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Abstract

This work is devoted to the study of first order linear problems with involution and periodic
boundary value conditions. We first prove a correspondence between a large set of such problems
with different involutions to later focus our attention to the case of the reflection. We study then
different cases for which a Green’s function can be obtained explicitly and derive several results in
order to obtain information about its sign. Once the sign is known, maximum and anti-maximum
principles follow. We end this work with more general existence and uniqueness of solution
results.
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1 Introduction

In a previous paper by the authors [2], a Green’s function for the following linear problem with
reflection was found.

X' (t)+ox(—t)=h(t),r€l, x(—-T)=x(T), (1.1)
where T € R, € R\{0} and h € L'(I), with [ = [T, T|. The precise form of this Green’s function
was given by the following theorem.

Theorem 1.1 ( [2], Proposition 3.2). Suppose that @ # kn/T, k € Z. Then problem (1.1) has a
unique solution given by the expression

u(t) = / Glt.s)h(s)ds. (1.2)
where 96
G(t,s):= 0G(t,—s) — g(t,s)

and G is the Green’s function for the harmonic oscillator

K (t) + 0*x(t) = 0; x(T) =x(~T), X(T) =x'(-T).
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The sign properties of this Green’s function were further studied in [3], where the methods similar
to those found in [5-7] are used in order to derive existence and multiplicity results.

Still, obtaining the Green’s function of problem (1.1) with a non-constant coefficient has not
been accomplished yet. In this article we will study this case and further generalize the existence of
Green’s functions. Through a correspondence theorem, we will also be able to extend these results
to problems with other involutions. We will also obtain new maximum and anti-maximum principles
and existence and uniqueness results.

2 Order one linear problems with involutions

Assume ¢ is a differentiable involution on [¢(T),T]. Let a,b,c,d € L'([¢(T),T]) and consider the
following problem

d(1)x'(t) +c(0)x' (9(t)) +b(1)x(1) +a(t)x(@(1)) = h(t), x(@(T)) = x(T). 2.1

It would be interesting to know under what circumstances problem (2.1) is equivalent to another
problem of the same kind but with a different involution, in particular the reflection. The following
two results will help us to clarify this situation.

Lemma 2.1 (CORRESPONDENCE OF INVOLUTIONS). Let ¢ and W be two differentiable involutions'
on the intervals [(@(T),T] and [y (S),S] respectively. Let ty and s, be the unique fixed points of ¢ and
y respectively. Then, there exists an orientation preserving diffeomorphism f : [y (S),S| — [@(T),T]

such that f(y(s)) = @(f(s)) Vs € [y(S),5]

Proof. Let g: [y(S),s0] — [@(T),1] be an orientation preserving diffeomorphism, that is, g(so) = fo.
Let us define

oo L) if s € [y (). 50,
f( ) {((pOgOV/)(S) ifsE(So,S]-

Clearly, f(y(s)) = @(f(s)) Vs € [w(S),S]. Since sy is a fixed point for y, f is continuous.
Furthermore, because ¢ and y are involutions, ¢'(fo) = ¥/'(s9) = —1, so f is differentiable. f is
invertible with inverse

Sy ) &) ift € [@(T), 1],
f) '_{(l;/og_lo(p)(t) ifr € (t,T).

f~!is also differentiable for the same reasons. |

Remark 2.1. A similar argument could be done in the case of involutions defined on open, possibly
not bounded, intervals.

Remark 2.2. The expression obtained for f reminds us of the characterization of involutions given
in [12, Property 6].

Remark 2.3. Tt is easy to check that if @ is an involution defined on R with fixed point fy then y/(¢) :=
O(t +1)— s0) —to + So is an involution defined on R with fixed point s, (cf. [12, Property 2]). For
this particular choice of ¢ and y, we can take g(s) = s —so+1, in Lemma 2.1 and, in such a case,
f(s) =s—s0+1 forall s € R.

TEvery differentiable involution is a diffeomorphism.



Corollary 2.2 (CHANGE OF INVOLUTION). Under the hypothesis of Lemma 2.1, problem (2.1) is
equivalent to

ooy (W) +b(f(5))y(s) +a(f(s))y(w(s)) = h(f(s)), y(W(S)) = ¥(S). (2.2)

Proof. Consider the change of variable r = f(s) and y(s) := x(¢) = x(f(s)). Then, using Lemma 2.1,
it is clear that

dy df dy _dx df
L= TLe L) = Tloron G we)
Making the proper substitutions in problem (2.1) we get problem (2.2) and vice-versa. [

This last results allows us to restrict our study of problem (2.1) to the case where ¢ is the reflection
¢(t) = —t. In the following section we will further restrict our assumptions to the case where ¢ =0 in
problem (2.1). A comment on how to proceed without this assumption will be done in the Appendix
at the end of this work.

3 Study of the homogeneous equation

In this section we will study some different cases for the homogeneous equation

X'(t)+a(t)x(—t)+b(t)x(t) =0, €1, (3.1)

where a,b € L'(I). In order to solve it, we can consider the decomposition of equation (3.1) used
in [2]. For any given function f, let f,(x) := % be its even part and f,(x) := M its odd
part. Then, the solutions of equation (3.1) satisfy

xi} _ [ Go— b, —a,—b, Xo
(x’e) B <ae —b, —a, —bo) (xe) ' (3-2)
Realize that, a priori, solutions of system (3.2) need not to be pairs of even and odd functions, nor
provide solutions of (3.1).
In order to solve this system, we will restrict problem (3.2) to those cases where the matrix

M) = (a{,—zz —ae—zz) (t)

a,— —a, —

satisfies that [M(r),M(s)] := M(t)M(s) —M(s)M(t) =0 Vt,s € I, for in that case the solution of the
system (3.2) is given by the exponential of the integral of M'. Clearly,

) ao(s)[ae(r) +be ()] = ao(1)[ac(s) + ()])
1)+ be(t)] e (8)be(t) = ae(1)be(s) '

Let A(t) := [ya(s)ds, B(t) := [;b(s)ds. Let M be a primitive (save possibly a constant matrix) of
M. We study now the different cases where [M(¢),M(s)] =0 Vt,s € 1. We will always assume a # 0,
since the case a = 0 is the well-known case of an ODE.

(C1). b, =ka, ke R, |k| < 1.

t
[M(t)’M(s)]:2<a0(t>[ag(S +b, S)] (S)[ae(

See the Appendix for more details on this matter.



In this case, a, = 0 and M has the form

=0 i, )

If we compute the exponential (see note in the Appendix for more information) we get

WO _ ) cos (VI—IA(r))  ——ssin(VI—KA())
Esin (VI—KA(r))  cos (VI—KA(r))

Therefore, if a solution to equation (3.1) exists, it has to be of the form

1+k
ViR

with o, B € R. Itis easy to check that all the solutions of equation (3.1) are of this form with f = —a.

u(t) = ae B cos ( 1— sz(t)> + Be B0 sin < 1— kZA(t)> :

(C2). b, =ka, k € R, |k| > 1. This case is much similar to (C1) and it yields solutions of system
(3.2) of the form

1
u(t) = e ™ cosh (VR = 1A(1)) + ﬁe—mm% sinh (V&2 1A(1))

which are solutions of equation (3.1) when 8 = —a.

(C3). b, = a. In this case the solutions of system (3.2) are of the form

u(t) = ae B0 1 2B BWA (1) (3.3)
which are solutions of equation (3.1) when 8 = —a.
(C4). b, = —a. In this case the solutions of system (3.2) are the same as in case (C3), but they are

solutions of equation (3.1) when 8 = 0.

(CS). b, = a, = 0. In this case the solutions of system (3.2) are of the form
u(t) = e -B0) _{_ﬁe—A(t)—B(t),

which are solutions of equation (3.1) when o = 0.

4 The cases (C1)-(C3) for the complete problem

In the more complicated setting of the following nonhomogeneous problem
X(t)+a(t)x(—t)+b(t)x(t) = h(t), a.etel, x(—T)=x(T), 4.1)

we have still that, in the cases (C1)—(C3), it can be sorted out very easily. In fact, we get the expression
of the Green’s function for the operator. We remark that in the three considered cases along this
section the function a must be even on /. We note also that a is allowed to change its sign on /.

First, we are going to prove a generalization of Theorem 1.1.

Consider problem (4.1) with a and b constants.

X (t)+ax(—t)+bx(t) =h(), tel, x(=T)=x(T). 4.2)



Considering the homogeneous case (h = 0), differentiating and making proper substitutions, we arrive
to the problem.

X))+ (@ —b)x(t) =0, tcl, x(—=T)=x(T), x(-T)=x(T). 4.3)

Which, for b* < a?, is the problem of the harmonic oscillator. It was shown in [2, Proposition 3.1]
that, under uniqueness conditions, the Green’s function G for problem (4.3) satisfies the following
properties in the case b*> < a?, but they can be extended almost automatically to the case b* > a°.

Lemma 4.1. The Green’s function G satisfies the following properties.

) Ge %(IZ,R),
an 5 aG and aaz? exist and are continuous in {(t,s) € I | s # 1},
i) 5 96 So(tt7) and 57 9G S (t,17) exist for all t € I and satisfy

oG, . dJG o
E(t,t)—w(tr) 1 Vtel,

1v) ‘932726+(a2—b2)G:O in{(t,s) €?|s#t},

V) (a) G(T,s)=G(~T,s) Vscl,
(b) %(T,s) = 2%9(~T,s) Vs (~T,T).

VD) G(t,s) = G(s,1),

(VII) G(t,S) = G(_ta _S),
(VIIT) %5(¢,5) = 29(s,1),

(IX) %—G(t,s) = —9G(¢ ),

X) %—G(t,s) = —96(¢,5).

With these properties, we can prove the following Theorem (cf. [2, Proposition 3.2]).

Theorem 4.2. Suppose that a*> —b* # n*> (x/T)? n=0,1,... Then problem (4.2) has a unique solu-

tion given by the expression
T —
_ / G(t,5)h(s)ds
T

G(t,s) :==aG(t,—s) —bG(t,s) + aa—?(t,s) 4.4)

where

is called the Green’s function related to problem (4.2).

Proof. Since problem (4.2), in the homogeneous case, can be reduced to a problem with the equation
of problem (4.3), the classical theory of ODE tells us that problem (4.2) has at most one solution for

all a> —b> #n*(n/T)%, n=0,1,... Let us see that function u defined in (1.2), with G given by (4.4),
fulfills (4.2):



u'(t)+au(—t)+bu(t =3 /[G t,8)h ds—i—(;1 G(t s)h(s)ds—i—%/j@(t,s)h(s)ds
+ / G(—t,s)h s)ds+b/ G(t,s)h(s)ds
= (G(t,t7)—G(t,t1)) +/ {8G — —b%—?(r,s)nLa;—?(t,s)} h(s)ds
+ a/T [aG(—t,—s)—bG(—t,s)+a(9G( } ds+b/ [ (t, —s) bG(t,s)—I—%—?(t,s)} h(s)ds.

Using properties (1) — (X ), we deduce that this last expression is equal to A(t), so the equation in
problem (4.2) is satisfied.

Property (V) allows us to verify the boundary conditions.

u(T)—u(-T)=

—T,s)| h(s)ds=0.

/T {aG(T, _§) —bG(T,s)+ aa—f(r,s) —aG(~T,—s) +bG(~T,s) - a—f(

-T

This last theorem leads us to the question “Which is the Green’s function for the case (C3) with
a,b constants?”. The following Lemma answers that question.

Lemma 4.3. Let a # 0 be a constant and let G¢3 be a real function defined as

—1+as ifls| <t
r—s I —as if |s| < —t,
Ges(t,s) i= —— —ast+< 2

C3<7 ) 2 %—f—at lf‘|t|<s,
1

—5—at if|t] < —s.

Then the following properties hold.

° aGa (l‘ S)+a(Gc3(f S)+GC3( )) =0fora.e. t,s € (—1,1),
o 20, =20 () =1 Vi € (—1,1).

° Gc3(—1,s) ZGc3(1,S) Vs € (-1,1)

These properties are straightforward to check. Clearly, G¢; 1s the Green’s function for the problem

X (1) +alx(t) +x(=t)] = h(t),t € [-1,1];  x(1) =x(-1),
that is, the Green’s function for the case (C3) with a, b constants and 7 = 1. For other values of T, it
is enough to make a change of variables.

Remark 4.1. The function G¢; can be obtained from the Green’s functions for the case (C1) with a
constant, b, =0 and T = 1 taking the limit k — 1~ for T = 1.



The following theorem shows how to obtain a Green’s function for non constant coefficients of
the equation using the Green’s function for constant coefficients. We can find the same principle, that
is, to compose a Green’s function with some other function in order to obtain a new Green’s function,
in [1, Theorem 5.1, Remark 5.1] and also in [4, Section 2].

But first, we need to now hot the Green’s function should be deﬁ_ned in such a case. Theorem 4.2
gives us the expression of the Green’s function for problem (4.2), G(t,s) := aG(t,—s) —bG(t,s) +
%—?(t,s). For instance, in the case (C1), if ® = va? — b?,

+bcosjo(s—t+T)|+ wsinfo(s—t+T)], t> s,
+bcos[o(—s+t+T)] — osinfo(—s+t+T)], s> |t],
+bcos|o(—s+1t+T)] — osinjo(—s+t+T)], —r>|s|,
+bcos[ow(s—t+T)]+ osin[ow(s—1+T)], —s > [t].

acos[@(s+t—T)
acos[w(s+t—T)
acos[@(s+t+T)
acos[@(s+t+T)

2wsin(oT)G(t,s) ;==

[ S S S —

Also, observe that G is continuous except at the diagonal, where G(¢,t7) — G(t,t7) = 1.

Similarly, we can obtain the explicit expression of the Green’s function G for the cases (C2) and
(C3) (see Lemma 4.3). In any case, we have that the Green’s function for problem (4.2) can be
expressed as

51(t7s)7 r> ‘S‘,

Vol 6 t > |t

20sin(0T)G(t,s) := 52( ,8), s>t
3(l‘,s), —t > |S|,

Gy(t,s), —s> |t
were the G j» J=1,...,4 are analytic functions defined on R2.
In order to simplify the statement of the following Theorem, consider the following conditions.
(C1%). (C1) is satisfied and (1 —k*)A(T)? — (n7)* € {0,7%/4} foralln=0,1,....
(C2%). (C2) is satisfied and (1 —k*)A(T)? # (nm)* foralln=0,1,...
(C3%). (C3) is satisfied and A(T') # 0.

We remark that, due to the fact that A is an odd function, the only possibility of having A(T') =
—A(T) is that A(T') = 0, which contradicts the previous assumptions.

Assume one of (C1%)—(C3*). In that case, by Theorem 4.2 and Lemma 4.3, we are under unique-
ness conditions for the solution for the following problem [2].

X (1) +x(—1) +kx() = h(t), 1 € [FAD)LAT)]), *AD) =x(-A(T).  @&5)

The Green’s function G, for problem (4.5) is just an specific case of G and can be expressed as

kl(tas)a > ’S|7
__ ko (t t
Gaft,s) = 4 210 =
k3(l,S), —t>|S|,
ka(t,s), —s>|t].
Define now
kl(A(t)vA(s»v > ‘S‘,
ky(A(t),A > |t
Gi(t,s) == eBe(s)fBe(t)H(t,s) — Bel9)=B(0) 2(A1),A(s)), s> [t (4.6)
k3(A(2),A(s)), —t>|sl,
ki(A(t),A(s)), —s> 1.



Defined this way, G, is continuous except at the diagonal, where G, (¢,t7) — G, (t,t7) = 1. Now we
can state the following Theorem.

Theorem 4.4. Assume one of (C1*)—(C2*). Let G, be defined as in (4.6). Assume G(t,-)h(-) € L'(I)
for everyt € I. Then problem (4.1) has a unique solution given by

u(t) = / i G (1,5)h(s)ds.

Proof. First realize that, since a is even, A is odd, so A(—t) = —A(¢). It is important to note that if a
has not constant sign in /, then A may be not injective on /.

From the properties of G, as a Green’s function, it is clear that

aa(jz(z s)+Gy(—t,5) +kGy(t,s) =0 fora.e.t,s € A(I),
and so,
a—l;l(t,s) +a(t)H(—t,s)+ka(t)H(t,s) =0 fora.e.t,s €1,
Hence
W (1) +a(t) u(—1) + (b (1) + ka(r) dt/ G (1,5)h(s)ds+a(t / Gy (—t,5)h(s)ds
+(bu(0) +kalr >>/ Gi(1.9)h(s)ds
_ % /<> OH(t,5)h(s) ds + < / t,5)h(s)ds
+a(t)/T eBe(S)—Bg(t)H(_t,s)h(s)ds+(bo(l)—l-ka(t))/T BB (1 5)h(s)ds

= [H(t,t7) — H(t,t")]h(t) + a(t) e B0 /_j eB“(S)aa—I;I(t,s)h(s)ds

T
—b(,(t)e_B”(’)/ eB”(“)H(t,s)h(s)ds+a(t)e_B”(t)/ B H(—1,5)h(s)ds
-T

-T

T

+ (bo(t) + ka(t))e B /i O H (1, 5)h(s)ds

r JoH
eBg (s) |:

= h(r)+ a(t)er(’)/ W(I’S) +a(t)H(—t,s) +ka(t)H(t,s)] h(s)ds=h(t).

T
The boundary conditions are also satisfied.
T
w(T) —u(—T) = e_B“(T)/ EOH(T,s) —H(-T,s)]h(s)ds = 0.

-T

In order to check the uniqueness of solution, let # and v be solutions of problem (4.5). Then u —v
satisfies equation (3.1) and so is of the form given when we first studied the cases (C1*)—(C3*) (see
Section 3). Also, (u—v)(T)—(u—v)(—=T) =2(u—v),(T) = 0, but this can only happen, by what has
been imposed by conditions (C1*)—(C3*), if u — v = 0, thus proving the uniqueness of solution. W

Example 4.1. Consider the problem

x'(t) = cos(mt)x(—t) + sinh(¢)x(r) = cos(mt) + sinh(z), x(3/2) = x(—3/2).



Clearly we are in the case (C1). If we compute the Green’s function according to Theorem 4.4 we
obtain

sin ( = — == — =) +cos | =~ + = )t <,
. sin(7s) sin(7t) sin(zT) sin(7s) sin(7r) sin(nT)
ZSIH(SIH(ET))G (l‘ S) _ecosh(s)fcosh(t) ) Sin T = + b +cos ps + T + P 7|t| < =,
59 = . sin(7s) sin(7t) sin(nT) sin(7s) sin(7t) sin(nT) ¢
sin ( = — P 4 T ) feos (T 4 T = A ) 5| < ot
. sin(7s) sin(7t) sin(zT) sin(7s) sin(7r) sin(zT)
sin ( = — 2 ) teos ()L s| <t

B(t)

05 1.0 %5

Figure 4.1: Graphs of the kernel (/eft) and of the functions involved in the problem (right).

One of the most important direct consequences of Theorem 4.4 is the existence of maximum and
antimaximum principles in the case b = 07. To show this and what happens in the case b constant,
b # 0, we recall here a couple results from [2].

Theorem 4.5 ( [2, Theorem 4.3]). Let b =0, ot = aT.

o If o€ (0,%) then G is strictly positive on I,
(

o Ifac(—7%,0) then G is strictly negative on I°.

If a = T then G vanishes on P := {(—T,—T),(0,0),(T,T),(T,—T)} and is strictly positive on

(I*)\P.
e If oo = —Z then G vanishes on P and is strictly negative on (I*)\P.

e Ifoo € R\[—Z,Z] then G is not positive nor negative on I*.

Corollary 4.6 ( [2, Corollary 4.4]). Let %, (I) be the set of real differentiable functions f defined on I
such that f(—T) — f(T) = A. The operator R, : F;(I) — L'(I) defined as R,(x(t)) = x'(t) + ax(—t),
with a € R\{0}, satisfies

® R, is strongly inverse positive if and only if a € (0, 7] and A > 0,

"Note that this discards the case (C3), for which » = 0 implies a = 0, because we are assuming a # 0.



® R, is strongly inverse negative if and only if a € [—7%,0) and A > 0.

With these results we get the following corollary to Theorem 4.4.

Corollary 4.7. Under the conditions of Theorem 4.4, if a is nonnegative on I and b = 0,

o IfA(T) € (0,%) then G, is strictly positive on I*,
o IfA(T) € (—%,0) then G, is strictly negative on I*.

o IfA(T) = % then G, vanishes on P := {(—A(T),—A(T)),(0,0), (A(T),A(T)),(A(T),—A(T))}

and is strictly positive on (I?)\P.
o IfA(T) = —% then G, vanishes on P and is strictly negative on (I*)\P.

o IfA(T) € R\[—%,%] then G, is not positive nor negative on I*.
Furthermore, the operator R, : , (I) — L'(I) defined as R,(x(t)) = X'(t) + a(t) x(—t) satisfies

® R, is strongly inverse positive if and only if A(T) € (0, ;%] and A > 0,

® R, is strongly inverse negative if and only if A(T) € [—=,0) and A > 0.

The second part of this last corollary, drawn from positivity (or negativity) of the Green’s function
could have been obtained, as we show below, without having so much knowledge about the Green’s
function. In order to show this, consider the following proposition in the line of the work of Torres [9,
Theorem 2.1].

Proposition 4.8. Consider the homogeneous initial value problem
X' (t)+a(t)x(—t)+b(t)x(t) =0, 1 €1; x(ty) = 0. 4.7
If problem (4.7) has a unique solution (x =0) on I for all ty € I then, if the Green function for (4.1)

exists, it has constant sign.

What is more, if we further assume a+ b has constant sign, the Green’s function has the same sign
asa-+b.

Proof. Without lost of generality, consider a to be a 2T -periodic L' function defined on R (the solution
of (4.1) will be considered in I). Let G, be the Green’s function for problem (4.1). Since G(T,s) =
G,(—T,s) forall s € I, and G, is continuous except at the diagonal, it is enough to prove that G (¢, s) #
0 Vt,sel.

Assume, on the contrary, that there exists t;,s; € I such that G;(¢,s;) = 0. Let g be the 27-
periodic extension of G|(-,s;). Let us assume #; > s, (the other case would be analogous). Let f be
the restriction of g to (s1,s; +27). f is absolutely continuous and satisfies (4.7) a.e. for #y = 1, hence,
f = 0. This contradicts the fact of G| being a Green’s function, therefore G; has constant sign.

Realize now that x = 1 satisfies
xX(t) +a(t)x(—t) +b(t)x(r) = a(t) + b(t), x(—T) = x(T).

Hence, [". G(t,s)(a(s) +b(s))ds = 1 for all € I. Since both G, and a -+ b have constant sign, they
have the same sign. L
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The following corollaries are an straightforward application of this result to the cases (C1)—(C3)
respectively.

Corollary 4.9. Assume a has constant sign. Under the assumptions of (Cl) and Theorem 4.4, G has

constant sign if
arccos(k)

|A(T)| < Wi

Furthermore, sign(G,) = sign(a).

Proof. The solutions of (3.1) for the case (C1), as seen before, are given by

u(t) = oe B0 {cos( 1—k2A(t)> - \/i_kkzsin< 1 —kZA(t))} :

Using a particular case of the phasor addition formula’,

[ 2
l/l(t) = (XeiBe(t) ﬂSin < 1 —sz(t) + 9) y

where 6 € [—, ) is the angle such that

. 1—k 1+k [1—k [1+k
sin@ = - and COSQ:_\/I——kZ =\ 4.8)

Observe that this implies that 6 € (£, 7).

In order for the hypothesis of Proposition 4.8 to be satisfied, it is enough and sufficient to ask for
0 & u(I) for some a # 0. Equivalently, that
VI1—kA(t)+0 #7mn VneZ YVt €l,

That is,
n—0

Since A is odd and injective and 8 € (%, 7r) , this is equivalent to

VneZ Vtel.

T—06
VI—k2
Now, using the double angle formula for the sine and (4.8),

- 1 - cos(2
Tk = sin’ = w, thisis, & = cos(26),

which implies, since 20 € (7,27),

A(T)| < (4.9)

arccos (k)
2 b
where arccos is defined such that it’s image is [0, ). Plugging this into inequality (4.9) yields

06=nm

_arccos(k)

21— k2’

Using |k| < 1,a+b = (k+ 1)a+ b, and the continuity of G, with respect to a and b, we can prove
that the sign of the Green’s function is given by Proposition 4.8. [

|A(T)| < o(k): ke (—1,1).

Torcosy+ Bsiny= /a2 + B2sin(y+ ), where 8 € [, ) is the angle such that cos § = ﬁ+ ,sinf = —=2
o

11



Remark 4.2. In the case a is a constant @ and k = 0, A(I) = [—|®|T,|®|T], and the condition can be
written as |@|T < 7, which is consistent with the results found in [2].

Remark 4.3. Observe that o is strictly decreasing on (—1,1) and

: , 1
Lm0l =teinot) =3

Corollary 4.10. Under the conditions of (C3) and Theorem 4.4, G, has constant sign if |A(T)| < 3.

Proof. This corollary is a direct consequence of equation (3.3), Proposition 4.8 and Corollary 4.4.

Observe that the result is consistent with (17) = % |

In order to prove the next corollary, we need the following ’hyperbolic version’ of the phasor
addition formula. It’s proof can be done without difficulty.

Lemma 4.11. Let , 3,7 € R, then

cosh( ‘Hﬁ +7> if o>|Bl,
—005h< In ‘“ﬁ +Y> if —a>|B|,
accoshy+ Bsinhy = /o — B2| smh< a+ﬁ —H’) if B>|al,
—smh( Hﬁ‘%—}’) if —B>|a,
ael i a=p.
(e if o=-B.

Corollary 4.12. Assume a has constant sign. Under the assumptions of (C2) and Theorem 4.4, G,
has constant sign if k < —1 or

In(k—+/k2—1)
|A(T)| < — W

Furthermore, sign(G,) = sign(ka).

Proof. The solutions of (3.1) for the case (C2), as seen before, are given by

u(t) = ae B0 [cosh( K2 1A(t)> . \/lkj—__klsinh< K2 IA(t))} .

Ifk>1,thenl < ﬁ so, using Lemma 4.11,

2k 1
u(t) = —aeiBe(z) ﬁ Sinh <§1n ‘k_ \/kz - 1‘ + \/kz - 1A(t)> )

In order for the hypothesis of Proposition 4.8 to be satisfied, it is enough and sufficient to ask that
0 & u(I) for some o # 0. Equivalently, that

%1n(k—\/k2—l)+\/k2—1f4(f) £0 Vel

That is,
VI —
A(r);«é—ln(k 1) vtel
2Vk:—1

12



Since A is odd and injective, this is equivalent to

In(k— VK2 —1)

. k> 1.
WK —1

A(T)| < o (k) = —

1+k

Now, if k < —1, then o

< 1, so using Lemma 4.11,

2k 1
Mﬂzaf&mV;—Tmm<§m%—Vﬁ—q+y@LJmﬁ)#0iMﬂlteLa#Q

so the hypothesis of Proposition 4.8 are satisfied.

Using |k| > 1,a+b = (k-'+1)b, + b, and the continuity of G; on a and b we can prove that the
sign of the Green’s function is given by Proposition 4.8. |

Remark 4.4. If we consider ¢ defined piecewise as in Corollaries 4.9 and 4.12 and continuously
continued through 1/2, we get

arccos(k .
oot ifke (—1,1)
o(k)y:=¢1 ifk=1
In(k—VE2—1) .

This function is not only continuous (it is defined thus), but also analytic. In order to see this it
is enough to consider the extended definition of the logarithm and the square root to the complex
numbers. Remember that v/—1 := i and that the principal branch of the logarithm is defined as
Ing(z) = In|z| 4 i6 where 6 € [—x, ) and z = |z|e’® for all z € C\{0}. Clearly, Ing | (9 4« = In.

Now, for |k| < 1, Ing(k— /1 —k?i) = i0 with 6 € [—7m,7) such that cos @ =k, sin0 = —v/1 —k?,
thatis, 6 € [—x,0]. Hence, ilng(k— /1 —k?i) = —0 € [0, «]. Since cos(—0) =k, sin(—0) =+/1 —k?,
it is clear that

arccos(k) = —0 = ilng(k — /1 — k%i).

We thus extend arccos to C by

arccos(z) := ilng(z — v/ 1 —2%),

which is clearly an analytic function. So, if k > 1,

In(k—vk—1)  Ing(k—iv1—k*) ilng(k—iv1—k?)  arccos(k)
2VEkE— 1 2ivV1— k2 2V1— k2 2V/1—k2

O is positive, strictly decreasing and

o(k)=—

lim o(k) =+, lim o(k)=0.

k——17 k—o0

In a similar way to Corollaries 4.9,4.10 and 4.12, we can prove results not assuming a to be a
constant sign function. The result is the following.

Corollary 4.13. Under the assumptions of Theorem 4.4 and conditions (C1), (C2) or (C3) (let k be
the constant involved in such conditions), G, has constant sign if maxA(I) < o (k).

13



5 The cases (C4) and (C5)

Consider the following problem derived from the nonhomogeneous problem (4.1).

X\ (a,—b, —a.—b.\ (%, h,
()= (o =) () G 5
The following theorems tell us what happens when we impose the boundary conditions.

Theorem 5.1. If condition (C4) holds, then problem (4.1) has solution if and only if

T
/ O h,(s)ds =0,
0

and in that case the solutions of (4.1) are given by
t N
ue(t) = e Bel) [c#—/ (eB"<S)h(s) +2ae(s)/ e n,(r) dr) ds} forceR. (5.2)
0 0

Proof. We know that any solution of problem (4.1) has to satisfy (5.1). In the case (C4), the matrix

in (5.1) is lower triangular
x\ _ (=b, O X, h,
()G ) G+ () 5

so, the solutions of (5.3) are given by

x(t) = B0 [c—i— /0 t (er(‘Y)h(,(s)+2ae(s) [5+ /0 SeBg(’)he(r)dr})ds},

where ¢, ¢ € R. x, is even independently of the value of c. Nevertheless, x, is odd only when ¢ = 0.
Hence, a solution of (4.1), if it exists, it has the form (5.2).

To show the second implication it is enough to check that u, is a solution of the problem (4.1).

ul(t) = — b, (t)e B0 [c—}— Ot (eB”(s)h(s) ~|—2ae(s)/

0

eBF(’)he(r)dr> ds}

t t
e (emh(tm%(,) / e&“me(r)dr) = h(t) = bo()ult) + 2a,(1)e ™ [ P Oh(r)ar
0 0

t N t
(er<s>h(s)+2ae(s)/ ermhe(r)dr) ds} —|—2ae(t)e_3“(t)/ B, (r)dr
0

0



Hence,
u.(t) + a,(H)u.(—t) + (—ae(t) + b, (1))u.(t) = h(t), a.e.t € 1.

The boundary condition x(—7) —x(T') = 0 is equivalent to x,(7") = 0, this is,

T
/ S h,(s)ds=0
0
and the result is concluded. [ |

Theorem 5.2. If condition (C5) holds, then problem (4.1) has solution if and only if
T
/ A, (s)ds =0, (5.4)
0
and in that case the solutions of (4.1) are given by

t t
uc(t) :eA(t)/ e 2n,(s)ds+e A0 {c-l—/ eA(S)ho(s)ds} forceR. (5.5)
0 0

Proof. In the case (C5), b, = b and a, = a. Also, the matrix in (5.1) is diagonal

x\ _ (a,—b, 0 X, h,
(x;) B ( 0 —dy _bo) (xe) + (hu) ‘ (56)

and the solutions of (5.6) are given by

t
X, (1) = B0 {5—#/ eB(‘V)A(“')he(s)ds} :
0
x, (1) = e AW=BO {c—l—/teA(s)J“B(‘v)h(,(s)ds} )
0

where ¢, ¢ € R. Since a and b are odd, A and B are even. So, x, is even independently of the value of
c. Nevertheless, x, is odd only when ¢ = 0. In such a case, since we need, as in the previous Theorem,
that x,(7") = 0, we get condition (5.4), which allows us to deduce the first implication of the Theorem.

Any solution u. of (4.1) has the expression (5.5).
To show the second implication, it is enough to check that u is a solution of the problem (4.1).

ul(t) = (a(t) —b(t))e B0 /Ot A, (s)ds— (a(t)+b(r))e A0 {c—i— /[ eA(s)+B(S)ho(s)ds] +h(t).

0

So clearly,
u.(t)+a(t)u.(—t)+b(t)u.(t) =h(t) forae.tel.

which ends the proof. [

15



6 The mixed case

When we are not on the cases (C1)-(C5), since the fundamental matrix of M is not given by its
exponential matrix, it is more difficult to precise when problem (4.1) has a solution. Here we present
some partial results.

Consider the following ODE
X () +[a(t) +b(1)]x(t) =0, x(—T)=x(T). (6.1)
The following lemma gives us the explicit Green’s function for this problem. Let v = a+b.

Lemma 6.1. Let h, a in problem (6.1) be in L'(I) and assume [',v(t)dr # 0. Then problem (6.1)
has a unique solution given by

T
u(t)= [ Gs(t,s)h(r)ds,
-T
where
Jio(r)dr < 1
Te s<t
— S, - = 6.2
e {(c—l)eﬁ N P ©2
Proof.
0G; —70(t) el vdr s <t,
., 7S = S - :_U t G [,S .
ot (t:5) {—(’c—l)v(t)eff vindr g >, (1)Ga(t,5)
Therefore, 26
a—(t s)+v(t)Gs(t,s) =0, s #t.
Hence,
T
(1) + 0 (0)u(r) = / Gs(t,)h(s) s+ / Gilt s)h(s)ds—i—v(t)/ G(t,5)h(s)ds
-T
=[G3(t,t7) = Gs(t,t" +/ { (t,5)+v(t )G3(I,S):| h(t)ds=h(t) a.e.t €1

The boundary conditions are also satisfied.

T "
M(T) _ M(—T) — /T [Tejrv(r)dr o (T— 1) [ r)dr] h(s)ds
Jro( 7f7TTv(r)dr Sro(r)dr
—/ ¢ ¢ ‘Te h(s)ds
1—e" JTro(r)dr 1— e_LT v(r)dr

Jro( = fio(r)dr
—/ ‘ S 7 h(s)ds = 0.
1—e" JEpo(r)dr 1— e_f—T v(r)dr

Lemma 6.2.
ellvll

Gs(t,s)| < F(v) = (6.3)

|gHU+Hl — eHU7HI‘ )

Proof. Observe that
1 elvlh

1 —ellvlh=lvtlh — llotlh — gllolli

T =

16



Hence,

ol

T—1= T T
On the other hand,
Sroinar < {6'”'1, s<t,
S\ s>,
which ends the proof. |

The next result proves the existence and uniqueness of solution of (4.1) when v is ‘sufficiently
small’.

Theorem 6.3. Let h, a, b in problem (4.1) be in L'(I) and assume [",v(t)dt #0. Let W :=

{(2T)5(||a p T8l ) }pelt 4] Wwhere p~' + (p*) ! = 1. If F(v)||al; (infW) < 1, F(v) defined as
in (6.3), then problem (4.1) has a unique solution.

Proof. With some manipulation we get

h(t)=x'(t)+al(t) (/t_tx'(s)ds—f—x(t)) +b(t)x(t) =X () +v(t)x(t) +a(r) /t_t(h(s) —a(s)x(—s)—b(s)x(s))ds.

Hence,
¥ (0) + v(0)x(t) = alr) [ " (als)x(—s) + b(s)x(s)) ds + a(t) / tth(s)ds—kh(t).

Using G; defined as in (6.2) and Lemma 6.1, it is clear that

N

x(t) = /TTG3(t,s)a(s) /S_s(a(r)x(—r)—|—b(r)x(r))drds—|—/TT G;(1,s) [a(s)/

—S

h(r) dr+h(s)} ds,

this is, x is a fixed point of an operator of the form Hx(¢) + (¢), so, by Banach contraction Theorem,
it is enough to prove that ||H|| < 1 for some compatible norm of H.

Using Fubini’s Theorem,

Ht) =~ [ pler)(alrix(—r) +b(r)x() dr

-T

where p(r,r) = [ = f;T'"] Gs(t,5)a(s)ds.

If [T v(t)dr = |t — |[v~ |, > 0 then Gs is positive and

T
p.r)< [ Galt.s)lals)ds < F(v)]al|.
We have the same estimate for —p(z,r).

If f_TT v(t)dt < 0 we proceed with an analogous argument and arrive as well to the conclusion
that [p(t,s)| < F(v)llall;.

Hence, |Hx(t)| < F(v)lally [* |a(r)x(—r) + b(r)x(r)|dr = F () a1 [a(r)x(=r) + b(r)x(r) .
Thus, it is clear that

|Hx|, < (2T)7F (v)|a]i(]a

p*"‘Hb

p*)
which ends the proof. |

x“p? pEc [1a°°]7
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Remark 6.1. In the hypothesis of Theorem 6.3, realize that F(v) > 1.

The following result will let us obtain some information on the sign of the solution of problem
(4.1). In order to prove it, we will use a theorem from [3] we cite below.

Consider an interval [w,d] C I, the cone

K={uec%®(): min u(t) > c||ul|},
te(w,d]

and the following problem
¥() = hit,x(t),x(—0), €1, x(~T) =x(T), (6.4)

where £ is an L'-Caratheodory function. Consider the following conditions.

(I, ) There exist p >0and € (0, Z] such that f,”” < ® where

V4T
—PP .
fotF i=sup {

Theorem 6.4. [3, Theorem 5.15]
Let o € (0,2T]. Let [w,d] C I suchthatw=T —d € (max{0,7 — Z},1). Let

_ [1 —tan(@d)][1 — tan(@w)]
[1+ tan(wd)][1 + tan(w)]

h(t,u,v)+ @v

. ;(t,u,v>e[_T,T]x[_p,p]x[_p,p]}.

(6.5)

Problem (6.4) has at least one non-zero solution in K if either of the following conditions hold.

0,00) with py/c < pa such that (I} ) and (I, ,,) hold.

p2,®

(S1) There exist py,p; € (
(S2) There exist py,p; € (0,00) with p; < p, such that (1, ) and (I ) hold.

Theorem 6.5. Let h € L=(I), a,b € L'(I) be such that 0 < |b(t)| < a(t) < @ < 5T fora.e. t € I and
infh > 0. Then there exists a solution u of (4.1) such that, u> 0 in (max{0,T — =} min{T, Z}).

Proof. Problem (4.1) can be rewritten as
X(t) = h(t) = b()x(t) —a(t)x(~t), t €1, x(~T)=x(T),

With this formulation, we can apply Theorem 6.4. Since 0 < a(t) — |b(f)| < @ a.e., take p, € R
large enough such that A(¢) < (a(t) — |b(t)|)p, a.e. Hence, h(t) < (a(t) — w)p, — |b(t )|p2 + p,o for
a.e. t € I, in particular,

h(t) < (a(t) — o)v—|b(t)|u+pro < (a(t) — 0)v+b(t)u+ p,o fora.e. t €I, u,v € [—py, pa].

Therefore,

sup { h(t) —b(t)u—a(t)v+ v

- () € [T.T] x [—pz,pz]} <o

and thus, (I, ,) is satisfied.

Let [w,d] C I be such that [w,d]| C ). Letc be defined as in (6.5) and & = o [‘G(t,s)ds.

(T - %
Choose & € (0,1) such that h(r) > [(1+%) @ — (a(r) — |b(t)|)] p26 a.e. and define p; := Scps.
Therefore, h > [(a(t) — @)v+b(t)u(r)] 2p; fora.e. t €I, u € [py, 2] and v € [-2-, 2], Thus,

mf{h(’)‘ O —alipion, (t,v)E[w,d]X[—Pl/C,Pl/C]}>—

and hence, (I} ,,) is satisfied. Finally, (S;) in Theorem 6.4 is satisfied and we get the desired result.
|
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Remark 6.2. In the hypothesis of Theorem 6.5, if @ < IT, we can take [w,d] = [T, T] and continue
with the proof of Theorem 6.5 as done above. This guarantees that u is positive.

7 Appendix: Further considerations

7.1 The general case

The equation (2.1), for the case ¢(z) = —t, can be reduced to the following system
X\  (a,—b, —a.—b.\ (%, h,
()= (o =) () ()

_ Ce + de Co — d()
A= <c0+do Co —de) ’
Hence, if det(A(r)) = c(t)c(—t) —d(t)d(—t) # 0 fora.e. t € I, A(t) is invertible a. e. and
)C:} _A—-1[G _bo —d. _be Xo -1 he
()= (o 2mn) @) ()

So the general case where ¢ # 0 is reduced to the case studied on Section 3, taking

—1 a() - b(} _ae - be
A (ae —-b, —a,— bo)

where

as coefficient matrix.

7.2 Computing the matrix exponential

It is very well known that, in general, it is difficult to compute the exponential of a functional matrix
and it is deeply related to the property of the matrix commuting with its integral. Here we summarize
the findings of [8] on this behalf.

Definition 7.1. Let S C R be an interval. Define .# C €' (R, .#,x,(R)) such that for every M € .#,

o thereexists P € ' (R, M, (R)) such that M(t) = P~ (¢)J (t)P(t) for every t € S where P! (1)J (¢)P(¢)
is a Jordan decomposition of M(z);

e the superdiagonal elements of J are independent of 7, as well as the dimensions of the Jordan
boxes associated to the different eigenvalues of M;

e two different Jordan boxes of J correspond to different eigenvalues;

e if two eigenvalues of M are ever equal, they are identical in the whole interval S.

It is straightforward to check that the functional matrices appearing in cases (C1)—(C5) belong to

M.

Theorem 7.1 ( [8]). Let M € .#. Then, the following statements are equivalent.
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o M commutes with its derivative.

e M commutes with its integral.

e M commutes functionally, that is M(t)M(s) = M(s)M(t) for all t,s € S.

e M=Y}_,Y%(t)C* For some C € My,(R) and y, € €' (S,R), k=1,...,r.

Furthermore, any of the last properties imply that M(t) has a set of constant eigenvectors, i.e. a
Jordan decomposition P~'J(t)P where P is constant.

When we first studied the case (C1) —with the other cases we need similar considerations— we
needed to compute the exponential of the matrix

M= ((1 ° KA, _(1—;I:>A0) :

M has two complex conjugate eigenvalues. What is more, it functionally commutes, so it has a basis
of constant eigenvectors given by the constant matrix

y . 1 [(iVI—-k —iV1-k2
T k—1\ k—1 k—1 '
We have that
— —B,—iA1—Kk2 0
Y 'M()Y =2Z(t) := ¢ o )
()Y =2(1) < 0 —B,+iA, ﬂ)
Hence,

eM(t) _ eyz(z)y—' _ YeZ(t)Y—l _ e—Be(t) (

cos (VI—RA(r))  —tssin(V1-KA(1))
\/f;?sin (V1—KA(1)) cos (V1 —k?A(t)) '

References

[1] Cabada, A.; Cid, J. A. On the sign of the Greens function associated to Hills equation with an
indefinite potential. Applied Mathematics and Computation 205 (2008) 303308.

[2] Cabada, A.; Tojo, F. A. F. Comparison results for first order linear operators with reflection and
periodic boundary value conditions. Nonlinear Analysis: Theory, Methods and Applications.
Vol. 78, (2013), 32-46.

[3] Cabada, A.; Infante, G.; Tojo, F. A. F. Nontrivial Solutions of Perturbed Hammerstein Integral
Equations with Reflections. Boundary Value Problems 2013, 2013:86.

[4] Gaudenzi, M.; Habets, P.; Zanolin, F. Positive solutions of singular boundary value problems
with indefinite weight. Bull. Belg. Math. Soc. Simon Stevin Volume 9, Number 4 (2002), 607-
619.

[5] Infante, G.; Webb, J. R. L. Three point boundary value problems with solutions that change sign,
J. Integral Equations Appl., 15, (2003), 37-57.

[6] Infante, G.; Webb, J. R. L. Nonzero solutions of Hammerstein Integral Equations with Discon-
tinuous kernels, J. Math. Anal. Appl., 272, (2002), 30-42.

20



[7] Infante, G.; Webb, J. R. L. Nonlinear nonlocal boundary value problems and perturbed Ham-
merstein integral equations, Proc. Edinb. Math. Soc., 49 (2006), 637-656.

[8] Kotin, L.; Irving, E. J. On Matrices which Commute with their Derivatives. Linear and Multi-
linear Algebra, 1982, Vol. 12, pp. 57-72.

[9] Torres, P. J. Existence of one-signed periodic solutions of some second-order differential equa-
tions via a Krasnoselskii fixed point theorem, J. Differential Equations, 190 (2003) 643—-662.

[10] Piao, D. Periodic and almost periodic solutions for differential equations with reflection of the
argument. Nonlinear Anal. 57 (2004), 4, 633-637.

[11] Stromberg, K.R. An introduction to classical real analysis, Chapman & Hall, London (1996)
(First Edition: Chapman & Hall, 1981).

[12] Wiener, J.; Watkins, W. A Glimpse into the Wonderland of Involutions. Missouri J. Math. Sci.
14 (2002), 3, 175-185.

21



