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Abstract. The problem
ulz, t) = [ a(t — 1) ;_x o(u,(x, 7)) dr + J(z, 1), 0I<z<l, t> 0,

w0, =u1, ) =0  ulz,0) = u2)

is considered. Asymptotic stability theorems for the solution are established under
appropriate conditions on a, o and f. The conditions on a are of frequency domain type
and are related to ones used previously in the study of Volterra integral equations,

i=— [ alt— Dotutr) dr + 10

on a Hilbert space. An existence theorem for the problem is established under smallness
assumptions on f and w, . This theorem is related to one by Nishida for the damped
non-linear wave equation,

9
U, + ou, — e a(u,) = 0.
It is shown that the problem is related to a theory of heat flow in materials with memory.

1. Introduction. This paper is concerned with the problem
wi ) = [ ot - M) - oz, D) dr + (@, 1),  0<z<1, (>0
Jo

u(O, t) = u(ly t) =0 u(a:, O) = uO(I). (P)

The problem serves as a very special model for one-dimensional heat flow in materials
with memory [3]. This aspect is discussed in Sec. 7. It is also an example in the general
theory of equations of the form,

* This work was supported by the National Science Foundation under Grant MPS71-02693A03.
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i) = = [ alt = Dgtutn) dr + 00, 0) = o ®)

on a Hilbert space H, with ¢ a non-linear unbounded operator.

There is an extensive literature on equation (E); see for example [5], [6], [9], [10] and
[12]. The main concern has been asymptotic stability. On infinite-dimensional spaces
with unbounded ¢’s the results are incomplete in two respects. The stability results
depend on a priori smoothness assumptions* and there are no existence theorems. (In
[1] and [7] these difficulties are overcome for modified versions of (E).)

For our special model we partially remedy these defects. We establish an asymptotic
stability result with no a priori assumptions other than existence. It will be seen in
Sec. 4 that this result can easily be extended to a general class of equations (E). We
also establish an existence theorem but this depends crucially on the special form.

This work was prompted by a preprint of a remarkable paper by Nishida [11]. Nishida
uses some ideas of Lax [4] to establish the existence, for small data, of global classical
solutions of the problem

u,,-{—aut—%o(u,)=0, —o < r< o, t>0
’ Py
’Uz(lty 0) = ur)(-t)r ul(r) 0) = ul(x)

when « > 0. This result is indeed remarkable since it is known that (P,) cannot have
classical solutions for all ¢ if @ = 0 and ¢ is non-linear.

The major theme of our work is that the problem (P) is closely associated with the
inhomogeneous form of (P,) and that more generally () is associated with,

W(t) + oult) + gu(®)) = o). (E))

If a(t) = e °* it is easy to see that (E) is equivalent to (E,) (¢ = f + «f). In the general
case (E) is equivalent to,

@0 + KO+ o) + [ K~ Dite) dr = p(0) ®)

for some function k. Eq. (E,) admits of a number of energy estimates and the special
case corresponding to (P) admits of a very detailed analysis by means of Riemann
invariants.

The object of this paper is to show that (E,) admits of the same treatment as (E,)
provided that the kernel a of equation (E) satisfies the conditions used in [9] to establish
the provisional stability results. (There is a minor technical strengthening of these
conditions.)

The transition from (P,) to the more general equation (E,) is of interest in the physical
context. The inclusion of the term ou, , although it stabilizes the equation, is rather
ad hoc. The presence of the hereditary effect in (P) is, on the other hand, a natural
consequence of the assumption of material memory. What we show is that the memory
effect produces the same result as the term o, . On the other hand we want to observe
that our results are incomplete in the physical context. We assume that a & L,(0, = ). As

* Specifically for problem (P) it would be required that for any » € C'[0, 1], n(0) = »(1) = 0,
fo! o(u(z, t))n.(x) dz is bounded and uniformly continuous in ¢t > 0. See [9].




AN INTEGRO-DIFFERENTIAL EQUATION 3

we show in Seec. 7, this is natural in the heat flow situation. In the problem of non-
linear viscoelasticity, which is formally the same as (P), one wants a = a., + b, a. > 0,
b € L,(0, =) and here our theory does not apply. It would be very instructive to have
an extension to this case, especially so since Nishida’s problem (P) has non-linear elas-
ticity as a prototype.

2. Statement of results. We denote by L,[¢] the Volterra integral operator,
Ligh0) = [ alt = Aot dr, eR)
and we consider the problem (P);
m@o=L{%dmLoﬂm+ﬂnm 0<z<1, (>0, (22

u(0, 1) = u(l, ) =0, t >0, (2.3)
u(z, 0) = uy(x), 0<z< 1. (2.4)
By a solution we will mean a function u(z, {) € C®([0, 1] X [0, «)) which satisfies
(2.2)-(2.4).
We first list a set of hypotheses on a which will hold throughout the paper. We
assume that a € C*”’[0, ») and that,

a0) >0, d(0) <0 ()

a® € L0, »), E=0,1,2. (a,)’

It follows from (a,)’ that a has a Laplace transform a” (s) in Re s > 0. We require that,
Re aA(in) >0 forall n. (as)

Conditions (a,), (a,)’ and (a;) were the ones previously used in [9] in the study of the
general equation (E). (The condition,

(-)*a®@) >0, k=012 (2.5)

was used in [5]. It is shown in [9] that, under conditions (a,) and (ag)’, (2.5) implies
(as) but not conversely.)
For the purposes of this paper we need a strengthening of (a,)’. We require that,

ta®@) € L,(0, »), k=10,1,2, j<3+4+ N forsome N > 0. (as)

Condition (a,), k¥ = 0, implies that a” (s) is of class C*V*® in Re s > 0.
We assume that f € C¥ ({0, 1] X [0, =)) and we define f(¢) by,

@) = sup (Jf(x, B, If (x, D). (2.6)

A basic assumption on f is

FE€ L0, ») N Ly(0, @) N La(0, ). (f,)

For ¢ we make the assumptions:
e ECP(—w, @), o0) =0, @>e>0 forall & (o)
Conditions (a,), (a.) (for some N), (a;), (f,), (.) hold throughout the paper.
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Theorem (I). (i) If u is a solution of (P) then

1
lim | ¥z, t) dz = 0. 2.0
t— 0
(i) If, in addition, o satisfies the condition |o(¢)| < M| + |&") for some M > 0
and r, 1 < r < 2 then for any 7 € CV[0, 1] with n(0) = 5(1) = 0,

lim fl iz, D) de = 0. @2.8)

t—o

Remark 2.1. Theorem (I) is capable of generalization to the abstract equation (E) as
will be clear from the proof in Sec. 4. It also extends to a result on approach to steady
state. Suppose f in the right side of (2.2) is replaced by fo(x) + f(z, t) where f satisfies (f,).
It is not difficult to verify from (o,) that there exists a unique solution of the problem,

o(Uy@) = —=fo()/a"(0), 0<z<1, Ug0)=Ugl)=0 (29
Then the methods of [7] can be used to show that if the solution of (P) is U(x, t) and we

write Uz, §) = Us(z) + u(z, t) then (2.7) and (2.8) hold.
We show that (2.2) can be solved for

9
az"

(u.)

in the form (E,), that is,

o+ WO, ~ o o) + [ Wt — P, 1) dr = oz, ). (2.10)

Our further results require condition (a,) for some N > 4 and the following strengthened
version of (f}):

tif-‘(t) E LI(Oy 00) m IJ?(OJ 00) m Lm(oy m)y 7 S N; (fZ)

where N is the integer in (a,).
With these strengthened assumptions we establish a preliminary result (Lemma
5.11) which shows that if ¢ satisfies

lo@®)) < o [¢] forall £ (02)

then much stronger energy estimates can be obtained for solutions of (P). Included
in these are estimates of the form

1

(sup futz, O, [ wie, 0 dz = 0™, @.1)
z€(0,1] 0

where N is the integer in (a,). These strengthen (2.7) and (2.8).

The estimates (2.11) are used in Sec. 6 to establish pointwise bounds for solutions
of (P). These results are strongly dependent on the special form of (P). They use the
ideas of Lax and Nishida and require the conversion of (P) into an initial-value problem.
This, in turn necessitates the further conditions

10,9 =11, 1) = 1.0, 1) = ..(1, §) (fs)
u(x) € CV[0,1],  u(0) = uo(l) = u’(0) = w,”’(1) = 0. (t4o)
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Finally the bounds are used to establish our existence theorem. This result needs a
measure of “smallness of data’’. This is given by:

= supZ

z€[0,1] 7=

duo ;
S >| 3 17O vt

+ 17O a0, + 11D |2a0.er - (212)

Theorem (II). Suppose (a,) for N > 4, (f,), (f2) and (uo) all hold. Then if D is sufficiently
small there exists a unique solution of (P).
Note that (o) is not required in Theorem (II).

3. Linear Volterra operators. We consider operators of the form (2.1). We are
concerned here with the equation

L L1010 = ¢, .1

It is easy to verify, by successive approximations, that (3.1) has a unique solution ¢
which can be written in the form,

c() = a(O) o(t) + Lilol(®). 3.2)

LEmMa 3.1, The function k satisfies:
() k=rlke+ KO, ke=(@©)' K?”EL@ »), j=01,2,

(i) #K" € L0, »),B =0,1;j < N where N is the integer in (a,),

4(0)

(iii) k) = ~ a0y’
Moreover there exists an a > 0 such that for any T > 0 and any ¢ € C[0, T,

T d T
(iv) [ oo Sl aza [ o

Proof: We proceed formally by using Laplace transforms. If we transform (3.1) we
obtain:

() = ;.;i(; o (s) = a—(i)—) o) + k(90" (s), 3.3)

where

1

k (s) - (s) -3 (0) . 3.4)

We study the properties of k. We observe first that &k~ is defined in Re s > 0, s = 0.
For (a;) and thAe maximum principle for harmonic functions guarantees that a (s) # 0
in Res > 0. &k is analytic in Re s > 0. We have,

a(0) — a’(s)

k(s) = K (s) = (3.5)

(0) sa (s)a (0)
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It can be verified that (a,) implies that K~ is N + 2 times continuously differentiable
in Res > 0.
We next consider k (s) for large s. From (a,) one finds, after integrating by parts,

a (s) = al0)s™" + d(0)s™ + o(s?) as s— w.
It follows from (3.4) that

- d(0) 1
k (s) = -a(O)z‘; + O<;§> as §— . (3.6)
We now set
K@) = 2m)™! f:j: e”KA(s) ds, k() = ko + K@), k. = aAl(O)' 3.7
From (3.5) and (3.6) one has
_4©0 1

K()=Ts'4+0s?% TI= (3.8)

a0’ 47 (0)
It follows from (3.8) that the integral in (3.7) exists for ¢ > 0, is independent of ¢ and
defines a continuous function K(¢) with K(0) = T. It can be verified (see [8]) that &k
satisfies (3.2) and K(0) = T implies (iii). If we take ¢ = 0in (3.7) the Riemann-Lebesgue
lemma implies that K(f) — 0 as { —» . We can say more. We have already indicated
that K (s) is N + 2 time continuously differentiable in we s > 0. From (a;) it can also
be verified that the derivatives of K~ up to order N 4+ 2 have estimates for large s which
are those obtained by differentiating (3.8). Thus we can integrate by parts N + 2 times
in (3.7) for ¢ = 0 and obtain

K@) = @y [ e &)Y ) dn. (3.9)

Since N > 0, (3.9) and the Riemann-Lebesgue lemma yield K(f) = O(™®) so K €
L,(0, »)* and also t"K € L,(0, «). Since the transform of K is sK~ — K(0) we can
apply the same process to obtain the other estimates in (i) and (iii).

It remains to verify (iv). From (3.4) and (a;) we have

—9Imk () = Rea Gn) [ @n)] 2> 0 forall n = 0.
For sufficiently large » we have from (3.6)

__d(0)
2a(0)

—n Im k" (4n) > :> 0.
For sufficiently small » we have by (3.5)**

- 1
—gImk (@) > —— > 0.
7 (&) 20" (0)

* This result is related to one in [2]. We conjecture that K is always in L,(0, =) aslongasa € Ly
and that one does not need the condition t’a € L,. We have not been able to verify this.

** It is here that we use ¢ € L,. If we had ¢ = 6, + b where a, > 0 and b € L; then we would
have a”(s) = aws™! + b"(s) near zero. This would yield (sa”(s))™! = @n + 0(1) near s = 0 and we
would have n Im a" (i) — 0 as y — 0,
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We conclude that there exists an o > 0 such that
—pImk Gn) > a forall g (3.10)

It follows by a simple extension of Lemma 2.2 of [8] that for any ¢ & C*[0, T] with
¢(0) = 0 we have

2

fo olt) & L)) dt = ‘/0 —n Im K" Gn){Cle, m; TV + S, ;; T)} dn (3.11)

where

T T
Cle,n; T) = f o(t) cos nt dt,  Sle, n; T) = f o(t) sin qt dt.
0

0

It follows from (3.10), (3.11) and Parseval’s theorem that (iv) holds for the special ¢’s.
Since these are dense in L,(0, T') it holds for arbitrary ¢. This concludes the proof of
Lemma 3.1.

4. Preliminary energy estimates. In this section we derive some integral estimates
for solutions of (I’). The hypotheses on a are (a,), (a;) for some N, and (a3). We also
require (f,) and (o,). We carry out the calculations in detail only for problem (P) but we
will phrase them in such a way as to try to make clear that they would hold for a quite
large class of equations of type (E). (See [9].)

There are two norms associated in a natural way with problem (P). For functions
¢ € C'[0, 1] we set

el = ([ o as) ™ tiell = ([ )" (@)

Tor ¢’s in the domain®* of g in () || ||, dominates || ||. (|ll¢l] < |l¢lli .} Under condition
(o,) the operator g in (I?) is coercive in || ||, that is,

1

(g(u), u) = j — o(u)u dr = fol cluu, dr > € fo u,t dr = e ||ull,". (4.2)

We observe also the following property of ¢g. Define a functional G/(w) on Dg by
G = ’ & dr. 4.3
W= [ [ o@dwa (43)
Then if w € C* and w(0, t) = u(l, t) = 0 we have
1 a 1
@ g0) = — [ w L ow)de = [ weow)dz = LG, ). (@4
By (4.} we have
t
: e [ 2 € e
mmzzﬁu,m < Ihll ® 4.5)

For functions which are in C'([0, 1] X [0, T]) we write

* For (P) we take domainof gas Dg = { : ¢ € (@ [0, 1], ¢(0) = (1) = 0}.
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il @ = o, 0Ll Iiells @ = [t Ol o
it = ([ e @a)™ i = ([ s 07 ar)”

LemMA 4.1.  There exists a constant M such that for any solution u of (P) and any T > 0,

e | @, [l ®,  [lwdll®, Tl @) < M 4.7)

Ml 175 Ml]” < M. (4.8)

We observe that Lemma 4.1 yields the proof of Theorem I(i) immediately. (4.8)

implies that ||ju|| (¢) € L,{0, «) while (4.7) implies that this quantity is uniformly

continuous. Hence ||u}| ({) — 0 as ¢t — o and this is the conclusion of Theorem I(i).
We begin the proof of Lemma 4.1 by differentiating (2.2), and solving for

d

e o(u,).

From (3.2) we obtain

Eé)_) Uy + Lk[uu] - %U(U,) = ?t))f' + Lk[fl]’
or
1 d 3
a_(O_) uy + di Lilu,] — 3z o(u,) = @, 4.9)
where
Bz, ) = o5 1@ 0 + Lulite, D)0 + koue, 0

a—(t)—) felx, O + KO)f(z, ) + Lilf(z, )1 + k(Du(z, 0) — [(z, 0)]

But by (2.2) u,(z, 0) = f(z, 0); hence

Bz, 1) = a—&,—) fu(z, §) + kO, O + Lili(z, )10 (4.10)

We recall that, by Lemma 3.1(G) ¥ € L,(0, «). It follows from this and (f,) that
INLf(-, HIIT is bounded independently of T. (f;) shows that the same is true of the
first two terms in (4.10). Thus we have

ll|®||" < M, independently of 7. (4.11)
We multiply (4.9) by u, and integrate with respect to z from 0 to 1 and ¢ from 0 to 7.
By (4.3), (4.4), (4.5), Lemma 3.1(iv) and (4.11) this yields

50 |1l (O + el 11+ il @) < § (a7 + 56 M7 + M. (412)

This yields the first three estimates in (4.7). The last follows from [ju|| < [[ull: .
The estimates (4.8) are derived from another energy integral. We need two prelim-
inary estimates. By (4.7) we have
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[)T [}1 uu,, dx dl‘ = \/{;1 w(x, Thu(z, T) dx

~ [ e, Outz, 0) e — (Ul ] < er . @13)
0
Next we have, by (4.7) and the fact that k € L,(0, «),

< el el 11T < e [llull]™. 4.14)

[ [, oLitute, 10 dz

We write (4.9) as

5(10—)16“ + kO, — a% o) = & — L [u. (4.15)

We multiply by » and integrate. By (4.13), 4.2) and (4.14) this yields
] 0 2 /gy T\2 r !
B2 Nl ) + il < et llull”+ [ [ ate, 08, 0 dzdt e, (4.16)

Since ||[u]||" < [{lu]|l," Eqs. (4.16) and (4.11) yield the first and hence also the second
of estimates (4.8).

Proof of Theorem (I)(ii): Eq. (4.7) shows that ||u]|| € L.(0, «). It follows that
the quantity

x(®) = _/: u,(z, Hn(x) dx

is in L,(0, «). Thus the conclusion will follow if we can show that, for the »’s described,
x(t) is uniformly continuous.

Recall that o is to satisfy here the estimate |o(&)| < Mg + &), 1 < r < 2. We
have then for the 3’s described

! [ 2 otwin ar

1 1
[ otwim sl < ¥ [ (ud + fwlm d
0 0

IN

1 2-r/2
sl e+ 1lt( [ e )P <o @
We multiply (2.2) by # and integrate from 0 to 1. This yields
t 1 a ol
x) = [ at =) [ 2 otule, Dndzdr + [ iz, On(@) dr.  (@18)
0 0o O 0

From (f,) it follows that the second term is uniformly continuous. For the first we have
fOI' tz > tl y

’f alty — 1) fnl 5"5 o(uz, 7))n de dr — [ alt, — ) fo % o(u(z, V) dz dr

<o [ latt = — ot — Dl dr+e [ lat — )l dr,
o L2}

where we have used (4.17). Since ¢ € L, both terms on the right side are uniformly
small with ¢, — ¢, . Hence x is indeed uniformly continuous.
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5. Further energy estimates. In this section we establish some stronger integral
estimates. These require stronger hypr)theses. We demand that (a,) hold with an N > 0.
By Lemma 3.1 (ii) this means that t'k & 1,0, =), 0 < j < N, that is,

k, = f PR dl < @, 0<j<A. G.1)

0

We require also that (f,) and (o,) hold. We write for any v(z, ?),

m[[lo] [T = (/T f ", 0 di dt>1/2; mil|,7 = ([T [ 70,2z, 0) dz (u)w. (5.2)

Lemma 5.1. For any m < N there exists a constant M, such that any solution of (P)
satisfies,

" [l (), Tl @, "k’ TP @) < M., (5.3)

"Ml el < Mo (5.4)

The proof is by induction. The case m = 0 is contained in Lemma 4.1. We assume

the conclusion holds for m — 1. The induction step 1s accomplished by the same two

calculations as in the last section except that we multiply by ¢"u, and {"«. We need some

preliminary formulas.
We need an extension of (4.14). This is

fo f oG, OLilg(r, 0 dr dt < |[pll|” k" 3 <7;.1>(f[||q|||T)IC,,,#,«1/2. (5.5)

i=0

We need also a somewhat more refined formula of the same type. This states

7 ! m d r [l m/2 . _(Z_
) [ [ oo 0 e Mo arac= [ [ epe, 0 f

m—1
< K. "linlli* Z_;’IHPIIIT, (5.6)

ot
/ kit — D" plr, 7) dr di
0

for some constant K,, depending on m and k. ‘

Formula (5.5) is quite straightforward while (5.6) is somewhat more delicate and
we outline the proof at the end of the section. First, however, let us complete the proof
of Lemma (5.1). From (4.3), (4.4), (4.5), and (¢,) we have the following extension of
(4.4):

—ff o)™, dardt—/ t —(,(u(-,t))dt

il

T"Gou(-, T)) — m f " Ga) di

> Sl @ = m | [ oo | _/”"'o@)dsdxdt‘
ng"'Hmw(T)—"“’(”'||( wll\M)2 (5.7)

From (g,) we have a similar extension for (4.2):

T 1 T 1
- f 2 ()" dz dt = [ f o™y, dz dt > |lul|l7Y. (5.8
0o Jo ; vo Jo
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Weset ®; = '|||8|||” and note that (f,), (4.10) and (5.1) imply that these are bounded,
independently of 7', for j < N.

We multiply (4.9) by {"u, and integrate. We integrate by parts in the first term.
For the second we use (5.6) and Lemma (3.1)(iv). For the third we use (5.7). If we
insert the bounds from the induction hypothesis the result is the inequality

5@y T el @) + aCllwl I + 5 77 Ilull @) < CC 11

[ 0] dz e+ €a < NI + £ Cllludl )+ C
o 0

This yields the first of three inequalities (5.3). The last follows from {ju|| < [|ull, .
Next we multiply (4.15) by t"u and integrate. If we use (5.3), (5.5), (5.7) and the
and the induction hypothesis, this produces the inequality

O el @) + il < [ [ el 0] az

+ ko " [lul [ Zc( lflwlll) + €. 6.9
By (5.3) the sum on the right side is bounded. Hence we have
("]l I1,7)* < %("’HIuIHT)2 + CCll 1) + C.

Since [|[ulll," > [||ul||" the estimates (5.4) follow.
We indicate the proof of (5.6). Denote the quantity whose absolute value is taken
in (5.6) by I and suppose m = 2n is even. Then we have

foT j: t'p(, 1) j: kit — o — (e, ) drdzdt

I

= :Z;l) j;T j: t"”p(x, t) ﬁ‘ k(t — T)T”_l_ip((li, r) drdxdt, (5.10)

where %(t) = tk(t). We have the following estimates:

)/;T /;1 v, ) fol k(t — )77 'p(z, 1) drdzdt

il {fT fl tﬁ(f k(¢ = D" p(e, 7) dr)2 dxd‘}w
(

ol { [ [ ([ 1= eyt ae) [ = ) e, ) drat]

IA

IN

IA

T 1 172
2nlllp|“ Icll/2{ [ TZn 2-24 Q(x’ ‘l') / 25 IE(t _ T)I dtdl'd’r}

vo

2n r 1/2 ' . T l 2n—2-25+1 2 =T i 251 2
lipll1” f Ay, dedz) [ G  dn

l

27

1/2
Ve 61

| llpl 1" l{

IA

=0
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Sincej <n— 1lwehave2j — 1 +1<2j4+1<2n—1=m — 1< N, hence the
ks;_1+1 are bounded. Thus the sum in (5.11) involves only constants times "|||p]||” for
r < 2n — 2 = m — 2. Inserting these estimates into (5.10) yields (5.6) with, in fact,
Upl||” for r £ m — 2. The case of m odd proceeds the same way except that one uses
k() = ¢"/’k. The sums corresponding to (5.11) then contain '|||p|||” for » upto m — 1.

6. Pointwise estimates. In this section we derive some L. bounds for u and its
derivatives. These will suffice to prove Theorem II. Throughout this section, except
in the proof of Theorem II, all the hypotheses in Sec. 5 hold and the constant N in
(a,) is greater than or equal to 4. We indicate immediately the significance of this last
statement. We introduce the notation

pl () = sup [l 0, [|" = sup fola, O)]. 6.1)
z€(0,1) z€1(0,1]
t€(0,T]

Lemma 6.1. If N > 4 then for any solution of (P) we have |u| (£) € L,(0, «).
Proof. For a solution we have u(0, t) = 0 hence |u| (¢) < {jull, (). For N > 4, we
have by (5.4),

lul (T) = O(T™), (6.2)

and the result follows.

We also assume throughout this section that conditions (f;) and (u,) are satisfied.
We establish the following two results.
LeEMMA 6.2. There exists a constant M independent of T such that any solution of (P)
satisfies

qulTy ‘ut|T S ]II (63)

LEMMA 6.3. If D (see (2.8)) is sufficiently small there exists a constant M independent
of T such that

[,.] T [T, [u |t < M. (6.4)

b

We write (4.15) as,

5(10—) w + KO, — = ofw) = R(z, 0, 6.5)

where
R(z, t) = &(z, ) — Li[u(z, )I(t) = &(z, ) — kO)u(z, )
+ kE(Ou(z, 0) + Lifu(z, )](@). (6.6)

We view (6.5) as a non-linear hyperbolic equation with a forcing term R. Eq. (4.10)
together with (f,;) and Lemmas 3.1 and 5.1 imply that

IR(-, )1 (0) € Li(0, »). (6.7)

This is the crucial result of all our energy estimates. We solve (6.5) subject to the initial
conditions (see (2.2))

u(xy O) = uﬁ(x)y ut(x) 0) = f(xy O) (6'8)
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and the boundary conditions
u(0, t) = u(l,t) = 0. (6.9)

We show that, under conditions (fa) and (u,), (6.5) and (6.8) are equivalent to an
initial-value problem. Let us extend u°(z) and f(z, ) to £ & (— =, =) as odd functions
of z which are periodic of period two in z. Call these functions %°(x) and f(z, ¢). Con-
ditions (f;) and (u,) guarantee that @° is of class C*® and f is of class C*. We extend
the function @ in (4.10) in a similar way to &. (f;) insures that & & C® and that $(0,t) =
&(1,t) = 0. Then (4.15) and (6.9) show that

9 =9 =
_é_x_ o(u.(0, 1)) = oz o(u,(1, 1)) =0

from which we deduce that u.,(0, ) = u,,(1, t) = 0. Thus we can extend u to @ & C**.
It is readily checked that 4 is a solution of (6.5) for all z, with R replaced by its extension
R and with

u(z, 0) = 1,(), a.(z, 0) = f(z, 0). (6.10)

Conversely if 4 is a solution of (6.5), with R replacing R, and (6.10) and if the solution
of this problem is unique then @ restricted to 0 < z < 11is a solution of (P). For one checks
that —a(—z, ¢) is a solution of the same problem as @(x, ¢). Hence by uniqueness —#(z, £)
= (z, t) so that 4(0, t) = 0. Similarly a(1, {) = 0.

From the above remarks we will henceforth treat Eq. (6.5) on (— =, =) X [0, «)
with the initial condition (6.8). In (6.7) |R(-, -)| () is then to be interpreted as
SUP "y |R(-, )| (t) and the initial data are bounded for all z.

We now proceed along the lines of Nishida. We write (6.5) as a system by letting
¥ =u,, x =« . Then,
Xl = ll/z (6-11)
Yo + EO0)Y — o’(x. = R.
Since ¢’(x) > ¢ > 0 the system is always hyperbolic. We set

: = FVe'(x) (6.12)
and introduce the Riemann invariants,
X
T=vETe, Te= [ V@ (6.13)

o'(x) = " guarantees that the map (¥, x) — (r, s) is one-to-one from B X R onto B X R.
Egs. (6.11) become

r.+ M, +alr+s) =R 6.14)
s, +us. +al(r+s) =R

where we have set the positive constant

k©)
2

equal to a.




14 R. C. MAC CANY

We introduce the characteristic curves defined by

t t
z =8 =8+ f Ndr, z=n{t,y) = v+ f wdr (6.15)
4] 0
and we denote by ’ and ' differentiation along these curves; that is
a J d 0
r - 9 Y v Y L.
RETRRETE ot T o (6.16)

Along the curve z, Eq. (6.14), yvields

d%r(xl(t, B), O) + ar(xi(t, B), ) = —as(ni(t, B), O + R(x,(, B8), D).

We can integrate this ordinary differential equation and obtain

eatr(xl(ty 6)! t) = T(ﬂ) 0) - a j: eafs(rl(T) .B)y T) dr + /: e‘”R(Il(T) B): T) dr. (617)

From (6.14), we obtain in a similar way

e™s(zalt, 1), 1) = (v, 0) — a f *r(as(r, 7), 7) dr + f “R(ri(r,v), 1) dr.  (6.18)

In (6.17) and (6.18) we let 8 and vy vary over (— «, ). The characteristic curves
z, and z, will exist as long as A and g, that is » and s, remain bounded. Let @ denote the
set of all (x, t) such that z = x,(¢, 8) and x = z,(¢, v) for some 8 and y. Let

o) = sup e r(z, O] + Is(z, D).

Then (6.17) and (6.18) yield

o) < ¢+ a f o(r) dr + f " J () dr (6.19)

4]

where ¢ = sup ([r(z, 0)| + [s(x, 0)]) and J () = 2|R(-, )| (z). By (6.7) J () € L:(0, «).
Hence (6.19) yields

p(t) < c+ [ e’ J(ndr 4+« [l {C + « _/w J(&) ds}eau—f) dr

t
— et + e f J() dr < Me™.
0

Thus we have proved that
sup ([r(z, O] + Is(z, O]) < M. (6.20)

(z,)EQ
From (6.20), (6.12), (6.13) and (6.15) it follows that the slopes dx/d¢ of the characteristic
curves remain bounded and this shows that Qis all of ¢ > 0. Hence r and s remain bounded
and, by (6.14), we obtain (6.3).
In order to prove Lemma 6.3 we again follow the ideas of Nishida. We differentiate
(6.14), with respect to x and obtain,

Por + Mo = =M1 — NS — alr, +5.) + R, . (6.21)
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Now from (6.16), (6.12) and (6.14), we have,
=8+ N, =8 +us, + A— s, =8 + 2, = —alr +35) + 2, + R,
or,

s’ a R .
S A AP § 62

Observe that by (6.12) and (6.13) A and g are functions of » — s. Consider the function
h = %log (—\(r — 9)).
We have, by (6.14),

PR VP VAR <\ Ao LA ;
h =507 +2}\s = 2)\(7+s)+2)\s +2>\R. (6.23)
We substitute (6.22) and (6.23) into (6.21) and obtain
’ no_ _o ,_ a2 al
r. +r.fa+ N, + R = o S 2)\(T+8)+2>\+R,,
or
24 a2 o
LY h, A T .V S h A h
€r.) +er.fa+ A\, = 5y 8% 2}\(7—{—8)6 + 2>\Re + R.e". (6.24)
We let
" al(®)
g = [ S & (6.25)
Then by (6.14),
,  ad , afs o ad's’ | ae'
C=o T T T Tt T T B

Hence (6.24) can be written
(e'r,) + ér.fa + e} = ¢ + R.é (6.26)

We are now ready to use the constant D. A careful study of all our estimates will
show that all the bounds tend to zero as D tends to zero. We are particularly concerned
with the quantity R. Since |v|” — 0 with D it follows from (6.6) that |R|” — 0 with D.
Since M — 0 with D in (6.3) it follows also that |R.|", |R.|” and hence |R|” tend to zero
with D. From (6.25) we see also that |g|” — 0 with D.

We start by making D less than some fixed quantity D, . Then the quantities

A
A

and ¢

>\r
Ve y 0y, 71,8, )\IX)
are all bounded. We next choose D < D, so small that

Gz, 0) = s(z, Oz, 0)] < 5 (6.27)

We integrate (6.26) along the z, characteristic starting at (8, 0). Let
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(@) = a4+ A,
2(t) = e'r, along z.(¢, B) (6.28)
y(t) = ¢’ + R.e".

Then integration of (6.26) yields

ox ( [ ¢ dr)(t) = 2(0) + [ ([ @ dEW() dr,

or

z(t) = 2(0) exp (—/ﬂl ¢(r) d7'> + fot exp <—/t 463! dé)y(-r) dr. (6.29)

Suppose we have

] <5 (6.30)
Then, by (6.28) we have
o0 > 5
and (6.29) yields
0] < O+ [ e ),
or
sup ()] < 200)] + gfgg (D] (6.31)

The right side of (6.31) tends to zero with D. Also we have \,», = \e "z and \e*
uniformly bounded. Thus A,r, is uniformly bounded in terms of 2. We choose D so small
that the right-hand side of (6.31), after multiplication by the maximum of X\,e™" is less
than «/2. Then by (6.27) A,r, starts out satisfying (6.30) and by the preceding remarks
continues to do so for all . It follows that r, is bounded independently of 7. A similar
argument shows that s, is bounded. By (6.13) we conclude that ¢, and x. that is u,.
and u,, are bounded. It follows from (6.5) that u,, is bounded. This concludes the proof
of Lemma 6.3.

Proof of Theorem II. We return to Eq. (6.5) but with R expressed in terms of
the solution u according to (6.6). This is a linear perturbation of a non-linear hyper-
bolic equation and the local existence and uniqueness theory for the latter carries over
with trivial modifications. This local solution yields a local solution of (P) to which all
our estimates apply. Thus we have, by Lemma 6.3, a priori bounds for the second deriva-
tives of the local solution of (6.5). But just as in the hyperbolic equation case this yields
global existence and hence a global existence theorem for (P).

This argument does not quite prove Theorem II. The reason is that all our bounds in
Sec. 5 and hence here were predicted on the estimate (s,), that is |o(§)] < (k). We
can overcome this difficulty for small data. Choose 6 > 0 and let 6(¢) = o(§) for |§] < &
but with |6(¢)] < M |¢| for all £ where A/ is sufficiently large but fixed constant. Now
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solve (P) with ¢ replacing o. The data are then made so small that the problem with ¢
has a solution and for that solution |u,| < 6. Then &(u,) = ¢(u,) so one has in fact a
solution of the original problem.

7. One-dimensional heat flow in materials with memory. Consider a rigid heat
conductor in which heat flows in only one dimension. Let u(z, t), e(z, {) and r(z, ¢) denote
the temperature, internal energy, heat flux and heat supply respectively. The balance
of heat requires that the equation

ez, 1) = —a% o(z, O + r(z, 0) (7.1)

should hold. The simple linear theory of heat flow, in a homogeneous material, is ob-
tained by assuming that e(z, t) = cu(z, t) and ¢(z, {) = —Ku,(z, ¢) then (7.1) becomes
the one-dimensional heat equation. One can obtain a simple non-linear theory by retain-
ing the assumption ¢ = cu but taking ¢(z, t) = —Ko(u,(z, t))o non-linear. This results
in the equation,

oz, ) = K 5%; cu(r, 1) + rz, 0). (7.2)

Our condition (¢,) is a natural one for Eq. (7.2). Using it one can show that (7.2)
has a unique solution, say on 0 < z < 1, with (0, t) = u(l, ) = 0, and u(x, 0) =
uo(x). If r(z, t) = fo(x) + f(x, t) where |f(-, -)| () € L, one can show further that the
solution tends to u°(x), a solution of the problem

L o0l () = ~K7le), ') = w'1) = 0. @3)

Models of the form (7.2) for heat flow have the disadvantage that they yield infinite
speeds of propagation. Gurtin and Pipkin [2] have suggested a heat flow model which is
based on a memory eflect in the material. The linear one-dimensional version of their
theory assumes that

e, O = bulr, £) + [ " B, t — 1) dr (7.4)

o, ) = fom (P ule, L — 7) dr. (7.5)

Thus e and ¢ are functionals of the histories, u(x, ¢ — 7) and w,(x, t — 7), of temperature
and temperature gradient respectively.

On the basis of the present paper we can treat a partially non-linear version of (7.4)
and (7.5). We keep (7.4) and replace (7.5) by

o, 1) = — f " K(oulr, L — 1) dr. (7.6)

Assume that the material is at zero temperature and internal energy up to time t = 0.*
Then (7.4), (7.6) and (7.1) lead to the equation

bu, + ft B(t — tu.(x, ) dr = ft Kit— 17 :% o(u,(x, 7)) dx + r(x, 1). 7.7

* Non-zero initial histories can be incorporated into the forcing term.
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This equation is equivalent to (2.2) with

alt) = %K(t) + [0 "ot — DK() dr

(7.8)
fz, ) = Srlz, ) + f ot — iz, 7) dr.
Here p is the resolvant for B, that is the function such that
ue, 0 = e, 0 + [ "ot — e, 1) dr (7.9)
solves the equation
o, ) = buz, 0 + [ "B( — rulz, 1) dr. (7.10)

We assert that it is to be expected in this context that a will be in L, . Indeed 1t is
to be expected that for a steady temperature gradient, u.(x, t) = ¢(z), the heat flux
would remain bounded. From (7.5) thisjimplies that ¢ € L, . Suppose that the energy,
for some z, is zero up to time ¢ = 0 and then assumes a constant value. Then one would
expect that  would remain bounded. By Eq. (7.9) this implies that p € L, . Hence
from (7.8) one should have a € L, .

Suppose r(z, t) = ro(x) + Rz, 1), R(z, -) &€ L,(0, «). Then it can be verified from
(7.8), that f(z, t) = {,(x) + F(x, t), where F(x, -) € L, and

1
b+ B‘(0)>r°(x)'

From Remark 2.1 one would then have u(z, £) — %°(z) (in L,(0, 1)) where %° is a solution
of,

1) = (4

d (dd"@)) _ folx) T PR
%a( g > = _aA(O) , @'(0) =a1) =0. (7.11)
By (7.8)
a%m==(%4-p%m>KYm==(%4—535%75>K7m.
Hence

11
a0 K0

If we compare (7.11) with (7.3) we see that as regards approach to steady state (7.7)
behaves like the parabolic model (7.3) if one takes

K = fom a(t) dt.

It is shown in [7] that Eq. (2.2) also arises in the theory of one-dimensional visco-
elasticity. In that context, however, one wants to have an a such that a(t) = a. +
b(t), ae > 0, b & L, . Thus our present theory does not apply.
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