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Abstract: We consider the equation
Uy + St + A%u + APl Al = ¢

where A? is a diagonal, self-adjoint and positive-definite operator and 6 € [0, 1] and we study some
finite-dimensional approximations of the problem. First, we analyze the dynamics in the case when the
forcing term g is a combination of a finite number of modes. Next, we estimate the error we commit
by neglecting the modes larger than a given N. We then prove, for a particular class of forcing terms,
a theoretical result allowing to study the distribution of the energy among the modes and, with this
background, we refine the results. Some generalizations and applications to the study of the stability
of suspension bridges are given.
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1. Introduction

Let A? be a diagonal, self-adjoint, strictly positive operator, densely defined on a real Hilbert space
(H,(-,-),|I]) and we consider the following nonlinear nonlocal evolution equation

Uy + 0uy + A2u+ AUl A% = g inH xR, (1.1)
where # € [0,1],5 > 0and g € C°R,, H)is a given forcing term.

The purpose of the present paper is to give a rigorous finite-dimensional approximation of (1.1). To
be more precise, we introduce the projection Py onto the space generated by the first N modes, that is,
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by the first N eigenvectors of the operator A> and we consider the approximated problem
Uy + 0u, + A%u + AUl A% = Pyg  inH xR, (1.2)

We remark that, by taking u(0) and u,(0) in PyH, Eq (1.2) can be interpreted as a system of N ODEs.
Therefore, Eq (1.2) actually provides a finite-dimensional approximation of equation (1.1). We aim to
prove that any solution of (1.2) is asymptotically finite-dimensional and to estimate, for any £ > 0, the
smallest N = N(&) such that the asymptotic distance in the phase space between the solution of (1.1)
and the corresponding solution of (1.2) is less than . An improvement of the result will be studied for
a particular class of forcing terms.

The reduction of infinite-dimensional dynamical systems to finite-dimensional systems of ODEs is
a technique which has been widely used in the theoretical and numerical study of PDEs. The idea was
first stated by Galerkin [28] and it has been used in many different applied frameworks as well as in the
theory of finite-dimensional inertial manifolds (see [15,19,21,52,54,55] and the references therein). In
particular, it is a fairly common procedure, which we aim to make rigorous, in the study of suspension
bridges [3] to approximate the physical system with the dynamics finite number of modes in order
to reduce the computational complexity of the model. This approach can be physically justified by
observing that “the higher modes with their shorter waves involve sharper curvature in the truss and,
therefore, grater bending moment at a given amplitude and accordingly reflect the influence of the truss
stiffness to a greater degree than do the lower modes” [51, p.11], which means that the dynamics of
the higher modes corresponds to a physically irrelevant phenomenon. We remark that our goal would
not be achieved just by estimating the dimension of the inertial manifold of our system, since we are
interested in providing a finite-dimensional approximation of its asymptotic behavior.

The problem of finding a finite number of natural parameters of a system that uniquely determine its
asymptotic behavior was first discussed for the 2D Navier-Stokes equation [24,43] and to tackle it the
concepts of finite-dimensional inertial manifold, determining modes and, later, determining nodes and
determining local volume averages were introduced (see [16, Ch. 5], [18] and the references therein).
Regarding our problem, Chueshov in [16, Ch. 5, Thm. 7.2] proved that the dynamics of the first N
modes of (1.1) completely determines the evolution of the system and Eden and Milani in [22] proved
that if the forcing term is N—dimensional, then any solution is attracted to an M—dimensional manifold
with M > N.

Some particular cases of the damped Eq (1.1) have been widely studied in mathematical literature.
An ODE version of the problem was investigated by Loud in [44,45]. Fitouri and Haraux in [27]
improved some of the previous results on the ODE case and in [26] they provided a close-to-optimal
ultimate bound in the PDE version of the problem. More recently, some sharp stability criteria for
the unimodal version of (1.1) and for a related evolution equation were obtained by Haraux in [37] in
the case g = 0. The case when 6 = 1 was studied in a slightly different framework by Holmes and
others in [40,47] as an example of chaotic dynamics (see also [34]) and some undamped versions of
(1.1) were studied in the case 6 = 0 by Cazenave, Weissler and Haraux in [11-14] in order to obtain a
description of the qualitative behavior of more complicated nonlinearities and by Gazzola and Garrione
in [29] to study the dynamics of suspension bridges with multiple intermediate piers.

The considered abstract equation was analyzed by many other authors in an even more general
framework. Biler [7] and de Brito [9] investigated the decay properties of the unforced problem with
weak damping and a more general nonlinear nonlocal term. Da Silvia and Narciso [49, 50] studied
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an extensible beam model subject to a nonlocal nonlinear parameter-dependent damping and a forcing
term. A lot of different variations of (1.1) with a large variety of damping and nonlinear terms has been
studied in mathematical literature (see [16, 17,20] and the references therein).

In addition to its mathematical relevance, our study also presents a certain physical and engineering
interest. In fact, the considered model is suitable to describe both mono-dimensional and multi-
dimensional physical systems. More precisely, some particular cases of (1.1) concerning the dynamics
of beams and plates was considered by Holmes and Marsden [38,39] in order to study the problem of
flow-induced oscillations (see also [41,42]) and in order to provide some more information about the
nonlinear structural behavior of suspension bridges. In particular, we expect our results to allow some
progress in the study of the structural and torsional instability of plates, to which a vast literature is
devoted [1,2,4,5,31,32].

If we set A2 = A%, 0 = 1 and H = L*(Q), where Q is a bounded domain in RY (N > 1) with the
smooth boundary 0€2, we obtain the equation

Uy + Ouy + A%u + (f |Vu|2) Au=g, inQx(0,T).
Q

This problem is a special case of the more general model

i+ A2 — (Vs ) At = F (vt 0,

that was introduced in 1955 by Berger [6] as a simplification of the von Karman plate equation which
describes large deflection of plate. Some related models were later applied to the study of the torsional
instability of suspension bridges. In particular, our results apply also to the partially-hinged plate
problem discussed in [8,25]

Uy + Ou, + A’u + (P -8 fQ uf(r, s, t)drds) u, =g nQx(0,T)
u=u, =0 on {0, 7} x [-1, ]

Uyy + Ol = Uyyy + (2 = 0ty = 0 on [0, ] X {1, 1}

where S > 0 depends on the elasticity of the material of the deck of the bridge, / > O represents the
width of the bridge and o~ > 0 is the Poisson’s ratio of the structure, which is assumed to be, in the case
of suspension bridges, between 0 and 0.5. The term P is called “prestressing constant” and it expresses
the buckling loads on the plate. In the case of suspension bridges, the compressive forces along the
edges are introduced in order to increase the stability of the structure. The abstract prestressed model
reads

Uy + Ou, + A%u — PAu + ||A”?ulPA%u = ¢ in H X R,. (1.3)

The study of this equation will not be discussed in detail since, under the hypothesis P < a{/ ? (weak

prestressing), the prestressing term does not modify the qualitative behavior of the system and in the
case when P > a}/ * (strong prestressing) our results do not hold. In fact, in a strongly prestressed
suspension bridge the linear part of (1.3), which is given by A% — PA, is not a strictly positive operator
anymore.

Concerning the case where the models describes the dynamics of a mono-dimensional structure,
if we take H = L*(I) (with [ = [-n,x]) and A = —0,,, we can distinguish three different physically
significant cases: # = 0,0 = 1 and 6 = 2.
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In the first case, the considered model has been introduced by Garrione and Gazzola [29] in order
to describe the behavior of the deck of suspension bridges with two intermediate piers. In the work of
Garrione and Gazzola, the deck of the bridge is modeled by a degenerate plate consisting of a beam with
a continuum of cross sections free to rotate around the beam. Therefore, the longitudinal dynamics of
the bridge is modeled by a beam equation, whose nonlinear term can be interpreted as a representation
of “a stiffened beam where the displacement behaves superquadratically and nonlocally: if the beam
is displaced from its equilibrium position in some point, then this increases the resistance to further
displacements in all the other points” [29]. The nonlocal nature of such term is due to the elastic
behavior of the components of the bridge, the sustaining cables in particular. This choice of the
nonlinear term follows from a comparison between the qualitative behavior of some possible models
and the actual behavior of suspension bridges. If we consider D(A) = {v € H*(I) N Hg ) : v(-m) =
v(rr) = v(—ar) = v(brr) = 0} for a,b € (0, 1), where a and b model the position of the piers along the
deck of the bridge, the system reads

Uy + OU; + Usprry + IIMIIiZ(I)u =g(x, 1) Vt>0,Vxel
u(0) = up € H*() N H(I)(I), u,(0) = uy € L*(I)
u(=m,t) = u(-nb,t) = u(ra,t) = u(x,t) =0, VYr>0.

An analogous equation, in a different functional framework, is involved in the study of the interaction
between the cables and the deck of a suspension bridge in the case when the hangers are considered
inextensible (see [29,46]).

The second case (6 = 1) was obtained by Woinowsky-Krieger [53] in 1950 and, independently, by
Burgreen [10] in 1951. It models the physical phenomenon that “if the beam is stretched somewhere,
then this increases the resistance to further stretching in all the other points” [29]. The system has
been widely studied in both mathematical and engineering literature (see [22, 33] and the references
therein). If we choose D(A) = {v € H*(I) N Hé(l) s v(=m) = v() = v (—m) = v, () = 0}, the model
becomes

Uy + Oy + Uyyxy — ||ux||iz(1)uxx = g(x,1) Vi>0,Vxel
u(0) = ug € H*(I) N Hy(D), u,(0) = u; € L*(I)
u(=m,t) = u,(—m,t) = u(m,t) = u(r,t) =0, VYr=>0.

The case § = 2 was first introduced in [29]. If we consider H = L*(I) and A = —0,, as we did
before, the nonlinear term ||u||§A"/ 2u reads IIMMIIi2 (1) Uxxxx and the corresponding nonlinear equation can
be interpreted as a model for “a stiffened beam with bending energy behaving superquadratically and
nonlocally: this means that if the beam is bent somewhere, then this increases the resistance to further
bending in all the other points” [29]. Despite the physical interest of the case 6 = 2, due to its technical
difficulty, in this paper we decided to restrict ourselves to the cases where 6 € [0, 1].

The results of the paper are given in three main theorems. First, in Theorem 2.3, we prove that if
the forcing term is finite-dimensional, i.e., if g is a combination of a finite number N of modes, then
any solution is asymptotically finite-dimensional too in a sense that we specify in Definition 2.2. In the
case of small oscillations or large damping, our result improves the one of Eden and Milani [22]. The
proof is based on an application of a recent work of Haraux [37]. Next, in Theorem 2.4 we prove that,
under suitable smallness conditions on the nonlinearity and on the forcing term, we are able to give an
M—dimensional approximation of (1.1). More precisely, we prove that for any € > 0 there exists N € N
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such that the asymptotic distance between a solution of (1.1) and a solution of (1.2) is controlled by &
in the phase space norm. The proof relies on a continuous dependence result and on Theorem 2.3. To
conclude, in Theorem 2.5, fixed 6 = 0, we focus on a particular class of forcing terms and we refine the
result of Theorem 2.4. In particular, under suitable smallness conditions on the solution, we improve
the ultimate bounds previously given for general forcing terms in [8,26] and we estimate how much
the dynamics changes as we eliminate a single mode from the dynamics. This latter result represents
one of the main novelties of the paper since, to the author’s knowledge, this is the first statement of this
type present in literature.

The paper is organized as follows. In Section 2 we give some definitions and we state the main
results of the paper. In Section 3, some technical results are given. The proofs of the main results are
contained in Section 4, Section 5 and Section 6, which are devoted to the proof of Theorem 2.3,
Theorem 2.4 and Theorem 2.5 respectively. In Section 7, we present some physical conclusions
concerning the application of our results to suspension bridges with multiple intermediate piers.

2. Statement of the main results

Let (H,(-,-),||]]) be a Hilbert space and consider a diagonal, self-adjoint and positive-definite
operator A? : D(A?) ¢ H — H, with eigenvalues 0 < a; < --- < @; / oo and eigenfunctions
ey, solutions of the problem

(Ae,, Av) = a,(e,, V) Yv e D(A).

The sequence (e,,),» is a complete orthonormal system of 9. For our convenience, we preferred to use
A? instead of A to build the functional framework of the problem. The operator A? defines a family of
Hilbert spaces H” = D(A7/?) with o > 0, endowed with the norms ||-||. induced by the scalar products

(o)
uveH = wu,v),:=(Au,A%v) = Z a7 u,v,,

] 2.1)
llully := (u, u)s

where u, = (u, e,) and v, = (v, e,). In particular, ||-|| = ||-||. In the context of this work, we consider the
cases when o € [-2, 2], where for negative s the space H* is defined as the dual of H~°. Throughout
the paper, we denote by (-, -) the duality product of H?. It possible to verify that H* < H” densely
whenever 0 < o < p and that
ueH, 0<o<p = |ull,>a |ul,. (2.2)
In this framework, for any family of indices J = {Ji, ..., j.}, we define the projection

PJZ'}{—><€j1,...,€jn>

o n
u= E upep — E ue;,.
h=1 r=1

In particular, we denote by Py and Qy := I — Py the orthogonal projections onto {ey, ... ey) and onto
(en+1, - .. ) respectively. In addition, for any k € N we introduce the projection M, onto the orthogonal
complement of e, given by

My :=1—-P0_ : H — <€k>l.

Mathematics in Engineering Volume 4, Issue 4, 1-36.



Since A is a diagonal operator, we remark that
Vs € [0,2],YM = {my,...,m,}, APy =PyA*and A*Qy = OyA®. (2.3)

Moreover, if u = Qyu for some N € N, then the estimate (2.2) can be improved by

-0

ueH’, 0<o<p = lul, > e lull,- (2.4)
By using the notation in (2.1), problem (1.1) may be rewritten as
y + 0, + Au + |[ul;A% =g in H xR, (2.5)

Let us make clear what is meant by weak solution of (2.5):

Definition 2.1. Assume that

g € ChRy, H) := C°Ry, H) N L (R, H). (2.6)
A weak solution of (2.5) is a function

ueC'R,, H)NC' R, H)NC* R, H?)

such that
(U, @) + 6, ©) + (U, @)y + lull3 (1t 0)g = (g, 9) Vo € H.

We remark that by this definition it follows that u(0) = uy € H? and u,(0) = u; € H. Existence and
uniqueness of weak solutions follows from an immediate adaptation of the result in [33, Theorem 2.1]
(see Theorem 3.1).

First, we prove that if the forcing term if finite-dimensional, i.e. if g = Pyg for some N € N, then
any weak solution of (2.5) is asymptotically finite-dimensional. Actually, we guarantee the validity
of the result for a more general family of forcing terms. We introduce the notion of exponentially
N-dimensional forcing term.

Definition 2.2. We say that g € CS(RJ” ‘H) is exponentially N—dimensional if there exists n > 0 such
that

lim(IQvg(ll + Qg (De™ = 0.

In Section 4, we prove the following statement which describes the asymptotic behavior of the
solution in the case when the forcing term is exponentially N—dimensional.

Theorem 2.3. Assume (2.6) and let 6 > 0. If g is exponentially N—dimensional, there exists M > N
and i > 0, both depending on 6, limsup,_, . llg(®)ll, 6, N, 7 and @, i.e., the first eigenvalue of A, such
that

Hm(IQuuIB + 10w dIDe™ = 0,

where u is a weak solution of (2.5).

Mathematics in Engineering Volume 4, Issue 4, 1-36.



7

Motivated by physical arguments (see Section 7), we now consider a “separated variables” forcing
term such as g(r) = gf(¢), where g € H and f € C)(R,,R).

Let us consider a weak solution u of (2.5). Numerical simulations show that for some j we have
limsup,_, [(u(),e;)| < limsup,_ |[u(®)|, that is, we have that the asymptotic amplitude of some
modes of u seems to be negligible with respect to the overall dynamics (see Figure 3). Hence, we
expect to be able to neglect such modes both from the forcing term g and the solution «, thus reducing

the numerical complexity of the model. Therefore, for any finite family of indices J = {ji, ..., j.}, we
consider the finite-dimensional approximation of (2.5) given by
Vi + v, + A% + [VZA% = Pyg. (2.7

We remark that in virtue of Theorem 2.3, any solution of (2.7) is exponentially finite-dimensional. We
prove that under suitable smallness conditions on the forcing term, for an appropriate choice of J, (2.7)
is a good approximation of (2.5), i.e., for any weak solution u of (2.5), the weak solution v of (2.7)
provides a good exponentially finite-dimensional approximation of u. More precisely, in Section 5 we
prove the following theorem:

Theorem 2.4. Assume § > 0 and g(t) = of(t) with g € H and f € Ch(R+,R). There exists §o =
Zoo(1,6,0) > 0 such that, if
8eo = limsup gDl < &,

t—oo
then for every € > 0 there exists a finite family of indices J = {]j, ... jn} depending on a;, 6, g- and &
such that
lim sup(|lu(t) = vOI3 + llu(t) = vi(DI) < &

—o0
where u is a weak solution of (2.5) and v is a weak solution of (2.7).
Moreover; if g is exponentially N—dimensional, then there exist M > N and 7] > 0, both depending
on ay, 6, limsup,_, |lg@®Il, 6, N and n, such that, if J = {1,..., M}, then

Hm (|| Pyu(?) - v(O)I; + 1Py, (1) = v, (DIP)e™ = 0.

In Section 6 we further restrict ourselves to the case when the forcing term is sinusoidal in time and,
for the sake of simplicity, we focus on the case when 6 = 0, i.e., we study the problem

Uy + Ouy + A%u + |JullPu = g sin(wr). (2.8)

For ||g|| small enough, Theorem 2.4 states that if we replace g with Pj,g, we commit an error arbitrarily
small as M grows. This suggests to consider the case when g = Pjg for some M € N. Let v be a
solution of

Vi + v, + A% + V]IPv = Mg sin(w). (2.9)

Let us now estimate the distance between u and v. The following theorem holds:

Theorem 2.5. Assume 6 > 0 and let g(t) = g sin(wt) with ¢ = Pyg for some M € N. There exists § > 0
depending on 6, w and a; with j = 1,... M, such that, if ||g|| < g, then, for any k € {1, ..., M} and for
any u and v weak solutions of (2.5) and (2.9),

. C(g, )’
tim sup(iza(t) = vOIE + IMan() = (I < s,

where C = C(ay,...,ay,8,0,w) > 0.
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The results involved in the proof of Theorem 2.5 are the most physically significant in the
applications considered (see Section 7). In fact, Theorem 2.5 relies upon an estimate on the asymptotic
amplitude of each mode, that allows us to study the distribution of the energy among the modes (see
Figures 3 and 5) and to obtain a new bound on the asymptotic {>—norm of u that improves the estimate
given in [8, Lemma 22] (see Figure 2).

Theorems 2.4 and 2.5 are not perturbation statements. Indeed, for any fixed 6 > 0, an explicit
expression of the smallness conditions on g, and ||g|| required by the statements of Theorems 2.4
and 2.5 is obtained in Sections 5 and 6 respectively. Since the term g models the action of the wind
along the deck of the bridge, we physically interpret such smallness conditions on g, as requirements
on the aerodynamic load on the structure. In particular, the conditions of Theorems 2.4 and 2.5 are
equivalent to require that the speed of the wind v is below a certain threshold v. Moreover, we remark
that such conditions can not be avoided since even in the ODE case large forcing terms lead to a chaotic
dynamics [44,45] and the behavior of the solutions can be quite complicated, even where the forcing
term is periodic in time [30, 48].

Our results are adaptable to more general frameworks. In particular, exploiting the abstract results
of Haraux [37] and Chueshov [16], the cases with strong damping terms and with more general
nonlinearities such as A%, and M(Ilullg)A(’/ 2u with 0 < 6 < 1 appear to be treatable. On the other
hand, our results can not be immediately generalized to evolution equations with nonlinear nonlocal
damping terms such as N(||u||%)g(u,), since the linear analysis on which the proof of Theorem 2.5 is
based seems not to be easily extendable to such case.

We notice that, if the initial states of (2.5) and (2.7) were close to each other, a uniform estimate
on the distance in the phase space between the solutions of the approximated and the exact problem
would be expected to hold for any ¢ > 0. Unfortunately, we were not able to obtain such estimate and
the techniques exploited in the proofs of Theorems 2.4 and 2.5 do not seem suitable to get this result.

3. Preliminary results

We start by recalling some basic properties concerning well-posedness and regularity of the
solutions.

Theorem 3.1. Let (2.6) hold. Then

1). (Weak solutions) If u(0) = uy € H? and u,(0) = u; € H, problem (2.5) admits a unique global
weak solution such that

ue CR, HHNC' R, H) N CXR,, H?);

2). (Regular solutions) If u(0) = uy € H* and u,(0) = u, € H?, problem (2.5) admits a unique regular
solution, that is, a unique global weak solution such that

ue CR,, HHYNC'R,, H) N C*R,, H);
3). (Continuous dependence on initial data) Let (ug,, uy,) be any sequence with

(Uon U1n) — (o, 1) in H* X H,
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and let u,(t) denote the weak solution of (2.5) with initial data u,(0) = u, and u,(0) = uy,. Then
for every T > 0 we have that

(U (1), Uy (1)) = (u(t), u,(t)) uniformly in C°([0, T, H* x H).

The proof follows from a standard applications of monotone operator theory with locally Lipschitz
perturbations. We refer to [20, Theorem 1.5 and Proposition 1.15] and the references therein for a
detailed discussion, that we decided to omit. For an alternative approach, see [33, Theorem 2.1] for the
global existence and uniqueness of weak solutions and continuous dependence on initial data and [8,
Theorem 5] for the global existence and uniqueness of regular solutions.

We remark that in Theorem 3.1 we did not introduce the concept of strong or classical solution.
This choice is motivated by the fact that in some applications such formulations are not possible, as in
the case of the multiple intermediate piers model discussed in the introduction (see [29, Section 4] for
a more detailed discussion).

The following proposition gives some ultimate bounds on the Sobolev norms of u. Since the result
comes from a straightforward generalization of the estimates proved in Section 7 of [8], we omit the
proof.

Proposition 3.2. Assume (2.6) and let u be a weak solution of (2.5). We introduce the quantities
8 1= limsup,_,, [Ig(D)|l and

o (2 1) __{5/2 if 6% < day,
o = go,max|— , a:=

82 2a; §/2— /A —a) if 6> 4a.

Then, the following estimates on u hold:

4E.,
lim sup [Ju(?)|* < =: dy;

fe0 \ @ +4E +

AE.. + 202D
lim sup [[u(1)|2 < ¢ = Dy

o \/a/%‘e +2Q2E., + a2Dy) + a7

lim sup [[u(t)|5 < 2E« + a*®y =: Oy;

—0o0

A 1
(2Eoo + max ((/l + l)oz2 -5 — —sz)) = O,.

lim sup ||u,(?)|* < min
p llu (2| it 5€[0.Dp] 2

t—00

3.1. Continuous dependence on the forcing term

We now prove the continuous dependence of the solutions on the forcing term under suitable
smallness conditions on the parameters of the problem.

Proposition 3.3. Let u and v be weak solutions respectively of the problems
2 240, _ 2 240, _
Uy +O0u, + A%u + |[ulljAu = g1, vy +6v, + A%V + |V][;ATY = g2 (3.1

where g1,8, € CQ(RJ,,?’{). Let Y, := limsup,_ [|(u(?) + v(t))/2||ﬁ with u in [0,2]. There exists
Folay, 0, Yy, Tog) such that, if Fo < 1 holds, then there exists C > 0 depending on 6 and g., such
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that
lim sup(|[u(t) — v(O)II3 + llu,(t) = v(D)I*) < Climsup [lg; (1) — g2(2)II. (3.2)

—0o0 t—00

Moreover, if there exists 1 > 0 such that limsup,_,  ||g1(¢) — g2(0)lle” = 0O, then there exists n, > 0 such
that
lim(flu() — VO3 + () = v IP)e™" = 0. (3.3)

In particular, we can take

2T T + 1y 1 1
g = 1-0)/2 max 5, 2— . (34)
a, Vai

Proof. The idea of the proof is standard but, for our purposes, it is mandatory to fully report it since
we are interested in making the smallness conditions required from our results explicit.
Let @ > 0. We define

1 1 ad 1
Ag 1= Ellwzll2 + EIIWH% + 7||W||2 + 1—6||W||§ +a(w, w)

and let E be the quantity

1 1
E = Enw,nz + Enwn% + ZIIWIIZ‘-

Remark that, by using the Cauchy-Schwarz inequality, the Young inequality and (2.2), we get

1 + ag? ad a + a/& 1
Ay < Liw P + =wll> + —— w2 + —=Iwll < C,E
< 5 lhlP + AP + =5l + el < O,
Ao 2 2O+ TS e L s ot (3.5)
*= ) ! 2 2a, 27 g e = '

where C; and C, are positive numbers, obtainable for suitable choices of the values of @, £, and &;. In
particular, to get C, we have to require

a
1—ae§>0, al——2>0.
&

Hence, for every a such that @ < +/a; we can find &, such that (3.5) holds.
We first consider u and v as regular solutions of the problems in (3.1). We define w := v — u and
r:= g, — g1. The function w is the regular solution of the problem

Wi + 0w, + A2w + V]2ZA% — ||ul3A% = 7. (3.6)

We remark that, if € := (u + v)/2, we have
1
IVOIGA V() — () 5A u(t) = 2(&(), w)eA®E() + IIEDIFA W + ZIIWIIZAHW- (3.7)
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From the definition of A,, by using (3.6) and (3.7), since u and v are regular solutions we get

Ay + (6 = )Wl + alwll; + 2(&, w)a(A%€, w)) + IEIZ(A%w, wi)+

@ (3.8)
+2al(&, wyel* + aliéliFlwll + ZIIWHg = (r,w, +aw).

Let C, = sup, ||§(t)||i for any u € [0, 2]. For a suitable choice of @, by using Cauchy-Schwarz and
Young inequality we have that for some positive constants @ and a

(6 — @) will* + w3 + 2(&, w)e(A%, wy) + |EIZ(A W, w,) + 2a|(&, w)el*+
(04
+mm@w@+ﬂwﬁzw—mww%
a
+awM—mmwwwﬂMwm4mwwwwm+jw%z

) ’—Ceczea[9/4+C9J” ° [ 2VCyCopa;”* + C
- Wt + a_

(1-6)/2 (1-6)/2
2a; 2a;

(3.9)

0
>lo—a w3+

a —_
+ Z||w||;‘ > aE > aA,.

In particular, we choose the parameter a so that

2VCyCopa " + Cy 2VCyCopa ;" + Cy
- >0 0>a+
2017972 217012

2 \/cgczga;"l/“ +Cy 2 \/cé,czé,a;@l/4 +Cy

(1-6)/2 (1-6)/2
2a; 2a;

0—«a

10 > 0, a

Hence, since a < +/ag, if
5o 2 VCyCoa,”* + Cy
>

(1-6)/2 ’
@,
2 VCQCQQCUIHM + Cy
Vvap >
(1-6)/2
2a;

we can find values of @ such that (3.9) holds. Therefore we can find a such that (3.9) is satisfied if

2NCyCoa;"* + C 11
’ ff_;n ’ max(—, ) <1 (3.10)
o, 6" 2yan
Now, for some positive @ and C we get, from (3.8) and (3.9),
Ao + @A, < (r,w; + aw) < CliFll =: f(0). (3.11)

By defining
t
Mo (1) = Ao(1) = f f($)e™ds,
]

from (3.11) we obtain
M, (1) + aM,(t) < 0.
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Hence, from the Gronwall inequality and from the fact that for any & > 0 there exists #) > 0 such that
|f(s)| < C(e + limsup,_,, ||r(?)|]) for any s > #,, we get

!
Ag(f) < Agltp)e @) 4 f F($)e®Nds <
0 T (3.12)
_ ~ _ e — o0
< Ao(t9)e™ ™ 4 C(e + limsup ||[r(D)|)e™ ————, Vi > t,.
a

—0o0

Since we can take & arbitrarily small as #, goes to infinity, from (3.12) we infer that there exists C > 0
such that
lim sup A,(¢) < Climsup ||r(?)]|. (3.13)
[—00 [—00
Moreover, if there exists 7 > 0 such that limsup,_,, [[(?)|le™ = 0, then (3.12) yields that there exists
np > 0 such that
lim A, (t)e™" = 0. (3.14)

—o00

From (3.5), there exists a positive constant C, such that A,(¢) > C,E(t). Therefore, (3.13) and (3.14)
imply (3.2) and (3.3) respectively.
We remark that
limsup [|E@D)I[}; = L.

[—0o0

Hence, we can take C, = .. Therefore, from (3.10), we get that if

2 VT o0, " + Ly 11 )
_’ J— <
NOTE s 2 v,

then the thesis holds for regular solution « and v.

The same conclusions hold for # and v weak solutions of the problems in (3.1) by using a standard
density argument. Indeed, since H* is dense in H* and H? is dense in H, setting (1(0) = u°, u,(0) = u')
and (v(0) = v°, v,(0) = v'), there exists two sequences (1%, u!) and (2, v!) in H* x H? such that

@, uly —» @’,u') and (20— 000 in H?> x H.

Hence, from Theorem 3.1 we have the two sequences of regular solutions u, and v, with (u,(0) =
u®, u,,(0) = u') and (v,(0) =%, v,,(0) = v!) such that, for any T > 0,

(una un,t) - (l/l, ut)’ (Vn, Vn,t) - (Va Vt) uniformly in C([Oa T]a 7_{2 X 7_()

Therefore, since all the calculations hold for «, and v, (and the difference w, := u, — v,), we get the
thesis for the weak solutions u# and v passing to the limit when n — co. O

3.2. Some general stability results

In order to prove Theorem 2.3, we give a reformulation of Theorem 4.1 of [37] adapted to our
framework.
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Proposition 3.4. Let (H,(-,),| - |) be a Hilbert space and let A be a self-adjoint and strictly positive
linear operator on H with dense domain D(A). We introduce the Hilbert space V := D(A) endowed
with the norm ||-||* := (A-, A-) and we identify the unbounded operator A® with its extension in L(V,V").

The duality pairing in V' X V will be denoted in the same way as the inner product in H.
We consider B(t) € C'(R., L(V, H)) such that for any v € V

0 < limsup(B(1)v,v) < AV|*,  limsup(B'()v,v) < X|v|]*

—o0 >0

for some positive numbers A and A'.
Let u be a bounded solution of

Uy + Ou; + (A2 +B)u=¢g

where 6 > 0, g € C(R,, H) and lim,_,, |g(t)|e"" = 0 for some positive constant c.
If

— <1
1)

then there exists ¢ > 0 such that
lim(|[u()* + lu,(t)*)e" = 0,
{—o0

Proof. We proceed as in the proof of Theorem 4.1 of [37] and we define the quadratic form on V X H
given by
1 0 5 1
O = 5l + ) + S (s ) + o lul® + (B, w).

For any fixed 7, > 0 we have, if t > 1,

1 0 0 )
D, = E(B'(Z)M, u) — §|Mz|2 - E(B(t)“ + A’u, u) + (g u + Eu) <

1 5 5 ‘
<3 sup(B'(1)u, u) - Elut|2 - EIIMII2 + Ke ™",

21

for some positive constant K. Hence, for 7, large enough
) o-A e
O,(1) < =5 luOF = —— @) + Ke™
Therefore, if A’ < § we get, for some positive a,
D,(1) + ad(t) < Ke ™'

for any 7 > f, and from Gronwall lemma we get the thesis. O
We recall a further stability result due to Haraux for an ODE related to our problem.

Proposition 3.5. [Theorem 2.1 of [37]] Let 1,6 > 0, a € L*(R,) with a(t) > 0 for any t > 0. Let
x € CX(R,) be a solution of
X+0x+A+a()x=0. (3.15)
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Assume
lim sup a(f) < 6 max(d, 2 V).

t—00

There there are n; > 0 and M > 0 such that any bounded solution x of (3.15) satisfies
K(t) + () < M[XP(s) + 22(s)]e ™Y
forany s <t.
With minimal effort, the same statement can be proven for x solving

X+0x+A+al)x=g.
where g € C(R,) satisfies lim,_,, g(#)e™ = 0 for some 1 > 0.

3.3. Linear analysis

Some preliminary results on the behavior of a damped and forced harmonic oscillator are useful in
order to simplify the following study. In particular, we study the equation

§+0y+ Ay =", (3.16)

where we require ¥ to be antiperiodic. We recall that a function f : R — R is said to be antiperiodic
of antiperiod 7 (i.e. T—antiperiodic) if

ft+7)=—f@t), VteR.

Proposition 3.6. Let us consider ¥ € leoc(R+) antiperiodic of anti-period |/w. We suppose that 1 > 0
and 6 > 0. Then there exists an antiperiodic solution 7 of anti-period n/w of (3.16) and we have that
for some n > 0, for any y(t) solution of (3.16),

Hm((y(1) = ()] + [5(0) = ZODe” = 0.

Proof. Let us consider A, c L*([0,7/w]) the space of the locally square-integrable antiperiodic
functions with anti-period 7/w, endowed with the standard L? norm on the interval [0, 7/w]. The
family {e, = Vw/me® D!} . is an orthonormal basis of this space. Hence, we write

w .
Y(1) = had . (2n+l)twt.
()= = D e

nez

Setting

w /A Qn+ Diwt
1) ;= — s
A= 7 ZZ: —PCn 12 + A+ dwn+ D)

it is immediate to verify that z(¢) is an antiperiodic solution of (3.16). The thesis now follows from
the standard theory of ODEs. Indeed, any solution of (3.16) is given by the sum of z(#) with a general
solution y, of the associated homogeneous equation

Vg + 0y, + Ay, =0,

Mathematics in Engineering Volume 4, Issue 4, 1-36.



15

which is given by
Yoty = e £ (),
with
Ssin(%mw), i 41>
£(t) = S% VA= 52 cos(p) + S sin(g), if 41 =62,
Ssinh(%\/ﬂﬂp), i 40 <o,

where the arbitrary constants S and ¢ are dependent from the initial conditions. We notice that

max(|f(@)l, |f' (D)) < Ce,

for some constants C > 0 and 0 < u < 6/2. Therefore, since y(r) = z(f) +y,(1), we get that for a suitable
choice of n > 0

)e(n—é/zn <

, 0
JEOREN(0

lim (i) - 201+ 150) - 2Oe” = lim (1£(0)] +

< MC lim etH9/2t = ()
2 b

- t—00

which is the thesis. O

Proposition 3.7. Let us consider ¥ € LZZOC(R+) antiperiodic of anti-period n/w and let y(t) satisfy
(3.16). We suppose 1,6 > 0 and 2 VA # 6. We introduce the quantities

2 52 52
i ::”—(/1——15 <,

tan(ﬂ) ta(i)

2 2
2 ._
Q2= -

W |

where, for any w € C, \w is the complex number z such that
Z=wandze{l: RE) >0 U{C: RE) =0and I() > 0).
Then the following estimate holds

lim sup y(2) < QullIYll . ((0.1/w))- (3.17)

t—00

Moreover, if ¥ € C*(R,), then
lim sup y(t) < Q¥ 10.1/))-

t—00
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Proof. From Proposition 3.6, Eq (3.16) admits an antiperiodic solution z(#) and any solution of y(f)
of (3.16) converges exponentially to z(¢), which yields that limsup,_,, y(t) = limsup,_, z(¢). Hence,
since from the antiperiodicity of z(#) we have that limsup,_, z(#) = ||zl in order to get the result it
suffices to estimate the L*—norm of z(¢). In the notation of Proposition 3.6, we have that

w Y Qn+1)iwt
1) ;= — s
A= 47 ZGZ: —Pn+ 1P+ A+ idwn+ 1)

Then, if ¢, = \/(—w2(2n + 1)2 + 2)? + 62w?*(2n + 1)?, from Cauchy-Schwarz inequality we obtain

w [ w 1
2(t)| < \/;ZEZ: < \/; élwnﬁ/z; s (3.18)

Moreover, if ¥ € C*(R,), we have

k(o) < [ 2 |(2n+ et [ \/Z @n+ D /22—. (3.19)
n>0

nez nez

First, we remark that from Parseval’s theorem

‘/Zhﬁnp ¥l 202 /01) < \/ ”‘P”LD"([On/wl)’
nez
(3.20)

D1+ D = 1¥llqoron < | =Ml oo

nez

Then, to conclude the proof, we compute a closed form for the serie

1 1
nz(; c_% - HZ(; W*Qn+ D) = (21-2)2n + 1)2w? + A2 (3.21)
We observe that (3.21) becomes
1 1
- 3.22
,,Z;‘ c2 Z 4w - wl)a)“ Qn+ P2 —w!  Qn+ 1Pn —w, (3-22)

We now recall that the Mittag-Leffler expansion for the cotangent function gives

(o)

t( ) 1 +Z 2W
cot(w) = — _
wo w? — m2n?

Some straightforward computations give

1 w 1 w = 2w
—tan(=) = = cot(= | — cot(w) = .
2 an(z) 7 (2) cot(w) ;(2n+1)2n2—w2

Mathematics in Engineering Volume 4, Issue 4, 1-36.



17

Thus, we can infer that
Z 1 _ tan (‘/TWT)
L4 (2n + 1)1 — wy 4w,

Hence, from (3.22) we can conclude that

tan( WI) tan(W)

1 7'{'4 2 2
Y s E - : (3.23)
~c dw*(wy —w)) */W/l W,
By using (3.20) and (3.23) in (3.18) and (3.19), we obtain the thesis. O

In [36, Theorem 2.1], a result similar to Proposition 3.7 is proven. In particular, the maximum
value of limsup,_, y(#) as the forcing term ¥ varies in the unitary ball of L*(R) is determined. On
the other hand, for any fixed antiperiodic forcing term ¥ in C*(R), in Proposition 3.7 we estimated
lim sup,_, ., ¥(t) and lim sup,_,, y(¢). As Figure 1 shows, Proposition 3.7 almost always gives a better
estimate on lim sup,_, , y(?).

051

Estimate (3.17) 035 Estimate (3.17)
Estimate from [36] Estimate from [36]
—— Numerical estimate

0.45

0.4 r

——— Numerical estimate

0.35

03 F
0.25
0.2 ‘;‘ “
0.15

0.1

0.05 -

1 1 1 1 1 | I 1 1 1 1 1 | N
20 40 60 80 100 120 140 2 4 6 8 10 12 14

Figure 1. Comparison between the estimates on the ||||,—norm of y solution of (3.16) given
by [36] (blue) and by (3.17) (black) with 6 = 1 and w = 3 as A vary from 1 to 150 (left) and
with 6 = 1 and A = 5 as w vary from 1 to 15 (right). In red, we represented the ||-||.,—norm of
the antiperiodic solution of (3.16) with ¥(¢) = signum(sin(wt)).

3.4. Structure of the paper

The remainder of the paper is organized as follows. First, in Section 4 we apply the results of
Subsection 3.2 in order to prove Theorem 2.3. In particular, we apply Proposition 3.4 to prove that for
N large enough, if g is exponentially N—dimensional, then there exists N > N such that any solution
u of (2.5) is exponentially N—dimensional (see Lemma 4.1). After that, fixed n > N, we study the
asymptotic amplitude of u,(t) = (u(?), e,) for any u solution of (2.5) and in Lemma 4.2 we determine
whether u,(f) decays exponentially as ¢ goes to infinity. In subsection 4.2 we exploit Lemma 4.1 and
Lemma 4.2 in order to get Theorem 2.3. We remark that, even though the thesis of Theorem 2.3 follows
from Lemma 4.1, Lemma 4.2 is necessary in order to improve the result of Lemma 4.1. More precisely,
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Lemma 4.2 provides an improvement of the smallest number M > N obtained in Lemma 4.1 such that
if g is exponentially N—dimensional then any solution u is exponentially M —dimensional.

Next, by exploiting the continuous dependence of the solution from the forcing term, that is,
Proposition 3.3, and Theorem 2.3, in Section 5 we give the proof of Theorem 2.4.

In Section 5, by proceeding as in a result of Bonheure, Gazzola and Moreira dos Santos [8, Theorem
6], we show that (2.8) admits an antiperiodic solution p. In Lemma 6.2 we use Proposition 3.7 to
estimate, for any n € N, the asymptotic amplitude of p,(t) := (p(¢), e,). Such result yields an estimate
on the H*—norms of p (see Lemma 6.3) which we numerically verified to be better than the a-priori
estimates obtained in [8] (see Figure 2). From Proposition 3.3, we have that under suitable smallness
conditions on lim sup,_, ., ||g(?)|], any solution u of (2.8) converges to p in the phase space norm. Hence,
from Lemma 6.2 and Lemma 6.3, in Lemma 6.4 we get an estimate on the asymptotic amplitude of
u,(t) = (u(t),e,) and on the H*—norms of u for any u solution of (2.8). Finally, in Lemma 6.5, we
exploit the previous results of Section 6 in order to get a results for finite-dimensional systems of
ODEs and in Subsection 2.5 we apply Lemma 6.5 and Lemma 6.4 to get Theorem 2.5.

Joo
Figure 2. Comparison between the general estimate on lim sup,_, ., ||[u(?)||, (blue) and the one
obtained by using the antiperiodicity of the forcing term (red).

4. Proof of Theorem 2.3

4.1. Stability of the higher modes

We now apply the results of the previous section to our framework in order to prepare the proof of
Theorem 2.3.

Lemma 4.1. Let u be a weak solution of (2.5). Let g be exponentially N—dimensional. If there exists
N > N such that

: 1 2 2 @-0)/2
lim sup (Wllu(t)ll2 + |l N7 | < 260, |

t—00

then there exists 7 > 0 such that

lim sup(|Qzu(t)|l + 1 Qxu,(t)]|*)e™ = 0.

t—00
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Proof. Fix N > N and, for any s € [0,2], let T, := lim Sup,_, o ||u(t)||f. We introduce the operator-
valued function B(t) := ||u(t)||§A9. By using (2.3), we get that w = Qzu solves

Wi + oW, + (A% + BO)w = Qxg. 4.1)

By using (2.4) we remark that for any v € H? such that Qzv = v

: . T

0 < lim sup(B(1)v, v) = lim sup [l()I5IVI; < —5=575 1M,
—00 —00 N+l

lim sup(B'(£)v, v) = lim sup(u, (1), A%u(t))|v||? < 42)

t—o00 1—00

1 ) 1
< mhm sup (Fllu(l‘)lli + eI V13-
a/N+1 I 1
We introduce
@(t) = E(llut(t)” + |Au()|”) + E(u(t), u (1)) + leu(t)ll :

By applying Proposition 3.4 to (4.1), from (4.2) we get that if

—o0

. 1 _
tim sup | 5 () + ||ut(r)||2) <2602,
1

then ¢(#) — 0 exponentially as 7 goes to infinity. This yields that there exists 77 > 0 such that

lim(JAw()|I* + [w,(DI)e™ = 0.
>0

Therefore, since ||[Aw]|]*> = ||w||§, we get the thesis. O

We now apply Proposition 3.5 to the projection of (2.5) on the n—th mode. The following lemma
holds.

Lemma 4.2. Let g be exponentially N—dimensional. For any weak solution u of (2.5), if

In>N+1 suchthat limsup|u(®)|} < 6 max(2°6'~, 22"/, (4.3)

t—00

then for any M > n there exists fj > 0 such that foranyn < N < M
lim(|(u(®), e + 1u (1), ex)P)e™ = 0.

Proof. Fixed n > N + 1, we consider the projection of u on the n—th mode, i.e., u, := (u,e,). The

function u,, satisfies

fiy + ity + (v + D)l Yty = (g, €,).

Since n > N + 1, for some 1 > 0, lim,,.(g(?), e,)e” = 0. Let us suppose that limsup,_,, ||u(t)||§ <
smax(26'~?, 2o "%, Since

_ _ 0 _
max(276'7, 2&,(11 912y < max (—9/2, 2a£,l 9)/2) ,
a}’l
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we have that
o’ lim sup [lu(?)|; < 6 max(s, 2 Va,),

t—oo

which yields that, from Proposition 3.5,
lim (|, (D + lit, (D)™ = 0.
[—0o0
(1-6)/2

Since (a;); is strictly increasing, max(295'%, 2a), ) 1s an increasing sequence. Hence, if (4.3)

holds, then for any N > n
(1-6)/ 2)

lim sup [lu(D)[l; < 6 max(2’6'~, 2a;

t—00

that implies that for any M > n there exists 7j > 0 such that forany n < N < M
Hm(lug()F + lig())e™ = 0,
t—00
that is the thesis. |

4.2. Completion of the proof of Theorem 2.3

Let g be exponentially N—dimensional and let u be a weak solution of (2.5). We recall that, from
Proposition 3.2, we have

AE., + 202D
lim sup [[u(1)|2 < il —: Dy,

(-0 \/a%-e +2QE., + a2Dy) + o'

lim sup [[u(t)|5 < 2E« + a*®y =: Oy; (4.4)

—00

lim sup llu (D> < min
>0

t—00

A 1
(2Eoo + max ((/l +Da? —ays - —sz)) =:0,.
5€[0,d0] 2

We introduce the quantity N defined as the smallest integer number greater than N such that

1 -
F(Dz +®, < 25(I§§+f)/2. (45)
1

From (4.4), (4.5) implies

: 1 _
lim Sup(Fllu(t)H% + [l D)) < 2625 7",
1

>0

Hence, from Lemma 4.1, if (4.5) holds then there exists 77; > 0 such that
}LIg(IIQW(ﬂII% + 1Qxu,(1)|P)e™ = 0.
We introduce the set

B := {I’l eN:ne [N, N] and (I)H < 61’1’13.)((2661_6, 2(1’(1_0)/2)}

n+l1
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and we define

N oo minB ifB+#@
|+ ifB=o.

From Proposition 3.2 we have that lim sup,_, , ||u(t)||§ < @,. Hence, from Lemma 4.2, if N # +oo, there
exists 17, > 0 such that

m(|(u(@), e + [@(0), en))e™ = 0
for any n € [N, N] NN, which yields
im([Qy Pru()l; + 11Qn Prit ()]*)e™.
Hence, if we set P, := 1, O, :=0and M := min{ﬂ,N}, for some 77 > 0
Em(Quu(®)Il3 + 1Quit(DI)e™ = Him(IQu Pru(dll; + 1 Qn Pruy (DI )™+
+ im(IQsuI + 1 Q5 (IP)e™ = 0.
This concludes the proof of Theorem 2.3.

5. Proof of Theorem 2.4

Let us suppose that

2 V@D + @y
(1-6)/2
2a;

I 1
max (5 \/_0_1) <1, (5.1
where @y and @, are defined in Proposition 3.2. Since ®y and ®, depend on g., and 9, we get that, for
any fixed o, (5.1) translates into Fy(ay,0, g») < 1 for some Fy. Therefore, for any fixed 6 > 0, there
exists g > 0 such that if g, < g, then (5.1) holds. We remark that, since the term g models the
action of the wind along the deck of the bridge, we physically interpret (5.1) as a requirement on the
load exerted on the structure by the wind. In particular, since g, in engineering applications (see [23])
is proportional to the speed of the wind v, the relation (5.1) is equivalent to require that v < v for some
v>0.

Let u be a weak solution of (2.5) and for any J = {jj,..., j.} let v/ be a weak solution of the
problem

vl ov) + AN+ VAN = Pg.

We introduce the quantities Y, = limsup,_, , [|(u(?) + v (1)) ZIIi, where u € [0, 2]. From Proposition 3.3
with g = P;gand g, = g = P,g + Q,g, there exists a function Fy = Fy(a;, 9, Ty, T2g), given by (3.4),
such that if ¥, < 1 then there exists a constant C > 0 such that
) 2 2 .
lim sup(|lu(r) — v/ @Il + llu, (1) = v/ DI]) < Climsup [|Q,8()I]. (5.2)

1—00 t—00

Since g = gf(¢), for a suitable choice of J, we have that Climsup,_, [|Q;g(?)|| < €. Hence we can
conclude that, for a suitable choice of the family J, (5.2) gives

lim sup(|[u(t) — ' OI[; + lus(e) = v/ D)) < &. (5.3)

t—00
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From Proposition 3.2 and (2.2), we have that 'y < @y and Ty < 0/{‘161)2. Hence, ¥y < 1 is implied by
(5.1). Therefore, fixed 0, if g, < g for some positive constant g.,, where g., does not depend by J,
then (5.3) holds. This proves the first part of Theorem 2.4.

Let now g be exponentially N-dimensional and let M > N be obtained from Theorem 2.3, i.e., let
M > N be such that for some > 0

tli_g(llQMu(t)II% +|Quu(DIP)e™ = 0. (5.4)
Let u and v be, respectively, weak solutions of (2.5) and

Vi + OV, + A%+ ||v||§A9v = Pyg.

We remark that u is solution of the following problem
Uy + O, + Au + |[ul;A% = g = Pyg + Oug.
Since we supposed g to be exponentially N-dimensional and M > N, there exists 7 > 0 such that
1im [IPyg(t) + Qug(®) — Pug®lle” = lim |Qug®le” = 0.

Therefore, from Proposition 3.3 with g, = Pyg and g, = ¢ = Py g + Oug we have that, fixed 9, if g
is sufficiently small, then there exists n; > 0 such that

lim(fju(?) - VO + llue(2) = (@)™ = 0.
Since v = Pyv, from (5.4) we get that for some 77 > 0
Em(IPyu(t) = vl + 1Pyt (1) = vi(D)]P)e™ = 0.
This concludes the proof of Theorem 2.4.

6. Proof of Theorem 2.5

6.1. Some preliminary results

In Theorem 2.5, we restrict ourselves to the case when the forcing term is antiperiodic in time due to
the engineering interest of this case (see Section 7). Moreover, for the sake of simplicity, we consider
the case 6 = 0. The antiperiodicity of the forcing term allows us to provide some more information
about the solution of (2.8). In particular, proceeding as in Theorem 6 of [8], where the result was
proven in the periodic framework, by using Proposition 3.6, we obtain the following statement:

Proposition 6.1. If g(¢) is a continuous antiperiodic function of anti-period T, then there exists a
solution of (2.5) antiperiodic of anti-period T.

Proof. The proof proceeds as in [8, Theorem 6]. First, we fix n > 1 and we prove the existence of a
T—antiperiodic solution for the problem

Uy + Ou, + A%u + |Jull*u = P,g. 6.1)
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Hence, we seek a T—antiperiodic solution " in the form
n
W', 1) = ) hi(De().
k=1

We consider the spaces C2(R) and C%(R) of C? and C* r—antiperiodic functions and in the same
notations of [8, Theorem 6] we have that (6.1) is equivalent to

L,(h(1)) + VG,(h(1) = g(1),
where h := (h},...,h}), g :=(g1,--.,8n), L, 1s a diagonal operator such that
Lﬁ(h) = }.lk + (5hk + aihy

and
1 n
G(h) = 3 ) I},
k=1

We observe that for any g € (C2(R))" from Proposition 3.6 there exists a unique & € (C2(R))" such that
L,(h) = ¢g. Thanks to the compact embedding (CE(R))" C (CS(R))”, we have that the nonlinear map
[, : (COR))" X [0,1] = (C2(R))" defined by

T,(h,v) = L,' (g = vWG,(h)), Y(h,v) € (CAR))"x[0,1]

is compact. Moreover, from Proposition 3.2 we have that there exists H, > 0 (independent of v) such
that if k € (CY(R))" solves h = T,(h, v), then

”h”(C(T)(R))” S Hn

Hence, since the equation k = I',,(k, 0) from Proposition 3.6 admits a unique T—antiperiodic solution,
the Leray-Schauder principle ensures the existence of a solution h € (CY(R))" of h = T,(h,1).
This proves the existence of a T—antiperiodic solution of (6.1). The proof the result follows from
the existence of a T—antiperiodic solution of (6.1) exactly as in [8, Theorem 6] by showing that the
sequence (¢") converges to a T—antiperiodic solution u of (2.8). O

In this section we use the quantities

R 5 52
WiE | M T EON T W)
) tan(—zwj) tan(_V;f ) (62)
2 7r
Q. «o—

~

204 (w}“ - wj‘.) /w; /wj_

obtained by replacing A by «; in Proposition 3.7.

We now apply Proposition 3.7 in order to get an estimate on the j—th mode of the antiperiodic
solution p of (2.8), which we proved to exist in Proposition 6.1. In the following, whenever a real-
valued function f(¢) will be antiperiodic, we will write interchangeably lim sup,_,, f(¢) and || f||-
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Lemma 6.2. Let p be an antiperiodic solution of (2.8). If

max ; lim sup ||p(t)||2 <1 (6.3)
J

—o0

where Q; is defined in (6.2), then, if we set 'y := limsup,_,, || p(t)||2 and (', := limsup,_, . || p,(t)||2,

& < Tim sup|p ()| < & :
(1 + YoQ)) V(@) — w?)? + 8%? 100 (1 -"oQ)) V(@; — w?)? + 8?
(w(1 = To€)) =2V T, Q))g; : . (w(1 = YoL2)) + 2 VYT, Q))g;
< limsup|p;(?)| < )
(1= (ToQ)?) y(a; — w?)? + 2w? =00 (1 - YoQ))? \(a; — w?)? + 6w?
where p; := (p,e;) and g; := limsup,_,.(g(t), e;) = (g, e}).
Proof. We study the j—th component of the problem (2.8), namely
pi+0op;j+a;p;+plPp; = g;sin(w?). (6.4)
We consider the antiperiodic solution v of the problem
V+0v+a;v = g;sin(wr). (6.5

It is possible to verify that the general solution of (6.5) is given by

v(t) = 81 sin{wr + arctan ——— | + ¢/ sin (— \Jda; -6+ ¢),
\/(a/j—a)z)2+52a)2 (,l)z—a’j 2

where the constants S and ¢ are determined by the initial data of (6.5). Hence, it follows that, for any
choice of the initial data of (6.5),

8 W§

hrfliuP v = N T T hrfliuP v = V@ =0+ 8a? (00)
If we subtract (6.5) from (6.4), if w := p; — v we get
W+ow+aw= —||p||2pj.
Hence, from Proposition 3.7 we get, if p(jo) := limsup,_, pj(?), p?) := limsup,_,, pj(?), Yo =
limsup, ., llp@I[* and Y, := limsup, ., [|p(D)II,
lim sup pw(©)] < ToQ Y
1iftri§oup W@l < QiI2(p(@), p)pi(0) + 1PN Ol o0 /) < (6.7)

< 2410 Qp% + 1000,
Since p and v are both antiperiodic, w is antiperiodic and (6.7) gives

©
j K

IVl = 1P511] < Wl < ToQp
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9l = 17,11] < Wl < 20T, Q01 + LoQp!.

We get then
lim sup v(z) — T Q jp(O) (0) < lim sup v(¢) + Y, Q jp(o)
—o0 t—00
lim sup ¥(r) — 2 o1, Q207 — Lo < p! < limsup (1) + Yo' + 2T L, Q0.
—00 1—o00

Hence, from (6.6) we get, since hypothesis (6.3) holds,

8j <0 < 8j
(1 +70Q)) \/(a/j — w?)? + §2w? ! (1-"Y"eQ; )\/(cx —w?)? + 522
which yields
(w(1 = ToQ)) = 2VTT,Q))g; < < (w(1 = ToQ)) + 2 VYT, Q))g;
(1 - (o)) (@, — w2+ 2w 1 (1 =TeQ)*(a; — w?)? + 2?
that is the thesis. O

We now apply the results of Lemma 6.2 in order to get an estimate on the /{—norm and {*>~norm
of an antiperiodic solution p of (2.8).

Lemma 6.3. Let p be an antiperiodic solution of (2.8). Let us suppose that

max Q;dy < 1,
J

where @ is defined in Proposition 3.2. Then the following estimates hold:

2

g.
1 t i _ ’ 6.8
1Itll‘s>oup||p( )|| = Z (1— qDOQ )2 ((Yj _ w2)2 + 520)2) @ <00 (6.8)
imsup ) < 30 LT 2 H VRV (6.9)

=Yy oo, :
im sup llp (DIl < (1= RQy) (@) - w?)? + &?) i
a/jgj

1 t _ ) 6.10
u}lil,lp”p( )||2 < Z (1 — ®0Q)*((a; — w?)? + 6%w?) Py < ( )

Proof. We prove (6.10) only, since the proofs of (6.8) and (6.9) are completely analogous. From
Lemma 6.2, by using that from Proposition 3.2 Y := lim sup,_,, || p(z‘)ll2 < @y,

00 2

Cng-

11msup||p(t)||2 < Z%HP]H Z a :
Jj=1

t—00 = - CDOQj)Z((aj - w2)2 + 52&)2) '

We recall that the sequence (a); is divergent. Therefore, for jlarge enough, w; = w_; and |w;f—wj‘. =

21°6 \Ja; — 6% /4 w? > n*6 \fa;/w*. Hence

2

<
50)2 \/_ W SW @ [l

J J

((5)

[ <
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We remark that

: sin®(2a) + sinh’(2b)
tan(a + )| < \/(Cos(2a) T cosh(2b))’

Moreover, from the definition of w;f (see (6.2)), we have that S(W;T) — +o00. Hence, we conclude that
lim;_,, | tan( /wj* /2)| = 1 and consequently

limQ; = 0.
t—00
Then, since lim;_,, @; = +o0 and max; Q;®, < 1, we have that, for some positive constant C, for any
jeN
¢ <C
(1 - q)ij)z((aj - (L)2)2 + 52(02)

Therefore, by using that
> g =l < oo,
=1

we get that
i ;8]
= (1 - DeQ)*((@j — w?)?* + 6*w?)

< ). Cg} = Clall* < o,
=1
that is the thesis. O

We observe that, from Proposition 3.3, any solution u of (2.8) exponentially converges to p under
suitable smallness conditions on ||g|]|. Hence, Lemma 6.2 and Lemma 6.3 hold for any weak solution u
of (2.8). More precisely, the following lemma holds.

Lemma 6.4. Let u be a weak solution of (2.8). If
max Q0 < 1, F () < 1,
J
where F(£) = 3¢ max(1/6,1/(2 vay))/ vai and & := (V@ + @) /2)2, then

lim supllu(t)ll2 <, lim supllu(t)ll% <, lim supllu,(t)ll2 < @,

—00 t—00 1—00

and

= < lim supl(u(), ¢;)| < 8 ,
(1 +¢Q) (@, — P + 82 o0 (1 - Q) (@) — ) + 52
w(l - 9Q)) - 2 VEEQ)g; w(l - 9Q)) + 2 VEEQ)g;
] = ¢82) P8, < lim sup|(u,(2), e;)| < (W(1 = 0Q)) +2+/pp,Q))g; ’
(1 - ()% V(@ — W?)? + 6w? =300 (1 — Q2 \[(@; — P + 0%a?

where @, ¢, and ¢, are defined in (6.8), (6.9) and (6.10) respectively.
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Proof. Let p be an antiperiodic solution of (2.8). We define w = p — u. The function w solves
Wa + 6w + A%w + |IpIFp — llulPu = 0.
We proceed as in Proposition 3.3 and we get that if

F(limsup €(0)]*) < 1

—o0

where & = (u + p)/2, then

lim(flu() — pOI; + llut) = p@)I?) = 0. (6.11)
Since
li Nl + 1 t Dy +
Jim sup [IE0)]| < imsup, ., [lu(®)|l + limsup,_,, [|p()ll < V@ \/s_o’
t—00 2 2
from the monotonicity of F we get that F(é,) < 1 implies (6.11). Hence, the thesis follows from
Lemma 6.2 and Lemma 6.3. |

6.2. The role of a single mode in the dynamics

Let us consider the finite-dimensional problem
X+ 0k + Ax +12lPx = g(0) (6.12)

where x(f) = (x1(?),...,x,(t)) € R", g(t) = (g1(),...,g.(0), A = diag(aj);?zl and ||| is the Euclidean
norm in R”. This problem is a finite-dimensional approximation of (2.8).

Here, we estimate how much the evolution of the system changes as we eliminate a single mode
from the dynamics. For the sake of simplicity, in the following we consider the case when the higher
mode is the one we choose to neglect. We observe that

Pn—lz + 6{ + An—IPn—l)_C + ”Pn—l£”2Pn—1£ + xipn—lz = Pn—lg(l) (613)

where P,_i(ay,...,a,) = (ai,...,a,-1), Ay_1 = diag(aj);f;ll. We consider now the function X(t)’
solution of

3+ 69+ Aty + 10, OIPy = Pooig(0) (6.14)

At this point, the question is reduced to estimate the (asymptotic) distance between the solution x of
(6.12) and the solution y of (6.14). To this end, with a slight abuse of notations, we introduce the

R"—norms |||, and |||, defined by [[xll, = |x|| + --- + |x,| and [|x]|, = \/a/llxll2 + ot alx,r. We
remark that the result is completely independent of the choice of the mode neglected. The following
lemma holds.

Lemma 6.5. Let x and y be solutions of Egs (6.12) and (6.14) respectively. Let g = gsin(wt)
with g € R" and we suppose that F(§x) < 1, where & is defined in Lemma 6.4 and F(&) =
3¢ max(1/6, 1/(2 vJa1))/ \Ja\. Moreover, we suppose that

max Q0 < 1, max Qo < 1.
J J
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Then there exists a function S of the parameters of the problem such that if S < 1 then we have that

lim sup 1P, x(1) = YOIl < COOx2,

>0

lim sup [|P,14() = YOIl < C10xx W2 + Cal X Wk

[—0o0

where /K = (Xla .. Xn): /\// = lim Sup[ﬁoo max(lxj(t)la |yj(t)|)’ /KV = (Xl,va .. ~Xn,v) and Xj,v
lim sup,_,, max(|x;(2)l, [y;(1)]).

Proof. First, we remark that as in Lemma 6.4, since F(£,) < 1, we have that there exist two
antiperiodic functions p; € C*(R,,R") and p, € C*(R,,R""!) such that

lim lx(#) - PiOIE + 1150 = pi @I = 0,
lim ly(#) - PO+ 13(0) = pa(]* = 0.

Therefore, since we are interested in the asymptotic behavior of our system, we can restrict ourselves
to the case when x and y are both antiperiodic without loss of generality.
Let us consider the difference between Eqgs (6.13) and (6.14). If we set w := P,_jxand z := w — y,
we get -
I+0z+AN,iz=Y¥

where ¥ = —x2w — (wl* = IylIPy - ||v_v||2g and for the sake of simplicity, abusing the notations, we
wrote ||w|| and |[y|| instead of ||(_m, 0)|| and |y, 0)|| respectively.

We focus on one component, say Jj, in order to treat only scalar quantities. Hence, we consider the
equation

Zj+6Zj+C¥ij:\I]j (615)

where ¥; = —x2x; — (Il = IY1P)y; — wlPz; = —x2x; = (w = y.w + y)y; — Iwlz,. The fact that x and y
are antiperiodic implies that ¥ is antiperiodic too. Hence, we can apply Proposition 3.7 to (6.15) and,
if we introduce the quantities

¢ = maxo max(XOIE YOI, ¢y = max o max(IEOIP. [FOIP).
xj = max(l . 1), X = max(lill, 90l forj=1.....n,

then, set Z := max ||z(?)||, we have

lIzill, < QY. < Qi0x; +2 vy, Z + ¢lizjll,).

Therefore, set Z; := ||zjl| , and C; := Q;¢p, by requiring that C; < 1 forany j = 1,...n we get

Cuxi (X2 +2V9oZ
7, < SX (Yot 2VRZ) (6.16)
1-C; ¢
We define the quantity
S = S 26,
’ (I -Cye
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and we suppose S < 1.
We remark that for any x € R”, ||x]| < [|x]l, := |x;[+...|x,| and, for any bounded function f : R — R”,

sup, ||]_C(t)||1 < fille + -+ + lIfullo- Hence we have that Z < Z?;f Z;. Therefore, by summing (6.16)
over j and solving in Z we get

Zsmz@-

Next, we remark that for any bounded function J_‘ : R = R” we have that sup, || ]_‘ (t)||2 < Aaillfille +
<+ a,llfull. Hence Z, 1= max;s ||§(t)||2 < ;’;11 \/@;Z; and from (6.16) and (6.17) it follows that

(6.17)

n—1 n—1 2 n—1
Cixiva; (xn+2+pZ 1 Cixja;

< N Z; < . < 2, 6.18

% ; e ; 1-C; ( ¢ ) p(1-8) 4 1-C; o (19

In particular, from (6.17) and (6.18) we conclude that there exist two positive constants b and ¢ such
that

Z<by,, Zr<cx,. (6.19)
Moreover, from (6.19) and (6.16), there exist constants a; such that
Z;<ay: foranyj=1,...,n—1. (6.20)

We now define Zj.l) = |Iz;ll,, and ZV := max, [12(2)ll. By applying Proposition 3.7 to (6.15) we get

Z'" = limsup |2;()] < Q; lim sup [¥;(1)]. 6.21)

1—00 f—o0
Since [wl* = IIP = (w + y,w = y) = (w + y, 2), we have

: . 7. . .
V) = - 2x,0,x; — x,%; — (W + 3, 2)y;+

(6.22)
— W+, 2y = (W +y, 2 = 2w, w)z; = w2,

Therefore from (6.22) and (6.21) we get

Z§.1) < QXXX XX v + 2 Noux i Z + 2oy, ZV + 2 \ox v Z + 2 oo Z; + (pZﬁ.l)).

Hence, by using (6.19) and (6.20), if L; := x ;v + 2 \/oupa; + 2(\fex jv + fpux ;)b and C; is defined as
before, then
Z(.l) < Cj 2Xan,v)(j + Lﬂ(ﬁ +2 \/()B/\/jz(l) |

By reasoning as before we conclude that, if S < 1, then

1 S
Z(l) <—= (_Xn)(n,v + LX%)
I -8\ oy

where L is a suitable constant.
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We are now able to estimate the asymptotic distance between x and y, since

lim sup ||M,,x(¢) — y(t)II < C)(n,

>0

L (6.23)
hm su ”l_lnx(t) - (t)” = nAn,v T o An
st Pl Y S) \/—X X —X
We remark that, since we can estimate ¢ and ¢, in function of y and X, S and L are dependent by
X1»---xnand x,1, ... xv, only. Therefore, from (6.23) we get the thesis. O

6.3. Completion of the proof of Theorem 2.5
Since g = Py, from Lemma 6.4 we get that, if F(£,) < 1,

lim |(u(?),e;)| =0, lim|(u,(2),e;))| =0 for j > M.
t—o0 t—00

Therefore, we can rewrite (2.8) and (2.9) as finite-dimensional dynamical systems of the form (6.12)
and (6.14) respectively.
We introduce the quantities

X = limsup|(u(?),e))l, xj»:=limsup|(u,r),e;)| forj< M.

[—o0 >0

From Lemma 6.5, we have that if Q;®y < 1, C; = Q¢ < 1 for any j < M and

where @, and ¢ are defined in Proposition 3.2 and in Lemma 6.3, then

M Cixira;
lim sup [|[Mu(t) — v(©)ll, < o(1 = S) { _jc_ ]X%’
t—00 : J (6.24)
L
li Mt (t ! v 2
lrtrlil)lpll kit (1) = v (D] < = S)\/—Xk)(k 1= sk

where L is obtained in the proof of Lemma 6.5. Fixed ¢, we recall that § and L are constants depending
on xi,...xnand x,1, ... Yy, Hence, since from Lemma 6.4 we have that

8i Yo < (w1 - Q) + 20, Q)8
(1 - ¢Q) (@, = 7+ 5? T - eyl = 0 e

Xj=

from (6.24) we obtain that

4

lim sup(||Mu(t) — v(t)||2 + ||Mu(t) — V(t)||2) < st
st PUIT Tk 2 k T (g — w?)? + 52w2)2’

where C is a constant depending on A2, g and w, that is the thesis.
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7. The intermediate piers model

In this section we show how the analysis performed in this paper can be useful in order to get some
more information about the stability of real world structures such as suspension bridges.

While in the first part of the paper (Theorem 2.3 and Theorem 2.4) we study the general case given
by (2.5), in the second part (Theorem 2.5) we focus in particular on the case when 6§ = 0 and

g = gsin(wt).

In particular, taking H = L*(I) with [ = [-x, 7], A = =0, and D(A) = {v € H* ()N Hy(I) : v(-71) =
V(1) = v(—anr) = v(brr) = 0} for a, b € (0, 1), the results of Section 6 apply to the system

Uy + Oy + Uyyer + ”””22(1)” = g(x) sin(wt) Ye>0,Vxel
u(0) = up € HX(I) N Hé(l), u,(0) = uy € L*(I) (7.1)

u(—m,t) = u(—nb,t) = u(ra,t) = u(r,t) =0, Vr=>0.

This choice of the forcing term comes from the fact that, in engineering literature (see [35]), the load
due to the vortex shedding of the wind along the structure of the bridge is usually modeled in this
way with g(x) = g € R. The coeflicient g., depends on the wind speed and on the geometry of the
structure and w is the frequency at which vortex shedding occurs. More precisely, we have that in
engineering applications g(x, f) = W?sin(wt), where W is the scalar velocity of the wind blowing on
the deck of the bridge and w can be expressed in terms of the structural constants of the bridge and the
aerodynamic parameters of the air. We refer to the European Eurocode [23] (see also [8]) for a more
detailed discussion.

The peculiar expression of the forcing term allows us to improve the estimate on the asymptotic
H*—norm of the solution of (7.1) that one is able to obtain with no other information on g than
the value of limsup,_, |lg(?)||. A comparison between the general estimate on limsup,_,, |lu|l, (see
Proposition 3.2) obtained by using the methods of [8, Lemma 22] and the one obtained by using the
antiperiodicity of the forcing term (see Lemma 6.4) is given in Figure 2. The data considered are
a=>b=14/25,6 = 1.5, and w = 20. The maximum value of g, considered represents the largest
value of g, such that Lemma 6.4 can be applied.

The improvement in the estimates on the asymptotic /{?—norm is obtained by using also ultimate
bounds of the asymptotic amplitude of each mode. We represent in Figure 3 a comparison between
these estimates, obtained in Lemma 6.4, and a numerical estimate on the asymptotic amplitude of each
of the first 20 modes. Fixed 6 = 1.5 and g., = 1.5, we considered the cases when w = 5 (left) and
w = 10 (right). We considered different positions of the piers, namely we chose a = b = 14/25 (up)
and (a,b) = (0.51,0.67) (down). Each of these choices respect the hypothesis of Lemma 6.4. We
remark that the mode with largest amplitude is such that y/@;/w ~ 1.
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Il Theoretical upper bound
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0.1

6 8 10 12 14 16 18 20

Figure 3. Comparison between the asymptotic estimate on the amplitude of the first 20
modes for different values of w and for different configurations of the piers.

The estimates on each single mode of u allow us to study more precisely how the asymptotic
FH?—norm of u varies as the position of the piers vary, i.e., as a and b varies (see Lemma 6.4). Since
most suspension bridges have symmetrical piers with a = b € [1/2,2/3], we restrict ourselves to the
case where (a,b) € [1/2,2/3] x [1/2,2/3]. We represent in Figure 4 the estimate on the asymptotic
H?—norm given by Lemma 6.4 in function of a and b, with 6 = 1.5, g, = 1.5 and w = 10 fixed. We
remark that this figure does not give any information about the stability of the bridge as a and b vary.
In fact, the stability of a bridge is more endangered by the concentration of the energy on a single mode
than by the generalized oscillation of the structure.

0.66

0.64

0.62

0.6

0.58

= 056

0.54

0.52

0.5

0.48 -
1l

0.46

0.3 05 - 0.3

0.45 0.5 0.55 0.6 0.65 b 045 (45 05

a a

Figure 4. Plot of a theoretical estimate of the asymptotic 9{*>—norm in function of @ and b.

In order to study the distribution of the /{?—norm among the modes, we introduce the concept of
family of asymptotic n—prevailing modes.
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Definition 7.1. Let 0 < n < 1. We say that a weak solution of (2.5) has a family S = {ji,... j.} of
asymptotic n—prevailing modes if

lim sup || Qs ull; < 1* lim sup || Ps ull5.
t—00 t—oo
In Figure 5 we plot the number of n—prevailing modes for n = 0.1. The value of the parameters is
the same as in Figure 4, namely 6 = 1.5, g = 1.5 and w = 10. We can observe that the asymptotic
JH?—norm concentrates on few modes as a = b. Moreover, we notice how the energy turns out to be
more dispersed among the modes when a # b.

0.66
0.64 18 18
0.62

0.6

058 1

0.54 12

0.52

0.5 [

0.48 — 8

0.46
0.45 0.5 0.55 0.6 0.65
a

Figure 5. Number of 0.1—prevailing modes in function of a and b.

In conclusion, we are able to assert that under suitable smallness conditions on the asymptotic
amplitude of the forcing term and on the nonlinearity, we are able to perform a rather accurate modal
analysis for the nonlinear nonlocal beam equations considered. In particular, Figure 5, allows us to
conclude that the more stable configurations are achieved when a # b. This suggests that, according to
the model considered, asymmetric suspension bridges are more stable than suspension bridges where
the piers are symmetric with respect to the center of the deck.
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