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REGULARITY RESULT FOR THE PROBLEM OF VIBRATIONS
OF A NONLINEAR BEAM

M’BAGNE F. M’'BENGUE, MEIR SHILLOR

ABSTRACT. A model for the dynamics of the Gao nonlinear beam, which allows
for buckling, is studied. Existence and uniqueness of the local weak solution
was established in Andrews et al. (2008). In this work the further regularity in
time of the weak solution is shown using recent results for evolution problems.
Moreover, the weak solution is shown to be global, existing on each finite time
interval.

1. INTRODUCTION

A model for the vibrations of a nonlinear beam that takes into account the beam’s
thickness which, however, is one-dimensional, was derived by Gao in [4, [5]. The
existence of the unique local weak solution for the problem was established recently
in [2]. In this work we show that the weak solution has additional regularity in
time, when the problem data is smoother. This allows us to establish that the
weak solution is also a global solution existing on each finite time interval.

The motivation for the introduction of various models for beams was to capture
more fully the nonlinearities that beams exhibit, in particular buckling, which is
associated with a double-well in the energy function of the beam. Among the
models derived in [5], the one-dimensional model studied in [2] and here is the
simplest. However, it is nonlinear, it allows for buckling, and has interest in and of
itself. The literature on the beam includes also [9] and the references therein.

This work is the continuation of [2] where, in addition to the analysis, a fi-
nite difference scheme for the beam was introduced based on the Newmark time
discretization and Hermite cubic finite elements, and the results of numerical sim-
ulations depicted. Here, we prove that if the problem data is more regular, then
the solution has additional time regularity. The proof is based on the problem for
the time derivative of the solution. We first study the truncated problem, and use
results for variational problems for pseudomonotone operators of [0, [7]. Then, we
use a continuity argument to show that there exists a unique weak solution such
that for some time the truncation is inactive. Using the energy balance and a pri-
ori estimates derived from it, we also show that for a sufficiently large truncation
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ceiling, the truncation is not active on each preassigned time interval, and so the
solution is global.

The rest of the paper is organized as follows. In Section 2 we present shortly the
classical formulation of the model, following [4, 5l 2]. In Section [2| the weak formu-
lation and the statement of the existence and uniqueness result in [2] is given, the
weak or abstract formulation of the problem for the time derivative presented and
the statements of the existence and uniqueness results for the truncated problem
and the full problem stated. Our main regularity result is states in Theorem [3.4
The proof is provided in Section [6 and is based on the results for the truncated
problem in Section [5} In Section [] we present the energy balance equation for the
original problem, derive a priori estimates on ||w ||z (0,7;5(0,1)), and based on
this estimate we conclude that the solution of the problem is global in time.

2. THE MODEL

The derivation of the model was done in Gao in [4 [5], and a more detailed
description can be found in [2]. Here, we just present it with very few comments.
The beam’s centerline is, in dimensionless variables, [0, 1] and its thickness 2h, and
we denote by w(x,t) the transverse displacement of its central axis, for 0 < x < 1
and 0 <t <T,for0<T.

F1GURE 1. The beam; w is the displacement of the central axis.

The beam is subjected to a laterally distributed load f = f(z,t), and a horizontal
traction which acts at the end x = 1. The simplest finite deformations nonlinear
model derived in [4, [5] for the beam consists of the evolution equation

wy + kweges + (Vp — awi)wm =f, (2.1)

in Qr = (0,1) x (0,T), where all the variables are in dimensionless form, and k, v,
and a are system parameters, assumed to be positive constants. The term with
p = p(t) describes the effect of the horizontal force (compression/tension) acting
on the right end. When 0 < p the beam is being compressed, and when p < 0 it is
under tension.

We assume that the beam is clamped at both ends and initially the displacement
is wg and the velocity is vg. Also, for the sake of generality, we add a viscosity term
YWizprrr, With viscosity coefficient v > 0, assumed to be small.

The classical formulation of the dynamic model for a beam with finite deforma-
tions with viscosity, is as follows.
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Problem P,. Find the displacement field w = w(z,t) for z € (0,1) and ¢t € (0,T),
such that

Wt + kwxzzm + YWtrxxr — (awg - Vp)wmm = fa (22)
w(0,t) = w,(0,t) =0, (2.3)

w(l,t) = w,(1,t) =0, (2.4)

w(z,0) = wo(z), w(z,0)=1vo(x). (2.5)

The system is nonlinear and the existence and uniqueness of the local weak
solution to the problem has been established in [2]. We first present the weak
formulation of the problem and then show that additional assumptions on the
problem data lead to an improved regularity, in time, of the solution.

3. WEAK FORMULATION AND RESULTS

We first describe the weak formulation of Problem P, the assumptions on the
problem data, and state the existence and uniqueness result for local weak solutions.
We follow [2]. Then, we describe the problem obtained by differentiating Problem
P, with respect to time.

We denote by (-, -) the inner product in H = L?(0,1), and let

W = H20,1) = {ue H*0,1) :u=u, =0at z=0,1},

be a Hilbert space endowed with the inner product (w,u)w = fol Wyalee dT, and
the associated norm ||w||}, = (w,w)w which, in view of the boundary conditions
and the Poincare theorem, is equivalent to the usual H2(0,1) norm on W. The
dual of W is denoted by W', and since W C H C W', by identifying H' = H,
it follows that (W, H,W’) is a Gelfand triple. Next, let H = L?(0,7; H), and
W = L2(0,T; W) with inner product (-, )y and duality pairing (-, -)yy between W
and its dual W', which we write as (-,-). Again, we have

WCH=H CW.

Next, proceeding as usual, we obtain the following variational formulation of the
problem of vibrations of a nonlinear beam.

Problem Py . Find the displacement field w : [0, 7] — W and the velocity v = wy,
such that for a.a. ¢t € [0,7] and ¢ € W,

<Ut (t)v 1/)>W + k(wﬂﬁﬂ? (t)a T;Z)xz) + ’Y(Umm (t)a wzz)

1, (3.1)
+aa(wy(t), o) — vp(t)(we(t), ¥a) = (f(1), %),
w(0) = wp, w¢(0) = vp. (3.2)
We make the following assumptions on the problem data:
wo, vo € W, || Wozell£2(0,1), [Woz || L (0,1) < R, (3.3)
p € CH[0,T]), I[pl,Ip'| <p,
feH.

Here, R* and p* are two positive constants.
The main existence and uniqueness result in [2] is the following.
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Theorem 3.1. Assume that (3.3)—(3.5) hold. Then there exists T* > 0 and a
unique solution w to Problem Py on the time interval [0,T*) such that

w,v € L®(0,T*;W), v € L*0,T*;W'). (3.6)
To establish additional regularity of w, we study the problem for v = w’, where

here and below we denote by a prime the (weak) time derivative. We differentiate
equation (3.1]) with respect to t, set z = w” = v, and, for ¢ € W, we obtain

(' (), V)w + k(vaa (1) Yuw) + (200 (t), Vo) + a(w] (H)va (1), 2)
—vp' () (wa (t),92) — vp(t) (va(t), ¥a) = (f' (1), 9).
To obtain the initial condition for z, we formally set ¢ = 0 in and obtain

condition (3.9) below.
We have the following problem for the triple {w,v, z}.

(3.7)

Problem Py .. Find the displacement field w : [0,7] — W, the velocity field
v:[0,7] — W, and the acceleration z : [0,7] — W such that for a.a. ¢ € [0,7] and
every ¢ € W the variational equation (3.7)) holds, together with

w(t) = wy —l—/o v(r)dr, v(t) =g +/0 z(7) dr, (3.8)

Z(O) = —kWorzze — YVozzze + awg:Eszz — I/p(O)wozz + f(O) (39)
Problem (3.7)—(3.9) makes sense only if we assume, in addition to (3.3)—(3.5)), that
Lfew, f0)eH, (3.10)

and to ensure that z(0) € L%(0,1) we assume that
wo, vo € H*(0,1), wo € H3(0,1), |Jwos|lr=(1) < R* (3.11)

We note that the term aw%zw()m is well defined.
To deal with the term with w2v, we introduce the truncation

R for R<r,
Ur(r)=<r for |r| < R, (3.12)
—R forr < —R,

where R is a large positive number, and we replace w2 with ¥%(w,). Eventually,
we show that when R is sufficiently large, the truncation is inactive.

To proceed with the abstract formulation of the truncated problem, we define
the operators B, K : W — W', and Kry : W x W — W' by

(B(w),¥) =/OT /01 Wty de dt, (3.13)
(K(w),¢) = /OT /Olwmwm da dt, (3.14)

T /1
(K r(w, v), ) = / / U2 (w, )0t dar dt. (3.15)
o Jo
We introduce the function space

YV=WxWxW,
and denote its dual by ).
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The abstract formulation of the truncated version of Problem Py, is:

Problem Py .r. Find (w,v,2) € Y, with 2/ € W’ such that:
v=w', z=1, (3.16)
2+ kK () +vK(z) + aKyg(w,v) —vp'B(w) — vpB(v) = f, (3.17)
in W, together with and (3.11).
The abstract formulation of Problem Py, is obtained by reinstating w? in place

of \II%{(U)I) in KNR.
Next, we rewrite (3.16)) in an equivalent form,

K@) =K', K(z)=K(®).

The equivalence follows from the boundary conditions. This allows us to show the
coercivity of the operator Ayeg.
The operator A:Y — Y’ for y = (w,v,¢) € Y, is defined by

A(w,v, ) = kK (v) + 7K () + aKnr(w,v) — vp'B(w) — vpB(v).
The operator Ao : Y — V' is defined, for y = (w, v, ¢) € Y, by
Areg(y> = (_K(U)v _K(QO)’ A(w7 v, 90)) .
We let G =W x W x H with dual G’, we define G =W x W x H, the operator
D : G — @G is defined, for y = (w,v, ) € G, by
D(y) = (K(w), K(v), ),
and the functional F : Y — R3 as

T 1
(F,y) = (0,07/ / fpdxdt).
o Jo
Problem Py .r can now be written in the following abstract form.

Problem P,g. Find y = (w,v,2) € Y such that
(Dy)/+Ang(y) :Fa il’l ylv
Dy(0) = Dyo, in G,

where w and v are given in (3.11)), yo = (wp, vo, 2(0)), and z(0) in (3.9).
Theorem 3.2. Assume that (3.3)—(3.5), (3.10) and (3.11) hold. Then Problem

Par = Py.r has a unique weak solution.

The proof of the theorem is given in the next section. The main step to the main
result of this paper is the following.

Theorem 3.3. Assume that (3.3))—(3.5)), (3.10) and (3.11) hold. Then there exists

0 < T* such that Problem Py, has a unique weak solution on the time interval
[0,T%).

The proof is provided in Section [6] and is based on the observation that if R is
sufficiently large and wq, is bounded in L*°, then, by the continuity of the solution,
the L norm of w, is bounded by R on a time interval [0, 7*), hence the truncation
U p(w,) is inactive, and on this time interval the problem with or without truncation
has the same solution.
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Then, the argument presented in the next section, which provides an a priori es-
timate based on an energy balance, shows that the unique weak solution is actually
global in time, and exists on each time interval [0, T].

The main result of this paper shows that the solution of Problem Py has addi-
tional regularity in time.

Theorem 3.4. Assume that (3.3)—(3.5), (3.10)—(3.11) hold. Then, for each 0 < T,
Problem Py, (3.1) and (3.2)), has a unique weak solution on the time interval [0,T],

and the solution satisfies
w,v,v’ € L0, T; W), " € L*0,T,W). (3.18)

We conclude that the acceleration v’ is a function and only its time derivative
may be a distribution, and moreover,

we CH[0,T)); W), wveC(o,T;W), o ecC(0,T);H). (3.19)

In the next section we show that the solution is global and exists on each finite
time interval [0, 1.

4. ENERGY ESTIMATE AND GLOBAL SOLUTION

In this section we use an energy balance to obtain an a priori estimate that allows
us to conclude that the solution of Problem Py is global.

Proceeding formally, the following energy balance was obtained in [2] for Problem
Py on [0,T%):

B(t) = S0 + 5 e (O + 15 020 — 5v0(0) ()
‘ 2 1 ! / 2
= B0) = [ Noea(Dydr = 3o [ /)71 ar (11)

—|—/0 (f(r),v(r))dr.

The initial energy is
1 k a 1
B(0) = g ool + 5 el + s e I — 5v2(0) e

The first integral on the right-hand side in is the viscous dissipation, the
second one is related to the work done by p, while the third one is the work of the
applied force f.

It follows from the assumptions (3.3)(3.5) on the problem data that |E(0)| =
FEy < oo, and also that the energy balance is actual, as the regularity of the solution,

(3.18) and (3.19)), justifies the manipulations that lead to (4.1)).

Rearranging the terms, using the fact that ||w,(t)||% < |[wee(t)||%, and manip-
ulations that include the Cauchy inequality, we obtain for 0 <t < T,

1 k t
10Ol + 5 el +7 [ o) dr
1 [ 2 1. 2 a 2 2
< Bot g [ IO dr+ Guplwe Ol — <5 w30
0

e / (lo(M) 3 + lwsa(DI3) dr.
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Here, C = C(k,v,p*) is a positive constant. Next, we study J = J(t) which is
given by

J(t) =

1 ' (6up*
3 % | ( z;p —wi(x,t)) w?(z,t) da.

Let x4 (,t) be the subset of [0, 1] where w2(x,t) < 6vp*/a and let x_(z,t) be the
complement where w?(z,t) > 6vp*/a. Then

6 *
J(t) < i/ ( o wi(m,t)) w?(x,t) de < 30 (p*)? = ¢
12 )5 @

N a
vp*llwe (Ol — ezl =

a

Using now the Gronwall inequality yields
[N + e (O < xp(CT*) ((Bo+ ca)T* + 1f a0, (42)

for all 0 <t < T*. Thus, ||we(t)||g < C*, where C* depends only on the data and
on T™. Finally, we note that the Holder inequality yields

1
|wa (2, )] < [Jwe ()] Lo (0.1) S/ |wae (r; )] drr < | waa (B) || L2(0,1) < C7,
0

for 0 < ¢ < T*. But this means that if we choose the truncation ceiling R such
that C* << R, then by a continuity argument the truncation Ug (used in [2]) is
inactive on 0 < t < T™ 4 ¢, where € depends only on C*, and therefore, the solution
exists on any finite time interval [0, 7.

5. PROOF OF THEOREM 3.2

The proof is based on the existence results for evolution problems established in
Kuttler [6] and [7]. To use these results we need to show that the operator Aeg :
Y — )’ is bounded, coercive, and pseudomonotone, that is, for y = (w,v,¢) € Y,
it satisfies the following conditions:

(D) [ Areg ()]l < O+ [lylly)-

(2) hm <)‘Dy + Areg (y)a y>
lylly o 1ylly

(3) y — Areg(y) is a pseudomonotone map from Y to ).

= oo, for A sufficiently large.

These conditions guarantee the existence of a weak solution to the truncated prob-
lem.

Actually, to obtain the coercivity (2) one has to use an exponential shift in which
the new dependent variable ¥ is given by § = ye~*!. Then in all the linear terms
we find that AD + A,es replaces A,e; and the nonlinear term Ky g changes with an
exponential e. Since the problem is only considered on a finite interval, to save
on notation and simplify the presentation, we ignore this minor technical detail and
note that it suffices to show that (1)—(3) hold for y = (w, v, p) € V.

These steps are summarized in the following lemmas. The proofs parallel the
ones presented in [2], so we only present the modifications which deal with the
different nonlinear term. Indeed, the operators B and K are linear, so we need
only to study Kyg.

Below, we let C' denote a positive constant which depends on the problem data
and whose value may change from place to place.

Lemma 5.1. The operator Kng is bounded.
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Proof. Since |¥%(w,,)| < R?, by using the Holder inequality we obtain

T 1
|y m(w,0),9)] < / / U2 (1) [0 || dr

T 1
SRQ/ / |V || | doz dt
0 0

< Rl 20,750 190l 20,101
< CR?|lvllwl[¥[lw-

Therefore,
KR (w,v)[lw < CR*|[v]lw < CR*|lyly-

The rest of the estimates leading to the boundedness of A are straightforward (see
[2 Lemma 3.3]) and from these we obtain the boundedness of A,cg. O

Lemma 5.2. The operator AD + A,eq is coercive for all A sufficiently large.
Proof. We have

(ADy + Areg(y), y) = (ADy, y) + (Area(y),9)-
Then,
(ADy,y) = (ADy,y) = Nlwaall3; + lvez I3 + l0l17)

= Mllwliy + vy + lellz)-

Here, we used ||wgz||7 as the norm on W. Next,
(Areg(y), y) = —[{Kv, w)| = [(Kp, 0)| + (A(w, v, ¢), 9)|

z —[vliwllwllw = llelwlviiw + (Aw, v, ¢), ¢).

Using the Cauchy inequality with € leads to

1
lolbwllwlw + llelwliviw = =Clvliy + llwliy) = 771lelRy-
Also,

(A(w,v,9),9) = k(vze, Paa)r + Il — v(P'we, 02)n
- V(pvxa @x)?‘l + a(qj?%(ww)van @w)H-
Therefore, using the Cauchy inequality with e, again, yields

(A(w,v,0),0) 2 Velly = klvasllnll@aellee — vp*lws ]l sl
— vp*|lvellmllpallr — aR[lvelllles
1
> Slleliw = C (lwliy + [vIFy)
Collecting these estimates and rearranging the constants we obtain
1
(Areg (1), y) = 27llely = C (Ilwly + vl -
Thus,
(ADy + Areg(y), y)

1
> Ml + l[vlliy) + (Mellz + 3719l50) = € (lwlliy + loly) -
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It follows that when A is sufficiently large,

(ADy + Aveg) (9), )
lylly—o0 lylly

= 0.
Hence, the operator AD + A,.g is coercive. (I

We prove, next, that the operator A, is pseudomonotone on a smaller space,

which is sufficient for our purposes. Let
Z={ye); y €V}
be a Banach space with the product norm ||y||z = ||y|ly +||¥|l. Then, we consider
the operator as A,eg : £ — Z’. We have the following result.
Lemma 5.3. The operator Aeg : Z — Z' is pseudomonotone.
Proof. We have
Alw,v,0) = kK (v) + vK(¢) + aKnr(w,v) — vp' B(w) — vpB(v).
Since Z is a reflexive Banach space, it suffices to show that
Kyp:Z2—Z'

is a weak to norm continuous, where K g is trivially restricted to to Z. We observe
that the sum of the other operators in A, is linear, bounded and monotone, thus
pseudomonotone.

Let {ym} be a sequence which converges weakly in Z to y. Then, the sequence
{Ym = (Wi, Vm, ©m)} converges weakly in Y to y = (w, v, ¢).

Since {ym } is bounded in Z, it follows from the theorems of Simon [I0] or Aubin
[1], that each one of the sequences {p., }, {vm} and {w,,} is relatively compact in
L?(0,T; H'(0,1)). Thus, there exist subsequences {¢n,, }, {vm, } and {wy,,} which
converge strongly in L2?(0,T; H'(0,1)) and almost everywhere in [0,1] x [0,7] to
o, v and w, respectively. Then,

\I’?%(wmj:r)umjx - \Ij?%(w:r)vxv
strongly in H = L?(0,T; L?(0,1) and a.e. in [0,1] x [0,T]. Thus, for each ¢ € Y,
we have
[{(KNR(Wim;, Um,) — KNr(w,v), )]
< Ol VR (W0 )vme — V(W) velln 9]y,

and, as m; — oo,

||KNR(wmj7vmj) — Knr(w,v)|y < C”‘Il%%(wmjw)vmjw - \Il?%(ww)UIHH — 0.

Thus, Kygr is weak to norm continuous and, since the sum of the other terms is
linear, bounded and monotone, we conclude that A,cy is pseudomonotone. ([

Since the conditions (1), (2) and (3) are satisfied, the abstract existence theorems
in [6l [7] provide a solution to Problem Py .p for each sufficiently large R. This
completes the proof of the existence part of Theorem [3.2] The uniqueness is shown
by using the Gronwall inequality. However, we skip it here since it will be used
below in a similar manner.
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6. PROOF OF THEOREM 3.3

We prove the theorem by showing the following result, and then prove the unique-
ness of the solution.

Proposition 6.1. Let R be sufficiently large. Then, there exists T* > 0 such

that the solution (wg,vR,zr) of Problem Py.r satisfies Vg(w,) = w, a.e. on
[0,1] x [0,T%).

Proof. It follows from Theorem that w = wg,v = wh € L2*0,T : W),
then [8, Lemma 1.2] asserts that w € C([0,T];W). Thus, the mappings w, :
[0,7] — H}(0,1), and wy, : [0,7] — L?(0,1) are continuous. Now, w,(x,t) =
foz Wy (7, ) dr, and since w,(t) € HE(0,1), the Holder inequality yields
1
|wa (2, 1)] < [lwe ()] Lo 0,1) < /0 [waa (7, 8)] dr < [ waa (8)]| L2(0,1),

for 0 <t < T. Let h(t) = |[wee(t)||L2(0,1) then b : [0,T] — R is continuous on a

compact set, so it is bounded. Since h(0) = [[wozel/z2(0,1) < R* < R, there exists
T* < T such that h(t) < R for all t € [0,T*). It follows that
lwa ()l Lo 0,1) < R, (6.1)

and, therefore, the truncation is inactive on the time interval [0, T*), i.e., ¥%(w,) =
w2, and so the solution (wg,vgr,2r) = (w,v, z) is a solution of the Problem Py,

T

on [0,T*). O

This completes the proof of the existence of a local solution of Problem Py ,.

We note in passing that it follows from the proof that if Ry < Rs then the
associated times satisfy 77 < T5'.

We next prove the uniqueness of the solution.

Proposition 6.2. The solution (w,v,z) € Y of Problem Py, on [0,T*) is unique.

Proof. Let y; = (w;,v;,2;), for i = 1,2, be two solutions of the problem. We

subtract (3.7) for y; from (3.7)) for yo, use ¥ = 29(t) — z1(t) as a test function, and
for a.a. t € (0,T), obtain

<Z§ (t) — Zi (1), 22(t) — 21(t))w + k(vaga (t) — Vize(t), 2222 () — 2122 (t))
+ Y2202 (t) = 2120 (0) 7 + VD' (8) (W2e (£) — wiza (t), 22(t) — 21(1))
+ vp(t) (V2za (t) — viza(t), 22(t) — 21(1))
= _a(U};z (H)vaa(t) — w%z (t)v12(1), 220 (t) — 212(2)),
where we used the facts that in view of the boundary conditions
(v2x(t) — v1a(t), 222() — 212(t)) = —(V200(t) — V1za(t), 22(t) — 21(2)),

and similarly for the expression with w. We may write it as

D)+ R o (0013 2322 (1) 3+ 200(0) 0 (0), (1)
— 200 (6) (s (1), ()
= —2a(wd, (1) (022 (1) — v12(1)), (1)) — 2a((wR, (1) — W, () 0ra(0), 20(0),

where z(t) = 22(t) — z1(t), v = va(t) — v1(t) and w = wa(t) — w1 (¢).
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Integrating over 0 < 7 < ¢t and using the Holder inequality, (3.4) and the bound-
edness of w, and v, yields

t
uz<wn%1%—kuvmx<ﬂn%,+-2v]ﬁ 22 (P13 dr
t t
< 2sz‘j/ |humm<v>nffuz<7>uf{dvg+rQup*n/" loae Ol =l s (62)
0 0

+CAWMﬂMWNMmM+CAHMHMﬂMWWMﬂ

where C is a positive number which is independent of z,v or w, and we used the
fact that w(0) = v(0) = 0, and also (6.1). Using the Cauchy’s inequality with ¢ on
the right-hand side leads to

< C/O (lwae (N7 + vz (DI + 12(0)17) dr

t
0

then, using the estimates on w, Wz, vz, and 2z, in terms of v,, and z,,, we find

that the above expression is less than or equal to

t t
cgé(www%+mm@ﬂ&)M+ch\mmvm%m.

Now, we choose ¢ sufficiently small, say ¢ = v/C, and obtain

12l + klloze @7 < C/O (z()Fr + l[vze (T)F) dr- (6.3)

It follows from the Gronwall inequality that ||2(¢)||% = 0 and ||v..(t)||% = O.
Since [[v(t)||lw < C|lvee(®)||gr and ||wey ()|l < C||vee(t)| g, we conclude that the
solution is unique. O

This concludes the proof of Theorem [3.3] and then Theorem [3:4] follows from it
and the estimate in Section 4l

5 [ s+ 1oa) dr 40 [ (a0l ar
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