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Abstract. We consider the aggregation equation u;+ V- [(VK)*u)u] =0 with nonnegative ini-
tial data in L'(R™)N L% (R™) for n>2. We assume that K is rotationally invariant, nonnegative,
decaying at infinity, with at worst a Lipschitz point at the origin. We prove existence, uniqueness,
and continuation of solutions. Finite time blow-up (in the L° norm) of solutions is proved when
the kernel has precisely a Lipschitz point at the origin.
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1. Introduction
In this paper we consider the evolution equation

u+V-[(VK)*u)u]=0 (1.1)

with nonnegative initial data in L!'(R")NL>®(R") for n>2. We prove existence,
uniqueness, and continuation of solutions. Finite time blow-up (in the L°® norm)
of solutions is proved when the kernel has precisely a Lipschitz point at the origin.
Equation (1.1) arises in the study of animal aggregations [11, 20, 22, 23] and also
certain problems in materials science [13, 14]. In the case of animal aggregations, u
represents population density, while in materials applications u typically represents
a particle density. The case K (x) =e~1#l, which we focus on here, arises in both the
biological and materials literature [3, 13, 14, 20, 23].
By differentiation, (1.1) can be written as

%—HT-Vu:—(AK*u)u and ¥=VK *u. (1.2)
This demonstrates that (1.1) is an advection-reaction equation; the solution u is am-
plified along characteristics by the nonlocal operator (—AK xu)u. Problems such as
(1.1), in which a quantity is transported by a vector field obtained by applying a non-
local operator to that quantity, are known as active scalar problems [8]. Active scalar
problems are common in fluid dynamics and have been used as model problems for
vortex stretching in the 3-D Euler equations. One source of interest in vortex stretch-
ing is its intimate connection with the regularity of solutions of the incompressible
Euler equations; it was proven in [2] that smooth solutions to the Euler equations de-
velop singularities only if the vorticity becomes infinite in a certain sense. According
to the Euler equations, the vorticity & satisfies

o]

5, 10 V&=V and T=Ks*@ (1.3)
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46 WEAK SOLUTION BLOW UP IN AN AGGREGATION EQUATION

where K3 is the 3-D Biot-Savart kernel, which is homogeneous of degree —2. Vortex
stretching is the result of the non-local amplification term &- V¥ in (1.3). Two exam-
ples of active scalar problems bearing similarity to (1.3) are the 2-D quasi-geostrophic
equations [10] and the Constantin-Lax-Majda one-dimensional problem u; = H (u)u,
where H denotes the Hilbert transform [9]. In [9], an explicit formula for the solution
to the Constantin-Lax-Majda one dimensional model problem was derived and used
to provide conditions under which finite time blow-up occurs. In [10], an analogue of
the Beale-Kato-Majda Theorem [2] was proven for the quasigeostrophic active scalar.
A third active scalar problem, which we discuss in more detail below, is the 2-D
vorticity equation

. . 1
wi+U-Vw=0 where ¥=K*w and K(x):W(—xg,xl). (1.4)

Singularities do not occur in (1.4) due to the absence of an amplification term. Note
that (1.1) involves advection by a gradient field, a distinguishing feature from the
active scalar problems in fluid dynamics involving transport by a divergence free flow.

In two space dimensions and higher, the questions of short-time existence and
uniqueness of solutions of (1.1) were addressed in [3, 16] for initial data belonging
to H*(R™), s>2. Global-in-time solutions of (1.1), with the addition of a density-
dependent diffusion used to model repulsion, were studied in [6] for initial data ug €
LY (R™)N L% (R™) also satisfying u2 € H!(R™). Uniqueness of an entropy solution was
proved for this problem. In one space dimension, short-time existence and uniqueness
of (1.1) were established in [4] for C! initial data. In [7], equation (1.1), with the
addition of nonlinear diffusion and an external potential, was studied in one dimension.
Existence and uniqueness of weak solutions for initial data belonging to L'(R") was
proven by viewing solutions as gradient flows in the Wasserstein metric and long-time
behavior of solutions was also studied.

For pointy potentials such as K(x)=e~|*l which have a discontinuity in their
first derivative at the origin, blow-up of (1.1) has been shown to occur, under ap-
propriate initial conditions, in all space dimensions [3, 4]. However, currently known
conditions under which blow-up will occur in space dimensions two or more are much
more restrictive than those for the one dimensional case. In one space dimension, L>°
finite-time blow-up of (1.1) when K (z)=e~ 1%l was proven for a large class of initial
data by integrating (1.2) along characteristics [4]. Since in one space dimension the
most singular part of A(e~1*l) is the ¢ distribution, we see from the right hand side
of (1.2) that (1.1) exhibits quadratic amplification along characteristics. By estab-
lishing estimates controlling the behavior of particle paths, the authors of [4] showed
that in one space dimension solutions of (1.1) satisfy 5 u>Cu®— Du. Applying this
differential inequality, along with an appropriate continuation theorem on solutions of
(1.1), it follows that whenever the initial data uo satisfies uo(z)> & at some point x
the solution exhibits finite time blow up in the L>° norm. Analytic and computational
aspects of blow-up of (1.1) in one dimension were also studied in [17]. As the space
dimension increases, A(e"’”‘) becomes progressively less singular; in dimensions two
and higher A(e~1*!) does not contain a Dirac delta function, its singular part is of
the form ﬁ As a result the convolution on the right hand side of (1.2) becomes a
smoothing operator which is less localized than in one dimension; as a result, its effect
is less severe. It has been shown that if the kernel K has bounded second derivatives,
then solutions exist for all time [16, 22]; again, we see that the degree of singularity of
K controls blow-up. Finite-time blow-up of (1.1) in the case K (z)=e~*l was proven
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for radially symmetric initial data supported inside a small enough ball in [3]. In
order to show this, the authors introduce an energy F(u) such that for solutions u
of (1.1), E(u) §C1HU0||%1(RH)7 where v is the initial data, and dEd—gu) >(C3>0. Com-
bining these bounds on F(u), we find that solutions cease to exist beyond some time.
It then follows from the continuation theorem in [3] that solutions exhibit blow-up in
all LP such that p > 2 in two space dimensions and p>2 in three dimensions or more.
We extend this blow-up result to more general initial data in section 6 of this paper.

A natural choice of initial data is pointwise finite density (L) and finite total
mass (L'); this is the physical motivation for the choice of problem considered here.
Since (1.1) is a transport equation, there is no gain in regularity and solutions remain
in L'(R™)N L (R") at later times. We derive an explicit representation formula for
smooth solutions of (1.1) using the method of characteristics which demonstrates this.
In sections 2-4, we give a definition of weak solution of (1.1) for nonnegative initial
data belonging to L' (R"™)N L>°(R™) and prove the existence of such solutions. Because
(1.1) is a transport equation, the Sobolev space arguments used in [3] to prove local-
in-time existence for H*(R") initial data do not naturally extend to L*(R™)N L>(R")
initial data. This paper presents a different method, set in a Lagrangian reference
frame, to establish local-in-time existence for such initial data. In section 5, we prove
uniqueness of weak solutions which obey a mild decay hypothesis at infinity. Our
proof uses a technique from [1] to establish an H~! energy estimate for the difference
of two solutions, followed by an application of Gronwall’s inequality. We prove finite-
time blow-up in section 6 for initial data that is radially symmetric and supported
inside a small enough ball. Blow-up is shown to occur in all L? such that p>2 in two
space dimensions and p>2 in three or more space dimensions following the energy
argument in [3].

The bulk of our work is devoted to proving existence of weak solutions. In order
to do this, we introduce ideas from incompressible flow. In [25], Yudovich established
existence and uniqueness of solutions for all time of the vorticity stream formulation
of the Euler equations (1.4) for initial vorticity belonging to L*(£2)NL>(Q) where
is a bounded domain. Although (1.1) and (1.4) are both transport equations with
non-local velocity, a direct application of the methods used in studying (1.4) to (1.1)
is not possible since (1.1) and (1.4) describe different phenomenon. Equation (1.4)
describes convection by a divergence-free flow, while (1.1) corresponds to convection
by a gradient flow with additional amplification of the density along characteristics.
Nevertheless, some of the Lagrangian constructions arising from the study of (1.4) are
useful for our problem; in particular, we borrow ideas from chapter eight of [19]. We
also introduce new ideas to control the amplification along characteristics of (1.1).

2. Weak solutions
Our first step is to define a notion of weak solution for (1.1) given initial data

0<u(-,t=0)=ugc L"(R")NL>(R™). (2.1)
We follow the approach taken in [1].

DEFINITION 2.1. A function u is a weak solution of (1.1) on [0,T] for initial data
(2.1) if it satisfies

1. ue L>=([0,T]; LY (R™)) and ess sup o<s<r|[u(-,s)|| Lo @n) < 00.

2. (Weak differentiability in time) Solutions must satisfy u, € L ([0,T];V*) and

/OT<ut,¢>> dt+/OT/n(uuo)¢t dz dt=0 (2.2)
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for every test function ¢ € WHL([0,T);V) such that ¢(T)=0. Here, V =
{feL>R"):VfeL*(R")} endowed with the norm | fllv =|f|lLe®n)+
IV fll L2 @n)-

3. (Weak solution of evolution equation) Solutions satisfy a weak form of (1.1):

/OT<ut,¢> dt—/OT/”«vmu)u,v@ dx dt=0 (2.3)

for all o€ L*([0,T); V).
Note that classical solutions to the aggregation equation are also weak solutions
and weak solutions to (1.1) for initial data (2.1) with sufficient regularity are classical
solutions. It follows from our definition of weak solution that mass is conserved.

LEMMA 2.1. (Mass conservation) Let u be a weak solution of (1.1) on [0,7] for initial
data ug. Then u conserves mass:

/ u(x,t) dx:/ up(z) dz for a.e. t€0,77.

Proof. Let ¢ € C([0,T]) and set ¢(z,t) :fotw(s) ds—fOTw(s) ds. From (2.3),

/OT<ut,¢> dt+/OT/n(uuo)¢ dx dt =0.

Since ¢ has no dependence on the spatial variable, it follows from (2.3) that
fOT(ut7<Z)) dt=0. Hence, we have

/OT@b(s)/n(u—uo) da dt=0.

Since v was arbitrary, the lemma is proved. 0

Definition of admissible kernel. Because we use results from [16], we assume
throughout that VK € L?(R") and AK € L*(R™")N LP(R") for some p € [p*,2] where
=5t

3. Short time existence of weak solutions

In this section, we prove short time existence of solutions to (1.1) for initial
data (2.1). Short time existence of classical solutions to (1.1) for initial data be-
longing to H*(R™),s>2, was demonstrated using energy methods in an Eulerian
reference frame [16]. Because we are interested in solutions to (1.1) belonging to
L>([0,T); LY (R™) N L*°(R™)), it is more convenient to work in a Lagrangian reference
frame. We will prove the following Theorem.

THEOREM 3.1. (Local existence) Let ug € L*(R™")NL>(R™). Then we can find T >0
such that there exists a weak solution of (1.1) for initial data (2.1) on the time interval
[0,T]. T is a function of ||uo| 1wy and ||ug|| Lo mn)-

Our approach is based on a reformulation of (1.1) in terms of particle paths.
For smooth solutions of (1.1), recall that v=VK xu and introduce the particle paths
X (a,t) defined by the family of ODEs

dX
E(a,t):v(X(oz,t),t), X(a,t=0)=a.
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Let X~ !(a) denote the inverse particle path: X ~*(X(a,t)) =a. Note that equation
(1.2) is equivalent to £ u(X (a,t))=—div v(X(a,t),t)u which implies

u(x,t) :uo(X_t(x))efot —div o(X*7"(x),5) ds (3.1)

In the above, we use the shorthand X*~* for X®o X . Equation (3.1) provides a
simple representation of solutions of (1.1) in terms of the initial data, particle paths,
and div v. The proof of existence is constructive and utilizes (3.1); it relies on the
following five steps.

Outline of existence argument

1. We construct a family of approximating solutions {u.} which we show exist
on a common time interval. Each u. solves (1.1) with initial data wug*Je,
where J, is a mollifier.

2. We establish uniform Lipschitz estimates for the {v.} and particle maps in
space and time. From these estimates, we show that there exists a sequence
{¢;}, lim; . €; =0, such that the {X,} converge to a particle map X.

3. We show that the {div v.} are uniformly quasi-Lipschitz in space in the two
dimensional case, and uniformly Lipschitz in space in higher dimensions.

4. We use steps 2 and 3 to demonstrate that the a.(z,t) = fot div v (X5 (z),s) ds
form an equicontinuous and uniformly bounded family of functions in space
and time. This implies that a subsequence, which we refer to as {a.,}, con-
verges to a function a(z,t).

5. Recalling our representation (3.1), define the weak solution
u(z,t) =uo(X (x))a(x,t) and v(x,t)=VK *u(x,t). (3.2)

The proof of Theorem 3.1 follows from steps 1-5 and Proposition 3.1, which we state
below.

PROPOSITION 3.1. (Uniform bounds) Let ug satisfy (2.1) and let (uc,v.) be defined
as above. Then the (u.,v.) exist on a common time interval [0,7] and possess the
following properties.

1. The ue and v, are uniformly bounded on [0,7] and there exists a constant
¢>0 depending on |lug||z1(rn) and [Ju| e ®n) such that

Hu6(~,t)||L1(Rn) + ||u€(',t)HLoo(]Rn) SC(H’UoHLl(Rn), HUOHLOO(Rn)) for te [O,T]

2. If we define u and v according to formula (3.2) above, we have that there
exists a sequence {e;} with limg_, . €, =0 such that

lim sup |lue,(-,8) —u(-,5)| g @n) =0 (3.3)
k—oop<s<T
klim Ve, (,t) =v(-,t) pointwise a.e. (3.4)

Proposition 3.1 is proven in the next section. We now show how the proof of
Theorem 3.1 follows directly from steps 1-5 and Proposition 3.1.

Proof. We will show that u; exists and satisfies

/OT<ut,¢> dt/OT/n<(VK*u)u,v¢> da dt
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for all p€ L2([0,T);V). Let ¢ € H([0,T]; V) be such that ¢(T) = 0; we have by Propo-
sition 3.1 that

T T
/ / (u—1ugp)d dx dt:hH(l)/ / (ue —ug*Je)dy dx dt
0 n €— 0 n

T T
zlir%/ / (VK *u)ue, Vo) dx dt:/ / (VK sxu)u,V¢) dz dt.
e—0 Jg n 0 n

By the density of {¢ € HL([0,T];V):¢(T)=0} in L?([0,T);V), it follows that u; exists
and satisfies f0T<ut,(,z$> dt:fOTfRn«VK*u)u,V@ dx. 0

4. Uniform bounds

In this section we present the details of steps 1-5 and the proof of Proposition 3.1.
At the end of the section, we discuss two corollaries regarding the continuity in time
of the constructed solution; these results play an important role in our discussion of
blow-up in section 6. We begin by establishing step 1), the existence of a common
time interval for the {u.}. We assume that J. = 2 ¢(%) for some 0< ¢ C(R™).

LEMMA 4.1. Let 0<ug€ LY (R®)NL>®(R"™), and let u. denote the solution to 1.1 with
initial data ugxJ., where J. is a mollifier. Then the {u.} exist on a common time
interval [0,T] and there exists a constant c depending on ||uo| 1wy and |ug||pee wn)
such that

llwe ()] L1 mmy + l|te (-, ) | oo (rmy SC(HUOHLI(R")v||Uo||Loo(Rn)> for t€[0,T].

Proof. Note that [|uc(-,t)||1rn) is constant in time by mass conservation [16].

We work in a Lagrangian reference frame and use equation (1.1) to derive uniform

bounds on the growth rate of ||uc(-,t)|| forn). Setting 5 =wu; +v-Vu, equation (1.1)
implies that

D

e | =1~ (AF sl <K e

Ftue Ue“Lp’(Rﬂ)Hue('»t)”LW(R")

% 1451
SNAK]| Lo ey l[tell Pr gy l1e () ] oo (s -

Since [[ue(-,t)| 11 (mn) = [|ue(-,0)[| 1 (&m) = [|uo|| L1 (rn) We have from above that

Eue S HAI(”LP(R")HUOHLl(]Rﬂ) ||u6('7t)||Lco(Rn) :C||ue('7t)||Loo(Rn)
where
5 p/—l
c=AK|o@nlluollfrgny and a=1+ e
Written in integral form, this is
t
l[te(5E) [ Lo () Sc/o 1t (- 8) 1500 gy s+ [|tae (-, 0)| oo (rn) - (4.1)

We now apply (4.1) to finish the proof. First, recall that the continuation theorem
from [3] states that if a classical solution u of (1.1) cannot be continued past a time
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T, then [lu(-,t)|[La(rn) blows up as t approaches T. We require that ¢>2 if n=2
and ¢ >2 if n>2. Next, note that from the existence theorem in [3] and the Sobolev
embedding theorem that |luc(-,t)|zo®n) is a continuous function of time. It then
follows from (4.1) that

_ _1
Jete () e g < (ol oo + (1 - a)t) 75

Since [|uc(:,t)|| L1 (n) = [ue(-,0)|| L1 @mn) by mass conservation and [uc(-,0)|p1@n)=
l|luo| L1 (mny using properties of the mollifier, we have that [Juc(-,t)| 1) = |[uol| L1 (®mr)-
Combined with the above estimate for ||ue(-,t)| g ®n) , this implies that we cannot

ol e .

have blow-up of |[uc(:,t)[|Lan) on [0,T7], for T'< Ta=1)

Next, we move to step 2. We first establish uniform Lipschitz estimates on the
velocities {ve} and then use these to obtain uniform Lipschitz estimates for the particle
paths.

LEMMA 4.2. (Uniform Lipschitz estimates for velocities) Let v = VK xu.. The family
{v} is uniformly Lipschitz in space and time.

Proof. First, we show that the v, are uniformly Lipschitz in time:

[ve(z,t1) —ve(x,t1)| < |ty —ta| for some ¢ and all (z,t) €R"™ x[0,T].
Recalling that v. =V K xu., and assuming t; <ty we have that

[ve(@,t1) —ve(z,t1)| <

- VK (x—y)(uc(y,t1) —uc(y,t2) dy‘

VK(:v—y)/ 2(u€)t(y,s) ds dy

Rn t1 ‘

ta
/ VEK(z—y)[-V- (VK *u, uc)] dy ds
t1 Jre

(by Fubini and the fact that the u. solve (1.1))

</
11

The result then follows from our assumption that |D?K|€ L"(R") for some r>1 and
our uniform bounds on |[VK *ucte(+t)|| 1 gny. Now we show that v. are Lipschitz
continuous in space:

—D?*K (x—y)[VK xu](y,s)uc(y,s) dy‘ ds by integrating by parts.
R"L

[ve(z1,t) —ve(x2,t)| < c|lry — 22| for some ¢ and all (x,t) e R™ x[0,T].

This follows from

[Dve|=| | D*K(z—y)uc(y) dy| <|| ID*K] || ll[tel| Lo g

R~ 0

We now apply the uniform Lipschitz estimates on the {v.} to deduce equiconti-
nuity of the particle maps {X.} and their inverses.

LEMMA 4.3. (Uniform Lipschitz estimates for particle maps and their inverses) If
t<T, then there exists ¢ such that

| X7 (1) = X (w2)| <y — o]

€ €
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| Xe(aq,t) — Xe(ag,t)| <clag —as).
If t1,to <T, we have that

[ X () = X" (@) < clts — o

€

|X6(Oé,t1) —Xe(a,t2)| §C|t1 —t2|.

Proof. We first prove the second inequality. Setting
p(t) = |X6(al7t) - Xe(a27t)|
we have that

B <ol X, 0,8) v Kol ), 0] eplt) =

p(t) < p(0)e .

The first inequality follows similarly. Introduce the backward particle paths Y (x,t;7)
defined by

%(m,tﬁ) =—v(Ye(z,t;7),t—7) Ye(z,8;0)=x.
-

With this definition, we have that Y (z,t;t) = X_*(z). Setting
p(r) = Ye(@1,t;7) = Ye(w2, ;7))

we have that p(0) = |21 —x2| and p(t) =|X_(z1) — X *(x2)|. The uniform Lipschitz
estimates on {v.} from Lemma 4.2 imply that

d
—r(r) <ep(r) =
X7 (21) — XM ()| = p(t) < ey — o).

The fourth inequality follows from

| Xe(a,t1) — Xe(a,ta)| = /2U(X(a,s),s) ds

t1

S( sup |”|)|t1—t2\~
R™ % [0,T*]

To prove the third inequality, we proceed as in [19, p. 319]. Assuming ¢; <to, we
have that X% (z)= X" (a*), where o* =Y (z,t2;t2 —t1). It follows that

X (@) = X2 ()| = X" () - X" (o) | <o —a”|

/t2U6(XE(O[*,T)7T) dr

t1

=c <clta —t1].

In the above, we used

| Xe(a1,t) = Xc(ag,t)| <clag —as
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(z,1)]. 0

and the fact that we have a uniform bound on supgn (o 7]

Due to Lemma 4.3, we may now apply the Arzela-Ascoli theorem to the fam-
ilies {X ") }nen, {X1(a,t)nen, and {vi(2,t)}nen to conclude that there exists
a sequence {ej}, lim; oo €; =0, such that X_*(z) — X "(z), X, (a,t) = X(a,t) and
v, (w,t) = v(z,t) uniformly on compact sets of R™ x [0,7] as j — oo. We then have

dxX
%(a,t) =v(X(a,t),t).

This follows by taking the limit as j — oo in the identity

t
X (ont) = X, (0,0) + / ve(Xe, (t).) ds
0

to arrive at

X(oz,t):X(oz,O)+/o v(X(a,t),t) ds

using the the uniform convergence of the X, and v, to X and v, respectively.

Before we can use the representation formula (3.2), we must establish steps 3
and 4. We begin by establishing step 3; in two dimensions this amounts to proving
the existence of uniform quasi-Lipschitz estimates on the {div v} = {AK xu.} for the
kernel K (z) =e~1*!, while in three dimensions or more it amounts to proving uniform
Lipschitz bounds. We first discuss the higher dimensional case.

LEMMA 4.4. (Lipschitz estimates for div v in R™, n>3) Let n>3 and set K(x)=
e~ 1*l 4 g(z), where Ag=heC%(R?). Also, let uc L'(R*)NL>(R"). Then AK xu
is Lipschitz continuous:

AK wu(ar) — AK wu(ws)| < e(ull 1 gn) + [ull e ) + [ V0] poe )21 — .

Proof. Tt suffices to show that AK*u has a bounded first derivative; to do
this, we differentiate AK s u(x) = [, AK(z —y)u(y) dy under the integral sign. Since
AK = (ﬁ+1)e_|x‘ +g(x), this is permitted when n > 3. 0

In the two dimensional case, we cannot differentiate under the integral sign, since
Vﬁe"“ﬁ| is not locally integrable at the origin. Computing the weak derivative of
Wl‘e_m in two dimensions, we find that

0 1

I [ D e £ i o~ lal
e Le + PV — +cdp—0,
Oz; |x| | |2 |z -

where PV v is the distribution defined by

PV u (¢)=1lim u(y)(y) dy  for peC (R™).

=0 |z|>e€

This highlights the difference between the two and three dimensional cases. One
consequence of this is that the {div v.} are only uniformly quasi-Lipschitz in R?.
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LEMMA 4.5. (Quasi-Lipschitz estimates for div v in R?) Let K (z) =e~1#l 4+ g(z) where
Ag=heCY»(R"). Also, let ue L*(R?)NL>®(R?). Then AK *u is quasi-Lipschitz
with constants that depend only on |[ul|z1(re) and [|u| e (r2):

AK xu(z1) — AK s u(zs)|

<clllullr @)+ lull oo g2y |2r — 22| (1 =07 |21 = 2o ]) + [[ VA oo @21 — 2]

Here, ¢ is independent of w and In"z=1In z for 0<zx <1 and In" =0 for z>1.
Proof. See appendix. 0

We now apply Lemmas 4.4 and 4.5 to establish step 4. We begin with a definition.

DEFINITION 4.1. Set a. :fot div v (X7t (x),s) ds.

LEMMA 4.6. The {ac} form an equicontinuous and uniformly bounded family of
functions on R™ x [0,T].

Proof. Uniform boundedness of the family comes from our assumptions on the
kernel K and Lemma 4.1. Equicontinuity in space comes from Lemmas 4.3-4.5. Car-
rying out the calculation in the case of two dimensions, we have that

t t
’/ div v (X7 (z),5) ds—/ div v (X2 (y),s) ds’
0 0
t
< / ‘div ve(X2H (@), ) — div vE(Xf_t(y),s)’ ds
0
t
< [ clxetw - xet)| (1o @) - X)) ds
0

by Lemma 4.5.
Applying Lemma 4.3 to the above gives equicontinuity in space of the
{f(;5 div v (X7 %(x),s) ds}. Equicontinuity in time can be shown similarly. First
note that, assuming t; <ts,

tl t2
/ div v (X274 (2),s) ds—/ div v (X7 "2(x),s) ds
0 0
t1 ta
:/ (div V(X (z),58) —div v (X (J;),s)) ds—/ div v (X772 (x),s) ds.
0 t1

Since AK € L*(R™), we have that the div v. = AK *u, are uniformly bounded. This
implies that

ta
\/ div v (X572 (2), 5) ds) < Clty —ta].
ty
Finally, we can show that, for each 6 >0, we can choose 4’ >0 such that

ty
[t1 —ta] <5/¢/ (div ve (X571 (2),5) —div v (X572 (2),5)| ds <.
0
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To do this, first note that Lemma 4.5 implies that

ty
/ (div v (X278 (2),8) —div v (X57"2(x),s) ds
0

t1
SC(HUHLI(R’-’)+HU||L°°(R2>)/O | X270 () = X272 ()| (1=~ | X270 (2)
— X572 (g)]) ds.

An application of Lemma 4.3 finishes the argument. ]

We now apply the Arzela-Ascoli theorem to conclude that there exists a subse-
quence of the {ac, }, which we refer to as {a., }, which converges uniformly on compact
subsets of R™ x [0,T] to a function a(z,t):

ae, — a uniformly on compact sets of R" x [0,7] as k — oc.
We follow step 5 and set
u(z,t) =uo(X "(z))a(r,t) and v=VK *u.

All that remains is proving (3.3) and (3.4). We first prove a preliminary proposition.

LEMMA 4.7. (Bounds on volume distortion) There exists a constant C such that for
all f€ L' (R") and t€[0,T]

1 _
5||f\|L1(Rﬂ)§Hf(X @)l @y CN Il o) (4.2)
and
1
5||f||L1(R") <N F(XH @) ey S CN fll gy (4.3)

In particular, denoting Lebesgue measure by m, all measurable subsets E C R™ satisfy

%m(E) <m(X"(E)) < Cm(E) (4.4)
and
ém(E) <m(X~'(E)) <Cm(E). (4.5)

Proof. Since X* and X% are Lipschitz continuous by Lemma 4.3, it suffices, by
the change of variables formula for Lipschitz maps [12], to prove that there exists
C' >0 such that

1

&< JX' @), J(X (@) <O for all (ta) € [0,T) xR".

Here, J(X*(z)) refers to the Jacobian of X' evaluated at z. In order to prove this,
first note that by Lemma 4.3 there exists C' such that

J(X(z)), J(X~t(z)) <C for all (t,z)€[0,T] x R".
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Since Lipschitz functions map sets of measure zero to sets of measure zero and X?o
X t=X"toXt=1, the above upper bound implies the lower bound

1
&< J(X (@), J(X 7 (2)).
We now apply Lemma 4.7 to finish our proof of Proposition 3.1.

Proof. All that remains is proving (3.3) and (3.4). Let u§=wug*J.. First, note
that for any d >0, we can find a compact set K CR" such that fR"\K up(a) da<d

and fRn\Kug(a) da < § for small e >0. Given such a K, by Proposition 4.3 we can
find a compact set K’ such that

re (K= X""z),X *(x)c K€ for all ¢>0.

Since the {a.} are uniformly bounded, by Lemma 4.6, we have that
/ e, (2,8) —u(z,t)| dz < bd
(K/)c
for some constant b. We are left with showing that for all k£ large enough,

/ [tee,, (x,8) —u(z,t)] dz <.
K/

In order to do this, we break the integral into three pieces:
I= [ ot (L @) (2.0) w0 (X, ) (2.0)]
I[:/ luo (X' (@))ae, (z,t) —uo(X " (x))ae, (z,t)| dz, and

I = y luo (X ~H(2))ae, (z,t) —uo(X " (2))a(z,t)| da.

Since the {a.} are uniformly bounded by Lemma 4.6, I goes to zero as k— oo by
Lemma 4.7. III goes to zero as €, — 0 by Lemma 4.6, since the integration is over
a compact set K’. Since the {a.} are uniformly bounded, it follows that IT—0 as
k — oo once we show that

ug(X7H) —ug(X ") in LYR™).

€

To do this, we follow the procedure from [19, p. 316]. For arbitrary 6 >0, we can
find us € C.(R™) such that [Jug —us| p1@n) <. Note that

o (X&) —uo(X ™) L1 (rn)
< ||UO(X;;) —Ua(X;t)HLl(Rn) + ||u5(X;f) —us(X )| )
s (X4 = uo(X ™) L1 &n)
=(T1)+(T2)+(T3).
We can bound (T1) and (T3) using Lemma 4.7. For fixed ¢, (T2) goes to zero as e — 0

since us € C.(R") and X_*(2) — X ~*(z) uniformly on compact subsets of R x [0,T7.
This also shows that the convergence of the u,, to u L*(R") is uniform:

lim sup [lue, (+,8) —u(,s)| £o @n) =0.
k—ooo<s<T
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a0
We now prove two corollaries of Proposition 3.1 and Theorem 3.1. Both corollaries
are not surprising, since the construction of solutions in Theorem 3.1 is based on the

method of characteristics. The first one states that the weak solutions constructed
above belong to C([0,T]; L*(R™)).

COROLLARY 4.1. (L' continuity in time) Let u be a weak solution of (1.1) with initial
data (2.1), as constructed in Theorem 3.1. Then ue C([0,T]; L*(R™)).

Proof. First, note that the u. € C([0,T];L'(R")) by the existence theorem in [3].
The result then follows directly from (3.3). 0

Our second corollary states that the L>°(R™) norm of a weak solution of (1.1) is
a continuous function of time.

COROLLARY 4.2. (Continuity in time of L* norm) Let u be a weak solution of (1.1)
with initial data (2.1), as constructed in Theorem 3.1. The map t — [Ju(-,t)|| o (&n) is
continuous.

Proof.  Let g(s)=|u(-,s)||L~@n) and fix t€[0,T]; we first show that
liminf, ¢ g(s)>g(t). Let 6>0 and set Qs={z:|u(z,t)|>g(t)—0}. We will show
that for s sufficiently close to ¢, [[u(-,8)||Leo®n) > [[u(-,t)|| Lo (rn) —2¢. In order to do
this, first note that a(z,t) is uniformly continuous on R™ x [0,7] since it is the point-
wise limit of the {a,}. Now, let z€ Qs and let y=X*(X"*(x)). Note that Lemma
4.7 implies that m(X*(X"(Qs))) > gzm(Qs) >0. We now show

llu(-,8) || Loe rry > [u(-,t)||Loo (rny =20 for s sufficiently close to . (4.6)
Using Lemma 4.3, we can bound |y —z|:
ly— 2| =|X* (X" (2)) - X (X (@) < | X (@) - X (@) < [s 1.

By (3.2), |u(z,t) —u(y,s)|=|uo(X *(x))(a(z,t) —a(y,s)| — 0 as s—¢ since a is uni-
formly continuous on R™ x [0,7"]. This implies (4.6). Hence, liminf,_.; g(s)>g(t).
Now, we show that limsup,_,, g(s)<g(t); the argument is nearly the same as
the above. Given 6 >0, find ss close to ¢ such that g(ss)>limsup,_,, g(s)—0 and
let X5 ={x:|u(z,ss)|>g(ss) —20}. Given y€ X5, set z=X"(X"(y)); we then have
that |u(z,t) —u(y,ss)| =|uo (X (y))(a(x,t) —aly,ss))|. Since |y—z|<c|[t—ss| by
Lemma 4.3, we have, by the uniform continuity of a, that g(¢) >limsup,_,, g(s)—39.
Hence, g(t) >limsup,_,, g(s). 0

5. Uniqueness of weak solutions
In this section, we prove uniqueness of weak solutions of (1.1) with initial data
(2.1), under a mild decay condition.

THEOREM 5.1. (Uniqueness of weak solutions) Let uj,us be two solutions of (1.1),
defined on R™ x [0,T], with initial data ug of the form (2.1) . Assume that the u; obey
the decay condition that for a.e. t€[0,T] we have the bound

wi(z,t) <C(1+|z|)~""% for some 0<a and all x €R". (5.1)
Then u; =us.

Before we prove Theorem 5.1, we outline the steps and discuss some necessary
results. Set i =u; —us, let ¢ be the unique bounded solution of ¢ = —A~'4, and let
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v=V¢. The proof of Theorem 5.1 consists of using the weak form of (1.1) to show
that for some constant C' and a.e. ¢ €[0,7]

t
||v(t)||i2(w)§0/0 ()72 eny ds. (5-2)

Once (5.2) is established, an application of Gronwall’s inequality implies that v =0 and
hence u; =us. This approach is analogous to the uniqueness argument for solutions
to the 2-D vorticity equation (1.4) with the same class of initial data. In the case
of (1.4), an inequality analogous to (5.2) is established for |[V+¢|r2rn). See [19,
chapter 8], for details when the initial data is compactly supported.

In order to obtain (5.2), we rely on the identity (2.3), using ¢ as our test function.
For this reason, we need to check that ¢ € L'([0,T];V). Our first step is to check that
¢ is given by ¢ = —N,, * (u1 —u2), where N, is the Newtonian potential. Clearly this
is true in three or more space dimensions, due to the decay of N,, for large |z| when
n>3. In order to show this for n=2, it suffices to show that No* (u; —us) is bounded.
This follows from Lemmas 2.1 and 5.1.

LEMMA 5.1. Let f:R?* =R satisfy | f(x)| < C(1+]x])7>~* for some a >0 and assume
fR" f(y) dy :0 Then g:NZ*fELOO(Rz)

Proof. We have
2mg(e)= | loglr—ulf(w) dy
RTL

[ toge—sls@ dy+ [ logla—ylf() dy=1+11
lyl<3lzl ly>3 ||
Since g is differentiable, it suffices to examine its behavior for large |z|. First note
that IT—0 as |z| — oo because of (5.1). To bound I, we expand log(|x —y|) around
2 and find that
1 Tr—oy

I'= log|z| fy) dy+/ y— S dy
lyl<3lzl wi<ilel [T =oylle—oyl

=A+ B for some 0<o<1.

Now, note that A—0 as |z| — oo by (5.1) and the zero mean condition, while B <
If @)z @n)- 0

From Lemma 5.1, we know that ¢=—A"1(u; —ug)=—N, *(u; —uz). We are
now ready to show that ¢ € L2([0,T];V).

LEMMA 5.2. Let ¢=—N,*(u; —ug); then ¢ € L>=([0,T];V).

Proof. In order to establish the result, it suffices by Bochner’s theorem (see page
133 of [24]) to show that ¢ is strongly V —measurable and esssupo<s<r||d(:,)||v <
oo. We first show that esssupo<s<r|P(:,5)| Lo mn) <00. Following the reasoning in
Lemma 5.1, we can find R and L so that for s € [0,T7], |z| > R=-|¢(z,s)| 1o ®n) < L.
We establish a bound on |¢(z,s)| for |z| < R by breaking up the integral No* (u3 —us)
into two pieces. Because of (5.1), we can find C, L’ and e such that for a.e. s€[0,T]

|w\<R:»\/ loglar— yl[u1 — ) (v.5) dy| < and
ly|>C

[ togla— il - usl(w.5) dy| <"
lyl<C
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Next, ~we show that supyc,<rl|Vo(-,5)[L2@mn)<oc by establishing
supg<s<7|IVO(-5)||L2@mn) <00 and appealing to Parseval’s theorem. Here,
denotes the Fourier transform in the space variables only. We begin by not-
ing that ﬁ(ﬁ,s)i:céﬁ(ul—uﬁ(f,s); this follows from h(z)=x|z|~" = h(¢)=
cn(i0¢)P log (|¢]) for any multi-index B [15]. Since we have uniform bounds on
[ (w1 —u2)(-,8)|| L2 (r2), it suffices to show that the @(-,s) are uniformly locally L?
integrable integrable at the origin. This follows from the uniform Holder continuity
of the (u;)(-,s) and (u; —u2)(0,5)=0 for a.e. s€[0,T]. Uniform Hélder continuity of

Sy

the (u;)(+,s) of exponent 3, for all § <min(a,1), follows from

@i(&) — (&) < | Ju(z)(1—e™E78)) de?l*ﬁlfl—&lﬁ/ u(z)llal” da,
‘ ‘ (5.3)
while [o, u1(-,s) —uz(-,s) de=0= (ugg)(O,s) =0 for a.e. s€[0,T].

We now establish that the map ¢ — ¢(-,t) is strongly V-measurable. By using ¢
as a test function in (2.2), we use this result in the proof of Theorem 5.1 to establish
(5.4). Tt suffices to consider the case n=2 due to the decay of N, for large ||
when n>3. From part 1) of Definition 2.1, there exists a sequence of finitely valued
functions in L'(R™), z,:[0,T]— L*(R™), such that 2z, (t) —ui(-,t) —ua(-,t) in L*(R")
for a.e. t€[0,7]. The V-measurability of ¢ will follow from A~1(z,(-,t)) — ¢(-,t)=
A7 (up(-,t) —ua(-,t)) in V for a.e. t€[0,T]. We may assume that the z, have zero
mean and obey the same L and decay bounds as the u;.

We first show that A=1(z, () — A7 (ug (-,t) —uz(-,t)) in L>®(R") for a.e. te
[0,T]. Given €>0 and t € [0,T] such that z,(-,t) —ui(-,t) —ua(-,t) in L*(R™), we use
the reasoning from Lemma 5.1 to find R such that |z| > R=|A" [z, (z,t) — (u1(z,t) —
ua(w,t))]| <e for all n. We are left with finding ng so that |z|<R=|A" [z, (¢)—
(ur(z,t) —uz(z,t))]| <e for n>ng. Let dy(z,t)=2z,(z,t)— (u1(z,t) —ue(z,t)); by
(5.1), we can find C such that

‘/ log|z —y|d, (y,t) dy‘ << for |z] <R.
lul>C 2

Now, since d,,(-,t) — 0 in L' and the d,, are uniformly bounded in L>°, we can choose
ng so that n>ng implies that

’/ log|z —y|d,, (y,t) dy‘ << for |z| <R.
lvl<C 2

Next we show that VA™!(z,(-,t)) = VA (uy(+,t) —ua(-,t)) in L? as n— oo,
which we write as VA—1(d,(-,t)) —0. By Parseval’s theorem, this is equivalent
to showing VA—l/(cE(~,t)) —0 in L% Since esssupo<s<r|/zn(s)| L@ <C indepen-
dent of n, we have z,(t)—0 in L?(R"). Recall from above that Vﬁn(g,t)i:
clgﬁczn(g,t), dn(0,£)=0. Since it follows from (5.3) that the c/l\n(-,t) are uniformly
Hoélder continuous for any exponent 0 < (< «a, the result follows. ]

We now prove Theorem 5.1.

Proof. Clearly, ¢ satisfies [Vi)-V¢= [(us —uy) for all 1) € H'(R™). This iden-
tity extends to 1) € V' by inserting as a test function x g¢ and letting R — co. Here, xgr
is a smooth positive cutoff function identically equal to 1 on |z| < R—1 and supported
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in |z| < R. We then use the strong V —measurability of ¢ and follow the steps from of
[1, pp. 328-329] to find that

(ﬁ(t),ﬁ(t))%[,lzz/n@,v) de%/O (1 —uz)e, ) ds. (5.4)

for a.e. t€[0,T]. Since u; and us are weak solutions, the above can be re-written, by
using ¢ as a test function in (2.3), as

(ul(t)_UQ(t)’ul(t)_W(t))?J*l :/Ot/n[(VK*Uz)W_(VK*m)m}v dx ds
:/Ot/” [(VK*uz)(W—u1)+(VK*(U2—u1))u1}vdasds:/otl(s)ds+/otll(s)ds

for a.e. t€[0,7]. In order to establish (5.2), we now estimate I and II. We first
estimate I1; integrating by parts, applying Young’s inequality for convolutions and
the Cauchy-Schwartz inequality, we arrive at

[TT] < [0 2 gy 1w | oo @ |1 D K || 1 (R
We may also integrate I by parts to arrive at
1| < CollDijall oo @) [Vl 32 2y =< Crll Dij K 5wl Lo () |V B2 ey - (5.5)

We first establish (5.5) in the two dimensional case and then outline the procedure in
n dimensions. In two dimensions, we can re-write I as

I:/n (QL¢I+Qy¢y)(¢LL+¢yy) dz

where ¢ = K xu;. Integrating by parts, we have

1 1
I:/n _iqm@w)Q - §ny(¢y)2 = 200y P2 Py — dyPay Pz — dxPay Py dT

1

1 1 1
:/n_iqm(gﬁx)z_iqyy(gby)z_2q$y¢m¢y+§ny(¢m)2+§qm(¢y)2 dzx.

This implies (5.5) in the two dimensional case. This generalizes to n dimensions, in
which case we have

1 n n
Iz/n<Vq,V¢>>A¢ dx:/Rn—Qiz_;qii(qbi)Q_ Z Gijbih; — Z Gibidy; da

i,j=1 i,j=1

:/Rn _%Zqii(@)g_ Z Qij¢i¢j+% Z Qij(¢i)2 dx
i=1

ij=1 ij=1

which establishes (5.5) in the general case. d
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6. Continuation of solutions and finite-time blow-up

In this section, we address the questions of continuation in time of the unique
solution from the previous section and the occurrence of finite-time blow-up of solu-
tions. We first show that weak solutions of (1.1) with initial data (2.1) either exist
for all time or there exists a time 7™, beyond which the solution does not exist, such
that limg 7« [|u(-,t)|[Lr@ny =00 for pe€[2,00] if n>2 and pe (2,00] if n=2. This is
the content of Theorem 6.1.

THEOREM 6.1. (Maximal time interval of existence) Let u be a weak solution of (1.1)
with initial data (2.1) which conserves mass. Then either u exists for all time or there
exists a time T™, after which the solution no longer exists, such that

tlinI}* lu(-,t)||Lrrny =00 for pe[2,00] if n>2 and pe (2,00] if n=2.

Proof. We first establish the result for p=oo. If ||u(-,t)|| L&) remains bounded
on an interval [0,7), it follows from Theorem 3.1 that we can continue our solution for
time At which depends only on supg<, 7 |[u(-,5)| o (&) Hence, if a solution cannot
be continued past a time 7" we must have supg< . ps [|u(:,8)||Lo @n) =00. It then
follows from Theorem 3.1 and Corollary 4.2 that liminf, 7« [Ju(-,s)| e @n) = 00.

We now consider the case p>2if n>2, p>2 if n=2. The result follows from the
following bound on [[u(-,#)]| Leo (mn):

(-, 8) | oo () < ||u0||L00(Rn)et”AKHLq/(Rn)Supogsgt H“(‘vS)HLq(]R”)’ (6.1)
where ¢’ is conjugate to ¢. In order to establish (6.1), note that if u solves (1.1) on
[0,7] then by uniqueness of solutions and Proposition 3.1, there exists a finite sequence
of times 0=Ty <T3 <...<T,, =T such that for t € [T;,T; 1], u(t) =limy_cul’ (t—T5)
in L'(R") for some sequence {e,} converging to zero. Here, ul* is the solution to
(1.1) with initial data u(-,T;)*J.. By (3.1) and Proposition 3.1 we have

[[u D) o )

E=TOINAKI Lo’ gnySuPr, <s<1; 4 1u(58)llLa@n) for T; <t <

<lu,Ti)|[ Lo (rnye Tita

where ¢’ is conjugate to g. Combining these estimates results in (6.1). d

For the remainder of this section, we study finite time blow-up for kernels of the
form K(x)=e" 1"l 4+g(|z|?), where g€ C?(R™). Our discussion uses results from [3].
We prove the following theorem.

THEOREM 6.2. (Blow-up) Let K be a kernel with the property that VK (x)=
Z (71+g(|:c\)), where g € L>°(R"™) is continuous at 0 and g(0) =0. Suppose that u

|]
is a weak solution of (1.1) with initial data (2.1) which is positive, radially symmetric,
and compactly supported inside a small enough ball. Then the solution u ceases to
exist after some time T*.

Define the energy (see [3] for more details)

E(u):/nu(m)K*u(m) dz. (6.2)

Theorem 6.2 follows directly from Proposition 6.1, which gives an a priori bound
upper bound on F(u), and Proposition 6.3, which gives a lower bound on the rate of
growth of E(u).
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PROPOSITION 6.1. For all u€ L*(R™), we have

E(u) <K | o @ l1ull 21 @ny-

Proof. We follow the calculation in [3].

E(U)=/ (@)K #u() do < || K sul| poo oy |l 2 ey < DK | oo oy 1l L gy

d

We now set up the machinery needed to prove Proposition 6.3, which provides a

lower bound on the rate of growth of E(u). Roughly speaking, we will prove Proposi-

tion 6.3 by approximating E(u) by E(u.), where u. is a solution of (1.1) with smoothed

out initial data, and obtain uniform estimates on the rate of change of the E(uc). In

order to do this, we first note that if u is a classical solution of (1.1), then we have
from [3] that

dE
E(u):/ u| VK *u|? da. (6.3)
We use the following proposition, from [3] to construct a lower bound for (Z—If.

PROPOSITION 6.2. [3] There exists a constant C' >0 such that for all § sufficiently
small we have, for any radially symmetric nonnegative L' (R™) function u of unit mass
supported inside a ball of radius 4,

/ u| VK *ul? de>C.

We are now ready to prove a lower bound for the growth rate of F(u) if ug is radially
symmetric and supported inside a sufficiently small ball.

PROPOSITION 6.3. Let u be a weak solution of (1.1), defined on R™ x[0,T] with
initial data ug which is radially symmetric and supported inside a sufficiently small
ball. Then there exists a constant C >0 such that

E(u(-,t)) — E(ug) > Ct.

Proof. Since u solves (1.1) on the interval [0,T], by Theorem 6.1 and Proposition
3.1 there exists a finite sequence of times 0=T, <7} <...<T,, =T such that for t€
(T3, Tig1], u(t) =limp_ooul? (t—T;) in L*(R™) for some sequence {e;} converging to
zero. Here, ul® is the solution to (1.1) with initial data u(-,T;)*J.. It follows from
Proposition 3.1 and Young’s inequality for convolutions that

E(u(-,t)) :kllm E(uZ;(,t—Tl)) for t € [T}, T;41]. (6.4)

Next, note that v remains radially symmetric with support which does not grow in
time. This follows from uniqueness of weak solutions and the fact that the uZ remain
radially symmetric with supports that do not grow, since characteristics of (1.1) point
inward under our hypotheses on the kernel K. It then follows from Proposition 6.2
and (6.3) that

E(uli(-,h)) = E(uli(-,0)) > C(h) for for he[0,T;y1—T). (6.5)

€
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Combining (6.4) and (6.5), we have

E(u(-t)) — E(ug) > Ct for te[0,T].

7. Conclusion and discussion

We have proven existence and uniqueness of solutions of (1.1) with initial data
belonging to (2.1) in space dimensions two and higher under a mild decay hypothesis.
In the case of a potential with Lipschitz point at the origin (e.g. K(z)=e~1?l), we
have proven finite time blow-up of solutions which are initially radially symmetric and
supported in a small ball around the origin.

Very little is understood about the structure of blow-up for solutions to (1.1) in
more than one space dimension. Two important issues are the possibility of mass
concentration and continuation of solutions beyond blow-up. Concentration of mass
was shown to occur in one dimension in [4], using the asymptotic theory of shock
waves. Although the mechanism for blow-up is not well understood in higher dimen-
sions, the analysis in [3] does not rule out mass concentration. Variants of equation
(1.1) with diffusion added have also been studied and in these cases blow-up is not
observed. The model in [23] included degenerate density dependent diffusion and
blow-up was not observed numerically, while [18] rigorously studied (1.1) with the
addition of fractional linear diffusion. Another open area is blow-up for initial data
which is not radially symmetric. Blow-up for a large class of initial data was proven in
one spatial dimension by comparison with a Burgers-like dynamics in [4]; it was also
studied, both analytically and computationally, in [17]. However, nothing is known
for higher dimensions. Finally, we would like to have a better understanding of how
blow-up is related to the smoothness and decay of the kernel K(x). Blow-up of a
modified version of (1.1), with diffusion added, was studied in the case of the highly
singular kernel K (x)= ‘xl%, the Newtonian potential, in [5].

Numerical simulation may be an effective method for further study of blow-up.
Computations performed in the one dimensional case [17] exhibit intersection of char-
acteristics and concentration of mass at blow-up, both of which are consistent with
the analysis in [4]. However, we do not know of any detailed computational results
in space dimensions two or higher. Tools from optimal transport are also relevant
to this problem. One can show that (1.1) is a gradient flow in a Wasserstein metric.
This fact is used in [7] for example in one space dimension. It would be interesting to
see if related approaches such as the geometric approach to gradient flows developed
in [21] are useful for studying this problem.

Appendix A. We now prove Lemma 4.5.

Proof. Since AK = ﬁe"”‘ +e~ Izl 1 h(x), it suffices to prove that m(z) = ﬁe‘m *

u is quasi-Lipschitz. Set I(x) = %e_m so that m(x)=I1*u. Let d=|z; —x2|<1 and

x|
let B(z,r) be a ball of radius r centered at x. We have

[m(z1) —m(z2)|

< V +/ +/ ] X Uz —y) —U(z2 —y)|[uly,t)] dy
]szB(:El,Q) B(l’l,Q)*B(CEl,Qd) B(Il,Qd)
=L+ 1+ 1I3.
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Since
(i_i)zz(lyl—lw\)2<ly—ml2
2|yl zllyl /  |x]?]y]?
we have
11 1
(Ua) - 1w)| <7 | et et
lz[ lyl| |1yl
=yl 1 =yl 1
<e I + |l lyl| e 0+ =y —al.
lzllyl [yl lzlly[ |yl

This estimate implies
[1 S C|£L‘1 — .IQ‘ HU||L1(R2)~

To bound I, apply the mean value theorem. Since I(z)= Wﬂe*m, we find that

[l(z1—y) = (22 —y)| < |z1 —@2|5Up 0<9<1|VI(T1 —Yy+0(21 —22)]
|21 — 2| | |71 — 22

<2
[z1—yl z—yl?

for y € B(x1,2) — B(x1,2d)

From this, it follows that

1 1
12§c|x1—x2|||u|\Loo(]Rz)/ dy

+ 2
B(z1,2)—B(z1,2d) lz1 =y 21—y
2 dr _
<clzy —zal||ul| Lo (r2) (2+ 7) <clry — zol||luf Lo (r2) (2—ln |1 —x2|).
2d

We can bound I3 just as in [19, p. 317]. Since d=|z; —x2|, we have

d d
I3§C||UHL°°(]R2)(/ 4 —|—/ Yy )
B(x1,2d) |1 —yl B(z1,2d) |z2 —y|

2d 3d
§c||uHLoo(]R2)(/0 dr+/o dr) < lfull oe ey fas — ).

a
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