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Hyperbolic Parabolic Equations with
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ABSTRACT. In this work we study the existence of local solutions for the
Cauchy problem of the hyperbolic-parabolic equation

(Klu’)'+K2u'+Au+M(t,|A%u|2)Au::f. (*)

We represent by A a self-adjoint, positive linear operator of a Hilbert
space, M is a real C'-function with time dependence, such that M(t,n)>0
for all (¢,7) € [0,T] x [0, 00[ and K3, K, are real functions defined on [0, T
satisfying the conditions, K1(t) > 0 and K3(t) > 6 > 0.

The existence of local solution for (*) is proved by Diagonalization The-
orem.
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1. INTRODUCTION

In this work we study the existence of local solutions to the initial
value problem associated to the equation

(K1v') + Kau' —Au—M (t,/‘; [Vu(t, m)l"’da:) Ay = f (1)

where Q is a bounded or unbounded open set of R®, M is a real C!-
function with M(t,n) > 0 for all (¢,7) € [0,T] x [0, 00[ and K}, K, are
real functions defined on [0, T}, satisfying the conditions K;(¢) > 0 and
Ky(t) > 6 > 0. ' ‘

Since K;(t) > 0, on the set of [0, T] where K;(t) = 0, the equation
(1) degenerates into a parabolic case, therefore, the equation (1) is an
equation of hyperbolic-parabolic type.

When K; = 1 and K; = 0, equation (1) is connected with nonlinear
model of elastic strings cf. Kirchhoff [14] and Carrier [6], that describe
small vibrations of a stretched string when we consider only vertical
component for the tension and there is time dependence. In this case
the temperature of the string at time ¢ is considered. The mathematical
formulation of this model is

6%u
T M(t,/ﬂ |Vu(z:,t)|2dw)Au = f. (2)

In this work we suppose M a Cl-function in [0, T] x [0, oo[, with
time dependence, such that M(¢,n7) > 0 and the temperature of the
string, at time {, is decreasing.

Equations of hyperbolic-parabolic type has been studied by several
authors motived by fluids with high speed, which is not our case, cf. for
example Larkin [15]. In the linear case, with non identically vanishing
initial data, we mention the work of Bensoussan-Lions-Papanicolau [3]
and Lions [17]. In [26] Vragov studied the linear problem with null
initial conditions when the functions K and K; depend on (z,t) for
(z,t) e @ =0 x[0,T].
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Nonlinear hyperbolic-parabolic problems were studied, among oth-
ers, by Larkin [15], Medeiros [22], Gadzhiev [2], Bryukanov [5], Popi-
vanov [25], Bubnov [4], Maciel [19] and Ferreira [11).

When K; =1, K2 = 0 and there is no time dependence, there is a
large number of works connected with the equation

g_i;i - M( fn Wu(z,t)ﬁdm)m =f (3)

In [24] Pohozaev, [2] Arosio-Spagnolo, {1] Arosio-Garavaldi, the anthors
obtained global solutions to problems related with model (3). In [24] and
[2] the initial data {ug,u;} were choosen in a regular class of functions.

When n = 1 we have the work of Dickey [8] in the case that §)
is the positive real line. His result was generalized for & = R", by
Menzala [23]. These two results were obtained by the method of Fourier
transforms.

In [20], Matos obtained the local solution of (3) when M(s) > mqo >
0 and Q is a bounded or unbounded domain of R™, by Diagonalization
Theorem. About local solutions of related problems with model (3), we
can mention, among others, the work of Ebihara-Medeiros-Miranda [10],
Crippa [7], Medeiros-Miranda [21] and Yamada [27].

In this work we study the model (1) in an abstract formulation, i.e.,
the eqution

(K1u')' + Kyu' + Au+ M(t, IA%uI’)A'u =f (4)

where A is a self-adjoint positive operator in a real Hilbert space H, A%
is the square root of A, by Diagonalization Theorem cf. Dixmier [9],
Huet {13) and Lions-Magenes [18]. This method allows us to consider
the cases in which there is compactness conditions or when there is no
compactness conditions. Note that this method is abstract and powerfull
and is not used with frequence in nonlinear problems.
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2. TERMINOLOGY AND MAIN RESULT

We use some definitions cf. Lions-Magenes [18], Huet [13]. A field
of Hilbert space is by definition a mapping A — H()), that for each real
number A is associated to a Hilbert space H(A). A vector field on real
number R is a mapping A — u()) defined on R such that u(A) € H{A).

The real vector space of all vector fields on IR, will be represented
by F and by p we represent a positive real measure.

A field of Hilbert spaces A — H(}) is said to be u-measurable when
there exists a subspace A of F satisfying the conditions:

a) The mapping A — ||u(A)||+(») is p-measurable for all u € V.

b) If u € F and A (u(A, v(A)}n(n) is p-measurable for all v € N,
then v € N.

c) There exists in A a sequence (uy)nen such that (n,(A))nen is
total on H()), for each A € R.

The objects of A are called p-measurable vector fields. In the
following, A + H(X), represents a y-measurable field of Hilbert spaces
and all the vectors fields considered are u-measurable.

The space Hg = fﬂa H(A)du(A) is defined in the following way: a
vector field A — u(A) is in Hp if and only if

[ IO Badu3) < oo
R

Two vector fields that are equal a.e. in Hj, relative to the measure
i, will be identified. In Hy we define that scalar product

(4, 9)o = fR (w(0), oUW meaydi(3) for all u,v € Ho.

With this scalar product, the vector space H, turns out to be
a Hilbert space, which is called the Hilbertian integral or measurable
Hilbertian sum (cf. Lions and Magenes [15]) of the field A — H(A).



Hyperbolic Parabolic Equations... 405

By H,, a € R, we denote the Hilbert space of the vector fields u
such that the field A — A®u())is in Ho. In H, we define the following
norm

ul?, = A2 = /R 222 u(N)| By @), € Mo

The topological dual H!, of Ha, is identified with the space H_,
by the isomorphism o : ‘H!, — H_, defined by o(f) = A**uy, fe M.,
where u; is obtained by using the Riesz representation theorem. The
duality between H_, and H, is denoted by {,}-a a-

Let H be a separable Hilbert space. We represent by (,) and | - |,
respectively, the inner product and norm in H. We consider in H a
self-adjoint operator A such that (Au,u) > 0 for all v € D(A), where
D(A) is the domain of A.

Let T > 0 be a fixed real number. We consider the following as-
sumptions about the functions M, K3, Ky and initial data:

M e C'([0,T] x [0,00[, R), M(t,5) > 0,
Y(t,n) €[0,T] x [Q,+oo[. (2.1}
2 M(t,m) <0, ¥(t,) € 0,71 x [0, o0] (2:2)

{uo,u1, f} € D(A?) x D(4}) x Lz(O,T;D(A‘})). (2.3)

K1 € Wh=(0,T), Ki(t) > 0. (2.4)
K; € LOO(O,T), Kg(t) > &o > 0. (25)
Ka(t) - %lK{(t)l > 6> 0ae in ]0,T]. (2.6)

The following theorem is the main result of this work.
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Theorem 2.1. Under the hypothesis (2.1)-(2.6) there exists 0 <
To < T and a vector function u: [0,To] — H salisfying the conditions

[ w e L™®(0,Ty, D(A1))
I wer(omnad) @7

VE' € L™ (O,To; D(at ))

\

(K1u')' + Kpu' + [1 - M(-, gA%uF)]Au = fin L? (0, TO;D(A%)')
u(0) = uo, u'(0) = uy. 83;

We observe in this case that A is not necessarily a coercive operator.
Then we consider for each ¢ > 0 the operator A, = A+¢ei. Therefore, A,
satisfies the conditions of Diagonalization Theorem cf. (9], 18] and [20].
It follows that there is a Hilbertian integral Ho . = [ ® H(\)du()) where
e is a positive Radon measure with support in JA.,00[, 0 < A, < ¢,
and an unitary operator U, from H onto Hp ., such that

U (A%w) = MU.(u) for all u € D(AZ) = D(A%), a > 0.

U, is an isomorphism from D(AZ) onto H,,. where D(AZ) and D(A®)
are equipped with the graph norm,

lulbasy = lul> + [AZul* for all u € D(AF).

For simplicity we will write H, instead of H, ., a € R and observe that
the norm | - |4 of H, depends on £. We also observe that if & > 3 then

The vector function u that satisfies Theorem 2.1 is obtained as the
limit when ¢ — 0% of a net of functions (uc)oce<1, e in the class (2.7)
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for each ¢ > 0, and satisfying the family of coercive problems:

(Kyul) + Kqpul + [1 n M(-, |A§us|2)] Aue = f
in L2 (O,TU;D(A%)') (2.10)

ue(0) = ug, ul(0) = uy.

Applying formally the diagonalization operator U, to the equation
(2.10), we have that formally v, = U (u,), i.e. v.(t)(X) = v.(t,A) =
Ue(1e(1))(A) satisfies the problem

(Kl'v;)' + I{Zvé + [1 + M(: |v.‘:|2%):| /\'Ue =G in L2 (07 TO;H-})

ve(0) = woe, ve(0) = v1e
(2.11)

where vo, = U (1), v1c = U (1), g = U(f).

The problem (2.11) is equivalent to (2.10) because U, is an iso-
morphism from H onto Hp . then, if v, satisfies (2.11) we have that
ue = U (v,) satisfies (2.10).

We also observe that on the set where K(t) = 0, the equation (2.11)
degenerates into a parabolic equation then, we perturbe the equation
(2.11) adding the term £vY, 0 < £ <1, £ € R, obtaining the perturbed
problem: ‘

(o) + Kavl + 14 M (s o} ) | oee = g2
in LZ(O,TO;H_]‘_) (212)
vcf(o) = Ve, v;g(o) = Me

where Ki¢(t) = Ki(t) + £.
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The solution ve(t, A) of the problem (2.12) is obtained as the limit
of a sequence of local solutions (veex)}ren, where veex for each k € N is
a solutioin of a truncated problem associated to {2.12).

3. TRUNCATED PROBLEM

We denote by Hox, & € IN, the subspace of Hy of the fields v(A)
such that v()\) = 0 p-a.e. on [k, +oo[, and by v, the truncated field
associated to v, such that

{ v pg—ae on Ak, 0< A <e.
Vi =

0 u—ae on [k, +oof.

The subspace Hp x with the norm Hp is a Hilbert space and v, €
Ho,x. We have that vy — v strongly in M,, and if gi is the truncated
field associated to g € LP(0,T;H,), 1 < p £ oo, then gi — g strongly
in LP(0,T; H,).

The truncated problem associated to (2.12) consists of finding one
field veer : {0, To] — Hox, 0 < Ty < T, satisfying the conditions

veer € L(0, To; Ho k)
Wex € L(0, To; Hox) (3.1)

v Kl‘fvéfk € Loo(oa TD; HOJ‘)

(Kagvigr)' + Ka2vger + Avegr + M(', l”eekli) AVegr = Gek
in L2(0, To; Ho k) (3.2)

Ue{k(o) = Voek, vigk(o) = Mek,

where Voex, Viek, gex are the truncated fields associated to vy, ¥1c, g
respectively.
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We represent by Xy the Banach space L%°(0,T%; Hq k) equipped
with the norm

|v£€klxh = ess sup I'Usfk(t)liz., Vegk € X
0<t<T,

and we define the map Sk by Sk : Xix — Xk, Se{veex) = wegx, where
W, is the unique field that satisfies the conditions:

{wcfk,wéek? \/Klfvéfk} € L(0,Tx; Hok) X L*(0, Ti; Ho k) X

(3.3)
x L%(0,Tk; Ho k)
(Kigwper) + Kawigr + AM0cgr = Gk — M(~, Ivggkli) AVegk
(3.4)
in L*(0, Tk; Ho )
Week(0) = Yok, wégk(o) = Ulek- (3.5)

Taking the scalar product in Hy of both sides of (3.4) with 2w, (¢)
and integrating from 0 to t < T}, we have

|VErewle (012 + fo (2K + K{)(8)|weer(s)[3ds + |weer(B)[] <
< |V K1(0) + f”l.‘:'(z) + |'”0=|%2. + IGekB,o <

< Co ['vlcl(z) + ]U0£Ji + leklg,O:I
(3.6)

where

Ger(t, )= gex(t,A) - M (t, |vsek(i)|i.))wegk(t, A),
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and by |-|p,o we represent the norm of L?(0,Tx; H,), 0 < p< 00, a € R.
Cy is a constant independent of 0 < £ <1, 0 < £<1and k€ N.

Let veer € By = {vx € Xk, |vx|x, € @}, then we have
,Ge,klg.o < 2lgl30+ 2C1cka* Ty (3.7)

where
Cre = max{|M(t,n)]*; 0 <t < Ty; 0 < 9 < @?}). (3.8)

Substituting (3.7) into (3.6) then it follows that
|Sk(veek ), = lweerlk, < Eoc +2CoC1ca® Ty (3.9)
where

Eo. = Co [Jvl,e}[“,’ + fooel} + 2lg5|§,0] . (3.10)

If vegk, ﬁsfk € B, and z¢ = S(Usfk) - S(ﬁgfk) then z.¢) satisfies
the problem:

{ (Klﬁzifk)' + K2z:-£k + )\Z,fk = FsEk in LZ(O, Tk;Ho,k)
(3.11)

ngk(o) = 0, Zéek(O) = 0,

where

Fe{k(t, A) = M(t, [”tfk(t)lzé) A't)eek(t, A) - M(t, rﬁ:{k(t)!i)’\ﬁtfk(t: /\)
(3.12)

Taking the scalar product of both sides of (3.11) with 2z, (2), inte-
grating from 0 to ¢ < T and considering the hypothesis (2.2) we obtain
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t
IV Ereetes(+ [ 2Ka(s) + Ki(o))lzha(o)ids + aeen(t) <

1 % ) t, )
; /0 P, dt + p ] |28 e4(s)|2ds

where p > 0 is an arbitrary constant.

Using the condition 2K,(¢) + Kj(t) > 26 > 0 and choosing p = §
we have

t
|V K1z (DI +/0 zeek()10ds + [zeen(D)]} 2 < CalFegldo  (3.13)

where C3 > 0 independs of 0 < e <1, 0< £ <1, k€ N and { € [0, T%].
From (3.2) results

ngfkl%,o < [2C1ek + 862504k]Tk|1}55k - acfklg{; (3.14)
where C, is defined by (3.8) and

Cae = max{|[VM(t,n)[[%, 0 <t < Tk, 0 < < 2%} (3.15)
Substituting (3.14) into (3.13) we obtain

t
VRO + [ leteolbds + leen0) <

< C3[2C1ck + 8C2.a* k) Tk|vegk — Begrlk,
orT

[S(veer)— S (Pees Nk, < [2C3C1k+8C3Ca* KITklvee —~ Techlk, - (3.16)
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Choosing a2 > 2E, where Ej is defined by (3.22) and
Tk = Tk(ﬁ') = min {‘;-, (4CUCI',;.ka2)'1; (4C3Cu’ff + 160302;041'6)_1}

it follows, from (3.9), (3.16) and noting that. Eq > FE, ., that S; has
a unique fixed point ve¢r in B,;. Therefore the truncated problem has
unique solution on [0, T}%).

In order to pass the limit when & — oo in the truncated problem
we need to establish priori estimates:

FIRST A PRIORI ESTIMATE

Taking the scalar product in Ho of both sides of (3.2) with 2v (1),
integrating from 0 to ¢ < T)_and using the hypothesis (2.2) we get:

|VE1e0hen () + fo (2K2(5) + K(8)|verl)3ds + oeee ()2, +
M (1, [oece(D)1) < |v/EL0) F Evrelf + lvocl} +

+M (0, [v0el}) + 1 5 lgen(s)l3ds + p fy loiei(s)lds

where p > 0 is an arbitrary constant:

Using (2.6) and choosing p = § we have

’VKls"f;gk(t)lg + fgt Iviek(S)lg_ds + [veer(t)I3 + ﬁ(ta ’”efk(t)li) <

< Cyllvield + |110=|3‘1_ + H(O, Ivoslé) + |gsf§,o]

(3.17)
where Cy > 0 independs of 0 < e <1, 0 < £ <1, ke N, t € [0,T and

M, n) = /0’1 M(t,T)dr.

We have the following estimates
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1
|voel] = 142 u0l” < |uol” + |[Aful?, 0<e<1
[v1e|f = [Ue(ur)]3 0 = |ua)?, 0<e<l
Igclg‘o = |us(f)|§,0 = |f!§,2(0,T;H)’ 0<e<l.

Substituting (3.18)-(3.20) into (3.17) we get

1
VERrevkeu(®l + [ Ieten()lbds + ol < Bo
where
Ey = Cyflu1]? + Juol® + 11‘1%Hc1|2 + {flez20,1:my + éo]

and

Co = ma.x{|j-/f(0,n)|; 0 <5< jul+ lAJﬂ’ug|2}.

SECOND A PRIORI ESTIMATE

Taking the scalar product in Hg of both sides of (3.2) with
2)\%1);5,,(0 and integrating from 0 to ¢t < T}, we obtain

i
IV Rrevu O} + [ 2K+ Kol ds + o)} +

+ M (8, |veer(t)]} ) lven ()3 -

i
0
= [ Mo el (o) <
i} 3 i 4

413

(3.18)
(3.19)

(3.20)

(3.21)

(3.22)
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<| K1£(0)v1ek|2} + I'UOsklz% + Mo, |”Oek|?})|”0=k|§
‘ ' 2 d 2 2

+ [ |M (55l"-’s£k(3)|%)Ild_vefk(s)ll|v€€k(s)|id3+
0 3 2 *

t
+ [ 2gada)lyluten(lyas.

We have

2
| S 2veek(3)l3lveex(s)ly
2

|%”sek(8)

then, using the hypothesis (2.2) and (2.6) we get
t
|V E1eveex (DI + 26/ |veer()I} ds + |veen(t)} +
0

+ M (2, vegr(t)1}) lveer(t)]} <

1 t
< 1y/Ere@mel} + (C+ Dlncly + 5 [ laelo)fds+
0

C t ¢
+ =2 | |vee(s)[$ds + (1+ Co)p [ lvlei(s)lids
p 0 [ i] 4
where p > 0 is an arbitrary constant, and

Cy = max {|M(0,n)]; 0 < 1 < |ug)® + |4} uo|*}
Cy = max {|M'(t,n); 0 <t < T; 0< 7 < Juol* + AT ug*}.

Choosing p = ﬁ- and from the estimates true forevery 0 < £ <1
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1
iel} = 142w < fuaf? + Aty 2
2
[voel} = 142 uol* < 2% [[uol? + [AFuof?]

|g¢|§,} = |u6(f)|§,} S |f|iﬂ(0,T;H) + 'A%fli’(O.T;H)

we obtain:

t
|\/K15'v;£k(t)|2_} +/0 |v£€k(s)]2}ds + ]‘Usfk(t)lz%-i-
(3.23)

t
+ M (8, |veer(t)|]) lveer(1)3 < Ex + Cs/ |vegk(s)|3ds
0 4
where
Ey =C[(Jur)” + 143w ]?) + 2% (fuol® + |4t uol?) (1 + C1)+

+ 1 eo,rmm + 1A Fllao 1oy

and C4,Cs > 0 are constants independents of 0 < ¢ < 1,0 < £ < 1,
k€ N and ¢ € [0,T,].

If hegr(2) = [veer(t)|2, 0 < t < Tk, from inequality (3.23) we obtain,
4
t
0 < heer(t) < By + Cs / heer(s)ds, 0<t< T, (3.24)
0

H 8gr(t) = [, h3ci(s)ds then 8, (¢) < (B1 4 Csbeei(1))® and E, +
2 1
Csblee(t) < {1pbei )" 0SS T
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Taking T* = ﬁ}a and 0 < Ty < T*, Ty a fixed real number, we
1
have ‘

t
WK eveern (9} +/ lvigk(s)@ds + veer ()3 < En (3.25)
0

independent of k € N, 0 < e <1, 0< ¢ <landt€{0,Th],0<Tx <
" . E2 1
To < T*, where F5y = {rﬁ?&m}z.
From the estimate (3.25) it follows that the local solution veex can
be extended to the hole interval [0, Tp], 7o independent of £,£ and k. In

this interval the estimate (3.25) holds forallk e N,0 < e < 1,0 < £ <1
and 0 < t £ T5.

4. LIMIT OF THE TRUNCATED SOLUTIONS
The solution v.¢x of problem (3.2) satisfies

(K1evier) +Kovley + Aveer + M (-, |'”s£k|2%)A1-’s£k = Gek
(4.1)
in the sense of L? (O,TU;H_.}).

From vegr € L(0,To; H3) and v € L?(0,To; Hy) it follows
that veex € C°([0,Tg];?{%) which implies that the function @.ex(t) =
l’u,_,g,;c(t)ﬁ2~ is continuous on [0, 7p).

From (3.21) we have that

week(t) < Ep, YREN, 0<e<1,0<8<1,0<t<Ty (4.2)
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Given 1g,1, € [0,Tp] we obtain

|Peei(t1) — ecr(to) < Colveer(tr) — veer(to}ls <

. (4.3)
< Csf |Uéek(8)|1-d~9 < Crlts — 10|
1,

o

forevery ke N, 0<e <1, 0 <£< 1, tg,t €0, Ty).

As a consequence of (4.2) and (4.3) and the Arzéla-Ascoli theorem,
exists a function . € C°([0,Ty],IR) and a subsequence of {Pex)keN,
still denoted by (we¢x)ren, such that

@eek = wee  in C°([0,Tp],R) when k — oo. (4.4)
By the assumption M € C'([0,T] x [0, +oo[, R) it follows

M (- [veer()5) — M(-, 0ee(-)) in C°(10, To), R). (4.5)

Therefore, from this convergence and estimate (3.25) we obtain

Vegk — Veg in L™ (O,TD;H;}) weak star (4.6)
viep — Vi in L? (0,To; Hy) weakly (4.7)
VEigvher = VKievle in L°°(0,T0;Hi.) weak star  (4.8)

M(': Ivtfk(')li) - M('? ﬁpef(')) in CO({O: To],]R.)- (4'9)

From the convergences (4.6)-(4.9) and observing that g.x — g. in
L%*(0, To; Hy), taking the limit in (4.1) when k — oo we obtain:
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(K1gvee)' + Kavge + Aveg + M-, pee(-))Mvee = ge
in the sense of L*(0, Tu;H_J‘.) (4.10)
v‘ef(O) = Ve, 'vLE (0) = 1}1;_..
Lemma 4.1. If ve is the field that satisfies (4.10) then @ ¢(t) =
|vee(8)|2 comes up for every t € [0, Tp).
é F)

Proof. We consider wegx = veer — Ve then weex satisfies the prob-

lem
(K1gwier)' + Kawle + Mweer + M (-, [veer()[] ) Avegn—
(4.11)
"M('p ‘P('))Avﬁj = fek — e IN L? (O:TO; H—})
Week(0) = vork — voe — 0in ‘H.:., strongly, when £ — oo
(4.12)
Wee(0) = viek — vie — 0in My, strongly, when k — oo

Taking the duality (,)_1 1 of both sides of (4.11) with 2w, we get

( ((K1£w25k(t))’: 2w:s§k(t)> + (K2w::ek(t)’2w.'sfk(t))+
H(Aweer(), 20 (1)) + M (8 [veek(£)]]) (ween(8), 2wei(t)) =
= (gsk(t) - gt(t)?2w's£k(t)) + [M(t, ‘P(t))_

_M(t? Ivsfk(t)’zé)] (’\Ueﬁ(t): 2w;£k(t))‘

(4.13)
We have
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2
{ £ Klfw.::fk(t)lo=2( Kigwie, (1),  Kiewiei(t)) = (4.14)

= (K1gweer (£, 2w (1)) -1 3 + (Kiwge(t), wegn(t)) 1 1

and

{ i [M (b lveer(0)[) loeen(DI5] = M (2 loeer(D]) & [weer(t)3 +
Hweer (DI [FM (8 [veek (1) + M (8, veer(D)]]) lveek (1]
(4.15)
where M'(t,n) = ;%M(t,n).

Substituting (4.14), (4.15) into (4.13) and integrating from 0 to
t < Ty we obtain

t
|V Ergweer)f + ./0 (2K; + K )(s)|wiep(s)l3ds + |w=£k(t)|2%+
t a 2
+ M(ta |U€Ek(t)|2%)|wcfk(t)|% - /0 ——M(S, vs{k(s)lé)lwsik(s)léds <

its

|we£k(3)|2%d3+

d
= loeex(s)1}

< Eoot [ 1M (s, bocen())
0
+2 [ 1Ms,0(5) = M (s, Ioeer(s)})] o) uten(o)l s+

t
+2 j 19ek(5) = ge(5)|lwleal(s)lds.
1]
(4.16)
where
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/ 2
E3ek = I Klf(o)(vlsk"'”lc)lo'{’Ivﬂsk_vls|2%+M(0; IvOSkI.zzl,)lvDek—'vOt:lg-

Considering the hypothesis (2.2) and estimates (3.25) we have

[VE eween (D18 + fy lwien(s)l3ds + [ween(t)]] +
+M{t, [”efk(t)li)lwssk(t)li < Eaot (4.17)
+Cs fy [1+ v ()] ds]wegk(s)]} ds
where ESek — 0 when k& — oo independently of t € [0, Tp].
The Gronwall’s inequality and (3.17) imply that

k]jm |week(t)l3 = 0 uniformly in [0, Ty). (4.18)

Finally, given t € [0, Tp] we have

{ [@e(t) — 'Uef(t)|i| < ee(t) — @eer(t)| + |@eer(t) — Iﬂae(t)lzl <

< 1pee(t) = Peer(B)] + [[vegh(Dly + [vee (g ]lweer(8)]]-
(4.19)
Taking the limit when k& — oo in (4.19) and using (4.4) and (4.18),
we have from (4.19)

pec(t) = luc(B; Vi [0,T0]

From the estimates (3.25) and the Uniform Boundedness Theorem
we obtain
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[oee (I3 < Co
Js 1oe(s)l3ds < Co (4.20)

\/Klﬁvég(t)li. <Gy
where Cy > 0 is a constant independent of 0 < ¢ <1, 0 < £ < 1 and
t €[0,To).

From the above estimates we conclude that exists a vector field v,
such that
Veg — Ve In LW(O,TO;H%) weak star
v}e — vl in L*(0,To; H3) weakly (4.21)

VEievl, ~ VKl in L? (0, TO;H}) weakly.

Using the same arguments used to proof (4.5) we conclude that

M (-, |vee()3) = M(,Ive()1}) in C°(10, Tol, R). (4.22)
Taking the limit in (4.10), when £ — 0% we obtain

{ (Kyve) + Kovg + Mve + M (-, Jvel}) dve = g in L2(0,To; M _y)

'05(0) = Ve, ’U;(U) = Me-
(4.23)
The vector function u, : [0,Tp] — H defined by u.(2) = U (v.(2))
satisfies (2.10) and from Uniform Boundedness Theorem we obtain the
estimates
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a
[ue(t)|? + |Ad ue(t)]? < Cro
I n)fdt + fy | A3 ul(t)dt < Cro (4.24)
1
IVEu (1) + |4 (VE1u) () < Cro
where Co > 0 is a constant independent of ¢ and t € [0, To).
From the estimates (4.24) we conclude that the family of continuous

1 .
functions ¢,(t) = [AZu.(t)|? satisfies the hypothesis of the Arzel4- Ascoli
theorem, therefore, there exists a continuous function ¢ € C%([0, T}, R)
and a subnet of (u¢)oce<1, which we still represent by (u,)o<ec<1, such
that

[ u, — uin L®(0,Tp; D(Al)) weak star
ul, — u' in L2(0, Tp; D(A%)) weakly

§ (4.25)
VEu, —» VEu' in L?(0,To; D(A%)) weakly

M (t,| A2 uc()f?) — M(t, o(2)) in C°([0, To); R).

Using the convergences (4.25) we can take the limit in (2.10), when
¢ — 0%, and we obtain '

{ (Kiw'Y + Kou' + Au+ M (5 9(+)) = f in L*(0, Ty, D(A‘tl)’)

u(0) = ug, w'(0) = uy.
(4.26)

To complete the proof of Theorem 2.1 it is sufficient to prove that
(1) = |A3u(t)|?, Vi € {0, To].

Lemma 4.2. If u is the field that satisfies ({.26) then ©(t) =
|A%u(t)|?, vt € [0, To).
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Proof. Let z € D(A%) and w, = u, — u. By (4.26) we obtain

{ L(K1wi(t), 2) + (Kawl(t), 2) + (Atwe(t), Ad2)+

+M (2, 0 () (At uc(t), Adz) — M(t, 0(2))(A}u(t), A12) = 0
(4.27)
for every z € D(A%),

If we take z = 2w!(t) we have
3 1 1 1
2(A%we, At wl) = 2(Afw,, A2 w]) — 2e(w,, w]) (4.28)

2
= 2(A}w.(t), Al w! (1)) (4.29)

d 1
2
7 AZw(t)

and

{ ':_t [M(t’ SOE(t))lAéws(t)P] = M(t, ws(t))%lAéwz(t)P-]-

HlAadw )2 [2M'(2, w0 (0) (Adu(t), Adul() + Z M2, 0:(0))].
(4.30)

Substituting (4.28)-(4.30) into (4.27) we have
d 1 1
7 IVErw () + A2 we(t)® + M(t, pe())] A2 we(2)"] +

+ 2Kz + KDOWLOP - ML e ) A w0 =

= 2M(t, 0e(1)) (A2 ue(2), AR ul()) AL we(t)*+

+ 2AM(t, (1)) — M(2, pe (D)) (A u(t), ATl (1)) + de(we(t), wi(1)).
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Integrating from 0 to ¢t < Tp and considering the hypothesis (2.2}
and (2.6) we obtain

VE (1) +

t
+ 25] [wi(s)Pds + |AFwe (D + M(t, pe(t))| A we(t)? <
0

<2 [ gl uonatu@ladulobess )

+2 ] M (5, 04(5)) — M(s, 0(s))]| A u(s)|| A3 w!(s)|ds+

+ae [ fodolluiolds.

We observe that |M'(t, o(£))], |42 us(¢)], | A} u(t)] and }AYw!(t)] are
bounded independent of ¢ and ¢ € [0,Tp]. We also have that the terms

IM (2, 0e(t)) — M(2,(2))} and 4efy |we(s)]|wi(s)|ds converge uniformly
to zero in [0,Ty] when ¢ — 0F.

From (4.31) we have

t |
142 w (D)2 < Oe) + Cny f [1+ 1A} ul ()] Ab we(s)Pds  (4.32)
0

where C1; > 01is a constant independent of ¢ and ¢, and lim,_p+ O(c) =
0, independent of ¢ € [0, Tp).

From (4.32) and Gronwall lemma we have
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1
[AZw,(t)[* — 0 uniformly in [0,Tp], when £ — 0F. (4.33)

Given t € [0, To] we have

|o(t) ~ |ATu(t)?] < lo(t) — @e(t)] + |e(t) — [AZu(®)?]  (4.34)

and

le(t) — |AFu(D)?] < ||AZuc(e)]? — |A2u() ]+
+1adu(t)? - |43u(@)? < (4.35)
< [1AF ue(t)] + |AZu()]]) A2 w.(6)] + elu(t)?.

Substituting (4.35) into (4.34) and observing that ]Ag%ue{t)l-{-
1
+|AZ u(t)] is bounded independent of ¢ and ¢ € [0, Tp] we obtain

[0(t) = 143 u(t)?] < 1(t) — pe(®)] + elu(®)? + Cral AZwe(t)]. (4.36)

Since ¢, — ¢ in C°([0, Ty}, R) we obtain from (4.36) and (4.33) that
p(t) = Izﬁljiu(t)|2 when £ — 0%,

5. APPLICATIONS

(i) Let © be a bounded open set of R" with smooth boundary I' and
A = —A the operator defined by the triple
{H&(Q);LZ(Q);(())Hé(Q)}. As a consequence of Theorem 2.1, we

find a function u: [0,Tp) — L2(£2) such that
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(K'Y + Kou' — [1 + M{t, [, |Vu(t, z)|2dz)) Au = f
‘U,(O,:l:) = ’ULU(E), ?9_1;(0’3) = ul(x)! z €l

u=0 onXy= FX]U,TU[.

We observe that the example 5(i) can also be solved making use of
compactness arguments which can not be applied to case 5(iii).

The importance of the diagonalization method is that it allows us
to solve problems when ) is a bounded open set of R® and we have
compactness condition, or in the case where §! is unbounded and so
there is no compactness condition.

(i) Let © be as (i) and B the operator defined by the triple {H(£);
L¥(); a(u, v)} where

al(u,v) = Z / a,_,(:t:)gu -(?—Bhda:-!—j ag(z)Yuvdz, u,v € H(Q)

i,i=1

with ao,a;; € L*(Q),ai; = aji,4,5 = 1, -, n,a0(z) > ap > 0 for
almost = € ©, and exists a > 0 such that T}, a;;(z)é€; > al)?,
for almost = € {} and every £ € R".

The operator B is B = —5% ;. 5~ 2 (a;;52 3e; ) + ag with domain

DB)={ue Hz(ﬂ), e = =0 on I‘}

where
du e ou
—_— = a;j(x)7— cos(v, x;
Z J ij ( )

v 52
v is the outward normal to T.

Let A be the operator 4 = —X7,_, 5 S (O ) with domain D(A)
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= D(B). A is a self-adjoint operator and by Gauss lemma it follows

that .
(Au,u) = ( -2 ;;(aij(m)g—;),“) =

'vJ=1

= ou Ou
B /g Z “"'(I)aTjam,-d"“

ij=1

_/[: Z a,-j(m)g%ucos(u,m;)dr >

i,j=1

> o|Vu|?,  VYu € D(A).

If (@ij)nxn = I where I is the identity matrix than A = —A and D(A) =
{ue HY(Q),% =0onT}.

By Theorem 2.1 exists a function u : [0,7] — L3(Q) such that
(Kvu') + Kou' — [14+ M (2, [, IVu(t,z)|%dz) | Au = f
u(0,z) = uo(z), 8u0,z)=u(z) z€Q
2t = 0 on o = I'x]0, Ty

iii) Let = R” and A = —A the operator of L*(R") with domain
D(A) = H*}(R™).

By Theorem 2.1 exists a function u : [0,Tp] — L*(R") such that
{ (Kyu') + Kou' — [1+ M {2, fg. (Vu(t,2)|%dz)}Au = f

u(0,z) = uo(z), Z%(0,z)=w(z), z€R".

We gbserve that when the abstract results are realized in the concret
case (iii) with Ky = 1, K, = 0 and M depends only on [, [Vu(t,z)|?dx,
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we obtain the results proved by the method of Fourier transform, by
Dickey [6] and Menzala [19].
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