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INVESTIGATION OF THE ASYMMETRY OF THE EARTH'SGRAVITATIONAL
FIELD USING THE REPRESENTATION OF POTENTIALSOF DISKS

The paper considers representations of the Earth external gravitational field, supplementing its traditional
approximation by series in spherical functions. The necessity for additional means of describing the external
potential is dictated by the need to study and use it at points in space close to the Earth's surface. It is in such
areas that the need arises to investigate the convergence of series with respect to spherical functions and to
adequately determine the value of the potential. The apparatus for approximating a piecewise continuous
function in the middle of the ellipse is used for the representation of the Earth external gravitational field by the
simple and double layer integrals. This makes it possible to expand the convergence region for the series
supplying the potential to the entire space outside the integration ellipse. Therefore, as a result, the value of the
gravitational potential coincides with the values of these series outside the body containing the interior masses
(except for the integration ellipse). It becomes possible to evaluate the gravitational field behavior in surface
areas and to carry out studies of geodynamic processes with greater reliability. Approximation of the
gravitational field with the help of surface integrals also determines the geophysical aspect of the problem.
Indeed, in the process of solving the problem we constructed two-dimensional integrands, which are uniquely
determined by a set of Stokes constants. In this case, their expansion coefficients into series are defined by linear
combinations of their function power moments. The resulting function schedules can be used to study the
external gravitational field features, e.g., to study its asymmetry with respect to the equatorial plane.

Key words: the gravitational field asymmetry; Earth, potential; Bjerhamer sphere; Stokes constants.

Introduction automatically transferred to the region of convergence
of the potential representation in spherical functions
[Pellinen, 1978]. In other words, outside a certain
sphere, which is called the convergence sphere, it is
legitimate to represent the gravitational field in the
form of a series in spherical functions. In the middle
of this sphere, the question of convergence is open:
the series can either coincide or be divergent. In the
theory of the Earth figure, the concept of a minimal
sphere, the “Bjerhamer” sphere, was even introduced

The history of research into the theory of
attraction dates back hundreds of years and continues
to develop both in theoretical [Axler et al, 2013;
Landkoff, 1966] and practical directions [Kondratiev,
2007; Antonov et al., 1988]. The force of gravity of
the Earth's gravitational field can be applied in
different ways [Antonov et al., 1982]. The most
common is the representation of the components of

this force in terms of partial derivatives of a certain
function called potential, which can be defined in
different ways. The practical use of gravity in various
fields affects the way it is specified [Antonov et al.,
1988]. For example, for space geodesy purposes, it is
advisable to represent the Earth's potential as the sum
of the point mass potentials located in the middle of
the Earth [Marchenko et al., 1985; Ostach, Ageeva,
1982]. In this case, different approaches and criteria
for the spatial significance of the point mass
placement are possible [Ostach, & Ageeva, 1982]. A
special niche is occupied by the representation of the
potential, caused primarily by the schedule of the
inverse radius vector into series [Hobson, 1953]. This
approach, in turn, defines the scope, determined by
convergence. After all, the schedule of the inverse
radius in a convergent series in spherical functions is
guaranteed outside the sphere of a fixed radius and is

[Pellinen, 1978]. A detailed discussion of this issue
was made in [Sacerdote, & Sanso, 1991], where,
along with theoretical studies, examples of the
practical application of the methodology and the
difficulties of its implementation are considered.
Therefore, in practice, the questions of convergence
of the series in areas close to the Earth’s surface are
tried to be omitted, motivated by the representation of
the series by a finite sum [Meshcheryakov, 1991].
Obviously, this is not entirely correct, because for
large expansion orders (namely, this is what takes
place in modern models of the gravitational field
[Pavlis et al., 2008]), the contribution of high
harmonics is determined by sensitive small numbers.
Moreover, constantly updated modern potential models
are time-variable [Kusche, et al 2009, Landerer, et al
2010] [Marchenko, Lopushanskyi 2018]. Therefore,
when applying the potential in areas close to the
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convergence limit, one should, if possible, consider other
ways of representing the potential, or investigate the
possible convergence of series in spherical functions.

In modern research, special attention is paid to the
study of the structure of the external potential
[Shkodrov, & Ivanova, 1988; Fys et al, 2019]. After
all, it is known to be characterized by its anisotropy,
in relation to the equatorial plane, primarily due to the
asymmetry of the Earth's figure. However, the three-
dimensional nature of the external gravitational field
is also due to the inhomogeneities of the mass
distribution inside the Earth, which, unlike the
deviations of the figure from the ellipsoid (sphere),
are difficult to identify. It is quite obvious that it is
impossible to establish an unambiguous connection
between the inhomogeneities of the gravitational field
and the internal structure, and approximate methods
give potential approximate connections. For an
unambiguous interpretation, it is necessary to put
significant restrictions on the mass distribution of the
Earth's interior, for example, the radial distribution of
masses, etc. And even with such restrictions, the
uniqueness of the solution is not always achieved.
One of the possible options for describing the
potential is its representation by the point mass
potentials, which gives a way to localize the sources
of generation of the features of the Earth's potential.
However, this raises a number of additional questions:
the placement of point masses and their optimal
representation of the gravitational field. At its core,
such a statement is presented as the main gravimetric
problem [Grushinsky, 1983].

A certain step forward can be the transition from a
discrete representation of the potential [Marchenko et
al., 1985; Ostach, & Ageeva, 1982] to its description
using them, which leads to the definition of a function
of two variables. It is this approach that makes it
possible to preserve the uniqueness of the problem
solution (the integrand uniqueness) for a fixed
placement surface. Specifically, this approach is the
basis of the concept of gravitational disks proposed in
[Meshcheryakov, 1991]. It was partially implemented
in works [Zavision, 2000], [Zavision, 2001]. However,
the lack of apparatus for approximating a function in an
ellipse (circle) did not allow it to be fully realized.
Therefore, the authors limited themselves to the one-
dimensional case (if we consider the rod as the ultimate
compression of the ellipse). If we use the classical
results obtained by a number of mathematicians
[Kampé de Fériet & P.E., 1926; Bateman, & Erdane,
1974], then we can construct an apparatus for
approximating piecewise continuous functions in an
ellipse by analogy for an ellipsoid [Fys et al, 2018]. It
can be used to approximate a two-dimensional
piecewise continuous function by series in biorthogonal
systems. The schedule coefficients of the series are
expressed in terms of the power moments of the
approximating function and in the two-dimensional
case are uniquely represented by a linear combination
of the Stokes constants.

It is this approach that is implemented in this
work, while the integration surface is chosen as one of
the simplest and represents ellipses located in the
equatorial plane. This allows you to compare the
action of the gravitational field relative to the equator,
that is, to identify symmetry or its absence during the
Earth's rotation.

Methodology

When solving problems of mathematical physics,
the solution is often presented in the form of integrals
of a simple or double layer. The implementation of
this approach is carried out in this work, while the
integration surface is chosen as one of the simplest
ellipses and represents ellipses located in the
equatorial plane.

Such a simplification further makes it possible to
compare the values of the external potential with
respect to the equator, that is, to reveal symmetry or
its absence.

Traditionally, the potential of the planet's gravity
is given by a series of spherical functions and looks
like this:

V(P)=G—M[1+i(ﬁj (CpoPy(cos )+
R n=0 r '

1)
+Y Py (cosd)(C,, coski+S,,sin /1))]
k=1
where Cn,k’Sn,k — expansion coefficients (Stokes

constants).

In the Earth sciences, slightly different quantities
are given, the so-called normalized coefficients,
related to the Stokes constants as follows:

(n—k)!(2n+1)
(n+k)!

R={Lk=° ®

Co = Av \/ RR , 2)

2,k#0

Quantities (2) completely describe the Earth's
external gravitational field in the region of
convergence of series (1), defined as a sphere
covering all integrating masses. However, decom-
position (1) is used in practice for the inner part of the
sphere, while obtaining completely adequate results.
Simply put, series (1) can also coincide inside the
sphere. In theoretical geodesy [Hofmann-Wellenhof,
& Moritz, 2005], a special term is even introduced:
“Bjerhamer sphere” — the minimum sphere outside of
which the series begins to coincide.

It is also not easy to find a possible interpretation
of the formation of the Stokes constants and relate it
to the internal structure of the Earth. These issues
were dealt with by a number of researchers
(geophysicists, geodesists, gravimetrists), such as
Moritz G. [Hofmann-Wellenhof, & Moritz, 2005],
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[Pellinen, 1978], Tarakanov Yu. O. [Tarakanov, &
Cherevko, 1979].

All the above considerations point to the necessity
to search for such potential representations for which
the problem of convergence would be at least partially
solved and would also carry some geophysical
information. One of the options for solving the
problem is proposed in this paper.

It was shown in [Meshcheryakov, 1991] that the
external potential of the planet can, in particular, be
represented by the sum of the potentials of two flat
figures (ellipses) with variable density located in the
equatorial plane, namely:

V=V'+V", )

where V' and V" - the single-layer potential and
the double-layer potential S, respectively, defined as

I'Q P

x(a(cosﬂ')ﬂ(cow)*'gz((rl—_k)! "

where I/ — the angle between vectors O—P, O—Q

rQ,p [1 Z( ] COSW)J
1+z( j(

1, (n-k)!
= (n+k)!

P (cos®)+2

g )25

®)

v.—.,

S

P)=llram

S

(6)

To determine the expressions (5) (the disclosure of
(6) is described in [Meshcheryakov, 1991]), we
establish the form of the density distribution functions
of a flat figure S. Relation (5) can be represented as
a sum of series in spherical functions [Hobson, 1953].

. . . 1
To do this, we represent the inverse distance —

p
Q,P
between two points Q(r' &', 1"),P(R,8 1) as
follows:
)

I
ol P¥ (cos ') P¥ (cos#%) (cosmA cosmA +sinmdsin m/I)J

If the point is in the equatorial plane, then its
coordinates are as follows and the radius vector has
the form:

(8)

Py (0) P¥(cos &) (cos mA cos mA '+ sin mA sin ml)}]

The values of the attached Legendre polynomials at point O are as follows:
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Substitution (10) in the expression for potential (5) gives the following:

V'= G?M(aoyo + i(%] [ahyoPn (cos®)+) L, P(cosd)(a,, coski+h,,sin kﬂ)n, (11)
n=1 k=0
where a, = L ”y(f 1)(r)" coskA'dS 1 myn
CPOVEIESS ' o = = [ 4(€m)X"y"dS, a3
s a"b"M ¢
1 n . ,
B = a"M J‘S-[ﬂ(é:’”)(r) sinkAdS e analogues which are called power moments [Ahiezer, & Crane,

of Stokes constants.
Equating the traditional notation of the potential
with the obtained expression (11) for even n—Kk, we

obtain the relationship between the coefficients:

Cn,k = Ln,kan,k’ Sn,k = Ln,kbn,k'

Thus, the expansion coefficients a, ,,b, , can be

considered known if the Stokes constants are given.
They can be given in a rectangular coordinate system
like this:

a,, + ibnyk =

a”lM ij(f,n)(xz + yz)m(x+ iy)“ds,
0<k<n, m:[n%k}. (12)

The system of equations (12) is a linear combi-
nation of the following expressions

O =

N

1938]. Note that in the case of equality (12), they split
into two subsystems with respect to a,, and b, ,
from which their moments (13) are determined. Let us
touch upon the definition of the function (&),
which also decomposes into two terms (corresponding
to the Stokes constants C_ | and S, , of pair orders):

u(Em)=w(Em)+u, (&)

Since the function is piecewise continuous, it can
be expanded into a series of biorthogonal polynomials

W, (&), @, (£ 1), which can be considered as a

simplified version of the corresponding spatial
systems [Meshcheryakov, 1991]. Detailed calcu-
lations and justifications will be performed in a
separate publication. Here we use post factum only
the properties and formulas necessary for appro-
ximation:

HEGEN

1 % N-2I I
amb“g*(_l) (N_l+1)}§,i!j!(m—2i)!(n—2j)!’

W _afmbfn{z}(_z)' i (ztl_1)u(2t2—1)!!(5]2‘1m(zjﬂf":

™ mintkt& 211,42 (2t -m)Y(2t, -n) a b (14)
-N N 2 2 N
= 2 ?n n X_Z + y_z -1 !
min!tdx™dy"| a° b
0, , mMzm,orn#n
= = I . 1
. ImequT NIS, mem.n=n (15)
r (N+1)minta*"b*"
The possibility of approximating the function can ~ where
be formulated by the following theorem.
Theorem. Any square-integrated function (€ 1,) .L.[ﬂwmn (é‘,n)dS
can be represented as a series (17)

ﬂ(f,n)=iidmwm(§,n), (16)

n=0 m=0

fm ™ [[ @ (£.7) Wi, (£,7)dS

and the series is convergent on average, i.e.:
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m',‘nTJf(ﬂ ZZN:d T=O. (18)

n=0 m=0

The consequence of this theorem is the uniform
convergence of the following series

V= GZde j YndS,  (19)

n=0 m=0

representing external potential V. Thus, a set of
functions

E 1 _ 1

u. = HWT”"dS (20)

is a set of harmonic functions describing a part of the
potential (1) with Stokes constants, the indices of
which are K—n is odd, and the sum of this series
coincides with the value of the potential in the region
that does not include the integrating masses. To
calculate expressions (20), we perform the following
transformations. We expand the reversible radius into
a binomial series as follows:
1

r2+1

fop \/r2+p2—2rpcosz// - R\/r2+,02—2rpcosy/il - R(m)\/1+ p°=2rpcosy -1 -

R(m)[“zl Zn

The series (21) is absolutely convergent because
the modulus of its common term is less than one, ie

1< 0’ —2rpcosz// -1 <1 22)
ré+1

This is easy to see by performing the following
transformations:

)p —2rpcosz// -1 <1
r’+1
O°=2rpcosy —1<r®+1,

Then

"(2n-1)11( p? —2rpcosz// —1Y’
r’+1

(21)

(p=1) +2rp(L+cosy)+2(1-p*) =
—p*+r2+2rp(cosy)+1+1>0
p’=2rp(cosy)-1<r?+1,

2)—r?
(,o—r)2 +2rp(1-cosy)>0.

Therefore, it can be differentiated term by term,
including with respect to variables &,77. To do this,

we first write its expression in a rectangular
coordinate system.

~1< p®=2rpcosy -1,

= 1+i
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can be reduced to the following form using the Stokes formula:

R(JTTIE)

The functions U,
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S
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After substitution (23) in this formula we obtain:

n

(_1)n—l (_2)12 +ty g211+t3’7212 +t, th y14
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Finally, we now determine the potential V by a
sequence of formulas (25), (19), (17), (11) and
compare this value with the value of the potentia
obtained from pair powers of spherical functions in
schedule (1). Outside the security sphere, these values
coincide, and points with different values define the
area of divergence of part of the series (1). In this
case, in contrast to (1), we obtain a function that
generates this part of the gravitational field value.
Therefore, it is possible to draw certain conclusions
on the basis of this function about the possible areas
that generate the features of the gravitational field.

Results

Numerical experiments were carried out to verify
the above methodology. The twenty first orders of the
EGM2008 gravity model [Pavlis et al., 2008] were
taken as initidl data The GR-84 dlipsoid of

revolution recommended by the International
Geophysica  Union [NI&MATR, 1984] with
parameters a=6378137m, o =1/298.257223,

b =6356752.3142 m, was taken as the figure of the
Earth. Based on these data, we calculated the
coefficients of the expansion of function 4 (&,7)

(6) for even powers of Stokes constants of even
orders. Its visua representation is shown in Fig. 1in
two versions. a three-dimensiona image and
representation of a function using isolines. However,
it is difficult to make any analysis from these figures,
since the change in function is carried out not in a
planned interpretation (in latitude and longitude), but
in a combined form (in length and longitude).
Therefore, for clarity, it is necessary to develop other

ways of displaying such information, which is
currently being done by the authors of this
publication. From the figures, certain clusters can be
distinguished at a depth of 6371x0.6 km = 3826 km at
longitudes of 180 and 40 degrees, which in
geographical location is a projection of points under
Africa and in the Pacific Ocean. Without making any
interpretations and conclusions, one can only notice
the correlation of these placements with the recently
discovered two regions of the features of the Earth's
internal structure [21]; one can aso distinguish a
feature at a depth of 637 km in the region of 180
degrees. At depths of 0.6-0.8, positive values of the
integrand are clearly manifested, and from 0 to 0.02, a
negative value falling off from the origin. However, it
is difficult to make any qualitative interpretation and
associate it with a geographical location, because
these values are the result of action over the entire
latitude.

The potential is determined from the Stokes
constants up to the 10th order and takes into account
the paired Stokes constants. It is given in Table 1.
(columns with the name “sphere”) for different points
in space in latitude and longitude for a fixed radius of
the relative sphere (R=3). For radii that are less than
unity, there is a discrepancy between the values
calculated in two ways, which is not given here. This
discrepancy can be explained by the small nhumber of
considerations for the terms of the sum and the way in
which the coefficients of the schedule (17) are
calculated. We emphasize that the linear combinations
include the values of the Stokes orders of all orders to
the power of the determination coefficient (17). This
effect is leveled out with increasing order of sum-
mation, but for small ordersit can be noticeable.
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Fig. 1. Ellipse density distribution function (g/cm?), which corresponds
to the Stokes constants of paired orders, (p is the relative radius of the ellipse,
A is the polar angle, 0 <A < 360°), isolines are drawn every 0.15 g/cm?.

Also the results of Table 2 clearly illustrate the
closeness of the potential values for a relative radius
greater than unity. If the relative radius is less than
unity, then its gradual decrease gradually increases the
difference between the potential values calculated by
the two formulas (1), (19).

One more important note. Although the asymmetry
is also generated by the Stokes constants S, (n—k-pair),

their influence on the value of the total potential is
much smaller and is not studied in this paper due to
the need for additional study approaches (introduction
of scaling factors, the possibility of performing cal-
culations, etc.)

Table1
Thevalue of the potential calculated for theradiusR = 3 by spherical functions
and using theintegral of asimplelayer taking into account
the Stokes constants C_, (n - k-pair)
0° 60° 120° 180° 240° 300°
2
s M
V-106249482.0-10° —-
S
0° -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005
45° | -0.501 | -0.499 | -0.502 | -0.502 | -0.502 | -0.502 | -0.501 -0.5 -0.502 | -0.502 | -0.502 | -0.502
90" | 1.003 | 1.005 | 1.002 | 1.001 | 1.002 | 1.001 | 1.003 | 1.006 | 1.002 | 1.001 | 1.002 | 1.001
135° | -0.501 | -0.499 | -0.502 | -0.502 | -0.502 | -0.502 | -0.501 -0.5 -0.502 | -0.502 | -0.502 | -0.502
180° | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005 | -2.005

32



Geodesy

Table 2

Thevalue of the potential calculated for different radii at a fixed angle z9=% by spherical functionsand

using theintegral of asimple layer taking into account the Stokes constants Cn’k (n = k-pair)

0° 60° 120° 180° 240° 300° 0
2
g M
V -106249482.0-10 —
S
0.7 | -0.518 -0.392 -0.446 -0.395 -0.446 -0.396 -0.518 -0.395 -0.446 -0.396 -0.446 -0.395 -0.518 | -0.392
0.8 -0.315 -0.263 -0.295 -0.264 -0.295 -0.265 -0.315 -0.265 -0.295 -0.265 -0.295 -0.264 -0.315 | -0.263
0.9]| -0.216 -0.185 -0.211 -0.186 -0.211 -0.186 -0.216 -0.186 -0.211 -0.186 -0.211 -0.186 -0.216 | -0.185
1.0 | -0.149 -0.135 -0.129 -0.135 -0.129 -0.136 -0.149 -0.135 -0.129 -0.136 -0.129 -0.135 -0.149 | -0.135
1.1 | -0.108 -0.101 -0.101 -0.102 -0.101 -0.102 -0.108 -0.102 -0.101 -0.102 -0.101 -0.102 -0.108 |-0.101
1.2 | -0.082 -0.078 -0.076 -0.078 -0.076 -0.079 -0.082 -0.078 -0.076 -0.079 -0.076 -0.078 -0.082 | -0.078
Conclusions Akhiezer, N. & Crane, M. O. (1938). Some questions

1. The description by means of integrals of simple
layers of the gravitational field on the Earth
complements other attempts to represent it.

2. Calculation of the potentials of simple layers
can be done with the help of series coinciding outside
the region of integration.

3. Potential values obtained by different methods
are the same in space, excluding the distribution of
masses inside the planet.

4. The two-dimensional integrand of the surface
integral can be used for geophysical interpretation, in
particular, to reveal the asymmetry of the gravitational
field.

5. It is planned to further improve the above
technique with the aim of extending it to higher orders
and studying the properties caused by other constant
groups of Stokes.
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JIOCJIIJKEHHS ACUMETPIi TPABITALIIMHOI'O ITOJIS 3EMIII,
IOAAHOI'O ITOTEHIIAJIAMU ITJNIOCKUX OAMCKIB

Y po6oTi pO3rISHYTO MOAAHHS 30BHINIHBOTO IPaBITAIIfHOTO TMOJS 3eMIli, sSKi JOMOBHIOKTH HOTrO Tpajau-
HifHY anmpoKCHMAIlI0 psAaMHu 3a KyJNbOBHMH (QYHKLiIMH. HeoOXimHiCTh MOMATKOBHX 3ac00IB OIMMCY 30BHIMI-
HBOTO TOTEHIia]ly NPOAUKTOBaHA IOTPEOOI0 HOro BHBYEHHS Ta BHKOPHCTaHHA B TOYKaxX IPOCTOpPY, LIO €
OnM3bKMMHU 10 NoBepxHi 3emii. Came B Takux OOJIaCTSAX BHHUKA€E MOTpeda NOCHIKeHHs 301KHOCTI psiiB 3a
KylbOBHUMH (YHKIISIMH Ta aJeKBAaTHOrO BH3HAYCHHs 3HA4YCHHs NOTeHuiany. [IpeacTaBieHHs 30BHILIHBOTO
TpaBiTaIlifHOTO MO 3eMIli iHTerpajJaMy IMPOCTOTO Ta MOABIHHOTO MPOIMIAPKY i3 3aJy4eHHSIM anapaTy alpoKCH-
Manii KycKOBO-HenepepBHOi (YHKIII B CEepeluHi eninca Jae 3MOrY PO3MWIHUPUTH Ui PSAiB, LIO TOAAIOThH
MoTeHIial, 061acTh 301KHOCTI 10 BCHOTO ITPOCTOPY 11032 EJIICOM iHTerpyBaHHs. ToMy, SIK pe3ynbTar, 3Ha4YeHHS
rpaBiTaIiifHOro MOTEHMiamy 36iracThcs 3i 3HAUCHHSIMH IMX PSJAIB 103 TUJIOM, MIO MICTHTh MacH Haap (Kpim
eminca inTerpyBanus). Lle mae MOXIMBICTH OIIHIOBATH TIOBEIIHKY TPaBITAI[IMHOTO MOJIS B MPHUIIOBEPXHEBHX
00JIacTSIX Ta BUKOHYBAaTH 3 OIJBIIOI0 JOCTOBIPHICTIO MOCIHIPKEHHS '€OJUHAMIYHHUX IPOLECIB. ANPOKCHMAIIis
TpaBITAIlIfHOTO TOJA 32 JOTIOMOTOI0 TIOBEPXHEBHX IHTETPANIB OKPECIIOE TaKOXK Teo(i3MIHUNA acIeKT 3aIadvi.
Amxe mig wac i1 po3B’s3aHHS 3IIMCHIOETHCS TOOYZOBAa IBOBHMIPHHMX MiMiHTETpambHUX (YHKINH, 110
OJTHO3HAYHO BU3HAYAIOTHCS HAOOPOM CTOKCOBHMX CTaiux. [Ipu 1boMy Koe(illieHTH iX pO3KIauiB y paiu
BH3HAYAIOTHCS 3a JIHIHHUMH KOMOIHAIISIMU CTENEHEBMX MOMEHTIB iX QyHKOiH. Otpumani po3kiagu (yHKIIH
MOXYTb OyTH BHKOPHCTaHI U JOCITiIKEHHS 0COOIMBOCTEH 30BHINTHHOTO TPaBITAIIMHOTO TOJS, HAPHKIAM,
BUBYCHHS HOT0 aCUMETPIi BITHOCHO €KBATOPiaIbHOT IJIOIIHHH.

Kniouosi crosa: acumerpis rpasitariiiHoro nosist; 3emist; norenuial, cdepa b’epxamepa; cTokcoBi MOCTilHI.
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