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Abstract

In this paper, we present a regularised Green’s function for —V?2 in R3 and
a regularised scalar and vector potential of a vector field on a bounded domain
in R3. We prove that the regularised Green’s function for —V? converges
to the actual Green’s function. We also show that the regularised parts of
the Helmholtz decomposition converge to the actual decomposition. This
convergence is given in the pointwise and the distributional sense as well as
with respect to the L'-norm. Moreover, applications to the modelling of static
electromagnetic fields are discussed. Finally, numerical results for a synthetic
example are presented.
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1 Introduction

It is well-known that the Helmholtz theorem decomposes an arbitrary vector func-
tion into two parts: One is an irrotational component which can be expressed by
the gradient of a scalar function and the other one is a rotational part which can be
expressed by the curl of a vector function. As a particular decomposition form of a
vector function, the theorem has very important applications in electromagnetics
because its decomposition terms have been closely related to the scalar potential
and the vector potential of a vector field. As we know, the Helmholtz theorem is
based on the Green’s functions of —V? in the space R? and we also know that the
Green’s functions have singular points. To avoid the singularity, we introduce a
regularised version of the Green’s function for —V? in the space R3 and we prove
that the irrotational as well as the rotational part of the vector function can be
approximated by using our regularised Green’s function for —V? in the space R3.

*Department of Mathematics, GC. University, Katchery Road Lahore, Pakistan, Email:
akram@mathematik.uni-kl.de

fGeomathematics Group, Department of Mathematics, University of Siegen, Walter-Flex-Str.
3, 57068 Siegen, Germany, Email: michel@mathematik.uni-siegen.de



2 Preliminaries

The function Gy defined by

1
Go(z,y) == PP

for all z,y € R? with = # y is a Green’s function for the operator —V? in the
space R? (see [7]). For § € (0,1), we may define the regularised Green’s function
with respect to —V? for all z,y € R3 by

1
-
Am (Jo —y[? +6)2

Go(z,y) =
The graph of the regularised Green’s function for the operator —V? for different

values of the parameter § can be seen in Figure 1.
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Figure 1: (a,b) are the graphs of the regularised Green’s function for the operator
—V? (restricted on the 3-D unit ball) at the fixed point z = (0,0, —0.7), where the
function is plotted in the y; = 0 plane. In (a) we chose the parameter § = 0.01
and in (b) 6 = 0.0001



Lemma 2.1 Let Gy and Gg be as defined above then the following equalities hold
for arbitrary but fived x in R3.
()

(Sh%l-s— Gg(a:,y) = Golz,y) for all y € R® with y # .

(it)
5111})5r VmGg(;r,y) = V.Go(x,y) for all y € R® with y # x.

The proof of this lemma is easy and only involves elementary analytical operations.

3 Convergence of the Regularised Scalar and Vector
Potential

Theorem 3.1 [12] (Helmholtz Theorem in a Bounded Domain) Let S be an ar-
bitrary closed curved surface that is smooth or piecewise smooth and let V be the
volume surrounded by the surface S, where V.=V U S represents a closure of the
domain V. Moreover, let f be a vector function which is defined in the domain V.
If f satisfies the following conditions:

(i) f is continuously differentiable in V,

(ii) f is almost everywhere continuous and bounded on the boundary S,

then f can be decomposed into the sum of an irrotational field and a solenoidal
field in the following sense:

f=-Vp+VxA (1)
with
_ [V f) fy) - (y)
= e <2>
Ap) = [ VX f(y)der fly) x nly) , (3)

v 4rlz =yl s Amlz—y| 7
where 1 is the exterior unit normal vector of the closed surface S.

Theorem 3.2 Let f be a vector-valued function which is defined in the domain

V such that f is continuous on V and has continuous first order derivatives in V.
Then f = —Vp+V x A such that

(1)

- ] g
pla) = lim p°(z)



with

_ / VaGo(z,y) - f(y) dy
14

and
(i)
A(z) = lim A°
(w) = flim, A(@)
with

M) = [ VuGian) x 1) .
for all x € V, where Gg is the reqularised Green’s function for —V? on R3.

Proof. Due to Theorem 3.1, we have f = —Vp+ V x A with

:/GWWWyﬂw@—/%@wﬂw%@@/ (4)
1% S

and

:i/Gd%wvaﬂwdy+/f%@wMﬂwxﬁ@Dd% (5)
1% S

where n(y) is the outward unit surface normal at the surface point y. From the
vector calculus (see [15]), we have

Go(V-f) =V -(Gof) = (VGo) - f (6)

and
Go(v X f) =V x (Gof) — (VG(]) X f (7)
Using Equation (6), we have

/v %xy(ﬁ@—AWﬁWw»ﬂww
ié%@@ﬂwﬂ@my

Now applying Gauf’s Divergence Theorem (see [15]) on the first integral of the
equation given above and using the fact V,Go(z,y) = —V,Go(x,y) we have

pa) = [ Golwn) 1) -iw) du— [ (V,Goles)) - F)
- /S Go(2,y) f(y) - (y) dy
= [ (%Gt - ) dy
= [ (VaGolew) - £0) do ®)
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Similarly, using Equation (7) we get
[ 9% Gola) S dy = [ 9yGoe0) x 1(0) dy
1% 1%
+ / Gol,y) (f(y) x 4(y)) dy.
S

From Gaufy’s Divergence Theorem we can deduce that

/Vvadv:/S—(fxﬁ)ds )

(see[1], p. 15). Now using Equation (9) and the equality V,Go(z,y) = —V,Go(zx,y)
we have

Aw) = / (Gol, 1) () x Ay)) dy — / V,Gole,y) % f(y) dy
/Gomy n(y)) dy

_ / V.Golz,y) x f(y) dy = / Vo x (Gol,y)f (9))dy.
1% 1%
(10)

To prove (i) and (ii), we have to show that

hm/V%xy m@:Am«%mm@wy

6—0+
and

612& V.Go(z,y) x fly) dy = /VVI X (Go(z,y)f(y)) dy.

Using Lemma 2.1 and the continuity of f on V we can say that for arbitrary but
fixed x

lim (V GS(z,y) - f(y)) =V.Go(z,y) - fly) onV withz #y

0—0+

and
V. Gi(w,9) - F)] < goly) for all 9> 0, y € Vwith @ £y, (11)

where g, is defined as

9z (y) = { l)vaO(%y) f(y)] izlli zii



Now first we confirm that g, is integrable on V. For this purpose, we consider the

integral
[ ViGoten sl ay = [
- /V‘ 4|;|;—y|2>’dy
e
- [

Since the function f is continuous on the compact domain V, therefore it is
bounded on V. Let

-y

4rlx — y[3

)| do

M = sup [f(z)],
zeV

M 1
. < — T _ 279"
| IVsGote - 1wl ay < 1 [

From the proof of a theorem (see [13], p. 158—159) we can see that

then we get

/w—yP V= <%>

is bounded, where R is the radius of the ball containing V. Therefore, we can
conclude

1

/V|VxGo(m,y).f(y)| dy < /I:c—y|2 y < ?2)<oo.
(12)

This gives that |V,Go(z,y) - f(y)| is integrable with respect to y on V. Since
92(y) = |VzGo(x,y) - f(y)| almost everywhere on V' as a function of y, therefore g,
is also integrable on V. Now by using Lebesgue’s Dominated Convergence Theorem
(see [6, 8]) we have

lim /Vng(a:,y)-f(y) dy = / hmV Gi(z,y) - fy) dy

- /VGo:cy f(y) dy = p(z).



For part (ii), let us consider {Vm X (Gg(az,y)f(y))}(S = {VIGg(x,y) X f(y)}5
which is a family of vectors with real components and by [1], p. 102, (A.1.7)

513& V.Go(z,y) x f(y) = VoGolz,y) x f(y)

almost everywhere on V, for arbitrary but fixed z in V. By using again equation
(10), we get

Az) = /V V.Golz.y) % f(y) dy

for all z € V. Now, we show that the function A is bounded on V, that is the
components Ay, Ag and Az of A are bounded. We denote the components of f by
F1, F5 and F3 and get

Mio)] = ' / (VxGo(ﬂfay)Xf(y)hdy’

< /V (V2 Gol@,y) x F(u),] dy
< / (z2 — y2) F3(y) — (w3 — y3) Fa(y)
- Jv

dmle —y?
see also the proof of Lemma A.1.1. in [1]. This gives

Ay (z)] < /V [(xe — y2)F3$jr)‘|x+_| gj; —y3)Fa(y)| ay

‘ dy,

Tt [+ | =0 [ W)
< / 5 dy
v dr|z — y|

217(y)]
/v Inle -y

1
M/ 1 2MnzR
= —dy =" < . 13
2r Jy |z —yf? r'(3) 19)

Similarly, we can show that Ay and As are also bounded on V. We can also
conclude that

[(VaGolz,y) X )l [(VaGolz,y) X f(y)),]

and [(VoGo(z,y) % f(y))s] are integrable with respect to y. The real components
of

VaGi(z,y) x f(y)



satisfy the following relations

(z2 —y2) F3(y) — (w3 — y3) Fa(y)
A |z — y|? +6)2

‘(VxGS(x,y) X f(y)>

|

< (z2 — y2) F3(y) — (v3 — y3)F2(y) ‘

- Ar|z —yl?

= [ (VaGo(z,y) x f(y)) | (14)
(rutesy= ) - [0t gt

< |3 —y)Fi(y) — (21 — y1) Fa(y) ‘

- dr|z — y|3

= [ (VaGo(z,y) x f(y))s | (15)
‘(Vng(!L‘, y) X f(y)>3‘ - (xl - yzrijiy)_;f;i ;)?gz)Fl (y)

< @ —y)F(y) - (22— y) Fi(y) ‘

- drr|lx — y|3

= [ (VaGo(z,y) x f(y));| (16)

for y # z. Let for i =1,2,3

_ J [ (VaGolz,y) x f(y);| for y#z
ha i) = { 0 ' for y=u=.

These h,; are integrable because h;; is equal to | (V,Go(z,y) x f(y)); | almost
everywhere and | (V,Go(x,y) x f(y)), ]| is integrable. Furthermore,

(VoG x fW)) | < haily) (17)

for all § > 0 and for all y € V with y # x.
Hence, the real families

((VIGS(az,y) X f(y)) ) fori=1,2,3

7
satisfy all the requirements of Lebesgue’s Dominated Convergence Theorem, so we
have for ¢ =1,2,3

Jin [ (Vi@ < 1) du = [ i (V.Giw0) < 1))

- /V (VaGol.y) % F(4)); dy.



Finally, we have

lim / Vo Gi(e,y) x fly)dy = / lim Vo G3(z,y) x f(y)dy
0—0+ v 0—0

- /‘/vxao(x,y) x f(y)dy = A(z)

which proves the result. [

Corollary 3.3 Let f be a vector-valued function which is defined in the domain
V such that f is continuous on 'V and has continuous first order derivatives in V.
Then f = —Vp+V x A with

(1) 5 X
=1l m L (V

p=Jim p°in L(V),

where
P = [ V.Gl 1) dy

for allx €V and
(ii)

A= lim A% in LY(V),

6—0+

where

N(a) = [ V.GYwn) x 1) dy
for all z € V, where Gg is the reqularised Green’s function for —V? on R3.

Proof.In Theorem 3.1, we can say that p is also a continuous fllEction of . In
Theorem 3.2, we proved that p?(x) — p(x) as § — 0+ for all z € V, where

p°(z)] =

| v.6ian): f(y)dy]

IN

| [v:Gia)- s ay

/V V.aGo(z,y)| - | ()| dy = H(z). (18)

IN

Now, we show that H is integrable on V as follows

[ = [ [ 1V.Gw] 1)y
HfHC(V)/V/V|Va:Go(x,y)\dyd%

IN



because f is continuous. We can easily see that

|V$G0(l’, y)

| < %
|z — y|

Therefore, using the inequality given above we have

1
H(x)dx < //dd:c.
/V (@) v Jy Ar|r — yl? Y

Due to Inequality (7) on page 159 in [13], we get

/V H(x)dz

1

< [T
v I(3)
47r%R4

= < .
30(3)

From the discussion given above, we can conclude that { p‘s} 550 18 @ family of uni-

formly integrable functions and p°(x) — p(z) as 6 — 0+ almost everywhere on
V. Therefore, using Vitali’s convergence theorem (see [14], p. 133), we can say

P’ — pas§— 0+ in LI(V).

For part (i7), let A‘ls, Ag and Ag be the real components of the vector-valued func-
tion A% and Ay, Ay and Az be the components of A. From Equation (14), we

get

A ()|

IN

IN

'/V (Vng(:E,y) x f(y))ldy’
/V (V2Gala.) x Jw)) | dy

/V (VaGolz,y) % F(y)),] dy = Hy(z)

Now, we show that H; is integrable on V as follows

[ m@ds = | [ (9aCola,) % f@) | dyda.
v vJv
From Equation (13), we have

/V (VaGole) x F()),]dy <

v
r(3)

10
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therefore, we have

1
2 fllanm2 R
/Hl(a:)dx < HHC(?/C[&?
v ['(3) v

Aoy B!
30(3)
This gives that A? is a family of uniformly integrable functions in V. We have
proved in Theorem 3.2 that AS(z) — Ai(z) as & — 0+, for all z in V, therefore
using Vitali’s theorem (see [14], p. 133), we get A — Ay as § — 0+ in L'(V).
Similarly, we can prove that A3 — As as § — 0+ in L1(V) and A — Az as d — 0+

in L' (V). Hence, combining these components we can say that A° — A as § — 0+
in L1(V). ]

Corollary 3.4 Let f be a vector-valued function which is defined in the domain
V' such that f is continuous on V' and has continuous first order derivatives in V.

Then f =—Vp+V x A with
() S /
_ .
p=lim p"in Z(V)
with
Pa) = | Gl 1) dy
(ii)
A= lim A°in 2'(V),
6—0+
with
N(a) = | .Gia) < ) dy
for all x € V, where Gg is the reqularised Green’s function for —V? on R and

2' (V') denotes the space of all distributions corresponding to the domain V.

Proof. From Theorem 3.2 and the proof of Corollary 3.3, we can see that p and the
components of A satisfy all the requirements of Theorem 1.5.1 of [11]. Therefore,
by applying Theorem 1.5.1 of [11], we get the required result. ]

Remark 3.5 When we say a sequence of functions (fi) converges to a function
fin 2'(V) it means that the distribution Ty, of fi defined by

Ty, (6) = /V fe@)d(@)de, ¢ <€ DV,

converges to the distribution Ty of f defined in a similar way (see [2]).

11



4 Applications

4.1 The Electromagnetic Field

In this section, we show how the electric potential p of an electric field £ and the
magnetic potential A of a magnetic field B can be approximated using Theorem
3.2 and Maxwell’s equations in a static case.

Due to Theorem 3.2, a vector field f defined on V can be decomposed as

f=-Vp+VxA (20)
with
e 00N 5 ‘
pla) = Jim o@) = Jim [ V.Gia.0)- 1) dy (1)
and
1 § 1 &
Ala) = Jim A(a) = lim [ V.GY(w.0) x 1) d. (22)

If we use the fact that V,G{(z,y) = —V,G{(,y) in Equation (21), we get
pa@) = [ VGl 1) dy
— [ G- it dy~ [ (9,65 1) dy

jéﬁuMAwﬁ@wy
(23)

Now applying GauB}’s Divergence Theorem on the first term of Equation (23), we
get

Px) = /VVy' (Gg(fﬁ,y)f(y)) dy—/V(Vng(%y))-f(y) dy
- [ Gie.nsw) i) v

Now combining the first two terms of the equation given above and using Equation
(6) we obtain

Pa) =t/G&%@Wwﬂwdy—/Gﬂ%wﬂw-mwdy
Vv S
(24)

12



In a similar way if we use the fact V,G(z,y) = —V,G5(z,y) in Equation (22),
we get

M) = [ 9,6l % ) dy
=~ [ Vux (Geniw) i+ [ G, < ) dy
= /SGS(%y)f(y) x A(y) dy+/VG3(w7y)Vy x fly) dy.  (25)
We combine Equations (24) and (25) and their ability to provide approximate solu-
tions with Maxwell’s equations in a vacuum; again classically we view the charge

density and the current density as further vector fields, which are continuously
differentiable. Below are the Maxwell’s equations.

VXE = —&B (26)
V-E = p/eo (27)
VxB = puog(J+egdE) (28)
V-B = 0 (29)

where E is the electric field, B is the magnetic field, o is the charge density in
the volume V', J is the current density, g is the vacuum permeability and eq is
the vacuum capacitivity. Many phenomena of geomagnetism take place on a long
time scale and we might imagine the static approximation would be a good one.
Therefore, the Maxwell equations in the static case have the form

VxE = 0 (30)
V-E = p/eo (31)
VxB = ,qu (32)
V-B = 0. (33)

From the Maxwell equation (30), the curl of the electric field vanishes. Hence,
the electric field may be written simply as the gradient of some scalar, p, which
of course is the electric potential: £ = —Vp. From the Maxwell equation (31) it
follows that —V?2p = o/eg. Further, if we take

o = —FE-n (34)
I — Bxn (35)

with, for example, o taken as a surface charge density and I" taken as a surface
current density then by combining all this together with (24), we obtain

13



o) = jim @) = i (= [ Glanat) dy (36)

6—0+ 6—0+
+ /S Go(x,y)a(y) dy) :

(37)
For the magnetic field, it follows from the Maxwell equation (33), due to the Mie
decomposition (see [3, 4, 5]), that the magnetic field may be written as the curl of
some vector, A i.e. B =V x A. The vector field A is called the magnetic vector
potential. Then using equation (25), Maxwell equation (32) and equation (35), we
get

A(w):5£rg+A5(w) = Jim (uo /V Go(x,y)J (y) dy

+ /S Gz, y)I'(y) dy> :
(38)

4.2 Reconstruction of the Decomposition Parts of a Vector-valued
Function

In this section, we present some numerical tests in which we reconstruct the decom-
positions p and A of a synthetic vectorial function f by using the kernels given in
Theorem 3.2 for different parameters § = 0.01, § = 0.001, § = 0.0001, § = 0.00001
and ¢ = 0.000001. We have also calculated the rooted mean square error for these
values of § which are given in Table 1. For all values of the parameter § we used
200 x 256 x 256 grid points for the integration on B;(0) = V.

To compute our convolution on Bj(0), we use the standard separation of an inte-
gral on Bi(0)

1
/BI(O)F(m)da: = /OTQ/(aBI(O)F(rn)dw(n)dr.
(39)

For the integral over the sphere, the most commonly used sampling measures have
support on either an equiangular grid or a Gaussian grid. We use an equiangular
grid and the quadrature theorem given in [9] and for the line integral we use the
composite Simpson’s rule. Our vectorial synthetic function and its analytically
calculated decompositions p and A using Theorem 3.1 are given by

Fy) = flrn) =r’nYs2(n), (40)

14



Table 1: Rooted mean square error in the reconstruction of the decompositions p
and A of the synthetic vectorial function f for different values of the parameter 9.

5 Rooted mean square | Rooted mean square
error in p error in |A]

1072 ] 0.0023 0.0015

1073 | 5.8856 - 10~ 2.7607 - 10704

107% | 1.3743-107% 4.1590 - 1079

107° | 4.4364 - 10~ 1.7110- 107

1076 | 4.2001 - 10794 2.7607 - 10704

where r = |y| and n = ﬁj—‘ for y € B1(0) and

_ 54 83

o) = (o) = (T + ) a6, (41)
54 53

Mo =6 = (- T ) Dae (42)

where s = |z| and £ = \%I for z € By(0). Y32 is a spherical harmonic of degree
3 and order 2 and L* represents the surface curl gradient (see [10]). Analysing
the graphs in Figures 3 to 8 and the errors in Table 1, we can say that we get
a very good approximation of the scalar potential p and the vector potential A
of the vectorial function f. However, we observe that the optimal values of the
parameter § for the scalar potential p and for the vector potential A are not the
same. We also observe that when the parameter § becomes close to the singularity
the rooted mean square error may increase, this indicates why the regularisation
of the Green’s function was necessary.

15
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-0.02

-0.03

i A

Figure 2: (a) is the graph of the analytically calculated scalar potential p of the
function f defined in Equation (40) plotted in the y; = 0 plane and (b) is the
graph of the absolute values of the analytically calculated vector potential A of
the function f defined in Equation (40) plotted in the y; = 0 plane.

0.02

0.01

-0.01

-0.02

it A

Figure 3: (a) is the graph of the reconstructed scalar potential p using the kernel of
Theorem 3.2 (i) with the parameter § = 0.001 and (b) is the graph of the difference
of the analytically calculated scalar potential p and the numerically calculated
scalar potential p, using the kernel of Theorem 3.2 (i), with the parameter § =
0.001. In both cases, the function is plotted in the y; = 0 plane.
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0.02

0.01

-0.01

-0.02

i A

Figure 4: (a) is the graph of the reconstructed scalar potential p using the kernel
of Theorem 3.2 (i) with the parameter 6 = 0.0001 and (b) is the graph of the
difference of the analytically calculated scalar potential p and the numerically cal-
culated scalar potential p, using the kernel of Theorem 3.2 (i), with the parameter
0 = 0.0001. In both cases, the function is plotted in the y; = 0 plane.
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0.01

-0.01

-0.02

-0.03

B

Figure 5: (a) is the graph of the reconstructed scalar potential p using the kernel
of Theorem 3.2 (i) with the parameter § = 0.00001 and (b) is the graph of the
difference of the analytically calculated scalar potential p and the numerically cal-
culated scalar potential p, using the kernel of Theorem 3.2 (i), with the parameter
0 = 0.00001. In both cases, the function is plotted in the y; = 0 plane.
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X107

0.025

0.02

0.015
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0.005

1

Figure 6: (a) is the graph of the absolute values of the reconstructed vector poten-
tial A using the kernel of Theorem 3.2 (i7) with the parameter 6 = 0.001 and (b)
is the graph of the difference of the absolute values of the analytically calculated
vector potential A and the absolute values of the numerically calculated vector
potential A, using the kernel of Theorem 3.2 (ii), with the parameter 6 = 0.001.
In both cases, the function is plotted in the y; = 0 plane.

0.025
0.02
0.015
0.01

0.005

E]

Figure 7: (a) is the graph of the absolute values of the reconstructed vector poten-
tial A using the kernel of Theorem 3.2 (i7) with the parameter 6 = 0.0001 and (b)
is the graph of the difference of the absolute values of the analytically calculated
vector potential A and the absolute values of the numerically calculated vector
potential A, using the kernel of Theorem 3.2 (ii), with the parameter 6 = 0.0001.
In both cases, the function is plotted in the y; = 0 plane.
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0.025

0.02

0.015

0.01

0.005

Figure 8: (a) is the graph of the absolute values of the reconstructed vector poten-
tial A using the kernel of Theorem 3.2 (ii) with the parameter 6 = 0.00001 and (b)
is the graph of the difference of the absolute values of the analytically calculated
vector potential A and the absolute values of the numerically calculated vector
potential A, using the kernel of Theorem 3.2 (i7), with the parameter 6 = 0.00001.
In both cases, the function is plotted in the y; = 0 plane.

References

1]

M. Akram: Constructive Approximation on the 3-dimensional Ball with Focus
on Locally Supported Kernels and the Helmholtz Decomposition. Ph.D. The-
sis, Department of Mathematics of the University of Kaiserslautern (2008).
Published at: Shaker Verlag, Aachen, 2009.

M. A. Al-Gwaiz: Theory of Distributions, Marcel Dekker, Inc., New York,
1992.

G. Backus: A Class of Self-Sustaining Dissipative Spherical Dynamos, Annals
of Physics, 4, 1958, 372-447.

G. Backus: Poloidal and Toroidal Fields in Geomagnetic Field Modelling, Re-
view of Geophysics, 24, 1986, 75-109.

G. Backus, R. Parker, E. Constable: Foundations of Geomagnetism, Cam-
bridge University Press, Cambridge, 1996.

G. de Barra: Measure Theory and Integration, Elis Horwood Limited, Chich-
ester, 1981.

19



[7] G. Barton: Elements of Green’s Functions and Propagation, Oxford Science
Publications, New York, 1989.

[8] F. Burk: Lebesgue Measure and Integration, John Wiley and Sons, Inc., New
York, 1998.

[9] J.R. Driscoll, R. M. Healy: Computing Fourier Transforms and Convolutions
on the 2-sphere, Adv. Appl. Math., 15, 1994, 202-250.

[10] W. Freeden, T. Gervens, M. Schreiner: Constructive Approximation on the
Sphere - With Applications to Geomathematics, Oxford University Press, Ox-
ford, 1998.

[11] F. G. Friedlander: Introduction to the Theory of Distributions, Cambridge
University Press, Cambridge, 1998.

[12] Y. F. Gui, W. B. Dou: A Rigorous and Completed Statement on Helmholtz
Theorem, Prog. in Elect. Res. (PIER), 69, 2007, 287-304.

[13] S. G. Michlin: An Advanced Course of Mathematical Physics, North-Holland
Publishing Company, Amsterdam, 1970.

[14] W. Rudin: Real and Complex Analysis, Mc Graw-Hill, London, 1987.

[15] M. R. Spiegel: Theory and Problems of Advanced Calculus, McGraw-Hill,
London, 1974.

20



Siegen Preprints

on Geomathematics

The preprint series “Siegen Preprints on Geomathematics” was established in 2010.
See www.geomathematics-siegen.de for details and a contact address. At present,

the following preprints are available:

1. P. Berkel, D. Fischer, V. Michel: Spline multiresolution and numerical results for
joint gravitation and normal mode inversion with an outlook on sparse

regularisation, 2010.

2. M. Akram, V. Michel: Regularisation of the Helmholtz decomposition and its

application to geomagnetic field modelling, 2010.









Geomathematics Group Siegen
Prof. Dr. Volker Michel

Contact at:

Geomathematics Group
Department of Mathematics
University of Siegen
Walter-Flex-Str. 3

57068 Siegen
www.geomathematics-siegen.de

a UNIVERSITAT
SIEGEN




	Rahmen_2a
	Preprint
	Rahmen_2b.pdf

