Fast Ewald Summation based on NFFT with
Mixed Periodicity
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In this paper we develop new fast Fourier-based methods for the Coulomb
problem. We combine the Ewald summation formulas and the fast summation
approach based on the nonequispaced fast Fourier transform (NFFT) in order to
develop efficient methods for calculating the Coulomb potentials as well as the
acting forces in charged particle systems subject to mixed periodic boundary con-
ditions. Therewith, we extend the applicability of NFFT based methods, which
already exist for open as well as for 3d-periodic boundary conditions, to arbi-
trary combinations of periodic and open boundary conditions. We reconsider the
derivation of the Ewald formulas for 2d- and 1d-periodic systems, introduce the
new algorithms and present numerical results.
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1. Introduction

Let N charges q; € R at positions x; € R3, j = 1,...,N, be given, fulfilling the charge
neutrality condition

N
> g =0. (1.1)
j=1

The Coulomb energy is basically a sum of the form

LN
Us =3 > gios(x;), (1.2)
j=1

franziska.nestler@mathematik.tu-chemnitz.de,
michael.pippig@mathematik.tu-chemnitz.de,

potts@mathematik.tu-chemnitz.de,

Technische Universitat Chemnitz, Faculty of Mathematics, 09107 Chemnitz, Germany



where for each particle j the potential ¢s(x;) is given by

=2 Z o+ Bl (13)

nes i

Thereby, we denote by ||-|| the Euclidean norm and define the difference vectors x;; := x; —x;.
The set of translation vectors S C Z?2 is defined according to the given boundary conditions
and B € R is the edge length of the simulation box in each dimension subject to periodic
boundary conditions. The prime on the double sum indicates that for n = 0 all terms
with ¢ = j are omitted. It is important to note that the sum (1.3) is, assuming charge
neutrality (1.1), only conditionally convergent, i.e., the values of the potentials ¢s(x;) depend
on the order of summation. In addition to the calculation of the potentials ¢s(x;) and the
total energy Ug of the system, we are also interested in evaluating the forces acting on the
particles, which are given by

Fs(x;) :=qjEs(x;), with the flelds FEgs(x;):=—-Vos(x;). (1.4)

The well known Ewald-Summation technique [16], which was originally developed for 3d-
periodic systems, where we set S := Z? in our notation, is the main basis for a variety of fast
algorithms for the evaluation of (1.2) under fully periodic boundary conditions, see [26, 13,
12, 15, 20]. The Ewald summation method [16] makes use of the trivial identity

% _ erf(ar) n erfc(ar)7 (15)

T r

where a > 0 is generally known as the splitting parameter, erf(z f T o=t dt is the well

known error function and erfc(z) := 1 — erf(x) is the complementary error function. If (1.5)
is applied in (1.3) the potential ¢s(x;) is split into two rapidly converging parts. Thereby,
the erf-terms have the finite limit

. erf(ar) 20
lim = —,
r—0 r ﬁ

so that this part can be transformed into a sum in Fourier space, which allows the application
of fast Fourier methods in order to derive efficient algorithms. The second part, containing
the complementary error function, is absolutely convergent and can be calculated by a direct
summation after truncating the infinite sum.

We describe 2d-periodic boundary conditions by choosing S := Z? x {0} with z; € BT? xR
and 1d-periodic constraints by choosing S := Z x {0}* with x; € BT x R2. Thereby, we denote
the torus T by T := R/Z ~ [—1/2,1/2). For a graphical illustration see Figure 1.1.

The Ewald formulas for 2d-periodic as well as for 1d-periodic geometries were already
proposed in [18] and [32], respectively, and form the basis of the algorithms proposed in
this paper. In contrast to the case of 3d-periodic boundary conditions, the application of the
Ewald formulas for mixed periodic systems does not straightforwardly lead to fast algorithms.
Some Fourier based algorithms, like MMM2D, MMMI1D or ELC, see [6, 8, 7] and the fast and
spectrally accurate Ewald summation in slab geometry [27], already exist, see also [37, 10, 9]
for algorithms with higher complexity.

For open boundary conditions, i.e., S := {0}% in (1.3), fast Fourier based methods [33, 34]
where suggested, too. The relation of the Fourier based algorithms for open and 3d-periodic

(1.6)



Figure 1.1: The simulation box is duplicated along two of three dimensions in the 2d-periodic
case (left) and along one dimension in the 1d-periodic setting (right).

boundary conditions were already investigated in [30]. In this paper we aim to close the gap
and propose FFT based algorithms also for 2d- and 1d-periodic boundary conditions. This
approach was already proposed in the short paper [29]. In this paper we also present numerical
results, show that the performance of the new algorithms is similar to the 3d-periodic case
and go into detail about our implementation. Furthermore, we derive the Ewald formulas
for 2d- and 1d-periodic systems, see Theorem 4.1 and Theorem 5.2, respectively. Thereby,
we always start with the splitting (1.5) and then use the technique of convergence factors
to derive the Fourier space representation of the long range part by applying the Poisson
summation formula. We show that the obtained formulas can be used in order to derive
the related algorithms, see Algorithm 4.3 and Algorithm 5.5. The main advantage of our
approach is that the new algorithms are completely of the same structure as the well known
algorithms for fully periodic and open boundary conditions, see [30]. That is that the short
range parts of the potentials are computed directly and the long range parts are computed
by an adjoint NFFT, followed by a multiplication in Fourier domain and again an NFFT in
three dimensions, see Remark 4.4 and Remark 5.6.

As the paper contains numerical results we introduce the relative root mean square (rms)
error in the fields, which is given by

AEs = (zj% |2ste) - Eswu?)”ﬂ 1w

SN 1Es(x)))?

where Egs(z;) is some approximation of Eg(x;), defined in (1.4). This error is often taken
as a measure of accuracy. We remark that the fast multipole method can also handle all
mentioned types of boundary conditions very efficiently, see [23, 22]. In order to estimate the
rms field error in our numerical tests we used reference data computed with the fast multipole
method for mixed periodic constraints.

The outline of this paper is as follows. We start with a short introduction to the non-
equispaced fast Fourier transform (NFFT) in Section 2 and review the idea of fast Ewald
summation based on NFFTs for 3d-periodic systems in Section 3. In Section 4 we consider
the case of periodic boundary conditions in two of three dimensions. To this end, we introduce
and prove the 2d-Ewald formulas, see Subsection 4.1, and develop a new fast algorithm in
Subsection 4.2 for 2d-periodic systems. Furthermore, we present numerical results in Sub-
section 4.3, which show its efficiency. In order to rate the very good performance of the
new algorithm, we compare the method to the particle-particle NFFT (P?NFFT) method for



3d-periodic systems [31]. Note that this algorithm is highly optimized and recently compared
with other methods, such as the particle-particle particle-mesh (P3M) method, the fast mul-
tipole method or multigrid based methods, see [5]. The 1d-periodic case is considered in an
analog manner in Section 5. We present the 1d-Ewald formulas, see Subsection 5.1, develop
a new fast algorithm in Subsection 5.2 for 1d-periodic systems and present numerical results
in Subsection 5.3. Finally, we conclude with a short summary.

2. Prerequisite and NFFT

In this section we introduce the main notation and give a short introduction to the NFFT in
three variables. To keep the notation short we define for some M = (Mj,..., My) € 2N? the
index set Zps by

d

In = ®IMj , where IMj = {—%, R % — 1},
j=1

and the cardinality by |[Zps| := H;-lzl M;. We do not distinguish between row and column

vectors and denote by x -y := x1y1 + x2y2 + z3ys the scalar product and by ¢ © y :=

(w11, 22Y2, 23y3) € R the component wise product of two vectors z,y € R3. For some & € R?

with non-vanishing components we further define the vector z=! := (xl_l, Ty L xgl) € R3.
Let a trigonometric polynomial f: T3 — C be given by

fla)= Y fre 2™k, (2.1)

kelng

with the Fourier coefficients fk € C, k € Ipy. The fast evaluation of f at arbitrarily chosen

nodes x; € T3, j=1,...,N €N, ie., the efficient computation of
fi=fl@) =Y fre?™*®  j=1._ N, (2.2)
kEIM

is known as three-dimensional NFFT. We take the approach from [33] and approximate the
trigonometric polynomial f by a sum of translates of a one-periodic function ¢, which is
defined via a tensor product of the periodization of a univariate window function ¢, i.e., we
set g1(z) := > 72 p(x+j) and define the trivariate function ¢ by p(z) := p1(x1) - p1(w2) -
©1(z3). We obtain

f@)~ ) gé@-lom™), (2.3)

el
where we choose M < m € 2N3 (component wise). Furthermore, the function @ is assumed
to be well localized in spatial and frequency domain. Under these assumptions, it can be
shown that R
_ 1 Jr 27ik-(Iom~1)
Tl 2 (?)

gt

is a reasonable choice of the unknown coefficients in (2.3), where cx(@) denotes the k-th
Fourier coefficient of ¢. After calculating the coefficients g; by an FFT the function values f;
are computed via (2.3), where the sums are short due to the good localization of ¢ in spatial



domain. The adjoint nonequispaced fast Fourier transform (NFFTH) is an algorithm for the
fast evaluation of

N
]Alk = Z fje27rik'mj, k¢ IM, (2.4)
j=1

where now the coefficients f; € C are given. Both algorithms have very similar structures
and can be performed in O(|Zps|log |Zar| + N) arithmetic operations, see [35, 24].
3. Fast Ewald summation for 3d—periodic boundary conditions

For an electrical neutral system of N charges g; distributed in a cubic box of edge length B
we define the electrostatic potential subject to 3d—periodic boundary conditions by

P2 (x) i= dys(x;) Z Z Z Ty + Bn +Bn|] (3.1)

s=0 nezd3 i=1
H’n”2:S

i.e., we set S := Z3 within the definitions (1.2) — (1.4) and apply a spherical order of summa-
tion. We obtain [16, 25]

PP (x;) = PP¥5(x;) + ¢PP L (x;) + PPN (), (3.2)

where for the splitting parameter o > 0 we define the short range part

erfc(al|z;; + Bn
¢p37S(wj) — Z Z i H)7

nezs i=1 |l + Bnl|

the long range part

bL 1 e—ﬂ'?Hk‘P/(a?B?) N onik-ai/B —2rik-z; /B
CHE DY TRE > qie”™E T e "

keZ3\{0} i=1
and the self potential

2a

ﬁ%'

Often a fourth term, the so called dipole correction term, appears in the decomposition (3.2),
cf. [13]. The dipole correction term is the only part depending on the order of summation.
However, if a spherical summation order is applied, the dipole correction term depends only
on the norm of the dipole moment Zé\le gjx; and, additionally, on the dielectric constant
of the surrounding medium. Therefore, it can be computed efficiently in O(N) arithmetic
operations. If the medium is assumed to be metallic, the dipole term vanishes and (3.2)
applies. It should be mentioned that the formulas above can be generalized to non-cubic
boxes and also non-orthogonal (triclinic) boxes, cf. [16, 12, 21]. As the complementary error
function erfc rapidly tends to zero, the short range part of each potential ¢p3,8(mj) can be

¢p3,self(mj) —



obtained by direct evaluation. In order to compute the long range parts ¢pP> (xj) we truncate
the infinite sum and compute approximations of the sums

N
:Zq262ﬂ'lkml/37 k GIM7

with an adjoint NFFT and evaluate
1 ~ A .
(@) — D WSk =1 N,
keZn\{0}
where we define the Fourier coefficients

A~

e~ lIk|?/o?B?

b = ————, (3.3)
K[>
via the NFFT. In matrix vector notation we may write
3,L N H
(7 () _ ~ADAg, (3.4)
J:

where A denotes the matrix representation of the NFFT in three dimensions, D is a diagonal
matrix with entries — bk, keI, and q=(qi,...,qv)" € RV,
The force acting on a particle j can be written as

FP(2;) = FP5(2)) + FP (25) == —q; VP> (@) — ¢; VP (x;),

where the short range part Fp3’s(:cj) is given by

200 _ 2 2 erfe(allz;; + Bnl|) z.: + Bn
F a?||z;j+Bn| + (] iJ 35
qu%; ( |zi; + Bn| |xij + Bn2 (3:5)

with S := Z3 and can be evaluated by direct summation, too. The long range part can be
obtained by differentiation in Fourier space, i.e., we write

Fp3L< 21% Z ka —zmk.:cj/B
kez3\{0}

and use a NFFT in each dimension for an efficient evaluation. This approach is widely
known as ik differentiation, see [13] for instance. An alternative is the so called analytic
differentiation approach [12], where the V operator is applied to the NFFT window function.
In terms of (2.1) and (2.3) this means that we set

jom beS(k) :k#0,
"o k=0

and compute the long range portion of the force Fp3(wj) by

FP3L( —— Z aVo(x; —1lom™r). (3.6)
leIm



4. Fast Ewald summation for 2d-periodic boundary conditions

4.1. Ewald summation

We consider a system of N charges ¢; € R at positions x; € BT? x R. Under periodic
boundary conditions in the first two dimensions we define the potential of each single particle
by

¢p2(;c]) = ¢z 0y (z5) Z Z Z ||CEU+B”1” (4.1)

5=0 nez2x{0} =1
In)2=s

and define the Coulomb energy via
1
UP? = Uzzxfoy = 3 ZQj¢pQ(wj)a (4.2)
=1

i.e., we set S :=Z2 x {0} in (1.2) — (1.4) and use the spherical limit as in (3.1).

In the following theorem we consider the 2d-Ewald formula, see [18], and give a proof using
convergence factors, similar to [25], where the 3d-periodic case is treated. In this section we
denote for y € R3 the vector of its first two components by ¥ := (y1,72) € R

Theorem 4.1. Consider an electrical neutral system of N charges q; € R at positions x; =
(@j,z53) € BT? xR, j = 1,...,N. Under periodic boundary conditions in the first two
variables the potentials ¢P?(z;), defined in (4.1), can be written in the form

¢ (@) = ¢P25 () + PPV () + 920 () + o2 (),

where for some o > 0 we define the short range part

P25 (xy) = Y Z et osz” u Bn||)7 (4.3)

the long range parts

N
1 Tik-Z;;
() = 2B > > @™ PP (k|| 2i;3),

k€Z2\{O} i=1

iy B (7

2.2
e~ ¥ Tijs

+ \/Ea:ij’gerf(axmg)) ,
the self potential

2a
\/EQJ 9
and the function ©P?(k,r) for k,r € R is defined by

¢p2,self(mj) P

1 k k
OP2(k,r) = % [eQWkT/Berfc <7TB + ar) + e 2mkr/Borfe <7rB - arﬂ . (4.4)
o' «



Proof. In contrast to the case of periodicity in all three dimensions, it can be shown that a
convergence factor of the form e~*1%ii 57l instead of e #1157l can be used in order to calculate
the spherical limit (4.1). For a proof see [6] or [4]. Thereby, the factor e *I#i Bl can be
—sllxij+Bnl?
replaced by e i .
As in [28] we apply the convergence factor e
tial (3.1), i.e., we compute the limit

—sllzi;+Bnl® for the calculation of the poten-

—sllzi;+Bn|?

N
p2 N = i 14i€
Plep=lim > D B
nez?x {0} i=1
For the calculation of ¢P?(z;) we first apply (1.5) for the splitting parameter o > 0 and obtain
by exploiting (1.6)

)=o)+ 3 S tlmBel ey

In order to calculate the remaining long range part we define

N
Os(@j) == Y Zq.e—sumiﬁgn”zerf(alla:ij + Bnl))
S j) i ’

nexTnio} i ij + Bnl

which is absolutely convergent for all s > 0 and uniformly convergent on s > 0, cf. [25]. Then,
we consider the limit limy_, ¢s(x;). In the following, we apply the identity

2 (0%
erf(a|xij + Bnl)) = ﬁuxzj + Bn| / e~ llwi+Bnl*=? g, (4.5)
0

in ¢4(x;) and use the Poisson summation formula

3 o Bllz+Bn? _ % 3 T —n2|[kl|?/(B28) 2nik-a/B
nez? kez2

for a Gaussian kernel in two variables, which is valid for § > 0 and uniformly convergent on
R?. Applying (4.5) we can write ¢s(x;) for s > 0 as an absolutely and uniformly convergent
sum of absolutely and uniformly convergent integrals. Thus, we may change the order of
summation and integration to get

/ Zqz (+D)alyy § o+ et Bl

nez?
N 21512
a —n| k]l o~
_ 2 2 : qief(erzQ)x?j’?’ § : m eB2(5+22) 627r1k:~w¢j/BdZ.
ﬁ 0 1 keZz 32(3 + 22)

As the Fourier series is uniformly convergent and the terms of the sum are continuous functions
on [0, ] we obtain

T O Tl 11 G 2
Z qu o2mik- m”/B/ 2eB2(s+z2)e_xij,3(S+Z )dz. (4.6)
0

s+ z
keZZz 1 +



In the following we separate the k = 0 term and consider the sum

a9 —n?|k|?
> Zqz 27“’“%/3/ e P e el g,
\f 0 S+ 22

kez2\{0} i=1

If the limit for s — 0 of each single summand exists, we are allowed to change the order of
summation and calculating the limits. In the following, we will show that these limits exist.
We have

o —m? k2 e e 13 G R
lim ge et e, 5306+ 4y = —e B2t e M dz.
s=0 Jg s+ 2z 0o %

This can be proved as follows. For s > 0 we define the function fs by fs(z) := 22 + s and set

f(2) := 2. Then the convergence fs — f is uniform on [0, «]. The function

—n2 k| a2
e B e YusY 2 +#£0,

12=0

h(y) ==

O Q=

is continuous and, therefore, uniformly continuous on [0, a]. Thus, the convergence h o f; —
hof is also uniform on [0, o] and the limit can be applied to the integrand. For the computation
of the integral on the right hand side we substitute y := 2! and obtain

S It 11 2 2 o0 2011.112,,2
e B2 e st dy = exp | MR _* ”3 dy
2 B y
0 2 1/q

0 o\ 2 -
= / exp [— (=lply 4 22" 2””’“,2““’3] dy — (47)
1 (e}

o0 . N2 gkl
_ / exp {_ (olls _ o) _ 22l gwm,s]dy_ (4.8)

For the substitutions

mlklly | i3 mllklly _ wij
= TRNY L T3 g gy .= TIEWY Tas
B + Y an 2 B Y

we obtain

k 17 k 7 2 k
oo () (12

Thus, using (4.7) and (4.8), we get

o i L] R ©°
1 e B222 e Z%ij3* dy = L GQWH"’”xij,S/B e_t%dtl
0o 22 27| k|| LILTIS
B +04731J,3

o
+ e_%k”xij’s/B/ e_tgdtg = M@pQ
] .

us .y
B %43

(I&ll; zi,3)

and, therefore, the limit of ¢4(x;) can be written in the form

. p2,L —sx? 3 ae_xfj’:jZQ
lim ¢(x;) = 6P (x; +lg%—z% et

5+ 22



Now, we use the substitution y := 7 and obtain

(64 7, 3Z SZZ 3Z2
I(s) ::/ J c v /\f e 7, 2 e v
0 s+ z 1 + z

Replacing the term f(s) := o587 by its Taylor representation f(s) =
g

118

(—1)"(wij32)*" 2

n=0
we have - 2 )
n n_gn f »2n
I(s) = Tig3 / 4.9
(5) Z ! . = (49)
In the following steps we make use of the identity
B ,2n 52k+1
n+1
/0 1—|—sz2 (—1)"arctan 5 + (— Z 2/{:4—1’ (4.10)

which is valid for 8 > 0, n € Ny and can easily be verified by induction. Furthermore, we use
the Taylor representation

2n+2
Vraz -erf(az) +e” *14—2 n+1 2n+1)
holding for @ > 0 and each z € R. Applying (4.10) with 8 = 75 we get
s™ % »2n (_1)71577, o2k+1gn
2o [ s = S arctan () + (-1 SR -
\/5/0 T2 Nz arctan Z 2k:+1 e
O(\/§)+(2n 1)—F(9()f01"s—>0 :n >0,
B % arctan (ﬁ) :n=0.

Inserting this result into (4.9) we obtain

nxQnQQn 1

I(s)z%arctan( >+Z 20 —1) + O(V/s)

n+1 2n+2 2n+1

1
= \/garctan< )—I— E 2n+1) + O(Vs)
1 o 1 —a?a?, 1
= 7 arctan <$> — \/%a:mg cerf(axijz) — e 33 4 o + O(V/s)

and by exploiting the charge neutrality (1.1) we get

2/T & )
: _ p2Lo . L —sa2,
lg o) = 9% (ay) + lng T D aie™ 01 ()

_¢p2LmJ qu<

= P2 (a5) + P20 (a5) -

—Q .Z‘2

+ \/El‘ij73 . erf(aa:mg))

10



With the following lemma we show that the function ©P2(k, ) tends to zero exponentially
fast with respect to k, i.e., we can truncate the infinite sum in qﬁpQ’L(azj).

Lemma 4.2. For arbitrary r € R we have for the function ©P? given in (4.4)
OP2(k,r) — 0 with OP2(k,r) = o(k~2e™*") for k — oo.

Proof. The function ©P? has the integral representation

47 [¢1 n2k?
OP2(k,r) = 5 /0 72 6XP (— e 1”2752) dt,

as we have seen in the proof of Theorem 4.1. Now, we easily see

2 wk 2aB  _x%k?
2 2 _ ~ T
@p (k7r) é (,_)p (k‘,O) == Eerfc <aB> ~ kx27-‘-3/2€ 2327
which is valid for large k, cf. [2, number 7.1.23]. |

4.2. Fast NFFT based algorithm for 2d-periodic systems

Based on Theorem 4.1 we derive a fast algorithm. The evaluation of the short range part
P25 (x ;) is done by a direct evaluation. For the computation of the long range part we apply
the fast summation method [33] to the functions ©P2(k, ).

4.2.1. Computational approach

Due to Lemma 4.2 we can truncate the infinite sum in ¢P?L(x;), i.e., for some appropriate
M = (My, My) € 2N? we set

N
1 .
(@) ~ o S ™R EBOP ||k, 2i55).
keZy\{0} i=1

Note, that all the functions ©P?(||k||,-) have to be evaluated only within a finite interval
[—Bs /2, Bs 2]. The main idea is to approximate the functions ©P?(||k||,-) on this interval by a
truncated Fourier series. However, the odd derivatives of ©OP?(||k||,-) at the points —Bs/2 and
Bs /2 do not match, which yields a bad convergence rate of the Fourier series. Therefore, we
extend the interval at both ends, where we construct a smooth transition. In the following,
we give the formal derivation of this idea.

Let h > 0 and € > 0 such that |z;;3| < h(1/2—¢) forall 4,5 =1,..., N and define

2.2
eOLT‘

@82(r) = + v/mrerf(ar).

In order to approximate the long range parts qﬁpQ’L(wj) + qﬁpQ’O(:pj) efficiently we consider for
k€ {||k| : k € Zy} the regularizations

1
— 0P (k,r) :k#0,|hlr] <1l —¢,

2B
- 2
Kakr) =) VR k=0, h ] <10 e, (4.11)
Ko(kr)  :lhir|e (o—s 1/,

11



where we claim that each function Kg(k,-) : [-h/2 + he, /2] U [h/2,h/2 — he] — R fulfills the
Hermite interpolation conditions

o L QP2 hfy —he) ik #0
55 Kn(k. 2 = he) = { Baf <p2h/ ) o (4.12)
Bz L Op?(hfa—he) k=0
o7 L O op2(f —hfo4 he) k#£0
K _hfp b 2337“] 4.13
ori B(k, =/2+ he) = { 21\3§$]®p2( hja+he) k=0 (4.13)

for all j = 0,...,p — 1. Hereby, we refer to p € N as the degree of smoothness. In order
to end up with h-periodic, smooth functions KR (k,-), the functions Kg(k,-) are constructed

such that
o o b .
WKR(]C hf2) = 7KR( —hp), j=0,...,p—1
is also fulfilled. In Section 4.2.2 we show that the functions Kpg(k,.) can be constructed as
polynomials of degree 2p — 1 by two point Taylor interpolation. Figure 4.1 shows an example

of such a regularization Kg(k,-).

KB(k7 )

63:] Kg(k,h/2 — he) =

J
= a%eﬂ(k hf2 — he)

—h/y i 0 i h/>

Figure 4.1: Example for Kgr(k,-) for k > 1. At the boundaries (gray area) the regularization
adopts the values of the boundary function Kg(k,-). We also marked the points,
where the conditions (4.12) and (4.13) are fulfilled.

In summary, the functions Kgy(k,-) are h-periodic and smooth, i.e., Kg(k,-) € HP(hT).
Therefore, they can be approximated by a truncated Fourier series up to a prescribed error.
To this end, we approximate for each k € {||k|| # 0: k € Zy;} the function

@P2 ko) Y byge®mir/h (4.14)

lGI]\/IS

for |r| < h/2 — he by the truncated Fourier series of its regularization Kg(k,-). Analogously,
for k = 0 we have

2f@p2 Z b eQﬂ'llr/h (415)

lEI]\[d

12



Thereby, we choose the frequency cutoff M3 € 2N large enough and compute the Fourier
coefficients by in (4.14) as well as by, in (4.15) by the discrete Fourier transform

e Z KR (k %) e 2m/Ms — Myfy | Mafy 1, (4.16)

]GIMS

This ansatz is closely related to the fast summation method described in [33]. Due to the
fact that for each k we have ©P?(k,-) € C*°(R) we are not restricted in the choice of the
parameter p. By choosing M3 large enough we can construct approximations (4.14) of a
required accuracy.

In summary, we obtain the following approximation for the long range parts,

¢p2,L( )+ q[)p20 ~ Z Z ka”qu eka m”/B 2milzij3/h

kEZM lEIAlg

= D by (Z gie®™o (kD “’) e 2miv(k)z; (4.17)

(k) ETng

where we substitute the truncated Fourier series (4.14), (4.15) into Theorem 4.1 and define
M := (M, Mj3) € 2N? as well as the vectors v(k,l) := (k/B,l/h) € B~'Z? x h='Z. The

expressions in the inner brackets

N
S(k,1) ==Y qie®™ DT (k1) € Ty (4.18)
=1

can be computed by an NFFTH. This will be followed by |Zas| multiplications with BH’CIIJ
and completed by an NFFT to compute the outer summation with the complex exponentials.
Therefore, the proposed evaluation of ¢P?Y(z;) + ¢P?0(zx;) at the points x;, j = 1,..., N,
requires O(N + |Zps|log |Zas|) arithmetic operations.

The calculation of the forces is done analogously to the 3d-periodic case. We set S :=
72 x {0}, define FP?(x;) := Fs(x;) via (1.4) and calculate the short range portions FP?5(x;)
given by (3.5) via a direct summation. In the long range part we can either use the ik
approach, i.e., we set

PP () + FP20(aj) ~ 2mig; b||k|z<2qe2””’km> ok, e 200w (419)

(k) ETns

or the analytic differentiation, where the V operator is applied to the window function ¢ in
(2.3) within the NFFT, cf. (3.6).

In summary, we obtain Algorithm 4.3 for the fast computation of 2d-periodic Coulomb
interactions.

Algorithm 4.3 (2d-periodic P2NFFT).

Input: Positions x; € BT? x [—Bs/2, Bs /2], charges ¢; € R (j = ,N) splitting parameter
a > 0, short range cutoff r.y, > 0, long range cutoff M = ( M3) € 2N3, regularization
parameter € > 0, degree of smoothness p € N.
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0.) Precomputations:
a) Set h:= (1/2—¢)"!Bjs.
b) Construct the regularization (4.11) for each k € {||k| : k € Zy}.
c) Compute the Fourier coefficients (4.16).

1.) Compute the short range parts of the potentials ¢P25(z;) and the short range parts of
the forces FP?5(z;) by direct evaluation, i.e., restrict the summation in (4.3) and (3.5),
where S := Z? x {0}, to all ||z;; + Bn|| < reut.

2.) Compute the sums S(k,1) in (4.18) by the adjoint NFFT (2.4).

3.) Apply the NFFT (2.2) to compute the long range parts of the potentials ¢P>(z;) +
P20 (z;) by (4.17).

4.) Compute the long range parts of the forces FP?(zx;)+ FP*0(x;) via the ik differentiation
approach (4.19) or the analytic differentiation, cf. (3.6).

5.) For all j =1,..., N compute

PP () = **5 () + PP () + P20 () + ¢PH ()
FP2(2;) = F**5()) + FP2" (2) + FP0 ().

6.) Compute the energy (4.2).
Output: Energy UP2, potentials ¢P?(z;) and forces FP?(x;).

Remark 4.4. Algorithm 4.3 has the same structure as the NFFT based method for 3d-
periodic systems, cf. Section 3. Thus, we also obtain a matrix vector notation of the form (3.4)
for the approximation of ¢P>Y(z;) + #P*0(z;). In other words, we use the same algorithm,
where we replace the Fourier coefficients by, from (3.3) by the new coefficients by in (4.16)
and insert the nodes (Z;;/B,z;j3/h) € T? instead of x;;/B € T? into the NFFT algorithms.

0

4.2.2. Implementation details

The precomputation step of Algorithm 4.3 includes the construction of the regularizations (4.11).
Thereby, we obtain Kp(k,-) by the unique polynomial of degree 2p— 1 that fulfills the 2p Her-
mite interpolation conditions (4.12) — (4.13) in two points. An explicit representation of this
polynomial is given by Theorem A.1 in the appendix, where we set m = h/2 and r = he and
aj, bj equal to the right hand sides of the interpolation conditions (4.12) — (4.13), respectively.

In order to compute the derivatives in (4.12) — (4.13) we use the following relations. We
define the function

01 (k,7) := ™"/ Berfe <;r§ + ozr) (4.20)

and let ©4(k,r) := ©1(k,r) £ O1(k,—r). Note that we have OP?(k,r) = +O,(k,r). We
immediately see that

0 2k

564-(]{:77.) - B @_(k,T’),

0 _ 2wk 4o —a?r?—n2k2 /a2 B?
59—(7977’) =5 9+(k,r) N ;
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and, therefore,

H? 472 k2 8aﬁk 272 n2k2 /02 B2
570+ (k1) = =504 (k1) — ——e k=/a”B

For the computation of the derivatives of order n > 2 we use the following recursive formula

ﬁ@_,_(k 7“) - A2k 8("_2) 8(n_2) 804\/771'ke_a2r2_7r2k2/0232
orm S '

B2 8r<”‘2)9+(k’r) or(n=2) B

The second term can be computed easily with the derivatives of the Gaussian window function

O Bay/Th a2 argzjazpe _ 8oVTE _agzjaepe 0070 e
arn-2 B ~ B ¢ o2

We remark that the numerical evaluation of the function (4.20) for large k,7 > 0 is im-
portant in order to obtain a regularization of the 2d-periodic Ewald splitting. This can be
done straight forward for » < 0, since we have the trivial upper bound ©;(k,r) < 2. In
contrast, for large values of » > 0 the exponential tends to infinity and exceeds rapidly the
range of representable floating point numbers in double precision. Since the complementary
error function tends much faster to zero, the function ©(k,r) can be considered numerically
equal to zero for kr > 0 large enough. For the substitutions [ = g—]; >0and t =Ilra >0 we
can use the standard estimate 0 < (I — v/t)? that yields 21/t <[ + ¢/l and, finally, we obtain

[Ba tB
! (w m) — eerfe (I-+ 1) < e¥erfc (2v1) = (1),

The right hand side holds f(t) < 1070 for ¢ > 18, i.e., whenever ¢ := ”TIET > 18 we can assume
©1(k,r) to be numerically equal to zero.

4.3. Numerical results

In this section we present numerical results of our algorithm for 2d-periodic boundary con-
ditions. We implemented this algorithm as a part of the P2NFFT solver [31] within the
Scalable Fast Coulomb Solver (ScaFaCoS) library [1], i.e., our implementation is publicly
available at [1] and can be compared to various other well established methods with respect
to accuracy and run time. Recently, this library has been used for a broad comparison of
various fast Coulomb solvers for fully 3d-periodic boundary conditions [5]. In the following,
we show that our 2d-periodic algorithm can be tuned to high accuracy and offers a run time
comparable to the well established P3M algorithm for 3d-periodic systems.

For all tests the calculation of the forces was performed using the analytic differentiation
approach, cf. (3.6). Whenever the rms field error is examined, the comparative data were
computed with the fast multipole method [11, 23, 22] within ScaFaCoS tuned to sufficient
accuracy.

Our run time measurements have been performed on an Intel i5-2400 single core processor
that runs on 3.10 GHz with 8 GB main memory. The software was built with the GCC C
compiler at version 4.7.1 and optimization flags “-O3.
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Figure 4.2: Cloud wall system with N = 300 charges ¢; = £1 in a cubic box, see [5].

1072
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i
Ao a
@ o
Sk @
i b

—10 -5 0 5 10

Figure 4.3: @82(7') and OP%(1,r) with B = 10 for different splitting parameters a.

Example 4.5. We consider a so called cloud wall system consisting of N = 300 charges
in a cubic box of edge length B = 10 (see Figure 4.2). The system consists of a diffusive
particle cloud surrounding two oppositely charged walls and was proposed in [5] because of
its significant long range part.

In order to get an impression of the involved functions in (4.11) we plot these functions
over the interval [—B, B] for different values of «, see Figure 4.3.

In the following we choose the degree of smoothness p = 6, set M3 = 64 and investigate the
exactness of (4.15) as well as of (4.14) for k = 1 and k = 3 in dependency on the parameter
e in (4.11). Therefore, we plot the maximum approximation errors in Figure 4.4, where the
maximum error of (4.15) is depicted in black. It can be seen that, for some fixed ¢, the
errors decrease as a — 0. On the other hand, the value of the optimal € increases as @ — 0.
Additionally, we plot the error in the case k = 1 (blue) and for k = 3 (red).

In Figure 4.5 we choose the same values for £ and plot the relative rms field error (1.7) in the
cloud wall system as a function of the splitting parameter «, where we choose M = (64, 64, 64)
and m = (64,64, 128) in (2.3). It can be seen that for € too small we obtain a plateau in the
error plot, i.e., the error remains almost constant over a certain interval. If ¢ is chosen large
enough, the optimal approximation error becomes smaller, whereas for large values of a the
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Figure 4.4: Approximation errors for different values of ¢ with M3 = 64 and p = 6.
left: Maximum errors of (4.15) (black) and of (4.14) for k =1 (blue).
right: Maximum errors of (4.14) for k =1 (blue) as well as for k = 3 (red).

error is even worse. We obtain the smallest error for ¢ &~ 0.145, where the optimal o ~ 1,
which kind of goes along with the results plotted in Figure 4.4.

1L i —¢e = 0.100
10 B E e=0.115
10—2 % é e =0.130
E El 0.145
1073 J|----e=0.160
= B ] e=0.175
X —4 | —
§ 10 § § ——e=0.190
1075 E
10-°}
1077} B .
E | | E
2

l
0.5 1 1.5

splitting parameter «

Figure 4.5: Relative rms field error (1.7) over « for different regularization parameters . We
choose the short rang cutoff r¢y; = 4, the smoothness p = 6, M = (64,64,64),
m = (64,64,128) and the B-Spline of order 8 as NFFT window function ¢ in
Algorithm 4.3.

Obviously, the value of the optimal € depends on both, the exactness of the approximation
of 632 in the k = 0 part as well as the goodness of the approximations of the kernel functions
for k > 0, but the error is dominated by the approximation in the & = 0 part.

In Figure 4.6 we plot the relative rms field error AEz2, 19y with respect to the splitting
parameter « for different FFT sizes M = (M, M, M). In the case M = 64 we set € := 0.145.
For the other values of M we tuned € by hand in order to get a small optimal rms field
error. On the right hand side we see the corresponding errors of the same particle system
treated under fully periodic boundary conditions. Of course, the 2d-periodic calculation
produces larger errors in the long range calculations, which is due to the fact that each
approximation (4.14) generates a certain error, whereas in the 3d-periodic case the Fourier
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coefficients (3.3) are exactly known. As the errors in the short range part behave exactly the
same way, the splitting parameter o adopts slightly different optimal values.

1071 T 1071

M =16, =0.115
— M =32, =0.115
. - - - M =64, =0.145 .
107 L ] M =128,2 = 0.170 107 2
- \ ) ———- M = 256, = 0.190 L
S \ ’ o -7
X \ ’ N -
& 1077 N\~ : = 1077 b
& \ 3 \\\
< \ B N
\
\. - A
10-10 | N P 4 10-10 [ i I
—13 L L L L —-13 L L L L
10 0.5 1 1.5 2 2.5 10 0.5 1 1.5 2 2.5
splitting parameter o splitting parameter a

Figure 4.6: The relative rms field error (1.7) over « for different FFT sizes. We choose the
short range cutoff rc,; = 4, the smoothness p = 6, m = (M, M,2M) and the
B-Spline of order 8 as NFFT window function ¢ in Algorithm 4.3. We plot the
results of the 2d-periodic (left) as well as of the 3d-periodic computation (right).

g

Example 4.6. We compute the potentials ¢P?(x;) as well as the forces FP?(z;) in cloud wall
systems of different size, where the particles are distributed in a cubic box of edge length B.

It can be seen from the data in Table 4.1 that the systems have the same particle density.
Therefore, the computations in the near field with fixed values of the short range cutoff
reut and the splitting parameter a are comparable. In the calculation for the long range
part we choose M = (M, M, M) € 2N? in (4.17) and apply the NFFT with oversampling
factor 2 regarding the nonperiodic dimension, i.e., we set m := (M, M,2M) in the NFFT
approximation (2.3) . In addition, we do the same calculation without oversampling, where
we set m := (M, M, M), and treat the same particle system under fully periodic boundary
conditions. As a window function we choose the cardinal B-spline of order 8 and construct
regularizations of smoothness p = 6. Note that in the case without oversampling the choice
of the parameters is the same as for the P3M.

For the cloud wall system of size N = 300 we set M = 16 and € = 0.115 as in the last
example. For the short range cutoff rey; = 4 we find from Figure 4.6 that the error AE7z2, (o)
is minimized for o =~ 0.6. For the larger systems we choose larger values of M. Consequently,
we also have to choose other values for ¢, too. For this reason we consider the error of the
approximation (4.15) for the different combinations of B and M, where we fix the splitting
parameter o = 0.6, see Figure 4.7.

For M = 16 we obtain the optimal value e,p =~ 0.13 regarding the exactness (4.15), whereas
we obtain the minimal rms field error AEz2, 1oy for € = 0.115 &~ 0.8846 - 0.13. Therefore, we
heuristically set € = 0.8846 - £opt also in the other cases.

In Table 4.1 it can be seen that we achieve approximation errors of comparable size among
all systems. The fact that we are not far away from the errors of the 3d-periodic calculation
shows that the parameters where chosen appropriately.

In Figure 4.8 we plot the corresponding run times. We see that the oversampling slightly
increases the run time and that the fully periodic as well as the 2d-periodic calculation
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Figure 4.7: Maximum approximation error (4.15) for & = 0 over &, where we choose the
splitting parameter a = 0.6.
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1|—B=10,M =16

B =20, M =32

1 l--- B =40, M =64

B =80, M =128

1 |----B =160, M = 256

oversampling | no oversampling
N| B| ¢ | M AEz2, o AEz2, o) AFEys
300 | 10 | 0.1150 | 16 1.5118e-03 4.3565e-03 4.1514e-04
2400 | 20 | 0.0641 | 32 7.6972e-04 1.1836e-03 4.1514e-04
19200 | 40 | 0.0332 | 64 5.5538e-04 8.2526e-04 4.1514e-04
153600 | 80 | 0.0221 | 128 5.2104e-04 7.6865e-04 4.1514e-04
1228800 | 160 | 0.0111 | 256 5.1955e-04 8.0417e-04 4.1514e-04

Table 4.1: Relative rms force errors in the cloud wall systems under 2d-periodic boundary
conditions (with and without oversampling in the third dimension) as well as under
fully periodic boundary conditions. These errors have been obtained with short
range cutoff rqyt = 4 and splitting parameter o = 0.6.

without oversampling require almost the same amount of time. In summary, we remark that
in contrast to the fully periodic case, where the Fourier coefficients are given analytically
by (3.3), we have to precompute all the coefficients Bkz,l in (4.16). Of course, this leads to a
huge amount of precomputation steps for large values of M, which is not included in the stated
run times. However, if one is interested in doing a large simulation with fixed parameters,
the precomputations have to be done only once. O

5. Fast Ewald summation for 1d-periodic boundary conditions

5.1. Ewald summation

We consider a system of N charges ¢; € R at positions ; € BT x R2. If periodic boundary
conditions are assumed only in the first coordinate we define the potential of each single
particle j by

[e'¢) N
PP (x5) = P02 (T)) = Z Z lelwwiianH (5.1)

5s=0 nezx{0}2 i=1
Iny|=s
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Figure 4.8: Computation times with oversampling (o) and without oversampling (*) for the
2d-periodic case as well as for the fully periodic computation (+).
left: Attended times for the total computation (solid lines), the long range part
(dotted) as well as the short range part (dashed). We also plot exemplary behav-
iors where the run time grows proportional to N (red) and Nlog N (blue).
right: Total computation time scaled by the number of particles.
We achieved rms field errors of the size ~ 5 - 1074,

and define the Coulomb energy

N
1
UP' = Uzyqop2 = B Zlqg‘¢p1($j),
J:

i.e., weset S := Z x {0}?in (1.2) - (1.4) and consider the spherical limit analogously to (3.1).
In this section we denote for some y = (y1, %2, y3) € R3 the vector of its last two components

by § := (y2,y3) € R%.
The result of the following Lemma will be used in the derivation of the Ewald formulas.

Lemma 5.1. For 8 > 0 and n € N we have
B ax2ndy (2n — 1)!! - (2k — 2)!!
S = (1) 1+ B2 (RS gkl V1+p2) .
/0 T OV G +h ;( Vapmn? A VIS
Proof. In the case n = 0 we obtain
B de
/ ———— =arsinh(8) = In(8 + V1 + 32).
0o V1+a?
For n € N we get

B p2ndy p zdx p
2n—1 2n—1 2 2n—2 2
—_— = T e v 1+ —2n—1/x V14 z2dx
/0 1+ 2 0 V1422 P g ) 0

A 1+a?
_ a2n—1 2 _ 2n—2
=0 V1452 —(2n 1)/ x dex

0

B8 2nd 1 B 2n—2
= /O et o (52”1\/1 + 42— (2n — 1)/0 $dgc)

1+ 22 14 22
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and the claim follows by induction. |

In the following we denote by

oo
[(s,x):= / t5 e tdt (5.2)
€T
the upper incomplete gamma function. For the case s = 0 the well known identity
I'o,z) = —y—lnzv—;(—l) ok (5.3)

holds for all positive z, see [2, number 5.1.11]. Thereby, v is the Euler-Mascheroni constant.
The function I'(0, -) is also known as the exponential integral function. We easily see

lim I" | =0. 4
lim 0,2)+Inz+~v=0 (5.4)

In the following Theorem, we consider the 1d-Ewald formula, see [32], and give a proof using
convergence factors, analogously to the proof of Theorem 4.1.

Theorem 5.2. Consider an electrical neutral system of N charges q; € R at positions x; =
(xj1,2Z;) € BT x R2, j =1,...,N. Under periodic boundary conditions in the first variable
the potential ¢P!(x;), defined in (5.1), can be written as

¢pl( ) ¢p18( ) ¢p1L( ) (bplO( ) ¢plself($])

where for the splitting parameter a > 0 we define the short range part

¢p1,5(mj) — Z Z erfc OZHLUZ] + B’TLH), (55)

neanlo)? imn 5 + Bn|
the long range parts
2
P ) =5 2 S g5 011, )
keZ\{0} i=1
1 X
¢PH () = ] gi [y +T(0,0®(|23;]1%) + In(®(|245]%)] ,
5510
the self potential
2a

¢p1,self(mj) P

F(Jj )
and the function ©P!(k,r) for k,r € R is defined by
@] 22
P (k,r) = / Cemnr ey (5.6)
0

z
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sllxi;+Bn|?

Proof. As in Theorem 4.1 we apply the convergence factor e~ for the calculation of

the potential (5.1). After using the splitting (1.5) we obtain

P = Se+ S tlmBel g

We define

N
sl 2erf(a|x;; + Bn
()= > geeleatEn (|2 D

neZx{0}2 i=1 lij + Br|

and use the Poisson summation formula

B(z4+nB)? _ —7r2k2/(326) 27r1k:z/B
D DN

nez kEZ
to obtain
77r2k:2 -
ds(xj) ZZ \F e2mik(zi,1—xj, 1)/3/ 1 o B2s+27) o IEis 17 (527 q
\F keZ i=1 0 Vs+2?

analogously to (4.6). Again, for k # 0 we compute the limit for s — 0 under the integrals
and obtain by similar steps as in the proof of Theorem 4.1

9 N ) a e_gfj 22
hm x PLL (g lim — ~eS£ij/ —dz,
jote) = 07 i 5> 0 [
where we set & := ||Z;;]|. In order to compute the remaining limit for £ = 0 we make use of

the substitution y := % again and get
762 2

a fsé 22
165)= [ /”e a-.
0 5+z2 V122

Replacing the exponential by its Taylor representation in s we have

N S iy L
s)=» ———— —=dz.
n=0 n! 0 V1+Z2

With the help of Lemma 5.1 we get

v 1 a  Vs+a?
—— de=In| =4+ YT
0o V1422 Vs Vs

for n = 0 and in the case n > 0 we obtain

n/\% 22n d _(_1)n\/s+a2 L(2n — DN S - )k(2k:—2)!!a2k_1\/§
° it Vs et & @R o

FERTRICs Vil < L Vs a2>

Gon "\ T
_o(s)+ Ve rat Sl Ly BRm DMy (\2 4 3\/2“2)

2n (2n)!
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for s — 0. Applying (5.3), (5.4) as well as the charge neutrality condition (1.1) we get

. lL —
lim (x;) = ¥ (x;) + lim — Zqz $51(s)

) 0o (_1)n 271()42”
— 4PLL (. il . Y
=¢ ("BJHBZ%Z nl2n
=1 n=1
1 N
=" (@y) — 5 Y [y +T(0,a%3l) + In(a?2y%)]
H@f||1¢o

The function ©P(k,r) can be expressed by the incomplete modified Bessel function of
the second kind [19], see Section 5.2.2. This function is known to be infinitely continuously
differentiable and, thus, we can construct regularizations of similar structure as (4.11) in order
to construct a fast algorithm. In this case the final algorithm requires a smooth bivariate
regularization, which can be obtained easily from a one dimensional construction as the
Fourier coefficients are radial in &;;. Then, the evaluation is done with the multivariate fast
summation method [34].

By the following Lemma 5.3 we show that the function ©P!(k,r) for fixed 7 tends to zero
exponentially fast for growing k, which allows the truncation of the infinite sum in ¢PLL(z;).
Furthermore, Lemma 5.4 shows that also the kernel in ¢P1%(z;) is a smooth function, which
allows the application of the fast summation method.

Lemma 5.3. For arbitrary r € R we have for the function ©P! given in (5.6)
OPL(k,r) = 0 with OP(k,r) = o(k_ze_k2) for k — oo.
Proof. By the definition (5.6) we immediately see

1 n2k?
1 1 —
@p (k:,T) S @p (k,O) = §F <O, 04232) .

The claim follows by applying the asymptotic expansion I'(0, ) ~ %, cf. [2, number 6.5.32],

which holds for large = := %. |

Lemma 5.4. For the univariate function

0 z=0
() := 2 2 .
['0,2°) + In(z®) + v :else
we have ¥ € C®°(R).

Proof. Since lim;_,oT'(0,¢) 4+ In(¢) + v = 0 the function is continuous. As (5.3) holds for all
x > 0 we obtain

o0 1)k+1g2k
v +T(0,2%) + In(x :Z x # 0.
k=1
From this representation we easily conclude
x1_1>m+0 1o (v +1(0,2°%) + In(2?)) = lgno T (v +T1(0,2°%) + In(2?)) # Foo.
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5.2. Fast NFFT based algorithm for 1d-periodic systems

Similar as in the previous section we derive the fast algorithm now based on Theorem 5.2.
The evaluation of the short range part gbpl’s(acj) is done by a direct evaluation again.

5.2.1. Computational approach

Due to Lemma 5.3 we can truncate the infinite sum in ¢PL(x;), i.e., for some appropriate
M, € 2N we set

N
2 mika,; ~
P () = B Yo > ae” R BEP (k|2

kE€Zar, \{0} i=1

In the following we choose h > 0 and ¢ > 0 such that ||Z;;|| < h(12—¢) foralli,j =1,...,N
and define
@gl(r) =~ 4+ T(0,a?r?) + In(a?r?).

In order to approximate the long range part ¢PLY(zx;) + ¢P10(zx;) efficiently we consider for
k € {0,...,Mi/2} the regularizations

@pl(k r) :k#0,|hir] <l —g,

1 A -1
Kr(k,r) := —*@p (r) k=0,|hr[<1l2—¢, ’ (5.7)
KB(k,r) [t € (12— e, 1,
KB(ka h/Q) : |h_17“| > 1/27

where each function Kg(k,-) : [*/2—he, ?/2] — R is constructed such that Kg(k,|-||) : hT? — R
is in the Sobolev space HP(hT?), i.e., Kg(k,-) fulfills the interpolation conditions

Q7 20 @Pl(f hfs —he) :k#0
—Kg(k,hfo — he) = Bor for j=0,...,p—1 5.8
oy D) {—;;;ep1<h/2 k=g T o8
as well as
o7 .
%KB(k, hfg) =0 forj=1,...,p—1. (5.9)

Note that Kg(k,| - ||) is constant for all the points {y € hT? : ||y| > h/2}. Therefore, the
conditions (5.9) ensure smoothness of Kg(k,| - ||) in the points {y € hT? : ||y| = h/2}.
Furthermore, (5.9) does not include any restriction on the function value of Kg(k,"/2), since
it does not influence the smoothness of Kgr(k,|| - ||). In Section 5.2.2 we show that the
functions Kp(k, ||.||) can be constructed as polynomials of degree 2p — 2 by two point Taylor
interpolation. By our construction the functions Kg(k,| - ||) are h-periodic in each direction
and smooth, i.e., Kr(k,| -||) € HP(hT?). For a graphical illustration of a regularization
Kg(k,-) see Figure 5.1.
To this end, we approximate for each k € Zys, \ {0} the function

@P1 Elyl) = > bege®mtorn, (5.10)
€Ty,
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%@pl(k7 )

20 Ki(k, /2 — he) =

2 af’jj OPl(k,hj2 — he)

,h/Q /// 8J
e 7 KB(k,h/Z) =0
—h/2 4+ he 7 h/2

h/2 — he

Figure 5.1: Example for Kg(k,-) for £ > 1. Over the gray area the regularization adopts the
values of the boundary function Kp(k,-). In the corners (striped area) Kg(k,-)
has the constant value Kp(k,"/2). We also marked the points, where the condi-
tions (5.8) and (5.9) are fulfilled.

for ||ly|| < h/2— he by a trigonometric polynomial. In the case k = 0 we use the approximation

1
_ E@Pl 2||y|| Z b le2ml y/h (511)
€Ty,

Thereby, we choose M = (My, M3) € 2N? large enough and compute the Fourier coefficients
b, by
~ 1 ~ .. -
bei= 17— > Kr (’f i © M 1||h> e (oM (5.12)
el &
M

for all k € Zp,. In summary we obtain the following approximation for the long range parts

¢p1 L( ) ¢p1 0 Z Z b|k| . Z ¢ e27r1ka:” 1/B 27il-&;5/h

kEIJMl lEI Y

Z b\k\ . (Z G eva (k,)- :m) 6727Tiv(k,l)-:cj, (513)

(kD) ETns

where we use the truncated Fourier series (5.10), (5.11) in Theorem 5.2 and define M :=
(M7, M) € 2N? as well as the vectors v(k,1) := (k/B,l/h).
The expressions in the inner brackets

N
)= g™ DT (k1) € Ty (5.14)
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can be computed by an NFFTH. This will be followed by |Zar| multiplications with ZA)WJ
and completed by an NFFT to compute the outer summation with the complex exponentials.
The proposed evaluation of ¢PLL(z;) + ¢P10(x;) at the points ;, j = 1,..., N, requires
O(N + |Zpr|log |Zag|) arithmetic operations.

For the calculation of the forces we set S := Z x {0}2, define FP!(z;) := Fs(z;) via (1.4)
and calculate the short range portions FP'5(z;), as defined in (3.5), by a direct summation.
In the long range part we can either use the ik approach, i.e., we set

Fpl’L(:I}j) + Fpl,O( N~ 27_[_1qj Z b|k\l (Zq e27r1'u (kD) ml> ,v(k;’l)ef27riv(k,l)~a:j’ (515)

(k) EZng

or the analytic differentiation, cf. (3.6).
In summary, we obtain Algorithm 4.3 for the fast computation of 1d-periodic Coulomb
interactions.

Algorithm 5.5 (1d-periodic P2NFFT).

Input: Positions x; € BT x [—Bz/2, B2/2] x [—Bs/2, Bs /2], charges ¢; € R (j = 1,...,N),
splitting parameter o > 0, short range cutoff 7.,y > 0, long range cutoff M = (M, ) € 2N3
regularization parameter € > 0, degree of smoothness p € N.

0.) Precomputations:

a) Set h:= (12—¢)"1\/B2 + B2.
b) Construct the regularization (5.7) for each k € {0,..., M /2}.
¢) Compute the Fourier coefficients (5.12).

1.) Compute the short range parts of the potentials qbpl’s(ccj) and the short range parts of
the forces FP1S(z;) by direct evaluation, i.e., restrict the summation in (5.5) and (3.5),
where S :=Z x {0}?, to all ||z;; + Bn|| < reu.

2.) Compute the sums S(k,1) in (5.14) by the adjoint NFFT (2.4).

3.) Apply the NFFT (2.2) to compute the long range parts of the potentials ¢PL(z;) +
"10(a;) by (5.13).

4.) Compute the long range parts of the forces FPLL(x;) + FP1O(x;) via the ik differentiation
approach (5.15) or the analytic differentiation, cf. (3.6).

5.) For all j =1,..., N compute

¢l (x5) = ¢S () + 6PV () + @10 () + PN ()
FP!(z;) = FPY5 () + FPVN (a) + FPY0 ().

6.) Compute the energy (4.2).
Output: Energy UP!, potentials ¢P!(x;) and forces FP!(x;).

Remark 5.6. Algorithm 5.5 has the same structure as the NFFT based method for 3d-
periodic systems, cf. Section 3. Thus, we also obtain a matrix vector notation of the form (3.4)
for the approximation of ¢PLt(z;) + ¢PL0(x;). In other words, we use the same algorithm,
where we replace the Fourier coefficients by, from (3.3) by the new coefficients I;k,l in (5.12)
and insert the nodes (;;1/h,Z;;/B) € T? instead of x;;/B € T? into the NFFT algorithms.

U
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5.2.2. Implementation details

The precomputation step of Algorithm 5.5 includes the construction of the regularizations (5.7).
Thereby, we obtain Kp(k,-) by the unique polynomial of degree 2p — 2 that fulfills the 2p — 1
interpolation conditions (5.8) — (5.9). An explicit representation of this polynomial is given
by Theorem A.2 in the appendix, where we set m = h(1/2 —¢/2), r = h¢/2 and a;, b; equal to
the right hand side of the interpolation conditions (5.8) — (5.9), respectively.

In order to compute the derivatives in (5.8) — (5.9) we use the following relations. At first,
we consider the function OP!(k,r) as defined in (5.6) and show that it can be expressed in
terms of an incomplete modified Bessel function of the second kind [19] defined by

[e.e]
Ky(x,y) = / Ve Y/t v e R,z >0,y > 0.
1
Indeed, with the substitution ¢ = @?/.2 in (5.6) we get

@ 1 —n2k2 2 2 tfoﬁ/z o0 772k2 2,.2,—1
—_T Kk _ = z _ — TR ¢ t 21.2
ert(k,r) :/ —eBRZe " dr = %/ tle azp2 YT dt = 1K, (%,oﬁﬂ) :
0o Z 1

Note that the relation [19]
aKV (.’E, y)
dy
gives an easy way to compute the necessary partial derivatives. In the following Lemma 5.7

we give a formula for the partial derivatives of Ko(x,%?) with respect to y, which are needed
for the differentiation of the function @P?(k;, -).

= _KUJrl(,x’y) (5.16)

Lemma 5.7. For x € R fixed and k € Ny we have

2k k
gyszo(%yQ) = Kz, y?)y” (5.17)
=0
o 2 - 2y, 2l+1
g 0@ y) = lz:ﬁk,lKkHH(%y Jy* (5.18)
=0

where the coefficients oy, ; and B, are given recursively by

a0 =1

_2ak,k =k
Bri =

—2ap; +2(1+ 1o 41 : else

Br-1,0 k>1,1=0
g = § —20k-11-1 tk>11=k

_2/Bk71,lfl + (2[ + 1)&]471,[ c k> 1, else.

Proof. Induction in k. Via the chain rule and relation (5.16) we have

0
a—yKo(fc,yQ) = —2yK;(z,y?).
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Thus, the claim is true for &£ = 0. If (5.18) holds for £k — 1 > 0, we obtain

k-1
Ko($7y2)> => 281" P K (2,y?) + 20+ 1) By K (2, 47)
1=0 =
K -1
_ 21 2 21 2
= 2Bk 11" Kia(,9) + 21+ 1D)Br1y™ Ki (2,97,
=1

N
—_

o 82k_1
Ay <3y2’”

E
[e=]

~
o

which shows the choice of the coefficients ay,; in (5.17). For the derivative of order 2k 4 1 we
get

o (o i - _
a9y <ay2,€Ko($, 92)> =3 20" K (2, 9%) + > 2y Ky, y7°)
1=0 =1
k k—1
=3 205" Ky (2,97) + 200+ Do y™ ' K (2,97),
1=0 1=0
which completes the proof. |

We implemented the iterative algorithm given in [36] for the computation of the incomplete
modified Bessel function of the second kind K, (z,y) for arbitrary order v € R. In our
algorithm, we evaluate this function with an absolute accuracy of ¢ = 107!, However, this
iteration gets numerical problems for large values of x and y because the very small numbers
due to the exponential damping within the integral. Therefore, we compute the following
upper bounds on K, (x,y) and assume K, (z,y) to be numerically equal to zero whenever one
of these bounds is already very small. For v > —1 an upper bound is given by

oo —xt [e%¢) —x
K, (z,y) < / ° _dt< / e otdt = . (5.19)
1 tv+1 1

T

For Ky(x,-) and its derivatives we always have v > 0, cf. (5.16). However, for z < y it was
suggested [36] to evaluate the faster convergent complement integral

Ky(z,y) = 2(7/s) " K, (2/7y) — K_u(y, ), (5.20)

where the Bessel function K, (-) is defined by

1 [ e—z/z(t+1/t)

cf. [19]. Thus, we also have to consider the case v < —1. Here, we set n:= —v —1 > 1 and
obtain the upper bounds

0 ozt 00 . n n! 1
_ n_—x . —X °
Ky(.%y) S/] tV—Hdt_/l the T "'dt = e kz_o(n—k)!xk“

e nl o 1 el=7n!

antl (n—k)! = gt 7 =1
< ko0 ) :
| e *n! 1 et Tn!

< tx>1
x kE_:O m—Fk)!~ =
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By (5.20) we obtain another upper bound for K, (z,y) in the case v > —1, namely,
e*\/@/2
N

K, (z,y) < 2(7/) " K, (2/7y) < (*/s)"" /OOO eVt = 2(afy) "

This gives often a better estimate than (5.19) especially if z < y.

Another numerical difficulty appears in (5.12) for k& # 0 when Ky must be evaluated near
the origin. This corresponds to the evaluation of Ky(x,y) with small  and y, where the
evaluation of the function is numerically demanding and the accuracy e can not always be
achieved. However, we have

8HKO($7 y)

o ::(—1)NK;(x,0)::(—q)nxnjéaje—%—”—ldtzz(—a)nxnr(—n,x) (5.21)

y=0

with the upper incomplete gamma function I', as defined in (5.2). Therewith, we obtain for
fixed z and m € N

m _1 n
Ko(z,y) = Z ( n') z"I(—n,z)y" + Ry Ko(z,0)
n=0 ’

where for some 0 < £ < 1

(=)™ K1 (2, €Y) s
(m+1)! '

RmKo({L‘, 0) =

Applying (5.19) we compute the upper bound

K1 (z, 0)ym Tt emtymHl
m+1)! = (m+ Dz’

[BimKo(z,0)| <

Thus, for  and y small we calculate the value of the truncated Taylor series in (5.21), where
we choose m large enough to fulfill |R,, Ko(z,0)| < €.

In order to compute the Fourier coefficients lA)o,l, we also have to evaluate the functions
['(0,a*r?) and In(a?r?) as well as their derivatives. In the following Lemma we show how the
derivatives of T'(0,z%) can be computed recursively.

Lemma 5.8. For k € N we have
42k o (&= @k-1)
=1 )
d2k+1 k

Lzl (0.2%) = ~2e7 (Z mw‘@“” + qm)) (5:23)

=0

where pi and qp are polynomials of degree 2k — 2 and 2k — 1, respectively, fulfilling the
recursion

pi(x) =2

a(r) = 2m0(2) ~ +pu(a)

Pry1(x) = 2xqe(z) — %Qk($) + 2(2?!.
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Proof. Induction in k € N. We have

d? d (-2 2 (1
— 20 (= 42
da? P(0,2%) = dz ( x ) ¢ <a:2 * ) ’

which shows the validity of (5.22) for k£ = 1 with p;(x) = 2. If (5.22) holds for some k € N
we have

k
2k
d%hf(O,xZ) = —dge® (Z

l

=1
( Ek:m e CHD (o ))

=1

z 2 +pk(9€))

If we define the polynomial g of degree 2k — 1 as qx(x) := 2xpg(z) — %pk(:c) we obtain

=1

k—1 k
dci:;;-ll (0 -T <Z 7(21+1) + Z 42l((zli?)}7)!x,(21+1) + Qk(QT))
l
k—1
=2 ( DI 1(k f D2 = (241) 4 @R — (k1) Qk($)> ;
=1

which is equivalent to (5.23). For the derivatives of order 2k 4 2 we get

k
2k+1 Qk'
%%F(Ow ) =4dxe” a? <§ ) —(20+1) +q( )>
1=0

<Z 2l+1 —(2142) dqu($)> )

=0

N

Setting pry1(x) = 2xqr(z) + =5~ — gz qx(x) we obtain

k+1
2(2k)!  — (21-1)(
(15 ) 2 + Z (k— l+1)| -2 —i—pk+1($)>

(219)!{2£megl+2l*1]x—25  BEEDERN —2(k+1) +pk+1($)> :

d2k+2

A2 1) 42) = 2070 <
26~ <

k
2
=1

k
2
=1

5.3. Numerical Results

In this section we present numerical results of our algorithm for 1d-periodic systems. We set
up the tests analogously to the 2d-periodic case, see Section 4.3 for details.
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Figure 5.2: @81(7”) and OP!(1,r) with B = 10 for different splitting parameters a.

Example 5.9. As in Example 4.5 we consider the cloud wall system with N = 300 charged
particles and compute the potentials as well as the forces subject to 1d-periodic boundary
conditions. Again, we plot the functions ©P!(1,-) as well as @81(-) over the interval [—B, B|
for different splitting parameters «, see Figure 5.2.

We tested Algorithm 5.5 with the smoothness p = 6, the short range cutoff r.yy = 4 and
M = (64,64, 64). Within the NFFT computations we chose m = (64,128,128) in (2.3) and
the cardinal B-Spline of order 8 as a window function.

In Figure 5.3 we plot the rms field errors AFE7, g2 with respect to the splitting parameter
« for different values of €. We observe similar patterns as in the case for 2d-periodic boundary
conditions. We see that we obtain a considerably different optimal value for €. We obtain the
smallest error for € &~ 0.115, where o = 0.9 is optimal.

1071 | |[—e=008

i ] £ =0.100

| 7 £=0.115

1072 ¢ 1 - £=0.130

i 1l--e=0145
S 1073 E
X g i
qu . -
< 1074 E
107° E
1076 ! ! E
2

l
0.5 1 1.5

splitting parameter «

Figure 5.3: Relative rms field error (1.7) over « for different regularization parameters e. We
choose the short range cutoff reyy = 4, p = 6, M = (64, 64,64), m = (64, 128,128)
and the B-Spline of order 8 as NFFT window function ¢ in Algorithm 5.5.

In Figure 5.4 we plot the rms field error AEy, (o3> with respect to the splitting parameter a
for different long range cutoffs M = (M, M, M) € 2N3. Again, the regularization parameter
¢ is tuned by hand to obtain a small optimal rms field error. On the right hand side we see the
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corresponding errors produced by the 3d-periodic computation. As in the case for 2d-periodic
boundary conditions we obtain smaller errors in the 3d-periodic case, which implies that also
the optimal values for the splitting parameter « differ. O

107 107!
M = 16,¢ = 0.030
—— M =32, =0.085
» -~ M =64,e = 0.115 »
107 ¢ N 1 M =128, = 0.160 1075 ¢ )
. N/ ---- M = 256,¢ = 0.160
g %
X 10-7 | \ i g 10-7 L i
5 \ - \
\ - \\
10-10 [ N 4 10-10 [ . e

—13 L L L L —13 L L L
10 0.5 1 1.5 2 2.5 10 0.5 1 1.5 2 2.5

splitting parameter o splitting parameter a

Figure 5.4: The relative rms field error (1.7) over « for different FFT sizes. We choose the
short range cutoff reyy = 4, p = 6, m = (M,2M,2M) and the B-Spline of order
8 as NFFT window function ¢ in Algorithm 5.5. We plot the results of the 1d-
periodic (left) as well as of the 3d-periodic computation (right).

Example 5.10. We apply our Algorithm to the particle systems we already considered in
Example 4.6. We set r¢y = 4 and compute the potentials as well as the forces in the system
with N = 300 particles with the far field cutoff M = (M, M, M) = (16,16, 16). We found that
the rms field error AEy, ()2 is minimized for the splitting parameter a = 0.5 and € ~ 0.03,
see Example 5.9.

As the particle systems have the same particle density we keep the short range cutoff reyt = 4
and the splitting parameter o = 0.5 fixed, increase the value of M and vary . In order to
determine a good choice for £ we proceed as in Example 4.6 and investigate the exactness
of our two dimensional approximation (5.11) with respect to M and ¢, see Figure 5.5. In
the case M = 16 we find the optimal value e,pr ~ 0.095, whereas the relative rms field error
error AEgz, (32 is minimized for e ~ 0.03 ~ 0.3158 - 0.095. Thus, we heuristically choose
€ = 0.3158 - g4pt in our computations. Obviously, the error is not that much dominated by
the error in the k£ = 0 part as in the 2d-periodic case. The obtained errors can be found in
Table 5.1. Again, we computed the errors produced by Algorithm 5.5 without as well as with
oversampling, where m = (M,2M,2M). In Figure 5.6 we plot the corresponding run times.

O

6. Conclusion

In this paper we proposed new fast algorithms for the computation of the potentials and
the forces in three-dimensional particle systems subject to 2d- and 1d-periodic boundary
conditions. These algorithms are based on the Ewald summation formulas, which we combined
with the NFFT based fast summation method. Therefore, we obtain the same structure as the
well known NFFT based methods for open as well as for fully periodic boundary conditions.
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Figure 5.5: Maximum approximation error (5.11) for k = 0 over &, where we choose a = 0.5.

oversampling | no oversampling
N| B| £ M || AEgz o2 AEz, (o2 AEy;s
300 | 10 | 3.0000e-02 | 16 2.8812e-03 4.9664e-03 2.7126e-03
2400 | 20 | 1.5789e-02 | 32 2.9800e-03 4.1694e-03 2.7126e-03
19200 | 40 | 7.8947e-03 | 64 3.2359e-03 3.6469e-03 2.7126e-03
153600 | 80 | 1.5789e-03 | 128 3.2345e-03 3.6396e-03 2.7126e-03
1228800 | 160 | 3.1579e-05 | 256 3.2837e-03 3.6283e-03 2.7126e-03

Table 5.1: Relative rms force errors in the cloud wall systems under 1d-periodic boundary
conditions (with and without oversampling in the last two dimensions) as well as
under fully periodic boundary conditions. These errors have been obtained with
the short range cutoff r¢y = 4 and the splitting parameter a = 0.5.

In addition to the splitting parameter a, the near field, and the far field cutoffs, the proposed
algorithms require numerous other parameters as input. On the one hand, we need to set the
NFFT specific parameters, as the type of the window function ¢ and related cutoffs, and, on
the other hand, we have to specify the degree of smoothness p as well as the regularization
parameter €, which are needed for the fast summation.

Of course, without exact error estimates the task of tuning all parameters optimally is de-
manding. In our numerical examples we especially concentrated on the choice of the splitting
parameter « and the regularization parameter € in dependance on the far field cutoff M.
We plotted the behavior of the relative rms field error over « for different M, where the
parameter € was tuned by hand. In summary, we have to point out that the overall error very
much depends on the choice of €, which seems to adopt different optimal values in the 2d- and
the 1d-periodic case. Furthermore, in comparison with the fully periodic case we have seen
that the algorithms for mixed periodic boundary conditions produce slightly larger errors in
the long range part. Thus, also the choice of the splitting parameter « has to be adjusted.

In contrast to the fully periodic case, the Fourier coefficients for the computation of the long
range part are computed via the FFT based on sampling the regularized kernel functions. Of
course, this produces additional errors and leads to a precomputation step, which has to be
done only once if the data are needed repeatedly. Especially the evaluation of the incomplete
modified Bessel function in the 1d-periodic case is numerically demanding.

33



101§ é
= L ]
y 10°F E
e g i

1071 ¢

o[ 1

10 § s =~ N ]

103 10% 10° 108
#charges

Figure 5.6: Computation times with oversampling (o) and without oversampling (*) for the
1d-periodic case as well as for the fully periodic computation (+).

left: Attended times for the total computation (solid lines), the long range part
(dotted) as well as the short range part (dashed). We also plot exemplary behav-

For growing numbers of particles N our algorithms show the same behavior in computa-
tional costs as the method for 3d-periodic boundary conditions. Thereby, we were able to
keep the relative rms field error almost constant, where the parameter ¢ was set heuristically.

All in all, the proposed methods compete with the algorithm for 3d-periodic boundary

time/#charges [s]

1.8

1.6

1.4

1.2

1075

103

104
#+charges

10°

108

iors where the run time grows proportional to N (red) and Nlog N (blue).
right: Total computation time scaled by the number of particles.
We achieved rms field errors of the size ~ 1073,

conditions.

tuning of the involved parameters.

Appendix

A. Two point Taylor interpolation

Theorem A.l. Let an interval [m — r,m + r|,r > 0, and the interpolation values a; =
K(j)(m —r), b = K(j)(m +7),7=0,...,p—1, be given. For y = *-™ the polynomial

”i:j p—1+k\ 1
ko) jlovok

P(z)
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1

D

LSS

.

=0 k=0
-1 p—1
B(p, j,y)ria; + > B(p, j, —y)(—r)b;
0 =0

The deficiency of exactness is inevitable and of a reasonable size.
objective might be to derive error estimates, similar to the P3M [14], which allow an automatic

A further

[rj(l —y)P(1+ y)k”aj + (—T)j(l +y)P(1 — y)k+jbj



of degree 2p — 1 satisfies the interpolation conditions PY)(m —r) = aj, P (m +r) = b;,
j=0,...,p— 1. Hereby, the basis polynomials B(p, j,y) are given by

p—1—j
p—14+k 1 )
B = 3 ( )j<1—ywa+yﬁﬂ.

12p2k
k=0

Proof. See [3, Corollary 2.2.6] or [17, Proposition 3.2]. [ ]

Theorem A.2. Let an interval [m — r,m + r|,r > 0, and the interpolation values a; =
K9O(m—r),j=0,...,p—1,and b; = K (m+r),j=1,...,p— 1, be given. Fory = =
the polynomial

p—2 p—2
Qx) =) Ip—Liyr ajn+) Ip—14,-y)(-r) b
j=0 J=0
p—2
- I( —-1,7,—1 r]+a+1 ZI 1], )]+1bj+1+a0
=0

of degree 2p — 2 satisfies the interpolation conditions Q) (m—r)=ua;,j=0,...,p—1, and
QU (m+r) = bj, 7 =1,...,p— 1. Thereby, the polynomials I(p,j,y) are given by

p—1—j .
p—1+k 1 (k+j)! _ et
1—y)P (1 +i+1+L
1. 3.9) kzzo < >j'2p2k —1) TEESEs FwTIC A

Proof. According to Theorem A.1 the polynomial

p—2 p—2
P(.CC) = Z B(p - 11ja y)rjaj-i-l + ZB(p - 17j7 _y)(_r)]bj-i-l
j=0 j=0
satisfies the interpolation conditions PY)(m —r) = ajy1, PO (m+7r) = i+1,7=0,...,p—2.

For k,1 € N we obtain by partial integration for [ times

l

/(1 — )1+ 2)Fdz = ]ZB ] _“j) T +’f+j) (1—2) (1 + ) 4 C,C e R

and therewith
[ Bogds =ri(pjg) + 0.0 € R

Thus, the antiderivatives of P(z) are given by Q(z) := Q(z) + C, C € R with

p—2 p—2
Qx) ==Y I(p—1,5,9)r" M aj1 + > I(p— 1,5, —y) (=) b1
j=0 j=0
Finally, we choose the constant C' = ag — Q(m — ) in order to satisfy Q(m — ) = ao. [
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