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Abstract

The elimination of aeroelastic instability (resulting in sustained oscillations of bridges, build-
ings, airfoils) is a central engineering and design issue. Mathematically, this translates to strong
asymptotic stabilization of a 3D flow by a 2D elastic structure. The stabilization (convergence to
the stationary set) of a aerodynamic wave-plate model is established here. A 3D potential flow
on the half-space has a spatially-bounded von Karman plate embedded in the boundary. The
physical model, then, is a Neumann wave equation with low regularity of coupling conditions.
Motivated on empirical observations, we examine if intrinsic panel damping can stabilize the
subsonic flow-plate system to a stationary point. Several partial results have been established
through partial regularization of the model. Without doing so, classical approaches attempting
to treat the given wave boundary data have fallen short, owing to the failure of the Lopatin-
ski condition (in the sense of Kreiss, Sakamoto) and the associated regularity defect of the
hyperbolic Neumann mapping. Here, we operate on the panel model as in the engineering liter-
ature with no regularization or modifications; we completely resolve the question of stability by
demonstrating that weak plate damping strongly stabilizes system trajectories. This is accom-
plished by microlocalizing the wave data (given by the plate) and observing an “anisotropic” a
microlocal compensation by the plate dynamics precisely where the reqularity of the 3D wave is
compromsed (in the characteristic sector). Several additional stability results for both wave and
plate subsystems are established to “push” strong stability of the plate onto the flow.
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1 Introduction

In this paper we resolve the notorious problem of stability of a 3D flow through a damped 2D plate,
acting only on a bounded portion of the wave boundary. The flow domain is the 3D half-space ]R:j’r
and the two systems are strongly coupled at the interface 2 CC 8Ri. The wave equation is fed
Neumann-type data, written in terms of the material derivative of the plate, which itself obeys a
(semilinear) von Karman plate equation. In this scenario, we ask the question: Does stability of
the plate to equilibrium translate to stabilizability to equilibria for the wave?

This question is quite nontrivial—in fact it has been an open problem for many years [6,[9] for
at least two immediate reasons. First, the interaction is of hybrid type, and effective propagation of
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dissipation /stabilization from 2D to 3D dynamics is a challenging, and typically not viable. Secondly,
the 3D wave dynamics in this problem have no dissipative feature, other than dispersion to infinity.
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The model of interest has been prevalent in the aeroelasticity literature since the 1950s; see
[4,18-20] for engineering perspectives, and [26,9,[32] for more recent mathematical perspectives.
We discuss the applied nature (and associated physical phenomenon) in detail below. For now,

consider:
ug + kouy + A%+ fy(u) = po+ [0 + Ud:] 6|, in Qx(0,T),
u=0,u=0 on 90 x (0,7),
(0 +UD,)%p = Adp in R3 x (0,7), (1.1)
0.0 = (0y + UOy)u on Qx(0,7),
0.0=0 on Q° x (0,7).

Above, the term fy represents a plate semilinearity (of von Karman type), and the nonlinear plate
is coupled to a 3D inviscid potential flow. The quantity U € R is the (normalized) unperturbed flow
velocity in the z-direction, with |U| < 1 indicating that a flow is subsonic. The dynamic pressure
drives the plate through the aeroelastic potential [2,[BlI8] and the static pressure po(x):

p(x,t) = po + (8 + Udy) 9| - (1.2)

Our goal for the above model—with some damping ko > 0 and subsonic flow |U| < 1—is to achieve
strong stabilization to equilibria of the entire system.

This is a challenging problem for a variety of reasons. The principal issue involves the embedded
3D Neumann (perturbed) wave equation, for which the uniform Lopatinski condition does not
hold [38,/42]; this amounts to a critical loss of regularity in lifting from boundary data to the wave
solution on ]R:j’r. This, of course, is central here, as we must translate stability of the plate (obtained
from the weak damping) through the Neumann solver to the hyperbolic flow. Indeed, the given wave
data lacks sufficient regularity to decouple the problem whilst working with finite energy solutions.
For nearly 30 years, this has been the central hindrance in working on this and related systems
for both well-posedness and stability [6,9]. However, a microlocal approach (of Tataru [44]) can be
utilized to address non-Lopatinski models by sharply characterizing the loss of Neumann regularity.

Direct stabilization of the flow via the plate must contend with this loss, and classical approaches
such transform methods and Kirchhoff solution representations have fallen short. Indeed, any PDE-
stabilization approach based on a global analysis of wave propagation is bound to fail. The work
in this paper, on the other hand, takes an alternate approach: we perform a microlocalization



of the data itself, which, for the first time fully resolves the issue of stabilizability
of the whole system. Treating the data u; + Uu, globally, finite energy considerations permit
only L*(Q x (0,T)) regularity, rather than the requisite H/3(Q x (0,T)) [44]. However, the data
here also satisfy a PDE that can itself be microlocalized. The main idea, then, is to determine
whether the loss of regularity for the wave equation can be “contained” to a microlocal sector where
the plate data itself is microlocally compensating. The answer, is yes, but the analysis requires
subtle and technical considerations along the way. In particular, one must work both classically and
microlocally on the wave-plate system, as well as a reduced flow-plate system with memory, where
the plate dynamics are shown to have some attractiveness and compactness properties [I3] (from
the dynamical systems point of view [I0,[12]). Invoking these properties, and “propagating” them
to non-Lopatinski microlocal sector permits global estimates that yield strong stabilization of the
wave dynamics, resulting in stabilization to equilibria of the total flow-plate interaction.

Remark 1.1. We note that, in general, |U| > 1 is permitted above and represents a viable mathe-
matical model for supersonic flows [1432]. This is not the focus here, as the supersonic panel system
is not expected to have stationary end behavior [14]19,29].

1.1 Physical Stabilization Problem

Model (L)) is referred to a panel flutter model, in that it is used to capture the limit cycle oscillations
(LCOs) of a post-flutter panel in a potential flow of sufficient velocity [4/[18/[T921]. The onset of this
instability emanates from the linear portion of the coupled flow-plate model. The presence of the
nonlinear elastic restoring force ensures that dynamics remain globally bounded [12,[32], resulting
in LCOs when the problem is linearly unstable due to the presence of U # 0. The model (L)) also
captures aeroelastic buckling—a static (nonlinear) instability [41I8]19].

The dynamics of this system have been studied in the PDE literature over the past 30 years,
including well-posedness [5,[6]14L17,46], attractors (and dynamical systems) [1L[7,[10L12]13,15,[47],
and asymptotic stability /feedback control |19, 12,36l 37,40, /41]. We also note the foundational
mathematical work on the dynamical systems properties of 1D flutter systems in [3]10}27,28]43].
Of all of these works one challenge, motivated by an empirical engineering observation, has remained
elusive. On that topic, renowned aeroelastician, E. Dowell, states [21]:

...subsonic panel flutter is unusual in aerospace applications...if the trailing edge, as well
as the leading edge, of the panel is fized, then divergence (a static aeroelastic instability)
will occur rather than flutter.

Mathematically: Can one show—directly from these PDEs—that the end behavior of
panel dynamics is static if |[U| < 17

Remark 1.2. We note that in the case of supersonic flows, panels may certainly flutter [19}21]29,
30.32]. Additionally, if a large portion of the leading or trailing edge are free, structures may flutter
even for low flow velocities (small U) [21129[3T].

Established results on long-time behavior of the flow-plate system in (LI)) provide a global
compact attractor for the plate component of the dynamics for any value of U # +1 without
any imposed mechanical damping [I3]. In the presence of an additional—albeit weak—structural
damping, can one stabilize the entire system? This is precisely the result we obtain, indicating
that subsonic instability can only be static in nature—divergence, a form of aeroelastic buckling
[4,18]. From a mathematical perspective, we achieve strong stabilization to a non-trivial
equilibrium solution [25,26], where: (1) the flow dynamics take place on an unbounded domain;



(2) non-positive conserved quantities must be accommodated; (3) damping is weak and takes place
only on a compact subset of the flow boundary R?.

There have been several attempts to show such a stabilization result. Ultimately, to circumvent
the fundamental challenges associated to the Neumann-wave equation embedded in these dynamics
(LI)s—(TI)4, model modifications and regularizations have been utilized. Those results are described
in detail below in Section 21 Here, the only addition to the classical model [4[18] is weak structural
damping [25]. We believe the requirement of some weak and arbitrarily small damping in the plate is
only realistic, since all elastic materials have a degree of internal damping. (See Remark [.3] below.)

Another central difficulty in achieving strong (rather than just weak) stability is the nonlocal
character of elastic nonlinearity fir—a lack of the so called unique continuation property. Rather,
the game-changer in the present analysis is due to a more refined linear analysis of the built-in
Neumann-to-Dirichlet (N-to-D) hyperbolic map here. The compromised regularity of this map in
the non-Lopatinski case is compensated for by taking full advantage of the physics of the model.
Namely, this wave-plate interaction compensates microlocally for the loss of fractional derivatives
in the N-to-D mapping. This provides sufficiently strong estimates for the full flow-structure system
without direct decoupling, unlike what has been used in previous attempts in the literature [1L[40/41].

Remark 1.3. There are several relevant structural damping models, each of which have been broadly
considered in the context of stability and attractors for semilinear plates of the form

(1 — al)ug + A%u+ f(u) + Duy = f.

The parameter « > 0 represents rotational inertia in the filaments of the plate [33], and is taken
to be zero in this treatment, in line with original then plate models appearing in the engineering
literature [4,[18]. We include this remark in order to comment on the relation of damping type to
inertia. The inclusion of —aAwuy in the model for @ > 0 boosts u; by one Sobolev unit (for finite
energy solutions). This would resolve several aforementioned regularity issues, most notably the
regularity of hyperbolic N-to-D map described above, which is the main antagonist in this work. On
the other hand, @ > 0 hinders the transfer of stability effects (dispersion) from the flow to the plate,
precluding the existence of the plate attractor without additional stronger damping [13]; this would
disqualify a key component of our analysis here. Thus a > 0 is not a good model with respect to a
stability analysis, both from the mathematical and physical points of view.

Weak (frictional) damping: D = kgI. This damping remains at the level of the kinetic energy (KE)
for the a = 0 case. If o > 0, this strength of damping is insufficient to control the KE.

Square-root type damping: D = —k;A. This damping is at the level of the square root of the
biharmonic operator. This is the natural strength of damping required to stabilize the velocity /KE
when a > 0. This damping is just strong enough to render plate the dynamics parabolic [35].

Strong (Kelvin-Voigt) damping: D = ks AZ2. This damping is at the level of the biharmonic operator.
One can observe that the inclusion of this damping boosts the velocity by two Sobolev units and
makes the dynamics parabolic [35] (and references therein).

1.2 Precise Mathematical Model

We consider a linear, inviscid potential flow as a perturbation of constant flow of velocity U in the
x1-direction. Relevant flow parameters are scaled so U = 1 corresponds to the local speed of sound
(Mach 1). The flow resides in R = {x € R® : 23 > 0}, and we consider a bounded domain
embedded in OR3 . The set 2 has smooth boundary I' (and associated unit outward normal v), and



we take € to represent the plate’s center plane (w.r.t. z3) at equilibrium (as is standard in plate
theory). In this situation, u : Q x [0,00) — R corresponds to the transverse (z3) plate deflections;
o : R‘:’_ x [0,00) — R is the perturbation velocity potential so the potential flow velocity v is given
by v=Ue; + V(bﬂ The evolution system of interest is:

ure + A%u + koug + fir(u) = po +rav (0 + Uds, )¢]  in Q@ x (0,7),
u(0) = up, u(0) =uy in Q,
u=0,u=0 on 00 x (0,7),
(1.3)
(0 +Udy, )% = A¢ in R3 x (0,7),
$(0) = ¢o, #u(0) = ¢n in R
Ops® = [(Op + U0y, )U)ext on Qx(0,7).

Above, the biharmonic expression A? = [A,, ,,]? in (L3); is the iterated 2D Laplacian, while in
the flow equation (L3)4, A = Ay, 45,45 is the 3D Laplacian. The vector —e3 is the unit outward
normal for R (so O, = —0y,). The notation []ex; above means extension by zero from Q — R? with
corresponding restriction rq[-]. The standard (Dirichlet) trace operator is denoted by 7-] onto I' or
{x3 = 0}, of course in the appropriate functional sense. Above, parameters such as mass, density,
thickness, and stiffness have been scaled out. The remaining parameters are those relevant to this
mathematical analysis: |U| € [0,1), as described above, and kg > 0 as the frictional /weak damping
coefficient. The function py € L?(Q) is a stationary pressure on the top surface of the plate.

The (scalar) von Karman nonlinearity fi [12L16,[33] is given through the von Karman bracket
and the Airy stress function. The von Karman bracket is

[1s W] = Ugy 3y Wagwy + UaowoWayzy — 2Usy 20 War 2 (1.4)
while the Airy function is defined as an elliptic solver, namely, v = v(u) is the solution to
A% =—[u,u] in Q@ , v=0v=0 on I. (1.5)

Finally, letting Fj(x) represent a stationary planar force on € (pre-stressing), we have the von
Karman nonlinearity fy(u) = —[u,v(u)+Fy]. We will take Fy € H*(Q), and describe the functional
properties of fi below.

We utilize the standard notation and conventions for LP(&') spaces and Sobolev spaces of order
s € R, H*(0) where 0 is some regular domain. The space H§(2) denotes the completion of the test
functions C§°(€2) in the H*(Q2) norm, with dual [Hg(2)]" = H~*(Q). We will denote ||-||gs(g) = [|]s,
where the spatial domain will be clear from context; we will identify | - ||z2(5) = || - ||, omitting
s = 0. Inner products on R} will be denoted by (-,) = (-,-)Lz(Ri) and on IR3 we utilize the
notation (-,-) := (,-)2(q)- The Dirichlet trace operator that we utilize is continuous and surjective
Yol : HY(0) — HY?(00). We denote an open ball of radius R in a Banach space X by Br(X). We
freely identify x = (x1, z2, z3) = (z,y, 2), using whichever notation is most convenient in exposition.

The flow model itself is obtained through linearization of the non-rotational, compressible and barotropic Euler
equation about Ue;.



1.3 Energies and Functional Setup

We introduce W (R3) as the homogeneous Sobolev space of the form

W) = {600 € (B + oy, = Z IV }-

In this way, the natural space associated with the flow potential variable ¢ is Wl(]R‘:’_) (i.e., this is
the subspace of L? (R3) taken with the gradient norm ||V¢||07R3+). For the plate, the natural space

associated to clamped boundary conditions is H3((2).
In order to work in a dynamical systems framework, we take the principal state space to be

Y = Yjx Y = (Wa(RD) x L3(R)) x (H3(Q) x L2(9).
As seen in [141[321/46], we can consider a stronger space on finite time intervals:
Ve = HY(R3) x L*(RY) x H(Q) x L*(Q).

As we are only considering |U| € [0,1), flow terms involving UQ, constitute a perturbation of
the wave dynamics on Ri. Thus, the flow multiplier ¢; and plate multiplier u; yield:

1 1
Ep(u) = 5 [llull60 +1AulGo + S1Av@[50] = (Fo, [wul)o + (po,w)a (16)
1
Ep(9) = 5[l16ullops +1V8lloms — UZll6wllips ], (1.7)
E(u,0) = Ep(u) + Epn(9) + Eini(u, 0), (1.9)

where FEj;,; represents the non-positive, but conserved, interactive energy which will be addressed
below. For the clamped plate, we invoke the equivalence of the full H?(2) norm and ||A - [[o.q-
The formal energy identity (later obtained rigorously in Theorem [L1]) is

t
0+ ko/ ug| 2 = £(0). (1.10)
0
Remark 1.4. E;p, is unsigned so it is not clear from ([LI0) that trajectories are time-bounded.

1.4 Definition of Solutions
A pair of functions (u, ¢) such that
u e C([0,T]; H3 () n CH([0, T} L*()), ¢ € C((0,T]; HY(RL)) N CH([0, T L*(RY))  (1.11)
is said to be a strong solution to (L3]) on [0, 7] if:
o (¢1,uy) € L'(a,b; H'(R3) x H2(R)) for any (a,b) C [0,77.
o (¢4, uy) € L'(a,b; L2(RY) x L2(Q)) for any (a,b) C [0, 7).
e ¢(t) € H*(RY) and A%u(t) € L*(Q2) for a.e. t € [0,T.



The equation wuy + kour + A%u + fir(u) = p(x,t) holds in L?(2) for a.e. t > 0.

The equation (9, + Ud,)*¢ = A¢ holds in L*(R3) and a.e. t > 0.

The boundary conditions in (L3)) hold for a.e. t € [0,7] and a.e. x € 99, x € R? respectively.

The initial conditions ¢(0) = ¢g, ¢:(0) = ¢1, u(0) = ug, u(0) = uy hold a.e. x.

A pair of functions (¢, u) is said to be a generalized solution to problem (L3 on [0,T7] if there
exists a sequence of strong solutions (¢"(t);u"(t)) each with data (¢, @7;uf;uf) such that

tim e {1016 — 016" (1) |2t + 1900) = 6" (W)l } = 0

n—00 t[0,T
and
Jim max {||0tu(t) = 0" ()| L2() + [[u(t) — U"(t)IIHgm)} =0.
Lastly, a pair of functions (¢, u) such that
u(x,t) € #r = {ue L®(0,T; H}(Q)), dwu(x,t) € L=(0,T;L*(Q))},
p(x,t) € ¥p = {¢ € L=(0,T; H'(RY)), dp(x,t) € L=(0,T; L*(R3))},

is said to be a weak solution to (L3]) on [0, 7] if:

e The initial conditions ¢(0) = ¢g, ¢+(0) = p1, u(0) = up, u¢(0) = u; hold a.e. x.

T
° /0 [<atu(t)’atw(t)>L2(Q) o <Au(t)v Aw(t)>L2(Q) - <f(u(t)) —po,w(t)>L2(Q)

- <70 [¢(t)]7 atw(t) + Uaxw(t)>L2(Q)} dt = <U1 — 7 [(bO]a w(0)>L2(Q)
for all test functions w € #7 with w(T") = 0.

T
i /0 |:(at + Uax)¢(t)7 (8t + Uax)w(t))Lz(Ri) - (V¢(t), vw(t))Lz(Ri)

+ ((at + Uax)u(t)”V[qﬁ(t)])L%Q)} dt = (¢1 + U0y, ¢(0))L2(Ri)
for all test functions ¢ € ¥ such that ¢(T) = 0.

From the semigroup point of view, generalized solutions will correspond to semigroup solutions
for an initial datum in Y. It has been shown that the nonlinearity fi- (and other related nonlinearities
[13,14]) is locally Lipschitz from HZ(€2) into L?*(Q)—see [2223] and Lemma Bl As a consequence
it is straightforward to see that generalized solutions are in fact weak. This weak solution is in fact
unique (see [22/23] and [12, Chapter 6]).

1.5 Well-Posedness of Solutions and Dynamical Systems

This result follows from [46]. See also [111[14}[32,[36].

Theorem 1.1 (Nonlinear Semigroup). Assume |U| < 1, py € L*(Q) and Fy € H*(Q). Then
for any T > 0, (L3) has a unique strong (resp. generalized—and hence weak) solution on [0,T],
denoted by S¢(yo), for initial data yo = (¢o, d1;u0,u1) € Ys. (In the case of strong solutions, the



natural compatibility condition must be in force on the data 0,00 = (u1 + Utgy)est-) Moreover,
(St,Y) is a dynamical system. Weak (hence generalized and strong) solutions satisfy

E(t)+/<:0/tHut(T)H2dT:5(s), Vit > s> 0. (1.12)

Moreover, the solution Si(yo) is stable in the norm of Y, i.e., 3 C(||lyol|ly) so that:

1Se(yo)lly < C (llyolly), ¥ ¢=0. (1.13)

In addition, the semigroup St is locally Lipschitz on'Y on finite time horizons:

I1Se(y1) — Se(y2)|ly < C(R, T)|ly1 — wally, Y lluilly <R, t<T. (1.14)

1.6 Stationary Problem

Since our main result involves convergence to the set of stationary solutions, we provide a brief
discussion thereof. The stationary problem associated to (I.3]) has the form:

A?u+ fy(u) =po+ Urgyo[0:¢] x €
u=0,u=0 xel
Ap— U202 ¢=0 x € R3
Gry = U0z, Uext X E ORg’r

(1.15)

This problem has been studied extensively, most recently in [12, Section 6.5.6]. A weak solution to
(LI5) is defined as a pair (¢,u) € Wi(R3) x HZ(2) such that

<Au7 Aw>9 - ([u,v(u) + FO] 7w>Q + U(’Y [¢] 78x1w>9 = <p07w>Q

and
(v¢7 v¢)Ri - U2(8w1 ¢7 a:m Q)Z))Ri + U<am1u7/7[¢]>ﬂ = 07

for all test functions (¢, w) € Wi (R%) x HZ(2). We have the following theorem [12, Theorem 6.5.10]:

Theorem 1.2. Suppose 0 < |U| < 1 with py € L*(Q) and Fy € H3(Q). Then a weak solution to
(LI5) exists and satisfies the additional regularity property (¢p,u) € Wo(R3) x HY(Q) N HZ().
Such solutions are extremal points of the potential energy functional

1 1 U?
P(u,¢) = §\|Aull?z + (u) + §HV¢II]§1 - 7H0z1¢\|{§1 + U (02,1, 0[9)) 0,

considered for arguments (¢, u) € W1 (R3) x HZ ().

We denote A as the set of stationary solutions above, and note that, in general, A has multiple
elements [12/[16]. But, for given loads F and py, the set of stationary solution is generically finite [12]
Theorem 1.5.7 and Remark 6.5.11].



2 Main Results and Technical Discussion

In this section we state the main results in this treatment, with some more technical discussion of
this paper in relation to what is already established in the literature. Below, we are clear to point out
what contributions are novel in this manuscript—finally resolving the issue of strong stabilization—
and what is invoked from previous work. The central references are [1,[12136,[37,40,41].

Theorem 2.1. Let U € (—1,1) and kg > 0. Assume py € L*(Q) and Fy € H*(Q). Then any
solution (¢(t), pe(t); u(t), ue(t)) to (LI with data (po, p1;up,u1) €Y that are spatially localized in
the flow component (there is pg > 0 so that: |x| > po = ¢o(x) = ¢1(x) = 0) has that

JHm (ﬁgiN{HU(U - @Hfr{g(g) + [l (D120 + 160 — Bl 1,y + ”¢t(t)”2L2(Kp)} =0

for any p >0, where K, = {x € R :|x| < p} and N is as above.
If we make the further assumption that N is an isolated set (e.g., finite), we have the corollary:

Corollary 2.2. Let the hypotheses of Theorem [21] be in force. Assume that we have chosen pg, Fy
so that N is an isolated set; then for any solution (¢(t), d(t);u(t), us(t)) to (L3) (with localized
flow data, as above), there exists (i, ) € N such that

Jim {Jlut) — 2200 + [0 + 1900) = Dl i,y + 16O, } = 0, ¥ > 0.

2.1 Central Analytical Challenges

We now technically outline the mathematical challenges presented by this model and its stability
analysis. Even from the point of view of well-posedness, matters have been open until quite recently.
Early mathematical work utilized Galerkin procedures, as well as the inclusion of regularizations
(thermoelasticity [40,41] or rotational inertia in beam filaments [5,[12,[17]). The central issue in
both well-posedness and stability centers about the loss of solution regularity for the wave equation
when taken with (only) L?(©2) boundary data—the hyperbolic Neumann map does not satisfy
the (uniform) Lopatinski condition in dimensions higher than one [38142]. Specifically, without
regularizing the plate equation in some way, the Neumann wave data for finite energy solutions is
globally measured in
D.0|r2 = [us + Uuglexs € C([0,T]; L*(Q)).

It is established by now [35,[38,[39.42,[44] that such regularity does not recover finite energy wave
solutions, so ¢ & C([0,T];Ys;) (see Remark B.3)) if we simply take generic data of this regularity.
Hence, earlier results modified the model to boost u; € L?(Q) + u; € HY(Q), and then use
classical hyperbolic theory [38,[42] to treat the flow and plate in a decoupled manner. Indeed, the
Neumann data need only be H 1/ 2(R?) for a viable Neumann mapping. More recent well-posedness
results [1,[141/46] do not attempt to decouple the system, but treat the flow-plate system holistically
and exploit dissipativity (in some sense), as well as estimate via microlocal analysis some unbounded
trace terms appearing in the construction of the nonlinear semigroup [14,32].

For stability, the issue is yet more complicated and quite interesting. With a lack of dissipation
for the full system, and the lack of compactness of the resolvent, one cannot rely on global approaches
from dynamical systems (for instance, trying to conclude strong stability based on a gradient system
structure or clear asymptotic compactness). In fact, the overall system has a Lyapunov function,
but it is not clear that it is strict unless U = 0. As a consequence, we cannot say the full system



is gradient [12]. As will be shown below, the existence of a compact global attractor for the plate
(Theorem BIT]) and the finiteness of the dissipation integral (Corollary B.7)) allow one to show that
all trajectories have the property that the plate component stabilizes to a stationary point (Theorem
[3.12)); this of course requires kg > 0. There is no way to circumvent the fact that the convergence of
the plate must be “lifted” to the flow for stabilization of the whole system; thus there is no way to
avoid the analysis of the aforementioned Neumann mapping. The critical issue can be seen from the
classical point-wise plate-to-flow formula for the flow velocity given by (B.I5]). It is direct to lift the
strong convergence of the plate to the flow in a weak sense—pushing derivatives on test functions.
On the other hand, for the main result, we must improve convergence from weak to strong for the
flow. In general, this is a challenging proposition, as we must to push 2D stability to 3D dynamics
from the boundary with no 3D damping effects and no help from dynamical systems tools.

As we have mentioned, previous works address stabilization in modified circumstances: [1,[12]
address stabilization (with the same conclusion here) when rotational inertia and square root-type
damping are considered «,k; > 0. The earlier works [40,[41] address stablization in the presence
of thermoelastic effects for the plate. The works [36] looks at the model with smooth initial data
and obtains the stabilization result, whereas [37] consider a different semilinearity (Berger’s plate)
and critically exploits its specific mathematical structure to obtain the stabilization result but with
a large weak damping coefficient. In view of the above, our main contribution is that we obtain
the main result for for finite energy solutions to the original, nonlocal, nonlinear model with no
restrictions on the size of the damping coefficients. Not surprisingly, this requires a novel approach
to the problem.

2.2 Key Observations and Proof Strategy

Treating the boundary data [us+Utz]ext as a globally L2(R?) presents an insurmountable problem in
the lack of regularity of the N-to-D mapping. Indeed, the loss of at least 1/3 derivative is intrinsic [44],
unless the model is spatially 1D [45]. However, such a crude treatment neglects the microlocal
properties of the data w itself as a plate solution. Indeed, if we include the structure of the data in
our microlocal analysis for the regularity of the plate-to-flow mapping we note that u has additional
microlocal regularity. This is main purpose of Section [4], on which the entire breakthrough
in this paper is based. Indeed, the loss of a fraction of a derivative for the Neumann wave equation
occurs in the so-called characteristic sectorH However, in the characteristic sector, the plate has the
property that u; ~ u, by the comparability of time and space tangential derivatives therein. Thus,
since u € H?(Q) globally, in the characteristic sector, we have u; € H(2) (of course, microlocally).
Thus: the critical loss of regularity in the hyperbolic Neumann mapping is (more than)
compensated for by the gain in regularity associated to the microlocalization of the
boundary data. We express this through a new microlocal estimate in Section Ml for the Neumann
map, in the context of microlocally anisotropic spaces [44].

Remark 2.1. This is a remarkable compensation. If the plate were replaced by membrane, so the
system was wave-wave coupling, no microlocal compensation in the 3D wave would present itself
from the 2D wave in the characteristic sector. This would render the main result impossible.

In all, we are able to push the strong convergence of the plate to a stationary point to a strong
convergence for the flow, improving from weak convergence of the flow (known) to strong convergence
of the flow (to date, open). After identifying said limit point as a stationary solution, one concludes

2where the time and space dual variables are comparable, see Section 53]
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strong convergence of the flow-plate system to equilibria—hence the so called elimination of flutter.
This is done in Section M and Section [Bl constituting the main contribution of this work.

To establish the “weak to strong” result, it is critical, after obtaining the properties of the
Neumann map in these L? based spaces (Section [5.1)), that we be able to pass directly to point-
wise information in time. This requires some work, since we are working with several different
types of temporal regularity coming from the various components and techniques utilized. To do
this, we use interpolation. We have uniform-in-time control of the plate on intervals of finite size
(Theorem [B.12] item 4.); this critically exploits the existence and compactness of an attractor for
the plate dynamics [13]. Finally, to close out the argument, we prove a “converging together” lemma
on time intervals of uniform finite size (Section [1.2]). We subtract off the known stationary state
(from the established weak convergence) on a subsequence for the linear flow dynamics, invoke our
obtained microlocal estimate in anisotropic spaces, and then obtain convergence to zero on translated
time intervals. This allows us to relate point-wise flow information using the energy identity (in a
decoupled sense), as it is linear. Arbitrariness of the time interval size allows us to show that flow is
converging to a constant on these intervals, and the weak-to-strong improvement is finally deduced.

We provide an Appendix where two other scenarios are briefly discussed (potential flow on
a half-space or bounded domain, U = 0). We demonstrate in several ways how the main result
here is sharp, from the point of view of the need for nonlinearity, the need for damping, and the
non-expectation of uniform stabilization.

3 Technical and Supporting Results

We catalog several critical results that will be used in the proof of the main result. Everything in
this section has previously been used in the context of stability for this system, though we choose to
include some proofs and sketches here for the sake of self-containedness and easy referral for other
arguments appearing herein.

3.1 Facts Concerning Plate Nonlinearity f

As the von Karman nonlinearity is the principal engineering nonlinearity in the context of aeroe-
lasticity [41[I8H20], we require some facts to proceed. Indeed, fy has posed substantial challenges of
regularity theory (and hence, uniqueness of solutions) until quite recently [12,22]. We present the
key mathematical properties of the Airy stress function and fi, that will be used in our work below.
Let us formally define the Airy stress function v = v(u,w) in terms of (L4]) as the solution to

{A% = —[u, w] in Q
u=w=0,u=90,w=0 on I'
Then, the so called sharp regularity of Airy’s stress function is critical to all the results stated below.
Lemma 3.1. The function v(u,w) as defined above satisfies:
L fo(u, w)llwz.oe @) < Cllullelwll2 for all u,w € H*(Q).
2. The map (u,w) + v(u,w) is locally Lipschitz from HZ(Q) x HZ () — W2>(Q).

This implies fy (u) = —[u, v(u)+ Fp] is locally Lipschitz H3(Q) — L?(£2) [12} Section 1.4, pp.38-45.
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Theorem 3.2. Let u' € Br(HZ(Q)), i = 1,2, and 2 = u! —u?. Then
1fv(u) = fr(@ll=s < C5 (1 + [[u |3+ [[u?[3)]2ll2—5 < C(8, R)l|zlla—5  for all §€[0,1]. (3.1)

The second critical property of the von Karman nonlinearity, in the context of long time behavior,
is its “good” potential energy (namely, control of low frequencies) [12].

Proposition 3.3. For any n,e > 0 there exists M, such that
lull3— < e[l Aullf +[[Av@)[[§] + Mye, ¥ ue H*(Q)N Hy(Q). (3-2)

The Lemma (3.2) is obtained through a compactness uniqueness argument that exploits superlin-
earity of fyy and a maximum principle associated to the Monge-Ampere equations.

Remark 3.1. The inequality in Proposition B.3]is valid for plates with clamped or hinged boundary
conditions. However, free boundary conditions are not covered by this argument.

3.2 Control of Energies

In this section we remark that, in the norm of Y, solutions are global-in-time bounded.

Proposition 3.4. For all ¢ € W (R3):

lIranol@lllL2) < CallVoll L2 gs )- (3.3)

The interactive enerqy FEine, is then controlled in the following way:
| Eine (u(t), 6())] < 0Vt s + C(WU,0)|lux(®)ll, 0> 0. (34)

Estimate (33) follows from the Hardy inequality, and from (B.3]), Young’s gives (3.4) [12,146].
Now, let us define the positive part of the energy &£ as:

1 1
Eu(t) = 5 [llual [§(2) + [1Aull§ + S| Av(w)[[§ + (|84l + [V #l[7] (3:5)

Then, via Proposition B.4] we obtain control of the unsigned energy by the positive part:

Lemma 3.5. For generalized solutions to (L3)), there exist positive constants c,C, and My, g, that
are positive, and do not depend on the trajectory, such that:

cEi(t) — Mpy 1y < E(t) < CEL(L) + My 7y (3.6)

Remark 3.2. Even with these bounds, and the associated energy identity from Theorem [[1] it is
not clear that &, provides a strict Lyapunov function for the dynamics (rendering them gradient).
This is due to the specific structure of the coupling in the problem (involving material derivatives),
and is one way to view one of the central challenges here with regard to stability.

With the energy identify in Theorem [[L1] we may synthesize the above to obtain:

Lemma 3.6. Any generalized solution to (3], with f(u) = fy(u) satisfies the bound

sup { Jurllf, + 18ul + 602 + V6123 } < CISiwo)lly) < +oo. (3.7)
t>0 + +
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The above inequalities are proven and discussed in detail in [12]46].
Finally, as a corollary to the energy identity (I.I2)) and Lemma 3.5 we have:

Corollary 3.7. Let kg > 0. Then for a generalized solution we have

o0
/ e (1) 2.0t < Koy < 0.
0

The boundedness obtained from the energy identity—which does not hold for supersonic flows
|U| > 1—will be used critically to obtain convergence of trajectories to stationary points.

In order to describe the dynamics of the flow in the context of long-time behavior, it is necessary
to introduce local spaces Yy ,:

10, 61 vy = /K Vool + 61 Pdx,

where we recall K, = {x € R};|x| < p}. We denote by Y, = Yy, X Y, and we will consider
convergence (in time) in Y, for any p > 0.
Again, by virtue of the Hardy inequality [12, p.301]

pollZ2(x,) < Cp||v¢0‘|%2(R3+)

and hence

(0, 61,0 < (@05 @) 37 (i, < 22026,y < Coll(0, 81)IIF,-
3.3 Neumann Formulae and Flow Decomposition
Let us consider the “decoupled” Neumann flow problem:

(O +Ud.)%p = A¢ in R}
a,,¢‘ = hixt) in R? (3.8)
d(to) = do; Pi(to) = é1
for which we have [12,[17,138]:
Theorem 3.8. AssumeU € R, U # %1; take (¢o, 1) € H'(R®)x L2(R®). If h € C ([to, 00); H'/2(R?))
then ([B.8) is well-posed (in the weak sense) with
peC ([to,oo);Hl(Ri’_)) , ¢preC ([to,oo);LZ(Ri)) .

Remark 3.3. Finite energy H'(Q) x L?() solutions would be obtained if h € H'/3((0,T) x R?) [44].

A key issue we address here is in the lack of sufficient regularity for h = [us + Utz]ext in the
coupled system. This is to say that, for our coupled system (L3]), we have

h = [us + Uty Joxt € C([0,T]; L*(R?)). (3.9)

So, as per (B.)), there is insufficient regularity of the data to consider decoupling the flow and
plate, and work within the framework of finite energy solutions as was done in previous work on
stability [1,5,17,40L4T]. On the other hand, we do have solutions to the full flow-plate system (L.3))
via our well-posedness result Theorem [T1]
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Now, let us denote ¢* by the solution to ([B.8) with A = 0, and ¢** as the solution to (B.8])
with ¢g = ¢1 = 0. We may look at ¢* and ¢** separately via linearity of the flow equation. With
(60, ¢1) € HY(R2) x L?(R3) one obtains [T4B8]:  (¢*(t), ¢} (t)) € H'(RY) x L*(R3). Thus, by
the established well-posedness in Theorem [Tl for ¢ = ¢* + ¢** we also have that (¢™(t), ¢;*(t)) €
() x 12(RY).

For the analysis of ¢* we use the tools developed in [5,[17], namely, the Kirchhoff-type represen-
tation for the solution ¢*(x,t) in R [12, Theorem 6.6.12]. We conclude that if the initial data ¢
and ¢ are localized in the ball K,,, then by Huygen’s principle in 3D, one obtains for any p that
¢*(x,t) = 0 for all x € K, and t > t,. Thus ¢* tends to zero (exponentially) in the sense of the
local flow energy, i.e.,

IV (0) 220y + 197 Oll 2,y = 0, ¢ = o0, (3.10)

for any p > 0. Also, in this case,
(O + U V0] =0, x€Q, t>t, (3.11)

On the other hand, for ¢** as above, we have another representation. For the following calcula-
tions, we assume sufficient regularity, which will produce point-wise representations that will hold,
at minimum, in distribution for weak solutions to (L3)). Let H(-) be the Heaviside function.

Theorem 3.9. Let h(x,t) = [ui(z1,z2,t) + Utg, (21,22,t)]cat, then there exists a time t*(,U)
such that, for all t > t*, we have the following representation for a solution:

_ 2m
o (x,t) = —M/ / ut x,t,s,0) +qu1(x t,s,0))d0ds. (3.12)
z3

where
fT(X7t7 S, 0) = f ($1 - /{1(97 87$3)7y - /{2(97 87$3)7t - 8) ) and

k1(0,8,23) = Us+ \/s? — x3sinb, ka0, s,x3) =/s? — 23 cos¥.
Letting the time t* be given by:
=inf{t : x(U.,0,s) ¢ Q for all (z1,22) € Q, 6 € [0,27], and s > t}, with (3.13)
x(U,0,s) = (21 — (U +sinf)s, x9 — scos ) C R? (3.14)

(not to be confused with x = (x1,x2)), partials may be computed directly (see [I]) by waiting a
sufficient time. The two most relevant are

2 21
mxn:i{/ @muﬁmw—/ ul (x,t, x3,0)df (3.15)
27T 0 0

t* 2
+U/ [0, ul](x, £, 5, 0)dOds + [Mwmxu&mw@}
0

t* p2m s
/Z 0 VZ—22
with My = sin(6)0,, + cos(#)0,, and for i = 1, 2:

27 2T
(z,t) =3 / / U@xluw (z,t,s,0)d0ds + —/ / Opul (z,t,5,0)d0ds. (3.16)
T Sy

2m

Oz (2, t) = (0 + Uy, Ju(xy — Uzmg, o, t — (0y + Udy,) [Mgu] (z,t,s,0)do.

LeV_i%
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From here, we can explicitly solve for the Dirichlet trace of the material derivative appearing in
the plate equation in terms of the Neumann data h = [u; + Uty |ext. Considering the term

770 [(Or + U0z, ) ¢] = rayo [(Or + Udx,) ™|

for t > t,, by (BI1)), where supp(¢o), supp(¢1) C K,,. Using the above expressions for 9,¢** (3.15)
and 0y, ¢** (B.16]), we obtain (after sufficiently long time):

ra (0 + Udz,) %0 9] = = (0 + U, Ju — q(u’), (3.17)
for t > max{t*,t,,} (t* as defined above in ([B.13])) with

t* 2
glut) = = / ds [ M2 [ul,., (x(U,6, )de. (3.18)
0 0

T or
The notation for u' indicates dependence on the entire set {u(t+s) : s € (—t*,0)}, where t*(Q,U)
is the characteristic “memory” time given in (.I3]) [7,10,12,15].
3.4 Plate Attractor

From the point-wise formulate of the previous section—including the N-to-D map in BI7)—we
obtain the theorem below by waiting t# = max{t*, o}

Theorem 3.10. Let ko > 0, |U| < 1 and (¢o, $1;u0,u1) € Y,,. Then the there exists a time
t#(po, U, ) > 0 such that for all t > t* a plate solution u(t) to (I.3) satisfies:

ug + A%u A kous + fy(u) = po — (9 + Udy, )u — q(ul) (3.19)

and with My and t* as in the previous section, we have:
1 t* 2w
q(u') = 2—/ ds/ dO[MZtert)(x1 — (U + sin)s, x5 — scosh,t — s). (3.20)
T Jo 0

The sense u(x,t) satisfies (3.19)) is the same as how u(x,t) satisfies (L3) (strong, generalized, weak).

With this reduction in hand, we can perform a stability analysis directly on this plate equation with
memory; this is the main contribution of [13], which provides:

Theorem 3.11. Let kg > 0, |U| < 1, with Fy € H*(2) and py € L?(SY). Then there exists a compact
set W CC Yy (in fact % C (H*(Q) N HF(Q)) x H3(Q)) of finite fractal dimension such that

Jim dy ((u(t), w(t), %) = lim inf  (Jlu(t) - voll3 + [Jur(t) — n1][*) =0

t—00 (v, )EU

for any generalized solution (¢, ¢;u,ue) to (I.3) with (¢o, P1;ug, u1) € Yy,.

The proof of this result follows from rewriting the dynamical system (S, Y,) generated by (3]
as a delayed dynamical system corresponding to solutions of (3.19), which we denote as (T3, H) with
H = H2(Q) x L?(2) x L2(—t*,0; H3(£2)). We operate on this reduced plate dynamical system, and
show the existence of a compact global attractor A C H; we then take % to be the projection of
A on HZ(Q) x L?(€), which yields Theorem 3111
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3.5 Weak Convergence and Strong Plate Convergence

We begin by noting that the existence of the compact attracting set % for the plate dynamics in
Theorem BT we infer that for any initial data yo = (¢o, ¢1; uo, u1) € Y,, and any sequence of times
t, — oo there exists a subsequence of times ¢,, — oo and a point (4,%) € Y, = HZ(Q) x L*(Q)
such that (u(tn, ), ut(tn,) = (@, w) strongly in Y},;. Indeed, by the definition of convergence in the
Hausdorff distance of (u(t),u:(t)) — %, and the compactness of the %, we generate a convergence
subsequence on % . By uniqueness of limits, we obtain aforesaid point and subsequence.

Additionally, by the global-in-time bound given in Lemma [B.6] we know that the set {S¢(yo)}
is bounded in Y, and hence for any sequence ¢,, — oo there exists a subsequence ¢, , and a point
(g%,i[};ﬁ,w) € Y such that S, (yo) — (g%,i[};zl,w) in Y, for any p. Utilizing these results in con-
junction, for any sequence of times ¢, — oo there is a subsequence such that both of the above
convergences hold simultaneously. We collect the above convergences, and add two additional points
which will be central to the arguments that follow.

Theorem 3.12. For any initial data yo = (¢o, P1;uo, u1) € Yy, and any sequence of times t,, — 0o
there is t,, and a point § = (¢,;u,Ww) so that for a generalized solution (¢, di;u, us) we have:

1. S, (Yo) = 9 in'Y, for any p > 0.

2. |lu(tn,) — tll2,0 — 0.

3. |lue(t)||3 — 0, t — o0, and hence W = 0.

4. Along the sequence of times t,, — oo with corresponding limit point i, we have

sup |u(tp, +7) —tlla—50 — 0 for any fized ¢ >0, 6 € (0,2). (3.21)

TE[—c, (]

Proof of Theorem [3.12. Points (1.) and (2.) follow as described above, through compactness of the
attracting set % CC Y}, and bounded dynamics system dynamics (Theorem [B.11] and Lemma [3.6]
resp.).

To establish point (3.), we will prove that, for a given generalized solution, us(t) — 0 in D'(Q),
which is to say that for any n € C§°(2) we have

Jim Cug (8), 1) L2 () = 0-

Given this fact, and the strong subsequential limits given from the attractor, we will boost the
pointwise-in-time convergence in D’() to that of L?(€2), and identify all subsequential limits with
zZero.

To show u(t) — 0 in D'(2), we will operate on the quantities (u:(t),n)q and its time derivative
for a given n € C§°(€2). We first consider a strong solution, and show that the quantity 9 (u:(t),n)q
is uniformly bounded for ¢ € [0, 00). We note, from the plate equation itself in (I.3)), that

|<utt’77>9| = ‘ - k<utvn>9 - <Au’ An>ﬂ + <fV(u)v77>Q + <p0777>Q + <’70[¢t + U¢m]777>9‘
< [l (Ep(t) + C) + [(ylde + Usal,n)al,

where all quantities on the RHS are well-defined as L?(Q) inner products for strong solutions. We
can invoke our reduction result, since we have assumed |U| < 1 and that there exists a pp such that
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for x| > po, ¢o(x) = ¢1(x) = 0. Utilizing Theorem BI0, we note that for sufficiently large times
t > t#(pg, Q, U) we may utilize the formula for the trace of the flow, namely:

Yolor + U] = —(ur + Uny) — q(u'), x € Q.

It is then follows that for sufficiently large times t > t7:

(ol + Udal,mal < llnllog - sup {I1Aul* + flue|*} < C (11(u, u)lly,, ) Il

TE[t#,00)

where in the final step we have used the boundedness in Theorem For smooth solutions, we
thus obtain a uniform-in-time bound (on the time derivative) of the form

d

—(ug, Ma

y7 < C ([(u, ug)lly;,) [Inll2.0-

By density (and the definition of a generalized solution), we can extend this inequality to a general-
ized solution. Hence the quantity d;(u:(t), n)q is bounded uniformly in t for any generalized solution
satisfying the hypotheses at hand.

Now, from the finiteness of the dissipation integral, Corollary B.7 and the above, we conclude

| sty < .
0

We apply the Barbalat Lemma to the function [ ug, n)a|2dr (as in [1,40]), and conclude that

t_l}gloo ko(ut,ma =0 (3.22)
for any n € C§°(Q).

This distributional convergence u; to 0 in ([3.:22) and the strong convergence on subsequences
ut(tn) — w (from the existence of the compact attracting set) imply that the strong limit w = 0.
Since every sequence of times ¢, has a convergent subsequence such that ||u:(t,, )|lo — 0 as k — oo,
we infer that tllglo ||ug(t)||2 = 0, as desired for Point (3.) in Theorem

Now, as described above, from the existence of the attracting set for the plate component we
conclude strong convergence on a subsequence of

|lu(tn,) — tll2,0 — 0 (3.23)

when k& — co. As for the lower order term, the following bound is clear

tn+e
[u(tn +€) = ultn)lloo < / [ue(T)lloodr < e sup  |ue(7)lo,0 (3.24)
tn Te[tnytn‘i‘é]
Thus
sup |lu(tn +7) —dlloo < sup |lu(tn +7) — u(ty)lo0 + lu(tn) — dlloo (3.25)
TE[—¢,(] TE[—e,c]

— 0 for any fixed ¢ > 0

17



along the subsequence t,, by [3:23) and (3:24]) above. More is true: by the interpolation inequality

6/2 1-6/2
lu®ll2-s0 < lu®llalu@) 5",

and the boundedness of {|lu(t)|2,o : ¢ > 0} we see that

sup |lu(ty +7) —1ll2—50 — 0 for any fixed ¢ > 0,6 € (0,2). (3.26)

TE[—e, (]

Remark 3.4. As seen in [I], the convergence

sup ||u(ty, +7) —1ill2—50 — 0 for any fixed ¢ >0, ¢ € (0,2). (3.27)

TE[—c,c]

can be improved to § = 0 by a contradiction argument, though this is not used here.

3.6 Weak Convergence to Equilibria Set

Now, to further characterize the flow limit point, we return to the formula in Theorem [3:9] The key
result is the identification of the limit as a statinoary point.

Lemma 3.13. The weak limit point (Q@,?ﬁ) € Yy, in Theorem [312 above has ¥ = 0 in the sense
L*(K,) for any p > 0.

Proof. The flow solution coming from the initial data, denoted (¢*(t), #;(t)), tends to zero in the
local flow energy sense, owing to Huygen’s principle. Thus from Point (1.) of Theorem we have
that ¢ (tn,) — " (since ¢ = ¢* + ¢™*). To identify ¥ with zero, we differentiate the flow formula
[B12) to obtain ([B.I5) (holding in distribution). For a fixed p > 0, we multiply the function ¢;*(x,t)
by a smooth function ¢ € C§°(K,) and integrate by parts in space—in (3.15]) move 0, onto ¢ in the
third term and My onto ¢ in term four. This results in the bound

(01", Q2 i) < Cp) P [[ue( — 7)llo,0llC]1,k, (3.28)
T7€(0,t*

From this point, we utilize the previously established fact that u;(t) — 0 in L?(2) (Theorem
[B.12), and hence (¢;*(t),()r2(k,) — 0, s0 ¢;*(t) — 0 in D'(K),). This gives that ¢;(t,,) — 0 in
L*(K,), and we identify the limit point ¢ =0in LY(K,). O

We must now show that the obtained weak limit Sy, (yo) — (¢,0;4,0) in Y, provides a weak
solution to the stationary problem. The proof proceeds as in [I], but we sketch it for completeness.

Lemma 3.14. The pair ((;AS, @) in Theorem[312 is a weak solution to the stationary problem (IL13)).

Proof. (Sketch) Consider a strong solution to (L3]). We begin by multiplying the system (L3]) by
n € Cee(Q) and p € CP(R3), and integrate over the respective domains. This yields

{(utt, 77> + (Au, A’I’}> + <ut7 77> + <f(u)7 77> = <p07 77> - <70[¢t + U@x], 77> (329)

(qbttv M) + U(@tm, M) + U(@xt, M) - Uz(qbwv Nm) = _(qu’ V“) + <Ut + UUmﬁO[MD

Now, we consider the above relations evaluated on some points t¢,, (identified as a subsequence for
which the various convergences hold). We then integrate in the time variable from t, to t, + c.
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After temporal integration, the resulting identity can be justified on generalized solutions by the
approximation definition of thereof. We then pass to limit in n, using Theorem

Limit passage on linear terms is clear, owing to the main convergence properties for the plate
component in the Theorem The local Lipschitz property of fy allows us to pass with the limit
on the nonlinear term (this is by now standard, [12]). We then arrive at the following relations:

{<Aa, Aw) + (fv (u), w) = (po, w) + U(y0[¢], wa) (3.30)

(Vé, VN) - U2($x;ﬂx> = U<ﬁ:c7'70[:u]>'

This implies that our limit point (i,0;$,0) for (¢(tn), de(tn); ulty), us(ty,)) is a weak stationary
solution to the flow-plate system (L3)). We have thus shown: any trajectory contains a sequence of
times t,, — oo such that the restricted trajectory converges weakly to a stationary solution. O

Remark 3.5. Knowing that the system is gradient would allow to reach this conclusion in a more
straightforward way. However, this property is known only for the unperturbed problem U = 0.

Summarizing Section B Theorem [3.12] guarantees that for any yo € Y),, and for any sequence
t, — 00 and any p > 0, there is weak convergence in Y, along a subsequence t,, of the trajectory
Sty (yo) to some point § = (¢, 1; 1, w) € Y,. Moreover, point (3.) of Theorem B.12] guarantees that

w = 0. We then note that Lemma 313l holds, and hence qﬁ = 0. With our weak limit point satisfying
the weak form of the stationary problem in Lemma 314, we conclude that we have obtained weak
convergence to a weak solution of the stationary flow plate problem. We therefore have shown that
any sequence (u(ty); ¢¢(t,)) with t,, — oo contains a subsequence which converges to a stationary
solution. A simple contradiction argument (see, e.g., [IL12L[40]) gives that for any pg, p > 0 and any
Yo € Y, we have S¢(yo) — N in the sense of ¥,. What remains to show to obtain the main
result is the improvement of this convergence from weak to strong.

4 Microlocal Regularity of the hyperbolic Neumann-Dirichlet map.

The fundamental supporting result here—what finally allows us to overcome the issues encountered
in previous stability analyses [9}36,[37]—is a sharp microlocal estimate for the Neumann lift. We
note, for the first time, that the critical loss of Sobolev regularity in the so called characteristic
sector for the wave equation is compensated for by the plate dynamics. In this characteristic sector
(defined below) we have u; ~ u, € H'(Q2). (Note: there is no loss of regularity for the Neumann
wave equation in the hyperbolic and elliptic sectors.)

We will work with microlocally anisotropic spaces, as utilized heavily in the work of Tataru for
trace estimates for the wave equation. Invoking the definition and notation from [44], we introduce
the anisotropic space Xj. Roughly, the notation v € X; means that u is H® in the characteristic
sector (where time and space dual variables are comparable, given in @I0) as (c)), but v € H*?
in the other two sectors (e) and (h).

Let us introduce dual variables o € R, 7 € R? so that by Fourier-Laplace transformation

t—T1=¢8+10, (z,y)—ip=1i(u1,n2),

1/2

oy which consists of

with £ fixed and sufficiently large. In this section, we shall utilize the space X
functions h(x,y;t) with the properties:

o e %hel>(R?xRy)
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e The Fourier-Laplace transform (defined explicitly below) h(r, p) satisfies

m(o, p)h(r, p) € L*(Ry; H'?(R?))

with m(o, u) = M(t,z,y;t) for M(x,y;t) a zeroth order tangential ¥DO on (the boundary)
R? with the property that supp{m(o, )} C Mc. = {c|u| < |o| < C|p|} for some constants
¢,C > 0. In addition, we assume that m =1 in Msctc acic

4 4

With that notation in place, we look at the following Neumann wave equation:

e = An in R3 x(0,7),
n(0) =no; m(0)=m in RY (4.1)
0,n = h*(x,t) on {z=0}x(0,T),

Our goal in this section is to determine the interior and the trace regularities of 7
when the flow data h* has microlocally anisotropic regularity. In particular, for u; as
the plate component of a solution to (31, we will have u; € X!;. However, this provides an
overcompensation for the Neumann loss (as discussed above); thus we only need consider Neumann

data of the form h* € Xl/2

212 We will show the following theorem:

Theorem 4.1. Any weak solution to (1)) satisfies the following a priori bound for 0 <t < T':

||70[77t]||%2(0,T;L2(R2) + ||70[77]||%2(0,T;H1(R2))+||77t||i2(0,T;L2(R§r) + ||77||iQ(0,T;H1(R{1))
<Cr[|In(0)/3: &g + IO + 1152 - (42)
—1/2

4.1 Proof of Theorem [4.1]

To prove (£.2)), we critically exploit the half-space structure of the problem in avoiding commutators
and variable coefficients. We apply superposition with respect to initial and boundary data.

Step 1: Consider h* = 0 and let n be the corresponding response to the initial conditions. Applying
[38, Theorem 3|, we obtain

IO gy + ()1

+ ||70[77t]||iz(07T;H71/2(R2)) + ||70[77]||i2(0,T;H1/2(R2))
< Cr [0 By ag + I )IP] . (43)

Step 2: Consider zero initial data and arbitrary h* € Xi/12/2, and again let 17 be the associated

solution. Since ¢g, 1 = 0 we then take the Fourier-Laplace transform with & > 0 fixed:
t—r1=E+i0, (z,y) = ip=1i(p,p2),
denoting by 77 = 1)(z, u, o) the Fourier-Laplace transform of n in z, y and ¢, i.e.
1 +oo . ( N )
~ _ —T —(x .
n(z,pm,7) = 2 /R2 dxdy/o dte™ ™" - e THTYR2) (x5 t).

This yields the equation
Ner = (|M|2 + 52 —o’+ 2i§o),
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with transformed boundary condition, 7,(z =0) = ﬁ;(u, 7).
Solving the ODE in z and choosing the decaying solution z — +o00, we have

1 —~
ﬁ(27/~l/77-) = _%h*(ﬂﬂ') exp(—z\/g),
with
s=|pl*+7° = (| — o® + &%) + 2iko; (4.4)
and +/s is chosen such that Rey/72 + |u|? > 0 for Re 7 = £ > 0. On the boundary z = 0 we have

Az = 0, p,7) = %?F(w). (4.5)

Taking the time derivative amounts to premultiplying by 7 = £ 4 io, and with a slight abuse of
notation, we have

iz =0,p,7) = %f’ﬁ(w), T =€ +io. (4.6)
Denoting the multiplier .
2 =g, (4.7)
we can infer the trace regularity of 1 from m(&, o, p):
mig.op)| = [27| = YE 27 (1)
I e |

_ Vo e (4.9)

(2 = 0%)2 + &1 4 26202 + 2fue2)

WLOG, we take each of the arguments £, o and |p| to be positive and consider the partition of the
first quadrant of the (|ul, o)-plane into the following sectors:

(h) |ul <o/V3, (hyperbolic)
(e) |pl > V20, (elliptic) (4.10)
() o/V2<|u| <20 (characteristic)

4.1.1 Trace Regularity

Our goal in this section is to prove the trace component of (2l).

Lemma 4.2. Let s be as in (A4l). Then, in sectors (e) and (h) we have the estimate

1 2\ 1/2
VR z gl (14 ) (@)

and in sector (c), we have the estimate
1/4
|u/?
VL=l (1 ) (112)
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Proof of Lemma[{.3 Also, from (48], we may write
VIS = ([P = 0% + ¢4+ 26%07 + 2luf2e?) "

Hence, in sectors (e) and (h), we obtain

2 2\2 | 4 2,2\1/4 ﬂ 4 A
VIsl 2 (Il = 0%)? + €+ 2ufe?) " > +& + 2l

1
2 1/2
%Jrg) (4.13)

o\ 1/2
o)

v
D L e N

v

In sector (c), we have

VISl = (64 + 26207 + 2u2e?) > 1eV? (€2 + 20 + 2uf?) /!
> [¢[V2 (€2 + 3lu?) ! (4.14)
> €] (1 + “g—2|2>1/4.
This proves @I1). O

Lemma 4.3. Let m(&, 0, 1) be defined as in [@T). Then, in sectors (e) and (h)(as in (AI0)), we
have the estimate

Im(&§,o,p)| <2, for £#0, (4.15)
and in sector (c)
291/4
mcoml <21+ B o g 20 (4.10)

Proof of Lemma[{.3 We consider the partition of the first quadrant of the (|u|, o)-plane as in ([£I0]).
In cases (e) and (h) above, we can write

m(E,0,m)| < Vor+ & < 0?1 & _

(luP - o2 + et 1 26207) "~ (stja 4604 20202)""

In case (¢) we have

Vot e _ 1 Vot e

(64 + 26202 + 2uPe?) " T 1V (€2 4 207 4 2|uP)

[m(&, 0, m)| <

1/4

1 Vo2 + &2 - 1 (> +¢ )1/4 1 (2lpl? + 52)1/4
ST (2 1 502) I G |
This implies the estimate in (Z.I6]). O

We now complete the proof of the trace component in the following lemma.
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Lemma 4.4. Let n satisfy (L1)) with zero initial data and h* € X1/12/2

estimate

Then, we have the following

ot 32022y + ol o oy < Cr (17 s | (4.17)

Proof of Lemma[].7] We bound each term on the LHS of (£I7) separately.
By the inverse Fourier-Laplace transform we have that

1 o0
e-ftw,y,z:o,t):g/m dp / doe'® - @) (e o, ph* (p, € + o)

and

1 o0 . . 1 —~
e_ﬁtn($’y7 z = 0775) = % /R2 d/l,/ daewt . ez(wu1+y“2) ) %h*(y,,g n io‘),
—00

Thus by the Parseval equality we obtain

1 [t °° 7
nem) =g [ I = 000t = [ du [ dolm( o) P u + i) (119
and
1o (14 1)
p(&n) = %/0 le™%" (2 = 0,8) | F1 paydt = / / |h*(p, € +i0) 2. (4.19)

Proving (&I7) is equivalent to showing the RHS in (£I8) and (£I9]) are bounded.
We first look at ({I]). From Lemma [£3] in sector (¢), we have

Im(€, 0, p)> <AL+ €72 p) Y2 <41+ 7221 + )Y (4.20)

Using (4.20)) and (£I0) and splitting the the RHS of (AI8) based on sectors (e), (k) and (c), we

obtain

/ d / do|m(&, 0, ) I € + io)? = 8 / d / do? [T, € + i) 2
R2 —0 2 0<o<

&IE

saee [, (L + Y2 (, € + o) ?
W‘<0'<\/_|IL‘

—l—8/ d,u/ da2]h*(ﬂaf+ia)\ )
R2 o>v2|p

(4.21)
Now, using the fact that h* € X 1/1 /2, We see that the RHS of (4.2I)) is bounded.
We now look at (A.I9) From Lemma 2] in sectors (e) and (h), we have
2 2 2
Atjpef) 40+ 40+ kP < 4 (4.22)
5] SR+ E2u?) — A+ )0+ |pf) — 1+¢
and, in sector (c), we have
2 2 2 2\1/2
Qlel) . el 0P G
5] €121+ &2 [puf) 12 7 (1 + )21+ )2 = g(1+62)12
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Splitting the RHS of ([£I9) based on sectors (e), (h) and (¢) and then applying (£22]) and ([£23)

\N’) " 2|7 %
[ du | do s+ i) = g [ /<J<ud0\h(u£+w)!

1 / 1/2 N
+ s du/ do(1+ )" (1, & +io)[* (4.24
S+ Jrz " J1ml cocyauy 20

4 / / 275 . N2
+— d do®|h*(w, & +io)|”.
el . |h* (e, & +io)|

Now, using the fact that h* € X 12 we observe that the RHS of (£24) is bounded. O

~1/2°

4.2 Interior Regularity

We now prove the interior portion of the bound in (£.2)) in Theorem [.1l Completing this will finish
the proof of Theorem F.11

1/2

Lemma 4.5. Let n satisfy (@Il) with zero initial data and and h* € X_1/2,

following estimate

Then, we have the
||77t||iQ(o,T;L2(Ri) + ||77||%2(0,T;H1(Ri)) < CTHh*Hi(i/lz/z- (4.25)

Proof. We bound each term on the LHS of ({.I7) separately. By the inverse Fourier-Laplace trans-
form we have that

e (. y, 2,t) / d“/ doe'® - @) (e o, p) exp(—2v/5)h* (. € + io)
R2
and
¢t n(z,y, z,t) / du/ doeiot . gileptyp2) | Mh*(u,f + i0).
R? Vs

Thus by the Parseval equality we obtain

S )
nem) =g [ el g
% % N (4.26)
— / dz / dps / dolm(E, o, 2T (. € + i0) 2 exp(—22Re(V/3)
0 R2 —00
and
1 +oo .
pem=g- [ e o t>||H1 .
(4.27)

/ i [ an [~ ao "" B8 5, € + i) 2 exp(~22Re(v/5)).

Proving (£.25) is equivalent to showing the RHS in (4.26]) and (£.27)) are bounded.
Since Re(y/s) > 0, from Lemma 2] we have

V2Re(\/s) = \/|s| + Re(s) > /|s| > g (4.28)
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We first look at (£26). Applying [Z28) to (£26]), we obtain

/ dz / s / dolm(E, o, 2T (. € + i0) 2 exp(—22Re(V/3)
0 R2 —00

2 . . (4.20)
< [Tazow (< Z5) [dn [ dotmte o + io)
0 \/§ R2 —o0
Now, using (4.21)) and the fact that h* € X_/12/2, we see that the RHS of (£.29) is bounded.
Similarly, applying (£28) to ([£27]), we obtain
o9 [e8) 1 AN
/ dz/ du/ da(—i_iwm*(u’f+i0)|2exp(—2zRe(\/§))

> 2§ © A+ 2
§/0 dz exp <_ﬁ> /R2dﬂ/—ood0T|h (p, & +io)|.

Using (£24]) and the fact that h* € Xi/lz/z, we see that the RHS of (430)) is bounded appropriately.
]

4.3 Change of Variables and Final Estimate

We have shown the desired (interior and boundary) microlocal estimates for the wave equation in
(£I). But it is easy to move back to the perturbed wave equation in (L3)(3)-(L3))(5), of course
with well-posedness in hand, with the flow component given by:

(O + Udyy)?¢ = Ag in R3 x (0,7),
¢(0) = do; ¢:(0)=¢1 in R3 (4.31)
0.0 =nh on {z=0}x(0,7).

One can see that the function n(x,t) = ¢(x + Utey,t) = ¢(x + Ut,y,z,t) possesses the same
regularity properties and solves the problem

dfn = A in R3,
1(0) = ¢o; m:(0) = d1 + Udrgbo, (4.32)
oyn = h* on R?,

where h*(x,t) = h(x + Utej,t) also has the same regularity properties as h, for instance in

L?(0,T; L2(R?)), YT > 0. Thus we obtained the desired result for the perturbed wave equation.

Theorem 4.6. Any weak solution to [B.8) with zero initial data satisfies the following a priori
bound:

ol zizaqmn + Iol6llEacoram oy + 1900 rnes) + 10110,z 3y < OlIbIe . (433

This theorem will be applied to the flow-plate solution taking h = [u; + Uuglext and waiting a
sufficiently long time (with respect to the support of the initial data characterized by p > 0).

Remark 4.1. We note that, from the point of view of stability (long-time behavior), the above bound
may not be directly useful, owing to the constant Cr appearing on the RHS. We will only need to
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apply this estimate on time-translated intervals of a uniform size, i.e., [t,, — a, t,, + a] for some fixed
a > 0. This is a critical point in the analysis here.

5 Improving Convergence: Weak to Strong

This is the final portion of the proof of the main result, Theorem 2.1l With the technical preliminaries
established (Section []), and the improved microlocal mapping properties of the Neumann-Dirichlet
mapping (Section M), we now boost weak convergence in Lemma [BI4] to a strong convergence. We
outline the strategy here:

e We consider a given sequence of times t,, — 0o, for which we have established a subsequential
weak limit ((;AS, 0;u,0) that is a weak solution to the stationary problem. We consider the wave
component of the PDE system on its own, where we take the difference variables ¢ = ¢ — qg
and v = u — 4. Since the wave equation itself is linear, we may apply our microlocal regularity
results for the resulting (¢, v) system. The goal is to show that (¢ (t,),v(t,)) — (0,0) strongly
in Y, (perhaps on a further subsequence).

e We consider the Neumann mapping bound on time intervals of the form [—c+t,, t, +¢|, where
¢ > 0 is arbitrary; we then apply the microlocal result. Since these “sliding” intervals are all
of the same length, we can invoke the semigroup property for tight control of constants that
depend on T', which is to say, only the length of this interval matters.

e We will then obtain that 1) goes to zero (via convergence of the plate dynamics) in the sense
of Lz([—c—i- tn,tn +c; Yp). We must convert this information to point-wise convergence along
the sequence t,, for the flow. We finally show a “converging together” lemma that gives
E(tn), E(t, + c) converge to the same value with ¢ arbitrary; this allows us to deduce the
required point-wise information.

5.1 Convergence Through the Microlocal Regularity

Let {t,, } be as in Lemma 314] with (u, @) satisfying (I3) and (@, ¢) the associated solution the
stationary problem to which it convergence along a given subsequence of times t,, . By linearity of
the flow equation in (B.8]), the variable ¢ = ¢ —ngb satisfies the same flow equation with the boundary
data given by

h = [ve + Uvglext = [ut + U(u — @)z ]ext-

Our ultimate goal is to show for any p > 0

16 (tne) = Dl 1,y + 16e(tn )72,y = O, (5.1)

We arrive at this through several steps, as outlined in the previous section.
We define, for a fixed a > 0, time translates of the solutions along t¢,,. Consider the sequences

{fn} and {gn} as:

fk(t) _ {Uext (tnk + t), t e [—(1, (L] gk(t) _ {[Ut]ext (tnk =+ t), te [—a, a]

0, otherwise 0, otherwise
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and sequences {p,} and {¢,} as

pe(t) = {w(tnk +1), tel-a,a q(t) = {wt(tnk +1), te-aad

0, otherwise 0, otherwise.

Now, we wait a sufficient time so as to consider the flow equation with zero initial flow data on
K, (Huygen’s Principle). Applying the result on the Neumann lift (with zero flow data) in Theorem
[46] for any fixed a > 0, we obtain:

2 2 2 2
||¢t||L2(tnk—a,tnk+a;L2(Kp)) + ||V¢||L2(tnk —a,tn, +a;L2(Kp)) = lakllzzm, r2,) + 11VPEllZ2 R, 220,)
< Crllge + U(fa),ll32

~1/2

2 2
< Cr HngXi/fm + U”(fk)m"Xi/f/g
(5.2)

where above T' = 2a (independent of k).

We now look at the terms on the RHS. For simplicity, we use the notation x(k) := X[tn, —a,tn, +a]
1/2

for the characteristic function on the set [t,, — a,t,, + a]. Using the definition of the space X ] /2

and Parseval’s equality, we obtain

lonlBoe = [ an |
~1/2 R2 0<|o|<

4 / du / do |G (1, 0)?
R2 lo|>Vv2|p|
~ 2 21/21. (TN T 2
<2 / i / do |G, o) + / dp / do (1 + 1) X (R) s (11, )
R2 R R2 ‘—\’/%‘<|cr|<\/§\u\

< 2H9kH%2(R+;L2(R2)) +§/ dﬂ/ | do V2|l (1 + |1*) 2 |x (k) vext (1, o)
R? G<lol<v2lul

=

oo+ [ dn [, Ao (1 + 1) 2] (1,0)P
R? Ba<lol<v2lyl

S

< 2l R, a0 sy + € [ e | oV ) N 0P

< 2H[ut]eXtH2L2(tnk —a,tn, +a;L2(R2)) + f”vext”m(tnk —a,tn, +a; H3/2(L2(R?))
(5.3)

From the convergence properties of (u(ty, ), ut(tn,)) of in Theorem B.I2] and the definition of v
variable , we see that the RHS of (5.3]) approaches zero as k approaches infinity. Also, from Theorem

A6, and the fact that H3/2(Q) < Xi/2 we see that

1/2°
H(fk)m”i(i/f/z < CT||Uext||i2(tnk—a,tnk+a;H3/2([R2) — 0, k — oo. (5.4)
Hence,
2 2
ell22 (1, —astn, +asr2i,) + VL2, —atn, +asz2x,)) = 05 k= 00 (5.5)

This establishes the desired convergence along time translated intervals of size 2a along ¢, .
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5.2 Converging Together

We must convert our L? type convergence on intervals to pointwise convergence along t,. Note that
this is precisely the type of information carried in the energy identity. We now look only at the
energy for the flow equation evaluated on the difference trajectory (¢ = ¢ — bv=1u— u). We also
recall that for generalized solutions, the energy E;l“b € C(]0,T];R>p) along trajectories.

to

ch?b(tg) = ch?b(tl) + / (ve(8) + Uvg(s), ¥i(s))ads, (5.6)

t1

where we recall E}"L}Lb(t) = ([0 (1) |14V () ]|2=U?|[¢b4 ()||? is evaluated on the difference 1) = ¢—.
Using the energy identity (5.6) on [t,, — a,t,, + a], Parseval’s, and Theorem (.4)), we see that

0< S[UP | Ejs‘lUb(tnk +T) - ;‘}Lb(tnk)
TE|—a,a
tnk—i-a
< [ o) + (o) val)alds
tnk—a

< ol 22 tn, —astn, +asz2 @) 10t + Uvel| L2, —a,tn, +a;22(R2)) (5.7)

< Hgk + Ufk,:c“i(l/z

—1/2

2
< U -0
< (lollgo, + Uil ops ) =0

where in the last line, we invoke (5.3) and (5.4). From Theorem [3.12] we know that S, (yo) converges
weakly in Y),, thus the sequence E;l“b(tnk) is bounded. Possibly passing to a further subsequence

and relabelling, we have a subsequential limit point (of real numbers)
ch}‘b(T +tp,) — L, for some L >0, (5.8)

where the above convergence and limit point are uniform for 7 € [—a, a].
We now show that L = 0 via contradiction, to obtain our final desired conclusion, (5.1]). Suppose,
to the contrary, that L # 0. From (5.7) and (5.8]), we may write inf E]sc}Lb(tnk +7) = L and

TE€[—a,a]
hence for all k large enough
0< L/2 < inf Efl(tnk + T). (5.9)

TE[—a,a
But this contradicts (5.5)) since, from the definition of E}i}‘b, we have

: b 2 2
2a <Telnf Ejszlu (tnk + T)> é ||T/)t||L2(tnk —a,tnk-l-a;LQ(Ri) + ||¢||L2(tnk —a,tnk-i-ll;Wl(Kp) — 0, k’ — OQ.

[_ava]
Hence L must be zero, and we obtain (5.1)).
Thus, we have improved the convergence of S, (vo) — (6,0;4,0) € Y,, i.e., the limit in Part

1 of Theorem [B12] is strong. By virtue of Theorem [B.12] and Lemma [B.14] we have shown that,
that given any sequence of times {¢,} going to infinity, there exists a subsequence {t,,} and an
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associated point (i, ¢) € N for which

1ALty ) = all3 + lue(tn )5 + [V [0(tn) = Dl T2,y + 186t L2x,) — 0.

We have thus obtained the statement of the main result, Theorem 211

6 Acknowledgements

The authors wish to acknowledge and express appreciation to the National Science Foundation.
The second author was partially supported by NSF-DMS 1713506. The third author was partially
supported by NSF-DMS 1907620.

7 Appendix

The goal of this brief appendix is to discuss the features of our model that are essential for the main
result, and also to demonstrate some ways in which our main result is sharp.

7.1 Essential Features of ([.3)—Discussion

First, we note that the presence of the flow U # 0 introduces the interactive energy F;,:, which,
although conserved, may not be positive; hence it must be controlled. The presence of the flow (and
also the functions py and Fp) are the main features which give rise to the plate attractor, and the
possibility of non-trivial stationary states. The von Karman nonlinearity is “good” precisely because
it is “strong enough” to ensure boundedness of trajectories for all U € R. Thus, the removal of the
physical plate nonlinearity would remove hope of producing the main result, unless strict smallness
conditions were placed on |U| as well as the forcing functions pg and Fy (in appropriate norms).
Indeed, the requirement of |U| < 1 is essential for our purposes here, and of course in line with the
engineering motivation for this paper. Although the flow contributes F;,; as mentioned above, we
do have a conservative system. With |U| > 1, we do not have a good energy balance/identity, and
energy-building temporal integrals appear on the RHS [14].

In the discussion below, we informally address two simplified problems that provide some insight
into our result here, and, in some sense, demonstrate that our result is sharp with respect to the
mode of convergence. We will discuss two simplified scenarios where U = 0 and the plate is taken
to be linear (regime of small, but perhaps rapid, deflections). In these cases, our mathematical
flow-plate system becomes a true acoustic problem [12,24]. In other words, we consider a true wave
equation on the 3D space, with a damped linear plate embedded in a portion of its boundary.

We first consider the half-space problem, as presented above in (L3]) but taking U = 0. We
interpret our results from the previous sections to obtain a result. We then ask the questions of
uniformity and rate of decay in this context. In the second portion of the Appendix, we restrict our
attention to the bounded acoustic chamber [12] (and references therein). In both cases, we do not
obtain uniformity of decay, for reasons explained below.
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7.2 U =0 Half-Space Problem

Consider the linear acoustic problem on the 3D half-space. This model is obtained by simply letting
U = 0 and eliminating the plate nonlinearity from (L3]).

uy + A*u+ koug = royo[0i¢]  in Q% (0,T),

u(0) = ug, w(0) =u in Q,

u=0,u=0 on 00 x(0,7), 7.1)
$u = A¢ in R3 x (0,7),

¢(0) = ¢o, #:(0) = ¢ in R3

0,0 = [Oput]ext on Qx(0,7).

One can view this model as a half-space wave equation, with damping active on a small portion of
the boundary through the plate equation. This model has a good energy relation, and trajectories
are necessarily bounded, thus there is a weak limit point as ¢ — co. The unique stationary solution
in this case is trivial (up to a constant, with respect to the Neumann flow problem).

We see that the presence of the unbounded half-space is essential to invoke Huygen’s principle,
in order to dispense with the effects of the flow initial conditions (through waiting). The half-space
is also needed for the closed-form reduction result (Theorem B.I0) resulting in the plate dynamics
with a memory potential on the RHS. It will follow immediately that these plate dynamics converge
uniformly (and exponentially) to zero—since the plate attractor exists in this case and is necessarily
trivial. The decay of the plate can be lifted directly to the flow through the microlocal estimates, as
used above; however, this can only be done on subsequences of time and the microlocal estimates
invoked only on bounded (fattened) time intervals of uniform size. Thus there is no hope for a
“direct” use of the microlocal estimate (as mentioned before, owing to the constant Cr) to lift the
exponential decay of the plate to the flow on the infinite time horizon. Thus, there does not seem
to any obvious uniformity of decay for solutions to the full system without invoking some sort of
damping (e.g., viscosity) in the flow equation.

A natural question would be to ask, what happens if kg = 0 above? Is it possible, after sufficiently
long time has passed, that the transfer of energy from the plate to the flow would eventually
“dissipate the entire system energy at infinity?” The answer to the very interesting question is in
fact negative, as shown (by construction) in the very nice note [8]. It shows that flutter persists
unless there is some damping on the structure. In that sense our result is optimal, since it shows
that flutter can be eliminated with an arbitrary small damping.

7.3 Acoustic Chamber

Let us now take € to be a flat portion of a bounded domain © which has boundary 00 = QU Q¢
that could be taken smooth, or even Lipschitz. Let n denote the unit outward normal to O, so that
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n = —es3 on the surface of ().

uy + A*u+ koug = royo[0i¢]  in Q% (0,T),

u(0) = ug, u(0) =u in Q,

u=0u=0 on 00 x(0,7),

i = Ag in Ox(0,7), (7.2)
$(0) = ¢o, ¢:(0) = 1 in O

0:0 = w on Qx(0,T)

On¢ =0 on 90\ Q.

This is a wave equation on a bounded domain, with damping on a portion of its bounded boundary
through the plate equation. As in the previous subsection, this model has a good energy relation, a
non-negative energy, and trajectories are necessarily bounded. We can say more.

First, it is immediate that the stationary solution is unique up to a flow constant ¢ = const. (as
a pure Neumann problem). Secondly, the dynamics in (Z2) can be seen to be gradient, i.e., with a
strict Lyapunov function. If one considers the damper zero, in the sense u; = 0, then by the clamped
plate boundary conditions we obtain u = 0. In this case, we can rewrite the plate equation as:

0=roy[d¢] in Qx(0,T).
Then, time differentiating the resulting flow system (with u; = 0), we obtain:

[¢t]tt = A[¢t] in Ox (OvT)’
0.[) =0 on Qx(0,7) (7.3)
Onp =0 on 90\ Q.

The above, taken with the condition that vy[¢:] = 0 on Q, yields an overdetermined problem in ¢,
which, by the standard hyperbolic theory provides that ¢, = 0. From this we deduce that ¢; = 0,
and thus ¢ = const. is stationary.

On the other hand, deducing convergence to a stationary state is not at all clear. Boundedness
of trajectories (in the “good” energy) provides weak subsequential limit points in time. Additionally,
we must have u; — 0 in L?(€2), since, if there were a subsequence of times where this did not hold,
it would be seen to violate the finiteness of the dissipation integral (Corollary B.7). Considering
smooth data and using Ball’s method of approximation for this linear problem allows one to boost
the convergences. We obtain strong subsequential (in time) convergence to a limit point for a given
subsequence t,,, and us(t) — 0 € L?(Q2), t — oo strongly. However, pushing this convergence to
the flow to obtain a result like the main result in this treatment is not clear.

The reduction formulae utilized here (as in (812 and (3:20)) to obtain our main result depend
critically on Huygen’s principle, waiting a sufficiently long amount of time on the half-space until
the effect of the initial condition is sent away. This of course is not available on the bounded domain.
Concerning the effect of the boundary data itself, it is possible to prove microlocal estimates for
this system, picking up some commutators and non-constant coefficients from the geometry. In
particular, we will not have direct access to the “lift” given in ([B.I5]) and used at several points
herein. This particularly complicates the issue in passing from information about u; to that of ¢,
which convergence to a stationary state is predicated upon.

Although the boundedness of the domain is helpful from the point of compactness for the flow,
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the loss of Hugyen’s principle—finite dependence on the signal-—means that direct stablization of
the plate (after waiting some time) is markedly more complicated. Said differently, the effects of the

initial condition are not “lost to dispersion", and we cannot invoke certain explicit formulae for the
relevant N-to-D mapping. Any attempt to stabilize the initial conditions through the plate damper
would seem to require a geometric condition on plate domain Q.

References

1]
2
13
4
51
6]
17
8]
9

10]

1]

12]

[13]

[14]
[15]

[16]
[17]

18]
[19]

[20]
21]

Balakrishna, A. and Webster, J.T., 2021. Large deflections of a structurally damped panel in a subsonic flow.
Nonlinear Dynamics, 103(4), pp.3165-3186.

Balakrishnan, A.V., 2012. Aeroelasticity: The Continuum Theory. Springer Science & Business Media.

Balakrishnan, A.V. and Shubov, M.A., 2004. Asymptotic behaviour of the aeroelastic modes for an aircraft wing
model in a subsonic air flow. Proceedings of the Royal Society of London. Series A: Mathematical, Physical and
Engineering Sciences, 460(2044), pp.1057-1091.

Bolotin,V.V., 1963. Nonconservative Problems of Elastic Stability, Pergamon Press, Oxford

Boutet de Monvel, A. and Chueshov, 1., 1999. The problem on interaction of von Karman plate with subsonic
flow of gas. Mathematical methods in the applied sciences, 22(10), pp.801-810.

Boutet de Monvel, L. and Chueshov, 1., 1996. Non-linear oscillations of a plate in a flow of gas. Comptes rendus
de ’Academie des sciences. Serie 1, Mathematique, 322(10), pp.1001-1006.

Boutet de Monvel, L., Chueshov, I.D. and Rezounenko, A.V., 1997. Long-time behaviour of strong solutions of
retarded nonlinear PDEs. Communications in Partial Differential Equations, 22(9-10), pp.1453-1474.

Chueshov, 1., 2016. Remark on an elastic plate interacting with a gas in a semi-infinite tube: Periodic solutions.
Evolution Equations and Control Theory, 5(4), pp.561-566.

Chueshov, 1., 2000. Dynamics of von Karman plate in a potential flow of gas: rigorous results and unsolved
problems. In Proceedings of the 16th IMACS World Congress, Lausanne, Switzerland (pp. 1-6).

Chueshov, 1.D.; 1992. On a certain system of equations with delay, occurring in aeroelasticity. Journal of Soviet
Mathematics, 58(4), pp.385-390.

Chueshov, 1., Dowell, E.H., Lasiecka, I. and Webster, J.T., 2016. Nonlinear elastic plate in a flow of gas: Recent
results and conjectures. Applied Mathematics & Optimization, 73(3), pp.475-500.

Chueshov, I. and Lasiecka, 1., 2010. Von Karman FEvolution Equations: Well-posedness and Long Time Dynamics.
Springer Science & Business Media.

Chueshov, 1., Lasiecka, I. and Webster, J.T., 2014. Attractors for delayed, nonrotational von Karman plates
with applications to flow-structure interactions without any damping. Communications in Partial Differential
Equations, 39(11), pp.1965-1997.

Chueshov, 1., Lasiecka, I. and Webster, J.T., 2013. Evolution semigroups in supersonic flow-plate interactions.
Journal of Differential Equations, 254(4), pp.1741-1773.

Chueshov, I. and Rezounenko, A., 1995. Global attractors for a class of retarded quasilinear partial differential
equations. Comptes rendus de ’Academie des sciences. Serie 1, Mathematique, 321(5), pp.607-612.

Ciarlet, P.G. and Rabier, P., 2006. Les équations de von Kdrmdn (Vol. 826). Springer.

De Monvel, L.B. and Chueshov, I.D., 1999. Oscillations of von Karman’s plate in a potential flow of gas. Izvestiya:
Mathematics, 63(2), p.219.

Dowell, E.H., 1966. Nonlinear Oscillations of a Fluttering Plate, I and II, ATAA J., 4, 1966, pp. 1267-1275; and
5, 1967, pp. 1857-1862.

Dowell, E.H., 1970. Panel flutter: A review of the aeroelastic stability of plates and shells. AIAA J., 8(3), pp.385-
399.

Dowell, E.H., 2004. A Modern Course in Aeroelasticity, Kluwer Academic Publishers.

Dowell, E., 2010. Some recent advances in nonlinear aeroelasticity: fluid-structure interaction in the 21st cen-
tury. In 51st ATAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference 18th
ATAA/ASME/AHS Adaptive Structures Conference 12th (p. 3137).

32



22]

23]

24]
[25]
[26]
27]
28]
29]

[30]

31]
32]

[33]
[34]

135]
136]
137]
138]
139]
j40]
ja1]
j42]
j43]
j44]

[45]
[46]

[47]

Favinini, E., Horn, M., Lasiecka, 1., and Tataru, D., 1996. Global existence, uniqueness and reqularity of solutions
to a von Kdrmdn system with nonlinear boundary dissipation. Differential Integral Equations, 9 (2). pp.267-294.

Favinini, E., Horn, M., Lasiecka, 1., and Tataru, D., 1997. Addendum to: Global existence, uniqueness and regu-
larity of solutions to a von Kdrmdn system with nonlinear boundary dissipation. Differential Integral Equations,
10 (1). pp.197—-200.

Graber, P.J., 2011. Strong stability and uniform decay of solutions to a wave equation with semilinear porous
acoustic boundary conditions. Nonlinear Analysis: Theory, Methods & Applications, 74(10), pp.3137-3148.
Haraux, A., 1985. Stabilization of trajectories for some weakly damped hyperbolic equations. Journal of differential
equations, 59(2), pp.145-154.

Haraux, A. and Jendoubi, M.A., 1999. Convergence of bounded weak solutions of the wave equation with dissi-
pation and analytic nonlinearity. Calculus of Variations and Partial Differential Equations, 9(2), pp.95-124.

Holmes, P.J., 1977. Bifurcations to divergence and flutter in flow-induced oscillations: a finite dimensional anal-
ysis. Journal of Sound and Vibration, 53(4), pp.471-503.

Holmes, P. and Marsden, J., 1978. Bifurcation to divergence and flutter in flow-induced oscillations: an infinite
dimensional analysis. Automatica, 14(4), pp.367-384.

Howell, J., Huneycutt, K., Webster, J.T. and Wilder, S., 2019. A thorough look at the (in) stability of piston-
theoretic beams. Mathematics in Engineering, 1(3), pp.614-647.

Howell, J.S., Lasiecka, I. and Webster, J.T., 2016. Quasi-stability and exponential attractors for a non-gradient
system—applications to piston-theoretic plates with internal damping. Evolution Equations & Control Theory,
5(4), p.567.

Howell, J.S., Toundykov, D. and Webster, J.T., 2018. A cantilevered extensible beam in axial flow: semigroup
well-posedness and postflutter regimes. STAM Journal on Mathematical Analysis, 50(2), pp.2048-2085.

Kaltenbacher, B., Kukavica, I., Lasiecka, I., Triggiani, R., Tuffaha, A. and Webster, J.T., 2018. Mathematical
theory of evolutionary fluid-flow structure interactions. Birkhauser.

Lagnese, J.E., 1989. Boundary stabilization of thin plates. Society for industrial and Applied Mathematics.

Lu, Y., 2015. Uniform stabilization to equilibrium of a nonlinear fluid-structure interaction model. Nonlinear
Analysis: Real World Applications, 25, pp.51-63.

Lasiecka, I. and Triggiani, R., 2000. Control theory for partial differential equations: Volume 1, Abstract parabolic
systems: Continuous and approximation theories. Cambridge University Press.

Lasiecka, I. and Webster, J.T., 2014. Eliminating flutter for clamped von Karman plates immersed in subsonic
flows. Communications on Pure & Applied Analysis, 13(5).

Lasiecka, I. and Webster, J.T., 2016. Feedback stabilization of a fluttering panel in an inviscid subsonic potential
flow. STAM Journal on Mathematical Analysis, 48(3), pp.1848-1891.

Miyatake, S., 1973. Mixed problem for hyperbolic equation of second order. Journal of Mathematics of Kyoto
University, 13(3), pp.435-487.

Miyatake, S., 1993. Neumann operator for wave equation in a half-space and microlocal orders of singularities
along the boundary. Seminaire Equations aux derivees partielles (Polytechnique), pp.1-6.

Ryzhkova, 1., 2004. Stabilization of von Kdrmdn plate in the presence of thermal effects in a subsonic potential
flow of gas. Journal of mathematical analysis and applications, 294(2), pp.462-481.

Ryzhkova, 1., 2007. Dynamics of a thermoelastic von Karman plate in a subsonic gas flow. Zeitschrift angewandte
Mathematik und Physik, 58(2), pp.246-261.

Sakamoto, R., 1970. Mixed problems for hyperbolic equations I Energy inequalities. Journal of Mathematics of
Kyoto University, 10(2), pp.349-373.

Shubov, M.A., 2006. Flutter phenomenon in aeroelasticity and its mathematical analysis. Journal of Aerospace
Engineering, 19(1), pp.1-12.

Tataru, D., 1998. On the regularity of boundary traces for the wave equation. Annali della Scuola Normale
Superiore di Pisa-Classe di Scienze, 26(1), pp.185-206.

M. Taylor, Note on the Neumann boundary conditions for the wave equation,.

Webster, J.T., 2011. Weak and strong solutions of a nonlinear subsonic flow—structure interaction: Semigroup
approach. Nonlinear Analysis: Theory, Methods & Applications, 74(10), pp.3123-3136.

Webster, J.T., 2019. Attractors and determining functionals for a flutter model: finite dimensionality out of thin
air. Pure and Applied Functional Analysis, 5(1), pp.85-119.

33



	1 Introduction
	1.1 Physical Stabilization Problem
	1.2 Precise Mathematical Model
	1.3 Energies and Functional Setup
	1.4 Definition of Solutions
	1.5 Well-Posedness of Solutions and Dynamical Systems
	1.6 Stationary Problem

	2 Main Results and Technical Discussion
	2.1 Central Analytical Challenges
	2.2 Key Observations and Proof Strategy

	3 Technical and Supporting Results
	3.1 Facts Concerning Plate Nonlinearity fV
	3.2 Control of Energies
	3.3 Neumann Formulae and Flow Decomposition
	3.4 Plate Attractor
	3.5 Weak Convergence and Strong Plate Convergence
	3.6 Weak Convergence to Equilibria Set

	4 Microlocal Regularity of the hyperbolic Neumann-Dirichlet map.
	4.1 Proof of Theorem 4.1
	4.1.1 Trace Regularity

	4.2 Interior Regularity
	4.3 Change of Variables and Final Estimate

	5 Improving Convergence: Weak to Strong
	5.1 Convergence Through the Microlocal Regularity
	5.2 Converging Together

	6 Acknowledgements
	7 Appendix
	7.1 Essential Features of (1.3)—Discussion
	7.2 U=0 Half-Space Problem
	7.3 Acoustic Chamber


