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Abstract

A proof of high-order convergence of three deterministic particle methods for the convection-
diffusion equation in two dimensions is presented. The methods are based on discretizations of
an integro-differential equation in which an integral operator approximates the diffusion operator.
The methods differ in the discretization of this operator. The conditions for convergence imposed
on the kernel that defines the integral operator include moment conditions and a condition on
the kernel’s Fourier transform. Explicit formulae for kernels that satisfy these conditions to
arbitrary order are presented. (© 1997 John Wiley & Sons, Inc.

1 Introduction

In this paper we present an L?-convergence proof of high-order deterministic
particle methods for the convection-diffusion equation

(1.1) 2—1;+(u-V)F:VAF, V-u=0,

(1.2) '(x,0) =Iy(x), x€R?

where u(x,t) is a prescribed flow and I' is the solution of the linear equa-
tion (1.1) with initial data I'g. We discuss the convergence of the particle
strength exchange (PSE) method studied by Degond and Mas-Gallic [7] and
two other numerical methods that are variants of PSE. The three methods are
discretizations of an equation in which the Laplacian is replaced by an integral
operator of the type

(1.3) Qrex) = = [ [0y) = T6)) Aaly — x)dy

_0_2

where o is a numerical parameter and the kernel A, satisfies appropriate mo-
ment conditions. We use the operator in equation (1.3) and properties of the
kernel A, to define three discrete versions of () that lead to the three numerical
methods. They all require the choice of the diffusion kernel in (). The third
method also requires a cutoff function fs that must satisfy a condition relating
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fs to the kernel A,. We formulate the precise condition in terms of the Fourier
transforms of the two functions in Section 4.

The PSE method for the convection-diffusion equation results from a very
natural discretization of equation (1.3). This method has been shown to con-
verge in L°° for the case when the kernel of the integral operator is nonneg-
ative [7]. This case is limited to second-order convergence since the moment
conditions required for high-order convergence cannot be satisfied by a non-
negative kernel. Further work presented in [7] is restricted to the case when
the viscosity v and the parameter o satisfy the constraint v < Co?, where
C is a constant. This constraint is used to develop bounds for the error in
the numerical solution for fixed numerical parameters. However, this con-
straint represents a serious obstacle to convergence since the limiting case of
vanishing numerical parameters cannot be reached.

Our results extend the previous work by presenting the convergence of the
PSE method without assuming any dependence of the numerical parameter o
on the viscosity and without the restriction that the kernel be positive. Instead,
we require that the Fourier transform of the kernel A, satisfy A, (s) < A4 (0).
This allows the use of high-order kernels leading to acceptable error estimates
even for moderate values of viscosity. We also provide examples of kernels of
arbitrary order constructed in ways analogous to those in [1].

The main result states that the difference between the numerical solution,
T';,, and the solution I' of the convection-diffusion equation satisfies the discrete
L?-norm error estimate

_|_

O-m+2

hm hm+3/2
ITh = Tllo2n < Cv <0d+ )

where h is the initial interparticle distance and C' is a constant independent of
v and the numerical parameters. The parameter ¢ must be larger than A but
small enough so that the terms in the error bound balance. The exponent m
is determined by the smoothness of the flow and initial conditions, while d is
the order of the approximation of the Laplacian by the operator ). High-order
kernels yield large values of d and therefore smaller regularization error.

One can exploit further the symmetry of the kernel A, to arrive at a slightly
different discretization of (). This leads to the first variant (method B) of the
PSE method. The main difference between the two methods is that high-order
convergence of method B is achieved by requiring that vh™/o™+2 < 1. At
first glance this condition appears equivalent to the one used in [7]; however,
there is an important difference. For given flow properties, the numerical
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parameters h and o can be chosen so that this condition is satisfied in the limit
as h,o — 0.

A third method (method C) follows from another change in the discretiza-
tion of the operator (). We show the convergence of this method under the
same assumptions as the PSE method plus one additional condition. This con-
dition is not a very restrictive one and states roughly that the Fourier transform
of A, (normalized by its value at the origin) must be bounded above by the
(normalized) Fourier transform of a cutoff function fs, which is required in
the method. Examples of such functions are given in the last section.

Fishelov [8, 9] introduced a related method in which the Laplacian of the
vorticity is approximated by the convolution of the vorticity and the Laplacian
of a cutoff function. Convergence in L? of this method for the convection-
diffusion equation has been established [9]. We show that Fishelov’s method
is equivalent to method C, and therefore the former can be viewed as a dis-
cretization of the integro-differential equation on which the PSE method is
based.

The dynamics of physical quantities such as chemical concentrations ad-
vected by the flow u are modeled by equation (1.1). Particle methods for
the simulation of incompressible flows are of particular interest in the case
of slightly viscous fluids, when other methods can develop stability problems.
The PSE and Fishelov’s methods have been used in conjunction with vor-
tex methods for the simulation of viscous flows. For example, Bernard [2]
adapted Fishelov’s method for use within boundary layers, and Winckelmans
and Leonard [15] computed the reconnection of two vortex rings in three di-
mensions using the PSE method. In applications, these methods are commonly
used with high-order kernels. We note that the convergence of these methods
to solutions of the Navier-Stokes equations has not been established.

In practice, these particle methods sometimes suffer from errors derived
from the limit on the size of the discretized domain and from clustering of
particles. Although these issues are not addressed in this paper, there is work
dedicated to the analysis and reduction of these errors. The size of the domain
where the initial particles are placed is often estimated from the final time of
the specific simulation. Cottet [5] has made a study of the large-time behav-
ior of the PSE method (with high-order kernel) for the vorticity formulation
of Navier-Stokes in two dimensions. He proved that the numerical solution
exhibits the same decay rate (of enstrophy) as the solution of the continuous
problem for large times. He revealed a useful way to deal with the numerical
domain boundary. Sometimes particles tend to form clusters even in incom-
pressible flow applications. Regridding procedures are then required to carry
the computation beyond this time and new errors are introduced. Regridding



1238 R. CORTEZ

algorithms specifically designed for the PSE or Fishelov’s method have been
proposed in [4] and [11]. Nordmark has managed to design rezoning proce-
dures for use with Fishelov’s method that preserve high accuracy.

Finally, we mention other deterministic methods for viscous flows that
model the diffusion process by redistributing the vorticity carried by the par-
ticles. The method adopted by Cottet and Mas-Gallic [6] and Choquin and
Huberson [3] uses viscous splitting and the discrete convolution of the con-
vected vorticity with the heat kernel. A new method of vorticity exchange was
recently proposed by Shankar and van Dommelen [13]. In this method the
fractions of circulation exchanged among particles are given by the solution
of a linear system of equations that is solved at every step.

In the next section of the paper we present the integro-differential equation
on which the methods are based, define the kernel A, and its properties,
and introduce the numerical methods. The rest of the paper is divided into
three parts. In Section 3 we discuss properties of the solution of the integro-
differential equation and present results that show the convergence of this
solution to solutions of the convection-diffusion equation. In Section 4 we
state and prove the convergence theorem of the PSE method first and then
state the corresponding theorems for the other two numerical methods. In the
final section we present a discussion and examples of high-order kernels.

1.1 Preliminaries and Notation

Throughout this paper we use the following definitions and notation.
1. For f € L?(R?), the Fourier transform is defined by

£(s) = —

o o T ) TN dx.

—

With this convention we have that (f x g) = 27 f g.
2. Let p € [1,00) and m > 0. Define the Sobolev space
W™P(R?) = {f :R* = R | 0°f € L’(R?), |B] < m}
and the norm in W™P(RR?),

Hfon,p - Z ”aﬁf”Lp R?)

0<|B|<m
For W™ (R?), we use

— 3
[ £llm,co = max 1107 Fllzee2) -
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3. A discrete norm is defined by

11820 = 3202 112,

4. Minkowski’s (triangle) inequality states that (see [14], p. 24)

|0 < fusen

In this paper we assume that u(x, t) : R xR — R? is a given flow, and we
discuss solutions of equation (1.1) and equation (2.1) for (x,t) € R? x [0,7]]
for some positive final time 7. We use the notation L°°(0,7"; X) to denote
the space of functions f : t — f(¢) from (0,7") into the Banach space X with
norm || - || such that

|072 dt .

1fll o= 0.7:x) = ess sup || f()]] < +o0.
0<t<T

2 The Numerical Methods

The numerical methods presented in this paper are based on discretizations of
an integro-differential equation that approximates equation (1.1) by replacing
the Laplacian with an integral operator. The integro-differential equation is

or
(2.1) E+(u~V)I‘:uQF, V-u=0,
(2.2) I(x,0) =Ty(x), x€R?.
The operator ( is defined by

2.3) Qreo = = [ I°(y) = (0] Aoly — x)dy

_02

with A,(x) = 0 2A(|x|/o) and A(r) a smooth, radially symmetric function
that satisfies the following conditions for 2 < d:

(K1) [2? A(]x|)dx =2 fori=1,2,

(K2) [xPA(x|)dx =0 for |8 =1, 3<|8<d+1,
(K3) [ [x]***|A(x])]dx < oo, and

(K4) A(s) < A(0).
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Conditions (K1) through (K3) ensure that the error in the approximation
of the Laplacian by the operator @ is O(c?). For this reason a function
that satisfies the conditions above will be referred to as a kernel of order d.
Condition (K4) will be used in the stability estimates of Sections 3 and 4.

Due to the radial symmetry of A, we have that A,(y —x) = As(x —y).
In particular, the operator () acting on I' can be written as

Qr(x) = — [ () = TG0 Aoly — x)dy
2.4) 1
= 18 —28) £ T]00),

where 6 is a two-dimensional Dirac delta and A = [ A(|y|)dy = 27A(0) is a
constant. These facts are the basis for the definition of the numerical methods.

Various ways of discretizing equation (2.1) are possible depending on the
way we view the operator (). The three methods we consider are based on the
following discrete versions of the integral operator:

1. PSE method:

h h al j
2.5) Q"T'(x _—22[ }Ag(x—xﬂ).
2. Method B:
N Y A
(2.6) Q"T(x) = = Z (x —x7) — ;I‘(x).
3. Method C:

N
2.7) Q'(x) = h—2z { (x —x7) — )\f(g(x—xj)}.

The PSE method is a direct discretization of equation (2.3), while method B
uses the fact that A = [ A(|y|)dy is invariant under translations. Method C
uses a cutoff (blob) function fs, which approximates the Dirac delta in equa-
tion (2.4). We will consider cutoff functions of the form f5(x) = §2f(]x|/6),
where f € C%(R?) is a radially symmetric function. We say fs is a cutoff of
order d + 2 if f satisfies the conditions:

(CD [ f(lx)dx =
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(C2) [x7 f(|x])dx =0 for1<|8] <d+1,and
(C3) [ x| |f(|x])|dx < oo.

Note that a cutoff function of order d + 2 is needed for the operator Q" in
method C to approximate the Laplacian to order d due to the factor of =2 in
@. This method requires the selection of a kernel A of order d and a cutoff
f of order d + 2. The numerical parameters o and ¢ will be chosen so that
o = ¢6 for some fixed positive constant c. The precise choice will be specified
in Section 4.

The numerical methods are defined by

d .
(2.3) Ex(o/,t) = u(x(a',t),t),
d_ . .
(2.9) — 1) = vQ"Ty!,
dt
where x'(0) = x(a?,0) = o’ fori = 1,..., N are points uniformly distributed

on a square lattice of size h in R2, T,%(0) = T'o(a?), and u(x,t) is the
prescribed flow.

3 Convergence of the Continuous Problem

In this section we state and prove results regarding the approximation of the
Laplacian by the operator () and the convergence of solutions of equation (2.1)
to solutions of the convection-diffusion equation. Our aim is to establish the
results that will be needed in subsequent sections and not to discuss at length
the regularity properties of solutions of equation (2.1).

PROPOSITION 3.1 Assume the function A satisfies conditions (K1) through
(K3) outlined in Section 2. Then there exists a constant C > 0 such that for
any function g € W2P(R?) with 1 < p < 0o

1Ag = Qgllop < Collgla+a, -

PROOF: Following [7], in the definition of (Jg we expand g in a Taylor
series with remainder. Then, for a double index 3 we have that

Qg(x) = Ag(x)

d+2 L a+1 [ 98 o
+— Z — [ (1—-5s) 0”g(x + sz)z" Ay (z)dz ds .
O ppizarz P10
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Taking norms and using the triangle inequality, we find that

(I
1
< T2 glay 3 G [ =9 s [ a1 ).

|B]=d+2

The result follows since
/|z|d+2|AU(z)|dz _ git2 / 1242 A(|z])|dz = Cao®2 .

COROLLARY 3.2 Let the assumptions of Proposition 3.1 hold. Then there
exists a constant C' > 0 such that for any function g € WT4T2P(R2) with
0<randl1 <p< o

1Ag — Qgllrp < CO'ng”r-&-d,—m,p.

PROOF: We make the observation that since QI' = 1/0?(A, * I' — AI'),
one can easily check that 9°%(QT") = QO°T for |3| > 0. Let 3 be a double
index with 0 < |5| < r. Then by Proposition 3.1

1A = @)0%]|,, < Cro”|0” < Col|g|

9llao p = rd+2,p

The result follows. [ |

3.1 Stability of the Integro-Differential Equation

Before stating a stability theorem for equation (2.1), we make the following
remark regarding the condition on the Fourier transform of the kernel A: Given
a function g € L?(R?), the inequality A(s) < A(0) implies

%/A §(s)ds < 2A(0) (|12
<:>/ (A, % 9)§(s)ds < Allg|IZ
G0 = [ (Ao = g)x)gx)dx < Ngl3 .

This inequality states that [ (Qg)(x)g(x) < 0, which is key in the following
stability theorem:
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THEOREM 3.3 Let A satisfy conditions (K1) through (K4) in Section 2. If u €
L>®(0, T; Wm>=(R?)) and Ty € W"2(R?), then equation (2.1) has a unique
solution in L> (0, T; W"2(R?)), and there exists a constant C = C(A,u, T) >
0 such that for 0 <t <T

3.2) 1T B)lr2 < ClITollr2 -

PROOF: We provide the proof of existence in order to present a self-
contained analysis. For the purposes of this paper, however, the bound in (3.2)
is the more relevant result. Let

U e L0, T; W"™(R?))

and

F e LY0,T; W"2(R?)).
Then the equation

r
(3.3) g—t+(u-V)F+UF:F, V.u=0,

(3.4) I'(x,0) =Ty(x), xcR?,

has a unique solution in L°°(0, T; W"2(R?)) (see theorem 1.3 in [12]). Mul-
tiplying equation (3.3) by I' and integrating in space, we find that

d
—||T < ||U r
ZITllo2 < 1V o

lo2 + [[1F'(-,t)[lo2

and by Gronwall’s inequality we conclude that

t
65 ICloz < |ITolloz+ [ 1FCs)loads).

where 1 depends on ||U|p.«c and 7. Consider F' = Q f for some f € L?*(R?).
Since Qf = (1/0?)(A, * f — Af), it is clear that ||Qf|lo2 < Cyl/f]lo for
C, = (| Allox + A)/o?. Let ® be the mapping defined by I' = ® f where T
satisfies the equation

or
(3.6) S+ VID+UT=vQf,  V-u=0,
(3.7) [(x,0) =Ty(x), xcR%
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Then, using (3.5), we have that for fi, fo € L>°(0,T; L?(R?))

t
|®f1 — @fallo2 < 7100/0 Ilf1 = falloz2 -

We now choose a final time 7™ such that v;C,T* < a < 1. Thus,

ess sup [ B — @ folloz < aess sup | fi — fallos -
<T* 0<t<T*

0<t
Therefore ® is a contraction, and it has a unique fixed point I'* in the space
L>(0,T*; L*(R?)), which is the solution of equation (3.6). This argument
can be repeated for the intervals [17™, 27|, [21™, 3T™], and so on, so that the
solution is valid to time 7.

In order to establish existence in the space L>(0,T; W"?(R?)), we differ-
entiate equation (3.6) and use the fact that 3°(QT') = Q9°T to find that 9°T
satisfies equation (3.6) with a right-hand side term that contains derivatives of
I' of order lower than [ and derivatives of u and U. The same arguments
as above yield existence and uniqueness of the solution of equation (3.6) in
L0, T; Wm2(R2)).

To obtain the bound independent of v and o, we multiply equation (2.1)
by I'(x) and integrate over x to obtain

% / ID(x)|%dx = 2v / (QT) (x)T(x)dx
2v

= 2 [ (Ao« T)XT(x) — AT (0) 2 dx < 0,

where the last inequality follows in view of (3.1). Hence, we have
(3.8) ITC,8)llo2 < lTollo2 -

In order to bound ||0°T[|o2 for a double index with |3| = 1, we proceed
as follows. First, recall that 0°(QT) = QO°I'. Second, we differentiate
equation (2.1) to get

9(9°T)

o T V)(0°T) = vQI°T — 9Pu - VI,

Proceeding as above, we have that

d
VT o2 < VIV lo2 ,
SI9 02 < VIV o
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where ~ depends on [|ul||5) .. By Gronwall’s inequality coupled with expres-
sion (3.8), we get

ITC, )]

For 2 < |3| < r, the equation for 9°T is equation (3.6) with a right-hand side
that contains derivatives of I' of order lower than . Expression (3.2) follows
by induction. (]

12 <C|Toll1,2-

3.2 Convergence Result for the Continuous Problem

The results in the previous sections imply the convergence of the solutions of
equation (2.1) to solutions of equation (1.1). We first state a classical result
regarding solutions of equation (1.1) and then present the convergence result
for the continuous problem. In Section 4 we discuss the convergence of the
numerical solution to the solution of equation (2.1).

PROPOSITION 3.4 Let u € L>(0,T; W™ (R?)) and Ty € W"2(R?). Then
equation (1.1) has a unique solution in L°°(0,T; W"™2(R?)), and there exists
a constant C = C(u,T') > 0 such that for 0 <t <T

(3.9) IT(-, t)]lr2 < CT

2.

THEOREM 3.5  Assume that u € L>(0,T; W™ (R?)), and let A satisfy the
conditions of Theorem 3.3. Let ' and T'° be the solutions of equation (1.1)

and equation (2.1), respectively. Then there is a constant C = C(u,A,T) > 0
such that for Tg € WT+4+2.2(R2) and for 0 <t < T

(3.10) IT = T2 < Crvo||Tolyat2z -

PROOF: Set g =1'—T1"?. Then we have

%+(u.v>g—ngzy<A—Q>Fy g(,O):O

From the result of Theorem 3.3, we have that

t
ot Bllnz < Cov [ (A = Q)T s

By Corollary 3.2 and Proposition 3.4, we have that

lgC t)llr2 < Cvo?|Tollrraraz -
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4 Convergence of the Particle Methods

We have established the convergence of the solution I'? of equation (2.1) to the
solution I" of the convection-diffusion equation. In this section we discuss the
consistency and stability of the three numerical methods defined in Section 2.
The convergence proofs for methods B and C require additional conditions
on the numerical parameters. These conditions will be discussed as they are
introduced.

We will make use of the following result found in [12, p. 262]. We present
it as a lemma and omit the proof.

LEMMA 4.1 Let g € W*Y(R?) with k > 3 and let o7 be uniformly distributed
points in R%. Then

N
< Ch¥|\gllk,1 -

> g(a?)n?

J=1

(4.1) | / g(a)da —

4.1 PSE Method
Recall that for the PSE method the discrete integral operator is given by

n

Q'T(x) = 5> D) = D(x)] A (x = x7).

=1

THEOREM 4.2 Let Ty € W™ 2(R?) and u € L>®(0,T; W™ (R?))
where 0 < r. Let A, satisfy conditions (K1) through (K4) with 4 < d+2 < m.
Let T be the solution of equation (2.1). Let x/(0), j = 1,..., N, be points
on a uniform square grid of size h in R?, and let x’(t) evolve according to
equation (2.8). Then there exists a constant C' such that for o < 1,

h2 N . .
(4.2) e(x) = QU(x) - — [P(7) = D(x)] A (x = x7).

Jj=1

h2 N X .
Qr->; Z D7) = D(x)] Ag(x — x)

hm
<O [[Tollmtr2 <m>
7,2

PROOF: Define the discretization error e(x) as

In order to bound the norm of e(x) we use Lemma 4.1 with & = m and
the function g(a) = 25 [[(y(a,t)) — I'(x)] Ay (x — y(a,t)). Then we have
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that
)l < =5 | Y [ |08Ae(x — y(e, 1)) (y(a, 1))| da
7% lo<iglHlo1<m
Cch™
+ =5 PG Ag ln.

and by the triangle inequality and properties of convolutions, we get that

lelos < S > \/ [ [ [ 1oyt 02200yt )] o]

0<|BI+]6]<m
ch™

o2

+ ITllo.2 [[Aclm,1-

By Minkowski’s inequality,

leloz < - > f d“\// 08 (y(0. )00 (x — y(a,)

0<|BI+]0]<m
ch™

o2

dx

’ 2

+

Tllo,2 [[Ag lm,1 -

By repeated application of the chain rule, derivatives of g(«) up to order m
are sums of derivatives with respect to y of A,(x — y)I'(y) multiplied by
derivatives of y(c, t) with respect to «. The latter are assumed to be bounded.
Therefore, there are constants independent of y and ¢ such that

Ch™ Ch™
lelloz = —5=l[Aallm1 [Tllm,z2 <

s Tl

where the last inequality follows from |[Ay |1 < Co™™.

In order to bound |||, 2, we must bound the L?-norms of derivatives of
e(x). Applying (4.1) to the function g(a) = 07 L {[I'(y (e, t)) = ['(x)]Aq(x —
y(a,t))}, we find that for |5] < r,

Cch™ chm
8
Ha €H072 S 3 [Aallig1-4m,1 1IN g4m,2 < SBimiz TN 11-4m,2
ch™

T 1T [|rm,2

for 0 < 1. Then,

Ch™
(4.3) lellre < —g T llmr2 -

The proof is completed by combining (4.3) and Theorem 3.3. |
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We are now ready to state and prove a convergence theorem for the PSE
method.

THEOREM 4.3 (Convergence of PSE Method) Let x*(0) = o' be points dis-

tributed uniformly in R?, and assume that u € L*(0,T; W™+3°°(R?)) and

Lo € WMH32(R2) with 4 < d + 2 < m. Assume that A satisfies conditions

(K1) through (K4). Denote by T';'(t) and T (t) the respective solutions of the
equations

i 2 N i

d— = hg Z {Fh —Fh} ( —x%) and ddl; =vAT'(x")

where dx®/dt = u(x ). Then there is a constant K such that

(4.4) ITh = Tllo2,n < Kv|[Tollm+s,2 (Ud tome T

O-m+5

PROOF: Define e (t) = I',* — T'*; then
Z = v he [Qhrhk - Ar(xk)}
k k

= vy W2 [(Q"T)F - Q'T) + (Q'TF — ATY)]
k

= I/(Tl + TQ) ,

| =
Q‘|Q‘

4.5)

where Q" is defined in equation (2.5). Consider 77.

T1 = Zh2€th€k

= ZthkZh ejhg(xF —x7) ZhQ ZhQ (xF —x7).

We use the algebraic inequality 2eie; < ek + e. to write
T1<—Zh22h26 + e2)Ag(xF — x7)
1 h2 2 h2 J
— ? Z x —x7)

1
:;Zh?zz:hz x —x])
k J
th QZhQ (xF —x/) =0

(4.6)
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due to the symmetry of A,.
Consider now the second term in equation (4.5). Holder’s inequality implies
that

4.7)
zk: h2€k [th‘ (xk) — ATl (xk)}

We now make use of Lemma 4.1 with & = 3 and the function g?> where
g(a) = Q"T'(x(a, t)) — AT'(x(ev, t)). Then

¢
916,20 = > h?g* (") < llgllg 2 + CR*[lg% I3
)4

<|ITh = Tllozn 1(@Q" — AT

lo,2,h -

2 301112
< lgllg2 + CR%llgll52 -
The algebraic inequality a® + b*> < (|a| 4 |b|)? implies that
lgllozn < llglloz +Ch*2|glls2-

The norms in the last expression contain integrals with respect to a. These can
be viewed as integrals with respect to x multiplied by a constant that depends
on the transformation o — x(a, t).

Combining the results of Proposition 3.1, Theorem 3.3, and Theorem 4.2,
once with 7 = 0 and once more with » = 3, we find that

d h™

0,2 < C1||To|lm,2 <0 + )

O-m+2

g

and

hm
lols2 < CallColmss (0% + ).

This yields

d 3/2 h™ 32
lglloz < ClTollmssa [0 (Cr +h¥2Ca) + =50+ ——-Ci
™ hm+3/2

(4.8) < ClTollm+3,2 <0d R R

Equation (4.5) can be rewritten using (4.6) and (4.8) to get
1d 1d
i 2., = 24 B2e2
2dt” h ||0,2,h 2dtzk: €k

= V(Tl + Tg)

IN

Cv[|Tn —Tlloz2n ITollm+3,2 (Ud T omr2 T mts

K™ pm+3/ 2)
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Therefore, we have that

d hmo RS2

@”Fh —Tlo2n < Cv [[Tol[m+3,2 (Ud T w2 T omrs )

which implies the desired result. Note that K in (4.4) does not depend on v,
o, or h. |

We remark that since 4 < d + 2 < m by assumption, one can choose a
relation of the type o = Ch? for some exponent 0 < ¢ < (m + 3)/(m +5).
We make the observation that the errors in (4.4) are of the same order when
q=z and m=d+ 2.

4.2 Method B

We state the corresponding theorems for method B. In the remaining sections
the proofs of the theorems will only be sketched since they are very similar to
the proof already presented. The discrete operator of method B is given by

Q"I'(x) ZF x7)A x—xj)—%F(x).

Notice that this differs from the PSE method only in the way the last term is
discretized.

THEOREM 4.4 Let u € L>(0,T; W™*">2(R?)) and Ty € W™t2(R?),
where 0 < r. Let A, satisfy conditions (K1) through (K4) with 4 < d+2 < m.
Let T be the solution of equation (2.1). Let x/(0), j = 1,..., N, be points
on a uniform square grid of size h in R? and let x/(t) evolve according to
equation (2.8). Then there exists a constant C' such that for o < 1,

p & ~/\}

Bm
QI — |: ZF XJ — XJ) - ;F() <C ||FO||m+r,2 (m) .

r,2
PROOF: Define the discretization error as
h? X A
= I( J J —T
e(x) [ Z (x (x —x) — p (x)]

= [/F (x —y)dy — hQZFx] (X—Xj)]

7j=1

since A = [ A,(x —y)dy. The bound for ||e||,2 is obtained in exactly the
same way as in Theorem 4.2. The result follows. |
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The convergence proof of method B requires the condition

hm

where C, is any positive constant and m is determined by the smoothness of
the flow. For simplicity we set C,, = 1 for the rest of the paper. The reason
for this condition appears to be technical, and its necessity will become clear
in the proof.

We recall that in [7] the authors required the condition

v < Cyso?

for a fixed constant C;. Two important distinctions between these conditions
should be made. First, the condition in [7] was needed to prove stability of the
integro-differential equation (2.1) while in the present paper no such condition
is needed to prove stability of the continuous problem. Second, the condition
in [7] is an impediment to convergence of the PSE method because the limit
of vanishing numerical parameters cannot be reached while maintaining the
condition. The requirement (4.9) can be maintained for any fixed constant C,,
by choosing o and h appropriately as they are decreased to zero. For instance,
the choice 0 = C'h? for ¢ < m/(m + 2) allows condition (4.9) to be satisfied
for h small enough.

THEOREM 4.5 (Convergence of Method B) Let x*(0) = o' be uniformly dis-
tributed points in R%, and assume that u € L>®(0,T; W™3>°(R?)) and
Lo € WMH32(R?) with 4 < d + 2 < m. Assume that A satisfies conditions
(K1) through (K4) and that the condition (4.9) is satisfied for C,, = 1. Denote
by T (t) and T'(t) the respective solutions of the equations

dar,t  vh2 &L . o dr .
T ?]2::1 [p? = Ty')As (%! — x")  and T vAT'(x'),
where dx'/dt = u(x"). Then there is a constant K such that
J R hm+3/2
(4.10) ITh = Lllo2p < EvlLollmraz { 0%+ —Sm + —os

PROOF: We only sketch the proof. Define e (t) = I',* — T'*, then
ld 2.2 2 hp k k
§Ezk:h ej = Vzk:h ek [Q " —AT'(x )}
= v Y hPe, [(Q'T)F — Q'TH) + (Q'TF — Arh)|
k

4.11) =v(Th +Tv),
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where Q" is defined in equation (2.6).
T7 is now given by

A
T = Z ththek = Z h2ey, Z thj x — xj) — Z th% .
o
k k
Proceeding as in the proof of Theorem 4.3, we find that
T1<—Zh26k [ZhQ (xF —x7) — )\],

where the factor in brackets can be estimated using Lemma 4.1 once again.
This yields

hm
ZhQA (xF —xT) =X < C'—
J
which in turn implies that
9 vh™
(4.12) v <C|Ty - P||O,2,h Smt2 = <C|Tn - F||0 2,h

from condition (4.9).
T5 is bounded in the same way as in Theorem 4.3 so that

d
— Ty =T
ST~ Tl
(4.13) J hm pmt3/2
< C|Th = Tlo2,n + Cv|[Tollm+3.2 (U t o T s )
Gronwall’s lemma implies the desired result. |

4.3 Method C

The third method is one in which an approximation of the Dirac delta by a
cutoff function has been introduced. The discrete operator is given by

Q"I'(x) ZF x7) { (x —x7) — )\f(s(X—Xj)},

where the numerical parameters satisfy the conditions of Section 2.
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THEOREM 4.6 Let A, satisfy conditions (K1) through (K4), and let fs satisfy
conditions (C1) through (C3) in Section 2 with o = c6 for a fixed constant
c. Let u € L*(0,T;W™t">°(R?)) and Ty € W™T2(R?), where 4 <
d+2 < mand 0 < r. LetT be the solution of equation (2.1). Let x/(0),
j = 1,...,N, be points on a uniform square grid of size h in R?, and let
x/(t) evolve according to equation (2.8). Then there exists a constant C' such
that for o <1,

PROOF: Define the discretization error as e(x) = e1(x) + ea(x) + e3(x),
where

N . .
(%) = — {/r (x — y)dy — h? 3" T(x9) Ay (x — x7)

J=1

n? &

QF— ZI‘XJ[ x —x') — /\f5(x—xj)}

r,2

hm
d
< C||F0”m+r,2 (0' + m)

ealo) = — 2 1) = [T st - y)dy]

es(x) = 2y [ [T fsx = y)ay - N2 3" TG0 oo —xj>] .
j=1

The bounds for ||e;||,2 and ||e3]|, 2 are found using Lemma 4.1 as in the proof
of Theorem 4.5. The results are

Ch™ Ch™
4.14)  lerllr2 < 7|\Aa||r+m,l [Tl 4m,2 < T 1Tl r-+m,2

Cch™ ch™
@19 llesllez < = I sllbmat Tllrme < — s [Pllm

where the last inequality follows from || fs||;,1 < C6~"™ and o = c6.

The remaining term can be written as ex(x) = (A/02)[(T * f5)(x) — '(x)].
The bound for ||ea]| can be estimated in a way analogous to the proof of
Proposition 3.1; the details are found in [12, p. 267]. The result is

C(Sd +2

lezllos < IT)la2 < C'0%|T |42

since 0 = ¢d. In the same way we get that

(4.16) lezllre < CoMTasra. < Co?mara.
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The proof is completed by combining (4.14) through (4.16) and Theorem 3.3.
|

So far in the analysis of method C, the kernel A, and the cutoff f5 have
been required to satisfy the conditions specified in Section 2. We now add
one more condition that relates the two functions. It is used to establish the
discrete version of inequality (3.1). Let the Fourier transforms of A and f be
such that for some positive constant ¢ we have that

4.17) A(cls]) < Af(Js)

for all s € R2. We remark that A and f are radially symmetric functions.

While different conditions may be devised to replace (4.17), it is natural
to expect the need for a condition that connects the kernel A, and the cutoff
fs. Since A = 27rA(0) and 27Tf(O) = 1 from (C1), then (4.17) is equivalent
to f(0)A(cs) < A(0)f(s). For ¢ = 1, the condition says that the normalized
Fourier transform of A must be no greater than the normalized transform of
f- The constant ¢ has been included to provide more generality.

A heuristic argument that indicates that condition (4.17) can be satisfied is
the following. Based on conditions (K1) through (K3) and (C1) through (C3)
in Section 2, the Fourier transforms of A and f satisfy for s = |s|

~

A(s) = A(0) — s+ O(s™2) and  Af(s) = A(0) 4+ O(s7?),

so condition (4.17) is satisfied for small s since A is concave down while f
is flatter near the origin. To maintain this relation for large values of s, the
constant ¢ must be chosen so that f decays no faster than A as |s| — oo.
Examples of these functions are given in the last section.

THEOREM 4.7 (Convergence of Method C) Let x(0) = o' be uniformly dis-
tributed points in R? and assume that u € L*>(0,T; W™T3>°(R?)) and
Lo € WMH32(R2) with 4 < d + 2 < m. Assume that A satisfies conditions
(K1) through (K4) and f satisfies conditions (C1) through (C3) in Section 2.
Assume also that A and f satisfy inequality (4.17) for some constant ¢ and let
o = cb. Denote by T','(t) and T(t) the respective solutions of the equations

daryt  wvh2 &L . .

o= o 2 TR A = ) = Afs(x = )],
o =

dr

i VAT (x),
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where dx'/dt = u(x"). Then there is a constant K such that

+

O-m+2 O—m+5

hm hm+3/2
(4.18) ITh —Tllozn < K v ||Tollmis2 <0d +

PROOF: Define e (t) = I',* — T¥; then

%% S on%ed =vY he [Qhrhk - Ar(xk)}
k k
= v Rl [(Q'ThF — Q'T*) + (QTF — AT)]
k
(4.19) =v(T1 +Tz),

where Qh is defined in equation (2.7). Write 17 as

Tl = ZhQBthek

(4.20) | | |

= 5 YR Y W A (xF - x) = Afs(xt — x7)].
k j

From Fourier theory we have that 27A,(x) = [ A,(s)e®*ds. Therefore,
equation (4.20) becomes

1 A

T = / [AU(S) - )\fg(s)} Z h2epets*" Z hzeje*is'xj ds

2
2mo k 7

= o [ [Aole) = Ais(s)

2mo?

Since A, (s) — Mfs(s) = A(os) — Af(8s) = A(eds) — Af(6s) < 0 by inequal-
ity (4.17), we conclude that

4.21) T, <0.

The second term in equation (4.19) is bounded as before, and the remainder
of the proof is as in Theorem 4.3. |
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4.4 Method C and Fishelov’s Method

Fishelov [8, 9] has proposed the use of a method that has been generally
characterized as related to the PSE method. It is based on discretizations of
the equation

(4.22) 5;_1; + (u-V)I' =v(Ag, xT'),

where AI' has been approximated by (Ag, * I') on the right-hand side of
equation (1.1), and g, is a cutoff function that satisfies g(s) > 0. Fishelov’s
method is equivalent to method C in the sense that given a cutoff function g,
one can define functions A, and f, such that Ag, = A, — \f,. The reverse is
also possible. A natural discretization of the right-hand side of equation (4.22)
leads to equation (2.7). As an example consider g(r) of order d (which decays
sufficiently fast) and with positive Fourier transform, and define the kernel A
and new cutoff function f by

A(r) = _29;(1") and  f(r) = _% {g//(r) +w] |

respectively, where A = [ A(x)dx = 47g(0). One can easily check that A is
a kernel of order d and f is a cutoff of order d + 2. The transforms A(s) and
J(s) are related by the equation A’(s) = —2sg(s). Thus we can write

~

A(s) = A(0) -2 /0 Ceg(e)de |

which implies that A(s) < A(0) whenever §(s) > 0. Moreover, A(cs) —
M(os) = —0%s2(s) < 0 so that condition (4.17) is also satisfied.
Cutoff functions with f > 0 are common. For instance, the functions

1
fi(r)=—e" 2nd order
s

1 4 — 2 _ 2/p2
= - ™ _ r 4th d
fi(r) T [p e € } order

have positive Fourier transforms for any p? > 1. Arbitrarily high-order cutoffs
can be derived recursively from the formula

far) +3£,(r)/r
47 £, (0)

(4.23) Jng1(r) = forl1<mn.
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Their Fourier transforms satisfy

S fuls) + 2 [t fu(t)dt

AT [°t f(t)dt
which are positive as long as the initial one is positive. Infinite-order cutoff
functions with positive Fourier transform have also been devised [10].

In Fishelov’s method, one starts with a cutoff function g and finds its
Laplacian. In method C, one chooses the kernel A and the cutoff f and
constructs the function A — A f without knowing which cutoff has a Laplacian
equal to this function. A slight advantage of this point of view is that one can
construct Laplacians of previously unknown cutoffs. As an example, let

fn+1(5)

4 2
A = (3 — 2\ _—T
(1) = ~(3—1)e
1 8 2y ,—r? 2 2\ —r?/p?
= —— 2— " -2 me
$0) = ey [P =1+ (0 = 2t
The function A — \f is the Laplacian of the fourth-order cutoff (for p? = 2)
_ 1 —r? —r2/2 2 2
g(r) = o [5e7" =27 —2 (B(1.0?) - E(L,r*/2)) ]

where E(z) = [ e *t71dt. Clearly g(r) is not a typical cutoff. Other
examples of functions that satisfy the condition in (4.17) for some scaling c
are:

e Second order with c =p > 1:

A(T):%G_Tz
1 2 _r2/p2
0= S

e Fourth order with c =1 and p > 1:

. 4 6 2 B —r2 /p?
A(r) = —7rp4(p2 Y [p e e }
1
fr) = =(6—6r% +rH)e "
2w

e Sixth order with ¢ =1 and p > 1:

4 p L
A = =D P31 + (12— 3p2)e 1]
f(r) i(24 —36r2 +12r% — 7’6)6*”2.

:671'
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5 Examples of Kernels A

Diffusion kernels A for use in the PSE method can be derived from cutoff
functions by letting A(r) = —2f/(r)/r, as suggested in [7]. Conditions (C1)
through (C3) on f translate into the conditions (K1) through (K3) on A, and
f > 0 implies (K4).

Fourth-order cutoffs of the form A(r) = Ae™"" + Be™""/P" can be con-
structed with the appropriate choice of constants. For p? > 1, the function

4 6—7"2 _,r,2 2
A= ey T ]

is an acceptable fourth-order kernel.

We can also find functions of the form f,11(r) = P,(r2)e™"", where P,
is a polynomial of degree n (see [1]). These cutoffs satisfy the recurrence
relation (4.23) with f1(r) = e~ /7 and thus have positive transform. The
closed form of A,,41(r) derived from these cutoffs is

n

4 _ 2
Apia(r) = %e# Z (n+1—k)Ly(r?),
k=0

where Lj(z) is the Laguerre polynomial of order k. This process leads to

kernels of arbitrary order of accuracy. Some examples are given in Table 5.1
and shown in Figure 5.1.

Table 5.1. Examples of high-order diffusion kernels

2

A(r) = Ze™" 2nd order
A(r) = %( ) r 4th order
A(r) = %(12 — 8 +r ) - 6th order
A(r) = 31(60 6072 + 157* — r )e_Tz 8th order
A(r) = 2= (360 — 48072 + 180r* — 247° +r%)e™™"  10th order
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Postdoctoral Fellowship and by U.S. Department of Energy Grant DE-FG02-
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4 _
M) = 5o a=rfon
1
4 _2
Aa(r) = 5 B—ale ™, q=r/0s
2
2 .2
As(r) = gy [12—-8¢3 +q3] e, qs=r/os
3

2 _ 2
Aa(r) = 5 [60 = 60g7 + 15g} — gf] ™4, g4 = /o
4

Figure 5.1. Comparison of diffusion kernels A of increasing order. Here Ay is of order 2k.
The values o} = &, 03 = 35, 03 = £, and 04 = 1 were used for the comparisons so that

Ak (0) are all equal.

10°
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