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Abstract We provide a space domain oriented separation of magnetic fields into parts generated
by sources in the exterior and sources in the interior of a given sphere. The separation itself is
well-known in geomagnetic modeling, usually in terms of a spherical harmonic analysis or a wavelet
analysis that is spherical harmonic based. However, it can also be regarded as a modification of
the Helmholtz decomposition for which we derive integral representations with explicitly known
convolution kernels. Regularizing these singular kernels allows a multiscale representation of the
magnetic field with locally supported wavelets. This representation is applied to a set of CHAMP
data for crustal field modeling.
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1 Introduction

The Earth’s magnetic field is a complex structure consisting of various contributions, such as the
dominating core field, the crustal field, and effects from iono- and magnetospheric processes. The
main task in understanding the geomagnetic field is the separation of these contributions. An
overview on different approaches to this is given, e.g., in [24]. A first step is the mathematical sep-
aration of magnetic field measurements taken at satellite altitude into contributions from sources
in the exterior of the orbit and contributions from sources in the interior. Generally, we assume
the magnetic field b to be governed by the pre-Maxwell equations

VAb = M0j7
vV-b = 0,

with j describing the source current density and g the vacuum permeability (A denotes the vector
product). If no source currents j are present, one has b = VU, for some harmonic potential U,
and the typical approach to modeling the magnetic field is the so-called Gauss representation of
the corresponding potential in terms of scalar spherical harmonics Y, , (see, e.g., [3] and [25]).
Generally, however, satellite data is collected in a source region of the magnetic field. Then the
Mie decomposition allows a decomposition of the magnetic field into a poloidal part p, and a
toroidal part g,. The toroidal part describes the magnetic field due to poloidal current densities
p;, while the poloidal part can be split into a part pi®t that is due toroidal sources in the exterior
of the satellite’s orbit, and a part pi"* that is due to toroidal sources in the interior. A more
detailed description can be found, e.g., in [2] and [3]. In this setting, the quantities pi"*, p?** and
gy can be expanded in a system of vector spherical harmonics g],(ll’?c, gjff?c and g]r(f,)c, respectively (a
system that actually originates in quantum mechanics; see, e.g., [7]).

However, due to the global nature of scalar and vector spherical harmonics, they are not the best
choice for modeling strongly localized structures, such as the Earth’s crustal field, or modeling
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from only locally available data. Several multiscale approaches with spatially better localizing
kernels have been developed to improve this drawback, e.g., in [5], [17] for potential fields, in
[22], [23] for the above described separation with respect to the sources, and in [4], [20] for a
representation of ionospheric magnetic fields and current densities. A comprehensive introduction
of kernel functions for such methods can also be found in [12].

It is the aim of this paper to transfer the multiscale approach described in [22], [23], which is based
on a construction of scaling and wavelet kernels in frequency domain (i.e., based on an adequate
superposition of the vector spherical harmonics gjff‘)k), to a setting where the scaling and wavelet
kernels are constructed entirely in space domain. For that purpose, the vector spherical harmonics
gfjfk, i =1,2,3, are described by operators 6, i = 1,2,3. A decomposition of the magnetic field
in terms of these operators, in combination with the spherical Helmholtz decomposition, allows
an integral expression of the quantities pi™, p¢®, q,. Motivated by [13], a regularization of the
convolution kernels appearing in this integral expression provides a multiscale representation with
wavelets that are locally supported in space. The multiscale representation is described in detail
in Section 5. There, we also apply the derived algorithm to a set of real CHAMP satellite data.
The preparatory construction of the regularized kernels and a decomposition with respect to the
operators 6( is described in Sections 3 and 4. Section 2 provides fundamental aspects on Legendre

polynomials and scalar and vector spherical harmonics.

2 Preliminaries

By P, : [-1,1] — R3 n € Ny, we denote the set of Legendre polynomials of degree n, by
Yor: Q@ =R, neNy, k=1,...,2n 4+ 1, an orthonormal set of spherical harmonics of degree n
and order k (g = {r € R®||z| = R} denotes the sphere of radius R > 0 and = Q; the unit
sphere). The fundamental connection between these two function systems is the so-called addition
theorem,

2n+1 B 27L—|— 1

D Yar(©Yar(n) == —Pal6 1), &EneQ
k=1

This allows us to expand zonal kernels (i.e., functions F : 2 xQ — R that satisfy F(§,n) = G(£-n),
&, n € Q, for an adequate function G : [—1,1] — R) in terms of Legendre polynomials. Known
closed representations for certain series of Legendre polynomials can then be used to derive closed
representations for some zonal kernels appearing in this paper. One of these series is the generating
series for the Legendre polynomials,

> 1
R"P,(t) = —o— . te[-1,1], h e (-1,1).
SR = e (€L ALY

From this, one can derive various further representations that are, e.g., listed in [16]. Of importance
to us are the following ones.

Lemma 2.1. Fort e (—1,1), we have

i%&(t) = ln<ﬂ” 1t1“> +1n(2),

1—¢2

;nHPn(t) = ln<1+m>—1

Furthermore, the generating series for the Legendre polynomials yields an expansion of the single
layer kernel. This is of interest since it allows an integral definition of the single layer operator
and a definition in terms of pseudodifferential operators.



Lemma 2.2. Let z,y € R® with |x| < |y|. Then

lz—y\ |y|z(||§> (Iil zl)

The set of the previously mentioned spherical harmonics yields a complete orthonormal system in
L2(Q) ={F : Q= R| [, |F(n)]*dw(n) < co}. The modeling of magnetic fields, however, is in first
place a vectorial problem. For that purpose, we introduce two different complete sets of vector
spherical harmonics. The first set requires the operators

oVF(€) = €F(E), e, (2.1)
o) F(€) = ViF(), €€, (2.2)
oVF(€) = LiF(6), €€, (2.3)

for F':  — R a sufficiently smooth scalar function, V* the surface gradient (i.e., the tangential
part of the gradient V; more precisely, V Ear %V* for x = r¢ € R?, with r = |z, £ = |x|)

and L* the surface curl gradient (acting as L* AV in a point § € Q). A complete orthonormal
system in 12(Q) = {f : Q@ = R?| [, |f(77)|2dw(7]) < 0o} is then given via

1

= () 20D, i=1,2,3,n €Ny, k=1,...,2n+1, (2.4)

where 0; is an abbreviation for 0; = 0 and 0; = 1, ¢« = 2,3, and pg) denotes the normalization

M — 1 and Mﬁf) =n(n+1),i=2,3. Concerning the notation, upper case letters, such

as F, Y, 1, generally denote scalar valued functions, lower case letters, such as f, y,(z)k, denote
vector valued functions, and bold face upper case letters denote tensor valued functions.

constants fun,

The second set of vector spherical harmonics requires the modified operators

s — L@ (D 4 %) — 0@, (2.5)
5@ — o, (D . %) + o, (2.6)
PONESCIY (2.7)
where
1
:(_A*Jr%)z. (2.8)

By A* we denote the Beltrami operator V* - V*. The operator D is treated in more detail in
Subsection 3.2. A second complete orthonormal system in [2(€) is then given via

30 = ()36 DY,, =123, neNy, k=1,...,2n+1, (2.9)

where fiy, () denotes the normalization constants u( ) = =(n+1)2n+ 1), [Lf) = n(2n + 1) and
%3) = n(n + 1). The advantage of this basis system is its connection to the inner and outer

harmonics, i.e., the functions H)"(z) = %(%) Ynk(|$|), r € QP = {z € R3||z| < R}, and

Ho(x) = %(%)nJrlYn,k(k%)a z € Q¥ = {x € R%|z| > R}, which yield solutions to the inner
and outer Dirichlet boundary value problem, respectively, with boundary values Y;, ,, on Qr. We

have

VHI@) = o (5) A, r=lle=recTE  (210)
1 (R\"" , —
V. H (z) = R2<T) ED)Eg©),  r=lz,e=reeQyt.  (2.11)



For a more comprehensive introduction of the function systems mentioned in this section, the
reader is referred to, e.g., [12] and the references therein. The special importance of the last set
of vector spherical harmonics in geomagnetic modeling is well emphasized, e.g., in [3], [22] and
[23]. In this paper, however, they are only to be understood as a motivation for the Helmholtz
decomposition and a modified decomposition with respect to 6. Our main goal is to actually
avoid spherical harmonic representations.

3 Regularized Kernels

Green’s function for the Beltrami operator and the single layer kernel are especially useful when
working with differential equations involving the operators V*, L* A* and D. We briefly re-
capitulate some of the properties of these functions and the corresponding operators before we
introduce a regularization for both kernels separately and for their combination. To achieve inte-
gral representations for the scalars of the classical Helmholtz decomposition, it is actually sufficient
to only have Green’s function. The single layer kernel becomes necessary when we introduce a
decomposition that pays tribute to interior and exterior sources.

3.1 Green’s Function

By Green’s function with respect to the Beltrami operator we denote the uniquely defined function
G(A*;+) : [-1,1) — R satisfying the properties

(i) n = G(A*;¢ - n) is twice continuously differentiable on the set {n € | 1 —&-n > 0}, and

1
ATG(A™E-n)=—, 1-¢- 0
n ( 7€ "7) 47_(_7 g ,'7 > )
for any fixed £ € Q,

(i) for any fixed £ € 2, the function
1
= G(AE ) — —In(1—€-
= GA%SE ) — —In(1 =€),

is continuously differentiable on €2,

(iii) for any fixed £ € Q, .
= [ G@nse et —o.
T Ja

One can verify the following explicit representation,

G(A*E-n) = iln(l—ﬁ'n)—kﬁ(l—ln@)), 1-¢-n>0. (3.1)

The bilinear series expansion reads

oo 2n+1
G(A™; ) ZZ n+1 nk(©Ynpe(n), 1=€m>0. (3:2)
n=1 k=1

Observing that n — A;G(A*;f -m) only varies by the constant —ﬁ from the Dirac distribution
motivates the following theorems which express a sufficiently smooth function by its integral mean
value and a correction term involving Green’s function. For more details, the reader is again
referred to [12] and the references therein.



Theorem 3.1 (Fundamental Theorem for A*). Let F be of class C®)(Q). Then

1
CArx

F(€) /Q F(n)du(n) + /Q G(A™:€ - )AL () du(n), € € 9.

Theorem 3.2 (Fundamental Theorem for V* and L*). Let F be of class C(V)(Q). Then

FO = 3= [ Fodet) - [ 560060 0 Fm detn), €€

where A* denotes one of the operators V* or L*.
These theorems directly yield simple integral representations for solutions to the spherical differ-
ential equations with respect to V*, L*, and A*.

Next, we present a spatial regularization of G(A*;-) around its singularity. This is a crucial step
for the later definition of the scaling and wavelet kernels of the multiscale representation.

Definition 3.3 (Regularized Green’s Function). Let R?, p > 0, be of class C(™([—1,1]), n € N

fixed, satisfying
e (U lraN”
lim pf/ () RP(t)|dt =0, k=01,
p—0+ 1_p dt

and
d\" d\"
d o (2 *. _
(@) o] -[(@own] L eman
t=1—p t=1—p
Then the function
. G(A5E ), 1-=E&-n=>p,
GP(A% ) ={
RP(E-m),  1=&-n<p,

is called regularized Green’s function (of order n). RF is called the regularization function.

A typical choice for R” is the Taylor series of G(A*;-) centered at 1 — p and truncated at some
power n. An exemplary plot for different scaling parameters p can be found in Figure 1. Similar
regularizations, but only for Taylor polynomials up to degree 2, have been used in other areas of
geosciences, e.g., in [8], [9], and [13]. To be able to state a multiscale decomposition, it has to
be guaranteed that convolutions with the regularized kernels converge to convolutions with the
original kernels. The proofs are based on the fact that n — G(A*;¢-n), n — VZG(A*; &-n) and
n LZG(A*;E -m) are integrable on the sphere {2, uniformly with respect to £ € €2, and can be
found in [14] and [11].

Lemma 3.4. Let GP(A*;-) be of class OV ([—~1,1]) and F of class CO (). Then we have

lim sup
p—0+ £eQ

[ erasenrman - [ aie nrmiso) <o
Q Q
Lemma 3.5. Let F be of class C(0(Q) and GP(A*;-) of class CV([—1,1]). Then

lim sup
p—0+ ceQ

[ verane mrtdstn) - ;[ Gae nFmism| = o
where A* denotes one of the operators V* or L*.
Relations for higher order derivatives are simple consequences of the above lemmas by use of

well-known surface versions of Green’s formulas that shift the differentiation from the convolution
kernel to the convolved function F'. Thus, they also require a higher smoothness of F.
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Figure 1: Plot of a twice continuously differentiable regularization 6 — G (A*;cos(#)) (left) and
a twice continuously differentiable regularization 6 — S”(cos(f)) (right) at different scales p.

Corollary 3.6. Let GP(A*;-) be of class C®)([~1,1]) and F of class C)(Q). Then

lim sup
p—0+ £eq

[ aterase mrma) - a; [ 6@ie nrmasm| = o
Corollary 3.7. Let GP(A*;-) be of class C®)([~1,1]) and f of class ¢V (Q). Then

lim sup
r=0+ceq

[ (D)o (43),67(8%5€ ) oot

~(00); [ (49,656 ) SO)ata)| =

where A% and A3 denote one of the operators V* or L* (@ denotes the tensor product x @y = xy’,
for z,y € R3).

An adequate choice of R” admits an explicit statement on the convergence rate. More precisely,
if f117p |[RP(t)] dt = O(p) and fllfp |LRe(t)] dt = O(1), one can find

/ GP(A"1€ - n)F(n)dw(n) — / G(A*;ﬁ-n)F(n)dw(n)‘ — O(p(p)).
Q Q

[ azeraie nFma) - 8; [ G@ne nrmasm| = o,
for F of class C(°)(Q). If F is of class C)(Q), it even holds

\ [ aserase mpaast - a; [ G(A*;M)Fm)dw(n)] — O(ph(p).
Q Q

The conditions on the regularization function are satisfied, e.g., by the choice of R as the truncated
Taylor series of G(A*;-).

3.2 Single Layer Kernel

By the singel layer kernel we denote the convolution kernel of the integral operator D~!, with D
formally given as in (2.8). Observing that A*Y,, , = —n(n+1)Y,, i, the fractional pseudodifferential
operator D, mapping the Sobolev space H4(€2) into H_1(£2), can be defined via

oo 2n+1

F= Z Z (n+ %) (F, Yo k)2 Yk (3.3)

n=0 k=1

[N

DF = (fA* + i)



for I of class Hy(f2), where (-,-)12(q) denotes the inner product (F,G)r2q) = [o F( n)dw(n).
Its inverse D', mapping H,_ 1(9) 1nt0 H,(Q), is correspondingly given by

oo 2n+1

D'F = (—A* + i)_% F = Z Z (F,Yonr)r2) Yok, (3.4)

n=0 k=1

for F of class Hs_1(€2). From the addition theorem and the power series in Lemma 2.2, it is easy
to derive the integral representation

oo 2n+1

1 1
> > T n+2 (B, Y k) p2@)Ynk(§) = Q\Iw/m/i (mdw(n), € €Q.

n=0 k=1

The function

1
oo

is from now on called the single layer kernel, and denotes the starting point for our further con-
siderations. The integral operator D! is called the single layer operator. For a more general and
detailed overview on spherical pseudodifferential operators and the definition of Sobolev spaces,
the reader is referred to, e.g., [12] and [26]. Since we are dealing with continuously differentiable
functions in the remainder of this paper, it should be remarked that D' actually maps C(’“)(Q)
into C®)(Q), k € No.

In analogy to Green’s function, one can define a spatial regularization of the single layer kernel.

S(E-m) = 1=&-1>0, (3.5)

Definition 3.8. Let p > 0 and R? a non-negative function of class C™([~1,1]), n € N fized,

satisfying
1 k
d
lim p* — | RA(t
p~1>I(I)1+p /1p <dt) ( )

(£) wo

Then the function

and

t=1—p

SP(E 1) = %\/%“a 1-&-n=p,
Re(E-m), 1-&-m<p,

is called regularized single layer kernel (of order n).

The regularizing function R” is generally chosen as the Taylor series of S centered at 1 — p and
truncated at degree m. An exemplary plot for different scaling parameters p can be found in
Figure 1. The special cases of a linear or quadratic regularization have been applied to multiscale
methods in physical geodesy, e.g., in [10], [14]. In the Euclidean space R3, the kernel S can be
related to the fundamental solution of the Laplace operator A. A different kind of regularization
for that kernel is treated in [1]. In our setting, we obtain the following limit relation in the same
manner as for the Green function case in the previous subsection.

Lemma 3.9. Let SP be of class CV([~1,1]) and F of class C°(Q). Then we have

lim sup
p=0+¢eq

/ SP(€ - ) F(n)dw(n) — / S(€ - m)F(n)dw(n)| = 0.
Q Q



For the relations involving the surface gradient and the surface curl gradient, one has to observe
that 7 — VzS(¢-n) and 5 — LgS(€ - n) are not integrable on the sphere (2. However, if F' is of

class CM(Q) and t¢ € R**3 denotes the rotation matrix with t¢& = ¢® = (0,0,1)7, we obtain
Vi [ Ste-mFmastn = Vi [ s fnFelndst)
— Vi [ Stm)P(E ()

— [ Som)VeF(ndatn), €€,
Q
where n = (11,72,13)7 € Q. Furthermore, regularizing the single layer kernel yields

/ ViS(E ) F(n)du(n) = Vi / S°(€ - ) () deo(n)
Q Q

Vi [ 80m) P n)det)
Q

- /Q S0 (s VP (tTn)duo(n), € € 9,

so that the previous lemma implies the desired relations.

Lemma 3.10. Let F be of class C(Q) and SP of class CM([~1,1]). Then we have

/AZS”(&-n)F(n)dw(n)—AZ/S(E'ﬁ)F(n)dw(U)‘ = 0,
Q Q

lim sup
p—0+ ceQ

where A* denotes one of the operators V* or L*.

Relations for higher order differential operators follow analogously. Of more interest to us are
combinations of the single layer operator with Green’s function for the Beltrami operator. It
holds, e.g., that

lim sup
p—0+ ceq

[ (3epgier s ) Fondato) - ADg* [ GaniemPmasin| <0. (9

However, it is difficult to explicitly calculate DglG" (A*; ¢ - ), as it would be required for our

later applications. DglG(A*;f - 1), on the other hand, can be calculated, and a regularization
afterwards yields a similar limit relation.

Lemma 3.11. For &,n € Q) we have,

DG(AYE ) = o n <(1+£-n) (;—1_%{(“))) -5

Proof. Lemma 2.1 and the pseudodifferential representation (3.4) imply

Pa@E ) = 3T Rl
— ;inilpn(g-n)—;rgi&(f-n)
- 2177111((1+§~?7)<;1_2;(€_,7))>21ﬁv
which is well-defined for every &, n € Q. =



The above derived representation implies that (§,7) — D, 'G(A*;€ - ) is zonal and of class
CM(Q x Q). Some lengthy but basic computations yield
ViDS GATE ) = o (38 — e ) (= (€ e, EneQ

A further application of the surface gradient causes a singularity of type O((1—&-n)~2). Therefore,
we do the following regularization for p > 0,

1 /1 1
s%.(&n) = o <2 —8P(&-n) — 2‘*‘45’7(5'77)) (n—(E-n¢), &neq. (3.7)
For this kernel we can calculate
1 /1 1
Vi®sg.(n,§) = o <2 —SP(&-m) — 24'45”(5'77)) Vi (§—(§-n)n)

1 4(57)' (&)

o (‘(Sp)/(g )+ (2+45p(§‘7l))2> (n—(&-m& @ (E— (& n)n),

where (SP)/ denotes the one-dimensional derivative of S”. The analogous procedure works for the
surface curl gradient, and we have for p > 0 that

1 1 1
60 = 5 (5= S9€0) - g ) €M EneD, (35)
and
1 1 1
Li®@s].(n,§) = %(Q—SP(f'ﬂ)—MM>L§®(UA€)

L oy’ 4(57)'(¢ - )
+§ (_(S ) (f.n)+(2+45”(£~77))2> (§A77)®(77/\€),

Thus, relation (3.6) can be formulated in the following numerically more advantageous way.
Lemma 3.12. Let F' be of class C°)(Q) and S? of class CV([—1,1]). Then we get with s&. (-, )
and s7.(-,-) as in (3.7) and (3.8), respectively, that

lim sup
p=0+ ¢

[ tenrmasin - a:0:" [ e e asm)| = o
where A* denotes one of the operators V* or L*.

The relation we are actually aiming at, and which we require in later applications, is the following
tensorial one.

Lemma 3.13. Let f be of class ¢cV(Q) and SP of class CV([~1,1]). Then we get with s&. (-, )
and s7.(-,-) as in (3.7) and (3.8), respectively, that

lim sup
p=0+¢eq

[ (g e 0.6 s awton - 42 [ (3308 6% ) - sl doto)| = .

where A* is one of the operators V* or L*.



Proof. Since |V ® (§ — (§-n)n)| and [f(n)| are uniformly bounded with respect to £,n € Q by
some constant M > 0, we get the following estimate for £ € Q and p > 0,

‘/Q(Vzé@s"v*(m&)) f(n)dw(n)—/ﬂ(V§®V;D51G(A*;§-n)) f(n)dw(n)‘ (3.9)

1 o 1
: / S“’””ZHS(M)‘S (5'”)‘2+45p<f'n>‘
< |VE® (6 — (€ mym)]| £ deln)
| 3_M_ AP (CON (ST
+/1"5§l<p SE” = arase. e - O ED T G

X |(n = (£-m)&) @ (€= (&-mn)| [f(n)]dw(n)

1 1
2+45(€-n) 2+450(6-n)

o ASE e A8 (Em)
SE "~ Grase ar O ED T G )y

x| = (& - mEl1E = (€ m)nldw(n).

SE-m)+ S7(€ ) — \ duo(n)

AN
<
—

Observing

In—(§-n)lE —(§-nnl = (1+&-m),

1
25(&-m)?
the integrability of nn — S(€ - n) on the sphere 2, and the properties for S? from Definition 3.8,
we see that the integrals above vanish as p tends to zero. Due to the zonality of the kernels,
this convergence is uniform with respect to ¢ € . Furthermore, the convergence of (3.9) to zero
additionally yields

/Q (Vi@ VD G(A™ € m)) f(n) dw(n) = Vi /Q (VoD GA%sE ) - Fn) dw(),

and therefore, the desired statement. The assertion for the surface curl gradient follows analo-
gously. ]

In analogy to the Green’s function case, an adequate choice of R” admits an explicit statement
on the convergence rate. More precisely, if fll_p |RP(t)| dt = O(p) and fll_p |LRe(t)] dt = O(1),
one obtains

[ assete mronasn - a; [ e nroasm| = o

For the combination of Green’s function and the single layer kernel the same convergence rate
holds true,

‘/Q(A2®s’1*<n,£>) f(n)dw(n)—AZ/Q(A;‘,DglG(A*;§~n)>~f(n)dw(n)’ = O(ph),

for I of class CV)(Q) and f of class ¢ (). The conditions on the regularization function are
satisfied, e.g., by the choice of R as the truncated Taylor series of S.

4 Spherical Decompositions

We introduce two decompositions relating to the two sets of vector spherical harmonics from

()

Section 2. The first one, relating to y,, % and the operators o, respectively, is the well-known

10



spherical Helmholtz decomposition. It decomposes a vector field into its radial part and two
tangential parts. The second one, relating to g}ff)k and the operators 6(?), respectively, is crucial
for the separation with respect to the sources and is presented in some detail in this section. A

more general overview on similar spherical decompositions can be found, e.g., in [15].

Theorem 4.1 (Helmholtz decomposition). Let f be of class ¢V (Q). Then there exist uniquely
defined scalar fields Fy of class CD(Q) and Fy, F3 of class C®)(Q) satisfying

1 ) —
ey Fi(n)dw(n) =0, i=2,3,
such that
F&) = oVFi(€) + ol Fy(€) + oV F3(€), €€

A proof of this decomposition can be found, e.g., in [3]. Using Green’s function for the Beltrami
operator and Theorem 3.2 yields the following representations for the Helmholtz scalars,

R = £, e, (4.1)
F6) = - /Q(V;?G(A*;f-n))-f(n)dw(n% ceq, (4.2)
Fy(6) = - /Q (LG(A™€ ) - f(n) dw(n), €€ Q. (4.3)

If Fy additionally has vanishing integral mean value, i.e., [, Fi(n)dw(n) = 0 (as is the case for

functions satisfying the pre-Maxwell equations), there exists a function U of class C?(Q) with
A*U = Fy, such that Theorem 3.1 implies

R = A /Q G(A*E-n)n- f(mdu(n), €€ Q. (4.4)

While the orthogonality is the main property of the Helmholtz decomposition, a representation
with respect to the operators 6(%) is of special interest in geomagnetic modeling. In order to obtain
a representation of the corresponding scalars, we rewrite (2.5)—(2.7) as

ol = 60D+ 5D, (4.5)
@ _ lsm(t —1_) 152 (1 -1 )

0 00 (27 1) 4 26 (307 1), (4.6)
o® = 50 (4.7)

This gives us the necessary representation to prove the following decomposition theorem.

Theorem 4.2. Let f be of class cD(Q). Then there exist uniquely defined scalar fields F\, F, of
class CN(Q) and F3 of class C?)(Q) satisfying

% F3(n)dw(n) = 0,
T Jo
% Fi(n) = Fa(n)dw(n) = 0,
T Jq
such that
FO = MR+ Ba(e) + 60 F(6), ceq.
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The scalars ﬁ‘l, F2 and F3 can be represented by

B = %D_lFl + %D‘1F2 - %Fz, (4.8)
B = %D_lFl + %D‘1F2 + %Fz, (4.9)
Fy = Fs, (4.10)

with Fy, Fy and F3 being the uniquely determined functions of the Helmholtz decomposition in
Theorem 4.1.

Proof. Applying the Helmholtz decomposition to f and using (4.5)—(4.7), we get on €,
f = O(I)Fl +0(2)F2 +0(3)F3
L 1)1 L @)1 Ly (1 L o) (11 ~(3)
= 50 D F1+§O D F1+§O ED -1 F2+§0 §D +1 F2+0 F3

1 1 1 1 1 1
= oW (D 'R +-D'F,— -F. 6P (=D 'Fy + D7 'Fy + = F. 6 F.
0(2 1 I R & 1t 2+ 5B | + 07 F;

This implies a decomposition as stated in the theorem. Due to the uniqueness of the Helmholtz
representation, it follows directly that Fj is defined uniquely when having a vanishing integral
mean value. For the uniqueness of F; and Fj it is sufficient to show that f(&) = 0, £ € Q, only
has the trivial decomposition with respect to the operators 69, i = 1,2,3. If

oV RO + o () + o Br(e) =0, ¢en,
we get from (2.5)—(2.7) that

o ((De+ 1) ) + (D~ 1) Bui)) + o (Buf) - Hi©) + o Bu(e) 0. €0,

2

The uniqueness of the Helmholtz decomposition then implies

FQ(g)iﬁ‘l(g) = 07 5693
1

(De+3) A + (De—3) Ba(9) = 0. gen
if - Ji, F1(n) — Fa(n)dw(n) = 0, which gives us
DeFi(6) =0, €eq.

Thus, Fy(€) =0, £ € Q, since D is injective, and it follows F5(£) = 0, £ € Q, so that uniqueness is
given for this decomposition. O

The theorem above yields, by use of (4.1)-(4.3), a representation of the scalars F;. Of importance
in the later application, however, are the vectorial quantities 6 F;. Thus, we first calculate from
(4.8) that

OB = €6 FO)+ 1D € 1) - 5D [ ViGatie n)- fndun
-i-%ng/ ViG(A™E-m) - f(n)dw(n) (4.11)
Q
~3VEDENE 1O + Vi [ ViGaiE n)- fndut)

~3VE [ ViG@aniew - fndetn), e
Q

12



The expression in the second row, involving the operator D, is unfortunate since we have no
explicit representation for the corresponding regularized convolution kernel. Observing

D:D*l(—A*qLi),

this can be circumvented by rewriting
De /Q V3 G(A™ € n) - f(n)dw(n)
1 — * * — * * *
= ZDgl/QVnG(A ;5-77)-f(n)dw(n)JnglAg/QG(A S &MV Fran(n)dw(n)

o [ ViG(ATE ) fa)ds() + DV (), €€,

where Theorem 3.1 has been used in the last step, assuming f to be of class ¢(?)(Q). Application
of the above to (4.11) provides an easier calculable expression

(1) = 1 1. 1 . |
dWR(§) = *5(6 f(€) + 1ED¢ HE-f(O) + 5¢D¢ "V fran(§) — 5 VeDe N F©)
1
1V [ VDG 1) - fn)du(n) — 5V [ VIG(ATIE ) - St
Since the occurring differential operators and the integration cannot be interchanged without

restriction, we need to switch to the regularized versions of the single layer kernel and the Green
function for the Beltrami operator. Then it is valid to set

F© = e 1€+ 526 [ € mn- fdstn) = ¢ [ Vo8P n) - Fdato)
i [ Vs mne rdstn) + 7 [ (Vo sk (r.6) Sdatn)  (412)
_%/Q (Ve @ VoGP(A™E-m) f(n)dw(n),  §€Q,

for p > 0. If GP(A*;-) is of class C®)([—1,1]) and S” of class CV)([—1,1]), the considerations in
Section 3 imply

Mgy =MV F —
Jip, sup |17 ~ oV Aige)] o (413

Analogous computations for 62 F, yield a regularization
0O = gele-116) - gt [ 5€ mu- fndata) + ¢ [ T57(e ) Sa)duto)
+E/QVESP(£-77)n.f(n)dw(n)fi/ﬂ(vg@sﬂv*(n,g)) f(n)dw(n) (4.14)
7%/9 (Vi@ ViGP (A" € ) f(n)dw(n),  E€Q,
and

lim sup ‘ F2(e) - 5<2>F2(5)( ~0. (4.15)
=0+ ceq

Finally, the determination of (3 F}; corresponds to the calculation of the toroidal part of f. From
(4.10) and (4.3), we get

0@ () = L /Q LyG(A™ € m) - f(n)dw(n), €€

13



Corollary 3.7 then implies for the regularized version
9 = = [ (LEo Ler@sie-n) fom dutn), €9 (416)

that for GP(A*;-) of class C)([—1,1]),

i ‘~(3) s ‘:, 4.1
i, Sup | o (§) =0 F3(5)| =0 (4.17)

Summarizing, we can state the following corollary.

Corollary 4.3. Let f be of class ¢'®(Q), with [,n - f(n)dw(n) = 0. Furthermore, let the regu-

larized Green function GP(A*;-) be of class C®)([~1,1]) and the single layer kernel S of class
CW([~1,1]). Then

F(&) =W E (&) + 6P Ey(€) + 6P Fy(¢), €eq,
with

lim sup
p—0+ ceq

| 20 stndsto) - 6%(5)‘ o,

for1=1,2,3. The convolution kernels are given by

®((¢,m)

1 1 1
£ (FAIGAAE )+ S n)) - €8 V3SV(E )
1 1 1
+VE®sG.(1,6) = Ve (Em) @n— Vi@ VIGH(AT ), e,
1 1 1
260 = €on(GAIGATE ) — L8 (E)) 4 EB VIS )
1 1 1
1 Ve @55 (0.6 + VS (€ n) @ — SVe @ VIGH(ASE ), & e
(&) = —Li@LiG'(A%E- ), &neq.
Proof. Since [, n- f(n)dw(n) = [, F1(n)dw(n) = 0, representation (4.4) implies
1 1
FE 1) = g6t [ GanE - ). seo

Substituting the Green function by its regularized counterpart, we obtain

3600 [ @At fdetn) = 3¢ [ AGGHATE wn- ) dut)

/Q (5 o (;AZG’M*%& : n))) fm)dw(n), &€

Analogously, the remaining integral expressions in (4.12) can be written in terms of convolutions
with tensorial kernels if this is not already the case. This yields the kernel <I’£,1)(~7 -) for f,Sl).

Corollary 3.6 and (4.13) provide the desired limit relation for 6(MF. The same holds true for
6 F, and 6 F. 0

5 Multiscale Representation for the Separation of Sources

Corollary 4.3 is the main ingredient to the upcoming multiscale representation. However, before
we proceed with this, we briefly want to motivate why the decomposition with respect to the

14



operators 0() is actually a separation with respect to the sources. A more detailed description
can be found, e.g., in [3] and [22].

We denote the magnetic field by b of class ¢(?) (R3), the corresponding source current density by
j of class c(l)(RB), and by po we mean the vacuum permeability. Furthermore, we assume the
pre-Maxwell equations

Vo Ab(z) = poj(x), =€R?
V. -bx) = 0, xcR3

to be satisfied. As mentioned in the introduction, the Mie decomposition (see, e.g., [2] and [3])
yields

bz) = po(z)+a(z), z€R’,
Jjx) = pjlx)+q(x), z € R3.

Making use of the law of Biot-Savart (see, e.g., [19]) and the fact that the poloidal magnetic field
Dy is solely produced by tangential toroidal current densities g;, the poloidal magnetic field can be
split up as follows,

py(x) = mt(R z) + i (Ryz), w€ R3\ Qg,

where
. c th
v /\pznt R;IL‘ _ { Moqg($)> xT R 5.1
(Ria) = § gl 708, (5.1
ext . 07 T € Q%Ltv
Ve Apg™H(R; x) { joa;(z), @€ Q. (5.2)

In other words, p”‘t(R -) denotes the part of the magnetic field that is due to source currents
in the interior of the satellite’s orbit Qg, and pf**(R;-) the part due to source currents in the
exterior. Since pi"(R;-) is still divergence-free, equation (5.1) implies that a harmonic potential
Um(R;-) : Q%" — R exists, such that pmt(R;x) = V,U"™(R;x), for x € Q%*. The potential
U™ can be expanded with respect to outer harmonics, and the application of the gradient in
combination with (2.11) then implies that pi"*(R;-) can be expanded in Q%! with respect to y(l)

Analogously, pi®*(R; -) relates to an expansion in Q%" with respect to yT(L ;g The remaining toroidal

part g, can be interpreted as the part induced by poloidal source currents p; crossing the sphere
Qr, and corresponds to the vector spherical harmonics gj,(f';c To sum up, additionally observing

that the poloidal and toroidal fields are continuous up to 0 Rr, we find
b(x) = pi™(R; ) + p§™ (R ) + qp (), x € Qp, (5.3)

with yr(f)k, 1=1,2,3,n€Ny,, k=1,...,2n+1, being the appropriate basis system for this split-up.
Finally, the definition of the vector sphemcal harmonics in (2.9) implies that Theorem 4.2 yields
the exact same decomposition as (5.3). More precisely, the 6M-part denotes the contribution due
to sources in Q%‘ﬂ the 6(@)-part the contribution due to sources in Qset, and the 6®)-part the

contribution due to source currents crossing the sphere Qp.

5.1 Multiscale Representation

Now, we turn to the actual multiscale representation. We discretize the regularized kernels from
Corollary 4.3, by choosing parameters p = 2=, for J € Ny. The scaling kernels (of scale J) are
then defined by

. W&, &neq,
e, = @, (¢, &neq,
53)1(5 n), &mneq.
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Figure 2: Absolute value of the scaling kernels (left) and wavelet kernels (right) for the interior
poloidal contribution at scales J = 1,4,8 (note that the color scaling is logarithmic).
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These kernels still have global support. The announced locally supported wavelets are obtained
by taking the difference of two such scaling kernels. A wavelet kernel (of scale J) denotes one of
the following kernels

e = BT (&) - 2T (Em), EneqQ,
) = B (En) - BTN, EneEQ,
'1'3(5777) = @?]+1(§777) - q’?}(ﬁﬂ?% 5777 € Q.

Due to the regularization of the Green function and the single layer kernel, these wavelets clearly
have local support in a spherical cap of radius 277. More precisely, we find that supp(\IlZJ(g , )) C
el —¢-n<27/}, fori € {int,ext,q} and £ € Q. An illustration of the kernels is given in
Figure 2.

Each scaling kernel generates a scaling transform. These are given by

Pib(z) = / (6, mb(Rn)dw(n), == RE € . (5.4)

The corresponding wavelet transforms read

Rib(z) = /Q T (€ n)b(Rn)d(n), == RE € Q. (5.5)

The idea of the multiscale approach is to resolve the modeled quantities at different spatial resolu-
tions. Therefore, the scaling kernels are only used to provide a trend approximation of the coarse
features at some small initial scale Jy. The spatially stronger localized features are subsequently
added by the wavelet transforms. This is reflected in the following relations,

J—1
Pib(x) = Pjblx)+ > Rib(z), z=REEQp, (5.6)
j=Jo

for i € {int,ext, q}. Different from the multiresolution constructed, e.g., in [22] and [23], the scale
spaces V§ = {Pb|b € ¢ (Qg)} in our approach are not necessarily nested in the sense Vi C Vi _,.
The advantage here is the local support of the wavelet kernels, which implies that the evaluation
of the wavelet transforms R}b(m), for x = R¢ € QR only requires data in a spherical cap around
¢ € Q with scale-dependent spherical radius 277. Thus, regions with a higher density can be
resolved up to higher scales, i.e., up to a higher spatial resolution, without suffering errors from
the lower data densities in surrounding areas. The general concept is illustrated by the following
tree algorithm

R?IOF\ R%HF\ RSDHF\
Py F—— + ——P; |F + ——Pj o F +— - —— P F.

The maximal scale J = Jya. at a point x = R € Qg is determined by the amount of data
points in its vicinity. Sufficiently many data points in the support of ¥%; (¢, ) are required to
guarantee a numerical meaningful evaluation of the integral in the wavelet transform RY; | b(x).

To conclude this subsection, we summarize the results in the following theorem, which is mainly a
reformulation of Corollary 4.3 in terms of the above described multiscale setting for the separation
of the magnetic field with respect to its sources.

az—1
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Theorem 5.1. Let b be of class ¢P(R?), and j of class ¢V (R?), satisfying the pre-Mazwell
equations

Ve Ab(z) = poj(z), =eR?
V. bz) = 0, x€R>

If Pint, Pyt Pl R RS, RY are defined as in (5.4), (5.5), then
bz) = p(Riz)+pf"(Riz) + qo(x), x € Qp,

for a fixed R > 0, with

o0

Py (Rix) = Pib(x) + Z R"b(z), w€Qp,
j=Jo
P (Rix) = P5U'b(x)+ Y R§'b(x), @€ Qp,
ji=Jo
gp(r) = Pjb(x)+ Z Rib(z), x€Qp.
j=Jo

5.2 Crustal Field Modeling from CHAMP Data

In this subsection, we apply the above derived multiscale approach to a set of CHAMP satellite
measurements. The used data set is similar to the one used in [22] and [23] and has been collected
between June 2001 and December 2001. It has been pre-processed at the GFZ Potsdam by Stefan
Maus to fit the purpose of crustal field modeling (see, e.g., [21] for a detailed description). Due
to the almost spherical orbit of the CHAMP satellite, we can assume all data to be given on a
sphere of radius Rp + 450km, where Ry = 6371.2km denotes the mean Earth radius. For the
discretization of the integrals appearing in the multiscale representation, we use the integration
rule described in [6], which requires an equiangular data grid (and reflects the data situation of
satellite measurements). In this example, we use a grid with 180 grid points in latitudinal as
well as longitudinal direction. Centered around each grid point, we select a spherical rectangle
with a diameter of 2.5° in latitude and longitude and average all measurements in the cell using a
M-estimation with Huber’s weight function (see, e.g., [18]). The resulting input data set is shown
in Figure 3.

The results obtained from the multiscale representation are illustrated in Figures 4-6. For the
sake of brevity, we only indicate the radial and the south-north component of the magnetic field,
and in Figure 4 only the radial component. Figure 4 also illustrates best the different spatial

Figure 3: The radial component (left) and the south-north component (right) of the input magnetic
field (in nT), averaged to a 180 x 180 equiangular grid.
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Figure 4: Approximation of the internal poloidal magnetic field (in nT), at initial scale J = 2
(top left) and at scale J = 8 (bottom right); only the radial component is shown. The remaining
figures show the intermediate wavelet contributions from scale J = 2 to scale J = 7 (top right to
bottom left).
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Figure 5: Approximation of the internal poloidal magnetic field (in nT), at scale J = 9; radial
component (left) and south-north component (right).

Figure 6: Difference between the input data set and the approximation of the internal poloidal
magnetic field (in nT), at scale .J = 9; radial component (left) and south-north component (right).

resolutions of the multiscale representation.  The initial trend approximation at scale Jy = 2
only resolves very coarse features, while the subsequent wavelet transforms resolve more and more
localized features, such that the scales J = 5,6,7 mainly focus on the strongest crustal field
anomalies over Central Africa and Eastern Europe, as well as North America and Australia. In
oceanic regions, there is hardly any contribution at these scales, indicating that there the crustal
field is of a rather coarse nature (i.e., of large wavelength when arguing in frequency domain).
Furthermore, one finds that the structure of the wavelet contributions hardly changes for scales
higher than J = 5. This might be an indicator of the general spatial extend of the anomalies of
the crustal field signal at satellite altitude (when comparing the resolved features with the size of
the support of the wavelet kernels). Figure 5 shows the final approximation P}Zt“b of the internal
magnetic field contributions at the highest scale J,,q.; = 9. The difference to the input data set is
indicated in Figure 6. It actually illustrates the performance of the separation with respect to the
sources. One can recognize strong polar fields that are clearly not due to the Earth’s crustal field
and are probably induced by polar ionospheric current systems. Furthermore, one finds bands
of positive and negative field strength oriented parallel to the dipole equator. This is a typical
signature of magnetospheric ring currents. Thus, the multiscale approach of this paper can be
used to improve pre-processed crustal magnetic field data, and filter out contributions originating
outside the satellite’s orbit or at satellite altitude.
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