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Received 15 February 2011 we study the existence of periodic solution when a periodic force f acts on the body.

Available online 24 June 2011

" The main difficulty of the study is related to the weak dissipation that characterizes this
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hybrid system, which does not ensure a uniform decay rate of the energy. Under additional
regularity conditions on f, we use a perturbation argument in order to prove the existence
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Numerical approximation

1. Introduction

In this paper we consider the following hybrid system

U (X, £) — Uxx(x, 1) =0 in (0,1) x (0, 00),
u(0,t)=0 on (0, 0c0), (1.1)
uee(1,8) + ux(1,t) + aue(1,t) = f(t) on (0, 00)

where « is a positive constant.

System (1.1) models the coupling between a vibrating string located on the interval (0,1) and a rigid body attached at
the right extremity x = 1. Here u(x,t) describes the position of the string at each moment t > 0 and point x € (0, 1) and
verifies the linear wave equation. The left extremity x = 0 of the string is supposed to be fixed. In the third equation of
(1.1), u(1,t) gives the movement of the body and satisfies the Newton law. When « > 0, the term «u;(1,t) represents a
friction proportional with the velocity of the body. Note that the dissipation of system (1.1) acts only through the ordinary
differential equation representing the movement of the rigid body. For simplicity, we have chosen the length of the string,
the wave velocity and the mass of the solid to be equal to one.

Model (1.1) has been introduced and analyzed in [12] (see also [11,13,17]) and represents the simplest example of
hybrid system which couples two different types of differential equations. In [1,14,19,20] similar models in which the string
is replaced by a beam with different boundary conditions are considered. Most of the results obtained in this paper can be
extended to these models with similar statements. Many more complex one or multi dimensional hybrid systems have been
introduced and analyzed (see, for instance, [2-4,6,7,15,16,22]). Some of these models are characterized by a weak dissipation
acting on one component of the system only. This does not ensure a uniform decay rate of the corresponding energy and
makes more difficult the study of such properties as asymptotic behavior, compactness of trajectories, existence of periodic
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or almost periodic functions, etc. To establish these properties may be as a delicate problem as the corresponding one for
some nonlinear models.

The non-homogeneous term f in (1.1) represents an external force acting on the body and it is supposed to be not zero
and periodic in time with period T

fE+T)=f(), vt=0. (1.2)

The aim of this article is to study whether there exists a periodic solution of (1.1) under hypothesis (1.2) for f. In the
positive case, any other solution of (1.1) is bounded and converges to the periodic one as t goes to infinity. On the other
hand, the non-existence of a periodic solution implies that all the solutions are unbounded in the finite energy space when
t tends to infinity. In this case, we are dealing with a resonance phenomenon in which a bounded perturbation f of the
system leads to unbounded solutions.

In this paper we show that, if the non-homogeneous term f is such that fio 1) € H'(0, T), then there exists a unique
periodic solution of (1.1). To prove this result we introduce a perturbed system, depending on a small parameter &, devoted
to go to zero, for which we have an exponential decay rate of the corresponding energy. This property allows us to apply
a fixed point argument and to show that the perturbed system has a unique periodic solution for each ¢ > 0. If fio 1) €
H'(0, T), these periodic solutions are uniformly bounded. Hence, we can pass to the limit to obtain a periodic solution for
the initial system (1.1).

On the other hand, note that finite energy solutions for (1.1) exist even if fjo 1) belongs to L2(0, T). In this case we
use the Fourier decomposition method in order to characterize the periods T for which there exists a periodic solution.
Due to the complexity of this characterization, it is not easy to say if this property holds for any T. Thus, in the case
fiom) € L%(0, T), we cannot guarantee the absence of the resonance phenomenon but we mathematically show that its
possible occurrence is precisely related to the weak dissipation of the system. In [15] a more complex hybrid system,
coupling two partial differential equations, is considered and the existence of periodic solutions is studied. Due to simpler
nature of the model, the results we obtain in the present paper are much sharper.

In the last part of the article we use the perturbation argument and the fixed point method mentioned above in order to
give some numerical approximation for the periodic solution. From these computations we can see that the extra dissipation
introduced in the perturbed system ensures, in many cases, a better numerical behavior of the approximation scheme. Also,
we provide some criteria for the optimal choice of the perturbed parameter & with respect to the discretization step.

The remaining part of the paper is organized as follows. In Section 2 we present some basic properties of system (1.1).
Section 3 is devoted to the analysis of the perturbed system and the proof of existence of periodic solutions for it. Their
uniform boundedness is proved in Section 4 supposing that fo 1) € H 1(0, T). The existence of a periodic solution for the
initial system (1.1) is a consequence of those uniform estimates. In Section 5 we analyze the case fjo,1) € L%(0,T) and
we give characterization of the periods T for which there exists a periodic solution for (1.1). Finally, in the last section we
present the numerical simulations which are based on and confirm the theoretical results.

2. Preliminaries

In this section we present some basic properties of system (1.1). Most of these results are well known (see, for instance,
[1,11,12,17]) but we prefer to present them in order to make our paper self contained and easier to read. Firstly, we need
to introduce some notation and to rewrite (1.1) in an abstract form. We define the Hilbert spaces

V={ueH'0,1):u0) =0}, H=VxL[*0,1) xR

endowed with their natural inner product. We shall denote by (-,-) and || - || the inner product and the corresponding norm
in H, respectively.
By introducing the new variables w = u; and z = u;(1, t), we equivalently write (1.1) as
du(t)
dt
and we add the initial condition

=AU@t)+ F(t), t>0 (2.1)

U(0) = Uy, (2.2)

u w 0 Up
U=|:w:|, AU=|: Uxx i| F=|:0:| and U0=|:wo:|.
z —ux(1) —aw(l) f 20

The operator A is an unbounded operator in H, with domain

where

D(A) ={(u,w,2) e H*(0, )NV x V x R: w(l) =z}.



N. Cindea et al. / ]. Math. Anal. Appl. 385 (2012) 399-413 401

With this notation, we have the following result.

Theorem 2.1. The operator (D(A), A) is a maximal-dissipative operator which generates a contraction semigroup (S(t))¢>o in H.
If Ug € H and f € C[0, 00), there exists a unique mild solution U € C([0, o0); H) of (2.1)-(2.2) given by the variation of constant
formula

t
U(t)=S(t)U0+/S(t—s)F(s)ds. (2.3)
0

The total energy associated to (1.1) is given by

1
E(t) = % f(uf(x, £) + ui(x, ) dx + %uf(l, t) (2.4)
0

and under the above boundary conditions we can, formally, deduce that

df# =—au?(1,t) + f(Ou:,t). (2.5)

When f =0, (2.5) indicates that the energy is decreasing which has been shown sufficient for the strong stability, but as

we have said before, does not ensure the uniform stability. The next theorem describes this asymptotic behavior of solutions
of the homogeneous system (2.1)-(2.2).

Theorem 2.2. For any Uy € H we have that
lim |S(t)Uo| =0. (2.6)
t—o00
Moreover, there are no positive constants M and w such that
[SOUo|| < Mexp(—wt)||Uoll, VYUq € H, Vt >0. (2.7)
Remark 2.3. The asymptotic properties described by Theorem 2.2 show that the dissipation au;(1,t) of (1.1), which is

concentrated on the rigid body, cannot ensure the exponential decay of the energy (2.5). As it is shown in [13], this is
equivalent to the existence of solutions with arbitrarily slow decay rate.

A spectral analysis of the operator A confirms the asymptotic behavior described in the previous theorem. More precisely,
we have the following result.

Theorem 2.4. The operator (D(A), A) has a sequence of eigenvalues (vy)n>1 with the following behavior

i o 1
vnznﬂi—k——ﬁ—i—o(—z) asn— oo. (2.8)
nw nm n

Remark 2.5. From (2.8) we see that Re (V) < 0 but lim;_, » |Re (v;)| = 0. This confirms the non-uniform exponential decay
rate stated in Theorem 2.2.

As we have mentioned before, our interest is to prove the existence of a periodic solution for (2.1) when f is T-periodic,
i.e. satisfies

fEe+T)=f(@®), Vi=0. (2.9)

A first result in this direction is the following simple one.

Proposition 2.6. Suppose that f € C[0, co) and verifies (2.9). If system (2.1) has one T-periodic solution U € C([0, co); H), then any
other solution V € C([0, o0); H) verifies

Jim [U@® - v@©)|=0. (2.10)

As a consequence, system (2.1) has at most one T -periodic solution in C([0, co); H).



402 N. Cindea et al. / . Math. Anal. Appl. 385 (2012) 399-413

Proof. Suppose that (2.1) has a periodic solution U. Let V be any other solution and W =U — V. It follows that W €
C([0, 00); H) and verifies

W(t)=S@®)(U(0) —V(0), Vt=0.

Now, (2.10) follows from (2.6) in Theorem 2.2.
If V is a T-periodic solution we deduce that W =U — V is T-periodic too. From (2.10) we obtain that U =V and the
proof ends. O

3. Existence of periodic solution for a perturbed system

As we have said before, the main difficulty in the study of existence of periodic solutions for (2.1) comes from the
non-uniform decay rate of the corresponding energy (2.4). To overcome this difficulty, we introduce an extra dissipative
term, depending on a small parameter ¢, which ensures the uniform decay of the energy. More precisely, for any € > 0, we
consider the system

Ure (X, t) — Uxx(X, 1) + €U =0 in (0, 1) x (0, 00),
u(0,t)=0 on (0, 00), (3.1)
U[t(l,t)+ux(],t)+(xu1'(1,t)=f(t) on (07 OO)

where f is a T-periodic function verifying (1.2).

The aim of this section is to prove that, for each € > 0, there exists a unique T-periodic solution of (3.1). As shown in [8],
if the corresponding linear system is uniformly stable, the existence of a periodic solution may be obtained from a fixed
point argument.

The total energy associated to (3.1) is given by

1
Eq(t) = %/(uf(x, £) + ui(x, 1)) dx + %uf(l, t). (3.2)
0
It is easy to see that, at least formally,
1
—au?(1,t) — s/u?(x, tydx + f(Oue(1,t). (3.3)
0

dEc(t)
dt

By comparing (2.5) and (3.3) we see that the term cu; introduced in (3.1) reinforces the dissipation of the system. In
fact, as we shall prove latter on, this term ensures the uniform stability of system (3.1) and allows to prove the existence of
a periodic solution for (3.1) as in [8].

As in the previous section, introducing the new variables w = u; and z = u;(1, t), we write (3.1) as

du(t)
and we add the initial condition
U(0) =Uo, (3.5)
where
u w 0 Uo
U:|:w}, AU = Uxx — EW , F=|:0:| and Ug=| wg
z —ux(1) —aw(1) f 20

The operator A; is an unbounded operator in H, with domain

D(Ag) ={(u,w,2) e H*(0, DNV x V x R: w(1) =z}
which is independent of €. In fact, D(A;) = D(A) for each & > 0.
With this notation, we have the following result.

Theorem 3.1.If Uy € H and f € C[0, c0), there exists a unique weak solution U € C([0, c0); H) of (3.4)-(3.5) with the property that,
forany ty > 0,

U leqo.con ) < U0l + ~Toll Fll20.c0- (3.6)

Moreover, if Ug € D(Ag) and fio,q) € HY(0,a), for all a > 0, there exists a unique weak solution U € C1([0, c0); H) N
C([0,0); D(Ag)) of (3.4)-(3.5).
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Proof. Performing as in [17] we can prove that (D(A¢), A¢) is the infinitesimal generator of a semigroup (S¢(t))r>o of con-
tractions in H. Now, the result follows from the classical theory of linear equations of evolution (see, for instance, [5]). O

The following theorem shows that system (3.4)-(3.5) is exponentially stable if f =0.

Theorem 3.2. Let (S¢(t)):>0 be the semigroup of contractions generated by the operator (D(A¢), A¢). There exist two positive con-
stants M > 0 and w = w(€) > 0 such that, for any Uy € H,

ISe@®Uo| < Me=*"|[Ug|l, > 0. (3.7)
Moreover, for any Ug € D(A¢),

[Se(®Uol pesy < Me™[[Uollp(a,). t>0. (3.8)
(Ag)

Proof. Multiplying the first equation in (3.1) by u it is easy to see that the solution u satisfies

1 1 1 1
%{ /uutdx—}— g / u?dx + u(l, Hue(1,¢t) + %uz(], t)} = —/uidx—k / utzdx—l— utz(l, t). (3.9)
0 0 0 0
For any & > 0, from (3.3) and (3.9) we deduce that
1 1 1
% = —au?(1,t) —e/ufdx—3/u§dx+3/u?dx+au?(1,t)
0 0 0
where £ = L(t) is a suitable perturbation of the energy given by
1 1
L(t) = Ex () +3{ /uutdx+ ;/uzdx+ u(1, Ou(1,6) + %u2(1, t)}. (3.10)
0 0
Moreover, for 0 < § < &, sufficiently small, we have
dz# < —CE¢ (1), (3.11)

where ¢ = %min{a —8,& —§,68}. On the other hand, (3.10) and the Sobolev embedding theorem allow us to conclude that

|L£(t) = Ee(t)] < c18Ee(t),

for some c; independent of ¢ as well. Then, choosing § sufficiently small the above inequality allow to deduce that

1 3
SEe(t) < L(t) < 5 Ee (D).
2 2
Since § > 0 is small enough, the above inequality combined with (3.11) leads to the differential inequality

dE¢(t)
dt

for some ¢y > 0, which gives us (3.7).
In order to prove (3.8), note that [|Sg(6)Uollpa,) = IISe(t)AgUoll + IS¢ (t)Uoll and use two times (3.7). O

< _CZES(t)v

Remark 3.3. Since Theorem 2.2 shows that (3.8) does not hold for the homogeneous system (2.1)-(2.2), we have that

lim w(e) =0.
e—>0

Now we have all the ingredients needed to prove the existence of a periodic solution for (3.4).

Theorem 34. If f € C[0, o0) is a T-periodic function, for any € > 0, there exists a unique weak solution U € C([0, c0); H) of (3.4)
which is T-periodic. Moreover, if f,, € H(0, T) then there exists a unique classical T-periodic solution U, € C([0, 00); D(Ag))

of (3.4).
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Proof. The proof uses the ideas from [8] and it is done by using a fixed point argument. We introduce the map

A:H—H
given by
T
AU0=S,9(T)U0+/SS(T—s)F(s)ds
0

where (S¢(t))r>0 is the semigroup generated by A, (see Theorem 3.1). Then, from Theorem 3.2 we get

| A™Uo — AU || < [[Se(T)(Uo — Un) | < Me™™|Ug — Ux .
Then, for n sufficiently large A" is a contraction and, therefore, there exists a unique Uy € H such that

A"Ug = Uy.

Consequently,
A" (AUg) = A(A"Ug) = AUo.

From the uniqueness of the fixed point of A" it follows that
AUg=Up

which says that A has a fixed point. The solution U of (3.4)-(3.5) with initial data Ug belongs to C([0, c0); H) and verifies
U(0) = U(T). This gives us a T-periodic weak solution of (3.4).

To treat the case fj,, € H 1(0, T), we use Theorem 3.1 and we repeat the above fixed point argument in D(A;) instead
of H. From estimate (3.8), we deduce that there exists a unique fixed point Uy of A in D(A¢). This gives us a periodic
classical solution U, € C([0, 00); D(A¢)) of (3.4). O

4. Existence of periodic solution when f € H1(0, T)

In this section we prove the existence of a periodic solution for our system (2.1) under the additional condition fjq,1) €
H(0, T). Theorem 3.4 gives us a family (Ug)¢=o of T-periodic functions. Any limit point of this family is a periodic solution
for (2.1). However, in order to prove that this family has a limit, we need some uniform estimates with respect to ¢. These
estimates require additional regularity conditions for f mentioned above.

Theorem 4.1. Let f € C[0, oco) be a T-periodic function such that f,;, € H'(0,T) and & < 1/2. If U, is the T-periodic solution
of (3.4), then there exists a positive constant C > 0, independent of &, such that

IUelleqo.00):H) < Cllf 0.1y (4.1)

Proof. In the sequel C denotes a positive constant which may change from one line to another but it remains independent
of &. Multiplying the first in (3.1) equation by xu, and integrating by parts over (0, 1) x (0, T), we deduce that

T 1 T T T 1
%// ut +u dxdt_E/Uf(l,t)dt-l—%/uﬁ(l,t)dt—s//utxuxdxdt
00 0 0 00
since, from the periodicity, fol utxux|g dx = 0. Consequently,
T 1 T T
A —8)%//(ut2+u,2<)dxdt< %/ufa,t)dw%/uia,t)dt. (4.2)
00 0 0

In order to bound the terms fOT uf(l,t) dt and fOT u)z((l,t) dt we proceed as follows. Integrating (3.3) in (0, T) and taking
into account the periodicity of the solutions U, the following holds

T

0=¢ (uf(1,0) — f(Oue(1,0)de

Ot~
—

1
/uf dxdt +
0 0
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which allows to conclude that
T

T

o 2 1 2

E/Ut(l,t)dtg E/f (t)dt. (4.3)
0

0

Now, differentiating (3.1) with respect to t and proceeding in the same way we can bound fOT utzt(l, t)dt. Indeed, letting
v =u;, we get

Ve (X, £) — Vx (X, t) + vy =0 in (0, 1) x (0, 00),
v(0,t)=0 on (0, 00),
vee(1,0) + vx(1,8) +ave(1,6) = f'(t) on (0, c0),
v(x,0) =u1(x), Vv(x,0)=vi(x) on (0, 1),
where v (x) = u(x,0) = ug xx — €U1(X). Since f € H'(0, T), the same argument as before allows us to obtain that
T T
%/uft(l,t)dtg %/(f’)z(t)dt. (4.5)
0 0
By using the third equation from (3.1), we deduce that

T T T
/uﬁ(l,t)dtg lz/(f/)z(t)dur(1+l>/f2(t)dt.
o (07
0 0 0

Now, from (4.2), (4.3) and (4.5), we obtain that
T
/ Ee(5)ds < Cllf 51 0.7y (4.6)
0
Finally, integrating (3.3) from O to t € (0, T), we have
t 1 t t
ES(O)=Eg(t)+8//ut2dxds+oz/uf(l,s)ds—/f(s)us(l,s)ds.
0 0 0 0
Consequently,

t t

t
Eg(O)gEg(t)+28/E8(s)ds+(OH—%)fu?(l,s)ds+%/f2(s)ds
0 0 0

T

T T
gES(t)—FZS/Eg(s)ds—F(OH—%)/uf(l,s)ds—i—%/fz(s)ds. (4.7)
0 0 0

By integrating (4.7) on (0, T) we deduce that

T

T T
TEg(O)<(1+2eT)/Eg(t)dt+T<a+%)fu?a,t)dwg/fz(t)dt. (4.8)
0 0 0

From (4.3), (4.6) and (4.8) it follows that

|Ue (@] = v2E£(0) < Cli fll 1 0.7)- (4.9)
Now, (4.1) is a consequence of (4.9), (3.6) and the T-periodicity of U,. O

The uniform estimate from Theorem 4.1 allows us to deduce the existence of a periodic solution for our initial prob-
lem (2.1).

Theorem 4.2. Let f € C[0, 00) be a T-periodic function such that f, . € HY(0, T). Then (2.1) has a unique T-periodic solution
U € C([0, 00); H).
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Proof. Following [5, Proposition 2.3.1], we introduce the completion H of the space H with respect to the norm || || = |[(I—
A)~1®| and the unbounded operator in H given by (H, A) which extends (D(A), A). Also, let (S(t))e=0 be the semigroup

generated by (H, A) in H.
According to Theorem 4.1, the family of periodic functions (Ug)ee(o,1) is uniformly bounded in C([0, T]; H) and verifies

t
Us(t) =S)U(0) + / St — s)(F(s) + 8P2(S)) ds, te][0,T] (4.10)
0
where P3(s) = (0, —u¢(s), 0)*. ~
Since the inclusion H C H is compact, it follows that (Ug)gc(0,1) is relatively compact in C([0, T]; H). Thus, there exist
U € C([0, T]; H) and a subsequence that we denote in the same way, (Ug)ec(0.1), Which converges to U in C([0, T]; H). Let
us denote Ug = U(0) € H. It is easy to see that
t
U(t)=§(t)Uo+/§(t—s)F(s)ds, t [0, T]. (4.11)
0
On the other hand, since (U;(0))¢¢(0,1) is @ bounded sequence in H, it follows that there exist Ug € H and a subsequence
that we denote in the same way, (U¢(0))¢e(0,1), Which converges weakly to Ug in H. From the uniqueness of the limit in H,
we deduce that U(0) =Ug = Ug € H.
Since S(t)® = S(t)® for any @ € H, it follows from (4.11) that
t
l:l(t):S(t)Uo+/S(t—s)F(s)ds, tel[0,T]. (412)
0

Consequently, U is a weak solution in C([0, T]; H) of (2.1) which may be extended to a T-periodic solution of the same
equation. O

5. Existence of periodic solution when f € L%(0, T)

Theorem 4.2 shows that f),, € H 1(0, T) is a sufficient condition for the existence of a periodic solution of (1.1). If this
condition is necessary remains an open question. In this section we use Fourier decomposition to give a characterization of
the periods T for which periodic solutions exist even when f € L2(0, T). Firstly, we consider the Fourier expansion of f,

fO =" ame™" (5.1)

nez
where A, = Z”T” and a, € C. Note that f given by (5.1) belongs to L%(0, T) if and only if > onez la,|? < oo and belongs to
H'(0,T) if and only if 3", , n?lan|? < oco.
It is easy to check that, at least formally, the corresponding periodic solution of (1.1) is given by

U, t) = Zane’*"tun(x) (5.2)

nez
where, for each n € Z, the functions u, = u,(x) satisfy the system
_)L,%un(x) — Up xx(X) =0,
u,(0) =0, (5.3)
—A2Un(1) + tupx(1) + icAqun (1) = 1.

From (5.3) it follows that ug(x) = x and, for any n € Z*,

Up(x,t) = M (5.4)

n

where

VYo = —A% sin A, + Ay COS Ay + ity SINAp.
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Now, from (5.2), we deduce that

|An|2 sin(2in) ) )
Ul g 7.y = HEZZ*WZ 1= =5 )ian* + Tlaol

and consequently u(x, t) gives a finite energy periodic solution if and only if

A 2
> Gl |an|? < oco. (5.5)

nez* |Vn|2

Remark 5.1. When f € H'(0, T), which is equivalent to the convergence of de series Y onez n%|a,|2, (5.5) does hold. In fact,
we can prove that |l" |2 < cn? for some positive constant ¢ > 0. Indeed, we have the following cases:

o If |ApsinAy| > 2, we have |sinA,| > and, therefore,

ZM | — 41171
An | 1 1 ar
2= ' <S———<n’(— .
Vn a2sin” Ay + (Mg SinAp, — cosAy)?2  a?sin® Ay oT
o |Apsiniy| < 5 we have |cosin|®2>1— 41?. Then there exists ¢ > 0 such that
An |2 1 _ 1 1
on : c
Vn = (Ap SIN Ay — COS App)2 = (|cos An| — |An sm)»n|)2 ( 1 1)2 h
4x2 2

This is precisely the case we have studied in the previous section, when we have assumed that f|,, € H 10, T).

If (5.5) does not hold, no periodic solution for Eq. (1.1) exists. As we have mentioned in the introduction, the non-

existence of periodic solution is equivalent to the presence of the resonance phenomenon. Note that (5.5) does not hold if

and only if A, = Z"T” verifies

sinig, — 0 asn— oo, (5.6)
Ak, SINAg, —COSA, — 0 asn— oo, (5.7)

for some (strictly) increasing sequence of natural numbers (kp)n>1 C N.
Let us recall that vy =nmi+ - — n2(j12 + o(niz) are the eigenvalues of (2.1) while the eigenvalues of the corresponding
conservative system with o = 0 are of the form iz, where

1 1
znznn+—+o(—> asn — oo (5.8)
nmw n
and verifies, for each n > 1, the equation

tsint —cost=0. (5.9)

Remark 5.2. As it follows form (5.5), the existence of a periodic solution in the case f e L%(0,T) is equivalent to the
boundedness of the sequence (;—:)@1- Thus, the resonance phenomenon occurs if, and only if, a subsequence of (A;)n>1 is

close to the roots of the equation
—zsinz + cosz +iasinz =0. (5.10)

Note that —iv, are exactly the roots of (5.10). Since, as follows from Remark 2.5, the real parts of (v;);>1 are smaller and
smaller as n tends to infinity, some of the real numbers (An),>1 may be close to (—ivy)p>1. Consequently, the possible
occurrence of the resonance phenomenon is precisely related to the weak dissipation of system (1.1).

With the notation above, we have the following properties, which characterize the periods T for which the resonance
phenomenon may occur.

Property 5.3. The resonance phenomenon occurs for the T-periodic function f given by (5.1) if, and only if, there exist two sequences
of (strictly) increasing natural numbers (k};)n>1,1=1, 2, such that

|)\k% — zk%||zk%| —0 asn— oo. (5.11)
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Proof. First, we suppose that (5.11) holds and we prove (5.6)-(5.7). From (5.11) we deduce that lim;_, |)Lkr11 — zk%| =0,

which together with (5.8) gives (5.6). In order to show (5.7), let g(z) = zsinz — cosz. We have that there exists &, between
M and zy2 such that

80| =80y — 8(z2)| < [&'Gn)|IMg — Zi2] < 2&nlI2g1 — Z2]

from which we immediately deduce (5.7).

Now suppose that (5.6)-(5.7) holds, which implies that gy1) > 0asn—oo. Let £ >0 small and k sufficiently large.
In each interval I = ((2k — 1)5 + ¢, (2k 4+ 1)5 — &) the function g is invertible since g’(z) = zcosz + 2sin(z) # 0. Then, in
each interval I, there is exactly one number z; for which g(z;) = 0. Let k% the index of the interval I, for which kk% € Ik%.
We have that there exists ¢, between g()\k%) and g(zk%) such that

Mo =zl =g (g) — g (2)| <[ (g71) @) g — g(z2))|
180y
|tn coSty + 2 sinty|

—1y/ 1
= 1(e7Y @l )| = | leopl = < g0l

|tnl

for some constant ¢ > 0, where t, = g~1(¢;) belongs to Ik% and tends to Zj2 as n goes to infinity. Consequently, Mk}, -
zk%||zk%| < c|g()\k%)| and (5.11) holds. O

The following characterization is a direct consequence of Property 5.3.

Property 5.4. The resonance phenomenon occurs for the T-periodic function f given by (5.1) if, and only if, there exist two (strictly)
increasing sequences of natural numbers (k},)n>1, 1 =1, 2 such that

ki TN, 2.2 T
(E_E)(k”) - 5 asn— oo (5.12)

Proof. Firstly, observe that |Ak31 - zk%||zk%| — 0 as n tends to infinity if and only if

)33 S 1 (1)
—— —kimr——=—+o0
‘ T S 4 k2

It follows that (5.11) is equivalent to

1 1
k T4+ = —|—0< )‘—>O asn — oo.
k2 k2

kb T

-n —|2|2—>0 asn — oo
k2 2 2(k3)>2m?2

and the proof ends. O

Remark 5.5. Property 5.4 gives the conditions for resonance phenomenon’s occurrence in (2.1). However, it is not easy to
say whether periods T verifying (5.12) exist or not. For instance, if T is a rational number (5.12) cannot hold. Indeed, if we
suppose that T = p , with p,q € N*, from (5.12) we deduce that

lim |2k}, — pkZ| =0

and, consequently, T = for any n sufficiently large. However, this contradicts (5.12).

As mentioned before, the existence of irrational numbers T which verify (5.12) and produce the resonance phenomenon
remains an open question.

Remark 5.6. Let us compare our results with the corresponding ones for the classical boundary dissipated wave equation.
If f e C[0,00) is a periodic function of period T, then there exists a unique T-periodic solution of the non-homogeneous
wave equation (¢ is a positive constant)

Utt(x, t) - uXX(Xv t) = O in (Oa ]) X (07 00)7

u0,t)=0 on (0, 00), (5.13)

ux(1,t) + aug(1,t) = f(t) on (0, c0).

Indeed, this is a consequence of the exponential decay of the energy corresponding to (5.13) in the homogeneous case (see,
for instance, [9,10,23]) and the fixed point argument used in Theorem 3.4. Note that the regularity assumption fjo 1) €
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H'(0,T) is not required in the case of Eq. (5.13), where the energy of the equation is directly dissipated through the
boundary.

The presence of the point mass in x = 1 introduces a qualitatively new type of boundary condition for (1.1) which
determines the lack of uniform decay of the corresponding energy. Roughly speaking, the extra regularity assumption
fiomeH 1(0, T) from Theorem 4.2 compensates the energy’s weak dissipation.

6. Numerical approximation

In this section we approximate numerically the periodic solutions of the hybrid system (2.1), using the perturbation
argument presented in the theoretical part. More precisely, for a given small value of € > 0, we use an iterative algorithm
to approximate the fixed point of the contractive map A introduced in Theorem 3.4. Once we have obtained this fixed
point with a given precision, we can compute the periodic solution of the perturbed system (3.4). The proof of Theorem 4.2
shows that taking smaller and smaller values of &€ > 0 the periodic solutions of the perturbed system converge weakly to
the periodic solution of the initial hybrid system, if fio )€ H 10, 1).

In order to preserve the precision of the numerical scheme for (2.1), the parameter & should be small enough. On the
other hand, the contractive property of the map A gets better when & increases. This analysis allows us to conclude that
the optimal value of ¢ is of order of the precision of the numerical scheme (see the conclusions from Section 6.2).

First of all, we need to approximate the solution of system (3.4)-(3.5). We choose to semi-discretize in space using
P finite elements, paying attention to the special boundary condition in x = 1. More precisely, we denote by N € N* the
number of discretization points in (0,1) and by h = NLH the discretization step. The vector up(t) = (u1(t),..., un+1())*
will be the solution of the following differential system

{ Mup ¢ (t) + Kup(€) + Lup ((€) = Fp(t), t>0, (61)
up(0) =uon, Uup(0) =up, '
where
4 1 0 0 2 -1 0 0
1 1 0 -1 2 -1 0
h 1
M= - . ) K=-— . T )
6
0 1 4 1 0 -1 2 -1
0 0 o 8 0 0 -1 1
4 1 0 --- O 0
1 4 1 .. 0 0
LN Fr () =
=51 - - - h(t) =
o --- 1 4 1 0
6
o o --- 0 % f@®
In the sequel U* denotes the transposed vector.
Denoting Uy, = (ul:h[), we write (6.1) as a first order system
{ Un(t) = ApUn(t) + Fr(t), t>0, 62)
Un(0) = Uon,
where
0 I - 0 Uoh
A= -1 -1 > Fr(t) = s Uon = .
—-M~K —-M"'L Fp(t) Uqp
To discretize in time (6.2) we use the following implicit mid-point scheme
At T 2 : (6.3)
UR = Ugn,

where At > 0 is the time discretization step and Uﬁ and I:",’; approximate Uy (kAt) and F,(kAt), respectively. We define the
energy associated to (6.3) by the discrete equivalent of (2.4)

1 «(Ke 0
Ea(uh) =5 (05" (g, )b+ Uhanea)”), (64
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Table 1
Values of max{Ep (up¢(t) — u(t)): t €[0,10]} for different choices of h and .
Value of h e=1 e=0.1 £=0.01 £ =0.001 & =0.0001 e=0
0.02 3.2384 0.1043 0.0012 0.0021 0.0023 0.0023
0.01 4.7285 0.1686 0.0015 0.0005 0.0006 0.0006
0.005 7.6631 0.2859 0.0033 0.0004 0.0005 0.0004
1 T T T
--—¢g=0.1
0 - —-e£=0.01
e=0

=) ]

ke)

S

s |

[0}

£

i |

£

<} |

P4

-6 . . .
0 200 400 600 800

Number of iterations

Fig. 1. Decay of the error in the fixed point algorithm for different values of &, N =100 and f given by (6.5).

where M,, Ko € My41 are defined by

41 0 - 0 2 -1 0 - 0
1 4 1 .0 1 2 -1 - o0

h
Mezg N . . . N ) I<€__ : . . . :
0 - 1 4 1 0 - -1 2 -1
00 - 1 4 0 0 - -1 2

Once we have a solver for (3.4)-(3.5), the second step is to compute the fixed point of the application A introduced
in Theorem 3.4, for a given T-periodic function f. Remark that A is nothing else than the application which associates
U(T) to Ug, where U is the solution of (3.4)-(3.5). Assuming that there exists | € N* such that T =IAt we define Ap the
application which associates U}l to Ugp, where Uﬁ verifies (6.3). To compute then an approximation of the fixed point of A
we use the following algorithm:

1. Let Ugy be arbitrarily chosen.
2. Let e > 0 be a given tolerance and n = 1.
3. Repeat
° VI? = AzUOh,
en=n+1,
until E,(V = Vi) <e.
4. The approximation of the fixed point is V.

6.1. Numerical experiments

We shall present three different choices of periodic functions f and the corresponding numerical results. In all the
computations the parameter « is set to 1 and the tolerance e in the fixed point algorithm is 107>.

6.1.1. Case of an explicit periodic solution
It is easy to verify that considering the 2-periodic function

f(t)=—mcos(mt) forte][0,10], (6.5)

the corresponding periodic solution of (1.1) is given by u(x, t) = cos(srt) sin(;r x). We take the number of discretization points
N € {50,100, 200} and At =h= g15.

Table 1 displays the values of max{Ep(up¢(t) —u(t)): t € [0, 10]} for different choices of h and ¢. In Fig. 1 we show the
decay of the error in the fixed point algorithm for different values of € and N = 100.
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Time (1) 0 o «

Fig. 2. Periodic solution of (6.3) for e =0 and f given by (6.6).
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Fig. 3. The function f is given by (6.6). (a) Norm of the error in the fixed point algorithm. (b) Energy of the solution of (6.3) with the initial data being the
fixed point of Ap.

6.1.2. Case f € H'(0,T)
Let T = and consider the following T-periodic function

2
f(t)=1—?

T
t— 5‘ fort € [0, T]. (6.6)

By periodicity, we extend f to the interval [0, 10]. We take N =100 and At =h = NLH The corresponding periodic
solution for € =0 is displayed in Fig. 2. In Fig. 3 we show the norm of the error in the fixed point algorithm (a) and the
energy of the solution of (6.3) with the initial data being the fixed point of Ap, (b) for different values of .

6.1.3. Case f € L2(0, T)
Let T = +/2 and consider the following T-periodic function

1 ifxe(T/3,2T/3),
f®)= . (6.7)
0 ifxe(0,T/3)UQRT/3,T).
By periodicity, we extend f to the interval [0, 10]. As in the case f € H'(0,T) we take N =100 and At =h = NLH

A very similar behavior of the solutions as in the case f € H! can be observed in Figs. 4 and 5.
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Fig. 4. Periodic solution of (6.3) for € =0 and f given by (6.7).

Norm of the error (log)
Energy E(u(t))

5 50 100 150 200 250 0 1

Number of iterations

(a)

Time (t)

(b)

Fig. 5. Function f is given by (6.7). (a) Norm of the error in the fixed point algorithm. (b) Energy of the solution of (6.3) with the initial data being the

fixed point of Ap.

Table 2

Values of the energy of the periodic solution at the time t =1 and different values of ¢.
Function e=1 e=0.1 £=0.01 & =0.001 e=0
f given by (6.6) 10.1315 10.0268 10.0679 10.0671 10.0674
f given by (6.7) 4.2197 4.5134 4.5245 4.5232 4.5232

In Table 2 we summarize the values of the energy of the computed periodic solution of (6.2) at the time t =1 for
different periodic functions. We remark that the values of the energy for ¢ =1 and ¢ = 0.1 are clearly different from the

values obtained for smaller &.

6.2. Conclusion and comments

First of all, we should remark from Table 1 that the solutions of the perturbed systems converge to the exact solution
when ¢ — 0. The results displayed in Table 2 confirm this fact, the difference between the solutions decreasing as ¢ tends

to zero.
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Analyzing Fig. 1, Fig. 3(a) and Fig. 5(a) we remark that the number of iterations necessary for the fixed point algorithm
increases when ¢ decreases with different velocities depending on f. This is a consequence of the fact that the application
Ap has better contractive properties when ¢ is larger. At the numerical level, this is related to Remark 3.3 for the continuous
problem. Note that taking At = h, the order of convergence of the approximation scheme using P; finite elements for the
wave equation is O(h) (see, for instance, [21, p. 213] and [18, pp. 96-97]). Coupling the wave equation with the rigid
body at one end, and still using a P finite elements approximation of this hybrid system, we maintain the same order
of convergence as for the wave equation with homogeneous Dirichlet boundary condition. Therefore, the perturbation eu;
added in system (3.4) does not affect the precision of the numerical approximation if & is at most of the same order as h.
Since large values of € ensure better convergence properties of the fixed point algorithm, we deduce that the optimal choice
is & of order h.

In conclusion, the numerical simulations above are coherent with our theoretical results concerning the existence of
periodic solutions for the hybrid system (2.1) if the T-periodic source term f is in H'(0, T). For all T-periodic function
fio,m) € L%(0, T) that we have tested, a periodic solution has been numerically found.
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