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9. The Inverse and Implicit Function Theorems (continued)

9.1. Contraction Mappings on Closed Subsets of Euclidean Spaces

Theorem 9.1

Let F be a closed subset of R", let r be a real number satisfying
0<r<1,andlet o: F — F be a continuous map from F to itself
with the property that

() — ()] < rlx — x|
for all X' ,x" € F. Then there exists a unique point x* of F for
which p(x*) = x*.




9. The Inverse and Implicit Function Theorems (continued)

Proof

Choose xg € F, and let x1, X2, X3, ... be the infinite sequence of
points of F defined such that x; = ¢(x;_1) for all positive
integers j. Then

Xjr1 = x| < rlxj = %
for all positive integers j. It follows that

[Xj+1 = xj| < r[x1 = xo
for all positive integers j, and therefore

r— rk

1—r

Xk — x| < |x1 — Xo| < |x1 — Xo

1—r

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



9. The Inverse and Implicit Function Theorems (continued)

Now the inequality r < 1 ensures that, given any positive real
number ¢, there exists a positive integer N large enough to ensure
that r/|x; — xo| < (1 — r)e for all integers j satisfying j > N. Then
|xx — x;| < e for all positive integers j and k satisfying k > j > N.
The infinite sequence x1,X2,X3, ... is thus a Cauchy sequence of
points of R”. Now all Cauchy sequences in R” are convergent (see
Theorem 2.8). We conclude therefore that the infinite sequence

X1,X2,X3, ... is convergent. Let x* = lim x;. Then x* € F,
Jj—4o0

because F is closed in R". Moreover

x'= lim xjan =l o(x) = ¢ ( im XJ> p(x%)
We have thus proved the existence of a point x* of F for which

p(x7) = x*.



9. The Inverse and Implicit Function Theorems (continued)

If X belongs to F, and if p(X) = X then
X = x| = |p(X) — o(x")] < rf& —x7].

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



9. The Inverse and Implicit Function Theorems (continued)

9.2. The Inverse Function Theorem

Let X be an open set in R™, let p: X — R" be a differentiable
function mapping X into R", let p be a point of X, and let ¢ be a
positive real number. Suppose that |x — p| < c|¢(x) — @(p)| for all
points x of X. Then |v| < c|(Dy)pv| for all v € R™.




9. The Inverse and Implicit Function Theorems (continued)

Proof
Let ve R™. Then

tv] = |(p + tv) — p| < clp(p + tv) — ¢(p)|

for all positive real numbers t small enough to ensure that
p+tve X, Now

o(p + tv) — o(p)

D)oy = i
(Dg)pv = lim.

t
(see Proposition 8.13). It follows that
v < lim c|[PPEM @) et ty) = o(p)
T t—0f t t—0+ t

= ¢cl(Dg)pvl,

as required. |



9. The Inverse and Implicit Function Theorems (continued)

Proposition 9.3

Let X be an open set in R", let p: X — R" be a differentiable

function on X, and let p be a point of X at which the derivative of

@ is both invertible and continuous. Then there exist positive real

numbers r, s and c such that the following properties hold:

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

(ii) ify € R" satisfies |y — p(p)| < s then there exists x € X
satisfying |x — p| < r for which p(x) =y,

(i) |x' —x"| < clo(x") — p(x")| for all points x' and x" of X for
which |xX' —p| < r and |xX" —p| <.




9. The Inverse and Implicit Function Theorems (continued)

Proof

The derivative (Dy)p: R” — R" of ¢ at the point p is an
invertible linear transformation, by assumption. Let T = (Dgo);l,
let a positive real number ¢ be chosen such that 2| Tx| < ¢ for all
x € R" satisfying |x| = 1, and let ¢): X — R" be defined such that

P(x) =x — T(p(x) —q)

for all x € X, where q = ¢(p).



9. The Inverse and Implicit Function Theorems (continued)

Now the derivative of any linear transformation at any point is
equal to that linear transformation (see Lemma 8.9). It follows
from the Chain Rule (Proposition 8.20) that the derivative of the
composition function T o ¢ at any point x of X is equal to
T(D¢p)x. It follows that (Dvy)x = | — T(Dy)x for all x € X, where
| denotes the identity operator on R”. In particular

(Dy)p =1 — T(Dy)p = 0. Moreover 1(p) = p. It then follows
from a straightforward application of Corollary 8.7 that there exists
a positive real number r small enough to ensure both that x € X
for all elements x of R” satisfying |x — p| < r and also that

() = p(x")] < 31x =X

for all points x" and x” of X for which |x'—p| < rand [x" —p| <.



9. The Inverse and Implicit Function Theorems (continued)

Let x’ and x” be points of X for which |x" — p| < r and
|x” —p| < r. Then

P(x') = P(x") = x" = x" = T(p(X) — o(x")),

because T is a linear transformation, and therefore

= [v(x) = v (x") + T(p(x) — o (x"))]
[(x') — w(x” )+ \T p(x') = (x"))|
X =X+ [ T(p(x) = o(x"))] -

‘X/ _ X//|

VANV

Subtracting 1|x’ — x”| from both sides of this inequality, and
multiplying by 2, we deduce that

X' —x"] < 2| T(p(x) — p(x"))] < cle(x') —o(x")],

for all points x" and x” of X satisfying |x'—p| < r and |x" —p| < r.



9. The Inverse and Implicit Function Theorems (continued)

Now let
F={xeR":|x—p|<r}.

Then F is a closed subset of R”, and F C X. Moreover
[h(x") — (x")| < 3|x’ — x| for all ' € F and X" € F.



9. The Inverse and Implicit Function Theorems (continued)

Let y € R" satisfy |y — q| < s, where s = r/c, let
z=p+ T(y—q), and let

6(x) = (x) +z— p

for all x € X. Now the choice of ¢ then ensures that

N|—=

2—pl < ely—al < Jes = b,

If x € X satisfies |x — p| < r, and if
X' =9¢(x) +z—p,
then
¥ —z| = [ (x) — p| = [ (x) — (p)| < 3lx —p| < 5r,
and therefore

X —p| <X —z|+|z—p| <.



9. The Inverse and Implicit Function Theorems (continued)

We conclude therefore that 8 maps the closed set F into itself,
where
F={xeX:|x—p|<r}.

Moreover |6(x)| < r for all x € F and
0(x) = 0(x")| = [(x) = (x")| < 5% = x|

for all X' € F and x” € F. It then follows from Theorem 9.1 that

there exists a point x of F for which 8(x) = x. Then |x — p| < r.
Also

x = 0(x) = $(x) + 2= p = x — T(io(x) —q) +z— p,

where q = ¢(p), and thus z — p = T(p(x) — q). But
z—p=T(y—q). It follows that Ty = T(p(x)), and therefore

y = (D@)o(Ty) = (D)p(T((x) = ¢(x).



9. The Inverse and Implicit Function Theorems (continued)

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



9. The Inverse and Implicit Function Theorems (continued)

Theorem 9.4 (Inverse Function Theorem)

Let ¢: X — R" be a continuously differentiable function defined
over an open set X in n-dimensional Euclidean space R" and
mapping X into R", and let p be a point of X. Suppose that the
derivative (Dy)p: R" — R" of the map ¢ at the point p is an
invertible linear transformation. Then there exists an open set W
in R" and a continuously differentiable function p: W — X that
satisfies the following conditions:—

(i) w(W) is an open set in R" contained in X, and p € u(W);
(ii) o(uly)) =y forally e W.




9. The Inverse and Implicit Function Theorems (continued)

Proof

It follows from Proposition 9.3 that there exist positive real
numbers r, s and ¢ such that the following properties hold: if

x € R" satisfies |[x — p| < r then x € X; if y € R” satisfies

ly — ¢(p)| < s then there exists x € X satisfying |x — p| < r for
which ¢(x) =y; X' —x"| < ¢|p(x) — ¢(x")]| for all points x" and
x" of X for which |x" — p| < r and |x” — p| < r. It then follows
from Lemma 9.2 that |(Dy)uv| > c|v| for all u € X satisfying
|lu—p| < rand for all v e R".



9. The Inverse and Implicit Function Theorems (continued)

Let
W ={yeR": |y —p(p)| <s}.

If y is a point of W, there exists a point x of X such that

|x —p| < r and ¢(x) =y. There cannot exist more than one point
of X with this property because if x’ is a point of X distinct from
x, and if [x" — p| < r, then

o(x) =yl = clx’ = x| > 0.

Therefore there is a well-defined function p: W — R”
characterized by the property that, for each 'y € W, pu(y) is the
unique point of X for which |u(y) — p| < r and ¢(u(y)) =y.



9. The Inverse and Implicit Function Theorems (continued)

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

(W) c o t(W)n{xeX:|x—p|<r}

Conversely let u be a point of ¢ ~1(W) satisfying |u — p| < r, and
let w = ¢@(u). Then w € W and p(w) = u, and therefore
u € pu(W). We conclude from this that

p(W) = H(W)n{xeX:|x—p|<r}

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



9. The Inverse and Implicit Function Theorems (continued)

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

p(x) = o (u) = (Dp)u(x — )| < Slx—ul

for all x € X satisfying |[x —u| < ¢d. Lety € W satisfy |y —w| < J,
and let x = p(y). Then ¢(x) =y and ¢(u) = w, and therefore

[x —u| < clp(x) — p(u)| = cly —w| < cd.
It follows that
€ €
ly = w — (Dp)u(x —u)| < glx —u| < ;Iy —w,
and therefore

|(De)g My — w) — (x — u)] cly —w — (Dg)u(x — u)|

ely —wl.

IN N



9. The Inverse and Implicit Function Theorems (continued)

But x — u = u(y) — p(w). We conclude therefore that, given any
positive real number ¢, there exists some positive real number §
such that

|1(y) — p(w) — (De)g My — w)| < ely — w]

for all points y of W satisfying |y — w| < 4. It follows that the
map p: W — X is differentiable at w, and moreover

(Dp)w = (DSD);I = (DSD);(ly)-



9. The Inverse and Implicit Function Theorems (continued)

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



9. The Inverse and Implicit Function Theorems (continued)

9.3. The Implicit Function Theorem

Theorem 9.5

Let X be an open set in R", let f1, 1, ..., f, be a continuously
differentiable real-valued functions on X, where m < n, let

M={xeX:fi(x)=0fori=1,2,...,m},

and let p be a point of M.




9. The Inverse and Implicit Function Theorems (continued)

Suppose that fi, f,..., f, are zero at p and that the matrix
8x1 8X2 o aXm
Ox1 Oxo ~ Oxm
0fn  Ofn O
Ox1 Oxo ~ Oxm

is invertible at the point p. Then there exists an open
neighbourhood U of p and continuously differentiable
functions hy, hy, ..., hy, of n — m real variables, defined around
(Pm+1y---,Pn) in R"™™ such that

MNU = {(x1,x,...,x1) € U:
xi = hi(Xm+41,--.,xp) for i=1,2,... m}.




9. The Inverse and Implicit Function Theorems (continued)

Proof
Let ¢: X — R" be the continuously differentiable function defined
such that

o(x) = (fl(x), (%), -+ s Fin(X), X1 - - ,x,,)

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

of;
Oxj

J,'JZ

fori=1,2,...,mandj=1,2,...,n. Also J;; =1if i >m, and
Jij=0ifi>mandj#i



9. The Inverse and Implicit Function Theorems (continued)

The matrix J can therefore be represented in block form as

([ h] A
- ().

where Jy is the leading m x m minor of the matrix J, A is an

m x (n — m) minor of the matrix J and I,_, is the identity

(n— m) x (n — m) matrix. It follows from standard properties of
determinants that det J = det Jy. Moreover the hypotheses of the
theorem require that det Jy # 0. Therefore det J # 0. The
derivative (D), of ¢ at the point p is represented by the
Jacobian matrix J. It follows that (Dy)p: R” — R” is an invertible
linear transformation.



9. The Inverse and Implicit Function Theorems (continued)

The Inverse Function Theorem (Theorem 9.4) now ensures the
existence of a continuously differentiable map p: W — X with the
properties that p(W) is an open subset of X and ¢(u(y)) =y for
ally e W.

Let y be a point of W, and lety = (y1,y2,...,¥n). Then
y = ©(u(y)), and therefore y; = fi(u(y)) for i =1,2,...,m, and y;
is equal to the ith component of ;(y) when m < i < n.

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



9. The Inverse and Implicit Function Theorems (continued)

Let g; denote the ith Cartesian component of the continuously
differentiable map u: W — R" for i =1,2,...,n. Then

gi: W — R is a continuously differentiable real-valued function on
Wfori=1,2,....,n If (y1,y2,...,¥n) € W then

(y17y27 oo 7.yn) = SD(N(YL)Q: o 7.yl7))'

It then follows from the definition of the map ¢ that y; is the ith
Cartesian component of p(y1,y2,...,yn) when i > m, and thus

yi = gi(y1,y2,--.,yn) when > m.



9. The Inverse and Implicit Function Theorems (continued)

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

H(p76) = {(XI,X27"'aXn)€Rn:
pi—0<xi<pi+06fori=12 ... n}

D = {(z1,22,-.-,20-m) ER" " i pimij — 6 < 2j < pyj +0
forj=1,2,...,n— m},

and let h;: D — R be defined so that
h,'(Zl,ZQ, e ;anm) = g;(0,0, . ,0,21,22, . ,anm)

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



9. The Inverse and Implicit Function Theorems (continued)

Let x € H(p, d), where x = (x1,x2,...,%,). Then x € u(W).
There therefore exists w € W for which p(w) = x. But the
properties of the map p ensure that w = (u(w)). It follows that

x = p(w) = p(p(r(w))) = p(p(x)).
Thus

(X1, %2,y %0) = plp(x))
- u(fl(x),fz(x),...,fm(x),xm+1,...,xn>.

On equating Cartesian components we find that

i = 8 (A(x), (X)), X1, %0 ).

fori=1,2,...,n.



9. The Inverse and Implicit Function Theorems (continued)

In particular, if x € H(p,d) N M then

f(x) = fa(x) = - = fn(x) =0,
and therefore
Xj = g;(O,O,...,O,xm+1,...,x,,)
= h;(xm+1,...,xn).
fori=1,2,...,m. It follows that

MnN H(pa 5) - {(X17X27' o aXn) € H(p75) :

Xj = h,'(Xerl,...,X,,) for i = 1,2,...




9. The Inverse and Implicit Function Theorems (continued)

Now let x be a point of H(x,d) whose Cartesian components
X1, X2, . ..,X, satisfy the equations

Xi = hi(Xm+1,---,Xn)
fori=1,2,...,m. Then
xi = gi(0,0,...,0, Xmt1,---,Xn)
fori=1,2,...,m. Now it was shown earlier that
Yi = &i(Y1, Y2, -+ Yn)
for all (y1,y2,...,¥n) € W when i > m. It follows from this that
x; = g£i(0,0,...,0, Xmt1,---,Xn)

when m < i < n. The functions g1, g2, ..., &, are the Cartesian
components of the map p: W — X. We conclude therefore that

(x1, %25y xn) = (0,0, .., 0, Xmt1, -y Xn)s



9. The Inverse and Implicit Function Theorems (continued)

Applying the function ¢ to both sides of this equation we see that

o(x1,x2, ...y xn) = ©((0,0,...,0,Xmt1,y---,Xn))
= (0,0,...,0,Xms1s--,%n)

It then follows from the definition of the map ¢ that

fi(X17X27 o 7Xn) = 07
for i=1,2,...,m. We have thus shown that if x is a point of
H(x, &) whose Cartesian components xi, x2, . . ., X, satisfy the
equations

Xi = hi(Xmy1, .-, Xn)
fori=1,2,...,mthen x € M. The converse of this result was

proved earlier. The proof of the theorem is therefore completed on
taking U = H(p,9). |}
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