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A BLOB METHOD FOR THE AGGREGATION EQUATION

KATY CRAIG AND ANDREA L. BERTOZZI

ABSTRACT. Motivated by classical vortex blob methods for the Euler equa-
tions, we develop a numerical blob method for the aggregation equation. This
provides a counterpoint to existing literature on particle methods. By regu-
larizing the velocity field with a mollifier or “blob function”, the blob method
has a faster rate of convergence and allows a wider range of admissible kernels.
In fact, we prove arbitrarily high polynomial rates of convergence to classical
solutions, depending on the choice of mollifier. The blob method conserves
mass and the corresponding particle system is both energy decreasing for a
regularized free energy functional and preserves the Wasserstein gradient flow
structure. We consider numerical examples that validate our predicted rate of
convergence and illustrate qualitative properties of the method.

1. INTRODUCTION

The aggregation equation describes the evolution of a nonnegative density p
according a velocity field which is obtained by convolving the density with the
gradient of a kernel K : R¢ — R,
pe+ V- (Up) =0, T=-VK=xp,

p(,0) = pola) .

The dynamics governed by this equation arise in a range of problems, including

biological swarming , robotic swarming , molecular self-assembly
, and the evolution of vortex densities in superconductors

(1.1)

. For swarming and molecular self-assembly, common choices of kernel include

the repulsive-attractive Morse potential and power law potential,
(1.2) K(x) = Cre™ o/t — o l®lle - K(2) = |2|%/a—|z|®/b, a>b.

To model the evolution of vortex densities in superconductors, K is chosen to be
the two dimensional Newtonian potential,

(1.3) K(z) = %logm .

In addition to utility in a range of applications, the aggregation equation pos-
sesses several features of current mathematical interest. It is non-local—the motion
of the density at any point depends on the value of the density at every point—
and when K is symmetric it is formally a gradient flow in the Wasserstein metric.
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2 KATY CRAIG AND ANDREA L. BERTOZZI

When K has low regularity at the origin, solutions may blow up in finite time or
form rich patterns as they approach a steady state. In recent years, there has been
substantial interest in these structures from both analytic and numerical perspec-
tives [4H6l/10-14}211[231/28])33-36/43-451481/59,60L64165]. For example, Kolokolnikov,
Sun, Uminsky, and Bertozzi studied steady states for repulsive-attractive power law
kernels using linear stability analysis, complemented with numerical examples com-
puted by a particle method [48]. Particle methods have also been used in purely
analytic work, due to the close relationship between particle approximations and
weak measure solutions from the perspective of Wasserstein gradient flow [1820121].

In spite of the significant activity investigating qualitative properties of solutions,
much of it presented alongside numerical examples, analysis of numerical methods
has begun only recently. Carrillo, Choi, and Hauray proved that a particle method
converges to a weak measure solution when the kernel has power law growth |z|%,
2—d < a < 2|24]. Carrillo, Chertock, and Huang developed a finite volume method
for a wide class of nonlinear, nonlocal equations, including the aggregation equation,
and proved the existence of a related discrete free energy which is dissipated along
the scheme [22]. Most recently, James and Vauchelet developed a finite difference
method for a generalization of the one dimensional aggregation equation and proved
its convergence to weak measure solutions [46].

In this paper, we develop a new numerical method for the multidimensional
aggregation equation for a wide range of kernels, including the Newtonian potential,
repulsive-attractive Morse potentials, and repulsive-attractive power law potentials.
In Section 2.1} we define the numerical method, which is a particle method in which
the kernel is regularized by convolution with a smooth, rapidly decreasing mollifier
or blob function. In Section we show that the numerical solutions conserve
mass and the corresponding particle system is energy decreasing for a regularized
free energy functional and preserves the formal Wasserstein gradient flow structure.
In Section [3] we prove that our numerical solutions converge to classical solutions
of the aggregation equation. In Section 4] we provide numerical examples which
validate our theoretically predicted rate of convergence and illustrate qualitative
properties of the method. In Section [5] we describe directions for future work.

Our numerical method is inspired by classical vortex blob methods for the vor-
ticity formulation of the Euler equations, which is structurally similar to the ag-
gregation equation, particularly when the kernel is the Newtonian potential, K =
(—A)~1 [3118[0,125,127,/40,41]. This equation describes the evolution of the vorticity
w according to a velocity field obtained by convolving the vorticity with the two or
three dimensional Biot-Savart kernel K,

U - = U _’:I?
(1.4) {wt—i—v Vw = (Vi)w , o PRI

w(z,0) = wp(z) .

The velocity field for may be rewritten as v = V+A7lw, and when K =
(—A)~L, the velocity field for the aggregation equation is v = VA™1p. Due to
these similarities, there has also been interest in behavior of equations for which
the velocity field is a combination of V-A™1p and VA~1p [30L[63)].

While the main features of our method are analogous to vortex blob methods
for the Euler equations, there are a few key differences. First of all, we consider the
equation in dimensions d > 1, and we allow both singular and non-singular kernels.
Also, in spite of the structural similarity between the aggregation equation and the
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Euler equations, an important difference from the perspective of particle methods
is that the velocity field in the aggregation equation is not divergence free, but is
instead a gradient flow. Adapting blob methods to the compressible case is rela-
tively new, building on Eldredge’s results for compressible fluids in the engineering
literature [32] and Duan and Liu’s results for the b-equation [31]. For our purposes,
conservation of mass proves to be a sufficient substitute for incompressibility.

The Lagrangian nature of our method offers three main benefits over a finite
difference or finite element method. First, it allows us to avoid the main form
of numerical diffusion. Second, it only requires computational elements in regions
where the density is nonzero. Third, it ensures that the method is inherently adap-
tive, concentrating computational elements in areas where particles accumulate and
thereby increasing resolution near singularities. Our method has further benefits
over a particle method since, instead of removing a singularity of the kernel at zero
by redefining VK (0) = 0, we regularize the kernel by convolution with a mollifier.
Because of this, we are able to obtain arbitrarily high orders of convergence O(h™?),
depending on m > 4, % < g < 1, which describe the structure of the mollifier. On
the other hand, particle methods for the Euler equations only attain O(h?~¢) rate
of convergence [39,|42], and our numerical simulations indicate that the same rate
of convergence holds for the aggregation equation as well.

Though we are the first to prove quantitative rates of convergence a numeri-
cal method for the aggregation equation and we are the first to implement a blob
method numerically, we are not the first to consider regularized methods for aggre-
gation and aggregation-like equations. Lin and Zhang [49] used blob methods to
prove the existence of weak solutions to the two dimensional aggregation equation
when the kernel is the Newtonian potential. Bhat and Fetecau [1517] and Norgard
and Mohseni [56,57] studied a similar regularization for Burger’s equation, which is
related to the aggregation equation when K is the Newtonian potential |12} Section
4]. Bhat and Fetecau compute several exact solutions to the regularized problem
and observe similar phenomena near blowup time to our simulations [17].

2. BLOB METHOD

We begin by recalling some basic properties of the aggregation equation. It is a
continuity equation, describing the evolution of a density p according to a velocity
field ¥’ so that the mass of p is conserved. Conservation of mass is the key property
which allows us to adapt vortex blob methods from the classical fluids case, playing
the same role that incompressibility plays for the Euler equations.

Let X*(«) be the particle trajectory map induced by the velocity o = —VK * p,

d
EX(0) = VK« p(X"(0)1) . X'(a)=a.
Rewriting the aggregation equation in terms of the material derivative gives
Dp s
Dt —(V-9)p.

Thus, p evolves along particle trajectories according to

{dtht(am = (AK # p(X'(a), 1)) p(X'(a),t),
(X%(a),0) = pola).
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If J(a,t) = det(V,X"(a)) is the Jacobian determinant of the particle trajectories,
conservation of mass implies

p(X" (@), )| T (@)] = p(,0) .
This allows us to formally rewrite the velocity field and the divergence of the velocity
field in terms of integration in the Lagrangian coordinates,

(2.1) v(x,t) = =VK * p(x,t) = — y VK (z — X"(a))po(a)da

V-v(z,t) = —AK % p(x,t) = — AK(z — X"(a))po(a)da
Rd

2.1. Definition of blob method. Let hZ? be a d-dimensional integer grid with
spacing h. Suppose that for ¢ € [0, 7], the density p(z,t) is compactly supported.
Our blob method provides a way to compute approximate particle trajectories
starting at the grid points ih € hZ? and then compute the approximate density
and velocity along these particle trajectories. We write X;(t) for X (ih,t), and in
general we use a subscript 7 to denote a quantity transported along the particle
trajectory beginning at ih, e.g. v;(t) for v(X;(¢),t) and V - v;(¢) for V - v(X;(¢),t).

The approximate particle trajectories, densities, and velocities are prescribed by
a finite system of ordinary differential equations. Solutions of this system may be
computed numerically by a variety of methods to a high degree of accuracy, so that
the dominant error of the blob method comes from the reduction of the original
aggregation equation to the system of ODEs. This reduction has two steps. First,
to avoid a possible singularity of VK, we regularize VK by convolution with a
smooth, radial, rapidly decreasing mollifier or “blob function” . For § > 0, we
write ¥s(z) = 6~ %p(x/d) and K5 = K*1bs. Second, we use a particle approximation
for the initial density. Specifically, we place a Dirac mass of weight pg jhd at each
point of the grid hZ?,

partlcle Z 5 _ jh pOJ

Combining this regularization and d1scretlzat1on with the integral form for the
velocity (2.1]) leads to the following approximate velocity.

Definition 2.1 (approximate velocity along exact particle trajectories).

Hont) = = [ THste = XM e = = 3T 9Kl = X))oy
Rd

We now turn to the definition of the blob method. Following the fluids literature,
we use tildes to distinguish approximate quantities from their exact counterparts.
Definition 2.2 (blob method).

d % v v d
LX;(t) =—->  VKs(X;(t) — X,(t h
Approximate particle trajectories: at ®) ) ZJ VEs(Xi(?) i ))pO]
XZ(O) =1ih
Approximate velocity field: 0;(t) = — 3, VKs(Xi(t) — X;(t
Approximate divergence of velocity field: V-9;(t) = — > AK
A5(t) ==V -0(t)p(t)
pi(0) = po;

~—
=
=3

Approximate density: {
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Due to the regularization of the kernel, VK5 and AKj are locally Lipschitz.
Thus, for any § > 0, there exists a unique solution to this system of ODEs on some
time interval [0,Tp]. It is part of our result that this time interval [0,7p] must be
at least as large as the interval of existence for the corresponding classical solution
to the aggregation equation.

When K is the Newtonian potential (A)~!, there is a simple heuristic interpre-
tation of the blob method: it approximates the density by a sum of blobs that
follow particle trajectories. This follows by taking the divergence of the velocity, so
p=AK xp=—V - 4. Using this relationship we define an alternative approximate
density

ZAIQ (t))po,; b = Zngm— (1)) po b .

This is the analogue of two dimensional vortex blob methods for the Euler equations.
However, as the purpose of this paper is to devise a numerical method for a variety
of kernels, we will focus on the more general method of computing the approximate
density from Definition

2.2. Conserved Quantities. For computational purposes, we only calculate the
blob method along particle trajectories originating at grid points hZ?. Still, a simple
extension of the method allows one to compute approximate particle trajectories,
velocity, and density starting from anywhere in Euclidean space.
Definition 2.3 (blob method: off the grid).
4 X (a,t VEs(X(a,t) — X;(t))po;h?
Approximate particle trajectories: { % (o,1) = =2 VEs(X(e?) HONE
X(a,0) =«
Approximate velocity field: ( t) =—>,; VKs(z — X; (t))po,;h

(X X (a,1),1) = =V - 5(X (a, 1), ) p(X (a, ), 1)
5(X(,0),0) = po(a)
From this perspective, the blob method preserves the continuity equation struc-
ture of the aggregation equation and consequently conservation of mass,

D _ d
—(V-9)p = — pdr =0 .
Dt dt X(Q,t)

For the remainder of the section, we suppose K and Ky are even. In this context,
the particle system corresponding to the blob method

(2.3) Z(S (x—X; pojh

Approximate density: {

(2.2)

preserves the aggregation equation’s Wasserstem gradient flow structure and is en-
ergy decreasing for a regularized free energy functional. Recall that the aggregation
equation is formally the gradient flow of the interaction energy,

1
B() =5 [ p@)K(a~ y)ply)dudy
R4 xR4
To see this, recall that the Wasserstein gradient is defined by Vi E(p) = -V - (pv%—f),

where %—Ij is the functional derivative of E at p. Applying this to F, we recover the
aggregation equation as the gradient flow,

pe==VwE(p) =V (p(VK xp)) .
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This gradient flow structure may be made rigorous given sufficient convexity, reg-
ularity, and decay of the kernel [1,20L21].

In analogy with the aggregation equation, the particle system corresponding to
the blob method is formally the Wasserstein gradient flow of the regularized energy

(2.4) Bolp) =3 [ ola)Kste = )pu)dady

In particular, the particle system |D is a weak measure solution of % p+ V- (vp)=0,
where the velocity may be rewritten as

0Fs

op

ZVK(; ))pojh = —VK(; * p(x t) \%

Though the gradient flow structure may be purely formal, the regularized energy
(2.4) always decreases along particle solutions corresponding to the blob method.
Rewriting the regularized energy in Lagrangian coordinates,

1

Bo(p(0) =5 [ il 0)Ks(X(at) = X(5,0)7(3,0)dads

1 - -
= 5 S K(Xilt) = X, (0)pogposhh*
Differentiating with respect to time,
d A d - d
) = 5 VK0 - X5(0): (5500 = ZT00) sy

The terms of the sum are the dot product between two d dimensional vectors. For
l=1,...,d, define

= (Ml = {|[VEs(KO - X0)] } o v ={oi} = {0

where [-]; denotes the Ith component of the vector, I = 1,...,d. By definition of the
particle trajectories, [th (t)]; = [~ M"];, and by the symmetry of K, Milj = —Mjll
Letting ¢ denote the element-wise product of vectors, we have

d

—Eg Zle vov):fZ(Mlv)( Vo) ZZMl 12po;h? .

=1

Since po; > 0, the regularized energy Ej5 decreases along the particle system asso-
ciated to the blob method.

Remark 2.4 (p versus p). Blob methods for the Euler equations often only consider
approximate particle trajectories, setting aside the approximate density [3,8}/9]. For
our purpose of numerically approximating classical solutions, we follow Beale 7] and
define the approximate density along particle trajectories as a function j : hZ? —
R (Definition . However, from the perspective of Wasserstein gradient flow,
given the approximate particle trajectories X, the natural choice of approximate
density would be the particle system p . This is also likely the best choice
for approximating weak measure solutions to the aggregation equation, though we
leave the topic to future work. (See Lin and Zhang [49].)
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3. LP CONVERGENCE OF BLOB METHOD TO SMOOTH SOLUTIONS

We now prove the convergence of the blob method to classical solutions of the
aggregation equation. Our approach is strongly influenced by results on the con-
vergence of vortex blob methods for the Euler equations [3}/719], though our proof
has different features due to the gradient flow structure of our problem and the fact
that we allow a wider range of kernels.

Let D;‘ denote the forward difference operator in the j** coordinate direction.
For 1 < p < 400, we consider the following discrete LP and Sobolev norms of grid
functions u : hZ? — R:

1/p d 1/p
lally = D luilPh® | Nullyzr = { ullfe + > 1D w7
i€Z4 j=1

Likewise, we define an L7° norm and inner product by

lullLoe = sup |ui| ,  (u,g9)n = Z u;gih? .
i€z iczd

Given any function u(z) defined on all of R?, we may consider it as a function
on hZ4 by defining u; = u(ih). Thus, we may also consider the size of any function
u(z) in the above discrete norms. We may also define the discrete LP? norm on a
subset Q C R? by [ullzr @) = [Loul[zr, where (1o); = 1 if ih €  and 0 otherwise.
We say that u € L¥ is supported in Q if u = 1gu.

We define the dual Sobolev norm with duality pairing (-, -) by

Win s
”unh—lvP = sup W )
' gEWi’p/ 9i Wi’p

where 1/p+1/p’ = 1. We may consider any u € L} as a linear functional on Wi v
by the duality pairing (u, g) = (u, g)n.

The discrete LP, Sobolev, and dual Sobolev norms are related by the following
inequalities. See appendix Section for proofs and references.

Proposition 3.1. Suppose 1 < ¢ < p < +o0, 0 < h < 1, and u € LY. Define

Br ={x € R?: |z| < R}.

(@) lully 1 < llulz-

() ulley < (1+2d/m)July -

(¢) For any Q C Bg, |lul|L2 (o) < CpqrllullLr (q)-

(d) If u is supported in Bp, ||UHW’?1,q < Cp,q7R||uHW’?1,p.

(e) Givenl € Z4, let T' denote translation on the grid hZ® in the direction I. Any
finite difference operator of the form

1
h _ = = l
vi=1 > a(h)T
[1<lo
with |a@; (k)] < Cy satisfies HV?UHW}:I,P < COllullge-
Measuring the convergence of the particle trajectories and velocity in discrete L?
norms allows us to apply the classical theory of integral operators, both singular

and otherwise. We measure the convergence of the density in the discrete W =17
norm to reflect the fact that, in the most singular case, when K = (A)~!, the
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velocity v = VK % p has one more derivative than the density: —V -v = p. In
general, the velocity may have more regularity with respect to the density, but we
prefer to use the same norms for all kernels and reflect the improved regularity in
better convergence estimates.

We now turn to the assumptions we place on the kernel, mollifier, and exact
solution. These depend on a regularity parameter L > max{d + 2,4} and an
accuracy parameter m > 4.

Assumption 3.2 (kernel). Suppose that K = 211:[:1 K,,, where for each K,,, there
exists S,, > 1 — d so that
0°VEK,(z)| < Clz|5~ 18l ve e R\ {0}, 0<|B|<max{L,s+d—1},

for s = min,, S, and S = max, S,. If S,, = 1—d, we require K, (z) to be a constant
multiple of the Newtonian potential.

The Newtonian potential, repulsive-attractive Morse potential, and repulsive-
attractive power law potential (1.21.3) all satisfy this assumption.

Assumption 3.3 (mollifier). 1 is radial, [¢ =1, and the following hold:
(1) Accuracy: [27¢(z)dx =0for 1 <|y| <m—1and [|z|™|¢(z)|dz < +oc.
(2) Decay: 3 € > 0 such that |z|" ()| < C.
(3) Regularity: 1 € CL and |z|*H181|98(x)| < C for all |8] < L.
If S >0, 3 € > 0 such that |2|757¢|9%y(z)| < C for all |B] < L.
If the above holds for L arbitrarily large, we say it holds for L = +oc0. If s =1 —d,
we require L = 4o00.

Remark 3.4 (accuracy of mollifier). The accuracy assumption on the mollifier en-
sures that for any multiindex v with || < m,

Je=vrvtty =3 (D)o [arvmay = [ o=

Thus, convolution with the mollifier preserves polynomials of order less than m. In
particular, if K(z) is a polynomial of order at most m, VK5 = VK and AK; = AK.

The following mollifier satisfies Assumption withd =1, m=4,L = 4o0:
ol _ L —lal?/4

3.1 = -

(3.1) R

See Majda and Bertozzi for an algorithm which allows one to construct mollifiers
satisfying Assumption for arbitrarily large m [51) Section 6.5].

Assumption 3.5 (exact solution). Suppose 3T > 0, r > max{m — (s+d—2), L}
so that p € C1([0,T],C"(RY)) is a solution to the aggregation equation. Suppose
also that 3 Rg > 1 so that the support of p(x,t) remains bounded in Bg,_; and,
for all @ € Br,12, |X!(a)| is bounded for t € [0,T]. If s = 1 —d, for all a € R4,
| X*t(a)| is bounded for ¢t € [0, T.

If K is a repulsive-attractive power law kernel,

_ el Jal®

K(x) 2—d<b<a,

a
and the initial data is smooth, compactly supported, and radially symmetric, there
exists an exact solution satisfying this assumption V 7' > 0 [5, Theorems 7 and §].
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The above assumptions guarantee the following regularity of the velocity field
and particle trajectories. We give the proofs of these lemmas in Section [6.2

Lemma 3.6 (regularity of velocity field). The velocity field © = VK x p and its
divergence V - T = AK * p belong to C™(R%) N CE(RY) and for any || < m,

075, 1) < C(1+ || S71F0%) 0PV - i, 1)] < C(1+ || S~ 1D+)
The constant depends on the kernel, exact solution, dimension, B8, T, and Ry.

Lemma 3.7 (regularity of particle trajectories). For a € Bp,y2, the particle
trajectories X'(a) and their temporal inverses X ~'(a) uniquely exist, are contin-
uously differentiable in time, and are C* in space. The Jacobian determinants
JHa) = det Vo X (a) and their inverses J~'(a) are C*~ in space and satisfy

(32) [T (@)|p(X*(@),t) = po(@) , Vo € By -
When s = 1 — d, the above holds with Br, .2 replaced by R?.
We now state our main theorem, quantifying the convergence of the blob method.

Theorem 3.8. Suppose that the kernel, mollifier, and exact solution satisfy As-
sumptions andfor m >4 and L > max{d + 2,4}. Define

1 ifL<s+d,
(3.3) Gr(0) = < |log(d)] if L=s+d,

§-(L=s=d) f L >s4d.
Suppose 1 < p < 400 and for some % <qg<1l,0<hli<é< % Then the quantities
(X,9,V -0, p) which comprise the blob method exist for all t € [0,T] and satisfy

1X (1) = X ()| 2 (Br,) < C(O™ + GL(8)R)
[0(t) = 9(t)| L2 (Bry) < COO™ + Grar(6)h")
lp(t) = p(B)lly—20 < C(0™ + Gria(8)RT)
provided that for some e > 0,
(3.4) C(142d)(6™ 4 Gry1(8)hE) < 821 Fe/2 .

The constant depends on the exact solution, the kernel, the mollifier, the dimension,
T; R07 q, G/l’ldp € [17+OO)

Remark 3.9 (polynomial kernels). By Remark if K(z) is a polynomial of order
no more than m, VKs = VK and AKs = AK. Thus, the error due to regular-
izing the kernel is zero, and the error of the blob method consists entirely of the
discretization error. In this case, all error bounds in the theorem become Ch”.

If L = 400, the following corollary shows that the blob method provides arbi-
trarily high order rates of convergence, depending on the accuracy of the mollifier.

Corollary 3.10. Suppose that Assumptions|[3.3, and that[3.5 hold for m > 4,
L = 400, and % < q<1. Then for 1 < p < 400 and § = h?, there exists hy such
that for all 0 < h < hyg,

1X(8) = Xz (Bry) < CR™, p(t) = p(t)llyy—10 < CR™T.
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Proof. We first verify that condition (3.4)) from Theoremholds. Since 1 < g <1
and m > 4, there exists ¢ > 0 so that

1
(3.5) §+§<q:>2q+1+6<4q:>2q+1+e<mq.

Likewise, since the mollifier satisfies Assumption [3.3]for all L and the kernel satisfies
Assumption [3.2]for s > 1 — d, we may choose L large enough so that L > s+ d and

(3.6) L-gL+1-s—d)=L(1-q)+q(s+d—1)>2¢+1+¢.

Combining (3.5) with (3.6) shows that 3 hq so that, for all 0 < h < hg, (3.4) holds.
Finally, choosing L large enough so that

L—qgL+1-s—d)=L(1-q)+q(s+d—1)>mgq,
we conclude that for all 0 < A < hg,
IX() = XDl L5 (8ry) < CO™ +GL(O)h") < CR™
10(t) = Olly 10 < CE™ + Cria(BIHF) < CH™.
O

The proof of Theorem [3:§] relies on the following propositions concerning the
consistency and stability of the blob method. All constants depend on the exact
solution, the kernel, the mollifier, the dimension, T', Ry, ¢, and p € (1, 4+00).

Proposition 3.11 (counsistency). For 0 <t <T and G(9) defined by ,
lo(8) = 0" ()| i (Bry) < C(6™ + GL(O)RF)
IV - o(t)p(t) = V- " ()p(t) || < C(0™ + Grea(§)h") .

Proposition 3.12 (stability of velocity). For0 <t <T,1<p< +00,
P IXE) =X (Ol s (Brg) < 0 then [V () = 0(O) |1y (Bry) < CIX () = X(O)ll2r (B5y)-
Proposition 3.13 (stability of divergence of velocity). For0 <t <T,1 < p < +oo0,
X () = X(O)llLge(Bry) < 0% and [|p(t) — p(t)|| Lz < 62, then
IV -0 () = -850 1 < CIXO) = KOl (8 + ClloE) = 50y 1 -

We now show how Theorem [3.§] follows from these propositions.

Proof of Theorem[3.8 By Proposition[3.1] (c) and (d), it suffices to prove the result
for p sufficiently large. Let Ty > 0 be small enough so that the quantities (X, 9,V -

0, p) exist for ¢t € [0, Tp]. Define the particle error e;(t) = X;(t) — X;(t), the density
extor fi(t) = pi(t) - pi(t), and

(8.7) T* = min{T, Ty, int{t : [e(t) |5y = 6} int{t < [ F(0)l 1 () = 63 -

To bound e(t) and f(t), we first bound their time derivatives and then apply
Gronwall’s inequality. Since the L} (Bp,) norm of e(t) is a finite sum, we may pass
the time derivative under the norm to obtain

= [lo(®) = 0®) |2y (Br,) -

d
Ee(t)
¢ L} (Brg)

d
(3-8) ey Bry) <
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By Proposition [3.1] (a) and the fact that bounded support of the density causes the
L? norm below to be a finite sum,

fE+h) - F) H ) (t+h) - ft)

li
1m h

h—0

<

h

d
-0

Thus, by the reverse triangle 1nequahty

19+ Wil — 15Ol e+ ) - 50
aﬂf( My -re = = n S h”W}Ll,p
59) S 2 RO R S CT O

For 0 <t < T*, we comblne the consistency estimates of Proposition [3.11] with
stability estimates of Propositions and to obtain for 0 <t < T,

(310) o) = 5Ol z(sn) < Crllelir ) + 0" + GLO)RE)
(3.11)

IV - v()p(t) = V- 5()p(t)lyy 10 < Crllel Lz (mry) + 1 Fllyy—10 + 0™ + Gria(8)R").
Applying Gronwall’s inequality to (3.8]) and (3.10]), we conclude for 0 < ¢ < T* < T,
||6||L,';(BR0) < O\ TN (6™ + Gr(d)h") .

Substituting this into (3.10) gives [[o(t) — o(t)| 12 ( BR )y S C(6™ + Gr(s)hh).
Applying Gronwall’s 1nequahty a second time to and -,
[ flly e < C1Te“ T (Jlell e (g, + 6™ + GL+1(5)hL) < O™+ Grya(8)h") .

We now show that, in fact, To = T* and T* = T, so the above inequalities hold
on the interval [0,T]. First, by the bounded support of f and Proposition (b),

(312) llellzge(Bry) < B~ VPllelLr (B, and |Ifllg < (L+20)h™ VP f]ly s .

If Ty < T*, then at least one of the quantities (X,@ V - 0, p) becomes unbounded
at t = Tp. Both ¥ and V - ¢ remain bounded as long as the approximate particle
trajectories remain bounded, and both X and 5 must remain bounded on [0,T%]
by the above inequalities. Thus, Ty = T™.

Now, we show T* = T. Fix € > 0 so that holds. Let p > 1 be large enough
so that d/p < e. Then,

lellzse(Bry) < h™“llell Lz (Bg,) < 8h/2 < 6%/2,
£l < X+ 2d) 7 = fllyy-1e < 6%/2..

Thus, for all ¢ € [0, 7], [[e(t)l| e (B, ): If ()| L3e < 6%/2,s0 by (3.7), T*=T. O

To complete our proof of Theorem [3.8] it remains to show Propositions [3.11]
and We prove these in Sections and We conclude the current
section with three lemmas that play an important role in the remaining estimates.
The first lemma is a standard result estimating quadrature error.

Lemma 3.14 (quadrature error). Given g € CL(R?), | > d,

[ @ = 3 glimi| < Cualglwna ot

Jjez?
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Proof. See Anderson and Greengard [3| Lemma 2.2]. O
Next, we quantify the regularity of VKs.

Lemma 3.15 (regularity of VK5 and AKs). VKs and AKs belong to CF(RY),
and 0PV Ks(z) = VK % 0%s(x) for all |B| < L.

The third lemma provides pointwise and L' estimates on VK;. For the L!
estimates, we allow an error term g(x) of order 4.

Lemma 3.16 (regularized kernel estimates). Define G1(8) as in equation (3.3),
and fix C' > 0. For |B| < L, |g(x)| < C'4, and R > 0, there exists C > 0 depending
on the kernel, mollifier, dimension, 3, R, and C' so that

107V Es(x + g(2)) |12 (5r) < CGg (6) -
See appendix Section [6.3] for the proof of Lemmas [3.15] and

3.1. Consistency. To prove the consistency estimate of Proposition |3.11] we de-
compose the consistency error into a regularization error, due to the convolution
with a mollifier, and a discretization error, due to the quadrature of the integral:

(3.13)
[o(z,t) — 0" (2, 1)]

< |VK xp(x,t) — VK5 * p(,1)] + ‘VKa s p(x,t) =Y VEs(x — Xj(t))/)oj'hd‘ ;
|V - v(z,t) = V-0 (2,1)]

< |AK % pa,t) = AKs « pla, )] + | MKy « plat) = > AKy(w — Xj(t))pojhd‘ .
First, we bound the moment error.

Proposition 3.17 (regularization error). Fiz R > 1. Under the hypotheses of
Theorem for|z] <R and 0 <t <T,

IVEK x p(z,t) — VK5 % p(x,t)] < C™ ,  |AK * p(z,t) — AKs * p(x,t)| < C™

The constant depends on the exact solution, the kernel, the mollifier, the dimension,
T, Ry, and R.

Proof. 1t is a standard result (see for example Ying and Zhang |70, Lemma 3.2.6])
that if a molliﬁer 1 is accurate of order m and f € C™(R%) has bounded derivatives,

|f(z) — f *¥s(z)| < C&™ for all z € RE. Under our assumptions on 1, the result
continues to hold for |z| < R if we merely require f € C™(R%) and
(3.14) 107 f(a)] < C(L+ o S7™4) , |8] =

This follows from Taylor’s formula with integral remainder,
\ LY _1\ym, B8 rl
y (=D™y m—
famn) < 1+ 5 LY sy S [0 st
[v[=1 |8|=m
Inequality (3.14) implies for || < R, 0 <t < 1,
107 f(z—ty)| < C(A+|z—ty|S7™+) < CL+(Jel+tly) ™) < Cr(1+]y 5™
Thus,

1
/ (1— )™ 108 f(x — ty)dt‘ < Cr(L+ [yl 5™+ .
0
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By Assumption [3.3] on the mth order accuracy of 9,
sl if |y =0
2 dy =6~ Y 8)dy = 5\7\/ Y ’
/ Ys(y)dy = / P(y/8)dy = vy =4 ity € [Lm—1] .

and [ |y|™|¢s(y)|dy < C6™. We also have that [ |y|¥[¢s(y)|dy < C3° when S > 0.
If S > m, 6° < 6™. Thus, integrating Taylor’s formula against 15 (y) gives
|fxps(x) — f(z)] < C6™ .
It remains to show that (3.14) holds for f = VK % p and f = AK % p. This
follows from Lemma [3.61 O

Proposition 3.18 (discretization error). Fiz R > 1. Under the hypotheses of
Theorem with Gr,(9) defined by , for|z] < Rand 0 <t<T,

[ st = oty = Y VK~ X0y < OO

[ it = ot s~ Y AR = X, O] < COr (1

The constant depends on the exact solution, the kernel, the mollifier, the dimension,
T, Ry, and R.

Proof. We prove the two estimates simultaneously by bounding

a(z,t) /Ing— oy, t)dy — ZIC@LU— ; pojh ,
where K5 = VK; or K5 = AKs. By Lemma [3.7] for all @ € Bp,42, the particle
trajectories, X*(a) belong to C* and satisfy
[ Kste = wpptutidy = [ Ko~ X4 (@))pu(a)da
By Assumption p € CH(RY), and by Lemma VKs and AKj also belong
to CL(RY). Since L > d + 2, we may bound the error using Lemma
ed(x,t)|:‘/lC5(x—Xt da—ZICg x—X; pojhd ,

< OpallKs(z — X('vt))p()(')HWLvl(Rd)hL

By Assumption | Xt(a)| < C for all a € supp po, t € [0,T], so for |z| < R,
|z — X*(a))| < R+ C. Thus, applying the chain and product rules give

lea(w, )] < OlIKsllwe (B, oyh”
The result then follows from the regularized kernel estimates, Lemma [3.16 ([

Finally, we combine the previous two propositions to prove Proposition [3.11

Proof of Proposztzon . By -, Proposition m 3.17} and Proposition u 3.18] tak-
ing 2 = X;(t) for |zh\ < RO,

|vi(t) — v} ()] < C(6™ + GL(5)A")
IV - 0i(t) — V-0l ()| < C(6™ + Gt (6)RE) .
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By Assumption [3.5] p is bounded and supported in Bg,. Hence,
[0(6) = " ()l (3 < CE™ + GL(OAT)
IV - w()p(t) = V- " () p(t) | e < C(6™ + Grsr(6)h") .
|

3.2. Stability. We now turn to the proof of stability, which relies on the following
lemma relating the L} norm of a discrete convolution to the LP norm of a con-
volution. This lemma allows us to apply classical results for integral operators to
conclude stability of the method. Our approach is strongly influenced by previous
work on the stability of classical vortex blob methods for the Euler equations by
Beale [7] and Beale and Majda [8,9].

Let Q; be the d-dimensional cube with side length h centered at ih € hZ? and
define Q! = X*(Q;). Since h < 3, if we define Q = Uj;5<go1+1Qs, then Q C Bry 42
and Lemma [3.7] ensures that

(3.15) Q! = /Q = / 1 (0)ldo

and C1h? < |Q| < C2h4, so {Qt} partitions X*(Q) for all ¢ € [0, 7.

Lemma 3.19. Let G(d) be defined as in equation and let J;(t) = J'(jh).
Consider y;;(t) € C([0,T], L (R x RY)) and g;(t) € C([0,T], L;°(RY)), where
ly(t)||Lee < 25 and the support of g;(t) is contained in Br,—1 for allt € [0,T].

Then for any multiindex |8] < L —1 and 1 < p < 400, there exists C,R > 0
depending on the exact solution, the kernel, the mollifier, the dimension, 8, T, Ry,
p, and g so that for all t € [0,T],

> PVES(Xi(t) — X;(t) + i (1)) g5 ()R
[7h|<Ro L (Bry+1)
< C(|0°VEs % g(t)llLr(Br) + 0G 5141() |g(t) ] Lr) -

If s = 1—d, the above holds with LP(Br,+1) replaced by LP(Bgr,+c+) for allC' >0
and the constants depend on C’.

Proof. Define w;(t) = > ;4 <p, OPVKs(Xi — Xj +yi;(t)g;(t)J;(t)h?, and for x €
oy € QY define G(z,y,t) = OPVKs(X; — Xj +yi;(t) and g(y,t) = g;(t). Since
J;(t) is bounded below, it is enough to bound ||w;(t)|| Lz (B, ,)- For = € Qt,

wilt) = [ VK~ gl iy + [(Gap.t) = PV Eis(a ~ gty Oy
+) G, X;(),0)g;(0)(| ;)b = Q%)) = alx,t) + b, t) + c(x, 1) .
J
By definition, [w;(t)| < [la(t) + b(t) + c(t)| L~ (qt), and for 1 < p < +o0,
hd
Q1
Thus, for 1 < p < 400,
[wle (Bry ) < Clla(t) + () + c(t)|| e xt (@) -

|wi(t)|phd < / la(z,t) + b(x,t) + c(x, t)|Pdx < C|la(t) + b(t) + c(t)||’£p(Qt_) .
Qt ‘
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By Assumption [3.5] there exists R > 0 so that for a € Q, |X'(«)| < R. Since
la(®)||Lr(Br) = 0PV Ks * g(t)|| Lo (), this gives the first term in our bound.

It remains to control b(t) and c(t). By Lemma there exists C' > 0 so that
for x € Q;, y € Qj, th,jh € Q, t € [0,T],

| Xi(t) — x| +|Yi(t) —y| < Ch < C6 .
Since |y(t)[[zee < 24, by the mean value theorem, there exists z(z,y,t) with
|z(z,y,t)] < (C+ 2)§ so that for z € X*(Q),
bl < Y [0V -y 2] (C+ 2)3lg(.0ldy
IvI=18]+1
By the regularized kernel estimates, Lemma for all y € Bg,, |v| = || + 1,
||8’YVK5(£L' -y + Z(.’E, Y, t))”Ll(BR) < CG|5|+1(5) .
Therefore, by a classical inequality for integral operators |37, Theorem 6.18],
[b(z, )|l Lo (xt () < COG 15131 (0)|g(t) | 1o -
Finally, we bound c(t). By Lemma Jt(a) € CY(R?). Hence,

Q51 = [; (1) < < Ch™h

| 1@ - 1550 lda

J

Therefore,
le(x, )] = ZG(x,Xj(t)vt)gj(t)(\efj(t)lhd* Q5I)| < opttid ZG(x,Xj(t)yt)gj(t)hd

<C /G(x,yyt)g(y,t)dy‘ < C(la(z, t)] + [b(x, 1)]) -

Combining this with the bounds on a(z,t) and b(x,t) gives the result.
If s = 1—d, the above holds with Rg + 1 replaced by Rg + C’ for all C* > 0. O

We now consider stability of the velocity, Proposition [3.12

Proof of Proposition[3.13 Define e;(t) = X;(t) — X;(t). As our estimates are uni-
form in ¢ € [0, T, we suppress the dependence on time.

First, we decompose the difference between v" and o, isolating the effects of
approximate and exact particle trajectories. By the mean value theorem, there
exists |yl(J1)| <le;| < d and |yz(]2)| < 26 so that
(3.16) o

?

— ’Di = ZjVKg(Xi — Xj)pojhd — EjVK(;(Xi — Xj)pojhd
+ EJVK(;(XZ — X]‘)pojhd - ZjVK(;(Xi — Xj)pojhd
= EjD2K5 ()(z — Xj + yl(jl)) ejpojhd
+ 2 DKy (Xi = X; + 45 ) posh
&Y @

=v; "+ e
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Because it will be useful in the next proposition, we bound the L} and L° norms
of v and v® over Bg, 1, instead of Bg,. By two applications of Lemma

with |3 =1, g](-l) = ejpo;, and gj(?) = po;, there exists C, R > 0 so that

10D g 5y0) < € (ID2Ks % 9V o) +6G2(6) 9P )

Bry+1
0P| e (Brysn) < C (||D2K5 % 9P| Lo (Br) + 5G2(5)”9(2)HL°°) :

To complete the proof, it suffices to show the first term is bounded by Clle[|.r (55, )

and the second term is bounded by C. We bound v(") by showing that there exists
C > 0 so that |[D?Ks x gV 1o(py) < CllgV||Ls. By the linearity of convolution

and differentiation, if we show the result for K = 25:1 K, for N = 1, this implies
the result for N > 1. Thus, we may assume K = K; for s =5 >1—d.

When s = 1—d, we can apply the Calderén Zygmund inequality. When s > 1—d,
|ID?2K (z)] < C|z|*~! € LL _(R?), and we can apply Young’s inequality. Thus,

loc
ID?Ks % gV | 1o 8y < ID*K * ¢O|| 1o [¥sllr < Cllg™M e -
Since G2 (d) < C, we use the definition g](.l) = e;pj, to conclude
(3.17) ||U(1)||L1;(BRO+1) < C”g(l)HLP < CHe”LfL(BRO) .

We now turn to v(?). For y € X*(Q),

19 (y) — po(X 7 (y))| < sup |po; — po(er)| < Ch .

J,a€Q;

Hence,

‘/DQKs(x —y)g? (y)dy‘ < Cmax
S

[ vEste- y)avp()(X—t(y))dy‘

; ‘ [ pEste =) - PO(X_t(y)))dy’ |

By Assumption Lemma and Lemma and the fact that h < 6, the
above quantity is bounded by a constant for |x| < R. Thus,

(3.18) ||”(2)||L;°(BRO+1) < |D*Ks *g<2)||L°°(BR) + 5G2(5)||9(2)||L°° <C.

We now prove stability of the divergence of the velocity.

Proof of Proposition[3.13 As in the previous proof, define e;(t) = X;(t) — X;(t)
and f;(t) = pi(t) — ps(t). Since our estimates are uniform in time, we suppress
dependence on t.

We decompose the difference between V - v p; and V - 9;p; as

Veulpi =V iy < (V-0 =V 5) pi + V-0l (pi = 5i) + (V-0 = V- 07) (pi = pi)
(3.19) <a;+b;+ ¢
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First we bound the W, L norm of a in terms of the LY norm of e. As in the
proof of the stability of the velocity, we further decompose V - v} — V - 9,
(3.20) V.ol =V -0 =Y AKs(X; — X;)po;h" =Y AKs(X; — X;)po;h?
J J
+ Z AK(;(XZ - Xj)pojhd - ZAKg(Xl — Xj)pojhd .
J J

By Taylor’s theorem, there exists |yl(]1)| < |lej| < 6% and |yl(]2)| < 262 so that the
above can be further decomposed as

(3.21)
1
S OVAKs (Xi— Xj)ejposh? + > DT SOTAK (X — X +yl))e] posh?
j MEIFE
1
+ 3 VAKs (X — X;) eipo,h? +C YN S0TAK (X — X+ yt))e] posh
j lvl=2 & "

:a§1)+Agl)+aEQ)+A§2)

With this decomposition, a; = pi(a(-l) + Al(-l) +a? 4+ Agz)).

(2

First, consider A and A®?). By Lemma with |8| = 3, gj(-l) = €]7poj, and

g§2) = po;, there exists C, R > 0 so that
IAD Lo gy < CID K5 % gV | Loy + 0Ga(8)llg™Mlv
1A g5,y < Cle g 3g) (104K * 62 1 (81) + 0G4 (@)l g1 ) -

Since |e]| < Cle;|* < C62|e;], by the regularized kernel estimates Lemma we
have for both A®) and A3,

(322)  [|AY L (Bay) < C(62G3(6) + 6°Ga(O))ell Ly (Bry) < CllellLz (Bry) -
By Proposition (a) and the fact that p; is bounded and supported in Bp,, this
implies ||PA(1)||Wh—1vP and HPA@)HWh—LP < Ci|€||LZ(BRO)~
Now, consider pa'V). For a € Q;, define
F(Oé) = Z AK(;(Xt(Oé) - Xj(t))ejpoj hd .
J

Let V! be a finite difference operator of the form in Proposition (e) and suppose
it is {th order accurate, i.e. ||VfF—VaFHL£(BRD) < Chli|D¢lx+lF||L‘;(BRU+”L)~ Define
Z(a,t) = VoXt(a) and Zi(t) = Vo X'(ih). Rewriting o) with a Lagrangian
derivative and approximating it by this finite difference operator,
(3.23) al") = (Z; )WV aF(ih) = (Z;7 )VIF(ih) + (27 1) (Vo F(ih) — VI F(ih)) .
To bound the first term in pa, let ¢ : RY — [0,1] be a smooth function
satisfying ¢(x) =1 for |z| < Ry 4+ 1/2 and ¢(z) = 0 for |z| > Ro + 1, and let ¢; =
¥(ih). Since h < 1/2 and p; is supported in Bgr,, p;VIF(ih) = p; V(1 F(ih)).
Therefore, by Proposition (e), Assumption and Lemma

1(p:Z YVEF @R lyy—10 < 0Z 7 gy [V (i F (1)) =10 < CIE (R 12 (31 11) -
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By the definition of v (3.16) and inequality (3.17) from the previous proof,
||pa(1)||W};1,p is bounded by C|le||1r (5, )-

Next, we bound the second term in pal. Combining Proposition (a), As-
sumption Lemma and the Ith order accuracy of V7,
1(p:Z ") (VaF (ih) = VEF(ih)) 10 < 1pZ 7 g1 | Va F (ih) = VI F(ih)|| -1
< C||VaF(ih) — V?F(ih)HLfL(BRO) < Chl||Dl+1FHLZ(BRo+lh) :

When s =1 —d, we choose | > ¢q/(1 — ¢q). Otherwise, we choose I = 1. We can
now apply Lemma with [8] =1+ 2, gj = e;po; to control the right hand side.
Combining this with Young’s inequality and Lemma [3.16] gives

ChYID™ | Ls By +iny < Ch! (IDF° K % gll Lo (4) + 6G113(8) gl 0 )
< CR'Giy2(8)|lgllee < CR'Grya(8)lell e (5,) -

Since%<q<1and(52h‘17

Rt ifl+2<s+d
h'Ga(8) < { ght|log(h)|  ifl+2=s5+d
Rthats+d=1=2) if | 4+ 2> s+d .
When s =1—-d, 1 > ¢q/(1 —q), and when s > 1 —d, [ = 1. Thus, [ > max{1,q(l +

2 — s —d)} and the above quantity is bounded by a constant.
It remains to bound Hpa(2)||W}?1,p < C||a(2)\|L£(BRO). Since
2 d
(324) [P Lr(Bay) < CllellzrBay) |2 VAKSs (Xi = X;) pojh HL;;O(BRO) >
it suffices to show

2 d
(325) ||Z]D VK5 (X1 _Xj)Pth HLEQ(BRO+1) S C.
For any N > d, the quadrature Lemma |3.14] and the regularized kernel estimates

Lemma [3.16] imply

/Rd D*VKs(z — X"(a))po()da — > D*VEKs(x — X;(t))po,h*
jezd

S C”DQVK(;(J} - Xt(~))p0(~)HWN,1(Rd)hN S ChNGN+2((S) .

As argued above, since % < q<1,6 > h? choosing N large enough so N+2 > s+d
and N > ¢/(1 — q), the above quantity is bounded by a constant. Finally,

D*VEKs(z — X' ())po(a)da D*VKs(x —vy)p(y,t)dy

Rd

)

Rd

<C

VK;s(x —y)D?p(y, t)dy’ <C.
Rd

Combining our estimates, we conclude
||a||W};l,p < ||p(a(1) + A(l) + a(2) + A(Q))HW;LP < CHeuLi(BRO) .

Now that we have controlled a, the second and third terms in (3.19)) follow
quickly. We seek to bound ||bs||,;,—1.» in terms of | fi||,;,~1.». By assumption, p;
h h

vanishes outside of Bp,, hence it suffices to show ||V - vh||W1,oo(BR ) is bounded by
h 0
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a constant. The fact that ||V"UhHL<>c(BRO) < C follows from the bound on v(? from
the previous proof m W[) The fact that ||Dj'V . ’Uh||L<x>(BRO) < C follows from
inequality (3.25) above.

Finally, we turn to the last term in . To bound ||CHW{1,p in terms of [le[| 7,
we may use the decomposition of V-v" —V - & = a™ + AD + 4?2 + A®) given by
(3-20} [3.21)). By (.22} [3.24} [3.25), and the fact that [|p; — pi[|Le < 6% < C,

(AW +a® + A®) (p; = i) |y -1 < CIAY +0P + AP |12 5, ) < Clel iz () -
By Lemma with 8] = 2 and g; = e;jpo;, there exists C;, R > 0 so that

la™ (pi — pi)llw e < 2 VAKs (Xi — X;) €;p0;h | L2 (Brg)lPi — Pill L=
< C8(|ID*Ks * gll o By + 0G3(0)lgllLr) < C(6°G2(8) + 6°G3(9))llell Lz (55,
The above is bounded by Clle[|? (B, )- This completes the proof. O

4. NUMERICS

We now present several numerical examples in one and two dimensions for a
range of kernels and initial data. These examples confirm the rate of convergence
obtained in Corollary and illustrate the varied phenomena of solutions to the
aggregation equation, including blowup and pattern formation.

4.1. Numerical implementation. We implement the blob method in Python,
using the NumPy, SciPy, and matplotlib libraries [47]. We approximate solutions
to the ordinary differential equations which comprise our method using the VODE
solver [|19], which uses either a backward differentiation formula (BDF) method or
an implicit Adams method, depending on the stiffness of the problem.

In one dimension, we use the mollifiers

4 2 1 2 16 1
(4.1) W (2) = ﬁe—lxl - ﬁe_m (@) = B¢(4)($) - %¢(4)($/2) :

These satisfy Assumption with m =4, 6, L = 4+00. In two dimensions, we use
@ (g) = 2e-lel? _ L o—lal?/2

(4.2) P (x2) = —e 5 ¢ ,

which satisfies Assumption [3.3| with m =4 and L = 4.

After selecting a mollifier, one next computes VK5 = VK x5 and AKs =
AK x1ps. If VK and AK are polynomials of degree less than m, convolution
with ¢ preserves the polynomial and VK5 = VK, AKs; = AK. (See Remark
[3.4]) If K is the Newtonian potential (A)~!, we have AK; = 1bs and VEKs(z) =
= [0 s Mps(s)ds.
z]¢ JO

Aside from these special cases, in which an exact expression for the mollified
kernel may be found, we compute the convolution numerically using a fast Fourier
transform in radial coordinates on a ball of radius 2.5 centered at the origin. De-
pending on the accuracy we seek, we partition the domain into between 100 and
2 x 108 grid points and interpolate to obtain VKj(z) and AKj(z).

Finally, when K is the Newtonian potential, we may also compare our approx-
imate numerical solutions to exact solutions. We are able to compute exact so-
lutions for radial initial data by rewriting the aggregation equation in mass co-
ordinates. This gives the following formula for the particle trajectories in radial
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coordinates [12, Section 4] and the density along particle trajectories [13],

-1
1 .
d_ d ¢ _ (7*0 if po(a) # 0
r(t)® =r(0)" = (dt)m(r(0),0) , p(X*(a),t) = \rol®) _ ’
0 if po(a) =0
1.0 A.Pa;ticle Traiector;les 5 ‘B.Densitv ‘
approx
4
exact
%) =3
£0.5 e
&= T2
1
0‘0 L | Il Il Il | | |
—-1.0 -05 0.0 0.5 1.0 —04 -02 0.0 0.2 0.4
Position Position
1
1.0 Q.Particle T‘raiectories ‘ : D"Lh Error -
2/AN 1075 L
e
. i
E] 107107 6&“0(3[717 1
o density slope ~ 3.55
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FIGURE 1. A comparison of exact solutions (solid lines) with blob
method solutions (dashed lines). The densities (B) are shown at
times ¢t = 0,0.4,0.8. The log-log plot (D) corresponds to ¢ = 0.5.

4.2. One dimension, K = Newtonian Potential = (A)~!.

Blob method, regular initial data: Figure [I] compares exact and blob method
solutions to the one dimensional aggregation equation when K is the Newtonian
potential and the initial initial data is

(1—22)20 ifjz] <1,
4.3 =
(43) po(@) {O otherwise .

For this initial data, finite time blowup for the classical solution occurs at ¢t = 1.

We discretize the domain [—1,1] using h = 0.04. With this refinement of the
grid, the approximate and exact particle trajectories are visually indistinguishable
(A), though the approximate density loses resolution at ¢ = 0.8 (B). Focusing
on a smaller spatial scale (C) reveals that the approximate particle trajectories
bend away from the exact solution to avoid collision at ¢ = 1. This is due to the
regularization of the kernel, which causes the velocity field to be globally Lipschitz.
Bhat and Fetecau observed the same bending effect for an analogous regularization
in their work on Burgers equation [17].

In spite of the bending, blob method solutions converge to exact solutions with
a high order rate of convergence for t < 1. We choose the m = 4 mollifier ¢4
and § = h? for ¢ = 0.9. A log-log plot of the L; error of the particle trajectories
and density (D) reveals a numerical rate of convergence close to the theoretically
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predicted rate of mg = 3.6. Note that the numerical result is slightly stronger
than the theoretical result, which measures the error of the approximate density in
w, b1 and requires the exact solution to be smooth.

1
1.0 ‘ Particle T‘raiectories ‘ 104 ‘Lh Error‘
e
,Ef,
106 oo’
o g Lo’
£os E o
0O
10-8 7
&
‘ ¢ particle slope =~ 2.00‘
0.0 ‘ ‘ ‘ 107190 =3 —2 -1
—0.1 0.0 0.1 10 10 10 10
Position h

FIGURE 2. A comparison of exact solutions (solid lines) and par-
ticle method solutions (dashed lines). The log-log plot of the error
(right) corresponds to t = 0.5.

Particle method, regular initial data: Figure [2] compares a particle method
approximation with an exact solution for initial data . To compute the particle
method approximation, we remove the singularity at zero by setting VK (0) = 0,
instead of regularizing the kernel. Since K is the Newtonian potential, the particle
method densities are point masses, which do not belong to LY. Thus, we only
consider the particle trajectories defined by this method.

Unlike the blob method solution from in the previous example, the particle
method trajectories do not bend away at blowup time. However, a log-log plot of the
L} error reveals a slower rate of convergence than for the blob method, consistent
with the rate of O(h%~¢) for particle approximations of the Euler equations [39}42].

Discontinuous initial data: Figure 3| compares exact and blob method solutions
to the one dimensional aggregation equation with discontinuous initial data

1 ifjz| <1,

0 otherwise .

(4.4) po() = 1_1.1y() = {

Though our convergence results only apply to sufficiently regular solutions to the
aggregation equation, the definition of the blob method (Definition merely
requires that initial data to be a compactly supported function.

We discretize the domain [—1,1] using h = 0.04. At this level of resolution,
the approximate and exact particle trajectories are visually indistinguishable (A),
though the approximate density becomes rounded at ¢ = 0.8 (B), with a similar
oscillating profile as the mollifier (4.1)).

Considering the particle trajectories on a smaller spatial scale (C), we again
observe the trajectories bending away to avoid collision. As expected, a log-log
plot of the Lj error (D) reveals a slower rate of convergence than in Figure
Unlike in the previous example, for which the slower rate of convergence was due
to using a particle method instead of the blob method, in this example the slower
rate of convergence is due to the lower regularity of the initial data.
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FIGURE 3. A comparison of exact solutions (solid lines) and blob
method solutions (dashed lines) with § = h? for ¢ = 0.9. The
densities (B) are shown at ¢t = 0,0.4,0.8. The log-log plot (D)
corresponds to t = 0.5.

4.3. One dimension, Various potentials. Figure[d]compares the rate of conver-
gence of numerical solutions when K = (—=A)~! or K(x) = |z|?/3. The mollifiers
(4.1) are of order m = 4 and m = 6. The scaling of the regularization is § = h? for
q = 0.9, and the initial data is

(1 -2 if 2| <1,
4.5 =
(45) po(@) {0 otherwise .

The more singular the kernel, the greater improvement we see in using the blob
method over a particle method. For the negative Newtonian potential, the m = 4
blob method improves upon the particle method, and the m = 6 blob method shows
even greater improvement. For the cubic potential, the particle method is better
than the m = 4 blob method for the trajectories, but not for the density. The
m = 6 blob method is best for both trajectories and density.

For both kernels, the rates of convergence for the m = 4 blob method are very
close to the theoretically predicted rate of mqg = 3.6, while the rates of convergence
for the m = 6 blob method are not as good as the theoretically predicted rate of
mq = 5.4, due to other sources of error in the numerical implementation.

4.4. Two Dimensions.

Newtonian potential: Figure [5| compares the rate of convergence of numerical
solutions when K = (A)~! for various choices of initial data. In the first and third
plot, the numerical solution is computed via the blob method with a mollifier
of order m = 4 and § = h? for ¢ = 0.9. In the second plot, the numerical solution
is computed via a particle method.
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FIGURE 5. A comparison of L} error at ¢t = 0.5 for the two dimen-

sional aggregation equation when K = (A)

-1

As in the one dimensional case, we see the best rates of convergence for the blob
method applied to regular initial data (left). This agrees with our theoretically
predicted rate of mq = 3.6. The rates of convergence for a particle method applied
to regular initial data (middle) and the blob method applied to discontinuous initial
data (right) are slower.
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K(x) = log |x|/2m K(z) = |2*/2

regular initial data

discontinuous initial data

FIGURE 6. A comparison of blob method solutions for the two di-
mensional aggregation equation. The scaling of the regularization
is § = h? for ¢ = 0.9, and the mollifier satisfies m = 4. In the
top six plots, the unit square is discretized using h =~ 0.13. In the
bottom six plots, the unit square is discretized using h =~ 0.07.

Newtonian, quadratic, and cubic potentials: Figure[f|illustrates various phe-
nomena of blob method solutions for three choices of kernel (Newtonian, quadratic,
and cubic) as well as two choices of initial data (regular and discontinuous).
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The top six plots illustrate the behavior of solutions with smooth, compactly

supported initial data,
(= e/ k<1,
xTr) =
po 0 otherwise .

The first row shows the space-time trajectories of twenty particles, and the second
row shows the density at time ¢ = 1.4. For K = (A)~1!, finite time blowup of the
classical solution occurs at t = 1/pg(0) & 1.2, and the particle trajectories become
very close at this time, bending to avoid collision. Two subsequent near-collisions
occur before t = 3.2. For K (z) = |z|?/2, the particles converge to a point in infinite
time, while for K (z) = |z|3/3, the particles converge to a ring in infinite time. Each
of these phenomena is reflected in the evolution of the density.

The second two rows consider discontinuous initial data given by the character-
istic function on a star shaped patch,

. - 2050 1
(4.6) po(r,0) = 1 1fr<<51n(2)+2)/4,
0 otherwise .

All six plots show the approximate density at ¢t = 0.8, either from the side or above.
For K = (A)~!, the density exhibits the same rounding due to regularization
as in the one dimensional case. For K (z) = |z|?/2, there is no rounding due
to regularization since convolution with a mollifier of accuracy m = 4 preserves
polynomials of degree less than 4, including VK and AK. For K(z) = |z|?, the
density again converges to a ring in infinite time.

Repulsive-attractive power law kernels: Figure [7] displays the evolution of
particle trajectories for numerical solutions to the two dimensional aggregation
equation with repulsive-attractive power law kernels. In the past few years, there
has been significant interest in such kernels, due to the stationary patters which
develop [4H6},10-14}/21},23},28,3336},4345},48,59,/60, 64, 65].

Figure[7] compares the results of a particle method with the blob method. In all
six plots, the initial data is

C(1—22)? if|z| <1,
4.7 = =
(4.7) po(@) {O otherwise ,

with C chosen so that [ pg = 1.

For each of the three choices of kernel, the corresponding plots demonstrate
that a large regularization parameter—in this case § =~ 0.32—can affect the steady
states of blob method solutions. This effect vanishes as § becomes small, but it
still of interest since it illustrates the important role of the kernel’s regularity in the
dimensionality of steady states. Balagué, Carrillo, Laurent, and Raoul proved that
the dimensionality of the support of steady state solutions depends on the strength
of the repulsive forces at the origin [4]. For a repulsive-attractive power law kernel,

K(x) = |z*/a—|z/b, a>b,

the repulsive part is more singular than the attractive part, so regularizing the
kernel by convolution with a mollifier has a greater effect for the repulsive part,
and we expect this to dampen the repulsive forces.
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FIGURE 7. A comparison of numerical solutions to the aggregation
equation. The mollifier (4.2)) satisfies m = 4, and the unit square
is discretized with h ~ .11. For the first kernel, we use an analytic
expression for VK. For the second two kernels, we numerically
compute the convolution VK x 15 in radial coordinates on a ball
of radius 2.5 with 100 grid points.
For K(z) = |z|*/4 — log|z|/2m, we recover the radial, integrable, compactly

supported steady states found by Fetecau, Huang, and Kolokolnikov [36]. A large
regularization parameter causes the steady states to collapse to a ring. For K(z) =
|z[*/4 — |2]3/2 /(3/2), we recover the stable delta ring found by Kolokonikov, Sun,
Uminsky, and Bertozzi [48]. A comparison of the particle and blob methods at ¢ = 8
indicates that the blob method solution converges to the ring more quickly. For
K(x) = |=|"/7 — |2|>/2/(3/2), we recover the ring formation and breakup found by
Bertozzi, Sun, Kolokolnikov, Uminsky, and Von Brecht [14]. A large regularization
parameter lowers the dimension of the steady state to three point masses.

Repulsive-attractive Morse potential: Figure [§|shows the evolution of particle
trajectories for numerical solutions to the aggregation equation when the kernel is
given by a repulsive-attractive Morse potential, comparing the results of a particle
method with the blob method. In the first two columns, the initial data is given
by 7 with C' chosen so that fpo = 1. In the third column, the initial data is
given by a star shaped patch .

We only observe the effect of a large regularization parameter for the kernel
K(z) = 2e~1#l — 2¢~1#1/2 with regular initial data. This is likely due to the fact
that the repulsive and attractive components of the kernel have the same regularity,
so regularization does not disproportionately affect one without the other.
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FIGURE 8. A comparison of numerical solutions to the aggregation
equation computed by particle and blob methods. The mollifier
is chosen so that m = 4, and the unit square is discretized
with A &~ 0.11. The spatial scale in the first column is the unit
square, and the spatial scale is doubled in the second and third
columns. For all three kernels, we numerically compute the con-
volution VK * 15 and AK * 1 in radial coordinates on a ball of
radius 5 with 200 grid points.

5. CONCLUSION

We develop a new numerical method for the aggregation equation for a range
of kernels, including singular kernels, kernels which grow at infinity, and repulsive-
attractive kernels. We prove that our blob method solutions converge to classical
solutions of the aggregation equation with arbitrarily high rates of convergence,
depending on the choice of blobs. We also provide several numerical examples
which confirm our theoretically predicted rates of convergence and illustrate key
properties of the method, including long-time existence of particle trajectories.

As analysis of numerical methods for the aggregation equation is a relatively new
area of interest, there are several directions for future work. First, our estimates do
not differentiate between purely repulsive, purely attractive, or repulsive-attractive
kernels, and our numerical method may be improved by leveraging the different
dynamics in each of these cases. In particular, a numerical method for repulsive
or repulsive-attractive kernels might take advantage of the formation of steady
states to obtain global in time bounds on the error. Preliminary analysis in this
direction indicates that it will be necessary to measure error in different norms. Our
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current discrete LP norms measure the distance between exact and approximate
solutions along particle trajectories that begin at the same grid point. However,
small perturbations of the functional can change where particles settle in a steady
state. This causes the discrete L} norm of the error to be large, even if the overall
structure of the steady state is the same.

Another direction for future work is to adapt the blob method to the Keller-Segel
equation by the addition of (possibly degenerate) diffusion. From the perspective
of classical vortex methods, the addition of diffusion corresponds to passing from
the Euler equations to the Navier Stokes equations, so it may be possible to adapt
random vortex or core spreading methods from the Navier Stokes equations to the
Keller-Segel equation [25}[38,/50,|52,/62]. Our method might also be extended to
the Keller-Segel equation by separately simulating the effects of aggregation and
(degenerate) diffusion at each time step. Yao and Bertozzi developed such a method
by using a radial particle method to simulate aggregation and an implicit finite
volume scheme to simulate degenerate diffusion [69]. The blob method would allow
one to perform the aggregation step for non-radial solutions with a high degree of
accuracy.

Finally, our result on the convergence of the blob method to classical solutions
might be extended to weak measure solutions. Lin and Zhang [49] used a blob
method to prove existence of weak measure solutions for the two dimensional ag-
gregation equation when K = (—A)~!. The blob method might also be used to
prove existence of weak measure solutions for the multidimensional aggregation
equation for a range of singular kernels. This would build on the work of Bertozzi,
Garnett, and Laurent for radial initial data and kernels of the form K(z) = |z|?,
2 —d <a<2|12]. Such a result would be of particular interest for kernels in the
range K(r) = |x|~! to K(x) = |z, for which uniqueness may also hold.

6. APPENDIX

6.1. Discrete LP and Sobolev Norms. In this section, we provide references
and proofs for the discrete norm inequalities given in Proposition We begin
with the following lemma regarding extensions for discrete Sobolev spaces.

Lemma 6.1 (extensions from W, "*(Qg) to W,"?(R%)). Let Qg = [~R, R]¢ for
R >3. Forall0 < h < 1, there exists P : W} P(Qr) — W}P(RY) satisfying
Pylon = 9 and | Pyllui gy < Calgllut oion

Proof. Denote the vertices of Qg by U € {(v1,...,vq) : v; = £R}. Define a partition
of unity {nz} on Qg so that 0 < ny <1, > .y =1, and ny(x) vanishes on the edges
of the cube opposite ¥, i.e. whenever z = (x1,...,zq) satisfies |z; — (—v;)| < 1.

For any ¢ € Wi’p (Qr), define gz = nzg. We claim that for all gz, there exists
an extension Pgy so that Pgylg, = g7 and ||ng||Wi,p(Rd) < Cd’pHggHWi,p(QR).
Supposing this claim holds, define the extension Pg of g by Pg = > Pgz. This
satisfies Pglg, = > 5 Pgslor = > 595 = g and

||P9HW;’P(1R(1) = Z HPSJEHW;P(Rd) < ch,pHgﬁ”Wi*p(QR) < Cd,pHgHW;fP(QR) :
7 7

Thus it remains to construct the extension Pgz. By translation invariance, we
suppose that Qr = [0,2R]%, and by rotational symmetry, we suppose that ¢ =
(0,0,...,0). Then g5 € W'P(Qg) and gz(z) = 0 whenever = (1, ..., z4) satisfies
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lz; — 2R| < 1. To extend gz to all of R%, first reflect the function across each
coordinate axis, giving a function defined on [~2R,2R]%, and then extend it to
be zero outside of [-2R,2R]%. The resulting extension satisfies Pgy|o, = g7 and

”Pgﬁ”W}ivP(Rd) < Cd,p”gz?HW;’P(QR)- O
We now turn to the proof of Proposition [3.1

Proof of Proposition[3.1}

(a) The result follows from Hélder’s inequality on ¢ and the definition of W, bp,

) ez gl
Hu||W}:1,p = sup |||(” < W < Jlullzp
gEW;’p/ g W;m gGW;’p/ g W}},p
(See also |7, Equation 2.9].)
(b) By definition of the W, " norm,
(6.1) (s 9l < Nlullyy,-20llglly 10 < (14 2d/R)ully -1 llgll e -

Suppose p < +oo. If we define g = {|u;|P~?u;} and use that (p — 1)p’ = p,
(w,9)n = Y _ JuilPh® = [ullf, and ”g”ii' =3 Jus| PP R = lullZe -
Thus, [[uflzr < (1+ 2d/h)||u||W;1,p.
If p = +o00, define ¢! to be 1 if i = j and 0 otherwise. Then 1’ implies
|uj‘hd <1+ 2/h)Hullvl/;l"x’hd s
80 |[ullLee < (14 2d/R)||ul[yy-1.. (See also [7, Equation 2.10].)
v h

(c) If Q C Bpg, the number of grid points in  is bounded by Crh~%. By an
elementary inequality for P norms on finite dimensional vector spaces,

11
[ullzs ) = W4 ulee < (Crh™) a2 B9l < Crapllullr ) -
(d) Fix QR = [7R7 R}da S0 by (C)’Hg”W}i'p/(QR) < Cp’q’RHgHI/Vi‘Q/(QR) < prq,RHgHW’?Q“

By Lemma there exists an extension operator P : Wi’p/(QR) — Wé’p/ (R9).
Since u is supported in Br C @Qg,

|(w, 9)nl = [(u, Pg)n| < lullyy 10 1Pgllyyssr < Mlullyy 10 llgllyyr o g )
< Cp,q,R”uHW’jl»PHQHW’},q’ .

(e) See [8, Proposition 2.1].
O

6.2. Proof of Regularity of Velocity Field and Particle Trajectories. In
this section we prove Lemma [3.6]on the regularity of the velocity field ¥ = VK x p,
the divergence of the velocity field V- = AK x p and Lemma [3.7] on the regularity
of the particle trajectories X*(a) and the Jacobian determinants J*(«).

Proof of Lemma[3.6, By the linearity of differentiation and convolution, it is enough

to show the result in the specific case that that K = K; with s =5 > 1 —d.
When s = 1 — d, K is a constant multiple of the Newtonian potential. By

Assumption p € CY([0,T],Cr(RY)) for r > m, L and has compact support.
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It is a classical result that AK x p = Cp. Thus V -7 = AK x p belongs to
CL(R?) N C™(RY) and has bounded derivatives up to order m.

Now, we may assume that both VK and AK are homogeneous of order at least
1—d. We treat both simultaneously by proving the result for a kernel KC, which for
fixed [ > 1 — d satisfies

109K (z)| < Cla1Pl, vz e RT\ {0},0< 8| <l+d—1.
Note that this implies 9°KC € LL (R?) for all |8| <1+d—1. When K(z) = VK(z),

loc

| = s, and when K(z) = AK(z), | = s — 1. The fact that K x p € CE(RY) is
immediate, since p € CE(RY) and K € L _(R?). We now turn to the estimates

loc

that imply K x p € C™(R?) and the bound on its derivatives.
We prove by induction that for 0 < |y| <14+d -1,

K *p(x) = /awqx —y)p(y)dy .
If |y| = 0, equality holds. Suppose |y| > 1 and 0°K * p(z) = [ 0°K(z — y)p(y)dy
for all |3 = |y| — 1. If |n| = 1 satisfies 970° = 9,
& (K % p) = 9"((9°K) * p) = (8°K) * (8"p) .
We now move 9" onto K. Fixing € € (0,1),
@°K)+ @) = [ KWL~ )iy + [ O Kw)Ople ~ )y

lyl<e ly|>e
= O™ 1Pl + / DK (y)p(x — y)dy + O(e!~H181)
ly|=e
Since || = |y| =1 <1+ d — 2, sending € — 0 gives
(0°K) * ("p) () = (97K * plz)

This shows K x p € C'H4=1(RY). We now show Kxp € C™(R%). If m <l+d—1,
this is immediate, so suppose m > [+ d — 1. By Assumption p € CT(R?) for
r > m—(s+d—2). Since 97(Kxp) = (07K)*p and 97K € L. for all |y| <i+d—1,
for any |8| = m, there exists [n| =m — (I+d —1) < r so that
K xp=(0"K)* (9"p) .

Thus, K x p € C™(RY).

Finally, we show that |0°KC x p(z,t)] < C(1 + |z|¢1FD+) for |8 < m. If
Bl >1+d—1,1let |n| = |8 —(I+d—1) and |y| =1 +d — 1 so that 9° = 979".
Otherwise, let v = 3 and = 0. Since 9°K * p(z) is continuous, it is bounded for
|z] < 2Ry. If |x| > 2Ry,

07K pla)] = 1K)+ @)@ < C [ la=ul' 10 o)y < C [ o=y
Ro

< Clz|=7 ifl >,
| C ifl <~.

Thus, |0°K*p(z)| < C(1+]z|=1FD+). The constant depends on the exact solution,
the kernel, the dimension, 8, T, and Ry. O

We now prove Lemma on the regularity of the particle trajectories.
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Proof of Lemma[3.7 Assumption [3.5] and Lemma [3.6] ensure sufficient regularity
on the velocity field so that there exists a time interval [0,Ty] on which, for a €
Bpr,+2, the particle trajectories X*(a) and their inverses X ~*(«) uniquely exist, are
continuously differentiable in time, and C* in space. Likewise J!(a) and J~*(a)
are CL~1 in space and satisfy equation .

Suppose Ty < T. Then there exists « so that |X*(a)| — +oo as t — Tp. This
contradicts Assumption [3:5] Therefore, Tp = T

If s = 1 — d, we may replace Bp, 2 with RY. |

6.3. Proof of Regularized Kernel Estimates. We now prove the regularized
kernel estimates from Section [3| Throughout, we use that

(6.2) ly|* € LY(B1(0)) and |y|* € L¥(R?\ B1(0)) if1-d<s<0,
' lyl* € L>®(B1(0)) i0<s.

Proof of Lemma[3.15 By the linearity of differentiation and convolution, it is enough
to show the result in the specific case that that K = K7 with s=5>1—d.

If s=1—d, K is a constant multiple of the Newtonian potential. In this case,
since ¢ € CL(R?) for L > d+2, it is a classical result that AKs = AK %15 = Ct)s.
Assumption [3.3] ensures 15 € CL(R?), hence AK; € CE(RY).

We may now treat the cases of VK5 and AKj simultaneously by proving the
result for a kernel KCs = K % 15, which for fixed [ > 1 — d satisfies

109K (z)| < Clz|'1Pl vz e RT\ {0},0 < |B| <14+d—1.

When K(z) = VK(z), | = s and when K(z) = AK(x),l=s— 1.

It is enough to show that in a neighborhood around every x, there exists g(y) €
L' (RY) which dominates K(y)021s(x — y). Then, the mean value theorem ensures
that the difference quotient which converges to this derivative at = is also dominated
by ¢(y), allowing us to conclude

W/K@m@—wwzfxwwww—w@,

and K5 € CL(R?). We use Assumption on the decay and regularity of v to find
dominating functions when [ < 0 and [ > 0.

If 1 —d<1<0, the decay and regularity assumptions ensure that there exists
€ > 0o that |08 (x)| < Clz|~9¢ for all |3] < L. If I > 0 the regularity assumption
ensures that 0%y (z)| < C|z|~%!=¢ for all |8| < L. Since 9”1 is bounded near the

origin, there exists ¢’ > 0 so that for all z € R?,
C'(|z] + 1)~ if1-d<1<0,
@) < { SN
C'(Jz| + 1) ifo<l.

Therefore,

Cslyl'(jlz —y| + 1)~ if1-d<1<0,

5§ —
63) K@Ul wg{%M%%w+D%+Jim<L

If |2| < R and |y| > 2R, |z —y|+1 > |y| — |z| > %|y|. This gives the following
dominating functions when |z| < R:

()0 s(x — )| < { CorlY wsen + Corliyn IH1-d <10,
Cs.i if0<1.
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Since R was arbitrary, 9°/KCs(x) = KC * 9%1ps(x) for all z € R?. O

Proof of Lemma[3.16. Our proof generalizes the approaches of Beale and Majda [§]
and Anderson and Greengard [3]. By the linearity of differentiation and convolution,
it is enough to show the result in the specific case that that K = K; with s =5 >
1—d.

We first prove the following pointwise bounds for |8| < L and r > 0:

Clz|*~18l if § < |2 ,

IPVK;s(x)| <
| sl < {Cas—w if |z <76 .

We begin with |z| < rd. By Lemma VK5 = VK x (0%¢5), so

‘8’8VK6($)| < /|VK(y)||3B1/J6($ — y)|dy < C"/ |y|5(5—d—\ﬂ| ’aﬁw (l‘ g y) ‘ dy ,
(64) _ C/ 5y[56-17) ’3% (% _ y)’dy — o518l / e

Suppose 1 —d < s < 0. By (6.2),

5 (3

0PV K;(z)| < 0517 {Haﬂw”LW(Rd)/ll
Yy

If s > 0, we apply Assumption |z| < rd, and (6.4) to conclude

ly|*dy + sup |y|° ||3ﬂ1/)||L1} < Cse Pl
<1 ly[=1
0V Es(a) <o [y 5[ 0% v
<o lPl / (lyl+7)° [0%¢ (y)| dy < Co°~ 1PV
We now consider the the pointwise estimate on |0°Ks(z)| for |z| > 6. First

suppose 1 —d < s < 0. Let ¢9 : R — [0, 1] satisfy ¢p(s) = 0 for s < 1/4 and
do(s) = 1 for 5 > 1/2. Define ¢ (y) = go(|yl/|z]). By Lemma

)

PV Es ()] = \ [ V@ st~y

IN

\ [ VK. w0st - y)dy\ . | [ VK@~ o) st~ )|
=hL+1I.

To control I;, we integrate by parts,

I < ‘ / ang(y)%(y))w(x—y)dy] |

As ¢,(y) is only nonzero for |y|/|z| > 1/4, we only need to bound I; for § <
|z| < 4|y|. For any multiindex v, [9] ¢.(y)| < C|z|~M! and by Assumption
|0V K (y)| < Cly|*~" < C|x[*~1 for |x| < 4|y|. Combining these facts with the
product rule gives [0 (VK (y)¢.(y))| < Clx|*~181. Since b5 € L*(R?), this shows

I < Claz)*~ 181,
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We now turn to I5. Since 1— ¢, (y) is nonzero for |y|/|z| < 1/2, and |1 — ¢, (y)| < 1,

I, <

/ VE (1)0%s(x — y)dy
ly|<|z|/2

For y in this range, |z —y| > |#| — |y| > |z|/2. By Assumption [3.3]on the regularity
of the mollifier, |z|9T181|3%4(z)| < C. Therefore,

\8ﬁ¢5($—y)| = 5= 1Pl ’8’8¢ (T)‘ < C(j—d—|5||(x_y)/5|—d—|ﬁ\ < C|x|_d_|m .

Furthermore, since s > 1 —d,

/ VK (y)dy
lyl<l|zl/2

This completes the proof of the pointwise bounds for 1 —d < s < 0.
Now we prove the pointwise estimate on |0° K;(x)| for § < |x| when s > 0. First,
note that for any multiindex ~ such that |y| < |8] and s — |y| > —1,

|07V Ks()]

| /2
I, < Clz| =417 < C‘x|—d—w/ Py < Clal*—1#
0

<

+

/ VK ) st)dy

/ VG ) sty

/ ly[*~"dy
ly|=e

[v]—1

+C§Z

m=0

<

+ Cs

/ DIV K ()07 s — y)dy
ly|>e

/ ly*dy
ly|<e

e—0
E—

[ 7K@ st y)dy]

If there is some |y| < |3| so that s —|y| < 0, then applying the previous argument
for s <0 to |0"VK]| < C|x|s—\7\7

\VﬁKg(x)\ < \(8"’VK)*(65_7%)(3:)| < C‘x|—1—(lﬁl—|7|) — th\—l—lﬂl _ C|x|s_‘5‘ )

On the other hand, if s — |3] > 0, integrating by parts |3| times and applying
Assumption [3.3] on the decay of the mollifier when s > 0 leaves us with

0PV Ks(x)| = ’/WVK(y)wa(m —y)dy‘ < C/Iy\s"ﬁ'lwa(w —y)ldy

J 5d+s+e
<C > s (2 — )| dy + CO / jy|*17

e (]
d
lyl<2]a| ly|>2|z] |z — yldtste

The first term is bounded by C|z|*~!8. The second term is bounded for |z| > & by

1 1
core [ ey oo [y
ly|>2|x] (ly[ — J[)d+ste ly|>2|z] |y|dFste

o0
< 053+€/ prlBlmd=epd=1 gy < Co5Fe g TP < Ol 1AL
2|z|
This completes the proof of the pointwise estimates.
Finally, we apply the pointwise estimates to obtain Lemma [3.16] We define
6" = (C'+1)4, and without loss of generality, we assume R > ¢’. First, decompose
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the integral as

/ |0PVKs(x + g(x))|dx
Br

g/ |85VK5(x+g(x))|dx+/ 0PV Ks(z + g(z))|dz
BrNBg/ BR\35/

=L+

When |z| < &, |z + g(z)| < 20" = 2(C" +1)6 and I3 < C&5~1Pl§d < Costd-IAl
When |z| > ¢, we use that |z + g(z)| > 0’ — C'd = § to conclude

L <C |z + g(z)]*~1Plda .
Br\Bg/

If s —|B] > 0, the fact that |z + g(x)| < 2R implies the integral is bounded by a
constant which depends on R. If s — || <0,

R
n<c (|| = |g(z)))*1Fldz < C (r — C'6)*~1Blpd=1qy
BR\B5/ &’

R—C'§ R
< C/ rsfw(r + Clé)dfldr < C/ rs+d*‘ﬂ|*1(1 + C')dildr
5 5

C(RsT4-I81 — gs+d=18ly < ¢ if s +d >8],
< ¢ C(log(R) —log(d)) < Cllogé| ifs+d=Ip|,
C(os+a=I8l — ps+d=IBly < g5t it s 4 d < || .

The constant depends on the kernel, mollifier, dimension, 8, and R. O
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