CHAPTER XII

NONLINEAR FUNCTIONAL ANALYSIS,
INFINITE-DIMENSIONAL CALCULUS

DEFINITION Let E and F be (possibly infinite dimensional) real or
complex Banach spaces, and let f be a map from a subset D of E into
F. We say that f is differentiable at a point x € D if:

(1) x belongs to the interior of D; i.e., there exists an € > 0 such
that B.(z) C D.

(2) There exists a continuous linear transformation L : E — F and
a function 0 : B.(0) — F such that

f@+h) = f(z) = L(h) +0(h), (12.1)
for all h € B.(0), and

Lim [|0(R)[[/[|A]] = ©. (12.2)

The function f is said to be differentiable on D if it is differentiable at
every point of D.

If E =R, i.e., if fis a map from a subset D of R into a Banach space
F, then f is said to have a derivative at a point € D if lim;_o[f(z +
t) — f(x)]/t exists, in which case we write

f() = lim L&D = (@) (12.3)

t—0 t
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If DCE,D'CF,and f: D — D’, then f is called a diffeomorphism
of D onto D' if f is a homeomorphism of D onto D’ and f and f~! are
differentiable on D and D’ respectively.

EXERCISE 12.1. (a) Suppose f : D — F is differentiable at a point
x € D, and write

f(@+h) = f(z) = L(h) + 0(h)

as in Equation (12.1). Prove that 6(0) = 0.

(b) Let D C R, and suppose f is a function from D into a Banach
space F. Show that f is differentiable at a point z € D if and only if f
has a derivative at x. If f has a derivative at x, what is the continuous
linear transformation L : R — F and what is the map 6 that satisfy
Equation (12.1)?

THEOREM 12.1. Suppose f : D — F is differentiable at a point
x. Then both the continuous linear transformation L and the map 0 of
Equation (12.1) are unique.

PROOF. Suppose, as in Equations (12.1) and (12.2), that
flz+h) - Li(h) + 61(h),

fz) =
f(x+h) = f(z) = La(h) + 02(h),
}ILLH%)”@I(h)”/”hH =0,

(x

and
limn [5(h)] /1] = 0.

Then
Li(h) — La(h) = 62(h) — 01(h).

If Ly # Lo, choose a unit vector u € E such that ||Ly(u) — La(u)]| = ¢ >
0. But then,

0 = lm ([|02 (tw) | /[[tul] + (162 (Ew) | /[[tul])
> lim |02 (tw) — 61 (b ||/ || u]
= lim || L (fu) = Lo(tu)|/[tul]
= lim [t/ ([¢][[ul))

=C

>0,
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which is a contradiction. Therefore, L1 = Lo, whence 6; = 65 as well.

DEFINITION. Suppose f : D — F is differentiable at a point x.
The (unique) continuous linear transformation L is called the differential
of fat x, and is denoted by df,.. The differential is also called the Fréchet
derivative of f at x.

THEOREM 12.2. Let E and F be real or complex Banach spaces.

(1) Let f : E — F be a constant function; i.e., f(x) = yo. Then
f is differentiable at every x € E, and df, is the zero linear
transformation for all x.

(2) Let f be a continuous linear transformation from E into F. Then
f is differentiable at every x € E, and df, = f for all x € E.

(3) Suppose f: D — F and g : D' — F are both differentiable at
a point x. Then f+g¢g: DN D" — F is differentiable at x, and
d(f +g)z = dfy + dg..

(4) If f : D — F is differentiable at a point x, and if ¢ is a scalar,
then the function g = cf is differentiable at x and dg, = cdf,.

(5) If f : D — F is differentiable at a point x, and if v is a vector
i E, then

fw+tv) = f(@)
4

df. (v) = lim

(6) Suppose f is a function from a subset D C R into F. If [ is
differentiable at a point x (equivalently, f has a derivative at x),
then

f'(x) = df=(1).
PROOF. If f(x) = yo, then we have
flx+h)— f(z) =0+0;
i.e., we may take both L and 6 to be 0. Both Equations (12.1) and (12.2)

are satisfied, and df, = 0 for every z.
If f is itself a continuous linear transformation of E into F, then

fle+h) = f(x) = f(h) +0;

i.e., we may take L = f and # = 0. Then both Equations (12.1) and
(12.2) are satisfied, whence df, = f for every x.
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To prove part 3, write

f(x+h) = f(z) = dfs(h) + 0 (h)
and
g( +h) — g(zx) = dgz(h) + 04(h).

Then we have

(f+9)(@+h) = (f +9)(x) = [dfe + dga](h) + [05(h) + 0,4(h)],

and we may set L = df; +dg, and § = 0y +0,. Again, Equations (12.1)
and (12.2) are satisfied, and d(f + ¢), = df, + dg..

Part 4 is immediate.

To see part 5, suppose f is differentiable at = and that v is a vector
in E. Then we have

dfe(v) = %Lr%dfx(tv)/t
flz +tv) = f(z) = 0(tv)

= lim
t—0 t
o F@H ) = F@) (1)
t—0 t t—0 ¢
i L0 = J (@)
t—0 t

showing part 5.
Finally, if f is a map from a subset D of R into a Banach space F,
and if f is differentiable at a point x, then we have from part 5 that

(1) — tiy FE D~ @)

t—0 t ’

which proves that f/(z) = df.(1).

EXERCISE 12.2. Show that the following functions are differen-
tiable at the indicated points, and verify that their differentials are as
given below in parentheses.

(a) f: B(H) — B(H) is given by f(T) = T2
(dfr(S)=TS+ ST.)

(b) f: B(H) — B(H) is given by f(T) =T".

(dfr(S) =352, TIST"=173.)
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(¢) f maps the invertible elements of B(H) into themselves and is
given by f(T)=T"1.
(dfr(S)=-T-1ST~1.)

(d) Let p be a o-finite measure, let p be an integer > 1, and let
f:LP(u) — L'(u) be given by f(g) = g*.

(dfy(h) = pg"~"h.)

(e) Suppose E, F, and G are Banach spaces, and let f : E X F — G
be continuous and bilinear.

( dfr,y(zaw) = f(:z:,w) + f(zay) )

(f) Let E,F and G be Banach spaces, let D be a subset of E, let
f:D — F,let g: D — G, and assume that f and g are differentiable
at a point © € D. Define h : D — F & G by h(y) = (f(y),9(y)). Show
that h is differentiable at x.

(dhe(v) = (dfe(v), dge(v)). )

EXERCISE 12.3. Suppose D is a subset of R” and that f : D — R¥
is differentiable at a point 2 € D. If we express each element of R* in
terms of the standard basis for R*, then we may write f in component
form as {f1,..., fr}

(a) Prove that each component function f; of f is differentiable at x.

(b) If we express the linear transformation df, as a matrix J(x) with
respect to the standard bases in R” and RF, show that the ijth entry
of J(x) is the partial derivative of f; with respect to the jth variable z;
evaluated at z. That is, show that

Ofi
T@hs = o @)
The matrix J(z) is called the Jacobian of f at x.

EXERCISE 12.4. Let A be a Banach algebra with identity I, and
define f: A — A by f(x) = e”.

(a) Prove that f is differentiable at 0, and compute dfp.

(b) Prove that f is differentiable at every x € A, and compute df,(y)
for arbitrary z and y.

THEOREM 12.3. If f : D — F is differentiable at a point x, then
f is continuous at x.

PROOF. Suppose € > 0 is such that B.(z) C D, and let y satisfy
0 < |ly — z| < e. Then

1) = f@) = If (@ + (y — 2)) = f(@)]]
= ldfa(y — 2) + 6(y — 2)|
< ldfellly — )l + lly — [[16(y — 2)[l/lly — =],
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which tends to 0 as y tends to . This shows the continuity of f at z.

THEOREM 12.4. (Chain Rule) Let E, F, and G be Banach spaces
and let D C E and D' C F. Suppose f : D — F, that g : D' — G, that
f is differentiable at a point x € D, and that g is differentiable at the
point f(z) € D’. Then the composition g o f is differentiable at x, and

d(go f)z = dgs(z) © dfu-

PROOF. Write y for the point f(x) € D’, and define the functions
0 and 0,4 by
f@+h) = f(z) = dfs(h) + 0¢(h), (12.4)
and
9y + k) — g(y) = dgy (k) + b4 (). (12.5)

Let € > 0 be such that B.(y) C D', and let § > 0 be such that Bs(z) C D,
that f(Bs(z)) C Be(y), and that

10PN/ 1A <1 (12.6)

if ||h|| < 0. For ||h|| < ¢, define k(h) = f(x+h) — f(z), and observe from

Equations (12.4) and (12.6) that ||k(h)|| < M||h||, where M = ||df. ||+ 1.
To prove the chain rule, we must show that

oy N9 @+ 1)) = g(f(2) — dgya) (dfa(h)

li
h—0 ([~

|:O.

But,
9(f(x +h)) — g(f(x)) — dg (@) (dfa(h))

=g(y +k(h)) — g(y) — dg,(df(h))

= dgy(k(h)) + 04(k(h)) — dgy(dfs(h))

=dgy(f(z+h) — f(z)) — dgy(dfs(R))
+8y(k(h))

= dgy (07 (h)) + 04(k(h)),

S0,

lg(f (x +h)) — g(f(x)) = dgga)(dfa(R)I] < lldgy |07 (R)]| + 1|05 (KR,

so that it will suffice to show that

Lim |64 k() /l| Rl = O.
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If k(h) = 0, then ||6,(k(R))||/||h] = 0. Otherwise,

18, KD _ k(A 16, k()]
] DERED]
10, k(1))
=MERm

so we need only show that

o 71 GICO)) [

im
h=0 [|k(R)]|

But, since f is continuous at z, we have that k(h) approaches 0 as h
approaches 0, so that the desired result follows from Equation (12.5).

EXERCISE 12.5. Let E, F, and G be Banach spaces, and let D be
a subset of E.

(a) Let f: D — F and g : D — @G, and suppose B is a continuous
bilinear map of F' X G into a Banach space H. Define p : D — H by
p(y) = B(f(y),g(y)). Assume that f and g are both differentiable at a
point x € D. Show that p is differentiable at x and compute dp;(y).

(b) Derive the “Product Formula” for differentials. That is, let A be a
Banach algebra, let f: D — A and g: D — A, and suppose both f and
g are differentiable at a point x € D. Show that the product function
f(y)g(y) is differentiable at x, and derive the formula for its differential.

(¢) Suppose E is a Hilbert space and that f : E — R is defined by
f(x) = ||z||. Prove that f is differentiable at every nonzero x.

(d) Let E = L'(R), and define f : E — R by f(z) = ||z||1. Show that
f is not differentiable at any point.

THEOREM 12.5. (First Derivative Test) Let E be a Banach space,
let D be a subset of E, and suppose f : D — R is differentiable at a
point x € D. Assume that the point f(x) is an extreme point of the
set f(D). Then df, is the 0 linear transformation. That is, if a function
achieves an extreme value at a point where it is differentiable, then the
differential at that point must be 0.

PROOF. Let v be a vector in E. Since = belongs to the interior of
D, we let € > 0 be such that z +tv € D if [t| < ¢, and define a function
h : (—€,e) — R by h(t) = f(z + tv). Then, by the chain rule, h is
differentiable at 0. Furthermore, since f(z) is an extreme point of the
set f(D), it follows that h attains either a local maximum or a local
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minimum at 0. From the first derivative test in elementary calculus, we
then have that h'(0) = dho(1) = 0, implying that df,(v) = 0. Since this
is true for arbitrary elements v € E, we see that df, = 0.

THEOREM 12.6. (Mean Value Theorem) Suppose E and F are
Banach spaces, D is a subset of E, and f : D — F. Suppose x and y
are elements of D and that the closed line segment joining x and y is
contained in D. Assume that f is continuous at each point of the closed
line segment joining x to y, i.e., at each point (1 —t)x +ty for 0 <t <1,
and assume that f is differentiable at each point on the open segment
Jjoining x and y, i.e., at each point (1 —t)x + ty for 0 < t < 1. Then:

(1) There exists a t* € (0,1) such that

1 () = f @) < lldf=(y — o)l < [ldf=[llly — =],
for z = (1 — t*)x + t*y.
(2) If F =R, then there exists a t* in (0,1) such that
fly) = f(x) = df(y — )
for z = (1 — t*)x + t*y.
PROOF. Using the Hahn-Banach Theorem, choose ¢ in the conju-
gate space F™* of F' so that ||¢| = 1 and
1f(y) = f (@)l = ¢(f(y) = f(=))-
Let h be the map of [0,1] into E defined by h(t) = (1 — t)z + ty, and

observe that

1(y) = f(@)| = ¢(f(R(1))) — ¢(f(1(0)))-

Defining j = ¢o foh, we have from the chain rule that j is continuous on
[0,1] and differentiable on (0,1). Then, using the Mean Value Theorem
from elementary calculus, we have:
1 (y) = f(@)] =4(1) = j(0)

=J'(t")

=dj (1)

=d(¢o foh)(1)

= dd(n(e+)) (dfn(e-) (dhe= (1))

= ¢(dfp ) (dhe- (1))

= ¢(dfpy (y — ),
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whence

1F () = f@)I < llellldfaces(y — o)l
= lldf-(y — 2)|,

as desired.
We leave the proof of part 2 to the exercises.

EXERCISE 12.6. (a) Prove part 2 of the preceding theorem.
(b) Define f : [0,1] — R? by

f(x) = (Z‘B,I2).

Show that part 1 of the Mean Value Theorem cannot be strengthened to
an equality. That is, show that there is no t* between 0 and 1 satisfying
F1) = £(0) = dfi-(1).

(c) Define D to be the subset of R2 given by 0 < 2 < 1,0 < y < 1,
and define f : D — R? by

f(z,y) = (ycosz,ysinz).

Show that every point f(x,1) is an extreme point of the set f(D) but
that df(, 1) # 0. Conclude that the first derivative test only works when
the range space is R.

DEFINITION. Let f be a map from a subset D of a Banach space
FE into a Banach space F. We say that f is continuously differentiable
at a point x if f is differentiable at each point y in a neighborhood of z
and if the map y — df,, is continuous at z. ( y — df, is a map from a
neighborhood of « € E into the Banach space L(E, F'). )

The map f is twice differentiable at x if it is continuously differen-
tiable at z and the map y — df, is differentiable at z. The differential
of this map y — df,, at the point z is denoted by d?f,. The map f is 2
times continuously differentiable at x if the map y — df, is continuously
differentiable at x.

The notions of n times continuously differentiable are defined by in-
duction.

EXERCISE 12.7. (a) Let E and F be Banach spaces, let D be a
subset of F, and suppose f : D — F' is twice differentiable at a point
x € D. For each v € E, show that d?f.(v) is an element of L(E,F),

whence for each pair (v, w) of elements in E, [d?f,(v)](w) is an element
of F.
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(b) Let f be as in part a. Show that d?f, represents a continuous
bilinear map of £ @ FE into F.

(¢c) Suppose f is a continuous linear transformation of F into F. Show
that f is twice differentiable everywhere, and compute d?f, for any x.

(d) Suppose H is a Hilbert space, that £ = F' = B(H) and that
f(T) = T~1. Show that f is twice differentiable at each invertible T,
and compute d2 fr.

THEOREM 12.7. (Theorem on Mixed Partials) Suppose E and F'
are Banach spaces, D is a subset of E, and f : D — F is twice differen-
tiable at each point of D. Suppose further that f is 2 times continuously
differentiable at a point x € D. Then

[d fo (V)] (w) = [d* fo(w)](v);
i.e., the bilinear map d?f, is symmetric.
PROOF. Let v and w be in E, and let ¢ € F*. Write ¢ = U + iV
in its real and imaginary parts. Then
U([d* fo(v)](w))
[dfertv _ dfm}(w)

= lim U( )
t—0 t

iyt (L@ 50) = @ 10)  fla ot sw) + )
t—0s5—0 st

= lim lim 71‘; (t) - JS(O),
t—0s5—0 st

where Js(t) = U(f(x+sw+tv)— f(z+tv)). Therefore, using the ordinary
Mean Value Theorem on the real-valued function Js, we have that

U([df(v))(w)) = lim Lim J7(t) /s

t—0s—0

= lim lim U (df w10 (v) = dfayroo(v))/5
= lim T U([dfo-pivvpsw = dforino] (v)) /5
= lm U([d” fas o (w))(v))

= U([d fz(w)](v)),

because of the continuity of d?f,, at y = x. A similar computation shows
that

V([d* f2(0))(w)) = V([d* f (w)](v)),
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which implies that

S(1d® fz ()] (w)) = ¢([d* fu (w)] (v)).

This equality being valid for every ¢ € F* implies that

[d fo(v))(w) = [d fu(w)](v),
as desired.

EXERCISE 12.8. (Second Derivative Test) Let E and F' be Banach
spaces, let D be a subset of E, and suppose f : D — F is 2 times
continuously differentiable at a point = € D.

(a) Show that for each pair v, w of elements in F, the function

y — [ fy(v)](w)

is continuous at z.

(b) Suppose F' = R, that f is 2 times continuously differentiable at
x, that df, = 0, and that the bilinear form d?f, is positive definite; i.e.,
there exists a § > 0 such that [d?f,(v)](v) > § for every unit vector
v € E. Prove that f attains a local minimum at x. That is, show that
there exists an € > 0 such that if ||y — || < e then f(z) < f(y). HINT:
Use the Mean Value Theorem twice to show that f(y) — f(z) > 0 for all
y in a sufficiently small ball around .

EXERCISE 12.9. Let (X,d) be a metric space. A map ¢: X — X
is called a contraction map on X if there exists an a with 0 < a < 1
such that

d(¢(x), 9(y)) < ad(z,y)

for all z,y € X.
(a) If ¢ is a contraction map on (X, d), z¢o € X, and k < n are positive
integers, show that

46" (20), 6 (20)) < 3 (& (z0), ¢ (o))
=k

n—1

< Z o d(¢(xo), o)
j=k
= d(¢(x0), Io)ak

1— O[nfk

11—«

)
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where ¢’ denotes the composition of ¢ with itself i times.

(b) If ¢ is a contraction map on a complete metric space (X, d), and
xo € X, show that the sequence {¢™(z)} has a limit in X.

(c) If ¢ is a contraction map on a complete metric space (X, d), and
xo € X, show that the limit yo of the sequence {¢™(z¢)} is a fixed point
of ¢; i.e., ¢(yo) = Yo

(d) (Contraction mapping theorem) Show that a contraction map on
a complete metric space (X, d) has one and only one fixed point yo, and
that yo = lim,, ¢"(z) for each x € X.

THEOREM 12.8. (Implicit Function Theorem) Let E and F be
Banach spaces, and equip E & F with the max norm. Let f be a map
of an open subset O in E & F into F, and suppose f is continuously
differentiable at a point x = (x1,x2) € O. Assume further that the linear
transformation T : F' — F, defined by T'(w) = df,(0,w), is 1-1 and onto
F. Then there exists a neighborhood Uy of x1 in E, a neighborhood U,
of zo in F, and a unique continuous function g : Uy — Us such that

(1) The level set f~1(f(x))NU coincides with the graph of g, where
U = U1 X UQ.
(2) g is differentiable at x1, and

dge, (h) = =T~ (df.(h,0)).

PROOF. We will use the contraction mapping theorem. (See the
previous exercise.) By the Isomorphism Theorem for continuous linear
transformations on Banach spaces, we know that the inverse T~! of T is
an element of the Banach space L(F, F'). From the hypothesis of contin-
uous differentiability at z, we may assume then that O is a sufficiently
small neighborhood of z so that

ldf. — dfu|| <1727 (12.7)
if z € O. Write
f(x+h) = f(z) = dfa(h) + 0(h).
We may assume also that O is sufficiently small so that

1o < [IRll/21 T (12.8)
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if x +h € O. Now there exist neighborhoods O; of 1 and 0_2 of x5 such
that O1 x Oz C O. Choose € > 0 such that the closed ball B.(z2) C Oa,
and then choose ¢ > 0 such that Bs(z1) C O; and such that

§ < max(e, /2| T ||| df.])- (12.9)

Set U1 = Bg(l'l), U2 = Be(.’EQ), and U = U1 X UQ.
Let X be the set of all continuous functions from U; into Us, and
make X into a metric space by defining

d(g1,92) = sup [|g1(v) — g2(v)[-
velU;

Then, in fact, X is a complete metric space. (See the following exercise.)
Define a map ¢, from X into the set of functions from U;j into F, by

[6(9)](v) = g(v) = T~ (f(v, 9(v)) = f(z)).

Notice that each function ¢(g) is continuous on U;. Further, if v € Uy,
ie., if ||[v — z1]| < 4, then using inequalities (12.8) and (12.9) we have
that

Ife(9))(v) = s

= lg(v) —z2 = T7H(f(v,9(v)) — f(2))l]
< T7HIIT(g(v) = 22) = f(v,9(v) + f(2)]|
=77

x |1df2(0,9(v) — x2) — dfa(v — 21, 9(v) — 22) — O(v — 21, 9(v) — 22)|
= T~ Yllldfz (v = 21,0) + (v — 21, g(v) — 2)|
< 1T~ Hdfzl8 + 1T HII0( — 21, 9(v) — 22|
<177 Hdfalls + ll(v = z1, g(v) — z2)] /2
< 1T~ dfz I8 + max(||v — a1, g(v) - z2]])/2
<177 |ldfo 10 + €/2
<€,

showing that ¢(g) € X.
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Next, for g1, g2 € X, we have:

d(¢(g1), #(92))
= sup [|g1(v) = g2(v) = T~ (f (v, 91(v)) = [ (v, g2(v)))]

velU;
< sup |77
velU;
X [T(g1(v) = g2(v)) = [f (v, 91(v)) = f(v, g2(v))]|
= sup |||
vel,
x I[T(g1(v)) = f(v,91(v))] = [T(g2(v)) = (v, g2())]|

a

IN

sup |7~
velU;
X 1T (wr) = % (w2)l;
where w; = g;(v), and where J is the function defined on Oy by
TP (w) = T(w) — f(v,0).
So, by the Mean Value Theorem and inequality (12.7), we have

d($(g1),(92)) < sup |T7H|[|d(J"): (w1 — wa)|

’U€U1
zgww*mn—mwmmw—mww
SgﬂTW%—%mWM%W@H

S d(gla 92)/27

showing that ¢ is a contraction mapping on X.

Let g be the unique fixed point of ¢. Then, ¢(g) = g, whence f (v, g(v))
= f(z) for all v € Uy, which shows that the graph of g is contained
in the level set f~1(f(z)) N U. On the other hand, if (vo,wg) € U
satisfies f(vo,wp) = f(z), we may set go(v) = wp, and observe that
[0™(g0)](vo) = wo for all n. Therefore, the unique fixed point g of ¢
must satisfy g(vg) = wp, because g = lim ¢™(gp). Hence, any element
(vo,wo) of the level set f~1(f(x)) NU belongs to the graph of g.

Finally, to see that ¢ is differentiable at x; and has the prescribed
differential, it will suffice to show that

Tim lg(w1 + ) = g(@r) + T~ (dfa (B, O)II/ IRl = 0.
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Now, because
f(z1+h,xa + (g(21 + h) — 22)) — f(z1,22) =0,
we have that
0 = dfa(h,0) + dfz (0, g(z1 + h) — x2) + 0(h, g(z1 + h) — x2),
or
g(z1+h) = g(zr) = =T~ (dfz(h,0)) = T~ (O(h, g(z1 + h) — g(x1))).
Hence, there exists a constant M > 1 such that
lg(z1 + h) = g(x1)|| < M]|R]|
whenever z; + h € Uy. (How?) But then

lg(z1 +h) — g(@1) + T~ (dfa(h,0))]
2]
< NT7HIO(R, g(wr +R) = g(a))l
- il
Z NTTHIMO(h, g(1 + h) = g())]
- I(h, g(z1 4+ h) = g(z))ll

and this tends to 0 as h tends to 0 since g is continuous at x.
This completes the proof.

EXERCISE 12.10. Verify that the set X used in the preceding proof
is a complete metric space with respect to the function d defined there.

THEOREM 12.9. (Inverse Function Theorem) Let f be a mapping
from an open subset O of a Banach space E into F, and assume that
f is continuously differentiable at a point x € O. Suppose further that
the differential df, of f at x is 1-1 from E onto E. Then there exist
neighborhoods O; of x and Os of f(x) such that f is a homeomorphism
of Oy onto Oy. Further, the inverse f~! of the restriction of f to Oy is
differentiable at the point f(x), whence

d(f ™) () = (dfa) ™"
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PROOF. Defineamap J: ExO — E by J(v,w) =v— f(w). Then
J is continuously differentiable at the point (f(x),z), and

dJ(f(;c),a:) (Oa y) = _dfac(y)»

which is 1-1 from F onto E. Applying the implicit function theorem to
J, there exist neighborhoods U; of the point f(x), Us of the point x,
and a continuous function g : Uy — U, whose graph coincides with the
level set J=1(0) N (Uy x Us). But this level set consists precisely of the
pairs (v, w) in Uy x Uy for which v = f(w), while the graph of g consists
precisely of the pairs (v,w) in Uy x Uz for which w = g(v). Clearly,
then, g is the inverse of the restriction of f to Us. Setting O; = U, and
Oy = U; gives the first part of the theorem. Also, from the implicit
function theorem, g = f~! is differentiable at f(z), and then the fact
that d(f ™)) = (dfz) " follows directly from the chain rule.

EXERCISE 12.11. Let H be a Hilbert space and let E = B(H).

(a) Show that the exponential map T — el is 1-1 from a neighbor-
hood U = B.(0) of 0 onto a neighborhood V of I.

(b) Let U and V be as in part a. Show that, for T € U, we have e’
is a positive operator if and only if T is selfadjoint, and e” is unitary if
and only if T is skewadjoint, i.e., T* = —T.

THEOREM 12.10. (Foliated Implicit Function Theorem) Let E
and F' be Banach spaces, let O be an open subset of E x F, and let
f: O — F be continuously differentiable at every point y € O. Suppose
x = (x1,22) is a point in O for which the map w — df,(0,w) is 1-1 from
F onto F. Then there exist neighborhoods U; of x1, Us of f(x), U of z,
and a diffeomorphism J : U; x Uz — U such that J(Uy x {z}) coincides
with the level set f~1(z) N U for all z € Us.

PROOF. For each y € O, define T,, : F — F by Ty(w) = df,(0,w).
Because Ty, is an invertible element in L(F, F'), and because f is con-
tinuously differentiable at x, we may assume that O is small enough so
that T}, is 1-1 and onto for every y € O.

Define h: O — E x F' by

h(y) = h(y1,y2) = (y1, f(y))-

Observe that h is continuously differentiable on O, and that

th(U, UJ) = ('U7 dfw(v7 ’U))),
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whence, if dh,,(vi,w1) = dhy(va, ws), then v; = vo. But then df, (0, w; —
wg) = 0, implying that w; = wy, and therefore dh,, is 1-1 from E X F into
E x F. The exercise that follows this proof shows that dh, is also onto,
so we may apply the inverse function theorem to h. Thus, there exist
neighborhoods Oy of x and O of h(z) such that h is a homeomorphism
of O; onto Oy. Now, there exist neighborhoods U; of x; and Us of
f(z) such that U; x Uz C O3, and we define U to be the neighborhood
h=Y(U; x Uy) of x. Define J to be the restriction of A= to Uy x Us. Just
as in the above argument for dh,, we see that dh, is 1-1 and onto if
y € U, whence, again by the inverse function theorem, J is differentiable
at each point of its domain and is therefore a diffeomorphism of Uy x Uy
onto U.
We leave the last part of the proof to the following exercise.

EXERCISE 12.12. (a) Show that the linear transformation dh, of
the preceding proof is onto.

(b) Prove the last part of Theorem 12.10; i.e., show that J(Uy x {z})
coincides with the level set f~1(z) N U.

We close this chapter with some exercises that examine the important
special case when the Banach space F is actually a (real) Hilbert space.

EXERCISE 12.13. (Implicit Function Theorem in Hilbert Space)
Suppose E is a Hilbert space, F' is a Banach space, D is a subset of F/, f :
D — F is continuously differentiable on D, and that the differential df,
maps F onto F for each x € D. Let ¢ be an element of the range of f, let
S denote the level set f~1(c), let « be in S, and write M for the kernel of
df ;. Prove that there exists a neighborhood U, of 0 € M, a neighborhood
V, of x € E, and a continuously differentiable 1-1 function g, : U, — V,
such that the range of g, coincides with the intersection V, NS of V,
and S. HINT: Write E = M @ M~. Show also that d(g.)o(h) = h. We
say that the level set S = f~!(c) is locally parameterized by an open
subset of M.

DEFINITION. Suppose F is a Hilbert space, F' is a Banach space,
D is a subset of E, f : D — F is continuously differentiable on D,
and that the differential df, maps E onto F' for each x € D. Let ¢ be
an element of the range of f, and let S denote the level set f~!(c).
We say that S is a differentiable manifold, and if x € S, then a vector
v € E is called a tangent vector to S at x if there exists an € > 0 and
a continuously differentiable function ¢ : [—€,e] — S C FE such that

#(0) =z and ¢'(0) = v.
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EXERCISE 12.14. Let x be a point in a differentiable manifold S,
and write M for the kernel of df,. Prove that v is a tangent vector to S
at « if and only if v € M. HINT: If v € M, use Exercise 12.13 to define

¢(t) = ga(tv).

DEFINITION. Let D be a subset of a Banach space F, and suppose
f: D — R is differentiable at a point x € D. We identify the conjugate
space R* with R. By the gradient of f at = we mean the element of
E* defined by grad f(x) = df}(1), where df; denotes the adjoint of the
continuous linear transformation df,.

If F is a Hilbert space, then grad f(z) can by the Riesz representation
theorem for Hilbert spaces be identified with an element of £ = E*.

EXERCISE 12.15. Let S be a manifold in a Hilbert space E, and
let g be a real-valued function that is differentiable at each point of an
open set D that contains S. Suppose & € S is such that g(x) > g(y) for
all y € S, and write M = ker(df,). Prove that the vector grad g(z) is
orthogonal to M.

EXERCISE 12.16. (Method of Lagrange Multipliers) Let E be a
Hilbert space, let D be an open subset of E, let f = {f1,...,fn}: D —
R™ be continuously differentiable at each point of D, and assume that
each differential df, for x € D maps onto R™. Let S be the level set
f~1(c) for ¢ € R™. Suppose g is a real-valued differentiable function on
D and that g attains a maximum on S at the point . Prove that there
exist real constants {A1,...,A,} such that

gradg(z) = Y Nigrad f;().
=1

The constants {\;} are called the Lagrange multipliers.

EXERCISE 12.17. Let S be the unit sphere in L?([0,1]); i.e., S is
the manifold consisting of the functions f € L?([0,1]) for which ||f||2 =
1.

(a) Define g on S by g(f) = fol f(z) dx. Use the method of Lagrange
multipliers to find all points where g attains its maximum value on S.

(b) Define g on S by g(f) = fol |f1?/?(x) dz. Find the maximum value
of gon S.



