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The Navier-Stokes Equations in Space Dimension Four*

Vladimir Scheffer
Department of Mathematics, Stanford University, Stanford, California 94305, USA

Abstract. Solutions to the Navier-Stokes equations in four space dimensions
are continuous except for a closed set whose three dimensional Hausdorff
measure is finite.

Section 1. Introduction and Notation

In this paper we will prove Theorem 1.1 below. The terminology and notation in
the statement of this theorem are explained in the remainder of this section.

Theorem 1.1. Let v:R*—R* be a measurable function such that {|v(x)|*dx < oo and
div(v)=0. Then there exists a measurable function u:R* x (0, 00)— R* such that

| flu(x, 0)*dxdt < o,
0

u is a weak solution to the Navier-Stokes equations of incompressible fluid flow with
initial condition v, and the following property holds: There exists a set
ACR*x(0, 00) such that

a) AN(R* x [e, o0)) is compact for every &>0,

b) the 3-dimensional Hausdorff measure of A is finite, and

¢) the restriction of u to the complement of A is a continuous function.

Notation. Hausdorff measure is defined in Section 2 (Definition 2.8). If X and Y are
euclidean spaces then C*(X, Y) is the set of all infinitely differentiable functions
from X into Y, and CP(X, Y) is the set of all functions in C*(X, Y) with compact
support. If f is a C* function defined on an open subset of R* x R (R* should be
thought of as space and R as time) then D,f, D, f, and D,;f are the partial
derivatives (8/0x,) f, (0*/dx;0x ;)f, and (03/0x,0x ;0%,)f with respect to the variables
Xy, X,, X3, X, Of R*. The partial derivative of f with respect to the R variable of

*  This research was supported in part by the National Science Foundation Grant MCS 75-23332-
A02

0010-3616/78/0061/0041/805.60



42 V. Scheffer

4x R is denoted by D,f (the time derivative). We also set Af = Z D,f=Dyf

i=

(repeated indices are always summed), div(f)= Z D,f;=D,f;if the range of f isR*,
and V{f)=(D,f,D,f. D;f, D, f). Note that the tlme derivative is not included in the
definitions of 4, div, and V. Analogous definitions are made for functions with
domain R*. If v:R*-R* is square integrable then div(v)=0 is interpreted in the
distribution sense. We also set [a,b)={t:a<t<b}. Closed and open intervals are
denoted [a,b] and (a, b), respectively.

Suppose v:R*—R* is square integrable with div(z)=0. A measurable function

oD
u:R* % (0, 00)—>R* satisfying | fu(x, 1)|*dxdt< oo is called a weak solution to the
O

Navier-Stokes equations of incompressible fluid flow with initial condition v when
(1.1) and (1.2) are satisfied:

}Ofui(x, OD;d(x, )dxdt=0 if ¢eCP(R*xR,R), 1.1
0
[oc0bie, O)dx + | [, XD+ Ads)(x, Dxdt
0
T Juc, o, O ,0x, 0dxde =0 i peCH(R® x R, R*), div(g)=0. (1.2)
0

Observe that Holder’s inequality, the integrability of [u|*, and the integrability of
|v]? imply that the integrals in (1.1) and (1.2) make sense.

If aeR* and O<r<co we set B(a,r)={xeR*:|x—a|<r}. f X is a measure
space and Y is a euclidean space then LP(X,Y) is the Lebesgue L? space of
functions with domain X and range Y. The L” norm is denoted || H The norm | |
is always euclidean norm. If f'is a C* function defined on an open subset of R*xR
or R* then V f (see above) will also be denoted Df. In addition, D*f and D3 f will
be the vector valued functions with components D;,f and D,,f, respectively
(i,j,ke{1,2,3,4}). If ¢eCPX,Y) (see above) then spt(¢) is the closure of
{x:¢(x)=0}. If f is a function defined on a subset of R* x R and g, k are functions
defined on R* then we set

(f*k)(x, 1) = [ f(y, Ok(x— y)dy,
(g*k)(x)= [ g(y)k(x — y)dy

whenever the integrals make sense. If 0 <t < co we define H,: R*—R by

H,(x)=(4nt)~ 2 exp(—|x|?/41). (1.3)
If t has a complicated form we will write

H[{]=H,. (14)
We also define K:R*—{0}—R by

K(x)= —(4n?|x}*)" 1. (1.5)
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An absolute constant is a finite positive constant that does not depend on any
of the parameters in this paper. The symbol C will always denote an absolute
constant, and the value of C may change from one line to the next {e.g. 2C<C).
The symbols C,,C,, C,,... will also denote absolute constants, but their values
will not change in the course of the paper.

We fix v satisfying the hypothesis of Theorem 1.1 and set

L =[lv(x)]dx. (1.6)

See [473, [5] and [6] for theorems on the Navier-Stokes equations in 3-di-
mensional space. This program was inspired by the work of Mandelbrot [3]
and Almgren [1].

Section 2. Preliminary Results Involving Haunsdorff Measure

Throughout this section we fix a positive real number D and functions f and f, in
L3R* x [0, c0),R*) for ne{1,2,3,...} such that I£,13<D and the sequence f,
converges to f weakly in L3.

Definition 2.1. If aeR* 0<b< oo, m is an integer satisfying 27 ?"<b, and
ne{l,2,3,...} then we set

A(a,b,m,n):2"‘( i jlf,,(x,t)P(lx—a]+2“’”)“5dxdt), 1)

b—3-2m Re

B(a,b,m,n)=26"'( } ] |f,,(x,t)|3dxdt>. (22
b—3-2m B(a,2-m)

Definition 2.2. Whenever 0<M < oo the following statement will be known as
property P(M): If n;,n,, n,, ... is an increasing sequence of positive integers, p and
g are integers, p<q, ac R*, 0<b< o0, and 27%? <p then

liminfB(a, b,q,n,)

k— 0

q—1 3/2
=M (lim inf (A(a, b,p,n)+ <2"’A(a? b,p,m)+ . 27 ™B(a,b,m, nk)> )) .

k=~ o0 m=p

From (2.1) and (2.2) we conclude that there exists an absolute constant C, such
that

Bla,b,m,n) = C,(A(a,b,m,n)). (2.3)

We use C, in the following lemma:

Lemma 2.3. For every positive real number M there exists ¢>0 such that the
following holds : If property P(M) is satisfied, ac R*, 0<b< 00, p is an integer, 2~ *?
<b, and

liminfA(a, b, p, n) <237 2.4

n—o
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then
liminfB(a,b,q,n)<e(M +C, +1)2°7 (2.3)

for all integers q satisfying g=p.
Proof. We choose >0 such that

M(1+2M+C, +1)¥2? Z¢. {2.6)
There is an increasing sequence ny, n,, 15, ... of positive integers such that
liminfA(a, b, p,n)= lim A(a,b,p,n,}. 2.7)
n—ow k—w
Using the Cantor diagonal process and passing to a subsequence, we may assume
lim B{a,b,m,n,) existsif mzp. 2.8)
ko0

It suffices to prove

lim B(a, b, m,n,) <e(M +C, +1)2°7 2.9

k—

if m= p. We proceed by induction on m. If m=p then (2.9) follows from (2.7), (2.8),
(2.3), and (2.4). Now suppose that (2.9) holds for m=p, p+1,...,g—1. Then from
{2.8), property P(M), Definition 2.2, {2.7), (2.8}, (2.4), and (2.6) we obtain

hm B(aa ba 4d, nk)

k=

a1 3/2
M (lim inf(A(a, b,p,n)+ <2_PA(a, b,p,n)+ > 27™B(a,b,m. nk)) ))

k— o0 m=p

=M( ]im A(aa b9 D, nk))

k- o

g—1 3/2
+M <2_p(lim Aa, b, p, nk)) + 3 2_m<1im B(a,b,m, nk)>>
k-0

k— o0 m=p

g~1 32
§M823P+M<2_p823p+ Y 27me(M+C, + 1)23">

m=p
<Me23% 4+ M(g227 + 277 1g(M + C, + 1)277)%2
=Me23 + Me*2237(1 + 2(M + C, + 1))¥2 S Me2?? + 237 <e(M + C,+ 1)2%7.
The lemma has been proved.

Lemma 2.4. There exists an absolute constant C, with the following property: If
acR* 0<b< o, pis an integer, and 27 2P*2 < b then

A(C7 da p: n) é CZ(A(a’ b: p - 17 n’))
whenever ce R*, |a,— ¢ | <2777 for ie{1,2,3,4}, and b—2"*?<d<h.
Proof. This follows easily from (2.1).

Definition 2.5. Let p be an integer. We let Z(p) be the collection of all points
(a,b)e R* x [27 27" 2, oo) which satisfy the following: a=(i,27%,i,27%,i,277,i,277)
where i,,1,,15,i, are integers, and b=j2"2? where j is an integer satisfying j>4.
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In the following lemma we use the function f given at the start of this section.

Lemma 2.6. Suppose M is a positive real number, property P(M) holds, ¢ is as in
Lemma 2.3, p is an integer, p 20, (a, b)e Z(p),

liminfA(a,b,p—1,n) S C; *e2°7

(see Lemma 2.4), and
O={{c,deR*xR:ja,—c|S277" 1 for ie{l,2,3,4}, (2.10)

and b—2"*?<d<b}.
Then |f(c, d)]* S Ce(M + C, +1)2%” for almost every (c,d)e Q.

Proof. From Definition 2.5, Lemma 2.4, and the hypotheses we obtain

liminfA(c,d, p,n)< C, ( liminfA(a, b, p— 1, n)) <2

n— oo

if (¢, d)e Q. Hence Lemma 2.3 yields
lim infB(c, d, g, n) Se(M + C, + 1)2°7

if gz p and (¢, d)e Q. Hence (2.2) and the assumption that f, converges to [ weakly
in L? imply

26"( ? ) {f(x,t)l3dxdt>§s(M +C, +1)2°7 (2.11)
d

—~ 2724 B¢, 2”4
if ¢ is an integer, g=p, and (¢, d)e Q. We set
Q' ={(y,s)eR*xR:ja,—y|<277"! for ie{l,2,3,4}, (2.12)

and b—2"?P<s<b}.

Let (y,s)e Q. Choose an integer ¢’ such that ¢'=p, |a,—y|+2"7<27771 for
i€{1,2,3,4}, b—2"?P<5—27% and s+277<b. Let g be an integer such that
gzq. We set

Q,={(x,)eR* x R:[x—y| <279, (s+/27 24~ 2 M < (<5427 %) (2.13)

whenever j is an integer and 1—291<j<2% We also set

Q" ={(x,HeR* X R:|x—y| <274 |s— | <279} . (2.14)

From g=q 2 p=0 we conclude that 124 and 2¢ are integers and satisfy 1—2¢
< 2% Hence (2.13) and (2.14) yield

| |f|3=Z([ !f|3> where the sum is taken over 1—29<j<29, (2.15)
Q" i \Q;

i \Q

Using (2.15), (2.13), (2.11) with (¢, d)=(y, s +j2 %), the properties of ¢/, and (2.10)
we obtain

264( i f13> <29 )M+ C, + 1)257. (2.16)
>
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For every r>0 we set
B(y,s,r)={{x,0)e R* x R:]ly—x|? +|s—t|> <r?} 2,17

and we let m be the Lebesgue measure on R*x R. From (2.17) and (2.14) we
conclude B(y,s,2”9CQ". Hence (2.16) and (2.17) yield

(m(B(y,s,Z_q)))'l( | |f|3) SCe(M+C,+1)2%, (2.18)
B(y,s,279)
Since |f]? is an integrable function, (2.17) yields
lim (m(B(y,s,27))" 1( I !3) =f.s)P (2.19)
4w B(y,s, 279

for almost every (y,s)eQ". Now (2.18), (2.19), and the fact that @’ is almost all of Q
yield the conclusion of the lemma.

In the lemma below we use Definition 2.5 and the number D that was fixed at
the start of this section.

Lemma 2.7. There exists an absolute constant C, which satisfies the following : If p is
an integer then

Y. liminfA(a,b,p—1,n) < C32°D.

{a,b}eZipy n—®

Proof. For each (a,b)e Z(p) (see Definition 2.5) we define ¢, ,:R*x [0, 00)>R by
boy6 )=(x—al+27F" )75 if b—272P"2<t<p,
P, (%, 0)=0 otherwise.

We have

Z qba,b

(a, b)eZ{p)

C2%%.

s

From (2.1) we obtain
Ala,b,p—1,m)=2""1([1£,1*$, ,) Hence
> Ala,bp—1Lm=C2%%l £ I3<C2%D.

(a,b)eZ(p)

The conclusion follows from the inequality liminf(a,)+ liminf(b,) Sliminf(a,
+b,).
Definition 2.8. For any nonempty subset B of R* x R we define

diam(B)=sup {(ja—c|*+|b—d|*)*?:(a,b)eB and (c,d)eB}.

Let 4 be a subset of R* x R. For every 6 >0 we define ¢;(4) to be the infimum of all
numbers of the form

i @321 diam(Ai))3 ,
i=1

el
where A, is a nonempty subset of R* x R, AC { J 4;, and diam(4,)<4J. Observe that
i=1
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dA)z¢,(A4) if 6<=n. This allows us to define H 3(A):(lsi_1)r(1)(j)é(A). The number

H?*A) is called the 3-dimensional Hausdorff measure of A. There is an extensive
treatment of Hausdorff measure in [2].
Lemma 2.9. Suppose p is an integer, p=0, M is a positive real number, property
P(M) holds, and ¢ is as in Lemma 2.3. Then there exists a set A, such that

1) A,CR*x[3(27??), 0) and A, is compact,

2) ¢,(A4,)<Ce™'D if 62517277,

3) 1 OP S Ce(M+C+1)2% for almost every (x,t) that satisfies the con-
ditions (x,)e R* x [3(27??), o0) and (x, )¢A,,

Proof. For each point (a,b)e Z(p) (see Definition 2.5) we set
Q(a,by={(c,d)eR* xR:la,—¢|<27771 for ie{1,2,3,4}, (2.20)

and b—2"??P<d<b}.
From Definition 2.5 we obtain

w{0(a,b):(a,b)e Z(p)} = R* x [3(27 %), o0). (2.21)
We set
Y(p)={(a,b)c Z(p) :Iiniian(a, b,p—1,m=C; 1e237} (2.22
A,=v{0(a,b):(a,b)e Y(p);}. (2.23)
From (2.22) and Lemma 2.7 we obtain
(cardinality(Y(p)))C; *2°? =( b)ZY C;te2?r (2.24)
a,b)eX(p)

< Y liminfA(a,b,p—1,n)

(a,b)eY(p) P70

< Y liminfA(a,b,p—~1,n<SC;2D< 0.
(a.b)eZ(p) n®
We conclude from (2.24) that Y{(p) is a finite set. Combining this with (2.20) and
(2.23) we obtain that 4, is compact. This fact and (2.21) yield part 1). From (2.20)
and p=0 we conclude (see Definition 2.8)

diam(Q(a, b)) =(4(2~27)+ 2~ *P)t2 <5120 p, (2.25)
Combining (2.24) and (2.25) we obtain
Y (4/3)n(2” diam(Q(a, b))* <Ce™'D. (2.26)
(a,b)eY(p)

Now the countability of Z(p), (2.23), (2.25}, and (2.26) yield part 2) of the lemma.
From (2.21) and (2.23) we obtain

(R*x [3(2777), 0))— A, C U{0Q(a, b):(a, b)e Z(p)— Y(p)} . (2.27)
Take (a, b)e Z(p) such that (a, b)¢Y(p). Then (2.22) yields
liminfA(a, b,p—1,n) < C; *e2°7.

n—-w
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Hence Lemma 2.6 and (2.20) yield
[fC, P SCe(M+C, +1)2°  for almost every (x,1)eQ(a, b) (2.28)

if (a, bye Z(p)— Y(p). Finally, (2.27), (2.28), and the countability of Z(p) yield part 3)
of the lemma.

Section 3. Estimates on Vector Fields

Throughout this section we fix a positive real number { and a C* function
w:R*—>R* such that div(w)=0, f|w|]*< oo, and [|Dw|*< co.

Lemma 3.1. | jw]> <C(f IDw|*)([Iw|*)!/2.

Proof. The Schwarz inequality and the case n=4, p=2, g=4 of [7, Line 9, p. 127]
yield

WP = WPl = (w2 w32 < CEIDwINfTwl )2

Lemma 3.2. If aeR*, t>0, and t'? <r< oo then (see (1.3))
flow= H))P(1x = al+7) 7 dx S C([ [w(x)*(x — al +7) " 3dx).

Proof. For every i€ {0,1,2, ...} we define h;:R*—R as follows: If i >0 then hy{x)=1
for every xeB(0,2'r)—B(0,2"" 'r) and h(x)=0 otherwise. We set hy(x)=1 if
x€ B(0,r) and hy(x)=0 otherwise. For every i we use Young’sinequality to obtain

§How=H )PP (I —al +7) " >dx

gc(i { iw*chil3(2jr)_5)

j=0 Bla, 277

gc(ji < f |w}3(2jr)_5) HH,thf)

j=0 \B(a,2/r +2ir)

gc( Z ( { |w|3(2fr)—5) ||chi|lf>

j=0 \B(a, 2i* 15)

+C( i< ) {W;S(zfr)“S)IIH,hin;)

j=i+1 \B(a,27*1r)

;c( f 1w;3(ziry525i) IH I3

B{g,2i* 15}

=i+1

gc( i ( | [w|3(2fr)‘5>25"HH,hiH i)

i=0 \B(a,2/*1p)

< C(fwx)P(x—al+7r)~3dx)2% 1 H Az, 13 . (3.1
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We define a measure m on R* by m(E)= [ (|x — a| +r)~*dx. Minkowski’s inequality
E
and (3.1) yield
(Jlw= HYCP(x — al+7) " dx)t? = (flw=H [*dm)' (3.2

< 3 (fweHofdm)

(Hlw#Hh)(x)*(x ~ al +7) " dx)'

I
el
Dagiae

S C(fwx)(x—al+r)"3dx)*? ( i 253 5 b 1).

i=0

From t*/2 <r we obtain Y. 2573| H,h,| | < C. This inequality and (3.2) complete the
i=0
proof of the lemma.

Definition 3.3. We define f:R*—R* by f{x)=(w,* H)(x)D w{x). We obtain
I, < lwsHA IDwl, < lwl 1= IDwll, < oo (3.3)

It is elementary that every ¢eCZP(R* R*) has an orthogonal decomposition
(consisting of a divergence free vector field and a gradient vector field) ¢ = ¢’ + ¢"
in the Hilbert space L*(R*, R*) where [see (1.5)] ¢" =(Vdiv(¢))*K =div(¢)+FK [so
that A¢” =Vdiv(¢)]. We conclude

I —(7div(g)=K)l, =lg'l, <ol
Hence we can use (3.3) to construct geLz(R“L, R*) such that (3.4) and (3.5) hold:

Iglh, £, (3.4

fg:0=[1 (¢~ ("div($)+K)) if $eCFR*R?). (3.5
Lemma 3.4. If aeR*, (V2 <r< oo, pe CP(R* R), and spt(¢)CBla,r) then

If 9w x)(x)dx]

<CIpgl  +r~ il yr3(f W) (x — al + 1)~ *dx).
Proof. We define J:R*—R by
Jx)=(x—a+n~">. (3.6)

Let £>0 such that 4e<r and de<r~ 1. We consiruct C* functions o, §, y' with
domain R* and range [0,1] such that the following conditions are satisfied:
Z(x)=1 if xeB(0,¢), o'(x)=0 if x¢B(0,2¢), ellDarll  +e2lD%ll  =C, fx)=1 if
xeB(0,r), B(x)=0 if x¢B(0,2r), rlDB Il +r2ID2p 1 + 2D <C, y(x)=1if
xe B0, 1Y), v(x)=0 if x¢B(0,2¢™Y), e~ Dyl 4+ 2ID¥y ] +e 3Dyl <C.
We define functions «, f, y, 6 with domain R* and range [0, 1] as follows: a=0o,
B=p—o,y=y—pf,=1—7. We have

atB+y+o=1, (3.7)
lakll, <Ce?, DX pK))| = C(lx]+7) 73, IDEK), < Ce. (3.8)
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Since 4K (x) =0 for every x+0, we have 4(fK)(x)=0 for every xe B(0,#)— B(0, 2¢).
We conclude

lABK) =C. (3.9)

We use Definition 3.3, div(w)=0, the Schwarz inequality, Young’s inequality, and
(3.8) to obtain

If £:D(div(we)xaK)
= ijiDi((Wij¢)*“K)]
= {j fi(Di(Wijé)*c{K)}
<l 71l ID(w,D ¢k,
<l i, Ipwp ), ekl
sclifl,dpwl, ipgl , + Iwl, ID2gll )62 . (3.10)
We use Definition 3.3, div(w)=0, spt{¢)C Bla,7), spt{B)C B(0, 2r), and the genera-
lized Holder inequality to estimate
U‘ fiDi(diV(W¢)*ﬁK)I
= I_[ (Wj*Hg)DjWiDi((Wka¢)*ﬁK)l
= 15 (Wj*H g)WiDi j((Wka¢)*ﬁK)l

5 (Wj*Hg)WiDij((WkaQb)*ﬁK)}
Bla,3r)

éZ( f 1w*HgP)“3( § 1w13)”3I!Dij((kakgb)*ﬁK)lly (3.11)

i, j\Bla,3r) B(a,3r)

From Lemma 3.2 we obtain

§ o wskH P Cr3(f|(wxH) (X)) (1x — al+ 1)~ *dx)

B(@,3r)
SCr(f )P (Ix —al+7) 2 dx). (3.12)

We also have
I P ZCr(fiwx)P(Ix—a] + 1)~ dx). (3.13)

B(a,3r)

Now [7, Proposition 3, p. 591, spt(¢) C B(a, r), spt(B) C B(0, 2r}, Young’s inequality,
and (3.9) yield

1D, (WD d)*BK) 3 < Cll A{(w, D, )R 5 = Cliw, Dy ABK)I 5

<ClwD ol B, < Clw,D, ol g.c( { !w!3>”3 Dol ,

Bla,r)

<Cr3BIDgl  ( wx)*(Ix — al + 7)™ 3dx)'/3. (3.14)
Combining (3.11), (3.12), (3.13), and (3.14) we obtain
If f:D{div(we)=BK) < CrélDll ([ w3 (x —al +7)~%dx). (3.15)
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From Definition 3.3 and the hypothesis div(w)=0 we obtain

I £:D{div(we)+yK)|
=] Ow<H)D jw, DDy (w,$)+7K)|
= U (Wj*H{)WiDijk(Wk¢*?K)|
=If (wpxHw{(wid=Dy (yK))I. (3.16)
Now (3.8), spt(¢)C Bla, r), and Hblder's inequality yield

(w, @Dy K)(x)|
=1{ W) Dy K (x — y)dy|
SCIwdWMI(x—yl+71)7>dy)
< C(fIw)Wldy)(sup {(x— yl+7)"°:ye Bla,7)})

=cligll w(g(j ) lW(y)ldy)(|X~— al+r)~*

§C||¢“oo( ] IW(y)I3dy>1’3( ] (1)3’/2)2/3(|x—a|‘H)’5

Ba,r) Ba,r)

éCH(ﬁ“m( j‘ 'W(y)l3dy)1/3r8/3(|x_a|+r)—5

B(a,r)
<Clgl r >R WPy —al +1) 73y 3 (x —al +1)7°. (3.17)
Combining (3.16), (3.17), and (3.6) we obtain
If £:D{div(wg)yK)
= Cllpll ,r33(§ WP Iy ([ 1w H ) (x)| w(x)lT(x)dx) . (3.18)
Furthermore, the generalized Holder inequality, Lemma 3.2, and (3.6) yield
§IwsH ) ()l Iw(x)lJ (x)dx
= [ (wsH) G (TN WO (T () ) () ) dx
S (J w=H) )P Jx)dx) 13 (f wla)l® J(e)dx) 2 (f Jx)dx) 2
S C(J W) J0e)dx)* ([ T (x)dx)* 3

SCr3(f Iwx)|? J(x)dx) 3. (3.19)
Combining (3.18), (3.19), and (3.6) we obtain
If £:D{div(wg)xyK)| S Cligll r*(J Iw(x)]>(x — a] +r)~ >dx). (3.20)

We use div(w)=0, the Schwarz inequality, Definition 3.3, (3.8), and Young’s
inequality to estimate
If £:D{div(we)+6K))|

= U fi(Wka¢*Di(5K))l

<l lwDp+DEK)
<l 71, Ilw,D,¢ll, I DEK)I,
< CllwsH,l, IDwll,, Iwll, [ D@l s
<Clwl, =], IDwl, llwl, 1Dl e (3.21)
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Now we use (3.7), (3.10), (3.15), (3.20), (3.21), (3.3), Iwl,<o0, IDWl, <0,
IH, I, <00, $eCP(R% R), and the fact that & can be made arbitrarily small to
conclude

I £:D{div(we)+K)

<c(Ipgll, +r= gl r3(f [wx)2(x— af +r) " 3dx). (3.22)

Using Definition 3.3, div.(w)=0, spt(¢)C B(a,r), Holder’s inequality, (3.12), and
(3.6) we find

Ij‘ fwidl= H(Wj*Hg)(DjWi)WiCM =(1/2)U (W,-*Hg)D,-({Wiz)éf)I

=(1/2)IJ(W,~*Hg)IWIZD,¢I§(1/2)< § IW*HAIWV) IDgll,

B(a,r)
<(1/2)Ipglt (3(55, ) wsH, ‘3)1/3 (B(g ) tw[3)2/3

< CID@ll 3 (§ W) BT (x)dx) P rio3(f [w(x)[2J (x)dx)*3
=CIDll ([ wx)IP(jx—al+7) " 3dx). (3.23)

Finally (3.5) (with ¢ replaced by w¢), (3.22), and (3.23) imply the conclusion of
Lemma 3.4.

For every ne{l,2,3,...} we set r,=n{'? and construct a C® function
¢,:R*—>[0,17 such that ¢, (x)=1 if xeB(0,7,/2), ¢,(x)=0 if x¢B(0,r,), and
ID$,l,<Cr;t. Lemma 3.4 (with a=0) yields

[f gwi | < Cr w3 (3.24)

From Lemma 3.1, lwl, <o, and IDwll, <o we conclude wl, < oo. We also
have ge L*(R*, R*) (see Definition 3.3) and we L3(R*, R*). Hence we can take the
limit as n— o0 in (3.24) and conclude

{gw;=0. (3.25)

Lemma 3.5. Suppose acR*, p is an integer, t is a real number, { <t<27 2%,
a:R*—>[0,1]is a C* function, a(x)=1if xeB(a,2" 7~ 1), u(x)=0if x¢B(a,2"F), and

IDall , 272, Then
1§ 9. COH,(x — @hax)dx] < C(f ()P (x —al + £/2) 3d).
Proof. We define k by the properties
27Ty <272H | is an integer . (3.26)

The hypotheses imply p<k. For every integer j satisfying p<j <k we construct a;
as follows: We set o, =a; if p<j<k we choose a C* function o;: :R*—T0,1] such
that a(x)=1 if xeB(a,2777"), o(x)=0 if x¢B(a,27), HDoc I, <272 We define

¢, -R*55R as follows:
oxy=H(x—a)le(x)—o;,,(x)) if p<j<k
(X)) = H (x— @) (x) .
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From (3.26) and the hypotheses we conclude 277" 227% 1 >(2)H2 > (V2 if
p<j=<k. We also have spt(¢;)CB(a,277*1). The last two statements and Lemma
34 yield
I g, (x)H (x — a)oux)dx]
k
< Y [ glmx) ]
i=p
k
< Y clpgll, +27 gl 273 S(fwx)Px—al +27 1) 3dx).  (3.27)
j=p
We have
0<H,(x) < CE/%(|x| +£/2)~ 5, |D(H,)(x)] < Ct3(|x| +£1/2) 6. (3.28)
We also have

spt(o;—a;, )CB(@,27)~B(a,2777%) if j<k,

3.29
spt(,) CB(a,27%). (3.29)
From (3.26), (3.28), and (3.29) we conclude
O<H[(x—a)<C2%7* if xespt(y;—o;,;) and j<k,
O0<H(x—a)sC2* if xespt(a,),

ID(H)(x—a)=C2%7* if xespt(r;—a;,,) and j<k,
IDH)(x—a)| C2%* if xesptly,).
From (3.30) and the properties of o; we obtain
IDpll o +217 I, < C297% if p<j<k. (3.31)
Now (3.27), (3.31), and (3.26) yield
If g.Cywi0)H (x — a)oux)dx|

= i CU M w()P(Ix—al +2777 1) *dx)

=p

= i C2 K[ W) (x —a] +27%) " *dx)
Jj=p
SC( wx)P(x —al +27%) 7 %dx)
SC(J )P (x—al+112%)"dx).
The lemma has been proved.
Lemma 3.6. If 0<t<o0, feC™(R*R), [|f1*< o0, and {|Df|* < oo then

I f—(f«H),<ce?lipfl, .
Proof. Define g:R* x (0, «0)— R by g(x, s)=(f*H,)(x). The relation D,g = Ag yields

(f*H)(x)— f(x)= (f) D,g(x, s)ds = 3) Ag(x, s)ds

= g D (f*H )(x)ds = g (D,f+D,H )(x)ds.
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Hence Minkowski’s integral inequality and Young’s inequality yield

(JI(f*H,)(x)— f(x)|2dx)*?
= (f ii (D fDH)()s| dx)

(f I(D, f+D,H )(x)[2dx)"/2ds

=

lIA

QO ey o (D Sy

IDfl, IDH, |l ds=ID fuz(j (Cs””z)ds> —clpfl .
(]

Section 4. Estimates on Approximate Solutions

Throughout this section we fix positive real numbers { and d such that (see
Section 1)

d<¢ dLIHI3<1. 4.1)
Definition 4.1/. We use induction to define functions v~ %, v°, 0%, v°, ... such that
v*e LAR*,R*) and

lol2< L, div(v¥)=0. 4.2
We set v™ ' =v (see Section 1). Suppose that k=0 and v*~*e L%R* R*) has been
defined so that (4.3) holds:

lo= 2 <L, div(e* ™) =0. 4.3)

We will define «* with the aid of several auxiliary functions. Let
u¥ :R* x [kd, c0)—>R* be given by v*{(x, kd)=v""1(x), v (x,kd+t)=("*"1+H)(x) if
t>0. Let wF:R*>R* be given by wHx)=u(x,kd+d). The relationship
D (u¥)= A(u*) implies

kd+d
hweli2 = llvk*lllg—z( { [1Duk(x, z);%kd:). (4.4)
kd
Similarly, the relationship D(Du*)= A(Du*) implies
kd+d
I Dw#l2 = {|Dukx, t)lzdx—2( { (1D (x, s)lzdxds> (4.5)
H
for all te(kd, kd+d). Averaging (4.5) over t and summing over i we obtain
kd+d
”Dw"”§§d”1( { [IDu(x, t)lzdxdt). (4.6)
kd
From (4.3), (4.4), (4.6), and the definition of w* we conclude that w* satisfies
lweli2 <tz L, 4.7
IDwHI2 <@d)y~ Il 2 <2d)~ L, 4.8)

wke C*(R*,R*) and div(w*)=0. 4.9)
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Hence we can replace w by w* in Section 3 and construct functions f* and g*
corresponding to f and g in Definition 3.3. We set

v =w*—{d)(g"). (4.10)

In order to complete the inductive definition, we must show that (4.2) holds. Using
{(3.4), (3.3), (4.7), and (4.6) we obtain

Plgili <al 12 < d? w2 H 21 Dw#l3 <a? LI H 121 Dw*l1
<dLlH |l (kdf ’ {IDu¥(x, z)|2dxdt) . (4.11)

From (4.10), (3.25), (4.4), (4.11), and (4.1) we obtain

o412 = w12 + a1 ¥l 2

= nuk—llig—z( ) ’ {IDu(x, t)lzdxdl) +d?llg*l2
kd
ki+d

<l = U3— | [IDuk(x, t)|dxdt. (4.12)

kd
From (4.12) and (4.3) we conclude
o2 <llo*—t2< L. (4.13)
If peCZ(R*%,R) then (V div(V¢))«K =V (4¢*K)=V¢. Hence (3.5) yields [g* V¢
=0. We conclude div{g¥)=0. Combining this with (4.9), (4.10), and (4.13) we obtain

that (4.2) holds. The definition of the v* is complete.
We define u:R* x [0, o0)—R* (this is not the u in Theorem 1.1) by

u(x,)=u"x,t) if kd<t<kd+d. (4.14)
From (4.2) and (4.12) we conclude

Of {IDu(x, t)*dxdi < L. (4.15)
0

If t > kd then the property |[u¥(x,1)|?dx < llv*~* |2 follows in the same way as (4.4).
Hence (4.2) yields

flux, )% dx<L forall =0, (4.16)

The argument in the proof of Lemma 3.1, (4.15), and (4.16) yield

o

§ flutx, O dxdr

(4]
<C (Of (f1Du(x, 2dx)(f u(x, z)|2dx)1f2dt> <CL¥?. @.17)
0

Definition 4.2. In Lemmas 4.3 and 4.4 we fix ac R*, 0< b < oo, and integers p and g
satisfying p<gq, 2727 <b, and d <2727~ 2, We construct C* functions o :R*—[0,1]
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and B:R—[0, 1] such that a(x)=1if xeB(a,27 77 "), a(x)=0 if x¢B(a, 27 7), NDocHw
<2°%2 ID2all < C227, B(t)=1 if t=b—2"22"2, B(t)=0 if t<b—272P+d, and
l(@/ot)pll , < C2%2. We define ¢p:R* x [0,h]—R by [see (1.4)]

olx, )y =(H[b—t+ 272 )(x — a)ux)B(). {4.18)

We have (D,¢p + Ad)x,1)=01if |x—a| <2777 " and b—272?"2 <t <b. From this we
conclude

ID,¢+A¢ll, <C2°. (4.19)
We also have
ol ,=C2%. (4.20)

Lemma 4.3. Ifke{0,1,2,..},b—2"2?<kd +d<b and { <27 %9 (see Definition 4.2)
then

{04 1, kd + ) P(x, kd + d)dx
— [, kd + d) *(x, kd + d)dx

§C<kdf+ ’ {Ju(x, ) (x—al +(b—t+2"2‘i)1/2)'5dxdt>

kd
+CdLH l%(2%) (kdf ‘ {IDu(x, z);%dz) .
kd

Proof. From Definition 4.1 and (4.10) we obtain
1 Yx, kd + d)* P(x, kd + d)dx
— [ 1uf(x, kd + d)* P(x, kd + dydx
= [10M)2(x, kd + d)dx — [ IWH(x)* p(x, kd + d)dx
= — 2d([ g x)WH(x)p(x, kd + d)dx) + d*([lg"(x)|* P(x, kd + d)dx) . (4.21)
Using (4.20), (4.11), and (4.14) we find
d*([1g*(x)1>p(x, kd + dydx) £ Cd* g l12(2%)

< CALIH,l3(2%9) (kd j+ ‘ [IDu(x, t){zdxdt) . 4.22)

The hypotheses on p, g, and k imply
b—(kd+d)+2729<27 2742720724 (4.23)
The hypothesis of Lemma 4.3 implies
(<272 gb—(kd+d)+2722. (4.24)
Now (4.18), Definition 4.2, (4.23), (4.24), and Lemma 3.5 yield [see (1.4}]
[ gH WA B(x, kd + d)dx]
= B(kd + )| § gCOWH)NHTD — (kd + d) + 27 *7])(x — a)a(x)dx]
S CIWP(x—al+(b—(kd+ d)+2729)42)"dx). (4.25)
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For every te(kd, kd +d) we define h':R*—>R* by
H(x) = u(x, ) =u(x, £). (4.26)

From Definition 4.1 and the semigroup property H, xH,=H, ., (see [§, Corollary
1.28, p. 16]) we obtain

wh(x) =uk(x, kd + d) = (0" "1« H,)(x)
— (% H[t —kd % H[kd +d — £])()

=W «Hlkd+d—t])x). 4.27)
The hypotheses of Lemma 4.3 and (4.1) yield the following for kd <t <kd-+d:
(kd+d—0)?*<d? <2 <2722 < (b~ (kd +d)+27 2912, (4.28)

Now (4.27), (4.28), and the proof of Lemma 3.2 yield
[W R (x—al+ (b —(kd+ d)+27 2912~ 3dx
SCIH ) (x — al + (b —(kd + d)+2729)12) " 3dx) (4.29)

if kd <t <kd+d. From (4.1) and the hypotheses { £2724, kd +d <b we obtain d<{
<2727 and d<b—kd. This implies d <(1/2)b—kd+27249), which in turn implies

b—(kd+d)+2"2=(b—kd +27*9)~d=(1/2(b—kd +272%
Z(1/2)(b—t+2729)
whenever kd <t<kd+d. We conclude
(b—t+272D1 2> (b—(kd+d)+27*) 2 2(1/2)2(b—t + 27 29)1/2 (4.30)
if kd<t<kd+d Now (4.30) implies
[IRCP(x—al + (b —(kd + d)+ 2729 1%) " 3dx
SCH P (x—a)+(b—t+2729)12) " 3dx) (4.31)

if kd<t<kd+d. Using (4.29) and (4.31), averaging over t, and using (4.26) we
obtain

FIW)P(x — al + (b — (kd + d)+ 279V " %dx
gca-i(kdf ’ {1, (% — al + (b — t+2“2‘1)1/2)‘5dxdt>, (4.32)

Finally, (4.21), (4.22), (4.25), and (4.32) yield the conclusion of the lemma.
Lemma 4.4. If b—2"29<s<b and { <2722 (see Definition 4.2) then

(1/2)([ lu(x, 9)* p(x, s)dx) + ; { 1Du(x, D> p(x, t)dxde
b-3-2p

gc( ? { lu(x, t)|3(|x-—a[+(b—-t+2’2‘1)“2)‘5dxdt)

b~2-2p

+CdL2l|H,;H§(24‘1)+C(261’)( f {0 Julx, t)]zdxdt).
b2

~2p B{a,2"P)
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Proof. We define integers k' and k" by the relations
(K —=Dd<b—2"22<kd kd+dss<(k"+1)d-+d. (4.33)

From (4.33) and b—2"2?>0 we obtain k'=0. From Definition 4.2 we obtain
272727 24>(3/4)27 2P > 3d. Hence (4.33) and the hypotheses yield

Kd<d+b—2 "< ~2d+b—2"%9< —2d+s<k'd.
Since k' 20 we conclude 0 <k’ <k”. From (4.14) we obtain
(1/2)(J lu(x, k"d + d) > p(x, k" d + d)dx)
—(1/2)([ lu(x, K'd)* (x, k'd)dx)

=(1/2) ( kz (F Julx, kd + D) P(x, kd + dydx — | u(x, kd)*P(x, kd)dx))

1/2)(% ([ 16 1(x, ked + )2 p(x, kd + dydx — | [ué(x, kd)2p(x, kd)dx))

k

R‘

:(1/2)< EV_: ([ 1+ 2 (x, kd + d)>p(x, kd + d)dx

k=k

— [k (x, kd + d)> (x, kd + d)dx)}
+{1/2) < kE 5 [ (%, kd + d)2 d(x, kd + d)dx
Z

~ [l Ce, kd)* P, kd)dx)) . (4.34)

Taking the inner product of the relation D (") = A(u*) with 1u*¢ (see Definition 4.1)
and using (4.14), Definition 4.2, and (4.19) we obtain the following whenever
K<k<k":

(1/2) (f [uk(x, kd + d)|*p(x, kd + d)dx)

—(172)(§ 1, kd)[* p(x, kd)dx)

kd+d

— | §IDuA(x, t)2¢(x, t)dxdt
kad

kd+d
—!—(1/2)( kj; [ 1uf(x, )| 2D, + AP)(x, t)dxdt)

kd+d

<— | [IDulx,0)*¢(x, t)dxdr
i

kd+d

+C(26P)(j [ jul, t)izdxdt). (4.35)

kd B(a,2-»)
From (4.34), (4.35), Lemma 4.3, the hypothesis of Lemma 4.4, and (4.33) we
conclude
(1/2)(f lu(x, k"d + d)*p(x, k"d + d)dx)
—(1/2)(f lu(x, k' d)* p(x, k' d)dx)
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gc( If jiu(x,t)|3(ix~—al+(b—t+2*zq)”2)"5dxdt>

b—2~

+CdLl|H4H§(24q)( If j|1)u(x,t)|2dxdt)
b—2-2p

k"d-+d

~ § [IDux, 02 p(x, Hydxdt
k'd

+C(26P)<:i§j . §2 ] )[u(x, t)}zdxdt). (4.36)

Using (4.33), (4.14), Definition 4.1, and the argument that produced (4.35) we
obtain

(1/2)(§ lulx, 5) > p(x, s)dx)

—(1/2)(f |u(x, k" d + d)|*P(x, k" d + d)dx)

. j [1Dutx, 02 (x, Hdxdt

+(1/2)< j [ fulx, t)]z(quH—Agb)(x,t)dxdt)

k"d+d

< - j [ IDu(x, )2 (x, ydx dt

+C(26”)( | [ julx, t)|2dxdt>. (4.37)

k"d+d Bla,2"P)

From Definition 4.2 and (4.33) we obtain f(z)=0 if t £k'd. Hence (4.18) yields
o(x,t)=0 if t=kid. 4.38)

Combining (4.36), (4.15), (4.37), (4.38), (4.33), and the hypothesis s <b we obtain the
conclusion of the lemma.

Lemma 4.5. If feC®(R* R*), acR*, and 0<r< oo then

B(;f’r) If1?
SO L, I L, P, )

Proof. Let y:R*—[0,1] be a C* function such that y(x)=1if xe B(a, r), p(x) =0 if
x¢B(a, 2r), and [ Dyl , £Cr~1. Applying the argument in Lemma 3.1 to 1 f we find

o4 WP T P =CqiDe A v Y
e e A R IR L O

Bla,2r) Bla,2r) B{a,2r)

éCT"_2< j‘ If]2>3/2+c( j' |Df|2>( j’ ]f|2)1/2~

Bla,2r) Bla,2r) Bla,2r)
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Definition 4.6. If ac R*, 0<b< oo, m is an integer, and 2~ *" <b we set

Ala, b, m)= 2”‘( lj: fluCx, 1 (Ix—al+27™)" 5dxdl> ,

b—2-

B(a,b, m)=:26"’( ; [ lux, t)[3dxdt>.

b Zm B(a,2 ")

Theorem 4.7. If ac R*, 0 <b < co, and p, q are integers satisfying p<q,2 ** b, and
(Z272% then

B(a,b,q)< C(A(a, b, p))+ Cd*>2L3|| H 3(259)
g—1
+C(Q27PA(a,b,p)+ Y. 27™B(a,b,m))*>.

m=p

Proof. 1t is easy to see that Definition 4.6 yields

f § e, O3 (x— al + (b —t 4+ 2729 2) " 3dxdr
b-2-2p

gC(Z_FA(a, b,py+ qil 27"B(a, b, m)). (4.39)

m=p

From Hoélder’s inequality and Definition 4.6 we obtain

26"< f [ tulx, t)lzdxdt)

5— 2727 B(a,2”F)
b

gzﬁf’(z—ﬁps(a,b,p)V“( . (1)3dxdt>1/3

b—272P B(a,2"P)

<C(B(a,b, p))*”* C(A(a, b, p))** . (4.40)

From (4.1), p<g, and { <271 we obtain d<2~?"2 Hence a, b, p, q satisfy the
properties required in Definition 4.2. Therefore we can define ¢ as in Definition 4.2
and use { <2724, Lemma 4.4, (4.39), and (4.40) to conclude

(1/2)({ lu(x, )I*¢(x, s)dx) + b-j-z [ IDu(x, 0)*p(x, r)dxdt

< c(z—PA(a, b, p)+ qil 27™B(a, b, m)) +CAL* [ H 13(2*) + C(A(a, b, p))** (4.41)

m=p
ifh—2"2<5<h. We set
g—1

Z=2"7A(a,b, p)+< Y. 27"B(a,b, m))+dL2”H§H§(24‘1)+(A(a, bp)*3. (442

m=p

We consider two cases: g>p+1 and g=p+1. Assume that g>p+1 holds.
Definition 4.2 yields

2M<Ch(x,t) if xeB@,277Y) and b—2"2<t<b. (4.43)
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From (4.41), (4.42), (4.43), and ¢ =0 we obtain

[ jux,s)Pdx<C2 %)z if b—2"2<s<b, (4.44)

B(a,2-4*1)
b

[ 1Du(x, t)dxdt <CQR“9Z. (4.45)

b—2-24 B(a,2-4+1)

Since u is C® except at the points (x, kd) for k=0,1,2,..., Lemma 4.5 yields

{ lulx, s)Pdx

B{a,2" 9

sc@w(, [ Meside

B(a,27a%1)

+C( { |Du(x,s)|2dx>( { |u(x,s)|2dx)1/2 (4.46)

B(g,2-4*Y Bla,2-a+ 1y
for almost every se(b—2724,b). Now Definition 4.6, (4.44), (4.45), and (4.46) yield
27%4B(a, b, q) S C(2™ %9232, (4.47)
From (4.42) we obtain

g—1
Z¥2<C(27PA(a,b,p)+ Y. 27 ™B(a,b,m))>? + Cd* L3I H,I3(2%9)
m=p

+C(A(a, b, p)). (4.48)

Then (4.47) and (4.48) imply the conclusion of Theorem 4.7 in the case g>p+1.
Now we assume g=p+ 1. We have

B(a,b,q)=Bl(a,b, p+1)= C(B(a,b, p)) < C(A(a, b, p))-
The proof of Theorem 4.7 is complete.

Theorem 4.8. Let ¢pe CT(R* x R, R*) such that div(¢)=0. Let N be a positive real
number such that |D¢(x, t)— D(x, s)| S N|t—s| for all xe R* and s,teR. Let T be a
positive real number such that ¢(x,t)=0 whenever xe R* and t = T. Then

hui(x)qﬁi(x, 0)dx + 039 [udx, ) (D, + A (x, t)dxdt
o

+ Ofo §u, O)ux, D (x, )dxdt
0

SCT+ALNd+C(T+d)(d+)"V2IDgl  +Cd+)V2 L2 Dl .
Proof. We define k' by the properties
Kd<T<k'd+d k' is an integer. (4.49)

Observe that we have k' =0, Now let ke {0,1,2, ..., k'}. We use Definition 4.1, the
semigroup property H «H,=H_ , (see [8, Corollary 1.28, p. 16]) and (4.14) to
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write the following whenever kd <t<kd+d:
wh(x) = uk(x, kd + d) = (vf " 1xH )(x)
=((v} ™ '+(H[t — kd]))+(H[kd +d — t]))(x)
= (urs(H[kd +d — (1)) (x, 1) =(u«(H[kd +d — 1) (x, 1).
From (4.50) and H *H,=H_,, we conclude
(WhaH ) (x) = ((u(H[kd +d — (1))« H,)(x, 1)
=(u(Hkd +d—t+{])x, 1)
if kd<t<kd+d We set
H;=H[kd+d—t+{] if kd<t<kd+d,
H!=H[kd+d—1] if kd<t<kd+d.
Using (4.50), (4.51), (4.52), and (4.53) we obtain
§ (Wes H)WE)D 0 (x, kd + d)dx
= § (upeHy) (x, 0)(uHY)(x, )D ;b (x, kd + d)dx
if kd<t<kd+d. Averaging (4.54) over t we obtain
§ W H) ()wi(x)D 0 (x, kd + d)dx

=d1 (kdf d § (ueH) (x, D(upeH; ) (x, 0D p(x, kd + d)dxdt) )
kd

V. Scheffer

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

{4.55)

From Definition 4.1, (4.10), (3.5), the assumption div{¢)=0, Definition 3.3,

integration by parts, and (4.9) we obtain
ful ™Y (x, kd + d)p(x, kd + d)dx
= [} (x)¢,(x, kd + d)dx
= [ w(x)g,(x, kd + d)dx — d([ g5 (x)p(x, kd + d)dx)
= [uf(x, kd + d)px, kd+ d)dx— d(| fH(x)px, kd + d)dx)
= [ul(x, kd+ d)p(x, kd + d)dx
—d([ (W H ) (x)D ;wi(x)b,(x, kd + d)dx)
= [uf(x, kd + d)p,(x, kd + d)dx
+d(f (WiH ) (x)WH(x)D ;b {x, kd + d)dx).
From {4.55) and (4.56) we obtain
[+ Y (x, kd + d)px, kd + d)dx
— ful(x, kd + d)p (x, kd + d)dx

kd+d

= [ [(upH)(x, 0(uxH))(x, 0)Dp(x, kd + d)dxdt .

(4.56)

4.57)
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Taking the inner product of the relation D(u*)= A(u*) with ¢ and using (4.14) we
obtain

§k(x, kd + d)py(x, kd + ddx — [ (e, kd)py(x, kd)dx

kd+d

j‘ .gu};(xa t)(Dt¢i + Adn)(x, t)dxdt

I

kd+d

= kfd §ux, D, + Ad)) (x, ydxdt. (4.58)

Summing (4.57) and (4.58) over all ke {0,1,2, ..., k'} and using u°(x, 0) =v(x), (4.49),
and the assumption on T we obtain

— [ v x)p(x, 0)dx
(Z kdf d § (upe H) (x, t)(ux HY ) (x, D b (x, kd+d)dxdz>

+ S §ux, (D,; + A, (x, H)dxdr . 4.59)
[4]

The Schwarz inequality, Young’s inequality, (4.52), (4.53), and (4.16) yield the
following if kd <t<kd+d:

[ u=H ) (x, )] [(uxH;)(x, 1)]dx
< (f I H)(x, 012 dx)M2(f (us HY ) (x, 1) *dx) 2
<(f ulx, O12dx) H L (f [ulx, 6)2dx) 21 =
= [lu(x, O)|*dx< L. (4.60)
From (4.60) and the assumption on N we obtain

kd+d

§ §u= H)(x, )= HYx, 0D ;(x, kd + d)dxdt
e

kd+d

— [ H)x, o) Hy)(x, D ¢ {x, )dxdt| <CLNd>. (4.61)
Fed

Suppose kd <t<kd+d. The Schwarz inequality, the argument in (4.60), Lemma
3.6, (4.52), (4.53), the estimates kd+d—t<d, kd+d—t+{<d+{, and (4.16) yield

Iy H(x, 6)(u,+ HY)x, £) — u x, ufx, H)ldx
= §lCu % HR)x, £)((at; % HY Y, €) — u(x, D)l
+ § 1% Hy)Y(x, ©) — ufx, Ohu(x, Oldx
S (F I Hy)xc, 012 dx)>(§|(us Hy Y(x, 1) — w(x, ) 2dx) 2
+ ([ H)x, ) — u(x, 0)2dx) ' *(flu(x, 1) 2dx) 1
= CLI/Zdl/Z(leu(x, 1)2dx)Y? + C(d + C)l/z(“Du(x, O2dx)t2 L2
=Cd+ C)UZLNZ(“DH(X, O2dx)t?
= C((d+ )" d+ M LY*([ | Dulx, 1) *dx)'/?)
<Cd+ 0?2+ Cd+ C)”ZLU}DM(X, )2dx). (4.62)
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From (4.62) we obtain
kd+d

| f L H)ox, ) uyx H)x, 0D j¢,(x, t)dxdt

kd+d

- ‘f fu A, Dulx, D 0 (x, t)dxdt

<Cd+ 0\ pgll d+C@d+ 2 LiDll (kdf ’ {1Dux, t)f%ixdt). (4.63)

kd

Combining {4.61) and (4.63), summing over ke {0,1,2,... k'}, and using (4.49), the
assumption on 7T, and (4.15) we obtain

( i kdf ’ [ Qs H)(x, 6y HY Yx, D 6 (x, kd + d)dxdt)

k=0 kd

- oj? J'uj(x= t)ui(x, t)Dj(l)i(x, t)dth
0

<C(k' +1)LNd? + C(k +1)(d +)V*IIDoll ,d
+Cd+ YLD < | [1Du(x, t)i%ixdt)
SC(Kd+dLNd+CKd+dd+ M2 IDel ,+ Cd+ )2 LDl
SC(T+A)LNd+C(T+ad d+ )2 Dol +Cd+ ) 2L2IDgl . (4.64)
Finally, (4.59) and (4.64) yield the conclusion of Theorem 4.8.

Lemma 4.9. If ¢ CP(R* x R, R) then jfu(x )D,(x, Ydxdt=0.

Proof. This follows from (4.2), the definition of ¥, and (4.14).
Lemma 4.10. If 0<n< o0, aeR*, and 0<t' <t” < oo then
l(us H )Ya,t")—(u+H )a, O S Cd+ " — )L 2+ Ly~ 7).
Proof. Define k' and k" by
Kdst <kd+d k'd<t"<k"d+d, k' and k" are integers. (4.65)
We clearly have 0<k’'<k”. From (4.14) and Definition 4.1 we obtain
(uxH,Ya,K'd)= (" +H )a,kd)= """+ H )a). (4.66)

If k'd<t then (4.65), (4.14), Definition 4.1, and the semigroup property H,,,
=H, *H, yield

(uxH, Ya,t) =" «H,)a,t)=((0" "'« H[t' — k'd])* H,)a)
=N U H[E—Kd+q)a) if kKd<t. (4.67)
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Now (4.66), (4.67), the Schwarz inequality, (4.2), and (4.65) yield
fuxH, )a,t')—(u=H,)a k'd)
=|(* "« (H[t —K'd+1]— H[y])a)l
<lo* = IH[Y —k'd+yn]1—H[n]l,
SCLY (¢ —Kdw 2<CLYdy~2. (4.68)

A similar computation yields
lusH,)a, t")—(uxH Ya,k'd)| < CL"?dn~2. (4.69)
Now we fix an integer k satisfying k>0. The arguments that yielded (4.66), (4.67),
and (4.68) also yield
|(u* + H,)a, kd) — (u* + H,)(a, kd + d)|
=|(* "« H,)a)— (" '« H[d+n])a)| S CL"Y?dn 2. (4.70)
From Definition 4.1 [in particular (4.10)] we obtain
("'« H Ya, kd +d)—(u*+ H, )(a, kd + d)
= (U*+ H,)(@)~ ("= H, )} a) = — d(g** H,)a). (4.71)
We fix ne{1,2,3,4} and define ¢:R*—R* by ¢,(x)=H,(a—x), ¢{x)=0 if iFn.

Then approximation of ¢ by functions with compact support, (3.5), Definition 3.3,
(4.7), (4.8), integration by parts, (4.9), (1.5), Young’s inequality, (1.3), and (4.7) yield
gs+H @) ={gy()H (a—x)dx|
=1§gtx)¢,(x)dx|=|f f1(x) (¢, — (D; div(¢)) = K))(x)dx]
=|J (W} H)()D wix)¢; — (D, div(¢)) = K))(x)dx]
=f Wy H))wi()(D b, — (D;;div()) = K))(x)dlx]

s CliwesH L IIwklp =32 < Clwl L TH N Iwklp =32 < CLy =57 (4.72)
Now {4.71) and (4.72) yield
(" * 1« H, Ya, kd +d) — (u*« H )@, kd + d)| £ CLdn 5" 4.73)
From (4.70), (4.73), and (4.14) we obtain
(4.74)

|(uH,)a, kd)—(usH,)a, (k+1)d)| £ CL'?dy ">+ CLdy~>?.

From (4.68), (4.69), and (4.74) we obtain

WuxH )a,t")—(uxH )a,t)|
<CLYdy=2 4 (k" — K)CLY?dy~ 2 + CLdn~5'%). (4.75)

The conclusion of Lemma 4.10 follows from (4.75) and the inequality (k" —k"d
(" —t)+d.
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Lemma 4.11. If O<n< o0, acR*, 0t < o0, and 5>0 then

(u=H,)a,t)—(1/9) (Hja (uxH,)a, s)ds)

t

SCA+8NLY2y~ 2+ Ly~ 3%,

Proof. This follows immediately from Lemma 4.10.

Section 5. Passage to the Limit

Definition 5.1. We choose infinite sequences {,,{,,{5,... and d,,d,,d,,... of
positive real numbers satisfying d,<(, d4,LIH,[3<1, 1lim{,=0, and

n—* 0

limd, [H én” 2 =0. For each n we define the function (u,n):R* x [0, c0)>R* by (u,n)

=u where u is the function obtained as in Section 4 using {={, and d=d,
[Definition 4.1 and (4.14)]. From (4.17) we obtain

§ 11, m)(x, ) Pdxde < CL3? (5.1)
0
Hence, by passing to a subsequence, we may assume that there is a function
ue L3(R* x [0, c0), R*) such that
u is the weak limit of (u,n) in L3. (5.2)

Lemma 5.2, Let 0< T < co. Then

lim ? bl n)x, ) — u(x, )| ?dxdt =0.

r=o O BO,T)

Proof. Suppose ¢ >0 is given. Let  be a positive real number such that n'/?LY? <e.
Let § be a positive real number such that §(LY2y~2+ Ly~ ¥?%)T52 <e. Define
f.:R*x[0,00)—>R* and f:R*x [0, c0)—>R* by

fia)=(1/5) (tj" (@, ) H, o, s)ds),

Pl =(1/0) | (e o 0s)

Then (5.1) implies that the sequence f, is equicontinuous. From (5.2) we conclude
lim f{a,t)= f(a,t) for all (a,t). Therefore f, converges to f uniformly on the

n—ow

compact set B(0, T) x [0, T], and hence

umf [ 1, )= £, O2dxdt=0. (5.3)
)

r—ow 0 B(O, T
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If n is a positive integer then Minkowski’s inequality, Lemmas 3.6, 4.11, (4.15), and
the choice of  and § yield

T 12
(f § M, n)(x,0)— fn(x,t)|2dxdt)

0 B0, T)

= (00— e z)|2dxdt)m

T /2
+<f § (e, my=H )(x, 1) — f,,(x,t)dedt)

0 B0, T)

«© 1/2
=] cntiipte . oo

+ G { (Cd,+S)LY* ™2+ Ly~ ‘r’/z))zdxdt)l/2

0 B(O,T)
§CT11/2L1/2+ C(dn+5)(L1/2n—2 +L11_5/2)T5/2
SCe+Cd(LM*y~ 2+ Ly~ ) T52. (5.4

Since limd,=0, we can choose a positive integer N such that d,(L'%n~?

n— oo
+ Ly 3 T5* Le if n= N. We may assume [using (5.3)] that

(} f 'fu(X,t)mf,\,(x,t)lzdxdt)l/zgs if n>=N.

0 B(O,T)

Hence (5.4) implies

T 1/2

<f { (un)x, ) (u, N)x, z)}zdxdt> <Ce if n=N. (5.5)
0 B(O,T)

From (5.2) we conclude that the restriction of u to B(0, T) x{0,T) is the weak limit

in L? of the restrictions of the (u, n) to B(0, T) x (0, T). Hence (5.5) and the fact that

the unit ball of L? is weakly closed imply

(f f |u(x,t‘)—(u,N)(x,t)|2dxdt>1/2§C£. (5.6)

0 B(0,T)

Now (5.5) and (5.6) imply the conclusion of the lemma.

Theorem 5.3. The function u is a weak solution to the Navier-Stokes equations of
incompressible fluid flow with initial condition v.

Proof. From Definition 5.1 we obtain ue L3(R* x [0, c0), R*). Let ¢ CP(R* x R, R).
Then Lemma 4.9 and (5.2) yield (1.1). Now let ¢ CP(R* x R, R*) with div(¢)=0.
Let N be as in Theorem 4.8 and let T be a positive real number such that
spt{)n(R* x [0, 0)) CB(0, T) x [0, T]. Then Lemma 5.2, Theorem 4.8, lim d,=0,
and lim ¢, =0 imply (1.2). e

We can now finish the proof of Theorem 1.1. We set f,=(u,n) and f=u
(Definition 5.1). Then (5.1) and (5.2} imply that there exists a positive real number
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D such that the conditions in the first paragraph of Section 2 are satisfied. From
Definitions 5.1, 4.6, and Theorem 4.7 we conclude that there exists 0 < M < co such
that property P(M) holds (see Definitions 2.2 and 2.1). Let £>0 correspond to M
as in Lemma 2.3. Then Lemma 2.9 implies that there exist sets 4, satisfying 1), 2),
and 3) of Lemma 2.9. From parts 1), 3) of that lemma, the fact f =u, Theorem 5.3,
and the argument at the end of Section 2 in [5], we conclude that the restriction of
uto (R* x (3(27%7), ))— A, is equal almost everywhere to a continuous function.
Hence, by modifying 4 on a set of Lebesgue measure zero and setting

Azfjo (4,0(R* x (0,327 27)])),

we can conclude that the restriction of u to (R* x (0, c0))— A4 is continuous. This
proves part ¢} of Theorem 1.1. From part 1) of Lemma 2.9 we conclude that part a)
of Theorem 1.1 holds. Let p=0 be an integer and let § >0 be given. There exists an
integer g such that p<qg and 5¥/2279<§. From

An(R* x (3(272P), )
C(A,0(R* x (0,327 *)])(R* x (3(27P), 20)) C A,
Definition 2.8, and part 2) of Lemma 2.9 we conclude
PAANR* x (3(27%F), o)) S hy(4,) = Ce ' D.

Hence Definition 2.8 yields H3*(AN(R* x (3(27%F), c0)))<Ce™'D. Since H? is a
Borel measure, we can use 4 CR* x (0, o) to conclude H*(4)< Ce™ ! D. This proves
part b) of Theorem 1.1. From Theorem 5.3 and the fact ue L3*(R* x [0, 00), R*) (see
Definition 5.1) we obtain the remaining conclusions of Theorem 1.1.
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