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Abstract

One of the main problems in celestial mechanics is the study of the shape
adopted by extended deformable celestial bodies in its equilibrium configura-
tion. In this paper, a new point of view about classical theories on equilibrium
figures in close binary systems is offered.

Classical methods are based on the evaluation of the self-gravitational, cen-
trifugal and tidal potentials. The most common technique used by classical
methods shows convergence problems. To solve this problem up to first order
in amplitudes two algorithms has been developed, the first one based in the
Laplace method to develop the inverse of the distance and the second one based
on the asymptotic properties of the numerical quadrature formulas.
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1. Introduction

The main aim of this work is to develop a consistent theory to determine
the self-gravitational potential at an arbitrary point of each component of a
detached close binary system in a state of slow rotation, when its equilibrium
configuration has been reached. This means that the binary system is observed
from a coordinate system rotating in association with the studied component,
once the hydrostatic equilibrium is reached. The configuration of hydrostatic
equilibrium is equivalent to a state of rigid rotation, which corresponds to the
minimum potential [4], [8], [7]. In accordance, among others [4], [9], [7], this
state implies the identification of equipotential, isobaric and isopycnic surfaces.

The mechanisms by which a close binary system reaches its equilibrium state
have been studied among others by [2], [3]. This process implies circularizing
the orbit and synchronizing the rotation and translation movements. Let M;
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and M> be two masses and R the distance between the center of mass of its
components. The equilibrium state implies Kepler’s third law
My + M,

w2 = GT (1)

The state of the close binary system can be modeled by the equations:

VP = VU 2)

AT = —47Gp + 2w? (3)

where P is the pressure, p is the density, ¥ is the total potential, A is the Laplace
operator, G is the constant of universal gravitation and W is the angular velocity
of the system. To integrate these equations in a general case of mass distribution,
a state equation, P = P(p), relating pressure with density is required.

To assess the full potential is necessary to calculate the self-gravitational
potential 2, the centrifugal potential V. and the tidal potential V;.

The physical effects produced by the disturbing potentials (centrifugal and
tidal) are deformations of the equipotential surfaces of the components with
respect to the spherical symmetry that stars at rest would possess.

To study the potential of a generic point of the close binary system, it is
convenient to define the coordinate system OXY Z. On it, O is the center of
mass of the primary component, OX is the axis rotating in the direction of the
secondary component, OZ is an axis in the direction of the angular velocity of
the system and OY is defined in a way that OXY Z may form a direct trihedral.
The value of V, and V; in this reference system is described by Finlay [4], Kopal
[8], [9] and Lépez [10], [12].

The solution of the problem can be addressed on the basis of the well-known
equations determining the structure of a self-gravitatory fluid, initially isolated,
which leads to a solution with spherical symmetry.

From this initial solution, the general problem includes centrifugal forces
due to rotation and tidal forces generated by the secondary component. This
problem can be analyzed from the solution of an unperturbed problem using
the perturbation theory, successive approximations of the density, pressure and
temperature data, and the definition of the shape of the component as the lower
surface containing it.

An alternative treatment, due to Clairaut [7], is to consider that density,
pressure and temperature of each component are only function of the total
potential, so that the complete solution of the problem is equivalent to determine
the equipotential surfaces. An advantage of this procedure is that pressure does
not appear explicitly in the basic equations which determine the equipotential
surfaces. The equations depend on the density, remaining invariant with the
form it takes.

In the Clairaut method, the figure of each component is defined by the lower
equipotential surface containing the component. The study of the close binary
systems has been addressed using the Clairaut method by several authors [9],



[10], extending the technique used by Finlay and Kopal, among others, to the
problem of equilibrium figures for rotating isolated bodies. Kopal [9] studies the
amplitudes of the deformations with respect to the sphere by adding the terms
of rotation, tide and the rotation-tide interaction. On the other hand, Lopez
[10] studies the problem globally, up to the first order, using as a basis for the
developments of equipotential surfaces the spherical functions.

Unfortunately, the method used by these authors [9], [10] offers some prob-
lems regarding the convergence of the used developments and its solution de-
pends on the desideratum of Laplace, which has not been yet demonstrated. In
case of rotating figures, these problems have been studied by Lépez [12]. The
study shows inconsistencies in Kopal’s approach. To overcome these disadvan-
tages, Lépez [12] introduces two new algorithms which do not require compliance
with the desideratum of Laplace. Lopez shows that, up to first order, the inner
and outer terms of the self-gravitational potential given by the Kopal theory
are wrong. However, the full potential up to the first order coincides with the
one obtained by Kopal. This demonstrates that the results of Kopal theory are
consistent because they do not depend on Laplace desideratum.

This paper focuses on extending the results obtained for rotating deformable
bodies showing rotational symmetry to the most general case of the close binary
systems. In this case we show that the terms of the self-gravitational potential
calculated using classical methods are not correct. Despite this, it is shown
that the total potential, up to first order in the small amount w?, coincides
with that obtained by classical methods. In the case we are treating, spherical
functions and their products are involved, which makes it far more complex than
the problem considering only rotation, because in this case only the Legendre
polynomials and their products must be considered.

In this section, the general backgrounds of the problem are explained. On
them, the inconsistency of the classical theory due to its reliance on the unproven
hypothesis known as the desideratum of Laplace is shown. It is also shown the
need to build new methods to solve the first order theory for the close binary
systems which are independent of the Laplace desideratum.

Section 2 describes further the classical method proposed by Finlay and
Kopal, based on the method of Clairaut as well as its extension for close binary
systems. In this section, difficulties offered by the classical theory due to the
dependence of this theory with the unproven desideratum of Laplace are also
shown.

In section 3, a new algorithm based on an extension of the method used
by Lépez [12] for close binary systems is shown. This method is based on a
modified Laplace method for calculating the inverse of the distance between two
bodies moving in elliptical orbits. This method obviates the need of depending
on Laplace desideratum to evaluate, up to first order, the self-gravitational
potential in a point of a component of a close binary system.

Section 4 introduces a second algorithm that extends the technique devel-
oped by Lépez [12], to close binary systems. This method, consisting on a gen-
eralization of the Wavre method, permits to obtain the rigorous calculation of
the different terms of the self-gravitational potential of each of the components.



These terms do not coincide with those obtained by the classical theory but,
nevertheless, it is also shown that, up to first order in w?, the self-gravitational
potential coincides with the one obtained by classical theory.

In section 5, the main conclusions of this work and its comparison with the
results obtained by the classical theory are discussed.

2. Classical theory of close binary systems

In this section, the classical theory about equilibrium figures in close binary
systems due to [4], [8], [9], [10] is presented. These theories are based in the use
of the Clairaut coordinates system. Let (r,0,\) be the spherical coordinates of
a point of the primary component. These coordinates are related to Cartesian
coordinates (z,y, z) by

x=rcosAcosf, y=rsinicosf, z=rsind. (4)

The Clairaut coordinates system (a, 8, A) is related to the spherical coordinates
system by r = r(a, 6, ). The total potential ¥ depends only on the a coordinate
and then, for each constant a, the surface » = r(a,0,A) is an equipotential
surface.

The value of a is defined by the following condition: the mass of the com-
ponent enclosed by the equipotential surface r(a, 6, \) coincides with the mass
contained in the sphere of center O and radius a. Obviously, in the case of
equilibrium, the density p depends only on the coordinate.

Figure 1: Sphere and equipotential surface

To assess the total potential at a point contained in the primary component,
it is necessary to obtain the self-gravitational potential 2, the tidal potential V;
and the centrifugal potential V.

Let P be a point in spherical coordinates (r,6,A) of the system primary
component. Let r; be the smallest sphere centered at O containing the primary
component and dm’ the mass element of a point P’ with coordinates (', 6", \')
of the component.

The self-gravitational potential is given by

1 z 27 /
Q:G/ / / dm’
0o J-z Jo A

4

(5)



where A is the distance between the points of coordinates (r, 8, \) and (1,60, \),
and dm’ = pr'? cos 0'dr'df’'d ).

The inverse of the distance can be obtained through the classical develop-
ment

1 Z (T—) n(cosy), 1 <r
L _ ! =0 (6)
A \/r2 402 — 2r1/ cosy 1 i (Z)" Py(cosy), <1
n=0

—
where 7 is the angle between the vectors O? and OP'.
By the theorem of addition of spherical harmonics in real form, we know

P, (cosv) =

47 -
Yo (0, )Yy (6", X)),
ores D DRCAIRICEY 7

The self-gravitational potential ) is evaluated by

Q=U+V (8)

2 / /
U= G/ / / P 9 ) T2C059/d9/d)\/d7“/
El
27 7, 9/ )\/
V= G/ / / r2cost9’d9’d)\’dr’ 9)
5

where U is the potential due to the outside part of the sphere of radius r» and
V' the potential due to the inside part of this sphere.
To evaluate these integrals it is convenient to replace % by (6), and so we

have - -
U= U™, V=> V! (10)
n=0 n=0

where

vl

where

2m
U, = G/ / / 10 N ) T Py (cosy) cos 0/’ AN dr’

s
2

el

27
V=G / / / ', 0", N )r"*T" P, (cosy) cos 0'd0’dN'dr’.  (11)

Taking into account that the Jacobian of transformation between spherical and
Clairaut coordinates (a’, 6, \) is g;/, we have

/

dm' = p(a') == 1" cos ' da'do'dN, (12)
a




and following [4], [9] we can write the last equations as:

27 /2 n
U, =3 / / / ———P,(cos~y)cos@'dd’dN'da’, if n # 2
—n
m alog
U, = G/ / / Py(cosy) cos@'dd’ dN da’,

2m aTIBJrn
/ / / ——— P, (cos ) cos0'd0’'dN'da’. (13)

where log denotes Naperian logarithms, and a(#’,)\’) is the value of the pa-
rameter a corresponding to the equipotential surface containing the point of
spherical coordinates (r,8’, \'), and a1 the value of Clairaut coordinate a on the
equipotential surface determitated by the shape of the component.

Classical theory assumes that developments (11) and (13) are equivalent.
However, this assumption is not true because (11) is calculated on the sphere
and (13) over the equipotential surfaces.

To evaluate the last integrals, we consider [7] r = a(1 + &(a, 0, X)) and r' =
a'(L+&(a,0', X)), where £(a, 8, ) is a small quantity. In the other hand, we
assume that the development for r converges:

n

3+n

=a(14+ > Y fam(@)Ynm(®,N). (14)

n=0m=—n

The functions f, m(a) are called amplitudes and the functions Y, ., (0, ) are
the spherical functions. The spherical functions are an orthogonal and complete
system on the sphere. To manage the products of spherical functions we van
see [1], [6], [5]. The absolute value amplitude functions | f, »(a)| increases with
a [7], [13], [8].

In the case of an isolated body in rotation [8], [9], this development can be

reduced as r = a(1+ > fon(a)Pan(cos®)). In the case of a close binary system
0

e
by symmetry reasons, we have f, n(a) =0 if m < 0 or n +m is odd.

To evaluate the integrals (13), it is convenient to approach r’* and logr’ up
to first order in amplitudes, and so:

1+kZZf,m w0 N)

n=0m=0
logr' =loga’ + 3 Y fam(a)Yam(®,N). (15)
n=0m=0

Replacing (15) in (13) and taking into account (10), we obtain the develop-
ment [10]

_47TGZZ  [Bun(@) 1" + P (@] Yn(0.0)  (16)

=5 2n+1



where, for n # 0,
Enm(a) = /aal p % {a’%nfn,m(a')} da’, (17)
Fun@) = [0 5 {a" fum(a) } o (19)

and

Foo(a) = /:1 , % {a/2 [V + foo(a)] } dd’ (19)

Fyola) = /Oa P50 {a [2\3/_ + fo,o(a )}}da’ (20)

On the other hand, the function % represents the mass M (a) contained in
the sphere of radius a which coincides with the enclosed in the equipotential
surface r(a, 6, A). In consequence

a b z 27 1 5
- Z =M 21
/0 "5 /—g/o 3" cos 0 d\dfda (a) (21)

Developing now 73 up to second order and replacing the product of spherical
harmonics by their developments, it is obtained

Joo(a)[1+ foola)] + fia(a) + fiola) + (22)

1 1 Q) =
m 2\/— ﬁfm() 0

From this, we can deduce that the amplitude foo(a) is of second order for
amplitudes.

Moreover, if we assume the condition that the center of coordinates is in the
center of mass of the main component, then

/ xdm = ydm = zdm =0 (23)
My M, My

Since

1':\/4%7"}/1 1(9 )\) \/4%7"}/11,1(9,)\), Z:“%TYL()(H,)\). (24)

From the first equation of (23), we have

27 4
/ ,/—” 7 Y1.1(0, \)p(a)r? cos 0dAdfdr = 0, (25)
-3

/ /g/% 4—”—1/11(9 Np(a)cos0dadddr =0, (26)

and so



/Oa1 pla) M da = 0. (27)

da
d f11(a)
da

has the same sign as f1,1(a). Furthermore, as p(a) >0 Va <

d fi1(a)

a1, we can deduce that, in first order, f11(a) = ~da - 0. That is to say,
a

As |f1.1(a)| is increasing, then f1 1(a) and

d (a4 fl,l(a))
d

a

have the same sign. There-

fore

3

order of fi1(a) is of an order higher than the first.
Moreover, the centrifugal potential and the tidal potential in first order [11]
are expressed respectively by

2T MR \?
_ 2 2 -
Ve(a,0,)\) = w{[ 3 @ +ﬁ< _— 2>

T MR 2 jm o,
2 =———aY11(0,\) — =4/ =a" Ya(0, A
3M1+M2a 1’1( A 3\/ga 2’0( ’ )}

YO,O (95 >‘) -

(28)

M. 2
Vt(a,ﬂ,)\) = % {2R2 Yoyo(e, )\) =+ ﬁaRYm(ﬁ,)\)—

1, 3,
7% a Y210(9, )\) + \/;a Y212(9, )\)} (29)

Notice that up to first order in amplitudes the disturbing potential V, 4+ V; due
to the third Kepler law, only contains terms in Y o, Y50, and Y5 o.
The total potential ¥ = Q 4 V, 4+ V; is given by:

U =U(a)=Too(a) + > > Vpnm(@)Ynm(0,N). (30)

n=1m=0
And so ¥(a) = Yo o(a) and Uy, p,(a) =0 if n + m # 0. Following a similar way
as Kopal [8], [9] only the amplitudes f29(a) and fa2(a) are of first order in w?.

Unfortunately the classical method involves several inconsistencies. The
values of U, and V,, given by (11) and (13) are not the same as will be later
demonstrated, because in the first form the domain of integration they are
limited by sphere centred in O containing the point P and in the second form
this one is the region limited by the equipotential surface containing P.

An alternative method to solve this problem used by Liapunov [7] can be
describe as: let us define V, as the region limited by the equipotential surface
containing the point P with Clairaut coordinates (a, 8, A) and be V. the region of
the component of the equipotential surface of P. The self-gravitational potential

) can be decomposed as
dm/’ dm/’
o-c| Tc 31
v A VA (31)




and replacing

1 1 % > (TT/) P,(cosvy), ' <r
~= =q "D (32)
A \/r2 4772 —2r1 cosy L S (5)" Pulcosy), <1,
n=0
we have -
Q=3 [Kur"+ Wyr™""!] (33)
where

2m /
K, :G/ / / a)r't=n or == P (cosy) cos0'd’d\ da’
s oa’
2

27 l
W, =G / / / a') pr2nd —— P, (cos) cos 0'd6’'dX da’. (34)
a

s
2

el

At this point it is important to mention the equivalence of equations (13)
and (34).

Let’s remember that in order to use (33), the assumption of the non-demons-
trate Laplace desideratum (can be found in [7] and [13]) is necessary to be able
to accept the convergence of the development (33). These hypotheses assume
that by replacing the first part of (32) in the first term of (31) and the second
part of (32) in the second term of (31), convergence is maintained.

3. First order analytical algorithm

In the classical method it is necessary to evaluate the potential through (33),
but unfortunately, the series defined by (6) do not converge in the layer defined
by 7 € [Fmin(a), "maz (@)] with

™

rmm(a):mm{r(a,@,)\) 96[ 5 2} ;)\E[O,ﬂ']}

T'maz (@) :max{r(a,e,)\) 10 e [—g,g} A€ [0,7‘(‘]}

To solve this problem a method based on the Laplace development of the
inverse of the distance between two planets [13] will be used. Lépez [12] apply
this technique to obtain the inverse of the distance between two points in the
rotational case, and we propose to extend this technique to the case of two
points of a component of a close binary system. To do that, we define

1

D(a,d') =
(@ @) Va2 + a” — 2aa’ cosy

(35)




The inverse of the distance A~' = (r2 — /2 — 271/ cosy)~ /2 between dm
and dm’, A=Y = D(r,7"), can be obtained to first order in amplitudes by means
of a Taylor development up to first order in amplitudes:

1 0D(a,a’)

i D li Y

A (a” a ) + a a
Denoting X as Y o 03" fnm(a) Yn,m (60, ), up to first order in amplitudes
we have:

(r—a)+ %(r' —d) (36)

r=a(l4+3X) r=ad(1+%)
k= a1+ kYD) " =ad*(1+kY)
logr =loga+ % logr’ =loga’ + %' (37)

From (36) and (37) we obtain

1
A
D / D /
where D,(a,a’) = % and D, (a,a’) = %.
The mass element dm’ is expressed by (12). From (37)

= D(a,a’) + Dy(a,a’)a¥ + Dy/(a,a’)a’ ¥’ (38)

or'
oa
P22 /
v =a" (142%)

ar' /2 ? / 75

T o =a a ’
" (1+3% +d'5,) (39)
a

=14%+4+d 3%,

From (12) and (39), the mass element dm’ expressed in first order terms is

obtained
/2

dm' = p(a')a” (1+ 3% +d' X)) cost da'dd’dN (40)

Inside the equipotential surface that contains dm’
, 1 [a\"
Dia,a) = =3 (L) Pa(eos) (41)

Outside, we have:
, 1 S /a\n
Dia,a) = =3~ (5 Palcos) (42)
n=0

The self-gravitational potential ) is expressed as the sum of the external
potential and the internal potential

Q=K+W (43)

10



where

27 ai
K=G / / / AT %cos@’ da'de’dN' (44)

o T ar / / / /
W = G/ // B 5 cost da'de'dX (45)

Now, we are going to develop the internal potential W up to first order. To
do that we will use the development in the interior of D(a,a’):

Dala,a’) = —% St 1) (%)nPn(cosv)

n=0

wly MH

oo N (46)
Da(a,a’)aZ:—EZ(n—i—l) (%) Y Pp(cos®)
n=0
1 — a’
Dy(a,a )’ == n|—] X' P,(cosv)
() e
From (38) and (46
1:22 (1—-(n+1)X+nY) P,(cosy) (47)

From (40), (45) and (47)

27 "*2
W = / / / { ——5 9(3, %) Py (cos ) cos ¢ d@d)\} p(a’)da’  (48)
fu a

where g(3,X) =1—(n+1)2+ (n+3)X' +a'%,.

11



From (69)

27 .
, r_ 0 ifn#0
/ /E (cosy) cos@' do’d\ { Ar =0
2

2m '
-3

47 ifn=0
2m
/ / ¥ P, (cos) cos@'d@d)\'—
z

27 n ’
4 d n,m
/ /ga S, Py(cosy) cos@ df/dN = Qnila’ S nifﬂ ,(“)anm(e,A)

Then, from (48) and (49) we obtain

4 @ 2
7rG/ pla)a" da’'+
a Jo

#1463 [ ota) {( (W e >)> Yn,m<e,A>}da'

Let us define

Eoola) = / h oL (Va?) da

“ 4 (o0/F
Foola) = [ p-Z (2¥743) g
0,0(a) /Opda<3a) a

Epm(a) = /aa1 o dia (a*" fam(a)) da it n#0

W =

(51)

Fam(@) = [ oo @ fup(@) da it 00

Consequently, from (50) and (51)

W =29 @ Voo0. ) + 476 S 3 T @) Yam (0 (62)

n=1m=—n

In the same way that W has been calculated, K development is obtained

K =47 G Ego(a) Yo,0(0, )\)+47er Z 2n:_1Enm(a)Yn7m(9,>\) (53)

n=1m=—n

12



Consequently, from (52) and (53) the development of the self-gravitational
potential 2, in terms of first order, is obtained:

Q= 4r G{ (EQQ(G) + é F0,0(G/)) 5/0,0(9, )\)-i-
(54)

2n

n=1m=-—n

%S n 1 . o
> > 1 (a"Enm(a) +a "7 Fy n(a)) Yn,m(e,A)}
which coincides with the classical expression of the self-gravitational potential.

4. First order numerical quadrature algorithm

The method we are going to use in this section lies in the direct calculation
of the self-gravitational potential (£2).
Let’s be

r(a,0,\) =a[l+X] with ¥ = Z Z fp.a(a) Ypq(6, ) (55)

p=0qg=—p

[e'e) p
P 0N =d L+ ] with =303 f4(@) Y@, N) . (56)

p=0q=—p

A necessary condition for the point r’'(a’,6’, \') are contained in the sphere
that contains the point P of Clairaut coordinates (a, 8, \) is

r'(a',0',\) =r(a,0,)\) (57)
1+X
a':a1+2/ (58)

Developing ﬁ in ¥/ power series

1 = o
Ty d(=premoif B <1 (59)
n=0

From (55), (56), (58) and (59)

o0

d =a(l+%) ) (-1~ (60)

n=0

Developing (60) up to first order of ¥ and ¥’ power, it is obtained
ad=all+X-3Y] (61)

From (11) and (61)

13



T 27T b1
Vo, = G/ / / p(r’, 0", X )r"*T " P, (cosy) cos 0'df'dN dr’ =

2 a(l+2-3) g+
/ ! /
2
3+n/ /% ) (cosy) cosf </0 P50 da) do'dx, (62)

and so

G 27 z a 9 r/"+3
Vo= P, o' da' | do’'dN
Y /0 . (cos7y) cos </0 P da +
2 z ataX—aX’ s
Sf / /2 P, (cosy) cos®’ (/ p 82 - da’) ae’dN =
n Jo 7% a a
21 ataX—aY 9 r/”’*’“"
3 i / / (cos~y) cos @’ /a P 5a da' | dO’dN

(63)

+

On the one hand,

/aa-i-az—azl ) i [T’TLM} da’ ~ p(a) % {T/HH}G,ZG (a¥ —aX) =

p=0qg=—p

n+3
- ”ai{aw <1+22fm b (0,2 ’)) ]

a’'=a

a [Z Z fr.q(a) Yp,q(0,A) Z Z fpa(@) Yy (0, A /)1 (64)

p=0q9=—p p=0g=-p
Developing (64) up to the first order in f;, 4(a) and fp 4(a’)

ataX—aX’ .
/ p; ) -

=(n+3)p a"*? Z Z (fp.a(@) Yp,g(0,0) = fpq(a’) Yy q(0', X))

p=0g=—p

On the other hand

(65)

I 2 !
Foal@) = fpafa) + 2D (@ =) 5 TR @ (o)

a

Approximating (66) up to the first order in f, 4(a), it stays
fra(@) = fpqla) (67)

14



From (65) and (67)

/aa+a2—az:’pa(z [ Hd} 4 -

=(n+3)p a"*? Z Z fpa(@) (Ypq(0,0) =Yy q(0",\))

p=0q=—p

(68)

On one hand, from the addition theorem of spherical harmonics in real form,

47 ~
Y Y ! !
o] 2 Yam(®2) Yam(@',X)

m=—n

Pu(cosy) =

and on the other, according to the orthonormality of spherical harmonics,

/ / Y, s(0, ) cosOdOdN\ = 0y O, s
A= -3

we obtain

47
)Yy (0, N) cos@ d0/dN = ——— Vi (0, 0) 8, (69
[ / 2 (€057) Vi (8, X) cos T Y00 By (69)

where 6; ; is Kronecker’s delta.

From (63), (68) and (69), and considering, in this work, ¢ > 0, m > 0, it
stays

Vo(a,0,\) =47 G on0

/Opa da’ + p(a Zpr,q Y, a0, +

p=0¢=0

+2§”L7T+G1 mzn_:o |:/Oa P % { " f" m( )} da’ — p(a) a"t? fn,m(a)] Yn,m(ea )‘)
(70)

In a similar way

Un(a,0,\) =47 Gdn 0

/a 1pa’da’— 222]‘@(] Ypq(0,0)] +

p=0¢=0

;;:LGI Z {/ 1 P od {a'%n fn,m(a')} da' + p(a) a*™" fn,m(a)} Ym0, \)
m=0 - @

(71)
a(a0,3) = 2€ 5 ( | ety dd = o) f2,m(a)> Yo (0. 0)
m=0 a
(72)
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From (34) and taking into account (70), (71), (72) we obtain

Uo(a,0,)) = Ko(a,0,\) — 47Gp(a ZZ Foa(@)Yy4(6,)) (73)
p=0 ¢g=0

oo p

Vo(a,0,) = Wo(a,0,\) + 47Gp(a)a® > >~ foe(a)Ypqe(6,))  (74)

p=0 ¢=0

and for n # 0

4G g2n
Un(a,0,0) = Kn(a,0,2) + 5 == p(a anq Vg (6, 2)

4
Vn(aa 9, )‘) = Wn(aa 9, )‘) - 2 ﬂ-G n+3 Z fn,q 711 9 )‘) (75)
n -+

In short, we have come to show that both, the development of the outer
potential (Un) and the development of the inner potential (V},), are formed by
adding up the development of the outer potential of classical theory (K,,) plus
others terms (75) and by adding up the term of the inner potential of classical
theory (W,,) plus other terms (75), respectively.

Givena N € Z*

Q=Ko+ Wor '+ Z [Knr” + Wnr_”_l] +

n=1

N P
+47G (a®r~! = a®) p(a) Z Z Ip.q(a)Yp q(0, M)+

p=1q=0
+47TGZ (Z ( Znyn A3y 1) p(@) frm(a)Yn m(0 )‘>>‘|
n=1 m=0 (76)
Moreover
a*r~t —a® = —a? Zpr,q Ypq(0, ) (77)
p=0¢=0

a® "™ — a3 = (2n + 1)a Zpr,q Yp.a(0,2) (78)

p=0¢=0

From (76), (77) and (78), and approximating fy . (a) up to the first order
in amplitudes, we obtain

Q=Ko+ Wor ' + > [Knr™ + Wor "] (79)

n=1

which is the expression of the self-gravitational potential in its classical form.
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5. Concluding Remarks

This research proves that Finlay and Kopal method used by the classical
theory reveals inconsistencies already in the first order. These inconsistencies
are derived from the assumption, relying on Laplace desideratum, that the de-
velopments (11) and (13) are equivalent.

In order to avoid confusions, in this work we have redefined the name of the
developments displayed in (13), so that U,, and V;, are renamed as K,, and W,,,
respectively (34).

By using a method that does not presuppose the Laplace desideratum and
from the developments displayed in (11), U, is proved to be different from K,
and V;, is proved to be different from W), as is brought to light in (75).

Moreover, the method used by Liapunov to solve this problem depends on
the desideratum of Laplace, which has not been demonstrated.

Lépez [12] obtained a solution in first order in w? for the case of rotating bod-
ies. This solution was achieved by using two independent algorithms: one based
on the development of Laplace for calculating the inverse of the distance and an-
other based on the calculation of the inner and outer terms of self-gravitational
potential by approximation up to the first order, using the asymptotic properties
of a numerical quadrature formula.

To extend these algorithms to the more complex case of close binary sys-
tems, a package of codes allowing the formal manipulation of the product of
spherical harmonics to obtain the result as a linear combination of them has
been developed. The source codes of this package are accessible under GPL
version 4 conditions.

In section 3, the self-gravitational potential at an arbitrary point P of the
primary component is calculated as the sum of the potentials created by the
mass of the portion of the inner and outer component to the equipotential
surface containing that point. This calculation is made by approximation, up
to the first order, of the inverse of the distance between the point P and two
points, one inside and one outside the equipotential surface passing through P.
This approach up to the first order, which coincides with the one developed
by the classical theory, is achieved using the package codes created to obtain
the product of spherical harmonics as a linear combination of them and making
use of the orthogonality properties of the product of spherical harmonics. It
must be emphasized that the method used for calculating the self-gravitational
potential is independent of Laplace’s desideratum.

In section 4, the values of the terms U, and V,, of the self-gravitational
potential are obtained by an approximation, up to the first order, of the sphere
containing the point P in Clairaut coordinates. These values have been obtained
as the sum of K,,, W, and the value of the integral in the small region between
the sphere and the equipotential surface passing through the point P. The
above integral has been obtained by exact numerical quadrature up to the first
order. All of these elements permit showing that the values of U,, and V,, given
by the classical theory are incorrect. However, the approximation up to the
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first order of the self-gravitational potential 2 coincides with that obtained in
classical theory.

Consequently, in this work the results, up to the first order, of the classical
theory about close binary systems are consistently demonstrated, that is to say,
without turning to Laplace desideratum.

Finally, we propose to extend the obtained results to higher orders than the
first one, both in the case of only rotation as in the case of the close binary
systems.
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