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Abstract

A new scheme is presented for imposing periodic boundary conditions on
unit cells with arbitrary source distributions. We restrict our attention here
to the Poisson, modified Helmholtz, Stokes and modified Stokes equations.
The approach extends to the oscillatory equations of mathematical physics,
including the Helmholtz and Maxwell equations, but we will address these
in a companion paper, since the nature of the problem is somewhat different
and includes the consideration of quasiperiodic boundary conditions and res-
onances. Unlike lattice sum-based methods, the scheme is insensitive to the
unit cell’s aspect ratio and is easily coupled to adaptive fast multipole meth-
ods (FMMs). Our analysis relies on classical “plane-wave” representations
of the fundamental solution, and yields an explicit low-rank representation
of the field due to all image sources beyond the first layer of neighboring
unit cells. When the aspect ratio of the unit cell is large, our scheme can
be coupled with the nonuniform fast Fourier transform (NUFFT) to accel-
erate the evaluation of the induced field. Its performance is illustrated with
several numerical examples.
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equation, Stokes equations, modified Stokes equations

1. Introduction

Applications in electrostatics, magnetostatics, fluid mechanics, and elas-
ticity often involve sources contained in a unit cell C, centered at the origin,
on which are imposed periodic boundary conditions. In two dimensions,
such a unit cell is defined by two fundamental translation vectors €; and
é2. In the doubly periodic setting, we assume (without loss of generalilty)
that ||€1]| > ||é2]| and that, by a suitable rotation, &; is aligned with the
z-axis and €y lies in the upper half space (see Figure 1). That is, we let
C = {$1é1 +$2é2 € R2’ xr1,T2 € [—%,%]}, where él = <d, 0>, ég = <€,’l7>,
with d,n > 0 and d > /&2 + n2. In the singly periodic setting, we assume
that the periodic direction is aligned with the x-axis, but can no longer as-
sume that ||€1]|| > ||€2||. Without loss of generality, however, we can assume
that the unit cell is rectangular (Figure 1) and of dimension d x 7. Letting
t = (x,y) and letting u(t) denote a scalar quantity of interest, by doubly
periodic boundary conditions we mean that u(t) must satisfy:

u(t +e1) = u(t),

u(t + &) = M

By singly periodic boundary conditions we mean that u(t) must satisfy:
u(t +&1) = u(t), (2)

and a standard outgoing/decay condition in the y-direction.
For the moment, let us assume that the governing partial differential
equation (PDE) is

Ng
Au(t) — Bult) = > q;6(t — ), (3)
j=1

with 3 real and non-negative. Here, t,s; are points lying within the unit cell
C. We refer to (3) as the modified Helmholtz equation when g > 0. When
8 = 0, of course, we obtain the Poisson equation. In two dimensions, the
free-space Green’s functions for these equations are well-known and given

by [35, 41]
1 1
G(t,s) = 5 Ko(Blt —sl), G(t,s) = 5—log(1/[|t —s|)),
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Figure 1: In the doubly periodic case (left), the unit cell is a parallelogram which tiles
the entire plane. By convention, we assume that the lattice is oriented so that the longer
cell dimension is aligned with the z-axis: ||€1] > ||€z]|. In the singly periodic case (right),
we assume the periodic direction is aligned with the z-axis. The unit cell may still be a
parallelogram, but we can always define a corresponding rectangular unit cell, indicated by
thick blue lines. In this case, we cannot assume that the long cell dimension is aligned with
the z-axis. Periodic boundary conditions are imposed through the method of images: that
is, by including the influence of the translated sources in every image cell on the targets
in the fundamental unit cell.

respectively, where K denotes the zeroth order modified Bessel function of
the second kind [38].

Thus, in free space, the solution to (3) at targets t1,...,ty, is given by
Ng

u(f)(tz) :ZG(tiasj)Qj7 1= 1,...,NT. (4)
j=1

where G(t,s) is the relevant free-space Green’s function. It is well-known
that algorithms such as the fast multipole method (FMM) [10, 23, 24, 47]
reduce the computational cost of evaluating (4) from O(Ng-Nr) to O(Ng+
Nr), with the prefactor depending logarithmically on the desired precision.

Since the problem at hand is classical, there are many approaches now
available for imposing periodicity. Three common approaches are: direct
discretization of the governing PDE including boundary conditions to yield
a large sparse linear system of equations, spectral methods which solve (3)
using Fourier analysis, and the method of images, based on tiling the plane
with copies of the unit cell and computing the formal solution:

u(t) = KW (ti,85)q;, (5)



where

E®(ts)= Y G(t,s+1nn)

(m,n)€Z?

denotes the periodic Green’s function. Here, Z? = {(m,n)|m,n € Z} is
the set of integer lattice points in the plane and l,,,, = mé; + néy. It is
straightforward to verify that this formal solution satisfies the PDE and
the boundary conditions. For the modified Helmholtz equation, the series
defining KP)(t,s) is convergent and requires no further discussion. For the
Poisson equation, the series is conditionally convergent but straightforward
to interpret if the net charge Zj\f:sl qj = 0.

Without entering into a detailed review of the literature, we note that the
spectral approach is standard in solid-state physics and quantum mechanics
and attributed to Ewald [18] and Bloch [8] (with earlier work in the mathe-
matics literature by Floquet, Hill and others). We focus here on the method
of images, using (5), which is more common in acoustics, electromagnetics,
and fluid dynamics and dates back to Lord Rayleigh [40].

Definition 1. In the doubly periodic case, we decompose the two-dimensional
integer lattice Z2 into Apeqr = {(m,n)|m € {—myq,...,mo},n € {—1,0,1}}
and Agq, = 7?2 — Apear. mo = 1 is sufficient for rectangular unit cells. In
order to allow for parallelograms with arbitrarily small angles (£ > n), it is
sufficient to set mo = 3. The region covered by the unit cell C and its nearest
images, indexed by Ajeqr, Will be referred to as the near field and denoted by
N. The region covered by the remaining image cells, indexed by A fq,, will
be referred to as the far field and denoted by F. For consistency in notation,
in the singly periodic case, we define AY, = {(m,0)lm € {-1,0,1}} and
A = {(m,0)|lm € Z} — Al

Definition 2. In the two-dimensional case, we define the aspect ratio of the
fundamental unit cell by A = d/n. Since we have chosen to orient the longer
lattice vector €, with the z-axis, A > 1. The problem is computationally
more involved when A is large. In the one-dimensional case, we define the
aspect ratio by A = max(1,7/d) As we shall see below, it is again when A
is large that the computation is most difficult. (See Figure 1.)

It is useful to express the singly or doubly periodic Green’s function in
the form:

KW (t,s) = K" (t,5) + K'"(t,s),



where

K™ (t,s) = Y Gt,s+ L)

(m7n)eAnea7‘

KT (t,s) = Z G(t,s + Lnn)
(m,n)GAfM

(6)

Because the sources in K% (t,s) are distant, it is possible to express their
contributions within the unit cell as a series

K (t,8) = Y Sili(Allt —s|))e’ % (7)

l=—00

with 0y s = arg(t —s), where I; denotes the modified Bessel function of the
first kind [38] and S; denotes the lattice sum

Sl = Z Kl()\“mn’)eild)m", (8)

(mvn)eAfar

with ¢pm = arg(Ln,). (This is a straightforward application of the Graf
addition theorem [38, §10.23].) The reason for omitting the nearest image
cells from K/97(t,s) is that the convergence behavior of the series expan-
sion in (7) is controlled by the distance of the nearest source from the disk
centered at the origin and enclosing the unit cell (see Figure 2). The more
images included in the near field, the faster the convergence rate of the local
expansion.

When the unit cell is square or has an aspect ratio near to one, this
yields an optimal scheme and is widely used in periodic versions of the fast
multipole method [7, 23, 33]. Of particular note is [45] which extends a
three-dimensional version of the kernel-independent FMM library [33] to
permit the imposition of periodicity on the unit cube in one, two or three
directions. (See [7, 12, 13, 17, 27, 30, 34, 37, 39] for further discussion and
references, largely in the context of the Poisson, Helmholtz and Maxwell
equations.) Unfortunately, lattice sum-based approaches are less efficient
when the unit cell has high aspect ratio, as illustrated for a doubly periodic
problem in Figure 2. The difficulty is that every source assigned to the
far field must be in the exterior of the smallest disk enclosing the unit cell
in order to ensure convergence of the local expansion. This may require
redefining A4, to exclude a large number of image cells, redefining Aj,cq to
include those image cells, and a major modification of the underlying fast
algorithm.
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Figure 2: Two fundamental unit cells C in the doubly periodic case. On the left, the
indicated 7 x 3 grid of neighbors define the near region A/ when the parameter mo = 3.
On the right, when mo = 1, the near region corresponds to the 3 x 3 grid of neighbors,
which is sufficient for rectangular lattices. We also plot the centers of the nearest image
cells outside /. Note that if the field due to distant images is represented in the unit
cell by a Taylor series, the convergence behavior is controlled by the distance from the
smallest disk covering the unit cell C to the nearest such image, which must lie outside the
disk. For the geometry on the left, all image sources outside A satisfy this constraint and
the Taylor series converges. For high aspect ratio cells, illustrated on the right, several of
the images lie within the disk, and a region much larger than A/ must be excluded for the
corresponding Taylor series to be convergent.

Remark 1. In the FMM, lattice sums are not used for the evaluation of
KTor(t, s) for each source and target. Instead, given a multipole expansion
for the unit cell, one constructs a single local expansion of the form

o0

> adi(Mt]])e

l=—o0

that captures the field due to all sources in the far field F within the unit
cell. This is a slight modification of Rayleigh’s original method [40]. The co-
efficients oy are determined from the multipole coefficients through a formula
which involves the lattice sums S; (see above references).

Recently, two new approaches were developed that carry out a free space
calculation of the form (4) over sources in Ajeqr and correct for the lack of
periodicity using an integral representation [2, 3] or a representation in terms
of discrete auxiliary Green’s functions [6, 31, 44]. Both of these approaches
are effective even for high aspect ratio unit cells, but require the solution of
a possibly ill-conditioned linear system of equations in the correction step.

In this paper, we develop a new scheme to treat periodic boundary con-
ditions based on an explicit, low-rank representation for the influence of all
distant sources in the far field (those in image cells indexed by Agg,). It
avoids the lattice sum/Taylor series formalism altogether and is insensitive
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Figure 3: The tiling of the plane in the far region (for doubly periodic problems with
mo = 1) can be decomposed into four parts. The fundamental unit cell is indicated by C
and the near field by A. All other copies of the unit cell lie to the “south” (blue, with
n < —2), the “north” (red, with n > 2), the “west” (magenta, with n = —1,0,1 and
m < —1) or the “east” (black, with n = —1,0,1 and m > 1).

to the aspect ratio of the unit cell. It was motivated by, and makes use
of, the fast algorithms for lattice sums and elliptic functions developed in
[13, 17, 27, 34] and the fast translation operators used in modern versions
of the FMM [11, 24, 26].

The essence of the approach is easily illustrated in the doubly periodic
setting (Figure 3), where the tiling of the far field is divided into four sub-
regions.

Remark 2. To fix notation, we will denote by t = (z,y) or t; = (z7,y;) the
coordinates of a target point where we seek to evaluate the field. We will
denote by s = (2, ') or s; = (27,y;) the coordinates of a source point.

Claim 1. Consider the field induced by all sources lying in image cells with
centers lying to the “south”: {(m,n) € Z*/m € Z, n < —2} (Figure 3).
Then, for any target t € C,

Ng o9 -2
u(t) = Z( > ) Glts; +1m,n)) qj

j=1 m=—00 N=—00
o)

_ Z Cm 6—«/(27rm/d)2+ﬂ2y€27rimw/d7

m=—00



where
G e—2 (27rm/d)2+ﬁ217€—47rim§/d Ns e (2mm/d)?+B2y] e—27rimx;-/d
1 — e~V @mm/d)?+5%n,—2mim¢ /d R (2mm/d)? + 32 '

We postpone the derivation of this formula to Section 3, but let us
briefly examine its consequences. First, the behavior of the series is not
controlled by a radius of convergence, as it is for methods based on lat-
tice sums and Taylor series. Second, the series converges exponentially fast.

Since |y|,|y;] < 3, it is easy to see that the mth term of the series de-
—2rmn/d_

Cm = =
d
j=1

cays faster than e Clearly, approximately 6A terms yields double
precision accuracy, where A = d/n is the aspect ratio of the unit cell. Com-
puting the moments ¢, requires O(Ng A) work. Subsequent evaluation at
Nr target points again requires O(Np A) work. In short, this is an effi-
cient low-rank, separable representation of the potential due to a subset
of the image sources, the rank of which grows at most linearly with A.
When A is sufficiently large, we will show how to use the non-uniform FFT
(NUFFT) [4, 14, 15, 22, 29] to obtain an algorithm whose cost is of the order
O(log(1/€e)(Alog A+ (Ngs + Nr)log(1/e€))).

Below, we complete and generalize the representation (9), permitting
the imposition of periodic boundary conditions in one or two directions for
a variety of non-oscillatory PDEs in the plane. We will denote by

E{"(t,s)= > Gt,s+1n) (10)
(m,n)EAfqr

the far-field kernel for doubly periodic problems. In the singly periodic case,
we denote the corresponding far-field kernel by

E{(t,s)= Y G(t,s+1lno). (11)

(m,O)GA;la)T

Definition 3. Let S = {s;|j =1,...,Ng} and T = {t;|l = 1,..., N}
denote collections of sources and targets, respectively, in the unit cell C
and let 9 = (q1,...,qng) denote a vector of “charge” strengths. With a

slight abuse of notation, we define the Ny x Ng periodizing operators P1 =
P{(T,S) and Py = P§(T, S) by

Pi(l,5) = K{" (t:,s;)
and

Py(l,5) = K (t1,5)),



where the far field kernels K7 and KJ are given by (10) and (11). The
vectors

qua P2q

will be referred to as the periodizing potentials. We will omit the superscript
and depedence on source and target locations when it is clear from context.
We also assume that the governing PDE is clear from context.

It is worth noting that our method yields an explicit, low-rank repre-
sentation of the periodic Green’s function, without the need to solve any
auxillary linear systems. In fact, the periodizing operators Po, P; admit
plane-wave factorizations of rank O(A) similar to the formula for the “south”
images described above, leading to simple fast algorithms for their evalua-
tion. More precisely, letting » = O(A) be the numerical rank of Py or
P, to precision ¢, a simple, direct method requires O(r(Ng + Nr)) work.
When r is large, a more elaborate algorithm using the NUFFT requires only
O(log(1/e€)(rlogr + (Ns + Nr)log(1/e€))) work.

In Section 2, we review the mathematical and computational founda-
tions of the method. In Section 3, we discuss the modified Helmholtz case
in detail. In Section 4, we discuss the Poisson equation, where charge neu-
trality is a necessary constraint. The Stokes and modified Stokes problems
are considered in Section 5. In Section 6, we describe the full scheme includ-
ing NUFFT acceleration. We illustrate the performance of the method in
Section 7 with several numerical examples and describe future extensions of
the method in Section 8. An extension of our representation for multipole
sources is provided in Appendix B and Appendix C.

2. Mathematical preliminaries

In this section, we summarize the main mathematical tools used in de-
riving our low-rank representation. These include the Poisson summation
formula, Sommerfeld integral representations for free-space Green’s func-
tions, the nonuniform FFT, and high order accurate quadrature schemes.

2.1. The Poisson summation formula

Let f(x) : R — C be a function defined on the real line which has a
well-defined Fourier transform

f(k) = /R ek f (), (12)



for which the Fourier inversion theorem holds. That is,

flo) = & /R ek (k) dk.

:27r

The Poisson summation formula (see, for example, [16]) then states that

Z f <:1;+ 27};71) = % Z f(mh)emh=, (13)

n=—oo

This holds for a broad class of functions, and extends to distributions such
as the Dirac delta function. In the latter case, we have [28]

n;oo(s <$ + 27;;”) = ;;m;w eimhe (14)

2.2. Plane wave representations for the modified Helmholtz equation
The Green’s function for the modified Bessel function, K(8 \/m),

and its higher order multipole terms have the well-known Sommerfeld inte-
gral representation [36, 34, 38]:

1 oo VB
Z/ <\/)\2+62—)\>l76 ye”\“”d)\, y >0,

28" J oo A2+ 2
(_i)l > /2 2 Le AHBy AT
Qﬂl . ( )\ + B + A) We d)\, Yy < 0,

() e =4 o
— 2 2 e VT T T A
2Bl/m(\/A TE 4 ) e UL

_1\! o] .
( 1)/ (\/A2+,6’2—>\)l€76“yd)\, z <0,

L 280 J_w 2+ 32

for [ > 0.

2.2.1. Plane wave representations for the Poisson equation
The plane-wave expansion of the Green’s function for the Laplacian is
typically invoked for the complex analytic function

%: L _2-w ——<a—i§y>log(1/\/x2+y2),

r+iy x4y




rather than log(1/4/2? 4 y?) itself. This is sufficient for our purposes, where
we assume the collection of sources in the unit cell C satisfies charge neu-
trality:

Ng
> g =0. (16)
j=1

In Appendix C, we will consider multipole sources as well as charge
distributions, and will make use of the representations:

1 o -1 _—Xz
(1—1)!/0 N=le™ Mg, 2 >0,
-1 l 00
(=1) MN=1er2gN, 2 <0,
1) =1 an
2] (=) 1 ins
i1 N=Le2dN y >0,
A
Y N=Tle=iAz g\ <0
(l _ 1)! O ) y )

for [ > 1. These representations are useful in developing diagonal translation
operators for FMMs [11, 26] as well as for the computation of harmonic
lattice sums and elliptic functions [27]. Note that the integrals in (17) are
consistent with (15). In the case [ = 1, for example, this requires taking the
limit 5 — 0 and using the formula [38, §10.30.2]:

1 .
llgig% BK L (Br)e " = o 2= re'?. (18)

2.2.2. Generalized Gaussian quadrature for the doubly periodic case
In evaluating the integrals in (15) or (17), we will require suitable quadra-
ture rules. More generally, we would like efficient rules of the form

00 67\/)\2+,82:1:

VA2 + B2
e_\/wx
[

k

[M(N)e + My (—XN)e ] dA

S

N

~ M IARY M (— —iALY
Z \/ﬁ 1(Ak)e + Mi(—Ag)e | wy
k=1 + 5

and



for (x,y) in a bounded domain of R?. The functions M;()\) and M()) here
are smooth functions of A\ that depend on the source locations and strengths
and are derived from the infinite series that appear in the periodizing op-
erators. The remaining cases in (15) or (17) are treated using the same
nodes and weights. Because we have separated the near and far fields, we
will be using these rules under restrictive conditions on x,y. As we shall see
below in more detail, for the doubly periodic case we will typically invoke
the quadrature under suitable rescaling so that = € [1,7] and y € [-2,2].
Finding optimal weights and nodes for this restricted range of arguments
leads to a nonlinear optimization problem which can be solved by what is
known as generalized Gaussian quadrature [9, 32, 46].

For the modified Hemholtz equation, if 8 is bounded away from zero,
the integral converges and the number of nodes depends rather weakly on
B itself. We note, however, that in the limit § = 0, the modified Helmholtz
integral (for > 0) becomes

> ei)m Iy —iA\y
/0 SN 4 M (X)W, @ >0,
with M;(A) = O(1/A). Thus, significant adjustments would be required as
8 — 0 to handle the near hypersingularity at the origin. In the present
context, where we seek to impose periodicity, charge neutrality is a natural
condition (see Section 4).

For the modified Helmholtz equation, special purpose quadratures have
been constructed for 8 in different ranges. The number of quadrature nodes
decreases as (3 increases. For 8 € [1076 4+00), z € [1,7], vy € [-2,2], at
most 21 nodes have been found to yield six digits of accuracy and at most
41 nodes have been found to yield twelve digits of accuracy. When 3 > 22,
only 1 node is sufficient for six digits of accuracy. When 5 > 37, 3 nodes
are sufficient for twelve digits of accuracy. For the Poisson equation, with
x € [1,7], y € [-2,2], 18 nodes yield six digits of accuracy and 29 nodes yield
twelve digits of accuracy. We omit consideration of the modified Helmholtz
equation when 8 < 1076 but charge neutrality is not satisfied, as this is a
highly ill-conditioned problem. Assuming charge neutrality, one may simply
use the quadrauture designed for the Poisson equation.

2.8. The non-uniform fast Fourier transform

For high aspect ratio unit cells, we will require the evaluation of discrete
Fourier transforms where the nodes, frequencies, or both are not uniformly
spaced. By combining the standard fast Fourier transform (FFT) with care-
ful analysis and fast interpolation techniques, these sums can be computed

12



with nearly optimal computational complexity. The resulting algorithms are
known as non-uniform fast Fourier transforms (NUFFTs). They were origi-
nally described in [14, 15]. We refer the reader to [4, 5] for recent references
and a state-of-the-art implementation.

The type-1 NUFFT evaluates sums of the form

N
fk:cheikxj, fork=-M,..., M. (19)
j=1

Letting £ = (f_ar, .-+, far—1, famr) and letting ¢ = (eq, ..., cn), we will write
f = Nec.

When the explicit dependence on the point locations {xz;} and the number of
Fourier modes M are needed, we will denote the operator N by N({z;}; M).
The operator N can be applied using O(M log M + N log(1/€)) operations
with nearly the same performance as the standard FFT.

Given the vector f, The type-II NUFFT evaluates sums of the form

M
vi= Y fre T forj=1,...,N, (20)
k=—M
corresponding to the adjoint of N:
v = N*f,
with the same computational complexity, where v = (v1,...,vn).

2.4. Legendre polynomials and barycentric interpolation

The standard Legendre polynomials can be defined by setting Py = 1
and Pj(t) = t, with higher degree polynomials defined by the recurrence
formula

(+ D P (t) = @+ DER(E) — 1R -(1) -

Let —1 < t; < --- < tpy < 1 be the roots of Py, known as the Legendre
nodes of order M.

Letting f be a function defined on [—1, 1], the degree M — 1 polynomial,
par|f], which interpolates f at the Legendre nodes of order M, can be written
in the form

YLy 12 f (k)

M
Zi:1 tiztl

pulfI(t) = ; (21)

13



where
-
Hj;éz' (ti — tj) '

This is known as the second form of the barycentric formula for the inter-
polant.

As observed in [43], if f is analytic in the Bernstein ellipse with foci at
41 and semi-major and semi-minor lengths adding up to p > 1, then

o; =

(22)

2C
If = pmlfllleo < (X +AM) 77—
I parlflll o= 1)
where ||+ ||oo is the maximum norm on [—1, 1], C'is a constant so that |f| < C
on the Bernstein ellipse, and Ay; = O(vV M) is the Lebesgue constant for
the nodes. Thus, the interpolant is a spectrally accurate approximation of
f. See [19, 25, 42, 43] for further details.

(23)

3. Periodicity for the modified Helmholtz equation

In this section, we consider the imposition of periodic boundary condi-
tions for the two-dimensional modified Helmholtz equation with either one
or two directions of periodicity. This requires an efficient scheme for the
evaluation of the field due to all image sources in the far field (outside the
nearest neighbors of C). For simplicity, we fix mo = 1 when considering pe-
riodicity in the the &; = (d,0) direction alone and my = 3 when considering
periodicty in both the &; = (d,0) and é2 = (£,n) directions. Since the gov-
erning Green’s function is exponentially decaying, all of the infinite series in
the definition of the periodizing operators in (3) converge absolutely.

Our algorithm is based on splitting the far field kernels into two parts
for singly periodic case,

-2
K{'(t,s) = > G(t,s+ (md,0)),
o (24)
K{*!(t,s) = > G(t,s + (md,0)),
m=2

14



and four parts (as in Figure 3) for the doubly periodic case:

1

K= 3 3 Gltus+ 1),

n=—1m=—oo

1 o]
K§%t(t,s) = ZZGts—i—lmn

oo

Kw“th t,s) Z Z G(t,s+ L),

n=—o0 Mm=—0o0

K5 =3 S Gltus + o)

n=2m=—o00

The corresponding operators will be denoted by Piuesa PéljaSt’ Pg}%t’
Pgost, P;O“th and Pg"”h, so that

t t
1:)1 — P11ues 4 Pias 7

P2 — PéUGSt + Pgast + P;outh + Pgorth. (26)

Theorem 1. Let S = {s;j|j = 1,...,Ns} and T = {t;|l = 1,...,Np}
denote collections of sources and targets in the unit cell C and let P;O“th
denote the Ny x Ng operator with P3*h (1, j) = K5°“h(t;,s;). Given a
precision €, let

M= Lin log (1 L iﬂ ;(log(A)—i-log(l/e)). (27)

— e d

Form=—-M,..., M, let

2mm .
am:77 Xm = \/a?n+527 Qm = Xmn — 1. (28)

Let Lsouth ¢ CNrx(2M+1) g g Rsouth ¢ CEM+1XNs pe dense matrices and
let Dsowth ¢ CRM+N)XEMHY) pe o diagonal matriz with

Lsouth(l’ m) — o XmYlolQm®T1

)

N ’
Rsouth(mjj) _ exynyj e tam;

’ (29)
Dsouth(m m) — 1 e_ZQm
’ 2d X 1 — e~ @m’
Then
Pgouth — Lsouth Dsouth Rsouth + 0(6) (30)

15



Proof. Combining (15) and (25), we obtain
-2 00 —/A2482(y—1 —n
Ksouth( ,Sj) _ Z Z / e +82(y—y; n) 6i)\(m—r;—md—n§)d/\
_ _ —00 471'\/ )\2 + /82
-2 oo 0o e*\/m(yfy;fnn)
- _Z 2 /_oo NoeES2 2d

1 e Xm(y—y;—nm)

— Z Z 2d eioam(:c—x;- —n{)’

n=—oo m=—0o0 Xm

(31)

where X, @, are given by (28). The last two equalities follow from the
Poisson summation formula (14) and the Dirac delta function property. Ex-
changing the order of summation and summing the relevant geometric series
in n leads to

south
K37 (t,85) 2d Z

m=—00

e Xm(y—yj)tiam(z—25)  —2Qm

32
Xm 1—e @m (52)
where @y, is given in (28).

Truncating the sum at |m| = M yields the (2M +1) term approximation

1 M oxmy—y))tiam(z—2})  —2Qm

KZ’Msouth(t,Sj) = ﬁ Z
m=—M

Xm 11— e_Qm (33)

and the formulas in (29).
We now estimate the truncation error

— ’K2south(t’ Sj) . KZ.MSOUth(t, Sj)|. (34)
For any m € Z, it is easy to verify that

s 27r!’m\’ )e—Xm(y_yj)_Qm‘ — ‘e—xm(n+y—yj) <1,
}G_Qm‘ S 6_Xm777 ‘1 _ B_Qm} 2 1 — e XmW,
From these bounds, it follows that
27r(1\/[+1)77 0o
I &< 1 exmn 1 B 2k
pely L e Yo
- _ p—Xm x(M+1)
dm:M+1Xm1 e~ Xm1 M—l—ll = nk:o
_2r(M+1)n (35)
1 e d

() (1 20 (1 %)
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with M given by (27). The estimate (30) follows, completing the proof. [J

Remark 3. Theorem 1 yields a truncated version of the formula (9) with
weights ¢ = (c_pr, €41, - - - CM—1, C)r) glven by

c = Dsouth Rsouthq ,

where q = (q1,...,¢ng) is the vector of charge strengths.

Remark 4. When 3 > 1, the value of M in (27) can be shown to be even
smaller, but since the cost is logarithmic in A and € we omit this more
detailed analysis.

Remark 5. The observation that Poisson summation yields rapidly con-
verging series approximations for lines or half spaces of lattice points that
do not pass through the origin was made in [17, 34] for the purpose of
computing lattice sums.

Essentially the same analysis yields

Corollary 1. The matriz Pg"”h has the low-rank factorization
Pgorth — Lnorth Dnorth Rnorth + 0(6)
where DOt = Dsouth

Lnorth(l’ m) — emel ezamxl ,

th . — R oy (36)
R (m, j) = e Xm¥i e "%

Definition 4. Since the rank is precision-dependent, we say that PSO’"th has
an e-rank of 2M + 1.

It remains to consider the “west” and “east” contributions.

Theorem 2. Let t,s; lie in a unit cell C and mo = 1. Then, the kernels
Kest and K have the integral representations

0o efm(wfz;) 4 o—2V/ N2 +p2d
Kpeoites,) - [ e B )
’ o dm /N2 2 »eypza
e 7 +ﬁ 1 e (37)

00 A24+p%(x—a) , —2\/)T52d
Kfast(t,sj):/ e J eM(yfyj) e

Y ———dA\
—oo 41/ A2 4 52 1—e A24-632d

17



Letting mo = 3 with the additional assumption with d > /&2 +n?, the
kernels K" and K§%' have the integral representations

/
A y—yj—nn)

SR )Y
Am\/NE 1 32 1 — e~V N+5%

Kyei(t,s;) =

) e—\/)\2+52($—z9—n§) ) 6_4’/>‘2+62d
/.

n=-—1
A2 +5% (z—a)—ng) —4+/224B2d
K5t (t,5;) Z /OO eiMy—yj—nn) _€ i d\
ol 4/ A2 + 32 1 — e~ VA2 A%

(38)

Proof. These formulas follow directly from (15) and (24) and summation of
the geometric series in m. In the singly periodic case, excluding one nearest
neighbor from either side is sufficient to ensure the exponential decay of the
integrand in (37). In the doubly periodic case, with a parallelogram as the
unit cell, we must ensure that we are using the integral representation of the
modified Bessel function where it is valid and that the resulting integrand
decays exponentially fast. For this, we must have that x — 2’ —md —né > d
for all m < —(mg+1) and |n| < 1in the “west” case, and z—z'+md—n& > d
for all m > mp + 1 and |n| < 1 in the “east” case. It is straightforward to
verify that if mg = 3, then z — 2/ — md —né > 4d — (d+ &) — € > d in the
first instance and that x — 2’ + md — n& > d in the second instance under
the stated assumption about the unit cell. O

The reader will note that there is a major difference between the east/west
representations and those for the north and south. The latter are fully dis-
crete, while for the east and west representations, we have an integral that
needs to be evaluated before we can develop a low-rank decomposition. For
this, we will make use of numerical quadrature, in order to develop a low-
rank approximation of precision €. This provides a discrete approximation
of the Sommerfeld representation for K{"*s!(t,s;) and K¥**(t,s;) in (37)

18



and (38) rewritten in the form

00 e—\/)\2+52(z—r;.) ] 23 /221 52d
KiﬂeSt(t, Sj) — R / ezA(y*yj)
0

———d\
21/ A2 + 32 1 — o=V 2452

~
~

6—2, /X2 1 +B2d

Ny (B,dyn) — /A2 [ +B2(z—2)
§R ! d (& \/717 J iAn,l(y—y;)
wn,1(67 ) 77) €

n=1 27 4 /)\271 + ,32 1 — 67\/)‘721,1+52d

iIAY—y;

2w/ A2 + 32 1 — e~ VA2+B%d
[e—\/)\2+52€+i>\n + e\/)\2+52£—i)\77 + 1] d)\)

Ve
)
0
&
—~
Jt'f‘
n
<.
~—
I

( ooefw/)\2+ﬁ2(x—x;.) ) 4 A2+52d
oy
0

Z wn,2(B,d,n) eiAn2(y=1})

[6_ \/ Ai,2+ﬁ2f+i>\n,2n + e\/ )‘i,2+62§_i)\n,2n + 1] ) .

(39)

Note that different numbers of nodes may be needed for the two cases. We
denote by qu and Nq2 the number of nodes needed for K¢ and K¢t
respectively, with weights and nodes {wy, 1, A1} and {wy 2, Ap 2}

In both cases, we define N = \/d so that the decaying exponential in

the integrand decays at least as fast as e™V X2+p2 (BN = f-d). In the doubly
periodic case, this leads to the consideration of the integrals in Section 2.2.2
where (x,y) € [1,7] x [-2,2]. Generalized Gaussian quadrature can be
applied to construct numerical quadratures for a given precision €, with
a weak dependence on 5. These quadratures are valid for unit cells with
arbitrary geometric parameters and thus can be precomputed and stored
[9, 32, 46].

In the singly periodic case, x lies in [1,3], while the range of y can
be very large when n > d, leading to highly oscillatory integrals. In this
case, the quadrature is constructed as follows. First, the interval [0, c0) is
truncated to [0, L], which can be accomplished easily due to the exponential
decay in the x variable, with L = \/(log(1/¢))2 — 82. If log(1/e) < B, we
can set L = 0, since the whole integral is then negligible. Second, in order
to accurately capture the oscillatory behavior in the y variable, the interval
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[0, L] is further divided into subintervals [j Ao, (j+1)Ao] for j = 0,...,[L/Xo],
where \g = 27d/n. A shifted and scaled n point Gauss-Legendre quadrature
rule (with n = O(log(1/¢))) is then applied to discretize the integral on
each subinterval [jAo, (j + 1)Ao] for j > 1. Third, when § is very small,
a new difficulty emerges - namely that the integrand is nearly singular at
the origin. In that case, we further divide [0, \o] into dyadic subintervals
[0,a] and [2¥71a,2%a] for k = 1,...,lnax, Where lyax = [logy(No/B)] and
a = Ao/lmax- A shifted and scaled n point Gauss-Legendre quadrature
rule is again applied to discretize the integral on each such subinterval. To
summarize, the total number of quadrature nodes qu (i.e., the numerical
rank of the periodizing operator) is O (log(1/€) (log(1/8) + log(1/€) - [471)).
In the limit 8 — 0, it is also possible to develop asymptotic expansions in
B, which we do not consider here.

Remark 6. The difference between the singly and doubly periodic cases
seems rather significant in terms of quadrature design. However, this dis-
tinction is somewhat artificial. The reason that the quadrature problem is
simple in the doubly periodic case is that we have the freedom to choose
which lattice vector is oriented along the z-axis. The difficult direction to
deal with is the short axis of the unit cell and, by our convention, this
makes the north/south periodizing kernels more oscillatory which are al-
ready discrete. Thus, the number of terms in the plane-wave expansion for
the north/south parts will grow linearly with respect to the aspect ratio %
but without the need for quadrature design.

To summarize, the numerical rank of the periodizing operators may grow
linearly with respect to the aspect ratio for both singly and doubly periodic
problems. When the rank r is large, the NUFFT can be used to reduce
the computational cost from O(r(Nr + Ng)) to O(log(1/€)(rlogr + (N1 +
Ng)log(1/€))) with € the prescribed precision.

Theorem 3. Let S = {s;|j=1,...,Ng} and T = {t;|l =1,...,Np} de-
note collections of sources and targets in the unit cell C and let Pyest Pyest
denote the Ny x Ng operators with PV (1, j) = K¢ (t;,s;) and P¥es'(l, j) =
KYest(t,s;). Given a precision e, let qu(ﬁ,d, n),qu(B, d,n) denote the
number of points needed in the numerical quadrature for KV¢'(t,s) and
KYest(t,s), with weights and nodes {wn 1, \n1} {wna, Ano}, respectively.
Let Lvivest c CNTXN;; L121)est c CNTXN(?; Rllvest c (CN;XNS’ nguest c CNL?XNS

be dense matrices and let Di/w, DYest be diagonal matrices of dimension
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1 2 ; :
Ny and Ny, respectively, with

Let

2 .
\ n,1+ﬁ2xl el)\n,lyl
;

Ly (l,n) = ¢ V"
L’lQUESt(l’ n) _ 6_\/>‘i,2+f82$lei>\n,2yl ,

. )\2 +B2£E/- . ’
Rviuest(n’]) — eVt ie 1An, 175

. A2 B2 !
Rg]“t(n,j) — ¢V 2 B ie z>\n,2yj

)

—2,/22 | +B2d
wn71 e n,l 6

1
D}/ (n,n) = -

—4 )\,2172+ﬂ2d
DQwest(n n) _ wn:2 €
, —

_ 2
Vot B R

[6—1 /Ai’2+52§+i)\n,2n L /Ai72+52§—i)\n,2n i 1]

/)\% L+ 32 1_ e_"/kg“l—i_@d ’

2

west __ 1 west T4¢/W 1 west
Pl - Ll Dl Rl )

west __ 1 west Tywest p west
Pyest = Lyest DYest Ryest,

Then the real parts of the vectors

1:)111)estq7 P121)estq

(40)

denote the contributions from the west sources to the corresponding periodiz-
ing potentials.

Corollary 2. The matrices P$*' and P§*! have the low-rank factorizations

P?wt — Lﬁast D‘i/w Riast 4 0(6)
Pgast — Lgast Dgast Rgast 4 0(6)

where D§*t = Dyest,

22 + 20,
L5 (1,m) = eV 0 T i,
)\2 + 24 .
L;ast(l7n) — eV 2 B lel)\n,2yl ’
_ 2 2./ .
R§*! (n, j) = ¢ V1 t70 o=ty

Rgast(n ]) _ e_\/AEL,Q—"_/BZw‘Ij e_l')\n,Qy;'
, .
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4. Periodizing operators for the Poisson equation

In this section, we derive formulas for Pwest pgast) pyest peast psouth
and P’Qwrth in the limit 8 — 0, allowing us to impose periodic boundary
conditions for the Poisson equation using the same formalism

t t
1:)1 — leues 4 Pias 7

P2 _ Pvéuest + P;ast + PSOUth + P721,orth' (42)

As noted earlier, we require charge neutrality for the periodic problem
to be well-posed. Moreover, as is well-known, the potential is only unique
up to an arbitrary constant.

Theorem 4. Let S = {s;|j = 1,...,Ns}, 9 = (q1,...,9ng), and T =
{t;|l =1,..., N} denote collections of source locations, charge strengths
and targets in the unit cell C with Zjvjl gj = 0. Given a precision €, let

M= un log (1 - 61 iﬂ ~ %(log(A) T log(1/e)). (43)

d
Form=—-M....,M, let

_ 2mm

am = 77 Qm = QmT) — iamg . (44)

Let Lsouth ¢ CNrx(2M+1) g Rsouth ¢ CEM+UXNs pe dense matrices and
let D3outh ¢ CCMADXCMAY) pe o diagonal matriz with

Lsouth(l’ m) — e—|am‘yleiamxl for m ?é 0,
LoUh(0) =y,
Rsouth(m7j) — e‘am‘yjl' 6—iama:;. for m ?é 0’
Rsouth(o’j — y}? (45)
1 e~ 2Qm
Dsouth — f 0
(m7 m) 47T‘m| 1 _ e_QnL ot m %
1
Dsouth 0.0 = -
0.0) =55

Then

P;outh — Lsouth Dsouth Rsouth + O(E)
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Proof. For all modes m # 0, this result follows directly from taking the limit
ﬁ — 0 in the corresponding term for the modified Helmholtz equation. For
= 0, the relevant contribution to K3°“"(t,s;) in (32) is

11 e 26

ﬁﬁﬁe—ﬂ(y—yﬁ'
— e

Letting wugoup denote the field due to all sources in the “south” image cells
and summing over all sources yields

LgS e )g;
usouth t 2dﬁ Z 1—¢ BTI y] (46)

Differentiating both sides of (46) with respect to y, we have

ausouth (.’B, y) 72/877 —By—v")
oy 2d1 — eBn Z c ’ (47)

Taylor expansion of the various terms yields:

8usouth(:‘cay) 1 1- O
o = 3BT 0( Zqﬂrﬁzqyyj

Taking the limit 5 — 0 and using charge neutrality (16), we obtain

1i OUsouth (.%', y) 1 gsj (48)
im ———— = ——— Q.
50 By 2dn < Y35
Hence, usoun(,y) is given by
1 [
éig% Usouth (T, Y) = —M ]Z;yj%' ) (49)
up to an arbitrary constant, completing the derivation. O

It is easy to verify the following.
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Corollary 3. Under the hypotheses of Theorem 4, let Lnerth ¢ CNtx(2M+1)
and R"orth ¢ C@M+1)XNs pe dense matrices with

Lrorth ,’I?’L) _ e|am\ylezamxl for m # 0,

70) =Y,
Rnorth(m’j) — e_‘am‘y_;' e—iozmﬁ;' for m 7'5 0,
( .

Rnorth 073 _ y;

Lnorth

(1
(I

Then
Pgorth — Lnorth Dnorth Rnorth + 0(6),

where Dnorth — Psouth

Similar care needs to be taken when deriving the east and west formulas
in the limit 8 — 0.

Theorem 5. Let S = {s;|j = 1,...,Ns}, a = (q1,...,qng), and T =
{t;|l =1,...,Np} denote collections of source locations, charge strengths,
and targets in the unit cell C, with Z;le gi = 0. Given a precision e,
let Nj(d,n), N2(d,n) denote the number of points needed in the numer-
ical quadrature for the K¢t and Kt kernels (see (52) and (53) be-
low), with weights and nodes {wn 1, \n1} {wn2, An2}, respectively. Let
LllueSt,L?mt c CNZXN;; Lg}esthgast c CNTqu27 RiﬂeSt,RfaSt c CN;XNS7
Ryest R5®t € CNa*Ns be dense matrices and let Di/w, DYest and D5 be
diagonal matrices of dimension qu and qu, respectively, with

— M1 iAn 1Yl , LSGSt(l,n) — 2% giAn 201 ’

!

A . —iA ' . A L i '
e n,1T; e 1A, 1Y; , quueSt(n,j) —e n,2T; e 1An,2Y; ,

, ) / / ; /
Rciast n,j) = e—)xn,lxj e—z)xn,lyj ’ Rgast(n’j) _ e—)\n,2$j e—l)\n,2yj , (51)
e/w 1wy e~ 2An1d
Dl (n, n) = : N ad’
AT )\n71 1— e \n,1
1wy e—tAnad

D’l21]68t(n’ n) — [€_>\n,2£+i>\n,2n + e>\n,2£_i>\n,2n + 1]7

2 )\mg 1 — e An2d
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and Dt = DYest, Let
west __ 1 west T4¢/W 1 west
Pl - Ll Dl Rl )
west __ 1 west west west
PYest — Lyest Dyest RYest,
east __ T east e/w east
Pl - L1 Dl Rl )
east __ 1 east east east
PS5t = L5t D52 R§*,
Then the real parts of the vectors
p
Pwest Peast Pwest Peast
1 q, 1 4D 2 q,Fy q

denote the contributions from the west or east sources to the corresponding
periodizing potentials.

Proof. Focusing on the “west” sources, the formulas themselves follow di-
rectly from the modified Helmholtz case, letting 8 — 0 in (39) and applying
generalized Gaussian quadrature. As noted in Section 2.2.2, however, the
quadrature rule is now being used to evaluate an integral of the apparent
form

oo e—/\acei)\y 6—2>\d
——— Mi(A) ———dA 2
| S (52
for the singly periodic case or
00 ,—AZ LiAY —4Xd . .
/0 %M]_ ()\)]-e_ﬁ[eiAg%ﬂ)\n + 6)\&.77)\” + ].]d)\ (53)

for the doubly periodic case. Since e jd and =€ _A;ld are both of the order
1—e 1—e

O(%) as A — 0, the integrals appear to be strongly singular, with a %

singularity at the origin. However, in applying the periodizing operator, we

are limiting ourselves to charge neutral distributions, so that
Ng
Mi(\) = quek(wrzyj) =0(\).
j=1

Moreover, in computing any physical quantity, such as the gradient of the
potential, a second factor of A is introduced in the numerator and thus, the
generalized Gaussian quadrature rule is only being applied to integrals of
the form

/ e MMMy (N) dA,
0

where Ms(\) is smooth. The analysis for the “east” sources is identical. [J
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5. Periodizing operator for the modified Stokes equations

The modified Stokeslet is the fundamental solution to the modified Stokes
equations

(,BQ—A)u—l—Vp:O
V-u=0

and is given at t = (x,y) by

G(0) = (Ve v - ADGum(®) = (7 % ) Gunte) 69

where

Gus(t) = [Ko(Bt]) —log(1/]t])] - (56)

Cor ,6’2
This is the fundamental solution for the modified biharmonic equation:
A(A = B*)Gus(t) = §(t). (57)

Taking the Fourier transform of both sides yields the representation

1 i(k1x+k
G®) = ¢ 2/ / k2+k2)(ﬁ2+k2+k2)6( K dl dks. (58)

Substituting (58) into (55), we obtain the Fourier representation of the mod-
ified Stokeslet:

(K2 + k2)6:; — kik;
GMs / / i itkr2+k2y) g dksy. (59
ij 4,“_ k2+k‘2 ﬁ2+k2+k‘2)e 1aR2 ( )

We now extend Sommerfeld’s method to derive a plane-wave expansion for
the modified Stokeslet (valid for z > 0) by contour integration in the k;
variable and the residue theorem.

For this, note that in the complex ki-plane, the integrand has four poles,
namely +iv/% + k3 and +i|ks|. Under the assumption that > 0, consider
the closed contour from —R to R along the real k; axis and returning along
a semicircle of radius R in the upper half of the complex plane. The integral
along the semicircle clearly vanishes as R — oo, since

1
T B2+ R2e%0 4 |3

etz <1 —0 as R— o0
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and the remaining terms in the integrand are bounded by 2. From the
residue theorem, it follows that the integral is due to the residues at the two
poles iy/32 + k3 and i|ks| that lie within the contour, leading to:

G(MS)(t) 1 b 6_V62+>\2x€i)\y [ —\? iA/ B2+ N2 A\
T 4nB2 5 5 . 2 2 2 2
768% J_ s B2+ A AN/ B2+ A B+ A (60)
1 [ aig [ AL =i
[Alz+ily
+ 12 /Ooe [—i)\ _|)\J d\, x> 0.

The plane-wave expansions for x < 0,y > 0, and y < 0 are obtained simi-
larly. Here, we have renamed the ko Fourier variable as A to be consistent
with our earlier notation.

5.1. Low rank factorization
The periodizing operators P; and Py can be constructed by the same

method as for the modified Helmholtz equation:
1:)1 — Pwest + Peast’
1:)2 _ P;uest + Péast + Pgouth + Pgorth. (61)

For a source to the “south”, we have

-2 o0
Kgouth(t’ Sj) — Z Z G(MS) (t — (S + lmn))

-2 00 ) _ /52+)\2 _ /,_n
_ 1 Z Z (& (y Yi " 6i>\<x_$9 —md—ng§)
47{52 n=—00 M=—00 —o0 \% '82 + A2
BN BN
iAy/ B2+ A2 —\?

> — M (y—y,;—nn)+ir(z—z, —md—nE) —’A| —i\

(62)

Following the same procedure used for the modified Helmholtz equation
above, we obtain

0o . _9 57[:’)
Kgouth(tjsj) _ 2d1/82 Z <[Xm ZOZZ??L] %Q_Xm(y_y;)-f-iam@—w;)

m=—o00 tm xm | 1— e @

. —2Qm
L [Hlaml —iam] e g viam@-a))
—iy,  |am| | 1 —eQm ’
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where

Q%) = Xml — i€, Qm = |am|n — iams, (64)
with vy, Xm given in (28). This establishes

Theorem 6. Let S = {s;|j=1,...,Ng} and T ={t;|l =1,..., Ny} de-
note collections of sources and targets in the unit cell C and let P5°%" denote
the Ny x Ng block matriz with P35 (1, j) = K54 (t;,s;). Given a preci-
sion €, let M be given by (27). Form = —M...., M, let Q%),Qm be given
by (64) and let qu, Xm be given by (28). Let L%O“th,LS(’“th,Lg"”h,L""”h €
C2Nrx2(2M+1) 40 q R%outh Rsouth Rnorth Rnorth C2@M+1)x2Ns peo dense
Npr x (2M + 1) and (2M + 1) x Ng block matrices, respectively, with 2 x 2
blocks, let D%outh7Dsouth’Dgorth,Dnorth c C2@2M+1)x2(2M+1) ¢ (2M + 1) %
(2M + 1) block diagonal matrices with 2 x 2 diagonal blocks, let Iy denote
the identity matriz of size 2, and let

L%outh (l, m) — e~ XmYL lom T 127 Lgorth(l’ m) — eXmUlglam®y I2 7
Lsouth (l, m) _ e—\am\yl ezocma:l]:z’ Lnorth(l7 m) _ e|am\yl elam 12 ,

. , —1 /. . _ ,. —1 l.
R%outh , = XmUje wzmacJI27 Rgmth(m,j) — ¢ XmYj, wzszIQ’

(m, )
. r_ ’ . _ r_ ’
Rsouth(m,]) €|am|y]e tamaiy, Rnorth(mjj) — e |am|y]€ iomai,

(8)
1 e 2@m ixe% —_—
Dsouth — Xm m DTLOTth — PDsouth
7" (m,m) 24| _ o al (mm 62 fxm ) 5 (m,m) et (m,m),
1 e 2@n (—|am| —iQy,

Dsouth — ‘
(m,m) 2632d1 — e @m \ —iay, |an]

) , D"t (m, m) = Dsouth(m m).
(65)
Then

P;outh — L%outh D%outh R%outh + Lsouth Dsouth Rsouth + 0(6),
Pgorth — Lgorth Dgorth Rgorth + Lnorth Dnorth Rnorth + O(G)
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[43

For the sources in image boxes to the “west”, we have

—2
Kyet(t,s)) = > GMI (t — (s + L))

m=—0o0

{ o~ VBN (2 =) iMy—y))

47T52
) o2V B2+Ad
. \/W d\
[ i\ /ﬂz A2 B2+X2d

o0
. / o~ M@=z +iry-y))
—00

A —ix e 2Ald
[—M | T

PR (66)
Kyoi(t,s) = > > GMI (6 —(sj + L))

m=—ocon=—1

1
3 { / VB o= -n€) Ny —nn)
—0oQ

= 2
43 =
22 . _
TV i VI
i /52 + A2 B2+X2d

o0
. / o~ (= —n&)+iA(y—y—n)
—00
. [ A _M] e d)\} .
—IA —|)\| 1— e*‘)‘|d
Theorem 7. Let S = {s;|j=1,...,Ns} and T = {t;|l = 1,...,Nr} de-
note collections of sources and targets in the unit cell C and let Pyest Pyest
denote the N7 x Ng block matrices with 2x2 blocks P (1, j) = Kest (tl, s;)
and PYest(1,j) = K¥°'(t;,s;). Given a precisione, let Nl(ﬁ d,n), N, (0 d,n)
and Nq2 (8,d,m), Nq2 (0,d,n) denote the number of points needed in the numer-
ical quadratures for the two integmls in each of qu"“t(t, s) and Ké”eSt(t, s),

with weights and nodes {wy 5.1, A\n.g1}, {Wn0,1, 01}, {Wn g2, \ng2}, and
{wn0,2, An0,2}, respectively. Let Li”%‘%, LWSt Lé“/%?t, LweSt Ri”%‘%, Ri”“t,
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Rgi%“, RY®st be dense block matrices with 2 x 2 blocks given by:

_ 2 2 .
Lf%St(l, n) —e Vet wlezx\n,ﬁ,lleQ ‘ l=1,...,Np, n=1,... 7qu(/81 d, 17)
vest(l,n) = e Pmonlriginonngy | =1 Np, n=1,...,N}0,d,n)
— 2 2 .
’éti%st(l’ n) — e \//\n,6,2+ﬂ l‘le”L)\n,B,leIQ ‘ | = ]_’ .. ’NT’ n = ]_’ e Ng(ﬁ’ d’ 'rl)
Lyet(l,n) = e"Pno2lmgino2uy, | =1 Np, n=1,...,N20,d,n)
2 2./ . f
RYG!(n, ) = eV e 5 gy | = 1, NN, d,m), j=1,...,Ns
RYest (n, ) = Mmoo —idnoayiy, | n=1,.. .,qu(o,d, n), j=1,...,Ng
2 2./ . ’
RYS!(n, ) = eV 2t 5= nsatiny | =1, N2(8,d,n), j=1,...,Ns
Ry (n, j) = emoaletnoshly | =1, NJ(0,d,m), j=1,...,Ns,
(67)

and let Df%“, Dwest, Dg”%“, DYt be block diagonal matrices with 2 x 2
blocks given by:

)\2
-2 2 2 _ n,l .
Wpp1 € \ An,g, TA% ——— iAn,g1

2
Dy5" (n,n) = B4 s
7[3 ’ 4 2 _ 2 2 3
T Vet VBN 5,
n = 1,...,qu(ﬂ,d,77)

Duwest _ Wno1 € |>\n,0,l _i)\n,O,l
1 (nv n) - 2 —Ix |d : )
432 1 — e=Pnoald | —idp 01 —|Anoi

)

—2|An,0,1|d

nzl,...,qu(O,d,n)

w 2. _ 2 . o
D%St(n,n) = 4n’g’5 (e VA FAnp2btAnp2n 4 oAnp28=in 52 4 1]
’ vy

A2 ,
T pathld | -l iAn,B,2

BN 5.2

_ /2 2 . ’
1—e Vg2 tB%d iAn B2 /ﬁQ + >‘721,,3,2
n = 1,...,Nq2(ﬂ,d,77)

Dg}est(n’n) _ 4”7’32[6 [An,0,2|€+iAn,0,21 _’_e\)\n,oAz\& 1An,0.27 + ”,
vy

—4|An02|d .
e~ 4An02] Ano1]  —iAnon
1— e Pnozld | —iXpo1 —|Ano1l]’

n= 1,...,qu(0,d,7]).

(68)
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Let
Pwest _ Lwest Dwest Rwest + Lwest Dwest Rwest
1 — H1.B 1,6 1,8 1 1 1 ’
west __ 1 west Tywest p west west Tywest P west
Pyt = LY DY RYS! + LY*s! DY RY*,

Then the real parts of the vectors
]_:)zluestq7 Pg}estq

denote the contributions from the west sources to the corresponding periodiz-
ing potentials. The formulas for Pt and P5% are identical, except that

] <> —x1 and azg e —x;- in the various L(l,n) and R(n, j) blocks above and
that Dizﬁst — Dqﬁ%st7 D?ast — DTfESt, Dgf%st — DTQU,%St7 Dgast — Dg]%t.

5.2. Periodizing operator for the Stokes equations

While the Stokeslet, i.e., the Green’s function for the incompressible
Stokes flow, is given by the formula

1 t®t
G0 =~ (logltlT- 1), (69)

a systematic way of computing the correct limit for the periodizing operators
is to let 5 — 0 in the various formulas for the modified Stokes equations,
invoking charge neutrality before taking the limit.

Theorem 8. Let S = {sj|j = 1,...,Ng} and T = {t;|l = 1,...,Nr}
denote collections of sources and targets in the unit cell C and let P%omh
denote the Np x Ng block matriz which is the periodizing operator for all

“south” sources. Given a precision €, let M be given by (27). With o, Qm
given in (28) and (64), let LU and R*“" be defined as in (65) except

with
LSOUth(Z,O):<%l 5)
1
v (70)
south N — gl
R0 = (5 ).

Let Dovth Dyovth ¢ C2CMHAD)X2@M+1) pe (20 4 1) x (2M + 1) block diag-
onal matrices with 2 x 2 diagonal blocks, and let Dg € C?*Ns*2Ns D, ¢
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C2NtX2NT pe plock diagonal matrices with 2 x 2 diagonal blocks given by

Dsouth(m ’I’)’L) _ i 672Qm 1 10 _ 2 — e*an 1 isign(m)
“ ’ 4d1 — e Qm \ |ay,| \0 1 1— e @mu' \isign(m) -1

for m #£ 0
Dsouth(m m) — iﬂ 1 iSign(m) for m ?é 0
b ’ 4d 1 — e~ @m \isign(m) -1

1 /10 00
south _ south —
D"(0,0) = — 54 (0 0) , D”(0,0) (0 0)

- (4 1)

Y
. ;0
Dr(i,i) = <y0 y1> .
(71)
Then

P;outh — Lsouth DZOUth Rsouth _ DT Lsouth Diouth Rsouth
+ Lsouth Dzouth Rsouth DS + O(E) )

Proof. Consider first one of the terms in (63) corresponding to a mode m #
0. We will denote the limit as 8 — 0 by K5°“*"[m]. Using L’'Hopital’s rule,
and taking the limit 8 — 0, it is straightforward to see that

. Q(ﬁ)
1 Xm 10y € 2Qm / ioe (2—x.
KgOUt [m](t, S]) - ;15’1—>0 2d,62 ( [’L.Oém a? ] 4@) e X (y yj) ? ( J)

|:_|.Oém| —zam] eQe—lam|(y—y;)+iam(x_x;)>

—iy  |am| | 1— e @m
11 il (0 +2—e—Qm 1 i sign(m)
C4d |am| |0 1 YT T e isign(m) -1
—2Qm
. ie—|am\(y—y;)+mm<x—x;)'
1—e@m

(72)

It is easy to check that every column of Kg"“th [m] is divergence-free and
that every entry of K5°“*"[m] is biharmonic.
For the m = 0 term, we have

1 [/3 O] e 2 o By (73)

K37 [0](t,s;) = lim

B—02dB% |0 0] 1 —e B
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As we did for the Poisson equation, using charge neutrality and expanding
the exponential terms in a Taylor series, we obtain

sou L \yy; O
K5 l(e,s) = 50 |00 ) ()

Combining (72) and (74), we obtain

K;outh t S] Z Ksouth )

m=—00

- 2clzn {yy] ] 4d Z {|am| [(1) (1)]

(75)
2 — e 9m 1 isign(m)
/
(y Yi t 1—e @m 77) L sign(m) -1
—20m
: ief\aml(yfy;)ﬂam(xﬁ;)‘
1 — e_Qm
O
Remark 7. In an almost identical manner, we can show that
L fyy; O - 1 10
Knorth ts:) = — i L 1
27" (b, 85) 2d77[0 }"_4(1 Zoo lam| [0 1
m##0
, 2—e 9 -1 isign(m) (76)
—\y—yj———==n]|..
1— e Qm isign(m) 1
_2Q7 L )
. eiie\am\(yfyj)erm(gcfzj).
1—eQm

And the expression for Péwrth can be derived similarly.

Taking the limit 5 — 0 for (66) and using charge neutrality, we likewise
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obtain the west part of the periodizing operator for the Stokeslet:

1 o0 6_2|/\|d A ’ 1 1 0
west = =) iy )
KiT(t,s) = 87r/ 1— ed° ‘ {I/\I [0 J

2 — ¢~ IAld -1 isign(\)
—_— p— / —
(x v [isign()\) ! } dA,
e—4Ald . 110
west e~ P(@=2"—ng) iXy—y'—nn) )
Ko™ (t,s) 87r_z/ 1—e‘>‘|d ‘ {W [O J

) 4 — 3e~IAld —1  isign(\)
_<:n—x —nf—f—il_e_p\'dd i sign(\) 1 dA,

It is again easy to check that every column of K¢ or K¥°* is divergence-
free and that every entry is biharmonic. The above representation yields
the following theorem.

(77)

Theorem 9. Let S = {s;|j=1,...,Ng} and T ={t;|l =1,..., Ny} de-
note collections of sources and targets in the unit cell C and let Pest Pyest
denote the Ny x Ng block matrices with 2x2 blocks PVt (1, j) = KV (t,,'s;)
and PYest(1, j) = K (t;, ;). Given a precisione, let qu (d,n) and Ng(d, n)
denote the number of points needed in the numerical quadratures for the in-
tegrals in KV (t,s) and KY°5'(t,s), with weights and nodes {wn0.1, An0.1},
{wn02, Ano2}, respectively. Let Lvest, Lwest Rwest RYes be dense block

matrices with 2 x 2 blocks given by (67), and let Dll"fft, Dql‘]left, Dy, Dyt
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be block diagonal matrices with 2 x 2 blocks given by:

D111;est(n n) _ Wn,0,1 672|/\n’0’1|d < |:1/|)‘n,0,1| 0 :|
pred ’

8T 1 — e—1An01ld 0 1/‘)\n,0,1|

2 — ef‘sz,O,l‘d |: —1 iSign()\n,Ovl)] >

1 — e Pmoald ™ |isign(Ano1) 1
Dwest(n n) _ wn7071 6_2|>\n,0,1|d -1 ZSlgn(An,OJ)
Lo A 81 1 — e Pnoald [isign(An0.1) 1 ’

wn’oz e_4|)‘n,072|d

8T 1 — e |An0.2ld

Dlﬁift(n,n) _ {[6—|)\n,0,2|§+2>\n,0,277 + elAn,0,216=1An0,2n +1]x

( [1/\)\n,072| 0 ] 43 Pnoald [ -1 z‘sign(An,oz)] )

0 1/|An0.2] 1 — e 1Ano2ld ™ |isign(Ap02) 1
_ [e—|>\n,0,2|€+i>\n,o,277 _ el)\n,og\ﬁ—i/\n,o,w]g —1 iSign()‘mO,?)
Z.Sign()\mo’g) 1

e—4An,0,21d

Wn,0,2
Dwest n.n) = )Yy
2.b ( ) ) ST 1 —6_|>‘"»0a2|d

-1 isign(An0,2)
isign()\m()g) 1 )

[eAn02l+iAn02m o oPno2l8=iAn02m 4 1]

(78)
Let
Pwest _ Lwest Dwest Rwest D LwestDwest Rwest LwestDwest RwestD
1 =1 Lo v —Drly 1 Ry Ly b S

Pftzuest — L121)est Déuzst R’l21}65t _ DTLéuesth)’gst Rzzuest 4 Léuesth)’ist Rzzuest DS .
Then the real parts of the vectors
Pwest Pwest
1 q, 2 9

denote the contributions from the west sources to the corresponding periodiz-
ing potentials.
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Remark 8. In an almost identical manner, we can show that

1 o0 6_2|>\‘d A ’ 1 1 0
east M=) i y—y) ) S
K™ (e,s) = 87T/ 1— e Pd° ‘ {P\l [0 J

2 — ¢~ IAld 1 isign(\)
—_— [e— , —_———————
<‘T S [isign()\) 1 ] dA,
e—4Ald . 110
cast eM(@=a'—ng) JiX(y—y'—nm) )
K™ (t,s) SWZZ/ 1—e|>“d ‘ {W [0 J

/ 4 — 3e~IAld 1 isign(\)
B (m T 1_e—wdd> L sign(A) - —1 } } w
(79)

And the expressions for P¢%! P§%! can be derived similarly.
For both the modified Stokeslet and Stokeslet, the associated pressurelet
is given by:

1
t) = = —Vlog]|t|.
p(t) - Vloglt| (50)

2m [¢[?
Thus, the periodizing operators for the pressurelet can be obtained by simply
differentiating those for the logarithmic kernel in Section 4, summarized in
the following two theorems.

Theorem 10. Let S = {s;|j = 1,...,Ng} and T = {t;|l = 1,...,Nr}
denote collections of sources and targets in the unit cell C and let P%outh
denote the Np x Ng block matriz which is the periodizing operator for all
“south” sources for the pressure for both the modified Stokes and Stokes

equations. Given a precision €, let M be given by (43). With cuy, Qm given
n (44) let Lsouth pnorth o CNrX(2M+1) o d Rsouth Rnorth c C(2M+1)x2Ns

be dense matrices and let

th th 2M+1)x(2M+1
Dsov 7Dnor e (C( +1)x(2M+1)
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be diagonal matrices with

Lsouth(l7 m) — 6—|am‘yleiamfﬂl’ for m ?é 0,
Lnorth(l’ ’I?’L) — e|am‘yleio‘mxl’ for m ?é 0,
Lh(1,0) =y, LY1,0) =y,

Rsouth(m’]) —_ e\am\y;' e —im] [ZOém |am|] for m # 0,
R (m, j) = e lmlVi =19 0, |ay,|]  for m #£ 0, (81)
R*“™M0,5) =[01], R"™™0,j) =[01],
—2Qm
D (m,m) = _47r|1m| 16_ = for m #0
DSOUth(O,O) _ i7 Dnorth — Dsouth
2dn
Then

P;outh — Lsouth Dsouth Rsouth + O(E),

Pgorth — Lnorth Dnorth Rnorth + O(G) <82)

Theorem 11. Under the hypotheses of Theorem 5, let L¥¢st L$a5t ¢ (CNTXNf},
Lyest Lgast ¢ (CNTXNg, be dense matrices and let Di/w, Dyt and D§*t be
diagonal matrices of dimension qu and Nq2 defined in (51). Let RVt RSt €

1 2 . .
CNax2Ns  Ruyest Rgest ¢ CNa*2Ns pe dense matrices with

RVt (1, §) = 1T o =iAn Y] A1 —iAni],

RYe (n, j) = M2 e A2 [N,y — iAn2) (83)
R (n, §) = e~ ATy o =iAn,1Y; [_)‘n,l —iAn],

R (n, j) = e 2% e P2V [N 5 —ida] .

Let
puest — pwest De/ W Rwest
puest — puest puest guest,
peast — cast D@/ W Rgast,
pgast — [, pgast Reast,

Then the real parts of the vectors
puesty, Peisty, Prestq, PSistq

denote the contributions from the west or east sources to the corresponding
periodizing pressures.
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6. Direct and NUFFT-accelerated methods for periodizing oper-
ators

The low-rank factorizations in the preceding sections provide a simple
fast algorithm for imposing periodic boundary conditions. It is easy to see
that applying the operators from right to left in expression of the form

Pq=LDRq

requires O(r(Ng + Nr)) work, where r is the rank of P (and the dimension
of D). Because the rank r grows linearly with the aspect ratio A = d/n, we
describe a more involved method which uses the NUFFT to achieve a com-
putational complexity of the order O(log(1/¢)(rlogr+(Ng+ Nr)log(1l/€))).

Remark 9. In the singly periodic case, a fast algorithm is required when
the height of the unit cell is much greater than its width - that is, when
A =d/n < 1. Recall that in the doubly periodic case, we have defined the
orientation of the unit cell so that A > 1 and a fast algorithm is needed only
when A > 1.

Remark 10. We would like to emphasize that the NUFFT-accelerated
scheme has linear complexity in the number of sources and targets. This is
because for both type-I and type-II NUFFTs, the spreading cost for each
nonuniform point (the source or target in our algorithm) depends only on
the prescribed precision €. The logarithmic factor in the complexity appears
only in the rlogr factor, where r is the rank of the periodizing operator
P. This depends mainly on the aspect ratio of the unit cell, and weakly
on the kernel parameter in the Yukawa case, but is independent of Ng and
Np. Furthermore, it is worth noting that for the two dimensional prob-
lems we study here, only NUFFTs in one dimension are required (in the
transverse direction which involves oscillatory exponentials). Finally, the
NUFFT-accelerated scheme is preferred even when r is not very large due
to the fact that it takes many flops to evaluate exponential functions.

6.1. NUFFT acceleration
To be concrete, we focus here on the matrix-vector products

c= Rsouth q, W= Dsouth c,u= Lsouth -

for the modified Hemholtz equation in Theorem 1, so that u = Puthq
for a unit cell with large aspect ratio. Before turning to a general distri-
bution of sources, let us consider the case where all sources have the same
y-coordinate: S = {s;[j =1,..., Ng} with s; = (:U;,y).
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Focusing again on the “south” sources, we have ¢ = R**“t"q with
Ns
— e XnT y comg,
Cm =€ ™ e "y,
j=1

This is a sum of precisely the form (19) and can be computed in O(r logr +
Nslog(1/e€)) work using the NUFFT, where r = 2M +1 is the rank of R,

The next thing to notice is that the entries of R*°“" in the general case
involves non-oscillatory functions in the y-direction. In fact, if we define the
function f(y) = e XY, and assume f(y) is given at Gauss-Legendre nodes

{yh ce 7gMGL}’ then

. Mcy
e XmYj E V(Y n)e Xmn

n=1
with spectral accuracy, where

On
t—y,
’V(ta n) = ]\4GLn o
=1 t—y,

are the interpolation coefficients and the weights oy are defined as in (22).
Thus, we may write

Ns
Cm = Z e XmYj ew’”x;qj
j=1
Ns Mgy,
~ 0N Ay n)e XmTnetonTig (84)
j=1 n=1
Mgar, N,

S
=D eIy e (g, n)g)
n=1 j=1

Thus, by carrying out a total of Mgy, applications of the NUFFT, we
can obtain ¢ with O(Mqgr(2M + 1)) additional work (the outer loop in the
last equation of (84) carried out for each m).

The treatment of u = L**“w is nearly the same. Using the interpola-
tion formula

McL
emel ~ E f},(yl’ n)emen ,

n=1
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we have

M
u = E eXmyl elamxlwm
m=—M
M Mgt
~ E E ~(yp, n)eXmyne!dm® (85)
m=—M n=1
MgL,

M
=Y ) Y eomtifwyeXmn].
n=1 m=—M

Again, by carrying out a total of Mgy, applications of the NUFFT, we
obtain u with O(Mgy, Nr) additional work (the outer loop in the last equa-
tion in (85), carried out for each I = 1,..., N7). The reader will note that
the fast application of L is essentially that of computing the potential on
a sequence of horizontal lines in the unit cell, followed by interpolation in
the y-direction. Because it is the adjoint of the interpolation matrix that is
used in applying R, that dual process is sometimes called anterpolation.

The application of L and R for all of the operators described in the
preceding section is essentially the same, and illustrated in Figure 4.

It remains only to estimate the number of interpolation nodes needed,
addressed in the following theorem.

Theorem 12. Suppose that the Green’s function G(t,s) is real analytic for
t #s. Then, as a function of y (that is, the y-coordinate of the target point
t), the kernels K57 (t,s), K5°rth(t,s) can be well approzimated by their in-
terpolating polynomials par[K3°“"], par K5 using Gauss-Legendre in-

terpolation nodes and the following error estimates hold:

157" (8,'5) — par[K57)(6,8)]| < Cpg M'e", (86)
Knorth t, s) — paL Knorth t, s < C fMGL’
2 2 Po
fory € [—n/2,n/2]. Here
po =3+ V8~ 5.828. (87)

The same estimates hold for the interpolation errors when both kernels are
approximated by interpolating polynomials using Gauss-Legendre interpola-
tion nodes for the y-coordinate of the source s, which we denote by v/, for

y' € [-n/2,1/2].
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Mg, Gauss — Legendre {
nodes %,

(-dro) e (d12.0)

Figure 4: An illustration of the auxiliary grids used for the accelerated algorithm. Blue
diamonds represent source locations. We wrap points (red triangles) that fall outside the
rectangular box of dimenson d x 1 (centered at the unit cell center) to their corresponding
images within the rectangle. The blue circles are the Mgy, scaled Gauss-Legendre nodes on
[—n/2,7n/2] with the same z-coordinates as the original sources themselves. In the first step
of the method, we use the adjoint of the one-dimensional interpolation matrix to create
fictitious sources whose x-coordinate is that of the original source but whose y-coordinate
is one of the Mar, Gauss-Legendre nodes at a cost of O(NsMgr.) work. The NUFFT then
provides a fast algorithm for computing R****"q at a cost of O (Mgy - (rlogr + Ns))
work. Likewise, once ¢ = D*°%*" R*°%*hq is obtained, the NUFFT can be used to evaluate
the potential on a tensor-product grid with z-coordinates corresponding to target locations
and y-coordinates given by the Mgr, Gauss-Legendre nodes. (wrapped to the rectangular
cell) at a cost of O (Mgy - (rlogr + Nr)) work. Interpolation yields the field at the
desired target points at a cost of O(NrMgar) work.

Proof. We will only prove the target interpolation result for K5°“/(t,s),
since the proofs of the other three cases are almost identical. By the defi-
nition of K5°“*"(t,s) in (25), all image sources are separated from the fun-
damental unit cell by at least one cell. That is, for any target t in the
fundamental unit cell with y € [—7/2,71/2], the closest image source in the
infinite double sum is at —37/2. Rescaling the interval [—n/2,1/2] to the
standard interval [—1, 1], we observe that as a function of § = 2y /7, the clos-
est singularity of K3°"*"(t,s) is at —3. That is, the Bernstein ellipse with
foci at £1 in this case has semi-major axis length is @ = 3, from which we
determine the semi-minor axis length to be b = Va2 — ¢2 = /32 — 12 = /8.
The result follows from (23). O

Remark 11. As discussed in subsection 2.4, the constant C' in (86) is equal
to ||Gl|eo in the closed domain bounded by the Bernstein ellipse. Since
most Green’s functions are singular when t = s, |G|/~ is unbounded on the
Bernstein ellipse. To make the error bound useful, it suffices to shrink the
Bernstein ellipse a little to make C' finite. In practice, the convergence rate is
typically very close to what is stated in Theorem 12 and interpolation using
8 or 16 Legendre nodes leads to six or twelve digit accuracy, respectively.
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Figure 5: Timing results for the Yukawa kernel with 8 = 1. The unit cell is a rectangle of
aspect ratio equal to 100. N is the total number of sources and targets (i.e., Ng = Np =
N). y-axis is the CPU time measured in seconds. Dashed lines are timing results of the
FMM, and solid lines are timing results of the periodizing part.

7. Numerical results

We have implemented the algorithms described in this paper in Fortran.
Our implementation uses the fmm2d library [1] for the free-space FMMs and
the finufft package [4, 5] for the NUFFTs. The code is complied using gfor-
tran 9.3.0 with -O3 option. The results shown in this section were obtained
on a single core of a laptop with Intel(R) 2.40GH i9-10885H CPU.

We first demonstrate the linear complexity of our new periodizing scheme.
Figures 5-7 show the timing results for the Yukawa kernel (with 8 = 1), the
Laplace kernel, and the Stokes kernel with various precribed precisions. The
unit cell is a rectangle with aspect ratio equal to 100. We observe that the
cost on the periodizing part is linear with respect to the number of sources
and targets in all cases, and is a small fraction of that of the FMM for
sources in the fundamental unit cell only.

‘We now present more detailed numerical experiments of our new scheme.
Table 1 shows the results for the modified Helmholtz kernel with precision
set to 10712, 40,000 source points are placed in the fundamental unit cell
with a uniform random distribution, with 500 equispaced target points on
each side of the unit cell to check the enforcement of periodic conditions. In
the table, A is the aspect ratio (Definition 2), t,er is the time for applying
the periodizing operator, tpyn is the time for the FMM call with sources
in the near region N consisting of (2mg + 1) X (2ng + 1) copies of the unit
cell. ng = 1 in the doubly periodic case and ng = 0 in the singly periodic
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Figure 6: Timing results for the Laplace kernel. Same setup as in Figure 5.
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Figure 7: Timing results for the Stokes kernel. Same setup as in Figure 5.
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case. mg = 1,2, or 3, depending on the precise shape of the unit cell. tyotal
is the total computational time and tOFMM is the time required by the free-
space FMM, with sources restricted to the fundamental unit cell alone for
reference as a lower bound. All times are measured in seconds and the error
is the estimated relative I2 error in satisfying periodicity (i.e., the potential
difference between the right and left sides for the singly periodic case, and the
sum of potentials differences in both z and y for the doubly periodic case).
P, and P, denote the imposition of periodicty in one or two dimensions,
respectively. For the singly periodic case, mg = 1. That is, the central 3
cells are include in the near region. For the doubly periodic case, mg = 1
for the rectangular cell; my = 2 for the parallelogram with § = 7/3; and
mo = 3 for the parallelogram with § = 7/6, where 6 is the angle between
€1 and é3. The cost of the periodization step is insensitive to the geometry
of the unit cell, since we make use of acceleration with the NUFFT, and a
small fraction of the total cost. The FMM for sources in the near region
N is about one to four times more expensive than for the unit cell alone.
In our current implemnetation, we simply call the free-space FMM with all
near region sources but with targets restricted to the unit cell. A more
efficient code could be developed by taking advantage of the fact that the
sources in each image cells are identical, as are the corresponding hierarchy
of multipole moments. Minor modification of the FMM could reduce the
cost to being within a factor of two of the FMM cost for the unit cell alone.

Similar results hold for the other kernels. In Table 2 we show the timings
obtained for the Laplace kernel with precision € = 107, and in Table 3, we
show the timings obtained for the Stokeslet with precision € = 107%. The
column headings have the same meaning as in Table 1.

8. Conclusions

Explicit, separable low-rank factorizations have been constructed for
the periodizing operator for particle interactions governed by the modified
Helmholtz, Poisson, modified Stokes, and Stokes equations in two dimen-
sions. The factorization is based on the Sommerfeld integral representation
of the Green’s function, which is readily available for the modified Helmholtz
and Poisson kernels, and can be derived more generally by Fourier analysis
and contour integration, as done here for the modified Stokeslet or Stokeslet.
In both the singly and doubly periodic cases, the e-rank r of the periodizing
operator is shown to be of the order O (log(1/¢) (log(1/8) + Alog(1/€))),
where A is the aspect ratio of the fundamental unit cell. Here, S is the
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Table 1: Timing results of the periodic FMM for the modified Helmholtz kernel with 5 = 1
and 40,000 sources in the unit cell. The requested precision is e = 1072,

0
A tper tFMM ttotal tpanim Error

P : rectangle

1 0.08 1.78 1.87 1.78 1.2 x10713
10 0.08 1.95 2.03 1.61 6.9 x1071°
100 0.12 2.19 230 1.37 8.6 x10716
1000 0.48 2.88 3.36 1.35 1.6 x10~1°
P, : rectangle

1 0.18 245 263 1.69 3.1 x107
10 0.17 2.48 2.65 1.62 4.4 x10715
100 0.17 3.70 3.87 1.39 4.9 x10716
1000 0.19 3.72 391 136 4.8 x10716
P, : parallelogram with 6 = /3

2 0.18 3.40 3.59 1.82 2.0 x10713
10 0.17 3.45 3.63 1.78 3.5 x10~13
100 0.17 4.24 4.42 1.39 1.2 x10713
1000 0.19 3.84 4.03 1.36 4.5 x10~13
P, : parallelogram with 6 = 7/6

2 0.18 4.18 4.37 153 1.7 x10713
10 0.17 3.30 3.48 195 1.5 x10713
100 0.17 4.25 442 1.38 3.2 x10713
1000 0.22 3.95 4.18 1.36 2.6 x10713

parameter that defines the modified Helmholtz and modified Stokes kernels.
For the Poisson and Stokes kernels, the factor log(1/3) disappears.

Our factorization leads to a simple fast algorithm for the action of the
periodizing operators with O(r(Np+Ng)) complexity - linear with respect to
the number of targets and sources. When r is large, a more complicated fast
algorithm, relying on the NUFFT, can be used to further speed up the calcu-
lation, reducing the complexity to O(log(1/¢€)(rlogr+ (N7 + Ng)log(1/e€))).

There are several natural extensions or generalizations of the current
work. First, the scheme can easily be extended to treat nonoscillatory ker-
nels in three dimensions. Second, there is no essential obstacle to extending
the scheme to treat oscillatory problems (such as the Helmholtz or Maxwell
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Table 2: Timing results of the periodic FMM for the Laplace kernel with 40,000 sources
in the unit cell and a requested precision of € = 107°.

0
A tper tFMM ttotal tpanim Error

P : rectangle

1 0.06 0.56 0.62 0.64 1.0 x10~10
10 0.07 0.83 0.90 0.66 9.8 x10712
100 0.08 0.64 0.73 0.44 2.1 x10713
1000 0.23 1.02 1.25 0.40 1.5 x10713
P, : rectangle

1 0.14 1.03 1.17 0.54 1.1 x10~11
10 0.12 0.81 093 066 6.3 x10712
100 0.12 1.14 1.27 0.44 1.3 x10712
1000 0.13 1.48 1.61 0.40 5.2 x10~H
P, : parallelogram with 6 = /3

2 0.14 1.13 1.27 065 2.6 x10~1!
10 0.12 1.17 1.29 0.72 1.3 x10710
100 0.12 1.64 1.77 0.44 3.1 x10710
1000 0.13 1.29 1.42 0.40 2.4 x10710
P, : parallelogram with 6 = 7/6

2 0.13 1.76 1.90 0.46 2.0 x10~1
10 0.13 1.11 1.24 0.62 2.3 x10°10
100 0.12 1.66 1.78 0.45 6.0 x10~11
1000 0.13 1.28 142 0.40 3.4 x10710

equations) in two and three dimensions. The various sums and integrals,
however, must be treated with more care, as they are conditionally con-
vergent, permit “quasi-periodic” boundary conditions and are subject to
resonances (Wood anomalies) [2, 3, 12, 13, 17, 34]. Third, the scheme can
be coupled with integral equation methods and the fast multipole method
to solve periodic boundary value problems when the unit cell contains inclu-
sions of complicated shape. Finally, more efficient versions of the FMM can
be deployed to reduce the cost of handling the near region copies of the unit
cell, as in the periodic version of the original scheme [23]. This would bring
into closer alignment the time tpyv and t%MM in Tables 1 to 3. For multi-
ple scattering problems with singly or doubly periodic boundary conditions,
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Table 3: Timing results of the periodic FMM for the Stokeslet with 40, 000 sources in the

unit cell and a requested precision of € = 107°.

A tper tPMM ttotal tOFMM Error

P : rectangle

1 0.09 1.05 1.14 0.81 1.9 x10~7
10 0.07 1.17 124 094 1.2 x10°7
100 0.08 1.09 1.18 0.78 1.6 x107Y
1000 0.19 1.31 150 0.69 3.9 x10~ 1!
P, : rectangle

1 025 1.63 1.89 0.69 2.1 x1078
10 024 1.31 155 094 5.3 x10°8
100 023 1.42 165 0.79 7.3 x107?
1000 0.24 2.30 2.55 0.69 1.2 x10710
P, : parallelogram with 6 = /3

2 025 1.50 1.75 0.78 3.5 x1078
10 024 155 1.80 0.88 1.9 x10°7
100 0.24 230 2.55 0.80 5.7 x10°7
1000 0.25 2.31 256 0.69 3.9 x10°7
P, : parallelogram with 6 = 7/6

2 0.25 224 250 0.88 7.2 x1078
10 024 1.58 1.83 0.77 4.7 x10°7
100 0.24 2.29 253 0.82 3.2 x10°7
1000 0.25 227 252 068 6.1 x1077

where the far field of a scatterer is represented by a multipole expansion,
the periodic scattering matrix can be constructed via simple modifications of
the algorithms in [20, 21]. This requires periodizing operators for multipole
sources, which are presented in the appendices of the present paper.
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Appendix A. Rotated plane-wave expansions for the east and
west parts of the doubly periodic periodizing op-
erators

In the analysis and implementation of the present paper, we have relied
on plane-wave expansions that decay in z: either for z > 0 (the west part)
or for z < 0 (the east part). Simple geometric considerations led to the
conclusion that we may need to exclude the central 7 x 3 copies of the unit
cell. For non-rectangualr unit cells, it is actually more efficient to align the
decay direction in the plane-wave expansion with ézL - that is, orthogonal
to the é; direction. We illustrate the corresponding algorithm in the case of
the modified Helmholtz kernel. Consider the coordinate transformation

(- 2)0)
In complex notation, this is equivalent to

i+ i = €Y (x + iy). (A.2)
Let us also write

E+n=2e%¢+in), dy+id,=de®. (A.3)
For the west part, if the plane-wave expansion along the Z direction is used,

we have

—(m0+1 1

KYest(t,s) Z Z Ko (t,8 4 L)

m=—o00 n=-—1

—(mo+1) 1 )\2+52 (8—&' —mdgy—nf)

— Z Z / yRs v .eik(ﬂ—ﬂ’—mfiy—nmd)\
m=—oc0 n=-—1 Ty +
VAR (F-T ) e—(m0+1)(v>\2+l325m—i>\5y)
= Z / X eM(y—y —n) _ _ .
Am\/N2 4 32 _ o (VerBd—ind)

n=—1 1
(A.4)

It is now clear that if we choose ez = &5 - that is, we choose 6 such that
£ =0 and d, > 0, then mg = 1 is sufficient to ensure that the decaying

exponential in the integrand decays at least as fast as e™ A2+ B2 Thus,
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Figure A.8: New direction of the plane-wave expansion for the west part. In the main
text, we have chosen the plane-wave expansions along the coordinate axes for all four
parts. The advantage is that the east and west parts of the doubly periodic periodizing
operators can be discretized via efficient precomputed generalized Gaussian quadrature.
But the worst case requires the exclusion of the center 7 x 3 cells from the periodizing
operators. If we choose the plane-wave expansion along the Z-axis, then one only needs
to exclude the center 3 x 3 cells from the doubly periodic periodizing operators. But the
number of plane waves may increase if the angle between €; and é; is very small and |é;]
is very close to |&1].

X

one only needs to exclude the center 3 x 3 cells from the periodizing oper-
ator rather than the larger near region we have used above. The integrand
could still be highly oscillatory, so that an effective high-order quadrature
is needed, just as in singly periodic case.

Appendix B. Periodizing operators for the modified Helmholtz
equation with multipole sources

The multipole of order [ for the modified Helmholtz multipole is defined
by K;(fr)e?®, where K; the modified Bessel function of the second kind
of order [. The following lemma describes the corresponding plane-wave
expansions for the far-field contributions of the periodizing operators.

Lemma 1. For the standard unit cell C discussed in the main text, let
Ksouth - gporth - gwest - east denote the far-field parts of the periodizing
operator for a multzpole source of order | governed by the modified Helmholtz
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equation subject to doubly periodic boundary conditions. That is,

[e.e]

Ksouth t S Z Z Kl t S+lmn) 74l0mn’

n=—oo m=—oo

Knorth t S Z Z Kl S+1mn)€il0m",

n=2m=—0oo

west ’ Z Z Kl t S"‘lmn) 1l€mn

n=—1m=—oo

east Z Z Kl t s+1, ) il9mn_

n=—1m=4

Let au, Xm and Qn, be given by (28). Then

.l 00 ! —2Qm
Ksouth (t S) m ( 5 > Leme(y*y/)Jriam(x*Il)i
m=—o0

d Xm + Qm Xm 1 —e@m’
. l _ _
Kperth (g, s) = m(=i) i <Xm + am) Lexm(y—y’)ﬂum(z—m') € 2Q17
d M — oo B Xm 1—e@m
1 2.1 32 ’
1 o I o=V A2+ (@—a'—ng)
Kﬁuest(ns) = — Z / (,/)\24_62_’_)\) e
26 = e VA2 4 2
Ayy ) e—4/A2+p2d ;
. e e —
1 — e—VA2+82d
VA24B2(xz—z' —n)
Keast t.s) = / )\2 T B2 ) e
5 (¢, 251 Z NSENE
— 2 2
A Yy—y'—nn) e—/\+6d
1 — e VA5
(B.2)
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Similarly, for the singly periodic case,

-2
K{t(t,s) = > Ki(t,s+ (md,0))e'm,

1 00 1 e—\/)\2+62(3:—m/)
- 2 2
_255/_00(\/)\ +8 +/\) —
o—2V/ X2 +52d

LeMNy—y) _Z T g
| e VA

. (B.3)
K{*i(t,s) = Y Ki(t,s + (md,0))eom

m=2
1)l oo | oV 232 (z—a)
_ )/ (Vs -a)
28" J-so VAZ+ 52
e—2«/>\2+ﬁ2d

1 — e VN HB%

. /
. eZA(y_y )

The preceding result yields the following low-rank decompositions for
the periodizing operators.

Lemma 2. Under the hypotheses of Theorem 1 and Theorem 3, let

south T north Nprx(2M+1
Lsouth 1, € CNrx(2M+1)

and R Rrorth ¢ CEM+OXNs be dense matrices defined in (29) and
(36), and let LYt € CNrx2Ng Lyest ¢ CNrx2Ng RYes! ¢ C2N§xNs
Ryt ¢ C2Ni*Ns be dense matrices defined in (40). PFurthermore, let
Dsouth prorth ¢ cEM+)xEM+Y) pe diggonal matrices with

. l _
Dsouth(m’ m) _ Ter 5 i € 2Qm ’
Xm 1- e_Qm

(B.4)

. l —90 .
Doty = T (Xm+am> 1 e
Xm 1l — G_Qm

and let DYest D¢t and DYest, D™ be diagonal matrices of dimension
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2qu and 2]\7(]2, respectively, with

DYt (. ) 1 2 T4 l W1 o2 /22 1 +82d
1 (n,n) = 57 (\/ il n,l) )
B N2 4 B2 _ Nt

—2,/22 | +82d
DﬁaSt(n n) _ (_1>l < /22 . +ﬁ2 -\ 1>l Wn,1 € !
? l n, ) )
25 )‘i,l + /82 1—¢e V )‘?L,1+52d

—4, /32 1B
Dunest(n’ n) _ i ( 22 L+ ,82 Y 2)l Wn,2 e 2
a3 Wt ) e

>\37q2+ﬁ2£_i>\n,277

[\

i [6_ /\3,’72"'62&"’7:)\11,277

+e +1],

_ 2 2

cust (_1)1 5 l Wno e 44/X% o +B82d
D5 (n,m) = o (A2 + B = M) ——
2

24! /)\n F B2 _ o\ Phatpd
_ 2 2¢_ 5 2 2 ;
. [6 )‘n,2+6 '3 Z/\\71,277 Le >\n,2+6 §+iAn,2n + 1] ’
(B.5)
where A_p1 = —Ay1 for n = 1,...,qu, and A_p2 = —Au2 for n =

1,... ,Nq2. Then, the periodizing operators for the modified Helmholtz mul-
tipole of order | are given by
Pgouth _ Lsouth Dsouth Rsouth + O(E)
Pgorth — Lnorth Dnorth Rnorth + 0(6)
Péuest — Lg}est DzQuest R’éuest 4 0(6),
P;ast — Lgast Dgast Rgast 4 O(E),
leuest — L111)est Dzluest R}f}eSt + O(E),
Piast — LiGSt D?mt RiGSt 4 0(6)

I
)

Appendix C. Periodizing operators for the Laplace equation with
multipole sources

In two dimensions, using complex variables notation, the Laplace mul-
tipole of order [ is simply 1/z!. Here we identify t with z = z + iy, s
with 2/ = 2’/ + iy, & with e; = d, & with es = £ + in, and l,,, with
Zmn = m - e1 +n - eg. The following lemma contains the plane-wave expan-
sions for the far-field parts of the corresponding periodic kernels.
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Lemma 3. For the standard unit cell C discussed in the main text, let
KQSO“”‘, Kﬁwrth, Kyest . K§9%t denote the far-field parts of the periodizing
operator for a multipole source of order | governed by the Laplace equation
subject to doubly periodic boundary conditions. That is,

Ksouth t, S Z Z Z_Z — )l

n=—0o0 m=—0o0
o0

Knorth t, S Z Z Z — Zmn)l

n=2m=—oo

1 (1)
Kwest t
S nzl m—zoo Z — 7 - Zmn)l
Keast t )
S nz—l r;1 Z — 2 - Zmn)l
Let Qu, = 2mm(n —i&)/d. Then
2mi)! 2mm e~ 2@m e
Ksouth t — ( -1 z—(z z") S —
(75) (l—l'dlzm 1_e @ m+l1dny7
27T2> 2mm *2Qm 7T7/
Jenorth ¢ _ ( -1 —z—(z z") 5
2 (75) (l—l'dlzm l—eQm—i_lldny?
west 1 -1 A-e —Xe —A(z—2") .
KY©(6:9) = =y T (1+e 2 4 2)6 T,
- - Jo — €
east _ (_1)l > -1 ( A-eo —X-eo Az—2") ei4>\d
K3 (’)_(l—l)!/o A 1+ev 2 +e )e 71_6_)@(1)\.
(C.2)
Similarly, for the singly periodic case,
west _
Kl (t,S) = mz_:oo (Z o Zmn)l
_ 1 /Oo I=1,-A(z—2") e M A\
—_1)\! _p—Ad Y
(io Dt Jo l1—e (C.3)

(—1)! /OO -1 _\(z—2") e 2
= A FE) — _dA.
0 € 1 — 6_/\d
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The derivation of the associated periodizing operators is straightforward
and omitted. Note that the integrals in (C.2) and (C.3) diverge at the
origin when [ = 1, but the divergence is compensated for in the associated
periodizing operators under the assumption of charge neutrality.

Appendix D. Periodizing operators for the Stokes stresslet

The stresslet for the Stokes equation is defined by the formula

J

S S
oG (t,5) . oG\ (t,s)

T (t,5) = — pj(t,8)dj, (D.1)

where Gz(»f) is the ij-th component of the Stokeslet in (69), p; is the jth
component of the pressurelet in (80), and the partial derivatives are with
respect to the source point s. It is inconvenient to write down the periodizing
operators for the stresslet due to its tensor structure. In practice, it is often
combined with a vector n to form the kernel of the double layer potential
operator or its adjoint operator, when n = (n1,ny) is the unit normal vector
at the source point s or the target point t, respectively. Thus, we will
write down the periodizing operators for the kernel D) of the double layer

) — 9

potential operator defined by the formula D(S ﬂk

ny instead.

Lemma 4. For the standard unit cell C discussed in the main text, let
KQS"“th, ng”th KYyest K$95t denote the far-field parts of the periodizing
operator for the kernel of the Stokes double layer potential subject to doubly
periodic boundary conditions. That is,

(e 9]

Kw“thts Z Z DS)ts—l—lmn)

n=—00 M=—00

K”OTthts Z Z DS)ts+lmn)

n=2m=—0oo
1 —4

Kyeti(t,s)= > > DE(t;s+ 1),

n=—1m=—oo

Kt = 3 3 DS (ts 1 1)

n=—1m=4

(D.2)
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Let oy, = 2mm/d and Qy, = 27m(n —i€)/d. Then

2isign(m )n1 —ng —ng
Ksouth t — Yy n2om
2 ( 75) 2dn [n1 ne 2d Z ni —N2

m=—0oQ
m##0
2 — e @m 1 isign(m)
. rypc—°¢
(iamn1 — [am|n2) <?J R o ’7> [z’sign(m) -1
2Qm
& o laml(y—y)iam(z—a')
1—- e‘Qm 7
2isign(m)ni +ng ny
Knm’th t — I
2 (75) 2dn M 2d ; n n2
m##0
—(i0mn1 + |om|na) |y — 2z oy
mN1 m|M2) Y —Y 1767an isign(m) 1
e—2Q@m

elom|(y=y')+iom(z—a’)

.1—6_Q7m

e—4Ad
west —\)\|(a:—:c’—n§) iXy—y —nn) | —ni —n2
K™ (¢s) 47r Z / 1— e a® ¢ { [—nQ —n1 + 2i sign(/\)ng}

N ‘ L 4—36_|>\‘d —1 isign()\)
(~Alms + iAna) (w ot ) gy 1| (D

—4|\|d
K5 (t Z / | l/\|d (@ —2'—ng) gir(y—y'—nn) | { [”1 2 ]
1—e"

ny ny + 2isign(A)ne

4 — 3e—Ald 1 isign(\)
— ) - ! - T Zd
(IAln1 + iAng) (3: x’ —n& 1 — o 1Nd d) [Z sign(\) -1 ] dA.

(D.4)
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Similarly, for singly periodic case,

-2
Kyeti(t,s) = > DO (t,s+ 1),

m=—0o0

1 0 672|/\|d

S { [—”1 —ny
A J_o1—e~

—ng  —ny + 2isign(A)ng

|

_ oINd _ »
—(=|Aln1 + iAng) (3: i “d) { 1 ”lgnw] } d,

1 —e—Id isign(\) 1

[e.9]

K (t,5) = > DO (t,s + L),

m=2
1 oS 6—2|/\|d

L[ M) { [’“1 ny ]
A J_ o1 —e™

ny ny + 2isign(A)ng

) | IR 1 isign(\)
(IAlny +iAng) (93 Tzl lisign(n) 1 °

(D.5)
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