&

S,
FKTHE

VETENSKAP
3% OCH KONST 9%

SesSe

KTH Engineering Sciences

Boundary integral methods for Stokes flow:
Quadrature techniques and fast Ewald methods

OANA MARIN

PhD Thesis
Stockholm, Sweden, 2012



TRITA-NA 2012:14

ISSN-0348-2952 KTH School of Engineering Sciences
KTH/NA/-12/14-SE SE-100 44 Stockholm
ISBN 978-91-7501-578-1 SWEDEN

Akademisk avhandling som med tillstind av Kungl Tekniska hogskolan framlégges till of-
fentlig granskning for avldggande av teknologie doktorsexamen fredagen den 14:e december
2012 klockan 10.15 i D2, Lindstedtsvigen 5, KTH, Stockholm.

© Oana Marin, December 2012



Abstract

Fluid phenomena dominated by viscous effects can, in many cases, be modeled by
the Stokes equations. The boundary integral form of the Stokes equations reduces the
number of degrees of freedom in a numerical discretization by reformulating the three-
dimensional problem to two-dimensional integral equations to be discretized over the
boundaries of the domain. Hence for the study of objects immersed in a fluid, such
as drops or elastic/solid particles, integral equations are to be discretized over the
surfaces of these objects only. As outer boundaries or confinements are added these
must also be included in the formulation.

An inherent difficulty in the numerical treatment of boundary integrals for Stokes
flow is the integration of the singular fundamental solution of the Stokes equations,
e.g. the so called Stokeslet. To alleviate this problem we developed a set of high-order
quadrature rules for the numerical integration of the Stokeslet over a flat surface. Such
a quadrature rule was first designed for singularities of the type 1/|x|. To assess the
convergence properties of this quadrature rule a theoretical analysis has been per-
formed. The slightly more complicated singularity of the Stokeslet required certain
modifications of the integration rule developed for 1/|x|. An extension of this type of
quadrature rule to a cylindrical surface is also developed. These quadrature rules are
tested also on physical problems that have an analytic solution in the literature.

Another difficulty associated with boundary integral problems is introduced by
periodic boundary conditions. For a set of particles in a periodic domain periodicity is
imposed by requiring that the motion of each particle has an added contribution from
all periodic images of all particles all the way up to infinity. This leads to an infinite
sum which is not absolutely convergent, and an additional physical constraint which
removes the divergence needs to be imposed. The sum is decomposed into two fast
converging sums, one that handles the short range interactions in real space and the
other that sums up the long range interactions in Fourier space. Such decompositions
are already available in the literature for kernels that are commonly used in boundary
integral formulations. Here a decomposition in faster decaying sums than the ones
present in the literature is derived for the periodic kernel of the stress tensor.

However the computational complexity of the sums, regardless of the decomposition
they stem from, is O(N?). This complexity can be lowered using a fast summation
method as we introduced here for simulating a sedimenting fiber suspension. The
fast summation method was initially designed for point particles, which could be used
for fibers discretized numerically almost without any changes. However, when two
fibers are very close to each other, analytical integration is used to eliminate numerical
inaccuracies due to the nearly singular behavior of the kernel and the real space part in
the fast summation method was modified to allow for this analytical treatment. The
method we have developed for sedimenting fiber suspensions allows for simulations in
large periodic domains and we have performed a set of such simulations at a larger
scale (larger domain/more fibers) than previously feasible.
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Introductory chapters






Chapter 1

Introduction

Integral equations, ever since they were introduced by Abel 1823 [1], have been widely stud-
ied by mathematicians and engineers alike. An integral equation corresponds to a differential
equation reformulated as the convolution of a kernel, a so-called Green’s function, with a
force density of equal magnitude as the forcing term of the underlying differential equation
[19]. The Green’s function is specific to the differential operator and in some situations it
even bears a name which hints to the equation it is associated with, e.g. the kernel of the
Stokes equations is often called a Stokeslet, name which was coined by Hancock [29]. Only
after the independent proofs provided by Ehrenpreis [21, 22] and Malgrange [51] it became
clear that only the limited class of differential operators with constant coefficients admits
a representation in terms of a Green’s function. An integral equation has the advantage
that it reduces a partial differential equation stated in a three-dimensional domain to an
integral expressed over two-dimensional surfaces. In general, regardless of the dimension of
the initial problem the boundary integral equation is defined on a manifold of co-dimension
one. Another aspect that favors integral equations is that problems over infinite domains
can be studied with ease in integral form. In the field of fluid dynamics, however, only par-
ticular types of flows are governed by linear equations that can be transformed into integral
equations, namely irrotational and inviscid potential flow and highly viscous flow (Stokes
flow).

We shall focus on problems that are modeled by the Stokes equations and give a brief
background on integral equations as applied to viscous flow. The applications that make
use of the boundary integral form range from blood cells in Stokes flow [66] to the motion of
microorganisms [35]. In general multiple bodies immersed in a viscous flow can be simulated
with less difficulty by stating the system of equations in integral form than by solving
the differential equations with the aid of e.g. grid based methods with moving meshes.
Characteristic to boundary integral equations is the description of physical quantities such
as velocity or pressure in terms of integrals over smooth distributions of forces multiplying
specific kernels. These kernels, or fundamental solutions, depend on the physical quantity
they are associated with but also on the geometry of the domain. Hence we may have free-
space kernels or e.g. half-space kernels which assume that the observation field is bounded by
an infinite wall. The method of images is a technique used to obtain a modified fundamental
solution which accounts for certain boundaries that confine the flow, see Blake [8]. This
approach however is amenable only for confinements with a simple geometry and only allows
for a no-slip boundary condition.

Large scale simulations of particles immersed in a Stokesian flow are usually performed in
periodic domains to reproduce phenomena matching those provided by experimental work.



4 Chapter 1. Introduction

In the field of boundary integrals periodicity is imposed by requiring that the particle mo-
tion in the primary computational cell is identical in all other cells periodically replicated
all the way up to infinity. To this end all periodic images of all particles have an added
contribution to the motion of the particles in the periodic domain under consideration.
Mathematically this translates into an infinite sum which has to be truncated in numerical
computations. This however is not straight-forward since the sum is not absolutely con-
vergent. To alleviate this inconvenience additional suitable physical constraints have to be
imposed on the system, e.g. zero mean flow for the Stokes equations. The method of choice
to speed-up the convergence of the aforementioned infinite sum over all periodic images is
the Ewald technique [24] of decomposing the sum such that the short range interactions
are summed up in real space and the long range ones in Fourier space. The Ewald decom-
position thus leads to two sums both of computational complexity O(N?), where N is the
number of particles in the periodic domain. By introducing a fast summation method, e.g.
Spectral Ewald [47] or Smooth Particle Mesh Ewald [23] the complexity can be reduced to
O(NlogN).

The purpose of this thesis is to address certain issues pertaining to the numerical in-
tegration of specific singular functions and the treatment of periodicity in the framework
of boundary integrals. In the first part of this thesis we introduce the Stokes equations
with their corresponding integral formulation and describe the fundamental solutions of
Stokes flow, e.g. the Stokeslet and the Stresslet. Subsequently we illustrate how to apply
the boundary integral equation to a series of problems that are modeled by the Stokes equa-
tions. Further we describe how to approximate numerically an integral equation and give a
brief overview of the existing discretization and numerical integration techniques. Another
chapter is dedicated to a discussion on confinements and how they are approximated in the
boundary integral set-up. Moving on to the treatment of periodicity in the boundary inte-
gral framework the classical decomposition by Ewald of the kernel of the Laplace equations
is being derived. Thereon several decomposition techniques for the kernel of the Stokes flow
are being presented. The introductory part of this thesis is concluded with a chapter on
fast summation methods, here with special focus on the Spectral Ewald.

The second part of this thesis contains five manuscripts which present more detailed
studies of numerical integration of singularities and treatments of periodic boundary con-
ditions. The first paper treats the development of a set of quadrature rules that handle
singular functions of the type 1/[x| in two dimensions and 1/|z|" with v < 1 in one di-
mension. The type of quadrature rules we consider here are specific to the singularity they
have been developed for. Our paper presents a theoretical study of the accuracy of such
quadrature rules.

The second paper applies the concepts of the quadrature rules developed for a 1/|x]
singularity to the singular fundamental solution of Stokes flow. This quadrature rule is
validated against the physical problem of a sphere sedimenting towards a flat plate due to
gravity.

The third manuscript applies the Spectral Ewald method coupled with the Linked Cell
List to perform large scale simulations of fibers submersed in Stokes flow. The fiber-fiber
interaction is modeled using the slender body theory and the emerging system of integral
equations is treated using a hybrid analytical-numerical approach. Analytical integration
is not generally possible, however for fibers in near vicinity of each other it can be applied
to a term of the real space sum. This procedure requires the adaptation of the entire real
space sum treatment. The remaining part of the system is integrated numerically using a
convenient quadrature rule.

The fourth manuscript deals with the periodic treatment of the fundamental solution of
the stress kernel, i.e. the Stresslet. The Stresslet has so far been periodized based on the



decomposition provided by Beenakker [7]. However we were able to derive a new decompo-
sition starting from a decomposition by Hasimoto [31] which yields faster converging sums
in both real and Fourier space.

The last article reverts back to the numerical integration of singularities, it is a first step
towards extending the work in the first and second paper over a flat surface to a general
parameterizable surface. The focus is mainly on integrating across cylindrical surfaces and
is restricted to obtaining third order accuracy, as opposed to the higher-order methods
obtained in Papers I and II.






Chapter 2

Stokes flow

The motion of a Newtonian fluid can be accurately modeled by the Navier—Stokes equations
which in their incompressible form are given as

3}
pa—?+pu~Vu:*Vp+HAu+va in €, (2.1)

V-u=0.

Here u denotes the flow velocity vector, p the pressure, p the density of the fluid, v the
kinematic viscosity, while f is a volume force. The viscosity is assumed to be constant. The
equations can be non-dimensionalized by using a reference velocity U and length scale L,
-* denotes dimensionless quantities

u U

w=—=, t'=t—, p

X 7PL
L7 U’ L7

=

*

x* = *

With this change of variables and a subsequent multiplication of the equations by L2/(U )
we obtain
pUL? du* pUL pL?

—u*-Vu* = -Vp* + Au* + =7 in Q 2.2
uL&t*+Muvu Vp—i—u—i—UM,m , (2.2)

V-u*=0.

By denoting the time scale of the flow T' = L/U and using v = u/p together with the
following non-dimensional numbers

L2 UL U
ﬁ = T R@ = T FT = T
vT v VgL
we obtain the non-dimensional form
* f
ﬂ?:* + Reu® - Vu* = —Vp* + Au* + FR—;? , in Q, (2.3)
V-u"'=0.

where f = |f|, Re is the Reynolds number, 8 the Stokes number and Fr the Froude
number. If both § <« 1 and Re < 1 the terms on the left-hand side vanish and the
incompressible Navier—Stokes equations simplify to the linear Stokes equations which by
reverting to dimensional variables can be written

7



8 Chapter 2. Stokes flow

Vp—pAu=~f,  in Q, (2.4)
V-u=0.

The Stokes equations are linear with constant coefficients. Such partial differential
equations are easier to solve both mathematically and numerically compared to the Navier—
Stokes equations. Furthermore they can be rewritten as integral equations over the bound-
aries present in the physical problem at hand. This reduces the dimensionality of the
problem, e.g. instead of discretizing an entire volume it is sufficient to treat numerically
only the boundaries. Such a boundary integral formulation of Stokes flow lies at the basis
of the studies presented in this thesis, and will be discussed in more detail in the sections
to follow.

2.1 Fundamental solutions of Stokes flow

The fundamental solutions of the Stokes flow have various expressions according to the
dimension of the space in which they are derived. A two-dimensional fundamental solution
of the Stokes flow is of logarithmic type while the three-dimensional one is of the type
1/r, with r being the inter-particle distance. Since the present work concerns only three-
dimensional problems we restrict the presentation of the fundamental solutions of Stokes
flow only to this dimensionality. The kernels differ also according to whether they represent
a free-space solution or certain boundaries present in the problem are already embedded
in the kernel as will be seen in Section 5.1. To start with we discuss only the free-space
Green’s functions and for this reason the subscript 0 is used.

Consider a point force of magnitude f located at x within a highly viscous flow. This
corresponds mathematically to the Stokes equations (2.4) with the right-hand side given in
terms of the Dirac delta function as fd(x — xg). The velocity u, pressure p or stress T at
an observation point xy can be computed as functions of the relative distance to the point
force f as follows

1
ui(zo) = %Go,zj(x -x0)fj (2.5)
where 5 o
Goﬁij(x — X()) = ﬁ + |ﬁ|; 5 (26)

with & = x — x¢ and §;; the Kronecker delta. Written in tensor notation we have

I XX
Golx =x0) = 7 + i

(2.7)

with the outer product X ® X and he identity matrix I t. The fundamental solution Gy is
also known as the Stokeslet, term coined by Hancock [29]. It is important to notice that if
the points x and x( coincide the Stokeslet is singular.

In a similar fashion the pressure can be expressed as

1
p(xo) = gPM(x —x0)fj , (2.8)
with the fundamental solution
Po(x — x0) = 2— (2.9)
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The stress tensor 7 can be expressed in terms of the Stresslet, Ty, as

1
Tik(X0) = 8_7TTO,ijk(X —x0)fj , (2.10)

with

XXX
%[>

TQ(X—Xo) =—6 (211)

Using these fundamental solutions we can state integral equations for Stokes flow as will
be discussed in the next section. However, one may encounter also high-order derivatives of
these solutions in integral formulations of a more advanced nature, details can be found in
Pozrikidis [55]. In this thesis we shall use only the Dipole, the Laplacian of the Stokeslet,
which appears in the expressions of slender body theory, see Section 3.2.

Vector calculus derivation of the Stokeslet

To give some more background to what will follow we will demonstrate here how to obtain
the Stokeslet starting from the Stokes equations stated as partial differential equations.
Several derivations of the Stokeslet can be found in textbooks, such as the derivation using
Fourier transforms in [55] and also the derivation using the vector calculus approach. How-
ever the proof based on vector calculus in [55] is quite terse and a more detailed description
is provided here.

In order to find the fundamental solution to (2.4) we consider a single point force located
at xo of magnitude fy and rewrite

Vp — pAu =fyé(x —xg), in (2.12)
V-u=0.

where 0 is the three-dimensional Dirac delta function.

We denote AG = §(x — xp) and set AH = G. By using this change of variables we
identify G to be the fundamental solution of the Laplace equation, and H the solution of
the biharmonic equation AAH = §(x — Xo).

As a first step we take the divergence of (2.12) and use the fact that the Laplacian and
the divergence operator commute. If we apply the identity V- (ab) = bV -a+a- Vb to Vi
(in distribution sense) we obtain

Ap = f0v5 ,

which ultimately leads to
p=1- -VG. (2.13)

By substituting (2.13) in (2.12) a new relation is obtained
pu = £,(VV — IA)H (2.14)

This enables us to find an expression for u if H is known. It remains to solve the
biharmonic equation for a point force located at xq

AAH =6

To expedite the derivation we consider the fundamental solution of the Laplace equation
to be known, i.e. 1/4wr, where r = |x|. If such a solution was not known it may be
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quickly obtained in the same manner in which we shall compute H. To find H such that
AH = 1/(4nr) we express the Laplacian in spherical coordinates

1

H
AH =H,, + — ——5-Hyg ,
+ r + r2sin2f *?

(sin6Hy)p + (2.15)

_
r2 sin(0)

Since AH is radial the terms exhibiting an angle dependency may be dropped leaving us
with an ordinary differential equation

2 1
7" ‘g _
() + 2H(r) = o |
which can be rewritten as 1 1
2ry/ /
—(r'H =—. 2.1
SPH ) = (2.16)
We solve this for H(0) = 0 and obtain H(r) = r/(87). Returning to (2.14) we have
1
= —rfH(VV -IA 2.17
a(x) = gt 3 (217)
which provides us with
1 0ii By
= —fy( 2 “J ). 2.18
) = g (5 ) 219

The derivation is concluded by noting that this expression is identical to (2.5).

2.2 Boundary integral equations

Consider an immersed object with surface S and a force distribution f over the surface. A
set of derivations based on the Lorentz reciprocal theorem, to be found in [55], yields an
expression for the velocity at a point xg

1
uj(x0) = — — [ fi(x)Go,i;(x — x0)dSx
S /S (2.19)
+ o u; (%) 70,156 (X — x0)np (x)dSx -
T Js

The first term on the right-hand side is called the single-layer potential and the second
term double-layer potential. The double layer potential will have a different limiting value
as we let xg approach the surface S either from the inside or outside. Introducing (xg) to
denote the double layer integral in (2.19) we have

PV

hI%’l/)(XO + €n(X0)) = :|:47T’LL]' +/ ’U,iToyijkndex y (220)
€E—> S

where the principal value (PV) is defined as the improper integral when x¢ on S. Equation
(2.19) can be further simplified to obtain simpler formulations, also called indirect boundary
integral representations. The single-layer formulation for Stokes flow reads

’ui(Xo) = % /S Go,ij(x — XO)fj(X)de N (2.21)

and is valid for any xog on S, or away from S. This formulation can represent success-
fully flows that are internal as well as external to the domain S. A disadvantage of the
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single-layer representation, which is in fact a Fredholm equation of the first kind, is that
it is ill-conditioned. This formulation nevertheless is still widely used [30] despite its ill-
conditioning. The same formulation is employed extensively in Paper II of this manuscript
were we also derive a highly accurate quadrature for the single layer formulation for the
Stokes flow over a flat plate.

From (2.19) a second formulation, called the double-layer formulation, can be derived

to be .

Uj(Xo) = g/sqz-(x)TO’ijk (X — xo)nk(x)de y (222)
where n(x) is the outward normal to S. Again using (2.20) the equation for xg € S is
obtained. As stated here this representation is not complete. It can be shown by eigenvalue
analysis that the double-layer potential is not capable of representing an arbitrary external
flow, see Pozrikidis [55]. However the double-layer potential can be applied to model flows
external to torque-free and force-free bodies, for other fluid phenomena the double layer can
be regularized as explained in [55]. With proper modification the double-layer formulation
is well suited to model also flows external to immersed bodies such as sedimenting particles
[40] or clusters of spheres in elasticity problems [54]. The double layer formulation however,
as compared to the single layer formulation is well conditioned.

Similar integral equations can be written for the pressure and for the stress. We refer the
reader for more details concerning integral equations for Stokes flow to Pozrikidis [55]. A
comparison of the limitations and advantages of various direct or indirect boundary integral
formulations is available in [37]. The expressions (2.19)—(2.22) listed here to describe the flow
can be used to model various multiphase flow problems as will be presented in Chapter 3.






Chapter 3

Integral formulations for particulate
Hows

Boundary integral formulations hold a great advantage over other methods of simulating
particulate flows since the equations are stated only over the surfaces of the particles. In
other words the size of the problem to be discretized does not depend on the size of the com-
putational domain but only on the surfaces of the particles. This reduces the dimensionality
of the discrete problem in numerical simulations while maintaining a controllable accuracy.
Particles can be tracked in a Lagrangian fashion independent of the computational domain.
In the current chapter we introduce a set of boundary integral models used in simulating
particulate flows in a Stokesian regime.

3.1 Solid particles

Assume a single solid body immersed in a Stokesian fluid. Over the body surface S we
consider a distribution of forces f. The velocity field u at some point xg in the fluid or on
the body surface can be computed using the single-layer formulation as

1

_ %/SGO(X—XO)f(x)de. (3.1)

u(xo)

We are interested in computing either the impact of a moving particle on the surrounding
fluid or the behavior of a particle subject to an imposed background flow or a given external
force. The same type of boundary integral formulation can address both problems. Since
we considered a solid particle we must require that the rigid body equation of motion is
obeyed, i.e.

u(xg) =V+ Q2 X (X0 —Xc), X0 €95, (3.2)

where x. is the center of mass of the object, V and €2 represent the translational and
angular velocity. A no-slip boundary condition yields that for xo € S both (3.1) and (3.2)
have to be simultaneously satisfied, i.e.

V+ QX (xg—Xc) = %/SGO(X — x0)f(x)dSx . (3.3)

Let us assume that the solid particle is subject to gravity and we intend to compute the
flow as the particle sediments. Then we have two extra conditions: i) the total integrated

13



14 Chapter 3. Integral formulations for particulate flows

force over the surface of the solid particle must balance the buoyancy force and, ii) no
torques are applied to the particle, i.e.

F / f(x)dSx = ApVgeg , (3.4)
S

L = /S(xfxc)xf(x)de:O.

Here Ap denotes the density difference, V' volume of the object and geg the gravitational
acceleration acting in the eg direction.

In (3.3) the translation and angular velocities V and € as well as the distribution
of forces f are unknown. The constraints in (3.4) close the system. Naturally, different
conditions on the integrated force and torque can be applied depending on the problem.

Consider now a neutrally buoyant particle immersed in a flow of velocity us., €.g. a
shear flow. By the superposition principle the correction due to the immersed particle is
added to the background flow to yield the total velocity

1
u(xg) = uso(xp) + - /S Go(x — x0)f(x)dSx . (3.5)

To solve for the distribution of forces constraints of the type (3.4) are required together
with the no-slip boundary conditions. In this case we demand that the integrated force
vanishes over the surface of the particle.

All these simple modeling principles can be applied to a wide class of solid particles
ranging from spherical particles to fibers. We have used the same ideas as presented here to
study a sphere sedimenting in an infinite or wall bounded flow, as it will be further discussed
in Paper II.

3.2 Slender bodies

Bodies that have a slender or elongated shape admit an approximate boundary integral
representation that is very efficient from the viewpoint of numerical simulations. In Fig. 3.1
we display such a body, a rotation ellipsoid of axes a,b,c with b = c¢. If the principal
axes of the ellipsoid, b and a, are such that one is much longer than the other, a/b < 1,
we call the ellipsoid a slender body. In this case it can be assumed that the disturbance
flow due to the presence of the body is approximately the same as that due to a line
distribution of fundamental solutions along its long axis, a. This concept and consequent
derivations were reintroduced by Batchelor [6] following the work of Burgers [11]. Higher
order approximations were provided by Keller and Rubinow [42] and Johnson [39]. Several
extensions and applications of the slender body approximation have been used for fibers
[14, 62], helical swimmers [35] and more recently for elongated drops [38]. The simulations
of fiber suspensions performed in Paper III of this thesis rely also on the slender body theory
and for this reason we describe here in greater length the guiding principles.

A slender body is characterized by the slenderness parameter € = a/b < 1, which is the
ratio of its axes. If we consider the filament of a slender body of length L to be given by
the parametrization x(s,t) = (x(s,t),y(s,t),2(s,t)). Following Johnson [39] the velocity
field is taken to be an integral over the centerline parametrized by s with s € [0, L] of a
distribution f of Stokeslets G and a distribution g of Doublets GP. Thus the following
ansatz is made

u(xo0) = s (x0) + % /0 £(5)G (x(s) — x0) + &(5)GL (x(s5) — x0))ds , (3.6)
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Figure 3.1: Sketch of an ellipsoid. If b/a < 1 this can be assumed to be a slender body.

with
Gij(%) = ﬁvL—';(';,
8§ &k
D /g _ 1 )
R PR

where % = x(s) — xo.

In order to obtain a unified expression for the distribution of point forces f and g the
technique of matched asymptotic expansions is used. Without any technical details we
outline the steps as described by Gotz [26] :

I. Construct an outer expansion of the ansatz as a power series of ¢, for points parametrized
by t away from s, |t — s| > e.

II. Obtain an inner expansion in terms of the slenderness parameter €, for points close to
s.

III. Match the two expansion using the principle "Outer limit of the inner expansion =
Inner limit of the outer expansion’.

This will yield a composite expansion where the common part of the inner and outer
expansion that matches is removed.

IV. Apply boundary conditions (no-slip) on the slender body surface. Neglecting higher
order terms in € an expression is obtained which is O(e).

V. An integral equation depending on the parameter € is obtained.

We can write a unified equation for a distribution of Stokeslets and Doublets of strength
f across the centerline parametrized by s for xg not on the filament of the slender body

- L G et f(s)d 3.7
ux0) = o) + g [ Glx(s) = x0) + G GPx(s) x| F(e)s (3.0

which coincides with (3.6) where we have set
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This relationship between f and g is chosen such that the angular dependence which
occurs in the composite expansion is eliminated. This is needed since the no-slip boundary
condition on the slender body is only imposed along the centerline and does not take into
account the cross section of the slender body.

For a point x point on the filament the velocity is given as

_Ox(s,t) 1
u(x) = 5 = U (x) + o

(—A[f](s) — KTf](s)) , (3.8)

where f is a force per unit length on the filament. The operators A and K are defined as
follows

Alf)(s) = [—e(T +8(s)8(s)) + 2(I = 8(s)8(s))|£(s) (3.9)

% and ¢ = log(e?e) and

where § =

A

with R(s,s") = x(s,t) — x(s',t) for a certain ¢t. The formulation in (3.8) is valid for a
slender body of any shape which has the property that it does not re-approach itself. If
however a particular slender body is considered, i.e. a rigid straight fiber then the operator

K simplifies to
KIf](s) /0 F) = £ 4 (3.11)

|s = s'|
Details can be found in Tornberg and Shelley [63].

The slender body formulation (3.7) depends on the slenderness parameter ¢ and the
velocity of the center-line is of order O(e?loge) accurate. The fluid velocity at a point
outside the slender body is of order O(e) accurate all the way up to the fiber surface.

If we now consider a set of N fibers with a distribution of forces f;(s) along their filament,
l=1,...,N. To compute the velocity at a point x;(s) on the fiber the contribution from
the fiber itself given by (3.8) is added to the contribution form all other fibers given by (3.7)
yielding

(—A[fi](s) — K[fi](s))

u(xi(s)) = uoo(xl(s))—l—%

1 L L
+% ;/0 S(xi(s) — xn(s))fn(s)ds ,
n#l

where for x = x;(s) — x,(s) the total Green’s function is given by
2
S(x) = G(x) + gGD(x) .

This set of equations has been used in simulations of flexible and rigid fibers, see [62, 63].
The same formulation is used in Paper III in the present manuscript, in the context of large
scale simulations of fiber suspensions.



Chapter 4

Numerical methods for integral
equations

This chapter addresses aspects of the numerical treatment of integral equations. A common
difficulty shared by most integral equations is the treatment of singular kernels. Several
numerical integration methods that deal with such kernels have been developed over the
years. In some cases it is possible to analytically integrate the isolated kernel, in other
cases specially designed quadrature rules can be used to numerically evaluate the integral.
Nonetheless the integration of singularities is still problem dependent and as such a rather
difficult task.

In the context of numerical treatment of singular integrands we introduce our work on the
development of quadrature rules tailored to specific singular kernels. This set of quadrature
rules is developed in the framework of Nystrom’s method. In this chapter we provide only
an overview of the method, theoretical details are given in Paper I and applications in Paper
IT and Paper V.

The most used classes of numerical methods are collocation methods [5, 43] from where
emerge the boundary element method [56] and Nystrom’s method [18, 5]. The collocation
method is based on the idea of enforcing the solution to be valid at a set of grid points. In
the Boundary element method the solution to an integral equation is expressed as a linear
combination of basis functions and the accuracy is given by the choice of basis functions.
Nystrom’s method however requires no ansatz on the shape of the function as the inte-
gral equation is solved directly at the discrete grid points, i.e. the quadrature points and
collocation points are the same.

The singularity of a boundary integral problem can be treated by using a quadrature rule
which has been designed to handle this specific singularity, e.g. Gaussian quadrature rules as
developed for one-dimensional problems in [61], ideas extended to the boundary integral set-
up in [44]. Using Nystrom’s method in a two dimensional set-up [32] integrates the singular
kernel using a Gauss-Legendre quadrature. In higher dimensions the Duffy quadrature [20]
can be used to integrate the singularity over triangulated surfaces. Alternatively Bremer and
Gimbutas [10] introduced a method which uses appropriately scaled functions to integrate
weekly singular kernels over non-conformal surfaces.

17
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4.1 Nystrom’s method

As a brief prerequisite to Nystrom’s method which shall be used in Papers I, IT and V we
provide two examples. Consider the one-dimensional integration

b
u(t) :/ G(t—s)f(s)ds, t € [a, b, (4.1)

By discretizing the segment [a, b] at points s; with s; € [a, b] we can evaluate the above

integral as
N+1

A'—l + A
ut) = 3, =5 —Gl—s)fs), te e B (4.2)
i=
In the higher dimensional case Nystrom’s method is most suitable for integrating sur-
faces that have a parametric representation. For example a sphere of radius R can be
parametrized using spherical coordinates. The integral can then be written as

/ G(x — x0)f(x)dSy = /ﬂ/ ! G (¢ — o, 0 — 00)f(¢, 0) R? sin(0)dpd . (4.3)
S 0 0

This integral can be numerically evaluated by discretizing the angles ¢ and 6 and subse-
quently using e.g. the trapezoidal rule. This example illustrates that in certain situations
Nystrom’s method offers a simpler solution to the problem than the collocation method
in terms of domain discretization and numerical integration. The actual integration of the
singularity however has not been discussed yet. The singularity subtraction method may
be employed as described in Paper II. In the same paper we develop a quadrature rule for
integrating to high order the Stokeslet over flat surfaces. This is extended in Paper V to
the curvilinear surface of a cylinder. Both quadratures rules are based on the corrected
trapezoidal ruled which is analyzed theoretically in Paper I.

4.2 Corrected trapezoidal rules for singular kernels

A part of this thesis is concerned with the integration of kernels of the type s(x) = |z|”
with 4 > —1 in one dimension and s(x) = |x|~! in two dimensions by using a specially
designed quadrature rule in the framework of Nystrém’s method. The same approach to
the numerical integration of singular but integrable kernels that we employ in Paper I was
explored by Lyness [50] and later Kapur et al. [41]. They propose a quadrature which
uses the trapezoidal rule wherever the integrand is non-singular, thus skipping the singular
point. Close to the singularity a correction term is constructed to compensate for the
omitted point. These ideas have been extended to singularities of the type log(|x|) [2] or
1/]x| in the three-dimensional space in [3], though their work lacks formal convergence
proofs. Our work fills in this gap by proving for specific singular functions that the order
of accuracy that can be observed in practice is also confirmed by theoretical analysis.

As a preview to Paper I we describe the designed quadrature rule without detailing
the entire construction process. Assume we intend to numerically integrate the integral
[ f(x)s(x)dx where s defined as above is singular at the origin. As a first step we use the
punctured trapezoidal rule, where the singular point is not included in the summation

sl = Y HBseh) 5 S hlf(em)s(sh). (1.4)

BheS,#0 Bheds
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Here B € Z? and h is the interval in space given by the discretization of the domain,
homogeneous in all directions. We shall construct a quadrature rule, @} which is applied
to the integrand f(x)s(x) in the following fashion

Qh(f - s = TRLf - s] + AR[f]. (4.5)
with the correction operator given as
A1 =ah) > wpf(Bh), (4.6)
|BI<p

where a(h) has a simple expression which depends on the singularity s(x) and on the grid
spacing h. In the two-dimensional framework with s(x) = 1/|x| case a(h) = h. The
correction provided by the operator A} is a local correction, i.e. acting solely in a close
vicinity of the singularity.

The main task in developing the rule @} is the computation of the weights wg. Note
that in the correction operator A} the weights wg take the place of the singular function
in every discrete point Bh and that the correction operator spans a set of discrete points
at a distance of maximum ph from the origin. The parameter p determines the number
of weights wg and ultimately determines the convergence order of the modified trapezoidal
rule.

Details on the computation of the weights wg are available in Paper I together with a
theoretical analysis of the accuracy and existence of such modified trapezoidal rules. The
set of rules developed for e.g. 1/|x| are O(h?PT3) accurate and are available in Paper I up to
O(h''). Furthermore in Paper I we provide an expression based on which we can directly
compute the weights for the one-dimensional quadrature rules applied to s(z) = |z|” for any
v > —1. The same type of method can be used to develop a set of high-order quadrature
rules for the Stokeslet and the extension to the Stokeslet is presented in Paper II.

4.3 Modified quadrature rules for singular kernels over
parameterizable surfaces

Modified quadrature rules can be extended also to curvilinear surfaces. In the two dimen-
sional set-up Aguilar [2] devised a corrected trapezoidal rule for the logarithmic singularity
over a circle, a curved line. In paper V in this thesis we show how to apply the principles of
a modified quadrature rules to smooth parameterizable surfaces. Since the trapezoidal rule
applies to multi-dimensional integrals using equidistant spacing it can only be extended
to parameterizable surfaces defined on a hypercube. Here we are concerned solely with
surfaces that arise in practice, surfaces which are typically mappings defined on a square
domain, let us say D = [0 a1] X [0 ag].
Consider the integral

/D F(x)dDx

The trapezoidal rule applied to this integral reads
N M
[ 20~ Tals) = 7 S W)W ) (it ) (4.7)
D i=0 j=0
where h; = a1/N and he = as/M and the weights are defined as
W(h) =[h/2, hy...,h, h/2].
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The notation h = (h1, h2) as a subscript on T indicates that different spacing is assumed
in the two spatial directions.

Consider a parametrization defined on D, i.e. a smooth mapping v : D — S which takes
points x such that v(x) =y € S. This leads to the integral

[ (Fone

where | 67 X 67 ~| is the surface element that arises from the change of variables brought
by the parametrlzatlon 5.

Let us define ¥(x) = (f o 7)(x) 88931 X 67 ~|. To this function the trapezoidal rule can be
applied as above without any modlﬁcatlons Assume now that we intend to compute for a
point yo = v(xg) the convolution (s* f)(yo) over a surface S which is given by the mapping
v defined over the domain D, where s is a singular function. The corresponding integral

can then be expressed as

07 O

Dy, 4.
(91'1 (9:62 d ( 8)

87 Oy

Dy . 4.
axl 63@2 d ( 9)

[ 5= ynsmsy = [ 5006 =16 o))

S

To integrate singular functions defined over parameterizable surfaces we can devise a
quadrature rule of the type (4.5) for p = 0 given as

Qhl(s 0 7x0) - ] = TR(s 0 9x0) - Y] + AR[Y] (4.10)

where 7T} is the punctured trapezoidal rule and we used the notation yx, (x) = v(x) —v(x0)
for the shift of the function v by v(x¢). The correction operator is then

Apl¥] = a(v(R))wotb(xo) (4.11)

where a(y(h)) = |y(h)|2 with |- |2 being the Euclidian norm.

Such quadrature rules will typically be generated by weights wy which depend on the
position of wy on the surface S. In Paper V we identify the requirements on the parametriza-
tion such that we can devise a quadrature rule that yields a unique weight, i.e. independent
on the position on the surface. From this class of surfaces the cylinder given by a param-
eterization in cylindrical coordinates has been selected and explicit quadrature rules were
developed for various ratios hy/hs.

4.4 Other approaches to singular integrals — regularized kernels

So far we have regarded the exact integration of the singular kernel as being possible either
analytically or by using special numerical techniques. It is worth mentioning that there
is another type of approach namely to replace the singular kernel by a regularized kernel.
This technique was developed and analyzed in [13]. The regularized Stokeslet which is the
non-singular version of the Stokeslet takes the form

I X®X

2
Ge(x —x0) = (|&[* + 2¢? )(|§(|2 T €2)3/2 + (IR]? + €2)3/2”

(4.12)

where X = x — X and € is the regularization parameter. This is an approximation of
the Stokeslet and is obtained by considering that the point force acting at x¢ is in fact
a smooth function which acts with maximum intensity in the point x¢ and away from xg
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decays smoothly. The role of € is to smoothen the Stokeslet. This parameter is chosen to be
fairly small but still not too small compared to the grid resolution in the discrete case. The
regularization has an error of O(e) in a region of size O(/€) that surrounds the boundaries.
Further away from the boundaries the error is O(€?).






Chapter 5

Boundaries in Stokes flow

The field of fluid dynamics amassed a significant block of studies pertaining to particle-
particle interactions in Stokes flow. Experimentalists [53] and numerical analysts alike [9]
have explored the intricate hydrodynamics of particles, fibers or drops in the attempt of
achieving a better understanding of phenomena such as clustering or dispersion. The time
evolution of a suspension exhibits different behavior when the mutual interactions between
particles are left unhindered, as opposed to the case where constraints such as solid walls are
introduced. We survey here the main approaches to wall modeling for Boundary Integral
Equations.

A simple solid boundary such as a flat wall is introduced in the classical theory of
boundary integrals by the method of images. This method served for a long time as the
main tool for wall modeling in applications such as drop deformation in the vicinity of
walls [65], or fiber alignment [12]. To begin with we shall present the basic principles of
the method of images followed by a brief analysis of its limitations. Our work however is
directed towards providing an alternative to this classical method of modeling solid walls.
The approach we suggest involves a direct numerical treatment of the solid boundary. In
the last section of this chapter we offer some details concerning our approach to confinement
treatment which is further analyzed in Paper II. This wall treatment can be extended to
slightly more complicated confinements and a first attempt of third order accuracy has been
made to model cylindrical surfaces in Paper V.

5.1 Method of images

The method of images originated in the field of electrostatics. In order to calculate the
distribution of the electric field of a charge in the vicinity of a conducting surface the mirror
image with respect to a symmetry hyperplane is added. This is done in such a way that the
tangential component of the electrical field to the surface of a conductor is zero and the field
is uniquely defined by the normal component. In electrostatics the potential corresponding
to a point charge at xq is of the type 1/|X| which is similar in expression to a point force in
Stokes flow which is 1/|%| + % ® %/|%|?, here & = x — X, with x being an observation point.

The seminal paper by Blake, [8], gives the recipe of applying the method of images to
Stokes flow to obtain a modified fundamental solution. This fundamental solution contains
implicitly the presence of a wall over which a no-slip boundary condition is imposed. Not
all details are reproduced here but a short description of the derivation is needed in order
to stress the advantages and also the limitations of the method of images.

To start with we consider a point force at xg of some strength F', see Fig. 5.1 situated
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at a distance h from a flat wall given by x3 = 0. The Stokeslet G for an observation point

X is given as
1 (Sl rir;
Gii(r)= — (X + J ,
o) = o (o

where r = x — X as indicated in Fig. 5.1.

A o X

Xo r
+

B h

X R Zx3
Ro h
X

;6”1

Figure 5.1: Point force at x¢ and its mirror image x§".

The mirror image of the point xq is taken to be x4™ and is of negative strength —F.
The contribution of the image point x¢™ yields a fundamental solution

. 1 (6, RiR,
GmMR)= — | =L e i
i (R) 8w(|R|+|R|3)+‘”“

where R = x — x{/" and w;; is a complementary solution which remains to be determined.
We may write the fundamental solution given by the Stokeslet and the mirror image as

We require that at the wall we have a no-slip boundary condition, thus G (f) = 0 for
r = x,, — X with x,, a point of the wall z3 = 0, thus

G (xw — xg™) = —Gij(%w — Xo) - (5.1)

From this we can determine w;; such that it satisfies the Stokes equations and also the
boundary conditions over the wall surface. Finally we obtain an expression for G§(r) in
terms of a potential dipole G and a Stokeslet doublet G5

G¥(r) = Gij(r) — Gij(R) + 2h*GD(R) — 2hGSP(R) .

where
D - 4+ iy il
) R CTRF )
§isRi — 6isR;
GiP(R) = RyGO(R)+ L2

R[?
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with a minus sign for j = 3 and plus sign for j =1, 2.

We can notice from this derivation of the modified Stokeslet G} that it has been devel-
oped specifically for a flat wall. A similar type of reasoning can be applied to consider the
influence of a second parallel wall, see [48]. This is not without difficulties since the formu-
lation involves slowly converging series in terms of Fourier-Bessel integrals. To circumvent
this Staben et al. [60] use the regularized Fourier-Bessel integrals which lead to fast con-
verging sums. However none of these models based on the method of reflections allow for
imposing a non-homogeneous velocity field at the surface of the wall. Non-homogeneous
boundary conditions arise in physical models such as the modeling of pumping/suction
walls. An example concerning Sampson flow over an orifice is provided in the last section of
this chapter. Confinements given by curvilinear surfaces are even more difficult to explore
by using the method of images. In the next section we will discuss the alternative approach
of explicitly discretizing the wall and numerically imposing boundary conditions over its
surface.

5.2 Direct numerical discretization

In the method of images the boundary condition to be imposed at the wall - such as no-
slip and impermeability - is used explicitly in the derivation. The fact that the boundary
condition is hard-coded in the modified kernel does not allow for modelling e.g. moving
walls. To our knowledge there is no way to alleviate this restriction other than re-deriving
the modified kernel for a certain boundary condition. Thus it is of interest to seek a method
for treating a wall that entails a higher degree of flexibility in handling non-homogeneous
boundary conditions.

Assume first that the wall I' is the only boundary in the computational domain. The
flow velocity at any point x¢ € I" is then given

u(xg) = % g G(x — xo)fy (x)dTx , (5.2)

where G is the fundamental solution of Stokes flow (Stokeslet) and f,, represents the force
densities at the wall. We seek to solve the problem (5.2) and compute the distribution
of forces that satisfies given boundary conditions on the velocity u. In order to avoid
end effects of a finite plate, we employ periodic boundary conditions in the wall parallel
directions, effectively rendering the wall infinite. In the boundary integral formulation
periodic boundary conditions are imposed by using rather intricate formulas that differ
according to whether periodicity is imposed in all three spatial directions or only in two
directions (possibly even one direction). We discuss periodicity starting from the kernel
of the Laplace equations and illustrate also decompositions of the periodic kernels of the
Stokes equations in Section 6. However in Paper II which focuses on the wall treatment
introduced here we use a bi-periodic Stokeslet to account for periodic boundary conditions
solely in the wall parallel directions.

Equation (5.2) is singular whenever x = xg. We therefore developed a high-order method
to numerically integrate the singularity of the Stokeslet. The quadrature rule is based on
the trapezoidal rule to which a correction operator is added to account for the singular
behavior of the integrand. The idea is the same as described in Section 4.2 for singular
functions of the type 1/|x|.

To study the advantages and shortcomings of the present approach to wall treatment
we analyze the problem of a sphere in a free-fall trajectory towards a plane wall. By using
superposition we add to equation (5.2) the velocity due to a sedimenting sphere. On the
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surface of the wall we impose the no-slip and impermeability conditions u(xg) = 0 for any
xg € I' and solve a coupled system for the distribution of point forces over the surfaces of
the wall and sphere and also for the sphere velocity. A complete description of the system
in continuous and discrete form is given in Paper II, where we also compare the simulation
results to the wall-corrected Stokes law.

The discretization of a two-dimensional surface leads to a large, full matrix. However,
we have found that certain symmetries of the matrix arising from the discretization of the
wall allow us to store only three of its columns. The wall used in conjunction with a falling
sphere can thus be algebraically solved by using e.g. the Schur complement method.

The high-order and memory efficient method we developed can be extended to two
parallel walls in a straightforward manner. Although we impose homogeneous Dirichlet
boundary conditions over the surface of the wall, we can use the same method in combination
with non-homogeneous boundary conditions.

5.3 Non-homogeneous boundary conditions

A wide set of exact solutions have been obtained analytically for Stokes flow past various
obstacles or inside various confinements. These expressions can be used in practice to impose
boundary conditions which yield a valid viscous flow solution. Such boundary conditions
enable the study of complex flows which do not admit immediate exact solutions. Many of
the applications of interest involve flow above a flat plate with gaps or channel flow between
moving/pumping walls.

The wall treatment developed in Paper II allows for any non-homogeneous boundary
condition which corresponds to a solution of Stokes flow. Non-homogeneous boundary
conditions are imposed in this set-up by simply prescribing the velocity field at the wall
surface in the right hand side of the equation (5.2). Subsequently the distribution of point
forces corresponding to this boundary condition can be computed and used to evaluate the
velocity field on either side of the wall.

In Paper II we illustrate how to impose non-homogeneous boundary conditions using
the aforementioned wall treatment on a simple sine wave. In this introduction however we
choose an application that has a corresponding analytic solution. To this end we represent
the flow inside a domain due to a boundary condition imposed over the wall surface on the
Sampson flow problem. Sampson flow is the flow due to pressure difference past a flat plate
with a circular orifice and an exact solution has been derived by Davis [17]. The orifice is
represented in cylindrical coordinates p, ¢, z3 and the exact solution is computed in oblate
spheroidal coordinates. Although the solution is provided in the latter system of coordinates
we can transform back to cylindrical coordinates and obtain the velocity u = (u1, ug, us).
Inside the domain the velocity field is given as

= x3p§
T e R -2+ Pt D) cos(¢), (5.3)
= z3p8 _
T e R )@+ Pt a)) sin(¢), (5.4)
v : (5.5)

2824+ p2 2% -1’

with

1
g5\/2+2\/p4+2p2x§2p2+z§+2z§+12p22z§
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where p € [0,1], ¢ € [0,27) and x3 the coordinate in the wall normal direction. At the
boundary the velocity is u = (0,0, /1 — p?) over the orifice and u = (0,0,0) over the wall
surface.
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Figure 5.2: Sampson flow; axisymmetric flow through an orifice (green) above a flat plate
(black). Velocity field u,w in the xz plane.

Imposing this boundary condition we compute the velocity field in the entire domain.
In Fig. 5.2b we reproduce the simulation results corresponding to the analytic velocity
field (5.3) and by comparing to Fig. 5.2a find the expected qualitative match. However
the solution in this case is no more than first order accurate over the surface of the wall
due to the imposed velocity profile of class C° which leads to a force density of class C°
over the wall surface. The quadrature rule derived in Paper II to integrate the Stokeslet
with high-order accuracy is not specially suited to handle to high order integrands of a low
differentiability class. However it is possible in practice to mollify u such that it is smooth.
The purpose of this example has been solely to assess the capacity of the set-up in Paper
IT to replicate physically relevant problems, pin-pointing possible issues that may arise in
practice.






Chapter 6

Periodic boundary conditions for
Boundary Integral equations

In the field of fluid dynamics, depending on the nature of the problem at hand, we can dis-
tinguish between three main settings: free-space problems — where the flow and immersed
particles are allowed to move freely in the infinite space, periodic problems — where the
infinite space is assumed to be divided in cuboids and the flow physics is constrained to
behave identically in each computational box, and confined problems — where the flow
is subject to specific boundary conditions, such as solid walls and particles are restricted
to move only inside the confined domain. Combinations of these types of settings are of
course possible, e.g. periodicity in conjunction with solid walls, see Paper II. The kernel of
an integral equation may change according to the type of problem under consideration. In
Section 2.1 the free space kernels of Stokes flow were provided. The kernel of Stokes flow
subject to a solid wall boundary condition was derived in Section 5.1. It remains now to
discuss how the kernel of the Stokeslet modifies under periodic boundary conditions.
When dealing with boundary integral representations the flow is modeled implicitly
through the influence of the immersed objects on the surrounding fluid. As mentioned in
Chapter 3 the flow velocity at a point xo due to a set of N point particles ¢ = 1,..., N is

1
u(xg) = — Go(x; —x0)f(x;) . 6.1
(x0) S o(xi — x0)f(x) (6.1)
Consider that the point particles at positions x;,7 =1, ..., N, and also the evaluation point
Xo, lie within a domain, = [0, L)3. If this computational domain is now periodically

replicated in every direction then the velocity at a point x¢ would be determined not only
by the presence of the objects immersed in the current domain €2 but also their periodic
images. For a particle at position x the periodic image is given by x + 7(p) with 7(p) =
p1Ley + poLes + psLes where p; € Z, i = 1,...,3, see Fig. 6.1 for one particle and its
periodic images. The contribution of all particles and their periodic replicas is then

m 2 Z Go(xi — X0 + 7(P))F(xi) , (6.2)

where the prime superscript designates that the term x; = xg was omitted for p = 0.

Due to the nature of the Stokeslet (1/r-like decay) the sum is only conditionally conver-
gent. To render the sum convergent a look back at the underlying physics is needed to assess
whether further assumptions can be made in order to remove the divergence. For Stokes

29
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v

SN

Figure 6.1: Two-dimensional sketch of a periodically replicated computational domain. The
particle (red) and its images are summed up to infinity.

flow problems the assumption to make is that fv udV = 0, which corresponds physically to
zero mass flux. Equivalently it is assumed that the forces acting onto the fluid are balanced
by a mean pressure gradient. For an electrostatics problem however the additional con-
straint needed is that of charge, i.e. that the sum of all charges within the primary periodic
cell sum to zero. It remains nonetheless to explain how to actually make good use of such
constraints in practice.

The classic mathematical tool for speeding up the convergence of sums of the type (6.2)
has been provided by Ewald [24] in the context of electrostatic interactions. At the core of
Ewald’s procedure lies the idea of decomposing the interaction potential into a short-range
component and a long-range one, the two terms being balanced by a scalar known as the
Ewald parameter. This decomposition will lead to two sums, the one over the short range
interactions to be evaluated in real space and the long range components in Fourier space,
thus both sums being quickly convergent.

6.1 Ewald summation

The Ewald summation formalism has been long explored both theoretically [64], [34] and in
physical applications such as molecular dynamics and flow phenomena simulations [47]. To
outline the Ewald summation method we shall start from the classical electrostatics problem,
following [45]. Thereafter we pursue the Ewald summation for Stokes flow problems, which
is among one of the main interests of this thesis.

Ewald summation for molecular dynamics

Consider a basic molecular dynamics problem: N point particles located at positions x,,,
n=1,...,N in a domain Q = [0, L)3. The particles are assumed to have charges ¢, and
the configuration is charge neutral, i.e. ) ¢, = 0. To find the electrostatic potential due
this set of charges in a periodic setup we need to solve the following Laplace problem

N

—A¢(x) =4m > o"(x), o"(x) = Y @0(x — X +7(P)) (6.3)

n=1 pEZ3
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where 7(p) = p1Le; + paLes + psLes with p; € Z, i = 1,...,3. From (6.3) we can obtain
the expression for the potential to be

47TZZ |xfx +T p)| (6.4)

n=1peZ3

=N - A
VIV

point charges real space k space

Figure 6.2: Ewald summation sketch. Point charges are being screened using a function -~y
and by this the sum in (6.4) is split into a real space sum and a Fourier space sum.

Ewald’s outstanding contribution was to introduce a screening function (&, x) to split
the source term in (6.3) as

0" (x) = 0"(x) = (0" x7)(x) + (" *7) (%) (6.5)

The requirements on the screening function are that vy(£,0) = 1, (&, |x| — o) — 0 and
at the same time |y(&,x)|r, = 1. A set of such functions is being explored in [34], however
the most popular choice due to its fast decay is a Gaussian. To gain more intuition on how
the decomposition is performed see the illustration in Fig.6.2. The decomposition in (6.5)
leads to a component o™ (¢, x) = 0" (x) — (0™ * v)(x) which will be evaluated in the real
space and the remaining 0™ % (¢,x) = (0™ * v)(x) in Fourier space. By the linearity of the
Laplace operator the two problems can be handled separately

—A¢"R(x) = 4dno™R(x), (6.6)

—Ap™F(x) = dmo™F(x) (6.7)

To retrieve the full potential solution of the Laplace problem subject to periodic bound-
ary conditions it remains to sum up ¢(x) = Y., ¢™(x) + ¢™F (x).

The traditional screening function is a Gaussian with carefully chosen prefactors that

lead to suitable expressions, i.e. 7 = 5371"3/26752"“2. The real space sum can be evaluated
directly by computing the convolution

o) = [ S (bl =+ 7(0) =2y e + 7 (B))y

peZ?

_ Zq erfc(¢|x — x, + pJ)

, X#X
Py— # Xn

peZ®

where the complementary error function erfc(z) = 1— erf(x) is defined in terms of the error

function ) .
erf(xz) = —/ e dt .
VT Jo
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To proceed to the solution of the second Laplace problem we write in the frequency
domain

7A¢H’F _ Z k?&n,F(k)eik(xfxn) (68)
k

Using the Poisson summation we express the right hand side of —Ag¢™ (x) = 4ro™ ¥ (x)
as being

o = Z qny(X —Xn +P) = an ’A}/(k)eik.(X7xn)
pEZ3 k
_ I —k? /48 jik(x—xn)
= v % e e (6.9)

where the wavenumber k is defined as k € 2rk/L, « € Z3 and k = |k|, and V stands for
the volume of the domain. From both (6.8) and (6.9) we obtain

n 47an 67k2/4£2 ik-(x—x
o= 2 e ) (6.10)
k

k?

To remove the ambiguity brought by the fact that the solution to a Laplace equation is
determined only up to a constant we need to set the requirement fR3 d(x)dx = 0. Tt follows

that (bAF (k = 0) = 0, so it is reasonable to remove the term k = 0 from the Fourier space
sum.

Summing up over all point particles n we have the final expression for the potential in
a periodic setup

¢(Xm) _ Z Z In erfc(ﬂxm — Xy + p|)

|Xm — Xp +p|

n pezd
4 e~k /48 ik (X —x 2¢
+7 T Ze k(xm n)Qn - \/_EQm (611)
k#0 n

The prime superscript over the real space sum indicates that the term p = 0,m = n is
being skipped. When we subtract off the point at n = m we get

lim (erfc(§|x|) B i) _ % _
x| x| VT

from which stems the last term in (6.11), the so-called self interaction.
The parameter ¢ introduced through the Ewald decomposition controls at which rate

either the real space sum, or the Fourier space sum decays. Both sums are of complexity
O(N?).

|x|—0

6.2 Ewald summation for Stokes flow

The Ewald summation for Stokes flow can be found in the literature under two more pop-
ular names, the Beenakker decomposition [7], or the Hasimoto decomposition [31]. Both
these decompositions are revised in a more modern framework in [46]. These are both
based on Gaussian decompositions multiplying polynomials and have similar decays, with
a slightly faster convergence observed in the case of the Hasimoto decomposition [46]. Both
decompositions will be discussed briefly in the following section.
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A set of point particles immersed in a Stokesian flow at positions x,, of forces f,, give a
velocity at a point x,, of

uxm) =Y Y S(xn —Xm)fn | (6.12)

n pezd

where the prime denotes that the point x,, = x,, is skipped for p = 0 and

1 I XX

The procedure to obtain a decomposition in two fast converging sums is idem to the one
pertaining to the Laplace equation and leads to an expression of the type

u(xp) = ' (Xm) + 0" (Xm) + ety (Xm) (6.14)

with the notation u” for the real space sum, u’ the Fourier space sum, and U, ¢ the
self-interaction term.

Both decompositions that we present here have the form in (6.14) however the terms in
the real space sum and Fourier space sum differ from each other as will be seen.

The Hasimoto decomposition

The Hasimoto decomposition can be derived in a similar way as previously explained for
the kernel of the Laplace equation using a screening function, as indicated in [33],

Y& r) = /327 (52 — %) .

The real space sum of the Hasimoto decomposition reads

N
ur(xm) = Z Zr(gaxm — X, + p)fn s (615)

n=1 p
with I .
P(,%) = O(er) + D(en= - .
and 267‘722 257‘722
C(¢&r) = erfe(ér) — —=e & D(¢ér) = erfe(ér) + &

VT Ve

where we used the notation % = x/|x|, r = |x].
The Fourier space sum is

F 1«
u” (%) = o ;gow,xm xn, K)f, (6.16)
with terms given by
o(e,k) = B(E ke M/ emkx
where for a wavenumber k is defined as k € 2rk/L, k € Z* and k = [k
B(&,k) = 87T<1 + k—2> i(/<:2I — kk) . (6.17)
4¢2 ) k4
and s
Userf (Xm) = N (6.18)
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The Beenakker decomposition

The Beenakker decomposition can be derived using a screening function
(&) = /2= (10 — 11632 + 2¢4)

This choice yields a real space sum component given as

ur(xm) = Z Zr(gaxm — X, + p)fn s (619)

n=1 p

with

Nex) = Clen); + D=,

and
2
V23

where we used the notation % = x/|x|, r = |x].
The Fourier space sum is

(2672 3)e= | D(er) = exfe(er) + —=(1 - 26%)e <"

C(&r) = erfe(ér) NG

N
1
u(x,,) = v SN 06 xm — xn k) (6.20)
n=1ks#0
with terms given by
D(ek) = B(g ke M/,

where for a wavenumber k is defined as k € 27k/L, k € Z3 and k = K|

B(&,k)=8n(1 K K kT — kk 6.21
(6.1) = w<+4—€2+8—€4>< ). (6.21)
and

8¢

U—self(xm) = ﬁ (622)

Note that both decompositions contain in the real space sum the complementary error
function, erfc(r), which for positive arguments can be approximated by erfc(r) < e,
Thus the real space sum in both decompositions features an exponential decay, i.e. 6_52T2,
that depends proportionall;r on the splitting parameter £&. The Fourier space sum decays
also exponentially, like e=*"/ 452, but this decay is inversely proportional to the parameter
&.

The sole difference between the Beenakker and Hasimoto’s decomposition is in the poly-
nomial expressions that multiply these exponentials. A lower order polynomial, such as in
the Hasimoto decomposition, gives a faster decay of the sum, albeit the difference is small
in practice. For each of the sums to be computed all the pair-wise interactions between the
N particles have to be considered, thus the computation of the sums is O(N?). As higher
accuracy is desired the constant grows and using a direct method becomes unfeasible unless
N is small. This computational complexity can be however reduced by using a fast Ewald
summation method, as will be seen in Section 7.
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6.3 Error estimates and parameter choice

In numerical computations both infinite sums given in (6.14) must be truncated. Here we
focus on the Hasimoto decomposition which is used in the present thesis. The parameter
¢ affects both the accuracy and the efficiency. The computational cost of evaluating the
Fourier space sum can balance the cost of the real space sum for a carefully picked £. Also
for a chosen & the truncation can be performed such that the method is of a certain accuracy
d. An error analysis already performed in [46] can be used to assess the loss of accuracy due
to truncation. The error analysis is performed in euclidean norm for a particle positioned
at x,. For the Stokeslet it has been shown that if the sum I'({,x + p), is truncated at a
certain cut-off r. then the truncation error is

dorEx+pf— Y, F(«s,x+p)f‘s D> ITEx+p)fll < ER(E ro)lIE]]-
P

[x+p|<rc |x+p|>7e
and Egr(&,r.) can be estimated as
1 _ 2,.2
Er(&,r.) < (127r+16\/7_r7’cf)£—26 & (6.23)

Similarly for the Fourier space sum it was obtained that the truncation error at a certain
koo 18

Y leEf - Y |<I><5,k>f]s S (€ Rl < ES(E k)£l
k

k| <koo [k|>koo

where for k = 27k with k = (ky/L, ko/L, k3/L) and k; € Z,i =1,..., N and ko, = |K]|
2 e >
Er(€, ko) < (2VTkoo 4 36)—=e oo T/
F(& ko) < (2v/Thoo + é)ﬁe

These estimates intertwine the cut-off in the real space r., and the cut-off in the Fourier
space koo through the splitting parameter £ for a fixed accuracy demand . However the
expressions are not easily invertible for a given d, i.e. it is hard to solve Er(§,r.) /& § using
the expression in (6.23), and similarly for the expression in (6.24). Using the observation
that each error estimate follows a certain law with respect to & we establish in Paper IIT
using a curve fitting approach a set of relations between parameters 7., £ and koo, £. Thus
we have that

En(&re) < (127 + 16x/v‘rrc£>§%e*f”f = 7e(€,0) = an(8) - £

2
Er(€, kso) < (2V/Tkoo + 35)76—’&(”/6)2 = koo(£,8) = ar(5) - € + by(6)
™
with a(0) and b(d) to be determined through curve fitting at a fixed 4.
This gives us the possibility to shift back and forth from r. to ko through £. In Paper

IIT we offer a thorough description on how the parameter choice is to be performed and also
how both sums are to be balanced for optimal efficiency at a given accuracy.

6.4 Periodic Stresslet — Beenakker decomposition

Consider the same framework as previously, i.e. a set of points particles x;, i = 1,..., N
in a periodic domain, Q = [0, L)? subject to periodic boundary conditions. For any point
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particle x the periodic image is given by x + 7(p) with 7(p) = pi1Le;1 + p2Les + psLes,
p € Z3. The discrete equivalent of the double layer formulation in Section 2.2 reads

’

w(x;) = 8i7r Z ZTO,lmp(Xj —X; + 7(P)) frm(Xj)00p(x5) , i=1,...,N (6.24)

pPEZ3 j

where the prime over the sum over p stands for skipping the singular point ¢ = j for |[p| =0

and P
lLm
TO,lmp(X) =—0 L

6.25
The decomposition that stands out in the literature [15, 25, 49] is the one based on

Beenakker’s decomposition. According to Beenakker we can split the sum in (6.24) as

follows

F(x;) (6.26)

The Fourier space sum is given in terms of the wavenumber k € 27k/L, k € Z* and
k= |k| as

ul (xi) = u] (i) +u)

1 - —ik(x;—x;
UlTﬁF(Xi) = *V Zz(plmp(évk)smp(xj)le k(i =) )
k£0 j

with Sp,p(x) = fim (X)n,(x), V the volume of the domain Q and

2

1 k2 kY 2 e
Bpp(€,k) = w{ g kukmbky + ﬁ(ampkl + Sipkm + 5lmkp)} <8 +2= + 5—4>e k748

62

With the same notation for Sy, the real space sum is given as

UIT’T(X') = Z ZFlmp(E,Xj —X; + 7(P))Smp(%;) (6.27)
pEZ3 j
with
Limp (&, x) = C(&, X)) 212mEp + D(&, [X[) OimEp + S1pBm + dmpdi) (6.28)

where X = x/|x| and

ce,r) = f%erfc(gr) + ( 126 8¢ n 16§5T3)652T2

RN VT
D) = —=(2-)e .
According to [25] the stress tensor can be expressed in terms of an operator Tj,,,(x) =
E[r] where r = |x| and
2(r) = [(0im Vin + SmpVi + 61pVin ) V2 = 2V V,, V| (1)

It can be easily verified that Z(r) leads to the expression (6.25). If now we decompose the
r = rerfc(ér) + rerf(ér) we can compute two sums

Trp(x) = E(rerfe(er)),
Tll;;w(x) = Z(rerf(ér))
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By evaluating the above expressions the Beenakker decomposition of the Stresslet as pro-
vided in (6.26) can be obtained.

As an alternative to this decomposition in Paper IV of this thesis a decomposition with
faster decaying properties was derived. The approach taken in Paper IV to obtain the
two final sums in (6.26) is however different. In Paper IV we start from the expression
of the stress tensor in terms of the pressure and gradient of the velocity. Using the fact
the fundamental solution of the pressure can also be obtained as a function of the gradient
of the kernel of the Laplace equation we can use the decompositions stemming from the
screening function that yields the Hasimoto decomposition for Stokes flow, see Section 6.2
to obtain what proves to be a decomposition with faster decaying sums.






Chapter 7

Fast Ewald summation methods

An Ewald type of decomposition such as the one mentioned in Section 6.2 involves a sum
in real space of decay e’EQTZ, as discussed in Section 6.2, where r is the distance between
particles and £ the splitting parameter, and a sum in Fourier space of decay e=k/ 452, where
k is the wavenumber. For large ¢ the real space sum decays fast while the Fourier space sum
decays slower and vice-versa. It seems natural to choose a larger ¢ such that the real space
sum decays faster and seek ways to use the Fast Fourier Transform (FFT) for the Fourier
space sum evaluation. This very idea is at the basis of fast Ewald summation methods.

To provide a brief overview of FFT based Ewald methods we follow [58]. Consider
we intend to evaluate ¢ = > @™ (x), with ¢"¥ (x) solving the Laplace problem (6.7).
Construct a function g(x) = y*1/4n|x|, 1/47|x| kernel of the Laplace equation. To compute
O (xm) =3, (g * ™) (Xsm) at a particle position x,, we follow the outline of a FFT-based
Ewald method

e Introduce a regular grid over the basic periodic cell.

e Spread or interpolate point sources over the regular grid, by considering a mollified
6™; to grid smearing step.

e Compute the FFT of this grid function, i.e. 6",
« Multiply by a modified Green’s function in Fourier space, ¢F = >, go"

e Compute the IFFT of the obtained grid function, qﬁAF.

 Evaluate at target points using grid values, i.e. evaluate ¢ (x,,); same interpolation
procedure as in the spreading step above; from grid recovery step.

Extensive work on fast Ewald methods has been conducted in the field of molecular
dynamics and some of the methods in this field have been picked up also by fluid dynamicists.
The Particle-Particle Particle-Mesh algorithm (PPPM) due to [36] and Particle Mesh Ewald
(PME) [16] are some of the most cited and used algorithms. The PME method was first
applied to the study of hydrodynamics between suspended spheres by [28] and further
systematized in the work on ’Stokesian dynamics’ by [59]. A further refinement of the
PME method, known as the Smooth PME (SPME) [23] was also extended to flow problems
by [57]. The ’to-grid’ and ’from-grid’ steps in the FFT based Ewald method have been
improved in the SPME method by introducing high-order B-splines which lead to more
accurate interpolating schemes. However the polynomial interpolation can be bypassed

39
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altogether by choosing properly scaled Gaussians that lead to a spectrally accurate Ewald
method (SE) [47].

The large scale simulations of fibers in periodic domains performed in Paper III use
the Spectral Ewald method to expedite the computations. Here we shall describe how the
Fourier space sum is to be treated using the Spectral Ewald on the Hasimoto decomposition
of the periodic Stokeslet, see 6.2.

7.1 Fourier space sum treatment

Consider a set of N point particles at positions x,, in a domain 2 = [0, L) of volume V.
The distribution of particles is assumed uniform and of number density p = N/V. Here we
outline the principle of the fast summation method and for brevity of the description the
domain is a cube of side L, however in Paper III we consider general rectangular domains.
The Fourier space sum in (6.14) using the Hasimoto decomposition takes the form

uF(Xm) = % Z Z‘I)(E,xm - Xnak)QH ) (71)

n=1k#0

with terms given by
(k) = B(¢ ke F/4emikx

where for a wavenumber k is defined as k € 27k /L, k € Z3 and k = |k|, the amplification
factor is

B(&,k) = 87T<1 + 4k—;> %(k:QI —kk) . (7.2)

The basic idea of the Spectral Ewald method is to use the fact that a convolution in
real space is a product in Fourier space. Split

N
1 2 2 i : 2 2
uF(Xm) = 7 § B(g,k)ef(lfn)k /467 o —ikxm 2 :f(xn)ezk-xnefnk /862
k#0 n=1

and by setting

N
Hi =3 f(x Jeikxn ek /88 (7.3)
n=1
rewrite 1
u’(xn) = 37 B(g ke (mmi /A8 g mikexm o=k /S f (7.4)
k40

Note that Hj, = >, £ 0k Wy, with 0 = e~ /86 and @, = e~&*n. This product in Fourier

3/2
. . . . 2 — 2.2
space has a corresponding convolution in real space of the functions v = (%7) e/

and w = 0(x — X,).
This implies that we can write in real space

252 3/2 2.2 2 2
H(x) = Zf(X")<7T_77) e 2 2 Ixmxnll /| (7.5)

n

where | - |, denotes the distance to closest periodic image.
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This representation of H is a sum of n properly scaled Gaussians with the peak values
centered at each point particle x,,.
Let us define

Hy, = B(& ke 0-W /4" (7.6)

then the Fourier space sum can be written

1 ~ .
uF(Xm) =7 Z H_ke_”kz/%zeﬂk‘xm .
k£0

Reverting to a computation in real space the Fourier component becomes

~ e\, ;
u”(x,) = / H(ac)(—) e H xmxml /gy (7.7)
Q ™

The advantage is that integrating in real space on a equidistant grid (here of M, grid
points) over a full period can be performed with spectral accuracy using the trapezoidal
rule. A thorough discussion on the algorithm is offered in Paper III and is based on the
descriptions offered by [47]. The algorithm is reproduced here only to assure a better
understanding of the section to follow on fast Gaussian gridding.

Consider the domain Q = [0, L) to be discretized in a number of M, points, yielding
a grid spacing h = L/M,. The size of the grid to be considered in real space (M, grid
points) is connected to the truncation of the Fourier space sum. If a grid of M, odd
grid points is considered then, with the scaling k = 27k , k € Z3, we have that x €
{—(My—-1)/2,...,0,...,(My—1)/2}. Thus if the sum is truncated at a certain ko, (in the
aforementioned scaling) then My = 2k + 1.

The only free parameter in (7.5) is  which controls the shape of the Gaussians e =28 Ix=xm 2/
If we consider the width of a Gaussian after truncation to be w then for a set of P dis-
crete points in the support of the Gaussian at a spacing h away from each other we have
w = Ph/2. If now, as explained in [46], we take the width to correspond to m standard
deviations w = om, 02 = n/4£2, we obtain that

Phe\?
n=(—=] -
m
The number of points in the support of a Gaussian P and the parameter m, giving the
shape of the Gaussian, and by that the level of the Gaussian at the truncation point are
fixed for a certain accuracy requirement and guidelines for values to chosen were provided
already in [47].
A simple operation count gives the following complexity of the algorithm

O(NP?) +0O(M,*log M,*) + O(M,*) + O(N P?) (7.8)
—— ——— N N——
Eq.(7.5) FFT+IFFT Eq.(7.6) Eq.(7.7)

7.2 Fast Gaussian gridding

The fast Gaussian gridding provides a mean of expediting sums of the form

H(x)=CY femolxxals (7.9)
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Algorithm 1 Algorithm for fast computation of Fourier space sum

1] Construct a uniform grid over the domain 2 = [0, L 3 with M, grid points and a
g g8
spacing h = L/Mg.

[2] Set P and evaluate H using (7.5) for n = (P&h/m)?. For this a fast Gaussian gridding
algorithm is used [47]. (m can be chosen as a function of P as explained in Paper IIT)

[3] Use a three-dimensional FFT to evaluate H.
[4] Compute H using (7.6).
[5] Use a inverse FFT to retrieve H.

[6] Evaluate (7.7) using the trapezoidal rule, yielding spectral accuracy due to the peri-
odicity of the integrand. This again yields sums over Gaussians which calls once more
for the fast Gaussian gridding algorithm.

Adapting the ideas of Greeengard and Lee [27] we assume that H (x) is to be evaluated over
a constant grid x = [ih, jh, kh], where 4,5,k =0,..., M — 1. In one dimension, = ih, the
exponential can be evaluated as follows

e—a(w—wn,)z _ e—o¢(ih—zn)2 _ e—a((ih)2—2ih$n+wi) _ e—a(ih)2 (ea2h$n)ie—awi (710)

The first term in (7.10) is independent of x,, therefore all evaluations of e=*("* depend
only on the grid spacing and can be performed once and reused for each evaluation point
z,. However the remaining terms depend on the source location and have to be computed
for each x,,. The same procedure can be applied in all directions. In applications the term
(eO‘th")Z is at the risk of becoming very large, thus incurring a loss of precision in ensuing
computations. This is alleviated in [47] by introducing a shift of the exponent ¢t = x — x,.

If the sum (7.9) is evaluated directly on a grid of P? points it requires NP3 evaluations
of the exponential. By using instead the fast gridding in (7.10) only 4N evaluations of
the exponential are needed followed by roughly N(P3 + 3P) multiplications. The speed-up
of this procedure is, as reported in [47], of approximately 15-20 times faster for a three
dimensional problem.

The fast gridding technique is used in conjunction with the Spectral Ewald method in
steps [1] and [5] in Algorithm 1. The Gaussians used in the algorithm have a support of P
points however they are spread over the entire grid of M, points.

7.3 Real space sum treatment

Regarding the real space sum it has been mentioned that we seek to truncate it at a lower
cut-off to shift more of the work to the Fourier space sum. Let us assume that the cut-off
is less than the size of the domain, i.e. r. < L. It suffices then to compute the real space
sum only for particles within a sphere of radius r.. However even if the cut-off is less than
the domain size all pair-wise interactions have to be computed to find those particles that
lie at a distance less than r. away from each other. This is highly inconvenient since it is
an O(N?) operation. A more efficient approach is to use what is known as the Linked Cell
List algorithm [4].
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(a) Linked cell list (b) Verlet list

Figure 7.1: Linked cell list division of the computational domain (r. = L/5).

Assume that for the domain = [0, L)® the real space sum can be truncated at a
cut-off r. such that r. = L/5. Then if we divide the domain as in Fig. 7.1a we can perform
a logical operation of assigning to each particle the box it belongs to. Afterwards we can
resume the computation of pair-wise interactions for each particle and all of those in the
26 immediate neighbor boxes. Since each sub-box is of volume 72 and we regard here a
uniform distribution of particles then we can assume that the number of particles from all
neighboring sub-boxes is N. ~ 27pr2. The number of pairwise interactions that have to
computed then is (V. — 1) N/2 instead of (N —1)N/2. This can be further reduced through
a refinement of the list of neighbors for each particle by eliminating those particles that
lie in the cube of side 3r. but are at more than r. away from the current particle. This
refinement is known also as the Verlet list, for a graphical representation see Fig. 7.1b. The
number of neighboring particles reduces now to N a 47 /3pr3. With this algorithm if N
is preserved constant then the computation of the real space sum has a complexity of O(N).

7.4 Parameter choice for the Fast summation

The parameter £ controls the decay of both sums and in Section 6.3 we have discussed
how error estimates can be used to connect the cut-off in the real space r. to the cut-off in
Fourier space k. In practice we can use the relations explained in Section 6.3 and detailed
in Paper III to establish what parameters to choose for a certain accuracy requirement to
be met. However for the fast summation method to be efficient we need to commit the
real space truncation at a very small . and shift more computational work in the Fourier
space where FFTs can speed up computations. This is the key-point of the fast summation
method since the real space sum is O(N) ouly if the truncation of the real space sum 7. is
preserved proportional to the number density p, i.e. r. = {/1/p. Also the constant of the
complexity cost is large if r. not significantly smaller than the size of the domain.
The key steps, also described in Paper III, are

Key steps

[1] Identify the simulation input data: N number of particles, = [0, B)? the domain,
0 desired accuracy.
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[2] Choose &y such that r. < B/3.
[3] Perform a set of simulation for £ =§;, i =1,...,p, and § < & < ...&.
[4] For each new & compute the cut-offs r., ko that yield an accuracy 4.

[5] Find ¢ = min;(¢(N,&;)), where ¢(N,¢&;) is the computational time for a simulation
with N particles at a &;.

The choice 7. < B/3 as a starting parameter is needed since as noted in Section 7.3
the Linked Cell list is efficient only if the number of pairwise computations is reduced to a
subvolume of the domain 2. However for fiber suspensions, see Paper III, we have already
computed the optimal £ for a set of input parameters. The optimality of & mentioned here
is in terms of computational cost. If one optimal £ is known then the problem can be scaled
to find an optimal £ for any other set of input parameters. Details on this procedure can
be found in Paper III.



Chapter 8

Summary of papers and division of
work

Paper 1

The first paper entitled 'Corrected trapezoidal rules for a class of singular kernels’ develops
a type of high-order quadrature that handles singular kernels. In one-dimension we consider
kernels s(z) = |z|Y with v > —1 and in two-dimensions v = —1. The core of the manuscript
deals with the theoretical analysis of the accuracy of the developed quadrature rules. We
also provide careful descriptions concerning the techniques used together with implemen-
tation considerations. The rules that have been constructed are investigated numerically
and shown to match the theoretical results. Under the supervision of Olof Runborg and
Anna-Karin Tornberg the author of this thesis has written a large part of the manuscript,
performed the proofs in two dimensions and the numerical computations.

Paper 11

The second paper, ’A highly accurate boundary treatment for confined Stokes flow’ extends
the principles of the same type of quadrature rule that has been analyzed in Paper I to the
singular kernel given by the fundamental solution of Stokes equations (i.e. the Stokeslet).
A quadrature rule that integrates the Stokeslet over a flat plate is developed and validated
numerically. This quadrature rule is used to model a wall in the classical problem of a sphere
sedimenting towards a straight wall. The analytical solution of the sphere-wall problem
provides a good reference case against which we can analyze the strengths and short-comings
of our approach to wall treatment. The author of this thesis developed the quadrature rule
with feed-back from Anna-Karin Tornberg and also the algebraic treatment of the system.
The author also performed the numerical computations and wrote the manuscript with feed-
back from Anna-Karin Tornberg and Katarina Gustavsson. Appendix B was contributed
by Katarina Gustavsson. This work is based on a parallel Fortran code developed by the
author for fibers sedimenting onto a flat plate which was the initial research project of this
thesis. However this project was canceled after two and a half years since the slender body
theory proved to not yield satisfactory results in conjunction with fully discretized walls.
The quadrature rule developed in this paper stemmed from the studies in Paper I and the
fiber suspension was replaced by a sphere in the initial code to offer a proper validation of
the method.
Paper II is published in Computers & Fluids, vol. 66, pp. 215-230 (2012) [52].
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46 Chapter 8. Summary of papers and division of work

Paper 111

The third paper A fast summation method for fiber simulations deals with the simulation
of a large suspension of fibers in periodic domains. The fiber-fiber interaction model is
based on the slender body theory and involves integrals in terms of both the Stokeslet and
the Laplacian of the Stokeslet (Dipole). The Stokeslet is periodized using the Hasimoto
decomposition presented in Section 6 and to obtain similar decay of the constituent sums
the periodic Dipole had to be derived starting from the same decomposition. A straight-
forward method of obtaining the truncation parameters needed by the fast Ewald method
was derived for both the periodic Stokeslet and periodic Dipole that enter the fiber-fiber
interaction model. The Spectral Ewald method initially designed for point particles was
adapted to handle analytic integrals over fibers in close vicinity to each other. Based on the
idea of Anna-Karin Tornberg to perform large scale simulations using the Spectral Ewald
method the author of this thesis derived the aforementioned numerical treatment. The
numerical tests, followed by the numerical simulations were performed under the supervision
of Anna-Karin Tornberg. The author of this thesis wrote the manuscript with feedback from
Anna-Karin Tornberg on the mathematical model and numerical method and Katarina
Gustavsson on the fiber suspension simulations.

Paper IV

A new fast converging decomposition for the periodic Stresslet establishes a new decomposi-
tion for the periodic kernel of the stress tensor (Stresslet). Based on the knowledge that the
stress tensor can be expressed in terms of the pressure and the gradient of the velocity it
was possible to obtain a new decomposition with faster decaying sums than the decompo-
sition already present in the literature which is derived using the Beenakker approach. The
novel decomposition stems from the splitting scheme by Hasimoto for the periodic kernel of
the Stokes flow (Stokeslet) presented in Section 6 and a new decomposition for the Laplace
kernel, as will be explained in Paper IV. The entire manuscript from idea, derivation and
numerical implementation to the redaction of the paper has been performed by the author
of this thesis.

Paper V

A numerical integration technique for the singular kernels of Laplace and Stokes equations
over some curvilinear surfaces extends the work in Paper I and II to a set of curvilinear
surfaces. It is more difficult to obtain modified weights for the singular kernels of Laplace
and Stokes over non-flat surfaces since it is not possible to compute analytical solutions using
exponentials as it is done in Papers I and II. Thus an approach using repeated Richardson
extrapolation is used. For complex geometries the modified weights used in the correction
operator are not universal. Therefore we identify a class of parameterizable surfaces that
yield correction operators which do not require the computation of modified weights in each
discrete point. The author of this thesis wrote the manuscript and performed the numerical
tests based on a self-directed idea.
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Abstract

A set of accurate quadrature rules applicable to a class of integrable functions with
isolated singularities is designed and analyzed theoretically in one and two dimensions.
These quadrature rules are based on the trapezoidal rule with corrected quadrature
weights for points in the vicinity of the singularity. To compute the correction weights
small size ill-conditioned systems have to be solved. The convergence of the correction
weights is accelerated by the use of compactly supported functions that annihilate
boundary errors. Convergence proofs with error estimates for the resulting quadrature
rules are given in both one and two dimensions. The tabulated weights are specific
for the singularities under consideration, but the methodology extends to a large class
of functions with integrable isolated singularities. Furthermore in one dimension we
have obtained a closed form expression based on which the modified weights can be
computed directly.

1 Introduction

This paper focuses on the design of accurate quadrature rules for functions with isolated
singularities. The need to numerically evaluate such integrals arises in e.g. methods based
on boundary integral equations, where the fundamental solution, or Green’s function, has
an integrable singularity.

In the literature one can find several different approaches to the numerical integration
of singular functions. These include different semi-analytical techniques and singularity
subtraction approaches [17]. Different mappings and changes of coordinates in order to
remove the singularity have also been applied [10, 7, 6, 19, 13, 16]. The approach that
we will follow here is to modify the trapezoidal rule to render it high order accurate for
singular functions. The resulting quadrature rules are very attractive due to their simplicity
— the trapezoidal rule is modified with a small number of correction weights, and the simple
structure is retained.

The trapezoidal rule is spectrally accurate for smooth, compactly supported or periodic
functions. For other functions it is in general at most second order accurate. There are two
sources of these larger errors: singularities and boundaries. Both these error sources can be
reduced by modifying the quadrature weights locally, in a vicinity of the singularity (which
is assumed here to be isolated) or at the boundaries. Hence, by adjusting the weights locally,
high order accurate versions of the trapezoidal rule can be constructed also in the presence
of singularities and boundaries. The new weights are pre-computed and tabulated; once
constructed, the modified trapezoidal rule can easily be applied. In the case of a singularity,
the modified weights are however specific to the singularity that is being considered.

The first singularity corrected trapezoidal methods introduced by Rokhlin in [18] were
restricted in practice to rather low orders of accuracy, since the magnitude of the correction
weights became very large for higher order methods. To alleviate this problem, Alpert
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[4] used more correction weights than the optimal number, and minimized their sum of
squares. The integration interval is split at the singularity into two subintervals, such that
the singularity is always at a boundary. Kapur and Rokhlin [11] introduced additional
quadrature points and weights outside the interval of integration and could thereby obtain
much smaller correction weights. Such a method is not always convenient to apply, and
yet another approach by Alpert, [5] was to introduce a hybrid Gauss-Trapezoidal rule,
where a few of the regularly spaced nodes towards the interval end points are replaced with
irregularly spaced nodes. The computed weights at the irregular nodes are both bounded
and positive.

In the papers [18, 4, 11, 5], quadrature rules are designed for singular functions of
the form f(z) = ¢(x)s(x) + ¥(z) and f(x) = ¢(x)s(x), where ¢(z) and ¥(z) are regular
functions and s(z) has an isolated integrable singularity such as s(z) = |z|7, v > —1 or
s(xz) = log(|z|). The integration interval is split at the singularity, and for each subinterval
there is a regular end and a singular end. Corrections to the trapezoidal rule are applied at
both ends, to reduce the boundary errors at the regular end, and to control the error from
the singularity and the boundary at the other end. Theoretical analysis is offered for all
these methods.

It is inconvenient to split the domain of integration at the singularity in higher dimen-
sions. Aguilar and Chen designed singularity corrected trapezoidal rules for the s(x) =
log(]x|) singularity in R? [2], and for s(x) = 1/|x| in R? [3]. The singularities are interior to
the domain, and a singularity correction in the interior is combined with boundary correc-
tions to yield higher order methods. No theoretical analysis is provided in these papers, but
the expected order of accuracy is given for the method, which is consistent with numerical
examples.

One procedure for constructing a set of increasingly accurate quadrature rules is to
require the exact integration of monomials of increasing degree, see [12]. A similar procedure
is followed here to determine the modified weights of the corrected trapezoidal rules. The
exact integration of monomials, up to a desired degree, multiplying the singular function
s(x) is first enforced for a specific uniform grid spacing h. This leads to a linear system
of equations for the modified weights. The obtained correction weights will then depend
on h. This is not very practical. Instead, one wants to use the converged weights that are
defined as the weights obtained in the limit as h — 0. They are grid independent, universal
for the given singularity, and can be tabulated once computed. As Aguilar and Chen [2, 3]
note, the system to be solved for the weights becomes severely ill-conditioned, more so for
smaller h, and multi-precision arithmetic is needed to perform this task.

Duan and Rokhlin [9] apply similar techniques to design singularity corrected trape-
zoidal rules for s(x) = log(|x|) singularities in two dimensions. They however do not seek
converged correction weights, but compute weights that depend on the grid size h. They
are able to derive analytical, although very lengthy, expressions for the weights, and thereby
avoid solving an ill-conditioned system. The analytical formulas that they derive are how-
ever approximated numerically, but to very high accuracy. A theoretical proof is offered
regarding the accuracy of the quadrature rules, using also some theoretical results developed
in [14].

In this paper we consider singularities of the kind s(z) = |x|7, ¥ > —1 in one dimension
and s(x) = 1/|x| in two dimensions. The singularities are interior to the domain. As in
Aguilar and Chen [2], our singularity corrections can be combined with boundary corrections
[4] to reduce boundary errors as needed.

One difference in our approach compared to all previous works cited above lies in the pro-
cedure for computing the weights. The corrected trapezoidal rule is based on the punctured
trapezoidal rule (excluding the point of singularity) together with a correction operator
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that applies in grid points in the vicinity of the singularity. In order to accelerate the
convergence of the weights, the boundary errors in the punctured trapezoidal rule must
be reduced. The approach used previously is to introduce a boundary correction for the
trapezoidal rule. Here, we suggest an alternative approach where we multiply s(z) by a
fixed, compactly supported function g(x). This completely annihilates the boundary errors.
The convergence rate of the weights will now instead depend on the number of derivatives
of g that vanish at the point of singularity. This is proven for the one-dimensional case in
Section 3; see Lemma 5. For the two-dimensional case, we cannot offer a rigorous proof, but
note the same behavior in practice. With a faster convergence rate for the weights, larger
values of h can be used, which to some extent reduces the ill-conditioning of the system. To
compute converged weights to double precision, we use a multi-precision library that allows
for computations in multi-precision arithmetic.

In the one-dimensional case we are able to show that the converged weights are the
solution to a linear system of equations, where the system matrix is a Vandermonde matrix
and where the right hand side has an analytic expression in terms of the Riemann zeta
function (see Appendix A). Hence in this case, we can directly compute the converged
weights by solving this system of equations.

The singularity corrections that we design are of order O (B> +4+2P) in R4, d = 1,2,
as weights are modified at grid points in p layers around the singularity, see Theorem 4.
In two dimensions (y = —1), for p = 0, which corresponds to a single correction weight at
the singularity, we have a third order rule. For each additional layer of correction weights,
the order of accuracy increases by two. Compared to Aguilar and Chen [2] our layers
differ somewhat, with the number of correction weights in our approach growing slower
as the number of layers is increased. We also have a theoretical analysis of the method’s
convergence rate.

In two-dimensions, we have considered the singularity 1/|x|, which is the Green’s func-
tion for Laplace’s equation in three dimensions, instead of log(|x|) as in [2, 9]. A boundary
integral equation for the three-dimensional Laplace contains integrals over two-dimensional
surfaces, that are the boundaries of the domain. This method would apply when the bound-
ary is flat. Extensions based on the approach and the theory presented in this paper are
discussed in the conclusions.

The outline of the paper is as follows. In section 2, we describe the modified trapezoidal
rules and their structure, and we define the system of equations from which the correction
weights can be obtained. The theoretical analysis is presented in Section 3, starting with the
accuracy of the punctured trapezoidal rule, before we prove the accuracy of the modified
trapezoidal rules. We also give a proof of convergence for the correction weights in one
dimension. Numerical results to validate the constructed quadrature rules together with
discussions concerning implementation aspects are provided in Section 4.

Notations

In order to render the text more legible the multi-index notation will be used. A multi-index

in the d-dimensional set-up is @ = (o, ...,aq). For @ € R? Z4, including multi-indices,

d d . .
we define the norms |a| = Y| |a;| and |a]o = /> ;_; a?. To be more explicit we write
at times |a|; instead of |a|. We also use a! = 1!+ - - ag!. For x € R? we define monomials
x* =" - ..25? and for the partial derivatives

Hlel
= Baroagi )

9% f(x)
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Occasionally we will make use of the basis vectors in R¢ which shall be denoted by e;
with 1 <17 < d.

The notations [z] - integer part of  and {x} - fractional part of 2 will also be used; recall
x = [z] + {z}. Throughout the manuscript C' will denote a constant which is independent
of other parameters relevant in the particular context where it is used, typically the grid
spacing h and position x. It may at times be accompanied by a numeral subscript to
differentiate it from other similar constants.

Trapezoidal rule

Consider a function f € C?P*2(R?), defined on the interval S = [~a, a] for d = 1, and on
the square S = [—a, a]? for d = 2. The standard trapezoidal rule in one dimension is then
given by

[ 1@z~ Ty thﬁh——(hf(th(—a)), h=2a/N, (1)

B=—N

and in two dimensions, with the same h,

/S FOdx STl = S0 RRA(BR) — 5 3 WABR - S RABR, @)

BheS BhedS BhEDS.

Bez? Bez? Bez?
where we used 0SS, to denote the four corner points of S. Typically for a smooth integrand
over a bounded interval the numerical integration using the trapezoidal rule exhibits second
order convergence. To delve further into the error analysis of the trapezoidal rule and
later the modified trapezoidal rule we will use two main approaches: the Euler-Maclaurin
expansion and Fourier analysis. We use the following precise form of the Euler-Maclaurin
expansion:

Theorem 1 (Euler-Maclaurin expansion). For a function f € C?P*2([a,b])

p h%b%
/ fla)de =T (f]+ 30 Gt (0 0) - 74D a)
/=1

b
2p+2 T —a
A [ (i

The expression uses the Bernoulli polynomials B), and the Bernoulli numbers defined as
b, = Bp(0). The periodized versions B, ({z}) are piecewise smooth and bounded functions.
See the book by Cohen [8, Proposition 9.3.1 and Remark 2] for more details.

From the Euler-Maclaurin expansion (3) we see that there are two main sources of errors
in the trapezoidal rule, corresponding to the terms in the error expression. First, we have
the contribution to the error from the boundaries given by

p 2/
> T 0) 1 a)) @)
/=1 ’

Second, we have the contribution of the error which is determined by the regularity of the

function,
b
h2pt2 T—a
7(2p+ %) /ng+2({ - })f(2p+2)(x)d$.
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There are two common situations when the sum in (4) vanishes for integrands of class
C?P*2(R) : when the integrand is periodic on [a,b] and when the integrand is compactly
supported within (a,b). In this case the error of the trapezoidal rule is O (R?P*2). If the
integrand is C'*° and there are no boundary errors the trapezoidal rule exhibits spectral
convergence.

The accuracy of the trapezoidal rule may also be studied through Fourier analysis. In
this approach we use the Poisson summation formula for f € C2(R) and note that

| L (K ok
10 =S = Y (3) = [ 7 (5)
J k k#0
where
o) = [ e, (5)
Our aim is to show that this oscillatory integral can be estimated by

C

M@Hgmﬁ, p>1,

from which it will then follow that

Thlf] - / f(2)dz

<

~(k 1
_ < P — < /p_
E f<h>‘_0h E |/<:|1’_Ch
k#0 k#0

2 DModified trapezoidal rules

We will construct modified trapezoidal rules with a singularity correction for functions with
isolated singularities. More precisely, we consider functions f(x) = s(x)@(x) where ¢(x) is
regular and

ve(-1,0) xeR,
v=-1 x €R?’

s(x) = |x|” with { (6)

Simple correction

Let us define the punctured trapezoidal rule, as applied to a compactly supported function
I
T =Y n'f(Bh),  BezZ’. (7)
B0

Introduce the simply corrected quadrature rule Q9 [¢-s] = T[¢- s] +a(h)wo¢(0) where a(h)
is a weight factor. The correction weight wo(h) is defined by

a(h)wo (h)g(0) = / g(x)s(x)dz — T0lg - 5], (8)

where g(x) is a compactly supported function with g(z) # 0. The function g(z) is introduced
to annihilate the boundary errors from the punctured trapezoidal rule.

If the weight factor a(h) is chosen correctly wo(h) — @o as h — 0 where @y does not
depend on h nor on g. The convergence rate wy(h) — @o, however, depends strongly on the
choice of g. The convergence is fast when the function g is flat at the singularity, .e. it has
several derivatives that vanish at the origin, see Section 4.
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The modified quadrature rule reads
Qulo - 5] =T3¢ 5] + a(h)wo(0), )
where for a space of dimension d
a(h) = h¥s(h) = K7+, (10)

We will show below that adding a modification at the origin in this way will lead to a
method of order O (h?*¥+7) for s(x) given by (6). This assumes that the function ¢(z) is
regular enough, and also compactly supported within the integration domain. If it is not
compactly supported, T} should be replaced by a boundary corrected punctured trapezoidal
rule, see [4].

Higher order correction

A higher order quadrature rule will involve more correction weights. Define

Qb6 5] =Tyl s]+a(h) Y @as(Bh), (11)
BEL,
where
L, ={Be€z2st.|81 <p}. (12)

In analogy with (8), the weights should satisfy the following equations

/g(x)s(x)xmdx =T[g-s-x**]+a(h) Z ws(h)(Bh)**g(Bh), Y ast. |al; <p. (13)
BeL,

Temporarily denote the weight associated with a point (z;,y;) (8 = (4,7)) by w;;. We
then require w4; 4+; = wx+j +; for all possible combinations of signs. Such a weight will be
denoted by wy*, where ¢ = |i| + |j|, and m will be defined below. Due to these symmetry
assumptions for the weights, the equations in (13) are stated only for even order monomials
since the equations for odd monomials are automatically satisfied. We will show that the
number of unknown weights equals the number of equations in (13).

Let us now consider the two-dimensional case. Consider sets £, as in (12), with d = 2

(see Fig. 1). Introduce the subsets G;* C L, over which weights are equal,

G ={BeZ st |Bhi=q, |Bla=vm2+(qg—m)?}. (14)
for ¢ =0,...,pand m = 0,...,[g/2]. This defines disjoint subsets of L, such that G;* N
g;’?l:Oform#m’,orq#q’andU U 65 =4%Lp.

q<p m<lq/2]
To each of these sets G we associate one weight wg". The number of all distinct weights
associated with £, is

Ny =3 (/2 4+ 1) =

m=0

{(p/2)2 +p+1, if p is even, (15)

(p+1)?/4+ (p+1)/2, ifpisodd.
We want to enforce (13) for all e such that || < p. This set can be described by
a € M, with

M=) U {la—mm)}. (16)

q<pm<q/2]
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Figure 1: The sets £, include all grid points on and inside the layers indicated in the figure.

For this set, we have |[M,| = N,, and (13) constitutes a square system. Relating to the

notation above, we have oy’ = (¢ —m,m).

In Table 1 we list the monomials along with the sets of discretization points where the
weights are corrected for layers up to ¢ = 4. The first column provides the levels ¢ and m
at which we take a monomial x2® where o = ag' is listed in the third column. The last
two columns list the sets of points, G;* and the associated weights wg"

Hence we solve the following N, x N, linear system of equations

p [a/2]

(MDD D, g(Bh)(BR*

q=0 m=0 ,Begm

= /g(x)s(x)x%‘dx —TP[g-s- x>, Vo € M,,. (17)

In order to recast this system in matrix notation we introduce an index 7 =10,..., N, —1
and define a;, w; and G; from o, wy* and G, respectively, by letting i = N, +m, where
N, is given by (15). We can then introduce the matrices K, I € RN»*Nv with elements

Kij=> B,  i,j=0...,N,—1,
BEG;

and
Iij:g(,gh)éij, ,BEgj, i,jZO,...,Np—l.
which is well defined since the function g(B8h) takes the same value for all 8 € G;.
The right-hand side of the system becomes

1

Cz(h) = h2|°‘1|a(h)

(/g(x)s(x)xmidx ~T)g-s- x2°‘i]) ,i=0,...,N, — 1.
These expressions lead to the system
KI(h)w(h) = c(h). (18)

Here the solution vector w(h) = (wo(h),...,wn,~1(h)) and the right-hand side c(h) =
(co(h),...,en,—~1(h)) have the ordering provided by the new indexing.
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Table 1: Sets of discrete points G;* for different values of g.

q m a) = x2e g Associated
(g —m,m) weight ;"
0 0 (0,0) 1 (0,0) w0y
1 0 (1,0) 77 (£1,0) (0,%1) )
2 0 (2,0) r] (£2,0) (0,+2) w9
1 (1,1) r2x2 (£1,41) ws
3 0 (3,0) 9 (£3,0) (0,+3) w9
1 (2,1) ziad | (£2,41) (£1,42) w3
4 2 (2,2) riad (£2,£2) w-
1 (3,1) w923 | (£3,41) (£1,+£3) Wy
0 (4,0) 8 (+4,0) (0,44) @l
5 2 (3,2) o825 | (£3,£2) (£2, £3) w2
1 (4,1) x§x3 | (£4,+1) (£1,+4) wi
0 (5,0) 10 (£5,0) (0,+5) w?

For a given p consider the converged solution w(h) — @ of the system (18) and define
the modified quadrature rule for a singularity s(x) with modified weights wy"

Qho- s =Tple - s] + Ap[4)], (19)

with
p [a/2]

ARlgl =a(h) Y D> wrt Y é(Bh), (20)

q=0 m=0 Beg;"

where G as in (14). The constructed rule Q}, has accuracy O (h?**3), see Theorem 4.
In one dimension the expressions for the sets £,, M, greatly simplify since in this
context N, =p+1 and

L, ={B€Z|B =7, j<p}, M, ={aeNa=yj, j<p} G = {%i}.

So K € R@+x(p+1) lgas elements Kpg = 1 and otherwise the Vandermonde structure
K;; = 2j%. Moreover, I;;(h) = g(ih)d;;. The right-hand side entries are simply

i)+~ s [ [ sty —1ilg -2

The corrected punctured trapezoidal rule @) defined as in (19) has the correction operator
P
A7 (9] == a(h) Y _@;(¢(jh) + ¢(—jh)). (21)
§=0

3 Theoretical analysis

The techniques used to prove the accuracy of the modified quadrature rule differ in the
one-dimensional set-up from the two-dimensional one. The Fourier approach is chosen for
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the lower dimension while in two dimensions the Euler-Maclaurin formula is applied in each
direction. In this analysis, we focus on the errors due to the singularities and the accuracy
of the singularity corrections. Therefore, we consider the integration of f(z) = ¢(z)s(x),
where ¢(z) is compactly supported within the integration domain.

To begin with we provide an accuracy result for the punctured trapezoidal rule. Using
this result we obtain an error estimate of the modified trapezoidal rule in terms of h and
the difference w(h) —@ in Theorem 4, where w(h) —@ can be made sufficiently small with a
proper choice of g so that it does not alter the asymptotic order. This is proven in the one-
dimensional case, where we show that w(h) — @ and also obtain an estimate of |w(h) — @],
thus yielding a complete error estimate for the modified trapezoidal rule in one dimension.
In two dimensions, we offer no rigorous proofs for the convergence of the weights, but note
the same behaviour as in one dimension in numerical experiments.

Accuracy of punctured trapezoidal rule

To prove the order of convergence of the constructed quadrature rule we start by deriving
an error estimate for the punctured trapezoidal rule. Theorem 2 states the one-dimensional
result. The corresponding two dimensional result in Theorem 3 is weaker; note that the
function f = §- s vanishes at the origin, thus 75 [f] = T?[f]. General error estimates of the
type below were derived in [14]. However, those include also the boundary errors and do
not cover the cases we are interested in here.

Theorem 2. Consider f : R — R given as f = g(x)s(x) where s(x) = |z|” with v > —1.
Let p and q be integers such that 0 < p < q and 2q+ 1 > ~. Take g(x) € C%1T2(R) with
g™ (0) =0 fork=2,4,...,2p. Then

‘ / flw)de = T[f] = g(O)R"Te(y)| < C (RHF° 4 p2172)

where () depends on « but is independent of h and g.

We note that if v > 0 this also gives an estimate for the standard trapezoidal rule since
then f(0) = 0 and T,[f] = TP [f]. The proof of this theorem is given in Section 3. In Lemma
A.1 in Appendix A, a closed form expression for ¢(v) is given.

Theorem 3. Consider f : R? — R given as f(x) = §(x)s(x) where s(x) = 1/|x|. Let q
and p be integers such that ¢ > p. Take § € C%13(R?) with 9*§(0) = 0 for Yk € N? such
that |k| < 2p+ 2. Then it holds that

’/f(x)dx - Th[f]’ < Ch?PH3,
This theorem is proven in Section 3.

One-dimensional case
In this section we prove Theorem 2. We begin by introducing a cut-off function ¢ € C'*°
satisfying ¢ (x) = ¢(—z) and
0, |z|<1/2,
T) = _ 22
e {1, ooy (22)

We then have
Ty [f] = Tulfo(-/R)).
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Consequently,

/f(z)d:chh /f Y1 —(x/h) dx+/f Y(x/h)dx — Th[f(-/h)], (23)

and we can estimate the two parts separately. For the first term we have

/ F@)(1 = p(a/h))de = / 9(2)s(x) (1 — p(a/h))da
~h (24)

:h'”l/ g(hx)s(x)(1 — ¢(x))dx,

-1

where we have used the definition of ¢ in (22) and a rescaling of the interval. By the
symmetry of ¢(z), s(x) and the assumption of vanishing derivatives

/ (9(h) — (0)) s(x)(1 — (a))dz

1 241 () ‘
-/ (g(hx>— > (W) ()1 = $()de.

Therefore, after estimating the remainder term in the Taylor expansion of g(x), which is
bounded by Ch2?P*2|z|?P+2

\ [ (at0) ~ g0)s(2)1 ~ vl

1 (25)
< Cp2rt / e[ 2421 _ () |da < CRPH2.
-1
Define 1
@) = [ s(@)1 - vlw)) da.
-1
Then we obtain from (25) and (24),
[ 5610 = vas - g0 e)
(26)

=prtt < Ch?PH+3,

/ (g(hz) — (0)s(x)(1 — b(x))dz

-1

For the second term in (23) we can use the strategy based on the Fourier analysis as in Sec-
tion 1 for the standard trapezoidal rule applied to f(z)y(z/h). Hence, since f(x)i(x/h) €
C27+2(R) we obtain from the Poisson summation formula (5)

Thlfu(-/h) / F@yee/h)dz + 3 Folk/hh),
k#0 (27)
k h /f :C/h —27rzkz/hdx

Moreover, by the symmetry of ¢ (x)
ﬁp(k/h, h) + fw(fk/h, h) :2/g(z)s(z)1/)(z/h) cos(2rwkx/h)dx

o | (28)
_on / (g(x) + g(—2))s(2)p(x/h)e> /M dg.
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We will now use Lemma 1 stated and proven below, which provides estimates on oscil-
latory integrals of this type. Since the even derivatives of g(x) are zero up to order 2p in
x = 0, all derivatives of §(z) = g(z) + g(—=x) are zero up to order 2p + 1 in x = 0. We can
therefore apply Lemma 1 to the integral with 2p + 1 for p and 2¢g + 2 for ¢. We obtain

/gxkg(x>4—g(—<r»s<x)w<x/h>e2”““/hdw:=g(0>vV(2wk>h7+*(2wk)-2@+*> )
+0 (k—2(q+1)(h7+2p+3 + h2q+2)) )

Using (28) combined with (29), an expression for fy(k/h,h) + fu(—k/h,h) is obtained.
Rewriting the sum in (27) to use this expression, we get

Th[frb(-/h)] /f Y(x/h) d:z:—i—Q%Z/ (—2))s(2)v(z/h)e2™H*e/hdy

1 (27rk:)

+ [FERES y p2at2) i o (kf?(ﬁ”)

/f Yo (/h)dz + g(0)h ey (y) + O (WY T2PHS 4 p2at2) (30)
where
W(2rk)
74%2 (27k)2(a+1)

Note that this is well-defined since ¢ > 0 and W(k) is bounded in k. Using (23) we get
[ 1@z =8 - g0 @) - ()
<| [ £ = vta/myie - gom o)
| [ S@rstaiyds = Tu(ro( 1) + g0 )|

The result of Theorem 2 now follows from (26) and (30) with
1
_ B _ W (27k)
c(y) =ci(y) —c2(y) = [15($)(1 — () do — 4%2 (k2@
which is independent of h and g(x). It remains to state and prove Lemma 1.

Lemma 1. Let p and q be integers such that 0 < p < q and h and k are positive real
numbers, and vy any real number. Suppose g(z) € C9 with supp g C [0, L] and g©(0) = 0
fort=1,....p. If ¢ >~v+1 and ¥(x) as given in (22) then there is a function W (k) such
that

(z/h)g(x)xTe**/hdx — g(0O)YW (B)R k™| < Cuk~9(RYF2HP 4 p9), (31)

where W (k) is bounded in k and independent of h and g(x) (but depends on q).
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Proof. We let s(z) = x7 and note that |sU)(z)] < C2Y~7. Since supp ¢(z/h)g(z) C
[h/2,L] C (0,00) we have after ¢ integrations by parts,

I(h, k) := OOO W(x/h)g(x)s(z)e /P da

_ <£) | (fvtematosta ) e/as

Define W (k) as

Wit =it [ (vt ) etar (32)

dxd

Clearly W (k) does not depend on h. Moreover, 1)) (z) is compactly supported for j > 1
and |s(9)(z)| < 2779 is integrable because ¢ > v + 1. Therefore,

Wil < [ wso |d:c+quj [T 0@ @ <,

where dg ; are the binomial coefficients. The estimate is independent of %k, showing the
boundedness of W (k). After rescaling the integral we also have,

W (k) =itht* /Ooo (ﬂzp(x/h)s(x/h)) eke/hdy
:z‘W—l—V/O ( & V(x/h)s(x )e“”/hdx.
Then, with r(z) := (z/h)g(z),

I(h, k) — g(0)W (k)b k1

() [ (o) suta/mlste) ) /e

dxd
_ a4 () ( =3h@D (2 /B0 (1) etkr/ by
B (m) dq / (@) = g(O)h™ 9 (z/h)] (x) dz.  (33)

Jj=

S~
3

We have the following expression for the derivatives of r(z),

r@(z) = { =0 T Lty (z/h)g®(z), h/2<z<h,
g(])( ), hee<I,

since ) (2) = 0 for j > 0 and = > h. Let §; ; be the Kronecker delta. Exploiting the facts
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that ¢¥(z/h) =0 for < h/2 and ¢(xz/h) =1 for & > h we obtain for 0 < j < g,

@) = g0 1) e
L 1, I
-/ [ 0w /h)g @) - ﬁww/h)g(m] 0D (@)

hi=*t
=0

L %)
g(j) (:I:)s(q_j) (:I:)e“”/hdx — 00,74(0) / 5@ (:I:)e“”/hdx
h

_|_
S

J h
d; . . .
= g j’_eé / w(ﬂfl)(x/h) g(f)(z) _ 50,69(0)} S(qu)(x)ezkz/hdx
= Jhye

L
+ /h 99 (@) — 80,9(0)]5) () ™/ da

— 80,;9(0) / 5@ (z)er*/hd. (34)
L

We will now use the assumption that ¢ (0) = 0 for 1 < ¢ < p. From Taylor’s theorem we
get
| x|p+1—j

() _ g (p+1)) =8
g7 () =g (0) < g % .

=ClzPt7, 0<j<p,

and therefore also _ _
199 () — 0,;9(0)] < CamxPF1=70),

We use this to estimate the integrals in (34). First, for 0 < j < gand 0 < ¢ <,

1

h
7 U0 (z/h) [gu)(x) — 50.09(0)] s (@) hd

h/2

h
< ¢ 2Pax(p+1=£,0)+y—a+j 3, < opmax(p+1-£0)+y—g+1+L
= h]_e h/2 =

2 —
< ChPH2t a

where we used the fact that A™2x("0) < 4" when h < 1. Moreover, for the second integral
in (34),

L
/ 199 () - 60,;9(0)]s9) (2)e*o/ " dg
h

L
< C/ 2max(p+1-4,0)+v—a+j J < C(hmaX(pH*j,O)Jr'quHJrl +1)
h

< C(hp+2+7—q + 1).
Finally, for the last integral in (34),

/ s (z)etk/h g
L

since ¢ > v + 1. Together with (33) these estimates show that

< C/ 77 4dx < C,
L

q
|I(h,k) — g(O)W (k)W T k™9 < C <%> (RPT2ET0 4 1) < Ck™ YWY T3P 4 ).

This proves the lemma. O
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Two-dimensional case

The Euler-Maclaurin expansion formula is the basis for the theoretical analysis in two
dimensions. Since it provides an error estimate based on the cancellation and boundedness
of higher order derivatives — see (1) — we first evaluate the higher order derivatives of
the singular function s(x) = 1/|x|. The concluding result of this subsection is the proof of
Theorem 3 that was stated in Section 3.

Lemma 2. The partial derivatives of order k of x*/|x| with x = (x1,22) are given as

W x
W= |x|kl—la+1p’“’°‘<|x|)’ (35)

where Py o is a polynomial of deg Py o = |k| + || in two variables Py o(X) = Pr o1, 22).
Proof. For k = (0,0) we have

5kﬁ: x a#
x| x|/ [x|t=lel’

which agrees with (35) with Py o(2) = 2%*. We let P,ijl)x (w1, 22) := O, Pr,a(21, 2) and note
that these are polynomials of degree one less than the degree of Py o (21, x2) itself. Assume
the theorem statement is true for k and let kK — k + e;. Then we want to show that

{8
k+elx_ _ 1 i
A |x|klla+2p"+e”°‘(|x|)’

for some polynomial Pgye, o Of degree |k| 4+ || + 1. By applying the chain rule and
evaluating, we get

P 1 P X\
“x|Elal 1 e x] )

b'e 1
= Pk (Q)‘?xl |x|[Fl=lad+1 +

wﬁ«mx—) () () (3)

—(k| — o + D, 1
x|TEI—Tal+3 x|

1 T1X2 (2) X

P _

el Ial+2<< |x|2) <|x|> <|x|2) ke | [x]
1

where deg Pr+e,.a = |k|+ |a| + 1, which is what we needed to show. The case k — k + e
can be proved in the same way. This induction step proves that the expression provided by
the lemma is valid.

O

Lemma 3. Let Q C R? be a compact set. Consider f:Q — R given as f(x) = §(x) - s(x)
where s(x) = 1/|x| and § € C1(Q) has vanishing derivatives upto order p < q in the origin:
OkG(0) = 0 for all k € N2 such that |k| < p. Then, for each |n| < q there is a constant
C(n) independent of x and p, such that

" F ()] < Cn)xP~ 71", wx e 2\ {0},
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Proof. In order to compute the higher order derivatives of f the Leibniz rule is applied

O"(f(x) = 0™MG(x) - s(x) = D LI G(x)I"s(x),

L+r=n

where b} are binomial coefficients. By Taylor expanding 0%G and recalling that 9%G(0) = 0
for all k € N? such that |k| < p we have for [£| < p

P=1-lll _k oetk) -
. x"® 0 g(0 _ _
it = > ST IO Rl = Rl
|k|l=0

On the other hand, when p < [£] < ¢ we just use the boundedness of §%§ over  and obtain,
for all x € ,

x|[P~1E g < p, -
x| €l <p = max sup max (|R(x)], [0¢5(x)]) -

0
1 cp <[ <q GEPY=
x
P'I’,O (_) ‘ )
x|
where C; is bounded since {x/|x|, x € R?} is compact. Together these estimates yield

")l < D b0 g(x)]107s ()]

0%9(x)| < Co {

By using Lemma 2 with a = 0 for 9"s(x) we have for » < n,

1 X Cl
.
= =)< -
|0 s(x)| T PT7O(|X|) S AT C; = max sup

Ir|<In| =

L+r=n
by e g < p,
<CyC1 Z | |\£T\+1 {|1X| : | |< 5<
e X tp < <q,
[P~ e < p,
=Co(C1 by, o (36)
eén Tl s p < <q
Let 1 := sup,cq |x|. Then, when p < [£] < |n| <,
—|r|—1
1
max |x|7I"71 = max —— X
L+r=n l+r=n 77‘7‘|+ n
1 p—l—"n‘ L
max —— X =: Oy |x|? 1=inl
l4+r=n 7]|T‘+1 n
Entering this in (36) we finally have
0™ (FGO)| < (X" M CoCr Y (1 + Ca),
l+r=n
which proves the lemma since the sum is bounded independent of p. [l

Lemma 4. Consider f:R? — R given as f(x) = §(x) - s(x) where s(x) = 1/|x|. Take
g € CPH3(R2) with 9%§(0) = 0 for all k € N? such that |k| < 2p + 2. Then

[ 107 @0s0)das < Claafr >, ] = 2m 2,
with x = (x1,%2), x2 # 0, when m > p. This estimate is also true when m = p if n

contains at least one derivative in the x1-direction, i.e. if we can write n = n+e; for some
multi-inder n.
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Proof. We first consider the case m > p. By using Lemma 3 with 2p + 2 for p we estimate
the integrand

/ 107G(x)s(x)|dzy gC(n)/ Ix[2+ 1= Il gy :C(n)/ X[2P=2m1dz, . (37)

Since x2 # 0 we can perform the change of variables 1 = x9s and dz; = z2ds. We obtain

a a/x2 2p—2m—1
/ Ix[2P=2m 1 gy = g |22 Vitse o ds

—a —a/x2

S |x2|2p72m

e 1
/ . ds<Clm? ", (3R)
o \/H—S22m—2p+1

since here 2m — 2p 4+ 1 > 1, which means that the integral is bounded.
Now we turn to the case m = p and define the polynomial

0%5(0) x*
Q(X) = Z agx(g ) ﬁ

[¢|=2p+2

Since 9*Q(0) = 0 for |k| < 2p + 2, this polynomial has the property that
O*13(%) — Q)lxeo =0, [k| < 2p+2. (39)
The function f can be split as
f(x) = (9(x) — Q(x))s(x) + Q(x)s(x). (40)

We can now use Lemma 3 for (§ — Q)s with 2p + 2 zero derivatives instead of only 2p + 1
as in the case m > p. This is allowed since g has 2m + 3 = 2p + 3 continuous derivatives.
Then, in the same way as in (38) we find a constant C; such that

Next we seek to bound the n-th derivative of Q(x)s(x) and proceed by splitting n = n+e;.
We first take the n-th derivative and from Lemma 2 with |k| = 2p+ 1 and |a| = 2p+ 2 we

obtain P = 3 %Pﬁ,i(%) _. P(%)_ (42)

|¢|=2p+2

O"[3(x) — Q(x)]s(x)|dz1 < Chfaa [ = C1. (41)

By further taking the derivative in the e; direction and using the same differentiation as in
Lemma 2 we have

o (Q(x)s(x)] = azlp(i> _ E{—|E< x ) (43)

| |

where E is another polynomial. We note that sup, |E(x/|x)| =: C2 < oo as before. In
order to bound the integral over 9™[Q(x)s(x)] we apply once more the change of variables

r1 = sr9 and obtain
a
[ ()
—a | [X] x|

a/zQ 1 o0 1
:CQ/ 1—2d1'1 S C/ dS:WCQ,

—ajas 18 oo L+ 82

Q(x)s(x)] dey < C, / "zl

o X2

(44)
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Gathering (41) and (44) we finally have that for p =m

[ 10 @stxplan < [

—a —a

I"g(x) — Q(X)]s(x) day

< C1 + 70y,

I"Q(x)s(x)]

dZL'1+/

which concludes the proof of the lemma. O

We are now ready to prove Theorem 3. Let the compact support of f be denoted D
and suppose that D C [—a, a]?>. The error estimate will be obtained by evaluating two

consequent approximations according to the split

/f(X)dX*ﬁz[f] :/f(x)dxf /Th[f('az2>]dz2 + /Th[f('vfc?)]d@ = Talf]
D Da —a e (45)
:/Il(xg)dl'Q + ZIQ(]h)ha
kA jez
with
wa:/ﬂMJMm—%U@@L
- (46)

Iww:/ﬂamﬁmfﬂﬁ@ﬂ.

We note that by Lemma 3 with p set to 2p+ 2 we have lim, o f(x) = 0 and f can therefore
be defined by continuity at the origin. This implies that both I; (z) and Iz(z) are continuous
at x = 0.

Since f(x) is smooth when z2 # 0 we obtain from the Euler-Maclaurin expansion (3)

that .
p2m+2 1 +a m
I (z2) = 7(2m ) /Bzm+2 ({ h })631 +2 (x)daq,

—a

for any m < ¢ and x2 # 0. Therefore, since Bay,2({z}) is bounded,
Baz)| < G2 [ (0242 o),

for m < q and x4 # 0. We distinguish two cases according to whether x5 is in a vicinity of
the origin where the singularity plays a higher role or x5 is away from the origin.
When 0 < |z2] < h we take m = p and obtain from Lemma 4 with n = (2p 4+ 2,0) that

|11 (x2)| < CLA?PH2
When |z2| > h we take m = ¢ > p and obtain from Lemma 4 that

|Il ($2)| S C2h2q+2|$2|2p72q-
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Now, since I (z2) is continuous at x2 = 0 the integral can be bounded as

a h
/ |Il ($2)|d$2 < Clh2p+2 / dxg + Cgh2q+2/ |$2|2p—2qu2
—a —h a>|za|>h (47)
h2p72q+1 _ a2p72q+1
= 2CR*PT3 4 20p20F? < Ch*PH3,

2p —2q+1

For I5(jh) we obtain exactly as above
|12(jh)| < CR*F2|jR[PP=20 = CR*PF2|5|2P20, |j] > 1.

For 7 = 0 we use the fact that I5 is continuous at * = 0. The same estimate as above then
gives
|I5(0)] = lim |I(z)| < Ch?PT2
x—0

This leads to

STIL(GR)E < [L0)h+ Y [L(jh)|h < Ch?PT3 4 CR2+3 3 20720 < Cp2rts,
JEZ [71>1 [71>1

Using this and (47) we get finally get from (45),

[ 1090x = Tals| < [ In@ldea + Y Iraih] < Ch,
D —a

JEZ

which concludes the proof of Theorem 3.

Accuracy of the corrected trapezoidal rule

The corrected trapezoidal rule consists of the punctured trapezoidal rule and a correction
operator (20). The vector of correction weights @ are defined as the solution to the system
(18)

KI(h)w(h) = c(h),

as h — 0. We assume throughout this text that the weights w(h) are well defined solutions
of this system for sufficiently small h. In two dimensions we also need to assume that the
converged values @ obtained as the limit w(h) — @ when h — 0 are well defined; in one
dimension this follows from Lemma 5. Theorem 4 gives a proof of the convergence rate
for the new quadrature rule in both one and two dimensions based on the assumption that
the modified weights are bounded. When the non-converged weights w(h) are used the
convergence rate is O (h2p+2+7+d). In the more practical case, when the converged weights
w are used, we prove that the convergence rate of the full rule depends on the convergence
rate of the weights — if this rate is fast enough for some g the overall convergence rate
is unaffected. In one dimension we furthermore show that this fast rate can be obtained
by choosing a flat enough g, see Lemma 5. Although we do not prove it, strong numeri-
cal evidence confirms that Lemma 5 and the overall rate O (h?PT2T7F4) hold also in two
dimensions.

Theorem 4. Given a function ¢ € C?1+2(R?) compactly supported and a singular function

(-1,0) x€eR,

s(x) = [x|” with {7 € ;
v = -1, x € R=.
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Consider the modified quadrature applied to f = ¢ - s written in operator form
Qplo-s]=T;)[¢ - s] + A} [9],

which corresponds to (19) with the correction operators (21) in one dimension and (20) in
two dimensions. Let g € C?2(R) be a radially symmetric function such that g(0) = 1
and 9%g(0) = 0 for k < 2p+ 1 with p < q. Moreover let w(h) be the solution of (18) for
this g. Then the approzimation error satisfies

Q1o s] = 1[g - s]| < O (W*PT2H7H 4 W Hw(h) — @) (48)

where I[¢ - s] is the analytical integral. In one dimension by using Lemma 5 the estimate

leads to
Q7 [¢-s] —I[¢ - s]| < CRPPH>H7H, (49)

Finally, if QZ is the quadrature rule where the non-converged weights w(h) are used instead
of W in the correction operator,

Q7 (¢~ s] —I[¢ - s]| < CRPPH>H7H, (50)
in both one and two dimensions.

Proof. We start by defining P,(x) as the Taylor polynomial of order 2p + 1 of ¢ at the
origin,
2p+1
x* 9%¢(0)
We furthermore define the compactly supported function ¢(x) = Py(x)g(x) which is an
approximation of ¢(x) close to x = 0. Indeed, for |k| < 2p + 2,

~ k!
P = D LRI = FPyx)| = 0*6(0),
x=0 lir=k x=0 x=0
and as a consequence
O*[p(x) = d(x)]lx—0 =0, k| < 2p+2. (52)

In order to determine the order of convergence of Q7[f] — I[f] we split

Qlo-s)~16-5) = Tio-s+ Aol ~1lo-s] G
= Ao =01+ (T = DI(¢ — ) - s] + (Qf — Do - 5]
= E1+E2+E3a

and treat these three terms separately.
To estimate E; we first note that (52) implies that, for all x € R9,

600~ )| < CIx>*2, C= sup 5 |04(600 — )] < o
IkT:e2p+2

Using also (10) and (20) we then get

|Er| = |A}[¢ — ]| < Ca(h) sup [¢(Bh) — $(BR)] < CR7+ sup |BR|*+2
BELy BeL,

< Ch2p+2+v+d’ (54)
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where we assumed that the weights w are bounded.
To bound Es we use Theorem 3 in two dimensions and Theorem 2 in one dimension,
yielding
[Ea| = (T = D¢ s — &~ s]| < CRPPTHIH, (55)
It remains to bound Fs. Using the fact that ¢ has the form ¢ = Pyg with Py defined in
(51) we have

5 ~ 2p+1 1 19260
2= Qs - 116l < Y~ | DD grg s x@) ag- s x)
lae|=0
2p+1
<C Y ITg-s-x*] —1I[g-s-x*] + Alg - x°]|. (56)
|| =0

We now want to show that the terms inside the sum in (56) are zero if a; and/or as
in @ = (a1,a2) is odd. Since g is radially symmetric, g(x1,z2) = g(x1,tas) for all
combinations of signs. The same holds for s. Therefore,

I[g - s-x%] :/g(x)s(x)xo‘dx

- / 9(X)s(Q)[£3 257 + (=) 22

2120,2220

+ it (—w2)™ + (—a) ™ (—a2)* dx

N / g(x)s(x)ai 252 [1 4 (=1)* + (1) 4 (=1)* T*2]dx,
x12>0,22>0
and this sum vanishes for oy and/or ap odd. In a similar way we obtain Tp[g - s -x*] =0

for @ and/or ay odd. In one dimension the corresponding expressions are clearly zero if «
is odd. For the operator A} in (20) we have

p la/2]

Ablg-x®]=a(h) Y Y @ > g(Bh)(Bh)*

q=0 m=0 Beg;’l

(57)
p [q/2]
WYY e 3 g
q=0 m=0 ,Beg;”

Here we used the fact that g(Bh) is constant for all 8 € G;* and we have called this constant
Cy*. Furthermore, let 8 = (81, 82). Since (£f1,+£02) € G;* if B € G,

Z g — Z BT B5% 4+ (—=P1)* 52 + BT (—F2)*2 + (—P1)* (—P2)*2

BeG Begm 4 (58)
alt (1) (21)2 4 (1) (<1)°
=>. 8 7 =0,
Begy

if aq or ag is odd. Hence, we have shown that the terms in (56) containing odd polynomials
vanish. Retaining only the even polynomials, we write the sum as

p
Bl <O Y TRlg-s- x>~ I[g- 5 - x**] + Af[g - x**]]. (59)

|| =0
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This sum is over all & € M,, as defined in (16). By (17) the first difference in the sum may
be rewritten

p [q/2]
Tlg-s-x** = 1Ilg-s- x> = —a(h) > > wit(h) > g(Bh)(Bh)**.
q=0 m=0 ﬁeg;"'

From (59), using the formula above and also the definition of A} in (20), we obtain

p [a/2]

B3| < Cla(h) Y Y > lwy(h) — @y'llg(Bh)|I(BR)*

aceM, q=0m=0
< Ch M w(h) — @
By using also (54), (55) and the split (53) the result in (48) follows. Finally, to prove (50)

we just note that if the weights are changed the estimate (54) for 4 can be done in precisely
the same way, while clearly F3 = 0. |

The estimate (49) of the Theorem is a consequence of the following Lemma 5, upon
noting that we can always find a function g(x) satisfying the assumptions of the Theorem
with ¢ > 2p+ (1+7)/2. Then O (h24T1=7=2) < O (h**2) and (60) inserted in (48) gives
(49).

Lemma 5. Let p and q be integers such that 0 < p < q and 2¢ +1 > v + 2p. Suppose
g(z) € C2H2(R) an even function with g as in Theorem 4. Then the approzimate weights
w(h) given as the solution of (18) for this g converge to @ and satisfy the error estimate

lw(h) —w| < C (KP4 p2ati=7=2p) (60)
Proof. We claim that w is given as a solution to
Kw =¢(y),

where €(v) is defined as € = (o, ..., Cn,—1) With ¢; = ¢(y+2i) and ¢(v) given in Theorem 2.
Note that since K is a Vandermonde matrix with K;; = 2j% it is non-singular, so w is well-
defined. Furthermore with the notations in Section 2 and by Theorem 2,

h'y+1+2ici(h) :/g(:L')S(iw:CQidl' — T;?[g -8 - ;L'Qi] (61)
=g(0)hTTIT2E; + O(RPPTYTIFT2E 4 p2at2),
Therefore,

lei(Rh) — Ti| < C(R2PF2 4+ R2H2-7=1=20y < Of(p20+2 4 p2a+1=7=2p), (62)

We also have by Taylor expanding I(h) around the origin and using the fact that g(z)
has 2p + 1 vanishing derivatives at the origin

[I(h) — I| < Ch**2, (63)
with I the identity matrix. The result (60) now follows since
w(h) —@| = [I(h) "' K~ e(h) - K~ 'e(v)]
=K~ (e(h) = (7)) + (I(R) ™" = DK 'e(h))| (64)
< Cle(h) = e()| + C'I(h) — 1I.
Using (62) and (63), this proves the lemma. O
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4 Numerical results

The correction weights for the quadrature rules depend on the singularity and must be
computed and tabulated for each singularity under consideration. In this section we first
discuss the computation of the weights, and then provide tabulated weights and discuss
examples in one and two dimensions.

Computing the correction weights

The vector of correction weights w(h) can be obtained as solutions to the system (18) with
the aid of a smooth and compactly supported function. How fast these weights converge to
their limiting values @ depends on the number of vanishing derivatives that the compactly
supported function has in the origin — see Lemma 5. In practice we do not choose a
compactly supported function but g(z) = e~ 171" in such way that it is properly decayed
at the boundaries of the domain. Note that for increasing values of k this function has an
increasing number of derivatives that vanish at the origin.

In one dimension the vector of converged weights w can be obtained as the solution
of (A.2), using the closed form expression of ¢(7), and we use these to measure the errors
in w(h). In Fig. 2 the convergence rate of the weights is displayed for g(z) = e=*", and
g(z) = e~ respectively. In the first case, only the first derivative vanishes at the origin
and therefore by Lemma 5 we expect a convergence order O (h2). Similarly for e~ all
the derivatives up to third order evaluate to zero at the origin and thus we expect O (h4)
convergence. The numerical tests confirm the expected orders of convergence.

']

o —w(®)l

10° 10"
h - spacing

Figure 2: Error of the weights estimation for: 00 — 6*14; o— e*IZ; dashed lines — slopes

of the expected order of convergence: O (h2); @ (h4).

In two dimensions, we do not have a direct way to obtain the converged weights and the
system (18) has to be solved as h — 0. A bottleneck in this procedure is the ill-conditioning
of the linear system; as the number of modified weights increases the reciprocal condition
number of the system reaches epsilon of the machine. The aim is to obtain the value of
the weights with double precision. Therefore the systems are solved in multiple precision
arithmetic through straight forward Gaussian elimination followed by repeated Richardson
extrapolation.

For g(x) = e~** the order of convergence of the weights is O (hzk) and a larger value of
k can be used to speed up the convergence. In Fig. 3 we show for the system (18) with p = 3
how the choice of k controls the convergence of the weights with respect to the condition
number of the system, x(A). Note that the condition number depends only weakly on
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the choice of g for a fixed h (the data points corresponding to the same h essentially line
up along vertical lines). On the horizontal axis we can follow the growth of the condition
number k(A), while on the vertical axis we can read the error in approximating the weights.
To achieve an error ||[@ — w(h)||e below a prescribed tolerance, the condition number will
be lower for a larger k, and fewer digits will be lost in the calculations. Hence, not as many
digits are needed in the multi-precision arithmetic, and the system can be solved much
faster. It can however also be seen from Fig. 3 that once we use e=1XI* the computations
for large h display a worse error than for lower exponents of the Gaussian. This is due to
the difficulty in numerically resolving the Gaussian once the exponent of e~ 1XI" increases.
This implies that it will not be feasible to increase k indefinitely and we must settle for
some intermediary value. Consequently, in practice we shall set up the system (18) for the
function ef|x|6, compute several solutions w(h) and use Richardson extrapolation as a final
step in retrieving w as given in Table 4.

Figure 3: Error in estimating the weights ||w — w(h)||s versus condition number of the
system k(A) (p = 3, two-dimensional): o — e"x‘z; * — e"x‘4; O— e"x‘o; A — e=IxI°,

Applying the quadrature rules - a one-dimensional example

In this section, we study the convergence rates of the newly developed quadrature rules
when applied to a singularity of type |z|”. We use (19) and (21) with correction weights in
2p + 1 points, obtained by solving the system (A.2). We consider two cases.

In the first case, we take f(x) = cos(z)|z|” with v = —0.8 and p = 2. We include
boundaries, but use high order boundary corrections given in [4] so that the boundaries yield
lower errors than the singularity. The expected convergence rate is O (h2p+3+7) =0 (h6'2)
and to preserve this accuracy we use boundary corrections of order O (hs). The result
agrees well with the theory, as reported in Fig. 4a.

In the second case, we take f(z) = exp~® cos(z)|z|” with v = —0.5 and p = 4. In
this case the function is essentially zero on the boundaries and no boundary correction is
needed. Theory predicts a convergence rate of O (h10'5) which holds up well, see Fig. 4b.
We also record in Table 2 the correction weights for the quadrature rule used in this case,
(p =4 and v = -0.5).
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167 10" 1
h-spacing h-spacing

(ayp=2,v=-08;0 (h8‘2); boundary correc- (b) p =4, v = —0.5; O (h10‘5); compactly sup-
tions are used ported integrand

Figure 4: Convergence tests for various singularities: o — computed accuracy; dashed line
— slope of the theoretical order of convergence.

Table 2: Weights for the quadrature rule Q¥, with p = 4 for s(z) = |z|~%°.

Discretization points Weights
j= 0 wo = 2.8436476480899424
j==1 w; = 4.4010623268195800 x 10~2
j=%2 wy = —6.2404540776693907 x 10~3
j =43 w3z = 8.1883632187304387 x 10~4
j =44 wy = —5.8320747783912244 x 104

Applying the quadrature rules — a two-dimensional example

Consider an essentially compactly supported function, e.g. ¢(z,y) = cos(x)ef(ﬁ*yz) and
evaluate
d dy. 65

/ / \/x2 + 32 (65)
On this chosen integral we test the set of quadrature rules @, with p =0,...,5, as defined
n (19). The improvement in accuracy as p increases can be observed in Fig. 5 and in Table 3
where the order of convergence obtained through numerical experiment is compared to the
theoretical one. The expected order of convergence for @ is 13. In practice even higher
order quadrature rules (p > 5) do not seem to result in better accuracy; in the asymptotic
range, round-off errors dominate in double precision.

5 Conclusion

We have constructed and also proved the accuracy of high-order quadrature rules that
handle singular functions of the type s(z) = |z|” with 4 > —1 in one dimension and v = —1
in two dimensions. The quadrature rules are based on the well-known trapezoidal rule, but
with modified weights close to the singularity. They can be applied in a straight-forward
manner by using the modified weights which have been computed and tabulated in this

paper.
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Figure 5: Accuracy results for increasing values of p (in direction of arrow) : (%) p = 0;
) p=10)p=2(V)p=3 () p=4 () p=5.

Table 3: Computed order of convergence, numerical versus theoretical — two-dimensional
case.

P Convergence order
Theoretical | Numerical

0 3 3.0040

1 5 4.9854

2 7 6.9356

3 9 8.8563

4 11 10.7476
5 13 12.6107

In the construction of the quadrature rules we used compactly supported functions to
annihilate boundary errors and accelerate the convergence of the correction weights. If
the quadrature rule is to be applied to functions that are neither periodic nor compactly
supported within the domain, it should be combined with boundary corrections for the
trapezoidal rule of sufficiently high order to exhibit the full convergence order it has been
designed to have. The correction operator associated with the singularity remains the same
whether or not boundary corrections are necessary.

The modified weights are obtained as the solution of an ill-conditioned linear system of
equations. We have described how this system is set-up and discussed its ill-conditioning.
The convergence rate of the weights depends on the flatness of the compactly supported
function used to annihilate boundary errors, 7.e. on the number of derivatives that vanish
at the singular point. We illustrate this property in numerical examples and prove mathe-
matically its validity in the one-dimensional case. With an improved convergence rate for
the weights, a larger h can be used, which to some extent alleviates the ill-conditioning
problem. To be able to compute the weights with 16 correct digits, a multi-precision library
is used. In one-dimension, we were able to find an analytical expression for the right hand
side of the system such that converged weights can be computed directly (see Appendix A).

The methodology for setting up the system for the weights can be extended also to
other singularities, e.g. the fundamental solution of the Stokes equations, [15], which is
not radially symmetric in all its tensorial components as the functions |z|?, and more
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Table 4: Modified weights for the 1/|x| singularity in two dimensions.

| a | O(h*773) || Discretization points

Modified weights |

3 Go =1{(0,0)} @)= 3.9002649200019564 x 107
1 5 G0 ={(0,0)} WY = 3.6714406096247369 x 10°
G9 = {(£1,0), (0, £1)} @ = 5.7206077594304738 x 102
2 7 Gy ={(0,0)} @) = 3.6192550095006482 x 10°
G9 = {(£1,0), (0, £1)} @ = 7.0478261675350094 x 102
1= {(£1,£1)} Wy = 6.1845239404762928 x 1073
9 = {(42,0),(0,42)} @y = —6.4103079904994854 x 103
3 9 Gy = {(0,0)} @) = 3.5956326153661837 x 10°
GY = {(%1,0),(0,+1)} oV = 7.6498210003072550 x 102
1= {(£1,£1)} Ts = 1.0726043096799093 x 10~2
9 = {(£2,0),(0,+2)} WY = —1.0861970941933728 x 102
Gh = {(£2,41), (£1,£2)} | @ = —5.6768989454035010 x 10~*
GY = {(£3,0),(0,+3)} Ty = 9.3117379008582382 x 104
4 11 Gy ={(0,0)} Wy = 3.5816901196890991 x 10°
GY = {(£1,0), (0, £1)} @ = 8.0270822919205118 x 102
1= {(£1,£1)} Wi = 1.3733352021301174 x 102
9 = {(£2,0), (0,£2)} Ty = —1.4045613458587681 x 102
Gy = {(£2,+1), (£1,+2)} | @ = —1.1741498011806794 x 10~3
GY = {(£3,0),(0,£3)} DY = 1.9899412695107586 x 10~3
2 = {(£2,+2)} W2 = 6.2476521748914537 x 1076
1= {(£3,£1), (£1,4+3)} | T} = 9.6911549656793913 x 10~°
0 — {(44,£0),(0,+4)} | @) = —1.5657382234231533 x 10~*
5 13 Gy ={(0,0)} W9 = 3.5724020676062076 x 10°
GY = {(£1,0), (0, £1)} T = 8.2931084474334645 x 102
1= {(£1,£1)} Th = 1.5807226557430198 x 102
9 = {(£2,0), (0,£2)} Ty = —1.6446295482375981 x 102
Gt = {(£2,+1), (+£1,+2)} | T = —1.6998553930113205 x 10~3
GY = {(£3,0),(0,£3)} DY = 2.9905345964354009 x 10~3
2 = {(£2,42)} @3 = 1.5896929239405025 x 10~°
1= {(£3,£1), (£1,4+3)} | T} = 2.4136953002238568 x 10—+
0 — {(44,£0),(0,+4)} | @) = —4.0746367252001358 x 10~*
G2 = {(43,42), (£2,+3)} | @2 = —8.0410642204279767 x 10~7
GY = {(44,+1), (+1,+4)} | T = —1.7655194334677572 x 1075
GO = {(£5,40),(0,£5)} | @ = 2.8620023884705339 x 10~°

complicated symmetries must be taken into account.

The integration of 1/|x| in R? as considered here, can also be viewed as an integration
of the fundamental solution of Laplace over a flat surface in R® . This relates to the
discretization of boundary integral formulations, where integrals are to be evaluated over
the boundaries of the domain, may it be an outer boundary, the surface of a scattering
object in an electromagnetic application or the surface of an immersed particle in Stokes
flow. We therefore plan to extend this work also to consider the integration of weakly
singular integrals over more general smooth surfaces.
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Appendix A Analytical expression for weights (one-dimensional
case)

For the one-dimensional case we are able to provide an analytical expression for the weights.
The weights are a solution, as a function of h, of the system (18) which reads

KI(h)w(h) = c(h). (A1)
From Lemma 5 we know that I(h) converges to the identity matrix and if we could obtain

an analytical expression, €(y) which is the limit value of the right hand side the weights
could be simply computed by solving a system independent of the discretization such as

Kw =¢(y), (A.2)

where the vector €(v) has elements (o, ...,¢n,—1) With & = ¢(y + 2i). The function ¢(v)
was first encountered in Theorem 2 and consequently shown to have the form!

o) = [ s()(1 - vfe) - o - 4%2 273:5;

-1

In Lemma A.1 below we will show that ¢(y) = —2((—+), where ( is the Riemann zeta
function. In the proof we will make use of the expansion of {() around the pole at v =1,

Theorem A.1 (Riemann zeta function). For all integers ¢ > 1 and complex values v with
Ry < 2¢q,

D=7+ a0 " 500 () By ()
where s(x) = 7.

The result in Theorem A.1 can be found for instance in [1, Formula 23.2.3, page 807].

Lemma A.1. The expression of ¢(y) corresponding to a singularity s(x) = |z|Y which
generates the right hand side to the system (A.2) has the closed form expression

where ¢ is the Riemann zeta function.

IWe use ¢ instead of ¢ + 1 here for notational simplicity.
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Using the definition (32) of W (k) we have
= 4R (2mik)” N d2q amike g
Z i ; qu x)s(x) | e x
d? 2mikx
= 2%2 (2mik)™ / (deq )) e dx
d2q 27mkz
N / (d:ch )Z 2mik) 2‘1
k0

_ ,@ / (dd; ;Jqq/)(x)s(x)) Bag({z})dz

where we used the formula for the Fourier series of By(x), 0 <z < 1. Thus,

w0 = [ st = viondn + o [ (@) Bullehas

Since Baoy(1 — ) = Bay(x) and therefore by the symmetry of all functions,

370 = [ s - v+ oo [ (o) Butianan. (49)

To evaluate the last integral in (A.3), we will now use the Euler-Maclaurin, (Theorem 1)

summation formula for the integral over [0, 1] and Theorem A.1 for the rest. We also need
that fact that since ¢(x) =1 for > 1,

=s9(1), j>o0.

N L /1 ~ 5290 (2) Byy ({2} )de

(29)!
= [ vt = 50+ > e
1 1 - BQJ 25—1
*C(*V)*ﬁ 2*;(23.), 71 (1)

-/ p(@)s(adz — () - / (@)

Together with (A.3), this shows that

c(7) = —2¢(=). (A.4)
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A highly accurate boundary treatment for
confined Stokes flow

Oana Marin, Katarina Gustavsson, Anna-Karin Tornberg
Linné FLOW Centre, KTH-CSC (NA), SE-100 44 Stockholm, Sweden

Abstract

Fluid flow phenomena in the Stokesian regime abounds in nature as well as in
microfluidic applications. Discretizations based on boundary integral formulations for
such flow problems allow for a reduction in dimensionality but have to deal with dense
matrices and the numerical evaluation of integrals with singular kernels. The focus
of this paper is the discretization of wall confinements, and specifically the numerical
treatment of flat solid boundaries (walls), for which a set of high-order quadrature
rules that accurately integrate the singular kernel of the Stokes equations are devel-
oped. Discretizing by Nystrom’s method, the accuracy of the numerical integration
determines the accuracy of the solution of the boundary integral equations, and a
higher order quadrature method yields a large gain in accuracy at negligible cost. The
structure of the resulting submatrix associated with each wall is exploited in order
to substantially reduce the memory usage. The expected convergence of the quadra-
ture rules is validated through numerical tests, and this boundary treatment is further
applied to the classical problem of a sedimenting sphere in the vicinity of solid walls.

1 Introduction

Microfluidics [6] is a growing branch of fluid mechanics which focuses on applications such
as: transport in micro-channels [12], microorganism locomotion [7], lab-on-a-chip [9], etc.
In many of these cases the flows are characterized by dominating viscous effects and a low
Reynolds number. Flows at low Reynolds number can be modeled by neglecting the inertia
terms in the Navier-Stokes equations, yielding the so-called Stokes equations, see e.g. [24].
For finite-size objects immersed in Stokes flow, the governing differential equations can be
equivalently formulated as boundary integral equations on the surfaces of the immersed
bodies or by asymptotic analysis along the centerline of a slender body [13, 29]. This
reduces the dimensionality of the problem, and is especially advantageous for discretization
of moving immersed objects since there is no volume grid that requires remeshing. For
particle motion in confined geometries, such as droplet and particle motion in channels
[17], and the suspensions of particles or fibers in wall-bounded shear flow [18], external
boundaries must also be included.

Traditionally, external solid boundaries are included in the formulation using the method
of images. The idea behind the method of images is to regard the wall as a mirror which
reflects the velocities due to point forces such that a no-slip boundary condition is satisfied
at the wall. This leads to an analytic expression of a modified fundamental solution, the
half-space Stokeslet, for one single infinite flat wall. Most popular in the literature is the
derivation by Blake [5] which has been used in many different applications, see e.g. [8, 26].
An extension of the method of images to two parallel walls has been derived by Liron and
Mochon [20] obtaining a Green’s function for a point force singularity between two parallel
walls. However, this formulation involves slowly convergent series and a further study by
Staben et al. [28] provides a different set of expressions based on rapidly convergent integrals.
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Still, these expressions are lengthy and require a large computational effort. The method
of images does not allow for other boundary conditions than the velocity equal to zero at
the walls, nor does it easily adapt to more complicated geometries. Thus extensive analytic
work is needed to address each particular problem to take into account special geometries
e.g. flow past a wall with an orifice [23] or flow due to a Stokeslet in a pipe [21].

In the present contribution we propose to use a direct numerical treatment of a flat solid
boundary/wall by discretizing its entire surface. A similar technique was employed in e.g.
[18] to study the dynamics of short fibers under the influence of such a wall. This approach
extends straight-forwardly to the problem of two parallel walls and also readily permits
the use of non-homogeneous boundary conditions. The inclusion of a wall in the boundary
integral formulation adds an integral involving the unknown force density on the boundary
convolved with the Green’s function of Stokes flow. Boundary conditions are imposed on
the velocity at the solid boundaries leading to a system to be solved for the force density
distribution. This requires the evaluation of singular integrals over the underlying surfaces.
The evaluation of such integrals usually poses difficulties in solving problems modeled using
boundary integrals.

Integral equations stated over solid boundaries can be discretized by means of either the
boundary element method [24] or Nystrom’s method [24]. The latter approach is convenient
when applied to smooth, parameterizable geometries since it is straight-forward to imple-
ment and, as we shall observe, yields under certain circumstances matrices with a specific
homogeneous structure. In the field of boundary integrals where discretized problems lead
to dense matrices it is highly advantageous to exploit a specific matrix structure in order
to reduce the memory requirements. A drawback, however, of the Nystrom method is that
it does not possess a degree of generality in treating singular kernels to high-order. Several
techniques have been developed in the framework of Nystrém’s method to numerically in-
tegrate the Stokeslet over certain surfaces, e.g. Atkinson [3] and Sidi [27] where surfaces
that can be mapped to the unit sphere are treated.

The key element of this work is the development of a set of high-order quadrature rules
for the numerical integration of the fundamental solution of Stokes flow over a flat surface.
To design such a quadrature rule we follow the approach introduced in [1, 19] and further
developed in Marin et al. [22] for the fundamental solution of the Laplace equation. The idea
is to modify the trapezoidal rule by incorporating the singular behavior of the fundamental
solution into a small number of correction weights. This modification is performed only
locally around the singularity and the number of correction weights determines the accuracy
of the new quadrature rule. The linear systems to be solved to obtain the weights are
severely ill-conditioned. This necessitates the use of high-precision arithmetics to compute
them with sufficient (i.e. machine) precision. Analytical work in one dimension combined
with numerical experiments [22] have shed light on how to accelerate the convergence of
such weights and, at least partially, alleviate this problem. Once constructed the quadrature
rules are easy to implement by using a small number of tabulated correction weights. It
should also be emphasized that, besides its simplicity, this method provides a significant
increase in accuracy at almost no extra cost since no extra unknowns are introduced. Only
a few weights in the quadrature rule are modified.

The type of setup we consider here assumes that the solid boundary is a cross section of a
computational domain bounded by periodic boundary conditions, i.e. we impose periodicity
in the wall-parallel directions. In the framework of boundary integrals periodicity is imposed
by considering that the computational box is replicated in all periodic directions yielding
an infinite sum over all periodic images. The formulas for the bi-periodic version of the
Stokeslet involving rapidly converging sums in real space and reciprocal space are given in
[25]. However, these formulas are only expanded up to expressions which can be numerically
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approximated and we have further expanded the formulas in order to obtain fully analytical
expressions.

This paper is organized as follows. First we describe and formulate mathematically a
typical physical problem that involves the present wall treatment. In Section 3 the developed
high-order quadrature method for integrating the Stokeslet over a flat surface is presented
and validated. We then discuss the techniques used to discretize and integrate the other
terms that enter the wall-sphere test case in Section 4. Furthermore, the algebraic system
obtained from the discretization of the full mathematical model is analyzed and a memory
efficient method is provided. The final Section 5 contains several numerical examples: non-
homogenous boundary conditions at the surface of the wall and the wall-sphere problem
validated against the analytical expressions for a sphere sedimenting towards one wall and
between two parallel walls. Finally conclusions are drawn and a brief outlook is given.

2 Problem description

We consider a viscous fluid in a domain D driven by a body force b. The equations governing
the motion of such a flow in the limit of low Reynolds number are the Stokes equations,
which in differential form are given as

Vp—pAu = b in D, (1)
V-u = 0,

where u is the velocity, p is the pressure and p is the viscosity of the fluid. These equations
need to be supplemented with suitable boundary conditions on dD. The domain D can be
multiply connected, however we shall distinguish between external boundaries that confine
the domain, and boundaries fully enclosed within the domain, i.e. internal boundaries.

Using a boundary integral formulation for Stokes flow, the velocity at any point xo €
D = DUJD is given by,

1
u(xg) = st Jon G(x — x0)f(x)dSx , (2)
with f being the force density distribution over the boundary dD. The fundamental solution
G will be discussed below.

First, assume that the boundary of the domain, 9D =T, is fixed in time, with a given
boundary condition u(xo) = u(xg) on I'. Eq. (2) can now be solved using u(xp) = u(xp)
with x¢ € I" to obtain the force distribution f over I'. Once the distribution of forces f is
known, the velocity can be evaluated at any point in the entire domain using (2).

Imposing a velocity field at the wall surface is common practice in numerical simulations
when it suffices to consider approximation models of e.g. walls with orifices, porous walls
or suction and blowing walls. Such a model calls for a non-zero velocity component in the
wall normal direction. However we could also assume other velocity fields, for example a
constant velocity in the wall parallel direction used in simulating two shearing plates.

In addition to the boundary I, consider now the presence of immersed solid objects in
the flow domain. The surfaces of these objects are treated as internal boundaries. The trans-
lational and rotational velocities of these objects are unknown and additional constraints
are required to close the coupled system.

Let 0D =T U S, where I' denotes the solid boundary as previously discussed, and

M
S={J Sm,
m=1
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S

'XO

Figure 1: Sketch of m = 2 immersed objects sedimenting towards a flat plate. Gravity g is
acting in the wall normal z direction. The point x( signifies a general point inside the flow
domain. (Two-dimensional sketch of a three-dimensional problem)

where S, is the surface of the m-th immersed body, see illustration in Fig. 1. Imposing the
same boundary condition on T, u(xg) = u(xo), Eq. (2) for x¢ € I" yields over 9D

% G(x — xo)fs(x)dSx +% G(x —xo)f,(x)dTx = u(x¢), x0€l', (3)

where we have now denoted by f,, the force distribution on the external boundaries or walls,
and by f; the force distribution on the solid immersed objects.

The approach taken here is to directly discretize the surface of the external boundaries
since this allows for more general geometries as well as non-homogenous boundary condi-
tions. However, for one or two flat parallel walls, the method of images could be used.
Then, the integral over the external boundaries, I, in Eq. (3) vanishes and the Greens
function in the first integral would be modified such that the velocity is zero at the walls.
However, as mentioned in the introduction, using the method of images for more than one
flat wall is computationally very expensive.

Each object performs a rigid body motion, i.e. u(x¢) = Vp, + Q,, X (x9 — x5,) for
X0 € Sm where x§, is the center of mass of the particle, and V,, and €, represent the
translational and rotational velocities, respectively. Requiring a no-slip condition on these
surfaces, and using (2) for x¢ € Sy, yields

Sn /G x — x)fs (x)dSx +—/fox0 w(X)dlx = Vi, + Qpy X (x0 — X1,) . (4)
h

The additional constraints that we need to impose to close the system are that the integrated
force and torque over each body equal the externally applied force and torque, i.e.

/ fs(x)dSx = Fon, / (x — %) X f5(x)dSx = Ly, . (5)
Sm S

m

If there is a density difference Ap between the solid objects and the surrounding fluid,
F,, = ApV,.gey, where V,,, is the volume of body m, ¢ is the gravitational constant,
assuming that gravity is acting in the e, direction. Also when there is no externally applied
torque then L,, = 0.

The system of Eqs. (3)-(5), is solved for the force distributions f; and f,, and velocities
V,, and Q,,, m = 1,..., M. Introducing an orthonormal frame {b}, b2, b3 } fixed to
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each body, the rigid body rotation of each body can be evaluated by updating this frame
together with the location of the center of mass, i.e.

dx¢ db’ ,
m AV m Q bJ 1 =1.2
dz — Vm, dr =884y X Dy, 7= 1, 537 (6)

form=1,..., M.

Physical problem under consideration

We will consider domains that are periodic in the x and y direction, with periodic lengths
L, and L,, respectively. The periodicity is incorporated into the tensor G, which is the
fundamental solution of the Stokes equations. The periodic Stokeslet G can be decomposed
into two parts; a free-space contribution and a periodic remainder as

G(%x) = Go(x) + G, (%) , (7)

R I X®X (Sij f.f']
Gol®) =+ Tap -

i,j=1,2,3. (8)

where §;; is the Kronecker delta and X = x — xg. A detailed description of the periodic
Stokeslet will be given in Section 2.

The external boundary I' is taken to be a flat wall at a given z-coordinate, or two
parallel flat walls at different z-coordinates. In the numerical examples considered in this
manuscript we have one immersed body, namely a sphere. It should, however, be clear from
the above how multiple objects can be included into the formulation.

When considering a wall-sphere system, we will non-dimensionalize the equations by
taking the characteristic length as the radius, r, of the sphere and the characteristic velocity

U — ApVyg

Smpr

This allows us to restate the problem in non-dimensional form, and we will now have
(dropping the subscript m since there is only one immersed body),

/SG(X —x0)fs(x)dSx + /r Gx—x0)f,(x)dl'x =0, xp€T, (9)
where we have assumed u =0 on I', and
/SG(X —x0)fs(x)dSx + /F G(x—x0)f,(x)dTx =V +Q x (xg —x°), x0€S5, (10)
where F = e, in (5) in this non-dimensional form.

Periodic Boundary conditions

Consider the computational box periodic in = and y with periodic lengths L,, L, and free-
space in the z direction. For any box p1, p2 € Z which is a periodic replication of the original
computational domain of size L, x L, the origin translates into

P= pléle +p2é2Ly R (11)
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where é; and é; are the unit vectors in the z and y direction, respectively. Assume a
point force located at xq, then the periodic image of this point in the box pi,ps is given
by X, = xo + p. If we intend to compute at a point x the influence of a point force at xq
in the domain we need to evaluate the Stokeslet (8) as a function of the relative position
X = x—xg. Summing up all the contributions from the Stokeslet (8) and its periodic images

we obtain
Z Go(x+p) -
P1,p2€Z

This sum should define the periodic Stokeslet. A direct summation of this sum is however
not possible since the free-space Stokeslet G decays as 1/r and thus the sum is divergent,
see [25]. To make the sum convergent, we assume that all external forces are balanced by
a mean pressure gradient.

With this, one can restate the sum as a sum in Fourier space which is convergent, but
that converges too slowly for practical purposes. Following the ideas introduced by Ewald in
electrostatics [10], Hasimoto [15] was first to derive a decomposition of the periodic Stokeslet
in two parts: one sum in real space, including near interactions, and one in Fourier space for
the smooth long-range interactions. Here, both sums decay rapidly, and the relative decay
of the two sums is controlled by a decomposition parameter. The derivation by Hasimoto
was developed for a triply periodic domain in three dimensions.

Pozrikidis [25] has derived a decomposition also for a doubly periodic domain in three
dimensions. His decomposition is based on an approach introduced by Beenakker for triply
periodic domains [4]. In this derivation, the free space Stokeslet is expressed as Go(x) =
(IV? — VV)|x|. Now, decompose Gg into two parts

Go(x) = T(x) + ®(x) , (12)

where

o 00 = v o (R

Here, YT contains the singularity at x = 0 and decays rapidly as |x| increases, while ®
contains the smooth long-range part. The sum over ® in real space is converted into a sum
in Fourier space. Here, the decomposition parameter ¢ is an arbitrary positive constant
with dimension of an inverse length which will eventually control the convergence speed of
the emerging sums.

With this, the summation over the Stokeslet becomes

Y Gok+p)= Y. YE+p+ > dEk). (13)

p1,p2€7Z p1,p2€Z k1,k2€7Z

Assuming % € [-L,/2,L,/2) x [-L,/2,L,/2) x R let us denote

S,(%)= Y, Y&E+p)—Go(X) =YK —GoX)+ > 6 YE+p).
p1,p2€Z p1,p2 € Z
Ip| #0

The term Y (%) — Go(X) has a finite limit at X = 0, and S, is a smooth function of X.
Furthermore, introduce

Sr(x k)= > @k,

k1,k2€Z

and define G, (%) = S, (X)+Sp (%) where G, (X) is the smooth periodic remainder as in (7).
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In [25] the doubly periodic Stokeslet is derived using a pure Fourier expansion. In order
to obtain a well-defined solution, an assumption stating that the pressure gradient balances
the external forces across any plane in the periodic directions is used. This assumption is im-
plemented by omitting the zero wave number from the Fourier expansion. As a consequence,
the solution will suffer from discontinuities in the derivatives of the velocity. To obtain a
Green’s function with a continuous stress field, Pozrikidis, [25] suggests a regularization of
the periodic Stokeslet which in our case yields a modified periodic remainder,

47

iz 14

Gp(X) = S (%) +Sp(X) —

where T = diag(1,1,0).

The detailed expressions for the sums S,.(X) and Sg(%X,k) are given in Appendix B.
In the original reference of Pozrikidis [25], numerical differentiation with respect to the
calculations of certain derivatives in the detailed expressions is advocated. In order to
avoid unnecessary numerical errors we have derived the analytical expressions, as given in
Appendix B.

Since the regularization factor in (14) vanishes at the wall surface and the zero wave
number is omitted we obtain for the integral over the wall

/Gij(xfxo)dfx:(), Vi,j=1,...,3, xo€l. (15)
r
Furthermore Eq. (15) now yields

[ Gotxe—xa) (0 +are = [ Gyl xfi(re, xo €T
r r

This shows that if f,, satisfies Eq. (3) so does f,, + C, due to the fact that any constant
vector is in the null-space of the integral operator. Hence f,, will be determined only up to
a constant. To remove this ambiguity we require

/fgj(x)dl"xzo, j=1,...,3, (16)
T

which corresponds to a zero average force over the surface of the wall. This extra condition
will be imposed as a Lagrangian multiplier as will be further discussed in Section 4. Omitting
the condition (16) yields a singular algebraic system.

However if we add to the physical problem a second wall I's parallel to I'y the extra
condition (16) can be weakened. Due to the mutual influence of the two walls the com-
ponents of the force distribution acting in the wall parallel direction are now determined.
This is given by the fact that the regularization term, (14), adds non-zero components to
the coupling terms between the two walls in the two periodic directions. In this case the
condition (16) reduces to

[ #ar=0. -1z, a7)
r;
where 7 denotes either of the walls I'; or I's.

3 A high-order quadrature rule for the Stokeslet

The central contribution of the present work is the development of a high-order quadrature
rule to handle the integration of the singular kernel of the Stokes equations over a flat
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surface I', more specifically to evaluate an integral of the type
/ Goﬁij(x — xo)fj(x)de y ’L,j = 1, ceey 3 y Xo € F, (18)
r

where Gy is the free-space Stokeslet defined as in (8), and f is some smooth distribution of
forces. The kernel Gy in Eq. (18) is singular at x = xg, but the integral is well defined.
This is a two-dimensional integral in x;, x2 and the x3 component in the argument of the
Stokeslet is zero.

Here, we will develop a class of corrected trapezoidal rules of high orders to evaluate this
integral. These quadrature rules use a uniform distribution of quadrature points over the
plane, just as the trapezoidal rule, where the weights coincide with the regular trapezoidal
rule in all but a small neighborhood around the singularity. We will only be concerned with
with quadrature errors due to the singularity. The numerical integration of the smooth
periodic remainder G, in (7) is done by the regular trapezoidal rule. The sum G = Go+G,,
yields a periodic function and boundary errors for the trapezoidal rule decay exponentially
fast.

Let us call Q) a quadrature rule given by the parameter p. The superscript p controls
the accuracy of the method and is determined by the number of modified weights. We show
numerically that the quadrature rule Q7 has O(h?*+3) accuracy, a theoretical analysis is to
be found in [22].

Constructing the quadrature rules

In [22] a high-order method for the numerical integration of a singularity of type 1/|x],
x € R? was developed. We will here apply the same guiding principles in order to develop
a similar quadrature rule for the integration of the Stokeslet. The main idea used in [22] to
design a quadrature rule that integrates f(x)s(x), with s(x) = 1/|x| and f(x) a sufficiently
smooth function is to define the punctured trapezoidal rule rule as the regular trapezoidal
rule excluding the point |x| = 0 where the function is singular. This modified trapezoidal
rule is well-defined but only first order accurate. This loss of accuracy can be recovered
by modifying the quadrature weights locally around the singularity. Hence we seek to find
correction weights wg in discretization points B only in a close vicinity of the isolated
singularity of s(x). In this region which includes the singular point |x| = 0, we will have a
local correction of the type

> waf(Bh) , (19)
B

where h is the grid size taken constant in all directions. This correction is to be added to
the punctured trapezoidal rule. The modified weights of the correction operator depend on
the specific singularity.

Although the singularity of the Stokeslet Gy is of the same order as 1/|x| we cannot
directly apply the quadrature rule developed for 1/|x| in [22]. Consider the Stokeslet (8)
with the singular part factored out as follows

N 1 T X5 i (X L.
<mmw=gﬂ%+—4)=%() 1,23 (20)

%[? %[
We note that the function ¢;; is O(1), but the limit ¢;; as [%| — 0 is not unique, i.e.

=t |)A(—|2]:£ij(97(p)a ’55.7:1""’37 (21)

X—X0
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where (6, ¢) denotes the angles with which we approach the singularity. Due to this non-
uniqueness of the limit we cannot factor out ¢;;(%X) and hence cannot use the quadrature
rule as given in [22].

We will, however, follow the same basic idea as in [22] and develop a quadrature rule for
the integration of s(X) = ¢;;(X)/|%X| in the zz2-plane based on the punctured trapezoidal
rule and an added local modification. The new quadrature rule designed for ¢;;(%)/|%],
where X = x — xp, will be independent of the shift xg, therefore in the remaining of the
text we shall assume for simplicity that xg = 0. Since we now need to embed also ¢;; into
the modified weights the local modification will be different for different components of the
Stokeslet. Thus for each component of the Stokeslet we have a new set of quadrature rules.

Since we treat a three-dimensional problem where any point on the flat plate is given
as x = (v1,22,0) we can reduce the treatment to x = (21, z2) € R? without any loss of
information. As we evaluate the Stokeslet for the 3 component equal to 0 we distinguish
three classes of kernels according to which components of the Stokeslet ¢;;(x) in (20) refers
to

2
i) ¢ii(x) =1+ ;ﬁ, with ¢ = 1,2 representing the diagonal terms of the Stokeslet,

ii) ¢5(x) = TTQ , with ¢ # j = 1,2 representing the off-diagonal terms of the Stokeslet,

ili) ¢33(x) = 1, representing the diagonal term of the Stokeslet which belongs to the wall
normal component.

The remaining components ¢;3 = ¢3; for i = 1,2 evaluate to zero. For ¢33(x) = 1, case
iii) above, the quadrature rule developed for 1/|x| in [22] applies without any modification.
Therefore we shall focus on the first two categories of kernels and refer to case iii) 1/|x]| to
exemplify the concepts.

The quadrature rule designed here will be applicable to any integrand s(x)f(x) with
s(x) = ¢i;(x)/|x| and f(x) sufficiently smooth. Consider now the Taylor expansion of the
function f(x) which represents f(x) as a sum of high-order monomials that multiply the
high-order derivatives of the function in the expansion point. To obtain a higher-order
quadrature rule we need to require that it integrates exactly products of s(x) and all the
monomials up to a certain order, more precisely that the quadrature rule is exact for each
s(x)x®, where « is the degree of the monomial.

In designing the quadrature rule special attention must be given to errors originating
from elsewhere in the domain that may hinder a fast, accurate computation of the correction
weights. It is known from the Euler-Maclaurin expansion that the order of accuracy of the
trapezoidal rule is directly linked to the number of high-order derivatives of the integrand
which cancel at the boundaries, see [22] for further details. A complete such cancellation
at the boundaries occurs for integrands that are either periodic or compactly supported
functions. If we choose a compactly supported function, call it g(x), we can isolate the
numerical errors arising from the singularity of s(x) from boundary errors by requesting
that the quadrature rule is exact for s(x)g(x)x® instead of s(x)x*. We shall see that the
correction weights obtained through this procedure are ultimately independent of the choice
of g.

As a first step we approximate the integral (18) by the punctured trapezoidal rule, T},
where the singular point, x = 0, is skipped in the summation

/Ds< X)g()dx ~ Tos - g] = 3 h2s(Bh)g(Bh)

18170
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Here, the integral is over a flat plate, and so x € R2. To first construct a quadrature rule
that is exact for s(x)g(x)x® with a = 0, we make the simplest possible modification and
introduce a correction weight at the origin, wy(h). We now require that

/D s(x)g(x)dz = T[s - g] + huo(R)g(0) - (22)

Here the compactly supported g(x) is introduced to annihilate boundary errors, and g(0) =
1. The weight wo(h) depends on g and h according to

nlh) = s ([ st~ 78051 (23)
and wy(h) = wp as h — 0. Once the weight has converged it is independent of the grid
resolution and also of the function g. How fast the the weight converges depends on the
flatness of g at the singularity, see the discussion in [22] and also in Section 3. With a
converged weight wy we can define the quadrature rule that integrates s(x)f(x), where
f(x) is any smooth function, as

Qhls - f1=T}ls - f] + hwof(0) . (24)

This yields a third order accurate quadrature rule and we shall discuss the specifics for each
of the cases i) diagonal and ii) off-diagonal terms in the next sections.

The quadrature rule Q) will be designed requiring that it integrates s(x)g(x)x* exactly
for all || such that |a| < p. The monomials which are such that the integral of s(x)x*g(x)
vanishes will be automatically integrated exactly as certain symmetries are preserved by
the quadrature rule. These monomials will not be explicitly enforced. Denote the sets
of exponents o of the monomials whose exact integration are enforced by Mgy, ¢ < p.
Furthermore, the sets of discrete points, B, in which we define correction weights will be
denoted by G;", with m < g and ¢ < p. We construct each set ;" such that

s(Bh) = s(B'h) VBB € Gy . (25)

Hence the symmetries of the singularity are important in this construction. To each set
g;n, there will be one associated weight w;”.

Since the singular part of s(x), namely 1/|x| is radially symmetric we also require that
g(x) shares the same property. The computation of the weights can be expedited by choosing
g(x) to be flat around the origin, i.e. have a number of vanishing derivatives at the origin
as will be explained in Section 3.

In analogy with (22) we now define the weights w;" as the solution to the linear system
of equations for all « € Mg, g <p,

[ stoxgax = 1fls x g 1Y S WP ERgB . (20
q,m Begm
The higher order quadrature rule will be of the form
Qhls- fl=TJls- fl+ AL f (27)

where the correction operator is given as

Apf=nYwit > f(Bh) . (28)

m,q Begm



A highly accurate boundary treatment for confined Stokes flow 11

For the function s(x) = 1/|x| all points that lie at the same distance from the origin satisfy
(25) and we can choose G, to be the set of such points. Since integrands given by odd
monomials have vanishing integrals we take monomials of exponent 2. At a certain ¢-
level we should consider all monomials with || = q. We observe that in this case it is
enough to take a monomial of exponent (a1, ) since this gives the same computed weight
as a monomial of order (as,ay). Details about the quadrature rule can be found in [22],
here we provide only the computed weights and corresponding sets in Table A.1. In the
following we focus on the different forms the integrand ¢;;(x)/|x| may take. Since we study
separately specific combinations of the indices i, j we drop the subscript of the function ¢
in the subsequent analysis.

Table 1: Table of sets for the diagonal components of the Stokeslet for different values of
¢, with ¢ < p = 4. For a quadrature rule @7, all sets with ¢ < p will be included. Order
of accuracy is O(h**3). Here we consider the diagonal terms ¢(x) = 1 + 2% /[x|?, for the
terms ¢(x) = 1+ x3/|x|* the weights and sets G;* will be swapped.

q m a x2 g Associated
weight wy"
0 9 1 (070) wg
1 , x3 (£1,0) Wy
: @3 | (0,£1) w)
2 0) | 21 | (£2,0) wj
A1) | afad | (£1,£1) w;
) a3 (0,£2) w3
3 ’ :C(li (i37 0) wg

0 ] (0,0)

0 | (1,0)

1| (0,1)

0 (2,0

1| (1,1)

2 | (0.2)

0 | (3,0)

1| (1,2) | 2323 | (£1,£2) wi

2 | (2,1) | ofzd | (£2,%1) w3

31(0,3) | a8 (0,+£3) w3
4 0] (40) ] 2% (+4,0) wy

1| (1,3) | 23§ | (£1,£3) wi

2 | (2,2) | ofzd | (£2,%2) w2

31 (3,1) | 2823 | (£3,%1) w3

4] (04) ] 28 | (0,%4) Wi
5 0| (5,0 | zf° (£5,0) w?

1| (1,4) | 2228 | (£1,44) wi

2 | (2,3) | 22§ | (£2,43) w?

3| (3.2) | abad | (£3,+2) w3

41 (41) | 2328 | (£1,44) wa

5 1 (0,5) | i° (0,£5) w3

Diagonal terms

The integrand s(x) = ¢(x)/|x| does not have the same symmetry properties when ¢(x) #
1 as discussed for s(x) = 1/|x|. Therefore we proceed by analyzing the integrand that
corresponds to the diagonal terms of the Stokeslet, namely ¢(x)/|x| where

qﬁ(x):l—l—x—%.

Ix|?
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The term ¢(x) = 1 + x3/|x|? exhibits a similar behavior with the sole difference that the
system of coordinates is swapped. Note that ¢(x) is symmetric with respect to sign changes
but not with respect to index permutations

¢(/81h5/62h) 7é ¢(/82h’5/61h) )
P(EB1h, £B2h) = ¢(Bih,Bah) .

This implies that we need to distinguish between points (51, 82) and (52, 81). Consequently
we now need to design the quadrature rule to be exact for both monomials of exponent
generated by (a1, as) and (ag,aq). More precisely we enforce monomials of exponent 2a
with @ = (¢ —m, m) over sets given as

G, =1{B¢ 7* st. B=(x(qg—m),£m)}.

We define the sets
Mq: U{(quvm)}v Eq: ng]n

m<gq m<gq

With these sets we compute the modified weights to obtain a quadrature rule of O(h?P*3).
In Fig. 2a we illustrate in which points Bh we modify the weights while in Table 1 we have
a description of the sets of points versus the monomials that have to be enforced for an
increase in accuracy given by p. The values obtained for the weights are all gathered in
Table A.2 in Appendix A.

(a) Sets Gyt for Go,ii with i < 3 (b) Sets Gyt for Go,ij with i #j <3
Figure 2: Sets of points, G;" surrounding the origin: solid/dashed line connect points

belonging to the same set G;", markers of the same type denote all points needed for an

increase in accuracy (sets G;* for all m).

The quadrature rule for diagonal terms will then be the same as in (27) with the cor-

rection operator
p q
APF=h> > wl > f(Bh). (29)

q=0 m=0 ,Beg;”

Whether ¢(x) = 1+ 2?/|x|? or ¢(x) = 1+ 23/|x|*> we will obtain the same weights
mirrored with respect to the x; or zo axis. The weight that corresponds to (81, f2) computed
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for ¢(x) = x%/|x|*> by enforcing the monomial 23 has the same magnitude as the one for
#(x) = 23/|x|? in (B2, B1). Therefore it is enough to compute one set of such weights and
have the corresponding ones by mirroring.

Off-diagonal terms

Regarding integrands given as ¢(x)/|x| where ¢(x) = T;T; we notice that no correction is
required in order to devise a quadrature rule of O(h?), this being automatically satisfied.
The integrand is an odd function to be integrated over a symmetric domain which leads to
a vanishing integral. Furthermore sets of points where either component z; or x5 evaluates
to zero will not be associated with any corrected weight, since the kernel evaluates to zero
in such points.

In order to find the sets over which we have the same weight we note that

¢(ﬂ1hvﬂ2h) = ¢(/82h’5 /Blh) )

but the integrand is not invariant to sign permutations unless the permutation occurs for
both spatial variables, i.e.,

¢(B1h, Boh) = ¢(—p1h, —B2h) .

This means that if we embed the kernel into the weights we have the same magnitude of the
weight for a certain set of points 51, S2 but different signs according to whether 5185 > 0
or 3182 < 0. With this knowledge we make the assumption that all weights corresponding
to coordinates generated by (1, B2 in the four quadrants of the Cartesian grid are equal in
magnitude but of sign given by the product f152. This assumption simplifies the process
of computing the weights.

The sets of discretization points have now for a given p the expression

Gy ={BeZ® st B=(t(g—m+1),+m)}.

and

M= U f@my, = U ar.

m<[(¢+1)/2] m<[(¢+1)/2]

Fig. 2b offers a graphical representation of the sets over which the quadrature rule will
be modified. In Table 2 we have listed explicitly the sets G;" and the associated monomials
M,. Note that the monomials that have to be enforced over sets g;n are of exponent
2ac— (1,1). This is justified by the fact that we already have a monomial z1 22 incorporated
in the integrand. The computed weights can be found in Table A.4. With these weights
the correction operator gives a quadrature rule of O(h?PF3).

The quadrature rule for the off-diagonal terms is the same as (27) with the correction
operator

p [(g+1)/2]
APf=n>" Y wpt Y sen(Bifa)f(Bh) . (30)
g=1 m=1 Begm

Computing the weights

To retrieve the corrected weights for the quadrature rule a system as (26) has to be solved.
Such a system is severely ill-conditioned. As we decrease h to obtain the weights w;" to
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Table 2: Sets of discretization points G;" for the off-diagonal components of the Stokeslet
for different values of ¢ < p = 5. For a quadrature rule @, all sets with ¢ < p will be
included, the order of accuracy is O(h?+3).

qg m a x2a—(1.1) Gr Associated
weight wi"
1 1] (1,1 T1T2 (£1,+£1) wil
2 1] (21) 320 (£2,£1), (£1,+£2) wl
321 (22) 33 (£2,£2) w32
1] (3,1) 3o (£3,+1), (£1,+3) wi
4 21 (32) ] (£3,42), (£2,+3) w3
1| (4,1) 2] zo (£4, 1), (£1,+4) wi
5 3| (33) x5a3 (£3,+3), (£3,+3) w3
2 | (4,2) zia3 (4, £2), (£2,+4) w?
1| (5,1) 2o (£5,4+1), (£1,+5) wi

double precision the condition number increases to such extent that the errors due to ill-
conditioning are larger than the gain from the fine resolution. To circumvent this issue we
will compute the weights by using a multi-precision library. The choice of the function g can
speed up the convergence of the weights. The function g(x) = e~ IXI™ ig radially symmetric
and although it is not compactly supported it decays fast enough to be considered as such
in numerical computations. For the chosen g(x) = e~**" the order of convergence of
the weights will be O(h?¥). Hence a larger value for k leads to faster convergence of the
weights. However a too large value of the parameter k gives a function g which transitions
from the value of 1 to zero more rapidly. This implies that higher resolution is needed to
obtain a reliable numerical approximation using the trapezoidal rule. Therefore we choose
in computations an intermediate value for the parameter k, namely k£ = 3. Nonetheless it
is still necessary to solve the system (26) in multi-precision arithmetic but the weights can
be obtained by using a reasonably large grid resolution, thus a less ill-conditioned system.

Validation of the quadrature rule

To asses the accuracy of the developed quadrature rule Q) we apply it to
Lixo) = [ Gube—xa)fi0dle, T=[-L1x [-11, x=0, (1)
r

with £ = (cos(2mz) 4+ cos(4my), cos(dmx) cos(2my), cos(2mx)) and G as defined in (7). Note
that we have chosen a periodic function in order to eliminate boundary errors such that we
can observe the high-order treatment of the singularity.

In Fig. 3 we present the convergence rate of a set of quadrature rules Q} withp =0,...,4.
We illustrate only the accuracy of the method as applied to the first component of the above
integral, the other components behave in the same manner and the convergence rate for
these terms is not displayed here. The expected convergence order is O(h*?*3) and the
figure shows the predicted order of accuracy.
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167 ] 16*
h - spacing

Figure 3: Accuracy results for increasing values of the parameter p: ¢ (p =0), O (p = 1),
*(p=2),0(p=3), A (p=4), * (p=>5). The convergence order is O(h?**3). The study
is performed for the first component, I, in (31).

4 Discretization of the boundary integral equations

In this section we will discuss how to discretize the boundary integral equations given in
Section 2, first for the system with only one or two walls and then for the coupled wall-
sphere problem. The discretization is performed in the framework of Nystrém’s method.
For the numerical integration, throughout all the examples illustrated here, we use the
trapezoidal rule and modifications of the trapezoidal rule that correct for boundary errors
and singularities.

Numerical treatment of the wall surface

The wall is discretized on a uniform grid in « € [-L,/2,L,/2) and y € [-L,/2, L, /2) with
the same resolution, h,, in both spatial directions, where L, L, represent the periodic
lengths. We omit the last point in the discretization due to the periodic boundary conditions
and ultimately have N,, = N, N, discretization points over the wall.

Denote by

X [fu] = /FG(X —x0)fy (x)dTy,
= /rGO(X — x0)f,(x)dTx + /r Gp(x —x0)f,(x)dI'x, xo €T . (32)

The first integral containing the free space Stokeslet 8 will be evaluated using the quadra-
ture rule @} described in Section 3 for all discrete points x¢ in the uniform grid. The
quadrature rule will now be centered at the singular points x = xo. However it will have
the same weights for any xq since the quadrature rule is invariant to shifts over the periodic
domain. The superscript p determines the accuracy of the method when applied to each
component of the tensor Go;fJ with 4,5 = 1,...,3. In the following examples we will
consider p = 4, i.e. the O(h'!) quadrature rule. The full periodic Stokeslet Go + G, is
evaluated over a whole period which means that applying the trapezoidal rule will yield, be-
sides the errors arising from the local integration of the singularity, exponentially decaying
boundary errors.

Assume that the unknown discrete three-dimensional distribution of forces over the wall
surface £y, (x,y;) where k = 1,2,...N,, and | = 1,2,...N,, has a corresponding discrete
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vector fo, = [fL, f2, f2]. In f,, the unknowns are ordered as

ful) = [fv})(xlayl)a'"fv};(xlayNy)a'"ful)(‘rNI’yl)a"'f&)(‘erayNy)]

and similar for f2 and f2. With this ordering the discrete system arising from the integral
operator (32) takes the form I, fu,, where I, is an 3N, x 3N,, matrix whose structure
will be discussed in Section 4.

The fact that the forces f,, are determined only up to a constant, as discussed in Sec-
tion 2, implies in algebraic terms that the matrix, I,,,, is singular. It is possible to impose
the condition (16) on a full but singular system by including it as a Lagrangian multiplier.
This means that we consider an extra variable A which enforces (16). In a discrete setting
we write the integral given by (16) as Cy, f,, = 0, with C,, being the discrete integral opera-
tor (given by the trapezoidal rule which is spectrally accurate for a periodic domain). Now
reconsider (2), with the wall being the only boundary, and rewrite the discrete system by
imposing the constraint (16) as

Iwwfw +)\CZ; =0 )
waw =0.

This modification is still necessary as the system is extended to the coupled wall-sphere
problem.

Low storage implementation

The numerical simulation of a physical problem stated in terms of boundary integrals re-
quires solely the discretization of the relevant boundaries. Consequently the number of
unknowns in a boundary integral formulation is smaller compared to other approaches (fi-
nite difference methods, finite element methods). However the matrices corresponding to
the discrete algebraic system are dense and as such they need significant amounts of mem-
ory to be stored. Since we assume the wall to be non-deformable its position is not time
dependent. Therefore we seek to exploit the structure of the underlying wall matrix, Iy,
in order to minimize the memory usage.

Let us analyze the integral operator IX9[f,] defined in (32) which generates, for all
xo € I', the matrix I,.,. Since Gj; is a second order symmetric tensor, G;; = Gj; with
i,7 =1,...,3, we have six distinct blocks that generate the matrix I,,,, which will be block
symmetric. Furthermore recall that the plane I' spans the whole periodic box thus we
integrate a periodic integrand over a whole period and

/Gij(x —Xo)drx - / Gij(X —io)dl—‘x , v Xo,fo S F, i,j - 1,...,3 . (33)
r r

It is therefore enough to discretize the integral operator I79 which applies to f,, for a given
Xg, say xo = 0, and all other evaluations at points xo # 0 will yield the same result. The
emerging matrix block I,,,, permutes its elements cyclically as xg browses the whole plane
in a predetermined order. More specifically as xg changes its position the corresponding
row in the matrix I,,,, will be a permutation of the previous one as will be further described.
The special structure of the matrix Iy, i.e. block-Toeplitz-symmetric with circulant sub-
blocks, implies that the matrix is determined by only three columns. In Fig. 4 we sketch
the structure of the matrix by zooming in into one block B although this also holds for all
other blocks in the full matrix. In practice this has a great impact on the efficient storage
problem since we need to load into memory only the generating vectors and compute each
new matrix entry on-site by using the known structure of .
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Symmetric
Toeplitz
A B C Circulant
Bs | By | Bs
By1|Byo|Bas
B A B By | B3 | By By3|By1| By
B | B, | B, Bys|Bys|Bay
C B A

Figure 4: Matrix structure — Block Toeplitz Symmetric with Circulant sub-blocks. The
matrix can be regarded as having an hierarchical structure. At the first level the matrix
is symmetric, at the second level the blocks have Toeplitz sub-blocks and ultimately each
sub-block is a circulant matrix.

Modeling the wall by using only the single layer formulation, more specifically by de-
scribing the velocity at the wall solely in terms of the Stokeslet, yields an ill-conditioned
problem. The conditioning of the problem does not pose many difficulties in practice since
due to the high-order quadrature we can achieve the desired accuracy without too many dis-
crete points over the wall. However we shall briefly discuss the conditioning of the problem
and practical approaches.

From Section 2 we know that the block matrix I,,,, does not have full rank and to close
the system we add the extra conditions (16), thus yielding an extended full rank matrix. It
is worth noting that the full-rank of the discrete matrix I,,,, can be easily restored. To do
so we are allowed to add the conditions (16) to the integral operator I3, [f,,] over the wall.
The new modified operator 1%, [f,]

/G(x — x0)f, (x)dlx + / f,(x)dTx . (34)
r r

leads to a full rank matrix I,,,. This is mathematically equivalent to the original formu-
lation since it is coupled to the constraint that the integral over the forces evaluates to
zero. It can be numerically observed that the new block fww has now a condition number
n(fww) ~ 2v/N,. This condition number does not pose problems since we can achieve
a small numerical error by using a high-order quadrature rule. We have also found that
the special structure of the matrix I, is preserved under inversion. Therefore the inverse
matrix of I, can be easily computed by solving three algebraic systems

Iwwci:€i; izlva+172Nw+1a (35)

that will return the generating columns ¢; of the inverse I;L. The right-hand side e; is the
base vector which is null everywhere except at ¢. It has been chosen such that we compute
a generating column for each matrix sub-block that corresponds to an element of the tensor
Gij, 1,5 = 1,...,3. Since Ty does not require evaluation in each time step, neither does
I} which implies that the same efficient storage treatment can be used. In the present
context we have used the inverse of the wall matrix ;L to reduce the system and solve it

using the Schur complement, see [16].
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Wall-body coupling

In order to treat numerically the wall-sphere problem we need to discretize and solve the
complete system given by (9) when xg € I" and (10) for xg € S, together with the constraints
(5) and (16).

Similar to the definition in (32), the integral operators will be denoted by I, followed by
a subscript which specifies the location of the pole xy and a second subscript that designates
the domain of integration. Previously, we had IX9 [f,] as defined in (32), now we introduce
also I*0[fs] which is the second integral term in (9) where the pole x¢ is on the wall and
the integration is performed over the sphere. With the same type of notation the Eq. (5)
involves the terms IX°[f,] and IX9[f,]. Hence, IX0 [f,] and I}0[fs] have singular integrands.

The evaluation of the operator IX9 [f,] has already been discussed in Section 3. For
the operator IX9[f,,], where the integrand is non-singular, a regular trapezoidal rule can be
applied. This is a spectrally accurate quadrature rule since the domain is periodic.

The discretization of the sphere will be performed in spherical coordinates ¢, 6, where
6 € [0,7], ¢ € [0,27), with a spacing of Ay, Ag giving a total of Ny = N, Ny discretization
points on the sphere surface.

To treat the singularity in IX°[fs], we rewrite the integral containing the free-space
Stokeslet Gg using the singularity subtraction method, [24],

/ Go(x — x0)f5(x)dSx :/ Go(x — x0)(fs(x) — f5(x0))dSx
S S (36)
+ fs(XQ) /S Go(X — Xo)de .

The singular part has been isolated and the first term of the right-hand side is regular
and can be evaluated numerically. To this term we apply the trapezoidal rule in spherical
coordinates yielding second-order accuracy. The second term can be evaluated analytically,
and equals (167r/3)I, with I being the identity matrix. This integral is invariant to the
relative position of xg since we can always remap the coordinate system by using a House-
holder transform as in [3]. The smooth periodic remainder does not pose any numerical
difficulties, and it is integrated by using the standard trapezoidal rule.

The integral IX¢[f;] for poles x¢ on the wall does not contain any singularities. Applying
a standard trapezoidal rule will yield second order accuracy, since the integrand is not
periodic in the € direction. The accuracy in this direction will hence be improved by using
boundary corrections as in [2]. A boundary corrected trapezoidal rule of O(h*) requires
k — 1 modified weights at each integration boundary and is of the type

k—1

b
/ fdz = TEE) = T(f) + 2 Y wilf(a+ G- DAY+ fFo— G- DR, (37)

i=1

where T},(f) is the regular trapezoidal rule and w; are modified coefficients tabulated as in
[2]. Here we choose a quadrature rule that is O(A}) accurate. This modified quadrature
rule falls within the same category as the modified quadrature rule that we have developed
for the Stokeslet and leads to a high-order numerical integration with almost no extra cost,
since it involves only the adjustment of a few weights.

Advection of the immersed body

Once the full system given by equations (9-10) is solved and the velocities V, € are known
the sphere can be advected according to (6). This is an ordinary differential equation which
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is solved by employing a standard second order multi-step scheme

n+1 n n—1
3P —4Ax] 4 x7

=2V" - V"l n>1
SAL vVt-V'Tiin>1, (38)

where At = "1 — " is the time step. In order to initialize the multi-step method the
first step is done via a first-order Euler scheme. The rotational velocity can be updated
similarly. However it is unnecessary to keep track of the rotational velocity of the sphere
since due to its perfectly symmetric geometry the updated position of the sphere is invariant
to rotations.

5 Numerical examples

Non-homogeneous boundary conditions

The boundary treatment suggested here allows for any non-homogeneous boundary condi-
tion which corresponds to a velocity field with zero net flux in the control volume. We shall
now focus on the properties of the numerical treatment of one wall with imposed bound-
ary conditions, however this can be extend to the two-parallel walls problem without any
difficulties.

To study the accuracy of the method we impose a smooth boundary condition u =
(u1,u2,u3) = (0,0,sin(27xy1)) as the right hand side of the Eq. (2) where we take I' =
[—2 2]2. The wall is not moving and this non-homogeneous boundary condition corresponds
to an approximation of a porous wall that allows for velocity inflow/outflow. The velocity
field is obtained by first solving the algebraic system emerging from the discretization of
(2) which gives the force distribution f over the wall surface. Once the force distribution is
available the velocity field in the entire volume is computed a posteriori by evaluating the
same Eq. (2) for points x¢ above or below the wall surface.

2

Figure 5: Velocity field u,w in the xz plane. The wall surface is at z = 0.

In Fig. 5 we present the generated velocity field in a cross section given by the xz-plane
centered in the middle of the domain. The boundary condition was chosen such that it
gives rise to vortical structures with one period per unit length. Subsequently we study the
accuracy of the velocity field for a number of points per period. To asses the convergence
properties we compute the velocity field over two plane sections above the wall T" situated
at z = 0.3 and z = 0.8. The error, as the solution is refined from a grid with points at
equidistant spacing h,, = 0.4 to h,, = 0.2, 0.1, 0.05, is evaluated in Lo-norm as defined in
(40). From (2) we obtain the force distribution which converges as displayed in Fig. 6a for
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(a) Error versus wall resolution for the dis- (b) Error versus wall resolution for cross
tribution of forces over the wall surface. sectional velocity fields at distance
from wall : (o) — z = 0.8; (¥) —
z=0.3.
Figure 6: Convergence rate for two different quadrature rules: (dashed line) — O(h?);

(continuous line) — O(h'!), (thin blue line — expected convergence rate).

two chosen quadrature rules of orders O(h?), and O(h'!). We observe that for as little as 5
points per period we obtain an error of approximately 10~7 with a higher order quadrature
rule, i.e. O(h!'1). Note that using a higher order quadrature rule incurs essentially no extra
computational cost since the number of unknowns remains the same thus this method is
convenient for numerical implementations.

The errors in the computation of the velocity field originate from two sources: i) the un-
derlying computation of the forces, and ii) the evaluation of the velocity as post-processing.
The first source of error was discussed above and is either O(h*) or O(h'!) while the error
arising from the evaluation of the velocity decreases exponentially. We evaluate the velocity
field at two different distances away from the wall, z = 0.3 and z = 0.8. Close to the wall,
z = 0.3, the error from the post-processing of the velocity field dominates and we notice
in Fig. 6b that for large grid sizes the error decreases exponentially. Farther away from
the wall, at z = 0.8, the dominating error is the one from the computation of the forces.
Therefore we retrieve the same convergence order as for the force distribution, and also
errors of the same magnitude.

Wall-sphere interaction

The present wall model can be used in conjunction with any kind of bodies immersed in
Stokes flow. For validation purposes, however, we impose a no-slip boundary condition at
the wall and use the problem of a sphere sedimenting towards a flat plate, for which an
analytical expression is available. The equations were discretized as described in Section 4
and the subsequent system solved for the sphere velocity.

Sphere settling onto a plane wall

The sedimentation of a sphere is a classical test case for which an analytical expression is
provided by the Stokes law correction as described in Happel and Brenner [14]. The classical
theory offers a relationship between the drag force, F, and the sedimentation velocity U of
the sphere, as given by

F = 6mpurA\(H/r)U |
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where the function A(H/r) includes the wall effect, assuming an infinite wall. Here, H/r is
the distance to the wall measured from the center of the sphere scaled by its radius, r. For
free-space problems the Stokes law gives the drag of the sphere as Fy = 8murUy and we
shall use it to present the results in non-dimensional form F/Fqy = 6/8A(H/r)U/U,.

Since the drag force F is known (needs to balance the buoyancy force ApV geg) we can
compute U using the expression for A from [14]

= 1) 2sinh(2n + 1 2n + 1) sinh 2
Aa) :—smh Z n(n + 81n2(n+ Ja + (2n + 1) sin (; “1], 39
— (2n—1)( 2n+3) 4sinh®(n 4+ 1/2)a — (2n + 1)? sinh” o

with a = cosh™ (H/r). The series expression for A converges very quickly and we evaluate
it for a set of ratios H/r which we use as the reference solution.

To validate our numerical approach we perform a convergence study for a sphere of radius
r and a wall to sphere distance of ratio H/r = 6 in a box of periodic size L, = L, = 10r.
We perform a set of consecutive computations and each new simulation is performed on a
finer resolution. The difference between two computations is evaluated in Lo-norm for the
force distributions and fo-norm for the velocity components. Assume the solution vector
f € R™ and the velocity v € R? then

m

22%

%

f12, [f(zi)]?

ZU“ 1=1,....3.

o[, = (40)

Table 3: Convergence results for the sedimenting sphere at H/r = 6 in a box of periodic
size L, = L, = 107, h corresponds to the spacing on the discretized surface.

Component | Convergence order Difference

|Ch - Ch/2|

c logy ———— len — Ch/2| |Ch/2 - Ch/4|
|ch/2 — cnyal

\Y 2.00 1.9151x107° | 4.7834x10~°

B 2.82 3.7171x10~* | 5.2494x107°

2 2.82 3.7171x10~% | 5.2494x107°

3 2.82 2.3816x10~* | 3.3629x107°

T 4.24 2.4364x1077 | 1.2877x107%

2 4.24 2.4364x1077 | 1.2877x1078

3 3.56 2.0883x10~7 | 1.7754x107%

In Table 3 the order of convergence is provided for all the unknowns that do not eval-
uate to zero for a resolution on the wall h,, = r,7/2,r/4 and on the sphere Ay = Ay =
w/10, 7/20,7/40. The second row of the table illustrates how the convergence order is
computed. We note that we obtain mixed convergence orders since we solve a coupled
system where some of the terms are evaluated with high-order methods while others are
discretized with second-order methods.

In our set-up we assume the same periodic length in both spatial directions L, = L, = L.
To study the effect of periodicity, and to validate that our results approach the results for
an infinite domain as the periodic box size is increased, we perform a sequence of runs with
L/r ranging from 10 to 25, see Fig. 7a. The radius of the sphere is kept fixed while L is
varied. The grid sizes used are h,, = r/2 and A, = 27/20, Ag = 7/20.
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Figure 7: Sedimentation velocity U = |U| normalized by the free-space velocity Uy = |Uy|

versus wall distance H normalized by the sphere radius r: (solid) analytic solution, (dashed)
simulations — sphere resolution is constant.

It is clear that far away from the wall the periodicity has a stronger influence on the
drag of the sphere leading to a slower velocity as compared to the unbounded case. However
closer to the wall the effect that dominates is the wall influence and the numerical results
closely approach the analytical one, also for a small periodic box.

In the near-wall region we notice that the numerical results deviate from the analytical
expression. In this case it is an effect of insufficient numerical resolution as the sphere
gets very close to the wall. In order to asses the effect of the numerical error from the
discretization of the wall we choose a fine resolution on the sphere Ag = 7/40 and Ay =
27 /40 and take h,, to browse the values r, r/2, r/4 as illustrated in Fig. 7b. We notice
that as the spacing on the wall decreases the analytical solution is approximated better
and better close to the wall. It is worth to remark that we have chosen a resolution rather
large as compared to the particle size and still the qualitative behavior is preserved. This
indicates that the wall treatment is suitable even for small sized particles and the physical
behavior is replicated through simulation irrespective of the particle size.

Extension to two walls

To examine a problem involving two parallel walls we consider once more a sedimenting
sphere. A sphere confined in between two walls, on the axis of symmetry, sedimenting due
to gravity in a direction parallel to the two walls experiences a translational velocity only
in the direction of gravity. The Faxén correction for the drag of a sphere traveling with a
velocity U in the wall parallel direction was derived by Faxén in 1923 [11]. Faxén has not
provided a general solution for all possible locations of the sphere but only for two particular
cases where a sphere is positioned either midway between two walls, or at a quarter of the
distance closer to one of the walls. The derivation and a thorough discussion can be found
in [14].

Here we consider only the case when the sphere is centered between the two walls since
the Faxén solution is given with greater accuracy for this case. Denote the radius of the
sphere by r and the distance between the two walls by ¢ = 2H, with the channel half-width
H. The sphere is sedimenting due to gravity in the wall parallel direction, see Fig. 8a. In
this case the periodicity is imposed in the same direction as the direction of sedimentation.
The drag F of the sphere is given in terms of the ratio »/H and the translational velocity
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Figure 8: (a) Sphere positioned midway between the two parallel walls. (b) Sedimentation
velocity U = |U| normalized by the free-space velocity Uy = |Uy| versus wall distance H
normalized by the sphere radius r: (solid) analytic solution, (dashed) simulations — in the
direction of the arrow L/r = 15, 25,50, sphere resolution is constant.

Ur as
6murUp

T 1—1.004r/H + 0.418(r/H)? + 0.21(r/H)* — 0.619(r/H)> ’

with an error O(r/H)®, see [14].

In order to check the agreement with the Faxén formula (41) we test for various config-
urations where the wall to wall distance goes from ¢ = 2H = 3r to { = 2H = 12r. Since the
formula (41) is available only with O(r/H)% accuracy we cannot use it for comparison of
configurations where the sphere to wall distance is too small. The resolution on the sphere
is Ag = w/20 and A, = 27/20, while on the wall we have h,, = /2. In Fig. 8b we plot the
sedimentation velocity normalized by the free-space velocity as a function of the distance
from the sphere to the wall normalized by the radius of the sphere. To also investigate the
effects of the periodic boundary conditions the simulations are performed using three differ-
ent periodic box lengths L, = L, = L = 15r,25r,50r. We notice just as in the case of one
wall that once the influence of the wall weakens the effect of periodicity takes over and the
solution deviates from the analytical solution, predicting higher velocities than the solution
provided by Faxén. This differs from the one wall case when the periodic directions were
orthogonal to the sedimentation trajectory yielding a simulation curve of lower magnitude
than the analytical solution.

F

(41)

6 Conclusions

The present contribution addresses numerical aspects encountered in the simulation of con-
fined Stokes flow. The physical problems considered here are formulated mathematically
in the framework of boundary integral equations and discretized using Nystrom’s method.
Specifically, flat bounding walls with periodic boundary conditions in the wall-parallel di-
rections have been considered, and we have extended the work by [25] to obtain analytic
expressions for the terms in the rapidly converging sums that define the periodic Stokeslet.

The novel element of the present work is the development of an efficient, high-order
numerical treatment of a flat surface by designing quadrature rules that can accurately
integrate the singular kernel of the Stokes equations using a uniform distribution of quadra-
ture points. This is accomplished by localized corrections to the trapezoidal rule. Even
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though the correction weights tabulated in this paper are specific to the wall geometry as
well as to the singularity given by the free-space Stokeslet, this work defines a framework
for designing quadrature rules also for other geometries and/or singularities.

Discretization by Nystrom’s method combined with these quadrature rules yields a sub-
matrix associated with each wall which is block Toeplitz symmetric with circulant sub-
blocks. The symmetry properties of such a matrix can be exploited for memory efficient
implementations; specifically we show that the matrix can be generated by only three of its
columns.

Given a discretization of the wall with a fixed resolution, the accuracy can be increased by
applying a higher order quadrature rule, which only requires modifications to the quadrature
rule in discretization points in a close neighborhood of the singularity. The accuracy of the
quadrature rules has been tested, and the expected orders of convergence (up to 13th order)
were obtained. As a discrete system is solved for the force densities at the wall the solution
exhibits the same accuracy. This is shown in numerical tests by imposing non-homogeneous
boundary conditions at the wall surface. The large gain in accuracy that is obtained as a
higher order quadrature rule is used comes almost for free since the resolution of the wall
and hence the number of unknowns is fixed.

The wall discretization as coupled to an immersed object has been assessed by studying
the classical problem of a sphere sedimenting onto a flat plate, for which analytical solutions
are known in the case of an infinite wall. Good agreement between our data and the analytic
solution is found as the size of the periodic domain is increased. Similar results were found
for the case of a sphere sedimenting between two parallel walls. It is found that the high-
order treatment of the walls allows for a rather coarse wall discretization.

The new quadrature rules are attractive for high-order singularity treatment due to
their extremely low cost. A natural and very useful continuation of the work presented
here is to extend the numerical treatment of a flat plate to that of other geometries such as
pipes, spheres or other curvilinear surfaces. Another track to follow is to design quadrature
rules for other fundamental solutions of Stokes flow, such as the Stresslet, that appears in
so-called double-layer formulations.

As larger problems including many drops or particles in a wall-bounded flow are in-
troduced, a fast summation method will be needed to accelerate the computations that
currently scale quadratically with the number of discretization points. The quadrature
methods developed here are very well suited to be used in conjunction with fast summation
methods, due to their highly localized singularity corrections.
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Appendix A Weights for the correction operator

We provide the tables of the weights for the correction operator A} corresponding to the
quadrature rule (27). The weights are available in double precision for the diagonal com-
ponents in Tables A.2 and A.3 and for the off-diagonal components in Table A.4. We also
reproduce the weights for the 1/|x| singularity in Table A.1 from [22].
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Table A.1: Modified weights for the 1/|x| singularity in two dimensions.
| q | O(h%a+3) || Discretization points | Modified weights |
0 3 Gy =1{(0,0)} wy = 3.9002649200019564 x 10°
1 5 Gy ={(0,0)} wd = 3.6714406096247369 x 10°
Y= {(:I:l 0),(0,+1)} wi = 5.7206077594304738 x 102
2 7 Gd = {(o, )} wy = 3.6192550095006482 x 10°
9 ={(£1,0),(0,£1)} W = 7.0478261675350094 x 10~2
1 ={(+1, j:l)} wi = 6.1845239404762928 x 1073
9 = {(£2,0),(0,£2)} wy = —6.4103079904994854 x 103
3 9 Gy =1{(0,0)} wy = 3.5956326153661837 x 10°
9 = {(£1,0),(0,+1)} w) = 7.6498210003072550 x 10~2
1 ={(+1,£1)} wid 1.0726043096799093 x 102
9 = {(£2,0),(0,£2)} wy = —1.0861970941933728 x 102
Gi = {(£2,41),(£1,+2)} | wi = —5.6768989454035010 x 10~
G{ = {(£3,0),(0,£3)} w§ = 9.3117379008582382 x 104
4 11 Gy ={(0,0)} wy = 3.5816901196890991 x 10°
¥ = {(%£1,0),(0,£1)} w? = 8.0270822919205118 x 102
1 ={(£1,£1)} wi = 1.3733352021301174 x 102
9 = {(42,0),(0,£2)} w) = —1.4045613458587681 x 1072
Gi = {(£2,41),(£1,4+2)} | wi = —1.1741498011806794 x 103
G9 = {(£3,0),(0,+3)} w) = 1.9899412695107586 x 10~3
G3 = {(£2,4+2)} wi = 6.2476521748914537 x 10~°
Gt = {(£3,41),(£1,43)} | wi= 9.6911549656793913 x 10~°
Gy = {(£4,40), (0,+4)} w) = —1.5657382234231533 x 10~*
5 13 Gy ={(0,0)} wd = 3.5724020676062076 x 10°
¥ = {(%£1,0),(0,£1)} w? = 8.2931084474334645 x 102
1= {(&+1,£1)} wi = 1.5807226557430198 x 102
9 = {(£2,0),(0,+2)} wy = —1.6446295482375981 x 102
Gi = {(£2,41),(£1,4£2)} | wi = —1.6998553930113205 x 103
G9 = {(£3,0),(0,+3)} w§ = 2.9905345964354009 x 103
G3 = {(£2,4+2)} wi = 1.5896929239405025 x 10~°
Gr = {(£3,41), (£1,43)} | wi = 2.4136953002238568 x 10~*
Gy = {(£4,40), (0,+4)} w) = —4.0746367252001358 x 10~*
G2 = {(£3,+2), (£2,£3)} | w? = —8.0410642204279767 x 10~ 7
G = {(£4,+1),(£1,4+4)} | wi = —1.7655194334677572 x 10~°
GY = {(£5,40), (0, £5)} wd = 2.8620023884705339 x 10~°
Appendix B Doubly periodic Stokeslet
The free space Stokeslet can be expressed as
Go(%) = (IV* = VV)[%] ,
with X = x — x¢. Following Pozrikidis [25] G can be decomposed as
Go(x) =Y (%) + (%) , (B.1)
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Table A.2: Weights for the diagonal components of the Stokeslet for different values of
q < 4. Here we consider (G1; but the weights for G22 can be obtained by swapping the
coordinate system, see Table 1.

| ¢ | O(h*773) || Discretization points | Modified weights |

0 3 Go = {(0,0)} w) = 5.8503973800029342 x 10°
1 5 Gy = {(0,0)} wy = 5.5071609144371053 x 10°
Gy = {(ﬂ 0)} w = 3.2079800553277232 x 10~
Gi ={(0,£1)} wi = 1.3953843222963698 x 10~
2 7 Gy = {(0,0)} wy = 5.4288825142509724 x 10°
D= {(11,0)} w = 3.9426082424225587 x 10~
1 ={(0,£1)} wi = 1.7200870260182469 x 10~
5 ={(£2,0)} wf = —6.4749634230943083 x 10~
5 = {(x1,£1)} wy = 9.2767859107144393 x 10~°
5 =1{(0,£2)} wi = —1.2755960548404148 x 102
3 9 Gy = {(0,0)} w) = 5.3934489230492755 x 10°
G = {(£1,0)} w = 4.4594700242039912 x 102
t={(0,£1)} wi = 1.84899929767177738 x 10~!
5 ={(£2,0)} wy = —1.3482758463689264 x 10>
5 = {(x1,£1)} wy = 1.6089064645198640 x 10>
5 =1{(0,£2)} ws = —1.9103154362111920 x 102
G = {(£3,0)} wd = 9.3102676432729679 x 10~*
Gz = {(£1,£2)} wi = 7.1081722731558746 x 10~*
g3 = {(£2,£1)} w3 = —2.4138869109366377 x 10>
Gz ={(0,£3)} wi = 1.8624946059301746 x 10>
4 11 Gy =1{(0,0)} wy = 5.3725351795336487 x 10°
G = {(£1,0)} w = 4.8285272943718170 x 102
1 ={(0,£1)} wi = 1.9252719581389718 x 10~
5 = {(£2,0)} w) = —1.8965040735392220 x 10>
3 ={(+1,£1)} wy = 2.0600028031951761 x 10~
5 =1{(0,£2)} wi = —2.3171799640370824 x 10~
Gy = {(£3,0)} w§ = 2.3760257513072528 x 10~
Gz = {(£1,£2)} wi = 1.2505489384827991 x 10~°
g3 = {(£2,£1)} w3 = —4.7729983420248373 x 10>
G3 ={(0,43)} wi = 3.5937980572250230 x 1072
0 ={(+4,0)} w) = —1.5657413903013782 x 10~*
1= {(£1,£3)} wy = —9.6202937369426739 x 10~°
7 ={(£2,£2)} wi = 9.3714782623371805 x 10~°
3 ={(£3,£1)} wi = 3.8693758633980847 x 10~*
1 ={0,+4)} wj = —3.1314732799680816 x 10~*

where

a0 = 07 v [RE] w2
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Table A.3: Weights for the diagonal components of the Stokeslet (continued) for ¢ = 5.
Here we consider GG11 but the weights for G2 can be obtained by swapping the coordinate
system, see Table 1.

| ¢ | O(h*773) || Discretization points | Modified weights |

5 13 Gy ={(0,0)} wy = 5.35860310140931152 x 10°
G = {(£1,0)} w) = 5.09927629110681153 x 102
F={(0,£1)} wi = 1.97800490511935821 x 10~*
5 ={(£2,0)} w9 = —2.31100073559696708 x 10>
3 ={(£1,£1)} wy = 2.37108398361452974 x 102
3 ={(0,+2)} w3 = —2.62288790911582745 x 102
Gy = {(£3,0)} w§ = 3.86019130342424163 x 10~°
Gz = {(£1,£2)} wi = 1.57939237019213568 x 10~°
g3 = {(£2,£1)} w3 = —6.67895854922609734 x 102
Gy ={(0,£3)} wj = 5.11141248588196129 x 10~3
Y ={(+4,0)} w§ = —4.78090101298068697 x 10~*
1 ={(£1,£3)} wj = —1.79958302040638567 x 10~*
7 ={(£2,£2)} wi = 2.38453938591075386 x 10>
T ={(£3,£1)} wi = 9.04066892107795628 x 10~*
1 =1{(0,£4)} wj = —7.44300916261972050 x 10~*
gg ={(£5,0)} wd = 2.86200232229723715 x 10~°
G = {(£1,+4)} wi = 1.76578650191035792 x 10~°
Gz = {(£2,£3)} wg = —1.43768888704042014 x 10>
G2 ={(£3,£2)} wi = 1.19645696042758084 x 10>
Gs = {(£4,£1)} wg = —7.06234480231362978 x 10>
G ={(0,45)} w = 5.72400484311436477 x 10°

Here ¢ is an arbitrary positive constant with dimension of an inverse length. The error

funC‘l()Il 18 defilled as
/
\/_

and the complementary error function as erfc(z) =1 — erf(z).

The idea is to evaluate the periodic sum over Gg by evaluating the sum over Y in real
space, and the sum over ® in Fourier space. The parameter ¢ determines the convergence
of the two sums and we have used { = \/m/A where A = L, L, in the computations. Note
that the results are independent of the value of £ once the sums have converged.

Sum in real space

Let

= Y YE+p) —Go®) = (T(R) —Go(})+ Y Y(X+Dp)
p1,p2 € Z p1,p2 € Z
[Pl #0

> YE+p), (B.3)

p1,p2 € Z
Ip| #0
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Table A.4: Weights for the off-diagonal component G4 of the Stokeslet for different values
of g < 4, see correspondence to Table 2.

| ¢ | O(h*73) || Discretization points | Modified weights |

1 5 L ={(£1,+1)} wl = 4.1166177317666121 x 102
2 7 T ={(£1,+1)} wi = 6.6548787549284772 x 102
1 ={(£2,£1)} ws = —6.3456525579046625 x 1073
3 9 T ={(£1,+1)} wi = 8.2287438803691426 x 102
1 ={(£2,£1)} wi = —1.2817996961341463 x 102
2 = {(£2,£2)} w3 = 4.4220975418534787 x 104
Gi = {(£3,%1)} wi = 1.3969812237665262 x 10>
4 11 T ={(£1,+1)} wl = 9.2811898832734633 x 102
1 ={(£2,£1)} w3 = —1.8343678532721808 x 1072
2 = {(£2,£2)} w3 = 1.1447472391419913 x 1073
Gi = {(£3,£1)} wi = 3.4514976628596011 x 10~3
G2 = {(£3,42)} w3 = —8.7817185619580428 x 10~5
1= {(+4,£1)} wi = —3.1314701130898567 x 104

5 13 T ={(£1,%£1)} wi = 1.00302178953630044 x 10~

1= {(£2,£1)} wi = —2.29148802528166942 x 102

2 = {(£2,£2)} w3 = 1.95966386197501494 x 103

Gi ={(£3,£1)} wi = 5.69286751251354687 x 103

G2 ={(£3,+2)} w3 = —2.74667341901977876 x 10~4

1 ={(+4,£1)} wi = —9.19305501089468761 x 10~*

Gi = {(£3,£1)} wi = 2.13940399318116676 x 10>

G2 = {(£3,42)} w3 = 1.68789994258584628 x 10>

1= {(+4,£1)} wi = 7.15500613660957699 x 10>

denote the sum in real space. From the decomposition in (B.2), we obtain

C(Elxl); , DERD
B &[T

Y (%) =

where C'(z) and D(x) are given by

C(z) = erfe(z) + %(23&2 - 3).1767962 , (B.4)
D(x) = erfe(z) + %(1 - 2:62)1}6_Z2 . (B.5)

From the center part of ¥ (p = 0) we have subtracted off the free-space Stokeslet. In this
way, all parts of S, are smooth. The center part is now given by

iz = CERD - DEX))

TR =" &F
with
C(x) = —erf(z) + %(23@2 - 3)$€712 ) (B.6)
D(@) = — exf(x) + —=(1 — 2%)ze"" . (B.7)

S

™
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To define T(fc) when %X = 0 we must use the limits

Clex) _ 8¢ . D) _

x|—0  |¥] VZ S

The sum in real space will decay in a Gaussian manner.

Sum in Fourier space
The sum in Fourier space can be written as
Sr(®) = Y, dk%),
ki,ko € Z

where ®(k, %) is given in Pozrikidis, [25], as

A 4 0?

&, (kX)) =— —8:mV2+ ——— ) SB(k, %

J ( 7X) A Z ( J v +az]axm) ( X)
ki,ka € Z
[k| #0

47 9 0? N ~
v ngmv + m) (SB(k, %) — SF (K, %)) . @

Here, A = L,L,, the area of the periodic array and k = (k, ky ), is a two-dimensional wave
number vector. The generating functions SB(k, %) and S¥ (k, %) are given by

1 1 11 1 1.2 -
B S\ Tw—in|z|—ik-x

S (kax)_?/ (—44—1—2—1—5)@ 1 izl dn , (B.9)
where w = |k + nes|/¢ and

1140 ek,

SF(k,)A() = 5 |k|3 (& y

p=IKll2| (B.10)

SF (k, %) is the generating function we would obtain if we let ¢ tend to infinity, corresponding
to the case where the summations is only performed in Fourier space.

Partial derivative of the generating functions

To obtain the Fourier part of the periodic Stokeslet, first and second partial derivatives of
the generating functions SB(k,%) and S¥ (k, %) are required. These are not explicitly given
in Pozrikids [25] and will be derived below.

Let § =&z, ¢ = |k|/€ and define the integrals

0 cos(0t) 1,
,6.0) = [ L2500 —ieg B.11
6.0 [ T (B.11)
Then SB can be written as SB(k, %) = SB(k, z)e~ % where
$B(k,2) = — L1505 6.0 + 1(5,0)| e3¢ B
( ,Z)_Tr_f?’ 50(7C)+Z 1(7§)+ 2(7€) e ¢ . ( 12)

—ikX s a function of x and y only.

—kX with respect to z and y

Here we note that SB is a function of z only and e
Hence, only z-derivatives of SB are required. Derivatives of e
are straightforward.
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The functions Iy, I; and I5 in (B.12) are given by the solution to the integral in (B.11)
and are given in [25]. Here we state them in a slightly different form as

Iy = /me™ |
T 1,2~
I = ——e1¢
1 4§€ 1
T 1,2 1 1
I = —eit [(— )h—i— I+ —
8¢ 2 ¢ \/_C

where we have introduced o = [0, k = |k| and
fo = 67(a2+%<2)7

I = —e S erf(a — %C) + 1} — %% erfe(a + %g) ,

L=a {eco‘{erf(oe — %O + 1} — e erfe(a + %C)] )

to simplify the notation. Using the variables introduced above, SB can then be recast in
the following form

o L[ (1, 1Y 1
$2) = [2\/7? <2+<2>I° 4<3]1+4<212}

and the first and second derivative of SB with respect to z are

dan 1 - 1
&S o 51gn( o [——2ﬁ10 + 4—([1] ,
0? 1 1 1L/l

In order to compute the limit term in (B.8) the first and second partial derivative of
SF. (B.10), are also required. Once again we notice that SF(k,%) can be written as a
product of two functions, S¥ (k, %) = SF (k, 2z)e~** where S¥ is a function of z only. The
z-derivatives of SF are

OSF 1
o5 _ —Ca
0.~ @ sign(z) Ce ,
928F 11
_ it —Ca
922 524(1 Caje™ .

The limit as k& — 0 can be computed and is

0? 2
kig%) 9.2 (SB —-8¥) = o?e”™ + |z|(erf(a) — 1)

ale™® — |z| erfe(a) .

N =N =
5~

All other limits needed in (B.8) vanish as k — 0.
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A fast summation method for fiber simulations
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Abstract

A numerical method for large scale simulations of fiber suspensions immersed in
a Stokesian fluid is presented. The mathematical description is based on a boundary
integral formulation with a slender body approximation. Periodic boundary conditions
are introduced through the so-called Ewald summation formulas for the fundamental
solutions. This decomposes the sum, i.e. the matrix-vector product, into one part
in real-space and one in Fourier space. The computation of the Fourier space sum is
accelerated using a FFT based method, the Spectral Ewald (SE) method, which allows
for the use of significantly smaller FFT grids relative to established methods for fast
Ewald summation. The real space treatment is based on the Linked Cell List method,
and is modified to enable analytical integration for fibers in close vicinity to each
other, which ensures better accuracy. By appropriately adjusting the computational
load of the sums in the decomposition as the problem scales up, the resulting method
is rendered to have a complexity of O(Nlog N), where N is the number of fibers.
Provided error bounds offer a straight forward parameter selection. Results from
simulations of a few thousand fibers in different configurations are discussed.

1 Introduction

The intriguing physical phenomena surrounding the gravity induced sedimentation of fibers
in a Stokesian fluid has been studied in length through experiments [14, 21, 11] and numeri-
cal simulations [4, 25, 23, 12]. Due to their elongated shape fibers create clusters, converging
into streamers, that sediment at a faster rate than any isolated fiber. The fibers also show a
preferred alignment in the direction of gravity. These characteristic features have been seen
in both experiments and numerical simulations. To simulate the dynamics of a suspension
independent of wall effects periodic boundary conditions are often used to mimic infinite
domains. However this introduces periodicity effects which are believed to be minimized
for sufficiently large domains, see Butler [4]. Due to the computational cost, the periodic
systems simulated so far have been of limited size, and is natural ask whether larger peri-
odic systems, with respect to both domain size and number of fibers, can produce results
less influenced by periodicity. To enable larger simulations we have adopted the recently
developed Spectral Ewald method by Lindbo and Tornberg [20] to the numerical method
of simulating fiber suspensions by Tornberg and Gustavsson [25].

The Stokes equations can be reformulated as boundary integral equations with integrals
over the boundaries of the domain. These boundaries are the surfaces of the immersed
objects, together with possible external boundaries. In the case of fibers with large aspect
ratios, a slender body approximation can be employed to reduce the integral equations from
the fiber surfaces to the center lines of the fibers [2, 16, 8]. Assuming the fibers to be slender
ellipsoids of length L and cross section radius a, the formulation in [16, 8] is O(e) accurate
with the slenderness parameter € = a/L. This is the formulation on which we will base our
numerical method.

When discretizing boundary integral equations, the resulting matrix is full due to the
slow decay of the Green’s function. The dimensionality of the discrete problem has been
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reduced in our case from three dimensions to one dimension by using the slender body
approximation. To further accelerate the calculations, a fast summation method to compute
the matrix vector product can be applied. For N, discretization points, the fast multipole
method [10, 26] can evaluate the matrix vector product in O(N,) operations. We however
want to simulate under periodic boundary conditions, and it is natural to consider a method
based on the so-called Ewald summation.

Ewald summation was first introduced in the field of electrostatics [7], where the elec-
trostatic potential in each point is evaluated by summing over the contributions from all
other points and their associated charges. Periodicity implies that all the charges are to
be considered to be periodically replicated, leading to infinite sums. The influence on one
particle from another decays slowly, with the inverse of the distance. Summing in three di-
mensions, the sums are not absolutely convergent, and the assumption of charge neutrality
is used to make the sums well defined. To render the sums feasible to compute, Ewald [7]
introduced a decomposition which by involving a new scalar parameter ¢ splits the short
range interactions, to be summed in real space, from the long range interactions which are
expressed and summed in Fourier space. The two sums, which can be treated individually,
converge at a faster rate and lend themselves to truncation. The convergence speed of each
sum depends on &, also known as the Ewald parameter. The technique set forth by Ewald
has inspired similar decompositions in the field of fluid mechanics for the Stokes equations.
Two such decompositions are the one by Hasimoto [13] and later on Beenakker [3], see also
[22]. When applied to discretizations of boundary integral equations, the N, locations for
charges in electrostatics are now instead quadrature points used to discretize the boundary
integral equations.

The Ewald summation technique is not a fast summation method in itself - each of
the two sums have O(Ng) complexity, with a large constant, and they become prohibitively
expensive to evaluate as N, grows. In order to create a fast method of better computational
complexity, a basic idea is to use the Fast Fourier Transform (FFT) to evaluate the Fourier
space sum. The parameter £ can then be chosen such as to make the real space sum converge
faster, and shift more work into the Fourier space sum, which can now be computed more
rapidly. With the correct scaling of £, an O(N,log N,) method can be attained. FFT-
based Ewald summation methods emerged in the field of electrostatics with the widely used
Particle Mesh Ewald (PME) [15] and Smooth Particle Mesh Ewald (SPME) [6] methods.
Recently, the Spectral Ewald (SE) method was introduced [20]. All these methods have been
explored also in the realm of the Stokes equations, e.g. PME by Sierou and Brady [24], the
SPME by Saintillan et al. [23] and SE by Lindbo and Tornberg [19]. The main difference
between the methods is that the PME and SPME methods use polynomial interpolation to
spread point charges/densities to the grid, and reduction of approximation errors requires
an increase of the grid resolution, and hence an increased size of the FFT grid. The FFT
grid in the SE method can be chosen as the minimal grid considering only at which mode
the Fourier space sum should be truncated. The approximation errors are then separately
controlled by the use of suitably scaled Gaussians, and decay spectrally with increased
support. As a result, for a given error tolerance, much smaller grids can be used with the
SE method than with the other methods, which lowers the memory requirements. The
SE method has also been shown to compare favorably to the SPME method in terms of
computational effort [20]; here a so-called fast Gaussian gridding algorithm is crucial [9].

In this paper, we build on the formulation for rigid slender fibers in [25, 12]. The force
along each fiber is approximated as an expansion in Legendre polynomials, which makes
it possible to evaluate analytically the integrals in the formulation in order to calculate
the contribution from one fiber to another. This is especially useful when two fibers are
close to each other and the integrand becomes nearly singular due to the behavior of the
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Green’s function, in which case the integral is difficult to evaluate accurately using a nu-
merical quadrature. The Spectral Ewald (SE) method mentioned above, can be applied
directly to evaluate the matrix-vector product of the discretized fiber system if the integrals
are numerically integrated. In this paper, we modify this method to allow for analytical
integration when fibers are close. This modification will enter only into the treatment of
the real space sum, and the method for evaluating the Fourier space sum will remain un-
changed, as all integrals appearing in this part will have smooth integrands and are suitable
for numerical quadrature. The second change to the SE method in this paper, is to ex-
tend it from considering a Green’s function that is the so-called Stokeslet, to a Green’s
function that is a combination of the Stokeslet and a so-called Doublet, that appears as
the slender body approximation is introduced. New error estimates have been derived for
this extended Green’s function. An important feature of the SE method is that truncation
errors (incurred by truncating the real space and Fourier space sums) decouple from the
additional approximation errors introduced by the FFT based procedure. This allows for a
systematic parameter selection to meet a certain error tolerance.

By algebraic manipulation of the integral equations and the use of orthogonality of
Legendre polynomials, a linear system for the force coefficients in the force expansions is
obtained [25, 12]. This reformulation introduces integrals over each fiber, that are evaluated
by numerical quadrature after the contributions from all fibers has been accumulated by
the use of the SE method. This system is much better conditioned than the original system,
and an iterative solver like GMRES typically converges in a moderate number of iterations.

With this, we have achieved a numerical method for fiber simulations, based on a well-
conditioned formulation, such that it is much more efficient to use GMRES as compared to
a direct solver. Furthermore, the matrix-vector product to be computed in each GMRES
iteration is further accelerated by the SE method, which is O(N log N), where N is the
number of fibers. The reduced memory requirements for the SE method makes it feasible
to simulate larger systems, ¢.e. more fibers in larger periodic boxes. In our modified SE
method, we perform analytical integration over fibers that are close, which avoids quadra-
ture errors. The truncation and approximation errors that are incurred by the SE method
can be controlled by appropriate parameter choices.

The outline of the paper is as follows. In Section 2, we introduce the slender-body
boundary integral equations for the fiber system without periodicity. In Section 3, Ewald
summation for periodic systems is discussed, and the formulation of the fiber system is
extended to the periodic case in Section 4, where the fully discretized system is also given.
The modified SE method is discussed in Section 5, including error estimates and parameter
selection. There are two sections for numerical results. In Section 6, the performance and
properties of the modified SE method are discussed, while the actual fiber simulations are
presented in Section 7.

2 Fiber-fiber interaction using slender body theory

Owing to their linearity the Stokes equations, as a simplification of the more general Navier-
Stokes equations, allow for a reformulation in terms of boundary integral equations. In this
framework of boundary integrals the fluid velocity due to the motion of a single fiber can
be computed by solving an integral equation stated solely over the fiber surface. Due to the
linearity of the equations a large number of fibers mutually influencing each other can be
tracked by summing up their individual contributions.

Consider a set of N rigid straight fibers of ellipsoidal shape of length L and cross radius
a. If the ellipsoid has a large aspect ratio, i.e. L > a, it can be referred to as a slender
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body. For such bodies the governing equations can be reduced by using the slender body
theory [2]. The idea is to use asymptotic analysis to match the fiber velocity to the fluid
velocity at the virtual boundary of the ellipsoid, a detailed discussion is available in [8].
By reducing the governing equations to the centerline of the slender body we obtain an
approximation depending on the slenderness parameter, ¢ = a/L, of accuracy O(e) as
discussed in [25]. The parametrization of each fiber n = 1,... N at a time instance ¢ will
be given by x,,(s,t) = ¢, (t) + st,(t) where s is the arclength s € [-L/2, L/2] while ¢, is
the center point and t,, is the orientation vector.

With these considerations the fiber-fiber interaction can be described through the system
presented in e.g. [25], in terms of two fundamental solutions, the Stokeslet (5) and the
dipole (6). The unknown variables in the system are the fiber velocities, i.e. translational
velocity, €,(t), and rotational velocity, fn(t), and also the force densities along the fiber
surfaces f,(s,t), s € [-L/2, L/2]. To avoid a cumbersome notation the explicit reference
to the time dependence is omitted when mentioning the force densities, f(s,t) or velocities,
¢n(t), t,(t), and position vectors c,, t,. The equations of fiber motion (see [8, 25]) subject
to a background velocity field ug can be stated in non-dimensional form as

d(én + stn — uo) = Anlfa)(s) + T+ tat)K[E(s) + > Oulf)(s), n=1,....N (1)
=1
l#n

where d = —log(ee?) and for a fiber of non-dimensional length L = 2 parametrized as
Xn(s,t) = ¢ + sty,, s € [—1, 1] we have defined

O.lg(s) = / Glxa(s) 3l

1

/ G(cy, + st, — (¢ + s't))g(s')ds’. (2)
-1

In (1) we encountered also the operators

1 /
An[f](8) = [A(T + totn) + 2(1 — tot,)]E(s), KIf](s) = / %ds’. (3)
—1 -

In the non-dimensionalization the characteristic length has been set to half fiber length,
L/2, and the timescale has been chosen such that an isolated fiber aligned with gravity
sediments half-its length in one non-dimensional time-unit [25]. The integrals in (2) and
(3) are defined over an entire fiber length with s € [—1, 1].

To close the system we need to couple it to the additional constraints, given in non-
dimensional form

1
F, — /fn<s)ds:g, g=(0,0, —1),

-1

M, = /1 s(tn x £,(s))ds = 0.

-1

The fundamental solution G(x) is given as the sum of the Stokeslet S(x) given by (5)
and the dipole D(x), available in (6), weighted by the slenderness parameter ¢ as follows

G(x) = S(x) +2’D(x) , (4)
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with the Stokeslet given as
I XX

Sx) == +3 - (5)
x| x[?
and the dipole as
I XX
Dx)=+—7%-3—5.

By applying a set of vector calculus operations to the underlying equations the system in
(1) can be further manipulated such that the forces f,(s) are decoupled from the velocities
¢, and t,,. To avoid redundancy we refer the reader to a description of these steps in [25].
Such a reformulation of the mathematical model leads to a discrete system with better
conditioning properties. It is this formulation that we work with in the following sections.

Since the operator K[f] from (3) simplifies under Legendre polynomials as commented
in [25] we express the densities f,(s) distributed along the fiber length as an expansion in
terms of R Legendre polynomials, P,(s), ¢ =0,..., R, i.e.

R

() = 5 + Do alPyls) = 5Fa + E1(s) 7)

q=1

The full expression of the polynomials P,(s), ¢ = 1,...,8, can be found in Appendix C.
With this expansion the fiber system can be written as

1 N
a,ll + Dltntn/ Zin[flR](S)P1(S)dS =

Li=1
l#n
3 1 1 X
QGMHxtny—§Dﬂ%uaKJ;;®mﬂﬁKQPﬂ$ds, (8)
l#n
1 N
al 4+ ol = Eytutn] / S ©[](5) Py (s5)ds =

Li=1
l#n

1

_%%[[—eqntn] [ S ©.u[F)(5)Py(5)ds -

=1
l#n

forn =1,...,N, ¢ = 2,...,R. The operator ©,, is defined in (2) and the remaining
quantities are given by

2g+1
N D1:§
4

1 Cd-2-),
YT 0t d— N

E= "4
d—X T 20d=),)

In this compact form of the system the operator ©,,; as in (2) is applied to the force
expansion in Legendre polynomials f‘ff of coefficients a/. On the right hand side of the
system however ©,, is applied to the constant vector F;. Consequently the system (8) is a
linear system in the unknowns aj of size (3N R)?.

The temporal argument has been suppressed only to relieve the notation, however this
system is to be solved at every time instance ¢t = ¢ for the current configuration. By solving
(8) we compute the coefficients a] at ¢ =t to obtain the force distribution over each fiber
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£, (s) according to the expansion (7). With the computed force distribution the fiber velocity
at time t = t can be retrieved as

, 1 1 & "
¢, = Q—dAnFnJrQ—d/l;@nl[fl 1(s)Po(s)ds , (9)
lg_én
3 3 1 N
i = M 21— £121(s) P, =1,...N
b= GMaxtt g —tat) [ S @uliFlREs . n=t,
l#n

These 2 x N ordinary differential equations provide the translational and rotational
velocities for each fiber, hence the updated position and direction vectors, i.e. ¢, and t,
respectively.

3 Periodicity

We shall discuss how to impose periodic boundary conditions in the boundary integral
framework using an Ewald summation method. To do so we start from the simple example
of a collection of point particles, after which we shall regard the added difficulties of fiber
suspensions. Consider first the Stokeslet S as given in (5). The influence onto the fluid at

a point x,, due to a set of particles at positions x; with force strengths q;, [ =1,..., N, is
given as
NP
us(xy,) = Z S(x, — x7)qy, (10)
Zn

Assume now periodicity, i.e. periodically repeated point forces, which for (10) translates into
an infinite sum over all periodic images. If we consider periodic lengths of By, By and Bs
in the three directions and a shift p = p1B1e; + poBoes + p3Bses with p, € Z, i =1,...,3
the contribution of all particles will be instead

us(e) = 303 80— x1 + P)ay - (11)

p =1

where the prime superscript over the sum over p indicates that the term [ = n for p =0
is excluded from the sum. With this the primary cell Q@ = [0, By) x [0, B2) x [0, Bs) is
periodically replicated in all three spatial directions.

This sum is not absolutely convergent and certain assumptions are needed to make it
well defined. The basic principle is to split the sum in two terms which are to be evaluated
separately and in the splitting process remove the divergent part by assuming that there
is a mean pressure gradient balancing the applied forces such that the integrated velocity
over the domain is zero. One term will contain the singularity of the kernel and is to be
computed in the real space, while the remaining term is smooth and can be evaluated in
Fourier space. A few different decompositions are available in the literature, see Beenakker
[3], Hasimoto [13], or for a better overview Pozrikidis [22]. We use here the decomposition
suggested by Hasimoto [13] since this formulation has been shown in [19] to converge faster
than the Beenakker formulation [3]. According to Hasimoto’s decomposition the velocity
at a point X, in the interior of a periodic domain due to a set of point forces at x;, with
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strengths q; can be written as

Ny N
- 1 - —tk-(xn—x%x 4
us(xn) = > > Ts(€,%n — %+ Py + v DD Bs(E ke RO TxIg, — Vo
=1 p 1=1 k20

(12)
The parameter € introduced here is a decomposition parameter that controls the convergence
of the two sums, and although each component in (12) depends on ¢ the total sum is
independent of it.

The real space sum component I'g in (12) is defined as

Ms(ex) = O +D(En™> (13)

where we used the notation % = x/|x|, r = |x| and

2 2,.2 2 2.2
C(¢r) = erfe(ér) — %e*f ", D(ér) = erfe(ér) + %e*f "
With the wavenumber k = {27(k1/B1, ko/Ba, k3/Bs), ki=1,...,3 € Z} and k = |k| the
Fourier space term ®g in (12) is defined as

Os(¢,k) = B(E ke F/1E (14)
where
2\ 1, .,
B(£,k) 87r<1+4—€2>ﬁ(k I-Kkk) . (15)

Note that in Fourier space the divergent part which has been removed corresponds to
the zero-th wave number, and is equivalent to imposing the condition fQ u = 0. The real
space sum has a prime as superscript which is used to indicate that the term n =1,p =0 is
excluded from the sum in accordance with (11). The original term has however been split
into two parts and the part of it that is included in the Fourier sum needs to be removed.
This is achieved by the last single term in (12) that is commonly referred to as the self
interaction and can be evaluated from

3
_ﬁl .

The sums in (12) decay at an exponential rate as it can be seen from their expressions
and can be truncated as will be discussed in Sec.5.

(16)

|x|—0

i (Ps(ex) —S00) -

Periodic dipole

The fiber-fiber interaction system in (8) involves two fundamental solutions: the Stokeslet
(5) and the dipole (6). The periodic Stokeslet is treated using the Hasimoto decomposition
and thus it is natural to derive the corresponding decomposition for the dipole. The dipole
(6) stems from the Stokeslet (5) according to

D(x) = %AS(X).

The same relationship will hold in the periodic framework and the periodic dipole arising
from the Hasimoto formulation will have a similar expression as in (12) with the real space
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sum component I'g (€, x) replaced by I'p(&,x), the Fourier space sum component ®g(¢, k)
substituted by @ (€, k) and a self interaction term to be computed as in (16). To retrieve the
real space sum component I'p we proceed by computing the Laplacian of the corresponding
Stokeslet component I's(¢,x) and obtain

A

X

I .
Lo(§x) = —50(Er) =325 D(Er) (a7)
with
C(&r) = erfe(ér)+ %(—2«5%5 + 4833 + fr)efg%2
2

3

The self interaction term is, in correspondence with (16), evaluated by taking the limit

D(¢r) = erfe(ér) (26575 — 2373 — 3£r)e_52r2

2088
ENG

Similarly, to obtain the Fourier sum component ®p (£, k) it suffices to compute the
Laplacian of the Fourier space part of the periodic Stokeslet. This computation however is
less cumbersome since the spatial variable x appears only in the e~k term. This yields a
largely unchanged expression for ® (&, k) with only a —k?/2 extra factor, i.e.

lim (rD(g, x) — D(x)> I.

|x|—0

Bo(€1) = o Bl (18)

where B(&,k) is the same as in (15). Hence the periodic sum for the dipole is given by

N,
up(xn) = ZZFD(&Xn*XzJFP)QHL
=1 p
1 & 20¢3
— (€, kel bnxg, 4 T2 g, 19
V;é p(§ ke @t 3= (19)

with I'p and ®p given by (17), and (18) respectively.

Fiber system kernel

To model the fiber suspension as given by (8) we need to integrate the kernel G(x) =
S(x) + 2e?D(x) defined for a free space problem in (4). In accordance to the sum (11) for
the periodic Stokeslet we state the entire periodic kernel as

N,
u(x,) = > Y G(xp —x+pa, (20)

p =1

Since the periodic equivalent of the kernel G involves the periodic expressions of the
Stokeslet and the dipole the sum in (20) has the decomposition

N, 4 N,
P 1 P .
u(xn) = Z Z F(f, Xn —X] +p)ql+ V Z Z @(57 Xn — X, k)eizk.(xnim)QZ +C§Qn y (21)

=1 p =1 k0
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where
F(f,X) = (g,X) + 2€2FD(€aX) s (22)
(& k) = @s(6 k) +25°Pp(E k) (23)
4,208
Ce ﬁ + 2¢2 3\/_ (24)
with T'g(£,x) as in (13), T'p(&, %) as in (17), Ps(&,x) as in (14) and ®p(€,x) as in (18).
Equivalently by setting I'(¢€,x) = I'(€,x) — G(x) we can write (21) as
N,
ux,) = Y (ZG §xn — X+ P +ZF & Xn — X +P)Qz) +
i =
Np
530S ke ke g, (25)
I=1 k0

The term p = 0, [ = n is included in the sum over f‘(f,x) and for this term the limit
value as x| — 0 should be used. This limit value is the limit computed earlier for the
self-interaction term, lim|y|_,o I'(§,x) = lim x| I'(§,x) — G(x) = C¢ where C¢ as in (24).

4 The simulation of a periodic fiber suspension

Periodic fiber suspension model

Consider a suspension of N fibers within a domain Q = [0, B;) x [0, Bs) X [0, Bs) subject
to periodic boundary conditions. Let us introduce the operator

erlg / G(x,(s) —x(s') +p)g(s)ds’, 1=1,...,N, (26)

and note that for p = 0 this expression coincides with @, as defined in (2).

To introduce periodicity as in the fiber system (8) we need to extend the sum over the
fibers by adding all periodic images of all fibers, including the fiber itself. We introduce the
notation

A}ty Z Onlgil(s) + Z o5 (sl Z Z or (sl (27)

p#£0 I=1 p =1
l#n

where the prime superscript over the sum over p means that the term [ = n for p = 0 is
excluded from the sum.
If we use the decomposition in (25) the entire term A, can now be written as

gl = S(X [ Gt -x@)+pa@a o)
P =1 -1
l#n

N 1
Z / (& xn (s Xz(S’Hp)gz(s’)ds’)
FI [ ot g

=1 k0
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with T'(&,x) = I'(§,x) — G(x), and lim|y| 0 [(¢,x) = C¢ as given in (4) and (23)(24).
To restate the fiber system in (8) we use the operator A4,, and have forn =1,..., N,

al 1 Dityt, / AP (s)ds =

1

g(Mn X ty) — %Dltntn [ APHLIE P (s

al gl - Fytats) / AP (5)ds = (20)

gl = Egtata] [ AP GP(5)ds

-1

The system is linear in a/, ¢ = 1,..., R, the coefficients in the expansion of the force
densities f,, in Legendre polynomials (7). In [25] the system was stated in a form that
illustrates how to construct explicitly the matrix of the system. Here however it is stated in
a form that is convenient for computing directly the matrix-vector product. This is suitable
when using an iterative method, such as GMRES. This avoids the memory cost associated
with the full (non-sparse) matrix and allows for the use of a fast summation method to
accelerate the computations, such as the fast Ewald method discussed in this paper.

The velocities ¢, and t,, given in (9), can be expressed in the periodic setup in terms of
the operator A,, as

. 1 L
Cn = 2_dAnFn + 2 /_1 An {3511 (s) Po(s)ds (30)
. 3 3 !
b = GMu Xty 4 o5 (1 = tntn) / AR (s)Py(s)ds ,n=1,...,N .
-1

With the velocities obtained from (30) the fiber positions can be updated through a straight
forward first order differential equation.

Numerical discretization

The real space term I'(¢,x) = G(x) 4+ I'(£,x) decays exponentially fast as |x| increases, at
a rate that depends on £. Given a parameter  one can determine at which point |x| = r.
the real space sum can be truncated for a given error tolerance. The contribution from
other fibers farther away than a distance r. will be neglected, as discussed in Sec.5. For the
moment let us simply assume that for each fiber n with n = 1,..., N there exists a set of
fibers in a neighborhood of n, A'(n), including the fiber itself, which should be included in
the real space sum.

Note here that a fiber n may be closer to a periodic image of a fiber [ than to the fiber [
itself. In this case there is a p = p1 B1e; +paBoea+p3Bses withp; € {—1,0,1},i=1,...,3
such that

e, — e+ p| < e, — ¢ -

We denote this p by p.(n,l), if there is no such p then p.(n,l) = 0. We assume here that
the cut-off radius is small enough such that at most one periodic image of any fiber [ is to
be included in the real space sum.

Returning now to the integral terms building up (28) we must evaluate them either
analytically or numerically. Analytical integration is preferable to a numerical quadrature
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especially when two fibers are very close to each other, i.e. |x,(s) — x;(s")| — 0 for some
s, 8, since in this case the kernel G becomes nearly singular. As described in [25] the inner
integrals in the expression of A, in (28) can be evaluated analytically

N / G (x — xi(s') Py ()ds’. (31)

Regarding the first integral term in (28) as applied to £ (s) given in (7) we can express it
as

1

/G(Xn(s) —x(s") + p)ffi(s)ds’ =

-1

M=

/G —x(s") + p) Py(s")ds'af

17

=]
\ |

I'(x,(s))a] . (32)

I
M=

1

e
Il

Both terms I'(¢,x) and ®(£,x) in (28) are smooth and thus suitable for numerical
integration. For the numerical integration we use a three point composite Gaussian rule,
where each fiber is divided in Ny intervals of 3 discrete points each, amounting to a total
of @ = 3 x N, integration points in the quadrature rule. The weights associated to each
discrete point s; will be denoted here by w;.

The discrete operator corresponding to A,, defined in (28) will be here denoted by A,,.
The operator A, [{g;}¥,](s) is to be found in the system (29) on both the right hand side
as applied to the expansion {fl MY, and the left hand side applied to {F;}1¥,. To avoid
any puzzling notation we expand explicitly both terms and to start with A, [{f HYL1Gs)

N R
AJED s = D0 D I (xa(si) + pe(n,D)af + (33)
leEN (n) g=1
l#n

N Q
Do D T(Exalsi) —xa(sy) + peln, ))wyf(s;) +

leN (n) j=1

N Q
1 —ik (% (8i)—x(s; r
D D B LRt O

1=1 k#0 j=1

For | = n and j = i the limit value of T’ must be used as discussed below equation (25).
For the term for A, [{F;},](s) we note that F; is now a constant vector independent of s
leading to

N

A{FN(s) = D L (xa(si) + Pe(n, )Fi + (34)

Q
Zf gaxn Sz - Xl(Sj) + pc(n’ l))’LU]Fl +
leN (n) j=1

N Q
ZZZ é- k —ik-(xn (5i)— xl(sj))w Fl )
=1 # j=1



12 O. Marin, K. Gustavsson, A.-K. Tornberg

In (29) the operators A,[-](s) on both sides of the system are to be integrated once more
over the entire fiber. This outer integral is evaluated numerically using the same composite
Gaussian method as used for the smooth T'(¢,x) and ®(¢,x). The entire discrete system
now reads

Q
a, + DltntnZﬁn[{flR}z]\iJ(si)wiPl(si) =
3 1 @
§(Mn X ty) — §D1tntn ZAH[{Fl}ﬁl](Si)wipl(si)a (35)

i=1

Q
al  + yll — Egtnty] Z n[{EF 1) (s0)wi Py (si) =

An[{F 1L (si)wiPy(si)

M@

1
*5%1[] Eqtntn]

=1

forl=1,...,N,q=1,...,R.

The discrete problem as currently stated can be evaluated by means of a fast summation
method to obtain an expression of the left hand side as a function of the unknowns a;. This
can be then solved for the coefficients a/ using an iterative method. With the newly obtalned
coefﬁcieqts aj the forces f; can be retrieved from the expansion (7). Subsequently velocities
¢, and t, in (9) provide the updated position and orientation vectors at the new time
instance. Their evaluation involves one more fast Ewald summation as it it to be done for
(35) however now applied to the force expansion f?. The advection will be performed using
a second order multi-step method, here we take BDF2/EXT2 [17], also employed in [25].

5 Fast summation method

In numerical computations both infinite sums in (21) must be truncated. Assume that the
computational domain we work in is = [0, By) x [0, Bz2) x [0, Bs). The parameter
¢ affects both the accuracy and the efficiency. The computational cost of evaluating the
Fourier space sum can balance the cost of the real space sum for a carefully picked €. Also
for a chosen & the truncation can be performed such that the method is of a certain accuracy
0. To start with we perform an error analysis as in [19] to asses the loss of accuracy due to
truncation. The error analysis is performed in euclidean norm for a particle positioned at
X,. For the Stokeslet it has been shown that if the real space sum is truncated at a certain
cut-off |x + p| = r. then the truncation error is

Y TsEx+pf— > Fs(§,x+p)f‘ < ) IPs(&x+p)flls
P

Ix+p|<rc [x+p[>7e

IN

Elg(ga TC)||f||2 )

and E%(&,7.) can be estimated as

BR(6r0) < (127 4 16V7reg) e 7 (36)
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Similarly for the Fourier space sum it was obtained that the truncation error at a certain
koo 18

doles(E k)~ Y |‘1>s(§,k)f’§ Y 1@s(E K2 < ER(E ko)l
k

where for k = 27k with k = (k1 /By, ko/Ba, k3/Bs) and k; € Z,i =1,..., N and ko, = |K|
2 42 02
B (& ko) < (ko +36) = K (r/€)?
For the dipole we have obtained similar error estimates

ER(Ere) < (16y/Trd¢ +48y/7rel +40m)e €7t (37)

and for the Fourier space component

ER (&, koo) (38)

the full derivation can be found in Appendix A.

These bounds provide an estimate according to which we can truncate the real space
sum and the Fourier space sum at a cut-off r., and k., respectively. For a fixed & the
computational complexity of the real space sum is O(N?), and the same holds for the
Fourier space sum, however this can be expedited as will be further discussed.

Real space sum treatment

To start with we discuss the case of a system of NV, particles uniformly distributed within
a volume V, i.e. the number density p = N,/V can be assumed to be constant in any
subvolume. The real space sum has a total computational complexity of O(Ng) due to the
N, (N, — 1)/2 pairwise interactions. The error estimates for the real space sum truncation
for both the Stokeslet (36) and the dipole (37) decay exponentially in r. at a rate controlled
by the parameter £. It can be seen that the sum is properly decayed, i.e. below an accuracy
threshold 9, for a certain value of the product £r.. Thus if a sufficiently large & is chosen it
follows that 7. can have a magnitude smaller than the length of the domain. Consequently
if r. is small we do not need to compute the pairwise interactions in the entire volume but
solely inside a sphere of radius r. centered at the source particle. The aim is then to identify
for each individual particle the neighbors that need to be included in the computation, and
to store them in a list.

A naive approach to obtain the list of neighbors specific to each particle would be to
compute all inter-particle distances. However this operation would already be O(Ng) and
should therefore be avoided. An algorithm widely used to reduce the number of interactions
which are to be computed is the Linked Cell List (LCL) [1]. The main idea is to create
a neighbor list by diving the entire computational domain into boxes and subsequently
establishing a box-particle correspondence list. It suffices then for each particle to compute
the contribution of the neighboring particles lying in the immediate sub-boxes, e.g. if we
deal with a three-dimensional problem we have to consider besides the current sub-box
26 additional sub-boxes. Identifying what particles belong to certain boxes is a logical
operation which is much cheaper than computing distances. However for this approach
to bring any gain it is clear that the computational domain must be split in more than
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Figure 1: Diagram of a fiber configuration. The real space sum is sufficiently decayed
at a certain cut-off r.. A fiber may be only partially inside the sphere of radius r.. To
accommodate the analytical integration we consider in the computation of the real space
sum a cut-off r* = 7. 4 L, where L is one fiber length.

3 sub-boxes in each direction. Assuming that within this sub-volume lie Npcp particles
then the number of pairwise interactions that needs to be taken into account decreases to
N,(Npcr — 1)/2. If every sub-box has a side of length b then Npcp ~ 27pb3 (we have 27
boxes each of volume b3). This algorithm is essentially O(N,) if Npc, is preserved constant
as N, increases.

The number of elements in the neighbor list can be further reduced by filtering the list
of Npcr particles to exclude everything that does not lie inside the sphere of radius r..
This gives a lower number of neighboring particles N, ~ 47 /3pr?, with 7. ~ b, r. < b.

Reverting to the fiber suspension model no modification to the above algorithm is re-
quired if we decide to integrate numerically all the terms in (8). For the numerical inte-
gration the fact that a fiber may not be included entirely inside the sphere of radius r., as
illustrated in Fig. 2b imposes no restrictions since numerical integration is a discrete process.
However since we intend to use analytical integration as the fibers get close to each other
we need to maintain the continuous representation of the fiber. To avoid inconsistencies we
find r. for which the real space sum is properly decayed and in practice use r}; = r. + L,
where L is one fiber length (L = 2 in our non-dimensional setting). This choice is based on
an analysis of the most extreme cases that can occur, one such example is provided in Fig. 1.
It is however clear from Fig. 1 that some of the fibers within a sphere of radius ) do not
contribute to the final result since they do not intersect at any instance the sphere of radius
r.. Therefore we can filter once more the neighbor list of the current fiber. The filtering in
this case requires the computation of fiber to fiber distances which relies on minimizing a
quadratic. This is far more expensive than the computation of particle-to-particle distances
and should be employed only as a last step. To sum up the algorithm described so far for
truncating the real space sum we order the steps in Alg.5.

With the newly created neighbor lists we compute the real space sum by adding the
contribution to the fiber n of all [ € N'(n) as indicated in the sums (33)-(34).

Fourier space sum treatment

When considering the Fourier space sums in (33)-(34) it is natural to think of applying
the Fast Fourier Transform to lower the computational complexity of O(N?). Several
FFT-based Ewald summation algorithms of O(N log N) complexity emerged in the field
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Algorithm 1 Real space sum treatment — algorithm for generating neighbor lists

1]

Choose 7. and set r* = 7. + L, then compute ¢; = floor(B;/r*) the number of boxes
in each B; direction (i = 1,...,3). The Linked Cell List has now ¢; boxes of side
length b = B;/q; > r¥ (in practice we take B;/q; constant in all directions to assure a
splitting of the domain into cubic boxes).

Section the domain in boxes of side length b, see Fig. 2a.

Pad the computational domain with cubic boxes of side b to assure that all closest
periodic images are included in the domain.

For the midpoint of each fiber [ identify the box it belongs to (this is a logical oper-
ation). Create for each fiber a neighbor list A'({) of all other fibers whose midpoints
lie in the current box and also in the adjacent boxes, i.e. the cube of side 3b.

Refine the neighbor list A/(1) by eliminating all fibers whose midpoints are at a distance
larger than r} away, see Fig. 2b.

Refine once more N(I) by computing the fiber-fiber distance and retaining only the
ones at less than r. away from the current fiber.

N

N
L
N
N
3 N
SR
5/

P2 ?y/\g\

b b

(a) Linked cell list (b) Neighbor list for fiber No.5
(List includes fibers No.7,10 but
not fiber No.11)

[
y
A
Y

Figure 2: Linked cell list division of the computational domain (r} = r. + L).
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of molecular dynamics: Particle Mesh Ewald (PME) [15] or the Smooth PME (SPME) [6],
followed by the Spectral Ewald (SE) [19]. The main idea of FFT-based method is to grid
the computational volume and interpolate using B-splines (SPME) or spread using Gaus-
sians (SE) the point forces onto the grid. This enables the use of FFTs to compute the
Fourier space sum. As noted in [20] the accuracy of the interpolation onto the grid using
B-splines as in the SPME method has a polynomial convergence order, while as the use of
Gaussians as in the SE method exhibits spectral accuracy. This main difference between
the two approaches yields that for similar accuracy requirements the SE method is more
memory efficient than the SPME method, i.e. much smaller grid sizes can be used in the
FFTs . To this end we employ the SE method [19] to compute the Fourier space sums in
(33)-(34).
Following the derivation in [19] express the Fourier sum (28) as

3/2
%ZZ@(f,k)fneix'k/ﬁ(z)<2—§2) e 28 xalZ/ngx | (39)

n k0 Q ™

where | - | denotes the closest periodic image and H is the inverse transform of H given by

~

Hy = (1 -2k B(, k)e 1M /1€ (40)

Here H is the Fourier transform of H provided as
2 2\ 3/2
3UC) R a

with | - |« being the distance to closest periodic image.

Assume the entire domain Q = [0, By) x [0, Bz) x [0, Bs) is discretized in M - B x
Mg - By x Mg - B3, points with Mg = 1/h. The only free parameter in (41) is n which
controls the shape of the Gaussians e~ 287 Ix=xal/nIf we consider the width of a Gaussian
after truncation to be w then for a set of P discrete points in the support of the Gaussian
at a spacing h away from each other we have w = Ph/2. If now, as explained in [19], we
take the width to correspond to m standard deviations w = om, o2 = 1/4£2, we obtain

that
(Phg) 2
(S
m

It remains then to choose a set of three parameters: M g , which controls the truncation of
the sum, P, the number of points in the support of a Gaussian and m, giving the shape of
the Gaussian, and by that the level of the Gaussian at the truncation point. In Algorithm 5
we provide only the steps to evaluate the Fourier sums in (33)—(34) using FFTs, for details
the reader is referred to [19].

In the truncation error estimate we used k where k = 27k and

k = (k1/Bu, k2/Ba, k3/B3)

and truncated the sum at |k| = koo. A uniform Fourier grid with M- By x M- By x M- Bs
(M odd points) yields the wave numbers k; = {—(MJ —1)/2,...,0,..., (M) —1)/2},
i = 1,...,3, hence Mg = 2ks + 1 and is to be chosen according to the discussion in
Section 5.
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Algorithm 2 Algorithm for fast computation of Fourier space sum
[1] Construct a uniform grid over the domain Q = [0, By) %[0, B2) x [0, Bs) and evaluate
H using (41) for n = (P&h/m)?. For this a fast Gaussian gridding algorithm [9] is
used.

[2] Use a three-dimensional FFT to evaluate H.
[3] Compute H using (40).
[4] Use a inverse FFT to retrieve H.

[5] Evaluate (39) using the trapezoidal rule, yielding spectral accuracy due to the peri-
odicity of the integrand. This again yields sums over Gaussians which calls once more
for the fast Gaussian gridding algorithm.

A simple operation count gives the following complexity of the algorithm, with M g3 =
03
MgV
O(NP3) +O(M,*log M,*) + O(M,*) + O(N P?)
—_— —-, —— N
Eq.(41) FFT+IFFT Eq.(40) Eq.(39)

This algorithm however has to be combined with the real space sum treatment which is
O(N) only under certain conditions. As a consequence by combing the two algorithms as
it will be discussed in Section 5 the complexity will ultimately be O(N log N).

Parameter choice

The main difficulty in using a fast Ewald method lies in choosing the parameters in such
way that both issues of accuracy and efficiency are satisfactorily addressed. Any simulation
requires as input data N - the number of fibers, V' - the volume of the computational domain,
and J - the desired accuracy. The decomposition parameter, &, affects both accuracy and
efficiency thus intertwining the two aspects. Let us start by considering the truncation
errors. For a certain £ and a certain tolerance § we need to find r. = r.(£,6) and M g =
M g (£,9) at which the tails of the two sums are below the threshold 4, e.g.

ER(gaTC) S 57 EF(&kaO) S 1)

Since the entire FFT grid used in the Fourier space sum scales with M, 3 it is sufficient to
study how the truncation error relates to M, g.

Regarding the efficiency let us denote by 7' the execution time for either the real space
sum or the Fourier space one and consider also the dependency on the number of particles N
and the volume V. To optimize for efficiency we aim to find £ that solves the minimization
problem

minl T (7c(€, 6), N. V) + Ta(MJ (€. ), N. V)]

This minimization problem however depends on a large number of parameters such as
N,V,r. but also on the construction of the neighbor lists, the cost of the analytical integra-
tion etc. The volume V' was also mentioned here as having an impact on the computational
complexity however the volume enters the complexity problem only implicitly through the
density of fibers which is p = N/V. If the optimal ¢ is known for a given set-up N, V, ¢ it is
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Table 1: Dependency of r. on ¢ for the total kernel, r. = f,.(&,8) = a(d) - £,

51l 10=% ] 10°¢ | 1078 | 1010 | 10-12 | 1014
3.74 | 4.305 | 4.805 | 5.259 | 5.679 | 6.071
b || 1.051 | 1.03 | 1.019 | 1.013 | 1.009 | 1.007

possible, based on theoretical considerations, to obtain a guideline for the choice of £ valid
for any other configuration. For fiber suspensions however additional hinders are introduced
by the construction of neighbor fiber lists. It is therefore advisable to seek empirically the
optimal ¢ for efficiency by browsing a number of parameters, details in Section 5. As it will
be noted the values of optimal ¢ are however not so different from the guidelines we obtain
through the theoretical analysis on the simple Ewald summation problem for particles.

Accuracy

In the field of molecular dynamics it is possible to derive sharp error estimates in RM .S
norm which are invertible expressions in terms of £, see [20] following [18]. This estimate
is however statistical, meaning that it is valid only for randomly distributed data. Not
only that a fiber does not fall within this category, being rather a set of particles aligned
segment-wise, but the fiber suspensions lead to cluster formations. As a consequence we
compute the error in euclidean norm on a per-particle basis and from hereon obtain the
truncation errors (36)-(38) for both the Stokeslet and the dipole. Based on these estimates
we seek to find the connection between £ and 7. for a given § and proceed by sketching
contour plots of Er(&,7.) < 6 for a set of § = 1074, 1076, 1078, 10710, 1012, 10~14
which are likely to be used in practice, here

Er(&re) = ER(&pe) +282ER(E,7e) (42)

Ep(& k) = Ef(& ko) +22ER (€ koo) (43)

with E2(&,7) as in (36) and E2(€, keo) as in (37); ER(&,7.) as in (37) and FR (¢, ko) as in
(38). For the purpose of our study we settle for a value of the slenderness parameter e = 1072
and provide rules for the parameter choice tailored to the entire kernel G = S + 2¢2D.
Nonetheless we supply in Appendix B similar results differentiating between the Stokeslet
and the dipole.

From Fig. 3a we notice that the dependency of 7. on ¢ follows a power law, r. = a£~".
For each § we perform a curve fitting to find the parameters. The rules for retrieving 7.
corresponding to a certain £ at a fixed § are available in Table 1.

Table 2: Dependency of M} on & for the total kernel, My = far(€,8) = a(6) - £ + b(9).

5 10~¢ 10~6 10~8 10710 | 10712 | 1074
2.629 2.987 | 3.284 | 3.557 3.81 4.048
b || -0.6498 | -0.4762 | -0.222 | -0.0446 | 0.0849 | 0.1848
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(a) Parameter choice for r. as a function of & (b) Parameter choice for Mg as a function of &
according to the estimate (42). according to the estimate (43).

Figure 3: Isolines representing the relation between ¢ and M g , & and r. respectively, for
various accuracies, in the direction of the arrow § = 10~4, 1076, 10-8, 10~19, 10-12, 10~ .

The Fourier space sum is to be truncated at ko, as suggested by (43). However the
computation of the Fourier sum uses M g = 2ko + 1 and for this reason we formulate the
relations using M, 3 instead. We follow the same steps and observe in Fig. 3b that M g scales
almost linearly with &, i.e. M, g = a€ + b. Once again by curve fitting for each é we obtain
the laws in Table 2. Note that in practice we need to round off the values of Mg given
in Table 2 since MgO yields the number of grid points in Fourier space, and should be an
integer. The laws obtained here allow us to go back and forth from £ to r. and 1\49O for the
kernel G in the system (29).

The accuracy of the Fourier space sum evaluation depends also on P, the number of
discrete points in the support of a Gaussian. Besides the inherent truncation errors the
procedure applied here incurs also discretization errors emerging from the numerical in-
tegration over the gridded domain, i.e. equation (39). This has been discussed in [19],
however for the purpose of the current work we recall only the guiding error estimate
4e=P*7*/(2m*) 1 erfe(m/y/2) for the numerical integration of the Gaussian by the trape-
zoidal rule. The first term, 4e~% *n?/ (27"2), corresponds to how well the Gaussians are
resolved on the grid, while the second term, erfc(m/v/2), arises from the fact that the
Gaussian is truncated at a level e=™/2. It is optimal then to choose the parameters P
and m such that the two terms balance. Knowing that the complementary error function
is bounded by a Gaussian for positive values of the argument we obtain a relationship be-
tween P and m as in [20]. The parameter m can then be chosen as a function of P through
the relation m(P) = Cv/7P with a C = 0.98 observed in practice. For a precise study
regarding the values P should take to achieve a certain accuracy § we choose a sufficiently
large M, 3 for which the truncation errors are negligible and perform a study of the error
decay. This study will be performed on N, = 100 point particles uniformly distributed in
the unit cube but for the entire kernel G = S + 2¢2D. Here we settle for a slenderness
parameter of ¢ = 1072, which is the one used all throughout the simulations performed in
the present work. In Fig. 4 we illustrate the behavior of the error computed in max-norm
increasing values of P for a set of &€ = 2,...,10 with m = 0.98V/7P, see Algorithm 5. We
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notice a small increasing demand on the number of points P for larger values of £, but note
the expected exponential decay of the error.

Error in max—norm

P

Figure 4: Decay of the error for increasing number of points P in the support of the
Gaussian. The number of grid points in the FFT grid is chosen such that § = 10716 for a
set of increasing & = 2,...,10.

Efficiency

For efficiency r. and M, 3 should be chosen such that the real space sum and the Fourier sum
are well balanced and this is controlled through the parameter £. Reconsidering the Fourier
space sum (O(NP?) + O(M,*log M,*) + O(M,*) + O(N P?), with M} = MSBV) we note
that the free parameter P is fixed for a certain accuracy § and M, go(f ,0). The Fourier space
sum would be essentially O(N) if the grid size M, g3 were not connected to the real space
sum cut-off r. through £. The real space sum however is only conditionally O(N), i.e. if r.
is chosen such that each particle has an approximately constant number of neighbors as N
increases. Since r. and M, gO are intertwined through ¢ (and also §) it leads to the fact that
Z\ig?’7 i.e. the total size of the FFT grid, grows approximately proportional with N. This
argument can be followed by studying the relationship between r., £ and M, gO . In essence
if the real space sum is O(N) the Fourier sum is of complexity O(N log N) rather than
O(M,*log M,?).

optimalg

500 1000 1500 2000 2500 3000 350(
N fibers

Figure 5: Optimal ¢ for a set of N fibers in a constant volume, V' = 36 x 36 X 36: (x)
accuracy § = 1074, (0) accuracy § = 1078,
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Based on the previous error analysis it is straightforward to choose Mg and r. for a
given £ and §. To find an optimal £ which minimizes the computational cost it suffices
theoretically to find one £* which optimizes one configuration N, 2., and based on this
compute & which optimizes N, ,d. We distinguish two cases depending on whether the
density number p = N/V grows at constant volume or the density number is constant at
increasing volume. Here we study the case of increasing density at constant volume Vi,
yielding an increasing number of fibers N > N,.

Example

[1] Assume &, optimal for a simulation of N, fibers in a volume V, at an accuracy 9,
P« = Ni/Vi.

[2] Compute r¥ = £, (£, ) according to Table 1.

[3] Knowing that the real space sum is O(N) if N, = 47/3p.r3, is preserved constant
compute the new r. = {/p./p r%, with p = N/V..

[4] Compute a new & = f,-!(rc, ) again from Table 1.
[5] The FFT grid spacing will then be Mg = fam(§,0) from Table 2.

For the new simulation of NV fibers in the same volume V, the optimal parameters are
& M g , Te. A similar example can be worked out for a fixed r. and a volume growing with
N, which would leave the density p unchanged.

In our case however 7 = 7.+ L and this is further refined to exclude fibers at a distance
larger than r.. This does not leave us with a tractable formula for N, as in the previous
example. On top of the two Ewald sums we introduced a set of analytical integrations
O(N), and there is also an overhead from the outer numerical integration, also O(N). These
increase the computational cost which leads to a small shift in the values of the optimal &
that we obtain from the theoretical guideline. To observe this we perform an analysis on a
per simulation basis, advocated also by [24], and compare the optimal parameters with the
ones from the approach in the example above.

The search for the optimal ¢ for a given input data N at a fixed volume V is detailed
below

[1] Identify the simulation input data: N number of fibers, Q = [0, B;1)x [0, Bz) %[0, Bs)
the domain, ¢ desired accuracy.

[2] Choose &y such that r.x < min(B;, Bs, Bs)/3.
[3] Perform a set of simulation for £ =§;, i =1,...,p, and § < & < ...&.

[4] Find ¢ = min;(¢(N,&;)), where ¢(N,¢&;) is the computational time for a simulation
with N fibers at a &;.

We choose a domain Q = [0, B)3, B = 36, large enough such that a few values of r. can
be browsed. To keep in mind that we operate in practice with ) = r. + L and since one
fiber length is L = 2 we shall have rather large values for the cut-off r*. Other parameters
in the simulations are the ones fixed for a certain accuracy P = 8 for § = 107%, P = 16
for § = 1078, and m = 0.98v/7P as advised in Section 5. The forces over the fibers are
expanded in Legendre polynomials of up to R = 5. For the numerical integration in (35)
we perform a 3-point Gaussian integration segment-wise, thus having a sixth order method.
In this case we choose 3 x 6 discretization points.
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In Fig. 5 we provide the optimal £ for a given N corresponding to an accuracy of
§ =104, and § = 1078 respectively. As a general guideline we provide the corresponding
values of . and M for § = 10~*. The total number of points in the FFT grid is (M - B)?,
B = 36. In Table 3 we reproduce the parameter values which optimize the computational
costs as they are obtained from the simulations, while in Table 4 we present the expected
parameter values according to the analysis in the example previously given. It can be
noticed that the quantitative difference is small.

Table 3: Scaling for different simulation Table 4: Expected scaling according to
configurations in a domain € = [0, B)3, the theory in a domain = [0, B)3, with

with B = 36 for 6 = 10~%. B =36 for § =104,
N - fibers || ¢ Te MY N - fibers 13 Te MY
500 4 | 28712 | 10 500 4 2.8712 | 10
1000 4.4 1 2.7881 | 11 1000 4.9835 | 2.6915 | 12
1500 5 | 26891 | 12 1500 5.6674 | 2.6040 | 14
2000 5.5 | 2.6234 | 14 2000 6.2088 | 2.5488 | 16
2500 6.0 | 2.5689 | 15 2500 6.6641 | 2.5095 | 17
3000 6.6 | 2.5147 | 17 3000 7.0609 | 2.4794 | 18
3500 7.2 | 2.4697 | 18 3500 7.4146 | 2.4554 | 19

6 Numerical results

Two main aspects were stressed all throughout the analysis of the Spectral Ewald method
as applied to a suspension of fibers, namely accuracy and computational complexity. In
Section 5 we have established a straightforward way of choosing the parameters to satisfy
the accuracy requirement and further on in Section 5 we determined how to choose £ for
efficiency. To solve the system (35) stated in matrix-vector form we use the fast summation
method in conjunction with an iterative method, here we consider GMRES to be the method
of choice.

In the fiber simulation there will be errors introduced also by the expansion of the forces
in R Legendre polynomials, as well as discretization errors from numerical quadrature. In
this section we want to evaluate the performance of the Spectral Ewald method. Therefore
we keep the discretized system fixed and as a reference solution consider one computed
with very strict error tolerances in the the Ewald method. We first consider a system
of N =100 fibers in Q = [0, B)?, B = 15 discretized as in (35) with R = 5 and 3 x Ny,
N, = 16 discrete points on each fiber. The system (35) is solved to compute force coefficients
al, ¢ = 1,...,R and hence the forces fi(s), | = 1,...,N. Given these forces the left
hand side of (35) is computed with parameters in the Ewald method adjusted to different
accuracy requirements. Since the real space sum treatment is partially analytical and
partially numerical we cannot track the error decay by choosing a fix £ and browsing r..
We can however choose a fix r. and control the decay in error of the real space sum by
changing &, and from here on M, g. For this purpose we have chosen a smaller volume for
our simulation since the number of points in the FFT grid will grow more with £ as we
increase the accuracy. The cut-off radius r. is maintained at a fixed value while £ and
M g are changed according to Table 1-2. The accuracy results in max-norm for a set of
parameters corresponding to various 6 = 1074, 1076, 1078, 10710, 10~!2 starting from
r* =r. 4+ L = 5 are reproduced, together with the exact parameters that have been used,

c

in Table 5.
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Table 5: Error of the method for various parameter choices. The cut-off radius is fixed at
r* = 5. The computational domain is Q = [0, B)® with B = 15.

Tolerance & 13 M g -B | P | Obtained accuracy
10-4 1.2334 45 8 3.0505 x 10~°
1076 1.4200 60 12 2.2963 x 1077
10~8 1.5877 75 16 3.5234 x 1079
10710 1.7404 90 19 1.1021 x 107!
10712 1.8823 105 23 3.0069 x 10713

We expect the computational complexity to scale as O(Nlog N). To check this we
analyze the same set of runs as for the efficiency tests presented in Fig. 5. Assume now
that the computational time t(NV) is a function ¢(N) = SN log(/N). We plot in Fig. 6 the
quantity ¢(N)/log(NN) and note that indeed there is a linear dependence on N as expected.
We note a difference in slope between the two simulation sets. This could be foreseen since
the two sets of runs are performed for two different accuracies. For each accuracy we have
used a different number of points P in the support of the Gaussians in the Fourier space
sum. Reverting back to the operations count for the Fourier space sum we note that there
is a constant P? in the O(N) term which is partly the reason for the difference in slope
visible in Fig. 6.

1.5

t(N)/log(N)

[y

0.9

200 1000 1500 2000 2500 3000 350(
N fibers

Figure 6: Complexity of the algorithm represented as t(N)/log(N) versus N for an optimal
& (%) accuracy 6 = 1074, (O) accuracy § = 1078.

The error analysis has been performed on a per particle basis . Thus it is necessary to
assess how summing up a large number of fibers influences the error. To this end we consider
a set of fibers N = 500,...,3500 in a domain Q = [0, B)?, B = 36 for fixed parameters
r. = 3 and a fiber discretization in 3 x IN;, N; = 6 points. To assess the errors as they
would arise from a distribution of fibers, which has a different homogeneity properties than
a distribution of particles, we used a pre-computed solution of the system (35) as the initial
data for the Ewald summation. The other parameters & and M, g are adjusted according to
the imposed accuracy § = 1074, § = 10~ respectively. The error, computed in max-norm
using a reference solution of § = 1072, is illustrated in Fig. 7. The computational error lies
below the threshold imposed by § however an apparent increase as N grows can be noticed.
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Figure 7: Accuracy for increasing number of N fibers at an imposed accuracy of 1074, and
103 respectively.

7 Fiber simulations

Background

Numerical simulations of fiber suspensions in periodic domains have been studied previously,
see e.g. [4, 23, 25, 12], the review article by Guazzelli and Hinch [11], and references therein.
Many characteristic features of a sedimenting fiber suspension, such as the formation of
coherent regions known as flocs and streamers, and the preferential alignment of fibers in
the direction of gravity can be accurately captured using numerical simulations, as careful
comparisons with existing experimental data certify [14, 21].

Whereas in a laboratory the physical domain is always bounded, in simulations one has
the possibility to choose periodic boundary conditions as a means to consider an infinite
suspension, hence to eliminate wall effects. Nonetheless periodic boundary conditions may
have a non-negligible influence on the sedimentation process, and certain quantities and
phenomena show a dependency on the chosen size of the simulation domain. In particular
the sedimentation velocity turns out to be sensitive as discussed by Butler et al. [4]. Similar
observations were made by Saintillan et al. [23] who performed a set of numerical simulations
with up to 512 fibers at a volume fraction of nl® = 0.05 using the SPME method. Further
numerical experiments by Gustavsson and Tornberg [12] also noted the influence of the
domain width/height in simulations of up to N = 800 fibers.

In this section we present results from numerical simulations of fiber suspensions in a
periodic setting performed using the Spectral Ewald method. Compared to previous sim-
ulations, the present implementation of the Spectral Ewald method has made it possible
to perform simulations in larger periodic domains with substantially more fibers than pre-
viously feasible. It is thus the aim of the present study to examine the capabilities of the
newly developed numerical method and to supplement the aforementioned results by study-
ing larger periodic domains and more fibers. The results we report here are for systems with
up to N = 3840 fibers in domains that have either a square or a rectangular cross section. A
summary of the various simulation cases is given in Table 6. All simulations are performed
in a dilute regime at a volume fraction of fibers of ni®> = 0.05. The non-dimensional fiber
length is L = 2. The algebraic solver used in this case was GMRES, which lead to con-
vergence rates of 10 — 30 iterations in each timestep. The parameters chosen for the fiber
discretization and time-step are according to the accuracy tests in [25]. The parameters in
the Ewald summation are chosen according to the discussion in Section 5. All simulations
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Table 6: Summary of performed simulations. The numerical parameters are chosen to
correspond to an error tolerance, § = 1074, according to the discussion in Section 5 as
& =6.5194, r.x = 2.5124 and Mg = 16, and timestep A; = 0.1.

Case || Size of periodic cell | Number of fibers | ni?
1 24 x 24 x 40 1152 0.05
2 24 x 24 x 80 2304 0.05
3 24 x 24 x 120 3456 0.05
4 80 x 8 x 40 1280 0.05
5 80 x 8 x 80 2560 0.05
6 80 x 8 x 120 3840 0.05

start from a random configuration of fibers, and the dynamics of the system is recorded up
to at least time ¢ = 300 for all cases.

Averaged quantities

Statistical quantities such as the mean sedimentation velocity and mean square orientation,
where averages are taken over all fibers, are often used to describe key characteristics of a
sedimenting suspension. Previous numerical simulations, e.g. [4, 23, 12], showed that the
sedimentation velocity is in general not affected by the height of the domain for a constant
concentration as long as the dimensions of the domain in the horizontal directions are kept
fixed. In Fig. 8 we present and compare the mean sedimentation velocity for all six runs
listed in Table 6. The sedimentation velocity displays the same qualitative behavior in all
cases, 1.e. both for a domain with a square cross section, Fig. 8a, and for a domain with a
rectangular cross section, Fig. 8b. In the latter cases, for a domain of height H larger than
80, a region of nearly constant sedimentation velocity is apparent between ¢t = 60 and 80,
which does not appear in the other cases. Inspection of the instantaneous fields shows that
this feature is due to the building up of strong vertical streamers and the disappearance of
swirling motion in the spatially extended domain. This will be discussed further below in
Section 7, where we also see that although the sedimentation rate is qualitatively similar
for all cases the structure of the sedimenting fiber suspension is different depending on the
cross section of the domain.

As noted in Saintillan et al. [23] reaching a steady state of the average sedimentation
velocity is not achievable in a comparable period of time as the number of fibers in the
system increases; in the present cases the velocity continues to increase throughout the
duration of the simulation. The transient state of the orientation dynamics is however
shorter, as shown in Fig. 9 by means of the fluctuations of the fiber orientations. For
the case of a square cross section, the statistical steady state is reached at approximately
t = 150, see Fig. 9a, while for rectangular cross section domains the transient state ends at
approximately ¢t = 200, see Fig. 9b.

There is a correlation between the instance when the streamers form and the onset of
the steady state of the orientation dynamics. At a first stage clusters form starting from a
random distribution of fibers. These clusters accumulate and coalesce to form streamers.
Eventually, the streamers extend through the entire height of the periodic domain and
have a sedimentation velocity higher than that of isolated fibers. The streamer velocity
then increases further as the densification process continues. Within a streamer fibers have
less freedom to flip due to the fact that they are constrained by other fibers that occupy
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Figure 8: Comparison of the average fiber sedimentation velocity in absolute value as a
function of time for simulations in domains with different cross sections and different heights,
H =40 (solid), H = 80 (dashed) and H = 120 (dashed-dotted line).
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Figure 9: Comparison of the average square orientation of fibers as a function of time
for simulations in domains with different cross sections and different heights, H. H = 40
(solid), H = 80 (dashed) and H = 120 (dashed-dotted line).

the surrounding space. Thus a steady orientation distribution can be reached before the
densification process is completed. According to [23] the time at which the sedimentation
velocity reaches a plateau is also a function of the periodic cell aspect ratio.

The above argumentation is supported also by an analysis of the preferred fiber orienta-
tions. Therefore, we now discuss probability density functions (pdfs) of the angles between
the fiber long-axis and the horizontal plane obtained from our simulations. The obvious
definition of such an angle is to take the inner product between the orientation unit vector
t and the vertical z-direction, siné = (t,,t,,t,) - (0,0,1) = t., 0 € [-7/2,7/2]. However,
in experiments it turns out that the determination of # is prone to considerable numerical
inaccuracies caused by the measurement technique (see e.g. the discussion by Herzhaft and
Guazelli [14]). Therefore, another measure has been proposed and used, namely the angle
¢ between the horizontal plane and the two-dimensional projected image of a fiber on a
fixed vertical plane, formally tan¢ = t,/t,. In the following, both ¢ and 6 are shown for
three different cases using our numerical method. Note that our definition of 6 is such that
0 = 0 corresponds to a fiber with a horizontal alignment, whereas Herzhaft and Guazelli
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[14] define § with respect to the vertical direction (i.e. cos = t,).

In the following we plot estimates for the probability density function pdf for both |6]
and |¢|. For this purpose, a histogram using 80 equidistant bins has been computed for all
fibers, which is then scaled to unit area,

w/2 /2
/ pdf(|6))dé =1 and / pdf(|0))do = 1.
0 0

pdf (fol)

4 w2

(6]

Figure 10: Probability density function (pdf) of the projected angle ¢ for square cross
section. (solid) our data for the statistically stationary state (averaged t = 300 — 380),
(dashed) SPME data by Saintillan et al. [23].

To validate our results with literature data, we present in Fig. 10 a comparison of the
pdf for ¢ with the SPME simulations by Saintillan et al. [23]. To this end, we simulated
the case with square horizontal cross cut, in a domain 10 x 10 x 80 with matched fiber
density. After reaching the steady state, we obtain very good agreement with [23], both in
terms of the qualitative shape and the quantitative behavior for all angles. We can therefore
conclude that our method captures the relevant aspects of the fiber dynamics.
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Figure 11: Probability density function (pdf) of the projected angles ¢ and 6 for square
cross section of size 24 x 24 x 120. Averaging time in direction of arrow: ¢ = 0 — 10, 20 — 50,
50 — 80, 120 — 150, 300 — 380.

Still in a square cross cut domain, but with considerably larger horizontal domain extent
of size 24 x 24 and height H = 120 we show the transient behavior of the pdfs in Fig. 11.
The final distribution corresponds to the statistically stationary state, and is averaged from
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t = 300—380. At time ¢ = 0, the fibers are initialized with random position and orientation.
Therefore, the angle ¢ averaged up to t = 10 features a nearly uniform distribution with
approximate value 2/7. However, the angle 6 for the same average closely follows the
distribution cos|f| due to the spherical coordinates. For later times, both angles show
a considerable increase of the probability close to /2. As opposed to the experiments
by Herzhaft and Guazelli [14] in our data the maximum is reached exactly at ¢ = m/2.
Furthermore, their secondary (flat) maximum near zero is not reproduced in our data. For
this particular configuration, the probability for ¢ = 7/2 is increased by a factor of 4.4
compared to the uniform distribution. The angle 6 in principle shows the same behavior
for increasing time; the maximum however is not located at 7/2 but rather at 6 ~ 1.44.
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Figure 12: Probability density function (pdf) of the projected angles ¢ and 6 for rectangular
layout of size 80 x 8 x 120. Averaging time in direction of arrow: ¢t = 0 — 10, 20 — 50, 50 — 80,
120 — 150, 300 — 420.

The rectangular cross section shows the same qualitative behavior as the square cross
section as documented in Fig. 12; starting with a uniform distribution of the angles ¢, the
peak values at 7/2 is increased gradually. In the stationary state, a 7-fold increase compared
to the uniform distribution is reached which is nearly twice than for the square cross section
(Fig. 11) with the same fiber density. In particular, the probabilities for lower angles are
very low indicating that almost all fibers are oriented towards the vertical settling direction.
This behavior can be explained by the increased migration of the fibers into the streamers.
The pdf of § is very similar to the square cross-cut case, but also shows an 1.5-fold increase
of the peak value at 6 ~ 1.44.

Dynamics and fiber density

One of the most interesting phenomena pertaining to sedimenting fiber suspensions is the
formation of vertical streamers. Most computational studies using periodic boundary con-
ditions note the formation of only one streamer, [4, 23, 12], while as in experiments, see e.g.
Metzger et al. [21], the presence of more than one vertical streamer is reported.

In an attempt to observe more than one streamer with periodic boundary conditions,
Saintillan et al. [23] considered a sedimenting suspension in a domain with rectangular
cross section of dimensions 80 x 8 x 16 (stated in terms of our non-dimensionalization).
A number of simulations was performed using different random initial distributions. The
authors observed one, two and in rare cases even three streamers, all of them separated by
wide regions of clear fluid. They conclude that there is a strong dependence of the initial
streamer formation on the initial fiber distribution. Since their domain is comparably short
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in the direction of gravity, the fibers appear to be trapped in the strong shear between the
streamers and the void regions set up early in the time evolution. Recent stability analysis
performed by Zhang [27] following a study on spheroidal particles [5], shows however that
in the stationary Stokes flow regime there cannot be more than one sustained streamer, at
least when an infinite flow domain is considered.

Using the same cross section and fiber density as in Saintillan et al. [23] but with a
considerably longer domain in the direction of gravity, the behavior of the suspension was
observed to change, and no more than one large streamer was seen to develop for any of
the runs 4-6. In Figs. 13a to 13c we show the fiber configuration at different time instances
for the longest domain, H = 120. During the transient regime, i.e. before a clear streamer
develops, the fibers move in a rather chaotic manner. Regions of fibers with high downward
velocity are randomly interspersed with regions of lower velocity and regions of upward
moving fibers, see Fig. 13a. After the initial transient up to the final instances of the
simulations, see Figs. 13b—13c, one wide, dense streamer with enclosed smaller clusters is
located in the middle of the domain. On both sides of the streamer regions with lower fiber
density are observed to move in the opposite direction. At t = 100, see Fig. 13b, large-scale
swirling motions are still visible which by ¢ = 300 have decayed significantly, see Fig. 13c.

120,
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(a) Run 6, ¢t = 10 (b) Run 6, t = 100 (¢) Run 6,t =300 (d) Run 3,
t = 300

Figure 13: Fiber configuration at different time instances during the sedimentation process.
Fibers with blue-dark green colors are moving downwards, and with light green colors
upwards. Note the difference in suspension structure at time ¢ = 300 using different cross
sections (runs 3 and 6).

Comparing the final configuration of the large-scale structure of the streamer between
the two cross sections, Figs. 13c and 13d, we note in the latter case the presence of one very
distinct, circular and dense streamer and a surrounding region with clear fluid with only
some fibers moving upwards; approximately 93% of all fibers are found inside the streamer
with a downward velocity. In the case of the rectangular cross section the streamer is not
circular, and its boundaries are less sharp. The region outside the streamer has a significant
amount of upwards-moving fibers (about 33% of all fibers).

This difference is further highlighted in Figs. 14 and 15 which show the vertically aver-
aged fiber density in the two configurations. The density is computed by a standard binning
procedure with bin size 0.5 x 0.5. We distinguish three different situations: i) the initial
fiber configuration (averaged between t = 0 — 10), the transient phase (¢ = 50 — 80) and
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the stationary state (¢ > 300). In both cross sections the density in the core region of the
streamer is continuing to increase as time progresses. When the stationary state is reached,
the maximum density of the streamer is substantially higher in the case with square cross
section (reaching up to a value of 0.8) as opposed to the ones with rectangular cross section
(reaching 0.18). In both cases, the core region has a diameter of about 10 units; for run
3 (square cross section) a circular shape is obtained whereas for run 6 (rectangular cross
section) a two-dimensional shape is reached. To what extent the diameter and shape of
the streamer depends on the box dimensions will be the subject of further studies. Note
that high density circular streamers have also been observed in domains with square cross
sections of smaller size than used here. In [12], a periodic domain with a square size 8 x 8
lead to a qualitatively similar density distribution as illustrated in Fig. 15. Hence, an inter-
esting question is whether the size of the streamer core region scales with the domain size,
or whether a finite diameter will be reached at some point. The results here would indicate
that a diameter of around 10 could be expected.

For the rectangular cross sections, comparing with the results by Saintillian et al. [23]
there is a notable difference in the way fibers fill out the entire periodic domain, even though
the fiber density is the same. Whereas these authors observe distinct regions of essentially
clear fluid, in our case the fibers are localizing in the streamers, but no extended regions
without fibers appear as illustrated in Fig. 14. In the case of square cross section (Fig. 15)
essentially all fibers are trapped in the streamer (93% of all fibers as mentioned above).

To study the micro-structure of the suspension we show in Fig. 16 a number of fiber
trajectories in an zz projection pertaining to the stationary state (¢ = 300 — 310). In the
case of the square cross section we only included trajectories inside the region y = 18 — 22
due to the circular shape of the streamer; for the rectangular case y is a homogeneous
direction and thus the whole span could be included. For both cross sections we observe a
dense core with strong negative vertical velocity in the streamer of approximately the same
diameter, however as discussed above much denser in the case of square cross section. The
fiber trajectories are very straight in the center region for both cases. Similarly, the region
opposite of the streamer (i.e. half the domain width shifted due to the periodic boundary
conditions) is also dominated by straight, upward-directed trajectories. These are however
only visible in sufficient numbers for the case of the rectangular domain (Fig. 16a) where a
third of the particles is not located in the streamer. The interface between these two regions
is dominated by fiber trajectories that are curling up with a much smaller length scale than
the height of the domain. Such a motion can be seen in both cases (i.e. rectangular and
square cross section), however the structure is different. It is expected that the magnitude
of the shear and the overall geometry (2D or circular) is relevant in determining the exact
behavior of this region. Further studies, in particular in terms of understanding the exact
fiber dynamics (e.g. tumbling motion), but also in terms of analytical models of the interface
region, are clearly necessary to fully understand this phenomenon.

8 Conclusions

A detailed description and discussion has been provided for a new efficient method designed
to simulate large fiber suspensions in periodic domains. The fibers are immersed in a
Stokesian fluid and are assumed to be rigid and slender, i.e. with a large aspect ratio.
The mathematical model that describes the fiber-fiber interaction is based on a boundary
integral formulation which uses the slender body theory and has been reformulated and
discretized in a manner that yields good conditioning properties of the discrete system [25].

Periodicity has been introduced through an Ewald summation method, decomposing
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Figure 14: Fiber density in a xy view averaged over the z-direction and over different time
spans, 0-10, 50-80, 300-420. Left: Density of fibers moving in the direction opposite to
gravity. Right: Density of fibers moving in the direction of gravity. Domain with rectangular
cross section and height H = 120, run 6.

the periodic Green’s function into two sums, one treated in real space and one computed in
Fourier space. The two sums converge at a rate controlled by the decomposition parameter
& and can thus be truncated at cut-offs which are interconnected through the decomposition
parameter and determined by accuracy requirements. The decomposition we used for the
Stokeslet is due to Hasimoto [13] and had to be derived here for the dipole which is also
present in the current fiber suspension model.

The computations in Fourier space were accelerated by a FFT based method, the Spec-
tral Ewald (SE) method [19], now extended also to the dipole. By the use of suitably scaled
Gaussians, approximation errors decay exponentially and are controlled independent of the
size of the FFT grid. The FFT grid in the SE method can hence be chosen as the minimal
grid considering only at which mode the Fourier sum should be truncated. This lowers
the memory requirements as compared to other established methods such as the Smooth
Particle Mesh Ewald (SPME) method, and allows for the simulation of larger systems.

The real space treatment is based on a Linked Cell List, and is modified to allow for
analytical integration for better accuracy as fibers get close to each other. The real space
treatment is O(N) as the system scales up, if the average number of fibers within the
interaction list of each fiber is preserved constant as N grows. This is accomplished by
adjusting the decomposition parameter £ as needed, thereby intertwining the costs of the
two sums, yielding an algorithm of a total complexity of O(N log N), where N is the number
of fibers.

A difficult issue in using a fast Ewald summation method is the choice of parameters such
that both efficiency and accuracy issues are optimally addressed. Using the error estimates
in [19] supplemented by our own error estimates for the dipole we propose a straightforward
method of choosing the parameters for the method to satisfy accuracy requirements, given
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0 0.05 0.1 0.1

Figure 15: Fiber density in a xy view averaged over the z-direction and over different time
spans, 0-10, 50-80, 300-380. Left: Density of fibers moving in the direction opposite to
gravity. Right: Density of fibers moving in the direction of gravity. Domain with square
cross section and height H = 120, run 3.
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(a) Rectangular cross section, run 6. (b) Square cross section, run 3.

Figure 16: Fiber trajectories in a xz-view for 100 arbitrary fibers during time interval
t = 300 — 310. For (a) the full y-extent is shown, whereas for (b) only y = 18 — 22 is
included. The color indicates the vertical fiber velocity, ranging from negative (blue) to
positive (red).

the decomposition parameter £&. The choice of ¢ affects the efficiency and is discussed based
on numerical results. We provide numerical results that confirm the expected accuracy and
computational complexity.

To validate the method we perform a number of simulations of a sedimenting fiber
suspension. Taking advantage of the fact that the newly developed method has made it
possible to use larger periodic domains and a substantially larger amount of fibers than
previously simulated, we performed a set of simulations comparable to those in [23, 12] in
terms of aspect ratio, but within larger periodic domains. The effective concentration of
fibers was fixed to nl®> = 0.05 and the number of fibers range from 1152 up to 3840.

Comparisons of our results to previous simulations show that we reproduce correctly
characteristic features of a sedimenting suspension, like cluster and streamer formation,
enhanced sedimentation velocity and alignment of the fibers in the direction of gravity.
Furthermore results from periodic domains of square cross sections are in agreement with
previously reported findings. Domains with a rectangular cross section display different
structures of the fiber suspension with streamers that do not localize in a circular fashion.
There are no regions of clear fluid separating the streamer from the upward moving fibers
and the fibers are distributed in the entire periodic domain during the simulation. At a
micro-scale there are small recirculation zones in the suspension where fibers undergo a
swirling motion.

The simulations performed here were meant to show that the method developed can be
used for large scale simulations. At the same time we aimed to make way for new insights in
the behavior of fiber suspensions as larger and larger domains can be simulated. As a next
step a systematic study involving many simulations for different configurations and fiber
densities will be performed with a parallelized implementation of the method presented in
this paper.
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Appendix A Truncation error for the dipole
We seek bounds on both terms I'p and ®p and besides the triangle inequality we use
erfe(z) < e x>0,

Now for the real space sum we start by estimating

1 3r?
IFp(&x)fllz - < [CEr)| 5 IEll2 + [DEr)]—5[IE]]2 (A.1)
4 f _ 27,2
< %(é”nfn + [ S o + 10| el
- 2,.2
< 4+ =4 +68%r° + 4§r)>
(147
need We proceed to bound the sum over all periodic boxes
Y I x+p)fllz < BR(E ro)lIfll2 (A.2)

[x+p|>7c

Given that from (A.1) we notice that I'p decays in a radially symmetric fashion we
can proceed by restating the sum above as an integral in the radial direction. To avoid
unnecessary cluttering of the text we drop the term ||f||2 in the remaining of error estimate
analysis to recover it once we are ready to state the final result. We then have

o —g2p2
D 5,.5 3,3 €
ErR (& re) < /47rr (44—\/_( £r° 4+ 6£°r +4§r)) 3 dr (A.3)
—527‘2
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Let us now take each integral term in (A.3) individually and using (A.4) and (A.5)
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The next integral term
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Truncation error
Truncation error

(a) Truncation error for the Fourier space vs. (b) Truncation error for the real space vs. num-
number of layers for £ = 10, 15, 20 ber of layers for £ = 0.4,0.6,0.8

Figure A.1: Truncation error estimates for N = 1: () error estimate; (-o-) computed sum.

And lastly
0 —g2p2
e 2.2
‘&/E / 4¢r dr| < 16merfe(ér) < 16me* " (A7)
T
Summing up now the terms (A.6)—(A.7)
ER(&,re) < (16y/mr3e® + 48y/mr & + 40m)e E7e (A.8)

For the Fourier space sum consider first the change of variables k = 27k and k = (ky /By, ko/Ba, k3/B3)
and estimate the following truncation error

Y lIen(& Kl < ER(E K]

k| >koo

and by integrating only in the radial direction
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Denote a = % and continue to evaluate the above integrals
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ER(&k) < (/ k2e~0 kzdkz+/k a2k4e_a2k2dk) (A.10)
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These error estimates are functions of both £ and the cut-off . in real space and ko
in Fourier space. To asses whether these estimates are valid we compare them with the
corresponding truncated sums for an increasing number of periodic layers and a fixed &, see

Fig A.la,A.1b. Although the estimates are not very sharp they offer good guidelines for
the parameter choice as they are used in Sec.5.

Appendix B Parameter dependency for the Stokeslet and the
dipole

In Fig. B.1a for the Stokeslet and Fig. B.1b for the dipole we draw contour plots for the

dependency between r. and £. This dependency is quantified in Table B.1 for the Stokeslet
and Table B.2 for the dipole.

= =
T I
5 =]
o o
[ I
)_Q hC)
0 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
§ g
(a) Parameter choice for Stokeslet (b) Parameter choice for dipole

Figure B.1: Isolines representing the relation between £ and r. for various accuracies, in
the direction of the arrow § = 1076, 10=8, 10~10, 1012, 10~ 14

Similarly in Fig. B.2a for the Stokeslet and Fig. B.2b for the dipole we represent contour
plots for the dependency between M and £. Table B.3 for the Stokeslet and Table B.4 for
the dipole gather the rules to be used for choosing parameters for a given tolerance 9.
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Table B.1: Dependency of r. on ¢ for the Stokeslet

§ | 1076 ] 1078 | 10719 | 10712 | 10714
a || 4.359 | 4.867 | 5.326 | 5.746 | 6.138
b || 1.062 | 1.048 | 1.04 | 1.033 | 1.029

Table B.2: Dependency of r. on £ for the dipole

0 10-6 10-8 10710 | 1072 | 107
a || 4.677 | 5.173 | 5.621 | 6.034 | 6.417
b || 0.9997 | 0.9997 | 0.9997 | 0.9996 | 0.9996

Sl — — 7 7] 6

55
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45f------

40p-

- grid points
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35|

MO

30|

25

21 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19

g g
(a) Parameter choice for Stokeslet (b) Parameter choice for dipole

Figure B.2: Isolines representing the relation between & and M for various accuracies, in
the direction of the arrow 6 = 1076, 10~8, 10~1°, 10~12, 10~14.

Table B.3: Dependency of M on & for the Stokeslet

5 10-6 10~8 10-10 | 10712 | 10~14
a || 2.798 3.109 3.392 | 3.654 | 3.899
b || -0.2066 | -0.03486 | 0.1918 | 0.3123 | 0.3992

Appendix C Legendre polynomials expansion

The Legendre polynomials are given by the following recursion formula

(/2]
k\ [2k —2
Pp(z) =27* Z(—U" (n) ( N ")xk—%, k=0,1,2,...
n=0
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Table B.4: Dependency of M on & for the dipole

0 1076 10-8 10-10 10712 | 10714
3.439 | 3.697 | 3.939 4.169 | 4.388
b || -1.677 | -1.258 | -0.9502 | -0.7266 | -0.571

2312% — 3152 4 1052% — 5)/16
42927 — 693z° + 3152° — 352)/16
64352 — 120122° + 69302* — 126022 + 35)/128

Py(x)

Pi(x)

Py(x) = (

Psy(z) = (

Py(x) = (35z* — 3022 + 3)/8
Ps(z) = (632° — 702> + 152)/8
Ps(r) = (

Pr(x) = (

Py(z) = (
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A new fast converging decomposition for the
periodic Stresslet

Oana Marin
Linné FLOW Centre, KTH-SCI (NA), SE-100 44 Stockholm, Sweden

Abstract

A fundamental solution of the Stokes equations, the Stresslet, is periodized here
through a new decomposition. An alternative to the previously derived decomposition
by Bennakker is developed by starting from the periodic kernels of the Laplace equation
and Stokes equations. The Hasimoto decomposition for the periodic Stokeslet (funda-
mental solution of the Stokes equations) is extended to the kernel of the Laplace equa-
tion. Based on these periodized solutions a new expression for the periodic Stresslet is
obtained. This novel decomposition exhibits faster decaying properties while maintain-
ing the same structure as the Beenakker decomposition. Numerical tests show that the
sums stemming from the new decomposition yield a result which is approximately two
orders of magnitude more accurate than the one computed using the Beenakker decom-
position for the same truncation cut-offs. The advantage of this new decomposition is
that it can replace the one by Beenakker without any additional modifications yield-
ing either better accuracy or alternatively smaller cut-offs of the two sums expediting
the computations. Error estimates in RM.S norm, which are necessary guidelines in
choosing the truncation parameters, are also derived for the new decomposition.

1 Introduction

The boundary integral method is a suitable mathematical modeling tool for a wide range of
applications such as wave scattering [20], particle simulations [2], fiber suspensions [22]. The
Stokes equations, which are the focus of the present work, can be restated as a boundary
integral equation through which the velocity is expressed in terms of a kernel, e.g. Stokeslet
or Stresslet, convolved with a set of force densities acting at the surface of either bounding
walls or immersed objects. The core advantage of models based on boundary integrals for-
mulations is that they lead to numerical discretizations over surfaces of lower dimensionality,
e.g. instead of discretizing an entire volume it suffices to discretize the boundaries present in
the problem at hand.The benefits brought by such formulation do not always come cheaply
though, especially when periodic boundary conditions are considered. Various simulations
involving the periodic kernels of the Stokes equations have been performed, i.e. the periodic
Stokeslet used by [16, 21] or periodic Stresslet [15, 3, 7].

Periodicity in the context of boundary integrals has to be reinterpreted by the reader
familiar mainly with grid based methods. It is thus understood by periodicity that any
physical phenomena that occurs in the computational cell repeats itself identically in all
other self similar cells that add to build up the entire physical space. To treat this in
the context of e.g. electrostatics one ends up having to evaluate infinite sums, which are
not absolutely convergent. To alleviate the aforementioned mathematical difficulty the
eponymous Ewald [6] suggested to split the short range interactions which are to be treated
in the real space from the long range interactions which are dealt with in Fourier space and
additionally impose a physical constraint on the problem at hand. To do so he introduced a
screening function v depending on a parameter &, also known as the Ewald parameter, and
through this function he performs two complementary convolutions in real and reciprocal
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space. Many other attempts at finding faster converging decompositions have been made,
e.g. [11] lists an entire range of choices for the Laplace equation, however the Ewald scheme
remains the most popular due to the exponential decay of both sums in the split. The
technique has been reproduced in many other scientific areas such as fluid dynamics [19],
and an application emerging from this field is also the focus of the present work. For the
singularity which gives the velocity field due to a point source, i.e. Stokeslet, there have
been two alternative formulations widely used, i.e. Hasimoto [9] and Beenakker [1], though
others have been suggested [19]. The difference between the formulations arises from either
the use of a different screening function, or the means of derivation. According to [13]
the Hasimoto formulation exhibits faster decaying properties than the one by Beenakker,
and this becomes non-negligible as the system scales up. For the fundamental solution of
the stress tensor, Stresslet, the decomposition for treating periodicity has been based on
the Beenakker formulation [7]. Since both the real and the Fourier space sum that enter
the decomposition have a computational complexity of O(N?), where N is the number of
particles it is imperative to seek improvements of this method. One straightforward way of
speeding up the computations is to involve a fast summation method, e.g. Smooth Particle
Mesh Ewald (SPME) [5], or Spectral Ewald (SE) [13]. These methods build on a certain
decomposition and by conveniently truncating the real space and the Fourier space sum the
computational complexity reduces to O(N log N). However the decay of the decomposition
plays an important role even if a fast summation method is considered.

The fundamental solution of the stress tensor, i.e. the Stresslet, has been periodized so
far by using the Beenakker decomposition, and has been used as such in [15, 3]. In the
present work, as a substitute to the Beenakker formulation, an alternative decomposition of
the Stresslet is being derived which will exhibit faster decaying properties. Given that the
Hasimoto decomposition has been noted to converge at a faster rate than the Beenakker
splitting scheme for the fundamental solution of the Stokeslet it seems plausible to assume
that the same will hold for the Stresslet. The reason for the faster decay will be shown in
this paper. The Beenakker solution has been derived by using a set of vector operations
applied to r = |r; —r;| the distance between two particles at positions r;, r;. The Hasimoto
derivation on the other hand could be derived following the screening technique introduced
by Ewald to obtain the fundamental solution of the Stokeslet. It is cumbersome to follow the
very same approach as Hasimoto since the Stresslet is a third order tensor. The procedure
here is based on the observation that the fundamental solution of the pressure in the Stokes
equations can be also obtained as the gradient of the kernel of the Laplace equation. Since
the stress tensor can be expressed in terms of the pressure and the gradient of the velocity
a formula can be established to write the Stresslet solely as a function of the kernels of
the Stokes and Laplace equations. Thereon we are able to work out a derivation for a
new expression of the periodic Stresslet using the already periodized Stokeslet. Since the
Hasimoto’s decomposition of the periodic Stokeslet is used here we were prompted to derive
the corresponding decomposition for the kernel of the Laplace equation. The resulting
expression proves to be a faster decaying summation formula for the periodic Stresslet. To
validate our result we compare it with the Beenakker solution and note that if the sums
are truncated at the same cut-off the new decomposition yields a result approximately two
orders of magnitude more accurate than the Beenakker solution. Since the structure of the
new decomposition is similar to the one provided by Beenakker it is very easy to use in
practice in any of the already developed codes and profit from the gain in accuracy at no
extra cost. For completeness we close by providing error estimates for the newly derived
converging sum, accompanied by a brief discussion on how to choose the cut-off parameters
as a function of the splitting parameter . As a side note a different derivation was obtained
using the Ewald decomposition for the Laplace kernel, however the symmetry of the terms
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does not match those of the Beenakker formulation, although the decay of the sums is
similar to the one of the new decomposition. This result is provided in the Appendix.

2 Mathematical background

There are many physical phenomena in the field of fluid dynamics characterized by domi-
nating viscous effects [18, 8]. These applications are often numerically simulated within a
volume 2 using the Stokes equations

Vp—pAu=~f,  in Q, (1)
V-u=0.

where u represents the velocity field, p the pressure and f a volume force.

If the problem at hand involves a large set of particles it is more convenient to discretize
the equations using boundary integrals instead of a grid based method. In a boundary
integral formulation it is sufficient to track all the present boundaries rather than the entire
volume. There are various mathematical models used for describing the surfaces of the
immersed objects, however here we focus on the double layer formulation used in e.g. drop
deformation studies [23].

Assume we intend to determine the velocity u at a point xy due to an immersed object
of surface given by a set of points x € S. The double layer formulation for the velocity is
then expressed in terms of the kernel of the stress tensor as

1

w(x;) = & /STOJmp(xj — X;) fm (Xj)0p(x;)dS%, X0 €S, (2)

with f being the force densities over the object surface, n the unit normal vector and the
fundamental solution of the stress tensor, i.e. Stresslet, given by

TITmTp

3)

TO,lmp(X) =-6 |X|5

For simplicity of the argument we shall consider that we deal only with points particles
X;, © = 1,..., N, which is of course what would arise from a discretization of the surface
S once we employ a numerical quadrature to evaluate (2). If however the computational
domain, Q = [0, L)3 is subject to periodic boundary conditions all the periodic images of
all points have to be summed up. For any point x on the surface S the periodic image is
given by x + 7(p) with 7(p) = p1Le; + p2Les + p3Les, p € Z3, yielding

/

w(x;) = % Z ZTo,zmp(Xj —x; + 7(P)) frm (X)0p(x5) , i=1,...,N. (4)
PEZ3 j

where the prime over the sum over p stands for skipping the singular point i = j for |p| = 0.

In the present form this sum is only conditionally convergent and typically an additional
physical constraint has to be imposed. In the case of the Stresslet this condition comes in
rather implicitly, as opposed to the case of the Laplace equation, as will be explained. To
expedite the truncation of the sum an extra step has to be taken, i.e. the short range inter-
actions, which remain to be summed in real space, are split from the long range interactions
to be summed in Fourier space, thus obtaining two fast converging sums. To the author’s
knowledge the only derivation available in the literature [3], [7], [15] is the one based on
Beenakker’s decomposition. According to Beenakker we can split the sum in (4) as follows

ul (xi) = u] " (xi) +ug T (xi) - (5)
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The Fourier space sum is given in terms of the wavenumber k € 27x/L, k € Z3 and
k = |k| as
1 .
TF _ :—ike (% —X%;
W) = =5 0D B (€ ) S ()i M) (6)

k£0 j

with Sp,p(x) = fim (X)n,(x), V the volume of the domain © and

2

1 KR\ e
kA kkmbkp + ﬁ(am}’kl + Oipkm + Oimbkp) || 1+ —— + <1 e .

46 8¢

It is natural to skip the wavenumber k = 0 since the limit as k — 0 is zero.
With the same notation for Sy, the real space sum is given as

(I)lmp(g,k) = 87T|:

UIT’T(X') = Z ZFlmp(E,Xj —X; + 7(P))Smp(%;) (7)

PEZ3 j

with
Flmp(ga X) = C(f, |X|)=%l-i‘mjp + D(&a |X|)(5lmtﬁp + 5lp=%m + 6mpjl) )

where % = x/|x| and for r = ||

clEn 126 8&3%r  16&%3 ) g

IR

2

_7% erfc(&r) + (

Der) = Le-gmes

This decomposition has good convergence properties and proved itself to be useful in
various applications [15], [7]. However in the sections to follow we develop a faster converging
decomposition which will be compared to the currently stated expressions for the periodic
Stresslet.

3 Periodic Stresslet

To start with we note that the stress tensor can be expressed as a function of the pressure
p and the velocity u as
T=-p+Vu+Vul .

The same expression can be applied to obtain the Stresslet given as in (3) in terms of the
fundamental solutions G, also known as the Stokeslet, and pressure IT, more details in [18].
With

1 TiTm
G == — 8
lm(x) |X| tm + |X|3 ) ( )
and .
l
HZ(X) =—-2—. (9)
x|
By noticing now that II = —QV% we can express the pressure as a function of the funda-
mental solution of the Laplace equation
oL
0, (x) = —222%)
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where we denoted by L the fundamental solution of the Laplace operator, i.e. L(x) = 1/|x],
also known as the harmonic Green’s function. We can therefore express the Stresslet in
terms of the kernels of the Stokes and Laplace equations

oL
Timp(x) = 2 () Oip +

OGm (x) N OG p (%) __gTmTp
0T,

Oxyp Ox; |x|®

(10)

To this end we also verified that using the above formulation we can retrieve the Stresslet
as stated in (3).

As expression (10) was applied to the Stokeslet and the harmonic Green’s function
it can also be applied to their periodic corresponding expressions to obtain the periodic
Stresslet. First we list the Hasimoto decomposition of the Stokeslet. The Hasimoto split has
been noted to yield superior convergence properties, albeit slight, [13], for the fundamental
solution of the Stokes equations. Hasimoto used a technique similar to Ewald’s to split the
short range interactions from the long range ones. In the field of electrostatics Ewald [6]
used a screening function y(§,r) = e’EQTZ, a suitable choice for the periodic kernel of the
Laplace equation, to yield two sums of exponential decay in both real and Fourier space.
The Hasimoto decomposition [9], [10] is however based on a different screening function
v(€,r) = e=¢7*(5/2 — £2r2) that is suitable to the tensorial nature of the Stokeslet. Based
on these two decompositions we suggest a novel approach to generate a decomposition for
the Stresslet which exhibits faster decay as will be seen in Section 4. However the formulas
obtained using the Ewald decomposition of the harmonic Green’s function, provided for
completeness in Appendix B, do not share the same symmetry of terms as the Beenakker
decomposition provided above. To alleviate this we have re-derived the decomposition of
the Laplace periodic kernel starting from the very same screening function as Hasimoto used
in deriving the decomposition of the Stokeslet. These formulas have a similar structure as
the Beenakker decomposition, with the main difference that the polynomials that enter the
sums are of lower degree and as will be shown lead to faster convergence of both sums (in
real and Fourier space).

Hasimoto decomposition for the Stokeslet

The velocity field of the Stokes flow at a point x; due to a set of N particles positioned at
x; exerting a force f(x;), j =1,..., N onto the fluid is given as

N
u(x;) = Z G(x; —x;)f(x;) ,

j=1

where G is the Stokeslet given in (8). Here we use f(x;) to denote the force at a particle
position x; to avoid index confusions as we switch to indicial notation. However it should
be noted that f differs in magnitude from one particle position to another. Even more f(x;)
are here only discrete point values.

If periodic boundary conditions are imposed the summation over all periodic images has
to be included

us(x;) = ZZ G(xi — x; + p)f(x;) ,

where the prime over the sum over p indicates that the singular point ¢ = j for |p| = 0 has
been omitted.
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To be able to evaluate this conditionally convergent sum Hasimoto [9] introduced the
following decomposition

ug(xi) = u(x;) + ug (x:) + ety (i) (11)
with
N !
ug(x;) = ZZI‘S &,x; —x +p)f(x;), (12)
j=1 p

Here I'g, the component that sums up to give the real space sum in the split, is defined as

Ls(¢,x) = (57’) + D(ST) ,
where X = x/|x|, r = |x| and

§r722 67‘722

Cler) = erfe(ér) = Zze™ 7, D(er) = erfe(er) + e

The self contribution term use r(x;) = —4&//7f(x;), is computed from

48
lim (I -G =——=. 13
dim (s (x) = G(x)) = == (13)
The Fourier sum is given for wave numbers k € 27k/L, k € Z3, k = |k| as
1 & :
uf(xi) = D Y Bs(6 ke M (x;) (14)
J=1 k0
where o
(€ k) = B¢ ke /%
and
i k*I — kk 15
B, k) = 1 —
(€10 =5 (14 4o ) (0T - 1 (15)

The zero wave number k = 0 is omitted in the Fourier space sum, however it yields the
total force in the domain F =}, f(x;) which is demanded to balance the pressure gradient
within the periodic cell €.

Hasimoto decomposition for the kernel of the Laplace equation

The solution of the Laplace equation at a point x; due to a set of N point particles positioned
at x; of charges f(x;), j=1,...,N is given as

xi) 47rZL X5)

where L is the kernel of the Laplace equation, L = 1/|x].

Consider a periodic domain Q = [0, L)3. In the periodic setup this prompts for the
inclusion of all periodic images x + 7(p) with 7(p) = p1Le; + paLes + p3Les where p; €
Z, i1=1,...,3 and leads to solving a problem of the type

—Aug(x f47rZJJ ol (xi) = Y f(x;)6(xi —%; +7(p)) - (16)

pEZ?
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From here the expression for the harmonic Green’s function in a periodic domain is

which is a conditionally convergent sum with a slow decay.
Let us now introduce a screening function (&, x) to split the source term in (16) as

o (x) = o/ (x) = (07 x7)(x) + (07 % 7)(x) - (17)

The decomposition in (17) leads to a component o/%(£,x) = o7 (x) — (07 * 7)(x) to be
evaluated in real space and o/¥'(¢,x) = (07 * v)(x) to be evaluated in Fourier space. By
the linearity of the Laplace operator the two problems can be solved separately

~Auf(x) = dmoifi(x) (18)
AT (x) = 4noif(x) . (19)

To retrieve the full solution of the Laplace problem subject to periodic boundary con-
ditions it remains to sum up ur(x) = >, uy®(x) + u?" (x). So far the screening function
has not been specified since the above treatment holds for any screening function such that
v(&,0) = 1, v(&, |x| = 00) — 0 and also |y(§,x)|r, = 1. Here we shall use the function
that yie£d2s the Hasimoto decomposition of the periodic Stokeslet provided in Section 3, i.e.
y=e"7(5/2 — £3r?).

The real space sum can be evaluated directly by computing the convolution

W i(x) = /]R 1) Z Oy —x;+7(p) — vy —x; +7(p)))dy

s Iy =x5l 2=,

‘ erfe({x —x; +p|) 2§ —&%|x—x;+p|? j
f(X])p%Z;S( |X7Xj+Jp| \/7_'(‘6 +P , X?'éXg .

To obtain the solution of the second Laplace problem (19) in the frequency domain we
write

—Au%F(X) _ ijz&j,F(k)eik(xij) ) (20)
k

Using the Poisson summation we express the right hand side of —Au?" (x) = 4707 F (x)
as being

i, F _ ) ) o f(xj) ~ ik (x—x;)
) = Y falx—x;+p) = Lo S (21)
pEZ? k
f(x)) k? —k?/4€? ik-(x—x;)
= vl g ) e
since (k) = (14 — |e~k*/4¢°
4¢2 ’
From both (20) and (21) we obtain
, 4 f(x;) 1 B2\ k206 ikixex
J,F _ J - n k?/4€% ik(x—x;)
up (x) = = Zk2<1+4§2 e e 2 (22)

k
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Summing up over all point particles j we have the final expression for the potential in
a periodic setup.
ur (%) = up (xi) + up (%) + e (%) - (23)

The real space sum is given as

N
:ZZ (€% —xi +p)f(x5) , (24)

with
erfe(&r) 26 g2,
— — —e

r LS
The prime superscript over the real space sum indicates that the term p = 0, ¢ = j is being
skipped. To account for this term we compute in the limit x; — x; — 0 obtaining the self

interaction userf(x;) = —4€//mf(x;) from

) B L erfe(€|x|) B 2_§ _ep? L B 7&
i (Te ) = L)) = i”ilo< ERv |x|> U

The Fourier space sum is given in terms of the wavenumber k € 27k/L, k € Z* and
k= k|

IL(€x) = (25)

uf ) = T S 06K Z TR () (26)

with

where A(£, k) = kl (1 + f;)

To remove the ambiguity brought by the fact that the solution to a Laplace equation
is determined only up to a constant the requirement ), f(x;) = 0 is imposed. This allows
for skipping the k = 0 term in the Fourier space sum. In the field of electrostatics this
constraint is equivalent to requiring that the system is charge neutral.

Alternative formulation for the Stresslet
To express the velocity in terms of the periodic Stresslet we can assume to be having a
formulation just as the one in (5), i.e.

ul (xi) = u] " (xi) +ug (%) - (27)

The same notations as in the description of the Beenakker decomposition are used in
the following, i.e. Syp(X) = fm(x)np(x), with n being the normal vector, f the point force.
The Fourier sum is in terms of the wavenumber k € 27x/L, k € Z3, k = K|

N
TF 1 . —ike(x;—x%;
Uy z) = *V ;kz#oq)lmp(&k)ze ke ( ])Smp(xj) ) (28)

The amplification factor ®;,,, in the Fourier space sum can be obtained by substituting
the expressions of the Fourier space sums of the Laplace (26) and Stokes (14) periodic
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kernels in (10) leading to

(I)lmp (ga k) = (2km(slpA(€a k)) + kpBlm (ga k) + kl Bmp (6) k))eik2/4§2
k> 2 1 12 ae?
= 87 (1 + 4—52) ( — ﬁk/’lkmkp + ﬁ(klémp + kpdim + km(slp))e k= /4

Note that here we removed the —i factor which was already included in the full sum (27).

Omitting the zero wave number in the Fourier space is not problematic since the limit
as k — 0 is zero. However skipping the k = 0 term in the case of the Stokeslet implies that
the mean pressure gradient balances the forces in the computational cell. Through a proper
derivation of the Stokes equations in Fourier space as in [17] it is obtained that this bears
no changes for the Stokeslet in a periodic setup, however the pressure gains a non-periodic
component. Following [19] we have that the non-periodic component satisfies

GHZ o 87T5
Oxm VM0
from where we obtain the non-periodic component of the pressure which will be carried over
to the total Stresslet 8
7r
I, (X) = — 2 - 29
0,00) = T (29)

The real space sum of the periodic Stresslet is computed analogously to the Fourier one,
by replacing in (10) the real space terms given by the formulas in (25) and (13) leading to

N ’
UlTﬁr(xi) = Z Z Flmp(év X; —X; + p)Sm;D (Xj) ) (30)
j=1 p
with
Flmp(é., X) = C(f, |X|)i'ljmi'p + D(&v |X|)(5lmi'p + 5mpi'l + 5lpjm) 5 (31)

where % = x/|x| and for r = ||

12¢ 8£3r) 22
e

C(f,’l“) _Tﬁ_ ﬁ

_7% erfc(¢r) + (
NG )

The self interaction term is not present in this formulation, such as it is not in Beenakker’s
expressions, since

D(E,r) =

lim (D(x) — T(x)) = 0. (32)

|x|—0
To restate the entire Stresslet including the non-periodic term we have

’

N
w(xi) = @)+ Y > Timp(€,X) — X +P)Smp(x;) (33)
Jj=1p
1 & .
S 5
§=1 k£0

where the first term @; arises form the non-periodic component of the pressure (29) and is
given by

N
- 8
(%) = Z —VrmélpSmp(xj), r=x; —Xj . (34)

j=1
This is consistent with the formulas provided by [24, 25].
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4 Comparison with Beenakker formulation

The periodic Stresslet can be used in practice by either the Beenakker decomposition (5) or
the Hasimoto decomposition (27) derived here, albeit the decay of the sums is faster in the
latter case as we intend to show here. We refer to as layers in real space to the number of
p integers over which we need to sum. Correspondingly the layers in Fourier space are the
wave-numbers k. To compute either of the sums in the decomposition a number of layers
has to be considered, after which the truncation can be performed with a satisfactory error
tolerance.

The Fourier space sum and the real space sum in either of the decompositions are
intertwined through the splitting parameter £, however the addition of these two components
is independent of £&. The splitting parameter affects at which cut-off the sums can be
truncated to yield an end result with error tolerance 6. Examining the terms in (27) it can be
seen that the real space sum converges faster with increasing £ while the decay of the Fourier
space sum is inversely proportional to £. Since both sums have a computational complexity
of O(N?) it is of interest to find the particular & which gives a good computational balance
between the two sums. Assume that both sums are truncated at a tolerance ¢, then since
both sums are just as computationally expensive it is advisable to find & such that the cost
is balanced, i.e. the truncation is performed after including the same number of layers in
both sums. In Fig. 4 it is illustrated for § = 1078 at what value of ¢ the Fourier sum and
real space sum are balanced for both decompositions Beenakker, and Hasimoto respectively.

No. layers

Figure 1: Optimal & that balances the real space sum vs. the Fourier space sum. (o)
Hasimoto decomposition, ([0) Beenkakker decomposition, (solid) real space sum, (dashed)
Fourier space sum.

Looking at the expressions of the periodic Stresslet based on the Beenakker decomposi-
tion (5) and the Hasimoto decomposition (27) we note that both have the same structure
containing sums with exponential decay. However the difference between them lies in the
order of the polynomials that multiply the exponentials. In short by analyzing e.g. the real
space sum (7) and (30) it can be observed that both sums are given by terms of the type
P(¢ ,r)e_52T27 this of course is the case if we keep in mind that the complementary error
function can be approximated by a Gaussian. The difference between the real space sum in
the two decompositions, i.e. (7), (30) respectively, lies in the order of the polynomial P(&, r).
In the Beenakker decomposition this polynomial has a leading order of two degrees higher
than the one generating the components of the Hasimoto real space sum (30). Both sums
can be truncated as soon as P(£, 7’)e’52T2 has decayed under a certain threshold, i.e. for &r
sufficiently large. However the exponential decay of e~€"m" is counterbalanced by the poly-
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nomial P(&,r) which grows with increasing &r, and thus the leading order of the polynomial
has also an impact on the decay of the sum. Nonetheless the polynomial grows with &r at a
slower rate than the decay of the Gaussian. To assess this numerically both real space sums
are computed for a set of fixed values of ¢ as illustrated in Fig. 2a. The numerical test in
Fig. 2a is performed in RM .S norm on a set of N = 20 randomly distributed particles. The
gain in accuracy for the real space sum is of approximately two orders of magnitude higher
for the Hasimoto decomposition compared to the Beenakker formulation if both sums are
truncated at the same cut-off. Alternatively it can be considered that the truncation can
be performed after at a lower cut-off in the case of the Hasimoto decomposition.

Regarding the Fourier space sums we note the same behavior in the relative decay of
the Beenakker Fourier space sum versus the Hasimoto Fourier space sum. Without further
ado in Fig. 2b is illustrated comparatively the relative decay of the Fourier component
in the two decompositions. In Fig. 4 we illustrate the total error at & = 2 which is the
approximate value that balances the two sums for an accuracy of § = 108 and we note a
relative difference in the total error of almost two orders of magnitude.

error — RMS norm
error — RMS norm

No. layers No. layers

(a) Real space sum error: (solid) Hasimoto (b) Fourier space sum error: (solid) Hasimoto
decomposition, (dashed) Beenakker decomposi- decomposition, (dashed) Beenakker decomposi-
tion, in direction of the arrow & = 0.5, 0.7, 0.9. tion, in direction of the arrow £ = 3, 4, 5.
Figure 2: Error in RM S norm for a system of N = 20 randomly generated point particles
in a domain [0, 1)3.

error — RMS norm

No. layers

Figure 3: Total error at £ = 2: (solid) Hasimoto decomposition, (dashed) Beenkakker
decomposition.
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5 Error estimates

The choice of the parameter £ affects the decay of both the Fourier space sum and real space
sum as discussed in Section 4. If the sums in the decomposition are summed directly without
any further efficient treatment such as a fast summation method [14, 5] the parameter &
is to be chosen such that the real space sum is truncated at the same level as the Fourier
space one. However in practice as larger and larger systems are considered the involvement
of a fast summation method is imperative. In this case proper error estimators are essential
to provide a straight-forward means of choosing ¢ and further-on the truncation cut-offs.

Most approaches for estimating the truncation error have been initially developed for
systems of particles in the field of molecular dynamics. Due to the work of Kolafa et al. [12]
very sharp error estimates in RM S-norm have been obtained using a statistical approach.
These estimates however are valid only for random systems where the contributions from
other particles are assumed to be uncorrelated. Alternatively upper bounds can be com-
puted by making less limited assumptions on the homogeneity of the particles distribution
[13]. The physical problems where the periodic Stresslet comes into use pertain mainly to
the field of multi-phase flows where the Stresslet is being integrated over surfaces of im-
mersed objects, e.g. [15]. The points stemming from the corresponding discrete problem are
not strongly inhomogeneous, however for the choice of parameters it is preferable to have
sharp estimates that are then adjusted to the degree of inhomogeneity rather than overes-
timating right from the start. Another advantage of a root mean square error estimate is
that the scaling with the system size, i.e. N the number of particles, is decoupled from the
actual estimate. To this end the path followed in the present work is the one set forth by
Kolafa et al. [12] with the note of caution that real problems may lead to larger errors that
need to be accounted for.

Real space sum error estimate

Let us define the real space sum component of the Hasimoto decomposition (27) to be given
as

N
w(x;) = Z > Timp(%5 = %i 4 P)Smp(X;) (35)

where Sy, (Xx) = fm(X)np(x), with n being the normal vector, f the point force and with
Timp as in (30). The root mean square error of the variable u with respect to the exact
solution u is defined as

1 & 1 &
A= | D) ) = || 3Bt (36)

By making the ansatz that the error for one particle at position x; originates from all
other particles and is proportional to the force densities f and the normals to the surface n
we can write

N
Au(xi) = Z Ximp (53 Xj — Xi)Smp(Xj) , (37)
5
with
Xlmp (X) = Z Flmp (57 X+ p) . (38)

[x4+p|>7c
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Following Kolafa et. al. [12] and Deserno et. al. [4] the average over all configurations,
using the angular brackets notation, can be written

N N
<Aui) >= D> Ximp(€ X5 = Xi)Sump (%)) Xtmp (€, Xi = Xi) Sap(xi) - (39)

j=1k=1
J#i k#
By expanding the terms in (39) and assuming that contributions from different particles are
uncorrelated, i.e. < Timp(€,x5 — X;) - Timp (&, x5 — x3) >= §;51'?, where I'2 = ; > ) 3Fl2mp
Jtm=1,
is given by the tensor dot product. With the same notation for the tensor dot product
§?= 3 Si,and x>= Y T2 we obtain the error
m,p=1,3 |x+p|>Tc
< Au(x;)? >= x*5%. (40)

Deserno et. al [4] reasons that based on the law of large numbers the error is ultimately
given by

2

VN

It remains thus to evaluate x? which is to be done in two steps. First the sum over
p is to be approximated by an integral, which in a second step is computed in spherical
coordinates. Thus we have

3 3 3
Xl2mp = Z ZZ Z Fl2mp(§aX+p)

|x+p|>rc. j=1 I=1 m=1

(41)

2
—
—
—

with
Dhp(€:%) = [C(& [xN3;208m + D&, X)) (0j18m + dim; + Smj )] ,
where
B 6 126 8%\ 2,2
cE,r)y = . erfc(fr)—i—( E ﬁ)e
3 2.2
D(,r) = 2 e

NG

Using the commutativity of the integral with the summation we need to evaluate terms
of the type

co m 2

///F?mp(f,rsin@cosqb,rsin@sin¢,rcos€)sin(@)r2dq§d9dr.
re 0 0

If the complementary error function erfc(£r) is approximated by =€ //mér for positive
arguments then I';,,, becomes the product of a rational polynomial with a Gaussian. In

consequence the term e~€"r” which does not have any angular dependence can be neglected
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while computing the inner integrals and reintroduced only upon integrating from r. to
00. Since we need to consider configuration averages each of the integrals in the angular
direction should be averaged, thus the integral over the angle € is to be divided by the area
of the integral, i.e. w, while the integral over ¢ is divided by a factor 2w. The end result

is a polynomial P(&,r) multiplying e=26*r" Such terms can be integrated according to the
formula
—Br?
—Br? € ¢ f(TC)
dr 8/ —————= 42
[ e rtar ~ S (42)

valid for B > 0 and any function f which fulfills d[f(r)/2Br|/dr < f(r) for r > re.
Although not complicated in nature but rather tedious the computations were performed

using the MATLAB Symbolic Toolbox to obtain

202812

w2E4rd

—72¢%2 + 604 — 36613 4 36¢%2 +9) .

2

X (16€8r8 — 48€3r7 + 60£318 4- 48¢%¢8 (43)

To obtain a more accurate comparison of the Hasimoto decomposition with the Beenakker
formulation the same steps were applied to the Beenakker real space sum (7) obtaining

9 —2527‘3
X’ (64672 — 1926121 4 240612010 — 64610710 4 480¢ 107
w2843
—960£'0r% — 80€8r% — 48¢8r7 4 960818 — 216¢5+5
+60&4 % — 144€%3 4 36¢%r¢% +9)) . (44)

In Fig. 4a we compare the decay of the error in RM S-norm for the real space sum with
the computed error estimate for Hasimoto decomposition, while as in Fig. 4b we provide
the corresponding results for the Beenakker decomposition.

error — RMS norm
error — RMS norm

No. layers No. layers
(a) Real space sum error (Hasimoto decom- (b) Real space sum error (Beenakker decom-
position), in the direction of the arrow £ = position), in the direction of the arrow & =

0.5, 0.7, 0.9. 0.5, 0.7, 0.9.

Figure 4: Decay of the solution: (*) — computed error in RM .S norm; (o) — error estimate.

Fourier space sum error estimate

The Fourier space sum can be analyzed similarly according to Kolafa et. al. [12], however
in our case this leads to an error estimate that overestimates the solution severely. The
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decay of the Fourier space sum depends on the wavenumber k and the splitting parameter
€, however the expression of the sum includes also the term ie~** which ties in with the
particle configuration. Let us consider the Fourier space sum of the Hasimoto decomposition
where the wavenumbers k = 27/Lk with k € Z3 are normalized, i.e. k = k/|k|

N
== Z Dimp(§,K) Y Simp(x;)ie™H >0 (45)
j=1

k;éo
where Spp(x) = fm(x)np(x), with n being the normal vector and f the point force. If we
consider that the wavenumbers k are normalized, i.e. k = k/|k|, we can write

8 k2 PUDRIR . . . 2,02
Dppp (€, %, k) = ]: (1 + —) ( — 2kikmky + (kiSmp + kpOim + k:mélp)) e R/ (46)

With the same approach as for the real space sum and by using the Euler formula
je~ (6 =%i) — gin(k - x) we have

3 3
Xemp = D D3> 9p,,(&k+p)sin(k-x)?

|k+p|>ke j=1 1

3 3
>3 @7, (6 k) sin(k - x)? sin(0)k*dgdodk .

2
—
—
—

The idea used by Kolafa is to consider the angle between k and r given as k - x =
2mkr/Lcosf and take 6 to be the same as the angle used in the transformation of the
wavenumber k in spherical coordinates, in other words to assume that the vector x is the
very same as the third coordinate of the wavenumber k. This leads to a change of variables
cos — z and sin 6df — dz.

Let us denote the tensorial part of (46) by

Almp = 72]%1]%7”]%}, + ]2315mp + l?:pélm + ]Afm(slp .

For the inner integrals we obtain then

3 2T

Yyy

j=11=1 m=1

28wkr/L — Tsin(4nkr/L)
8nkr/L

1
/Almp sin(2rkzr/L)?*dzd¢ = <14. (47)
1

The answer obtained which depends on a sine wave cannot be integrated over k without
further assumptions. The very same assumptions made by Kolafa for the electrostatics
problem are not possible here. We can however assume that since x — sin(z) < 2z the
integral in (47) can be easily computed. Integrating further over k from k. to infinity gives

14(m%k2 + £2)° S

2
= 4
X Yy (48)
Similarly for the Beenakker decomposition we obtain
28 27r4k4+7r2k2§2+§4 222 /e2
X2 ( ) -2k, /€ (49)

w3k £

In Fig. 4a we compare the decay in error in RM S-norm for the Fourier space sum with
the computed error estimate for the Hasimoto decomposition, while as in Fig. 4b we provide
the corresponding results for the Beenakker decomposition.
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error — RMS norm
error — RMS norm

No. layers No. layers

(a) Fourier sum error (Hasimoto decomposition), (b) Fourier sum error (Beenakker decomposi-
in direction of the arrow & = 3, 4, 5. tion), in direction of the arrow £ = 3, 4, 5.

Figure 5: Decay of the solution: (solid) — computed error in RM S norm; (dashed) — error
estimate.

6 Choice of truncation parameters

For any decomposition of a periodic kernel the most important question that arises when
using it in a simulation is how to choose the cut-offs r. for the real space sum and k. for
the Fourier space sum for a given . Reversely and of equal significance it is important to
be able to identify what & gives cut-offs for which the computational cost of the method
is well balanced. The error estimates derived in Section5 are the mathematical tool to use
when seeking to identify the optimal parameters.

The error for the real space sum is given as

52
Au~ X2
vIN
—0g2y2

where x = P(§,rc)e < with P being a polynomial that depends on the decomposition.
The rather extensive expression of P(£,7.) can be reduced in practice to the leading order
term, i.e. for the Hasimoto decomposition (43) can be used in the form

_[3agtrSent 4Bt e (51)
X~ w2&4r3 - T

If the computations are to be performed with an accuracy ¢ for a given £ then the real
space sum has to be truncated at a level § which means that the equation y ~ § has to be
solved to yield the desired r.. Note that the total error scales with the number of particles
and this also has to be taken into consideration when requesting a total error tolerance to
be met.

A similar type of reasoning can be applied to the Fourier space sum truncation estimate
to obtain for a given & the cut-off k..

(50)

7 Conclusions

As an alternative to the Beenakker decomposition, which was widely used for treating
the kernel of the stress tensor in a periodic framework, a new decomposition that yields
faster decaying sums was derived. The new splitting scheme was pursued motivated by the
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observation that the Hasimoto decomposition of the Stokeslet (fundamental solution of the
Stokes equations) has a faster convergence than the Beenakker decomposition.

The stress tensor can be expressed in terms of the pressure and the gradient of the
velocity. Noting that the pressure can be expressed in terms of the fundamental solution of
the Laplace equation a formula that provides the kernel of the stress tensor in terms of the
kernels of the Stokes and Laplace equations is established. The very same formula can be
applied to the periodized kernels of both Laplace and Stokes to attain the periodic Stresslet.
To assure that the periodic Stresslet obtained in the aforementioned fashion has a symmetric
structure we have derived a decomposition of the periodic kernel of the Laplace equation that
corresponds to the Hasimoto decomposition for the Stokeslet. The new expression for the
periodic Stresslet is compared to the pre-existing one due to Beenakker and a faster decay
of the sums is being noted. The truncation error at the truncation cut-off is of two orders of
magnitude lower for the new decomposition. This implies that by using the decomposition
derived here either a gain in accuracy is obtained or alternatively the truncation can be
performed at lower cut-offs.

The derivation was supplemented by error estimates in RM .S norm which offer a guide-
line in choosing the truncation cut-offs for both the Fourier space and the real space sum.
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Appendix A Ewald decomposition for Laplace
If we express the split of the sum due to N electrostatic potentials as
N ' 1N _
M&):E:E:Fdﬂxy*m+PH}+V§:§:¢d§kkﬂk&fmvj+%dﬂm%(AJ)
Jj=1p j=1k#£0

where now wugeir(x;) = —2§//7f; and
Dy (6,k) = Ak)e /% A(k) = =R (A.2)

and
erfe(&r)

r

FL(E,X) = (A3)

Appendix B Hasimoto-Ewald mixed decomposition for Laplace

Using the Ewald decomposition (A.1) instead of the Hasimoto based one (23) a different
decomposition of the Stresslet can be obtained
N ’

wx) = DY Timp(&%; = Xi + P)Smp(x;) (B.1)

j=1 p

N
1 ke (%0 —x
7?22@17%(5,1()16 b (s J)Smp(xj) )

j=1k=£0
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The real space sum is given by terms

6 erfc(ér
Dimp(x) = —%xlxmxp (B.2)
12¢ 8¢3 463 (10mp + TpOim) \ _¢2,2
+( T At g Mm Ty NG ¢

Analogously for the Fourier space sum we obtain by substituting the expressions of ®g and
@7, the amplification factor

Pimp (€, k) = (2kmdjm A(§,K)) + kpBji (§, k) + ki Bim (€, k) (B.3)

with A(¢,k)) asin (A.2) and B(§, k) as in (15). This decomposition does not share the same
symmetry as the Beenakker formulation (5), however both the real space sum and Fourier
space sum decay at a rate similar to the one of the newly derived Hasimoto decomposition

(27).
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A quadrature rule for the singular kernels of
Laplace and Stokes equations over a class of
parameterizable surfaces
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Abstract

A third order accurate corrected trapezoidal is developed to integrate numerically
the singular kernels of Laplace and Stokes equations over a class of parameterizable
surfaces with special focus on cylindrical surfaces. The corrected trapezoidal rule has
so far been applied to flat surfaces on equidistant grids for the kernels of Laplace and
Stokes. Corrected trapezoidal rules are based on the standard trapezoidal rule where
the singular point, which is assumed to be a discretization point, is omitted. To account
for the omitted point corrected weights are computed which are applied locally in a
vicinity of, and at, the singular point. For general surfaces the weights depend on the
position of the singular point on the surface leading to specific weights for each grid
point. However we identify a special class of manifolds for which universal weights,
independent of the position relative to the surface, can be computed. We select from
this class of surfaces the model problem of a cylinder for which we explicitly develop
and validate quadrature rules for both the kernel of Stokes and Laplace equations. This
quadrature rule can be applied to simulations of pipe flows in conjunction with e.g.
particle suspensions, fiber suspensions, swimming micro-organisms. Here we validate
the obtained quadrature rule by computing the drag on a spheroidal particle positioned
on the inner axis of a cylinder.

1 Introduction

Numerous mathematical models in the fields of electrostatics (Laplace equation) [13], fluid
mechanics (Stokes equations) [18], electromagnetics (Helmholtz equation) [14] rely upon
integral equations. To name a few of the advantages of an integral equation formulation:
suitable for free-space problems since they can be stated over the surfaces of relevant bound-
aries, computationally efficient since they reduce the dimensionality of a problem (three-
dimensional problems are reduced to two-dimensional problems stated over surfaces), easily
extensible to many-body problems through superposition of solutions. However the draw-
back is that the kernels of these equations, the Green’s functions, are typically singular
functions which are not easily integrable numerically to high accuracy, and the associated
discrete system yields upon numerical treatment dense and in certain cases ill-conditioned
matrices.

To evaluate numerically boundary integrals the collocation method is mostly used [15],
by which the solution is enforced to be valid at a set of grid points. From the colloca-
tion method emerges: the boundary element method [20] and Nystréom’s method [7]. In
the boundary element method the solution is represented as a linear combination of basis
functions defined over the underlying surface. To this end the surface is meshed using e.g.
triangular elements. Nystrom’s method however solves the integral equation at the grid
points, which are the same as the collocation points. Typically Nystrom’s method is used
in conjunction with parameterizable surfaces. Although the boundary element method has
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a higher degree of flexibility in handling integration over irregular surfaces, the Nystrom’s
method has the advantage that it may yield matrices with a homogeneous structure [16].
Using the Nystrom’s method the problem of integrating a singular kernel becomes geometry
dependent. For the integration of the kernel of the Laplace equation over the surface of a
spheroidal object, Atkinson [4] used mappings to the unit sphere to eliminate the singular-
ity of the kernel prior to using a numerical integration scheme. To increase the order of
accuracy of the integration Sidi [24] introduced a class of transformations to periodize the
integrand such that the trapezoidal rule may achieve high accuracy. A hybrid approach to
handling the singularity is the singularity removal technique [18] by which the integral is
split into two integrals; one singular but integrable analytically and one non-singular and
integrable numerically.

The numerical integration of singular kernels can be performed by starting with a known
quadrature rule, e.g. the trapezoidal rule where we skip the singular point, referred to as
the punctured trapezoidal rule. To account for the omitted singular point one has to
compute modified weights which are applied in a vicinity of and at the singular points
where standard techniques cannot be used. These modified weights can be computed as in
[17, 2] for a specific kernel and the specific surface over which the numerical integration is
to be performed. This type of approach has been used to integrate the kernel of the Laplace
equation in three dimensions [2], or the two-dimensional kernel over a circle [1]. Similarly
the kernel of the Stokes equations has been integrated over a flat plate [16].

The present work is based on the same method of designing a modified trapezoidal
rule for the Laplace kernel [17] and the Stokes kernel [16] over a flat surface. We extend
the principles used in the aforementioned articles to integrate the kernels of Laplace and
Stokes over smooth parameterizable surfaces. In both [17, 16] analytical integration was
used to obtain the modified correction weights. This procedure is however not possible in
the case of a curvilinear surface since the analytical integrals are too difficult to compute.
Alternatively we use repeated Richardson extrapolation to obtain the corrected weights
from a low order punctured trapezoidal rule used to approximate the singular integrals.
Although the quadrature rules designed in [17, 16] are high order, as high as O(h!3) a
curvilinear surface imposes a higher degree of difficulty and the present work is restricted
to obtaining rules of only O(h®). As mentioned earlier a weight computed through the
techniques in [17, 16] is not independent of the position of the singularity on the surface,
as is the case of a curvilinear surface. As will be shown it is not straightforward to obtain
an universal modified weight unless the surface has certain symmetry properties. This
translates mathematically into the requirement of having a parametrization of the surface
which is periodic in all spatial directions. To this end we establish a class of surfaces for
which it is possible to obtain universal modified weights.

Although Nystrém’s method seems cumbersome since it requires different integration
techniques according to which kernel and what type of surface is to be integrated, it has the
great advantage of yielding, under certain circumstances, matrices with a specific ordered
structure, e.g. symmetric block-Toeplitz with circulant sub-blocks [16]. This is increasingly
interesting when we deal with large problems since, as mentioned earlier, boundary integral
methods lead to discrete systems given by non-sparse matrices which are difficult to store
in memory. If the structure of the matrix is known before-hand then the matrix can be
stored by using only a small set of matrix generators which lowers the burden on the
memory in computer implementations. The kernels of Laplace and Stokes equations in three
dimensions on which we shall focus here are determined by distances between points in the
domain of integration. These distances will display a certain pattern under a homogeneous
discretization of the surface if the surface has a level of isotropy, e.g. flat surface or cylindrical
and spheroidal surface. The matrix arising from the discretization will then contain entries
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which repeat themselves, and we shall refer to such a matrix as a Toeplitz-like matrix. Such
a matrix can be stored efficiently in the memory since it is generated by a small number of
columns, i.e. three columns for a flat surface [16], also three columns but stemming from
a different structure for the case of a periodically replicated cylinder as we shall see in the
present work. These matrices may also lead to efficient algebraic treatments by using the
FFT transforms as it will be briefly discussed in the this manuscript.

Keeping in mind these considerations on the advantages of the Nystrom’s method in
conjunction with a corrected trapezoidal rule we explicitly develop here a third order method
for the kernels of Laplace and Stokes for a cylindrical surface. The quadrature rules are then
tested numerically and the matrix structure arising from the discretization is investigated.
The special interest taken in the discretization of a cylinder is justified by the numerous pipe
flow simulations which are so far performed using the boundary element method [21, 22]. To
make way to applications we validate the quadrature rules developed here on the classical
problem of the drag on a sedimenting sphere positioned at the axis of a cylinder, cylinder
which is periodically replicated in the axial direction. Comparisons with a known asymptotic
solution for an infinite cylinder are performed and convergence is obtained with increasing
periodic lengths in the axial direction.

Section 2 of this manuscript sets the mathematical background necessary for developing
a corrected trapezoidal rule for a curvilinear surface. The techniques introduced here for
computing modified weights are tested on a general surface. In Section 2 it is established
which class of surfaces allow for a weight independent of the position of the singularity
on the surface. One of the surfaces in this class is that of a cylinder periodic in the axial
direction. In Section 3 we develop quadrature rules for the kernels of Laplace and Stokes
over the surface of a cylinder. In Section 4 the quadrature rule for the Stokeslet is validated
numerically. The physical problem of a sphere sedimenting along the inner axis of a cylinder
is compared to known analytic solutions. A discussion on the advantages of the developed
quadrature rule follows in Section 5. The manuscript is then concluded with some final
remarks on possible future developments.

2 Theoretical considerations — simply corrected trapezoidal rule

Corrected trapezoidal rules for singular functions have been studied for a long time, some
of the most cited works surrounding this topic are probably the articles by [23, 3]. The
principles of integrating the three-dimensional kernels of the Laplace equation and the
Stokes equations over flat surfaces using such quadrature rules were introduced in [17], [16]
respectively. Prior to this the corrected trapezoidal rule was applied in a two-dimensional
framework to the kernel of the Laplace equation over a circle [1]. Here we extend the
previous work in [17, 16] to parameterizable surfaces. To this end we outline how to obtain
a simply corrected trapezoidal rule for a general surface. The correction weight depends on
the position of the singularity on the surface. Thus we seek to identify a class of surfaces
that yield a universal weight independent of position.

Numerical integration of singularities over parametrized surfaces

Consider a set of points x in a square domain D = [0, a1] x [0, az] and a parameterizable
surface S given by points y = v(x), through a vector valued smooth function 7. Assume
we intend to evaluate numerically over S the following integral

/ S(y — o) F(¥)dSy | (1)

S
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where f(y) is a smooth function yq a point on the surface of S, i.e. yo = v(x0), and s(y—yo)
is a singular but integrable function (y = y¢ singular point). This is in fact a convolution,
(s * f)(yo0), which with the parameterization v becomes (s * f)(7(x¢)). Therefore we can
express the integral over the surface S in terms of an integral over the square domain D as

[ st =ynsms, = [ 50060 =16 o)) 57 x 2

—L x ZL|dDy , 2
(9:61 * (91'2 d ( )
S

where | g;l X 6” _| is the surface element associated with the change of variables. Further

notations are however necessary to render the text legible. By analyzing the integrand in
(2) we note that if we assume that |-2X x 67 ~| is a smooth function then the entire term

Oxq
(f o) (x)] g;l X 67 ~| is smooth and we mtroduce the notation
B 87 Oy

With one additional notation, yx,(x) = v(x) — v(xo), for the shift of the function v by
v(x0) we are left with evaluating integrals of the type

[ 5t = 50718, = [ (509 004D (3)
S D

In the present work we consider the singular function s to be either the kernel of the Laplace
equation, i.e.

L(y):m, y=¥—-Yo. (4)
or the Stokeslet, the kernel of the Stokes equations, G, given in vector notation as
I 3y
Gy)=+t5 Y=Y—Yo, ()
vl Iyl

where I is the identity tensor and yy the dyadic product. Note that the kernel of the Stokes
equations is in fact a second order tensor as opposed to the kernel of the Laplace equation.
Thus the integrals over the kernel G are applied to vector valued functions f yielding a
vector. The operation of evaluating integrals over Gf reduces to evaluating an integral over
each component of the product G;;f;. We shall however suppress the vector notation in
the theoretical part and pick it up once we discuss the specifics of the kernel G. Unless
mentioned explicitly which of the kernels is being discussed then the singularity s refers
here to either of them.

The multidimensional trapezoidal rule applied to a smooth function v over a square
domain D = [0, a1] x [0, ag] can be regarded as a tensor product of one-dimensional rules
leading to

N M
[ 560k~ Tb] = 37 5" W)Wy e he) (6)
D i=0 j=0

where h; = a1/N, ha = az/M, h = (h1,h2) and the weights are, similarly to the one-
dimensional trapezoidal rule, given by the vector W(h) = [h/2, h,...,h, h/2]. Over a
surface S parametrized as y = v(x) with x € D = [0, a1] x [0, a2] the trapezoidal rule
applied to a function f oy reads

N M

Talfoq] = DD Wilh))W;(ha)f(v(iha, jhs)) - (7)

=0 j=0
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If we intend to apply the trapezoidal rule to the integral in equation (3), assuming that
X is a grid point, then we cannot use xo in the discretization. Therefore we introduce
the so-called punctured trapezoidal rule, T}, which omits this point. Let us assume that
xo = (i'h1,j'h2) and define

TPl(s0mxo) 8] = D> Wilha)W;(ha)s(vxo (iha, jho) ) (iha, jha) - (8)

Here we consider that singular points are inner to the domain, and since the integration is in
fact performed over the domain D we need to have in the discrete setup that xg = (i'hq, j'ho)
with 0 </ < N, 0 < j/ < M. The punctured trapezoidal rule has lower order convergence
than the standard trapezoidal rule as mentioned in [17]. Let us make the following ansatz
on the difference between the analytical integral and the punctured trapezoidal rule where
the point xq is skipped

/(S 0 %0 ) (X)¥(x)dDx — TR[(5 0 o) - ¥] = wo()a(v()¥(x0),  yo =7(x0) , (9)

D

where wp(h) is a modified weight which accounts for the skipped point xo and a(vy(h)) is a
correction factor which depends on the order of the singularity and on the parametrization
of S. With a(+(h)) properly chosen, the weight wg(h) will converge to a value independent
of the grid size, i.e. as h — 0 the weights converge to a limiting value wo(h) — wo. With
the converged weight wg let us now define A?L applied to a function ¥ as being

Ap[Y] = a(y(h))wot(xo) (10)

and we shall further refer to A? as a correction operator. With this correction operator
we can devise a modified quadrature rule which is of higher order than the punctured
trapezoidal rule, i.e.

Qhl(s 0 7x0) - ] = TR[(s 0 9x0) - Y] + AR[Y] (11)

where T,? is the punctured trapezoidal rule (8). The error of the quadrature rule Q?L will be
proportional to a(y(h)). This is commented on in Section 2 and assessed through numerical
experiments, formal proofs however could be obtained following [17].

The correction factor a(y(h)) depends on the parametrization of the surface and will be
discussed in the next subsection. If a(y(h)) is carefully chosen, the weight wq(h) converges
to wo independent of the grid size. Since a(y(h)) is known a priori it remains to determine
how to compute the converged weights wg(h) — wo.

Development of a quadrature rule over a parametrized surface

Assume we want to develop a quadrature rule (11) which approximates numerically the
integral (3) with order O(h*), h = max(hq,h2). The rule will be designed in fact for the
right hand side of (3) for integrands 1 (x). For the parametrization ~ is sufficient to demand
to be continuously differentiable such that we can perform the change of variables in (3).
Here we consider that it is sufficient to require that f € C*(R) since we aim to obtain a low
order rule O(h?), however rigorous proofs may tighten the requirements on the regularity
of f. To devise a quadrature rule of the type (11) we seek to obtain a weight wg which
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depends only on the singularity s(y). The classical approach [10] is to compute a set of
weights to be exact for the Taylor expansion of 1). Thus as more and more monomials are
considered in the Taylor expansion of ¥ proportionally more weights have to be computed to
obtain a correction of higher and higher order. The present work is restricted to a low order
correction and thus it is sufficient to consider the monomial of degree 0, i.e. a constant.

Therefore we take a function g(x) = 1 to compute wp(h) corresponding to equation (10)
such that

a(y(h))wo(h)g(x0) = /(8 © %y ) (X)g(x)dDx — TR[(s 0 9x,) - 9] - (12)

From here as h — 0 we can obtain wg(h) — wo to be used by the correction operator.

A few theoretical prerequisites are however necessary. The trapezoidal rule applied to a
smooth function is second order accurate unless the integrand is periodic, integrated over
a full period, or compactly supported. This is an immediate consequence of the Euler-
Maclaurin expansion, see Appendix A. From the Euler-Maclaurin expansion we also note
that the error in the approximation of an integral by the trapezoidal rule is determined by
the boundary errors and the regularity of the integrand. The integrand of (12) is singular at
Xo but integrable and of sufficiently high regularity away from the singularity. We assume
that the singularity is always interior to the domain such that there is no interference with
the boundary errors.

To correct the errors emerging from the boundaries two approaches can be followed

i) introduce boundary corrections, [2, 3]
ii) use compactly supported functions, [17, 16]

In higher dimensions we can use boundary corrections as provided by Alpert [3] for
the one-dimensional case. Since the multi-dimensional trapezoidal rule is a tensor product
of one-dimensional rules we can apply the boundary correction only in directions where
the integrand is non-compactly supported, or non-periodic since the approximation error
in these directions will not cancel as given by the Euler-Maclaurin formula. Boundary
corrections can thus be implemented by simply replacing the weights W in expression (8)
by the correction weights WW¢ in Appendix B, equation (B.3). Since we aim for rules that
are O(h?) accurate it is necessary to choose boundary corrections of at least O(h3). In
Appendix B we list correction weights needed to obtain boundary errors of O(h®). Using
boundary corrections we can obtain wg, (wo(h) — wp) from (12) using a function g(x) = 1.

If the second approach of involving compactly supported functions is chosen to derive
the weight wy we can follow the work in [17] where it is suggested to pick g(x) = e ™ to
fulfill (12). This choice of ¢ is not a compactly supported function in the true mathematical
sense since it decays asymptotically to zero, but can be considered as such in numerical
calculations if g is properly decayed at the boundaries of the domain and can thus be trun-
cated. The decay of the function g is faster for increasing values of k, but too high values are
not recommended since the function g becomes very sharp leading to poor approximations
using the punctured trapezoidal rule. Here we settle for a value of £ = 4. The correction
operator acts locally only in a vicinity of the singularity where g(0) = 1 and the property of
the function of being compactly supported is needed only to eliminate the boundary errors.

Both approaches yield the same result for the converged weight wy. The approach taken
here is tailored to the cylindrical surface we consider and we take compactly supported
functions only in the non-periodic direction as will be explained.

The work of Aguilar and Chen [2] which uses boundary corrections lacks theoretical re-
sults. However, Marin et al. [17] supplements this in the framework of compactly supported
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functions applied to kernels over flat surfaces. The main result in [17], i.e. Theorem 4, states
that a rule of the type (11) is O(h?) accurate for the kernel of the Laplace equation over
a surface parametrized as vy(x) = (x1,22,0). This theorem is stated for h = (hy, he) with
h1 = hs = hand a(y(h)) = h. As we attempt to extend this result to more general surfaces
where y(x) is not necessarily the plane O,, O, we note that this choice of a(y(h)) is insuffi-
cient for surfaces with a given curvature. Numerical experiments show that if h = (hy, hs) is
taken such that hy = Aho the weights become more and more sensitive to the discretization,
i.e. their convergence is not uniform, as the ratio A deviates from unity, i.e. either A < 1 or
A > 1. However this is not the case if for a parametrization v we take a(y(h)) = |y(h)|2,
where | - |2 is the Euclidean norm. This expression of a(y(h)) connects to the form of the
singularity s which, for both kernels of Stokes and Laplace equations, has a denominator
given as |x|, and also incorporates the curvature of the surface S through the parametriza-
tion «. In this way the dependency on the discretization is embedded in a(y(h)) and the
weight wp converges as expected even in cases such as h; = Ahg with A < 1 or A > 1. With
this choice of a(y(h)) we have for a flat surface discretized on a uniform grid the correction
factor a(y(h)) = |y(h)|2 = hv/2 as opposed to a(h) = h as stated in [17]. This minor
difference implies that the /2 factor was instead incorporated in the correction weight wo
showing that our choice is consistent with the choice a(h) = h in [17] for the considered
cases.

The work performed in [17] and [16] relied on computing the integral in (12) analytically.
However for parametrized surfaces the integrals become more cumbersome to compute and
a different approach must be taken. The computation of the converged wy will be performed
here entirely numerically in multi-precision arithmetic. We consider to have obtained a fully
converged weight if wp is correct to a relative error 10716, which is sufficient for practical
purposes.

The present work is limited to considerations that emerge only from numerical experi-
ments and the theory in [17] will not be reiterated. The major difference of our endeavor
compared to [17] is that the trapezoidal rule is now applied to functions s(y(x)) in the
coordinate system given by the points x and the spacing over the surface at hand is not
required to be equidistant in all directions.

Modified weights for general parametrized surfaces

Consider a second relation of the type (12) now for h/2

a(y(h/2))wo(h/2)9(0) = /(S © %) (X)g(x)dDx — Tj 5 (5 0 7o) - 9] - (13)

We can ignore the g(0) term since g(0) = 1 regardless of which treatment of the boundary
errors is used. By subtracting equation (12) from (13) we can eliminate the analytic integral

a(v(h/2))wo(h/2) — a(y(h)wo(k) = T[(s 0 ¥xe) - 9] = Thpal(s 0 9x) -9 - (14)

In [17] it is noted that if the weights w(h) are computed using compactly supported
functions e~ *I** they converge to wp at a rate that depends on k . Also in the case of
boundary corrections the convergence rate of the weights depends on the order of accuracy
of the corrections. The same convergence rate may not be achieved over parameterizable
curves. In fact for the rules we have developed here over a cylindrical surface the convergence
of the weights was only second order.
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We further assume that wg(h) = wo with O(h"). If wy(h) = wo with O(h") the error
expansion can be written as

wo = wo(h) + KA, (15)

where h = max(hq,h2). Consider now equation (15) multiplied by a(y(h/2)) and upon
rewriting (15) for h/2 multiplied by a(y(h/2)) we obtain from subtracting the two

(a(v(2/2)) = a(y(k))wo = a(y(h/2))wo(R/2) — a(y(h))wo(R) + (a(y(/2)) — aly(R))) KR .

We can now establish an expression for the weights which is independent of the analytic
integral in equation (12), i.e

a(y(h/2)wolh/2) — aly(W)woll) | o)
@2 —a®)

The numerator of (16) is in fact the left hand side of the expression in (14) and gives an
approximation of order O(h") for the weights

Wy =

(16)

() TRI(s 0 ¥xo) = 9] = T 5l(5 0 7x0) - 9]
wol) =
(a(v(2/2)) = a(y())

The approximation (17) of &o(h) converges to wy with O(h"). This may be a rather
slow convergence which can be expedited using repeated standard Richardson extrapolation.
Starting from n = 7 the Richardson extrapolations yields

_ 270 (h/2) — do(h)

B 2n=1 1
Once a converged wy is obtained, i.e. wy accurate with 16 decimals, we can use the quadra-
ture rule in (11) to evaluate numerically kernels s over surfaces given by a parametrization
5.

+ KR (17)

+ Kh™tt, (18)

Using some of the prerequisites and notations provided in this section we can sum up the
method of developing a corrected trapezoidal rule for a singular function over a parametrized
surface.

Proposition 1. To evaluate numerically for interior points yo = (Xo) an integral of the
type

[ 5= 3008y = [(509)0xDx (19)
s D
we can devise a quadrature rule

Qnl(s 09x,) - 9] = T}[(s 0 o) - U] + a(v(L))woto(x0) ,  a(v(R)) = [y (B2 -
)

The weights wp can be obtained as wp(h) — wp using

) TR[(s 0 7o) - 9] = T 5[(5 07y - 9] ;
“l) = T nmy —amy A

for a smooth function g such that g(0) = 1. The function g is chosen such that either g
compactly supported on D, or ¢ = 1 on D and boundary corrections at the end of the
domain are used according to the expressions in Appendix B.

The quadrature rule has a convergence order proportional to a(y(h))®. By Taylor
expanding a(y(h)) in terms of h we obtain a convergence order which depends on h =
max(hy, ha).

(20)

The statements above were made following the theoretical analysis in [17]. For the
cylindrical surface regarded here we shall see that we have O(h?).
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Parametrized surfaces that allow for a universal weight independent of
the position of the singularity

We assumed so far that v(xg) which will give a weight wg. For this weight to be independent
of the position on the surface of S given through the parametrization + the integral in (12)
must be invariant to shifts xq.

Consider a domain D and for x € D define the surface S given by points y(x). For
a singular function s(y(x) — v(xg)), where s is the kernel of the Laplace equation, to be
integrated over a surface S we can obtain a weight wy invariant to the position of x¢ to
construct a quadrature rule (11) if there exists a function 4 such that

[7(x) = 7(x0)[3 = F(x — x0) , (21)

where | - |5 is the Euclidean norm and 4 smooth and periodic over D. Then the weight wy
corresponds to 4 in (21) and is independent of x¢. The integral (3) for s the Laplace kernel
can be approximated by a quadrature rule Qg[(s 0 Yxg) - V] as

/(S © %y ) (X)¥(x)dDx = Qu[(5 0 o) - V] = T3 [(5 0 7o) - ¥] + woaly(B))¥(x0) - (22)

D

For the Stokeslet however the tensorial nature of the denominator, given by the dyadic
product ¥y with § = v(x) — v(x0), leads to an additional requirement

v(x) = v(x0) = Z Ai(%0)%i(x = %o) (23)

with 4; smooth and periodic over D and \; only continuous since it is to be evaluated at
discrete points xo. A quadrature can be constructed in this form such that there is one w;
corresponding to products of 4; scaled by 7 from (21). This will be further explained on the
specific structure of the Stokeslet in Section 3. If both (21) and (23) are fulfilled then the
integral (3) for s the Stokeslet can be approximated by a quadrature rule QY [(s o Vx,) - /]
as

Q3l(s01m) 0] = T81(s 09) ] + (M) Jatr (o) . (20)

Both requirements (21) and (23) are quite strong thus they are not met by many surfaces.
This does not mean however that a weight cannot be obtained, but it merely implies that
wo depends on the point v(xo).

3 Quadrature rules over a cylindrical surface

Consider the surface of a cylinder parametrized as y(x1, x2) = (pcoszy, psinay, xa), with
p the radius of the circular cross-section of the cylinder, z1 € [0,27) and x2 the coordinate
in the axial direction. In fact the cylinder can be regarded as a mapping defined on the
square domain D = [0, 27) X [0, a2). Since the cylinder radius is a constant we take p =1
for simplicity of the presentation. Let us define x = (x1,22) and xo = (29, 29) then the
difference of points on the surface y —yog = v(x) — v(xq) is given by

Y1 — yg = cosxy — cos ) = (1 — cos(zy — 2%)) cos ) + sin(zy — 2¥)sin a2y | (25)
Yo — ya = sinxy —sin 2! = sin(x; — 2Y) cos 2y — (1 — cos(zq — 7)) sin2? ,

3 _ 0
Ys —Yg = T2 — Ty,
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From (25) we have that (x — x¢) = |y(x) — y(x0)|3 = 2 — 2cos(x1 — 29) + (w2 — 29)2.
We can see that the surface given by ~ is of the type (21) if we impose periodic boundary
conditions in the axial direction .

The requirement (23) where ~ is the parameterization in cylindrical coordinates reads

2

¥(%) = y(x0) = D Nilx0)Fi(x — x0) , (26)

i=1

where

cos 1, cosxy, 0],

sinxy, —sinxy, 1],

1 —cosxy,sinzy,0]

[
[
[
[sinzq,1 — cosxy,xs] .

This shows that the condition in (23) is fulfilled for the parametrization in cylindrical
coordinates and will be described in Section 3 how is to be used.

The change of variables ~ yields a surface element |aa—;1 X g—;| = p and since we assume

p = 1 it means that ¥(x) = f(v(x)) ;—;1 X %| will simply be the function f defined in
cylindrical coordinates.

For a discretization over the cylindrical surface with h,, in the angular direction and
hz, in the axial direction the correction factor of the quadrature rule of type (11) becomes

a(y(h) = (B)]2 = \/2 —2cos(he,) + hZ,,  h=max(he,,ha,) - (27)

Since the convergence order of the quadrature (11) is proportional to a(vy(h))?* we Taylor
expand cos(z) = 1 — x?/2 + h.o.t.. This leads to a(y(h)) ~ \/h2, + h2,, from where the
method is of order O(h?) with h = max(hy,, ha,)-

Quadrature rule for the singular kernel of the Laplace equation

Consider the singular kernel of the Laplace equation as in (4) to be integrated over a
cylindrical surface periodic in the axial direction with period T' = as. With the expansion
in cylindrical coordinates in (25), p = 1 the radius of a circular cross-section of the cylinder,
x € [0,27) x [0, as], the kernel of the Laplace equation becomes

1 1

(Lo 7o) () = 17(x —x0)| B V2 —2cos(zy — 29) + (z2 — 29)2

)

where v is the parametrization in cylindrical coordinates. In this form the integral is
independent of the position of v(xg) if we impose periodicity in the axial direction. Thus
it is possible to obtain a universal weight wy which solves

/ (L0 ) (x)8h(x)dDy = TE[(L 0 1) - 1] + aly (1)) (o) - (28)

D

where D = [0, 27] x [0, ag] and a(h) = /2 — 2cos(hs,) + h2,.
In Listing 1 we provide the Matlab code for computing the weights tailored to the Laplace
kernel over a cylinder in multi-precision arithmetic with repeated Richardson extrapolation.
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Table 1: Weights computed for various discretizations Ay, , hy,.

wo h$1 /h$2
1.541926823103929 m
2.534308571196347 /2
2.692229466234622 /4

Error

-3 =2 -1 100

(a) Convergence of the weights (O(h2)), (solid o)  (b) Convergence of the quadrature rule (O(h3)),
error weights wo, (dashed) expected convergence  (solid) error quadrature Q9, (dashed) expected
order (O(h?)), (solid +) error weights wo after convergence order. -

one Richardson extrapolation (O(h%)).

Figure 1: Convergence of the weights and quadrature rule for the integration of the Laplace
kernel over a cylinder discretized with hg, /h,, = m. The convergence is illustrated for
h =max(hg,, ha,).

To reduce boundary errors we use an exponential e~1e21™ defined only in the axial direction.
Since in the angular direction the integrand is periodic boundary errors in this direction
depend only on the regularity of the integrand. In this case the weights converge as wy =
wo(h) + K1h% + Koh* + ... and Richardson extrapolation can be used for even orders of
accuracy, i.e. the expression in (18) is used for n =2, 4,.. ..

For a few different ratios of the grid size in the angular and axial direction of the cylinder
we compute the weight wy and obtain the values listed in Table 1. From this table we choose
the first ratio and check the convergence of the weights, Fig. 1a, and also the convergence
of the first Richardson extrapolation to certify that indeed odd orders are skipped. The
convergence of the quadrature rule stemming from the obtained wy is illustrated in Fig. 1b.
The accuracy test was performed at a single point xg for a function f(y(x)) = cosz; using
boundary corrections to eliminate boundary errors. A full convergence test where periodicity
is considered will be performed for the more intricate kernel of the Stokes equations in
Section 4.

Quadrature rule for the singular kernel of the Stokes equation

Consider now the same set-up of a cylinder expressed in cylindrical coordinates and the
kernel of the Stokes equations (5). For points x = (z1,22) € D = [0, 27) x [0, az2] and the
parametrization v in cylindrical coordinates we shall use at times y, where y = v(x), to
simplify the notations. We note that the Stokeslet has one component which is similar to
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the kernel of the Laplace equation (4) and a tensorial component. It can thus be split into

GY) =L@I+T(F), y=y—Yo, (29)

where I is the identity matrix and the tensorial part denoted I' is in index notation

o _ Uil
() = 2% 30
We seek to devise a quadrature rule QZ[(G 0 Vx,) - ¥] to integrate numerically
[ 6= 5018, = [ (60 ) I eDs (31)

S D

where ¥(x) = f(y(x)), keeping in mind that the change of variables yields no surface
element since we set p = 1.

The first component of G in (29) can be integrated in the very same way it has been
previously done for the Laplace kernel and the quadrature rule can be written as

Qpl(G 0 7xy) - 9] = QRI(L 0 ) - YT+ Q[T 0 7x) - ]
with Q) [(T 0 vx,) - ] given as

Qpl(T11 0 7x) - 1] + QR [(T12 © o) - o] + QR [(T13 © o) - ¥3]
Qh[(T 0 x,) - ] = | Qul(T21 09x) - Y1) + QR [(T22 0 g) - Y2] + @ [(T23 © ¥y - 93]
Qul(T31 0 9xy) - 1] + QR [(Ta2 © o) - 2] + QY [(T'33 © 1, ) - V3]

Let us analyze all the components of the tensorial part in cylindrical coordinates for
¥ = v(x) — ¥(xp). To denote the components of the vector valued functions \; and %; we
introduce a superscript and to simplify the expressions arising from the split (26) we define

X (X;%0) = Z N (x0)7] (x — x0) -

With this notation the tensorial components become

9171 [x1(x;%x0)]?

P

o Dele [xe(xixo))?
F22(y) - |y|3 - ;?(Xixo)3

o e Dxa(xxo)][xa(x5x0)]
O ST A

G303 [xs(xixo))?
Ias(y) = 5P \/m3 .

With the expressions from the equations (25) we can reconstruct all the tensorial com-
ponents, e.g. I';; has a numerator given as

[x1(x:%0)]* = (M (x0)71 (x = %0))* + (A3 (%0)F2 (x — x0))”
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By replacing the expressions for \;, 4; and computing the limit as x — x¢ we note that
the first and last terms in the expansion vanish

(1 — cos(x1 — 29))? cos? 2§

XILXO 0 0y2°
V2 —2cos(zy — 29) + (22 — 29)
0 0

2(1 — cos(z1 — 29)) sin(z1 — 29) sin 29 cos 2

=0, (32)

=0.

Jm . —
0 V2 —2cos(zy — 29) + (22 — 29)2

we can thus disregard them since they do not yield non-zero weights. We are then left to
compute a modified weight w,. corresponding to [7a (x — x0)]?[A\(x0)]?. In fact the constant
[A}(x0)]? can be omitted in the process of computing the modified weight and reintroduced
as a multiplicator in the correction operator.

The computation of the weight w. that corresponds to the integral

27 a2

1 20, .0
JRECES T TS ——
D F(x — V2 —2cos(zy — 29) + (z2 — 29)2

1

is available in the Matlab code provided in Listing 1 in the Appendix of this manuscript.
With the new weight w. we can define a quadrature rule for the first tensorial component
of the Stokeslet

Qn[(T11 0 7o) - 1] = TR[(T11 © o) - 1] + a(y(h))1h1 (Xo)we sin® 2 . (33)

By performing a similar analysis for all other terms we obtain for the second diagonal
term of the Stokeslet

Qul(T22 0 7o) + 2] = T} [(T22 0 Yy ) - 2] + a(y(R))2 (0 Jwe cos” 2t . (34)

Note that the same weight w, is obtained since the other terms vanish similarly to (32).
The only off-diagonal terms of the Stokeslet that receive one more modified weight are the
ones involving both radial directions thus

Qnl(T12 0 7x,) - 2] = TR[(T12 © Yxo) - Y2] — a(y(h))ha(x0))we cos 2 sinaf . (35)

For the last term of the Stokeslet we need to compute a different modified weight w,
corresponding to the integral

27 a2
A3 _ 02
/ [ ( ) (X )ZO de — // T2 :CQ) 3d$1d1'2 )
D F(x — /2 — 2 cos xl—x1)+(x2—x8)2

the terms A$53 = 0 therefore they are not included in the above integral. For the tensorial
component ['s3 we obtain a quadrature rule

Qh[(T33 0 7x) - ¥3] = T [(T33 0 o) - ¥3] + a(v ()3 (x0)w - (36)

The terms I'a3, I'a3 were not discussed but it can be easily verified by taking the limit
just as in (32) that they yield weights which are zero. To sum up we developed a third
order quadrature rule for the kernel of the Stokes equations over the surface of a cylinder.
The quadrature rule reads

QUG oy,) Y] =

T[(G o o) - ] + Aj (9] (37)

Il‘o



14

O. Marin

Table 2: Weights computed for various discretizations hg,, hs,, for the Stokeslet over a
cylindrical surface.

wo We Wz hzl /hm
1.541926823103929 | 1.905780916041877 | -0.363854092648452 T
2.534308571196347 | 1.685701948440279 | 0.848606622756068 /2
2.692229466234622 | 1.127178590303698 | 1.565050875926132 /4
with
wo +wesin? 29 —w, cos 29 sin 29 0 1 (x0)
AZW] =a(y(h)) | —wecosxysinay  wy+ wesin? 2? 0 Pa(x0) |
0 0 wo +wz) \¥3(x0)
where a(h) = /2 —2cos(hs,) + h2, and xo = (2f,29). The weights wo, we, w. depend

on the relative discretization on the cylindrical surface and are tabulated for various ratios
hz, /hz, in Table 2.

4 Numerical results for the quadrature rule for a Stokeslet

To assess the accuracy of the obtained quadrature rules on a physically relevant problem
we consider the Stokes equations expressed over a cylindrical surface periodic in the axial
direction. It is sufficient to regard only the Stokeslet since it involves more intricate ex-
pressions and incorporates also the singularity of the Laplace kernel as previously noted.
To introduce periodicity we must note that the periodic Stokeslet has different expressions
according to whether the problem is periodic in one direction, e.g. axial direction, or two or
more directions [19]. Although it may seem suitable to impose periodicity only in the axial
direction there is no significant computational gain in doing so. The periodicity in all three
directions however has been heavily employed [16], [9], [25]. Since the application we aim
to address here concerns internal pipe flows we can consider a cylinder in a fully periodic
setting, in which the periodic length in the radial direction of the cylinder is taken to be
sufficiently large.

Convergence of the quadrature rule over a cylinder periodically
replicated in the axial direction

Consider a periodic domain Q = [0, L,) x [0, L,) x [0, L) and a set of N particles at positions
y; where ¢+ = 1,...,N. The particles considered here will be the discrete points on the
surface of the cylinder. If this computational domain is now periodically replicated in every
direction then the velocity at a point y would be determined not only by the presence of the
particles immersed in the current domain {2 but also their periodic images. For a particle at
position y the periodic image is given by y + 7(p) with 7(p) = p1Lye1 + paLyes + p3L.e3
where p; € Z, i = 1,...,3. Summing up all the contributions from the Stokeslet (5) and
its periodic images we obtain

ZG

peEZ3

»(y —yo) —vyo+7(p)) , (38)
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Error

10
h

Figure 2: Convergence of the quadrature rule (O(h3)) with h = max(hy,, hg,), (solid) error
quadrature @Y, (dashed) expected convergence order, (o) resolution hy, /he, = 7/2, (O)

resolution hgcjhgc2 =T.

where the prime stands for skipping the singular point y = yo for p = 0. This sum
defines the periodic Stokeslet G,. A direct summation is however not possible since the
free-space Stokeslet G decays as 1/r, r = |y — yo| and thus the sum is not absolutely
convergent. To circumvent this an extra physical constraint is imposed on the problem, i.e.
mean zero velocity within the domain, and to render the sum in (38) quickly convergent it is
decomposed in a suitable fashion. The long range interactions are summed in Fourier space
while only the short range interactions are to be summed up in real space by introducing
a splitting parameter ¢ which determines how to differentiate between long/short range
interactions. This technique is known in the literature as an Ewald type decomposition,
named after Ewald who introduced the idea in the field of electrostatics. Two splitting
schemes stemmed in the field of fluid dynamics to treat the periodic Stokeslet, the Beenakker
decomposition [5] and the Hasimoto decomposition [12].
Without further ado the periodic Stokeslet can be split as

Gp(y —vo) = Gy —vo) + Ty +p, &) + > T(y+p,&) + % > By —yo.&, k) . (39)
pez?® kez?
Ip|#0 |k|#0
where k is the wavenumber given as k = {2n(k1/L,, k2/Ly, k3/L.), ki=1,... 3 € Z} and
V = L,L,L,. The last component in (39) is to be evaluated in Fourier space, while all
other terms are evaluated in the real space. The expressions for T, Y and ® can be found
in Appendix C as given by the Hasimoto decomposition. If we write the periodic Stokeslet
as in (39) we separate the singular term G from the remaining smooth terms. The singular
term will be numerically integrated with the presently developed quadrature rule while the
periodic remainder can be safely evaluated using the classical trapezoidal rule.
To assess the accuracy of the developed method we consider a periodic domain 2 =
[0, a1) x [0, az) %[0, a3) with a; = 10p, az = 4p, ag = 10p, where p = 1 is the radius of the
cylinder. And evaluate the integral over the cylinder expressed through the parametrization
v in cylindrical coordinates

uxo) = (G0 () (x)dDs | (40)

where D = [0, 27] x [0, as2], x = (x1,22) and y(x) = (cosxy,sinzy,z3). The smooth
integrand is chosen to 1(x) = f(y(x)) = [x2,co8(27/a1x1),sin(27/a121)] since £ must
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be periodic over the domain of integration such that the trapezoidal rule does not yield
boundary errors. In Fig.4 we present the convergence results in L, norm for the computed
velocity u evaluated using the quadrature rule (37). For completeness we perform two
convergence tests corresponding to the resolutions hy, /h,, = 7 and hy, /hy, = 2.

Sphere immersed in Stokes flow sedimenting along the inner axis of a
cylinder

The quadrature rule developed for the Stokeslet over a cylindrical surface (37) is validated
against a physical problem. The test case is that of a sphere settling due to gravity in a
cylinder in the Stokes flow regime. A schematic of the setup is given in Fig. 3. The radii of
the sphere and cylinder are denoted by rs and p, respectively.

Figure 3: Schematic of a sphere settling in a cylinder. The gravity is acting in the axial 2
direction.

The drag on a spherical particle sedimenting along the inner axis of a cylinder has been
studied analytically through asymptotic expansions and can be found in the textbook by
Happel & Brenner [11]. The drag force F' is thus related to the (steady) settling velocity
U,

6mulUrs
F= ,
1 —2.1042(rs/p) + 2.08658(rs/p)?

with the fluid kinematic viscosity p.

Our numerical discretization assumes periodic boundary conditions in the axial direction;
with a period of L.. The cylinder is embedded in a cube of size (8p)? x L.. The spherical
particle is discretized in spherical coordinates (rs, «,6) using the singularity subtraction
method to treat the singularity of the Stokeslet. This is a classic approach more throughly
described in [16].

As a first step we assess the resolution necessary to obtain a settling velocity independent
of the discretization over the spherical and cylindrical surfaces. We consider the relative
change of the settling velocity as a function of the grid refinement, and investigate it inde-
pendently for the sphere and cylinder mesh. This is done starting from a chosen ratio of
ha, /hzy = 7/2 over the cylinder. As shown in Fig. 4a, a resolution of N, = N,, = 20 is
sufficient on the cylinder. The necessary number of grid points on the sphere to attain a
settling velocity independent of the grid is N, = Ny = 20.

The comparison with the analytical expression (41) is illustrated in Fig. 4b. The equation
(41) is derived for a sphere settling in an infinite cylinder, whereas our numerical results
are obtained in a periodic cylinder of length L,. Therefore, it is expected that L, will have

(41)
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an influence on the final U, converging to the analytical result for large L.. We consider
two cases, rs/p = 0.2 and r;/p = 0.1. Indeed the analytical result is reproduced by our
simulation in both cases. For the sphere of radius rs = 0.2p independence of L, is reached
for L, > 12, whereas for the sphere with rs = 0.1p a much shorter L, is required. This
is consistent with the more localized effect on the flow field in the small sphere case, i.e.
rs = 0.1p.

-0.06 -0.01
L

0,061 0.0 &
-0.03

-0.063

) D -0.04

-0.063
-0.09

-0.064 —0.08

~0.06% 15 2 25 3 35 4 005 5 10 15

rel. refinement L

4

(a) Grid refinement for radius ratio rs/p = 0.2 (b) Variation of the axial length of the cylinder
relative to the base resolution of the cylinder for two sphere sizes, rs/p = 0.2 (O) and rs/p =
Nz, = Ng; = 20 with length L, =4 (o), and of 0.1 (o). Resolution as in the second refinement
the sphere No = Ny = 10 (O). step. Dashed lines: analytical expression (41).

Figure 4: Settling velocity of a sphere with radius rs in a cylinder with radius p.

5 Advantages of using a discretization based on a corrected
trapezoidal rule

It is clear that one great advantage of using a corrected trapezoidal rule is that it is straight-
forward to implement. Moreover, under certain circumstances, the matrices that stem from
such a discretization have special properties that lead to efficient algebraic treatments or
are inexpensive to store in the memory.

Consider the problem of solving for an imposed boundary condition on u the integral

u(xp) = /(G 0 o) (X)W (x)dDx ,  x = (21,22), X0 = (a,29) , (42)
D

where D = [0, 27] x [0, a2] and v(x) = (cosz1,sinzy, x2) and vx,(x) = y(x) — v(X0)-
Assume we use the quadrature rule (37) and for each xg let us define the discrete operator

LG o) 9] = QRl(G o x,) - 4] - (43)

The matrix of the system, let us call it I. will be determined by IX¢ for each x¢ = (2, 29)
on the surface of the cylinder expressed in cylindrical coordinates. Assume a certain ordering
of the unknowns with respect to the discrete points. Let us say the unwrapping of the
discrete z"} with k =1,...,3 is performed first in the angular direction in points (1, z2),
then the axial direction in points (x1,z;) and lastly in the direction k corresponding to
the spatial direction. The matrix I, will then be a hierarchical matrix with three levels of
symmetry, see Fig. 5. Starting from top to bottom and by noting that Gj; is a second order

symmetric tensor, G;; = Gj; with 4,5 = 1,...,3, we have six distinct blocks that generate
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Symmetric
Toeplitz
A B C Toeplitz symmetric
Bs | By | Bs
B4l B42 B43
B A B By | By | By Buo|Bu|Baa
Bus|Bas| B
Bl BQ BS 434241
C B A
Figure 5: Matrix structure — Block Toeplitz Symmetric with Toeplitz symmetric sub-

blocks. The matrix can be regarded as having an hierarchical structure. At the first
level the matrix is symmetric, at the second level the blocks have Toeplitz sub-blocks and
ultimately each sub-block is also Toeplitz symmetric matrix.

the matrix I., i.e. I. is block symmetric. Furthermore recall that the cylinder spans the
entire periodic domain and is also periodic in the angular direction z1 € [0,27) thus we
integrate a periodic integrand over an entire period and

[ (@)D= [ (Gormbx)dDe . ¥ xxoeD. ()

D

It is therefore enough to discretize the integral operator IX° which applies to f for a given
Xq, say xg = 0, and all other evaluations at points xo # 0 will yield the same result.

In Fig. 5 we sketch the structure of the matrix by zooming in into one block B although
this also holds for all other blocks in the full matrix. The special structure of the matrix
1. is block-Toeplitz-symmetric with Toeplitz symmetric sub-blocks, which implies that the
matrix is determined by only three columns. In practice this has a great impact on the
efficient storage problem since we need to load into memory only the generating vectors
and compute each new matrix entry on-site by using the known structure of I.. Note the
difference between this matrix and the one emerging from the discretization of a flat wall
[16] which has circulant sub-blocks instead of Toeplitz symmetric.

These type of matrices are also suitable for efficient algebraic treatments. The matrix
vector product where the matrix is circulant of size N x N can be computed using FFTs
with O(N log N) operations as opposed to O(N?) when the matrix has no structure, see [8].
If the matrix is of Toeplitz form it can be embedded in a circulant matrix of size 2N x 2N
leading once again to more efficient matrix vector product computations.

6 Conclusions and outlook

In this note we have extended the set of applications of modified quadrature rules for sin-
gular functions based on a corrected trapezoidal rule to a class of parameterizable surfaces.
Corrected trapezoidal rules are based on the punctured trapezoidal rule, which omits the
singular grid point, to which we add a correction operator acting in a vicinity, and at, the
singular point. The correction operator is constructed by computing a weight which de-
pends on the singularity and the surface over which numerical integration is performed. On
general curvilinear surfaces such a weight depends on the position of the singular point on
the surface. However a certain class of parameterizable surfaces admits a universal weight,
independent of the relative position on the surface. From this class we selected the surface
of a cylinder for which we devised explicitly third order quadrature rules for the kernels of
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Laplace and Stokes. The quadrature rules were validated through numerical examples and
we also discussed the advantages brought by this approach to numerical integration. These
rules are suitable for surfaces with a high degree of regularity since they yield Toeplitz-like
matrices. Such matrices are generated by a small number of matrix entries, thus can be
stored in memory in an efficient fashion, and lead also to efficient algebraic computations
using FFTs.

The weights computed with this quadrature rule should depend only on the curvature of
the surface. Further studies should be performed on the simple case of a cylinder to assess
how to decouple the cylinder radius from the weights. In the present work we have settled
for a radius equal to unity, result which should be generalized to various radii. The present
study is limited to the third order case, where only one weight is needed. It is however of
interest to inquire how to develop higher order methods for surfaces with a high degree of
isotropy such as the cylinder or the sphere.
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MATLAB code

In Listing 1 we reproduce the MATLAB code which uses the Symbolic Toolbox for com-
puting a modified weight for a cylinder of radius equal to unity. The spacing in the radial
direction of the cylinder is h,, and in the axial direction h,,. Important here is the ratio
between the spacing in the two directions and not the length of the cylinder. In this case
we have hy, = 2hy, /7.

If a different surface is considered instead of the cylinder lines no. 26 and 32-37 in the
code must be modified to consider the function 1/r as a function of the new coordinates.

Listing 1: MATLAB code for the 1/r singularity over a cylinder

% Compute weights for singularity on a cylinder surface

% Geometry
circ = 2%pi; /% circumference 2pt
Lz = 4; % length of cylinder in azial direction

% Number of points on cylinder surface
Nx1 20; % azimuthal direction
Nx2 20; /% axzial direction

% Grid spacing (numerically)

hxl = circ/Nx1;

hx2 = Lz/Nx2;

% Main loop for Richardson eztrapolation (5 refinements)

for i=1:7
disp(sprintf(’Richardson extrapolation , stepy%i’,i))

% Generate grid (symbol tool boz)

hxl = sym(circ/Nx1l);

hx2 = sym(Lz/Nx2);

x1 = -circ/2:hxl:circ/2-hx1;
x2 = -Lz/2:hx2:Lz/2;

% Define 7
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end

r = sqrt (kron(ones(1,Nx2+1),(cos(x1’)-cos(0))."2 +
(sin(x1’)-8in(0))."2) + kron(x2.72,ones(Nx1,1)) );

% Set r(0,0)=1 to avotid singularity
r(Nx1/2+1,Nx2/2+1) = sym(1);

% Construct phi for w0, wc and wz, repsectively

phi_1 = kron(exp(-x2.78) ,ones(Nx1,1));

phi_2 = ( kron(ones(1,Nx2+1),sin(x1’).72).%
kron(exp(-x2.78) ,ones(Nx1,1)) )./r."2;

phi_3 = ( kron(ones(1,Nx2+1),ones (Nx1,1)).%*
kron(exp(-x2.78).%x2.72,ones(Nx1,1)) )./r."2;

% Set phi(0,0)=0 to replace the singular point
phi_1(Nx1/2+1,Nx2/2+1) = sym(0);
phi_2(Nx1/2+1,Nx2/2+1) sym (0) ;
phi_3(Nx1/2+1,Nx2/2+1) = sym(0);

% Compute TO using standard trapezoidal rule
TO_1(i) = hxl*hx2*sum(sum(phi_1./r));
TO_2(i) = hxl*hx2*sum(sum(phi_2./r));
TO_3(i) = hxl*hx2*sum(sum(phi_3./r));

% Compute correction coefficient
ah(i) = sqrt(hx272+2-2*cos(hxl));

% Refine grid for exztrapolation
Nx1 = Nx1*2; Nx2 = Nx2x*2;

% Compute w0 with 16 decimals

w0_O0

for
wO_r
wO0_0O
end

w0

= (TO_1(2:end)-TO_1(1:end-1))./(ah(l1:end-1)-ah(2:end));
i = 1:5

= (27(2%i)*w0_0(2:end)-w0_0(1l:end-1))/(27(2%xi)-1);
=w0;

= double (vpa(w0_0,16))

% Compute wc with 16 decimals

wc_0

for
wCc_r
wc_O
end

wcC

= (T0_2(2:end)-T0_2(1:end-1))./(ah(l:end-1)-ah(2:end));

i = 1:5
(27 (2%i)*wc_0(2:end)-wc_0(1l:end-1))/(27(2%xi)-1);
= wc_r;

double (vpa(wc_0,16))

% Compute wz with 16 decimals

wz_0

for
WZ_T
wz_0
end

= (T0_3(2:end)-T0_3(1:end-1))./(ah(l:end-1)-ah(2:end));

i = 1:5
= (27(2*i)*wz_0(2:end)-wz_0(l:end-1))/(27(2*%i)-1);
= Wz_r;

double (vpa(wz_0,16))

O. Marin
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Appendix A Euler-Maclaurin formula

Theorem A.1 (Euler-Maclaurin expansion). For a function f € C?P*2([a, b])

b P 20
[ #1430 TR ) = £ a)
@ (=1 ’

b
h2pt2 _
+ 7(2]) o) /BZerz ({x - a })f(2p+2) (x)dz.

a

The expression uses the Bernoulli polynomials B), and the Bernoulli numbers defined as
b, = B,(0). The periodized versions B, ({z}) are piecewise smooth and bounded functions,
see Cohen [6, Proposition 9.3.1 and Remark 2] for more details.

From the Euler-Maclaurin expansion (A.1) we see that there are two main sources of
errors in the trapezoidal rule

i) contribution to the error from the boundaries given by

p 20
> h(agbff (FED(b) — F2 D (a)) (4.2)
=1 ’

ii) contribution of the error which is determined by the regularity of the function

b
h2pt2 _
o) /sz+2 <{:c . a }) FOPD (1)dg.

a

There are two common situations when the sum in (A.2) vanishes for integrands of class
02p+2 (R)

i) the integrand is periodic on [a, b]
ii) the integrand is compactly supported within (a,b)

In this case the error of the trapezoidal rule is O(h?P+2).

Appendix B Boundary corrections

Consider a one dimensional function f discretized on the interval [0, a]. The trapezoidal

rule is then denoted as
N

Th[f] = Z Wi(h) f(ih) (B.1)
i=0
where h = a/N and W(h) = [h/2, h,...,h, h/2]. Following Alpert [3] correcting the
boundaries of the trapezoidal rule can be performed using

k—2

/ C f@)de m=Thlf] + 3 Bl () + fla— b)) + O(F) (B.2)

=0



22 O. Marin

for k = 8 we reproduce the values provided by Alpert §8; = m;h/d with d = 120960 and

mo = —23681, my = 55688, ms = —66109, ms = 57024,
ma = —31523, ms = 9976, mg = —1375 .

To suit the purpose of the present work we define the corrected weights to be

WC:W(h)+h[BO,...,ﬁk_2, 0, ..., 0, Bk_g,...,ﬁo] . (B3)

Appendix C Periodic Stokeslet

Using the Hasimoto decomposition the terms in (39) are given as

: i
T(Ex) = ClEr). +DEnN== .
with

C(ér) = exfe(ér) — %e*?”, D(¢r) = exfe(er) + %eff%z

where we used the notation % = x/|x|, = |x|. The remainder T arises from
T(Ex) = T(x) -G,

and to evaluate T(¢,x) for [x| = 0 we use the limit values

: __ %
‘)ICI‘IBO[T(gaX) - G(X)] - ﬁ

The component to be evaluated in Fourier space is given by

(¢, k,x) = B(&,k)e_kz/‘lge—ik‘x '
where for a wavenumber k is defined as k = {27 (k1/Ls, k2/Ly, ks/L:), ki=1,..3 € Z} and
k= Ik
K2\ 1,
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