American Journal of Modern Physics. Vol. 3, No. 4, 2014, pp. 152-167. doi:
10.11648/j.ajmp.20140304.12.

The Integral Energy-Momentum 4-Vector and Analysis of 4/3
Problem Based on the Pressure Field and Acceleration Field

Sergey G. Fedosin
PO box 614088, Sviazeva str. 22-79, Perm, Russia

E-mail: intelli@list.ru

As a result of integration of the equations of motion with regard to the pressure field and acceleration
field the system’s integral energy-momentum 4-vector is found. It is shown that this vector in the
covariant theory of gravitation must be equal to zero. This allows us to explain the 4/3 problem and
the problem of neutrino energy in an ideal spherical supernova collapse. At the same time, in order to
describe the system’s state, instead of the integral 4-vector we must use the four-momentum, which is
derived from the Lagrangian. The described approach differs substantially from the results of the
general theory of relativity, in which the integral 4-vector serves as the system’s four-momentum, and
the stress-energy tensor of the gravitational field is replaced by the corresponding pseudotensor.
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1. Introduction

The essence of the 4/3 problem is that the mass-energy associated with the field momentum of the
moving body is 4/3 times greater than the mass-energy associated with the field energy. This differs
significantly from the treatment of mechanical mass-energy when the rest mass-energy coincides with
the mass-energy of mechanical motion momentum. Initially 4/3 problem was considered for the
electromagnetic field of the electron. In the works of Thomson [1], Abraham [2] and Poincaré [3], it
was assumed that the electron energy should include additional types of energy of non-
electromagnetic origin. In particular, Poincaré introduced the scalar surface pressure, which should
not only maintain the integrity of the electron, but also compensate for the excess mass-energy in the
electron’s electromagnetic momentum. Mie [4] tried to solve this problem with the help of additional
forces of electrical origin. Becker [5] showed how non-electromagnetic tensions can compensate for
the excess electromagnetic mass-energy in the body’s momentum. For this, he adds to the stress-
energy tensor of the electromagnetic field the stress-energy tensor of mechanical stresses written in a
general form, and then makes Lorentz transformation of the tensor components and finds the total

energy and the momentum of the moving body. Since the momentum of body at rest is equal to zero,
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after Lorentz transformation only the energy components of the body at rest (the electric energy plus
the energy of mechanical stresses) make contribution to the energy and momentum. As a result, for
the total energy and momentum of the body with regard to the stresses the relation for the energy and
momentum remains the same as in the special theory of relativity for an uncharged body.

In [6] the 4/3 problem is described for a charged body by taking into account the mass-energy
momentum of the negative internal pressure, arising from the interaction forces between the like
charges on the surface (or in the volume) of the body. In the simplest case, when the pressure inside
the body is the same at all points, the negative momentum of this pressure is 4 times less than the
positive electromagnetic momentum. This conclusion actually repeats the calculations of Poincare [3],
the difference is that Poincare also considered the pressure distribution inside the body (electron) as
the consequence of Lorentz contraction. A brief overview of the 4/3 problem can be found in [7].

We should note that a more general approach requires simultaneous consideration of energy-
momentum of not only the electromagnetic but also gravitational field, as well as acceleration field
and pressure field of the moving body. As it was shown in [8-10], the 4/3 problem also refers to the
gravitational field — for the field not only outside but also inside the body. Next we will solve the
posed problem in a general form, and we will proceed from the equation of the system’s motion,

written in four-dimensional form.

2. Integration of the equation of motion
In the covariant theory of gravitation the equation of motion of the system in the form of a set of

particles and associated fields can be written as follows [11]:
V,UP+W* + P+ BP)=V %/ =0. )

According to (1), the covariant derivative of the sum of four stress-energy tensors must be equal to
zero. Relation (1) is a differential form of the law of conservation of the system’s 4-momentum.

In (1) U“”, W P* and B*” denote the stress-energy tensors of the gravitational field,
electromagnetic field, pressure field and acceleration field, respectively. These tensors are derived

from the principle of least action and are written as follows:

2
ues = _426 (—gwgzsqu'“ﬂ +% g/, ngj . @)
W = g,c? (—g“VFWF“+%g“‘*FﬂvF””J- 3)



2

pes :42_0(—9“” f. f“ﬂ+%g“ﬂ f. f‘”j. (4)
c? 1
B/ :—4ﬂn[—g”‘vuwu"ﬂ 2 g“ﬁuwu’”). (5)

In (2) C is the speed of light, G is the gravitational constant, g“" is the metric tensor,

B B : o (v : :
®,=V,D, -V D, =0,D, -0,D, is the gravitational tensor, D, = (F_ Dj is the 4-potential

of the gravitational field. In (3) &, is the vacuum permittivity, F,, =V A -V A =0, A -0 A,
is electromagnetic tensor, A, = (ﬂ,—Aj is the electromagnetic 4-potential. In (4) o is assumed to
c

be a constant, depending on the type of the system under consideration,

f,=vV,n~,-V,z,=0,7,-0,x, is the tensor of the  pressure field,

7T, = &2 u,= (g,—ﬂj is the 4-potential of the pressure field, u, denotes the 4-velocity of the
PoC c

particle relative to the reference frame under consideration K, p, is the pressure in the reference

frame K, associated with the nparticle, p, is the particle density in K . In (5)

: : 9 : :
u,=v,u, -vV,u =0,u,-0,u, is the acceleration tensor, U, =(—,—Uj is the covariant 4-
C

velocity of the particles and at the same time the 4-potential of the acceleration field, 7 can be

considered constant in some simple cases.
The above mentioned tensors are used to find the metric from the equation:
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where K is a constant coefficient.

In order to integrate the equation (1) over the moving 4-volume, we will use the procedure which
was used in [12] and in many other works on the theory of gravitation and which allows us to simplify
integration. If we introduce a reference frame relative to which a matter unit at a given time and at a

given point in space is moving in such a way that the first derivatives of the metric tensor by



coordinates are equal to zero, then in this reference frame the Christoffel symbols FZ , are equal to
zero. Then the covariant derivative V , becomes the ordinary derivative 0 5, Which is the 4-

divergence for the sum of tensors in (1) due to the contraction by index £ . Such reference frames are

often called locally Lorentzian. According to [13] the transformation of the covariant derivative into

the ordinary derivative is possible in case of satisfying the harmonicity condition
aﬁ(«/—g g“ﬂ) =0, which leads to harmonic coordinates.

In the Lorentz reference frame instead of (1) we have the equation o ﬂr“ﬁ =0, the left side of

which can be integrated over a 4-volume, with regard to the Gauss theorem:
Q“ =[0,r"-g d°d'dx*d’ = [/ dS,,

where dSﬂ denotes a unit of an infinite hypersurface surrounding the 4-volume, the factor in the

form of the square root \/—g includes the determinant g of the metric tensor, taken with a minus

sign. This factor is required for the covariance of the volume unit dx'dx*dx® in different reference

frames.

If we take a projection of this hypersurface onto the hyperplane x° = const , then dS 5 turnsinto a

unit of three-dimensional volume, and for the conserved 4-vector Q“ we can be write:
Q* = jr“o ds, = _[(U”’O +W0 4 P04 B*%),[~g dx"dx*dx’. (6)

This relation reflects the fact that the flux of the system’s 4-momentum passing through the three-
dimensional surface surrounding the 4-volume remains unchanged despite the exchange of the 4-
momentum between the components of the system within this volume.

Integration of the time components of the stress-energy tensors over the infinite volume is a

necessary condition, because only in this case the transition from these tensor components to the

conserved 4-vector Q“ is possible.

3. The time component of the 4-vector Q“

The equation (6) is written for the system’s motion relative to the Lorentz reference frame. We

will assume that there is a set of identical particles that form a gravitationally bound system and fill



some spherical volume. Suppose that for all particles inside the sphere the condition holds that they
are at the same time located in some selected Lorentz reference frame, in which their motion can be
described. Then integration in (6) can be extended to all particles of the system and to all of the fields
generating these particles.

Let us consider (6) in a weak field in the limit of flat spacetime, when we can assume that

J—g =1. In this case the tensor’s time components can be expressed in terms of the corresponding

field strengths, and for the time component Q“ we find:
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The vector S is the acceleration field strength and the vector N is a quantity similar in its
meaning to the magnetic field induction in electrodynamics or to the torsion field in the covariant

theory of gravitation (to the gravitomagnetic field in the general theory relativity).

Using the components S and N the acceleration tensor u,, is constructed in (5). The

contribution of the vectors S and N into the integral (7) is calculated in Appendix A and is equal to

the following quantity:
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In (8) the mass M is obtained by multiplying the mass density p, by the volume of a stationary
sphere with the radius @, while the density p, is the density of an arbitrary particle from the set of

identical particles, taken in the reference frame K associated with the motion of the particle inside

1 . .
the sphere. The Lorentz factor y = — appears in (8) due to the motion of the sphere at a
1-v°/c

constant velocity Vv in the reference frame K, in which we calculate Q°. The guantity

1 . - .
Ve = —2/2 is the Lorentz factor for the velocities V, of the particles in the center of the sphere.
1-v;/c

c



The vectors C and | are given by relations:
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where the indices i, j,k =1,2,3, and these vectors are the components of the pressure tensor

f in(4).

uv

The contribution of these vectors in the integral (7) is calculated in Appendix B:
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I' in (7) denotes the gravitational field strength, 2 is the torsion field, E is the electric field
strength, B is the magnetic field induction. We calculated the energy of the gravitational field in

Appendix C:
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In view of similarity of equations for the gravitational and electromagnetic fields in the Lorentz-
invariant theory of gravitation, for the total energy of the electromagnetic field of the moving sphere

we can write:
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where ( is the charge of the sphere, which is obtained by multiplying the charge density of the

particles, that was found in the co-moving reference frames Kp , by the volume of the sphere .

Therefore,

(12)
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The third term in brackets in (12) specifies the energy of the pressure field, and the fourth term is
associated with the velocity field and it can be treated as the kinetic energy of the particles’ motion
inside the sphere. According to the virial theorem, the internal kinetic energy of the body should equal
half the absolute value of the potential energy of the gravitational and electromagnetic fields. From

this the condition follows, which determines the coefficient 7 in this problem:
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Let us substitute (13) into (12):
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To make the quantity Q° constant and not dependent on either time or velocity the condition must

be satisfied:
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Equation (14) defines the constant o for the pressure field inside the ball with uniform
distribution of mass and charge. Choosing 77 =c according to (13) and (14), the component Q°

becomes zero.

4. The space components of the 4-vector Q”

We will now consider the equation (6) in the limit of flat spacetime for the space-like component,
when the index of the 4-vector & =1=1,2,3, and \/—Qg becomes equal to unity:

Q=] U +W°+P°+B)ddx*dx’ . (15)

Let us substitute the expressions of tensor components according to [11] in (15):



Qz%j (H+P+F+K)dxdx?dx® (16)
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where the Heaviside vector H=cU? =— [I"x Q] specifies the density of the gravitational

47zG
energy flux,
the Poynting vector P = W * =c’¢, [E x B] is the density of the electromagnetic energy flux,
2

i C
the vector F =cP® = = [Cx 1] specifies the density of the pressure field energy flux,
o

2
. c
the vector K =cB% =
drn

[SxN] specifies the density of the acceleration field energy flux.

The gravitational and electromagnetic field strengths I' and E, the torsion field € and the
magnetic field induction B inside and outside the moving body were determined in [9-10]. In
Appendix C we showed that due to the motion of particles inside the sphere under consideration, these
potentials and strengths of the gravitational and electromagnetic fields must be multiplied by the

1
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sphere. With this in mind, for the sphere with the radius a the total integral of the gravitational and

Lorentz factor y, = , Where V_ denotes the velocity of particles in the center of the

electromagnetic energy fluxes inside and outside the sphere is equal to:
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1[(H+P)dxldx2dx3= _dem,_q rrev (17)
c 5a Smga) C

The integral of the vector F over the volume is the following:
lj F dx*dx?dx® =LI Cx 1 dx*dx?dx® .
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The value of this integral is determined in Appendix D:
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The fourth integral is calculated in Appendix E:
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Substituting (17-19) into (16) we find:
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To make the vector Q constant and not dependent on the velocity, the expression in brackets must

be zero. We should note that the expression in brackets in (20) coincides with the expression in

brackets in (12). Thus, we again obtain equation (13) for 77 and the equation (14) for o in the given

problem.

Appendix F provides evaluation of the coefficients 77 in (13) and o in (14) and their comparison

for a number of space objects.

5. Discussion
Above, in (12) and (20) we found the expression of the 4-vector components Q“ = (Q°,Q) for

the motion at constant velocity of a sphere filled with particles which are moving inside it. This 4-

vector is obtained by integrating the equation of the sphere’s motion. If no external forces act on the

sphere with particles, this sphere is moving at a constant velocity and the integral 4-vector Q“ must

be constant. Under the conditions (13) and (14) we can assume that the 4-vector Q“ is zero at any
velocity. If the sphere is accelerated under action of a force, then we should expect to see some new
ratios between 77, o, G, &,, the mass and charge densities p, and Pog of the body, and between

the quantities of the external accelerating fields and pressure. These ratios in the absence of

acceleration must transform into the ratio, resulting from (12):
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and then to ratios (13) and (14). Thus we want to say that the 4-vector Q“ can be made equal to

zero not only while moving at a constant velocity, but with any type motion in case of the appropriate



choice of physical quantities characterizing the body under consideration and with regard to the
external fields and external pressure acting on the body.

Equations (13) and (14) for the coefficients 77 and o were obtained for the case of the uniform

mass and charge density in the volume of the sphere. Suppose now that the mass and charge density

of the particles increases in the center, while the total mass m and the charge g remain the same.

Then in (21) before the squared mass and charge the same numerical factor will appear, which
depends on the degree of density nonuniformity. But these factors will not change relation (21) and

relations (13) and (14). Only in case of large density nonuniformity we could expect some changes of

ratios between 17, o, G, ¢&,.

5.1. 4/3 problem
As we know, the essence of the 4/3 problem in the theory of gravitational and electromagnetic
fields is that the field momentum is proportional not to the field’s mass-energy, but to the quantity
which is 4/3 times greater. Thus it seems that the idea of standard ratio between mass, velocity and
momentum of bodies in the special theory of relativity is not proved. However, actually if we take
into account not only the energy and momentum of electromagnetic and gravitational fields, but also
the energy and pressure momentum inside the body, it allows us to solve the 4/3 problem.
In particular, it follows from (12) that the sum of gravitational and electromagnetic energies of the
3emy; |, 3q°y;

stationary sphere with particles inside it is —
5a 20rrs,a

. If the sphere is moving at velocity

Vv, then this energy increases not only due to the Lorentz factor y :;, but the additional
1-v?/c?
2,2 2.2 2
energy _SGm Ve + 3977 7/V2 emerges, which depends on the square of the velocity.
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However, in (12) there is a term of the internal pressure field and a term of the field of particles’
acceleration inside the sphere, which exactly compensate the gravitational and electromagnetic
energies of the sphere at any velocity.

In order to obtain the momenta, we need to divide the vector Q in (16) and (20) by the speed of

light c. This follows from the relationship between the energy flux vectors and the corresponding
. g 1

momenta. For example, the momentum density of the electromagnetic field g, =— P . Then from
c

(20) and (12) it follows:
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velocity of the sphere.

If we assume (QO) . to be the total energy of the gravitational and electromagnetic fields, the
e

pressure field and acceleration field of the stationary sphere, then the ratio %(QO) . in (22) denotes
c v=

the total mass-energy of these fields. From (22) we see that the coefficient before the velocity V is the
total mass-energy of the fields in the total momentum, which is 4/3 times greater than the quantity

1

—2(@0) . for the stationary sphere. This is the essence of the 4/3 problem. The solution of the
c V=

problem is that (QO)H:O, so that the energy and momentum of the gravitational and

electromagnetic fields during the system’s motion are compensated with the corresponding energies
and momenta of internal pressure and internal acceleration field, and for the system at rest the
compensation takes place for the energies of all the four fields. Thus Poincare's idea of internal
tensions in a moving body is realized from the standpoint of our pressure field model, in addition we
take into account the acceleration field.

Apparently, the reason of the 4/3 problem is a two-component structure of the fields under
consideration. Both the torsion field € (the gravitomagnetic field in the general theory of relativity)
and the magnetic induction B are independent field components and are regarded as relativistic
corrections to the main field strengths. In particular, emerging of the magnetic field during the
charge’s motion not only leads to the need to take into account the electromagnetic momentum, but

also due to the magnetic energy it increases the electromagnetic energy of the moving charge, adding
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The pressure field is also two-component and has a solenoidal component | . In this case we

to the quantity W, , where W, is the electromagnetic energy of the system at rest, the

guantity W, , which depends on the velocity. The same applies to the torsion field.

cannot say that the component | is due to time delay of the field intensity propagation C of the
pressure field, since both components of the pressure field are acting simultaneously in one and the
same point inside the particle or body. Similarly, the magnetic induction B is not a simple
consequence of the delay of the electric intensity propagation E from the field source to the point

under consideration, but it represents some electromagnetic field vorticity that exists separately and

11



independently from E . The solenoidal component N of the acceleration field in the moving body
occurs because the velocity of the body as a whole is added to the internal velocity of the body
particles, while inside the body there is a radial gradient of the kinetic energy of the particles and the
corresponding gradient of the velocity’s magnitude.

In our model the pressure field equations are similar to Maxwell equations and the stress-energy

tensor of the pressure field is similar in structure to the stress-energy tensors of the gravitational and

electromagnetic fields. The same applies to the acceleration field with its tensor B“”, as it was
described in [11]. The vector component | of the pressure field and the component N of the
acceleration field reflect the vorticity of the corresponding fields. The component N is associated
with the rotational acceleration of the particle, and the component | specifies the pressure of the
turbulent motion of particles as they move in the medium, which is similar by its properties to liquid.

From the stated above it follows that only with regard to the energy and momentum of the
acceleration field and pressure field in the Lagrangian, Hamiltonian and in the motion equation, the
theory becomes self-consistent and allows us to describe the 4/3 problem in detail.

5.2. The integral 4-vector and the ideal spherical collapse

Let us consider the formation of a dynamically equilibrium space system as a result of a long
process of substance clustering from the initial state with very low density and almost zero energy of
matter motion and zero energy of interaction by means of macroscopic fields. The basic work on
substance clustering is produced by self-gravitational force of the system, which increases with
decreasing of the system’s size. This force is opposed by the pressure force in the substance, which is
a consequence of the interaction of particles with each other. In some equilibrium both forces are
balanced and the system stops changing its sizes.

As a rule, the process of substance clustering is accompanied by matter ejection and radiation from
the system. This happens especially during the gravitational collapse, when the system quickly
reduces its size with large release of gravitational energy. Further we will consider an ideal spherical
collapse, which is characterized by the fact that all the components, that are associated with the
escaping matter and the emission from the system, are removed from the balance of the matter
amount, its energy and momentum.

In other words, in case of the ideal spherical collapse the system turns from one state to another
without any loss of energy and momentum to the environment. In this case, all the work of the
gravitational and electromagnetic fields during the matter compression should be transformed into the
change of the pressure field energy and the velocity field energy (the Kinetic energy) of the system’s
particles.

Due to the fact that the system’s 4-momentum in the ideal collapse does not change, the system’s

integral 4-vector Q“ remains zero. Then from (12), (13) and (14) it follows that if the virial theorem

12



is satisfied, half the work of the gravitational and electromagnetic fields during the matter
compression turns into the velocity field energy and the other half of the energy turns into the pressure
field energy. As a result of this collapse the pressure increases in the matter and the kinetic energy of
the particles’s motion increases. In [14] we used the idea that the energy in the matter is divided
between the potential pressure energy and the kinetic energy in order to determine the generalized
temperature, taking into account the contribution made to the temperature not only by the kinetic but
also by the potential energy per particle.

It is intuitively clear that the mechanical energy of the system is distributed between the two
extreme ideal forms — on the one hand, in the form of the kinetic energy of the ideal gas of the
particles non-interacting through the field, and on the other hand, in the form of the potential pressure
energy of the motionless matter in the ideal solid body. If we apply the theorem of equipartition, then
on the average half of the system’s mechanical energy must be kinetic and the other half must be the
potential energy. In (21) such distribution of energy takes place, also complying with the virial
theorem.

This picture allows us to qualitatively explain where the energy of the ideal gravitational collapse
goes in case of supernova with formation of a neutron star. One explanation is that up to half of the
gravitational energy of a neutron star is converted into neutrino emission, and the other half of the
gravitational energy goes for heating the stellar matter. If we suggest that the gravitational energy is
divided mainly between the matter heating and the pressure energy, then the total emission of

neutrinos need not to take away such a large part of the gravitational energy.

5.3. Comparison with the four-momentum of the system
As it was shown above, at constant velocity the integral 4-vector Q“, containing the energy and
momentum components, vanishes. Thus in our approach this 4-vector, which is obtained by
integrating the equation of motion and is a conserved quantity, cannot serve as the four-momentum of
the system. In [11] from the Lagrangian we obtained the Hamiltonian H, which is the relativistic

energy E of the system of particles and fields and has the following form:

1
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(23)
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In (23) the particles have the mass density p, and the charge density p,,, measured in the

reference frames K associated with them. The energy is measured in the arbitrary reference frame

13



K, the 4-velocities u” of the particles and their time component of the 4-velocity u° are measured

with respect to K. For the wvolume wunit in the first integral we can write:

0
(\/deldxzdxs)0 :%deldxzdxe’, where (\/zdxldxzdxg)0 denotes the volume unit

associated with any arbitrary moving particle. Then for the energy we have:

Np n _ n n n
E= (m,9+my7+qg5+m55j—
n=1
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n n
so that the integral becomes the sum for all Np particles in the system, m and ¢ denote the

mass and charge of the particle with the number n; 9, v, ¢ and g denote averaged with respect

to particle’s volume scalar potentials of the acceleration field, gravitational and electromagnetic fields
and pressure field, respectively, while both proper fields and fields from external sources should be

taken into account.

The system’s energy can be determined as the time component of the 4-vector:

H*=cp”=(E, cp)= (E, EVJ where p* is the system’s 4-momentum, p and V denote the
C

system’s momentum and velocity, respectively. In [15] the 4-vector H* was referred to as the

Hamiltonian 4-vector. If we divide H* by the speed of light, then we obtain the 4-momentum of the

system consisting of particles and fields associated with them:

The 4-momentum p“ and the similar 4-vector H* fully describe the physical state of the system,
and in stationary conditions can be conserved relative to the fixed coordinate observer with his time t.
In contrast, the 4-vector Q% specifies relation only of those energy and momentum components,

which are part of the equation of motion. In this case the equation of motion is written in such a form

that the 4-acceleration in it, as a derivative of the 4-velocity with respect to the particle’s proper time,

depends on the density of the 4-forces acting on the particle. Therefore, the difference between Q“

14



and p“ can be attributed to the difference between the proper and coordinate time and the difference
between the proper and coordinate observers. We can also say that the 4-vector Q“ is unchanged in

the Lorentz reference frame, and the 4-vector p“, being a 4-vector, is unchanged due to the covariant

notation in a variety of frames.

5.4. Comparison with the general theory of relativity
In the general theory of relativity (GTR) the integral 4-vector Q has special meaning — it is

considered the energy-momentum of the system, for example, see [12-13]. Moreover, in contrast to

the approach in the covariant theory of gravitation, in equation (1) instead of the stress-energy tensor
of the acceleration field B“” we must place the stress-energy tensor of matter in the form

¢’ = p,u“u” for dust-like matter or a more complex tensor, which takes into account the pressure

and thereby replaces our tensor P“”. We will note that the covariant derivative of the tensor ¢“ﬁ

leads to the particle’s 4-acceleration:

Ve, =V*(p,u,u.)=u,V*(p,u)+p,uVu, = By, 25
gk = PolgU) =UzV (0ol ) + poU vV Ug = 0 Dz (25)

here the continuity relation in the form Vk(pouk) =0 is used, as well as the operator of proper-

D
time-derivative u’V_ =u, V" =D where D is the symbol of 4-differential in the curved
T

spacetime, ¢ is the proper time [16].

Since in GTR the gravitational field is considered the metric tensor field ¢ then from the

ap?
standpoint of GTR the stress-energy tensor of the gravitational field U“” cannot be part of equation
(1). But the role of the tensor U“” in GTR is played by the stress-energy pseudotensor of the

gravitational field t*#, which, due to its non-tensor nature, is defined in different ways and has
different forms. In [12] in the framework of GTR instead of (6) another formula is given for the

integral 4-vector:

P = [(-g)(T* +t*)dV . (26)
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Expression (26) is characterized by the presence of the factor —g in the form of the determinant

of the metric tensor with a minus sign, T“° denotes the time components of the stress-energy tensor

of the matter and electromagnetic field, the pseudotensor t“° reflects the contribution of the energy-
momentum of the gravitational field. To make expression (26) valid, in GTR there should be an
additional condition — at infinity the reference frame coordinates must transform into the coordinates
of Minkowski spacetime.

Accordingly, the equation of motion is written in a different way than (1) and has the form:
O g)T 1) =0 @)
ox7 Y -

According to our approach, in order to describe the energy-momentum of the matter there is no

apf _

need to use any special stress-energy tensor of matter such as ¢“” = pou"‘uﬂ or similar ones. Instead,

we use the stress-energy tensor of acceleration field B“”, the covariant derivative of which also gives

the 4-acceleration of a point particle like in (25):

" " Du,

k
VB,

And as it was indicated above, the four-momentum of the system (24) we obtain from the

Lagrangian and not from the equations of motion, as it is done in GTR according to (26-27).

Let us consider the question of appropriateness of using in GTR the tensor ¢@;, = p,U,U, in

relation (25). To do this, we will define more precisely the form of the continuity equation in the

curved spacetime. According to [12], the equations of the electromagnetic field imply the following:

R,ua FHa =,UOV0, ja, (29)

where J“ is the electromagnetic 4-current, x, is the vacuum permeability, F*“* is the

electromagnetic tensor.

The covariant derivative V_ j* in (29) is not equal to zero, because the tensor product of the

Ricci tensor and the electromagnetic tensor is not equal to zero. Only in the flat Minkowski space the

Ricci tensor vanishes, the covariant derivative becomes the 4-gradient, and (29) gives the standard

continuity equation of the electromagnetic 4-current in the special theory of relativity: 0, j* =0.
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A similar situation in the covariant theory of gravitation takes place both for the gravitational field,

for the pressure field and the acceleration field — for all these fields we obtain the expression similar
to (29), the difference is that instead of | the mass 4-current is used. For example, for the

gravitational field we obtain:

A7 G

CZ

R, @ =—2V_J°

This means that in the general case V_, J*=V*J =V“(p,u,)=0. But in this case the
guestion arises whether we can consider as valid relation (25), which links the divergence of tensor

¢y, with 4-acceleration. The essential component of (25) is the equality V¥ (p,u,) =0, however in

GTR this equality is only postulated, but not proved, and this equality contradicts the results of the

covariant theory of gravitation. At the same time, substitution of the tensor ¢, with the stress-energy

tensor of the acceleration field B, in (28) leads to the covariant tensor relation.
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Appendix A
According to [11], the equations for the acceleration field of a set of identical particles, completely

filling the fixed sphere, are as follows:

10S 4drnny' p,V oN
V-S=4rny'p,, VxN=——+—"""2  V.N=0, VxS=-—, Al
7o c? ot c? ot (A1)
where y' :; is the Lorentz factor for the particles moving inside the sphere, V' is the

1_Vl2/c2

velocity of particles in the reference frame K' associated with this sphere, p, is the mass density of

an arbitrary particle in the reference frame K associated with it.

In the approximation of the special theory of relativity for the vectors S and N of the acceleration

field we can write:
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S:—VS—%—LJ[Jz—CZVJ/—%, N=VxU=Vx(pv). (A2)

Here the scalar potential ¢ and the vector potential U are included in the 4-potential

u, :(ﬁ,— UJ of the acceleration field. Since the vector potential U’ of each individual particle is
o

directed along the particle velocity, then due to the different directions of the velocity vectors V' the
total vector potential of different particles inside the fixed sphere is equal to zero. Therefore, the

vector S will depend only on the total scalar potential inside the sphere: S=-V.$. The scalar

potential of a single particle is ¢ = CZ;/', and we need to find the total scalar potential ¢. We will

assume such an equilibrium condition when the average velocity of the particles is the function of the

current radius, then the average value »’ will be the function of the radius. We will further consider

!

that y' is the average value for the particles at each radius r inside the sphere. Then substituting

S=-V8=-c*Vy' inthe first equation in (A1), we obtain the Poisson equation:

,_ Arnpyy

Ay =——2—. (A3)
c

It is convenient to transform this equation for ' by moving to the spherical coordinates and to

consider that y’ depends only on the radius. Then the Laplacian in the spherical coordinates will be

the function only of the radius r. Further substitution with the auxiliary function Z =Z(r) in the

form »'=Z/r will significantly simplify the solution and as a result »' will contain the sine:

C

oy (T 271 P ¥y
=——2C__sin| —\/47 ry, —— (A4)
Gy ( N 77:00] 7, 2c?

1 . - L
where y, =—2/2 is the Lorentz factor for the velocities v, of the particles in the center of
1-v;/c

the sphere, and due to the smallness of the sine argument we expanded the sinus to the second order

terms.
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The 4-potential of the acceleration field inside the sphere is the covariant 4-velocity of the sphere,

and since the sphere is fixed in K’, the 4-potential will be equal to:

2
u, =(cy,0,0,0) =(C;/c —%,o,o,o].
C

The components of vector S and N in [11] are given by the formulas:

uOi:aou.—a.uoz%s., U;=0u;—0;u;=—-N,. (A5)

If we substitute the 4-potential u/', in (A5), we can find the integral vectors S and N, arising from

all the particles inside the sphere.
Let us suppose now that the sphere is moving in the reference frame K at the constant velocity v

along the axis OX . In this case, we need to express the 4-potential in the reference frame K with the

help of the partial Lorentz transformation. For the arbitrary covariant vector A, = (Aj, A, Ay, A;) the

transformation of the components has the following form:

A=r(A-Av/c), A=yr(A-Av/c), A=A, A=A,

1 . .
where y = ———is the Lorentz factor for the motion of the sphere.
1-v?/c?

We will use this rule for the 4-potential of the acceleration field:
u,=(cyy',—rr'v,0,0). (A6)

We also need in the expression for ' to substitute the coordinates of the reference frame K’ with

the coordinates of the reference frame K using the Lorentz transformations:
X =p(x=vt), Y=y, =z, r’=x’+y°+71%=py"(x-Vt)’+y*+2°. (A7)
Substituting * = y*(x—Vt)* +y*+2” in (A4), then ' in (AB) and U, in (A5), we calculate the

vectors S and N in the reference frame K:
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g _Arnpeyy. (X-vt) g _ATNp Yy o AP Y2

' 3 ’ 3 ’ ’ 3 ’
N =0, Ny:_47rnpozyczv, NZ=4m7p0727CVV_ (A8)
3c 3c

We use (A8) to calculate the integral with the energy of the acceleration field at the time point
t=0:

2,2, 2

%j (32+c2N2)dx1dx2dx3=—2”’7”g7 P [ [+ (1P e) (" +29) | X’ a’. (A9)

As a result of the Lorentz contraction the shape of the moving sphere changes and becomes a

Heaviside ellipsoid with the equation for its surface with t =0:
rixi+yt+zi=a’,
If we connect the Cartesian coordinates with the spherical coordinates in the following way:

1, L. N
X=—rfcosé, y =fsinfcos g, Z=rsinésing, (A10)
/4

then inside the ellipsoid the current radius £ will vary from 0 to a, the angle & will vary from 0
to 7, and the angle ¢ will vary from O to 27 . In this case the volume unit as the consequence of

transformation from the Cartesian coordinates to the spherical coordinates becomes equal to:

dtdx2dx® = L P2 dfsin 0dad . (A1)
y

Substituting (A10) and (A11) into the integral (A9) and integrating, we obtain:

1 J‘ (Sz +c2N z)dxldXZdX3= 87[277p§7/7c2a5(1+vz/3cz) _ 77m2}/7/02(1+V2/3C2).
8rn 45 10a

Appendix B
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According to [11], the differential equations of the pressure field for the vectors C and | inside a

stationary sphere in Minkowski space are as follows:

_19C 4rorpV g lo vic=—2 @

V-C=4roy'p,, VxI ,
VP c? ot c? ot

!

where y' :; Y

2/ = is the velocity of an arbitrary particle inside the sphere from the
1-v'“/c

standpoint of the reference frame K', in which the sphere is at rest.

Equations (B1) are identical by their form to Maxwell equations. By definition of the 4-potential

of the pressure field 7z, :&2“# :(g,—ﬂj, for an arbitrary particle the components of 4-
PoC c
potential have the form: ' :7—p°, Il'= r Eg v', and hence the vector potential is directed along
Lo Po

the particle velocity. Due to the randomness of the particles’ motion the total vector potential inside
the sphere is zero: I1=0. With this in mind, the vectors C and | inside the sphere are expressed as

follows:

C=-Vp-—=-Vgp, I=VxII=0. (B2)

Substituting the vector C from (B2) in the first equation in (B1), we obtain the Poisson equation:

Ap=—4roy p,.

In order to simplify we will consider the case with the constant density o, =const inside the

sphere. Passing to the spherical coordinates, expressing the Laplacian in the appropriate way, making

the substitution o =Y/r, where Y is the function of the radius, we obtain the differential equation:

d?y
dr?

=—Anoy' p,r.
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Substituting here relation (A4) for ' we find that the particular solution of the inhomogeneous

equation contains sine. Adding the solution of the homogeneous equation, we find Y and then the

general solution for the scalar potential of the pressure field inside the sphere:

oc’y oC’y : (r j 2mopy I’y
p=p.——To+ ©_sin| —\f4znp, |~ g, ~ T e, (B3)
n rnJ4rn p, c ° 3

According to (B3), at constant density inside the sphere the potential ¢ must quadratically depend

on the current radius r, and in the center the potential equals . .

Let us refer to the definition of the 4-potential of the pressure field: 7z, = (Q,—Hj where now

C

g and II are respectively the scalar and vector potentials of the pressure field inside the sphere as a

system. Since we have I1=0, then for the fixed sphere we have 7, = (Q ,0,0, Oj :
c

We will perform transformation of the 4-potential 7, in the reference frame K, in which the

u

sphere is moving at the velocity Vv along the axis OX . Acting like in Appendix A, we find:

z, {%,—%V,o,oj. (B4)

The vectors C and | are expressed from the 4-potential of the pressure field by the formulas:
1
807zi—8i7z0:ECi, Omi—0;m=-I,. (B5)

Using the coordinates (A7), substituting r> = y*(x—vt)® +y* +2° in (B3), then ¢ in (B4) and

(B4) in (B5), we find the components of the pressure field strength vectors in the reference frame K:

_Anyy.op, (X=Vi) _Aryy.opy Y _Aryy.op,Z
C, = 3 , C, = e C,= e

| __Arry.opgzy | Ay y.op YV
o ! 3c? ’ ’ 3c? '

(B6)
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Now we can find the required integral with t =0, when the sphere’s center coincides with the

origin of the reference frame:
1 2 | 2212y Aul Av? dy3 2777’2726,05 2 2/2\ (2, 52 1Ay Ay3
S—I(C +c21%) dx*dx?dx :TCJ[X +(1+v3 /) (y* +2 )de dx2dx®.
o

Substituting here the coordinates (A10) and the volume unit (A11), we find:

LI (C? +c212) dxidx?dx® = 87"y yeopy @’ (L+v?/3c?) _
8ro 45
_om’yyZ(l+v?/3c?)

10a '

Appendix C
According to [14], the equation for the 4-potential of the gravitational field is a four-dimensional

wave equation with d'Alembertian:

oD =- J (C1)

where D, :[%,—Dj is the 4-potential of the gravitational field, described by the scalar

potential y and the vector potential D of this field,

J u = PoU, is the 4-vector of the gravitational (mass) current.

Since we consider stationary random motion of identical particles inside a fixed sphere, the
potential v inside or outside the sphere will not depend on time, and the total vector potential D will
be zero everywhere. As a result, d'Alembertian in (C1) is transformed into the Laplacian, and (C1)

becomes an equation for the internal gravitational scalar potential:

Ay, =4zGy'p,. (C2)
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!

1
In (C2) the Lorentz factor of the particles y'= ———, V
'1_\/!2/(:2

arbitrary particle inside the sphere, p, is the mass density of the particle, the index i distinguishes

is the mean velocity of an

the internal potential y; from the external potential, which is generated by the sphere outside its

limits. Both the potential y;, and y' are functions of the current radius r inside the sphere and do not

depend on the angle variables. Therefore, in the spherical coordinates in the Laplacian it is sufficient

to take only that part which depends on the radius:
1d( ,dy,
——|r"—1=4zGy p,.
r? dr( dr j 7P

" . . Z . .
If we make substitution of variables in the form y, = —, then the equation can be rewritten as
r

follows:

1d?z
——=47Gy'p,.
d Y Py

I,.2

We will substitute here the value ' from (A4), expressed in terms of the sine:

c

d’Z 4zGp,cy, . (r
—= 72 Lo 7°sm(—,/4m]po].
dr \/47777100
The general solution of this equation has the form:

c

Gcly, . (r
Z=C +C,r———==sin —w/47z'77p0j.
' N

Since y;, =—, and in the center at r =0 the potential cannot be infinite, then the coefficient C,
r

should be equal to zero. Hence the potential inside the sphere is equal to:

c

Gcly, . [r j
w, =C,————=—sin| —/4zn p, |. (C3)
* rnarnp, °
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We will now turn to calculating the external gravitational potential y, of the fixed sphere filled

with moving particles. First we will find the external gravitational field strength of the sphere. The
equations of the gravitational field in the limit of the special theory of relativity, according to [14],

take the following form:

10T 4nGy'p,V oQ
S e M "M

VI=-4rGy'p,, VxQ= , V- Q=0, VxI'=——. C4
VP c? ot c? ot (©4)

According to (C4), the particles moving inside the sphere at velocities V' generate around
themselves a gravitational field with the strength I" and the torsion field €. We will surround the
sphere with the shell of spherical shape with an arbitrary radius r >a and integrate the first equation
in (C4) over the shell volume. In this case we will apply the Gauss theorem, substituting the integral

of the divergence V-I'" with the integral of the vector I" over the surface S of the shell. Due to the
symmetry of the sphere at the constant density p, for the vector magnitude I' outside the sphere we

find:
[V-T,aV = [T, ndS = 471°T, =—47G p, [ 'V, .

The vector n here denotes to a normal unit vector to the shell surface, which is directed outward.

Integration over the shell’s volume V is reduced to integration over the sphere’s volume V, since

outside the sphere p, =0. Substituting here y' from (A4) in the form of sine and integrating, we

obtain the field strength outside the sphere:

3
T, = %{sin(i/mnpo j—%\/4m7po COS(%\/MWOH :

rpfazp L e

The relation between the gravitational field strengths and the 4-potential is as follows:
1
aODi_ai DOZEFi’ 8i[)j_aJ'[)iz_“(‘2k' (C5)

The space components D, of the 4-potential are the components of the vector potential D, which

in this case is equal to zero. Consequently, the components I', of the vector I' are associated only
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with the time component D, = Y of the 4-potential: I';, =—0,y . This equation in vector notation is
c

written as follows: I =—V . Hence taking into account the expression for I', it follows that:

= [rdr=——25%_|in| 2 [aznp, |- 2 Jazn oy cos| 2fax . (CH)
v, =—| e AT py |- AT py cos| Az p;

Gy.m

C

r

~

Y,

At infinity, this potential becomes zero. On the sphere surface the potential (C6) must coincide

with the internal potential in (C3). We will assume I =a and equate both potentials. This allows us

to determine the coefficient C, and to specify the internal potential v, :

2
C2 :M COS(E ,472-77POJ’
C

n
Gc?y, (a j Gcly, . [r ) 272Gy, p,(r* —3a%)
W, = ° cos —«/47277,0 —————£& sin —«f472'77p ~ ¢/0 . (C7)
n C ° rnJazn p, C ’ 3

For the fixed sphere the 4-potential of the gravitational field has the form: D, :(K,O,O,Oj,
c

where the potential (C7) should be used inside the sphere and the potential (C6) — outside the sphere.
If the sphere is moving at constant velocity V along the axis OX in the reference frame K, the 4-

potential of the sphere in K could be found using the Lorentz transformations. Acting like in

Appendix A, we find:

_| v
o[22

; y;/;",o,o]. (C8)

First we will calculate the field strengths inside the sphere from the point of view of an observer in

the reference frame K. For this observer the moving sphere in accordance with Lorentz
transformations becomes the Heaviside ellipsoid. Since the coordinates of the points inside the sphere

should be transformed into the coordinates of the reference frame K, we obtain (A7) and the relation

r? = y*(x—vt)> + y* +z°. This relation should be substituted into (C7). After that we will use v, in

(C8) in order to calculate the field strengths with the help of D, and (C5):
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_47TyGJ/cp0(X_Vt) r __47T7/Gycp0y r __47ZyGycp02

Iy = iy = ! iz '
. 3 Y 3 3
iX ' iy 3C2 ’ iz 3C2 '
For the external field using (C6) in a similar way we find:
r oo 7 Gy,m(x—vt) _— yGy.my
> [;/Z(x—vt)2+(y2+zz)]% > [72(x—vt)2+(y2+22)]%
r, =— 7(276”‘2 — Q,=0, (C10)
[%(x—vt) +(y2+zz)]5
yGy.mzv yGy.myv
‘(%y = =

c?[y? (x—vt)2 +(y* + 22)]% ’ c?[y® (x—vt)2 +(y*+ 22)]% .

We calculated the potentials and strengths of the gravitational field inside and outside the moving
solid body in [9]. In contrast to them, the factor y, appears in (C9) and (C10), which owes its origin
to the motion of particles inside the sphere.

We will assume that the sphere with the particles is moving at a constant velocity so long that its
proper field inside and outside the sphere becomes stationary and the field’s shape is moving relative
to the observer at the same velocity as the sphere itself. Then in order to calculate the sphere’s energy
it is sufficient to calculate it at the time point t=0, when the sphere crosses the origin of the

reference frame. We will calculate the gravitational energy inside the sphere with the help of (C9):

1 2 2 2 Al o2 o3 2”7’2G702P02 2 2/72\ 7,2 | 52 1402 Au3
—&[—GI (I'? +c*0Q%)dx" dx*dx ——TJ‘[X +(1+v /c )(y +z )]dx dx?dx®.
Substituting here the coordinates (A10) and the volume unit (A11), we find:

B 87 yGyl pt a° (1+v?/3c?) _ Gm?yy? (1+v?/3c?)
45 10a '

—ﬁ [ (0} +c? 2 )dxdxalx® =
T

(C11)
Now we will use (C10) to find the energy of the moving sphere outside its limits with t=0:
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—ﬁ [ (T2 +c*20)dxdx* dx® = -
T

o [*X* +(y* +2°)F
2 2 2 )
_LJ. (F2 +c2_(22)dxldxzdxg :_Gm Ve (1+V /3C ) |
87zG B 0 —

Adding the obtained value to (C11), we find the total gravitational energy:

3Gm?yyl(1+v?/3c?)

1 j (T? +c2?)dx dx2dx® = —
872G 5a

Appendix D

We need to calculate the integral:

1'[ F dx*dx?dx® :LJ‘ Cx | dxtdx?dx® .
C dro

We will substitute here the vectors C and | according to (B6) in Appendix B, and consider the

2,22

— [ [cx1] Ao ix® = ET L
Aro X

Proceeding to the spherical coordinates (A10) and the volume unit in the form of (Al1) for the

Heaviside ellipsoid like in Appendix A, we find:

Rrlopyyyia’v _ 2omiyyiv
135¢ 15ca

EJ‘ Fdx*dx?dx® =
c

Appendix E

29

y°Gyim? _[ X* 4+ (1+V2/c? ) (y* +2°)

dxtdx?dx’.

time point t =0, when the center of the sphere crosses the origin of the reference frame. From the
symmetry of the problem we see that the integral pressure energy flux is directed parallel to the
velocity of the sphere, that is parallel to the axis OX . Therefore it suffices to integrate this

component of the vector product Cx I, which refers to the axis OX . This gives the following:

—77‘3\/_[ (y? +2%) dx'dx?dx®.
9c



We will calculate the volume integral of the vector of the energy flux density of the acceleration
field:

EJ' K dx*dx?dx? =LJ' SxN dxtdx?dx®.
c 4rxn

It is sufficient to calculate the integral for the time point t =0, since the sphere is moving at the
constant velocity and the integral at any given time point will be the same. We will use the vectors S
and N according to (A8) in Appendix A. The only nonzero component of the energy flux is directed

along the axis OX and is equal to:
c Lo aus Aoyt vy 2 | 52\ Al qu2 3
—j [Sx N], dx‘dx?dx =#j (y? +z2) dxtdx?dx
4rn 9c

Integrating over the volume in the coordinates, associated with the Heaviside ellipsoid, like in
Appendix A, we find:

27 npyyyed’N _2nm’y yov
135¢ 15ca

lj K dx*dx?dx® =
C

Appendix F. Estimation of the coefficients 7 and o
If the quantity 7 is constant, then in each particular physical problem it has its own value and is a
combination of the fundamental physical constants and parameters of the system under consideration.
For example, let us consider a rather large gas cloud with the constant density o, held by its proper
gravitational force in the framework of the special theory of relativity. According to (A4), the solution

1
J1-v?/c?

of the equation for the Lorentz factor y' = , Where V' is the velocity of the particles

moving inside the cloud, has the form:

, cy, . (r 2711 Py Y2y,
y'=——==—sin| —J4xnp jzyc——,
r.\/47r77p0 ( i 3c’

c

1 ,
where y = —2/2 denotes the Lorentz factor of the particles at the center of the cloud.
1-v;/c

c

30



We will square the equation for »' and approximately obtain the following:

2 _\2_ 4znper’

v . ,
3

(F1)

so that as the current radius r increases inside the cloud when moving from the center to the

periphery of the cloud, the particles’ velocity v’ decreases.

We will multiply equation (F1) by %M o» Where M is the mass of one particle, and introduce

the mass M (r) located inside the sphere with the radius r :

M M(r)
= MV -—E F2
2 ° 2 P 2r (F2)

If we denote 7 =G, then according to (F2) the difference between the kinetic energies of the
particle at the center and on the surface of the sphere is determined by the gravitational energy of the
particle on the surface of the sphere, with accuracy up to the coefficient /2.

Assuming that the gas law is valid and taking into account the relationship between the
1 3
temperature T and the kinetic energy of the particles in the form > M pv'2 :EkT , where K is the

Boltzmann constant, the expression (F2) is transformed into the dependence of the temperature on the

radius inside the uniform cloud:

GM_M(r
r o SOM,M()
3kr

We will apply this relation to space objects. For the surface of the cloud r =R, the mass is

M(r)=M(R)=M , T =T, and we obtain:

GM_M
T o1 MM

F3
S c 3k R ( )

31



In many cases the surface temperature T, is much lower than the temperature T, at the center.
Then T, in the left side of (F3) can be neglected. According to the standard model, the temperature at
the center of the Sun is estimated to be 15.7 million Kelvin [17], and taking as M, the mass of the
proton as the nucleus of the hydrogen atom, from (F3) we find ¢ =2.4, and also 7 =2.4G . At the
center of the Earth the temperature reaches 6000 Kelvin [18], which gives 77 =2.38G . These values

are somewhat lower than 77 =3G according to (13). Apparently, this is due to the large heterogeneity
of the matter distribution inside the Sun and the Earth. Besides, inside the Sun the energy from
thermonuclear reactions is added to the gravitational energy, and inside the Earth a large proportion of
heat energy is due to the decay of radioactive elements; all of this changes the value 77. Estimation of

the temperature at the center of the neutron star with the mass 2.7-10° kg and the radius 12 km

according to (F3) gives the value 8.1-10" Kelvin.
We will consider now the Bok globules — small dark cosmic clouds of gas and dust. In [19] it was

found that the radius of a typical globule is 0.35 parsecs, the mass is 11 Solar masses, the surface dust

temperature T, in the globule is about 26 Kelvin. If we substitute this temperature, mass and radius in
(F3) and use the value 7 =¢G =3G according to (13), we will obtain the temperature at the center

of a typical globule: T, =42.3 Kelvin.

If for the total 4-potential we apply the definition 7, = pzuﬂ:(g,ﬂ} where
PoC c

u,= (C,O, 0, 0) is the 4-velocity of the stationary sphere, then it allows us to connect the total scalar

potential of the pressure field inside the sphere with the pressure: g = ﬁ. Substituting this in (B3),
Po

we obtain an approximate formula for the pressure as the function of the current radius:

_2wopiry,

P=DP 3

Substituting here r = R and neglecting the surface pressure, we estimate the pressure at the center

with y, = 1:

0. ~ 2rop R’y, 3oM?
¢ 3 87R*

(F4)
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For the center of the Sun this formula under the condition o =3G according to (14) gives the

pressure 4-10% Pa, which is substantially less than the pressure 2.3-10' Pa in the standard model
of the Sun. For the Earth, according to the formula (F4) we find the pressure 5.1-10™ Pa, whereas in
[18] for the pressure at the center of the Earth the value 3.6-10" Pa is indicated. For a neutron star
with the mass 2.7-10% kg and the radius 12 km the pressure at the center according to (F4) equals
8.4-10® Pa, and in various models of neutron stars, according to [20], the pressure does not exceed

1.6-10*" Pa. The obtained estimates in comparison with theoretical models for space objects show

satisfactory complying with the values 77 = o = 3G, except for the estimate of the pressure inside the

Sun.
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