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Note

Periodic Solutions of Differential Equations
and One-Parameter Family of Operators

A method for computing bounds to periodic solutions of the system
o= f(t, ), »SER", [fperiodic in t with period T, (N
is studied using an integral equation
y=G 2)

depending on a parameter A, and whose solutions for each 1 are the periodic solutions of (1).
A is then given a value 4, so as to determine a set § for which G,,§ < . Since G, is proved
to satisfy Schauder’s conditions, then in S there is a solution of (2), i.e., a periodic solution of
(1). The method, which evidently also constitutes an existence proof in S, has the peculiarity
of being quite general since it can be used to bound other kinds of solutions of the system
»'=f(t, p), by simply setting up a different integral equation y = G,y which possesses the
solutions to be bounded. This method has then been used to bound periodic solutions of a
system arising from the dynamics of two floating bodies, for which G § < § has the form of
a system of inequalities.

1. INTRODUCTION

Let f{z, y) be a continuous function f: R X R" - R", periodic in ¢ with period T.
For the norm of y = (y,, ¥,,.., ¥,) in R" we take }'7_, |y, and use the symbol |y|
instead of || p}| in order to avoid confusion when defining later the norm of y as an n-
valued function on [0, T|. Let C|0, T'] be the vector space of continuous functions
y:10, T| - R", with the norm || y|| = max, o, | ¥|, and let D be a set in C[0, T|]. The
problem considered here is that of determining bounds for periodic solutions in D of
the system

y'=f{, ), 0<t |yl < oo. (1)

The following method reduces the problem to that of finding a solution A € R" of
an inclusion relation (often defined as a system of inequalities). At first, a function
¥(A,t, y) depending on a parameter A € A is set up so that the solutions of the
integral equation

t
A(/l,t)y:L YA, 1, y)dt+c, cER", )

where A is a nonsingular matrix, depend on ¢ but not on 4 (i.e., invariant with 1).
A simple example of invariance of solutions for equations in one variable is given by
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F(x)+Ag(x)=0, 4 >0, where F and g are nonnegative functions having the same
zeros. Besides, ¥ must have the property that (2) is equivalent to (1), i.e., all the
solutions of (1) are also solutions of (2) and vice versa. Then we determine ¢ so that
the corresponding integral equation, which we write briefly y =G, » (it always
contains A4), has, as solutions, only the T-periodic solutions of (1). 4 is at this point a
free parameter which is used to find bounds for the solutions of y =G, y, i.e., T-
periodic solutions of (1). In fact, assuming that for a given 4 = 1, we can determine a
bounded set S < C[0, T'], S < D, such that G, S < S, then in § there is a 7-periodic
solution of (1) since G, satisfies the conditions of Schauder’s theorem (Theorems 3
and 4). In some cases of applied physics (see Section 3) G,S < S is a system of
inequalities and 4, is a solution of such a set. The above method of bounding the
solutions which evidently has the property of being at the same time an existence
theorem, allows the use of iterative schemes when not only bounds but also numerical
values of the solution are sought. In fact the use of iterative schemes, such as the
generalization of the Picard method for initial value problems, see |2[, requires, as a
main condition, that all iterations are bounded, which will be the case if G, S<§
and the starting point is in S. In Section 2 we prove the equivalence theorem for (2)
and derive the equation y=G,y. We also show that G, satisfies Schauder’s
conditions for every A € A. In Section 3 we use the results of Section 2 to compute
bounds for periodic solutions of a second-order damped system with forcing term.
This is done simply by finding some 4 solution of a system of inequalities.

2. THE CLASS G,
Let A(A,1) be a nonsingular matrix whose elements are functions of 4 and ¢,

AER", 0K < oo, and let d4/dr be the derivative of the matrix A4 with respect to ¢.
Assume that dA/dt has elements continuous with respect to ¢, and let

dA
W——d—t y+ A, p),

where [ is the function occurring in (1).

THEOREM 1. For any fixed 1 the integral equation
-t
A(l,t)y:j YA 7, y)dr +c, cER", (3)
0

is equivalent to (1).

Proof. Let y* be any solution of (I1). We find from (3)

t
— k* __ * —
o 144Dy jo Wi, 1, ¥ )drg 0,
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ie.,

t
Ay* — J ¥ dt = constant.
0

Conversely, if y* is a continuous solution of (3) we have

dA dy* dA
2 oyx Al It S| *
7 + A4, 1) = i (A O f(, y*),

and the theorem is proved.
As an example let (1) be a system of the form
y =Sty +F( ), F,yeR"

with S an n X n matrix. If Y is a fundamental matrix of y’' =Sy, i.e., one whose
columns are linearly independent solutions of y’ = Sy, we may take A(4,1)=Y '(¢)
and with some manipulations we get for (3)

y=| "Y() Y (@) Fla, y) e+ Y0,

which is the classical transformation of the foregoing system into a system of integral
equations.
If we restrict ourselves to T-periodic solutions of (1), i.e., solutions of the system

y’:f(t’y), 0T,

(4)
¥(0) = y(1),
and assume that 4(4, 0)# A(4, T), we get from (3) and (4)
t ~T
y=A'00 [ Yoy di+ A Q0B | ¥t y)dr (5)
1 Yy

where
B=A(AT)A '(A,0)— L
The right-hand side of (5) defines an operator G,: C|0, T| — C|0, T'} (depending on
4) and it is easy to see that (5), which may be written as
y=0G,y,

has the same continuous solutions as (4) for each A.

Before showing (Theorems 3 and 4) that G, satisfies the conditions of Schauder’s
theorem, we recall the definition of relative compactness and the statement of
Schauder’s theorem, see [1, p. 456].
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DEFINITION. A subset S of a metric space is called relatively compact if every
sequence in S contains a convergent subsequence (i.e., if S is compact).

THEOREM 2 (Schauder). Let S be a convex closed subset of a normed space. Let
H be a continuous mapping of S into a relatively compact subset of S. Then H has a
fixed point in S.

THEOREM 3. Let G, be the operator defined by (5), A a set in R", and let
S Cl0,T| be a bounded set such that for any A€ A, G, S 8. Then G,S is
relatively compact for any A € A.

Proof. Since Y(A,t,x) is a continuous vector function of ¢ and x, 0/ < T,
X € R", there exists M > 0 (depending on 1) such that [¥| < M when x € §. From
(5) the equation Ay = AG, x takes the form

f T
A )y =| Yo rx)di+B7" | ¥t x)du (6)
J Jo
We have (for any y € G, S)
L4 h
AGLt+ Dy +h) =4 )y0O =] ¥hrx)d,  (+he(0T],
“t

or equivalently

dt

AL £+ 9+ R) = W)+ 1AC L+ k) - AQL 1)) y(0) = ~,{M Wil 7, x) dr.
Then, for every 4 € A,
MR =< |47 py LA L1 O1) o)

[l

h
+ ‘A“(A,t+h) Y(A, 7, x) dr

’~l+
-t

where 0 < § < 1. Recalling that || is the /,-norm in R", and using for the norm || || of
matrix the corresponding || |, norm, we have

(3004 )= yO < max 1471) ( max

tel0,7]

dA
Dlvim). seas

where N is a bound on y (from G;§ < §, S bounded). Hence G, S is equicontinuous
on [0, T], and since for each ¢ in [0, T'| the set {p(¢): y € S} is relatively compact in
R" (it is bounded), it follows from a generalization of Ascoli’s theorem, see {3,
p. 168, that G ;.S is relatively compact.
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THEOREM 4. The mapping G, defined by (5) is continuous on C|0, T|.

Proof. Let x,€ C|0,T| and let m be a positive number. In the closed region
[0, T] X ¥, where V is the closed ball {x€R":|{x —x,|<m}, ¥ is uniformly
continuous (for any fixed A). Then, given ¢, >0, there is a d<m such that
[¥(L, 7, X) — P(A, 1, x,)| < 0, whenever |x —x,| <d. From (6), taking x € C|0, T|
such that |x(¢) — x,{f)] < &, we have (if yo= G, x,)

2O= O 470 || (P 7.0~ ¥ 70

b

+ 1,4”(,1, HB-! (T(m, 1. x)— Y(, 1, x,)) dt
0

which, using the maximum norm in C[0, T}, becomes
Iy = yol <o T(1+[B~']) max [|47"].
tef{0,7T]
Given any o, it is sufficient to take a & corresponding to o, <a/(T(1 + ||B"'|)
max,cqo.7y 14 ~'[) in order to get
ly—wll<o when |x — x|l < 6,

which proves that G, is continuous at x,.

3. APPLICATION TO A SECOND-ORDER SYSTEM

The problem of the dynamic behaviour of two close floating bodies has arisen at
CERN. The corresponding mathematical system is

u” + b ju'\u +ciu+du-—v) =Fsin(wt + ¢), .

(7)
v" 4+ by v’ | v+ cv —d(u -~ v) = E sin(wt),

where b, ¢,, d, b,, ¢,, F, E, w, ¢ are positive coefficients. We shall determine a set of
values of the coefficients such that, for each value in the set, there exists a periodic
solution of (7) with period T' = 27/w.

Putting u = y,, w’' = y,, v = y;, v' = y,, (7) takes the form of (1)

Y=Y,
yi=—c\yy—dy, +dy, ~ b, |y,|y, + F sin(wt + ¢), (8)
V3= Y4,

Yi=dy,—c,¥3—dy,— b, |y, ys + E sin(wt).

581/51/3-12
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We take for A(4,?) the following matrix, in which for simplicity 4 € R (instead of
AER™, A>0,

eM et 0 0
0 e(i + 13 0 0
A(A’ t) = 0 O e./ll 8“1“

O 0 0 e(.l + )¢

Multiplying (5) by A{4, ¢) and replacing y by x in the right-hand side we get from (8)

- T .
Mty = Widt | Widg @ -,

-t T
ey, ‘ ¥, dr+ ‘D W, dr/(e DT 1),
1 )
~f T (9)
eit()h + V)= ‘ ¥, dr + ( v, d‘{/(e*“" 1,
‘o o

ettt !4:.’4 v, dr+“:- ¥, dr/(e" VT — 1),
where 0
Y =e"{(A~c)x, + A+ 1 —d)x,— b, |x,| x, + dx, + Fsin(wr + ¢)},
Y,=eP VT cox, + (A + 1 —d)x,— b, |x,| x, + dx, + F sin(wr + ¢)},
Yo=e'dx, + (A—cy)x; + (A + 1 —d)x, — b, |x,| x, + E sin(wr)},
Y,=eM VU dx, — oy x, + (A + 1 —d) x, — b, |x,] x, + E sin{wr)}.
In operator form,
Ay =AG,x, x, yEC|0, T}

We now determine a closed convex set D, such that G, D, < D,. We define D, by
the inequalities

lelgMii izl,-..,d‘.
and choose M, together with 1 and the coefficients of (7}, in such a way that
lvl<M, i=1l.,4

Assume
A > maxic,,c,,d— 1}, (10)
M, <A+ 1—d)b, (1)
M,< @A+ 1—d)b,. {12)
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Using |x,| < M, and (10)-(12), we get from (9)

R T
’yZK,lillM‘+(ibt(i:—tli;2+/ldf4l+iil’
ky3+y4l<%Mz+i-;—flM3+gj4—;ifx+§—,
111 2*%2&1?*1:’?1 3+TE+T'

(Y1 + 1<

BARS

Similarly, the condition |y,| < M, will be satisfied if

1‘01 (;»+1—d)2 dM4 F
M PR

¢ (A+1—d)? dM, F

- <M,
T T Gar ) Taer T ar1 M

d A—c (A+1-d)? E
—M 2 =
Mot M+
d A+1—-d)? ¢, E

P 4b,(A + 1) A+1M3+A+1<M‘“

<M, -M,,

a system which takes the form

A+1—dy
“(_%T‘)‘+dM4+F<01M1'AM2a

1
A+1—d)
g—%h—)‘+dM4+F<('l+ DM, —c My,

1

(13)

(A+1—d)?
"—‘~4—b‘-—-‘+dM2+E<CzM3-—/{M4,

2
A+1—ad)?
‘(—jzr—l+dM2+E<(l+l)M4—czM3.

2

We recall that to each solution of (10)-(13) corresponds a D,:|x,| <M, and
G.D,:|y;| <M, such that G, D, = D,.

We try to solve the system of inequalities (10)}-(13) (where the unknowns are the
coefficients in (7), together with 4 and M,) by taking
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A+1—d
M= "2
- bl
1 —
M“:fl_tb__fj_’
2 (14)

oM, =AM, +iM,,
M, =AM, +iM,,
which, substituted in (13), gives
b,M3}+ 4dM, + 4F < 2M,,
b,MI+4dM, + 4E < 2M,. (13)

The solutions of the system formed by the seven inequalities (10), (14), and (15) are
evidently also solutions of (10)}-(13) (but not vice versa). Using the following
theorem which gives solutions of (15), we obtain a set of solutions of (10), (14), and

(15).
THEOREM 5. A set of solutions of (15) is given by

1 1
4F<_9 4E T T
b, “5, b,

1 1
—— — —4E)!.
b (5= 9#)- s (5~ 42|

Proof. Assume 4F < 1/b,, 4E < 1/b,. It is easy to see that for M,=1/b,,
M,=1/b, the expressions 2M, —b,M?—4F and 2M,—b,M;—4E take their
maximum value at (1/b,) —4F >0 and (1/b,) —4E > 0, respectively. Substituting
values taken from the set 4F < 1/b,, 4E < 1/b,, M, = 1/b,, M, = 1/b, into (15) it is
evident that the two inequalities are solved if 4dM,<(1/b))—4F and
4dM, < (1/b,) — 4E.

We then have the following solutions of (10), (14), (15):

by (1 b, ( 1 |
= |——4F),— | —4E) ;.
Pla) e

1 1 1 1
M, = (d+—> b, My——. M3=(d+—> by My=—.
2 2 b,

M, = M, =

1
b,’

4d < min

A=d, d > maxic,, c,}, d < min

4F<—, 4E<—.
<% <%

In conclusion, for values which satisfy the above inequalities and for any w and ¢,
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there exists a 27/w-periodic solution of (7). For example, the following values
suggested by physical requirements are found to satisfy our inequalities

b, =0.1, b,=0.1, ¢, =03, c, =02,
d=0.3, F=1, E=0.5, ¢=0.5, w=2,
which yields A = 0.3 and the solution bounds M, =27, M, =40, i.e.,
—-27.€ug?27.,
—40. € v € 40..

We have also computed some solutions (one with the above data) using the iterative
scheme y,., =G, y,. In all cases the iterates converged numerically to curves which
were verified to be periodic solutions.
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