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V.N. Melnikov. Multidimensional Cosmology and Fundamental MetrologylIntegrable
multidimensional models of gravitation and cosmology make up a proper approach to
study basic issues and strong field objects, the Early and present Universe, black hole
and wormhole physics in particular [1, 2, 3]. Our main results for cosmology within this
approach are described.

Some aspects of fundamental metrology: the choice, nature, classification and precision
of determination of fundamental physical constants, also their role in expected transfer
to new definitions of main units of SI, supposed to be based on fundamental physical
constants and stable quantum phenomena, are described. The problem of temporal varia-
tions of constants is also discussed, variations of GG in particular. A need for further
absolute measurements of G, its possible range and time variations is pointed out. The
multipurpose space project SEE is shortly described, aimed for measuring G and its
stability in space and time 3-4 orders better than at present.

1.1 Introduction

Gravitation is a missing cardinal link to unification of all physical interactions. Discovery
of present acceleration of the Universe, dark matter and dark energy problems are other
challenges to modern physics. Studies in the previous century in the field of gravitation
were devoted mainly to theoretical investigations and experimental varification of general
relativity and alternative theories of gravitation with a strong stress on relations between
macro and microworld fenomena. Motivations were: singularities in cosmology and black
hole physics, role of gravity at very small (Planck) scales, attempts to create a quantum
theory of gravity as for other physical fields, problem of possible variations of fundamental
physical constants etc. A lot of work was done in our group [4] along such topics as : exact
solutions with different fields as sources in GR; particle-like solutions with a gravitational
field; quantum theory of fields in a classical gravitational background; quantum cosmology
with fields like scalar and electromagnetic ones, with the cosmological constant etc.; self-
consistent treatment of quantum effects in cosmology; development of alternative theories
of gravitation: scalar-tensor, with extra dimensions etc.; possible variations of fundamental
physical constants [5, 6, 7, 8, 9].

As our main results of this period we may mention [4] the first quantum cosmolo-
gical model with a cosmological constant (creation from nothing) (1972); first classical
cosmological models for conformal scalar field (1968) and quantum cosmological models
with minimal and conformal scalar fields (1971), first nonsingular cosmological model with
spontaneous symmetry breaking (1978-79) of the nonlinear conformal scalar field, exact
solutions for nonlinear electrodynamics, including Born-Infeld one, first exact solution for
dilaton-type interaction with electro-magnetic field in GR, first non-singular field particle-
like solution with gravitational field (1979). Also, the conclusion that G may vary with
respect to atomic system of measurements in the Jordan frame (1978) etc.

As all attempts to quantize general relativity in a usual manner failed and it was
proved that it is not renormalizable, it became clear that the promising trend is along the
lines of unification of all physical interactions which started in the 70’s. About this time
the experimental investigation of gravity in strong fields and gravitational waves started
giving a powerful speed up in theoretical studies of such objects as pulsars, black holes,
QSO’s, AGN’s, early Universe etc., which continues now.
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In experimental activities some crucial next generation gravitational experiments veri-
fying predictions of unified schemes will be important. Among them are:MICROSCOPE
(2015-2016), STEP - testing the corner stone Equivalence Principle, SEE - testing the
inverse square law (or new nonnewtonian interactions), EP, possible variations of the
newtonian constant G with time, measurements of the absolute value of G with unprece-
dented accuracy [10, 11]. Of course, gravitational waves problem, verification of torsional,
rotational, 2nd order and strong field effects remain important also.

Other very important feature, which was first stressed in [12], is an increasing role
of fundamental physics studies, gravitation, cosmology and astrophysics in particular, in
space experiments. Unique microgravity environments and modern technology outbreak
give nearly ideal place for gravitational experiments which suffer a lot on the Earth from
its relatively strong gravitational field and gravitational fields of nearby objects due to
the fact that there is no ways of screening gravity.

In the developement of relativistic gravitation and dynamical cosmology we may notice
three distinct stages: first, investigation of models with matter sources in the form of a
perfect fluid, as was originally done by Einstein and Friedmann. Second, studies of models
with sources as different physical fields, starting from electromagnetic and scalar ones,
both in classical and quantum cases (see [4]). And third, which is really topical now,
application of ideas and results of unified models for treating fundamental problems of
cosmology, black hole and wormholes physics, especially in high energy regimes and for
explanation of the present acceleration of the Universe, dark matter and dark energy
problems. Multidimensional gravitational models play an essential role in the latter app-
roach. The necessity of studying multidimensional models of gravitation and cosmology
[1, 2, 3] is motivated by several reasons.

First, the main trend of modern physics is the unification of all known fundamental
physical interactions: electromagnetic, weak, strong and gravitational ones. During the
recent decades there has been a significant progress in unifying weak and electromagnetic
interactions, some more modest achievements in GUT, supersymmetric, string and super-
string theories as they are their low energy limit. Now, theories with membranes, p-
branes and M-theory are being created and studied. Having no definite successful theory
of unification now, it is desirable to study the common features of these theories and their
applications to solving basic problems of modern gravity and cosmology.

Second, multidimensional gravitational models, as well as scalar-tensor theories of
gravity, are theoretical frameworks for describing possible temporal and range variations of
fundamental physical constants [4, 5, 6, 7, 13]. The possible discovery of the fine structure
constant variations and its anisotropy is now at a critical further investigation.

Lastly, applying multidimensional gravitational models to basic problems of modern
cosmology and black hole physics, we hope to find answers to such long-standing problems
as singular or nonsingular initial states, creation of the Universe, creation of matter and
its entropy, cosmological constant, coincidence problem, origin of inflation and specific
scalar fields which may be necessary for its realization, isotropization and graceful exit
problems, stability and nature of fundamental constants [5, 12, 14], possible number of
extra dimensions, their stable compactification, present acceleration of the Universe, dark
matter and dark energy problems etc.

Multidimensional gravitational and cosmological models are certain generalizations of
GR and of the standard cosmological model, so it is quite natural to inquire about their
possible observational or experimental windows. From what we already know, among these
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windows are: possible deviations from the Newton and Coulomb laws, or new interactions;
possible temporal variations of the fine structure and gravitational constants with a rate
smaller than the Hubble one; role of gravitational waves in the Universe evolution, BICEP2
problem and the existence of monopole modes; behaviour of strong field objects, such as
multidimensional black holes, wormholes and AGN; standard cosmological tests; possible
non-conservation of energy in strong field objects and accelerators, if braneworld or similar
ideas about gravity in the bulk turn out to be true, etc.

Since modern cosmology has already become a unique laboratory for testing standard
unified models of physical interactions at energies that are far beyond the level of existing
and future man-made accelerators, there exists a possibility of using cosmological and
astrophysical data for discriminating between future unified schemes. Data on time varia-
tions and/or possible deviations from the Newton law should also contribute to the unified
theory choice which was suggested in [12].

As no accepted unified model exists, in our approach |1, 2, 3, 15, 16] we adopted models,
based on multidimensional Einstein equations with or without sources of different nature
as: cosmological constant, perfect and viscous fluids, scalar and electromagnetic fields
and their interactions, dilaton and moduli fields, fields of antisymmetric forms (related to
p-branes) etc.

Our program’s main objective was and is to obtain exact self-consistent solutions for
these models (integrable models) and then to analyze them in cosmological, spherically
and axially symmetric cases. It is done mainly within the Riemann geometry. In many
cases we tried to single out models, which do not contradict available experimental or
observational data on variations of G and «.

As our model [1, 2| we use n Einstein spaces of constant curvature with sources
as (m+1)-component perfect fluid or fields or form-fields, cosmological or spherically
symmetric metric, manifold as a direct product of factor-spaces of arbitrary dimensions.
Then in the harmonic time guage we show that Einstein multidimensional equations are
equivalent to Lagrange equations with non-diagonal in general minisuperspace metric and
some exponential potential. After diagonalization we perform reduction to sigma-model
and Toda-like systems, further to Liouville, Abel, generalized Emden-Fowler equations etc.
and try to find exact solutions. We suppose that extra spaces are constant, or dynamically
compactified, or like torus, or large, but with barriers, walls etc. We realized the program
in arbitrary dimensions (from 1988) [1, 2, 3, 15, 16] in cosmology obtaining exact general
solutions of multidimensional Einstein equations with sources:

- A, A + scalar field (singled out nonsingular, dynamically compactified, inflationary,
1994);

- perfect fluid, PF + scalar field (with nonsingular, inflationary solutions);

- viscous fluid (nonsingular, generation of mass and entropy, quintessence and coincidence
in 2-component model);

- first with stochastic behavior near the singularity, billiards in Lobachevsky space,
D=11 is critical, ¢ destroys billiards (1994);

- for all above cases Ricci-flat solutions above were obtained for any n, also with
curvature in one factor-space; with curvatures in 2 factor-spaces only for total N=10, 11;

- fields: minimal and conformal scalar, dilatons, forms of arbitrary rank (1998) -
inflationary, A generation by forms (p-branes) [17];

- first with billiads for dilaton-forms (p-branes) interaction (1999);
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- quantum variants were obtained (solutions of WDW-equation [18]) for all above
classical solutions; for D=11 supergravity in partucular (2014) ;

- dilatonic fields with potentials [19, 20], billiard behavior for them also.

- nonlinear in curvature multidimensional models with the electromagnetic field and «
variation (2013) etc.

For many of these models we calculated also the variation with time of the effective
gravitational constant. Comparison with present experimental bounds allowed to choose
viable models or single out some classes of solutions.

Similar results were obtained for models depending on r in any dimensions [1, 2, 3|.

1.2 Multidimensional Models

A revival of many dimensions ideas is heated by expectations connected with the overall
M-theory. In such approach 4-dimensional gravitational and cosmological models with
extra fields were obtained from some multidimensional model by dimensional reduction
based on the decomposition of the manifold

M = M4 X Minta (21)

where M* is our 4-dimensional manifold and M, is some internal manifold.

The earlier papers on multidimensional gravity and cosmology dealt with multidimen-
sional Einstein equations and with a block-diagonal cosmological or spherically symmetric
metric defined on the manifold M = R x My x --- x M, of the form

g = —dt®dt+2af(t)g7" (2.2)
r=0
where (M, g") are Einstein spaces, r = 0, ..., n. In some of them a cosmological constant

and simple scalar fields were also used [18].
Such models are usually reduced to pseudo-Euclidean Toda-like systems with the
Lagrangian

L= %szﬂﬂ — Z Ape™ (2.3)
k=1
and the zero-energy constraint £/ = 0. It should be noted that pseudo-Euclidean Toda-like
systems are not well-studied yet. There exists a special class of equations of state that
gives rise to Euclidean Toda models [21].

Cosmological solutions are closely related to solutions with spherical symmetry [22].
Moreover, the scheme of obtaining the latter is very similar to the cosmological approach
[1, 23].

Exact solutions with “branes”

In our papers several classes of the exact solutions for the multidimensional gravitational
model governed by the Lagrangian

1
L = Rlg] — 27 — hapg™™N O On e’ — Z . exp(2Aaap®) (F)?, (2.4)

were considered. Here g is metric, F'* = dA® are forms of ranks n, and ¢* are scalar fields
and A is a cosmological constant (the matrix h,g is invertible). In [16] certain classes
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of p-brane solutions to field equations corresponding to the Lagrangian (4), obtained by
us earlier, were presented. These solutions have a block-diagonal metrics defined on D-
dimensional product manifold, i.e.

g=e"g" + Zewgi, My x My x ... x M, (2.5)

i=1

where ¢° is a metric on M (our space) and ¢’ are fixed Ricci-flat (or Einstein) metrics on
M; (internal space, ¢ > 0). The moduli v, ¢’ and scalar fields ¢ are functions on M, and
fields of forms are also governed by several scalar functions on My. Any F' is supposed
to be a sum of monoms, corresponding to electric or magnetic p-branes (p-dimensional
analogues of membranes), i.e. the so-called composite p-brane ansatz is considered |24, 25|.
(In non-composite case we have no more than one monom for each F'*.) p = 0 corresponds
to a particle, p = 1 to a string, p = 2 to a membrane etc. The p-brane world-volume
(world-line for p = 0, world-surface for p = 1 etc.) is isomorphic to some product of
internal manifolds: M; = M;, x ... x M, where 1 <i; < ... <4, <n and has dimension
p+1l=d;+...+d; =d(I), where I = {iy,...,i} is a multi-index describing the location
of p-brane and d; = dimM,;. Any p-brane is described by the triplet (p-brane index) s =
(a,v,I), where a is the color index labelling the form F*, v = e(lectric), m(agnetic). For
the electric and magnetic branes corresponding to form F* the world-volume dimensions
are d(I) = n, — 1 and d(I) = D — n, — 1, respectively. The sum of this dimensions is
D — 2. For D = 11 supergravity we get d(I) = 3 and d(I) = 6, corresponding to electric
M?2-brane and magnetic M b5-brane.

Sigma model representation.

In [26] the model was reduced to gravitating self-interacting sigma-model with certain
constraints imposed. This representation for non-composite electric case was obtained
earlier in |24, 25|, for electric composite case see also [27]).

The o-model Lagrangian, obtained from (2.4), has the form [26]

L, = R[¢"] — GABgo“”(?MaA@VJB - Zas eXp(—QUS)gO’“’@MQJS&,(I)s -2V, (2.6)

s

where (0) = (¢, ), V is a potential, (G 4) are components of (truncated) target space
metric, €, = 1,
U =Uso? = did’ — Xehasat”
i€l

are linear functions, ®* are scalar functions on Mj (corresponding to forms), and s =
(as,vs, I). Here parameter y, = +1 for the electric brane (v, = e) and x, = —1 for the
magnetic one (v; = m). A pure gravitational sector of the sigma-model was considered
earlier in our paper [22]. For p-brane applications ¢° is Euclidean, (G’ AB) 18 positive definite
(for dy > 2) and e5 = —1, if pseudo-Euclidean (electric and magnetic) p-branes in a
pseudo-Euclidean space-time are considered. The sigma-model (6) may be also considered
for the pseudo-Euclidean metric ¢° of signature (—,+,...,+) (e.g. in investigations of
gravitational waves). In this case for a positive definite matrix (G45) and e, = 1 we get
a non-negative kinetic energy terms.

The co-vectors U® play a key role in studying the integrability of the field equations
[26] and possible existence of stochastic behavior near the singularity, see our paper
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[28]. An important mathematical characteristic here is the matrix of scalar products
(Us,U%) = GABU3U3, where (GAP) = (G4p)~'. The scalar products for co-vectors
U*® were calculated in [26] (for electric case see [24, 25, 27] )

/ d(Is)d(Iy
(Usa US ) = d(IS m IS') + %(DS) + XSXS’)\asa)\aS/ﬁhaﬁa

where (h*®) = (has)™'; s = (as,vs, 1,), s = (ag,vy,Iy). They depend upon brane
intersections (first term), dimensions of brane world-volumes and total dimension D
(second term), scalar products of dilatonic coupling vectors and electro - magnetic types
of branes (third term). The so-called “intersections rules”(i.e. relations for d(I; N Iy)) are
defined by scalar products of U*-vectors.

Cosmological solutions in diverse dimensions.

A family of general cosmological type p-brane solutions with n Ricci-flat internal spaces
was considered, where also a generalization to the case of n — 1 Ricci-flat spaces and one
Einstein space of non-zero curvature (say M;) was obtained. These solutions are defined
up to solutions to Toda-type equations and may be obtained using the Lagrange dynamics
following from our sigma-model approach [29]. The solutions contain also a subclass of
spherically symmetric solutions (for M; = S%). Special solutions with orthogonal and
block-orthogonal sets of U-vectors were considered earlier in [29] and [15], respectively.
(For non-composite case, see |30, 31]) and references therein.)

Toda solutions.

In [29] the reduction of p-brane cosmological type solutions to Toda-like systems
was first performed. General classes of p-brane solutions, cosmological and spherically
symmetric ones, related to Euclidean Toda lattices associated with Lie algebras (mainly
A,,, C,, ones) were obtained in 32, 33].

A class of space-like brane (S-brane) solutions (related to Toda-type systems) with
product of Ricci-flat internal spaces and S-brane solutions with special orthogonal inter-
section rules were considered in [34, 35| and solutions with accelerated expansion (e.g.
with power-law and exponential behavior of scale factors) were singled out.

Scalar fields play an essential role in modern cosmology. They are attributed to inflation
models of the early universe and the models describing the present accelerated expansion
as well. There is no unique candidate for the potential of the minimally coupled scalar field.
Typically a potential is a sum of exponents. Such potentials appear quite generically in a
large class of theories: multidimensional, Kaluza-Klein models, supergravity and string/M
- theories.

Single exponential potential was extensively studied within Friedmann-Robertson-
Walker (FRW) 4D-model containing both a minimally coupled scalar field and a perfect
fluid with the linear barotropic equation of state . The attention was mainly focussed on
the qualitative behavior of solutions, stability of the exceptional solutions to curvature
and shear perturbations and their possible applications within the known cosmological
scenario such as inflation and scaling ("tracking"). In particular, it was found earlier by
a phase plane analysis that for "flat"positive potentials there exists a unique late-time
attractor in the form of the scalar dominated solution. It is stable within homogeneous
and isotropic models with non-zero spatial curvature with respect to spatial curvature
perturbations and provides the power-law inflation. For "intermediate"positive potentials
a unique late-time attractor is the scaling solution, where the scalar field "mimics"the

11
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perfect fluid, adopting its equation of state. The energy-density of the scalar field scales
with that of the perfect fluid. Using our methods for multidimensional cosmology the
problem of integrability by quadratures of the model in 4-dimensions was also studied.
Four classes of general solutions, when the parameter characterizing the steepness of the
potential and the barotropic parameter obey some relations, were found [36]. For the case
of multiple exponential potential of the scalar field and dust integrable model in 4D was
obtained in [37].

As to scalar fields with the multiple exponential potential in any dimensions, a wide
class of exact solutions was obtained in [19, 20|. In [38] a behavior of this system near the
singularity was studied using a billiard approach suggested earlier in [28, 39|. Quantum
billiards recent solutions with branes may be found in [40]. A number of S-brane solutions
were obtained in [34, 35|. Details for 2-component D-dimensional integrable models see
in [41, 42, 43]. Quite different model with dilaton, branes and cosmological constant and
static internal spaces was investigated in [17]|, where possible generation of the effective
cosmological constant by branes was demonstrated. Model with variable equations of state
leading to acceleration of our space and compactification of internal spaces see in [44].

Cosmological models with time variations of G.

As we mentioned before cosmological models in scalar-tensor and multidimensional
theories are the frameworks for describing possible variations of fundamental physical
constants with time due to scalar fields present explicitly in STT or generated by extra
dimensions in multidimensional approach. In [45] we obtained solutions for the system of
conformal scalar and gravitational fields in 4D and calculated the present possible relative
variation of G at the level of less than 107 3year~!. In the frames of a multidimensional
model with a perfect fluid and 2 factor spaces (our 3D space of Friedmann open, closed and
flat models) and internal 6D Ricci-flat one, we obtained the same limit for such variation
of G |9]. Recently in a similar model we have shown [46] that either G or GUT coupling
constants should vary. We estimated also the possible variations of the gravitational
constant G in the framework of a generalized (Bergmann-Wagoner-Nordtvedt) scalar-
tensor 4D-theory of gravity on the basis of the field equations, without using their special
solutions. Specific estimates were essentially related to the values of other cosmological
parameters (the Hubble and acceleration parameters, the dark matter density etc.) when
the values of G-dot/G compatible with modern observations do not exceeded 1071* per
year [47].

In [48] we continued the studies of models in arbitrary dimensions and obtained
the relations for G-dot in multidimensional model with Ricci-flat internal space and
multicomponent perfect fluid. A two-component example: dust + 5-brane, was considered.
It was shown that G-dot /G is less than 10~ 3year~!. Expressions for G-dot were considered
also in a multidimensional model with an Einstein internal space and a multicomponent
perfect fluid [49]. In the case of two factor-spaces with non-zero curvatures without matter,
a mechanism for prediction of small G-dot was suggested. The result was compared with
exact (143+6)-dimensional solutions, obtained by us earlier [49, 50].

Multidimensional cosmological model describing the dynamics of n+1 Ricci-flat factor-
spaces M; in the presence of a one-component anisotropic fluid was considered in [51].
The pressures in all spaces were supposed to be proportional to the density: p;, = w;p,
i = 0,...,n. Solutions with accelerated power-law expansion of our 3-space M, and small
enough variation of the gravitational constant G were found. These solutions exist for
two branches of the parameter wy. The first branch describes the super-stiff matter with
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wo > 1, the second one may contain a phantom matter with wy < —1, e.g., when G grows
with time, so this branch may describe not present, but earlier stages only.

Similar exact solutions, but nonsingular and with an exponential behaviour of scale
factors were considered in [52] for the same multidimensional cosmological model describing
the dynamics of n 4+ 1 Ricci-flat factor spaces M; in the presence of a one-component
perfect fluid. Solutions with accelerated exponential expansion of our 3-space M, and
small variation of the gravitational constant G were found also.

Exact S-brane solutions with 2 electric branes and 2 phantom scalar fields in the
manifold

M = (0,400) x R x My x M3 x My x Ms. (2.7)

were obtained and studied in [53]. We got the asymptotic accelerated expansion of our
3-dimensional factor space and variations obeying the present experimental constraints of
G-dot /G equal or less than 10~ Byear—!.

Below we dwell mainly upon some problems of fundamental physical constants, the
gravitational constant in particular, the SEE and laboratory projects to measure GG and its
possible variations shortly and on some theoretical models with variations of the effective
gravitational constant.

1.3 Fundamental physical constants

In any physical theory there are constants which characterize the stability properties
of different types of matter: of objects, processes, classes of processes and so on. These
constants are important because they arise independently in different situations, cannot
be expressed via other constants and have the same value, at any rate within accuracies
we have gained nowadays. That is why they are called fundamental physical constants
(FPC) [4, 12]. Tt is impossible to define strictly this notion. It is because the constants,
mainly dimensional, are present in definite physical theories. In the process of scientific
progress some theories are replaced by more general ones with their own constants, some
relations between old and new constants arise. So, we may talk not about an absolute
choice of FPC, but only about a choice corresponding to the present state of physical
sciences.

Really, before the creation of the electroweak interaction theory and some Grand
Unification Models, this choice was considered as follows:

C? h? a? GF? gS? mp (Or m@)? G? H? p? A? k? ‘[7 (3‘8>

where o, G, g, and G are constants of electromagnetic, weak, strong and gravitational
interactions, H, p and A are cosmological parameters (the Hubble constant, mean density
of the Universe and cosmological constant), k& and I are the Boltzmann constant and
the mechanical equivalent of heat which play the role of conversion factors between
temperature on one hand, energy and mechanical units on the other. After adoption
in 1983 of a new definition of the meter (A = ¢t or ¢ = ct) this role is partially played
also by the speed of light c. It is now also a conversion factor between units of time
(frequency) and length, it is defined with the absolute (null) accuracy. With the new
suggested definitions of basic units of the International System of Units (SI) such a role
may play also & and/or N, where N4 is the Avogadro number.
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Now, when the theory of electroweak interactions has a firm experimental basis and
we have some good models of strong interactions, a more prefarable choice is as follows:

h? (C)7 €, Me, 01117 GF: 007 AQCD7 G7 H7 P A7 ka I (39>

and, possibly, three angles of Kobayashi-Maskawa — 65, 63 and 9. Here 6,, is the Weinberg
angle, 0. is the Cabibbo angle and Agcp is the cut-off parameter of quantum chromody-
namics. Of course, if a theory of four known now interactions will be created (M-theory
or other), then we will probably have another choice. As we see, the macro constants
remain the same, though in some unified models, i.e. in multidimensional ones, they may
be related in some manner. From the point of view of these unified models the above
mentioned ones are low energy constants.

All these constants are known with different accuracies. The most precisely defined
constant was and remain the speed of light c: its accuracy was 107!° and now it is defined
with the null accuracy. Atomic constants, e, i, m and others are determined with errors
1077 = 1078, G up to 10~* or even worse, #,, — up to 1073; the accuracy of H is about
several percents. Other cosmological parameters (FPC): mean density estimations vary
also within 2 percent; for A we have now data that its corresponding energy density
exceeds the matter density (0.7 and 0.3 of the total universe mass correspondingly).

As to the nature of FPC, we may mention several approaches. One of the first hypotheses
belongs to J.A. Wheeler: in each cycle of the Universe evolution the FPC arise anew along
with physical laws which govern this evolution. Thus, the nature of the FPC and physical
laws are connected with the origin and evolution of our Universe.

A less global approach to the nature of dimensional constants suggests that they are
measures of asymptotical states. Really, velocities of usual bodies are smaller than ¢, so it
plays the role of an asymptotical limit. The same sense have h as the minimal quantum
of action and e as the minimal observable charge.

Finally, FPC or their combinations may be considered as natural scales determining
the basic units. While the earlier basic units were chosen more or less arbitrarily, i.e., the
second, meter and kilogram, now the first two are based on stable (quantum) phenomena.
Their stability is believed to be ensured by the physical laws which include FPC. There
appeared similar suggestions for a new reproducible realization of a kg, fixing values of
Ny or h, see [54] .

An exact knowledge of FPC and precision measurements are necessary for testing main
physical theories, extension of our knowledge of nature and for practical applications of
fundamental theories. Within this, such theoretical problems arise:

1) development of models for confrontation of theory with experiment in critical situa-
tions (i.e. for verification of GR, QED, QCD, GUT or other unified models);

2) setting limits for spacial and temporal variations of FPC. It is becoming especially
important now with the idea to introduce new basic units of SI, based completely on FPC.

As to a classification of FPC, we may set them now into four groups according to their
generality:

1) Universal constants such as A, which divides all phenomena into quantum and
nonquantum ones (micro- and macro-worlds) and to a certain extent ¢, which divides
all motions into relativistic and non-relativistic ones;

2) constants of interactions like «, 6,,, Agcp and G;

3) constants of elementary constituencies of matter like m., m,,, m,, etc., and
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4) transformation multipliers such as k, I and partially ¢ (conversion from the second
to the meter). Soon there may be more after modernization of SI - values of &, e, k and
N4 may be fixed with zero uncertainty.

Of course, this division into classes is not absolute. Many constants move from one
class to another. Some of the constants ceased to be fundamental (i.e. densities, magnetic
moments, etc.) as they are calculated via other FPC.

As to the number of FPC, there are two opposite tendencies: the number of “old” FPC
is usually diminishing when a new, more general theory is created, but at the same time
new fields of science arise, new processes are discovered in which new constants appear.
So, in the long run we may come to some minimal choice which is characterized by one
or several FPC, maybe connected with the so-called Planck parameters — combinations
of ¢, h and G (natural, or Planck system of units [12, 14]):

hG 1/2
L:(—g) ~ 107 em, my, = (ch/2G)"? ~ 1077 g, 7, = Ljc~10"% 5. (3.10)
C

The role of these parameters is important since my, characterizes the energy of unification
of four known fundamental interactions: strong, weak, electromagnetic and gravitational
ones, and L is a scale where the classical notions of space-time loose their meaning. There
are other ideas about the final number of FPC (2, 1, or none). All will depend on a future
unified theory.

The problem of the gravitational constant G measurement and its stability is a part
of a rapidly developing field, called gravitational-relativistic metrology (GRM). It has
appeared due to the growth of measurement technology precision, spread of measurements
over large scales and a tendency to the unification of fundamental physical interactions ,
where main problems arise and are concentrated on the gravitational interaction.

The main subjects of GRM were pointed out in [7]:

- general relativistic models for different astronomical scales: Earth, Solar System,
galaxes, cluster of galaxies, cosmology;

- time transfer, VLBI, space dynamics, relativistic astrometry etc.;

- development of generalized gravitational theories and unified models for testing their
effects in experiments;

- fundamental physical constants, G in particular, and their stability in space and time;
projects uSCOPE, STEP, SEE etc.;

- fundamental cosmological parameters as FPC: cosmological models studies (quin-
tessence, k-essence, phantom, multidimensional ones), measurements and observations;
WMAP, PLANCK, BICEP2 etc.;

- gravitational waves (third generations of detectors, study of sources...); LIGO, VIRGO,
LISA, RADIOASTRON,...

- basic standards (clocks) and other modern precision devices (atomic and neutron
interferometry, atomic force spectroscopy etc.) in fundamental gravitational experiments,
especially in space for testing GR and other theories : rotational, torsional and second
order effects (need uncertainty 107°%), e.g. LAGEOS, Gravity Probe B, ASTROD, LATOR
ete.

We are now on the level 2.3 - 107° in measuring PPN-parameter v and 5-10~* - for /3,
Brans-Dicke parameter w > 40000. Several future missions are proposed to increase the

accuracy of .
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There are three problems related to G, which origin lies mainly in unified models
predictions: 1) absolute G measurements, 2) possible time variations of G, 3) possible
range variations of G — non-Newtonian, or new interactions.

Absolute measurements of G. There are many laboratory determinations of G with
errors of the order 1072 and some are on the level of 107 .

The most recent and precise G measurements do not agree with each other and some
differ from the CODATA value of 2010:

G = 6.67384(80) - 107" - m?* - kg! - 572 (3.11)

with relative standard uncertainty 1.2 - 1074

So, we see that we are not too far (about two orders) from Cavendish, who obtained
value of G' 2 centuries ago at the level 1072, The situation with the measurement of the
absolute value of G is really different from atomic constants values and their uncertainties
(107®). This means that either the limit of terrestrial accuracies of defining G has been
reached or we have some new physics entering the measurement procedure [7]. The first
means that we should turn to space experiments to measure G [12, 11], and the second
means that a more thorough study of theories, generalizing GR, or unified theories are
necessary.

The precise knowledge of G is necessary, first of all, as it is a FPC; next, for the
evaluation of mass of the Earth, planets, their mean density and, finally, for construction
of the Earth models; for transition from mechanical to electromagnetic units and back; for
evaluation of other constants through relations between them given by unified theories;
for finding new possible types of interactions and geophysical effects; for some practical
applications like increasing of gradiometers precision, as they demand a calibration by a
gravitational field of a standard body depending on G: high accuracy of their calibration
(107° - 1079) requires the same accuracy of G.

The knowledge of constants values has not only a fundamental meaning but also a
metrological one. The modern system of standards is based mainly on stable physical
phenomena. So, the stability of constants plays a crucial role. As all physical laws were
established and tested during the last 2-3 centuries in experiments on the Earth and in
the near space, i.e. at a rather short space and time intervals in comparison with the
radius and age of the Universe, the possibility of slow wvariations of constants (i.e. with
the rate less than the evolution of the Universe) cannot be excluded a priori.

So, the assumption of absolute stability of constants is an extrapolation and each time
we must test it.

Time Variations of GG. The problem of FPC variations arose with the attempts to
explain the relations between micro- and macro-world phenomena. Dirac was the first
to introduce (1937) the so-called “Large Numbers Hypothesis” which relates some known
very big (or very small) numbers with the dimensionless age of the Universe 7' ~ 101
(age of the Universe is 10'7 s, divided by the characteristic elementary particle time
10723 5). He suggested that the ratio of the gravitational to strong interaction strengths,
Gm?/hc ~ 107%, is inversely proportional to the age of the Universe: Gm?/he ~ T~
Atomic constants seemed to Dirac to be more stable, so he chose the variation of G as
T

After the original Dirac hypothesis some new ones appeared (Gamov, Teller, Landau,
Terazawa, Staniukovich etc., see [4, 12]) and also some generalized theories of gravitation
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admitting the variations of an effective gravitational coupling. We may single out three
stages in the development of this field:

1. Study of theories and hypotheses with variations of FPC, their predictions and
confrontation with experiments (1937-1977).

2. Creation of theories admitting variations of an effective gravitational constant in a
particular system of units, analyses of experimental and observational data within these
theories [4, 55| (1977-present).

3. Analyses of FPC variations within unified models [1, 5, 7] (present).

Within the development of the first stage from the analysis of the whole set of existed
astronomical, astrophysical, geophysical and laboratory data, a conclusion was made [45,
55| that variation of the effective gravitational constant in the atomic system of units does
not contradict the available experimental data on the level 1072 = 107 3year™! and in
[45, 55] the conception was worked out that variations of constants are not absolute but
depend on the system of measurements (choice of standards and units using this or that
fundamental interaction). Each fundamental interaction through dynamics, described by
the corresponding theory, defines the system of units and the corresponding system of
basic standards, e.g. atomic and gravitational (ephemeris) seconds.

There are different astronomical, geophysical and laboratory data on possible variations
of FPC [12]. But the most strict present data on variations of strong, electromagnetic,
gravitational and week interaction constants are the following:

<2-107* year™'.

G,
&
(3.12)

Some studies of strong interaction constant and its dependance on the transfered
momenta are in [56]. The recent review on variations of « see in [57].

There appeared some data on a possible variation of o on the level of 107!¢ at some
z [58]. Other groups do not support these results. The problem may be that even if they
are correct, all these results are mean values of variations at some epoch of the evolution
of the Universe (certain z interval ). In essence variations may be different at different
epochs and observational data should be analyzed with the account of cosmological model
evolution.

Now we still have no unified theory of all four interactions. So it is possible to construct
systems of measurements based on any of these four interactions. But practically it is done
now on the basis of the mostly worked out theory — on QED. Of course, it may be done
also on the basis of the gravitational interaction (as it was partially earlier). Then, different
units of basic physical quantities arise based on dynamics of the given interaction, i.e. the
atomic (electromagnetic) second, defined via frequency of atomic (or in future nuclear)
transitions or the gravitational second defined by the mean Earth motion around the Sun
(ephemeris time).

It does not follow from anything that these two seconds are always synchronized in
time and space. So, in principal they may evolve relative to each other, for example at
the rate of the evolution of the Universe or at some slower rate.

That is why, in general, variations of the gravitational constant are possible in the
atomic system of units (¢, i, m are constant, Jordan frame) and masses of all particles
— in the gravitational system of units (G, h, ¢ are constant by definition, Einstein
frame). Practically we can test only the first variant since the modern basic standards are

Gr

Gr

1

' G
< 5-107" year™*, E’ < 1077 year™, ’5’ < 107" year™, !
o
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defined in the atomic system of measurements. Possible variations of FPC must be tested
experimentally but for this it is necessary to have the corresponding theories admitting
such variations.

Mathematically these systems of measurement may be realized as conformally related
metric forms. Arbitrary conformal transformations give a transition to an arbitrary system
of measurements.

We know that scalar-tensor and multidimensional theories are corresponding frameworks
for these variations. So, one of the ways to describe variable gravitational coupling is the
introduction of a scalar field as an additional variable of the gravitational interaction. It
may be done by different means (e.g. Jordan, Brans-Dicke, Canuto, [5] etc). We have
suggested a variant of gravitational theory with a conformal scalar field (Higgs-type
field [4]) where GR may be considered as a result of spontaneous symmetry breaking
of conformal symmetry [4]. In our variant SSB of the global gauge invariance leads to a
nonsingular cosmology [59]. Besides, we may get variations of the effective gravitational
constant in the atomic system of units and variations of masses in the gravitational system
of units. It is done on the basis of approximate [60] and exact cosmological solutions with
local inhomogenity [61].

As to other experimental or observational data, the results are of different quality. The
most reliable ones are based on lunar laser ranging and Pitjeva’s result (2013) on radar
ranging and optical observations. They are less than 107! per year. Here, once more we
see that there is a need for corresponding theoretical and experinmental studies. Probably,
future space missions like Earth SEE-satellite [10, 11, 12, 14] or missions to other planets
and lunar laser ranging will be a decisive step in solving the problem of temporal variations
of G and determining the fate of different theories which predict them. Since the greater
is the time interval between successive masurements and, of course, the more precise they
are, the more stringent results will be obtained.

As was shown in [1, 5, 62| temporal variations of FPC are connected with each other
in multidimensional models of unification of interactions. So, experimental tests on & /o
may at the same time be used for estimation of G/G and vice versa. Moreover, variations
of G are related also to the cosmological parameters p, 2 and ¢ which gives opportunities
of raising the precision of their determination.

As variations of FPC are closely connected with the behavior of internal scale factors
[8], it is a direct probe of properties of extra dimensions and the corresponding unified
theories |1, 8, 9]. From this point of view it is an additional test of not only gravity and
cosmology, but unified theories of physical interactions as well.

Non-Newtonian interactions, or range variations of G. Nearly all modified theories of
gravity and unified theories predict also some deviations from the Newton law (inverse
square law, ISL) or composition-dependent violations of the Equivalence Principle (EP)
due to appearance of new possible massive particles (partners) [5]. Experimental data
exclude the existence of these particles on a very good level at nearly all ranges except
less than 10 nm and also at meters and hundreds of meters ranges. Our analysis of
experimental bounds and new limits on possible ISL violation using the new method
and modern precession data from satellites, planets, binary pulsar and LLR data were
obtained in [63].

In the Einstein theory G is a true constant. But, if we think that G may vary with
time, then, from a relativistic point of view, it may vary with distance as well. In GR
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massless gravitons are mediators of the gravitational interaction, they obey second-order
differential equations and interact with matter with a constant strength G. If any of these
requirements is violated, we come in general to deviations from the Newton law with
range (or to generalization of GR).

In [6] we analyzed several classes of such theories. In all of them some effective or
real masses appear leading to Yukawa - type (or power-law) deviations from the Newton
law, characterized by the strength a and range A. There exist some model-dependant
estimations of these forces.

Some p-brane models (ADD, branewolds) also predict non -Newtonian additional
interactions of both Yukawa or power - law, in particular in the less than 10nm range, what
is intensively discussed nowadays [14, 64]. About PPN parameters for multidimensional
models with p-branes see section 2.

SEE - Project. We saw that there are three problems connected with G. There is
a promising multi-purpose space experiment SEE - Satellite Energy Exchange [10, 11],
which addresses all these problems and may be more effective in solving them than other
laboratory or space experiments.

This experiment is based on a limited 3-body problem of celestial mechanics: small
and large masses in a drag-free satellite and the Earth. Unique horse-shoe orbits, which
are effectively one-dimensional, are used in it.

The aims of the SEE-project are to measure: Inverse Square law (ISL) and Equivalence
Principle (EP) at ranges of meters and the Earth radius, G-dot and the absolute value of
G with unprecedented accuracies.

We studied many aspects of the SEE-project [11, 12| and the general conclusion is that
realization of the SEE-project may improve our knowledge of G, G-dot and G(r) by 3-4
orders.

Another laboratory variant was suggested in our paper [65] to test possible range
variations of GG. It is the experiment on possible detection of new forces, or test of the
inverse square law, parameterized by Yukawa-type potential with strength o and range
A. It was shown that the sensitivity of the method suggested may be on the level of « -
107" in the range of A - (0.1 — 107)m in the space of Yukawa parameters (a, \).

Our other results on theoretical multidimensional models with variations of G, FPC,
with quantum billiards, solutions with branes and black branes, as well as transition to
new SI units, based on FPC, see also in [66, 67|, [68], [40, 69|, [70, 71] and [54, 57, 72, 73|
correspondingly.
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AnHoTtaums.  PaccMaTpuBaeTcsi TPakTOBKAa rpaBUTALMOHHOIO B3aUMOZENCTBUS HA OCHOBE MPUHLMUMA JIO-
KasbHOU KannbposBoyYHoti uHBapuanTHocTn. ObcyxaaeTcs Mecto u pusmdeckas 3Hadumocts [lyaHkape ka-
JIMBPOBOYHOI TEOpUU TArOTEHUSI B PaMKax KajnbpoBOYHOrO NOAX0Aa B TEOPUM rPaBUTALMOHHOIO B3aUMO-
Aaenicteusi. PaccmaTpuBaeTcss u3oTponHasi KOCMOJIOrus, MOCTPoeHHas Ha ocHose [lyankape kannbpoBo4HOWd
Teopum TaroteHus. ObCYX[AIOTCS BaXKHeENLLNE U3NYECKNe CAEACTBUS, CBS3aHHbIE C U3MEHEHNEM XapaKTe-
pa rpaBUTaLMOHHOIO B3aUMOAZENCTBUS, C BOSMOXHbBIM CYLUECTBOBAHNEM MPERELHON MAOTHOCTU SHEPrun u
rpaBUTaLNOHHBIM OTTAJIKUBAHUEM B SKCTPEMAJIbHLIX YCIOBUSIX, A TAKXKE C BaKyyMHbIM 3¢DDeKTOM rpaBuTa-
LMOHHOIO OTTAIKUBAHUS.

KJ/ilo4eBble cnoBa: MpoCTpaHCTBO PwmaHa—KapTaHa, Kpy4eHne, KOCMOJIOrm4eckas CUHryJ1sPHOCTb, TEMHAA
SHepruns

2.1 BsepeHue

B ocnoBe coBpemeHHO#l Teopuu I'DABHTAIIMOHHOIO B3AaUMOJEHCTBUS JIEKUT ODIAs TeO-
pus ornocurenbaoctun (OTO) Ditamreiina. Corsmacno OTO yder rpaBUTAIMOHHOIO B3a-
UMOJIECTBUS MPUBOJUT K OOJIee CJIOKHBIM METPUYECKUM CBOCTBaM (DU3UMUIECKOrO IPO-
CTpPAHCTBa - BpeMeHH, obpasyrolero 4-mepublii rncesno-pumanoB kontunyyM. OTO naer
aJIEKBATHOE ONHUCAHUE PA3JIUIHOrO pOjia CHCTeM W (DU3MYECKUX SBJEHUN B acTpodusu-
Ke 1 acTPOHOMUH, BKJIOUas Hab/ogaeMyo Beenmennyto kak tmesoe. B To xe spems OTO
CTAJIKUBAETCSI C HEKOTOPBIMU MPUHIIUITNATBHBIMI TPYIHOCTSIMU, MOSIBJIAIONIUMIECS B OTIPe-
JIEJIEHHBIX YCJIOBUSIX TIPU OIUCAHUU TPABUTUPYIOMINX CHCTEM.

['paBuranuonnoe mnoJie, onucsiaemoe B OTO ¢ momorpio MeTprudeckoro TeH3opa pu-
3UYECKOTO MPOCTPAHCTBA-BPEMEHN HAa OCHOBE YpPaBHEHUI TATOTEHUs DUHINTEHHA, UMeeT
B KadecTBe CBOErO MCTOYHUKA TEH30D SHEPrUU-UMITY/IbCa I'PABUTUPYIONIeH marepun. B
caydae OOBITHON MATEPHUH C MOJIOKUTETbHBIMIA 3HAYCHUSMU ILJIOTHOCTU SHEPIUH U J1aB-
JIeHUusI, TpaBuTaIrmonnoe B3anmMojieiicreue B pamkax OTO umeer xapakTep MpUTIKEHUSI,
YBEJMYIUBAIOIIETOCsT ¢ POCTOM ILJIOTHOCTH SHEPruu. B KOHEIHOM HUTOre 3TO U SIBJISETCS
MPUYNHON TOABJIEHUS CHHTYIAPHBIX COCTOSHHUI B KOCMOJOTHYECKUX MOJEIAX DOJIBIIoro
BspoiBa u yepnbix npip. Hamuuane B navase crainmn paciimpenus B pa3JImaHOIO pojia KOC-
MOJIOTUYECKHUX MOJIEJISIX CUHTYJISIPHOTO COCTOSHUS C PACXOJISIIECd TIJIOTHOCTHIO SHEPTUT
U CUHT'YJIPHON METPUKOIl BeJieT K mpobseme nadasa Bceesrennoit Bo Bpemenu - mnpobJieme
KOCMOJIOTHYIEeCKO# cuHryagpaoctu. Creyer 3aMeTuTb, 9To X0Td B pamkax OTO rpasu-
TAIMOHHOE B3AMMOJIEHICTBIE MOXKET UMETh XapaKTep OTTAJIKUBAHUS B CJIyUae TPABUTUPY-
IOl MaTepun ¢ OTPUIATE/IbHBIM JIaBjIeHIeM (HAIPUMED, CKaJIFPHbIE MOJId B UHQIIAIY-
OHHBIX MOJIEJISIX ), TPOOJIEeMa KOCMOJIOTHIECKOH CHHIYJISIPHOCTH He MOZKeT OBITh perlieHa B
OTO na ocHoBe paccMOTpeHUs] TAKUX CUCTEM: HECMOTPs Ha IMOsIBJIEHNE HEKOTOPBIX Pery-
JIIPHBIX PeIIeHui, OOJILIMMHCTBO KOCMOJIOITYECKUX MOJIEIENl OCTAIOTCA CUHTYIISPHBIMHE.

Hpyras npunnunuaabhas mpobiema OTO cBsg3aHa ¢ BBeJIEHHEM TEMHBIX COCTABJIS-
IOIUX MATEPUH C MEJbI0 O00bsICHEHUS HaOJIIOATETbHBIX KOCMOJIOTHIECKUX U acTPOgU-
3UYecKnX JaHHbIX. Vx obbgcnenne B pamkax OTO npusBoauT K BeIBOLY, 9TO 0K0JIO 96%
sHeprun Bo BeesleHHOI ¢BA3AHO ¢ HEKOTOPBIMY THIIOTETHYECKUMU BUJIAMI MATEPUH - TEM-
HOII SHeprueil m TeMHOI MaTepueil, a BKJIaJ B SHEPIHIO OOBLITHON OApPMOHOBOII MaTepuu
cocTaB/igeT JIb 0koyIo 4%. B pesyiabrare HbIHENIHAST CUTYAldsl B KOCMOJIOTUH U B IIe-
JIOM B TEODUU T'DABUTAIMU IOJ00HA CHUTYyaIluu, CJIOYKUBIIelicad B pusnke B Hadage XX
BeKa, KOryjia ObLIO BBEJACHO MOHATHE IPUpa € MEeTbI0 00bICHEHUS PA3JIMIHOTO POJIA JIEK-
TPOMarHUTHBIX siBjieHnit. Kak n3BecTHO, CO31aHMe CrIennabHOM TEOPUU OTHOCUTETHBHOCTI
ITO3BOJIMJIO PEIIUTh COOTBETCTBYIOIINE IIPOOIEeMbl O€3 MCIIOJIb30BaHUS TTOHITUs Spupa.



2.2. KAJIMBPOBOYHbIV 110AX0A B TEOPUU TPABUTALINN U MKTT

[IpenpunuMa/ioch MHOYKECTBO IMOIBITOK C IEIbIO PEIIEHUs YKA3aHHBIX BIIIE TTPOO/IeM
kak B pamkax OTO wu cyrmiecTByronmx Teopuit, MpeTeHIyIONIX Ha POJIb KBAHTOBON TEO-
pHUM TpaBUTAIMA - Teopun cTpyH/M-Teopun u meTaeBoil KBAHTOBON TEOPUH T'DABUTAIINH,
TaK U Pas3jIMIHbIX 00001eHnii DAHIITeiiHOBCKON Teopun Tsrotenus (cM. Hamp. [1, 2]). Pa-
JINKAJIbHbIE WJIeN, CBA3AHHBIE C TAKUMU MOHATUSMU, KAK CTPYHBI, JTOTOJHUTELHBIE TTPO-
CTpPAHCTBEHHbIE U3MEPEHNs, KBAHTOBAHNE ITPOCTPAHCTBA-BPEMEHN U T.JI., UCIOJIb30BAIICH
B 9TuX paborax. Pazmnyanbie runoreTuyecKue moJid U YaCTUIbl ¢ HEOOBITHBIMU CBOHCTBAMU
KaK BO3MOXKHbBIE KaHIMJIATHI, IPETEHIYIONNe Ha POJIb TEMHOI SHEPIruu U TEeMHOM MaTe-
pun, obcyxmaauck B gureparype. Ciieyer mpu 9TOM 3aMETUTh, 9TO MHOTHE 0000IIEeHMsT
DWHINTEIHOBCKON TeOpUn TATOTEHUs Oa3upyroTca Ha BBOAUMBIX ad hoc rumoresax u He
UMEIOT 1101 cOOOI COJIMIHON TeoPeTHIecKoil Oa3bl.

B 1o ke Bpemd CyIIecTByeT Teopus TATOTEHNS, IOCTPOEHHAS HA OCHOBE OOIIEMTPUHATHIX
TEOPETUKO-TIOJIEBBIX IIPUHITUIIOB, BK/IIOYas MPUHITUI JIOKAJIHLHON KaTuOPOBOYHON MHBapU-
ATHOCTH, SIBJIATOIIasiCsI ecrecTBeHHBIM 00001erHrneM OTO 1 oTKpbIBafoIas BO3MOKHOCTH
JUUTSl PEIieHns] ee MPUHIUINAIBHBIX 11pobsieM. 1o [lyankape kaaunOpoBouHast Teopust Tsi-
rorerus (ITKTT) - teopust tsirorenusi 8 4-MepHOM (hU3HUECKOM MPOCTPAHCTBE-BPEMEHH,
UMeIOIEeM CTPYKTYpy Kontunyyma Pumana-Kaprana Uy. B pamMkax kaanOpoBOYHOTO MMOJI-
xoa B Teopun Tpasutarmonnoro szanmojeiictsus [IKTT aBnserca mernocpencTrBeHHBIM
1 B OIPeIeIeHHOM CMBIC/IE HEOOXOIMMbBIM O0DOOIIEHNEM TEOPUH TIMOTeHUs DUHIITelHA.

2.2 KannbposouHbliii nogxon B Teopun rpasutauyuu u NMNKTT

[IpunIu JT0KaIbHON KaJIMOPOBOYHON MHBAPUAHTHOCTHU JIEYKUT B OCHOBE COBPEMEHHOI T€O-
pun pyHIaMEHTATBHBIX (PU3NIECKUX B3auMojieiicTBuil. JIaHHbIil TPUHITNIT yCTaHAB/IUBACT
[VIYOOKYIO CBSI3b MEKJIy BaXKHEUITUMU COXPAHSIONUMUCA BeJIMIMHAMU, CYIIECTBOBAHUE
KOTOPBIX CBSI3aHO corjiacHo Teopeme Herep ¢ MHBApMaHTHOCTHIO TEOPUU OTHOCUTETHLHO
COOTBETCTBYIONIUX T'PYII IpeobpasoBanuil, u (yHIaMeHTaIbHBIMU (KATUOPOBOYHBIMN )
dusnUecKUMI OJIAME, UMEIOIIMMHI B KaIeCTBE UCTOYHUKOB COOTBETCTBYIOIINE COXPAHSI-
IOIIUECs BEJTMYMHBI U BBICTYIIAIONIMMEI B KAYeCTBE HOCUTEEH ONpPeJIeIeHHBIX (DU3MIECKUX
B3anmojeiicteuit. B coorBercTBum ¢ teopueit fnra-Muica cxema BBejieHUsT KATUOPOBOY-
HBIX TI0JIel TTPO3pavyHa U He BBI3BIBAET BOIPOCOB B CJIydae IPYII BHYTPEHHEH CUMMeTPUN
B IIpocTpaHcTBe MHHKOBCKOTO, PACCMATPUBAEMBIX B TEOPHUU JIEKTPOCTAOOT0 U CUJILHO-
ro B3ammojieiicTuii. CuTyarus MeHSIeTCsI IPH [IePexXo/ie K IPABUTAIIMOHHOMY B3aMMOJIeH-
CTBUIO, B CJIydae KOTOPOro KaJTMOPOBOUHAS TPYIIIA OKA3bIBAETCs CBI3aHHON ¢ KOOPIUHAT-
HBIMU TPe0OPa30BAHUSMUI U B MIPOIIECCE JIOKATU3AIUN IPYIIILI MEHSIETCS TeOMeTpUIecKast
CTPYKTypa IpocTpaHcTBa-Bpemenn 1. Ha caMom jeie, ecm TEH30p SHEPTUH-UMITY/ILCA
paccMaTpuBaTh KaK UCTOYHUK TI0JIs TATOTEHUs (MMEHHO TaKOBa CUTYAIlUus B METPHYECKON
TEOPUH TATOTEHMsI ), TPABUTAIIMOHHOE B3aNMOJICHCTBHE CJIe/yeT BBOJIUTH Ha OCHOBE JIOKa-
Jmzanun 4-mapamMeTpudecKoil TPYIIbl TPaHCIAni B mpocTpancTBe MUHKOBCKOTO, NHBa-
PUAHTHOCTH OTHOCUTEILHO KOTOPOIl U MIPUBOJIUT K BBEJECHUIO TEH30Pa SHEPIUU-UMITY/IHCA,
U K 3aKOHAM COXPaHeHUs SHEPIUU U UMITYJIbca. VIMEHHO TaKUM Iy TeM IoJIe TATOTEHUS KaK
CHUMMETPUTHOE TEH30PHOE M0JIe 2-T0 PaHra BIepBble OBLIO BBE/eHO B cTarbe [4]. Beemen-
HO€E KaJIMOPOBOYHOE I0JIE€ CBA3BIBAIOCH C METPUYECKUM TEH30POM ITPOCTPAHCTBA-BPEMEHH,
UMEIOIIETO CTPYKTYPY ICEBJIO-PUMaHOBa KOHTHHYyMa. Takum obpaszoM, Jiokaau3anus 4-
napaMeTpUIecKOil TPYIIIbI TPAHCIANINN TPUBOIUT K TEOPHUH, KOBAPUAHTHON OTHOCUTETHHO

106cyrpaeHne cooTeeTCTBYIOLNX BONPOCOB copepxutcs B [3].
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00IIX KOOPIMHATHBIX TPe0dpa30BaHUl U MPEJICTABIISIONICH COO0H METPUIECKYIO TEOPUIO
TATOTEHMST, KOTOPast IIPU COOTBETCTBYIOIIEM BBIOOPE IPABUTAIIMOHHOTO JIAIPAHKUAHA, CBO-
JIATCS K TEOPUU TATOTeHus DiiHinreiina. B crarbe [5] mose tarorenns Takke ObLIO BBEJIEHO
Ha OCHOBE JIOKAJIU3AINH 4-ITapaMeTpUYecKoil IPYIIIbI TPAHCIAII, ITPU 9TOM KaTuOpoBOU-
HO€ TIOJIE TIPEJICTABJISIIIOCh KAK COBOKYITHOCTD Y€THIPEX BEKTOPHDLIX IOJIeil, CBA3AHHBIX C
OPTOHOPMUPOBAHHON TeTPa/I0il; COOTBETCTBYIONIAS TEOPUs MPEJACTABIAET COOON TEOPHUIo
TATOTEHUsI B IPOCTPAHCTBE abCOTIOTHOTO HapaJiienn3Ma (Tenenapaiennsma). [lo3anee
[0Jie TSATOTeHWs KaK KaJuOPOBOYHOE TI0JIe, CBI3aHHOE C 4-IapaMeTpUYecKoil TI'PYIIIOit
TPaHCJISAINAN, paccMaTpuBasIocs B padbore [6].

Paccmorpum Botipoc o posin rpyribt JIopeHiia B TeOpun TATOTEHUS, BBOJMMON HA OC-
HOBE JIOKAIu3aIlnn 4-1apaMeTpuydeckoil rpymibsl Tpancsiuil. Peas uper o rpyme Ter-
PAJIHBIX JIOPEHIIEBLIX MMPpeo0pa30BaHuil, He CBI3aHHON ¢ Mpeodpa3soBaHUEM KOOPJIMHAT U
MPUCYTCTBYIONIEN B TEOPUU NPHU HAJUYIUU B KaryKJOW TOYKE MPOCTPAHCTBA-BPEMEHU OP-
TOHOPMHUPOBAHHOI TeTpa/ipl. II0CKOIbKY MeTpPHYeCcKHil TEH30D ¢, CBA3AHHDII ¢ OPTO-
HOPMUPOBAHHOH Terpajioii k', no dopmyne g, = nih' by (nix = diag(l,—1,—-1,—1) -
METPUYIECKUIl TeH30p MpOCTpaHcTBa-BpeMenn MUHKOBCKOTO, IpevYecKre U JIATUHCKIE WH-
JIEKCBI UCIIOJIb3YIOTCS JI/IsT 0003HAYEHUsT TOJIOHOMHBIX W HETOJIOHOMHBIX KOOD/IMHAT CO-
OTBETCTBEHHO) WHBAPUAHTEH OTHOCHTEJILHO TETPAJIHBIX JIODEHIEBBIX MIpeobpa3oBaHuii ¢
[IPOM3BOJIBHBIME ITapaMeTpaMu, TeTpaiHast (POPMYIUPOBKA METPUIECKON TEOPUH TATOTe-
HUsI, TTOJIydaeMasi B Pe3y/IbTaTe BBE/ICHUs OPTOHOPMUPOBAHHON TETPa/Ibl B KayK 0 TOUKE
[IPOCTPAHCTBA-BPEMEHN, HHBAPUAHTHA OTHOCUTEIHHO JIOKAJIN30BAHHON rpytis! Jloperta.
DTO O3HAYAET, YTO T'PYIIIA TETPAHBIX JIOPEHIIEBLIX TPEOOPA30BaAHNIl B PAMKAX MeTpUte-
CKOIl TeOpUU TATOTEHUS He UI'DAeT JUHAMUYECKON POJIU ¢ TOYKU 3PEHUs KAJIMOPOBOTHOTO
nosxoga. C 9TUM CBA3AHO TakxKe oOpallleHne B Hy/Ib nnBapuanta Herep, coorBeTcTByIO-
mero rpyire Jloperia, B Merpudeckoii Teopun tarorenus |7]. Hro ke Kacaercs Teopun
TATOTEHUS B IIPOCTPAHCTBE abCOIIOTHOTO TTApAJLIe/In3Ma, TO JJaHHAs TeOPUsi KOBAaPUAHTHA
JIUIIb OTHOCUTEBHO TETPAJIHBIX JIOPEHIIEBBIX TPe0Opa30BaHUil ¢ IMMOCTOSTHHBIMU BO BCEM
[IPOCTPAHCTBE MapaMeTpaMi U, ¢ TOYKHU 3PEHIs KAaJTUOPOBOYHOIO TIOJIXO0/IA, TPEJICTABIISIET
co0O0I1 MTPOMEXKYTOYHBIN 3Tall HA IyTH MOCTPOEHUs] TEOPUU, KOBAPHUAHTHON OTHOCUTE/Ih-
HO JIoKastm3oBaHHo! rpynibl Jlopenma. [lepexos k Takoit Teopun jmocturaercs Oaroaps
BBEJICHUIO KAJTUOPOBOYHOIO JIOPEHIIEBA TOJIsA, UMEIONIEro TpancOpMAaIMOHHbIE CBONHCTBA
HEroJIOHOMHOH JIopenIeBoit cssnoctu [8]. TpakToBKa JAHHOIO TOJIsSI KAK HE3aBUCHMOIO
JIMTHAMUYIECKOTO TIOJIs IPUBOJUT K TEOPHUH TATOTEHUs B IpocTpaHcTBe Pumana-Kaprana,
u3BecTHON B jmreparype Kak [lyankape kasmbpoBoumnasi Teopus tsirorenus (Poincaré
gauge theory of gravity).

[IpumedaTebHO, 9TO BIIEPBbBIE MOMBITKA TPAKTOBKU I'PABUTAIIIOHHOTO B3aNMO/I€HCTBHS
HA OCHOBE MPHUHIUIA JIOKAJBHON KaJnOpPOBOYHON MHBAPUAHTHOCTHU ObLIa IPEIIPUHATA
P. Vruamoit B 1956 romy Bckope mocse mocrpoerust Teopun nosteit fAmra-Mmica [8]. B
KadecTBe KaJuOPOBOYHON TPYIIILI IIPU 3TOM paccMaTpuBajach rpymnmna Jlopenma. YTus-
Ma BBeJI KaJMOPOBOYHOE JIOPEHIEBO I0JIe, U MOCKOILKY TPaHCcOPMAIMOHHBIE CBOMCTBA
HEroJIOHOMHO#T JIOPEHTIEBOIT CB3HOCTU OJIMHAKOBLI B TPOCTPAHCTBe PrMmana u B mpocTpan-
ctBe Pumana-Kaprana, ¥YTusma cMOr moJiydnuTh IPaBUTAIIMOHHBIE YDABHEHUS DUHIITEN-
Ha, OTOXK/IECTBJIAA KAJIUOPOBOUHOE JIOPEHIIEBO TOJIe ¢ KO duImenTamMu Bparienus Pud-
g puMaHoBa npocrpancTsa. OHAKO, KaK ObLI0 oTMedeHO B crarbax |9, 10|, momobHoe
OTOKJIECTBJICHIE HE JIOIMYCTUMO, €CJIU KAJTMOPOBOYHOE JIOPEHIIEBO I0JIe TPAKTOBATH KakK
HE3aBUCHUMOE JTUHAMIIECKOe 1oJie. KpoMe Toro, TpaKToBKa MOJIs TATOTEHUST KaK KaTuOpo-
BOYHOTO TI0JIsI, COOTBETCTBYIOIIETO rpytie JIopeHa, He 1moc/ieIoBaTeIbHa, €CIU IPUHITh
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BO BHUMAHHUE COOTBETCTBUE MEXKJTy KaJIUOPOBOYHBIMU TOJIAMU U UX UCTOTHUKAMUI.

[Tpunmunuanbuas 3nadnmoctsh [IKTT B pamkax KaanOpPOBOYHOIO MOJX0JIa B TEOPUM
IPABUTAIIMOHHOTO B3aUMOJICHCTBUSA OIPEJIE/IAETCA TOM POJIbIo, KOTOPYIO MI'PaeT T'pyIIIia
Jlopenmia B coBpemenHoii ¢pusuke. HBAPHAHTPOCTH TEOPUU OTHOCHUTEIHHO T'PYIIILI TET-
PaJIHbIX JIOPEHIIEBBIX IIPeodpa3oBaHuil (paKTHIECKH 03HATALT, YTO JJOKAJIbHO METPUICCKUE
cBOMCTBa (PUBNUIECKOTO IPOCTPAHCTBA-BPEMEHN TaKue Ke, KaK U IIPOCTPAHCTBa-BPEMEHH
Munkosckoro. [Tomumo MeTpuiuecKux CBONHCTB (hU3NUIECKOe ITPOCTPAHCTBO-BpEeMs 00J1a,1a-
€T CBOWCTBaMU, CBA3AHHLIMH C HAJUINEM KPYYEHUsd Yy JOPEHIEBOI CBA3ZHOCTH, BBICTYIIa-
fomeit kKak gynnamentanbaoe dusnieckoe nose. COBMECTHO ¢ TeTpasoit h', HerosoMHas
JIOpeHrieBa, cBA3HOCTL A p= — AR y UTPAIOT POJIb HE3ABUCUMBIX IIEPEMEHHBIX 10JIS TATO-
Tenus. CoOTBETCTBYIONME UM HAIPSZKEHHOCTH - 9TO TEH30pEI Kpydenus S°,, W KPUBHU3-
Hbl F* - LeH30D KPUBUBHEL, ABJISACh HAIPSXKEHHOCTHIO, COOTBETCTBYIOMIEH IpyIie TeT-
PaJIHBIX JIOPEHIIEBBIX IIPE0OPa30BaHUil, OIIPEIEIIeTCs TO00HO HAIIPIZKEHHOCTH KaIudpo-
BOYHOI'O sIHI-MUJIJICOBCKOTO 10Jid. B oT/indme oT KPUBU3HBI, TEH30P KpydeHUs, OyIydn
HaIpsKEHHOCTHIO, COOTBETCTBYIOINIEH MOAIPYIIe MPOCTPAHCTBEHHO-BPEMEHHBIX TPaHC/Ts-
1nii, gB/sgeTcs PYHKIMeH He TOJIbKO TeTpajl U UX IPOM3BOJIHBIX, HO TaKKe KaJTUOPOBOU-
HOTO JIODEHIIEBA T10JIsT (CM. HUZKE), UTO SIBJISIETCS OTJIMIUTEIBLHOM 0COOEHHOCTBIO Kaanbpo-
BOYHON TEOpUU, CBA3AHHON C KOOPJMHATHBIMU Ipeobpa3oBanugamu. Jlarpam:kuan rpaBu-
TAIMOHHOTO TI0JId TIPEJICTaB/IAeT cOO0ON MHBAPUAHT, MTOCTPOCHHBIN U3 TEH30POB KPUBU3HBI
U KpydeHusl (a Tak»Ke TeTPaJibl WM METPUKN). B ciydae MUHUMAIBHON CBSA3U MaTepHn
C T'PaBUTAIMOHHBIM TIOJIEM, OIPEJIEISIeMOil ¢ TOMOIILIO 3aMEHBbI B JIarDaHKUaHe MaTe-
pHH, 3allMCAHHOM B IIpocTpaHcTBe MUHKOBCKOTO (B MPSIMOYTOJILHOf JIEKAPTOBOIl cucreme
KOOD/IMHAT MHEPIHAIBHON CHCTEMBI OTCUYETA), YACTHBIX TPOM3BO/IHBIX MAaTEPHAIbHDIX I1e-
PEMEHHBIX Ha KOBapUAHTHBIE ITPOU3BOIHBIE, ONpEIesdeMble ¢ TOMOIIBIO TTOJTHOM CBA3HO-
cTH TpocTpancTBa Pumana-Kaprana, B po/in MCTOYHUKOB TIOJI TATOTEHUSA B I'DaBUTAIIN-
onnbix ypasHenuax [IKTT BwicTynmaoT TeH30p SHEPrUU-UMITYJIHCA U TEH30P CIUHOBOTO
MomeHTa rpasutupyomieit marepun. [Ipocreiitas I[IKTT - reopus Ditamrreiina-Kaprana
- COOTBETCTBYET BLIOOPY T'DABUTAIIMOHHOIO JIAIDAHXKUAHA B BHUJE CKAJIAPHON KPUBU3HDLI
npoctpancTBa-Bpemenn Uy. Bosbioit Bkita 1 B uccsemoBanue teopun Jitimreitna- Kaprama
B CBSI3U C IOIBITKAMHU PEIICHUs TPOOJIEMbl KOCMOJIOTHYECKON CUHTY/ISIPHOCTHA OBLT BHE-
cen mosibekumu usnkamu (cMm. [11]. B ciaygae GeccrimHoBOit MaTepun rpaBUTAIIMOHHbBIE
ypaBHeHus: Teopun ditHinreitna- Kaprana cBojasaTCsd K YypaBHEHUAM TATOTEHUA DWHIITE-
Ha, B CJIydae MaTepUu CO CIUHOM Teopus difHimTelina-KapraHa NpuBOguT K JUHEHHOM
CBA3M MEXKJIy KPpyUeHUeM IIPOCTPAHCTBa-BPEMEHU U CITMHOBBIM MoMeHTOM. JlanHoe ob6cTo-
ATETHCTBO MOCTYKUJIO TPUINHON IITUTPOKO PaCIPOCTPAHEHHOTO B JINTEPATYPE MHEHUS, YTO
KpyUeHue MopoK/IaeTcd CIUHOM, a B cIydae OECCIIMHOBON MaTepuH JIOJIKHO Uc4e3arhb. B
JICHCTBUTEILHOCTH 2Ke JTAHHOE 0OCTOATETHCTBO CKOPEe CBHUJIETETLCTBYET O BHIPOYKIEHHOM
xapakTepe Teopun Jiireiina- Kaprana, ecjim yaecTsb, 9TO TEH30D KPYUIEHUS [TPEJICTABIISIET
€000 HAIIPSKEHHOCTD 01 TATOTEHHS, COOTBETCTBYIOIILYIO ITOAIPYIIIE ITPOCTPAHCTBEHHO-
BPEMEHHBIX TPAHCIAINNNA U HEMOCPEICTBEHHO CBA3AHHYIO ¢ TEH30POM SHEPTUU-UMITYIHCA
rpaBuTupyiomieit Mmarepun. [Ipn BKovennn B rpaputanuonnblii jarpamkuan [IKTT, mo-
noouo Teopun fAnra-Muica, KBaJIpaTHIHBIX OTHOCUTE/IHHO HAIPSXKEHHOCTEH HHBApU-
anToB cutyanus HopmaJsmdyercs, n [IKTT npencrasisger coboit TeOpUio TIrOTEHUSI, B
paMKax KOTOpPO T'PaBUTAIIMOHHOE TI0JI€ OIMMCBIBACTCA MTOCPEICTBOM B3aUMOJIEHCTBYIONUX
MezKTy cOOO#l METPpUKHN U KPYYeHUs, UCTOUYHUKAMU KOTOPOTO SIBJFIOTCS TEH30D SHEPIUU-
UMITYJIbCa U TE€H30P CIIMHOBOI'O MOMEHTa I'PABUTHUPYIOINIEH MaTEPUU.

CymectBytoT pasjmaHoro poja Bosmoxkuoctn obobmenus: [TKTT, casanubie ¢ pac-
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cMOTpeHnmneM BMecTO rpynnbl Jlopenia apyrux Oosiee obmux rpymi, - KOHPOPMHAas Ka-
mO6poBOTHAs Teopus, (aHTH-) je-CuTrepoBcKast KaanOpoBouHas Teopus. BecbMma obmiast
Teopus - 3T0 adOUHHO-MeTPIIeCKas KAJMOPOBOYHAS TEOPHs TATOTEHUsI, B PAMKaX KOTO-
pOil CBA3HOCTDH 00J1a/IaeT HAPSLY ¢ KPydeHneM TaKxKe M HeMeTPUIHOCTHIO. [Ipu cooTBer-
CTBYIONIUX OTPAHUYEHUAX HEMETPUYHOCTU MMeeT MECTO TeOopHs B IpocTpancTBe Beiirs-
Kaprana. [lo cpaBuennio ¢ yKa3aHHBIMU BBIIIE TEOPETUIECKH BO3MOYKHBIMU ITOCTPOEHU-
MU KaJIMOPOBOYHOI Teopun TAroTenus npunnunuaibuag 3uaanmoctb [IKTT onpeess-
ercs (pyHIaMeHTaIbHON posibio rpynnbl Jlopenna B usmke, u MpexKje BCErO B TEOPUU
dyHIaMeHTAIBHBIX (PU3NIECKUX B3aUMOJICHCTBUIA.

Bosbmmoit Bkiag B pazsutue [IKTT BHecn paborbl poccmiicKux mcceioBaTesiein —
npod. .. Uanenko ¢ ero yuenuxkamu, npod. B.H. ITonomapesa u ero rpynmsr, B.H.
OpostoBa u Jip., a Takxke 3apybe:kubix yuenbix — T.W.B Kibble, D.W. Sciama, F.W. Hehl,
J. Nester, M. Blagojevi¢, K. Hayashi, T. Shirafuji u ap. (cm. |9, 10, 11, 12, 13, 14, 15, 16,
17, 18]).

2.3 [paButayuoHHbie ypaBHeHusa NKTT, npuHyun cooTBeTcTBUA
NMKTT Teopun taroteHns JdiiHwWwTERHA

Kak ormeuasiocs Boimre, B pamkax IIKTT poJsb rpaBUTAIMOHHBIX IIE€PEMEHHBIX UIPAIOT

i ik _ ki
OpTOHOPMHpOBaHHag TeTpaja h', n HerojgoMHasd JOPEHIEBa CBSA3HOCTD A", = =A", a
COOTBETCTBYIONIIE UM HAIPAKEHHOCTH - 9TO TEH30p KpydeHus S°,, U TeH30D KPUBU3HBI
F* . onpenensiemple Kak

St = O by — A%

F™ 0 = 200, A% ) + 24", Ay

Crpykrypa rpasutannonnbix ypapuennii [IKTT zaBucut or BbIOOpa rpaBUTAITMOHHOTO
narpamxkunana Lg. [Tockonbky B npocrpancTtse Uy MOXKHO IMOCTPOUTE DsJi HHBAPHAHTOB,
KBaJIPaTUYHbIX 110 KPUBU3HE U KPYUYEHUIO, Mbl OYyJI€M KCIOJIH30BaTh JIOCTATOTHO ObIee
BeIpazkenue Lg, cojieprKaliee ITOMIMO CKaJIAPHON KPUBU3HBI BCEBO3MOMKHBIC KB IPATHI-
HbIe MUHBAPUAHTHI ¢ HEOIIPEICJICHHBIMU TIapaMeTPaMu, IIPEeJIIoIaraiolme CoOXpaHeHne mpo-
CTPaHCTBEHHON YeTHOCTU

ﬁg = fOF—i_Fa/BuV (fl Faﬁuu+f2 Fauﬁu"’fS Fuuaﬁ)
+Fuy(f4ELV+f5Fuu)+f6F2
+SM (a1 Sopw + a2 Supa) + as SO‘WSg“ﬂ, (1)

rne F,, = F%0, FF'=F', f (i =1,2,...,6), a; (k = 1,2,3) - meonpeneenisle a-
pamerpbl, fo = (167G)™!, G - HLIOTOHOBCKAs I'PABUTAIMOHHAS TOCTOSHHAS (CKOPOCTh
cBeta B Bakyyme ¢ = 1). ['paBuranuontbie ypaBHEHHUs, BBOJAUMBIE Ha OCHOBE HHTErpAsa

o . 4 . 7 o
neticreus [ = [ (L, + L) hd*x, tae h = det (h',) u L,, - 1arpaHKuan rpaBUTUpYIOLIEi
MaTepuu, cojepxkar cucremy 16+24 ypaBHeHUIT, COOTBETCTBYIONINX I'PABATAIIMOHHDBIM I1e-
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peMeHHbIM D'y, n Atk L
VUM + 285, U™ + 2(fo + 2fs F)F*,;
+4f1 Fpim F¥™ - A fy FH™ R

+Afs FFMME i+ 2f (B R+ PP FF™)
+2f5(FkiF”k + F“kimka) - 'Ly = =T, (2)

4V, [(fo+2fs F)hg"hig" + f1 Fu™"
+fo Bl 4 f3 PP+ fo Fplthyl +

+f5 F[“[khﬂyl] + U[Z-k]“ = J[ik]“, (3)
rae Uilw = 2(@1 SZJW — a9 S[NV]i — as Saa[uhiy})’ Eu - _%5(5}5:)7 J[zkz]” - _%%ﬁ\%ﬁlgz)a VV

O3Ha4YaeT KOBapUaHTHBIN ollepaTop, UMEIOIINA CTPYKTYPY KOBapUaHTHON ITPOU3BOJIHOIM,
OIIpeIeIsIeMOil B CIydae MOJIOHOMHBIX TEH30PHBIX MH/IEKCOB C ITOMOIIBIO KOI(DMHUITNEHTOB
Kpucroddend, a B cirydae TeTpaHbIX TEH30PHBIX UHJIEKCOB - C IIOMOITHIO HETOJIOHOMHOI
nopenniesoit cesznoctu A% ,. I'pasuranuonnsie ypasnenust IIKTT (2)-(3) npescrapiasior
coboit cioxnyio cucremy JauddepennnaabHbIX ypPaBHEHW B YaCTHBIX MTPOU3BOJIHBIX C
HeOIpe/IeJIeHHBIME TTapamMeTpamu f; u a,. Gusnydeckue cjie/ICTBUS, TOJTydaeMble Ha OCHOBE
periernst ypasuenuii (2)-(3), CyIIECTBEHHO 3aBUCAT OT OTPAHUYEHUI, HAKJIAIHIBAEMbBIX
Ha mapamerpnl f; u ap. Hekoropble orpannyenus Ha 3TH HapaMeTPbl ObLIN MOJIYYeHbI
Ha OCHOBE MCCJIEJOBAHUS M30TPOIHOI KOCMOJIOTHH, ITOCTPOEHHOI B paMKaxX HM3ydaeMoit
[MKTT.

C nenbio ycranoBjenus BoinoHeHus rnpunuia coorBercTBus [IKTT Teopun Tsarore-
HisT DHIITeliHA PACCMOTPUM T'DaBUTAIMOHHBIE ypaBHeHus (2)-(3) B jsmHeitHOM TpHOIT-
JKenun 1o noso. B coorsercrBun ¢ (18] ypasmenus (2) ¢ ydaerom (3) B jmmHeiiHOM IpH-
OJIM2KEHN TI0 METPUKE W KPYUYEHUIO He COJIEPKAT BBICIINX MTPOM3BOIHBIX METPUYECKUX
yHKIIIT TPU BBITOJIHEHUN CJIEIYIONTNX OTPAHUYEHII

a:2a1+a2+3a3:0,

f
A+ 5+ o)+ fit fs=0. (4)
[Tpu namoxkenun ycaoBuii (4) ypaBHeHu 10 DYHKITAIT hW (gW =Nw+ hW) OpUHUMAIOT
BHJT,

1
G = Q—fOngm + a(n, 0 - 8,0,)T, (5)

rae G,(},,) - TeHs30p DiHITeiina B JITHEHHOM IPUOIMZKEHIN OTHOCUTENIBHO Ny, 1), - Kamo-
HIYECKUIT TEH30D SHEPIUH-UMILy/Ibca B npocrpancrse Munkosckoro, 1" = n*1),,, T¥™ -
CUMMETPU30BAHHBIN TEH30D SHEPIUU-UMITY/IHCA, ONPEIeITeMblii OOBITHBIM 00Pa30M depe3
T}, 1 TEH30p CHMHOBOrO MOMeHTa, L] - oneparop lanambepa, a mapamerp o = %, re
f=r 1+%+f3+f4+ f5+3f¢ > 0, umeer pasmepHOCTH, 0OPATHYIO PA3MEPHOCTH TLIOTHOCTH
sueprun. B cusy (5) ypasuenus [IKTT B uneiiHOM IpUOIMKEHIN TPAKTHYECKH COBIIA~
JIAI0T ¢ ypaBHEHUSIMU TSITOTEHUsT DUHINTeHa TP BbITOIHeHNN yeaoBus ol < 1. Jannoe
YCI0BHE OTPaHHYUBACT JOMYCTUMbIC 3HAYCHHS IIJIOTHOCTH SHEPIHU, €CJIH BEeJIMUMHA o L
COOTBETCTBYET SKCTPEMAIBLHO OOJIBIINM ILIOTHOCTSAM SHeprun. VIMeHHO Takas CHUTyaIlus
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UMeeT MeCTO B pPaMKax M30TPOIHOI KOCMOJIOruu, 6a3upyromieiics Ha OJHOPOTHBIX H30-
rponHbix Mojenasx (OUM) ¢ oxHoit dbyHKImed KpydeHus:, TJe mapaMeTp & OIpeJesIseT
MmIKaJly TpejiesibHOf mioTHocTH sHeprun [19, 27|, Bamerum, uro nepsoe u3 ycjopuii (4)
OBLJIO0 BBEJIEHO B paMKaxX U30TPOIHON KOCMOJIOTUU C TEJIbI0 UCKIIOUEHNUs BBICIITHX ITPOU3-
BOJIHBIX METPHUKHU B KOCMOJIOTHICCKUX YPABHEHHUSIX.

Cooreercrue [IKTT Tteopun tarorenns Ditainreiina B TUHEHHOM TPUOIMKEHIH O3Ha~
YaeT, 9YTO JIOKAJIBHO 3TU TEOPUU TPUBOJAT K UJIECHTHIHBIM PE3y/IbTaTaM, 3a UCKIIOUYeHIEeM
CHUCTEM C HKCTPEMAJIBHO OOJIBINIUMHE [IJIOTHOCTSIME SHEPIUu (HAIIpUMED, MaCCUBHBIX 3BE3/I,
kosutancupyionmx B pamkax OTO). OHako, B HEIHHEHHOM PeKUMe B KOCMOJIOTUIECKITX
u actpoduzndecknx macirrabax BeiBoAbI [IKTT u OTO moryT cyiecTBeHHO pas/indaTb-
ca Mexty coboit. /[lannoe paziaudne mpojaeMOHCTPUPOBAHO HUXKE Ha IIPUMEPE U30TPOITHO
KOCMOJIOTHH, HocTpoeHHoil B pamkax ITKTT.

2.4 TIKTT wn nsorponHasi KocMoJsiorms

2.4.1 CTpyKTypa TEH30pOB KpyYeHUsl N KPUBU3HbI B O4HOPOLHOM U30TPOMNHOM
NPOCTpPaHCTBE

CumMMeTpus IPOCTPAHCTB (0HOPOIIHBIE H30TpoIbe Moean — OVIM), nexkarmux B ocro-
Be M30TPOIIHOM KOCMOJIOTUH, 3a/aeTcd HaDOPOM IIECTH JIMHEHHO He3aBUCHMBIX BEKTOPOB
Kumara (em. manp. [20]). Torga B coorBercrBun ¢ ypasaennamu Kunjuminra MeTpuka
IPOCTPAHCTBA-BPEMEHH B COIy TCTBYIOIIEH CHCTEME OTCUETa, IIPECTABIACT COOOI METPUKY
Pobeprcona-Yoskepa, UMeIIyo B cchepruieckoil cucTeMe KOOPJAUHAT CJIeIYIONIII BT

R2
1 — k2’

riae R(t) - macmrabueiii dakrop merpukn Pobeprcona-Yoskepa, a k = 0,41, —1 ms
IJIOCKUX, 3aKPBITHIX ¥ OTKPBITHIX MOJE/IEl COOTBETCTBEHHO.

Crpykrypa Terzopa kpydenus g OVIM, onpenensiemas m3 TpeboBaHMs 0OpAIEeHNsT B
HyJIb TTpon3BoIHON JIu oTHOCHTEIEHO BekTOpOoB Kunjmnnra, 3agaetcesa AByMs (DyHKITHAMA
BpeMenn S (t) u Sy (t), OnpeIesIgomuMu CIe Iy olue HenCIe3aoline KOMIIOHEHTI TEH30Da
kpyuenns |21, 22| (¢ TOJIOHOMHBIMU UHJIEKCAMH):

Guv = diag(1, —R*r? —R*r?sin?0), (6)

R3T2

1 2 3 .
S0 = S%0 = 5730 = Si1(t), Siog = Sa31 = S312 = 52(15)72 sin 0 (7)
v1—kr
BajiaBas TeTpajty, oTBedalolLyio MeTpuke Pobeprcona-Yoskepa (6) B quaronagnHoM BH/IE,
1 ucnosb3ys (7), HaXo[UuM KOMIIOHEHTBI JIODEHIICBOH CBAZHOCTH U CJIC/IYIOIIIe Hercuesa-
IOIIIE TeTPaJIHble KOMIIOHEHTBI TeH30pa KPUBU3HBI, 0003HAYACMbIC 3HATKOM

01 _ 02
Fﬁi—Fo2—

03 _ i2
03 = Au, Foys =
01 02 y

FOl, = F92.. =

2 31

o

Ay = H+H*—2HS,—-25;, Ay = ﬁHH —251)°—52 A3 = 2(H — 25,) Sy, Ay = So+HS,,
(8)

e H =R /R - mapamerp Xa006:a, a Touka o3Hadaer guddepeHnupoBaHie 0 BPEMEHH.
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2.4.2 (00606uieHne KocMoNornyecknx ypasHenuin @pugmaxa, ypasHeHus ans pyHk-
unii kpydenus ONM

Cucrema rpaputaliioHubix ypasaennii (2)-(3) misr OUM cBomures x cucreme 4 nudde-
PEHIMAJBHBIX ypaBHeHuii [23]:

a(H — Sy) Sy — 2652 — 2fgAy + Af (A2 — A2) + 2y (A2 — A2) = —g, (9)

a (Sl L2HS, — Sf) — 2bSZ — 2y (241 + Ay) — Af (A2 — A2) — 2, (A% — A2) = p, (10)
. a

f |:A1 +2H (A — Ay) + 451A2] + q252A3 — 152 A4 + <f0 + g) S; =0, (11)

. [A4 FOH (Ay — Ay) + 451A3} CAf SoAs — 218041 — (fo—b) Sa =0,  (12)

rie

a = 2a; + as + 3as, b=as — ay,
F= Rt 2 ffr fvss,

@ =fo=2fs+ fa+ [5+6fs, @ =2f1— fo,

p — IUIOTHOCTDb SHEPI'uH, p — JaBJIeHue, a cpejiHee 3HAYEHUE CIIMHOBOI'O MOMEHTa MaTepHU
IPE/IIIOIAraeTCs PABHBIM HYJIIO.

Cucrema rpautaiiionabix ypasuennii 1yt OVIM (9)-(12) mossouser BeiBecTr 06006111e-
HHe KocMoJlorndecknx ypasHennii Ppumana, a Takyke ypaBHEHUs /i QYHKIUI Kpyde-
Hust Sy u Sy. IIpu aTom Oy1em ncrosib30BaTh TOXK/1eCTBa Bruanku /1711 4-MEpHOTO IIPOCTPAHCTBA-

Bpemenn Pumana-Kaprana ‘ ‘
Bazk — SUA/LVV)\FZICHV — 0’ (13)

npunnMartoniue B ciaydae OVIM cnemyromuii By
Ay +2H (Ay — Ay) + 4814, +28,A, = 0, Ag + 2H (Ag — Ay) +4S1 44 — 25,4, = 0. (14)

Bes nasioxkenus orpanudenuii Ha HeolpeIeeHHble apaMeTpel a, b, f, q1, g2 cucrema, ypas-
uenuit (9)-(12) ¢ ucnosb3oBaHUEM TOXK/IECTB BUaHKM IPUBOAUT K CJICIYIONIAM BbIPaZKe-
HUsIM (DYHKIHH KpUBU3HBL Ay 1 Ay [24]

1 2f
A = — __F2 F 2
1 12(f0+&/8)z{p+3p P2+ 80,7 S}
. 2 k; 9 9 3a . 9
—12¢; {(Hsﬁ&) +4(@‘52)52} -5 ()|,
1 f 3a [k
A = ————— —6(b R)S2 4+ L2 L | = 4 g?
e T AR A L (R?+ )

64y l(HSE + 5'2)2 4 (% - sg) 53] } (15)

rJie CKaJIgpHas KPUBU3HA

1 2 3a k 3 2
F:W[ﬂ—3p—12(b+a/8)52+?(ﬁ%—H—i—QH)], (16)
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az =1+ Torals) +a 7 (%F — 4@5%). Torma 0600IIEHEe KOCMOJIOTUYIECKUX ypaBHeHuit Ppu/i-

MaHa Mbl [OJIyYdM, TOJCTaB/dAst B onpeienenue (8) dyukiuit A; u Ay uX BbIparKeHUst
(15), mostyuenuble u3 rpaBuTanuoHHbIX ypasaeruit jpius OUM. Jlanuble ypaBHenus cojep-
KaT QYHKIUN KpydeHus S u Sp, KOTOPbIE MOI'YT OBITH MOJIYYEHBI U3 IPABUTAIIMOHHDBIX
YyPaBHEHWI [IPU UCHOJIb30BaHUN ToXkK1ecTB Buanku (14) u omnpenenenus bynknuit Az un
A4. B pesynbrare dyHKIMs KpydeHust S IPUHUMAET CJIEIYOIII BUI;

1
6(fo+a/8)Z

a bYHKIMS KPyUIeHns Sy yI0BAETBOpsieT quddepeHninaIsHOMY YPABHEHUIO 2-T0 TOPSIIKA:

S = — [fF—|—6(2f—q1 +2q2)HS§+6(2f—ql)5252} , (17)

0[S+ 3HS, + (3H — 48, +45,(3H — 45))) S,
B {(h + @

Ob6o061eHne Kocmostorndeckux ypasuennit @puamana jjist OVIM B ipocTpancTBe-BpeMeHn
Pumana-Kaprana ne cofiepKuT BBICITIX TPOU3BOIHBIX MacIITabHOro (hbakTopa R mpu Ha-
noxkernu yciaoBus a = (. Vcmonb3ys maHHoe orpaHmveHne Ha HEONpEeIeeHHbIe Tapa-
MEeTPBI T'PABUTAIMOHHOIO JarpaH:KuaHa, 3aIldIlleT OCHOBHBIE COOTHOIIEHUsT M30TPOITHOM
kocmostorun IIKTT, Gasupyrommeiicst na obmiem Bbipazkerun L, (1).

Kocmomorngeckue ypaBHEHNST IPUHAMAIOT CJIELYONIAIA BU/I:

=+ (H—28,)" = 6f0 p+6(foZ —b)S2+ (p 3p — 12bS2) }
3a€f0 -\ 2 k
-— {(HSQ + Sz) + 4 (@ - 52) 522} ., (19)
98 4 H(H —28)) = —— [p +3p— S (p—3p— 12b52)2}
12foZ 2 2
. e
~= (p—3p—12083) S5 + 3O§f° {(Hsa +8) 44 (R2 Sg) sg} , (20)

rje ckajldpHasd KpubnusHa F = ﬁ(p —3p—1208%), Z=1+a(p—3p—12(b+¢fy) S3), a
IIOMHUMO IIapPaMeTPOB (v = # u b durypupyer takzke 6e3pasMepHblii Tapamerp € = g/ f.
0

B coorBercTBuu c (17)—(18) bysKIIM Kpy4enns onpeaeseHbl CaeLyIonuM 00pa3oM

Si=-1 X1 —3p+12f0(3 + w)HSZ — 12(2b — (£ + w) fo)S295], (21)
e[Sy + 3HS, + <3H 48, +12HS, — 165%) Sy]
Lia-top-sp—128) + LU gpoags—0, (@)
3fo 2 a

e BBeJIeH Ge3pasMepHblil mapamMerp w = =19

Kocmomornueckne ypasuenns (19)-(20) coBmecrno ¢ ypasuenusivu (21)-(22) onpee-
qstior qunamuky OVM B npoctpancrse-pemenn Pumana-Kaprana, eciin u3BecTHO ypas-
HEHUE COCTOsTHUE CUCTeMbl. [Ipu 9TOM HEOOXOMMO UMETh B BUJLY, YTO MATEPUAIBHOE CO-
JIep’KaHie U ero ypaBHEHHEe COCTOsHHsI MEHSIOTCs B IPOIecce 3BOJONUN BeeseHHoli u
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B ciIydae OECCIIMHOBOW MaTepuu, MUHUMAJIbLHBIM 00pPa30M B3aUMOJIEHCTBYIOIIEH ¢ rpaBu-
Talyel, ypaBHeHNe COXPaHeHUd JJId IIJIOTHOCTU SHEPIuM MMeeT TaKOil »Ke BUJ, KaK U B
OTO

p+3H (p+p) =0. (23)

BriBesiernbie ypaBHeHusi n30TporHON Kocmostorun (19)-(22) B obiem cirydae cojep:kat 4
HeompeieeHnble mapaverpa: « (win f), b, € and w. /laaHble TapaMeTphl TOJZKHBI IMETh
omnpejiesieHuble 3Havenus B npejnosoxkenun, aro [IKTT — koppekTHas rpaBuTammonnas
Teopust. Mbl MOXKeM HaiTH OrpaHUYeHUs] Ha HEOIPEJe/IEHHbIe TapaMeTPhl, AHAJTU3UPYSI
dusnaeckue ciaeCcTBIS U30TPOIHON KOCMOJIOTUHA B 3aBUCUMOCTUA OT 3HAYEHUI HeOoIpe-
JIeJIEHHBIX TTapaMeTPOB, IIPU KOTOPBIX 9TH CJIEJCTBUS SBJIAIOTCS HanbOJIee yI0BJIETBOPH-
TEJILHBIMU ¥ COOTBETCTBYIOT HAOJIIO/IAEMBIM KOCMOJIOTUYIECKIM JTAHHBIM.

2.4.3 BakyyMmHbIli 3chhpeKkT rpaBMTaLMOHHOIO OTTa/IKMBaHUS U YCKOpPEHUe KOC-
MOJIOrMYECKOro pacLiNpeHnsi B COBPEMEHHYIO 3MOXY

[Tpezkie BCero pacCMOTPHUM TIOBEJEHUE KOCMOJIOTMIECKUX PEINeHUi B aCUMIITOTHKE, IJIe
IJIOTHOCTD SHEPIUM JOCTATOYHO MaJja. JIerko mokasaTh, YTO IIPU OIPEJIETEHHBIX OIPa-
HUYEHUSIX Ha HEOIIPeJIeIeHHbIE TTAPAMETPhl KOCMOJIOIMIECKIE YPABHEHNsI B ACUMIITOTHKE,
rJie IJI0THOCTD SHEPIUX JI0CTATOYHO MaJjia, IPUHUMAIOT Bu, ypasuenuit @puamana ¢ 3¢-
deKTUBHOI KOCMOJIOTTIECKON TIOCTOSHHON, nHIyupyeMoil dbyHkmeit Kpydaenus Sg. st
5TOrO Tpebyercs, 9To0bl mapamMerp € ObLT JocTarouHo Mas (|e| < 1) u mmesno MecTo, 1mo
Kpaiiieil Mepe, OJHO W3 JBYX orpaHmuenuil |w| < 1 mbo 0 < 1 - L < 1un0<w < 4

Jo
[25]. Torma dyuKIws Kpyderns Sy B COOTBETCTBHU ¢ (22) NPUHIMAET BUJL

L 1—b/fo
2 _ _

a KOCMOJIOTHYECKIE YPaBHEHHs IPeodpasyloTcs CICIYIOMIM 00pasoM 2

k RN ! b\* fo
ﬁ+H2_6—fo_p3+@(1_%) Ik (25)
: 1 fo 1 b\’ fo
H+ 1 =~ <P+3P>T@(1—ﬁ) Ik (26)

[Ipu onpejieIeHHOM COOTHOIIEHUN M€Ky rapaMerpaMu & u b 3 deKkTuBHAsT KOCMOJIOT -
JecKasl MMOCTOsTHHAST B ypaBHeHUsX (25)-(26) coBmasaer co 3HAUCHHEM KOCMOJIOTHYECKOM
noctostaHoM, puanMaeMoit B OTO, u 9tu ypaBHeHuUs /151 IPOCTPAHCTBEHHO ILIIOCKOH MO-
nemn (k= 0) coBmamaior ¢ ypasHeHusimu crangaptaoit AC' D M-mozenn, ecin 3HadeHne
caaraemoro p( fo/b) B ipaBoit yactu ypasHenust (15) paBHseTCs MOTHON IIOTHOCTH SHEP-
Uy MaTepun, 3arojnsgornieil Beenenmyto. Torja cooTBeTCTBYIONME PEIIEHUS OIMUCHIBAIOT
[OBeJIEHNE YCKOPEHHO pactiupsonieiics Beemennoit B mosrom coorsercrsun ¢ AC' D M-
MoJtebio. Ecm nmapaMerp v COOTBETCTBYET IMKaJe SKCTPEMAILHO OOJIBIMNX IIOTHOCTEN
SHEPIuH, mapaMerp b J0/KeH YI0BJIeTBOPATh orpanndennio 0 < 1 — f—bo < 1. Kocmosoru-
YecKHe pelleHnsl B aCUMITOTHKE MPU 9TOM CTAOUJIbHBI DU BBIOJHEHUN ycJioBus € >

126].

2Bnepsble ypasHeHus B acumnToTuke (24)-(26) 66111 nonydersl & [23].

35
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H
0.030 -

0.025

Puc. 1: MNMoseaeHne 6e3pasmepHbix napameTpa Xabbna un dpyHKkuMM KpydeHus So B aCMMTOTUKE.

B kavecTBe MLTIOCTPAIMU TIPUBEJIEM YUCJIEHHOE KOCMOJIOTHYECKOE DEIeHNe B ACHMII-
TOTHKe JIs1 I0CcKoi Mojenn (k = 0), 3amosiHeHHON mbLIeBHIHON MaTepueii (p = 0) [26].
[Ipenpapurensao ypasaenusi (19)-(23) npuBeeHsbl K 6e3pasMepHOMY BHJY C IIOMOIIBIO
nepexojia K 6e3pa3sMepHbIM BeJIMINHAM, 0003HAYAEMbIX TIOCPEICTBOM 3HAYKA TUJIbJIbL:

t-)gzt/\/6f0&, R-)R:R/\/Gfo&,

p—p=ap, p—p=ap, (27)
S22 —>~51,2 = 512V6 focr, b—b=>b/fo,
H — H = H+\/6fy,

YucieHHOE pelrrenne Moy IeHo IPH CIeIYIONEM BBIOOPE HEOIPEIeIeHHBIX TapaMeTpOB 1
HauaJIbHBIX YCJIOBHIL, 33/[aBAEMbIX B MOMEHT BPEMEHH 1, HpHHaJIJIeZKaIuii CTa i yCKO-
penHoro Kocmosiorndeckoro pacmmpenus: € = 0.001, w = 2.5, b = 0.98, Hy = 0.0186,
Sao = 0.159, S%, = —0.00002399, po = 0.000107. Taxoit BEIOOD HAYATILHBIX YCAOBUN IIPU-
BoauT K coornomenmio H?(ty)/H?*(co) = 1/Q = 1/0.7. Ha Puc.1 - Puc.2 npeacrasmieno
XapakTepHOe MOBeJICHNEe B aCHMIITOTHKE TTapaMeTpa Xab0sa, GyHKIUN KpydeHus Sy, Ta-
pamerpa ycxopenns ¢ = R'R/R'? (mrrpux osnauaer muddepeniupopanme mo 6e3pasmep-
HOMY BPEMEHH) ¥ ILUIOTHOCTU SHEPIUU MbLIEBUIHON MaTepun (3HAK THU/IbJIbI Ha PUCYHKAX
omyren). 13 Puc. 2 g mapamerpa yCKOpeHHs BUJHO, YTO B IPOILIOM OBLT MOMEHT
BpeMenn, Korja ¢ = (0 U mepexoj OT CTaIuu 3aMe/[JIEHHOTO PACIIUPEHNs K YCKOPEHHOMY
PACIIUPEHUIO UMEJT MECTO.
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0.00025 -
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Puc. 2: MoseaeHne 6e3pasmepHbIX NnapamMeTpa YCKOPEHUS 1 MJIOTHOCTW SHEPrUM B aCUMMNTOTUKE.

Kak 6buto nokaszano B [24], dusndeckoe mpocTpaHCTBO-BpeMsl B BaKyyMe B CIIydae
obcyxmaembrx Kocmostorndeckux OVM B IIKTT umeer crpykrypy Kontunyyma Pumana-
Kaprana ¢ merpukoit je Currepa u HemcuesaronM KpydenuneM (6e3 BBeJEHUsI B TEO-
PHIO KOCMOJIOPMYECKOI TOCTOAHHOI), B pedysbrare dero Bakyym B [IKTT mnpuobperaer
JIMTHAMWYECKUE CBONCTBA, a HAOJII0/IaeMOe YCKOPEHHOE KOCMOJIOTHYECKOE PACIIUPEHUE B
COBPEMEHHYIO 30Xy - BaKyyMHOE HPOUCXOxK ieHne. JhdeKkT BaKyyMHOTO T'PaBUTAIUOH-
HOT'O OTTAJIKMBAHUS MMEET HEJIMHEHHBIN XapaKTep W MPOABJILAETCS B KOCMOJIOTTYECKUX
MacIITadax.

2.4.4 I'Ipe,qeanaﬂ NMIOTHOCTb 2HEeprun n pewueHune I'IpO6J'IeMbI KOoCMoJ1orn4yeckoim
CUHTYNIAPHOCTHU

B pamkax [IKTT Baxknoe 3nadenne uMeeT n3MeHEHHE XapaKTepa IPABUTAIIMOHHOIO B3aK-
MOJICHCTBHSA B CIydae CUCTEM B 9KCTPEMAJIbHBIX YCJIOBUSIX — CUCTEM C 9KCTPEMAJILHO 0O0JThb-
IIIME TJIOTHOCTAME 3Heprur (opsaka 1), DddeKT rpaBuTamoHHoro oTTajlKuBaHusd
B CJIydae CUCTEM B SKCTPEMAaJIbHBIX YCIOBUAX MMeET BayKHOE 3HAYEHUE JIs KOCMOJIOTHN
u acTpodU3NKH, MIPEJOTBpAIas IOSBJICHNE CUHIYJISIPHOIO COCTOSHUSI C PACXOISIIEncs
IJIOTHOCTBIO SHEPIUU B HaYase KOCMOJIOTHYECKOTO PACIIUPEHUs, a TaKKe B CIydae Mac-
CHUBHBIX acTpOPU3NIECKIUX 00bEKTOB, IIPEIOTBPaIlias UX KOJLIAIIC.

B pamkax m30TpOIHO#l KOCMOJIOTUM BBIBOJI O BO3MOXKHOCTH ITPEIOTBPAIEHUS CHHIY-
JIIPHOTO COCTOAHUS C PACXOJIAINIENCd TJIOTHOCTBIO SHEPTHH B HAadase KOCMOJIOTTYECKO-
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ro pacmmpenusi ObLT oTyden panee npu uzydenun OUM ¢ oanoit dyHKIHed Kpyaenus
[19, 27]. Kocmosorndeckue ypasaenust i Takux OVIM mmeror mpocToii BUI 1 3aBHCAT
JIUIIH OT OJIHOT'O HEOIIPE/IEJIEHHOrO TTapaMeTpa (v, & PEryIapu3alius MeTPUKH JOCTHTAeTCs
Ostarojiaps MOsIBJIEHUIO TPEEIHLHON TJIOTHOCTUA SHEPIUuu, BOJINU3U KOTOPOIl I'DABUTAINOH-
Hoe B3amMojielicTBue umeeT xapakrep orrtajgkusanugd. Oanako OVIM c omnoit dymnkimeit
Kpy4eHus 00JIa/Ial0T MPUHITNITHAILHBIM HEJOCTATKOM B CBSA3U C PACXOJIUMOCTBIO KpyUe-
HUS U KPUBU3HBI B COCTOAHUU C TIPEJeIbHON TtoTHocTr sueprun. [locenosarebioe xe
pPacCcMOTpeHHe B paMKaX KJIACCHIeCKOil (HeKBAHTOBOIT) TEOPUH MIPE/IIOIAraeT PEryIapHOe
[IOBEJIEHNE BCEX BaXKHEHMIMX XapaKTEPUCTUK, BKJIIOYasl TEH30Pbl KPYy4YeHUs U KPUBU3HDI.
[Ipu sTom B pamkax OVIM c ojmHoit (byHKITHEH KpydeHns: HEBO3MOXKHO O0'bSICHUTE HAOJTIO-
JlaeMoe YCKOPEHHOe KOCMOJIOTHYECKOe PACIIIPEHNe B COBPEMEHHYIO 310Xy 0€e3 MCIIOIb30-
BaHUs MOHATUSA TeMHOI sHepruu. [locieoBarebnoe perenue TpodOIEeMbl KOCMOJIOTTYe-
CKOIl CHHTYJIIDHOCTH B PAMKAX U30TPOIHOI KOCMOJIOTUU MOKET ObITH MOJTyYeHO Ha OCHOBE
uccaenosanusg OVM c nByms dyHKIuAMU KpydeHUs.

Haubonee mpocroe mociie/ioBaTeIbHOE pEIIEHNe JTaHHOW MPOOJIeMbl MOXKET OBITH I0-
JIy9eHO, €CJIN TMOJIOKUTh, 9To B ypaBHeHusx it OUUM ¢ aByms dbyHKIusMu KpydeHust
Masiplii mapamerp € BoBce ncdesaer (¢ = 0) [28]. Torga kocmosornaeckue ypaBHeHUs
(19)-(20) yupormaiorcss U IPUHAMAIOT B

@JF(H—QSl)?—S?:
6;)2 o= 6653+ (p—3p—12083)° (28)
H+ H?>-2HS, — 28, =
—ﬁ p+3p =35 (p—3p—12653)"). (29)
e Z =1+ a(p—3p—12b5%). Oynxkuusa kpyuenus S; B coorsercriun ¢ (21) pasna
Si = —%[p 3P+ 12fowHSZ — 12(2b — wfy)SaSs). (30)

Oynkius kpydenus S B cuiy (22) yaoBIeTBopser KBaJIpaTHYHOMY aireOpamdecKoMy
yPaBHEHUIO, UMEIOIIEMY CJIe/IyIOoIee pelleHne

G p=3p 1= (b/2f0)(1+VX)
120 1200(1 — w/4)

pe X = 1+w(f2/¥)[1 — (b/fo) — 2(1 — w/4)a(p+ 3p)].

Marepuabhoe cojepzkanue Kocmostorndeckux OVIM, a Tak:ke ypaBHEHHE COCTOSIHUS
IPABUTUPYIOIIEH MATEPUU MEHSIOTCS 10 Mepe WX BOJIONNN, BUJ yPaBHEHUS COCTOSIHUSI
IIPX 3TOM 3aBHUCUT OT CBSI3W I'PABUTUPYIONIEH MaTepun ¢ moJjieM Tarorenus. s mocrpoe-
HUsT HTHIIATMOHHBIX KOCMOJIOTHIECKUX MOJIesIeii Oy1eM mojaraTh, 970 Ha Ha9aJIbHBIX 9Ta-
1axX KOCMOJIOTHYIECKOTO PACIIUPEHNs, [TOMUMO OOBIYHOM MaTepUu € IJIOTHOCTHIO SHEPIUU
pm > 0 u masienuem p,, > 0, OUM cozsepxkar Takke B KadeCTBe MaTepUaIbHON KOM-
HOHEHTHI CKaJIgpHOE 1moJie ¢ ¢ norenimaiom V = V(¢). B ciydae MurnmaibHOil cBsi3u ¢
[I0JIEM TATOTEHUs XapaKTePUCTUKU MaTePUAILHBIX KOMIIOHEHT YIOBJIETBOPSIIOT TAKUM YK€
ypaBuennsM, Kak 1 8 OTO:

(31)

pm + 3H (pm +pm) =0, (32)
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. . oV
+3H¢p = ——. 33
b+ 3Hb=-5 (53)
Breipazkenusi jijist TOJIHO¥ IIOTHOCTH SHEPIMU p U JaBjieHust p B ypaBHeHusx (28)-(31)
UMEIOT BUJIL:

1. 1.
p=§¢2+V+pm (p>0), p=§¢2—V+pm- (34)

[Ipezkie Yem mepexouTh K pACCMOTPEHHIO TIOBEJICHUs KOCMOJIOINYIECKIX PENIeHnil B Hada-
JIe KOCMOJIOTHYIECKOT0 PaCIInpenus npejcraBuM Beipazkerne (30) auist yHKImu KpydeHnst
S1, ToJIy9Iaemoe ¢ oMoIIbio cootHomenuii (31)-(34) B Buje

3 fowar

Si = —2 A (HD + E), (35)

re

1 dpm
D:—(3L_1) (pm+pm)

2\ dpm
1 2. 4 b
3 (Pm = 3pm) + 50°+ 3V = 6foar(1 —w/4)\/Y
1 —w(fo/20) dpm -
WS [(3dpm +1) (P + D) +467]
1—(b/2fo)
3a(l —w/4)’

_ 1 —w(fo/20) v
B (1)
—w/4+ (b/2fo) (1 + VX)

7 =
1—w/4

. (36)

Kocmomornveckue ypasuenus (28)-(29) BegyT K IPUHIMIAATIBHBIM CJICJICTBUSM B I10-
Begennn OVIM B nHagajie KOCMOJIOTHYECKOTO PACHIMDEHUS B SKCTPEMAJIbHBIX YCIOBUAX
(sKCcTpeMasbHO GOJIbINE TUIOTHOCTH SHEPIMU U JIaBJIeHUs). B cydae MOI0KATEIbHBIX
napaMeTpoB w (0 < w < 4) n o U3 YCJIOBUSA HEOTPUIATETLHOCTH X CJIe/lyeT OrpaHntenie
JUIA JIOIyCTUMBIX 3HQYCHUIl IIJIOTHOCTH SHEPIUN U JaBJICHUAA

X =1+w(fg/b)[1 = (b/fo) = 2(1 —w/4)a(p+ 3p)] > 0. (37)

B ciyuae OVIM, 3amo/ineHHbIX OOBLITHON IpaBUTUPYIONIEH MaTepueii ¢ IJI0THOCTBIO SHep-
i P, (P = Pm(pm)) 6€3 CKAJSIPHBIX TOJIEHl PABEHCTBO, 3ajaBaeMoe ocpeacTBoM (37),
OIIpEJIENIAET IPEIEIbHYIO, T.6. MAKCUMAJILHO JIOIYCTUMYIO IJIOTHOCTL SHEPTUN Ppas, AME-
IOILYIO TIOPSIOK Besmuuibl (wa) ™!, B paMkax paccMaTpuBaeMoii KJacCHUecKoil Teopun
BEJIUYUHA g JOJZKHA OBITH MEHBINE IIJIAHKOBCKOHN ILJIOTHOCTH SHepruu. BOm3m mpe-
,ZLeJIbHOﬁ IJIOTHOCTU SHEPIun I'paBUTAIIMOHHOC B3aI/H\/IO,H‘eI7‘ICTBI/Ie nmMeeT xXapakTep OoTTaJl-
KuBaHus, obecrieunBast peryssipaoe noseerane OVIM oTHOCHTE/IBHO TIJIOTHOCTH SHEPIUH,
[IPOCTPAHCTBEHHO-BPEMEHHON MeTPUKHU U MapameTpa Xabosa. B ciaydae mojeneit, BKIio-
JaoUX Ha HAYAJLHON CTaUN PACIIUPEHNs CKaJsipHBIE 10Jig yeaosue (37) ompejesiser
06J1aCTh JIOMYCTUMBIX 3HAUYEHUIT MATEPUATBHBIX TAPAMETPOB (P, ¢, ¢), OrpaHUICHHYIO B

39
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POCTPAHCTBE ITUX [TAPAMETPOB [IOBEPXHOCTHIO L, onpeessiemoii paencrsom (37). Hasm-
qre JaHHOMN IIOBEPXHOCTH OOeCIIeunBaeT peryssapHoe mopeaerne coorsercTyommx OVIM,
BKJIIOYast HHQIATMOHHBIE KOocMoJtorudeckue Mojenu. Meenemyem noseaernne OMIM BOm3n
[pPeJIeIbHOI IOTHOCTH dHepruu win nosepxaocTu L (X < 1), ucmob3ysi KOCMOJIOTHYe-
ckoe ypasHenue (28), IpUBOJsIIee K CJIEIYIONEMY BbIPAYKEHUIO JIJIsd Tlapamerpa Xabo/ia
(mpu ucnoab30BaHnN Ge3pasMepHbIX BesnanH) [29):

VX iid
(1 - (w/20) 559’ LOO

Hi:HL 1—|— ¢/q2

om0 4V 4 52 1)~ B — 6 4V

N 1—(5/2)(1+\/)_())Jr (1—(5/2)(1+\/)_())2)
Ry YT — w4y

k 2 207
——= 12 1+ VX (
wl] <1—%>[(33ﬁ—:+1)<pm+pm>+4¢f21[ ;

1/ _dp,, 1 9 4
+5 (3L - 1) (b + ) + 5 (o = 3pm) + 567+ 5V +

dpm 3 3
w(l—=10/2) wb B
3(1—w/4))_X6(1—w/4)} ’ (38)
rie
0V
H, = 20 (39)

(3= + 1) (pm + pm) + 49/

B cnyaae OVIM 6e3 ckasipHBIX Iosieil mapamerp XabObJia obpalmaercs B HY/Ib IIPH 10-
CTUKEHWUH TPeIe/IbHON TIOTHOCTU SHEPTUN Ppaq, H_- 1 H (-peliennst OmuChIBAIOT CTa U0
CXKATUS U PACIIUPEHUs COOTBETCTBEHHO, & MePeX0l OT CxKATHUs K PACITMPEHNIO (TaK Ha3bl-
BaeMblii GayHC) MPOMCXOIUT MPH JOCTUKEHUU Ppap- B CIydae HPUCYTCTBUS CKAJIAPHBIX
noJieit 6ayHC TMPOUCXOJIUT TPU JIOCTUKEHUN cocTosdnusd ¢ H = (), jierkalero na cooTBeT-
CTBYIOIIIE IOBEPXHOCTH, OIPEJIEJISIEMOil 13 KOCMOJIOTHYecKoro ypasuenus (28). Besmauna
[PeJIeTbHOM (T.e. MAKCHMAJIBHO JOCTUKUMOT) TUIOTHOCTH SHEPIUH B JIAHHOM CJIyUae siB-
JISIETCST PA3JIMIHOM JIJTsT Pa3HBIX PENIEHU, XOTs 110 BEJIMINHE py,q, BCETIA UMEET TOPSI0K
(wa)™L.

Anans noBeJieHIsT KOCMOJIOTHYIECKUX perieHuit BOm3u L-ioBepxaocTr (BO/IM3H OayH-
ca, Koryia X < 1), BBIIOJIHEHHBIN HA OCHOBE UCIIOJIb30BAHMS KOCMOJIOTUIECKUX YDABHEHUIT
(28)-(29), dynkuit kpydenns (35) u (31), a Takyke ypaBHEHHIT JJIsi MAT€PUAJIBHBIX CO-
CTABJISIONIIX, [TOKA3BIBACT, UYTO BCE BarKHEHIINe XapaKTePUCTUKN cucTeMbl F' (mapameTp
Xab6s1a, dyHKIIN KpydeHus S; u S, UX MPOU3BOHBIC 110 BPEMEHH) MOTYT ObITH IPe]I-
CTaBJIEHbI B BUJIE

F,=FO 4 FO2VX 4+ FOX 4 (40)

e kKosddurments pasnozkennit F© F1/2) ) gpigiorces HEKOTOPHIME PeryJispHbI-
Mu QYHKIUSME MaTepHaJbHbIX mapamerpos [29]. IIpumedarenbHoil 0cOGEHHOCTHIO 130-
TpomHoit KocMmosioruu, nmoctpoennoit B pamkax [IKTT wa ocroe OUM ¢ aByms dbyHK-
IUAMHU KPYUeHUsl, ABJISIETCS €€ TOJIHAas PeryJIsdpHOCTh. Bce KOCMOJIOTHYecKue perieHus
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PeryJsipHbl HE TOJIBKO 110 METPHKE € ee MPOM3BoHbIME (Hapamerp Xabbja ¢ ero mpous-
BOJIHOM 110 BPEMEHH ), HO TaKyKe OTHOCUTEJIbHO KPYUeHUs M KPHUBU3HBL.

T

0.6

L L L L Il L L L L t
-20 -10 10 20

Puc. 3: MNosegeHune H Ha cTaguun nepexoga.
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Puc. 4: MNosepeHune nons ¢ Ha cTaguun nepexoia.

B ciydae nndagimoHHbIX MoJiesiell cO CKaJIsIPHBIM TI0JIeM Tiepexos1, oT H_-perenns K
H , -peritennio mpouCXOUT MPU JIOCTUZKEHUN L-TIOBEPXHOCTHU, HA KOTOPOIi mapameTp Xab-
61a onpegensercsa coriacHo (39). BayHe B jaHHOM ciiydae TPOUCKOJUT IPU JIOCTHIKE-
HUU 9KCTPEMAJILHOM TIOBEPXHOCTH, MOJIyIaeMOil U3 KOCMOJIOTUIecKOro ypasuenus (28), B
KoTopoM cieayer noyokuTh H = 0. [lTogo0Ho MHMIAIMOHHBIM KOCMOJIOTTIECCKUM MO/Ie-
s, uccseioBanubiM B paMmkax [IKTT B ciyaae OMM ¢ onnolt dyukIiueit kpydenus Sy
[27, 30, 31|, B ciiyuae OVIM ¢ aByms DyHKIMSIMUA KPYUYeHHs] KOCMOJOIUIECKUe PEIeHnst
MOTYT OBITH MOJIyYeHBI C HOMOMIBIO YHCICHHOTO MHTEIPUPOBAHUSA CHCTEMbI ypaBHCHMI
(29), (32), (33) npu 3ajaHuN HAYATBHBIX YCJIOBHUIA ISt (P, ¢, ¢) Ha SKCTPEMAJbHOI MO~
BEPXHOCTHU (IIPEJIOIAraeTCs, 9TO YPABHEHUE COCTOSHUS Dy = Py (pm) W BT MOTEHIHATA
V' usBectabl). Ecim HavagpHOE 3HAUEHHE CKATSPHOTO TOJISI JIOCTATOYHO BEJIHKO, KOCMO-
JIOTHYECKOE PelleHre BKJII0YaeT CTAJIUIO Mepexoa OT CXKaTUd K PACITHPEHUIO, NHQIIN-
OHHYIO CTQJIMIO C MEJIJIEHHO YOBIBAIONINME CKAJISIPHBIM IIOJIEM M ITapaMeTpoM Xab0ja u
OCT-UHQIAIUOHHYIO CTAJIUIO ¢ OCIUJIIUPYIONINM CKAJSIPHBIM ITOJIEM.

B kadectBe mumocrparun Ha Puc.3-Puc.9 npuseneno umnciaennoe mHOISIIMOHHOE Pe-
menne, nosrydenHoe B [32| B caydae mrockoit Mogenun (k = 0) npu BEIOOpE KBaIpaTHIHOTO
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Puc. b: MMosepexune p,, Ha cTaguu nepexopa .
H
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Puc. 6: Mosegernne H Ha nHdbsuMoHHON cTaguu.

MOTEeHIUAA CKAIAPHOTro 1oyt V = m?¢?/2 u py, = pn/3. Tuciennoe perenue GLLIO MO-
JIyYeHO IIPU CJIeJlyloNeM BhIOope Oe3pasMepHBIX 3HaYeHHil Heolpele/IeHHbIX IapaMeTpoB
1 HavaJIbHBIX YCIOBHI Ha SKCTpemasbHoil nmosepxnoctu H = 0: b =0.999, w = 1078,
m = 0.1, ¢g = 30, ¢y = —2.14, pimo = 0.01 (3HAK THIIB/BI HA PUCYHKAX OIYIIECH).
Qusnyeckne MpoIecchl B HavUaIe KOCMOJOTHIECKOTO PACIIUPEHNs CYIIECTBEHHO 3aBH-
CAT OT BEJIMYMHBI TPEJEJbHON MIOTHOCTH SHEpruu (IpejesibHO TeMIepaTypbl), 3aBu-
cameit ot 3nadveHns mapamverpa «. C dusndeckoil TOUKN 3peHus, posb WHMISITHOHHBIX
OUM B pamrax peryaspHOil M30TPOITHON KOCMOJIOTHH OT/JINYAETCS OT UX POJU B paM-
Kax craHgapTHoro kocmojorudeckoro crenapus OTO B c¢Ba3u ¢ orcyTcTBHEM Hadasa
Bceenennoit Bo Bpemenn. OjiHako, 1mogo0HO HHQIIATMOHHON KOCMOJIOTAN, TTOCTPOECHHON B
paMKax MeTpudeckoil Teopun rpasutaruu, uaisanuonabiii cienapuit B [IKTT momxen
JIaTh O0bICHEHHE ITPOUCXOXKICHIIO HAYAIbHBIX KOCMOJIOTHYECKUX (DJIYKTyaIluil, KOTOpbIe
SIBIUJIUCH 3aPOJIBIIIIAMU 00pa30BaHus KPYITHOMACIITAOHON CTPYKTYpbl Bceesennoit, nu un-
dopmalnrs 0 KOTOPBIX CJIe/lyeT U3 HabJIIOICHII PeJIMKTOBOTO U3/IydeHusd. B ¢Bsa3u ¢ 3Tum
3aMETHUM, YTO ITOCTpOeHuEe Teopun (PIyKTyaluil B peryaapHoil HHQISIIUMOHHON KOCMOJIO-
run [IKTT npejpcrasiiger coboit upe3BbIUaiiHO C/IOKHYIO Ipobsemy. [lomumo cioxuHO-
ctu ypasuenunii [IK'TT, onucanme rpaBuTanoHubIxX (QJIYKTyaInii siBJAIETCA CYIIECTBEHHO
CJIOJKHEEe TI0 CPaBHEHHWIO C METPUYECKOIl Teopueil Tarorenud. Tak, cKaJisipHble I'DaBUTAa-
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Puc. 8: lNMosegenne H Ha NOCT-WHMAAUMOHHOW CTa-
ann.

[UOHHBIE (DIYKTyaIllMl B TAKUX MOJEJAX, MOMUMO JBYX KaJIUOPOBOYHO-MHBAPUAHTHBIX
dbyurIwit Merpuaeckux duykTyaruii (eM. Hanp. [33]) OmMCBHIBAIOTCS € TIOMOIIBIO MIECTH
KaJTMOPOBOYHO-MHBAPUAHTHBIX (DYHKIWI (DJIYKTYAIUil TeH30pa KPpYydeHus.

2.5 3aknrwyeHune

UccnenoBanns m3orpornoit kocmosioruu, nocrpoennoit B pamkax [IKTT, mokaswisaior,
YTO TPABUTAIMOHHOE B3aMMOJCHCTBUE B JIAHHON TEOPUU M3MEHSETCd 10 CPABHEHUIO C
OTO B ompejie/IeHHBIX CUTYAIUSIX U MOXKET UMETHh XapaKTep OTTAJKUBAHUS B CJIydae
OOBIYHBIX T'PABUTUPYIONIINX CUCTEM C MOJIOKHUTETHLHBIMU 3HAYEHUSIMY ILIOTHOCTU SHEPTUU
n faBjenusd. DMO@PEKT rpaBUTAIMOHHOIO OTTAJKUBAHUS MPOSBIILETCI B SKCTPEMATIbHBIX
YCJIOBUSIX, & TaKyKe B CUTYAIMH, KOIJa IJIOTHOCTH SHEPIUU MATEPUH YPE3BLIYAIHO Ma-
JIa ¥ CTAHOBUTCS CYIIECTBEHHBIM BaKyyMHBIN 3(dDEKT rpaBUTAIMOHHOTO OTTAJIKUBAHUS.
DTO MO3BOJIAET PEIUTH TPOOIEMY KOCMOJOTUIECKO CHHTYJIAPHOCTH B M30TPOITHON KOC-
MOJIOTHH, & TaKKe OObICHUTH HaOJII0JlaeMoe YCKOPEHHOe KOCMOJIOTMYECKOe PACIIUpPEHNe
B COBPEMEHHYIO 310Xy, HE UCHOJIb3ysd MOHATHA TeMHON suepruu. llogodHoe m3menenume
IPaBUTAIIMOHHOTO B3aNMOJIENCTBHUS CBA3aHO C 0OJiee CJIOXKHOI CTPYKTYpPOil (PU3MIECcKO-

43
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Puc. 9: MNoeegeHune ¢ Ha NOCT-UHPAALNOHHONR CTaguu.

r'o IIPOCTPAHCTBa-BPEMEHN, & UMEHHO, C ero Kpy4deHueM. BoJibIoit mHTepec 1pecTaBIgeT
U3yUeHne XapaKTepa I'PaBUTAIMOHHOIO B3AMMOAEHCTBIA B aCTPOMU3NIECKUX MacIITadax.
Db dekT rpaBUTAIMOHHOIO OTTAJKHBAHUS B IKCTPEMAJIbLHBIX YCJIOBUSX JOJXKEH IIPEI0T-
BpAIaTh KOJIAIC MACCUBHBIX OOBEKTOB B IaJlakKTHKaX U 0Opa3oBaHue YepHbBIX JIbIp [34].
UccitetoBanne rpaBUTaIlmOHHOTO B3ANMOJIEHCTBUS B aCTPOMPU3NIECKIX MacITabax B paM-
kax IIKTT mpexacrapisier Tak:ke OOJIBIION MHTEPEC B CBA3M ¢ IPOOJIEMOI TEMHON MarTe-
pun.
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3.1 Modern paradigm of cosmology and history of our Universe

3.1.1 Four epochs of the history of the Universe

H = % where a(t) is a scale factor of an isotropic homogeneous spatially flat universe (a
Friedmann-Lemaitre-Robertson- Walker background):

ds® = dt* — a*(t)(da”® + dy® + dz*) + small perturbations
The history of the Universe in one line according to the present paradigm:

? — DS=— FLRWRD — FLRWMD — DS — ?

) 1 2 )
|H| << H* = H=g —H=5= |H| << H?

pr—p = p=p/3 = p < pmagenta = px —p

3.2 Present status of the inflationary scenario of the early Universe
and its predictions for inhomogeneous perturbations

3.2.1 Main advantages of inflation

Aesthetic elegance

Inflation — hypothesis about an almost maximally symmetric (quasi-de Sitter) stage of
the evolution of our Universe in the past, before the hot Big Bang. If so, preferred initial
conditions for (quantum) inhomogeneities with sufficiently short wavelengths exist — the
adiabatic in-vacuum ones. In addition, these initial conditions represent an attractor for
a much larger compact open set of initial conditions having a non-zero measure in the
space of all initial conditions.

Predictability, proof and/or falsification

Given equations, this gives a possibility to calculate all subsequent evolution of the
Universe up to the present time and even further to the future. Thus, any concrete
inflationary model can be proved or disproved by observational data.

Naturalness of the hypothesis

Remarkable qualitative similarity between primordial and present dark energy.

3.2.2 Present status of inflation

From "proving"inflation to using it as a tool

Present status of inflation: transition from "proving"it in general and testing some of
its simplest models to applying the inflationary paradigm to investigate particle physics
at super-high energies and the actual history of the Universe in the remote past using real
observational data on ns(k) — 1 and r(k).

3.2.3 Generation of scalar and tensor perturbations during inflation

A genuine quantum-gravitational effect: a particular case of the effect of particle-antiparticle
creation by an external gravitational field. Requires quantization of a space-time metric.
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Similar to electron-positron creation by an electric field. From the diagrammatic point of
view: an imaginary part of a one-loop correction to the propagator of a gravitational field
from all quantum matter fields including the gravitational field itself, too.

The effect can be understood from the behaviour of a light scalar field in the de Sitter
space-time.

3.2.4 De Sitter space-time

Constant curvature space-time.

Raps = Hy(9ar9p5 — Gasgs,)

4 most popular forms of its space-time metric (only the first metric covers the whole
space-time):
ds® = dt? — Hy? cosh?(Hyt.) (dx? + sin® x.dQ?)

ds® = dt* — aje*™" (dr* + r*dQ?), a; = const
ds* = dt* — Hy? sinh?(Hot,) (dx? + sinh? x,dQ?)
ds* = (1 — HiR*)dr* — (1 — HR*)"'dR* — R*d)?
dQ? = dh* + sin? 0d¢*

3.2.5 Perturbative anomalous growth of light scalar fields in the de Sitter
space-time

Background - fixed - de Sitter or, more interestingly, quasi-de Sitter space-time (slow roll
inflation).

Occurs for 0 < m? < H? where H = ¢, a(t) is a FRW scale factor. The simplest and
textbook example: m = 0, H = Hy = const for t > t; and the initial quantum state of
the scalar field at ¢ = t; is the adiabatic vacuum for modes with k/a(ty) > Hy and some
infrared finite state otherwise.

The wave equation:
s =0
Equation for the time dependent part of tensor perturbations on a FLRW background

supported by ideal fluids or minimally coupled scalar fields has the same form.
Quantization with the adiabatic vacuum initial condition:

¢ = (27T)3/2/ [&k ¢k(77) e—ikr 4 &L ¢Z: ekt | g3

Hye~n ( 2) 1
—_ , a — -, < < O7 k — k
or(n) = ok 2 (n) Hon o <1 k|

Then
H;

472

Here N = In ﬁ > 1 is the number of e-folds from the beginning of inflation and the

constant depends on the initial quantum state (Linde, 1982; AS, 1982; Vilenkin and Ford,

< ¢ >= + const
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1982).
Straightforward generalization to the slow-roll case |H| < H?.
For 0 < m? < H?, the Bunch-Davies equilibrium value

3H:
< ¢2 >= 0

2
8mm?2 > Ho

2
is reached after a large number of e-folds N > %
Purely infrared effect - creation of real field fluctuations; renormalization is not important
and does not affect it.

For the de Sitter inflation (gravitons only) (AS, 1979):

16G HE : 16GHZN
Py(k) = 0o < hgph*t >= ——0—

™ ™

The assumption of small perturbations breaks down for N > 1/GHZ. Still ongoing
discussion on the final outcome of this effect. My opinion - no screening of the background
cosmological constant, instead - stochastic drift through an infinite number of locally de
Sitter, but globally non-equivalent vacua.

Reason: the de Sitter space-time is not the generic late-time asymptote of classical
solutions of GR with a cosmological constant A both without and with hydrodynamic
matter. The generic late-time (expanding) asymptote is (AS, 1983):

ds* = dt* — Vikdxidxk

2Hot — Hot
Vi = € a4+ by + e %y + .

where HZ = A/3 and the matrices a;, bix, cix are functions of spatial coordinates. ag,
contains two independent physical functions (after 3 spatial rotations and 1 shift in time
+ spatial dilatation) and can be made unimodular, in particular.

3.2.6 Generation of metric perturbations

One spatial Fourier mode o< €’¥* is considered.

For scales of astronomical and cosmological interest, the effect of creation of metric
perturbations occurs at the primordial de Sitter (inflationary) stage when k ~ a(t)H (t)
where k = |k| (the first Hubble radius crossing).

After that, for a very long period when k < aH until the second Hubble radius crossing
(which occurs rather recently at the radiation or matter dominated stages), there exist one
mode of scalar (adiabatic, density) perturbations and two modes of tensor perturbations
(primordial gravitational waves) for which metric perturbations are constant (in some
gauge) and independent of (unknown) local microphysics due to the causality principle.

3.2.7 Classical-to-quantum transition for the leading modes of perturbations

In the superhorizon regime in the coordinate representation:

ds® = dt* — a*(t)(Opm + hum)da'dz™, 1,m =1,2,3
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h 5lm + Z g(a elm

eﬁ(“) =0, g ) l(a) — 0, e(“) Im(a) _

( describes primordial scalar perturbations, g — primordial tensor perturbations (primordial
gravitational waves (GW)).

Quantum-to-classical transition: in fact, metric perturbations hy,, are quantum (operators
in the Heisenberg representation) and remain quantum up to the present time. But, after
omitting of a very small part, decaying with time, they become commuting and, thus,
equivalent to classical (c-number) stochastic quantities with the Gaussian statistics (up
to small terms quadratic in ¢, g).

Remaining quantum coherence: deterministic correlation between k and —k modes -
shows itself in the appearance of acoustic oscillations (primordial oscillations in case of

GW).

3.2.8 0N formalism for scalar perturbations

Local duration of inflation in terms of N;,; = In <Z(:+”‘))) is different is different point of

space: Nyt = Ny (r). Then
C(I‘) = 5Ntot(r)

Correct generalization to the non-linear case: the space-time metric after the end of
inflation at super-Hubble scales

ds* = dt* — aQ(t)eQNtot(r)(de + dy® + d2?)

First derived in A. A. Starobinsky, Phys. Lett. B 117, 175 (1982) in the case of one-field

inflation.

3.2.9 FLRW dynamics with a scalar field

In the absence of spatial curvature and other matter:

2
=" <¢2 +V(¢)>
. K2 .

H: —5¢2

¢+3Hp+V'(¢) =0
where % = 87G (h=c=1).
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3.2.10 Inflationary slow-roll dynamics

Slow-roll occurs if: |¢| < H|@|, ¢* < V, and then |H| < H?.
Necessary conditions: |[V/| < kV, |V”| < k*V. Then
K2V

. % a vV
H~— ¢~——\ NEln—f%HQ/ —do
3 3H a é

First obtained in A. A. Starobinsky, Sov. Astron. Lett. 4, 82 (1978) in the V = m22¢2
case and for a bouncing model.

3.2.11 Spectral predictions of the one-field inflationary scenario in GR

Scalar (adiabatic) perturbations:
HY  GH}  1287GPV

P:(k) = — = — =
C( ) 47T2¢2 W‘H‘k 3‘/%2
where the index k& means that the quantity is taken at the moment ¢t = ¢, of the Hubble

radius crossing during inflation for each spatial Fourier mode k& = a(t;)H (t;). Through
this relation, the number of e-folds from the end of inflation back in time N (t) transforms

to N(k) =In %f where k; = a(ty)H(ts), t; denotes the end of inflation.
The spectral slope

dinPe(k) 1 [V V2
() —1=" ok 3k
(k) dink K2 ( Vi Vi
Generically ny # 1, though |ny — 1| < 1 — deviation from the Harrison-Zeldovich
spectrum is expected!

The special case when n, = 1: V(¢) o< ¢~ 2 in the slow-roll approximation.

Omitting the slow-roll assumption:
let x = VArGo, y= BVArGH, v(z) = w V(e).
Then (A. A. Starobinsky, JETP Lett. 82, 169 (2005)):

Y= et/ (/ e‘%Q/Qdf:—i-C)

3 \dx
Tensor perturbations (A. A. Starobinsky, JETP Lett. 50, 844 (1979)):

by L6GHE _dlnPy(k) 1 (E)Q

o)== mW == = e\

The consistency relation:

Tensor perturbations are always suppressed by at least the factor ~ 8 /N (k) compared
to scalar ones. For the present Hubble scale, N(kg) = (50 — 60).
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3.2.12 Potential reconstruction from scalar power spectrum

In the slow-roll approximation:

— = CP(k(t(¢))), C = const

Changing variables for ¢ to N(¢) and integrating, we get:

dInV
= N
Ko /d N

An ambiguity in the form of V(¢) because of an integration constant in the first
equation. Information about P, (k) helps to remove this ambiguity.
In particular, if primordial GW are not discovered in the order n, — 1:

r < 8ns—1/~0.3,

then (%)” < [¥1], ngl = L < |na— 1], [ng|N < 1.

This is possible only if V' = Vi 4§V, |6V ]| < Vj — a plateau-like potential. Then

K2V dN

OV (N) = c PN

N))

= /W

Here, integration constants renormalize Vj and shift ng. Thus, the unambiguous determination
of the form of V(¢) without knowledge of P;(k) becomes possible.

3.3 From metric perturbations to CMB temperature anisotropies
and polarization

3.3.1 CMB temperature anisotropy

T, = (2.72548 + 0.00057)K
- Z aﬁmnm(e ¢)
Im

< W@y >= Codpr Oy
Theory: averaging over realizations.

Observations: averaging over the sky for a fixed /.

For scalar perturbations, generated mainly at the last scattering surface (the surface
or recombination) at zpgs ~ 1090 (the Sachs-Wolfe, Silk and Doppler effects), but also
after it (the integrated Sachs-Wolfe effect).
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For GW — only the ISW works.
For ¢ < 50, neglecting the Silk and Doppler effects, as well as the ISW effect due the
presence of dark energy,

AT(0,¢)

1 1
— = —EC(TLSS,9,¢) = —g(SNtot(TLSS797¢)

.
For n, =1,

2m
25
For 1 < ¢ < 50, the Sachs-Wolfe plateau occurs for the contribution from GW, too:

s 4872

W+1)Crs = —P;

assuming n; = 1 (A. A. Starobinsky, Sov. Astron. Lett. 11, 133 (1985)). So,
C, = Cg,s -+ Cg,g = (1 + 0.7757“)0@75

For larger ¢ > 50, ((¢ + 1)Cy, grows and the first acoustic peak forms at ¢ ~ 200,
while ¢(¢ 4+ 1)Cy 4 decreases quickly. Thus, the presence of GW should lead to a step-like
enhancement of ¢(¢ + 1)C; for ¢ < 50.

3.3.2 CMB polarization

Produced at the last scattering surface only due to the Thomson scattering of photons
on electrons, suppressed by the factor Az;ss/z155 ~ 0.1 compared to a temperature
anisotropy.

No circular polarization, only linear one.

Linear polarization on the sky (2-sphere) can be decomposed into the E-mode (scalar)
and the B-mode (pseudoscalar).

1. Expand the () &+ iU combinations of the Stokes parameters into spin-weighted
spherical harmonics 12Y,,.

2. Then

g tm = — (GQ,Zm + @72,Zm> /27 aB.m = (GQ,Zm - @72,Zm) /2

In the first order, the E-mode is produced both by scalar perturbations and GW, the
B-mode is produced by GW only. The most important second order effect through which
scalar perturbations produce B-mode: gravitational lensing of CMB fluctuations, screens
the first order effect for multipoles ¢ > 150.

3.4 What metric CMB observations tells us about inflation and
super-high energy particle physics?

3.4.1 Outcome of recent CMB observations

I. More than a year ago
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The most important for the history of the early Universe are:

1. The primordial spectrum of scalar perturbations has been measured and its deviation
from the flat spectrum ng, = 1 in the first order in |n, — 1| ~ N~! has been discovered
(using the multipole range ¢ > 40):

AZ(k AN
Pe(k) = / Ck( )dk, A? = (2.20755¢) 1077 (k_o)

ko = 0.05Mpc™!, n, —1 = —0.040 £ 0.007

N.B.: The value is obtained under some natural assumptions, the most critical of them is
N, = 3, for N, = 4 many things have to be reconsidered and n, &~ 1 is not excluded.

2. Neither the B-mode of CMB polarization, nor primordial GW were discovered:
r < 0.11 at the 95% CL.

NB: The assumption: ny, — 1 = —% ~ —0.04 for all N =1 — 60 implies a lower bound
on 7. In particular, if < 8|ngs — 1|, then

V(¢) = Vo (1 — exp(—ar))
with ak¢ > 1 but a not very small, and
8

r = ————
a?N?2

3.4.2 Combined results from WMAP and Planck

P. A. R. Ade et al., arXiv:1303.5082
II. Three months ago

BISEP2 collaboration: P. A. R. Ade et al., arXiv:1403.3985: discovery of the B-mode
in the multipole range 30 < [ < 150 (for larger [ it was discovered earlier this year with
the amount in agreement from gravitational lensing of scalar perturbations) with
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Model I; Planck+WP Planck+WP+lensing ~ Planck + WP+high-f  Planck+WP+BAO
ACDM + tensor ng 0.9624 + 0.0075 0.9653 + 0.0069 0.9600 + 0.0071 0.9643 + 0.0059
roo <0.12 <0.13 <0.11 <0.12
—2AIn Liax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ACDM+r model from Planck combined with other data sets.

The constraints are given at the pivot scale k. = 0.002 Mpe .
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Fig. 1. Marginalized joint 68% and 95% CL regions for ng and ry g, from Planck in combination with other data sets compared to

the theoretical predictions of selected inflationary models.

6000 0.06
Planck low-¢ data points + BICEP2 data points +
Power law PPS + r [Planck + WP] 0.05 Power law PPS + r [Planck + WP]
5000 [ Power law PPS + r [Planck + WP + BICEPZ] Power law PPS + r [Planck + WP + BICEP2]
- Broken PPS + r [Planck + WP + BICEP2] — 0.04 I-Broken PPS + r [Planck + WP + BICEP2]
>§4000 [ Tanh step PPS + r [Planck + WP + BICEP2] >§ 0,03 Tanh step PPS + r [Planck + WP + BICE /
- s
o | o
£ 3000 g 002
) oY
— —
:i_—?, 2000 F §, 0.01
=~ =~
0
1000
-0.01
Ot L L L -0.02 L L L L L L
1 10 ’ 100 1000 50 100 150 ¢ 200 250 300
_ +0.07
r=0.20005

350

The unsubtracted result — contains an unknown foreground non-thermal part.

Consequence — assuming the Einstein gravity:

VGHys =0.99 x 10~

70.002

) 1/2 50-96—ns
0.2

"

3.5 Consequences of the would be discovery primordial GW

If confirmed by an independent measurement:

1. Discovery of a real physical singularity — a state of the Universe in the past with a
very high curvature (with H only 5 orders of magnitude less than the Planck mass).
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2. Discovery of a new class of gravitational waves — primordial ones.
3. Decisive argument for the necessity of quantization of gravitational waves.
4. Decisive test of the inflationary paradigm as a whole.

5. Discovery of ~ 20% deviation of the power spectrum of scalar perturbations from a

scale-free one — new physics during inflation!
The most intriguing discordance between WMAP and Planck results from one side and

the BISEP2 ones from the other:
no sign of GW in the CMB temperature anisotropy power spectrum.

Instead of the ~ 10% increase of ¢(¢ + 1)Cy over the multipole range 2 < | < 50, a
~ 10% depression is seen for 20 < I < 40 (see e.g. Fig. 39 of arXiv:1303.5076).

The feature exists even if » < N~! but the presence of r ~ 0.1 makes it larger.

More detailed analysis in D. K. Hazra, A. Shafieloo, G. F. Smoot and A. A. Starobinsky,
JCAP 1406, 061 (2014), arXiv:1403.7786 :
the power-law form of P;(k) is excluded at more than 30 CL.

3.5.1 Broken scale models describing both WMAP-Planck and BISEP2 data

Next step: "whipped inflation"D. K. Hazra, A. Shafieloo, G. F. Smoot and A. A. Starobinsky;,
arXiv:1404.0360.

The model contains a new scale at which the effective inflaton potential has a feature
which the inflaton crosses about 50 e-folds before the end of inflation. The existence of
such a feature, in turn, requires some new physics (e.g. fast phase transition in a second
field coupled to the inflaton).

V(g) = Vs(¢) + Vr(9)
Vs(¢) = 79", Vr(9) = A& — ¢0)"0(¢ — ¢)

Best results for (p,q) = (2,3).

3.5.2 Wiggles in the power spectrum

The effect of the same order: an upward wiggle at ¢ ~ 40 and a downward one at ¢ ~ 22.
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Lesson: irrespective of a future analysis of foreground contamination in the BISEP2
result, features in the anisotropy spectrum for 20 < ¢ < 40 confirmed by WMAP and
Planck should be taken into account and studied seriously.

A more elaborated class of model suggested by previous studies of sharp features in the
inflaton potential caused, e.g. by a fast phase transition occurred in another field coupled
to the inflaton during inflation:

WWI (Wiggly Whipped inflation)
D. K. Hazra, A. Shafieloo, G. F. Smoot and A. A. Starobinsky, arXiv:1405.2012

In particular, the potential with a sudden change of its first derivative:

V() =79 + A" (¢ — ¢o) (6 — ¢o)

which generalizes the exactly soluble model considered in A. A. Starobinsky, JETP Lett.
55, 489 (1992) produces —2AIn £ = —11.8 compared to the best-fitted power law scalar
spectrum, partly due to the better description of wiggles at both ¢ ~ 40 and ¢ =~ 22.

A sharp feature in the potential leads to a rapid increase of the effective inflaton mass,
m? = V"(¢), in the vicinity of ¢ = ¢y. While m ~ 2 x 103 GeV for ¢ < ¢y, it becomes of
the order of 10'* GeV and larger at earlier times when ¢ > ¢y (but still much less than
the energy density scale of the inflaton potential ~ 3 x 106 GeV).

3.6 Conclusions

e Inflation is being transformed into a normal physical theory, based on some natural
assumptions confirmed by observations and used to obtain new theoretical knowledge
from them.

e First quantitative observational evidence for small quantities of the first order in the
slow-roll parameters: ng(k) — 1 and r(k).

e The quantitative theoretical prediction of these quantities is based on gravity (space-
time metric) quantization and requires very large space-time curvature in the past of
our Universe with a characteristic length only five orders of magnitude larger than
the Planck one.

e The BISEP2 result by itself is the confirmation of the general prediction (made in
1979) of the early Universe scenario with the de Sitter (inflationary) stage preceding
the radiation dominated stage (the hot Big Bang).

e However, would the BISEP2 result be confirmed, inflation is not so simple: the scalar
primordial power spectrum deviates from a scale-free one that implies the existence
of some scale (i.e. new physics) during inflation.

e Though the Einstein gravity plus a minimally coupled inflaton remains sufficient
for description of inflation with existing observational data, modified (in particular,
scalar-tensor or f(R)) gravity can do it as well.

e The conceptual change in utilizing CMB and other observational data from "proving
inflation"to using them to determine the spectrum of particle masses in the energy
range (10'% — 10') GeV by making a "tomographic"study of inflation.
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AwnHoTtanusi. B cmamve paccmompenst HepasHoGecHble KOCMOA0ZUECKUE CUECHAPUL 6 NPEINOAOIHCEHUL
B0CCMANOBAEHUSA CKETAUHZA B0 83AUMOOETICMEUALT INEMEHMAPHOIL YACNUY, NPU CEEPLEDICOKUL INEPLUALT
evlwe yrumaprnozo npedesa. Ha ocrose mounozo pewenus ypasnenus smepzobananca noAy“eHo cmpo-
20e JOKG3aMENDCMBO 0 NPUNHYUNUAAGHOT HeJOCTNUNCUMOCTIU MEPMOOUHAMUYECKO20 DABHOBECUA 6 YCKO-
pennot Beeaennot. Ilpedcmasaensv, u npoanaiu3uposatv, PE3YALMaAMb: YUCAEHHO20 MOOEAUPOBUHUS NO-
CMPOEHHOT panee CmpPo2ots MAMEMAMUYECKOT MOOEAU NPOUECCA BOCCTAHOBAECHUS MEPMOOUHAMUNECKO20
DABHOBECUA 6 USHAUANDHO HEPABHOBECHOT YALMPAPEAANUBUCTCKOT KOCMOAO2UYECKOT NAa3Me 80 Beeaen-
HOT € NPOUZBOALHBIM YCKOPEHUEM 6 NPEINOAONCERUL BOCCTNAHOBAENUA CREUAUNEA 60 83AUMOIETCTNEUAT
INEMENTNAPHBLE WACTNUY, NPU INEPLUAT vlule Yrumaprozo npedeaa. Hatideno, npedenvrvie napamempot
HEPABHOBECHO20 PACTPEIEACHUSA BHICUBUUT PEAUKMOBHIT “wacmul,. Budeunymo npednoaosicenue o npum-
UUNUGALHOT BO3MONCHOCTU JEMEKMUPOBAHUA <UCTNUHHO PDEAUKIMOGHIT YACTNUYS , HECYULUT UHPOPMAUUIO
0 CAMDBLT NEPEOHANANDHHLL CMAJUAT d60m0uuY Beeaernnor.

4.1 VYcjoBus JOKAJbHOTO TEPMOINHAMUYIECKOTO PaBHOBeCUd KOC-
MOJIOTUYECKOM IIJ1a3MbI

OJHUM W3 IVIABHBIX MOJIOZKEHH CTaHJIapTHOTO KocMmoJoruueckoro crenapus (SCS)! se-
JIFIETCS TIPEJIIOJIOKEHNE O JIOKAJILHOM TepMouHaMudeckoM pashosecun (LTE) kocmoiio-
IUYecKoil IIa3Mbl Ha paHHEM dTalle paciiupenust Bceenennoit. Kak msBecTHo, Jid ycTa-
vopjennsa LTE B crarucruveckoit cucreme HeodxomuMa MaaocThb 3(HEKTUBHOIO BpeMeH!
MEZKJ1y CTOJIKHOBEHMSMU HYACTHIL, Tff, 110 CDABHEHUIO C XapaKTEPHLIM BPEMEHHBIM Mac-
ITadOM SBOJIIOIMHU CUCTEMbBI. B KOCMOJIOrMYecKoi cuTyalni TaKuM MacIITaboM sIBJISI€TCs
BospacT Bcenennoii, a 6osiee TOUHO, — oOpaTHad BeJIMIUHA JIOTapUOMUIECKON TTPOU3BO/I-
HOfi MacmTabHoro hakTopa, a(t). DT0 MPUBOJUT K CJIELYIONIEMY U3BECTHOMY YCIOBHIO
LTE B pacmmumpsionieiicss yIbTPapeaTHBUCTCKON KOCMOJIOTHUECKON IIIa3Me?:

a 1

a
aTeff<<1a:> < 1, (1)

an(t)o
re a(t) — macmrabustit hakrop, @ = da/dt, n(t) — WIOTHOCTD YUCJIA YACTHIL, Typ — TTOJTHOE
cedeHne PacCesHns J4acTHll B APHBIX CTOJKHOBEHUSIX.

4.1.1. Kunemamuxa 4emuperiacmuiHbr CmoAKHO8EHUT

YeTbIpexyacTHIHbIC PEAKINH THIIA
a+b=c+d. (2)

IIOJIHOCTDBIO OIIMCBLIBAIOTCA JABYMA KHHEMATUICCKUMU MHBapuaHTaMu, S U t (CM, HallpuMep,

2] (1979)):

8= (pa+Dv)> = (P + Db» Pa + Db), (3)

KBa,ZLpaTOM SHGpFI/H/I CTaHKI/IBaIOH_[I/IXCH qaCTI/H_[ B cucreme HeHTpa MaCC, n
t= (pc - pa)2 - (pb - pd)Q‘ (4>
PEeJIATHBUCTCKIM KBaJIpaToM Hepeannoro ummyabca:s. danee (p,q) = guwp'q® — cxa-

JIIPHOE IIPOU3BEICHUE BEKTOPOB P, ¢ OTHOCUTEJILHO METPHUKHU ¢, @,h — MHIEKCHI YaCTHII,
i,k =1,4; \/s — sHeprus crajkusaromuxcs dacrur B rearpe mace (CIIM).

Lem., mampumep, [1] (2008)

2Mp! BBIGHpaEM ILIAHKOBCKYIO cucTeMy emuunn G = h = c = 1.

3 ABTOD Ha/IEeTCsI, ITO TMTATE/s HE CMYTHT COBIAJeHue 0G03HAMeHHit: t - BpeMst B MeTpuke OpuaMana, s - ee HHTEPBa,
OJIHOBPEMEHHO t, S - KNHEMATUYECKNE MHBAPUAHTBI. DTH 0003HAYEHUs SIBJISIIOTCH CTAHIAPTHBIMU M MbI HE COYJIM HEOOXOZH-
MBIM UX MEHSITD.



4.1. YCJIOBUS JITP JIJIsI KOCMOJIOTUYECKOI ITJIA3MBI

[Tpu sTOM MHBapUAHTHBIE aMILTUTY/IBI paccesuus F'(s,t), onpe/ensemble Kak Pe3yib-
TaT yCpeJIHEeHUs] MHBAPUAHTHON aMILIUTY/Ibl PACCETHUs 10 COCTOSHUSAM YacTHIl, ¢ U d,
OKa3bIBAIOTCH 3aBUCAIINMU JIMIIL OT 3TUX JIBYX NHBAPUAHTOB:

| M| = |F(s, )], (5)

riae S; - comabl actuil. C MOMOINIBI0 MHBAPHAHTHOM aMiuiuTyael F'(s,t) onpememsercs
IHOJIHOE CedeHne peakimu (2):

tmam
1
ot = dt|F(s,t)|%, 6
Ttot 167?)\(5,m(21,m§)/ [F(s, 1) (6)
tmin

IJIe m; — MacChl TIOKOsI YacTHUIl, A\ - (DYHKINA TPEyroJbHUKa:

N (a,b,c) = a® + b* + ¢ — 2ab — 2ac — 2bc,

max

4
e = dm2 w2 4~ md)? — (VA VP,
rjie Jis COKPAIIEHUs TIPUHATH 0003HAUCHHUS:
A= As,m2,m3); N = \(s,m2,m3).

B yabrpape/iaTUBHCTCKOM IIpejiesie

nMeeM:

$ = 2(Paypb); t— —2(Daspp); A — 8%

S
bmin == —S; tmaz — 0; — 7 0,

m;

u dopmyra (6) 3HATUTETBHO YIPOIIAETCS BBEICHHEM Oe3pa3sMepHOil IepeMeHHOI:

rT=—=—": (8)

Utot(s)

/dx]F(s,x)]Q. 9)

0

- 167s

Takum 0O6pasoM, IMOJIHOE CevYeHre pacCesiHUs 3aBUCUT JIMIIb OT KUHEMATHIECKOIO MHBa-
pPUaHTa S - KBaJdpaTa SHEPTUU CTaJKHBaAIOIIUXCA IaCTHUIl B CUCTeMe IECHTPa MacCC:

Ttot = Opot(S). (10)

Nmenno sTa 3aBUCUMOCTE U OYJIET yIPABIATH YCTAHOBIEHUEM JIOKATHLHOTO TEPMOIITHAMU-
YeCKOro paBHOBECHd B panHeil Bceejnennoii.

4.1.2. Bauanue 3asucumocmu o(s) na npouecc eoccmanosrerus LTE

61
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B npocrpancTsenno-maockoit Merpuke @puamanat, koropas Gyaer paccMaTpUBATHCH
B cTaThe,
ds® = dt* — a®(t)(dx® + dy® + dz*) (11)

HHTEIPAJIOM JIBUXKEHUS ABJIACTCA KOHPOpmHbill umnyavc (eMm., nHanpumep, [3] (1982))

p = a(t)p = const, (12)

rie p = \/—gapp®p® — dusmaeckuii rpexmepubiil numirysse (o, f = 1,3), a — Macurabublii
dakrTop. Takmm 0bpazoM, I YILTPAPEIITUBUCTCKUAX TaCTHIL

s~ p~a Tl (13)
[Tpemonaras CTEIEHHYIO 3aBUCUMOCTD MOJTHOTO CEICHUsT PACCESTHUS TACTHUIL OT S
Otot ™~ sY (14)

u bapomponuueckoe CyMMapHOe ypaBHEHNE COCTOSHUSI MATEPUH P = »€, TJIe P — CyMMap-
HOE JIaBJIeHne’, &€ — CyMMapHas IJIOTHOCTb SHEPTUH, 3 — Koadduyuenm bapomponsy, pn
YCJIOBMU COXpaHeHus MojHoro uuciaa dactun n(t)a’(t) = const npuigem k cietyromemy
BoiBOY [4] (1986).

VrBepxkaenne 1 [Ipu 6vinosneruu yciosus

v +3(1—32)>0; (x#-1), (15)
LTE noddeporcusaemcsa ma paHHUT cMaduax PaCWUPerts, & Ha NO3OHUT HAPYULAETNCA,
m.e., npu:

3
v > _Z(l_%) = LTFE : t<t, (16)

a npu evnoarenuy oopammuozo x (16) yeaosus LTE wapywaemces na panHux cmadusr u
B0CCMANABAUBAEMNCA HA NO3OHUT T > Tj.

B wacrtrocTH,
1°. B ciyuae yIbTpapessITUBUCTCKOTO ypaBHeHus cocroguud »x = 1/3 noayuum uz (16)
yesosue cymiecrBoBarust LTE Ha pannux cragusax paciupenns [4] —

1 1
l/>—§:> LTE : t <t, p:§€7 (17)

20, B ciyuae mpesiesIbHO YKECTKOIO ypaBHEeHHs COCTOSHHUA » = 1 yCJIOBHE IHOJIeprKaHUs
JITP na pannux ctaiugax v HAPYIICHUS Ha TMO3/IHIX SKBUBAJIEHTHO YCJIOBHUIO —

v>0= LTE: t<ty, (p=¢) (18)

(orcrofia ciieryer, UTO MPU MOCTOSIHHOM CedeHnu paccestust v = () B cydae MpeebHO
JKECTKOIO YPAaBHEHUs COCTOSIHUS BpeMsi BooOIe Boinasaer u3 yceiaosust LTE [4], - Ha sroii
crajun pacmupenus Bo Beenrennoit LTE cymectByer nbo Bo Bce BpeMena, b0 Bcerja

OTCYTCTBYET);
3%, B caryuae uHAATNT ¢ = —1 IPHU BLIIOIHEHUN YCIOBUSA
3

4xax, BIpoveM, u T J060# MpyToit MeTpuku Ppummana
5B oTaMUMe OT WMITYIIbCA, P, JABIEHUE BBILICICHO MPSMBIM PUMCKHAM IPHPTOM, P.
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LTE nomiepxuBaercs Ha paHHUX crajusx (t < tg) m Hapymaercs Ha mo3nHux (t > to).
[Tocnennee, pasyMeercs, BEPHO IIPU COXPAHEHUH IIOJIHOIO YHC/Ia YaCTHIL Ha HHQJISAIIOH-
HOU CTaJanu PacCIIupEHU.

4.2 YuuduimpoBaHHOE aCUMITOTUYECKOE Ce€UYeHNEe PACCEeTHUSI

4.2.1. Ynumaprocmov u yrumaphnoild npedea

JL1st mccseioBaHusl KHHETUKHY IIPOIECCOB B paHHeil Beesennoit HeoOX0uMo 3HATH aCUMII-
TOTHYECKOE TOBEJCHIe MHBapUAHTHBIX aMmimTys F(s,t) B npenene (7). CoBpemeHHbIE
SKCIIEPIMEHTATbHbIE BO3MOYKHOCTH OTDAHUYEHBI 3HAYCHUSAME +/S TOPSIKA HECKOJIBKUX
Tev. BbL10 GBI HEOCTOPOXKHBIM OIMPATHLCA HA TY WA MHYIO HMOJEBYIO MOJIEIL B3alMOIeli-
CTBUS JJIS IPOrHOZUPOBAHMA ACHMITOTUICCKOrO MOBEJICHUS CEUCHUS PACCESHUA B 00JIa-
CTU CBePXBBLICOKMX sHepruit mopsiaka 10 + 100 Tev. Bosee pasyMHO B COBpEeMEHHBIX
YCIOBUSX OIUPATLCA Ha BBIBOJIBI aKCHOMATHYICCKOI TEOpUU S-MaTPUILI, HOIyYeHHbIC Ha
ocHoBe (PYHIAMEHTAJBHBIX 3aKOHOB YHUTAPHOCTH, IPUYUHHOCTH, MACIITAOHON MHBApH-
AHTHOCTU U T.II. YHUTAPHOCTH S-MATPHUIILI IPUBOAUT K U3BECTHOMY ACHUMITOTUICCKOMY

coOTHOIIIEHUIO (cM., Hampumep, [5]):

do 1
P (20)

§—00

[PU 3HAYEHUAX $ BBIIIE YHUTAPHOIO Ipejiesa, T.e., npu yciaosuu (7), ecm moj m; IOoHu-
MaTh MacChl BCEX MPOMEXKYTOUHBIX dacTuil. Ho Torma u3 (9) ciemyer:

F(s,1)]s-00 ~ Const. (21)

[TonsiTue ynumapnozo npedesa Bueppbie ObL1o BBegeno JI.J. Jlanmay B 1940 r. mpume-
HUTEJIbHO K BeKTOPHbIM Me3oHaMm [6]. Cienys sroit pabore, moj sHeprueil YHUTAPHOIO
upejena B JajabHeinem OyeM HOHUMATh TaKylo KPUTHYECKYIO SHEPIHIO, BBIIIE KOTOPOi
npekpanaercs poct 3hMEKTUBHOIO CeUeHnsT B3aUMOJIEHCTBIS 1 TIOBEIEHNE CeUeHns B3a-
UMOJIEHICTBUS TOMUUHETCS YCJIOBUIO YHUTapHOCTH. Hampumep, Jig craHgapTHOrO ve -
paccestHUsl SHEPrHsi YHUTApHOroO mpenena F, = /s, cocrapiager (cMm., Hanpumep, [5])

\/ V271 /G ~ 600 Gev, rae G - KOHCTaHTa 3/ICKTPOCIA6Or0 B3aMMOICHCTBISL.

4.2.2. Acumnmomuveckoe nosedenue cevenuti Pacceanus acmuy, 6 00AGCMU CEEPTEHLCO-
KUT anepaull

Ha ocnoBe akcmomaTtudeckoit Teopun S - maTpuiibl B 60-e rojbr XX-ro croserus Obl-
JIA TIOJIy9IEHbI CTPOrUe OTPAHUYCHUSA Ha ACHMIITOTHIECKOE MOBEJEHNE MOJHbIX CeYeHUN 1
MHBAPUAHTHBIX aMILTUTY/I PACCeTHUS:

C
erls < 011(8) < CyIn? s, (22)

rie C, Cy - Hen3BecTHBIE KOHCTaHTHL. BepxHuuii mpejen (22) 6b11 ycTaHoB/IeH B paboTax 7|
(1961), [8] (1963), [9] (1966), Hrzkauii - B [10] (1964), [11] (1965)6 cm. TakzKe 0630p B KHHUTE
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[12] (1967). OTmernM TakzKe OrpaHNYeHNs Ha HHBAPUAHTHBIC aMILIITY/IBI paccesnus [12]:
[F(s,1)| < [F(s,0)]; (23)
C! < |F(5,0)| < Chsln?s. (24)

[TosToMy MHBapHaHTHBIE aMILTATY/BI paccesiust B rpejerne (7) M0/KHbI ObITh QyHK-
[USIMU JINIIH [IePeMeHHoi © = —t/s, T.e.:

[F (s, )| = |F(x)], (s = 00). (25)
Ho rorpa Benencrsue (9)

1

1 Const
als) = 7o / el F(a)]? = “2 (26)
0

— IOJIHOE ceveHne BeJleT cebs TaKzKe, KaK U CeUeHHUe JIeKTPOMAIHUTHBIX B3aUMOJIeiicTBHiA,
T.€., IPU CBEPXBBICOKUX YHEPIUAX BOCCTAHABJIUBACTCSI CKEILIMHT.

CkellsImHroBas aCUMITOTHKA cedeHust (26) JIeKUT CTPOro OCPEINHE MEXKLY BO3MOK-
HBIME KpaifiHUMH aCUMIITOTHKAME IOJHOIO cedenus paccesaus (22). Kpome toro mpn
BbIIOJTHEHNH (26) aBTOMATHICCKH BBIMOIHAIOTCS U COOTHOIICHHUS, [OJIyYeHHBIEC HA OCHOBE
akcnomaruieckoit reopun S-marpurpst (20) u (21).

4.2.3. Ynueepcairvroe acumMnmomuiecrkoe CeveHUue
PACCEAHUSA,

Bynem B naibreitmeM mpejmoararh HaJIUYIUe CKEMIUHTa TP SHEPTUIX BBIIE YHUTAP-
HOTO TIpejiesia § — 00. BO3HMKAaeT BOIPOC 0 3HAYEHUH KOHCTAHTHI B hopmyJie (26) a Takke
0 JIorapudMUIECKOM YTOUYHEHNN 9TOI KOHCTAHTHI. DTO 3HAUEHNE MOYXKHO OIEHUTDH U3 CJIe-
JIYIOIIUX IIPOCTBIX cooOpazkKeHuit. Bo-11epBbIX, IyCTh M - Macca MOKOsl CTAJIKHUBAIOIIAXCS
qactutl. [TOCKOJIBKY /S - SHEPrust B3aUMOJEHCTBYIOMUX YaCTHUIL B CUCTEME TIEHTPA MaCC,
TO MUHUMAJIBHOE 3HAYEHUE /S JJIsl YeThIPEXIACTHIHBIX PEAKIINil ¢ TaCTUIIAMEI MacChl M
paBHO:

V/Smin = 2m = Spin = 4m?>. (27)
Hagee, eciii BepHa njest 00beIMHEHNsT BCEX B3aUMO/ICCTBUIT Ha IJIAHKOBCKUX MaciiTabax
sueprun I, = my, = 1, To upn s ~ 1 Bce deTbIpeXYaCTUIHBbIC B3aUMOACHCTBUA JIOJIKHDBI
OIIMCBIBATHCS €JINHBIM CeYeHUeM paccessHus, 00pa30BaHHBIM U3 TpeX (pyHIaMeHTaJbHbBIX
koHcTaHT (3, h, ¢, T.e., B BBIOpAHHOI HAMH CHCTEME eIUHUIL JOJIKHO OBITh:
8T
_ 2 _ —
Olsm1 = 2Ly = 0(4) = . (=2m), (28)
pl
re:
_ 2 _
spp = 4dmy; =4 (29)

- IJIAHKOBCKOE 3HaUYeHNe KUHEMaTUIeCKOTO0 NWHBAPUAHTA S, COOTBETCTBYIOIIEE JIBYM CTaJl-
KHUBAIONIUMCe IIJIAHKEOHAM MaCCON 1My, 1 KOMIITOHOBCKOI'O MaciITaba lp:

mpl:@ =1, =y =), (30)
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O,HHaKO, JJIgd TOIO, LITO6bI Ha IIJIaHKOBCKUX MaC]_HTa6aX OHEPIuM CeYeHHUue pacCesdHusd Ila-
JIAI0 JI0 TaKOH BeJIMIMHBI, CTApTys CO 3HaveHuil nopsjika or = 8wa?/3m? (m. - macca
9JIEKTPOHA, O - TOMIICOHOBCKOE CEYCHHE PACCEsHUs) Il JICKTPOMATHUTHBIX B3aHMO-
JeficTBuil, T.e., Ipu S ~ 4m?, OHO JIOJKHO IAJaTh OOPATHO IPOLOPIMOHAIBHO S, T.€.,
ONATB-TAKK 110 3aKOHY CKEHJIMHra. 3aMeTHM, 4TO 9TOT (HAKT ABJISETCS CIIe OJHUM He3a-
BHCHMBIM JIOBOJIOM B II0JIb3Y CYIICCTBOBAHHS CKEHJIMHIa B OOJACTH BBICOKUX SHEPIUil.
JlorapudMuaecKn yTouHss 5Ty 3aBUCHMOCTD, BBEJEM YHUBEPCAADHOE ACUMNIMOMUYECKOE
ceuenue pacceanusn (ACS), Buepsole npeyiozkennoe B padorax [13], [4], (em. Taxxe [14])6:

875
= — 31
7() = 1 (31)
rie B ~ 1, L(s) - norapudmvudecknii hbaxTop:
S
Lis) =1+ (1+2) > 1, (32)
S
SABJIAIONUNCA MOHOTOHHO YOBIBaIOIIEH (PpyHKIMel KHHEMATHIeCKOrO MHBAPUAHTA S —
dL
— <0,
ds

a Sog — 4 - KBaJpaT HOJIHOM SHEPIrumn JABYX CTaJIKHUBaIOIIUXCA ITIJIAHKOBCKUX MacCC, TaK 9TO
Ha IJIAHKOBCKHUX MAacITadbax QHEPIum:

L(so) ~ 1, (33)

- IIPU 3TOM Ha KOMIITOHOBCKUX MacIITabaxX SHEPIUH, T.e., IPU § = m2:

1 1 1
—_— N — YR —
L(m2) 102 137’

€

(34)

rjae o = 1/137 — nocrosiiHas TOHKOH CTPYKTYPHI.

Coornorerne (34) mosBosisier paccmarpuBarh Beaumdanny 1/4/L(s) Kak jorapudmu-
YeCKH MEJJIEHHO MEHSIOITYI0Cs 3(hhEKTUBHYIO KOHCTAHTY B3AaUMOIECHCTBUs, UTO, B CBOIO
odYepe/ib, peasin3yer UJICOJIOTHIO OEeryImX KOHCTAHT B3aUMOJIEHCTBUA CTAHIAPTHBIX TeO-
puit dyngamenTaabHbX B3aumMo/eiicTeuit tuna SU(5).

Beenennoe dopmysioii (31), cevenne paccestus oy, ACS, obaaer psajgoM 3aMedareib-
HBIX cBOjicTB (cM. Takxke Figure 10):

1°. ACS obpasoBano jmimib u3 (yHIaMeHTaIbHbIX KoHcTanT G, h, ¢;

2°. ACS Bezer cebst Tak, 9YTO €ro 3HaAYEHHs JIe?KAT CTPOTO IMOCPEINHE MEXKy BO3MOZKHbI-
MU KpaiiHUMU TIPeJIeJIaMi aCUMIITOTUIECKOTO MOBEJIeHNs ceuenns (22), yCTaHOBJIEHHbBIX €
ITOMOIIIHIO ACKMIITOTUIECKON TEOpun S-MaTpPHUILh;

3°. ACS ¢ jmorapudMuIecKoil TOIHOCTHIO SIBJIAETCS CKEHJIMHIOBBIM CEUEHUEM PaCCEesTHUs;
4°. ACS ¢ yauBUTeIBHOI TOYHOCTHIO COBIIAJIAET HA COOTBETCTBYIOIIUX MAaCIITabax SHEp-
IUN ¢ CeYEHUSIMI BCEX M3BECTHBIX (DyHIaAMEHTAIbHBIX IIPOIECCOB, HAUYMHAS OT SJIEKTPO-
MATHUTHBIX U KOHYasl 'PABUTAIIMOHHBIMHI, HA OTPOMHOM JIHAIa30He 3HAUeHUiT SHeprun (0T

SI1o cpaBHEHHUIO C TIPEIBIIYIINME PAGOTAME MbI BEPHYJIUCH K IEPBOHAYAILHOMY ONDEIeIeHUIO JorapudMIIecKoro dhak-
Topa L [4], kK HeoGxoaMMOCTH 9TOI PEBU3UM IIPUBEIN MMEHHO PE3yJIBTATHl IHCICHHOTO MOJEIUPOBAHMUSL.

65
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me 10 10%2m,) — 1npu 3TOM 3HaUEHHsI IePBOr0 KHHEMATHIeCKOIO HHBAPUAHTA N3MEeHSeTC
Ha 44 mopsikal (em. Figure 10).

B npegpiiymux paborax ABTopa ObLIM IPUBEIEHBI JOCTATOYHO yOeUTeIbHBIE apry-
MEHTBI B T0JIb3Y CKEMJIMHTOBOI'O TOBEJICHUs CEUYECHUN PACCEedHUsT YeThIPEXYaCTUIHbIX pe-
aKkiuit B obsractu snepeutl eviwe YyHumaprozo npedesa. B dactnoctu, OBLIO MIPOBEIEHO
CpaBHEHUE CEYEHUN PacCesHrsl HEKOTOPBIX KOHKPETHBIX YeThIPeX-UYaCTUIHBIX PEaKIHil ¢
BEJIMYUHON aCUMIITOTUYECKOTO CEYEHUSI PACCEAHUsI B COOTBETCTBYIONIUX 00JIACTAX SHEP-
ruit. Tem He Menee, npu OOCYXKJIEHUUU TOIO BOIPOCA CO CHEIMATUCTAME B KBAHTOBON
TEOPHUH MOJIA YaCTO MPUXOJUTCHA CTAJKUBATHCH C HENPUSITHEM THIIOTE3bI O CKEHJIMHIO-
BOM XapakTepe (QpyHIaMEeHTAJbHBIX B3aUMOJIENHCTBUIl B 00JIACTH CBEPXBBICOKUX SHEPIHil.
CorytacHO TIOHEMAHUIO ABTOPa 9TO HENPUSITHAE BBI3BAHO, BO-IIEPBLIX, OIPAHUICHHBIM JIHA-
[1a30HOM SHEPIUil MPU BBIYUCJCHUU CECYEHUN paccessHrdg KOHKPETHBIX IPOIECCOB, &, BO-
BTOPBIX, «B3IJVISIJIOM CHA3Y» B CMBIC/I€ SHEPTUil HUZKE YHUTAPHOTO IIPeJiesia Ha, IPOIETy PhI
KBAHTOBBIX BBIYUCJICHUN CedeHMil paccednusd. B KOHIE-KOHIIOB, €CJIM MbI SABJIAEMCs T'Pa-
BUTAITMOHUCTAMH U BEPUM B UJICI0 OOHEIMHEHNST BCEX B3aUMOJICHCTBUI, MbI JOJIZKHBI, BO-
[IEPBBIX, MPU3HATH XOTA-ObI TPOCTOI (haKT, 9TO Ha IJIAHKOBCKUX MACIITadax SHEPruil ce-
YeHUs B3aUMOJIENCTBUS JIOJI?KHBI UMETh INIAHKOBCKYIO BEJTMYUHY, &, BO-BTOPBIX, IOCTABUTH
BOIIPOC, KAKUM 00Pa30M CeUeHHe STOr0 eIMHOTO (byHIaMEHTAIHLHOIO B3AUMOIEHCTBUS MO-
JKeT ynacTb Ha 44 1mopsjiKa, HaunHasd ¢ MacIITabOB 9JIEKTPOMAIrHUTHBIX B3aUMOJIEHCTBUIA.
E/MHCTBEHHBI 3aKOH, KOTOPBI MOXKeT JIATh TaKoe COOTBETCTBUE — 9TO 0 ~ 1/s.

Tem He Menee, JJIst YCTPAHEHUsT 3TOTO «MEJIKOMACIITAOHOTO HEJOPA3yMEHUsT» Mbl IPU-
BeJIEM B 9TOI cTaThbe CpaBHEHUE BEJIMYIMH ACUMIITOTHYECKOrO cedeHus paccesaust (31) ¢
CEYCHUSIMU PACCEAHUs XOPOIIO M3YYEeHHBIX KBAHTOBBIX YETHLIPEXUACTUIHBIX IIPOIECCOB B
rpaduaeckom dhopmare (Puc. 10).

Ot 3amedaresnbabie KadecTBa ACS, Bps/I-/i, MOTYT OBITH CJIy9IaflHBIMU U ITO3BOJISIIOT
HaM B JajbHeiiem npuMensTsh ACS B KatdecTBe HaJIe:KHOM (hOPMYJIBI I ACUMITTOTH e~
CKOI'O 3HaYCHUA CCUYCHUNA paccednud JJid BCEX B3aMMOJCHCTBUMA.

4.3 KwunHetnmueckue YpaBHEHUA OJid CBEPXTEIIJIOBBIX YaCTWUI]

4.3.1. Ynpowerue pessmusucmecro2o uHmezpaia
CMOAKHOBEHUT]

[Iporece ycraHOBIEHUST TEPMOJINHAMUIECKOTO PABHOBECHsSI OIMUCHIBAETCS PEJIATUBUACT-
CKUMUI KHHETHIeCKUME ypasHeHusiMu. B pabore [3] (1982) nmokazaHno, 9T0 PeIsTHBUCTCKIE
KUHETUYECKUE ypaBHeHNsl KOH(MOPMHO MHBAPUAHTHDLI B YILTPAPEISTUBUCTCKOM IIPEJIEIe
[IPpU HAJIMYUU CKEHINHIa B3aUMOJICHCTBUN.

DTOT (aKT SABJISIETCS OCHOBOI JIJIsT YTBEPXKJIEHUsI O TOM, |UTO, 110 KpaiiHell mepe, B
yibTpapengTuBuctckoit Beenennoit, LTE morno napymarbed.
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Puc. 10. Cpasrenne YHUBEPCAJIBLHOrO cedeHust paccesiius (31) npu daxrope S = 1 ¢ us-
BECTHBIMU CEUEHUAMU (DYHIAMEHTAJIBHBIX IIPOIECCOB — KUPHAs JIMHUA. [[yHKTUPHAsT JIMHUSA CO-
OTBETCTBYET I'padUKy YHUBEPCAIBHOIO CedeHUs paccesinusi mpu ¢aktope [ = 2. Ha ocu abermce
OTJIOXKEHBI 3HAYEHUSI JIECATUIHOrO JlorapudmMa IMepBoro KHHEMATUIeCKOTO MHBAPUAHTA, 1g S, B TIJIaH-
KOBCKUX €JIMHUIIAX; [10 OCU OPJMHAT OTJIOXKEHbI 3HAYEHUS JIeCATUIHOTO Jiorapudma 6e3pa3MepHoro
UHBapHaHTa, 1g $0(s). 1 — TOMICOHOBCKOE paccesiHue, 2 — KOMIITOHOBCKOE PacCestHre Ha JIEKTPOHAX
npu Escay = 10 Mev, 3 — KOMIITOHOBCKOE paccesinue 3j1eKTpoHoB npu Fscoym = 1 Gev, 4 — syek-
Tpocsiaboe B3anMozeiicTeue ¢ ygacruem: W - 6030HOB, 5 — ¢ yyactueMm Z - 6030H0B, 6 — H-6030H0B
upu sueprun nopgaaka 7 Tev (o ~ 10fb); 7 — SU(5) - B3aumozmeiicTBue pu Macce CBEPXTAKEBIX
X-6030H08 10'® Gev, 8 — 10'* Gev; 9 — rpaBuTAIOHHOE B3aUMOZEICTBUE Ha IIJIAHKOBCKUX MACIITA~
Gax. BeprukajbHble IyHKTUPHBIE JTUHUU COOTBETCTBYIOT 3HAYEHUSIM SHEPIUU yHUTAPHOTO IIpeesia

nust SU(2) x SU(1) - msammoneiicrsuit, £, = 617 Gev, n SU(5) - Bzanvoseiictenit, F, ~ 10 Gev.

Urak, 6yaem paccMaTpuBaTh OJHOPOIHBIE M30TPOITHBIE PACIIPEICICHUS JACTHI] B MET-
puke @puamana (11). Takue pacrpeseseHust OMUCBLIBAIOTCST (DYHKIIUSAME:

fa(@',0") = fu(t,p). (35)

PeHHTI/IBI/ICTCKI/Ie KuHeTHu4IeCKue ypaBHCHNA OTHOCHUTEJIbHO OJHOPOJAHBIX M30TPOITHBIX pac-
npesenaennii (35) npunumvaior Bu (noapobuoctu eM. B [15], [16], [17], [18], [19]):

dfa a 0f, 1
- — = — Jan(t, D), 36
ot 2 p Ti 2 % b( p) ( )

rie Jop(t, p) - MHTErpas YeThipexyacTHIHbIX peaknuii [19], [17]:

Jan(t,p) = (27T)4/d7de7Tcd7Td5(4) (Pa + Db — Pe — Pa) (37)

x[(1£ fo) (X £ fo)l fefalMeasap|? — (1 £ fo) (1 £ fa) fafo| Map—eal? ],

67
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3HAKH + COOTBETCTBYIOT O030HaM (+) u dbepyuonam (—), M, ,; - ”HBApUAHTHbIE AMILII-
TYJIBI paccesiHusl (depTa O3HAYAET YCPETHEHHe 110 COCTOSTHUSAM TOJISIPU3AIIN TACTHUIL), d7m,
- HOPMHUPOBAHHBIA 371EMEHT 00beMa UMITYJILCHOTO IIPOCTPAHCTBA A-TON YACTHIIDL:

dp'dp?dp?

— /=g (38)
(2m)3py

- paKTOP BBIPOXKICHUSI.

YIpocTuM MHTErpaJ YeThpexvIacTUYHbIX B3auMmojeiicTuii (38), ucnosb3ys cBoiicTsa
usorpornuu pactpeenennii f,(t, p). s Boimonnenns 1Byx
BHYTPEHHNX WHTErPUPOBAHMIA 110 MMITYJILCHBIM IIEPEMEHHBIM IepeiieM B JIOKAJIbHYIO CH-
creMy IEHTpa MacC, B KOTOPOH HMHTErpHpOBaHMe MIPOBOANTCS djemMeHTapHOo. [locie 06-
parHoro 1peobpasoBanus JlopeHiia u mepexoja K cdepuuecKoil cucreMe KOOpJIMHAT B
HMITYJIbCHOM IIPOCTPAHCTBE B YJIBTPApeIsTHBUCTCKOM mpejerne (7) maiimem ([4], [20]):

Jan(p)= 25b+1/ / /dx\F x,8)|[*x

2

/dw{fa( o)1 £ felp — AL £ falg + A)] = felp —A) falg +A)[1 £fa(p)][1 £fo(9)]},

0
(39)
riae © = —t/s 6espasmepnas nepementast (8), u

A =x(p—q) — cos /(1 — x)(4pg — s). (40)

4.8.2. Peasamusucmekue KUMemuveckue YpasHenus 6 mepMurar KoH@POpMHO cOOmeem-
cmeyouLez0
NPOCMPAHCMBEa,

YunreiBasi ToT GakT, 9ro nepemennasi p (12) siBasieTcs HHTErPAIOM JIBUKEHUS B MET-
puke Ppuamana n npu 51oM st J0boit dyrknun W (¢, p) mMeer MeCTO COOTHOIIEHHE
[15]:

o¥(t,p) a O0¥(t,p) 0¥(t,p)

o o op o

npeobpasyeM KUHETUYECKHE YPABHEHUS JJIA OJHOPOIHBIX M30TPONHBLIX PaclpeaeIeHuii K
BUJLY:

(41)

Ofa _
= Jan(1, p), 42
o = TQ = bZ; b(1; (42)

KyJla HeOOXOIMMO TMOJICTABUTH P = p/a.
Bamernm, 9To ¢ JAPYroii CTOPOHBI epexo/l K nepeMenHoil (12), p, hbakTHIecKn sBIIsIeTCst
KOH(MOPMHBIM ITPe0OPa3zoBaHueM K OJIHOPOJIHOMY CTATUYECKOMY ITPOCTPAHCTBY

ds* = a*dsi = a*(dn* — dI?),
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Ipr KOTOPOM (bu3myeckasi KOMIIOHEHTa UMITYJIbca, P, Ipeodpa3yercs Mo 3aKOHY:

p= (43)

@‘I’Ez

Taxkum o6pasoM, uMityIbCHas nepeMentas (12), p, ectb abcosfoTHAsT BeMIrHA (bu3mte-
CKOI'O UMITYJIbCA B KOH(OPMHO COOTBETCTBYIOIIEM CTATUIECKOM IIPOCTPAHCTBE IOCTOSHHOMN
KPUBU3HEBI', & 1) - BpeMeHHasl [epeMeHHas B 9TOM IPOCTPAHCTHE.

[LnorHocTu uncna gacrur, n(n), U WIOTHOCTH UX SHEPrUH, £(7)), OTHOCUTEILHO U30-

TPOIHOIO pacipejiesienns dactutl, f(n,p) onpeaenstorcst hopmyiamu):

ntn) = o [P oo = 35 [ (14)
0 0

p
2m2q3

/ PR T PR, p)dp. (45)

0

e(n) = # /\/W + p?p° f(n,p)dp =
0

B cBsasu ¢ stum y1o6HO BBeCTH KOH(MDOPMHBIE TIOTHOCTH YHCIA JacTHUIL, (1), a JJist yiib-
TPAPEATUBUCTCKUX YACTUIL - U IJIOTHOCTH UX SHEpruw, £(1n):

o0

() / 7 £ (0, 5)dp (46)

=3
0

)= o5 [V PR S~ L [ (47)
0 0

TOF,ZLa NMEIOT MeCTO JBa COOTHOIICHMAI:

n(n) = n(n)a’(n); (48)
E(n) ~ ema‘(n);  (p/m — o0), (49)

U3 KOTOPBIX IIEPBOE BBIIOJHACTCH CTPOrO, & BTOPOE, - ACUMITOTUYICCKH, B YILTPAPEIATH-
BHCTCKOM IIpeJerIe.

4.8.8. Unmeepan cmoarknosenuts oad caabozo omxsoHeHus pacnpedesenuti om pasHoGecUs

Uccnenyem cnagasia cjiaboe HapylleHHe TEPMOJIMHAMIIECKOTO PABHOBECHS B ropsadeii
MOJIEJIN, KOTJIa OCHOBHAsSI YaCTh YACTHUIL, N, (t), HAXOJAUTCS B COCTOSHUM TEILIIOBOIO PABHO-
BeCHs, U JIUIIh Jisi HeGOJIBINON IO YACTUIL, Ny (t), —

Tne (1) < 1 (1) (50)

rerioBoe pasHoBecue HapyineHo (cm.Puc. 11). IIpudyem B masbHeiiieM B 9T0i craThe
MBI Oy/IeM ToJiaraTh, 970 (PYHKIIUN PACIIPEICTICHIS MAJIO OTJINIal0TCA OT PABHOBECHBIX B
0bJtacTi MaJIbIX 3HAYEHUN SHEPIUU, MEHBININX HEKOTOPOTO YHUTAPHOIO IIpEJIesa, P = Py

"B paccMaTpuBaeMoOM CiTydae — B IPOCTPAHCTBE MHUHKOBCKOTO
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(mmm T = Tp), HUZKE KOTOPOTO OTCYTCTBYET CKEHJIMHT, U MOYKET CUIBHO HAPYIIATHCS MPH
SHEPTUAX, BBIIIC YHUTAPHOIO Ipeaesia:

O = [exp(PHetEaldy £ 171 < gy

a

)2 A L) £00) < ALB) < 1, D> 0, o

e fq(t) - xumudeckue norernuasbl, 1'(t) - TeMiepaTypa paBHOBECHON KOMIIOHEHTHI 113~
Mbl. Takum obOpazoM, B 00JaCTU p > py MOXKET HaOJIIOIAThCA aHOMAJIBLHO OOJIBLIIOE IO
CPABHEHMIO ¢ DABHOBECHDBIM YHCJIO YACTHIl, HO pH 3ToM MaJioe (eM. (50)) 1o cpaBHEHMO
C TIOJIHBIM YHCJIOM PABHOBECHBIX TaCTHUII.

UccneyeM nporiece pejakcaiun pactpeienenus f,(p) Kk pasaosecnomy fO(p). 3agaqa
B TAKOH MOCTAHOBKE JIJIf YACTHOIO CJIydasi epBOHAYaJLHOrO pacupejenenus f(t = 0,p)
perrasiach paree B [13], [4], [20]. 3mech mbl mamm obiiee pertterne 910t 3agaqu. [Ipu sTow,
Kak OyJeT BUJHO U3 JAJLHEHIero, KOCMOJOIHIeCKyIo MIa3My (hOPMAaTbHO MOXKHO PAc-
CMaTpuBaTh KaK JBYXKOMIOHEHTHYIO CHCTeMY - paBHOBeCHYIo ¢ pacupejenenneM fO(t, p),
U HEPABHOBECHYIO, C6EPTMENA06YIo, ¢ pactpenenenneM 0 f,(t, p) = (¢, p), npuaem 4ucio
YaCTHI[ B HEPABHOBECHON KOMIIOHEHTE MAJIo, HO IJIOTHOCTH €€ SHEpIuu, BOOOIIEe MroBOpS,
npousBosibHa. Weesenyem unrerpas crosikuosenuii (39) B obiactu

p=>po>T. (52)

'y limit

breaking of scale

Area of thermodynamic equilibrium

0

>

Puc. 11. Cxemarnieckoe n306parkeHne OTKJIOHeHWs (DYHKIIMY PACIIPE/IETICHIs OT PABHOBE-

CHU4d.

Besencreue wepasencrsa (51) B 9Toit 061acTH MOXKHO TpeHEOPEYb CTOJKHOBEHUAMU
CBEPXTEIIOBBIX YaCTHUI[ MEXKJIy COOOI, OrpaHUYINBAsICh YIETOM PaCCedHHs CBEPXTEILIO-
BBIX YACTHI] Ha paBHOBeCHBLIX. [loaTOMYy B mMHTerpaJie CTOJKHOBEHUH 3HAYEHUE OJTHOTO U3
UMILYIbCoB, p) = p — A, ymbo ¢’ = ¢ + A [0JKHO JiexKaTh B TEIJIOBOH 00JIaCTH, BTOPOrO
- B CBEPXTEILJIOBOI, 3a YHUTAPHBIM IIpeiesioM. BHe 3Toit 001acTu MoAMHTErpaIbHOe 3HA-
JeHre MHTerpaJja CTOJKHOBEHUN Ype3BbIYaiiHO MaJjio. BeyiecTBre 3Toro o0CTogaTe/ILCTBA
BTOPBIM 4JIEHOM B (DUTYPHBIX CKOOKaX (39) MOXKHO 1peHebpeth, Tak KaK OH MOXKeT KOHKY-
pPUPOBaTh C MEPBLIM JIMIIb B ACUMITOTUYECKN MAaJIbIX 00JIACTIX M3MEHEHUS IepeMEeHHbIX



4.3. KUHETUYECKHUE YPABHEHINA /IJ151 CBEPXTEIL/IOBBIX YACTUIL

rzup:z(l—2x) <T/p— 0. Crarucruaeckue daxrops! Buia [1 + f,(p’)] B mepom wiene
unTerpaia (39) MOryT 3aMETHO OTJIMYATHCA OT €JUHUILI OISITh-TAKU JIMIIb B 00JaCTH
TEIJIOBBIX 3HAYCHUI MMITYJIbCOB. B pesyibrare B uccsepyeMoii Hamu 06/1aCcTH 3HAYCHUI
UMIIYJIBCOB MHTErpaJl CTOJIKHOBeHuit (39) MOKHO 3amucars B Bujie |20):

2p(q* +Q)

25 +1 Afa qf

227((1 —q)

Ucnonp3ys 3/1ech onpe/ieneHne MoJIHoro cedenns paccesnus (39), momyanm u3 (53):

2p(q*+q)

(28, + DAL() [ af2(q)dq
Jab<—>cd(p>’p>p = / O'tOtS(S)dS. (54)
= (2m)3p vm?+ ¢?
0 b4 2p(q*—q)

[TomcraBiisist, HaAKOHEI, BO BHYTPEHHUII WHTErpasl BhIpayKeHwe s 0y B dopme ACS,
(31), IpoBOIst MHTErPUPOBAHUE C JIOTAPUMDMUIECKOH TOUHOCTHIO M CYMMUPYsl TIOJIy YeHHOe
BBIpaXKeHUE 10 BCEM KaHaJaM peakKInil, HaiijjeM OKOHYaTe/IbHO:

428+ Vvw [ 2f2(q)  dg
Jo(p)| = —Af.(p) 5)’ (55)
P>po Zb: T ) mi + ¢> L(s)
rie 1
N
= 2]?(] )

Vgh - IUCJIO KAHAJIOB PEAKIINI, B KOTOPBIX MOZKET y4aCTBOBATH YaCTUILA COPTA .
Berancsmm suadennst narerpasa (55) B IpeIeJbHBIX CIIydasix.

4.8.4. Buipaostcenus 0is pasro8eCHvLT NAOMHOCMET

Bromurem BbIpazKeHudA JIJId MaKPOCKOIIMYICCKUX ILIOTHOCTEN OTHOCUTEJILHO paBHOBEC-

ubIx pacupeenenuii fO(p) (44), (45), 790, U SHEPI'UH, 2B cirydae rasza 6e3MacCOBBIX YaCTHIL
(= 0) momyunm (cm., nanpumep, [21]):

= —59.((3); (56)

Ge, (57)

rje p - 9UCA0 He3aBUCHMBIX MoJgpu3arnmii (cnmuaa) dactunsl (p = 2 - st GOTOHOB 1
6e3MacCOBBIX HETPUHO), ¢, - CTATUCTUYIECKHUiT (DaKTOp:

gn = ge = 1 for Bose particles;
n =3/4, go =T7/8 for Fermi particles. (58)

W

3HaK “+” coorBercTByeT (bepmuoHam, ‘-’ - 6030HaM, ((z) - ¢ ectb bynkuus Pumvana.
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CyMMmapHas IJIOTHOCTH SHEPIUH 6€3MaCCOBBIX JacTHIl paBHA:

0 72T
€= Ea Eq= N1—5, (59)
TIe
1 7
N_5 EB (23+1)+§§F (25 +1) (60)

- scbdpexTuBHOE UMCTO TUNOB YacTur (S - cuuH YacTuis!)®; cyMMEpOBaHHIE HIET 110 6030~
nam (B) u dpepmuonam (F), coorsercrenno. Brejem unciia tunos 6030H0B 1 (hepMUOHOB,
NB n NFI

1 1
Np =3 > (@2S+1); Np= 5 > (@28 +1). (61)
B F

Torma: -

N = Np + g Nr. (62)
JL1st ra3a HEPEJIATUBUCTCKUAX TaCTHUIL:
27

Mam 6 o= §——((3), €4 & Mana, (63)

0
rje N, — IJIOTHOCTD YUCJIa PETUMKTOBBIX (DOTOHOB,

§~ 10710, (64)

Ciemyer OTMETHTD, 9TO BO3MOXKHAsI OTHOCUTE/IbHAS CPEJIHsIsT KOHIIEHTPAIIUsT YaCTUIl Heba-
PUOHHOI IPUPOIBI TEMHON MATEPUH, Oy, IPU €€ IVIOTHOCTH HOPsIKa 25% 0T KpUTUIECKOT
IIOTHOCTH, p. ~ 0.9 - 1072 g/ cm?®, 1 oxKHIaeMON MUHIMAJIBHON MACCe YaCTHIL ITOPSIKA
50 Gev eme menbiie 1/§ u cocrasisier mopsiaka 0.5 - 1071,

4.3.5. Pacceanue na HEPEAAMUBUCTNCKULT YACNUUAT

Ecan paBHOBecHbIe yacTuIbl copTa b HEpeIsITUBUCTCKHUE, T.e., ¢ <K My, TO HHTErpaJl
(55) cBOAUTCSI K BBIPAYKEHUIO:
0
ny (t) Vab
2 Y
my 1+ In” pmy/2

Ja(P)],5p0 = —3272Afu(p) Y (mp > T). (65)

b

4.8.6. Pacceanue na yavmpapesismusucmerkur 4acmuuax

Ecnu paBHOBeCHBIE YaCTUIBI cOPTa b SBJISIIOTCS YABTPAPEISITUBUCTCKUME, T.€., My <K
T, npudeM WX XUMUYECKHUil MOTeHIwag Maj, - fy, <K 1T, To Beraucisas uaTerpat (55)
OTHOCHTEJILHO paBHOBeCHOTO pacupejeserus (51), Haiimem:

Ar  NT?(t)

_?mAfa(p), (my < T, iy < T), (66)

Ja(p>’p2p0 =

8B mosteBbix Momessax B3aumozeiictsuit Tuma SU(5) A ~ 100 + 200.
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rie

-1 1 1
N=- E (2S5 + 1)+= E (25 +1)| = Ng + =Np;
2 2 2
B F
Np - 9UCI0 COPTOB PABHOBECHBIX 0030HOB, F' - (hepMUOHOB.
Bobrauciisist OTHOINEHHE BKJIAI0B B HHTEPAJ CTOJKHOBEHUI HEPEJITUBUCTCKUAX U YIb-
TPapeIITUBUCTCKIX PABHOBECHBIX YACTHUIL, TOJIYIUM:
T

0
Jnon 241y _ C(3)564T(t) 1095 (67)

~Y
2
Juttra T’ Tmy my,

- oTHOIIeHMe BKJIaJ0B Majo npu 1 < 109m;, u yMmenbinaerca co spemeneM. Ilosromy B
JaJbHERIeM BKJIaJI0M HePeIsITUBUCTCKUX JacTUIl B MHTErPaJl CTOJKHOBEHUI OyaeM Ipe-
HeOperaTh.

4.4 lIlocTpoeHme m perlieHre ypaBHeHHUd dHeprobdaJjaHca

[TocTporM CTPOryIO CaMOCOIIACOBAHHYIO MATEMATUIECKYIO MOJIEIb BOCCTAHOBJICHUSI TETI-
JIOBOI'O PABHOBECHUsI B paciuupsitomieiicst BeesleHHON B yeioBUsiX ¢/1a60r0 HAPYIIEHUs PAB-
HOBECHs B CMBIC/IE MAJOCTU YUC/Ia HEPABHOBECHBIX YACTHIL 110 CPABHEHUIO C IUCIOM PaB-
HoBecHbIX dacTull (50). 3aMeTnM, YTO P STOM SHEPIHs, 3AKIIOUECHHAS B HEDABHOBECHOM
BBICOKOIHEPIeTHYECKOM «XBOCTE» PacIpejiesIeHus,

Af.(t,p), MOKeT ObITH GOJILIION U JlaXKe 3HAYUTE/HLHO MPEBBINIATH SHEPIUID PABHOBEC-
HOI KOMIIOHEHTBI KOCMOJIOIMYECKON IIIa3Mbl. BBINHIIEM CHadYaja OCHOBHBLIE COOTHOIIE-
HUS, OIPEIEISIONNe JMHAMAKY KOCMOJIOTMIECKORIIIA3MbI. 3aMETUM TaKKe, YTO OCHOB-
HBIE [TOJIOZKEHUS TEOPUH BOCCTAHOBJICHUS TEPMOJINHAMUIECKOTO paBHOBeCHs BO Beeennoi
C IIPOM3BOJILHBIM YCKOPEHUEM, OCHOBAHHBIE Ha MEmode YpasHEHUs IHEP200aNaHCa, OBLIT
paspaboTaHbl B MPEJBLIYIINX cTaThsax ABropa [22] (23], [24].

4.4.1. Modeav mamepuu

Kak wmsBectHo (cMm., mHampumep, [25|), ypaBHenus DifHinreiiHa B ciydae W30TPOITHOM
OJIHOPO/IHONT KOCMOJIOI'MYECKON MOJe/IN ¢ HYJICBOII TPEXMEPHON KPUBU3HON CBOJATCA K
cucTeMe JBYX OOBIKHOBEHHBIX Jud depenmaababix ypaBHeHN IepBOro mopsiIKa;

a 8w
2 ?53 (68)
é+3%(€+p(5)) ~0. (69)
Hautee:
e=¢cp+es D=Dp+Dss (70)

L€ €p, Pp — IWIOTHOCTb SHEPIUU U JABJICHUEC KOCMOJIOINYICCKON ILIa3MBbl, €4, Ps — IJIOTHOCTD
SHEPIUU W JIABJIEHUE BCEBO3MOXKHBIX (DYyH/IaMEHTAJIbLHBIX 101, BO3MOXKHO, CKAJIAPHBIX,
IPUBOJIANINX K YCKOpeHuto BceeslenHoil.

Hnsapuarnmmnoe yckopenue Beeaennot

0-2 (71)



74 4. FO.I'. Urnarees. Kuneruka ycTaHOBJICHHST TEPMOJUHAMHIECKOTO DABHOBECHSI. ..

CBSI3aHO € afexmuenvim koapduruernmom bapomponv, MaTepun, » = p/e, COOTHOIIEHNU-
€M:

1
Q= —5(1+3%). (72)
Takum o6pazom, Ha crajun yckopenust (¢ > t):
1
O<Q<1,:>—1<%<—§. (73)

Ho sroro momenta s € [1/3,—1/3|. Cornacuo (68) — (69) macrrabubiit HhakTop U CyM-
MapHasl JI0THOCTH SHEPIUH NPU 3aA0aHHOM NOCMOAHHOM Kodddunyuenme 6apompons. Me-
HAIOTCA 110 3aKOHY:

1

— 2B o 1+40 74
“=m T e T (74)

Ucnonb3ys ceasp (72), nepenuiiem cooTHomenus (74) B 6oJiee yiao6HOM JJIst HAC BUJIE:

a= altl/(l’ﬂ)' €= s

% g<1
TR R (75)

Bamernm, 4To Ipu JHOObIX 3HAYEHUIX WHBAPHAHTHOIO yckopenus €2 = Const € [—1,1)
IJIOTHOCTD SHEPIUU IPONOPIMOHAIbLHA, £~ 2,

4.4.2. Ocrosrvie npeonosodcernus MoOesl

[Tpumem crreryrorue peoIoKeHns B HAIIEH MOJIETN:

1°.  CxelJIMHTOBBIN XapaKTep B3auMOJICHCTBUIT 9/IEMEHTAPHBIX YaCTHI] B 00JIACTH CBEPX-
BBICOKUX SHEPIUil U YHU(DUKAIIA BCEX MEXKIACTUIHBIX B3AMMOJICHCTBUI Ha OCHOBE (DyH-
JIaMEHTAJIbHBIX MOCTOSHHBIX (7, h, ¢ TIpU SHEPIUsX BBIIMIE YHATAPHOIO IpEIesa, UTO IpPH-
BOAUT K (hOpMyJie YHIHBEPCATBHOIO ACHMITOTHICCKOTO cevdeHus paccesianst (31);

2°.  Munumanrvrocmd c6a3U HYHIAMEHMAALHOIT MAKPOCKONUYECKUT NOAET ¢ KOCMOAO-
2uneckolt nAa3Mot. DTO aBTOMATHIECKN O3HAUAET, UTO 3aKOH COXpaHeHus Heprun (75)
BBIIIOJIHSIETCS 110 OTJIEJIbHOCTH JIJIst (PyHIaMEeHTAJIbHBIX T0JIeil 1 I1/1a3MBbl:

.y + 35 (e, 4 pa(e) =0, (76)
‘ot 3%(% +py(e,) = 0. (77)

3% Vavmpapeaamusucmceroe ypasrenue coCmoarus KOCMON02UYECKOT NAA3MDYL HA PAC-
CMATPUBAEMOI CTa MU PACIITUPEHUS:

1
Pp = 56 (77) = e,a* = Const. (78)
4°.  Vavmpapeaamueucmekoe navano Beeaernnoi:
lim 5¢ = ~ (79)
RS

4.4.3. Baaarc snepauu K0cmMoa02uveckol naa3 Mol
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OcHOBOI pasBUBAEMOIl 37€Ch TEOPUU ABJISIETCS YPAGHEHUE IHEP20OANAHCA KOCMOTIOTIYe-
CKOH ILJIa3MbI, ABJIAIONIeecs, (PaKTUIECKH, 3aKOHOM COXpaHeHns ee suepruu. Jlis ciaydast
CYMMapHOIO YJILTPapeIaTUBUCTCKOTO COCTOSTHUASI MATE€PUU 3Ta TeOpUs ObLIa IOCTPOEHA
aBropoM B paborax [4], [20]. 31ech Mbl 06001MM U JIETATU3UPYEM PE3YJIbTATHI STOI Teo-
puu Ha CIydail POM3BOJIBLHOIO CyMMAPHOIO ypaBHeHUs cocroguus marepun. V3 (77) ¢
yuaeroMm (78) cpasy cieiyer:

e a' = &, = Const, (80)
rae £, — KoHdopMIas IIOTHOCTH SHEPIHN KOCMOJIOIMYECKOi rasMel. Oupenesnm Ty
KOHCTAHTY, IoJiaras corinacHo (75) Ha HAYaJbHO yIbTPApeJsSTHBUCTCKON CTAN PACIIN-
PeHust:

a(tﬂtao = \/Z (81)
Torna st KoH(MOPMHOI IJIOTHOCTH SHEPIUH IJIa3Mbl HOJIYYUM, Hpeaoaras, 9ro Koc-
MOJIOTUYeCKas IIa3Ma $BJILACTCA €JIMHCTBEHHON YIbTPapeIdTUBUCTCKON KOMIIOHEHTHON!
MaTepum, —

. 3

T Bor
BBenem masiee Temmepatrypy To(t) KOCMOJIOTUYECKOI IIa3Mbl B HeaibHON BceeleHHOI,
B KOTOPOW Ha JAHHBIE MOMEHT KOCMOJIOTUYECKOTO BPEMEHH t BCs ILIa3Ma, dABJISI€TCs JIO-
KaJIbHO paBHOBecHO#. Takmm oOpasoM, IJIOTHOCTH SHEPIUU ITOW ILIa3Mbl OIUCHIBACTCS
dbopmyioii (59) ¢ N = Ny — 3 deKTUBHBIM 9UCIOM THIIOB DABHOBECHBIX YACTHIL B ILIA3-
Me ¢ Temreparypoii Ty. Orcioma ¢ yaerom (82) mosry<auM 3aKOH SBOJIOIIN TEMIIEPATY Db
IUIa3Mbl B paBHOBecHOIT BcesenHoii:

1) = b () -

Otnocurenbao BenmmauHbl Ny — aderxmuerozo wucaa munos 4acmui, HAXOJANINXCA B
TEPMOJIMHAMUYIECKOM PABHOBECHHU, MbI OyieM nojiarath, 4To No(t) — MeJIeHHO MEeHsIIoIa-
sict (PYHKINsST KOCMOJIOTTIECKOT'O BPEMEHN:

Not < 1. (84)

(82)

[Tycrs reneps T'(t) — ucrtuHHAS TEMIIEpATyPa PABHOBECHON KOMIIOHEHTHI KOCMOJIOIH-
geckoil mwasmbl, a Af,(p,t) — GyHKIUSA pacrnpeieseHusi «a» -ro copTa HEPABHOBECHBIX
JacTull 1aa3Mbl. HaiijleM TJI0THOCTH SHEpruu pPaBHOBECHOM, £., U HEPABHOBECHOM, &€,
KOMIIOHEHT:

N=?_,
. N iy )
1 o0
Ene = 2—71_2 2(28 + 1) fp3Afa(p7 t)dp7 (86)
a 0

rie S — cnua actui; N(t) — sdekTrBHOE YNCI0 THIIOB PABHOBECHBIX YACTHUIL B ILIA3Me
¢ remmeparypoii 7'(t). Beipazkast nasee ¢ momoripio (83) mMacirrabublii (hakTop depes Tem-
neparypy To(t) u BBOIS HOBYIO 6e3pazmephyto KOH(GOPMHYIO UMITYIbCHYIO TTePEMEHHYIO
~.9

p:
p= () o = TN 7

9B oTamUMe OT UMITY/IBCHO TIePEMEHHOM, P, AaBjeHne 0603HAMACTCS PUMCKIAM MIPHMTOM, — .

75
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nostyanm Jist (86):

i 45 [ oo
= 23284 ) / BAfu(, t)dp. (88)
a 0

Hamnee, u3 (83) u (85) mosyunm Jyist KOHDOPMHO# MJIOTHOCTH SHEPIUH PABHOBECHOI KOM-
HOHEHTBI IIA3MBI:

- 3 4
e = 55 9 89
Ee =35y (89)
e BBesieHa OespasmepHas dbyuknus, y(t) — omuocumenvhan memnepamypa |20:
T(t)
t <1 90
U3 (89) MOXKHO TOJIyIUTH COOTHOIIECHIE:
€e €e
o) =yt = = —. (91)

€p  EetEne

Takum 06pasoM, 3aKOH COXPAHEHUST YHEPIUM KOCMOJIOIMYECKON T1a3Mbl (82) ¢ momo-
mpio coorHomtenuii (86) u (89) MoxKHO meperncaTh B BUJE:

oo

v o Y25+ 1) [ PALG.OE =1 (92)
e 0

CoorHomienne (92) u Ha3BIBACTCA YPAGHEHUEM IHEp2obasanca naadmbl. OHO IOy IEHO
HAMU I[IPU UCIOJIB30BAHUU TPEX MpeoyioxkeHuii mojgean — 22, 3%, 4°. Bamerum, 91O B
MIPEIBIIYIINX CTAThIX aBTOPa 3TO OCHOBHOE COOTHOIIEHUE MaTeMaTHIeCKO MOJEeIn BOC-
CTAHOBJIEHUS TEPMOMHAMIYIECKOIO PABHOBECHS BBIBOJUJIOCH MPU O0Jiee YaCTHBIX IIPE/I-
nostokenusx. [Ipu 3agannoit 3aBucuMocT GyHKIINN pacpeeenns HePaBHOBECHBIX Ya-
CTHUI OT TEMIIEPATyPbl PAaBHOBECHOI KOMIIOHEHTBI ILJIa3Mbl 1 KOCMOJIOTUTYECKOTO BPEMEHN
ypaBHeHIe 3Heprofaianca CTAHOBUTCH HEJIMHEHHBIM HHTEIPAIbHBIM YPaBHEHUEM OTHOCH-
TEJILHO TeMITEPATYPhI PABHOBECHON KOMIOHEHTHI. CJie/I0BaTE/IHLHO, JIJIs Oy YeHUs STOTO
ypaBHeHUs B sABHOM (hopMe HEOOXOMMO PENTUTH KUHETUYECKOE YpaBHEHHE JIjI HEpaBHO-
BECHBIX YACTHUII.

4.5 KuHeTun4deckoe ypaBHEeHUE /1Jid HEPABHOBECHbBIX YACTHI]

4.5.1. Pewenue KuHEMU4eckoz0 ypasHerua,

YpasHenue sueprobasanca (92), B CBOIO 0Uepe/ib, OIPEIeNIIeTCsT PEellleHneM KHHeTHIe-
CKOT'O yPaBHEHMsI OTHOCUTEILHOIO HEPABHOBECHOI'O PACIIPEICICHI
Af(t,p). Vcnonwsys 3mech coorHomenue (87), MpUBeIeM KUHETUUIECKOE YDABHEHUE JIJIs
CBEPXTEIIOBLIX yacTull (42) ¢ uarerpasom crojkuosenuii (66) K Buy:

OAfa 87N (27?3

1/4
2
ot __3]5L(%]5T0TN1/4) ﬁ) T=(t)a(t)A fa- (93)
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Pemras (93), mosry«mm:

t
) ) 8r (2! NaT?dt
Afa(tap) = Af(g(p> exp _? (E) / 1~ 1/4 ) (94)
D L(5p ToT'Ny'")

re

Af2(p) = Afa(0,p). (95)

4.5.2. Ilepexod x 6e3padmepHvLM HOPMUPOBAHHDIM NEPEMEHHBIM

Beemem cpednioro kongopmmiyio snepeurto nepasrosectoth KOMNOHERMbL YALMPAPEAANU-
BUCTMCKUT HACTIUY, 6 HAYAALHYIT MOMENM, 6pement, (D)o, —

5 DS ALGRG

g
(7o = 25 = : (96)
(28 + 1) [ Af(p)pPdp
a 0
u 6e3pa3MepHYyI0 HOPMUPOBUHHYIO UMNYALCHYIO NEPEMEHHYIO, P, —
D
= ——, 97
p T (97)
TaK 9TO 0
£(0) Y254 1) [ Afd(p)p*dp
(D)o = e =1 = (p)g = — . =1. (98)

=~ = [0.9]
Phont0) 25 +1) [ Af(o)tdp
a 0
CoriacHO MaTeMaTUIeCKOi MOJIE/IM HEPABHOBECHON ILIa3Mbl CPEIHSAS SHEPIUusl JacTHIl B
IIepBOHAYAJILHOM HEPaBHOBECHOM paCIIpe/Ie/IeHUN JIOJIZKHA ObITh OOJIbINE U JlayKe 3HAUN-
TeJIbHO OOJIBITIE TEIVIOBON SHEPIUU YacTHIl, TaKuM obpasom corsacao (87), (96) B pac-
CMATPUBACMON HaIIC MOJIC/IN:

(pyo > 1. (99)
DakTraecKn BeIUIrHa, (P)o ABISAETCS HE3A6UCUMbLM NAPAMEMPOM PACCMATPUBACMOI 3/1ECh
MoJies, — (PU3NYECKNI CMBICJI 3TOro 0e3pasMepHOro napaMmerpa — OTHOIICHHUE CpeHei

SHEPIUU YaCTHIL IEPBOHAYAILHOTO HEPABHOBECHOT'O PACIIPE/IC/ICHIS K TeMIlepaType ILias3-
MBI B paBHOBecHOi Beesennoit B HauaabHbI MoMenT Bpemenn'’. B otsimane o KondgopM-
HOI MMITYJILCHOM ITepeMEHHON P cpejiHee 3HavUeHne 6e3pa3MepHoit KOHPOPMHON UMITYIbC-
HOI TIepeMeHHOl p B HaYaJILHOM PACIPE/Ie/IEHUN TOXKJIECTBEHHO PABHO 1.

[Ipeo6pasyem Bbipazkenue B sKciionerTe (94), mepexosst K 6e3pa3MepHbIM [IePEMEHHBIM
Y, p. YUIUTBIBas CJIa0YIO 3aBUCUMOCTD Jorapudmudeckoro dpakropa L oT ¢cBOUX apryMeH-
TOB, & TaKKe yObIBAIOIIUIl XapaKTep MoJbIHTerpaabaoil dbyHkuu B (94), mpumem ciemy-
IOIIYIO OIEHKY JIOrapuMUIEcKOro (pakTopa:

L (ép TOTN5/4) ~ L(RTR) = Lo(t). (100)

1OCaIVII/I 9THU BEJIMYUHBI MOTYT ObITH 6QCKOH6‘-IHLH\AI/I7 HO X OTHOIIIEHUE KOHEYHO.
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Takum o6pazom, ¢ JorapudMUIecKoil TOTHOCTBIO IpejicTaBuM perienre (94) B KOMIAKT-

noit popme:
¢

2 y?
Afultp) = Afbp)esp | — [ Lt (101)
0
rIIe BBEICHO 0003HAYCHIE:

5m\ N N N
(D)oNy'"Lo(?) (D)oNo" "Lo(t)  (P)oNy' " Lo(t)
Brong Ternepb HOBYIO 6€3pa3mMepHyio 6PEMEHHYIO NEPEMEHHYIO, T, —
t
B £
r=2[>dt, (103)
a
0
TaKyIo, 9TO:
dr &
—=2=>>0 104

U HOBYIO Oeapasmepnyio gymnxyuro, Z(T), —

Z(1) = /yQ(T)dT, (105)

[pUBEJIEM pellleHre KuHeTn4deckoro ypasuenusi (101) x Bury:
_Z(7)
Afa(Ta P) = Af(g(p) ¢ P (106)

Uccnenyem ypasrerue cesasu (103) 6e3pasmepHoii BpeMEHHON MIepeMeHHOi T 1 KOCMO-
norudeckuM BpemeneM t. [osaras B (103) crenenunyo 3aBUCHMOCTL MAcHITaGHOTO (hak-
Topa a(t) 0T KOCMOJIOrHYIEeCKOTO BPEMEHU U MIPUHUMAasl BO BHUMAHUE CJIabyI0 3aBUCHMOCTh
oT BpeMeHU (pakTopa &, MOy dInM:

a te, a# 1,05
ant _>{T~1nt, a=1. (107)

Orciona ciemyer, uro pu o < 1 — 7(00) = 00, a npu @ < 1 = 7(00) = T < 00.
Cpasuusas coornorterne (107) ¢ coornomennsamu (72) — (75), IPUXOANM K CJIELYIONIEMY
Ba’KHOMY BBIBOJLY:
x> -1 (2<0)= 7(c0) = +o0;
(108)
w<—3 (2>0)=7(00) = 7o < +00.

[TockosbKy (byHKIHS pacipe/ieIeHis HePABHOBECHO KOMIIOHEHTHI KOCMOJIOTIIECKOM 13-
Mol (106) 3aBHCHT OT BpeMEHH JIUIIb TOCPEIACTBOM MOHOTMOHHO 603PACTAI0OULET BYHKYUL
Ge3pasMepHoil BpeMeHHoi epeMentoit Z (), To coornormenus (108) o3madaor, 9To B yiib-
TPaPEJIATUBUCTCKON KOCMOJIOTMIECKOH I171a3Me BO BeesreHHoit ¢ 0TpunaTe/IbHbIM YCKOpe-
HHEM aCHMITOTUYIECKH JTOCTUTACTCH MOJIHOE TEPMOJINHAMITIECKOE PABHOBECHE, TOL/IA KaK 6
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yexoparowetica Beeaernnots mepmodunamueckots pasrosecue Huko2da cmpozo He Jdocmu-
20EMCA.

4.5.83. Kongopmmran naommocms aHepeul HePasHo8ecHoli KOMNOHEHMDL

[MozncraBiisist perieHre KUHETHYIECKOro ypaBHeHnus B ¢opme (106) B BbIpazkeHme J17ist
KOH(MOPMHOH TIJIOTHOCTU SHEPTUU HEPABHOBECHDBIX YACTHII, TIOJIYIIM

[e. 9]

45
64>

Y s+ / PAf(p)e 5 (109)

a 0

Ene =

[TpousseieM TOXKIECTBEHHOE IIPeoOpa30BaHUe C 3TUM BBIPAXKCHUEM, YUUTLIBAs 9TO CO-
riacHo onpefenennio (91) u ypasaeruio sueprobasanca (92):

3

0 =(1—09)=—: 110
. _ Eney 3
Ene = é'Tgne = (1 — O'(O@(Z) (111)

327

rJie Mbl C yIeTOM TIpeobpasoBaHus K Oe3pa3sMepHoOil UMITY IbCHOl TiepeMenHoi p (97) BBesn
HOBYIO Oespazmepnyro dymnxuuio ®(7):

ne

_Z)

> (25+1) 70 dpp*Af)(pe P
d(72)=-~ 0

_ (112)
(25 +1) Of dpp* A fo(p)

a

4.5.4. Pewenue u uccaedosarue ypasrenus sHep200ananca

Beanenersue onpesienenns (105) dyukims Z(7) yaI0BIETBOPSIET CJICIYIONUM YCIOBUSIM:

Z'(1)=9y*(1) = Z' ? = o(1); (113)

2(0)= 0, 2(0) = *(0) = Vo, (114)

o 7=% (115)
= )

Takum o6paszom, ¢ yaerom (111) — (113) ypasuenue sueprodasanca (92) MOKHO mepe-
nucath B Buje 1ud OepeHnuaibHoro ypaBHeHusl OTHOCUTeIbHO hyHKIun Z (T):

Y+ (1—00)®(2)=1= 2%+ (1 —00)®(Z) = 1, (116)

periasi Koropoe ¢ yderom coorrornenuii (114) — (115), naiigem dbopmasbHoe peleHue B
HEABHOM BUJIE:

’ du
0/ Asa—eem " (117)
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Cormacno onpezenennio (112) dbyukius O(Z) neorpunaresnsaa:

®(Z) >0, (Z€l0,+x)), (118)
e ®(0) =1; ZETmQ)(Z) = 0. (119)

Borancsnisis mepByio n Bropyto npousBojHyio no Z ot dyuknun P(7), mubdepenmpys
coorrorrerue (112) no Z, nomy4anm:

®(Z2), <0, (Z€l0,+x)); (120)
®(Z2)" >0, (Z€]0,+00)). (121)

Beneacrsue (120) dynknus $(Z) saBisiercst crporo MOHOTOHHO YOBIBAIOIIEil, HO TOr/IA
BestesicTBHE cootHomenuit (119) sra dynknus orpanntena na HHTEpBAJIE:

®(Z) €0,1]; (Z€]0,+)), (122)

npudem rpadbuk Gynknun $(Z) BormyTeiii. Beregcrsue stux cpoiicts dynknun $(7)
ypasuenne ¢(Z) = $y Ha paccMaTprBaeMOM HHTEpBaJe 3HAYECHUN BCETJa MMEET OJHO U
TOJILKO OJIHO petienne Z = Zg, T.e., omobpasicenue Y = ®(Z) na mmoocecmee neompu-
UAMEAOYHBLT YUCEN ABAAECMNCA OUECKMUBHDIM.

Hanee, n3 coornorenus (113) caeayer, uro dyuxums Z(T) ABAAETC MOHOTOHHO BO3-
pacratomieil na unrepsasie 7 € [0, 7| duddepennupyst coorromenue (116) mo 7 kak
CJIOXKHYI0 (DYHKITUIO, TTOJIYIHM:

Z'22" + (1 — 0¢)®’] = 0. (123)
Orcioa BetescTBre mojoxkuTeabHocTH Z' (116) HaiigeM BTOPYIO MPOU3BOIHYIO:
1
7" = —5(1 —09)P’,. (124)

[Tosromy Beseaersue (120) u (90) — (91) momyuanm us3 (124):
7" > 0, (125)

T.e., rpacduk GyHknun Z(7) Takxke gpisercs BorayTeiM. lamee, nudbdepennupys (IV.53),
nostyanm ¢ ydaerom (125):
y' >0, (126)

— m.e. dbyskrus y(7) (a BMecre ¢ Heit u byHKIWMs 0 (7)) SBISIETCST MOHOTOHHO BO3DACTAIO-
meit. C Apyroif cTOPOHBI, OHa OrpaHuYeHa CHU3Y Hada bHBIM 3HAUYCHUEM Yo (0p), & CBEPXY
— 3Ha4YeHueM 1:

y' >0,y €[y, 1); o >0,0¢€]og,1). (127)

[Tepeunciennsie cpoiictsa dbyukuuit y(7), Z(7) u ®(Z) obecnedanBaior GUEKTUBHOCTH
HEMOYKU OTOOpaxKeHut 7 <> y, y <> 4, Z <> ®. B urore, kaxkjaomy 3uHadennio ¢ coor-
BETCTBYET OJIHO U TOJILKO OJIHO 3HAUEHUE Z U OJHO M TOJBKO OJHO 3HadeHue T: T <> P.
s 3aMbIKaHWsT 9TOH MENOYKH JOCTATOYHO ONPEIEINTh CBA3b MyHKIwiA y(7) u Z(T) ¢
HOMOIIBIO ypaBHEHUs dHeprodasanca (117):

y=[1-(1-09)®(2)"* (128)
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Ypasuenusi (117) u (128) Asaaomesa napamempuieckum peuenuem YpasHeHUs Inep-
eobananca (116), a Beimenepetnciennsle cBojicrsa dbynknuit ®(Z) u Z(7) obecrieanBaior
eduncmeennocms ezo pewerus. Cornacuo (112) dyukust $(Z) moaHOCTBIO OIpeiesi-
ercst HauaJIbHBIM pacipejienenneM HepasHosecHbix dactur; A f2(p). Tlostomy ¢ maTema-
TUYIECKON TOYKN 3peHus 3a/a9a 0 BOCCTAHOBJICHUU TEPMOJUHAMUIECKOTO PABHOBECUS BO
Bcesiennoii ¢ mpon3BOJIbLHBIM YCKOPEHUEM HOJTHOCTDIO perena. KonkpeTHbie Mo/ orpe-
JIEJIIOTCS. MOJIEJILIO TEMHOR MaTepuy 1 MOJIEILIO ePBOHAYAILHOIO HEPABHOBECHOIO Pac-
PEJIC/ICHUS YACTHIL,

[Ipomuddepentmpyem rereps coorrorenne (124) mo 7 u yarem cBsa3b (113) mex ity

byuxwsavm y(7) u Z(1):
1 1
2" = R85, =y = = = 21— ey (120)
Taxum obpaszom, sesencrsue (121):
y" <0, (130)
— Te., rpadhuk Gynkiun y(7), a BMecte ¢ HUM U 0(T), ABAAETCA BBITYKJIbIM. lasee,
HOCKOIBKY Py (Z — 00) = 0, u3 (124) caemyer:
lim ¢'(7) = 0= lim o'(7) =0, (131)
T—00

T—00

— T.e., 3HaUYeHHE 0 = 1 JOCTUTraeTCs aCUMITOTUYIECKH P T — 00. DTO MO3BOJSIET Ha-
pucoBaTh KadecrBennbiil rpaduk dyukuun y(7) (Figure 12). Koneunocts 6e3pazmeproro
BPEMEHU To, MPHUBOJUT K YCTAHOBJIEHUIO TIPEJIEJILHOTO 3HaueHus pyHkimn y(7):

Y(Too) = Yoo < 1 = tlim Y(t) = Yoo < 1. (132)
—00

BenencrBue aToro acThb 9HEPruu KOCMOJIOTUYIECKO T171a3Mbl HaBCer/1a, KOHCEPBUPYETCA B
HEPABHOBECHOW CBEPXTEILIOBOU KOMIIOHCHTE:

ne t = 0 e
hmg():l—ow:{ 0, Too =00 (133)
t—o0 g,(t) >0, Too <00

Cornacuo (108) 970 BOBMOXKHO JIUIIb JIJisl YCKOPEHHO PACIIUPAIONIeicst BeeeHHoi.

A

Puc. 12. Kauecrennbiii Buj rpaduka dyukmun y(T).
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4.6 Tounas Mo/esib Tlepexo/ia C YJIbTPapeJdTUBUCTCKON CTauun
Ha MWHQJISITUOHHYIO

PaccMorpuM citeIyonyo MmpocTyo MOJe/]Ib MaTepUu, COCTOLAINeHl U3 JIBYX KOMIIOHEHT —
MUHUMAJIHHO CBA3AHHOIO MACCUBHOIO CKAJISIPHOTO MOJIst (KOCMOJIOTUYIECKUii YJIeH) ¢ ypaB-
HEHUEM COCTOSTHUS:

Ps = —Es, (134)

U yJBTPApEIATUBUCTCKOM TUIa3Mbl ¢ ypaBaerneM cocrosiaust (78). Torma cymMMapHBIi KO-
s durmeHT 6apoTPOIbI 1 NHBAPUAHTHOE YCKOPEHUE MOYKHO 3alliCaTh B BHUJIE:

11-30 1—90

(t) = 3155 Q(t) = 1 (135)
e 5
i=a( == (136)

Takum obpaszom, npu 0 = Const dopmysibl (74) MOXKHO 3aIMCATb B CIELYIOMIEM yI100-
oM Buje [30]:

3 (1+6)?
=2 = 2 Q<. 137
“=m E T3 2 (137)
Bakonsl coxpanenus suepruu (76) — (77) IpHHEMAIOT BHT:
3A?
gs = Const = —; (138)
8
~ 3
e,at = &, = Const ~ o (139)

[Moncrasiss (138)-(139) B ypaBuenue (68) m MHTErpUpys €ro, MOy IUM:

1
2

1 b
a(t) = 7 Kto o/t + b2> elt=to)/2A _ P P e‘“‘tO’/“] , (140)
0 V Yo

by = i
327 A2
B gacraoctu, mpu ty = 0 i MacmTabHOTO (paKTOpa UMeeM OTCIO/IA:

1 /3 t

Berauciss cormacuo (136), (138), (139) u (142) orHomenue ¢, Haiigem:

5(t) = (165;/\ sh%f. (143)

Hanee, cormacuo (136) MoxkHO BbIYuCUTL 3 dhekTuBHbI KodbGuUImenT 6aporpors 1
uHBapuanTHoe yckopenue (cm. Puc. 13).

Crestytoruii pucyHOK MOKA3BIBAET, UTO € TIOMOIIBIO TapaMeTpa A MOXKHO JIETKO yIIpaB-
JISITh BpEMEHEM Tiepexoia Ha NH(MISAIHOHHBIN PeXKIM yeKOperus k£ — — 1. HammomunMm, 1to
KOCMOJIOTHYIECKOE BpeMsI ¢ M3MepsieTCsI B IJIAHKOBCKUX €JIMHUIIAX.

rjie:
(141)
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Taxum obpasom, corsacao (103) ompemennm HOBYIO Ge3pa3MeEpPHYI0 BDEMEHHYIO Iepe-
MEHHYIO, T:

_ 209
1/v2 144
o Fle V), (14)
re:
1 —sht/2A
0 arccosl+sht/2A, (145)
F(p, k) — snnmnruyeckuii nHTErpas mepBoro poja:
©
C(Kr< ). (146)
/ V1 - k2sin®a’
0
Takum obpaszom:
dr 1 1 choy
Rl S : 14
dt 2Ash<p1+sh<,0>0’ ™€ [0,720), (147)
raell
2A
Too = lim 7(t) = ~< >F(1, 1/V2). (148)

; RN

l9(t)

-0.51

= -1

Puc. 13. Sposmorust 5 heKTUBHOIO KO-
sddunmenta 6aporpors k() (ToHKas JH-
HUsI) W WHBAPUAHTHOTO ycKoperus $)(t)
(;Kupmast JIMHAS) OTHOCHTEJIBHO TOYHO-

Puc. 14. Ssomonus 3dpdeKTUBHOIO KO-
sdpdunuenrta Gaporponsl k(t) oTHOCH-
TeJIbHO TOYHOTO pertienns (142) B 3aBucH-

MOCTH OT KOCMOJIOTHIECKOMN TTOCTOAHHON A
ro pemenns (142) mpu A = 1. Ilynx-

TUPHBIMU JUHUAMU MOKA3aHBI aCUMIITOTHI citepa — nampaso: A = 1, A =10, A = 100,
_1. 1/3. 1. A - 1000.

4.7 YUucaeunas momaenb BocctaHoBjenuss LTE B yckopennoii Bee-
JIEHHOM

4.7.1. Modeav nepsonauasviozo HepasHo8ecH020 PacnpedeseHu.s,

HE(1,1/v/2 ~ 1.083216773.
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Takum 06pa3oM, Kak Mbl OTMeYaJIU BbIIIe, MaTeMaTHIecKas MOJIE/Ib [POIecca BOCCTa-
nossiennsi LTE B KocMostOrmyueckoii mia3me CBOIUTCS K JBYM MapaMeTPUYECKUM ypaBHe-
g™ (117) u (128), onpenenstomum npu 3adannots gynryuu P(Z) ca3u Bua:

r=1(Z) (117); (149)
y=y(Z) (128), (150)

pasperirasi KOTOpbIe, Mbl MOXKEM OIpeIeJuTh (DYHKIMO y(7) U, TeM caMbiM, (hOPMATbHO
HOJTHOCTBIO PENIUTD MOCTABICHHYIO 3a/1a4dy. TakuM 00pa3oM, OKOHYATEJILHOE PElICHNe 3a-
JIQYM HAXOJUTCS B KBaJpaTypax 3aJlaHueM HavaJIbHOTO Paclpeie/ieHnsl HepaBHOBECHDBIX
gactui, A fo(p) u mocsenyionmm onpeesenreM nuTerpaibioit dynkimum $(Z) (112). 3a-
MeTuM, 4To (hbopMasbHO napamerpudeckue ypasaenus (117) u (128), kak u onpejie/enre
dbyuxipn O(7), He OTIMIAIOTCA OT AHAJOMMYIHBIX, TIOJYYeHHbIX PaHee aBTOpoM B paboTax
[4], [20]. IIpuanunma bHO HOBBII MOMEHT, BHOCHMBIH yCKOpeHUEeM BcesieHHOI, 3aKovda-
erca B cBasu 7(t) (103).

JIJ1s1 IOCTPOEHUST YUCIEHHO MOJIEIM PACCMOTPHUM MIEPBOHAYAILHOE PACIPEIeICHIE TH-
1a, 0eJIoro TIyMa:

Afolp) = gx@o —p), (151)

rje A - HOpMEPOBOYHASI IOCTOSTHHAS, po > 1 - Ge3pasmepHblil mapamerp, &(z) — crynenva-
tag pyukiusg Heaviside, Tak uTo KoH(MOPMHAS IJIOTHOCTD SHEPTHU OTHOCUTEIHHO ITOTO
pacipe/jiejienns paBHa:

~0 (P)oApo
=" 152
ne 32775 ( )
Beranciss dyukrmuio ¢(Z) ornocurensuo pactpeenenus (151), maiigem:
A
O(Z) =e " —zEi(zx); z=—, (153)
Po

rie Ei(z) ectb mHTErpasibHast mokaszare bHast (OyHKI

0o
—tx

Ei(z) = / ert.

4.7.2. Peayavmamol “ucaenno20 uHmMe2puposar.a

Bagada, TaKIM 00pa30M, CBOJUTCA K IHCICHHOMY MHTETPHPOBAHUIO CHCTEMBI ypaBHE-
mnit (103), (117), (128). B crarbe [29] (cm. Takxe [30]) ommcama aBTOpCKast IIpOrpaM-
Ma B nakere Maple dnciieHHOTO MOJe/IMpOBaHus 3TOH 3a/Ja4l U IIPeJCTaBIeHbl HEKOTO-
pble Pe3yIbTaThl YUCICHHOIO MOJE/INPOBaHUs OIMCAHHON BbIIIE MaTeMaTHIeCKON Mojiesn
BOCCTaHOBJICHUA TePMOJMHAMUYECKOIO paBHOBecus yckopenHoii Beesennoit. Huzke npes-
CTaBJIEHBI OOJIee MOJIHBIE PE3YIbTaThl YUCACHHOIO MOJE/JNPOBAHNSA U UX aHaIn3. B maib-
ueiimem B coorBercrBun ¢ (138) u (142) ymoGHO BBECTH 6pementylo KOCMOAOZUNECKYIO
NOCMOANNHYIO

to = 4A. (154)

Ha Puc. 155 npejicraBiennbl pe3y/abTaTbl YUC/JIEHHOIO WHTETPUPOBAHULA JIJIs OIpe/ie-
JIEHUST TIAPAMETPa Too. B 9YacTHOCTH, MHTErpupoBanue coorHorerus (103) momarsepanio
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HEUIYCTBUTE/ILHOCTh BEJIUYUUHBI T., OT psijia IIapaMeTpoB 1, (PaKTHUIECKU, IOATBEP/INIO
oreHouHyI0 dopmyity (148), KoTopast He yduThIBaJIa JeTasieil JorapiudMIIecKoi 3aBUCH-
moctu napamerpa (€) or Bpemenn. Ha Puc. 16 nmokazaubl pe3ysibTaThbl YUCIEHHOTO HHTE-
IPUPOBaHUs STON BEJTUINHBI.

5
; /
f—

4 y
= ¢ {
v 2 v
— - 3
i 5, /

/Y
0 1
-1 0 1 2 3 4 5
0 2 4 6 8 10 T9(ty)

Puc. 16. 3asucuMocTb J1eCATUYIHOIO JIO-
rapudma 6e3pasMepHOro BPEMEHHOI'O IIa-
paMeTpa Too(P)p OT JEeCATUYHOTO JIOTa-

Puc. 15. 3aBucumMocTb JeCITUIHOTO JIO-
rapudMa Oe3pasMepHoOil BpeMeHHOI Tiepe-

MEHHOH (P)gT OT KOCMOJIOTUYECKOTO BpPe- ) )
pudMa KOCMOJOTHIECKON TTOCTOSHHO ty.

_ Ch— 110 102
11453}1“18401%1;33]73 BBEX: fo = %]\’[1% 1180’ Crutomnast ymunust — (p)g = 10, Touku —
y s HU DO HPHIEITO Ro = HE 5y = 10%; Beromy Ny = 100; N = 10,

DTHU pe3y/ibTaThl XOPOIIO OMUCHIBAIOTCS (DOPMYIIOit

Too v 220 (155)

Ha Puc. 17 mokasana 3aBucuMoCTb repeMeHHoil Z(t) mpu pasinaHbIX 3HAYCHUAX BPEMEH-
HOII KOCMOJIOTMYECKOI IIOCTOAHHOI.
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L
0.10 / 0.8
T T
0.08 — [ I N S
0.6 A ——
Z(t) 0.06 y () /
i/
0.04 y/ /
o.on 0.2
0
0 2 4 6 8 10 0
t 0 0.2 0.4 0.6 0.8 1

t
Puc. 17. 3aBucumoctb Oe3pasmepnoii Pwuc. 18. 3aBucuMocTb OTHOCHTEILHOM

dbyuxiun Z(t) or Bpemenu; By to = 1;  remmeparypbl y(f) OT BpeMeHH; BCIOJLY
No =100; N =10, (p)g = 10; 09 — cauzy to = 1; Ny = 100; N = 10, (p)o = 10;
Beepx: 0.01; 0.1; 0.2; 0.5. 0o — camuzy BBepx: 0.01; 0.1; 0.2; 0.5.

Kax ciemyer u3 pesyapTaToB, IpeCTaBICHHBIX HA 3TOM PUCYHKE, 3HaUYeHUe (QPyHKINHT
Z(t) Takzke uMeeT NpejieIbHOE 3HAYEHHE [IPU t — 00:

lim = Zy < 00. (156)

t—00

Cornacuo (106) sTo 03HaYaeT, 9TO MpH ¢ — 00 “3aMOpAKUBACTCs” PACIIPEICICHIe CBEPX-
TEIIJIOBBIX YaCTUIL:

Zx

Afa(Toovp) = Af(g(p) € P (157>

Takum obpasom, B coBpeMeHHOI BeereHHOI MOXKeT 0CTaThCA “XBOCT HEPABHOBECHBIX da-
CTHUIL CBEPXBBICOKUX SHEPIHIL:

E > Es = Zoo(Po. (158)

Ha Puc. 19-20 nokazanbl pe3yabTaThl YUCJIEHHOTO WHTETPUPOBAHUA 1T OTHOCUTE b
uoit Temmeparypsl y(t) = T'(t)/To(t) < 1. CorsacHo cMBICITy STON BeJMUnHbI Ge3pasmep-
HBI Hapamerp:

bo=1—00=1—9% >0 (159)

€CTh OTHOCHUTEJIbHAS JIOJIS SHEPIUU KOCMOJIOTMYECKON IIa3Mbl, COJEpXKaIascsd B HEPaB-
HOBECHOM XBOCT€ PACIIPE/IETICHUSI.
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1 L
1 il
T
’ 0.8
0.8 /
L—] ] ’ ////—_’
0.6 0.6 =
y(t) y () /
0.4 0.4 S S
|
0.2
0.2
0
0 0.2 0.4 0.6 0.8 1
t 0
0 0.2 0.4 0.6 0.8 1

t
Puc. 19. 3aBucumocts oTHOCHTEebHOU Pwuc. 20. 3aBUCHMOCTH OTHOCUTEIBHOI

TemiiepaTypel, y(t), OT BpeMeHH; BCIOLY TeMieparypbl, y(t), OT BpPEMEHH; BCIOJY
oo =0.1; Ny = 100; N =10, (p)o = 10;t9 09 = 0.01; Ny = 100; N = 10, (p)o =
— bottom-up: 0.1; 1; 10; 100. 1000; tg — bottom-up: 1; 10; 100; 1000.

4.7.3. Acumnmomuueckue 3HAGUEHUA NAPAMEMPOE HEPABHOBECHO20 PACNPEIENEHUA HA UH-
prsuuonrot cmadui

st Habtro/IeHst B COBPEMEHHYTO 310Xy BeesleHHON BayKHO 3HAHHE BO3MOXKHBIX IIPe-
JIETBHBIX 3HAYCHUN MTapaMeTpOB HEPABHOBECHOTO pacipejieicHns. TaKuMu BO3MOKHBIME
HAOJTIO/TAEMBIMH TTapaAMETPAMU ABJIAIOTCS OTHOCUTEIHHAST TEMIIEPATYPA, Yoo, OTHOCUTETH-
Has JI0JI SHEPTUU, 3aKJ/IIOUEHHON B HEPABHOBECHOM XBOCTE PACIIPEJICTICHUS, a TaKKe U
dopma storo pacupenenenusi. Ha Puc. 21, 22, 77, 24, 25, 26 npejicraB/ieHbl BbIMUC/IEH-
HbIe 3HAYEHUsI TIePBBIX JIBYX YKA3aHHBIX MapaMeTPOB.
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(o)}

19(2.)

74

i
-2 0 2 4 6 8
Tg(t0)
Puc. 21. Dependency of  the
dimensionless function oo on

cosmological constant £y; it is everywhere
bottom-up: 0.001; 0.01; 0.1; 0.5.

ol LA
0.8—/ //

0.7 l

> 0.6
sl 1
4

0.3
0.2
-4 -2 0 2 4
Tg(t0)
Puc. 23. BaBucumocTb MpeIebHOIO

3HAYCHUS OTHOCUTEJILHON TeMIepaTyphl,
Yoo, OT KOCMOJIOTMYECKON KOHCTAHTBI lp;
Beopy (p)g = 1000, Ny = 100; N = 10;
0o — camzy - BBepx: 0.001; 0.01; 0.1; 0.5.

=
N
-2
5 -3
N
=)
-4
-5
-6
0 1 2 3 4 5
T9(<P>g)
Puc. 22. Dependency of  the

dimensionless function Z,, on parameter
(P)o; it is everywhere to = 1; Ny = 100;
N = 10; 09 — bottom-up: 0.001; 0.01; 0.1;
0.5.

)

o
e
/

>
0.4
0.2
0
o 1 2 3 4 5 6 7 8
7g( <p>)
Puc. 24. 3aBucumocTh mIpeaeabHOIO

3HAYEHNSA OTHOCUTEILHONW TeMIIepaTyphl,
Yoo, OT JICCATHIHOTO JIoraprdMa apamMer-
pa (p)o; Bciomy oo = 0.01; Ny = 100;
N = 10; ty — cumzy - BBepx: 0.1; 1; 10.

4.7.4. Anasus pe3ysomamos 4ucaeHnoz0 MoodesuposaHUA

W3 npejcraB/ieHHBIX PE3Y/ILTATOB CJIEAyeT, YTO HAUMHAA CO 3HAUECHUN BEJMYUHDI I1a-
pametpa (p)o nopsaka 10+ 100, BO3MOKHO BBKHBAHAE HEPABHOBECHBIX PEJIMKTOBBIX a-
CTHIl B COBPEMEHHYIO 310Xy 3BOJIONNN BeesleHHO. DT0 — mopasuTesbHbI (haKT, Tak
KaK COIVIACHO pe3yJbTaTaM 0ojiee paHHUX craTeii ABTOpa, B KOTOPBIX PaCCMATPHUBAJICS
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CTAHJAPTHBI KOCMOJIOTMYECKHI CIIeHApUil, UCKJIIOYAIONnii nHQMIAINOHHYIO CTaJINI0, B
COBPEMEHHYIO 310Xy MOIVIM BLIKUTL TOJBKO PEJUKTOBLIC HacTHIbI ¢ sueprueit 102Gev
u BbIe. B paccMarpuBaeMoM 3/1eCh CIIEHAPUHM HA COBPEMEHHON MHMJIATIMOHHON CTaun
MOT'YT BBIKUBATH PEJIMKTOBBIC YaCTHIIBI ¢ SHeprueii mopsiaka 1 Kev u Borme!

S —
0.9 0.9 \
0.8 0.8
0.7 \\ 0.7 \\
g 0.6 \\ e 0.6 \\
© ©
- 0.4 \\ - 0.4 \\
0.3 0.3
0.2 \ \\ 0.2 \ \\
0.1 \ 0.1 \
0 -4 -3 -2 -1 0 1 0 -4 -3 -2 -1 0 1
T1g(t0) Tg(t0)
Puc. 25. 3asucumocrs ornocurenbHoii Puc. 26. 3aBUCHMOCTb OTHOCUTEJILHOMN
JIOJT SHEPT'UN HEPABHOBECHBIX YaCTUIL, 1 —  J0JIM SHEPIUU HEPABHOBECHBIX YacThIl, 1 —

0o, OT KOCMOJIOTHYECKOW KOHCTAHTHI tg; 0o, OT mapamerpa (p)o; Bcioay og = 0.01;
Beogy (p)o = 1000; Ny = 100; N = 10, Ny = 100; N = 10, (p)o = 1000; t, —
0o — cepxy-Bum3: 0.001; 0.01; 0.1; 0.5. cBepxy - Bam3: 0.1; 1; 10.

Ha Puc. 27 npejicraBiieHa 3BOJIONNS PACIIPEICICHIS IIOTHOCTH SHEPIUNA HEPABHOBEC-
HBIX YaCTHI] B IIPEJIOJOXKEHIN WX Ha4daJbHOTO paclpejie/ieHuss B (opme Tuma 0esoro
nryma,

e\ x(po—0p)
(dp)o = A4 oI (160)
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1
\ 0.08
0.8 \ 0.07 /
\ 0.06 /
= 0.6 = 0.05
5 5 |
oo P g0
. / 0.03
I M 0.02
0.2
S~ 0.01
e —
0 : . 0 : .
0 5 10 15 20 0 5 10 15 20
p p
Puc. 27. DSposiornusa pacipejenenns
IJIOTHOCTH 3Heprum; Bciojgy og = 0.5; Puc. 28. Qukcamus HepaBHOBECHOM

Ny = 100; N = 10, (p)o = 10, to = 1; dyHKIMM pacupeleneHua npu t = oo.
cepxy BHH3: t— 0.0001; 0.01; 0.1; 1; 10; 0o = 0.5; Ny = 100; N = 10, (p)o = 10,
100. Lines at t—10 and t—100 are coincide. to = 1.

Bbraucsisiss MAaKCUMYM PacipeieIeHust IIOTHOCTH SHEPIUU ¢ OMOIIBI0 cooTHOotenuii (106),
HaligeM:

P =\ Zoo (D)o (161)

Ha Puc. 29 nokazana 3aBUCHUMOCTH MAKCUMYMa CIIEKTPa SHEPIrUU HEPABHOBECHDBIX YaCTHI]
OT KOCMOJIOTHYECKOTO TlapameTpa tg. I3 3Toro pucynka MOXKHO yBUJIETD, YTO IIPUA HE OYE€Hb
OOJIBITTUX 3HAYEHUSAX KOCMOJIOTTIECKON KOHCTAHTHI MAKCUMYM SHEPTreTUYIECKOr0 CIIEKTPa
JIEYKUT B 0OJIACTHU JIOCTATOYHO HU3KUX SHEPIUil, UTO JiejlaeT NPUHININATHLHO BO3MOKHBIM
JCTCKTUPOBAHNEC IIEPBAYHBIX HEPABHOBECHBIX YACTUI] B KOCMUYCCKNX YCJIOBUAX.

SameTnm, 9TO BeTMIHHA Oe3pa3sMepHOil sHeprun p haKTHIeCKN 03HATAET, ITO B COBpE-
MEHHYIO STI0XYy SHeprus dactull p(P)o BO MHOIO Pa3 IIPEBBINIACT TEMIEPATYPY PEJTUKTO-
BBbIX oronoB. Takmm oOpa3oM, B COBPEMEHHYIO 3MOXY Mbl MOXKeM HabJII0/IaTh UCTUHHO
PEeTMKTOBbIE YACTHIIBI C SHEPrusiMu 1mopsijika 1 Kev u Bblllle B MaKCHUMYyMe pacIiIpe/ie/IeHus .
['oBopst 00 «MCTUHHO PETMKTOBBIX YaCTHUIAX», MBI UMEEeM BBUJIY YaCTHUIIbI, KOTOPLIE BbI-
JKIJIN ¢ MOMEHTa pozKJienusi Beestenmoii, B oT/imdre OT PeJIMKTOBBIX (POTOHOB U HEHTPHHO,
KOTOpbIe chOPMUPOBAJIICH B PAIUAIINOHHO- IOMIHUPOBAHHYIO S10XY. /leTekTnpoBanme mc-
THHHO PEJTMKTOBBIX YaCTHUIl B KOCMOCE ITOMOIIO OBl MOIYYUTH UHMPOPMAIMIO M3 ITEPBBIX
PYK» O MOMeHTe POoxKJjieHus Bcenennoil, a Takke o pyHIAMEHTAJIbHBIX B3aNMOJIEHCTBUAX
9JIEMEHTAPHBIX YACTHI] IPU CBEPXBBICOKUX SHEPTHUAX, KOTOPbIe HUKOIIa He OYIyT JIOCTYII-
HBI 3¢MHOH TTUBUIU3AIINAMN.
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_1 ////
///
-2 /7/
//A/
3 /4
0_8 l//
S 4
5
-6
10 -8 -6 -4 -2 0
1g(t0)

Puc. 29. Dependency of relativity limiting energy of a maximum lg p., of
distribution on a cosmological constant at oy = 0.01, Ny = 100; N = 10. Red
line - (p)o = 1, blue line — (p)o = 10, black line — (p)o = 100.
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INFO! MH®OPMAIINA O ME2KJIVHAPOJHBIX IITKOJIAX «GRACOS»

Mexkaynapoaaas mKosta 1mo rpaputanun 1 kocmosorun « GRACOS-2014» mpoBomuTes ma-
pasenbuo ¢ MexyHapoHoit KondepeHueil mo rpaBUTalii, KOCMOJIOTUN U acTPOMU3U-
ke — 15-it Poccniickoit rpasutarnmonnoit kondepenruu, ¢ 1 mo 10 uona 2014 1. Ilepecede-
Hue MKOJIbI ¢ MexK1yHapo1Hoi KoHndepeHueii o rpaBuTaIum, KOCMOJIOTUNA U aCTPOMU3NKE
(30.06. - 05.07) O3BOJIMT, BO-IIEPBBIX, JaTh BO3MOYKHOCTH MOJIOJBIM CJIYIIATENSIM IIKOJIbI
IIPUCYTCTBOBATh Ha JOKJ/IaJIaX BEIYIIUX YUYEHBIX U CIAeJaTh CBOM JIOKJAJbI, &, BO-BTOPBIX,
- UCIOJIb30BATh HAYYHBIN MOTEHIUA]T KOHMEPEHIINN I OPraHu3aluu JIeKINUi JIId yIacT-
HnkoB 1mKoJibl. [IIkosa mo rpasuramuu u kocMmojgorun GRACOS sasnsercss Tpa uiinoHHOM
JleTHelt Koo i Kazanm — ona perysspro u ycrenao mposojuted ¢ 2007 roja, cHavdasa
— Ha Oase TaTapckoro rocyaapCTBEHHOIO I'yMaHUTaPHO-IIEarornvIecKoro YHUBEPCUTETa, a
¢ 2012 roma — Ha Gaze Kazanckoro denepasbHOro yHuBepcuTeTa. Llesb MIKOJIbI —TI03HAKO-
MHUTHb MOJIOJBIX YYEHBIX C pe3yJbTaTaMi M MEeTOJaMU HaydIHbIX HCCJIeI0BAHUI B OJIHONW W3
nauboJsiee pyHIaMEHTATBHBIX U CJ0KHBIX 00JIaCTEll COBPEMEHHOI TeOpeTnIecKoil (hbu3uKm —
TEOPUN rpaBUTaIny, PyHIAMEHTAJIBHBIX 0JIel 1 KOCMOJIOTHH, B YaCTHOCTHU, C PEe3yJIbTaTaMu
IIPOPBIBHBIX MCCJIEIOBAHUN Ha CTBIKE KOCMOJIOTUHU, Teopun yHIaMEHTAJIbHBIX 10JIei u dhu-
3UKU JEMEHTAPHBIX YaCTHUIL, TOJYIEHHBIMU B HocjeaHue 3 roja. TeM caMbiM, IIPOBEJIEHUE
IIKOJIBI OYJIET CIIOCOOCTBOBATD IOBBIIICHHUIO TPO(ECCHOHATN3MA MOJIOIBIX HCCIeI0oBaTe e —
(PpU3MKOB TEOPETUKOB M MATEMATUKOB B 00/1acTH (PYyHIAMEHTAJILHON (DU3UKKN 1 OYJIeT MOTH-
BUPOBaTh UX HayJIHbIE UCCJIEIOBAHUSI.
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IO.T. HFHaTbeB, Kasanckwii(IIpuBoskckmii) ¢pepepanbHblii yHUBEPCHTET,

Kazanp, Poccust

1E—mail : ignatev_yu@rambler.ru

1. Oprkomuretr u MmectopacnoJsioxkeaue Gracos. Poccutickuit dbomn dhyHamMmeHTa b
HBIX MCCJICIOBAHUI TTO/JIepKaJl MIPOEKT 10 opranu3aruu u nposejennio 1 Poceniickoit mrko-
JIBI 10 TpaBuTaruu u KocMosoruu — Gracos-2009. O1HOIT 13 OCHOBHBIX IIeJI€il IIPOEKTa, sIBJIsI-
ercsd IPUBJEYEHNE TAJAHTINBON POCCUICKON MOJIOJEXKHU, CIIeUaIn3upyoleiics B obsacTu
TEOPEeTUIECKON (PU3NKM, acTPOPU3NKH, MPUKIAJTHON MaTEeMATUKNA U MaTeMaTUIECKOIO MO-
JICIMPOBAHNSA, K HAYIHBIM HCCJIEOBAHUAM B 00/1aCcTH (hyHIaMeHTaIbHOW (DU3NKU, 3HAKOM-
CTBO €€ ¢ OCHOBHBIMU ITPOOIeMaMu, UJAECIMIA ¥ METOIAMHI UCC/IeI0BAHIS COBPEMEHHOM Teopun
rpaBUTAIMA U KOCMOJIOTUHU, & TaK:Ke Pas3sBUTHA MPOdEeCCHOHATN3MA HayIHON MOJIOICKHU B
obJrtactu Teoperndeckoit dpuszuku. I[lapastensno ¢ paboroit mKojbl npoBoauca Mex yHa-
poaHbIil Hay4HBIT cemuHap «CoOBpeMeHHBIE TPOOJIEMbI TEOPUN IPABUTAIIMA W KOCMOJIOTUN .
DTa BTOpas Moj00Hast HaydHas KoHdepenius, punancupyemas PODOU u npoBogumast Ha
6aze TTTIIY (Tarapckoro rocy1apcTBEHHOIO I'yMaHUTAPHO-TIEArOMMYECKOT0 YHUBEPCUTETA,
r. Kasanb) B ero yue6HO-03710pOBUTEIHLHOM HEHTPE «ZlJIbUNK», PACIIOIOKEHHOIO Ha Oepery
JKUBOIIMCHOTO Tae:KHOTro o3epa Anbank B Pecriybsiuke Mapnii-9..

Puc.1. Beper ozepa HAapunk B MecTe IPOBEICHUS
mikostsr Gracos-2009 (ghomo npedocmasaeno asmopom)

Bribop IIpesumnymom Poccuiickoro rpasurtarmonnoro obmecrsa TTTIIY B KadecTBe Oa-
3bI JIUCTOKAIE POCCHIICKOM TITKOJIBI TPABUTAINN 1 KOCMOJIOIHH MTPOJIMKTOBAH PsIJIOM 00CTO-

ICrarbs namucana mo 3aka3y Pemaxuun «Becrnuka PO®I», HO 110 HEM3BECTHLIM IPHYMHAM He GbLIa OIry6IMKOBaHA; TIepe-
neuarka u3 “I'pynos Poccuiickoii jleTHell MIKOIBI 110 rpaBUTanuu U Kocmosioruu u Mexxaynapoauoro cemunapa «CoBpeMeHHbIE
Teopernyeckue NpobieMbl IpaBuTanuu U Kocmosiorun»”, 3-7 cenrsiopst 2012 r., Kazaup—npank. / nox pex. FO.I. Urnarbesa.
— Kazanp: Kazanckuit yauusepcurer, 2012. - 116 c.

2@racos — cokpamienne ¢dhpassr Gravitation and Cosmology, SBJISIONIEHCS OZHOBPEMEHHO ¥ HA3BAHHUEM MEKIyHAPOIHOTO
Hay4YHOro »KypHaJja Poccniickoro rpaBuUTalMOHHOTO 00INECTBa, u3zamomerocs uagareascrsoM Springer (USA).

311 Poccumiickast MKoJIa O MPABUTAIME W KOCMOJIOTHH TPOBe/eHa, 1o rpanty PODU Ne 09-02-06041-r.
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ATEIHLCTB: BO-TIEPBBIX, Kazanb dBjsgeTcd oJnuM u3 HanboJjiee KPYITHBIX IEHTPOB UCC/IEI0Ba~
HUit B 00JIACTU TPABUTAIIMU U KOcMoJjioruu, BO-BTOpbIX, B TT'TIIY sokanmm3oBana ogna us
CUJILHENIITNX IPABUTAIIMOHHBLIX TPyt Poccun, B KOTOPOIT yCHenrHo paboTaloT U BBITOJTHSIIOT
JIICCEPTAINU MOJIOJIble yuenble, B- Tperbux, B TTTIIY uMmerorcsa neoOxoanMble CTPYKTYPbI
U BO3MOXKHOCTH JIJIsI PeaIU3aIiy TpoeKTa PoccuilcKoil MIKOIbI TPaBUTAIUN U KOCMOJIOTUH,
B YaCTHOCTH, 3TO Y4eOHO-O3/I0POBUTEILHBIN TeHTp «Anbunk». Hakoner, rpaBuTarmonnas
rpymna TT'TTIY mMmeer ycremnbiii OBIT MPOBEJICHUA KPYIIHBIX HAYYHBIX KOHIPECCOB — 3TO
12 Poccniickast rpaButarnmonnast Koudepeniws (Mexk ryHapo Has KOHGEPEHITs 110 IpaBHTa-
i, Koemostorun u actpodusuke, 2005 1., rpant PODU 05-02-26044-1.), Poccuiickas mkosa
o rpasutarmu u Koemostorun Gracos-2007 (rpaat PODU 07-02-06043-r), Mex 1yHapoHbIit
cemuHap «CoBpeMeHHbIE MPOOIEMBbI TeOPUH TpaBUTAINK 1 KocMoJoruny (rpant PODU 07-
02-06011r, 2007), Mezxkaynapojtas HaydHO-IIpakTUUecKas KoHbepernus «VHbopmarmon-
Hble TEXHOJIOruN B obpasoBanun u Hayke» (2007 ., rpant MunO6p u wayku PT).

Puc.2. Pesunennus Oprkomurera Gracos-2009 B Ma-
purickoi raire

2. KonTuHrenT y4vactHukoB. Bcero 0Obu10 3apernctpupoBano 107 y4acTHUKOB IKOJIBI-
ceMMHapa, U3 HUX: JIEKTOPOB IMIKOJIbI — 15 (Bee JIOKTOpa HAyK), JOKJIAIUIUKOB — 87, Cirylia-
teseit — 20. KadecrBennsiii cocras yaacTHUKOB 6611 craeytommii (Puc. 3).

Taxum obpazom, MPUMEPHO MOJOBUHY YIACTHUKOB ITKOJIbI-CEMIHAPA COCTABJISLIA OCTeIIe-
HEHHbIEe yYeHbIe, BTOPYIO MOJIOBUHY — MOJIOJbIC Y4YeHble, aCIUPAHTBI, MATUCTPAHTHI U CTY-
JIGHTBI cTapinx KypcoB. [louru derBepTh YYaCTHUKOB IIKOJIBI CEMUHAPA COCTABJIAIN JTOK-
Topa (PU3MKO-MaTEMATUIECKUX HAayK, CHEIUAJIUCTHl BBICOKOTO MEKIYHAPOIHOTO HAYTHOTIO
ypoBHsI — (DaKTUIECKN HA OJHOTO acIUpaHTa MPUXOIN/ICA OJuH JTOKTOp Hayk. C OHO# cTO-
POHBI, TaKas MPOIOPIHS, KOHEYHO, ObLIa BLINOJIHA MOJIOJIBIM YYacTHUKAM KOH(EpeHInn,
TaK KakK JlaBajla UM BO3MOXKHOCTH TECHBIX HAYYHBIX KOHTAKTOB C BEJIYIIUMH CIENUaInCTa-
MU B obJlacTu rpaBuTaruu u Kocmosiorun. C JIpyroif CTOPOHBI, 9Ta MPOMOPIUS YKa3bIBaeT
Ha IUIAYeBHOE TMOJIOYKEHNUE, CJIOKUBIINeecd B (DYHIAMEHTAJLHBIX HayKaX, — HU3KUN yPOBEHD
MIPUTOKA MOJIOJIEY)KU B cdepy HaydHON JledTebHOCTA. He KaXKJIbIil CTyeHT U He KaryK bl
ACIUPAHT CTAHOBUTCH KAaHJIMJIATOM HAYK, U JIAJIEKO HE KaXKJIbI KaHIUJIAT — JOKTOPOM Ha-
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VK. DTO HEy/I0BJIETBOPUTEILHOE COCTOsiHNE (DYHIAMEHTAIbHBIX HayK B Poccunu ObLIO TIpeji-
MeTOM cepbe3Horo obcy:kaennsa Oprromurerom Gracos-2009. [taBHBIME TpUYIHHAMEI 9TOTO
COCTOSIHUSI ABJIAIOTCA HUBKUI IPUOPUTET YIEHBIX B coBpeMeHHO# Poccnu n Hu3kuii ypoBeHb
dunancupoBanus GyHIaMeHTAJILHBIX HayK. Ha 1oc/ie/iHio0 IpudnHy, B 9aCTHOCTH, YKa3bl-
BaeT cieaymoliee oocrosaTebeTBo. Ha Gracos-2009 ObLtr mpejicTaB/IeHbl TPaBUTAIIMOHHbBIE
IPYIIIBI PA3/JIMIHBIX peruoHoB Poccun, OmzKHero n jgajabHero 3apyoexbsa: Mocksa, Kazanb,
Cankr-Ilerepoypr, dyona, Ilepmb, Tomck, Vabsaosek, dumurposn, Mxkesck, Kpacuospcex,
Owmck, Mxkesck, XapbkoB, Munck, Bosrapust, Hexust, Barrnajent. Kapruna pacmpeenenus
9TUX PErMOHOB 10 MacIITady ydacTusd Moka3aHa Ha juarpamme Puc. 4.
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aA.¢d.- kKd¢g.- acn  mon. ctya.
MH. MH. Y4eH.

Puc.3. KauecrBennorii  coctaB  y4aCTHHKOB
ITKOJIbI-CEMHHAapa B KOJI-B€ 4YeJOBEK: JI.(h.-M.H.

— JIOKTOpa pu3.-mMar. HayK, K.(p.-M.H. — KaHJIU-
JTaThl (pu3.-MaT. HAYK, acl. — ACIIHPAHTBI, MOJI.
VYEeH. — MOJIOJIbIe Y4YeHble, CTY/. — CTYACHTbI H
MAaruCTPAaHTHI.

Taxum ob6pazom, MPUMEPHO MOJOBUHY YIACTHUKOB ITKOJIbI-CEMIHAPA COCTABJISI/IA OCTEIIe-
HEHHBIE yYeHbIe, BTOPYIO IIOJIOBUHY — MOJIOJbIE YUeHbIe, aCIUPAHThl, MATUCTPAHTHI U CTY-
JIGHTBI cTapminx KypcoB. [louru derBepTh yIaCTHUKOB IMKOJIBI CEMUHAPA COCTABJIAIA JIOK-
TOopa (PUBMKO-MATEMATUIECKUX HAyK, CIEIHAJIUCTHI BHICOKOT'O MEKIyHAPOIHOTO HAYIHOI'O
ypoBHS — (haKTUIECKN HA OJIHOTO aCIUPAHTa MPUXOIUJICI OJINH JOKTOp HayK. C oJIHOI CTO-
POHBI, TaKas IPOTOPIHS, KOHEYHO, ObLIa BBITOJIHA MOJIOJBIM YYaCTHHKAM KOH(MEPEHIUH,
TaK KaK JaBaJla UM BO3MOXKHOCTL TECHBIX HayYHbIX KOHTAKTOB C BEJAYIIHMMU CIICIUAJINCTa-
MH B obyracT rpaBuTanun u Kocmosorun. C Apyroil CTOPOHBI, 9Ta IIPOIOPINs yKa3bIBAET
Ha ITaYeBHOE IOJIOYKEHUE, CJIOXKUBIINeecsd B (PyHIAMEHTAJIbHBIX HayKaX, — HU3KUN yPOBEHDb
IIPUTOKA MOJIOJIE’)KU B cdepy HaydHON JesaTebHoCTA. He KaKIbIil CTyJAeHT U He KarKJIblii
aCIMPaHT CTAHOBUTCA KaH/IMIATOM HAYK, U JIAJIEKO He KayKJIblil KaHUJIAaT — JOKTOPOM Ha-
VK. DTO HEYJIOBJIECTBOPUTE/IHLHOE COCTOAHUE (DYHIAMEHTAJILHBIX HayK B Poccum ObLIO TIpe-
MeToM cepbe3Horo obcyxkaennss Oprkomurerom Gracos-2009. [taBHbIMU HpUYIHHAME TOTO
COCTOSHUS ABJIAIOTCA HUBKUN MIPUOPUTET YUEHBIX B cOBpeMeHHo# Poccuu n Hu3kunii ypoBeHb
dunancupoBanus yHIaMEHTAJILHBIX HayK. Ha 1moc/ie/ o0 mpuyinny, B 9aCTHOCTH, YKa3bl-
BaeT ciemymomiee obcrositesibcTBo. Ha Gracos-2009 ObLn mpeicTaB/ieHbl I'PABUTAIIMOHHBIE
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IPYIIBI PA3/IMYHBIX pernoHoB Poccun, OmmzkHero u jaabuero 3apyoexnbsa: Mocksa, Kazanb,
Cankr-Ilerepoypr, dyona, Ilepmb, Tomck, Vabsaosek, dumurpon, Uxkesck, KpacHospcek,
Owmck, NxkeBck, XapbkoB, Munck, Boiarapus, Yexus, banrmaem. Kapruna pacrpeenenus
9TUX PErMOHOB 10 MACIITady ydacTus MoKa3aHa Ha jguarpamme Puc. 4.

25

20

15

10

M K Yy O ¢cn n T

Puc.4. Ywucjo ygacTHUKOB U3 pa3/IMIHbIX PErd-
onoB. M — Mocksa, K — Kazanb, Y — YibsHOBCK —
Huvurpos, /I — /Iyona, CII — Cauxr-Ilerepoypr,
II — Ilepmb, T — Tomck.

ConocraBiienne JIAaHHBIX 3TOW JUAPAMMBI C PEAJHHBIMU pa3MepPaMU I'DABUTAIINMOHHBIX
IPYII PErHOHOB YOEINTETHHO TOBOPUT O TOM, YTO TJIABHON NMPUYMHONW HEYYaCTUs MOJIOIBIX
yUeHbIX U3 yJaJaeHHbIX or Kazanu pernono Poccun gBM/IOCH OTCYTCTBHE CPEJICTB Ha TTPOE3I.
O06 9TOM 2Ke TOBOPAT U PE3YITATHI OIIPOCOB.

3. Opranuzamnus padotsl mKoJibl Gracos. Pykosojgcrsom TITIIY u mectabIM Opr-
KOMHTETOM TIKOJIbI-CEMUHAPa OBLIO 0DecriedeHo OecriaTHoe MPOKUBAHIE BCEX YIACTHIHKOB
IIKOJIbI B JKUJIBIX 3J@HUsIX yueOH0-03/10poBHUTeIbHOrO TieHTpa (YOIL) B Tevenue 6 jHeii.

YuurbiBasi ~ JIOCTATOYHO  HU3KYIO  TeMIIepaTypy
IIOCJIEJIHUX aBI'YCTOBCKHMX HOYEH, BCE YKUJIbIE ITOMe-
IIEHUS IKOJIbI ObLIIN O0ecIieveHbl HaI'PeBaTEIbHBIMEI
HpubOpaMu W TEILIBIMUA TOCTEJIbHBIMU ITPUHAIICK-
noctamu. Ilpocropuas cromoBasgs YOI ciy:xuita
OJTHOBPEMEHHO JIBYM IIeJIAM — B OJIHOM W3 €€ 3aJI0B
OBLIIO  OPraHU30BAHO KAYEeCTBEHHOE TPEXPa30BOe
[ATaHUE YIACTHUKOB KOH(MEPEHIINN, BO BTOPOM 3aJie
YATAJIUCH JIEKITUW, ITPOXOJMIN TIJIeHapHble W CeK-
IIMOHHBIE 3acejannd. I[luTtanne OBLIO OpraHU30BaHO
O JIOCTATOYHO HU3KOM, IMPUEMJICMON JJIA MOJIOJIBIX
yUeHbIX U cryjeHToB 1ene - 200 py6/cyrku, — s
Puc.5. Cronopas-koH(epenss  crynentos 4-5 KypcoB, BXOASIMX B COCTAB IPYIIIBL
sa/1 mroupl Gracos-2009 TEXHUYCCKON IOJJICPIKKU, KaK U JIs CaMOR 3TOi
PYIIIbI, UTaHue ObLIO OECIIATHBIM.

[Ixona Gracos ObL1a 0ObeciiedeHa Beeit He0OXOIMMOM OPITEXHIKON: MeIN0IKPaHaAMU, IIPO-
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€KTOpaMU, OBepXe/laMU, HOYTOyKaMM, IMPUHTEPpaMU, CKaHepaM#. Y YaCTHUKU IIKOJIBI TTOJTY-
YUJIA TIATTKU ¢ HeOOXOIMMBIM HAOOPOM KAHIIEIAPCKUX TPUHAJICKHOCTEH M KA9eCTBEHHO W3-
JanabiMu TpyramMu MKoIb-ceMuaapa o0beMoM 12 11.J1., B KOTOPbIi BoILIn 84 CTaTbU y4dacT-
HUKOB IKOJIBL. 7151 obecriedennst padboOTh MKOJBI Tpu OPrkOMHUTETE MOCTOSHHO JI€YKY PUIIH
JiBa aBTOOYyCA.

4. Hayunbie HannpaBJjieHus 1KoJibl Gracos-2009

Pabora 1IKoJIbI U ceKInii ceMrHapa IMPOXO/IUIa B CJEIYIONINX MSITH OCHOBHBIX HallpaBJIe-
HUAX:

1. Knaccnyeckass m KBaHTOBasi TEOpUs I'PaBUTAIMU — pyKosoaureau: npodeccopa B.T.
Barpos (TTV, Tomck, A.B. Banakun (KI'V, Kazaub) u F0.C. Buagumupos (MI'Y,
Mocksa);

2. Kocemosorus — pykosoaurenn npodeccopa u F0.I. Urnarses (TTTITY, Kazans), B.H.
Jykam (PMTAH, Mocksa) u A.A. Crapobunckuit (UT®, Mocksa);

3. KBanrToBasi rpaBuTalins, KBAHTOBAHHBIE 10JId — pyKoBojuTesn mpodeccopa [I.B. [ab-
o (MI'V, Mocksa), A.A. I'pu6 (ITex. ynusepcurer um. Tepriena, Cankr-IlerepGypr),
H.P. Xycuyrmunos (TTTITY, Kazanb);

4. Muoromephast rpaBuTaius — pykopojaureu npodeccopa B. /1. Usamyk (PY/IH, Mocksa),
B.H. Mensnukos (BHUNMC, Mocksa);

5. YepHnble abIpbl, OpaHbl, KPOTOBBIE HOPBI — PyKoBouTe/m mpodeccopa K.A. Bponnnkos
(BHUMMC, Mocksa), C.B. Cymkos (TTTILY, Kazans).

I1-1 POCCHIACKAS LLIKOAA-CEMHHAP
“COBPEMEHHBIE ITPOBAEMEL

TEOPHH I'PABHUTALIMH KOCMOMOTHK” -

DTu HaydHble HAIIPABJIEHUST OTPAKAIOT IPAKTUIECKN
BECH CIICKTP COBPEMEHHO TCOPUU IPABUTAIMHA 1 KOC-
MOJIOTHH, & KOJUYECTBO JIOKJIAJI0B HA CEKIMAX — aK-
TYaJIbHOCTH HalpaieHuii ncciaenoBanuii (Puc. 7).

Tyl MEKAYHAPOAHOTO CEMHHAPA

Kagams-Sasumk, 2009

Puc.6. O6ioxka CcOOPHHUKA
tpynos Gracos-2009
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- I — kiraccnyeckast m KBanToBas rpasuTaiudg, 11 — koc-
moJtorus, III — kBaHTOBasI rpaBUTAIIMS U KBAHTOBAH-
Hble 1moJid, [V — Mmuoromepnad rpaButarus, V — dep-
HbIE JIBIPBI, OpPaHbl, KPOTOBbIE HOPHI.

Puc.7. Pacnpenenenne  koJn-
YecTBa JIOKJI4JI0B IO CEKITHSIM

Puc.8. 3acenanme cexnmus N 1 «Kiaccuieckas Ppye.9. Pykosomquress  cexium
rpaputanysy». Jlexknus npogeccopa 10.C. Braan- | npopeccop FOpmii Cepreesmd
MHPOBa, JIJISI CJIyIIATE/ICH IIKOJIBI Buaajmmvupos (Mocksa, MI'Y) Be-

JIeT JIUCKYCCHIO C JIOKJIa T TUKOM

[Toxkautyit, nanbojiee MHTEPECHBIE OTKPBITUA B TIOCJIE/IHIE TOBI ITPOUCXOAAT B O0JIACTU
KOCMOJIOTMM B CB#3KM C CYIIECTBCHHBIM YBEJIMYCHHUEM TOYHOCTU I/I3M€p€HHﬁ KaK B O6HaCTI/I
HabJIrIo/1aTe/ IbHONl KOCMOJIOTHH, TaK U (DU3UKHU JIEMEHTAPHBIX YaCTHI] U JIPYTUX 00JIaCTIAX
SKCIIepUMeHTaIbHOl du3uku. B yacTHOCTH, B IMOCIEIHNAE TOAbI ObLIN OOHApYKEHBI (DyH-
JIaMeHTaJIbHbIe KOCMOJIOTHYEeCKHe (DEHOMEHBI: BTOPUYHOE yCKOpeHue pacinupenus: Bceesen-
HOI, KOCMHUYeCcKas MayTHHA MEXKJIy CBEPXCKOILICHUSIMU TaJaKTHUK, oTcyTcTBHe W-0030HOB
Ha IIPeJICKa3bIBAeMOM MacIiTabe SHEPruu, aHOMAJJILHOE IIPEBLIIIEHNE YaCTUIL CBEPXBBICOKUX
SHEPruil B KOCMUYECKHUX JIydax, HeOObICHIMOE COBIAJICHHE ILJIOTHOCTEH SHEPIUU PEJTHKTO-
BOI'O UBJIyYeHNsT M KOCMUYIECKUX JIyUIeil 1 MHOTHE JIpyTHe. DTU OTKPBITUS MOBJIEK/IH 38 COOOT
He TOJIbKO PEBU3UIO0 cTaHmapTHOro kocmosiormdeckoro crenapus (CKC) u Treopun dynia-
MEHTAJILHBIX B3AMMOJIEHCTBUN YaCTHI], HO U MIEPECMOTP (PyHIaMEHTAILHBIX IIPEJICTaBICHUI
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SHEPIUU, MAcChl U camoil rpasutaruu. He yauBurenbHo mosromy, uro ceknus 1 okazasrach
caMoif MHOTOYHUCJICHHOM 1 OyPHOIA.

Puc.10. 3aceganme ceknus N 2 «Kocmostoruss. Puc.11. IIpocpeccop FO.I'. Hrna-
Ha nepegnem miane cipasa npogpeccop .B. I'anp- ThEB (TTTILY, Kaszanb) kommen-

os (MI'Y, Mocksa) THPYET JIOKJIa]] CBOErO aCIIHPaHTA
Mucpraxosa P.D.

Hapsmay ¢ 6oabImuM KOJIMYIeCTBOM pabOT, MOCBANIEHHBIX KOCMOJIOTHIECKIM CIIEHAPUSIM,
OCHOBAHHBIM Ha& OTKa3€ OT KJIACCHYECKUX IPEJICTAB/ICHUI O SHEPTUU U MacCe M MCIOJIb3YIO-
UM Pa3/IUIHbIe TEOPETUIEeCKNEe MOJIC/IM TeMHOI MaTepuu, YepHOi SHEPTUU U IK3UCTEHITUH,
Ha KoHdepeHun ObLIN IpeacTaBaeHbl Mojesu, ocHoBanabie Ha CKC, B KoTOpoMm paccmat-
puBaioTcs OoJiee CJIOXKHBIE MOJeIn BeriecTBa. B dactnocru, npodeccopa .B. Tanbios u
IO.T'. UrnarbeB ¢ yaeHHKaMU MTPOAEMOHCTPUPOBAINA KOCMOJIOTHICCKIE MOJIEIN ¢ MHOTOKOM-
IIOHEHTHBIMH CUCTEMaMM, BKJIIOYaIOIIUMU B3aI/IMO,ZLeI71CTBYIOH_I‘I/Ie CKaJIdpHBbIC I10J1g1, KOTOPbIE
obecrieanBatoT BropuaHoe yckoperne B pamkax CKC. IIpodeccop B.H. Ilepsymun (OUAN,
y6Ha) ¢ yueHHKaMU MPEJIOKUIT TAMIJIBTOHOBY (DOPMYJINPOBKY KOCMOJIOTUH B PAMKaX MO-
JICJIA 3JIEKTPOCTIA0BIX B3aUMOJICHCTBUI, ITPEICKA3BIBAIONICH TPUEMIEMYIO JIJI SKCIIEPUMEHTA
maccy W-6ozon0B — 118 ['9B. D1OT JI0K/Ia/T BBI3BAT OXKUBJIEHHYIO JINCKYCCUIO YYACTHUKOB
ceMuHapa.

ViauBUTETHHBIM (PaKTOM B ITOCIETHUE TOJIBI ABJISIETCS OBICTPOE TIPEBpAIeHNEe KOCMOJIOTHI
n3 abCTPaKTHON TeOPHUH, JOMYCKAIONIEeH MHOXKECTBO CIIEKYIATUBHLIX 3JIEMEHTOB, B CTPOIYIO
HayKy, IMEOILYIO COJINIHYIO SKCIEPIMEHTAJIBHYIO 0a3y.
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Puc.12. IIpogeccop Buxrop Huro-

naesud Ileppymmu (OUSU, /y6bna) Puc.13. YuacTHuKH MKOJBI Ha SKCKypcnn B Ka-
IOJIEMH3HUDYeT CO CAyHIaTeJIsAMH IO- 3aHH OKOJIO Tearpa Olepbl U OaJjieTa.

cJIe CBOEero JIOKJIa/Ia.

5. Kynbrypnas nporpamma Gracos-2009. HecmoTps Ha oueHb MJIOTHBINA, HACHIIIIEH-
Hblil rpaduk padoTsl mkoJb — ¢ 9.00 10 19.00 ¢ mepepsiBom Ha 00e1 1 Kode-Opeiiku, y1a10ch
BCe JKe TIPOBECTH U HEKOTOPbIE KYJIHLTYPHO-03/I0POBUTEIbHBIE MEPONIPUATHA. B J1eHb OTKPBI-
THs ITKOJIBI-CEMUHAPA, MOC/Ie BEUEPHUX 3ace/lannii, ObL1 opranu3zoBan dypirer. OuH jieHb
paborsr 1koJibl, 26 aBrycra, ¢ 9.00 mo 15.00, ObLT MOCBAIIEH OPraHU30BAHHBIM MEPOITPUS-
THIM: 9aCTh YJIACTHUKOB KOH(MDEPEHIMH COBEPIIIIa TyPUCTUIECKYI0 9KCKypcuio B Kasanb
u Pandcknit monacteips (Puc. 13), (Kazans maxomures ma paccrosnunm 70 kM o fiibian-
Ka), OoJIbIIias JKe 9acTh BbIOpaJIa MeImil MOX0/[ Ha OJTHO U3 Kpacubeiux ozep Mapwuiickoii
taiirn — ozepo [iyxoe (Puc. 14). Tlocie obesa n BeuepHero 3acejianus ObLT OPraHU30BaH
TOBAPUIIECKNN YYKUH, KOTOPBII COIMPOBOXKIAJICT HCIOJTHEHNEM OApJIOBCKUX IeCEH TOJ TH-
TapHbIii akkoMmaneMmeHT 1podeccopa C.B. CymkoBa UMIPOBU3NPOBAHHBIM XOPOM yUEHBIX
pasHbIX paHroB U Bo3pacToB. JIBa Bedepa mmkosibl ipodeccop H0.C. Bragumupos yerpanBast
MOKa3 JIOKYMEHTAILHBIX (PUIBMOB O JpeBHUX IuBmin3aiugx Erunrta n Jlaturckoit AmMepukn
¢ COOCTBEHHBIMU KOMMEHTAPUSIMU.

[Tpodeccop M.A. Nsanos (ITMAM, Mocksa) pacckazaj 0 HOCIETHUX JTOCTUKEHUAX aBUA~
IIMOHHON TeXHUKH U MoKazaJs (puibM o nocjiegHeM apuacajgone Max-2009. Hajgo ormeruts,
YTO OH Ke C¢JleJlajl OYeHb WHTEPECHBLIN JoKJaj] Ha ceknun «KocMmosorusg» o HEKOTOPBIX
HEOOBITHBIX MPOABIECHUAX (DYyHIAMEHTATbLHBIX B3aUMOJIEHCTBUIl B PEAKTUBHBIX JIBUTATENIAX
IOCJIEJHUX ITOKOJICHUI.

Kpome ykazaHHBIX IJIAHOBBIX MEPONPUATHI YIACTHHKAM IIKOJIBI ObLIN ITPEIOCTABIEHDBI
JIOJIKK JIJIE BOJHBIX TIPOTYJIOK 110 3aloBeHbIM MectaM flibunka (Puc. 16). YaacTHUKY KOH-
depenrtun TakzKe MPOBOMIIN BPEMs 3a PHIOHOI JI0BJIel, cOOpOM rpuboB, KyIIaHueM U UTPOil B
TEHHHUC. DTO yJIABAJIOCH CJEeJIaTh 3a CUeT XOTd U OYeHDb IIJIOTHOTO, HO JIMHEHHOTO PACIHCAHIS
paboOThI CEKINIT — B KasK/IbIii MOMEHT BpeMeHHu paboTaJia TOJIbKO OJIHa U3 IIATH ceKiuii. MoJio-
Jible yUIeHbIe U CTY/CHTBI Bedepa MPOBOIUIN Y KOCTPOB. Takum 0Opa3oM, yIaCTHUKN TTKOJIBI
CMOTJTH M JIOCTATOYHO XOPOIIO OTJAOXHYTH — HAIIOMHUM, YUTO IIKOJIa padoTaIa B MOCIETHIOK
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Puc.14. VYwyacruukn mkoJibl Ha SKCKypcuu Ha o3epo liryxoe.

Puc.15. Oaun Bewep mxonsr Ong Puc.16. Ilpencenarens Oprrommrera  Gracos-
Cannaxkopa musz Ilepmu, nenasno 3a- 2009, npesmient Poccuiickoro rpaBHTAIIHOHHOTO
muTHBIIAaA KaHJAuJaTCKyIo JuccepTa- obmiectBa, npogeccop B.H. Menbankos B Kade-
uro, IUTaja CBOU JUPUIECKHe CTHXH  cTBe JIOIIMaHa Mo S1JIbIuKy Ha OOpTY HIJIIONKH.

6. Utoru Gracos-2009

B 11.00 26 aBrycra cocrosiach oduinaabHas MEePEMOHUS 3aKPBhITHS IITKOJIbI-CEMUHAapa,
Gracos-2009. Beuin mosiBeieHbl OCHOBHBIE UTOTH KOHMEPEHINN, OTMEYEHbI OOJIbIINe IPO-
O1eMbl DYHTAMEHTAJILHBIX UCCICIOBAHUI B coBpeMeHHo# Poccuu, mpodsieMbl puB/Iedennst
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MOJIOJIEXKM K (DYHIAMEHTAJILHBIM HMCCJIEIOBAHUM, a TaKKe MpPOoOJIeMbl COXpaHEHUs] U Pas3-
BUTHUA HAYYIHOTO IMOTEHIUAJA, IIYTH BbIXOJa W3 TylnuKa. Hakamyne, BeYepoM, COCTOSJIOCH
zacemanne [Ipesuanyma Poccuiickoro rpaBUTAIIMOHHOIO OOIECTBA 0T IPEICeaTeIbCTBOM
[Ipesunenrta PI'O, npodeccopa Buranus Hukonaesuyua MeabarkoBa, Ha KOTOPOM ObLIN 10T
BeJICHbI OCHOBHBIE UTOI'M MIKOJIBI U BBIJIEJIEHBI JIYUIINUE JOKJIaIbl MOJIOJALIX ydeHbiX. Ha 3a-
KpbiTun KoHdepenrun seicTymmau npodeccopa B.H. Menbaukos (Puc 17), FO.I'. Urnarees,
B.H. Ilepsymun, JI.B. Tansios, C.B. Cymikos. B TopxkecTBeHHOI 00CTaHOBKE OBLIN BPYI€HbI

Jluttombl oprafgm3annoHHoro Komurera Gracos-2009 gBaaiaTi 9eTbipeM MOJIOIBIM YIEeHbIM
(Puc. 18).

6. Pemmenue koudepenuu. Ha 3akpoitun kondepennun Oblia TPUHATA CJIELYIONIAS
Pezostrorusa mikoJibi-cemunapa.

C 24 mo 29 asrycra 2009 roga Ha 6ase TaTapckoro rocyJIapCTBEHHOIO TI'yMaHUTaPHO-
nejarorndeckoro yausepcurera . Kazanu B YOI «dAipauks o srumoit Poccuiickoro rpa-
BUTAIIMOHHOI'O O0IecTBa ObLIa MpoBejieHa MIKoIa-cemuHap «CoBpeMeHHble TeopeTHYecKue
1pobIeMbl rpaBuTanun 1 Kocmojoruny Gracos-2009. Bouin 3aciyimanst 87 H0KIaI0B, U3 KO-
TOPBIX 15 — mieHapuble — JieKimonnble. [IporpaMma mkoJibl ObL1a MOCBAIIeHa HCCIe0BAHNIO
dyHIaAMEHTAJIBHBIX ITPOOJIEM TEOPETUIecKoi (PU3NKN U KocMojiorun. B paboTe MIKoJIbI pH-
HsIn y4yacTre yuenble u3 12 pernonos Poccuiickoit @enepariym, 6JIM2KHEr0 U JaJIbHEr0 3apy-
Oexkbe. K nagasry paboThl MIKOJIbI-cCeMIHAPa, OBLT BBITYIIEH COOPHUK €TI0 TPY/IOB 00beMoM 12
.1. OJTHOM U3 OCHOBHBIX TIeJIell TITKOJIbI-CeMUHApa ObLIO MpuBIedeHne K (pyHIaMeHTaTbHBIM
UCCJIeIOBAHUSIM MOJIOJICIK .

Puc.17. Ilpencenarenr Oprkomurera Gracos-2009 npogpeccop Burammuii HukosiaeBud
Mesbaukos (MockBa) mojBosur urorn mkoJjbl-cemuHapa. B Ipesuguyme ciesa Haipa-
Bo — npocpeccopa C.B. Ueppon (Vabsinosck), /I.B. Taibios (Mocksa), B.H. Tlepsyiun
(/Iyona), FO.I'. Urnarpes (Kaszann), B.I. Barpos (Tomck), C.B. Cymkos (Kasaub)
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Puc.18. Ilpeacenarens Oprromurera Gracos-2009 npocpeccop Burasmnii HuxosraeBua
MespaukoB Bpydaer jquiiom Oprromurera MosiogoMy yaenomy u3 Yexuu /Dxupn KoBapy

ITocranoBuiu:

1. IIpusnars paboTy KOHMEPEHINH YCIENTHOM U TIJI0IOTBOPHOI.

2. Beipasuts 6iarogapuoctsb pekropy u aavunncrpanun TTTIIY, a takzke mectHOMY Op-
raansarmorHoMy KomuTeTy Gracos-2009 3a BRICOKMIT yPOBEHb OpraHU3allni KOH(MepeH-
IIUN.

3. XomaraiictBoBaTh 1epes pekropom TI'TTIV o cozmanun goroBpeMeHHbIX OTHOIIEHU ¢
Poccuiickum rpaBuTaninoHHbIM OOIIIECTBOM C IEJIHIO OPTaHU3AIIMHI TTOCTOSTHHO JEHCTBYIO-
mieit mKoJibl-ceMuHapa Ha 6aze TT'TIIY u, 11o-Bo3MOXKHOCTH, IIPOBECTH MOJICPHUBAIIAIO
YOII «Anbamk» ¢ 1e1bi0 MOBBIIEHN B Oy/IyIeM cTaTyca IKOJIbi-ceMuHapa 10 Mexk-
JIYHAPOJIHOTO KJIACCA.

4. OTMeTuTh AUIIOMAMHU OpraHm3armoHHoro komurera I Poccniickoil mkosb-ceMuHapa,
«CoBpeMeHHbIe TeOpeTHIecKne POobIeMbI TpaBUTAINN 1 KocMostoruny Gracos-2009 1o-
KJIJTbI MOJIOJIBIX YUEHBIX, TOCBAIIEHHBIE UCC/IEIOBAHISAM B 00JIACTH T€OPUU TPABUTAIIIN
1 KOCMOJIOTHH.

5. Iposectn III mkomy-cemunap B 2012 rogy.
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