < [|BI|-{[wlw,-[[v]|w,-

Now assume that (u,v) # (0,0), say u # 0, the case v # 0 is similar. Con-
sider the projection P: Wy x Wy — Wi, P(u,v) = u. Then ||ul = ||P(u,v)| <
1P|l (, v)||w, x W, With the operator norm || P|| of P (see 6.33) and with the prod-
uct norm ||(w, v)|lw, xw, = max{||ullw,, ||v|lw,} (cf. 3.49(iii) where this definition

was used for a product of metric spaces). Since P is not the zero operator, || P|| # 0
and thus

() 1 o)l sewy 2 I1P] v, -
Setting || B||-||P]| = C, from (*) and (x*) we obtain

) 1B v)lu_ ||B||'Hu||lwl'||v||wg
[[(w; 0)[w s 1PN~ [l

Since this tends to 0 for (u,v) — (0,0) the theorem follows from Definition 3.2.
(i) This is an immediate consequence of (i) and the Chain Rule. O

= CH{lollw, < Cfl(w, v)lw, xws -

If we take W7 = Wy = U = K and consider functions of one variable combined
with the bilinear map B:K x K — K defined by B(z,y) = xy then we find
F(z,y) = f(z)g(y) and D(q ) F(z,y) = f'(a)g(b)z + f(a)g'(b)y. The old product
rule follows if we invoke the ¢: K — K, ¢(z) = F(x,z). Then ¢ = F o where
§: K — K x K is the diagonal map defined by 6(z) = (z, z), a linear function. Thus
¢ = F'od, and we finally get ©'(a) = (fg)'(a) = f'(a)g(a)+ f(a)g’(a). This same
argument can be carried out more generally if m = n and X =Y. Again we set
d(z) = (x,z) and observe ¢’ = §. This yields the consequence

Corollary 3.10. Assume that f: X — Wi and g: X — Wy are functions on an
open set X of some finite dimensional vector space into finite dimensional vector
spaces and assume that f and g are differentiable in the inner point a of X; assume
further that B:RP x R? — U is a bilinear map into some finite dimensional vector
space, then the function x — B(f(z),g(x)) is differentiable and has the derivative

a+— B((Daf)(2), 9(a)) + B(f(a), (Dag)()). 0
Directional derivatives and partial derivatives

A simple application of the chain rule arises from a specialisation of the general
case. Let f: X — M C W, X C V be a function and let a be an inner point
a of X. Let e € V be an arbitrary vector. Since a is an inner point, there is a
d > 0 such that |¢| < 0 implies a +t-e € X. We consider the curve v: [—9d,d] — W,
~v(t) = fla+te) in W.
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Definition 3.11. If v is differentiable at 0, then the derivative Dy of v at 0 is a
vector Og..f in W defined by

aa;ef = lllral %(f((l + t@) — f(a)) = %f(a + t.e) — DO'Y
70 t=0

The vector Oge is called the directional derivative of f at a in the direction of
ecV. O

The symbol 0 is spoken “partial”, and we shall presently see why; a German
abbreviation is ,,del“, apparently a transmogrification of “delta”.

If a notation is used it must indicate the place a at which it is taken and the
direction e into which “it points.” The directional derivative is defined also for
the “zero direction” e = 0 but it is the the zero vector and is not particularly
interesting. Most often V' is a normed space and e is a unit vector, i.e. |le| = 1.

A special situation arises if V' = R™. Then we let e be one of the standard
basis vectors

er = (1,0,...,0,...,0),
es = (0,1,...,0,...,0),
€ = (ana' ala ?0)7
en = (0,0,...,0,...,1);

where in the row ey the element 1 is in the k-th position. These vectors yield n
directional derivatives Oy, f which we abbreviate (9 f)(a); thus (0kf)(a) =

o1
lg% Z(f(alw",akfhak +taak+17"'7an> - f(ala"wak:fhakaak#’h"'7an))7
t#0

k=1,...,n. Each of these is a vector in W.

Definition 3.12. If W = R, then the real number (9 f)(a), k =1,...,n is called
the k-th partial derivative of the function f: X — R at the inner point ¢ € X.
Various notations are used:
of of ()
8xk 8wk

If V.= R"™ and W = R™, then for each z = (z1,...,2,) € X the vector
f(x) € W is of the form

of

So(a) or (A 0

or

r=a

or

r=a

fl(l‘l,. .. ,IL'n)
f(x) _ fg(xh .:. . ,xn) ’
fm(x1, .o )

and thus f is really an m-tuple of scalar valued functions f;: X — R. If f has all
directional derivatives (9 f)(a), k =1,...,n, then we obtain a full m x n matrix
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of mn partial derivatives

o1 o

oy r=a oy, r=a
(akfj)(a)) j~=71,..,,7n - : :

9z, r=a 2 r=a

What do all these partial derivatives have to do with the possible differentia-
bility of f at a in the sense of Definition 3.27

Proposition 3.13. (i) Assume that the function f: X — M C W, X CV for
finite dimensional normed vector spaces V. and W is differentiable at the inner
point a of X, and that e is any vector in V. Then the directional derivative of f
at a in the direction of e exists and is equal to

(4) Oaief = (Daf)(e) = f'(a)(e).
(i) Now let V. = K" and W = K™ Then the linear map
D.f = f'(a): K" — K™ has the matriz
af;
(5) (@jk)s=tem,  aji = (Of5)(a) = 3—331 -

Proof . (i) We define v(t) = f(a + t-e) for all t € [—4, ] for a sufficiently small ¢

and have Oy f = z—;" . Set g(t) = a + t-e, g:[—0,8] — W; then ¢'(0)(t) = t-e
=

for all t € R and v = fog. By the Chain Rule 3.7, for all ¢ € R we have
t'aa;ef = DO(f o g)(t) = Dg(O)f © D()g(t) = Daf(g/(O)(t)) = Daf(t'e) = t'Daf(e)'
It follows that Oy.e f = D, f(e).

(ii) Here we take e = ex and find (O f)(a) = Dy(eg) for all k = 1,...,n. We
know from the definition of the matrix of D, f that its k-th column is precisely
the image (D, f)(ex) written as a column. But (9 f)(a) =

) fila+ter) — fi(a) (O f1)(a)
lim —(f(a+t-ex) — f(a)) = lim - : = :
i i fm(a+ter) = fm(a) (Okfm)(a)
Taken together, these two observations prove the claim. a

Let us stress this point again: In order to compute a partial derivative of a func-
tion f: X — R, X C K" with respect to zj at the point (a,...,a,) one fixes all
coordinates except for the k-th, putting them equal to aq,...,ak-1,0k+1,. .., Gn,
and one considers the one variable function  — f(a1,...,a5—1,2, Qgt1,--.,0n);
now one differentiates this one-variable function it at the point ay as in Chapter 4 of
Analysis I; the result is (Ox f)(a). Once more: If we set ¢(t) = f(a1,...,t,...,an)

then (95 f)(a) = ¢'(ax).
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Now the derivative D, f = f’(a) of a function f is computationally accessible,
since we can compute the matrix coefficients immediately as partial derivatives
of the coeflicient functions f;, and as we have observed, partial derivatives are
computed as derivatives of one variable functions.

We have concluded, in particular, that the existence of a derivative D, f implies
the existence of all directional derivatives and, in particular, all partial derivatives
(Orfj)(a). The converse however, is false; we want to illustrate that by construc-
tung an example of a function f:R? — R, a = (0,0) which is not differentiable
at (0,0) but all directional derivatives exist at (0,0), so certainly the two partial
derivatives exist.

In order to understand better the construction of such examples let us return
to the polar coordinate function P:R x [0,00[— R? P(t,r) = (rcost,rsint) of
5.40(42) whose domain and codomain we have now extended with the result that
P is no longer bijective. Now assume that a function f:R? — R is given to
us. We obtain a new function F = fo P : R x [0,00[— R with the property
F(t,0) = F(0,0) for all t € R and F(t,r) = F(t +2mn,r),n € Z, t € R, 0 < r.
Conversely, every function F' with these properties can be written in the form
F = f o P with a uniquely determined function f:R? — R.

Exercise E3.7. Prove the existence of f as asserted.
[Hint. Set f(0,0) = F(0,0), and recall 5.40(42) which yields a function
P~1:R2\ {(0,0)} — ]—=, 7] x ]0,00[. Then use the given properties of F'.]

In this way we wish to construct the function of our example we have an-
nounced. Indeed, we take functions g:R — R and h: [0, co[— R such that —g(t) =
g(t+m) and h(0) = 0 for ¢ € R. This implies, in particular, g(¢ + 27) = g(¢). The
we define F(t,7) = h(r)g(t) and obtain a uniquely determined function f:R? — R
such that f(rcost,rsint) = h(r)g(t) and f(0,0) = 0. We assume that the one-
sided derivative h’(0) of h in 0 exists and is different from 0. For e = (cost,sint)
we set @ (r) = f(r-e) and assert that ¢,(0) = - (r~e)|T:0 = h'(0)g(t), because

[ h(r)g(t) for r > 0,
flre) = { h(ff)g(t +7) forr <0.

The derivative at = 0 on the right side of the function r — f(r-e) is h'(0)g(t), and
its derivative on the left side is (—1)R'(0)g(t + ) = h'(0)g(t) because of —g(t) =
g(t + ). Thus the asserted directional derivative exists and equals h'(0)g(t). In
particular, (9f/0%)(,y)=0,0) = h'(0)g(0) and (9f/0y)z,y)=0,00 = h'(0)g(m/2).
The function f is continuous at (0, 0), since h'(0) exists. If it is also differentiable
in (0,0), then the derivative D o) f has to be equal to (h'(0)g(0), '(0)g(7/2)) =
h’(0)(g(0),g(m/2)). Now one has great freedom in the selection of g. For instance,
we can choose g so that ¢g(0) = g(n/2) = 0, but that g is not identically 0. Then
the function f has directional derivatives in all directions, but is not differentiable
in (0,0).
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Exercise E3.8. (i) Consider the following function
f(l',y) — {ny/(xZ + y2) for (.’L‘,y) 7é (Oa 0)7
0 otherwise.
Show that this is a continuous function having all directional derivatives every-
where and that it is not differentiable in (0, 0).

0.4

1 1

Figure 3.1

(ii) Define a closed subset S C R? of the plane by
S={(z,y) eR*:y <Oory>a’}

and let f:R? — R denote the characteristic function of S, that is, f(z,y) = 1 if
(x,y) € S and = 0 elswhere. Show that this function has all directional derivatives
n (0,0) but is discontinuous at (0,0). The directional derivatives all vanish at
(0,0).

[Hint. (i) Apply our previous discussion with h(r) = r, g(t) = (cost)(sin®t). (ii)
Let e be a unit vector in R%. Show that there is a § > 0 (depending on e) such
that [t| < ¢ implies t-e € S and thus f(t-e) = 0.]

This situation may look a bit awkward. But it changes as soon as the partial
derivatives exist in an entire neighborhood of the point a and are continuous in a.
Indeed we have the following theorem:

Theorem 3.14. Let f: X — R™, X C R"™ be a function and a an inner point
of X. Assume that all partial derivatives exist on a meighborhood U,.(a) of a
and are continuous in a. Then f is differentiable in a and D,f has the matriz

Proof . First we note that f is differentiable in a as soon as all the coeflicient
functions f;: X — R are differentiable in a: Indeed let e;, j = 1,...,m denote
the standard basis vectors of the range space R™; then f(x) = fi(x)-ex +--- +
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fm(x)-€m = (f1 (),..., fn(:zr)) We may therefore assume without restricting the
generality that m = 1. We shall do this in the following. We also fix a norm, well
aware of the fact that it is immaterial which one we fix.

We consider x € U,.(a) and notice

f(x) = fla) = f(z1,a2,...,an) — fla1,...,a,)

+ flz1,20,...,ap) — f(z1,09,...,a,)

+ f(x17m27 e 7xn) - f(x11$27 cee 7xn717an)'

3

x,,%,, %5

(x, e, ay)
(25, x,,05)

©,a,%) |

Figure 3.2

Since the partial derivatives p;, p;(u) def Of/0x;|,_, of f exist on U,(a), the
Mean Value Theorem 4.29 yields numbers t; between a; and x; such that

fl@r, .o X1, Ty Qg 1y« ey ) — [(T1, ooy Tty Ay Qg 1y - -y Q) =
pj(l‘l,. ey 1y by Qg1+ -0 (T —ag), k=0,...,n.
Then
n
f@) = f(a) +_pila)(x; — a;) + r(x)
j=1
where

and
a® = (z1,. . Tp1,th, Qgts s n), @ = (a1,...,ap).

We will finish the proof by showing that ||z — a| ~!r(z) — 0 for z — a with
x # a in U,(a). Now we notice that a®*) tends to a if x = (z1,...,x,) tends to a,
because t;, is between aj and xj. Since the partial derivatives p; are continuous
at a, the function p;(a®)) — p;(a) tends to 0 as z tends to a. Since all norms on
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R™ are equivalent, there is a number C' > 0 such that C-||z — a|| > ||z — a]| =
maxg |z, — ag|. Now we have ||z — al| 7!z; — a;| < Cllz — al|!|z; — aj] < C for
all j =1,...,n, and then it follows that ||z — a| ~!r(x) — 0 for # — a with x # a
in U,(a). But this is what we had to show. O

It is worth emphasizing that from modest assumptions on partial derivatives
which amounts to information on n directions only (if the domain is contained in
n-space) we derive the strongest possible differentiability property, namely, differ-
entiability itself.

Scalar valued functions on higher dimensional domains

In the general theory we considered functions from (open subsets of) R™ to R™.

Several special situations arise:

(a) n = 1and m arbitrary. This the case of curves which we considered in Chapter
2 above.

(b) m =1 and n arbitrary. We encountered this in form of the coefficient functions
f; above; this special case captures most of the general features of the theory.

(¢) m = n. This arises whenever we consider, for instance, self-maps of some
open domain in R™. Issues of (local) invertibility of functions take place in
this setting as we shall see below.

But now we turn the special case m = 1, n arbitrary which is opposite to
that of curves. In other words, we consider functions f: X — R with X C E,
E = R". The graph G = {(z, f(z)) € E xR : 2 € X} of such a function may
be visualized as a surface in n + 1 dimensional space £ x R projecting onto the
base surface X x {0} = X with f(z) € R denoting the “elevation,” “height,” or
“level” of the point (x, f (ac)) above the base plane. Therefore, such a function is
sometimes called a level function or, in German, a Héhenfunktion. (See Figures
3.1 above and 3.3 below.) If @ is an inner point of X, then f is differentiable in a,
if there is a linear map D, f = df, = f'(a): E — R and a function r: X — R with
|r(z)|/||x — a|| — 0 for x — a, = # a such that

f(@) = fa) + f'(a)(z — a) + ().
By Proposition 3.13(5) the matrix of the linear map D, f is

matrix of D, f :((81f)(a), ) (8nf)(a))

_(0(@) of(x)
Oz T Oz,

The derivative df (a) = Do f: E — R is a linear form. However if we consider E as

a real Hilbert space with the inner product (z | u) = >, z;u; there we have a

unique vector g € E such that (D, f)(v) = (v|g) = (g|v). This calls for a name.

r=a

Definition 3.15. The unique vector g in the Hilbert space E for which
(Vv € E)df(a)(v) = (Dyf)(v) = (g|v) is called the gradient of f at a and is written
grad, f, or (grad f)(a), or Vaf, or Vf|s—a. O
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2
PR

Figure 3.3

Gradient and directional derivative

In the n-tuple space £ = R™ we have

grad, f = ((alf)(a)v ) (8nf)(a)) €R"

With this notation, for a function f which is differentiable at a, we get the repre-
sentation

f(@) = f(a) + (grad, f|(z — a)) + r(z) such that lim |r(z)|/|z —af =0.
r#a

The affine approximation x — f(a) + (grad, f | # — a) describes the behavior
of f up to a very small error near a. In particular, we recall from 1.23(6) that

(grad, flo — a) = grad, f|-|& — af| cosw(grad, f,z — a)),
w(grad, f,x — a) =nonoriented angle between grad, f and x — a.

(Cf. 1.21. The angle is undefined if grad, f = 0!)
We continue to consider a function f: X — R which is differentiable at the inner
point a € X C E. From Definition 3.11 we recall the concept of the directional

df (a+t-e
of = f(dtt)

derivative O, of f at a in the direction of e € E. In Proposition

t=
3.13(4) we observed that Oy f = (Dof)(e). In the present situation this means
that the directional derivative can be computed with the gradient:

Remark 3.16. For all e € E we have

Oa:ef = (grad, fle).
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In particular, if e is a unit vector then, assuming that the gradient does not
vanish and using the nonoriented angle w(u,v) between two nonzero vectors (see
Definition 1.21), we can also write

(6) Ousef = | grad, f| cosw(grad, f,e). H

If e = ey, is the k-th standard basis vector of R™, then the directional derivative

in the direction ey is exactly (grad, flex) = %fT(f)‘ the k-th partial derivative
r=a

of f.

From (6) is is clear that (in case grad, f # 0) the directional derivative in
the direction of e is maximal iff cosw(grad, f,e) = 1 iff w(grad, f,e) = 0 iff
e = | grad, f||~!-grad, f. In other words, the vector grad, f points into the
direction of the largest ascent of the function f, and its length is the directional
derivative in that direction, that is, the rate of change in this direction. If on
the other hand we select a unit vector which is perpendicular to grad, f, then
(grad, f | e) = 0, that is, the directional derivative in the direction of e is zero.
Hence the function ¢t — f(a + t-e) is stationary at ¢ = 0.

Level sets

In order to get an intuitive idea of the function f: X — R we consider, for each
y € R the inverse images f~!(y) = {z € X : f(z) = y}. In our present context
one speaks of level setsin X. For example, if n = 2, then the graph of f in X x R
is a surface in three-space lying above the planar region X, and the level sets are,
as a rule, at least locally, the range of a curve, and are called level lines (German
Héhenlinien) or level curves known from geographic maps.

The point a itself lies on the level set f~!(f(a)) = {z € X : f(z) = f(a)}.
Then a point f(z) is on this level set iff (grad, flx — a) = —r(x). Let us define
the affine function a: E — R by a(z) = (grad, f|x —a). It is now plausible that in
the case that grad, f # 0 the level set f ’1( f (a)) is approximated near a by the
level set ! (a(O)), that is by the hyperplane

{zr € X : (grad, flz) = (grad, fla)}

which is perpendicular to the gradient grad, f and which passes through a. This
makes it also plausible that the level set may be described near a as the graph of a
function; we shall later see the so-called “Implicit Function Theorem” which will
allow us to prove rigorously our plausibility arguments. If grad, f # 0, then we can

form the unit vector e & | grad, f||~*-grad, f. Thus the directional derivative
Ou;ef of f at a in the direction of e is precisely (grad, fle) = || grad, f|| > 0, and
the function ¢ — f(a +te), defined for all sufficiently small ¢ as a is an inner point
of the domain X, has the derivative

df (a +t-e)

o = Quief = (grad, fle) = || grad, f|.-

t=0
According to Theorem 4.25 of Analysis I and since a is an inner point of X, there
is a § > 0 such that 0 < t < ¢ implies f(a + t-e) > f(a) and that —§ <t < 0
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implies f(a+1t-) < f(a). We conclude that f cannot attain a local extremal value
(Definition 4.26 of Analysis I) at a. We reformulate this as follows:

Proposition 3.17. Let X C R™ and assume that a is an inner point of X. If the
function f: X — R™ is differentiable at a and attains in this point a local extremal
value, then grad, f = 0. a

Thus local extremal values are to be found at most in the stationary points of
f, that is the points at which the gradient vanishes. Sometimes these points are
also called critical points. However, the function f:R? — R, f(z,y) = 2 —y? has
at (0,0) a stationary point, but attains at (0,0) neither a local minimum nor a
local maximum. In fact, the function ¢t — f(t,0) attains in 0 a local minimum, the
function t — f(0,t), however, a local maximum. The two functions t — f(¢t, +t)
are constant. A stationary point with such properties is called a saddle point. The
level lines of this function are the hyperbolas {(z,y) : 22 — y? = r}, provided that
r # 0. We will defer a more thorough analysis of the local behavior of a level
function in a stationary point until we discuss higher derivatives.

Exercise E3.9. Prove the following assertion.

Proposition. Let f: X — R, X C E = R" be differentiable in the inner point
a of X. Then the graph of the affine approzimation x — f(a) + (grad, flz — a)
of the function f at a is the tangent hyperplane T to the graph of the function f
at the point (a, f(a)). If we identify the vector spaces R™ x R and R" "1, then the
vector (grad, f,—1) € R® x R = R"*! js perpendicular to T.

[Hint. The difference r(z) = f(z)—(f(a)+(grad, flz—a)) satisfies lim,_., % =
0. This justifies the term “tangent hyperplane.” The graph of the affine ap-
proximation is {(z,y) € R" x R = R""! : y = (grad, f|z) + ¢}, ¢ = f(a) —
(grad, fla). The hyperplane through the orgin which is parallel to it has the
equation ((grad, f, —1)|(z,y)) = 0 with the inner product on R"**]

The Implicit Function Theorem

In this section we consider differentiable functions f:U; — U, where U; and Us
are open subsets of finite dimensional normed vector spaces V and W of the same
dimension. (In fact, all arguments apply to the case of Banach spaces V and W
if we take it for granted that a derivative is defined as a continuous linear map,
which is not guaranteed in infinite dimensions.)

In many of the preceding sections we noted the importance of inverse functions,
notably in the context of differentiable functions of one variable (cf. Proposition
4.18 through Exercise E4.8 in Analysis I). In the context of functions f:I —
J between intervals f has an inverse g:J — [ iff for all y € J the equation
y = f(x) has precisely one solution z € I. In the case of a continuous f this
property is equivalent with strict monotonicity. A sufficient condition was that
f had everywhere a positive derivative. The investigation of inverses (at least
locally) in higher dimensions therefore must concentrate on several questions:
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(i) Assume that a differentiable function f:U; — Uz has an inverse function, is
the inverse function differentiable and what is its derivative?
(ii) When does a given differentiable function f have an inverse function?
These issues are certainly no less important for functions in several variables
than they are for functions of one variable. Indeed at stake is the solvability of
entire systems of equations

Y1 fi(zy, ... ),

Ym = f’rn(xla"'axn)v

where the y;, are given and we have to solve for the ;.

As first order of business we deal with the differentiability of the inverse function
of a differentiable function in case it does have an inverse.

Thus let U; C V and U C W open subsets of finite dimensional normed vector
spaces. Let us now assume that two functions f:U; — U und ¢g:Us — U; are
inverse functions of each other. Further assume that f is differentiable in a € U.
Then f(x) = f(a)+L(x—a)+r(z) with L = Do f: V — W and the usual remainder
function r. We set b = f(a) and thus a = g(b).

As a first step we shall show that L has to be invertible if ¢ is differentiable
in b. If this is shown then dimV = dim W follows. We have g o f = idy, and
fog=idy,. By the Chain Rule 2.22. this implies idy = id’U1 (a) = Dypgo D,f.
Since Dyg and D, f are linear maps between finite dimensional vector space, this
suffices for Dyg = (Do f)~ 1.

Now we assume, conversely, that L = D, f is invertible. We set f(z) = f(a) +
L(z — a) + ||z — a||-R(z) with R(z) — 0 for z — a. We set y = f(z) and derive
y—b=Lg(y) — 9(b)) + ll9(y) — 9(b)| R(g(y)), that is

9(y) = gb)+ L (y—b) — llg(y) — g(b)|- L R(g(y))-

Now we have

l9(y) = g(O)l| |l — all
l9(y) = gl = lly = ol = [ly = oll :
lly —bll 1f(x) = f(a)l
Set ¢ = min{||Lu|| : ||u|| = 1}; since L is invertible, this number is well defined.

Let us consider z so closed to a that ||R(z)|| < §. Then for these  we have
1f(z) = f(@)] z—a c
S ey - o (222 > &
[z = af [ = af

Therefore % stays bounded for x — a. If g is assumed to be continuous

at b, then y — b and © — a are equivalent. Therefore ||g(y) —g(b)|| = ||y —bl|-B(y)
with a function B:U; — R which stays bounded for y — b. Thus

9(y) = g(b) + L~ (y — b) + ly — bll- [B(y)-L"R(g(y))].



18 3. Foundations of Differentiability: Functions of several variables

It follows that ¢ is differentiable in b and has the derivative L~!. Thus we have
proved the following result:

Proposition 3.18. Assume that Uy C V und Uy C W are open sets in finite
dimensional normed vector spaces and that f: Uy — Us and g: Us — Uy are inverse
functions of each other. Further assume that f is differentiable in a and g is
continuous in b = f(a). Then the following two statements are equivalent.

(i) g is differentiable in b.

(ii) D, f is invertible.

If these statements hold, then Dyg = Dy )9 = (Dof)~1, and the vector spaces V.
and W are necessarily isomorphic. O

Let us recall that statement (ii) above is equivalent to
(iii) det D, f # 0.

Exercise E3.10. Compare Proposition 3.18 with the discussions of the one di-
mensional case in Proposition 4.18 in Analysis 1.

The question of the existence of a (local) inverse function is harder, but more
informative and much more fascinating. The result is a standard tool in analysis
in all of its branches.

So let U and V be open subsets of R", say, and consider a continuous function
f:U — V. We noted in 3.18 that, in the context of locally invertible differen-
tiable functions it would be absurd to investigate real vector spaces of different
dimensions. We will show that a suitable strong condition of differentiability of
f at a point a € U with an invertible derivative implies that f maps an open
neighborhood of a bijectively and continuously invertibly onto a neighborhood of
f(a). Recall that, conversely, the condition that f maps a sufficiently small open
neighborhood U,(a) of a point a € U bijectively onto a neighborhood of f(a) in
V does not imply that f is differentiable in a. Indeed ¢/ :R — R is continuous
and bijective but fails to be differentiable at 0. Furthermore, its inverse function

x +— x> is smooth and bijective, but its derivative at 0 is not invertible.

For our purpose we consider an interesting variation of the concept of differen-
tiability of a function at a point.

Definition 3.19. Let V and W be finite dimensional normed spaces. A function
f: X — W with X CV is called strongly differentiable at an inner point a of X,
if there is a linear map L: V — W and a function R: X x X — W so that
(M) f(u)— f(v) =L(u—v)+ |Ju—v|-R(u,v) and ( %IH% R(u,v) =0. O
Taking v = a we see at once that a function which is strongly differentiable at
a is differentiable. The converse may fail. (See E2.21 below.)
The following theorem clarifies the situation.
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Theorem 3.20. Let V and W be finite dimensional normed vector spaces and X
an open subset of V ; assume that f: X — W is a differentiable function. Then for
a point a € X the following statements are equivalent:

(i) f' is continuous at a.
(ii) f is strongly differentiable at a.

Proof . In place of the function f we consider the function F: X — W defined
by F(z) = f(z) — f(a) — f'(a)(z — a). If we prove the equivalence of (i) and (ii)
for F', then it is also secured for f, since the two functions differ only by an affine
function. For the function F', however, we have

F(a)=0 and  F'(a)=0.

We will now show that (i) implies the strong differentiability of F and that (ii)
entails the continuity of F” at 0.

(i)=(ii): By the continuity of F’ at a and in view of F’(a) = 0, for a given
e > 0 we find a § > 0 so that w € Us(a) implies || F'(w)|| < ¢ with the operator
norm (s. 1.32, 1.33). The set U;(0) is a ball and thus is convex, i.e. for two points
u,v € Us(0) and t € [0, 1] the point w = (1 —¢).u+t-v on the straight line segment
S between them satisfies ||w|| < (1 —¢)|jul| + ¢]jv]| < (1 —t)d +tJ = § also belongs
to Us(0). By the Mean Value Theorem 2.10(x%) we have

[1F(v) = F(u)|| < ello -

for u,v € Us(a), and this shows, that F is strongly differentiable in a.
(il)=-(i): Since F is differentiable on X, for any b € X and h € V with b+h € X
we know F(b+ h) — F(b) = F'(b)(h) + ||h]|-rs(h) such that

(Vb € X)(Ve)(36 = 6(b,e))[|h]| < 6=rs(h)]| < e.
By (ii), in view of F’(a) = 0 we have
F(b+h) = F(b) = F'(a)(h) + [[h]|-Ra(b, h) = ||h]|-Ra(b, h)
with im, ) (a,0) Ra(b, h) = 0. We conclude
F'(0)(h) = [|7l|-(Ra (b k) = ry(R)).-

Now let € > 0 be given. We select § > 0 so, that u, w + h € Us(a) implies
|Ra(u,h)|| < €/4. Let b € Us/z(a). Then we determine a ¢’ = 0'(b,e) with
0 < & < &/2 so that ||h|| < ¢ entails ||r(h)|| < e/4. Then b and b + h are still
contained in Us(a). Hence we have ||Ry(b,h)|| < /4. Now let v be an arbitrary
element of V. Set h = Hv‘fﬁ-v. Then ||h|| < ¢’ and thus
IF'®) ()| < MIAll-[|Ra (u, B) = ro(R)|| < [IRll(e/4+ /4) = [|hlle/2.

Hence [[F7(b)(v)|| < |lv]le/2 and thus [F'(b)|| < /2 < ¢ for all b € Us/o(a). This
shows that F” is continuous at a. O
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This theorem illustrates the significance of strong differentiability. If differ-
entiability is secured on a neighborhood of a, then strong differentiability is a
consequence of the continuity of the derivative; the theorem makes precise, to
which extent the converse is true. Strong differentiability therefore is a concept
applying to functions whose properties are known at one point a only, and it is
being “continuously differentiable at this point”. In particular the theorem implies
the equivalence of the following two conditions Then the following statements are
equivalent:

(i) f: X — Hom(V,W) is a continuous differential form.
(ii) f is strongly differentiable on X.

After these preparations we turn to the local invertibility of a function F' which
is strongly differentiable in an inner point a of its domain X.

We reduce the problem to a special, more managable case. For a function
f:U — V, where U and V are open subsets of a finite dimensional normed vector
space E assume that f is differentiable at a € U such that D, f is an invertible
vector space endomorphism of E. Now we define

F:U —a— (Daf)™'V = f(a), F(z)=(Duf)" (f(z+a) — f(a)).

Then F(0) = 0, and DoF exists and equals the identity map 1p of E. Also
f(u) = f(a) + (Daf)(F(u — a)). Moreover, if f is strongly differentiable at a,
then F' is strongly differentiable at 0. We claim that if F' is locally invertible near
0 then f is locally invertible near a: Indeed let GF(z) = = and FG(y) = y for
all z,y near 0 then we set g(y) = a + G[(Daf)*(y — f(a))] and quickly verify
g(f(z)) =z and f(g(y)) =y for all & sufficiently close to a and all y sufficiently
close to b = f(a).

Thus we shall now assume that f is strongly differentiable at 0 i.e. there is a
function R:U x U — E such that

fu) — f(v) =u—v+ |lu—v|-R(u,v) such that ( %irn(0 O)R(u, v)=0

for u,v € U. In particular, this implies

f(z) =z + ||z||-R(x, 0) such that lin}) R(z,0)=0

forx € U.

Now we observe that for a sufficiently small numbers r > 0 we have

(a) Un(0)CU,

(b) ||R(u,v)|| < 1/2 holds for ||ul|, |Jv|| <.

We fix an element y with |ly|| < § and set K(z) = 2 — f(x) +y. Then y = f(x)
iff K(x) = . Moreover,

1K (u) = K@) = | = f(u) + f(v) + (u = 0)[| < [lu = o]|-| R(u, 0) | < %Hu—vl\

for u, v € U. We note that then
(c) K@) < [lz]l-|[R(z, 0+ llyll <5+ 5 =7
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We summarize that with the » > 0 so determined, we have

(V& € U(0)) | K ()] <r,
(C) 1
(Vu, v € Up(0)) |1 K (u) — K(v)] <glu =l

Thus we have the following information on K: For each y with |[ly[| < £ the
function K maps U,.(0) into itself and properly contracts distance in the sense
that d(K(u), K (v)) < 3d(u,v). This situation calls for an interlude on metric
spaces.

The Banach Contraction Principle

Recall that a metric space is called complete if every Cauchy sequence converges
(cf. Definition 6.5).

Definition 3.21. A selfmap K: X — X of a metric space X is called a proper
contraction, if there is a number ¢ with ¢ < 1 such that d(K(z), K(y)) < c-d(z,y).
A point x satisfying K(z) = x is called a fized point. O

The function K:U,.(0) — U,.(0) introduced above as K(z) =z — f(z) + y is a
proper contraction.
For self-maps of metric space we have the following extremely useful result. ,

| THE BANACH FIXED POINT THEOREM |

Theorem 3.22. A proper contraction of a complete metric space has a unique
fixed point.

Proof . Uniqueness: If K(z) = z and K(y) = y then d(z,y) < d(K(z),K(y)) <
cd(x,y), that is, 0 < (1 — ¢)d(x,y) < 0; this implies d(z,y) = 0 and thus z = y as
asserted.

Existence. First note via induction, that for any two points x and y in X we
have d(K”(x), K”(y)) < ™d(z,y). Now let 2o € X be completely arbitrary. Set
Tn = K™(x0). Le., xpy1 = K(xp) for n=0,1..... Then, by induction, we get

d(anrkv xn) Sd(l’n, anrl) +F d(xn+k717 anrk)» and thus
d(Tpak, Tn) zd(K"HxO, K”xo) 4+ 4 d(K’”kxo, K”Jrk*lxo)
< (" TEA(K (20), 20)

Looking at the geometric series 1 + ¢+ ¢® + - -+ (see 4.7) we first note that ¢” +
SRl < e whence

d(K(zg),x
©) (Y, k= 0,1,...) d(@nir, 2n) < Cnhw.
—c
This implies at once that (), is a Cauchy sequence; since X is complete, = def

lim,, z,, = lim,, K™ (x() exists. Since every proper contraction is clearly continuous
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we obtain K(z) = K(lim, z,) = lim,, K(z,) = lim, ,4+1 = . Thus z is the
required fixed point. O

We observe quickly that the proof actually yielded a more precise estimate how
close the n-th iteration of K" (x¢) is to the limit:

| A PRIORI ESTIMATE FOR A BANACH CONTRACTION |

Corollary 3.23. Let d(K(z),K(y)) < c-d(z,y) for all z,y in a complete metric
space and set x,, = K™(xq). Let x = limx,, be the unique fized point of K according
to 2.40. Then

d(K(Jfo), 'rO) )

9) (Vn=0,1,...)d(z,x,) <™ 1o

Proof . This follows at once from (8) by letting x,,+x tend to x, k — oo. O

If we have any ideal where the fixed point might be located, then we would
naturally pick zp near the likely location of z and thus make d(K (x¢), zo) small,
as d(K(y),y) — 0 when y — x. But in the estimate (9), the factor d(K (xo),xo)
does not play a very significant role, whereas ¢ does: This factor decreases expo-
nentially to 0.

It is most remarkable how elementary these proofs are that yield such powerful
results. The Banach Contraction Principle is of the utmost importance for appli-
cations in many branches of pure and paplied mathematics. It is constructive in
the sense that it does not only prove the existence of a fixed point but actually
allows us to construct a sequence of “iterates” starting from an arbitrarily selected
initial element xy which takes us very quickly near the unique fixed point. The
recursively defined sequence x,, 11 = K(z,,) is ideally set up for being programmed.

@ The Banach Fixed Point Theorem requires a proper contraction. It gen-
erally fails for self-maps f satisfying d(f(z), f(y)) < d(z,y).

Back to Local Inverses

With the help of the Banach Contraction Principle we now derive very quickly the
following intermediate result:

Lemma 3.24. Let f:U — E = K" be defined on an open set U C E containing 0
and assume that f(0) = 0 and that f is strongly differentiable in 0 with derivative
1g. Then (i) there is anr > 0 such that for all ¥' € ]0,7] it follows that U,.(0) C U

and that for each y € U, /5(0) there is a unique x o g(y) € Up(0) such that
flx) =y

(ii) In particular, U,/ /5(0) C f(UT/(O)), and thus f maps every neighborhood
of 0 in U onto a neighborhood of 0.

(iii) Moreover, for x1,x9 € U,(0) the equation f(x2) — f(x1) = xo — 21 + ||x2 —
z1||-R(x1, z2) holds with |R(z1,22)|| < 3 and R(z1,22) — 0 for (z1,22) — (0,0).
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Proof . We continue the notation we have introduced in the discussion leading us to
(C); in particular, we choose r > 0 as we did in that discussion. Whatever holds for
r is also true for every smaller positive number ' in place of . Assume ||y| < r/2.
Now we apply the Banach Contraction Principle 3.22 to K: U,.(0) — U,.(0) as given
by K(z) = x — f(z) + y and find that there is a unique fixed point z € U,.(0);
thus K (x) = 2 and hence f(x) = y. This proves (i). Since every neighborhood of
0 contains a neighborhood U, (0) for some 7’ < r, (ii) follows readily. Finally, (iii)
follows from the choice of r, yielding condition (b) that precedes (C). O

Lemma 3.25. In the circumstances of Lemma 3.24, the function g:U, 2(0) —
U.(0) C E is strongly differentiable in 0.

Proof . By 3.24(iii), for z1,x2 € U,(0) we have
[/ (22) = f(z1)|| =llwz — 21 + ||2g — 1] R(z1, 22)]|

(+) >|llze — @1ll] = lwe — @1 ||| R(z2, 21)]]|
1
=llzs = 21 [[[1 = 1R (z2, 21)ll] = 5 llws — 2]l

Now let y1,y2 € U, /2(0) and set z1 = g(y1), v2 = g(y2). Then z1,22 € U,(0) and
y1 = f(z1) and yo2 = f(x2). Accordingly, by 3.24(iii),

1
ly2 — v1ll = 5ll9(y2) — g(y1)l, and

9(y2) — 9(y1) =22 — 21 = f(22) — f(21) — |22 — 21| R(22, 21)
=y2 — y1 — ll9(y2) — g(y1) I R(9(v1), 9(y2))
() =yo —y1 + [ly2 — w1 ll-p(y1, v2),

where

_llgtw)—o(wll,
p(y1,y2) = { g LR (9(y1), 9(y2))  for yi # g,
0 fOI‘ Y1 = Y.

Then by (x), [lp(y1,y2)| < 2-||R(9(v1),9(y2))||- Since |R(g(y1),9(y2))| < 5 by
(%), after (xx) we have

lg(y2) —g(y1) —y2 — w1l < lly2 — walls

letting y1 = 0 and y2 = y we see ||g(y) —y|| < |ly|| which shows that g is continuous
at 0. Hence (y1,y2) — R(9(y1), 9(y2)) tends to 0 as (y1,y2) tends to (0,0) and thus
p(y1,y2) — 0 as (y1,y2) — (0,0). Then (x*) shows that g is strongly differentiable
at 0 with derivative 1. ad

Let us now collect the information we have on f:U — F under the given
hypotheses that f(0) = 0, and that f is strongly differentiable at 0 with D —0f =
1EI

For all sufficiently small » > 0 we have U,.(0) C U and there is a function
9:U, /2(0) — U,(0) such that f(g(y)) =y for all y € U, 2(0) and that g is strongly
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differentiable at 0. Then Lemma 3.24 applies to ¢ in place of f and shows that
every neighborhood of 0 in U, /5(0) is mapped under g onto a neighborhood of 0.
Thus g(U,/2) contains U,(0) for some s € ]0,7]. Then by definition of s, for each
x € Uy(0) there is a y € U,/2(0) such that x = g(y). Hence f(z) = f(g(y)) =y
and then g(f(z)) = g(y) = x. Thus, if we set W = f(U,(0)) C U,/2(0) then,
firstly, W is a neighborhood of 0 and, secondly, the functions ¢: Us(0) — W and
P: W — Us(0), defined by ¢(v) = f(v), ¥(w) = g(w) are inverse functions of each
other.
We are ready for the major theorem in this context:

| INVERSE FUNCTION THEOREM |

Theorem 3.26. Let X be an open set of a finite dimensional real Banach space
E and f: X — E a function which is strongly differentiable at a € X such that
D, f is invertible.

Then for every sufficiently small neighborhood M of a in X there exists a

neighborhood N of b def f(a) in E contained in f(X) such that there is a function
g: N — M, for which f(g(n)) =n foralln € N, andg(f(m)) =m forallm € M.
Moreover, g is strongly differentiable in b, and Dyg = (Do f)~ L.

Proof . We define
F:U—a— (Dof)"'V = f(a), F(z)=(Duaf) ' (f(z+a) = f(a)).

Our preceding discussion applies to F' and yields neighborhoods M’ and N’ of
0 and a function G: N’ — M’ such that F(G(m)) = m for all m € M’, and
G(G(n)) =nforalln € N'. We set M = M’ +a and N = (D f)N’ + b. Then
M is a neighborhood of a and N is a neighborhood of b.

Now f(z) = f(a)+ (Dof)(F(z—a)); thus f maps M to f(a)+ (Do f) ' FM' =
N. We defined g: M — N by g(y) = a+G[(Daf)*1 (yff(a))]. Then g is correctly
defined and maps N to M. The required properties of f and g, as we said at the
beginning of our discussion are quickly verified.

Since G is strongly differentiable at 0 with derivative 1g, then g is strongly
differentiable at b and Dyg = (D, f) L. 0

The proof remains intact verbatim if E is replaced by an arbitrary, not nec-
essarily finite dimensional Banach space; we just have to make sure that in the
definition of strong differentiability in 3.19 the linear map L: E — FE is continuous.

It is a fact which is proved in Banach space theory that the inverse of a continuous linear
self-map of a Banach space, it if exists, is also continuous.

Even in one dimension we had an example presented in Exercise E4.8 in Anal-
ysis I that showed that the differentiability of f in 0 in which we constructed a
bijective function f: f — f with f(0) = 0 and Dy f = 1 such that the inverse func-
tion g was discontinuous at g—Ilet alone differentiable. This illustrates the fact
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that differentiability in one point alone is not sufficient—even if we know bijectiv-
ity beforehand. If one feels the impulse to relax the hypotheses of the preceding
Theorem 3.26 one should recall this example and also the following one:

Exercise E3.11. Consider the function f:R — R given by

f(z) = {Q.TQCOS%—FI ?fx;éO,
0 ifx=0.
Show that f is differentiable everywhere and strongly differentiable in each point
of R\ {0}, but fails to be strongly differentiable and to be locally invertible at 0.
Show that f'(0) = 1 but fails to have a local inverse at 0 by showing that f is
injective on no interval |—d,d[, 6 > 0.
[Hint. Compute

1 1 ~
f(z) = drcos, +2siny +1 }fa; #0,
1 if x =0.
Note that f’ is discontinuous at 0 and is continuous on R\ {0}. Invoke Theorem
3.26 to see that f is strongly differentiable in all points of R\ {0} but fails to
be strongly continuous at 0. (Alternatively, consider the sequences u,, = ﬁ and
Up = m and compute (f(un)— f(vn))(un —v,)"'.) Shows that every interval
]=6, [ contains an x such that f’(z) < 0. Conclude that f is not monotone on
any such interval.]

In the proof of the Inverse Function Theorem 3.26 one encounters a relatively
typical situation: The problem is reduced to finding a fixed point of a self-map,
and then a restriction to a small domain is picked so that the hypotheses of the
Banach Fixed Point Theorem apply: See (C) above.

| EXISTENCE OF LOCAL INVERSE FUNCTIONS |

Corollary 3.27. Let X be an open set of a finite dimensional real Banach space E

and f: X — E a continuously differentiable function, that is, f': X — Hom(E, E)

is continuous. Assume that f'(x) is invertible for all x € X. Then f(U) is open for

every open subset of U; in particular the set Y = f(X) is open in E. Moreover,

there is a family U of open subsets of X such that the following conditions are

satisfied:

() X =Utd=Uyey U, and

(ii) for each U € U there is a continuously differentiable inverse function denoted
by gu: f(U) — U of the restriction flU:U — f(U), and g;;(v) = f’(g(v))_1
for allv e f(U).

Proof . By Theorem 3.20, f is strongly differentiable at every point. Thus Theorem
3.25 applies to every point a € X. Hence if U is open in X and u € U, then by 3.25,
there is an open neighborhood M of u such that f(M) C f(U) is a neighborhood
of f(u) in E. Hence each f(u) is an inner point of f(U); that is, f(U) is open.
This says that f maps every open set onto an open set.
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Furthermore, for each x € X, Theorem 3.25 gives us open sets M, and N, def

f(M,) in E such that x € M,, and there is a function g,: N, — M, inverting
fIMy: M, — N, and being strongly differentiable at f(x). Let m € M,. Then
by 3.25 there is an s > 0 so small that Us(m) C M, and that f(US(m)) C N,
is a neighborhood of f(m) for which there is an inverse g.: f(Us(m)) — U,(m)
of f|Us(m) such that g. is strongly differntiable at f(m). For m’ € Us(m) we
note g, (f(m’)) =m =g, (f(m’)). Thus g, and g, agree on f(Us(m)). Hence

9. is strongly differentiable at f(m) for all m € M,. Thus by Theorem 3.26 the

function g,: N, — M, is continuously differentiable. Set U def {M; : z € X}.

Then (i) and (ii) are satisfied. O

@ One should not believe that under the circumstance of Corollary 3.27, f
is invertible, and one should not believe that for Uy, Uy € U, one could
guarantee that gy, (v) = gu, (y) for y € f(Ur) N f2(U). See E3.12(b) below.

Exercise E3.12. (Complex functions considered as real functions).

Fill in the details in the following discourse and explain, how Sections (a) and
(b) below are related.

(a) Let U be an open subset of C and f:U — C a holomorphic function (cf.
Definition 4.1 of Analysis I); this means that there are functions f:U — C and
r:U x U — C such that r(z,a) — 0 for z — a and

(%) f(z) = fla)+ ['(2)(z —a) + |z — alr(z, a).

Define an open set V. C R? by V = {(z,y) : ® + iy € U}. A function F:V — R?,
F(z,y) = (u(z,y),v(z,y)) is differentiable on V (cf. Definition 2.16) if there are
functions F’: V — Hom(R?,R?) and Ria, a5V — R? such that Ria;,a2) ((x, y)) —
0 for (z,y) — (a1,a2) and

()

F(xvy) = F(aha?) + F/(LU, y)({L‘ —any— a2) + ||($ —any-— a2)||R(a17a2) ((xay)))a

where ||(£, )] = /&2 + n? denotes the euclidean norm, and where

(1) F'(z,y)(&n) = (1) (, y)E + (D2u)(z,y) (1), (Or0)(z,y)E + (820)(x,y)(1))-

Now return to f and write u(x,y) = Re f(z + yi) and v(z,y) = Im f(x + yi),
further ¢(x,y) = Re f'(z + yi) and ¥(z,y) = Im f'(x + yi). Then

1 fllr 4w (E+mi) = (elz,y)€ — Yz, y)n) + (o(@,y)n + Pz, y)E)i.

If we now set F(x,y) = (u(x, y), v(z, y)), then the holomorphy of f via comparison
of (8) and (xx) causes F to be differentiable, and via (f) and () yields

. _ ( Owu)(z,y) (Oou)(w,y)\ _ [ elz,y) —Y(z,y)
mat““fD@’y)F<<alv><x,y> <aw><x,y>><w<x,y> o(z.y) >
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In particular,

(Vo +iy € U) (1u)(z,y) = (02v)(z,y),
() (z,y) = — (O2u)(z,y).

These equations are called the Cauchy-Riemann partial differential equations.
The derivative D, F is invertible iff det D, F # 0 iff [f/(2)]* = ¢(z,y)? +
¥(x,y)? # 0iff f/(2) # 0. the the function F' and hence the function f have local
inverses at all points (z,y), respectively z = x + yi for which f/(2) # 0.

In particular, any holomorphic function f:U — C for which [’ vanishes no-
where on U gives a function F:V — R? with local inverses. But there are many
instances where the function z — f(z) : U — f(U) is not invertible, e.g. z —
22:C\ {0} — C\ {0} or exp: C — C\ {0}.

(b) Let X =]1,log2[ x |-3F, 3 C R? and ¥ = {(z,y) € R? : 1 < 2 +
y? < 4}. Define f: X — Y by f(z,y) = (Re (exp(z +iy)),Im (exp(z + iy))) =
e®-(cosy,siny). Then all partial derivatives exist and are continuous, yielding for
the linear map f/(x,y): R? — R? the matrix

e*cosy —e’siny _ . 08y —siny
e’siny eYcosy ) siny cosy /'
cosy —siny
siny cosy

at all (z,y). But f is not injective, hence not invertible, because f(log %, —m) =
(=3,0) = f(log 3, 7). We may take U = {Uy, U} with

(CR)

Since det

’ = 1 and e” # 0 for all z, the derivative is invertible

3m ™
Ulz]l,IOgQ[XIl, Il_:|—7,§|:,
U =11,l0g2[ x I, Ip— |- 27
2 = |1,108 25 2 — 25 ) .

Write St = {(z,y) € R? : 22 + y?> = 1}. For j = 1,2, the functions ¢
(cost,sint): I; — S'\ {p;}, p; = (0,(—=1)77') have inverse functions «;. Then
we have two slit annular regions Vi = f(Uy), Vo = f(Uz) and inverse functions
9;:V; = Uj, j = 1,2, gj(u,v) = (logvu2 +v2,05(||(u,v)[| " (u,v)). But for
£=(-3,0) € Vi NV, we have

91(8) = (logg,—ﬂ) and g»(§) = (loggmr). |

Prove the following result complementing 3.11(a):
Theorem. Let V be open in R? and consider a function F:V — R?, F(x,y) =
(u(x, y),v(x, y)) Assume that all partial derivatives of u and v exist and are con-
tinuous on V. Set U = {z +yi: (x,y) € V} and f(z + yi) = u(z,y) + v(z,y)i.
Then f:U — C is holomorphic iff the Cauchy-Riemann partial differential equa-
tions (CR) hold. O
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[Hint. We saw that the (CR)-equations are necessary in 6.81. For the converse, re-
call that the continuity of the partial derivatives by 3.14 implies the representation
2.46 (). This representation and (CR) imply the representation 2.46(x).]

From Exercise E3.12(b) we learned that local invertibility does not imply in-
vertibility. The local invertibility itself, however, has remarkable consequences.
An easy one first!

Corollary 3.28. Let X be an open set of a nonzero finite dimensional real Banach
space E and f: X — E a continuously differentiable function such that f'(x) is
invertible for all z € X. Then the function x — || f(x)| attains no local mazimum.

Proof . Since ||-||: E — [0, co[ maps open sets to open sets (Exercise!), by Corollary
3.26 x — ||z| : X — [0, co[ maps open sets to open sets. Assume that this function
takes a local maximum at a. Then there is an open ball U around a such that
I (@)l € [F @IS (@) =6, [[f(a)]] and thus || f(U)[| would not be open. O

Exercise E3.13. (i) Prove that for every nonzero normed vector space E, the
function x — ||z||: E — [0, co[ maps open sets to open sets.

(i) Prove elementarily the following statement

Let X be an open set in a finite dimensional Banach space E and f: X — E
is differentiable in a € X such that Do f is invertible. Then x — || f(z)|| does not
attain a local mazimum at a.
[Hint. First assume f(a) # 0, set v = (Dof)"'-f(a) # 0 and e = ||v]|"tv is a
unit vector such that dg,e f = (Do f)(e) = 0] ~1-£(a). Then o(t) 2 || f(a+te) =
[I(1+ HTtH)f(a) +t-r(t)| with r(t) — 0 for t — 0. Conclude that ¢ does not attain
a local maximum at ¢t = 0. If f(a) = 0 and | f(-)| attains a local maximum at a
then f is locally constant equal to 0 at a; this entails D, f = 0.]

The Implicit Function Theorem

From the Inverse Function Theorem we derive a theorem that has many applica-
tions; it will turn out that it is equivalent to the Inverse Function Theorem.

We shall consider open sets X C RP and Y C R?, and a function F: X xY —
R™. The simplest example is a level function F:R? — R. Let (a,b) € X x Y;
we raise the question whether there are neighborhoods U and V of a and b in X,
respectively, Y, and a function f:U — V with f(a) = b such that F(z, f(z)) =
F(a,b) for all z € U. Such a function f will be called an implicitly defined function.
As an example let us look at F:R? — R, F(z,y) = 2% +¢?, and F(a,b) = 1. If
—1 < a < 1, then the equation 22 + f(x)? = 1 can be solved for f(x), yielding
flx)=v1—2a%for -1 <x <1 Ifa=—1ora=1,such a solution function does
not exist.

We assume that F is strongly differentiable at (a,b). We define functions
F1: X — R™ and Fy:Y — R™, given by Fy(x) = F(z,b) and Fs(y) = F(a,y). If
Ii(z) = (z,b) and Ir(y) = (a,y), then F} = Fol; and and F» = F o I5. Thus
Fy and F, are differentiable at a, respectively b. We denote their derivatives by
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01 F(a,b) and 02F(a,b), respectively. Then, by the chain rule, [0 F(a,b)|(u) =
(Diap)F o Doly)(u) = Dqp)F(u,0), similarly and [02F(a,b)](v) = D5 F(0,v).
Thus

D (qp)F (u,v) = 01F (a,b)(u) + 02 F (a,b)(v).

We shall call 91 F(a,b) and 02F (a,b) the first, respectively, second partial deriva-
tives of F at (a,b).

Now we assume that the second partial derivative 2F(a,b):R? — R™ is in-
vertible. This means, in particular, that we assume ¢ = m. The matrix of D(q ) F'
is an m X (p + ¢)-matrix (m = ¢) which consists of an m x p-block, the matrix of
01 F(a,b), and of an m x g-block, the matrix of dF(a,b), and we notice that this
latter one is quadratic.

o G=rm7

-
<

)
Y

m 9,F(cb) @F/a,b)

Figure 3.4

We now introduce a new function G: X x Y — RP x R™ defined by G(z,y) =
(x, F(z, y)) Then G is strongly differentiable in (a,b) and its derivative is given
by

D (a,5)G(u,v) = (u, O F(a,b)(u) + 02 F(a, b)(v))

For a given vector (s,t) € RP x RY, the equation (s,t) = (u,01F(a,b)(u) +
02 F(a,b)(v)) is easily solved for (u,v) by u = s and v = (62F(a,b))_1(t -
O1F(a,b)(s)). Therefore D, ;)G is invertible and has an inverse given by

(10) (DiasyG) " (s,1) = (s (9:2F(a,b)) " (t — &1 F(a, b)(s))).

Since F' is strongly differentiable at (a,b) so is G. Hence the Theorem of the
Existence of Local Inverse Functions 3.25 applies. Thus for all sufficiently small
neighborhoods U x V of (a,b) in X x Y there exists a neighborhood W of G(a,b) =
(a, F(a,b)) in R? x R™ and a unique function H: W — U x V inverting G|(U x V) :
U xV — W. Since G is of the form G(z,y) = (a:,F(z,y)), the function H is of
the form H(u,v) = (u, h(u,v)) for (u,v) € W with a function h: W — R™ which
is strongly differentiable in (a, F(a,b)). Then (u,v) = GH (u,v) = G(u, h(u,v)) =
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(u, F(u, h(u, v))), that is

(11) (V(u,v) € W)v = F(u, h(u,v)).

Furthermore,
D(a,F(a,b))H(Sa t) = (D(a,b)G)il(Sv t) = (Sa (aQF(av b))il (t - 81F(a7 b)(s)))

by (10). Hence Diqph(s,t) = (92F(a,b)) " (t — 1 F(a,b)(s)).

There is an open set W’ C W containing (a, F(a,b)). Then the set {z € U :
(m, F(a, b)) € W'} is an open neighborhood U, of a, contained in U. Finally, we set
f(x) = h(z, F(a,b)) for u € U,. Then F(z, f(z)) = F(x,h(z,F(a,b))) = F(a,b)
by (11) and f satisfies the requirement. Moreover, Dq f(s) = (D(a,F(a,5))P)(5,0) =
(02F(a,0)) "' (0 — 8, F(a,b)(s)) = —(02F(a,b)) " 91 F(a,b)(s), and thus D, f =
—(82F(a,b))7181F(a,b)(s). Finally, if F(z,y) = F(a,b) for (z,y) € U, X V,
then G(z,y) = (z,F(z,y)) = (x,F(a,b)) and thus (z,y) = H(z,F(a,b)) =
(z,h(z,F(a,b)) = (z, f(z)). Hence f(z) is the unique solution of the equation
F(z,y) = F(a,b) withz € U, and y € V.

| IMPLICIT FUNCTION THEOREM |

Theorem 3.29. Let X C RP and Y C R™ be open sets and F: X xY — R™
a function which is strongly differentiable at (a,b) € X xY. We assume that the
second partial derivative 92 F(a,b): R™ — R™ of F is invertibale. Then there are
an open neighborhood U, of a in X, an open neighborhood V of b in Y, and a
function f:U, — Y with f(a) = b such that F(z, f(z)) = F(a,b) holds for all
x € Uy, and f(x) is the unique solution of the equation F(x,y) = F(a,b) with
rxeU, andyeV.
Moreover, f is strongly differentiable in a and

(12) Dof = —(82F(a,b)) " 0, F(a,b). O

There is simple way to memorize (12). Once one has the function f and its
properties, one differentiates both sides of the equation F (9:, f (:c)) = 0 and finds
O F(a,b) + 02F (a,b) o Do f = 0 from which we obtain (12).

Level sets revisited

With the Implicit Function Theorem we can make our discussion of the level lines
of a level function f: X — R, X open in R™ precise. The level set of level f(a)
is the set H = {x € X : f(x) = f(a)} where the graph of f attains the “height”
f(a). If f is continuously differentiable, then it is strongly differentiable in each
point = of X by 3.20.

Consider a point a € X for which ng
Zr1 r=

there is at least one partial derivative %‘ # 0, and we can carry out the
Jlz=a

# 0; as long as grad, f # 0,

following argument with j in place of 1. We write R” as R x R"~! and consider a
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neighborhood UxV C X, a; € U CRanda’ = (ag,...,a,) € V C R*"1. We look
at the the restriction of the function f to U x V. Since the first partial derivative

o1 f(ar,a') = g—i‘w_a is nonzero, hence invertible in the sense of the Implicit

Function Theorem, Theorem 3.29 implies and yields an open neighborhood U,/ of
a’ in R and a function ¢:U, — R such that for 2’ = (za,...,2,) € Uy we
have (s(z'),2') e U x V C X and

f(s(za,...,zn),za,...,2n) = f(a).
This means that the set

{(s(za,...,2n) @y ..., xy) : (T2y. .. 2y € Un)}

is firstly a neighborhood of f(a) in the level set H and secondly is a piece of a
hypersurface (of “dimension” n—1) in R”. Thus we are justified to call the level set
H, whenever grad, f does not vanish, a level surface. If n = 2, the expression level
line is quite appropriate. We will again identify R” and R x R"~! and represent
x = (x1,22,...,2,) in the form (z,2') with 2’ = (za,...,2,).

R™

Figure 3.5

By Theorem 3.29, the function s: U, — R is a differentiable level function (in
one dimension lower), and the formula (12) for the derivative yields

(12) s'(a') = grad, s = —(91f) (@)~ ((@2f)(a), - .-, (O f)(a)),
and thus also
f'(a) = grad, f = ((01f)(a), = (01 f)(x) grad,, s)
= (01f)(a)-(1, —grad, s).
The equation of the tangent hyperplane to the set {(s(z),2’) € R x R~ : 2’ €
Uy} at the point (s(a’),a’) is #1 = s(a’) + (s'(a’) | ') since the affine approxi-

mation of s at o’ is 2’ — s(a’) + (s'(d’) | '), 2’ = (22,...,z,). This equation is
equivalent to

(14) (1,=5'(a") | z) = s(a') with z = (21,...,25).

(13)
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In (13) and (14) we finally proved facts which, in our earlier discussion, we
were able to illustrate only in an intuitive fashion. Indeed we have now shown:

Theorem 3.30. Let f: X — R be a continuously differentiable level function

on an open set X of R™. If at a € X we have 01f(a) # 0 then the level set

oY {x € X : f(x) = f(a)} is locally near a the graph of a differentiable function

s:Uqy — R, where U, is an open neighborhood of a’ = (aa, ..., a,) in R"71:

(V(x2y...,xn) € Ua)f(s(xg,...,xn),xg,...,xn) = fay,...,an).

The tangent hyperplane to H at a = (a1,...,a,) in R™ is perpendicular to the
nonzero vector grad, f in R™. a

Optimizing functions under constraints

The Implicit Function Theorem permits us to solve a classical problem of find-
ing maxima and minima of a given real valued function f: X — R on some subset
X of R™ subject to extra conditions, called constraints, given frequently in the
form of equations g1(z) = --- = gm(z) = 0 with level functions g;: X — R. We
combine these to a function g: X — R™, g(z) = (91(2),...,gm(x)). Let us make
this precise in the following definition:

Definition 3.31. Let f: X — R and ¢: X — R™, X C R"” be functions. If for
a € X there is a neighborhood U of a in X such that

f(a) =max{f(z): 2 € U and g(z) = 0},

then we say that f attains in a a local maximum subject to the constraint g(x) = 0.
An analogous definition applies with “min” in place of “max”. Also we say that
f attains a strict local maximum in a subject to the constraint g(x) = 0 if U can
be chosen so that

(Vz € U\{a}) g(z) = 0 = f(z) < f(a).

Similarly for “min” in place of “max”. O

We are looking for (at least necessary) conditions for f to attain local extrema
subject to constraints.
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t -1,0,1)

(01 1/_-1)
Figure 3.6

Figure 3..6 represents the optimisation problem: “find the local maxima and
minima of the function f:R? — R, f(z,y) = 2% — y? subject to the constraint
g(z,y) =0 g(x,y) = 22 + y? — 1.” This example shows that the function f may
not have any local extrema at all, while under constraints there may be maxima
and minima.

Now let a be an inner point of X with g(a) = 0. In finding necessary conditions
for f to attain a local extremum a under constraints gi(z) = - = gn(x) =
0 we expect to have fewer constraint equations than free variables x1,...,xp;
that is we assume m < n and write R™ in the form R"™™ x R™ and each z =
(z1,...,2y) € X in the form x = (2/,2") with 2/ = (z1,...,2Zn—m) and 2" =
(Tnt1—my---»&n). Then f(z) = f(a’,2”), and since a is an inner point of X there
are open neighborhoods U of ¢’ and V ov a” such that U x V C X. Now we
assume that g is strongly differentiable at a = (a’,a”) and that the second partial
derivative 0yg(a) is invertible. Then by the Implicit Function Theorem there is
an open neighborhood U, of @’ in R®™™ and a function h: U, — R™ such that
(2/,h(z")) € U x V for all 2’ € U, and that

(Va' € Uy) g(2', h(z)) = g(a’,a") = g(a) = 0.

Here h(z’) is the unique solution =’ of the equation g(a’,z") = 0 for 2/ € U, .
Now we know that the function ¢: Uy, — R, ¢(2) = f(a', h(2’)) attains a local
maximum in a’. Hence by 3.17, Dy = 0. Let 0:U, — U x V be given by
0(z') = (2, h(z")), then Dy0(u') = (u, Dorh(u')). By the Chain Rule, Dyp(u') =
(Dot f © Dar0) (W) = Dof (v, Dorh()) = 81 f(a)(uw) + d2f(a)(Dgrh(w)). Thus

we have

(15) 81f(a) = 782f(a) o Da/h.
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If we set :Uy — U XV, (') = g(:z:’, h(x’)), then v is the zero function, and
from differentiating it we obtain, in a fashion completely paralell to the one that
yielded (61)

(16) Durh = —(829(a))~ d1g(a).

Therefore, if we define the linear form L on R™ by L = 8 f(a)o (d2g(a)) LR
R, that is d2f(a) = L o O2g(a), then from (15) and (16) we obtain 0 f(a) =
L o 01g(a), and thus altogether

(17) Dof = Lo Dyg.

We have proved the following result

Theorem 3.32. Let X CR"™ have an inner point a and let f: X — R and g: X —

R™ be functions such that f is differentiable in a and g is strongly differentiable

in a. Assume that m < n, allowing us to write R™ as R*™™ x R™ and each x € X

as x = (2',2") with ' € R"™™ and " € R™. We further assume that

(i) f attains a local extremum at a = (a’,a”) subject to the constraint g(x) = 0,
and

(i1) Dag(a) is invertible, i.e. the function " — g(a’,2"") has an invertible derivative.
Then there exists a linear form L:R™ — R such that

(18) Dof = Lo D,g. =

Corollary 3.33. Let X C R" be open let f,gi: X — R, j =1,....m < n

functions with be continuous partial derivatives. We further assume that

(1) f attains a local extremum at a subject to the constraints g;(z) = 0, j
1,...,m and

(ii) We have

det (89 ) 40,
8$nfm+k r=a
Then there exist numbers A1, ..., Ay, such that
af “ 09,
18 — = \j =L k=1,...,n.
( ) axk o—a j; ] axk I:a7 ’ ,n

Proof . We set g = (g1,...,9m). Since all partial derivatives of the g; and of
f are continuously differentiable, by 3.14 and 3.20, both f and ¢ are strongly
differentiable. The hypotheses (i) and (ii) correspond precisely to the hypotheses
(i) and (ii) of 3.32. Hence 3.15 applies, and if we set L = (A1,...,\,,) then (18) is
exactly (18"). O

Equation (18') is a system of m linear inhomogeneous equations in the un-
knowns A1, ..., A, and the conclusion of Corollary 3.33 says that this system has
a solution.
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The actual algorithm for finding the numbers ay, ..., a, is complicated by the
task to find, in addition, the numbers Aq,..., A;,; however, we must not forget
that we have, in addition to the equations (18'), the m equations g;(z) = 0,
j=1,...,m. Indeed we can formulate the following

Algorithm 3.34.  If the data in Corollary 3.33 are given, define a new function
F: X xR™ — R by

F(z1,. . Ty Ay ey Am) =f (21, -y 20)
“Mg1(Z1, .y Zp) — = AmGm(T1, -, Tn),

and find the local extrema of this function.

Proof . A necessary condition for F' to attain a local extremum at
(0,1,...7an,/\1,...,Am)

is D(ay,....an M1, hm) F = 0, and this is equivalent to the n equations of (18’) and
the m equations g;(z) =0, j=1,...,m. O

The numbers Ay, ..., A\, are called Lagrange multipliers.

As is usual with optimization problems, if the algorithm yields one or several
solutions

(al,...,an,)\l,...,)\m),

one has to determine on the basis of other information whether, in this critical
point, f attains a local maximum, a local minimum, or neither on the set defined
by the constraints. If the functions f and g are defined on a set X that is not open,
the algorithm applies to the interior of X, i.e. the set of innner points of X in R"™.
Under these circumstances local minima or maxima may occur at boundary points
which then have to be tested with other methods. As a guiding principle the one
dimensional case gives an idea what happens: see Corollary 4.27 in Analysis 1.

It seems as if, in our discussion of 3.32, 3.33, and 3.34, the last m coordinates
Zp—m41,---,Tn played a distinguished role in so far as we assumed 3.32(ii) or
3.33(ii). However, what is actually essential for the argument is that

e the derivative Dg,g: R™ — R™ is surjective, i.e. has rank m.
If this condition is satisfied, then the theory of linear maps and matrices shows

that there is a subset I C {1,...,n} such that the restriction of D,g to R’ def
H?:l R CR", ¢; = 1if j € I and = 0 otherwise, is bijective. This is tantamount
to saying that the m X m-matrix of D,g has an m X m-submatrix A consisting of
m columns with column indices j € I, such that det A # 0. We then select the
m coordinates with the indices from I in the place of the last m coordinates and

carry out the discussion for these.



