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This paper mainly deals with instationary Navier-Stokes
equations in two space dimensions. We derive the regularity
results which are known to be valid for the corresponding
linear system. Moreover, our method applies to parabolic
semilinear systems with one-sided conditions.

0. Introduction and notation. This paper mainly deals with
the strong solvability of the instationary Navier-Stokes equations

u—vdu+uwu+Vp=rfr,

Veu =20,
(1) uloR =20,
u0) = ¢

over a cylindrical domain (0, T) x 2. T is an arbitrary positive
number, 2 is a bounded domain of R® with smooth boundary. It
is well known, (I) has a uniquely determined weak solution if the
external force f is from LX(0, T) x 2) and ¢ H'2) (these condi-
tions can be weakened). But if one wants to show that the weak
solution is a strong one, additional conditions are needed, concerning
mainly the differentiability of f with respect to ¢ or the regularity
of u. Lions [5], Ch. 1 requires differentiability of £, as does Lady-
zenskaja [3], Ch. 6. In one of their papers, Shinbrot and Kaniel
[6], p. 813, require additional regularity of u; Serrin [8] requires
even more and then only obtains interior regularity of u. The
method of Shinbrot and Kaniel [7] yields a strong solution under
exactly the conditions we want, namely, fe L¥(0, T),L*2)) and ¢$¢
H Y2), but this solution is only local in time and may not exist, in
general, in the full interval 0 < ¢ < T, unless f and ¢ are small
enough. Fujita and Kato [2] also obtain a strong solution, under even
weaker conditions on f and ¢, but, again, their solution is only local.
In this paper we show that none of these additional conditions is
necessary and that for every fe L¥(0, T) x ), ¢ € HY(R) there exists
a pair

(u, p) e L¥(0, T), H*(Q) N L=(0, T), H(2)) x L¥(0, T), H2))
with
u0) =¢,
557
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u' e L}(0, T), LXQ)) ,
Veu =0,
and
u —vdu+uwu+Vp="~

in the distributional sense. u is determined uniquely. If fe L?((0,
T) x ), ¢ H>*(2) N H Lo(2), (u, p) correspondingly is in L*((0, T'),
H>»(2)) x L*(0, T), H**(2)), » > 2. The latter is not proved here
since the proof follows the lines of the proof in the case p = 2.

In the second chapter we prove an analogous result for para-
bolic systems

u’+A(t)u—i—f(t,a:,u,l7u,---,V"‘u)zg,

A®), 0 £t = T, being elliptic operators of divergence structure of
order 2m.

Of course instead of boundary values 0 one can treat the case
where boundary values a are prescribed having the regularity pro-
perties of the solution expected.

We introduce some notation. ILet X be a Banach-space.
Cv([0, T], X) is then the Banach-space of all v-times continuously
differentiable mappings from [0, T'] in X. L*(0, T), X), 1 £ p o,
is the Banach-space of all measurable mappings u: (0, T) — X with
norm

(§T||u(t>ng(dt>” , ess sup |[u(®)|; respectively .
0 0St=T

2 is a bounded open set of R"-H"?(£) is the Banach-space of all
real valued functions defined on 2 with distributional derivatives in
L7(2) up to the order v. Its norm is denoted by

ll+IL.s o [|+]lz2a) «

As usual H »2() is the completion of C;°(2) in the norm of
H»»(2).

The norm of C°([0, T'], H»?(2)) is denoted by |||-]|l,,. Frequently
we will consider functions being continuous on [0, T] X 2 =: Q,.
For those we introduce the notations

AN (r): = sup [f(E ») — f(s, 2)]

t,se[0,T],
lt—s|=r,
zef

+ sup }f(t; m)—f(t,y)l’
telo, 7],
zyedlo—ylsr
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ML Ie(r): = sup [ft, @) — ft,v)].

z,y€d,
lz—yl=r

For suDg,.cq, | f(t, )| we simply write ||| f]]|. C*(2), C**%(2) are the
Banach-spaces of all complex valued functions defined on 2, being
continuously differentiable up to the order v in 2 and having deri-
vatives of order v being continuous in 2 or Holder-continuous with
exponent « in 2. The norms of C*(2), C***(2) are denoted by ||-||,,
[|+]l,+« respectively. Moreover we use the notation

-llt = 11 lzom = l1+llo.ps HX@): = H*¥@), HY(2): = H*¥Q),
=1 9
T4 om; ]
Di: =] Dy,

where @ is a multiindex with components a; e N U {0}. N is the set
of positive integers.

2 or 02 is said to be of class C* or C*** if 92 locally admits
a representation

Ty = ¢(x1' * 0y gy Tigry *°*y %,)

with ¢ €C* or C*** respectively and if £ locally is one one side of
02. If no misunderstanding is possible we often write X instead
of X!, X a vector space. If X has a scalar product (.,.) the scalar
product of X!, namely >.._, (.,.) is denoted by (.,.) too.

D'(Q) is the space of all distributions over 2. For functions
u € (H'(2)" the element u-Fue R" is defined as the vector having
the components

i‘, -al 130,
(u has the components uf). If ue(H¥(2))' and A is a differential
operator of order K, Au means the vector (Au!, ---, Au').

1. Instationary Navier-Stokes equations. First we define the
meaning of strong and weak solutions to the instationary Navier-
Stokes system. For that purpose we assume that 2 is a bounded
open set of R*, n = 2, having a boundary of class C°. Let v, T be
arbitrary >0.

DEFINITION. An element (u, p) of L=((0, T'), L)) N L*(0, T),



560 WOLF VON WAHL

HY2)) x D'(Q,) with V-u(t) =0 for almost all tc(0, T) is a weak
solution to the problem

u —vdu+ubu+rp=r,

Veu=20,
(NS) ulo =0,

u0) =¢,
if

— | @@, weyae | uw, reena
+ | ) Puee), woyae = || (@), et + @ $0)

for all test functions  with

¥ e L0, T), L*Q)),

v eI, T), H(®)),

Vep =0, y(T) =0 .
f, ¢ are fixed elements from L*(0, T)LXR)) and HY2) respectively.
Moreover, V-¢ = 0. An element (u, p) of V x L¥0, T), HYQ)) is
a strong solution to the problem (NS) if the equations u’ — vAdu +

wu-+ p="7F, V-u=20 are fulfilled in the distributional sense and if
u(0) = ¢. Here V denotes the Banach space of all ue L*(0, T),

HQ)) n-L=((0, T), H(Q)) with u’ e L0, T), L2)) and norm

ess sup | u(®) s + (| 11w inadt +{ lluct) 12.0¢) "

Observe that u(0) = ¢ makes sense since ue V implies that ue
C°([0, T'], L¥X2)). For any function from C,(R*) we have

wi(o, 9) = 2| u(e, vulE, 1)ds
=2 S: [u(é v) || ua(§, ¥)| dE
and also
W@ v) =2 |ulw, )| lu, 7)dy .

Multiplying these last two inequalities and integrating over z and
y, we find, by the Schwarz inequality,

(1.1) e < 4V 2117l 3, w3,
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for all uef;ll(.Q). Then, by (I.1), it follows that
L.2) @) Fu®), )| = [[u@)|l g [Fu® ] 20 (1$O ] 40 »
= 2([Fu@) [[Y3 0, 7@ 115, U@ 1134, 1@} 0, -

Thus all expressions occuring in the definition of the weak solution
to the problem (NS) are well-defined.

As it is shown in [5], Chap. I, the problem (NS) always has a
weak solution. Moreover, u is determined uniquely.

Our nonlinearity g, u, "u) = u-Vu has the following properties:
(NS 1): g is continuous from 2 x R" x R* to R* and

Sg(a:, u, Vu)-udx = 0, ueﬁl(_Q), Veu=0, n=2.
2
If n=2 ueHYQ) we have

™S 2 | (g0, u, 7u) — g(&, v, F)-(u — v)do = —e|lu—v:s

—c(&, O)([|ullf, + vl Hlu — vlf.y, ,
Hu”Lz(g) + HUHLZ(_@, =C, 1=ze>0.
(NS 3) lg(z, u, Fu)| < c(m)(Ju " + 1 + |[Fu[r=D) g =2,
where u, ve HY(2). (NS 3) follows from Holder’s inequality. As for
(NS 2) we have by (I. 1)
So(u-Vu —vJv)-(u — v)de = —sSg[V(u — v)ffdx — c(e)(S@({ui‘

1/2 1/2
+ 1o9da) (| 1w = vkde )" 2 —e @~ o)y,
— o(e, O)IPullleg + [P35 1w — Oz, -

Our main result consists in

THEOREM I.1. Let n =2, let (u, p) be a weak solution to the
problem (NS). Then it is a strong solution.

Proof. Let us consiner the problems

v —vdu + u-Vu + Vp = of ,
Veuw=20,
ulo2 =0,

u0)=0¢, 00=1.

(NS,)

We introduce two sets ¥, ¥*|[0,1]. X is the set of all ¢ for
which (NS,) has a strong solution, 3* is the set of all ¢ with
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1. [0,0]CcX
2. | 11@)5adt + ess sup |u)IE
T
(et + | oot
T
= 00, 2,9 ([ 1FO it + 1 + l1$l:), 0sc=0
Obviously 0e X, 3*,
Now let g,€3*, 0,€2, g, > 0g,. Using (NS 2) we get by scalar
multiplication of our equations for u,, — u,, with u,, —u,:
t
1200 ®) = 2o @210y + @ = O 17 (ate, = 20)(@) 25 588
t
< [0 = Gl 1@ s 1802) = 2@ 3

+ | (e OXUIP @) gy + (1781, ) -

o, (T) — o (D) |30, 07 + |02 — 0.[ 611750, » t€I0, T].

The possibility of choosing a uniform C is seen as follows: Using
(NS 1) we get by scalar multiplication of our equation for u, with u,

[08) [0y + 2 | 1700 250,07
=[O s 10l 387 + 1811y » e[, 1065
Thus we see that we can bound the L'((0, T))-norm of [[Fu,(¢)|[’.,

and the L=((0, T))-norm of ||u,(#)|,. , independently of . Combining
this with the previous inequality we see that

1.8)  ||Ue,() — Uo,®)|l,200) = 10, — o] W, [D[l1200y » N Flleomyy )

On using the lemma proved after Remark 1.8 below we get
[ 108) = i, 8t + e85 5uD [l 8) — w1
7 a® = w1t + | 190 — o0t
= o) (1o, = ol 1FO1 0t + 10, — a.] 151]E
o (Pt (&) = ey P 8] )

We have by Soboler ([1], p. 27)
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([t Pty () — oy Vo, (E)|] 2,0
= ”ua1 Vual(t)”LZ(g) + ”u Vuaz(t)”LZ(()) ’
S o)l {toy |7 [ 2ggy + 11700, [H 42 ] 1o g
120280, (8) 200, »
< c(n)(|] [ Uo, — o, "] 12 gy + |1 17Uy — Pty |2/, )
+ 1 o, [T || gy + 11700, [ g)
< e(ny, Dty — s |lo,2 || 8o, — ua 1132 4,
+ [[ttoy — U, s,z [[ua, — o, [[Fa7
w0 [ ] gy + 1 Pt [ 2] )
Thus we see that in view of (I.3) u,, can be estimated as in part
2 of the definition of X* if [0, — 0, =0 = o(n, v, &, [[fl 200,
l|#1l,20,). Observe that ¢ does not depend on g,. Now we want to
prove that [0, o, + 01N 2* = [0, 0, + d]. Let z€[0, 1], o€]0, o, + d].
Let w be an element of W =~{wiw’ e L*((0, T), L¥2), weL*0,T),
H*Q)) n L0, T), H(R)}, (Tw, p,) the uniquely determined ele-
ment of V x L0, T), H{(2)) (cf. the lemma) with

(Tw) — va4Tw + w-Fw + Vp, = of ,
VeTw =0,
Tw(0) = o¢ .

Let {w,} be a sequence from K = {w|we W, esssuP,c<r ||w®)|,. +
[} @)t +§ llw(t)|[5.d¢ < 1} with

w,—~w' in LX0, T), L"2),
w,—w in LX0,T), H¥2).

By Sobolev we have
21 Ve
SQ \w, [ |Pw, — Fw, fdzdt < (g 2] 2q1(g)dt> :
r
T 2g /a2
([, 170, = P ) ™
= (] gt ) (] N, — walges 1w, — w,lgrgmt o,

T
= (S e, | Zqz%’l(m dt>l/q1 <S lw, — w,|[57"d¢ )1/"2”1 .
ST

( llw, — w H“’“’Wldt> o
0 v #llre

Here
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1,1 1
% 0 P P 2

1 1 a
= = l—a)———.
2+( )q 2

It is easily verified that we can choose ¢,, », @, D, ¢ in such a
way that the relations above and the following ones are fulfilled:
1<qg<6, (1— a)2q¢p, <6, a2¢,p, < 2. Now we have to observe
that HY(Q)c L*(2), p=1, with a continuous imbedding and that
HY{Q,) c LYQ;), g <6, with a completely continuous imbedding.
Since the term | |w, — w,|*|Fw.|* dedt can be treated quite similarly
T
we see thatg ]wawa —wJw,|}3,,dt—0, v, —co. So far we have
0
shown that 7' is a completely continuous mapping of W in itself.
Moreover, we have just proved that all fixed points of T, 0 <7 <
1, remain uniformly bounded in the norm of W. Schaefer’s fixed
point theorem now yields that [0, o, + 0] N 2* =[0, 0, + d]. Since
0 does not depend on ¢, we finally arrive at [0,1] = 3 = 3*. Thus
our theorem is proved.

REMARK I.1. The proof of Theorem I. 1 of course yields an a-
priori estimate for every strong solution (cf. the introduction of X*).
Probably 2 can be unbounded.

REMARK I. 2. Using the same method as in the preceding
theorem one can construct strong solutions to the Navier-Stokes
equations with the property

u'e L0, T), L"(2)),
ue L0, T), H>*(2)) N L*(0, T), H**(2)),
pe L0, T), H"*(2))

if feL?((0,T), L*Q), ¢ H**(@) N H*»(Q), p=2. The reason is
simply that

" ]| o, = e(m, D, D) |ulla [ w]2,
H qu i1+2/('n+2) “

= o(n, p, Dllull, |wll5" , we H»(Q),

LP(2) = 22 ?

and that we have estimates in L*-spaces corresponding to that of
our lemma (see [13], Ch. IV). An analogous result for semilinear
parabolic systems will be proved by a very similar method in the
next chapter. We want to state our a priori estimate for strong
solutions of Navier-Stokes equations in the following theorem:

THEOREM 1.2. Let T >0 be arbitrary. Let fe L*((0, T), L*(RQ)),
p =2, let pe H>*(Q)N H>*(2). Let ue L*((0, T), H**(2))n L*((0, T),
H»(@), weL (0, T), L*Q), peL*(0, T), H"*) and let (u, p)
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Julfill the equations
u —vdu+ubu+rp="fr,
Veu=20,
ul) =4¢.

Then the following o priori estimate holds:
|1 @) 108+ @20+ | 1701008
+ ess sup |60 1 = oL, D162, + [ 1A 25,002)

For p = 2 it is sufficient to assume that ¢ e H(Q) and [|ds0] t1 the
estimate above may be replaced by |||l ..

REMARK I1.8. Instead of boundary values 0 one can preseribe
boundary values a with ac W, V.a =0, Swa-ndw =0, where n is
the outer normal on 092.

We now prove the lemma mentioned in the proof of Theorem
I.1.

LeMMA. Let fe LX(0, T), L*}(2)), ¢ eH 2). Then there exists a
pair (u, p) such that weLX(0, T), H Q)N L0, T), H(Q), e
LX(0, T), LXQ)), pe L¥(0, T), HY(2)),

(1.4) u —vdu+Vp=*fF,
Fu=20,
u0) =¢,

and the following a-priori estimate holds:
or r
@) @ adt + ess sup l[u@®)ia + | liu) 2.t
s T
| 1@ 8t < o, m, @ (1l + | 1701, d8) -
PrROOF. Approximating p we see that

ST(Vp, wdt = 0 .

Thus scalar multiplication of (I.4) with u’ yields the desired «
priori estimate for

[ 1@ adt -+ ess sup a1 -
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Let us consider the Stokes-system
1.5) —vdu +Vp=—u +f.

Application of the results of §4, §5, Ch. III in [3] finally yields
the desired estimate and therefore the lemma.

REMARK I.4. It is evident, the lemma above implies that for
every feL¥(0, T), L*2)) and every ¢eﬂ‘(!2) with V.¢ = 0 there
exists a wunique pair (uw, p) with we L*(0, T), H*Q))n L=((0, T),
HY((2)), v e L0, T), L¥RQ)), pe L¥(0, T), H(2)) and (1.4), (1.4).

II. Parabolic System. In this section we want to carry over
our results from §I to parabolic systems in diagonal form. Let
T > 0 but otherwise arbitrary, let 2 be a bounded open set of R*
whose boundary is of class C*™ for an meN. For each pair of
multi-indices &, 8 of R* with |&|, |8| £ m, let functions

A [0, T] x 2 —C
be given with
Az eC0, T}, C™2),
(1/2) =¥ A= (t, ) e R .
Moreover we assume that

MigPmz 3, At o) =z M7 Ef, (¢ 2)e]0, T]xQ, seR*,

181=m
with a positive constant M. We set for p > 1
A,Bu = mZ DX Az @, 2)D%w) , we H™»(Q)n H™*Q) .
1,?1;2'

For our purposes it means no loss of generality if we assume that
Garding’s inequality

(A(Bu, w) = (2, m, n, M, |[| Az71], Azl ]l

holds with a positive constant ¢(2, m, n, «--).

Let f be a mapping from [0, T] X 2 X R* X R X «++ X R'"*n
(n, = number of multi-indices & with |&@]| =v) in R!, where [ is a
fixed number. f is supposed to have the following properties:

(F1) f is Lipschitz continuous and (¢, #,0, ---,0) =0,

(F2) gof(t, %, u, 7w, -, Pru)euds = 0, ue H™Q).
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In particular &, f(¢, Vu, ---, V™u) is supposed to be integrable for
uc H2), ane H™Q).

(F3) Sg(f(t, 2w, P, -, Pmu) — £(t, @, u, Vo, -« -, P™0))- (4 — v)ds
= —ellu — v, — e O)(jlullh, + llvih)llu — v,

for all ¢, 12 ¢>0, C = [[ullzq + [[V]]2-

(F4)

{lf(t, %, Doy ***, D ) é K(l + i Ipv|1+(4m—2v)/(n+2v)—l> ,
lapf# m =0
»=0,1,( »)el0, T] x 2, p,e R™ — {0},

p.= Dy 0 Do) -
As an example we can take the nonlinearity with components
(I1.1) @z, u, Vu, ---, Fmu) = w*|Fmu|, 121,
if we assume that » < 2m. If one uses the Sobolev-inequality
el = cln, m, Q) [[ulln. [lullzg,

with @ = n/4m = 1/2 the validity of (F3) for the nonlinearity (II.1)
can be shown in the same way as we did with (NS 2). As for
(F' 4) we have

lu | Prul| | < |u| [Fmu
= o(n, m)(Ju[Hmm 4 [Frulteim)
§ c(n, m)(]u|1+4m/n + ]Vmull+2m/('rl.+2m) + 1) ,

since 1 + n/dm = 1 + 2m/(n + 2m) if n < 4m.
Now we want to prove the main result of this section, namely.

THEOREM II. 1. Let geL®(0,T), L*(Q2)) for o« p=2. Let
b H™*(2)N H™2(2). Then there exists ¢ unique u with the follow-
ing properties:

u' e L0, T), L*(2)),

we L*((0, T), H™»(@)n L0, T), H™»(Q)),
u(0) =,

u + Au + fit,u,Vu, ---,F™u) = g .

Proof. Since the proof is very similar to that of Theorem I.1
we only sketeh it. X, ¥* can be introduced as in Theorem I.1.
The decisive point is of course the estimate of u,, —u,, 0,>0,¢
X*., Application of Theorem 10.4, Ch. VII in [4] yields:
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[ 12, = i ®) 120088 + | 11200 ®) = 20,8l
< e(n, m, 2, 0, M, T, || Az ll, -+, 17=As11, 1l Azl

T
X ([ s Pty o, 7w g8

T
+ So”f(t, U,,, Vu,,z, ) Vmu02> ”I;p(mdt + !Gz - 01Ip§ Hg(t HLp(o)

10, = 0117 [Bloms ) -
As in Theorem I.1 we can prove that

MD  unl®) = 4O g = 0w = le( | 10t

@1l 20 25 1y my, M, ||| Az 111, [ITAZF L -
Moreover

T
[, Uy Pty =, Pr) 7508
m T
= ¢(K, p, n, .Q)(l + Z g IHVV(uaz(t) ual(t))]wum 20)/ (n+2v) Hme)dt
+ i S ” “7uu (t)ll+(4m 2v) /(n+2v) ”Lp(g)dt> .

Since (cf. [1], p. 27)

H qu(uag(t) uul(t)) jx+(4m 2v)/(n+2v) HLp(_Q)
=< e(n, m, 2, P)|| o, (t) — o, (8) [13m, || o, (D)o, (8) 13558,/

we see that for |o, — 0, sufficiently small (the bound does not
depend on o,) the norm

[ ®) = D)0t + [ l1t) = o8 20t

can be estimated a priori. Thus the rest of the proof can be com-
pleted as the corresponding one in Chapter I.
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