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Throughout this section we let X stand for a metric space (X, d) unless specified otherwise.

Definition 1. Let X and Y be metric spaces. A map T: X — Y is said to be a contraction
if there exists a constant ¢, 0 < ¢ < 1 such that

d(T(z), T(z")) < cd(z,2), for all z,2" € X.
Notice that any contraction is Lipschitz continuous so that it is uniformly continuous.

Ex. 2. Let f: [a,b] — [a,b] be differentiable and |f’(x)| < ¢ with 0 < ¢ < 1. Then f is a
contraction of [a, b].

Theorem 3. Let (X,d) be a complete metric space. Assume that T: X — X is a contraction.
Then f has a unique fized point — a point x € X such that f(x) = x.

In fact, if we take any xo € X and let x,, := T(xn—1) be defined recursively for n > 1,
then (zy,) converges to an x € X. Furthermore we have

n
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d(T"zg,x) < d(xo, Txp). (1)

Proof. For m < n observe that

ATy, 2n) < (@, T ™(20))
< cm [d(l‘o, $1> +--+ d(l'n—m—la xn—m)]
< Md(zo, ) [L+c+ -+
< m d(zo, 961)_
- 1—-c

Thus (x,) is Cauchy. let x := lim x,,. Using continuity of 7" we see that x = lim,, T'(T"zx) =
Tz. Uniqueness is easy. O

We offer another simple proof of the contraction lemma.

Theorem 4. Let (X,d) be a complete metric space. Assume that T: X — X is a contraction,
say, d(Txz,Ty) < Md(x,y) for a fited 0 < A < 1. Then f has a unique fized point, a point
x € X such that T(z) = x.



Proof. 1t is easy to see by induction that for any n € N, we have d(T"z,T"y) < \"d(z,y).
Observe that for any z,y € X, we have the following inequalities:

dz,y) < d(z,Tz)+d(Tz,Ty)+ d(Ty,y)
d(z,y) < d(z,TX)+ Md(z,y)+d(y,Ty)
(1 =Nd(z,y) < d(z,Tx)+d(y, Ty)
dey) < 1 (dw, To) +d(y, Ty) (2)

Fix z € X. For m,n € N, substitute 7"z and 7™z for = and y respectively in (2) and get

d(T"z, T"z) < % (A(T"z, T" ) + d(Tz, T™ ' z))
< ﬁ (A"d(z, Tx) + N"d(x, Tx))
~d(x,Tx) m

Since 0 < A < 1, (3) shows that the sequence (1T"x) is Cauchy. Since X is complete, it is
convergent, say, to p € X. Since T"x — p, by continuity, T(T"z) — Tz. But T(T"zx) =
Ttz — p. By the uniqueness of the limit, we deduce Tp = p.

The fixed point p is unique. For if Tp = p and Tq = q with p # ¢, then

d(p,q) = d(Tp,Tq) < Ad(p,q) < d(p,q),

a contradiction. O

Ex. 5. Let X be complete. Let T: X — X be continuous. Assume that 7" is a contraction
for some n > 1. Then T has a unique fixed point.

Ex. 6. Show that the conclusion in Theorem 4 is false if we assume the simpler condition
d(Txz,Ty) < d(x,y) for all z # y. Hint: Consider f: R — R given by

1
f(z):{er‘ri vl

T— =, <L
Ex. 7. Let X be compact. Let T: X — X be such that d(T(x),T(y)) < d(x,y) if x # y.
Then T has a unique fixed point.

Ex. 8. Find a compact metric space X, T: X — X be such that d(T(x),T(y)) < d(z,y) for
all z,y € X while T has no fixed point. Find also X and T satisfying this condition such that
T has more then one fixed point.

Ex. 9. Let f: [a,b] — R be differentiable with f(a) < 0 < f(b) and 0 < m1 < f'(z) < mq
for z € [a,b]. Then f has a unique zero in [a,b]. Hint: Consider g(z) := z — L f(z). Then
is a zero of f iff x is a fixed point of g. Choose m appropriately so that g is a contraction of
[a, b] into itself. If m > my then take c:=1— L. If 0 < ma < 2my then let m € (ma/2,m4]

and c:= T2 _ 1.
m



Ex. 10. Let A be an n x n-matrix with real entries, x,y € R"™. Consider Az = y or
Za}x]:y’, 1<i<n.
j=1

Then if either Ao := max; 37 |07 —a| < Lorif Ay :=max; Y i[85 —a}| < 1, the equation
Az = y has a unique solution. Hint: Consider T' := T, where Tz := (I — A)x +y. If
xp = (xl,. .. 2" for r = 1,2 and y, := T(x,) then doo(y1,%2) < Aoodoo(x1,72) ete.

r

ODE and Integral Equations

We shall define the notion of integrals of vector valued functions of a real variable. We
wish to assign a meaning for the integral of a vector valued function in such a way that
the “natural” results such as the fundamental theorem of calculus and the inequality that

|12 rwya]| < g2 aeis orue.

Definition 11. Let f: [a,b] — R" be a continuous function. We write f = (f1,..., fn) and

” /:f(t) dt = (/: £t dt,...,/abfn(t) dt).

Ex. 12. Keep the notation in the definition. Show that the map w +— f: (f(t),w) dt is a
linear functional on R™ and hence by Riesz there exists a unique vector v such that this map
is w + (w,v). Show that v = ff f(t)dt. Hence ff f(t)dt is that vector v € R™ such that

</abf(t) dt,w> - /ab (f(t),w) dt,  for all w € R". (4)

Ex. 13. Prove the following versions of the fundamental theorems of calculus:

1. Let f: [a,b] — R™ be continuous. Define g(t) := f;’ f(s)ds. Then g is continuously
differentiable and ¢'(t) = f(t).

2. Let g: [a,b] — R™ be continuously differentiable. Then f; g'(t)dt = g(b) — g(a).

Ex. 14. With appropriate hypothesis, show that

810 dtH < [PIf@)| dt. Hint: Tn
Eq. nint take w := f; f(t) dt and use Cauchy-Schwarz.
Consider the vector differential equation
2 (t) = f(t,z(t)), with the initial condition x(0) = xo. (5)

This is equivalent to the system of n first order DE’s in n unknowns with the initial conditions
(ICs): '
zi(t) = f'(t w1 (t), ... za(t),  2i(0) = (z0)i, 1 < i <.

Ex. 15. The above DE with IC is equivalent to the following integral equations

t
z(t) = xo +/0 f(s,z(s)) ds.



Theorem 16. Let f: [a,b] x R™ — R" be continuous. Assume that there exists a constant L
such that
Hf(t,:U)—f(t,y)HSLHx—yH, x,yeR”,te[a,b].

Then the integral equation xz(t) = xy + fg f(s,z(s))ds has a unique solution on [a,b].

Proof. Let X := C([a,b],R™) be the vector space on which we define a norm ||z|, :=
sup{e= =) ||z(t)|| : t € [a,b]}. It is easily seen that there exist constants C; such that
Cilz| < flzlly < Collz|| where [[z|| := sup{[[x(t)|| : ¢ € [a,b]} and that (X, [|-]|,) is con-

tinuous iff (X, ||-]|) is complete. Let T: X — X be given by Tx(t) := z¢ + fj f(s,z(s)) ds.
Show that for « very large, T is a contraction on (X, ||-|,)- O

Ex. 17. Let the notation be as in Theorem 16. Then the differential equation z/(t) =
f(t,z(t)) with the initial condition z(a) = ¢ has a unique solution.

Ex. 18. Let the notation be as in Theorem 16. If we use the norm ||-|| on X we can solve
Eq. 5 on (—¢,¢) for some € > 0.

Definition 19. A nonlinear Volterra integral equation of the 2nd kind is of the form

z(t) =g(t) + )\/Ot f(t,s,z(s))ds. (6)

Theorem 20. Let g: R — R™ be Lipschitz: ||g(s) — g(t)|| < L|s —t| in an interval J around
0. Assume that g(0) = 0. Let f: R x R x R" — R"™ be continuous and satisfy a Lipschitz
condition in the last n variables uniformly in the first two variables:

Hf(t,S,U) 7f(t’8aw)H < MH’U*U}H

in a neighbourhood U of (0,0,¢(0)). Then for every e > 0 such that I := [—¢,e] C J and
V:=1x1x B(0,r) CU the equation Eq. 6 has a unique solution on I for each \ € R.

Proof. Let X :={xz: I — B[0,r] : = is continuous}. Consider the following metric on X:

d(z,y)a = sup{||z(t) —y() [ e~ t € I},

for & > 0. One shows that this metric is uniformly equivalent to dy in the sense that there exist
constants C7 and Csy such that Cido(z,y) < do(z,y) < Cado(z,y). It is easily seen that (X, do)
is complete and hence so is (X, dy). Let T be defined by Tx(t) := g(t) + )\fg f(t,s,z(s))ds.
We choose « sufficiently large so that i) 7" maps X into itself and ii) 7" is a contraction. [J

Corollary 21. Let J be an interval around 0 € R and U be the open ball B(xg,r) C R™. Let
f:J xR® = R" be continuous and satisfy the Lipschitz condition

[f(t,0) = f(t,w) || < Ljv —w]|
i J x U. Then for each a > 0 such that
§i={(t,0) : [t| < a, |l —mol| b} € T x U,

there exists a unique solution of Eq. 5 on [—a,a]. O



In many problems (such as dependence of the solutions of ODE on the initial data) one
wants to know the dependence of the fixed points on the parameters of a parameterized family
of maps. The following result is in this direction.

Theorem 22. Let X be a complete metric space and A be a metric space. Let ¢, 0 < ¢ <
1 be fized. Let F: A x X — X be continuous. We let f\(z) = F(\ x). Assume that
d(fa(z), fnly)) < cd(x,y) for a all z,y € X and A € A. Then

1. For each A € A there exists a unique fized point xy of fx.

2. The map A — x) 1S continuous.

Proof. To prove 2), in Eq. 1 we take n =0, T = f,,, v = x, and 9 = z). Then

dlwrs) < T—d(wr, o). @

As p — A, fu(zy) = Fp,zn) = F(A\ z\) = fa(zn) = ). Hence the RHS of Eq. 7 goes to
0. O

Ex. 23. Formulate and prove a theorem to the effect that the solution of initial value problem
Eq. ODE depends continuously on the initial data xzq.

Remark 24. See also the section on ODE for proofs of Corollary 21 and this exercise.

Definition 25. An integral equation of the form

b
x(t) = g(t) + /\/ K(t,s,)z(s)ds. (8)

is called the Fredholm integral equation of the second kind. K is called the kernel.

Theorem 26. Let g: I := [a,b] — R" be continuous. Let K: I x 1 — R be continuous. Then
the integral equation Eq. 8 has a unique solution x on the interval [a,b] for each X such that
|A| < m, where M is a bound for K on I?.

Proof. Let X :={z: [a,b] — R™ : x is continuous} with the sup norm. Define T: X — X by
Tx(t) :=g(t) + A fab K(t,s)x(s)ds. Then T is a contraction. O



