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Abstract

The gravitational equations were derived in general relativity (GR) using the assumption of
their covariance relative to arbitrary transformations of coordinates. It has been repeatedly
expressed an opinion over the past century that such equality of all coordinate systems may not
correspond to reality. The internal problems inherent in GR are indirectly confirming it.
Nevertheless, no actual verification of the necessity of this assumption has been made to date.
There must undoubtedly be weighty physical reasons for the introduction of the constraints on
the group of coordinate transformations. The initial equations of a theory of gravity with general
covariance restricted due to introduction of the constraints are formulated in the paper. The
constraint can be interpreted from a physical point of view as a sufficient condition for
adiabaticity of the process of evolution of the metric of space-time manifold. A basic model of
evolution of the Universe is constructed on this basis which consistent with the observational
astronomical data but without using of the hypotheses of the existence of a dark energy, dark
matter and inflatons.

Keywords: Gravitation, restricted covariance, nonsingular theory, exact solutions, evolution of
the Universe.

1. Introduction

Over a hundred years ago at the derivation of the gravitational equations from the
variational principle D. Hilbert formulated an axiom of the general invariance of the action
relative to arbitrary transformations of coordinates and chose the invariant of the Riemann tensor
as Lagrangian of the gravitational field [1].

The success of the canonical theory of gravity ostensibly corroborated validity of such
assumption and it has acquired the status of the fundamental principle eventually.

However, the presence of singular solutions of GR equations [2] is a sufficient cause to
doubt a possibility to describe on its basis phenomena in the microcosm and in the scale of the
Universe.

GR doesn’t seem as unshakeable as before any more in the light of the new experimental

data [3-5]. For an explanation of the derived results within the framework of this theory it was
necessary to introduce certain hypothetical entities (ACDM-model [6]), the nature of which are
still unclear.

In our opinion, just general covariance of the equations is a source of the troubles of GR.
Detected on the stage of its formation, today these troubles have become the whole set of
problems unresolved so far: the problem of energy, singularities, black holes, cosmological
constant, cold dark matter, and finally the problem of description of the elementary particles
which appears in the canonical theory of gravitation as “micro black holes”.

An obvious way to construct the non-generally covariant theory of gravity without
violating of the axiom of Hilbert (as we see it) is the introduction of a priori constraints that
restrict the choice of coordinate system. Attempts of such kind had been being made previously,
the example of it is the unimodular theory of gravity whose origins date back to Einstein.
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Generally an appearance of the edges of space-time manifold is a consequence of the constraints
introduction. In the presence of the differential constraint there is an opportunity to choose a
position of the edge so that to single out nonsingular interior region of the manifold.

Under such an approach, the fundamental principle of the equivalence of all reference
systems compatible with the pseudo-Riemannian metric, underlying GR, is not violated. In
addition, we don’t put in doubt a firmness of the principle of the action invariance relative to
arbitrary transformations of coordinates. At the same time, the covariance of the equations of
gravitation is limited by the constraint in contrast to GR. Thus, a priori only "medium-strong
principle” of the equivalence is met in this case [7]. However, this cannot be ground for rejecting
the proposed approach as contradicting the experiments on verifying the strong equivalence
principle for bodies of cosmic scales [8].

The fact is that already in GR within the framework of ACDM model, space itself is
endowed with energy. The same thing happens when an a priori constraint is introduced. Space
becomes a self-gravitating object because of the nonlinearity of the gravitational equations. One
can determine inertial and gravitational mass for such an object within the framework of a
particular model (for example, static empty isotropic space), what was done below (Section 5).
As a result, it turned out that the solution of the gravitational equations has enough free
parameters in order to not only ensure the requirement of the equality of inertial mass of the
gravitational field to gravitational mass, but also to determine inertial mass in accordance with
Mach’s principle (the latter problem have not been solved in GR). From this point of view, the
results of experiments [8] should be considered as an indication that only such (quasi) stationary
self-gravitating objects exists for which inertial mass is equal to gravitational mass.

Our basic assumption is that the components of the metric tensor g, are constrained by the

conservation law:

0 . 1 8J-9g w S
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2. Gravitational field equations in the presence of the constraint

To obtain the rest of the gravitational field equations on the mass shell, proceeding from
the Hilbert action and introducing the Lagrange multiplier — the scalar field ®, write the action
for the gravitational field in the presence of the constraint (1.1) as:

. 0D
Sgr:_R R+A,/ gd*x, A= rrg* o (2.1)

where R - scalar curvature, R=g"'R,, R, - Ricci tensor,
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where I',, - Christoffel symbols,
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Now all the components of the metrzc tensor and the scalar @ can be considered as independent
guantities at the action variation.

We derive the equation (1.1) from the principle of least action at the variation over the
field @.

The scalar curvature is invariant relative to arbitrary transformations of coordinates, so the
calculation of its variation and the contribution to the field equations has no differences from [7].
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The presence in Lagrangian of the additional members besides the scalar curvature leads to
an occurrence of a new object in the Hilbert-Einstein equations at the metric variation.

1 872G 872G
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The object (2.3) behaves like a tensor only under a restricted group of coordinates
transformations. It is covariant only relative to the local unimodular and global linear
transformations of coordinates.

The constraint (1.1) does not include the fields of matter. Therefore, the action for matter
remains invariant under general coordinate transformations as in GR, and the assertion that the
covariant derivative of the symmetric energy-momentum density tensor of matter is equal to zero
remains also valid in the presence of the constraint (1.1). The covariant derivative of the
expression on the left-hand side of (2.2) is zero because of the reduced Bianchi identity (the
validity of which is due only to the general covariance of the curvature tensor), therefore, taking
into account the above, the covariant derivatives of the right sides of both (2.2) and (2.3) must be
equal to zero. All this in aggregate allows us to call the object (2.3) as an energy-momentum
density tensor of the gravitational field. The question of the positive definiteness of the energy
density will be considered below in Section 3.

Since the remaining terms in (2.2) are generally covariant, on the whole the system of the
equations of gravitation will be covariant only relative to the indicated restricted group of
coordinate transformations in the presence of the constraint. This is sufficient that a number of
statements proved in GR remain valid. In particular, in an infinitesimal neighborhood of any
point, we can introduce the Galilean coordinate system and also turn all Christoffel symbols to
zero not only at the point but also along a given world line [9].

The constraint (1.1) can be interpreted from a physical point of view as a sufficient
condition for adiabaticity of evolution of the metric. We determine the vector of the entropy
density flux of the gravitational field s by the relation

2 olnyJ-g oln/-g
— —

, s =const -v*
ox* o OX

Now the constraint (1.1) can be written in the form of the relativistic adiabaticity condition [10]
0 ;
pwy (,/—gsg,v‘ ):0 (2.5)
We note that under the definition (2.4), all the thermodynamic potentials will be scalars only
relative to the restricted group of transformation.

For inclusion in the consideration of spinor matter, the system of equations (1.1, 2.2, 2.3)
can be formulated in a nonholonomic orthogonal frame, since the group of local Lorentz
transformations is unimodular.

S,V =const - g viv, =1. (2.4)

3. Empty Space

Since the gravitational field has a certain density of energy-momentum and entropy now in
contrast to GR, the metric is nontrivial even in the absence of any matter. Obviously, such an
initially empty space is homogeneous. There are nine possible types of homogeneous spaces
with a time-dependent metric (Bianchi classification) [11] in GR three-dimensional space. It is
easy to show that in homogeneous nonstationary space the constraint (1.1) is solvable only under
the condition that the determinant of reference vectors is a constant. Only homogeneous spaces
of type | and Il (according to Bianchi classification) satisfy over that condition. The metric
tensor depends only on the time-like coordinate for the first of these. In this case, if the spatial
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metric is non-degenerate then the most general expression for the space-time interval can be
reduced to the form [11]:

ds® = go, (X2)(dx°)? + g, (x*)dx"dx", y = —det(g,,,) >0,(Mn=1273). (3.1)

An absence of the general invariance of the action (2.1) doesn’t allow us to eliminate the

metric component goo, therefore the expressions for Christoffel symbols and nonzero
components of Ricci tensor components are rather different from the expressions given in [11].

1 4 dg 1 4 dg, m_ 1 wmcdg9y
0 = 5 ~g” dxoo Ta =0Ty __Egoo dXOI ,Too =0, T :_g ‘ dxﬁ' Tu=0, (B2
1 d 1 dy 1 dg, dg
RO - _ _ mk p ~ PN nm ’ 3.3
" 20, OX° Lz oo don 49, T ¥ e (33)

1 d [ |7y dg
RP =— —| [L—gm™ =km | 3.4
‘ 2”90 dx® { Joo ] dx” J (34)

Nonzero components of the energy-momentum density tensor:

¢t | d( 1 do 2 dygey do
(ggr)g:_ ol T oo | T 80 ol (3.5)
162G | dx” | g4, dX Ooon/Jooy OX  dX
c* d( 1 do
(ggr )E T 164G W(_ d—oj5kp : (3.6)
Qg OX

Taking these relations into account, the gravitational field equations (in the presence of the
constraint) take the form:

1 AV | _
3.7)
d Yoo dX
1 df 1 d 1 99 ..dg., M d 1 do
0 }; B g™ ';Dgp g0 - = 0 o | (3.8)
240 AX | 74/ggo dX 4940 dx dx 2 dX | goen/ 74, X

- O] g S | p O T 9O, (3.9
dx 900 dx dx"| ggo dX

Eq. (3.8) shows that:

dg dd g
mp ZFkm  gp = _ [200) P 3.10
J d K dx® |y (3.10)
The constant matrix L is not arbitrary. Since eq. (3.10) shows that
dgk d(D gOO
g / LY, 3.11
dX gkn dX gnp k ( )
the matrix must satisfy the conditions:
9 (XL = 9 (X)LT. (3.12)

For the metric tensor of the general form this condition will be accomplished only in case
when the matrix L} is proportional to the single matrix. Otherwise the matrix L=

diag(L1,L>,L3) and the metric tensor must also be diagonal.
Simplifying eg. (3.10) on p and k indexes:

340 _ 1dy %) (3.13)
dx y dx y

and the system of equations (3.10) takes the form
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g dgk(;n _ 1 dy 5kp gOO(LE _lngL’r‘]j_ (3.14)
dx° 3y dx° Y 3
Eq. (3.14) shows that:
d
- gzp g" dgn(;n _11 dy )’ 4+ S {Lka _E(Ln) } (3.15)
dx dx° 3|y dx° 4 3

Using this expression and eq. (3.13) it is possible to eliminate ® and all spatial metric
components from the equation (3.8) and we can write it in the form:

2

d(1dy) 1(1dy) 3¢’ ) 1 dy

3—| ==L |+ 2| ==L | + =[LPLE —= (L — | ——X—cL" |, (3.16

dt[ydtj zbm} o L ( )71= Qo7 " | (3.16)

where the following notation is entered cdt = /g, dx°

Eqg. (3.7) implies
idg_m+ld_7 1 T =const . (3.17)
U dt pdt T\/—

This equation allows to eliminate goo from (3.16) and to write the equation for the function

p 4 [1dr), 1 4 o 4o Smret ey, (3.18)
dr\ydr 7/\/_ dr y 2 3
where t=t/T - dimensionless proper time, B =cTL{ - matrix of the dimensionless constants.

The order of the equation (3.18) can be lowered at the function u(y) introduction - dimensionless
rate of change of the volume factor - \/;

N (3.19)
dr
The equation takes the form:
gudY_au?_2u+io, Audy _dJy (3.20)
dy u°-2u+o \/;

It is remarkable that when ¢ > 1/4 determinant of the spatial metrics isn’t equal to zero
anywhere. Therefore in this case there are no singularities.
Integrating the equation (3.20) we find that:

N _ [du? —2u+o 1 1
. f(u), f(u) - exp{r[arctg\/ijtarctg \/F—lﬂ (3.21)

where \/m the minimum value of \/;at u=0.
Differentiating (3.21) with respect to t gives:
1 dyy df(uydu df  4u
Jrem d7  du dr’ du 4l-2u+o
Hence we find the solution of the equation (3.18) in the parametric form in consideration of

(3.19), (3.21).
r—1, —,/ymmj 4fg/)+ Yo7 =7 T (U). (3.23)

Evolution of space begins in the tlme point 7 from a state of rest with the minimal volume
factor.
From the equation (3.17), taking into account (3.23), it follows that

f(u). (3.22)
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~ |Vmin 4T (u)du 4du

V7 W-+o MP-2u+o

goo(u) __ o f(u) .
U0 4°-2u+o
Using this relation, proceeding from the determination (3.19), we can show that du o« dx’.
Consider the expression (3.5) for the energy density on the field equations. Using the

relations (3.13) and (3.17), we can transform (3.5) as follows:

2
c? d(1d 1(1d 1 dy 1
ey P =py =S| 417 L1dr ), 1 dr 1gcl (g0
482GT | dr\ydr ) 2(ydr 2\/;;/ dr 2y
Using the equation (3.18), we eliminate the second derivative, then

¢ [1(1dy) 3 ook 1ok c? s 3ok 1o
The first term in the brackets vanishing at the small values of u, the second term characterizing
the global anisotropy of space is constant, positive and enters into the expression for the energy
density with a minus sign. The energy density will be positive only in case when homogeneous
space is isotropic (Bp" o« &,).
In this case the solution of the equations (3.14) can be presented in the form:
9 = _7/1/3§kn ’ (326)

dt
din =
(7’900) T\/;

and the interval (3.1) -
ds® = gy (X°)(Ax°)? =3 (x%)dx™dX" 5, . . (3.27)
We note that a metric of the type Il has an unremovable anisotropy. Therefore, bearing in
mind the connection between the positive definiteness of the energy density and the absence of
the anisotropy, it can be assumed that there is no other uncontradictery theory besides the theory
of homogeneous space of the type I.
Introduce the Hubble parameter H and the acceleration parameter q (instead of the
deceleration parameter [7]) according to the modern representations:
M=t 7 qogy 1 Of1d7) (3:28)
6Ty dr 6HT" dr\ydr
The substitution of these expressions in (3.18) allows us to derive the equation describing
change of the acceleration-deceleration eras.
2
g=3(Jdo _ 1), 3 (3.29)
4\u@y) Jo 4o

This implies that two scenarios are possible. When 6>3/4 only acceleration (q>0) is possible.
When 3/4 > ¢ > 1/4 the change of the eras is possible: acceleration-deceleration-acceleration.
The change of the eras happens at the values

J3

_ (o2 \/§ O
T Via0i3 4(\/3 ++/2) 1-\1-40/3 _ 4(3-2)

Discovered recently [3-5] the change of the eras indicates that the second scenario takes place.
The maximum value of the deceleration is reached at u=o

U max :1_%> - 2. (331)

After the onset of the second era of the acceleration, g asymptotically approaches unity
according to (3.29).
The energy density of the gravitational field (3.25) is related with the Hubble parameter as:

~0.1376, u, = ~1.3624 . (3.30)
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3c*H?(7)
pgr =< -
872G
Thus, space is homogeneous and isotropic and has proper energy. And the density of energy is
equal to the critical density at any moment of time. The Hubble parameter reaches the maximum
value during the era of the first acceleration at u = 6/2 < u;

(3.32)

H = Jo exp| - arctg+4o -1 | (3.33)
6T /7 min do -1
and then monotonously decreases, tending to the constant value
1 1 1 V4
H, =——eXxp| -————| arctg —+—| |. (3.34)
6T 7 min ( \/40'—1( V4o -1 ZD

Determined by the relations (3.6) the spatial components of the energy-momentum density
tensor are equal on the field equations to:

2 2
(ggr)” :C—2 dfidy +1 ldy _L%Jrigr? 52, (3.35)
Kk 4872GT?|dr\ydr) 2(ydr 2yydr 2y
and differ from expression for the energy density in the sign of the last two members. These

components can possess both the positive and negative values during evolution. Eliminating the
second derivate again by means of the equation (3.18) and assuming (&, )y, = - PgrS, as it is

accepted for macroscopic mediums, write the gravitational field pressure as:
2

¢ '-2u+o
487GT ? y '
This implies when 0.25 < 6 < 0.5 there is a change of the pressure sign at the following u values:
1-V1-20 _2-1 1+41-20 2+1
Uy = > ~0.146, u,= <
2 242 2 22

The gravitational field has a positive pressure in the interval us<u<u, in other cases it has a
negative pressure.

Let us consider the curvature tensor. Substituting the relations (3.14), (3.15) in (3.3), (3.4)
we will find the expressions for the curvature tensor on the field equations:

po__ 1 d(1dy)_ 1 (1dy)
® 2ctdtlydt ) 12¢2\ydt )’

Py = (3.36)

~0.8536.  (3.37)

Excepting the second derivatives, write the expressions for the scalar curvature of space-time ‘R
and space °R.

— 2 j—
R=RE =t (@ul-2u+to)=-BTD Aol o (3.38)
4¢°T y 16¢c°T “y
4 0, pk 1 (8,
R=RY+Rf =———[ 20’ ~2u+o|. (3.39)
2c°T ¥\ 3

(3.38) implies the space curvature is always negative. But the space-time curvature changes
during evolution and possesses at first negative, then positive and at last again negative values.
According (3.32), (3.33) the maximum density of the gravitational field energy is equal

2
B co exp(— 2arctgv4o —1} . (3.40)

pgrmax - 967ZGT27/min 40__1
Assumed that c=1/4 for definiteness, connect the constant value
7
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l 9 1/2
TJr z—(C—J (3.41)

8e|67-G 'pgrmax

with the maximum energy density.
Now (3.23) can be written as:

41(y) 1 u
t—t, =T%min dy, Hu) = ————.
I —-2y+o 3Ty, fu)
According (3.21) f(u) depends on the constant o only. Substituting in these relations the current
values [12] of the time from the beginning of evolution till now (-t = 4.355-10" sec ) and
Hubble parameter (H° = 2.181-10%sec™) gives, taking into account (3.41), couple of equations
for two unknown — ¢ and the value of parameter u® at the current time

—  4f(y) 0 1 u®
'“'”I —2y+o Y 3T Srom TU°)
It is considered to be the maximum energy density equal to the Planck’s energy density in
the standard cosmological model. Providing that o ... = &g the solution of this system of

equations is:

(3.42)

o =0.250119943, u® =6.119898285. (3.43)
The results of the calculations of other parameters for this case are presented in Table 1.
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Parmax = Epr 3 T/ Vmin =5.798185056:10*° sec; 6=0.250119943; u°=6.119898285
u q z °R, cm™ t-ty , Sec H, sec’
6.119898285 0.7599 0 -4.382-10™° | 4.358-10" 2.181-107°
1.362298981 0 0.850004 -6.309-10™° | 1.876-10" 3.074-107°
0.853468568 -0.5 1.416151 -9.216:10™° | 1.129-10" 4.290-10™°
0.8 -0.58189 | 1.525709 -9.989-10™° | 1.029-10" 4.593-10™°
0.7 -0.76002 | 1.792870 -1.223:10> [ 8.275-10™ 5.435-10™°
0.6 -0.97891 | 2.201837 -1.679-10™ | 6.051-10™ 7.019-1078
0.5 -1.24964 | 2.939474 -2.973:10> | 3.650-10™ 1.089-10™"
0.4 -1.5776 4.831122 -1.126:10>* | 1.305-10™ 2.826:10™"
0.35 -1.7544 7.804654 -5.944-10>* | 4.160-10™ 8.514-10™"
0.3 -1.9157 24.3401 -8.520-10™° | 1.959-10™ 1.739-10™
0.250119943 -1,9986 1.740781-10" [ -1.062-10° 7.092-10%° | 4.702-10%
0.146531432 -0.5 9.818436-10° [ -1.223-10°" | 4.071-10% | 4.943-10%
0.137701018 0 1.017771-10° | -1.787-10°" [ 3.361-10™ 5.174-10%
0.125059971 1 1.058713-107 [ -2.801-10°" | 2.610-10™% 5.289:10%
0 % 1.172766:107 | -2.069-10°® |0 0
Parmax =10% g-em™sec?; T \fy,, =1.296575763-10 sec; 6=0.2505961314; u’=6.117403956
u q z °R, cm™ t-ty,sec | H, sec™
6.117403956 0.75982 |0 -4.382:10™° | 4.358-10" 2.181-10™"°
1.362007273 0 0.849896 -6.309-10™° | 1.876-10" 3.074-1078
0.853131610 -0.5 1.416264 -9.219-10° | 1.129-10" 4.291-10™°
0.8 -0.58133 | 1.525121 -9.987-10° | 1.030-10" 4.592-10™°
0.7 -0.75929 | 1.792084 -1.222:10° | 8.282-10™ 5.432:10™°
0.6 -0.97792 | 2.200602 -1.678:10>° | 6.058-10™ 7.014-10™°
0.5 -1.2482 2.936815 -2.969-10° | 3.656-10™ 1.088-107"
0.4 -1.5753 4.819468 -1.120-10™* | 1.313-10%° 2.810-107"
0.35 -1.7514 7.757364 -5.828:10™* | 4.230-107 8.381-10™"
0.3 -1.9117 23.5132 -7.317-10* | 2.166-10™ 1.575-10"
0.250596131 -1,9929 2.510051-10° | -4.756-10%° | 236.74 0.001413
0.146868390 -0.5 3.483573-10° | -0.0245 9.1035-10™ | 2.214-10°
0.137992728 0 3.611425-10° | -0.0358 7.5143-10™ | 2.317-10°
0.125298066 1 3.757034-10° | -0.0562 5.8328:10™ | 2.369-10°
0 % 4.162766:10° | -0.4146 0 0

TABLE 1. Space kinematics at two different values of the maximum energy density.

The results of similar calculation, but with the maximum energy density equal to that at which

the electroweak phase transition occurs, are shown in the same table. The comparison of these

data shows that the results of the calculation are in good agreement up to red shift at least
y(®)

z(u):L —J -1, 2(0.3) 24,

3.44
y(u) (349
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despite the difference in the value of the maximum energy density on more than sixty orders.
This circumstance excludes doubts in a possibility of the unambiguous description of space
evolution in this range of the red shift variation.

Metric (3.27) differs from Robertson-Walker metric. Nevertheless, the lines x'=x*=x*=const
are geodesic as in GR and in each point it is possible to introduce the concomitant coordinate
system where the variable t defined above will be a proper time.

Substituting Christoffel symbols (3.2) for the metric (3.27) in the equations of the geodesic
X (&) with the natural parameter &

2 U v A
dd ;‘2 oy ‘jjxé chg =0 (3.45)

and integrating the obtained equations, we find:

m 0
d;‘g = A"y 3 (x°), Y9 (X°) % =+ /A3 (x°)+B, A = A"5, A", A" B=const.  (3.46)

The hypersurface t =ty is the edge of found space-time manifold. On the edge u(ts) = 0 and
the cosmic acceleration (3.29), which is an invariant observable quantity, turns to infinite. In
regard this any geodesic coming onto the edge will confront with an unremovable singularity at
the final value & Consequently, found space-time manifold is geodesically complete and cannot
be extended beyond the edge. The symmetry between particles and antiparticles is violated near
the edge.

In view of (3.46), for an observer resting at the origin of coordinates and connected by 0-
geodesic (B = 0) with a concomitant point, the physical distance (as in GR) is determined by the
relation [6]:

d(t)=c~a(t°)~_[%,

where a(t) - scale factor, t — proper time. The factor a(t) = y1/6(t) is determined in the case under
consideration by the relations given above, after discovering of cosmic acceleration it is
determined in GR within the frameworks of ACDM model [6]. The parameters of this model are
selected proceeding from a condition of providing the best consent with all set of the
experimental data which are available at the present time, their numerical values as at 2013 year
are given in [12].

(3.47)
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Figure 1. Distance to an object (Gps) depending on its red shift, calculated by (3.44) for this theory and
ACDM - models. The upper curve - this theory, the lower curve - ACDM-model.

In [12] all data set of the dependence of a distance on red shift which was available at the
moment of the publication is given in a graphic form (Fig. 24.2, Fig. 26.1). Comparison with the
data [12] shows that both dependences presented in Fig. 1 lie in the range of an error of the
experimental data. Moreover, as follows from the data in Fig. 2, even future experiments of this
kind unlikely will allow to make a choice between these two dependencies. When the above
dependence is continued to the region of large values of z, its course will be defined by the
maximum energy density of the gravitational field, which is unknown at the present time.

0.1

0.0

0.1

1l 5 10 14 20

z
Figure 2. Deviation of the ratio of distances from unity depending on the value of red shift calculated
according to GR and this theory.

A small value of the deviation is associated with the integral nature of the dependence of a
distance on redshift. For a local parameter, such as the Hubble parameter, the situation is
different.
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Figure 3. Dependence of the Hubble parameter (km-secMpc™) on red shift. The upper curve - ACDM-
model, the lower curve — this theory.

In this case, as the comparison of the calculation results with the experimental data shows ([13]
Fig.4), both dependences also is within the limits of the experiments error at z <2.5. However,
the discrepancy between them increases iteratively at large red shifts as it shown in Fig. 4. Thus,
only one of the two theories can be valid.

0.4

1l 5 10 15 20

Figure 4. Dependence of the ratio of the Hubble parameter in ACDM-model to its value in this theory.
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It is essential that, the dependence does not have free parameters in this region of red shifts,
is determined only by the initial values at z = 0 and is valid up to the initial instant of time as it
can be seen from Table 1. The hypotheses about the existence of dark energy and dark matter are
introduced in GR within the frameworks of ACDM-model in order to ensure agreement with the
experiment. A hypothesis about the existence of inflatons is introduced for description the
dependence in the region of large z, which, however.

Empty space possesses characteristics inherent in the material medium. If space is
considered as an ideal medium from the point of view of the relativistic hydrodynamics, then the
equations must be satisfied for it [10]:

o, 1 09 op op 0
+ D)V A_ZyP Hp | — V. V4 : [ sv)=0 3.48

(e+p) (6x” 2 ox* j oxt T oaxt ox” (V=gsv') (3.48)
where vy is 4-velocity, € - energy density, s - entropy density, p — pressure of the gravitational

field.
Because of homogeneity and isotropy of the considering metric, all spatial derivatives are

equal to zero, and from the equations of motion we find v = (goo ™%, 0,0,0). In this case, both the
equations of a motion and the adiabatic equation are satisfied identically.
The chemical potential is equal to zero in empty space, So pressure, entropy density and
temperature - 6 will be related by the relation [14]:
dp=sdéd. (3.49)
This equation allows us to determine the temperature of empty space from the found
dependences of the pressure (3.36) and entropy density of the gravitational field on u.
Substituting the corresponding relationships in (3.49), we have:
ﬁd[wJ — Const-d0 . (3.50)
Y
Integrating this equation taking into account the dependence y(u) (3.21), we find:

1 o-2ul-o)

3.51
f(u) o—2u+4u® (3.5

9=const-ff
0
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Figure 5. Dependence of the ratio of the current space temperature to its value at present on the
dimensionless velocity of bulk factor change.

The relationship between the dimensionless velocity of bulk factor change and the proper time is

seen in Table 1.

4. Basic model of the Universe evolution.

So there is space, unique material space, which is the primary source of all the energy of
the Universe.

Space is the main, but not the only form of existence of matter structures in the Universe.
The gravitational field intensity increase will lead inevitably to appearance of new matter
structures in process of evolution what in turn can significantly influence on its kinematics
eventually.

Consider phenomenologically influences of matter on process of evolution of the Universe.

Let matter be born in some time point in Space described above. Owing to the homogeneity

and isotropy of space the energy-momentum tensor of matter can be written as (&, )}, = diag

(Pmat,~Pmats~Pmat,~Prmat)-
In the presence of matter the gravitational field equations (3.7-3.9) will take a form:

S

Y00 dx’
1 (1 dyj d 1  dd| 84G
- - :\/)’g + (p+3p)ma’
(7/ 900 0] 6900 (7 dx’ ” dx’ (goo Moo dxoj c’ t
1 mo A0 1 d Moo dD 872G
5.0 g P gk 5P = o |~ T 4 (p_ p)mat5kp'
VW00 d \/goo V1800 OX° 9o dX c
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Repeating all the computation taking into account these additional members, we have the
following integro-differential equation instead (3.20)

87u%—4u —2u+o+M(u, y,dy), (4.2
dy du
where
d 487GT dy \du
M (u, 7)——( 7P+ P)oat T f(p p)mat( 7) ]
c du

and it’s supposed that the pressure and density of matter are equal to zero in the initial time.
The equations for cosmic acceleration, energy density, pressure and scalar curvature of
space are also modified in this case; instead of (3.29), (3.32), (3.36) and (3.38) we have

3 30 3 dy
=1l-—+—+ M(u,y,—), 4.2
f 2u  4u?  4u? .y du) (42)
c® u® 3c*H?%*(u)

t Py == L 5 (), 4.3
pgr pmat 247ZGT2 7/ 87ZG pcr( ) ( )

¢ 1 dy
=P — 2u° —2u+o+M(u,y, : 4.4
pgr pmat 487ZGT2 |: o ( 7 d ):| ( )
RoRF = —— L [(4u? —2u+0)+ MU 720, (4.5)

“ 4Ty U du

Hilbert’s axiom suggests that the action of all kinds of matter is invariant relative to
arbitrary transformations of coordinates. According to the observation data there is macroscopic
matter, electromagnetic radiation, and neutrino in the Universe at the present time. These
components weakly interact among themselves. In this case, owing to Hilbert’s axiom the
«conservationy» laws for each type of matter are satisfied separately [7,11]

d\y

do=—(p+ p)W- (4.6)

The pressure can be considered equal to zero for baryon matter, p=p/3 for an electromagnetic
radiation, for neutrinos the similar relation will be valid until it is possible to neglect their mass.

Eq. (4.6) shows that:
0 0 4/3 0 4/3
X = °[WJ w;p{—”} . (4.7)

Py =P P =P
Ty Jr Jr

The values relating to the current time are marked by upper index. It is authentically
known that the energy density of the two first components is respectively equal Q= 0.0499 and
Q= 5.46:10° of the crltlcal energy density at the present time [12]. Data are less defined for
neutrinos Qv < 5.52-10°. Then, to estimate the maximum degree of matter influence on the
evolution process, it will be used exactly that value of the relative density of neutrinos. Thus, at
times not too far from the present we have the following dependence of the energy density and

pressure of matter from the bulk factor:
\/F 4/3
=1 Q=0 +Q,. (4.8)

4/3
~olg V7 V7’ _ Pa
pmat _pcr Qb +Q ’pmat - Q
Vo 3 |y

Further when using the expressions which include pma, pmar , taking into account the
approximate character of the dependencies (4.7), we will consider that variation of the bulk
factor and it’s derivative is described by the relations (3.20), (3.21) in a first approximation, and
the critical density is described by relation (4.3). In this approximation
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M(u,y,i—i)zw(u),

W(u)__ZUOZ[Q o ol 1) H[Q 02 10)] }i 49

"W’ 3 | fu) U EE®) 3 fY) 4 -2u+o

Substituting (4.9) in (4.1) we derive the equation describing the Universe evolution in
consideration of the presence of matter. The solution of this equation can be written by a
quadrature.

y(u) B [ 4udu

o =y _exp('([ 4u’® —2u+a+w(u)J' (4.10)
P 4y (u)du

=T 7mi”-([4u2—2u+a+w(u)' (4.11)

The constant ¢ in these relations, in the same way as it was done in the previous section,
has to be defined together with the value of u® from a condition of the equality of the evaluated
time of the Universe existence and Hubble parameter to their values observed now.

’ 4y (u) o 1 0
t°—t, =T du, H® =
t .([4 3T\/ymin !//

u
u? —2u+o +w(u)

. 4.12
(u®) (412

Pormax = Epr 3 Tyl Vmin =5.79885056-10* sec; 0,=0.0499; Q,=5.46-10°; Qv=5.52-10"°

u’=7.027.. ; 6=0.25011930..

Parmax =10 g-cm “sec?; Ty, =1.296575763-10 sec; ©,=0.0499; ©Q,=5.46-10 ; v=5.52:10°

u’=7.024.. ; 6=0.25058907..

TABLE?2. Solutions of the equations (4.12) (%t = 4.355-10*sec, H° = 2.181-10™%sec™) at two
values of the maximum energy density.
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Figure 6. Results of calculation of the dependence of the Hubble parameter (H=100-h km-sec™-Mpc™) on red
shift taking into account (full line) and without taking into account (points) the presence of matter.
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Figure 7. Results of calculation of the object age (in billions of years) depending on its observed redshift
taking into account (full line) and without taking into account (points) the presence of matter.

In view of the data provided in the previous section, it is possible to conclude that prehistory
effect on the further course of the given dependences is insignificant in the range of red shifts
less than 2.3. Within this range, the course of the dependence can be reconstructed using one

reliable value.
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Figure 8. Results of calculation of the dependence of cosmic acceleration on red shift taking into account (full
line) and without taking into account (points) the presence of matter.

The birth of matter does not lead to a noticeable time shift of change of the deceleration-
acceleration eras. Such behavior of the mentioned dependences is related to a small fraction of
the energy of matter in its general quantity.
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Figure 9. Time dependence of a ratio of the average energy density of matter to the energy density in the
Universe (in billions of years).

The maximum fraction of the energy of matter does not exceed 0.2324, at the present time
this value is less than 0.055, and continues to decrease with time. In contrast to GR, where the
energy density of matter increases indefinitely at time decrease, in NTG, it reaches a maximum
and then decreases, tending to zero at the approach to the initial moment of time.

The rest and the main part of the energy is the energy of the gravitational field. It is this
energy, evenly distributed in space, but not dark matter, is reflected in the character of
dependences of the rotation curves of gravitation-coupled objects.
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Figure 10. Dependence of the energy density of the gravitational field pg (erg-cm™) on red shift in the location
of the observed gravitation-coupled objects.

Thus, it is not required to enter any new forms of matter besides the already known forms
to describe features of evolution of the Universe in contrast to GR.

5. Static isotropic metrics

Consider static spherically-symmetric metrics. The most general expression for space-time
interval can be reduced to the form by the unimodular coordinates transformation [7]:

ds? = F(r)(dx°)? —¥(>—<.d>—<)2 —C(r)(dx - dx)

The constraint (2.1) is invariant relative to such transformations, but now in contrast to GR
its existence doesn’t allow to reduce quantity of the required metrics components till two.
Using the Kronecker symbols dmn , Write the metric tensor g,, as:

X X m
gOOZF(r)! gOmzo’ gmn:_C(r)'é‘mn_G(r)%’ Xn =X, (51)

m

g(r)=detg,, =—FC*(C+G).
The tensor g (inverse to the metric tensor):
00 — 1 , gOm IO, gmn - _ 1 5mn + G(r) X ;( .
F(r) C(r) C(C+G) r
Im3™ =S
In the presence of the constraint (2.1) it is more convenient to proceed not from the
equations derived at the action variation on the metrics components, but to choose as one of the

varied functions A(r) = /- g(r) .

The constraint gives the following contribution to the action:
oo 109 @'(ng'(r)  @'(r)A'(r)
x> 2gox”  2(C+G)g A

(The stroke hereinafter denotes differentiating with respect to r)

g (5.2)

FC? (5.3)
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Other terms can be found using the known results of calculations [7,11]. The scalar
curvature and volume element are generally covariant, therefore they can be found using
“spherical” coordinates.

In “spherical” coordinates space-time interval is:

ds? = F(r)(dx®)? —G(r)dr? —C(r)(dr? + r?d6? + rsin® 6dg? )

By analogy to the “standard” form [6] write it as follows:

ds? = F(r)(dx°)? — A(r)dr® — r*? (r)(d@? +sin? 6dg? ), (5.4)
where A(r)=G(r)+C(r), r*(r)=rC2 (r).

For this metrics the nonvanishing components of the connection differ slightly from the

corresponding components of the “standard” form [7]:

F A’ r*r* r*r*sin’ @ F’
r l—*t — 1—*[’ — , 1—~r - _ , l—\l’ =_—’ l—*l’ — ’
2F " 2A w A o0 A t2A
0 0 r 0 H [ @ r [ @
I,=Ty=— > , I, ==sinfdcosd, T, =Ty = g I, =Ty =cCtgo.

The curvature tensor changes according to this.
Using the expressions for the components of the connection, find the scalar curvature:

1(F’j 1(F'j Z[r*r*'j Z(r*’J 2 Z[r*’jz r*F’
=——|— |+t = |+ +—= —— + :
2F A 2A\ F r* A Alr* r>  Allr* r*F
Singling out the divergent term, it can be written in the form:
1 d[ ., F' 4r* rYF  1(r*\" 1
=———— —|r* JAF| —+ -2 + = — | +—|. 5.5
r*zﬁdr{ [AF r*Aﬂ [r*AF A(r*j r*z} 5)
The action for the gravitational field:
3
:—C—I(R+A)\/AFr*2sin«9drd6d¢dx°.
167G

Substituting here the expression (5.5) for R and (5.3) for A, omitting the divergent term and
taking into account that A=A%*/FC? we have:

3 2
_C A r*F o 1 4 o
Sgr_87zGJ‘(r*2Jr Ar* (™) At F
Introduce a variable &=r* instead of r, then the action takes the form:

3 *2 *)2 * *4
3c J-( A Fr (dr J L1 adredF Fr dQDdAJd98 i 9@l odk®.

gr

’ *4
Mjr sin @drdadgdx°® .

= +
* "8G ore A \de) A dE dE | 2A° d¢ dF

From a principle of least action find the gravitational field equations in space free from

matter:
*4
da #d_A -0, (5.6)
dé\ A° d&
*2 *3 *
2_r rzdr dF 121“4':@ _0, (5.7)
9r* d A d& dé 2A dé d&
*3 * *4
r* d_ r> dr T zd_Ad2=o, (5.8)
A\ d& A dé& 2A° d& d&
* * *3
Ag_ i F dr *3d 1dF 2r 2Fd_Ad£: (5.9)
9r* déi A d§ d& Adé A d& dé

Equation (5.6) implies:

20



Alexander P. Sobolev - Theory of gravity with restricted general covariance

r* FdA

A d&

where « is a constant with the dimension of length.
Multiply the equation (5.7) by 24, subtract from result - (5.8), multiplied by 2F, and add

the result to the equation (5.9), multiplied by r*, after simple transformations reduce the equation

to the form:
*4
dé| A \d& d&

r*F(1dF  do
A (Fdf dfj 4

where S is one more constant with the dimension of length. Using (5.6") this equation can be
written in the form:

—a, (5.6)

This implies:

1dF do_ _1dA __p

Fdé dé A d§ a
Taking into account that the function @(r) is defined accurate within a constant, find:
=—In(FA™). (5.7
Rewrite the equation (5.8) as follows:
Yo e § ) a0
A\ d& del A d& ) 2A* dEdE
After the substitution of this expression in the equation (5.9) it takes the form:

* * * * 2 * *
pxt G d(1dF +2r*2i Fr>dr> _41 r*>dr L 4 d dr Fy 2A2:0
d& Adé dél A d¢& A d& d& A d§ 9r*

This equation is equivalent to the following:

d|r*® d ( F j 2A
— — + =0.
dé| A dé\r*® or *?

Integrating this equation over & we have:
d(F 2 AFA
— d¢& =0,
dg(r*zj 'Blr*6 9r*6-(|;r*2 d

F . . . . .
(?ﬂ is one more constant with the dimension of length. This constant
r
£=0

r*°
where g, = ra
A d&
is equal to zero for the Minkowski metric. Let us assume further $;=0 in order that the
Minkowski metric could be the solution of this system of equations (in case when the constant o

is equal to zero).
d
5.9
df[r*zj r*‘ijr*2 (5.9)

Integrating one more time, represent the function F(r) in the form:

e[ ]r*a

Transform the equation (5.8). Introduce a notation
_rrar*
A d&’

21



Alexander P. Sobolev - Theory of gravity with restricted general covariance

and substitute the expressions for derivatives of A and ® from the equations (5.6') and (5.7'),
then the equation (5.8) can be put in the form:
U2+ r*U du _oU do .
dr* 2r*F dr~*
1 d 1 3o do
T3r*U dr*V  2r*Fdrx’
Passing from the derivatives with respect to &=r° to the derivatives with respect to r* in all
relations and introducing the dimensionless coordinate’s r/a. and r*/a (keeping the previous
notation r and r* for them), we can write the initial system of equations as follows:

(5.8)

laa V() (5.10)
Adr*  Fr*
1
V(r*) = ® =-In(FA™), 5.11
(r) = _7.[ 1 ch ( ) (5.11)
*Fare
X * T X * l
F(r*) =2r* J.[J.V(r )dr Jr*“ (5.12)
A(r®)r? dr
- =V (r*). 5.13
r-k?- dl"* (r ) ( )

Generally speaking, the nonzero value r*mi,= r*(0) means a presence of an edge of space-
time manifold.
Consider behavior of the metrics at r*yi» = 0 and the small values r*. If the integral

ZT(TV (r*)dr *J\Lrj)dr* =b>0 (5.14)
0\o0 r*

exists, eq.(5.12) implies that the function F(r*)=b-r*? at the small r*. Then assumed that
V(r*)=hy-r*">0, A(r*)=by-r**>0 and substituting these expressions in (5.8', 5.10) we have:
2b 6

v=3, b= 0 = . (5.15)
2—006 2—00
From the last relation follows:
5= 1+4J1-60
O

therefore ¢ < 1/6.
Integrating the equation (5.13) find at the small values r, r*:

r* * r*
r*(rs) = ij_(r*) r*2dr* ~ 3ﬂjr*<5-‘”dr*. (5.16)
0 A(r ) bZ 0
The last integral exists only at é < 6. In this case
5:1_— “1_60-, 0<%. (5.17)
(2

Consider now the expression for the energy of the static isotropic gravitational field
(Appendix I). In this case

_cta|r2 F(r din(Fae)|”

4G | V(r») dr*

The last term in this relation has a logarithmic singularity at r*y;,=0.

The energy will have the finite value only at r*mi, # 0, that is in the presence of the edge. It is
possible only at the value ¢ > 1/6.

-3INFA™(r*,..) |- (A.8)

*
" min
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The quantity r*mi, is an independent parameter and for its definition the additive
considerations are necessary. First, suppose that according to Mach’s principle inertial mass M,
is related to the total gravitational field energy E out of the edge by Einstein’s formula E=M;nc?.
Secondly, in accordance with Etvesh’s experiment, we assume the equality of the quantity of this
inertial and gravitational mass Mi»= Mg,. And at last, based on correspondence principle with GR
we assume that at the large values of r* the first term coefficient of the function F(r*) expansion
in powers of 1/r* is equal to the gravitational radius-to-a ratio.
F(r*):l—ﬁiﬁL -1— 2M9r6i+ (5.18)
ot 2y T :

In this case the relation (A.8) passes into the equation defining a quantity r*mi,

rl — 2r *min F(r *min) —In F(r *min) . (519)
a V(r* ) AT (M * )

The solution of the system of equations (5.10) - (5.13), (5.19) can be found by a successive
approximation method. Starting from the trial function V @ (r*) at the chosen initial value r*y,
it is possible to find the function FO(r*) as a first approximation from (5.12), and then to find
AO(r*) from (5.10) and - new value V® (r*) from (5.11). Continue this process before deriving

on N step the values of the desired functions with the required accuracy. Find the value of r*p,
from the equation (5.19). And then find the function r(r*) from the equation (5.13).

Construct a trial function. If eq. (5.18) is valid at large values of r*, then eq. (5.10, 5.11)
implies that V(r*) =~I-v/r**+... As in the presence of the edge the behavior of the desired
functions is not determined at small values of r*, it is natural to assume that the relative size of
M*min IS More than unit. Providing that r*n,i, > 1, specify a trial function as follows:

VO =1-v/r*, (5.20)
Substituting this expression in eq. (5.12) we find
2 v (1 2 v v vi1
FOU*)=1-Z(r* .+ — = (r* .+ —_——, 5.21
( ) 3( min r*min)r* 5( min r*min)r*g 3 r*4 ( )
Based on correspondence principle, in this approximation we have
r 2 Vv
I _Z(r* 4 ) 5.22
&= () (5.22)

A constant v can be chosen so that the values of a trial function and first approximation
coincide VO (r* . y=V®(r*__ )in the point r*=r*y,. Substituting (5.20), (5.21) in (5.10) we
find

N 9 V(O)(I’*) N
A% =3 (r)?FO(r%)

r*

, (5.23)

and then from (5.11) we have

V(l)(r*)=[1+3; 3°°(1+ V(O)(r*)j dr* J (5.24)

2r*FO(rx) 200 2r*FO(r%) J(r)*FO(rv)
In this case
V= (1_\/ (1)(r *min))r*iﬂn : (525)
This equation defines v as a function of r*p;n.

Spline approximations were used for the calculations in the higher approximations. After
five successive approximations, solving the equation (5.19), we find (using six intervals in the
calculations) with an error equal to fractions of a percent

r*minz1.74.
This value is more than unit, as it was supposed. In a dimensional form
M *min=0.935rg; .
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The results of the calculations are presented in Table 3.

G=1/6, Xmax:0575 ; rgr/a :1859

X=a/r* V(X) F(X) A(X) C2(x)=r(x)/r*

0 1 1 1 1

0.1 0.9875 0.8160 0.7184 1.1792
0.2 0.9346 0.6381 0.4814 1.3523
0.3 0.8202 0.4746 0.2980 1.4556
0.4 0.6471 0.3386 0.1721 1.4378
0.5 0.4596 0.2366 0.0962 1.2288
0.575 0.3413 0.1813 0.0543 0

TABLE 3. Solution of the system of equations (5.10..5.13) at the value 0=1/6.

The value of one of the metric functions - C(r) increases indefinitely at approaching to the
edge, however the determinant of the metric tensor and all invariants of the Riemann tensor are
limited at the same time. Indeed the Riemann tensor is generally covariant and the metrics has no
singularities in the spherical coordinate system (5.4).

The calculations were carried out at 6=1/6. Generally the solution will exist also at the
values o lying in some interval adjacent to this value. The parameter ¢ can be chosen arbitrarily
in the range of the acceptable values, therefore the distribution of fields in the region of about the
gravitational radius will differ among themselves at the identical values of the total energy.

Thus, at the presence of the constraint (1.1) there is a nonsingular stationary particle-like
distribution of the centrosymmetrical gravitational field for which the equality of inertial
(defined according to Mach’s principle) and gravitational mass is satisfied. A horizon (existed
in the solution of GR equations for centrosymmetrical empty space) is absent in this case.

6. Conclusion

It has historically developed so the principle of general covariance of the gravitational field
equations served as a basis for the canonical theory of gravitation. The paper contains the
foundations of the classical theory of gravitation where this principle is replaced by its antithesis
(as it was with the fifth postulate in Lobachevsky's “Imaginary Geometry"). The restriction of
general covariance occurs due to the introduction of the constraint, which from a physical point
of view is interpreted as the principle of adiabaticity of the process of evolution of the metric of
space-time manifold.

A distinguishing characteristic of the theory is that space-time manifold is endowed with
all the properties of a material medium in addition to the metric and connectivity. And the
gravitational field is the main source of energy of the Universe. A consequence of this is the
observed high degree of homogeneity and isotropy of the Universe.

Another feature of the theory is the possibility of constructing of manifolds free from
singularities. Preliminary analysis shows that at a nonperturbative approach, the singularities
connected with the gauge interaction are also eliminated.

However, there is singularity on the edge of manifold (the moment of the beginning of
evolution of the Universe or the surface near the gravitational radius), where some observable
invariant quantities take infinite values. This fact should be considered as the sign of a necessity
of quantum effects accounting near the edge. First of all, it is a symmetry violation between
particles and antiparticles in the initial moment of time. Note that the restriction of covariance
leads to a decrease in the number of primary constraints, in this regard the problem of "frozen
formalism™ is eliminated at quantization.
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The accuracy of the available astronomical observations is still insufficient to make a
choice on their basis between the predictions of GR and proposed theory of gravitation.
However, over the past twenty years the physical nature of a dark energy, dark matter and
inflatonons has not been established (all of them are only manifestations of the material essence
of the gravitational field from the point of view of the theory presented in the paper), and this
fact is an essential argument in favor of adopting of the latter theory.
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Appendix I. Energy of the static isotropic gravitational field

By the Bianchi identity the energy density of the gravitational field T,” must satisfy to the
relation:

1 0 .y 109
Foactomlgaime=o

In case of a static field the energy of the gravitational field is conserved:

E:Iaiv< —gTy bix= [T~ gds, | (A1)

where according to (2.4)

4 O~/—
Tol:_ C 5/1 a (gyv G(Dj_g/lql—wp aﬁ Aql—‘paﬂ '1_,;; _ l (A2)
162G ox* ox” 1/ ax

“oxT 9w ox°
In a static field the last two terms in this relation are equal to zero and (A.1) (taking into account

(A.2)) takes the form:
( jdv | (A3)
167zG 6x" ox”

Substituting here the expressions for the components of the metric tensor we derive from (5.2):

r’ do r’ do
167zG I dr(C+G dr] D\/_dr((C+G) dr jdr} (A4)

Let’s consider now that by definition and by the relation (5.13) also:

r (.= q)? r*

C(r™) +G(r*) = % r2gr = V(™)

r** F(r*) ﬁ

Substituting these expressions in (A.4) and passing to the dimensionless coordinate r*/a, we
have:

r**dr*. (A.5)

4 *2 * Mo © *2 * d
_Ca[r F(r) do| (% E(r%) dd dy—g } A8

4G | V(r*) d r,k,v(r*),/ dr* dr*
By the relations (5.7, (5.10)

N -
—In(FA™), 5 _r*ZF,A—\/_g. (A7)

r*—ow

Taking into account these relations
c'a [ r** dF

T 4G

Boundary values of the derivative of the function F(r*) appear in the relation.
Considering fields behavior at infinity and fact that dF/dr*= 2F/r*,i, by the relation (5.12)
at r* = r*p, we find:

—3In FA"(r*min)}. (A.8)

r*—o

¥ dF
V(r ) dr*| |

r * *
:_i+2F(r mln)r min ] (Ag)
o V(r*min)

min
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Teopusi TATOTEHHS ¢ OTPAHUYCHHOM 001eil KOBAPHAHTHOCTBIO

Co0oneB Anexcanap IlaBioBny
sapsolto@mail.ru

AHHOTALIUA

B oOuieii Teopun otHocutenbHOoCcTH (OTO) TpU BBIBOJE YpPaBHEHHH TI'PaBUTAIIOHHOTO
I0JISI UCIOJIBb30BAJIOCH MPEAINOIOKEHUE O KOBAPUAHTHOCTU WX OTHOCHTEIBHO IPOU3BOJIBHBIX
npeoOpa3oBaHUil KOOPAMHAT. 3a MCTEKIIEe CTOJIETHE HEOJHOKPATHO BBICKA3bIBATIOCh MHEHHE,
YTO TaKOE€ PAaBHOIPABUE BCEX CHUCTEM KOOPJMHAT, MOKET HE COOTBETCTBOBATH PEAIbHOCTH.
KocBenHo 00 3TOM cBHUeTENbCTBYIOT BHYyTpeHHHUE npucyme OTO npobieMbl. Tem He meHee,
JI0 HACTOSIIIET0 BPEMEHHU CTaTyC 3TOT0 MPENOJIOKEHUs KaK (yHIaMEHTaIbHOIO (pU3M4EecKOro
NpUHIMIA HE TMOABEpraeTcsi COMHEHHIo. [l BBeAEGHHUS OrpaHWYEHMH Ha TpyNy
IpeoOpa3oBaHUil KOOPAMHAT, O€3YCIOBHO, JOJDKHBI UMEThCA JOCTATOUHO BECOMBIE (PU3HUECKHE
OCHOBaHUs. B cTarbe CQHOpMyIUpOBaHBI HCXOAHbIE YpPAaBHEHUS TEOPUM TITOTEHUS C
OTpaHMUYEHHOM 3a cueT BBEJCHMs CBSI3U 0011ei KoBapuaHTHOCTHIO. C (pr3HuecKoi TOUKU 3peHust
CBSI3b MHTEPIPETUPYETCA KaK JOCTATOYHOE YCIOBHE aauabaTMYHOCTH Ipolecca SBOJIIOLUU
METPUKU IPOCTPAHCTBEHHO-BPEMEHHOrO0 MHOrooOpasus. Ha 3Toil ocHoBe mocrpoeHa Ga3oBast
MOJieNb 3BOJIIOLMKM BceeneHHoH, cornacyroomascss ¢ HaOmMoJaTeIbHbIMU aCTPOHOMHUYECKHUMHU
JAaHHBIMU 0€3 MPHUBJICUYEHUS] TUIOTE3 O CYIIECTBOBAHUM TEMHOM SHEPrHH, TEMHOW MaTepuu U
MH()IATOHOB.

KiroueBwie ciioBa: rpaBUTaIMs, OTpaHUYEHHAsT KOBAPUAHTHOCTh, HECUHTYISIpPHAST TEOPHSI,
TOYHBIE PENIECHUS, dBOJIIOIMS BecenmeHHoM.

1. BBenenue

Bonee cra net Ha3aa npu BHIBOJIE ypaBHEHUI I'paBUTAIMM U3 BapHAlMOHHOTO MPUHIMIA
H. T'mnpbept copMymupoBan akCHOMY OOIIEH WHBApPUAHTHOCTH JEUCTBHS OTHOCHUTEIHHO
MIPOM3BOJILHBIX MpeoOpa3oBaHUil KOOPIAMHAT U BBIOpaj MHBapUaHT TeH3opa Pumana B kauecTBe
JlarpaHKraHa rpaBuTallMOHHOTO ToJist [1].

Ycnex KaHOHUYEeCKOM TeOpUH TATOTEHUS Kak OyaTo Obl MOATBEPIUI PABUIBLHOCTH TAKOTO
JOTIYILIEHUs, @ CAMO OHO CO BpeMeHeM 00pelio cTaryc (pyHAaMEeHTaIbHOTO MPUHITUIA.

OnHako HalW4We CHHTYISAPHBIX pemeHuii ypaBHenuit OTO [2] sBusercs I0CTAaTOYHBIM
OCHOBAaHUEM JUIsl TOTO, YTOOBI MOCTaBUTH 0] COMHEHHE CaMy BO3MOXHOCTb OINMCAHUS Ha ee
OCHOBE SIBJICHHI B MUKpOMUpE U B MaciTabax BcenenHoit.

B cBeTe HOBBIX 3KCIEepHMEHTalbHBIX HaHHBIX [3-5] OTO yxke He KaXercs CTOJb
He3bI0eMoi kak mpexae. st oObsicHEeHUs MOMyYeHHBIX Pe3ylIbTaTOB B paMKax 3TOW TEOPUU
MPUILJIIOCH BBECTH Hekue runoretrndeckue cymuoct (ACDM — mozens [6]), mpupoaa KOTOPHIX
JI0 HACTOSIIIIEr0 BPEMEHH HEsICHA.

[To HameMy MHEHUIO, UMEHHO 00WAsl KOBAPUAHMHOCIb YPAGHEHUIL A6IAeM S UCHOYHUKOM
mpyonocmeti OTO. OGHapy>KEHHbIE yXKe Ha CTaAuH ee (OPMUPOBAHMUS, CETOIHS STU TPYAHOCTH
CTaJId COBOKYMHOCTBIO HEPEUIEHHBIX JI0 HACTOSIIEro BPEeMEHH MpoOiieM: MpoOIeMbl SHEPTHUH,
CUHTYJISIPHOCTEM, KOCMOJIOTMYECKON MOCTOSIHHOM, XOJIOAHOW TEeMHOW MaTepuH, U, HAKOHEL,
MpoOJeMbl OMUCAHUS DIIEMEHTApHBIX YACTHI[, MPEACTAIONIMX B KAHOHWYECKOW Teopuu
TPaBUTALIUU B OOJIHKE «MUKPOCKOTTMUECKUX YEPHBIX JBIPH.

Od4eBUAHBII MYTh TOCTPOCHUS He 00We KOBAPUAHMHOU meopuu msacomeHus 0e3
Hapywenus axcuom lunvbepma BUIUTCS BO BBEACHUU APUOPHBIX CBSI3EH, OrpaHUYMBAIOIINX
BBIOOp CHCTEMBbI KOOpAMHAT. PaHee mpeanpUHUMANHCh MOMBITKH TaKOTO pojia, MpUMEp TOMY
YHUMOJYJSIpHAS TEOPHs TATOTEHMs, HUCTOKA KOTOpPOHl BocxomsaT K A. DitHmreliHy. B olmem
cilly4yae CJEICTBHEM BBEJCHUS CBSI3€M SIBISETCS BO3HUKHOBEHHE KpPAeB y MPOCTPAHCTBEHHO -
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BpeMeHHOro MHoroo0Opasus. Ilpm Hammumu guddepeHnnanbHON  CBSI3M  TMOSBISAETCA
BO3MOJKHOCTh BBIOpaTh MOJIOKEHHE Kpas TakuM 00pa3oM, YTOOBI BBIACIUTH HE CHHTYJSPHYIO
BHYTPEHHIOIO 00J1aCTh MHOT000Opa3usl.

[Ipu TakoMm noxaxoje ynexamuidi B ocHoBaHuu O7TO oOuiuii NpUHIUI OTHOCUTEIBHOCTH, KaK
IPUHLMI SKBUBAJIEHTHOCTH BCEX CHCTEM OTCU€Ta, COBMECTHUMBIX C IICEBJAOPUMAHOBOM
METPUKOM, He HapymIaeTcs. Kpome Toro He CTaBUTCS O] COMHEHHE M HE3BIOJIEMOCTh MPUHIIMIIA
MHBApUAHTHOCTH JIEHCTBUSI OTHOCUTENIBLHO IPOU3BOJIbHBIX IPe0Opa3oBaHuil KoopanuHaT. B To xe
Bpemss B ommune OoT OTO c¢8a36 ocpanuuusaem ooOWYO KOBAPUAHMHOCMb VPAGHEHUU
epasumayuu. Takum 00pa3oM, allpuoOpU B 3TOM CJIy4ae BBIIOJHAETCS JHIIb «CPEIHECUIIbHBIN
MPUHIUID KBUBAJICHTHOCTU [7]. DTO, OIHAKO, HE MOXET SIBIATHCS OCHOBAaHUEM IS TOTO,
9TOOBI OTBEPTHYTH MpeAaraeMblii MOIX0/1 KaK MPOTHBOPEUAIINN SIKCIIEPUMEHTAaM IO MTPOBEPKE
CHJIbHOTO MPUHIIMIIA SKBUBAIICHTHOCTH JJISl TEJI KOCMUYECKHX MaciiTabos [8].

Heno B ToM, uto yke B OTO B pamkax ACDM — Mozenn camo mpocTpaHCTBO HAIENIAETCS
sHepruen. To ke camoe MPOUCXOIUT U NPU BBEACHUH AllPUOPHOM CBsI3U. B cuily HENMMHENHOCTH
YpaBHEHUH TpaBUTALMU TPOCTPAHCTBO CTAHOBHUTCS CaMOTPAaBUTUPYIOIIMM o0O0bekToM. Jlis
TaKoro 00beKTa B paMKax KOHKPETHOM MoJenu (HarpuMmep, CTaTUYECKOTr0 MyCTOT0 U30TPOITHOTO
MIPOCTPAHCTBA) MOKHO OINPEAETUTh UHEPTHYIO MacCy M I'PaBUTALMOHHYIO MAaccy, YTO U ObLIO
npojienano Hwxke (paszaen 5). B pesynbraTe oka3anoch, YTO pelICeHHE YpaBHEHUH I'paBUTALUU
UMEEeT JIOCTaTOYHO CBOOOJHBIX MapaMeTpoB MJIsi TOTo, 4YTOObl HE TOJBKO O0O0ECIeYuTh
TpeOOoBaHNE PaBEHCTBAa MHEPTHOM MacChl T'PAaBUTAIIMIOHHOTO TOJS Macce TATOTEIoUIei, HO U
OTIPEJIeNIUTh HHEPTHYIO MAacCy B COOTBETCTBUU € MpHUHIMIIOM Maxa (mocineaHsst 3ajja4a Tak 1 He
Obuta permera B OT0O). C 3TOH TOYKHM 3pCHHS PE3YyJIbTaThl IKCIEPUMEHTOB [8] ciieqyer
paccMarpuBaTh Kak yKa3aHHe Ha TO, 4TO cyujecmeyiom moivko makue (Keasu)cmayuonaphvie
camozpasumupyrowue  00veKmvl, Ol  KOMOPLIX  UHEPMHAS ~ MAcCCca  PAeHa  MAcce
2pasumMayuOHHOU.

Hame ocHOBHOE mNpennojokKeHUe COCTOMT B TOM, UYTO KOMHOHEHMbl MempuyecKo2o
men3opa g, C6:13anbl 3aKOHOM COXPAHEHUS.

0 1 0
~(V=gg"Ty)=0, 7 J_L,g det(g,, ), 9*"9,, =% (wv=0,123).(1.1)

2. YpaBHeHHS TPABUTALIMOHHOTO OJIsl IPY HAJIMYHUH CBSI3H

UToOBl MOJy4YUTh OCTajJbHbIE YpPAaBHEHHUS TIPaBUTALMOHHOIO IIOJIA Ha MAacCOBOM
MOBEPXHOCTU, UCXoAsd u3 aeiictBus [mnpbepra M BBOAS MHOXKUTENb Jlarpamxka — ckaispHoe
noJie @, 3anuiiemM JIecTBUe an Haauuuu cBsizu (1.1) B Buze:

Sy = 16”6 (R+ANgd*x, A=T2g" aq’, 2.1)
R - ckansipHas kpususna, R=g"'R, Ry — TeHzop Puyun,
0 ., 0 .,
R,uv :aTF —aTF +F#VF§J Fﬂprvi,

»
I v — cumBoasl Kpucroddens,
a9,, 09, 09
. 1
ri =2 g#| - Bwr | Bon | B
2 ox”  OX ox*

Teneps pu BapbUPOBAHUU JIEHCTBUS 8Ce KOMNOHEHMbl MEmpUyecKkoeo meH3opa u ckausip P
MO2Ym paccmampudamspCsi Kak He3a8UCUMbLE 8ETUYUHDL.

[Ipn BappupoBanuu 1o mnomo @ U3 NPUHIKMIA HAUMEHBILIETO ACUCTBHUS MOIYYUM
ypaBHenue (1.1).
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CkansipHasi KpUBH3HA WHBapUAHTHA OTHOCUTENBHO IPOU3BOJIBHBIX IPE0OpazoBaHMA
KOOPJMHAT, I03TOMY BBIYHMCIIEHUE €€ BapUallMi U COOTBETCTBEHHO BKJIaJla B YPaBHEHMSI I10JIS HE
UMEeT HUKaKUX OTJINYUM OT [7].

Hanuune B narpaHXuaHe JONOJHUTENIBHBIX YJIEHOB IIOMUMO CKAJIAPHOM KPUBHU3HBI
MPUBOAMT MPH BapbUPOBAHHUHU 110 METPUKE K MOSIBICHHUIO B yYpaBHeHMAX | mibpOepra-DiHIITEiHA
HOBOTO 00BEKTA!

1 872G 872G
R,uv _E gva = C_4(ggr nv + C_4(gmat)yv ' (22)
167G o ( ., oD oD oD
C—4(ggr)//v = _g//V axp ( . (’j‘x_ij_ 5’0 axv _rv,po ax/l . (23)

OO0vbekr (2.3) Bexer ceds Kak TEH30p TOJBKO IMPU OTPAaHUYEHHOW TIpyIliie MpeoOpa3oBaHU
KoopauHaTt. Ou KoapuanmeH OMHOCUMENbHO JOKATbHbIX YHUMOOVIAPHLIX U 27100ANbHBIX
JIUHEUHBIX NPeoOpaz08anuii KOOPOUHAM.

Ces3p (1.1) He Brirouaer nosst marepuu. [loatomy kak u B OTO neiicTBue st MaTepuu
OCTaeTcsi MHBAapUAHTHBIM IpU OOLIUX MpeoOpa3oBaHUSIX KOOPAMHAT, a YTBEPXKACHHUE O
pPaBEHCTBE HY/II0 KOBApHMAHTHON MPOM3BOJAHON CHMMETPUYHOIO TEH30pa IUIOTHOCTU SHEPIHUU-
UMITyJIbCa MaTepUU OCTAaeTcs B cuie W npu Hamuuuu cBsi3u (1.1). KoBapuantHas mpousBogHast
BBIDOKEHUSI B JIEBOM CTOpoHE (2.2) paBHAa HYJIIO B CHIIy CBEpHYTOro TOX7ecTBa buanku
(cipaBeUIMBOCTH KOTOPOTrO OOYCIIOBJIEHA JHILb OOIIEeH KOBAPHAHTHOCTHIO TEH30pa KPUBHU3HBI),
MIO3TOMY C YYETOM BBILIE CKA3aHHOTO JOJIKHBI PaBHATHCS HYJIIO U KOBapHAHTHbIE MPOU3BOHbBIE
MpaBBIX CTOPOH Kak (2.2), Tak u (2.3). Bce 3TO B COBOKYIMHOCTH MO3BOJIIET HAa3BaTh 00BEKT (2.3)
TEH30POM IUIOTHOCTH SHEPTUHU - UMITYJIbca T'PaBUTALMOHHOIO NOJis. Bonpoc o monoxurensHoM
OTIPEJIeIEHHOCTH TUIOTHOCTH SHEPTUH OyJIeT pacCMOTpEH B paszzedne 3.

[Tockonbky ocTasIbHBIC WICHBI B (2.2) 00IIEKOBApUAHTHBI, TO B IIEJIOM CUCTEMa YpaBHEHUH
IpaBUTALIMM TPU HAJUYUKA CBS3UM OyleT KOBapuMaHTHA JIMIIb OTHOCUTENIBHO YKa3aHHOM
OTPAaHWYEHHOUW TPyHmbl MpeoOpa3oBaHW KOOPAWHAT. IJTOTO JOCTATOYHO, YTOOBI OCTaBaJICs
CIIpaBEUIMBBIM sl yTBEpKAeHUM, AokazaHHbIX B OTO. B uwacTHOCTH B OECKOHEYHO Mayion
OKPECTHOCTH JIF000# TOYKH MOKHO BBECTH TajJIMJIEEBY CUCTEMY KOOPJIMHAT, a TaKKe 00paTUTh B
HOJIb Bce cuMBOJIbI Kpuctoddens He Toapko B TOUKe, HO U BIOJb 3aJaHHOW MHUPOBOI JIMHUU
[9].

C dwusnueckoit Touku 3peHHMsS CBiI3b (1.1) Moker OBITh HMHTEpPIpPETHpPOBAHA Kak
JIOCTaTOYHOE YCJIOBHE aJuabdaTUYHOCTU MpoIlecca IBOIONUM MeTpUKU. OmnpenenuM BEKTOp
NOMOKA NIOMHOCIU SHMPONUU S 2PABUMAYUOHHO20 NOJIsL COOTHOILIEHUEM
any-g V=g L e

, s =const -v* ,
ox* o ox* "

Teneps cBsi3b (1.1) MOXKHO 3amucaTh B BH/IC PEISTUBUCTCKOTO yCIIOBHs aauadaTiuuHocty [ 10]

(ﬁsgrvﬂ): 0. (2.5)
ox*

OtmeTtuMm, 4TO B cuily ompeaencHus (2.4) Bce TepMOJMHAMHUYECKHE MOTEHLHUAIBI OyIyT
CKaJIsIpaMU TOJILKO OTHOCUTEIFHO OTPAaHUYECHHOM BBIIIE TPYIIIBI TPEOOpa30OBaHUN.

JlJis BKITIOYEHHSI B pACCMOTPEHUE CIIMHOPHOM MaTepuu cuctema ypaBuenuit (1.1, 2.2, 2.3)
MOXKET ObITh COPMYIHMpPOBAHA B HErOJOHOMHOM OPTOTOHAIILHOM pemnepe, MOCKOJIbKY TpyIia
JIOKAJNBHBIX JIOPEHIIEBBIX MPE0Opa30BaHU YHUMOTYJISPHA.

A
S, V* = const -g*

3. lycroe kocmuyeckoe IlpocTpancTso

HOCKOHLKy B oTiuuue or OTO TCHCPb I'PABUTAIUOHHOC II0JIC 06J1a,uaeT onpe):[eneHHoﬁ
INIOTHOCTBIO S3HECPIru — UMITYJIbCA U SHTPOIIMH, TO METPUKaA 6y,[[eT HeTpHBHaHBHOﬁ, JAaxe IIpu
OTCYTCTBHUU Kakou 100 MaTCpuu. O‘leBI/IZ[HO, YTO TaKOC H3HAYAJIbHO ITYCTOC HNPOCTPAHCTBO
ABJISICTCA OJHOPOJHBIM. B TPEXMCPHOM MPOCTPAHCTBE OTO umeercs JACBATH BO3MOXHBIX THUIIOB
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OJTHOPOJIHBIX MPOCTPAHCTB C 3aBUCAIICH OT BpeMeHn MeTpuKoi (kinaccudukanus buankn) [11].
Jlerko nokaszaTh, 4TO B OJHOPOJHOM HECTALIMOHAPHOM HpoCTpaHCTBE cBs3b (1.1) paspemmma
TOJIBKO TpU YCIOBUU IIOCTOSHCTBA JIETEPMHMHAHTA PEMEPHBIX BEKTOPOB. DTOMY YCIOBHIO
YIOBIIETBOPSET JIUIIb OAHOPOAHBIE TpocTpancTBa Tumna | u |l mo xnaccupukanuu buanku. s
IIEPBOT0 M3 HUX METPUYECKUH TEH30p 3aBUCUT TOJBKO OT BPEMEHHU-NIOJ00HON KoopAauHaThl. B
3TOM Clly4ae, €CJIM IPOCTPAHCTBEHHAsI METPUKA HE BBIPOXKIEHA, TO HanboJiee 001ee BEIpaKEHHUE
JUI IPOCTPAHCTBEHHO-BPEMEHHOI'O MHTEPBAJa YHUMOAYJISPHBIM MpeoOpa3oBaHUEM KOOPAMHAT
MOXeT OBbITh TIPUBEICHO K Buay [11]:

ds® = go, (X2)(dx°)? + g, (x*)dx"dx", y = —det(g,,,) >0,(Mn=1273). (3.1)
OtcyrctBue oOmIel WHBapUAHTHOCTH JedcTBUsS (2.1) HE TMO3BOJIAET HUCKIIOYUTH Joo

KOMIOHEHTY METPUKH, IO3TOMY BBIpXXEHUS, sl ciMBOJIOB Kprctoddernst 1 oTnMuHBIX OT HyIs
KOMIIOHEHT TeH30pa PH4um, HECKOIBKO OTIMYAIOTCS OT BBIPAKEHHIA, MPUBEACHHBIX B [11].

0 :%gOO dg%o ’l—\é)l 201 Fr?| __lgOO dgnl _0 l—*oﬁll :lgmk dgkl anll :O’ (32)
1 d 1 dy 1 dg, dg

RO - _ _ mk p ~ PN nm ’ 3.3

" 20, OX° Lz oo don 49, T ¥ e (33)

1 d / y dg
RP =— —| [L—gm™ =km | 3.4
‘ 21w dx® ( Joo ] dx” J (34)

OTinyHBIE OT HYJId KOMIIOHCHTBI TCH30pa IMJIOTHOCTH SHCPIrUu-UMITYJIbCaA:

¢t | d (1 db 2 dygyy do
) T 164G d 0{_d °j+ d - ax’ [ (35
X"\ oo OX 900V Yoo? X X
¢t d( 1 do
e P 10 (36)
167G dx” | gy dX
C y4eToM 3THX COOTHOUICHWI YpaBHEHHS I'PAaBUTAIIMOHHOTO TOJS NpU HATUYUU CE53U TIPUMYT
BUJT:
1 AV | _
3.7)
d oo OX°
1 df 1 d 1 99 ..dg., M d 1 do
0 }; - g™ ';Dgp g0 - > 0 o | (3.8)
24900 X" | 74/0, dX 49,0 dx dx 2 dX" | gpe/700 dX
d 0 49, d Woo dD
—— 9 gko =60 —; = o (3.9)
dx 900 dx dx" | ggo dX
N3 (3.9) cnenyer:
dg do g
mp km +oP = = [Z00)p 3.10
e T e \ 7 (3.10)
IMocrosinuast Mmatpuna L{ He siBisiercs npousBosbHOi. [Tockonbky u3 (3.10) ciexyer
dgk d(D gOO
f = [Z%g L?, 3.11
dX gkn dX gnp k ( )
MaTpHIla JOJKHA YIOBIETBOPATH YCIOBHIO:
G (X°)LE =94 (X°)L7. (3.12)
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JIJiss METpUYECKOro TEH30pa OOIIero BHJA 3TO YCIOBHE OYAET BBITOJHATHCS TOJBKO B
clay4ae, Korja Marpuna Lf mpomopluoHanbHa eIMHHYHONW MaTpuie. B mpoTHBHOM cirydae
Marpuia Lp diag(Li,L2,L3) u MmeTpuyeckuii TEH30p TaKkKe JOJDKEH ObITh JMArOHAIBHBIM.

VYupouias (3.10) mo unnexcam p u K, mosrydaum:

340 _ 1dy %) (3.13)
dx y dx y
u cucrema ypaBHenwui (3.10) nmpuanMaeT B
gom 1 97 5y, gﬂ(q—laﬂ;) (3.14)
dx 3y dx° 4 3
U3 (3.14) cnenyer

dg dg 1d { 1
mk kp . pn nm _ V4 gOO Lka T Ln jl 3.15
P Y e 3( de y 3() (3.15)

Hcnonb3yss 310 BBIpakeHne W (3.13), MoxkHO uCKIIOUNTh ® W BCE NPOCTPAHCTBEHHBIC
KOMIIOHEHTHI METPHUKH U3 ypaBHeHUs (3.8) u 3amucartp ero B BHIE:

2
d(1dy) 1(1d 3c? 1, . d 1(1d ;
3—(——7J+—(——7j +§[LELI;) —g(Ln)z] = gooVV—m—[—l—CLnJ, (3.16)

dtly dt ) 2\ y dt

TJie BBENIEHO 0603HaUeHHe cdf = 1/ [y, dX°.
U3 ypaBuenus (3.7) cnenyer
1 dg, 1dy 1
- + ——_ = e
g dt ydt T \/;
DTO ypaBHEHHE TO3BOJISIET HCKITIOYUTE Joo M3 (3.16) 1 3anmucaTh ypaBHeHHE 7151 QYHKIIUH :

d 1d7/ 1 dy o n 3 P
2— ————:O, =B"-—[B’B’ —=(B , 3.18

rae =t/T 6e3pa3MepHoe BpeMs, ka =CTL} - marpuna Ge3pa3MepHBIX MOCTOSHHBIX. ITopsigok

T =const . (3.17)

ypaBueHus (3.18) MOKHO MOHM3WTH HpW BBeAeHHHM (QyHKIHMH U(y) — Ge3pasMEepHON CKOPOCTH
U3MEHEHUS 00beMH020 (hakmopa - \/;

u=

giz. (3.19)

YpaBHEeHHE IPUMET BHI:

87u%—4u -2u+0o 4udu d‘/—

dy At -2u+o y
3ameuarenbHO, YTO Mpu 6 > 1/4 ompenenutesnb MPOCTPAHCTBEHHONW METPUKH HHTJE HE
paBeH HyJ10. CliedosamenbHo, 6 3MOM Cydae Hem CUHSYIAPHOCME.
Wurerpupys ypasuenue (3.20), Haiinem:

N _ [4u? —2u+o 1 1
. f(u), f(u) - exp{r(arctg\/ijtarctg \/F—lﬂ (3.21)

TOC \/Vmin - MUHUMAIbHOE 3HaueHue )y (U) npu u = 0.
Huddepenuupys (3.21) no 1, noaydum:
1 dyfy dfu)du df 4u

_ S A . 3.22
V7w A7 du dz du 4u’-2u+o O ( )

Orcrona ¢ yuerom (3.19), (3.21) Haiinem B mapameTpudecKoM BHJIE penieHne ypapaeHus (3.18)

(3.20)
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\/m.nj O gy, Jy = o F0). (3:23)

-2y+o0
360]1]0141/{}1 npocmpancmea Havunaemcs 6 MOMEHm 6pPEMEHU Tst U3 COCNIOAHUA NOKOA C

MUHUMATILHBIM 00bEMHBIM PAKMOPOM.
W3 ypaBuenus (3.17) ¢ yquOM (3.23) cemyer

;/mm 4f(u)du 4du
A’ -2u+oc 4d’-2u+o
goo(U) __o-f) .
() 4°-2u+o

VICIIONB3YI0 9TO COOTHOIICHHE, HCXOIS U3 onpeneseHus (3.19) MoXKHO mokasath, 4To du o dx’.
PaccmoTpuMm BeipakeHue (3.5) A MIIOTHOCTH SHEPTUU HA ypaBHEHUsX moJisd. VMcnons3ys
cootHomenus (3.13) u (3.17), mpeobpazyem (3.5) cnemayronum o6pazom:

0 c? d(1ldy 1dy 1 dy 1 _,
(5gr)o pgr 487ZGT2 [df(y dTJ (7/ de 2\/;7/ dT 2}/ k ( )

Hcnons3ys ypaBHeHue (3.18) HCKIFOUMM BTOPYIO TIPOU3BOIHYIO, TOT A

2
c? 1dy 3 S R 2 |: , 3 1 kz}
=——— || > | —5o BBy~ (Bl |=—— | 20" - [BB, — (B 3.25
Pu 96ﬂGT2l:(]/de 27/[ k=e 3( )] 487GT 2y 4[ k Pp 3( «)°1{(3.25)

d In(?’goo) = \/—

[lepBpIii usieH B CKOOKax MpU MallbIX 3HAUYEHUSAX U CTPEeMHUTCS K HYIJIO, BTOPOM UJIEH,
XapaKTEepU3YIOMINKA T100abHYI0 aHHU30TPOINMIO MPOCTPAHCTBA, IMOCTOSHEH, IOJOXHUTENIEH U
BXOJIUT B BBIPa)KEHUE JUISl TUIOTHOCTH SHEPTUU CO 3HAKOM MUHYC. [LnomHnocms snepeuu 6yoem
NON0JICUMENLHOL MOTLKO 6 MOM Clyuae, Ko2oa 00HOpooHoe npocmpancmeo uzomponino (Bn" «
Ont').
B stoMm ciyuae pemenue ypapHeHu# (3.14) MOXHO MpECTaBUTH B BUJIC:
9 = _leSé‘kn ’ (326)
a uarepsan (3.1) -
ds? = ggp (X°)(AX)? — 74 (x°)dX"dX"5,,. (3.27)
3ameruM, uto Merpuka Tuna |l umeer Heyctpanumyto anuzoTponuto. [loaTomy nmes B
BUJly CBSI3b IOJOXUTEIBHON OINpPENEIeHHOCTH IUIOTHOCTH SHEPrUU C  OTCYTCTBHEM
AHU3O0TPOTHNH, MOXKHO IPEINOJIOKUTh, YTO HE CYIIECTBYET APYroil HENMPOTUBOPEUMUBOI TEOPHUHU
KpOME T€OPUU OJTHOPOJAHOTO MPOCTpaHCTBa THMa .
Beenem mapamerp Xa60m1a H u B COOTBETCTBHM ¢ cO8peMeHHbIMU NPeOCmAagieHUusMu
napamemp yckopenus ( (emecmo napamempa sameonenus [7]):

H= L9 goq, L dfldr] (3:28)
6Ty dr 6HT" dr\ ydr
[ToncranoBka 3TuX BhipaxkeHu# B (3.18) M0O3BOIISIET MOTYYUTh YpaBHEHHE, OIUCHIBAIOIIEE
CMCHY 3I10X YCKOPCHUA-3aMCIJICHU .

_3[\/5 1}2 3

1-—. (3.29)
4o

Otcrona cienyer, yTo BO3MOXHBI JBa cueHapus. [Ipu 6>3/4 BO3MOXXHO TOJIBKO YCKOpEHHE

(g>0). IIpu 3/4 > ¢ > 1/4 BO3MOXKHA CMEHA BIOX: YCKOpEHHe-3aMeieHne-yckopenne. CMena

3MOX MPOUCXOIUT MPH 3HAYECHUSAX

V3 ~0.1376, U, = g < V3 ~1.3624 .(3.30)

O
T id0l3 4(/3 ++/2) ' 114613 4(3-42)
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Obnapyoicennas Heoagno cmena snox [3-5] yrkaszvieaem na mo, umo umeem mecmo emopoi

cyeHapui.
MaxkcumanbHasi BEIMYMHA 3aMEIJICHHSI IOCTUTAeTCs IPU U=a
3
OQpax =1——>- 2. (3.31)
4o

[Tocne HACTyIUIGHHS BTOPOM 3MOXH YCKOPEHHs B COOTBETCTBUHU € (3.29) (| aCHMITOTHYECKH
CTPEMUTCS K SAMHHIIC.
[TnotHOCTh 3HEpruwm TpaBuTarpioHHoro moJyis (3.25) cBs3ana c¢ mapamerpoMm Xab0ia
COOTHOIIICHUEM:
2 2
3c°H(7)
Po = ~ -
’ 872G
Takum obpazoM, npocmparncmeo 0OHOPOOHO U UZOMPONHO U 001a0aem coOOCMBEHHOU dHepeUell.
[Tpuyem B M000KW MOMEHT BPEMEHH MJIOMHOCHb IHEPIUU PABHA KPUMUYECKOU NAOMHOCMU.
[Tapamerp Xab0ia qOoCTHTaeT MAaKCUMAIBHOTO 3HAYCHHUS B 3IIOXY IEPBOTO YCKOPEHUS Mpu U =

(3.32)

ol2 < uy
H max = iexp — arCtg— 4o -1 , (333)
6T /7 min 4o -1
a 3aTeM MOHOTOHHO yOBIBAE€T, CTPEMSCH K TIOCTOSIHHOMY 3HAYCHHIO
1 1 1 T
H =——eXxp| -————| arctg —+—| |. (3.34)
6T vV i ( \/40'—1( Ndo -1 ZD

[IpocTpaHcTBEeHHbIE KOMIIOHEHTHI TEH30pa MJIOTHOCTH SHEPTUU-UMITYJIbCa, ONpeAeTICHHbIE
cooTHOIeHUsIMH (3.6), Ha ypaBHEHUSX TOJIST PABHBI:

2 2

(ggr)p :C—z dfidy _,_1 ldy _L%_,_LB: SP (3.35)
Kk 4872GT?|dr\ydr) 2(ydr 2yydr 2y

¥ OTIMYAIOTCS OT BBIPAKECHMS [UIS IUIOTHOCTH SHEPIMU 3HAKOM MOCIEAHMX JBYX WIECHOB. JTH

KOMIIOHEHTBHl MOTYT MpPHHHMAaThb B TIPOIECCE OHBOJIONMHM KakK IOJIOKUTEIbHbIE, TaK U
oTpulaTeNnbHble 3HaueHus. Vckirodas cHOBa BTOpPYIO MPOM3BOJHYIO C MOMOIIBIO YpaBHEHHE

(3.18), u monarasi, Kak 3TO MPUHSITO JUII MAaKPOCKOITUYECKHUX CPE.l (Sgr);: - PgrS, , 3amuULIEM

JaBJICHUC rpaBI/ITaHI/IOHHOFO I10JIs1 B BUC:
c? 2P -2u+o
487GT 2 y '

Orcroga cnenyetr, uro npu 0.25 < o < 0.5 NpoHCXOOUT M3MEHEHHWE 3HAKa JABJICHUS TPHU

CJ'IGI[YIOH_II/IX 3HAYEHUAX U.
1-V1-26 2-1 1+1-20 2+1
U = > = <
2 242 2 242

I'pasumayuonnoe none umeem NOIOHCUMENbHOE OdGIeHUe 6 npomedcymke Us<u<uUs 6
OCMANILHBIX CIYYAAX €20 OA6LeHUEe OMPUYAMENbHOE.

Paccmorpum Tenzop Puyun. IToacrasnss cootromenus (3.14), (3.15) B (3.3), (3.4) naiinem
BBIP@XKEHHSI IS €0 OTJIMYHBIX OT HyJIsl KOMIIOHEHT Ha YPaBHEHHUSX TTOJIS:

po__ 1 d(1dy)_ 1 (1dy)
2c¢tdtlydt ) 12¢2\ydt )’

Py = (3.36)

~0.146, u,

~0.8536  (3.37)

Ucknrouas BTOpPBIC IIPOU3BOAHBIC, 3allMIIEM BBIPAXCHUA  OJIA CKaJlﬂpHoﬁ KPUBU3HBI
4 o 3
IIPOCTpaHCTBa- BPpEMEHU Ru CKaJIIpHOU KPUBU3HEI IIPOCTPAHCTBA R.
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1 (4u-— )% +40-1

*R=Rf=——— (4U*-2u+0)= <0. 3.38
“ 4CZT2;/( )= 16¢%T 2y (3.38)
‘R=R{ +R¢ :—%(§u2—2u+aj. (3.39)

2c°T ¥\ 3

N3 (3.38) cnenyet, 4T0 cransapras KpususHa npocmpancmea éce2oa ompuyamenvha. Kpusuzaa
K€ TPOCTPAHCTBA - BPEMEHH M3MEHSETCS B TPOILECCE SBOJIONMM W TPUHUMAET CHavaia
OTPHIIATEIILHBIC 3aTEM MOJIOKUTEIbHBIC U, HAKOHEII, CHOBA O TPUIIATEIbHbIC 3HAYCHUSI.

B cuny (3.32), (3.33) makcumaibHask INIOTHOCTh SHEPTHH TPABUTAILIMOHHOTO T0JIsl paBHA

2
_ co p{— 2arctg V4o —1} . (3.40)

=—F€X
pgr max 96:GT 27mm 4o —1

[Tonaras ns onpeneneHHoCcTH 6=1/4, CBsDKEM 3HAYEHHE MTOCTOSTHHOMN

l 2 1/2
T ~ —(C—J (3.41)

8e| 67-G 'pgrmax

C MAaKCUMAJIBHON TUIOTHOCTHIO SHEPTHH.
Teneps (3.23) MOXKHO 3amucaTh B BUJIC:

41 (y) 1 u
t—t, =T HU) = ———.
Jr m.nj Sy MO
Cornacto (3.21) f(u) 3aBUCHT TOJBKO OT MOCTOSIHHOW 0. [IpH MOACTAHOBKE B 3TH COOTHOIICHHUS
COBPEMEHHBIX 3HaueHHU [12]: BpeMEHHM OT Havajga SBOJIFOIMH JI0 TEKYIIEr0o MOMEHTa (to-tst =
4.355-10"c) u mapamerpa Xa6oma (H® = 2.181-10™%c™) momyumm ¢ yuerom (3.41) mapy
YpaBHEHHH JUTS ABYX HCI/ISBGCTHHX 0 ¥ 3HaUCHHA MapaMeTpa U Ha TeKYIIUH MOMEHT BPEMEHHU

41 (y) 0 1 u’
Ot =T,y j dy, H® = .
Y min -2y+o0 3T./ f(u°)
7 min
B cr aHI[apTHOI/I KOCMOJIOTUYECKOH MOACIN IPHUHATO CUUTATh MAKCHMAJIbHYIO IIJIOTHOCTH
SHEPrHH PaBHOH IUIAHKOBCKOM. 1IpH YCIOBUY Py o = € PCIICHUE ITOH CHCTEMBI YPABHCHHIA:

o =0.250119943, u® =6.119898285. (3.43)
Pe3ynpTaThl pacueToB OCTANBHBIX TAPAMETPOB YIS 3TOTO CiIy4as npeacTaBieHbl B Tabnure 1.

(3.42)
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Parmax = Ept 3 Tl Vmin =5.798185056:10° ¢; 6=0.250119943; u°=6.119898285
u q Z 3R, oM t-tgt, C H, ¢t
6.119898285 0.7599 0 -4.382:10™° | 4.358-10" 2.181-10™°
1.362298981 0 0.850004 -6.309-10™° | 1.876-10" 3.074-107°
0.853468568 -0.5 1.416151 -9.216:10™° | 1.129-10" 4.290-10™°
0.8 -0.58189 | 1.525709 -9.989-10™° | 1.029-10" 4.593-10™°
0.7 -0.76002 | 1.792870 -1.223:10> | 8.275-10™ 5.435-10™°
0.6 -0.97891 | 2.201837 -1.679-10™ | 6.051-10™ 7.019-1078
0.5 -1.24964 | 2.939474 -2.973-10™ | 3.650-10™° 1.089-10™"
0.4 -1.5776 4.831122 -1.126:10>* | 1.305-10™ 2.826:10™"
0.35 -1.7544 7.804654 -5.944-10>* | 4.160-10" 8.514-10™"
0.3 -1.9157 24.3401 -8.520-10™° | 1.959-10™ 1.739-10™
0.250119943 -1,9986 1.740781-10" | -1.062-10° 7.092-10%° | 4.702-10%
0.146531432 -0.5 9.818436-10° [ -1.223-10°" | 4.071-10% | 4.943-10%
0.137701018 0 1.017771-10° | -1.787-10°" | 3.361:10™" 5.174-10%
0.125059971 1 1.058713-10° [ -2.801-10°" | 2.610-10™% 5.289:10%
0 % 1.172766:107 | -2.069-10°® |0 0
Parmax =10 rom % Ty, =1.296575763-10™ ¢; 6=0.2505961314; u’=6.117403956
u q Z 3R, oM’ t-ty, C H, ¢t
6.117403956 0.75982 |0 -4.382:10° | 4.358-10" 2.181-10™®
1.362007273 0 0.849896 -6.309-10™° | 1.876-10" 3.074-1078
0.853131610 -0.5 1.416264 -9.219-10° | 1.129-10" 4.291-107°
0.8 -0.58133 | 1.525121 -9.987-10° | 1.030-10" 4.592-107°
0.7 -0.75929 | 1.792084 -1.222:10 | 8.282-10™ 5.432:10™°
0.6 -0.97792 | 2.200602 -1.678:10° | 6.058-10™ 7.014-10™°
0.5 -1.2482 2.936815 -2.969-10™° | 3.656-10™° 1.088-10™7
0.4 -1.5753 4.819468 -1.120-10°* | 1.313-10™° 2.810-107"
0.35 -1.7514 7.757364 -5.828:10™* | 4.230-107 8.381-10™'
0.3 -1.9117 23.5132 -7.317-10™% | 2.166-10™ 1.575-10"
0.250596131 -1,9929 2.510051-10° | -4.756-10%° | 236.74 0.001413
0.146868390 -0.5 3.483573-10° | -0.0245 9.1035-10™ | 2.214-10°
0.137992728 0 3.611425-10° | -0.0358 7.5143-10™ | 2.317-10°
0.125298066 1 3.757034-10° | -0.0562 5.8328:10™ | 2.369-10°
0 % 4.162766:10° | -0.4146 0 0

Tabnuya 1. Kunemamuka Ilpocmpancmea npu 08yx pa3iuyHulX 3HA4eHUAX MAKCUMATbHOU
NIOMHOCMU SHEPSUL.

Tam xe mpuBeNCHBI pPE3yJbTAThl AHAJOTHMYHOIO pacyera, HO C MAaKCUMAJIBHOU IIJIOTHOCTBIO
SHEPIUU PAaBHOW TOH, MPHU KOTOPOH NPOUCXOIUT 3MEKTpPO - cialwlif (a3zoBbli mepexon. M3
CPaBHEHHUs JTHU JAHHBIX CIIEAYeT, YTO, II0 KpalHeH Mepe, N0 KOCMOJIOTHYECKOrO0 KpacHOTo

CMCIICHUA
z(u) = L

7(“0)j -1, 2(0.3) ~ 24, (3.44)

y(u)
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pe3yJIbTaThl PacyeTOB XOPOIIO COIJIACYIOTCSI MEXy COOOM, HECMOTPS Ha OTJIMYUE B BEIUIMHE
MaKCHUMAaJIbHOW TJIOTHOCTH SHEPrHH 00Jiee YeM Ha MIECTHAECAT MOPAIKOB. ITO 0OCTOSTENHCTBO
HCKJIIOYaeT COMHEHMSI B BO3MOJKHOCTHU OJIHO3HAQUHOI'O OIMCAHMS HSBOJIIOLIMM IPOCTPAHCTBA B
3TOM JMANa30HE U3MEHEHUS KPACHOIO CMELICHHUS.

Mertpuxka (3.27) otnudaercs ot metpuku Pobeprcona-Yokepa. Tem He menee, kak u B OT0O,
mHAE X- = X° = X° = CONnst SBIAIOTCS TCONE3MYECKHMH, U B KAK/IOH TOYKE MOXKHO BBECTH
COITYTCTBYIOILIYIO CHCTEMY KOOpJMHAT, B KOTOPOHl oIpejaereHHasl Bblle IepeMeHHas t Oyner
SBIISITHCSI COOCTBEHHBIM BPEMEHEM.

[MozacTaBysist B ypaBHEHUs reoie3nudeckoit X (§) ¢ HaTypalbHBIM TapaMeTpoMm &

d?x* _, dx” dx*
+ VA
dg* dg dg
cumBouibl Kpucropdens (3.2) mia merpuku (3.27) U UHTErpuUpys MOJIYyYEHHBIE YpaBHEHMS,
HauJ1eM:

=0 (3.45)

dx™
N = A"y 3 (x0), w/goo(x i\/Azy’1’3(X°)+ B,A?=A"S_ A", A" B=const.  (3.46)
I'mnepnoBepxHOCTH t = tst ABJISIETCSI KpaeéM HaMJEHHOTO IPOCTPAHCTBEHHO — BPEMEHHOTO
MHOroo6Opasusi. Ha kpaio U(ts) = 0 u xocmudueckoe yckopenwe (3.29), sBistomieecs

WHBAapUaHTHON HaO0aeMOi BeNIWYUHOM, oOpaimiaercs B OecKOHEYHOCTb. B cBsizu ¢ atum
mo0asi, BBIXOJAAINIAS Ha Kpail Teoje3wdecKas, NMpU KOHEYHOM 3HAYCHHH & CTOJIKHETCS C
HEYCTpaHUMOW  ocoOeHHOCThIO. CleoBaTeNbHO, HAllOeHHOe MH02000pasue  s61semcs
2eo0e3utecky NOJHbIM W HE MOKET OBITh TIPOJIOJDKEHO 3a Kpaii.

B cuny (3.46) g HaOnronatens, MOKOSLIErocsl B Hayale KOOPAWHAT M CBsi3aHHOTO 0 —
reonesnueckoir (B=0) ¢ comyrcTByromel Todkou, (u3mueckoe paccrosHue, kak U B OTO,
OTpeieNsIeTcsl COOTHOMICHHEM [6]:

d(t) =c-a(t’)- j (3.47)
a(t)’

rae a(t) — macmrabuelii akrop, t - coocTBeHHOE Bpems. B paccmarpuBaeMom ciaydae hakTop
a(t) = ylls(t) ONpEENICH MPUBEIECHHBIMHU BBIIIE COOTHOLICHUSIMU, B OTO mocie OTKPHITUA
KOCMHYECKOTO YCKOpeHHUs oH ompenensercs B pamkax ACDM — monenu [6]. [TapameTpsl a0
MOJENTU TOAOMPAIOTCA HCXOJs M3 YCIOBUSA OOECledeHHs] HAWIy4dllero corjlacusi co Bcell
COBOKYITHOCTBIO UMEIOIINXCS B HACTOSIIIEEe BPEMsI SKCIIEPUMEHTAIbHBIX JaHHBIX, UX YHCICHHBIE
3HAa4YeHHUs 110 cocTosHuio Ha 2013 rox npuseaens: B [12].
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Pucynok 1. Paccrosinne 10 00beKkTa B 3aBHCMMOCTH OT €ro KpacHOro cMellleHUsl, BEPXHsIA KPUBasi - pacyeT
1o (3.47), uuxusisa — pacuer no ACDM — monenn.

B pabote [12] npuBeneHa B rpaduueckoii popMe BCS MMEBINASCS HA MOMEHT ITyOJTMKAITUU
COBOKYITHOCTh JIAaHHBIX IO 3aBUCHMOCTH PacCTOSHUS OT KpacHoro cmemienus (Fig. 24.2, Fig.
26.1). CpaBHenue c pgaHHbIMH [12] mOKa3pIBaeT, 4To 00€ TIpEACTaBIICHHBIE Ha puc. 1
3aBUCHMOCTH JIEKaT B IpeJesiax MOrPEeUIHOCTH SKCIEPUMEHTANbHBIX TaHHBIX. boiiee Toro, kak
clielyeT U3 MPUBEICHHBIX HA PUC. 2 NAaHHBIX, Jake OyAylIHe SKCIIEPUMEHTHI TAKOTO poJia BPSI
JU TIO3BOJAT CAeNaTh BBIOOp MEXAY OSTUMHU JBYMS 3aBUcHMOCTSIMH. [lpu mnpopomkeHun
MPUBEJICHHON 3aBUCHUMOCTH B 00JIaCTh OOJIBIIMX 3HAYCHHH Z €€ XOJ OyAeT OompenemsiThes
HEU3BECTHOM B HACTOSIIIEE BPEMSI MAKCUMAJIbHOM IJIOTHOCTHIO SHEPTHH IPAaBUTALMOHHOTO TOJISL.

0.1

0o

Pncyﬂmc 2. OTKJIOHEHHE OT eJUHHUILI OTHOLIEHHUS paCCTOﬂHPlﬁ, BbIYMCIEHHBIX N0 OTO u nanHoii TE€OpUU, B
3aBHCUMOCTH OT BCJINYHUHBI KPACHOI'0 CMEILIICHUS.

Manas BenuurHa OTKJIOHEHHS CBSI3aHa C HUHTCIpAJIbHBIM XAPAKTCPOM 3aBUCHUMOCTH PACCTOSAHUSA
OT KpaCHOTO CMCHICHUH. I[J'ISI JIOKAJIBHOT'O ITapaMeTpa, TAKOIro Kak IapameTp Xa66na, CUTyalus
HHasd.
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240

a0+

-1 -1
Pucynok 3. 3aBucumocTh mapamerpa Xa60aa (kM-c *MIC”) 0T KpacHOro cMmeueHusi. Bepxusisi kpuBas —
ACDM-Monenb, HIKHSS KPUBasi — JaHHAS TEOPHsl.

B sroMm crydae, Kak TMOKa3blBa€T CPaBHEHHE PE3YJIbTATOB pacyeTa C IKCIEPUMEHTATbHBIMHU
nanabiMu ([13] Fig.4) mpu z < 2.5 00e 3aBHCHMOCTH TaK € YKIAJbIBAIOTCS B TPEICIbI
HOTPENIHOCTH JKcHepuMeHTOB. OJHAaKO Kak BHIHO M3 puUC. 4 mpu OOJBIIMX KPacHBIX
CMEILCHUAX PACXOXKJICHUE MEXKY HUIMH YBEIMYNBACTCSI MHOTOKPATHO. TakuM 00pa3oM, TOJIBKO
OJIHA 3 JIBYX TEOPHUIl MOXKET OBITH CIIpaBEUIUBA.

Pucynok 4. 3aBucumocth oTHoleHusi mapamerpa Xa6oua B ACDM-monenn k ero 3HayeHHI0O B JAHHOI

TeopuHu.

CYH_[eCTBeHHO TO, 4YTO B 9TOH 00nacTu KpaCHBIX CMEILIEHUH 3aBHCUMOCTh HE HMEET
CBO60,Z[HLIX mapamMeTpoB, ONPECACIIACTCA TOJIBKO Ha4YaJbHBIMM 3HAYCHHUSMH IIpH Z = 0 H, KaK
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BUAHO U3 Tabnuusl 1, cnpaBeyivBa BIUIOTh A0 HAYaJIbHOTO MOMeHTa BpeMeHu. B OTO, 4to0bl
obecrieunTh coriacue ¢ skcrnepuMeHToM, B pamMkax ACDM-monenu BBeneHBbl THUMOTE3BI O
CYLLIECTBOBAaHMHM TEMHOM JHEPrUM M TEMHOW Mmarepuu. JlJisi ommcaHus K€ 3aBUCUMOCTU B
oOacti OONBIINX Z BBOJUTCS TUIIOTE3a O CYIIECTBOBAHUH WH(IIATOHOB.

Ilycroe mpocTpaHcTBO 00dazaeT XapakTEpUCTUKaMHM MPUCYLIMMU MaTepUaJIbHOM cpene.
Ecau mpoctpancTBO paccMaTpuBaTh C TOYKUA 3PEHHUS PEISITUBUCTCKOW THUIPOJUHAMUKH KakK
HEKYIO HICATIbHYIO CPEedy, TO JJIsl Hee JOJKHBI BBITOIHATHCS ypaBHenus [10]:

(& + p)v* %—lvpag—”f =a—pl—vﬂv” P ; 0 (ﬁsv”)zo : (3.48)
ox* 2 oX OX ox*  ox*
roe V' — 4-ckopocTh, & S, P — IUIOTHOCTh DHEPIHH, IUIOTHOCTH SHTPOIMHM M JaBJIEHHE
TPaBUTAIMOHHOTO  TOJsI  COOTBETCTBEHHO. B  cmily OJHOPOJHOCTH ¥ HM30TPONUU
paccMaTpuBaeMOl METPUKH BCE€ TMPOCTPAHCTBEHHBIE MPOU3ZBOJHBIC PaBHBI HYIIO, H U3
ypaBHEHUN IBKEHUS Hakigem V' = (goo'1 2, 0,0,0). B aTom ciydae, Kak ypaBHCHHS IBHKCHUS,
TaK ¥ ypaBHEHHE aIua0aTHUHOCTHU BBITIOJIHSIIOTCS TOYKIECTBEHHO.
B mycrom mpocTpaHCTBE XMMHMUYECKHI TOTEHIIMAI pPaBEH HYJIO, MOATOMY JIaBJICHHE,
IUIOTHOCTh SHTPONHUHU U Temmeparypa - 6 OyayT cBsi3aHbl COOTHOIIEHHUEM [ 14]:
dp=sdé. (3.49)
DTO ypaBHEHHE TO3BOJISICT IO HAWJIEHHBIM 3aBUCHUMOCTSIM naBieHus (3.36) W TUIOTHOCTH
SHTPOMHH TPABUTAIMOHHOTO TMOJS OT U OMPENeTuTh TeMIIepaTypy IYyCTOr0 KOCMHUYECKOTO
MPOCTPAHCTBA.
[ToncraBnsis B (3.49) COOTBETCTBYIOIINE 3aBUCUMOCTH, TIOTYUUM:

2_
Jrd 2229 const.do (3.50)
7

HHuTerpupys 310 ypaBHeHUs ¢ yueToM 3aBucumocTd y(U) (3.21), nHaiiaem:

¢ 1 —2u(l-
9=const-j g ( 02) (3.51)

o f(u) o—-2u+4u

1.0—"

0.75-

0.5

0.25-

0.0+

TTT T[T T T T[T T T T[T T T T[T T TT[TTTT]

1] 1 2 3 4 5 B
u
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Pucynox 5. 3aBHCHMOCTb OTHOLICHHMSI TeKYyIIedl TeMIepaTypbl NPOCTPAHCTBA K e¢ 3HAYCHHIO B HACTOsIIIEe
BpeMs OT 0e3pa3MepHOii CKOPOCTH U3MeHeHusl 00beMHOro gakropa.

CBs3b 0Oe3pa3sMepHON CKOPOCTH W3MEHEHHS OOBEeMHOTO (akTopa ¢ COOCTBEHHBIM BpEMEHEM
BuHA U3 Tabmwme! 1.

4. Ba3oBas MojeJb dBoonuu Beeennoit

Wrak, cymectByer [Ipocmpancmeo, €IMHCTBEHHOE B CBOEM pOJE MAaTepUAIBHOE
IIPOCTPAHCTBO, SIBJIAIOLIEECS IEPBOUCTOYHUKOM BCel dHEPTrUM BeesleHHOM.

[IpoctpancTBOo mpezacTaBisieT cOO0OW OCHOBHYIO, HO HE €IUHCTBEHHYIO (opMy
CyILLIECTBOBAHUS CTPYKTYp Marepuu Bo BceneHHOW. POCT MHTEHCHBHOCTH TI'paBUTAalMOHHOTO
I0JISI B ITPOLIECCE DBOJIOLUU HEM30EKHO NMPUBEAET K MOSBIEHUIO HOBBIX CTPYKTYpP MaTE€pHH.

PaccmoTpuM (heHOMEHOIOTMUECKH BIUSHUS MaTepUu Ha Ipoliecc 3BoJirounn BeeneHHnoi.

[IycTe B HEKOTOpPBII MOMEHT BPEMEHHM B ONHCAHHOM Bblle [IpocTpaHcTBE poxmaercs
Marepus. B cuily OZHOPOIHOCTHM M M30TPOIHOCTH [IpocTpaHcTBa TEH30p SHEPTUU-UMITYIbCA

MaTepHH MOXKHO 3aIHcaTh B BUME (£, ), = diag (Pmat,~Pmat,~Pmat,~Pmat)-

[Tpu HanmuyuK MaTepUH ypaBHEHUS TPAaBUTAIIMOHHOTO 10Jis (3.7-3.9) mpuMyT BUA:

d [ 1 dyido

dx’| g, dx°

1 d 1 dy 1 (1 dy/j d 1 do| 814G
- - :\/7'9 + (p+3p)ma’
Qoo dx’ 7 900 dx” ] 6gg \ 7 dX° " dx Jo0v oo dx’ c’ t

1 i/ grnpdgkm 1 d Woo dO 87zG( -
V00 dx’ Joo 1/ dX 9o dx’ c’ mat

[ToBTOpsiE BCE BBIKIAAKH C YYETOM OTHX z[06aBOqHHX yieHoB, BMecTo (3.20) mosydmm
crnenyromiee nHTerpo-auddepeHnaTpHoe ypaBHEHHE

87u?=4u2 —2u+a+M(u,7/,%)

y du

=0,

, (4.1)

re BBeJeH (DYHKIIMOHAT

d 487GT ? dy \du
M(u’y'd_ij/)zc—z( (p+ p)mat +— J-(p p)mat(dfj/} u J’

OpUYeM TPEanosaraetcsi, 4YT0 [aBlCHHE W IJIOTHOCTh DHEPrUM MaTepPHU DPaBHbI HYIIO B
HayaJIbHBI MOMEHT BPEMEHH.

VYpaBHEHUS JJIsI KOCMHYECKOTO YCKOPEHUS, TUNIOTHOCTH SHEPTUH, MABJICHHUS U CKASIPHOU
KpHBH3HBI [IpocTpaHcTBa B 3TOM Cllydae Takxke BHIOM3MeHsOTCs, BMecTo (3.29), (3.32), (3.36)
u (3.38) momyunm:

3 30 3 dy
—1- 2427 D), 4.2
q 2u  4u®  4u’? 4 du) (4.2
c® u® 3c*H?%*(u)
by == L (), 4.3
pgr pmat 247ZGT2 7/ 87ZG pcr( ) ( )
c® 1 dy
=— 2u* —2u+o+M(u,y, . 4.4
pgr pmat 487ZGT 7/|: o ( e d ):| ( )
RoRF = —— L [(4u? —2u+0)+ MU 720, (4.5)
“ 4Ty " du
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CornacHo HaOMIONATENHHBIM JTaHHBIM BO BCelneHHON B HacToOfAIIee BpeMs HMEETCH:
OaproHHasT MaTepHsi, JIEKTPOMArHUTHOE H3IyYeHHE W HEHTPUHO. DTHU KOMIIOHEHTHI ciabo
B3aMMOJICHCTBYIOT MEXIy co0oil. B 3ToM ciaywyae B cuiay akcuoMbl ['mib0epra 3aKOHBI
«COXpaHEHMsI» JUIS KaXKJ0T0 BHJIa MAaTEPHHU BBITIOJHSIOTCS B OTACNbHOCTH [ 7,11]

dyr

do=-(p+p) 5 (4.6)

it GapruoHHON MaTepuH JIABJICHHE MOXKHO CUHTATh PaBHBIM HYJIIO, JUISL SJICKTPOMArHUTHOTO
U3ITydeHus: P=p/3, Il HEUTPUHO aHAJIOTUYHOE COOTHOIICHUE OyJIEeT CIIpaBeIUBO JI0 TEX TOpP,
MOKa MOYHO MpeHeOpeub HAIMYUEM y HUX Macchl. M3 (4.6) cnenyer:

4/3 4/3
p —pO‘/F p.=p; o P, =P, i (4.7)
b = Fb v Fr T M v T My . .

Jr Jr Jr

BepxHUM WHIEKCOM OTMEYEHBI 3HAYEHHs, OTHOCSAIIUECS K HACTOSIIEMY MOMEHTY BpEMEHHU.
JIOCTOBEpHO W3BECTHO, YTO ILIOTHOCTh JHEPTHUHM JBYX TIEPBBIX KOMIIOHEHTOB COCTaBIISET
cootBeTcTBeHHO Q)= 0.0499 u Q,= 5.46 10” ot KPUTHUYECKOH MJIOTHOCTH PHEPTUU B HACTOSAIIIEE
Bpemsi [12]. s HEWTPUHO IaHHBIE MEHEE OIpeneieHHble Qv < 5.52:10°. Janee, 4To6bI
OIICHUTh MAaKCUMAJIBbHYIO CTCNEHb BJIMSHHUS MAaTEpPUH Ha TPOILECC DBOJIONUH, OyAeT
WCI0JI30BAaHO KMEHHO 3TO 3HAYCHHWE OTHOCHTEILHOU IJIOTHOCTH HEHTPHHO.

TakuM 00pa3oM, Ha BpPEMEHAaxX HE CIHUIIKOM JaJIeKHX OT HACTOSIIEr0 BPEMEHH HUMEEM
CJICYOIIHE 3aBUCHMOCTH TUIOTHOCTH SHEPTUH U JIABJICHHS MaTePUH OT 00BEMHOTO (haKTopa:

4/3 4/3
[,,0 [,,0 0 [,,0
Pmat =pcor Qb \/}/— +Q \/}/— 1 P = p:;):r Q % ’QzQ;/ +Qv' (48)
e v e

Yuumeieas npubausicennviti xapaxmep 3aeucumocmeti (4.7) namee mnpu uUcCnonv3o8aHuu
8bIPANCEHUL BKTIIOYAIOUUX Pmat, Pmat OYO0eM cuumams, 4mo usmeneHue oO6vemMHo20 paxmopa u
€20 npouszeooHoll onuceleaemcs 6 nepsom npubausxcenuu cootnomenusmu (3.20), (3.21), a
Kpumuieckasi n1omHocms - coomuouweruem (4.3). B atom npubnmxeHnn

M (.7, ) = wiw),
w(u) = —2u%| @, 4, ﬂg{ f(uo)j . f o, 2 Q( f(uo)] & 9
f’) 37LFW)) | ol ) 3TLfEY)) |4l -2u+o

[Toncranss (4.9) B (4.1), nosiyanuM ypaBHEHHE, OINKCHIBAIOIIEE BOJIIONMIO BcenmeHHou ¢
YYETOM HAJIMYHs MaTepHH. Perenue 3Toro ypaBHeHUsI MOXKET OBITh 3alMCaHO B KBAIpaTypax.

/y(u) [ 4udu
A — w(u) = ex ) 4.10
¥ min v P ;|).4u2—2u+a+w(u) (4.10)
[ 4y (u)du
t—t, =Ty ) 4.11
s 7m'”-([4u2—2u+a+w(u) (411)

(DI/Il"ypI/Ip}IIOH_IaH B 3THX COOTHOHLICHHAX IIOCTOsSHHAA O l'IOI[O6HO TOMY, KaK 3TO OBLII0
CACJIAHO B MPEAbLAYHIEM pa3aciic, JOJIZKHA ONPCACIIAATECA BMECTC CO 3HAYCHHUEM UO H3 yCJIOBUSA
PaBCHCTBA BBIYHUCJICHHOI'O BPCMCHU CYHICCTBOBAHUA Bcenennoir n napameTpa Xab0na ux
Ha6J'IIO,[[aeMLIM B HACTOSIIUII MOMEHT 3HAUYCHHUSIM.

0

4 () o_ 1 u
t°—t, =Ty, du, H® = ,
: 7 min £4u2—2u+a+w(u) BT /Y W(U°)

(4.12)
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= &5 Tol7, =5.798185056-10° ¢; ©,=0.0499; Q,=5.46:10°; Q,=5.52:107

Py max
u’=7.027 ; 5=0.25011930

Parmax =10 oM % Ty =1.296575763-10™ ¢; ©,=0.0499; Q,=5.46:10°; ,=5.52-10°
u’=7.024 ; 5=0.25058907

Tabnuya 2. Pewenus ypasnenuii (4.12) (-tq = 4.355:10"c, H® = 2.181-10™%¢") npu osyx
BHAYEHUSIX MAKCUMANbHOU NIOMHOCIU IHEPSUL.

25

— — ()
o M ]

o
i

o
=

T T T [ T T T T [T T T T [ T T T T[T T 11
0.0 0.5 1.0 1.5 2.0 25

z
PucyHok 6. Pe3yabTaThl pacyera 3aBHCHMOCTH mapamerpa Xa6o:ia (H=100h km-c*Mnc™) or kpachoro
CMeIleHHS € y4eToM (CIIOIIHAS JTUHMS) U 0e3 yyeTa (TOUKH) HAJIMYHSA MaTepuu.

15.0

125

10.0

t 7.5

5.0

‘:'o

2.5

X R s e o e e e
0.0 0.4 1.0 15 2.0 25

r

Pucynok 7. PaccuutaHHblii Bo3pacT 00beKTa (B MHJLUIMAPAAX JeT) B 3aBHCHMOCTH OT ero Ha0JI101aeMoro
KPACHOI'0 CMEIIeHNs ¢ y4eTOM (CILIOIIHAS JHHHUA) U 0e3 y4eTa (TOYKH) HAINYUS MATePUH.
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[IpuHMMas BO BHUMaHHE MPUBEACHHBIE B MPEABIIYILIEM PA3/Ei€ TAaHHBIE, MOKHO CAEIaTh
BBIBOJI O TOM, YTO B JUAaNa3OHE KPACHBIX CMELIEHUW MeHee 2.3 BIMSHUE NPEIbICTOPUU Ha
JANbHEUIINN X0/ NPUBEICHHBIX 3aBUCUMOCTEN HE3HAUYUTENBHO. BHYTpH 3TOro auarnasoHa xoJ
3aBUCUMOCTHU MOKET ObITh BOCCTAHOBJICH I10 OJTHOMY JJOCTOBEPHOMY 3HAYECHHUIO.

Pucynok 8. Pe3ynbTaTsl pacuera 3aBUCHMOCTH KOCMHYECKOT0 YCKOPEHHSI OT KPACHOI'0 CMEIeHHUsI ¢ Y4eTOM
(cnuomHAsA TUHMA) U 6e3 ydeTa (TOUKH) HATMYHUA MaTepHH.

Poxnenne Marepun HE NPHUBOJUT K 3aMETHOMY HM3MEHCHHMIO BPEMEHH CMEHBI 30X
3aMeJJIeHUs] — YCKOpeHMs. Takoe MoBeJeHHE MPHUBEACHHBIX 3aBUCHMOCTEH CBS3aHO C Mayoil
JI0JICH SHEPTUH MAaTEPUHU B €€ 00IIeM KOJTUYECTRE.

0.25

0.2
0.15
guota

0.1

0.05

=
=

10.0 124

=
=
rJ
i
1
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=]
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Pucynok 9. 3aBHCHMMOCTb OTHOLIEHUS CpedHeill IVIOTHOCTH J3HEPIMM MAaTepud K IUVIOTHOCTH JHEPruu BO
BcesieHHOM B 3aBUCMMOCTH OT BpeMeHH (B MUJLJIMAPAAX JIeT).

MakcumanbHasi 10715 dHepruu matepuu He npesbimaer 0.2324, B HacTosIiee BpeMs 3Ta
BenuuuHa cocrtapisier MeHee 0.055 u mpojoimkaeT yMeHbIIaTbes co BpemMeHeM. B oTinuue ot
OTO, rae MIOTHOCTh YHEPTUU MATEPUU HEOTPAHUYEHHO BO3PACTAET MPU YMEHbIIEHUH BPEMEHH,
3]IeCh OHA JIOCTHTaeT MaKCUMyMa, a 3aTeM YMEHBIIIAeTCs, CTPEMSCh K HYIIO MPH MPUOIMKEHUN
K Ha4aJJbHOMY MOMEHTY BPEMEHU.
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OcranbHasi 1 OCHOBHAS YacCTh HEPTUM 3TO SHEPIUsl rpaBUTAMOHHOTrO 1ojs. iMeHHo 3Ta
SHEPrUsi, pABHOMEPHO pacipe/ieJieHHass B IPOCTPAHCTBE, a HE TEeMHAasi MaTepus MPOSBIAETCS B
XapaKkTepe 3aBUCUMOCTEH KPUBBIX BPAIIICHUS TPABUTAIIHOHHO-CBSI3aHHBIX O0OBEKTOB.

10
10.04
?.5-5
rngrE.D—f
2.5—5
D-U:IIII|IIII|IIII|IIII|IIII

0.0 0.5 1.0 1.5 20 245
z

Pucynok 10. 3aBucMMOCTb NVIOTHOCTH SHEPTHH IPABHTAIMOHHOIO MOJISI Pgr (apr-em™) ot KpacHoro
CMelleHUsI B MecTe HAX0:KAeHUsI HA0JII01aeMbIX TPABUTALMOHHO-CBA3AHHBIX 00bEKTOB.

Takum o6pa3zom, B oiinuue ot OTO miia onucanusi ocobeHHoCcTel 3Boonnu Beenennoit
He TpeOyeTcsl BBOJUTH KaKre JTU00 HOBbIE (hOPMBI MAaTEPHH TIOMHMO YK€ U3BECTHBIX (POpM.

5. CraTuyeckasi H30TPONMHAs MeTPHKA

PaccmotrpuMm  cratmdeckyro cepuuecku-CUMMETpUYHYI0 MeTpuky. Hambonee ooOmiee
BBIpaKCHUE JUTSI IPOCTPAHCTBEHHO-BPEMEHHOTO MHTEPBaJla YHUMOIYJISIPHBIM MPE00pa3oBaHHEM
KOOPJIMHAT MOKET ObITh TIPUBEICHO K BUIY [ 7]:

ds? = F(r)(dx°)? —%(X-d)‘()z —C(r)(dx - dx)

Cea3b (1.1) uHBapuaHTHA OTHOCUTENIBHO TaKUX NMPeoOpa3oBaHUii, HO TeNeph, B OTIMYUE OT
OTO, ee Hanuuue He MO3BOJSET YMEHBIIUTH KOJIMYECTBO MCKOMBIX KOMIIOHEHT METPUKHU [0

JBYX.
Hcnonb3yro cuMmBoibl KpoHekepa dmn, 3auIieM METPUUECKUNA TEH30p (v B BUIE:

X, X m
gOOZF(r)! gOmZO’ gmn:_C(r)'é‘mn_G(r) . n1 Xn =X, (51)

2
r
g(r)=detg,, =—FC*(C+G).
Tenszop ¢ 0OpaTHBI METPHYECKOMY TEH30PY:
00 — 1 , gOm :0' gmn - _ 1 5mn + G(r) Xm;(n .
F(r) C(r) C(C+G) r
Umd™ =Gy
IIpu namuuuu cBsa3u (1.1) ymoOHee HMCXOAUTh HE W3 ypPaBHEHUH, MOJIydyaeMbIX MpH
BapLI/IpOBaHI/II/I HeﬁCTBHH I1I0 KOMIIOHCHTaAM MeTpI/IKI/I, a BBI6paTB B KadC€CTBC O,[[HOI71 n3

BapbupyeMbix pyukiuit A(r) = /—g(r) .

CBs3b JacT CJ'IeILYIOIJ_II/Iﬁ BKJIaJ B JCHCTBUE:

g (5.2)
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ox* 29 ox" 2(C+G)g A}

(IItpux 31ech u nanee obo3Havyaet auddepeHnnpoBaHue 1o r).

OcrayibHble YICHBI MOXXHO HAWTH, UCIIOJIb3Yysl M3BECTHBIC pe3yJibTaThl pacuetoB [7,11].
CkansipHasi KpHBU3HA U JJIEMEHT 00beMa OOIIEKOBAPHAHTHBI, MIOATOMY MX MOXXHO BBIYUCIIUTH,

UCHOJIb3YS «C(hepruuecKrne» KOOPAUHATBI.
B «chepruecknx» KoopauHaTax mpoCTPaHCTBEHHO-BPEMEHHOM HHTEPBAJL:

ds? = F(r)(dx®)? —G(r)dr? —C(r)(dr? + r?d6? + r?sin® 6dg? )
[To anamoruu co «crangapTHO» (HopMOii [ 7] 3amuIeM ero ciieyronumM oopa3om:
ds? = F(r)(dx°)? — A(r)dr® — r*? (r)(d@? +sin? 6dg? ), (5.4)
rae A(N)=G(r)+C(r), r*(n)=rC"? ().
,21.]'[5[ I[aHHOI\/JI MCTPHUKHU HEUCYE3AIONUE KOMIIOHCHTBI CBA3HOCTHU HECKOJIBKO OTJINYAIOTCA OT
COOTBETCTBYIOIIMX KOMIIOHEHT «CTaHIAPTHO» GopMbI [7]:

00 10 g __ @M 6539

F A’ r*r* r*r*sin’ @ F’
1—~ 1—~t — 1—~r — , ro_ _ , rr = - 7 1—~r — ’
2F " 2A w A o A t2A
0 0 r 0 H [ @ r [ @
I,=Ty=— > , I, ==sinfdcosd, T, =TIy = g I, =T =ctgo.

COOTBETCTBEHHO 9TOMY U3MCHSACTCA BBIPAXKCHUC IJId TCH30pa KPHUBU3HEI.
I/ICHOJ’IBSYSI BBIPAXKCHHUA JJI1 KOMIIOHCHT CBA3HOCTH, HaI\/’IJIeM CKaJIIPpHYIO KPUBU3HY:

1 (F’j 1 (F’j 2 [r*r*’j Z(r*’J 2 2 [r*’jz r*F’'
=—|—|+—=|=| +— += -+ + .
2F A 2A\ F r* A Al r* r* Allr* r*F
Brigensis qMBEpreHTHBIN YICH, MOXKHO 3aITMCaTh €€ B BUJIE:

1 d[ ., F' 4r* rYF  1(r*\" 1
= —|r* JAF| —+ -2 || +— | 5.5
r*z /AF dr{ [AF I'*A):| [r*AF A(r*) r*Z:l ( )

JelicTBue 15l TpaBUTALIMOHHOTO TOJIS:
3
¢ 2 0
o = —%I(R +A)WAFT* sin @drdadedx’.
[ToncraBnss crona Beipaxkenue (5.5) wis R u (5.3) nns A, onyckas JUBEPreHTHBIN WICH U
yunreiBasi, uto A=A%/FC?, nomyanm:
3 2 ' 4
c A r*F , 1 3 O'Ar*" F
S, = + *) +—r*r*F'+————Ir"singdrdad x°
& 87zG-[(r*2 Ar? ) Ar? 2N°r* J o

BwmecTto r BBeieM nepeMeHHYIO éj—r3 TOT/1a ICHCTBUE TPUMET BU/I;

3 *2 * * *4
% I{ A Fr [dr J L1 adrdF Fr dCDdAJdé ——

Sy = +
¥ 8aG Y| 9r*? A d& A d& df 2N d& d¢

13 INpUHOHXIIAa HAWUMCHBLIICTO ﬂeﬁCTBHH HaI/I,Z[eM YPaBHCHUS TPABUTALIMOHHOIO IIOJIA B
CBO6OI[HOM OT MAaTCpHH IIPOCTPAHCTBEC!:

*4

d(r*FdA _0, (5.6)
dél A2 dé

*2 * 2 *3 *

1 _refdrey rtdrrdf 1 d (L, pdo) (5.7)
Or* dé‘ A df df 2A dé: dé:
*2 * 2 *3 * *4
refdrx) _dfred LT Zd—AdE=0, (5.8)
d& dél A d¢& 2A° d& d¢&
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* * *3
B 2A3_2r*i r*Fdr —r*3d 1dF L 2Fd_Ad£:O. (5.9)
Or* dél A dé d& A d§ A d& dé
N3 ypaBuenus (5.6) ciaemyer:
*4
I"FA&_, (5.6)
A d&

/1€ 0. — IOCTOSIHHAS C Pa3MEPHOCTHIO JIMHBI.

YMmHOkHM ypaBHeHue (5.7) Ha 24, BeruTeM U3 pesynbrara - (5.8), yMHOXeHHOe Ha 2F, u
CIOXMM pe3ylbTaT C ypaBHeHHEM (5.9), yMHOXEHHBIM Ha [I*, TMOCJI€ HECIOXKHBIX
npeoOpa3oBaHUil IPUBEIEM YpaBHEHHUE K BHILY:

HEE
dé| A \de de

r* F(1dF  do
A (Fdf dfj 4

r7ie [ — elle oJHa MOCTOSIHHASA ¢ Pa3MEPHOCTHIO ANUHBL. Mcnoib3ys (5.6') 3To ypaBHEHHE MOKHO
3arucaTrb B BUJIC:

Orcrona cnemyer:

1dF _do_ _1dA B

Faz dz “nade’ o
VYuuteiBas, uro pyakuus D(r) ompeneneHa ¢ TOYHOCTHIO 10 TIOCTOSTHHOM, Haimem:
—In(FA™). (5.7)
VYpasuenue (5.8) nepenuiieM cIeayOmuM 00pa3om:
1(r*dr*\’ , d (r*dr*) r** dAdd
= +r* - =
Al dé dé\ A d& ) 2A° d& d&
[Tocne moicTaHOBKY 3TOTO BRIPAKECHUS B ypaBHEHHE (5.9) OHO MpUMeET BU/I:
* * * * 2 * *
r*4i ld_F +2r*zi FLdL _41 rdr +r*2i r_dL F+2_A2:0
dé\ A d& dé\ A dé& A I dé{ A d¢& Or*
DTO0 ypaBHEHHE SKBHUBAJICHTHO CJIEAYIOIIEMY:

d|r* d ( F j 2A
dé| A dé\r*? or *?

WuTerpupys 310 ypaBHEHUE MO &, MOTYUHUM:

15
i(FjﬂlA 2AIAd§=0’

*2 *6 *6 *2
dé\r r 9r*or

r= d
re B=|——
A d&
MHMHKOBCKOTO 3Ta NOCTOsIHHAs paBHa Hy’r0. [lomoxum nanee f1=0 mns Toro, 4roOBl METpUKa
MHMHKOBCKOTO MOTJa OBITh PELICHUEM JaHHOW CHCTEMBI YpaBHEHHH (B clydae, KOra KOHCTaHTa

0. paBHA HYJIO).
d
5.9
dzf(r*zJ r*‘iIr*2 (5.9)

Wurerpupys emie pas, npeacrasum ¢yukuuio F(r) B Buze:

| }r*a
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[IpeoOpazyem ypaBuenue (5.8). BBegem o603HaueHUE
_rxdr*
A d&’
U TIOJCTaBUM BBIp@KEHHUS Mid NMpou3BoIHbIX A W @ wu3 ypaBuenuir (5.6') u (5.7'), Torma
ypaBHeHue (5.8) MOKHO 3anucarh B BUJIE:
U2+ r*U du _oU do .
dr* 2r*F dr*
1 d 1 3o do
T3r*U dr*V 2r*F dr*’
[Iepexons BO BCEX COOTHOWICHMSX OT NMPOU3BOIHBIX IIO é‘:rg K MPOU3BOJHBIM N0 I'™* U
BBOJIsSI Oe3pa3mMepHbIe KOOPAMHATHI I/a U F*/a (coxpanss 0nst nux npesicruue obosnavenus r u r*)
HCXOJIHYIO CUCTEMY YpaBHEHHH MOKHO 3aIHCaTh CIEAYIOIIM 00pa3oM:
1dA  3V(rY)

(5.8)

_ , 5.10
Adr*  Fr*? (5.10)
1
V(r*) = ®=-In(FA™), 5.11
(r*) = ——j L o, (FA™) (5.11)
<F dre
X * T * * 1
F(r*) =2r* J.[J.V(r )dr JN (5.12)
*\ y 2
AT ATy (v, (5.13)
r* dr*

OTnuuHOE OT HyNs 3Ha4YeHHEe I*pmin= r*(0) o3HauaeT, BOOOIIEC TOBOPS, HAIWYHE KpAsL Y
MPOCTPAaHCTBEHHO-BPEMEHHOTO MHOTO00pa3usl.

PaccmotpuM noBeneHne MeTpuKH NpH F*min = 0 1 Manbix 3HaueHusX I*. U3 (5.12) cnenyer,
9TO €CJIM CYHIECTBYET WHTETPall

ZT(TV (r*)dr *J\@dr* =b>0, (5.14)
0o\0 r

10 mpu Mamblx * dymkums F(r*)=b-r*?. Torma nomaras V(r*)=b;-r*'>0, A(r<)=b,r*’>0 u
MOJICTaBJIsAs ATH BeIpaxkeHus B (5.8', 5.10), moxyanm:

v=3 b= 2b , 0= 6 >0. (5.15)
2—00 2—00
W3 mocaeIHero COOTHOMIEHHUS CIIEAYET:
5o 1+VJ1-60
o

nostomy o <1/6.
Uuterpupys ypaBuenue (5.13) HaiieM npu Majbix 3HAYCHUSX I, *:

r* * r*
r3(|r*)=3jVA—Er §r*2dr*z3£)—1jr*(5‘5)dr*. (5.16)
0 r 20

ITocnennuit MHTErpas CyleCTBYET TOJIBKO NMpH & < 6. B 3TOM ciydae

5:1_— “1_66, a<%. (5.17)
o

PaccMoTpuM  Temepp  BBIpaKEHHWE IS OHEPTUM  CTATUYECKOTO  M30TPOIHOTO
rpaBuTaninoHHOrO noJis (cm. [Ipunoxenue I). B atom cnyqae
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_cla| r2 F(r) din(Fa)|
4G | V(r) dr*

=3InFA (r*,.) | (I1.8)

min
[Tocnennuii 4ieH B 3TOM COOTHOIIEHUH MUMEET JIOTapu(MUUECKYI0 OCOOCHHOCTh MPH I*min=0.
DHeprus OyJIeT UMETh KOHEYHOE 3HAYCHUE JIUIIb MIPH [*min # 0, TO €CTh IpU Haiuyuu Kpas. 910
BO3MOKHO, TOJIBKO IIPY 3HaYeHUU © > 1/6.

Benmuuna r*min BIs€TCS HE3aBUCUMBIM ITapaMETPOM U IS €€ OIpeesIeHIs] HE0OX0 MBI
no6aBouyHble cooOpaxkeHus. [1ooxuMm, BO-TIEPBBIX, B COOTBETCTBUU C npuHyunom Maxa, 9to
uHepTHas Macca Mj, cBs3aHa C TIOJIHOM SHEPTUEH rpaBUTAMOHHOTO 10t E BHE Kpas Gpopmynoi
Sitamreiina E=Mi,c%. Bo-BTOPBIX, B COOTBETCTBHH ¢ 9KCHEPUMEHMANLHBIMU OQHHbIMIU TPHMEM,
4TO 3Ta HHEPTHAs Macca JO0JKHA COBNAJATh M0 BEJIMYMHE ¢ MAacCOM IpaBUTALMOHHON Mijn= My;.
W, nHakoHen, Ha OCHOBaHUU npunyuna coomeemcmeus ¢ OTO TONOKUM TpU OOJBIIMX
3HAYCHHSX I* KOA(PPUIMEHT MPU MEPBOM WieHe pasiokeHus pyHkimu F(r*) no cremensm 1/r*
PaBHBIM OTHOIICHHUIO FpaBI/ITaHI/IOHHOFO paauyca K o

1 2M G 1
F(r*)=1-——+..= —2;!"—-}-... (5.18)
a r* Caa r~*
B stom cnmyuae cootnomenue (I1.8) mepexoauT B ypaBHEHHE, OMPEACISAIONIEE BETUINHY
r*min-

ri 2r* ., I:(r.kmin) I:(r-kmin)

= . —In : 5.19
a 3V(r *min) Al/e(r *min) ( )
Pemenne cucremsr ypaBHenu (5.10) - (5.13), (5.19) MOXHO HaWTH METOJIOM

ToCyIeI0BaTeNbHBIX MpuOmmkennit. Haunnas ¢ npoGuoit dymkmuu V@ (r*) u Bei6parHOM
Ha4yaJIbHOM 3HAaY€HHUE I™*min MOXKHO HAWTH B mepBoM npubamkenuu u3 (5.12) dynkuuro F(O)(r*),
a 3arem u3 (5.10) - A(O)(r*) u HoBoe 3Hauenue V P (r*)us (5.11). TIpomomkaeM 3TOT Ipomecc 10

noxydeHus: Ha N-HOM mare 3HadyeHUH MCKOMBIX (PYHKIIUH ¢ TpeOyeMol TOYHOCTHIO. 3HaueHUE
pasmepa I*nin Haligem u3 ypaBHeHus (5.19). A 3arem u3 ypaBHeHus (5.13) Haitnem GyHKIHIO
r(r*).

[Toctpoum npobHYI0 dhyHKIMIO. ECciu mpu 601bmmx 3Ha4eHUsIX * cripaBeymuBo (5.18), To
torna u3 (5.10, 5.11) cnemyer V(r*) =[-v/r**+... TIoCKOJIBKY TIPH HAIMYMH Kpas IOBELCHHE
MCKOMBIX (DYHKIIMI MTPH MaJIbIX 3HAUCHHSIX I™* HE OINpeesieHO, ECTECTBEHHO MPEIOJIOKUTh, YTO
OTHOCHTEIBHBIN pa3Mep I*min Oombie equHuIbl. [Ipu r*nin > 1, 3anagumM npoOHYy0 GYHKIIHIO
CIICAYIOIHUM 00pa3oM:

VO(*) =1-v/r*, (5.20)
[ToncraBnsis 3To BeIpaXkeHue B (5. 12) Haﬁz[eM

2 v v o vi 1
FO@r*)=1-(r* )—+ (r* y—~ Y= (5.21)
3 min r . r*min r* 3 r*
B 9TOM HpI/I6J'II/I)KCHI/II/I, HUCXoOs1 U3 HpI/IHHI/IHa COOTBCTCTBHUA, HOJ'Iy‘II/IM
r 2 v
gr *
20 L , 5.22
=t ) (522

[TocTosiHHYIO BETMYMHY V MOXXHO BBIOpaTh Tak, 4ToObl B TOYKE I*=I*pi, 3HaYCHUS
npoGHoO# ByHKIMK U MepBoro TpubmKerns copnagamy V@ (r* )=V ® (r*
(5.20), (5.21) B (5.10), Haiinem

min) - T1OJCTaBIASA

0 AU G I
0) (=
In A© (r*) = j E r*, (5.23)

a3arem u3 (5.11)
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-1

9 0) (p* *
vory =143 1 3y, V) ar* (5.24)
2r*FO@r) 200 2r*FO(r%) J(r)*FO(r*)
B 3TOoM ciyuae
v=1-VO(@r*_ Nr* . (5.25)

DTO ypaBHEHHE OMNPEICIISET V B 3aBUCUMOCTH OT *pin.

B Oosiee BBICOKMX TPHONMKEHUSX TIPU BBIYHCICHUSX HCIOJB30BAIUCH CIUIAWH
anmpokcuManuu. [locne maTH MocienoBaTeNbHBIX MPUONMKEHUH, pemias ypaBHeHue (5.19),
HaieM (MpU HKCIOJIB30BAHUM B pacyeTax IIECTH HMHTEPBAIOB) C MOTPEUIHOCTHIO B JOJIU
MpOIIEeHTA

M*min~1.74.
DTO 3HaUYEHHUE, KaK U MPEIoaraaoch, 00blIe enuHuIbl. B pasmepHoM Bue
*min=0.935rr .
Pe3ynbratel pacueToB npenctanieHnsl B Tabnuie 3.

0=1/6 ; Xmax=0.575 ; rgi/a =1.859

x=o/r* V(X) F(X) A(X) C2(x)=r(x)/r*

0 1 1 1 1

0.1 0.9875 0.8160 0.7184 1.1792
0.2 0.9346 0.6381 0.4814 1.3523
0.3 0.8202 0.4746 0.2980 1.4556
0.4 0.6471 0.3386 0.1721 1.4378
0.5 0.4596 0.2366 0.0962 1.2288
0.575 0.3413 0.1813 0.0543 0

Tabauya 3. Pewenue cucmemot ypasnenuii (5.10..5.13) npu snavenuu c=1/6.

3HayeHHE OJHOW M3 HWHBapUAHTHBIX MeTpHueckux (yHkiwi - C(r) HeorpaHHMYCHHO
BO3pacTaeT IMpH MNpPUONMKEHUH K Kpaw, TO €CThb Ha Kpalw UuMeeTcsl HeycTpaHuMas
CUHTYJIsIpHOCTh. CrieioBaTeNbHO, HOCTPOEHHOE MHOTOOOPA3HUe SBISETCS IT'€0Ae3UNUECKH TTOTHBIM.

Pacuers! mpoBenens! npu 6=1/6. B o6mem ciydae pemienue OyaeT CyIIecTBOBATh U MPHU
3HAUEHUSAX O, JIeKAIIUX B HEKOTOPOM HWHTEpBaje, MPUMBIKAIOIMIEM K ATOMY 3HayeHHio. B
JMarna3oHe JAOMYCTUMBIX 3HAUEHUH MapaMeTp ¢ MOXET ObITh BBIOpAH MPOU3BOJIHHO, [O3TOMY,
IpU OJMHAKOBBIX 3HAYEHUSX IOJHOW SHEPTrUU, paclpeiesieHus: Moje B 00JacTH MopsaKa
IPaBUTALIMOHHOTO pajinyca OyIyT pa3inyaThCs MEXIy COOOM.

Takum o6pazom, npu nanuuuu ceszu (1.1) umeemcs necuneynisipnoe cmayuonapHoe
yacmuye - no00OHoe pacnpeodenerHue YeHMPAIbHO-CUMMEMPUUHO20 2PABUMAYUOHHO20 NOJIS, Ol
KOMOPO20 8bINOJIHAEMCS PABEHCMB0 UHEPMHOLL (OnpedeleHHOU 8 COOMEEeMCmEUU ¢ NPUHYUNOM
Maxa) u epasumayuonnoti maccol. ' OpU30HT, MPUCYTCTBOBABIINYI B penieHuu ypaBHeHun OTO
JUIS EHTPabHO-CUMMETPHUYHOTO IyCTOTO MPOCTPAHCTBA, B TOM ClIydae OTCYTCTBYET.

6. 3akiaouenue

I/ICTOpI/I‘{eCKI/I CJIOKUJIOCh TaK, 4YTO B OCHOBY KaHOHMYECKOU TCOpHUU TATOTCHUA ObLI
IMOJIOKCH NPHUHIUAIL O6IH€I>'I KOBApHaHTHOCTHU ypaBHeHI/Iﬁ rpaBUTAlUOHHOTO TIOJIA. B cratpe
HU3JI0KEHBI OCHOBBI KJIAaCCHUYECKOM TCOPHUU TATOTCHHUSA, B KOTOpOfI OTOT IMPUHIUIT 3aMCHCH €Iro
AHTUTC3UCOM (HOI[O6HO TOMY, KaK 3TO OBbLIO C IMATBIM MOoCTYyJIaTOM B «Boo6pa>1<aeM0171
reOMeTpI/II/I» .HO63.‘-ICBCKO]"O). Ol"paHI/ILIeHI/Ie O6H.ICI>1 KOBApUMAHTHOCTHU MPOUCXOAUT 3a CHUCT
BBCACHUA CBA3H, KOTOpas C (1)1431/1%01(0171 TOYKHU 3pCHUSA HCTOJIKOBBIBACTCS KaK IIPUHIIHII
a,Z[I/Ia6aTI/ILIHOCTI/I mnmpounecca 3BOJHOINNA METPUKH ITPOCTPAHCTBECHHO-BPCMCHHOTO MHOFOO6paSI/IH.
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OTnuuuTeIbHON 0COOCHHOCTHIO TEOPHUH, BO-TIEPBBIX, SBIISIETCS TO, YTO MPOCTPAHCTBEHHO
— BpPEMEHHOE€ MHOTro00pazue MOMUMO METPUKH M CBS3HOCTH HAJAETSETCS BCEMU CBOWCTBAMU
MarepuaibHOl cpenpl. llpuuem rpaBUTAlMOHHOE TOJIE SBJISIETCS OCHOBHBIM HCTOYHUKOM
sHepruu Bcenmennoil. CrnenctBueM 23TOro sBIseTCs HaOnrogaeMasl BBICOKash CTEIEHb
OJHOPOJHOCTH U U30TPOMHOCTH BCENeHHOM.

Hpyras 0COOEHHOCTh TEOPUHM COCTOMT B BO3MOXKHOCTH TIOCTPOSHHS MHOTO00pa3Hii
CBOOOIHBIX OT CHHTYIsApHOcTei. [lpenBapuTenbHBI aHanM3 TOKa3bIBaeT, dYTO TpH
HENepTYpOATHBHOM  TIOJXOJAE  YCTPAHSIOTCS  TAaKKE  CHHTYJISIPHOCTH, CBS3aHHBIE C
KaJTMOPOBOYHBIM B3aUMOJICHCTBHEM.

CUHTYIIIpHBIM TIPH 3TOM SIBJISIETCS. Kpald MHOTO0Opa3usi (MOMEHT Haudaja 3BOJIIOIUU
Bcenennoii uin nmoBepxXHOCTh BOJU3HM T'PaBUTAIMOHHOTO pajuyca), Ha KOTOPOM T€ WJIH HUHBIE
Ha0roaeMble WHBAapUAHTHBIE BEIUYMHBI TMPUHUMAIOT OECKOHEYHbIE 3HAYCHHUS. OTOT (akT
ClelyeT paccMaTpUBaTh KaK YKa3aHHWE Ha HEOOXOAMMOCTh ydeTa BOJHM3U Kpasi KBAHTOBBIX
addexroB. Ilpexne Bcero, 3To MPOUCXOJsAIIEEe B HadalbHBIM MOMEHT BPEMEHHU HapyIICHUE
CUMMETPHUHU MEXKy YaCTHIIaMHU U aHTHYacTUIaMU. OTMETHUM, YTO OTpaHUYEHNE KOBAPUAH THOCTH
BelIeT K YMEHBIICHHUIO KOJIMYECTBA TEPBUYHBIX CBS3€HM, B CBSI3U C OTUM IPU KBAHTOBAHUU
CHUMaeTCA MpooieMa «3aMOPOKEHHOTO (popmMaTn3mMay.

To4HOCTH UMEIOIIHMXCS ACTPOHOMHYECKUX HAOIIOIEHNI MTOKa HEIOCTATOYHO, YTOOBI Ha UX
OCHOBAHHWU CJIeNaTh BBIOOP Mexay npeackazanusMu OTO u npennoXeHHOW TEOPUHU TIATOTEHUS.
Onnako TOT (paKT, Y4TO 3a MCTEKIIWE ABAAIATH JIET TaK W HE ObUla yCTaHOBJIEHa (U3MUecKas
MpUpPOJIa TEMHOW SHEPTHH, TEMHOW MaTepuu W WHEIATOHOB (KOTOpPHIE BCE C TOUYKH 3PECHHS
M3JIOKEHHOM B CTaTh€ TEOPHH SIBJISIIOTCS JIMIL TIPOSBICHUSIMH MaTEPHAIBHOW CYITHOCTH
TPABUTAIMOHHOTO TIOJIST), SIBJISIETCS CYIIECTBEHHBIM JIOBOJIOM B TOJIH3Y MPHUHSTHUS MTOCIICIHEH.
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[punoxenne |. JHeprusi cTaTHYECKOT0 U30TPONMHOT0 I'PABUTALMOHHOTO TOJIS.

B cuiy toxmectBa BHAaHKM IUIOTHOCTH 3HEPIUHM TPABHTALMOHHOTO MOJs T, MOJDKHA
YZIOBJIETBOPATH COOTHOLICHUIO:

L0 () 10,
ﬁaxV(\/_gT") 28X”T =0

B CJIydac CTaTUYCCKOTO IMOJIA COXPAHACTCA SHCPIrUuA IrpaBUTAIMOHHOTIO ITOJIA:

E:jaiv( —gTy bix= [T~ gds, | (IL1)

rJic B COOTBETCTBHH C (2.3)

4 [
A _ C y a v 6(1) A 6@ A 8@ _ 1 a _g
To "~ 164G {50 ox* (g# ax“j_g o, o T ox° 1 = x*t (Ir.2)

B craruueckoM mosie mocienHue JBa WieHa B 3TOM cooTHomieHWu paBHBl Hymo u (I1.1) c

yueroM (I1.2) mpuHumaer BUx:
( )dV : (IL.3)
167zG 6x" ox"

[ToncraBnss crona BI)Ipa)KeHI/ISI JUISI KOMIIOHEHT MeTpI/IquKoro TeH3opa u3 (5.2) noaydnm:

r’ do r’ do
e dr(C+G dr] [N_dr((me) dr jdr} (4

VYytem Tenepsb, 4To MO ONPENeICHUI0, a TAKXKe B CHITy cooTHOIeHus (5.13)

C(r*)+G(r*):—r4*(:/§)2, r2dr = ) e e (IL5)
r** F(r) J-9
[ToncraBnsist atu Beipakenus B (I1.4) u mepexos k 6e3pasmMepHO KoopAUHATE I*/0l, TIOTydruM:
) c“a[r*z F(r) do| % 2 E(r) do dy=g }
4G | V(r*) d i V(r*)y/-g dr* dr* '
B cuny cootnomiennti (5.77), (5.10)

1 di-g 3V
—In(FA™), = JA=4/—-0. I1.7
(F™), = e 8= (IL7)
C y4eToM 3TUX COOTHOIIECHUH

_c'a _ r** dF
4G | V(

(I1.6)

r*—>o

—3In FA"(r*min)}. (IL.8)

B cooTHomeHnn GUTypUpyIOT rpaHHYHbIC 3HAYCHHS TPOU3BOAHOM (yHKIMU F(r*).

VYuuTtbiBas MOBEACHHUE MOJICH Ha OECKOHEYHOCTH UM TOT (PAaKT, YTO B CHIIYy COOTHONICHHUS
(5.12) mpu r* = r*pin dF/dr*= 2F/r*nin, Haligem:

r*—o

¥ dF
V(r ) dr*| |

r * *
:_£+ 2F(r mln)r min ] (Hg)
o V(r*min)

min
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