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Abstract

The initial equations of a nonsingular theory of gravity (NTG) are formulated. The theory is
based on the axiomatic which differs somewhat from the axioms of general relativity (GR) and is
free from the internal problems inherent in GR. Some results of NTG are presented. A
nonsingular basic phenomenological model of evolution of the Universe is constructed which is
described by the smooth one-parametrical dependence from the moment of the beginning of
evolution to an arbitrary point of time, consistent with the observational astronomical data but
without using of the hypotheses of the existence of a dark energy, dark matter and inflatons. The
particle-like solution of the NTG equations for the static isotropy metric is found. It is shown that
in the certain region of space the distributions of fields can exist, for which the equality of
inertial (defined according to Mach’s principle) and gravitational mass is satisfied. The horizon
characteristic for the solutions of GR equations in the isotropic case is absent in NTG.

Keywords: Gravitation, nonsingular theory of gravity, exact solutions, evolution of
Universe, Cosmology.

1. Introduction

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

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

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

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

data [2-4]. For an explanation of the derived results within the framework of this theory it was
necessary to introduce certain hypothetical entities (ACDM-model [5]), the nature of which are
still unclear.

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

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

Under such an approach, the fundamental principle of the equivalence of all reference
systems compatible with the pseudo-Riemannian metric, underlying GR, is not violated. In
addition, we don’t put in doubt a firmness of the principle of the action invariance relative to
arbitrary transformations of coordinates and the general covariance of all equations of matter
motion respectively. At the same time, the covariance of the equations of gravitation is limited
by the constraint in contrast to GR. Thus, a priori only "medium-strong principle” of the
equivalence is met in this case [4]. However, this cannot be ground for rejecting the proposed
approach as contradicting the experiments on verifying the strong equivalence principle for
bodies of cosmic scales [7].

The fact is that already in GR within the framework of ACDM model, the space itself is
endowed with energy. The same thing happens when an a priori constraint is introduced. Space
becomes a self-gravitating object because of the nonlinearity of the gravitational equations. One
can determine inertial and gravitational mass for such an object within the framework of a
particular model (for example, static empty isotropic space), what was done below (Section 5).
As a result, it turned out that the solution of the gravitational equations has enough free
parameters in order to not only ensure the requirement of the equality of inertial mass of the
gravitational field to gravitational mass, but also to determine inertial mass in accordance with
Mach’s principle (the latter problem have not been solved in GR). From this point of view, the
results of experiments [7] should be considered as an indication that only such (quasi) stationary
self-gravitating objects exists for which inertial mass is equal to gravitational mass.

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

conservation law:

8 , 1 9J-g . o
” (ﬁg” r;;):o, r, :ﬁ o g =det(gﬂv), 9“'g,, =05, (u,v=0,1.273).(1.1)

2. Gravitational field equations in the presence of the constraint

To obtain the rest of the gravitational field equations on the mass shell, proceeding from
the Hilbert action and introducing the Lagrange multiplier — the scalar field ®, write the action
for the gravitational field in the presence of the constraint (1.1) as:
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S = HY —— 2.1
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where R - scalar curvature, R—g“VRW, RHV Ricci tensor,
a A a A A
v = 6X Fﬂ" ox” +F,U vrﬂ; Fﬂpr‘ﬁl’
where I, - Christoffel symbols,
1 a9,, 099,
Fﬂ. = Ao (_ ,UV+ Vp
#r2 97 ( ox” 6x” ).

Now all the components of the metric tensor and the scalar @ can be considered as independent
quantities at the action variation. The scalar curvature is invariant relative to arbitrary
transformations of coordinates, so the calculation of its variation and the contribution to the field
equations has no differences from [8].
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The presence in Lagrangian of the additional members besides to the scalar curvature leads
to an occurrence of the energy density tensor of the gravitational field in the Hilbert-Einstein
equations at the metric variation.

1 872G 872G

Ryv_Egva:CT(ggr yv+c_4(gmat)yv’ (22)
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C—4(8gr)yv = _g,uv aXp [gp 6)(_1}_1—‘5/3 aXV - ‘5) 5)(# . (23)

We derive the equation (1.1) from the principle of least action at the field ® variation.
These equations are sufficient to determine the components of the metric and the field ®. The
equations are covariant relative to the local unimodular and global scale transformations of
coordinates.

3. Space kinematics

Since now the gravitational field has certain energy that in contrast to GR the metric is
nontrivial even in the absence of any matter. It is natural to consider all the components of the
metric tensor in that initially empty space as not dependent on the space-like coordinates. If the
spatial metric is non-degenerate then the most general expression for the space-time interval can
be reduced to the form [8] by the unimodular coordinates transformation:

ds® = goo (X2)(dX°)? + g, (xX*)dx™dx", » = —det(g,,) >0,(Mmn=123). (3.1)

An absence of the general invariance of the action (2.1) doesn’t allow us to eliminate the
metric component goo, therefore the expressions for the nonzero components of the curvature
tensor are rather different from the expressions given in [8].

__ 1 d 1 d}/ _ 1 gmk dgkp gpn dgnm (3 2)
2000 IX° | 74/ OX° | 404 dX° dx® '
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Nonzero components of the energy-momentum tensor density:

(8gr)o c* I:d ( 1 quJ_'_ 2 dy/goor dq)} (3.4)
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Taking these relations into account, the gravitational field equations (in the presence of the

constraint) take the form:

d 1 d\/?’goo _

5 — 5— |=0, (3.6)
dx 9oo dx

d N
d { 1 dy} 1 mk gkpgpn dgnm_ 7900 d ( 1 dq)J, (37)

1
290 I\ 7y, OX° ) 4gq, dx’ dx® 2 dx®{ gy, OX°
d 7/ mp dgk d 7900 d(D
| [L_qgm Zkm | _ sP _ 3.8
dxo(\/goog dx° “dx®| g, dx° (38)

Eq. (3.8) shows that:
dg d® _ [g
mp km . sp 2= _— |200) P 3.9
g a0 O y k (3.9)
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The constant matrix L} is not arbitrary. Since eq. (3.9) shows that

dg, dd 900
Lt LY, 3.10
ax® g0 \ yg" “ (3.10)
the matrix must satisfy the conditions:
gnp(XO)LE = gkp (XO)LE ' (311)

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

diag(L;,L2,L3) and the metric tensor must also be diagonal.
Simplifying eq. (3.9) on p and k indexes:

3P __1dr (9w (3.12)
dx’® y dx’ 4
and the system of equations (3.9) takes the form
gP" dgk(')“ _1 dy ;0% + %(LE—E@("LQJ. (3.13)
dx 37/ dx°® 4 3
Eqg. (3.13) shows that:

dg dg 1d 1( 0y
mk kp pn nm _ 7/ % Lka _ - Ln :l 314
YCI 3( dx] y{k"s(")' (3.19)

Using this expression and eq. (3.12) it is possible to eliminate @ and all spatial metric
components from the equation (3.7) and we can write it in the form:

2

d(1ldy 1dy 3c? K n d 1| 1dy N

3 —LpL —=(L ———| ——*—-cL, |, (3.15
dt[ dtj+ ( dtj [ ( D)1= a7 [ cn] (3.15)

where the following notation is entered cdt = ,/g,,dx°
Eqg. (3.6) implies
1 dgoo 1 d7 1
Uy Ot y/ dt TSy
This equation allows to eliminate goo from (3.15) and to write the equation for the function

T =const. (3.16)

d(1ldy 1 dy o no 3 k1 ooy
2— +———-—=0,0=B, —=[B'B; —=(B;)"1, 3.17
dz‘( drj yly dr ¥ “ 2[ Ko 3( )l (3.17)

where t=t/T - dimensionless proper time, B,” =cTL; - matrix of the dimensionless constants.
The order of the equation (3.17) can be lowered at the function u(y) introduction - dimensionless
rate of change of the volume factor - \/;

dr
The equation takes the form:
_d
gu Y _au? _ou+ 4udu W (3.19)
dy "4 -2u+o Ly

It is remarkable that when ¢ > 1/4 determinant of the spatial metrics isn’t equal to zero
anywhere. Therefore in this case there are no singularities.
Integrating the equation (3.19) we find that:

ﬁ: f(u), f(u):\/wexp{\/%(arctg\/i+arctg ﬁﬂ (3.20)
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where /7., - the minimum value of \/;at u=0.
Differentiating (3.20) with respect to t gives:
1 dyy dfudu df  4u
m dr  du dr’ du 4u-2u+o

Hence we find the solution of the equation (3.17) in the parametric form in consideration of
(3.18), (3.20).

f(u). (3.21)

N j O gy = o T ). (322)

-2y+0o
Evolution of space begins in the tlme pomt 7 from a state of rest with the minimal volume

factor.
From the equation (3.16), taking into account (3.22), it follows that

¥ min 4f(u)du 4du

42 -2u+o MW’ -2U+o

goo(u) _ o fQ)
Upo(0) 4u’-2u+o
Using this relation, proceeding from the determination (3.18), we can show that du o dx’.
Consider the expression (3.4) for the energy density on the field equations. Using the
relations (3.12) and (3.16), we can transform (3.4) as fO||OWS'

c’ d(1ld 1d 1 d 1
(60 f =y = g | o 297, 2 17 LLdr Lol g
487GT? | dr\y dr ydr) 2Jyydr 2y
Using the equation (3.17), we eliminate the second derivative, then

c’ 1d723pk1k2 c’ 2 3rarnk  Lnky2
P { ( de PACLEEICY ]} e S CCEETCIR] 28
The first term in the brackets vanishing at the small values of u, the second term characterizing
the global anisotropy of space is constant, positive and enters into the expression for the energy
density with a minus sign. The energy density will be positive only in case when homogeneous
space is isotropic (Bp" o« 7).
In this case the solution of the equations (3.13) can be presented in the form:
9 = _71/35kn J (325)

d |n(7900) = \/—

and the interval
ds® = gy (X°)(AX®)? — M3 (x%)dx"dX" 5. (3.26)
Introduce the Hubble parameter H and the acceleration parameter q (instead of the
deceleration parameter [6]) according to the modern representations:

H= 2 97 o1 L Zi Al (3.27)
6Ty dr 6H"T- dr\ ydr
The substitution of these expressions in (3.17) allows us to derive the equation describing
change of the acceleration-deceleration eras.

2
+1--2 (3.28)

This implies that two scenarios are possible. When 6>3/4 only acceleration (g>0) is possible.
When 3/4 > ¢ > 1/4 the change of the eras is possible: acceleration-deceleration-acceleration.
The change of the eras happens at the values
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_ o N V3 o . J3
1+\V1-45/3 ~ 4(/3+42) 1-V1-45/3  4(3-+/2)

Discovered recently [2-4] the change of the eras indicates that the second scenario takes place.
The maximum value of the deceleration is reached at u=c¢

Ol =1—%> -2, (3.30)

After the onset of the second era of the acceleration, q asymptotically approaches unity
according to (3.28).
The energy density of the gravitational field (3.24) is related with the Hubble parameter as:
3c?H%(7)
pgr = ~
872G
Thus, space is homogeneous and isotropic and has proper energy. And the density of the space
energy is equal to the critical density at any moment of time. The Hubble parameter reaches the
maximum value during the era of the first acceleration at u = ¢/2 < u;

u, ~0.1376, u, = ~1.3624.(3.29)

(3.31)

H = Jo o0 _arcig4o -1 | (332)
6T \/7 i 4o -1
and then monotonously decreases, tending to the constant value
1 1 1 T
H, =———exp| ———| arctg ———+— | |. 3.33
6T \/¥ in Xp( \/40'—1( J Vio -1 ZD (3:33)

Determined by the relations (3.5) the spatial components of the energy-momentum tensor
density are equal on the field equations to:

2 2

(ggr)p: ¢ . i ld_7 +1 l% _Ld_eriB: 5P, (3.34)
< 482GT?|dr\ydr) 2\ydc) 2 yydc 2y

and differ from expression for the energy density in the sign of the last two members. These

components can possess both the positive and negative values during evolution. Eliminating the
second derivate again by means of the equation (3.17) and assuming (&, )y = - PgrSy as it is

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

b = ¢ U -2u+o
" 484GT? y '
This implies when 0.25 < o < 0.5 there is a change of the pressure sign at the following u values:
1-V1-20 _J2-1 1+V1-20 2+1
us = > = <
2 242 2 242

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

Let us consider the curvature tensor. Substituting the relations (3.13), (3.14) in (3.2), (3.3)
we will find the expressions for the curvature tensor on the field equations:

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

(3.35)

~0.146, u, ~0.8536.  (3.36)

Excepting the second derivatives, write the expressions for the scalar curvature of space-time ‘R
and space °R.
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R=RE =L (4u? - 2u+0)=— I l)2+24a 1o (3.37)
4¢°Ty 16¢°T “y
4 0 K 1 8 U2
R=RY+R =——— 20’ —2u+o|. (3.38)
2c°T y 3

(3.37) implies the space curvature is always negative. But the space-time curvature changes
during evolution and possesses at first negative, then positive and at last again negative values.
According (3.31), (3.32) the maximum density of the gravitational field energy is equal

2 J—
Porrms :c—aze _ 2arctgvé4o -1 _ (3.39)
962GT “y i, 4o -1
Assumed that 6=1/4 for definiteness, connect the constant value
2 1/2
T S| o (3.40)
8e( 677G Py max
with the maximum energy density.
Now (3.22) can be written as:
t—t, =Ty j 4T gy Huy =Y (3.41)
mm 2y+ ’ 3T\/ ymin f (U)

According (3.20) f(u) depends on the constant ¢ only. Substituting in these relations the current
values [9] of the time from the beglnnlng of evolution till now (t°-t¢ = 4.355-10%" sec ) and
Hubble parameter (H® = 2.181-10™%sec™) gives, taking into account (3.40), couple of equations
for two unknown — ¢ and the value of parameter u’ at the current time

4f(y) 0 1 u’
®—ty =T\ min ,H” = .
I B S R (1))
It is considered to be the maximum energy density equal to the Planck’s energy density in
the standard cosmological model. Providing that o, .. = &g the solution of this system of

equations is:

o =0.250119943, u® =6.119897974. (3.42)
The results of the calculations of other parameters for this case are presented in Table 1.
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Parmex = Ept s Tl Vmin =5.798463086- 10 sec; 6=0.250119943; u°=6.119898285

u q z °R, cm™ t-ty , SEC H, sec™
6.119898285 0.7599 0 -4.382-10™° | 4.358-10"' 2.181-10™°
1.362298981 0 0.850004 -6.309-10° | 1.876-10" 3.074-10"°
0.853468568 -0.5 1.416151 -9.216-10™° | 1.129-10" 4.290-10™"°

0.8 -0.58189 | 1.525709 -9.989-10™° | 1.029-10"' 4593-10™"°
0.7 -0.76002 | 1.792870 -1.223-10> | 8.275-10™ 5.435-10™°
0.6 -0.97891 | 2.201837 -1.679-10™° | 6.051-10™ 7.019-107°
0.5 -1.24964 | 2.939474 -2.973:10™ | 3.650-10™° 1.089-10™""
0.4 -1.5776 4.831122 -1.126:10™* | 1.305-10™ 2.826-107
0.35 -1.7544 7.804654 -5.944-10™* | 4.160-10" 8.514-10™""
0.3 -1.9157 24.3401 -8.520-10°% | 1.959-10™ 1.739-10"
0.250119943 -1,9986 1.740781-10" | -1.062-10° 7.092-10" [ 4.702-10™
0.146531432 -0.5 9.818436-10% [ -1.223-10°" [4.071-10% [ 4.943-10%
0.137701018 0 1.017771-10 | -1.787-10°" [ 3.361-10% | 5.174-10%
0.125059971 1 1.058713-10% [ -2.801-10°" [2.610-10% |5.289-10%
0 0 1.172766-10° | -2.069-10°® |0 0
Parme =10%°g-cmsec?; T \/y,, =1.296575763- 10 sec; 6=0.2505961314; u’=6.117403956

u q z °R, cm™ t-ty,sec | H,sec™
6.117403956 0.75982 0 -4.382-10™° | 4.358-10"' 2.181-107°
1.362007273 0 0.849896 -6.309-10° | 1.876-10" 3.074-10™°
0.853131610 -0.5 1.416264 -9.219-10™° | 1.129-10" 4.291-10"°

0.8 -0.58133 | 1.525121 -9.987-10™° | 1.030-10"' 4592-10™"°
0.7 -0.75929 | 1.792084 -1.222-10™ | 8.282:10™° 5.432-107°
0.6 -0.97792 | 2.200602 -1.678:10> | 6.058-10™ 7.014-10™°
0.5 -1.2482 2.936815 -2.969-10° | 3.656-10™° 1.088-107%
0.4 -1.5753 4.819468 -1.120-10™* | 1.313-10™ 2.810-10™"
0.35 -1.7514 7.757364 -5.828-10™* | 4.230-107 8.381-10™"
0.3 -1.9117 23.5132 -7.317-10°% | 2.166-10™ 1.575-107
0.250596131 -1,9929 2.510051-10° |-4.756-10%° | 236.74 0.001413
0.146868390 -0.5 3.483573-10° | -0.0245 9.1035-10™ |2.214-10°
0.137992728 0 3.611425-10° | -0.0358 7.5143-10™ [ 2.317-10°
0.125298066 1 3.757034-10° | -0.0562 5.8328:10™ | 2.369-10°
0 w© 4.162766-10° | -0.4146 0 0

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

The results of similar calculation, but with the maximum energy density equal to that at which
the electroweak phase transition occurs, are shown in the same table. The comparison of these
data shows that the results of the calculation are in good agreement up to red shift at least,

z(u) = 7(u’) -1, 2(0.3)~24.
y(u)

(3.43)
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despite the difference in the value of the maximum energy density on more than sixty orders.
This circumstance excludes doubts in a possibility of the unambiguous description of space
evolution in this range of the red shift variation.

Metric (3.26) differs from Robertson-Walker metric. Nevertheless, in NTG (as in GR) the
lines x'=x*=x*=const are geodesic, and in each point it is possible to introduce the concomitant
coordinate system where the variable t defined above will be a proper time. Accordingly, for an
observer located at the origin of coordinates, the distance to the concomitant point, as in GR, is
determined by the relation [5]:

dt
% )
where a(t) is a scale factor. The factor a(t) =y "(t) is determined in NTG by the relations given
above, it is determined in GR within the frameworks of ACDM model [5] after discovering of
cosmic acceleration. The parameters of this model are selected proceeding from a condition of

providing the best consent with all set of the experimental data which are available at the present
time, their numerical values as at 2013 year are given in [9].

7

d(t) = C-a(t°)-tf (3.44)

1\6

8 b i e G 2 6 I 50 B
0.0 0.4 1.0 1.5 20 248 3.0
z

Figure 1. Distance to an object depending on its red shift, calculated by (3.44) for NTG and
ACDM — models.

Fig. 1 shows the results of calculations of the distance to an object (in gigaparsecs)
depending on its red shift. Upper curve corresponds to calculation in NTG, lower curve -
calculation in ACDM - models. In [9] all data set of the dependence of a distance on red shift
which was available at the moment of the publication is given in a graphic form (Fig. 24.2, Fig.
26.1). Comparison with the data [9] shows that both dependences presented in Fig. 1 lie in the
range of an error of the experimental data. Moreover, as follows from the data in Fig. 2, even
future experiments of this kind unlikely will allow to make a choice between these two
dependencies. When the above dependence is continued to the region of large values of z, its
course will be defined by the maximum energy density of the gravitational field, which is
unknown at the present time.
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0.1

0.0

0.1

a 5 10 14 20

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

A small value of the deviation is associated with the integral nature of the dependence of a
distance on redshift. For a local parameter, such as the Hubble parameter, the situation is
different.

240

e o e e e e e e B e

0.0 0.5 1.0 1.5 20 25
z

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

In this case, as the comparison of the calculation results with the experimental data shows ([10]
Fig.4), both dependences also is within the limits of the experiments error at z <2.5. However,
the discrepancy between them increases iteratively at large red shifts as it shown in Fig. 4. Thus,
only one of the two theories can be valid.

10
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a ] 10 14 20
z

Figure 4. Dependence of the ratio of the Hubble parameter in ACDM-model to its value in
NTG

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

The found solution describing homogeneous space and including four constants of
integration is the only one. There are no other homogeneous spaces in NTG.

4. Basic model of the Universe evolution.

So, we have shown that Space exists, unique material space.

From the speech delivered by A. Einstein in 1930, “The strange conclusion to which we
have come is this — it now appears that space will have to be regarded as a primary thing and that
matter is derived from it, so to speak, as a secondary result. Space is now turning around and
eating up matter. We have always regarded matter as a primary thing and space as a secondary
result. Space is now having its revenge, so to speak, and is eating up matter. But that is still a
pious wish.” [11].

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

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

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

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

(Pmats~Pmats~Pmat,~Prmat)-
In the presence of matter the gravitational field equations (3.6-3.8) will take a form:

11
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n

Qoo dX°
1 d 1 dy 1 (1 dyj d 1 do| 84G
- - :\/7'9 + (p+3p)ma ’
Joo dX°[7 Joo dXJ 6900 7 dX° P X goonf1g IX° ) t

1 d dgkm 5oL VW dD | 841G .
0 g 0 |~ T2 (p_ p)maték :
Moo AX Joo ,/ dx Oy OX c

Repeating all the computation taklng into account these additional members, we have the
following integro-differential equation instead (3.19)

g — a2 —2ut oMy Yy, 4.1)
dy du
where

M (u, y dy)—487;GT ( 7P+ P)at + I(p p)mat[gﬁdu}

and it’s supposed that the pressure and density of matter are equal to zero in the initial time.
The equations for cosmic acceleration, energy density, pressure and scalar curvature of
space are also modified in this case; instead of (3.28), (3.31), (3.35) and (3.37) we have

3 3o 3 dy
“1- 2422 1 ° MUy, -Y), 4.2
9 2u  4u®  4u? 7 du) (4.2)
c® u® 3c’H%*(u)

+ = —_—— = u y 4.3
pgr pmat 24ﬂGT2 7/ 87ZG pcr( ) ( )

¢ 1 dy
=— 2u° —2u+o+M(u,y, . 4.4
pgr pmat 487ZGT2 ‘: o ( v d ):| ( )
RoRE——— 1 [(4u? —2u+ o)+ M, 3. (4.5)

“ T2y " du

Hilbert’s axiom suggests that the action of all kinds of matter is invariant relative to
arbitrary transformations of coordinates. According to the observation data there is macroscopic
matter, electromagnetic radiation, and neutrino in the Universe at the present time. These
components weakly interact among themselves. In this case, owing to Hilbert’s axiom the
«conservation» laws for each type of matter are satisfied separately [6,8]

d\/y

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

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

Eq. (4.6) shows that:
4/3 4/3
_ o\/?’o 0 \/7/0 0 \/70 47
Po = Py P =P = | P =P | (4.7)
Jr Jr Jr

The values relating to the current time are marked by upper index. It is authentically
known that the energy density of the two first components is respectively equal Q, = 0.0499 and
Q= 5.46:10° of the crltlcal energy density at the present time [9]. Data are less defined for
neutrinos Qv < 5.52:10°%. Then, to estimate the maximum degree of matter influence on the
evolution process, it will be used exactly that value of the relative density of neutrinos. Thus, at

12
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times not too far from the present we have the following dependence of the energy density and
pressure of matter from the bulk factor:

0 0 4/3 0 0 4/3
pmat = pgr Qb \/\/Z + Q[\/\/ZJ ! pmat = p:;l’ Q(%J ’Q = Qy +Qv' (48)
Y Y Y

Further when using the expressions which include pmat, Pmat ., taking into account the
approximate character of the dependencies (4.7), we will consider that variation of the bulk
factor and it’s derivative is described by Space kinematics in a first approximation (relations
(3.19), (3.20)), and the critical density is described by relation (4.3). In this approximation

M(u,;/,j—f;)zw(u),

W(U)——2u°2[QID f(uo) +fg(f(UO)J }FWQD f(uo) +EQ[f(uo)] ]24[1(’& “9)
ACORERNICY fu) 3 1fW)) |4’ -2u+o

0

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

quadrature.
7)) _ w(u) = epr ducu ] (4.10)

min o 4u? —2u + o +w(u)

t—tst :T\lj/min I4 4V/(U)du (411)
0

u?—2u+o+w)

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

“ 4y () o1
t°—t. =Ty du, H® = .
* Jwin £4u2 —2u+ o +w(u) 3T /¥ in W (U°)

(4.12)

Parmec = o3 T Vmin =5.798463086-10° sec; ©,=0.0499; Q,=5.46-10° ; Qv=5.52-10"°

u’=7.027.. ; 6=0.25011930..

Parme =10%°g-cm sec?; Ty, =1.296575763-10™ sec; 24=0.0499; Q,=5.46-10; Qv=5.52-10°

3

u’=7.024.. 6=0.25058907..

TABLE?2. Solutions of the equations (4.12) (%t = 4.355-10"sec, H® = 2.181-10™"%sec™) at two
values of the maximum energy density.
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Figure 5. Results of calculation of the dependence of the Hubble parameter (H=100-h
km-sec’-Mpc™) on red shift taking into account (full line) and without taking into account
(points) the presence of matter, p . .. =&p -
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Figure 6. Results of calculation of the object age (in billions of years) depending on its
observed redshift taking into account (full line) and without taking into account (points)
the presence of matter, p ., =&p -

In view of the data provided in the previous section, it is possible to conclude that prehistory
effect on the further course of the given dependences is insignificant in the range of red shifts

14
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less than 2.3. Within this range, the course of the dependence can be reconstructed using one
reliable value.

O 3 A R IO P I S I N I NN SO N S D M D D |
a.0 0.5 1.0 1.5 2.0 25
z

Figure 7. Results of calculation of the dependence of cosmic acceleration on red shift taking
into account (full line) and without taking into account (points) the presence of matter,
pgrmax = gPI '

The birth of matter does not lead to a noticeable time shift of change of the deceleration-
acceleration eras. Such behavior of the mentioned dependences is related to a small fraction of
the energy of matter in its general quantity.
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0.2
0.15
fuota
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o
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25 5.0 7.5 100 125
t

=
=

Figure 5. Time dependence of a ratio of the average energy density of matter to the energy
density in the Universe (in billions of years), p .. =&p -

The maximum fraction of the energy of matter does not exceed 0.2324, at the present time
this value is less than 0.055, and continues to decrease with time. In contrast to GR, where the
energy density of matter increases indefinitely at time decrease, in NTG, it reaches a maximum
and then decreases, tending to zero at the approach to the initial moment of time.
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The rest and the main part of the energy is the energy of the gravitational field. It is this
energy, evenly distributed in space, but not dark matter, is reflected in the character of
dependences of the rotation curves of gravitation-coupled objects.

10°%

10.0
?.5—_
rogr E.EI—_

2.5—_

|:|.|:|-||||||||||||||||||||||||
0.0 0.5 1.0 1.5 20 24

z

Figure 6. Dependence of the energy density of the gravitational field (erg-cm™) on red shift
in the location of the observed gravitation-coupled objects, o . = &p -

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

5. Static isotropic metrics

Consider static spherically-symmetric metrics. The most general expression for space-time
interval can be reduced to the form by the unimodular coordinates transformation [6]:

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

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

X, X m
Joo = F(r)’ Jom =0, O :_C(r)'émn _G(r)%’ Xp =X (51)

m H

g(r)=detg,, =—FC*(C+G).
The tensor g (inverse to the metric tensor):
OOZL’ 90m:0’ gmn:_iémn_’_ G(r) X Z( .
F(r) C(r) C(C+G) r
Ommd"™ =S
In the presence of the constraint (2.1) it is more convenient to proceed not from the
equations derived at the action variation on the metrics components, but to choose as one of the

varied functions A(r) = /— g(r) .

The constraint gives the following contribution to the action:

g (5.2)

16
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PG N B (O I OIN G (5:3)
Oox* 29 ox"” 2(C+G)g A

(The stroke hereinafter denotes differentiating with respect to r)

Other terms can be found using the known results of calculations [6,8]. The scalar
curvature and volume element are generally covariant, therefore they can be found using
“spherical” coordinates.

In “spherical” coordinates space-time interval is:

ds® = F(r)(dx®)? — G(r)dr? —C(r)(dr2 +r’d6* +r?sin? Hdgoz)'

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

ds? = F(r)(dx®)? — A(r)dr? — r** (r)(d6? +sin” dg? ), (5.4)
where A(r)=G(r)+C(r), r*(r)=rC*2 (r).

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

corresponding components of the “standard” form [6]:

=4 A’ r*r* ] r*r*sin’ @ F'
rttrzrrttZE' rrrr_ZA’ Ly =~ A r‘/’W:_T’ FJZﬂ,
0 0 r*' 0 . r*
r,,=I,= T , I, =—sin@cos o, F;j’rzl“:‘;:F, Iy, =T, =ctgé.

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

1(F 1 (F 2 (r*r* 2(r* 2 2 r*’2 r*F'
=—|— | +—| = | +— +— ——t— + :
2F\A) 2AlF) ¥ A Alr=) =2 " Allr*) " r*F
Singling out the divergent term, it can be written in the form:
1 o faE FL L A re L S
R= *zx/ﬁdr[ "~ ( *A)__Z[r*AF+K(r*J +r7}' (5:5)
The action for the gravitational field:

(R+A)VAFT**sin@drdadedx”.

S =

ar

Substituting here the e 2pressmn (5.5) for R and (5.3) for A, omitting the divergent term and
/

taking into account that A=A%/FC? we have:

c® A r*¥F 1 O'Ar* F .

S, = + ) +—r*r*F +——— [r’sin@drd@gdx’.
"84G I(r*z Ar* () Ar? 2A°r* J o

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

3 *2 *2 * x4
3c I[ A Fr [dr J L1 adrede Fr dCDdA}dg in0dalgdc®.

= +
oeaGor*r A | dé& A dé d§ 2N° d¢& dé&
From a principle of least action find the gravitational field equations in space free from

matter:
*4
dfr R o (5.6)
dél A° d&
*2 * 2 *3 *
12_r2 dr F_ rzdr dF 12d r*“FdB 0. (5.7)
9r* dé A d& dé 2A° d& d&
*2 * 2 *3 * x4
r= dL _i r*° dr r 2 dA do 0, (5.8)
A\ d& dél A dé 2A dcf d§
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* *3
B 2A3_2r*i r=Fdr* r*g,d 1dF Lok de_Ad;()zo' (5.9)
or* dél A d§ d& A dg A d& d&
Equation (5.6) implies:
*4
TR ., (56)
A d&

where « is a constant with the dimension of length.
Multiply the equation (5.7) by 24, subtract from result - (5.8), multiplied by 2F, and add
the result to the equation (5.9), multiplied by r*, after simple transformations reduce the equation

to the form:
*4
dé| A \d& d&

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

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

This implies:

Fde de Cade'’ o
Taking into account that the function @(r) is defined accurate within a constant, find:
®=-In(FA™). (5.7

1dF do__1dA B

Rewrite the equation (5.8) as follows:
rxdr*)’ Lo d (r*dr*)_r* dAde
A\ dé del A dé ) 2A2 dé dé
After the substitution of this expression in the equation (5.9) it takes the form:
* * * * 2 * *
pxt d (1dF Lopxe 4 d (Fr>dr 41 r*dr x4 d dr> Fy 2A2:0
d& A d§ d& A d§ A\ d& d& A f Or>*
This equation is equivalent to the following:
d|r**d ( F ] 2A
— — + =0.
dé| A dé\r*® or *?

Integrating this equation over & we have:

5
i(F)ﬂlA ZAIA%:O’

*2 *6 *6 *2
dé\r r 9r*or

*6
where g, = L is one more constant with the dimension of length. This constant
LA delr*? o

is equal to zero for the Minkowski metric. Let us assume further $;=0 in order that the
Minkowski metric could be the solution of this system of equations (in case when the constant a
is equal to zero).

d .
dﬁ(r*zj 9r”<6jr*2 (59)

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

2 %4 A
F=§r* J.Ur?der*e £.

£\ 0
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Transform the equation (5.8). Introduce a notation
_Irrdr*
A d&E
and substitute the expressions for derivatives of A and ® from the equations (5.6") and (5.7,
then the equation (5.8) can be put in the form:
U2 41 *U du _ oU do .
dr* 2r*F dr*
1 d 1 3a do
T3r*U dr*V 2r*Fdr
Passing from the derivatives with respect to &=r° to the derivatives with respect to r* in all
relations and introducing the dimensionless coordinate’s r/o. and r*/a (keeping the previous
notation r and r* for them), we can write the initial system of equations as follows:
1A V()

(5.8)

_ , 5.10
Adr*  Fr*? (.10)
1
V(r*) = —— ,® = —In(FA), (5.12)
l_§J- 1 do I *
2 r*Fdr*
F(r*) = 2r*2 j( J.V(r*)dr*J—V(r*)dr* (5.12)
*
A dr vy, (5.13)
r* dr*

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

ZTUV(r*)dr *er* b>0 (5.14)

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

v=3 b= 2b L0 = 6 ) (5.15)
2—00 2—00
From the last relation follows:
5o 1+41-60
O

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

r3 (%) = 3jv(r ) pxrgre <32 jr*‘s Ddr *, (5.16)
2 0
The last integral exists only at < 6. In thls case
5=1z¥1=60 a<%. (5.17)
(o)

Consider now the expression for the energy of the static isotropic gravitational field
(Appendix I). In this case
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Ccta| r? E(r%) dIn(FA)|”
4G V (r*) dr* _

The last term in this relation has a logarithmic singularity at r*n;,=0.
The energy will have the finite value only at r*u;, # 0, that is in the presence of the edge. It is
possible only at the value ¢ > 1/6.

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

r 2M .G
F(r*)zl—ii+..:1— 1
ar* cla r*

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

&: 2r*min I:(r*min) —In F(r *min) . (519)
124 3\/(r*min) Al/(s(r*min)

The solution of the system of equations (5.10) - (5.13), (5.19) can be found by a successive
approximation method. Starting from the trial function V@ (r*) at the chosen initial value r*m,
it is possible to find the function F(r*) as a first approximation from (5.12), and then to find
A9(r*) from (5.10) and - new value V @ (r*)from (5.11). Continue this process before deriving
on N step the values of the desired functions with the required accuracy. Find the value of r*ny;,
from the equation (5.19). And then find the function r(r*) from the equation (5.13).

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

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

Substituting this expression in eg. (5.12) we find

-3INFA™(r*;.) |- (A.8)

r*

—+.. (5.18)

2 v v v Vvi1
F(O)(r*)zl_g(r*min+ - - )_r*3 T (5.21)
Based on correspondence principle, in this approximation we have
r 2 Vv
I _Z(r* 4+ ) 5.22
= () (5.22)

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

© (0) *
(0) { e (r)
In A© (r*) = j E r*, (5.23)

and then from (5.11) we have

« ©0) (p * -
V(l)(r*): 1+§ ]E) __gj. 1+ v (or ) 2dr0 . (5.24)
zr*F()(r*) 2r* ZF*F()(F*) (r*) F()(r*)

In this case
v=@A-VO(r*_))r* . (5.25)

min
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This equation defines v as a function of r*gy;,.

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

M*min=1.74.
This value is more than unit, as it was supposed. In a dimensional form
M*min~0.935rg; .

The results of the calculations are presented in Table 3.

0=1/6; Xmax=0.575 ; rq/o =1.859

X=a/r* V(X) F(x) A(X) CM2(x)=r(x)/r*

0 1 1 1 1

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

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

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

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

Thus, at the presence of the constraint (2.1) there is a nonsingular stationary particle-like
distribution of the centrosymmetrical gravitational field for which the equality of inertial
(defined according to Mach’s principle) and gravitational mass is satisfied. A horizon (existed
in the solution of GR equations for centrosymmetrical empty space) is absent in this case.

6. Conclusion

It is technically much more difficult to develop the Hamiltonian formalism in the case of
NTG in comparison with GR. However, two features of the presented theory open new
perspectives in the canonical quantization of gravitation. First, the number of the primary
constraints decreases in NTG. In this connection, the problem of "frozen formalism" is removed.
In addition, in view of the absence of singularities, it is possible to expect of final results even in
the presence of a dimensional coupling constant in the theory.
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Appendix I. Energy of the static isotropic gravitational field

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

1 0 . 1 g
ﬁaxv<ﬁT“) > aﬂiszZO'

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

E:.[aiv( —gTy btx = [T gds, , (A1)

where according to (2.4)

4 [
Th=— C |:51 0 (gyvaq)j_gbyrp o0 e aCD:|’1—~}p 1 9 . (A2)

167G | ° ox“ ox o ox" " ox° g ax
In a static field the last two terms in this relation are equal to zero and (A.1) (taklng into account
(A.2)) takes the form:
= [ jdv . (A.3)
167zG ox”

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

r’ do r’  do
167zG r dr(C+G drj [I\/_dr((C+G) dr Jdr} (A4)

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

4 _ 2 *
c(r+ 6 =079 g VI e g (A5)
r* F(r*) V-0
Substituting these expressions in (A.4) and passing to the dimensionless coordinate r*/a, we
have:

Ccta| 2@ dolm 7 F e F(re) do dy-g A
4G v V(F)—g dr* dr* ' '
By the relations (5.7, (5.10)
_ 1 dy-g K
® =-In(FA™), = L A=4-0. A7
(FA), = = reF J-g (A7)
Taking into account these relations
4 *2 r*—w
I e T N (SR I (A8)
4G | V(

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

r*—oo

_r dF
V(r*)dr™|

r * *
:_i_i_ZF(r mln)r min . (Ag)
24 V(r*min)
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OT 0011€li TEOPUH OTHOCUTEIBLHOCTH K HECHHTYJISIPHOW TEOPHHU TATOTEHUSI

Co0oueB Anexcanap IlaBioBuy
sapsolto@mail.ru

AHHOTANUA

B crarbe ChopMynupoBaHbl UCXOIHBIC ypaBHEHUS HECHHTYISPHOW TEOPUU TATOTCHHS
(manee - HTT). Teopus ocHOBaHa Ha aKCHOMATHKE HECKOJILKO OTIMYAIOIICHCS OT aKCHOM OOIIIei
teopun otHocuTenbHOCTH (OTO) m cBobomHa ot mpucymmx OTO BHYTPEHHUX MPOOIEM.
Wznoxensl Hekotopeie pesynbTathl HIT. TloctpoeHa HecwHTymspHas 0a3oBas MoOJEIb
BOMIIOLIMN BceneHHo#, omuceiBacMas IJIaAKOH OJHONApPaMETPUYECKOW 3aBUCUMOCTBIO OT
MOMEHTa Hayaja »3BOJIOIUU A0 IPOU3BOJBHOIO MOMEHTa BpPEMEHH, COIVIACYIOIIAsACS C
HaOJI0aTEIbHBIMUA aCTPOHOMHYECKUMH JaHHBIMU 0€3 PUBJICUCHHSI TUTIOTE3 O CYIIECTBOBAHUU
TEMHOW 3Hepruu, TeMHOW Matepuu U uHpraToHoB. Haiineno dactuie — nmomoOHOE pelieHue
ypaBHeHuld HTT nius CTaTMY4ECKOW HM30TPONHOM MeTpuku. Iloka3aHo, 4TO B OIpeneseHHOU
00JacTH MPOCTPAHCTBA MOTYT CYIIIECTBOBAThH PACIIPEACICHUS MOJEH, ISt KOTOPBIX BBITIOIHSAETCS
PaBEHCTBO MHEPTHOM (OMpEneIeHHON B COOTBETCTBUU C MPUHIIMIIOM Maxa) U rpaBUTAIMOHHON
Macchl. XapakTepHblil A pemeHuid ypaBHeHUd OTO0 B U30TPOIHOM ciy4yae ropu3oHt B HTT
OTCYTCTBYET.

KiroueBble cioBa: rpaBUTanMs, HECHHTYISIPHAs TEOPUS TATOTCHUS, TOYHBIC PEIICHHS,
3BOIIOIMS BeenenHoil, KocMoorus.

1. BBenenue

bonee cra ner Hazax mpu BBIBOJE YpaBHEHHUI T'paBUTALMU U3 BAPUAIIMOHHOTO MPUHIUIIA
H. T'masbept chopMyupoBall akKCHOMY OOINEH WHBAPHAHTHOCTH JICHUCTBUS OTHOCHUTEIHHO
IIPOM3BOJILHBIX MTPe0Opa3oBaHUii KOOPAMHAT U BRIOpal WHBAapUaHT TeH30pa PumaHa B kauecTBe
JarpaHKMaHa rpaBUTAIMOHHOTO 1moJs [1].

VYcnex KaHOHUYECKOH TeOPUH TATOTEHUS Kak OyATO OBl MOITBEPIMII IPABUIBHOCTH TAKOTO
JIOMYILIEHHs, @ CaMO OHO CO BpeMeHeM 00pesio cTaTyc (hyH/IaMeHTaIbHOIO MPUHIIMIIA.

OpHako HanmW4yWe CHHTYJSIPHBIX pemeHuid ypaBHeHud OTO sBiIseTCS TOCTATOYHBIM
OCHOBAaHMEM [yl TOTO, YTOObI MOCTaBUTh IOJ] COMHEHHE CaMy BO3MOXKHOCTh ONMCAaHUS Ha ee
OCHOBE SIBJICHHI B MUKpOMHUpE U B MaciuiTtabax BeceneHHOH.

B cBeTe HOBBIX OJKCHEPUMEHTANbHBIX JaHHBIX [2-4] OTO yxe HEe KaKercs CTOJb
HE3bI0IeMOi Kak mpexe. [ oObsICHEeHUS! OMYYSHHBIX PEe3yJIbTaTOB B PaMKax ITOH TEOpUH
MPUILIOCH BBECTH HeKue runoreTndeckue cymuoctd (ACDM — mozens [5]), mpupoia KOTOphIX
JI0 HACTOSIIEr0 BpeMEHH HEesICHA.

[To HameMy MHEHUIO, UMEHHO 00Was KOBAPUAHMHOCb YPASHEH UL ABIAEMCS UCOYHUKOM
mpyonocmeui OTO. OOHapyXEHHbIE yXKe Ha CTaAuK ee GOPMUPOBAHUS, CETOHS 3TU TPYAHOCTH
CTaJll COBOKYITHOCTBHIO HEPEUICHHBIX JI0 HACTOSINEro BpEMEHH MpoOieM: MpoOJIeMbl SHEPTHH,
CHUHTYJISIPHOCTEH, KOCMOJIOTHYECKOM IOCTOSHHOM, XOJOJHOM TeMHOH Marepuu, M, HaKOHEI,
npoOJeMbl ONMCAHUS DBJEMEHTapHBIX YaCcTHIl, NPEACTAIOMIMX B KAHOHMYECKOW Teopuu
TpaBUTALUU B OOJIMKE «MUKPOCKOTIMUECKUX YESPHBIX JIBIPY.

OdeBUIHBIN IyTh TOCTPOSHHSI He o00uje KOBAPUAHMHOU meopuu msa2omenus 0Oe3
Hapyuwienus axcuom [ unbbepma BUAMTCA BO BBEIEHUM alPUOPHBIX CBs3€ll, OrpaHUYMBAIOIINX
BBIOOp CHCTEMBI KOOpAWHAT. PaHee mMpeanprHHUMAIIMCh TOMBITKA TaKOTO POJa, MPUMEP TOMY
YHUMOJIYJISIpPHAsl TE€OPHsI TATOTEHUs, UCTOKM KOTOPOW BOCXOIAT K A. DiHIUTeiHY. B 00mem
Cllydae CIIEJICTBUEM BBEICHHUS CBS3EU SIBISETCS BO3HUKHOBEHHE KPAaeB y MPOCTPAHCTBEHHO -
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BpeMeHHOro MHoroo0Opasus. Ilpm Hammuuum auddepeHunanbHONM  CBA3M  MOSBISIETCS
BO3MOXXHOCTh BBIOpaTh MOJIOKEHUE Kpasi TAKUM 00pa3oM, YTOOBI BBIIEIUTH HE CHHTYISPHYIO
BHYTPEHHIOIO 00J1aCTh MHOT000pa3Hsl.

[Tpu Takom moaxoe naexamuii B ocHoBanuu Q7O oOmuid MPUHITATT OTHOCUTEILHOCTH, KaK
OPUHIUI HKBUBAJICHTHOCTH BCEX CHUCTEM OTCUETa, COBMECTUMBIX C IICEBJIOPUMAHOBOM
METpPUKOM, HE HapymiaeTcs. KpoMe Toro He cTraBUTCA 10 COMHEHHE M HE3bI0JIEMOCTh MPUHIIUIIA
WHBAPUAHTHOCTH JCWCTBHS OTHOCHTEIHLHO TIPOU3BOJIBHBIX MPEOOpa3OBaHMN KOOPAMHAT U
COOTBETCTBEHHO O0IIasi KOBAPMAHTHOCTh BCEX YPAaBHEHUI ABMXKEHUS mMamepuu. B To ke Bpems
B ormuune ot OTO CBsA3b OrpaHUYMBACT OOIIYI0 KOBAPHAHTHOCTH YPABHCHHUU 2pasumayuil.
Takum o0pazom, anpuopu B ATOM CIy4yae BBIMOJIHSACTCS JIUIIb «CPEAHECUJIBHBIM IPUHLIUID)
OKBHBAJIICHTHOCTU [6]. DTO, OJHAKO, HE MOXKET SIBISATHCS OCHOBAaHUEM JUISI TOTO, YTOOBI
OTBEPrHYTh IMpeajaraeMblii MOJAXOJ Kak MPOTUBOPEYAIIMi SKCIEpUMEHTaM IO IMPOBEpKE
CHUJIbHOTO MIPUHIIUIA SKBUBAJIEHTHOCTH ISl T€JT KOCMUYECKUX MacIiITaboB [7].

Heno B Tom, uto yxke B OTO B pamkax ACDM — monenu caMo MpoCTpaHCTBO HAACISICTCS
sHepruen. To ke caMmoe NPOUCXOIUT U IIPU BBEACHUM allpMOPHOM CBsA3U. B crily HEMHENHOCTH
YpaBHEHUU TpaBUTALMU MPOCTPAHCTBO CTAHOBHUTCS CaMOTPaBUTUPYIOLIUM o0O0bekToM. Jlist
TaKoro 00OBbEKTa B paMKaxX KOHKPETHOW MOJIEH (HAIPpUMEP, CTATUYECKOTO IMMyCTOTr0 U30TPOITHOTO
MPOCTPAHCTBA) MOKHO OINPEAETUTh MHEPTHYIO MacCy U T'PaBUTAIMOHHYIO MAaccCy, 4YTO U OBLIO
npojenaHo Huxe (pasznen 5). B pesynbrare okaszanoch, 4TO pelIEHHUE YpaBHEHHM I'paBUTALUU
UMEEeT JIOCTAaTOYHO CBOOOAHBIX MapaMeTpoB i TOTO, 4YTOOBI HE TOJBKO OOECHEeUnTh
TpebOBaHNE PaBEHCTBA MHEPTHOM MACChl TPABUTAIMOHHOTO TOJISI Macce TATOTEIOUIeH, HO U
OTIpeIeNIUTh HHEPTHYIO MAacCy B COOTBETCTBUU C MpHUHIMIIOM Maxa (mocieaHss 3aa4a Tak 1 He
oputa pemeHa B O70). C 3TOM TOYKM 3pEHHS PE3yNbTaThl JKCIEPUMEHTOB [7] chemyer
paccMarpuBaTh KakK yKa3aHHE Ha TO, YTO cyujecmeylom moavko maxue (Keasu)cmayuonaphvle
camozpasumupyrowue  00vekmvl, Ol  KOMOPLIX  UHEPMHAs  Macca  pasHa — macce
2pasUMAaAyUOHHOU.

Hamme ocHOBHOE NpenoNioKeHHE COCTOUT B TOM, YTO KOMHOHEHMbl MempuyecKo2o

meH3opa g’uv C6A304Hbl 3AKOHOM COXPAHEHRUA

1 0y=g
° (J=gg"Ts)=0,T7 - \/_—, g=det(g,.), 9""9,, =6 (uv=0,123).(11)
2. YPaBHeHI/m rpaBHTauHOHHOFO IHOoJIA ﬂpl/l HAaJINUYUH CBA3HU
YT1o6Bl MONYYUTH OCTAIbHBIE YpaBHEHHs TPABUTAIIMOHHOTO TIOJNS Ha MacCOBOM

MOBEPXHOCTH, MCXOJA M3 AelcTBUS [ mibbepra M BBOAS MHOXMTENb Jlarpanxka — ckalspHoe
nosie @, 3anuiieM aeiicteue npu Haauuuu cBszu (1.1) B Buge:

, 0D
sgr:__j (R+A){-gd*x, A=T%g" " (2.1)
R - ckamsipHas kpusm3Ha, R=9""R,,, R,y — TeH30p Pruun,
R,=2 1 -9 rire rirs

uv 2 tuv Ui uv- o up- vA?
OX ox”

Fﬁw — cumBogbl Kpuctoddens,

i, =2g (- 2y Do By
8x“ ox*
Tenepb IIpru BapbUpPOBaAHHUU ,ZIGI/ICTBI/ISI 6C€ KOMNOHEHMblL Mempu4ecKkozco meH3opa u CKauip (e}
mozcym pacemampueamsbCil KAK He3d6UCUMbLE BelUYUHDbL. CKaHSIpHaH KpHBHU3HAa HWHBAapUaHTHa
OTHOCUTCJIBHO HpOI/ISBOJ'II)HI)IX npeo6pa303aHm?I KOOpJII/IHaT, H03TOMy BBIYHUCJICHHUC €C BapI/IaHI/II/I

1 COOTBCTCTBCHHO BKJIaZla B YPABHCHUA TTOJIA HC UMCCT HUKAKUX OTJIMYHUH OT [8]
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Hanuune B jarpaHkuaHe IOMHUMO CKAIAPHOM KPUBU3HBI JOIOJIHUTEIIBHBIX YJICHOB
IPUBOIUT IIPA BAPBUPOBAHMU IO METPUKE K IOSABICHUIO TEH30Pa IUIOTHOCTH DJHEPIHU -
UMITYJIbCA TPABUTAIMOHHOTO MOJIS B ypaBHEHHIX | mibOepra-DiHITeiHA.

1 872G 872G
Ryv_Egva:CT(ggr yv+c_4(8mat)yv’ (22)
162G 0 oD oD oD
C—4(8gr)yv = _g,uv aXp [gpl{ 6)(_1)_1—‘5/3 aXV - ‘5) 5)(# . (23)

[Ipu BapbupoBanuu 1o mnono @ U3 NPUHIMIIA HAUMEHBLIETO ACHCTBUS MOIYYUM
ypaBHenue (1.1). DTux ypaBHEHUN JOCTATOYHO ISl ONPEACICHUS] KOMIOHEHT METPUKHU U TOJIS
®. Vpasumenus kosapuanmuvl OMHOCUMENbHO JNOKAIbHBIX YVHUMOOYIAPHBIX U 2l00ANbHBIX
MacumabHvIx npeobpazo8aHuil KOOPOUHAM.

3. Kunematuka IlpocTpancrBa

[Tockonbky Tenepp TPAaBUTALMOHHOE MOJE O0JIaJlaeT OIpeACICHHOW D»HEeprued, To B
otnuune oT OTO, meTpuka OyJeT HeTPUBUAIBHOM, JlaXe MPU OTCYTCTBUU KaKOM MO0 MaTepuu.
B Takom wusnauanvno nycmom npocmpancmee 6ce KOMNOHEHMbL MEmpUYecKko2o meH30pa
ecmecmeeHHo Cuumams He 3a8UCAUWUMU OM NPOCMPAHCMBEEHHO - NOO0OHbIX Koopounam. Eciu
MPOCTPAHCTBEHHAsT METPUKAa HE BBIPOXKJICHA, TO Hamboiee oOmiee BBIPAKECHUE IS
MIPOCTPAHCTBEHHO-BPEMEHHOTO HMHTEpBajia YHUMOMYJISAPHBIM MPeoOpa3oBaHUEM KOOPAUHAT
MOJKET OBITh TIPUBEICHO K BUAY [8]:

ds® = goo (X2)(dX°)? + g, (xX*)dx™dx", y = —det(g,,) >0,(Mmn=123). (3.1)

OtcyrcTBUE O0OIIeH HHBapUaHTHOCTU JAelcTBUsA (2.1) He MO3BOJIAET HCKIIOYUTH oo
KOMIIOHEHTY METPHUKH, TMO3TOMY BBIPKEHHS, ISl OTJIUYHBIX OT HYJS KOMIIOHEHT TEH30pa
Pu4un, HECKOIBKO OTIMYAIOTCS OT BBIPAKEHUH, TPUBEICHHBIX B [8].

_ 1 d 1 dy 3 1 nk dgkp gpn dgnm
2000 IX° | 74/ OX° | 404 dX° dx® ’

1 d [ |7y dg
RP — _ £ _qgmr =km | 3.3
‘ 2\/ 1900 dx’ ( goog dx’ j (33)

OTnuyHEIC OT HYJISI KOMIIOHCHTBI TCH30pa IIJIOTHOCTU SHEPIrUu-UMITYJIbCa:

RS (3.2)

(8 )0:_ C4 d idq) + 2 d\/gooy do (34)
U0 162G | dx°\ oo AX° ) gyey/Uey  OX°  dx® |
¢t d( 1 do
(6, =S 4 [ 1 dP)5, (35)
162G dx” \ g,, dx
C Y4Y€TOM 3TUX COOTHOIICHUM YpaBHCHUSA T'PAaBUTAUOHHOIO IOJIA npu Haxuduu ceAiAsu NPpUMYT
BU:
d 1 d 7’900
-| ——=2 =0, (3.6)
dx 9oo dx
1 d 1 dy| 1 g 49 50 09, VMoo d 1 do (3.7)
20000 BX°| 7/ IX° ) 404 dX° dx° 2 dx°| gye/190 IX° ) '
_;_0 g B | _ 5p 4| V7900 AD ) (3.8)
X Yoo dx dx Jgo X

U3 (3.8) cnenyert:
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gm in , 5p IO \/QLE. (3.9)
dx dx° y
[MocrosinHas MaTpuia L{ He sBisercst npousBosibHOM. ITockoibky u3 (3.9) cienyer
(jji‘g‘ +0,, S;D ﬁg oLE, (3.10)
MaTpHIla JODKHA YIOBJICTBOPATH YCIOBUIO:
Gnp (X")LE = 03 (X)L (3.11)

JIisi METPUYECKOTro TEH30pa OOIIEero BHAAa ATO YCIOBHE OYIET BBIMOJHATHCS TOJBKO B
ciydae, Korma marpuia LP mpormopuuoHanbHa eAMHMYHOM MaTpuie. B mpoTuBHOM ciyuae
matpuua L} = diag(Li,Lo,L3) 1 MeTpryeckuii TEH30p TaKXKe JOJKEH ObITh AUArOHAIBHBIM.

VYupomas (3.9) no uaaekcam p u K, noxydnm:

3d_d3=_£d_7;+ %Lt, (3.12)
dx y dx 4
U cucreMa ypaBHeHu# (3.9) npuHuMaeT BUa
g 0n 1 07 o, m(LE _igka;j_ (3.13)
dx’ 3y dx° /4 3
U3 (3.13) cnienyer
d

mk gl;p g pn dgnom _ 1 1 d]/ %{LEL‘; _E(Lg)z} (314)

dx dx y dx° 4 3

Hcnonb3ys 3TO BbIpaKE€HHE U (3.12), MOXKHO HUCKII0UuTh @ M BCe NPOCTPAHCTBEHHBIE
KOMIIOHEHTbI METPUKHU U3 ypaBHeHUs (3.7) U 3anUcaTh €ro B BUJE:

2
d(1dy 1dy) 3c? ) d 1 (1 dy
3 += +— LpL e (™ — | —=-—*%-cL" |, (38.15
dt( dt} [dtJ 5, 11 ()] goofdtmoo Lo ] G

IJle BBEICHO 0603HaueHue cdt = /[y, dx°.

W3 ypaBHenus (3.6) cnenyer
1 dg,, 1dy 1
RS Bt — )
Joo dt ydt T \/;
OTO ypaBHEHHE MTO3BOJISIET UCKIIOUUTH Joo U3 (3.15) u 3anucaTth ypaBHeHHE ISl PYHKIINH Y:

d(1ldy 1 dy o n 3 kL1 ooy
2— ——*~-—=0,0=B; -=[B/B;, —=(B;)], 3.17
dz‘( drj iy dc ¥ “ 2[ Ko 3( )yl (3.17)

rae =t/T Ge3pasmepHoe Bpems, B =cCTL{ - matpuna Ge3pa3sMepHbIX MOCTOSHHBIX. [Topsiiok

T = const. (3.16)

ypaBHeHus (3.17) MOXXHO TOHHM3HUThH NMpH BBeAeHHH (QYHKIMH U(y) — Oe3pa3sMepHOl CKOpOCTH

U3MEHEHUS 00beMH020 pakmopa - \/;

_dJr (3.18)
dr
VpaBHEHHE TPUMET BHI:
d
gudd a7 o4, AU v (3.19)
dy "4t -2ut+o fy

3aMeuaTeNbHO, UTO Npu 6 > 1/4 onpenenuTenb NPOCTPAHCTBEHHONM METPUKH HUTIE HE
paBeH Hymt0. CiedosamenbHo, 8 3MoM Cyuae Hem CUHSYIAPHOCHE.
Wnterpupys ypasuenue (3.19), naitnem:
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r _ AP -2u+o 1 1
P f(u, f@)= - exp{r(arctg\/i+arctg—mﬂ, (3.20)

rae \/m - MUHUMAIbHOE 3HA4YeHUe \/; npu u = 0.
Huddepenuupys (3.20) no t, nonyyum:
1 dyy df(uydu df 4
o —dr  du dr’ du 4’ -2u+o

f(u). (3.21)

Orcrona ¢ yuerom (3.18), (3.20) HaiizeM B mapaMmeTpuiecKkoM Buje peleHue ypapHeHus (3.17)

RN I O gy = o FW). (3:22)

-2y+o
Deonoyus npoOCMpancmed HAYUHAEMCs 6 MOMEHM 6PeMEeHU Ts U3 COCMOAHUA NOKOs C
MUHUMATBHBIM 00bEMHBIM (DaAKMOPOM.
W3 ypaBuenus (3.16) ¢ yquOM (3.22) cnenyer

¥ min 4f(u)du 4du

42 -2u+o0 MW’ -2U+o

goo(U) __o- f(u)
Upo(0) 4u’-2u+o
Hcnonb3yio 3TO COOTHOIIEHUE, UCX01s U3 onpeaeneHus (3.18) MokHO moka3aTh, UTO du « dx’.

Paccmotpum Beipakenue (3.4) 171 MIIOTHOCTH SHEPTUU HA ypaBHEHUSX moiisl. Mcnonb3ys
cootHomeHus (3.12) u (3.16), npeodpazyem (3.4) crenyrommm odpazom:

0 c? d(1dy 1dy 1 dy 1
_ — — | =2 = +—— L~ — B 3.23
ek = Pu 487zGT{dr(7drj ( drj 20y dr 2 (3:29)

Hcnone3ys ypaBHeHue (3.17) UCKIIOUYUM BTOPYIO POU3BOAHYIO, TOT'/1a

2
c? 1d7/ 3 S c? { , 3 1, 2}

[lepBblii uneH B ckoOKaxX NpU MajblX 3HAUYEHUSAX U CTPEMUTCS K HYJIO, BTOpPOM dIIEH,
XapaKTepU3YIOIUN TI100aJbHYI0 aHU30TPOIHMIO IMPOCTPAHCTBA, MOCTOSHEH, IOJIOKUTENCH WU
BXOJMT B BBIPQXKEHUE JUI1 IIOTHOCTH YHEPTUU CO 3HAKOM MUHYC. [Lnomnocmb sHepauu 6yoem
NONOACUMENLHOU MONBKO 6 MOM Cyuae, Ko20a 00HOpoOHoe npocmpancmeo uzomponno (Bp" «

d In(?'goo) = \/—

) B sTom ciydae pemenue ypaBHenuit (3.13) MOXXHO TIPeCTaBUTh B BUJIE:
O = 7" S (3.25)
a MHTepBal
ds® = goo (X2)(dx®)? — 3 (x°)dx"dx"5, ... (3.26)

BBenem mapamerp Xab0na H u B COOTBETCTBUM ¢ cOo8peMeHHbIMU NpeOCcmAagieHUusMu
napamemp yckopenus ( (6mecmo napamempa sameonenus [6]):

Het 97 qogp 1 d(Lldr) (327)
6Ty dr 6H T dr\ ydr

[ToncranoBka 3TUX BeIpakeHUH B (3.17) MO3BOJISET MOIYYUTH YpaBHEHUE, ONHUCHIBAIOIIEE
CMEHY 310X YCKOPEHHUsI-3aMEJICHHUS.

3o 1) . 3
q‘Z[W‘ﬁJ -2 (3.28)
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Otcrona cienyer, yTO BO3MOXHBI 1Ba cueHapus. [Ipu 6>3/4 BO3MOXXHO TOJBKO YCKOpEHHUE
(g>0). Ilpu 3/4 > ¢ > 1/4 Bo3MOXKHA CMEHa 3IMOX: YCKOpEHHe-3aMeIeHne-yckopenne. CMeHa
3MOX MPOUCXOIUT MPH 3HAYCHUSAX

J3

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

ObHapycennas HedagHo cmena 5nox [2-4] ykasvieaem na mo, umo umeem mMecmo 6mopou
cyeHapuii.
MakcumanbHasi BeTUYMHA 3aMeJJICHUS] JOCTUTAETCs TpU U=0
4. —1-—>-2. (3.30)
4o

[Tocne HacTymieHHs BTOPOM 3MOXH YCKOpPEHHUs B cOOTBETCTBUM C (3.28) ( acCHMMNTOTHYECKHU
CTPEMUTCS K €IUHULIE.

[InoTHOCTh »HEpruM TpaBUTAMOHHOTO ToJsA (3.24) cBsA3aHa C mMmapaMeTpoMm XaOOsa
COOTHOLLIEHUEM:

~0.1376, u, =

~1.3624.(3.29)

_ 3c’H?(7)
Pgr G
TakuMm 00pazoM, npocmpancmeo 0OHOPOOHO U UBOMPONHO U 00aadaem coOCMBEHHOU IHEPeUell.
[Tpuyem B 000K MOMEHT BPEMEHH AMIOMHOCHIb IHEPIUU NPOCMPAHCMEA PABHA KPUMUYECKOU
naomuocmu. Ilapamerp Xab0ma JOCTHraeT MAaKCHMAaJIbHOTO 3HAUEHHS] B DIIOXY IEPBOTO
yCKOpeHus Tipu U = 6/2 < Uy

(3.31)

H = Jo oo - arctgv4o -1 | (332)
6T /7 i 4o -1
a 3aTeM MOHOTOHHO YOBIBAET, CTPEMSCH K IIOCTOSHHOMY 3HAYCHUIO
1 1 1 T
H, =——exp| —————| arctg ———+— | |. (3.33)
6T \/7 i ( \/40'—1( Nbo -1 2]}

[IpocTpaHcTBEHHbIE KOMIIOHEHTBI TEH30pa MJIOTHOCTU YHEPTUU-UMITYJIbCA, ONpeAeICHHbIE
COOTHOIIEHUSAMH (3.5), Ha ypaBHEHHUSX I10JIs1 PaBHBI:

2 2
(ggr)p :C—2 dfldy), 1f1dy _Ld_eriB: 5P, (3.34)
< 482GT?|dr\ydr) 2\ydc) 2 yydc 2y

U OTJIMYAIOTCS OT BBIPAXKEHHS ISl TUDIOTHOCTH SHEPTUHU 3HAKOM IOCJEIHHUX JIBYX WICHOB. JTH

KOMIIOHEHTBI MOTYT MPUHUMATh B IMPOLIECCE DOBOJIOUMM KakK IOJIOKHUTENbHbIE, TaK |

OTpHUIIaTENbHbIE 3HaueHHs. Vckirodass CHOBa BTOPYIO MPOU3BOAHYIO C TOMOIIBIO YpaBHEHHUE
n _ n

(3.17), u monarasi, KaK 3TO MPHUHATO TSI MAKPOCKOMUYECKUX Cpe]l (ggr)m— - PgrJ,, , 3aIHIIEM

JaBJICHUC I'PaBUTAIMOHHOT'O I10JISI B BUAC!:
2

c U -2u+o
4872GT? y '
Orcroga cnenyer, uro mpu 0.25 < ¢ < 0.5 mpoucxomuT M3MEHEHHE 3HAKa JaBJICHUS IIPH

CICAYIOIMX 3HAYCHUAX U
_1-V1-20 V2-1 _1+Vl-20 V241
2 242

u
: 2 242

I'pasumayuonnoe none umeem nonoNHCUMenIbHOe OasieHue 6 npomedcymke Us<U<U, 8
OCMANILHLIX CLYUASAX €20 0asleHue OMpPUyameibHoe.

Paccmotpum Ten3op Puyun. [loacrasnss cootnomenus (3.13), (3.14) B (3.2), (3.3) Haiinem
BBIPKEHHMS JIJIS1 €T0 OTJIMYHBIX OT HYJISI KOMIIOHEHT Ha YPaBHEHUSX TIOJIS:

Py = (3.35)

~0.146, u, ~0.8536  (3.36)
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RO__LE ldy 1 1d7/
° 7 2czdtlydt ) 12¢2\y dt

Hckmroyass BTOpblE INPOM3BOAHBIC, 3alMIIEM  BBIPDAKEHUS I CKAIAPHOM  KPUBU3HBI
4 o 3
IIPOCTPAHCTBA- BPEMEHU R U CKaJIIpPHOM KPUBU3HBI IIpOCTpaHCTBa ~R.

1 (Au-1%+4o-1

SR=Rf =— 4u* -2u+o0)= <0. 3.37
k 27/( O-) 16C2T2 ( )
‘R=Ry +Ry :—%[§u2—2u+aj. (3.38)

2c°T ¥\ 3

N3 (3.37) caenyer, 4TO cKansApHas KpususHa npocmpancmea écecoa ompuyamenvua. Kpusuzna
K€ TPOCTPAHCTBA - BpPEMEHU HU3MEHSAETCS B IPOIECCe SBONIONUU M NPUHMMAET CHayaja
OTPUIATENILHBIC 3aTEM IMOJIOKUTEIBHBIC U, HAKOHEI, CHOBA OTPHUIIATEIIbHBIC 3HAYCHUS.

B cuny (3.31), (3.32) makcuMasbHas INIOTHOCTh SHEPTUU TPABUTAIMOHHOTO TOJISl paBHA

2
Porran = C—Gze _ 2arctgv4o -1 _ (3.39)
962GT "y i 4o -1
[Tonarast 1yt onpeieIeHHOCTH 6=1/4, CBsShHKeM 3HaUYCHUE MIOCTOSTHHON
2 1/2
T = | (3.40)
8e| 67 -G Oy max
C MAaKCUMAJIbHON TUIOTHOCTBIO YHEPTHH.
Teneps (3.22) MOXKHO 3anucath B BUJE:
41 (y) 1 u
t—t, =T /% min dy, Hu) = ————. (3.41)
I -2y+o 3Ty, T

Cornacto (3.20) f(u) 3aBUCHT TOJBKO OT MOCTOSIHHOM 0. [Ipu MOACTaHOBKE B 3TH COOTHOIICHHUS
COBPEMCHHBIX 3HaueHMil [9]: BpeMeHM OT Hadyana dBOTIOLNMK 10 TeKymero mMomenta (t’-ty =
4.355-10""c) u mapamerpa XaG6ma (H° = 2.181-10™%c™) momyunm ¢ yuerom (3.40) mapy
YpaBHEHHIA IS IBYX HeI/I3BeCTHI>IX 0 ¥l 3HaYEHUs apameTpa U Ha TeKyIIMid MOMEHT BPEMEHH

4f 1
° t, =Ty j W) gy Ho = .
7 min -2y+o 3T./ f(u®
Y min
B cranmapTHOM KOCMOJIOTMYECKOM MOJEIU IPUHATO CYUTATh MAKCUMAJIbHYIO IUIOTHOCTh
SHEPIUH PABHOM IIIAHKOBCKOM. 1IpH yCIOBUH Py, = Ep PEILCHNE OTON CHCTEMBI YPABHCHHN

o =0.250119943, u® =6.119898285. (3.42)
Pe3ynbTarhl pacyeToB OCTaIbHBIX TApPaMETPOB JJIs ATOrO Ciydas npejacTaBieHbl B Tadmnure 1.
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Parmex = o1 T\ Vmin =5.798463086-10*° ¢; 6=0.250119943; u°=6.119898285
u q z 3R, oM’ t-ts , H, ¢t
6.119898285 0.7599 0 -4.382-10™° | 4.358-10"' 2.181-10™°
1.362298981 0 0.850004 -6.309-10° | 1.876-10" 3.074-10"°
0.853468568 -0.5 1.416151 -9.216-10™° | 1.129-10" 4.290-10™"°
0.8 -0.58189 | 1.525709 -9.989-10™° | 1.029-10"' 4.593-10™"°
0.7 -0.76002 | 1.792870 -1.223-10™ | 8.275-10™° 5.435-10"°
0.6 -0.97891 | 2.201837 -1.679-10° | 6.051-10™ 7.019-10™°
0.5 -1.24964 | 2.939474 -2.973:10™ | 3.650-10™° 1.089-10™"
0.4 -1.5776 4.831122 -1.126-10™* | 1.305-10™ 2.826-10™"
0.35 -1.7544 7.804654 -5.944-10™* | 4.160-10" 8.514-10™""
0.3 -1.9157 24.3401 -8.520-10™* | 1.959-10™ 1.739-107
0.250119943 -1,9986 1.740781-10" | -1.062-10° 7.092-10" [ 4.702-10™
0.146531432 -0.5 9.818436-10” | -1.223-10°" [4.071-10% [ 4.943-10%
0.137701018 0 1.017771-10% | -1.787-10°" [3.361-10% | 5.174-10%
0.125059971 1 1.058713-10”* | -2.801-10°" |2.610-10% | 5.289-10%
0 0 1.172766-10° | -2.069-10®® |0 0
Parmex =10%°reM e Ty, =1.296575763-10™ ¢; 6=0.2505961314; u’=6.117403956
u q Z R, em™? t-tg, C H, ¢t
6.117403956 0.75982 |0 -4.382-10° | 4.358-10" 2.181-10™®
1.362007273 0 0.849896 -6.309-10° | 1.876-10" 3.074-10°
0.853131610 -0.5 1.416264 -9.219-10™° | 1.129-10" 4.291-10™°
0.8 -0.58133 | 1.525121 -9.987-10™° | 1.030-10"" 4592-10™"°
0.7 -0.75929 | 1.792084 -1.222-10™ | 8.282:10™° 5.432-10™°
0.6 -0.97792 | 2.200602 -1.678:10° | 6.058-10™° 7.014-10™°
0.5 -1.2482 2.936815 -2.969-10™ | 3.656-10™° 1.088-10"
0.4 -1.5753 4.819468 -1.120-10™* | 1.313-10™ 2.810-10™"
0.35 -1.7514 7.757364 -5.828-10™* | 4.230-107 8.381-10™"
0.3 -1.9117 23.5132 -7.317-10°% | 2.166-10™ 1.575-10"
0.250596131 -1,9929 2.510051-10° |-4.756-10%° | 236.74 0.001413
0.146868390 -0.5 3.483573-10° | -0.0245 9.1035-10™ [2.214-10°
0.137992728 0 3.611425-10° | -0.0358 7.5143-10™ [ 2.317-10°
0.125298066 1 3.757034-10° | -0.0562 5.8328:10™ | 2.369-10°
0 0 4.162766-10° | -0.4146 0 0

Tabnuya 1. Kunemamuka I[Ipocmpancmea npu 08yx pasiudHvlX 3HAYEHUAX MAKCUMANbHOUL
NJIOMHOCMU IHEPSUL.

Tam e mpuBeIeHBl pe3yibTaThl AHAIIOTMYHOIO Pacdyera, HO C MAaKCUMAaJIbHOW IUIOTHOCTHEO
SHEPIUU PABHOW TOH, MpPHU KOTOPOH MPOMCXOIUT IEKTPO - ciabblii (a3oBblii mepexon. U3
CpaBHEHHs 3TH JAHHBIX CIIEIyET, 4TO, IO KpanWHeHd Mepe, JO KOCMOJOTMYECKOTO0 KpPacHOTO
CMeLIeHUs

z(u) = M -1, 2(0.3) = 24, (3.43)
y(u)
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pe3yNbTaThl PACUETOB XOPOIIIO COTJIACYIOTCS MEXKAY COOOM, HECMOTPS Ha OTIMYME B BEIHYHHE
MaKCUMaJIbHOM TJIOTHOCTH DHEPTUU 00JIee YeM Ha MIECThIECAT MOPSIAKOB. DTO 00CTOATEIHLCTBO
WCKJIIOYa€T COMHEHHUS B BO3MOXHOCTH OJHO3HAYHOI'O OIMHUCAHUs HBOJIIOIMU MPOCTPAHCTBA B
9TOM JHMana3oHe U3MEHEHHS KPAaCHOTO CMEIICHMS.

Mertpuxka (3.26) oTimuaetcst ot MeTpuku Pobeprcona-Yokepa. Tem He menee, kak u B OTO,
B HTT muruu X =x’=x’=const seisorcst TreoIe3NUECKUMH, U B KaKIOH TOYKE MOYKHO BBECTH
COIMYTCTBYIOIIYIO CHUCTEMY KOOpIHMHAT, B KOTOPOH ompeaencHHas Bbilie NepeMeHHas { Oymer
SBJISITBCSL  COOCTBEHHBIM BpeMeHeM. COOTBETCTBEHHO Juisi HaOJromaress, HaXOJIIErocs B
Hayajie KOOPJIMHAT, PACCTOSHHME 1O COMYTCTBYIOIIEH Touku, Kak u B OTO, omnpenensiercs
COOTHOIIIEHUEM [5]:

dt

% )
1\6

tO
d(t)=c-a¢t’)-| (3.44)

t
rae a(t) — macmrabusiii hakrop. B HTT daxtop a(t) = y () onpeneneH npuBeICHHBIMH BBIIIIE
cootHomeHus MU, B OTO moOCie OTKPHITHUS KOCMHYECKOTO YCKOPCHHsSI OH OIpEaeyseTCs B
pamkax ACDM — mopenu [5]. IlapameTpsl 3TOH MOJenu MOAOUPAIOTCS UCXOIS U3 YCIOBHS
o0OecreyeHrs HaWIy4dllero COrjiacusi Co BCe COBOKYIHOCTHIO MMEIOLIUXCS B HACTOSILIEE BPEMS
SKCIIEPUMEHTANBHBIX JaHHBIX, UX YHCIEHHBIC 3HAUEHUS 10 cocTosiHUIO HA 2013 rox mpuBeaeHbI

B [9].

a
=
o
rJ (a5 = 1 o -1

—_

=

0.0 0.5 1.0 1.5 20 25 3.0
z

Pucynok 1. PaccTrosinne 10 00beKkTa B 3aBUCHMOCTH OT €r0 KPACHOI0 CMellleHHs], pacyeT Mo
(3.44) noiu HTT u ACDM — mopeau.

Ha puc. 1 mpeacraBiensl pe3ynbTaThl paCYeTOB PACCTOSHUS 10 00BEKTa (B rUTanapceKax) B
3aBUCHUMOCTH OT €ro KpacHOro cMmenieHus. Bepxusia kpuasa — pacuet 1o H77T, HUXKHAS — pacyeT
nmo ACDM - mopenu. B pabore [9] npuBenaeHa B rpadudeckoit Gopme BCs mMeBIIascs Ha
MOMEHT MyONUKAllUd COBOKYITHOCTh JIaHHBIX MO 3aBUCUMOCTH PACCTOSHUS OT KpPacHOTO
cmemnenust (Fig. 24.2, Fig. 26.1). CpaBhHenue c¢ pgaHHbiMH [9] TOKa3biBaeT, 4Tro 00¢
MpPEACTABICHHBIE HA pUC. | 3aBUCMMOCTH JIEKAT B MIpe/iesiax MOTPEHITHOCTH SKCIEPUMEHTATBHBIX
naHHbIX. bornee Toro, kak ciemyer W3 MPHUBEACHHBIX HA pUC. 2 JAHHBIX, Jaxe Oyayuiue
DKCIIEPUMEHTHl TaKOTO poJia BpAd JIM TO3BOJAT CAENATh BBIOOP MEXAY OSTUMH JBYMS
3aBUCUMOCTSIMH. [Ipu npopomkeHnn MpUBEIEHHON 3aBUCUMOCTH B 00J1aCTh OOJIBIINX 3HAYEHUI
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Z ee xon OymeT ompenensThCs HEM3BECTHOW B HACTOSIIEEC BPEMsl MaKCHMAIbHOUM IMIOTHOCTHIO
SHEPTUU TPaBUTAIIIOHHOTO TTOJISL.

0.1

0.0

Pucynok 2. OTK/IOHeHHe OTHOLIECHHMS PacCTOSSHMMH, BbIYMcIeHHbIX o OTO u HTT, ot
eIMHHIbI B 3aBUCMMOCTH OT BeJIMYMHbBI KPACHOI'0 CMELICHHS.

Mauiast BeIMYMHA OTKJIOHEHHsI CBsI3aHa C MHTEIPAIbHBIM XapaKT€pPOM 3aBUCUMOCTH PACCTOSHUS
OT KpacHOro cMereHus. [y ToKaapHOro mapaMeTpa, Takoro Kak mapaMerp Xab0ia, CUTyarus
UHasl.

240

Pucynok 3. 3aBucmmocth mapamerpa Xa66aa (km-c-Miuc’) oT KpPAacHOro cMeleHHs.
Bepxusis kpuasi — ACDM-moaennb, HnxHsas kpusas — HTT.

B sTom ciyuae, Kak IOKa3bIBAa€T CpPaBHEHHE PE3YJIBTATOB pacdyeTra ¢ AKCIEPUMEHTaIbHBIMU
nanueiMu ([10] Fig.4) mpu z < 2.5 o0e 3aBUCHMOCTH TaK JK€ YKIJIAQJIbIBAIOTCS B TPEICIbI
HOTPEIIHOCTH dKCIepuMeHTOB. O/HAaKO Kak BHJIHO M3 puc. 4 mpu OONBIIMX KPAaCHBIX
CMEIIIEHUAX PacX0KJIEHHE MEXAY HUMU YBEITMUYMBAETCS MHOTOKpaTHO. Takum 006pa3om, TOJIBKO
OJIHAa U3 JIBYX TEOPUI MOXKET OBITh CIpaBE/IINBA.
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Pucynok 4. 3aBucuMocTh OTHOWIeHHMs1 mapamerpa Xao6ia B ACDM-mogenu k ero
3HavyeHuro B HTT

CylecTBeHHO TO, 4TO B 3TOH 001acTH KpacHbIX cmemieHui H7T7T He umeeT CBOOOIHBIX
napamMeTpoB, OMNPECACIIACTCA TOJIBKO HaYaJlbHBIMU 3HAUYCHUAMU IIPU z=20 U, KaK BUIHO H3
Tabmuupl 1, cnpaBemnuBa BIUIOTH O HadajdbHOIO MoMeHTa BpeMeHH. B OT7O, utoObl
obecrieunTh coriacue ¢ sKcnepuMeHToMm, B pamkax ACDM-monenu BBeneHBI THIOTE3BI O
CYIIECTBOBAaHMM TEMHOHW SHEPrMM M TEMHOH Marepuu. s ommcaHus K€ 3aBUCHMOCTH B
obnactu OONBIINX Z BBOJIUTCS THIOTE3a O CYIIECTBOBAHWUU HWH(MIATOHOB, YTO, OJHAKO, HE
UCKIIIOYAeT HA4YaIbHYIO CHHTYJISIPHOCTb.

HaiinenHoe penieHne, ONMMCHIBAIOIIEE OJHOPOIHOE MPOCTPAHCTBO M BKIIIOYAIOIIEE YETHIPE
MOCTOSIHHBIX HMHTETPUPOBAHUs, SBISETCS €AWHCTBeHHbIM. B HTT He cylecTByeT ApYrux
OJHOPOIHBIX IIPOCTPAHCTB.

4. Ba3oBas MoaeJb IBoJIOIMHN BeesieHHoi

Urak cymectByer [Ilpocmparncmeo, €IUHCTBEHHOE B CBOEM pOJE MaTepHalIbHOE
IIPOCTPAHCTBO, SIBJIIOIIEECS NEPBONCTOUHUKOM BCEM SHEPTUU BeeneHHOM.

U3 peun, npousnecenHoi A. DiHmreliHoM B 1930 roay: «Mbl IpUXOAUM K CTPaHHOMY
BBIBOJly: C€lYac HaM HAa4MHAET Ka3aThCs, YTO NEPBUYHYIO POJIb UTPAET IPOCTPAHCTBO; MAaTEPHUS
e JOJKHa OBITh MOJy4eHa U3 TMPOCTPAHCTBA, TaK CKa3aTh, Ha CIEIYIOIIEM JTarle.
ITpocTpancTBO moryomaer Mmarteputo. Mpl Bceraa paccCMaTpuBalIM MAaTEpHUIO IEPBUYHOM, a
IIPOCTPAHCTBO BTOPUYHBIM. [IpocTpancTBO, 00pa3HO roBopsi, OEpeT ceifuac peBaHII U «ChEAAET»
Mateputo. OJJHAKO BCE ATO OCTAETCS MOKa JUIIb COKPOBEHHOU MeuToi» [11].

[IpocTpancTBO mpeacTaBiasieT coOOW OCHOBHYIHO, HO HE €IUHCTBEHHYIO (GopMy
CYILIECTBOBaHMs CTPYKTYp Marepuu Bo BceneHHON. PocT MHTEHCHBHOCTH TpaBUTALlMIOHHOTO
OJIsl B TIPOIIECCE IBOTIOIMK HEM30EKHO MPUBEIET K MOSIBICHUIO HOBBIX CTPYKTYpP MaTe€pHH, 4TO
B CBOIO OUYEPE]Ib CO BPEMEHEM MOXKET CYILIECTBEHHO MOBIUATh HA €M0 KHHEMATHUKY.

Paccmotpum deHOMEHOIOrnuecKy BIUSHUS MaTepuu Ha Mpoliecc 3Boounn BeeneHHol.
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IlycTe B HEKOTOpPBII MOMEHT BPEMEHM B ONMCAaHHOM Bbllle [IpocTpaHcTBEe poxpaercs
MmaTtepusa. B cuily omHOpPOAHOCTHM M HM30TponHOCTH [IpocTpaHCTBa TEH30p >HEPIHHU-HMITYJIbCA

MaTepHH MOKHO 3anucath B BUIE (£,)}, = diag (Pmat,~Pmat,-Pmat,~Pmat)-

[Ipy HanWuuM MaTepuu ypaBHEHHS TPABUTAIIMOHHOTO 10 (3.6-3.8) mpuMyT BUA:

T

Joo  dX°
1 d 1 dy 1 (1 d}/j d 1 dd| 84G
- - :‘\j}g + (p+3p)ma ’
Joo dX”Ly Joo dX‘J 600 7 dX° P X goonf1g IX° ) t

— 1 i Lgmp dgkm SP 1 Vo0 do _87ZG (p_ p) 50
v oo dx”’ 900 dx° K / dX Joo dx° ct mat “k

IToBTOpsAst BCE BBIKIAJKKA C YYE€TOM OTHUX ;[06aBqublx yieHoB, BMecto (3.19) nomyuum
cienymoliee nHTerpo-auddepeHnanbLHoe ypaBHEHNE

87/ud—u_4u —2u+a+M(u,y,d7/), 4.1)
dy du
r7ie BBelleH (yHKIIMOHAT

d 487GT? dy \du
M7, 3 - T (— (P - p)mat(dﬁju}

OpUYeM MPEAINoaraeTcs, 4YTo AaBJICHHE M IUIOTHOCTh JHEPTUU MaTepHHM paBHBI HYIIO B
HAYaJIbHBI MOMCHT BpEMEHHU.

YpaBHEHUS Il KOCMHUYECKOTO YCKOPEHHMSI, IJIOTHOCTH DHEPTUH, NABJICHUS U CKAJSPHOM
KkpuBHu3HbI [IpocTpaHcTBa B 3TOM ciiydae Takyke Bugou3MeHstorcs, BMmecto (3.28), (3.31), (3.35)
u (3.37) nomy4um:

3 3o 3 dy
=1-—+22 2 M(u,y,-2), 4.2
9 2u  4u?  4u? Uy du) (4.2)
c® u® 3c’H*(u)
tp == L 2 (), 4.3
pgr pmat 247ZGT2 7/ 87ZG pcr( ) ( )
¢ 1 dy
=— 202 -2u+oc+M(u,y, . 4.4
pgr pmat 487ZGT2 ‘: o ( 7/ du):| ( )
RoR =—— 1 [(4u?—2u+0)+ M,y ). (4.5)
“ Ty “du

Axkcuoma ['mnpbepra mpeamnonaraer, 4To JEHCTBUE BCEX BHUAOB MaTEpUM WHBAPUAHTHO
OTHOCHUTEIIFHO TPOMU3BOJBHBIX TIpeoOpa3oBaHuil KoopauHaT. CorjlacHO HaOOAATEIbHBIM
JaHHBIM BO BcesneHHOH B HacTosiiee BpeMsi UMeeTcs: OGapruoHHasi MaTepus, 3J1€KTPOMarHUTHOE
U3ITy4YeHUEe W HEUTPUHO. DTHU KOMIIOHEHTHI cjabo B3aUMOJEHCTBYIOT MEXIy coOoil. B stom
clIy4ae B CUJIy akCUOMBI [HMiIbOepTa 3aKOHBI «COXPAaHEHUS» M KaXAOro BHUIA MaTepuu
BBITIOJTHSIOTCS B OT/ACIIBHOCTH [6,8]

dyy

do=—(p+ p)W. (4.6)

Jlist GapuOHHOW MaTepuu JIaBJICHHE MOXKHO CYUTATh PaBHBIM HYJIIO, JUIS 3JCKTPOMArHHTHOTO
U3NydeHus: P=p/3, IJsl HEUTPUHO aHAJIOTHYHOE COOTHOIIEHUE OyJeT CIpPaBeATUBO 0 TEX TOp,
MOKa MOHO MpeHeOpedb HaTnuueM y Hux Macchl. 13 (4.6) cnenyer:

Pb=P§%'Pr=P3[£] Py = O(WJ : (4.7)

Jr
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BepxHUM MHIEKCOM OTMEUYEHBI 3HAU€HUS, OTHOCSILUECS K HACTOALIEMY MOMEHTY BpPEMEHHU.
JlocToBEpHO H3BECTHO, 4YTO IUIOTHOCTh OSHEPTUU JBYX IEPBBIX KOMIIOHEHTOB COCTAaBIISET
cooTBeTcTBEHHO Qp = 0.0499 1 Q= 5.46-10 0T KPUTHUECKOI MIOTHOCTH SHEPTHU B HACTOSIIEE
Bpems [9]. Jliia HEUTpUHO JaHHBIE MEHee onpeaeseHHbie Qv < 5.52- 107, Jlanee, 4TOOBI OIICHUTH
MaKCHUMaJbHYIO CTETEeHb BIMSHHUS MaT€pUHd Ha MPOIECC HBOJIONUH, OyIeT HCIOJIb30BAaHO
MMEHHO 3TO 3HaY€HUE OTHOCUTEIHHON IIIOTHOCTU HEUTPUHO.

Takum 00pazom, Ha BpeMeHax HE CIHMIIKOM JaleKUX OT HACTOSAIIETO BPEMEHH HMEEM
CJIEIyIOIINE 3aBUCUMOCTH INIOTHOCTH SHEPTUHU U JIaBJICHUS MaTepuH OT 00BEMHOI0 (hakTopa:

4/3 4/3
[.,0 [ 0 0 [
pmat:pcor Qb \/7/— +Q \/7/— 1pmat:p3cr Q \/7_ ’Q:Qy+Qv' (48)
Y Y Y

Yuumveieas npubnuoicennviti xapaxmep 3asucumocmen (4.7) nmamee npu uUCnonb308aHuU
BbIPANCEHUU BKAIOYUAIOWUX Pmat, Pmat OYOeM cuumams, ymo usmeHeHue o6vbeMHO20 Gakmopa u
€20 NpOU3800HOU ONUCHIGAEeMCS 6 Nep8oM npubIudceHuu Kunemamuxou Ilpocmpancmea
(cootnomenust (3.19), (3.20)), a kpumuueckas nromuocmv - coomuowenuem (4.3). B srom
PUOJIKEHUN

M7 ) = W),

u

wu) = -2u% 0, 1 +EQ(LU-?] LY +39(' f—(uo)j T TR
fw’) 3 | fu’) 5 f’) 3 | f@u®) 4u° -2u+o

[Toncrasmss (4.9) B (4.1), monyuuM ypaBHEHHE, OMHCHIBAOIIEE IBOIIOLNIO BeenenHoil ¢
YYETOM HaJIM4Hs MaTepur. Perenne 3Toro ypaBHeHUS MOKET OBITh 3allMCaHO B KBaJIpaTypax.

y(u) B ¢ 4udu
" =) —expu 4u® —2u+a+w(u)]' (4.10)
P et 4y (u)du
t tst =T }/min.([4u2_2u+a+w(u)- (411)

CDI/IprI/Ip}/'IOH_IaSI B 3THUX COOTHOHIICHHAX IIOCTOAHHAA © HOI[O6HO TOMY, KaK 3TO OBLIO
CACIaHO B NPCAbLAYIIEM pa3aciic, JOJKHA OMPEACIIATECA BMECTE CO 3HAYCHHUEM UO H3 yCJI0BUA
pPaB€HCTBA BBIYUCIICHHOI'0O BPEMCHH CYHICCTBOBAHUA Bcenennoir n napameTpa Xab0ma ux
Ha6J'IIOI[aeMI>IM B HACTOSIIHIT MOMCHT 3HAYCHHSIM.

A () o__ 1 U
t° —t, =T7 i du, H® = : (4.12)
' £4u2—2u+a+w(u) BT \[V i W(U°)
Parme = e T Vmin =5.798463086- 10 c; ©,=0.0499; Q,=5.46-10°; Q,=5.52:10°°
u’=7.027..; 6=0.25011930..
Parme =10%°r-eM e Ty =1.296575763-107¢; ©5=0.0499; ©Q,=5.46-10"; Q,=5.52-10°°
u’=7.024.. ; 6=0.25058907..

Tabnuya 2. Pewenus ypasuenuu (4.12) -ty = 4.355:10"¢, H® = 2.181-10™%¢") npu 08yx
SHAYEHUAX MAKCUMATIbHOU NAOMHOCIU IHEP2ULL.
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-1 -
Pucynok 5. Pe3yabTaThl pacuera 3aBHCHMOCTH napaMerpa Xao6aa (H=100-h km-c¢~-Mmnc
1) OT KPACHOI0 CMeElIeHHsl ¢ y4eToM (CILUIOIIHASI JIMHUS) U 0e3 ydera (TOYKH) HAJIUYHUSA

MaTrepus, pgrmax =&p -
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Pucynok 6. Paccuntannblii Bo3pact o0beKkTa (B MHJUIMAPAAX JIET) B 3aBUCHMOCTH OT €ro
Ha0J/II01aeMOr0 KPACHOI0 CMENIeHUsl ¢ y4eToM (CIUIOIIHAsA JuHHMs) U 0e3 ydera (TOUYKH)

HAJIMYHS MATEPUH, O,

=&p -

HpI/IHI/IMaH BO BHUMAHHUC MPUBCACHHBIC B NIPCABIAYIIEM pa3aCiiC JaHHBIC, MOXXHO CHCJIATh
BbIBOA O TOM, 4YTO B JHAIIA30HC KPACHBIX CMCHIGHI/If/i MeHee 2.3 BIHSHHC nNpeaAICTOPUNU Ha
JanbHEHUIINNA X0Hq NMPUBCACHHBIX 3aBHCHUMOCTEN HE3HAUYMTEIIBHO. BHyTpI/I 9TOIr0 AJuara3oHa XOnI
3aBUCHMOCTH MOXKET OBITH BOCCTAHOBJICH IO OIHOMY JOCTOBEPHOMY 3HAUCHUIO.
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Pucynok 7. Pe3yabTaThl pacyera 3aBHCMMOCTH KOCMHYECKOr0 YCKOPEHHUSI OT KPaCHOIO
CMeIeHUs ¢ y4YeToM (CIUIOIIHASL JIMHUSI) W 0e3 y4yera (TOYKH) HAJMYMA MAaTepHMH,
pgrmax = gPI )

Poxnenne Marepuu He NPUBOJUT K 3aMETHOMY HW3MEHEHHUIO BPEMEHHU CMEHBI 30X
3aMeJIEHUs] — YCKOpeHMs. Takoe MoBeJEHHE MPUBEICHHBIX 3aBUCHUMOCTEN CBS3aHO C Majoil
JIOJICH SHEPTHH MaTePUU B €€ 00IIeM KOJIMYECTRE.
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Pl/lcyHOK 8. 3aBucHMOCTDL OTHOILIEHUS cpezu{eifl IJIOTHOCTH JHEPIruu MaTE€pHuM K IVIOTHOCTH

3Hepruu Bo BcesleHHOii B 3aBHCHMOCTH OT BPpeMeHH (B MHJUIHAPIAAX JI€T), O o = Ep; -

MakcumanbHas 105151 SHepruM Marepuu He npesbimaer 0.2324, B Hacrosimiee BpeMs dTa
BelnMunHa cocrasiisieT MeHee 0.055 U mpomoikaeT yMeHbIIAThCsl CO BpEeMEHEM. B oriuune ot
OTO, rne WIOTHOCTh SHEPTUU MAaTEPUU HEOTPAHUYEHHO BO3PACTAET MPHU YMEHBIIEHUN BPEMEHH,
B HTT oHa JIocTUTaeT MaKCUMyMa, a 3aTeM YMEHBIIAETCs, CTPEMSICh K HYJIIO IIPU MPUOINKEHUN
K HA4aJIbHOMY MOMEHTY BPEMEHMU.

OcrasibHast ¥ OCHOBHAsI YacThb YHEPIMM ITO SHEPIUs IPaBUTALMOHHOIO nost. iMeHHo aTa
SHEPTHUsl, PABHOMEPHO paclpelielIeHHasl B IPOCTPAHCTBE, & HE TEMHAas MaTepUsl POSBIISIETCS B
XapakTepe 3aBUCUMOCTEN KPUBBIX BPALLIEHHUs IPAaBUTALIMOHHO-CBSI3aHHBIX O0OHEKTOB.
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Pucynok 9. 3aBucuMOCTh VIOTHOCTH 3HEPIUH IPABUTAIHOHHOIO OIS (3pr-CM‘3) oT
KPaCcHOI0 CMellleHUsl B MecTe HAXO0KAeHUs1 Ha0/1101aeMbIX TPABUTAIIHOHHO-CBA3AHHbBIX
00BEKTOB, Oy, = Ep -

Takum ob6pazom, B HTT B ormuume or OTO nmnst onmucaHusi 0COOCHHOCTEH 3BOJIOIUU
Bcenennoii He TpeGyercs BBOAUTH Kakue 1100 HOBBIE (POPMBI MATEPHH IIOMUMO YK€ U3BECTHBIX

dbopm.
5. CraTtuyeckasi M30TPONIHASI METPUKA

PaccMoTpuM cTaTHuecKylo CgepHuecKH-CHMMETpUYHYyl0 MeTpuky. HambGosee obmiee
BbIpa)KE€HUE JJIs1 IPOCTPAHCTBEHHO-BPEMEHHOIO MHTEpBajia YHUMOAYIISPHBIM ITpeoOpa3zoBaHuEM
KOOpJMHAT MOKET OBITh MPUBEJEHO K BULY [6]:

ds® = F(r)(dx®)? —%(z-di)z —C(r)(dx - dx)

CBs3b (2.1) nHBapHaHTHAa OTHOCUTENIBHO TAKUX NMPEOOpa30BaHUi, HO TeNepb, B OTINYHE OT
OTO, ee HanmuuMe HE TMO3BOJSET YMEHBIIUTh KOJWYECTBO HMCKOMBIX KOMIIOHEHT METPUKU 0

JIBYX.
Hcnone3yro cumBoiel KpoHekepa Jmn, 3aIuIIeM METPUYECKHIA TEH30D J, B BULE:

X X m
Qoo = F(r), Jom =O! O = _C(r)'amn _G(r) :Zn o Xy =X, (51)
g(r)=detg,, =—FC?(C+G).
TeH30p g,uv O6paTHBIfI METPUUYCCKOMY TCH30DY:
g00 — 1 ’ gOm =01 gmn - _ 1 5mn + G(r) X ;( ) (52)
F(r) C(r) C(C+G) r
Im 9™ =6

[Ipn nammuuu cBszu (2.1) ynoOHee HCXOAWTHh HE W3 YPAaBHEHMM, IOJIydaeMbIX MpHU
BapbUPOBAaHUM JIEHCTBHUS NO KOMIIOHEHTaM METPHUKH, a BBIOpaTh B KayecTBE OJHOH U3

BappupyeMbix GyHkmmii A(r) = ,/—g(r) .

CBs3b JaeT cneayromuid BKIal B IEUCTBUE:
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AP g L 1 a9 _ @'(nNg'(r) __d'(n)a'(r)

ox* 29 ox” 2(C+G)g A
(IlITpux 31€ch U manee obo3Hayaet aAuddepeHIrpoOBaHHE 110 ).
OcranbHble 4YiIE€Hbl MOXHO HAWTH, UCHOJIB3YS W3BECTHBIE PE3yJbTAaThl pacyeToB [6,8].
CkansipHasi KpUBH3HA M 3JIEMEHT 00beMa OOIIEKOBAPUAHTHBI, IIOATOMY UX MOXKHO BBIYHCIIHTB,

UCTIONB3YS «C(hEepHUeCcKHney» KOOPIAUHATHI.
B «cdepuueckux» koopAauHaTax NpOCTPAHCTBEHHO-BPEMEHHOW HHTEPBAI:

ds® = F(r)(dx®)? — G(r)dr? —C(r)(dr2 +r’d6* +r?sin? 9d¢2)_
[To aHanoruu co «cTaHAApTHOI» HOPMOIi [6] 3amuIieM ero CIeayIONUM 00pa3oM:
ds? = F(r)(dx®)? — A(r)dr? — r** (r)(d6? +sin” dg?), (5.4)
re A(r)=G(r)+C(r), r*(r)=rC*? (r).
JlJis TaHHOM METPUKHU HEMCUE3aArIINe KOMIIOHSHTHI CBI3HOCTH HECKOJIBKO OTIUYAIOTCS OT
COOTBETCTBYIOIIMX KOMIIOHEHT «CTaHAapTHON» GopMsl [6]:

FC*? (5.3)

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

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

CoOOTBETCTBEHHO 9TOMY U3MCHSCTCA BBIPAXKCHUC IJI TCH30pa KPUBU3HBI.
I/ICHOJH)?;Y?I BBIPpAXKCHUSA JJI1 KOMIIOHCHT CBA3HOCTH, HaﬁﬂeM CKaJIIPHYIO KPUBU3HY:

1(F' 1(F' 2 (r*r* 2(r™ 2 21(r*\ r*F’
= — |t = |t +— —— || = | + )
2F\A) 2AlF) ¥ A Alr*) r* Al\r*) r*F

Brigenss ,I[I/IBepFeHTHHﬁ YJICH, MOXXHO 3aIluCaTb €€ B BUJIC:

1 , ' 4r r*F  1(r*\°" 1

R= r* A 2 +— +— . 5.5

r*zx/ﬁdr[ ( *Aﬂ [r*AF A(r*j r*z} 9
JlericTBrE JUIsl TPAaBUTALIMOHHOIO TOJIS:

c? :
S, =— R+ A)VAFT**sin@drdadpdx®.
o = 1o g ) REAN o
[ToncraBnss crona Beipaxenue (5.5) ansa R u (5.3) qnst A, onmyckast TUBEPreHTHBIN YJieH U
YUHUTBIBAS, YTO A=AY FC2, MOTYYUM:
c? A r*¥F 1 O'Ar** F .
S, = + r*)? +——r*r*F+———— Ir’sin@drddgdx’.
"84G I(r*z Art () Art Art J o

BwmecTo I BBeieM nnepemMeHHyo é’—r?’ TOr/1a JEHUCTBUE MTPUMET BU/I:

3 *2 * *4
3 I[ A Fr [dr J L1 adrede Fr dCDdA]dg in0dalgdc®.

Sgr_ 2+ 2
82GY|9ar** A (dE) A d§d§ 2N d& dé

"3 IMpUHIMIIA HAWUMCHBIICTO HGfICTBI/I?I HaI/I}leM YpaBHCHHA T'PABUTALIMOHHOI'O IIOJA B
CBO60,I[HOM OT MAaTCPUHU ITPOCTPAHCTBE:

*4
dfreFdA)_g (5.6)
del A7 de
*2 )2 *3 Jr*
12_r dr\"c _ r* dr* dF 121 LAY (5.7)
or * e A2 dE dE 2A dé d&
*2 * 2 *3 * *4
refdrr) _dprmder) rtdadd (5.8)
Alde ) dEl A dE )T 2A% dE de
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* *3
B 2A3_2r*i r=Fdr* r*g,d 1dF Lof de_Ad;():O' (5.9)
Or* dél A d§ d& A dé A d& d&
N3 ypaBuenus (5.6) cinenyer:
*4
TR ., 56)
A dE

/1€ 0. — IOCTOSIHHAS C Pa3MEPHOCTHIO JITUHBI.

YMmHOxuM ypaBHeHue (5.7) Ha 24, BeIuTeM H3 pe3ynbrara - (5.8), yMHOKEeHHOE Ha 2F, u
CIOXKHM pe3yibTaT ¢ ypaBHeHHeM (5.9), yMHOXEHHBIM Ha [I*, TOCIe HECIOXKHBIX
npeoOpa30BaHUil IPUBEIEM YpaBHEHUE K BUY:

HEEE R
dé| A \de dé

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

r7ie [ — elie oJiHa MOCTOSIHHAA C Pa3MEPHOCTHIO ANUHBL. Mcnonb3ys (5.6') 3To ypaBHEHHE MOKHO
3amucaTh B BUJIE:

Orcrona cienyer:

1dF drF  do do _s1 1dA ﬁ
Fde de A d§ a
VYuureiBast, uro Gyakius d(r) onpeneneHa ¢ TOUHOCTHIO 10 MOCTOSHHOM, HalIeM:
O =-In(FA™). (5.7)
VYpasHaenue (5.8) nepenuiieM cieaymuM o0pa3om:
1(r*dr*)’ , d (r*dr*) r** dAdd
= +r* — ——— |=———.
A\ d& dé\ A d¢& 2A7 d& dé&
[Tocie moIcTaHOBKU ATOTO BBIPAXKCHUS B ypaBHEHHUE (5.9) OHO MPUMET BHJI:
* * * * 2 * *
r*4 d 1dF +2r*zi idL _41 r*dr +r*zi r_dL F+2_A2:0
d& A d§ dé A dé& A\ d& dé\ A d¢& Or*
DT0 ypaBHEHHE SKBHUBAJIEHTHO CIIEAYIOIIEMY:

d|r* d ( F ] 2A
dé| A dé\r*® or *?

WuTerpupys 310 ypaBHEHUE MO &, MOTYUUM:

<
e
r

*6 *6 *2
d& r 9r*or

r=® d
A dZ
MWUHKOBCKOTO 3Ta MOCTOsSTHHAsE paBHa Hymo. [lonmoxxum nanee £1=0 mns Toro, 4roObl METpHKa

MUHKOBCKOT'O MOTJIa OBITh PEIICHHEM JIAaHHOW CUCTEMBI YPaBHEHHUI (B cIydae, KOT/1a KOHCTaHTa
0. paBHa HYJIIO).

(?ﬂ — elle OJHA NOCTOSIHHAs C Pa3sMEPHOCTHIO JUIMHBL. [[1s MeTpuku
r
£=0

d .
dﬁ(r*zj r*ﬁjr*2 (5.9)

Wurerpupys emie pas, npeacraBum pyukimio F(r) B Buze:

SIS }r*e
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[Ipeobpazyem ypaBHenue (5.8). BBegem o603HaueHUE
_rxdr*
A d&E
U TOJCTaBUM BBIPAKEHUS IJisi Mpou3BOAHBIX A u @ wu3 ypaHenuit (5.6') u (5.7'), Torma
ypaBHeHHE (5.8) MOKHO 3amucaTh B BUJIE:
du ol do
U?+r*U—= :
dr* 2r*F dr*
1 d 1 3o do
T3r*U dr*V 2r*Fdr*
Ilepexons BO BCEX COOTHOIICHHSX OT MPOM3BOAHBIX IO E=I° K MPOU3BOAHBIM IO I* H
BBOJIs Oe3pa3MepHbIie KOOPAMHATHI I/a U ¥/ (coxpansis Ons nux npedxcrue 0b6o3Havenus ¥ u r*)
UCXOJHYIO CUCTEMY YPaBHEHUN MOKHO 3aIUCaTh CIACAYIOIINM 00pa3oM:
1dA  3V(rY)

(5.8)

- , 5.10
Adr*  Fr*? (510
Ve — —— ®=—In(FA"), (5.11)
1—§I ! Edr*
2 r*Fdr*
F(r*) = 2r*2 j( J.V(r*)dr*J—V(r*)dr* (5.12)
*
A dr vy, (5.13)
r* dr*

OTnu4HOE OT HyJsA 3Ha4YeHHE I*nin= r*(0) o3HauaeT, BOOOIE rOBOpS, HAIUYHE KpAsi Y
IPOCTPAHCTBEHHO-BPEMEHHOI'O MHOTI'000pa3Hsl.

PaccmoTpum noseneHue METpUKH NpH *yin = 0 1 Manbix 3HaueHusix r*. U3 (5.12) cnenyer,
YTO €CJIM CYLIECTBYET HHTErpal

2TUV(r*)dr*]\er)dr* —b>0, (5.14)
o\o0 r*

To mpu Maubix * Qyskums F(r*)=b-r*% Torma momaras V(r*)=bir*'>0, A(r*)=b,r*’>0 u
noJicTaBisis 3Ty BbipaxeHus B (5.8', 5.10), momyuum:

y=3, b= 2 s5._% o (5.15)
2-05 2— 00

W3 nocinenHero COOTHOIIEHUS CIICOYCT:

nostomy o < 1/6.
Wurerpupys ypaBuenue (5.13) HaiigeM Mpu MaibIX 3HAYCHUAX I, *:

r3(r*) = Sjv(r) b, ¢

*2(r* sb—l [r=eodr=, (5.16)
[Tocneauuii HHTErpal CyIIECTBYET TOJIBKO MpH d < 6. B aTOM ciiyuae

20
s=iz¥izbo <%. (5.17)
(o2

PaccmoTpuM  Temepb  BBIpaXEHHE IS DHEPTUM  CTATHUECKOTO  HU30TPOIHOTO
rpaButannoHHoro nois (cm. [Ipunoxxenue l). B aTom ciiyqae
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Ccta| r? E(r%) dIn(FA)|”
S 4G| V(rr)  dr*

-3INFA™(r*;.) |- (T1.8)

™ min
[Tocneanuii 4ieH B 5TOM COOTHOLIEHUH HMMEET JIOrapu(PMHUUECKyl0 OCOOCHHOCTH MPH I*pin=0.
DHeprus OyJeT UMETh KOHEUYHOE 3HAYCHHE JTUIIb NPHU I*min # 0, TO €CTh NIPU Hatuuuu Kpas. ITo
BO3MOYKHO, TOJIBKO TIpY 3HaueHUH © > 1/6.

Benuunna *pj, SBisieTcss HE3aBUCUMBIM ITAPAMETPOM U IS €€ ONpeIeICHHs] HEOOXOMbI
nobaBouHble cooOpakeHus. [lomoxxuM, BO-TIEpBBIX, B COOTBETCTBUU C npuHyunom Maxa, 4To
uHepTHas Macca M;, CBs3aHa ¢ MOJIHOM 3HEpruel rpaBUTallMOHHOTO 1ot E BHE kpas popmynoit
Siinmreiita E=M;;c%. Bo-BTOPBIX, B COOTBETCTBHH ¢ SKCHEPUMEHMATbHBLMU OAHHbIMU TIPUMEM,
4TO 3Ta UHEPTHAs Macca JJOJKHA COBIAAATh [0 BEIMYUHE C Maccoi rpaBUTaiioHHON Mijn= My;.
W, HakoHel, Ha OCHOBaHUM npunyuna coomeemcmeus ¢ OTO TNONOKUM TPU OOJBLINX
3HAYCHMSIX '™ K03((UIMEHT NPH MepBOM WieHe pasziioxkenus pynkuun F(r*) mo cremensm 1/r*
pPaBHBIM OTHOUICHHUIO TPAaBUTALIMOHHOTO paJnyca K o

§ 2M G
Fry=1-ro 2 g e 1 (5.18)
ar* Ca r*
B stoMm cnyuae cootnomenue (I1.8) mepexoauT B ypaBHEHHE, ONPEAEISIONIEe BETUUUHY
r'*min-
Fge 2r* ., F(r*,; F(r*.,
_or _ min ( mln) —In 1/5( mln) . (519)
a 3\/(r*min) A (r*min)

Pemenne cucremsr ypaBHenuit (5.10) - (5.13), (5.19) MokHO HalTH MeETOAOM

TOCNIeIOBATENbHBIX NpuOmmKenuit. Haunnas ¢ npobroit pynkmuu VO (r*) u BriGpanHOM
HAYaJIbHOM 3HAYEHHE ™ min MOXKHO HATU B mepBoM npubmmkenun u3 (5.12) pyHkuuro F(O)(r*),
a 3atem u3 (5.10) - A(O)(r*) u Hosoe 3Hauenue V & (r*)us (5.11). IIpogomkaeM 3TOT mpoLece 10

nonyueHus: Ha N-HOM 11are 3Ha4eHHit UCKOMBIX (QYHKIUN ¢ TpeOyeMoil TOYHOCThIO. 3HaUCHUE
pasmepa *min Haiiiem w3 ypaBHenus (5.19). A 3arem u3 ypaBHenus (5.13) Haiinem ¢GyHKIHIO
r(r).

[Toctpoum npobuyto pyHkiuio. Ecau npu Oonpmmx 3HaueHUsX I* cnpaseanuso (5.18), To
torma u3 (5.10, 5.11) caeayer V(r*) ~I-vIr*2+... [TockonpKy Npu HAIUYUU Kpas MOBEICHUE
MCKOMBIX (DYHKIIMI MTPH MaJbIX 3HAYCHHUSX ™ HE OMpeeTIeHO, €CTECTBEHHO MPEATIOIOKUTH, YTO
OTHOCHUTEJIbHBINA pa3smep I*pin Oosbiie equHubl. [Ipu M*min > 1, 3anaauM npoOHy0 QYHKIUIO
CJIEIYIOIIUM 00pa3oM:

VO(*)=1-v/r*, (5.20)
[Toxcranss 310 Beipaxkenwue B (5.12), Haiinem
2 v 1 2 v (v Vi1
FOrsy=1-=(r_ + — = (rk .+ — -, 5.21
( ) 3( min r*min)r* 5( min r*min)r*3 3 r*4 ( )
B sToMm mpubnvkeHnun, UCX0o1 U3 MPUHIIMITA COOTBETCTBUS, MOTYIUM
r 2 Vv
ST _Z(r* . 4 . 5.22
=t ) (5:22)

[ToCTOSHHYIO BETHYUHY V MOKHO BbIOpaTh Tak, 4TOOBI B TOYKE I*=r*pi, 3HaYEeHUS
npoGHO¥ hyHKIMH 1 mepBoro mpuommkenns comagam VO (r* )=V ®(r* ) Tloncrapnss

(5.20), (5.21) B (5.10), Haitnem

min

vV (0) (r*) -

e (5.23)

In A® (r*) = —3T (

a3arem u3 (5.11)
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-1

% ©) (px *

V(l)(r*): 1+§ ]E) __§ 1+ v (or ) 2dr0 . (5.24)
zr*F()(r*) 2r* ZF*F()(F*) (r*) F()(r*)

B aTom ciyuae
V= (1_V @ (r *min ))r *fnin ' (525)
OT0 ypaBHEHHE ONPEEIIseT V B 3aBUCUMOCTH OT I pin.

B Oomee BBICOKMX TPHONMKEHUSX TPU BBIUUCICHHUSIX HCIOJB30BAINCH CIUIAHH
anmpokcuManuu. [lociae mATH MocaeaoBaTeNbHBIX NPHOIMXKEHUHN, pemras ypaBHeHue (5.19),
HaiigeM (MpU HUCIOJNb30BAaHWU B pacyeTax IIECTH HHTEPBAJIOB) C MMOTPEUIHOCTHIO B JOJHU
MPOLICHTA

M*min=1.74.
OT0 3HAUYEHHUE, KaK U MPEIoJarajgoch, 00JbIIe eqUHUIBL. B pasmepHoM BHzie
M *min=0.935rg, .
PesynbTaThl pacueToB npencrapieHsl B Tabmuie 3.

6=1/6 ; Xmax=0.575 ; /o =1.859

x=a/r* 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

Tabauya 3. Pewenue cucmemvl ypasuenuti (5.10..5.13) npu 3nauenuu o=1/6.

3HaueHWe OAHOW M3 Merpudeckux QyHkimi - C(r) HEOrpaHHMYCHHO BO3pacTaeT IpU
OpUOJIMKEHUH K Kparo, OJIHAKO JIETEPMHHAHT METPHUYECKOrOo TEH30pa M BCE HHBapUAHTHI
TeH3opa Pumana npu 3ToM orpanunyensl. [leiictBuTtensHo, TeH30p Pumana oOiiexoBapruaHTeH, a
B chepuueckoil cucteme koopauHat (5.4) MeTpuka 0oCOOEHHOCTEN He UMeeT.

Pacuets! npoBenens! nmpu 6=1/6. B obuiem ciydae pemienue OyaeT CylniecTBOBAaTh U MPHU
3HAUEHUAX O, JIeKAlUX B HEKOTOPOM HHTEpPBAJE, MPUMBIKAIOIIEM K ATOMY 3HaueHUio. B
JUana3oHe JOMYCTUMBIX 3HAYeHHH mapaMeTp 6 MOXET ObITh BBIOpAH MPOU3BOJIBHO, [1O3TOMY,
IOpU OJMHAKOBBIX 3HAUEHHSX MOJHOW SHEpPruu, pacupeieseHus mosied B objacTu mopsaka
TPaBUTAIMOHHOTO paauyca OyayT pa3audaThCsi MEXIy COOOM.

Takum oOpazom, mpu Hanuuuu ceasu (2.1) umeemcs HecuHeyiapHOe CMAYUOHAPHOE
yacmuye - no0oOHoe pacnpeoenenue YeHmpaibHO-CUMMEMPUYHO20 2PAGUMAYUOHHO20 NOJS, O
KOMOPO20 BbINOIHAEMCA PABEHCNEO UHEPMHOU (OnpedeneH Ol 6 COOMEEMCMEUU ¢ NPUHYUNOM
Maxa) u epasumayuonnoti maccol. I Opu30HT, IPUCYTCTBOBABIINYN B pelieHun ypaBHeHuit OTO
JUISL IEHTPAJIbHO-CUMMETPUYHOTO ITYCTOIO IPOCTPAHCTBA, B 3TOM CJIy4ae OTCYTCTBYET.

6. 3akI0uenue

B cayuae HTT mno cpaBHennto ¢ OTO TexHMuYeckH Tropasfo CIOKHEE pa3BUTh
ramMmmibToOHOB opManu3M. OAHAKO JIB€ OCOOEHHOCTH M3JI0KEHHOW TEOPUU OTKPBHIBAIOT HOBBIE
MEPCIEKTUBBl B KAHOHUYECKOM KBaHTOBaHUU TpaBurauuu. Bo-nepsbix, B HTT ymenbmaercs
KOJIMYECTBO TMEPBUYHBIX CBs3eil. B cBs3u ¢ 3TUM cHUMaercs mpobieMa «3aMOpPOKEHHOTO
dopmanuzmay. Kpome TOro BBUAY OTCYTCTBUS CHUHTYJISPHOCTEH, MOXKHO PAcCUUTHIBATh Ha
MOJIy4eHUE KOHEYHBIX PE3YJIbTAaTOB AaKe IPU HAJTUYUHU B TEOPUH PA3MEPHON KOHCTAHTHI CBSI3H.
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IIpunosxkenne |. JHeprus craTHYeCKOro H30TPOMHOI0 I'PABUTAIIMOHHOIO MOJIA.

B orcyrcTBUM MaTepuu B CHIly TOXKAECTBAa BUaHKM MIIOTHOCTh SHEPrHH I'PaBUTALMOHHOTO
nosst T,  MOIDKHA YIOBJIETBOPSITH COOTHOIICHHUIO:

10 () 18,
H@XV(\/_gTﬂ) ZaX”T =0.

B ClIydac CTaTUYCCKOI'0 IIOJIA COXpaHACTCA SHEPTUA I'PABUTALITMOHHOI'O I10JIA:

E=jafv( —gTy B = [Ty~ gds, (IL.1)

r7e B COOTBETCTBHH C (2.4)

4
O] —
[P {51 d [g”” 8(13)—9’1’71” O _gery aq)}rﬂ - : 9 (m2)
X

r»r — =
162G| ° ox“ X" 0 oxn 0w @ [ J-g

B cratnueckom mose mocienHUE ABa YJI€HA B 3TOM COOTHOWIEHMM paBHbl Hymo u (I1.1) c
yueroM (I1.2) mpuHumaer BUL:
0CD
( dv . (IL.3)

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

167zG
r’ do r’ do
167zGJ.\/_r dr(C+G er [-H_dr[(C+G) dr Jdr}. (4

VYutem Tenepb, 4YTO MO OMPEENICHHUIO0, a TAKXKE B CHITY COOTHOMIeHHS (5.13)

C(r*) +G(r*) = —:4*(4\/;_(?1; , ridr= V%r*z dr*. (IL.5)

[Toncrasmss atu BeipaxkeHus B (I1.4) u nepexons k 6e3pazMepHoOit KoopauHaTe I*/a, moIydnMm:

) c“a[r*2 F(r) ch|r*% 2 R E(r%) dd dy— g }

(I1.6)

4G | V( 2V (r*)y-g dr* dr*

B cuny cootnomenwuii (5.7'), (5.10)

_ 1 dy-g 3V
® =—-In(FA™), = ,A=4—-0. I1.7
n( ) H ar = V-9 (IL.7)

C y4eToM 3TUX COOTHOIICHHI

cla [ r*?> dF

r*—oo

Te

=3InFA™ (r *min)]. (IL.8)

B cooTHoLIeHHN GUTYPHPYIOT TPAHUYHbBIC 3HAYCHUS IPOU3BOIHOM ByHKIMHU F(r*).

VYuuTeIBas TOBEIEHHUE IMOJICH Ha OECKOHEYHOCTH W TOT (DAaKT, YTO B CHJIY COOTHOIICHHS
(5.12) mpu r* = r*pin dF/dr*= 2F/r* i, Haiinem:

r*—o

_ _& + ZF(r *min )r *min
a V(r*min)

e de
V(r*)dr™| .

(I1.9)
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