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EXISTENCE FOR ONE-DIMENSIONAL
NONLINEAR PARABOLIC VOLTERRA
INTEGRODIFFERENTIAL EQUATIONS

YANPING LIN AND HONG-MING YIN

ABSTRACT. In this note we consider the global solvability
of the nonlinear integrodifferential equation:

ur = a(z,t, u, Ug ) Uz + b(x, t,u, uz)

t
+ / c(z,yt, Ty Uy Ug, Uz ) AT
0

subject to appropriate initial and boundary conditions, under
suitable assumptions concerning the data and the functions
a,b and c.

1. Introduction. Recently, the author of [7] considered the
following initial-boundary value problem:

(1.1)
t
Uy = a(ac,t,u,um)um—l—b(a:,t,u,ug;)—i—/ c(x, T,u,uz)dr, in Qr,
0
(1.2) u(0,t) = f1(t), u(1,t) = fo(t), tel0,7T],
(13) U(I, O) = UO(x)a T E [07 1}7
where T' > 0 is arbitrary and Q7 = (0,1) x (0,T].

The global solution was obtained under certain growth assumptions
on the functions a,b and c. However, a wider class of physical models
(cf. [1, 2, 3, 6]) requires that the second order derivative of the solution
Uz, should appear in the integral term. Namely, the function ¢ should
be of the form

(1.4) c=c(z,t, T, Uy Uy, Ugy)-
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In this paper we shall illustrate how the argument of [7] can actually
be extended to this situation in a nontrivial way. The assumptions are
more or less the same as those of the previous paper [7]. In particular,
no assumption on the growth of the derivatives of c(x,t, 7, u, Uy, Uzy)
is required except for ¢;. The above type of equation has been studied
extensively. However, there is not much progress in dealing with the
global solvability of equations with nonlinear principal parts. The
reader may consult the recent survey paper [3] and the references
therein for motivation and the physical background.

In what follows, the problem (1.1)—(1.3) always means that the
function ¢ takes the form (1.4). Without loss of generality, we may
assume that f1(t) = fo(t) = 0. The main assumptions are:

Hypotheses. (1) The functions a(x,t,u,p) and b(z,t,u,p) are twice
differentiable while c(x,t,u,p,r) is differentiable with respect to all of
their arguments.

(2) There exist positive constants Ay, Ay and As such that

a(z,t,u,p) = Ay >0,  |b(z,t,u,p)| < A2l + |uf + |p|];
‘C(I,t,T,U7p,T‘)| + ‘Ct(xathauapv T)| < A3[1 + |u| + |p| + |TH

(3) wo(x) € C*0,1] and the following compatibility conditions hold:

up(0) =0,  wup(1) = 0;
a(0,0,0,uq(0))ug (0) + b(0,0,0,uy(0)) =
(

/)
Ug
a(1,0,0,uq(1))ug (1) + b(1,0,0,uy(0)) =

)

0
0.

Theorem. Under the above assumptions, the problem (1.1)—(1.3)
admits a unique classical solution for arbitrary T > 0.

Remark 1. The growth condition on b can be relaxed in the following
sense:
|b(, t,u, p)|

< Al .
Sl < doft+ ul + I
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Remark 2. With some modification in the proof, the result is still
true for the equation (1.1) with the homogeneous Neumann conditions:

uz(0,t) =ux(1,t) = 0.

However, it is not known whether the result holds for the Cauchy
problem.

2. Proof. Asseen in [7], the key to obtaining the global existence is
to derive an a priori estimate in the Banach space C2+1+a/2 (Qr). We
shall prove a number of lemmas to achieve this goal. In what follows,
various constants which depend only on the known data and the upper
bound of T will be denoted by Cy,Co, ... .

Lemma 2.1. There exists a constant Cq such that
1
// u?, drdt+ sup / u? dx < Cy.
T 0<t<T Jo

This can be proved by the same way as in [7].

Lemma 2.2. There exists a constant Cy such that

|tz (- )| Loe(0,1) < Co.

Proof. This is the crucial step in [7]. However, the method still works
for the present situation. To see this, we perform the same calculation
as in [7] and then note from page 255 in [7] that the quantity I is now
equal to

T 1 t 2
I:/ / ug—zU (1—|—|u|—|—ux|—|—|um|)d7'} da dt.
0 0 0

Using Lemma 2.1, we have

T 1 t
Igc/o {||u(-,t)|1£x2(0’1){/0 /0(1+u2+ui+u§m)dxd7}}dt

T
< C/O (-, )15 1) dt-
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The rest of the proof can then be carried over. n]

Since the second order derivative is involved in the function ¢, we
need more a priori estimates.

Lemma 2.3. There exists a constant C3 such that
1 T 41
sup / ug(z,t)? da —|—/ / u?, dxdt < Cs.
0<t<T Jo o Jo

Proof. We rewrite the equation (1.1) into the following divergence
form:

up = (/ \ a(x,t,u, s) ds) —/ /[aw(x,t,u,s)+au(x,t,u,s)] ds
0 z Jo
t
—i—b(m,t,mum)—i—/ (Xt Ty Uy Uy, Uy ) AT
0

Let v(z,t) = us(z,t), (z,t) € Q7. We differentiate the above equation
with respect to t to obtain

¢
(2.1) vy — [a(x, t, u, Uz )ve)e = g, t) + c(x, b, t, u, ug, Ugs) —|—/ ey dr,
0
where

g(x,t):/ [ar+ay,v] ds
0

d Y
+ E{_/ [az(x,t,u, 8) + ay(z,t,u, s)] ds + bz, t,u, ux)}
0

By Lemma 2.1-2.2, u(z,t) and u,(z,t) are uniformly bounded, g(z, )
can be written as

g(z,t) = di(z, t)v, + do(x, t)v + d3(z, t),

where d; (z,t), d2(x,t) and d3(z, t) are bounded functions, whose bounds
depend only on the known data.
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Now we multiply the equation (2.1) by v(x,t) and then integrate
over Qr; we can easily obtain, after using the growth conditions and
applying Gronwall’s inequality, that

1
/v2d:c—|—// videdt <Cs. O
0 T

Corollary 2.4. There exists a constant Cy such that for each fixed
te€0,T7],

1
/ u?, dr < Cy.
0

Proof. We rewrite the equation (1.1) into the following form:

t
Up — AQUge = b+ / (@, b, T, Uy Uy, Uy ) AT
0

Taking the square of both sides of the above equation and performing
the integration over [0, 1], we have

1 1 1 t 2
/ [’U,? + GQUiI] dx — / AUtUgy dx = / (b + / CdT) dx.
0 0 0 0

By Lemma 2.1, Lemma 2.2 and the growth conditions on b and ¢, we
know the right-hand side in the above equality is bounded. Moreover,
Cauchy’s inequality implies

1 1 1
/ AUz, dz < C(e) / u? da + 5/ u?, dr.
0 0 0

Therefore, the desired estimate follows from Lemma 2.3. O

Lemma 2.5. There exists a constant Cs such that

||’U,‘ |01+1/2,3/4(QT) S 05.
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Proof. Since ug,(x,t) € L?[0,1], by Sobolev’s imbedding theorem,
for each t,
llu, )l or+1/210,1) < C.

By Lemma 2.3, u(z,t) is Holder continuous with respect to ¢ and the
Hoélder norm depends only on C5. Thus, the desired result follows from
Lemma 3.1 of Chapter 2 in [5]. o

Now we apply the W2 (Qr)-estimate (cf. [8]) to have

Corollary 2.6. There exists a constant Cg such that for any p > 1,
H“HW}?J(QT) < Ce,

where Cg depends only on known data, T and p.

The above estimate is still not enough to establish global existence
because of the appearance of a fully nonlinear term in the equation.
We need to obtain a priori estimates for the higher order derivatives of
solutions. To this end, we differentiate the equation (1.1) with respect
to ¢ and define v(x,t) = u;(x,t); then v(z,t) satisfies

t
Vp = QU + [0y + a0+ apUs|Ugy + [0y Dy v+bpvg] + ¢+ / ¢y dT;
0

v(0,t) = v(1,t) =0,
v(z,0) = a(z, 0, uo (), uy(z))ug + bz, 0, ug, ug)-

Since g, € LP(Qr) for any p > 1, one uses the WE’I(QT)—estimate for
v(z,t) to obtain

lollwzs < €1t [ [ s otasal,
i Qr

where Hélder’s and Young’s inequalities have been used. Now we need
the following interpolation inequality (cf. [4]):

/vp<s/vp dx + C( )/vpdx.
Q



VOLTERRA INTEGRODIFFERENTIAL EQUATIONS 81

Hence,

HUHWEJ(QT) < C’{l—l—// v”dxdt].

Consequently, noting that v = u; € LP(Qr), one has

Lemma 2.7. There exists a constant Cy such that for any p > 1,

lollwz1(@r) < Cr-

Next we apply the imbedding theorem to obtain

Corollary 2.8. There exist two constants Cg and 3 € (0,1) arbitrary
such that
|[utl|c1+s.048)/2(gp) < Cs.

Finally, we shall show

Lemma 2.9. There exists a constant Cy such that

||’U,‘ |C2+a,1+a/2(QT) S Cg.

Proof. We first show
(2:2) e (5 )] oo 0,1) < C.

Indeed, by the equation (1.1) and Corollary 2.8,

t
H%AﬁMmmn§C+0/HwMWWMM.
0

Therefore, the estimate (2.2) follows from Gronwall’s inequality. Sim-
ilarly, we estimate the Holder norm of u,, with respect to x: for any
t € [0, 7] and two arbitrary points z1,x2 € [0, 1] as uy, is bounded by
(2.)

Ugz \T1, — Uz \T2, Ugg\T1,T) — Ugax \ T2, T
(21, 8) = a @2, )] _ (1, oy [ Pen(01,7) = tana, ]
|21 — z5|* - 0 |21 — z5|* '
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Hence, Gronwall’s inequality implies

|uwx(z17 t) - u;cac(z% t)|

|1 — 22|*

<C.

Again, by applying Lemma 3.1 of Chapter 2 in [5], we complete our
proof. o

With the above a priori estimate, we can prove global existence via
the method of continuity (cf. [7]). We do not repeat the process.
The uniqueness follows from the linear theory of integrodifferential
equations (cf. [8]).

Acknowledgment. The authors would like to express their deep
gratitude to the referee for his many valuable suggestions and com-
ments.

REFERENCES

1. G. Andrews, On the existence of solutions to the equation uts = Uggt+0(Ug)a,
J. Differential Equations 35 (1980), 200-231.

2. C.M. Dafermos, The mized initial boundary value problem for the equations
of nonlinear one dimensional visco-elasticity, J. Differential Equations 6 (1969),
71-86.

3. G. DaPrato and M. Iannelli, Volterra Integrodifferential Equations in Banach
spaces and Applications, Pitman Research Notes in Mathematics Series, Vol. 190,
Longman Scientific and Technical, UK, 1989.

4. A. Friedman, Partial Differential Equations, Holt-Rinehart-Winston, Inc.,
Huntington, New York, 1969.

5. O.A. Ladyzenskaja, V.A. Solonnikov and N.N. Ural’ceva, Linear and quasi-
linear equations of parabolic type, Amer. Math. Soc. Trans. Ser. 2, 23, Providence,
Rhode Island, 1968.

6. J.A. Nohel, Nonlinear Volterra equations for heat flow in materials with
memory, Integral and functional differential equations, Lecture Notes in Pure and
Applied Mathematics, edited by T.L. Herdman, S.M. Rankin, III, H.-W. Stech,
Marcel Dekker, Inc., New York, 1981.

7. H.M. Yin, The classical solutions for nonlinear integrodifferential equations,
J. Integral Equations Appl. 1 (1988), 249-263.



VOLTERRA INTEGRODIFFERENTIAL EQUATIONS 83

8. H.M. Yin, On Volterra equations in several space dimensions, STAM J. Math.
Anal. 22 (1991), to appear.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF ALBERTA, EDMONTON, AL-
BERTA, T6G 2G1, CANADA

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF NOTRE DAME, INDIANA 46556,
USA



