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Abstract

Recently, there has been a wide interest in the study of aggregation equations and Patlak-Keller-Segel
(PKS) models for chemotaxis with degenerate diffusion. The focus of this paper is the unification and
generalization of the well-posedness theory of these models. We prove local well-posedness on bounded
domains for dimensions d > 2 and in all of space for d > 3, the uniqueness being a result previously
not known for PKS with degenerate diffusion. We generalize the notion of criticality for PKS and show
that subcritical problems are globally well-posed. For a fairly general class of problems, we prove the
existence of a critical mass which sharply divides the possibility of finite time blow up and global existence.
Moreover, we compute the critical mass for fully general problems and show that solutions with smaller
mass exists globally. For a class of supercritical problems we prove finite time blow up is possible for
initial data of arbitrary mass.

1 Introduction

Nonlocal aggregation phenomena have been studied in a wide variety of biological applications such as migra-
tion patterns in ecological systems [I4] [55, [47] 26, [I5] and Patlak-Keller-Segel (PKS) models of chemotaxis
[25] [49, 27, B3], B6]. Diffusion is generally included in these models to account for the dispersal of organisms.
Classically, linear diffusion is used, however recently, there has been a widening interest in models with de-
generate diffusion to include over-crowding effects [55] [I5]. The parabolic-elliptic PKS is the most widely
studied model for aggregation, where the nonlocal effects are modeled by convolution with the Newtonian
or Bessel potential. On the other hand, in population dynamics, the nonlocal effects are generally modeled
with smooth, fast-decaying kernels. However, all of these models are describing the same mathematical phe-
nomenon: the competition between nonlocal aggregation and diffusion. For this reason, we are interested
in unifying and extending the local and global well-posedeness theory of general aggregation models with
degenerate diffusion of the form

ug + V- (u) = AA(u) in[0,T) x D, (la)
U=VK=xu. (1b)

Mathematical works most relevant this paper are those with degenerate diffusion [8] 52, 53| 54} [1T], 35 [34]
and those from the classical PKS literature [31} 24] 13| [12]. See also [32].

Existence theory is complicated by the presence of degenerate diffusion and singular kernels such as the
Newtonian potential. Bertozzi and Slepcev in [8] prove existence and uniqueness of models with general
diffusion but restrict to non-singular kernels. Sugiyama [54] proved local existence for models with power-
law diffusion and the Bessel potential for the kernel, but uniqueness of solutions was left open. We extend
the work of [8] to prove the local existence of with degenerate diffusion and singular kernels including
the Bessel and Newtonian potentials. The existing work on uniqueness of these problems included a pri-
ori regularity assumptions [35] or the use of entropy solutions [15] (see also [18]). The Lagrangian method
introduced by Loeper in [44] estimates the difference of weak solutions in the Wasserstein distance and is
very useful for inviscid problems or problems with linear diffusion [43] [6 2I]. In the presence of nonlinear
diffusion, it seems more natural to approach uniqueness in H !, where the diffusion is monotone (see [56]).



This is the approach taken in [4 8], which we extend to handle singular kernels such as the Newtonian
potential, proving uniqueness of weak solutions with no additional assumptions, provided the domain is
bounded or d > 3. The new insight is using a more refined estimate to handle the lower regularity of VK *u,
similar to the traditional proof of uniqueness of LN L>-vorticity solutions to the 2D Euler equations [59, 45].

There is a natural notion of criticality associated with this problem, which roughly corresponds to the bal-
ance between the aggregation and diffusion. For problems with homogeneous kernels and power-law diffusion,
K=c \a?|27d and A(u) = u™, a simple scaling heuristic suggests that these forces are in balance if m =2—2/d
[11]. If m > 2 — 2/d then the problem is subcritical and the diffusion is dominant. On the other hand, if
m < 2—2/d then the problem is supercritical and the aggregation is dominant. For the PKS with power-law
diffusion, Sugiyama showed global existence for subcritical problems and that finite time blow up is possible
for supercritical problems [54, [53] [52]. We extend this notion of criticality to general problems by observing
that only the behavior of the solution at high concentrations will divide finite time blow up from global
existence (see Definition @ We show global well-posedness for subcritical problems and finite time blow up
for certain supercritical problems.

If the problem is critical, it is well-known that in PKS there exists a critical mass, and solutions with larger
mass can blow up in finite time [13], BT [0, 24, 12, [16], 0T, (2 (53]. For linear diffusion, the same critical
mass has been identified for the Bessel and Newtonian potentials [I3] [16]; however for nonlinear diffusion,
the critical mass has only been identified for the Newtonian potential [11]. In this paper we extend the free
energy methods of [IT, 24, [12] to estimate the critical mass for a wide range of kernels and nonlinear diffusion,
which include these known results. For a smaller class of problems, including standard PKS models, we show
this estimate is sharp.

The problem is formally a gradient flow with respect to the Euclidean Wasserstein distance for the free
energy

F(u(t)) = S(u(t)) = Wlu(t)), (2)

where the entropy S(u(t)) and the interaction energy W(u(t)) are given by
S(u(t) = [ @(u(e. )ds,
Wv) =5 [ [ uw e - yyuty,dody.

For the degenerate parabolic problems we consider, the entropy density ®(z) is a strictly convex function
satisfying

3"(z) = A/iz)7 3'(1) =0, @(0)=0. (3)

See [20] for more information on these kinds of entropies. Although there is a rich theory for gradient flows
of this general type when the kernel is regular and A-convex [46, [3, [19], the kernels we consider here are
more singular and the notion of displacement convexity introduced in [46] no longer holds. Although the
rigorous results of the gradient flow theory may not be applicable, the free energy is still the important
dissipated quantity in the global existence and finite time blow up arguments. The free energy has been used
by many authors for the same purpose, see for instance [52] 13, 111, 5, 12]. For the remainder of the paper we
only consider initial data with finite free energy, although the local existence arguments may hold in more
generality.

There is a vast literature of related works on models similar to . For literature on PKS we refer the
reader to the review articles [30] 29]; see also [28] [23], [16] for parabolic-parabolic Keller-Segel systems. For
the inviscid problem, see the recent works of [37, [Bl [l [6L [T9]. For a study of these equations with fractional
linear diffusion see [38, 39, [0]. When the diffusion is sufficiently nonlinear and the kernel is in L!, may be
written as a regularized interface problem, a notion studied in [50]. Critical mass behavior is also a property
of the marginal unstable thin film equation [58, [7] and the mass-critical nonlinear Schrédinger equation [57].



Outline of Paper. In Section 1 we state the relevant definitions and notation. Furthermore, we give a summary
of the main results but reserve the proofs for subsequent sections. In Section 2 we prove the uniqueness result.
Local existence is proved in Section 3. The first result is proved on bounded domains in d > 2 and the second
is proved on all space for d > 3. In Section 4 we prove a continuation theorem. The global well-posedness
results are proved in Section 5. In addition, we prove a uniform boundedness theorem. Finally, in Section 6
we prove the finite time blow up results.

1.1 Definitions and Assumptions

We consider either D = R? with d > 3 or D smooth, bounded and convex with d > 2, in which case we
impose no-flux conditions

(—VA(u) +uVK*u)-v=0o0n 9D x [0,T), (4)
where v is the outward unit normal to D. We neglect the case D = R? for technicalities introduced by the

logarithmic potential.

We denote D := (0,7) x D. We also denote ||ul|, := |lu||L»(p) where LP is the standard Lebesgue space.
We denote the set {u >k} := {z € D : u(z) > k}, if S C R? then |S| denotes the Lebesgue measure and 1g
denotes the standard characteristic function. In addition, we use [ fdz := [ p fdr, and only indicate the
domain of integration where it differs from D. We also denote the weak LP space by LP**° and the associated
quasi-norm

1/p
1 Flre = (sup aPAf<a>) ,
a>0

where Af(a) = |[{f > a}| is the distribution function of f. Given an initial condition u(z,0) we denote its
mass by [u(z,0)dz = M. In formulas we use the notation C(p, k, M, ..) to denote a generic constant, which
may be different from line to line or even term to term in the same computation. In general, these constants
will depend on more parameters than those listed, for instance those associated with the problem such as
K and the dimension but these dependencies are suppressed. We use the notation f <, k... g to denote
f < C(p,k,..)g where again, dependencies that are not relevant are suppressed.

We now make reasonable assumptions on the kernel which include important cases of interest, such as when
K is the fundamental solution or Green’s function of an elliptic PDE. To this end we state the following
definition.

Definition 1 (Admissible Kernel). We say a kernel K is admissible if K € VVIIOC1 and the following holds:
(R) K eC3\ {0}
(KN) K is radially symmetric, K(z) = k(|z|) and k(]z|) is non-increasing.
(MN) k"(r) and ¥'(r)/r are monotone on r € (0,6) for some § > 0.
(BD) D2K(z) = O(|lz|” %) as |z| — 0, |z| > 0.
If the domain D = R? we must impose an additional decay requirement:
(D) D2K(z) = O(|z|™%) as z — .

These conditions imply that if IC is singular, the singularity is restricted to the origin. Note also, that the
Newtonian and Bessel potentials are both admissible for all dimensions d > 2; hence, the PKS and related
models are included in our analysis.

We now make precise what kind of nonlinear diffusion we are considering.

Definition 2 (Admissible Diffusion Functions). We say that the function A(u) is an admissible diffusion
function if:

(D1) A€ CH[0,00)) with A’(z) > 0 for z € (0, 00).



(D2) A'(z) > cfor z > z. for some ¢, z. > 0.
(D3) fol A(2)z7tdz < .

This definition includes power-law diffusion A(u) = uv™ for m > 1. Note that (ID3) requires the diffusion
to be degenerate at u = 0, however it is permitted to behave linearly at infinity. Furthermore, on bounded
domains condition (D3) can be relaxed without any significant modification to the methods. Following [§],
the notions of weak solution are defined separately for bounded and unbounded domains.

Definition 3 (Weak Solutions on Bounded Domains). Let A(u) and K be admissible, and ug(z) € L>(D)
be non-negative. A non-negative function w : [0,T] x D — [0,00) is a weak solution to if u € L*(Dr),
A(u) € L*(0,T, H'(D)), u; € L2(0,T, H-*(D)) and

/OT/u¢t dxdt = /UO($)¢(O,$)dx + /OT /<vA(u) —uVK *u) - Vo dudt, (5)

for all $ € C°°(Dr) such that ¢(T) = 0.

It follows that uVK *u € L?(Dr); therefore, definition [3|is equivalent to the following,
(w(©).) = [ (~VA@W) +uVKxw) - Vo . ()

for all test functions ¢ € H* for almost all t € [0,T]. Above (-,-) denotes the standard dual pairing between
H' and H~!. Similarly for R? we define the following notion of weak solution as in [§].

Definition 4 (Weak Solution in R, d > 3). Let A and K be admissible, and uo € L>=(R%) N L' (R%) be non-
negative. A function u : [0, T]xR?% — [0, 00) is a weak solution of (T]) if u € L>((0,T)xR¥)NL>(0, T, L*(R%)),
A(u) € L*(0, T, HY(RY)), uVK *u € L*(Dr), us € L*(0,T, H~*(R%)), and for all test functions ¢ € H'(R?)
for a.e t € [0, 7] (6) holds.

Since conserves mass, the natural notion of criticality is with respect to the usual mass invariant scaling
ux(z) = Mu(\z). A simple heuristic for understanding how this scaling plays a role in the global existence is
seen by examining the case of power-law diffusion and homogeneous kernel, A(u) = «™ and K(z) = |x|7d/ P

Under this mass invariant scaling the free energy becomes,
Flun) = X" 48 (u) — AMPW(u).

As A — oo, the entropy and the interaction energy are comparable if m = (p 4+ 1)/p. We should expect
global existence if m > (p + 1)/p, as the diffusion will dominate as u grows, and possibly finite time blow
up if m < (p+ 1)/p as the aggregation will instead be increasingly dominant. We consider inhomogeneous
kernels and general diffusion, however for the problem of global existence, only the behavior as u — oo
will be important, in contrast to the problem of local existence. Noting that |x|7d/ P is, in some sense, the
representative singular kernel in LP>>° leads to the following definition. This critical exponent also appears
indirectly in [42].

Definition 5 (Critical Exponent). Let d > 3 and K be admissible such that K € L}>° for some d/(d —2) <
p < co. Then the critical exponent associated to K is given by

s _pt1

1<m <2-2/d.

If D2K(z) = O(|z|?) as & — 0, then we take m* = 1.
Remark 1. The case m* = 1 implies at worst a logarithmic singularity as  — 0 and if d = 2 then all
admissible kernels have m* = 1.

Now we define the notion of criticality. It is easier to define this notion in terms of the quantity A’(z), as
opposed to using ®(z) directly.



Definition 6 (Criticality). We say that the problem is subcritical if

lim inf —5 = 00,
2—00 ZM —1
critical if o
z
0 < lim inf # < 00,
z—00 zM*—1
and supercritical if
Az
lim inf # =0.
2—00 gM*—1

Notice that in the case of power-law diffusion, A(u) = «™, subcritical, critical and supercritical respectively
correspond to m > m*,;m = m* and m < m*. Moreover, in the case of the Newtonian or Bessel potential,
m* =2 — 2/d and the critical diffusion exponent of the PKS models discussed in [53] [52] [I1] is recovered.

1.2 Summary of Results

The proof of local existence follows the work of Bertozzi and Slepcev []], where is approximated by a
family of uniformly parabolic problems. The primary new difficulty, due to the singularity of the kernel, is
obtaining uniform a priori L* bounds, which is overcome here using the Alikakos iteration [2]. Solutions are
first constructed on bounded domains.

Theorem 1 (Local Existence on Bounded Domains, d > 2). Let A(u) and K(x) be admissible. Let ug(x) €
L (D) be a non-negative initial condition, then has a weak solution u on [0,T] x D, for some T > 0.
Additionally, w € C([0,T); LP(D)) for p € [1,00).

In dimensions d > 3 we also construct local solutions on R¢ by taking the limit of solutions on bounded
domains.

Theorem 2 (Local Existence in R, d > 3). Let A(u) and K(z) be admissible. Let ug(x) € L (R%)N LY (RY)
be a non-negative initial condition, then has a weak solution u on R, for some T > 0. Additionally,
u € C([0,T); LP(RY)) for all 1 < p < oo and the mass is conserved.

The free energy is a dissipated quantity for weak solutions and is the key tool for the global theory.

Proposition 1 (Energy Dissipation). Weak solutions to satisfy the energy dissipation inequality for a.e.
t

Flu(t)) +/0 /%|A'(U)Vu — VK «ul” dadt < Flug(z)). (7)

As in [§], uniqueness holds on bounded, convex domains in d > 2 or on R for d > 3. The proof also holds
for more general diffusion (e.g. fast diffusion) or no diffusion at all.

Theorem 3 (Uniqueness). Let D C R? for d > 2 be bounded and convex, then weak solutions to are
unique. The conclusion also holds on R? ford > 3.

We also prove the following continuation theorem, which generalizes similar theorems used in for instance
[13, I1]. The proof follows the well known approach of first bounding intermediate LP norms and using
Alikakos iteration [2] to conclude the solution is bounded in L™ (for instance, see [34, [54] [1T], 22| 3T, [13]).

Theorem 4 (Continuation). The weak solution to has a maximal time interval of existence T, and either
T, =00 orT, < oo and

lim ||ul|, = oo,

Jim [ull

for all (2—m)/(2 —m*) < p < oo. Here m is such that 1 < m <m* and liminf, ., A'(2)z!=™ > 0.



For the case m* = 2—2/d, Blanchet et al. [11] identified the critical mass for the problem with the Newtonian
potential, K = cq |z|* 2, and A(u) = u™. The authors show that if M < M, then the solution exists globally
and if M > M, then the solution may blow up in finite time. There M, is identified as

1/(2—m™)
2
M. = (d—2)/d '
(m* —1)Cocqwy

where wy is the volume of the unit sphere in R% and Cj is the best constant in the Hardy-Littlewood-Sobolev
inequality given below in Lemma [ It is natural to ask the same question for more general cases. In this
work we generalize these results to include inhomogeneous kernels and general nonlinear diffusion. First, we
state the generalization of the finite time blow up results.

Theorem 5 (Finite Time Blow Up for Critical Problems: m* > 1). Let K and A(u) be admissible and satisfy
(B1) K(z) = c|x\2_d/’y + 0(|x\2_d/7) as x — 0 for some ¢ >0 and 1 <y < d/2.
(B2) z-VK(z) < (2 —d/y)K(z) + Cy + Cy |z|* for all z € R?, for some Cy,Cy > 0.
(B3) A'(z) =mAz™"1 +0o(2™71) as 2 — oo for some m >1,A > 0.
(B4) A(z) < (m —1)®(z) for all z> R, for some R >0 .
Suppose the problem is critical, that is m =m* =1+ 1/y —2/d. Then the critical mass M. satisfies

o ( - >1/<2m*>

‘ (m* — I)Cocwgd/7_2)/d 7

and for all M > M, there exists a solution to which blows up in finite time with ||uglly = M.

Theorem 6 (Finite Time Blow Up for Supercritical Problems). Let K satisfy (B1) and (B2) in Theorem/[3
for some v, 1 <~y < d/2 and A(u) satisfy (B3) and (B4) in Theorem[j with 1 <m < m* =1+ 1/y —2/d.
Then for all M > 0 there exists a solution which blows up in finite time with |lugl1 = M.

The Newtonian and Bessel potentials both satisfy these conditions (Lemma 2.2, [52]), and so the results apply
to PKS with degenerate diffusion. However, condition (B2) is somewhat restrictive, as it does not allow the
homogeneity to be violated severely in the limit # — 0. Power-law diffusion satisfies conditions (B3) and
(B4); however, (B4) is also restrictive, for example, A(u) = u™ —u for u large does not satisfy the condition.

The accompanying global existence theorem is significantly more inclusive than the blow up theorems, both
in the kinds of kernels and nonlinear diffusion considered. As in Theorem [5] the estimate of the critical mass
only depends on the leading order term of an asymptotic expansion of the kernel at the origin and the growth
of the entropy at infinity. The approach used here and in [I1, [I3] relies on using the energy dissipation
inequality and the continuation theorem (Theorem . The third key component is an inequality which
relates the interaction energy W(u) to the entropy S(u). For m* > 1 this is the Hardy-Littlewood-Sobolev
inequality given in Lemma In this case, the estimate of the critical mass is given by .

Theorem 7 (Global Well-Posedness for m* > 1). Suppose m* > 1. Then we have the following:
(i) If the problem is subcritical, then the solution exists globally (i.e. T, = c0).

(i) If the problem is critical then there exists a critical mass M, > 0 such that if |uoll1 = M < M., then
the solution exists globally. The critical mass is estimated below in .

Proposition 2 (Critical Mass For m* > 1). If K =c¢ |x|27d/v + 0(|x\27d/7) as x — 0 for some ¢ > 0 and ~,
1<y <d/2, then M, satisfies,

> _ .
lim 20 _ @cwfid” D/dppa-m* _ . (8)

z—o00 zZMm 2

If ¢ =0 or lim, .. ®(2)2~™ = oo then we define M. = co. Note that m* =1+ 1/y —2/d.



Remark 2. Note that || \a:|27d/7 lLp.o = w((id/’y_Q)/d.

Remark 3. By Lemma if K ¢ Lfo/c(d/W_Q)’oo for some 1 < v < d/2 then 34, C > 0 such that Vz, |z| < 4,
K(z)<C |x\2_d/ 7. Therefore, if the kernel does not admit an asymptotic expansion as in Proposition [2} the
critical mass M, can be estimated by,

lim (2)

*
z—oo0 zZMm

_ %ch(ld/’Y_Q)/dMgfm* —0.

Remark 4. Note, lim, o, ®(2)z~"" is always well-defined but is not necessarily finite unless

1—m*

lim sup A'(z)z < 0.

zZ—00

If the problem is critical then necessarily lim, o, ®(z)z=™" > 0 so there always exists a positive mass which
satisfies . Moreover, if the problem is subcritical then necessarily lim,_. o, @(z)z_m* = o0.

The case m* = 1 is analogous to the classical PKS problem in 2D, where linear diffusion is critical. For the
2D PKS, the critical mass is given by M, = 8 for both the Newtonian and Bessel potentials [I3] [16]. In this
work we treat the m* = 1 case for d > 2 on bounded domains, recovering the critical mass of the classical
PKS, although (D3) technically requires the diffusion to be nonlinear and degenerate. The case d > 3 and
m* =1 is approached in [32], but the optimal critical mass is not identified. Our estimate is given below in
@. As above, the critical mass only depends on the asymptotic expansion of the kernel at the origin and
the growth of the entropy at infinity. We first state the analogue of Theorem

Theorem 8 (Finite Time Blow Up for Critical Problems m* = 1). Let D be a smooth, bounded and convex
domain and d > 2. Suppose K satisfies

(C1) K(z) = —cln|z| + o(In|z|) as x — 0 for some ¢ >0 .
(C2) z-VK(z) < —c+ Clz| for all z € RY, for some C >0 .
(C3) A(z) < Az for some A > 0.

Then the critical mass M, satisfies

c
and for all M > M, there exists a solution which blows up in finite time with ||uglly = M.

The corresponding global existence theorem includes more general kernels and nonlinear diffusion. The proof
is similar to Theorem [7} except that the logarithmic Sobolev inequality (Lemma [5]) is used in place of the
Hardy-Littlewood-Sobolev inequality.

Theorem 9 (Global Well-Posedness for m* = 1 on Bounded Domains). Suppose m* =1 and d > 2, let D
be bounded, smooth and convex. Then we have the following:

(i) If the problem is subcritical, then the solution exists globally.

(i) If the problem is critical then there exists a critical mass, M. > 0, such that if ||uoll1 = M < M., then
the solution exists globally. The critical mass is estimated below in

Proposition 3 (Critical Mass for m* = 1 on Bounded Domains). If K(z) = —cln|z| + o(Inz|) asz — 0
for some ¢ > 0, then M. satisfies,

D(z) ¢
oo zlnz | 2d e =0 ©)

Ifc=0 orlim, . ®(2)(zInz)~! = co then we define M, = co.

Remark 5. By (BD) and (MN), 3§,C > 0 such that Vz, |z| < §, K(z) < —C'lnz. Therefore, if the kernel
does not have the asymptotic expansion required in Proposition [3|then the critical mass M. may be estimated
as,

. () C

| - —M,=0.

5 zlnz 2d 0




Remark 6. These theorems include many known global existence and finite time blow up results in the
literature including [53] 52, 63, [8, 111, B4]. Our main contributions to the existing theory is the unification of
these results and the estimate of the critical mass for inhomogeneous kernels and general nonlinear diffusion.
In the case of the Newtonian potential Blanchet et al. showed in [I1] that solutions at the critical mass also
exist globally. See [24] 10, [12] for the corresponding result for classical 2D PKS.

The entropy could potentially control higher norms than L™ and so the energy dissipation inequality may
be used assert that the solution cannot grow as t — oo.

Theorem 10 (Uniform Boundedness). Let u be a global solution to and let m > 1 such that m > m*
and lim,_, o, ®(2)z=™ > 0. Suppose that any of the following conditions are satisfied:

(i) m>d,

(ii) D%KC € LP for some p satisfying
dm

__an 10
dmtm—d P (10)

(iii) VIC € L®, for some s satisfying 1 < s/(s —1) <m.

then u € L*>((0,00) x D).

1.3 Properties of Admissible Kernels

Definition [I] implies a number of useful characteristics which we state here and reserve the proofs for the
Appendix First, we have that every admissible kernel is at least as integrable as the Newtonian potential.

Lemma 1. Let K be admissible. Then VK € L4/ (d=1),00 If d > 3, then K € L4/(d=2),00

In general, the second derivatives of admissible kernels are not locally integrable, but we may still properly
define D% * u as a linear operator which involves a Cauchy principal value integral. By the Calderén-
Zygmund inequality (see e.g. [Theorem 2.2 [51]]) we can conclude that this distribution is bounded on LP for
1 < p < oo. The inequality also provides an estimate of the operator norms, which is of crucial importance
to the proof of uniqueness.

Lemma 2. Let K be admissible and ¥ = VI xu. Then Vp, 1 < p < oo, 3C(p) such that [|VV|, < C(p)||lullp
and C(p) Sp for 2 < p < oo.

One can further connect the integrability of the kernel with the integrability of the derivatives at the origin,
which provides a natural extension of Lemma [2] through the Young’s inequality for LP->°.

Lemma 3. Let d > 3 and K be admissible. Suppose 7 is such that 1 < v < d/2. Then K € L?O/C(d/v_z)’oo
if and only if D?K € L];>°. The same holds for VK € L;io/c(d/’y_l)’oo. In particular, m* =1+ 1/y — 2/d for
some 1 < < d/2 if and only if DK € L)>>°. Moreover, m* = 1 if and only if D*K € L;io/cz’oc

loc

The following lemma clarifies the connection between the critical exponent and the interaction energy.
Lemma 4. Consider the Hardy-Littlewood-Sobolev type inequality, for all f € LP, g € LY and K € L% for
1< p,q,t<oo satisfying 1/p+1/q+ 1/t =2,

[ [ @t - pasas] < 1ol Kl (1)

See [40]. In particular, let K be admissible and m* > 1. Then for all u € L' N L™ and K € L

loc 7
[ s ude < Gl e [l Tl + o) ol (12)

Here Cy is taken to be the best constant for which this inequality holds for all u and K (see for instance

43, [42))-



If m* =1 then we will need the logarithmic Sobolev inequality, as in for instance [24] [12].

Lemma 5 (Logarithmic Sobolev inequality [I7]). Let d > 2 and 0 < f € L' be such that | [ fIn fdz| < co.
Then,
1/ 1l

- [ @@ - sldedy < R [ g+ e, (13)
R4 xR4 R4

2 Uniqueness

We now prove the uniqueness of weak solutions stated in Theorem [3]

Proof. (Theorem |3)) The proof follows [4][8] and estimates the difference of weak solutions in H !, motivated
by the fact that the nonlinear diffusion is monotone in this norm [56]. To this end, if the domain is bounded,
we define ¢(t) as the zero mean strong solution of

A¢(t) = u(t) — v(t) in D (14)
Vo(t)-v =0, on 0D, (15)

where v is the outward unit normal of D. If the domain is R? for d > 3, we let ¢(t) = —N * (u — v) where N/
is the Newtonian potential. In either case, by the integrability and boundedness of weak solutions u(t) and
v(t) we can conclude ¢(t) € L>(D7) N C([0,T); HY), Vo(t) € L (Dr) N L?(Dr) and ¢; solves,

A¢t = 3tu - ('9251).

Then since |[u(t) — v(t)||g-1 = [|[Vo(t)]|2, we will show that |[Vé(t)||2 = 0. During the course of the proof,
we integrate by parts on a variety of quantities. If the domain is bounded, then the boundary terms will
vanish due to the no-flux conditions ,. Moreover the computations are justified as VK xu, VA(u), VI
v,VA(v),V¢ € L?*(Dr).

By the regularity of ¢(¢) and the no-flux boundary conditions , we have possibly up to a set of measure
zero,

%% / Vo) de =< Vo(t), 0V o(t) >
= — < wu(t) — Ow(t), P(t) > .

Therefore, using ¢(¢) in the definition of weak solution we have,

%% / IVo(t)|* dz = / (VA(u(t)) = VA(v(t))) - Vo(t)dz

— /(u—v)(VlC*u) - Vodx
—/v(VlC*(u—v))-V(bdx.
= Il+I2+13.

We drop the time dependence for notational simplicity. Since A is increasing, we have the desired monotonicity
of the diffusion,

n=- / (A(u) — A(w)) (1 — v)da <0,

We now concentrate on bounding the advection terms.

By computations found in [§], the following bound holds,

I §/|D2K*u| Vol da.



In those computations, the convexity of D and the monotone attraction of the kernel (KN) is used to imply

VK xu-vdS <0,
oD

which is necessary to account for boundary terms arising from integration by parts. By Holder’s inequality,
Lemma [2 and V¢ € L>(Dr) for p > 2,

(r=1)/p

) ) (r—1)/p
< pllull, [Vl ( [l dx>

(p—1)/p
<p (/ V¢>|2dx> ,

where the implicit constant depends only on the uniformly controlled LP norms of u and v.

As for I3, we compute as in [8]. By the computations in the proof of Lemma [2| we may justify integration by
parts on the inside of the convolution, that is for all p, 2 < p < oo,

I3 [ okt = yy6dsly 5, 199,
J

Applying this inequality for p = 2 and Cauchy-Schwarz implies,
Iy S o]l IV 913

Letting n(t) = [ |Vo(t)|* dz, we get the differential inequality,

d

(1) < Cpmax(n(t)' 7, n(1)),

where C again depends only on the uniformly controlled L? norms of w,v. The differential equality does not
have a unique solution, but all of the solutions are absolutely continuous integral solutions bounded above by
the maximal solution 7j(¢). By continuity, for ¢ < 1/C the maximal solution is given by 7j(¢t) = (Ct)?, hence,

n(t) <7(t) = (Ct)".
For t < 1/(2C) we then have
n(t) <7(t) <277,

and we take p — oo to deduce that for a.e.t € [0,1/(2C)), n(t) = 0, therefore the solution is unique. This
procedure may be iterated to prove uniqueness over the entire interval of existence since the time interval
only depends on uniformly controlled norms. O

3 Local Existence

3.1 Local Existence in Bounded Domains

Let A(z) be a smooth function on R* such that A’(z) > 5 for some > 0. In addition, let @ be a
given smooth velocity field with bounded divergence. Classical theory gives a global smooth solution to the
uniformly parabolic equation

ur = AA(u) — V - (ud) (16)
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(see [41]). The solutions obey the global L* bound

lull o iy < Nl iy €l = lleiom (17)

We take advantage of this theory to prove existence of weak solutions to by regularizing the degenerate
diffusion and the kernel. Consider the modified aggregation equation

uS = AA“(uS) — V - (uf (VT *us)), (18)

with corresponding no-flux boundary conditions . We define

A%(z) = / i (2)dz, (19)

where al(z) is a smooth function, such that A’(z) + € < al(z) < A’(z) + 2¢, and the standard mollifier is
denoted J.v. We first prove existence of solutions to the regularized equation , this is stated formally in
the following proposition.

Proposition 4 (Local Existence for the Regularized Aggregation Diffusion Equation). Let ¢ > 0 be fized
and ug(x) € C(D), then has a classical solution w on Dy for allT > 0.

We obtain the proof of Proposition {4| directly from Theorem 12 in [§]. The proof requires a bound on
VA€ 12(p,y, for some T' > 0. We state this lemma for completeness but reference the reader to [§] for a
proof.

Lemma 6 (Uniform Bound on Gradient of A(u)). Let e > 0 be fized and u® € L>(Dr) be a solution to (18).
There exists a constant C' = C(T, [VILK * u’|| oo py » |u°]l ) such that:

IVA (@) L2 (pyy < C- (20)

Remark 7. The estimate given by is independent of e.

Proposition [4| gives a family of solutions {u¢}eso. To prove local existence to the original problem we first
need some a priori estimates which are independent of e. Mainly, we obtain an independent-in-e¢ bound on
the L* norm of the solution and the velocity field. This is the main difference in the local existence theory
from [8]. Due to the singularity of the kernels significantly more is required to obtain these a priori bounds.
We first state a lemma, due to Kowalczyk [34]. The Alikakos iteration is used in the proof [2], and is easily
adapted to dimensions d > 2 and R? (see Appendix .

Lemma 7 (Iteration Lemma). Let 0 < T < oo and assume that there exists a ¢ > 0 and ue > 0 such that
Al(u) > ¢ for all w > ue. Then if VK xul||, < Cy on [0,T] then |jul|, < C2(Cr)max{1, M, |juo||} on the
same time interval.

Lemma 8 (L* Bound of Solution). Let {u} . be the classical solutions to on Dr, with smooth, non-
negative, and bounded initial data Jeug. Then there exists C' = C(|Jugl|1, ||uolloo) and T = T(|luoll1, ||uollp)
for any p > d such that for all e > 0,

[ () poo(py < C (21)
for allt €10,T7.

Proof. For simplicity we drop the e. The first step is to obtain an interval for which the LP norm of u is
bounded. Following the work of [31] we define the function u§ = (u® — k)4, for k& > 0. Due to conservation
of mass the following inequality provides a bound for the LP norm of u given a bound on the LP norm of wug,

lully < C) KR ully + [lur)- (22)

11



We look at the time evolution of [luy ||, and make use of the parabolic regularization (19).
Step 1:
Dl = p [V - (VA (1) — uV T 5 ) i
dt Ellp = p k €
=-pp—1) / AV, - Vudz — p(p—1) /uuz%VJEIC *u dx.
4p—1 2
—%)/A’(u) ‘Vuiﬂ‘ dx + p(p — 1)/u£_1Vuk -VIK *u dx
+kp(p—1) /uiiQVuk -VIK *u dz,
where we used the fact that for [ > 0
w(ug)' = (up)' ™ + k. (23)

Hence, integrating by parts once more gives

4(p—1 2
% |uglh < M/A'(u) ‘Vuz/z‘ dx — (p — 1)/U£A\7€IC * udx — kp/ug_lAjelC * udz
p

2
< —C)[A (@) [V do -+ Co) luall s AT ull 4y + COIE [unll ™ AT
< —C(p)[A(u) |V p2[*g +C(p) (luellyty + lllpy) + Co)k (llully + llul?
< P u) |V, T p) (llunllpry + llull P ug |, 4 llull, ) -
In the last inequality we use Lemma [2| Now, using we obtain that

d 2|2

G lall do < ~C)[a(w) [Vl do + O a2+ Cou ) unl ] + ok ).

An application of the Gagliardo-Nirenberg-Sobolev inequality gives that for any p such that d < 2(p+1) (see
Lemma [17|in the Appendix):

(3}

p+1
p+1 ~

up/2‘

[[ul ull,? :

W1,2

where a; = d/p, as = 2(p+1) —d. From the inequality a"b('=") < ra+ (1 —7)b (using that a = § HUP/QH;/L?

and r = ay/2) we obtain

1 2
+1
lullZ3 S 557 lullg? + o2 || Ve’ + o fuls.

Above 81, B2 > 1. For k large enough we have that A’(u) > ¢ > 0 over {u > k}; hence, if we choose ¢ small
enough we obtain the final differential inequality:

d

5 I1ull S Cp) lurlly? + C(p, ki, 76) l[ug |5 + C(p, b, [luoll)- (24)
The inequality in turns gives a T, = T'(p) > 0 such that |luy|, is bounded on [0,T}]. Inequality
gives that [|u||, remains bounded on the same time interval. Next we prove that the velocity field is bounded
in L°°(D) on some time interval [0, 7]. This then allows us invoke Lemma [7] and obtain the desired bound.
Step 2:
Since VK € L} . we have for all p > 1, uniformly in z¢ € D,

loc

191l Lo (81 (@o)npy = IVE * ull Lo (8, (2D S llullp-
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By Lemma 2] we also have, for all p,1 < p < oo,
IV3ll, = [ DK = ull, < Jlullp.

By Morrey’s inequality we have ¢ € L>°(Dr) by choosing some p > d, and Lemmamconcludes the proof. Note
that the bound depends on the geometry of the domain through the constant on the Gagliardo-Nirenberg-
Sobolev inequality (Lemma . However, this constant is related to the regularity of the domain, and not
directly to the diameter of the domain. O

In addition to the a priori estimates the proof of Theorem [1| requires precompactness of {u¢}.~o in L*(Dr).

Lemma 9 (Precompactness in L'(27)). The sequence of solutions obtained via Proposition |4, {uc}eso,
which exist on [0,T), is precompact in L*(Dr).

The proof of Lemma |§| follows exactly the work in [8]. The key is to prove that the sequence satisfies the
Riesz-Frechet-Kolmogorov Criterion. This relies on the fact that ||A(u®)||z2(0,7;m1(p)) < C uniformly.

Proof. (Theorem [1]) For a given € > 0, if we regularize the initial condition u§(z) = Jeuo(x), Proposition [4]
gives a solution u° to . Furthermore, the proof of Proposition [4| and Lemma [§| gave uniform-in-e bounds
on [|A“(wW)l r2(0, 7,711 (py)» 14l oo (g @0 ([l 120 7, 11-1(py)- By Lemma/8] all solutions exist on [0, 7], with
T independent of e. Also, recalling that A¢(z) > A(z) and a’(z) > A'(z) gives that

||A(u€)||L2(O,T,H1(D)) <,

where C is independent of €. Since L?(0,T, H'(D)) is weakly compact there exists a p such that some
subsequence of {u} ., converges weakly, i.c A(u) — p in L?(0,T, H*(D)). Precompactness in L' implies
strong convergence of u% to some u € L'(Dr); therefore, A(u) = p. In fact, the L>(Dr) bound on u% gives
strong convergence in L?(Dr), for 1 < p < oo, via interpolation. Also, Young’s inequality gives

w9V T, K *u — uVEK * uHLl(DT) < lJull g (g [V T, K xu = VE = uHLl(DT)
T R T

< (Il oy IVK Ny + 19554 e ) 16 = gy - (25)

Therefore, by interpolation u satisfies (5)). Furthermore, we obtain that u € C([0,T]; H~'(D)). To prove
that u(t) is continuous with respect to the weak L? topology one uses standard density arguments. Since
D is a bounded, u is therefore also continuous in the weak L' topology. To prove continuity in the strong
L? topology we define F(z) = foz A(s)ds and show that it is continuous in the strong L' topology. Indeed,
Lemma |14]in the Appendix, see [§] for a proof, gives

lim

t+h
= lim/ < ur, A(T) > dr. (26)
h—0 t

h—0

/(F(u(t)) — F(u(t+ h))) dx

Recall that [|A(u)|| Lo (py) < A(l|ullLe(py)) and so A(u) € L2(0,T, H~*(D)). Therefore, the left hand side of
(26]) goes to 0 as h — 0. Now, we can invoke Lemmain Appendix, [8], to obtain that v € C([0,T]; L?(D)).
Using interpolation the L* bound of u gives that v € C([0,T]; L?(D)), for 1 < p < oo. O

3.2 Local Existence in R?

Now we consider solutions to in R? for d > 3. We obtain such solution by taking the limit of the solutions
in balls centered on the origin with increasing radius n, denoted by B,,.

Proof. (Theorem Let B,, be defined as above and consider the truncation of the initial condition on B,,,
i.e. u} =1p,ug. By Theorem|I] we have a family of solutions {u, },~0 on By, for all t € [0, T]. Define a new
sequence, {y,}n>0, where @, is the zero extension of u,. The previous work for bounded domains gives the
uniform bounds

13



lnll e mg) <O, (27)
HVA(ﬁn)HB(RdT) < Cy. (28)

The bounds may be taken independent of n since the constant in the Gagliardo-Nirenberg-Sobolev inequal-
ity, Lemma|[I7] does not depend directly on the diameter of the domain and may be taken uniform in n — oc.

Therefore, there exist u,w € L?*(R%) for which @, — u and VA(@,) — w in L?(R%). Furthermore,
implies ||uHLoo(RdT) < Cy. Precompactness of {4}, in L' (B,) for fixed n > 0 and Theorem 2.33 in [1] gives

that {@, }n>0 is precompact in L}, (R%). Therefore, up to a subsequence, not renamed, i, — u in L, (R%);

thus, w = VA(u). Also, the L> bound gives that @, — u in L} (R?) for 1 < p < oco.
In addition, we have the estimate
[0y, VIC ﬁn”m(Rg) < ||VK « ﬁn“LOO(]R%) ”anHL?(RE}) : (29)

Therefore, we can extract a subsequence that converges weakly to some w; € L?(R%). Since ulp, €
L>(0,T, LY (R%)) and ulp, / u by monotone convergence u € L>(0,T, L'(R%)). Once again, from the
estimates performed in the bounded domains @, VK * @i, — uVK *u in L}, (R%). Therefore, we can identify
w1 = uVEK * u.

We now show that u € C([0,T]; L}, .(R%)), which we know to be true, implies that v € C([0,T]; L*(D)).

loc

Let t,, — t € [0,7T] then for all R > 0 we have,

/|u(tn) —u(t)| dx = /B lu(tn) — u(t)| dx +/ lu(ty) — u(t)| d. (30)

R4\ Bp

The first term on the right hand side of can be bounded by €/2, provided n is chosen large enough,
since u € C([0,T); L}, .(R%)). To bound the second term we first show that A(u) € L'(R%). By (D3) we

loc

can deduce lim, .o A(z)z~! = 0. Then, for & > 0 there exists some 0 < C}, < oo such that if z < k then
A(z) < Cz. Hence,

A(u)dx = A(u)dz A(u)dz
< CM + A(JJul|so)Aa (k) < o0o.

Therefore, [[A(u)|[p1(re) < C(M, [|ufloc)T. Now, let w(z) be a smooth radially-symmetric cut-off function
with w(z) = 0 for |z| < 1/2 and w(z) = 1 for |z| > 1. Then consider the quantity, Mp(t) = [uw(z/R)dz.
Then formally,

%MR(t) = %/uv - (Vw)(z/R)dx + %/A(u)(Aw)(z/R)dm

Estimating terms in L*> gives,

d [vllooflully 1 /
Mg(t) < A(u)dz.
aMr S TR e | Alwde

Formally, then
Mpg(t) £ Mp(0) + M|[v|| 10,60y R+ AW || £r (0,0 xray B2 (31)

Since A € L'((0,t) x R%) and Mr(0) — 0 as R — oo, by choosing R sufficiently large, the last term of
can be bounded by €/2. Hence, implies that u € C([0, T]; L*(R?)). Furthermore, via interpolation we obtain
that u € C([0,T]; L?(R?%)) for 1 < p < o0.

Conservation of mass can be proved similarly using a cut-off function w(x) =1 for |z| < 1/2 and w(z) =0
for || > 1, see the proof of Theorem 15 in [§] for a similar proof. O
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We are left to prove the energy dissipation inequality . As expected, the approach is to regularize the
energy and take the limit in the regularizing parameters.

Proof. (Proposition [1) Define

h(u) = /1u Als) ds,

S

then ®(u) = fou h(s)ds. The regularized entropy is defined similarly with a(u), as defined in (19), taking
the place of A’(u). Given a smooth solution u¢ to one can verify,

Fe(us(t)) + /0 / % laL(u®)Vu® — u* VI * u? dedr = F.(u(0)). (32)

Here F.(u(t)) denotes the free energy with the regularized entropy and kernel. Once again we take the limit
€ approaches zero to obtain . We first show that the entropy converges.

Step 1: The parabolic regularization gives

h(z) +elnz < h(z) <h(z)+2elnz forl <z,
h(z) +2elnz < he(z) <HW(2)+elnz forz <1.

Therefore, writing ®(u) = fol h(s)ds+ [;" h(s)ds one observes that
O(u) —2¢ < O (u) < P(u) + 2e(ulnu) ;. (33)

This will allow us to show convergence of the entropy. In fact,

’/@E(ue) — ®(u)dz

< [10w) - o)l do+ [ fo(u) - o) do

< 26/(1 + u® lnue)+dx + ||(DHCl([0’”ueHOO]) / |u€ — u| dx.
< 2¢ (|D] + [ nuf|oo [[ug]l1) + Cllu® = ull-

1

Conservation of mass, boundedness of smooth solutions, and precompactness in L,

subsequence, such that as ¢; — 0,

imply there exists a

/<I>Ej (uf)dz — /@(u)dw.
Step 2: To show convergence of the interaction energy we need that for a.e t € (0,T)
/ WD) T (#)da — / W(t)K % u(t)da. (34)

Since K € L},.(D) we know that ||K * ul|; . is bounded; hence, replacing VK with K in gives the desired
result. Finally, we are left to deal with the entropy production functional.

Step 3 From Lemma 10 in [20],
1 1
/ - |A"(u)Vu — uVK * u\Q dzx <lim i[I)lf/ w lal(u®)Vu® — u VI * u€|2 dz. (35)

We also note that this was proved in [8]. The proof of relies on a result due to Otto in [48], refer to
Lemmain the Appendix. In our case, u¢ € L'(Dr) and J, = VA (uf) — uVK * u¢ € L} (Dr). Further-

loc
more, up to a sequence not renamed, u¢ — v € L? and J, — J in L2, therefore, we can apply Lemma

For the energy dissipation estimate in R? we again consider the family of solutions {u,} to on B,
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(for simplicity let u, denote the zero-extension of the solutions). Since u,(0)1p, " u(0) by monotone con-
vergence we obtain that F(u,(0)) — F(u(0)). Noting that X € L%(@=2) allows us to make a modification
to and obtain that w,/C * u, — wkK *u in L? (R%). Furthermore, implies that u, K * u, — ulC xu

in L],.. We are left to verify the uniform integrability over all space. First note that Morrey’s inequality

implies
1K s i [| o, S VI 5 0| o 4 [[KC 5 ]|,

<NVE s ull oo + 1K Lasa-2.00 1unllap(atap) -

Hence, taking p sufficiently large we obtain that K x w,, is bounded in L>°(Dr). Therefore,

/ UK wpdr < ||K | o / updz.
R4\ By, R4\ By,

This fact along with gives that for any € > 0 there exists a k. sufficiently large such that for all £ > k.
/ U IC * Updr < €.
R\ By,

This gives convergence of the interaction energy. The result follows from the weak lower semi-continuity of
the entropy production functional and [ ®(u)dz in L2 O

4 Continuation Theorem

Continuation of weak solutions, Theorem [4] is a straightforward consequence of the local existence theory
and the following lemma, which follows substantially the recent work in [I1], 34} [13]. This lemma provides a
more precise version of Lemma [8 and has a similar proof.

Lemma 10. Let {u‘}, ., be the classical solutions to on Dr, with non-negative initial data Jcug.
Suppose there exists Ty, 0 < Ty < 0o, such that

sup lim  sup |(u®—k)i] 2=m =0, (36)
€>0 k=00 1£(0,Ty) 2—m?*

where m is such that 1 < m < m* and liminf, ., A'(2)z!=™ > 0. Then there exists C = C(M, ||uo]|oo, T)
such that for all € > 0,

sup  ||u(t)]loo < C.
t€(0,T0)

Proof. (Lemma Let g = (2 —m)/(2 —m*) > 1. We first bound intermediate LP norms over the same
interval, (0,75). Then we use Morrey’s inequality and Lemma [7|to finish the proof.
Step 1:

We have two cases to consider, m* = 2 — 2/d and m* < 2 — 2/d, which occurs if D?K € L};> for v > 1
(Lemmal3). In the former we show that for any p € (g, c0) we have u*(t) uniformly bounded in L* (0, Tp; LP).
In the latter case we only show that for § < p < v/(y—1) we have uf(¢t) uniformly bounded in L* (0, Ty; LP).
In either case, this is sufficient to apply Lemma [7] and conclude the proof.

Let k > 0 be some constant to be determined later and let uy = (u — k);. We have dropped the € and time
dependence for notational convenience. By conservation of mass and , it suffices to control |jug||, for any
k > 0. Thus, using the parabolic regularization, , and we obtain

d _ _ _
a”ukﬂp <-p(p-1) /uz 2A' (u) |Vul® dz 4 p(p — 1) /(uﬁ 'kl V- JVK * udz.
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Then,
d ’ p/2|? p p—1
Zlully < —4(p—1) [ A'(w) ’Vuk ] dr — | ((p— V)ul + kpul ™) T.AK * uda.

Since the constants are not relevant, we treat the cases together only noting minor differences when they
appear. If m = 2 — 2/d we may use Holder’s inequality and then Lemma [2] to obtain a bound on the first
term from the advection:

gp,’C Huk|‘£+1|‘u||p+1~

‘/uZJEAIC*udm

On the other hand, if v > 1 we have from the generalized Hardy-Littlewood-Sobolev inequality (Lemma
(Z)B

[ kAt Sy Tl -+ COD
with the scaling condition 1/a 4 1/t + 1/ = 2. Choosing t = ap implies that
1_2-1/y -
a 1+1/p

Notice that from our choice of p then 1 < 1/p+ 1/7; thus, 1/a < 1. Note that in the case when m =2 —2/d
then t = ap = p+ 1. In either case we use the Gagliardo-Nirenberg-Sobolev inequality (Lemma [I7)),

lugllap < llurlle a0 |5, , (38)
with B
o < (p—7/a) >
p \g2—-d)+dp+dim—1))"’
and

ar=1—-ai1(p+m—1)/2>0.
By the definition of § and we have that,
a(p+1)/2=1, (39)
which implies,

2
1" g+ (/ o [va[ do+ [ ui*’"ldl‘) - (40)

If d = 2 then necessarily m = m* = 1 and this inequality will be sufficient. However, for d > 3, more work
must be done. Define,

2
I = /u}cn_l ‘Vuz/z‘ dx.

Then, for 81 < ap and (p+m —1)51/2 < 1,

g — 200 —a/(p+m-1))
q(2—d)+dp+d(m—1)’

and B2 =1—B1(p+m —1)/2 > 0, we have the following by Lemma

/uzﬂn*ldm < ||uk||(;’+m_1)ﬂ2 (I—|— /uZer*ldm

1) N (p+m—1)31/2
< ||uk||ép+mf )82 [ plptm—1)B1/2 4 (/uerm_ d:c) |

Therefore, by weighted Young’s inequality for products,

)(p+m1)51/2

/u£+m_1dm < a0 (14 1) + 2, (41)
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for some v > 0, the exact value of which is not relevant. Putting , together and using v; to denote
exponents with v; > 0, we have the following estimate for k sufficiently large,

‘/ uh T AK + udx

Sex unlépllullop + C(M)ugll
< g + ity + CM) |l
< gt + C(M) ugllp + C(k, M)
BB < O(lurlgHI + Oluxll3?) + C(M)Jur|lp + C(k, M). (42)

Here the O(]Jug||"") terms are with respect to |Jug||”* — 0 and denote polynomials which consist of several
terms of this form, all with positive exponents. The lower order terms in the advection can be controlled
using Hélder’s inequality and Lemma [2]

’/ui_ljeAlC*udx

Sp lluelly ™ llullp
< gl + [l

< luwllp + C(k, M). (43)
Combining the advection estimates and ,

d P / P/2 2
Zlunlly < =) [ A'w)|[up?| da
Qe m—1 /2|
+O(ul) [up[vup?] o

+C(kaMap)HukH£+C(k7M7pa ||Uk\|§) (44)

By definition of m, 3 § > 0 such that for k sufficiently large then u > k implies A’(u) > du™~!. Then we
have,

d — 2|2
Sy < =) (5= 0uly)) [umt[vup?[ ao
+C(k’,M,p)||’LLk||§+C(k,M,p, ||Uk||§) (45)
By the assumption , we choose k sufficiently large to ensure the first two terms are negative; thus, ||ug||,
is bounded on (0, Tp).
Step 2:

The control of these LP norms will enable us to invoke Lemma 7| and conclude u¢(¢) is bounded uniformly in
L*°(Dg,). Since VK € Li,, we have, uniformly in x¢ € D,

loc
17 (81 (wo)nD) = IVE * ullLa(B, (zo)nD) S llullz-
By and conservation of mass ||u||7 is uniformly bounded. If v > 1 then,
IVTlla41 = DK x ullass < [ D*K1p, o)l [Jull, + C (M),
for p=~(d+1)/(d(y — 1) + 2y —1). Note that
wWd+1l) v
diy—1)+2y—-1 " v=-1

On the other hand, if m* = 2 — 2/d then the above proof shows that u®(¢) is bounded uniformly in
L>((0,Tp); LP) for all p < co. Therefore, by Lemma [2] we have ||V, < |lull, S 1, forall 1 < p < 0.
In either case, this is sufficient to apply Morrey’s inequality and conclude that |7 is uniformly bounded
on (0,7p). By Lemma [7] we then have that u¢ is uniformly bounded in L*(Dg,) and we have proved the

lemma. As in Lemma [8] the uniform bounds depend on the domain but not it’s diameter. O

l<p=
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Remark 8. The proof of this lemma directly implies global well-posedness in the subcritical case since
is only necessary in the critical and supercritical cases. Moreover, in the critical case, one may prove directly
that there exists some My such that if M < Mj the solution is global. However, My will generally depend
on the constant of the Gagliardo-Nirenberg-Sobolev inequality, as in [53] 54} BI]. As discussed in the recent
works of [IT], [I3], the use of a continuation theorem will allow for a more accurate estimate of the critical
mass through the use of the free energy.

Proof. (Theorem [4)) Suppose, for contradiction, that the weak solution cannot be continued past T}, < oo,
but that for some p, § < p < oo,
lim inf |lull, < cc.
t /T,

This implies that for some 7 > 0, there exists a sequence {t,,} with ¢, — T} such that ||u(t,)]|, < 7. By the
proof of Lemma for any 7 > 0 there exists a 7 = 7(n, M) > 0 such that if ||ugl|, < 7 then |uc|, < C for
all € > 0. Once again, u°(t) is the solution to the regularized problem (18). Let uj, = (u¢ — k). Since p > @,
for all § > 0 there exists k sufficiently large such that the following holds independent of e,

_ Py
/u%dm < /uu—gl{u>k}dm

<) (/ upl{u>k.}dﬂf) < dllullp-

Then by Lemma [10] we have sup;c(o,,) SUPesg [|u€(t)[|oc < 00. Therefore, we may choose some ¢,, such that 7
satisfies t,, +7 > T and, by Theorems |l|and [2} we construct a solution @(z,t) on the time interval [t,,, t, + 7).
By uniqueness, @(z,t) = u(z,t) a.e. for t € [t,,T); hence, it is a genuine extension of the original solution
u(x,t). However, it exists on a longer time interval which is a contradiction. By interpolation we also conclude
the result for p = oco. O

5 Global Existence

We now prove Theorem [/} We first note that the entropy is bounded below uniformly in time.

Lemma 11. Let u(x,t) be a weak solution to . Then,
/@(u(t))dx > _OM.

Proof. Let h(z) = [ A'(s)s™'ds. By Deﬁnition (D3), for z < 1,

h(z) > —=C > —oc.

Therefore,
u u 1
/@(u)dm = // h(z)dzdx > /1{u§1}/ h(z)dz + 1{u21}/ h(z)dzdx.
0 0 0
> — / 1{u§1}0u — 1{u21}0d1‘
2 —2Cullx.
where the last line followed from Chebyshev’s inequality. O

5.1 Theorem [T m* > 1

Proof. (Theorem As noted in Remark [8] the subcritical case follows from the proof of Theorem
Therefore, we only prove the second the assertion under the hypotheses of Proposition |2l Let p = d/(d/vy—2)
for 1 <+ < d/2 and note K € L’>°. By the energy dissipation inequality (7)) we have for all time 0 <t < T,

loc
S(u(t)) — W(u(t)) < F(ug) := Fp. (46)
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We drop the time dependence of wu(t) for notational simplicity. By the assumption on IC, Ve > 0, 3§ > 0
such that |K(z)| < (c+ €) |z>~Y" for |z| < 5. By Lemmawe have,

1 . _ x
/(I)(u)dx = 5CoM* ™ (c+ ) [ | oo Jull s < Fo + C (6, M),
Noting that, || |z[*~% || pr.ee = w(ll/p and defining C* = Cow;/p/Q,
/@(u)da: —CTME (et €) [ul™ < Fy + C(6, M).

By and M < M., there exists € > 0 small enough and «, k > 0 such that

B(2)z"™ —C*M* ™ (c4¢€)>a >0, forall z> k. (47)
By Lemma [[1] we have,
/ U™ (@(u)um* —C*M*™ (e + e)) dx — C*M?*™™ (¢ + ) u™ dx < Fy + C(5, M),
{u>k} {u<k}

and by ,

a/ u™ dr — C*M*™ (e + e)/ u™ dx < Fy + C(M,6).
{u>k} {u<k}

By mass conservation we have that |||/, is a priori bounded independent of time and Theorem [4| implies
global existence.

5.2 Theorem O m* =1

The proof of Theorem |§| follows similarly, but requires the logarithmic Sobolev inequality (Lemma [5)) as
opposed to Lemma [4]

Proof. (Theorem E[) The subcritical case follows as in the proof of Theorem Unlike in the proof of
Theorem [7} Theorem [ will not be directly applicable since we make an argument based on the traditional
entropy [(ulnu)idz, not on LP norms, as no LP norm is controllable through the free energy. However, we
may use instead Lemma [I0] directly by proving

sup sup /(ue Inu)4dz < co.
€>0 te(0,00)

Here u(t) denotes the classical solution to the regularized problem The local existence theory (Theorem
together with Lemma then provides a global solution. We drop the regularization parameter € and
argue formally, noting that the rigorous computations lead to a bound which does not depend on e.

By the energy dissipation inequality @ we again have (46). By the assumptions of Proposition 3| for all
€ > 0 there exists > 0 such that,

1
/@(u)dm + (c+ 6)5 // u(z)u(y) In |z — y| dedy < C(Fy, s, M).
|z—y|<o
By D bounded, the logarithmic Sobolev inequality implies,
M .
/(I)(u)dx —(c+ e)ﬁ/ulnuda: < C(Fy,d, M, diamD).

Choosing k > 0 large and recalling Lemma [11] implies

P M
/ ulnu< (w) —(c—I—e)) dx—(c—i—e)/ ulnudx < C(Fy, 6, M, diamD).
{u>k} \ulnu 2d {u<k}
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As in the proof of Theorem |z|, by conservation of mass, @ and M < M., we may choose € > 0 small enough
and k large enough such that

/ ulnudz < C(Fy, M,diamD).
{u>k}

5.3 Uniform Boundedness

The proof of Theoremalso shows that the entropy S(u) is bounded above independent of time. In subcritical
cases, this implies more uniform control of the solution than what the boundedness of ||u||,,+ provides.
Together with Lemma [7] this may be exploited to prove Theorem

Proof. (Theorem

By conservation of mass, if m > 1 such that 0 < lim,_, ®(2)z~"™ then we have that ||ull, < S(u) + [Jullr-
This can be seen by noting that for all z sufficiently large, ®(z)z~™ > ¢ for some ¢ > 0.

Assertion (i): By Lemma [2]
V3]l = 1D %l S [lullm,s

which is bounded uniformly in time by the proof of Theorem [7| Since VK € L}, ., we then have uniformly in
rg € D,
1Tl (DB (20)) = IVE * ullLm DBy (20)) S [lullim-

This is sufficient to apply Morrey’s inequality and conclude that @ € L>°((0,00) x D), and the conclusion
follows from Lemma [

Assertion (ii): The second assertion follows similarly. By Young’s inequality and (10), if 1 < p < d,
V3l = DK *ull, < [ D*Kllp|lullq,

for some ¢, satisfying r > d, 1 <¢<mand 1/p+1/¢=1+1/r. On R? if D2 € LP for some p > d, we
may decompose D?*K = D*K1p, (o) + D*Klga\ g, (o) and since D*K1ga\ g, (o) € LP for all p > d/(d — 1) we
may use the above argument on each part of the kernel separately. It follows by interpolation that ||V ||, is
bounded independent of time. As above we also have, uniformly in z¢ € D,

H17||Lm(DﬂBl(a:0)) S |-

Again by Morrey’s inequality, we have that ¢ € L>°((0,00) x D), and the conclusion follows from Lemma

Assertion (i1i): The third assertion follows immediately from Young’s inequality and Lemma O

6 Finite Time Blow Up

In this section we prove Theorem [6] and Theorem [f] We prove Theorem [f] as it is somewhat easier, though
the technique is the same as that used to prove Theorem [5}

6.1 Supercritical Case: Theorem [6]

For Theorem [6] we state the following lemma, which provides insight into the nature of the supercritical cases.
The proof and motivation follows [I1].

Lemma 12. Define Yy = {u eL'nL™ :u>0,|ul; = M} Suppose KC satisfies (B1) for some 7,1 <
v < d/2 and A(u) satisfies (B83) for some m > 1,A > 0. Suppose further that the problem is supercritical,
that is, m <m* =1+ 1/y —2/d. Then infy,, F = —oco. Moreover, there exists an infimizing sequence with
vanishing second moments which converges to the Dirac delta mass in the sense of measures.
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Proof. Let 0 <0 <1, « =d/y—2 and p = d/(d/y — 2). Then by Lemma[d there exists h* such that,

‘ffh* x)h*(y) |z — |_adxdy’
0Co|[ x|~ [lLre < e
[l (i P 6

We may assume without loss of generality that h* > 0, since replacing 2* by |h*| will only increase the value
of the convolution. By density, we may take h* € C2° and therefore with a finite second moment. We denote
C* = Colle 2]~ [|r==

< Coll ]~ [l oo (48)

m*

1/d

Let pn = ||h*]|;/“M Y4 X\ > 0 and hy(z) = Ah*(Aux). First note, by (B3), Ve >0, 3R > 0 such that,

hx s A
/@(hx)dm:// / ﬁdzdsdx
0 1 7
hx pmax(s,R) o R g1
S// / (mA+e)zm_2dz+/ Mdzdsdx
R 1 z

A+e m
7Rl + C(R) [xlls. (49)

<

By (B1) and h* € C2°, Ve > 0, 3\ > 0 such that,

—2d+aya
W) £ ~(e- 9 [ [ W@ ) o -y dod. (50)

Combining , with and Lemma we have for A, R sufficiently large,

Adm=dpg a *||m @ cr h* el *|[2=m* || x| m*
Fiw) < o e A+ Al @ - oG (V) e g
+CR A

By supercriticality, we have o = d/y —2 = dm* —d > dm — d, and so for € < 6, we take A — oo to conclude
that for all values of the mass M > 0 we have infy, F' = —oo. Moreover, since h* € C2°, the second moment
of h) goes to zero and h) converges to the Dirac delta mass in the sense of measures. O

Proof. (Theorem @ We may justify the formal computations for weak solutions using the regularized
problems and taking the limit but we do not include such details. Let

= / |z|? u(x, t)dx

—I —Zd/A da:+2// y)z - VK(x — y)dzdy

:Q%/Amﬂmﬁ//@fnyK@—yW@M@MM%

where the second integral was obtained by symmetrizing in = and y and the time dependence was dropped
for notational simplicity. Using (B2) on K,

jt <2d/A Ydz +2(2 —d/y)W ()+01M2+02// y) |z — y|? dady.

By (D3), (B4) and Lemma

/A(u)dx = /{U<R} A(u)dx + /{u>R} A(u)dx
<C(M)+ (m—1) /{U>R} D (u)dx

Then,

gaM%Hme/Mmm.
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Using that 2d(m — 1) < 2d(m* — 1) = 2(d/~ — 2) we have,

d

dtI()<2d(m71)}"( u)+ C(M,CY) JrC’g// y) |z — y|* dady.

We also have,

// y) |z — y|? dedy < 2// yﬁy +1y] )dscdy§4MI(t). (51)

We use the energy dissipation inequality (7)) to bound the first term and to bound the third term,

d

7 I(t) < 2d(m — 1)F(ug) + C(M,C1) +4Co M I(t).

Integrating we get,

I(t) < "M (I(O) + (F(ug) + C(M, Cl))> - (F(uo) + C(M, Ch)).

1 1
QCQM CZM
Therefore, the solution blows up in finite time if

I(0) + (F(ug) +2C(C1,M)) < 0.

2CoM

By Lemma[12] we may always find initial data with any given mass M > 0 such that this is true, since there
exists infimizing sequences with vanishing second moments. The final assertion follows from Theorem[d O

6.2 Critical Case: Theorems 5l and
The proof of Theorem [5] follows the proof of Theorem [6]

Lemma 13. Define Yo = {u € L'NL>® :u >0, ||uly = M}. Suppose K satisfies (B1) for some v,1 <
v < d/2 and A(u) satisfies (B3) for m > 1 and A > 0. Suppose further that the problem is critical, that is,
m=m*=141/y—2/d and let M, salisfy , If M satisfies M > M., then infy,, F = —oco. Moreover,
there exists an infimizing sequence with vanishing second moments which converges to the Dirac delta mass
in the sense of measures.

Proof. We may proceed as in the proof of Lemma but instead choose 6 € ((MC/M)Q””*, 1). Let o =
d/v—2 and p=d/(d/~v —2). By optimality of Cy, as before there exists h* such that,

. ‘ffh* 2)h*(y) |z —y| dxdy‘
0Co|| || l|r= <

< o < Coll ]~ [l o (52)
[l (i 1

||m*

As above, we assume h* > 0 and h* € C°. Denote C* = Cocl| |z| ™ || Lp.o -

Let p = ||h*||1/dM_1/d, A > 0 and hy(z) = Ah*(A\uz). By (B1) and (B3), Ve > 0 there exists a A and R
sufficiently large such that by h* € C¢°,

/\dm—d o .
F(hy) < (A +o)||h*||™ + C(R)u~ | n*
( ) (m**l)Hh*Hl( H H ( H Hl
* * —2+a/d
B e T
2 M 1 m*

However in this case a = dm — d and m = m*, therefore by and Lemma

g [ MA 0—e)C* (| )\ 2T L,

D[p 2 M
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Using « =d/y—2and m* =1+ 1/y—2/d

f@n<km*dhwx{Mwue> =

- *M27a/d )
el - 2 © ]

Then since A/(m* —1) = C*M2~™" /2 and a/d — 1 = 2 — m* we have,

(5 () o]

Since 6 > (M./M)?>~™" we may take e sufficiently small and A — oo to conclude that infy,, F = —oco. As
before, h) converges to the Dirac delta mass in the sense of measures. O

—a Pl

*M2—o¢/d
2[|h* ]l

F(hy) < A4

Proof. (Theorem |5)) The theorem follows from a Virial identity as in Theorem @ O
Proof. (Theorem [§) As in Theorem [ we have by (C2) and (C3),

%I(t) = QdZ/A(u)dm + //u(m)u(y)(m —y) - VK(x —y)dzdy

< 2dM (A - C2d> T+ Oy MBIV,

Clearly, if M > M, then I — 0 in finite time if 1(0) is sufficiently small. O

7 Conclusion

The prior treatments of have restricted attention to either very singular kernels (PKS) or very smooth
kernels (as in [8]). Moreover, most work has been restricted to power-law diffusion. We extend these
approaches to develop a unified theory which applies to general nonlinear, degenerate diffusion and attractive
kernels which are no more singular than the Newtonian potential. Existence arguments may apply to more
singular kernels or unbounded initial data, however, to the authors’ knowledge, Lemma [2] or something
analogous must be available for any known uniqueness argument to hold. We generalize the existing notions
of criticality for PKS and show that the critical mass phenomenon observed in PKS is a generic property of
critical aggregation diffusion models. We extend the free energy methods of [24], T3] TT] to obtain the sharp
critical mass for a class of models with general nonlinear diffusion and inhomogeneous kernels. In particular,
we show that the critical mass depends only on the singularity of the kernel at the origin and the growth
of the entropy at infinity. The results presented here hold on bounded, convex domains for d > 2 and on
R for d > 3. The R? case remains open, as does the behavior of solutions with critical mass (treated for
homogeneous problems in [12] [T1]). The long term qualitative properties of the solutions are currently known
only in certain cases.

8 Appendix

8.1 Auxiliary Lemmas

Lemma 14. Let F be a convex C* function and f = F'. Assume that f(u) € L*(0,T,H' (D)), u €
HY(0,T,HY(D)) and F(u) € L*°(0,T, L*(D)). Then for almost all 0 < s,7,< T the following holds:

[Pt ) - Fates)) do = [ G sao))

Lemma 15. Let F(u,t) € C?([0,00),[0,00)) be a convex function such that F(0) =0 and F" > 0 on (0,0).
Let f,, form=1,2,..., and f be a non-negative function on D bounded from above by M > 0. Furthermore,
assume that f, — f in LY(D) and F(f,) — F(f) in LY(D), then | fn — fllp2(py = 0 asn — 0.
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Lemma 16 (Weak Lower-semicontinuity). Let p. be non-negative L}, (D7) and fc a vector valued function
in L}, (D) such that ¥¢ € C>°(Dr)andé € C°(Dr,R?)

loc

/ pepdxdt — popdadt
Dr Dr

£ &dedt — | f-€dadt.
DT DT

Then

1 1
/ L\ 712 duat < 1iminf/ L p P dwar
Dr P <=0 Jpr P

€

8.2 Gagliardo-Nirenberg-Sobolev Inequality

Gagliardo-Nirenberg-Sobolev inequalities are the main tool for obtaining LP estimates of PKS models and
are used in many works, for instance [34, [TT] 53] [31]. The following inequality follows by interpolation and
the classical Gagliardo-Nirenberg-Sobolev inequality.

Lemma 17 (Inhomogeneous Gagliardo-Nirenberg-Sobolev). Let d > 2 and D C R? satisfy the cone condition
(see e.g. [1]). Let f : D — R satisfy f € LP N L9 and Vf* € L". Moreover let 1 < p < rk < dk,
k<q<rkd/(d—r) and

fffff <0. (53)

Then there exists a constant Cgng which depends on s, p,q,r,d and the dimensions of the cone for which D
satisfies the cone condition such that

1fllze < Cansl TSI I (54)
where 0 < o satisfy
1=a1k + as, (55)
and 1 1 1k
-5
———=o(—+-—--). 56
=T - (56)

Proof. We may assume that f is Schwartz then argue by density. Let 3 satisfy max(q,rk) < 8 < rkd/(d—r).
First note by the Gagliardo-Nirenberg-Sobolev inequality, [Theorem 5.8, [1]], we have

15 sk Soukms IFE RN NGy
1-60)(1— 1-6
<IN RN

for u € (0,1) determined by interpolation and § = s~(d/r — dk/3) € (0,1). Moreover, the implicit constant
does not depend directly on the size of the domain. Therefore,

—0)(1— (- 0/(1—p(1—0
A Pt ol A A
Now, where X\ € (0,1) determined by interpolation,

_ Ak
1Flla < HAIS=217* 1%

- —0)(1- —pu(1— 2O/ (k—ku(1—6
< IO Q10 | ph A6/ (k—ku(1=0))
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8.3 Alikakos Iteration Lemma

In this section we briefly indicate how to generalize the proof of Lemma m due to Kowalzyck [34], to d > 2
and unbounded domains. Following the notation therein, we use the notation n,, = (n — m), instead of uy
as in our proofs.

In [34], the inequality n?, 1 < nPrl 4+ 1 is used to imply

/nfn_ldx < /nﬁfl +|D].

On unbounded domains we may use Chebyshev’s inequality and m > 2||n||; to imply,

/nﬁ;ldx < /nf’;rl + %

An inhomogeneous Gagliardo-Nirenberg-Sobolev inequality is used. The inequality for d > 3 still applies and
the constant does not directly depend on the domain size. Indeed, Lemma [17] applies with & =1,

C(d, D)

2d/(d+2) 4/(d+2)
0], < Cv]| /( || =4 /( < 6(d+2)/2de||€V1,2 +WH |34,

wiz2

which is sufficient to continue the proof contained therein.

8.4 Admissible Kernels
We now prove Lemmas and [3] We begin with the following characterizations of L?:*°

Lemma 18. Let F(z) = (\x|) € L},.NC°\ {0} be monotone in a neighborhood of the origin. If r=4/P =
o(f(r)) asr — 0, then F ¢ L

loc :

Proof. Since we have assumed f to be monotone in a neighborhood of the origin, without loss of generality
we prove the assertions assuming f > 0 on that neighborhood, since corresponding work may be done if f is
negative. For any « > 0, by monotonicity, we have a unique 7(«) such that f(r) > a,Vr < r(a). We thus
have that Af(a) = wgr(a)?, where wy is the volume of the unit sphere in R%. By the growth condition on f
and continuity we also have that for « sufficiently large,

Tr(a) 7 < f(r(a) = o

Now

3

aPAf (@) = wgaPr(a)?.

Hence, by (8.4) we have Ve > 0 there is a neighborhood of infinity such that,
wgaPr(a)? > P

We take € — 0 to deduce that F' ¢ LP>°.
O

Lemma 19. Let F(z) = f(|z|) € L},.NC°\{0} be monotone in a neighborhood of the origin. Then f € LI">°
if and only if f = O(r=%?) asr — 0.

Proof. Since we have assumed f to be monotone in a neighborhood of the origin, without loss of generality
we prove the assertions assuming f > 0 on that neighborhood.

First assume that f # O(r~%?) as r — 0, which implies that for all §o > 0 and every C' > 0 there exists an
rc < dp such that .,
f(re) > Crg /p
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We now show that in a neighborhood of the origin, the function f(r)— Cr—? is strictly positive for r < r¢.
Suppose not. Since both f,7~%? are monotone, there exists 7o such that f(r) < Cr~=%? for r < ry. However,
this contradicts f # O(r~%7) as r — 0. Thus, we have that

flr)y > Cr—4/p

in a neighborhood of the origin (r < r¢). Since for all C' > 0 we can find a corresponding r¢, this is equivalent
to r=%P = o(f(r)), and by Lemmawe have that f ¢ LP>°.

On the other hand, if f = O(r~%?) as r — 0 there exists § > 0 and C' > 0 such that for all r < 6,
fr) < or=d/r, (57)
By monotonicity, for all a > 0 there is a unique r(«) € [0, §] such that
fr) > a, for r < r(a), (58)

where we take r(«) = 0 if f(r) < « over the entire neighborhood. By and , we have, necessarily
that 7(a) < a~?/?. Therefore,
aPAf(a) = aPwgr(a)® <1,

which implies f1p, o) € LP*. O
Remark 9. Similar statements may be made about the decay of F(z) at infinity.

Proof. (Lemma (1)) We first show that VK € L%/(4=1):%° Restrict to the neighborhood of the origin (0, )
such that £ (r) is monotone and bounded by Cr~¢

K (r) -k (6) = 7/ k" (s)ds < c/ s7ds = C(d)r'~¢ + C(d, 0).
s s
Therefore, k'(r) = O(r'=%) as * — 0. The decay condition (D) similarly implies that VK = O(r!=9) as
r — 0o. By Lemma [19| this is sufficient to imply VK € L% (4=1):° The first assertion follows similarly.
O

Proof. (Lemma [2|) We compute second derivatives of the kernel K in the sense of distributions. Let ¢p € C°,
then by the dominated convergence theorem,

/awilca% ¢dxr = liH(l) 0y, KOy pd
Tz >e

= —lim 0. K(x)

=0 |z|=¢€ ! |$|

i

¢(x)dS — PV / Oy, K.

By VK € LY/(4=1):% and Lemma we have VK = O(|z|'™%) as  — 0. Therefore for € sufficiently small,
there exists C' > 0 such that,

| / 0. K@) o(w)ds| < [ ol o(a)| ds
|z|=€

|z|=¢€

=C lex|' ™% |p(ex)| e771dS = C'|¢(0)] .

|z|=1

Similarly, we may define DK * ¢ and we have,

1D 61, < Cloll, + PV [ 01,0, K(y)a ~ il

Therefore, the first term can be extended to a bounded operator on L? for 1 < p < oo by density. The
admissibility conditions (R),(BD),(KN) and (D) are sufficient to apply the Calderén-Zygmund inequality
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[Theorem 2.2 [51]], which implies that the principal value integral in the second term is a bounded linear
operator on LP for all 1 < p < co. Moreover the proof provides an estimate of the operator norms,

S, 1<p<2
PV/a.L.LIC u\xr — d 5 { Pl ?
| o K(y)u(z —y)dyll, pllull, 2<p<oo.

O

Proof. (Lemma The assertion that D2KC € L)"°° implies K € L;io/c(d/'y_m’oo

e follows similarly as in Lemma

Now we prove the second assertion. Let K € LYW=220 e show that D2K = O~ as r — 0.

loc

Assume for contradiction that D2K # O(r~%7) as r — 0. This implies that k” # O(r=%7) or that
K (r)yr—' # O(r~—%7) as r — 0. These two possibilities are essentially the same, so just assume that k" #
O(r=%7). By monotonicity arguments used in the proof of Lemma this in turn implies r~%7 = o(k").
However, this means that for all ¢, there exists a §(¢) > 0 such that for r € (0,d(¢)) we have,

T T S
k(r) —k(d(e)) = — / K'(s)ds = / / K" (t)dtds + (r — 6(€))k' (8 (e€))
6(e) d(e) Jo(e)
> e tp2mdin 4,
which contradicts the fact that k(r) = O(r2=%/7) as r — 0 by Lemma

The assertion regarding VI is proved in the same fashion.
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