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Abstract

The present study deals with a traditional physical problem: the solution of the Kepler’s equation
for all conics (ellipse, hyperbola or parabola). Solution of the universal Kepler’s equation in closed
form is obtained with the help of the two-dimensional Laplace technique, expressing the universal
functions as a function of the universal anomaly and the time. Combining these new expressions of
the universal functions and their identities, we establish one biquadratic equation for universal

anomaly ( ;() for all conics; solving this new equation, we have a new exact solution of the pre-
sent problem for the universal anomaly as a function of the time. The verifying of the universal
Kepler’s equation and the traditional forms of Kepler’'s equation from this new solution are dis-
cussed. The plots of the elliptic, hyperbolic or parabolic Keplerian orbits are also given, using this
new solution.
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1. Introduction

In the Keplerian problem, a body of mass m, follows a conic orbit, for which the focus is identified to the
center of attracting body (with mass m,). The Keplerian motion is described by the fundamental differential
equation of the physical two-body problem:

dr_ T ®

where r is the vector position of the moving body related to the attraction center and x the gravitational pa-
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rameter defined by y:G(ml+m2) >0 (where G the Newtonian gravitational constant) (see [1], Equation
(6.2.3)).

The traditional form of Kepler’s equation, which can be obtained directly from Equation (1) (see [1], Section
6.3 and [2]), is normally written as:

For elliptic orbits (0<¢<1)

E—&sinE =M, (22)
for hyperbolic orbits (1<¢)
E —gsinhE =-M, (2b)
where & is the eccentricity, E the eccentric anomaly and M the mean anomaly, which is defined as
i
Mezﬁt’ 0<exl (ZC)
12
M, =t 1<e (2d)
(-a)
1/2
i
M, = 31/2t’ =1 (2e)
(20°)

(see [2], Equation (11) and [3], Equations (4.35) and (4.51)). Remark that the time t is measured from peri-
center and a is the semimajor axis, which is positive for ellipses, negative for hyperbolas, and infinite for pa-
rabolas; also, q is the pericenter distance of the orbit. The case of £=0 leads to a circular orbit and the sim-
ple solution E =M, (cf., Equation (2a)), so that we will regard ¢ >0 hereafter in the present work.

Johannes Kepler announced the relevant laws of above equation early in 1609 and 1619 [4]. He has used
physics as a guide in this discovery [5]. For four centuries, the Kepler’s problem is to solve the nonlinear Ke-
pler’s Equation (2) for the eccentric anomaly.

Early analytical solution of Kepler’s equation was considered in a comprehensive study of Tisserand [6]. Re-
cently, analytical works of the solution and use of Kepler’s equation have been proposed by various authors (see,
e.g., [7]-[12]).

In virtually every decade from 1650 to the present, there have appeared papers devoted to the solution of this
Kepler’s equation. Its exact analytical solution is unknown, and therefore, efficient procedures to solve it nu-
merically have been well discussed in many standard text books of Celestial Mechanics and Astrodynamics as
well as in a large number of papers. Colwell [13] contains extensive references to the Kepler problem in his
book. During last two decades, studies were carried out by several investigators of the present problem [2]
[147-[18]. In these studies, they used numerical or approximations methods for solution of the Kepler’s equation.
Hence, it appears that an analytical solution of the Kepler’s equation will be of great interest.

In the current study, an analytical investigation of the Kepler’s equation real roots in closed form is presented.
In Section 2, we will establish the general form of Kepler’s equation and will clear up the useful identities of the
universal functions. In Section 3, using the two-dimensional Laplace transform technique, we will present an
analytical solution for the universal Kepler’s equation, obtaining the universal functions (Un, n=0,1 2,3) as
function of the universal anomaly () and the time (t). In Section 4, in the first step we will establish one
new biquadratic equation for universal anomaly y for all conics with the help of Newman’s equation (cf. Eqg-
uation (23)) and some identities of the new expressions of universal functions. Then, the solution y = ;((t) of
the present problem has been obtained, solving this biquadratic equation for all conics.

Finally, discussion of the results, thus obtained, is presented in Section 5; the new solution of the problem will
prove that verifies the traditional form of Kepler’s equations for elliptic, hyperbolic or parabolic orbits. The el-
liptic, hyperbolic or parabolic Keplerian motion is easily plotted, using this new solution.

2. General Form of Kepler’s Equation

In order to solve the Kepler’s Equation (2), we use here the generalized form of this equation with the universal
functions and the universal anomaly instead of the eccentric anomaly (see [3], Section 4.5).
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Working for the Kepler’s Equation (2), we consider an object following a path of same eccentricity & about
the center of attracting body; the object is at time t in (vector) position r(t) with (vector) velocity V,. The
time t is measured from the pericenter passage; so, when t, =0 this object was at position r, (with |r0| =r)
of the pericenter with velocity v, (with |v0| =u,) and eccentric anomaly E, =0. We emphasize that the vec-
tors r and r, originate at the center of attraction. Then, we introduce the universal anomaly y , which is de-
fined by Sundman transformation:

1Pt =rdy (3)
(see [3], Equation (4.71)) and related to the classical eccentric anomaly by

E=yVJa, a>0 (4a)

E=yJ-a, a<0 (4b)

D=y, a=0 (4c)

where E is the eccentric anomaly angle of elliptic or hyperbolic orbit and D the parabolic eccentric anomaly of
parabolic orbit with dimension L¥? (see [9], Equation (18)). The « denotes the reciprocal of the semimajor
axis a, namely
2 2
a=l=2.0_2 W% (5a,b,c)
a r g Loy
Depending on the sign of « or the value of the eccentricity &, the type of the orbit is determined such that:
a>0 (or &<1) for elliptic orbits; a <0 (or &>1) for hyperbolic orbits and a« =0 (or ¢=1) for para-
bolic orbits. Note that the universal anomaly y is a new independent variable with dimension L*? (see [3],
Equation (4.70)).
From the initial condition E,=0 and the known relations: scosE, =1-r,a, &sinE, =c,+/a for elliptic
orbits and ¢coshE, =1-r,a, &sinhE, = 00\/5 for hyperbolic orbits (see [3], Sections 4.3 and 4.4), we have
also for the present problem

4=r=a(l-s), o,="2=0 (6a.0)
i
where q stands for the pericenter distance of the orbit related to the parameter p with the relation
p=a(l-&*)=q(l+¢) @)

Remark that the p is a non-negative parameter and the pericenter distance ¢ may be positive or zero; both
of them have dimensions of length (see [3], Section 4.1).
Now, using the universal functions defined by

) (_a,)k Zn+2k
Ui(ria)=2 7~~~ n=0123.- .
with their following useful properties:
U,(z:2)=[/U,,(rie)dy, n=123 o
Un(l;a’)‘i‘aUmZ(l;a):%; n=0,123,--- (gb)
%jf;a):unl(}{;a), n:1,2’3,_“ (gc)
o, (1,

(see [3], Equation (9.73)), the two forms of Kepler’s Equation (2) are incorporated in one universal equation
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U, (i) +U; (zra) = u't (10)

which is a standard form of the traditional Kepler’s Equations (2) with the epoch at pericenter passage (see [9],
Equation (23) and [2], Equation (29)). The general formula (10) is valid for all values of « and & ; in particu-
lar, it is good for parabolic orbits where a=1/a=0.

To find out the expression of many orbital quantities, e.g. the magnitude of the position vector r(t), we must
solve the standard universal form (10) of the Kepler’s equation for the universal anomaly as function of the time,

namely = x(t).

3. Solution of the Universal Kepler’'s Equation

In order to obtain the analytical solution of the present problem, we shall solve first the universal Kepler’s equa-
tion Equation (10), obtaining the universal functions U,, n=0,1,2,3 as a function of the universal anomaly
and the time. For this purpose, we will use the double Laplace transformation technique, which was analytically
studied by Aghili and Salkhordeh-Moghaddam [19] and by Valké and Abate [20].

The universal functions U, : For this case, we introduce a new variable ( z,t) so that

U, =o(x1) (11a)
U

u, = a; =w, (11b)

U, =[/U,dy = [ wdy (11c)

(see Equations (9)) and the universal Kepler’s Equation (10) becomes
qo, + K wody = 1Mt (123)

From the initial condition E=0 or » =0 and Equation (9a), we have the corresponding initial conditions
to the Equation (12a)

o(0,t)=w,(0,t)=0 (12b)

The application of double Laplace transform (with respectto » and t) to the Equations (12) gives the so-

lution Q(s,&) in transform domain as
12
i
Q(s,&)=———— (13)
(s:¢) & (as” +1)

where s and & are the transform variables of » and time t, respectively. For the solution of partial diffe-
rential Equation (12a), we use the Appendix.

Now, the universal function U, can be obtained by taking the inverse transform of Equation (13) (cf., Ap-
pendix). So, we get

u, =a)(;(,t)=§,ul/2t (14)

where we have abbreviated
Azq“sin(g/q“), q>0 (15)
with dimensions: [A]=L"?.
The universal functions U, : For this case, we will use a new variable y/(;(,t) so that

U3 El//(;{,t) (16a)
U, = N, _ g (16b)
ox
ouU
U1 = alz :l//ll (160)
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(see Equations (9c¢)) and the universal Kepler’s Equation (10) becomes

ay,, +v = p't (17a)
For E=0 or =0 and Equation (9a), we have the initial conditions to the Equation (17a)
(//(O,t):t//l (O,I):t/jn (0,t)=0 (17b)

Similarly as in the case of U, , using the double Laplace transform (with respectto » and t) for the Equa-
tions (17), we obtained the solution \P(s,g) in transform domain as

Y(s, &)= ﬂ—w (18)
&s(as® +1)
(cf., Appendix). Inverting ‘P(s,f) we have the universal function U,
U, =y (x.t)=(1-B)u"t (19)
where we have defined the non-dimensional function
Bzcos(;(/q“), q>0 (20)

Then, substituting the results of Equation (14) and (19) into the relations U, +aU, =y and U,+aU, =1
(cf., Equation (9b)), respectively, we can easily obtain the new universal functions U, and U, as

U, =7—(1-B)au (21)
U, =1—Aa/ﬂ2t (22)
q

where A and B are given from Equations (15) and (20), respectively.

4. Analytical Solution of the Problem
In order to obtain a solution for the universal anomaly y = ;((t) , We use the explicit expression for y :
r=au’t+o (23)

where o=r -v/,u]/2 . This relation was discovered by C. M. Newman and its y» does not involve any of the
universal functions U, (see [3], Equation (4.86)). The o can be also given by the known equation (see [3],
Equation (4.83))

o=(1-aq)y, (24)
Substituting Equation (24) (with U, given by (21)) into Equation (23), the following relation is obtained
qx+(1-aq)(1-B)u"t = ¥t (25)

To find out two more relations between », A and B, similar to Equation (25), we will use the basic rela-
tion sinz(;(/ql/z)+cosz(;(/ql/2?:l and the definitions of A and B Equations (15) and (20), respectively.
Thus, we can easily obtain the relation

B?+A%/q=1 (26)

Further, we can find one more relation using the basic identity U7 =U, (1+U0) (see [3], Equation (4.93));
indeed, with the help of Equations (14), (21) and (22), we obtain the relation

[2-(1-B)aut] =§ﬂ”t{2—§wwtj (27)

The three Equations (25), (26) and (27) are a system of the three unknowns: y, A and B. Solving this
system, we get from two Equations (25) and (26) the following relations
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(1— B),ul/zt =it —%(;{ - a,ul/zt) (28a)
2 Y2

é,ul/zt = {A—%(;(—ayl/zt)z (28b)

q q ¢

Finally, substituting Equations (28) into Equation (27), we obtain the following biquadratic equation for uni-
versal anomaly »

2* +b,z* +b, =0 (29)
where we have abbreviated
7= y—au’*t (30a)
b, EZq{g(l—g)':—t;—i-Z} (30b)
by = &° %{(1—5)2 ‘;—t:— } (30c)

with dimensions: [z]=L", [b,]=L and [b,]="L".

The solution of the biquadratic Equation (29) gives the relation between the universal anomaly y and the
time t for all conics: ellipse, hyperbola or parabola. The solution of this equation can be obtained using the
standard formula of the solution for biquadratic equation.

Solving the new biquadratic Equation (29), we get the solution of the present problem for the universal ano-
maly y attime t>0 asshown below

7 =out+ o(t) (31)

where we have abbreviated
1/2
p(t)=q" [2(14— sut’/q° )1/2 - 2—8(1—8)ﬂt2/q3:| (32a)

particularly, for elliptic orbits (0<e&<1) we have
2\ Y2

p(t)=a"? {52 —[1—(1—5)(1+5yt2/q3)]/2} } (32b)

for hyperbolic orbits (1< ¢)

12 Y27 v
o(t)=(-a) {[l—(l—g)(l+gyt2/q3) }—gz} (32¢)
and for parabolic orbits (& =1)

v, (t)=(20)"" {(1+ u? /o) —1}]/2 (32d)

Remark that the discriminant of the biquadratic Equation (29) is A, :l6q2(1+ gytz/q3)>0, for q>0.
Consequently, the solution (31) is real in the cases of hyperbolic and parabolic cases since the corresponding
go(t), given from Equations (32c,d), are always real-valued. In the case of the elliptic Keplerian orbits, the Equ-
ation (31) is real only in the special case for which go(t), given from Equation (32b), becomes real, namely for
the case

ut? 4
3 2

q ) (1-¢)

where M, is the mean anomaly defined by Equation (2c). The upper limit of this mean anomaly M, is de-

or M, <2(1-g)" (32e.f)

688



J. N. Tokis

fined from the relation (32f) for every completed trip of the orbiting body in its elliptic orbit about the center of
the attracting body; this limit is useful for determination of each Keplerian ellipse (cf., the applications in the
next section).

In the case of parabolic orbits where the limiting case a—»>« (or ¢ =0) and £ —1 corresponds to
|r0| =q=p/2 and o, =T, -vo//ﬂ2 =0, the equation (29) and its solution (31) are reduced to

1t +4qy° —4yt2/q =0 (33a)

¥ =0,(0)=(20)" | (14 /a7 —1}” (33b)

The Equation (31) is the solution of the present problem for all conics (ellipse, hyperbola or parabola) and
expresses the relation between the universal anomaly » and the time t.

Knowing the solution of the universal anomaly ;((t) we establish the exact expressions of the universal
functions U, n =0, 1, 2, 3 as functions of the time t. Indeed, using Equation (31), the Equation (28) are ob-
tained as functions of the time t:

A 1 £ 2 v
— == 1+ —ut -1 (34a)
q € q
(1-8) "t = 1t - (1) (34b)
&
Then, the universal functions (19), (14), (21) and (22) are expressed as functions of the time t as show below
U, =1t (1) (35a)
&
12
u, :ﬂ[£1+%ytzj -1} (35h)
€ q
1
U, :;q)(t) (35c¢)
1 & v
U, == 1—(1—5)[1+—3yt2) (35d)
€ q

The magnitude of the position vector r of the orbiting body is
r=rUy(r;ia)+U,(r;a)=aq+eU,(1;a) (36a,b)

(see [3], Equation (4.82) and [14], Equation (8)). Substituting into Equation (36b) the new expressions of U, ,
given by Equation (35b), we obtain the time-dependent distance r of the orbiting body from the center of at-
traction as

12
r :q(1+i3,ut2j (37)
q

Furthermore, if we work in the orbital reference system with the origin at the attracting center (or focus), we
chose the (X,Y) plane to be the plane of motion with X -axis pointing toward pericenter and Y -axis in the
direction for which the true anomaly (f ) is 90°; in this way the Z -axis is parallel to the angular momentum.
Then, if X and Y are the coordinates of a point P(X,Y) on the conic orbit, we have X =rcosf and

r=p-eX (38)

where p is the non-negative quantity given by Equation (7) (see [3], Equation (4.3)). Thus, the X and Y
coordinates can be expressed as function of the time t, using Equations (38) and the identities: UZ +aU; =1,
U? =U,(1+U,); namely, we get
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X =q-U, (z:a) (392)

Y =g (1+6)U, (1ia) (39b)
where U, and U, are given from Equations (35) (see [14], Equations (6)-(7)).

5. Discussion

Using the standard form of the universal Kepler’s equation (10) with the epoch at pericenter passage, we have
derived a new biquadratic equation (29) for universal anomaly » as a function of the time t. This equation
governs the motion of an orbiting body following a path with position vector r(t) from the center of attracting
body and with velocity vector v(t).

The new solution (31) of the present problem was obtained solving Equation (29) with initial-value conditions
for the orbiting body at time t=0 passages from the pericenter, with minimum position vector r,, velocity
vector v, and eccentric anomaly E; =0.

The solution (31) is a solution of the present problem. Indeed, the new expressions of the universal functions
U,,and U, given by (35a,c) verify universal Kepler’s Equation (10). Moreover, the solution (31) is a solution
of the Equation (29), since it can be easily verified by substitution of (31) into (29).

The solution (31) verifies also the traditional forms of Kepler’s Equation (2). Particularly, in the case of ellip-
tic orbits (0<e <1) the solution (31) of the problem is reduced for the eccentric anomaly (cf. Equation (4a))
to the form

E:al/zgzMe+goe(t) (40)

where M, is the mean anomaly given by Equation (2c) and
)Y
9, (t)=a¥p(t)= {52 —|:1—(1—8)(1+ gMez/(l—E)S) } } (41)

Note that g, (t)| <1 and IM,|<2(1-¢)"* (cf. Equation (32f)) for 0< g <1.

Similarly, in the case of hyperbolic orbits (1< &) the solution (31) of the problem is reduced, for the eccen-
tric anomaly (cf. Equation (4b)), to

E=(-a)" z=-M, +g,(1) (42)
where M, is the mean anomaly given by Equation (2d) and

12

2, (1) =(~a) p(t) = {{u(g —1)(1+ eM? /(s —1)3)ﬂ2 —gz} (43)

Finally, in the case of parabolic orbits (& =1) the solution (33b) gives for the parabolic eccentric anomaly
(cf. Equations (4c) and (2e)):
12

D=x=g, (t):(Zq)l/Z[(1+2M§)M—1} . (44)
From the other hand, the standard and hyperbolic trigonometric functions of Equations (2) are expressed as
t
SinE =sin(a¥’z) = 2"V, _e() (45a)
&
t
sinhE =sinh| (~a)"* 7 | = (-a)"*u, = o () (45b)
&

where we have use Equation (35) and the relationship between the function U; and the standard and hyperbolic
trigonometric functions of Equations (2): U, = a’”sin(a”z;() and U, = (—oc)fj/2 sinh [(—a)l/z ;d for ellipse
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and hyperbola, respectively (see [3], Problem 4 - 21 and [9], Equation (24)).

Now, we will prove that the Equations (40) and (42) represent the solutions of the traditional forms of Kep-
ler’s Equations (2). Indeed, it can be shown that the left-hand sides of Equations (2) are reduced to the right-
hand sides, namely

E—&sinE=M, +¢, (t)—ggoe (t):M (46a)
&

E—é&sinhE =-M, +¢, (t)-¢ =-M, (46b)
in accordance with the Equations (40), (42) and (45).

It should be pointed out that our solutions for eccentric anomaly (cf., Equations (40) and (42)) are ready for
physical applications in the corresponding Keplerian orbits.

In addition to above Keplerian orbits, the new solution (33b) of the present problem for the case of parabola
(e=1 and «a =0) verifies the traditional Barker’s equation for parabolic orbits

7 +6qy =647 (47)

Remark that the parabolic Keplerian equation is called Barker’s equation (see [3], Equation (4.24)). Indeed,
from the definition (8) for the universal functions we have z° =6U, (£:0) and x=U,(#:0). Using the solu-
tion (33b), these universal functions are expressed from Equations (35a,c), so that

7P =6u"— 6ap, (1), z=9,(t) (48a,b)

where ¢, (t) is given from Equation (32d). Then, the left-hand side of Equations (47) is reduced to the right-
hand side, namely

2°+60y =64""t—6qp, (t)+60p, (t) =64t (49)

In order to study the Keplerian orbits with the help of the new solutions, we use also the cartesian coordinates

x and y with the origin at the center of the ellipse or hyperbola. In this case the X and Y coordinates of

the orbital (X,Y) plane system given by Equations (39) are related to the system (x,y) with the relations

X =x-¢a and Y =y (see [3], Equation (4.4)); so, for the case & =1, these new coordinates can be obtained
in the explicit forms

x=alle (50a)

y?=a’ (1—52)[1—(4'/5)1 (50b)
where we have defined the non-dimensional relation
12
{El—(l—g)[l—k%ytzj (51)
q

in accordance to the Equations (39). Then, we introduce the non-dimensional coordinates

=X (52a)

a
n? = y_z =(1-¢° ){1—(%2} (52b)
a &

The new expressions (52) verify the following equations of ellipse (&<1) and hyperbola (&>1), respec-
tively:

¢
2 4+ =1 53a
g2 1-¢° (53a)
¢
5 =1 53b
g2 g2-1 (53b)
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where ¢ is defined by Equation (51). Remark that the equations (53) are the non-dimensional forms of the el-
lipse and hyperbola, respectively, in the cartesian system (x, y) with the origin at the center of the ellipse or
hyperbola (see [1], Equations (A.2.1) and (A.4.2)).

In the other hand, for the case of parabola (e :1), the coordinates X and Y can be also obtained, from
Equations (39), as following

X =q[2—(1+yt2/q3)“} (54a)
1/2
Y =2q [(1+ ut?[q?)? —1} (54b)
Then, we have, from Equations (54),
Y2=4q(q—X)=2p(%p—X) (55a.0)

The last Equation (55) is the equation of parabola, which passes through its pericenter with coordinates (% p, 0)
(see [3], Equation (3.22)). The non-dimensional form of Equation (55) is
n’ =4¢ (56)
with the non-dimensional coordinates
¢ =(1eu? /)" -1 p=20% (57a,b)

In addition to above results for the non-dimensional coordinates we have (for physical application) the cor-
responding expressions:
For elliptic orbits (0 <& <1) the Equation (51) becomes

— 12
£ =1-(1-¢) 1+ﬁM§ (58a)
—-&
for hyperbolic orbits (1<¢) the Equation (51) becomes
- 12
¢ =1+(e-1)|1+ ” 51)3 M2 (58b)
for parabolic orbits (g = 1) the Equation (57a) yields
2\¥2
¢=(1+2M2)" -1 (58¢)

where M., M, and M, are the mean anomalies of ellipse, hyperbola and parabola, respectively (cf., Equa-
tions (2c,d,e)). These mean anomalies can be varied from 0 to 2km , where k is an integer. Note that the non-
dimensional coordinates of attractive center (or focus) F in the non-dimensional cartesian system (g“ ,77) is
givenby F (52,0) for all Keplerian orbits (ellipse, hyperbola or parabola).

In order to get a physical insight into the new solution of the Kepler’s problem, we apply the above results for
the system Earth-Moon. For this system the eccentricity of the Moon is ¢ =0.0549 and the upper limit for the
mean anomaly can be obtained from relation (32f) as M, <1.94432 . So, varying the mean anomaly M, (with
M, £1.944) and using Equations (58a) and (52b), the elliptic Keplerian motion of the Moon about the Earth
can be easily plotted in the non-dimensional cartesian system (4“,77) (Figure 1). Remark that the non-dimen-
sional coordinates of the Earth are obtained as (0.003,0).

Note that the use of the upper limit of the mean anomaly, given from the relation M, < 2(1—5)”2 (cf. rela-
tion (32f)), is import for the plotting of all elliptic Keplerian orbits. To confirm that we give two more examples:
(a) We consider an object following an elliptic orbit with eccentricity ¢ =0.5 about the center of attracting
body; the upper limit of the mean anomaly, from relation (32f), is M, <1.4142; then, varying the mean ano-
maly M, (with M, <1.414) and using Equations (58a) and (52b), we plot the elliptic Keplerian orbit in the
non-dimensional cartesian system (g”,n) (Figure 2). (b) We consider another object in an elliptic orbit with
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Figure 1. The elliptic orbit of the Moon (& =0.0549) about the Earth.
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Figure 2. Two elliptic Keplerian orbits with eccentricities ¢=0.5
and £=0.97.

eccentricity £=0.97 about the center of another attracting body; the upper limit of the new mean anomaly,
from relation (32f), is M, <0.3464 ; and, varying the mean anomaly M, (with M, <0.345), we plot the el-
liptic Keplerian orbit in the non-dimensional cartesian system (4,77) (Figure 2).

Now, varying the mean anomaly M, (with M, <3.14 for the present plot) and using equations (58b) and
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n = (gz —1)[(;/5)2 —1} (cf., Equation (52b), we plot of the hyperbolic Keplerian motion of an orbiting body

with the eccentricity ¢ =1.3 about the attractive center F (1.69 , 0) (Figure 3).

6. Conclusions

This work presents a solution to the well known Keplerian two body physical problem. From the investigation

6

-6

Finally, varying the mean anomaly M (with M <2 for the present plot) and using Equations (58c), and
(56), we plot of the parabolic Keplerian motion of an orbiting body with the eccentricity ¢ =1 about the attrac-
tive center F(1,0) (Figure 4).

7 (1.69, 0)
. T

1 2 3 4 5 6 7 8

Figure 3. The hyperbola of an orbiting body (with &=1.3) about the attractive
centre F(1.69,0).

5

7

4 4

Figure 4. The parabola of an orbiting body (with &£=1) about the attractive
centre F(1,0).
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for this new solution, the main conclusions have been drawn as following:

1) An analytical solution for the universal Kepler’s equation has been determined, obtaining the universal
functions U,, n =0, 1, 2, 3 as function of the universal anomaly () and the time (t) with the help of the
two-dimensional Laplace transform technique.

2) Using an explicit expression for the universal anomaly (;() without any of the U, functions (cf., Equa-
tion (23)) and some identities of the new obtained universal functions, we developed a biquadratic equation for
universal anomaly » for all conics: ellipse, hyperbola or parabola.

3) The solution y = ;((t) of the present problem has been obtained, solving this biquadratic equation for all
conics.

4) This new analytical solution for the universal anomaly has been discussed and proved that verifies the uni-
versal Kepler’s equation (cf., Equation (10)), since the time depended universal functions U; and U, verify this
equation. Then, the solutions for the eccentric anomaly (cf., Equations (40) and (42)) were also proved that ver-
ify the traditional form of Kepler’s equations for elliptic or hyperbolic orbits. This new solution for the universal
anomaly has also proved that verifies the traditional Barker’s equation for parabolic orbits [11]. The elliptic,
hyperbolic or parabolic Keplerian motion is plotted, using this analytical solution.

5) To our knowledge, this work gives in closed form the actual analytical solution of the Kepler’s problem.
The advantage of the new solution is simple and ready for physical applications in the elliptic, hyperbolic or
parabolic Keplerian orbits.
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Appendix

Solution of partial differential equations using two-dimensional Laplace transforms
The general form of second-order linear partial differential equation in two variables is given as following

by f, +b, f, +bf +b,f, +bf +bf=g(xy), 0<x y<w (A1)

5 XX 4 T xy

where b, are constants and g(x,y) is source function of x and y or constant. We use also the abbrevia-
tions for the initial conditions

F(x0)=f(x), f(0.y)="%(y),
00)= LX), 09)= Ly, 1(0.0)=1,
and their one-dimensional Laplace transformations f,(s), f,(p), f,(s) and f,(p), where “s” and “p”

the transform variables of x and vy, respectively (see [19] and [21] for details). Then, we get the relatlons for
two-dimensional Laplace transforms

(A2)

L[f(xy)s.p]=F(sp)= I:I:e‘sx‘py f (x,y)dxdy (A3a)

L[ fu:s,p]=s°F (s, p)~sf,(p)- f,(p) (A3b)

L[ f,:5.p]=pF (s, p)-sf, (s)- pf, (p)- f, (A3c)

L[ fyis.p]=p’F(s,p)- pfy(s)- T (s) (A3d)

L,[f:s p]=sF (s, p)-T,(p) (A3e)

L[ f,:s,p]=pF (s, p)-T,(s) (A3f)

L[x;:s.p]= siz (A39)
1

L, [x;s, p]=—— (A3h)
s°p

1 .

L[Ls, p]:g (A3i)

in accordance with the two-dimensional analysis formula, which can be written as one-dimensional analysis in
the x direction followed by one-dimensional analysis inthe y direction:

F(s,p) j U e f (x, y)dx}e Pdy (A4)

Now, applying double Laplace transformation to both sides of Equation (A1) and using Equations (A3), we
obtain the solution of Equation (A1) in the transform domain as

F(s.p)
_ B(i p){g(s, p)+by[sf, (p)+ T, (p) |++b, [ sf, (s)+ pf, (p)— 1| (A5a)
+b,[ pfy (5)+ T, (5) ] +b, fz(p)+b1fl(s)}
with the abbreviation
B(s, p)=bys® +b,sp+b;p® +b,s+b p+hy (A5b)

In order to invert this two-dimensional Laplace transform F (s, p) , we follow the double inversion as a two-
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step process [20]. In the first step we invert, say, on the “s” transform variable
f(x,p)=L"[F(s p)] (A8)

where we keep the second transform variable p as a constant. In the second step we invert on the “ p” trans-
form variable and obtain, finally,

f(xy)= L‘l[f_(x, p)] (A7)

698
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