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SUMMARY

We revisit the problem of non-uniqueness of harmonic magnetic field models in a region
outside a sphere containing the field sources, when only intensity values on the sphere surface
are known. Using the angular momentum algebra and the Clebsch-Gordan coefficients, we are
able to treat different aspects of this non-uniqueness following a unified line of reasoning. In
this new framework, we first recover two Backus results, namely the proof of uniqueness in
the case of a field generated by a finite number of harmonics and the recurrence relation that
defines the well-known Backus series. This formalism allows us to extend previous studies in
two ways: firstly, we show how to produce an harmonic series orthogonal on the sphere to some
other arbitrary harmonic series; secondly, we outline a new method for computing magnetic
field models starting from scalar intensity values alone.

Key words: Backus effect, Backus problem, geomagnetism, main field models, non-
uniqueness.

1 INTRODUCTION AND MOTIVATION

The main magnetic field B of the Earth is believed to be generated in the liquid core via a non-linear magnetohydrodynamic dynamo effect,
a complex phenomenon, which still is an open problem in geomagnetism. Nevertheless, many properties of the magnetic field of the Earth
can be learned by measuring directly B. From the surface of the Earth up to the ionosphere and above, once the contribution of the rotational
fields associated with external electric currents has been removed, the geomagnetic field can be viewed as an harmonic field, i.e. it can be
derived from a scalar potential V' satisfying the Laplace equation. If V' satisfies certain boundary conditions, the determination of B and V" are
equivalent problems.

The question we want to address is the determination of the geomagnetic potential ' from measurements of the field intensity F =
|B| over a closed spherical surface S. For the case considered in this study, a field vanishing at infinity, the discussion was initiated long ago
(Backus 1968, 1970, 1974). One of the most important results was that, if V' is given by an infinite multipole expansion, the knowledge of F'
on S does not necessarily determine /" uniquely. An example of this non-uniqueness was given in Backus (1970), where various fields with
the same intensity over a unit sphere are built explicitly. However, if the expansion of " has a finite number of terms, Backus proved that it is
completely determined by F up to a sign (Backus 1968).

The theoretical non-uniqueness has been related to an experimental effect concerning geomagnetic field models. Different models for a
certain epoch, computed independently using scalar and vectorial data, reproduce nearly the same F values. However, the corresponding B
components show large differences, particularly in the region of the dip equator (the Backus effect) not explained from experimental errors.
Lowes (1975) explained that this was the result of the components of the fitting field, which are locally perpendicular to the observed field
being only slightly constrained by the fitting process. He called the observed error a perpendicular error effect. Various numerical experiments
were performed to quantify the magnitude of this effect and to understand how it can be reduced (Hurwitz & Knapp 1974; Stern & Bredekamp
1975; Barraclough & Nevitt 1976; Lowes & Martin 1987). These studies suggested that a minimum amount of vector data should be included
in the fits to reduce the differences in the final vector field.

Other authors (Stern & Bredekamp 1975; Stern et al. 1980) tried to link more explicitly the experimental non-uniqueness of B to the
theoretical problem studied by Backus. Direct attempts to observe the series defined in Backus (1970) seem to find some evidence of it in a
sequence of coefficients with a fixed value of m and an even value of / + m, where / and m stand for the degree and order of the associated
Legendre functions Py, (cos 0). They are however inconclusive in explaining the disparate behavior of the m = 1 sequence and the relatively
important values of non-Backus m = 0 and odd / 4 m series.
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Recently, Khokhlov et al. (1997) demonstrated that scalar data provides a unique potential /' if the field dip equator is known; see also
Ultré-Guérard et al. (1998) for a numerical verification of this result and Khokhlov et al. (1999) for a discussion on the influence of knowledge
of the dip equator on the uniqueness problem.

Another uniqueness problem for the geomagnetic field is the determination of this field when only its direction on a spherical surface is
known. Recently, Hulot ez al. (1997) derived conditions on the dimension of the solution space in terms of the number of loci in the spherical
surface where the tangent components of the vector field vanish. Kaiser & Neudert (2004) have shown that, for dipole axisymmetric direction
fields or general 2V -pole axisymmetric direction fields and geomagnetic scalar potential defined in a truncated Hilbert space, the geomagnetic
field is uniquely determined. Some of the results of this paper are related to the results we present here for the orthogonal field expansions in
Sections 3.2 and 3.3.

Until the NASA Magsat satellite (1979-80), satellite surveys produced only intensity data. Even nowadays, as a result of the difficulty of
accurately determining the attitude of the spacecrafts in orbit, vector data may not be available or otherwise it may be strongly contaminated
by attitude errors. An example of the former situation concerns the Oersted satellite launched in 1999 February and still in orbit. As a result
of radiation effects on the star imager that determines the attitude of the satellite, vector data is very sparse over the South Atlantic anomaly
(see e.g. Olsen et al. 2000). In such cases, a Backus effect becomes evident in the resulting main field models, requiring inclusion of ground
vectorial data (with poor geographical distribution) or synthetic data in order to be minimized. Holme & Bloxham (1995) and Holme (2000)
studied the effect of attitude uncertainty on satellite vector data. They developed a formalism to model those uncertainties with a view to
alleviating the Backus effect. In spite of the different solutions found to decrease the impact of the Backus effect, it continues to contribute
significantly to the quality of main field models. A broader understanding of the Backus non-uniqueness theoretical problem and the way it
can be related to the experimental Backus effect is thus still of practical relevance.

In this letter, we address the non-uniqueness problem exploring the properties of the harmonic functions. We first write a generalized
form for the scalar product of two harmonic vectors as a series of complex spherical harmonics. The coefficients of the series are easily related
to the Gauss coefficients of the two harmonic potentials. A general formula allowing the definition of Backus-like series beyond the dipole
series given in Backus (1970) is derived. The quadrupole series is given explicitly. Our result allows us to provide another proof of uniqueness
for finite expansions and to outline a new linear method to compute the magnetic field from measurements of £

2 FIELD DEFINITIONS AND SERIES EXPANSIONS

Let B, = V/V, and B, = V', be two magnetic fields derived from the potentials /', and V',, defined outside a spherical surface of unit radius
S that contains the field sources. Then, V| and V', are harmonic functions vanishing at infinity. If } stands for either V| or V', we have, for
r>1,

V2V (r, 0, ¢) =0, )]

00 !
VO 0.6) =) Y 5 YO 9). @)

I=1 m=-I
where Y, (0, ¢) are the complex spherical harmonic functions and the monopole term / = 0 was excluded from the sum. The complex
coefficients a;,, must have the property

ap, = (=1)"ai 3)
in order that V' be real. The vector field associated with eq. (2) is (Jackson 1999)

B=fo—f’2[—(l+l);m—i,/1(1+1);xx,m], @)

I,m
where
L YI m

Xm R
/Ty

If |IB;| = |B,| on § (r = 1), then the vectors

L=—-irxV. 4)

1
B* = 5 (B, :I:B2)|,:1 (6)

are orthogonal, i.e. BT - B~ = 0. From eq. (4) and the definition of X, it follows

BY-B =) > (af,) ar,

ot 1= m

<[+ DA+ DY Ve + JEC T DT + DX Xy | =0, %)
The last term can be simplified using the relations
Ly¥y = VIU+1) — mm £1) Vs, ®)
LYy = mY,, ©

© 2004 RAS, GJI, 159, 548-554

"olWepeo.//:sdny Wwolj papeojumoq

220z 1290100 01 uo }sanb Aq 890929/8+S5/2/6G /2101



550 P Alberto, O. Oliveira and M. A. Pais
where L. = L, £1iL, and the property ¥ = (—1)" Y,_,,. The scalar product becomes

BT B = Z Z (althr)*a;m*(_l)er |:(l+ + 1)(1_ + l) Yie ot Yie

It m*t 1= .m—

1
-5 VIFIE+ 1) —mT(m* 4+ DI+ 1) —m=~(m= + D) Y iy Ve et

1
— VI F D =m T = DY+ D =mm = D ¥ et Yoo

+mTm™ Y Y;—m—}. (10)

The product of two spherical harmonic functions can be written as a linear combination of spherical harmonic functions (Edmonds 1996),

h+h /
@l + D@L + 1)
YllnnYIzmz:]l]Zl‘Zl W(ho,120|10)(11m1,lzm2|lm)Y,m (11)
=|l| =l | m=—

The Clebsch—Gordan coefficients ( [y my; [ my |Im ) and (1,0;1, 0|70 ) are real coefficients coming from the theory of angular momentum
coupling in quantum mechanics (Edmonds 1996). Inserting this decomposition into eq. (10) and using the properties of the Clebsch—Gordan
coefficients (Edmonds 1996; see also Section 3.1), one gets

1 T & e DR+ 1)
Bt .B™ = — E E E E = (It 0;170|k0
2 S [T — 4 (2k + 1) ( +0)

x(FEm* s mm™ [km )5+ 17 +k+ 2000 +17 —k+ Da'ca - Yim,. (12)

Notice that, if we set a}, = a;, = a;, in eq. (12), we obtain the expression for | B|* on S.

3 THE PROBLEM OF UNIQUENESS
The complex spherical harmonic functions define an orthogonal basis on a spherical surface, because one has
/ a2 Yﬁm’(e’ ¢)Y1m(9’ ¢) = 811’ amm’v (13)

where dQ2 = sinf d d¢. This means that, for Bt - B~ = 0 to hold, the linear combination of coefficients that multiplies each spherical
harmonic in eq. (12) must be zero:

YN afear, VAT DR A DU T 20T+ —k+ 1)
I+ m*t 1= m—

x (1705 170[k0) (It m*; 1= m™ [kmy) =0, (14)

for every pair (k, m;). We discuss now some of the consequences of eq. (14).

3.1 The case of finite expansions

Let L* be the maximum value of /* in the multipole expansions of B*. We assume that one of the fields, for instance B, is not zero and

every coefficient of its expansion altw is different from zero for all possible values /" =1, ..., LT and m* = —/*, ..., [". We set out now
to determine all the coefficients a,_ _.
The Clebsch—Gordan coefficients (/{m;l,my | Im) in which =, <m, <[, — 1, <m, <l, and —] < m <, can be different from

zero only if

my+my =m, (15)

lL—=NLl<l<hL+1h (triangular condition). (16)

Two other triangular conditions can be obtained by cyclic permutations of /1, /; and / in eq. (16). The Clebsch—Gordan coefficients also satisfy
some symmetry properties (Edmonds 1996), which imply that the coefficient (/T 0; /= 0 | £0) in eq. (14) is zero when k + [T + [~ is odd.
From the conditions (15) and (16) we have

+ - + - — +
— <k< L= )
|L L7|<k<L"4+L" and my=m +m 17)

On the other hand, for fixed values of k and m;, these same conditions restrict the values which /=, [T, m~ and m™ can take in the sums (14).
For instance, if we set k = L™ + L™ and m; = L™ + L™, i.e. their maximum values, eq. (14) reduces to just one term:

at.,ca; , (LY0; L70|LY 4+ L™ 0)/QL* + DL~ + D2(L* + L™ + 1)] =0, (18)

because (LTLT; L= L~| Lt + L~L* + L~) = 1. Because a}r 1+ # 0 and the remaining Clebsch-Gordan coefficient is not zero, it follows
thata,_,_ =0.
L
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Ifwesetnow k=L + L~ andmy = L™ + L~ — 1, only two terms are allowed in the sums (14), namely the combinations (m~ = L™ ;
mt =Lt —1)and im~ = L~ — I;m" = L"). Replacing the coefficients (L* m™; L~m~ | Lt + L~ L* 4+ L~ — 1) by their values, we get

\/(2L++ DCL™ +1)

[2(L* + L~ + D)(L*0; L~ 0|L* + L~ 0)

Lt+L-

X (V L‘aZ} Lt - T L+a2'+ Lo G- ) =0. (19)
Because a;_,_ = 0 and a2’+L+ # 0, we have a;_,__, = 0. In general, for m; = LT+ L  —n,n=0,..., L wehave n + 1 terms in
the sums (14) or 2L™ + 1, whichever is smaller. If we have found the previous a, ,-m =L", ... L7 —n+1 coefficients to be zero,
then, because a}r“ #0,a,_,__, =0.8So, by induction, we have proven thata, ., =0,m~ = L7, L~ —1,..., 0. However, then by the

symmetry property (3), this means that a,_, _ is zero for all m~ values. This result still holds if some of the coefficients aLt o+ Ar€ ZETO.

In turn, this means that L~ — 1 will be then the maximum value of /= and the previous argument could be repeated all over again. Thus,
we have proved that, if Bt and B~ are given by finite expansions and if B™ # 0, then B~ = 0 on the surface S and thus for » > 1. Of course,
we could have set B~ # 0 and then concluded that BT = 0. This is another proof of the Backus result (Backus 1968), which states that, if the
intensity of the harmonic magnetic field, given by a finite multipole expansion, is known over a spherical surface, then the magnetic field in

the space exterior to that surface is determined up to a sign.

3.2 The Backus series

Eq. (14) provides a general formula for deriving series of the Backus type where fields differ by any set of multipoles. Indeed, the series
obtained in Backus (1970) follows immediately assuming that a), is a constant and all other coefficients a,_, _ are zero. Then, removing the
constant factors, eq. (14) becomes

Z VRIF+DB+IT+ k) QA+ =105 10[k0) (1T m™; 10| kmy)alt, .+ =0. (20)
It mt

According to eq. (15) and (a permutation of) eq. (16), one has m* = my and |k — 1| < [T < k + 1. Also, as stated before, the Clebsch-Gordan
(17 0; 10| k0) is only non-zero if 1 4+ [T + k is even, which reduces the possible values of I* for a given & value to two: [T =k — 1 and [T =
k + 1. With the requirement (see above) m; < k — 1 the previous equation reads

2@k — Dk + 1)(k =103 10[k0) (k — 1my; 101 kmy)ai,,,
+ 6,2k +3)k+2)(k+10; 10[k0) (k+1my; 10| kmy)af,,,, =0. @1

If we set m;, = k in eq. (20) and because m™ < [, we have, from the conditions stated before, ak++1 « = 0. It then follows from eq. (21) that
ai,, »+1x = 0, with p a positive integer. On the other hand, setting n = k — 1 and m = my in eq. (21), with n + m even and replacing the
Clebsch—Gordan coefficients by their values, we get the following recursion relation

. 1 m+2) [Cn+5)n—m+Dn+m+1)
Gvzm = Qn+ D)(n—m +2)n+m+2)

—= 22

ke 3 (n+3) 22)
The series formed by these coefficients is precisely the Backus series given in Backus (1970), where it was derived using the recurrence
relations for Legendre associated functions. Note that, because » must be greater or equal to 1, so must m. From eq. (20) and the fact that
there is no monopole term in the geomagnetic field expansion (/* > 1) one sees that all the coefficients a are zero, i.e. the axisymmetric B*
field does not exist.

3.3 Quadrupole and more involved series

Clearly, the Backus series is the simplest series one can derive from eq. (14). For example, if the field B~ is a zonal quadrupole, i.e. a5, is a
constant and all other coefficients a,_, _ are zero, one gets

20 41
> VO +k+4) (0 +k+5)E —k+3)F —k+4)
S 2k

X(L+10;30[k0)(Fm™ ;20 kmy)af,, . =0, (23)
which yields a three-term recursion relation

P Gk [(n +2)(n +3) — 3m*]/2n + 5)2n + 9) "
T 545 @43 —m+3)n—m A m A3t m A T

n+4m
1 (n+3)2n+7) [2n+9)
C5m+52n+3)\Vn+1)

m—m+1Dmn—m+2)n+m+1)n+m —+—2)aJr
n—m+3n—m+Hn+m+3)n+m+4) """ (24)
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As in the dipole case, there are two independent series for n 4+ m even and n + m odd, but now the n 4+ m odd sequence terms are not necessarily
zero. These series are initiated by a;, and a,_, .,
eq. (24).

In a similar fashion as in the case of the dipole orthogonal field, one can show, using eq. (23) and the properties of the Clebsch—Gordan
coefficients, that when n + m is even, there is no axisymmetric (m = 0) field, whereas when n + m is odd such a field exists.

respectively. In Appendix A we give a proof of the convergence of the series generated by

Interestingly, similar series and results for m = 0 are obtained by Kaiser & Neudert (2004) for the solution of the problem of determining
the external geomagnetic field from a direction field on the surface S, when this field is an axisymmetric dipole or quadrupole.

In general, if the difference between B, and B, is a multipole of order / (with m~ = 0), then by the properties of Clebsch—Gordan
coefficients it follows that there are two series associated to a fixed value of m* = m. The recursion relation defining the series involves the
I+ 1 coefficients a;f

+ +
o @ a

n42me - Angoime
One further application tested by us was a linear combination of dipole and quadrupole terms for B~, by setting a;, = A, and a5, =
A, as the only non-zero coefficients. This gives rise to a five-term recursion relation. However, in this case, the convergence of the resulting
series is not guaranteed and we have verified that it depends on the ratios Ay /A, and a}, . /at_ ..
Naturally, one could think of designing more complicated series from eq. (14). It suffices to set arbitrarily some finite expansion for B™
(or B7) in eq. (14) and, after some algebra, a recurrence relation for the B~ (or B™) infinite expansion coefficients will be established. Notice

that a similar generalization based upon the recurrence relations for Legendre associated functions is much harder to achieve.

4 METHOD TO CALCULATE THE MAGNETIC FIELD FROM ITS MAGNITUDE

The proof of uniqueness given at the end of Section 3.1 suggests a way to calculate the expansion coefficients ay, of a magnetic field if the
coefficients 4, of the |B|? expansion in a spherical surface S are known from a previous fitting procedure. Indeed, based on eq. (12) one can
write

B’ =) AunYiu(®, ¢), (25)
L.M

which, given the orthogonality property (13), means that we have

1 [Qr+DQI+1),, /
Ay = 1 /j@r+n@Er+1n L o
o §;2m<’+l+ UL+ D)

X (05 10[LO)(!I'm' s Im|LM)ay,y apn. (26)

If B can be described by a finite series (/,/’ < /,x) then, in the expansion of |B|?, L would have also a maximum value Ly, = 2 /max, and we
would have

A Limax Lmax — C(LmﬂX) a/2max Imax (27)

where C(Lay) is a positive constant. In this way, up to a sign, one can determine a,,,_ .- Following a similar reasoning as in Section 3.1, we
set again / = 1" = I, in eq. (26) with decreasing values of M and get a series of linear equations for the unknown a,, ,, coefficients, which
are solved in succession. If we set then L = L, — 1 and M = L, — 1, eq. (26) will have two terms with the combinations (! = /.y, m =
Inax); ' =lax — L,m' =lax — D) and (I =liax — 1, m = lax — 1); (' = Inax, M’ = [ 1nax) and become a linear equation for a;,, 1/, —1-
We can then proceed to find all the other a;,, 1, coefficients by decreasing M as above and then repeat all over again the whole procedure
to find all the remaining coefficients a;,,,.

5 CONCLUSIONS AND OUTLOOK

We have generalized the example of Backus (1970) to illustrate the non-uniqueness of the magnetic field when only its magnitude is known on
a spherical surface, using the theory of angular momentum coupling borrowed from quantum mechanics. This approach allowed us to extend
the Backus result for infinite series that differ by a dipole field, the Backus series, to any infinite series differing by an arbitrary /-pole form
or combinations thereof. This means that, given some B~ field consisting of only a finite number of harmonics, it is possible to solve eq. (14)
for a field B* (an infinite expansion of harmonics, necessarily) such that Bt - B~ = 0 on each point of a spherical surface. The convergence
of such expansion depends on the choice of parameters in the linear combinations and has to be studied separately for each case. However, if
a physically meaningful B* exists, then the field B; = Bt + B~ shares the same intensity values on the sphere as the field B, = B™ — B~. In
this way, as a result of the general setting in which we have cast the problem, we can improve our knowledge of the space of magnetic fields
sharing a Backus-type non-uniqueness.

As stands out from Section 3.3, m = 0 series and odd m + n series will be present in the BT field if a quadrupole term will be included
in B™. A natural application of our study is then an extension of the Stern ez al. (1980) study. In this way and benefitting from high-quality
satellite data now available, it will be possible to achieve a better understanding of the relation between the practical perpendicular error effect
and the formal non-uniqueness treated in this paper.

For magnetic fields B given by truncated expansions, we propose a new way of calculating every coefficient of these expansions
directly from the experimental data of its magnitude on some points of a surface S. The method requires a linear fit, in principle more
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stable and accurate numerically than the quadratic fit that is currently used. More important is the fact that, contrary to classical non-linear
methods, it does not require an initial ansatz for the field, sufficiently close so as to avoid secondary minima. An algorithm derived from
this method is being implemented for field modelling, where we intend to use high-quality satellite data. Results will be reported in a future
publication.

In recent satellite missions, the occasional inaccuracy in the estimated attitude of the spacecraft has been an important source of errors
affecting vectorial data. In those and other cases, where use of scalar data is inevitable, we believe that the formalism developed here will help
to shed some light on the fundamental non-uniqueness associated to these problems.

ACKNOWLEDGMENTS

We wish to thank Dr. Gauthier Hulot, from IPGP (France), who pointed out the Backus problem to us and Dr R. Kaiser, from the University
of Bayreuth, for bringing to our attention his paper on the direction problem. This work was supported by project POCTI/CTA/42023/2001

from FCT (Portugal) and European Union FSE/FEDER, and project ICCTI 518B0/French Embassy.

REFERENCES

Arkfen, G.B. & Weber, H.J., 2001. Mathematical Methods for Physicists,
5th edn, Academic Press, New York.

Backus, G.E., 1968. Application of a Non-Linear Boundary-Value Problem
for Laplace’s Equation to Gravity and Geomagnetic Intensity Surveys,
Quart. J. Mech. Applied Math., XXI, 195-221.

Backus, G.E., 1970. Non-Uniqueness of the External Geomagnetic Field
Determined by Surface Intensity Measurements, J. geophys. Res., 75,
6339-6341.

Backus, G.E., 1974. Determination of the External Geomagnetic Field from
Intensity Measurements, Geophys. Res. Lett., 1,21.

Barraclough, D.R. & Nevitt, C.E., 1976. The Effect of Observational Errors
on Geomagnetic Field Models Based Solely on Total-Intensity Measure-
ments, Phys. Earth planet. Int., 13, 123-131.

Edmonds, A.R., 1996. Angular Momentum in Quantum Mechanics, Prince-
ton University Press, Princeton, NJ.

Holme, R., 2000. Modelling of attitude error in vector magnetic data: appli-
cation to Oersted data, Earth Planets Space, 52, 1187-1197.

Holme, R. & Bloxham, J., 1995. Alleviation of the Backus effect in geomag-
netic field modelling, Geophys. Res. Lett., 22, 1641-1644.

Hulot, G., Khokhlov, A. & Le Mouel, J.-L., 1997. Uniqueness of mainly
dipolar magnetic fields recovered from directional data, Geophys. J. Int.,
129, 347-354.

Hurwitz, L. & Knapp, D.G., 1974. Inherent Vector Discrepancies in Geo-

magnetic Main Field Models Based on Scalar F, J. geophys. Res., 19,
3009-3013.

Jackson, J.D., 1999. Classical Electrodynamics, John Wiley and Sons, Inc,
New York.

Kaiser, R. & Neudert, M., 2004. A non-standard boundary value problem
related to geomagnetism, Quarterly Appl. Math., in press.

Khokhlov, A., Hulot, G. & Le Mouel, J.-L., 1997. On the Backus Effect—I,
Geophys. J. Int., 130, 701-703.

Khokhlov, A., Hulot, G. & Le Mouel, J.-L., 1999. On the Backus Effect—II,
Geophys. J. Int., 137, 816-820.

Lowes, FJ., 1975. Vector Errors in Spherical Harmonic Analysis of Scalar
Data, Geophys. J. R. astr. Soc., 42, 637-651.

Lowes, F.J. & Martin, J.E., 1987. Optimum Use of Satellite Intensity and Vec-
tor Data in Modeling the Main Geomagnetic Field, Phys. Earth planet.
Int., 48, 183-192.

Olsen, N. et al, 2000. Oersted initial field model, Geophys. Res. Lett., 27,
3607-3610.

Stern, D.P. & Bredekamp, J.H., 1975. Error Enhancement in Geomag-
netic Models Derived from Scalar Data, J. geophys. Res., 80, 1776—
1782.

Stern, D.P,, Langel, R.A. & Mead, G.D., 1980. Backus Effect Observed by
Magsat, Geophys. Res. Lett., 7, 941-944.

Ultré-Guérard, P, Hamoudi, M. & Hulot, G., 1998. Reducing the Backus
Effect Given Some Knowledge of the Dip-Equator, Geophys. Res. Lett.,
25,3201-3204.

APPENDIX A: PROOF OF THE CONVERGENCE OF THE QUADRUPOLE SERIES

The quadrupole series for the potential ¥+ on the unit radius surface S, from which the field B™ is derived, is written, in the notation of

Section 3.3, as

VRO.9) =) D al, Y, ¢,

n=1 m=-—n

(AT)

where the coefficients a = satisfy the recurrence relation (24). From the spherical harmonic addition theorem (see, e.g. Edmonds 1996), one

nm

has

D Y@, $) =

m=—n

2 1 2 1
"=
4 4

(A2)

where P,(cos 6) denotes the Legendre polynomials of degree n. From this expression it follows that, for any value of 6 and ¢ (Backus 1970),

Yam(@ . #)| <

4 4w

n=1 m=—n

2 1 2 & 2 1
"l e <3 Y S e

(A3)

According to the Weierstrass majorant test (see, e.g. Arkfen & Weber 2001), to prove that the series (A1) is uniformly convergent for all

n

(0, ), it is sufficient to prove that the numerical series Y oo | >

2n+1
unm =
4

4
la, |-

m=—n

u,, is convergent, where

(A4)

Actually, as we have seen in Section 3.3, we are interested in a series with a fixed value of m, with n + m even or odd, so that the series involves

only the sum in n, from n = |m| to infinity in steps of two.
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Writing the recurrence relation (24) as a;’Hm =A,naf +am T Buma,,, we see that the coefficients 4,,, and B,,, have the asymptotic values

nm>
1

5
is positive, meaning that their absolute values |4,,,| and |B,,,| go to the limits % and % by lesser values, respectively. This means that there is

an order N such that, for n > N and a given m,

—% and —z, respectively, when n — oco. A Taylor series expansion of these coefficients in powers of % reveals that the first order correction

) 2 1
| an| < 1 Aumlla s | + 1Banlla),| < a,, = §|a:+2m|+§|a;m n=NN+2, ..., (AS)
where the index m was dropped in the definition of the coefficients @', because, as we will see later, its limiting value is independent of m.
We now show that the positive series generated by the recurrence relation a;, ,, = % a,. ., + % a,, n=N,N+2,...,whereay = |a},| and
alyyr = laf s, |, is convergent.
Defining x¢ = a’y /(5 aly_,), it is easily shown that the relation
, 2 .
Anioips = (g +xi>a;\/+2i+2 i=012..., (A0)
holds, where x,,; = 1/(2 4+ 5x;) i =0, 1, ... . The sequence of values x; converges rapidly to a value x* = (+/6 — 1)/5, which is the

positive root of the equation 5x*2 + 2x* — 1 = 0. This limit value is independent of m. Considering now the series with general term
Si = Ao \/(2N +4i+1)/(4m)i =0,1, ... (see eq. A4), we have

lim S i Gz _ VO

i—00 S i—00 a}\/+2i 5

L. (A7)

Therefore, from the Cauchy ratio test (Arkfen & Weber 2001) the series Y ;- s; converges and, from eq. (A5), so does the series Y oo\ Uym,
by the comparison test. In turn, this implies that the whole series Z:o:\m u, » converge and, as stated before, so does V' (0, ¢), which completes
the proof. As shown in Backus (1970) this convergence implies the convergence of the corresponding magnetic field B* on the surface S and
in the space exterior to it.
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