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BLOW-UP CRITERIA FOR THE NAVIER-STOKES EQUATIONS
IN NON-ENDPOINT CRITICAL BESOV SPACES

DALLAS ALBRITTON

We obtain an improved blow-up criterion for solutions of the Navier—Stokes equations in critical Besov
spaces. If a mild solution # has maximal existence time 7T* < oo, then the non-endpoint critical Besov
norms must become infinite at the blow-up time:

B I Dy =05 3< <o

In particular, we introduce a priori estimates for the solution based on elementary splittings of initial
data in critical Besov spaces and energy methods. These estimates allow us to rescale around a potential
singularity and apply backward uniqueness arguments. The proof does not use profile decomposition.

1. Introduction

We are interested in blow-up criteria for solutions of the incompressible Navier—Stokes equations
diu—Au+u-Vu+Vp =0,
divu =0, (NSE)
u(-,0) =ug
in O := R? x (0, T) with divergence-free initial data u € Cge (R3). It has been known since [Leray
1934] that a unique smooth solution with sufficient decay at infinity exists locally in time. Furthermore,

Leray proved that there exists a constant ¢, > 0 with the property that if 7* < oo is the maximal time of
existence of a smooth solution, then

3
1 1=
”u('vt)”LP(R?') Zcp(ﬁ) (1-1)

for all 3 < p < oo. Such a characterization exists because the Lebesgue norms in this range are subcritical
with respect to the natural scaling symmetry of the Navier—Stokes equations,

u(x,t) = du(Ax, A%1),  p(x,t) = A2 p(ix, A%1). (1-2)

The behavior of the critical Z* norm near a potential blow-up was unknown until the work of Escauriaza,
Seregin, and Sverdk [Escauriaza et al. 2003], who discovered an endpoint local regularity criterion in
the spirit of the classical work [Serrin 1962]. In particular, they demonstrated that if « is a Leray—Hopf
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solution of the Navier—Stokes equations with maximal existence time 7* < oo, then
limsup [[u(-, 1)| L3R3) = oo- (1-3)
AT

Their proof uses the e-regularity criterion of Caffarelli, Kohn, and Nirenberg [Caffarelli et al. 1982] in
an essential way, and moreover it introduced powerful backward uniqueness arguments for studying
potential singularities of solutions to the Navier—Stokes equations. The proof is by contradiction: If a
solution forms a singularity but remains in the critical space L°L fc (Qrx), then one may zoom in on the
singularity using the scaling symmetry and obtain a weak limit. The limit solution will form a singularity
but also vanish identically at the blow-up time. By backwards uniqueness, the limit solution # must be
identically zero in spacetime, which contradicts that it forms a singularity. This method was adapted by
Phuc [2015] to cover blow-up criteria in Lorentz spaces. Interestingly, backwards uniqueness techniques
have also been employed in the context of harmonic map heat flow by Wang [2008]. For a different proof
of the criterion, see [Dong and Du 2009].

A few years ago, Seregin [2012a] improved the blow-up criterion of Escauriaza, Seregin and Sverdk
by demonstrating that the L3 norm must become infinite at a potential blow-up:

lim |u(-, 1 = 00. 1-4
tTlT*”u( )||L3([R3) S (1-4)

The main new difficulty in the proof is that one no longer controls the L% L3 norm when zooming in
on a potential singularity. Seregin addressed this difficulty by relying on certain properties of the local
energy solutions introduced by Lemarié-Rieusset [2002]; see also [Kikuchi and Seregin 2007]. However,
an analogous theory of local energy solutions was not known in the half-space Ri ={xeR3:x3>0.!
In order to overcome this obstacle, Barker and Seregin [2017] introduced new a priori estimates which
depend only on the norm of the initial data in the Lorentz spaces L3*9, 3 < ¢ < oo. This is accomplished

by splitting the solution as
tA

u=-e"ug+w, (1-5)
where w is a correction in the energy space. The new estimates allowed Barker and Seregin to obtain
an analogous blow-up criterion for Lorentz norms in the half-space. Later, Seregin and Sverak [2017]
abstracted this splitting argument into the notion of a global weak L3 solution. We direct the reader to
[Barker et al. 2013] for global weak solutions with initial data in L3>,

Recently, there has been interest in adapting the “concentration compactness + rigidity” road map of
[Kenig and Merle 2006] to blow-up criteria for the Navier—Stokes equations. This line of thought was
initiated by Kenig and G. Koch [2011] and advanced to its current state by Gallagher, Koch, and Planchon
in [Gallagher et al. 2013; 2016]. Gallagher et al. succeeded in extending a version of the blow-up criterion

to the negative regularity critical Besov spaces Bls,‘,’q (R?), 3 < p,q < co. Here, spi=—1+ % is the
critical exponent. Specifically, it is proved in [Gallagher et al. 2016] that if 7* < oo, then
hﬂl;gp € O g, (gsy = 00 (1-6)

11t appears that this theory has recently been developed in [Maekawa et al. 2017].
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This proof is also by contradiction. If there is a blow-up solution in the space L?O(B;,’fq) x» then one may
prove via profile decomposition that there is a blow-up solution in the same space and with minimal
norm, made possible by small-data-global-existence results [Kato 1984]. This solution is known as a
critical element. By essence of its minimality, the critical element vanishes identically at the blow-up
time, so one may apply the backward uniqueness arguments of Escauriaza, Seregin, and Sverak to obtain
a contradiction. The main difficulty lies in proving the existence of a profile decomposition in Besov
spaces, which requires some techniques from the theory of wavelets [Koch 2010; Bahouri et al. 2011b].
A secondary difficulty is obtaining the necessary estimates near the blow-up time in order to apply the
e-regularity criterion. We note that [Kenig and Koch 2011] appears to be the first application of Kenig
and Merle’s road map to a parabolic equation. The nonlinear profile decomposition for the Navier—Stokes
equations was first proved in [Gallagher 2001]. The paper [Bahouri et al. 2014] contains further interesting
applications of profile decomposition techniques to the Navier—Stokes equations.

In this paper, we obtain the following improved blow-up criterion for the Navier—Stokes equations in
critical spaces:

Theorem 1.1 (blow-up criterion). Let 3 < p,q < oo and ug € Bls,f’q (R3) be a divergence-free vector field.
Suppose u is the mild solution of the Navier—Stokes equations on R3 x [0, T*) with initial data uo and
maximal time of existence T*(ug). If T* < 0o, then

tlTi?wl*||u("t)||B;1fq(R3) = 0. (1-7)

The local well-posedness of mild solutions, including characterizations of the maximal time of existence,
are reviewed in Theorem A.2.

Let us discuss the novelty of Theorem 1.1. First, this theorem extends Seregin’s L? criterion (1-4) to the
scale of Besov spaces and replaces the lim sup condition in Gallagher, Koch and Planchon’s criterion (1-6).
Our proof does not rely on the profile decomposition techniques in [Gallagher et al. 2016] and may be
considered to be more elementary. Rather, our methods are based on the rescaling procedure in [Seregin
2012a]. Regarding optimality, it is not clear whether Theorem 1.1 is valid for the endpoint spaces B;,’foo
and BMO™! , which contain nontrivial —1-homogeneous functions, e.g., |x|_1. Indeed, if the blow-up
profile u(-, T™) is locally a scale-invariant function, then rescaling around the singularity no longer
provides useful information.? It is likely that this is an essential issue and not merely an artifact of the
techniques used here. For instance, one may speculate that if type-I blow-up occurs (in the sense that the
solution blows up in L at the self-similar rate), then the VMO™! norm does not blow-up at the first
singular time.

As in previous works on blow-up criteria for the Navier—Stokes equations, the main difficulty we
encounter is in obtaining a priori estimates for solutions up to the potential blow-up time. We also
require that the estimates depend only on the norm of the initial data in B;’:q. The low regularity of
this space creates a new difficulty because the splitting (1-5) does not appear to work in the space Bls,fq

2Since the submission of this paper, T. Barker has proven the blow-up criterion limp s [Ju(-, )|l B = 00 using Calderén-

type solutions, under the extra assumption that u( -, T*) vanishes in the rescaling limit [Barker 2017]. See also the forthcoming
work [Albritton and Barker 2018] of T. Barker and the author.
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when % + % < 1. One problem is that when obtaining energy estimates for the correction w in (1-5), the
operator

T
(U, ug) I—)/O /RS e"Pug-VU -U dx dt (1-8)

is not known to be bounded for U € L® L2 N L%H; and ug € B;‘:q. This is because e’ u¢ “just misses”
the critical Lebesgue space LY L% with % + % = 1. Therefore, to obtain the necessary a priori estimates,
we rely on a method essentially established by C. P. Calder6n [1990]. The idea is as follows. We split the
critical initial data ug € BIS,’: p into supercritical and subcritical parts:

up=Us+ Vo € L + BJL'®. (1-9)

When small, the data V}y in a subcritical Besov space gives rise to a mild solution V' on a prescribed time
interval (not necessarily a global mild solution). The supercritical data Uy € L? serves as initial data for a
correction U in the energy space. We will refer to solutions which split in this way as Calderén solutions,
see Definition 2.1, and we construct them in the sequel. Note that the unboundedness of (1-8) is similarly
problematic when proving weak-strong uniqueness in Besov spaces. In recent work on weak-strong
uniqueness, Barker [2018] has also dealt with this issue via the splitting (1-9). We remark that Calderén’s
original idea was to construct global weak solutions by splitting L? initial data for 2 < p < 3 into small
data in L*® and a correction in L2 This idea has also been used to prove the stability of global mild
solutions [Gallagher et al. 2002; Auscher et al. 2004].

Let us briefly contrast the solutions we construct via (1-9) to the global weak L3 solutions introduced
in [Seregin and Sverédk 2017], which are constructed via the splitting (1-5). The correction term w in (1-5)
has zero initial data, which allows one to prove that an appropriate limit of solutions also satisfies the
energy inequality up to the initial time. For this reason, the global weak L3 solutions are continuous with
respect to weak convergence of initial data in 3. Since the splitting (1-9) requires the correction to have
nonzero initial condition Uy, an analogous continuity result is not as obvious for Calderdn solutions. We
do not seek to prove such a result here as to avoid burdening the paper technically, but we expect that it
may be shown by adapting various ideas in [Seregin 2012b; Barker 2018]. Using similar ideas, we expect
that one could prove that all Calderdn solutions agree with the mild solution on a short time interval.

Here is the layout of the paper:

e In Section 2, we prove the existence of Calder6n solutions that agree with the mild solution until the
blow-up time. This is the content of Theorems 2.5 and 2.6. We also describe the properties of weak
limits of Calder6n solutions in Theorem 2.7. The splitting arguments for initial data in Besov spaces are
contained in Lemma 2.2.

¢ In Section 3, we prove Theorem 1.1 using the results of Section 2.

e We conclude with an extensive Appendix that summarizes the local well-posedness theory of mild
solutions in homogeneous Besov spaces and collects well-known theorems about e-regularity and backward
uniqueness. We include it for the reader’s convenience and to make the paper self-contained.
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Notation is reviewed in the Appendix. One important point is that we do not distinguish the notation of
scalar-valued and vector-valued functions.

After completion of the present work, we learned that T. Barker and G. Koch (personal communication,
2017) obtained a different proof of the blow-up criterion (1-7). Their proof treats mild solutions by
exploiting certain properties of the local energy solutions of Lemarié-Rieusset.

2. Calderon’s method

In this section, we present properties of the following notion of solution:

Definition 2.1 (Calderdn solution). Let 3 < p < oo and ug € BIS,’: » (R?) be a divergence-free vector field.
Suppose T > 0 is finite. We say that a distribution ¥ on Qr is a Calderon solution on Q1 with initial
data u if the following requirements are met:

ug=Ug+Vy, u=U+YV, (2-1)
where
Upe LARY). Voe By (R, 2-2)
UeL®LENL2HNQr), V ek (Qr), (2-3)
q>p, 0<e<-—sg, (2-4)

and V is the mild solution of the Navier—Stokes equations on Q7 with initial data Vj; see Theorem A.7.
In addition, U satisfies the perturbed Navier—Stokes system

0 U—-AU +divU QU +divU @V +divi U =—-VP, divU =0 (2-5)
in the sense of distributions on O, where
3
P e L7L3(Q7)+L*(Qr). (2-6)

We require that U( -, ¢) is weakly continuous as an L?(R?)-valued function on [0, 7'] and that U attains
its initial condition strongly in L?(R?):

ltiigHU(',l)—UoHLl(W) =0. (2-7)

Define
0:=(-A)"ldivdivVeV, p:=P+0. (2-8)

We require that (u, p) is suitable for the Navier—Stokes equations,
Orlul® +2|Vul* < Aful? —div((|ul® +2p)u), (2-9)
and that (U, P) is suitable for (2-5),

U +2|VU|? < AlU> —div((|U|* +2P)U) —div(|U |*V) —2U div(V Q@ U). (2-10)
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The inequalities (2-9) and (2-10) are interpreted in the sense of distributions evaluated on nonnegative
test functions 0 < ¢ € C§°(Qr). Lastly, we require that U satisfies the global energy inequality

151 151
/ |U(x,zl)|2dx+2/ / |VU(x,t)|* dx dt 5/ |U(x,to)|2dx+2/ / V®U:VU dxdt,
R3 to JR3 R3 to JR3
(2-11)
for almost every 0 <ty < T, including ¢y = 0, and for all #; € (to, T'].

Splitting arguments. The next lemma allows us to represent critical initial data as the sum of subcritical
and supercritical initial data while preserving the divergence free condition. See Proposition 2.8 in [Barker
2018] for a detailed proof.

Lemma 2.2 (splitting of critical data). Let 3 < p < g < oo and 0 € (0, 1) satisfy

1 6 1-6
=24+ (2-12)
P 2 q
Define s := sp/(1 —0). For all A > 0 and divergence-free vector fields u € B}S,fp (R3), there exist
divergence-free vector fields U, V such thatu =U + V,

z p
< 2 Al=2 2-1
10y < el gy 3 7%, 1)
P
. q -z
[ V”B;‘,',,,(R3) <c|u ”B;‘,’p(R3))\ T, (2-14)

where ¢ > 0 is an absolute constant.

The proof is by decomposing the Littlewood—Paley projections as
Aju:(Aju)l{lA]’u|>)\,j}+(Aju)1{|AjM|§)\.j}’ jeZz, (2-15)

with an appropriate choice of A; > 0, j € Z. The divergence-free condition is kept by applying the
Leray projector to the resulting vector fields. Recall that the Leray projector is a Fourier multiplier with
matrix-valued symbol homogeneous of degree zero and smooth away from the origin:

a.
(P)ij :=6ij + RiR;, R;:= ﬁ, 1<i,j<3. (2-16)

Note that B;’q (R3) is indeed a subcritical space of initial data, since

3 %

We will often define ¢ := s — 54 > 0.

Existence of energy solutions to NSE with lower-order terms. In this section, we will prove the existence
of weak solutions to the Navier—Stokes equations with coefficients in critical Lebesgue spaces. The
method of proof is well known and goes back to [Leray 1934].
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Proposition 2.3 (existence of energy solutions). Let Uy € L?(R?) be a divergence-free vector field,

and let

abeL L7 (0r), %+%=1, 3<r < oo, (2-18)

be vector fields for a given T > 0. Further assume that div b = 0. Then there exist a vector field U and

pressure P,

. 3
UeLPLINLIH{(Qr), PeLiLi(Qr)+L*(Qr), (2-19)
such that the perturbed Navier—Stokes system
0, U—-AU +divU QU +divU @ b+divaU =-VP, divU =0 (2-20)

is satisfied on Qr in the sense of distributions. In addition, U( - ,t) is weakly continuous as an L*(R?)-
valued function on [0, T, and

1ti¢rr(}||U(~ 1) = Uoll 2@ = 0. (2-21)

Finally, (U, P) is suitable for (2-20),
|U?+2|VU|? < AU —div((|U|? +2P)U) —div(|U |*b) —2U div(a @ U) (2-22)

as distributions evaluated on nonnegative test functions 0 < ¢ € C$°(Qr), and U satisfies the global
energy inequality

t

123 2
f|U(x,tz)|2dxdt+2// |VU(x,z)|2dxdt§/ |U(x,tl)|2dx+2// a®U :VU dx dt
R3 t1 JR3 R3 1 JR3

1

(2-23)
for almost every t; €0, T), including t; = 0, and for all t, € (1, T).
In the statement above, U div(a ® U) is the distribution
T
(Udivie® U), p) :=—// a®U :(U®Vep+¢oVU)dx dt (2-24)
0 JR3

for all ¢ € C3°(Qr).
Let us introduce some notation and basic estimates surrounding the energy space. For 0 <#y < 7 < oo,
we define Q.7 :=R3 x (1o, T). f U € L®L2 N L2H!(Qy,.1), we define the energy norm

T
|U|§Qt0T:= sup / |U(x,l)|2dx—i—2// VU (x,t)|? dx dt’. (2-25)
=10 R3 to JR3

to<t<T

For simplicity, take #o = 0. By interpolation between L L2(Q7) and L?LS(Q7), one obtains

ULy Lncory < clUl2,0r (2-26)

S| W
w

%Jr —3 2<m<oo, 2<n<e. (2-27)
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10

For instance, it is common to take m = n = 5. Hence, if a € LﬁLQ(QT) is a vector field as in

Proposition 2.3, we have

T
/ |U|2|a|2 dx dt <c|la|| (2-28)
0

2 2

rirron!Vlor
T 2 1 2

/0 U laldx dt = cT>all s 1y 01) U207 (2-29)

Let us now recall the tools used to estimate the time derivative d;U of a solution U that belongs to the
energy space. To start, we will need to estimate the pointwise product of u € L?(R?) and v € H' (R?):

||“U||H—1/2(R3) = cllullp2@s) ||U||Hl(R3)§ (2-30)
see Corollary 2.55 in [Bahouri et al. 2011a]. For instance, it follows that
. 2
||d1VU®U”L%H;3/2(QT) §CIU|2,QT' (2-31)

.3
The time derivative 9, U is typically only in L2 H, 2(Qr) unless the nonlinear term is mollified. Notice
also that 2 (R3) — H_%([R3). Suppose (U ™),cy is a sequence of vector fields on Q7 such that

sup |U(”)|2’QT + ||81U”L%H;3/2(QT) < 00. (2-32)

neN

According to the Aubin—Lions lemma, see Chapter 5, Proposition 1.1 in [Seregin 2015], there exists a
subsequence, still denoted by U ) such that

U™ U in L3 (B(R)x(0,T)), R>0. (2-33)

Since sup,,cp |U @™ lL10/3¢04) < 00, the subsequence actually converges strongly in L3(B(R) x (0, T)).
We will use this fact frequently in the sequel.

For the remainder of the paper, let us fix a nonnegative radially symmetric test function 0 < 6 € C¢*° (R?)
with [p3 6 dx = 1. For a locally integrable function f € LlloC (R3) we make the following definition:

Ll N
ep._p—e(;), (f)p:=f %0, p>0. (2-34)

The proof of the next lemma is well known, and we include it for completeness.

Lemma 2.4 (solution to mollified Navier—Stokes equation with lower-order terms). Let p > 0. Assume
the hypotheses of Proposition 2.3. Then there exists a unique U in the class

UeC(0. T L*®R*)NL*H Q7). 8,U e L2H;'(Q7). (2-35)
satisfying the mollified perturbed Navier—Stokes system in L%H . Lor)
0, U—-AU+PdiviU® (U),) +PdiviU®b+a®U) =0, divU =0, (2-36)

and such that U(-,0) = Up in L*(R?).
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Proof. Assume the hypotheses of the lemma and define 7 := T in the statement, in order to reuse the
variable 7. We will consider the bilinear operator

t
By(v,w)(-,1) ;:/ =2 P dive ® (w), ds, (2-37)
0
defined formally for all vector fields v, w on spacetime, as well as the linear operator
t
Lw)(-,1):= / IR divie @ w + w ® b) ds. (2-38)
0

For instance, by classical energy estimates for the Stokes equations, the operators are well defined
whenever v ® (w),, a ® w, w ® b are square integrable. Specifically, due to (2-28) and the energy
estimates, we have that B and L are bounded operators on the energy space, and

1B.w)l3,0, <clv® @l}ap,) =TIV g, w3 o, - (2-39)
ILw)0, =cla®wlizg,y = lalZ o050, (2-40)

for all T > 0. Notice that b does not enter the estimate, since divh = 0. In addition, the operators take
values in C([0, T']; L?(R?). Moreover, notice that ”a”LiL;(QT) « 1 when 0 < T « 1. Hence, one may
apply Lemma A.3 to solve the integral equation

U(-.1)=e"2Uy— B,(U,U)(-.1)— L(U)(-.1) (2-41)

up to time 0 < 7" < 1. The integral equation (2-41) is equivalent to the differential equation (2-36). The
solution may be continued in the energy space up to the time 7y by the same method as long as the energy
norm remains bounded. This will be the case, since a solution U on Q7 obeys the energy equality

123 15
/|U(x,t2)|2dx—|—2// |VU|2dxdt=/ |U(x,tl)|2dx+2// a®U :VU dx dt
R3 t R3 R3 t R3

2 2
ngSw(x,zm dx + AU g, (2-42)

forall0 <t <t, < T where A(t1,1,) := c||a||LzL, Q1) .1)" Then one simply takes 7, close enough to #;
such that A(f;, ;) < 4 to obtain a local-in-time a priori energy bound. By repeating the argument a finite
number of times, one obtains

|U|2,QT = C(||UO||L2([R3), ”a”L‘;LQ(QTn))' (2-43)
Hence, the solution may be continued to the time 7. Finally, uniqueness follows from the construction. [J

Proof of Proposition 2.3. We follow the standard procedure initiated by Leray [1934] of solving the
mollified problem and taking the limit as p | 0. The arguments we present here are essentially adapted
from [Seregin and Sverak 2017; Seregin 2015, Chapter 5], so we will merely summarize them.
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(1) Limits. For each p > 0, we denote by U” the unique solution from Lemma 2.4. From the proof of
Lemma 2.4, recall the energy equality

%) 15}
[|U"(x,t2)|2dx+2// |VUP|2dxdz=/ |Up(x,t1)|2dx+2// aQUP:VUP dx dt
R3 t JR3 R3 t JR3

(2-44)
forall 0 <t; <1, =T, as well as the a priori energy bound
1UP12,07 = CIUsllL2@3)- ”a”LiL,rx(QT))' (2-45)
_3
In order to estimate the time derivative 9, U € L%HX 2(Qr), we rewrite (2-36) as
0:U =AU —Pdiv(U” ® (U?),) —Pdiv(a U + U ® b). (2-46)

Then, due to the estimate (2-28), one obtains
|AU =P diva®UP + U @)l 12 51 07y < CUUo 2@y 14114 110 11t 1icory)s @4
and in light of (2-30), we also have
|||]3’ diV(Up ® (UP)P)”L,ZHX_3”(QT) = C”(Up ® (Up)p)”Ltsz_l/z(QT)
= CIUoll 23y ”a”LiL?(QT))' (2-48)
The resulting estimate on the time derivative is
||atUp||L%HX—3/2(QT) = C(||U0||L2(R3)» ”a”LﬁL;(QT)’ ||b||L§L5}(QT))' (2-49)

By the Banach-Alaoglu theorem and (2-45), there exist U € L L2 N L%H)} (Qr) and a sequence py | 0
such that
UPk: U in L°L2(Q7). VUPk ~VU in L*(QO7). (2-50)

In addition, by (2-49) and the discussion preceding Lemma 2.4, a subsequence may be chosen such that
UPk - U in L3(L} )x(07). (2-51)

Moreover, the estimate (2-49) allows us to prove that
[ v ewdr - [ UG -ptdx incqo. ) 2-52)
R3 R3

for all vector fields ¢ € L?(R?). In particular,
UP(-.) =~ U(-.0) in L2RY), 1€[0,T], (2-53)

and the limit U( -, ¢) is weakly continuous as an L?(R?)-valued function on [0, T']. Here is our argument
for (2-52), based on Chapter 5, p. 102 of [Seregin 2015]. For each vector field ¢ € C§° (R?), consider the
family

Fo = {/RS UP(x,-)-p(x)dx:p> 0} c C([0, T). (2-54)
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The family F, is uniformly bounded, since

'/ UP(x,t)-¢(x)dx

<|u® ”L?"L%(QT) lellz2@s3)
< C(WUsll2qesye Il £ o) 012203 (2-55)

for all 0 <t < T. It is also equicontinuous:

‘ / UP(x.12) - 9(x) — UP(x.11) - p(x) dx

1
<l|n—1nl2 ”atUp”L%HX—WZ(QT) ”(p“H3/2(R3)
1
= Itz =y BVl 2y Nl 11copye 102y om0 ooy (2-56)

for all 0 <#1,1, < T. Hence, we may extract a further subsequence, still denoted by p, such that (2-52).
By a diagonalization argument and the density of test functions in L?(R3), we can obtain (2-52) for all
vector fields ¢ € L?(R3). This completes the summary of the convergence properties of UPk as py |, 0.

Let us now analyze the behavior of U near the initial time. In the limit p | 0, the energy equality
(2-44) gives rise to an energy inequality:

t
/|U(x,t)|2dx+2// |VU|? dx dt’
R3 0 /w3
< [ 100 dx + Mol 2oy el ool g @57

for almost every ¢ € (0, T'). This is due to the lower semicontinuity of the energy norm with respect to
weak-star convergence. Since U(-,?) is weakly continuous as an L?(R?*)-valued function, the energy
inequality may be extended to all # € (0, T']. Finally, since U( -, 0) = Up and limsup, | o[|U(-, )|l 2®3) <
[Uoll 2wy (by taking ¢ | 0 in (2-57)), we obtain

1ti¢rg||U(~ 1) = Upll 23y = 0. (2-58)

We have proven the desired properties of U except for suitability and the global energy inequality.
Let us now take the limit of the pressures. The pressure P? associated to U” in (2-36) may be
calculated as PP := P} + P},
Pl = (—A) "' divdiv(U? ® (U?),), (2-59)
Py = (—A)""divdiv(U? ® b +a ® U”). (2-60)

By the Calderén—Zygmund estimates, we have the following bounds independent of the parameter p > 0:

<elU?® W ol 3 2oy

”Plp“L%L?/Z(QT)
< C||Up||L<;oL§(QT)||Up||L%L§(QT)

= C(”UO“LZ([R@)’ ”a”LﬂLQ(QT))’ (2-61)
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and similarly,
”P;”LZ(QT) = c||a® U”® + Up®b”L2(QT)

= C|Up|2,QT(||a||L§L§((QT) + ”b”LﬂLfc(QT))

< C(10oll 2@y Ml .00y 18121 700 (2-62)
In particular, we may pass to a further subsequence, still denoted by pg, such that

PPA—~ Py in L?L,%(QT), PP —~ P, in L*(Qr). (2-63)

PPk~ P:= P+ P, in Lf(LI%C)x(QT). (2-64)

Recall that UPk — U in L3 (L3 ). Utilizing this fact in (2-59) and (2-60), we observe that

loc

—AP; =divdivU U, —AP,=divdive®U +U ®b) (2-65)

in the sense of distributions on Q7. Finally, the Liouville theorem for entire harmonic functions in
Lebesgue spaces implies

P =(=AN)"'divdivU @ U, P, =(—A)"'divdive® U + U ®b). (2-66)
Due to the limit behavior discussed above, it is clear that (U, P) solves the system (2-20) in the sense of
distributions.

(2) Suitability. We will now prove that U is suitable for (2-20). Specifically, we will verify the local
energy inequality (2-22) following arguments in [Lemarié-Rieusset 2002] (see p. 318). We start from the
mollified local energy equality

3| UP>+2|VUP|? = A|UP > —div(JUP|*(UP) , +2PPUP) —div(|U?|*b) —2U" div(a® U?), (2-67)

which is satisfied in the sense of distributions by solutions of (2-36) on Q7. Let us analyze the convergence
of each term in (2-67) as pj | 0. Recall that

3
PPk —~ P inL: (Or). UPk - U in LEOC(QT). (2-68)
This readily implies
UP2(UP)p, = [UIPU in Ligo(Q1),  PPUP* — PU  in Lio(Qr), (2-69)
3
\UPk|2 - |U|* in L2 .(O7). (2-70)

Moreover, according to the estimates (2-28) and (2-29),

|UPk|?b — |U|b in L'(07), (2-71)
UPk divia @ UPK) — U divi@a® U) inS'(Qr). (2-72)

It remains to analyze the term |VU % |2. Upon passing to a subsequence, |VU Pk |? converges weakly-star

in M(Q7), the space consisting of finite Radon measures on Q7, but its limit may not be [VU |?. On
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the other hand, recall that VUP* — VU in L?(Q7). Hence, by lower semicontinuity of the L? norm
with respect to weak convergence,

liminf/ |IVUPK|> = VU |? dx >0 (2-73)
o0 JE

for all Borel measurable sets E contained in Q. Therefore, upon passing to a further subsequence,

W= pliIfO|VU'°k|2—|VU|2 (2-74)
Kk

is a nonnegative finite measure on Qr, and (2-67) becomes
U +2|VU|? = AlU? —=div((JU|* +2P)U) —div(|U|)*b) —2U divi@e @ U) —2u.  (2-75)

(3) Global energy inequality. Finally, let us pass from the local energy inequality (2-22) to the global
energy inequality (2-23) in the following standard way; see [Lemarié Rieusset 2002, p 319].

Let 0 < n € C5°(R) be an even function such that n = 1 for || < 4, n=0 for |t| > 2, and [pndt =1.
Define n¢(t) := ¢~ 'n(¢~1t). Given 0 < ty <t; < T, consider

t
Ve(r) := / Ne(t' —to) —ne(t' —t1)dt’, teR. (2-76)

—0o0
The functions ¥, are smooth approximations of the characteristic function 1, ;,). Now let 0 < ¢ €
CS’O(R3) such that ¢ = 1 on B(1) and ¢ = 0 outside B(2). Define

Oy g(x.1) 1= lﬁg(t)(p(%)z, (x,1) e R3+!. 2-77)

Using @, g in the local energy inequality (2-22) with 0 <& < I, we have

— [ L (R)wr+2 [ vee () V0P
s[waAgo NP+ % [ veo()vo(%)- o

4 [veo(Z)T0(5)Pu+ 2 [veo( %) T (%) 107

pr( )a®U U®(V(p)( ) /1//8¢< )a®U VU, (2-78)

3
where all the integrals are taken over Q7. Since U is in the energy space and P € L2L2(Qr)+ L*(Qr),
we may take the limit as R 1 oo to obtain

dyre

|U|2+2/ V| VU|? <2/ Yea® U : VU, (2-79)

Moreover, if 79, 71 are Lebesgue points of |U(-, )| 2(g3), then in the limit as ¢ | 0,

151 51
/|U(z1)|2+2// |VU|2§/ |U(t0)|2+2// a®U:VU. (2-80)
R3 to R3 R3 to R3
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The case when the initial time is zero is recovered from (2-80) by taking the limit as #y | 0, since
limg o |U(-, 1) — Uo|l L2r3y = 0 was already demonstrated in (2-58). d
Existence of Calderén solutions. We are now ready to prove the existence of Calderdn solutions.

Theorem 2.5 (existence of Calderén solutions). Let T > 0 and 3 < p < 0o. Suppose ug € BIS,’,’ » (R¥) isa
divergence-free vector field. Then there exists a Calderon solution u on QT with initial data u.

Proof. (1) Splitting arguments. Assume the hypotheses of the theorem, and let g € (p, 00). According to
Lemma 2.2, there exists 0 < & < —s, such that for all M > 0, we may decompose the initial data as

ug = Uy + Vo, (2-81)
where
Up € L*(RY), [[Ull2@) = Cllltcoll gir, sy M), (2-82)
58q+
Vo € Byly "R, Vol gra+e w& <M (2-83)
q.9

The decomposition depends on M > 0. By Theorem A.7, there exists a constant y := y(¢,¢,T) > 0
such that whenever

” V0||B;‘Iq+5(R3) = Y, (2'84)

there exists a unique mild solution V' € IC,SI“+8(QT) of the Navier—Stokes equations on Q7 with initial
data Vj, and the mild solution obeys

sq+e <c 5sq+e . -
IVl s+ gy = €@ &)1Vl e oy (2-85)
Let M = y when forming the decomposition (2-81). The corresponding mild solution V' with initial

data V exists on Q7 and satisfies (2-85). Hence,

VeLlLi(0r). % + (31 — 1. (2-86)

LetU € LL2 N L?H}(Q7) be a solution constructed in Proposition 2.3 to the perturbed Navier—Stokes
equation (2-20) with initial data Uy € L2(R?) and coefficients a = b = V. If u = U + V satisfies the
local energy inequality (2-9), then u is a Calder6n solution on Q7 with initial data u.

(2) Suitability of full solution. Let us return to the approximation procedure for U in Proposition 2.3.
Define
uP:=UP+V, pP:=P°+Q, Q:=(-A)"ldivdivI®V. (2-87)

We will prove that the solution u = U + V' with pressure p = P + Q satisfies
Aelul?> +2|Vul? = Alul? = div((Ju|® + 2p)u) —2u (2-88)

in the sense of distributions on Q7, where u is a finite nonnegative measure on Q7. Let us start from
the mollified local energy equality for u?,
A uP|? 4+ 2|VuP|* = AluP > —div(ju?|*(uP) , + 2 pPuP)

—u” div(up QV—-V))+VRU’- (Up)p)). (2-89)
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This is the same equality as if u” solved the mollified Navier—Stokes equations, see, e.g., [Lemarié-
Rieusset 2002, p. 318], except for the second line, which adjusts for the fact that V' solves the actual
Navier-Stokes equations instead of the mollified equations. The distribution on the second line converges
to zero as pg | 0, and all the other convergence arguments are as in Step 2 of Proposition 2.3. O

We now demonstrate that there exists a Calderén solution which agrees with the mild solution until its
maximal time of existence.

Theorem 2.6 (mild Calderén solutions). Under the assumptions of Theorem 2.5, there exists a Calderon
solution u on QT with initial data ug such that u agrees with the mild solution NS(uq) until the time

min(7, T*(ug)).
The mild solution NS(u¢) under consideration is constructed in Theorem A.2.

Proof. (1) Introducing the integral equation. Let Uy, Vy, V be as in Step 1 of Theorem 2.5. From now
on, we will define T := T in the statement of the theorem, so that the variable 7" can be reused.
The set-up is as follows. Recall that for all 0 < 7" < min(Ty, T'*),

NS(u0) € Kp(Q1) NKoo(O7). (2-90)
Ve kg T (0r) NKL Q7). (2-91)

Let us define U := NS(ug) — V. Then Ue I%q(QT) N IOCOO(QT) forall 0 < 7' < min(7y, T*) is a mild
solution of the integral equation

W(-.t)=e"2Uy— BIW,W)(-,t)— L(W)(-,1), (2-92)

where we formally define
B, w)(-,1):= /te(’—smp dive ® w ds, (2-93)
L(w)(-,1):= Bo(w, V)(-.0)+ B(V.w)(-.1) (2-94)

for all vector fields v, w on spacetime. The initial data Uy belongs to the class
Up € (B ,(RY) + B *(R)] N L2(R?). (2-95)

First, we will demonstrate that the mild solution of the integral equation (2-92) in ICOq(QT) is unique,
where 0 < 7' < min(7y, T*). Notice that in the decomposition u = U 4 V' of a Calderén solution, the
vector field U formally solves (2-92). We will show that in the proof of Theorem 2.5, it is possible
to construct U in the space IGC(QT). Therefore, U will satisfy U = U on O, and the proof will be
complete.

(2) Existence of mild solutions to integral equation. Let us summarize the local well-posedness of mild
solutions W € l%q(QT) to the integral equation (2-92). Our main goal is to establish estimates on the
operators B and L. Then the local existence of mild solutions in I%q(Q s) for some 0 < § K 1 will
follow from Lemma A.3.
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Let 0 <7 <min(7y, T*) and v, w € I%q(QT). First, observe that L :IGC(QT) — l%q(QT) is bounded

with operator norm satisfying || L|| < 1 when 0 < T « 1. Indeed, according to the Kato estimates

) Kq(O1)
in Lemma A.1,

1Ly = 1BQ. V) + BV.V)lk,0r) = T2l 0V ilisa+e g,y (2-96)

That L preserves the decay properties near the initial time follows from examining the limit 7" | 0 in the
estimates above. One may also show that B is bounded on K4 (Qr) with norm independent of 7'. Finally,
due to (2-95), we have the property

lim |’ AU, =0. 2-97
Tlir(l)He oll, 07 (2-97)

Hence, Lemma A.3 implies the existence of a mild solution W € X to the integral equation (2-92)
for a time 0 < S < 1. The solution W(-,¢) is also continuous in L4(R?) after the initial time. As for
uniqueness, note that each mild solution W € l%q(QT) of (2-92) obeys the property that W4V € I%q(QT)
is a mild solution of the Navier—Stokes equations, so W 4+ V = NS(ug) and W = U on or.

B3)Uisin IGC(Q s)for 0 < S <« 1. Let us return to the approximations U constructed in the proofs of
Theorem 2.5 and Proposition 2.3. Recall that U” solves the system

9;UP — AUP +divUP ® (U”), +divU? @ V +divV @ UP = —V PP,
divU? =0, (2-98)

with initial condition U”( -, 0) = Uy. By repeating the arguments in Step 2, there exists a time .S > 0
independent of the parameter p > 0 and a unique mild solution W* € K,(Q ) of the integral equation

WP(-. 1) =" Uy— Bp(W, W)(-.1) = LW)(-, 1), (2-99)

where the operator B, is defined by
t
Bﬁuuﬁa):i/ U2 P divy ® (w), ds. (2-100)
0

Since Uy € L?(R?), we may shorten the time S > 0 so that W* € L®L2(Q ). This assertion follows
from applying Lemma A.3 in the intersection space K4z(Qs) N L L2(Qy) with 0 < S < 1, once we
have the necessary estimates

”L(U)HL?OL,%(QT) <cT2 ||v||L?°L)2c(QT)”V||IC;‘I+€(QT)’ (2-101)
| B (v, w)”L?OL}C(QT) = C||U||L§>°L§(QT)||w||lcq(QT)- (2-102)

In fact, we obtain that W* € C([0, S]; L>(R3)N L?H; (Qs). This follows from viewing W as a solution
of the mollified Navier—Stokes equations (no lower-order terms) with initial data Uy € L*(R3) and forcing
term div F, where

F=-WPRV-VQWPeL?Qs). (2-103)

since V € Kl T¢(Qg) and WP € L¥®L2(Qg).
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Finally, we pass to the limit as p | 0. The only possible issue is that lGC(QS) is not closed under
weak-star limits, but this will not be a problem because Lemma A.3 actually gave the uniform bound

1U Nk o) <Kk(T), 0<T <Ty, (2-104)

where «(7') is a nonnegative continuous function on the interval [0, S] and «(0) = 0. Now by taking the
weak-star limit along a subsequence py | 0, we obtain

1Ullk,0p) =4(T), 0<T<S. (2-105)

Together with the convergence arguments in Proposition 2.3, this implies that U € I%q(Q s) is a mild
solution of the integral equation (2-92). By the uniqueness argument in Step 2, U = U on Qg.

(4) Agreement until T*(ug). So far, we have only shown that U = U on a short time interval [0, S]. After
the initial time, the mild solutions NS(u¢) and V' of the Navier—Stokes equations are in subcritical spaces:

NS(uo), V € C([to, min(Ty, T*)); L1(R?)) (2-106)

for all 0 <79 < min(Ty, T*). We will prove that U is in the energy space and then argue via weak-strong
uniqueness. To do so, one may develop the existence theory for mild solutions W € C([ty, T]; L4 (R?))
of the integral equation

t t
W(-, 1) = e AT (- 1) —/ AP div IV @ W ds —/ cTIAPAVIW QV + V @ W)ds,
to 11

’ (2-107)
where o € [Ty, min(7y, T*)). Note that whenever U (-,19) € L?(R?), the unique mild solution W will
also be in the energy space. The proof is similar to Steps 2-3. In this way, one obtains that

UeC(0.7): L*(R*) N L} H(Qr) (2-108)

for all 0 < T' < min(7y, T*) and satisfies the energy equality

_ 153 - - I ~ ~
/|U(x,z2)|2dx+2/ / |VU|2dxdt:/ |U(x,t1)|2dx+2/ / VU :VUdxdt (2-109)
R3 1 JR3 R3 f Jr3

forall 0 <t; <t, <min(Ty, T*). In fact, by the Gronwall-type argument in Lemma 2.4, one may actually
show that U € L%H; (Qmin(ry,7+))- In addition, we know that U obeys the global energy inequalitz/
(2-23) for almost every 0 <#; < T}, including 7; = 0, and for every 7, € (71, Ty]. Let us write D :=U —U.
Then D obeys the energy inequality

123 123 -
/ |D(x,t2)|2dx+2/ / |VD|2dxdt§2/ / (U+V)®D:VDdxdt, (2-110)
R3 t JR3 t1 JR3

where 1] := %To. To obtain the energy inequality for D, one must write |D|> = |U|2 +|U|>=2U - U,
IVD|?> = |VU|?> 4 |VU|?> =2VU : VU, and utilize the identity

t
/ U(x,t)-U(x,t)dx+2// VU:Vdedt’—/ U(x,0)-W(x,0)dx
R3 0 Jm3 R3

t
=// 0,U—AU)-U+U-(3,0—AT)dxdr'. (2-111)
0 JR3
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This argument is typical in weak-strong uniqueness proofs. The identity (2-111) is clear for smooth vector
fields with compact support, but it may be applied in more general situations by approximation. As in
Lemma 2.4, the energy inequality gives

2 2
|D|25Ql1.t2 E B(Zl’[2)|D|2,Q[1.t2’ (2‘112)

where we have defined
B(ty,12) == C(”ﬁ“LﬁLi(Q,lJZ) + ||V||L§L§(Qt1,t2))- (2-113)

One then takes 7, close to #; such that B(t1,) < % to obtain D =0 on Qy, +,. The equality U = U may
be propagated forward until min(7y, 7*) by repeating the argument (even if || U || LIL9(Q, 1) = 00). O
X 1-

Finally, here is a result that contains the limiting arguments we will use in Theorem 1.1. Namely,
we demonstrate that a weakly converging sequence of initial data has a corresponding subsequence of
Calder6n solutions that converges locally strongly to a solution of the Navier—Stokes equations.

As a reminder, we do not prove that the limit solution is a Calderén solution, though we expect such
a result to be true. The issue is that the limit solution does not evidently satisfy the energy inequality
starting from the initial time.

Theorem 2.7 (weak convergence of Calderén solutions). Let 3 < p < oo and T > 0. Suppose (u(()"))neN
is a sequence of divergence-free vector fields such that
ul ~ug in B, (R?), (2-114)

") and associated pres-

Then for each n € N, there exists a Calderon solution u™ on QO with initial data u
sure p(”) such that the solution u™ agrees with the mild solution NS(u(()n)) until time min(T, T*(u(()n))).
Furthermore, there exists a distributional solution (u, p) of the Navier—Stokes equations on Q with

the following properties:

uo=Up+ Ve, u=U+V, (2-115)
where

Upe LAR?), Vo e By *(RY), (2-116)

UeL®LANL2HNOr). V ek (0r), (2-117)

qg>p. 0<e<-—s, (2-118)

V' is a mild solution of the Navier-Stokes equations on Q1 with initial data Vy, and U solves the perturbed
Navier—Stokes system (2-5) in Q. The vector field U( - ,t) is weakly continuous as an L*(R3)-valued
function on [0, T| and satisfies U(-,0) = Uy € L>(R®). The solution (u, p) is suitable in Q in the sense
of (2-9), and U satisfies the local energy inequality (2-10) in Q1 and the global energy inequality (2-11)
for almost every 0 <ty < T and forall t, € (1, T).

Finally, there exists a subsequence, still denoted by n, such that the Calderon solutions u® converge
to u in the following senses:

3
u®™ s u in L3 (R3]0, 7)),  p™ —~p in L2 (R3x]0, T)),

u® >y inC(0, T]; S (RY)). (2-119)
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In particular,

u® (0B u(-1) inSRY), 0<t<T. (2-120)

Proof. (1) Splitting. Let us assume the hypotheses of the theorem. There exists a constant A > 0 such that
(n)

g™ g3r gy = A- (2-121)

We will follow the proof of Theorem 2.5. Let g € (p, co). The constants below are independent of n but
may depend on p, g, T. According to Lemma 2.2, there exists 0 < & < —s4 such that for all n € N,

W = g 4y
U+ v, (2-122)
where
U™ e LARY), U L2msy < C(4, M), (2-123)
55q+
Ve e B @), IVl grae ) < M. (2-124)

According to Theorem A.7, we may choose 0 < M <« 1 such that the mild solutions vV ® with initial
data VO(") exist on Qr and satisfy

|kt agky!y @ lesote gy < €GkaD) (2-125)

Q1) —
for all integers k,/ > 0.

(2) Convergence of V™. Due to the estimate (2-125) and the Ascoli-Arzela theorem, we may pass to a
subsequence, still denoted by 7, such that

VW E Y inkETQr),  KVIVO S 9kVY inC(k) (2-126)
for all K C R? x (0, T] compact and integers k, [ > 0. The Navier-Stokes equations imply
3, VW = —AV® _pdivy® gy ® (2-127)

in the sense of tempered distributions on Q7, and one may estimate the time derivative d; 14 by the
right-hand side of (2-127):

() ()
rszlelII\)J”AV ”L’ 240,y |Pdiv V' g VY ||L1/z —1a/2(g,) < (2-128)
where 2 + = = 1. Hence, there exists a subsequence such that
/ VO i(x,)-pdx — / V(x,-)-¢dx inC(0,T]), ¢eS(R>). (2-129)
R3 R3
By the Calder6n—Zygmund estimates and (2-125), the associated pressures satisfy
L g
0™ = (—=A)" divdiv V™ ® v®W ~ 0 inL2LZ(Q7). (2-130)

In particular, the convergence occurs weakly in Lloc(QT)‘ By similar arguments to those in Step 1 of
Proposition 2.3, the pressure satisfies QO = (—A)~! divdiv V ® V, and (V, Q) solves the Navier—Stokes
equations on Q7 in the sense of distributions. Therefore, since V € IC,SI"J“E(QT) and V(-,1) 2 Vy in
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tempered distributions as ¢ |, 0, we conclude that V' is the mild solution of the Navier—Stokes equations
on Q7 with initial data Vj as in Theorem A.7. See [Lemarié-Rieusset 2002, p. 122] for further remarks
on the equivalence between differential and integral forms of the Navier—Stokes equations.

(3) Convergence of U™. Foreachn eN, let U™ L®L2N L%H; (Q71), whose existence is guaranteed
by Theorem 2.6, so that the Calderén solution

u(n) — U(n) + V('l) (2-131)

agrees with the mild solution NS (u(()n)) up to min(7, T*(u(()n))). It remains to consider the limit of U ™.
The proof is very similar to the proofs of Proposition 2.3 and Theorem 2.5, so we will merely summarize
what must be done. Recall from Step 1 that || UO(”) 23y < C(A, M). We use the energy inequality and
a Gronwall-type argument to obtain

U™3 5, <C(A. M). (2-132)

Hence, we may take weak-star limits in the energy space upon passing to a subsequence. As before, we
may estimate the time derivative using the perturbed Navier—Stokes equations. The result is that

9,U <C(A4, M). (2-133)

)
”L%H;”z(QT) =

Consequently, we may extract a further subsequence such that U ™) U in L3(L3 )x(Qr), the limit

loc
U(-,t) is weakly continuous on [0, 7] as an L?(R3)-valued function, and

/ U(”)(x,-)-go(x)dx—>/ U(x,")-¢(x)dx inC(0,T]), ¢ L*R>). (2-134)
R3 R3

Now recall the associated pressures P ") .= Pl(n) + Pz("),

P = (—A) N divdivU P @ U™, (2-135)
P = (—A) N divdivUP @ v 4 v g U™), (2-136)
By the Calderén—Zygmund estimates, we pass to a subsequence to obtain
3
P~ P inL2L:(Qr)., P =P, inL}Qr), (2-137)
3
P™ ~pP:=P 4+ P, inL2(07). (2-138)

Since —AP; =divdivU QU and —AP, =divdiv(U @ V + V ® U) in the sense of distributions on O,
we obtain from the Liouville theorem that

Pi=(=A)"ldivdivU @U, P, =(—-A)"ldivdiviU®V +V ®U). (2-139)

Define p:= P+ Q. Itis clear from the limiting procedure that (u, p) satisfies the Navier—Stokes equations
on Q7 and (U, P) satisfies the perturbed Navier—Stokes equations on Q7. Each is satisfied in the sense
of distributions.
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As in the proofs of Step 2 in Proposition 2.3 and Step 2 in Theorem 2.5, respectively, we may show that
the limit (u, p) is a suitable weak solution of the Navier—Stokes equations on Q7 in the sense of (2-9) and
that (U, P) satisfies the local energy inequality (2-10) on Q7. Moreover, as in Step 3 of Proposition 2.3,
(2-10) implies the global energy inequality (2-11) for almost every 0 < #; < T and for all ¢, € (¢;, T]. O

3. Proof of main result

We are ready to prove Theorem 1.1. The proof follows the scheme set forth in [Seregin 2012a] except
that we use Calderdn solutions to take the limit of the rescaled solutions.

Proof of Theorem 1.1. Let us assume the hypotheses of the theorem. According to the chain of embeddings
(A-48), we have . '
ug € By (R3) — BSm (R®),  m :=max(p,q). (3-1)

,m

By the uniqueness results in Theorem A.2, the notion of mild solution and maximal time of existence are
unchanged by considering the larger homogeneous Besov space. Thus, without loss of generality, we will
assume p =¢g = m.

(1) Rescaling. Let u be the mild solution of the Navier—Stokes equations with divergence-free initial data

ug € BIS)’: » (R?) and T*(ug) < oo from the statement of the theorem. In Corollary A.6, we proved that u

must form a singularity at time 7 *(u¢). By the translation and scaling symmetries of the Navier—Stokes

equations, we may assume that the singularity occurs at the spatial origin and time 7*(u¢) = 1.
Suppose for contradiction that there exists a sequence f, 7 1 and constant M > 0 such that

(- t)ll o 3y = M- (3-2)

The solution u( -, ¢) is continuous on [0, 1] in the sense of tempered distributions (for instance, because u
agrees with a Calderén solution on Q7). We must have

- DIl gr sy = M- (3-3)
Let us zoom in around the singularity. For each n € N, we define
u® (x, 1) i= hquu(hnx, tg +120),  (x,1) € Q1, (3-4)

where A, := (1— tn)%. Then u®™ is the mild solution of the Navier—Stokes equations on Q; with
divergence-free initial data uf)") = Anu(Apx, ty), and

(n)
||Ll0 ”B;I,JIJ(R3) =M. (3-5)
Let us pass to a subsequence, still denoted by 7, such that
ul ~ vy in BY ,(RY). (3-6)

(2) Limiting procedure. We now apply Theorem 2.7 to the weakly converging sequence (uf)n) )nen. For
(n)

o such that u™ agrees with

each n € N, there exists a Calder6n solution ™ on Q1 with initial data u
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the mild solution NS(u (()") ) on Q1. Furthermore, by passing to a subsequence, still denoted by 7, we have
3
u® v in L} (01), p™—gq inL2(Q)), (3-7)

where (v, ¢) solves the Navier—Stokes equations in the sense of distributions on Q1 and satisfies the
many additional properties listed in Theorem 2.7. In particular, v € C([0, 1]; S’(R?)). According to
Proposition A.9 concerning persistence of the singularity, the solution v also has a singularity at the
spatial origin and time 7" = 1.
Next, we observe that the solution v vanishes identically at time 7" = 1:
v(-,1)=0. (3-8)
Indeed, Theorem 2.7 implies that

u®( )2, 1) inS' R, (3-9)
and by the scaling property of u(-,1) € BIS,’,’p (R3),
@ 1.0) = (. 1D.4520( /hn)) > 0. @ € SR?). (3-10)

The property (3-10) is a consequence of the density of Schwartz functions in BIS,’,’ p (R3). It is certainly
true with u(-, 1) replaced by a Schwartz function ¥ € S(R?), and therefore,

(-, 1), 25200 /) = 1220 /A + [ D) =¥ A5 20 (- /)]

<o) +elluC- D=Vl g wo)l6l o @y asn—>o00. (1D
D.D v’ .p’
where % + # =1, for all ¢ € S(R?).
(3) Backward uniqueness. Our goal is to demonstrate that
w:=curlv=0 on Q%I. (3-12)
Suppose temporarily that (3-12) is satisfied. From the well-known vector identity Av =V div v—curl curl v,
we obtain
Av=0 on Q%]' (3-13)
Now the Liouville theorem for entire harmonic functions and the decomposition
v=U+VeL*0)+LPLLQs,). 0<8<], (3-14)
from Theorem 2.7 imply that v =0 on Q L This contradicts that v is singular at time 7" = 1 and finishes
the proof.
We will now prove (3-12). Based on (3-14) and
3 q
q=P+Q€L2(01)+L°L:(0Qs,1), 0<é<1, (3-15)
we have
1
lim / / |v|3—|-|q|%dxdt=0. (3-16)
|x|—>o00 i B(x,1)

Recall from Theorem 2.7 that (v, g) obeys the local energy inequality (2-9), so it is a suitable weak
solution on Q. The e-regularity criterion in Theorem A.8 implies that there exist constants R,k > 0,
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K := (R*\ B(R)) x (1.1), such that
sup |v] + |Vv| + |V < k. (3-17)
K

Recall the equation satisfied by the vorticity: d;w — Aw = — curl(vVv). This implies
|0;0 — Aw| < c(|Vo| + |w]) in K (3-18)

for a constant ¢ > 0 depending on . Also, w(-,1) = 0 due to (3-8). Now, according to Theorem A.10
concerning backward uniqueness, ® = 0 in K.

It remains to demonstrate that @ = 0 in B(R) x (%, 1). We claim that there exists a dense open set
G C (0, 1) such that v is smooth on  := R3 x G. With the claim in hand, let zy = (x¢, #p) € 2 N K such
that |xo| = 2 R. Note that @ = 0 in a neighborhood of zy. In addition, by the smoothness of v, there exist
0 <& <« 1 and ¢ > 0 depending on zy such that

[0;0 — Aw| £ c(|[Vw|+ |w]) in Q := B(x¢,4R) X (tg—&,ty +¢) C Q2. (3-19)

Hence, the assumptions of Theorem A.11 concerning unique continuation are satisfied in Q, and v =0
in Q. This implies that w = 0 in R3 x (tg — &, 7y + €). Since zo € Q N K was arbitrary, we obtain that
w =0 in Q. Now the density of G and weak continuity v € C([0, 1]; S’(R?)) imply @ = 0 on Q%,l.
Finally, we prove the claim that there exists a dense open set G C (0, 1) such that v is smooth
on R? x G. Recall from Theorem 2.7 that v = U + V, where V is the smooth mild solution in Q;
from Theorem A.7 with initial data V{. To treat U, consider the set IT of times #; € (0, 1) such that
U(-,t;) € H'(R?) and U satisfies the global energy inequality (2-11) for all ¢, € (1, 1]. The latter
condition ensures that
U0 = UGl sy =0, (3-20)

The set IT has full measure in (0,1). For each #; € II, there exist ¢ := &(¢;) > 0, a vector field
U e C([t1,t; +¢]; H'(R?)), and pressure P € L®L3(Qy, +,+¢) such that

3,U—-AU +divU U +divV ®@U +divU ® V =-VP, divU =0, (3-21)

in the sense of distributions on Qy, s, +¢. Furthermore, U is smooth on O¢,,1,+¢- This may be proven by
developing the local well-posedness theory for the integral equation

t
U(-,t)=eMAU 1)) = | " D2PdiviUQU +V QU +UQ®V)ds (3-22)
151

with U(-,t;) € H'(R?). One must use that Blt‘VIV e C([8,1]; L®(R?)) for all 0 < § < 1 and integers
k,l > 0. By weak-strong uniqueness for (3-21), as in Step 4 in Theorem 2.6, we must have that U = U
on Q¢ 1, +¢. Hence, U is smooth on Oy, s, +-. We define the dense open set G C (0, 1) as follows:

G:= U (t1,t1 +e(ty)), G22I =][0,1], (3-23)
t1ell

This completes the proof of the claim and Theorem 1.1. O
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Appendix

This appendix has been written with two goals in mind.

The first goal is to unify two well-known approaches to mild solutions with initial data in the critical
homogeneous Besov spaces. Mild solutions in the time-space homogeneous Besov spaces were considered
in the blow-up criterion of Gallagher, Koch and Planchon [Gallagher et al. 2016], whereas mild solutions
in Kato spaces are better suited to our own needs. In Theorem A.2, we prove that the two notions
of solution coincide and have the same maximal time of existence. The third subsection contains the
proof, while the first two are devoted to background material on Littlewood—Paley theory and Besov
spaces. We also address the subcritical theory in Kato spaces in Theorem A.7. Our hope is that the
details provided herein will equip the reader to fill in any fixed-point arguments we have omitted in
Sections 2-3.

The second goal is to collect various results related to the theory of suitable weak solutions. While the
blow-up arguments we have presented are not overly complicated, they do rely on technical machinery
developed by a number of authors starting in the 1970s. We summarize the theory in the fourth subsection
and refer to [Escauriaza et al. 2003] for additional details.

Littlewood—-Paley theory and homogeneous Besov spaces. We now summarize the basics of Littlewood—
Paley theory and homogeneous Besov spaces. Our treatment is based on the presentation in [Bahouri
et al. 2011a, Chapter 2]. The situation is as follows. There exist smooth functions ¢ and x on R* with
the properties

supp(p) C {£ R : § <[¢] < 3}, Y e =1, EeR\{0}, (A-1)
jez

supp(x) C {§ € R* 1 |§] < 4}, X+ e =1, sk (A-2)
j=0

For all j € Z, we define the homogeneous dyadic block A j and the homogeneous low-frequency cutoff
S ; to be the following Fourier multipliers:

Aj =927/ D), S;:=x27/D). (A-3)

For tempered distributions #¢ on R?, the convergence of the sum ) <0 A juo typically occurs only in
the sense of tempered distributions modulo polynomials; see pp. 28-30 in [Lemarié-Rieusset 2002]. To
remove ambiguity, we will consider the following subspace of tempered distributions on R3:

Sy = {uo €8+ lim |0(A D)o Loogs) =0 forall § € D(R?)}. (A-4)
A—00

The subspace S;l is not closed in the standard topology on tempered distributions. We will often refer
to the condition defining (A-4) as the “realization condition.” Let us recall the family of homogeneous
Besov seminorms, defined for all tempered distributions ¢ on R3:

luoll gy sy = 12 1A uollLo@s) gz S €R. 1= pg <co. (A-5)
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These are norms when restricted to tempered distributions in the class u#g € S,;. We now introduce the
family of homogeneous Besov spaces,

B ,(R®) :={ugeSy: luoll gy sy <00} sER, 1= p.g=co. (A-6)
This is a family of normed vector spaces. As long as the condition
3 3
s<= or s==,qg=1 (A-7)
p P 1

is satisfied, B’IS,,q N Bls,i 41 (R?) is a Banach space for all s; € Rand 1 < p;,q; < oo, and there is no
ambiguity modulo polynomials.

Let us now recall a particularly useful characterization of homogeneous Besov spaces in terms of
Kato-type norms. Our reference is [Bahouri et al. 2011a, Theorem 2.34]. Let 0 < T" < co. The following

family of norms is defined for locally integrable functions u € LIIOC(QT):

lulics , (Q7) == 72 uC- . Dllo@s) | pa(o,ry,ac). SER. T=pg=oco.  (A§)
We now define the Kato spaces with the above norms:
Kp.q(O1) = {u € Lige(Q1)  |ullicy .01 < 00}- (A-9)
To simplify notation, we will define
K35(07) =K oo(01).  Kp(Or) =K (Or). (A-10)

The caloric characterization of homogeneous Besov spaces is as follows. For all s < 0, there exists a
constant ¢ := ¢(s) > 0 such that

¢ M uolliy 400y < luoll gs sy = clle®uolixs (0o (A-11)

for all tempered distributions #¢ on R>.

We now introduce the time-space homogeneous Besov spaces that appear naturally when solving
the Navier—Stokes equations with initial data in homogeneous Besov spaces. Our presentation follows
[Bahouri et al. 2011a, Section 2.6.3]. Let 0 < T' < co. We have the following family of seminorms on
tempered distributions u € S'(Q7):

lullzy gy, = 1271 8ju0ll s ooy leazy S E€R 1= pgr<oco. (A-12)
The time-space homogeneous Besov spaces on Q1 are defined below:
LrTBls,’q ={ues(Qr): ”u”Z‘rTBIS?.q < 00,
jiifqoo||sju||L}L§O(er'Tz) =0 forall0< Ty <T, <T},
seR, 1=<p,q,r<oo. (A-13)

The second condition in (A-13) is analogous to the realization condition (A-4). We have that Z} BIS, g N

Z? Bls,ll’ql is a Banach space for all s; e Rand 1 <rq, p1,¢1 < oo provided that (A-7) is satisfied. To
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simplify notation, we will omit the reference to 7" in the norm when 7" = co. We also sometimes employ
spaces L TB;’ ¢ on the spacetime domain Qs r that are defined in the same way.
We now review the Bony paraproduct decomposition as described in [Bahouri et al. 2011a, Section 2.6].

Consider the operators

Tuv::ZSj_luAjv, R(u,v) := Z AjuAj/v, (A-14)
jez li—j’l=<1

defined formally for all tempered distributions u, v on R3. These operators represent low-high and
high-high interactions in the formal product

uv:Tuv+Tvu+R(u,v). (A-15)

If the sums defining the paraproduct operators converge, one may use (A-15) to extend the notion of
product to a wider class. Consider

1< p.p1.p2.9.91,92 <00, 5,851,852 €R,
A-16)
1 1+1 1 1 1 (

=—4— —=—4—, s=51+95.
p P1 D2 q9 91 92

Then one has the estimates

T30l gy oy = <Gl gy, ollvl gz, sy (provided sy <0). (A-17)

IR gy sy < €@l gyr | @y l0llgsz, sy (provided s> 0). (A-18)

The additional condition (A-7) will imply that Ty, R(u, v) € S;l. The analogous estimates in time-space
homogeneous Besov norms are

”TMUHZ’TB,S,,q < c(s,s1)||u||erl Bl g, ||v||ZrTZB;§,q2 (provided s; < 0), (A-19)
; ~ .. < ~p o8 ~Fn oS 1 -
IR OIE, gy, Sc@lulzngn  [vlpage — (rovideds >0, (A20)
where
1<rri,rn<oo, l;i.,.i, 0<T <o0. (A-21)
r ri ry

The paraproduct decomposition will play a crucial role in proving estimates on the nonlinear term.

Heat estimates in homogeneous Besov spaces. In this subsection, we recall estimates for the heat equa-
tion in time-space homogeneous Besov spaces and Kato spaces.

Regarding heat estimates of frequency-localized data, the primary observation is the following; see
[Bahouri et al. 2011a, Section 2.1.2] as well as the appendix of [Gallagher et al. 2016]. Let C C R3 be
an annulus and A > 0. There exist constants C, ¢ > 0 depending only on the annulus C such that for all
tempered distributions u satisfying supp(éiy) C AC,

_ 2
le" 2 uoll o @sy < Ce™ M Nugl oy, 1< p <o, (A-22)
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Let 0 < T < oo and f be a tempered distribution on Q7 with spatial Fourier transform satisfying
supp f C AC x [0, T']. There exists a constant C > 0, depending only on the annulus C, such that

tA : < C)\_%)\3(l’171_p172) A-23
lleZuollpr2pr2g. ) = ol Lr1 (3)s (A-23)
! 11 11
‘ / 98 1. 5y ds < 032Gi=7,3G; p2)||f||L,~1Lm(QT), (A-24)
0 L2L(Qr) o Lx
l<pi<py<oo, 1=<r =<ry=<oo. (A-25)

The estimates follow from (A-22) by Bernstein’s inequality and Young’s convolution inequality. As an
application, we obtain

tA < s }
”e UOHZQB;I;Z#-ZZ/IZ = CH”O”BIII;%!“(RS)’ (A 26)
t
(t—=)AD 1:
e Pdiv F(-,s)ds S CNF|l =ri wsps+2/r1—1, (A-27)
‘ /o OV g = i
I1<p1<py<oo, 1=<gqi=<q2=<00, 1=r <r,=<o0. (A-28)

Here, we have employed that PP is a homogeneous Fourier multiplier of degree zero smooth away from
the origin; see Proposition 2.40 in [Bahouri et al. 2011a]. Let us now comment on continuity in time.
Regarding the estimates (A-26) and (A-27), the solutions belong to the class C([0, T']; B;';z,qz (R3)) as
long as r1, g1 < oo and the realization condition in (A-13) is met. For example, the realization condition
is met whenever (sp, +2/r2, p2, q2) satisfies (A-7). Because the mild solutions we seek exist in spaces
Z‘f B;‘,’q with 3 < p < oo, realization will often be automatic.

The second set of estimates we will discuss are the estimates in Kato spaces that arise naturally from
the caloric characterization (A-11) of homogeneous Besov spaces. We summarize them in a single lemma:

Lemma A.1 (estimates in Kato spaces). Let0 < T <ooand 1 < p; < pp < oo such that

3 3
Sp—— =145 ——. A-29
2= 1T ( )
In addition, assume the conditions
s> =2, i—i<1. (A-30)
Pt P2

(For instance, if p, = 00, then the latter condition is satisfied when py > 3. If p1 = 2, then the latter
condition is satisfied when p, < 6.) Then

for all distributions F € IC;,Il (Qrt), and the solution u to the corresponding heat equation belongs to
C((0, T); LP2(R3)). Let k, 1 > 0 be integers. If we further require that

t
/O eTIAPdiy F(- v) dt < CGsr.p1 PIF N1 () (A-31)

K2 (Q1)

181
1“2 9¥VPF e K31 (Or), (A-32)
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for all integers 0 < a < k and multi-indices B € (No)> with |B| < [, then we have

k [
181
< C(k,l,sl,pl,l?z)(z Dl F”KZ%(Qr))’

t
zk+éa’§V’f eC=DAPdiv F(-, 1) dt
K3 (01) @=05=0

0

(A-33)
and the spacetime derivatives a’;v’ u of the solution u belong to C((0, T]; LP2(R?)).
Proof. Recall the following estimates on the Oseen kernel [Lemarié-Rieusset 2002, Chapter 11]. Let
o > 0 be an integer and B € (Ng)* be a multi-index. Then
3

1(3 _ _|B|—
||3‘t"V’3€’A”3’diV”0||LPzaRaS)50(0"/3)“("2 W 2a)”u0|lLl’l(R3) (A-34)

forallz > 0and 1 < p; < pp < oo. In addition, the semigroup commutes with partial derivatives in the
space variables.

Let us consider the case when «, 8 are zero. Suppose that 51, 52, p1, p2, and F obey the hypotheses
of the lemma. Then

t
/ cUIAPdiv F(-, 1) dt
0

LP2(R?)

t
< / le""DAPdiv F(-. 7)|| Lo gy dT
0
(A-34) ! (33 )
e[ =0 BTN Ol s do
0

! (E-2-1)_ 3 _51
< c/ (t=7)2'r2 71 Vr2drx sup T 2 ||F(-,7)|Ler g3y
0

0<t<T
(A-30) 51 -1 3 3 —1 %(i_i_,_sﬁ_l)
= (3 +1) _2(Z_E+l) Jztreo <Nl o)
(A-29) S1 —1 3 3 =179 sp
< c[(?—i-l) _Z(E_EH) ]t2 X IF st op: (A-35)
This completes the proof of the first estimate. Now let us define
t
u(-,1):= / eUIP div F(s) ds (A-36)
0
for all 0 <t < T and observe the identity
t
u(-, 1) ="y (-, 1) +[ eDApdiv F(-,1)dt (A-37)
N

for all 0 < s < ¢. To prove that u € C((0, T']; L?2(R?3)), one merely estimates

t
1) =uCo ) oo @y < e 2u(-,5) = u(-.5) | Lo @3y + / le "D AP div F(-,7) || Lra g3y d T
S

! (323 _1) 51
— 2 2 s = -
<o(l)+ c/; (t—0)2'r2 1 Jr2drx ||F||Kp11(QT) o(1) (A-38)

as |t —s| — 0, according to the assumption (A-30) on the exponents.
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Let us now demonstrate how to prove the estimates on spatial derivatives. One estimates the integral in
two parts,

t
/ Viet=DApgdiv F(-,7)dt
0

LP2(R3)

5 L(3 -3 1) t (23 1)
SC(Z)/ (r—7)2"P2 7 [FC.Olm@ydt+e| (t—7)2 72 71 VIFC, D) e @sydT
0

r
2

3 _1-1)

5(:(1)/02(t—r)5(52‘m

51
T2 dtx ”F||Icf,11(QT)
3

! L(2-3 1) 1 !
_ a3} ) Lol B W
+C/§ (t—r7)2'r2 1 Vg2 dtx ||[t2V F( ’t)”’Cp]l(QT)

L(s2-1) } Lol me. Vs .

The proof of continuity in LP2(R?) is similar to (A-38) except with spatial derivatives in the identity
(A-37).

The proof of estimates on the temporal derivatives is slightly more cumbersome due to the weighted
spaces under consideration and that the temporal derivatives do not preserve the form of the equation. By
differentiating the identity (A-37) in time, one obtains

t
a,u(-,z)=a,e<’—S>Au(-,s)+e<f—S)Au3>divF(-,s)+/ cTOAPAIVI F(-,1)dT,  (A-40)

N

and more generally,

k t
u(-.0)=0Fe"DPu(- 1)+ Y ok I8Pdivo? T F(-.5) +/ AP divak F(- 1) d.

a=1 §

(A-41)
(In obtaining the identities, it is beneficial to compare with the differential form of the equation.) Now set

s = %z and denote the terms by 7, 11, and I11, respectively. We estimate

llze> < )™ u(-. 52)| 1o

_f+ 52
<tk p) ™ Tl o)

k432
< ctkst prp)t T T2 Flln o, (A-42)
according to our original estimate. Furthermore,
k
kal(3_3_
| lrs < ete) 3 4200 | @t By (40)]
a=1 X
—k+352 —

<ck.siprp) ™2 Y T L o, (A-43)

a=1
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and finally,

3

' 3G =31 9k
MLz =c | (t—7)2 72 70 I F (- 1)l Le ds
2

! (33 ) 51
< 2\ e —k+>5 k ok
_c/: (t—1)2 2 1 g ds x ||t 8,F||K;12(QT)
2

_f+ 52
<clkost prp)t TR Fll e o,

This completes the proof of the time-derivative estimates. The proof of continuity is similar to (A-38)

(A-44)

except that one must use the identity (A-41).
Regularity in spacetime may be obtained by applying the temporal estimates to the spatial derivatives,
since the spatial derivatives preserve the form of the equation. O

Mild solutions in homogeneous Besov spaces. The goal of this subsection is to review the well-posedness
theory of the Navier—Stokes equations with initial data in Besov spaces.

Let us recall the notion of a mild solution to the Navier—Stokes equations, i.e., a tempered distribution u
on spacetime that satisfies the integral equation

t
u(-,1) = e’AuO—/ IAPdivy ® u ds (A-45)

0
in a suitable function space. The operator /2P div is defined by convolution with the gradient of the

Oseen kernel; see Chapter 11 of [Lemarié-Rieusset 2002]. We will often simply write

u(-, 1) =e®ug— Bu,u)(-.1), (A-46)
t
B(v,w)(-,t)::/ AP divy @ w ds. (A-47)
0

Distributional solutions to the Navier—Stokes equations are mild under rather general hypotheses, as
discussed in Chapter 14 of [Lemarié-Rieusset 2002]. Small-data-global-existence in the spirit of the
seminal work [Kato 1984] is known for divergence-free initial data in the spaces

H3(R?) < L3(R3) < B, (R®) = B2, (R?) < BMO™! (R), (A-48)

where 3 < p; < pa < oo and 3 < ¢y < ¢, < co. The case BMO™! (R?) was treated in [Koch and Tataru
2001] and appears to be optimal. Ill-posedness has been demonstrated in [Bourgain and Pavlovi¢ 2008]
in the maximal critical space Bgol,oo (R3). Local-in-time existence is known for initial data in the spaces

H2(R%) < L3(R?) — BY,(R?) — VMO (R?) (A-49)
as long as 3 < p, g < 0o, where
VMO~ (R3) := S(R3)BMO ™' &), (A-50)

The existence theory for initial data in homogeneous Besov spaces is summarized in the following
theorem.
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Theorem A.2 (mild solutions in critical Besov spaces). Let 3 < p,q < oo and uy € B;,{’q (R3) be a
divergence-free vector field. Then there exists a time 0 < T*(ug) < oo and a mild solution u of the

Navier—Stokes equations such that

ueC(0.T): BY,(R)NLLBY N IPBY,, (A-51)
u e Rp(0r) NRoo(Qr) NC(O. T L N L¥ @) (A-52)

forall 0 < T < T*(ug). In addition, u is the unique mild solution satisfying (A-51) and the unique mild
solution satisfying (A-52). Lastly, if T*(ug) < 0o, then the following two conditions are satisfied:

(1) tlTiITT1*||U(',l)||LPo(R3) = 00. (A-53)
(ii) Forall pg € [p,>0), qo € [g,00),and 1 <ry < oo such that sp, +2/ro € (0,3/po),

li o o = O0. A-54
T’IT‘I}"I*”u”L;QB;Z(,JqT)Z/IO o0 ( )

In the statement, we have utilized the Banach space
K3(07) = {u e K(0r) 1173 u(-. )| Losy — 0 ast | O}, (A-55)

We will discuss the proof after reviewing two lemmas concerning quadratic equations in Banach spaces
based on Lemmas A.1 and A.2 in [Gallagher et al. 2002]. See also Lemma 5 in [Auscher et al. 2004].

Lemma A.3 (abstract Picard lemma). Let X be a Banach space, L : X — X a bounded linear operator
such that I — L : X — X is invertible, and B a continuous bilinear operator on X satisfying

IB(x, Mlx =vixlx Iylx (A-56)

for somey > 0andall x, y € X. Then for all a € X satisfying
1

I(7 = L) allx < —, (A-57)
Al -L)x vy
the Picard iterates Py (a), defined recursively by
Po(a):=a,  Pryi(@):=a+L(P)+ B(Px. Pr). k=0, (A-58)
converge in X to the unique solution x € X of the equation
x=a+ L(x)+ B(x, x) (A-59)
such that .
lIxllx < - : (A-60)
217 =L)~ x v
Regarding the hypothesis on L, the operator I — L : X — X is invertible with norm
1
7= L) x = —— (A-61)
I—|Lllx

whenever || L|y < 1. We use this fact in Lemma 2.4 and Theorem 2.6.
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Often one applies Lemma A.3 to an intersection of spaces. For instance, to solve the Navier—Stokes
equations with divergence-free initial data ug € L? N L3(R?), the space X may be chosen as X :=
L} NL¥®L2NL2HY(Qr). Similarly, one may choose X to include higher derivatives in order to
prove higher regularity. Technically, when one includes more derivatives in the space X, one may need
to shorten the time interval on which Lemma A.3 is applied and argue that the additional regularity is
propagated forward in time. This is cleverly avoided in [Germain et al. 2007].

Lemma A.4 (propagation of regularity). In the notation of Lemma A.3, let E — X be a Banach space.
Suppose that L is bounded on E such that I — L : E — E is invertible and B maps E x X — E and
X x E — E with

max (|| B(y.2)|e. |Bz. »)g) =nlyle lzllx (A-62)
forsomen >0andall y € E, z € X. Finally, suppose that
I =L)" en < 1= L)~ x . (A-63)
For all a € E satisfying (A-57), the solution x from Lemma A.3 belongs to E and satisfies
Ixlle <21 = L)~ "al g (A-64)
Lemma A.4 does not require the quantity ||a| g to be small, but one may have to increase y > 0 in
order to meet the condition (A-63).
Proof of Theorem A.2. Let us assume the hypotheses of Theorem A.2. Let r > 2 such that s, + % € (0, %)
(1) Constructing a local-in-time mild solution. To obtain local-in-time solutions, we will apply Lemma A.3
to the integral formulation (A-45) of the Navier—Stokes equations in the Banach space
Xr:=17 B”’*r NKy(O7). (A-65)

Note that the realization condition in (A-13) is satisfied, so the time-space homogeneous Besov space in
(A-65) is complete.

Let us prove that the bilinear operator B is bounded on X7. In fact, it is bounded separately on the
two spaces in the intersection. To prove that B is bounded on IC, (Q1), we use Holder’s inequality,

4 ® vl 25 o) = Wl @ Wl @) (A-66)

and conclude with the heat estimates in Lemma A.1. That the subspace I%p(QT) is stabilized follows

sp+2/r

from taking the limit 7 | 0. To prove boundedness on L Bp q , we use the Bony decomposition

(A-15). First, apply the low-high paraproduct estimate (A-19) and Sobolev embedding to obtain

||Tuv||Lr/zB—1+sp+4/r cllullz, 4 '—1+2/'||v|| gy =cllullg, sp+2/r||v|| s (A-67)

The analogous estimate is valid for Tyu. Now we combine the heat estimate (A-27), substituting
F := Tyv + Tyu, with the low-high paraproduct estimate:

t
/ AP div(T,v + Tyu) ds
0

r g T =cllullz, go2rllvliz, gosarr (A-68)
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To estimate the high-high contribution, we apply the property (A-20) to obtain

IR(u. )| 20p+2/) = C||u|| B ||U|| B (A-69)

LY* B,

Notice that 2(sp + %) € (0, %), so the realization condition in (A-13) is satisfied. We then apply the
heat estimate (A-27) with F := R(u, v) to obtain

This completes the proof of boundedness in Z’T BIS,’,’; 2,

The last step in applying Lemma A.3 is to obtain the smallness condition (A-57). Since uq € Bls,‘:q (R,
we have from (A-11) and (A-26) that

t
/ eUIAP div R(u, v) ds ||u||L, jonF2/1 ||v||L, yon2/7 (A-70)
0

]': Bs p+2/r
T

e"Pug € Xoo, le"2ugllx, — 0 as T | 0. (A-71)

Hence, (A-57) will be satisfied as long as 0 < 7" < 1 depending on u. This completes Step 1.

(2) Further properties of mild solutions. Our next goal is to prove that a given mild solution, # € X7
belongs to the full range of function spaces stated in the theorem. It is clear from (A-11) and (A-26) that
e'Auy is in the desired spaces, so we will focus on the mapping properties of the nonlinear term.

First, suppose u is a mild solution in I%p(QT). The integral equation (A-45) combined with the
estimates in Lemma A.1 allow one to bootstrap u into the space I%OO(QT). The same estimates in
Lemma A.1 also give u € C((0, T]; L? N L (R?)). We conclude that « belongs to (A-52).

Now suppose u is a mild solution in Z} BIS,’,’; 2T We may combine the paraproduct estimates (A-67)
and (A-69) in Step 1 with the heat estimates (A-27) to obtain the mapping property

sp+2/r sp+2/r

B: L% B, x L% By, — C([0,T]; By, (RH) N LL By, (A-72)

Demonstrating u € L} Bp” q requires a bootstrapping argument that we borrow from Remark A.2 of
[Gallagher et al. 2002]. Specifically, suppose that u € Lr‘) Bs” F2/ro for some r¢ > 1 such that s, 42 /ro > 0.
Let us define the exponents

1 l—-¢ 3 1 1 1 2
- = = - = S < p— -
e~ 2 3 1@ o +l(8)’ 0<e<sp+ o (A-73)
From interpolation, it is clear that u € Ll(e)Bs” +2/1€) Now consider the additional restrictions & > 0

and rq(e) > 1. One may verify that

2 2 2 2
+ o~ —e, s1(e) :=2sp + + 6] = Sp + P —e>0. (A-74)
According to the paraproduct laws (A-19) and (A-20), we have
' Fri(e) psy(e ' Frie) psy(e = Tl p—e Fro ps ro . -
ITuullzrie gue  FIR@ Wl e ge  =clullpio g lullzro gz (A-75)

We then apply the heat estimate (A-27) to obtain

B(u.u)e LB, ’1‘”, (A-76)
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provided that 0 < & < s, +2/r¢ and r1(¢) > 1. In fact, by repeating the arguments with a new value
1 < 7y < rgy, one may treat the case ¢ = 0. The final result is that

~ . sp+min (2,2) 1 s 1
B Lmax(l,rl)B p 1 2 S _ 1 A-
(u’ u) €Ly D.q s o D " (A-TT7)
Hence, one may improve 1/r¢ by the fixed amount —s, /2 at each iteration. This completes the boot-

strapping argument, so u belongs to the class (A-51).

(3) Uniqueness. Suppose that u,u, are two mild solutions on Q7 in the class (A-51) with the same
initial data u. For contradiction, assume there exists a time 0 < Ty < 7" such that u; = u, on Q7, but
uy and uy are not identical on Qr, 1,45 for all 0 <§ < T — T. Because the solutions are continuous
with values in B;,’,’q([R?), we must have itg :=u (-, To) = us(-, Ty). When 0 < § < 1, depending on
uy and us, the two solutions on Qr, 7,+s With the same initial data u¢ fall into the perturbative regime
of Lemma A.3 in the critical time-space homogeneous Besov spaces. Hence, the solutions coincide on
OT,.,Ty+8> Which is a contradiction.

Similarly, suppose that uy, u, are two mild solutions on Q7 in the class (A-52). For 0 < § < 1
depending on u; and u;, the solutions on Qg fall into the perturbative regime of Lemma A.3 in the Kato
space /%p(Qg). Hence, the solutions coincide on a small time interval. Uniqueness may be propagated
forward in time according to the subcritical theory in L? (R?3).

(4) Characterizing the maximal time of existence. We now return to the mild solution u that we constructed
in Step 1. The solution may be continued according to the subcritical theory in L (R?*) and the critical
theory in time-space homogeneous Besov spaces. The result is the following. There exists a time
0 < T*(up) < oo such that for all 0 < T < T*(ug), u is the unique mild solution in X7 with initial
data u¢, and for all T > T*(u¢), the solution u cannot be extended in X7. The time T *(u¢) is the maximal
time of existence of the mild solution « with initial data u¢. In the proof, we will denote it simply by 7

Suppose that T* < oco. Then limg47+||u|x,; = oo, since otherwise the solution can be continued
past T* A priori, we know that

(i tlTif]!l*||”('»l)||Lp(R3) =o0 or (i) Tlinyq*||U||~,%B;{zq+2/r = 00. (A-78)

Note that we may avoid writing lim sup,4 7 [[u( -, 1)|| L» g3y in (i") because the L?(R3) norm is subcritical.
It is immediate that (i) implies (i’) and (ii) implies (ii"). We will now demonstrate the implications in
the reverse direction.

Suppose that (i) does not hold. In other words, there exists p < po < oo such that u € ICp,(Q1+). By
the bootstrapping in Kato spaces mentioned in Step 2, we obtain that

U € Koo(Q1+) NC((0, T*]; L°(R?)). (A-79)

Then, we may apply Lemma A.4 concerning propagation of regularity in the spaces X = L*°(Qr)
and E = X N L®LY(Qr) with initial data u(-,%) € L? N L>®(R3) and initial time #y close to T*
The lemma prevents [|u(-, )| z»g3) from blowing up as 7 1 T*, so (i') does not hold. This is the same
argument as in the last step of Proposition A.S.
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Now suppose that (ii) does not hold. Then there exists p < pg < 00, ¢ < g¢ < 00, and ry > 2 such
2
that sp, +2/ro € (0,3/po) and u € L2, BIS,’(’)(’;(: /ro . By the arguments in Step 2, we must have that

u € C(O0, T Bylay) NV L By 0 L By, (A-80)

As in the previous paragraph, we may apply Lemma A.4 in the spaces X = Lro B;,’;(’;;z/ro E =

X N LE BT with initial data u(-, fo) € By, N By, (R®) and initial time 7o close to T* This
proves that the norm of « in L’ *BIS,"; 2r stays bounded, so (ii’) fails. Here it is crucial that u(-,¢)

is continuous on [0, 7*] with values in B Pg?qo (R?), so that the existence time of the solution with initial data
u( -, o) has a uniform lower bound. This was not an issue in the subcritical setting. Also, we do not record
here the bilinear estimates necessary to apply Lemma A.4. They are similar to the estimates in Step 1.

(5) More characterizing. It remains to prove that (i’) is equivalent to (ii’). To begin, we will show that
(ii) implies (i’) by arguing the contrapositive. Suppose
sup  [lu(-, 1) Lo w3y < oo. (A-81)
4 T*<t<T*
By the subcritical theory in L?(R?), it is not difficult to show that
sup  [|[Vu(-, 0)||Lrg3) < 00. (A-82)
Ir+<e<T*
One may interpolate between (A-81) and (A-82) to obtain for all 0 < s < 1,
. . s M -
sup Nu(-. Ol gy sy =) supuC O gyl Z)I @y <0 (A8
Lr+<e<T* Ir*<t<T*
see Proposition 2.22 in [Bahouri et al. 2011a]. Now, let m := max(q, r). By Minkowski’s and Holder’s

inequalities,

g, s < lul

T*/2.T

sp+2/r =<c (T ) sup ||M( i t)||BXP1+2/r(R3) <00,
D.

L (B, .
IT*<r<T*

Ix(Qr* /0, 7%) —

(A-84)
and one concludes that (ii) fails.

Now we will demonstrate that (i’) implies (ii’), again by arguing the contrapositive. Let us assume
that ||u || BT < 00, so that by the mapping properties of the nonlinear term in Step 2,

u € C([0, T*]; B,y (R?)). (A-85)
Our goal is to prove that the following quantity is bounded:
||”||Z‘;‘(’).T*B,§,/f(ﬂ%3) <00 (A-86)
for some 0 < Ty < T* Indeed, interpolating between (A-85) and (A-86), one may demonstrate that

sp+1 —Sp
su u(-,t su u(-,t "s u(-, 0 . < 00. A-87
T0<tET*” (- )”BO (R*) T Sth*” (.ol 57 ([R3)” (- )”B p+1 RY) ( )

In light of the embedding Bg’l (R?) < LP(R?), this will complete the proof that (i’) fails.
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To prove (A-86), we will need more estimates for the heat equation. Let C C R? be an annulus and
A>0.Let0<T <ooand f be atempered distribution on Q7 with spatial Fourier transform satisfying
supp f C AC x [0, T']. Then

t
A zéf DA £ 1) de
0

LP2L2(07)

2(L—-L1_q9),3(L—-L ) 1 (A'88)
< m T IRETR 1 1 g + M 101 0
1<p1<py=<oo, 1=r=<r;=<o0.

Recall the smoothing effect (A-22) of the heat flow. When p; = p,, one may write

t
(t—7)A .
)\“/0 e f(-,0)dr

LP1 (R3)

t t
2
<c [0 I8 £ D)o sy e+ / 1002 £ o) o sy d
2

L t
2
<C [ (t —1) 2R £ 1) oy sy dT + Ch [ e OS2 £ (D) | ey dT
0 5

1( 5
SCz‘Z/
0

and treat the subsequent integration in time by Young’s convolution inequality. The case p, > p; follows

—c(t— 2 . d —c(f— 2 1
e c(t—1)A ||f('vf)||Ll’1(R3) dS-i-)x[ e c(t—1)A ||-E2f(-’f)||Lp1(R3) d‘[) (A-89)
2

from Bernstein’s inequality. This leads us to a higher regularity estimate in Besov spaces analogous to
Lemma A.1:

t
zi/ AP div F(-,5)ds <c(IFlzr,
0

spy+2/m—1 + ||tl/2F||~r1 prtar), (A90)

~rZB3/17 B”l -] T p1-41

T Pprr.9p
when also 1 < ¢y < g, < o0.
Let us return to the proof. We will apply Lemma A.3 in the following Banach spaces to obtain (A-86):
3 +2
Yr —{veLr Bppq t2ve L] Blfq }, (A-91)
Ivllyy == max(flvllz, goparr. ”ﬁU”Z’TBS_/f“/’)' (A-92)

Let us show that B is a bounded operator on Y7 with norm « independent of the time 7" > 0. We need
only prove boundedness of the upper part of the norm. Now, according to the low-high paraproduct
estimate (A-19) and Sobolev embedding,

||[2Tvu)|| 3p+4/r <c|lv “L’ 2 ||t w”L’ B p2sr

LY B,

= C||v||~,TBls){,q+2/r ||t7w||ZrTBl_:,{qp+2/r =c|vllyy lwllyy, (A-93)
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and similarly for Tpv. According to the high-high estimate (A-20), we have

||Z%R(v, w>||z¥23;/12-i:;//é7+4/r < C||U||Z;B;?q+2/r ||t%w||ZrTBp3-/qp+2/r =c|vllyy lwllyy- (A-94)
Since v, w € X, there is no ambiguity modulo polynomials in forming the paraproduct operators. The
bilinear estimate is then completed by combining (A-90) with (A-67), (A-93) for the low-high terms and
(A-69), (A-94) for the high-high terms. By the same paraproduct estimates and applying (A-90) with
1, = 00, one may show that

B:Yr xYr — C((0,T]; B,,%,q(W)). (A-95)

This is the property we will use below.

We are ready to conclude. Recall that u € C([0, T*]; Bf,fq (R?)) by (A-85). By continuity, there exists
a time Ty > 0 such that ||e’®u(-, to)||YTl < (4k)~Vas ty 1 T* Now we may apply Lemma A.3 in the
space Y, with u(-, T* — T}) as initial data, and the result agrees with the mild solution u on the time
interval [T* — Ty, T*]. Therefore, we may take Tg := T* — %T 1 in (A-86) to complete the proof. (In
fact, by similar arguments of resolving the equation, one may show that (A-86) holds everywhere away
from the initial time.) g

Let us also provide the following characterization of the maximal time of existence.

Proposition A.5 (formation of singularity at blow-up time). Let 3 < p < oo and ug € L?(R?) be
a divergence-free vector field. Let T*(ug) > 0 be the maximal time of existence of the unique mild
solution u such that u( - ,t) is continuous in L? (R3). If T*(uq) < oo, then u must have a singular point
at time T*(ug).

Proof. This argument is based on similar arguments in [Rusin and Sverdk 2011; Jia and Sverak 2013]. Let
u be as in the hypothesis of the proposition and assume that 7* () < 0o. Following [Calderén 1990],
for all § > 0, there exist divergence-free vector fields Uy € L2(R*)N L?(R?) and Vy € L?(R3) such that

ug = Uy + 1y, || V()”Lp(RS) <$. (A-96)

Let V denote the unique mild solution associated to the initial data V{y such that V(-,¢) is continuous
in L?(R3). Furthermore, one may choose 0 < § < 1 such that T*(Vy) > 2T *(uy). We will abbreviate
T*(ug) as T* The remainder U solves the perturbed Navier—Stokes equations on Q7+,

0 U—-AU +divU QU +divU®V +divV U =-VP, divU =0, (A-97)

with the initial condition U( -, 0) = U,. By the well-posedness theory for (A-97) as well as the energy
inequality, one may prove that U is in the energy space up to the blow-up time:

UeL®LANL?H Q7). (A-98)
Based on the decomposition of u, we obtain
ue L} (Qr+) + LPLL(Q7+). (A-99)

peL3(0r) + L®L2(O7). (A-100)
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where p := (—=A)~!divdivu ® u is the pressure associated to u. Recall now that u is in subcritical
spaces, so one may justify the local energy inequality for (u, p) up to the blow-up time 7 * Moreover,
(A-99) implies

T*
lim / f u|? + | p|2 dx dt = 0. (A-101)
0 JB(x,1)

|x]|—00
Therefore, by the e-regularity criterion in Theorem A.8, there exist constants R,k > 0 and the set

K := (R*\ B(R)) x (AT*, T*) such that

sup |u(x,t)| <«. (A-102)
K

Finally, suppose that u has no singular points at time 7* This assumption, paired with the estimate
(A-102), implies that u € L>(Q, ) for some ¢ € (7% T*). Consider the bilinear estimates

1
1B, w)lgeepr(opy = T2 Vlipse 2oy lWliLoo(@r):
L[ Lx(QT) L; LX(QT) (QT) (A-103)

1
1B, w)llpeor2(0r) = T 2Vl Loo(@rylwlipee L2
for all 7" > 0. Now one applies Lemma A.4 with the bilinear estimates (A-103) and the choice of spaces
X := LOO(QtO’T*), E:=XnN L?OL)I;(QIO,T*) (A-104)
for each & <19 < T™ This prevents |[u(-, )|z g3) from becoming unbounded as 7 1 7* and completes
the proof. O

Corollary A.6. Let u be the mild solution of Theorem A.2 with initial data ug. If T*(ug) < 0o, then u
has a singular point at time T *(ug).

Lastly, we record an existence theorem for mild solutions with initial data in subcritical Besov spaces.
Similar results concerning smoothness of solutions belonging to the critical space L3 (Q7) were proven
in [Dong and Du 2007].

Theorem A.7 (mild solutions in subcritical Besov spaces). Let3 < p,q <00, 0 <& < —sp, s :=5p +¢&,
and M > 0. There exists a positive constant k := k(s, p) such that for all divergence-free vector
fields ugy € BIS) q(IR3) with [luo]| gs ®3) = M, there exists a unique mild solution u € K, (Qr) of the
4 D.q .

Navier-Stokes equations on Q with initial data ug and T 2 := /M. Moreover, the solution satisfies

0V e C((0. TT: LP (R*) N C((0. TT: L™ (R?)), (A-105)
L L

15205V ey (o) + ||zk+za’;v’u||K;ol+g(QT) <c@s, p.k,DM (A-106)

for all integers k,l > 0. Hence, u is smooth in Q.

e-regularity and backward uniqueness. In this section, we record a number of important theorems
relevant for the blow-up procedure in Theorem 1.1. Our primary reference is the seminal paper of
Escauriaza, Seregin, and Sverdk [Escauriaza et al. 2003].
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We will now introduce the relevant notation and definitions. For R > 0 and z¢ = (x¢, %) € R*T!, we
define the Euclidean balls

B(xg,R):={yeR®:|xo—y| <R}, B(R):= B(0,R), (A-107)
and the parabolic balls
0(z0, R) := B(xo, R) x (to — R*,15), Q(R) := Q(0, R). (A-108)

Suppose that 1 : Q(zg, R) — R? is a measurable function. We will say that z¢ is a singular point of
u if for all 0 < r < R, we have u & L°°(Q(zp,r)). In this case, we will say that u is singular at z.
Otherwise, we will say that zq is a regular point of u.

We say that (v, q) is a suitable weak solution of the Navier—-Stokes equations in Q(zg, R) if the
following requirements are satisfied:

3
() ve LPL2N L2HY(Q(z0. R)) and g € L} ,(Q(z0. R)).

(ii) (v, q) solves the Navier-Stokes equations in the sense of distributions on Q(zg, R).

(iii) For all 0 < ¢ € CJ°(B(R) x (to — R2, 1)), the pair (v, ¢) satisfies the local energy inequality

t
/ @|Vv|? dx dt’
to—R2 JB(x¢,R)

t
5/ / (v]*(Ap + 3:9) + v-Vo([v]* +2¢)) dx dt’, (A-109)
to—R2 JB(x¢,R)

/ elv(x,)?dx +2
B(XOaR)

for every ¢ € (tg — R?, 1o].

We say that (v, ¢) is a suitable weak solution of the Navier—Stokes equations in an open set Q@ C R3*1 if
(v, g) is a suitable weak solution in each parabolic ball Q C Q.

Note that we permit the test functions ¢ in the local energy inequality to be supported near fg, but this
is not strictly necessary. Also, one may use the Navier—Stokes equations to demonstrate that a suitable
weak solution u( -, t) is weakly continuous on [fog — R?, fy] as a function with values in L2(B(x, R)).

Let us show that the distributional local energy inequality (2-9) in the definition of Calderén solution
implies the local energy inequality (A-109) in the definition of suitable weak solution. Let 0 <n € C5°(R)
such that n = 1 when |7| < 1, n =0 when |7| > 1, and Jgndt = 1. For all ¢ > 0, define n,(7) :=
e In(e717). Nowlet 0 < ¢ € CgP(B(R) X (tg — R?, ty]). Define

t/
D, (x,1") = p(x, t')(l —/ ne(t —1) dr), t€(to— R* 1), &>0. (A-110)

o0

Using ®; ¢ as a test function in (2-10) and passing to the limit ¢ | 0 proves (A-109) for almost every
t € (to — R?, tp). That the inequality is true for all ¢ € (fo — R?, ty] follows from the weak continuity of
u(-,t) € L*(B(x, R)).

We will now state the Caffarelli-Kohn—Nirenberg e-regularity criterion for suitable weak solutions;
see [Caffarelli et al. 1982; Lin 1998; Ladyzhenskaya and Seregin 1999; Escauriaza et al. 2003].
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Theorem A.8 (¢-regularity criterion [Escauriaza et al. 2003]). There exist absolute constants ey > 0 and
co.k > 0, k € N, with the following property. Assume (v, q) is a suitable weak solution on Q(1) satisfying

/ ol +1g13 dx di < eo. (A-111)
(1)

Then, for each k € N, we know Vk=1y is Holder continuous on Q(%) and satisfies
sup |Vk_1v(x,t)| < Cok- (A-112)
o(3)
The e-regularity criterion may be used to prove that singularities of suitable weak solutions persist
under locally strong limits.

Proposition A.9 (persistence of singularity [Rusin and Sverak 2011]). Let (vk,qx) be a sequence of
suitable weak solutions on Q(1) such that vy, — v in L3(Q(1)), g — q in L%(Q(l)) Assume vy is
singular at (xi, t) € Q(1) and (xy, ty) — 0. Then v is singular at the spacetime origin.

Finally, we recall two theorems concerning backward uniqueness and unique continuation of solutions
to differential inequalities.

Theorem A.10 (backward uniqueness [Escauriaza et al. 2003]). Let Q4+ = [R{i_ x (0,1). Suppose
u: Q1 — R3 satisfies the following conditions:

(1) |ur + Au| < c(|Vu| + |u|) a.e. in Q+ for some ¢ > 0.
(i) u(-,0)=0.
(iii) u(x, 1) <eM¥in 0.
(v) w,ug, V2u € L2(LE )x(0+4).
Thenu=0o0n Q4.

To make sense of condition (ii), one may use that u € C([0, 1]; D’ ([Ri)), due to condition (iv).
Theorem A.11 (unique continuation [Escauriaza et al. 2003]). Let R, T > 0 and Q(R,T) := B(R) x
(0,7) C R3FL. Suppose u : Q(R, T) — R3 satisfies the following conditions:

() u,u;,Vu e L>(Q(R,T)).

(i) |us + Au| <c(|Vul| + |u|) a.e. in Q(R, T) for some ¢ > 0.
(i) Ju(x,1)| < Ce(|x| + VO in O(R, T) for some Cy, > 0, all k > 0.
Then u(x,0) =0 forall x € B(R).
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