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ABSTRACT. In this paper we consider equations of motion for 2-body problem
according to an observer close to one of the gravitational bodies. The influence
of the Thomas precession of the observer’s frame has an important role. The
equations of motion are based on a nonlinear connection modified by the action
of an orthogonal tensor which synchronizes the 4-velocities of the considered
two bodies. Finally we present periastron shift according to an observer inside
the gravitational field, using the orthonormal coordinates. This is different
approach than that used in General Relativity where the periastron shift is

only given as observed far from the massive bodies.
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1. INTRODUCTION

We present equations of motion based on a nonlinear connection representing a

relation between the gravitational source and test particle. We use ict convention
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(see pp. 51 in [5] about ct/ict conventions). So, we work with the Euclidean metric
diag(1,1,1,1) and upper and lower indices will not differ. Indeed, we consider
simply a Minkowski space, and shall use orthonormal coordinates.

In the recent paper [9] in flat Minkowski space it is obtained a general formula
for frequency redshift/blueshift based on the 4-wave vector in flat Minkowski space,
which simultaneously explains the Doppler effect, gravitational redshift and un-
der one cosmological assumption it also explains the cosmological redshift and the
blueshift arising from the Pioneer anomaly. For this reason, and the recent results
about non-linear connection in Minkowski space [12], it is not necessary to employ
the apparatus of curved spaces for gravitational research (like, for example, in Gen-

eral Relativity), so, we also choose to use the nonlinear connection in this paper.

GM
re2

We will use only one gravitational potential and denote it by =1+ instead

of the Newton gravitational potential GTM

We build the connection step by step, starting from simpler cases and then, by
including additional relevant variables, we achieve its final form. The goal is to
distinguish two general aspects: equations of motion for an observer far from the
massive bodies and for an observer inside a gravitational field. The result is applied
to periastron shift of binaries. If the observer is far from the massive bodies, our
results are the same as in the General Relativity (GR).

For the equations of motion it is also important the position of the observer, i.e.
whether he is away from the gravitational field, or inside the gravitational field. So,
we can distinguish four cases:

1. The observer is far from the massive bodies and the coordinates are orthonor-
mal;

2. The observer is inside the gravitational field and the coordinates are ordinary;

3. The observer is inside the gravitational field and the coordinates are orthonor-
mal;

4. The observer is far from the massive bodies and the coordinates are ordinary.

Here orthonormal coordinates means coordinates of flat Minkowski space. In
this paper, we focus mainly on the case 3. The first case is considered in our
another work [12]. The case 4 (specially the Einstein-Infeld-Hoffmann equations)
is considered in the GR. In this paper the similarities and differences among these

four cases will be emphasized.
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2. SOME PRELIMINARIES ABOUT A NON-LINEAR CONNECTION

Non-linear connection means that the property Voxisy = aVx + bVy is not
satisfied. The reason is simply because the 4-vectors of velocities do not form
a vector space and we will consider them as Lorentz boosts. The definition of
the 4-velocities is made in such a way that they correspond to tangent vectors
on geodesics on 4-dimensional manifold, but on the other side, it is clear that
the special-relativistic addition does not support classical linear combinations. So,
motions of objects in a gravitational field would be more accurately described with
equations of motion using a nonlinear connection. The non-linear connection was
introduced in recent paper [12] for observer far from the massive bodies (case 1.)
and now we shall extend it for in order to study the case 2. We do that in three

steps.

2.1. Using an analogy from electromagnetism. We will make a complete anal-
ogy with the electromagnetism, where instead of the charge e we will consider mass
M, and instead of the potential £ we will consider the gravitational potential Ci—_M,
assuming that M has the same value in each inertial coordinate system. Further
we will introduce an antisymmetric tensor ¢;; analogous to the tensor of electro-
magnetic field. Let us consider the motion of a test body with mass m under a
gravitational attraction of a body with mass M. The 4-vector of velocity of the

gravitational body is denoted by

1 Up Uy Uy
(U1,U3,U3,Uy) = 7(* i — 1), (2.1)

V1—u?/2 \ic ic’ ic’

where @ = (ug,uy,u,) is the corresponding 3-vector of velocity. The 4-vector of

velocity of the test body with mass m is denoted by

1 Vg Uy Uy
(VA Vo, Vi, Vi) = —meoes (22,22, 22 1) (2.2)

V1 —v2/c2 ic’ic’ ic’
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At every point (z,y, z), for a stationary gravitational body with point mass M,

we define tensor ¢ with

0 0 0 SN (x — z0)
0 0 0 Gy —wo)
(9i5) = . (2.3)
0 0 0 G2 (2 = 20)
~GM (@ —m0) —-SMy—wo) —GE(z- 20) 0 |

where (70,90, 20) is the position of the gravitational body. So, ¢(¢41, P42, Pa3)
represents the Newton acceleration toward the gravitational body. Considering its
placement in ¢;;, it is analogous to the electric field E in the electromagnetic tensor.

We can use Lorentz transformations for uniform motion of particles and also, the
principle of superposition of weak fields, and now ¢;; is determined if all gravita-
tional bodies are moving uniformly.

For a gravitational body moving non-uniformly, we consider the components of
the tensor ¢;; at each space-time point as analogous to the electromagnetic tensor
derived by the Lienard-Wiechert potentials. We assume that the gravitational in-
teraction transmits with velocity c¢. So, we get the following analogous formulas as

in electrodynamics

GM (. i GM & (/s iy -
a1, b1z $13) = (Rm)a(R - oR) - R By (B 2R) ],
‘ ‘ (2.4a)

§(¢327¢13,¢>21) = %E X (¢a1, Paz, da3)- (2.4b)

Here, @ is the velocity of the gravitational body, R is the 3-vector from the gravi-
tational body to the considered point (x,y, z,ict) in the chosen coordinate system
calculated at the space-time point (z/,y’,2’,ict’) of the gravitational body, such
that after time ¢ — ¢’ of transmission of the interaction, the effect arrives at the

considered point (z,y, z,ict). Thus, ¢’ is solution of the equation

!
t:ﬂ+§ﬁl
c

(2.5)

In (2.4a) i@ = 0i/0t and R = |R|.
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For uniform motion i = 0, so the equation (2.4a) reduces to

M 1-%
GM 5 c (2.6)

A (Par1, Paz, bu3) = — 28 . 3/2°
(1- 2% sin®0)

where 6 is the angle between R and @, and R is the 3-vector from the gravitational
body to the considered point at time t.

Since for 2-body problem E is collinear with @, the last term in (2.4a) can be
neglected up to ¢=2. So we shall use only (2.6).

Although we accepted some facts from the electromagnetism, we must emphasize
that there are two essential differences, which will be considered in the subsections
2.2 and 2.3.

i) While the charge e in electrodynamics is invariant scalar in all coordinate
systems, here the mass M is not invariant. The reason is that the mass depends
on the velocity of the body, according to the Special Relativity. Thus, the tensor ¢
must be modified.

ii) The Lorentz force acting on charged particles at the considered point depends
on the electromagnetic field and does not depend on the velocity of the source of
the electromagnetic field. Considering gravitational forces, the motion depends on

the velocity of the source of gravitation.

2.2. Role of the masses in gravitational force and in the tensor ¢. A mass
far from the massive bodies measured by an observer far from gravitation will be
called proper mass and will be denoted by m, M, m, mo,... An observer far from

the massive bodies observing a body with proper mass m that has fallen into a

gravitational field with potential p = 1 + %, will measure the value ¢z for
’ TRz

the mass of the body. For a test body with small mass m with respect to the

gravitational body, the mass ﬁﬁ will be unchanged up to ¢~2 during
Rc 2

motion. This is in accordance with conservation of energy (potential + kinetic) in
a gravitational field.

Let us consider two bodies with masses mi; and ms on a distance R between
their centers. Then, the gravitational force originating from the body with mass
mg which acts on the body with mass m, is assumed to be
mi Gmo

1+ 8me " R(1+ Smyy’

f=

(2.7)
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while the acceleration of the body with mass m; is assumed to be

1 G
a= Gmo méml : (28)
L+ Rc? R(l + Rc? )
Up to ¢2, the acceleration (2.8) can be written in the form
. R Gms G(2my + my)
=2 1- 7) 2.9
=g R (29)

If we consider two bodies within a system of n-bodies, it is necessary to use a
more general formula for the acceleration. The masses of two bodies with proper

masses my and mo in a gravitational field are

mi
(1+ 8m8) (14 SE24)(1 + &)
and
ma
(1+ ) (1 + 2 ) (1 + 224)..

respectively, where r;; is the distance between the bodies with masses m; and m;.
Now, analogously to (2.7) and (2.8), for the force/acceleration of the body with
mass mj; we get

m Gmo

f: m m m v m m: m ’
(14 Em8)(1+ E28) (14 E24). rp(1+ S29) (14 S28) (1 + &),
(2.10)
. ]. v Gm2
a= )
(14 2m2)(1+ Sm) (14 20 (1 + 2 (14 224) (1 + 2)...
(2.11)
Analogously to (2.9) we obtain
G G 2 G Gm
i= (1) () (1 53) (1 55)
r12€2 r12€2 r13c? 23>
G G -1_@G
(1 ) (1+ 255) ] v, (2.12)
T14€ Tr24C T12

The components of angular velocity are much smaller than the components of ac-
celeration in ¢, so we can multiply the tensor ¢ by the coefficient which stands in
front of V% in (2.12). This coefficient in (2.12) is a scalar in the Minkowskian
space up to ¢~2, and hence the product will preserve the tensor character of ¢.
For example, if m4 is a negligible small mass and mo = M is non-zero mass, then

its acceleration is equal to

R SM
i= e (2.13)

Rc?
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This acceleration can be written as

GM

)

= V1 (1 —) 2.14
a=c n(l+ R ( )
Obviously, the potentials u =1 + %% and C'u, where C' is a constant, lead to the

same acceleration.

Now, let us consider the case when the observer is inside the gravitational field,
close to the body with mass ms. We want to determine the motion of the body
with mass m with respect to the observer close to the body with mass msy. The
gravitational force originating from the body with mass mo which acts on the body
with mass mi, now is given by

mi sz

f= — Vv (2.15)
(1+ %(122)(1+ %czl) R
instead of (2.7), while the corresponding acceleration of the body with mass m; is
given by
1 Gmg
a= \Y . (2.16)
1+%2)01+9%) R
Namely, the observer sees that the other body has mass e 1 Gy be-
1+ 7)1+ 7)
cause the potential
Gmo Gmq G(ml + m2)
1 1 rl+————
(1+ Re? )1+ RCQ) + Re?
- G
is such that its gradient yields the relative acceleration —R - w of the
body with mass m; with respect to him. Therefore, for the mass in (2.15) we

mi
0+ %)+ %)

G
respect to itself, and so in (2.15) the gradient is applied to

used

. The proper mass ms is observed to be unchanged with

ma

. Now, analogously

to (2.9), the acceleration is

G(m;%; mg)). (2.17)
2.3. Influence of the velocity of the gravitational source in the equations
of motion. Notice that in a system of four orthonormal vectors A;;, A2, Az
and A;4, where A;, is the i-th coordinate of the a-th vector, using that A;, is an
orthogonal matrix, the following tensor
dA;q

% Aja (2.18)
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is also antisymmetric as ¢;; is defined to be. In (2.18) ds = icy/1 — Z—;dt, just like in

the Special Relativity. For U; = V;, we identify ¢;; with the tensor given in (2.18).

Then, the physical interpretation of ¢;; can be obtained using the tensor (2.18).
So, ¢ is given by

0 —iw, /e dwylc  —ay/c?
iw,/c 0 —iwg /e —ay/c?

b= _ , R (2.19)
—iwy/c  iwg/c 0 —a,/c

ag/c?  ay/?  a,/c? 0

where @ = (ag,ay,a,) is the 3-vector of acceleration and @ = (wy, wy, w,) is the
3-vector of angular velocity.

We will introduce an orthogonal tensor P(U, V'), which should have the prop-
erties: to be orthogonal and to transform the 4-velocity of the source into the
4-velocity of the particle. It can be understood as an apparatus for transition be-
tween the frames of the source and the particle. The tensor P = P(U, V) is given
by

P =16;; — m(vivfrvinJrUiVj + U;Uy) + 2U,V;. (2.20)
We assume the equality
dA;q
ds Aja = Pri¢rkpkj7 (221)

which would represent a general formula for the parallel transport of the considered

frame A;, in direction of the 4-vector of velocity V;, or in matrix form

A

7 AT = pPTyP.

The tensor P;; is an orthogonal matrix and it has the following property P(U,V) =
P(V,U)~!. Some other properties of this tensor and a justification for its appear-
ance in (2.20) are given in [2, 8]. For example, it is shown that using the standard
addition, one can not uniquely determine a 4-vector in the Minkowskian space-time
which would represent a relative 4-velocity of a point B with respect to a point A,
assuming that B moves with 4-velocity V and A moves with 4-velocity U. So, the

tensor P(U, V') provides a transition between frames, i.e. P;;U; = Vj.
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In the special case (U;) = (0,0,0,1), the tensor P(U, V) is given by

1-2v2 —IviVe —IViVy V)

Y 1-1v2 -1lny W
, (2.22)
SV LWl 112 W

-V Sz —Vs Vi

where V7, Vs, V3,V are given by (2.2), v = 14V}, and this represents just a Lorentz
transformation (as a boost, without space rotation). If we multiply the equation
(2.21) by Ajg and sum for 8 =1,2,3,4 we get

dAp
ds

= Prid)rkpijjB;

and hence for the parallel displacement of arbitrary (unit) vector A; we get

dA;
ds

= PripriPrjAj. (2.23)

Specially, for A; = V;, we obtain the equations for parallel displacement, i.e.

A%
ds

= PripriPrjVj, (2.24)

and these are the equations of motion in orthonormal coordinates.

3. INFLUENCE OF THE THOMAS PRECESSION OF THE COORDINATE AXES

Let us return to the basic equations of motion (2.24). We mentioned that these
equations are Lorentz covariant, but although they give the exact equations of
motion, they are represented only with respect to the chosen coordinates, which is
a usual practice, but it is not always the same with the observation with respect to
the distant stars.

Let us consider a gravitational body, a test body with zero mass and a coordinate
frame in a small neighborhood of the test body. In case of weak gravitational field
we may assume that the gravitational field is caused by many small bodies (atoms)

of the gravitational body, which have zero angular momentums. Observing from
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the frame, the distant stars would make an apparent (not true) rotation on the sky

with angular velocity

L1 (T — ;) x d;
“’2527 (3.1)

where ; is the velocity of the i-th body, ¥ is the velocity of the observer from the
chosen coordinate system and a; is the Newtonian acceleration of the test body
toward the i-th gravitational body. This formula was obtained recently in [11] in
order to obtain Lorentz covariance of the precession of the axis of a gyroscope.
Notice that (3.1) does not depend on the choice of the coordinate system. This
angular velocity of the distant stars on the sky is observed by the telescope from the
Gravity Prove B experiment, but it is masked by much larger effects. Consequently,
observed from a system far from the massive bodies, which rests with respect to the
observer, i.e. ¥ = 0, the coordinate frame rotates with the opposite angular velocity

1 U; X d;
7 == vt 3.2

Moreover, any coordinate system far from the massive bodies observes that the
coordinate frame rotates with the same angular velocity (3.2) [11]. What does it
mean that one observer sees that another coordinate system rotates with angular
velocity ¢ [11]7 If we have two observers from coordinate systems S; and Sa, and
assume that the precession of a gyroscope’s spin axis is observed to have angular
velocity w and w — ¢ from S; and Sy respectively, then we may define that the

observer from S sees that the ”coordinate system Ss rotates with angular velocity

99

o

The angular velocity (3.2) is analogous to the Thomas precession. While the
Thomas precession is related with the gyroscopes, the angular velocity (3.2) is
related to the coordinate frame near the gravitational bodies. We shall call this
angular velocity also Thomas precession. This effect will be also applied in case of
periastron shift in order to obtain the precession with respect to the distant stars.
This is the main goal of this paper.

How this precession of frames influence the equations of motion? More pre-
cisely, what would be the modification/correction of the equations of motion, so
they would give equations of motion with respect to a non-precessing coordinate
system far from the massive bodies? In the equations of motion (2.24), all possible

influences appearing in the chosen coordinate system are implicitly included. This
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is a consequence of the covariance of these equations. The angular velocity (3.2)
is a real angular velocity, and its influence should be subtracted from the tensor
equation (2.24).

Now let us return to the required correction for the equations of motion of any
particle with velocity ¥. The periastron shift has to be Lorentz covariant, i.e. it
should not depend on the observer if he is in an inertial coordinate system far from
the massive bodies. For the considered particle we must also consider the Coriolis
acceleration and the transverse acceleration, while the centrifugal acceleration which
depends on w? will be of order ¢~ and can be neglected. Notice that the considered
gravitational body should be considered as center of rotation. Thus for example
for the Coriolis force we should take into account the relative velocity of the test
particle with respect to the source of gravitation. We find the acceleration of the
considered body caused by a particle with mass M, and then all such accelerations

should be summed. Hence, according to (3.2), the required correcting acceleration

L dat
Goor = Y (27 = @) x @} + R, ;‘;)

K2

is

L (4 M), i; is the velocity of the i-th body, M; is its mass,

302 (Ui X R3
R; is the vector from the i-th body to the moving test body, R; = |}§Z| and v is the

where W} =

velocity of the observed coordinate system.

After some transformations using double vector products, we obtain
. G M, . = . M=/, . . 3(T—1u@) R)i-R;)
acm«:CijRf(U—Ui)(Rz"Ui)+R*§,Ri(uz"(v—ui)—5 R? )—

Mig oy Mg ).

U; + R;,(R;-u

~R; U 2R3 (3.3)

4. PERIASTRON SHIFT OF BINARY SYSTEMS

A straightforward calculation of the matrix S = PT¢P, where ¢ is given by
(2.19) and P is given by (2.22), leads to

— G, =2 _79 (1)? ay ViVa az ViV3
S = S =i% V2 et <V4+1+V4)+021+V4+821+V4,

(07% V1V2 (Zy (Vg) az V2V3
V.

tetry te (4+1+V4 c21+v

Wy a; ViVs  ay VoVs +(

Wy LWy
S42 = —524 = 27V3 — val
C Cc

AA1+Vy 214V,
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az a (V1)? wy ViVe  w. ViV3
Sag = —So3 = —2 Vo — yv Vi Y Lz
5 23 c? 2 i ( +1+V4 T cl1l+V, lCl+V47
a wy ViVa (Va)? Y= VaVs
= (v
A s AL ( iwm) T c1+V

z ViVa VoV
W 1V3 Wy 23+( )
(4.1

— i—
c14+V, c 14V,
We will consider the periastron shift for a pulsar and its companion and denote

Si3=—S31=—5V3—

a
So1 = =512 = C%"G - *VQ +1

S11 = S22 = S33 = Suq = 0.

by m the mass of a pulsar and by M the mass of its companion, assuming that both
bodies are moving in the same plane (xy-plane). We choose a coordinate system
such that its origin always passes through the line connecting the two bodies. Let
(z,9,0) be the coordinates of the pulsar, and let (z’,%’,0) be the coordinates of its

companion. We denote the 4-vector of velocity of the pulsar by

1 Vg Uy U
‘/i :7(i7#’i71)7 4.2
( ) /1 _ v2 \N1C 1C 1C ( )
2

and the 4-vector of velocity of its companion by

1 Uy Uy U
U;) = 7(—I7fy,fz,1). 4.3
(U:) w2 \ic ic ic (43)

c2

It is convenient to use the notation R = \/(z —2/)2 + (y — ¢)2, r = /a2 + 2,
/

p=1/randr =~ M+ R. If we make the replacements ;% = COs Ll ;%
. x Y m m
sin o, then cosa = o sina = = )y =y, uy = Ve and u, ~ Uy

The basic equations of motion in orthonormal coordinates are
dv;
ds

where V; is given by (4.2) and ds = icy/1 — Z—; These equations can be simplified

into the following form

Pz v2
==\ 1- 07(54105 + Sa2v5vy + Sazv,0,)+
+ic ay. 1-— (Slgvy + S13v, + 7,0514) (44&)

d*y U2 2
— = —4/1 - 67(541’03{03! + S42Uy + S43Uy’UZ)+

dt?
2
—H:CM 1— %(5211}1- + Sa3v, + iCSQ4), (44b)

= 5ijVj,
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d*z v2 9
= 1-— c—2(S4lvxvz + Siovyv, + Sazvi)+
, v? ‘
+icy/1— C—Z(Sglvz + S320y + 1cS34), (4.4¢)

d 1

a / v2
02
where d*z/dt* = dv, /dt, d*y/dt? = dv,/dt and d?z/dt* = dv,/dt. Specially for the

2-body problem in the zy-plane we can replace S34 = S13 = Se3 = 0, v, = 0 and

= Sn1Ug + Sa2vy + Sa3vz, (4.4d)

we obtain the following simple system

Az

W = — (5411) + S42UTUy +ic 512% 5140

d*y

=" (541%@1, + S42v —icy/1— vax Soac? Cj

Up to ¢~2, we get

A%z V2 2 (- .
o —(1 — —202)0 S14 — C—Z(ag}vm + ayvy) + icvySia, (4.5a)
d?y v? v .
o —(1 — —202)62524 — C—g(ajﬂ}ac + ayvy) — icvg Sia. (4.50)

Further, the components of the matrix S = P(U,V)T¢P(U, V) should be calcu-
lated analogously as in (4.1). In order to avoid large expressions with accuracy up
to ¢72, it is sufficient to use the components (4.1), replacing v, by v, — u, and v,

by vy — u,. Hence, for Si4, S24, and S12 we obtain

1 L — 2
Sia = |:_aI( _ (UGL ;lx) )_|_
1 @=m)? 2c
02
(Ve — ug)(vy — uy) 1
+ay 22 . ww— W (vy — “y)} 2
1 (vy — uy)?
Saa = | )
24 Qy — G 202 +
02
(ve — ug)(v ) 1
+a, 202 K + wz( ux)} 2>
i [Qy a
Si2 = {g(”y_uy)_?g(vz—um)+wz}~
2

According to (2.19), (2.6), (2.17), up to ¢ 2,
1- % 1-%

(1— 4 sin?0)3/2 (1 %)3/2(1 + % cos2)3/2
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1 1 ! 1 B
/ _%5(1+Ci2(ﬁ.§)2)3/2 /1_%22(1_,_%2%22(7:’/.;)2)3/2
_ 1 1 B 1 1
m?2 (dr - m2 2 /o)
1-— %22 (1+C%W(%)2)3/2 1—%22 (1+ci24(1w+m)2(d71:b)2)3/2

the components a,, a,, and w, are

o — x 1 GM(l_G(M+m)))\_3

7\/_7%2 R? Rc?
y 1 GM( G(M—i—m)>)\_37
T

[T w R2 1= —fa
-2

R2c2 r

1 m? dR
Where )\ = \/14’62(1\4_’_’”1)2((#

expressions of type ¢=2. Now, having the system of equations (4.5a) and (4.5b) for

Ay = —

2
) . Further, we will omit this coefficient in

the motion of a body with mass m influenced by the gravitation of a body with mass
M, we can calculate the periastron shift in two steps. The first step is consisted
in finding an equation analogous to perihelion shift in orthonormal coordinates. In
the second step we sum the equation (4.5a) multiplied by 2v, and the equation
(4.5b) multiplied by 2v,. That equation can be integrated and the value of v? can
be found. After these two steps the periastron shift can be obtained. We present
only the final results of these two steps avoiding the long algebraic and differential
calculations.

We distinguish four aspects for obtaining the periastron shift and we number
them by i), ii) and iii).In i) and ii) will be calculated the periastron shift with respect
to the chosen coordinate system, using the non-linear connection from section 2. In
iii) will be calculated periastron shift using the results from section 3.

i) We use the orthonormal coordinate system and we assume a priori that the
two bodies and the coordinate center are collinear. In this case we can continue to
deal with the system (4.5a,b) as previously described. Using the equalities between
Uz, Uz} Uy, Uy; 7, R and so on, the system (4.5) can be reduced to the following
form

&7 RGM V2 M? +4Mm +2m?  G(M +m)

@S RRLTE (M +m)? R
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3 m? dR\?2 -~ dR GM M 3\ 1
] TR
22 (M +m)2 \ dt dt R? \M+m 2/c
where V is the relative velocity of the pulsar with respect to its companion.
The first step ahead from the system (4.6) yields the following equation
dp\2 9 —2 5SM +3m GMp
i =20y 14 2R TR, A7
(dso) AL b M+m 2 (4.7)

The second step is more complicated. Although A has a significant role in v2, A has

no influence in (4.7) and it has no role in the periastron shift [12]. So, we will omit
2

2
W(MTW (‘Z—If) in (4.6), i.e. we consider A = 1. The second step yields

3 6,2 2 5 2 2
oo GMp  MOGTpm ) MPmGpT o Cp e (4.8)
MrmpP MM rmpe “(Mimpe @

where C' and K are two mutually dependent constants, which do not play any role
in the periastron shift. We get
6G2M* ( 1 Mm ) 5

pe.

T (1+=
2o rmeE U7

dp\? 2
il — A+ B 0
(a) +7 =+ 0 ST+ P

dyp
Since Cy = %77@2\/1 — €2 = %a%%\/l — €2, where a, is the semi-major
axis of the relative orbit and P is the orbital period, we obtain

(%)2+p2:A+Bp+

So, for the periastron shift we obtain

3P2G? (M +m)? (1 1 Mm ) 9
212c2 al(1 — €2) 3 (M +m)? P

(M 2p? 1 M
np= SCQTEmI I LMy
2rc2at(1 — €2) 3 (M +m)?
Using that a2 = P2G(M + m)/(47?), we obtain finally
6m(4m2)1/3G2/3

A 1 Mm )
YT PRl — ) '

ii) The equations of motion of the body with mass m are given by (4.6). Analo-
gously to these equations, the equations of motion of the body with mass M (pulsar

companion) are given by

iniéGim[ V2m?+4Mm+2M?>  G(M+m)
dt2 R R2 c? (M 4+ m)? Re?

L e ()] -G ()]

S0 (] patm - 4.10
2¢2 (M +m)? \ dt dt R? c? (4.10)
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Subtracting the equation (4.10) from (4.6), after some transformations we get

d®R _EG(M+m)[ VZM2+5Mm+m?  G(M+m)

a4 T R R 2 (M+m)2  Re

(4.11)

-3 Mm (dR)Q} ~dR G 5M? + 6Mm + 5m?
2¢2 (M +m)2\ dt dt R? 2(M 4+ m)c?

While the assumption that the two bodies and the coordinate center are collinear
was essential for deriving the equations (4.6) and (4.10), it has no role in the system
(4.11), but (4.11) has a weakness because it is a subtraction (4.6) and (4.10) which
are deduced for different observers (coordinate systems). The equation (4.11) is
independent of the coordinate system, it depends only on the relative parameters
of the system.

A step ahead from the system (4.11), analogously to (4.7), yields the following

equation

(C%)z %:V2C2,2[1+5M2+6Mm+5m2£} (4.12)

do R M+m Re?

2¢2 (M+m)2 \ dt
has no role in the periastron shift and we obtain

2
Analogously to i) we can ignore the term 525 2™ (@) in (4.11), because it

M 2
Gl R+ m) _ RC;& (AM? — 2mM + 4m?) + <+ K, (4.13)

V=2
Rc?

where C and K are mutually dependent constants which have no role in the peri-
astron shift. Hence, we come again to the same formula (4.9).

iii) Now, we will calculate the periastron shift in Lorentz invariant form where
the Thomas precession from section 3 will be used. The results from section 3 must
be used because (4.9) was deduced by assuming a priori that the two bodies and the
coordinate origin are collinear. This includes an additional precession of the axis
between the pulsar and the companion which should be subtracted from (4.9). The
precession (4.9) should be corrected in the following way. Let O be an observer who
rests with respect to the baricenter of the two bodies from an inertial coordinate
system far from the massive bodies. According to (3.2), O observes the coordinate

frame close to the pulsar that rotates with angular velocity

—

1. —-RGM
2N RE 2
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while the coordinate frame close to the companion star which rotates with angular

velocity
1 R Gm

U X ——.
2 R3 ¢2
Each of these two angular velocities can be written via the parameters of the relative

orbit, i.e. each of them is equal to

GM+m)  Mm (4.14)

vkt
R3 c? (M +m)?’

1
2
where V is the relative velocity of the pulsar with respect to its companion. So the
line which connects the pulsar and its companion is observed to rotate additionally

with angular velocity which is opposite of the sum of these two angular velocities,

i.e. with

5, BGMtm)  Mm

B (M +m)?

These two angular velocities do not change the distance from the pulsar to its

companion, so they participate in the periastron shift observed via the coordinate
system. The sum of both angular velocities should be integrated for a time of one
orbital period. After some standard calculations, this yields the angle

mM  3G*(M + m)?P? mM  6m(4n)/3G2/3

1 1
- _ = M 2/3
ST +m)? 2ncZal(i—e3) — 3 (M 1 mp P — e M+m

per orbit. This angle is included in the total periastron shift (4.9) obtained via the
covariant equations of motion, and so after its subtraction from (4.9) we obtain the

precession
A(p _ 67T(47T2)1/3G2/3
P232(1 — ¢2)

according to observer O. This formula (4.15) for the periastron shift is the same

(M +m)?/3, (4.15)

which predicts the GR, and it depends on the sum of the masses M + m.

If the system of two bodies moves with a constant velocity ¥y, then both velocities
¥ and @ should be replaced by ¥+ ¥y and @ 4 Uy. In this case the moving observer
observes the angular velocity

(ﬁ_i_g)x;éGiM_l(g_,_g)XEGﬂ_
0 R3 2 2 VTR 2 T

. RGM+m) Mm 1, (RGM EGm)

=V ox = : h S SEm
"R & itme 20 \m e ®me
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Thus, an additional anomalous angular velocity

Lo (EGM _Eim)
20 R3 (2 R3 2

(4.16)
is observed. So the main problem is to consider the perturbations which come from
(4.16).

First, notice that if M = m, then this angular velocity vanishes. In case of pulsar
and its companion star, very often it is M ~ m and hence (4.16) is almost 0.

In general case, the constant vector ¢y can be decomposed as a sum of two
vectors: a component which lies in the plane of rotation of the binary system, and
component which is orthogonal to that plane. We will consider these two special
cases separately.

Assume that the vector v lies in the orbital plane. Standard calculation shows
that the integral of the vector (4.16) for a time of one period is zero. So, the total
periastron shift remains unchanged with respect to the moving observer, i.e. it is
given by (4.15) also.

Assume that the vector ¢ is orthogonal to the orbital plane. Then we have
angular velocities in different planes, which are orthogonal to the orbital plane. We
shall see now that the angular velocity (4.16) is a consequence from the Special Rel-
ativity. Let us denote by P, C', B, and O the pulsar, its companion, the barycenter
and the moving observer respectively. For the sake of simplicity we assume that
the eccentricity of the orbit is 0, i.e. the velocities of the pulsar and its compan-
ion are orthogonal to their radius-vectors. We denote the line OB as z-axis, and
denote by ¥ the plane thought B which is orthogonal to OB. Now let us consider
a composition of two Lorentz transformations: the first motion in the z-axis with
velocity vg (motion of the barycenter with respect to the observer), and motion with
velocity v in a direction orthogonal to the z-axis (motion of the pulsar with respect
to the barycenter). The composite Lorentz transformation shows that according
to the observer O, the angle ZOBP is not right, but there is a departure of 7.
Hence the pulsar moves in a plane which is on distance rvvg/(2c?) from the plane
3. Analogously, the companion star moves on a parallel plane which is on distance
(R —r)uvg/(2¢?) from the plane ¥. Notice that here v = |7 and u = |i|. Thus the

angle between the axis CP and X is equal to

(5 - o) = 5s(ze - "7
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_070( M? v m? )_EM—mM

2¢2 \ (M +m)? (M +m)? 2M+m 2’

where V' is the relative velocity of the pulsar with respect to its companion. The

last equality in vector form can be written as
1M —miyxV
2M+m 2

Now if we differentiate this term by ¢ we obtain (4.16).

Hence the conclusion that O observes the same trajectories of P and C' but in
different planes, and hence the periastron shift remains the same as (4.15) with
respect to the observer O. The moving observer sees that the orbital plane is not
a fixed plane in the space. This consideration confirms the statement that the
"perturbations” arising from (4.16) and (3.2) have an important role to ”cover” the
equations up to Lorentz invariant equations of motion (2.24).

Now we will obtain the same conclusion using the formula for acceleration (3.3).

Using the equality ¥ : @ = —M : m, the corrected acceleration for the pulsar is

2 R?

1

(4.17)

ip =

GM+m) = . GM+m)s/. . 3(0 R)(@-R)
S O+ e R (0 - S,

Symmetrically, for the corrected acceleration of the companion star we get

o = SO Ry -+ SO gy (- 3TN )
dc = —dp. (4.18)

After these corrections of the accelerations of both bodies, the lines which pass
through them will not intersect at the coordinate origin as previously. Thus, we
can consider the periastron shift only via the relative orbit. The correction of the

relative acceleration dgr = dp — d¢c can be written in the form

L (GMAm) o GMAm) . (F-R)(i-R)
in={ = g OB + = o R (i 03 ) b
GM+m) 5,
The first component
GM+m) = . GM+m)=/, . _(7-R)i-R)
‘?EF*“R””+‘7@?‘*¢”“_3“E?‘*)
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does not change the periastron shift, while the second component

7@(1;};@ R@- o) (4.19)

leads to the angle
1 mM 3G*M+m)®P? 1 mM 6r(4n?)'/3G2/3

- —— M 2/3
ST+ m? 2rcal(i—cd ~ 3(M+m)? P —a) M+m

per orbit. This angle is included in the total periastron shift (4.9), and after its
subtraction from (4.9) we obtain (4.15).

Remark. If the observer is far from the massive bodies, the coordinate center
coincides with the barycenter of the two bodies, while the periastron shift between
the barycenter (coordinate origin) [12] and each of the two bodies is not the same
with the periastron shift for the two bodies. In this paper, if the observer is one
of the bodies, ignoring the correction arising from the Thomas precession we have
the opposite situation: the barycenter is not a fixed point and does not coincide
with the coordinate origin at each moment, but the periastron shift between the
coordinate origin and each of the bodies is the same as the periastron shift between

the two bodies (cases i) and ii)).
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