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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. Over the past century, it has
been repeatedly expressed as an opinion that such equality of all coordinate systems may not
correspond to reality. In this article, general covariance is restricted by the introduction of a
constraint. This constraint is interpreted from a physical point of view as a sufficient condition for
the adiabaticity of the process of the evolution of the space—time metric. The original equations of
the theory of gravity with the constraint are formulated. On this basis, a unified model of the
evolution of the modern, early, and very early Universe is constructed that is consistent with the
observational astronomical data but does not require the hypotheses of the existence of dark energy,
dark matter or 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. 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, its solution is found, and the wave function of the very early Universe is constructed. It
Is shown that the birth of the Universe was random.

Keywords: gravitation, quantum gravity, evolution of the Universe, restricted covariance,
nonsingular theory, entropy of the gravitational field, dark matter, dark energy.

I. INTRODUCTION

Over a hundred years ago, in the derivation of the gravitational equations from the variational
principle, 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 the Lagrangian of the
gravitational field.!

Three years earlier, Einstein wrote: “Besides, it should be emphasized that we have no basis
whatever for assuming 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.” (Ref. 2, pp. 237, 243).

The success of the canonical theory of gravity ostensibly corroborated the validity of such an
assumption, and it eventually acquired the status of a fundamental principle, although the opposite
point of view had also been expressed earlier (Ref. 3, p. 631): “...the physical meaning of GR
[general relativity] boils down to the creation of a new theory of gravity. However, Einstein, the
author of the theory, had another point of view, as do a number of his followers. They believe that in
addition to this, and fundamentally, GR establishes the principle of the equality of all reference
frames. It is difficult to agree with this position, however, since this illegitimately interprets the
equality of reference frames from the perspective of a formal mathematical apparatus as equality in
terms of their physical essence.”



In the light of new experimental data, GR no longer seems as unshakeable as it once did.*®
For an explanation of the results derived within the framework of this theory, it was necessary to
introduce certain hypothetical entities (the ACDM model’) the nature of which are still unclear.
“Entia non sunt multiplicanda praeter necessitatem”; it is likely that the necessity for the
introduction of inflatons at first, and now of dark energy and dark matter in GR (with the
development of new methods of astronomical observation), are symptoms of a defect in its
fundamental basis.

General relativity violates the unity of the material world. In GR, the gravitational field itself
does not have the properties of a material medium; its energy—momentum density is zero. This is a
direct consequence of the general covariance of the gravitational field equations. Attempts to
introduce a non-general covariant energy—momentum density actually mean refuting the original
axiom of general covariance.

In my opinion, it is the general covariance of the equations that is the source of the troubles of
GR. These troubles were detected at the stage of its formation, and today they have become a whole
set of unresolved problems: the problems of energy, singularities, black holes, the cosmological
constant, and cold dark matter; the problem of the description of elementary particles; and finally,
the impossibility of the creation of a quantum theory of gravitation on the basis of GR.

One possible way to construct a non-generally covariant theory of gravity without violating
Hilbert’s axioms (as | see it) is the introduction of an a priori constraint that restricts the choice of
coordinate system. Attempts of such a kind have been made previously, for example the unimodular
theory of gravity, whose origins date back to Einstein. A consequence of the introduction of this
constraint is the appearance of an edge in the space-time manifold. Therefore, restrictedly covariant
geometric objects are defined only on manifolds with this edge. In the presence of the differential
constraint, there is an opportunity to choose the position of the edge so as to single out a 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, which underlies GR, is not violated. In addition, we
do not put into doubt the principle of the invariance of matter action relative to arbitrary
transformations of coordinates. At the same time, in contrast to GR, a covariance of the
gravitational equations is restricted by the constraint. Thus, a priori, only the “medium-strong
principle” of equivalence is met in this case.® However, this cannot be grounds for rejecting the
proposed approach as contradicting the experiments verifying the strong equivalence principle for
bodies of cosmic scales.’

The fact is that already in GR, within the framework of the ACDM model, space itself is
endowed with energy. The same thing occurs when an a priori constraint is introduced. Space
becomes a self-gravitating object because of the nonlinearity of the gravitational equations. One can
determine the inertial and gravitational masses of such an object. The solution of the gravitational
equations has enough free parameters to not only ensure the requirement of the equality of the
inertial mass of the gravitational field to its gravitational mass, but also to determine inertial mass in
accordance with Mach’s principle (the latter problem has not been solved in GR). From this point of
view, the results of experiments® should be considered as an indication that only such (quasi)
stationary self-gravitating objects exist 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 g,w(xl) of the metric tensor. In addition, it was assumed that
derivatives of the 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. Currently, such theories are considered as an approach to the construction of a quantum
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theory of gravity.’ Among the other possible approaches, a restriction of general covariance has
the least effect on the concepts about the world around us that are dictated by common sense.** Of
course, there must be sufficiently substantial physical grounds to introduce the restrictions on the
group of coordinate transformations.

There is a deep analogy between the mathematical description of gravitational interaction in
GR and the description of gauge interactions in elementary particle physics.*> The only way to
calibrate for the latter (due to the requirement for general covariance) is by imposing the condition
that the 4-divergence of the gauge fields is equal to zero. A similar condition for the gravitational
field would be the requirement for an equality to zero of a 4-divergence of the connectivity
consistent with the metric, simplified by a pair of indices I}f;. However, due to the fact that GR is
not a gauge theory,*® to avoid contradictions with the initial provisions, such a condition should be
considered not as a gauge, but as a constraint. This constraint must be resolved before obtaining the
motion equations from the variational principle.

My basic assumption is that (in contrast to the unimodular theories) the components of the
metric tensor gﬂv(xl) are constrained by the following conservation law (the physical interpretation
of this constraint is given in Sec. Il):

a _ 0 V=g —
7en (V=99""T5) = 5 (guv axvg) =0, g = det(gu). 9" gva =6 (uv=0,1,2,3). (1L.1)
The left-hand side of (1.1) is not a generally covariant scalar. For an arbitrary coordinate

transformation x* — x'* B

3
g'() =g X2, ] = det(35) (12)
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
gx)=g), J=1 (1.3)
On the restricted group of coordinate transformations on which \/—_g is a scalar, the constraint
becomes a geometrical object in some region of the space-time continuum and acquires a physical
meaning.

Thus, the constraint (1.1) is a geometric object and defines an edge of the manifold 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 (1.1) allows global linear transformations of coordinates.

Il. GRAVITATIONAL FIELD EQUATIONS IN THE PRESENCE OF THE CONSTRAINT

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

C3
Sor = " Temg J R=gd'x,
where R = g“'R,, is the scalar curvature, R, is the Ricci tensor,

_ 0 2 90 2 AP AP
Ry _ﬁnw _ﬁqul +I;W[;1p _I;tp VA

and 1;[}, is the Christoffel symbols,
1 09uv ag ogv
17‘/11/ = Eglp (_ 6xl; axp"# ax:)'

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 the
method of Lagrange multipliers. Introducing a Lagrange multiplier (the scalar field @), we write the
action in the presence of the constraint (1.1) in the form
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Sgr = [ (R+Q)J=gd*x,Q = =20 guwv 22 2.1)

" 1enG V=g oxH axv
Since Q is a restrictedly covariant scalar, integration is defined not on a manifold but only on a
manifold with an 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.
When varying the action with respect to field @ (instead of the equals sign, the arrow indicates
that the full derivatives that do not contribute to the equations of motion are omitted), we obtain

. c3 . c3 oV=g ,y 060
0Sgr = — 167G f 6(Qy —g)d*x = - 167rGf ( Axk g* axVv )d4x -
4 f Sp 2L 0 (gyv 6\/_) d4—

167G axVv
From the principle of stationary action, in view of the arbitrariness of the & variation, we

derive Eq. (1.1).

The scalar curvature is covariant relative to arbitrary coordinate transformations; therefore, the
calculation of its variation, and accordingly its contribution to the field equations, does not differ
from that in Ref. 8.

The presence in the Lagrangian of the additional members besides the scalar curvature gives a
contribution at the metric variation

—g) = aar ar
6(Q - [ dxk axv o T o dxk axV] ~
1 a o 1 aﬁ 290 1 ar ad
o L .Y B - — nv.
2 [gﬂ" axP (g axl) + V=g 0xk axV F axVv axu] 909
This leads to the occurrence of a new object (egr).v in the Hilbert—Einstein equations along with the
energy—momentum tensor of matter (emat),:

1 8mG 8mG
Ruv =3 9wR = (€gr)p + 5 (Emar) wv: 2.2)
87G 1 3} il 1 0y—g 0@ 1 0J—g 0@
o = _= L (grr )y D97 - NI TT
c* (Sgr);w 2 [g/“/ oxP (‘g 6x1) V=g ox* axV + V=g 9xV 6x#]' (2.3)

Object (2.3) contains ordinary derivatives instead of covariant ones and therefore behaves like a
tensor only under a restricted group of coordinate transformations. It is covariant only relative to
local special diffeomorphisms and global linear transformations of coordinates.

Since the covariant derivative is defined for arbitrary coordinate transformations, its action is
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.

Constraint (1.1) does not include matter fields. Therefore, the action for matter remains
invariant under general coordinate transformations, as in GR. 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 derivative of the sum on the right-hand side of (2.2) must also be
equal to zero. Thus, the object (eqr),.» Changes as a tensor at the stated transformations of coordinates,
IS symmetric, is a source of curvature of space—time like matter, and in the absence of matter, its
covariant derivative on the field equation is equal to zero.

All this in aggregate makes it possible to call object (2.3) 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 in the very essence of the mathematical problem.
Section 111 considers the case where 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 constraint (1.1) and ten equations
(2.2) for eleven unknowns listed above.

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

From a physical point of view, constraint (1.1) can be interpreted 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

sgrv# = const X gt algr;_g, vy, =1, sg = const X v (x) %;_g. (2.4)
In the Planck system of units, this constant can be written in the form
const = a X z%’ = i—g, (2.5)
pl

where k is the Boltzmann constant and Iy 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 constraint (1.1) can be written in the
form of the relativistic adiabaticity condition **

= (J=gsgrv*) = 0. (2.6)
We note that under definition (2.4), all the thermodynamic potentials will be scalars only relative to
the restricted group of transformations.

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**
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, the system of
equations (2.2) becomes the equations of GR and, in the limit of a weak gravitational field, leads to
Newton’s law of gravitation. In this case, (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 the evolution of the Universe,
then the system of 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.

I11. EVOLUTION OF THE SPACE-TIME MANIFOLD IN THE ABSENCE OF MATTER

If we imagine that matter and the radiations generated by it were absent at the initial instant of
time in the Universe, there would not be physical possibility to distinguish the points of outer space.
What could be the metric properties of such a space in this case?

There are nine possible types of principal homogeneous spaces (admitting a group of motions)
with a time-dependent metric (the Bianchi classification) in three-dimensional space.’® The
introduction of the constraint restricts not only the group of coordinate transformations admissible in
GR, but also the group of motions that preserve the metric. If the first group is given by condition
(1.3), then at motion, by virtue of the requirement of form-invariance, this condition takes the form

gx°,x'™ = gx%x™), x™->x" (m=1, 2, 3),
that is, the determinant of the metric tensor does not depend on spatial coordinates. Note that this
does not exclude the dependence of the components of the metric tensor on coordinates. These
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dependences are given in Ref. 16 (pp.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 | and Il according to the Bianchi classification.
This means that if constraint (1.1) applies, only these two types of homogeneous spaces can exist:
l. 9mn = amn(xo)» Joo = aOO(xo) >0,90n=0 (mn=1, 2 3),
aiq asz apxt + a3
Il gmn = asz azz Azx" + ay3 )
apxt +ag; axxt+ay;  ar(c)? + 2a,3xt + as;
Amn = amn(xo)' Yoo = aoo(xo)’ Jon = 0.
For the first of these, the components of the metric tensor depend only on time. In this case, if the
spatial metric is non-degenerate, then the most general expression for the space—time interval is the
transformation of coordinates with the Jacobian equal to unity,*
x0 - x% x™ - x™+ p™(x0),
which can always be reduced to the form
ds? = goo(x°)(dx°)? + g (x)dx™dx", y = — det(gmn) >0 (m,n=1, 2, 3).(3.1)

A. Gravitational equations for homogeneous spaces of type |

The absence of general invariance of action (2.1) does not allow us to eliminate the metric
component ggo. The expressions for the Christoffel symbols and the nonzero components of the
Ricci tensor for metric (3.1) will take the form

0 — 100290 ro _ 0 __1 0099 prm _ m _ 1 mkd9kl pm _
I—E)O_Eg dxo'FOZ_O' I—'TL —_Eg dxo,['oo —0, FOI _E'g W' nl —0, (32)
RO - _ 1 i 1 dy _ 1 mk dgkp pn dgnm (3 3)
0 2,/goo dx° \¥y/goo dx° 4900 dx0 dx0’ )
1 d Y dgrm
Rf = ———=—( [ g™ 3.4
k 2,/Ygoo dx° oo g dxo )’ ( )

and the nonzero components of the energy—momentum density tensor (2.3) for metric (3.1) will take
the form

0_ _ ¢ |d (1 d® 2 4/goo¥ dP
(ggr)o ~ 167G |dx® (goo de) + dooy/dooy  dx© dxo]’ (3.5)
p__ ¢ d (1 d®yep
(Sgr)k © 167G dx© (goo de) O - (3.6)
Taking these relations into account, the gravitational field equations (2.2) in mixed components

8nG 1
RE == |l = 5 020}

in the presence of the constraint will take the form

d 1 dyYZgoo\ _
o\ "ax0 ) = 0, (3.7)
00
1 d < 1 dy)_ 1 mk99kp pn d9nm _ \[Ygoo d ( 1 dd)) (3.8)
2,/goo dx° \¥y/goo dx° 4900 dx© dx® 2 dx® \gooy/¥goo dx°)’ '

_ 4 |[xr mp2km) _ sp 4 /Ld_‘p
dx°< goog dx© ) - 6k dx°< 900 dx0>' (3'9)

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

The system of equations (3.7 ... 3.9) is a nonlinear system of eight equations for eight
unknown functions of the world coordinate time: @(x°%), goo(X°), gmn(x°) (M, n =1, 2, 3). We show
that there is an exact general solution to this nonlinear system of equations (which in itself is a
significant, surprising fact).
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Eq. (3.9) shows that

dgim do
grP Ly 6 = /% L. (3.10)
The constant matrix L’,'; is not arbitrary. Since Eq. (3.10) shows that
dgkn do ,y
dxko + gknﬁ = %gnpl‘ia (311)
the matrix must satisfy the condition
gnp(x )Lk = gkp(xo)Lp (3 12)

For a general metric tensor, this condition will be satisfied only in the case where the matrix L% is
proportional to the identity matrix. Otherwise, the matrix L} = diag(Ly, L,, Ls),and the metric

tensor must also be diagonal.
Simplifying Eqg. (3.10) with respect to the indices p and k gives

a _ _14dy Joo 1k
3= ydx0+ /y LY. (3.13)

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

dgkm 1 d 1
g 5;0 3y dZO 55 T ,/g;,)o (Lp - ESEUYIL)- (3.14)
Equation (3.14) shows that
mk 29kp pn @gnm _ 1 (1 dy 4 oo [;p Kk _ 1
9 a0 9 T T 3(y de) [L Ly (L ) ] (3.15)

Using this expression and Eq. (3.13), it is possible to ellmmate (0 and all spatial metric components
from Eq. (3.8), and we can write it in the form
d (1dy 1dy Pk _ 1 LAy _ gn
3% (y dt) t3 (y dt) [L L (L goo\/_dt Y900 (\/7 dt CL")’ (3'16)
where the notation cdt = ./goo dx |s mtroduced.
Equation (3.7) implies

1 3900 , 1dy _ 1 o _
d0o at Ty T T = const. (3.17)
This equation allows us to eliminate goo from (3.16) and to write the equation for the function y:
4 (lary, L &vr g _ — pgn _3rprpk _ 1 pny2
zdr(yd‘c)+y\/7d-c S =0,0=58y - [B By — 5 (Br)7l, (3.18)

where z=t/T is the dimensionless proper time and B,f = cTLY is a matrix of dimensionless
constants. The order of Eq. (3.18) can be reduced by introducing the function u(y), which is the
dimensionless rate of change of the volume factor /y

_ 4
u="27 (3.19)

The equation then takes the form
du _ 2 dudu _ dy
8yu ol 4u*—-2u+o ey (3.20)

It is remarkable that, when &> 1/4, the determinant of the spatial metrics is not equal to zero
anywhere. In what follows, we will consider this restriction on the value of ¢ to be satisfied.
Integrating Eq. (3.20), we find that

Yy _ |4u?-2u+o 1 4u-—1 1
/m =fw), f(w= /—0 exp [m (arctgm+ arctgm)], (3.21)

where +/ymin IS the minimum value of +/y atu =0.
Differentiating (3.21) with respect to z gives
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_1 4y _dfwdu  df _

Ymin 4T du dt’ du  4u?- 2u+af( ).
Hence, we find the solution of Eq. (3.18) in the parametric form in consideration of (3.19) and
(3.21):

_Afy)
= V¥ f Oy, (3.22)
Evolution of space begins at the time point 5 from a state of rest with the minimal volume factor.
From Eq. (3.17), taking into account (3.22), it follows that
Ymin 4f(Wdu 4du
y 4u2-2u+c  4ul-2u+o

din(ygoo) = W
Integrating this equation,

u u v 4du 4 4u-1 1
% = exp (J(; m) = exp [\/ﬁ (arctgﬁ + arctg ﬁ)],
and taking into account determination (3.21), we get
Goow) _ _of(W)
Goo(0)  4u?2-2u+o’
Using this relation, proceeding from determination (3.19), we can show that

1/goo(x )dx® = cT\Vmi W g (3.23)

N 42 2u+e
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.

C. Energy—momentum density and scalar curvature of a homogeneous space on the field
equations

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

o e 1dy\ | 1(iay\* | 1 dy 1 i
(Sgr)o = Pgr = 48mGT? |dt (y d'r) + 2 (y dr) + 2\yydt 2y Bk]' (3'24)
Using Eq. (3.18), we eliminate the second derivative, then
__ ¢ |(1ar\° _ 3 pppk _ c? 2 _3rpppk _ L pky2
Par = Sencr? [(y dr) 2y [B Bp (Bk) ]] 24TGT2y [u 8 By Bp 3 (Bic) ]] (3.25)

The first term in the brackets vanishes at small values of u, and the second term characterizing the
global anisotropy of space is constant and positive and enters into the expression for the energy
density with a minus sign. Now we can answer the question posed in 1972: “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
[authors’ italics].” (Ref. 17, 30.1, p. 800). The energy density of the gravitational field will be
positive only in the case when a homogeneous space is isotropic (B} < %).
In this case, the solution of (3.14) can be presented in the form
1/3
9= ()" gin0). (3.26)
Due to the invariance of the theory with respect to global linear transformations of coordinates, the
original metric g,(0) can always be reduced to a diagonal Euclidean form. Then, taking into
account relations (3.26) (3.23), and (3.21), interval (3.1) takes the form
2 = (T v¥min g ;‘jﬂ) (dw)? — £2/3(u)dx™dX" 8 . (3.27)
We note that a homogeneous space of type Il has an unremovable anisotropy. Therefore,
bearing in mind the connection between the positive definiteness of the energy density and the
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absence of anisotropy, it can be argued that from a physical point of view, there is no other
noncontradictory theory of a three-dimensional homogeneous space besides type I.

We introduce the Hubble parameter H and the acceleration parameter q (instead of the
deceleration parameter®) according to the modern representations:

H=—2 g=1+——=(2) (3.28)

~ 6Ty dr’ 6H2T2? dt )_/E
The substitution of these expressions into (3.18) allows us to derive the equation describing change
of the acceleration—deceleration eras:
3 (o 112 3
1=3G5%) t1-w (3.29)
This implies that two scenarios are possible. When ¢ > 3/4, only acceleration (q > 0) is possible.
When 3/4>0>1/4, a change of eras is possible: acceleration—deceleration—acceleration. The
change of eras occurs when the values
o V3 o V3
U = i > R 0.1376, u, = - T < D~ 1.3624. (3.30)
The recently discovered change of eras*® indicates that the second scenario takes place.
The maximum value of the deceleration is reached at u = ¢

3
Gmax = 1=~ > =2 (3.31)
After the onset of the second era of acceleration, g asymptotically approaches unity according to

(3.29). The energy density (3.25) of the isotropic gravitational field is related to the Hubble
parameter (3.28) by the relation

_ c? 2 _ 3c%H%(u)
Pgr = 24nGT2y(u)u T smnG (3:32)
Thus, the energy density of the gravitational field is proportional to the square of the rate of change
of the volume factor and is equal to the critical density at any moment of time.
The Hubble parameter reaches its maximum value during the era of the first acceleration at
u=ol2<u,

Ao arctgv4o—1
Hmax = o ex (— ﬁ), (333)
and then monotonously decreases, tending to the constant value
Ao 1 1 T
Hoo = m exp (- \/ﬁ (arctgﬁ + E)) (334)

From (3.6), the spatial components of the energy—momentum density tensor are equal in the
field equations to

p__c [a(rayy 1(1an)* _ 1 dr 1 pn]ep
(Sgr)k "~ 487GT? [dr (y dr) + 2 (y dr) 2\/yy dt + 2y Bn] O (3.35)
and differ from the expression for the energy density in the sign of the last two members. These
components can possess both positive and negative values during evolution. Eliminating the second

derivate again by means of Eq. (3.18) and assuming (&, )7 = —Dgr0Om (as accepted for macroscopic
mediums), the gravitational field pressure can be written as
c? 2u’-2u+o
Por = = femerz ya) (3.36)

This implies that when 0.25 <0< 0.5, there is a change of the pressure sign at the following u
values:

_ 1-V1-20 _ v2-1 _ _ 1+V1-20 _ V241 _

== >55 " 0.146, uy = ———< o 0.8536. (3.37)
The gravitational field has a positive pressure in the interval us < u < uy; in other cases, it has a

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

2
0__Li(lﬂ)_;(ld_y) k__;i(id_y)
Ry = 2c2dt \y dt 12c2\y at/ ’ Ry = 2c2\ydt \\Jy dt/’ (3.38)
Excluding the second derivatives, we can write the expressions for the scalar curvature of space—

time R:
1

_ po k _ —
R=RS+RE=——7 (u)( u? - 2u+0). (3.39)
The space-time curvature changes during evolution and possesses at first negative values, then
positive values, and finally negative values once more.

D. Kinematics of a homogeneous space

According (3.32) and (3.33), the maximum density of the gravitational field energy is
. c?c (_ Zarctg\/4a—1)
Pgrmax = e, — X Vao—1 )’

(3.40)
Hence, for o = 1/4,

— c?o /2 arctgv4o— c 1 1/2
r Vmin = (96”'G'Pgrmax) eXp( v4o—1 ) g(671'6Pgrmax) . (341)
Relations (3.23) and (3.28) can be written in the dimensional form

4f 1
tse = TVlenf O _ dy, H(u) = 3T\/m$. (3.42)

4y2-2y+0

According (3.21), f(u) depends only on the constant ¢. Substituting the current values (Ref. 18, pp.
110, 111) of the time from the beginning of evolution till now (t° -ty = 13.81 x 10° years) and the
Hubble parameter (H® = 67.3 km's -Mpc ™) into these relations gives a pair of equations with two
unknowns (o and the value of the parameter u at the current time):

0

— _ A 1w
t —tse = r mef dy, HO - 3T\/Ymin f(u®)’

4y2-2y+o

The quasi-classical approach is justified providing that the parameter Tv/ymin = tp;, Where ty
is the Planck time. According to (3.40), the maximum energy density of the gravitational field, which
is four orders of magnitude smaller than the 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 I. In Table II,
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 (pgrmax = (1 TeV)* =2 x 10" J-m ).

The characteristic values u°, u2, u4, s, u3, ul, and o/2, supplemented by a number of the
intermediate values, have been chosen for the parameter u. In the tables, q is the cosmic
acceleration, z is cosmological redshift, R is the scalar curvature of space-time, t —t is the proper
time, and H is the Hubble parameter.
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TABLE 1. Space kinematics at the maximum energy density pgrmax = 5.2 x 10 J-m,

rmax = 5.2 X 10'%° -m™3: 5= 0.2501278984: u° = 6.118625359

TV¥Ymin=tp S; p
u q z R, m*° t—tg, S H,s*'

6.118625359 | 0.7599 0 —5.589 x 10 | 4.358 x 10%/ 2.181 x 1078
1.362294111 |0 0.84987 —6.308 x 10 °¢ | 1.876 x 10"/ 3.074x10 B8
0.853462941 | —05 1.41598 —6.144 x 10 % | 1.129 x 10%/ 4290 x 10 18
0.8 —0.5819 | 1.52552 —-5.890 x 10> | 1.029 x 10*/ 4594 x 10718
0.7 —-0.7600 | 1.79266 —4.732 x 10> | 8.275 x 10% 5.435 x 10 18
0.6 -0.9789 | 2.20159 —-6.939 x 10> | 6.051 x 10™ 7.019x 1058
0.5 ~1.2496 | 2.93915 1.977 x 10! 3.650 x 10 1.089 x 107/
0.4 -1.5775 | 4.83051 3.079 x 10 1.305 x 10™° 2.826 x 10/
0.35 —-1.7543 | 7.80386 3.648 x 10 ¥ 4.161 x 10® 8511 x 10 Y/
0.3 —-1.9156 | 24.3239 1.843 x10°%® 1.963 x 10* 1.737 x 10"
0.28 -1.9643 | 87.6127 3.105x 10 4.848 x 10% 6.945 x 10
0.265826306 | —1.9880 | 1090 9.993 x 10’ 2.719 x 10° 1.230 x10° P
0.250127898 | —1.9985 | 8.09106 x 10 | 1.484 x 10" 7.062 x 10 | 4.723 x 10"
0.146537059 |-0.5 2.16717 x 10 | —9.435 x 10%° 3.785x 10" [5.317 x 10"
0.137705891 |0 2.24648 x 10 | —2.067 x 10%’ 3.125x 10 * |5.565 x 10
0.125063950 |1 2.33685 x 10 | —4.321 x 10°’ 2426 x 10 ® |5.689 x 10
0 © 2.58860 x 10 | —4.788 x 10%® 0 0

TABLE 1. Space kinematics at the maximum energy density pgrmax = 2 x 10*° J-m ™,

parmax = 2 % 10°° J'm ™, T\/ymin= 8.6912868 x 10 * 5; 5 = 0.2505131772; u’ = 6.116607675

u q z R, m? t—tg, S H,s*'
6.116607675 |0.75979 |0 —5.588 x 10 °* | 4.358 x 10%' 2.181 %1018
1.362058100 |0 0.84978 —6.145 x 10 | 1.876 x 10"/ 3.074x10° 18
0.853190333 | -0.5 1.41607 —9.218 x 102 | 1.129 x 10"/ 4291 x 10 8
0.8 —0.58143 | 1.52504 —-5.894 x 10 | 1.030 x 10%/ 4592 x 1018
0.7 —0.75942 | 1.79220 —4.740 x 10 | 8.281 x 10™° 5.433 x 10 8
0.6 —0.97810 | 2.20058 ~7.194 x 10> | 6.057 x 10™° 7.014 x 10718
0.5 —1.2485 | 2.93699 1.0963 x 10 | 3.656 x 10™° 1.088 x 107/
0.4 —-1.5757 | 4.82107 3.042 x 10V 1.313 x 10%° 2813 x10° Y
0.35 —-1.7519 | 7.76490 3.545 x 10 ¥ 4218 x 10% 8.404 x 10V
0.3 -1.9124 | 23.6505 1.564 x 10°%® 2.130 x 10% 1.602 x 10 P
0.28 -1.9607 | 78.6976 1.638 x10°® 6.670 x 10 5.054 x 10 1
0.263724335 | —-1.9863 | 1090 9.820 x 10’ 2.741 x 10° 1.221 x10° P
0.250513177 |-1.9939 |5.92654 x 10° 2.294 x 10 % 17.963 0.001859
0.146809667 | —-0.5 1.84758 x 10° | —3.638 x 10° 6.102 x 10 ® | 3.301 x 10"
0.137941901 |0 1.91536 x 10° | —7.974 x 10° 5.037 x 10 ©® | 3.456 x 10"
0.125256589 |1 1.99255 x 10'° | —1.6669 x 10’ 3.910x 10 ¥ |3.533 x 10"
0 © 2.20739 x 10" | -1.8450x10° |0 0

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. Comparison
of the data in Tables I and Il shows that the results of the calculation are in good agreement, at least
up to redshift of the last-scattering surface,

11



1/3
2(0.2647 + 0.0011) = 1090, z(w) = ( yy%g) —1, (3.44)

despite a difference in the value of the maximum energy density of more than sixty orders. This
circumstance excludes doubts about the possibility of an unambiguous description of the evolution
of space in this range of redshift variation. It should be noted that the “last scattering” occurred less
than 100 years after the beginning of the evolution process, as opposed to 373000 years in the
ACDM model (Ref. 18, pp. 110, 111).

Significant differences between the models exist 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 the root of the modulus of curvature. This
size depends on the value pgrmax, and for the energy ranges considered in Tables I and 11, can be from
107* to 10™* meters.

E. Geodesics and entropy of a homogeneous space

The lines x* = x* = x% = const are geodesics for metric (3.27), as for the 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 the Christoffel symbols (3.2) for metric (3.27) in the geodesic equations x“(&) with
the natural parameter ¢,
dZxt p dxV dx*
dgz vA Ed_f
and integrating the derived equations, we find:

m 1 1

% =A™y 73(x°), v/ goo(x°) (Z—x; = i\/AZy_E(xO) + B, A2 = A™§,,,A", A™, B = const. (3.45)

The hypersurface t = t is the edge of the found space-time manifold. On the edge, u(ts) =0 and
the cosmic acceleration (3.29), which is an invariant observable quantity, becomes infinite. In this
regard, any geodesic extending to the edge, with a finite value of & will be confronted with an
unremovable singularity. 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

=0,

v“—"i—(gooz 0, 0, 0).

In this case, it follows from the adiabatlc equation, in consideration of (2.4), (2.5), (3.17), and
(3.21), that:

k dlny/=g axk oxk
Sgr = alTvl( ) ot 2121cTy (W) lelcTW (3.46)

In the last equality, we identified an unknown constant a with the only in the theory dimensionless
parameter ¢ (3.18) that characterizes the found space-time manifold. It follows from (3.46) that the
entropy density of the manifold currently depends rather weakly on the maximum energy density,

and, at pgrmax = 2 x 10%° J-m™, is equal to
oXk

sgr(uo) = ZZf,lCTMf(uO)
This value is 18 orders of magnitude greater than the contribution of all remaining entropy sources
considered in the framework of GR."
In view of (3.45), for an observer resting at the origin of the coordinates and connected by a 0-
geodesic (B = 0) with a concomitant point, the distance is determined (as in GR) by the relation’

~ 1.7 x 10*?* k- m™3.

12



d(t) = ¢ x a(t°) x f t ot (3.47)

where a(t) is the scale factor and t is the proper time. The factor a(t) = y*°(t) is determined in the

case under consideration by the relations given above; after the discovery of cosmic acceleration, in
GR, it is determined within the framework of the ACDM model.” The parameters of this model are
selected proceeding from a condition of providing the best agreement with all sets of experimental
data that are available at the present time (their numerical values as of 2013 are given in Ref. 18).
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FIG. 1. Distance to an object (Gpc) depending on its redshift, as calculated by (3.47) for this theory and the ACDM
models. The upper curve displays this theory, the lower curve displays the ACDM model.

All data sets relating to the dependence of distance on redshift that were available at the time
of writing were given in a graphical form (Ref. 18, p. 364, Fig. 26.1). Comparison with these data
sets shows that both dependences presented in Fig. 1 lie in the range of error of the experimental
data. Moreover, as follows from the data in Fig. 2, even future experiments of this kind will be
unlikely to allow 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. Fig. 2 shows the relative
distance Dy calculated as the ratio of the quantities presented in Fig. 1 over a wider range of
redshift. The relatively small value of the deviation is associated with the integral nature of the
dependence of the distance on redshift. For a local parameter, such as the Hubble parameter, the
situation is different (Fig. 3). In this case, as the comparison of the calculation results with the
experimental data shows (Fig. 4; see Ref. 20, p. 20), both dependences are also within the limits of
the experimental error for z < 2.5. Figure 4 shows the quantity Hye=H,.am/H equal to the ratio of the
quantities presented in Fig. 3 over a wider range of redshift. The discrepancy between them
increases dramatically at large redshifts, as shown in Fig. 4. Thus, only one of the two theories can
be valid.
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FIG. 2. Deviation of the ratio of the distances from unity calculated according to GR and this theory (vertically)
depending on the value of redshift.

250
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FIG. 3. Dependence of the Hubble parameter (km-s*-Mpc ™) on redshift. The upper curve represents the ACDM model,
the lower curve represents this theory.
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FIG. 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 redshifts, is
determined only by the initial values at z =0, and, as can be seen from Table I, is valid up to the
initial instant of time. The hypotheses about the existence of dark energy and dark matter are
introduced in GR within the framework of the ACDM maodel to ensure agreement with experiments.
The hypothesis about the existence of inflatons is introduced to describe the dependence in the
region of large values of z.

F. 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, another
characteristic of the state of a medium 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?

daeo dp
gr _ gr
Sgr—ar = ~ar (3.48)

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) on u. Substituting the

corresponding relationships into (3.48), we have

c? 2u?-2u+o oxk
© 48nGT? y(u)d( YW ) - 21§lch99r' (3.49)
Integrating this equation taking into account the dependence y(u) (3.21), we find
u
. h 1 o—2u(l-o)
ng(u) - 12nxkxT,/ymin_];) of (u) X o—2u+4u? (3'50)

The value of the integral for the data in Tables | and Il is the same and is 0.5 (with an accuracy of

eight significant figures) at u = u® (the present moment of time). At the same time, the temperature

of the gravitational field 64(u®) changes from 1.879 x 10%° K in the first case to 1.166 K in the
15



second. Fig. 5 implicitly shows the dependence of the relative temperature Te= Qgr(u)legr(uo) on
time.

OO rrrrrTrrrrrrerrrprrerrrrrryrrrung

0 1 2 3 4 5 6

u

FIG. 5. Ratio of the current temperature to its value at the present time as a function of u (3.19).

The relationship between the dimensionless rate of change of the volume factor u and the proper
time is seen in Tables I and II. It should be noted that for both variants presented in the table, the
calculated dependences are almost identical. Aside from a short initial time interval, the temperature
of the manifold remains at a constant level equal to its current value; that is, the gravitational field
has had a constant temperature for almost 14 billion years up to the present moment, and it will
continue to have this value until achieving complete equilibrium. It acts as a thermostat for the
Universe.

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 cosmic microwave background (CMB) radiation, under adiabatic cooling it
will tend to the temperature of the thermostat over time, but not to zero. At present, the temperature
of the CMB radiation is 82,; = 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 (u°) is
less than 672,

Equation (3.50) shows that
.5Xh
TV min = == (3.51)

12mkBgyr(u®)
Using this relation and (3.41), it is possible to relate the maximum value of the global energy density
pgrmax 10 the present temperature value:

0 2
3m €% o (M) . (3.52)

Pgrmax = 22 G A
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If we take the temperature ng(uo) as being equal to the CMB radiation temperature at the present
time 62,,= 2.7255 K for estimation, then pgrmax < 1 x 10%° J-m~° ~ (1.5 TeV)". This is close to the
value in the variant of evolution presented in Table Il and differs strikingly from the SCM, in which
the energy density can reach a value 64 orders of magnitude greater (10*° GeV)*. Perhaps this is
exactly the reason for the absence in the Universe of the hypothetical forms of matter that are not
found in experiments at the Large Hadron Collider (LHC).

IV. BASIC MODEL OF THE EVOLUTION OF A HOMOGENEOUS AND ISOTROPIC
UNIVERSE

An increase in the intensity of the gravitational field during the evolution process will
inevitably lead to the appearance of new structures of matter. Let us consider phenomenologically
the influence of matter on the process of the evolution of the Universe.

As shown in Sec. Ill, there is a uniqgue homogeneous space-time with an isotropic metric of
the form

ds? = goo(x°)(dx®)? — ¥y /3 (x*)dx™dx" 8 -
Let matter be born at some moment in this space-time. Owing to its homogeneity and isotropy, we
write the tensor of the average energy-momentum density of matter in the form (epq0)y =

diag(pmat, — Pmat, — Pmat, — Pmat )
In the presence of matter, the gravitational field equations (3.7)—(3.9) will take the forms

da (1 dyvgoo -0
dx° \ goo Tax0 !
2
1 d 1 dy) 1 (1 dy) d ( 1 dcb) 871G
—_— —_] — _ = _/ _— — + 3
Voo dx° (Y\/goo dx® 69doo \y dx° Ygoo dx® \goo/Ygoo dx° (p P)mat:
1 d ’y1dy)6p_6p 1 d( ydcb) 87G 6
VYoo dx° ( Joo 3y dx°) "k k VYGoo dx° Joo dx° (P p)mat

Repeating all the computations taking into account these addltlonal terms, instead of (3.20), we
obtain the integro-differential equation

du _ 42 dy.
8yu o = 4u* —-2u+o+ M(uy, du), (4.1)

where

My, 3y = 22250 < V(P + Pmat +7 f (P = PImac (52) % >

and it is supposed that the pressure and density of matter are equal to zero at 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

q_l__fﬁjﬁﬂf(z % 0, (4.2)

Por + Pmat = e = g = Per (), (4.3)

Pgr + Pmat = ﬁy(u) [Zu —2u+o+ My, —)] (4.4)
R=— ZCZT—%[ u?—2u+o+ M, y,—)] (4.5)

According to observation data, the Universe currently contains macroscopic matter,
electromagnetic radiation, and neutrinos. These components interact weakly both with each other
and with the gravitational field. In this case, the conservation laws for each type of matter are
satisfied separately, therefore the covariant derivative of the tensor (&,4.), must be equal to zero.
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\/_axv (\/_(‘Smat)v) ]—b/}l(gmat)g = 0.

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

dPpma 1 d\/_
Tot ==+ DP)mat = 77 dx®

The pressure can be considered equal to zero for baryonic matter, p = p/3 for electromagnetic
radiation, and for neutrinos, a similar relation will be valid as long as it is possible to neglect their
mass. Under these conditions, for the components of matter, we obtain

/3 4/3
vr° Ay _ vr°
Py = pp &7 Pr = oy (\/—) , Py =Py (W) : (4.6)

The values relating to the current time are denoted by the superscripts.

It is known that the energy densities of the two first components are respectively equal to
0}, =0.0499 and (2, = 5.46 x 10" of the critical energy density at the present time (Ref. 18, pp. 110,
111). The data are less well defined for neutrinos, and 2, <5.52 x 103, Then, to estimate the
maximum degree of the influence of matter on the evolution process, exactly this value of the
relative density of neutrinos will be used.

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

4/3 o 5\ 4/3
Pmat = Per lﬂb€+ 0 (g) l Pmat = 5 0 (%) , =010,  (47)

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, to a first approximation, the inverse action can be neglected.
Suppose that

MDD W, v, Z_Z) =0,

where the index in parentheses indicates the approximation number. In this case, the change of the
volume factor and its derivative will continue to be described by relations (3.20) and (3.21), and the
critical density by relation (4.3). Thus, in this approximation, the energy density and matter pressure

can be considered known functions of u at up <u:
4/3

o f@® Fuon /3 CpY A () _
Pmar(W) = P& o lnb +0(82) | b =2 0(52) L 0=0,+0,. 49

A. Energy density of matter in the very early Universe

The conditions under which relations (4.8) are valid are violated at 0 < u <uy (the very early
Universe). The reason for this is the extremely high energy density of the gravitational field,
reaching the level of the energy density of the LHC (as shown in Sec. I1l). Under these conditions,
in addition to the particles listed, other components of the standard model of elementary particles
and fields will also be born.

With this in mind, we redefine the dependences pmai(U) at the beginning of the evolution
process as follows. Since there are no other sources of 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:

n
Pmar(U) = A X (%) X pgr(u), 1<1, 0<u<wu,nz=0. 4.9
Excluding the gravitational energy density from relations (4.3) and (4.9), we have
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Pmat (W) = fn(i)xﬁ X per(u), 0 <u<up,nz=0. (4-10)
The constant A and the quantity u, are determined from the smooth conjugation conditions of
dependences (4.8) and (4.10) at u = up. Equating separately the energy densities and their derivatives
at u = up, we derive a system of two equations for determining up and A:

A — u_o 2 f(up) fup) 2/3]

Frup)+Axup (ub) [‘Qb F(u9) +0 (f(uO)) , (4.11)
2 FQup) | 4 o (fb) e ( - Axuy )Axug(Zub—U) .

4‘u0 X -Qb f(uo) + 3 *Q (f(uo)) =|n+ 2 nf"(ub)+l><u2 fn(ub)+l><u2 (4.12)

This system of equations has two different solutions, and the solution with the smaller value of uy is
physically sensible. For this solution, uy < f(uy) <« f(u®); therefore, Eq. (4.12) is simplified, and the
solution takes the form

3(2+n)—+/9(2+n)2—-48(2+n) X0
U, = .

16
The quantity up 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—V36-96X0

16
This expression is the same as up at n =0. From (4.11), we find the ratio of the energy density of
matter to the energy density of the gravitational field at the time of its separation from matter for this
value:

u\? [ fup)\2/3 6—-/36—-96x0
A~ 0x (£) (f(uo)) Uy~ I (4.13)
By substituting the values corresponding to the data of Table Il into this relation, we find that this
fraction was 2.754 x 10"%°. The energy density of the Universe is 1.390 x 10* J-m~ for u = u, at the
time t—ty=8.183 x 10 *®s. When approaching the initial instant of time, the average energy
density of matter decreases in accordance with (4.10), tending to zero together with the critical

density.
B. Temperature history of the early and very early Universe

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

4 7 T2K4
sy(0)a® = const, s,(0) = 5a393, sy(8)a® = const, s,(0) = 5“393' ap = o5
Using the expressions for the scale factor obtained in the previous section, we rewrite these relations
in the form

4 1/2 4
s, (O)y2 (W) = 5,(8,)y Y (up); 5,(0) = gas% Y)/T((IZ’)) = gaseﬁb ff(fgb) ;
Oyp = 6y (up). (4.14)
1/2 _ 1/2 . _ 7 yl/z(ub) _ 7 f(ub) .
sy (02 (W) = 5,(0p)y Y2 (wp); 5,(0) = EaBgsbm = EaBHEb @
Oyp = 0, (up). (4.15)
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It is shown in Ref. 7 that Eq. (3.48) is also applicable to describing 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, Eq. (3.48) takes the form:
dPmar = (s,(0) +5,(0))d6. (4.16)
We apply this equation to the description of the initial stage of evolution at 0 < u < up <« u°. In this
case, as follows from (4.8), the contribution of baryons to the total energy density of matter is
negligible, matter can be considered an ultrarelativistic medium, and taking into account (4.3) and
(4.10), we can write the pressure of matter in the form
2 c? u \? <y <
Prar(@) = 5 X st x (25) 0 Su <u,

Neglecting the possible differences in temperature of the components of matter, we write Eq. (4.16),
which determines the change in temperature, as

A c? u u \% 29

Ix < x féb)) d (f (u)) =2a,63d0. (4.17)
Integrating this equation, taking into account definition (3.21) of the function f(u) and its derivative,
for we get

29ag = 6MGT2?Ypmin  f(up) (4u2-2u+o)f(u)’

u
03 (uy) X O(1) = —2— x —C — x - f (g-2wpudu (4.18)
0

Substituting (4.13) for the parameter 4 into this equation, we find the temperature 6(u,) at the
moment of separation of matter from the gravitational field.

2 03 2/3 4
0 (uy) :I 1L e Xﬁ(%) I(ub)l , (4.19)

29ap = 6MGT2ymin  up \ upXf(u)

where
b (c—2uw)udu
I (up) :fo (4uZ—2u+o)f(u)
The calculation for the values of the parameters corresponding to the data in Tables I and Il gives
I(up) = 2.302(+0.0005) x 10*. At the same time, O(uy) =1.345 x 10?* K in the first case, and
O(up) = 1.145 x 10™ K in the second case.
According to the calculations given in Ref. 7, the radiation and neutrino temperatures coincide

at 0=10" K. Below this temperature, neutrinos lose equilibrium with other particles and their
temperature decreases, asymptotically tending to the value

.= ()"0,

At the same time, the radiation temperature will decrease at u > up with the growth of the scale
factor according to the law’

6y(wW) _ yYo(up) _ fY3(up)

Oy (up)  YVow)  fY3w) (4.20)
Substituting expression (4.19) here, we find the dependence of the current value of radiation
temperature on u(t) at u > up:

2 03, 2/3 up _ 2 1/4 1/3
Hy(u) — 1 X ¢ X £(u f(ub)> f (c—2u)u“du I f (ub). (421)

29ag  8MGT2Ymin  up \ uj-f(u®) (4u?2-2u+o)f2(u) F1/3(u)

C. Relative density of neutrinos in the Universe

For u =’ that is, at the present moment in our Universe, the value of the temperature ey(uo)
should be equal to the experimentally observed temperature of the CMB radiation, 2.7255 K. The
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calculation by (4.21) of the parameters values corresponding to the data in Table I gives
6,(u°) = 6.6215 K; for the data in Table Il it gives 6,(u°) = 6.6147 K.

In the constructed continuum of models of the Universe for the 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 at the same point of time (of our present), but they are
more than double the value observed in our Universe. 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 in Ref 18 (pp. 110, 111) is 2, <552x10° and it, unlike the radiation density
0,=5.46 x 10°°, is not exactly determined, along with their sum 2 = 2, + 2,. This quantity is
included in the expression for the temperature of the CMB radiation (4.21) in the form of a constant
factor 2. Therefore, the discrepancy from experiment can be eliminated if a new value 2*is
introduced instead of the old density value 2 = 5.575 x 10~:

2 =(2;+0,) =16068 x 107, 2; = 1.6068 x 10™* — 5.46 x 1075 = 1.0608 x 10~*.(4.22)

Thus, if the stated theory is correct, then the currently unknown relative density of neutrinos in
the Universe is equal to ;=1.0608x10" In this case, at pgmax=2x 10" Jm>,
0,(up) = 4.719 x 10"°K, and the maximum radiation temperature in the Universe
O,max = 9.404 x 10" K is reached at t — tyy = 4 x 10" ** 5. As shown in Sec. I, pgrmax < 2 x 10°° J-m >,
With this value of the maximum possible energy density, the temperature of matter in the Universe
has never exceeded A,max = 1.230 x 10 K.

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

The total average energy density in the Universe (4.3) is always equal to the critical one,
regardless of the presence or absence of matter. Therefore, taking into account (4.8), the fraction of
the average energy density of matter in its total amount (at the found value of the relative neutrino
density 0, is

02 £2 0 0 4/3
auota() = 22288 = 20 0, e o (G|

per@) w220 |7 f(w) f(w)
In view of (3.21) and (3.42), this quantity depends on time as shown in Fig. 6.

0.27
0.15]
quota IIZI.1E

0.05]

0.0+ S S

FIG. 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 X 10% 3 m3.
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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 with decreasing time, here it reaches its maximum and then
begins to decrease.

The remainder and main part of the energy of the Universe is the energy of the gravitational
field

pgr() = per()(1 — quota(w)).

In view of (3.44), this value can be related to redshift of observed objects. We consider two such
objects located in a homogeneous and isotropic gravitational field, the energy density of which
depends on their distance to an observer (Fig. 7). Let us mentally select the volume of a sphere with
a radius equal to the distance between the objects. Such surrounding gravitational field does not
affect the dynamics of these objects. However, the object on the surface will be under the influence
of gravity of the mass of such sphere, consisting of the mass of the main object and the distributed
mass of the gravitational field. It is this additional mass (energy), and not dark matter, that manifests
itself in the character of the dependences of the rotation curves of gravitation-coupled objects.

1078

10.0

L1 1 |

00 rrrrrrrr i rrrr g rerrrrerorTd

0 1 2 3 4 5

FIG. 7. Dependence of the energy density of the gravitational field py (10°%-m ) on redshift in the location of the
observed gravitation-coupled objects, pgmax = 2 x 10% J-m™,

According to the data in Ref. 18 (pp.110, 111), the energy density of cold dark matter in GR is
equal to
pcdm(z) = -chmpgr(l + 2)3: -chm = 0-265t8&9-
Fig. 8 shows the dependence of its ratio to the energy density of the gravitational field
_ Pcam(2)
beta(z) = Dr@
over a wider range of redshift. As can be seen from Fig. 8, 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
22



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, in contrast to GR, no
new forms of matter besides those already known are required to describe the features of the
evolution of the Universe.

U-OIIII|IIII|IIII|IIII
0 5 10 15 20

z

FIG. 8. Ratio of the energy density of cold dark matter to the energy density of the gravitational field depending on
redshift.

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

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

M® (u, Y, d—y) = w(u),

_ 02y S@ f(u) 2/3 e Fa\2/3] au2au
ww) = —2u [Qbf(u°)+ f(u°) Qbf( o T <f<u0)) —zurg (423)

Substituting (4.23) into (4.1), we derive the equatlon descrlblng how matter in turn affects the
change of the metric. The solution of this equation can be written as a quadrature:

u
Y 4udu
¥Ymin lp(u) = &Xp <] 4u2—2u+a+w(u)>’ (424)
4 d
t—tg = T\/yminf #ﬁrgm(m' (4.25)
0

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

4 1 0
—ts = TVlenf ¢du H® = STmei(Luo)' (4.26)

4u2—-2u+o+w(u)

The solution of this system of equatlons for t° — tq = 4.355 x 10'" 5, H°=2.181x10™"® s}, maximum
energy den5|ty Pgrmax =2 x 1 049 J-m 3, and relative density of matter components: 2, = O 0499; 1, =
5.46 x 10°; 2% = 1.0608 x 10 * has the form
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TVmm = 8.6912868x10™ s, 4u°=6.79..., 0 = 0.25050968.
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 in Figs. 9-11. The calculations were
carried out at the value 2, =5.52x10°. Therefore, the difference between each pair of
dependencies will be even smaller when calculated with the real value (2 = 1.0608 x 10, In view
of the data provided in the previous section, it is possible to conclude that the influence of prehistory
on the further course of the given dependences is insignificant in the range of redshifts less than 2.3.
Furthermore, the birth of matter does not lead to a noticeable time shift in the change of the
deceleration—acceleration eras.
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FIG. 9. Results of the calculation of the dependence of the Hubble parameter (H =100 h km's™-Mpc ) on redshift
taking into account (full line) and without taking into account (points) the presence of matter.

24



15.0

12.5

10.0

ik
=]

g
o

-
|
L
I T N T T T T T T T T T T T O O Y Y

L2

ot
o

0.0 0.5 1.0 1.5 2.0 2.5

FIG. 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.
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FIG. 11. Results of the calculation of the dependence of the cosmic acceleration against redshift taking into account (full
line) and without taking into account (points) the presence of matter.
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V.STATIC ISOTROPIC METRICS

Following the approach outlined in the section “Classical tests of Einstein’s theory” (Ref. 8,
p.175-210), let us consider the static spherically symmetric metrics. The most general expression for
the space—time interval can be reduced by the coordinate transformation with the Jacobian equal to

unity®

to the form

x'% = x0 + p(x™), x'™ = x™

ds? = F(r)(dx®)? - 22 (% - d%)? - C(r)(d% - d).
Constraint (1.1) is invariant relative to such transformations, but now, in contrast to GR, its
presence does not allow reduction of the number of required metric components to two.
Using the Kronecker symbols dmn, We can write the metric tensor g, as

9o =F(@), Gom =0, Gmn = —C() X 8 =GN, Xy =™, (5.1)
g(r) = detg,, = —=FC*(C + G).
The tensor g*” (the inverse of the metric tensor g,,,g™* = 8%) has the form
1 1 G(r) xMx™
g% = o g'm =0, gm"= -5 mn C(C(+)G) — (5.2)
In the presence of constraint (1.1), it is more convenient to proceed not from the equations
derived by varying the action with respect to components of the metric, but to choose as one of the
varied functions A(r) = \/—g(r).
The constraint gives the following contribution to action (2.1):
o 1 dg o' (rg' () @' (1A' (r)
A= ax_uglw%ﬁ R oI e RO R F(r)C(r)2. (5.3)
(the prime symbol here and below denotes differentiation with respect to r). The other terms can be
found using the known results of calculations.®*!
The scalar curvature and volume element are generally covariant and can therefore be found using
spherical coordinates.
In spherical coordinates, the space—time interval has the form
ds? = F(r)(dx®)? - Gg r)dr? — C(r)(dr? + r2d6? + r2sin?0d¢?).
By analogy with the “standard” form,” we write this as follows:
= F(r)(dx®)? — A(r)dr? — r 2 (r)(dO? + sin*0dp?), (5.4)
where A(r) = G(r) + C(r), r+(r) = rC*(r).
For this metric, the nonvanishing components of the connectivity differ slightly from the
corresponding components of the “standard” form:®

F' A’ rars! r+r+'sin?0 F'
Gtr=1?tt=;1 Ly =75 Tge = — Fqbqb__T Lt = 55
L9 =TIy ==, I, = —sinfcoso, r"’ =LY =T Il =1 = ctgo.

and the curvature tensor changes accordingly.
Using the expressions for the components of the connection, we find the scalar curvature:

Re () + 2(5) + 5 (2 +3 () - z#[c—*’)z#*"”’]-
2F \ A 2A\F T* A A \1Tx* T* A T* r*F

Singling out the terms that form a pure divergence, it can be written in the form

_ 1 %2 /_ F' 4T* r«'F' 1
k= r+2\/AF dr [ ( —2 [r*AF +r*2]' (5.5)
The action for the gravitational f|eld is
Sgr = " 16nG
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and substituting here expression (5.5) for R and (5.3) for A, omitting the divergence and taking into

account that A = A%/FC?, we get
3 A ;. @' ArtF .
Sgr=15—=J (r? + a7 " r+)? +—r STl Ft— ) r?sinf drdfdpdx®.

Introducing the variable &= r® instead of r, the action takes the form

_3¢3 A | Frs? (dr«\? 1 _ gdr+=dF | Fr«*d®dA
Spr=22f (W () 4yl Il df) dsing dodgpdx®.
From the principle of least action, the gravitational field equations in space free from matter are
found:
d (r=*F dA
0, (5.6)
df( 42 df)
L e _rldredf 1 d (4 pde) _
or«2 (df) zF A% d§ dE 242 df (r ¥ F df) =0, (5.7)
* *3 *
A ((er) N d%(rA C:;) + 242 Z_?Z_? =0, (5:8)
24 d (rxFdrx\ 3 d (1dF r+3FdAde
9r+3 rx df( A df) * dg (A df) A2 dE dE 0. (5.9)
Equation (5.6) implies
r+*F dA ’
0z d_f = Q, (56)

where « is a constant with the dimensions of length.
Multiplying Eq. (5.7) by 24, subtracting from the result Eq. (5.8) multiplied by 2F, and adding
the result to Eq. (5.9) multiplied by rx, after simple transformations, we reduce the equation to the

form: df[ ( )] .

r«*F (1dF  d&

T GErE)=p

where g is another constant with the dimensions of length. Assuming S =oXa, where o is a
numerical factor, and using (5.6"), this equation can be written in the form

This implies

1dF | do® 1as _ B
Fdf+d§ Adé’a_a'
Taking into account that the function &(r) is defined to within a constant, we find:
® = —In(FA79), (5.7)

and we rewrite Eq. (5.8) as

d (r* dr*) _r¥dade
dé\ A d&) ~ 242 df a¢’
After substituting this expression into Eq. (5.9), it takes the form

4 d (1dF Frx dr* _ l redr\2 2 i Edr* 24
rE df(Adf)-I_z df(A df) 4[41((15) o df(A df)]F+9r*2_0'
This equation is equivalent to
d[r+®d (F 24
dé [ A dE (r*z)] + or«2 0.
Integrating this equation over ¢& we obtain
3
d 2 A A ,
ag (T*Z) ’81 91'*5.[0 r?df =0, (599

)] is another constant with the dimensions of length. Thus, the solution of
§=0

¢ d ( F
where B, = [ - d_f(r*z

the initial system of equations depends on the choice of the values of the three constants «, f1, and o.
First of all, we consider the case when « = 0. In this case, from (5.6") it follows that
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A(r) = const = A() = 1.
Next, sequentially from (5.7"), (5.8, and (5.9), we find

D(r)=—InF(r).
20 — const = =0 =1.
T T r=o0
Fry=1-2

This solution coincides in form with the Schwarzschlld solution. However, there is a fundamental
difference related to the presence of the scalar @(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 [Eq. (A.8) in
Appendix I]. Therefore, this solution turns out to be nonphysical, and £; = 0 should be taken; the
solution is the Minkowski metric.

Let us assume further that $; = 0 so the Minkowski metric can be a solution of this system of
equations (in the case where the constant a is equal to zero). Integrating Eq. (5.9") one more time,
we represent the function F(r) in the form

N
_E 2 A 4 "
F—gr*f <f0 r*zdf>r*6d€. (5.9
¢

Substituting the expression for the derivative 4 from Eq. (5.6"), we rewrite Eq. (5.8") in the form

d 1 3a do A(r=) d&

AV 2mFare’ | 3reZ dre
Passing in all relations from the derivatives with respect to &= r° to the derivatives with respect to
r= and introducing the dimensionless coordinates 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 _ 3V(rs)

= ey (5.10)
A dr* Frx
V(r*) = — = —In(FA479), (5.11)
f 7oF a4
F(r %) = 2r *2 J (fr* V(r=)dr *)—V(r *) dr *, (5.12)
T*
* d
A(:*gr d_r = V(r %). (5.13)

Generally speaking, the nonzero value r#yi, = r= (0) indicates the presence of an edge in the
space—time manifold. Consider the behavior of the metrics at r #yj, = 0 and the small values of rx. If
the integral

Zf (fOT*V(r *) dr *)%dr x=bh >0 (5.14)
0

exists, Eq. (5.12) implies that the function F(r*)=bxr+* for small r+ Then, assuming that
V(r#) = byxr+#' >0, A(r+) = byxr+’ >0, and substituting these expressions into (5.8") and (5.10), we
have:

2b 6
_ v=3 bh=""%50=03 (5.15)
From the last relation follows:
5 1+vV1—-60

and therefore ¢ < 1/6.
Integrating Eq. (5.13), for small values of r and r *, we find

28



T*
r3(r) = 3]; %r *2 dr x= 32—:[0”1” x(5=8) dr «, (5.16)
The last integral exists only at 6 < 6. In this case,
§="""2, o< (5.17)

Consider now the expression for the energy of the static isotropic gravitational field
(Appendix I). In this case,
_ c*a|r+*F(rx) din(F4~%)
T 46 V(r+) drx

T*—00

— 3InFA™° (1 *min) |- (A.8)

T*min
The last term in this relation has a logarithmic singularity at r =y, = 0. The energy will have a finite
value only at r#nin # 0, that is, if there is an edge. This is possible only at the value o = 1/6.

The quantity r*m, is an independent parameter, and for its definition, additional considerations
are necessary. First, suppose that, according to Mach’s principle, the inertial mass M, is related to
the total gravitational field energy E outside the edge by Einstein’s formula E = Mi,c®. Secondly, in
accordance with the experimental data, we assume the equality of the magnitudes of the inertial and
gravitational masses M, = Mg,. Finally, based on the principle of correspondence with GR we
assume that, for large values of r#, the first-term coefficient of the expansion of the function F(r %) in
powers of 1/r x is equal to the ratio of the gravitational radius to a.

F(r=) = 1-Trl 4= 1__2M29r6l ) (5.18)
- . A a T* cla T )
In this case, relation (A.8) turns into an equation that determines the quantity r *min:
Tgr _ 2r*minF ("*min) 1 F(r*min) (5 19)

a 3V (r*min) A(T*min)l/G(r*min).

The solution of the system of equations (5.10) — (5.13) and (5.19) can be found by a successive
approximation method. Starting from the trial function V ©(r») at the chosen initial value r #nin, it is
possible to find the function F ©(r+) as a first approximation from (5.12), and then to find 4©(r %)
from (5.10) and the new value V ®(r=) from (5.11). We continue this process before deriving the
values of the desired functions with the required accuracy at the Nth step. The value of rxny, is found
from Eq. (5.19), and the function r(r #) is found from Eq. (5.13).

We construct a trial function. If Eqg. (5.18) is valid for large values of rx, then Egs. (5.10) and
(5.11) imply that V(r#) =~ 1 —v/r# + .... Because in the presence of the edge, the behavior of the
desired functions is not determined for small values of r+, it is natural to assume that the relative
size of r#min IS greater than unity. Providing that r#yin >1, a trial function can be specified as
follows:

VO ) =1—v/r«2 (5.20)
Substituting this expression in Eq. (5.12), we find
2 1 2 21
FO@a) =1=20 *mnt )+ *mint ) 75— 7 (5.21)
Based on the correspondence principle, in this approximation we have
Tgr 2
L= 2 (7 *min+ T*;n). (5.22)

A constant value of v can be chosen so that the values of the trial function and the first
approximation coincide V O(r#nin) = V U(r#pnin) at the point r# = r#my,. Substituting (5.20) and
(5.21) into (5.10), we find

0 _ @ V(O)(r*)
na®r ) = _3Jr* orro (5.23)
and then from (5.11) we have
*© -1
€Y — 3_ 1 3 VO s drx
V (T *) <1 + 2r«FO(rs) 2 j;* (1 + zr*F(o)(r*)) (r)2F© (72 . (5.24)
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In this case,
v=(1- v (7 *min))T *rznin' (5.25)
This equation defines v as a function of r pyp.

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

T *min~ 1.74.
As expected, this value is greater than one. In a dimensional form,
T *min~ 0.9357,. (5.26)

It should be noted that, according to (5.26), the existence of trajectories located below the
gravitational radius is not excluded. The results of the calculations are presented in Table IlI.

TABLE I11. Solution of the system of equations (5.10 ... 5.13) at the value o = 1/6.

0 = 1/6; Xmax = 0.575; rq/a = 1.859
X = alr# V(X) F(X) A(X) CY2(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

The value of one of the metric functions C(r) increases indefinitely on approaching the edge; that is,
there is an irreducible singularity on the edge. Thus, in the presence of 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 > rg. This is enough to ensure that the
agreemegt with the results of classical experiments for the verification of Einstein's theory is not
violated.

VI. FOUNDATIONS OF A QUANTUM THEORY OF GRAVITY

The formulation of the main provisions of a quantum theory is essentially impossible without
invoking the classical theory.?” To construct a quantum theory, it is first necessary to determine the
dynamic degrees of freedom. As shown in Sec. Ill, 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®)? — y/3(x®)dx™dx" 8y,
For this metric, the expressions for the Christoffel symbols and the nonzero components of the Ricci
tensor have the form

1 dgoo 0 0 1 d)’ m_ 1 dy
I =— 0=0r%=_3"s m_qrm= sm, rm=o0, (6.1
00 2000 dx0 "’ 0l » inl 2400 dx0 nl» 100 » 10l 6 dx0 L Tll ( )
1 d 1 dy 1 1 dy
Ry = -l (L) 1 ary: 62
0 2,/goo dx° \y/goo dx° 12goo \y dx°/ ’ ( )
1 d 1 dy p
RP = — —( —> Or.. 6.3
k 64/¥ 900 dx°® \\/¥goo dx° k ( )

In the general case, the action of the gravitational field in the quasi-classical theory of gravity has
the form (2.1)
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— [— 4 1 0v-g uva_‘p

Sgr =~ 167G (R+Q) de_ﬁaxug 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 the homogeneous and

isotropic space of volume V

Sgr = [ Ldt =

16mG

1 d)/ 1 Y9Joo AP
(L) + ot ]\/_dt <V, (6.4)

where L is the Lagrangian of the graV|tat|0naI field, and the notation cdt = ,/goodx® is introduced.
It should be noted that in expression (6.4) we changed the sign of the action from minus to
plus in comparison with (2.1). It was proved in GR™ that the scalar curvature must enter into action
with a minus sign. However, this proof does not hold for homogeneous space (3.1). If there is a
minus sign before 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
V=0A= (f:—f) A, A = const.
Then, the initial action for quantization will take the form

1d 1 d de ht h6\1/2
Sagr det—Af[ ) +m 00 & ]\/_Adt a=22p, = (%) (65)

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

A= (Vymin)_l’ (6.6)
then action (6.5) takes the form

ld)/ 1 d YY9oo AP htpl
Sagr det—Af[ T ] /ymmdt A= (6.7)

In this case, the action turns out to be scale invariant with respect to change in the magnitude of the
volume factor.

Let us carry out a canonical quantization of the gravitational field based on action (6.7). We
introduce the scale-invariant generalized time-dependent coordinates

q' =Y/Vmin, @* =10y goo¥/Vmin, > =P, 1< q' <o, —0<¢? ¢° <o, (6.8)
their velocities v' =@' (time derivatives), and its conjugate momenta
oL

Pi =50 PL=Agq, P2 = AQ'VP, py = AqTv2. (6.9)
We find from here the velocities as functlons of coordinates and momenta
1_3ap 2 _ P33 _ P2
vi=——, vt = oS v’ = PR (6.10)
Let us find the energy of the gravitational field in the Lagrangian’s formalism
E=2yi—|= ( - (@2 + g v??). (6.11)

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

1/3 1
Hor = 5 (34" 00 + 2pops). (6.12)
We find the wave equation of the gravitational field passing in accordance with the rules of

canonical quantization from coordinates and momenta to their operators,?? and replace the product
of non-commutative operators with the symmetrized product
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., 0¥ —~ ~ 1 . R 1. .
LhE =Hy,¥, Hyg = (16 Y(B)? + ;(p )?qt + ql Png),
-a_ﬁ”__mliz 0\ 1,16 9 0
lh ot B tpl (q (aql) + (66[1) q + 3q1 aqz aq )l[l (613)

The Hamiltonian depends on only one coordinate g'. Therefore, the wave function can be
represented as a superposition of products of the wave eigenfunctions of the energy E and momenta

P2, Ps.

¥(t,q") = [ a(B)b(p2)c(ps)exp+ (=Bt +poq® + p3q®)ppdEdp,dps,  (6.14)
where
_emhf 1( 0 2 0 8 D2Ds3
B = =2 (0 () + 5o — 5 2) b5 (6.15)

Let us denote by a prime symbol the derivative with respect to the variable x = g*. Then, Eq. (6.13)

takes the form
Etpl

n ! 8
xXpg + ¢y — - pp + =L g = 0. (6.16)
This equation belongs to the type of equations solvable in terms of Bessel functions (Ref. 23,
p. 245). If

w' + %W’ + [(,Byx”‘l)z + #} w=0, af,y— const,
then w = x"Z,(8x"), where Z,(8x") is a Bessel function of the 1st, 2nd, or 3rd kind. Comparing the
last two equations, we find
1./2
a=0, y=3 B=x(32)", v=14 2L ¢ =2,BVR), x=q'. (617)

The presence of the edge in the quasi-classical theory means that the evolution of the metric
has a beginning. From the point of view of quantum theory, this should be interpreted as the wave
function equaling zero before the initial moment of time. It is necessary to take ¢5(gl) =0 for
g" < 1 due to the requirement for the single-valuedness and continuity of the wave function across
the entire space.??

The solutions of Eq. (6.16) will decrease for large values of the argument only if the order of
Bessel functions is real. This leads to the condition p,xps > 0. This requires that both momenta p,
and ps have either non-positive or non-negative values. In addition, solutions will be valid for 5> 0.
Thus, for E > 0, the solution to Eq. (6.16) satisfying all these conditions is the functions

outa 5 = (52 Jor 55) o (52 (Jor ). v = 5 22 o

For E <0, it is impossible to construct a solution that would vanish for g* = 1 and, at the same time,
would be bounded at infinity. Therefore, the gravitational field has only a continuous spectrum of
energy, the spectrum of discrete energy levels is absent.

Using the expression of Neumann functions via Bessel functions®

Ny(x) = —— [Jy(X)cosvr — J_, ()] (v # n),
we write ¢z (g1) (if v is not an mteger) as follows:

o8> = o () (o)~ (o (Jor ) v = 20 o

Hence it follows that this solution is an even function of v and the energy levels are not degenerate.
The general view of the wave function of the very early Universe has the form of (6.14) (in the
presence of only the gravitational field, that is, before the formation and separation of matter), and
¢r(gql) is given by the relations (6.18). To define the specific wave function, it is necessary to set it
at the initial time t = 0. Without such information, we can go a little further based on the results of
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the quasi-classical theory. According to (3.7) and (3.13), the “velocities” are related to each other by
the relations

1 dyyg 1 dq? 1
2 — ., T=const, “L=——_ (6.19)
JY9oo At 2Ty dt 2T\/Yminq*
do 14 o dq3 2 dqt o
— = & , O = const, M2y 7 (6.20)
dt  3ydt 3Ty dt 3q1 dt  3qTYmin

From (6.19), taking into account (6.9), it follows that at t=0 the momentum p3 had a certain
positive value

nt
P = rr— > 0. (6.21)
Similarly, from (6.20), taking into account (6.9) and v'(0) = 0, it follows that
0 = —@ 1 M 0 _ htpio
P2 =~ 2un v (O ¥ gy o’ P2 = Gt o~ 0 (6.22)

The momentum p, also had a certain positive value, and the product of the momenta values satisfies
the condition p,° x ps° > 0. Thus, the wave function can be represented at the initial moment of time
as

0,,0
w(0,q") = p(qhexpi BEZLED) o _y |2ts = BT 1 (6.23)

967 T/Ymin 127 T\/Ymin
The square of the function w(g") gives the probability density of different values of the coordinate q*
for t=0. The function w%(q") must be continuous, equal to zero for g* = 1, and exponentially
decrease at infinity. These conditions are satisfied by the gamma distribution of the probability
density* (with two parameters and a shift along the coordinate).
P2g) = L Wexp[- L], k>0, ¢t 21, (6.24)
r(kyuk+1 TR ’
Let us assume that k = 1 for eliminating the random distributions with extreme values of the
derivative 0 and oo (as non-physical) at g* = 1. In this case, the average deviation of g* from unity is
24, and the variance of the distribution is 2%

Let us assume that the root-mean-square fluctuation of coordinate values is proportional to the
ratio of the Planck time to the characteristic time of the quasi-classical theory. This ratio is included
in the wave function as the index v =1° (6.23) of a Bessel function, therefore

V2u =v° 0 = Ve (6.25)

12 T\/Ymin

Thus, the initial wave function (6.23) is completely defined, and along with it, in principle, the
wave function of the very early Universe is also defined. Indeed, it follows now from (6.14), (6.18),
(6.23), (6.24), and (6.25) that

LOD p |- V] = [ a(B)pi (", E)E, v = v°. (6.26)

From a physical point of view, this integral equation specifies the decomposition of  (g*) with
respect to eigenfunctions of the Hamiltonian operator. Let us consider the solution of this equation.
We multiply both sides of the equation by ¢e(q*, E) and integrate with respect to q* from 1 to oo.

| D e [~ @0 g (q', By = [ b (0 EVAE )i, E)AG’. (6:27)
1

By virtue of Weber's integral theorem (Ref. 25, p. 470, eq. 6), the multiple integral in (6.27), after
appropriate re-designations, can be represented as

[y a(E) g (a" ENAE ), E)dg? —6”h[1v< >+N< )] a(E). (6.28)
From (6.27) and (6.28) it follows that

a(B) = 2 [J( ) N} (F >l J LD oy [ ] g, (g1, ). (6.29)
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The wave function of the very early universe is now fully defined
) o 2 3
#(eq) = | alBexpi[BETED) B¢, (g By, v = (630)
0

96T T/Ymin

VII. CONCLUSIONS

A distinctive feature of the presented theory is that, in addition to its metric and connectivity, a
space-time manifold with an edge is endowed with all the properties of a material medium, and the
gravitational field is the main source of the 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 manifolds free from singularities. However, there is a singularity at
the edge of the manifold (the moment of the beginning of the 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 a sign of the need to account for quantum effects near the
edge.

The accuracy of the available astronomical observations is still insufficient to choose between
the predictions of GR and the proposed theory of gravity. However, over the past twenty years, the
physical natures of dark energy, dark matter, and inflatons have not been established, and no new
particles with suitable properties have been detected at the LHC. This is an essential argument for
doubting their existence.

From the point of view of the theory presented here, all observable effects associated with
dark energy and dark matter are only manifestations of the material essence of the gravitational
field. On the one hand, in the present era of the second acceleration, the gravitational field has a
negative pressure; 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 property of the evolution of the space-time
structure associated with the presence of the gravitational field. The pressure of the gravitational
field is in itself negative during this period of time, and there is therefore no need for any inflatons.

The global energy density of the Universe is currently 94.5% composed of the energy density
of the gravitational field, and all known types of matter only contribute 5.5%. Furthermore, over
time, the first will grow and the second will decrease. The absence of hypothetical forms of matter
in nature means that the cosmology of GR (the 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 the
Planckian value by 64 orders of magnitude, and this is significantly lower than the value being
currently attained in experiments at the LHC!
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APPENDIX I. ENERGY OF THE STATIC ISOTROPIC GRAVITATIONAL FIELD

From the Bianchi identity, the energy density of the gravitational field 7,/ must satisfy to the
relation

a
T (VT9Con) 355 (o) = 0.

In the case of a static field, the energy of the gravitational field is conserved™:
E=] (&gr)oy —9gdSy, (A1)
where, according to (2.3),

Aot [s2 2 (quv 0%\ _ g L =g 0 _ an 1 9V=g 0%

(&gr)o = 167G [60 AxHk (g axV) V=g 0x° ax7 9 V=g 9x" axO]' (A.2)

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

v
o ) " 16nG ax# ( g BxV) av. ) (A.3)
Substituting the expressmns for the components of the metric tensor from (5.2), we derive

r /— r?
~ Tenc r2 dr (C+G dr lj dr (C+G) dr) Tl' (A.4)

Let us consider now that, by definition and by relatlon (5.13),

V(rs)

r*W=9)*
C(r*)+G(r*)=m, r2dr = Hr*z dr . (A.5)
Substituting these expressions into (A.4) and moving to the dimensionless coordinate r /o, we have:
_ ctalr2ran do ™7 (T r2Ee) do dv=g
E = 4G [ V(rs) drs e _];* . V(r*)\—g dr* drx dr *l (AG)

By virtue of relations (5.7") and (5.10),
= _ - N A W
® = —In(FA79), = ar = er A4=/—g. (A.7)

Taking into account these relations,
cta r+«? dF

EF=-—""|-
4G V() drsl .,

T*—00

- 3XInFA™(r *min)l. (A.8)

This includes boundary values for the derivative of the function F(r ).
Considering the behavior of the fields at infinity and fact that dF/dr = = 2F/r #yi, from relation (5.12)
at rx = r#min, we find:

T *—00

r+2 dF _ _Tor + 2F ("*min)"*min (A.9)
V(rs) drx T*min a V(r*min)
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OCHOBBI KBa3MKJIACCHYECKOIl 1 KBAHTOBOM TEOPUM TATOTEHUS
Co0oseB Anexcanap IlaBioBuyu
sapsolto@mail.ru

AHHOTANUA

B o6meii Teopun otHocurenpsHocTH (OTO) mpu BBIBOAE YpaBHEHHMIl TPaBUTALIMOHHOIO II0JIS
UCIIOJIB30BAJIOCh  NPEAIOJIOKEHUE O KOBAPUAHTHOCTU MX OTHOCHTEIBHO  IIPOU3BOJIBHBIX
peoOpa3oBaHuil KOOpAMHAT. 3a UCTEKIIEE CTOJETHE HEOJHOKPATHO BBICKA3bIBAJIOCh MHEHHUE, YTO
TaKO€ PABHONPABUE BCEX CUCTEM KOOPAMHAT, MOXET HE COOTBETCTBOBATh peanbHOCTH. OOmias
KOBapUaHTHOCTb OTPAaHUYCHA B CTaThe 3a cueT BBeAeHUs CBsi3U. C (pU3NYECKON TOUKH 3pEHUs CBS3b
UHTEPIPETUPYETCsl KaK JOCTATOYHOE YCJIOBUE aAMa0aTUYHOCTH IPOLEcca HBOJIOLUM METPUKHU
POCTPAHCTBEHHO-BPEMEHHOT0 KOHTHHyyMa. ChopMyaupoBaHbl HCXOJHBIE YpPAaBHEHHS TEOPUHU
TATOTEHUS CO CBA3bI0. Ha 3TOM OCHOBE IOCTpOCHA €AMHAas MOJENb 3BOJIOLHUU COBPEMEHHOM,
paHHEeW W OYeHb paHHEW BceneHHOM, corjacyromascs ¢ HaOIIOIATeIbHBIMA aCTPOHOMHUYECCKHUMHU
JAHHBIMM 0€3 MPUBJIECYEHUS TMIIOTE3 O CYIIECTBOBAHUU «TE€MHOM 3HEPruu», «TEMHOH MaTepum» U
«MH(IATOHOB». YTBEPKIAETCs, UYTO: OCHOBHBIM HCTOYHUKOM OHHEpruu BceneHHO#l sBisiercs
IpaBUTALIMOHHOE M0JIe, MaKCUMalbHas I1100ajbHasl INIOTHOCTh HEpPruu Bo BeenenHoii Oblia Ha 64
NOpsJIKa MEHbILIE IUIAHKOBCKOM, a IUIOTHOCTh OSHTPONMU Ha 18 MOpSJIKOB IPEBBIIIAET
npenckassiBaeMoe OTO 3nHaueHne. PaccunTana BelnMYMHA OTHOCUTEIBHOM INIOTHOCTH HEHTPUHO B
HacTosiiee BpeMs M MakCUMalbHas TeMmIeparypa MaTepud B paHHed BceneHHoM.
CdopmynupoBaHO BOJHOBOE YpPaBHEHHE IPABUTAL[MOHHOIO IOJS M MTOCTPOEHA BOJHOBAs (PYHKIUSA
oueHb paHHel Beenennoii. [lokazano, 4to poxaeHue BeeneHHO nMeno ciiydaiHblii XapakTep.
Kirouessle cnoBa: rpaBuTanus, KBAaHTOBask IPaBUTALINsA, SBOJIIOLMS BeeneHHON orpaHyeHHas
KOBapUaHTHOCTb, SHTPOIUS TPAaBUTALIMIOHHOTO I10JIsl, TEMHAsi MaTe€pusi, TEMHasl SHEPTUsl.

1. BBenenue

Bonee cra ner Hazaj mpu BhIBOJAE YpaBHEHHUI rpaBUTAIlMM U3 BapUallMOHHOTO HpuHImna [l
['unpbept chopMynupoBan «aKCHOMY OOIIed WHBAPUAHTHOCTH JEWUCTBUS IO OTHOIIEHHUIO K
IPOM3BOJILHBIM NPE0Opa30BaHUSIM MHPOBBIX MapaMeTpoB (KOOPAMHAT)» U BhIOpan «R - HHBapuaHT
TeH3opa PuMaHa (KpHUBHM3HBI YETBIPEXMEPHOTO MHOroo0pasus)» B KauyecTBE JlarpaHXHaHa
rpaBUTAMOHHOrO moJs [1].

Tpemst rogamu panee A. DiuHmTeH nwmcan [2, c. 237, 243]: «HeoOxomumo, BIpoueM,
NOJYEPKHYTh, YTO y HAaC HET HUKAKMX OCHOBAHUN A OOIIeH KOBapHaHTHOCTH YpaBHEHUH
TpaBUTAlNU.... MBI HE 3HaeM OTHOCHTEIIFHO KaKOH TpyIIbl MPeoOpa3oBaHUN JOJDKHBI OBITH
KOBapUaHTHbI HCKOMble ypaBHeHHs. CHauasa HanmOojee eCTeCTBEHHbIM KaxXeTcsi TpeOoBaHME
KOBAapHMAHTHOCTH CHUCTEMbl YPAaBHEHMH OTHOCUTENIBHO npou380abHuix (KypcuB A. DUHIITENHA)
peoOpa3oBaHUI».

VYcnex KaHOHMYECKOW TEOPUHW TATOTEHHsI Kak OyATO OBl TOATBEPAWI MPABHIBHOCTH TAKOTO
JIOMYIIEHMs, @ CaMO OHO CO BpeMEHEM 00peno craTyc (pyHAaMEHTaJIbHOTO MPUHIMNA. XOTS paHee
BbICKa3bIBaJNach M JIpyrasi MPOTHUBOMNOJOXKHAS Touka 3peHus [3, c. 631]: «...¢puznueckuit cMbIca
OTO cBoauTCS UMEHHO K CO3JaHUIO0 HOBOM Teopuu TsaroteHus. [IpaBnma, cam aBTOop Teopuu A.
OWHIUTEWH U pAJ €ro MocienoBarenei NpuaepKUBAtOTC NHOM TOYKHU 3peHusa. OHM CUMTAIOT, YTO
OTO nomMumo 3TOro (M B MEPBYIO OYepellb) YCTaHABIMBAET MPHUHLUI PABHONPABUS BCEX CHUCTEM
orcuera....C 3TOM TOYKOW 3pEHMS, OJTHAKO, TPYIHO COTJIACUTHCS, TAK KAK MPU ITOM PABHOIIpaBUE
CHUCTEM OTcYeTa C TOYKM 3peHHs (opMaTbHO-MAaTEeMaTHUYECKOro ammapara HE3aKOHHO
HCTOJIKOBBIBA€TCS KaK paBHOIPABHE U MO UX (PU3NYECKOMY CYLIECTBY Aeay.
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B cBeTe HOBBIX AKCIIEPUMEHTANBHBIX NaHHBIX [4-6] OTO yke He KakKeTcs CTOJIb HEe3bI0JIEMOi,
Kak npexne. s oObsCHeHNs OTyYeHHBIX Pe3yJbTaTOB B paMKax 3TOW TE€OPUM MPUILIOCH BBECTU
Hekue runorernyeckue cymHoctH (ACDM — mogmens [7]), mpupoaa KOTOPBIX JIO HACTOSIIETO
BpeMeHH HesicHa. «Entia non sunt multiplicanda praeter necessitatem»; Bo3M0»XHO HEOOXOAMMOCTD
BBeneHUs: B OTO (o Mepe pa3BUTHS HOBBIX METOJOB aCTPOHOMHYECKUX HAOJIOJICHWI) CHayala
«UH(]IATOHOBY, a TENEePh €lIe «TEMHON PHEPIUU» U «TEMHOI MaTepuMu» 3TO CUMIITOMBI eeKTa B
caMoil €€ OCHOBE.

OTO Hapymaer equHcTBO MaTtepuanbHoro mupa. B OTO rpaBuTanimoHHoe mose camo 1o cede
He 00JasaeT CBOMCTBAMHU MaTepUATbHON cpenbl. Ero mIoOTHOCTh SHEPIHH-UMITYJIbCA paBHA HYIIIO.
OT0 npsiMoe CIeNCTBUE 00IIel KOBapUaHTHOCTU YpaBHEHHUH rpaBUTalMOHHOTO Hojs. [lonbiTku xe
BBECTH HE OOIE KOBAPHUAHTHYIO IJIOTHOCTh SHEPTUU-UMITYJIbCa O3HAYAIOT (DAKTHMUYECKH OTKAa3 OT
UCXOJHON aKCHOMBI 001IIei KOBApUAHTHOCTH.

[lo HameMy MHEHUIO, UMEHHO, 00Was KOBAPUAHMHOCIb YPAGHEHUL ABAAEMCS UCOYHUKOM
mpyonocmeti OTO. OOHapyXeHHBIC y)K€ Ha cTaguu e¢ (GOPMHPOBAHUS, CETOJHS ATH TPYIHOCTH
CTaJId COBOKYITHOCTBIO HEPEIICHHBIX JI0 HACTOSIIErO0 BPEMEHH NpOOJieM: MpPOOJIEMBbI SHEPTHUH,
CUHTYIIIPHOCTEH, KOCMOJIOTUYECKOW TOCTOSIHHOM, XOJOAHOW TEMHOW MaTepuH, MpoOIeMbl
OMHUCAHUs JIEMEHTAPHBIX YaCTHII, MPEACTAIONINX B KAaHOHUYECKONW TEOPUU TpaBUTALUUA B OOJIUKE
«MHMKPOCKOIIMYECKUX UYEPHBIX ABIP» M, HAKOHEL], HEBO3MOKHOCTh IMOCTPOCHHSI KBAaHTOBOM TE€OpUHU
taroreHus Ha ocHose OTO.

B03MOXHBIN MyTh OCTPOCHUS He 0Ouje KOBApUAHMHOU meopuu msa2omeHus O6e3 HapyuileHus
axcuom 'unbbepma BUIUTCS BO BBEACHHH ANPHOPHOMN CBSI3W, OTPAaHUYMBAIOIICH BBHIOOP CHCTEMBI
KOoOpaMHAT. PaHee NpeAnpUHUMAINCh MOMNBITKM TAaKOrO poJAa, NMPUMEpP TOMY YHUMOAYJSpHas
TEOpUsl TATOTEHUS, UICTOKU KOTOPOH BocxolaT K A. DiHmTelHy. CiencTBueM BBEICHHUS CBS3U
ABIIIETCS BO3HUKHOBEHUE Kpas Yy MPOCTPAHCTBEHHO - BPEMEHHOI'O MHOT000pas3us, MOITOMY
02PAHUYEHO KOBAPUAHMHbLIE, 2eoMempuiecKiue 00beKmol onpeoesieHbl MoabKo HA MHO2000pA3Uusax ¢
kpaem. Ilpn Hammuuu nud@epeHuanbHON CBSI3U MOSBISETCS BOZMOXKHOCTh BHIOpATh IMOJIOKEHUE
Kpasi TaKuM 00pa3oM, YTOOBI BBIIEIUTh HE CUHTYISIPHYIO BHYTPEHHIOIO 00J1aCTh MHOTOO0pa3usi.

[Tpu Taxom moaxone nexamuili B ocHoBannun OTO o0muil NpUHIMI OTHOCUTENIBHOCTH, Kak
MPUHIUI 3KBUBAJIEHTHOCTH BCEX CHUCTEM OTCUETa, COBMECTHMBIX C ICEBIOPUMAHOBOW METPHUKOMH,
He Hapymaercsi. Kpome TOro He CTaBUTCS T110J] COMHEHHE M HE3BIOJEMOCTh IPUHIIMIIA
WHBAPUAHTHOCTH ACUCTBUS Mamepuu OTHOCUTEIHHO MPOM3BOJIBHBIX MPE0Opa3oBaHUN KOOPIUHAT.
B T0 e Bpems B ornmuue ot OTO cea3p ocpanuuusaem obwyro Ko8apuaHmHocmos ypasHeHull
epasumayuu. TakuM 00pa3oM, ampHOpH B ITOM CIy4ae BBIMOJHSAETCS JIMIIb «CPEAHECUIIBHBIN
MPUHITMIT» SKBUBAICHTHOCTH [8]. DTO, 0OIHAKO, HE MOXET SIBJIATHCSI OCHOBAHHEM JIsl TOTO, YTOOBI
OTBEPTHYTh NpEUIaraéMbli MOAX0/ KaK MPOTUBOPEUALIUI SKCIEPUMEHTAM 10 MPOBEPKE CHIIBHOTO
MPUHITUTIA YKBUBAJICHTHOCTHU JJISl T€JI KOCMHYECKUX MaciiTabos [9].

Heno B oM, uto yxke B OTO B pamkax ACDM — monenu camo mpocTpaHCTBO HaJesieTcs
sHepruen. To ke camMoe MPOUCXOIUT U IIPU BBEACHUM AIPUOPHON CBA3U. B cnily HENMHEHHOCTH
YpaBHEHUU TpaBUTAIMH MPOCTPAHCTBO CTAHOBHUTCS CaMOTPABUTHPYIOMIUM OO0OBEKTOM. Il Takoro
00bEeKTa MOXKHO ONpPENENTUTh WHEPTHYI0 MAacCy W TpaBUTAIMOHHYIO Mmaccy. Pemienue ypaBHEHMI
TpaBUTALMA MUMEET JOCTaTOUYHO CBOOOJHBIX MapaMeTpOB sl TOTO, YTOOBI HE TOJIBKO 0OECIEYHThH
TpeOOBaHNE paBEHCTBA HMHEPTHOM MacChl TPABUTAIMOHHOTO TIOJSA MAacce TATOTEIoMmEeH, HO |
OTIpeIeIUTh UHEPTHYI0 Maccy B COOTBETCTBUHU C MPUHIMIIOM Maxa (mocienHsis 3afada Tak U He
opmta pemeHa B OTO). C 3Toil TOYKM 3peHUs PE3yJbTaThl JKCIEpUMEHTOB [9] cremyer
paccMaTpuBaTh KaK yKa3aHHE Ha TO, 4YTO CYWeCmeylom moavko maxue (Keazu)cmayuoHapHvle
camozpasumupyrowue 00vbekml, 01 KOMOPbIX UHEPMHASL MACCA PABHA MACCe 2PABUMAYUOHHOLL.

Axcuombl ['mnbbepra chopMynIupoBaHbl Ha KOOPAWHATHOM S3bIKE. | paBUTAlIMOHHOE TOJE
MPEJCTAaBIUIOCh  JECAThIO  KOMIIOHEHTaMHU gw(xx) METpUYECKOro TeH3opa. Kpome Toro
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IIPEII0JIarajoch, YTO B YPaBHEHMs TPaBUTALMM MOTYT BXOAMTH IPOM3BOAHBIE METPUKH HE BBIIIE
BTOPOTO MOPSAIKA.

B maremarndeckoil ¢pu3mke HE CyIIECTBYET TEOPEMBI, 3alpeIlaloniell CyIeCTBOBAHUE CBSI3U
MEXIy KOMIIOHEHTaMHM MeTpUKH. OJIHAKO YHUMOAYJSpHas TEOpHUsl OKa3ajlach HENPUEMIIEMOHN C
¢u3nUecKoil TOYKM 3peHHs, YTO W MOOyAWiao DWHINTEHHA OTKa3aTbCcs OT HEe B IOJIb3Y 00IIe
KOBApHWAaHTHOM Teopuu. B Hacrosdilee BpeMs TEOPUM TAaKOrO THUMA PacCMATPUBAKOTCS B KaueCTBE
noaxoAa K IOCTPOCHUIO Keanmosou meopuu cpasumayuu [10]. Cpeaum Apyrux BO3MOMXKHBIX
noaxonoB [11] oepanuuenue obweli xosapuanmHocmu 6 HauMeHbuUiell CmMeneHu 3ampacueaem
OuKmyembvle 30pasbiM CMbICIOM NPEOCMABIEHUsSL 00 OKPYIHCAIOUjeM HAC MUpe.

Jlyia BBeZeHUs] OTpaHUYEHUN Ha TPYIIY MPeoOpa3oBaHUN KOOPAUHAT, O€3yCIOBHO, TOJIKHBI
UMETHCS, IOCTATOYHO BECOMBIE (PM3NIECKHE OCHOBAHUSI.

CymecTByeT IiIyOOKash aHaJOTUsl MEX]Iy MaTeMaTH4YeCKHMM ONUCAaHHUEeM T'PaBUTALMOHHOIO
B3aumoyieiictBusg B OTO u onucaHreM KalnOPOBOYHBIX B3aMMOJICHCTBUI B (PH3UKE HJIEMEHTAPHBIX
gactul [12]. s mocineaHuX €QMHCTBEHHBIM CIIOCOOOM KaJIMOPOBKHM B CHJIy TpeOOBaHMS OOIICH
KOBapUAHTHOCTHU SIBJISIETCSl HAJIOKEHHUE YCJIOBUSI PABEHCTBA HYIIO 4-TUBEPreHIINN KAaTUOPOBOYHBIX
nonedt. J[is rpaBUTAllMOHHOTO TOJS AHAJNOTUYHBIM YCJIOBHEM ObLJIO Obl TpeOOBaHHME pPaBEHCTBA

HYJIIO 4',Z[I/IBepFeHI_II/II/I yr[pOH.IGHHOﬁ 110 Imap€ MHACKCOB CBA3HOCTH F‘f; COTJIaCOBAHHOM C MeTpHKOﬁ.

Opnako B cuiy Ttoro, yto OTO He sBusercs kanuOpoBouHO#l Teopuei [13], Bo u3bexaHue
MPOTUBOPEYUN C HCXOJIHBIMHU TIOJOXKEHUAMH TaKOE YCIOBUE CJEAYeT pacCMaTpuBaTh HE Kak
KaTuOpOBKY, a KakK CBsA3b. W 3Ta CBA3b MOMKHA pa3peliaThes 10 MOTYYCHHs] YPAaBHEHHUM JBUKCHUS
W3 BapUAIIMOHHOTO MIPUHITUIIA.

Hame ocHOoBHOe MpeAnonokeHHe COCTOUT B TOM, YTO (B OTIAMYME OT YHHUMOMAYJSIPHBIX
TEOpHil) KOMIIOHEHThI METPUUYECKOTO TEH30pa g,,v(xx) CBA3aHbl 3aKOHOM coxpanenus (uzmueckast
MHTEPIIPETAINS CBSI3U J1aHa B pasjene 2):

0 0 O~
(90" )= 0" aXJ_g =0, g=det(g,,). 99, =57 (1¥=0,1,2,3). (1.1)

JleBas cropona (1.1) He sBusercs oOme KOBapHAHTHBIM CKaiusipoM. [lpu mpom3BOIBHOM

npeoOpazoBaHuu KoopauHat X — X'# [8]
axﬁ

v

g’ (x)=9g(x)-J% J =det (1.2)
W3 ompeneneHus ckaispa CIEAyeT, 4TO JAETEPMUHAHT METPHUYECKOIO TEH30pa M3MEHSIETCA Kak
CKaJsip Mpu NnpeoOpa3oBaHUSAX KOOPIMHAT C SKOOMAHOM MpPeoOpa3oBaHMsI PAaBHBIM IO MOJIYJIIO
DI

g'(x)=909, J=1. (1.3)
Ha orpanuuenHoil rpynne npeoOpa3oBaHuil KOOpAUHAT, HA KOTOPOW /—( SBISETCS CKaISIPOM,

CBS3b B HEKOTOpOHW 00JacTH MPOCTPAHCTBEHHO-BPEMEHHOTO KOHTHHYYMa  CIMAHOBUMCA
eeomempuieckum 00beKmom u npuobpemaem Qu3uyecKull CMoici.

Takum obOpaszom, cesnsze (1.1) sensemcs ceomempuueckum obvexmom u onpedensem Kpaiu
MHO02000pa3usi MOAbKO NpU 02PAHUYEHUU SPYRNbL OONYCMUMBIX NPeodpa308anuti KOOPOUHAm om
JIOKANbHLIX 00wux ouggpeomopduzmos 0o cneyuanvHulx ouppeomopduszmos ¢ pasHvim eounuye
akoouanom. Kpome Toro cesase (1.1) Oonyckaem enobanvhvle numelinvie npeodpazo8aHus
KOOPOUHAM.

2. YpaBHeHMs TPABUTALMOHHOIO NOJIS MPU HAJIMYUM CBSA3H

B nmpunaTHIX celiuac 0603HaueHusX aeiictBue [ mnpdepra mmeer BUI:
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Sor = 167zG
R = g"'R,y - ckansipHast kpuBH3Ha, R,y — TeH30p Puuun,

0 2 0 A A
#V_aTrﬂv a +F,uvrﬂf7 F pr‘ﬁ,
quv — cumBoubl Kpucrogdens,
r‘j‘,zigﬂp _ag,uv_‘ragplu agvp
2 ox” ox"  ox*

BbIBoJ ypaBHEHUH TPaBUTAMOHHOTO TOJNS M3 JACUCTBUS [ mib0epra mMpH HAIHMYUHM CBSI3U
ABJISIETCSl BapUAllMOHHOM 3aJadyeil Ha yCIOBHBIM SKcTpeMyM. CTaHIapTHBIM METOJIOM PELICHUS
TaKMX 3a7a4 B CIydasiX, KOI/Ia CBA3M HE PAa3peLIMMbl B IBHOM BHJIE, SIBIISIETCS METOJ MHOXXHUTEJEH
Jlarpanka. [Tpu Hanmmuuu ogHoM cBs3u (1.1), BBenem MHOKUTEb Jlarpanxka — ckanspHoe noje @, u

3aIIiIIeM JCUCTBUE B BUJIE
1 O+-—
Sgr = “V —. (2.1)
167zG \/_ 8x” ox

[Tockonmbky Q sBISETCS OTPAaHUYCHO KOBApPHAHTHBIM CKaJIsIpOM, TO B OTJIMYHAE OT JCUCTBUSA
['mipbepTa MHTErpUpOBaHUE OMPENEICHO HE Ha MHOrooOpa3WH, a TOJBKO Ha MHOTO00pa3uu ¢
kpaem. Tenepp 6ce komnonenmsr mempuuecko2o menzopa u ckaiap ® mocym paccmampusamuocs,
KaK He3agucuMvle GeIUYUHbL U NPU BAPLUPOSAHUU Oelicmeus Hapsdy C YPAGHEHUAMU OB8UINCEHUs
noayuaem ypasHeuue, onpeoensiouee Kpa.

HpI/I BapbUpPOBAHHNHU HeﬁCTBHH no nojro @ (BMCCTO 3HaKa paBCHCTBA CTPCJIKA YKA3bIBACT Ha
TO, YTO OIYIICHBI ITOJIHBIC HpOI/ISBOILHHe HC Jaromue BKJIaJla B YPaBHCHUA IIBI/I)KGHI/DI) IMOJIy4YUM:

PRSI 0 OV 2 G Y. N

o 167zG 162G ox* ox”
3 —

¢ J.&D 0 g’”av 9 la*x

162G ox” ox*

V3 mpuHIMNA CTAIlMOHAPHOCTH JCHCTBHS B CHJIYy IPOW3BOJIBHOCTH Bapwanmuu @ morydum
ypaBuenue (1.1).

CkaysipHasl KpUBH3HA KOBapHAaHTHA OTHOCHUTEIBHO IPOM3BOJBHBIX MPEOOpa30OBaHMIA
KOOpJMHAT, MOATOMY BBIYHCIICHHE €€ BapHallMk M COOTBETCTBEHHO BKJIA/Ja B YpaBHEHHUS TOJS HE
MMeeT HUKaKuX OTINYuil OT [8].

Hanuuue B narpamkuaHe TOMOJHUTENBHBIX WICHOB MOMUMO CKaJSIpHOW KPUBU3HBI JaeT MpU
BapbUPOBAHUU 110 METPHUKE BKIIA/I;

5079 - 85\/_ Wacb a\/_ggw

ox"

1y i(gpﬂ acpj 1 0yJ-9 o, 1 dy-9g oo e
2| 74 ox” J-g ox* ox" ,/ ox”  ox*
OTO NPUBOAMT K MOSBICHUIO B ypaBHEHUSIX ['mibbepra-OWHINTEHA HApsAy C TEH30POM SHEPrUu-

UMITYJIbCA MATEPUH (Emat)y HOBOTO 00BEKTA (Egr)u-

1 872G 872G
R v_Eg,uvR=C_4(ggr),uv+c_4(gmat)yv’ (22)
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872G 1 0 (gpﬂ acbj 1 0y-9 o 1 ON-g oD 23)

ot Eodu =751 ~g o o g o

2| 74 ox”?
O06mwexT (2.3) copepXuT 0OBIYHBIE TIPOU3BOIHBIC BMECTO KOBAPHAHTHBIX, U TOITOMY BEJET ce0sl KaK
TEH30p TOJBKO NpU OrPAaHUYEHHOH Tpymie mnpeoOpa3oBaHuil KoopauHat. OH KosapuaHmeH
OMHOCUMENbHO — JIOKAIbHBIX — CHEeYUANbHLIX — Oudpeomopdusmos u  2100aNbHBIX  TUHEHbIX
npeobpazoeanull KOOPOUHAM.

[TockonbKy KOBapHaHTHas MPOM3BOJHAS OMpeE/AeieHa Ui MPOU3BOJIBHBIX MPeoOpa3oBaHUA
KOOpJMHAT, TO €€ JIeWCTBUE ONpPEAENeHO U AJii O0BEKTOB, SIBISIFOIIUXCS TEH30paMH OTHOCHUTEIHHO
OrpaHMUYEHHON TpyIIIbl IpeoOpa3oBaHuil. Pa3zHula 3aKi04aercs Jullb B TOM, YTO IIPU 3TOM HOBBIE
00BEKTHI OTHOCATCSA CHOBA K TOMY € THUITY TEH30POB, Ha KOTOPbIE OHA JICHCTBYIOT.

Cs3p (1.1) He Bkimtouaer nosst Matepuu. Ilosatomy kak u B OTO pelictBue ans maTepuu
OCTaeTCsl MHBAPUAHTHBIM MpPH OOMIMX MPeoO0pa3oBaHUSX KOOpAUHAT. 1Sl cMelIaHHBIX TEH30POB
KOBapHaHTHas IPOU3BOAHAsI JEBOW CTOpPOHBI (2.2) paBHA HYJIO B CHIIy CBEPHYTOIO TOXJIECTBA
buanku (cnpaBeUIMBOCTH KOTOPOTO OOYCIIOBIEHA JHIIb OOIIeH KOBAapUAaHTHOCTHIO TEH30pa
KPUBU3HBI), IOATOMY C YYETOM BBILIE CKa3aHHOI'O JTOJKHA PABHITHCS HYJIIO U IPOU3BOJIHAS CYMMBbI
B 1paBoii cropone (2.2). Takum o06pa3oM, 00BEKT (&gr),y U3MEHSETCS KaK TEH30p IPH YKa3aHHBIX
peoOpa3oBaHUAX KOOPAMHAT, CAMMETPUYEH, [T0JJ00HO MaTepUu SIBISETCS HICTOYHUKOM KPHUBU3HBI
MPOCTPAHCTBA-BPEMEHH, a NpPU OTCYTCTBUM MATE€PUM €ro KOBapuUaHTHAas IMPOW3BOJHAS Ha
YPaBHEHHUSAX MOJISl paBHA HYJIIO.

Bce 370 B COBOKYITHOCTH MO3BOJIET Ha3BaTh 00BEKT (2.3) TEH30pOM IUIOTHOCTH SHEPruu -
UMITYJIbCa TPABUTALIMOHHOTO IOJI, BBIPAXKEHHBIM C MOMOUIbI0 BcroMorareiabHoro noius @. Ilone
SBIISIETCS. BCIIOMOTATENIbHBIM MTOTOMY, YTO OHO MCXOJHO HE BXOJAUT HU B jAelicTBue ['mnbbepra, HU B
JeficTBME MaTepuu, HM B YypaBHEHHE CBA3UM. B To ’xe Bpemsi BBeneHue mnonst O spisercs
Hen30eXXHBIM [0 CaMOW CYTH MaTeMaTh4yecKoil mpobseMsl. B pa3nene 3 paccMoTpeH ciyudaid, Korjaa
yZaercs B SBHOM BUJE UCKIIOUUTH CKalsipHOe nosie @ u3 ypaBHEHUI IpaBUTALMOHHOTO nosist. Tam
e OyJeT pacCMOTpPEH BONPOC O TIOJOKUTEIBHON ONPEAEeNeHHOCTH IUIOTHOCTU HHEPrUH
PaBUTALMOHHOIO MOJIS.

Takum 00pazom, Mbl MOJYYHJIM CHUCTEMY ypaBHEHMH, BKIodaromux cBs3b (1.1) m necars
ypaBHeHUH (2.2) nist OAMHHAAIATH TEPEUNCICHHBIX BBIIIE HEU3BECTHBIX.

[Tockonbky ocTasnbHble WieHbl B (2.2) o0lie KOBapHAHTHBI, TO B L[EJIOM CUCTEMa ypaBHEHH
rpaBUTAllMd TpPU HAJMYMKM CBA3M OyleT KOBapHMaHTHA JHUIIb OTHOCUTENBHO YyKa3aHHOM
OrpaHUYEHHOW Tpynnsl npeodpazoBanuii koopauHar. C ¢uznyeckoil Touku 3peHus cBsi3b (1.1)
MOJKET OBITh MHTEPIIPETUPOBAHA KaK JOCTATOYHOE YCJIOBUE aAMa0aTUYHOCTH MPOIecca IBOJIIOLNU
MeTpuku. OnpenenuM BEKTOp HOMOKA NJIOMHOCMU — SHMPONUU  2pASUMAYUOHHO20  NOJIA

COOTHOIICHUECM
oln = ,/
Inv-9 oln L4

A
Sy vV =const-g* —, VA, =1 s, =const-v ) ——=
OX
B nimankoBckol cucteme CAWHUIL 3TY TOCTOSAHHYIO MOKHO 3aIlliuCaTb B BUIC
k , hG
Const:a'T, Ipl :C—a, (25)

pl
rae K - mocrosiHHas bonbiMana, |y - mmankoBckas jumHa. 1 KBa3HKIACCHUECKON TEOPUH TOJKHO
BBINOJIHATHCS ycnoBue |a| < 1. 3HaK MOCTOSHHON @ JOJDKEH BbIOMPATHCS TakK, YTOOBI HA BPEMEHU -
MOJI0OHBIX F€0JIE3UYECKUX JIMHUSAX IIIOTHOCTh SHTPOIUHU ObLIa MonoxkuTensHOu. Teneps cBsi3b (1.1)
MOJKHO 3aIucaTh B BUJIE peJ‘IHTI/IBI/ICTCKOFO yCI0BHUA ainabaTHYHOCTH [ 14]

° (/=gs,v*)=0 (2.6)
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Otmerum, uTo B cuity onpezeneHus (2.4) Bce TepMOAMHAMUYECKUE MTOTEHIIHAIBI OYyIyT CKalsipaMu
TOJIbKO OTHOCUTEJIbHO OFPAaHUYEHHOH BBIIIE TPYIIIBI TPEOOPA30BAHMIA.

Takum oOpazom, onpedenenue naomnocmeti suepeuu (2.3) u  owmponuu (2.4),
VO081eMBOPAIOUWUX 3AKOHAM COXPAHEHUs NO380JAem pAccMampueams 2pasumayuoHHoe noje Kaxk
o0bviunyl0  mamepuanvhyio cpedy [14] u  eoccmanasiueaem napywennoe OTO  eouncmeo
MamepuanbHo20 Mupa.

Jis BKITIOYEHHSI B PACCMOTPEHHME CHMHOPHOM MaTepuu U KaIMOPOBOYHBIX IMOJIEH cucTema
ypaBHeHui (1.1, 2.2) moxxer ObITh CHOPMYIMPOBaHA B HETOJIOHOMHOM OPTOTOHAJIBHOM pErepe.
[TIpu sToM Hapsiny ¢ ap@UHHON CBS3HOCTHIO BBOIMTCS CBA3HOCTH CIIMHOBAs. DTO BO3MOXKHO,
HECMOTpSl Ha HaJIM4YUE CBS3U, IMOCKOJBKY TIpyIMMa JOKAJIbHBIX JOPEHIEBBIX MpeoOpa3oBaHMii
YHUMOZYJISIPHA.

B npenensHOM citydae, Korja IUIOTHOCTh SHEPTUU-UMITYJIbCa TPABUTAMOHHOIO MOJIsI OyaeT
IPEHEOPEKUMO Majia 110 CPAaBHEHUIO C INIOTHOCTBHIO SHEPIMU-UMITYJIbCA MaTepUH, ypaBHEHHUs (2.2)
nepexonar B ypaBHeHuss OTO u B mpenene ci1aboro rpaBUTALIOHHOTO TMOJS TNPUBOAAT K
HotoronoBy 3akony Ttsrorenus. [lpu stom ypaBuenue (1.1) oepanuuusaem ranubposoumsiii
NPOU3EOIL.

Ecnu mpeamnosioxkuth, YTO HAa HayajJbHOM OJTalle 3BOJIOLMU BceleHHOW Marepus urpaia
HE3HAYUTENbHYI0 pOJIb M MOXHO IMpeHeOpeub IIOTHOCTBIO SHEPrUU-UMIYyJIbCa MATEepPUH, TO
cucreMa ypaBHEHHUH (2.2) paauKaiabHO yrpomaercs. B aTom ciydae MOXKHO HallTH TOYHOE oOiiee
pelienue cucteMsl ypaBHenwuit (1.1, 2.2), mpudem 310 penieHre OyAeT eJMHCTBEHHbBIM.

3. BOJIIOLMA MPOCTPAHCTBEHHO - BpEMEHHOI0 MHOT000pa3usi B OTCYTCTBUH MATepHU

Ecnu mpencraButh, YTO B HayaJIbHBIM MOMEHT BO BcenleHHOH ele oTCyTCTBOBajIa MaTepHs, a
BMECTE€ C HEH M TeHepupyemble €0 H3Iy4eHHUs, TO He ObuIo Obl M (hU3MYECKOH BO3MOKHOCTH
pasinyaTh TOYKM KOCMHMYECKOro ImpocTpaHcTBa. Kakumu Mornm Obl ObITB B 3TOM Cilydae
METPUYECKUE CBOMCTBA TAKOTO MPOCTpaHCTBa?

B TpexmepHOM NpoCTpaHCTBE MMEETCS JEBATh BO3MOXKHBIX THIIOB TJIABHBIX OJHOPOJHBIX
IPOCTPAHCTB  (JIOMYyCKAIOIIUMX TPYINy JABWKEHHH) C 3aBUCAIIEH OT BpPEMEHH METPHUKOMN
(xnmaccudukanus buanku) [15]. BBenenue cBsizu orpaHMYMBAET HE TOJIBKO TPYNIY JOMYCTHUMBIX B
OTO npeoOpa3oBaHuil KOOPAUHAT, HO U TPYIIY JBMXKEHUH COXpaHAOLMX MeTpuky. Eciu nepBas
rpymma 3anaHa ycinoBuem (1.3), To nmpu ABMKEHUU B CHITY TpeOoBaHUS (HOPM-WHBAPUAHTHOCTH ITO
YCIIOBUE NIPUHUMAET BUJL

g(x’,x™)=g(x°,x™), x" =>x" (m=1273),
TO €CThb JI€TePMHUHAHT METPUYECKOr0 TEH30pa HE JIOJDKEH 3aBUCETh OT IPOCTPAHCTBEHHBIX
KOOPJMHAT. 3aMETUM, YTO 3TO HE MCKJIOYAET 3aBUCUMOCTh KOMIIOHEHT METPUYECKOIO TEH30pa OT
KOOPJMHAT. DTU 3aBUCUMOCTH MPUBEACHBI B [16 c. 265-268] miisa Bcex JAEBSATH THUIIOB OJHOPOIHBIX
MPOCTPAHCTB. BhIUnCss 1eTepMUHAHT METPUUECKOTO TEH30pa, YOeIUMCsl B TOM, YTO OH HE 3aBHCHUT
OT TIPOCTPAHCTBEHHBIX KOOPAWHAT JIMINb MJisi OJHOPOAHBIX TpocTtpaHcTB THma | u Il mo

knaccudukanuu buanku. 1o o3HavaeT, YTO Mpu HamU4uu cBsizu (1.1) qomycTHUMO cyliecTBOBaHUE
OJTHOPOJIHBIX MPOCTPAHCTB TOJBKO ATUX JIBYX THUIIOB.

l. O = @y (X0)1 Qoo = aoo(xo) >0, on = 0 (m,n =:L2,3),
a'll a12 alZXl + al3
1. g,, = a, a,, X" + Ay ,
a,X +a,; a,X +ay a,(x')’+2a,x +a,
Ay = Ay (XO)’ Qo0 = aOO(XO), 9on = 0.
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I[J’IH HepBOFO N3 HUX KOMIIOHCHTBI MeTpI/ILIeCKOFO TeH30pa 3aBUCAT TOJBKO OT BpeMeHI/I. B 3TOM
clIyJae, eClIM NMPOCTPAHCTBCHHAs METPUKA HE BBIPOXKJICHA, TO HamOoJjee oO0INee BBIPAKEHUE IS
IPOCTPaHCTBEHHO-BPEMEHHOTO HMHTEpBajia MPeoOpa3oBaHHEM KOOPAMHAT C PAaBHBIM CIUHHIIC
skoOonanoM [15]
X2 > x% X" 5 x"+0"(x°),
BCEI'/1a MOKET ObITh IIPUBEJEHO K BUY
ds® = 9o, (X2)(AX°)? + g, (xX*)dx™dXx", » = —det(g,,,) >0 (Mn=123). (3.1)

3.1 YpaBHeHusI rPAaBUTAIUH [IJIsI OTHOPOAHOIO MPOCTPAHCTBA TUMNA .
OtcyrcTBUEe 0Omeld WHBapUAHTHOCTH JedcTBUs (2.1) He TMO3BOJSET HUCKIIOYUTH Joo

KoMIoHeHTy MeTpuku (3.1). Beipaxkenuss mis cumBosioB Kpuctoddens v OTAMYHBIX OT HYMA
KOMITOHEHT TeH30pa Puyuu st metpuku (3.1) npumyT BU:

1 o dg 1 00dd, m 1 e ddy
re =Eg00—dx%°,l"§| =0, =—§g°°—dxo' T =0,Ty =Eg k dxg‘ ,IT"=0, (3.2
1 d 1 dy 1 dg, dg
RO - _ _ mk p pn nm ’ 33
© 29, dX° (7,1900 don 49, R NG (339

1 d / y dg
RP =— —| [L—g™ =k | 3.4
‘ 2\/7’900 dx” [ 900 | dx’ J 69

OTau4HbIC OT HYJIS KOMIIOHEHTHI TEH30pa IJIOTHOCTH dHEPrun-umityibea (2.3) mis metpuxu (3.1):

(. f - ¢t | d (1 do L2 dy0gy dd (35)
I 162G | dX°\ Do IX° ) gooa[Oeey  OX° dx° | '
¢ d( 1 do
lea ) = 164G W[_ d_OJgkp ' (3.6)
9oo OX

C yderoM »3TUX COOTHOIICHWH ypaBHEHHUS TpPAaBUTALMOHHOTO TMoJas (2.2) B CMEIIAHHBIX
KOMITOHEHTAax

872G 1 )
Rj: = C_4l:(ggr)j; _Eé‘:} (ggr)vj|

IIPpU HAJIMYWHU CBA3U NIPUMYT BU:

dx°| g, dx°

1 d[ 1 dy) 1 mkdgkpgpnolgnm:\/;@J00 d ( 1 dd)} 9)
2\/900 dx’ 7 Y00 dx° 900v oo dx”’

d (idm_w}o, a7

4, dx® dx’ 2 dx°

d 7 mp 4O, d y do
S I - LY S [ At 3.9
dx° [\[ goog dx° “dx® (| gg dX° (3.9)

3.2 Pemmienue cucrembl ypaBHenuii (3.7...3.9).

Cucrtema ypaBuenuii (3.7...3.9) sBnsieTcs HETWHEHHON CHCTEMOW BOCBMH YpPaBHEHHWH st
. 0 0 0 _
BOCBMHU HEU3BECTHBIX (DYHKIIMH MHPOBOTO KOOpAMHATHOTO BpeMeHu: O(X"), goo(X"), Omn(X") (M, N =
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1, 2, 3). Ilokaxkem, 4YTO CYIIECTBYET TOYHOE OOILIEE pELUICHHE OSTOW HETMHEWHOW CHUCTEMBI
ypaBHEHUH (UTO caMo MO cede ABIAETCS MHOTO3HAYNTEIHHBIM, BHI3BIBAIOIINM yIUBIICHHUE (DAKTOM).
U3 (3.9) cnenyer:

gm W | 50 90 \/QLE . (3.10)
dx dx® ¥
[MocrosinHas MaTpuia L He siBisiercst mpou3BoibHOM. [Tockonbky u3 (3.10) cienyer
(;ikg + 0 gf \/%gnpw, (3.11)
MaTpHIla JOJDKHA YAOBJICTBOPATH YCIOBUIO
Op (X°)LY = g3 (X)L (3.12)

Jljia MeTpuuecKoro TeH3opa oOIIero BUaa 3To YCIoBHUE OyIeT BBIOIHATHCS TOJIBKO B CIIydae,
Korjga mMarpuna L mpomnopruoHanbHa eIMHWYHOM Martpune. B mpotuBHOM ciydae marpuna Lf =

diag(L1, L, L3) 1 MeTpuueckuii TEH30p TakKe AOJDKEH OBITh IHAarOHAIbHBIM.
Yupomas (3.10) mo unaekcam P u K, mosryaum

340 1dy, [Qo (3.13)
dx y dx 4

Takum 00pa3oMm, B cilyyae OJHOPOJHOIO MPOCTpPaHCTBA TUNA | ymaercs B IBHOM BHJIE BBIPA3HTh
npou3BoaHyl0 1oyt @ yepe3 MeTpUYecKoe IMoJie M ero MpOou3BOAHBIE. UTO JEMOHCTpHpYET
BCIIOMOTaTeNnbHbIN xapakrep 3toro noius. [logcrasnsas (3.13) B (3.10) nonyuum

Ldg,, 1 d 1
o* dik‘) "3 el \/%(Lﬁ_ﬁéﬂ”]' 14
U3 (3.14) cnenyer
dg dg 1d 1( .\
mk ko ypn SYnm _ 4 % LPLe —=(L" 3.15
J dxOg dx° (}/dxj 7/{kp 3(n). 519

Ucnionb3ys 310 BeipakeHue u (3.13), MoxHO UCKITIOUNTh @ U BCe MPOCTPAHCTBEHHBIE KOMITOHEHTHI
METpUKH U3 ypaBHeHHs (3.8) U 3amucath ero B BUJE:

2
d(1dy 1dy) 3c? ) d 1 (1 dy
3 += + =L == (L Jy——| —==2—cL" |, (3.16
dt( dt} [dtj 2y[ ()] 900 0t 700, | 47 dt 2 |, (3.16)

rZIe BBEJICHO 0003Ha4YeHue cdt = /J,, dx®.

W3 ypaBHenus (3.7) cnenyer

1 d9oo +1% 1 T =const. (3.17)

Oy Ot  pdt Ty’
OTO0 ypaBHEHHE MTO3BOJISIET UCKIIOUUTH Qoo U3 (3.16) u 3anucaTh ypaBHeHHE Il PYHKLINHU Y

21[“'7} LA oy o-:B:—g[kaB,';—%(B,?)Z], (3.18)

\/_dry

rae t=t/T GespasmepHoe Bpems, BP =cTL{ - marpuma Oe3pa3mMepHbIX MOCTOSHHBIX. ITOpsIOK

ypaBaeHust (3.18) MOXXHO MOHM3UTH TpH BBeAcHUU GyHKIMH U(y) — Oe3pa3MepHOil CKOPOCTH

U3MEHEHUS 00beMHO20 hakmopa - \/;

u _dJr (3.19)
dr
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YpaBHEHHE IPUMET BUJL

87ud—u_4u —-2Uu+o Audu d\/—
dy "4 -2u+o Ly

3ameuarenbHO, 4TO NpH ¢ > 1/4 onpepenuTens MPOCTPAHCTBEHHON METPUKH HHIJIC HE paBEH
Hymo. /lanee OyaeM cuuTaTh 3TO OrpaHUYEHNE HAa BEJIMYNHY 0 BHIITOJTHEHHBIM.
Wurerpupys ypaBuenue (3.20), Haiinem

7o _ (W' -2uto 1 1
. f(u), f() ﬁem[r{a ctg\/7+arctg—mﬂ, (3.21)

TIE ¥ in - MUHUMANbHOE 3HAYEHUE m npu U =0.
Hudbdepenuupys (3.21) mo 1, morydum
1 dyy dfudu df  4u
Sy dr o du dr’ du 4’-2u+o
Ortcrona ¢ yauerom (3.19), (3.21) naiinem B napaMeTqueCKOM BU/JIE pereHne ypaBHenus (3.18)

=14 =7 I 4fg)+ady. (3.22)

(3.20)

f(u).

Deonoyusi NPOCMPAncmea HAYUHAEMCA 6 MOMEHM 6peMeHU Ts U3 COCMOSHUA NOKOS C
MUHUMATLHBIM 00BEMHBIM PAKMOPOM.
U3 ypasuenus (3.17) ¢ yquOM (3.22) cnenyer

¥ win 4f(u)du B 4du
A’ -2u+oc MW’ -2U+o

dIn(9q0) = \/—

WHTerpupys 310 ypaBHEHUE

+ arctg

7(U)gg,(U) — oxp j‘ 4du _ EXp|: 4 (arctg 1 j}
Y min 900 (0) 04U2—2U+c7 Nlo N vdo -1

U Y4uThIBas onpenenenue (3.21), momyuyum
0(W) _ o-f(u)
Jpo(0) 4u’-2u+o
Hcnonb3yto 3TO COOTHOLIEHUE, UCX01s U3 onpeaeneHus (3.19) MoxkHO noka3aTh, U4TO
4f(u
_ At du. (3.23)
4*-2u+o
MupoBoe KOOPIAMHATHOE BPEMs X°, OMPEIENEHO C TOYHOCTHIO [0 MPOH3BOIBHOTO JIMHEHHOTO
npeobpazoBanusd. BemnumnHa ke U > 0 1O ONpeneleHHI0 M HE MEHSAETCS MpU TaKOM

npeoOpa3oBanuu. [losTromy mapamerp U ¢ pa3MepHbIM (DaKTOpOM MOXKHO Ha3BaTb MHPOBBIM
($u3NYECKUM BPEMEHEM.

gOO(X dX = CT 7m|n

3.3 [110THOCTH IHEPIUU-UMIMYJIBCA U CKAJISIPHAsE KPUBU3HA OJHOPOJAHOIO0 MPOCTPAHCTBA HA
YPaBHEHHUAX I10JIA.

Ucnonbiys cootnomenus (3.13) u (3.17), nmpeobpazyem (3.5) cnemyrommm oopa3oM

0 c? d(1dy 1dy 1 dy 1 _,
—p =— += +———" - — B 3.24
(ggr)o pgr 487ZGT2 {df( dfj (7/ dTJ 2\/;7/ dT 27/ k ( )

Ucnone3ys ypaBHeHue (3.18) uckit0ouuM BTOPYIO MPOU3BOAHYIO, TOT/1a
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2

c? 1d c
- [ 4

2
3 1
~— || = F| —oo[BrBy — 2 (B = o
962GT 2y 3 247GT “y

ydr
[lepBblii uimeH B CKOOKAax MpH MalbIX 3HAYEHUSX U CTpEeMHUTCS K HYJIIO, BTOPOH YJIEH,
XapaKTepU3YIOMIHHA T7100aIbHYyI0 aHU30TPOMHIO IPOCTPAHCTBA, MOCTOSHEH, MOJIOXKHUTEICH U BXOAUT
B BBIPOKEHUE /I TUIOTHOCTH PHEPTHH CO 3HAKOM MHHYC. Termeps Mbl MOKEM OTBETHTH HA BOIIPOC,
nocrasiieHHbiii B 1972 roxy aBropamu [17, T 2, ¢. 481]: «IIpunumast coriacue ¢ 3KCIIepUMEHTaMH,
MBI XOTUM IOHSATh, HOYEMY 3AKOHbL (PU3UKU OONHCHBL mpebosamsb (a He nPOCcmo NO3601Mb), YUMo
6 bonvuux macumabax Beenennas 6vlia ¢ 6b1COKOU MOYHOCHBIO OOHOPOOHA U U30MponHa (KypCuB
aBTOPOB)». [lnomuocme suepeuu epasumayuonno2o noas (3.25) 6yoem nonoscumenbHoU MoabKko 8
mowm cryuae, Ko20a 00HOpoOHoe npocmparcmeo uzomponto (By" < 6n").
B stom ciyuae peuienne ypaBHenui (3.14) MOXHO NpeICTaBUTh B BUIE

In :(LJ 9in (0) - (3.26)

min

2_§ p k_l k2
[u J[8/8; 3(BK)]}(M)

B cuny WHBAapMaHTHOCTHM TEOPUHM OTHOCUTENBHO TJI00ANbHBIX JIMHEHHBIX IpeoOpa3oBaHUi
KOOPJIMHAT, UCXO/IHAsI MeTpHUKa Jkn(0) Becera MOKeT OBITh MPUBE/ICHA K JMArOHAIBHOM IBKIIUI0BOU
dopwme. Torna unrepsai (3.1) ¢ yuerom cootnomenus (3.26) u (3.23), (3.21) npumer BU:

ds® = (CT ¥ win ffi
4u°-2u+o
3amMeTuM, 4YTO OAHOPOAHOE MpocTpaHcTBO Tuma |l MMeer HeyCTpaHMMYIO aHHU30TPOIHUIO.
[ToaTomMy nMes B BUAY CBSI3b MOJIOKUTEIHLHON OMPEIEIEHHOCTH IIIOTHOCTH YHEPTHU C OTCYTCTBUEM
AQHU30TPOIHNH, MOXHO YTBEPKAATH, UTO € QUUUECKOU MOYKU 3PEHUs He CYUecmayem Opyeoll Kpome
muna | Henpomugopeuusou meopuu mpexmepHo2o 00HOPOOHO20 NPOCMPAHCIEA.
Beenem mnapamerp Xab6ia H u B COOTBETCTBUU C COBPEMEHHBIMU NPEeOCMABLEHUAMU
napamemp yckopernus q (emecmo napamempa zameonenus [8])

Het 97 gqogy 1 dfLldry (3.28)
6Ty dr 6H T dr\ ydr

[ToncranoBka 3TuX BblpakeHUH B (3.18) MO3BOJISET MONY4YUTh ypaBHEHHE, OIMCHIBAIOIIEE
CMEHY AI0X YCKOPEHMSI-3aMENIEHUS.

2
q=2 Jo 1) ., 3 (3.29)

4\u(y) Vo 4o
Ortcrofa cienyer, 4To BO3MOXKHBI JiBa clieHapus. [Ipu ¢ >3/4 Bo3MokHO TOJbKO yckoperue (0>0).
IIpu 3/4 > ¢ > 1/4 BO3MOXHa CMEHa 3MOX: YCKOpEHHe-3aMeJuleHue-yckopeHue. CMeHa 31ox
MPOMCXOUT MPH 3HAYCHUSIX
J3

_ (o2 \/§ (o2
T o403 >4(J§+J§) 1-V1-45/3 <4(J§—J§)

Obnapyscennas neoasno cmena snox [4-6] ykaszvieaem na mo, wmo umeem mecmo 6mopou
cyeHapuii.
MakcumanbHasi BeTUYMHA 3aMe/JICHUS] JOCTUTAETCS TpU U=0
1 :1—i> - 2. (3.31)
4o
[locne HacTymeHuss BTOPOM 3IMOXM YCKOpEHUsS B COOTBETCTBHM C (3.29) ( acMMITOTHYECKHU

CTPEMUTCA K CAUHHUIIC.

2
j (du)? — 23 (u)dx"dx"s, .. (3.27)

~0.1376, u, = ~1.3624.(3.30)
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IInotHocTs 3Heprum (3.25) HU30TPOIHOIO T'PAaBUTALMOHHOTO IOJS CBsI3aHA C HApaMeTpoM
Xab6ma (3.28) cooTHOMIEHUEM
B c? u2_302H2(u)

247GT ?y(u) 872G

Takum o0Opa3oM, niomHoCmb SHeEpeuU 2pasUMayuoOHHO20 NOJA NPONOPYUOHATILHA KEAOpamy
CKOpOCMU U3MEHEeHUsl 00beMHo20 akmopa u 6 n000U MOMEHM 6peMeHU pPAGHA KPUMU4ecKol
NIOMHOCIU.

[Tapamerp Xa06sa nocTUraeT MaKCUMajabHOI'O 3HAYEHUS B 3M10XY I1EPBOr0 YCKOPEHHUs pu U =

Py (3.32)

ol2 <uy
H_ = Jo exp| — arctgv4o -1 ’ (3.33)
6T /7 min 4 -1
a 3aTEM MOHOTOHHO y6BIBaeT, CTpeMHCB K HOCTOSIHHOMy 3HAQ4YCHHULIO
\/E 1 ( 1 72')
H, =———exp| ———| arctg ———+—||. (3.34)
6T \/min Vdo -1 Vao -1 2

[IpocTpaHCcTBEHHBIE KOMIIOHEHTBI TEH30pa IUIOTHOCTU SHEPrUM-UMITYJIbCA, OIpEe/ICHHbIE
COOTHOLIEHUSIMU (3.6), Ha ypaBHEHUSX M10JIs] PABHBI:

2 2
(ggr)p :C—Z d(ldy) 1(1dy _Ldl+i|3: 5P (3.35)
K 4872GT?|dr\ydr) 2(ydr 2\yydr 2y

¥ OTJIMYAIOTCS OT BBIPAKEHUS JUIS [UIOTHOCTH DHEPIUM 3HAKOM IOCIIEIHHUX JBYX UYICHOB. JTH
KOMIIOHEHTBI MOT'YT IIPUHUMATh B IIPOLIECCE DBOJIOLUH KaK MOJIOKUTENbHBIE, TAK U OTPUIATEbHBIE
3HaueHus. VIckiroyasi CHOBa BTOPYIO MPOM3BOJHYIO ¢ TOMOIIBI0 ypaBHeHUe (3.18), u monaras, kak
9TO TIPUHATO Il MAKPOCKOMUUECKUX CPEXl (€4, )y = - Pgr O, , 3AIHIIEM JaBJICHHE IPABUTAIMOHHOTO
TIOJIS B BUJIE
¢ ¥-2u+o
Por =— - . (3.36)
A8aGT y(u)

Orcrofa cienyer, uto mpu 0.25 < ¢ < 0.5 NpOUCXOIUT H3MEHEHUE 3HAKA JABJICHUS [IPH CIICTYIONIHX

3HAYEHUAX U.
1-J1-20 2-1 1+1-20 2+1
U; = > = <
2 242 2 242

~0.146, u, ~0.8536  (3.37)

I'pasumayuonnoe none umeem noaoxcumenvHoe oagieHue ¢ npomedxcymre Uz<U<Us, 8 OCMATbHBIX
cyuasnx e2o 0asieHue OmpuyamenbHoe.

Paccmotpum tenszop Puuuu. Iloacrasnss cootHomenus (3.14), (3.15) B (3.3), (3.4) naiinem
BBIPXCHHUS JIJIS €70 OTJIMYHBIX OT HYJISI KOMIIOHEHT Ha YPaBHEHHSIX TIOJIS:

2
1 d{1ldy 1 (1dy K 1 d| 1 dy
RO=—— —| ==L |- 22 R e — | =21 3.38

° T 2c? dt(y dtJ 1202(7 dtJ T 2c? fy di| Jy dt (3.38)

Hckirouast BTOpble MPOU3BOJIHBIE, 3aIUIIEM BBIPAXKEHUS ISl CKaJISIPHOM KPUBU3HBI IPOCTPAHCTBA-
BpemeHu R.

cT?y(u

Kpueusna npocmpancmea - 6peMeHU USMEHAemcs 6 npoyecce 3601I0yuUu U npurumaent cHavala
ompuyameilbHble 3amem noal0NCUME/IbHblE U, HAKOHEY, CHOBA Oompuyamelbrbvle SHA4YEeHUA.
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3.4 KunemaTHKa 0JJHOPOJIHOIO NMPOCTPAHCTBA.

B cuny (3.32), (3.33) makcumaibHas TUIOTHOCTh YHEPTUHU TPABUTAIIMOHHOTO TTOJISI paBHA

2 —
P = C—oz'e _ 2arcigv4o -1 . (3.40)
962GT “y i 4o -1
Orcrona cneayer mpu ¢ ~1/4
1/2 1/2
c’o arctgv4o-1) ¢ 1
T Viin = eEXp| — -~ ~_ . (341)
967 -G - Pyrmex 4o -1 88 67G0 g e
CootHomenus (3.22), (3.28) MOXKHO 3amucaTh B pa3MEPHOM BHJIC:
41 (y) 1 u
t—t, =TV min dy, Hu) = ——————. (3.42)
I 2y+ 3T\/7min f(U)

Cornacuo (3.21) f (U) 3aBUCHT TOJBKO OT MOCTOSHHON 0. [IpH MOACTaHOBKE B 3TH COOTHOIICHHSI
3HaueHuil [18]: BpemMeHU OT Hauana HBOJIIOIMU 1O TEKYIIEr0O MOMEHTa %ty =13.81-10° ner u
napamerpa Xab6ma H°=67.3 km ¢! Mrc™, MOJIyYUM Napy YpaBHEHUM ISl ABYX HEU3BECTHBIX — 0 U
3HaueHus mapamerpa U’ Ha TEKYIIM MOMEHT BPEMEHU

~ o~ 41 (y) o 1 u®
=T I 4y —2yro M 3Ty FUO)

KBa3ukinaccuueckuil 1MOAXOA ONpaBAaH NPH YCIOBHUH, YTO Hapamerp 1.V, =t

pls THE th —

IUVIAHKOBCKOE ~ BpeMsi. MunumanvHomy 3HaueHuro omozo napamempa  coenacho  (3.40)
coomeemcmeyem MakCuUMaibHas NI0MHOCIb SHEP2UU 2PABUMAYUOHHO20 NOJIS HA Yemblpe NOPAOKa
MeHbWas NIAHKO8CKol. B 3TOM cilyyae pelieHre CUCTEMbl YPaBHEHHINA:
6 =0.2501278984, u°=6.118625359. (3.43)
Pe3ynbpTaThl pacyeToB OCTalbHBIX MApPaMETPOB Ul 3TOTO Ciydas npexacraBieHbl B Tabmune 1.
Huxe B Tabnmue 2 mnpuBeneHbl pe3yabTaThl aHAJIOIMYHOTO pacdyera, HO C MaKCHUMaJbHOM
IIOTHOCTBIO SHEPTHH EaBHOﬁ TOM, KOTOpasi JIOCTUIaeTcsl Ha ycKopuTensx ¢ sHeprueil B 1 TeB
grmax = (1TeB)* = 2:10% I-m®).

Jlns mapamerpa U BIOpaHbI XapaKTepHbIe 3HAUEHUS W%, u2, u4, o, u3, ul, 6/2, TOMONHEHHbIE
PsIOM NPOMEXKYTOUYHBIX 3HaYeHUH. B Tabnuie: ( — KOCMHUYECKOe YCKOPEHHE, Z — KOCMOJIOTHUECKOe
KpacHoe cMelieHue, R - ckasipHas KpUBU3HA IPOCTPAHCTBA-BpeMeHH, t-ts; — coOcTBeHHOE Bpems, H
— napametp Xab0a.
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T\ Zmin =l € Pyrmax =5.2-10" Ik -m %, 5 =0.2501278984; u°=6.118625359

u q Z R, M2 t-tt, H, ¢t
6.118625359 0.7599 0 -5.589-10™° | 4.358-10" 2.181-107
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% 6.945-107
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%° [3.785-10% 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

Tabnuya 1. Kunemamuka npocmpancmea npu MaKxCuManibHOU NIOMHOCMU IHEP2UU Pgrmax =

5.2:10'%° ix-m™.

Parmex = 2:10% ok M %5 Tf i, =8.691286792-10™ ¢; 0 =0.2505131772; u’=6.116607675
u q Z R, M2 t-ts, C H, ¢t
6.116607675 0.7598 0 -5.588-10™% | 4.358-10" 2.181-107"
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" 4592-10"°
0.7 -.75942 1.79220 -4.740-10°° | 8.281-10™° 5.433-10™°
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™ 2.813-107"
0.35 -1.7519 7.76490 3.545-10% | 4.218-10% 8.404-10'
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% 5.054-107*
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

. 49
Tabnuya 2. Kunemamuka npocmpancmea npu MakcumMaibHOl NIOMHOCHU SHEP2UU Pgrmax = 2710

I[)K-M'S.
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Taxkum 00pa3oM, BMECTO CTaHIapTHON KocMmosoruueckoir mogenu (CKM) B 3ToM ciydyae Mbl
MMEEM KOHTMHYYM KOCMOJIOTMYECKHX MOJEINICH, mapaMeTpU30BaHHBIX 3HAYEHUEM MaKCHUMaJbHOU
IUVIOTHOCTH PHEPIUH pPgrmax. I3 cpaBHeHMA 3THX AaHHBIX Tabmui 1, 2 ciemyeT, uTo, MO KpaiiHein

MEPE, 10 KOCMOJOI'HYCCKOT0O KPaCHOT'O CMCHICHHUA ITOBEPXHOCTHU «IIOCIICAHETO0 PACCEIHU
1/3

0
2(0.2647 +£0.0011) =1090, z(u) = M -1 (3.44)
y(u)
pe3ynbTaThl PAcUYETOB XOPOIIO COTJIACYIOTCS MEXKIY COOOW, HECMOTpS Ha OTJIMYHE B BEIUYHHE
MaKCUMaJIbHOW IUIOTHOCTH JHEPTHH 00Jee YeM Ha IIECTHACCAT MOPSAKOB. ITO OOCTOSTEIHCTBO
WCKIIFOYaeT COMHEHHS B BO3MOXXHOCTH OJTHO3HAYHOTO OINHMCAHUS BOJIIOIHMH IIPOCTPAHCTBA B ATOM
IUana3oHe M3MEHEHHWs KpacHoro cmemeHus. Creayer oOpaTUTh BHHMaHWE Ha TOT (hakT, 4YTO
«IOCTIEHEE paccessHUEey MPOU3O0IIO 10 UCTEUYEHUH MEHEe CTa JIET OT Havasa Ipoliecca dBOJIIOIHH,
B otauuue oT 373000 ner B ACDM — monaenu [18].

CyIIeCcTBEHHbBIE OTIWYHUS MEXIY MOJCISAMH MMEIOTCS JIMIIb TpH OONBIINX 3HaYeHUsx Z. B
MOMEHT Hauajia 3BOJIIOIMU CKaJsIpHAs KpPUBHU3HA HMEET OINPEJCICHHOE KOHEYHOE 3HA4YCHHE,
M03TOMY MO>KHO OIPEIeTUTh XapaKTePHBIM HaYalbHBIN pa3Mep, Kak BEIMYUHY 00paTHYIO KOPHIO U3
MOJYJISl KpUBU3HBI. DTOT pa3Mep 3aBUCHUT OT BEJIMUUHBI pgrmax U s paccMoTpeHHoro B Tabmumax
1, 2 nuama3zoHa sHEepPrui MOKET COCTABIIAThH OT 10 34 1o 10™ metpa.

3.5 T'eone3uyeckne  SIHTPONHUSI OTHOPOTHOTO MPOCTPAHCTBA.

s metpuku (3.27) kak u 11 metpuku Opuamana-Jlemerpa-Pobeprcona-Yokepa, TuHUM x*
= X" = X = const SBASAIOTCA re0/Ie3NYECKUMHU, U B KAXKJIOH TOUYKE MOYKHO BBECTH COMYTCTBYIOIIYIO
CUCTEMY KOOpPJMHAT, B KOTOPOU onpedenienHas eviuie nepemennas t byoem a61amovcs coOCmMEeHHbIM
8pemeHeM.

[MojcTaBiss B ypaBHEHHs reoje3nueckoii X (§) ¢ HaTypaibHBIM ITapaMeTpoM &

d2x“ dx” dx*
> +FM
dé dé df

cumBouibl Kpucroddens (3. 2) I[Jm MeTpuKH (3.27) 1 UHTErpupysl MOTyUEHHbIE YpaBHEHUS, HalIeM:

ddxé = A"y 3(x9), W/goo(x i\/Azy‘lls(x°)+ B,A’=A"s_A", A", B=const.  (3.45)

['unepnioBepxHocTh t = tst SBJIICTCS KpaeM HAWJIEHHOTO MPOCTPAHCTBEHHO—BPEMEHHOTO
mMHOroo6pasust. Ha kpaio U(ts) = 0 u kocmuueckoe yckoperue (3.29), sBisiorieecss HHBAPHAHTHOM
HaOJII0JaeMOM BEJIMUMHOM, oOpamraeTcss B 0€CKOHEUHOCTh. B CBsI3u ¢ 3TUM Jr00asi, BRIXOAIIAs Ha
Kpail reoje3nueckas, MpU KOHEYHOM 3HAUYEHUU & CTOJIKHETCS C HEYCTPaHHMOH OCOOEHHOCTHIO.
CrieoBaTeIbHO, HAUlOeHHOe MH02000pasue A6IAemcs MAKCUMANbHO NPOOOINCUMBIM  8OOIb
2e00e3uyecKux 6n10ms 00 Kpasi.

Cornacno (3.45) B COMyTCTBYIOIIEH CHUCTEME KOOPJIWHAT BIOJb T'€OJE3MUECKON OmpeeeH
BEKTOP 4-CKOPOCTH

u
v =2 (50%,0,00)
B sTtom cnyuae u3 ypaBHeHUS anuadatudHoCTH ¢ yuetoM (2.4), (2.5), (3.17), (3.21) cnenyer
oln /- . :
Sgr = ahvl (x) 9._ a-k ___ok (3.46)

12 ox* 212cT Jy(u)  215eTJru)

B mocnegHeM paBeHCTBE MBI OTOXKJIECTBWJIM HEM3BECTHYIO TMOCTOSHHYIO & C €IMHCTBEHHBIM B
Teopun Oe3pazMepHbIM mapaMmeTpoM o (3.18), XxapakTepu3yromuM HallJIeHHOE MPOCTPAHCTBEHHO —
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BpeMeHHOe MHorooOpaszue. M3 (3.46) crmemyeT, 4TO TUIOTHOCTh DHTPONHMH B HACTOSIIEE BpeMs
JOCTaTOYHO €00 3aBHCUT OT MaKCHMAJIbHOW IUIOTHOCTH 3HEPIHU U MPU Pgrmax = 2-10% IbK-M'3
paBHa

Ser(U”) =— ok —~1.7-10” -k-m”
2|pICT ymin f(U )
Ota BenuvMHA Ha 18 TOPSIKOB NMPEBOCXOIUT BKJIAJ BCEX OCTaJIbHBIX HCTOYHHUKOB JHTPOIUH,
yuntbiBaeMbIX B pamkax OTO [19].
B cuny (3.45) nns naGmromaTensi, MOKOSIIETOCS B Hadaje KOOpJAWHAT W CBs3aHHOTO 0 —
reogesndeckoir (B=0) c¢ comyrcTByromeit Toukoi, paccrosHue, kak U B OTO, ompenensiercs
COOTHOIIIEHUEM [ 7]

d(t)=c~a(t°)~j%,

rae a(t) — macmrabuelii akTop, t - coocTBeHHOE BpeMsi. B paccmarprBaemoM ciydae daktop a(t) =
ylle(t) onpeJiesieH IpUBEACHHBIMU BhIlle cooTHOIEHUsIMUA, B OTO mocne OTKpbITUS KOCMHYECKOTO
yckopeHusi oH omnpenensiercs B pamkax ACDM — mogmenmu [7]. Ilapamerpsl 3T0oil Moaenu
MOIOUPAIOTCS UCXOJST M3 YCIOBHS OOCCIICUCHHSI HAMIYYIIETO COTJIACHs CO BCEH COBOKYITHOCTBIO
MMEIOIINXCA B HACTOSIIIEE BPEMsI SKCHEPUMEHTAIbHBIX JAHHBIX, UX YHUCICHHBIE 3HAYEHUS IIO
coctostauto Ha 2013 rox npuBenens! B [18].

(3.47)

(=] ~I

w

B

Ll oo berra ool

Gpc

w

%}

—

o

TTT T[T T T T[T T T T[T T TT [T T T T T TTT
0.0 0.5 1.0 1.5 2.0 2.5 3.0
z

Pucynok 1. Paccrosinue 10 00beKTa B 3aBHCHMOCTH OT €r0 KpPacHOr0 CMelleHHsl, BEPXHSIA
KpuBasi - pacuet 1o (3.47), Hukusasa — pacyet no ACDM — moaenn.

B pabore [18] nmpuBenena B rpaduueckoii opme BCS MMEBIIASCA HA MOMEHT IyOJHKaIUU
COBOKYITHOCTh JaHHBIX TI0 3aBUCHMOCTH pAacCTOsiHUSI OT KpacHoro cmemenus (Fig. 26.1).
CpaBHenue ¢ nanHbiMH [ 18] mokassiBaeT, 4To 00€ MpeCTaBlIeHHbIE Ha pUC. | 3aBUCUMOCTH JIeKaT B
npezenax MOrPelIHOCTH SKCIIEPUMEHTAIBHBIX JTaHHBIX. bojiee Toro, Kak ciieayer u3 MpUBEICHHBIX
Ha puC. 2 JaHHBIX, AakKe OyAyIIHe SKCIEPUMEHTHl TAKOTO POja BPs JIU MO3BOJAT ClienaTh BHIOOD
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MEXIY STUMH JBYMs 3aBUCUMOCTSAMH. [Ipy mponoKeHnn MPUBEICHHON 3aBUCUMOCTH B 00JIaCTh
O0BIINX 3HAYEHUH Z ee X0J1 OyZeT ONpeesAThCsl HEU3BECTHOM B HACTOSAIIEE BPEMsl MaKCUMaJIbHON
IUIOTHOCTBIO SHEPrUU TIpaBUTALMOHHOrOo mnoisd. Ha puc. 2 mpencraBieHO OTHOCUTEIBHOE
paccrosinue Drel, paccuntaHHOe Kak OTHOLICHHE BEIMYHMH IPEICTABICHHBIX Ha puc. 1 B Oojee
LIMPOKOM JIMAaIla30HEe U3MEHEHUSI KPACHOI'O CMEIIECHUS.

1.2

1.1

Drel 1.0

0-8 rrrryprrrrrprerrrprirrrpvernda
0 5 10 15 20 25

Pucynok 2. OTK/JI0HeHHe OT eJHMHHMIbI OTHOILICHWS] PACCTOSHHH, BbIYHCJIEHHBIX 0 OTO n
JAHHOI TeopuH (M0 BEPTUKAJHU), B 3aBUCUMOCTH OT BeJIMYMHBI KPACHOT0 CMEIEHHUs.

CpaBHI/ITeJ'IBHO Majiasd BCIIMYMHA OTKIIOHCHHA CBA3aHA C MHTCTPAJIBHBIM XapaKTECPOM 3aBHUCHUMOCTHU

pacCTodHud OT KpAaCHOI'0 CMCILCHU. ZL]'IH JIOKAJIBHOT'O ITapaMeTpa, TAKOr'o KaK IapaMeTp Xa66na,
CUTyalus hHasl.
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0.0 0.5 1.0 1.5 2.0 2.5

-1 -1
Pucynok 3. 3aBucumocts mnapamerpa Xa00aa (km-c -Mmc~) OoT KpacHOro cMelleHHUs.
Bepxusisi kpuBasi — ACDM-monenb, HHAKHSISI KpUBasi — JaHHAasI TEOPHsl.

B »TOoM cnyudae, kKak MOKa3bIBa€T CpPaBHEHUE pE3YNbTAaTOB pacdera C HKCIEePUMEHTAIbHBIMU
nauueiMu ([20, c. 20] Fig.4) mnpu z < 2.5 00c 3aBUCHMMOCTH TaK K€ YKJIAIbIBAIOTCS B IPEICIbI
MOTPEITHOCTH SKCIIEPUMEHTOB.

Ha pucynke 4 mnpencraBnena BenuuuHa Hrel=H,.q,/H paBHas oTHoOmIeHHMIO BeIWYMH,
MPEJICTAaBICHHBIX Ha puc.3 B Oojiee MIMPOKOM auama3zoHe M3MEHEHHs KpacHoro cmenieHus. Kak
BUJIHO U3 pHUC. 4 TIpU OOJIBIINX KPACHBIX CMEIICHUSAX PACXOXKICHUE MEXKIYy HUMHU YBEINYUBACTCA
MHOTOKpaTHO. Takum 06pazom, TOIBKO OJHA U3 IBYX TEOPHI MOXKET OBITH CITpaBeIINBA.
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Pucynok 4. 3aBucuMocTh OTHOIIeHUsI napaMerpa Xao6aa B ACDM-moaenu K ero 3Ha4eHu1o
B JAaHHOI TeOpHH OT KPACHOI'0 CMellleHHs.

CyliecTBEHHO TO, YTO B JTOM OOJIACTH KpacHBIX CMELIEHUI 3aBUCUMOCTh HE HMeEEeT
CBOOOJIHBIX MMAPaMETPOB, OMPEACIACTCS TOJIHKO HAa4YaJbHBIMU 3HAUYECHUSAMH NpU Z = 0 U, KaK BHIHO
n3 Tabmuie! 1, cipaBeyivBa BIUIOTh 10 Ha4aaIbHOTO MOMeHTa BpeMeHU. B OTO, uto6s o0ecnieunTh
cornmacue ¢ dkcrepumMeHToM, B pamkax ACDM-Momenu BBeneHBI THINOTE3BI O CYNICCTBOBAHHH
TEMHOW SHEpPruu M TeMHOM Mmarepuu. [l omucaHusl K€ 3aBUCUMOCTH B 00JIacTH OONBIINX
3HAYEHHH Z BBOJUTCS THIOTE3a O CYIIECTBOBAaHUU UH(DIATOHOB.

3.6 TemnepaTypa 01HOPOJHOI0 FPABHTALMOHHOIO TOJIS.

B myctoMm mpocTpaHCTBE TpaBUTAIMOHHOE TOJie 00JIalaeT XapaKTEPUCTUKAMH TPHUCYITUMU
MaTepuadbHOW cpele: OJHeprueil, MaaBIeHUEM U OSHTponueil. B cuimy o0mux 3aKOHOB
TEPMOJMHAMHUKH €Ie OJHOM XapaKTEPUCTHKON COCTOSHUSI CpPENbl SBISIETCS Temrmeparypa - 6,
W3MEHEHHE KOTOpO MpU paBHOBECHOM IIpoliecce 0e3 MOoJABOJa Telia CBS3aHO C HM3MEHEHHEM
JIaBJIEHUs COOTHOIIEHHEM [21]

dd, _ dp,
Sqr = :
dt dt
OT0 ypaBHEHHUE MO3BOJISET MO HAMIEHHBIM 3aBUCUMOCTSIM AaBiieHus (3.36) ¥ MIOTHOCTU SHTPOIUHU

rpaBUTAMOHHOTO T0JIs (3.46) OT U ONpeAenuTh ero TeMIeparypy.
[Toacrasisist B (3.48) COOTBETCTBYIOIINE 3aBUCUMOCTH, ITOJTYyYUM

c? U’ -2u+o o-k
——/rud = da.,. 3.49
487GT? 7(u) y(u) 2|§|CT o (3.49)

WuTerpupys 310 ypaBHEHUs ¢ yueToM 3aBucumoctu y(U) (3.21), Haiinem

(3.48)
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J~ o-2ul-o) (3.50)

egr(u)
1272 -K-T\/Vmin 00" f(u) o —2u+4u’

IIpu u = ul (HacTosMIT MOMEHT BpPEMEHHW) BEJIMYMHA HMHTErpaja A JaHHbiX Tabmum 1, 2
onuHakoBa M coctaBisieT 0.5 (C TOYHOCTBIO /10 BOCBMH 3HAKOB). B Toke BpeMs Temreparypa
rPaBUTAIMOHHOTO TOJIS Qgr(uo) msmensiercst ot 1.879-10%° °K B nepBoMm ciydvae, 10 1.166 %K Bo
BTOpOoM. Ha pucynke 5 mpejncraBiieHa B HESIBHOM BHUJEC 3aBUCHMOCTh OTHOCHUTEIIBHOM TEMIIEpaTyphI
Trel= Qgr(u)lﬁgr(uo) OT BPEMCHH.

Trel .
0.5

0.25+

0-0 rrrrrrTrTrrrrTrrryrrrrirrrrTrrTrTy

0 1 2 3 4 5 6
u

Pucynok 5. I1o BepTHKAJIM OTJI0KEHO OTHOIIEHHE TEKYIIeil TeMIEPATyphl K €€ 3HAYEHHI0 B
HacTosilee BpeMsi B 3aBucumMoctu ot U (3.19).

Cps13b Oe3pa3MepHON CKOPOCTH U3MEHEHUSI 00beMHOI0 (akTopa U ¢ COOCTBEHHBIM BPEMEHEM BUHA
3 Tabmun 1 u 2. Caexyer oTMETUTh, 4TO Uil OOOMX IpPEACTABIEHHBIX B TaOJMIle BapHAHTOB
pacyeTHble 3aBUCUMOCTH IMPAKTUYECKH HJAEHTHYHBI. Temrmeparypa coxXpaHseTcs Ha MOCTOSHHOM
YPOBHE paBHOM €€ COBPEMEHHOMY 3HAUEHHIO 32 WCKIIOYEHHEM KOPOTKOTO Ha4YallbHOTO
IPOMEXYTKa BpeMeHH. To €cTh TpaBUTALMOHHOE T0JIE YK€ MOYTH 14 MWIIHapAOB JIET BIUIOTH A0
HACTOSIIIEr0 MOMEHTA | JIajiee BIUIOTH JI0 JOCTH)KEHUS TOJTHOTO PABHOBECHS MMEET, H Oy/IeT UMETh
NOCTOSIHHYIO Temmeparypy. OHO BBICTyNaeT B KauyecTBe TepMmocTara Bcenennoii. Temnepatypy
TAKOTO TEPMOCTaTa MOXKHO OIEHHWTh, HAOJIOAas W3MEHEHHE TEeMIIEpaTyphl HaXOMAAIINXCS B
TEIUIOBOM KOHTaKTe ¢ HUM Tel. Ilpu npubnmkeHun K paBHOBECHOMY COCTOSIHMIO UX TeMIlepaTypa
JOJDKHA aCHUMIITOTHYECKH CTPEMHUTBCS K TeMIleparype TepMocTara. B  YacTHOCTH, eciH
paccMaTpuBaTh TEMIIEPATypy PETUKTOBOIO H3Iy4EHHUS, TO CO BpEMEHEM IpHU aauabaTHYecKOM
OXJIXK/ICHUH OHa OyZIeT CTPEMHTHCS HE K HYJIIIO, @ K TeMIIeparype TepMmocrata. B HacTosmee Bpems
TEMIIEPATypa PEIMKTOBOTO U3IyYEHHs paBHA e = 2.7255 °K u me 3auKkcupoBaHbl, Kakue JTudo
U3MEHeHHs B Xoje e€ anmabaTudeckoro oxiaxiaeHus. OTCrola MOXHO C/elaTh BBIBOZ, YTO
TeMIepaTypa IrpaBUTallMOHHOTO TOJIs Qgr(uo) menbie Cre .
U3 (3.50) cnemyer
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057
s L 3.51
Y rmin 127k0, (") (3.51)

Hcnonb3ys 310 cooTHomenne u (3.41) MOXKHO CBsI3aTh MaKCUMAJIbHYIO BEIMYHHY TII00ATHHOMN
IUIOTHOCTH YHEPTUH Pgrmax CO 3HAUEHUEM TEMIIEPATYpPhI B HACTOSAIIEE BpEMs]

3 C2 kegr(uo)

Pgrmax = FE 7 . (352)
Ecnmu nma  oueHku TPHHATH TeMnepaTypy (9gr(u ) paBHOM TeMnepaType peJ‘II/IKTOBOFO
U3JIyYCHHS] B HACTOSAILEE BpeMs &° rel = 2.7255 K TO pPgrmax < 1 10% Hx-m™ ~ (1.5 TaB) 910

OJIM3KO K 3HAYEHWIO B BapHUaHTE HBOJIOLUU, MIpelcTaBieHHOM B Tabmune 2, u pasumenvHo
omauuaemcsi om cmarnoapmuou kocmono2udeckou mooeau (CKM), 8 komopoii niomnocme snepeuu
Modicem docmueams GequyuHvl Ha 64 nopsoka 6onvuiell (1019F 3B)4. Bo3M0XHO, UMEHHO 3TO
SIBIISICTCS] IPUYUHOM OTCYTCTBHS BO BceneHHOM runoreTnyecknx (hopM MaTepuu TaKUX, KOTOPHIE HE
0oOHapyXuBaroTcs B KcriepuMenTax Ha bAK.

4. bazoBasi Mo/1eJIb 3BOJIIOLIMH OJTHOPOHOM U M30TPOoNHOM Beenennoi

PocT MHTEHCHBHOCTH I'PaBUTALIMOHHOTO IOJIS B IIPOLIECCE 3BOIOLMU HEU30€KHO MPHUBENET K
MOSIBJICHUIO HOBBIX CTPYKTYp MaTepuHu.

PaccmoTpuM eHOMEHONIOTHYEeCKH BIMsHUE MaTepUH Ha IpoLecc 3BOJIOLUN BeeneHHoil.

Kak noxazano B pazzene 3, CyLIECTBYET €IMHCTBEHHOE OJHOPOJHOE IPOCTPAHCTBO-BPEMS C
U30TPOITHONW METPUKON BUA

ds® = goo (X°)(dx°)? — y** (x°)dx"dx"5,,,

ITycTh B HEKOTOPBIII MOMEHT BPEMEHH B 3TOM IPOCTPAHCTBE-BPEMEHH POKIaeTcs MaTepus. B
CUJLy €ro OJHOPOJAHOCTH M HM30TPONHMM TEH30p CPEAHEH IIOTHOCTU SHEPrHU-UMITYJIbCa MaTepUU
3alMIIEM B BUJE (gmat):z = diag (omat, - Pmat - Pmat, - Pmat)-

Torpa npu HanuuUK MaTepuu ypaBHEHUS TpaBUTALIMOHHOTO 1o (3.7-3.9) npumyT BuA:

d 1 d\/7'goo -0

dx°| g, dX°

2
1 d 1 dy 1 (1 dyj d 1 do | 84G
- — =\ +—(P+3P)
Joo X { 74/dgo UX° | 63y L7 X’ A gooy10o OX° ) C* ‘

1 d 1 dy | » 1 d y dd 87zG
— 50 =5, —| == = P mat O
Woo X goo 37 dx’ oo OX O dX ¢’

[ToBTOpSist BCe BBIKIAJKU C YUETOM 3TUX /J100aBOUHBIX 4IeHOB, BMecTO (3.20) mosyuum cieayroriee
UHTETpo-AuddepeHIInaIbHOe ypaBHEHUE

g —au? —2ut oMy Yy, (4.1)
dy du

r/ie BBelleH () yHKITMOHAT
d 487GT dy \du
M(u1 7/)_—( 7(p+ p)mat+ I(p mat(_yj_J'
c du/u

MMpUYICeM MpeaAnojaaracTcs, 4ro oasjieHue u nJiomHOCMb IHEpcUU mamepuu paeHsvl H)10 6 HAYAIbHbBILL
MOMEHRM BPEMEHU.
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VYpaBHEHUs UIsI KOCMHUYECKOIO YCKOPEHMsI, IUIOTHOCTU DHEPIWM, NABJICHUS U CKaJIAPHOU
KPUBH3HBI B 3TOM CJTydae Takke BHIOM3MEH0TCs, BMecTO (3.29), (3.32), (3.36) u (3.39) momyunm:

oot P = 7“(;) IO, . @3)
Pyr + Prat :—%Z:G—zﬁ%{2u2—2u+a+M(u,y,j—Z)] (4.4)
R:—m[gu2—2u+a+M(u,%%)] (4.5)

CornacHo HaOmofaTenbHBIM JaHHBIM BO BceneHHOW 6 Hacmoswee 6pems WMeEETCH:
OaproHHas Marepus, SJIEKTPOMArHWTHOE U3IY4YeHHE M HEWTPUHO. OTH KOMIIOHEHTHI Cl1abo
B3aMMOJICHCTBYIOT KaK MEXAy cOOOW, TaKk M C TpaBUTALIMOHHBIM MoJieM. B 3TOM ciiyuae 3aKOHBI
«COXpaHEHUs» JJI KaXJA0ro BUAA MAaTEpUU BBIIOJIHSAIOTCS B OTJEIbHOCTH, I0O3TOMY KOBapHUaHTHAas
IPOU3BOHAS TEH30Pa (Emat) *  IOJDKHA OBITH PaBHA HYJIIO.

1 0 y 2 b
Eaxv (ﬁ(‘gmat)ﬂ)_rﬁl (gmat)i =0.

[TozncraBisis B 3TO ypaBHEHUE BbIPAXKEHUS AJIsl CBA3HOCTH (3.2) B cilydyae U30TPOITHOM METPUKHU

HOJTYYUM
[ M

0o (p + p) mat 1 0
dx Jy dx
Jnisi GapuOHHOW MaTepuu JaBICHHUE MOXHO CYHMTATh PAaBHBIM HYIIO, U 3JEKTPOMArHUTHOTO

H3JITyUYCHUS p:p/3, JJIA HeﬁTpHHO AHAJIOTHYHOC COOTHOLICHHUC 6y,[[eT CIIpaBCJIMBO O0 TCX IIOP, IIOKa
MOXHO npeHe6petH) HAJIMYHUEM Y HHUX MACCHI. HpI/I 9TUX YCIOBUAX 11 KOMIIOHCHT MaTCpUHU

MMOJIyYrM:
4/3 4/3
[,,0 [ 0 [ 0
Py =p§%,py =Py % P, =Py % : (4.6)

BepXHUM MHIEKCOM OTMEUYEHBI 3HAUYEHUS, OTHOCSILUECS K HACTOALEMY MOMEHTY BPEMEHH.

W3BecTHO, YTO MIOTHOCTh SHEPTUHU ABYX MEPBBIX KOMIIOHEHTOB COCTaBJISI€T COOTBETCTBEHHO
2,=0.0499 u Q,= 5.46-10” ot KPUTHYECKON IUIOTHOCTH SHEPruM B Hacrosuiee Bpems [18]. s
HEUTPUHO JaHHbIE MEHEee OIpeleleHHble €, < 5.52:10. Jlamee, 9TOOBI OIEHHTH MaKCUMaJIbHYIO
CTENEHb BJIMSHUS MaTepUM Ha MPOIECC HBOJIOLMM, OyAEeT MCIOIb30BAHO MMEHHO 3TO 3HAa4YEHHE
OTHOCHUTEJIBHOM TUIOTHOCTH HEUTPHHO.

Ha BpemeHax He CIMIIKOM JAJIEKMX OT HACTOAILLETO BPEMEHUM HMEEM CIEAYIOLIUE
3aBUCHUMOCTH CPEHEN MJIOTHOCTH SHEPTUU U JIaBJICHHS MaTepUH OT 00bEMHOT0 (haKkTopa:

L) A7) @)

+Q - » Q=Q +Q, .

0
pma :pcr Q ’ pma -
t "Wy o3

@yHKIMOHAN B IpaBoi ctopoHe (4.2 - 4.6), onuceiBaeT 0OpaTHOE BO3/EHCTBUE MaTepUu Ha
METpUKy. B MOMeHT Hauana 3BomonMK (PYHKIIMOHA paBeH HYJIIO, @ BCS SHEPTHs COCPEOTOUCHA B
IrPaBUTALMOHHOM II0JI€, MOATOMY B IEPBOM MPHUOIMKEHUU OOpATHBIM BO3IEHCTBHEM MOXKHO
npeneopeus. [lomoxum

58



M® (.7, ) =0,
du
7€ MHJICKC B CKOOKax 0003Ha4YaeT HOMEP MPUOTMKCHHUS.

B sToMm cnydyae u3mMeHeHHE 00BEMHOTO (pakTopa M €ro MPOU3BOJIHOW MO-TIPEeKHEMY OYIeT
onuckiBaThcsl cooTHomeHussMu (3.20), (3.21), a kpuTHYecKas IJIOTHOCTh - COOTHOmIeHHeM (4.3).
Takum 00pa3oM, B 3TOM MPUOIMKCHUH IJIOTHOCTh SHEPTUU U JABJIICHUE MATCPUU MOXKHO CUUTATH
U3BECTHBIMHU (PYHKIIUSAMHE OT U 1pH Up < U.

0 F(U°) +Q(f(u°)j’3 P
b ! mat

pmat(u):pcrm Q f(U) 3

Q(f(UO)J Q=0 +Q . (48)
f(u) r

4.1 I110THOCTH IHEPTHM MATEPUH B 0YeHb paHHell BeesieHHOI.

IIpu 0 < u < Up (oueHbp paHHsAs BceneHHas) ycnoBus, NPU KOTOPBIX CIPaBEIJIUBBI
cootHouieHus (4.8) Hapymatorcs. [IpuunHoO SBIIsSIETCS] SKCTPEMAIbHO BBICOKAs IJIOTHOCTh SHEPTUU
IPaBUTALMOHHOIO IOJIA, AOCTUIAIOIasd, KaK IO0Ka3aHO B paszeiie 3, ypOBHS IUIOTHOCTU DHEPIUU
BAK. B 3Tux ycinoBusix NIOMHUMO NEPEUUCIECHHBIX YaCTUL OYIYT POXKAATHCS, U IPYIHe KOMIIOHEHTBI
CTaHJapTHOW MOJIEJIH JIEMEHTAPHBIX YACTHL] U MOJICH.

Hmess 3T0 B BUAY, JOONPEICIMM 3aBUCHMOCTH pmai(U) B Hayaie mpolecca 3BOIIOIHMU
cieayomumM oopa3zoM. ITockoIbKy B 3TOT NEpUO JPYTUX UCTOUHUKOB SHEPTUU KPOME I'paBUTALIUU
HET, IPUMEM, YTO OHA IPOIOPIUOHANBHA pgr(U) ¢ OGe3pasMepHBIM KOI(P(OUINEHTOM, 3aBUCSIIUM OT
IUIOTHOCTH YHEPTUM IPABUTALIMOHHOTO ITOJIS

pmat(u)=,1.[%j “PyrU), 1<1, 0<u<u,,nx0. 4.9
u
Hckimroyas IIOTHOCTh SHEPTUU TPaBUTAIIMH U3 COOTHOIIeHHI (4.3), (4.9) nomyuum
A-u"
Uy=——"-——-—- u),0<u<u,,nx0. 4.10
pmat() fn(U)-f-ﬂ'Un pcr() b ( )

[TocTostHHYIO A ¥ BeMTUYUHY U, OMPEIETNM U3 YCIOBHM TJIAJIKOTO COMPSKEHUs 3aBUcCUMOCTei (4.8),
(4.10) mpu U = Up. [IpupaBHUBas OTAENBHO MIOTHOCTH DHEPTHM M WX MPOU3BOJHBIC MPU U = Up,
MOJIYYHM CUCTEMY JIBYX YPaBHEHUM JIJIsl OTIpeIeIeHus Up U A

0 0 2 2/3
Aty (U] g T of ) ) (4.11)
f'(u,)+4-uy  \u, f(u”) fu”)
2/3 n 0
a2 W) Aol T o Al AUy (24, —0) (4.12)
TP fW®) 3 fwY) fru)+A-ut ) fru)+ A0 '

DTa cucTteMa ypaBHEHUU HMEET JIBa PA3JIUYHBIX PEHICHHS, (PU3NYECKU OCMBICICHHBIM SIBIISICTCS
peleHne ¢ MEHbIINM 3HaueHueM Up. Jms Hero up << f(up) << f(uo), mo3ToMy ypaBHeHue (4.12)
YIPOIAETCS U PEIICHUE IPUHUMAECT BUJT
3(2+Nn)—+/9(2+n)?> —48(2+n)-o
u,~ .
b
16
Bennunna Up omnpenenser TOT MOMEHT MHUPOBOIO BPEMEHH, KOTJa MAaTepus OTHENSETCA OT
IPaBUTALMOHHOIO TMOJSI. DTO MPOUCXOAUT MU3-32 YMEHBIIEHUS a0COIIOTHOM BEJIMYUHBI CKAISIPHOU

KPUBHU3HBI C TeUeHHUEM BpeMeHU. KOHKPETHO 3TO MPOUCXOJUT B MOMEHT €€ IMEePBOro OOpaIlieHus B
Houb. U3 (3.39) cnenyer, uto R(U) = 0 npu
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6—+/36-96-0
16 '

DTO BBIpakeHUE coBmaaaer ¢ U, mpu N = 0. ug storo 3Hauenus u3 (4.11) HaiimeM oTHOlIEHUE
IUIOTHOCTH SHEPTUU MaTepUU K IJIOTHOCTH SHEPTUU TPABUTALIMOHHOTO MOJs HA MOMEHT OTAENICHUs

OT HEr0 MaTepuu

f(u, ) 6—-+v36-96 -0

A=Q- Uy = :

f(u ) 16
[Tpu mOACTaHOBKE B ATO COOTHOIIEHUE 3HAYCHH, COOTBETCTBYIOIIMX JaHHBIM TaOmuile! 2, HaliaeMm,
YTO dTa JOJISI COCTaBJIAIA 2.754-10°. TnoTHOCTH sHepruu BceenenHnoi npu U = Up - 1.390-10%
Jox-m® Ha MomeHT BpeMeHu t-tg = 8.183-107% cekyuapl. [lpu npubmmwkeHMH K HavYaabHOMY
MOMEHTY BPEMEHHU CPEHSS IUIOTHOCTh PHEPTUU MATEPUU YMEHBINACTCS B COOTBETCTBUU C (4.10),
CTPEMSICh K HYJIIO BMECTE C KPUTHUECKOU MIIOTHOCTHIO.

(4.13)

4.2 TemnepaTypHasi HCTOPHS PaHHell U oueHb paHHeii BeeenHoii.

OOpartumcst Tenepb K TemiepaTypHoil ucropuu panHHeil Beenennoit. Ilpu stom mbl Oynem
HCXOJHUTh U3 OCHOBHBIX MOJOXKEHUH, U3JI0KeHHBIX B [7]. K paHHeMy nepuoy OTHOCST MPOMEKYTOK
BPEMEHH, KOTJ]a TEMIIEpaTypa FICKTPOMArHUTHOTO M3ITy4eHHUS] HaXOIWIach B JUAIa30HE OT 10" 1o
4000 °K. VYTBepxpaaercs [7], 4TO CHIpaBEIIUMBbI CIEAYIOIIUE COOTHOIIEHUS MEXKIY IIOTHOCTBIO
SHTPONHH S, TeMIiepaTypor € u MacmTaOHBIM (aKTOPOM a JUISl AIEKTPOMATHUTHOTO M3ITYYCHHS H
HEUTPUHHON MaTepUu (COOTBCTCTByI-OH_II/Ie BEJIMYUHBI TOMEUYEHBI HIDKHUM HHICKCOM Y HIIH V):

wk*
15n°¢*
Hcnone3yss mondydeHHBIE B npenbmymeM pasuene BBIpa)KeHI/I}I s o0beMHOTO  (hakTopa,
TIEPETIUIIIEM 3TH COOTHOLICHUS B BUJIC:

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

1/2 _ 1/2 . _ﬂ 3 71/2(ub) f 3 f(ub) . _
s, (0)y " (u)=s,06,)r " "(u,); s,(0) 32800 8 Ty =3%% Ty W 0,=0,(u,).(414)
5, (0)7"?(U) =5, (6,)7"2(u,); s,(0) —Za 05 YW T, g &i 0,, =6,(Uu,). (4.15)

2 2wy 2707 ()
B [7] noka3aHo, uto ypaBHeHue (3.48) mpUMEHMMO W Ui OMMCAaHUS MU3MEHEHUs TeMIlepaTypbl
MaTtepun Bo BcenenHnoii. B 3ToMm ciydae B cuily aJAMTUBHOCTH BKJIa/I0B KOMIIOHEHT B JIaBJICHUE U
IUIOTHOCTb SHTPOIUU ypaBHeHHeE (3.48) mpUHUMAET BUJ

AP, = (s, (0) +5,(O)1d6. (4.16)

IIpUMEHIM 5TO ypaBHEHHE K OIMCAHMIO HAYAIBHOTO dTara sBomoriy npu 0 < U < Uy << u°. B stoMm
ciydae, Kak cienyer u3 (4.8), Bkiaa 6apMoHOB B OOILIYIO IUNIOTHOCTh SHEPTUU MAaTEPUU HUUTOXKHO
MaJl, MaTEPUIO MOYKHO CUUTaTh YJIbTPapeIsiTUBUCTCKON cpenoi u ¢ yuetoMm (4.3), (4.10) 3anucatp
JIaBJICHHE MAaTEPUU B BUJIE

c? u )
,0<u<u,.
)= 241GT (f(u)] b

[TpeneOperast Moka BO3MOXHBIM Pa3TUYMEM TEMIIEPaTyp KOMIIOHEHT MaTEpUHU 3alHIleM YpaBHEHUE
(4.16), onpenenstoiiee U3MEHEHUE TEMIIEPATYPHI.

A_c @) d[ u j - D000 @.17)
3 24:,GTZ f(u,) \f(u)) 6
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Wurerpupys 3Tto0 ypaBHeHHE ¢ ydetoMm ompeneneHus (3.21) ¢ynkmmm f(U) m e€ mpowmsBoaHOH,

noxyuum npu 0<u <u,
A c? 1 ]‘- (o —2u)udu

0°(u,)-0(u) = ' 7 2 -
29a, 6aGT“yy, f(u,)y(4u”—2u+o)f(u)
[ToncraBnss B 3T0 ypaBHeHHE BeipakeHue (4.13) st mapameTpa A, HaliieM BETMYHHY TEMIIEPaTyphl
6(Up) B MOMEHT OT/ICJICHHS] MATEPUHU OT I'PABUTALIMOHHOTO OJISL.

(4.18)

1/4

T(u,) | (4.19)

oy | L ¢ afufe))"
*" 1 29a, 62GT?y,, u,|ui-f@u)

rie
‘T (o—2u)udu
l(u,) = | g ) .
o (4u” =2u+o)f(u)
PacueT mpu 3HaYEHHSAX MMApPaMETPOB, COOTBETCTBYIOMUX AaHHbIM Tabmui 1 u 2 maer I(up) = 2.302
(20.0005) -10™. TIpu stom B mepoM ciyuae O(Uy) = 1.345-10%! °K, Bo BTOpOM - O(Up) = 1.145-10™
K.
CornacHo pacderam, MPUBEICHHBIM B [7], TeMIepaTyphl U3JIYICHUS U HEHTPUHO COBIAIAIOT

— 1nll 0 -
npu 6 = 10 "K, Himke He€ HEHTPUHO BBIXOAAT W3 PABHOBECUS C JPYTMMH YacTHIIAMH U X
TeMIIepaTypa MOHUKAETCS, ACUMIITOTUYECKH CTPEMSICh K BEJTMUNHE

1/3
0. -[ 2] o
1) 7

B TO ke BpeMs Temriepatypa H3JIydeHHs mnpHu U > Up OyaeT yObIBaTh IO Mepe pocTa MacmTaOHOTo
¢daktopa 1o 3akony [7]:

‘97(”) _ 71/6(ub) _ fl/s(ub)
/6 /
0,(u,) 7))
[ToncraBiss crona BbipaxkeHue (4.19), HaiieM 3aBUCHMOCTb TEKYIIETO 3HAUEHUS TEMIIepaTyphbl
uznydenus ot U(t) mpu U > up

1/4

1 c? afu® fu))" 13 (u

6,(u)= : — 3—(;’) I (u,) T(b) (4.21)
29a; 6aGT°y,;, u,\lu,-f(u") 77 (u)

(4.20)

4.3 K Bonpocy 00 0THOCHTEIbHOI MJIOTHOCTH HelTPUHO BO BeesieHHOM.

IIpn u = uo, TO €CTh B HACTOSAIIMI MOMEHT B Hallel BceneHHON 3HaueHrne TeMnepaTypbl Qy(uo)
JIOJDKHO OBITh PaBHO SKCHEPUMEHTAJIbHO HAOIIOAaeMON TeMmIepaType PeMKTOBOIO H3IydeHHUs
2.7255 °K. Pacuer 1o (4.21) mpu 3HAYEHUSAX napaMeT}O)OB, COOTBETCTBYIOIIMX JaHHbIM Tabmuibr 1
naer Qy(uo) =6.6215 OK, ns naHHbeiX Tabmumst 2 - 6,(u”) = 6.6147 K.

B noctpoeHHOM KOHTHHyyme Mozened BceeneHHOM Uil JByX KpalHUX CIIy4aes,
OTJIIMYAIOIIUXCSI MY COOO0M MO0 MaKCHMAJIbHOM MJIOTHOCTH 3HEPTruu Ha 64 mopsaKa, B OJUH U TOT
K€ MOMEHT BpPEMEHH (Halllero HACTOSIIEro) TeMIIepaTypbl PEIMKTOBOIO M3IYYEHHs MPaKTHUYECKH
COBIAJAIOT MEXy COOOH, HO OTIMYAIOTCS OT HabrogaeMoro B Hailell BeenenHoil 3naueHus 6oee
yeM B JBa pa3a. B u3noxkeHHOW (EeHOMEHOJIOrMYecKOil MoJielau HET CBOOOJHBIX MapaMeETpOB,
MO3TOMY TaKOE€ PacXOXJAeHUE MOIJIO Obl 03HAUaTh €€ Kpax, eciii Obl He 01HO 00CTOATENBCTBO. Kak
OTMEYAJIOCh B HaJaJie pasjiesia OTHOCUTEIbHAS TJIOTHOCTh HEUTPUHO COTJIacHO JaHHBIM [18] Q, <
5.52:10° u oHa B OTIMYME OT IIIOTHOCTH u3nydeHus 2, = 5 46-10™ TouHO He OIpeJieeHa TaKxkKe
KaK U ux cymma Q = Q, + Q,. O1a BeJIMunHa BXOJIUT B BBIPAXKEHHE UL TEMIIEPATYPbl PEIIMKTOBOTO
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u3nydenus (4.21) B Bue NOCTOSHHOTO MHOHTEIS QY. [ToaToMy pacxoxkaeHue ¢ SIKCIEPUMEHTOM
MOXHO YCTPaHHTh, €CJIM BMECTO CTaporo 3HAYE€HHS OTHOCHUTEJIBHON IUIOTHOCTH 2 = 5.575:10°°
BBECTH HOBOE 3HaueHue Q*:

Q' =(Q,+Q)) =1.6068-10", Q) =1.6068-10" —5.46-10° =1.0608-10* . (4.22)

TakuM oOpa3oM, €clii BEpHA HW3IIOKEHHAs TCOPHS, TO HeU3BeCMmMHAs 8 HACmosyee 8pems
OMHOCUMENbHASL NJIOMHOCMb HellmpUuHo 80 Bcenennoii pasna Q,%=1.0608:10". B s10M ciy4ae npu
Pgrmax = 2-10% I[)K-M'3, 0,(up) = 4.719-10%° °K , 4 MakCHMaJbHas TeMIepaTypa H3JIy4YCHHUS BO
Bceenennoit - Oymax = 9.404- 10%° %k nocruraercsa npu t-tg = 3.9- 10 ¢. Kak mokasano B pasnene 3
Pgrmax < 10 I[)K'M'B. IIpy TakoM 3HAaYEHWH MAKCUMAJIBHO BO3MOXHOM IUIOTHOCTH JHEPTHU
TeMIepaTypa MaTepuu Bo BeeneHHOH HuKoraa He npesblana Gymax = 1.230- 10M %K.

4.4 BeJM4uHA OTHOCUTEJIbHOM MJIOTHOCTH Ha0JI01aeMoii BO BeesieHHOW MaTepuu.

HeszaBucuMo OT Hanuuusi WIM OTCYTCTBUSL MAaTEepUU CyMMapHas CPeHssl IUIOTHOCTh SHEPIUU
BO Bcenennoii (4.3) Bcerna paBHa kputuueckoil. [loatomy ¢ yuetom (4.8) 1o cpenHeil MI0THOCTH
SHEpruy MaTepuH B €€ O0ILeM KOJUYECTBE MPH HalJCHHOM 3HAYEHUU OTHOCHUTEIBHOM IJIOTHOCTH
HeuTpuHo ,* cocrapinser

Prac(U) _ UZF2() | ) F@) . FU7)
PaU) UPEEEN)| T () f(

C yuerom (3.21), (3.42) sTa BenmuuuHa CISAYIOMUM 00pa30oM 3aBUCHUT OT BPEMEHHU.

4/3

quota(u) =

0.1

PP LI

quota 0.11

0.057

Al il

0 5 10 15

Pucynok 6. 3aBUCMMOCTHL OTHOIIEHHSI CPedHEN NMJIOTHOCTH IHEPrUH MATEPUHM K NMJIOTHOCTH
3Hepruu Bo BcesieHHOM 0T BpeMeHH (B MHJLIMAPAAX JIET), Pgrmax = 2° 10% I[)K-M'3.

MakcumanbHasi 7oy 3Hepruu Mmatepuu He mnpeBbimaer 0.1832, B HacTosimiee Bpems 3Ta
BenuunHa coctaBisieT meHee 0.055 u mpoiomkaeT yMeHbaTbest co BpemeHeM. B otinuune ot OTO,
r€ IUIOTHOCTh SHEPIMM MAaTepUU HEOTPAaHWYEHHO BO3pacTaeT MPU YMEHBIIEHUU BPEMEHH, 37ECh
OHa JIOCTUTAEeT MAKCHUMyMa, a 3aTeM HAaYMHAET YMEHBIIIAThCS.

OcranbHasi 1 OCHOBHAs 4acTh 3HEPrUu BceeneHHoi 3To sHeprus rpaBUTALMOHHOTO TOJIS

pgr (U) = P (U)(l— qUOta.(U))-
C yuerom (3.44) oTa BenMYMHA MOXKET OBITH CBsI3aHA C KPACHBIM CMEIIEHHEM HaOJI0/1aeMbIX
00BEKTOB.
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Pucynok 7. 3aBMCHMMOCTHL IUIOTHOCTH HEPrHHM I'PABHTALHMOHHOIO MOJS Pgr (lO'BI[m-M'S) oT

KPacHOr0 CMEIIeHMS B MeCTe HaXO0KIeHHs HAa0/JI0JaeMbIX IPABHTAlHOHHO-CBA3AHHBIX
4 R

00BEKTOB, Pgrmax = 2°10 o JIx-m 3,

PaccmoTpuMm nBa  Takux 0OBEKTa, HAXOIAIIMUXCS B OJHOPOJHOM HM30TPOITHOM T'PAaBUTALMOHHOM
10Jie, MJIOTHOCTh PHEPTUU KOTOPOTO 3aBUCUT OT MX PACCTOSHUS A0 HaOmroaarens (PUCYHOK 7).
Beiienum MpIcnieHHO 00BEM ImIapa, € pagulycoM paBHBIM DPACCTOSHUIO MEXITy oObekramu. Ha
JUHAMUKY 3TUX OOBEKTOB TaKOe OKpYXKarolllee IpaBUTALMOHHOE MoJie He BiauseT. OHAKO 0OBEKT
Ha MMOBEPXHOCTU OYAET HaXOAUTHCS MOJ IEHCTBUEM TATOTEHHUS MaccChl LIapa, COCTOAIIEH U3 MacChl
OCHOBHOTO O00BEKTa U paclpeie’eHHOM Macchl TIpaBUTALMOHHOrO mojis. MmeHHo »9Ta
JOTIONIHUTENbHAsT Macca (PHEprus), a HE «TeMHas MaTepus», MpOsBIIETCI B XapakTepe
3aBHCUMOCTEH KPUBBIX BpaIll€HUs TPABUTALMOHHO-CBA3aHHBIX OOBEKTOB.

Cornacuo nansbM [ 18] TuIOTHOCTE PHEpPrUM XonoaHON TeMHoi Matepuu B ACDM -monenu
OTO paBHa

_ 0 3 _ +0.16

pcdm(z) - chmpcr (1+ Z) ! chm - o'265—0.17'

Ha PUCYHKE 8 MMpEACTaBJICHA 3aBUCUMOCTL €€ OTHOIICHHUA K IIJIOTHOCTHU SHCPIUU I'PAaBUTAIITUOHHOTO
T10JI51

pcdm (Z)

Py (2)

B IIMPOKOM AWAITa30HE USMCHCHUS KPAaCHOTO CMCIICHUA.

beta(z) =
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Pucynok 8. OTHOIIeHHMEe IUIOTHOCTH 3HEPrHUM XOJOJHOW TeMHOH MaTepMH K IJIOTHOCTH
JHEPrUuM TPABUTALMOHHOIO MOJIsl B 3aBUCUMOCTH OT KPAaCHOI'0 CMelleHHUsl.

Kak BuIHO U3 puCyHKa 8, Mpu pacdyeTe KPUBBIX BPALIEHMS [PAaBUTALMOHHO-CBA3aHHBIX OOBEKTOB C
MCII0JIb30BAaHUEM TMIIOTETUYECKON TNIOTHOCTH TEMHOW MATEPUHU MOKHO IIOJIyYUTh B ONPEACICHHON
00J1aCTH KPAaCHBIX CMEILEHUI Pa3yMHOE COINIaCUE C HKCIEPUMEHTOM, OJHAKO MMEETCs OOLIMpHAas
001acTh 3TUX 3HAYEHUM, I/Ie TaKoW pacyeT NpuBeAET K omMOOYHBIM pesyipTaraM. He BuaHo
Pa3yMHBIX JOBOJOB I 3aMEHBI TPABUTALMOHHOIO IIOJISI - PEaJIbHOTO UCTOYHUKA JOMOJHUTEIBHON
MacCchl Ha THMIIOTETUYECKYIO XOJIOAHYIO MaTepuI0 C BO3MOXKHOM HENpEACKa3yeMON BEIMYMHOU
IIOTPEUIHOCTH.

Taxum oOpaszom, B ormnure ot OTO nnst onmcanust ocobeHHocTel 3BooLMU BeenenHoil He
TpeOyeTcs BBOAUTH Kakue 1100 HOBbIE (POPMBI MATEPUU TOMHUMO YK€ U3BECTHBIX (HOPM.

4.5 BausiHMe HAJIMYHMA MaTepUM Ha npoiecc 3Bosonnu BeeneHnHoii.

OneHuM Temepp BIMSHAE MAaTepUU Ha TIPOILECC SBOIIOLUUHU IMPOCTPAHCTBEHHO-BPEMEHHOTO
MHoOrooOpasus. Bo Bropom npubiavxkeHny npu 3aaanHoi GpyHkuuu y(U) Hailzem

M ‘”(u,y,%j =w(u),
du
2/3

fU) |4, f@ 2 +TQ HOREINET0 4u°2du
“fw’) 3 | f@u?) WP fE®) 3 L fEo) 2 -+o

[Toncrasnss (4.23) B (4.1), moayyuM ypaBHEHHE, ONUCHIBAOIEe, KaK MaTepHUsl B CBOIO OYEepe.lb
BJIMSIET HAa U3MEHEHHE METPUKH. PelieHne 3Toro ypaBHeHHsI MOXKET ObITh 3alTMCaHO B KBaJpaTypax.
u
y(u) 4udu
Sy =en| [ .
5 4U° —2u+ o+ w(u)

min

¢ 4y (u)du
t_tst =-I-\/7/min .[4 W( ) (425)
0

u?—2u+o+w)’

w(u) = -2u%| Q

(4.23)

(4.24)
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@urypupyromas B 3TUX COOTHOUICHHUSX IMOCTOSTHHASA ¢ TIOJJOOHO TOMY, KaK 3TO OBLIO C/IEIaHO
B IPEABIAYILIEM pa3zelie, NOKHA ONPENEIATECS BMECTE CO 3HAYEHHEM u® m3 YCIIOBHSI PaBEHCTBA
BBIYMCIICHHOTO BPEMEHU CYIIEeCTBOBaHUs BceneHHOH u mapamerpa Xab0ma ux HaOJt0JaeMbIM B
HACTOAIIMN MOMEHT 3HAYCHHUSM.

o Ap() o_ 1
t° —t, =T min du, H® = : (4.26)
' £4u2—2u+a+w(u) 3T /¥ in W (U°)
Pemienue 3Toii cucTeMbl ypaBHEHUH IpU to-tst = 4.355-1017c, H° = 2.181-10'180'1, MaKCUMaJILHOU

IUIOTHOCTH JHEPIMH Pgrmax = 2-10% I[)K-M'3 U OTHOCHUTEJIBHON IUIOTHOCTM KOMIIOHEHT MATEpPHH:
2,=0.0499; Q2,=5.46-10"; 2,*=1.0608-10"* umeer Bux
Ty =8.6912868-10™¢c, u’=6.79..., o = 0.25050968.
Hanee B rpaduueckoil ¢opme MpeacTaBiIEHbl PE3yJbTaThl PacueToOB, NPOBEJEHHBIX KakK C
y4eToM, Tak U 0e3 ydera HaIu4yus marepuu Bo Bceenennoii. PacueTsl mpoBOAMIUCH MPH 3HAYCHUU

Q,=552-10", MOATOMY IIPH pacueTe C pealibHbIM 3HaueHueMm £2,*=1.0608- 10* paziuyue Kaxaou
napbl 3aBUCUMOCTEH OyJIeT elie MEeHbIIIE.

2.5 o

2.0

1.5

1.0

0.5

|

{0000 Eo o s e s s e e B B B A B e
0.0 0.5 1.0 1.5 2.0 2.5

Pucynok 9. Pesy1bTaThl pacuera 3aBHCHMOCTH napamerpa Xa66aa (H=100h km-c¢*-Muc™?) or
KPaCHOI0 CMELIECHHS C Y4eTOM (CIUIOIIHAS JIMHHA) U 0e3 yyeTa (TOYKH) HAJIMYUS MaTepPHH.
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Pucynok 10. Paccuutannbiii Bo3pact o0beKkTa (B MWLIHAPAAX JieT) B 3aBHCUMOCTH OT €ro
Ha0/II01aeMOr0 KPAaCHOI0 CMEIIeHHsl € y4eToM (CILUIOIIHAs JIMHUSA) U 0e3 y4dera (TOYKHM)
HAJMYUS MaTepPHH.

HpI/IHI/IMaﬂ BO BHUMAHHUC IMPUBCACHHBLIC B HNPCAbIAYIICM pPasaciic JAaHHBIC, MOXHO CACJIAaTb

BBIBOJI O TOM, YTO B JHalla30HE KpPAacCHBIX CMEIICHWW MeHee 2.3 BIMSHUE MNPEAbICTOPUU Ha
JaJTbHEUIIINI X0/ IPUBEACHHBIX 3aBUCUMOCTEN HEZHAUYUTEIBHO.
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Pucynoxk 11. Pe3yabTaThl pacuera 3aBHCMMOCTH KOCMHUYECKOr0 YCKOPEHHSI OT KPacCHOIO
CMEILIEeHHUS € Y4eTOM (CIVIOIIHAS JIMHKSA) U 0e3 yueTa (TOYKH) HAJTUYUS MAaTEePHH.

Poxxnenne maTepuu Takke HE NPUBOAUT K 3aMETHOMY HM3MEHEHHUIO BPEMEHH CMEHBI 310X
3aMeJICHUS — YCKOPEHHUSL.

5. CtaTuyeckasi H30TPONHASA MeTPUKA

Crnenys moaxony, U3JI0KEHHOMY B paszene « Kiaccuueckue OmbITHI MO MPOBEPKE TEOPUHU
Oitamreitnay [8, c. 191-228], paccMOTpUM CTaTHYECKYIO CHEPUUECKU-CUMMETPUUHYIO METPHUKY.
HauOonee oOuiee BblpakeHue JUIsl MPOCTPAHCTBEHHO-BPEMEHHOIO WHTEpBasla MpeoOpa3oBaHUEM
KOOpJIMHAT C PaBHBIM €MHHUIIE IKOOHaHOM [8]

m

XrO — XO +¢(Xm)’ er =X
MOXKET 6BITI> IMMPUBCACHO K BUAY

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

Ces3pb (1.1) nHBapuaHTHa OTHOCHUTENILHO TaKUX MPeoOpa3oBaHM, HO TENepb, B OTIMYUE OT
OTO, ee HaIMuME HE MO3BOJISIET YMEHBIINTD KOJIMYECTBO UCKOMBIX KOMIIOHEHT METPUKH 10 ABYX.
Hcnone3yro cumBoiel KpoHekepa dmn, 3aIuIIeM METPUYECKHIA TEH30p J,, B BULE:

X X m
Qoo = F(r), Jom =0, 9 =_C(r)'5mn _G(r)%! Xn =X, (51)

g(r)=detg,, =—FC?(C+G).

Tenszop ¢ o6parHbiii MeTpuueckomy Tensopy (g, g™ = 5% ) umeer Bu
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1 1 G(r) x"x"
goo= ’ gOm =O, gmn - _ é‘mn+ ( ) —. (52)
F(r) C(r) C(C+G) r
[Ipn wamuuum cBsi3u (1.1) ygoOHee HMCXOOUTh HE U3 YPaBHEHUM, IOJYYaeMbIX IIPH
BApbUPOBAHUU JCHCTBUS 110 KOMIIOHEHTAM METPHUKH, a BBIOPATh B KAYECTBE OJHOU U3 BapbUPYEMbIX

dynxumit A(r) = /- g(r) .

CBs13b 1aeT cieayromui Bkiaa B nericrue (2.1):
A — 8(1) gyv 1 ag - _ ) (r)g (r) — _(D (r)A (r) F(r)C(r)Z (53)
ox“ = 2g(r)ox”  2[C(r) +G(r)]g(r) A(r)?

(IlITpux 31ech U nanee obo3Hayaet aAuddepeHrpoBaHue 1o ).

OcranbHble YJIEHBI MOXKHO HAaWTH, MCIOJIb3YySl HW3BECTHBIE peE3yJibTaThl pacueToB [&,15].
Ckanspuas KpueusHa u s1emeHm obvema 0OWeKo8apuaHmmubsl, NOIMOMY UX MONCHO GbIYUCTUMD,
ucnonv3ys «cgepuyeckuer KOOpOUHAMul.

B «cdepuueckux» KoopauHATaX MPOCTPAHCTBEHHO-BPEMEHHOW HHTEPBAJI UMEET BH/I

ds? = F(r)(dx°)* —G(r)dr? —C(r)(dr2 +r?d6? +r?sin® Hdgoz).
[To aHanoruu co «cTaHAapTHOW» PopMoii [8] 3amuieM ero CiaeayrIM 00pa3oM:
ds? = F(r)(dx®)? — A(r)dr2 —r*2 (r)(d6? +sin® 0dg? ), (5.4)
re A(r) = G(r)+C(r), r(r) = rC* (r).

Jlyis JaHHOW METPUKHM HEUCYE3arolHe KOMIOHEHTHI CBSI3HOCTH HECKOJBKO OTJIMYAIOTCS OT

COOTBETCTBYIOILIMX KOMIIOHEHT «CTaHAAapTHOW» (popmsbl [8]:

F' A’ r*r* r*r*sin’ @ F'
rt _Ft —_— Fr =—, 1—~r =——), Fr = l"r ,
A = Y A a4 A ©T oA

r* r*

0 0 0 _ H _ _ — —
Iy=Ty=—, [, =-sinfcosd, I =TI/ = el Ly, =T, =ctgo.

r
CoOTBETCTBEHHO 9TOMY U3MCHACTCA BBIPAXKCHUC IJId TCH30pa KPUBU3HBI.

I/ICHOHLSYH BBIPAXXCHHA 1JIA KOMIIOHCHT CBA3HOCTH, Haﬁ,[[eM CKAJIPHYIO KPUBU3HY

L(FY CL(FY 2 (r*e*y 2(r*) 2 2|(r*) r*F
=——|— |t = |+t || =+ + :
2F\A) 2AlF) "r=2 A Alr=) =2 Allr*) " r*F
BI)II[CJ'I?[?[ I[HBCpFeHTHBIfI YJICH, MOXXHO 3aItucaTrb €€ B BUJIC

' *\ ] x %\ 2
Rz%i{r*Z\/AF(F il ) _2[r F +l[r*j +i}. (5.5)
r r

AF dr AF r*A)| |r*AF A r*2

HeﬁCTBHe JJIL TPABUTALTMOHHOT'O ITOJIA

(R+A)VAFr*sin@drdddgdx’.

gr

[ToncraBnss croga BeipakeHue (5.5) mist R u (5.3) mns A, omyckas JTUBEPreHTHBIA WieH U
YUUTBIBast, yTo A = A?IFC?, MOy YUM

c? A r*F O'Ar** F
S = r* + r*’F’+— r<sin @drdéd pdx
"8G I(r*z el 2N r* j a
BMCCTO r BBCIIEM HCpCMCHHyIO f_r TOraa HCﬁCTBHe HpI/IMCT BUJ
3c? A Fr**(dr* 1 ,,dr* dF Fr** d® dA
P = I + +—r*
" T8 G| or* A \dE) A dE dE | 2A7 dE dF

Jdg in6&dadgdx®.
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ns MMpUHIKIIa HAUMCHBIICTO ,Z[GI>'ICTBI/I$I HaﬁﬂeM YpaBHCHHA T'PaBUTAIUOHHOTO TIIOJISI B
CBOOOJTHOM OT MaTE€pPHH MPOCTPAHCTBE:

*4
afr de—A -0, (5.6)
dél A° d&
*2 *\? *3 *
12_r dr F_ r2dr dF 12d r*“Fdi) 0, (5.7)
Or* d& A° d& d§ 2A° d& d&
*2 %2 *3 * *4
r*>(dr*)y d(r*dr LT 2 dA do _0, (5.8)
d& dé\ A dé& 2A df dcf
* * *3
_2A3_ » d (r*Fdr* - s d (1dF L 2Fd_Ad£>: (5.9)
Or* dél A dé& § Ad§ A® d& d&
N3 ypaBuenus (5.6) cnenyet
*4
TFd_,, (5.6)
N dE

I7le  — IOCTOSIHHAS C PAa3MEPHOCTHIO JUINHBI.
YmHO)kUM ypaBHeHue (5.7) Ha 24, BeuTeM M3 pesynbrata - (5.8), ymHOXkeHHOEe Ha 2F, u
CJIOKUM pe3yJIbTaT ¢ ypaBHEeHUEM (5.9), YMHOKEHHBIM Ha I'*, [10cJIe HECJIOKHBIX NpeoOpa3oBaHUM

IIpHUBEJIEM YpaBHCHHUEC K BUTY
d|r*(dF dod
de| A \de de

r=*F(1dF N do B
— = 4" |=8,
A \Fdé dé

rae [ — eme oJHa MOCTOSHHAs C pa3MepHOCThIO UMHBL [lomaras = G-0, TAe G YHCICHHBIHI
MHOKHUTENb, U UCTIONB3YH (5.6') 3TO ypaBHEHHE MOXKHO 3alHCaTh B BUIE

1dF do_ _1dA B

Orcrona cnenyer

Faz dz ade'’ " a
VYuuTtsiBast, uto ¢pyHkiws D(r) onpeneneHa ¢ TOYHOCTHIO 70 MOCTOSIHHON, HalIeM
® =-In(FA™). (5.7)
VYpaBuenue (5.8) nepenuiieM cieayrnmm o0pa3zom

*2 * *3
d (r dr j_r dA d® 5.8)

dél A dE ) 2A2dedé

ITocne mocTaHOBKU 3TOr0 BhIpaXKEHUs B ypaBHeHUE (5.9) OHO MpUMET BUA

* * * * 2 * *
r*t — d[1dr +2r*Zi Fredr* I ar +r*zi rrar* F+ 2A2:0
de( A deg del A de Al de dél A de or *

3T0 YPaBHCHUE SKBUBAJICHTHO CICAYIOIIEMY

d|r*® d ( F ) 2A
dé| A dé\r*? Or **

WuTerpupys 3T0 ypaBHEHHE 110 &, MOIy4YUM
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5
d ( £ j—ﬂl A 2 A | A de=o0, (5.9)

qz *2 *6 *6 *2
dé\r r 9r*or
r*d(F
A déE\r*?
Taxum 006pa3oM, pelieHne UCXOIHON CHCTEMbl YpaBHEHHUI 3aBUCUT OT BBIOOPA 3HAYECHUH TpeX
MOCTOSIHHBIX @, f1, 0.
[Ipexne Bcero, paccMoTpuM citydait, korna o = 0. B atom cinyuae u3 (5.6') cienyer
A(r) = const = A(w) =1.
Hanee mocnenosarensho u3 (5.7'), (5.8"), (5.9") narinem

rae S :{

}:| — €IIC€ OAHAa ITOCTOsIHHAA C paSMepHOCTLIO JUIUHBI.
£=0

DO(r)=—=InF(r).
r*(r)zconst:r*(r) =1
r rol..

F(r):l—&.

r

Oto pemienne 10 (Qopme coBmagaer ¢ pemeHueMm [lIBapummibaa, OJHAKO UMEETCS
NPUHIMIIMATILHOE OTJIWYME, CBs3aHHOe ¢ HaimmuueM ckaimsipa @D(r). Ero 3HaueHue Ha
TrPaBUTALIMOHHOM pajuyce cTpeMuTcs K OeckoHeuHOcTH. C OJHONM CTOPOHBI TO O3HAYAET, UYTO
pelieHue Henb3sl MPOJOJDKUTH 3a TPABUTAIMOHHBIA pajnyc, a C JPYyroil CTOPOHBI  JDHEPTUs
IPaBUTALIMOHHOIO MOJS Takxke cTpeMuTcs K 6eckoHeuHocTH (IIpunoxenue I1.8). CnenoBarensHo,
9TO pEIICHHWE OKA3bIBACTCS HEPUIMYCCKUM, W ClIeAyeT NpHHATh f1 = 0, pemieHue SBIsSeTCS
MeTpukoii MUHKOBCKOTO.

[Tomoxkxum panee f1=0 mns Toro, 4ToOBI MeTprKa MHWHKOBCKOTO MOTJIa OBITh pEHICHHEM
JAHHOW CHUCTEMBbI ypaBHEHUH (B cly4ae, KOT/1a KOHCTaHTa ¢ paBHA HYIIIO).

Wuterpupys ypasaenue (5.9") eme pas, npeacraBum ¢pyukiuio F(r) B Buae

2 L%F A A .
£\ 0
[ToacraBsisi BeIpakKeHUE ISl IPOU3BOJHONM A U3 ypaBHeHHs (5.6'), mepenuiiemM ypaBHEHUE
(5.8") B BUAE

dr*V — 2r*F dr*’ 3r*? dr*
Ilepexoist BO BCEX COOTHOMICHHSX OT TMPOM3BOIHEIX IO &=F° K IIPOM3BOIHBIM 1O I* 1 BBOJIS
Oe3pa3MepHbIe KOOPAUHATHI /o v I */0. (coxpanss 0ns nux npesicnue 0b6os3navenus ¥ M r*) HCXOIHYIO
CUCTEMY ypaBHEHUI MOYKHO 3alKcaTh CIEIYIOINUM 00pa3oMm:

d 1_ 3z db  _A(r+ dé

lda_ 3\/(r2) (5.10)
Adr*  Fr>*
1
V(r*) = — , ®=-In(FA™), (5.11)
1_§J' 1 do I *
2. r*Fdr*
s} r* l
F(r*) = 2r *2 j *J.V(r*)dr* IrjV(r*)olr*, (5.12)
A(r®)r? dr
—————— =V (r*%). 5.13
=V (5.13)
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OTnuvHOe OT HyNs 3HaueHWe I*pin= r*(0) o3nadaer, BOOOIIC TOBOpS, HAIUYHE Kpdsi Y
MIPOCTPAHCTBEHHO-BPEMEHHOT'O MHOT'000pa3usl.

PaccmoTpum moBeneHue METpUKH TpH *min = 0 U Manbix 3HaueHusix *. U3 (5.12) cnenyer,
YTO €CJIM CYIIECTBYET HHTErpasl

V(r V(™dre—b >0, (5.14)

2[| [V (reydr =
[VAN)
T0 mpH Maneix r* Qynkims F(r*)=b-r*%. Torma momaras V(r*)=by-r*'>0, A(r*)=b,r*’>0 u
MOJCTABIISISA 3T BhIpaxeHus B (5.10, 5.13), nomyuum:

v=3 b= 2b L0 = 6 >0. (5.15)
2—0-0 2—0-0

5_1tV1-60
O_ H

W3 nocieaHero COOTHOIICHUS cIeayer

nostomy o < 1/6.
Wurerpupys ypasaenue (5.13) HaﬁneM IPY MAJIBIX 3HAYEHUsX I, r*

ré(r*) = 3j (r) r2drs~ 3 1jr*<5 dr . (5.16)
2 0

[Tocnemuuii MHTETPAT CYIIECTBYET TOJBKO MpH J < 6. B 3TOM ciryuae

5:1_— “1_66’ 0<%. (5.17)
o

PaccMoTpuM Teneph BhIpOKEHHE IS SHEPTHH CTATHYECKOTO U30TPOITHOTO TPABUTAIMOHHOTO
nosist (cM. [Ipunoxenue I). B atom cimyuae

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

—-3INFA (r*;,) | (I1.8)

" min

[Tocnenuuii uieH B 3TOM COOTHOUIEHHHM HMEET JOrapU(pMHUECKYI0 OCOOCHHOCTb NMpH I*min=0.
OHeprusi OyleT UMETh KOHEYHOE 3HAYCHHE JIMIIb MPU M*min # 0, TO €CTh IPH Haruyuu Kpas. ITO
BO3MOYKHO, TOJIBKO TpH 3HaYeHnu o = 1/6.

BenmuunHa *min ABIsIETCS HE3aBHCHMBIM MApaMETPOM U JJIsl €€ OIpeesIeHus] HEOOXOIMMbI
nobaBouHble cooOpakeHus. [lomoxum, BO-TIEpBBIX, B COOTBETCTBUU C npunyunom Maxa, 4To
uHepTHast macca M, cBsi3aHa ¢ MOJHOW PHEprued rpaBUTAMOHHOTO Mojs E BHe kpas dopmynoi
Sitrmreiina E=Mi,c. Bo- -BTOPBIX, B COOTBETCTBHUHU C IKCHEPUMEHMANbHLIMU OAHHLIMU TIPUMEM, YTO
3Ta MHEpTHas Macca JOJDKHA COBIAZaTh MO BEIMYMHE ¢ Maccod rpaBuUTalMoHHON Min= Mg, U,
HAKOHEI[, HA OCHOBAaHUU npuHyuna coomgemcmsusi ¢ OTO NONOXUM TIpU OONBIINX 3HAYEHUSX I*
K03 GUIMEHT TpH MepBOM uieHe pasznoxeHus ¢yukuuu F(r*) mo cremensm 1/r* paBHBIM
OTHOILIEHHUIO IPAaBUTAIIMOHHOTO pazu/lyca Ko

1 2M G 1
Fr*)=1-——+.=1-—————+.. (5.18)
o r* c’a r*
B stom ciyuae cootnomenue (I1.8) mepexoaut B ypaBHEHHE, OMPEIEIAIONISe BETUIUHY I yin.
& — 2r.*min F(r *min) _ I:(r.*min)
a 3V(r*min) Al/(s(r’\—min)
Pemenne cucremsr ypaBuenuit (5.10) - (5.13), (5.19) ™MokHO HaAWTH METOIOM

(5.19)

TIOCNIeIOBATeNbHBIX NpuOmmkernuii. Haunmnas ¢ mpo6roit dymxmmm VO (r*) u BeiGpanHOM
HAYaJIbHOM 3HA4Y€HHUE I*min MOXKHO HAaWTH B MepBoM npubamxeHuu u3 (5.12) gpyHkiuo F(O)(r*), a
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sarem u3 (5.10) - AQ(r*) u Hopoe 3nauenne V@ (r*)us (5.11). IpogomkaeM 5TOT IPOLECC 10
nonydeHuss Ha N-HOM 1mIare 3HaueHH HCKOMBIX (DYHKIHMH C TpeOyeMol TOYHOCTBIO. 3HAYCHHE
pasmepa I*min Haiizem u3 ypaBaenus (5.19). A 3arem u3 ypaBuenus (5.13) naiinem ysxiwmro r(r*).

[Toctpoum mpobuyro ¢ynkiuto. Ecnu npu 6onpmmx 3HaueHUsX '™ copaseanuso (5.18), To
torma u3 (5.10, 5.11) cmemyer V(r*) ~[-VIr*+.. [TockonbKy TpH HaIWYUU Kpas IOBEIACHUE
MCKOMBIX (DYHKIIMIA TIPH MalbIX 3HAUEHUSX I HE OMpPENeNeHO, €CTECTBEHHO MPEIOJIOKUTh, YTO
OTHOCHUTEIIBHBIN pasMmep I*min Oonbine eawHUIBL [lpu r*min > 1, 3agagum npoOHYO GYHKIIHIO
CJICAYIOIIMM 00pa3oM

VO(*)=1-v/r*, (5.20)
[Toacrasnss 3To BelpakeHue B (5.12), Haligem
2 v 1 2 v . v o vi1
FOU*)=1-=(r*_ + — (. + — 5.21
(M) =15 (Pt ) S Pt ) = (5:21)
B sToM npubnmkeHnn, UCXOAs U3 MPUHITUIA COOTBETCTBUS, TIOTyUYUM
r 2 v
L (e . 5.22
L= () (5:22)

min
[TocTosiHHYIO BEMUYHHY V MOKHO BBIOpATh Tak, UTOOBI B TOYKE *=I*mi, 3HaUe€HUS NPOOHOI

dyskuu u nepsoro mpubmmkenns copmagamu V@ (r* )=V @ (r* ) Tloxcrasmuss (5.20), (5.21)
B (5.10), naiinem
In A9 (r*) = —BT Mdr * (5.23)
LY FOE) |
a3arem u3 (5.11)
-1
VO (r*) = 151 3¢y VO ar~ (5.24)
2r*FO@rx) 2007 2r*FO@r*) J(r)°FO(rY) ) '
B stoMm cityyae
V= (l_v(l)(r*min ))r*zmin : (525)

3TO0 ypaBHEHHE OIIPEIENSET V B 3aBUCUMOCTH OT I in.

B Oonee BBICOKMX TNPUOMIKEHUSX TPHU  BBIUYUCICHHUSIX  HWCIOJB30BAIMCH  CIUIAHH
annpokcumManuu. [locne natu nocieaoBaTenbHbIX NPUOIMKEHHH, petnas ypaBHeHue (5.19), Haiinem
(TIp¥ MCTIOTIH30BAHMY B pacueTax IIECTH HHTEPBAJIOB) C MOTPEITHOCTHIO B JIOJIM TPOILIEHTA

M*min=1.74.
OT0 3HaYeHHE, KaK M MPEIoIaraioch, OObIIe eHHALBL. B pasMepHOM BHIE
M*min=0.935rg; . (5.26)
Cnenyer OTMETUTh, 4YTO corylacHO (5.26) He UCKIIOYaeTcsl CYLIECTBOBAHME TPAEKTOPUN
PAcIIONIOKEHHBIX HU)KE TPABUTALMOHHOTO painyca.
PesynbTatsl pacueroB npencraniensl B Ta0nuie 3.
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0 =16 ; Xmax = 0.575 ; rg/a =1.859

x=alr* V(x) F(x) A(X) CY2(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
05 0.4596 0.2366 0.0962 1.2288
0.575 0.3413 0.1813 0.0543 0

Tabnuya 3. Pewenue cucmemot ypasuenuit (5.10..5.13) npu 3nauenuu c=1/6.

3HaueHWe OMHOW M3  HMHBAapUAHTHBIX MeTpuueckux ¢yHKimiA - C(r) HeorpaHHMYCHHO
BO3PACTaeT NpY NPUOIMKEHUH K KPalo, TO €CTh Ha KParo MMEETCsl HeyCTPaHUMasi CUHTYJISIPHOCTb.

Takum obOpaszom, npu namuuu cessu (1.1) umeemcs cmayuonapnoe pacnpeoenenue
YEHMPATbHO-CUMMEMPUYHO20 2PABUMAYUOHHO20 NOJIA, 015 KOMOPO2O GbINOJHAEMC PABEHCMBO
unepmuot (onpedenennoil 6 coomeemcmeauu ¢ npunyunom Maxa) u epasumayuonnou maccol. pu r
>> Iy HallleHHOEe pelleHuEe AaCUMOTOTUYECKH cTpeMuTcs K pemeHuto IIBapummnbna. OToro
JOCTAaTOYHO JJIsi TOTO, YTOOBI HE HAPYIIAIOCh COTJIACHE C PEe3yJIbTaTaMH KJIACCHYECKHX OIMBITOB IO
IIpOBEpKE TeopuH DiHILITEIHA [§].

6. OcHOBBI KBAHTOBOM TEOPHHU TATOTEHUS

DopMyIMPOBKA OCHOBHBIX IOJIOXKEHUN KBAaHTOBOW TEOPUH, IPUHIUIIMAILHO HEBO3MOXKHA 0€3
IIPUBJICYEHMS] TEOPUU Kiaccuueckoi [22]. /st mocTpoeHHsl KBaHTOBOM TEOPUHU CIIELYET, NPEXKIE
BCEr0, OMNpPENEIUTh JAMHAMHYECKUE cTeneHu cBoboasl. Kak mokazano B pasugene 3, B
KBa3UKJIACCUYECKON TEOPUM TATOTEHMS CYLIECTBYET €JUHCTBEHHOE OJHOPOAHOE IIPOCTPAHCTBO-
BpeMs ¢ U30TPOITHOW METPUKON BHJ1A

2 0 0y\2 1/3 0 m n
ds® = g (x7)(AX7)" —p 77 (X7 )dX"dx" 5y,
st 5TOM METpUKHU BBIpaKEHMs i cUMBOJIOB Kpuctoddens u OTIMUYHBIX OT HYJSI KOMIOHEHT
TeH30pa Puyum uMeroT BUA:

1/3
= 1 dg?, 0 =0T = 1 dyo LIy o,rg;:id—yoa,m,r:,‘:o, (6.1)
20, Ox 20, dx 6y dx

RO L d0 1 dyo 1 (&dy;j’ 6.2)
24000 AX° | 74/ 0g, X 1294, \ 7 dx

1 d 1 dy
RP =- 6.3
k 647900 dx” [\/7’900 dx” J ¢

B obmiem citydae jgelicTBHE TPaBUTAIIMOHHOTO TTOJISI B KBA3UKJIACCUICCKOW TCOPHH TATOTCHUS
umeet Bun (2.1)

3 0
Sgr = = j(R"'Q)\/_d X, Q= L \/_ g

162G J—g ox“ GXV
IToxacTraBmss BBIPpAXKCHUSA [JIA CKaHHpHOﬁ KPHUBU3HBI U OIIYCKad IIOJHBIC IMTPOU3BOAHBIC, HC

JaroniFe BKJIaJa B ypaBHEGHWE JBIDKCHUS, HaWIEM BBIPOKEHUE JUISI JCHCTBUS OIHOPOHOTO
M30TPOIMHOTO MPOCTpaHCcTBa 00beMa V
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2
d
o= [Ldt=—"— ld_Vj — ﬂ%’ Jrdtv (6.4)

167:@ E[ydt o, Gt

0
rae L - arpamkuaH rpaBUTalMOHHOTO TIOJISl M BBEJCHO 0003HAYCHHE Cdf = /[, dX" .

Crenyer OTMETHUTh, YTO B BbIpakeHHH (6.4) MBI M3MEHWIM MO cpaBHeHHMIO ¢ (2.1) 3HaK
nerctBus ¢ munyca Ha witoc. B OTO nokazano [15], uTto ckansipHasi KpUBU3HA JOJIKHA BXOJIUTH B
JEeICTBUE CO 3HAKOM MUHYC, OJTHAKO JUIsl OHOPOAHOIO MpocTpaHcTBa (3.1) 3TO 10Ka3aTenbCTBO HE
npoxomuT. Ilpm HanuuuM 3HaKa MuUHYyC Iepen uHTerpaioM (6.4) craHgapTHbBIE pacCyXAECHHUS
IPUBOJAT K BBIBOJY, YTO 3TO JACHCTBHE HE MOXKET UMETh MUHUMYM. [IpaBuiibHOE 3HaYEHNE 3HAKA —
IUTIOC.

B nnankoBckux enuHUIAX 00bEeM OJHOPOIHOTO M30TPOIHOTO MPOCTPAHCTBA MPEACTaBUM B
BUJIE

3/2
V :Iﬁ,/”t:(@} A, A =const.

C3
Torna ucxoaHoe neiicTBue zum KBaHTOBAHMS IIPUMET BHJ
d At 1z
—J.Ldt AJ- 1d7/ N 1 0V dP \/;ldt,A:—p',tp,z(@) . (6.5)
oo dt dt 167 C

B ominune OT KIacCHMYeCKOW TEOpHH, B KOTOPOW YpaBHEHHUS JBW)KCHHS HE 3aBUCAT OT
BEJIMYMHBI JICUCTBHSA, JJISI TepexoJa K JCHCTBUIO KBAaHTOBOW TEOPUU HEOOXOAMMO BBECTH
KOHKPETHOE 3Ha4yeHHe A. B KBaSI/IKJ'IaCCI/I‘IeCKOI/I TCOPHH B PCILICHUU YpPaBHEHUI T'paBUTALUH
durypupyer mapamerp (ymin)’? — MHUHEMaIbHOE 3HaucHHe oGbeMHOro Qakropa (3.21). Ecim

MIPUHSATH
=
2= ) (6.6)
TO aeictBue (6.5) nmpuMeT BUJI

d./ ht
Sqr = | Lat =A] (1d7j T oo dP |7 g, A= (6.7)
We At dt [\, 167

B srom ciydae neiicTBHE OKa3bIBae€TCs MAacIITaOHO WHBAPHMAHTHBIM OTHOCHUTENIBHO W3MEHEHUS
BEITMYUHBI 00BEMHOTO (haKkTOpa.
Hcxons u3 aelictus (6.7), mpoBeeM KaHOHUYECKOE KBAHTOBAHKUE MPABUTALIMOHHOTO TOJIS.
BBG)IGM MacIIITaOHO HWHBApUAaHTHLIC 0606HI€HHBIC 3aBHCAIIMUEC OT BpDEMCHHU KOOPAHUHATHI:

=J7/Vmins» A=\ 7/Vin, A° =@, 19" <o, —0<q? q°<o0; (6.8)

ux ckopoctd V' = (' (IpOU3BOIHBIE 10 BPEMEHH) M CONPSKEHHBIE UM UMITYJIbChI

oL 4t
P = o P Ay P AQ'V?, p; = Agive. (6.9)
Otcrofa Hali1IeM CKOPOCTH KaK (PYHKIIMHM KOOPJIUHAT U UMITYJIbCOB:
1
Vi = 39°p, V2 = p31 VB = p21 _ (6.10)
4A Aq Aq

Haﬁz[eM OHCEPTHUIO TPABUTAUOHHOTIO I1OJIA B JIArPAHKECBOM (I)OpMaJ'II/I3MC
E_—i A{ - (vh)? +qvvj (6.11)
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Hckirouast CKOpOCTH M3 3TOTO COOTHOLIEHUsT ¢ mnomoulsio (6.10) HaligeM raMuiabTOHHAH
rPaBUTALMOHHOTO MOJIS

1(3 1
Hyr =—A(§q1(p1)2 +? P, sz- (6.12)

[lepexonis B COOTBETCTBUU C MpaBUIaMU KaHOHHYECKOIO KBAHTOBAHUS OT KOOPJAMUHAT U UMITYJIbCOB
K uXx oneparopam [22] u 3aMeHss NPOU3BEJICHHE HEKOMMYTAaTHBHBIX  OMNEPATOPOB
CUMMETPU30BAHHBIM MPOU3BEJCHUEM, HaliZIeM BOJIHOBOE YpaBHEHHE IPABUTALIMOHHOTO TMOJIS

L i 103 o 3 L 1
ih—=Hy¥, ng=—A(qu(p1)2+E(p1)2ql+5pzpsj-
2 2
in ¥ _ _37h ql[ alJ +[ alj 3 (6.13)
ot t, | lag &q 3g° 29° oq

. 1
['aMUTbTOHMAH 3aBUCHT TOJBKO OT OJHOW KOOPAWHATHI (°, IOSTOMY BOJIHOBYIO (DYHKIIMIO MOXKHO
MPEJICTAaBUTh B BHJIE CYNEPIIO3UIIUU TPOU3BEICHUI BOJHOBBIX COOCTBEHHBIX (YHKIIHM sHepruu E u
HMITYJIBCOB P2, P3.

#(t.0') = [a(E)(p,)e(ps) e - (~Et+ ,” + psq Joe dEclp, s, (6.14)
rac
2
T [t N
0O0603HauMM HMITPUXOM IPOU3BOAHYIO MO MIEPEMEHHON X = ql, Torja ypasHenue (6.15) mpumer Buj
XpL + gl — = Pebs e + 2o @e =0. (6.16)
3X h 67h

OTO ypaBHEHHME OTHOCUTCSI K THUIy ypaBHEHMi, pa3zpemiuMmbix B QyHkiusx beccens [23, c. 245].
Ecnn
1-2a } a’ —viy?
W'+ W+ | (B ) +—27/ w=0, ea,p,y—const,
X X
0 W = X"Z,(Bx"), rne Z,(Bx") Geccenera Gpyukuus 1-ro, 2-ro mim 3-ro poga. CpaBHUBAs MMOCIIETHAE
JIBa ypaBHEHUsI, HailieM

1 2Et, 112 2p,p
:0, =—, :i P y :i4 A, :Z y = l. 617
a 7=5 B (MJ v ,/ o P L(BVX), x=¢q".  (6.17)

Hanuume kpas B KBa3WMKIACCHUUECKON TEOPUH O3HAYAeT, YTO MPOLECC DBOJIOLUU METPUKU
uMmeeT Havano. C TOUKM 3peHusi KBAaHTOBOW TEOPUHU 3TO CIIEIyeT MHTEPIPETUPOBATh KaK PaBEHCTBO
HYJIIO BOJIHOBOM (DYHKIIMH JI0 HAaYaJIbHOTO MOMEHTa BpeMeHU. B cuity TpeGoBaHus OAHO3HAYHOCTH
Y HENPEPHIBHOCTH BOJIHOBOM ()YHKIIMH BO BCEM IPOCTPaHCTBE [22] HE0OX0AUMO NPUHSATH goE(ql) =0
npu q<l1.

Pemenust ypaBHenus (6.16) Oynyt yObIBaTh IpH OOJBIIMX 3HAYEHUAX apryMEHTa TOJBKO B
TOM cllyyae, Korja nopsiiok ¢yHkuuit beccens Oymer neHCTBUTENbHBIM. DTO CHpPaBEIMBO NPU
ycinoBuu P2:Ps > 0. Jns storo HeoOXxommmo, 4ToObI 00a WMITyJbca Pz U P3 UMETH JHOO
HEMOJIOKUTENNbHOE, JMO0 HeoTpuuaTeabHoe 3HaueHue. Kpome Toro, pemeHus OyayT
neicTBUTENbHBIMU ITpH 3 > 0.

Takum o0pazom, perieHueM ypaBHeHUs (6.16), yJOBIETBOPSIOIIMM BCEM 3THM YCIOBUSM,
apistoTes npu E > 0 pynkuun
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2Et 2Et 2Et 2Et 2
qu(ql,E)—Jv( 3,z,§' jN( ¢ 3,25'}—“'{ e ]J( e }V—i“ Pl (618)

[Ipu E < 0 HEBO3MOXKHO IMOCTPOUTH PELICHHE, KOTOpOE oOpamaioch Obl B HOJIb IPH q1 =1m
OJIHOBPEMEHHO, ObUIO Obl OrpaHUYEHHBIM Ha OECKOHEYHOCTU. [losmomy epasumayuonHnoe noe
umeem MONbKO HENpepbléHblll CHEeKmp OHepeuu, Ccnekmp OUCKDEmHbIX YPOGHeU OHepuu
omcymcmeyem.
Wcnons3ys Beipaxxkenue Gpynkiuii Heitmana yepe3 ¢pynkunu beccens [23]
1
N, (x)= s Vﬁ[JV(X)COSVﬂ—JW(X)] (v#n),

3aMuIIeM (oE(ql, E) (ecnu v He ecTh 11e710€ YUCII0) CISAYIOMNUM 00pa3oM

1 OEt Ot = = 2p.p
l,E — J p J 1 p —J p J 1 p 1 =i4 2 M3
ve(@.BE)=c [ 3 ] [ Yoam T W3 VY T TN e

Orcroga cienyer, YTo 3TO pELIEHUE SBISETCS YEeTHOM (yHKUIMEH V U YPOBHHM DSHEPIUU HE
BBIPOYK/IEHBI.

OOmmii Bux BOJMHOBOW (PYHKIMHM O4YeHb paHHEW BcereHHOH (MpW HATWMYMU B HEH TOJBKO
IPABUTAIIHOHHOTO MOJS, TO €CTh 10 00pa30BaHMs 1 OTACICHHs MaTepun) uMeet iz (6.14), a g (',
E) maercs coorHomenusimu (6.18). Jlns ompeneneHuss KOHKPETHOH BOJHOBOM — (YHKIIUH
HE00X0/1MMO 3a/1aTh €€ B HaualbHbIi MOMeHT BpeMeHnHd t = 0. He numes Takoil nnpopmanuu, MoKHO
IPOJIBUHYTHCS HECKOJBKO Jajiee MCXOIS M3 Pe3ybTaTOB KBa3zuKiIaccuyeckoil teopuu. CoriacHoO
(3.7), (3.13) «cxopocTu» CBSI3aHBI MEXKIY COO0I COOTHOIICHUSIMHU

1 dyme, 1 dg? 1

,T = const, = : 6.19
Wy Ot 2Ty t 2Ty Q" 619

do 1 dy o dg’ 2 dq’ o
—=——-— 4+ ——_ o =const, =— + . 6.20
dt 3y dt 31y ’ dt 39" dt 39Ty, 620

U3 (6.19) c yuerom (6.9) cienyer, uto npu t = 0 UMIyIbC P3 UMEI ONPENETCHHOE MOJT0KUTEIBHOE
3HaYeHHE

nt
pP=——" >0, (6.21)
327 T\ Y min
Amnanoruano u3 (6.20) ¢ yuetom (6.9) u vi(0)=0 cienyer
nt n o n o
0 pl .1 pl 0 pl
=——VvO0O)+——,p,=————>0. (6.22)
P2 =527 © A87T \[¥ van gre. Voin

Umnynec Pz Takke UMEN ONPEEICHHOE MOJIOKUTEIbHOE 3HAUYEHUE, a MPOU3BEIACHHUE 3HAUCHUH
HMITYJIbCOB YZOBJIETBOPSET YCIOBHIO p2’-ps° > 0. Takum o0pa3oM, B HauaJIbHbIII MOMEHT BpEMEHHU
BOJIHOBYIO (DYHKIIHIO MOYKHO IIPE/ICTaBUTh B BUJIE

: t.,(209% +39°) 2p2pd t |\/g
¥(0,9") = w(q')expi-2 Y0 =g |Sh2rs e <<1. 6.23
0,0")=w(q")exp 67T 7 \/ I (6.23)

Kpazpar GyHkmn y(q") 1aeT MIOTHOCT BEPOSTHOCTH Pa3IHYHBIX 3HAYCHHH KOOPAMHATEI (" mpH t
= 0. Oynkus ' (q°) A0KHA OBITH HEMPEPHIBHOW, PABHOM HYIIIO TPH q1 = 1 ¥ 3KCIOHEHIMAIBHO
yOBbIBaTh Ha OECKOHEYHOCTH. DTHM YCIIOBHSIM YAOBJIETBOPSET TaMMa-paclpesesieHue MIOTHOCTH
BepoATHOCTH [24] (¢ ABYyMsI MapaMeTpaMH U CO CIIBUTOM I10 KOOPAUHATE).
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7
[Tonoxum K = 1, 4T0OBI UCKIFOUUTH KaK He(U3MUECKUE CIydaifHble paclpeleieHus ¢ KpalHUMH
3HaYeHMsIMH pon3BoHoi 0 i oo pu ' = 1. B 3T0M ciyuae cpemee 3HAYCHHE OTKIOHCHHS (| OT
€/IMHUIIBI PABHO 2|1, a JMCIIEPCHs pacipeieIeH s paBHa 2.

[Tonoxum, 9TO CpeaHss KBaJpaTuyHas (DIIOKTyalusi 3HaUeHUH KOOPIUHAT MPONOPIHOHATIFHA
OTHOUICHHUIO TUIAHKOBCKOTO BPEMEHH K XapaKTepHOMY BpPEMEHHU KBa3HMKJIACCHUYECKOH Teopuu. B
BOJIHOBYIO (DYHKIIHIO TAKOE OTHOIICHHE BXOAWT B BHje WHekca v = W (6.23) dyukmun Beccens,

I09TOMY
t o
\/E,uzvo,vo =P <1 (6.25)
127Z-T 7/min

w*(a') =L_1k)+klexp[— (@ _1)} k>0, g">1. (6.24)
MU

Takum o6pa3zom, HadaiabHasE BOJIHOBas QyHKUHUA (6.23) MONHOCTBIO ONpEEICHA, a BMECTE C
HEl B MpPUHIUIIE ONpenesieHa W BOJHOBas (YHKIMS oueHb paHHeW Bcenennoi. [leiicTBuTensHO,
teriepp u3 (6.14), (6.18), (6.23), (6.24), (6.25) cnenyer

—\’Z(q_l)exp{ @ - } ja(E)(pE(q E)dE, v =1° (6.26)
y Vv

C ¢usHYeCKOil TOYKH 3PEHHS 3TO HHTEIpalbHOE ypaBHEHHE 3agaeT pasnoxkenue w(q) 1o
cOoOCTBeHHBIM (YHKIMSIM omeparopa ['amuwibrona. PaccMOTpUM pemieHHe S5TOro ypaBHEHHS.
YMHOKUM 00€ CTOPOHBI ypaBHeHI/I}I na pe(q',E) u nponnTerpupyem mo g ot 1 10 .

j\/Z(q -, { ﬁ }(DE(q E)dg* = IUa(E )pe (9", E")dE JcoE(q E)dg" . (6.27)

B cury unTerpansHoit Teopemsl Bebepa [25, XIV, 14.52, (6)] kpatHbIii uaTEerpan B (6.27) mocie
COOTBETCTBYIOIIUX Mepe 0003HAYEHUN MOKET ObITh MPEICTABIICH B BUC

T 1 1 1 67 2 thlE 2 thlE
j[j a(E")ee (g ,E'>dE'j<oE<q E)dg* == JV( %}N{,/%} a(E). (6.28)

pl
U3 (6.27), (6.28) cnenyet

t, 2t E 2t,E J2(qt -
a(E) =" Jf[ ﬁ}N[\/ } Iz(q Ze { fv} (0", B)da’.  (6.29)

Teneps BosiHOBast GyHKIUS OYEHb paHHEH BceneHHol MOMHOCTRIO onpeeneHa

Y(t.q') = Ta(E)exp i{t"'(zoq +3)

- JE)AE, v =v". 6.30
62Ty - }DE (q,E) (6.30)

7. 3akiaouenue

OTnuuuTenbHOM OCOOEHHOCTBIO HM3JI0KEHHOM TEOpUH, BO-TIEPBBIX, SABISETCA TO, YTO
MPOCTPAHCTBEHHO — BPEMEHHOE MHOT000pa3ue ¢ KpaeM MOMHMO METPHUKHU U CBSI3HOCTU HaJleNsieTcs
BCEMHU CBOWCTBaMHU MaTepuaibHOW cpefpl. IIpuyem rpaBUTallMOHHOE TOJE SBISETCS OCHOBHBIM
UCTOYHUKOM 3Hepruu Bceenennoii. CneacTBueM 3TOro siBisieTcs HaOirogaeMasi BBICOKAasi CTETEHb
OJTHOPOJHOCTH W u30Tponuu BcenenHoi. /[pyras ocoOEHHOCTh TEOPHHM COCTOUT B BO3MOKHOCTH
MOCTPOEHUS MHOT000pa3uii CBOOOIHBIX OT CUHTYJISIPHOCTEH.
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CUHTYISIDHBIM TIpH  3TOM SIBIIIeTCSI Kpail MHOroo0Opasusi (MOMEHT Hayaja 3BOJIOLUH
BcenenHol niaM MOBEpXHOCTh BOJM3M TPABUTALMOHHOIO pajauyca), Ha KOTOPOM T€ WM HHBIE
HaOJr01aeMble MHBAPUAHTHBIC BEIMYMHBI IPUHUMAIOT OECKOHEYHBIE 3HAUeHUS. DTOT (aKT cleayeT
paccMaTpuBaTh Kak yKa3aHHe Ha HEOOXOIMMOCTh yueTa BOJIM3U Kpasi KBAHTOBBIX 3P (EKTOB.

TOYHOCTH MMEIOMUXCS ACTPOHOMHUYECKUX HAOMIOACHUN MOKa HEeIOCTaTOYHO, YTOOBI Ha HX
OCHOBAaHMHU czenaTh BbIOOp Mexay npenckazanussmMu OTO u npenioKeHHOM TEOpHM TATOTEHHMS.
Opnako TOT (akT, YTO 3a HMCTEKIIME IBAALATh JIET TaK M He Oblla yCTaHOBIIeHA (pu3HuUecKas
MPUPOJIA «TEMHOW DHEPTUW», «TEeMHOW MaTepum» U «MHGIaTOHOB», a Ha BAK He oOHapyxkeHO
HOBBIX YaCTHI] C OAXOIALUIMMH CBONCTBAMH, 3aCTABJIIET YCOMHUTBCS B CAMOM MX CYLLIECTBOBaHHH.

C TOYKM 3peHMs U3JI0)KEHHOW B CTaThe TEOpUHU Bce HabmonaeMble 3((EKThl, CBSI3bIBAEMbIE C
«TEMHOM DJHEPrueW» M «TEMHOM Marepuen», SBIIOTCSA JIMIIb IPOSBICHUAMU MaTEPUAIBHON
CYLIHOCTH I'paBUTALMOHHOTO 1oJisi. C OAHON CTOPOHBI B HACTOSILYIO 310Xy BTOPOIO YCKOPEHUS
TPaBUTAIMOHHOE TI0JIE HWMEET OTPHIATEIbHOE [aBJIEHUE, TO €CTh BeaeT celds moa00HO
TUIIOTETUYECKON «TeMHOM sHeprumn». C Apyroi CTOPOHBI B FallakKTHUYECKUX MacuITabax IJIOTHOCTb
SHEPrUM T'PaBUTALMOHHOIO MOJIS IPEBBIIIAET CPEAHIO0 IIIIOTHOCTh SHEPTUU MAaTEPUN U IPUBOJIUT K
YBEJIMYEHHUIO CKOPOCTH HAOJIOJaeMbIX I'PaBUTALMOHHO-CBS3aHHBIX OOBEKTOB MOAOOHO «TEMHOM
MaTepUn».

HauanbHoe pacmmpenue (uHGuALMA) SBISETCS HMMMaHEHTHBIM CBOMCTBOM Ipoliecca
ABOJIIOLIMU CTPYKTYpPBI IPOCTPAHCTBA-BPEMEHH, CBSI3aHHBIM C HAJIMYUEM I'PaBUTALMOHHOIO 1oss. B
3TOT HEepPUO] BPEMEHH JIaBJICHUE I'PaBUTALMOHHOIO IOJIA CaMo IO cebe OTpULATEIbHO U MOATOMY
Ha/I00HOCTh B HAJIMUME, KAKKUX JINOO MH(IATOHOB, OTHA/IALT.

I'moGanpHas mioTHOCTH 3Hepruu Bcenennoil B Hactosiiee Bpemss Ha 94.5% cocrout u3
IUIOTHOCTU 3HEPTUU TPABUTALIMOHHOTO MOJS U Juilb 5.5% 3T0 BKIIa] B HEE BCEX U3BECTHBIX BHUJIOB
marepu. [Ipudyem co BpemeHeM nepBblii OyneT pacTy, a BTOpOil yObIBaTh.

[Ipu orcyrcTBUM B npupoje runoretuueckux (opm martepuu, kocmosorus OTO (mozmens
@®puamaHa) NPOTUBOPEUMUT pe3yabTaTaM »3KCIEPUMEHTOB, B TO BpeMs Kak IpeacKa3aHus
IPEUI0KEHHON TEOPUU C HUMH COTIACyIOTCA.

VYcTaHOBIIEHO, YTO MakKCHMajbHas IJI00albHas IJIOTHOCTh SHEpruu Bo BceneHHoil Obuia
MEHBIIIE TUIAHKOBCKON Ha 64 mopsaka M 3HAYMTEIbHO HMKE TOM, KOTOpas B HACTOSILEE BpeMs
nocturayra Ha BAK!
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IIpunosxenne |. JHeprus craTH4eCKOro H30TPOITHOI0 I'PABUTAIIMOHHOIO 110JIA.

B cumiy ToxzmecTBa BnaHKM IUIOTHOCTH SHEPIUM TPABHTALMOHHOrO IO  (&gr), [dOJDKHA

y,I[OBJ’IeTBOpHTB COOTHOULICHUIO
1 a9
O (e, )-1B% o y» 0.

\/_ax 2 ox

B ciiyuae cratdeckoro moJsis COXpaHseTcsl SHEPIUsl TPaBUTALIMOHHOTO TToJIs [15]
E =[(s5)5/- 908, , (IL.1)
rae B cooTBeTCTBHH C (2.3)

P c* | @ o@) -, 1 a,/—gacb_ w 1 0yJ-0 oD
(€gr)o 162G % x\Y )Y J-g &° ox” J J-g & x° 1L.2)

B crarnueckom mose mocienHUe Ba 4jeHa B 3TOM COOTHOIIEHHH paBHbI HYMO U (I1.1) ¢ yuerom

(I1.2) npuHUMAaET BUI;
[ JdV . (I1.3)
167zG ax” ox"

IToxacraBmnss croaa BBIPAXXCHUA JJIA KOMIIOHCHT MeTpI/I‘-IeCKOFO TCH30pa U3 (5 2) MMOJIyYnM:

r’ do r’ do
167zG-[\/_r dr(C+G er [-H_dr[(C+G) dr Jdr}. (5

VYutem Tenepb, 4TO MO OMPE/ENICHHUI0, a TAKXKE B CUITy cooTHomeHus (5.13)

C(r*)+G(r*)=%, rzdrz\%r*2 dr*. (IL5)

[Toncrasmss >tu BeipaxkeHus B (I1.4) u nepexons k 6e3pazmepHoOit KoopaUHaTe I*/a, moIydInMm:

Cclal TR E(r) dCD|r*% 2 PR E(rY) do dy-g )
4G | V( 2 V(r¥)y-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

*2 r*—oo

_¢ “[ vr( Ll Y FA"(r*mm)]. (IL8)

B cootHomeHu# GUrypupyroT rpaHUYHbIC 3HAYCHUS TPOU3BOAHON hyHKIu F(r*).
YuuTeiBas noBeneHue 1noueid Ha 6eCKOHEYHOCTH U TOT (akT, YTO B CUIy cooTHomIeHus (5.12)

r*—o

¥ AR
V(rs) dr*|

r * o)r*
— _i_i_ 2F(r mm)r min (H9)
a V(r*min)
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