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§1. Introduction.

Let G be a bounded domain in an Euclidean n-space and G its closure.
Let C*G), 0<k < oo, be the class of real-valued functions defined and k-times
continuously differentiable in G and C{(G) the subset of C*G) consisting of
those functions with compact support in G. As usual [1-47], we denote by
A ®(G) the pre-Hilbert space consisting of functions in C¥G) with finite k-fold
Dirichlet norm, | |, and denote by H*G) the Hilbert space being the com-
pletion of FI’“(G) under the norm | ||;. In a completely similar way one defines
the pre-Hilbert space f[g‘(G) and the Hilbert space H(G). In the following
discussions the domain G will be fixed. We shall for simplicity write Hf for

#G) etc.. It may be noted that HY is the space L,(G).
Consider the two self-adjoint elliptic partial differential operators,

Ly L'Z,mla (lw@a -,

ME”Z1 — (m”(x) o, ) —m(x).
It will be assumed that the given real-valued functions [;;(x), I(x), m;(x) and
m(x) are bounded measurable in G and that [(x) >0, m(x) =0 almost everywhere
in G. Further we shall restrict L and M to be elliptic in the sense that there
are constants k;, K;, k), and K, such that almost everywhere in G

(12) INOEPPHOTIIES B3I

kMZ(EJz = 2 mu(x)'fzgj S KM Z (51)2

i,j=1

for all real vectors &.
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We shall be concerned with the solutions of the following initial value
problems. Let u,(x) be a given function in H}\ H? Find the function u,{, x),
4> 0, such that u,(t, x) together with its time derivative uj(t, x), defined as the
limit (in HY) of [u,(t+7, x)—u;(¢t, x)1/c as = —0, belongs to Hi~H? for all
—oo <t < oo and that it satisfies the equations

1.3 u,{—ilrMu,{zLux, —oco <Lt <00,

uZ(O’ x) - uo(x) ’

in the | |,-norm. We shall call the differential equation in to be pseudo-
parabolic. It differs from the parabolic one by the additional higher order
terms,

1 2 0 0 0

7:-,]':1 E m (%) a}J— ot uz] s
where the parameter A is restricted to be positive. Although no such type of
equations has been proposed in the theory of heat conductions at the present
time, it appears in theory of non-Newtonian fluids as well as soil mechanics,
[6-9].

It is known that a unique solution of the problem exists and
that the solution is just as regular as the coefficients and the initial conditions
permit it to be. Indeed, for all positive numbers A the operator i—M has a
bounded inverse (1—M)™!, [4], the operator A(A—M) 'L as a mapping of Hj}
onto H} is bounded with respect to the norm | ||; and the unique solution
u,(t, x) is given by the formula [10],

(1.4:) ul(t, X) = Ex(t)uo(X) y —oo Lt <o s

where A is a positive number and where the group of operators E;(t) which
map H} onto H} is defined by

(1.5 E,(t) =exp [tA(A—M)'L], A>0, —oo Lt << oo,

The objective of this note is to study the limiting behavior of the solutions
u,(t, x) as 1—oo. To this end, we consider the following parabolic initial-value
problem [4]. Let uy(x) be a given function in H§. Find the function u(t, x)
such that u(f, x) together with its time derivative u,(t, x), defined as the limit
(in HY) of [u(t+7, x)—u(t, x)}/c as t—0if t>0 or as ¢ | 0 if t=0, belongs
to H) for all t=0 and that it satisfies the equations,

(1.6) ut:Lu, tzo,
u(0, x) = u,(x),

in the | ||,-norm. It is known that a unique solution to problem (1.6)
exists. Indeed, we can define the semi-group of operators on HJ,
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1.7 Ex) =exp[tAA—L)'L], t=0,
and the solution u(t, x) of is given by
1.8 u(t, x) = E@uy,(x), t=0,

where E(f) is the strong | |,-limit of E,(¥) as 21— o, [1, 4.

To establish the limiting behavior of the solutions, u,(t, x) as 1—c0, we
add the following additional restrictions on the coefficients of the operators L
and M and on the boundary, 0G, of G. Some of these restrictions may not be
really needed for our results to be true, but to overcome certain technical
difficulties we have made use of the a priori L, estimates for the solutions of
the elliptic partial differential equations, [2, 16-18]. Our assumptions on L, M
and the domain G are as follows:

(1.9) The functions /;;(x) and m,,(x) are in C¥G), I(x) and m(x) are in C*G)
and m,;(x) has a modulus of continuity for 7,j=1,2, .-, n;

(1.10) @G can be covered by a finite number of n-dimensional neighborhoods
N; such that each N; G can be mapped in a 1-1 way onto the closure of an
n-dimensional hemisphere ¥, with N;0G mapped onto the flat face of X, by
a mapping 7T; which together with its inverse has continuous and bounded
first two derivatives, [16, pp. 704-706].

Having described the above two types of problems and the additional
restrictions on L, M and G, we now state our results as a

THEOREM. If the problems (1.3) and (1.6) are posed for the same domain
G and with the same initial condition uy(x) in HyN\H? and if the assumptions
in (1.9) and (1.10) are satisfied by L, M and G, then for all t=0 the solution
u(t, x) of the problem (1.6) is the || |,-limit of the solutions u;(t, x) of the problems
L.3), i.e.,

%im lua(t, x)—ult, x)|l,=0, t=0.

§2. Proof of the Theorem.

We shall follow Yosida’s idea in his proof of Hille-Yosida 5, 12].
An additional case should be taken for the fact that the problems and
involve two different norms. Also, instead of the semi-group of operators
in (1.7) we now have the group of operators in [(1.5) which differ from (1.7)
in replacing (A—L)* by (A—M)~! with M being an arbitrary elliptic differential
operator. To overcome this difficulty we introduce on H} one-parameter family
of norms induced by the elliptic differential operator M, namely,

.1 plu; A—MY=(Q—Mu, w2, ueH},

where
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(@—Myu, vy = ) {, ]z=1 mij(x)g—z»g%ﬂm(x)w)m(x )}dx .

Tt is clear that for all positive finite 2, ;/12,1){ ;A—M} and || ||, are equivalent
norms on the space H). On the other hand for fixed u in H} we have

. 1
lim o plu; A=M} = ul,.
To prove the theorem we first show that for all =0 and for all u in
HinH*
(2.2) I1ExQu—E,(Hull,—0 as 2, p—oo,

so that we can define an operator E(¢) on the subspace H§\ H* of H} as the
strong || ||,-limit of E;(t) as 2—co. We then proceed to verify that the operator
E() so defined is bounded with respect to the norm | ||, Since H3 H* is
| Il,-dense in HY, we can extend E(¢) to the whole space H{ by continuity.
Our proof is then completed by verifying that for all u, in H} H? the func-
tion defined by u(t, x) = E@®)u,(x), t =0, solves the parabolic initial-value problem

To establish the limit relations in (2.2) we shall always, without loss of
generality, assume p > 1 and proceed to show that for every u in H\ H* and
for all =0,

23 \—}7 PEDu—E,(bu: A—~M}—0 as 1—co.
Indeed, for every positive 2 and ¢ and non-negative ¢
@.4) e PUEAOU—Eu; A= M) 2 | Eu—E,0ul

Hence (2.2) is a direct consequence of (2.3).
To establish the limit relations in (2.3) we note that for every positive

number A the generator,

(2.5) Ay =2A—M)L,
is bounded as a one-one mapping of H} onto H). Hence its exponential,
(2.6) E,(t)y=exp[tA;], tz=0, 21>0,

is also a bounded operator with respect to the norm | ||; and that E;(0)=],
(107

Basing on Poincaré’s inequality and the restrictions in for L and M,
we can choose, with L and M being fixed, a constant ¢ so large that for all »
in H}
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1
@7 (—TLu, u) <(—Mu, u).
Upon writing L/c= N, we have the following decomposition for A; on the
space Hj:
(2.8) A;=—cl+cAA—M)(A—M+N), A>0.

It is easy to verify that the operator (A—M) !(A—M+N) is also bounded with
respect to the norm | ||; as a mapping of H} onto H}. Consequently, we can
extract a scalar factor from the operator E,(t) as follows:

(29  E(t)=exp[—ctd]-exp [ctA(A—M)'A—M-+N)], 21>0, t=0.
For simplicity we shall write
(2.10) B, =QA—M)"*QA—M+N),

and proceed to show that for every u in H}
. k .
@2.11) piBa; =M} < (1—-3-)p{u; 2—M},

where %k is a positive constant depending only on L and M and the domain G.
That is, the operator B, in[2.10) maps H} into H} and it is bounded by 1—Fk/2
with respect to the norm p{ ; A—M}. To establish the essential inequality
(2.11) we first appeal to direct computation to obtain the identity,

(212)  [p{Bswu; A—M}1*=((A—M~+N)u, u+(A—M) 'Nu)
=[plu; A—M}1+2(Nu, w)+(Nu, (A—M)'Nu).

Next we give an estimate for the last term on the right-hand side of (2.12)
so as to transform it into an inequality. Indeed,

(Nu, (A—M)~*Nu) = (— Nu, (A— M)~*(— Nu))
< (—Nu, ) (—NQA—M)"'(—Nuw), A— M) (—Nu))'”*
< (—Nu, w)*(A—M)Y2A— M) (—Nu), A—M)"(— Nu))'”*
< (—Nu, A (—Nu, A—M)*(—Nuw)'?,

where the first inequality is that of Schwarz and the second inequality follows
from the choice of the constant ¢ in [2.7). After cancelling the common factor
from the both sides of the above inequality, we obtain the desired estimate,

(2.13) (Nu, A—M)*Nu) < (—Nu, u).

Upon applying the inequality to the last term on the right-hand side of
the identity (2.12), it yields
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(2.14) [o{Bau; A—M}P < [p{u; A—M}P—[p{u; —N}7J?

={-[ pi 2t 1 hoetes aon

where p{u; —N}=(—Nu, u)*®2. According to Poincaré there is a constant £,
independent of u such that

(2.15) ky(—Nu, u) = (u, u) for all u in H}.

Since N= L/c with ¢ being chosen in [2.7), it is clear that we can also choose
a constant ¢, so large that

(2.16) c(—Nu, u) = (—Mu, u) for all u in H).

Accordingly, we have, for all u in Hj,

(=Nu, u) A(u, u)
@17 A, uy+(—Mu, u) = 2k, [ A, u)+(—Mu, u) ]

1 (—Mu, u)
fffffff [ 2

\%

I

x

- &
2

v

w,_[ ¢,(—Nu, u) ]
Ak, A, w)+(—Mu, u)
where the first and the second inequalities follow from the choices of the

constants %k, and ¢, in [2.15) and [2.16) respectively. Upon solving [2.17) and
restricting A=>1, we find

plu; —N} ,1@ ;1 ;_,]Tf*
(2.18) [p{u A— M}] 1+4c, /Xk " Ak, = A ¢tk

= ky/2, k,=1/(c,+ky).

Thus, follows from [(2.14) and [(2.18) by setting k= k,/2. The above proof
shows that %2 depends only on L, M and G. For the following application, we
emphasize that k is independent of the function u as well as the parameter
2=1.

We proceed to combine the identity (2.9) and the inequality [2.11) to derive

an estimate for p{E;{®)u; A—M} for all » in H) Indeed, for all « in H} one
has

2.19) PMHE,Ou; A—M}y=-exp[—ctd] - plexp [ctAB;]-u; A—M}
=exp[—cta]-exp [ctAp{Bs; A—M}]- p{u; A—M}

<exp[—ctd]-exp [ctl(l——%—)] cp{uy A—M}

sexp[—ctk]-plu; A—M},

with ¢, k>0 and ¢t=0. This proves that for all :=0 the one-parameter family
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of operators FE;(t), A> 0, are uniformly bounded with respect to the correspond-
ing one-parameter family of norms p{ ; A—M}. More precisely, as a mapping
of H} onto H}

(2.20) PEt); A—M} <exp[—ckt], ¢ k>0, t=0,

where the constants ¢ and % depend only on L and M and the domain G.
This accomplishes the first step of the proof.

Our next step is to derive certain estimates for p{(A;—A,)u;1—M/2}.
First, we shall derive the following identity which holds for all numbers A and
¢ with ¢>2>0 and for all u in Hyn\ H?

@2y [p{—am; 1= 2T = (5 ———%)Y(l-—%)ulMAﬂu, MA).

Indeed, direct computation gives that for all u in H}\H? and for all
numbers 24 and g with g>21>0

2.22) (1= YA~ A= (%,_%> MAu.

By applying the operator (1—AM/2)~! on the left to the both sides of the above
identity, we find that

2.23) (A—Ayu= (jlf_%) =" Mau.

Upon taking the inner product of the corresponding sides of and (2.23)
we obtain the desired identity (2.21). The usefulness of such an identity lies
in the fact that it expresses the norm of (4;—A,)u in terms of a functional
on A,u alone which is easier to be estimated.

We proceed now to transform the identity in (2.21) into an inequality. To
this end, we consider two functions v, w in H{ H? such that

(2.24) Mw=Lv, ie, w=M"Lv.

For all v, w in Hi~H? and related by we have

(2.25) (—Muw, w)V*(— Mv, v)'* = (—Muw, v)
=(—Lv,v)

1
Z_ "k/"(—Mv) 'U) »

where the positive constant k2’ depends only on L, M and G and is independent
of v and w. On the other hand, by the same argument as for deriving the
estimate in we also have that for all v in H{~H? and for all 1> 0,

(2.26) (1= Mo, M) = 2w, vy
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Thus, we have from [2.25) and that for all v, w in H{\H* and for all
A>0,

@2.27) (1= v, Mv) < 2t~ Mw, w,
where w= M-Lv.

We wish to compare the value of the expression on the left of with
A—M/pw*Lv, Lv), o> A. To this end, we note that the fractional power,
(— M), of the self-adjoint elliptic partial differential operator M can be defined
[1, 13-15]. Furthermore, it is known [14, II] that (—M)Y* is also self-adjoint

and it commutes with (1—M/g)~* on the domain of (—M)"? and that for all
u, v in H}

(2.28) (—Mu, v) = (—M)"?u, (—M)"*v) = (u, —Mv).
Consequently, for all v in H{\H* and for all > 21>0,
(2.29) A—M/ Ly, Lv)

= ((1—M/p)"*MM-*Lv, MM~*Lv)
=(A—M/p)~ Mw, Mw)

= p{(—Mw, w)—p((p—M)"'w, —Muw)}

= p{(—Muw, w)— p((p— M) *(—M)"*w, (—M)"*w)} ,

where the second equality sign follows from the defining relation in and
the last one follows from the non-trivial identities in [(2.28) and from the com-
mutativity of (—M)"? and (1—M/p)™! on Hj. Now

(2.30) p(p— M) (—=M)"w, (—M)"*w)
= pll (e —M)= (= M) wll, | (= M) " wl,
= pllCe— M)~ o (= M) *w]f3

< - B (CMYw, (— My )
= ‘#?/"‘k,—, (—Muw, w),

where the positive constant 27 depends only on M and G and is independent
of A, # and w, and the last equality sign again follows from the identities in

(2.28). By combining [2.29) and [2.30) it follows that for all v in H} H? and
for all numbers 2 and g with > 2>0,

@2.31) ((1—%4) VLv, L)z #{(1——ﬁi‘7,,«)(—Mw, )}
= (—Mu,w),
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where w= M-'Lv.

Thus, we conclude from the inequalities in and that for all v
in Hy~ H? and for all p> >0,

@2 (=", ) < Z(k’ﬂ“k”) (-M ) Lv, Lv),

wheredk’ depends only on L, M and G and k” depends only on M and G.
For every given A>0, A, is bounded as a one-one mapping of H} onto
Hj. So is A;E;(t—s) for all 0 <t—s < oco. Consequently, for all pg>21>0,

@33 (1= Y)W ADE s, (A= ADE (- 9u)
= (F—1 )((1 MY MALE (19, MALE (t—5)u)
< (1—17) F‘;’;k' EX (=M ) LALE(t—syt, LAE,{t— syt
— (1—ﬁ) ”;;ff'« (3B, (1— ~~->A2 E,(t—s)

= (1-4 4 Ay %’f—' -(ﬁf)i((l—*M VEt—) A2, E(t—)A20) ,

where the first equality sign follows from the identity in (2.21), the inequality
sign follows from [2.32), the second equality sign follows from the definition
of A, in (2.5) and the last equality sign follows from the commutativity of
A, and E,. Indeed, it is to make use of the commutativity of A, and E, that
we derived the estimate in to replace the operator M by L and to replace
A—-M/2™* by A—M/ @)

We have established the uniform boundedness of the operators FE;(f) in
and the essential inequality (2.33). To establish (2.3) we still need the

following fact, namely, for all >0 and for all ¢
lim p{%[Ez(t—l—r)—Ez(t)]uwAlEx(t)u S 1-M/2}=0
for all u in H{~H?% That is,

(2.34) %Ez(t) = AE®, 1>0, —co<t<loo,

in the strong sense with respect to the norm, p{ ; 1—M/2}. To establish the
formulas in (2.34) we note the group property of the operators E;(t),
E;(t, 1) = E;(t)E(Ey) —oo <ty 1, <oo,

with respect to the operator topology induced by the norm, p{ ;1—M/A}.
Thus,



Parabolic and pseudo-parabolic partial differential equations 449

235 lim {1 LBt ) EiyTu— AuEx(tyu; 1— My 2}
. 1 .
=lim p{ - [EA0)— 1~z A E(tyu; 1-M/1}
< p{B; 1=} tim p{ L[ —1-4u; 1- M2}
< - #p(u; 1-M/2) - lim p{--[Be) 1~z A71; 1—M/2}

< e plu; 1-M/a) lim 35 e p{ A5 1——%}]”/;1 '

70 n=2

where we have used the estimates in [2.11) and [2.20). Since for all u in
HynH?,

[p{Aw; 1—{‘2@}]2: AG—M)"'Lu, Ly, 21>0,

and that analogous to
AQA— M) Lu, Lu) < cA(—Lu, 1) < B((1—M/Du, u)

with k, being a positive constant depending only on A, L, M and the domain
G. Thus,

(2.36) PLA; 1 =M/} = ks

Hence our formulas in follow from (2.35) and (2.36). In an analogous
way, we can also establish the formula,

@37 L BB = B+ AED,

which holds in the strong sense with respect to the norm, p{ ; 1—M/A)}.
We are now ready to prove the limit relation in (2.3). For all v in H}~ H*
and for all #>2=1, we have

@238)  pEOU—E,u; 1—M/2}
=p{[ " G TEOE—9] - uds; 1—M/3}
= ()" [ HES A APE,t—9u; 2~ M) ds
< ()" [ bl A= ANE—syu; 1~ M) ds
= [ e p( A= AE Kt —syu; 1-M/2}ds
1
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= <1 A >[ ﬂif” [:quk,j‘ote_cmp{Aiu; 1___]\{}033
_ <l—~~- )[ /"'Fl‘i L 2 b'te —cktp{Azu; 1-——’* }

where the first equality sign follows from (2.37), the second and the last in-
equality follow from and the third inequality follows from (2.33). Thus,
to complete our proof for (2.3) it suffices to show that for all u in H3\ H*

. M
(2.39) p{Azu; 1—7} < const - K
uniformly in pu.
To establish we first note the inequality

(2.40) [p{A2u; 1~m}] e ”L(1~—M )" Lu

This relation indicates that the boundedness relation [2.39) seems to be a trivial
one. But to prove it we shall apply the results from the a priori L, estimates
for the solutions of elliptic partial differential equations. First, we note that
M and (1—M/p)~* commute on H*> N\ H}i. Hence, if u belongs to Hi H*, then

]

2.41) “ M(l—%)”Lu -

= A \MLul, .

The right-hand side of this inequality is clearly bounded uniformly in g if «
is in H}\H* and if the conditions in (1.9) are satisfied by the operators L and
M. We wish to show that for all u in Hi~H* and for all A and g with
u>21z=1,

(2.42) ” L(l—m‘) Lu|

1—-2 4) Lu“ -H[Lu“o}

with %, being a constant depending only on L, M and G and independent of
A and p.
To establish we note from (1.9) that for all w in H?

(2.43) [ Lwl], < const. |w],,

where the constant depends only on L and G. On the other hand for a given
w in H? it may be regarded as the solution of the following Dirichlet problem,
namely,

Mw=Mw in G, w=w on 0G,

where Mw and w on the right-hand sides of the above equations are regarded
to be given function while w on the left is regarded as the solution function.
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Since the operator M and the boundary oG satisfy the restrictions in (1.9) and
(1.10) respectively, it is a well-known a priori L, estimate, [14, pp. 704-706],
that

(244 [wl, = const. { [ Mw{,+[[wllo-12+[[wlo}
< const. { | Mw|,+[wll;-12} »

where the constant depends only on Af and G and where

(2.45) lwly-1p =g L b.|v],, ve H?, v=w on 0dG.
By combining and we conclude that
(2.45%) ILwll = R{IIMwlo+lwls-1re}»  we H?,

with % being a constant depending only on L, M and G. To see is,
indeed, valid we recall that the operator 1—M/u)~* was so uniquely defined
that (1—M/p)-*Lu is the unique solution of the Dirichlet problem:

(l——%[‘)v:Lu, ve HinH?.

It follows that

(2.45'7) (1——15—>_1Lu e HiAH?, 0<p<oo.
Furthermore, it is easy to see that
(2.457% lim ||(1—M/p) ' Lu—Luf|,=0.
/[—'DO

Thus, our estimate follows from (2.45/-2.45""").
Now, we have from [2.40), [2.41) and [2.42) that for all u in H}\H* and
for all p>21=1,

N “Lu“z}[‘ﬂ_ﬁék‘/f"]wz

= bl £ IMLul ot I Lul 1"

By combining the inequalities (2.38) and [2.46), it follows that for all u in
Hi{~H* and for all p>1=1,

(247) MEOu—E,Hu; 1—-M/2}

= (12 ) () W[ 2 o WMLl Lul, ]

@46 p{Aw; 1»%1} <k

M(l——é\-f)_l Lu

Since the restrictions in (1.9) ensure that |[MLu|, and |[Lu|], are finite for all
u in Hi{\ H* our assertion (2.3) follows immediately from [(2.47).

To complete the proof of the theorem we can now define the operator E(f)
on the subspace H{N H* of Hj} by the formula,



452 T.W. TinG
(2.48) E@®u=1im E;(H)u
A—r00

in the || |,-norm. It follows that for all # in Hi~H*

1EGulo=lim [ E;tulq
< lim p{E;(Du; 1—M/ 2}

< g~k iim p{u; 1—M/2}

e . 1 1/2
< o Jlulfi+lim - (—Mu, w)}
< e ®luf, .

This proves that E(f) is bounded on the subspace Hi~ H*. Since the later set
is | |l,-dense in HY, we may extend E(t) to the whole space HJ by continuity.
As has been shown that for all >0, —c0o <, t, <o,

PHEt A t)—E(DEW)u; 1—M/2} =0, ue HiNH*.
This implies that for all 2> 0, —co <t t, < o0
| E:¢ 4t )u—E;(t)E@)ull,=0, we HYnH*.
Hence by the usual argument we conclude that for all £, #,=0
|ECG,+t)u—EQ)E()ul,=0

for all » in H{. Similarly, we conclude from the formula in [2.34) and the fact
that |Au—Lu|,—0 as 1—co that

d
*d{E([) =LE®), t=0,

in the strong || |,-sense. Clearly, from the analogous property of E;({) we have
that E(0)=1.

All what has been shown says that for all u,(x) in H), the function u(t, x)
= E(tyu,(x), with E(#) defined in [(2.48) is a solution of the parabolic initial-value
problem [1.6). By the uniqueness theorem the solution so constructed is
identical with one defined in [I.8). The proof of the theorem is now complete.

Finally, we add that if the coefficients, [;;(x), I(x), m,;(x) and m(x) as well
as the initial data u,(x) are all sufficiently smooth, then the solution u,(t, x) of
the problem is a smooth function in ¢ and x, [10]. In this case, the
solution of the problem is also smooth in ¢ and x, [11]. Thus, under
these circumstances the convergence u,(t, x)—u(f, x) iS point-wise.
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