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High regularity of the solution of a nonlinear
parabolic boundary-value problem *

Luminita Barbu, Gheorghe Moroganu, & Wolfgang L. Wendland

Abstract

The aim of this paper is to report some results concerning high regular-
ity of the solution of a nonlinear parabolic problem with a linear parabolic
differential equation in one spatial dimension and nonlinear boundary
conditions. We show that any regularity can be reached provided that
appropriate smoothness of the data and compatibility assumptions are
required.

1 Introduction

We consider the parabolic boundary value problem (BVP):

yt_yxz+gy:f(w7t)7 in Dr, (11)

yw(oat) € 61 (y(07 t))’ (1 2)
—y.(1,t) € Ba(y(1,1)), 0<t<T, '

y(x,0) = yo(z), 0<a<l1, (1.3)

where Dp := {(z,t) € R0 <z < 1,0 <t < T} for a fixed T € (0,00), where
g > 0 is a given constant, f : Dy — R and yo : [0,1] — R are given functions,
and 3; : D(3;) CR — R, i = 1,2, are nonlinear mappings that might possibly
be multivalued. So, this BVP is a nonlinear problem.

Notice that the BVP is a model for heat conduction and diffusion processes.
Also, it can be viewed as a reduced model for a singular perturbation problem
associated with an electrical circuit, in which the specific inductance is negligible
and is set equal to zero [2]. In [2] some nonhomogeneous boundary conditions
appear, but they can easily be homogenized by a simple change of the unknown
function:

gz, t) = y(x,t) + (1 — z)[a(t)z + b(¢)] . (1.4)
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In the case of integrated circuits with negligible specific inductances, we can
set them equal to zero and thus arrive at a similar BVP, but with n equations
instead of (1.1) [8, 11].

An existence theory for the BVP in the case in which 31, (2 are monotone
mappings can be found in [12, Chapter 3, §3], even in a more general frame-
work. In the present paper we are concerned with higher order regularity of
the solution. As we shall see, this requires higher regularity of f, 81, B2, wo
and higher order compatibility conditions. The main difficulty in this problem
is due to the nonlinearity of (1.2) whereas the linear case is well-known from
[9, Chapter VII, §10]. There the compatibility conditions, corresponding to our
particular BVP with linear conditions, consist in the fact that the time deriva-
tives (0%y/0t*)(x,0) (k > 0), which can be calculated from (1.1) and (1.3),
for £ = 0 and = = 1 must satisfy the boundary conditions and the relations
obtained from their differentiation with respect to t. Of course, the case of the
nonlinear condition (1.2) is more delicate.

The regularity question for the BVP is also important as an intermediate
step in developing an asymptotic analysis of the telegraph system with small
specific inductance (see [2, 3, 4]).

2 Preliminaries

Let us first recall the following result (see [7, Appendix]), which will be used
later:

Theorem 2.1 Let X be a reflexive real Banach space and let w € LP(a,b; X)
with —o0o < a <b< oo and 1l < p < oo. Then, the following two conditions are
equivalent:

(i) u€ WhP(a,b; X);

(i) There exists a constant C > 0 such that f;ﬂs lu(t + 6) — u(t)||% < CoP
for every 6 € (0,b — aj.

The implication (i) = (it) is still valid for p = 1. Moreover, (ii) holds if u is of
bounded variation on [a,b] and X is not necessarily reflexive.

Here and in what follows, LP and W*? denote the usual function and Sobolev
spaces, respectively. Now, in order to state the next result, let us consider two
real Hilbert spaces V' and H, such that V is densely and continuously embedded
into H. If H is identified with its own dual, then we have V. C¢ H C V’,
algebraically and topologically. We have denoted by V' the dual of V. Denote
also by (-,-) the pairing between V and V', ie., (v,0*) := v*(v), for v €
V, v*eV' Forv*e€ H =H, (v,v*)reduces to the scalar product in H of
v and v*. Following [10, Chapter 1], for some —oco < a < b < oo we set

W(a,b) := {u € L*(a,b;V); v’ € L*(a,b;V')},

where v’ is the distributional derivative of u, as a V-valued distribution.
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Theorem 2.2 Every v € W(a,b) has a representative uy € C([a,b]; H) and
so u can be identified with such a continuous function. Furthermore, if u, 4 €
W (a,b), then the function t — {(u(t),u(t)) is absolutely continuous on [a,b] and

%(u(t),a(t)) = (u(t),d’(t)) + (a(t),u'(t)) for a.a. t € (a,b),

and, hence, in particular,

%Hu(t)“%{ = 2(u(t),u'(t)) for a.a. te€ (a,b).

Finally, we recall the following theorem due to H. Attouch and A. Damlamian
[1] which will be needed for the derivation of higher regularity of the solution of
the BVP:

Theorem 2.3 Let A(t) = 0¢(t,-) for 0, where ¢(t,-) : H — (—o0,+00] are
proper, convex, and lower semi-continuous functions, with a domain of defini-
tion D(¢(t,-)) = D which is independent of t. Here H is a real Hilbert space.
Assume further that there exists a nondecreasing function v:[0, T]—R and some
real constants C, Cy such that

¢, v) < ¢(s,v) + [y(t) = v(s)] - [(s,v) + Cullv]|F + Ce] (2.1)

forall v € D and 0 < s < t < T. Then, for every ug € D and f €
L?(0,T; H), there exists a unique solution uw € W12(0,T; H) of the equation
u'(t) + A()u(t) = f(t) for a.a. t € (0,T) with the initial condition u(0) = ug.
Moreover, there ezists a function h € L*(0,T) such that

o(t, u(t)) < ¢(s,u(s)) + /t h(r)dr forall 0<s<t<T. (2.2)

Here, we denote by 9¢(t, -) the subdifferential of the function ¢(¢,-). In what
follows, we shall use the theory of evolution equations associated with monotone
operators in Hilbert spaces. For details we refer to [5, 7, 12].

3 High Regularity of Solutions

If 51, (2 are maximal monotone mappings, then existence and uniqueness of
the solution to the BVP is well known. The most important results, even
for n dimensions, were established by H. Brezis [6, 7]. Our problem can be
expressed as a Cauchy problem in L2(0,1), associated with a subdifferential
and, hence, existence is available (see, e.g., Brezis’s theorem in [12, p. 56],
where the regularizing effect of the subdifferential on the initial data is pointed
out). For a more general problem than ours see [12, Chapter 3, §3], where the
existence to a higher order, one-dimensional, parabolic equation is discussed.
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Theorem 3.1 Assume that
fe Whi0,T; L*(0,1));
B1, B2 are both maximal monotone;
yo € H?(0,1);
and that the following first-order compatibility conditions are fulfilled:
Y0(0) € Bi(y0(0)),  —o(1) € Ba(yo(1))-
Then the BVP (1.1), (1.2), (1.3) has a unique strong solution

y € WH°(0,T; L*(0,1)) N L>=(0,T; H*(0,1)) nWh2(0,T; H'(0,1)) .

Proof: Let H = L?(0,1) with

1 1
.0 = [ vl de, ol = [ plapds.
0 0
We define the operator A : D(A) C H — H as

Ap=—p" +gp
on the domain of definition

D(A) = {peH*0,1);p(0) € D(B),

p(1) € D(B2),p'(0) € B1(p(0), —p'(1) € B2(p(1)) } -

Then the BVP may be written as the Cauchy problem in H,
y'(t)+Ay(t) = f(t), 0<t<T,
y(O) = Yo,

(3.6)

where y(t) := y(-,t) and f(t) := f(-,t). The operator A is maximal monotone.
Moreover, A is the subdifferential of an appropriate proper, convex, lower semi-
continuous function (see [12, Chapter 3, §3]). By the existence and uniqueness
result [see, e.g., [12, Theorem 2.1, p. 48]), it follows that there exists a unique

strong solution of problem (3.6), y € W1>°(0,T; H) N L*(0,T; H*(0,1)).

Now, using (3.6)1, i.e. Eq. (1.1), we deduce that

yt(xvt + 5) - yt(xvt) - [yzz(l‘,t+ 5) - yzz(xat)]

where 6 € (0,7T). If we multiply the last equality by y(-,t + ) — y(-,t) scalarly

and then integrate on [0, T — 4], we arrive at the inequality

T—6
/O lart +8) — yal )2t

1 T—6
<5y 0) = wollz + A 1FCt+0) = FCOlmllyCot+0) —y( )| mdt .
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Since y € W1°°(0,T; H), there exists a positive constant C; such that for all
tel0,T -4
ly(.t+8) —y(, )llm < Cid. (3.8)

Now, combining (3.7), (3.8), (3.1), and Theorem 2.1 for p = 1, we can easily see
that

T—6
/ e st +6) — (- )] %dt < Cd?, (3.9)
0

with some positive constant Cy. Taking again into account Theorem 2.1, it
follows by (3.9) that y, € W2(0,T; H), which concludes the proof of the
theorem.

Remark 3.1 In fact, the results similar to those above are known [6]. However,
it seems that, for multivalued 3; and 2, no improvement of the above regularity
is possible, although we could not find an appropriate counter-example yet. But
an improvement of regularity is possible for single-valued and smooth (; and

Ba.
Theorem 3.2 Assume that
few>40,T;L%(0,1)), f(-,0) € H?*(0,1); (3.10)
B1, B2 are both defined on R, single-valued, and satisfy
B, B2 €WRZR, 120, 5520, (3.11)

Moreover,

yo € H*(0,1). (3.12)

In addition, we require (3.4) (where the inclusions must be replaced by equalities)
as well as the following second order compatibility conditions:

20(0) = B1(10(0))20(0),  —z(1) = B(yo(1))z0(1) , (3.13)
where zqy is defined as
zo(z) = f(2,0) +y5 () — gyo(x), 0<az<1. (3.14)
Then the solution y of the BVP belongs to
W22(0,T; H'(0,1)) N W>>(0,T; L*(0,1))
Proof: Obviously, all the conditions of Theorem 3.1 are fulfilled and so the
BVP has a unique solution y satisfying (3.5). Let us denote V = H'(0,1) and
V' = (H'(0,1))" (the dual space). We will first show that y, € WH2(0,T;V").

To this end, it suffices to prove (cf. Theorem 2.1) that there exists a positive
constant C' such that for every § € (0,T]:

2 2
it < Co%. (3.15)

T—6
A et +6) — (- 1)|
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Indeed, we have for a.a. t € (0,7 — ¢) and all ¢ € V the equation

<yt('7t +6) =y (-, 1), ¢>
= Wea(5t +0) = Yau (1), 9)
=9yt +06) —y(,t),0) + (f(-,t+6) — f(-, 1), &)
= —(Ua(t+0) —yul(-1),¢") — [Ba(y(L.t +9)) = Ba(y(1,1))]6(1)
= [B1(y(0,t +0)) = Br(y(0,1))]6(0)
—g(y(t+0) —y(,t),0) + (f(, 1 +6) = f(-,1),¢), (3.16)
where (-,-) denotes the L2-duality pairing between V and V’. Taking into

account (3.5) and (3.11), which in particular implies that 31, 32 are Lipschitzian
on bounded sets, one obtains from (3.16) the estimate

lye (ot +8) = ye (- OIT < Ca{lly (-t +8) =y OIY + I1F (-t +6) - f(',t)(li}),

3.17
where Cj is some positive constant. Now, (3.5), (3.10), (3.17) and Theorem 2.1
lead us to the desired estimate (3.15). Therefore z := y; € W1H2(0,T; V') and,
thus, we can differentiate with respect to ¢ the equation

(e(:1),0) + (Y= (1), ) + B1(y(0,£))$(0) + Ba(y(1,1))¢(1) + g(y (- 1), &)
= (f(~1),9)

to obtain
(2e(- 1), @) + (22(- 1), ) + 91(8)2(0,1)p(0) + g2(t) 2(1,£)d(1) + g(2(-, 1), )
= (f:(,t),p)for all ¢ €V, andaa. te(0,7), (3.18)

where
91(t) = B1(y(0,1)),  g2(t) := Ba(y(1,1)).
In addition,
z(+,0) = zp, (3.19)

with zg defined by (3.14). Consequently, z is the unique solution of the problem
(3.18), (3.19) in the class of y;. Indeed, if we take in (3.18), (3.19) f; = 0,
z0 =0, and ¢ := z(-, t), then, according to Theorem 2.2, we have

d
%Hz(,t)H%{ <0 foraa. te(0,7),
which clearly implies that z = 0. Note that z = y,; satisfies the linear problem

thz.rrc‘i’gz:fh in DT7

2(x,0) = zo(x), 0<z<1, (3.20)
2(0,t) = 1()2(0,1),  —2(L,t) = ga(t)2(L, 1), 0<t<T

formally. By Theorem 3.1 and the assumption (3.11) it follows that ¢1, g2 €
H'Y(0,T), and that g > 0, g2 > 0 in [0,1]. Actually, problem (3.20) has a
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unique strong solution. To show this, let us use the fact that this problem can
be expressed as the following time-dependent Cauchy problem in H = L?(0,1):

2'(t)+ B(t)z(t) = fi(-,t) for 0<t<T,
2(0) = 2o

where z(t) := z(-,t) and B(¢) : D(B(t)) C H — H is defined by

(3.21)

B(t)p=—p" +gp
on the domain of definition
D(B(t)) = {p € H*(0,1); p'(0) = g1(t)p(0), —p'(1) = g2(t)p(1)} .

B(t) is maximal monotone for every t€[0,T] and, even more, B(t) is the sub-
differential of the function ¢(t,-) : H — (—o0, +00], given by

(1/2){ fy '(x)’dz + g [, p(x)2da
o(t,p) = § a1t )p(O) + 92( )p(1)?} for p € H'(0,1),
~+00 for p € H\H'(0,1)

(see, e. g., [12, Chapter 3, §3]). For every t € [0,T], the effective domain is
D(p(t,-))=H(0,1), i.e. it is independent on ¢. Now, we are going to show that
the condition (2.1) of Theorem 2.3 is satisfied. To this end, let pc H'(0,1) and
0<s<t<T. We have

o(t,p) —o(s,p) = ——="——=p(0)*+

= 10y / g (r)dr + Lp(1)? / g (r)dr

IN

el + 191 [ (16ir) [+ 1 gb(r) | r,

where K is a positive constant due to the continuous embedding of H'(0,1)
into C[0,1]. Therefore,

o(t,p) < @l5,p) + (1) = 2(5)] - [os,p) + 5 Il
where .
=K [ (160 | +1 65 ir
By Theorem 2.3 one obtains that problem (3.21) has a unique solution

z € W0, T; H) N L>(0,T; H'(0,1)).
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This solution z satisfies problem (3.18), (3.19) and, hence, it coincides with y;.
So, we have already proved that

y € W2(0,T; H)yn Wh*(0,T; H*(0,1)).
We are now going to show that
2y =y € L(0,T; H) N L*(0,T; H*(0,1)).

To this end, we proceed in a standard manner by starting from the estimates

Sl B = 2O+ ot B) = 2 1)
Flga(t 4+ )=(0,1 4 1) — g2 ()20, 0] - [2(0, 1+ h) — =(0,1)
Floalt + )20, 4 B) — g2(1)2(1,0)] - [2(1, £+ h) — 2(1,1)]
< Nt 1) = D2t h) = 2, D)l

fora.a. 0<t<t+h<T, and

5 llzCoh) = 2ollF + 12w (- h) = 2gll3 + [91(R)2(0, )
—91(0)20(0)] - [2(0, k) = 20(0)] + [g2(R)2(1, h — g2(0) 20 (1)] - [2(1, h) — 20(1)]
< |fu(h) = B(0)zollar - 2(-,h) — 20|l for a.a. h e (0,T).
Since y € Who°(0,T; H(0,1)) and 1, B2 € W2 °(R), both the functions

loc
g1, g2 are Lipschitz continuous. So, taking also into account that g; > 0 and

g2 > 0in [0, 1], we get from the above inequalities

S St B) = 2Ol et 1) — 20l

< et +h) = fi( Ol -zt + ) = 2058l (3.22)
+L1h|z(0,t 4+ h) — 2(0,t)| + Laoh|z(1,t + h) — 2(1,1)],

and

d
TillCR) = zoll + 1220 h) = =117

< fnCh) = BO)zolla - 20 h) — 20l (3.23)
+L1h|2(0,h) = 20(0) + L2h|z(1, h) — z0(1)] .

N~
>

Now, taking into account the continuous embedding of H'(0, 1) into C|0,1] and
the inequality ab < ea? + b?/(4e) for all a, b > 0, £ > 0, we obtain from (3.22)
and (3.23) the two estimates

St b = 2B+ ot + 1) = 2 Dl
< IAC B = ot 4 ) = 2,8 (3:24)

1 1
5zt + ) = 2o (Ol + N2t + h) = (. 0l) + 5Cah®,
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and
12, h) = 2ollE + 122 (- B) = 2zl
[fn(-,h) = B(0)zollm - |2(-, 1) — 20/l (3.25)
1
+5 (2 h) — 2|15 + 12(- k) = 20ll7) + 5Csh?,

N~
IN &=

where Cy and Cy are some positive constants. Therefore,

A (e =yt 4 ) = 2(, D3 + ezt + ) — 2, D
< 27 fulot 4 h) = S Dl - 2ot + ) — 2( Dl + Cal®, (3.26)

and

dn (e M2 h) = 20lF) < Csh® + 2¢™ " fiu (-, h) — B(O)zoll - [12(-, ) — 2ol -
(3.27)
If we drop the second term in the left-hand side of (3.26) and integrate the
resulting inequality over [0, ¢], then, by using a Gronwall type lemma (see, e.g.,
[12, p. 47]) we arrive at the estimate

Izt +h) =200l < Cofllz(-h) = 20llm +h

+ [ Uis+ ) = LClnds} . (:29)
0

Now, from (3.25) we obtain in a similar way

h
12 h) = 2ol < Cr(h®/? +/O 1£s (- 8) = B(0)zol| ds) - (3.29)

Finally, (3.28) and (3.29) imply that z, € L>°(0,T'; H). Using this conclusion
together with (3.24), we get, by using of Theorem 2.1, that z, € WH2(0,T; H).
This concludes the proof.

Remark 3.2 If f in Theorem 3.2 is assumed to be more regular with respect
to x, then y is also more regular with respect to x, because

Yt = Yzxt — 9Yt + ft = Yzazx — 9Yzz + fzm — gyt + ft~

On the other hand, by reasoning similarly as in the proof of Theorem 3.2, one
can show that y € W32(0,T; H'(0,1)) N W3°°(0,T; L?(0,1)) under appropri-
ate assumptions on the smoothness of (1, B2, yo, f and compatibility. The
proof needs a slight modification since the boundary conditions corresponding
to (3.20) are now inhomogeneous. Fortunately, the inhomogeneous terms there
are H'-functions and so Theorem 2.3 is again applicable, with a slight change
of ¢. The corresponding t-dependent operator is nonlinear because its domain
is an affine subset of L2(0,1). Here we will not further present these details. Of
course, higher regularity with respect to x can also be obtained at the expense
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of additional regularity and compatibility assumptions. Actually, our procedure
can be repeated as many times as we want to and so any regularity of the solu-
tion with respect to ¢ and = can be reached under sufficient smoothness of the
data and compatibility conditions. More precisely, the H*(Dr)-regularity can
be shown for every k and, thus, the C*(Dr)-regularity can be obtained as well
for every k, due to Sobolev’s embedding theorem.

Remark 3.3 Theorem 3.2 is formulated in such a way that the next level of
regularity can be obtained. Note, however, that this is a parabolic problem so
that, in order to get, for instance,

y € W2(0,T; L*(0,1)) n W*°(0,T; H*(0, 1)),
we can relax our assumptions. More precisely, it suffices to assume that
fewhr0,T;L%*0,1)), f(-,0) € H'(0,1);

By and [o satisfy (3.11); yo € H?(0,1), and yo satisfies (3.4) with equalities
instead of inclusions.

Remark 3.4 Here, we do not discuss nonlinear cases of the equation (1.1),
since this would require a special treatment. However, let us point out some
immediate extensions of the above results.

Assume that the linear term gy of Equation (1.1) is replaced by a nonlinear one,
say g(y), where g : R — R is a single-valued, continuous and nondecreasing
function. Then Theorem 3.1 is still valid. If, in addition, g is a WZQO’Coo (R)-
function, then Theorem 3.2 is also valid for this nonlinear case with

z0(x) = f(2,0) + yg () — g9(yo(x)).

Indeed, (3.17) remains true, because ¢ is Lipschitzian on bounded sets and y
takes values in a bounded set. So, again, z = y; € W2(0,T; V). The remainder
of the proof of Theorem 3.2 continues with slight modifications. In particular,
in Eq. (3.20); the term gz must be replaced by ¢'(y)z and B(t) becomes

B(t)yp = —p" + 4 (y(-.t))p,

with the same domain of definition as before. This means that in the definition
of the energy function ¢(¢,p), the term (1/2)g fol p(r)%dx should be replaced by

(1/2) fol g (y(z,t))p(z)?dz. Finally, here v can be chosen in the specific form

’Y(t):K/O (g5 (T) + g2 ()] + 19" (W, 7)Yz ()l 0,1))dT-

Then all the conclusions can be derived by similar arguments as above.

On the other hand, if the (1.2) are inhomogeneous and (1.1) is nonlinear,
then a transformation like (1.4) would lead us to an evolution equation where
the spatial operator becomes time-dependent. Instead, we still can keep the in-
homogeneous form of (1.2) and associate with our problem an energy functional
@(t,-) which also includes the inhomogeneous terms.



EJDE-2002/48 L. Barbu, Gh. Morosanu, & W. L. Wendland 11

References

[1]

2]

H. Attouch, A. Damlamian, Strong solutions for parabolic variational in-
equalities, Nonlinear Anal. TMA 2 (1978), No. 3, 329-353.

L. Barbu, E. Cosma, Gh. Moroganu, W.L. Wendland, Asymptotic analysis
of the telegraph system with nonlinear boundary conditions, in Vol: Partial

Differential Equations, Integral Equations, and Optimal Control Problems
(S. Aizicovici and N.H. Pavel, eds), Dekker, (2001) 63-76.

L. Barbu, Gh. Morosanu, Asymptotic analysis of the telegraph equations
with non-local boundary value conditions, PanAmerican Math. J. 8 (1998),
No. 4, 13-22.

L. Barbu, Gh. Morosanu, A first order asymptotic expansion of the solution
of a singularly perturbed problem for the telegraph equations , Applicable
Analysis 72 (1999), No. 1-2, 111-125.

V. Barbu, Nonlinear Semigroups and Differential Equations in Banach
Spaces, Noordhoff, Leyden, 1976.

H. Brezis, Problemes unilateraux, J. Math. Pures Appl. 5 (1972), 1-168.

H. Brezis, Operateurs Maximauz Monotones et Semigroupes de Contrac-
tions dans les FEspaces de Hilbert, North Holland, Amsterdam, 1973.

M.S. Ghausi, J.J. Kelly, Introduction to Distributed-Parameter Networks
With Applications to Integrated Clircuits, Robert E. Krieger Publ. Co., Inc.,
Huntington, New York, 1977.

O.A. Ladyzenskaja, V.A. Solonnikov, and N.N. Ural’ceva, Linear and
Quasilinear Equations of Parabolic Type, Translations of Mathematical
Monographs, Vol. 23, AMS, Providence, Rhode Island, 1968.

J.L. Lions, E. Magenes, Problemes aux Limites Non Homogenes et Appli-
cations, Vol. 1, Dunod, Paris, 1968.

C.A. Marinov and P. Neittaanmaki, Mathematical Models in Electrical Cir-
cuits: Theory and Applications, Kluwer, Dordrecht, 1991.

Gh. Morosanu, Nonlinear Evolution FEquations and Applications, Reidel,
Dordrecht, 1988.

LUMINITA BARBU

Department of Mathematics and Informatics
Ovidius University

Blvd. Mamaia 124

8700 Constanta, Romania

e-mail: lbarbu@univ-ovidius.ro



12 High regularity for a nonlinear parabolic problem

GHEORGHE MOROSANU
Department of Mathematics
“Al. 1. Cuza” University
Blvd. Carol I, 11

6600 Tasi, Romania

e-mail: gmoro@Quaic.ro

WOLFGANG L. WENDLAND

Mathematisches Institut A

University of Stuttgart

Pfaffenwaldring 57

70569 Stuttgart, Germany

e-mail: wendland@mathematik.uni-stuttgart.de

EJDE-2002/48



