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1 Introduction

In this expository paper, we review some recent results in the regularity theory for
the Navier-Stokes equations. We consider the classical Cauchy problem for these
equations:

Ow(z,t) +divo(z,t) @ v(z, t) — Av(x,t) = =V p(z,1),

divo(z,t) =0 (1.1)



for z € R® and t > 0, together with the initial condition
v(z,0) = a(x), T € R (1.2)

We assume for the moment that o is a smooth divergence-free vector field
in R®* which decays “sufficiently fast” as z — oo. (We will return later to the
important case when the initial velocity field a belongs to more general classes of
functions.) In the classical paper [20], Leray proved the following results:

(i) There exists a T, > 0 such that the Cauchy problem (1.1), (1.2) has a
unique smooth solution with “reasonable properties at co”.

(if) Problem (1.1), (1.2) has at least one global weak solution satisfying a
natural energy inequality. Moreover, the weak solutions coincide with the smooth
solution in R3x]0, T].

(iii) If ]0, 7. [ is the maximal interval of the existence of the smooth solution,
then, for each p > 3, there exists £, > 0 such that

1
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(iv) For a given weak solution, there exists a closed set S €]0, oo of measure
zero such that the solution is smooth in R x (]0, oo[\S). (In fact, Leray’s proof
gives us S with H> (S) = 0, although it is not mentioned explicitly.)

The modern definition of the weak solutions (often called Leray-Hopf weak
solutions due to important contributions of E. Hopf in the case of bounded do-

mains) is as follows. We denote by C‘g" the space of all infinitely differentiable
solenoidal vector fields with compact support in R?; j and j; are the closures of

the set C'{° in the spaces L, and W, respectively. (We use the standard notation
for the Lebesgue and Sobolev spaces.)

In what follows we will use the notation Qr = R3x]0, T'.

A Leray-Hopf weak solution of the Cauchy problem (1.1) and (1.2) in Qr is a
vector field v : Qr — IR? such that

v € Loo(0,T5.7) N Ly(0,T; J3); (1.3)
the function t — [ v(z,t) - w(z) dz can be continuously extended

R3 (1.4)
to [0, 7] forany w € Lo;



/(—v Ow—v®v:Vw+Vv:Vw)dedt =0, Ywe C’SO(QT); (1.5)

Qr
1
5/\U(w,t0)|2dx+ / Vo2 dadt < %/\a(w)\Qdaz, Vi € [0,7]: (L6)
R3 R3x]0,t0] R3

|lv(-;t) —a(-)|]a—0  ast—0. (1.7

The definition is meaningful also for 7' = 4o if we replace the closed interval
[0, T] by [0, oo[ throughout the definition.

Leray’s result (ii) above can now be stated as follows. (See [20], [13], [15],
and [17].)

Theorem 1.1 Assume that i
a € J. (1.8)

Then there exists at least one Leray-Hopf weak solution to the Cauchy problem
(1.1) and (1.2) in R3x]0, oo].

At the time of this writing, both uniqueness and regularity of Leray-Hopf weak
solutions remain open problems.

Important extensions of Leray’s results were later obtained by many workers.
In particular, the works of Prodi [31], Serrin [43], and Ladyzhenskaya [16] lead
to the following generalizations of (ii).

Theorem 1.2 Suppose that condition (1.8) holds. Let » and v, be two weak Leray-
Hopf solutions to the Cauchy problem (1.1) and (1.2). Assume that, for some 7" >
0 the velocity field v satisfies the so-called Ladyzhenskaya-Prodi-Serrin condition,
i.e.,
vV E Ls,l(QT) (19)

with

3 2

PR 1, s €]3, +00]. (1.10)
Then, v = v; in Q7 and, moreover, v is a smooth function in B3 x (0, T].

The uniqueness was proved by Prodi in [31] and Serrin in [43] and the smoothness
was established by Ladyzhenskaya in [16]. Further extension of Theorem 1.2 can
be found in paper of Giga [11]. A local version of this theorem was proved by



Serrin [42] for 2 + 2 < 1 and Struwe [46] for 2 4+ 2 = 1. We recall that the norm
in the mixed Lebesgue space L, ,;(Qr), with is given as follows:
r 7
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Sal:QT =
ess sup [[f(-t)lls,  I=+oc.
t€]0,T[
If s =1, we abbreviate || f||s.or = || flls.5,0n-
We note that, by standard imbeddings, functions of the Leray-Hopf class sat-

isfy

v € Loy(Qr) (1.11)
with 5 9 3
Sy == 2, 6]. :
s+l 5 s € [2,6] (1.12)

Hence there is a substantial gap between what we have according to the existence
theorem and what we need for uniqueness.

An important step towards understanding regularity properties of the weak
Leray-Hopf solutions was a “localization in z” of Leray’s results (iv). This pro-
gram wa started by Scheffer [32]-[35] and developed further by Caffarelli-Kohn-
Nirenberg [2]. Recently, Lin [21] outlined significant simplifications in the proof
of these results (see also [18] for more detail proofs).

In this paper, we address the problem of regularity for the weak Leray-Hopf
solutions v satisfying the additional condition

v € L3 oo(Qr). (1.13)

We prove that Leray’s result (iii) has the following analogue for p = 3. If |0, 7, [
is the maximal interval of the existence of the smooth solution to problem (1.1),
(1.2) and T}, < 400, then

lim sup/ lv(z,t)|* dz = +oo.
wro J
R

In other words, the spatial Lz-norm of v must blow-up if the solution develops a
singularity. We can also view this result as an extension of Theorem 1.2 to the
case

s =3, [ = +o0.

More precisely, we have



Theorem 1.3 Assume that v is a weak Leray-Hopf solution to the Cauchy problem
(1.1) and (1.2) in Qr and satisfies the additional condition (1.13). Then,

v € Ls(Qr) (1.14)
and hence it is smooth and unique in Q.

The uniqueness of v under condition (1.13) has already been known, see [23,
24, 27, 44].
In fact, we prove the following local result.

Theorem 1.4 Consider two functions v and p defined in the space-time cylinder
Q = Bx]0,1[, where B(r) C R® stands for the ball of radius r with the center
at the origin and B = B(1). Assume that v and p satisfy the Navier-Stokes
equations in Q in the sense of distributions and have the following differentiability
properties:

V€ Lyoo(Q) N La(=1,0;W,(B)),  p€ Ls(Q). (1.15)

Let, in addition,

1v]13,00,0 < +00. (1.16)

Then the function v is Holder continuous in the closure of the set
Q(1/2) = B(1/2)x] — (1/2)?,0.

The main interest of the above results comes from the fact that they seem
out to be of reach of “standard methods”. By those methods, we mean various
conditions on (local) “smallness” of various norms of v which are invariant with
respect to the natural scaling

u(z,t) = Au(dz, \%t), p(z,t) = N2p(\z, A\*t)

of the equations.

We note that finiteness of a norm || f||,; with s,! < oo implies “local small-
ness” of f in this norm. This is not the case for L; ,.-norm (which is still invariant
under the scaling). This possible “concentration effect” was the main obstacle to
proving regularity. To rule out concentration, we use a new method based on the
reduction of the regularity problem to a backward uniqueness problem, which is
than solved by finding suitable Carleman-type inequalities. The backward unique-
ness results are new and seem to be of independent interest, see Section 5 and
Section 6.



Our methods can be probably easily adopted to other parabolic problems with
critical non-linearities. In fact, one could speculate that the general idea of the
approach might be applicable to an even larger class of interesting equations with
critical non-linearities, such as non-linear Schrodinger equations or non-linear
wave equations. However, the local regularity issues arising in these cases would
be slightly harder than in the parabolic case.

The plan of the paper is as follows. In Section 2, we discuss known results
about regularity of so-called suitable weak solutions. In the third section, we re-
duce the regularity problem to the backward uniqueness for the heat operator with
variable lower order terms. This proves Theorem 1.4 and therefore Theorem 1.3.
In Section 4, we discuss known facts from the theory of the unique continuation
of solutions to parabolic equations through spatial boundaries. In the next section,
we prove the backward uniqueness result used in Section 3. The sixth section is
devoted to the derivation of two Carleman-type inequalities, which play the crucial
role in our proof of the backward uniqueness theorem. Finally, just for complete-
ness, we present the known theorem on the short time solvability of the Cauchy

problem with the initial data from L3 N J in the class C([0,Ty]; Ls) N Ls(Q,) in
the Appendix.

2 Suitable Weak Solutions

In this section, we are going to discuss smoothness of the so-called suitable weak
solutions to the Navier-Stokes equations. The definition of suitable weak solutions
was introduced in [2], see also [32]-[35], [21], and [18]. Our version is due [18].

Definition 2.1 Let w be a open set in R®. We say that a pair v and q is a suitable
weak solution to the Navier-Stokes equations on the set w x| — Ty, T'| if it satisfies
the conditions:

U € Lyoo(wx] =Ty, T[) N Lo(=T1, T; Wy (w)); (2.1)
q € Ly(wx] =Ty, T); (2.2)

u and ¢ satisfy the Navier-Stokes equations

in the sense in distributions; (2.3)



u and ¢ satisfy the local energy inequality

olu(z, t)]* + 2 ©|Vul? dzdt’
u‘{‘ wx];le,t[ 4 (24)

< [ (uP(Ag+0w) +u- Vo(ul* + 29)) dzdt!

wx]=T1,t[ )

for a.a. t €] — T3, T[ and for all nonnegative functions ¢ € C§°(RR?), vanishing
in the neighborhood of the parabolic boundary 0'Q = w x {t = =T} } U 0w x
[_T17 T]

The main result of the theory of suitable weak solutions, which we are going
to use, is as follows.

Lemma 2.2 There exist absolute positive constants €y and cox, £ = 1,2, ..., with
the following property. Assume that the pair U and P is suitable weak solution to
the Navier-Stokes equations in () and satisfies the condition

/(|U|3+|P\3> dz < €. (2.5)
Q

Then, for any natural number k, V*~'U is Holder continuous in Q(3) and the
following bound is valid:

max |V*U(2)| < cop. (2.6)
2€Q(3)

To formulate Lemma 2.2, we exploit the notation:
z=(x,t), 2z9=(x0,t); B(zg, R) = {|z — 20| < R};
Q(Z(), R) = B(.’L'(), R)X]to — R2, to[,
B(r) = B(0,r), Q(r) =Q(0,r), B= B(1), @ =Q(1).

Remark 2.3 For k£ = 1, Lemma 2.2 was proved essentially in [2], see Corollary
1. For alternative approach, we refer the reader to [18], see Lemma 3.1. Cases
k > 1 were treated in [29], see Proposition 2.1, with the help of the case £ = 1
and regularity results for linear Stokes type systems.

In fact, for the case £ = 1, Lemma 2.2 is a consequence of scaling and the
following statement.



Proposition 2.4 Given numbers 6 €]0,1/2[ and M > 3, there exist two positive
constants e, (0, M) and ¢; (M) such that, for any suitable weak solution v and p
to the Navier-Stokes equations in @, satisfying the additional conditions

[(v) 0] <M, Yi(v,p) < e, (2.7)
the following estimate is valid:
Yo(v,p) < c105Y1 (v, p). (2.8)
Here and in what follows, we use the notation:

Y(ZOa Ra ,Uap) = Yl (203 R7 U) + YZ(zoa Rap)a

Y(2, Ryv) = ( 1 / v — (?))ZO,R|3dZ)§,

Q(R)|
Q(z0,R)
1 3 2
2 o) B 3
Vo Rin) = B [ o=t iz)’
Q(20,R)
1 1
20 = d I xo = TSN d )
Won=g | v Pen= gy [ o
Q(z0,R) B(zo,R)
Yel(v) = Yl(oa 0; U)a }/:92(p) = YQ(Oa 0§p)a
Yb(’l),p) = Y(Oa 07 Uap), (U),B - (U)O,Ga [p],a - [p]O,@-

PROOF OF PROPOSITION 2.4 Assume that the statement of the proposition is
false. This means that a number 6§ €]0,1/2[ and a sequence of suitable weak
solutions v* and p* (in Q) exist such that:

Yi(v*,pf) = e = 0 (2.9)

as k — +oo,
Yy(v*,p*) > cren (2.10)

The constant ¢; will be chosen later in order to get a contradiction. We introduce
new functions

b = — () ) e, @ =0 —[p"1) /e



They satisfy the following relations
Yi(uf,¢*) =1, (2.11)
Yy(uk, ¢*) > 105, (2.12)
and the system

8tuk + div ((Uk)’l + 61kuk) ® ((’l)k),l + slkuk)

—Auf=-Vgk, divubF=0 n @ (2.13)
in the sense of distributions.
Without loss of generality, we may assume that:
ub — in L;(Q)
¢ —q¢ in Ls(Q) (2.14)
(v*)1—=b in R
and 5 A
u+divu®b—Au=-Vgq .
diveu = 0 n @ (2.15)
in the sense of distributions. By (2.11) and (2.14) , we have
1b| < M, Yi(u,q) <1, lq(-,t)]1 =0 forallte]—1,0. (2.16)

From the regularity theory for solutions to the Stokes system, see, for instance,
[39], and from (2.15), (2.16), it follows that the function « is Holder continuous
in (3/4) and the following estimate is valid:

Yy (u) < @ (M)65. (2.17)

On the other hand, choosing a cut-off function ¢ in an appropriate way in the
local energy inequality, we find

u*

|2,00,0(3/4) + IV ©*[lo,0(3/2) < e3(M). (2.18)
Using the known multiplicative inequality, we derive from (2.18) another estimate

It remains to make use of system (2.13) and the bound in (2.16). As a result, we
have
(M). (2.20)

k
10 a2 ooy S
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By well-known compactness arguments, we select a subsequence with the prop-
erty
ub —u in Ls3(Q(3/4)). (2.21)

Now, taking into account (2.21) and (2.17), we pass to the limit in (2.12) and
find
010§ < 510% + 0 lim sup Y7 (¢*). (2.22)
k—o00
To take the limit of the last term in the right hand side of (2.22), we decompose
the pressure ¢* so that

7" =qf + ¢, (2.23)

where the function ¢¥ is defined as a unique solution to the following boundary
value problem: find ¢¥(-, %) € L%(B) such that

[ k@000 do = —u, [ t(a.0) © ut(0,1) V() da

B B

for all smooth test functions ¢ subjected to the boundary condition |55 = 0. It
is easy to see that

Agf(,t)=0 inB (2.24)
and, by the coercive estimates for Laplace’s operator, we have the bound for ¢¥:
/|q1 (z,1) | 2 dr < cﬁslk/|u z,t)? dx. (2.25)
B

Here, ¢ is an absolute positive constant. Passing to the limit in (2.22), we show
with the help of (2.25)

105 < E0% + OV (qh). (2.26)
By Poincare’s inequality, (2.26) can be reduced to the form
103 < T0% + c;6% lim sup / IV ¢b|? dz . (2.27)
k—o00 ‘Q Q(9

Since the function ¢5 (-, ¢) is harmonic in B, we have the estimate

sup \Vqut% /\qut|dm
z€B(3/4)

10



and therefore

Q(9
3
< Clg(ﬁﬁL @/\Qﬂz dz)-
Q

The latter inequality together with (2.25) allows us to take the limit in (2.27). As
a result, we have , , L,
610g < 5105 + 07(619)505. (228)

If, from the very beginning, ¢; is chosen so that
1 =2(c + 67(09)%)

we arrive at the contradiction. Proposition 2.4 is proved. O
Proposition 2.4 admits the following iteration.

Proposition 2.5 Given numbers M > 3 and 3 € [0, 2/3[, we choose § €]0,1/2]
so that s s

C1 (M)9 6
Let 7, (0, M) = min{e, (0, M), 0>M/2}. If

<1. (2.29)

[(v) 1] < M, Yi(v,p) <z, (2.30)
then, forany k =1, 2, ...,

05 (v) g1l < M, Ypi(v,p) <7 < ey,

243, 2 1
Yor(0,0) < 072 Yyer (v, ). (231

PROOF We use induction on k. For k& = 1, this is nothing but Proposition 2.4.
Assume now that statements (2.31) are valid for s = 1,2, ..., kK > 2. Our goal
is prove that they are valid for s = k£ + 1 as well. Obviously, by induction,

Yo (v,p) <& <ey,

and

(")) = %[ (v )okl<39ka)ak-—(v)ﬁk—1|+-9ka)ﬁk—d
1

< o1 (v,p) + 5 2 (w) g <

1
0581+M/2<M

11



Now, we make natural scaling:
v*(y, s) = 0%0(0%y,67s),  p*(y,s) = 07p(6*y, 67s)
for (y, s) € Q. We observe that v* and p* form suitable weak solution in Q. Since
Y1 (0¥, p*) = 0"V (v,p) <71 < &y

and

[(W*).] = 0%](v) | < M,

we conclude
Yoo, pF) < 1033 (0%, pF) < 0757 Y4 (%, pF),

which is equivalent to the third relation in (2.31). Proposition 2.5 is proved. O
A direct consequence of Proposition 2.5 and the scaling

v™(y,s) = Ru(zo + Ry,to+ R?s),  p"(y,s) = R’p(xo + Ry, to + Rs)
is the following statement.

Proposition 2.6 . Let M, 3, 6, and &; be as in Proposition 2.5. Let a pair v
and p be an arbitrary suitable weak solution to the Navier-Stokes equations in the
parabolic cylinder Q(zo, R), satisfying the additional conditions

R‘(U)zo,R‘ < Ma RY(ZOa R; U,p) <é&i. (232)

Then, forany k£ = 1,2, ..., we have

2438

Y(ZO’ HkRa Uap) < 0 s kY(ZOa Ra U’p)' (233)

PROOE OF LEMMA 2.2 We start with the case £k = 1. We let

A= / (0P +1P2) dz.

Q

Then, let M = 2002, § = 1/3, and @ is chosen according to (2.29) and fix.
First, we observe that

Qz0,1/4) CQ if 2 € Q(3/4)

12



and

1 1
2 U) 1] < crods

for an absolute positive constant ¢,4. Let us choose ¢, so that

1 1 2
ZY(Z(), 1/4, U, P) S 010(A§ +A§),

1 2 1
610(88 + 68) < g1, 01088 < 2002.

Then, by (2.5), we have

1 1
ZY(ZQ,]./4,U,P)<§1, Z‘(U)Zo,i‘ <M,

and thus, by Proposition 2.6,

k
2

Y (2, 0%/4;v,p) < GgY(zo,R; U,P) <02z
for all zo € Q(3/4) and for all £ = 1,2,.... Holder continuity of v on the set
Q(2/3) follows from Campanato’s condition. Moreover, the quantity

sup |v(2)]
2€Q(2/3)

is bounded by an absolute constant.

The case £ > 1 is treated with the help of the regularity theory for the Stokes
equations and bootstrap arguments, for details, see [29], Proposition 2.1. Lemma
2.2 is proved. O

3 Proof of the main results

We start with the proof of Theorem 1.3, assuming that the statement of Theorem
1.4 is valid.

Our approach is based on the reduction of the regularity problem to some
problems from the theory of unique continuation and backward uniqueness for
the heat operator. We follow the paper [41].

PROOF OF THEOREM 1.3 The first observation is a consequence of (1.13) and
can be formulated as follows

t— /v(x,t) -w(z) dz is continuous in [0, 7] forall w € L. (3.1)
R3

13



This means that ||v(-, )| is bounded for each ¢ € [0, T7].

Using known procedure, involving the coercive estimates and the uniqueness
theorem for Stokes problem, we can introduce the so-called associated pressure p
and, since |divv ® v| € L%(QT), we find

NS L4(QT), 8?5,0’ VQUa Vp € L%(Q(sl,T) (32)

for any 0; > 0, where Q5,7 = R®x]d1, T'[. The pair v and p satisfies the Navier-
Stokes equations a.e. in Q7. Moreover, by the pressure equation

Ap = —divdivy ® v, (3.3)

we have
p € Ls o (Qr). (34)

The pair v and p is clearly a suitable weak solution in any bounded subcylin-
ders of Q7. Moreover, by (3.2), the local energy inequality holds as the identity.
So, we can apply Theorem 1.4 and state that:

for any 2y € R®x]0,T], there exists a neighborhood O,, of z

such that v is Holder continuous in R x]0, 7] N O,,. (3:5)

Indeed, for any z,, satisfying 3.5, there exists a number R > 0 such that the pair
v and p is a suitable weak solution in Q)(zo, R). After obvious scaling v(z,t) =
Rv(zg + Rz, to + R?t) and p(z,t) = R?p(xo + Rz, to + R?t), we see that the
pair v and p satisfies all conditions of Theorem 1.4. This means that v is HOlder
continuous in Q(1/2) and therefore v is Holder continuous in Q(zo, R/2). So,
(3.5) is a consequence of Theorem 1.4.

Now, we are going to explain that, in turn, (3.5) implies Theorem 1.3. To this
end, we note

lim /(\v|3+\p|%)dz=o, Q20 R) C Qr.

|z0|—>+00

Q(ZO,R)

Therefore, using scaling arguments, Lemma 2.2 and statement (3.5), we observe
that
max [v(z)] < C1(d) < +o0 (3.6)

2ER3X [Ty +6,T)

forall 6 > 0. Setting w = |fu|%, we find from (1.13) and (3.6)
w € Lo oo (Qr) N La(6, T; W, (R?))

14



and then, by the multiplicative inequality

lw (- D)o < Collw(-, DIIF IV w(- BI3, (3.7)

we deduce

w E L%(Qd,T) <= v € Ls(Qs1)
forany 6 > 0. On the other hand, since a € Lgﬂj (this is the necessary condition
following from (3.1)), we apply Theorem 7.4 and conclude that

v E LS(QJO)

for some 6, > 0. So, we have shown that Theorem 1.3 follows from (3.5). Theo-
rem 1.3 is proved. O

PROOF OF THEOREM 1.4 First, we note that v and p, satisfying conditions
(1.15) and (1.16), form a suitable weak solution to the Navier-Stokes equations in
Q. This can be verified with the help of usual mollification and the fact v € L4(Q).
The latter is just a consequence of the known multiplicative inequality.

Second, we are going to prove two facts:

t— [ o(z,t)-w(z)de iscontinuous in [—(3/4)2, 0]
B(3/4) (3.8)
forany w € Ls(B(3/4))

and therefore

sup  ||v(- t)l3,8@3/2) < [[V]|3,00,0- (3.9)

—(3/4)2<t<0
We can justify (3.8) as follows. Using the local energy inequality, we can find
the bound for ||V v||2,05/6) Via ||v]|3,00,0 @nd ||p||%7Q only. Then, by the known

multiplicative inequality, we estimate the norm ||v||4,q(s/6). Hence, |dive ® v| €
L1(Q(5/6)). Now, using a suitable cut-off function, the L, ;-coercive estimates
for solutions to the non-stationary Stokes system, known duality arguments, we
find the following bound

/ (1o1* + ol + 92013 + [Vl ) dz < o, (3.10)
Q(3/4)

with a constant ¢,; depending on the norm ||v||3 .o and ||p||%,Q only. In particu-
lar, it follows from (3.10) that v € C([—(3/4)2,0];L%(B(3/4))) which, in turn,
implies (3.8).

15



As in the proof of Proposition 2.4, we can present the pressure p in the form

P = p1+ D2,

s a unique solution to the following boundary value

where the function p, (-, ) i
Ls (B) such that

(-
problem: find p, (-, ¢) €

/pl(x,t)Aw(m) dr = — /v(a:,t) ®u(z,t) : Vi(z)de

B B

for all smooth functions ¢ satisfying the boundary condition |55 = 0. Then,
Aps(-,t) = 0in B. The same arguments, as in Section 2, lead to the estimates

111l 00,0 < cillvll3 o0 (3.11)
and . ,
||p2||oo,§,B(3/4)><]—1,0[ = ( f sup [pa(w,t)|> dt) :
—1 z€eB(3/4) (312)
< ci(llpllz g + 1013 00,0):

where ¢; is an absolute positive constant.

Assume that the statement of Theorem 1.4 is false. Let z; € Q(1/2) be a
singular point, see the definition of regular points in the proof of Theorem 1.3.
Then, as it was shown in [40], there exists a sequence of positive numbers Ry
such that Ry, — 0 as & — +oo and

A(Rg) =  sup ! / lv(z,t) [P dx > &, (3.13)

to—R2<t<to Rk
(':CO:RIC)

for all £ € N. Here, ¢, is an absolute positive constant.
We extend functions v and p to the whole space R3**! by zero. Extended
functions will be denoted by v and p, respectively. Now, we let

vBE (2, 1) = Ryv(wo + Rpx, to + R2t), p™(x,t) = Rip(wo + Rpx,to + Rit),

i (z,t) = R2p1(z0 + Ry, to + Rit), pak(z,t) = R2po(z0 + Re, to + Rit),

where p; and p, are extensions of p; and p,, respectively.
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Obviously, for any t € R,

/ WP (1) [Pz = / (s o + B24)[*da, (3.14)

/|p :L‘t|dx—/|p1xt0+Rk)| 2dx (3.15)
and, for any Q) € R?,

/SUP I3 (, t)|% dt = Ry, / sup |p2(zo + Ry, s)|% ds. (3.16)

e e
R

Hence, without loss of generality, one may assume that
vBr Sy in Lo (RyLg) as k — +oo, (3.17)
where dive = 0 in R®* x R and

prefg in Leo(RiLs) as k — oo, (3.18)

pat =0 in Li(RiLw(Q) as k— +oo (3.19)

for any Q @ R3®. For justification of (3.18) and (3.19), we take into account
identities (3.15), (3.16) and bounds (3.11), (3.12).

To extract more information about boundedness of various norms of functions
vfr and pFx, let us fix a cut-off function ¢ € C5°(R3*!) and introduce the function
¢ in the following way

d(y,7) = Rpd™ (zo + Rpy, to+ Ry7),  y€R 1€R
We choose Ry, so small to ensure
spté C {(y,7) || to + R7 €] — (3/4)%, (3/4)°[, w0 + Rey € B(3/4)}

= spte™™ C B(3/4)x] — (3/4)?, (3/4)2].

Then, since the pair v and p is a suitable weak solution, we have

2 [ [ORIV o ds < [ [ {[oP(80% +00%) + - Tom (v + 20)
—1B

—-1B
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and after changing variables we arrived at the identity
2 [ [ovompaz< [ [{io™Pa6+a6)+ 0™ Vol + 2 )
R R3 R R3

Now, our goal is to estimate ||p k||3 axjap forall @ € R® and forall —co < a <
b < 4+o0. We find

111 exgapr < 10712 sganr + 19213 010

< ea(a,b, ) [Pl oo + / / sup iy, ) o)

wlvo

< CIZ(av b7 Q) |:||p{zk ||%,00,R3><R + (Rk /Sup ‘ﬁZ(xO + Rkya S)‘% dS)

yeN

|

< (a0, D (Ipllz 0 + 1013 o g)-
So, from the last two inequalities, we deduce the bound

/ (|ka\3 + |Vka\2> dz < e3(Q) < +o0 (3.20)
Q

for any domain Q € R3*! with a constant c; in (3.20) independent of R;. Then,
we apply known arguments, including multiplicative inequalities, the L, ;-coercive
estimates for solutions to the non-stationary Stokes equations, and duality. As a
result, we find

S+ ot (VR e < @, @2
Q

The latter together with (3.17) implies
B s in Ls(Q) (3.22)
for @ € R3*!. Let us show that, in addition,

B s in O([a,b]; Ly(Q)) (3.23)
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for any —oco < a < b < +oo and for any Q € R3. Indeed, by (3.21),
v — in C(la, b];L%(Q))
and then (3.23) can be easily derived from the interpolation inequality

| (-, t + At) — 0™ (-, 2)

|2,

3
5
3,Q

2
< o™ (-t + AL) — o™ ()15 o™t + A) — 0 (-, 1))
3’

and from (3.17).
Now, we combine all information about limit functions « and ¢, coming from
(3.14)—(3.23), and conclude that:

/(|u|4 Va4 |Bulf + [V2ul} + [Val?) dz < s(Q) (3.24)
Q
forany Q € R3*!;
u € C([a, b]; La2(£2)) (3.25)

forany —oco < a < b < +oo and for any Q) € R?;

functions u and ¢ satisfy the Navier-Stokes equations a.e. in R?; (3.26)

2[ [¢IVuPdz=[ [ {juP(Ad+06)+u-Vo(luP +29) bz (327)
R R3 R R3
for all functions ¢ € C{°(R3*!). It is easy to show that, according to (3.24)-
(3.27), the pair u and ¢ is a suitable weak solution to the Navier-Stokes equations
inw X [a, b] for any bounded domain w € R? and for any —oo < a < b < +oc.
Moreover, according to (3.13),

1
swp o [ b oPde= swp [ @Rl > e,
—RZ<1<0 Rk —1<t<0

o B(0,Ry,) B(0,1)

for all £ € N and, by (3.23), we find

—1<¢<0
B(0,1

sup / \u(z,t)Pdz > . (3.28)
)

19



Let us proceed the proof of Theorem 1.4. We are going to show that there exist
some positive numbers R, and T, such that, for any £ = 0, 1, ..., the function V*u
is Holder continuous and bounded on the set

(R* \ B(Ry/2))x] — 2T5,0].

To this end, let us fix an arbitrary number 75, > 2 and note that

0
/ /(|u|3 + |q|%)dz < +o0.

—4T R3

Therefore,
0

/ / (JuP + g13)dz = 0 as R — +o0.

—4T> R3\B(0,R)
This means that there exists a number Ry (o, 72) > 4 such that

0

/ / (luf® + |q|3)dz < & (3.29)

—4T> R3\B(0,R2/4)
Now, assume that z; = (z1,%) € (R* \ B(Ry/2))x] — 2T, 0]. Then,
Q(z1,1) = B(xy,1)x]t; — 1,1[C (R* \ B(0, Ry/4)) x| — 4T3, 0].
So, by (3.29),
t1
|| et < 330

t1—1 B(a:l,l)

for any z; € (R® \ B(Ry/2))x] — 2T%,0], where T, > 2 and R, > 4. Then, it
follows from (3.30) and from Lemma 2.2 that, forany £ = 0,1, ...,

max  |V*u(2)| < cop < +00 3.31
max | [VRu(2)| < o 331

and V*u(z) is Holder continuous on (R3? \ B(R./2))x] — 2T, 0].
Now, let us introduce the vorticity w of u, i.e., w = V A u. The function w
meets the equation

Ow + upwy — wpuy — Aw =0 in (R \ B(Ry))x] — T3,0].
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Recalling (3.31), we see that, in the set (R?® \ B(Ry))x] — T3, 0], the function w
satisfies the following relations:

10w — Aw| < M(|w| + |Vw]|) (3.32)
for some constant A/ > 0 and
lw| < oo + o1 < F00. (3.33)
Let us show that
w(z,0) =0, r € R®\ B(Ry). (3.34)

To this end, we take into account the fact that u € C([—T5, 0]; Lo) and find

1

(/ u(z,0) dr) <

B(zx,1)
g( / |vR’°(:v,O)—u(:c,0)|2d:c)§+( / \ka(z,o)Pda;f
B(z4,1) B(z4,1)
1
1 .
< I = e o + BR[| 0P )’

B(z4,1)

1
< v — ulle—roi.) + |B\€( / v(y, to)]? dy) .
B(zo+Ryz«,Ry)

Since ||v(-, t)||s,p(3/4) is bounded for any ¢ € [—(3/4)?, 0], see (3.9), we show that,
by (3.23),

lu(z,0)[*dr =0
B(z,1)

for all z, € R3. So, (3.34) is proved.
Relations (3.32)—(3.34) allow us to apply the backward uniqueness theorem of
Section 5, see Theorem 5.1, and conclude that

wz)=0 z€ R\ B(Ry))x| —T,0]. (3.35)

If we show that
w(-,t)=0 in R? (3.36)
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for a.a. t €] — T5,0[, then we are done. Indeed, by (3.36), the function u(-,t)
is harmonic and has the finite Ls-norm. It turn, this fact leads to the identity
u(-,t) = 0 fora.a. t €] — Ty, 0[. This contradicts with (3.28).

So, our goal is to show that (3.35) implies (3.36).

To simplify our notation, we let 7' = T, /2, R = 2R,. \We know that functions
u and ¢ meet the equations:

Ou+diveu®@u=—-Vyg,

divu=0, Au=0, VAu=0 (3.37)

in the set (R* \ B(R/2))x] — 2T, 0]. From (3.37), we deduce the following bound

max (|Vku(z)| + | VEQu(z)] + \vkq(z)|) < < +oo (3.38)
2€Q0
forall k = 0,1, .... Here, @y = (R* \ B(R))x] — T,0].

Next, we fix a smooth cut-off function ¢ € C§°(IR?) subjected to the condi-
tions: p(z) = 1if z € B(2R), p(xz) = 0 if x ¢ B(3R). Then, we let w = @u,
r = @q. New functions w and r satisfy the system

ow+divwew —Aw+Vr=g

divw =u-Vp (3.39)
inQ, = B(4R)x] —T,0[ and
w|apar)x[-T,0) = 0, (3.40)
where
g=(P*—p)divu®@u+uu-Ve?+qVp —2VuVp — ul p.
The function g satisfies the conditions:
g(z,t) =0 if =€ B(2R) or z¢ B(3R), (3.41)
sup (|V*g(2)| + [V*019(2)[) < &, < +o0 (3.42)

z2€Qo

forall £ = 0,1, .... Obviously, (3.42) follows from (3.31), (3.38), and (3.41).
Unfortunately, the function w is not solenoidal. For this reason, we introduce
functions w and 7 as a solution to the Stokes system:

—Aw+Vr=0, divw =u-Vyp
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in Q. with the homogeneous boundary condition w|spr)x[-1,0) = 0. According
to the regularity theory for stationary problems and by (3.38), we can state

sup (|VFO,w(2)| + |VFw (2)| + |V*7(2)]) < &3, < +o0 (3.43)
ZEQx
forall k = 0,1, ....
Setting U = w — w and P = r — 7, we observe that, by (3.41) and (3.42), U
and P meet the Navier-Stokes system with linear lower order terms:

oU+divUQ@U —AU+VP=—-divilU @w
in Q,, (3.44)
+wU)+G, divU =0
Ulsparyx-1,0 = 0, (3.45)

where G = —divw ® w + g — 0w, and, taking into account (3.42) and (3.43), we
have

sup |V*G(2)| < ¢5;, < +00 (3.46)
ZEQx

forall £ = 0,1,.... Standard regularity results and the differential properties of
u and ¢, described in (3.24), (3.25) and (3.26), lead to the following facts about
smoothness of functions U and P:

Ue L3,00(Q*) N C([—T, 0]9 L2(B(4R))) N LQ(_T: 0; Wzl (B(4R)))a

o,U, V*U, VP € Ly (Qw).
Let t, €] — T, 0[ be chosen so that

IVU(-, to)ll2,ar) < +o00. (3.47)

Then, by the short time unique solvability results for the Navier-Stokes system
(see [15, 17]), we can find a number §, > 0 such that

OuU, VU, VP € Ly(B(4R) x]to, to + o).
In turn, the regularity theory for linear systems implies the bounds
sup sup |V*U(z,t)| < &), < +o0

tote<t<to+do—e :CEB(4R)
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forall £ = 0, 1, ... and for some nonnegative number ¢ < §,/4. They immediately
imply information about smoothness of the original function u:

sup sup |VFu(z,t)| < c§j, < +00
to+e<t<to+do—e xzEB(4R)
forall £ = 0,1,.... Hence, we can state |Qw — Aw| < M(|w| + |Vw]) and
lw| < M, in B(4R) x|ty + €, 1o + &y — e[ for some positive constants M and M.
But we know that w(z) = 0 if 2 € (B(4R) \ B(R)) x]to + €, to + & — €. By the
unique continuation theorem of Section 4, see Theorem 4.1, we conclude that:

w=20 in B(4R)X]t0+6,t0+5o—8[.

Since (3.47) holds for a.a. t, €] — T, 0], we find w(-,) = 0 in R3 for a.a. ¢t €
| — T, 0. Repeating the same arguments in the interval | — 75, —15 /2], we arrive
at (3.36). Theorem 1.3 is proved. O

We would like to note that the final part of the proof of Theorem 1.3 can be
carried out in different ways. For example, we could argue as follows. We should
expect that the function U (-, t) and therefore the function u(-, ¢) are analytic one’s
in the ball B(2R) forty +¢ < t < to + dy — ¢, see [26]. This means that the
vorticity w is also an analytic function in space variables on the same set. Since
w = 0 outside B(R), we may conclude that w = 0 in R® x ]ty + ¢, %o + dp — e[ and
SO on.

4 Unique Continuation Through Spatial
Boundaries

In this section, we are going to discuss known facts from the theory of unique
continuation for differential inequalities. We restrict ourselves to justification only
of those statements which are going to be used in what follows and which can be
easily reproved within our unified approach. We hope that this makes our paper
more self-contained and more convenient for reading. For advanced theory in this
direction, we refer the reader to the paper [4], see also the list of quotations there.
We will work with the backward heat operator 0; + A rather than the more
usual heat operator 9, — A since this will save us writing some minus signs in
many formulae. In the space-time cylinder Q(R,T) = B(R)x]0,T[C R?® x R,
we consider a vector-valued function u = (u;) = (u1, ug, ..., u,), satisfying three

conditions:
u € Wy (Q(R,T);R); (4.1)
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O+ Au| < ¢ (Jul +|Vu|)  ae in Q(R,T) (4.2)
for some positive constant ¢y ;
[u(e, 1)] < Ci(lz] + V) (4.3)

forall £ = 0,1, ..., forall (z,t) € Q(R,T), and for some positive constants C.
Here,

Wy (Q(R, T);R*) = {[u| + |V u| + [Vu| + |0u| € Ly (Q(R, T))}.
Condition (4.3) means that the origin is zero of infinite order for the function .

Theorem 4.1 Assume that a function v satisfies conditions (4.1)—(4.3). Then,
u(z,0) = 0 forall z € B(R).

Remark 4.2 For more general results in this direction, we refer the reader to the
paper [4] of Escauriaza-Fernandez.

Without loss of generality, we may assume that 77 < 1. Theorem 4.1 is an easy
consequence of the following lemma.

Lemma 4.3 Suppose that all conditions of Theorem 4.1 hold. Then, there exist a
constant v = y(c;) €]0,3/16[ and absolute constants 3, and S, such that

2 2
u(z, t)] < calcr, n) Ao(R, T)e™ i (4.4)
forall (z,t) € Q(R,T) satisfying the following restrictions:
0<t<AT, z| < BiR, Bot < |z,
Here,
Ay = max  |u(z,t)| + VT|Vu(z, t)].
(z,)€Q(FR,IT)

Remark 4.4 According to the statement of Lemma 4.3, u(z,0) = 0if |z| < 1 R.

Remark 4.5 From the regularity theory for parabolic equations (see [19]), it fol-
lows that

Ao < (BT / \u|2dz)%.

Q(R,T)
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PROOF OF LEMMA 4.3 We let A\ = /2t and o = 2|x|/). Suppose that |z| <
3/8R and 8t < |z|*. Then, as it is easy to verify, we have o > 4 and

\y € B(3/4R) if y € B(o); s €]0,3/4] if s €]0,2]

under the condition 0 < < 3/16. Thus the function v(y, s) = u(\y, A%s) is well
defined on Q(p, 2) = B(p) x]0, 2[. This function satisfies the conditions:

|0sv + Av| < er A(Jv] + |V v]) (4.5)

inQ(o,2);
[v(y, 8) < Cillyl + V5)* (4.6)
forall k = 0,1,...and for all (y, s) € Q(o,2). Here, Ci, = CyAF.
Given ¢ > 0, we introduce two smooth cut-off functions with the properties:

— ’ (y,S) € Q(Q - 1’3/2)
e R

1, s €|2¢,2
Oﬁws(y,S)Z{ 0 12, 2]

We let w = v and w. = p.w. Obviously, (4.5) implies the following inequality:

< 1.
selo,e] St

|0sw, + Aw,| < et AM(Jwe| + |V w,|)
(4.7)
+es(|Vol| Vol + [Vol[v] + [A pl[v] + |0s0|[v]) + cal L] [v]-

The crucial point is the application of the following Carleman-type inequality, see
Section 6 for details, Proposition 6.1, to the function w,

Il h_2“(s)e*‘ils (|V we| + |we|)? dyds
Q(e:2)
(4.8)
<ec f h’Qa(s)e_‘ils |0swe + A w,|? dyds.

Q(e,2)

Here, c5 is an absolute positive constant, « is an arbitrary positive number, and
—t

h(t) = te's . We let

A= max. v(y, )| + [V oy, s)|
(y,s)EQ(g,Q)\Q(gfl,%)
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and choose -y sufficiently small in order to provide the condition

1
10c5c2A? < 20csc2y < 3 (4.9)
Condition (4.9) makes it possible to hide the strongest term in the right hand side
of (4.8) into the left hand side of (4.8) So, we derive from (4.7)—(4.9) the following
relation

2
lyl

[ h2(s)e” s (|V we| + |we|)? dyds
Q(0,2)

2
< ceA2 [ B (s)e i x(y, 5) dyds (4.10)
Q(0:2)

+e55 [ h’Q“(s)e’% lv|? dyds.
Q(0,2e)
Here,  is the characteristic function of the set Q(o,2) \ Q(o — 1,3/2). We fix a
and take into account (4.6). As a result of the passage to the limitas ¢ — 0, we
find from (4.10)
[ h2a(s)e 4 (|V u] + |v])? dyds
Q(e—1,3/2)

D

<A [ h7(s)e i x(y, 5) dyds (4.11)
Q(e:2)

2 1?2
< ¢ A? (h’2“(3/2) +pv [ h20(s)e i ds).
0

Since p > 4, it follows from (4.11) that:
2
D < ¢, A? (h—2a(3/2) 4l / h(s)e~ & ds). (4.12)
0

In (4.12), the constant ¢; depends on n and ¢; only.
Given positive number 3, we can take a number « in the following way

Bo’

“ T Smh(3)2) (4.13)
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This is legal, since ~(3/2) > 1. Hence, by (4.13), inequality (4.12) can be reduced
to the form

2
D < ¢; A%eP?’ (1 + pr e P /h_Q“(s)emgz_é ds).
0
We fix 3 €]0, 1/64], say, § = 1/100. Then, the latter relation implies the estimate
2
D < & (cy,n) A%~ (1 +/h_2a(s)6_% ds). (4.14)
0

It is easy to check that 5 < % and therefore ¢'(s) > 0 if s €]0,2[, where
2
g(s) = h™2%(s)e 16 and a and p satisfy condition (4.13). So, we have
D < cs(er,n) A%, (4.15)

where /3 is an absolute positive constant.
By the choice of ¢ and A, we have B(u§,1) C B(o — 1) for any p €]0,1].
Then, setting Q = B(p$,1)x]1/2, 1], we find

D> /e_|y2||v|2dyds. (4.16)

Q

Observing that |y|? < 2u2|§—|22 +2ify € B(u$,1) and letting 1 = /23, we derive
from (4.15) and (4.16) the following bound

2 > 2 z 2
/ lv|? dyds < chze(*w*“T)% = ch2e*ﬁ%. (4.17)
Q

On the other hand, the regularity theory for linear backward parabolic equations
give us:

(/A 1/2)[ < eofer,n) / (o[2 dyds. (4.18)

Q
Combining (4.17) and (4.18), we show

\ o _glel
u(v/2B2, t)* = Ju(pz, t)* = [o(px/X, 1/2)* < gA?e7 0.
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Changing variables z = /2(x, we have

[u(@, )| < V/chAe
for |7] < BiR and |z|2 > Bot with B, = 3/8y/28 and 3, = 163. It remains to
note that A < +/27 and

A< max  |u(z,t)] + AV u(z,t)|
(@,)€Q(3R,IT)

Lemma 4.3 is proved. O

5 Backward Uniqueness for Heat Operator in Half

Space

In this section, we deal with a backward uniqueness problem for the heat operator.
Our approach is due to [7], see also [5] and [6].

Let R} = {z = (z;) € R" || 2z, > 0} and Q4 = R} x]0, 1[. We consider a
vector-valued function v : Q. — R", which is "sufficiently regular” and satisfies

10w+ Au| < e (|Vul + |u|) in Q4 (5.1)
for some ¢; > 0 and
u(-,0) =0 in R}. (5.2)

Do (5.1) and (5.2) imply v = 0 in Q.? We prove that the answer is positive
if we impose natural restrictions on the growth of the function « at infinity. For
example, we can consider

u(z, t)] < M (5.3)
for all (z,t) € @, and for some M > 0. Natural regularity assumptions, under
which (5.1)—(5.3) can be considered are, for example, as follows:

v and distributional derivatives 9,u, V?u are square } (5.4)

integrable over bounded subdomains of @ ...
We can formulate the main result result of this section.

Theorem 5.1 Using the notation introduced above, assume that v satisfies con-
ditions (5.1)—(5.4). Thenu =01in Q..
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This extends the main result of [5] and [6], where an analogue of Theorem 5.1
was proved for @, replaced with (R™ \ B(R))x]0,7T’[. Similarly to those papers,
the proof of Theorem 5.1 is based on two Carleman-type inequalities, see (6.1)
and (6.12).

Such results are of interest in control theory, see for example [28]. The point
is that the boundary conditions are not controlled by our assumptions.

It is an easy exercise for the reader to prove that Theorem 5.1 is true for func-
tionsu : Q. — R™ with1 < m < 4o0.

We start with proofs of several lemmas. The first of them plays the crucial
role in our approach. It enables us to apply powerful technique of Carleman’s
inequalities.

Lemma 5.2 Suppose that conditions (5.1), (5.2), and (5.4) are fulfilled. There
exists an absolute positive constant Aq < 1/32 with the following properties. If

u(z, t)] < e (5.5)

for all (z,t) € Q. and for some A € [0, Ay, then there are constants 5(A) > 0,
v(e1) €]0,1/12[, and ¢5(cq, A) > 0 such that

2
Tn

u(z, t)] < cpe* A= e P (5.6)
forall (z,t) € (R} + 2e,)x]0,7[.

PROOF In what follows, we always assume that the function u is extended by zero
to negative values of ¢.
According to the regularity theory of solutions to parabolic equations, see [19],
we may assume
u(z,t)| + |Vu(z, t)| < cze?4’ (5.7)

forall (z,t) € (R} +e,)x]0,1/2].
We fix z,, > 2 and ¢ €]0,v[ and introduce the new function v by usual
parabolic scaling
v(y, s) = u(x + Ay, \%s — t/2).

The function v is well defined on the set @, = B(p) x]0, 2[, where p = (z,, —1)/A
and \ = /3t €]0,1/2[. Then, relations (5.1), (5.2), and (5.7) take the form:

|0sv + Av| < e A(|Vo| + [v]) ae in Qp; (5.8)

o (y, s)| + [Vu(y, s)| < czetAlel AN Iv? (5.9)
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for (y, s) € Q,;
v(y,s) =0 (5.10)
for y € B(p) and for s €]0,1/6].
In order to apply inequality (6.1), we choose two smooth cut-off functions:

_JO Jy>p-—1/2
¢p(y)—{ 1 |y|<p—1 )

0 THMH<s<2
¢t(5)_{1 0<s<3/2°

These functions take values in [0, 1]. In addition, function ¢, satisfies the condi-
tions: [V¥g,| < Ck, k =1,2. We let n(y, s) = ¢,(y)¢:(s) and w = nu. It follows
from (5.8) that

|0sw + Aw| < e A(|Vw| + |w|) + xea(| Vo] + [v]). (5.11)

Here, ¢, is a positive constant depending on ¢; and Cj, only, x(y, s) = 1if (y, s) €
w={p—1< |yl < p}x]3/2,2[ and x(y,s) = 0 if (y,s) ¢ w. Obviously,
function w has the compact support in R™ x]0, 2[ and we may use inequality (6.1),
see Proposition 6.1. As a result, we have

ly|?

I= [ h2(s)e s (Jw* + |Vw|?) dyds < ¢10(ENT + 3 1), (5.12)
Qp

where

2
L= / X, $)h2(s)e=% (|v[? + |Vo[?) dyds.
Qp

Choosing v = () sufficiently small, we can assume that the inequality ¢y10c2\? <
1/2 holds and then (5.12) implies

I <cs(e)lh. (5.13)

On the other hand, if A < 1/32, then

1 1
BAN' — - <~ (5.14)
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for s €]0, 2]. By (5.9) and (5.14), we have

’ X(y, 5)h™2(s)e % dyds

B(p)

I < cges"m‘

Ct—

(5.15)

(p 1)2

< cgebAlal? [h—Q“(S/Q) + OfQ h=2(s)e ds]

Now, taking into account (5.15), we deduce the bound

1 1
D= //\w\Qdyds: //\v|2dyds
B(1) 1 B(1) 1

2
< c7/h2“(s)elzs (Jw]? + |Vw|?) dyds
Qo

2
< Cg(Cl)€8A|$| “24(3/2) +/h, 2% (s)e o ds]
0

2
=y 68A|w|2 28p> [ 72a(3/2)62ﬂp2 +/h2“(3)6251’23f)22s ds].
0

We can take 5 = 8A < 1/256 and then choose

a = Bp*/Inh(3/2).

Since p > x,,, such a choice leads to the estimate
2
D < cgeBAl' P =00 [1 + /g(s) ds],
0

where g(s) = h 2 s)e‘£. It is easy to check that ¢'(s) > 0 for s €]0, 2] if
B < 5= Inh(3/2). So, we have

1 ’ [3'90721
D < 2¢ge¥47 770" < 90 B e al | (5.16)
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On the other hand, the regularity theory implies
[v(0,1/2)* = [u(z, t)[* < &D. (5.17)

Combining (5.16) and (5.17), we complete the proof of Lemma 5.2. Lemma 5.2
is proved. O

Next lemma will be a consequence of Lemma 5.2 and the second Carleman
inequality (see (6.12)).

Lemma 5.3 Suppose that the function u satisfies conditions (5.1), (5.2), (5.4),
and (5.5). There exists a number (¢, ¢,) €]0, /2] such that

u(z,t) =0 (5.18)
forall z € R and for all ¢ €]0, v,[.

PROOF As usual, by Lemma 5.2 and by the regularity theory, we may assume

a5,
u(z,t)| + |Vu(z,t)| < colcr, A)et* ™ e P2t (5.19)

forall z € R? + 3e, and for all ¢ €]0,v/2].
By scaling, we define function v(y, s) = u(Ay, A>s — ;) for (y, s) € Q. with
A = 4/27,. This function satisfies the relations:

|0sv + Av| < e A(|Vo| + |v|) ae. in Qy; (5.20)

v(y,s) =0 (5.21)
forall y € R} and for all s €]0,1/2[;

2,2
2
Yn

’ __BXyn ’
IVu(y, s)| + [u(y, s)| < cge®N Ve 5700 < BN W5 (5.22)

forall1/2 < s < landforally € R} + %en. Since A < 1/32and A < /7 <
1/4/12, (5.22) can be reduced to the form

12
ly'|

Vo(y, s)| + [v(y, )| < crie '™ e P2 (5.23)

N

)

for the same y and s as in (5.22).
Let us fix two smooth cut-off functions:

_J 0 yn<§+1
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and /
0 r>—1/2
¥alr) = { 1 r<-=3/4"
We set (see Proposition 6.2 for the definition of ¢(\) and ¢(®)

1@ y2e
QSB(yn,S):aQS (ynas)_B:(l_S)s—a—B,
where a €]1/2, 1] is fixed, B = %¢(2)(§ +2,1/2), and

NWn, 8) = Y1 (Yn) (85 (Un, $)/B),  w(y, s) = n(yn, $)v(y; )-
Although function w is not compactly supported in @1, but, by the statement of
Lemma 5.2 and by the special structure of the weight in (6.12), we can claim
validity of (6.12) for w. As a result, we have

/5262¢(1)62“¢B(|w\2 + | Vw|?) dyds

Q%
< ¢ / 2620 g2095 05w + Aw|* dyds.

Q%
Arguing as in the proof of Lemma 5.2, we can select 1 (c1, ¢,) so small that
72
I= /3262“¢B(\w|2 + | Vw)e 5 dyds
Q%

!
ly

< enler, ) / X, 8) (59)262°%% (o] + [Vo[2)e 5" dyds,
(R +(2+1)en) x]1/2,1]
where x(yn, s) = 1if (yn, 5) € w, X(Yn, s) = 0 if (Y, s) ¢ w, and
w={(Yn,8) [ 4o >1, 1/2<s<1, ¢5(Yn,s) < —B/2}.

Now, we wish to estimate the right hand side of the last inequality with the help
of (5.23). We find

+oo 1
2
I <cpe B / /(yns)Qe_ﬂysn dy,ds / e(ﬁ_i”yqzdy'.

%4_1 1/2 Rn—1
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Passing to the limit as « — +o00, we see that v(y,s) = 0if1/2 < s < 1 and
oB(yn, s) > 0. Using unique continuation through spatial boundaries, see Section
4, we show that v(y,s) = 0if e R} and 0 < s < 1. Lemma 5.3 is proved. O

Now, Theorem 5.1 follows from Lemmas 5.2 and 5.3 with the help of more or
less standard arguments. We shall demonstrate them just for completeness.

Lemma 5.4 Suppose that the function « meets all conditions of Lemma 5.3. Then
u=0IinQ,.

PROOF By Lemma 5.3, u(z,t) = 0 for z € R%; and for ¢ €]0, v1[. By scaling, we
introduce the function u™ (y, s) = u(v/T — 71y, (1 — 71)s + 71). It easy to check
that function «(?) is well-defined in @, and satisfies all conditions of Lemma
5.3 with the same constants ¢; and A. Therefore, u(y,s) = 0 for y, > 0
and for 0 < s < 7. The latter means that u(x,t) = 0 for z,, > 0 and for
0<t<v =7 + (1 —v)y. Then, we introduce the function

u@(y,8) =u(v/1 =y, (1 —v)s+7),  (¥.5) € Qy,

and apply Lemma 5.3. After k steps we shall see that u(z, ¢) = 0 for z,, > 0 and
for 0 <t < k41, Where vx41 = v, + (1 — 7)1 — 1. Lemma 5.4 is proved. O

PROOF OF THEOREM 5.1 Assume that A4, < M. Then \?2 = 2‘4—]& < %
Introducing function v(y, s) = u(\y, A%s), (v, s) € Q., we see that this function
satisfies all conditions of Lemma 5.4 with constants ¢; and A = %AO. Therefore,
u(z,t) = 0forz, > 0andfor0 <t < A2. Now, we repeat arguments of Lemma
5.4, replacing 7, to ;‘—Ag and A to M and end up with the proof of the theorem.
Theorem 5.1 is proved. O

6 Carleman-Typelnequalities

The first Carleman-type inequality is essentially the same as the one used in [5]
and [6] (see also [3], [8], and [47])

Proposition 6.1 For any functions v € C§°(R™ x]0, 2[; R") and for any positive
number «, the following inequality is valid:

w2
[ h2et)e 5 (g|u|2 + \W\?) dzdt
R™ x]0,2[

(6.1)

<c¢ [ h’Q“(t)e’%wtu + Aul|? dzdt.
R x]0,2[
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Here, ¢, is an absolute positive constant and h(t) = te s

PROOF OF PROPOSITION 6.1 Our proof follows standard techniques used in
the L,-theory of Carleman inequalities, see for example [14] and [47].
Let u be an arbitrary function from C°(RY x]0, 2[; R*). We set ¢(z,t) =

I:;L (a+1)Inh(t) and v = e®u. Then, we have

Lv = e®(0pu + Au) = 0w — div(v ® V@) — VoV + Av + (|Vo|> — 9,0)v.

The main trick in the above approach is the decomposition of operator ¢L into
symmetric and skew symmetric parts, i.e.,

tL =S+ A, (6.2)
where 1
Sv = t(Av + (|[V¢|* — 8;p)v) — 5Y (6.3)
and .
Av = i(at(tv) + tow) — t(div(v ® Vo) + VoVe). (6.4)
Obviously,

[ t2€*|0pu + Aul? dadt = [1?|Lv|* dzdt
(6.5)
= [|Sv|*dadt + [ |Av|? dzdt + [[S, AJv - v dzdt,
where [S, A] = SA — AS is the commutator of S and A. Simple calculations

show that
I=[[S, Al vdzxdt =

=4[ [¢,ijv,i v+ ¢,ij¢,i¢,j|v|2i| dxdt |
(6.6

+ [2|v]2(82¢ — 20,|VP|> — A?¢) dxdt

+ [t|Vv]2dzdt — [tlv*(|[V|* — 0:¢) dxdt.
Here and in what follows, we adopt the convention on summation over repeated
Latin indices, running from 1 to n, Partial derivatives in spatial variables are de-
noted by comma in lower indices, i.e., v; = 22, Vv = (v;;), etc. Given choice
of function ¢, we have

I=(a+ 1)/t2[— (};((;))'— ’:;f(tt)))]|v\2dxdt:
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By the simple identity

1
[Vol? = 5(8t+A)\U|2—U'(3tU+AU)a (6.8)
we find
[ | Vo?dzdt = — [tlv|*dzdt — [ t?v- Lv dzdt
(6.9)
+ [C]*(|VS]* — 0,¢) dxdt.
In our case, )
K (t
2 — _ 2 s
|V¢‘ at(/j) |V¢‘ + (a’ + 1) h(t) .
The latter relation (together with (6.7)) implies the bound
J (Vo + [v?|V|?) dudt
(6.10)

<31 — [t?v- Lvdzdt < by [ t*|Lv|? dzdt,
where b, is an absolute positive constant. Since
e?|Vu| < [Vo| + |v|[V 4], (6.11)
it follows from (6.5)—(6.11) that

Juf?

/ h‘2“(t)(th‘1(t))2((a +1)E+ |Vu|2)e—'i'f dzdt

< b, / B2 () (th™ ()| Oy + Aule=% dadt.

Here, b, is an absolute positive constant. Inequality (6.1) is proved. O
The second Carleman-type inequality is, in a sense, an anisotropic one.

Proposition 6.2 Let

6= ¢ + ¢,
where ¢()(z,) = — 2L and ¢ (2, 1) = a(1 — )22, 2’ = (21,29, ..., T _1) SO
thatz = (2',z,), and e, = (0,0, ...,0,1). Then, for any function v € C§°((R?} +
en) x]0,1[; R™) and for any number a > aq(c), the following inequality is valid:

i 12e20(@:t) (aw + %) dxdt

+2
(R1+en)><]0,1[

(6.12)

<e, f 1226(t)
(R™ +en)x]0,1]

Oyu + Aul? dzdt.

Here, ¢, = c.(«) is a positive constant and « €]1/2, 1] is fixed.
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PROOF OF PROPOSITION 6.2 Let u € C§°(Q1; R™). We are going to use formu-
lae (6.2)—(6.6) for new functions u, v, and ¢. All integrals in those formulae are
taken now over Q.

First, we observe that

Vo =Vel) + V@

(6.13)
VoD (z,t) = —Z—;, Vo (z,t) = Qaa%xfﬁ’len.
Therefore,
Vo) . Ve® =0,  |Vg|2=|VeW |2+ |Ve®@ |2 (6.14)
Moreover,
V2¢ — V2¢(1) + v2¢(2)’
% f 1<, j<n—1
o) =
’1.7 . ’
0 if i=n or j=n (6.15)
0 if i#n or j#n
¢ =
5ZJ
2020 — 1)attale 2 if i=n and j=n

In particular, (6.15) implies

B o 712
¢,ij¢,i¢,j = —4%|V¢J(1)|2 + 20[(20[ — 1)@%1‘% 2|V¢(2)‘2 Z —4%% (616)

Using (6.14)—(6.16), we present integral 7 in (6.6) in the following way:
I=1L+1L+ /t|Vv|2da;dt, (6.17)

where
Is =4 ft2 |:q§’(f])’l)’Z “ U, + ¢(s)¢(f)¢’(;)\v|2 dxdt

iij 3
+ [ 2o (8201 — 20/ Vo — A2
~HVEOP + 10,00)) dudt, s =1,2.
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Direct calculations give us
L=— /¢(|vv|2 — v n?) dadt
and, therefore,
I= /t|v,n\2dxdt + L. (6.18)

Now, our aim is to estimate I, from below. Since o €]|1/2, 1|, we can skip the
fist integral in the expression for I,. As a result, we have

]2 Z /t2|U|2(A1 + AQ + Ag) dl‘dt, (619)

where
Ay = =08,V 2,

1
Ay = Ay = A% — |V,
1
As = 026 + gatqs(?).
For A,, we find

1—1¢ 4 2 2042
Ay > ——a2ta(2a — 1) [O‘:’% ~ 2a(2a — 2)(20 — 3)].

Sincez,, > 1and 0 < ¢ < 1, we see that A, > 0 for all @ > 2. Hence, it follows
from (6.18) and (6.19) that

I> /t2\0\2(A1 + A3) dadt. (6.20)

It is not difficult to check the following inequality

2a

Ay > a(2a — 1);12. (6.21)

On the other hand,

1 1—
_6t\V¢(2)‘2 _ z‘Vq5(2)‘2 > (20— 1)t2a_+f4a2a2x121(2a—1) >0

and thus .
Ay > —[VoIP (6.22)
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Combining (6.20)—(6.22), we deduce from (6.5) the estimate
[ | Lo|? dxdt > T
> a(2a — 1) [ 22 |o|2dzdt + [ t|v|2|V)|? dxdt (6.23)
> a(2a — 1) [ o> dzdt + [ tjv|*|V¢P|? dxdt.
Using (6.8), we can find the following analog of (6.9)

[tV dedt = —1 [ |v[>dadt — [ tv- Lvdzdt
(6.24)
+ [t2(IVe|* — 0i4) dzdt.

Due to special structure of ¢, we have
Vo> — 0 = [V ? — 09" + [V |* — 8,6
= —|VW 2+ |V — 916

and, therefore, (6.24) can be reduced to the form

S (t\VvP +tP (Vo [? + |v¢<2>\2)) dxdt
= [ t(|Vol2 + [oP|VoP) dwdt = ~ [ [o]? dud (6.25)

— [tv- Lvdzdt + 2 [ t|v?|VoP 2 dxdt — [ t|v|?0,0? dzdt.

But

2a
—t9,6® < a%

and, by (6.11) and (6.25),

2 [te*|Vu]> < — [v - (tLv) dzdt
. (6.26)
+2 [ tv2|V¢P|2 dzdt + a [ Za|v|? dudt.

The Cauchy-Scwartz inequality, (6.23), and (6.26) imply required inequality (6.12).
O
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7 Appendix

HEAT EQUATION
We start with derivation of the known estimates for solutions to the Cauchy prob-
lem for the heat equation. So, let us consider the following initial problem

8{& —Au=0 in QT, (71)
u(-,0) = a(+) in R%. (7.2)

Lemma 7.1 For solutions to problem (7.1) and (7.2), the following bounds are
valid:

”u(at)“S S 61(8,81)15_%”@“51, > 0: (73)
fors > s,
lullsior < (s, s1)llalls, (7.4)
for s > s;. Here,
1 371 1
== _Z). 7.5
[ 2 (51 s) (7.5)

Remark 7.2 Estimates (7.4) is due to Giga, see [11].

PROOF We are not going to prove Lemma 7.1 in full generality. Our aim is just to
show how it can be done. First, we note that the solution to the Cauchy problem
has the form

u(-,t) =T(-, 1) xa(-), (7.6)

where I' is the fundamental solution to the heat operator, i.e.,

2
1 e it ift>0

0 if £t <0.

Then, (7.3) can be derived from (7.6) with the help of Holder inequality and scal-
ing arguments.

Estimate (7.5) is a little bit more delicate and we prove it for the special case
s =5 and s; = 3. We may assume

a € C. (7.7)
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Then, all further operations will be obviously legal. The required estimate can be
achieved by passing to the limit.
Multiplying (7.1) by |u|u and integrating by parts, we find

SalluC Ol + [ |u(, )l Vul 1) 2de + §[VIuC- D3 =0.  (7g)

R3
Setting g = \u\g, we observe that (7.8) implies the estimate

95,0, = ess sup [lg(- )3+ 11Vyllzq, < callalls, (7.9)
0<t<T

where ¢, is an absolute positive constant. Now, by the multiplicative inequality
(see [19]),

2 3
lg( )l < llg(- DIV DI (7.10)
and, therefore,
2
lulls.ar = llgllts o, < clalls
for some absolute positive constant c¢5. Lemma 7.1 is proved. O
STOKES SYSTEM

Simple arguments of the previous subsection also work in the case of the
Cauchy problem for the Stokes system:

O — Ad?fvz iigf ~ V4 } in Qr, (7.11)
u(-,0) = a(:) in R%. (7.12)

Theorem 7.3 Assume that

VS Lg(QT) N Ly(Qr) (7.13)

and .
a€LsnJ. (7.14)

For any T > 0, there exists a pair of functions « and ¢ with the following proper-
ties:

w e C(10,T]; Ls) N La(0, T3 7Y, u € Lo(0,T; (JLY): (7.15)
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u € C([0,T]; Ls) N Ls(Qr) N La(Qr); (7.16)

q € Ly(Qr)N Lg(QT); (7.17)

u and ¢ satisfy equations (7.11) in the sense of distributions; (7.18)
initial condition holds in the sense ||u(-,t) — a(-)||s > 0ast —0; (7.19)
[ull3,00.0r + lulls.er < cs(llfll5,q, + llalls); (7.20)

ullsor < cs([f]l5,q, + llalls + I
where c3 is an absolute positive constant.

l2,0r + llall2), (7.21)

PRrROOE As usual, we can assume that, in addition,
feCP@r), aeCFR).

The general case is treated with the help of suitable approximations.
L,-estimates are obvious:

[ullo.co,or + Vullz0r + 10ull o 7. 51y < Clllallz + [ fll2)- (7.22)

%1
0,T5(J3

Here, C'is an absolute positive constant.
Next, taking divergence of the first equation in (7.11), we find the equation for
the pressure
Aq = divdivf.

Therefore, (7.17) is proved and, moreover,
lalls < Collflls. (7.23)

As in the proof of Lemma 7.1, we test our equation with |u|u and, making use of
Holder inequality, arrive at the estimate

SO lull3 + [ [ul|Vul?dz + 3 [ |Vv]*de = [(pdiv(|ulu)
R3 R3

R3

1 1

—f : V(ulw) dz < Ci( [(FP+laP)ulde)” ([ lulVuPdz)" (720

R3 R3
< (see (7.23)) < C1 ( f |u[Vuldz) " lloll 15 = 4,
R3 3
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where v = \u\%. The right hand side in (7.24) can be evaluated with the help of
the multiplicative inequality (see (7.10)) in the following way:

3
5

A< G [ ulivup dz)oll ¥ 900511
R3

Applying Young’s inequality twice and the identity |[v]|2 = ||u||3, we find from
(7.24) and from the last bound the basic estimate

1 5
Oullull3 + [ |ul[Vul?dz + [ |Vo|*dz < Csllull3 || f1I3- (7.25)
R3 R3 2

Obviously, (7.25) implies the inequality

[ulls,00,.0r < Calllfllz or + llalls), (7.26)
where C, is an absolute positive constant. Then, by (7.25) and by (7.26),

/(|U||VU|2 +|Vo|?) dadt < Cs(|| flls g, + llalla)’®
Qr

and thus (see (7.10))

ls,0r < Csllu

2 2
I 3000Vl 0, < Colllf 5,0, + llalls),

where C§ is an absolute positive constant.
On the other hand, another multiplicative inequality says that

3 1
13 00,021 Vtllz g < C7(llu

|ls,or < Crllu

lu I3,00.0r + [IVull2.0r)-

So, (7.20) and (7.21) are proved.
It remains to show that
u € C([0,T]; Ls). (7.27)

To do this, let us go back to the first identity in (7.24). It gives us:

/

Oululls| dt < Cu[ |71 g lulsgn + [ (ullVuP +[9vf) dadt].
Qr
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Hence, we can claim that the function ¢ — ||u(-,¢)||3 is continuous. But, by
known arguments, the function ¢ — [ u(z,t) - w(z) dz is continuous on [0, T'| for

R3
allw € L%. These two facts imply (7.27). Theorem 7.3 is proved. O

NAVIER-STOKES SYSTEM
Here, we are going to consider the Cauchy problem for the Navier-Stokes
equations:

oy + dlvud(iii),z ; OAu =—-Vq } in Qr. (7.28)
u(-,0) =a(-) in R%. (7.29)

Theorem 7.4 Assume that condition (7.14) holds. Then, a positive number T,
depending on «a only, exists and possesses the following property. There exists a
unique pair of functions » and ¢ such that:

ue C(0, T L) N L0, T J3), O € Lo(0, T (J));  (7.30)
u € C([0,T.]; L3) N Ls(Qr,) N La(Qr,); (7.31)
qg € C([0,Ty]; L%) N Ly(Qr,) N Lg(QT*); (7.32)
u and ¢ meet equations (7.28) in the sense of distributions; (7.33)

initial condition holds in the sense ||u(-,t) —a(-)||s > 0ast— 0. (7.34)

PROOF The proof is more or less standard (see, for instance, [10] and [24])
and based on successive iterations. We let

u'(-,t) =T(-, 1) * a(), t >0,

(7.35)

(1) = lullls,@r, + utllaon,

and
uF T = w + Uk,
where w is a solution to the following Cauchy problem:
ow — Aw = —divu* ® uF — V¢F .

divw =0 In QT*’ (736)
w(-,0)=0  inR3. (7.37)
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We also let
f=—-u*uk

According to Theorem 7.3, we have the estimate (see (7.20) and (7.21))

||uk+1 o ul 1

ls.0r, + 10" — u'|lagr < 2es(|u”|ls.0p + llu*||s0s )

It can be rewritten in the form

k—|—1|

5,0z, + [[uFT!

li@r, < 2¢3(llu¥lls0z, + [0*llaqr,)?

Ju
(7.38)

+||u!

l5,00, + 1! l4,01, -

Now, our aim is to show that a number 7', can be chosen to fulfill the following
conditions:
[ 5,00, + 105 aqr < 26(T5) (7.39)

for k =1,2,.... We argue by induction on k. Then, (7.38) and (7.39) give us:

k+1

[u* 5,0, + [1u* laor, < 8esk®(T3) + K(Th) = K(T2) (8esk(T) +1).

Obviously, inequalities (7.39) are valid if we choose T, so that
K(T,) < —. (7.40)
To show that this can be done, we introduce
a, = Wy * a,
where w, is the usual smoothing kernel. We let u, (-, t) = T'(-, ) * a,(-) and then
K(T,) < I, + I, (7.41)
where

1 __ 1
Ip - ”up'

sar, Tlluer, I =llut —ullsen + lu' = wllaor,-
Certainly, Theorem 7.3 is valid for the heat equation as well. Therefore,

12 < Gy(lla = aylls + lla — a,ll),
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where Cy is an absolute constant. We fix p > 0 in such a way that

1

Co(lla = a,lls + lla — all2) < o6, (7.42)
To estimate I,}, we apply Lemma 7.1. So, we have
lup(D)lls < ext®llaglla, — Nlup(c,t)lls < eat™ ]|yl
and thus
lupll5,0r, < CroT  |aplls, [upllaor, < CroTP?||ay|ls

for some positive absolute constants C1g, 1, and S,. It remains to choose 7, > 0

so that
1

1603.
Combining (7.41)—(7.43), we prove (7.40). Then, passing to the limit as & —

—+o00, we establish all statements of Theorem 7.4, except continuity of « in ¢ with
values in L3 and continuity of ¢ in ¢ with values in Ls. Continuity of » immedi-

2
ately follows from Theorem 7.3 and observation that f = —u @ u € L;(QT*).
Continuity of ¢ is a consequence of the pressure equation

Cro(TMlaplla + T Nlalls) < (7.43)

Ag = —divdivu ® u.
Theorem 7.4 is proved. O

Remark 7.5 It is easy to check that the function u of Theorem 7.4 is in fact the
weak Leray-Hopf solution. Since it belongs to Ls(Q7, ), any other weak solution
coincide with u (see Theorem 1.2).
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