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Ordinary Differential Equations

By V and W we always denote finite-dimensional normed real vector spaces.

A mapping f: K — X from a set K into a metric space (X, d) is said to be
bounded if its image f(K) is a bounded subset of (X, d) in the sense that it lies
in a ball B,(r) with some center z € X and some radius r > 0. Let us denote
X = B(K, X) the set of all bounded mappings f: K — X and define the uniform
distance function dg,, : & x & — [0,00) by

(dsu) daup (f, f') = sup{d (f(x), f'(z)) : 2 € K}.

Endowed with d
gence in (X, d

sups the set X' becomes a metric space (Problem .1); the conver-

sup) 18 called the uniform convergence of bounded mappings K — X.

In the case where (X, d) is the underlying metric space of a normed vector
space (X, ||) (see Homework #, Appendix), and K is any set, it is clear that
(X, dgyp) = (B(K, X), dg,,,) is the underlying metric space of the normed vector
space (X, || ||o with the valuewise operations on X-valued functions f on K and

the supremum norm | f||. = sup{|f(z)|:z € K}.

If, moreover, K happens to be a manifold or a metric space, the set X =
B(K, X) contains the subset Cp(K, X) formed by all bounded mappings K — X
which are also continuous. (In both cases, a mapping f : K — N is said to
be continuous if f(xy) — f(z) in X as kK — oo whenever zy, k = 1,2,...,
is a sequence of points in K that converges to a point € K.) When K is
compact, we write C(K,X) rather than Cp(K,X), deleting the subscript ‘B’ as
boundedness then follows from continuity (Problem .13). With the restriction of
the distance function dg,,, the set Cp(K, X) constitutes a metric space which is
complete whenever so is (X, d) (Problems .2, .3 and .15).

We say that a mapping f: K — X between metric spaces (with both distances
denoted d) satisfies the Lipschitz condition if there exists a constant C' > 0 such
that d(F(z), F(y)) < Cd(z,y) for all x,y € K. For instance, Problem .12 states
that any norm satisfies the Lipschitz condition with C' = 1. Note that the Lipschitz
condition implies continuity.

Let us now consider an open subset U of a finite-dimensional real vector space
V. By an ordinary differential equation of order k> 1 in U we mean a mapping
F:IxUxVF ! =V, where I C R is an open interval and V¥~ =V x...xV is
the (k — 1)st Cartesian power of V. A Ck-differentiable curve ~: I’ — V defined
on a subinterval I’ of I (open or not) is called a solution to the equation if

() B = (7,4, 7 D)

in the sense that v(¥) () = F(t,(t),%(t),...,y*V(t)) forall t € I', where v*) =
d*~/dt*. Such a solution is said to satisfy the initial condition (to,zo,v1,...,Vk_1)
if (t0,$0,1}1, .. -;Uk—l) el xUx VE=1 and

(:2) Y(to) = o, Y(to) = v1,.. -, V(k_l)(to) = Uk_1.
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The mapping F is usually referred to as the right-hand side of the equation
(rather than being called the equation itself). Together, (.1) and (.2) are said
to form a kth order initial value problem. An initial value problem (.1), (.2) of
any order k > 1 can always be reduced to a first-order problem x = ®(¢,x),
x(to) = zo in the open set U x V*~! of the higher-dimensional space V*, by
setting x(t) = (v(t),5(t),....y* D) € U x VF1, ®(t,z,wy,..., wp_1) =
(wi,...,wp_1, F(t,z,w1,...,wp_1)) for (t,z,wy,...,wr_1) € I x U x V¥~ and
20 = (zo,v1,...,Uk—1). The theorem proved below for k = 1 can therefore be
easily extended to initial value problems of any order k (Problem .7).

The Existence and Uniqueness Theorem. Let [ C IR be an open interval, and
let U be an open subset of a finite-dimensional real vector space V. If F': [ x U —V
is continuous and satisfies the Lipschitz condition in x € U uniformly in t € 1, ie.,
|F(t,x") — F(t,z)| < Clz’ — x| for some fixed norm | | in V, some constant C' > 0, and
all t € I, x,2’ € U, then, for any initial condition (ty,z¢) € I X U thereis € > 0 such
that the equation < = F(t,7) has a uniqgue C* solution =y : [ty — ,to + €] — U with
v(to) = o.

Remark .1. The condition imposed on ¢ is
(.3) ese < (1—-Ce)d,

with C, || as above, s. = sup{|F(t,z0)| : [t —to| < €} and 0 = inf{|ly — xo| :
y € VNU} € (0,00] equal to the distance between zp and the complement (or
boundary) of U, where r = oo if U = V. Since s. — |F(to,z0)| as € — 0, (.3)
holds for all sufficiently small ¢ > 0.

Proof. For v : [ty — &,t9 + €] — U, the requirement that v be C! and satisfy
4 = F(t,v) and ~(tp) = xo, is equivalent to continuity of v along with

(4) 1O =0+ [ Flra(r)dr

to

for all ¢t € [tg—¢€,to+ €]. Let X. be the Banach metric space C([tg—¢,to+¢€],V)
with the supremum norm || ||syp defined above using the norm || in V. The
mapping h. : K. — X from the subset K. = C([tg—¢,to+¢]|,U) of X. into X,
given by [he(7)](t) = zo + fti) F(7,v(7))dr then satisfies ||ho(7") — he(Y)|lsup <
Cel|y" — 7¥|lsup, as the length of the integration interval is |t —tg| < € and C is
a Lipschitz constant for F. Denoting z the constant curve zg € K. and setting
re = (1—Ce) |z —he(2)]lsup, we obtain 7. < (1 —Ce) les.. Thus, for ¢ chosen
as in (.3), r. < 0 and hence the ball B,(r.) in X. is contained in K.. The
assumptions of Banach’s fixed-point theorem (Homework #, Appendix) thus
will be satisfied if we replace X, d, K, h,C, z,r in the statement of that theorem
by Xe, dgp, Ke, he, Ce, 2 = g, and, respectively, r., for any ¢ with (.3). The
resulting existence and uniqueness of v € K. with h.(v) =7, i.e., (.4), now proves
our assertion.

Global Solutions to Linear Differential Equations

Given an interval I C IR containing more than one point and otherwise arbitrary
(so that I may be open, closed, or half-open, bounded or unbounded), and a



nonnegative continuous function h: I — [0,00), we set

(1) /Ih(t)dt: sup /bh(t)dt € [0, 00].

a,bel

Note that [, h(t)dt equals the limit of f; h(t)dt as a — inf I(+) and, simultane-
ously, b — sup I(—). (The limit always exists for reasons of monotonicity.)

The following results concerning differential inequalities will later be applied to
linear ordinary differential equations and the local regularity theorem.

Lemma .1. Suppose that I C IR is an interval, h : I — [0,00) is a continuous
function, and v : I — V isa C' mapping of I into a finite-dimensional real vector space
V' with an inner product (). If, in addition,

(2) 8) C = /h(t) dt < 0o, b) 3| <hp
I
everywhere in I, | | being the norm in V' determined by (), then
(4) sup |7 < e inf |y].
I

Remark. By (.3), whenever ~,h,I,V,(,) satisfy the hypotheses of the lemma,
then either v = 0 identically, or « # 0 everywhere in [I. This fact, however, will
have to be established separately in the course the following proof.

Proof. We may assume that ~ is not identically zero. By the Schwarz inequality
and (.3), ¢ = (7,7) : I — [0,00) satisfies |¢| = 2|(v, )| < 2hp. Thus, if a,b € I
and v # 0 everywhere in the closed interval ab connecting a and b, we have

(-5) (0)] < e““Py(a)],  where C(a,b) = [_h(t) dt,

as 2log|y(b)| — 2log|y(a)| = log p(b) — log p(a) = ff o todt <2 [ h(t)dt. Con-
sequently, v # 0 everywhere in I. In fact, otherwise, we could sefebct a maximal
open subinterval I’ of I with v # 0 everywhere in I’, so that y(c) = 0 for at
least one endpoint ¢ € I of I'; fixing b € I’ and letting a € I’ vary, we would
obtain the contradiction 0 < |y(b)| < 0 by taking the limit of (.5) as a — ¢ and
noting that fT, h(t)dt < co. Therefore, by (.5), |y(b)| < e“|y(a)| for all a,b € I,

with C as in (.4), and we can take the supremum over b and infimum over a.

Corollary .3. Let v,h,1,V,(,) satisfy the hypotheses of Lemma .1. Then v has a
limit at each finite endpoint of I, while the endpoint itself does not have to belong to 1.

In fact, by (.3), (.4) we have [,|§(t)|dt < Ce® iIIlf |7], and so we can use
Problem .2.
Let U now be an open subset of V', and let I C IR be an open interval. A kth

order ordinary differential equation (.1) in U, i.e.,

,y(k) = F(t7 /y, /3/7 A JV(k_l)) Y
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is called linear if its right-hand side
F:IxUxVF-lov
has the form
F(t,x,wy,...,wg—1) = Bo(t)r + B1(t)wy + ...+ Brp_1(t)wg_1

with some coefficient functions (curves) By, By, ..., Bg—1: I — Hom(V, V) valued
in the vector space of all linear mappings V — V. In other words, a linear kth
order equation reads

(:6) Y ®) = Bo(t)y + Bi(t)y + ... + Be_1(t)y* V.

Note that, due to linearity of the By(t), Bi(t),..., Bx_1(t), we may always assume
that U = V.

A linear equation (.6) of any order k > 1 can always be reduced to a first-order
linear equation xy = A(¢)x in a higher-dimensional space, with the coefficient curve
t — A(t) of the same regularity as the original By, By, ..., Bi_1 (Problem .6).

Proposition .4. Suppose that V' is a finite-dimensional real vector space and I C IR
is an open interval. If F' : I x V. — V is continuous and locally Lipschitz in © € U,
locally uniformly in t € I (Problem .6, and satisfies the inequality

(7) |F(t, )] < h(t)|z|

forall (t,x) € I xV, where h : I — [0,00) is a continuous function and | | is a fixed
normin V, then for any (to, o) € I X V the initial value problem

(8) 7 = F(tﬁ) ) /7(150) = Zo
has a unique solution v : I — V defined everywhere in I.

Proof. We may assume that | | is the norm determined by an inner product ()
in V' (Problem .18). Let «: (a,b) — V be the (unique) solution to (.8) defined on
the largest possible interval (a,b) C I with to € (a,b) (Problem .5). To show that
(a,b) = I, suppose on the contrary that, for instance, b € I. Applying Corollary
.3 to [to,b] instead of I, we see that ~(¢) has a limit yo as ¢t — b(—), and so from
the existence theorem (see, e.g., Problem .6), there is ¢ > 0 with b+ ¢ € I and
a Clcurve 41 : [b,b+¢) = V with 43 = F(t,v1) and ~;(b) = yo. Combining
v with v; as in Problem .1, we obtain a C* solution to (.8) defined on (a,b + ¢),
which contradicts maximality of (a,b) and thus completes the proof.

The Global Existence Theorem for Linear Ordinary Differential Equa-
tions. Every linear initial value problem

A ®) = By(t)y + B1 () + ... + Br_1(t)y* Y,
(:9) : k—1
v(to) = xo, Y(to) =v1, ..., ’y( - )(to) = Vp_1

of order k > 1 in a finite-dimensional real vector space V, with continuous coefficient
functions By, By,..., By_1 : I — Hom(V, V), where I C IR is an open interval, has
a unique solution v : I — 'V defined on the whole interval 1.
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Proof. Fix anorm | | in V. We may assume that k£ =1 (Problem .6), so that (.9)
becomes 4 = B(t)y with ~(tg) = xo. Thus, (.7) is satisfied by F(t,z) = B(t)x
and h(t) = |B(t)| (the operator norm; see Homework #, Appendix), and h :
I — [0,00) is continuous according to Problem .18 (or .20). The assertion is now
immediate from Proposition .4.

Differential Equations with Parameters

Again, V,W are always finite-dimensional normed real vector spaces.

Voo < (@) + Li[[loc-

In fact, ~(t) = ~(a) + fcf 4(7)dr, whenever t € I, and so |y(t)] < |y(a)| +
fat |%(7)| dr, while the last term clearly does not exceed L||¥||-

Lemma 2. Let v;, i = 1,2,... be a sequence of V-valued C* functions on a closed
interval I of length L such that -y, (a) — z as i — oo for some a € I and z €'V,

while the derivatives -y; converge uniformly on I to a function ¢ : I — V. Then v, — vy
uniformly on I with a C* limit function ~ : I — IR having the derivative 7 = ¢.

Proof. Define v by ~(t) =z + f; o(T)dr. As v, (t) =, (a) + fat 4, (1) dT, we get

i (8) = ()] < [, (a) —Z|+/ 19: (1) = ¢()] d7 < |v; (@) = 2] + L7 = ¢lloos

and it follows that ||y, — 7|l < |7 (@) — 2| + L||Y; — @] - [

oo

Lemma 3. If mappings ~;, : I — V between metric spaces converge uniformly to a
continuous mapping v : 1 — V and t; — a in I as i — oo, then 7, (t;) — ~(a).

Proof. Obviously, d(v, (t;),v(a)) < d(v; (t;),7(t;)) + d(y(¢;),v(a)), which is in
turn less than or equal to dg,,(v;,7)) +d(v(t;),v(a)), |

According to the “neat” version of Banach’s fixed-point theorem [IM, the corol-
lary on p.2], any contraction h of a complete metric space (X, d), meaning: a
mapping h: X — X with

(ctr) d(h(z),h(z")) < Cd(z,2") for all z,2" € X and some C € [0,1),

has a unique fixed point z € X. In addition, hi(y) — = as i — oo for every
y € X. The next lemma states that this x depends on h continuously, relative to
the supremum distance.

Lemma 4. Given contractions h,h’ of a complete metric space (X, d) with the unique
fixed points x,x', one has d(z,x’) < (1 — C)7'd . (h,h') for d,(h,h') € [0,]
defined by (dsu) and the constant C < 1 in (ctr).

sup( sup(

Proof. This is immediate from the following inequality, with n = A’ and ¢ =

dgup(h, B'), for any i > 1 and x € X, easily established by induction:

d(h'(x),n"(x)) < 1+C+---+C" ).
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The induction steps follows since

d(h" (@), 0" (@) < d(h(h'(2)), k(0" (2))) + d(h(n" (), n(n' (2))),

while the right-hand side does not exceed (1+ C +---+ C*1)Cq + ¢ due to the
induction hypothesis. |

Given an open set U CV x W and a C'* mapping F : U — V, we will write
points of U as pairs of vectors from V and W. Consider the following initial value
problem with parameters:

(ivp) ¥ =F¢, )=~z

It includes the family of ordinary differential equations, parametrized by &, depend-
ingon a € R and z € V with (z,§) € U, and having as solutions those differen-
tiable functions v : I — V defined on intervals I C IR for which (y(¢),£) € U and
A(t) = F(v(t),&) whenever t € I, while v(a) = z. With any (a,z,§) € Rx U we
now associate the maximal open interval I, . . C IR on which (ivp) has a solution,
and declare the set Y C R2x U to be

Y={(t,a,2,6) eR°x U :tel,,}.

The Regular-Dependence Theorem. The above set Y is openin R>x V x W
and the mapping Y > (t,a, z,&) — (t), with v characterized by (ivp), is of class C°.

The proof proceeds by several steps, the first of which — openness of Y — is
straightforward:

To simplify the remaining steps of the proof, we “fold” the initial-data pair
(a,z) into the parameters, assuming from now on that (a,z) = (0,0). This is
achieved by replacing (t, F,~) with (s,G,d) = (t — a,G,y — z), for G given by
G(9,€,2) = F(z + 6,£), which turns (ivp) into dé/ds = G(4,€,z) and §(0) = 0.
Writing from now on (¢, F,v) instead of (s,G,0d), and using the notation ~(¢,¢)
to emphasize the dependence of the solution on the parameter £, we rephrase (ivp)
as the autonomous initial value problem

(par) 7(75) = F<7a€)7 ’7(0,5) = 0.

with ( )'=d/dt. Now F :U — V is a C° mapping from an open set U C V x W,
and (£,&) — y(t,§) € V is defined on the set {(t,§) € Rx W :t € I, .} (which,
as we already know, is open in IR x V).

By (formally) applying 9/9¢* to (par), and using the chain rule, we obtain

(fop)  4(-,€) = F(7,€), ~(0,6) =0, 4 =4WE +E, 70,8 =0.

where (par) is included as well, This time, ( )'= 0/0t, the symbols involving -, or
F, are functions of (¢,£) or, respectively, (v,€), and the other partial derivatives
are represented by subscripts:

= 07/08, A =0y/08", F = 0F/0y, E = 0F/0¢.
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Of course, our derivation of (fop) is heuristic, rather than rigorous; the next two
lemmas provide a proof of (fop).

Lemma 5. The mapping (t,§) — ~(t,&) is continuous.
Proof.

Lemma 6. Our v(t,&) isa C! function of (t,£) which, along with its first-order partial
derivative v, = 0v/0&* satisfies the initial value problem (fop).

Proof.

Proof of the Regular-Dependence Theorem. We use induction on £ > 1 to
show that ~(t,&) is a CF function of (t,&) for every initial value problem (par)
involving a C* mapping F. Lemma 6 settles the case k& = 1. Assuming our
assertion for some given k£ > 1, and fixing an initial value problem (par), we see
— using Lemma 6 and the inductive assumption for (fop) rather than (par) — that
the partial derivatives v, = 9v/9¢* are of class C* and so is, by (fop), dv/0t.
The domain of these first-order partial derivatives is the same as that of ~ (since,
fixing v in (fop), we obtain a linear equation imposed on =,, and we can invoke
the Global Existence Theorem for Linear Ordinary Differential Equations). Thus,
7 itself is of class C*T1, on the same domain. |



