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Abstract

The gravitational field 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. General covariance is restricted in the article due to the
introduction of the constraint. The constraint is interpreted from a physical point of view as a
sufficient condition for the adiabaticity of the process of evolution of the space-time metric. The
initial equations of the theory of gravity with the constraint are formulated. A unified model of
evolution of the modern, early and very early Universe is constructed on this basis which
consistent with the observational astronomical data but without using of the hypotheses of the
existence of "dark energy”, "dark matter" and "inflatons". It is claimed that: the gravitational
field is the main source of energy of the Universe, the maximum global energy density in the
Universe was 64 orders of magnitude smaller the Planckian one, and the entropy density is 18
orders of magnitude higher the value predicted by GR. In addition, the value of the relative
density of neutrinos at the present time and the maximum temperature of matter in the early
Universe are calculated. The wave equation of the gravitational field is formulated and its
solution is found.

Keywords: Gravitation, restricted covariance, nonsingular theory, entropy of space-time,
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 in
relation to arbitrary transformations of the world parameters (coordinates)” and chose “R - the
invariant built from the Riemann tensor (curvature of the four-dimensional manifold)” as
Lagrangian of the gravitational field [1].

Three years earlier, A. Einstein wrote [2, p. 237, 243]: “Besides, it should be emphasized
that we have no basis whatever for assuming a general covariance of the gravitational
equations.... From this it seems to follow that the equations sought will be covariant only with
respect to a particular group of transformations, which for the time being, however, is unknown
to us. It seems most natural to demand that the system of equations should be covariant against
arbitrary (Einstein's italics) transformations.”

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. Although the
opposite point of view was also expressed earlier [3, p. 631]: “...the physical meaning of GR
boils down to the creation of a new theory of gravity. However, the author of the theory A.
Einstein and a number of his followers have another point of view. They believe that in addition
to this, and in the first place, GR establishes the principle of equality of all reference frames. It is
difficult to agree this point of view, however, since in this case the equality of reference frames
from the point of view of a formal mathematical apparatus is illegitimately interpreted as
equality on their physical essence.

GR doesn’t seem as unshakeable as before any more in the light of the new experimental
data [4-6]. For an explanation of the derived results within the framework of this theory it was
necessary to introduce certain hypothetical entities (the ACDM model [7]), the nature of which
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are still unclear. «Entia non sunt multiplicanda praeter necessitatem», probably, the necessity of
introduction of "inflatons™ at first, and now of "dark energy" and "dark matter” in GR (with the
development of new methods of astronomical observations) are symptoms of a defect in the very
it basis?

GR violates the unity of the material world. The gravitational field itself does not have
properties of the material medium in GR. Its energy-momentum density is zero. This is a direct
consequence of general covariance of the gravitational field equations. Attempts to introduce the
non-general covariant energy-momentum density actually mean a refusing the original axiom of
general covariance.

In our opinion, precisely 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, the problem of description of the elementary particles which appears
in the canonical theory of gravitation as “micro black holes”, and finally, the impossibility of
creation of a quantum theory of gravitation on the basis of GR.

A possible 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 constraint that restricts 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. A consequence of
the constraint introduction is the appearance of the edge of space-time manifold, therefore
restrictedly covariant geometric objects are defined only on manifolds with the edge. 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 the principle of the invariance of matter action relative to
arbitrary transformations of coordinates. At the same time, a covariance of the gravitational
equations is limited by the constraint in contrast to GR. Thus, a priori only "medium-strong
principle™ of the equivalence is met in this case [8]. 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 [9].

The fact is that already in GR within the framework of the 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. 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 [9] should be considered as an indication that only such
(quasi) stationary self-gravitating objects exists for which inertial mass is equal to gravitational
mass.

Hilbert's axioms are formulated in a coordinate language. The gravitational field was
represented by the ten components gw(xk) of the metric tensor. In addition, it was assumed that
derivatives of metrics no higher than second order could enter into the gravitational equations.

There is no theorem prohibiting the existence of a constraint between the components of a
metric in mathematical physics. However, the unimodular theory turned out to be unacceptable
from a physical point of view, which prompted Einstein to abandon it in favor of the general
covariant theory. Of course, there must be sufficiently substantial physical grounds to introduce
the restrictions on the group of coordinate transformations.

Our basic assumption is that the components of the metric tensor gw(xk) are constrained
by the conservation law:
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The left-hand side of (1.1) is not a generally covariant scalar. Such a scalar, including the second
derivatives of some scalar function (p(X) should have the form [8]
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The left side of (1.1) will also be a scalar in view of (1.2) on the restricted group of coordinate
transformations on which /—g is a scalar. In this case, the constraint becomes a geometrical

object in some region of space-time continuum and acquires a physical meaning (the physical
interpretation of the constraint is given in Section 2).

For arbitrary coordinate transformation x“ — x'* [8]
u
g'(x)=g(x)-J2, J=de t(‘;xv] (1.3)
X

It follows from the definition of a scalar that the determinant of the metric tensor changes as a
scalar under transformations of coordinates with the Jacobian of the transformation equal to
unity in modulus.
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J ~0, g=det(g,,), 9""9,, =6%; (wv=0123). (1.1)

9'(xX)=9(x), x*—>x". (1.4)

Thus, the constraint (1.1) is a geometric object only at the restriction of the group of

admissible coordinate transformations, from local general diffeomorphisms to special

diffeomorphisms with the Jacobian equal to unity. In addition, the constraint allows global linear
transformations of coordinates unlike the unimodular theory.

2. Gravitational field equations in the presence of the constraint

In the currently accepted notations, the Hilbert action has the form:

Sor = 167zG
R is the scalar curvature, R = g“'R,,, R,, is the Ricci tensor,
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I, is the Christoffel symbols,
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The derivation of the gravitational field equations from the Hilbert action in the presence of
the constraint is a variational problem involving a conditional extremum. The standard method
for solving such problems in cases where the constraints are not solvable in an explicit form is
method of Lagrange multipliers. Introducing the Lagrange multiplier — the scalar field @, we
write the action in the presence of one constraint (1.1) in the form:
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Since Q is a restrictedly covariant scalar, then integration is defined not on a manifold but only
on a manifold with the edge unlike the Hilbert action. Now all the components of the metric
tensor and the scalar ® can be considered as independent quantities, and when the action is
varied, we obtain an equation that determines the edge, along with the equations of motion.




We get at varying the action with respect to field @ (instead of the equal sign, arrow
indicates that the full derivatives which are not giving a contribution to the equations of motion
are omitted):
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From the principle of stationarity action, in view of the arbitrariness of @ variation, we derive the
equation (1.1).
The scalar curvature is covariant relative to arbitrary transformations of coordinates, so the
calculation of its variation and the contribution to the field equations has no differences from [8].
The presence in Lagrangian of the additional members besides the scalar curvature gives a
contribution at the metric variation:
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This leads to an occurrence of a new object (g4),v in the Hilbert-Einstein equations along

with energy-momentum tensor of matter (emat)yw:
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The object (2.3) contains ordinary derivatives instead of covariant ones, and therefore behaves
like a tensor only under the restricted group of coordinates transformations. It is covariant only
relative to the local special diffeomorphisms and global linear transformations of coordinates.

Since the covariant derivative is defined for arbitrary coordinate transformations, its action
has also defined for objects that are tensors relative to restricted group of transformations. The
only difference is that the new objects belong again to the same type of tensors on which it acts.

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 mixed 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 for mixed
tensors in view of the reduced Bianchi identity (the validity of which is due only to general
covariance of the curvature tensor), therefore, taking into account the above, the derivatives of
the right-hand sides of both (2.2) and (2.3) must be equal to zero.

Thus, the object (e4).v Changes as a tensor at the stated transformations of coordinates, is
symmetric, is a source of curvature of space-time like matter, and its covariant derivative on the
field equation is equal to zero.

All this in aggregate makes it possible to call the object (2.3) as an energy-momentum
density tensor of the gravitational field, expressed using the auxiliary field ®. The field is
auxiliary because it does not initially enter either the Hilbert action, the matter action, or the
constraint equation. At the same time, the introduction of the field @ is inevitable on the very
essence of the mathematical problem. Section 3 considers the case when it is possible to



explicitly exclude the scalar field @ from the gravitational field equations. The question of the
positive definiteness of the energy density of the gravitational field will also be considered there.

Thus, we have derived the system of equations involving the constraint (1.1) and ten
equations (2.2) for eleven unknowns listed above. It is impossible to fix the gauge arbitrariness
by choosing a synchronous reference frame because of restricted covariance, in contrast to GR.
However, it is always possible to synchronize a clock in a certain neighborhood by choosing a
gauge g,,(x)=0 (m=1, 2, 3).

Since the remaining terms in (2.2) are generally covariant, on the whole the system
equations of gravitation will be covariant only relative to the indicated restricted group of
coordinate transformations in the presence of the constraint.

The constraint (1.1) can be interpreted from a physical point of view as a sufficient
condition for adiabaticity of the metric evolution process. We determine the vector of the entropy
density flux of the gravitational field by the relation
Jln \/_g dln \/_ (2.4)
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In the Planck system of units this constant can be written in the form:
K hG
const=a-—, I3 =—, (2.5)
c

pl
where k is the Boltzmann constant, I, is the Planck length. For a quasi-classical theory, the
condition |a|< 1 must be satisfied. The sign of the constant a must be chosen so that the entropy
density would be positive on time-like geodesic lines. Now the constraint (1.1) can be written in
the form of the relativistic adiabaticity condition

- (Fas,vt)=0 (26)

We note that under the definition (2.4), all the thermodynamic potentials will be scalars only
relative to the restricted group of transformation. Thus, the determination of the energy densities
(2.3) and entropy (2.4) satisfying the conservation laws allows us to consider the gravitational
field as an ordinary material medium [10] and restores the unity of the material world violated by
GR.

For inclusion in the consideration of spinor matter and gauge fields, the system of
equations (1.1, 2.2) can be formulated in a nonholonomic orthogonal frame. In addition to this,
along with the affine connection, the spin connection is introduced. This is possible, despite the
presence of the constraint, since the group of local Lorentz transformations is unimodular.

In the limiting case, when the energy-momentum density of the gravitational field is
negligibly small in comparison with the energy-momentum density of matter, equations (2.2)
become the equations of GR and, in the limit of a weak gravitational field, lead to Newton's law
of gravitation. In this case, the equation (1.1) restricts the gauge arbitrariness.

If we assume that matter had been playing an insignificant role and that the energy-
momentum density of matter can be neglected at the initial stage of evolution of the Universe,
then the system of the equations (2.2) is radically simplified. In this case, we can find the exact
general solution of the system of equations (1.1, 2.2), and this solution will be unique.

3. Evolution of space-time manifold in the absence of matter

If we imagine that matter was absent still at the initial instant of time in the Universe as and
radiations generated by it, then there would have been no physical ability to distinguish the
points of outer space. What could be the metric properties of such space in this case?

There are nine possible types of principal homogeneous spaces (admitting a group of
motions) with a time-dependent metric (Bianchi classification) in three-dimensional space [11].
The introduction of the constraint restricts not only the group of coordinate transformations
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admissible in GR, but also the group of motions that preserve the metric. If the first group is
given by the condition (1.4), then at motion by virtue of the requirement of form-invariance this
condition takes the form
g(x®,x™)=g(x’,x"), x"—>x", (m=1273),
that is, the determinant of the metric tensor does not depend on spatial coordinates. Note that it
does not exclude the dependence of the components of the metric tensor on coordinates. These
dependences are given in [12 p. 265-268] for all nine types of homogeneous spaces. Calculating
the determinant of the metric tensor, we make sure that it does not depend on spatial coordinates
only for homogeneous spaces of type I and Il according to the Bianchi classification. This means
that if there is the constraint (1.1), only these two types of homogeneous spaces can exist.
l. 9 =2 (x°), Qoo = aoo(xo) >0, 9y, =0 (mn=123),
I
a11 alZ a‘lZXl + a13

1 0 0
9 = a;, Ay A X + a3 s 8y = 8 (X7), oo = Ago(X7), g =0
a, X +a, a,X' +a,, a,(x')?+2a,x +a,,
A component of the metric tensor depends only on time for the first of these. In this case, if the

spatial metric is non-degenerate then the most general expression for the space-time interval by
the transformation of coordinates with the Jacobian equal to unity [11]:

X2 > x% x"o5x"+o"(x%)
always can be reduced to the form:
ds® = g, (X°)(dx°)* +g,,, (x*)dx"dx", y = —det(g,,,) >0,(mn=123). (3.1)

3.1 Gravitational equations for homogeneous spaces of type I.
An absence of the general invariance of the action (2.1) doesn’t allow us to eliminate the

metric component goo. The expressions for Christoffel symbols and non-zero components of
Ricci tensor for the metric (3.1) will take the form:

1 00 ngO 1 00 dgnl 1 mk dgkl

F(?O:Eg de’F‘?':O’F:':_Eg de,rgg:o,rO”;:Eg dxo,rn”;=o . (3.2
1 d 1 dy 1 dg, dg

RO - _ _ mk p pn nm 1 33

° 29, OX° (y,/goo dXOJ 49,, Ve Y e (33)

1 d [ |7y dg
RS =— —| [L—g™ =k | 3.4
‘ 2\/100 dxo( goog dx° } (34

Nonzero components of the energy-momentum density tensor (2.3) for the metric (3.1):

(40 c {d (1 dq)} 2 49wy dq)} (3.5)

0 164G | dX° (oo OX° ) gooy/Ooy OX°  dX°
¢ d (1 db
)= 91 d0ls (36)
167G dx” g, dx
Taking these relations into account, the gravitational field equations (2.2) in mixed components

872G 1 )
R,j = C_4‘:(ggr)j; _Eé‘j (ggr)v:|

in the presence of the constraint take the form:

d (id‘m—“}o, (3.7)

dx’| g, dx°
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2 Joo IX° | 74/0,, AX° _4900 dx® dx® 2 dX°| gye/794, OX°

d 7 mp 4O, d y do
B I A mol=§P —| |- ——|. 3.9
dx° (\/ goog dx® “dx® |\ gy dX° (3.9)

3.2 Solution of the system of equations (3.7 ... 3.9).

Eqg. (3.9) shows that:

g Bin , 5p O \/QLE. (3.10)
dx dx° y
The constant matrix L} is not arbitrary. Since eq. (3.10) shows that
Bt g 7= ﬁ Grpl?. (3.11)
the matrix must satisfy the conditions:
Onp (X°)LE = gy (X)L (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(Ly,L2,L3) and the metric tensor must also be diagonal.
Simplifying eq. (3.10) on p and k indexes:

gd0_ 147 % (3.13)
dx® y dx° 4

Thus, in the case of a homogeneous space of type I, it is possible to explicitly express the
derivative of the field ® in terms of the metric field and its derivatives. This demonstrates the
auxiliary nature of this field. Substituting (3.13) into (3.10) we get

g 0n 107 o, goo(LE_lgka;j. (3.14)
dx° 3y dx’ Y 3
Eq. (3.14) shows that:
d
mk g';p gpn dgnom _ 1 1 d}/ %{LEL‘; —E(Lg)z} (3.15)
dx dx y dx° y 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:

31 1dy +l ld_)/ [|_p|_k _ (L”) 1= goo\/_ii id_7_ cL" |, (3.16)
dt{y dt ) 2y dt dt »9,,
where the following notation is entered cdt = ,/g,,dx°.
Eq. (3.7) implies
1 ddoo +1d—7/—L T = const. (3.17)
Joo dt  y dt T\/—
This equation allows to eliminate ggo from (3.16) and to write the equation for the function

21(1‘”] , L dr o o,azsg—g[skpsg—%(sg)z], (3.18)
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where r=¢/T is the dimensionless proper time, B” =cTL} is the 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 - \/;

u= M . (3.19)
dr
The equation takes the form:
_d
B W gz gy, A v (3.20)
dy "4 -2u+o \fy

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:

v _ [4u? —-2u+o 1 1
. f(u), f(u) . exp{r[arcg\/i+arctg mﬂ (3.21)

where \/m is the the minimum value of \/;at u=0.
Differentiating (3.21) with respect to t gives:
1 dy dfuydu df _ 4u f)
v dr du dz' du 4u*-2u+o '

Hence we find the solution of the equation (3.18) in the parametric form in consideration of
(3.19), (3.21).

N I Oy, = ). (322)

-2y+o
Evolution of space begins in the tlme pomt 7 from a state of rest with the minimal volume

factor.
From the equation (3.17), taking into account (3.22), it follows that

Ymin  Af(u)du 4du

dlIn = _ .
Integrating this equation
7(“)900(”) I 4du 4 ( 1 j
5 q.(0) T, | TP = arct +arctg ————
7ming00(0) - J“"UZ—ZU + o P \/47 g\/i gm

and taking into account the determination (3.21), we get
oo (U) __ 0o f(u)
U0(0) 4u?-2u+o
Using this relation, proceeding from the determination (3.19), we can show that

Vo (x?)dx° —cT\/m 4f(u) du. (3.23)

-2u+o
The world coordinate time x° has been determined up to an arbitrary linear transformation. The
quantity u >0 by definition and does not change under such a transformation. Therefore, the
parameter u with the dimensional factor can be called world physical time.

3.3 Energy-momentum density and scalar curvature of a homogeneous space on the field
equations.

Using the relations (3.13) and (3.17), we can transform (3.5) as follows:
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c? d(1dy) 1(1d 1 dy 1
(ggr)g :pgr: 2| __}/ +- __}/ +—_7/__ : . (324)
482GT* | dr\ydr) 2\ ydr 2\/;;/ dr 2y
Using the equation (3.18), we eliminate the second derivative, then

c? 1d7/23pk1k2 c’ 2 3roeok Looky
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. Now we can answer the question posed in 1972 by the authors [13,
30.1, p. 800]: “Accepting the agreement with observations, we want to understand why the laws
of physics should demand (rather than merely permit) a universe that is homogeneous and
isotropic to high accuracy on large scales.” The energy density of the gravitational field will be
positive only in the case when a homogeneous space is isotropic (Bp" « &.7).
In this case the solution of the equations (3.14) can be presented in the form:

Jin :_(L] 94, (0) . (3.26)

min

Due to the invariance of the theory with respect to global linear transformations of coordinates,
the original metric gy,(0) can always be reduced to a diagonal Euclidean form. Then (3.1), taking
into account relations (3.26) and (3.23), (3.21), the interval (3.1) takes the form

ds? = (cT Vi ff&
4u°-2u+o
We note that a homogeneous space 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 argued that from a physical point of view
there is no other noncontradictory theory of a three-dimensional homogeneous space beside the
one described above.
Introduce the Hubble parameter H and the acceleration parameter g (instead of the
deceleration parameter [8]) according to the modern representations:

H=t 97 gqogy 1 dfLl0ry (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.

_3[\/5 1}2 3

2
) (du)® — 22 (u)dx™dx"s, (3.27)

") Te -~ (3.29)

This implies that two scenarios are possible. When o >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
4073 >4(J§+J§) 1-J1-45/3 <4(J§—J§)

Discovered recently [4-6] the change of the eras indicates that the second scenario takes place.
The maximum value of the deceleration is reached at u=o
0 max :1_i>_ 2. (331)
4o
After the onset of the second era of the acceleration, q asymptotically approaches unity

according to (3.29).

~0.1376, u, =

~1.3624..(3.30)



The energy density of the gravitational field (3.25) is related to the Hubble parameter
(3.28) as:
2 2
Py = 3c°H(7) '
872G
Thus, space is homogeneous and isotropic and has 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 < 3

(3.32)

H = Jo o0 _arcig4o -1 | (333)
6T /7 i 4o -1
and then monotonously decreases, tending to the constant value
Jo 1 ( 1 ﬂ]
H =———exp| ———| arctg ——+— | |. (3.34)
6T \/7 i ® Vdo -1 ] Vdo -1 2

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)p :C—2 dfldy), 1f1dy _Ld_eriB: 5P, (3.35)
< 482GT?|dr\ydr) 2\ydc) 2 yydc 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 = - PgrSy as it is

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

c? 2uP-2u+o

Por = " ageT?
This implies when 0.25 < ¢ < 0.5 there is a change of the pressure sign at the following u values:
1-V1-20 _J2-1 1+V1-20 2+1
us = > = <
2 22 2 242

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:

R :_Li(ld_q_ 1 (1“'_7]2, R :_Li[ﬁdl}. (3.38)

(3.36)

~0.146, u, ~0.8536.  (3.37)

2¢% dt\ y dt ) 12¢%(y dt 2c%.[y dt
Excepting the second derivatives, write the expressions for the scalar curvature of space-time R.

R=RJ+R/ =—#(%u2—2u+aj. (3.39)
cly

The space-time curvature changes during evolution and possesses at first negative, then positive
and at last again negative values.

3.4 Kinematics of a homogeneous space.

According (3.32), (3.33) the maximum density of the gravitational field energy is equal
_ c’o oxo| _ 28rctgv4o -1
Pormx = 96,6T2y 401 )

(3.40)

This follows for ¢ =1/4
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967 -G- pgrmax 4o -1 8e 672(':’pgrmax

The relations (3.23), (3.28) can be written in the dimensional form:

,— 41(y) 1 u
t- t =T Y min y,H(U)I——.
I —-2y+o 3Ty f(U)
According (3.21) f (u) depends on the constant o only. Substituting in these relations the current
values [14] of the time from the beginning of evolution till now (t°-ty=13.81-10° years) and the
Hubble parameter (H° = 67.3 km-sec-Mpc™) gives, taking into account (3.41), couple of
equations for two unknown — ¢ and the value of parameter u°at the current time

b T 41 (y) o 1 u®
=T I —2y+o . 1 3Ty, U0

The quasi-classical approach is jUStIerd providing that the parameter T /y,;, >t,,, where tp is

the Planck time. According to (3.40), the maximum energy density of the gravitational field,
which is four orders of magnitude smaller than Planck density, corresponds to the minimum
value of this parameter. In this case the solution of the system of equations is:
o =0.2501278984, u°=6.118625359. (3.43)
The results of the calculations of other parameters for this case are presented in Table 1. Below
in Table 2, the results of a similar calculation are given, but with the maX|mum energy den5|ty
equal to that achieved on accelerators with an energy of 1 TeV (pgimax = (1TeV)* = 2:10% J-m™).
The characteristic values u’, u2, u4, o, u3, ul, o/2, supplemented by a number of the
intermediate values, have chosen for the parameter u. In the table: g is the cosmic acceleration, z
is the cosmological redshift, R is the scalar curvature of space-time, t-ty is the proper time, H is
the Hubble parameter.

(3.42)
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T\ Zmin = bl € Pgrme =5.2-10'% J :m %, 6=0.2501278984; u°=6.118625359

u q Z R, m t-tst, H, ¢t
6.118625359 0.7599 0 -5.589-10™° | 4.358-10" 2.181-10"
1.362294111 0 0.84987 -6.308:10™% | 1.876:10"' 3.074-107°
0.853462941 -0.5 1.41598 -6.144-10™% | 1.129-10" 4.290-10"°

0.8 -0.5819 1.52552 -5.890-10™% | 1.029-10" 4.594-10"°
0.7 -0.7600 1.79266 -4.732:10™° [ 8.275-10% 5.435-10°
0.6 -0.9789 2.20159 -6.939-10™° | 6.051-10™ 7.019-107°
0.5 -1.2496 2.93915 1.977-10° | 3.650-10™ 1.089-10""
0.4 -1.5775 4.83051 3.079-10™° 1.305-10™ 2.826-10"
0.35 -1.7543 7.80386 3.648:-10% | 4.161-10% 8.511-10"'
0.3 -1.9156 24.3239 1.843-10% 1.963-10" 1.737-10"
0.28 -1.9643 87.6127 3.105-10% | 4.848-10% 6.945-10™*
0.265826306 -1.9880 1090 9.993-10°" [ 2.719-10° 1.230-10%
0.250127898 -1,9985 8.09106-10" | 1.484-10™ 7.062-10" [ 4.723-10%
0.146537059 -0.5 2.16717-10° [-9.435-10%®° [3.785-107% 5.317-10%
0.137705891 0 2.24648-10° | -2.067-10°" |[3.125-10% 5.565-10™
0.125063950 1 2.33685-10° | -4.321-10°" |[2.426-10% [5.689-10™
0 % 2.58860-10° | -4.788-10® [0 0

TABLE 1. Space kinematics at the maximum energy density pgmax = 5.2:10'% J-m™.

Parme =2:10%3-m % T [y, =8.6912868-10™ sec; 0=0.2505131772; u’=6.116607675
u q z R, m? t-ty , Sec H, sec™
6.116607675 0.75979 |0 -5.588-10°% | 4.358-10" 2.181-10™
1.362058100 0 0.84978 -6.145-10°% | 1.876-10" 3.074-10%°
0.853190333 -0.5 1.41607 -9.218:10™% | 1.129-10" 429110
0.8 -.58143 1.52504 -5.894-10°% | 1.030-10" 4.592-10™°
0.7 -.75942 1.79220 -4.740-10™° | 8.281-10™° 5.433-107°
0.6 -.97810 2.20058 -7.194-10™% | 6.057-10™ 7.014-10™
0.5 -1.2485 2.93699 1.0963-10™" | 3.656-10™° 1.088-10™""
0.4 -1.5757 4.82107 3.042-10™° 1.313-10™ 2.813-10"
0.35 -1.7519 7.76490 3.545-10% | 4.218-10% 8.404-107
0.3 -1.9124 23.6505 1.564-10%° | 2.130-10" 1.602-10™"
0.28 -1.9607 78.6976 1.638-10" | 6.670-10% 5.054-10™
0.263724335 -1.9863 1090 9.820-10°" | 2.741-10° 1.221-10"
0.250513177 -1,9939 5.92654-10° 2.294-10%° | 17.963 0.001859
0.146809667 -0.5 1.84758-10"° | -3.638-10° 6.102-10 3.301-10™
0.137941901 0 1.91536:10° | -7.974-10° 5.037-10 [ 3.456-10™
0.125256589 1 1.99255-10° | -1.6669-10" |3.910-10° |3.533-10"
0 % 2.20739-10" | -1.8450-10° |0 0

TABLE 2. Space kinematics at the maximum energy density pgmax = 2-10*° J-m>.

Thus, instead of the standard cosmological model (SCM) in this case, we have a continuum

of cosmological models parameterized by the value of the maximum energy density pgrmax.




The comparison of the data in Tables 1, 2 shows that the results of the calculation are in good
agreement up to red shift of the last-scattering surface at least,

5 1/3
2(0.2647 £0.0011) =1090, z(u) = AC) -1 (3.44)
y(u)

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. It should be noted that the “last scattering”
occurred less than a hundred years after the beginning of the evolution process, as opposed to
373 000 years in the ACDM model [14].

Significant differences between the models are being only at large values of z. The scalar
curvature has a definite final value at the moment of the beginning of evolution, therefore, it is
possible to determine the characteristic initial size as the reciprocal of root of the curvature
modulus. This size depends on the value pgmax and for the energy ranges considered in Tables 1,
2 can be from 10 to 10 meters.

3.5 Geodesics and entropy of a homogeneous space.

The lines x'=x*=x*=const are geodesics for the metric (3.27), as for Friedmann-Lemaitre-
Robertson-Walker metric, 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 geodesic x*
(&) with the natural parameter &
d*x L O dx’
dg* " dg dg
and integrating the derived equations, we find:
dx™

dg

0
= A"y 3 (x%), /900 (X°) % =+ /A%y 3 (x%) + B, A’ = A"S, A", A" B=const.  (3.45)

The hypersurface t = tg 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, the found manifold is maximally extendable along geodesics up
to the edge.

According to (3.45), the velocity 4-vector is defined in the concomitant coordinate system
along the geodesic

y2i
V4 = ddL — (900—1/2’0,0'0)
S
In this case, it follows from the adiabatic equation in consideration of (2.4), (2.5), (3.17), (3.21)

that:
aIn (= . .
o %VQ(X) "o ak oK . (3.46)

13 ox' 25CTy(u)  22cT[y(u)

In the last equality, we identified an unknown constant a with the only in the theory
dimensionless parameter ¢ (3.18) that characterizes space-time manifold found. It follows from
(3.46) that currently the entropy density of manifold depends rather weakly on the maximum
energy density and, at pgrmax = 2-10%° J -m ~, is equal to

o-K
s, (U%) = ~1.7-10% -k-m>
’ 2|§ICT\/7/min f(uo)

S, =4a
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This value is 18 orders of magnitude rank over the contribution of all remaining entropy sources
taking into account in the framework of GR [15].

In view of (3.45), for an observer resting at the origin of coordinates and connected by O-
geodesic (B = 0) with a concomitant point, the distance (as in GR) is determined by the relation

[7]:

d(t):c-a(to)-_[%

where a(t) is the scale factor, t is the proper time. The factor a(t) = y"(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 the ACDM model [7]. 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 [14].

, (3.47)

1/6

o

m

=
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0.0 0.5 1.0 15 20 25 3.0
z

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

In [14] 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 [14] 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.
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z
Figure 2. Deviation of the ratio of the distances from unity calculated according to GR and this theory
(vertically) depending on the value of red shift.

A relatively 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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z

Figure 3. Dependence of the Hubble parameter (km-sec’*-Mpc™) on red shift. The upper curve represents the
ACDM model, the lower curve represents this theory.

In this case, as the comparison of the calculation results with the experimental data shows ([16,
p. 20] 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.
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Figure 4. Dependence of the ratio of the Hubble parameter in the ACDM model to its value in this theory.

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 the ACDM model in order to ensure agreement with
the experiment. To describe the dependence in the region of large z, the hypothesis about the
existence of inflatons is introduced.

3.6 Temperature of the homogeneous gravitational field.

The gravitational field in empty space possesses the characteristics inherent in a material
medium: energy, pressure and entropy. By virtue of the general laws of thermodynamics, one
another characteristic of a medium state is temperature, the change of which in an equilibrium
process without a heat supply is associated with a change of the pressure by the relation [17]:

dg, dp,,
Sgr d—s = d_tg (348)

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 (3.46) against u.
Substituting the corresponding relationships in (3.48), we have:

2 20 -2u+o0) o-k
—————Jyu)d = de, . 3.49
serer? VW ( ) j 25T " (3.49)
Integrating this equation taking into account the dependence y(u) (3.21), we find:

h ¢ 1 o-2ul-o)

egr(u) = J. : 2
127-K-Tofymm 00 fU) o—2u+4u

The value of the integral for the data of Tables 1, 2 is the same and is 0.5 (with an accuracy of

eight characters) at u = u° (the present moment of time). At the same time, the temperature of the
gravitational field 8,(u°) varies from 1.879-10% °K in the first case, to 1.166 °K in the second.

(3.50)
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Figure 5. The vertical axis represents a ratio of the current temperature to its value at the present time,
depending on u (3.19)

The relationship between the dimensionless velocity of bulk factor change and the proper time is
seen in Table 1 and 2. It should be noted that for both variants presented in the table, the
calculation dependences are almost identical. Except for a short initial time interval the
temperature of manifold remains at the constant level equal to its current value. That is, the
gravitational field has been having a constant temperature for almost 14 billion years up to the
present moment and will be having it further up to achieving complete equilibrium. It acts as the
thermostat of the Universe. The temperature of such a thermostat can be estimated by observing
the temperature change of the bodies in thermal contact with it. The temperature of such a
thermostat can be estimated by observing the temperature change of the bodies in thermal
contact with it. Their temperature should asymptotically tend to the temperature of the
thermostat when approaching the equilibrium state. In particular, if we consider the temperature
of the CMB radiation, then it will tend to the temperature of the thermostat over time under an
adiabatic cooling, but not to zero. At present the temperature of the CMB radiation is &% =
2.7255 °K and no changes have been recorded in the course of its adiabatic cooling. From this we
can conclude that the temperature of the gravitational field 6(u®) is less than 6°.
Eqg. (3.50) shows that:
057

7m0 = 127k0,, (0°)

Using this relation and (3.41), it is possible to relate the maximum value of the global energy
density pgrmax to the temperature value at present

2
_ 3z ¢ (KO, () (3.52)
Porme =502 5 h ' '

(3.51)
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If we take the temperature ng(u ) equal to the CMB radlatlon temperature at the present
time 6°e = 2.7255 °K for estimation, then pormax < 1 10 J-m™ ~ (1.5-TeV) *. This is close to the
value in the variant of evolution presented in Table 2 and differs strikingly from the standard
cosmological model (SCM), in which the energy density can reach the value of 64 orders of
magnitude greater (10'°GeV)*. Perhaps, exactly this is the reason for absence in the Universe of
the hypothetical forms of matter, which aren't found in experiments at the LHC.

4. Basic model of evolution of the homogeneous and isotropic Universe.

An increase in the intensity of the gravitational field during the evolution process will lead
inevitably to appearance of new structures of matter.

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

As shown in section 3, the only homogeneous space-time exists with an isotropic metric of
the form

ds? = gop (<) (AX°)? = 7 (X)dX" 6",

Let matter be born at some point of time in this space-time. Owing to its homogeneity and
isotropy, we write the tensor of average energy-momentum density of matter in the form (&),

= diag (Pmat,-Pmat,-Pmat,-Pmat)- Since the constraint (1.1) does not include fields of matter, then, as
noted in Section 3, the covariant derivative of this tensor must be equal to zero.

1 0 v 2 p_
ﬁ aXV (H(gmat)ﬂ) _Fﬁl (gmat)ﬂ - 0

Substituting into this equation the expressions for connectivity (3.2) in the case of an isotropic
metric we get:

Ao dJy
dx Ot = _( p)mat \/— dx 1,0 (41)
In the presence of matter the graV|tat|0naI field equations (3.7-3.9) will take a form:
( 1 dy/700 J
d k)

Gpp OX°

d[ 1 dy} 1 (1dy d 1 dd) 84G
— = _ 3 |
Joo dx’ [7\490 o’ J 6900(7/ dxoj o dxo(gomﬂ’goo dXOJ_'_ c* (pt p)mat
1 d Y L mp dgk 1 d oo do 8:G
- ! m 5p _ B 5p,
V00 dx” (V goog NEZ dX Upo  OX° c? (2= P) mat Sk

Repeating all the computation taklng into account these additional members, we have the
following integro-differential equation instead (3.20)

87ud—u_4u —2u+a+M(u,y,d7/), 4.2)
dy du

where

M( d]/)_487(Z:GT [ ]/(,D+ p)mat+ j(p p)mat(gi/jdul,ljn

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 (3.39) we have
3 3o 3 d;/)

=l-—+—+—M(U,y,—),
d 2u 4u® 4u? (ydu
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¢’ u’_3’H(u) _

t Pt = e —— = p, (U), 4.4

pgr pmat 247ZGT2 7/ 87ZG pcr( ) ( )
¢cc 1 dy

+ =~ |20 -2u+o+M(u,y,—2) |. 4.5

pgr pmat 487ZGT2 7/[ ( 7/ du):| ( )

1 8 dy
R=————|-U’-2u+0+M(Uu,y,-5)|. 4.6
2c2T2y{3 crMy du)} (46)

According to the observation data there are macroscopic matter, electromagnetic radiation,
and neutrino in the Universe at the present time. These components weakly interact among
themselves. In this case, the «conservationy» laws for each type of matter are satisfied separately.
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.
Under these conditions, from (4.1) it follows:

4/3 4/3

oA [ _ o[

Po=Po =P, =P, —— | P=P|—F—]| - (4.7)
Jr Jr Jr

The values relating to the current time are marked by upper index.

It is known that the energy density of the two first components is respectively equal Qy, =
0.0499 and @, = 5.46-10™ of the critical energy density at the present time [14]. Data are less
defined for neutrinos Q, < 5.52-107. 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.

At times not too far from the present we have the following dependence of the average
energy density and pressure of matter from the bulk factor:

5 5 4/3 o 5 4/3
Prmat =pt?r Qb \/\/Z_‘_Q[\/\/ZJ ' pmat =%Q[%J leQy +QV- (48)
e v e

The functional on the right-hand side (4.2 - 4.6) describes the inverse effect of matter on the
metric. The functional is equal to zero at the beginning of evolution and all the energy is
concentrated in the gravitational field, therefore, in a first approximation, the inverse action can
be neglected. Suppose that

M (1)(U,]/,%) =0,
du
where the index in parentheses indicates the approximation number.

In this case, the change of the bulk factor and its derivative will continue to be described
by the relations (3.20), (3.21), and the critical density - by the relation (4.4). Thus, in this
approximation, the energy density and matter pressure can be considered known functions of u at
Up < u.

pmat (U) = p(?r f (UO) {Qb + Q(LUO)J ]’ pmat = p_(?r Q(LUO)J ’Q = Q}/ + Qv ' (49)

f(u) f(u) 3 f(u)

4.1 Energy density of matter in the very early Universe.

The conditions under which the relations (4.9) are valid are violated at 0 < u < uj (the very
early Universe). The reason is the extremely high energy density of the gravitational field,
reaching the level of energy density of the LHC (as shown in Section 3). Under these conditions,
in addition to the particles listed, other components of the standard model of elementary particles
and fields will also be born.
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With this in mind, we redefine the dependences pna(u) at the beginning of the evolution
process as follows. Since there are no other sources of the energy than gravity during this period,
we assume that it is proportional to pg-(u) with a dimensionless coefficient that depends on the
energy density of the gravitational field:

Pmat(U)=ﬂ'(%j “PyrU), 1<1, 0<u<u,, n>0. (4.10)
u
Excluding the gravitational energy density from the relations (4.4), (4.10), we have:
) = (), 0<u<u,,n>0. (4.11)
f"(u)y+4-u”

The constant 4 and the quantity u, are determined from the smooth conjugation conditions of the
dependences (4.9), (4.11) at u = up. Equating separately the energy densities and their derivatives
at u = up, we derive a system of two equations to determine up u A:

A-Uy :(EJ [Qb f(ub)+9[f(“b)J } (4.12)
fhu,)+4A-ul  (u, f(u% f(u%)
4u§-[9b f(”g)+fg[f(“g)j ]—(n+2—n al J”UQ(ZUV")-. (4.13)
fw’) 3 | fu’) f'(u,)+A-uy ) f"(u,)+A-uy

This system of equations has two different solutions, the solution with a smaller value uy is
physical sensible. up<< f(up) << f(u°) for this solution, therefore the equation (4.13) is simplified
and the solution takes the form

e 3(2+Nn)—/9(2+n)> —48(2+n)-o
> 16 '
The value u, determines that moment of world time when matter is being separated from the

gravitational field. This is due to a decrease in the absolute value of the scalar curvature over
time. This happens specifically at the time of its first conversion to zero. It follows from (3.39)

that R(u) = 0 when
6—-+v36-96-0
16 '
This expression is the same as up at n = 0. We find from (4.12) the ratio of the energy density of
matter to the energy density of the gravitational field at the time of separation of matter from it

for this value.
o)W _6-+36-9%60c

u, )\ fw) *° 16 '
By substituting in this relation the values, corresponding to the data of Table 2, we find that this
fraction was 2.754-10%. The energy density of the Universe is 1.390-10* J-m™ for u = u, at the
time t-ty = 8.183-10™*% seconds. When approaching the initial instant of time, the average energy
density of matter decreases in accordance with (4.11), tending to zero together with the critical
density.

(4.14)

4.2 Temperature history of the early and very early Universe.

Let us now turn to the temperature history of the early Universe. In doing so, we will
proceed from the main points set forth in [7]. The early period includes the period of time when
the temperature of electromagnetic radiation was in the range from 10** to 4000 °K. It is stated
[7], that the following relations between the density of entropy s, temperature 6, and the scale
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factor a for electromagnetic radiation and neutrino matter are valid (the corresponding quantities
are marked with the subscript y or v)'

7°k*

" 151°%¢°

Using the expressions for the scale factor obtained in the preV|ous section, we rewrite these
relations in the form:

5,072 =5, 0 ,); 5, (0) =5 240

s, (0)a’ =const, s (0)— a,0°, s,()a’ =const, s (9)— a0’ , a,

1/2
7 (u,) 4 f(u,) .
2 b) ga N f(U)b ; 6, =0,(u,). (4.15)

. 7 7”2(U ) _7
S0P W) =5, 007" W): 5.(0) =338 g =2 a8 1 o
It is shown in [7] that the equation (3.48) IS also applicable to describe the change in the
temperature of matter in the Universe. In this case, by virtue of the additivity of the contributions
of components to the pressure and entropy density, equation (3.48) takes the form:

0P = (5, (0) +5,(6) )0 . (4.17)

We apply this equation to the description of the initial stage of evolution at 0 < u < up << u° In
this case, as follows from (4.9), the contribution of baryons to the total energy density of matter

is negligible, matter can be considered an ultrarelativistic medium, and taking into account (4.4),
(4.11), we can write the pressure of matter in the form:

c? u Y
,0<u<u,.
Prea (1) = 3 247GT 2y, (f(u)j b

While neglecting the possible difference in temperatures of the components of matter, we write
the equation (4.17) that determines the change in temperature.

A fE d[ u J 4000 4.18)
3 242GT? f(u,) \ f(u) 6

g W) g g (u,). (4.16)

Integrating this equation, taking into account the definition (3.21) of the function f(u) and its
derivative, we getat O<u<u,:

A c 1 ]’- (o —2u)udu
29a, 67GT %y, f(u,){ (4u®—2u+o)f(u)

0°(u,)-0(u) = (4.19)

Substituting expression (4.14) for the parameter A into this equation, we find the temperature
6(up) at the moment of separation of matter from the gravitational field.

c? Q(u®-f(u,) o .
o) - [2% o) '(“b)] | o

1(,) = .[ ga 2u)udu .
o (4u” =2u+o)f(u)

The calculation for the values of the parameters corresponding to the data in Table 1 and 2 gives
I(up)=2.302 (£0.0005) -10™. At the same time, 6(uy) = 1.345-10%* °K in the first case, O(up) =
1.145-10" °K in the second case.

According to the calculations given in [7], the radiation and neutrino temperatures coincide
at 6=10" °K, below it neutrinos get out of equilibrium with other particles and their temperature
decreases, asymptotically tending to the value

where
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1/3
0. -2 o .
1) 7

At the same time, the radiation temperature will decrease at u > u, with the growth of the scale
factor according to the law [7]:

6,) _y"°(u,) _ F3(u,)

0,(u,) 7" )
Substituting expression (4.20) here, we find the dependence of the current value of radiation
temperature on u(t) at u > uy:

(4.21)

213,

Hy(u)_[ 1 c? Qlu“.f(ub)Jj (o —2u)u?du ] f1’3(ub). (4.22)

292, 87GTy, U, (UF-T(U)) p@u?-20+0)f2(W)| ()

4.3 Relative density of neutrinos in the Universe.

For u = u’, that is, at the present moment in our Universe, the value of the temperature
Qy(uo) should be equal to the experimentally observed temperature of the CMB radiation 2.7255
OK. The calculation by (4.22) for the parameters values corresponding to the data of Table 1
gives 6,(u°) = 6.6215 °K, for the data of Table 2 it gives 6,(u°) = 6.6147 °K.

In the constructed continuum of models of the Universe for two extreme cases, which
differ in maximum energy density by 64 orders of magnitude, the temperatures of the CMB
radiation practically coincide with each other in the same point of time (of our present), but they
differ from the value observed in our Universe by more than two times. There are no free
parameters in the described phenomenological model, therefore such a discrepancy could mean
its collapse, if not for one circumstance. As noted at the beginning of the section, the relative
neutrino density according to the data of [14] is Q, <5.52-10 and it, unlike the radiation density
Q,= 5.46-107, is not exactly determined, as well as their sum Q = Q, + Q,. This quantity is
included in the expression for the temperature of the CMB radiation (4.22) in the form of a
constant factor Q'*. Therefore, the discrepancy with the experiment can be eliminated if a new
value Q* is introduced instead of the old density value.

Q" =(Q +Q,)=16068-10", Q) =1.6068-10* —5.46-10° =1.0608-10“ . (4.23)

Thus, if the stated theory is correct, then the currently unknown relative density of
neutrinos in the Universe is equal to ©,*=1.0608:10"". In this case, at pgrmax = 2-10* J-m?,
Oy(uy) = 4.719-10° °K, and the maximum radiation temperature in the Universe Opmax =
9.404-10" °K is reached at t-ty = 4-10™" sec. As shown in Section 3 pgrmax < 2-10°° J-m™. The
temperature of matter in the Universe has never exceeded €,max = 1.230-10* °K at this value of
the maximum possible energy density.

4.4 Value of the relative density of matter observed in the Universe.

The total average energy density in the Universe (4.4) is always equal to critical one
regardless of the presence or absence of matter. Therefore, taking into account (4.9), the fraction
of the average energy density of matter in its total amount (at the found value of the relative
neutrino density ©Q,*) is

02¢2 0 0\ \4/3
quota(u) = Prai(U) _ UZ fz (li) Q, FU®) , o FW)
Pu(U)  urf(u’) f (u) f (u)
In view of (3.21), (3.42), this quantity depends on time as follows.
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Figure 6. Time dependence of the ratio of the average energy density of matter to the energy density in the
Universe (in billions of years), pgrmax = 2 10 J-m™,

The maximum fraction of the energy of matter does not exceed 0.1832, 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 decreasing, here it reaches a maximum
and then begins to decrease.

The rest and main part of the energy of the Universe is the energy of the gravitational field -

pgr(u) = P (U)(l— qUOta(U))
In view of (3.44), this value can be related to the redshift of the observed objects. It is this

energy, and not “dark matter”, evenly distributed in space, that exhibits in the character of
dependences of the rotation curves of gravitation-coupled objects.
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It is this energy, and not “dark matter”, evenly distributed in space, that exhibits in the character
of dependences of the rotation curves of gravitation-coupled objects. According to the data of
[14], the energy density of cold dark matter in GR is equal to

pcdm(z) = chmpgr (1+ 2)3 ! chm = 0265ig¥73
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Figure 8. Ratio of the energy density of cold dark matter to the energy density of the gravitational field
depending on red shift.



As it can be seen from the Figure, a reasonable agreement with experiment can be obtained in a
certain region of redshifts when calculating the rotation curves of gravitationally bound objects
using a hypothetical dark matter density, however, there is a vast region of these values where
such a calculation will lead to erroneous results. There are no reasonable arguments for replacing
the gravitational field, which is a real source of additional mass, with a hypothetical cold matter
with a possible unpredictable error value.
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.

4.5 Influence of the presence of matter on evolution of the Universe.

Now we estimate the influence of matter on evolution of space-time manifold. In the
second approximation, for the prescribed function vy (u), we find:

M @ (u,y,%] = w(u),
du

W(u)_ZU()z[Qb 40 +5Q(f<uo>J Hh 10 +§Q[f(uo)j ] o
f(u’) 3 L f(u") 5 f(u’) 3 L f@") 4u® -2u+o

Substituting (4.24) in (4.2) we derive the equation describing how matter in turn affects the
change of the metric. The solution of this equation can be written by a quadrature.

7@ _ Ly — el | 4udu
Y min v —exp(!; 4u? —2u+a+W(u)]' (4.25)

¢ 4y (u)du
t—ty =TV | . AC) . (4.26)
0

u®—2u+o+w(u)

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 the Hubble parameter to their values observed now.

u 4y (u) 0 1 u”
0t =Ty, du, H" == |
B m£4u2—2u+a+W(U) Vo ¥ (U

(4.27)

Parmex =2:10%T-m %, T\[y,, =8.6912868-10™*sec; 2,=0.0499; 2,=5.46-10; Q,*=1.0608-10"*

u’=6.79..; 0=0.25050968

TABLE 3. Solution of the equations (4.27) (t-ty = 4.355-10""sec, H® = 2.181-10%sec™) at the maximum energy
density pgrmax = 2-10"° J-m™.

Further, the results of calculations carried out both with and without taking into account
the presence of matter in the Universe are presented in graphical form. The calculations were
carried out at the value @2, =5.52-107, therefore the difference of each pair of the dependencies
will be even smaller when calculating with the real value Q,*=1.0608- 10,
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Figure 9. Results of the calculation of the dependence of the Hubble parameter (H=100h 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 10. Results of the 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.
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Figure 11. Results of the calculation of the dependence of the cosmic acceleration against red shift taking into
account (full line) and without taking into account (points) the presence of matter.

The birth of matter also does not lead to a noticeable time shift of change of the
deceleration-acceleration eras.

5. Static isotropic metrics

Let’s consider the static spherically-symmetric metrics. The most general expression for
the space-time interval can be reduced to the form by the coordinates transformation

m

X!O — XO +¢(Xm), er =X
with the Jacobian equal to unity [8]:
ds? = F(r)(dx®)? —ﬁzr)(%d)‘()2 —C(r)(dx - dx)
r

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 Jmn , Write the metric tensor g, as:

X X m
Joo = F(r)’ Jom =0, O :_C(r)'é‘mn _G(r)%’ X = X0, (51)

g(r)=detg,, =—FC*(C+G).
The tensor g (inverse to the metric tensor):
mn — 1 5mn + G(r) Xm;(n .
C(r) C(C+G) r
Im3"™ =3y
In the presence of the constraint (1.1) 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 (2.1):

00 1 om

“Fo 9709

g (5.2)
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PP S N G UG I LGING e (5:3)
ox* 29 ox” 2(C+G)g A

(The stroke hereinafter denotes differentiating with respect to r)

Other terms can be found using the known results of calculations [8,11]. 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)(dr2 +r’d6* +r?sin? 9d¢2)_

By analogy to the “standard” form [8] write it as follows:

ds? = F(r)(dx®)? — A(r)dr? — r** (r)(d6? +sin” dg? ), (5.4)
where A(r)=G(r)+C(r), r*(r)=rC"? (r).

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

corresponding components of the “standard” form [8]:

F A’ r*r* r*r*sin g F’
1“t 1"t = rr=—, Iy =- ) r s——————, =—

2F' " 2A o0 A ” A “2A
0 4 r* 0 i 2 @ r* @ @
r,,=0r,=— T , I, =—sin@coso, F“”ZF“”ZF’ Ly, =Ty, =ctgo.

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

1(F' 1/(F’ 2 (r*r* 2(r™ 2 21(r*Y r*F’
= — |t = |t || =+ — + )
2F\A) 2ALF) r*{ A Alr*) r* Al\lr*) r*F

Singling out the divergent term, it can be written in the form:

1 , ' 4r r*F  1(r*\°" 1
Re———F——[r* VA 2 = — . 55
r**  AF dr[ ( *Aﬂ [r*AF+A(r*J +r*2} (55)
The action for the gravitational field:

3
T (R+A)VAFT**sin@drdadedx”.
Substituting here the ex 2pressmn (5.5) for R and (5.3) for A, omitting the divergent term and
/

taking into account that A=A%/FC?, we get:
c® A r*¥F 1 O'AT* F .
S, = + ) +—r*r*F +——— [r’sin@drd@gdx’.
"84G I(r*z Ar* () Ar? 2A°r* J o

Introduce the variable &=r® instead of r, then the action takes the form:

3 *2 * *4
gr:3c I A2+ r*(dr* +1r*3dr dF Fr2d®dA désin 0ddgdx”.
82G | 9r* A L dg A d& d& - 2A7 dE dé

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

matter:
*4
d(r 2Fd_A 0, (5.6)
dé\ A" dg
*2 * 2 *3 *
Lo dr\ r* dr* dF 121 LAY (5.7)
or * e N dE dE 2A7 dé dé
) * 2 *3 * *4
refdrr) _dfredr I zd—AdE=0, (5.8)
A de) Tdel A de ) 2aZde de
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* *3
B 2A3_2r*i r=Fdr* r*g,d 1dF Lok de_Adgz (5.9)
or* dé\ A d§ d& A dg A d& d&
Equation (5.6) implies:
*4
-Fd_,, (5.6
A d&

where « is the constant with the dimension of length.
Multiply the equation (5.7) by 2A, 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 £ is one more constant with the dimension of length. Assuming 8 = o-a, where o is the
numerical factor, and using (5.6") this equation can be written in the form:
1dF do_ _1dA B

This implies:

Fde de “ade’’ o
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:
d (r**dr*| r* dAdo
E( A ng‘ 247 dg dg
After the substitution of this expression in the equation (5.9) it takes the form:

* * * * 2 * *
s d(1dF Lopxe 4 d Fr= dr 41 r*dr +r*zi r_dL Fy 2A2=0
d& Ad§ dé& A d§ A\ d& dé\ A d& Or*
This equation is equivalent to the following:

d|r* d ( F j 2A
dé| A dé\r*? or *°

Integrating this equation over & we have:

¢
i(FjﬁlA 2AIAd§:0. (5.9)

*2 *6 *6 *2
dé\r r 9r*or

(5.8)

*6
where g, = {r—i(izﬂ is one more constant with the dimension of length.
A dé\r* o

Thus, the solution of the initial system of equations depends on the choice of the values of
the three constants «, f1, o.

First of all, we consider the case when « = 0. In this case, from (5.6") it follows

A(r) = const = A(x0) =1.

Next, sequentially from (5.7%), (5.8, (5.9") we find

D(r)=—InF(r).
r(r) :const:—r*(r) =1
r r '
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F(r):l—&.
r

This solution coincides in form with the Schwarzschild solution, however, there is a fundamental
difference related to the presence of the scalar d(r). Its value on the gravitational radius tends to
infinity. On the one hand, this means that the solution cannot be continued beyond the
gravitational radius, and on the other hand, the energy of the gravitational field also tends to
infinity (Appendix A.8). Therefore, this solution turns out to be nonphysical, and $; = 0 should
be taken; the solution is the Minkowski metric.

Let us assume further f1= 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).

Integrating the equation (5.9") one more time, represent the function F(r) in the form:

r*2 | ( [ J e (5.9")

Substituting the expression for the derivative A from the equation (5.6"), we rewrite
equation (5.8") in the form:

d 1_ 3¢ do V= A(r+)d&
dr*V  2r*Fdr* " 3r**drx
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*/o (keeping the previous
notation r and r* for them), we can write the initial system of equations as follows:

*
1da v (5.10)
Adr*  Fr*
1
V(r¥) = —— ,® =—In(FA™), (5.11)
l_§J- 1 do I *
2 r*Fdr*
F(r*) =2r*? j[ jV(r*)dr*]—V(r*)dr* (5.12)
A(r*)r?
2 dr* V(r). (5.13)

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

ZT[TV(r*)dr *]ﬁdr* b>0 (5.14)

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

v=3 b= , 0= ) (5.15)
2—00 2—00
From the last relation follows:
5o 1+v1-60
O

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

s *
r3(r) =3IV—(r*) r*zdr*z3ﬂ.[r*‘5‘”dr*. (5.16)
0 A(r ) b2 0
The last integral exists only at 6 < 6. In this case
5=1z¥i-60 a<%. (5.17)
O

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

_cla| r2 Fr) din(Fa)|
4G | V(r*) dr*

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

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= Minc%.
Secondly, in accordance with the experimental data, 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*)zl_&iJr =1— ZMQ'GLJF (5.18)
ar* cca r* '

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

rgl’ _ 2r.kmin F(r *min) F(r *min)
o W(r*min) Al/G(r*min) .

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*m
it is possible to find the function FO(r*) as a first approximation from (5.12), and then to find
A9(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*pmi,
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*) =/-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
Mmin 1S more than unit. Providing that r*yi, > 1, specify a trial function as follows:

—3INFA™(r*..) |- (A.8)

*
" min

(5.19)

VO (r* =1-v/r**, (5.20)
Substituting this expression in eq. (5.12) we find
2 v 1 2 v . v vl
FO@*)=1-=(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
! (e : 5.22
a 3 ( min r *min ) ( )

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

min min
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2\ O px

In A9 (r*) = (r ) r*, (5.23)
.[ *) F(O)( -k)

and then from (5.11) we have

= ©0) (% * N
V@ (r*) = 1+§—10 31V (Or) zdro : (5.24)
2r*FO@r*) 2.0 2r*FO(r?) J(r)’FO(r%)

In this case
V= (1_\/ @ (r *min ))r *rznm '
This equation defines v as a function of r*py;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*min=1.74.
This value is more than unit, as it was supposed. In a dimensional form
M*min~0.935r .
The results of the calculations are presented in Table 4.

(5.25)

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

x=alr* 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 4. Solution of the system of equations (5.10..5.13) at the value ¢=1/6.

The value of one of the metric functions C(r) increases indefinitely at approaching to the
edge, that is, there is an irreducible singularity on the edge.

Thus, at the presence of the constraint (1.1) there is a stationary distribution of the
centrosymmetrical gravitational field for which the equality of inertial (defined according to
Mach’s principle) and gravitational mass is satisfied. The found solution asymptotically tends to
the Schwarzschild solution for r >> ry,.

6. Foundations of a quantum theory of gravity

The formulation of main provisions of a quantum theory is essentially impossible without
involving the classical theory [18]. To construct a quantum theory, it is necessary to determine
the dynamic degrees of freedom first of all. As it shown in section 3 in the quasi-classical theory
of gravity, there exists a unique homogeneous space-time with an isotropic metric of the form

ds? = goo (x")(dx")? —»*'* (x°)dx"dx" S,
For this metric, the expressions for Christoffel symbols and non-zero components of Ricci tensor
have the form

1/3
re -1 dggo,rg’, 0,10 =1 dyo s, =0, :id—yoa,m,r:;:o, (6.1)
294, dx 294, dx 6y dx
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o__ 1 d 1 dy 1 (1 d}/j 6.2)
" 205 X 7yOg OX° ) 1200 L7 0 )

RPo——t 4 1 dris (6.3)
6 7’900 dXO 7900 dXO

In the general case, the action of the gravitational field in the quasi-classical theory of
gravity has the form (2.1)
_ aV /lv

S = 167zG \/_ ax” axv '
Substituting expressions for the scalar curvature and omitting the total derivatives that do
not contribute to the equation of motion, we find the expression for the action of homogeneous
isotropic space of volume V

o = [ Ldt=—— +
167zG 7/ dt J, Ot dt
where L is Lagrangian of the gravitational field and the notation is introduced cdt = ,/g,,dx°.

It should be noted that in the expression (6.4) we changed the sign of action from minus to
plus in comparison with (2.1). It was proved in GR [11] that the scalar curvature must enter in
the action with a minus sign, however, this proof does not pass for homogeneous space (3.1). If
there is a minus sign before the integral (6.4), standard reasoning leads to the conclusion that this
action cannot have a minimum. The correct sign is a plus.

The volume of homogeneous isotropic space can be represented in Planck units as

3/2
Vzlzlﬁ:(ﬁj A, A =const.

Jyatv (6.4)

CS

Then the initial action for quantization will take the form

2 1/2
1(1dy 1 dyrg dd nt, (th
Seor = | LAt =A[| =] === | + dt,A=—" t =|—| . (65
wr =] I{G(y dtj 9, Ot t\/— 167z o= (69)

It is necessary to introduce a specific value A for the transition to the quantum theory
action, in contrast to the classical theory in which the equations of motion do not depend on the
action magnitude. The solution of gravitational equations in the quasi-classical theory involves
the parameter (ymin)l’z, which is the minimum value of the bulk factor (3.21). If we take

-1
A=Wrm) (6.6)
2
d ht
ngr:detZAI 1 Eﬂ + = mOOdE A dt1A:—pl- (6.7)
6 y dt We Ot dt [\, 167
The action is turn out to be scale invariant with respect to the change in the magnitude of the
bulk factor in this case.
Let us carry out the canonical quantization of the gravitational field based on the action
(6.7).
We introduce scale invariant generalized time-dependent coordinates

=7/ Vwins A2 =NY000?/Vmin» 9 =P, 0<q'<omo, —0<qg®,g®<w (6.8)

their velocities v' = ¢' (time derivatives), and the momenta conjugate to them

then the action (6.5) takes the form
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oL 4t
ﬁ- P, = A3_ql’ P, = Aqlvsa Ps = AqlV2 . (6.9)
We find from here the velocities as functions of coordinates and moment

1
Ve :%, vZ = :31 V= ;21 . (6.10)
q q

Let us find the energy of the gravitational field in the Lagrangian formalism

E_—v - A{—(v) +qvvj (6.11)

Eliminating the velocities from thls relation, using (6.10) we find the Hamiltonian of the
gravitational field

pi =

1(3 1
ng = X(gql(pl)z +? P, psj- (6.12)

Passing in accordance with the rules of canonical quantization from coordinates and momenta to
their operators [18], we find the wave equation of the gravitational field

|ha—‘P_I-A| RO
ot
2 2
o¥  3zn( [ o oY , 16 & @
inl = + =2 %y, 6.13
ot t [q{aqu [aquq 3qlaq28q3] (6.13)

The Hamiltonian depends on only one coordinate ', therefore, the wave function can be
represented as a superposition of products of the wave eigen functions of the energy E and the a

P2, Pa.
i
¥ = [a(E)o(p,)e(ps)exp [~ Et+ p,0° + ps0° e dEdp, dp;. (6.14)

2
6zh| o @ o 8 p,ps
Ep. =— + - : 6.15
§0E tpl {q (aqu qu 3q1 hz ¢E ( )

Let us denote by a stroke the derivative with respect to the variable x = g, then the equation
(6.13) takes the form

where

8 P,Ps Ety
— + =0 6.16
3 72 Pe Py Pe ( )
This equation refers to the type of equations solvable in the Bessel functions [19, p. 245].

If

4 !
- XQg + Qg —

2,2

— 2 -
W+ 1-2a , |:(ﬂ7/xyl)2 +#j|wz 0, a,p,y—const,
X X

then w = x"Z,(Bx") is the Bessel function of the 1st, 2nd or 3rd kind. Comparing the last two
equations, we find

1 2Bt " [2p,p
.a=0, y==, fB=+ P . v=44 | 22258 =Z (BfJX), x=q" (6.17
a =5 B [3th 14 = Pe BVX), x=q" (6.17)

The solutions of the equation (6.16) will decrease for large values of the argument only if the
order of the Bessel functions is real. This requires that both p, and ps momenta have either a
positive or negative value. In addition, solutions will be real for g > 0 and restricted for x =0 if v
> 0. Thus, the only solution to the equation (6.16) satisfying all these conditions is the function
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2Et| 2p p
(DE_J{ o ql} v=4—g PP 20 (6.18)

7. Conclusion

A distinctive feature of the presented theory is that space-time manifold with the edge 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.

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.

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 gravity. However,
the physical nature of “dark energy”, “dark matter” and “inflatons” has not been established over
the past twenty years, and no new particles with suitable properties have been detected at the
LHC. It is an essential argument to make doubt their existence.

From the point of view of the theory presented in the paper, all observable effects
associated with a “dark energy” and “dark matter” are only manifestations of the material
essence of the gravitational field. On the one hand, the gravitational field has a negative pressure
in the present era of the second acceleration, that is, it behaves like hypothetical "dark energy".
On the other hand, the energy density of the gravitational field exceeds the average energy
density of matter on the galactic scale and, like "dark matter"”, leads to an increase in the speed of
observed gravitationally bound objects.

The initial expansion (inflation) is an immanent feature of space-time structure evolution
associated with the presence of the gravitational field. The pressure of the gravitational field is
negative in itself during this period of time and therefore there is no need for any inflatons.

The global energy density of the Universe is currently on 94.5% composed of the energy
density of the gravitational field, and only 5.5% is the contribution to it of all known types of
matter. And over time, the first will grow, and the second will decrease.

In being absent of hypothetical forms of matter in nature, cosmology of GR (Friedmann
model) contradicts the results of experiments, while the predictions of the proposed theory are
consistent with them.

It is established that the maximum global energy density in the Universe was less than
Planck'’s one by 64 orders of magnitude and significantly lower than the value being currently attained
in experiments at the Large Hadron Collider (LHC)!
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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 . 1 g
ﬁaxv<ﬁT“) > aﬂiszZO'

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

E:.[aiv( —gTy btx = [T gds, , (A1)

where according to (2.3)
TA__ ct 50 0 (g"vaq)J—g"’ 1 0y-9g aq>_gﬁ,] 1 0y-g o0
° ox” X" J-g &° ox" J-g &' &°

° 164G } (A2)

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:
167zG ( )dv : (A.3)
ox”

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

r’ do r’ do
167:(3 I dr(C+G drj [I\/_dr((C+G) erdr] (A4)

Let’s consider now that by definition and by the relation (5. 13) also:

C(r) + Gy = 09 g V) e (AS5)
r* F( *) ﬁ
Substituting these expressions in (A.4) and passing to the dimensionless coordinate r*/a, we
have:

_cla| rF F(rY) dCD|r*% Tr*t E(r*) do d.- (A6)
4G | V(r*) . V(r*)y/-g dr* dr* ' '
By the relations (5.7"), (5.10)

_ 1 dy-g 3V
® =—-In(FA™), = A=.-0. A7
n( ) ﬁ dr* r*ZF g ( )

Taking into account these relations
_c'a [_ r** dF

r*—oo

V(

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*y;, by the relation (5.12)
at r* = r*pin we find:

—-3INFA™ (r* )] : (A.8)

r*—o

_ _& + 2F(r *min )r *min
o V(r*..)

e dF
V(r*)dr™| .

(A.9)
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OCHOBBI KBa3MKJIACCHYECKOIl 1 KBAHTOBOM TEOPUM TATOTEHUS
Co0oueB Anexcanap IlaBioBuy
sapsolto@mail.ru

AHHOTANUA

B o6meit Teopun otHocurensHoctd (OTO) npu BbIBOJE ypaBHEHUH TPaBUTALMOHHOTO TIOJIS
WCIIOJIB30BAJIOCh IIPEIAIOJIOKEHHE O KOBApPUAHTHOCTH HX OTHOCHTEIBHO IPOU3BOJIBHBIX
peoOpa3oBaHuil KOOPAMHAT. 32 UCTEKLIEE CTOJIETHE HEOJHOKPATHO BBICKA3BIBAJIOCH MHEHHE,
YTO TAaKOE€ PAaBHOIPABHE BCEX CHCTEM KOOPIUHAT, MOXKET HE COOTBETCTBOBATH PEAIBHOCTH.
OO01masi KOBapUaHTHOCTh OTPaHWYEHA B CTAaThe 3a cueT BBeneHUs cBs3u. C pu3mveckol TOUKH
3peHMs CBSI3b MHTEPIPETUPYETCA Kak JIOCTaTOYHOE YCJIOBHE aAMabaTHYHOCTH Ipoliecca
ABOJIIOIMHM METPHKH MPOCTPAHCTBEHHO-BPEMEHHOTO KOHTHHYYMa. C(hopMyIHpOBaHbI UCXOIHBIC
YPaBHEHHs TEOPUU TATOTEHHA CO CBA3bI0. Ha 3TOM OCHOBE NIOCTpOEHAa €IHMHAs MOJEIb
JBOJIIOLIMM COBPEMEHHOW, paHHEM U O4YeHb paHHeW BceneHHoH, cornacyromascs ¢
HaOJII0AaTeIbHBIMUA aCTPOHOMHUYECKUMHU JIaHHBIMU 0€3 IPUBJICUCHMs] TUIIOTE3 O CYIECTBOBAaHUU
«T€MHOH JHEpPrum», «TEeMHOM MaTepun» U «UH(IATOHOBY». YTBEP)KIAETCS, YTO: OCHOBHBIM
UCTOYHUKOM 3Hepruu BcesneHHON sBisieTCsl rpaBUTALMOHHOE T0JIe, MAKCUMallbHas Tio0albHas
IUIOTHOCTh 3HEpruu Bo BcenenHoil Obuia Ha 64 mopsjka MEHbIIE IVIAHKOBCKOM, a IJIOTHOCTb
SHTponuu Ha 18 mnopsakoB mnpesbimaer mnpeackassiBaemoe OTO 3nauenue. Kpome Toro
paccurMTaHa BeJIMYMHA OTHOCUTEIBHOW IUIOTHOCTM HEWTPUHO B HACTOALIEE BpeMs U
MaKkcUMajibHasl TeMmiepaTypa MaTepuu B paHHeid Bcenennoil. CdopmynupoBaHO BOJHOBOE
ypaBHEHHE I'PaBUTALIMOHHOTI'O TIOJISl U HAWJIEHO €ro pelleHueE.

KiroueBsle cioBa: rpaBUTanus, OTpaHUYEHHAsl KOBAPUAHTHOCTh, HECUHTYJISIpPHAs TEOPHS,
SHTPOIHNS TPAaBUTALMOHHOTO T10JIsA, YBOJIIOLMS BCelleHHOM.

1. BBegenue

bonee cra sner Hazax mpu BBIBOJE YpaBHEHHI rpaBUTAlMM U3 BapUALMOHHOTO MPUHIMUIA
. Tunsbept chopmynupoBan «akCUOMy OOIIel MHBApUAHTHOCTU JEHCTBUS MO OTHOIIEHHUIO K
IIPOU3BOJIBHBIM TPeoOpa3oBaHMUsIM MHUPOBBIX IapamMeTpoB (KOOpAMHAT)» M BbBIOpanm «R -
UHBapuaHT TeH30pa PumaHa (KpHUBM3HBI UYETBIPEXMEPHOIO MHOrooOpa3us)» B KadyecTBe
JarpaHKMaHa rpaBUTAIMOHHOTO 1moJs [1].

Tpems romamu panee A. DiiHmTeiH mucan [2, c. 237, 243]: «Heobxoaumo, BIpodem,
NOMYEPKHYTh, YTO y HAC HET HMKAKUX OCHOBAHUU sl OOIel KOBapHaHTHOCTU YpaBHEHHM
IpaBUTALUU.... MBI HE 3HAa€M OTHOCHUTENIBHO KaKOW TIpyMIbl MpeoOpa3oBaHUN JOJDKHBI OBITh
KOBapHaHTHBI MCKOMBbIe ypaBHeHHUs. CHauana Hauboyiee €CTeCTBEHHBIM KayKeTcsi TpeOoBaHUE
KOBapUAHTHOCTHU CHCTEMBbl YPAaBHEHUIH OTHOCHUTENBHO npou360abHbix (KypcuB A. DHHIITEHHA)
peoOpa3oBaHUI».

VYcnex KaHOHUYECKOM TeOpUH TATOTEHHsI Kak OyTo Obl MOATBEPAMI MPABUIBHOCTh TAKOTO
JIOTYIIIEHHS, a CaMO OHO CO BpeMeHeM oO0pesio cTaryc (yHIaMEHTaJIbHOro MpUHIUNA. XOTs
paHee BBICKa3bIBANaCh U JIpyras MPOTUBOIIOJIOKHAS ToYka 3peHus [3, c¢. 631]: «...pusnvyeckuit
cMbici OTO cBOAUTCS MMEHHO K CO3/IaHMIO HOBOW Teopuu TsAroteHus. [lpaBma, cam aBTOp
Teopun A. DUHIUTEHH U psAJl €ro NOCIeN0BaTeNel MPUAEP)KUBAOTCS MHON TOYKHU 3peHus. OHu
cuutaror, yro OTO mnoMuMo »3Toro (M B MEPBYIO OYEPeIb) YCTAHABIMBACT MPUHIUI
paBHOIIPABUs BCEX CUCTEM OTCYETA....C 3TOM TOUKOM 3pEHMS, OJHAKO, TPYIHO COIVIACUTHCS, TaK
KaK MpH 3TOM paBHOMNpABHE CHUCTEM OTCUETa C TOYKU 3peHHs (hopMajIbHO-MaTEMaTHYECKOTO
amnrmapara HE3aKOHHO HCTOJIKOBBIBAETCS KaK PAaBHONpPAaBHE U MO HMX (PU3MUYECKOMY CYIIECTBY
Jenay.

B cBere HOBBIX JKCIEpUMEHTANBHBIX JaHHBIX [4-6] OTO yxe He Kaxercs CTOJb
He3bI0NIeMoi, Kak npexzae. [is oObsICHEHUs MOJyYeHHBIX PE3yJbTaTOB B paMKaxX 3TOW TeOpuu
NPULIOCH BBECTH Hekue runorerndeckue cymuoct (ACDM — monens [7]), nmpupoia KOTOPhIX
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JI0 HACTOSAIIEr0 BpeMeHW HescHa. «Entia non sunt multiplicanda praeter necessitatemy,
BO3MOXKHO HeoOxomumocTs BBeneHuss B OTO (mo wmepe pa3BUTHS HOBBIX METOJIOB
ACTPOHOMMYECKHX HAOIIOACHUI) CHavyala «MH(IATOHOBY, a TEIEPh €IIe «TeMHON dHEpPrum» u
«TE€MHOI MaTepumn» 3TO CUMITOMEI 1eheKkTa B caMoil e€ ocHoBe?

OTO napywmaer equHCTBO MaTepuaiabHoro Mupa. B OTO rpaBuTaliuoHHOE 110JI€ CamMO 110
cebe He o0aiaeT cBoiicTBaMH MaTepuaibHOU cpebl. Ero mioTHOCTh SHEprUu-UMITyJIbCa paBHA
HYJTI0. DTO TpsAMOE CIeACTBUE OOIIeld KOBAPHMAHTHOCTH ypPaBHEHHUH TPAaBUTAIIMOHHOTO IOJIS.
[TonbITKM e BBECTHM He 0O0Ile KOBAPHAHTHYIO IUIOTHOCTh SHEPTUU-UMIIYJIbCAa O3HAYAIOT
(baKTHUECKH OTKA3 OT UCXOIHOW aKCHOMBI 0011l KOBapUAHTHOCTH.

[lo wHamemMy MHEHHUIO, HMEHHO, 00wWas KOBAPUAHMHOCMb VPABHEHUUl A6IAemcs
ucmounuxom mpyonocmeti OTO. OOHapyKEHHBIE YK€ Ha cTaauu e¢ (OPMUPOBAHUS, CETOTHS
9T TPYOHOCTU CTald COBOKYMHOCTBIO HEPELICHHBIX [0 HACTOSAIIEr0 BPEMEHU MpodieM:
npoOJeMbl 3HEPrUHU, CHUHTYISPHOCTEH, KOCMOJOTUYECKOW IOCTOSIHHOM, XOJIOAHOW TEMHOMU
MaTepuu, MPoOIeMbl OMUCAHUS FIEMEHTAPHBIX YaCTUIl, IPEACTAIONUX B KAHOHUYECKON TEOPUH
rpaBUTallud B OOJHMKE «MHKPOCKONMYECKUX YEPHBIX ABIP» M, HAKOHEI, HEBO3MOXKHOCTh
IIOCTPOEHUsI KBAHTOBOM Teopuu TsAroreHus Ha ocHoBe OTO.

Bo3MmoxHBIH 1IyTh NOCTPOEHUS He o0buje KOBAPUAHMHOU meopuu mscomenus 0e3
HapyweHus axcuom Iunvbepma BUAWTCA BO BBEICHUHM ANPUOPHON CBSI3U, OTPaHHYMBAIOLICH
BbIOOp cHCTEMBl KOOpAMHAT. PaHee mpeanpuHUMaNNCh MONBITKM TaKOTO pojia, IPUMEpP TOMY
YHUMOAYJISIpPHAs: TEOpUs TATOTEHUS, ICTOKM KOTOPOH BOCXOJAT K A. DiHuITelHY. CleacTBueM
BBEJICHUSl CBSI3U SBJISIETCS BO3HUKHOBEHUE Kpass y MPOCTPAHCTBEHHO - BPEMEHHOIO
MHOT000pa3usi, MOITOMY OTPaHUYEHO KOBAPUAHTHBIC, TEOMETPUUYECKUE OOBEKTHI OMPEEICHbI
TOJNBKO Ha MHOrooOpasmsx ¢ kpaem. llpm Hammumu nuddepeHIuanbHON CBSA3M MOSBISETCS
BO3MOXXHOCTh BBIOpaTh MOJIOKEHUE Kpas TaKUM 00pa3oM, YTOOBI BBIIEIUTH HE CHHTYISPHYIO
BHYTPEHHIOIO 0071aCTh MHOTO00PAa3HsL.

[Tpu TtakoM monxone nexamuid B ocHoBaHUU OTO oOumii mpuHIUN OTHOCUTEIHHOCTH,
KaK MPUHLIMI SKBUBAJIEHTHOCTU BCEX CHCTEM OTCYETA, COBMECTHUMBIX C IICEBAOPUMAaHOBOM
METpPUKOM, HE HapyiaeTcs. KpoMe Toro He cTaBUTCA MO COMHEHHE M HE3bIOJIEMOCTh MPUHIIUTIA
WHBAapUAHTHOCTH JCHCTBUS Mamepuu OTHOCUTEIbHO TPOU3BOJIBHBIX IPeoOpa3oBaHUi
koopauHat. B To ke Bpems B otianuue ot OTO csa3b ocpanuuusaem obuyo Ko8apuanmHocms
ypasHenuti epasumayuy. Takum o00pa3oM, anpuopu B 3TOM Ciydae BBINOJHAETCSA JIHIIb
«CPENHECUIIbHBIM TNPUHIUI) OSKBUBAIEHTHOCTH [8]. 3DTO, OAHAKO, HE MOXKET SBISTHCS
OCHOBaHUEM [UIsl TOTO, 4YTOObI OTBEPrHYTh MpeiJiaraéMblii MOAXOJA Kak IPOTUBOpEYAIlui
DKCIEPUMEHTAaM 110 NPOBEPKE CUIIBHOIO NMPHUHIMIIA SKBUBAJIECHTHOCTH Ul T€I KOCMHUYECKUX
MacmrTabos [9].

Jeno B Tom, uto yxe B OTO B pamxkax ACDM — Mozenn caMo mpocTpaHCTBO HAJENsAeTCs
sHepruen. To ke caMoe MPOUCXOIUT U MPU BBEICHUM allpMOPHOM CBA3U. B cuily HenmmHEeHHOCTH
YPaBHEHMH TIpaBUTALUU IPOCTPAHCTBO CTAHOBHUTCS CAMOTPABUTHUPYIOIIMM OOBeKkTOM. Jlns
TaKOro OObEKTa MOYKHO OINpEAETUTh MHEPTHYIO MacCy M TpaBUTAllMOHHYIO Maccy. PemieHue
YpaBHEHMI rpaBUTALIMM UMEET JJOCTATOYHO CBOOOHBIX MTApaMETPOB JUIsl TOr0, YTOOBI HE TOJIBKO
o0ecrieunTh TpeOOBaHME pAaBEHCTBA MHEPTHOW MacCchl TPAaBUTALIMOHHOIO TOJS  Macce
TATOTEIOLIEN, HO W ONPENENIUTh HHEPTHYIO MacCy B COOTBETCTBMM C MNpUHIMIOM Maxa
(mocnenuss 3amada Tak W He Obula pemieHa B OTO). C 3Toil TOYKM 3peHUS pe3yNbTaThl
AKCIIEPUMEHTOB [9] cienyer paccMaTpuBaTh Kak yKa3aHUE Ha TO, YTO CYWEeCmeyom mobKo
makue (Kea3u)CmayuoHapHvle camospasumupyiouue 00vbeknmol, 0isi KOMOPbIX UHEPMHAL MACCA
pasHa macce epasumayuOHHoU.

Axcuomsl ['unsbepra chopmynupoBaHbl HA KOOPAMHATHOM si3bIKe. ['paBUTAIIIOHHOE TOJIE
IPEJCTaBISUIOCh JIECATBIO KOMIIOHEHTAMHU gw(xx) MeTpuueckoro TeHsopa. Kpome Toro
MpeIoiaraiocb, YTO B YPAaBHEHMsI TPaBUTALIMM MOTYT BXOAMTH INPOU3BOJIHBIE METPUKU HE
BBIILIE BTOPOT'O MOPSAKA.

B maremarnyeckoil (u3nMKe HE CYIIECTBYET TEOPEMBI, 3alpellaroiell CyllecTBOBaHUE
CBA3M MEXJy KOMIIOHEHTaMu MeTpuku. OpHako YHUMOIYJspHas TEOpUs OKa3ajlach
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HenpuemsIeMoi ¢ (U3NYECKON TOUKHM 3pEHUs, YTO U MOOyIMIo DUHIITEiHA 0TKA3aThCs OT Hee B
MoJIb3y 00IIIe KOBapUAaHTHOU Teopuu. JIJisi BBEJCHUST OTpaHUYCHUI Ha TPYIIy MpeoOpa3oBaHUM
KOOPJAWHAT, O€3yCIIOBHO, TOJKHBI HIMEThCS, JOCTATOYHO BECOMBIE (DU3MUECKUE OCHOBAHHUSL.
Hame ocHOBHOE mNpeanosioKEeHUe COCTOUT B TOM, YTO KOMHOHEHMbl MEmpUuueckKo20
meHn3opa gw(xl) CB53aHbl 3AKOHOM COXPAHEHUS
a g uv aﬁ
ox* ox"

JleBas cropona (1.1) He siBsieTcst 0011e KOBapUAHTHBIM CKAJIIPOM. Takoi cKaysip, BKIFOYAIOITUN
BTOpBIE MIPOU3BOJHBIC OT HEKOTOPOH CKAISIpHOH pyHKIMH ((X), TOTKEH UMETh BUJ [ 8]

L)

Ha orpanunuennoii rpymnme npeoOpa3oBaHuil KOOPJAUHAT, HA KOTOPOH ,/—( SBISETCS CKaJIspOM,

=0, g=det(g,,), 9"*9,, =5"; (v=0123). (1.1)

B cuiy (1.2) neBas ctopona (1.1) Taxke Oyner ckansipom. B 3Tom ciyyae cBsi3b B HEKOTOPOI
00JIaCTH IPOCTPAHCTBEHHO-BPEMEHHOTO KOHTHHYYMa CIAHOBUMCS 2eOMEMPULECKUM 00BEKMOM
u npuobpemaem uzuyeckuii cmoica (Gru3ndecKass UHTEPIPETALHS CBSI3U JaHa B pas3ziene 2).

I[Ipu npou3BOIBHOM IPpe0Opa3oBaHuu KoopauHat X“ — X'* [8]
8X”

g'(x)=9g(x)-J% J=det (1.3)
W3 ompeneneHus ckanspa cledyeT, YTO JETEPMUHAHT METPHUUYECKOrO TEH30pa M3MEHSETCS Kak
CKaJIsip MpHU MpeoOpa3oBaHUAX KOOPAMHAT C SIKOOMAaHOM IpPeoOpa3oBaHUsl PaBHBIM 110 MOJYIIIO
eANHHULIC
g'(xX)=g(x), x*—>x"*. (1.4)
Takum obpaszom, cease (1.1) sersemcs eceomempuueckum 00bLEKMOM MOILKO NpU
O02paHudeHuu 2pynnvl OONYCMUMBIX Npeodpa3’06aHull KOOPOUHAM Om JOKAIbHbIX O00uux
oughgheomopuzmos 0o cneyuanvhuvix Ouppeomopguzmos ¢ pasHviM eduHuye AKOOUAHOM.
Kpome Toro B oTiMuue OT YHUMOIYJISPHOU TEOPUU CB8:A3b Oonyckaem 2100aibHule JIUHElHble
npeobpazoeanus KOOPOUHAM.

2. YPaBHeHHﬂ rpaBUTAIUOHHOI'O IMOJISAA TP HAJTUYUH CBA3U

B npunATHIX celiuac 0003HaUEHUSIX J:[eﬁCTBHe I'unp6epra umeer BU:

Sy =
167zG
R - ckamsipHas kpuBm3Ha, R = g"'R,, R,y — TeH30p Pruun,
a A a A A
#V_grﬂv ax +FWF£J prl"‘ﬁ,
ka — cumBogbl Kpuctoddens,
) :lgﬂp _ag,uv_‘ragpﬂ agvp
2 ox”  ox"  ox*

BbIBoi ypaBHeHM IpaBUTAIIMOHHOTO MOJS U3 JeicTBUs [MipbepTa Mpu HATUYMU CBS3H
ABJISIETCSl BAPUALIMOHHOM 3aJa4eil Ha yCJIOBHBIM dKCTpeMyM. CTaHIapTHBIM METOJIOM PEIICHUS
TakUX 3aJad B CIy4asxX, KOIJa CBSA3M HE pa3pelluMbl B SBHOM BUJE, SBIIETCS METOJ
MHokuTener Jlarpamxka. Ilpu Hanuuum onnoit cesizu (1.1), BBegem MHOXxuTens Jlarpamxka —
ckaysipHoe noje P, u 3anuieM AeiCTBUE B BUJIE:

= (R+Q)J/-gd*x, Q= ! a\/_ gl . (2.1)

S
o 167zG J—g ox“ 8XV
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[Tockonbky Q sBiISEeTCS OrpaHMYCHO KOBAPHMAHTHBIM CKAJSIPOM, TO B OTIMYME OT ACHCTBUS
['mnpbepTa MHTETPUPOBAHKE OMPEICICHO HE HA MHOTOOOpa3uH, a TOJHKO Ha MHOTOOOpa3uu ¢
KpaeM. Temepe 6ce KOMNOHEHMbI Mempuueckoco meH3opa u ckaiap P mozym
PACCMaAmpusamuvcs, KAk He3d8UCUMble BeIUYUHbI U NPU BAPLUPOBAHUU OeUCmEUs Hapsoy ¢
VPABHEHUAMU OB8UICEHUs NOTYYAeM YpaeHeH e, onpedensiouee Kpau.

[Tpu BapbupoBaHuM neiicTBUs 10 o0 O (BMECTO 3HaKa PAaBEHCTBA CTPEIIKA yKa3bIBACT Ha
TO, YTO ONYMCHBI IIOJHBIC ITPOU3BOAHBLIC, HC HOAOMIUMC BKJIaJla B YPaBHCHUA ,HBI/I)KGHI/ISI)
TIOJTYYHM:

8, = ja(QJ_)d oo O ja‘/_ ur O ey

o 167ZG 162G ox* ox”

3 a /_
¢ '[&D 0 g*” 9 lax
162G ox"” ox*

W3 mpuHLMIIA CTAalMOHAPHOCTH ACMCTBHSI B CHIIy NPOU3BOJILHOCTH Bapualuu O moaydyum
ypaBHenue (1.1).

CkanspHasi KpUBHU3HA KOBapUMaHTHAa OTHOCHUTEIHHO TPOHU3BOJIBHBIX MPEoOpa30oBaHMi
KOOpJIMHAT, [TI03TOMY BBIYHMCIICHUE €€ BapUAIlMN U COOTBETCTBEHHO BKJIa/1a B YpaBHEHMUsI I1OJIS HE
MMEET HUKaKUX OTIMYui oT [8].

Hanuuue B narpaH)kxuaHe JONOJHUTENIBHBIX YJIEHOB IIOMUMO CKaISIPHON KPHUBM3HBI JAET
MIPY BapbUPOBAHUU IO METPHUKE BKJIAJ:

50/-9) = 85\/_ g 00 8\/_

ox”

(% ‘”)

1y L(g,ﬂ GCDJ 1 y-gob 1 0y-9g o e
“roxe J-g ox* ox" ,/_g ox" ox”
OTO NpUBOJUT K IMOSBICHHMIO B ypaBHEHUAX [unpOepra-ODHHIITEWHA Hapsay € TEH30pOM

SHEPTUH-UMITYJIbCA MATEPUH (Emat)y HOBOTO OOBEKTA (Egr) v

1 872G 872G
R --9 R=0_4(ggr ,uv+ C (gmat)yv' (22)

Hv 2 uv

816 .y _ 1, a(gﬂacbj 1 y-gob 1 0y-g od
ct T J-g o ox ﬁ ox" ox”

ARLE (2.3)
O0bexT (2.3) cogepKUT 0ObIUHBIE IPOU3BOJHBIE BMECTO KOBAPHAHTHBIX, U TIO3TOMY BEJET ceOst
KaK TEH30p TOJIKO MPH OTPaHUYEHHOMH rpymie npeodpa3oBaHuii koopauHat. On Kosapuanmen
OMHOCUMENbHO  JIOKANbHBIX CHEYUAIbHbIX  Ouppeomopdusmos u  2100aNbHBIX  JTUHEUHBIX
npeoobpazosanuii KOOPOUHAM.

[TockonpKy KOBapHaHTHasl IPOU3BO/IHAS OIpeAeIeHa JIIsl IPOU3BOJIbHBIX MPe0oOpa3oBaHUM
KOOpJIMHAT, TO €€ JIeHCTBHE ONpelNesieH0 M s OOBEKTOB, SBISIONUXCA TEH30paMHU
OTHOCHUTEIIFHO OTPAaHWYEHHOUN TPymnmbl mpeodpa3oBanuii. Pa3zHuila 3akioyaeTcst JUIIb B TOM,
YTO IPU 3TOM HOBBIE OOBEKTBI OTHOCSTCS CHOBA K TOMY K€ THUIly TEH30pOB, Ha KOTOpbIE OHA
JEHCTBYIOT.

Ces3b (1.1) He Brimtowaetr nonsa marepuu. [loaromy kak u B OTO gelicTBue 11 Matepun
OCTaeTcsi MHBAapUAHTHBIM MpH OOIKX MpeoOpa3oBaHUsIX KOOPJAMHAT, a YTBEPKICHHE O
paBEHCTBE HYJIK KOBAPUAHTHOM IPOU3BOJHONW CMEUIAHHOIO TEH30pa IUIOTHOCTH 3HEPIUH-
UMITyJIbCa MaT€PUU OCTAETCs B CUJIE U NTPU HaM4uuu cBsi3u (1.1).

Jl1g cMenaHHbIX TEH30pOB KOBapHUaHTHAs IIPOM3BOHAsI JIEBOM CTOPOHHI (2.2) paBHA HYIIO
B CHJIy CBEpHYTOIrO TOKJecTBa buaHku (cnpaBeyIMBOCTh KOTOPOro OOYCIIOBJIEHA JHILIb OO0
KOBapUAHTHOCTBIO TEH30pa KPUBU3HBI), MOITOMY C YYETOM BBIIIE CKa3aHHOTO JIOJIKHBI
PaBHATHCS HYJIO U MPOU3BOIHBIC MPABBIX CTOPOH Kak (2.2), Tak u (2.3).
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Takum 06pa3om, 00BEKT (&gr),v H3MEHAETCS KaK TEH30p MPH yKa3aHHBIX IPe00pa30BaHUSIX
KOOpJMHAT, CAMMETPUYEH, MTOI00HO MaTepuu SIBISIETCS UCTOYHMKOM KPUBHU3HBI IPOCTPAHCTBA-
BPEMEHH, a €r0 KOBapUaHTHAs IPOM3BOHAs HA YPABHEHUSX I10JIsI paBHA HYIIIO.

Bce 3T0 B COBOKYITHOCTH MO3BOJISIET Ha3BaTh O0BEKT (2.3) TEH30pOM IIJIOTHOCTU SHEPTUU -
MMITYJIbCa TPAaBUTALIMOHHOTO MOJIs1, BBIPAXKEHHBIM C IIOMOILBIO BerioMoratenbHoro noiis @. [lone
SBIISIETCS. BCIIOMOTaTEeNbHBIM IIOTOMY, YTO OHO MCXOJIHO HE BXOAMUT HU B jeiictBue ['miblepra,
HU B JIEWCTBHE MaTepUH, HU B ypaBHEHUE CBsi3u. B To ke Bpems BBeaenue nosst O sBisercs
HEH30EKHBIM TI0 CaMOW CyTH MaTreMaTH4ecKou mpoOjembl. B pazaene 3 paccMOTpeH ciydai,
KOIJla yJaeTcsi B SIBHOM BHJI€ MCKJIIOYUTH CKayisipHOE nosie @ u3 ypaBHEHUU rpaBUTALMOHHOTO
nonisi. Tam ke OyaeT paccMOTpEH BOIPOC O MOJOKUTEIbHON ONpPEIeIeHHOCTH IJIOTHOCTU
SHEPTUU rPaBUTALMOHHOTO MOJIS.

Takum o0pa3om, Mbl MOTYYHIIM CUCTEMY ypaBHEHUH, BKIO4aOmux cBsi3b (1.1) u gecarsb
ypaBHeHUM (2.2) nns OJMHHAALIATH TEPEYHUCIICHHBIX BBINIE HEU3BECTHBHIX. Bcnencteue
OTpaHWYEHHON KoBapuaHTHOCTH B oTimune oT OTO Henb3s (PUKCHpPOBATH KaTHMOPOBOYHBIN
IPOM3BOJI BEIOpAB CHHXPOHHYIO cHcTeMy oTcueTa. OHAKO CHHXPOHHU3AIMS YacOB B HEKOTOPOH
OKPECTHOCTH 3a CYeT BbIOOpa KanuOpoBku J,,(X) =0 (m=1,2,3) Bcerna Bo3MOXKHa.

[Tockonbky ocTanpHble ujeHbl B (2.2) oOmie KOBapuaHTHBI, TO B LEJIOM CHUCTEMa
YpaBHEHUH TpaBUTALMU [pU HAIWYUM CBSI3W OyAEeT KOBApUAHTHA JIUIIb OTHOCUTEIBHO
yKa3aHHOM OrpaHHMYEHHOM rpyMIibl IpeoOpa3oBaHUi KOOPAUHAT.

C ¢usnueckord Toukum 3peHHs cBs3b (1.1) MokeT OBITH HMHTEPIPETHPOBAaHA Kak
JIOCTaTOYHOE YCJIOBHE aJnabaTUYHOCTU Ipolecca 3BOJIOUUU MeTpuKu. OmnpenenuM BEKTOp
NOMOKA NIOMHOCMU SHMPONUU 2PABUMAYUOHHO20 NOJIsL COOTHOLICHUEM:

aln\/_g . (2.9)

oln\—g
(A ] A
Sy V“ =const-g* ———, Vvfv, =1 s, =const-v'(X)———

gr axﬂ. axﬂ
B mrankoBckoi cucteMe CAUHUL 3TY HOCTOSIHHYHO MOKHO 3alliucaThb B BU/IC:
k ., hG
const=a-—, I =C—3, (2.5)

pl
rae K mocrosnnas bonbimana, |y mnankoBckas aiauHa. [l KBa3HKIACCHUECKON TEOPUH TOIDKHO
BBITOJIHATHCS ycsoBHe |a| < 1. 3HaK MOCTOSIHHOM @ J0JKeH BBIOMPAThCs TaK, YTOObI HA BpEMEHU
- MOJOOHBIX M€0JIE3NYECKUX JIMHUAX TUIOTHOCTh SHTPONHUH ObLIA MON0KUTENbHOMN. Teneps cBA3b
(1.1) Mo>xHO 3amucaTh B BUJE PENATUBUCTCKOTO YCIOBHS aMabaTUYHOCTH
afﬂ (V=gs,v*)=o0. (2.6)
OtmeruMm, 4TO B cuiy omnpezaeneHus (2.4) Bce TepMOAMHAMHYECKHE MOTEHLHUANbl OynyT
CKalsgpaMHM TOJIbKO OTHOCHUTENIBHO OrpaHMYEHHOH BbIIIE TIpynnbl mHpeoOpa3oBaHuil. Takum
o0Opa3om, ompeneiaeHue IMIOTHOCTEH sHepruu (2.3) u sHTponuu (2.4), YIOBIETBOPSIOMINUX
3aKOHAM COXpPaHEHMsI TI03BOJISIET paccMaTpUBaTh TPAaBUTAIIMOHHOE I0JIE€ KaK OOBIYHYIO
MarepuanbHyto cpeay [10] u BoccranaBnuBaer HapymeHHoe OTO eauHCTBO MaTepuaIbHOTO
Mupa.

Jl1s BKITIOUEHHS B paCCMOTPEHUE CIIMHOPHON MaTepUy M KaJTUOPOBOYHBIX IMOJIEH cucTeMa
ypaBHenuii (1.1, 2.2) MoxeT ObITh CHOPMYIHPOBaHA B HETOJJOHOMHOM OPTOTOHAIBHOM pETepe.
[Tpu sToM Hapsay ¢ apdUHHON CBA3HOCTHIO BBOJUTCSI CBSI3HOCTH CIIMHOBAs. DTO BO3MOXKHO,
HECMOTpsl Ha HAJIWYME CBSI3HM, MOCKOJbKY TpyIIa JOKAJIbHBIX JIOPEHLEBBIX MpeoOpa3oBaHUN
YHUMOZYJISIPHA.

B npenensHOM ciydae, Koraa IUIOTHOCTb 3HEPTHU-HMITYJIbCA TPABUTALIMOHHOTO IOJIS
Oyner mnpeHeOpeKMMO Majla MO0 CpPaBHEHHIO C IUIOTHOCTBIO AHEPrHUU-UMITYJIbCa MAaTepuu,
ypaBHeHus (2.2) nepexoaar B ypaBHeHus OTO u B mpenene ciaboro rpaBUTAlMOHHOTO TOJIS
npuBoIAT K HploToHOBY 3akoHy TsroteHus. Ilpu stom ypaBHenue (1.1) oepanuuusaem
KanubpoBOUHbIll NPOU3BOIL.
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Ecnu mpenanonoxxurh, 4TO Ha HayaJdbHOM JTalle 3BOJIOUMU BceneHHoM Mmarepus urpaia
HE3HAYUTENbHYIO pPOJIb U MOXKHO INpeHeOpeub IMJIOTHOCThIO IHEPrHU-UMITYJIbca MaTepuu, TO
cucrteMa ypaBHeHUHM (2.2) paauKallbHO yrpomiaercs. B 3Tom ciiydyae MOXXKHO HaWTH TOYHOE
ob1ee pemenne cuctemsl ypapHeHui (1.1, 2.2), mpudem 3To penieHrne 0y1eT eIMHCTBEHHBIM.

3. JBOJIIOLMA TPOCTPAHCTBEHHO - BPEMEHHOI0 MHOT000pa3usi B OTCYTCTBHMU MaTepUH

Ecin mpencraButh, 4TO B HayaldbHBII MOMEHT BO BceneHHOH emie OTCyTCTBOBasIa
MaTepHs, a BMECTEe C HEH M TeHEepHpyeMble €10 HM3JIyuyeHHs, TO He ObuIo Obl M (hU3HYECKOMH
BO3MOXXHOCTH pa3jnyaTh TOYKH KOCMHYECKOTO MpocTpaHcTBa. Kakumu Moriau Obl OBITH B 3TOM
Clly4ae METPUUECKHUE CBOICTBA TaKOIro IPOCTpaHcTBa?

B TpexmMepHOM mpOCTpaHCTBE MUMEETCS JIEBATh BO3MOXKHBIX THUIIOB IIABHBIX OJHOPOJHBIX
MPOCTPAHCTB (JOMYCKAIOIUX TPYINy JBWKEHHUM) C 3aBUCALECH OT BPEMEHU METPUKOH
(xnaccudukanus buankn) [11]. BBenenue cBsi3u orpaHUYMBAET HE TOJIBKO TPYIITY JTOMYCTHMBIX
B OTO npeoOpa3oBanuii KOOPAMHAT, HO W TPYIIY JIBWXCHHNA COXpaHSIOMNX MeTpuky. Ecmu
nepBas rpynna 3agaHa yciosuem (1.4), To mpu JBMKEHMM B CHIIy TpeOoBaHUS (opM-
MHBAapUaHTHOCTH 3TO YCJIOBUE IPUHUMAET BUJ

g(x®,x™)=g(x’,x"), x"—>x", (Mm=1273),
TO €CTh JICTCPMHUHAHT METPHYECKOr0 TEH30pa HE JODKEH 3aBUCETh OT IMPOCTPAHCTBEHHBIX
KOOPJMHAT. 3aMETUM, YTO 3TO HE MCKIIIOYAET 3aBUCUMOCTh KOMIIOHEHT METPUYECKOTO TEH30pa
OT KOOpJIMHAT. DTHU 3aBUCUMOCTH TMpuBeAeHbl B [12 c¢. 265-268] s Bcex NEBATU TUIIOB
OJTHOPOJHBIX MPOCTPAHCTB. BBIUUCIISAS NETEPMHUHAHT METPHUECKOTO TEH30pa, YOSAUMCS B TOM,
YTO OH HE 3aBHCHUT OT IIPOCTPAHCTBEHHBIX KOOPAWHAT JIUIIb ISl OJHOPOAHBIX IPOCTPAHCTB THIIA
| u Il mo xraccupukanmm buanku. D10 03HAUYaeT, 4to npu Hanmmuuu cBsa3u (1.1) momyctumo
CYIIIECTBOBAHKE OJHOPOIHBIX MPOCTPAHCTB TOJIBKO 3TUX JIBYX THIIOB.
I O =am (Xo)’ Qoo = aoo(xo) >0, Jon = 0 (mn=123),
1
a &, alle +8,

_ 1 _ 0 _ 0 _
gmn - a12 a22 a22X +3.23 ’ amn - amn (X )! goo - aOO(X )l gOn - O
1 1 142 1
ALX +8; ApX +8, 8, (XT)T +28,,X +ag,
JLtst IEepPBOr0 U3 HUX KOMIOHEHThI METPHUYECKOI'0 TEH30pa 3aBUCAT TOJBKO OT BPEMCHH. B stom
ciy4dae, ecIy IIPOCTpaHCTBEHHAsA METPHUKa HE BBIPOXKACHA, TO HanoOosee obIee BBIpaKCHUE IJIs

MPOCTPAHCTBEHHO-BPEMEHHOTO HHTEpBalia MpeoOpa3oBaHUEM KOOPIMHAT C PaBHBIM EIUHUIIE
skoouanom [11]:

X0 > x% x" > x"+¢o"(x°),
BCeraa MOXeET 6I>ITI) HpI/IBeI[eHO K BI/I,Z[y
ds® = g, (X°)(dXx°)* + g, (x*)dx"dx", y = —det(g,,) >0,(Mn=123). (3.1)

3.1 YpaBHeHHUs1 TPAaBUTALIMH VI OTHOPOIHOI0 POCTPAHCTBA THHA |.
OtcyrcTBue 0OUIel MHBapHaHTHOCTU JedcTBUs (2.1) He MO3BOJSET MCKIIOYHTH Joo

KOMIIOHEHTY MeTpHUKHU. Bbipakenuss nns cumBoioB Kpucroddens um OTIMUHBIX OT HYINS
KOMITOHEHT TeH3o0pa Puyum 1t Metpuku (3.1) npumyT BHUI:

1 dg 1 dgn m m 1 m dg m
F§o=§goo dx%o’rgl =0,T9 :_Egoo dxol ,T" =0, =§g k dxlg ,IT"=0, (3.2
d
Rg __ 1 d 1 d]/ 1 mk gkp pn dgnm ’ (33)

2090 | /g, B | 4ge  dX° dx°
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1 d [ |7y dg
RP =— —| [L—gm™ kn | 3.4
‘ 2\/00 dx’ ( Yoo | dx° j (34

OTnuuHBIE OT HYJSI KOMIIOHEHTBHI TE€H30pa IUIOTHOCTH 3HEpPruu-umiyisca (2.3) st METpuku

(3.2):
) c’ {d [1 dq)j+ 2 49y dﬂ, (3.5)
Goo

B dx® { g, dx° Oy x°  dx°

0 162G
¢t d (1 db
@Wbﬁﬁﬁﬂ—Tﬁ“ 36)

C yderoM 3THX COOTHOIIEHUN YpaBHEHHs TIpaBUTALMOHHOrO 1o (2.2) B CMEIIAHHBIX
KOMITOHEHTaX

872G 1 )
Rj = C4 ‘:(ggr)i_zé‘j(ggr)v:l

IIPY HAIMYUHU CBSI3U IIPUMYT BUJL:

d 1 dy/700 _

5l — — |=0, (3.7)

dx Joo dx

1 d [ 1 dy] 1 mkdgkpgpndgnm_w/;goo d 1 do o)
27/ 900 dx’ 7 900 dx’ 9oov 800 dx® J

4g,, dx® dx’ 2 dx°

CA g B |5y O [y 0D (3.9)
dx 9o dx dx oo dX

3.2 Pemienue cucremsl ypaBHenuii (3.7...3.9).

U3 (3.9) cnenyer:

dg dd g
m Zkn  SP—— = |20 P, 3.10
e T e \ 7 " (3.10)
IMocrosiHHas MaTpuia L{ He sBisiercst mpou3BobHOM. [Tockombky u3 (3.10) cienyer

dg,, do _ |g

RN ] @1
MaTpHlla JOJHKHA YIOBIETBOPSATH YCIOBUIO:

Gp (X" )LE = G4 (X)L 3.12)

JIist MEeTpUYEecCKOro TeH30pa OOIIEero BHAA ATO YCJIOBHE OYyNET BBIMOIHATHCS TOJIBKO B
ciydae, Korga marpuna L{ mpormopunoHanbHa eIMHWYHOM MaTpuie. B mporuBHOM ciydae

matpuna L} = diag(Li,L2,L3) u MeTpryeckuii TeH30p TaKkKe TOIKEH ObITh HArOHATbHBIM.
Yupomas (3.10) mo urgekcam p u K, moryunm:

300 _ 147 % (3.13)
dx y dx 4

TakuMm 00pa3zoM, B ciiydae OJHOPOTHOTO MPOCTPAaHCTBA TUMA | yIaeTcst B IBHOM BUE BHIPA3UTh
npou3BoHy0 Moy @ dyepe3 mMeTpuyeckoe IMojie U €ro Mpou3BOJAHbIE. UTO NEMOHCTPUPYET
BCIIOMOTaTeNbHBIN xapaktep 3toro nomus. [loactasmss (3.13) B (3.10) monyuum

g dd@Jkén :%;70 5P+ %(Lg _%5;._;), (3.14)
X y aX 4
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U3 (3.14) cnenyer
d d
« B g S (107 Sl Loy @15)
dx dx y dx? y 3
Hcnonb3yss 3TO BBIpAXKEHUE U (3.13), MOXHO HCKIIOUHTh @ U BCE MPOCTPAHCTBEHHBIE
KOMIIOHEHTHI METPUKHU U3 ypaBHeHUs (3.8) u 3anucarh ero B BUJIE:

2
d(1dy 1dy) 3c? ) . d 1 (1dy _,
3 += + =LK == (L Jr———|—=—=2—_cL"|, (3.16
dt( dt} (dtJ 2y[ ()] 900 dt}goo(rd o | (3.16)

Ir7ie BBEIeHO 0003HaueHue cdt = /g, dx°.

N3 ypaBuenus (3.7) cnenyet
1 dg,, 1dy 1
—_— + —_—— =,
0o dt  ydt Ty
DT0 ypaBHEHHE MTO3BOJISIET UCKITIOUUTH Qoo U3 (3.16) U 3anucaTh ypaBHEHHE TS DYHKIIHH Y:

d(1ldy 1 dy o no 3 k1 o0y
2— ——=—-—=0, =B, -=[B/B, —=(B;)], 3.18
dz‘( drj iy dr “ 2[ P 3( )] (3.18)

rae =t/T Ge3pasmeproe Bpems, BP =cTL! - marpuua Ge3pa3mepHbIX MOCTOSHHBIX. [Topsiaok

T =const. (3.17)

ypaBHeHust (3.18) MOXXHO TMOHH3HWTH NMpH BBeAeHHHM GYHKIHH U(y) — Ge3pa3MepHOll CKOPOCTH

U3MEHEHUS 00beMH020 (akmopa -y

u= d\/; . (3.19)
dr
VYpaBHeHUE IPUMET BUI:
d
gu ! _au? o4, U W (3.20)
dy "4 -2u+o Ly

3amMeuarenbHO, 4TO 1pu o > 1/4 ompenenurtenb MPOCTPAHCTBEHHOW METPUKHM HUTIC HE
paBeH Hym0. CiedosamenvHo, 8 9MoM clyuae Hem CUHSYISAPHOCMELL.
Hurerpupys ypasaenue (3.20), Haiigem:

v _ [4u? —2u+o 1 1
. f(u), f(u) . exp{r[arctg\/iJrarctg mﬂ (3.21)

TIOC /iy - MUHUManoHoe snavenue )y (U) npu u = 0.
Huddepenuupys (3.21) no 1, nonyuum:
1 dyy dfu)du df 4u

= —, —=—5>——"1().
[y dT du dz’ du 4u*-2u+o )

Ortcrona ¢ yuetoM (3.19), (3.21) Haiinem B mapaMeTpU4eCcKOM BHJIE pelieHue ypaBHeHus (3.18)
4f
=, =y m.nj ;yy)+ dy, 7 =7 0. (3:22)

Deonoyus NpOCMpancmed HAYUHAEMCcs 6 MOMEHM B6PeMEHU Ts U3 COCMOAHUA NOKOs C
MUHUMATBHBIM 00bEMHBIM (DaAKMOPOM.
U3 ypaBuenus (3.17) ¢ yquOM (3.22) cnenyer

Vmin  A4f(u)du 4du
4 -2u+o0 MW -2u+o

dIn(ygy,) = \/—

HHuTerpupys 310 ypaBHEHUE
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+arctg

7(U)gg,(U) _ exp(u 4du ]

7mingoo(0) - '([4U2—2U+O'

U yuuThIBas onpezenenue (3.21), nonyunm

goo(u) _ O f(u)

Upo(0) 4’ -2u+o
Hcnosnp3yto 3TO COOTHOLLIEHHUE, UCX01s U3 onpeaeneHus (3.19) MokHO 1oKa3aTh, 4TO

AW g (3.23)
qu°-2u+o

MHpOBOE KOODIAMHATHOE BpeMsi X', ONPENENCHO C TOYHOCTBIO IO IMPOH3BOIBHOIO
JTUHEHHOTo npeoOpa3oBanus. BenmnuuHa sxe U >0 1o ONMpenescHHI0 U He MEHSETCS TPU TaKoM
npeoOpazoBanuu. [loaTomy mapamerp U ¢ pasMepHbIM (aKTOPOM MOKHO Ha3BaTh MHPOBBIM
(U3NIECKUM BPEMEHEM.

4 4u-1 1
€ ——=| arcty —— —_
xpLMO'—l( g\/4a—1 \/40'—1H

gOO(XO)dXO = CT 7min

3.3 IlnoTHOCTH JHEPIruv-uMiIlyJjibCa U CKaJsApHasd KPpUBHU3HA OAHOPOAHOI'0 NMPOCTPAaHCTBaA
Ha YPABHCHUSX ITOJISA.

Hcnonw3ys cootHomenus (3.13) u (3.17), mpeobpaszyem (3.5) crenyrommm oopazom:

2

c? d(1d 1(1d 1 d 1
ey f =py =S| (Lar) B1dr) 1 Ay 1g] gy

482GT|dr\ydr ) 2(ydr Zﬁydr 2y

Hcnone3ys ypaBuenue (3.18) UCKIIOYUM BTOPYIO MPOU3BOIHYIO, TOT/Ia
2
c? 1dy 3 N A 02{23 klkz}

-~ ||==Z| -2 [B/B*-=(B = |2u*-2[BPB*-=(B 3.25
Por = 964G (y/dr] 2, BB —3 (B =0 ot 41B<By —3(B)711(3:29)

[lepBblii uneH B CKOOKax MNpHM MaJbIX 3HAUYEHHAX U CTPEMHUTCS K HYIIO, BTOPOM YJIEH,
XapaKTEPU3YIOMUK TI00aTbHYI0 aHH30TPONHIO IMPOCTPAHCTBA, MOCTOSHEH, IOJIOKUTEICH WU
BXO/IUT B BBIPAXKCHHUE JUI IIOTHOCTH SHEPTUH CO 3HAKOM MHHYC. Tenepb Mbl MOKEM OTBETUTb
Ha BOIIpOC, nocTaBiieHHbI B 1972 rony aBropamu [13, T 2, c. 481]: «IIpunumas cormacue c
IKCIICPUMEHTAMH, MBI XOTHM IIOHSTb, NOYEMY 3AKOHbI (usuku 00nxicHbl mpebosamsv (a He
npoOCmo no360.5My), 4modwl 8 bonbuux macuimabax Bcenennas 6vlia ¢ 8biCOKOU MOYHOCHBIO
00HOpOOHa u uzomponnay. Ilnomnocms suepeuu epasumayuonno2o noas (3.25) 6yoem
NONOAHCUMENLHOL MONBKO 6 MOM Cayuae, Ko2da 00HOpooHoe npocmpancmeo uzomponto (By'" «
Om").
B sTom cinyuae pemienue ypaBHeHui (3.14) MOXHO MpeICTaBUTh B BUJIE:

1/3
gkn:_(LJ 9 (0). (3.26)
min
B cuiy MHBapMaHTHOCTM TEOPUM OTHOCHUTEIBHO TJIOOAJBbHBIX JIMHEHHBIX MpeoOpa3oBaHUN
KOOp/MHAT, HMCXOIHas MeTpuka QOikn(0) Bcerma MoxeT OBITH NpHBEACHA K JAMArOHAIBHOU
aBrimaoBor (opme. Torma maTepBan (3.1) ¢ yuerom coortHomrenus (3.26) u (3.23), (3.21)

HIPUMET BUJT

41 (u)
ds? =|cTy. — 2
( Ymin 207 —2u+o

3aMeTHM, 9TO OJTHOPOJHOE MPOCTPaHCTBO THma |l MMeeT HeycTpaHMUMYIO aHU3O0TPOTIHIO.
[TooToMy wuMess B BHIY CBSI3b IOJOKUTEIHHON OMPEIENIEHHOCTH TIUIOTHOCTH DHEPTHH C
OTCYTCTBHEM AaHHM30TPONHH, MOXXHO YTBEPXKIATh, YTO C @U3UYECKOU MOUKU 3DeHUsl He
cywecmeyem Opy2ou Kpome 6blule ONUCAHHOU HeNnpomugopedusol meopuu mpexmepHoco
00HOPOOHO20 NPOCMPAHCMEBA.

2
] (du)? — £ 23 (u)dx"dx"s,,. (3.27)
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Beenem mapamerp Xa601a H U B COOTBETCTBHM € COBpeMEHHbIMU NPeOCmAasieHUsmu
napamemp yckopenus  (6émecmo napamempa zameonenus [8]):
1 1 1
Het @7 qogp 1 d(Lldr) (3.28)
6Ty dr 6HT- dr\y dr
[ToacranoBka 3Tux BeIpaxkeHUU B (3.18) MO3BOJISIET MOJIYYUTh YpaBHEHUE, ONMKUCHIBAIOIICE
CMEHY 30X YCKOPEHHsI-3aMeIJICHUSI.
3(Jo 1) .. 3
St LA S B (3.29)
4\u@y) o 4o
Ortcrona cieayer, 4TO BO3MOXHBI JiBa cueHapus. [lpu ¢ >3/4 BO3MOXKHO TOJIBKO YCKOPEHUE
(g>0). Ilpu 3/4 > 6 > 1/4 BO3MOXKHA CMEHA BIIOX: YCKOpEeHHE-3aMeieHue-yckopenne. CMeHa
ATOX MPOUCXOJUT TIPU 3HAYCHUSX
J3

_ (o2 \/§ O
4073 >4(J§+J§) 1-J1-45/3 <4(J§—J§)

Obnapyscennas nedaseno cmena smox [4-6] ykaswieaem na mo, umo umeem mecmo 6mopotl

~0.1376, u, = ~1.3624.(3.30)

cyeHapuii.
MakcumanbHasi BeTUYMHA 3aMeJJICHUS JOCTUTAETCS TIpH U=0
3
Oy =1——>-2. (3.31)
4o

[Tocne HacTyIUIeHHsT BTOPOM 3MOXM YCKOPEHHUsI B COOTBETCTBHU ¢ (3.29) ( acHMITOTHYECKH
CTPEMUTCS K SAMHHIIC.
[TnoTHOCTH AHEprUM rpaBUTaIMOHHOTO T (3.25) cBs3aHa ¢ mapamerpom Xab6:a (3.28)
COOTHOIIICHUEM:
2 2
3c“H“(7)
Por =0 ~
’ 872G
TakuMm 00pazoM, npocmpancmeo 0OHOPOOHO U UBOMPONHO U 00aadaem coOCMBEHHOU IHePUel.
[lpuyem B 000K MOMEHT BPEMEHH MJIOMHOCHbL IHEPEUU PAGHA KPUMUYECKOU NIOMHOCHU.
[Tapamerp Xab0ya qocTUTAaeT MAKCUMAIILHOTO 3HAYCHHS B 3MOXY MEPBOTO YCKOpPEHUs npu U =

(3.32)

ol2 < uy
H = Jo oo - arctgv4o -1 | (333)
6T /7 i 4o -1
a 3aTeM MOHOTOHHO yOBIBa€T, CTPEMSACH K IIOCTOSHHOMY 3HAYEHHUIO
Jo 1 ( 1 ﬁj
H =— " _exp| ————| arctg ———+= ||[. (3.34)
6T \/7 i Vdo -1 Ndo-1 2

[IpocTpaHcTBEHHbIE KOMIIOHEHTBI TEH30pa MJIOTHOCTH SHEPTUU-UMITYJIbCA, ONPECIICHHbIE
COOTHOIIEHUSAMH (3.6), Ha ypaBHEHHUSX I10JI1 PABHBI:

2 2
(ggr)p :C—2 dfldy), 1f1dy _Ld_eriB: 5P, (3.35)
< 482GT?|dr\ydr) 2\ydc) 2 yydc 2y

U OTJIMYAIOTCS OT BBIPAXKECHHS ISl TDIOTHOCTH DHEPTHHU 3HAKOM IOCJIEIHUX JIBYX WICHOB. OJTH

KOMIIOHEHTBl MOTYT TMPUHHMATh B IMPOLIECCE DOBOJIOLMHM KakK MOJIOKHUTEIbHBIE, TaK U

OTpHUIIaTeNbHbIE 3Ha4YeHMs. VICKiIrodash CHOBAa BTOPYIO MPOM3BOIHYIO C TOMOIIBIO YpaBHEHHUE
n _ n

(3.18), 1 momarasi, KaK 3TO MPHUHATO TSI MAKPOCKOMUYECKUX Cpe]l (ggr)m— - PgrJ,, , 3aIHIIEM

JaBJICHUC I'PpaBUTAIMOHHOT'O I10JISI B BUAC!:

c? 2P -2u+o

 484GT? ¥

Py = (3.36)
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Orcroga cnenyer, uro npu 0.25 < o < 0.5 mpoMcXOIUT M3MEHEHUE 3HAaKa JABJICHUS IIPU
CIIEYIOIINX 3HAYCHUSX U:

1-V1-20 _2-1 , _1tVi-20 241

U, 5 > N ~0.146, u, 5 N
I'pasumayuonnoe none umeem RnoxOHCUMENbHOE OdgieHue 6 npomedxcymrke Us<U<Uy 6
OCMANILHBIX CYUASX €20 OABNIeHUe OMPUYAMENIbHOE.

Pacecmotpum Tenzop Puyun. [loacrasnss cootnomenus (3.14), (3.15) B (3.3), (3.4) naiinem
BBIPKEHUS TSI €70 OTIIMYHBIX OT HYJISI KOMIIOHEHT Ha YPaBHEHUSX TTOJIS:

. 1 d(1dy) 1 (1dy) . 1 d(+rdy
RO=——— | ==L |- — RE = | VT (3.38)
2c? dtly dt ) 12c?| y dt 2c2.[y dt

Uckitouast BTOpblE TMPOU3BOJHBIC, 3aIUIIEM BBIPAXKEHUS JUIS  CKAJISIPHOM  KPUBU3HBI
poCTpaHcTBa-BpeMeHH R.

~0.8536  (3.37)

R=RJ+R/ =—#@u2—2u+aj. (3.39)
c iy

KpI/IBI/ISHa IMPOCTPAHCTBA - BPpEMCHU U3MCHACTCA B IIPOLCCCE 3BOJTIOLMU U IIPUHUMACT CHa4dajla
OTPULATCIIBHBIC 3aTCM IOJIOKUTCIIbHBIC U, HAKOHCL, CHOBA OTPULATCIIbHBIC 3HAUCHU .

3.4 KunemMaTHuKa OTHOPOJAHOI0 MPOCTPAHCTBA.

B cuny (3.32), (3.33) makcumaibHas TUIOTHOCTH YHEPTUU TPABUTAILIMOHHOTO TIOJISI paBHA

_ c’o oxo| _ 28rctgv4o -1
Do = 962G 7 to-1 )

Ortcrona cnenyer npu ¢ ~1/4

T\/H{ c’o Jmexp( arctgv4o — j c{ 1 Jm. (3.41)

967G - Pyr e 4o -1 8e | 677Gy rax

(3.40)

CootHomienus (3.22), (3.28) MoKHO 3anucaTh B pa3MEpHOM BUJIE:

t—t, —TMI 4f;3;)+ dy, H(u):—3T 1 %
\ 4 min
Cormnacuo (3.21) f (U) 3aBHCHT TOJBKO OT MOCTOSAHHON 0. [Ipu TOJCTaAHOBKE B 3TH COOTHOIICHHUS
3HaueHuil [14]: BpeMeHHu OT Hauaja SBOJIOLHMM 0 TEKYIIEro MOMEHTa to-tst =13.81:10° ner u
napamerpa Xa66ma H° = 67.3 km ¢ Mnc™, monmyanm mapy ypaBHeHHit Ui 1BYX HEH3BECTHBIX —
0 Y 3HaYCHUS napaMeTpa u’na TEKYIIHi MOMEHT BpEMEHU

— 4f(y) 0 1 u®
t _t _T d 1H = '
mm-[ -2y+o d 3Ty, )

KBa3nkiaccnyecknil MOJXO0/| ONpPAaBIaH MPH YCIOBUM, 4TO mapamerp T./y., =1, roe ty —

(3.42)

IUVITAaHKOBCKOE  BpeMsi. MunumanoHomy 3uauenuro 3moeo napamempa coenacho (3.40)
coomeemcmeyen MaKCUMANbHAs NIOMHOCMb SHEpeUuU 2pasumayionHo20 NONA HA 4Yembipe
nops0Ka MeHbuias NIAHKOBCKOU. B 3TOM cilydae pellieHue CUCTEMbl YPaBHEHUI:

6 =0.2501278984, u°=6.118625359. (3.43)
Pe3ynbrarhl pacyeToB OCTaJIbHBIX MMApaMETPOB JJI 3TOTO cilydas npejactaBiieHbl B TaOmuie 1.
Huxe B Tabmuue 2 mpuBeneHbl pe3yiabTaThl aHAJOTHYHOTO pacueTa, HO C MaKCUMaJbHOU
IJIOTHOCTBIO SHEPTMM PABHOM TOM, KOTOpask TOCTUTAEeTCsl HA YCKOPUTENAX ¢ dHeprued B 1 TeB
(pgrmax = (1TeB)* = 2:10%° I m®).
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Jlns mapamerpa U BBIOPAHBI XapakTepHble 3HadeHms U, U2, u4, o, u3, ul, o/2,
JIOTIOJTHEHHBIE PSJIOM MMPOMEKYTOYHBIX 3HAYCHHN. B Tabmuiie:  — KOCMUYecKoe YCKOpEHHe, Z —
KOCMOJIOTHYECKOE KpacHOe CMelleHne, R - ckansgpHas KpUBU3HA MPOCTPAHCTBA-BpeMeEHH, t-ts; —
cobctBeHHoe Bpemsi, H — mapamerp Xa606:a.
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TfVmin = 11 € Pgemax =5-2-10" [k -m %; 6 =0.2501278984; u°=6.118625359
u q Z R, M2 t-tst, H, ¢t
6.118625359 0.7599 0 -5.589-10™° | 4.358-10" 2.181-10
1.362294111 0 0.84987 -6.308:10™% | 1.876:10"' 3.074-107°
0.853462941 -0.5 1.41598 -6.144-10™° | 1.129-10" 4.290-10°
0.8 -0.5819 1.52552 -5.890-10™% | 1.029-10" 4.594-10"°
0.7 -0.7600 1.79266 -4.732:10™° [ 8.275-10% 5.435-10°
0.6 -0.9789 2.20159 -6.939-10° | 6.051-10™ 7.019-10™°
0.5 -1.2496 2.93915 1.977-10° | 3.650-10™ 1.089-10""
0.4 -1.5775 4.83051 3.079-10™° 1.305-10™ 2.826-10"
0.35 -1.7543 7.80386 3.648:-10% | 4.161-10% 8.511-10"'
0.3 -1.9156 24.3239 1.843-10% 1.963-10" 1.737-10"
0.28 -1.9643 87.6127 3.105-10% [ 4.848-10% 6.945-10
0.265826306 -1.9880 1090 9.993-10°" | 2.719-10° 1.230-107°
0.250127898 -1,9985 8.09106-10" | 1.484-10™ 7.062-10" [ 4.723-10%
0.146537059 -0.5 2.16717-10° [ -9.435-10%° [3.785-107% 5.317-10%
0.137705891 0 2.24648-10° | -2.067-10°" |[3.125-10% 5.565-10™
0.125063950 1 2.33685-10° | -4.321-10°" |[2.426-10% [5.689-10™
0 o 2.58860-10" |-4.788-10%° |0 0

Tab6uuua 1. KuneMaTnka npocTpaHcTBa P MAKCHMAJIbHOM IJIOTHOCTH YJHEPTHH Pgrmax =
5.2:10" JTak-m>.

Parmex = 2:10% Tl M % Ty, =8.691286792:10™ ¢; 0 =0.2505131772; u°=6.116607675
u q Z R, m* t-tg, C H, ¢t
6.116607675 0.7598 0 -5.588-10™% | 4.358-10" 2.181-10™
1.362058100 0 0.84978 -6.145-10™% | 1.876-10" 3.074-10%°
0.853190333 -0.5 1.41607 -9.218:10™% | 1.129-10" 429110
0.8 -.58143 1.52504 -5.894-10°% | 1.030-10" 4.592-10™°
0.7 -.75942 1.79220 -4.740-10™° | 8.281-10™° 5.433-107°
0.6 -.97810 2.20058 -7.194-10™% | 6.057-10™ 7.014-10™
0.5 -1.2485 2.93699 1.0963-10™" | 3.656-10™° 1.088-10™""
0.4 -1.5757 4.82107 3.042-10™° 1.313-10™ 2.813-10"
0.35 -1.7519 7.76490 3.545-10% | 4.218-10% 8.404-107
0.3 -1.9124 23.6505 1.564-10%° | 2.130-10" 1.602-10™"
0.28 -1.9607 78.6976 1.638-10" | 6.670-10% 5.054-10™
0.263724335 -1.9863 1090 9.820-10°" | 2.741-10° 1.221-10"
0.250513177 -1,9939 5.92654-10° 2.294-10%° | 17.963 0.001859
0.146809667 -0.5 1.84758-10"° | -3.638-10° 6.102-10" 3.301-10™
0.137941901 0 1.91536:10° | -7.974-10° 5.037-10° [ 3.456-10™
0.125256589 1 1.99255-10° | -1.6669-10" |3.910-10° |3.533-10"
0 % 2.20739-10" | -1.8450-10° |0 0

Tabuua 2. KuneMaTnka npocrpaHcTBa NpH MaKCMMAJIbHOM IVIOTHOCTH DHEPIUH Pgrmax =
2:10% Jik-m™>.
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Takum oOGpa3zom, BMeCTO cTaHAapTHOU KocMmojorndeckord mozaenmu (CKM) B aToMm ciydae
Mbl HUMEEM KOHTHHYYM KOCMOJIOTMYECKHX MOJENel, MapaMeTPU30BaHHBIX 3HAYCHUEM
MaKCHMAaJIbHOM INIOTHOCTH SHEPTUM Pgrmax. M3 cpaBHeHMs 3THX AaHHbIX Tabmun 1, 2 cinenyer,
YTO, IO KpailHEeW Mepe, 10 KOCMOJIOTMYECKOT0 KPACHOTO CMEIIEHHUS MMOBEPXHOCTU «IIOCIIEAHETO

pacCCAaHUA»
1/3

0
2(0.2647 £0.0011) =1090, z(u) = 4CH) -1 (3.44)

y(u)
pe3ynbTaThl PACYETOB XOPOIIO COTIACYIOTCS MEXAY COOOH, HECMOTpPSI Ha OTJIWYUE B BEJIIMYUHE
MaKCHMaJIbHOW TUIOTHOCTH SHEPTruu OoJjiee 4eM Ha MIECTHECAT MOPSAKOB. ITO 0OCTOATEIHCTBO
WCKIIFOYaeT COMHEHHUS B BO3MOXXHOCTH OJHO3HAYHOT'O OIMHUCAHUS HBOJIIOIMK TPOCTPAHCTBA B
ATOM JUamna3oHe M3MEHEHUs! KpacHoro cmemieHus. Ciemnyer oOpaTuTh BHUMAaHHUE HA TOT (akT,
YTO «IIOCJICIHEE PACCESHHE» IMPOM3O0INIO MO MCTECYCHHH MEHEee CTa JIET OT Hadaja mpolecca

sBojtoruu B otauuue ot 373 000 ner B ACDM — monenu [14].

Cyl1iecTBeHHbIE OTINYUS MEXKAY MOACISMU UMEIOTCS JIMIIb U OONBIINX 3HaUeHUsX Z. B
MOMEHT Hayajia 3BOJIIOIMU CKaJIApHAs KPUBHU3HA WUMEET OIPEJEICHHOE KOHEUHOE 3Ha4YCHUE,
MO3TOMY MOKHO ONpEIEIUTh XapaKTepHBbI HauadbHBIA pa3Mep, Kak BEIUYMHY OOpaTHYIO
KOPHIO M3 MOAYJS KPUBU3HBL. JTOT Pa3MeP 3aBUCHT OT BEIMYMHBI Pgrmax U IS PACCMOTPEHHOIO
B Tabmumax 1, 2 quanazoHa SHEPruid MOXKET COCTaBIIATh OT 1073 o 107 MeTpa.

3.5 T'eone3uyeckre U SHTPONHUS OTHOPOTHOTO MPOCTPAHCTBA.

s metpuku (3.27) kak u 1t metpuku Opuamana-Jlemerpa-Pobeprcona-Yokepa, THHUH
x' = x* = x* = const SBIAIOTCS TEONE3HYCCKHMH, W B KAKIOH TOYKE MOXKHO BBECTH
COIYTCTBYIOIIYIO CHUCTEMY KOOPIHMHAT, B KOTOPOHl onpedeneHnas @viuie nepemennas t 6yoem
ABNAMBCS COOCMBEHHBIM 8PEMEHEM.

[Moncrapisis B ypaBHEHHs reoe3ndeckoii X(€) ¢ HaTypaabHBIM apaMeTpoM &
d?x _, dx” dx*
+ vA =

dg* dg d¢g
cumBoisibl Kpucropdens (3.2) ana merpuxu (3.27) U MHTErpupys IOJIYy4YEHHbIE ypaBHEHUS,
HauaeM:

m 0

% = A"y 3 (X%), G (X°) % =+ /A3 (x°) + B, A2 = A"5, A", A", B=const.  (3.45)

['unepnioBepxHOCTh t = ty ABIETCS KpaeM HaWJAEHHOI'O MPOCTPAaHCTBEHHO—BPEMEHHOIO
mHoroo6pasust. Ha kparo U(tsy) = 0 u kocmmueckoe yckopenue (3.29), sBistomieecs
MHBapHaHTHON HaOM0JaeMol BENTWYMHON, oOpaiaercss B O€CKOHEYHOCTb. B cBsI3u ¢ 3TUM
aro0ast, BBIXOASNIAS Ha Kpall reoje3nueckas, NpU KOHEYHOM 3HAUeHHM & CTOJKHETCS C
HEYCTpaHUMON  0coOeHHOCThI0. CleoBaTENbHO, HAUOEHHOe MHO2000paszue  A61Aemcs
MAKCUMATILHO NPOOONACUMBIM BOO0JIb 2€00e3UYeCKUX 8NJI0Mb 00 KPasl.

Cornacto (3.45) B COMyTCTBYIOIIEH CHCTEME KOOPAUHAT BAOJb T'€0IE3UUYECKON ONpeIeieH
BEKTOD 4 - CKOPOCTH

. dx*“ _1/
v === (G " .000)
B sTom cnyuae u3 ypaBHeHUs anuadatuuHocTd ¢ yuetoM (2.4), (2.5), (3.17), (3.21) cnenyer:
k ,, .0Iny-g a-k o-k
Sgr =a— V" (X) = =— . (3.46)
I, OX 21,,cT{y(u)  215,cT/y(u)

B mocneanem paBeHCTBE MbI OTOXKIECTBUJIM HEM3BECTHYIO MOCTOSHHYIO 8 C €IMHCTBEHHBIM B
Teopun Oe3pa3sMepHBIM mapameTpoMm o (3.18), XapakTepu3yomuM HalIeHHOE TPOCTPAHCTBEHHO
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— BpeMeHHoe MHorooOpasue. U3 (3.46) cnemyer, 4TO MIIOTHOCTh SHTPOMUHU B HACTOSIIEE BpEMs
JOCTaTOYHO CIa00 3aBUCUT OT MAKCHMMAJIbHON IUIOTHOCTH SHEPTHUU U MPH Pgrmax = 2 10%° Z[)K-M'3
paBHa

0 42 -3
See(U) = ~1.7-10"-k-m

o-k
2|§ICT\/ ymin f(uo)
Ota BenmuuuHa Ha 18 MOPSAIKOB MPEBOCXOJUT BKIIAJ BCEX OCTaJbHBIX MCTOYHHKOB DHTPOIIUH,
yuuThiBaeMbiX B pamkax OTO [15].

B cuny (3.45) nna maGmromarens, TMOKOSIIETOCS B Hadaje KOOpPAWHAT U CBs3aHHOTO 0 —
reogesndeckoit (B=0) ¢ comyrcTByromeii Toukoi, paccrosiaue, kak u B OTO, omnpenensercs
COOTHOIIEHUEM [7]:

d(t):c-a(tO)-j%,

rae a(t) — macmrabuelii (akTop, t - cobcTBeHHOE Bpems. B paccMmatpuBaemoM ciiydae (haktop
a() = ylle(t) OnpeJiesieH MPUBEICHHBIMU BbIle cooTHomeHusMu, B OTO mociie OTKpbITHS
KOCMHUYECKOr0 YCKOpeHusi oH omnpezensercs B pamkax ACDM — monenu [7]. Ilapamerpsl 3Toi
MOJICNIA TOJOMPAIOTCA HMCXOJs M3 YCJIOBHS OOECIEYeHHS HAWIY4IlIero COrjacusi co BceH
COBOKYITHOCTBIO UMEIOLIUXCS B HACTOSIILEE BPEMS SKCIEPUMEHTAIIbHBIX JaHHBIX, UX YUCICHHbIE
3Ha4YeHHs 1o cocTosiHuio Ha 2013 rox npuBenens! B [14].

7

(3.47)

o

m

I

Gps

W]

ra

—_

=

0.0 0.5 1.0 1.5 20 245 3.0
z

Pucynok 1. Paccrosinue 10 00beKTa B 3aBUCMMOCTH OT €ro0 KPacHOT0 CMeIIeHHsl, BEPXHss
KpuBa# - pacyert no (3.47), nuxkuss — pacuer no ACDM — monenn.

B pa6ore [14] npuBeneHa B rpaduueckoii popMe BCsA MMEBINASACSA HA MOMEHT ITyOJIMKAIINN
COBOKYITHOCTh JaHHBIX 0 3aBUCHMOCTH pPacCTOsSHHs OT KpacHoro cmerenus (Fig. 24.2, Fig.
26.1). CpaBHenue c pganHbiMH [14] moOKa3wsiBaeT, 4To 00€ TIpEACTaBICHHBbIE Ha puc. 1
3aBUCHMOCTH JIeXKaT B MpeJeiax MOTrPelIHOCTH YKCIIEPUMEHTAIbHBIX JaHHBIX. boiee Toro, kak
CIIeTyeT U3 NMPUBEJICHHBIX HA PUC. 2 TaHHBIX, JaXKe OYIyNIue SKCIIEPUMEHTHI TAKOTO POJia BPST
U TO3BOJSIT CAENaTh BBHIOOP MEXAY OTUMHU JABYMS 3aBUCUMOCTSIMH. [Ipu mpomomkeHun
MIPUBEJICHHON 3aBHCHMOCTH B 00JIACTh OOJIBIIMX 3HAYCHWH Z ee XOJ OyIeT OompeaensThCs
HEU3BECTHOI B HACTOsIIIIEE BPeMsI MAKCUMAIIbHOM TIOTHOCTHIO DHEPTHH TPABUTALIMOHHOTO TOJIS.
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0.1

0.0

Pucynok 2. OTkjI0HeHHEe OT eIMHUIbI OTHOLIEHUS] PACCTOSATHM, BIYHCIAEHHBIX 10 OTO n
JAaHHOI Teopuu (M0 BEPTHKAJIM), B 3aBUCUMOCTH OT BEJIMYHHBI KPACHOTO CMeELIeHHSI.

CpaBHHTEIBHO MaJiasi BEJMYMHA OTKJIIOHCHUS CBS3aHA C HWHTETPAIBHBIM  XapaKTepOM
3aBUCHUMOCTH PACCTOSIHHS OT KpacHOro cMemieHws. IS JOKaJIbHOTO MapameTpa, TaKoro Kak
napameTp Xab01a, cuTyanus HHasl.

250

200

150+

100 —

&0

-1 -1
Pucynok 3. 3aBucumoctsr mapamerpa Xa60ua (km-c -Mnc') OoT KpacHoro cMmemieHus.
Bepxuss kpuasi — ACDM-moae/b, HUKHAS KPUBasi — JaHHAs1 TEOPHS.

B sTOM cnydae, Kak NOKa3bplBa€T CPABHEHME DPE3YJbTAaTOB pacdeTa C 3KCIEPUMEHTAIbHBIMU
nauubeiMu ([16, ¢. 20] Fig.4) mpu z < 2.5 00e 3aBUCHMOCTH TakK K€ YKJIAJBIBAIOTCS B MPEICIIbI
HOTPEIIHOCTH dKCIepUMEeHTOB. O/HAaKO Kak BHJIHO M3 puc. 4 mpu OONBIIMX KPAaCHBIX
CMEIIIEHUAX PacXO0KJIEHUE MEXI1Y HUMHU YBEJIMUMBAETCS MHOTOKpaTHO. Takum o0pa3oMm, TOJIBKO
OJIHA U3 JIBYX TEOPUI MOXKET OBITh CIpaBe/INBA.
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Pucynok 4. 3aBucuMocTh OTHOIIeHHMs1 mapamerpa Xa606i1a B ACDM-mogenu k ero
3HAYEHHUIO B IAHHOI T€OPUH OT KPACHOIO CMeEIIeHHSI.

CylecTBEHHO TO, YTO B 3TOM OOJIACTH KpAacHBIX CMEIEHUH 3aBUCUMOCTb HE HMEET
CBOOOJHBIX TApaMETPOB, OMPEAEISIETCS TOJIBKO HAaYalbHBIMU 3HAUCHUSMH Tpu Z = 0 U, Kak
BuAHO U3 Tabmuuel 1, cipaBenvBa BIUIOTH 0 HayalbHOro MoMeHTa BpeMeHu. B OTO, 4To6b1
obecrieunTh coriacue ¢ sKcnepuMeHToMm, B pamkax ACDM-monenu BBeneHBI THIOTE3BI O
CYIIECTBOBAaHMM TEMHOHW SHEPrMM M TEMHOH Marepuu. s ommcaHus kK€ 3aBUCHMOCTH B
o0nacTu OOJBIINX Z BBOJUTCS TMIIOTE3a O CYIIECTBOBAHUU MH(IATOHOB.

3.6 TemnepaTypa 01HOPOIHOI0 FPABUTALHOHHOIO MOJIS.

B nycToMm mpocTpaHcTBe rpaBUTALMOHHOE T0JIE€ 001a/1aeT XapaKTepUCTUKAMU MTPUCYIIIUMHU
MaTepuaibHOW Cpele: SHEeprued, naBieHHWeM U OSHTponued. B cuiay o0mmx 3aKoHOB
TEPMOJMHAMUKH €Ill€ OJHOM XapaKTepUCTHUKON COCTOSHUS Cpelbl ABISETCS Temreparypa - 0,
M3MEHEHHE KOTOPOH MpU PaBHOBECHOM Ipolecce 0e3 MoJBoja Tera CBS3aHO ¢ M3MEHEHUEM
JIaBJICHUS cOOTHOIIeHUEM [17]:

dg,, dp,,
Sgrd—f:d—tg. (348)

OTO ypaBHEHHME TIO3BOJSET MO HaWAEHHBIM 3aBUCUMOCTSM naBieHus (3.36) ¥ IIOTHOCTH
SHTPOIUH IPABUTALIMOHHOTO 101 (3.46) OT U ompeneauThb ero TeMnepaTypy.
[Toacrasisist B (3.48) COOTBETCTBYIOIINE 3aBUCUMOCTH, MTOTYIHM:

2 2 )
S oy | [ Ll FCAL ST (3.49)
487GT r(u) 21;,cT
WuTerpupys 310 ypaBHEHUS C yquOM 3aBHUCHUMOCTH y(u) (3.21), naiinem:
o-2u(l-o
6, (u) = j (-0) (3.50)

127 -K-T¥in 50 f(u) o —2u+4u?

IIpn u = u° (HacTosMI MOMEHT BpPEMEHM) BeJIWYMHA MHTerpajga A JaHHbIX Tabmun 1, 2
onuHakoBa M cocTaBisieT 0.5 (C TOYHOCTBIO O BOCBMH 3HAKOB). B Toxe Bpems Temmeparypa
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TPaBUTALMOHHOTO TOJIS Qgr(uo) mmensiercst ot 1.879-10%° °K B nepBoMm citydae, 10 1.166 K BoO
BTOPOM.
1.0 "

0.75

0.5

0.254

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

0 1 2 3 4 5 6
u

Pucynok 5. ITo BepTHKAJIH OTJIOKEHO OTHOLIIEHHE TEKYIeil TeMIePaTyphl K ee 3HAYEHHI0 B
HacTosiIee Bpemsi B 3aBucumoctH ot U (3.19).

Cs3p 0e3pa3MepHOl CKOPOCTH H3MEHEHHs O00BeMHOro ¢akropa U ¢ COOCTBEHHBIM
BpeMeHeM BuaHa u3 Tabmun 1 u 2. CiaemyeT OTMETUTH, YTO JJIsi OOOMX MPEICTaBIECHHBIX B
TaONlMIle BapUAHTOB pACUETHBIE 3aBUCUMOCTH TPAKTUYECKHM WJEHTHYHBL. TemmepaTypa
COXpaHsETCS Ha MOCTOSHHOM ypPOBHE PAaBHOM €€ COBPEMEHHOMY 3HAYCHHIO 3a MCKIIOUYEHUEM
KOPOTKOTO HayaJbHOTO MPOMEXKYTKAa BpeMEeHH. TO e€cTh rpaBUTALIMOHHOE MOJIe YXe nmoutu 14
MUJUTHAPJIOB JIET BIUIOTH JO HACTOSIIIETO MOMEHTAa M Jajee BIUIOTH 1O JOCTHXKEHHS TOJIHOTO
paBHOBeCcHsI UMEET, U OyJdeT MMEeTh MOCTOSHHYIO TemmepaTypy. OHO BBICTyIaeT B KauecTBe
tepmoctata Bcenennoit. Temmeparypy Takoro TepMocTara MOKHO OIEHUTh, HaOJrOIast
M3MEHEHHE TeMIEPaTypbl HaXOASAIINUXCS B TEIJIOBOM KOHTaKTe ¢ HUM Tel. [Ipu mpubmmkeHun K
PaBHOBECHOMY COCTOSIHMIO UX TeMIlepaTypa JOJDKHA aCHUMIITOTHYECKH CTPEMHUTHCA K
TeMIlepaType TepMocTara. B dYacTHOCTH, €ClIM paccMaTpuBaTh TEMIIEPATypy PEIUKTOBOTO
W3JIy4CHHS, TO CO BPEMEHEM IpHU aarnabaTUueCKOM OXJIAXKICHUU OHA OYyJIeT CTPEMHThCS HE K
HYJII0, a K TEMIepaType TepMocTara. B HacTosiiee BpeMs: TeMiiepaTypa peIuKTOBOIO U3IIy4eHUs
paBHa 00r6| = 27255 °K u me 3aUKCUPOBAHbI, Kakue JTUO0O0 W3MEHEHUsi B Xoje e&
agnabatudeckoro oxuaxaeHus. Otcrooaa MOXHO CHeNaTh BBIBOJA, 4YTO TeMIeparypa
TPaBUTAIMOHHOTO MOJIS Q(UO) MEHBIIIEe 490r9| .

U3 (3.50) cnenyer:
TJ7min __05h (3.51)
127k8,, u®)

Ucnonb3yst 310 cooTHomenue u (3.41) MOXKHO CBs3aTh MaKCUMAIbHYIO BETMYUHY TI00aTbHON
IUIOTHOCTH DHEPTUU Pgrmax CO 3HAYCHUEM TEMIIEPATYPBI B HACTOALIEE BPEMS
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kO, u°) )
Pormax =502 73 h '

Ecnmu nmiist ONEHKM TNPHHATH TEMIIEPaTypy ng(uo) paBHOM TeMIlepaType PEIUKTOBOTO
U3JIy4CHHUS] B HACTOSILEE BPEMsI &° rel = 2.7255 OK, TO Pgrmax < 1-10% I[)K'M'3 ~ (1.5-T313)4. 910
OJMM3KO K 3HAYCHHUIO B BapHaHTE HBOJIOIUH, MpEICTaBIeHHOM B Tabmwie 2, u pasumenvHo
omauuaemcsi om cmanoapmuou xocmonoeuveckou moodenu (CKM), 6 xomopoii niomuocms
OHepeuu Moxcem 0ocmueams eeiudyuHvl Ha 64 nopsoxka Oonvuuerl (1019F3B)4. Bo3mosxHO,
UMEHHO J3TO SIBISICTCS MPUYMHON OTCYTCTBUS BO BCeneHHON THIMOTETHYECKUX (POpPM MaTepuu
TaKUX, KOTOPbIE HE O0OHAPYKUBAIOTCS B KCTiepuMeHTax Ha BAK.

3z c?

(3.52)

4. bazoBasi Mo/1eJIb 3BOJIIOLIMH OJJTHOPOJAHOM U M30TPONHOI Beesiennoii

PocT MHTEHCHBHOCTH IPaBUTALIMOHHOIO MOJIS B MIPOLIECCE IBOIIOLUN HEUZOESIKHO MPUBEIET
K MOSIBJICHUIO HOBBIX CTPYKTYpP MaTepUH.

Paccmotpum deHOMEHONIOrHUECKH BIUSHUE MaTePUH Ha MIPOLIECC dBOIIOLUU BeeneHHoil.

Kaxk noxazano B pazzene 3, CymecTByeT €IMHCTBEHHOE OJHOPOJIHOE IIPOCTPAHCTBO-BPEMSI
C U30TPOIHONW METPUKON BHUIA

ds® = goo (X2)(dx®)? — 3 (x%)dx"dx"5, ...

[Iycth B HEKOTOpPHIH MOMEHT BPEMEHH B ITOM IIPOCTPAHCTBE-BPEMEHHU POKIACTCS

MaTepusa. B cuiy ero oJHOPOJHOCTH W HM30TPONUU TEH30p CpPEAHEH IUIOTHOCTU SHEPruu-

UMITYJIbCa MATEPHHU 3aIUILEM B BUJIE (gmat); = diag (Pmat, - Pmat s~ Pmat, - Pmat). [IOCKOJIBKY CBSI3b
(1.1) He BKIIIOYAET IOJISt MATEPHM, TO, KAK OTMEYAJIOCh B pa3Jelie 3, KOBapUAHTHAS IPOU3BOHAS

ATOro TEH30pa JOJKHA OBITh PaBHA HYIIIO.

L ¢ O g P _
ﬁ@xv (H(Smat)ﬂ) L (€mat)? =0.

[ToxcTaBisis B 3TO ypaBHEHUE BBIPAKEHUS AJIsl CBA3HOCTH (3.2) B cilyyae U30TPOMHON METPUKH

HOJTyYUM:
Py _ 1 dyy
0 __(p+p)mat_ 0 -
dx Jy dx
Toraa npu HanUUUK MaTepun ypaBHEHUS TPaBUTALIMOHHOTO o (3.7-3.9) npumyT BuA:
d (1 Vi |_,
0 - 1

dx°| g, X

2
1 d 1 dy 1 (1 d;/j d 1 do | 84G
- - = =" +— (P +3DP) ar
VY00 dx’ 7\ Y00 dx® | 6gg, (¥ dx” ” dx° 900v oo dx” c’ t

L Ay 1Ay e e 1 df [y dD) BG s
V1900 8%\ goo 3y dx’ o oo IX° (VG dX° c’ e

[ToBTOpsIs BCEe BBIKIAIKM C YYETOM OTHX JJ00aBOYHBIX wiIeHOB, BMecTo (3.20) momydyum
cienyroliee HHTerpo-audhepeHInaIsHOe YpaBHEHNE

gwg_u:4u2 —2u+o+M(u,y, 37/)

y du

(4.1)

, (4.2)

r/ie BBelleH () yHKITMOHAT

d 487GT? 17 dy \du
M(U,%d—f;) :C—Z(_y(p_‘_ p)mat +Zj.(p_ p)mat(d_fj/j?}'
0
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OpUYeM MpPeanoaraeTcs, 4To OdeleHue U NIOMHOCMb dHEpeUU MAmepuu pPAasHvl HYI0 6
HAYAIbHbIIL MOMEHM 8PEMEHU.

YpaBHEeHUS AJIT KOCMHYECKOTO YCKOPEHUS, TUIOTHOCTU SHEPTUH, JABJICHUS W CKASIPHON
KPUBHU3HBI B 3TOM Ccllydae TaKxke BHIou3MeHstorcs, Bmecto (3.29), (3.32), (3.36) u (3.39)
MOJTYyYHM:

qzl—%+i’%+%M(u,y,%), (4.3)

Pyc + Prat = ﬁzﬂ% = % = P (U), (4.4)

Pgr + Proat = 487‘;;1_2 1[2u 2u+a+M(u,y,3—Z)] (4.5)
R=—202—#27Eu2—2u+0+M(u,y,3—Z)] (4.6)

CornacHo HaOmIOMATENLHBIM JaHHBIM BO BCElIGHHOW B HACTOsIIEe BpPEeMsl HUMEETCS:
OapuoHHasi MaTepus, SJCKTPOMArHUTHOE U3IyYeHHE U HEUTPUHO. DTH KOMIIOHEHTHI Clabo
B3aMMOJICHCTBYIOT MEXIy cO000H. B 3TOM ciydae 3aKOHBI «COXpaHEHHS» JUISl KaXJIOTO BHIA
MaTEepPHH BBITMOJHAIOTCSA B OTACIBHOCTH. J[71s1 OapHOHHOI MaTepuu NaBJICHUE MOXXHO CUMTATh
PaBHBIM HYJIIO, JUIS JJICKTPOMArHUTHOTO W3JIydeHUs P=p/3, NI HEUTPUHO aHAIOTHYHOE
COOTHOIIIEHUE OYIET CIpaBeIUIMBO 0 TEX IOp, IMOKAa MOXXHO NpeHeOpeYb HAIMYHEM Yy HHX
Mmacchl. [Ipu atux ycioBusix u3 (4.1) cnenyer:

/ /

Po =Py~ P, =P o| —— Py =Py
RN R N Jr

BepxHuM HHIEKCOM OTMEUEHBI 3HAUCHUSI, OTHOCSIIIMECS K HACTOAILIEMY MOMEHTY BPEMEHHU.

W3BecTHO, YTO TUIOTHOCTH 3Hepr1/11/1 JIBYX TIEpBBIX KOMIIOHEHTOB COCTaBIISET
COOTBETCTBEHHO £y = 0.0499 u Q,= 5.46- 10° or KPUTHUYECKOM MIIOTHOCTU SHEPTUU B HACTOSAIIIEE
Bpemsi [14]. [ns HEWTpWHO [aHHBIE MEHee ompeneiaeHHbie Q, < 5.52-107. 3, Jlanee, 4T06bI
OIICHUTh MAaKCHUMAIbHYIO CTEHEeHb BIUSHUS MaTEepHH Ha TMPOIECC DBOJIONUHU, OyaeT
MCITOJIb30BAaHO UMEHHO 3TO 3HaUYE€HHWE OTHOCUTEILHOMN TUIOTHOCTH HEUTPUHO.

Ha BpemMeHax He CIMIIKOM JaJ€KUX OT HACTOSIIEr0 BPEMEHHM HMMEEM CIIEIYIOLIUE
3aBUCHUMOCTH CPEIHEH IIIOTHOCTU SHEPTUH U JABJICHUS MaTePUU OT 00bEMHOT0 (pakTopa:

4/3 4/3
0 0 0 0
Pt = P Qb‘/\/Z+Q ‘/\/Z , pmatngrQ% L Q=0 +Q, . (4.8)
y % %

@yHKIMOHAN B npaBoi cTopoHe (4.2 - 4.6), onucbiBaeT 0OpaTHOE BO3/JECTBUE MaTepUH
Ha MeTpuKy. B MoMeHT Hauana sBodOIMM (QYHKIMOHAJI pPaBEH HYIIO, a BCS DHEPIUs
COCpPEeOTOYEHa B TPABUTALMOHHOM II0JIe, MO3TOMY B IE€PBOM HPUOIMKEHUH OOpaTHBIM
BO3/ICIICTBEM MOXXHO IIpeHeopeys. [lonoxum

M (1)(u,7,%) =0,
du

I/Ie MHJEKC B CKOOKax 0003HaYaeT HOMep MPUOIIKEHUS.

B sTom ciiyyae nzameHnenue o0beMHOro (akTopa U ero Mpou3BOJHON MO-TIpeKHEMY OynieT
omuchIBaThCs cooTHomeHusMu (3.20), (3.21), a kpuTHUecKas MIOTHOCTh - COOTHOIIEHUEM (4.4).
Takum o00pa3om, B 3TOM MPUOIMHKEHUH IUIOTHOCTh JHEPTUU W JaBJICHHUE MATEPUU MOKHO

CUNTATh U3BECTHBIMU (PYHKLUSAMH OT U 1pH Up < U.
1/3

f(u°) ) o0 ("
Prat(U) = po —— () Q, +Q ) P =5 Q—f(u) Q=0 +Q, . (4.9
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4.1 I110THOCTHL JHEPTUM MATEPUH B 0YeHb paHHell BeesieHHOI.

I[Ipu 0 < U < Up (oueHb paHHsAs BceneHHas) ycioBus, HPU KOTOPBIX CIIPaBEAIUBBI
cootHouieHusi (4.9) napymarorcs. [lpuunHON SIBISETCS SKCTPEMATbHO BBICOKAas IJIOTHOCTH
SHEPruu rPaBUTALMOHHOIO IOJIs, JOCTUTaoIas, KaK [MOKa3aHo B pasiene 3, ypOBHA MIOTHOCTH
sHeprun BAK. B 3TuX yclnoBHsIX NOMHMO MEPEYUCICHHBIX YaCTHIl OYAYT POKIAThCS, U APYTUE
KOMITOHEHTBI CTaHJJAPTHOM MO 3JIEMEHTAPHBIX YaCTHUIL U MOJEH.

Wmes 370 B BHIY, JOONPEICIUM 3aBUCHUMOCTH pmat(U) B Hadaje mporecca 3BOJIOIHU
cienyomuMm obpazom. IlockoiabKy B 3TOT MepuUOA JPYTHMX HCTOYHHKOB DHEPIHMU KpOMe
TPAaBUTALUH HET, IPUMEM, YTO OHA NIPONOPLHUOHANBHA pgr(U) ¢ OGe3pa3MepHBIM KO3 (DHIHEHTOM,
3aBHUCSIIUM OT IUIOTHOCTU YHEPTHUH IPABUTALIMOHHOTO MOJIS:

pmat(u)zﬂ(%J Py (U), A<1 0<u<u,n=0. (4.10)
u
W ckirovast mIoTHOCTh SHEPTUHU TPABUTALIMK W3 COOTHOIICHUH (4.4), (4.10) monyuum
A-u"
Uy=——"-—"—-—- u),0<u<u,,nx0. 411
pmat() fn(U)-f-ﬂ'Un pcr() b ( )

[TocTossHHYIO A ¥ BEeTWMYHMHY Up OTIPEICIIMM U3 YCIOBHH TJIAJAKOTO COMPSHKEHUS 3aBUCUMOCTEH
(4.9), (4.11) mpu U = Up. ITpupaBHUBAS OTJEIBHO IJIOTHOCTH SHEPTHHU U MX IMPOU3BOJIHBIE TTPHU U
= Up, MOJTyYUM CUCTEMY JABYX YpaBHEHUH ISl OripeesieHust Uy U A:

0 0 2 2/3
Aty (U] g T of TW) )] (4.12)
f'(u,)+A-uy  \uy f(u°) f(u°)
213 n n
a2 g, 1U:) 4o TU) |ne2on— At AUy (20, ~0) (4.13)
LT FE®) 3 fu9) fru)+A-ul ) u)+A-u '

Ota cucreMa ypaBHEHHUI UMEET JIBa PA3IMYHBIX PEIICHUS, GU3NYECKU OCMBICICHHBIM SIBIISICTCS
PelIeHHe ¢ MEHBIINM 3Ha4eHreM Up. st Hero Up << f(up) << f(u%), mostomy ypasrenue (4.13)
VIPOINAETCS U pElIeHHe MPUHIUMAET BUT
3(2+Nn)—/9(2+n)> —48(2+n)-o
u~ .
b

16
Benmuumaa Up ompepenseT TOT MOMEHT MHPOBOTO BpPEMEHH, KOTJa MaTepusi OTIEISICTCS OT
TPaBUTALMOHHOTO TONSA. OTO TPOUCXOAMT U3-3a YMEHbILIEHUS aOCONIOTHONW BEIUYUHBI
CKaJIIPHON KPUBH3HBI C TeUEHUEM BpeMeHU. KOHKPETHO 3TO MPOUCXOTUT B MOMEHT €€ TIEPBOTO
obparenus B Houb. M3 (3.39) crenyer, uro R(U) = 0 mpu

6-v36-96-0
u= .

16

D710 BhIpaKeHUE coBmaaaet ¢ U, mpu N = 0. Jlns aToro 3Hauenus u3 (4.12) Haiinem oTHOLIEHUE

IIJIOTHOCTU OHCPIruMv MaTCpyvr K INUIOTHOCTHU OBHCPIruMv TIpaBUTAOWMOHHOI'O IIOJIdI Ha MOMCHT
OTACJICHHUA OT HET'O MAaTCpUn

0 2 2/3
u f(u 6-v36-96-0
RO L BLICYR BTN -
u, f(u”) 16
[Ipy moacTaHoBKE B 3TO COOTHOIIEHHE 3HAYEHUH, COOTBETCTBYIOIIMX MaHHBIM TaOuuiel 2,
Haiiiem, 4To 3Ta KoM cocrasisuia 2.754-107%°. [notHocTh sHeprun Bceenennoit npu U = Up -
1.390-10*° Jik-mM™> Ha MomeHT BpeMeHH -t = 8.183-10™2 cekyHzpbl. [Ipy nmpuOmmxkeHnu K

Ha4YaJlbHOMY MOMCHTY BPEMCHHU CpCAHAA IUIOTHOCTH OHEPIrurM MAaTCpUH YMCHBIIACTCA B
COOTBCTCTBHHU C (41 1), CTPEMSICh K HYJIITO BMCCTC C KpI/ITI/I‘{eCKOﬁ IIJIOTHOCTBIO.

(4.14)
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4.2 TemnepaTypHasi HCTOPHS PaHHel M oueHb paHHeii BeeeHHoii.

OO6patuMcs Tenepb K TeMnepaTypHoil uctopuu panueir Beenennoit. [Ipu 3tom mbl Oynem
HUCXOJUTh W3 OCHOBHBIX IOJIOKEHWH, H3J0XKEHHbIX B [7]. K paHHeMy mepuoay OTHOCAT
MPOMEKYTOK BpPEMEHHU, KOTrJa TemIeparypa 3JICKTPOMAarHUTHOTO H3JyYEeHUs] HaXOIWiach B
yara3oHe OT 10% 1o 4000 K. Yr1Bepxkaaercs [7], 4TO CripaBeJIUBBI CICAYIOIINE COOTHOILICHUS
MEXY TUIOTHOCTBIO SHTPONUHU S, Temmeparypoil 6 u macmraOHbIM (akTopoM a s
JJIEKTPOMArHUTHOTO W3Iy4YeHUST U HEUTPUHHOW Marepuu (COOTBETCTBYIOIIME BEIUYMHBI
MOMEYEHbI HUYKHUM UHJIEKCOM Y WUJIU V):
7°k*

T 150°%°
Hcnonb3yss mosiydeHHBIE B Hpe):[bmylueM paszene BbIpaXeHUs s o0beMHOro (akropa,
MEepPENUIIEM 3TH COOTHOLLEHHUS B BUE:

1/2 f(u,
5, (0)7"" () =5, (6,)7"* (u,); syw)%a % 7”2(? b>) % & f(l(Jl;)
7

5, (0" (W) =5,,)7"* () s (6’)—Za 0; 711/,22(%) 3393&; 6, =0, (uy) - (4.16)
uw 2 f(u)

B [7] nmokazano, uto ypaBHenue (3.48) mpUMEHUMO M JJIsl ONKUCAHUS U3MEHEHUs TEeMIIepaTyphbl
MaTepuu Bo BeenenHnoil. B 3ToM ciyyae B cuily alJUTUBHOCTU BKJIa/J0B KOMIIOHEHT B JaBJICHUE
U TUIOTHOCTB HTPONUHU ypaBHeHUE (3.48) nmpuHUMAeT BU:

P = (5, (8) +5,(O))dO. (4.17)
[TpruMeHNM 3TO ypaBHEHHE K ONMCAHUIO HAYaIBHOTO ATara dBoionuu npu 0 < U < up << uo, B
3TOM Cilydae, Kak cienyet u3 (4.9), Bkiaa 6apuoHOB B OOIIYIO IUIOTHOCTh DHEPTHMHU MaTepuu
HUYTOXKHO MaJI, MAaTEPHIO MOKHO CUHMTATh YJIBTPAPEIIATUBUCTCKON cpemoil u ¢ yderom (4.4),
(4.11) 3anmcarh 1aBJICHHE MaTEPUHU B BHJIC:

c? u Y
,0<u<u,.
P () =73 247zGT2ym.n (f(u)j ;

[IpeneOperasi mMoka BO3MOKHBIM pa3IMuMeM TeMIIepaTyp KOMIIOHEHT MAaTepUH 3aluIleM
ypaBHeHnue (4.17), onpenenstoiiee U3MEHEHUE TEMIIEPATYPHI.

2 2

Ao MWy U} -2 pde (4.18)
3 242GT° f(u,) \ f(u) 6

Wurerpupys 310 ypaBHeHue ¢ yderom onpexaenenus (3.21) dynkuuum f(U) u e€ mpousBoaHOM,

noxyuuM npu 0<u<u,:

s, (6)a’ =const, s, () = a 6°, s,(0)a’ =const, s (49)— a0’ , a,

. 6,=0,(u,). (4.15)

A c 1 ]’- (o —2u)udu
29a, 67GT %y, f(u,){ (4u®—2u+o)f(u)
[ToncraBnsis B 3T0 ypaBHeHHME BblpaxeHue (4.14) nns mapamerpa A, HaiiieM BEIUYHUHY

TEMIICPATYypPhbI H(Ub) B MOMCHT OTHCJICHUA MATCPHUU OT I'PaBUTAIIUOHHOTO ITOJIA.
1/4

o)< L. © u( f(“)J )| (4.20)

0°(u,)-0(u) = (4.19)

29a, 64GT?y, . @)
rae
Uy _ 2
I(u,) = '[ ga u)udu .
o (4u” —2u+o)f(u)
PacueT npu 3HaYEHUAX MMApaMETPOB, COOTBETCTBYIOIMIMX JAaHHbIM Tabmuir 1 u 2 maet 1(u,)=2.302

(£0.0005) -10™. TIpu stom B mepBoMm ciydae O(Up) = 1.345-10% °K, Bo BTOpOM - O(Up) =
1.145-10" °K.
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CormacHo pacueTam, IpUBEIACHHBIM B [7], TeMmeparypbl H3JIY4€HHs U HEUTPUHO
COBMAJAIOT MPHU 0=10" °K, umxe Hed HEUTPUHO BBIXOJISAT U3 PABHOBECHUS C IPYTUMH YaCTUIIAMH
U MX TeMIIepaTypa MOHWKAETCS, ACUMITOTHYECKU CTPEMSACH K BEIUYHHE

1/3
o {2)0
11 7

B 1o ke Bpems TemmepaTypa H3JIydeHHs Tpu U > U, Oyaer yObIBaTh MO Mepe pocTa
MacmtabHoro (akrtopa 1o 3akony [7]:

16 /3
6,) _7"°u,) _ 7 (uy)
1/6 1/3
0,(u,) ) ()
[Toncrasiss crona BoipakeHue (4.20), HailieM 3aBUCHUMOCTb TEKYIIETO 3HAUYEHUS TEMIIEPaTyphl
u3iydeHus ot U(t) mpu U > Up:

(4.21)

2/3

c’ Q(u®.fu,) )

29a 62GT2y,, U, L u-f(u°)

f1/3(ub)

0 ( ) f1/3(u)

(4.22)

4.3 K Bonpocy 00 OTHOCHTE/ILHOM IJIOTHOCTH HelTPHHO BO BeesieHHOT.

Ilpu u = W%, TO ecTh B HACTOSIIMIT MOMEHT B Halicl BceleHHON 3HaucHHe TEeMIIEpaTyphl

Y(u ) JOJIKHO 6BITB PaBHO SKCHEPUMEHTAJIbHO HAOIIOAAEMOM TeMIlepaType peIHMKTOBOIO

usnyyeHus: 2.7255 K. Pacqu mo (4. 22) IIPU 3HAYEHUAX HapaMeTpOB COOTBETCTBYIOLINX
nanHbiM Ta6muus! 1 maet Hy(u ) =6.6215 K, JUT 1aHHbIX Taomunes! 2 - Hy(u ) = 6.6147 K.

B noctpoeHHOM KOHTHMHyymMe Mojenel BceilleHHONM 1 JByX KpaWHHX CIIy4daes,
OTJIMYAIOIIUXCS MEKAY cO00M MO MaKCUMaJIbHOW MJIOTHOCTH SHEPTUU Ha 64 mopsaka, B OJUH U
TOT K€ MOMEHT BpPEMEHHU (HAalllero HAaCTOSIIEro) TEMIEpPaTyphl PEIMKTOBOIO H3JIy4yEHUs
IPAaKTUYECKH COBMAJAIOT MEXy c000i, HO OT/IMYaroTCs OT HaOMro1aeMoro B Haieil BeenenHoit
3HA4YCeHHS OoJiee YyeM B JiBa pa3a. B u3noxeHHOM (heHOMEHOIOTrHYECKO MOIENN HET CBOOOIHBIX
apaMeTpoB, MO3TOMY TaKOE PACXOXKJICHHE MOIJO0 Obl O3HayaTh €€ Kpax, eciau Obl He OJHO
oOcrositenbcTBO. Kak oTMewanoch B Hauaine pasjena OTHOCUTENbHAs IUIOTHOCTb HEHUTPUHO
COTJIacHO JaHHbIM [14] Q,< 5.52- 10® ¥ OHa B OTIMYKE OT IUIOTHOCTH u3nydenus ,= 5.46- 10°
TOYHO HE OIpeJIeNIeHa TaKKe Kak U UX cymma Q = Q, + Q,. Dra BeIMYMHA BXOJWT B BBIPAKECHUE
JUI TeMIIepaTypbl PEIMKTOBOTO H3NMydeHus (4. 22) B BHIE NOCTOSHHOrO MHOXHTems QV°
[ToaTomMy pacxoxkieHue ¢ SKCIEPUMEHTOM MOXKHO YCTPAaHUTh, €CJIM BMECTO CTapOro 3HAYEHUS
OTHOCHUTEJIbHOM IJIOTHOCTH BBECTH HOBOE 3HaUeHUe Q.

"=(Q) +Q,)=1.6068-10", Q) =1.6068-10* ~5.46-10° =1.0608-10* . (4.23)

TakuMm 00pa3zom, eciiu BepHa U3TOKEHHAs! TEOPUS, TO Heu3BeCmHds 8 HACmosuee 8Pems
OMHOCUMENLHAR WTOMHOCIL netimpuno 6o Bcenennoii pasna €,*=1.0608-10". B srom ciyuae
IPHU Pgrmax = 2° 10% Jix-m® Qy(ub) 4.719-10°°K | a MaKCI/IMaHLHaH TeMIIepaTypa U3JIy4eHHUs BO
Bcenennoii - Qymax 9 404-10* °K nocruraercs npu t-tg; = 3.9- 1023 ¢. Kak mokazano B paznene 3
Pgrmax < 10*° Jixm> . Ilpu TakoMm 3HAUYEHUU MAKCHUMAalbHO BO3MOXXHOW TMIIOTHOCTH SHEPTUU
TeMIIEpaTypa MaTepuy Bo BeelleHHOI HUKOT1a He MpeBbIaa Gymax = 1.230- 10M %K.

4.4 Be1n4nHA OTHOCUTEIBHOM IJIOTHOCTH HA0/M10aaeMoOi BO BeestleHHOM MaTepuu.
HezaBucuMo OT Hanmuuus WM OTCYTCTBUS MaTE€pUM CyMMapHas CpEAHssl IUIOTHOCTh
sHeprun Bo Bcenennoit (4.4) Bcerna paBHa kputuueckoil. Ilostomy ¢ yuetrom (4.9) mons

CpPeIHEH IUIOTHOCTH SHEPTUM MAaTepUU B €€ OOIIeM KOJIMYECTBE NMPU HAWICHHOM 3HAYCHUH
OTHOCHUTEIILHOM MJIOTHOCTH HEUTpHUHO ,* cocTaBiseT
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quota(u) = Pee @) _ UZF2(U)

f(u°)+

po(U) u?f?u’)

b Q.(f(U‘))j
f(u) f(u)

C yuetom (3.21), (3.42) 5Ta BenmMuuHa CIEAYIOMKUM 00pa30M 3aBUCHT OT BPEMEHHU.

o
[N

0.15
0.1

fquota

0.05

TN T T T T T Y I

o

[
o
o

10.0

Pucynok 6. 3aBHCHMMOCTH OTHOLIEHHS CPeHel MJIOTHOCTH HEPTUU MATePUH K IUVIOTHOCTH
” 4 R
3Hepruu Bo Beenennoii or BpeMeHnu (B MHJLIMAPAAX JI€T), Pgrmax = 2°10 ’ Jx-m 3

MakcumanbHas 10 3Hepruu marepuu He npesbimaer 0.1832, B Hacrosiiee Bpems 3Ta
BenMuKMHA coctapisier MeHee 0.055 u mpojomkaeT ymeHbIIaTbes cO BpeMeHeM. B orimume ot
OTO, rae IOTHOCTh YHEPTUU MAaTEPUHU HEOIPAHUUEHHO BO3PACTAET MPU YMEHbILIEHUU BPEMEHH,
3J1€Ch OHA JJOCTUTaeT MaKCUMYyMa, a 3aTeM HauMHAeT YMEHbIIAThCA.

OcrasibHas ¥ OCHOBHAs 4acTh YHEPruM BceneHHoi 3To sHeprus rpaBUTALMOHHOTO MOJIS -

Py (U) = p,, (U)(1—quota(u))
C yuetom (3.44) sTa BenmMYMHA MOXKET OBITH CBSi3aHA C KPACHBIM CMEIIEHHEM HaOJIOIaeMBbIX

00BEKTOB.

TT T T [T T T T[T T T T[T T T T [ TTTT

1 2 3 4
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PucyHok /. 3aBHCHMOCTD INIOTHOCTH YHEPIrHH IPABHTALMOHHOTIO IOJS Pgr (10 k- M) ot

KPaCHOT0 CMelleHHUsI B MeCTe HAXO0XKIeHHUs Hal/oJaeMbIX I'DABUTALMOHHO-CBA3AHHBIX
49 3

00bEKTOB, pgrmax = 210" [x-M ™.

HIMeHHO 3Ta »HEprus, paBHOMEPHO paclpeqesieHHasi B MPOCTPAHCTBE, a HE «TEMHAsi MaTepHs»
IPOSIBIISIETCS. B XapakTepe 3aBUCHMMOCTEH KPHMBBIX BpallleHHs] I'PaBUTALIMOHHO-CBSI3aHHbBIX
00bexToB. CoryiacHO JaHHbIM [14] MI0THOCTH SHEPTHH XO0JI0AHONW TeMHOM MaTepun B ACDM-
Mozaenu OTO paBHa

pcdm(z) = chmpgr (1+ 2)3 ! chm = 0265313

1.256

heta

0.25

0 R s s e e s e s e e e B s

o
[y}
—
o
—
[y}
-
o

Pucynok 8. OTHoOmIeHHE MJIOTHOCTH JHEPIrMHM XOJIOAHOW TEMHON MAaTepHMH K NJIOTHOCTH
JHEPIrMH rPABUTALIMOHHOIO OJISI B 3aBUCHUMOCTH OT KPACHOI'0 CMELICHMS.

Kak BusHO U3 prcyHKa 8, pH pacueTe KPUBBIX BpallleHUs TPAaBUTAIMOHHO-CBSA3aHHBIX 0ObEKTOB
C HCHOJIL30BAHUEM THUIIOTETHYECKON IIIOTHOCTH TEMHOU MaT€¢puu MOXHO IIOJTYYUTH B
OTpeieieHHOW 007acTh KPAaCHBIX CMEIIEHHI pa3yMHOE COTJIache C IKCHEPUMEHTOM, OJHAKO
uMeeTcsl o0muMpHast 0o0JacTb ATHUX 3HAYEHWM, TJ€ TaKOW pacdyeT NpUBENET K OIIMOOYHBIM
pe3ynbraTtamM. He BUAHO pa3yMHBIX JOBOJOB JUIS 3aMEHBI IPABUTALMOHHOTO MOJIS - PeaTbHOTO
NUCTOYHHKA JIOHOJ'IHI/ITCJ'II)HOI\/JI MacCCbl Ha THHOTCTHYCCKYIO XOJIOJHYIO MATCPUIO C BO3MOKHOU
HEeNpeCKa3yeMOoi BETUYMHON MOTPEITHOCTH.

Takum o6pazom, B otauumre ot OTO mist onucanus ocoOeHHOCTEH BooNMK Beenennoi
He TpeOyeTcs BBOAUTH Kakue MO0 HOBbIE ()OPMBI MATEPHH IIOMUMO YK€ U3BECTHBIX (POPM.

4.5 BiausiHue HAJIMYMS MaTepUH HA Npolecc IBoaonnu Beenennoi.

Ouenum Tenepb BIUSHUE MAaTEPUN HA IPOLECC IBOJIIOLMH IPOCTPAHCTBEHHO-BPEMEHHOTO
MHOroo6pasus. Bo Bropom npubnuskeHuu npu 3agaHHoi GyHKIuH y(U) Haliaem:

M @ (u,y,%] = w(u),
du
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W(u)_2uozlgb f(UO) _,_EQ(LU.?] }_]‘{Qb f(UO) +EQ[Ll{')j ]&(4.24)
f(u’) 3 \f@") 0 f(u’) 3 L f(u) 4u°-2u+o

[Toncrapmsis (4.24) B (4.2), moidyduM ypaBHEHHUE, OMMCHIBAIOIIEE, KAK MAaTepUs B CBOIO OYepeib
BIIMAECT HA HU3MEHEHUE METPUKU. PerieHue 3Toro ypaBHEHUSI MOXET OBITh 3alKMCAaHO B

KBaJipaTypax.
/ y(u) ¢ 4udu
—~~=yu)=e . 4.25
¥ min v Xp(-!4u2—2u+a+w(u)j (4.25)

¢ 4y (u)du
t_tst :Tvymin _[4 l//( ) (426)

2 4u” —2u+ o +w(u)
durypupyromas B 3TUX COOTHOIICHHSX IOCTOSHHAs ¢ MOJAOOHO TOMY, Kak 3TO OBLIO
CACJIaHO B Hpe,Z[bI,Z[ymeM paSILCJIe, J0JDKHa OIPCACIIATHCSA BMCCTC CO 3HAUCHHUCM UO N3 YCJIOBHUA
paBEHCTBA BBIUKMCIICHHOTO BpPEMEHH CYIIECTBOBAaHUs BceneHHo# u mapamerpa XaO0ma ux
Ha6JHO,I[aeMbIM B HaCTOHH_[I/Iﬁ MOMCHT 3HAQUCHUAM.

to _tst :T\/ymin I4 4W(U) dU, HO
0

u?—2u+o+w()

uO

1
BTy, w0

(4.27)

Parmex = 2-10% iem %; Ty, =8.6912868-10c; 2,=0.0499; Q,=5.46-10°; Q,*=1.0608-10™

u’=6.79..; o =0.25050968

Tadoauuna 3. Pemenue ypaBHenmii (4.27) (to-tst = 4.355-10"¢c, H® = 2.181-10'18c'1) npu

MAaKCHMAJIbHOM IJIOTHOCTH YHEPIUH Pyrmax = 2-10%° I[)K-M'3.

Hanee B rpaduyeckoit ¢popme npencTaBiieHbl pe3yibTaThl PacyeTOB, MPOBEICHHBIX KaK C
ydeToM, Tak M 0e3 ydera Hanuuusi marepun Bo Bcenennoii. Pacuersl mpoBoawimch mpu
sHauennn Q, = 5.52:107, IIO3TOMY IIPH PacyeTe C pPEalbHbIM 3HAYECHUEM Q,*=1.0608-10™
pasnuuMe KakKaoW mapbl 3aBUCUMOCTEN OYJIeT elle MEHbIIIE.

rJ
i

20

—
[y}
TN T N N T T T T N T T T [ N TN T O B

=
—_
=

0.4

o
=

0.a 0.4 1.0 1.5 20 25
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PucyHnok 9. Pe3ynbTaThl pacyera 3aBucuMocT napamerpa Xao6.a (H=100h km-¢ T Mmc™?)
OT KPACHOI0 CMeEIIeHUSl ¢ Y4eTOM (CIUVIOIIHASI JUHHMS) M 0e3 yuyera (TOYKH) HAJIMYMS
MaTepHu.

— —
R o
m =

—
]
[

t 7.5

m
=

rJ
i

o

(e
=
D_
=
r-T-I_
o
=3
A
]
N
D_
T
im

Pucynok 10. Paccuurannblii Bo3pact 00beKkTa (B MUIJIMAPAAX JIeT) B 3aBUCHMOCTH OT ero
Ha0J/II012aeMOI0 KPACHOI0 CMelleHHsl ¢ y4eToM (CIUIOIIHAS JMHHS) U 0e3 ydera (TOUYKH)
HAJINYMS MaTePHH.

HpI/IHI/IMaﬂ BO BHUMAHHUC MIPUBCACHHBIC B IIPCABIAYIIECM Pa3aCiI€ JAHHBIC, MOXXHO CACIIATb
BbIBOA O TOM, 4YTO B JHAIIA30HC KPACHBIX CMCHIGHI/Iﬁ MeHee 2.3 BIIUSHUE IpeaAbLICTOPHUU Ha
,I[aJ'ILHefIHIHfI X0 IMMPHUBCACHHBIX 3aBHUCUMOCTEH HE3HAUUTEIILHO.

Pucynok 11. Pe3yabTaTsl pacyera 3aBUCMMOCTH KOCMHYECKOI0 YCKOPEHHMs OT KPAaCHOIo
CMelleHHs ¢ y4eTOM (CIJIOIIHAS JTUHUA) U 0e3 y4eTa (TOUKHU) HAJIMYMSA MATePHUH.
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Poxnenue matepun Takke HE MPUBOAUT K 3aMETHOMY MU3MEHEHUIO BPEMEHU CMEHBI 310X
3aMeJIeHUS — YCKOPEHHUS.

5. Crarnueckas H30TPOIIHAasA METPUKA

PaccmoTpum craTHueckylo c@epuyecKu-CUMMETpU4YHYyl0 MeTpuky. HaumbGornee oOmiee
BBIpa)KEHHUE I IPOCTPAHCTBEHHO-BPEMEHHOTO HHTEPBAJIa MPeoOpa3oBaHNEM KOOPAUHAT

XIO — XO +¢(Xm), X/m — Xm

C PaBHBIM €JIMHUIIE TKOOMAHOM MOXET OBbITh MPUBEACHO K BUY [8]:

ds? = F(r)(dx%)? — Gr(zr) (X -dX)* = C(r)(dx - dx)

Cas3b (1.1) uHBapuaHTHA OTHOCUTENBHO TaKUX MpeoOpa3zoBaHUil, HO TeMeph, B OTIUYHE OT

OTO, €€ HAJIMYME HC IMO3BOJICT YMCHBUIUTH KOJIMYECTBO HCKOMBIX KOMIIOHCHT METPHUKH 10

JBYX.
Hcnonb3yro cuMBoibl KpoHekepa dmn, 3alHIIEM METPUYECKUH TEH30D J,y B BUJE!

X, X m
Joo = F(r)’ Jom = 01 Om = _C(r) '5mn _G(r)%! Xn =X, (51)
g(r)=detg,, =—FC?*(C+G).
Tensop g 0OpaTHbIN METPHYECKOMY TEH3OPY:
goo — 1 ’ gOm :0’ gmn - _ 1 5mn + G(r) X Z( . (52)
F(r) C(r) C(C+G) r

nk _ ¢k

gmng _5m'
HpI/I HaJIMYUHU CBsA3U (11) yz[o6Hee HCXOOUTh HE U3 ypaBHCHHfI, MojiydacMbIX IIpH
BapbUpPOBAHHUH HeﬁCTBHH II0 KOMIIOHCHTaM MCTpPUKHU, a BBI6paTI> B KaycCTBEC OHHOﬁ nu3

BapbupyeMbix GyHkimi A(r) =/—g(r) .

Cas3b faet cienyromuii Bkias B aevicteue (2.1):
oo 10  @(Ng'(r) _P'(r)A'(r)
ox* > 2gox”  2(C+G)g AP
(IlITpux 31ech U nanee obo3Hayaet aAuddepeHIrpoBaHue 1o r).
OcranbHble WIEHBI MOXKHO HAWTH, WCIONB3YS M3BECTHBIE pe3yibTaThl pacueTtoB [8,11].

FC? (5.3)

Cransipras KpuusHa u snemenm oovema 0OuWeKo8apUaHmHbl, NOIMOMY UX MONCHO GbIYUCIUMD,
UCRONL3YAL «ChepuyecKuey KOOpOUHamol.

B «chepuueckux» KooparHATaX MPOCTPAHCTBEHHO-BPEMEHHOW HHTEPBAIT:

ds® = F(r)(dx®)* — G(r)dr? —C(r)(dr2 +r’dé* +r?sin? Hdgoz).

[To ananoruu co «ctanAapTHOW» (PopMO¥ [8] 3amuiieM ero caeayrIIM 00pa3oM:

ds? = F(r)(dx®)? — A(r)dr? — r** (r)(d6? +sin” dg? ), (5.4)

rae A(r) = G(r)+C(r), r*(r) = rC¥ (1).

JInst TaHHOM METPHKH HEHCUYE3arolie KOMIIOHEHTBI CBI3HOCTH HECKOJIBKO OTIIMYAIOTCS OT
COOTBETCTBYIOIINX KOMIIOHEHT «CTaHAapTHOW» GopMmsr [8]:

’ . A ; r*r* r<r*sine . F’'

to_ ot _ _ ro_ -
Ftr_rrt_E’ Frr_ﬁ1 Lgo = A FW— A J tt_2A’
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*/ */

0 6 _ r _ (p _T9? _ r e _T1T9? —
Ir,,=0,= ' ,FW_ sinfcosd, I/ =T, = L), =T, =ctgé.
CoOTBETCTBEHHO 9TOMY U3MCHACTCA BBIPAXKCHUC IJI TCH30pa KPUBU3HBI.
I/ICHOJ'IBBy}I BBIPpAXKXCHUA TJIs1 KOMIIOHCHT CBA3HOCTH, Haﬁ,[[eM CKAJLIPHYIO KPUBHU3HY:

1 (Fj 1 (F] 2 (r*r*’j Z(r*’j 2 2 (r*’}z P
=—|— |+ = | +— +— ——+—|| = + :
2FUA) "2AlF ) r®2 A Alr=) =2 Allr*)  r*F

BBII[CJ'IS[S[ ,I[HBCpFeHTHBIﬁ YJICH, MOKHO 3aIlucaThb €€ B BUJC.

1 , ' 4r r*F  1(r*\" 1
R=—————[r*/AF 2 - — . 5.5
r**  AF dr[ ( *Aﬂ [r*AF +A(r*J +r*2} ()

JlericTBrE JUIsl TPaBUTALIMOHHOIO IOJIS:

—_ C3 *2 0
S _—16ﬂGj(R+A)\/AFr sin@drdddgdx® .

ar

[ToncraBnss crona Beipaxenue (5.5) ansa R u (5.3) nnst A, omyckast TUBEpPreHTHBIN 4ieH U
YUUTHIBasE, yTO A = A?IFC?, MOJTYYUM:

c’ A r*¥F 1 O'AT* F :
S, = + ) + ——r*r*F +—— — I[r’sin@drd@gdx’.
"84G I(r*z Art () Ar* 2N%r* J o
BwmecTo r BBeieM nnepeMeHHyo §=r3, TOr1a JEHUCTBUE IPUMET BUL:
3 *2 *\2 * *4
grZSCI A2+Fr dr +1r3dr dF Frqu)dAdflanédrpdx
82G Y| 9r* A\ d& A d& d§ 2A° d& d&
W3 npuHuuna HauMEHbBLIETO JEHCTBUS HaWIEeM ypaBHEHHUs TPaBUTALMOHHOIO IMOJIA B
CBOOOJHOM OT MaTEpUU IPOCTPAHCTBE:
*4
dafr de—A -0, (5.6)
del A2 de
*2 *\? *3 *
12_r2 dr F_ rzdr dF 12d r*“Fdi) _o0, (5.7)
Or> A" d& A" d& df 2A° d& d&
*2 %2 *3 * *4
r>(dr*) d(r*dr LT 2 dA do 0, (5.8)
d& dé\ A d¢& 2A d§ dé‘
* *3
_2A3_2r*i r=Fdr> r*3d 1dF Lo F 2Fd_Ad2:O. (5.9)
Or* dé\ A dé‘ d& Ad§ A" d& dé
W3 ypaBHenus (5.6) cnenyer:
*4
r 2F dA —q (5.6)
A dE

IJle o — IOCTOSTHHAS C Pa3MEPHOCTHIO [UINHBI.

YMmHOXkHM ypaBHeHue (5.7) Ha 24, BeIYTeM U3 pesynbTara - (5.8), ymMHOKeHHOEe Ha 2F, u
CIIO)KUM pe3ylbTaT ¢ ypaBHeHHeM (5.9), yMHOXEHHBIM Ha [I*, TOCie HECIOXKHBIX
npeoOpa3oBaHuil MpUBeIeM YpaBHEHHE K BUIY:

HEEER
dé| A lde de
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Ortcrona cienyer:

r*F(1dF  do
A (Fdf dég) 4

rac IB — €€ OJHa IIOCTOsIHHAA C pasMCPHOCTBIO IJIMHBI. Ilonaras B = oo, rac o YU CICHHBIN

MHOKUTENb, U UCTIOJB3YH (5.6') 3T0 ypaBHEHHE MOKHO 3aIlicaTh B BUJIE:
1dF dCD 1dA p

Fadz de ade'’ "o
VYuureiBas, uro pynkmus d(r) onpeneneHa ¢ TOYHOCTHIO 10 MOCTOSHHOM, HaiaeM:
® =—-In(FA™). (5.7
VYpaBuenue (5.8) nepenuiieM cieayronmm o0pa3oMm:
d(r**dr*) r* dAdo
@( A dé]_ 20 dé dE

[Tocne moacTaHOBKM 3TOTO BBIPAKEHUSI B ypaBHEHHE (5.9) OHO MpUMET BU/L;
* * * * 2 * *
r*“d 1dF +2r*2d Fr> dr 41r dr +r*zi r_dL Fy 2A2=0
d& A dg‘ d& A d§ A\ d¢& dé\ A d& Or*
OTO ypaBHEHHUE 3KBUBAJIEHTHO CJEAYIOLIEMY:

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

WuTerpupys 310 ypaBHEHUE 110 &, MOITYUHUM:

d(F 2 A% A ,
g(rﬂ] Ao etz =0. (5.9)

(5.8)

6
r=d( F
e By =|——|—= — ellle 0JIHA TIOCTOSIHHASI C Pa3MEPHOCTHIO JJINHBI.
A dé\r*
£=0

Taxkum 00pa3oM, pelIeHne UCXOJHON CUCTEMBbl YPaBHEHUH 3aBHCHUT OT BbIOOpa 3HauUEHHI
TpeX MOCTOSHHBIX 0, B1, ©

[Tpexne Bcero, paccMoTpuM cityuaii, korza o = 0. B atom ciydae u3 (5.6') cnenyer

A(r) = const = A(x) =1.

Hanee mocnenoBarensHo U3 (5.7'), (5.8"), (5.9") Haitnem

D(r)=—InF(r).
r*—(r):const:r*—(r) =1
r rol..

F(r):l—é.

r

Oto pemenne mo ¢opme coBmagaer ¢ pemienueM llIBaprmibaa, omHAKO HUMeeTCS
NPUHIUNHAAIBHOE OTJIMYHME, CBS3aHHOe C HamuumeM ckamsipa D(r). Ero 3Hauenwe Ha
IPaBUTALMOHHOM pajanyce cTpeMHUTCcs K 6eckoHeuyHOCcTH. C OHOM CTOPOHBI 3TO O3HAYAET, YTO
pelIeHre Heb3sl MPOJODKUATE 32 TPABUTALMOHHBIA pPaMyC, a C JPYroil CTOPOHBI JIHEPIHUs
IPAaBUTAlUOHHOTO TOJNA Takxke crpemMutcss Kk OeckoHeuHoctd (ITpunoxenue I1.8).
CrnenoBarenbHO, 3TO peELICHHE OKa3blBaeTCsl HeU3MYecKUM, W cleayeT npuHate f1 = 0,
peleHue ABIseTcss MeTPUKOi MHHKOBCKOTO.
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[Tomoxum manee $1=0 mis Toro, yToObl MeTprka MHMHKOBCKOTO MOTJIa OBITh pelIeHUEM
JIAHHOW CHCTEMbI ypaBHEHHIA (B CiTydae, KOTr/ia KOHCTaHTa 0. paBHA HYJIIO).
Wuterpupys ypaBaenue (5.9") eme pas, npeacrasum ¢yukuuio F(r) B Bue:
w (&
F :%r*2 j(j%dg}r#:edg. (5.9")
£\ 0
[ToacraBmsisi BBIpaKEHHE IS TPOWM3BOAHOM A w3 ypaBHeHus (5.6'), mepenwminem
ypaBHeHue (5.8") B BuzC:
d 1_ 3a do V= A(r+)d&
dr*V  2r*Fdr*’  3r**drx
Ilepexo/si BO BCEX COOTHOIICHHSX OT IPOM3BONHBIX 10 &=I° K HPOU3BOAHBIM 1O I* U

BBOJIs Oe3pa3sMepHbIie KOOPAMHATEI I/a U ¥/ (coxpansis Ons nux npedxcrue 0b6o3Havenus ¥ u r*)
HCXOJIHYIO CUCTEMY YpaBHEHHUI MOKHO 3aITUCATh CIECAYIOIIUM 00pa3oM:

1dr () 510)
Adr*  Fr** "’
V(o P— y ,® = —In(FA™), (5.11)
2. r*Fdr*
© r* 1
F(r*) = 2r*2 j{ ;[V(r*)dr*Jer(r*)dr*. (5.12)
A(r®)r? dr
— =V (r*). 5.13
r*> dr* () (5.13)

OtauuHoe OT HyJs 3HaueHue *min= r*(0) osmauaer, BoOOIIE TOBOPS, HATUYUE Kpas y
MIPOCTPAHCTBEHHO-BPEMEHHOTO MHOT000pa3usl.

PaccmoTpum noBesieHue METPUKU MIPH M yin = 0 1 ManbIx 3HaueHusix r*. U3 (5.12) cnenyer,
YTO €CJIH CYIIECTBYET HHTETPaT

ZTU*V (r*)dr *J\Lrj)dr* =b>0, (5.14)
o\o r*

T0 mpu Mamblx I* ¢yuxums F(r*)=b-r*2. Torma momaras V(r*)=bir*'>0, A(r*)=b,r*’>0 u
HOJCTaBIAA 3TU BeIpaxkeHus B (5.10, 5.13), momyuum:

veg b2 5.8 g (5.15)
2- 05 2- 05

W3 nocinenHero COOTHOIIEHUS CIICOYCT:

nostomy o < 1/6.
WnTerpupys ypasHenue (5.13) Haliiem npu MasibIX 3HaYEHUSX I, I™*:

r3(r*):3jVA—Er ;r*zdr*zss—ljr*<5-5’dr*. (5.16)
0 r 20

[Tocneauuii HHTErpal CYIIECTBYET TOJBKO MpH d < 6. B aTOM ciiyuae

1-V1-60 o 1

5= <. 5.17
5 (5.17)

(o}
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PaccMoTpuM  Temepb  BBIpaXKEHHE JUISI  DHEPTMH  CTATUYECKOTO  M30TPOITHOTO
rpaBuTannoHHoro nois (cM. [Ipunoxenue I). B atom cirydae

= _Cla| r¥ F(r) d In(FA)|"
S 4G| V(rr)  dr*

-3INFA™(r*;,) |- (T1.8)

*
rmin

[Tocnenuuii 4jieH B 3TOM COOTHOLICHUH MMEET JIOTapH(PMHUUYECKYI0 OCOOEHHOCTh HpU I*pmin=0.
OuHeprusi OyaeT UMeTh KOHEYHOE 3HAUYEHHE JIUIIb TP *in # 0, TO ecTh npu Hanuyuu Kpas. ITo
BO3MOJKHO, TOJILKO IpU 3HaYeHuu o = 1/6.

Bennuuna r*pmi, ABusieTcst HE3aBUCUMBIM MTAPAMETPOM H JUIS €€ OnpeAeTIeHUsS He0OXOMMBbI

no6aBouHble cooOpaxeHus. [1omokuM, BO-TIEpBBIX, B COOTBETCTBUH C npunyunom Maxa, 410
uHepTHas Macca Mj, cBsI3aHa ¢ MOJHOM SHEpruei rpaBUTAIMOHHOTO 1oist E BHe kpast popmyroit
Ditrmreitna E=Mi,c%. Bo-BTOPBIX, B COOTBETCTBUH ¢ 9KCHEPUMEHMAIbHBIMU OQHHBIMU TIPAMEM,
YTO Ta MHEPTHAs Macca JOJKHA COBIAAATh I10 BEIMYMHE C MAacCOi rpaBUTaluoHHON Min= My;.
WM, HakoHen, Ha OCHOBaHUU npunyuna coomeemcmeus ¢ OTO TNOAOKAM TpU OOIBLINX
3HAYCHMSIX '™ K03((UIMEHT NPH MEepPBOM WieHe pasziioxkenus GpyHkuuu F(r*) mo cremensm 1/r*
PaBHBIM OTHOIICHHUIO TPABUTALMOHHOTO paguyca K o

r 2M G
F(r*):l—%%+..:l—cz—g;%+... (5.18)
B stom cnydae cootnomenue (I1.8) mepexoauT B ypaBHEHUE, ONPEACISAIONICE BETUUNHY
r*min-
&: 2r* i F(r ) “In F(r ™) . (5.19)
a NV(r*min) AP * )
Pemenue cucremsr ypaBuenuin (5.10) - (5.13), (5.19) MOXHO HaWTHU METOJIOM

ToCIeI0BaTeIbHBIX NpuOmmKenuit. Haunnas ¢ npo6roit pynkmuu V@ (r*) u BeiGpanHOM
HAYaJIbHOM 3HAYE€HHE I min MOXKHO HaiTU B mepBoM npubmmkenun u3 (5.12) pynkuuro F(O)(r*),
a 3areM u3 (5.10) - A(O)(r*) u HoBoe 3Hauenune V P (r*)us (5.11). IIpomomkaeM 3TOT IPOLECE 10
noiy4deHus Ha N-HOM 1m1are 3HaYeHMH MCKOMBIX (QYHKUIMH ¢ TpeOyeMoil TOUHOCThIO. 3HaUeHue
pasmepa I'*min HaliieM u3 ypaBHeHud (5.19). A 3arem u3 ypaBHeHus (5.13) Haiinem ¢yHKIHIO
r(r*).

[Toctpoum npoduyto pynkuuto. Eciau npu 6ompmnx 3HaueHusX I cnpaseminso (5.18), To
torga u3 (5.10, 5.11) cnemyer V(r*) ~I-v/r**+... [IocKOIbKY TIPU HAIMYHH Kpas IOBEICHHE
MCKOMBIX (DYHKIIMIA NP MaJbIX 3HAYCHHUAX ™™ HEe ONpeAesIeHO, €CTECTBEHHO MPEAIOJIOKUTh, YTO
OTHOCHUTEJIbHBINA pa3mep *yin Oosbiie equHubl. [Ipu r*min > 1, 3anaauM npobHy0 QyHKIUIO
CJIEAYIOIIUM 00pa3oM:

VO@*)=1-v/r**, (5.20)

[ToncraBnss 3to Belpaxkenue B (5.12), Haiinem

2 v (1 2 v v v
© _ 2
FE(r*) _1_§(r*min + o )F+g(r*min+ o ) e (5.21)
B stom HpI/I6J'H/I)KeHI/H/I, HUCXOJd U3 IMpUHOUIIA COOTBETCTBHA, ITIOJTYUUM
r 2 Vv
l—g(r"‘min +r* ). (5.22)

min
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[TocTostHHYIO BENMWUYMHY V MOXKHO BBIOpaTh Tak, 4TOOBI B TOYKE I*=I*;, 3HaAYCHUS

npo6Hoit GyHkIuy 1 nepBoro npubmmkenus copnagamu V@ (r* )=V O (r* ) Toxacrasnss

(5.20), (5.21) B (5.10), naiizem

min min

0) (%
In A9 (r*) = j r’:; F(‘Z)()*) r*, (5.23)

a3arem u3 (5.11)

« ©0) (g * -
voOry=(1p3 L3y, V() ar” . (529)
ZF*F()(I’*) 2r* ZF*F()(F*) (r*) F()(r*)

B stom ciiyuae
V= (1 V (1) (r *mln ))r *mln b (525)
OTO0 ypaBHEHHE ONPEIEIET V B 3aBUCUMOCTH OT I pin.

B Oomee BBICOKMX TPHONMKEHUSX TPU BBIUUCICHHUSIX HCIOJIB30BAINCH CIUIAHH
annpokcuManuu. Ilocne msaTH mocienoBaTeNbHBIX MPUONMKEHM, pemias ypaBHeHue (5.19),
HaiizeM (IIpYM MCMOJB30BAaHMHM B pacyeTax IIECTH HHTEPBAJIOB) C MOTPEIIHOCTHIO B JOJHU
MPOLICHTa

r*min=1.74.
OT0 3HAUYEHHUE, KaK U MPEANoaraioch, O0JbIlIe eAUHUIBL. B pasMepHoM BHie
*min=0.935r; .
Pesynbratel pacueToB npeacTasieHsl B Tadnuiie 4.

0 =16 ; Xmax = 0.575 ; rg//a =1.859

x=alr* V(x) F(x) A(X) CM2(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

Ta6muna 4. Pemuenne cucrems! ypasuenuii (5.10..5.13) npu 3nayenun ¢=1/6.

3HaueHHWEe OJHOW W3 HWHBAPUAHTHBIX MeTpuueckux QyHkuuit - C(r) HeorpaHWYEHHO
BO3pacTaeT NpU TNPUOMMKEHWH K Kpaw, TO €CTh Ha Kpar HMEEeTCs HeyCcTpaHuMas
CUHTYJISIPHOCTb.

Takum o6pasom, npu wuamuuuu ceasu (1.1) wumeemcs cmayuonapnoe pacnpedenenue

YEHMPANbHO-CUMMEMPUYHO20 2PABUMAYUOHHO20 NOJIA, OJIs1 KOMOPO20 8bINOJIHAEMCS PABEHCHEO
UHepmHOU (OnpeoeneHHol 8 coomeemcmeuu ¢ npunyunom Maxa) u epasumayuoHHoOU MAaccol.
ITpu r >> 1y, HANICHHOE PEIIEHUE ACUMIITOTUYECKH CTPEMUTCA K pemenuro IIBapummuibsia.

6. OCHOBBI KBAHTOBOW TEOPHUH TATOTEHUSA
DopMyIMPOBKA OCHOBHBIX MOJIOXKEHUH KBAaHTOBOW TE€OpWH, MPUHIUIHAILHO HEBO3MOXKHA

0e3 mpuBIeUEHUS TeopuH Kiaccuueckoil [18]. [lnst mocTpoeHus: KBaHTOBOM TEOPHH CIETYeT,
MIPEXJIe BCETO, ONMPENCIUTh AMHAMUYECKHE CTereHru cBoOoabl. Kak mokaszaHo B pazjaene 3, B
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KBa3UKJIACCUYECKON TEOPUH TATOTEHHS CYIIECTBYET €IUHCTBEHHOE OJIHOPOHOE MPOCTPAHCTBO-
BpeMsi C U30TPOITHOM METPUKOM BHIA
2 0 0y2 1/3 0 m n
ds® = goo (X" )(dX7)" —y " (x7)dx"dx" 5,
Jist 3TOM METPUKH BBIpaXEHHUs 7151 CUMBOJIOB Kprctoddens u OTIMYHBIX OT HyJIs KOMIIOHEHT
TeH3opa Puyun umeror BU:

1/3
= rhoorg = LY s rp-orp -2 a0, 6
29y dx 2gg dx 6
1 d 1 dy 1 (1.dy
R == dx° dx® | 12 [_d °J’ 62
2 Joo OX" | 74/Qg OX Qoo \ 7 OX

1 d| 1 dy(ﬁ. (6.3)
6 7/900 dXO 7900 dXO

B o0meMm ciydae neicTBHE TpaBUTAIIMOHHOTO IIOJII B KBA3WKIACCUYECKOW TEOPUU
TATOTCHUS UMeeT BU (2. 1)
— 1 a\/ /IV

Sgr = - —.
16zzG ,/— 6X OX
[ToacraBisisi BeIpaKEHUS ISl CKAJISIPHOM KPUBU3HBI M OIYCKasl MMOJIHBIE MTPOU3BOIHBIC, HE
JAloNfe BKJIaJa B ypaBHEHHUE NBIDKEHUS, Hai/leM BBbIpaXKEHHE JUIsl JEHCTBUS OJHOPOJHOTO

M30TPOITHOTO TIPOCTPAHCTBA 00BbeMa V
2
d
1fldy), 1 V8w Ay (6.4)
6lydt)  Jg. dt dt

rac L- JJarpaH>xvuaH rpaBUTAlIHOHHOT'O I1OJIAI 1 BBEACHO obo3HaueHue cdt = Joo dXO .

RP =—

ij_l&ﬁ

CrnenyeT OTMETHTbH, YTO B BbIpakeHUU (6.4) Mbl U3MEHWIHM N0 cpaBHeHHIO ¢ (2.1) 3HaK
nerctBus ¢ munyca Ha tiroc. B OTO nmoka3zano [11], 4To ckanspHas KpuBU3HA J0HKHA BXOJIUTh
B JICiCTBHE €O 3HAKOM MHUHYC, OJIHAKO g OJHOpogHoro mpoctpaHctBa (3.1) a10
JIOKa3aTeNIbcTBO He Tmpoxoaut. [lpum Hamuuum 3Haka MHUHYC Tniepen uHTerpaiom (6.4)
CTaHJApTHBIEC PACCYKICHHS MIPUBOAAT K BBIBOAY, YTO 3TO JIEUCTBUE HE MOYKET UMETh MUHUMYM.
[TpaBuiibHOE 3HAUYEHKE 3HAKA — IUIIOC.

B nnaHkoBCKUX enMHUIIAX 00beM OJIHOPOAHOTO U30TPOMHOTO MPOCTPAHCTBA MIPEICTABUM B

nG

—I3/1 (—3 A, A=const.
C

Tor,ua HCXOIHOC )IeﬁCTBHe ,Z[J'IH KBAHTOBAHUA HpI/IMeT 23401

1/2
1d 1 d mmdm aty nG
Syor = | Lt Aj 7 + Jradt, A==t = Z2] . (65)
W, Ot 1672' C

B ornnume oT kiaccuueckoil Teopuu, B KOTOPOW ypaBHEHHs IBMXKEHUS HE 3aBUCAT OT
BEJIMYMHBI JEHCTBUA, IUIS TEpexoia K JCHCTBUIO KBAaHTOBOW TEOPUH HEOOXOIAMMO BBECTH
KOHKpeTHOe 3HaudeHue A. B KBaBI/IKHaCCI/I‘-IeCKOI/I TEOPUM B PEIICHUU ypaBHEHUN TIpaBUTALUU
burypupyer mapamerp (ym,n) — MUHUMajbHOE 3HaueHue oOwvemHoro ¢akropa (3.21). Ecnu

IMPUHATDb
7 ©65)

BUJIC

TO neiicTBue (6.5) mpuMeT BUA
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2
Sgr—det—Aj[E(ldlj s L 4V do 4 gt, A= ot (6.7)
6\ y dt We At dt |\, 167

B 3TOM ciiydae JeiicTBHE OKa3bIBaeTCs MACIITAOHO WHBAPHAHTHBIM OTHOCHUTEIHLHO W3MCHEHHSI
BEJIMYMHBI 00bEMHOTO (haKTopa.

Ucxonst u3 paeiictBus (6.7), mMpoBeieM KaHOHHMYECKOS KBAHTOBAHHE T'PABUTAIIMOHHOIO
TIOJIS.

BBesiem MaciTabHO HHBapUaHTHBIE 00OOIICHHBIC 3aBUCSIINE OT BPEMEHU KOOPIMHATHI

=7/ Vwins A2 =NY000?/Vmin» 9 =P, 0<q'<omo, —w0<qg®,g®<w (6.8)

ux ckopocTd V' = (' (MpOMU3BOIHbIE 10 BPEMEHH) M CONPSKEHHBIE KM UMITYJIbChI

oL 4v*
P; RPVE p, = A3_ql’ p, = Aq'V°, p; = Agiv? . (6.9)
OTtcro/1a HaifIeM CKOPOCTH KakK (yHKIIMH KOOPIUHAT U UMITYJIbCOB
1
Vl =m’ VZ — ps1 ,V3 — le ] (610)
4A Aq Aq

Haitnem snepruto FpaBI/ITaHI/IOHHOFO TIOJISL B JIAarPaHKeBOM (hopMaTu3mMe

E—— - A(—(v) +qvv] (6.11)

Hckmroyast CKOpPOCTHM U3 3TOr0 COOTHOIIEHUs ¢ mnomoupio (6.10) HaiineM raMuiabTOHUAH
IPaBUTALIMOHHOT'O MOJIS

1(3 1
Hy = K(gql(pl)z +$ P, ng. (6.12)

[lepexonss B COOTBETCTBMHM C TNpaBUJIAMH KAaHOHWYECKOTO KBAaHTOBAaHHS OT KOOPAMHAT U
MMITYJIBCOB K UX oriepaTopam [ 18], Haiiiem BOJIHOBOE ypaBHEHHE IPaBUTALIMOHHOTO TOJIS

h%’:ﬁg,\y.
2 2
ha_‘P:_gﬂh q{ 81] +[ alj q*+ Eii P (6.13)
ot to oq oq 39" 69° oq°

['aMHUIBTOHHAH 3aBHCHT TONBKO OT OJHOW KOOPMHATHI (', TO3TOMY BONHOBYIO (DYHKIIHIO
MOYKHO TIPEJICTAaBUTh B BUJE CYNEPHO3ULUU MPOU3BEICHUN BOJHOBBIX COOCTBEHHBIX (DYHKIMH
sHepruu E u ummnymnscoB Py, Ps.

|
¥ = [a(E)b(p,)e(ps)exp (- Et + p,° + p,0° Jp-dEdp,dp (6.14)
rac
2
6xn( (o) o 8 p,p,
Fo. - L9 | 6.15
§0E tpl {q (aqu 6q1 3q1 hz JwE ( )

OG603HAYMM MITPUXOM IPOU3BOIAHYIO MO HEPEMEHHON X = q', Torma ypaBHenue (6.15) nmpumer
BHJIT
8 p,P; Lt

X i Pc +67Z";l¢E =0. (6.16)

OT0 ypaBHEHHE OTHOCHUTCS K THILy YpaBHEHMH, pa3pemnMbIx B ¢pyHkuusax beccens [19, c. 245].
Ecmm

11 !
XQg + Qg —
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1-2 2 2.2
W!!+—aw7+ (ﬂyx}”l)z _;’_# W:O’ a’ﬁ,y—const,
X X

to W = X"Z,(BX") — Geccenena pynkuus 1-ro, 2-ro wim 3-ro poga. CpaBHUBas MOCIEIHUE IBA

YpaBHEHUS, HAlIEM
1./2

2Et
L I S A RN B CRL)

a=0, y=—, p==

2 3rh

Pemenus ypaBaenus (6.16) Oyayt yObIBaTh Ipu OOJIBIIMX 3HAYEHUSX apTyMEHTA TOJIBKO B TOM

ciydae, Korjma mopsiaok ¢yHkmuii beccenst Oyner nedcTBuUTENbHBIM. [ 3TOro HE0OXOIMMO,

yTOOBl 002 UMIyNbCa P2 U P3 UMEIU JHUOO IMOJIOKUTEIbHOE, JIUOO OTPULIATEIIbHOE 3HAUYCHUE.

Kpowme toro, pemenus OynyT neidcTBUTENbHBIMY Tpu > 0 1 orpaHU4eHHBIME TIpU X = 0, eciu v

> (. Takum o0Opa3oM, €IMHCTBECHHBIM PEIICHHEM ypaBHEHHUS (6.16), yIOBIETBOPSIONIMM BCEM
STHUM YCJIOBUSM, SIBISETCS (PYHKIIHS

2Bty 4 2D, - P;

e =4, 37 q | v= 375—2, P, Ps 20. (6.18)

7. 3aka0uenue

OTnu4uTeNnbHOM OCOOCHHOCTBIO M3JI0KEHHOM TEOpHUH, BO-TIEPBBIX, SBISETCS TO, YTO
NPOCTPAHCTBEHHO — BPEMEHHOE MHOT000pasue ¢ KpaeM IOMHMO METPUKHA H CBSI3HOCTH
HaJIeJsIeTCsl BCEMH CBOMCTBAMU MaTepualibHOM cpelibl. [Ipuuem rpaBUTaniMOHHOE 110JI€ SBIISIETCS
OCHOBHBIM HCTOYHMKOM »Hepruu Bcenennoil. CrenctBuem 3Toro sBisiercs HaOIogaemast
BBICOKasl CTENEHb OJHOPOAHOCTH M u30Tponuu Bceenennoit. [lpyras ocoOGeHHOCTh Teopuu
COCTOMUT B BO3MOYKHOCTHU IIOCTPOEHUSI MHOT0OOPa3uil CBOOOIHBIX OT CUHTYJIIPHOCTEH.

CHHTYJISIpHBIM TP 3TOM SIBJIS€TCSl Kpall MHOrooOpasus (MOMEHT Hayajla 3BOJIIOLUU
BcenenHoii mnyu noBepxHOCTh BOJM3M I'PAaBUTALMOHHOIO pajuyca), Ha KOTOPOM T€ WJIM HHbIE
HaOJroaeMble MHBAPUAHTHBIE BEJIMYMHBI MPUHUMAIOT OECKOHEYHbIE 3HAueHUs. ODTOT (akT
clelyeT paccMaTpuBaTh Kak yKa3aHHE Ha HEOOXOAMMOCTb y4yeTa BOJIM3U Kpas KBAaHTOBBIX
a¢hekToB.

TouHOCTH MMEIOLMXCSA aCTPOHOMHYECKUX HAOJIOJCHUH MOKa HEJJ0OCTaTOYHO, YTOOBI HA UX
OCHOBaHMU cJienaTh BbIOOp Mexay npenckazanusmMu OTO u npeanoxkeHHOM Teopuu TATOTEHHUS.
Opnako TOT (haKT, 4TO 3a MCTEKIIWE JBAJALATh JET TaKk U He Oblja yCTaHOBJIEHa (usmueckas
IpUpOJia «KTEMHON PHEPTruu», «TeMHON MaTepuu» U «uH(pIaToHOB», a Ha BAK He oOHapyxkeHo
HOBBIX YaCTUL[ C MOAXOJAAIIUMH CBOMCTBaMM, 3acTaBlII€T YCOMHUTbCS B CAMOM HX
CYILIECTBOBaHMH.

C TouKM 3peHuUs U3JI0KEHHOM B CTaThe TEOPUH BCce HaOmogaeMble 3 (PEKThI, CBA3bIBAEMbIE
C «TE€MHOH SHepruen» M «TEeMHON MaTepHuei», sBIAIOTCS JHIIb MPOSBICHUAMH MaTepHaIbHON
CYILIHOCTHU IpaBUTALIMOHHOTO 10Js. C OJJHOW CTOPOHBI B HACTOSLIYIO 3MOXY BTOPOrO YCKOPEHMUS
IPaBUTAllMOHHOE TIOJ€ HMMEET OTPHIATENbHOE [aBJI€HHWE, TO €CTh BeAeT ceds MOoJ00HO
TUIOTETUYECKONH «TeMHOW »sHeprum». C [pyroil CTOPOHBI B TaJaKTHYECKHMX MacliTadax
IUIOTHOCTH SHEPTUU T'PaBUTALIMOHHOTO MOJIS MPEBBIIIAET CPEAHIOO IIJIOTHOCTh SHEPTUU MaTEpUU
U TMPHUBOJUT K YBEIMYEHHIO CKOPOCTH HAOIIOAAEMBbIX TPaBUTALIMOHHO-CBSI3aHHBIX OOBEKTOB
NOJO0OHO «TEMHON MaTepUm».

HauanpHoe pacumupenue (MHQsALMS) sBISE€TCS HMMMAHEHTHBIM CBOMCTBOM THpolecca
ABOJIIOLIMKA CTPYKTYPBI IMPOCTPAHCTBA-BPEMEHHU, CBSI3aHHBIM C HAJIWYUEM TI'PABUTALMOHHOIO
nojs. B 3ToT nepuos BpeMeHu AaBiIeHHE IPaBUTALIMOHHOTO MOJI caMo 0 cebe OTpULaTEIbHO U
M03TOMY Ha/IOOHOCTh B HAJIMYME, KAaKUX MO0 MH(IIATOHOB, OTIIAAET.

['moGanpHas MIOTHOCTH AHEeprun BceenenHoil B Hactosmiee Bpemst Ha 94.5% cocTouT u3
IUIOTHOCTH 3HEPTUU I'PaBUTALIMOHHOIO MOJIA M JHIIb 5.5% 3T0 BKJIaA B HEE€ BCEX M3BECTHBIX
BU0B Matepuu. [Ipudyem co BpeMeHeM nepBblii OyeT pacTu, a BTOpOil yObIBATh.
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[Tpu OTCYTCTBMM B MPHPOJIE TUIOTETHYECKUX GopM Marepun, kocMmonorus OTO (moaens
®puamaHa) HOPOTHBOPEUYMUT pe3yJbTaTaM >SKCIEPUMEHTOB, B TO BpeMs Kak IpeacKa3aHus
IPEJI0KEHHON TEOPUU C HUMU COTJIACYHOTCSI.

VY CTaHOBIIEHO, YTO MaKCHMaslbHas IN100aibHas IJIOTHOCTh SHEPruM Bo BceneHHOH Oblia
MEHBIIIE IJIAHKOBCKON Ha 64 mopsaka ¥ 3HAYUTEIbHO HUXKE TOW, KOTOpas B HACTOSIIEE BpeMs
nocturayta Ha BAK!
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IIpunosxkenne |. JHeprus craTH4eCKOro H30TPOMHOI0 I'PABUTAIIMOHHOIO 110JIS.

B cuny ToxmecTBa BuaHKM IUIOTHOCTH DHEPrHM TPABHTALMOHHOrO momst 1, IOJDKHA
YIOBJIETBOPATH COOTHOLICHUIO:

1 0 — y 19@ o _
ﬁaxv(\/_g-rﬂ) 28”T 0.

B CJIy4ac CTaTUYCCKOI'0 IOJISA COXpPaHACTCA SHCPTUA I'PABUTALUOHHOT'O I10JIA:

E:Jai”( —gTy btx = [T gds, , (IL1)

I B COOTBETCTBUU C (2.3)
TA__ ct 500 (g‘“’ aq)j—g"’ 1 0y-g acb_gﬁ,, 1 0y-9g o
° ox* ox" J-g &x° o J-g &' &°

0 162G

B craruueckom mose mocieAHHE ABa WiI€HAa B 3TOM COOTHOIIEHHMH paBHbl Hymo u (I1.1) ¢

yueroM (I1.2) npunumaer Bux:
— |dV. (IL.3)
167zG o

IToncrasisia crona BI)Ipa)KeHI/Iﬂ JUISL KOMIIOHEHT MeTqueCKoro TeH30pa u3 (5.2) nonyunm:

r? d(D r2 dq)

VYutem Tenepb, 4TO MO OMPEENICHHUIO0, a TAKXKE B CHITY cOOTHOLIeHH (5.13)

}. (11.2)

C(r*)+G(r*) = —:4754\/;_31; , ridr= V%r*z dr*. (IL5)

[Toncrasmss atu BeipaxkeHus B (I1.4) u nepexons k 6e3pazmepHoit KoopauHaTe I*/a, MoIydnMm:

cta| re F(re) ch>|r*% 2 PR E(rY) do dy-g )
4G | V( 2 V(r*)/-g dr* dr* ' '
B cuny cootnomenwuii (5.7'), (5.10)

d./—

® =—In(FA), —* L (IL.7)
J-g dr* r*F
C y4eToM 3TUX COOTHOIICHHI

4 *2 r*—oo

_Cal AP ahnraee )|, (IL8)
V(

B cooTHoIIeHHH GUTYPUPYIOT FPaHUYHbBIC 3HAUECHHSI TPOU3BOAHON GyHKIHH F(I*).
VYuuTeIBas TOBEIEHHE IMOJICH Ha OECKOHEYHOCTH W TOT (DAaKT, YTO B CHJIY COOTHOIICHHS
(5.12) mpu r* = r*piy dF/dr*= 2F/r* i, Haiinem:

r*—o

_ _& + ZF(r *min )r *min
o V(r*..)

e dF
V(r*)dr™| .

(I1.9)
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