REV. MAT. IBEROAMERICANA 26 (2010), no. 1, 261-294

Wellposedness and regularity of

solutions of an aggregation equation

Dong Li and José L. Rodrigo

Abstract

We consider an aggregation equation in R, d > 2 with fractional
dissipation: uy+ V- (uVK xu) = —vAVu, where v > 0, 0 < v < 2 and
K(z) = e 1#l. In the supercritical case, 0 < v < 1, we obtain new
local wellposedness results and smoothing properties of solutions. In
the critical case, v = 1, we prove the global wellposedness for initial
data having a small L. norm. In the subcritical case, v > 1, we prove
global wellposedness and smoothing of solutions with general L} ini-
tial data.

1. Introduction and main results

We consider the following aggregation equation in R? with fractional dissi-
pation:

(1.1) u+ V- (uVK xu) = —vAu,

where K(z) = e~1*l. Throughout this paper we will consider this specific
choice of the kernel K for convenience of presentation, although much of our
analysis can be easily extended to similar kernels /K that are nonnegative,
decreasing, radial and have a Lipschitz point at the origin. In addition, the
kernel K has to satisfy the definition of acceptable potential introduced by
Laurent [21]. Here v > 0 and 0 < 7 < 2 are parameters controlling the
strength of the dissipation term. For any function f on R¢, the fractional
Laplacian A7 is defined via the Fourier transform:

NF(E) = €] f(€).
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Aggregation equations of the form (1.1), with more general kernels (and
other modifications) arise in many problems in biology, chemistry and popu-
lation dynamics (see [11, 29, 33, 12, 23, 28, 37, 13, 32]). Several earlier models
similar to (1.1) have been constructed. In one space dimension, Mogilner and
Edelstein-Keshet [28] considered an integro-differential population model of
the form (based on traditional population models, see [29], [32] and [14]):

af 0 of 0
1.2 Y2 (ppHe) - L B
(12) o (o3 - S wnn+ s
where D(f) is the density-dependent diffusion coefficient, B(f) is the growth-
rate of the population and V'(f) is the advection velocity which takes the
form

V(f) = acf + Au( Ko * f) — A f (K % f),

with the constants a., A, and A, representing density-dependent motion, at-
traction and repulsion respectively. Here the kernels K, and K, are called at-
traction and repulsion kernels (they belong to the so called social interaction
kernels). Based on perturbation analysis and numerical studies, they iden-
tified conditions when aggregation occurs and also the stability of traveling
swarm profiles. Other types of one-dimensional models and related reviews
can be found in [28, 12, 38, 34, 15, 16, 17, 18, 20, 30, 31] and the references
therein. Topaz and Bertozzi [36] considered a multi-dimensional general-
ization of the model (1.2). They constructed a kinematic two-dimensional
swarming model which takes the form

(1.3) u + V- (u(G*u)) =0,

where the (vector-valued) kernel G is called the social interaction kernel,
which is spatially decaying. By applying the Hodge decomposition theo-
rem [26], one can write

G=GD +GP) .=VIN+ VP,

where N and P are scalar functions. In the language of [36], the kernel G)
introduces incompressible motion which leads to pattern formation (e.g. vor-
tex patterns), while the potential kernel G*) models repulsion or attraction
between biological organisms which in turn leads to either dispersion or ag-
gregation. In a related paper, Topaz, Bertozzi and Lewis [35] modified the
classical model of Kawasaki [20] and derived a model similar to [28], which
takes the form

(1.4) u+ V- (uK * Vu — vu*Vu) = 0,

where the kernel K has fast decay in space.
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From the mathematical point of view aggregation equations have been
studied extensively (see e.g. [2, 3, 4, 5, 6, 21, 25, 36]). In one dimension,
in the inviscid case (i.e. v = 0) and for general choices of the kernel K,
equation (1.1) has been considered by Bodnar and Veldzquez [4]. There
by an ODE argument the authors proved the local well-posedness of (1.1)
without the diffusion term for C! initial data. For a generic class of choices of
the kernel K and initial data, they proved by comparing with a Burgers-like
dynamics, the finite time blowup of the L°-norm of the solution. Burger and
Di Francesco [5] studied a class of one-dimensional aggregation equations of
the form

Oy = 0, (uam(a(u) — Kxu+ V)), in (0,00) X R,

where V' : R — R is a given external potential and the nonlinear diffusion
term a(p) is assumed to be either 0 or a strictly increasing function of p.
In the case of no diffusion (a = 0) they proved the existence of stationary
solutions and investigated the weak convergence of solutions toward the
steady state. In the case of sufficiently small diffusion (a(p) = €p*) they
proved the existence of stationary solutions with small support. Burger,
Capasso and Morale [6] studied the well-posedness of an equation similar
o (1.1) but with a different diffusion term:

Ou+V - (uVK *u) = div(uVu), in (0,7) x R%

For initial data ug € LL(RY) N L®(R?Y) with v € H!(R?), they proved
the existence of a weak solution by using the standard Schauder’s method.
Moreover the uniqueness of entropy solutions was also proved there. In
connection with the problem we study here, Laurent [21] has studied in
detail the case of (1.1) without the diffusion term (i.e. v =0 ) and proved
several local and global existence results for a class of kernels K with different
regularity. More recently Bertozzi and Laurent [2] have obtained finite-time
blowup of solutions for the case of (1.1) without diffusion (i.e. v = 0)
in RY (d > 2) assuming compactly supported radial initial data with highly
localized support. Li and Rodrigo [25] studied the case of (1.1) with v > 0
and proved finite time blowup in the case 0 < v < 1 and global wellposedness
in the case v > 1. Also, Bertozzi and Brandman [1] have recently constructed
LN L% weak solutions to (1.1) in R? (d > 2) with no dissipation (v = 0) by
following Yudovich’s work on incompressible Euler equations [39]. We refer
the interested reader to [34, 15, 16, 17, 18, 20, 30, 31| and the references
therein for some further rigorous studies.

Aggregation equations and other equations similar to (1.1) with frac-
tional diffusion have been studied in the literature (see [7], [10], [9] and [24]).
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While the case y=2 corresponds to the usual diffusion, the regime 0 <~y<?2
corresponds to the so-called anomalous diffusion which in probabilistic terms
has a connection with stochastic equations driven by Lévy a-stable flights!.
As was mentioned in [7], an important technical difficulty lies in the fact
that non-Gaussian Lévy a-stable (0 < a < 2) semigroups have densities
which decay only at an algebraic rate |z|~%"% as |z| — oo while the Gaus-
sian kernel o = 2 decays exponentially fast. In equation (1.1), the strength
of the dissipation term is controlled by two parameters v and ~. For any
fixed v > 0, given the natural scales of the equation (1.1) we have 3 different
ranges to the parameter v. Namely 0 <y < 1,v=1and 1 <y < 2, known
as the supercritical, critical and subcritical regimes. The choice of the three
regimes can be motivated as follows. Since the kernel VK = —é—‘e“m‘ scales
as % near the origin, heuristically our equation (1.1) which is not scale
invariant can be approximated by the homogeneous version

(1.5) u + V- <u|x—| * u) = —vAu.

x
Equation 1.5 has a scaling symmetry in the sense that if u is a solution, then
for any A > 0,

uy(t, x) = AT (N M)

is also a solution with initial data uy(0,z) = A lug(Ax). Here d is the
space dimension where we are considering the problem. For positive initial
data, it can be shown that the L. norm of the solutions of equation (1.1) is
preserved for all time. The critical threshold of v is then determined by the
relation

HUAHL;”L;E = HUHL;”L;E-

Solving this equations yields, v = 1 which is then referred to as the critical
case. For v > 1, the a priori control of the L. norm then allows us to
prove the global well posedness of the solution (with L! initial data, see
Theorem 1.5 below) and hence the name subcritical. In the supercritical
case 7 < 1, the existence of a class of finite time blowing up solutions is
constructed in our previous [25].

We now state our main results. The first theorem gives the existence
and smoothing of solutions to (1.1) in the critical and supercritical cases.
Note that In the inviscid case (i.e. v = 0) the result is an improvement of [2]
where the local wellposedness is proved for H? (s > 2) initial data with s
being an integer. By obtaining more refined estimates, we have

"We choose the letter a to be consistent with the standard notation. One should
regard v = « here.
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Theorem 1.1. (LWP and smoothing —critical and supercritical). Let v > 0
and 0 < v < 1. Assume the initial data vy € H] with s > 1, s € R.
Then there exists a positive time T = T(||uo||m1) and a unique solution
ue C([0,T); H:) N C([0,T); Hi™"). Furthermore if v > 0, then due to
smoothing effect we have u € C((0,T); H?) for any s' > s.

Corollary 1.2. (Blowup or continuation of solutions). Let ug € HZ(R?),
s > 1. Assume v € C([0,T), H?) is the mazimal-lifespan solution obtained

in Theorem 1.1. Then either T' = 400 in which case we have a global solution
or T' < co and we have

t
iy [ sy ds =+,
0

t—T

where q can be any number satisfying:

2<q< 24 ifd>3and s < ¢
2<q < oo, ifd>3and s =%
§2<q< o0, ifd>3and s> ¢
2 < q< oo, ifd=2and s =1
(2 < g < o0, ifd=2 and s > 1.

Corollary 1.3. (L! conservation and positivity). Let ug € HS, s > 1.
Assume u € C([0,T), H?) is the corresponding mazimal-lifespan solution.
If ug > 0 a.e., then u(t) > 0 a.e. for any 0 <t <T. Ifug € L., then
u e C([0,T),L}). If in addition ug > 0, then |[u(t)||rr = |luollrs for any
0<t<T.

For the critical case 7 = 1, we have global wellposedness if |lug|/ 1 is
small.

Theorem 1.4. (GWP in the critical case when ||ug||1 is small). Let v >0
and v = 1. Assume ug > 0 and ug € L. N H}. There exists a constant
C' >0, depending only on d, such that if ||uo||LL < & then the local solution
i Theorem 1.1 s global.

The last theorem establishes higher regularity of solutions in the subcrit-
ical case.

Theorem 1.5. (Higher regularity in the subcritical case). Let v > 0 and
1 <~ < 2. Assume the initial data uy € L}c and ug > 0. Then there exists
a unique global solution u € C([0,00), L) to (1.1). Also u(t) > 0 and
|u(t)||y = [Juollry for any t > 0. Furthermore due to the smoothing effect
introduced by the viscosity term, w has higher reqularity at any t > 0, 1.e.
u € C((0,00), WEY) for any k > 1.
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Outline of the paper. This paper is organized as follows. In Section 2 we
collect some basic estimates and preparatory lemmas. Section 3 is devoted
to the proof of local wellposedness and smoothing in Sobolev spaces (The-
orem 1.1). The proofs of Corollary 1.2 and Corollary 1.3 are in Section 4.
Section 5 is devoted to the proof of the critical case Theorem 1.4. Finally, the
higher regularity in the subcritical case (Theorem 1.5) is proved in Section 6.

2. Preliminaries

Throughout the paper we denote by LP = LE(R?) (1 < p < co) the usual
Lebesgue space on R?. For s > 0, s being an integer and 1 < p < oo,
WsP = WsP(R?) denotes the usual Sobolev space

wir={f e S®Y): fllwer = D 100 lizqesy < 00}
0<j<s
When p = 2, we denote H" = H™(R?) = W2?(R?) and || - || g as its norm.
We will also use the Sobolev space of fractional power H2(R?) for fraction s,
which is defined via the Fourier transform:

1fllaze = L+ 1€D)° F(€) -

For any s > 0, the space Cy/ ([0, T); H:(R?)) consists of functions which are
continuous in the weak topology of HS, i.e. u € Cy/([0,T); H:(R?)) if and
only if for any ¢ € HZ(R?), the scalar product (¢,u(t))s is a continuous
function of ¢ on [0,7"), where

R R GLIE SIS

Finally, for any two quantities X and Y, we use X < Y orY =2 X
whenever X < CY for some constant C' > 0 (that may depend on the
dimension). A constant C' with subscripts implies the dependence on these
parameters. We use X ~ Y if both X <Y and Y < X holds.

2.1. Basic harmonic analysis

Let ¢(£) be a radial bump function supported in the ball {£ € R? : [¢] < 15
and equal to 1 on the ball {£ € R?: |¢| < 1}. For each number N € Z, we
define the Fourier multipliers

Pon (&) = (27 f(£)
Pon (€)== (1 - o(27VE) f(6)
Pyf(€) =92 NE)f(€) = (p(27NE) — p(27 V1)) f(€)
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and similarly Py and Psy. We also define

PM<-§N3:P§N—P§M: E Py
M<N'<N

whenever M < N.

Lemma 2.1. (Bernstein estimates). For 1 < p < ¢ < oo,
919y~ 2 VP e
|Penfllogsy S 20 ) M Pean £l 2 a,
|Pn fll g ey <2679 NN\ Py £ 12 -

Lemma 2.2. (Commutator estimate). For any f,g € S(R?), consider the
commutator

[P:D, flg = PyD(fg) — fP:Dg.
We have for any 1 < p < oo,
I1P:D, flgllee S 1D fllceellgllze-
Proof. We have
[(PeD(fg))(x)—f(x)(P:Dg)(x)| =
= | [ 24D = o) @) =~ 1)y

< [IDfllees /R 22 & — y||(DY) (2" (z — y))llg(y)Idy

Define ¢, (z) = |;1:|(Dg2)(x), by Minkowski’s inequality we have

I1PD, Aglly S NDfllzell¥nlizallglle S 1D Flleeellgl ce-

Lemma 2.3. Let s > 0. Then

22%5}/ PeD(fu) Pkudx} <

k>0
2.1) 5 llullza (P> —10ul

HS+HP> wfl? )+HDfHLg°HP>—10U|§I;-

5+1+
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Proof. By frequency localization, we have

LHS of (2.1) <> 2%

k>0

+ Z 22ks

k>0

+ Z 92ks

k>0

=:(A) 4+ (B) + (C).

/ PkD(fUSk_(,)P]CUd.T
R4

/ PkD(fUZIH_G)Pkud.T
Rd

/ PkD(fU[k—5,k+5})Pku[k—5,k+5]d93
Rd

Estimate of (A). By frequency localization and Bernstein’s inequali-
ties, we have

(A) _ Zz%s

/ Py D(fir—3 k+3u<i—¢) Prudz
]Rd

k>0
= Z 22k5 / f[k_37k+3}u§k_6P,?Dudx

k>0 R?
SO 2%\ fres ksl | PE Dl 2 lull 2

k>0
S llullzz > 2% D firs vyl e | Peel 22

k>0
S llullze (Z 27| Peul| 7, + > 2% deHDf[k—?;,k—i-ii]"%g)
k>0 k>0

S lulzz (1Pl + 1P

2
H;+1+% :

Estimate of (B). By frequency localization, we have

(B) ,S Z Z 22k5 \/Rd PkD(f]/u])Pkud.T

k>0 j>k+6,j' >k+3
li—j'l<2

D DD W /R ) fju; P2Dudz

k>0 j>k+6,j' >k+3
li—j'l<2

<SSO 22l g o | Dugll e

k>0 j>k+6, ' >k+3
l7—j'1<2

This will be sufficient to prove the estimate.
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Shallz Y > 2Dl llusle

k>0 j>k+6, j'>k+3
li—3"1<2

Shulz > (221D frll + 2 us 3 )

§26,7'>3
i-71<2
S llullze (Z 227 DD fill7s + ) 22]8”%’”%3)
i'>6 326

< Jullzz (||P>_1of|

2
H;) '
This will suffice.
Estimate of (C). Note first that (C) can be rewritten as

(C) S Z 22ks

k>0

+ Z 92ks

k>0

25+%+1 + ||P>—10u|
x

/d[Pva Flug—s 45 Pettjp—s5 k45 dx
R

. fDpku[k—5,k+5}Pku[k—5,k+5]d93 .
R

By Lemma 2.2 and Bernstein’s inequalities, we have

(C) £ D2 IDf luslup-snssllzz + D 2

k>0 k>0

S DSl e 125 —10ul

/d(Df)|PkU[k—5,k+5}|2d$
R

2
Hs*
This finishes the proof of the lemma. |

We need the following lemma which will be particularly useful in estimat-
ing the H; norm of the product fg when the function g has better regularity

than f. Note also that the lemma is only effective in the regime s < g since
H:(R?) is an algebra when s > £

Lemma 2.4. Let s > 0. Then for any f, g € S(R?), we have
(2.2) 1fgllmz < 111

Proof. The inequality is trivial for s = 0. Assume then s > 0. It suffices
to consider the high frequency part of the H; norm since the low frequency
part is already controlled by the L2 norm which in turn is controlled by the
RHS of (2.2). To this end we compute

1Poo ()7 S D 2" Pl f9)IIZ2-
k>0

msllgllzee + 1 fllz2 [ P>og] ey
xT




270 D. L1 axD J. L. RODRIGO

By frequency localization, we have

Pi(fg) = Pe(fek—39p—24+2) + Pe(flo—2k+59<k+9) + Pe(f>rr69>k+3)-

By the triangle inequality, we then have

1 P20(f9)] ?qz S Z 2%5||Pk(f<k—39[k—2,k+2})||2Lg+

k>0

+ ) 2% Pul fin-2.k4519<h0) 172
k>0

+ > 2| Pulforregznia)liz =
k>0

=:(A)+ (B) + (C).

We estimate each terms separately.

Estimate of (A). By Bernstein’s inequality, we have

(A) S 22| fopagi 2 k1all7
k>0

SO 28 £z Nl gpe—2s2ll7z S 1117211 P2ogl
k>0

This will suffice.
Estimate of (B). This is rather straightforward. We have

(B) 2| fn-amsslizllglie S I/

k>0

2
d .
2

2 2
Hs gHLgO‘
This is again sufficient.

Estimate of (C). By frequency localization, we have

()5 D WSl (7

k>0 j>k+6, 5 >k+3
lj—5'1<2
S > 2PNl Te S I

j>6,5">3
li—j'l<2

%I; 9”2Lg<>>

where in the second inequality we have interchanged the sum over j and k
and used the simple inequality -, _; 22ks < 92is for s > (0. This ends the
estimate of (C) and the proof of the lemma is finished. [ |

The following positivity lemma is elementary. For the sake of complete-
ness we state the simplest version that we shall need.
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Lemma 2.5. (Positivity lemma). Let 0 < v < 2, T > 0. Denote Qp =
(0,T) x RL Let u € C}2(Qr) N CY(Qr) N LY, (Qr) for some 1 < p < oo.
Assume g: R - R, g€ C(RY), f: Qp — R? and f € C)} () are given
functions and the following conditions hold.

1. wu satisfies the following inequality pointwise:

ou+V - (fu) > —-vANu, (t,z)€ Qr,
u(0,7) = g(x), xeR2%

Here v > 0 is the viscosity coefficient.

2. u together with its derivatives are bounded: there exists a constant

My > 0 such that

sup(|Oyu| + |Du| + | D*u|) + sup |u| < M; < oc.
QT QT

3. g > 0 and there exists a constant My > 0 such that

sup |div(f)| < My < 0.
Qp

Under all the above assumptions, we have u > 0 in Q.

Proof. This proof is rather standard. We will argue by contradiction. Con-
sider v(t,r) = u(t, z)e 22! and assume that there exists a constant § > 0
such that
inf w(t,x)=-9 <0.
(t,x)eQr

Such a constant ¢ exists since by our assumption v is bounded. It is not
difficult to see that the infimum must be attained at some (t*,z*) € Q.
If it were not true, then there exist (¢,,z,) becoming unbounded such that
v(tp, x,) — —0 as n — oo which is a contradiction with the assumption
that w € LP(Qr) and u has bounded derivatives in (¢,x). It is evident that
0 <t* <T. But then we compute

(O) (t*, 2%) = —2Mav(t*, 2*) + (Qpu) (t*, z*)e 22
> (=2My — div(f))v(t", z*) — v(AVv)(t*, z*).
Since v attains its infimum at (¢*,z*), we have, for v < 2,

v(t,y) —u(t*, z¥)
ly — a*[*t

(2.3) —(AN)(t"a") = Cpq P.V./ dy >0,
Rd

where C, 4 is a positive constant.
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The integral representation (2.3) is valid since we are assuming u is
bounded and has bounded derivatives up to second order. For v = 2, notice
that Av(t*,2*) > 0 at a minimum. We now obtain

(Opv) (t*, ™) > Moo > 0.

But this is obviously a contradiction with the fact that v attains its infimum
at (t*,2*). The lemma is proved. [ |

Finally we will need the following fix-point lemma.

Lemma 2.6. (Two-normed fixed point lemma). Assume that Z is a Banach
space endowed with the norm || - ||x and the seminorm || - ||y. Define the
norm || - ||z by

- 11z = max{][ - Ix, I - I}
Let B : Z x Z — Z be a bilinear map such that for any x1, xo € Z, we have
1B(21,22) ]2 < C(lzallzllwallx + o1l xlz2ll2),
and
[1B(z1, 22)l[x < Cllaa [l x |22l x-
Then for any y € Z such that
8C|yllx <1,

the equation x = y + B(x,x) has a solution in Z with ||z|z < 2|y|lz.
Moreover the solution is unique in the ball {z : ||z|x < &}.

Proof. See for example [25]. [

3. Proof of Theorem 1.1

3.1. Uniqueness of solutions in C([0,T), H})

We begin with the proof of uniqueness. Let T" > 0 and assume uy, us €
C([0,T), H}) are two solutions to (1.1) with the same initial data ug € H!.
Let w = u; — us. Then w solves the equation

(3.1) Ow+ V- (wVK xuy) + V- (VK xw) = —vAw.

We first show that d,w € C([0,T), L2).
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Indeed let 0 < t; <ty < T be arbitrary. We then compute
[(Qw) (1) — (ew)(E2)[[rz < IV - (w(t1) — w(t2)) VK s ui(t))]|r2
+ V- (w(t2) VK * (ui(ts) — ui(t2)))]| 2
+ [V ((ua(ts) — ua(tz)) VK * w(t))]| 2
+ IV - (u2(t2) VK * (w(t) — w(t2))) | z2
+ v[[(Aw)(tr) — (Aw)(t2) | 22
< Nw(t) =w(to) | ay ([l (t0) |z +[lua ()] z + v)
+ lua(t1) — wr(t2)[[ g2 [[w(E2) || 2
+ luz(tr) — uz(t2)[|mellw ()| m — 0,

as we take t, — t; with ¢; being fixed. Here we have used the uniform
boundedness of the H! norm of u;, uy on the compact time interval [0, 2]
Since t; is arbitrary, we have showed ,w € C([0,T),L2). Next, using
again (3.1), we obtain

d
£||w(t)||%% 5/ |AK*u1||w(t,x)|2dx+/ |V - ug|[VK « wl||w(t, z)|dx
R R

+/ lug (t, ) ||AK * w||w(t, z)|dz
Rd

S (IAK * ur]l e + lluzllm) o (®)]172
(3.2) HlluaOllz|AK x w] 2, Jlw(®)llzz.
Here we choose the number p such that 2 < p < coif d =2 and p = 2 if

d>3 ( 2p = oo if p = 2). By Youngs’s inequality and Sobolev embedding
we have

w2 |AK * w2 < [lua(@) || [[AK]] e [Jw(t)]| 2
L? Ly

S llua(®)] [ (@) 2-

Plugging this estimate back into (3.2), we obtain

d
(3.3) EH“’@)H%@ S (lua @)z + ()] ) lw()]]Z2.
Let 6 > 0 be a small number and define

M= Ogr%aﬁ(_é(nul(t)HH; + [lua (8] m2)-

Clearly M is finite since uy, us € C([0,T7 — 6], H!). By (3.3), using the fact
that d,w € C([0,T), L2) and a Gronwall argument, we conclude that there
exists 7" = T'(M) > 0 sufficiently small such that

1
pax [lwt)llz < 5 max Jlw(t)]zs-
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This shows that w(¢) = 0 on [0,7”]. A finite iteration of the argument
shows that w(t) = 0 on [0, 7 —6]. Since ¢ is arbitrary, we conclude w(t) = 0
on the whole time interval [0,7"). The uniqueness is proved.

Remark 3.1. Uniqueness of solutions can be proved in larger functional
spaces. For example uniqueness can be shown in the space C([0,T), L2) N
Cw([0,T), H}). To see this, let uy, uy € C([0,T),L2) N Cw([0,T), H}) be
two solutions corresponding to the same initial data ug € H}. Let 6 > 0 be
sufficiently small but arbitrary. Since u;, us are both weakly continuous on
[0, T — 6], Banach-Steinhaus theorem implies that

(3.4) max ([luy(t)]|my + llua(®)lmy) < M,

0<t<T—-6

where M > 0 is a finite number. Let w = u; — uy. By (3.1), we have

1d 1
lw(®)ll7; = / (AK *u)|w(t, z)[*dx
Rd

2dt 2

(3.5) — [ V- (wuVK xw)w(t,z)dr — v|wt)|* .
R4 H2

It is not difficult to show, by using the weak continuity of u; and wus, that

the RHS of (3.5) defines a continuous function of ¢ (For example, by the

fact that uy, uy € C([0, T — 6], L?), (3.4) and interpolation, one can show wu;,

uy € C([0, 7 —9), H]) for any r < 1. In particular Hw(t)HH% is a continuous

function of ¢ for 0 <y < 2). This shows that 4 <||w(t)]|%2> e C([0,T —4)).

Having established this and (3.4), the rest of the argument now follows
exactly the same lines as in the preceding proof, completing the argument
for uniqueness.

3.2. Basic a priori estimates

Throughout this subsection we assume that u is a smooth solution and derive
some basic a priori estimates.

Step 1: L2 estimate. This is rather straightforward. We have
1d

thHu(t)H%% = —/ V- (uVK *xu)der —v [ ANuudx
Rd

Rd
§/ (AK *u)|u|®dx
Rd
(3.6) SIAK < ull e llu(t)lI72
(3.7) S lu@®)llmllu@)lZ;.
This finishes the L? estimate.
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Step 2: H,j estimate, s > 1. Since the low frequency part of H,j norm
is controlled by its L2 norm, it suffices for us to consider the Y* (semi)norm
of w which is defined as

Vo= 2| Puullz;.

k>0

|

We shall obtain the a priori estimate of the Y* norm of u. Applying the
projectors Py to both sides of (1.1), multiplying by Pyu and integrating, we
obtain
1d
2dt
Summing over k > 0 with the weight 22%¢, we get

||Pku(t)H%% + VHPkA%u(t)H%% =— /d PV - (uV K *u)Pyudz.
R

1d I
S lu®IF+v Y27 PARu()[f; <
k>0
<D o / PV - (uV K % u) Pauda
k>0 Re

< @z (1P -sou(@)|

+[|D*K # ul| e || Ps—10u(t)]

P DK 5wy )

2
Hs’

where the last inequality follows from Lemma 2.3. Now since

_d
HP>—10(DK*U)| Hs+1+% 5 ||P>—10|V|1 2u|

s S IPs-10ul

Hs»
we obtain
Ld 2 ks 2 2
§£|IU(75)! ys T VI; 27 P2 u(t)|72 S
(3.8) < (lullez + 1D K * u()]|rge) | Po—rou®) |13,
(3.9) )l sl Po—rou(®) .

Step 3: Conclusion of the estimates. Adding together (3.7), (3.9) and
taking s = 1, we get
1d

—Z 2 < Z(t)?

where
Z(t) = lu(®)]|72 + [lu(®)[[3,
and we have used the fact that

lu@®lFy S D 2% IPaa®)lfe S lu@)lf: + ()3
kEZ
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Now it is easy to see that there exists a constant ¢ = ¢(d) > 0 such that if

(3.10) c

= uollmy’

then we have

sup Z(t) < 2fuol3;.
0<t<T

which also implies

sup [lu(t)[|m < Clluo||m-
0<t<T

This gives the needed H} control on the time interval [0,7]. Plugging this
estimate back into (3.9), we get

1d
S Sl S luollmy (el + Iu(@)2) S Neollg )

A simple Gronwall argument yields

ye + [luoll7s.-

2o <N ugl|2. + CoT,

sup [[u(t)]
0<t<T

where C) = C1([|uol[ 1) and Cy = Ca(||uol| 1) are positive constants. Using
this estimate and integrating in time in (3.9), we also get, for some constant

Og = 03(1/, ||U0| Hasc) > 0, that
2 s+%dt < 03(V> Hu0|

[ o

for T as in (3.10).

To summarize, we have obtained the following a priori estimates. There
exist constants ¢ = ¢(d) > 0, D1 = Di(||uo|lms) > 0, Do = Dy({Jugl|mz) > 0
and D3 = Ds(||uo|| 1) > 0, such that for all T" with

H)-

c
= lwollmy’
we have
T
(3.11) sup [lu(t)| s +V/ [u()]|? ., ydt < D,
0<t<T 0 Hy
and
(3.12) sup [lu(t)|3s < P ||ugl|3 + DsT.
0<t<T

Remark 3.2. Here for the control of the Y* (semi)norm, the second esti-
mate (3.12) is more precise than the mere boundedness in (3.11). We shall

need (3.12) later to show the strong continuity of u in the H? norm at t =0
(see (3.17) below).
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3.3. Contraction arguments

We assume the initial data ug € H? for some s > 1. Denote u;(t,x) := ug
and let u, 1, n > 1 solves

{atun—i-l + V- (up1 VK 5 uy) = —vA Uy g4

(3.13) i (0) = 1o

We shall show that u,, forms a Cauchy sequence and has a limit. The proof
is divided into several steps.

Step 1: Properties of u, and uniform estimates. By an induction on n,
it is not difficult to show that u,, € C([0,00), H?) for all n > 1. Furthermore
if v > 0, then due to smoothing we have u, € C((0,00), H?) for any s’ > s.
By using the a priori estimates derived earlier (cf. (3.11), (3.12)), we have
that there exists a constant ¢ = ¢(d) > 0 sufficiently small such that if

0<T < ,
||U0||H;

then for any n > 2,

(3.14) sup ||un(t)]

T
2ty / lun(®2 . dt < Dy,
0<t<T 0 H,

and for all t < T,

(3.15) un ()35 < eP?|luol|3s + Dst.
Here D1 = DI(HUO| H;), DQ = DQ(HUOHH%) and D3 = D3(HU0||H316) are pOSitiVG
constants.

Step 2: Strong contraction in C([0,7"), L?) for some T" < T. This
step is necessary since we want to pass to the limit in the approximation
scheme (3.13). Now let w,41 = upy1 — upn. By (3.13), a direct calculation
gives

Oywni1 + V- (W1 VK xuy,) + V- (u, VK % w,) = —vA w,41.

We then have

d
Glenes(®l == [+ (0, VK < un)yde
Rd

— V- (u, VK % wy)wy1de — 1// Wp 1 N wy, 1 de
]Rd

Rd
S IAK * || ol wnsr (1) 172
+ (V| 22 [ VE # wn| e [|wn ]| 22

lunllzg | AK s wnll 22, llwnalles.
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Here we choose the number p such that 2 < p < c0 if d = 2 and p = 2

if d >3 ( % = oo if p = 2). With this choice of p, we have by Sobolev
p

embedding that

lunll ez |AK s wnll 2o, Sllunllm fwnllzz-
x

Then we obtain

d
—lwnsr(OZz S lunllmllwnes O Zz + Nl llwa ()] 2 lwn (8)]] 2

dt
S un @l llwn e 0175 + la @)l wn (@173

where the last step follows from Cauchy-Schwartz. By using the uniform
estimate (3.14) and a Gronwall argument, we conclude that for some 7" < T'
sufficiently small but depending only on |lug|| g1, it holds that

sup [lwni1(t)|[2 <6 sup JJwa(t)72, Yn>2.
0<t<T 0<t<T!
Here 0 < 0 < 1 is a constant independent of n. This estimate shows that

u, is a Cauchy sequence in C([0,7"), L?). Therefore there exists a limit
uwe C([0,T"), L?) such that u, — u in C([0,T"), L2) as n tends to infinity.

Step 3: properties of the limiting function u. By using the interpolation
inequality

which holds for any 0 < s’ < s, and using (3.14), we conclude that u,, — u
also in C([0,T"), H?') for any s’ < s as n — oo. Therefore u € C([0,T"), HZ')
for any s’ < s. It is clear that u € Cy ([0,7"), HZ). We still have to show
u € C([0,77), H?). By the weak continuity of u we only have to show that
|w(t)|| s is a continuous function of ¢. First we show the right continuity at
t=0,ie.

S*S/

(3.16) lim [|u(?)]

Hs — ||U0| Hs-

By the weak continuity we have liminf; g [|u(t)]
uniform estimate (3.15), we obtain

ms > ||uol|ms. By using the

ms < ||uol

(3.17) lim sup ||u(t)| Hs-
t—0

Therefore (3.16) is established. It remains for us to verify the strong conti-
nuity of u at any other 0 < ¢ty < T”. To this end we discuss two cases. The
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first case is the inviscid case v = 0. We take u(ty) as initial data and denote
by u'(t) the corresponding solution. By repeating previous constructions
we have u'o € C([0,T7"), L2) N Cw ([0, T"), HE) for some T” > 0. One can
then show the strong continuity at ¢ = 0 for the function u(¢). By Re-
mark 3.1, v (-) must coincide with u(tg + -) and therefore strong continuity
at t =ty is proved. ? The second case is the viscous case v > 0. By (3.14)
we have u € L2HSJr2 ((0,7") x R?). Therefore for any 6§ > 0 there exists
with typ — 0 < t{, < to such that u(t)) € H;Jr%(Rd). Now we take u(t;) as
initial data and obtain a solution in C([0,7"), HY) for any s’ < s+ %. Here
the time of existence only depends on [|u(tg)|| 2 and therefore has a uniform
lower bound independent of ¢y or 6. By uniqueness of solutions and the

interpolation inequality, we obtain that u is strongly continuous at t = t; in
s+

the 2™ norm. Since to is arbitrary, we obtain v € C'((0,7"), H; *). Since
each time u is picking up I regularity, an iteration of the argument then
allows us to conclude that u € C((0,7"), HZ') for any s’ > s. This concludes
the third step.

Step 4: We show that dyu € C([0,T"), H:™1). Let 0 <t <ty < T'. We
then compute
1(Oru)(t2) — (Opu)(t)]

SV ((ulte) = w(th)) VE s u(ts))|| gz
IV (w(t) VK * (ulte) — u(t)))l gz + v[[(Au)(t2) — (ATu)(t)]
S l(ulte) = ute)) VE s ulta) |y + [[u(t) VA  (u(t) — u(ty))]

Hy ! S

H: !

+ vultz) — u(ty)l|u
By Lemma 2.4, we have
[(u(t2) = w(ty)) VE s« ults)||luy S
S lute) — w(t) g [[VE * u(ts) | e
+ [lutz) — w(to)| 2| P>o(VE * u(ts))| .
S Nulte) = ult) |l () llag + lult2)lln;) -

Similarly

Ju(t) VE = (u(ts) — w(t)lms S [Jult)[[mg llu(tz) — ult) =

Therefore we have ||(Oyu)(t2) — (Opu)(t1)| s+ — 0 as to — t;. Since t; is
arbitrary we obtain du € C([0,T"), H:~!) and this finishes the fourth step.

2In the inviscid case, one can easily check that the left continuity can be proved in the
same manner as the proof of the right continuity.
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4. Proof of Corollary 1.2 and Corollary 1.3

Proof of Corollary 1.2. Let uy € H:(R?) for some s > 1 and let u be the
corresponding solution constructed by Theorem 1.1. Clearly by Theorem 1.1
we can continue the solution as long as we have a priori control of the H}
norm of u. By (3.6), we have

t
(11) l®)lzz < ool exp ([ 18K < u(9)lzzds ).
0

This shows that L2 norm can be controlled as long as we can bound the
quantity fot |AK % u(s)||Leeds. On the other hand, by (3.8), we have

vo S (lu@®llzz + IID*K s u() ) | P>-10u(t)]
S (lu®)llzz + DK * u(t)||ze) (lu(t)]

d
(o)

2
Hy
e+ llu(®)]|72)-

This inequality together (4.1) and a Gronwall argument show that we have
a priori control of ||u(t)||ys as long as we can bound the quantity fot | D*K
u(s)||peeds. Since ||u(t)||as S [|w(t)|z2 + |[u(t)|lys, we conclude that if u is
the maximal-lifespan solution with lifespan [0,7"), then either 7" = +o0 in
which case we have a global solution or 7" < oo and

t
lim/ I DK % u(s)|| e ds = +oc.
=T Jq

To finish the proof of the corollary, it remains for us to show that |[D?K x
ul[ze is controlled by its L? norm. Notice that a priori we only know u €
C([0,T), HE) and therefore by Sobolev embedding u € C([0,T'), LL) where
2 < ¢g< A ifs<§,2§q<ooifs:%and2§q§ooifs>4.

d—2s 2
Noting that D?K € L2(R?) for any p < 2, the final result is then an easy
consequence of Young’s inequality. We omit the details. |

4.1. Proof of Corollary 1.3

Let ug € H: N L. for some s > 1 and let w € C([0,T), H?) be the corre-
sponding maximal-lifespan solution. We first show that v € C([0,T), LL).
By using (1.1), Duhamel’s formula gives us
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We can then estimate

s < Jaallas + [ (190(6) - VE w9y + [l AK  u(s)]z2) s

t
< ||uo||L35+00nSt'/ [u(s) | llw(s) || L2 ds
0
t
(4.2) §||u0HLg10+const-/ lu(s) 125 < oo.
0

This shows that u(t) € L! for any 0 <t < T. To show continuity in L., let
0 <tg, t <T. By using again Duhamel’s formula, we have

t
/ (7|2 dr
to

as we take t — to. Therefore we have proved v € C([0,T), LL). Tt remains
for us to prove the nonnegativity of u and L! conservation if the initial
data ug is nonnegative. For smooth initial data, we can directly appeal to
Lemma 2.5 and get the positivity of the solution. For general initial data,
we will use an approximation argument. To this end, we need the following

— 0,

lu(t) = ulto)lls S

Definition 4.1. (Convergence of solutions in L2). Let u™ : 1 x R? — R
be a sequence of solutions to (1.1) with maximal lifespan 1. Let u :
I x R? — R be another solution with maximal lifespan I. Let K C I be a
compact time interval. We say that u(™ converges uniformly to u on K if
we have K C I™ for all sufficiently large n, and u™ converges strongly to
win C(K, L%) as n — oo. We say that u™ converges locally uniformly to u
if u™ converges uniformly to u on every compact interval K C 1.

Remark 4.2. Our choice of the space L2 here is for convenience only. One
can choose other Banach spaces and define the corresponding notion of local
uniform convergence.

We have the following crucial lemma.

Lemma 4.3. Let ug € HX(RY) and u be the corresponding mazximal-lifespan
solution. Assume u(()n) — ug in HX(RY) and u™ : 1™ x R? — R are the
associated mazimal-lifespan solutions. If d > 3, then u™ converges locally
uniformly to u. If d = 2, then there exists Ty = To(||uollm1) > 0 such
that ™ converges uniformly to u on the compact time interval [0, Tp).

Assume Lemma 4.3 is true for the moment. We now show how to com-
plete the proof of the nonnegativity of w if the initial data uy, € H! is
nonnegative. We first deal with the case d > 3. Let ¢ € C°(R?), v > 0
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with 1 not identically zero. Take €, = % > (0 and we mollify the initial
data as ul"” = (éw(;)) * ug. Let u™ be the associated maximal-lifespan
solution. Then since u(()n) € N HE, we have by Lemma 2.5 that u(™(¢) > 0
for any t € I, where 1™ is the maximal lifespan of u™. By Lemma 4.3,
u™ converges locally uniformly to u. In particular for any 0 < t < T, we
have there exist u(™) such that u(™)(t) — u(t) in L? norm as k — oo. Since
u™)(t) > 0, by passing to a further subsequence if necessary, we conclude
that u(™) (¢, z) converges to u(t,z) a.e. ¥ € R? and hence u(t,x) > 0 a.e.
x € R%. This finishes the case d > 3. Next we deal with the case d = 2.
The argument is similar but requires some small changes. Again we take
¥ € C°(R?), ¢ > 0 and mollify the initial data as u” = (272(27™)) % u.
Let ™ be the associated maximal-lifespan solution. By Lemma 4.3, there
exists Ty = Ty(||uo|| 1) > 0 such that u™ converges uniformly to u on [0, Ty).
By extracting a subsequence if necessary and passing to the limit, we con-
clude again that u(¢,z) > 0 a.e. in z € R? for each ¢ € [0,Ty]. An iteration
of the argument then gives us that u(t) > 0 for any ¢ € [0,7") where [0,T")
is the maximal lifespan of w. This finishes the proof of the positivity of u.

Finally we show L. conservation. Let ¢ € C5°(R?) be such that ¢(z) = 1
for |x] < 1. Take R > 0 and let 0 < ¢; <ty < T be arbitrary. We have

‘ / ult, ) ()
‘_ /R V- (uVK * u)qﬁ(%)dm — V/Rd(AW)(t, w)(b(%)dw

‘% /Rd(VK wu)(t,2) - (V6)()u(t, 2)dr — -

ult,2)(A79)(5)da

Rd

1 v
< SlIVo g [[u(®)]7 I VK| 1 + 1Al e llu(®)l] 2y

for any t; <t <ty. Here C;, Cy are constants depending on

M= e (Ju(®)l3 + Je(®)lsy)

11 <t<t2

Clearly by (4.2) M is finite and C4, Cy are also finite. We then have

/Rdu(tg,x) 925(%) dr < /Rdu(tl,x) dr+ O (%%— %) :

Taking R — oo gives us |lu(tz)||r1 < ||u(t1)][z:. By a similar estimate we
obtain [|u(ty)| 2 < |lu(t2)||rr. Therefore L} conservation is proved. This
finishes the proof of Corollary 1.3. It remains for us to complete the
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Proof of Lemma 4.3. We first deal with the case d > 3. Let ug € H(R?)
and u be the associated maximal-lifespan solution with lifespan [0, 7). Let v
be another solution and denote h = v — u. Then for h we have the following
equation

(4.3) Oh+V - (VK % h)(u+h)) + V- (WK *u) = —vA7h,
' h(0) = ho.

It is not difficult to see that in the case d > 3 Lemma 4.3 is a direct conse-
quence of the following claim regarding (4.3).
Claim. Forany 0 < 7" < T and any € > 0, there exists 6 = (7", u,€) > 0

sufficiently small such that if ||h||z1 < 0, then (4.3) has a unique solution
h € C([0,T'], H}) which satisfies

sup |[h(t)|r2 <.
0<t<T

We now prove the claim. Let 0 < 7" < T and € > 0 be given. Let
vo = up + ho and v be the corresponding maximal-lifespan solution of (1.1).
From the proof of Theorem 1.1 and Corollary 1.2, we can continue the
solution as long as we have a priori control of the quantity

t
/ HD2K * v(T) HLgod’T.
0

Since v = u + h and u € C([0,7"], H}), we see that to prove the claim we
only need to control the quantity

t
/ | DK % h(r)|| s dr.
0

By direct calculation and the fact that d > 3, we have
ID*K s h| oo ey S 1|22 ey

Therefore we only need to control the L2 norm of h. By (4.3), we have

1
—iHh(t)H%Q 5/ |AK*u||h(t,x)|2dx+/ |AK x h||h(t, z)|*dz
2dt * Rd Rd

+/ |AK>|<h||u(t,;1:)||h(t,x)|dx—|—/ |VK * h||Vul|h|dx
R4 Rd

S (lu®)llzz + IR 22) 1R )17
S G (M + [[h@)[[2) P17
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where €} = C}(d) is a constant and M = maxo<i<7 ||u(t)| g1 It is then
easy to see there exists 6 = §(M, Cy,€,T") > 0 sufficiently small such that if
IFolly < 6, then

sup |[h(t)|r2 <.
0<t<T

This finishes the proof of the case d > 3. It remains for us to prove the
case for d = 2. Let uy € H!(R?) and u be the corresponding maximal-
lifespan solution. By Theorem 1.1 and its proof, it is not difficult to see
that there exists dy > 0 and Ty = Tp(||uol[m2) > 0 such that any v, with
|[vo — || g1 < do will have a maximal-lifespan solution with lifespan greater
than 7. Furthermore there exists a constant M = M(||uo||m1) > 0 such
that

(4.4) sup (@)l + lo(®)ll) < M.

0<t<Ty

It is clear that we only need to show that for any € > 0, there exists 0 < § <
50 such that if ||U0 — UOHHalc < 5, then

oax [o(t) — u(®)||r2re) <€

To establish this estimate, we again write h = v — u where we have the
following equation for h

(4.5) Oh+ V- (VK % h)v) + V - (WK *u) = —vATh,
' h(0) = ho.

By (4.5), we then estimate
Au((Ih(t)]2) < / VI 5 b Jo]|Vh]dr + / AK # | [h2de
R2 R2

S IRz (1@ + 1RO + e )
S Iz (@l + o)
< M2|h(t) 22,

where the last inequality follows from (4.4). It is then clear that if we take
d = §(M, €) > 0 sufficiently small, then we have

02%2)%0 Hh(t)”L%(RQ) < €.

This finishes the proof of the lemma. |
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5. Proof of Theorem 1.4

We first prove Theorem 1.4 in the case d > 3. In this case by the continuation
theorem, one only has to control the L2 norm. For the L? norm we have the
following Gronwall-type estimate:

d
(5:1)  Zlu®lze +vllul® ) < /(AK*UWdOC S Nl 1AK # ul| .

Lemma 5.1. (Interpolation Inequalities). We have for any d > 2,

e

d—
IAK * ul[pee < Cojul| " [l

1

+

)

T
& B

14

lullzz < C2||U||Z£1IIUIII‘;:;

Proof. One can prove these inequalities by using Littlewood-Paley calculus

or simply the following Fourier splitting method. We shall prove only the

first inequality. The proof of the second inequality is similar. Recall that
our kernel K (x) = e hence the Fourier transform is given by

- Const
K(§) = .
(2m)2+[€*) =

We have
2
N P e
<k (14 €2
1-d
Slulley - B+ Rz - ull -

: S,
li@lic+ [ o (ol

Optimizing over R yields the inequality. [ |

By Lemma 5.1, the RHS of equation (5.1) can be estimated above by
Const - ||ul| 1 ||ul|? ,» hence we have
H;

%HU(t)Iliz +ulull® y < Cs - luollza Jull® 4,
: HZ HZ

where Cs is some absolute constant. When ||ugl|;1 < & the RHS can be
absorbed into LHS and we have a priori control of L? norm and hence the
Global Well-Posedness.

The case d = 2 is slightly more complicated. By the continuation theo-
rem we have to control the LP norm for some p > 2. For example we consider
the L* norm then

d
(5.2) pr /u4dx + V/(Au)u3 < /(AK*u)u4d;E S AK uHLgoHuH‘ié
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We recall the positivity lemma by Ju [19], which improves on work of
Cérdoba and Cérdoba [8].

Lemma 5.2. Let 0 < a <2 and p > 2, then
/|u|p_2uA°‘udx > %/(A§|u|5)2dx.
Specializing to our case and using Sobolev embedding , we have
[ 2 14021, 2 1, 2 lulls.

Next we intend to bound the term ||AK * u| e slightly differently than
before. Recall K = e~1#l we can write (recall that we are in dimension 2)

1
AK = ——¢7 ol emlel,
|z]

Therefore we have
IAK *ullpze S 1A ull g + [Jullzs.-
We have the following end-point interpolation inequality:
Lemma 5.3. Let d = 2, then
. 3 4
AT ullee < Cullul| 7y [lullfs -
Proof. By Bernstein’s inequality, we have

_ _3 _3
1Al S ) 281 Prulles + Y 275 | Prullzs S 2V fulloy + 275 Jul s,
k<N k>N

Optimizing over k € Z yields the desired inequality. [ ]
Finally we have the usual interpolation inequality
1 6
[ullzs S Nlull g lJullZs -
Collecting all the estimates, we can bound the RHS of (5.2) by const -

HUOHL&HUH%& + const - |luo|| 1 - ||u]|‘i3, and therefore we obtain,

d
T llullzs + Covllullis < Colluollus llullzs + Crlluollny - lullzy-

If |Juollry < %Zv then one can again absorb the bad term into the LHS and
hence we have a priori control of L2 norm. This concludes the proof of the
case d = 2. Theorem 1.4 is proved.
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6. Proof of Theorem 1.5

We begin by recalling the following proposition which can be found in [25].

Proposition 6.1. (Local wellposedness in the subcritical case). Let v > 0
and 1 < v < 2. Assume ug € LL(RY) where ugy is not necessarily non-
negative. Then there ewists T = T(||uo||r1,v,v) > 0 and a unique solution
to (1.1) in the space C([0,T), LL).

Remark 6.2. The proof of Proposition 6.1 uses the standard fixed point
method. The time of existence obtained in Prop 6.1 has the form

T = ([uollzy) 1,
where the implicit constant depends on (7, v).

By Proposition 6.1, for general initial data uy € L. which are not nec-
essarily nonnegative, one can continue the local solution as long as the L}
norm of the solution is finite. One can then define maximal-lifespan solu-
tions to (1.1) in the space C([0,T), L}). For maximal-lifespan solutions, we
can show they have additional regularity. This is the following

Corollary 6.3. (Higher regularity). Let v > 0 and 1 < v < 2. Let ug €
LL(R?) and u be the corresponding mazimal-lifespan solution with lifespan
[0, 7). Then we have u € C((0,T), Wr) for any k > 0, k being an integer.

We shall prove Corollary 6.3 by using another contraction argument in a
suitable subspace of C'([0,7T'), L}). To this end, for each k > 0 with k being
an integer, we introduce the following seminorm

k
[ullyr == sup [|t7 DEu(t)|| 11 ra),
o<t<r
and also the norm

HUHZJS ‘= max {HUHLgOL;([o,ﬂde), HUHYTk} .

We now write S(t) = e7”A"t. Our equation (1.1) in the mild formulation can
then be written as

t
u(t) = S(t) xup — / VS(t—s)* (uVK *u)(s)ds
0
= S(t) *x ug + B(u,u)(t),
where for any two functions f, g, we define the bilinear form B(f, g) as
t
B(f.9)(t) =~ [ VS(t =) (VK x )(5)ds.
0

We have the following useful bilinear estimate.
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Lemma 6.4. Let 7 >0 and k > 1. Then for any f, g € C([0,7], L}) N Yk,
we have

_1
IB(f:llze < C -7 - (Iflrallgllzs + Ngllepors I fllze)
where C' is a constant depending only on (v, k,~).

Proof. Let 0 <t <7 and m > 0. We compute
3D B Oy £ 18 [ DI~ ) (9K ) sl

+ 1t st<t —5) % D'(fVEK % g)(s)ds]|| 12

ol

=: (A) + (B).
Estimate of (A). We use the inequality
||TmTHD;”+IS(T)||L% <, forany T >0,

where C' = C(m,,v) is a constant. This inequality can be easily proved
by scaling and an explicit computation using Fourier transform of S(-). By
Minkowski and Young’s inequality, we then estimate

st / 5V * g(5)] s

(6.1) <t

This will suffice.
Estimate of (B). We have

z([0, +([0,t]xR) -

~

(B) 17 / (t — ) 3 ID2(FVE = g)(9)l|zads

23

t t—S ) DLF ()| | D g(s) | ads

A
Ms

<.
Il
o

N
NE
373

<.
I
o

1

- 5% (16 T 102 g5

A
NE
373

/t—s ST 1P2 )7 o) I DE g ds

<.
I
o

+ 5T D2 () ezl g(9)]lss ) ds
1
(6.2) <t'™3 ( otz || Fllvm ) -

This will be sufficient to obtain the result.

L0, x&e) [| 9]y
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Collecting the estimates (6.1), (6.2), we obtain

|5 DB,y St (I
+ 11

Taking m = 0 and m = k then immediately yields

_1
1B(f, )lze < €777 (Ifllgerallgllze + lgllopers I fll2)

where C'is a constant depending only on (v, k,~y). The lemma is proved. B

L LL([0,t] xR4) 9] L2 LL([0,t] xRd)

9]

LgOL}C([O,t}de)HgHth + L?Li([o,tlde)||f||th)‘

We now complete the
Proof of Corollary 6.3. Let uy € L! and u be the corresponding maximal-
lifespan solution with lifespan [0, 7). Let 7" < T" be arbitrary but fixed. Let
M = max ||u(t)| L.
0<t<T" -
Fix k > 1. Then by Lemma 2.6 and Lemma 6.4, we have there exists 1o > 0
with a lower bound determined by M, k, v and ~ of the form

C. M

such that v € Zf,. By dividing the time interval [0,7"] into N = [37"/Tj]
overlapping subintervals, it is not difficult to show that

sup_|[t7 Dru(t)]| 1y < oo,
0<t<T"
and furthermore u € C((0,7"), WH!). We omit the standard details. Since
T’ is arbitrary, we obtain v € C((0,T), Wk!) for any k > 1. The corollary
is proved. |

We shall need the following definition

Definition 6.5. (Convergence of solutions in L1). Let 1 < v < 2. Let u™:
I™ xR? — R be a sequence of solutions to (1.1) with maximal lifespan (™),
Let u : I xR — R be another solution with maximal lifespan I. Let K C I
be a compact time interval. We say that u(™ converges uniformly to v on K
if we have K C I for all sufficiently large n, and u(™ converges strongly
to u in C(K,L!) as n — oo. We say that u™ converges locally uniformly
to u if ul™ converges uniformly to u on every compact interval K C I.

Remark 6.6. The definition here is almost the same as Definition 4.1. The
only difference is that we choose the space L. instead of L2. As will become
clear later, for the subcritical case 1 < v < 2, our choice of the function
space L. is quite natural.
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The next lemma states that solutions to (1.1) are stable with respect to
L! perturbations. One can compare it with the L2 version Lemma 4.3. Note
that in Lemma 4.3, slightly higher regularity (H!) is assumed on the initial
data, whereas here we do not need this assumption. This is not surprising
since we are in the subcritical regime.

Lemma 6.7. Let ug € L and u be the corresponding mazimal-lifespan so-
lution. Assume uén) — ug in LY and u™ : 10 x R? — R are the associated
mazimal-lifespan solutions. Then for any d > 2, u™ converges locally uni-

formly to u.

Proof. The proof here is different than the proof of Lemma 4.3 where a
simple energy method was used. Here we shall use the mild formulation. Let
up € L and u be the corresponding maximal-lifespan solution with lifespan
[0,7). Let v be another solution with initial data vy € L.. Let h = v — u.
Then for h we have the equation

t
h(t) = e "Mthy — / e N =97 (WK  (u+ h))(s)ds
0
t
_/ e N7 L (uVK * h)(s)ds
0
t
= e "Mhy — / Ve A=) (WK * (u+ h))(s)ds
0

t
(6.3) —/ Ve M=) (uVK % h)(s)ds,
0
where hy = v9 — 1 and the last equality follows from the fact that e A" (t=)
is a convolution kernel. It is not difficult to see that Lemma 6.7 is a direct
consequence of the following claim regarding (6.3).

Claim. Forany 0 <7’ < T and any € > 0, there exists 6 = (7", u,€) >0
sufficiently small such that if ||ho|l,1 < d, then (6.3) has a unique solution
h € C([0,T"], LL) which satisfies

(6.4) sup [|A(®)]z, < e
0<t<T
We now prove the claim. Let 0 < 7" < T and € > 0 be given. By
Proposition 6.1, there exists dy > 0, T, > 0 such that if ||hgl|z2 < o,
then there exists a unique solution to (1.1) in C([0,Tp], LL) for initial data
vy = hg+ug € LL. Tt remains to show that the local solution can be extended
up to time ¢ = 7" and h satisfies the bound (6.4). Let

M = max [lu(t)]|L:.
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By using (6.3), we then estimate
t
1
1)y < Nlholly +/ (t —s) 7 [[h(s)VE x (u+ h)(s)| L1ds

0

t

+ [ =9 ) VE bl ds
0

t
5wm%+/a—ﬁWM+mwmmmwmw
0

By a standard continuity argument, it is clear that if we take [|hg[[z1 < §
with § = 0(M,~,v,¢,T") > 0 sufficiently small, then we have h is defined up
to time ¢t = 7" and furthermore,

max [|A()llzy <.

The lemma is proved. [ |

As a useful corollary, we can establish nonnegativity and Ll conservation
of solutions if the initial data ug € L. and is nonnegative.

Corollary 6.8. (Positivity, L conservation and GWP). Let v>0, 1<y <2
and ug € L. with ug > 0. Let u be the corresponding mazimal-lifespan
solution with lifespan [0,T). Then for any 0 <t < T we have u(t) > 0 for
a.e. x € R and ||u(t)| 2 = ||uollzr. Consequently by Proposition 6.1, u is
a global solution, i.e. T = +o0.

Proof. Let ug € L} with ug > 0. Let u be the corresponding maximal-
lifespan solution with lifespan [0, 7). Take 1) € C§°(R?) with ¢» > 0. For any
€ > 0, define mollifiers 1 () = e %) (e~ 1x) and we mollify the initial data as
u((f) = 1) xug. Then clearly u((f) — upin L! ase — 0. By Lemma 6.7, we have
the associated solutions u(®) : [0, 7€) xR? — R with lifespan [0, 7°) converges
locally uniformly to u as e — 0. In particular, for any 0 < ¢ < T, it follows
that T > ¢ if ¢ is sufficiently small. Now note that u{” € N, W*1(R%). By
Proposition 6.1 and Corollary 6.3, we have u(9 € C([0, 7€), W) for any
k > 1. 3 By Sobolev embedding and Lemma 2.5, we obtain that u(®) (1) >0
for any 0 < 7 < T¢. Since T > t if € is sufficiently small, we obtain
u'9(t) > 0. By extracting a subsequence if necessary, we conclude u(t) > 0
for a.e. € RY. Since t is arbitrary, we have proved the nonnegativity of u
at any fixed time ¢. Finally the L conservation can be proved in a similar
manner as the proof of Corollary 1.3. We omit the details. Corollary 6.8 is
now proved. |

3Strictly speaking, we still need to show the right continuity of u() as a Wk valued
function at t = 0. But this is an easy argument by a suitable modification of the proof of
Proposition 6.1. Or one can prove it directly. We omit the standard details here.
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Proof of Theorem 1.5. This is now a direct consequence of Proposi-

tion 6.1, Corollary 6.3 and Corollary 6.8. [ |
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