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GENERALIZED SOLUTIONS FOR ONE DIMENSIONAL
FLOWS OF K — BKZ FLUIDS

MELVIN L. HEARD

ABSTRACT. A boundary traction problem for a viscoelas-
tic liquid is studied. The problem is posed in one-space di-
mension and is described by a third order integrodifferential
equation of Volterra type. Existence, uniqueness and asymp-
totic behavior are proved for a class of generalized solutions.
The results obtained correspond to what is already known for
smooth solutions to these types of problems.

1. Introduction. In this work we consider the motion of one-
dimensional shearing flows of a K-BKZ fluid with a Newtonian viscosity.
Our main interest is to investigate a class of generalized solutions for
certain initial-boundary value problems associated with these flows. We
assume that the fluid occupies a reference configuration given by the
unit interval 0 < x < 1 and a Newtonian viscosity given by a positive
constant 7 > 0. If u(z,t) denotes the displacement, then the motion
is governed by a third order partial integrodifferential equation of the
form

(IDE)  wy(x,t) — nugqe(z,t)

= /000 g(s,uz(z,t) — up(z,t — 8))p dz + f(x, 1),

where 0 < 2 < 1, 0 < t < oco. The function g is called the memory
function and f represents the body force. Equation (IDE) is based on
a constitutive law proposed by Kaye [7] and Bernstein, Kearsley, Zapas
[2] for viscoelastic liquids. A discussion of the derivation of (IDE) from
the principles of continuum mechanics is given in [10].

There are several possible initial-boundary value problems that are
naturally associated with equation (IDE). In this work we wish to
discuss one particular type of problem called the boundary traction
problem. This means that, in addition to prescribing the initial history
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a(z,t) of the displacement w(z,t) for ¢ < 0, and prescribing initial
conditions wug(x), ui(z) for the one-sided limits u(z,0+), us(z,0+),
respectively, we also assume that traction forces act on the fluid at the
boundary. Thus, we are considering equation (IDE) with the following
initial and boundary conditions:

(BC)  wn(iut) + / " g5, 000, 8) — wa(Git — 5)) ds = by (1),

£>0, j=0,1,
(IC) u(z,0+) = uo(x), w(z,0+) —wi(z), 0<z<l,
(IH) u(z,t) = u(x,t), 0<z<1, t<O.

Problem (IDE), (BC), (IC), (IH) has been solved by H. Engler [5]
in the context of smooth solutions. Along with the related boundary
displacement problem for (IDE), Engler has shown that, under general
smoothness and compatibility assumptions, local smooth solutions of
the boundary traction problem exist and are unique. Furthermore, if
g, f, ho, b1 satisfy certain growth and integrability conditions, then the
smooth solutions exist globally in time, and their asymptotic behavior
can be described with rates of convergence depending on the material
parameters of the problem.

In this work we take advantage of the “divergence structure” of
equation (IDE) and extend the concept of a solution to a wider class of
functions not necessarily having derivatives up to order three. By doing
this, we are able to require less regularity on g, f, @, ug, u1, hg, b1 than
found in [5]. Our method of approach is to first replace the nonlocal
boundary conditions (BC) by a pair of Neumann conditions

(NBC) uz(j,t) = p;(t), t>0,j=0,1.

This intermediate step allows us to derive a simple integral equation for
u(z,t). The bulk of the paper is devoted to the study of this integral
equation which is derived by using some ideas from G. Andrews [1]. The
integral equation can be easily solved locally in time by the Contraction
Mapping Principle. We do not require the Krasnoselskii Fixed Point
Theorem that was used in [1]. Under the assumptions that we make
on the data, we show that the solution u(z,t) has the property that

u e C([0,T]; L>(0,1)), uy € C([0,T],L>(0,1))
ug € C((0,1) x (0,7)), wugz € L*((0,1) x (0,T))
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for a suitable constant 7" > 0. Also, we show that, under some
mild conditions on the data, the solution u(zx,t) satisfies the traction
boundary condition (BC) almost everywhere on 0 <t < T.

Under suitable assumptions (same as in [5]), we show that generalized
solutions exist globally in time, even if the data is large. They also share
the same asymptotic behavior as smooth solutions. The proofs of these
statements are based on energy methods and use an integral identity
satisfied by all generalized solutions of (IDE), (BC), (IC), (IH).

The organization of the paper is as follows. In Section 2 we introduce
notation and present background material on parabolic equations that
will be needed in the sequel. Section 3 is devoted to the proofs of
existence and uniqueness of generalized solutions. In Section 4 we
use energy methods to obtain the necessary estimates for the proof
of global existence. In Section 5 we discuss the asymptotic behavior of
generalized solutions.

For references on the type of problem considered in this work, we refer
to the book [10]. We especially mention Chapter IV for a synopsis of
the boundary displacement problem for (IDE). This problem can also
be treated by the methods used here and corresponding results can be
proved under appropriate assumptions.

2. Preliminaries. In this section we introduce notation and discuss
some results that will be used in subsequent sections. For a given set S,
let LP(S) and W™P(S) denote the standard L? and Sobolev spaces with
norms || - ||, and || - ||m,p, respectively, where 1 <p < oo, m=1,2,....
Given a positive number T > 0, we let Q7 = (0,1) x (0,7). Let
W21 ’O(QT) denote the space of all measurable functions u : Q7 — R
such that the distributional derivatives d7u € L?*(Qr) for r = 0,1.
When equipped with the norm

\|u||§vg,o(Qt) —/Q (u® + u2) dz dt,

T

the space Wzl’O(QT) is a Hilbert space. Since Qr is a rectangle, we can
reverse the roles of  and ¢ and define the Hilbert space W3 (Qr) in
a similar manner with norm

T
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Let Wg’l (Q1) denote the space of all measurable functions v : Q7 — R
whose distributional derivatives 9:0ju € LP(Qr) for all 2r + s < 2.
When equipped with the norm

||UHW5*1(QT): Z 1020; ullp,
2r4+s<2

the space W' (Qr) is a Banach space.

If X is any Banach space and J is an interval of real numbers, let
Cy(J, X) denote the Banach space of all bounded continuous functions
u:J — X with norm

llullcy(rix) = sup [lu(t)||x-
teJ

When J Is a compact interval, we simply write C(J;X) instead of
Cp(J5 X).

In the sequel, we will consider various Green’s functions associated
with the linear heat equation. We let

1 x?
2.1 K(x,t) = —exp|—— |, z€R, t>0,
(2.1) (w0 = e (- )
and define the theta-function by
+oo
(2.2) O(z.t)= Y K(@+2nt), zeR, t>0.

We define

G(l’,f,t) = 9(1' - fat) - 9(25 + §7t)

H(I7£,t) = 9(1‘ - §7t) +9(I +£7t)
for x,£ € R and 0 < ¢t < oco. Then G(z,&,t) and H(x,&,t) represent
Green’s functions for the linear heat equation with Dirichlet and Neu-
mann boundary conditions, respectively, in the strip (0,1) x (0, 00) (cf.

(4]).
From results in (8; Chapter IV, Section 9]), if ¢ € LP(Qr) with
p > 3/2, then the function

t ol
(2.3) w(:c,t):/o /0 Gz, &t —1)Y(&, 1) dEdT
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belongs to Wg’l(QT) and is the unique solution almost everywhere on
Q1 of the problem

’LUt(.’L',t) - I’wam(x7t) = 1/1(377t)7 (ﬂ?,t) S QT7
w(0,t) =w(l,t) =0, t>0,
w(z,0)=0, 0<xz<l

Furthermore, there is a constant C(7T") > 0 such that

t 1
/0 / G(a, &t — 7)&, )| dedr < OOl (1) € Qr,

and w(x,t) is Holder continuous in  and ¢. If p > 3, then we also have

t 1
5) / / (G, 6,1 — T)b(E,7) dEdr < O[]y (2,1) € Qr,
0 0

and wy(x,t) is Holder continuous in = and ¢. Using methods similar to
[1], we can also show that

sup/|Gx§t OldE < Villpllos 0 <t < o0,

0<z<1

sup/|G (€, 1)p(€) | de <

0<z<1

0<t<oo,

\/—Ilwlloo,

for all p € L>(0,1).

Next, consider the linear heat equation with Neumann boundary
conditions:

(2.8)  v(m,t) — MUz (,t) = U(x,t), (2,t) € Qr
(2.9) v:(0,8) = ho(t), ve(1,8) = hi(t), te€(0,T)
(2.10) v(z,0) =vp(z), O0<z<l.
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A formal representation of a solution v(z,t) of (2.8), (2.9), (2.10) is
given by

t ol
v(x,t):/o/oH(x,f,t—T)w(f,T)dde

+ [ Heg twe) de
(2.11) 0

¢
—|—2/ O(x —1,t — T7)h1(7)hT
0

- 2/0 O(x,t — T)ho(T) dr.

Without giving the most optimal result possible, it will be sufficient for
our purpose to state

LEMMA 1. Suppose that T > 0 is fized, and assume that the following
conditions are satisfied:

(i) ¥ € LP(Qr) for some p € (3,00),
(i) vo € L=(0,1),
(111) ho,hq € Lt (O,T)

Then the function v(x,t) given by (2.11) satisfies (2.8) almost every-
where in Qr and also satisfies the initial-boundary conditions (2.9),
(2.10) in the sense that

lim v, (j,t) = hj(t) a.e te(0,T), j=0,1,
T—j

t£%1+v(m,t) =v(z,t) a.e. x€(0,1).
We also have

¢
(2.12) sup |v(z,t)| < o0, sup / vz (z, 8)| ds < o0.
(z,t)€Qr (z,t)eQr JO

In addition, if we replace (ii), (iii) by
(i) vp € W1>(0,1),
(111)/ ho,h1 € L™ (O,T),
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then we have

(2.13) sup vy (z,t)| < oo.
(z,t)eQr

PROOF. With the possible exception of the second inequality in
(2.12), the results of Lemma 1 are quite well known. Their validity
may be inferred from standard sources [6, 8], or the results may be
proven directly from the basic definitions (2.1), (2.2). So we shall only
comment on the estimation of the integral

(2.14) /0 vy (z, 8) ds.

It suffices to consider each term in (2.11) separately. Since (2.4)—(2.7)
are also valid for the Green’s function H(z,&,t), the first two terms are
easy to estimate. We concentrate on the last term, which we define by

(2.15) ﬂ(x,t):(—Z)/O 0(z,t — 7)ho(r) dr,

since the third term is handled in a similar way. From (2.2), one may
differentiate v(x,t) with respect to x and obtain

5 / Ko (T)m_z/ot Tzt — 7)ho(r) dr,

where J(z,t) is a function in L>°(Qr). Therefore
t
(2.16) / |05 (2, 8)| ds
0
t s t
<2 [ [ 1Ka(os = ol drds + T [ Iho(r)]dr.
o Jo 0

Assuming x > 0, the double integral in (2.16) is absolutely convergent
and then, by Fubini’s Theorem,

/: /0 K, (2,5 — 7)ho(7)| dr ds
§4nf/‘° '/H (‘%) dsdr

1
-y
77\/_/ [ho(m)ldr / y1/26 -
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Since this expression is finite and independent of x, the estimate is
proven. O

Later on in the sequel, we shall use the approximation arguments
that are based on properties of the spaces Wzl’O(QT) and Wg’l(QT).
We state the results that we need in the next two lemmas.

LEMMA 2. Let u € W;’O(QT) be given. Then there is a sequence
on € C™(Qr) such that

(i) ©n — uin WQI’O(QT) as n — 0o,

(i) en(x,) — u(z,-) in L*(0,T) as n — oo for each 0 < z < 1.

PROOF. From [9, p. 159] the space C>(Q;) is dense in Wy °(Qr).
This gives (i) and the Sobolev Imbedding Theorem gives (ii). O

Using similar arguments, we can also prove the following result.

LEMMA 3. Let u € Wy (Qr) N L=(Qrp) be given. Then there is a
sequence p, € C*(Qr) such that
(i) @n — u in Wy (Qr) as n — oo,
(i) on(-,t) — u(-,t) in L*(0,1) as n — oo for each 0 <t < T,
(iii) n(z,t) — u(z,t) ae. (x,t) € Qr,
(iv) {en} is uniformly bounded on Qr.

3. Existence and uniqueness. In this section we define generalized
solutions of (IDE), (BC), (IC), (IH) be means of an integral equation.
Under suitable assumptions on the data, we show that generalized
solutions exist and are unique and have certain regularity properties.
The derivation of the integral equation is facilitated by first considering
the following related initial-boundary value problem:
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(3.1)
Ut (X, 1) — Nugae (2, t) = /0 g(s,ug(z,t) — uz(x,t —8))zds

+ flz,t), 0<z<l1,t>0,

(3.2) uz(0,1) = o(t), us(Lt)=eu(t), t>0,
(3.3) w(z,04) = up(z), w(z,04)=wui(z), 0<z <1,
(3.4) u(z,t) =a(z,t), 0<z<l, t<O.

Suppose u(x,t) is a smooth solution of (3.1)—(3.4) with smooth data.
We introduce the operator I' defined by

P)(e.t) = [ a(t=s.000.0) = v(e.s)) ds

(3.5) 0
+ / g(t —s,v(x,t) — Uz (z, s)) ds
and combine (3.1)—(3.4) into a single equation,
0 02 0
(§ — nw> u(z,t) = %I‘(um)(x,t) + f(x,1).

Using the Green’s function H(x,&,t), one can write u(z, ¢) in the form

(3.6) ug(z,t) = ®(x,t) —/0 /o He(x, &t — 7)T'(uy) (€, 7) dE dT,
where
(1) :/ / H(z, &t — 7)f(¢,7) de dr
iy
+/0 H(x, & t)uq(8) dg
+ 2/ O(x —1,t —7)hy(7)dr
0

- 2/0 O(x,t — 1)ho(T) dr.
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The functions hg, hq are defined by
hi(t) = ¢5(y)

(3.8) +/0 g(t —s,0;(t) — p;(s)) ds

0
+/ ot — 5,0;(t) — @al, ) ds, >0, j=0,1.

— 00

Integrate (3.6) with respect to ¢ to obtain the following integral equa-
tion satisfied by all smooth solutions of (3.1)—(3.4):

u(z,t) = uo(z) + /t ®(z,s)ds
(3.9) o 0 )
_A /0 A Hg(x,f,s—T)F(uz)(ﬁ,T) dfd’r, ds

for0<z<1,0<t< 0.

Now relax the smoothness assumptions on (3.1)—(3.4) and consider
solutions u(x, t) of (3.9) from a larger class of functions. We temporarily
ignore the formal connection between hg, h1 and ¢g, 1 given by (3.8)
and make the following assumptions:

(A1) Let p € (3,00) be given. Assume that the data (f, ho, ug, w1, @)
satisfies the following conditions:

(i) f € Liye ((0,1) x (0,00));

loc
(ii) ho,h1 € Li,. (0,00), where 1 < ¢ < oc;
(111) Up, U1 € WLOO(O, 1);
(iv) @ € Cy(—o00,0; WH>(0,1)).
(G1) The function g : [0,00] x R — R is continuous and, for each
R > 0, there is a positive function ag € L'(0,00) such that if [u| < R,
|[v] < R, then

|g(t7u)_g(tav)|SaR(t)|u_U‘7 O§t<OO

Furthermore, the mapping ¢ — ¢(t,0) belongs to L (0, co).

From Lemma 1, observe that assumption (Al) implies that ®(z,t)
satisfies problems (2.8)—(2.10) with ¢ = f, v9 = w; and has the
estimates (2.12) if ¢ = 1.
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DEFINITION 1. Let assumptions (A1), (G1) be satisfied. A function
u(z,t) will be called a generalized solution of (IDE), (BC), (IC), (IH)
on a rectangle Qr if (i) u € C([0,T];W'>°(0,1)); (ii) v = @ on
[0,1] x (—o00,0); and (iii) u satisfies (3.9) on Q7.

The next result gives the local existence and uniqueness of generalized
solutions.

THEOREM 1. Let Ty > 0 be given, and let (f, ho, h1,uo,u1, ) satisfy
assumption (A1) with ¢ =1. Let

My = ess sup {u6(w)| + /Ot |D,(x,8)|ds : (z,t) € QTD} ,
and define constants R,C by
R = 2max{Mo, |[i]lc,(-o0,0,w1.(0,1)) }:
C = max{/n, 7 1/?}.
Assume that g satisfies (G1), and let T be a positive number such that
0<T<Ty,
(3.10) T+ O)lazrlh <1,
LA+ 0)2R|azrll1 + [57 l9(s,0)[ds) < R — M.

Then there exists a generalized solution u on Qr having the following
reqularity properties:

uwe C([0,T); L>=(0,1)), u, € C([0,T]; L>=(0,1))
(3.11) {utecx@Tx gt € L(Qr), [zl 1 0ny < R

PROOF. Assume that (3.10) holds, and let B = {v € L>®(Qr) :
lv|loo < R}. Define an operator F on L*(Qr) by

f@@ﬁ:%m+A¢WMM8
(3.12) —l—%/o/oG(x,f,t—T)F(v)(ﬁ,T)dde
1

— 5/0 L(v)(z,s)ds, (z,t) € Qr.
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We first show that F has a fixed point in Bgr. Let v € Bpg, then, by
(G1),

|g(t - s,v(x,t) - U(:L‘, S))l < 2Ra23(t - s) + |g(t - 570)‘>
lg(t = s,v(x,t) — a(z,s))| < 2Razr(t —s) + |g(t — s,0)[.

From (3.5) it follows that

(3.13)  I(v)(z,t)] < 2R|azr]1 + /OOO l9(s,0)ds, (x,1) € Qr,

and, therefore,
T (o)
F) 0] < Mo+ 2 (140 (2Raal + [ lals.0)lds) < R
0

for almost all (z,t) € Qr. This shows that F maps Bp into itself.
Next, let u!,u? € Bg; then, by (3.12),

f(ul)(x,t)—f(uzt)( :

“al
1

l

From (2.4) and (G1),

x,t)
; G(z, &t —7)[D(u) (€ 7) = T(u?)(& 7)] dEdr
[P(u)(, 5) — T(u?)(z, )] ds.

27
17 (u") = F(u?)lloo < 7(1 +O)lazrll1]u’ = u?ls-

So, by (3.10), it follows that F is a contraction mapping on Bg, and
there is a unique function v € Bg such that v = F(v).

Using the fixed point v € Bp, define a function

t 1
wla, 1) = / / Gla.&.t — TIT()(E.7) dedr,  (2.t) € Qr.
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From (3.13) we have that I'(v) € L>*°(Qr), and so, from our remarks
in Section 2 concerning (2.3),

v(z,t) = uj(x) —l—/o O, (x,8)ds+ %w(m,t) - %/0 T'(v)(x,s)ds

_ %{uo(z)+/Ot‘1>(3:,s)ds—|—/0th(:l:,s)ds}

for almost all (x,t) € Q. Define

(3.14) u(z,t) :uo(x)—i—/o @(m,s)ds—i—/o wy(x, 8) ds;

then v = u, a.e. on Qr and, by (2.5)

wz(%t):/o /0 Gz, &t — )T (0)(&,7)dEdr
t 1
:_/0/0Hg(x,ﬁ,t—T)F(um)(f,T)dde, (z,1) € Qr.

It follows that u(z,t) satisfies (3.9) on Q7.

Since u, € Bg, it follows from (3.9) that u € W1’°°(O,T;_L°°(O, 1))
with u, € C([0,T]; L>(0,1)). From (3.6) we get u; € C(Qrp), and,
from (3.14), it follows that

Ugt(,t) = @p(z,t) + %wt(x,t) - %F(uw)(x,t), a.e. (z,t) € Qr.

Therefore, u,; € L?(Q7) and this proves (3.11). O

COROLLARY 1. Let u(x,t) be a generalized solution given by Theorem
1. Then

(3.15) tlir& u(z,t) = ugp(x), uniformly on 0 < ax <1,
(3.16) lim wu(z,t) = uq(z), uniformly on 0 <z <1.

t—0+4
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In addition, suppose there is a point xo € [0,1] such that

(3.17)
lim ug(x) = ugj(xo),
T—xTQ
(3.18)
lim @y (x,t) = ug(zo,t), uniformly for —oo <t <O0.
T—xg
Then
(3.19) lim wuy(z,t) = ug(xo,t), uniformly for 0 <t <T.
T—xg

In particular, if (3.17), (3.18) occur at the endpoints xy = 0,1, then
u(x,t) satisfies the traction boundary condition (BC) a.e. t € [0,T].

PROOF. By (3.14),

u(x,t) = ugp(x) +/ & (z,5)ds
(3.20) ) (S) 1
+77/0/0/0Gm(%ﬁ,s—r)~F(um)(§,7)d§d7'ds

so that, by (2.5),
t

lu(z,t) —uo(2)| < /0 |®(z,5)|ds + tnC(T) T (ua)llp, (2,1) € Qr.

This proves (3.15). From (3.20) we have
ug(x,t) = O(x,t) +17/ / — 1) (ug) (&, 7) dEdr,

so that

ue (@, t) — ua (z)]

1/p
< 0wt~ w@l+pom] [ [ ire)enpacar)

for all (x,t) € Q. This proves (3.16).
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Now suppose (3.17), (3.18) hold and consider (3.14). We have

ug (2, t) = uj(x) + / ®,(z,5)ds + w(z,t)
(3.21) 0

_/0 [(ug)(w,8)ds, a.e. (z,t) € Qr.

Let S C Qr be the set where (3.21) makes sense for all (z,t) € S. For
any pair (A, t) € S, define

za(t) = ug (A t),

ha(t) = ug(N) + /Ot D, (A s)ds +w(A,t),

for t € [0,T]. Then zy, hy € C([0,T]) by (3.11) and
zx(t) +/0 {/OS g(s =7, 2x(t) — 2a(7)) dT
0
+/ g(s — 7, 22(8) — Uz (N, 7)) dT} ds

—0o0

=hy(t), 0<t<T.

Since |zx(t)] < R for t € [0, T, it follows from assumption (G1) that

ENOREMO) S/O (lazrll + At = 7))[2a(7) = 2u(7)[ d7

+Tllagrllr  sup  |tg(p, 7) — e (1, 7)]

—00<7<0

+ha(t) = hu(t)], 0<t<T,
where t
Alt) = / asr(s) ds.
0
Now let = xo and put

w(t, A) = [2a(t) = 220 (1)],
H(t,A) = Tllazrlly - sup |z (X, 7) = e (20, 7)| + [An(E) = hay (1),

—o00<7<0

K(t) = [lazr|ls + A().
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Then
¢
(3.22) w(t,\) < H(t,\) +/ K(t—71)w(r,\)dr, 0<t<T.
0

If R(t) denotes the resolvent corresponding to K (t), then (3.22) implies
that

t
w(t, \) < H(t, \) +/ \R(t— 7)|H(r, N dr, 0<t<T.
0

It follows that w(t,\) — 0 as A — xp, uniformly on [0,7], and this
proves (3.19).

Next, we suppose that (3.17), (3.18) hold for xy = 0. Then, by (3.5),
lim I'(ug) (2, t) = T(ug)(0,8), 0<t<T.

x—0

So, (3.13) obtains

t t
lirr%J D(ug)(z,s)ds = / I(u.)(0,8)ds, 0<t<T.
r=Jo 0

Letting  — 0 in (3.21) gives

t t
0 (0,1) = ul(0) +/ ho(s) ds — / ()0, 5) ds,
0 0
and so, for almost all ¢ € [0, 7],

et (0,1) = ho(t) — T(us) (0, ).

Thus, u, (0, t) satisfies (BC) for almost all ¢ € [0,T]. A similar argument
works for the case g = 1.0

COROLLARY 2. Let the assumptions of Theorem 1 be satisfied. Then
there exists only one generalized solution satisfying (3.11).

PROOF. Suppose u(z,t) and u!(z,t) are two solutions of (3.9) which
satisfy (3.11). Then u, = ul a.e. on Q7 so that there is a function
X € C*([0,T]) such that

u(z,t) —u'(z,t) = X(t), (x,t) € Qr.
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By (3.6) this implies that X'(t) =0 for all 0 <¢ < T. So x(t) = Xo is
constant on [0, 7] and, by (3.15),

— N _ a1 —
XO - tl_l)%l_i_(u(I,t) U (l‘,t)) O

Hence, v = u' on Qr and this proves uniqueness. 0

4. A priori estimates. In order to obtain a global generalized
solution u(z,t) of (IDE), (BC), (IC), (IH), it is clear from Theorem
1 that we must control the size of the constant R in (3.10). This
implies that we must obtain an a priori estimate in L>(Qr) for the
gradient u,(z,t). The main effort in this section is to prove such an
estimate. We first begin by establishing a variational property shared
by all generalized solutions.

LEMMA 4. Let the data (f, ho, h1,uo,u1, @) satisfy assumption (A1)
with ¢ = 1, and let g satisfy (G1). Let u be the corresponding
generalized solution on Q. Then, for all v € C*(Qr), we have

_ATAZMLWMLUMﬁ

T
—l—/o /0 Ut (2, )y (2, t) da dt

T
+ T(ug(z, )ty (z, t) da dt
Y

_ / w1 (2)(, 0) d — / w(w, T) (2, T) da
0 0
T T
+A m@wLwﬁ—A ho(t)1(0,1) dt
+ / / F(a, )b (2, 1) da dt.

PROOF. The proof of (4.1) is long and tedious, but only involves
integration by parts, which can be justified using (3.11). The boundary
terms in the integrals are easily evaluated if on the left side of (4.1) we
use the representations (see (3.14))
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(4.2) ug(x,t) = O(x,t) + we(z,t),
(4.3) Ugt (2, 1) = Py (2, 1) + Wy (2, 1)

for almost all (x,t) € Qr. We omit the details. O

Using the variational equation (4.1), we next show that all generalized
solutions satisfy an energy equation.

THEOREM 2. Let the data (f,ho,h1,uo,u1, @) satisfy assumption
(A1) with ¢ = 2, and let g satisfy (G1). Let u be the corresponding
generalized solution on Q. Then, for almost all t € [0,T],

1 d 1 1
- = ut x,t) da;—l—/ u?, (1) da:/ D(ug)(z, t)ug(x, t) de

= hy(t)ur(1,t) — ho(t)u(0,t) + /fxtut(xt)d

PROOF. Because of a lack of regularity, the proof of (4.4) is accom-
plished through approximations. The method of [8, pp. 141-143] can
be used, which is based on the Steklov average

1 t+h
vp(x,t) = E/ v(z,s)ds, h>0,
t

of a function v(x,t). The basic property of Steklov averages is that if
v € L*(Qr), then, for each 0 < § < T,

vp, O € L2(Qr_s), forall0<h <,

and
v, — v in L*(Qr_s) as h — 0.

We will not give the details of the proof of (4.4) since the arguments
require very little change from those used in [8]. We only remark that
it is convenient to use Lemma 2 to approximate the Steklov average
ugp, of ug. O
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Now consider the primitive
u
(4.5) F(t,u) = / g(t,€)de,  (t,u) € 0,00) x R.
0

If g satisfies (G1), then, for each R > 0, there is a function ag €
L'(0,00) such that if |u] < R, |v| < R, then

(4.6) |F(t,u) — F(t,v)| < bgr(t)|lu—v|, 0<t< oo,
where br(t) = Rag(t) + |g(¢,0)]. We make the following additional

hypotheses:

(G2) The mapping t — ¢g(t,u) is continuously differentiable on (0, c0)
for each u € R.

(F1) For each R > 0, there is a function dg € L' (0, 00) such that, for
all 0 <t < o0, |u| < R, we have

|F1(t, u)| min(1,t) < dg(t),

where F1 = %—f.

(F2) There is a constant Cy > 0 and a function C; € L'(0, 00) such
that, for all 0 < t < o0, u € R, we have

F(t,u) > =Ch(t) (1 + [ul?),
Fa(t,u) < Co{F(t,u) + Cr(t)(1 + [uf*)}.

REMARK . Let a(t) be a nonnegative, nonincreasing function on
[0,00) with both a,a’ integrable on (0,00). In the separated kernel
case, assumptions (G2), (F1), (F2) are broad enough to allow memory
functions of the form

9(t,€) = a(t)(go(§) — a1 —a1), (t,€) €[0,00) x R,

where a1, as are constants and gg is nondecreasing and locally Lipschitz
continuous on R with ¢g¢(0) =0

LEMMA 5. Let u be a generalized solution of (IDE), (BC), (IC), (IH)
on Qr given by Theorem 1. Suppose that assumptions (G2) and (F1)

are satisfied. Then, for each 0 <t < T, we have
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/ot /01 L(ug) (@, T)ugt(w, 7) dz dr
- /°° /IF(S,ux(x,t) —ug(m,t — 5)) dz ds

/ / F(s,ug(z,04) — uz(x, —s)) dz ds

// / 1(8, e (2, 7) — ug(x, 7 — 5)) dr ds dr.

PROOF. We first note that, for any function ¢ € C*°(Q7) such that
o(x,t) = Uy (z,t) ae. (z,t) € (0,1) x (—00,0), we have

D) Ot = 50 [ F(t=s0(0.0) = pls)) ds
[ Falt=siplot) - (o) ds

for0<t<T,0<zx<1. So,if 0<e<t<T, then

// o) (2, 7)1 (2, 7) da ds
- / / F(s,¢(x,) — pla,t — 5) du ds
—/OO/IF@,@(:v,e)—w(z,e—s»dxds
/// (5, 0(2,7) — o, — 5)) d ds dr.

Since u, € Wg’l(QT) N L (Qr), we may apply Lemma 2 and obtain
an approximating sequence {@,} for u, such that (4.8) holds for each
function ¢ = ¢,,. Passing to the limit as n — oo gives
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/: /01 D (ug)(x, T)ug(x, 7) da dr
:/OOO /Ol(s,ux(x,t) —ug(x,t —s))dxds
—/OOO/OIF(S,ux(x,e)—ux(x,e—s))dxds
_/Et/ooo/olFxl(&uw(l‘,T)—ug;(a?,T—S))da?deT.

We wish to pass to the limit in (4.9) as ¢ — 07. The only troublesome
term is the second integral on the right-hand side. We write

/000 /01 F(s,uz(x,€) —uy(x,e —s))drds
:/E/IF(e—s,ul(aE,e)—uw(x,s))dxds
/ / — 8, uz(x,€) — ugy(z, 8)) da ds.

Let R = sup{|uy(z,s)| : (z,s) € Qr}; then, by (4.6),

e rl €
/ / |F(e—$, uz(x, €)—uz(z, s))|deds < 2R/ br(t)dr — 0 as e — 0.
0 Jo 0

By (3.11) and Lebesque’s Dominated Convergence Theorem,

lim / / — 8, ua(@, €) — wn(x, ) da ds

e—0t

/ / —8, g (x,04) — ug(x, 5)) da ds.

So one may let e — 0+ in (4.9) to obtain (4.7). O

THEOREM 3. Let the data (f,ho,h1,ue,u1,) satisfy (Al) with
q = 2, and let g satisfy (G1), (G2). Assume hypotheses (F1), (F2)
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are satisfied, and let u be the corresponding gemeralized solution on
Qr. Define

E(t) = —/1uf(x t)dzx

(4.10) //{Fsuth Uy (7, — 5))

+C(8)(1 + |ug(w,t) — ug(z,t — 5)|*)} da ds

Then there is a constant A > 0 depending only on the data and T such
that

t 1
(4.11) E(t)+// e (2, 9)[2dzds <A, 0<t<T.
0 0

PROOF. From Theorem 2 and Lemma 2, we see that u satisfies the
energy equation

—/Outxtdx—I—// (a,7) de dr
4 / / F(s,ua(a,t) — ug (2t — s)) da ds
:%/ w2z da:+/ / (5,1l (z) — o (z, —5)) da ds
+ [ mut o= [ hoouo.0)an
/ / / (5,0 (2, 7) — wu (2,7 — 8)) d ds dr
+ /0 /0 f(@, Tyus(z, ) dz dr.

For any € > 0, we have the estimates

/ s (77 dr
/|h |2d7’+26/ / (u?(z,7) + u, (2, 7)) do dr

(4.12)
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for j = 0,1. Substituting this into (4.12), taking 0 < € < 1/4, and
using (F2) gives

// J(z,7)dedr

<C(T)+ Cg/ E(7)dr
0

oo 1
— U\ T — S 2 X ds
+/0 / O (8)(1 + Jug(z, t) — ug (@, t — 5)|?) da ds,

1 1 ) o'} 1 , ~
Cc(T) 25/0 ul(ac)dx—l—/o /0 F(s,up(z) — Uy (x,—s)) dx ds
! ' 2 2 o x,7)|* d dr
1 [ @R @B ar+ [ [P

and Cy = max(3/2,Cp). Following the arguments of [5, Lemma 2.1],
leads to the inequality

Hum T ||2dT<C{1+/ (14 C1(t—9))(E(s)

/Huw, 2 dr)d } 0<t<T.

By Gronwall’s inequality, we obtain (4.11). O

Having established the energy estimate (4.11), we can proceed to
obtain an L estimate on the gradient w,(z,t). We shall use the
integral equation method.

THEOREM 4. Let T > 0 be given. Assume (Al) with ¢ = 2, (G1),
(G2), (F1), (F2) are satisfied. In addition, suppose that
(413) g(ta u) = gO(ta u) + L(t)uv

where L € LY(0,00) N C([0,00]) and go(t,u) is nondecreasing in u. Let
u(z,t) be the corresponding generalized solution on Q¢, = (0,1) x (0, %)
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for some tg € [0,T). Then there is a constant M > 0, depending on
the data and T but not on ty, such that

(4.14) lug(z,0)| < M a.e. (x,t) € Q-

PROOF. Let u(z,t) be the generalized solution on @, corresponding
to the data (f, ho, h1,ug, u1,@). Define

q(-T, t) = / Ut(y, t) dya (J?, t) € Qto-
0
Then, from (3.14), (4.11), we have
dlant) = [ B.t)dy -+ i),
0

la(z, 6)] < [lue(-, )|z < V2A

for all (x,t) € Q4,. It follows that

e (,1) = q(z,t) = nuo(z) +1 t @, (0,5)ds— [ Dy, 0)dy
i oz wlein
_/0 I(ug)(z, s) ds.

From the initial-boundary value problem satisfied by ®(z,t), we have
T t x t
/ O(y,t) dy — 77/ Do (x, ) ds =/ uy (y) dy — n/ ho(s) ds
0 0 0 0

+/Ot/0xf(y,s)dyds.

T(ug)(z,t) :/0 go(t — s, ug(z,t) — ux(x,s))ds

Also, by (4.13),

0
_|_/_ go(t — s, uz(z,t) — @y (x,s)) ds

¢
+ Loug(z,t) —/ L(t — s)ug(z, s) ds,
0
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where Lo = [;° L(t) dt. So (4.15) can be written as
nug(z,t) — q(x,t) / K(t — s)ug(x,s)ds
(4.16) / / go(s — T, uz(x,s) — ug(z, 7)) dr ds
—I—/O / go(s — Ty uz(x, 8) — Uy (z, 7)) drds = k(z,t),

where

t
K(t):Lo—/L(s)ds, t>0,
0

ble.t) = mijto) ~ [ ()dy+77/0tho(5)ds—/Ot/omf(yd)dyds

/ / (s — Tz (x,7)drds, (z,t) € Qr.

It is clear that the functions k(x,t) and ¢(x,t) are bounded on Q7. So,
in order to prove (4.14), it suffices to show that the function ¢ (z,t),
defined by

(417) 1/}(Iat) :nuw(:pvt) _Q(Iat)_k('rat)v a.e. (I7t) € Qto;
is bounded on @y, .

We fix z € [0,1] where ug(z) is defined and u,(z,-), 4, (x, ) are
continuous functions of . We use the notation

Y(t) =v(x,t), q(t) =q(=,1)

k(t) = k(z,t), U, (t) = Gy (2, t).
From equation (4.16), we see that 1 € C1([0,¢]) and satisfies
(4.18)

0+ [ (t 5 L 000) — (5) 4 1) — K(s) + 400 - q<s>>) s
0
s (t — 5, 20000 + (1) + 4(0) - aw<s>) ds

+ %(W) () + (1))
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We shall show that there is constant My > 0 such that
(4.19) [(t)] < Mot for all 0 <t < to,

and My does not depend on x or tg. Indeed, let

= s { [ oo (¢= 5260+ 00 1)~ a(5))) |

0
—|—/ ds},

sup / [L(t — 5)(k(s) + q(s))| ds + sup [Lol|k(t) + q(t)]-
0<t<T Jo 0<t<T

m(nw%ww+mm—%@0

1"
Cr

Choose My such that

|Lo|l | 1

1 oo
(4.20) My>"—+-C7p+Cr+ —/ |L(s)| ds.
nooon nJo

We prove that (4.19) holds for this choice of My. Let
t; =sup{0 <t < tg: [th(s)| < eMo% 0 < s <t}

Since 9(0) = 0, the number ¢; is well defined, and it suffices to show
that t; = to. If this is false, then ¢; < ty and either we have

(4.21) P(ty) > MoeMotr i p(ty) = eMotr,
or else we have
(4.22) P(t) < — MoeMotrif o)(t;) = — eMotr,

We only consider the case (4.21) since the other case is handled in an
identical manner.

Assuming that (4.21) holds, it follows that (t1) > () for all
0 <t < t;. Using the fact that go(¢,u) is nondecreasing in u, it follows
from (4.18) that

LO eMotl
Moe]\/fotl o C/} S | ‘eMOtl +
n

tl 1 "
L(s)|ds+ —Cr.
n /0 | ()| n r
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Therefore,

L 1 1 [
M,y < m + (—C’{ﬁ + C{p) e~ Moty 4 —/ |L(s)|ds,
n n nJo

and this contradicts the definition of Mjy. So (4.19) holds and the
Theorem is proved. O

COROLLARY 3. Let the data (f, ho, h1,up,u1,%) satisfy assumption
(A1) with ¢ = 2. Assume also that (G1), (G2), (F1), (F2) are satisfied
and that g(t,u) can be written in the form of equation (4.13). Then
there exists a unique global generalized solution u(z,t) of (IDE), (BC),
(IC), (IH) define on Qs = (0,1) x (0,00) and having the regularity
given by (3.11) for each T > 0.

PROOF. This is an immediate consequence of Theorem 1, especially
(3.10) and Theorem 4. O

5. Asymptotic behavior. In this section we assume that the
hypotheses of Corollary 3 are satisfied and w(z,t) is the corresponding
globally defined generalized solution of (IDE), (BC), (IC), (IH). We let
U(t) denote the mean displacement function

1
(5.1) U(t) = / u(z,t)dz, t>0,
0
and we introduce a new function
(5.2) u(x,t) = u(z,t) — U(t).
Then
1
/ u*(z,t)de =0, ¢>0,
0

and we have the inequalities

(5:3) ug (2, )] < luge (- 8)l[2, 0<x <1, ¢>0,
(5-4) lug (5 E)ll2 < [luze (D)2, €= 0.
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From (3.14),

* — 1
(5.5) {“t (@,t) = wi(2,t) — [y ®(x,t)dw
U (t fo Oy (x,t) de = ho(t) +f0

for almost all (x,t). We substitute (5.2) into (4.2) (noting that v’ = u,,)
and use (5.5) to obtain

(5.6)

;c;lt‘ (zt\zd:c—l-/ \uxtxt)|2da:+/ T(u))(z, t)us,(z, t) da

— B (®ur(1,8) — ho()ul(0,4) +/0 Ptz t) dz, ace. t > 0,

where

Fla.t) = f(at) — ha(t) + ho(t /fxt

We use the energy equation (5.6) to obtain weighted estimates on
u*(x,t) needed to examine asymptotic behavior. We need an additional
assumption on the primitive F (¢, u).

(F3) F(t,u) > 0 and there is a constant § € (0,1/2) such that
Fi(t,u)+0F(t,u) <O0forally e R, t>0.

THEOREM 5. Assume hypotheses (A1) with ¢ = 2, (G1), (G2), (F1),
(F2), (F3) are satisfied. Suppose g satisfies (4.13), and let u be the
corresponding globally defined generalized solution. Let b € C*([0,0))
be a function such that

(5.8) b(0)=1 and 0<b(t) <b(t) forallt>0.
Define g =1/4—6/2 and
(5.9)
o0 1
KO = {Jual + ol +2 [ [ Fshlo) - oo, —3)) dods

1/t 1/2
vz b(T)(|ho(T)2+|h1(7')2)dT} >0

€o
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Then we have the estimates

(5.10) b2 (O)ui (- )ll2 < K(lf)+/0 b2 ()If ()l dr

t
1) g [ VR e
t N 2
< w20+ { [ 0PIl i
for allt > 0.

PROOF. We multiply (5.6) by b(t) and integrate the resulting equation
from 0 to ¢:

SO 01 = [ V@Il ar

t
+Abﬁw&hﬂﬁm

(5.12) —|—/0 b(T)/O T(uwp)(z, T)uy(z, 7) de dr

= Sl GO+ [ o)) (1) = ()i (0.7) dr

+ /Ot b(r) /01 flx,7)u} (z,7) dz dr.

If we multiply both sides of (4.4) by b(¢) and differentiate with respect
to t, we have, a.e. t > 0,

b(t) /0 T(ug)(z, t)ug(z, t) da

d
Cdt J

_ ¥ /OOO/O Fls,un(z,8) — () (s, t — 5)) d ds

o 1
b(t)/o F(s,uz(z,t) — ugp(z,t — s))dads

[eS) 1
—b(t)/o /0 Fi(s,ug, (x,t) —ugy(z,t —5)) deds.
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So, by (5.8) and (F3), it follows that for almost all ¢ > 0,

1
O [ (o) o (. 0) o

d
>

(5.13) N )
b(t) /0 F(s,uz(x,t) —ug(z,t — 8)) deds.

From (5.4), (5.8), we also have

(5.14) = VO)lui (013 + b0 uz, (0113
> (1= 8)b(®)[luz, (- D)II3 = 0,
(5.15) [b(t)h; ()uy (5,1)]

—_

< 20O () + eb(t)[[uz (- )13,

for € > 0 constant. Choosing € = ¢y and substituting (5.13), (5.14),
(5.15) into (5.12) gives

1

(5:16) SOOI+ 5 [ bz r) e

0o 1
+/0 b(t)/o F(s,uz(z,t) — ugy(z,t — s))dads

=< K2(t)+/ () F G2l ¢ )llzdr, ¢ > 0.
0

N | =

Since F' > 0 by assumption (F3), one may apply Gronwall’s inequality
[3, Lemma A.5] to obtain (5.10). Then write

I .
RGO
0

< KQ(t)Jr/ O 2()IF ()20 2 () i (-, )|z d
0

DN | =

and use (5.10) to obtain the inequality (5.9). O

The next Theorem contains the principle result on asymptotic behav-
ior. It is stated somewhat differently from [5, Corollary 4.4] because
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of assumption (5.21). Since in most cases we choose b(t) = €%, this
integrability condition does not seem to be too restrictive.

THEOREM 6. Assume hypotheses (A1) with ¢ = 2, (G1), (G2), (F1),
(F2), (F3) are satisfied. Suppose g satisfies (4.13), and let u be the
corresponding globally defined generalized solution. Let U(t) be the
mean displacement function given by (5.1). Suppose also that

<1
(5.17) / —dt < o0,
o b(t)
(5.18) / b(t)|h;(t)[*dt < 0o, for j =0,1,
0
(5.19) |87 ollade < oc.
0
Then there is a function ue . € L*(0,1) such that
<1
2 1) — 2 — — .
(5:20) () — ool 0</t o da) as t — oc
If we also assume that
<1
5.21 ——_dt <
(521 [

then there is a function us € W12(0,1) such that ul_(T) = too ()
ae. 0<z<1 and

(5:22)  [u(t) — U®) — usls = o(/too 51/2—1(0) da) as t — oo,

PROOF. Let

Moo = K(o0) + /OOO b2()IF ()l dr

By (3.11), we have u, € W'/2(0,T; L*(0,1)), and so u,(x,t) is abso-
lutely continuous in ¢. So if 0 < s < ¢ < oo, then, by (5.11),

/O1 ug (2, ) — ug(z, 5)|* do < {/t b(o) /01 |uzt(a?,a)|2d:cdo}
U o)

< 2M? /tida
s bo)
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So u,(z,t) is Cauchy in the space C(0,00;L?(0,1)), and there is an
element uo, » € L?(0,1) such that

> 1
2 1) — Uso .z ||2 < 2M2 ——do, 0<t< oo
Jure) — s <202 [ psdn <t <o

This proves (5.20).

Let u* be given by (5.2), then u* € W2(0,T;L>(0,1)). So, by
absolute continuity and (5.10),

1 1/2 t
( | e —u*(x,s>2d:c) < [ (o) 2do
0

for all 0 < s < t < oo. Hence u* is also Cauchy in the space
C(0,00; L%(0,1)), and there is an element us, € L?(0,1) such that

* b 1
H’LL (7t)—uoo||2§Moo/t bl/Q—(J)dU, O§t<OO

This proves (5.21). Finally, if ¢ € C5°(0,1), then, using the limits
(5.20), (5.21), it follows that

1 1
/ Uoo ()¢’ () d = —/ Uoo 2 (2)p(T) da.
0 0
Hence, ul (2) = tooz a.e. 0 <z < 1.0
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