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Abstract

We consider an aggregation equation in R%, d > 2 with fractional
dissipation: u; + V - (uVK * u) = —vAVu, where v > 0, 0 < v < 2
and K(z) = e~ 1zl 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} initial data.
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1 Introduction and main results

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

u+ V- (uVK xu) = —vAu, (1.1)
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where K(x) = eI, 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 < v < 2 are parameters controlling the
strength of the dissipation term. For any function f on R?, the fractional
Laplacian A" is defined via the Fourier transform:

NF(E) = €] F(€).

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] and [32]). Several
earlier models similar to (1.1) have been constructed. In one space dimen-
sion, 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
Y2 (ppHL)- = B 1.2
o (o) - 5 + B, (12
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) — Ar f (K, % ),

with the constants a., A, and A, representing density-dependent motion,
attraction and repulsion respectively. Here the kernels K, and K, are called
attraction and repulsion kernels (they belong to the so called social interac-
tion kernels). Based on perturbation analysis and numerical studies, they
identified conditions when aggregation occurs and also the stability of trav-
eling 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] and
[31] and the references therein. Topaz and Bertozzi [36] considered a multi-
dimensional generalization of the model (1.2). They constructed a kinematic
two-dimensional swarming model which takes the form

u + V- (u(Gxu)) =0, (1.3)

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

G=GD4+G") .=VIN+VP,
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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

u + V- (uK % Vu — vu*Vu) = 0, (1.4)

where the kernel K has fast decay in space. ;From the mathematical point
of view aggregation equations have been studied extensively (see e.g. [2],
3], [4], [5], [6], [21], [25] and [36]). In one dimension, in the inviscid case
(i.e. ¥ =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

Ou = 0y (udp(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 solu-
tions 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 to (1.1) but with
a different diffusion term:

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

For initial data ug € LL(R?) N L2 (RY) with u3 € HL(R?), they proved the
existence of a weak solution by using the standard Schauder’s method. More-
over 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 R4(d > 2)
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assuming compactly supported radial initial data with highly localized sup-
port. 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 L. N 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 inter-
ested reader to [34], [15], [16], [17], [18], [20], [30] and [31] and the references
therein for some further rigorous studies.

Aggregation equations and other equations similar to (1.1) with fractional
diffusion have been studied in the literature (see [7], [10], [9] and [24]). While
the case v = 2 corresponds to the usual diffusion, the regime 0 < v < 2
corresponds to the so-called anomalous diffusion which in probabilistic terms
has a connection with stochastic equations driven by Lévy a-stable flights
1. As was mentioned in [7], an important technical difficulty lies in the
fact that non-Gaussian Lévy a-stable (0 < av < 2) semigroups have densities
which decay only at an algebraic rate |x| 74~ as |z| — oo while the Gaussian
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 . 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 = —%e’m scales as é—|
near the origin, heuristically our equation (1.1) which is not scale invariant
can be approximated by the homogeneous version

u + V- (u|x—| * u> = —vA\u. (1.5)
x
Equation 1.5 has a scaling symmetry in the sense that if u is a solution, then
for any A > 0,
up(t, x) = ALy (Nt M)

is also a solution with initial data uy(0,2) = A Lug(Az). 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 ~ is then determined by the
relation

HUA||L;>°L§ = HUHL;”L;-

'We choose the letter o to be consistent with the standard notation. One should regard
v = « here
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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 Ll initial data, see Theorem
1.5 below) and hence the name subcritical. In the supercritical case v < 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. ¥ = 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

Theorem 1.1 (LWP and smoothing - critical and supercritical ). Let v > 0
and 0 < v < 1. Assume the initial data uy € H; with s > 1, s € R.
Then there exists a positive time T = T (||uo||m1) and a unique solution u €
C([0,T); HH)NCH([0,T); H:™Y). Furthermore if v > 0, then due to smoothing
effect we have u € C((0,T); HS) for any ' > s.

Corollary 1.2 (Blowup or continuation of solutions). Let ug € H:(R?),
s > 1. Assume u € C([0,T), H?) is the mazimal-lifespan solution obtained
in Theorem 1.1. Then either T' = +o00 in which case we have a global solution
orT" < oo and we have

t
iy | ()l ds = .
0

t—T

where q can be any number satisfying:

(2§q§d%—‘és, ideScmds<g
2 < q < o0, z'fd23and3:%
2 < q < o0, ifd23ands>%
2<qg<oo, ifd=2ands=1

(2<g¢<oo, ifd=2ands>1

Corollary 1.3 (L! conservation and positivity). Let ug € HS, s > 1. As-
sume v € C([0,T), HS) is the corresponding mazimal-lifespan solution. If
ug > 0 a.e., then u(t) > 0 a.e. for any 0 < t < T. Ifuy € L}, then
u e C([0,7),L}). If in addition ug > 0, then ||u(t)||p2 = |luollrL for any
0<t<T.

For the critical case v = 1, we have global wellposedness if [jug||1 is
small.
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Theorem 1.4 (GWP in the critical case when [|ug||z1 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 ||ug||, < & then the local solution
in Theorem 1.1 1s 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 < v < 2. Assume the initial data uy € Li and ug > 0. Then there
exists a unique global solution u € C(]0,00), LL) to (1.1). Also u(t) > 0 and
lut)||Ly = |luol|ry for any t > 0. Furthermore due to the smoothing effect
introduced by the wviscosity term, u has higher reqularity at any t > 0, 1.e.
u € C((0,00), WF) for any k > 1.

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 (Theorem
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 L = LP(R?) (1 < p < oo) the usual
Lebesgue space on R, For s > 0, s being an integer and 1 < p < oo,
WeP = WsP(R?) denotes the usual Sobolev space

W ={f € SR : flwer = Y 100f lzs) < 00}
0<j<s
When p = 2, we denote H" = H*(R?) = W2P(R?) and || - || g as its norm.
We will also use the Sobolev space of fractional power H?(R?) for fraction s,
which is defined via the Fourier transform:

1 s = 1+ €D F )2z

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

(@)= [ AU+ e
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Finally, for any two quantities X and Y, we use X < Y or Y 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 : [¢] < 12
and equal to 1 on the ball {¢ € R?: |¢| < 1}. For each number N € Z, we
define the Fourier multipliers

Pon (€)== p(27) f (&)
Ponf(€) = (1— 27N f(€)
Puf(€) =02V F(€) = (p(27VE) — (27N H)) f(€)

and similarly Py and Psy. We also define

Pryc<ny =Py — Payr = E Py
M<N'<N

whenever M < N.

Lemma 2.1 (Bernstein estimates). For 1 <p < ¢ < oo,
[V Po ey ~ 25 1P e
1P flzamay < 25~ 0N | Pen £l ooy,
|1 Py fllagay S 250N | Py £l saes.

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

[P.D, flg = P.D(fg) — fPxDg.

We have for any 1 < p < oo,

1B D, flglire S NIDflceellgll -
Proof. We have

|(PeD(fg))(x) — f(x)(PDg)(x)| =
/Rd 2D (2 (2 — ))g(y) (f(x) — f(y))dy| <

<IDfliz [ 2520 = ull (DD~ ) )l
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Define ¢y (z) = |z|(Dv)(z), by Minkowski’s inequality we have

IP:D, flglle S IDflleee lonlicallglicy S NDFlleeellgl ez

O
Lemma 2.3. Let s > 0. Then
> o / P.D(fu)Pyudz| <
k>0 R?
S Melliz (1Pl + P10 I oo, g) + IDF el Pocsoullyy (21)

Proof. By frequency localization, we have

LHS of (2.1) <) 2% / PyD(fu<p_g) Peudz| +
k>0 R4
+ Z 22k5 / PkD(fuzk%)Pkudx +
k>0 Re
+ Z 92ks /d PiD( fupr—s k+5)) Prttp—s p45dv| =
k>0 R

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

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

(A) _ 2221:5

/d PkD(f[k73,k+3]u§k76)Pkde
R

k>0
= ZQ%S / fik—sp+3u<i—e Py Dudz| <

k>0 R?
S 2% s s o | P2 D 2 [l 2 S

k>0
S llullzz > - 2% D fips prs oo || Pevll 22 <

k>0
< lullzs (Z 2| Peullgy + ) 2% 2kd||Df[k3,k+3]||%g> <
k>0 k>0

Sl (1Pl + 1P

2
H;+1+% :

This will be sufficient to prove the estimate.
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Estimate of (B). By frequency localization, we have

B) < 92ks P.D(fyu;)Pyudz| <
~ J )
Rd

k>0 j>k+6, ' >k+3
li—j"1<2

<SS g / P Duda|

k>0 j>k+6,j'>k+3
l7—3"1<2

<SS 2 el ez I Dl S

k>0 j>k+6,5'>k+3
li—3'I<2

Slallz Y > 22IDflleslluslee S

k>0 j>k+6,j'>k+3

l7—5'1<2
Slelez > (UD S 3 + 23 ) <
j>6,7'>3
l7—j"1<2
< llulls (Z 2 DD fy 3, + ZQZ]SH%‘H%;) <
J'>6 Jj=6

Sty (1701, g0+

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

< Z 92ks

k>0

+ Z 22ks

k>0

/ [PiD, fluge—s k45 Prtijp—s k+5d| +

/ I D Peujg—s g5 Prtijp—s k45dx | -

By Lemma 2.2 and Bernstein’s inequalities, we have

C) £ 2% D fl s s s 132+
k>0

+ Z 22ks

k>0

/ (DF)| Pougs—s pi5|°dz| <

This finishes the proof of the lemma. n
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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 < %l since
H:(R?) is an algebra when s > 4.

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

1 fgllzs < ]

HS

9llLe (2.2)
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

B S 2RIP(f9)ls-

k>0

HP>0 fg

By frequency localization, we have

Pi(fg9) = Pe(f<k—39r—2.k+2) + Pr(fir—2.k159<kr9)+
+ Pr(f>ht69>k43)-

By the triangle inequality, we then have

1Poo(f)ll%, < SO 2| Pel fen-sgin—zira) |72+
k>0
+ ) 2% Pulf-2.k4519<h10) |72+
k>0
+ 2% Pl fonrogzria)liz =
5>0

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

We estimate each terms separately.
Estimate of (A). By Bernstein’s inequality, we have

A) < Z 22k82kd||f<k—3g[k—27k+2]||2L}E S
k>0

S D 22N fllZe lgp-2nsalie S

k>0

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

(B) D2 fik-onralizllglli= <

k>0
S llglZe-

This is again sufficient.
Estimate of (C). By frequency localization, we have

@Y > 22l fe0l3

k>0 j>k+6, 5 >k+3
li—j"1<2

S D 2PUflEllglli
j26.7/23
li—j'1<2

S
where in the second inequality we have interchanged the sum over j and k

and used the simple inequality >°, _; 22ks < 9278 for s > 0. This ends the
estimate of (C) and the proof of the lemma is finished. O

lzﬁl;; QH%gOa

The following positivity lemma is elementary. For the sake of complete-
ness we state the simplest version that we shall need.

Lemma 2.5 (Positivity lemma). Let 0 < v < 2, T > 0. Denote Qp =
(0,T) x R4, Let u € C'tlf(QT) N CPL(Qr) N L, (Qr) for some 1 < p < oco.
Assume g RT - R, g € C(R?), f: Qpr — R? and f € CtO”ml(QT) are given
functions and the following conditions hold.

1. u satisfies the following inequality pointwise:

Ou+V - (fu) > —vANu, (t,z) € Qr,
u(0,z) = g(x), = €R%
Here v > 0 is the viscosity coefficient.

2. u together with its derivatives are bounded: there exists a constant My >
0 such that

sup(|Qyu| + | Dul 4 [D?ul) + sup [u| < M; < oo.

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

sup |div(f)] < My < 0.
Qp
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Under all the above assumptions, we have u > 0 in Qp.

Proof. This proof is rather standard. We will argue by contradiction. Con-
sider v(t,z) = 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 (¢,,x,) becoming unbounded such that
v(t,,r,) — —0 as n — oo which is a contradiction with the assumption
that u € LP(Qr) and u has bounded derivatives in (¢, x). It is evident that
0 < t* <T. But then we compute

(atv) (t*, ZL‘*) = —2]\421)('15*7 1‘*) + (8tu) (t*, $*)6_2M2t*
> (=2My — div(f))v(t*, 2%) — v(A") (5, z¥).

Since v attains its infimum at (t*,z*), we have, for v < 2,

— (), 2")
v(t*, y) — v(t*, xz*)

Rd

where C., 4 is a positive constant. 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*, ™) > My6 > 0.

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

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

I Iz = max{|[ - x, [ - [Iy}-
Let B: Z X Z — Z be a bilinear map such that for any x1, x5 € Z, we have

| B(z1, 12)||z < C(|o1|| 2|72l x + [|21]| x[|22]| 2),
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and
|1B(z1, 2)||x < Cllaa|[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||ly||z. More-
over the solution is unique in the ball {z : ||z||x < &}.

Proof. See for example [25]. O

3 Proof of Theorem 1.1

3.1 Uniqueness of solutions in C([0,7T), H})

We begin with the proof of uniqueness. Let T" > 0 and assume u;, uy €
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

Ow+ V- (wVK *up) + V- (uuVK xw) = —vAw. (3.1)

We first show that d,w € C([0,T),L2). Indeed let 0 < ¢; < ty < T be
arbitrary. We then compute

[(Qrw)(t1) — (Bpw)(t2)]| 2 <
< |V-((wlty) —w(t2)) VE sur(t)) |22 + |V - (w(t2) VE * (ur (1) —ua(t2)))]] 2
V- ((ua(t) —uz(t2)) VE xw(ty)) || 12 + [V (w2 (t2) VE x (w(ty) —w(t2))) | 22
+r[[(ANw)(t) = (Aw)(t2)l[rz S
S w(ty) = wlt2) s (lua (G2 + lua(t0) |z +v)
Fllua(tr) = wi ()l [wt) [ my + lua(ty) — w2 (t2) || lw(E)|[ g — 0,

as we take to, — 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¢;].
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Since t; is arbitrary, we have showed d,w € C([0,T'), L?). Next, using again
(3.1), we obtain

d
a”w(t)H%% 5/ |AK>!<u1Hw(t,x)]2dx+/ |V - us||[VK s wl|w(t, x)|dx
R4 Rd

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

S (IAK s g + Nzl ) llw(®) 172 +
HllueOllz|AK s« w] 2 flw(®)llzz- (3.2)

Here we choose the number p such that 2 < p < 0 if d =2 and p = 2 if
d>3 ( 2p = oo if p = 2). By Youngs’s inequality and Sobolev embedding
we have

@l AK 5l 2, <
Slea@lm IAK] e llw(®)lzz
Slue (@) mallw®)]l s

Plugging this estimate back into (3.2), we obtain

%Hw(t)Hig S (@) + llua (@)l o (@)[172. (3.3)

Let 6 > 0 be a small number and define

M= max (us(t)llzz + [luz(t)]s2).
Clearly M is finite since uy, ug € C([0,T — 4], H.). By (3.3), using the fact
that O,w € C([0,T),L?) and a Gronwall argument, we conclude that there
exists 7" = T"(M) > 0 sufficiently small such that

< — .
mas J(t)lzz < 3 max ()52
This shows that w(t) = 0 on [0,7”]. A finite iteration of the argument shows
that w(t) = 0 on [0,7 — 6]. Since 0 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)NCyw ([0, T), H}).
To see this, let uy, uy € C([0,T),L2) N Cw ([0, T), H!) be two solutions cor-
responding to the same initial data ug € H!. Let & > 0 be sufficiently
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small but arbitrary. Since ui, uy are both weakly continuous on [0,7" — 4],
Banach-Steinhaus theorem implies that

mee (s (8) 1+ fwat) 1) < M. (3.4)

0<t<T—§

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

1d , 1 ,
3wl =5 [ (AK s w)lulto)fds
— [ V- (VK xw)w(t,z)dr — l/Hw(t)HZ% (3.5)
R4 Z

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, up € C([0,T — §],L?), (3.4) and interpolation, one can show uy,

ug € C([0, T —0), H]) for any r < 1. In particular ||w(t)||H% is a continuous
fmmm&tmn§7<2yTmﬂmmm%%@mm@>eapT—

d]). 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 v is a smooth solution and derive
some basic a priori estimates.

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

5%”““”’%3 = —/ V- (uVK xu)dr — 1// Nuudr S
Rd R

d
5/XAK*wmﬁmg
R4
SNAK * ull e fu(t)z: <
S )l lu(®)1Z2-
This finishes the L? estimate.

Step 2: H? estimate, s > 1. Since the low frequency part of H* norm is
controlled by its L2 norm, it suffices for us to consider the Y* (semi)norm of
u which is defined as

lul$s = ) 2% P 2.

k>0
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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 P,u and integrating, we

obtain
1d

§E|]Pku(t)|]%% + VHPkA%u(t)H%% = —/ P,V - (uV K * u)Pyudzx.

R4

Summing over k > 0 with the weight 22%*, we get

1d o 2
§£||U(t)| Yo v Y 27| PAru(t)]|7s S
k>0
SY 2 / P,V - (uVK % u)Pudz| <
k>0 R

b+ 1D g ) +

2
Hs»

<) (\\P>1ou<t>\

+ |D*K 5 ul| e || Ps—10u(t)]

where the last inequality follows from Lemma 2.3. Now since

HP>—10(DK*U)||H;+1+g S
SIP- 10l VI 2ull gy S
SIPs—1oul Hs»
we obtain
1 d 2 2ks 2 2
SOl + v > 2 PATu(t) 3, <

k>0

S (lu@)llzz + I1D*K # u(t)l|zge) |1 Ps-rou(®)ll, < (3-8)

Sl 1P r0u() [ - (3.9)

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

1d 3
= < 3
520 S Z(1):2,

where
Z(t) = [lu(®)]7z + llu(®)l3,
and we have used the fact that

lu@®)I, S Y22 1P S lul®)lizz + lu®)]3
kEZ
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Now it is easy to see that there exists a constant ¢ = ¢(d) > 0 such that if

C
T7'<— 3.10

then we have

sup_Z(t) < 2ljuo 4.
0<t<T

which also implies

sup [[u(t)]|ay < Clluol|ay-
0<t<T

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

bt e

2+ ol

% S luollmy (Jlu(o)
< luoll ()|

A simple Gronwall argument yields

5@”“(15)\

vo < €T luollfs + CoT,

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

where C1 = Cy(||uo||m2) and Cy = Cy(|Juol/ 1) are positive constants. Using
this estimate and integrating in time in (3.9), we also get, for some constant
Cs = C3(v, [Jug||m) > 0, that

T
v [l oyt < Colo )
0 Hy
for T as in (3.10).
To summarize, we have obtained the following a priori estimates. There
exist constants ¢ = c(d) > 0, Dy = Dy(||uol|az) > 0, Dy = Da(||luo|m1) > 0
and D3 = Ds(||uo||m1) > 0, such that for all T with

T<
[[uo|| 122
we have
T
sup [lt)lf +v [ 0O, 3t < Dy (311
0<t<T 0 Hy
and
sup_[[u(t) 2. < €27 fugl[2. + DsT. (3.12)

0<t<T
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Remark 3.2. Here for the control of the Y* (semi)norm, the second estimate
(3.12) is more precise than the mere boundedness in (3.11). We shall need
(3.12) later to show the strong continuity of w in the H? norm at ¢t = 0 (see
(3.17) below).

3.3 Contraction arguments.

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

{@unﬂ + V- (up1 VK *uy) = —vA Uy (3.13)

Un+1 (0) = Ugp.

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 < ————,
[[woll 2
then for any n > 2,
T
sup_|lun(4)][7 +v/ lun(®) .. ydt < Dy, (3.14)
0<t<T 0 Hy

and for all t < T,

2 S eDQtHUO‘

s v+ + Dat. (3.15)

[[n (1)]

Here Dy = Dy (|luo||as), D2 = Da(|Juol|s2) and D3 = Ds(||ug|| 1) are positive
constants.

Step 2: Strong contraction in C([0,7"), L2) for some T" < T. This step
is necessary since we want to pass to the limit in the approximation scheme
(3.13). Now let w41 = Ups1 — uy,. By (3.13), a direct calculation gives

Owp1+ V- (w1 VK xuy,) + V- (u, VK xwy,) = —vA w4 1.
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We then have

d

GOl == [ V- @ VE s u)unda
Rd

— / V  (un VK * wy)wy1de — 1// Wy 1 N wyde <
Rd R4

SNAK s up || o [Jwn 1 () |72
+ [Vt 22| VE * w, | Lo ||wpi || 22

+ [unll 2 [AK w20 [Jwni |22
P2

Here we choose the number p such that 2 < p < o0 if d = 2 and p = 2

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

HunHL";HAK sk Wy, || 2
Lf

St 2 (w22 -

Then we obtain

d
lwnaOlzz S llwnllmllwona Oz + lwallallwa (@2 lwna (D122

S @l w0125 + @)l lwon (1172

where the last step follows from Cauchy-Schwartz. By using the uniform
estimate (3.14) and a Gronwall argument, we conclude that for some 77 < T
sufficiently small but depending only on |[ug|| g1, it holds that

sup Nwnr(8)li2 <6 sup fwn(®)]2, Vn>2.
0<t<T” 0<t<T1”
Here 0 < 6 < 1 is a constant independent of n. This estimate shows that

u, is a Cauchy sequence in C([0,7"),L2). Therefore there exists a limit
u e 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

/
s—s

s
2
Lz

Iy S Iz 1N
which holds for any 0 < ¢’ < s, and using (3.14), we conclude that u, — u
also in C([0,T"), HY') for any s’ < s as n — oo. Therefore u € C([0,T"), H?')
for any s’ < s. It is clear that u € Cw ([0,7"), HZ). We still have to show
u € C([0,T"), H?). By the weak continuity of u we only have to show that
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|u(t)|| s is a continuous function of ¢. First we show the right continuity at
t=20,i.e.

lin ()12 = [l (3.16)

By the weak continuity we have liminf, .o ||u(t)||as > ||uol|ms. By using the
uniform estimate (3.15), we obtain

lim sup ||u(t)|
0

t—

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
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' € C([0,T"), L2) N Cw ([0, T"), H?) for some T” > 0. One can
then show the strong continuity at ¢t = 0 for the function u(¢). By Remark
3.1, u(-) must coincide with u(ty + -) and therefore strong continuity at
t = to is proved. ? The second case is the viscous case v > 0. By (3.14)
we have u € LfH;+%((O,T’) x RY). Therefore for any § > 0 there exists
with to — 0 < t; < to such that u(t,) € Hj+%(Rd). Now we take u(t)) as
initial data and obtain a solution in C([0,7"), HZ ) for any s’ < s + 2. Here
the time of existence only depends on |lu(ty)|| g1 and therefore has a uniform
lower bound independent of ty or . By uniqueness of solutions and the inter-
polation inequality, we obtain that u is strongly continuous at ¢ = ¢y in the
H2'T norm. Since to is arbitrary, we obtain v € C((0,T"), Hj+%). Since each
time v is picking up 7 regularity, an iteration of the argument then allows us
to conclude that u € C((0,7"), H?') for any s’ > s. This concludes the third
step.

Step 4: We show that dyu € C([0,T"), H:™'). Let 0 < t; <ty <T'. We
then compute
1(0ru)(t2) = (i) (t1) || g S

SV - ((u(tz) — w(t))) VE s u(te)) || gz +
IV - (u(t) VE = (u(ta) — u(tr)))| g1 + v[[(ATu)(t2) — (Au)(t1)]
S [(u(te) = w(th)) VE « u(to) | a; + [Ju(t) VK = (u(tz) — u(tr))]
+v(|ults) — u(ty)]

H3™! S

H3

Hs-

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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By Lemma 2.4, we have

[(u(tz) = u(tr)) VE s ults)|
Sllulta) — ulty) |az [V E U(t2)
+ [lu(ts) — (t1)||L2.||on(VK *u(l2))|
)

Sllults) — wt) | as (Jult)] s + lulte)|m:) -

s <

Similarly
HU(tl)VK # (u(tz) — u(tr))|luy S
Sllu(t) g lutz) — u(ty)||m

Therefore we have ||(dyu)(t2) — ((%u)(t M- — 0 as ty — t;. Since t; is
arbitrary we obtain dyu € C([0,T"), HS™!) and this finishes the fourth step.

4 Proof of Corollary 1.2 and Corollary 1.3

Proof of Corollary 1.2. Let ug € H:(R?Y) 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
Jol0lzz < ol e ([ IAK s ulizas) . @
0

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

S (lu@®)llzz + 1 DK * u(t)||zge) [|1Ps—ou(®)]l7, <

S (lu®llez +IID*K = u@®)ll ) ()3 + [[u®)][i)-

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 |lu(t)|mgs S ||u(t)| 2 + ||u(t)||ys, we conclude that if u is
the maximal-lifespan solution with lifespan [0,7"), then either 7" = 400 in
which case we have a global solution or 7" < oo and

d
Sl

t
lim/ |D*K * u(s)]|peeds = +o0.

t—T 0

To finish the proof of the corollary, it remains for us to show that ||D*K =
ul|ze is controlled by its L norm. Notice that a priori we only know u €
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C([0,T), H:) and therefore by Sobolev embedding v € C([0,7), L?) where
2 <qg< 2d if8<‘2—1,2§q<ooif3:@and2§q§ooif3>4.

d—2s 2 2
Noting that D*K € LE(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 € HS N L. for some s > 1 and let u € 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

u(t) = e "My — /t e N=IY L (uV K *u)(s)ds.
0
We can then estimate
[u()llzy < fluollzy + /Ot (IVu(s) - VE xu(s)||rs + [[u(s) AK # u(s)[]11) ds
< [luollzy + const - /Ot [u(s)l gz lu(s)l 2 ds <
< [Juol|r1 + const - /t Hu(s)H?{%ds < 00. (4.2)
0

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

t
[ o) ar
to

as we take t — to. Therefore we have proved u € C([0,T), LL). It remains
for us to prove the nonnegativity of v 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

lu(t) = ulto)|ly S

— 0,

Definition 4.1 (Convergence of solutions in L2). Let u™ : I xR? — R be
a sequence of solutions to (1.1) with maximal lifespan ™. 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 (™ converges uniformly to u 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 — 0o. We say that u(™ converges locally uniformly to v if u™ converges
uniformly to v on every compact interval K C I.
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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 uy € HY(R?) and u be the corresponding mazimal-lifespan
solution. Assume u(()n) — ug in HY(RY) and u™ : I 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(||uol|m2) > 0 such that

u™ 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 complete
the proof of the nonnegativity of u if the initial data ug € H! is nonnegative.
We first deal with the case d > 3. Let ¢ € C°(R?), ¢» > 0 with ¢ not

identically zero. Take €, = % > (0 and we mollify the initial data as uén) ==

(}dw(e—)) xug. Let u™ be the associated maximal-lifespan solution. Then

since u(()n) € N H* we have by Lemma 2.5 that u(™ (t) > 0 for any ¢t € I,
where 1™ is the maximal lifespan of u(™. By Lemma 4.3, u(™ converges
locally uniformly to w. In particular for any 0 < ¢ < 7', we have there exist
u™) such that u™)(t) — u(t) in L2 norm as k — oo. Since u(™)(t) > 0,
by passing to a further subsequence if necessary, we conclude that u(™)(t, x)
converges to u(t,z) a.e. * € R? and hence u(t,z) > 0 a.e. * € 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 ul” = (272"p(27")) % ug. Let u™
be the associated maximal-lifespan solution. By Lemma 4.3, there exists
To = To(||uo|| 1) > 0 such that u™ converges uniformly to u on [0, Tp]. By
extracting a subsequence if necessary and passing to the limit, we conclude
again that u(t,z) > 0 a.e. in x € R? for each t € [0,Ty]. An iteration of the
argument then gives us that u(t) > 0 for any ¢ € [0,7") where [0,7T) is the
maximal lifespan of u. This finishes the proof of the positivity of u.

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

4 [utasci] = [ v won o
v [ (W)t )0l s
_ ‘% /R (VE u)(t,) - (V6) (5 )ult, 0)da
g L, e 209 ()

1
< IVl llu®Z: IVE |

14
+ o A7l flu(®) s

for any t; <t <t,. Here C, (5 are constants depending on

M= s (Ju(®)]3; + u(®)]zz) -

11<t<t2

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

/Rd ults, x)qﬁ(%)dw

1 1
S/Rdu(tl,x)dx—l—O(ﬁ'f‘E).

Taking R — oo gives us ||u(tz)|[z2 < [Ju(t1)||zr. By a similar estimate we
obtain ||u(t1)||r2 < ||u(tz2)||rr. Therefore L conservation is proved. This
finishes the proof of Corollary 1.3. It remains for us to complete the

Proof of Lemma 4.5. 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

{@mv((vmh)(wh)) +V - (WK xu) = —vAh, (4.3)

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).
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Claim. For any 0 < 7" < T and any € > 0, there exists § = 6(7", u,€) > 0

sufficiently small such that if |||z < d, then (4.3) has a unique solution
h € C([0,T"], H}) which satisfies

sup ||h(t)||r2 <e.
0<t<T"

We now prove the claim. Let 0 < 77 < T and € > 0 be given. Let vy =
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

¢
/ ||D2K * U(T)HLgodT.
0

Since v = u + h and u € C([0,T’], H!), we see that to prove the claim we
only need to control the quantity

t
/ | DK 5 h(r)|| .
0

By direct calculation and the fact that d > 3, we have
DK * Al e mey S 1Pl L2 gy

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

1d

1A (t)])72 5/ ]AK*u||h(t,x)|2d:c+/ |AK x h||h(t, z)|*dz+
2dt * Rd R4

+/ |AK>X<h||u(t,x)||h(t,x)|dx+/ |VK « h||Vul|h|dx
R4 Rd

S (@l + 1RO 122) IRE)][Z; <
S G- (M A+ h@)l2) P12

where €y = C(d) is a constant and M = maxo<i<7 ||u(t)||g1. It is then
easy to see there exists § = §(M, Cy,¢e,T") > 0 sufficiently small such that if
”hOHH% < 5, then

sup ||h(t)||r2 <e.
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 6o > 0 and Ty = To(||uol|mz) > 0 such that any vy with
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llvo — uo||m1 < do will have a maximal-lifespan solution with lifespan greater
than Tj. Furthermore there exists a constant M = M ({|ug|/z1) > 0 such that

sup ([lu(®)lmx + o)) < M. (4.4)

0<t<Typ

It is clear that we only need to show that for any € > 0, there exists 0 < § < dy
such that if [|vg — ug| g1 < J, then

Jmax [[u() — u(®)ll ze < e

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

{(%h +V- - (VK xh)v)+ V- (hVK xu) = —vA7h, (4.5)

By (4.5), we then estimate
A1) < / VK * ho][Vh|de + / AK #ul[hPdz <
R2 R2

< W)z (Ho(®) 3 + 1Ay + @l ) S

S 10 ez (@Il + o)) S
< M2 () 12,

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

h(t .
Jnax [|h(t)]|rzme) <e

This finishes the proof of the lemma. O

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 L2 norm we have the
following Gronwall-type estimate:

d
—lu@®)|7z +vlul?, S [ (AK *u)ude
dt HZ2
S Nl 72 [[AK * ul| e (5.1)
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Lemma 5.1 (Interpolation Inequalities). We have for any d > 2,

d—1 2
IAK s+ ullpee < Cullull i lull
H.

T

1 d
ullzz < Collullf:" IIUII;IE-
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 (z) = eIl hence the Fourier transform is given by

A Const
K f = d+1 °

We have

S S
AK s« u e < d d
AR suliz 5 [ oo li@le s [l

Slulliy - R+ R full 3.
Optimizing over R yields the inequality. O

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

x

@z +vllull® o < Cs - lluolleyllull” 4.
e H? H?
where C3 is some absolute constant. When |[lug||z < & the RHS can be
absorbed into LHS and we have a priori control of L2 norm and hence the
Global Well-Posedness.
The case d = 2 is slightly more complicated. By the continuation theorem
we have to control the LP norm for some p > 2. For example we consider the

L* norm then

% utdr + V/(Au)u3 < /(AK x w)utde

SNAK #ullpelullLs- (5.2)

We recall the positivity lemma by Ju [19], which improves on work of
Cérdoba and Cérdoba [8].
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Lemma 5.2. Let 0 < a <2 and p > 2, then
/|u|p2uA°‘udx > %/(Ag]u|g)2dx.
Specializing to our case and using Sobolev embedding , we have
/(AU)U3 2 A7) 2 [?l70 2 llullgs-

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

1
AK = ——¢7lol 4 elel,
2]
Therefore we have

IAK *ullree S 1A ullzge + [lullrs-
We have the following end-point interpolation inequality:
Lemma 5.3. Let d = 2, then
. 3 4
A ull e < Cullull 7y llullfs -
Proof. By Bernstein’s inequality, we have

_ _3
1A ullze S ) 2 Py + Y 27| Pl

k<N k>N

< 2V fuly + 27 ulg,
Optimizing over k € Z yields the desired inequality. O
Finally we have the usual interpolation inequality
1 6
lullza S Nullzy el Zs-
Collecting all the estimates, we can bound the RHS of (5.2) by const -
lluoll Lo llull7s + const - |Juo|| s - ||ul|4, and therefore we obtain,

d
Zlullze + Csvllullzs < Colluoll s lullzs + Crlluollzy - llullzs-

If JJuol|rr < %6”, then one can again absorb the bad term into the LHS and

hence we have a priori control of L} 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 <~y < 2. Assume ug € LL(R?) where ug is not necessarily nonnegative.
Then there exists T' = T(||uol|z1,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~ (HUOHL;E)_”%»

where the implicit constant depends on (v, 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 solutions
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 €

LY(RY) and u be the corresponding mazimal-lifespan solution with lifespan
[0,T). Then we have u € C((0,T), WEY) 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,T), LL). To this end, for each k > 0 with k being
an integer, we introduce the following seminorm

k
Jullys = sup [t~ DEu(t)|| 11 (ra).
0<t<r
and also the norm

||U||Z’Tc = maX{HUHL;”L;([o,T]de)’ ||U||Y7k} .

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

u(t) = S(t) * ug —/O VS(t—s)* (uVK xu)(s)ds =
= 5(t) * uo + B(u, u)(t),
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where for any two functions f, g, we define the bilinear form B(f, g) as

t
B(f.9)t) =~ [ VS(t= )+ (/YK +g)(s)ds
0
We have the following useful bilinear estimate.

Lemma 6.4. Let 7 > 0 and k > 1. Then for any f, g € C([0, 7], L}) N YE,
we have

1

IB(f,)lze <C 775 - (I fllserallgllze + gl coorall £l 25)
where C' is a constant depending only on (v, k,~).
Proof. Let 0 <t <7 and m > 0. We compute

6% Dy B(f.g9)(0) s S 1t / DyiS(t = )« (FVE * g)(s)ds]lr

0

t
+1t5 [ DuS(t —s)* DIM(fVK x g)(s)ds]|| 1

t
2
Estimate of (A). We use the inequality
||TWTHD;”+IS(T)||L;: <(C, foranyrT >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

2=

(A) <t / FVE % g(s)] 11ds

St f

LgOL;([o,t]de)Hg LeLL([0,f]xRd)- (6.1)

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

S

(B) < 1% / (t — ) DI (VK * )(8) | yds

A
Ms

t5 [ (t—s) | DLF(S)|| ol DI g(s) | ads
7=0
SZ 'm |Dm ( ) 271 (S) 'm Dm ( ) [?ds

T
o

m
o

t

K
t’?/ (t—5) 316
Ik

(t—s) 755 (||f< Mexs% 1D g(s) 1y + 57 1D 7(5) et llo(3)]ls ) ds

A
NE

.
Il
=)

_1
S ¢ (HfHLgOL}c([O,t]de)HgHY}m + ||9||LgoL;([o,t]de)||f| Yt) . (6.2)

This will be sufficient to obtain the result.
Collecting the estimates (6.1), (6.2), we obtain

165 D2 B 9)Olls S 877 (1]l 2o 19l 3 0.0 xm0
1l o llgllvem + 19l o e | fllvim) -

Taking m = 0 and m = k£ then immediately yields

_1
IB(f, )z < C- 775 (1fllgorallgllzs + llgllogorsll £l 2e)
where C'is a constant depending only on (v, k,). The lemma is proved. [
We now complete the

Proof of Corollary 6.5. Let ug € L! and u be the corresponding maximal-
lifespan solution with lifespan [0,7). Let T < T be arbitrary but fixed.
Let

M = mas ()]s

0<t<T1”

Fix k£ > 1. Then by Lemma 2.6 and Lemma 6.4, we have there exists Ty > 0
with a lower bound determined by M, k, v and ~ of the form

.M

such that uw € Zf . By dividing the time interval [0,7"] into N = [3T"/Ty]
overlapping subintervals, it is not difficult to show that

sup [|t7 DEu(t)|| 2 < oo,
0<t<T”
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and furthermore v € C((0,T"), Wk'). We omit the standard details. Since
T’ is arbitrary, we obtain u € C((0,7T), W) for any k > 1. The corollary is
proved. O

We shall need the following definition

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

Remark 6.6. The definition here is almost the same as Definition 4.1. The
only difference is that we choose the space Ll 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.

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 mazximal-lifespan so-
lution. Assume u(()n) — g in L} and u™ : I™ x R — R are the associated
mazimal-lifespan solutions. Then for any d > 2, v\ 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
ug € 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.
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Then for h we have the equation

t
h(t) = e "Nihg — / e MUV (WY K * (u+ h))(s)ds
0
t
_ / e VA (t=s)yy . (uVK *h)(s)ds
0
t
e / Ve N9 (WY % (u+ h))(s)ds
0

t
—/ Ve A=) L (uVK « h)(s)ds, (6.3)
0
where hy = vy — 1o 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. For any 0 < 7" < T and any € > 0, there exists § = 6(T", u,€) > 0
sufficiently small such that if ||hg|[z1 < 6, then (6.3) has a unique solution
h € C([0,T"], LL) which satisfies

sup [|A(t)] < . (6.4)

0<t<T"

We now prove the claim. Let 0 < 7" < T and ¢ > 0 be given. By
Proposition 6.1, there exists dy > 0, Ty > 0 such that if ||hg|[,1 < do, then
there exists a unique solution to (1.1) in C([0,Ty], LL) for initial data vy =
ho +up € LL. Tt remains to show that the local solution can be extended up
to time ¢t = 7" and h satisfies the bound (6.4). Let

M = max [lu(t)] L.

By using (6.3), we then estimate

1)y < [lhollz +/0 (t =) [|A(s)VE * (u+ h)(s)l|ads
-I—/O (t — s)_%Hu(s)VK * h(s)||r1ds

t
_1
< Mol + / (t— 8)" (M + [|h(s) | 3) () 2 ds.

By a standard continuity argument, it is clear that if we take ||ho| 1 < &
with § = 0(M,~,v,e,T") > 0 sufficiently small, then we have h is defined up
to time ¢t = 7" and furthermore,

max [|A)]lzy <.

The lemma is proved. [
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As a useful corollary, we can establish nonnegativity and L. conservation
of solutions if the initial data ug € L} and is nonnegative.

Corollary 6.8 (Positivity, L! conservation and GWP). Letv > 0,1 <~y < 2
and vy € LY with uy > 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. © € R and ||u(t)||rr = |Juol|r. Consequently by Proposition 6.1, u is a
global solution, i.e. T = 4o00.

Proof. Let uy € L. with ug > 0. Let u be the corresponding maximal-
lifespan solution with lifespan [0, 7). Take v € C5°(R?) with 1) > 0. For any
¢ > 0, define mollifiers ¥ (z) = e %) (¢~ 'z) and we mollify the initial data as
ugf) = 1) *ug. Then clearly uée) — wup in LL as e — 0. By Lemma 6.7, we have
the associated solutions u(? : [0,7¢) x R? — R with lifespan [0, T¢) converges
locally uniformly to u as € — 0. In particular, for any 0 < ¢t < T, it follows
that 7 > ¢ if ¢ is sufficiently small. Now note that u{? € ng2, W*!(R?). By
Proposition 6.1 and Corollary 6.3, we have u'9 € C([0,T¢), W) for any
k > 1. 3 By Sobolev embedding and Lemma 2.5, we obtain that u(9(7) > 0
for any 0 < 7 < T¢. Since T > t if € is sufficiently small, we obtain
u()(t) > 0. By extracting a subsequence if necessary, we conclude u(t) > 0
for a.e. x € R%. 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. O

Proof of Theorem 1.5. This is now a direct consequence of Proposition 6.1,
Corollary 6.3 and Corollary 6.8. m
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