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Abstract

We consider the problem of approximating [0, l]d—periodic functions by convolution with a scaled Gaussian
kernel. We start by establishing convergence rates to functions from periodic Sobolev spaces and we show
that the saturation rate is O(h?), where h is the scale of the Gaussian kernel. Taken from a discrete point of
view, this result can be interpreted as the accuracy that can be achieved on the uniform grid with spacing
h. In the discrete setting, the curse of dimensionality would place severe restrictions on the computation of
the approximation. For instance, a spacing of 27" would provide an approximation converging at a rate of
0(272") but would require (2" + 1)% grid points. To overcome this we introduce a sparse grid version of
Gaussian convolution approximation, where substantially fewer grid points are required, and show that the
sparse grid version delivers a saturation rate of O(n?~1272"). This rate is in line with what one would expect
in the sparse grid setting (where the full grid error only deteriorates by a factor of order ndil) however the
analysis that leads to the result is novel in that it draws on results from the theory of special functions and
key observations regarding the form of certain weighted geometric sums.

1 Introduction

Many methods that are designed to deliver approximations are based on the convolution of a kernel function
with the function being approximated. The general approach involves selecting a suitable integrable function
K :IRY — R (the convolution kernel) satisfying

K(x)dx = K(z1,...,2q)dxy - -dag = 1.
Rd Rd

A scaling vector h = (hy,...,hg)T € RY, with h; > 0 (1 <i < d) is then used to define a parameterised family

of convolution kernels by
1 T Tq
K =—K|(—,....,— .
h(X) hl"'hd <h17 )hd)

The convolution approximation to a function f € Li(IR%) is defined by

Cul1)60 = (f+Kn)() = [ ) Bn(x = y)iy. (1)
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The convolution kernel described above is anisotropic as each direction is allowed to be scaled by its own
factor. This is practically useful because a typical data sample of a function will show variety along different
directions and so a well designed anisotropic scaling can efficiently capture these features. However, from a
theoretical perspective, most convergence results relate to the isotropic scale where each direction is scaled by
the same factor h > 0. In this case the scaled kernel is Kj(x) = h~¢K (%) and the corresponding convolution
approximation

N = [ 1K= yity = [ K (5 )ay. (1.2

can be shown to converge to f as h — 0, the convergence being uniform on compact sets, [4] chapter 20, theorem
2. The rate of convergence depends upon the smoothness of f and the polynomial reproduction properties of
the underlying kernel. The convolution approximation can be viewed as the continuous counterpart of quasi-
interpolation; a discrete method which generates an approximation over the whole of IR? by linearly combining
the values of f sampled at the scaled integer lattice hZ? together with the appropriately shifted and scaled
kernel function. The classical construction, as for example described in [3], takes the form

X = 3 FkE (% - k) . xeR% h>0. (1.3)
keZd
Following [9] the connection between continuous convolution and discrete quasi-interpolation can be seen if

we write
Cr(f)(x) = % > /h.(k+[_1,1]d) fy)K (X ; Y) dy.

keZd

The integrals above are taken over appropriately shifted and scaled versions of the cube [—%, %]d. If we approx-
imate each integrand by its value at the midpoint of the cube we get

/h-(k+[ Lo f(y)K (x_hy> dy ~ h'f(kh)K (% - k) ,

202

and so we have that Cp,(f)(x) = Qn(f)(x). Quasi-interpolation using Gaussians in one dimension was described
in [8].

In this paper we will examine the approximation of [0, 1}d—periodic functions by convolution with the multi-
dimensional Gaussian kernel. Given the close connection of continuous convolution to quasi-interpolation the
results we establish in the continuous setting will serve as a baseline for what should be expected in the discrete
case.

We begin in Section 2 by deriving the formula for the Fourier expansion of the pointwise error using the
anisotropic scaling of the Gaussian; this result allows us to deduce that convolution approximation is only able
to reproduce the constant function. We then analyse the isotropic case in some detail. In this setting we
demonstrate that the convergence has a saturation rate of O(h?).

In Section 3 we consider the practical issues of employing the discrete (quasi-interpolation) analogue of
continuous convolution in high dimensions. Such a recasting involves constructing a full grid in [0, 1]¢ with
an isotropic spacing of h = %, where n is a positive integer. In this setting, the convolution approximation
will converge to f at a rate of 22%, provided f is sufficiently smooth. However, in the discrete setting we are
restricted by the curse of dimensionality since the construction of the quasi-interpolant would require (2" + 1)4

evaluations and this is prohibitively large as n grows. In order to overcome this we consider replacing the



full-grid approximation with a sparse grid version which is built from a certain linear combination of smaller
full grid approximations. Numerical experiments on closely connected methods have been published in [12]. To
analyse this theoretically we mimic the approach of Section 2, i.e., we first derive the formula for the Fourier
expansion of the pointwise error using the sparse grid convolution approximation. We then investigate the
Fourier coeflicients of the error expansion and we state the main theorem of the paper, concerning the decay
rate of the coefficients. We then establish that, provided f is sufficiently smooth, the sparse grid convolution
approximation will converge to f at a rate of % Section 4 is devoted to the proof of the aforementioned main
theorem of the paper.

2 Gaussian convolution approximation

Our choice of convolution kernel is the multi-dimensional Gaussian

X) = ! ex *EXTX f;ex 71 d 72 . d .
- g (-4 e (4 (54)) - v

where ¢ : IR — IR is the univariate Gaussian () = (27) "2 exp (—22?) . Fourier theory will play an important

role in our analysis and we recall that if we let e,(2) = exp(2miz - z) then the univariate Fourier transform of

1 is

12(2) = /:X’ Y(x)e_p(2)dr = exp(—2m22?).

Our general aim is to approximate a [0, 1]d—periodic function

d
flx) = Z f(k)ek(x) where ey (x) := exp(2miy’ x) = H ey, (),
i=1

keZd

by the continuous multi-variable convolution

Cun(f) = (z)Up(x —2z)dz = Z /[o ” f(2)¥h(x—z—j)dz = / f(2)Pn(x — 2)dz,

R4 jezd [0,1)4

where

Op(x) = > Un(x —j).

jez?
Now, ®,(x) is [0, 1]?—periodic and so has a multi-dimensional Fourier series

Pn(x) = Y Pu(k)ex(x),

keZzd



where

Pp(k) = /[0 ” Dy (x)e_k(x)dx

/ Z Up(x —J) | e—k(x)dx
[0,1]¢

jezd

= Z /[071]01 Up(x —jle—k(x)dx

jezd

d
:‘/IRCL\IJh( )(:’k dX—H/ ¢h xzekxzdmz 1:[

Applying the d-dimensional convolution formula for [0, 1]?—periodic functions we have:

d
}:ﬂWﬁ®w®§:%0@UW%0%®- (2.1)

keZzd keZd

Thus the error in the convolution approximation is
En(£)(x) = () = Ca(H)(x) = 3 F(k) (1 - (H@(him)) e (x). (22)

We note that, since 12 (0) = 1, the above error representation immediately shows that the convolution reproduces
the constant but not any other trigonometric polynomial.

2.1 Convergence with Isotropic scaling

If we consider the isotropic case where the same scale factor h is applied to all coordinate directions then ((2.2)

can be written as R s
En(Hx) = > Fo) (1 e M) ). (2:3)
keZ4\{0}
The functions we wish to approximate are taken from a periodic Sobolev space
1/2

No=Sf=> FWec:lfls=| D IKPIfRP] <o

keZd keZ\{0}

The Sobolev embedding theorem [2] ensures that if 5 > g then all functions in Az will be continuous. The
following result gives error bounds for Gaussian convolution approximation of such functions.
Proposition 2.1. Let f € N, where 3 > 2. Then

C1h? for B> % +2;
|Enfllss < IIflls - B2 (Cayfin (3) +Cs)  for B=%+2;
CyhP—2 for < pB<d+2

where C; i = 1,2,3,4, are positive constants independent of h.



Proof. Using (2.3) together with the elementary bound 1 —e™* < x (for # > 0), we can deduce that

1B flloo < 27202 > |KI2IF (k). (2.4)

keZzd\{0}

Suppose that g = % + 2 4 a, where a > 0, then an application of the Cauchy Schwarz inequality yields

1 ~
1B flloo < 272h% > - Kl (k)
et oy IKI#
2 2
< 9r2p2 1 Kkl12 §+2+a k)12
<2 > ke | > (kI?) |f (k)]
kecZd\{0} kezd\{0}
< 272CH?| f| 5.

Now assume that § = g + 2 — a where 0 < a < 2. In the following development we will work with a partition
of the punctured integer lattice

Zd\{O}{kezd\{o}:1§||k||<;}U{kezd:k|2fll}.

=0, =T,
Using this we bound the error in two parts as follows

I1ELflloe < 3 1F)] -1 — e 2 MR 1 N | Fae)] - 1 — e 2m WA

keOy, kel

For the sum over @) we again employ 1 — e™® < z and, bounding as before, we conclude that

ST 1 — e 2R < 072p2 N7 | F(k)| - K2

keo, keOn
= 2R 3 ke 2 |K]| 220 (k)
kE@)h
1 3
dig o, ~
< 2n?p? ( > ||k|2“-d> (Z () =™ If(k)|2>
keO,, keOy,

1 2a—d %
S%W(Z (7) ) /1l 442
keoy,
d 2a—d_ 1
1 1 3
scow((3) (3) ] Mg

— _1
< C-2 0 fll gm0 = C- 20K H | |,

We note that for the case where o = 0, corresponding to § = g + 2, the above development can be traced



to the third line to yield

S — e2m Rk < 922 < 3 ||k1||d> 1f 5.

keoO), keoy,
Applying the integral test, with a change to polar coordinates, we have
1
1 dx = odr 1
3 dg/ 7d:cd/ :Cdln<).
R U Ny . 2

In summary, for this part of the sum we can conclude that

-~ 212|112 h2,/In (L f =449
S 1R (1= e < g SV G)for B 25)
Ko, ChP~—2 for 4 <p<d+2.
For the sum over I';, we employ 1 — e™* < 1 and develop the bound as follows:
~ _ox2p2 2 -~ a—92—4d dio o7
D= PIRT < N F = D (KR k] 2T f (k)
kel kel kel'y,
1 1
2 dio g ~ ) 2
< D0 ket > (Ikl*)* |/ (k)|
keT, keT,
1 1
2 2
< <Z ||k||2a4d> 114420 = (Z ||k||2ﬁ> 1£1ls-
keTy, keT),
Keeping in mind that % <p< % + 2, the integral comparison test yields
(o]
DIk < / %[~ dx = Cy / rd=1=28qr < CR*P-1,
kel'y, HXHZ% %
and, for this parameter range, we can deduce that
~ d d
ST F)| -1 - eI < PR for g <B<gz+2 (2.6)
kel
Combining this with (2.5 provides the bounds stated in the proposition.
O

3 Gaussian convolution approximation on sparse grids

The convergence results of the previous section are of theoretical interest, however, from a practical perspective,
the implementation of the discrete (quasi-interpolation) analogue in high dimensions is restricted by the curse
of dimensionality. A direct recasting of the continuous case to discrete setting would require that we sample
values on a full grid in [0, 1], thus for A = 1/2" this would amount to (2" + 1)¢ evaluations. One remedy that



can be used to alleviate the curse of dimensionality, at least for moderately high dimensions, is to approximate
on a carefully chosen subset of the full grid, where substantially fewer points are needed to achieve an acceptable
level of accuracy. To describe our approach we let £ = ({1,...,£y) denote a general multi-index where ¢; > 1
for i = 1,...,d then we define X, to be the anisotropic (directionally uniform) grid in [0, 1]¢ where h; = 1/2%
denotes the spacing in the i*" coordinate direction. The number of nodes in X is then given by

d

X = J]2% +1).

i=1

We let &, 4 = Xy-n1 denote the full isotropic grid with a uniform spacing of h = 2% As a starting point
we can appeal to Proposition to conclude that the approximation error for the continuous convolution
approximation to any given f € N3 (8 > g + 2) on the full grid &, 4 satisfies

o7 P

I8l = 1 = € (Dl =0 (355 ) (31)

In what follows we will consider an approach to convolution approximation on sparse grid subsets of X, 4.
To be more precise, we consider the following subset of &}, 4,

Sna= U A (3.2)

|[€|1=n+d—1

with |€]y = €1 + -+ + €4, which will be referred to as the sparse grid at level n in d dimensions. We note that
there is some redundancy in this definition; the sparse grid is represented as a combination of sub-grids and
some grid points are included in more than one sub-grid, this is nicely illustrated, for the 2 dimensional case,
in Figure 1.
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Figure 1: The sparse grid Sy o constructed via ((3.2])

An effort to reduce this redundancy is possible by employing the boolean sum representation of Delvos [5],
specifically one can express the sparse grid as

Sna= di(—l)q <d - 1) oA, (3.3)

[€[1=n+(d—1)—q

where we interpret the positive contributions as the inclusion of points and the negative contributions as their
removal, this approach is nicely illustrated for the 2 dimensional case, in Figure 2.
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Figure 2: The sparse grid Sy 2 constructed via (3.3

Following (2.1]) we represent the anisotropic convolution approximation on X; as
N ks
Ce()) =f+¥ )= fO([T¢(5) ) ex. (3.4)
(2"'1 """ ) keZd i=1 25

The convolution approximation on the sparse grid S, 4 makes use of the Boolean decomposition (3.3) and, by
what is commonly called the combination technique [7], we define

d—1
Cal£)(5) Z(—w(d‘l) Y . (3.5)

q=0 q [€]1=n+(d—1)—q

Substituting (3.4]) into the above one can show that

Coa(£)x) = Y FR)Cra(k)ex(x)
keZd

where e
—~ - d—1 g
Cn,d(k) _ (_1)d—1 Z(_l)q< ) Z e i 220 (36)
4=0 7 en=ntag
Using this representation the pointwise error formula is given by
Ena(f)(x) = f(x) = Coa(f)(x) = > FK)En a(k)ex(x), (3.7)
keZd
where
o d—1 d—1 a  272k2
Erallg =1- (-1 e (1) e (35)
=0 T 7 \ei=ntq



We notice that when k = 0 we have that

— L d—1
En,a(0) =1 —(=1)* 1;(1)‘7( q ) >.1

|€]1=n+q

e S (5)

where we have used the fact that that the number of ways to write s as the sum of r positive integers is (fj)

The following identity, which is taken from [I0] Formula 4.2.5.47, is valid for non-negative integers r and s such

that 0 <r <s
i s\ (a—+b 615
Z(_l)q <q)< r q) = (-1)°b 57",8-

q=0

(3.9)

Applying this with r = s =d—1,a=n—1 and b = 1 we can conclude that the sum in the expression above
equates to (—1)¢~! and hence we have that &, d( ) = 0. Thus, as with the plain convolution approximation,
the combination convolution approximation on the sparse grid also reproduces the constant function. At this
point in the paper it is pertinent to compare the two error representations for convolution approximation that
we have developed so far, in the continuous (full grid) setting we have

EndN60 = £ = Ca (NG = 3 Fik (15 et

2

keZd4\ {0}
and in the sparse grid case we have
N d—1 1 d—1 _ 5 272 k2
Ena(f)(x) = f(x) = Coa(H)x) = > flk) [ 1= (-1 < > Do T E ().
keZ4\{0} q=0 q [€]1=n-+q

In Section 2 we found that error bounds, for sufficiently smooth functions, in the full grid case are easy to
access by applying the simple inequality 1 — e™® < x. The situation for the sparse grid case is clearly not as
straightforward and this leads us to embark on a thorough investigation of the coefficients . To this end
we will begin with a detailed examination of the 2—dimensional case. The findings from the 2 — d investigation
will form the base case of an inductive proof which we will use to establish convergence in higher dimensions.

3.1 Convergence in two-dimensions

In two dimensions the sparse grid convolution coefficients (3.8]) have the form

51\2(1{) 14 Z e—27r (:2114-;22]-) _ Z e_2ﬂ2<:211+2’€2j>. (3.10)

i+j=n i+j=n+1

Let us develop the general term in the above expression using the full series expansion of the exponential
function. Specifically, we consider

Con 2 2 2\P 2
Z . 2 (221 221) Z Z 21’71' P (52114-2/{21) :Z(—l)pQ}ij'pUg’p(m k), (3.11)

p!
i+j=m i+j=m p=0 p=0




where

. LAY YA A
o2,p(m, k) = Z ﬁ + 273 = Z am— " 925 ) - (3.12)
i+j=m j=1

We note that, when p = 0 we have o2 o(m, k) =m — 1. For p > 1 we can apply the binomial theorem to yield

m—1 p k,27“ k.g(P*T) k2rk (p—r) m=1 a(2 )
0-2’17 m, k = Z Z ( )22(m J)r 922j(p—r) Z < ) 22mr Z 2 pJ

j=1 r=0 r=0
Define
1 if pis even;
Apo = ' 3.13
2 { 0  otherwise, ( )
then applying the geometric sum formula
L ——(1— if 1;
3wl = (L -2 ! v L (3.14)
— n if x = 1.
We find that
p 2r1.2(p—7) 2(2r—p)(m—1) D1.p
ki ks 1-2 p p\ krks
r %
p 2r1.2(p—7) 2(p—7) 1.2r92(p—2r) (m—1
:Z k2" ks L +A2pkfk§(m_1)
22m7‘ 22(p—27r) _ 1) 22m(p—r) (22(2r7p) _ 1) P2\ R | 9omp
r=0 2
p P k%rkg(P—T) + k%(i”"“)k%r p kfkg
-y £ (m—1).
r 22mr(22(p—27“) _ 1) P2\ 2 | 9omp
r=0 2
r#L
Using the notation introduced above we can write (3.10) as
— > (—1)P2P 2P
Eral) =3 T (o 0,1) — 00+ 1,K)
p!
p=1
:i (_1)p2pﬂ.2p zp: (Zr)) 227’ —1 (k2rk2(P*T) + kQ(P*T)er)
= pl 22nr \ 92(p—r) _ 9r 172 1 2

r=1

r#%

Z 22pﬂ-4p 22p -1 n _ 1 k2pk2p
— 22p 922np 22np 12 -

Examining the above, we observe that the term dominating the asymptotic rate of decay corresponds to the
first (p = 1) term of the second sum, and hence we can deduce that

—

2?7t 3
Enak) ~ 2 g2 L

2 o 47272 1

10



3.2 Convergence in d-dimensions

In this part we will consider the d—dimensional analogue of the approach from the previous subsection. We
begin by defining the d—dimensional analogue of (3.12)

(m71) if p = 0;

LA R (3.15)
Z\£\1=m (Zgzl 227?1) ifp>1.

od,p(m, k) = {

Then, using this notation in the expansion of the exponential function, the error coefficients (3.8) can be

represented as
oo d—1
Enalk) =1 — (=1)%~ 12 > (=
p! =
ili d 1 n+q71
:0 d—1

Z(_nd*l*q <d ; 1) oap(n+qk).

p=1 q=0

We note that the penultimate line above coincides with &, 4(0) (3.9) which we have shown to be zero. To
simplify the notation we recall the forward divided difference functional of order k is defined by

Abf = é(—nk-q (5 st

Taking kK = d — 1 we can express the d—dimensional sparse grid convolution error coefficients as

p2p7T2p

1) <d . 1) oap(n+ 4.k

> 1)PoP 2P
Enak) = =212 A% oy (n + -, k) Z)p”Ad—lad,p(njL-,k).
= !

Clearly, an investigation of o4,(m,k) is required in order to shed light upon the rate at which the error
coefficients decay. The following result provides the insight we need.

Theorem 3.1. Letd > 2, £= ({1,...,03)7 € N? and k= (ky,...,kq)T € Z. Then, for m > d, we have

d—1
4 1
a1 (m, k) = || k|* (Wdz(m) + (=1 <3> 22m> ; (3.16)
where mg_s(m) is a polynomial in m of degree d — 2. Furthermore, for p > 2 we also have

dk? - k2mi=t  C(k,p,d)mi=?2 md—3
k, , Dy
oap(m, k) =my"(m) + 0p.a : 2213 + 92m +0 ( 22m ) ’ (3.17)

where TSfQ(m) 18 a polynomial in m of degree d — 2 whose coefficients depend upon k and p.

11



The full proof of this theorem relies on some rather technical machinery and this, together with the proof, is
provided in the final section of the paper. Using the expression for o3 ,(m, k) that was derived in the previous
subsection it is easy to verify the 2—dimensional version of the result with constant polynomials

kP + k3P

1
7r0(m) = g, and Wg’p(m) = W

N

and leading constants
p (kf(pil)kg + k‘%]{;;(pil))
C(k,p, 2) = 22(p—2) _ , D F 2.
The key insight from Theorem [3.1] u is that, for each p, the o4 p(m k) function can be expressed as a polynomial
in m of degree d — 2 plus either a constant multiple of m?=2/22™ (when p # d) or dk?---k2m9=1/2?™ (when
p = d) followed by higher order terms (i.e., those decaying at a faster rate as m grows). leen that the forward

divided difference functional annihilates polynomials of degree d — 2 we can, after ignoring the higher order
terms, deduce that

— 1 _fd—1\ 1
Eralk) = 22{< )2 Z (U g

—Z p2p7r2PC’(k p.d dz‘:l Ji-1-a d—1\ (n+q)?2
q 224

q=0
méd

_ (_l)deﬂjddk% o kg di:l(_l)d—l—q (d ; 1) M + O(nd_3)] .

d! par 2%

Examining the above sum we see that the asymptotic decay of the coefficients is dominated by n?~! weight
arising from the application of the forward divided difference operator to (n + -)¢~! in the final sum. Thus,

using the binomial identity
d—1

] (e O

q=0

with = 1/4 we may deduce that

— 224k .. k2 (3 4t pd—1
En,ak) ~ Td-1r (2> oon (3.18)
Employing this result in (3.7)) we can deduce

72d d=1 nd-1 .
Ena N~ i (3) T 3 F00R ket (3.19)

kezd

and, more specifically, by mirroring the proof of Proposition 2.1 we can conclude the following.

Corollary 3.2. Let f € Npg, where B > %—l— 2. Let C%(f) denote the plain Gaussian convolution
approximation to f on the full isotropic grid X, q with spacing 1/2" and C, q(f) denote the combined

12



convolution approximation to f on the sparse grid Sy, q. Then

Cd,nd—l

Cq
Sy

2@||f||/3 and

€4 () = flloo <

i

1Cn.a(f) = flloo <
where Cy denotes a generic dimension dependent constant.

We close this section by presenting some numerical results to show how closely the Fourier coefficients of
the sparse grid convolution approximation track the asymptotic formula.

Table 1: Comparison of numerically computed 2—d expansion coefficients S/n\g(k) with the asymptotic formula

(3.18), with k = (1,1) (left) and k = (500,700) (right)

’ n ‘ En2(k) ‘ formula ‘ Ena(k) ‘ formula ‘
40 | 8.69 (-21) | 9.67 (-21) | 5.19 (-10) | 1.18 (-9)
80 | 1.52 (-44) | 1.60 (-44) | 1.41 (-33) | 1.9 (-33)
160 | 2.13 (-92) | 2.19 (-92) | 2.31 (-81) | 2.68 (-81)
320 | 2.02 (-188) | 2.05 (-188) | 2.33 (-177) | 2.51 (-177)
640 | 8.93 (-381) | 8.98 (-381) | 1.06 (-369) | 1.10 (-369)

Table 2: Comparison of numerically computed 3—d expansion coefficients é/',:;(k) with the asymptotic formula

(3-18), with k = (1,1,1) (left) and k = (500, 700, 900) (right)

n ‘ En3k) ‘ formula ‘ En (k) ‘ formula ‘
40 | 1.72 (-18) | 2.86 (18) | 354 (2) | 284 (1)
80 | 6.65 (42) | 9.47 (42) | 4.62 (-25) | 9.40 (-25)
160 | 1.95 (-89) | 2.59 (-89) | 1.69 (-72) | 257 (-72)
320 | 3.80 (-185) | 4.85 (-185) | 3.54 (-168) | 4.82 (-168)
640 | 3.39 (-377) | 4.26 (-377) | 3.27 (-360) | 4.22 (-360)

4 Proof of Main Theorem

The main results stated in Theorem are not so hard to convey. The polynomials that appear in the results
arise from terms in the multinomial expansion which involve iterations of finite geometric series; some of these
collapse to the sum of powers of natural numbers and, as such, introduce polynomial terms in m. For instance,
in the 2—dimensional investigated in subsection 3.2, we see the finite geometric sum Z;:ll 22(2r=p) and, in
the cases where 27 = p this collapses to Z;n;ll 1 = m — 1, thus introducing a linear term in m. If one was to
carefully examine the 3 — d case then further instances of such sums (leading to linear terms in m) would arise
together with double sums that collapse to Z;n:? j=(m—1)(m—2)/2, and these introduce a quadratic term.
The pattern continues into higher dimensions. The formal proof of the result is made difficult due, in part, to
the notational complexity that is involved. The first result, identity , is a surprisingly neat representation
for the p = 1 case; we were not able to develop similar neat closed form expressions for p > 2. We begin by

13



establishing (3.16]), then we will develop some technical results on weighted geometric sums that will allow us
to verify (3.17)). We begin with the following lemma which sheds some insight on a particular finite sum.

Lemma 4.1. Let d > 2 be a positive integer and m > d. Then, for a positive integer r, we have

m—(d—1) (m(;_];l) 92r d—1 1
Z W = pd_Q(m) + 1 —922r 227‘m’

j=1

where pg—o(m) is a polynomial in m of degree d — 2.

Proof. Recall the Gauss hypergeometric function (see [I], 15.1.1) is defined by

o Fi(a,b;c;2) := Z )i ', (4.1)
Jj=0 Cj ]
where
(@) = o@+ 1)@ +j—1) j=1 (42)

denotes the Pochhammer symbol, with (z)o = 1. If n is a positive integer we have

(n+j—1) (—1)n!
(n)j (n _ 1)] an ( ’I’L)] (TL _ ])|
Using the above it is straight forward to verify that
m—(d—1) (m*jfl)
z 1 fm—2 1
> ;2;_22]3<d_2>2m (1,<md>;<m2>;22p>. (4.3)

Jj=1

The following identity, see [11] Formula 7.3.1.178, is valid for non-negative integers p and ¢

¢+1g (P~ —hrny . CDPRL gt
oF1(1,—p;—q¢; 2) = +1/§J( +2)k(1—z) (k+ )+mz iz -1) .

Applying this withp=m —d,g=m —2 and z = 2%“ we find that

2F1(17—(m—d) —(m—2); ;T):

di —(d—2)), (%)k“ L (i m—a (23%1)(171 oor
> (@ 2), =)y 27

d=2 (—1)*(d — 2)!(m — d)! (%)k+1 (~1)%-12% (22%.”1)d_1
P S e R [T ) [ v P
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In view of 1' we now multiply this by 2% (75:22) and, following some elementary simplifications, we have

the following expression

m—(d—1) —j—1 d—2 k m—1 927 k d—1 [ o2r d—1
(") 2 (-1) (m+k—(d—1)) (ﬁ) (1) (ﬁ)

2 2r _ 2
= 2277 P 22r —1 22rm
22r \t
= p£72(m) + (1 7 227") 22rm’
where p},_,(m), which represents the sum appearing above, is a polynomial in m of degree d — 2. O

4.1 Proof of (3.16)

We know from (3.30) that

]{}2 1
O'd,l(m,k) = Z 22;1 +- 22411 ZkQ Z 2271

|e‘1:m |£|1:m

The above sum concerns the set of d—dimensional multi-indices £ satisfying |£]; = m. A typical component
¢; of £ can, theoretically, take on any value between 1 and m — (d — 1) included (in the latter case remaining
d — 1 components are all set to 1). The number of times ¢; takes on a certain value j € {1,2,...,m — (d — 1)}
is precisely the number of ways in which the remaining d — 1 components of £ sum to m — j and this is given
by (md_j 9 1). Since the last sum in the above expression only depends on the value ¢; and not on ¢ we have that

PRy B N 22\ 4
Z 2 Z T
Jdl m, k ki ( d—2 >22j *”kH (pd_g(m)+<1_22) 22m>’
where the last equation follows from Lemma 4.1, with » = 1, and the proof of (3.16) is complete.

4.2 On weighted geometric sums

In this subsection we outline some key results on the representation of the kinds of weighted geometric series that
are encountered if one applies the appropriate multinomial expansion in order to examine the sums o4,,(m, k)
for p > 2. We begin by differentiating the plain geometric sum formula, followed by multiplication by z
to deduce that

ijxﬁ—m—Zxﬂ e 1 =2" (L +n) —nx)) if z#1; (4.4)
i=1 Sy k=l if z=1. '

Jj=1

Let us consider the more general weighted geometric sum

G(n) Z jlad.

We note in the case where z = 1 we have the sum of the i*" powers of the first n positive integers which,
due to Faulhaber’s formula, see [6] Formula 0.121, is a polynomial in n of degree ¢ + 1,

15



nH—l

t+1

G =>j = + qi(n),
j=1

where ¢;(n) is a polynomial in n of degree i. For the more general case (z # 1) we observe that

oy 4w
GiH(x)—x%Gi (z)

and this allows us to establish the following.
Lemma 4.2. Let j denote a non-negative integer and x # 1, then

G (@) = Ty (@1(@) = 2"l ),

(4.5)

(4.6)

(4.7)

where q;—1(x) is a polynomial of degree i — 1 in x and p;(xz,n) is a polynomial of degree i in both x and n.

Proof. We establish the result via induction. Appealing to (4.4)) we see that the result is true for ¢ = 1 with
go(x) = 1 and pi(x,n) = 1 + n — nx. Assume the result is true for ¢ and consider the following development,

using (4.6]), for the case i + 1.

G ) =056 0) = =y (@a ) = 2"t

_ x d ni i _ n—1_.
==y (a0 =" ot —na o)

* ((1 —lx)H‘l + (ﬁ :)f+z> (gi-1(z) — w"pi(fcvn))}

T d

- m {93(1 —x) <dei—1(ﬂ'3) — x"%pi(x,n) — nxnlpi(x,n)>

+ (14 i2) (gi1 () = 2"pil, )|
= ﬁ [%(ff) —2"piyi(z, ”)},

where

() = (1 i)ai1 () + 20— )31 (2)

is clearly a polynomial in = of degree i and, likewise, where

d
piv1(xz,n) = (14 iz+n —nz)p;(z,n) + x(1 — x)%pi(a?, n)

is clearly a polynomial of degree i 4+ 1 in both x and n.

O

In order to prepare for how the above result will be used, we let d be the fixed spatial dimension and m > d
a positive integer. In what follows we will evaluate various sums and, in each case, we will ignore terms that
decay faster than m%=2272™ for large m. In each case we consider a fixed integer parameter ¢t > 1 and, where

16



appropriate, we will also consider specific cases of t = 0 and t = —1. We begin with a straightforward geometric
sum for ¢ > 1

1

m—d 1 92dt )
2ot = 5] (1 — 22mt> = constant + O(27°™). (4.8)
=1

J

For the following sum with ¢ > 1 we can directly use (4.7) in its evaluation:

—d m—1

N (m—j) 1 2t 7 1 (m=1) 52t (d=1) 52t
925 92mt Z 2= 92mt (Gi (27) -G (2 ))
Jj=1 j=d
! 2% 4.9
- (1 — 22t)i+1 {Qthpi(Q%vd -1 —pz‘(22t7m - 1)} (4.9)
Pi(m) —2m
= = a2yt +0(27™),

where P;(m) is a polynomial in m of degree i whose coefficients depend on 22¢. In the case where ¢t = 0 the
above collapses to

m—d m—d
(m—3) =3 ' =G ) - G
j=1 j=d
(m—1)"*t  (d—1)! (4.10)
= - i(0,d—1) —q;(0,m —1
- G- ) - g0 m 1)
mitl
where 7;(m) is a polynomial in m of degree 7. In the case where t = —1 we have
m—d ‘ ) 4 i+1
> Pim- ) = Cai? 4 (3) Prlm) (4.11)
j=1

where P;(m) is a polynomial in m of degree ¢ and Cy; is a constant depending on d and 1.

4.3 Proof of (3.17))

We know from subsection 3.1. that (3.17) holds for d = 2 and any value p, let us also assume that it is true for
dy < d and any value of p, we will now proceed to show, by induction, that the same statement is true for d
and any value of p. First we establish a recurrence relation for o4, using r = (r1,...,7q)%, # = (r1,...,ra—1)"

)
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l= (b1,...,0q9-1)7T, k= (ki,...,kq—1)T and the multinomial theorem to find

Z Z ( ) f[ (;i >” ( multinomial theorem)
o (7 e e

rl=p 1€]1=m

_ zp: Pk Z p2are §° ( — T ) H Ky (2251:1 _2&”)
o k) (p—ra)lral la=1 lmpera N1 I ——

= i p!ksrd 7§ Od—1,p—rq4 (m — La, ’%)
=0 (p—ra)lra! Py 22tara ’

Applying the inductive hypothesis (3.17) we have

(d—1)kg -k (m — La)?

7 k: T
Od—1,p—rq(m —Lg, k) =m0 (m — L) + 6p—ry.d—1 22(m—La)
. (m —Lg)=® md—4
+Ckp—ra,d =)=+ 0| o5 |-
Inserting this representation into the inner sum of the above computation yields
m—d 7
Ogetp—r,(m — Ly, k ma=3
Z d-Lp 2Z£d7'd @, k) = S1(ra) + S2(rq) + S3(rq) + O < o2 ) ) (4.12)
La=1
where
m—d _k,p—rq
. Tg_3 (m — éd)
S1(ra) = Y = gsim—
Zdzl
m— d m E
d 1 d
SQ(Td) = 6p—m,d—1(d Z 922£4(ra—1) ’ (413)
La=1
Ck,p — rd, d—1) ' (m—Ly)*
and S3(rq) = Z 9204 (ra—1)

For the final term of (4.12)) we have used that the sum consists of less than m terms and each of which is
order 23m4 We can use the Welghted geometric sums to investigate the three summands above. We begin with
S1(rg) and in this case we write the polynomial of degree d — 3 as

d—3
k,p Td _ sP— rd [
Tt (m — Ed—ga (m—4y)",
=0

18



and thus we have ‘

S1(rq) = Zaf’pﬂ”d Z %.
Appealing to and we have that
mz‘:d (m — €y)° {(1‘;% FO@272™) i rg £ 0;

2/ i+1 .
22kdTd i1 —&—m(m) if rd:0,

la=1

where P;(m) and m;(m) are polynomials in m of degree 7. This insight allows us to write

PRI ) 4O (o) if rg #0;
Si(ra) =4 43 (m)+0 (377) o 7 (4.14)
PR (m) if rq=0,
where
p d=3  kp-ra - 3 L it
Py (m) = Z (1 —122m)z'+1pi(m) and P57 (m) = Zai ’ ( +1 + Wi(m)) (4.15)
i=1 i=1

are polynomials in m of degree d — 3 and d — 2 respectively.

For the second sum Ss(rg) we can bring the identities (4.9), (4.10) and (4.11]) together to give

Py Com )
M (1 — )02 %JrO(?Q) if rg>1;
’md 1 . .
Z T92a(ra—1) +mg_2(m )d71 if rq=1;
o Caaa?™ + (7 Piyim) 3 ra=0,
and so deduce that
22'm(1Pd22(27(:n)1))d 1 0(274777,) if Td > 1;
d—1 T m .
S2(ra) = Op—rga-1(d = 1) (k3 -~ ki_1) | pg—y + d—p(m) if rqg=1;
d-1 P )
Caa—2+ (3) d;ﬁ,flm) if g =

Isolating the dominant term from those exhibiting faster decay we have that

Cd2’2m +0(5) i ra> 1
So(ra) =6y g (K2 k2 ) { ot 0( 2‘;;“) if g =1 (4.16)
Cl+0 ( 22,”2) i rg=0,

where C/, = (d—1)Cg4,q—2. For the third sum S3(rq) we can use the same approach as above, with d —3 replacing
d — 2, to deduce that

Cd;zi’::w(zm) i g > 1
S3(Td) = C(’%7p - ’I"d,d - 1) (d— ;)222771 + 0] ( 22m ) if Td = 1, (417)
Choy+0 (%) it rq=0.
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We now bring our findings (4.14),(4.16[),(4.17) together, where again we isolate the dominant terms from
those with faster decay to provide

p 'kQ'r‘d d—3
sastm) = 3 5300+ S0+ 5utra) + 0 ()

— _ Td 22m
p 'k%d kp
3P sPsTd
+ Z — Td 'frd _3 (m)
rd= 1
k2p! md-1 md—2
+ 6p,d71 (k% U kgfl) C& + 5p71,d71 (k% e kc2171> (p i 1)! 22m +0 ( 922m >
) R pk2 md—2 md—3
+Clk,p,d =1)Ci_y + Cll,p = 1,d = 1) 7=5 =5 + 0 | 5 |-

By inspection we observe that the above can be expressed as

Ud,p(mak)—ﬂd 2( )+5pd

2. .. 12,,d—1 d—2 d—3
dki---kjm n Ck,p,d)m 0 (m ) , (4.18)

22m 22m 22m

where ﬂ};’p2(m) is a polynomial in m of degree d — 2 whose coefficients depend upon k and p. This completes

the proof of Theorem [3.1]
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