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Time Between Real and Imaginary: what
Geometries Describe Universe near Big Bang?

Yuri I. Manin1

Abstract. For about a century, a great challenge for theoretical physics
consisted in understanding the role of quantum mode of description of our
Universe (“quantum gravity”). Einstein space–times on the scale of ob-
servable Universe do not easily submit to any naive quantization scheme.
There are better chances to concoct a satisfying quantum picture of the
very early space–time, near the Big Bang, where natural scales of events
like inflation extrapolated from current observations resist any purely clas-
sical description and rather require quantum input.

Many physicists and mathematicians tried to understand the quantum
early Universe, sometimes unaware of input of the other community. One
of the goals of this article is to contribute to the communication of the two
communities. In the main text, I present some ideas and results contained
in the recent survey/research papers [Le13] (physicists) and [MaMar14],
[MaMar15] (mathematicians).

Introduction and survey

0.1. Relativistic models of space–time: Minkowski signature. Most
modern mathematical models in cosmology start with description of space–time
as a 4–dimensional pseudo–Riemannian manifold M endowed with metric

ds2 =
∑

gikdx
idxk

of signature (+,−,−,−) where + refers to time–like tangent vectors, whereas
the infinitesimal light–cone consists of null–directions. Each such manifold is
a point in the infinite–dimensional configuration space of cosmological models.

Basic cosmological models are constrained by Einstein equations

Rik −
1

2
Rgik + Λgik = 8πGTik

and/or additional symmetry postulates, of which the most essential for us here
are the so called Bianchi IX space–times, here with symmetry group SO(3),
cf. [To13] and [Ne13] for a recent context.

1Max–Planck–Institut für Mathematik, Bonn, Germany. manin@mpim-bonn.mpg.de
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author and publishers for their kind permission granted to republish the article.

5



6 Yuri I. Manin

In this model, the space–time is fibered over the semi–axis of a global
(“cosmological”) time t. Fibres are homogeneous spaces over SO(3), and the
negative Einstein metric −ds2 induces on them a metric of constant curvature.
In order to write ds2 in convenient coordinates, we choose a fixed time–like
geodesic (“observer’s history”) along which ds2 is dt2, and coordinatize each
space section at the time t by the invariant distance r from the observer and
two natural angle coordinates θ, φ on the sphere of radius r. By rescaling the
radial coordinate, we may assume that the curvature constant k takes one of
three values: k = ±1 or 0.

This rescaling produces the natural unit of length, when k 6= 0, and the
respective unit of time is always chosen so that the speed of light is c = 1.

The Friedman–Robertson–Walker (FRW) metric is then given by the for-
mula

ds2 := dt2 −R(t)2
ï

dr2

1− kr2 + r2(dθ2 + sin2 θ dφ2)

ò
(0.1)

0.2. Input of observations. One of the most counter–intuitive discoveries
of the XX–th century cosmology was the “observability” of cosmological time
t and possibility to estimate its natural scale (“age of our Universe”). We now
know that it is about 14 · 109 years, or five million times longer than the age of
human civilisation. Together with considerable homogeneity of the observable
space section (local metric disturbances caused by galaxies are counted as neg-
ligible) this gives considerable weight to the results of mathematical studies of
Bianchi IX SO(3)–models.

A robust version of observable global time is the inverse temperature 1/kT
of the cosmic microwave background (CMB) radiation. It is accepted that the
current value of it measures the global age of our Universe starting from the
time when it stopped to be opaque for light, about 38 · 104 years after the Big
Bang. Near the Big Bang our Universe was extremely hot, and its evolution is
measured by its cooling.

Another version of time is furnished by measurements of the redshift of
“standard candles” in observable galaxies, thus putting their current appear-
ance on various cosmological time sections of our Universe (Hubble’s Law).

Remarkably, generally accepted physical pictures of the Universe involve
also unimaginably small periods of cosmological time: between 10−40 and 10−30

seconds after the Big Bang the radius of space sections has grown 1030 times
(“inflation era”), with speed many orders of magnitude exceeding the speed of
light. The inflation period is postulated in order to explain the homogeneity
of space–time sections of observable Universe (on the scale where galaxies are
negligible perturbations).

Last but not least: dynamical equations which must be satisfied by met-
rics of space–time are defined by the choice of Lagrangian (or Hamiltonian
as soon as cosmological time variable is introduced). Besides the metric cur-
vature, this Lagrangian may contain contributions from (models of) massive
matter, electro–magnetic field etc. Observations led to the picture of the so
called “dark matter” and “dark energy” participating only in gravitational in-
teraction. Their cosmological influence far exceeds that of usual matter, say,
content of galaxies. In particular, non–vanishing Einstein’s cosmological con-
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stant Λ responsible for the “dark energy” effect must explain the observable
accelerating expansion of the Universe.

For more details, see [AU], [Bal].

0.3. Primeval chaos: going backwards in time. As we have already
stressed, in mathematical models of general relativity, the notion of time is
local: along each oriented geodesic whose tangent vectors lie inside respec-
tive light cones, the differential of its time function dt is ds restricted to this
geodesic. Applying this prescription formally, we see that even in a flat space–
time, along space–like geodesics time becomes purely imaginary, whereas light–
like geodesics along which time “stays still”, form a wall. The respective wall–
crossing in the space of geodesics produces the Wick rotation of time, from
real axis to the pure imaginary axis. Along any light–like geodesic, “real” time
stops, however “pure imaginary time flow” makes perfect sense appearing e. g.,
as a variable in wave–functions of photons.

In the main text, we will describe models (suggested in [MaMar14–15])
in which cosmological time becomes imaginary also at the past boundary of the
universe t = 0. However, in these models the reverse Wick rotation does not
happen instantly. Instead, it includes the movement of time along a random
geodesic curve in the complex half plane endowed with its standard hyperbolic
metric.

Moreover, the set of all such geodesics (modulo a subgroup of PSL(2,Z))
is endowed with much studied invariant measure, and we regard the result-
ing classical statistical system as an approximation to an (unknown) quantum
description of the early Universe.

Our primary motivation (cf. [MaMar14]) was the desire to explain the
pure formal coincidence of the dynamics of two very different systems:

A. Mixmaster Universe. In this model, one studies Bianchi IX SO(3)
with metric that in appropriate coordinates takes form ds2 = dt2 − a(t)dx2 −
b(t)dy2−c(t)dz2, t > 0. It turns out that the respective Einstein equations have
a family of Kasner’s exact solutions a(t) = tpa , b(t) = tpb , c(t) = tpc . Moreover,
mathematical methods of qualitative studies of dynamical systems suggest that
a generic solution of the relevant Einstein equations, traced backwards in time
towards the Big Bang moment t = 0, can be approximated by an infinite
sequence of Kasner’s solutions.

B. Hyperbolic billiard. The relevant dynamical system is the hyperbolic
billiard on a standard fundamental domain for PSL(2,Z) (or a finite index
subgroup), encoded in the Poincaré return map with respect to the boards of
this billiard: see [Ar24], [Se85], [Le13], [MaMar15].

However, accommodating Mixmaster Universe in the hyperbolic billiard
picture seems to require an analytic continuation of Kasner’s solutions. It is
not known, and according to some computer assisted studies, time in Kasner’s
models does not admit the necessary analytic continuation involving space–like
coordinates as well, cf. [LuCh13].

In [MaMar15], we avoided this obstacle by looking at the geometry of
space–times from the perspective of imaginary time axis. This means that we
start with space–times with metrics of the Euclidean signature (+,+,+,+). In
the framework of cosmology, they correspond to Bianchi IX SU(2)–symmetric
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space–times, where all coordinates generally can take complex values, so that
it makes sense to trace time flow along the relevant geodesics.

0.4. Relativistic models of space–time: Euclidean signature. In these
models, space–times satisfying a complexified version of Einstein equations
are Bianchi IX four–dimensional manifolds, fibered over domains of complex
plane of time, whose fibres are SU(2)–homogeneous spaces (rather than SO(3)–
homogeneous spaces in the cases of Minkowski signature). By analogy with
Yang–Mills instantons, they are sometimes called gravitational instantons.

More precisely, consider the SU(2) Bianchi IX model with metric of the
form

g = F

Å
dµ2 +

σ2
1

W 2
1

+
σ2
2

W 2
2

+
σ2
3

W 2
3

ã
. (0.2)

Here µ is the relevant version of the cosmological time, (σj) are SU(2)–invariant
forms along space–sections with dσi = σj ∧ σk for all cyclic permutations of
(1, 2, 3), and F is a conformal factor.

By analogy with the SO(3) case and metric dt2 − a(t)2dx2 − b(t)2dy2 −
c(t)2dz2, in the main text we will treat Wi (as well as some natural monomials
in Wi and F ) as SU(2)–scaling factors.

It is important that, contrary to the SO(3)–case, generic anti–self–dual
Einstein metrics (solutions of Einstein equations) in the SU(2)–case can be
written explicitly in terms of elliptic modular functions whereas their chaotic
behaviour along geodesics in the complex half–plane of time becomes only a
reflection of the chaotic behaviour of the respective billiard ball trajectories.

A natural quantisation scheme of gravitational instantons involves non–
commutative deformations of their toric space sections. Focussing on this quan-
tisation scheme, in [MaMar15] we gave additional arguments about relationship
between Mixmaster chaos and quantum mechanics of the Big Bang, but this
time not involving Kasner’s solutions at all: see section 2 of the main text.

0.5. Boundaries of space–times. The statement invoked above that the
generic SO(3) space–times traced back to t→ 0 can be approximated by an in-
finite sequence of Kasner’s solutions is mathematically formulated and proved
by considering a partial compactification of the respective phase–spaces and
studying the geometry of separatrices on the boundary of a partial compacti-
fication of these phase spaces: see [BoNo73], [Bo85].

Another type of boundaries was considered in [MaMar14], where we tried
to produce algebraic–geometric models of Roger Penrose’s “aeons”: see [Pe10]
and [Pe64]–[Pe02]. According to his scheme, the moment t = 0 of our cosmo-
logical time might have been preceded by evolution of another Universe, the
cold death of which was a prequel of our Big Bang. According to Penrose,
conformal classes of the respective metrics furnish a continuous transition from
the previous aeon to the next one.

Since a conformal change of the metric does not change the relevant light
cone in the tangent space at any point of space–time, we suggested in [Ma-
Mar14] matching pairs of boundaries between aeons, in which the projective
compactification of cold Minkowski space–time of previous aeon matches the
blown up divisor over the Big Bang point of the next aeon.
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***

Cosmology has its own singular place in the body of scientific knowledge:
the same quest for the meaning of Universe influences philosophy, poetry, faith
(cf. two remarkable books [Lam07], [Lam15] about life, faith and research of
Canon Georges Lemaitre, the first discoverer of Hubble’s Law and Big Bang
picture).

I will therefore close this introduction quoting the wonderful lines by
Steven Weinberg ([We77]):

As I write this I happen to be in an airplane at 30,000 feet, flying over
Wyoming en route home from San Francisco to Boston. Below, the earth looks
very soft and comfortable — fluffy clouds here and there, snow turning pink
as the sun sets, roads stretching straight across the country from one town to
another. It is very hard to realize that this is just a tiny part of an overwhelm-
ingly hostile universe. It is even harder to realise that this present universe
has evolved from an unspeakably unfamiliar early condition, and faces a future
extinction of endless cold or intolerable heat. The more the universe seems
comprehensible, the more it also seems pointless.

But if there is no solace in the fruits of our research, there is at least some
consolation in the research itself. Men and women are not content to comfort
themselves with tales of gods and giants, or to confine their thoughts to the
daily affairs of life; they also build telescopes and satellites and accelerators,
and sit at their desks for endless hours working out the meaning of the data
they gather. The effort to understand the universe is one of the very few things
that lifts human life a little above the level of farce, and gives it some of the
grace of tragedy.

Steven Weinberg. “The first three minutes.”

1 Cosmological time, elliptic integrals, and
upper complex half–plane

1.1. Minkowski signature: late Universe. Following [To13] and [Ne13],
we consider the cosmological time at the late stage of the FRW model (0.1).

It is convenient to replace r in (0.1) by the third dimensionless “angle”
coordinate χ := r/R(t). Then (0.1) becomes

ds2 := dt2 −R(t)2
[
dχ2 + S2

k(χ)(dθ2 + sin2 θ dφ2)
]
, (1.1)

where Sk(χ) = sin χ for k = 1; χ for k = 0; and sinh χ for k = −1.
This rescaling produces the natural unit of length, when k 6= 0, and the

respective unit of time is always chosen so that the speed of light is c = 1.
Dynamic in this model is described by one real function R(t): it increases

from zero at the Big Bang of one aeon to infinity.
We scale R(t) by putting R = 1 “now”, as in [To13]. Notations in [To13]

slightly differ from ours. In his formula for metric (2), r is our χ, and fk(r) is
our Sk(χ).
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This function is constrained by the Einstein–Friedman equations (here
with cosmological constant Λ = 3), which leads to the introduction of the
elliptic curve given by the equation in the (Y,R)–plane

Y 2 = R4 + aR+ b (1.2)

(see [To13], equation (3), and [Ne13], eq. (9), where their S is the same as
our R).

Besides the proper time t, and the scale factor R(t), global time may
be measured by its conformal version τ , which according to [To], formula (3),
may be given as the Abelian integral along a real curve on the complex torus,
Riemann surface of the elliptic curve (1.2):

τ ∼=
∫ R(t)

0

dR

Y
. (1.3)

Physical interpretation of the coefficients a, b as characterising matter and radi-
ation sources in Einstein equations for this model for which we refer the reader
to [OlPe05] and [To13], shows that in principle a, b also depend on time. Then
(1.2) describes a family of elliptic curves parametrized in a way that is clas-
sic and well known to algebraic geometers. In particular, cosmological time
variable moves along one of the versions of base families of elliptic curves.

Universal families of elliptic curves are parametrized by upper complex
half–plane and its quotients (modular curves), and we see now that a family
of elliptic curves (1.2) naturally emerges in the description of a late stage of
evolution of the FRW model. In a pure mathematical context, the reader
is invited to compare our suggestion with the treatment of the Painlevé VI
equation in [Ma96] and the whole hierarchy of Painlevé equations in [Ta01].

Now we will discuss a totally different way in which the chaotic evolution
in Mixmaster early Universe leads to the appearance of modular curves as well.

1.2. Minkowski signature: early Universe and Mixmaster chaos. As
a model of the early universe emerging after the Big Bang we take here the
Bianchi IX space–time, admitting SO(3)–symmetry of its space–like sections.
We will choose coordinates in which its metric takes the following form:

ds2 = dt2 − a(t)2dx2 − b(t)2dy2 − c(t)2dz2, (1.4)

where the coefficients a(t), b(t), c(t) are called scaling factors.
A family of such metrics satisfying Einstein equations is given by Kasner

solutions,
a(t) = tp1 , b(t) = tp2 , c(t) = tp3 (1.5)

in which pi are points on the real algebraic curve∑
pi =

∑
p2i = 1. (1.6)

These metrics become singular at t = 0 which is the Big Bang moment.
Around 1970, V. Belinskii, I. M. Khalatnikov, E. M. Lifshitz and I. M. Lif-

shitz argued that almost every solution of the Einstein equations for (1.4) traced
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backwards in time t → +0 can be approximately described by a sequence of
solutions (1.5) or equivalently, of points (1.6): see [KLiKhShSi85] for a later
and more comprehensive study. The n–th point of this sequence begins the re-
spective n–th Kasner era, at the end of which a jump to the next point occurs,
see below.

A mathematically careful treatment of this discovery in [BoNo73] has
shown that this encoding is certainly applicable to another dynamical system
which is defined on the boundary of a certain compactification of the phase
space of this Bianchi IX model and in a sense is its limit.

Construction of this boundary involves a nontrivial real blow up at the
t = 0, see details in [Bo85]. The resulting boundary is an attractor, it supports
an array of fixed points and separatrices, and the jumps between separatrices
which result from subtle instabilities account for jumps between successive
Kasner’s regimes, corresponding to different points of (1.6).

In what sense this picture approximates the actual trajectories, is a not
quite trivial question: cf. the last three paragraphs of the section 2 of [KLiKh-

ShSi85], where it is explained that among these trajectories there can exist
“anomalous” cases when the description in terms of Kasner eras does not make
sense, but that they are, in a sense, infinitely rare. See also the recent critical
discussion in [LuCh13].

Here are some details of the classical description.

(a) Continued fractions. We denote by Z, resp. Z+, the set of integers,
resp. positive integers; Q, resp. R is the field of rational, resp. real numbers.
For x ∈ R, we put [x] := max {m ∈ Z |m ≤ x}.

Irrational numbers x > 1 admit the canonical infinite continued fraction
representation

x = k0 +
1

k1 +
1

k2 + . . .

=: [k0, k1, k2, . . . ], ks ∈ Z+ (1.7)

in which k0 := [x], k1 = [1/(x − k0)] etc. Notice that our convention differs
from that of [KLiKhShSi85]: their [k1, k2, . . . ] means our [0, k1, k2, . . . ].

(b) Transformation T . The (partial) map T̃ : [0, 1]2 → [0, 1]2 is defined by

T̃ : (x, y) 7→
Å

1

x
−
ï

1

x

ò
,

1

y + [1/x]

ã
, (1.8)

If both coordinates (x, y) ∈ [0, 1]2 are irrational (the complement is a subset of
measure zero), we have for uniquely defined ks ∈ Z+:

x = [0, k0, k1, k2, . . . ], y = [0, k−1, k−2, . . . ].

Then
1

x
−
ï

1

x

ò
= [0, k1, k2, . . . ],

1

y + [1/x]
=

1

k0 + y
= [0, k0, k−1, k−2, . . . ].
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On this subset, T̃ is bijective and has invariant density

dx dy

ln 2 · (1 + xy)2

(cf. [May87]).
Thus we may and will bijectively encode irrational pairs (x, y) ∈ [0, 1]2 by

doubly infinite sequences

(k) := [. . . k−2, k−1, k0, k1, k2, . . . ], ki ∈ Z+

in such a way that the map T̃ above becomes the shift of such a sequence
denoted T :

T (k)s = ks+1. (1.9)

(c) Continued fractions and Mixmaster chaos. Any point (pa, pb, pc) in
(1.6) can be obtained by choosing a unique u ∈ [1,∞], putting

p
(u)
1 := − u

1 + u+ u2
∈ [−1/3, 0], p

(u)
2 :=

1 + u

1 + u+ u2
∈ [0, 2/3],

p
(u)
3 :=

u(1 + u)

1 + u+ u2
∈ [2/3, 1] (1.10)

and then rearranging the exponents p
(u)
1 ≤ p(u)2 ≤ p(u)3 by a bijection (1, 2, 3)→

(a, b, c).
As we have already explained, a “typical” solution γ of Einstein equations

(vacuum, or with various energy momentum tensors) with SO(3)–symmetry of
the Bianchi IX type, followed from an arbitrary (small) value t0 > 0 in the
reverse time direction t → +0, oscillates close to a sequence of Kasner type
solutions.

Somewhat more precisely, introduce the local logarithmic time Ω along

this trajectory with inverted orientation. Its differential is dΩ := − dt

abc
, and

the time itself is counted from an arbitrary but fixed moment. Then Ω→ +∞
approximately as − log t as t→ +0, and we have the following picture.

As Ω ∼= − log t → +∞, a “typical” solution γ of the Einstein equations
determines a sequence of infinitely increasing moments Ω0 < Ω1 < . . . < Ωn <
. . . and a sequence of irrational real numbers un ∈ (1,+∞), n = 0, 1, 2, . . ..

The time semi–interval [Ωn,Ωn+1) is called the n–th Kasner era for the
trajectory γ (in [Le13], our eras are called epochs). Within the n–th era, the
evolution of a, b, c is approximately described by several consecutive Kasner’s
formulas. Time intervals where scaling powers (pi) are constant are called
Kasner’s cycles (in [Le13], our cycles are called eras).

The evolution in the n–th era starts at time Ωn with a certain value
u = un > 1 which determines the sequence of respective scaling powers during
the first cycle (1.10):

p1 = − u

1 + u+ u2
, p2 =

1 + u

1 + u+ u2
, p3 =

u(1 + u)

1 + u+ u2

The next cycles inside the same era start with values u = un − 1, un − 2, . . . ,
and scaling powers (1.10) corresponding to these numbers, rearranged corre-
sponding to a bijection (1, 2, 3) → (a, b, c) which is in turn identical to the
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previous one, or interchanges b and c (see [MaMar02] or [Le13] for a modular
interpretation).

After kn := [un] cycles inside the current era, a jump to the next era
comes, with parameter

un+1 =
1

un − [un]
. (1.11)

Moreover, ensuing encoding of γ’s and respective sequences (ui)’s by con-
tinued fractions (1.7) of real irrational numbers x > 1 is bijective on the set of
full measure.

Finally, when we want to include into this picture also the sequence of
logarithmic times Ωn starting new eras, we naturally pass to the two–sided
continued fractions and the transformationn T . Here are some details.

(d) Doubly infinite sequences and modular geodesics. Let H := {z ∈
C, Im z > 0} be the upper complex half–plane with its Poincaré metric
|dz|2/|Im z|2. Denote also by H := H ∪ {Q ∪ {∞}} this half–plane completed
with cusps.

The vertical lines Re z = n, n ∈ Z, and semicircles in H connecting pairs
of finite cusps (p/q, p′/q′) with pq′−p′q = ±1, cut H into the union of geodesic
ideal triangles which is called the Farey tessellation.

Following [Ar24], [Se85], consider the set of oriented geodesics β’s in H
with ideal irrational endpoints in R. Let β−∞, resp. β∞ be the initial, resp.
the final point of β. Let B be the set of such geodesics with β−∞ ∈ (−1, 0),
β∞ ∈ (1,∞). Put

β−∞ = −[0, k0, k−1, k−2, . . . ], β∞ = [k1, k2, k3, . . . ], ki ∈ Z+, (1.12)

and encode β by the doubly infinite continued fraction

[. . . k−2, k−1, k0, k1, k2, . . . ]. (1.13)

The geometric meaning of this encoding can be explained as follows. Consider
the intersection point x = x(β) of β with the imaginary semiaxis in H. Moving
along β from x to β∞, one will intersect an infinite sequence of Farey triangles.
Each triangle is entered through a side and left through another side, leaving
the ideal intersection point (a cusp) of these sides either to the left, or to the
right. Then the infinite word in the alphabet {L,R} encoding the consecutive
positions of these cusps wrt β will be Lk1Rk2Lk3Rk4 . . . Similarly, moving from
β−∞ to x, we will get the word (infinite to the left) . . . Lk−1Rk0 .

We can enrich the new notation . . . Lk−1Rk0Lk1Rk2Lk3Rk4 . . . (called cut-
ting sequence of our geodesic in [Se85]) by inserting between the consecutive
powers of L,R notations for the respective intersection points of β with the
sides of Farey triangles. So x0 := x = x(β) will be put between Rk0 and Lk1 ,
and generally we can imagine the word

. . . Lk−1x−1R
k0x0L

k1x1R
k2x2L

k3x3R
k4 . . . (1.14)

Since the Farey tessellation is acted upon by the modular group PSL(2,Z)
and its hyperbolic extension including orientation changing isometries of H, we
may present another version of the geometric description of geodesic flow. This
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is an equivalent dynamical system which is the triangular hyperbolic billiard
with infinitely distant corners (“pockets”): see [Ar24], [Se85], [Le13], [Ma-
Mar15].

Here we use the term “hyperbolic” in order to indicate that sides (boards)
of the billiard and trajectories of the ball (“particle”) are geodesics with respect
to the hyperbolic metric of constant curvature −1 of the billiard table. This is
not the standard meaning of the hyperbolicity in this context, where it usually
refers to non–vanishing Lyapunov exponents.

(e) Proposition. All hyperbolic triangles of the Farey tessellation of H
are isomorphic as metric spaces.

For any two closed triangles having a common side there exists unique
metric isomorphism of them identical along this side. It inverts orientation
induced by H. Starting with the basic triangle ∆ with vertices {0, 1, i∞} and
consecutively using these identifications, one can unambiguously define the map
b : H → ∆.

Any oriented geodesic on H with irrational end–points in R is sent by the
map b to a billiard ball trajectory on the table ∆ never hitting corners.

All this is essentially well known since at least [Ar24].
It is also worth noticing that although all three sides of ∆ are of infinite

length, this triangle is equilateral in the following sense: there exists a group
S6 of hyperbolic isometries of ∆ acting on vertices by arbitrary permutations.
This group has a unique fixed point ρ := exp(πi/3) in ∆, the centroid of ∆.

In fact, this group is generated by two isometries: z 7→ 1 − z−1 and
symmetry with respect to the imaginary axis.

Three finite geodesics connecting the centre ρ with points i, 1 + i,
1 + i

2
respectively, subdivide ∆ into three geodesic quadrangles, each having one
infinite (cusp) corner. We will call these points centroids of the respective sides
of ∆, and the geodesics (ρ, i) etc. medians of ∆.

Each quadrangle is the fundamental domain for PSL(2,Z).

(f) Billiard encoding of oriented geodesics. Consider the first stretch of
the geodesic β encoded by (1.14) that starts at the point x0 in (0, i∞). If
k0 = 1,the ball along β reaches the opposite side (1, i∞) and gets reflected to
the third side (0, 1). If k0 = 2, it reaches the opposite side, then returns to the
initial side (0, i∞), and only afterwards gets reflected to (0, 1).

More generally, the ball always spends k0 unobstructed stretches of its
trajectory between (0, i∞) and (1, i∞), but then is reflected to (0, 1) either
from (1, i∞) (if k0 is odd), or from (0, i∞) (if k0 is even). We can encode this
sequence of stretches by the formal word∞k0 showing exactly how many times
the ball is reflected “in the vicinity” of the pocket i∞, that is, does not cross
any of the medians.

A contemplation will convince the reader that this allows one to define
an alternative encoding of β by the double infinite word in three letters , say
a, b, c, serving as names of the vertices {0, 1, i∞}.

(g) Kasner’s eras in logarithmic time and doubly infinite continued frac-
tions. Now we will explain, how the double infinite continued fractions enter
the Mixmaster formalism when we want to mark the consecutive Kasner eras
upon the t–axis, or rather upon the Ω–axis, where Ω := −log

∫
dt/abc



Time Between Real and Imaginary 15

In the process of construction, these continued fractions will also come
with their enrichments.

We start with fixing a “typical” space–time γ whose evolution with t→ +0
undergoes (approximately) a series of Kasner’s eras described by a continued
fraction [k0, k1, k2, . . . ], where ks is the number of Kasner’s cycles within s–th
era [Ωs,Ωs+1). We have enriched this encoding by introducing parameters us
which determine the Kasner exponents within the first cycle of the era number
s by (1.5). A further enrichment comes with putting these eras on the Ω–axis.
According to [KLiKhShSi85], [BoNo73], [Bo85], if one defines the sequence of
numbers δs from the relations

Ωs+1 = [1 + δsks(us + 1/{us})]Ωs,

then complete information about these numbers can be encoded by the exten-
sion to the left of our initial continued fraction:

[. . . , k−1, k0, k1, k2, . . . ] (1.15)

in such a way that
δs = x+s /(x

+
s + x−s )

where
x+s = [0, ks, ks+1, . . . ], x−s = [0, ks−1, ks−2, . . . ]. (1.16)

The following result established in [MaMar15] shows that cosmological time can
be approximately measured in terms of geodesic length of path of the billiard
ball.

1.3. Theorem. Let a “typical” Bianchi IX Mixmaster Universe be encoded
by the double–sided sequence (1.15). Consider also the respective geodesic in
H with its enriched encoding (1.14).

Then we have “asymptotically” as s→∞, s ∈ Z+:

log Ω2s/Ω0 ' 2
s−1∑
r=0

dist (x2r, x2r+1), (1.17)

where dist denotes the hyperbolic distance between the consecutive intersection
points of the geodesic with sides of the Farey tesselation as in (1.14).

The formula (1.17) shows that the distance measured along a geodesic can
be compared to (doubly) logarithmic cosmological time.

During the stretch of time/geodesic length which such a geodesic spends
in the vicinity of a vertex of ∆, the respective space–time in a certain sense can
be approximated by its degenerate version, corresponding to the vertex itself,
and this will justify considering below the respective segments of geodesics as
the “instanton Kasner eras”.

1.4. Riemannian signature: Bianchi IX models with SU(2)–symmetry.
Consider the SU(2) Bianchi IX model with metric of the form

g = F

Å
dµ2 +

σ2
1

W 2
1

+
σ2
2

W 2
2

+
σ2
3

W 2
3

ã
. (1.18)
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Here µ is cosmological time, (σj) are SU(2)–invariant forms along space–
sections with dσi = σj ∧ σk for all cyclic permutations of (1, 2, 3), and F is
a conformal factor.

By analogy with the SO(3)–case and metric dt2 − a(t)2dx2 − b(t)2dy2 −
c(t)2dz2, we may and will treat Wi (as well as some natural monomials in Wi

and F ) as SU(2)–scaling factors.
However, contrary to the SO(3)–case, generic solutions of Einstein equa-

tions in the SU(2)–case can be written explicitly in terms of elliptic modu-
lar functions, whereas their chaotic behaviour along geodesics in the complex
half–plane of time is only a reflection of the chaotic behaviour of the respective
billiard ball trajectories.

We will use explicit formulas given in [BaKo98], where they were deduced
from the basic results of [Hi95]. The central role in them is played by theta–
functions depending on the the complex arguments iµ ∈ H, z ∈ C, with
parameters (p, q) called theta–characteristics:

ϑ[p, q](z, iµ) :=
∑
m∈Z

exp{−π(m+ p)2µ+ 2πi(m+ p)(z + q)}. (1.19)

It can be expressed through the theta–function with vanishing characteristics:

ϑ[p, q](z, iµ) = exp {−πp2µ+ 2πipq} · ϑ[0, 0](z + piµ+ q, iµ). (1.20)

All these functions satisfy classical automorphy identities with respect to the
action of PGL(2,Z).

1.5. Theorem. ([To94], [Hi95], [BaKo98].) Put

ϑ[p, q] := ϑ[p, q](0, iµ) (1.21)

and
ϑ2 := ϑ[1/2, 0], ϑ3 := ϑ[0, 0], ϑ4 := ϑ[0, 1/2]. (1.22)

(A) Consider the following scaling factors as functions of µ with param-
eters (p, q):

W1 :=
i

2
ϑ3ϑ4

δ

δq
ϑ[p, q + 1/2]

eπipϑ[p, q]
, W2 :=

i

2
ϑ2ϑ4

δ

δq
ϑ[p+ 1/2, q + 1/2]

eπipϑ[p, q]
,

W3 := −1

2
ϑ2ϑ3

δ

δq
ϑ[p+ 1/2, q]

ϑ[p, q]
, (1.23)

Moreover, define the conformal factor F with non–zero cosmological constant
Λ by

F :=
2

πΛ

W1W2W3

(
δ

δq
log ϑ[p, q])2

(1.24)

The metric (1.18) with these scaling factors for real µ > 0 is real and satisfies
the Einstein equations if either

Λ < 0, p ∈ R, q ∈ 1

2
+ iR, (1.25)
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or

Λ > 0, q ∈ R, p ∈ 1

2
+ iR. (1.26)

(B) Consider now a different system of scaling factors

W ′1 :=
1

µ+ q0
+ 2

d

dµ
log ϑ2, W

′
2 :=

1

µ+ q0
+ 2

d

dµ
log ϑ3,

W ′3 :=
1

µ+ q0
+ 2

d

dµ
log ϑ4, (1.27)

and
F ′ := −C(µ+ q0)2W ′1W

′
2W
′
3, (1.28)

where q0, C ∈ R, C > 0.
The metric (1.18) with these scaling factors for real µ > 0 is real and

satisfies the Einstein equations with vanishing cosmological constant.

We will now consider values of iµ ∈ ∆ ⊂ H in the vicinity of i∞ but not
necessarily lying on the imaginary axis. Since we are interested in the instanton
analogs of Kasner’s solutions, we will collect basic facts about asymptotics of
scaling factors for iµ→ i∞.

For brevity, we will call a number r ∈ R general, if r /∈ Z ∪ (1/2 + Z).
For such r, denote by 〈r〉 ∈ (−1/2, 0) ∪ (0, 1/2) such real number that

r +m0 = 〈r〉 for a certain (unique) m0 ∈ Z.

1.6. Theorem. The scaling factors of the Bianchi IX spaces listed in Theo-
rem 1.5 have the following asymptotics near µ = +∞:

(i) For Λ = 0:

W ′1 ∼ −
π

2
, W ′2 ∼W ′3 ∼

1

µ+ q0
. (1.29)

(ii) For Λ < 0 and general p:

W1 ∼ −π〈p〉 exp {πi(〈p〉 − p)}, W2 ∼ ±W3,

W3 ∼ −2πi 〈p+ 1/2〉 · exp {πi sgn 〈p〉q} · exp{πµ(|〈p〉| − 1/2)}. (1.30)

(iii) For Λ > 0, real q and p = 1/2 + ip0, p0 ∈ R:

W1 ∼ πp0 tan{π(q − p0µ)} − 1

2
, W2 ∼ −W3,

W3 ∼ 2πp0 · (cos π(q − p0µ))−1. (1.31)

Theorem 1.6 (proved in [MaMar15]) shows that for general members of all
solution families from [BaKo98], after eventual sign changes of some Wi’s and
outside of the pole singularities on the real time axis, we have asymptotically
W2 = W3, W1 6= W2.

In the next section, we will show that precisely such a condition allows
one to quantize the respective geometric picture in terms of Connes–Landi
([CoLa01]). This gives additional substance to our vision that chaotic Mixmas-
ter evolution along hyperbolic geodesics reflects a certain “dequantization” of
the hot quantum early Universe.
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1.7. Gravitational instantons and Painlevé VI. Hitchin’s classification
of gravitational instantons that led to Theorem 1.5 was based upon the re-
duction of the relevant Einstein equations to a Painlevé VI equation. We will
briefly recall basics facts about them; see [Ta01] for a more general context.

Equations of the type Painlevé VI form a four–parametric family. Denote
parameters (α, β, γ, δ), and the independent variable by t. The corresponding
equation for a function X(t) looks as follows:

d2X

dt2
=

1

2

Å
1

X
+

1

X − 1
+

1

X − t

ãÅ
dX

dt

ã2
−
Å

1

t
+

1

t− 1
+

1

X − t

ã
dX

dt
+

+
X(X − 1)(X − t)

t2(t− 1)2

ï
α+ β

t

X2
+ γ

t− 1

(X − 1)2
+ δ

t(t− 1)

(X − t)2
ò
.

Gravitational instantons correspond to the case

(α, β, γ, δ) = (
1

8
,−1

8
,

1

8
,

3

8
).

Solutions in elliptic functions of this equation describe Bianchi IX space–
times with SU(2)–symmetry: see [Hi95].

One more interesting case is (α, β, γ, δ) = (
9

2
, 0, 0,

1

2
).According to B. Dubrovin,

a specific solution of this equation describes “the mirror of P2” in a general
context of Mirror Symmetry.

In 1907, R. Fuchs has rewritten PVI in the form

t(1− t)
ï
t(1− t) d

2

dt2
+ (1− 2t)

d

dt
− 1

4

ò ∫ (X,Y )

∞

dx√
x(x− 1)(x− t)

=

= αY + β
tY

X2
+ γ

(t− 1)Y

(X − 1)2
+ (δ − 1

2
)
t(t− 1)Y

(X − t)2 (1.32)

Here he enhanced X := X(t) to (X,Y ) := (X(t), Y (t)) treating the latter pair
as a section P := (X(t), Y (t)) of the generic elliptic curve E = E(t) : Y 2 =
X(X − 1)(X − t).

Up to a simple change of notations, the abelian integral
∫ (X,Y )

∞ in (1.32)

can be directly identified with the abelian integral
∫ R(t)

0
in (1.3) so that this

integral is a version of cosmological time. The meaning of the right hand side of
(1.32) was clarified in my paper [Ma96]. After having noticed that Painlevé VI
can be written on any one–dimensional family of elliptic curves (its dependent
variable becoming a (multi)section of such a family), I have applied this remark
to the analytic family Eτ := C/(Z + Zτ) 7→ τ ∈ H. Denoting by z a fixed
coordinate on C, we can rewrite (1.32) in the form

d2z

dτ2
=

1

(2πi)2

3∑
j=0

αj℘z(z +
Tj
2
, τ) (1.33)

Here (α0, . . . , α3) := (α,−β, γ, 1

2
− δ), (T0, T1, T2, T3) := (0, 1, τ, 1 + τ), and

℘(z, τ) :=
1

z2
+

∑
(m,n)6=(0,0)

Å
1

(z −mτ − n)2
− 1

(mτ + n)2

ã
.
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Moreover, equation of the generic elliptic curve becomes

℘z(z, τ)2 = 4(℘(z, τ)− e1(τ))(℘(z, τ)− e2(τ))(℘(z, τ)− e3(τ))

where

ei(τ) = ℘(
Ti
2
, τ),

so that e1 + e2 + e3 = 0.
Since PGL(2,Z) acts on the total space of this family, the “time variable”

τ (an abelian integral along closed path on a curve) can be restricted to the
fundamental domain of this group or its finite index subgroup, and this leads
to the hyperbolic billiard picture.

2 Quantum Big Bang?

2.1. Canonical quantisation of the billiard system and Maass forms.
The most straightforward way to produce from the Mixmaster chaotic system
its quantum version consists in applying canonical quantisation to the billiard
ball moving in one of the version of hyperbolic billiard table discussed above.

This immediately leads to the consideration of Maass wave functions:
eigenvectors Ψ of the Laplace–Beltrami operator on the hyperbolic half–plane,
invariant with respect to an appropriate subgroup of the (extended) modular
group. They play now role of quantum wave–functions of early hot Universe.

We refer to [Le13], sec. VI and VII, for a detailed discussion of this
quantisation scheme and relevant references. See also [Fu86].

Below we will discuss a different quantisation scheme, developed in the
framework of non commutative geometry (cf. [CoLa01]). We will then con-
nect it with the complex geometry of gravitational instantons, described in
subsections 1.4–1.6 above. This was done in our article [MaMar15].

2.2. Theta deformations. In Section 5 of [MaMar14] we showed that the
gluing of space–times across the singularity using an algebro-geometric blowup
can be made compatible with the idea of spacetime coordinates becoming non-
commutative in a neighborhood of the initial singularity where quantum gravity
effects begin to dominate.

This compatibility is described there in terms of Connes–Landi theta de-
formations ([CoLa01]) and Cirio–Landi–Szabo toric deformations ([CiLaSza11–
13]) of Grassmannians.

It turns out that the Bianchi IX models with SU(2)-symmetry can be
made compatible with the hypothesis of noncommutativity at the Planck scale,
using isospectral theta deformations.

The metrics on the S3 sections, in this case, are only left SU(2)–invariant.
It turns out that among all the SU(2) Bianchi IX spacetime, the only ones
that admit isospectral theta–deformations of their spatial S3–sections are those
where the metric tensor

g = w1w2w3 dµ
2 +

w2w3

w1
σ2
1 +

w1w3

w2
σ2
2 +

w1w2

w3
σ2
3 (2.2)
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is of the special form satisfying w1 6= w2 = w3 (the two directions σ2 and σ3
have equal magnitude). In these metrics, the S3 sections are Berger spheres.
This class includes the general Taub-NUT family ([Taub51], [NUT63]), and
the Eguchi–Hanson metrics ([EgHa79a], [EgHa79b]). The theta–deformations
are obtained, as in the case of the deformations S3

θ of [CoLa01] of the round
3-sphere, by deforming all the tori of the Hopf fibration to noncommutative
tori.

In other words, a Bianchi IX Euclidean spacetimeX with SU(2)–symmetry
admits a noncommutative theta-deformation Xθ, obtained by deforming the
tori of the Hopf fibration of each spacial section S3 to noncommutative tori, if
and only if its metric has the SU(2)× U(1)–symmetric form

g = w1w
2
3 dµ

2 +
w2

3

w1
σ2
1 + w1 (σ2

2 + σ2
3). (2.3)

(see [MaMar15], Proposition 4.2).

This is in stark contrast with the situation described in [EsMar13], where
(Lorentzian and Euclidean) Mixmaster cosmologies of the form

∓dt2 + a(t)2dx2 + b(t)2dy2 + c(t)2dz2

were considered, with T 3-spatial sections, which always admit isospectral theta-
deformations (see also [vSuij04], [Mar08]).

We have recalled in the previous section how the general self–dual solu-
tions (with w1 6= w2 6= w3) can be written explicitly in terms of theta constants
[BaKo98], and are obtained from a Darboux–Halphen type system [PeVa12],
[Tak92]. In the case of the family of Bianchi IX models with SU(2) × U(1)-
symmetry, this system has algebraic solutions that give

w2 = w3 =
1

µ− µ0
, w1 =

µ− µ∗
(µ− µ0)2

, (2.4)

with singularities at µ∗ (curvature singularity), µ0 (Taubian infinity) and ∞
(nut). The condition µ∗ < µ0 avoids naked singularities, by hiding the curva-
ture singularity at µ∗ behind the Taubian infinity, see the discussion in Section
5.2 of [PeVa12].

Consider the operator

DB = −i

Ö
1

λ
X1 X2 + iX3

X2 − iX3 − 1

λ
X1

è
+
λ2 + 2

2λ
, (2.5)

where {X1, X2, X3} constitute a basis of the Lie algebra orthogonal for the
bi–invariant metric. Assume moreover that the left–invariant metric on S3 is
diagonal in this basis, with eigenvalues {w2/w1, w1, w1}, with w = w2 = w3

and λ = w/w1, and where the wi are as in (4.4). Consider also the operator

D =
1

w
1/2
1 w

Ñ
γ0
Å
∂

∂µ
+

1

2
(
ẇ

w
+

1

2

ẇ1

w1
)

ã
+ w1 DB |

λ=
w

w1

é
. (2.6)
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2.3. Proposition. The operators D of (2.6) give Dirac operators for isospec-
tral theta deformations of the SU(2)× U(1)–symmetric space–times.

As in [EsMar13], the Dirac operator of Proposition 2.3 can be seen as
involving an anisotropic Hubble parameter H. In the case of the metrics of
[EsMar13] this was of the form

H =
1

3

Ç
ȧ

a
+
ḃ

b
+
ċ

c

å
with a, b, c the scaling factors in (2.3).

In the case of the SU(2) Bianchi IX models, the anisotropic Hubble param-

eter is again of the form H =
1

3
(H1 +H2 +H3), where now the Hi correspond

to the three directions of the vectors dual to the SU(2)-forms σi in (2.2). For
a metric of the form (2.3), or equivalently

g = uw dµ2 + u2λ2 σ2
1 + u2σ2

2 + u2σ2
3 ,

we take the anisotropic Hubble parameter to be

H =
1

3

Ç
u̇λ+ uλ̇

uλ
+ 2

u̇

u

å
=

1

3

Ç
3
u̇

u
+
λ̇

λ

å
,

where
u̇

u
=

1

2

ẇ1

w1
,

λ̇

λ
=
ẇ

w
− ẇ1

w1
,

so that

H =
1

3

Å
ẇ

w
+

1

2

ẇ1

w1

ã
,

so that we can write the 4–dimensional Dirac operator in the form

D = γ0
1

uw

Å
∂

∂µ
+

3

2
H

ã
+DB ,

where DB = (w
1/2
1 /w) DB |

λ=
w

w1

is the Dirac operator on the spatial sections

S3 with the left SU(2)-invariant metric.

Notice that in the construction above, we have considered the same mod-
ulus θ for the noncommutative deformation of all the spatial sections S3 of
the Bianchi IX spacetime, but one could also consider a more general situation
where the parameter θ of the deformation is itself a function of the cosmological
time µ.

This would allow the dependence of the noncommutativity parameter θ on
the energy scale (or on the cosmological timeline), with θ = 0 away from the sin-
gularity where classical gravity dominates and noncommutativity only appear-
ing near the singularity. Since a non–constant, continuously varying parameter
θ crosses rational and irrational values, this would give rise to a Hofstadter
butterfly type picture, with both commutativity (up to Morita equivalence, as
in the rational noncommutative tori) and true noncommutativity (irrational
noncommutative tori), cf. also [MaMar08].
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Another interesting aspect of these noncommutative deformations is the
fact that, when we consider a geodesic in the upper half plane encoding Kasner
eras in a mixmaster dynamics, the points along the geodesic also determine
a family of complex structures on the noncommutative tori T 2

θ of the theta–
deformation of the respective spatial section.
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Lessius, Bruxelles, 2007.

[Le13] O. M. Lecian. Reflections on the hyperbolic plane. International
Journal of Modern Physics D Vol. 22, No. 14 (2013), 1350085 (53
pages) DOI: 10.1142/S0218271813500855. arXiv:1303.6343 [gr-qc]

[LuCh13] L.M.Lugo, P.A. Chauvet. BKL method in the Bianchi IX universe
model revisited. Appl. Phys. Res., Vol. 5, No. 6 (2013), pp. 107–
117.
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Billiards, invisibility, and perfectly
streamlining objects

G. Galperin1, A. Plakhov2

1 Introduction

In this paper we shall describe recent applications of billiards in aerody-
namics and optics. More precisely, we shall explain how to construct perfectly
streamlining bodies in the framework of Newtonian aerodynamics and invisible
objects in geometric optics. The methods we shall use are quite elementary
and accessible to students of the high school; they include focal properties of
curves of the second order and unfolding of a billiard trajectory.

2 Perfectly streamlining bodies in
aerodynamics

To start with, let us consider a rigid body moving through a rarefied
medium of point particles. The medium has zero absolute temperature; this
means that the particles are initially at rest. When hitting the body, particles
are reflected in the perfectly elastic manner. The medium is so rarefied that
particles never hit each other.

The (generalized) Newton aerodynamic problem consists in finding the
best streamlining body from a given class of bodies. This means that the force
of resistance exerted by the medium on the body is minimal in this class of
bodies. This problem was solved by Newton himself in the class of convex axi-
ally symmetric bodies with fixed length and width [13], and by several authors
in various classes of bodies, provided that each particle hits the body at most
once [2–9, 11, 12].

In a reference system connected with the body one observes a flow of
medium particles with equal velocities incident on the body at rest. Choose
the reference system in such a way that the velocity of the flow is (0, 0,−1).
If the body surface turned to the flow is the graph of a function z = u(x, y)
and each particle hits the body only once, the projection of the resistance force
of the body on the z-axis R(u) (which will be referred to as resistance in the
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C1 C2

Fig. 1: Two concentric squares with a built-in channel system.

sequel) can be written down in a comfortable analytical form

F (u) =

∫∫
1

1 + |∇u(x, y)|2 dx dy.

If one allows multiple reflections of particles, the formula of resistance
is more implicit. Let B ⊂ R3 be the body under consideration, and let the
particle of the flow that moves according to (x, y,−t) for t sufficiently small,
after several reflections from the body move freely with the velocity vB(x, y) =
(vxB(x, y), vyB(x, y), vzB(x, y)) ∈ S2. The resistance equals

R(B) =
1

2

∫∫
(1 + vzB(x, y)) dx dy.

Note that in the particular case when the condition of single reflection is sat-
isfied and the front part od the body surface is given by z = u(x, y), one has
F (u) = R(B).

If multiple reflections of the particles are allowed, and therefore the theory
of billiards is applicable, one comes to some very surprising conclusions. First,
in the class of bodies that contain a bounded convex body C1 and are contained
in another bounded convex body C2 (where C1 ⊂ C2 and ∂C1 ∩ C2 = ∅) the
infimum of resistance is zero [15]. In other words, the resistance of a convex
body can be made as small as we please by small perturbation of the body near
its boundary. Let us illustrate this in the case when C1 and C2 are rectangular
parallelepipeds with the edges parallel to the coordinate axes.

[The construction with two rectangles follows. An explanation of motion
in channels should be given. The 3D construction is obtained by making a
”sandwich” whose layers are as in the 2D construction.]
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B′B

A′

C′C

D′
D

α

A

Fig. 2: Union of two trapezoids.

Let us now consider modification of this construction. Consider a rect-
angle with a single built-in channel (see Fig. 2). As first conjectured by E.
Lakshtanov, under a certain condition (to be specified below) on the parame-
ters of the figure, the final velocity of a particle of the parallel flow will always
be equal to the initial velocity of the flow (vertical in Fig. 2).

Indeed, let E be the point of intersection of the lines BC and B′C ′, and
let β = ]BOB′. Consider the broken line formed by the segment CC ′ and its
rotations by the angles β, −β, 2β,−2β, . . . (while the modulus of the angle is
smaller than π), and assume that the lines AB and A′B′ touch this broken line
(see Fig. 3). The initial velocity of the particle is v = (0,−1); let us prove that
its final velocity is also v.

[The proof (based on unfolding of a billiard trajectory) follows.]
It follows that the union of two trapezoids in Fig. 2, when moving in the

vertical direction, has zero resistance. Now it is easy to obtain 3D bodies with
zero resistance. First, one can rotate the union of trapezoids about its vertical
symmetry axis. Second, one can translate it in the direction orthogonal to the
plane of the figure.

Let us further simplify the construction. Let C and D coincide and α =
π/6 in Fig. 2; then we obtain a union of two triangles, as shown in Fig. 4. This
is probably the simplest figure of zero resistance.

Remarkably, we have found perfectly streamlined bodies. This means that
they can move perpetually in a homogeneous rarefied medium without slowing
down the velocity. However, the medium will resist to attempts of maneuvering.
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E

B′B

C′C

C′
1C1

C′
2

C2

A

(a)
A′A

D′

D

D′
1D1

D′
2D2

B′B

(b)
A′

Fig. 3: Unfolding of a billiard trajectory.

Additionally, the resistance is nonzero, if the medium is not homogeneous. For
instance, the body will slow down when getting into a homogeneous cloud, and
will recover its original velocity when going away.

3 Invisible objects

The ideas of the previous section can be used in geometric optics when
constructing invisible objects. Indeed, put together two bodies of zero resis-
tance mutually symmetric with respect to a plane orthogonal to the direction
of the flow; as a result we will obtain an object invisible in this direction (see,
e.g., Fig. 5).

[The explanation.]
Now when we have constructed an object invisible in a direction, it is

natural to ask, if there exist objects invisible from a point. They really exist,
and the underlying construction is based on focal properties of curves of the
second order.

The following geometrical statement plays an important role in problems
of Newtonian aerodynamics [1, 14]. It allows one to build ”invisible object”
like the curvilinear triangle ABC shown in fig. 9 at the end of this paper. In
this note we are going to prove this statement.

Theorem. Let F1F2C be a right triangle with the right angle at F2, and let E
and H be the confocal, with foci at F1 and F2, ellipse and hyperbola through C.
(We consider only the branch of the hyperbola H that contains C.) Consider
a ray with the vertex at F1, which intersects the ellipse E and the branch of
the hyperbola H at some points A and B. Then the segment F2C forms equal
angles with the segments F2A and F2B: α = β (see Fig. 6).
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B′

C C′

v

A

Fig. 4: A body of zero resistance: basic construction.

Notice the following property, which is a direct consequence of the theo-
rem.

Corollary. Let A1 be the point of intersection of the ray F2A with the
branch of the hyperbola H, and let the ray F1A1 intersect the ellipse at B1 (Fig.
6). Then, according to the theorem, the points B, B1, and F2 lie on the same
straight line. In other words, each of the triples, F1AB, F1A1B1, F2A1A, and
F2B1B, is collinear.

The proof of the theorem makes use of the following characteristic prop-
erty of an angle bisector in a triangle.

Lemma. Consider a triangle ABC and a segment BD joining the vertex
B with a point D lying on the opposite side AC. Denote a1 = AB, a2 = BC,
b1 = AD, b2 = DC, and f = BD (see Fig. 7). The segment BD is the bisector
of the angle B, if and only if (a1 + b1)(a2 − b2) = f2.

Proof. Let f = BD be the bisector of the angle B to the side AC. Let us prove
the following relations on the values a1, a2, b1, b2, and f :

1. a1/a2 = b1/b2;

2. a1a2 − b1b2 = f2;

3. (a1 + b1)(a2 − b2) = f2.

The equalities 1 and 2 are well known; each of them is a characteristic property
of triangle bisector as well.
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v

Fig. 5: A body invisible in the direction v. It is obtained by taking 4 truncated cones
out of the cylinder.

The first property is a consequence of the following formula that com-
pares areas of triangles:

a1
a2

=

1

2
a1f sinα

1

2
a2f sinα

=
SABD
SBCD

=

1

2
b1h

1

2
b2h

=
b1
b2

, (1)

where α = ]ABD = ]CBD, and h is the height put from the vertex B on the
side AC.

The second property of the bisector is based on the notion of ”degree”
of a point relative to a circumference. Let us circumscribe the circumference
ω around the triangle ABC. Take a chord through a point D inside a circum-
ference ω; this chord is divided by D into two segments. The product of the
lengths of these segments is called the degree of the point D (all such products
are equal for the given point D). Denoting DE = g, we get for the point D
that b1b2 = fg (Fig. 7).

Note that 4ABE is similar to 4DBC by two angles:

]ABE = ]DBC = α and ]AEB = ]ACB =
1

2

_

AB .

Therefore
a1

f + g
=

f

a2
,
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Fig. 6: α = β.

whence

a1a2 = f2 + fg ⇒ f2 = a1a2 − fg = a1a2 − b1b2,

Q.E.D.
Let us now prove that the bisector f satisfies the equality 3, and vice

versa, a segment BD satisfying this equality is the bisector. Notice that we are
unaware of any mentioning of this property in the literature.

One easily sees that the algebraic relations 1, 2, and 3 are ”linearly de-
pendent”: any two of them imply the third one. Therefore the properties 1
and 2 of the bisector imply the direct statement: the bisector f satisfies the
property 3.

In order to derive the inverse statement, we need to apply the sine rule
and some trigonometry. Denote α = ]ABD, β = ]CBD, and γ = ]BDC
(see Fig. 7 (b)). We are going to prove the equality α = β. Applying the sine
rule to 4ABD, we have

a1
sin γ

=
b1

sinα
=

f

sin(γ − α)
,

and applying the sine rule to 4BDC, we have

a2
sin γ

=
b2

sinβ
=

f

sin(γ + β)
.
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Fig. 7: The proof of the direct (a) and inverse (b) statements on the bisector.
Fig. 7: The proof of the direct (a) and inverse (b) statements on the bisector.

This implies that

a1 + b1 =
f

sin(γ − α)
(sin γ + sinα) = f

sin
γ + α

2

sin
γ − α

2

,

a2 − b2 =
f

sin(γ + β)
(sin γ − sinβ) = f

sin
γ − β

2

sin
γ + β

2

,

and using the condition 3, one gets

f2
sin

γ + α

2
sin

γ − β
2

sin
γ − α

2
sin

γ + β

2

= f2,

whence

sin
γ + α

2
sin

γ − β
2

= sin
γ − α

2
sin

γ + β

2
,

cos
α+ β

2
− cos

(
γ +

α− β
2

)
= cos

α+ β

2
− cos

(
γ − α− β

2

)
,

cos
(
γ +

α− β
2

)
= cos

(
γ − α− β

2

)
.

The last equation and the conditions 0 < α, β, γ < π imply that α = β,
Q.E.D.

Let us now proceed to the proof of the theorem.
Extend the segment BF2 until the second intersection with the ellipse at

a point A′. Denote

f = F1F2, c = F2C, a1 = F1A
′, b1 = F2A

′, a2 = F1B and b2 = F2B

(see Fig. 8). Let the second point of intersection of the ellipse with the branch
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Fig. 8: Auxiliary construction.

of the hyperbola H be denoted by C ′. By the focal property of the ellipse, one
has the equality

F1A
′ + F2A

′ = F1C
′ + F2C

′,

that is,

a1 + b1 =
√
f2 + c2 + c. (2)

Further, by the focal property of the hyperbola we have

F1B − F2B = F1C − F2C,

that is,

a2 − b2 =
√
f2 + c2 − c. (3)

Multiplying the left hand sides and the right hand sides of (2) and (3), one gets

(a1 + b1)(a2 − b2) = f2,

and taking into account the lemma, one concludes that F1F2 is the bisector of
the angle F1 in the triangle A′F1B. In turn, this means that A′ is symmetric
to A with respect to the straight line F1F2, and by symmetry one has

]AF2C = ]A′F2C
′. (4)

O the other hand, the angles ]BF2C and ]A′F2C
′ are vertical, and

therefore, are equal:

]BF2C = ]A′F2C
′. (5)
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b

b

b

b

b b

F1
F2

A

B

b b

C

Fig. 9: The curvilinear triangle ABC is invisible from the focus F1: all the rays of
light emanated from F1 go round the obstacle ACB in such a way, as if it was absent

at all.

The equations (4) and (5) imply that

]AF2C = ]BF2C,

therefore α = β. The theorem is proved.
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Fast traveling-wave reactor of the channel type

Vitaliy D. Rusov1∗, Victor A. Tarasov1, Volodymyr N. Vashchenko2,
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Abstract. The main aim of this paper is to solve the technological prob-
lems of the TWR based on the technical concept described in our priority
of invention reference [1], which makes it impossible, in particular, for the
fuel claddings damaging doses of fast neutrons to excess the 200 dpa limit.
Thus the essence of the technical concept is to provide a given neutron flux
at the fuel claddings by setting the appropriate speed of the fuel motion
relative to the nuclear burning wave.

The basic design of the fast uranium-plutonium nuclear traveling-wave
reactor with a softened neutron spectrum is developed, which solves the
problem of the radiation resistance of the fuel claddings material.

1 Introduction

Today the idea of a wave-like neutron-nuclear burning is almost undis-
puted. Meanwhile in the field of physical theory, in our opinion, there are some
problems still unexplored and extremely important. Among them are the in-
fluence of the heat transfer during the temperature and pressure change over
a wide range, the phase state of the fissile medium and its influence on the
existence and stability of a nuclear burning wave. Such problems as the het-
erogeneous structure of the core, the influence of the radiation-induced defects
kinetics in the fuel, the heat convection and mixing (liquid or gas fuel), the radi-
ation resistance of the fuel claddings construction materials, the ignition modes
(initialization) and others also remain unexplored. It is also interesting to study
the kinetics of the neutron-nuclear burning in combined fissile media (uranium-
plutonium, uranium-thorium medium with various pre-enrichments in 258U,
233U, 239Pu and possibly some other fissile nuclides such as 241Pu or Cm) and,
consequently, the combined uranium-plutonium and thorium-uranium burn-
ing waves, and perhaps even some others, as well as the kinetics of the nuclear
burning wave reflection from the boundaries of the medium (neutron reflector),
the repeated waves and the burning waves interference.

At the same time, some of the technological problems of TWR are very
actively discussed in the scientific community today. This often leads to a
conclusion about the impossibility of such project [2] because of a number of
its insurmountable disadvantages:
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technic University, Odessa, Ukraine.

2 State Ecological Academy for Postgraduate Education, Kiev, Ukraine
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• a high degree of nuclear fuel burn-out (at least 20% on average), which
assumes:

– a high damaging dose from fast neutrons acting on the material of
the fuel claddings ( 500 dpa);

– large gas emission, which requires increasing of the inner gas cavity
length in the long fuel rods;

• a long active zone, which requires the use of the long fuel rods, the pa-
rameters of which are unacceptable from the exploitation point of view.
In particular, this applies to the parameters characterized by significant
growth of:

– the value of the positive void coefficient of reactivity;
– the hydraulic resistance;
– the energy consumption for pumping of the coolant through the

reactor;

• The problem of spent nuclear fuel, associated with the need of the un-
burned plutonium processing and disposal of the radioactive waste.

However nowadays there are several proposals of the possible principal
TWR designs [3–14] based on scientific results [15–72], proving the possibility
of the theoretical and technical implementation of the slow neutron-nuclear
burning modes.

A wave reactor on fast neutrons in self-regulating neutron-nuclear mode
of the second kind is known. First it was presented in papers [5, 6] and its
advanced implementation was patented in [14].

Let us consider its drawbacks.
This reactor does not implement a slow traveling soliton-like wave of

neutron-nuclear burning mode. All the volume of the reactor active zone dur-
ing its operation is in self-regulating neutron-nuclear mode of the second kind.
Such reactor is not completely self-regulating, but requires some criticality reg-
ulation by the control systems. The reactor active zone consists of two or
several zones, one of them being a neutron source, providing the necessary
neutron production at its start and therefore contains enriched reactor fuel re-
quiring supercritical load and absorbing control rods and a protection system.
The possible 238U burn-out in non-enriched zones (”breeding” fuel zone) does
not exceed 10%.

A wave reactor on fast neutrons is also known [8–13]. It was proposed by
”Terra-power” to operate in the so-called standing wave mode.

Its drawbacks:
The slow traveling soliton-like neutron-nuclear burning is not implemented

in this reactor. The entire volume of the reactor active zone represents a
neutron-nuclear burning zone during its operation. The reactor active zone
consists of two zones, the central zone being a neutron source and provides
the necessary neutron generation during reactor start-up and operation, and
therefore contains enriched reactor fuel, creating supercritical load and contains
absorbing control and protection system rods for reactor control. During the
reactor start-up and some time after the start-up the reactor criticality regu-
lation by external control systems is required. Such adjustment is analogous
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to operation modes of the usual fast reactors with small excessive reactivity
and requires the similar control and protection systems. Therefore, in reactors
proposed by ”Terra-power” like in reactors proposed in [14], a significant advan-
tage of traveling burning wave reactor is absent — a complete self-regulation
of the reactor active zone and consequently, the possibility of significant sim-
plification and cheapening of the control and protection systems. A solution of
the excessive shell materials damaging dose problem is also absent in reactors
proposed by ”Terra-power”.

It should be noted however, that the ”Burns and Roe” company, specializ-
ing in the design and construction of the nuclear power stations, already offers
the architectural and engineering projects for the conceptual design of TWR
developed by ”Terra-power” on their website.

In the papers by H. Sekimoto [29–65] a design of fast nuclear reactors
capable of the traveling wave nuclear burning is studied. However, the main
problem hindering the implementation of a traveling wave reactor – the problem
of the radiation damaging dose for the fuel claddings – is also not solved in those
studies.

H. Sekimoto suggests an interesting idea [39–41, 46, 47] that the wave
burning can be implemented in a thermal high-temperature gas reactor, for
example, in the Japanese Experimental working reactor HTTR, if its fuel (en-
riched in 235U) previously added burnable neutron absorber 157Gd, it is inter-
esting. And as presented in [49], the results of mathematical modeling, wave
fuel burning associated with its local transition in the field of burning in super-
critical state, will be provided by local burnup absorber 157Gd in the burning
zone (and in the initiation of the burning wave burnup absorber 157Gd in the
nearest zone of nuclear fuel to an external source of neutrons).

2 Fast TWR of the channel type with a fixed
construction part

In this section we present and justify a possible design of the fast TWR
of channel type. As noted above, perhaps the most important is to solve
the problem of high integral damaging dose of fast neutrons on construction
materials in wave nuclear reactors, which may reach 500dpa for the nuclear
burning wave with the maximum burn-out of 235U. However, the materials
capable of withstanding such a radiation load have not been created so far,
and the maximum achievable radiation exposure for the reactor metals is 100÷
200 dpa. Indeed, as shown in [2] and in Table 1 in [2], none of the simulated
burning wave modes provide the necessary radiation resistance of construction
materials in fuel claddings. Let us also note that recently published papers [73,
74] confirmed these estimations of the radiation load on the fuel shells during
the wave burning on the fast neutrons.

The problem of the principal TWR design creation including the solution
of the high integral damaging dose of fast neutrons in construction materials
(first of all, the fuel rods shells) was set as a base for the invention. The
specified problem is solved in this framework by a technical implementation of
moving nuclear fuel (in which the nuclear burning wave travels) relative to the
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Tab. 1: Results of the numerical experiments of the wave mode parameters based on
U-Pu and Th-U cycles

fuel rod shell. The movement speed is adjusted to provide the required integral
fluence reduction at the fuel rod shell.

Let us consider the following ratio of the integral fluences for metals of
the modern operating reactors and the TWR under development:
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FluencemetalTWR

Fluencemetaloper

∼ ΦTWR · tmetal.camp.TWR

Φoper · tmetal.camp.oper

∼ 500 dpa

100 dpa
(1)

where ΦTWR and Φoper are the neutron flux densities for the TWR and the
modern operating reactors respectively. And 500 dpa and 100 dpa are the com-
monly considered values of the radiative resistance of the construction materials
for possible nuclear burning modes with maximal 238U burn-out in TWRs and
operating reactors respectively.

Let:

Φoper ∼ 1014 neutrons/cm2 · s and tcampoper ∼ 3 years

ΦTWR ∼ 1017 neutrons/cm2 · s (2)

Then from (1) in case (2) we obtain the estimate of the metals campaign
time in TWR:

tcampTWR ∼
500 · 1014 · 3

100 · 1017
years ∼ 1.5 · 10−2 years ∼ 4.5 · 105 s (3)

The time of the fuel nuclear burning in the active zone is

tfuelburn =
lfuel

vnucl.burn.
(4)

where lfuel is the length of the active zone containing the fuel, vnucl.burn. is the
nuclear burning wave traveling speed.

In order to reduce the radiation damage of the construction materials (fuel
rod shell) significantly, the fuel movement speed relative to fixed fuel rod shell
(along the channel-like active zone where the fuel rods shells are the most close
to nuclear fuel channel shells (Fig. 1)) must satisfy the following relation:

vaz >
laz

tfuel burn
=
lazvnucl.burn

lfuel
(5)

where laz is the active zone length (fixed constructive part of the active zone
in Fig. 1).

The TWR construction materials campaign time may be written in the
following form:

tcampmetalTWR ≈ lburning wave
vaz + vnucl.burn.

∼ λdiff. neutrons
vaz + vnucl.burn

(6)

where lburningwave is the burning wave width (local burning zone), λdiff. neutrons
is the neutron diffusion length.

The expression (6) may be transformed using (5) into:

tcamp.metal.TWR ∼ lburning wave
vaz + vnucl.burn.

6
lburning wave

(laz/lfuel + 1)vnucl.burn
(7)
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From (7) considering the estimate of the TWR metals campaign (3) we
obtain:

lfuel
laz

>
vnucl.burn

lburning wave
(tcamp.metal.TWR + 1) ∼

∼ 2.31 · 10−5 cm/s
100 cm

· 4.5 · 105 s ∼ 10−1 (8)

where vnucl.burn = 2.31 · 10−5 cm/s, lburning wave ∼ 100 cm.
Therefore, according to (5) and (7), the following nuclear fuel movement

speed may be estimated as:

vaz >
laz
lfuel

vnucl.burn. = 10 · vnucl.burn. (9)

Consequently, according to (7), for lfuel ∼ 5 m we obtain laz ∼ 50 m, and
according to (5), for vnucl.burn. = 2.31 · 10−5 cm/s we obtain vaz ∼ 10 · 2.31 ·
10−5 cm/s ∼ 2.31 · 10−4 cm/s, and the TWR campaign time

tcamp.metal.TWR ∼ laz
vaz
∼

∼ 5 · 103 cm

2.31 · 10−4 cm/s · 3 · 107 s/year
∼ 0.72 years (10)

From this example calculation it is clear that the main physical param-
eters determining the spatial and temporal parameters of the possible TWR
construction are ΦTWR, vnucl.burn. and lburningwave.

It should be noted that these parameters may be calculated by mathe-
matical modeling of the wave nuclear burning kinetics.

Obviously, since the fuel movement speed along the active zone must
satisfy expression (5), it may be provided by a technical implementation during
the reactor construction. It may even be increased in case the greater reduction
of radiation impact at the fuel rod shell is required.

For the obtained estimates the following neutron flux density was also
obtained:

ΦTWR ∼ 1017 neutrons/cm2 · s (11)

This value was chosen by modeling results:

• According to our results for fast U-Pu cylindrical reactor (diameter 70 cm,
length 400 cm) Φ ∼ 1019 neutrons/cm2 · s [22–24];

• According to Fomin’s group data for Th-U reactor Φ ∼ 1016 neutrons/cm2·
s [25–27].

Considering that flux density will significantly reduce under ”softening”
of the spectrum, and wave reactor-transmutator for nuclides accumulated due
to reactor fuel burning that create the highest hazard for biosystem, ideally
should operate on neutrons with energy around 1 keV (intermediate neutrons),
the abovementioned estimate for the neutron flux was chosen.

The burning wave width (local burning zone) lburning wave was chosen
100 cm for the estimate [22–27].
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Let us note that neutron diffusion length will decrease in case of the
spectrum softening due to increase of the nuclear reactions cross-sections. And
so does the burning zone length lburning wave. Thus according to (7) and (8),
the nuclear fuel movement speed vnucl.burn. and the active zone length laz may
be reduced.

Let us also note that the estimates were made for the hardest conditions
of the materials operation: high burnout and minimal burning speed (non-
enriched technical and natural uranium).

Hence in case the neutron-nuclear burning kinetics is implemented in such
a way that the flux density is high and the burning wave speed is small, i.e.
integral fluence at materials exceeds the currently acceptable level, then this
problem may be solved by increasing the fuel local burning zone movement
speed relative to edges/channels of the fuel rods shells.

To achieve this, according to the above said, we must ensure that the fuel
movement speed along the fuel channel vaz is greater than the fuel burning
wave speed vnucl.burn., according to the estimate obtained above by technical
implementation. As shown above, these estimates for the chosen parameters
are: vaz ∼ 2.31 · 10−4 cm/s and vnucl.burn. ∼ 2.31 · 10−5 cm/s. I.e. if one is
able to technically implement the fuel movement speed along the channel just
ten times greater than the neutron-nuclear fuel burning wave speed, then one
would solve the problem of radiation stability of the fuel rod shells.

For comparison let us give the estimates for the case when an absorb-
ing moderator layer is located between the fissile fuel and the fuel channel
shell metal. It reduces neutron flux density at fuel channel shell e.g. two
times relative to the flux density in previous calculations, i.e. ΦTWR ∼ 5 ·
1016 neutrons/cm2 · s.

Then, according to (3), for the TWR metal campaign time we obtain:

tcamp.metal.TWR ∼ 500 · 1014 · 3
100 · 5 · 1016

years ∼

∼ 3.0 · 10−2 years ∼ 9.0 · 105 s (12)

And correspondingly according to (8) and (9):

lfuel
laz

>
2.31 · 10−5 cm/s

100 cm
· 9.0 · 105 s ∼ 0.22 (13)

and

vaz >
laz
lfuel

vnucl.burn. ≈ 5 · vnucl.burn. (14)

Therefore, for the considered variant according to (13) in case lfuel = 5 m
we obtain laz = 25 m and according to (14) in case vnucl.burn. ∼ 2.31·10−5 cm/s
cm/s we obtain vaz = 5 · 2.31 · 10−5 cm/s ∼ 1.16 · 10−4 cm/s, and the wave
reactor campaign time

tcamp.metal.TWR ∼ laz
vaz
∼

∼ 2.5 · 103 cm

1.16 · 10−4 cm/s · 3 · 107 s/year
∼ 0.72 years (15)
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Therefore we reduce the active zone length two times from 50 m in the first
variant to 25 m for the second one. This is important because it significantly
reduces the possible reactor size and increases the practical implementability
of such reactor.

The Fig. 1 presents a concept scheme of the channel-type reactor with one
burning fuel rod. Here the reactor hull shape is cylindrical. This is a case of ho-
mogeneous active zone of large diameter (∼1-3 m). In the given scheme the fuel
movement with the given speed is performed by the movement of the bearing
frame implemented as a moving part of a hydraulic system. Such construction
fits well the reactor prototype enabling experimental testing of burning wave
kinetics and all the principal physical and construction parameters. Let us
note that there are three coolants in the proposed construction – two in-fuel-
rod coolants (coolant 1 and 2 in the scheme), while different coolants may be
used; and one inter-hull coolant (coolant 3).

Fig. 1: Concept scheme of TWR prototype with one burning fuel rod. A variant of
homogeneous active zone of large diameter (∼1–3m). (1—the nuclear fuel; 2—moving
construction of the fuel movement hydraulic system; 3—fuel channel shell; 4—fuel rod
shell-fuel channel shell; 5—hydraulic liquid reservoir hull; 6—reactor hull; 7—reactor
hull cover; 8—neutron guide; 9—exit pipeline of in-fuel-rod coolant 1; 10—entrance
pipeline of in-fuel-rod coolant 1; 11—exit pipeline of in-fuel-rod coolant 2; 12—entrance
pipeline of in-fuel-rod coolant 2; 13—entrance pipeline of inter-hull coolant 3, 14—
exit pipeline of inter-hull coolant 3, 15—entrance pipeline of hydraulic liquid; 16—
exit pipeline of hydraulic liquid; 17—24 — cylindrical reactor bearing construction

elements)
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The Fig. 1 does not present the aspect ratio for the bearing frame of the
hydraulic system for the fuel movement precisely. Indeed, this figure rather
corresponds to the case of a hydraulic system bearing frame implementation
based on coaxial cylinders principle (radio antenna principle), which is widely
used in hydraulic cranes and enabling the reduction of reactor construction
size.

Of course, other known and appropriate engineer solutions may be used
for the fuel movement system construction.

According to the estimates given above, it seems reasonable to choose
the following geometrical parameters for the long-campaign operating reactor
prototype project: lfuel ∼ 5 m, laz ∼ 25 ÷ 50 m, hull diameter ∼ 20 ÷ 30 m,
height ∼ 30÷ 60 m.

The fuel used may be:

• Metallic 238U with small Molybdenum addition (up to 10%) for stabiliza-
tion of cubic uranium lattice up to room temperatures (melting temper-
ature 1406 K);

• Metallic 238U with small Chromium addition (up to 8%) for stabilization
of the radiation form change of the alloy (melting temperature ∼1400 K);

• Natural uranium as uranium-based metallic alloys;

• 238U dioxide (melting temperature 2820 K);

• MOX-fuel;

• Cermet fuel;

• Uranium carbides;

• Nitride fuel;

• Spent nuclear fuel of many nuclear reactor types, e.g. dioxide, nitride
fuel, dispersive type fuel etc.;

• Nuclear fuel based on 232Th and 238U.

The fuel problem apparently requires additional research.
Gases used in gas reactors, water and metallic coolants used in reactors

(e.g. lithium, natrium, stanum, lead, bismuth, mercury, lead-bismuth mixture,
and their complexes) may be used as coolants in different coolant pump designs
(Fig. 1).

The specific type of coolant or coolant system providing for thermal-and-
physical reactor parameters given by the wave reactor construction require-
ments specification may be determined only by proper thermal-and-physical
calculations and investigations that are yet only planned.

The reactor steel HT9, X18H10T and others may be used as fast reactor
construction materials.

Let us note that the coolant pipeline system may be used in the prototype
to implement neutron reflector, e.g. water or beryllium, and also for accom-
modation of moderator-absorbent layer near the fuel rod edge to reduce the
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fuel rod shell radiation damage (Fig. 2). This may enable reduction of fuel
movement speed and, respectively, the length of the active zone laz.

Indeed, the radiation damage of the fuel rod shell construction materials
may be reduced by reduction of the neutron flux achieved by placing the specific
quantity of a specially chosen substance with proper characteristics of neutron
moderator and absorbent between the fissile material and fuel rod shell. As
a result of the neutrons moderation during the interaction with nuclei of the
moderator the neutron speed reduces leading to neutron flux density reduction.
Due to neutron capture by absorbent the neutron concentration reduces, which
also leads to neutron flux density reduction. In nuclear reactors physics the
moderation efficiency and moderation coefficient are used as the quantitative
moderator characteristics.

The moderator substance must posses a high moderating efficiency and
low moderation coefficient for the optimal solution of the problem of neutron
flux density reduction by passing through moderator substance. The efficiency
of the neutron flux density reduction also depends on moderator-absorbent
nuclei concentration i.e. on moderator-absorbent substance density which may
be changed by its thermodynamical parameters such as volume, pressure and
temperature.

Assuming that nuclear fuel, shell construction material and moderator-
absorbent in-between have cylindrical shape, the estimate of radial width of
moderator-absorbent layer required for the given neutron flux density reduction
may be calculated as follows.

Suppose the flux density under moderation reduces due to neutron energy
reduction from Efuel (energy of neutrons released from the nuclear fuel) to
Eshell (energy of neutrons at the shell after the moderator). Let atomic number
of moderator-absorbent substance to be A. The logarithmic mean neutron
energy loss (attenuation) during its moderation may be calculated as [78, 79]:

ξ = 1 +
(A− 1)2

2A
ln
A− 1

A+ 1
(16)

The average impact ratio of the neutron being moderated by the modera-
tor nuclei, required for neutron energy reduction from Efuel to Eshell equals [78,
79]:

n =
1

ξ
ln
Efuel
Eshell

(17)

Neutron free path in the moderator is [78, 79]:

λ =
1

Σs + Σa
(18)

where Σs is the neutron scattering macroscopic cross-section and Σa is the
neutron absorption macroscopic cross-section.

The estimates of scattering and absorption cross-sections may be obtained
by expressions [78, 79]:

Σs ≈ σ̂sNmoderator andΣa ≈ σ̂aNmoderator (19)

where σs and σa are the neutron scattering and absorption microscopic cross-
sections respectively, averaged over the energy interval from Efuel to Eshell,
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Nmoderator = ρNA/Ã is the moderator nuclei density, where ρ is the moderator
density, NA is the Avogadro number, Ã is the molar mass of the moderator.

Then moderator-absorbent layer width required for the given neutron flux
density reduction may be estimated as follows:

Rmoderator ≈ λn (20)

Below in Table 2 we present the characteristics of some known modera-
tors and the corresponding moderator layer width estimates made for neutrons
moderating from Efuel = 1.0 MeV to Eshell = 0.1 MeV. ENDF-VII data on
cross-sections were used for calculations.

The scheme presented at Fig. 1 may be easily generalized for a bigger
number of fuel rods. For example, Fig. 3 presents a possible scheme of seven
fuel rods placement on bearing frame driven by hydraulic system of the fuel
movement. The fixed fuel rods shells and coolant construction is also easily
generalized for bigger number of fuel rods by simply replicating its construction
presented in Fig. 1 or Fig. 2. In such a way one obtains a heterogeneous active
zone.

Several possibilities for the reactor implementation arise at this point.
First, an implementation simply generalizing homogeneous large-diameter

active zone implementation is possible. I.e. a set of several such active zones
burning independently from each other, or even sequentially one after another
given the corresponding design. In case of simultaneous implementation of
independent homogeneous active zones we obviously obtain high-power reactor
with relatively short campaign time in comparison to implementation with
sequential burning of such active zones. Such a reactor would be promising for
burning of spent nuclear fuel in large amounts.

In case of sequential burning design one obtains a source of relatively
lower power than in the previous case and with significantly longer campaign
time.

Second, the implementation of the reactor in a form of the thin fuel rods
set in a collective burning zone is possible. This is analogous to traditional
structure of the operating heterogeneous reactors.

Let us note that the fixed reactor active zone part becomes very similar to
channel type reactors in this case, in particular to LWGR reactors (see Fig. 3).
This also enables one to benefit from the advantages of channel reactors such as
increased thermal and physical parameters (temperature and pressure) inside
the channels.

Let us also note that the coolant entrance channel system presented in
Fig. 1 and Fig. 2 may be replicated and spread by height (length) of the fixed
active zone part. This would solve the problem of the increased hydraulic
resistance for a long active zone. Indeed, in such approach one can increase
the quantity of coolant entrance channels reducing distance between them by
height (length) of the active zone to provide for technically implementable
coolant hydraulic resistance in the pumping channels.

The examples of the TWR active zone designs given here are clearly only
hypothetically possible. Later we need to investigate the kinetics of these re-
actors by mathematical modeling.
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Fig. 2: Concept scheme of a TWR with one burning fuel rod. Homogeneous large-
diameter (∼1-3 m) active zone variant. (1—the nuclear fuel; 2—moving construction
of the hydraulic fuel movement system; 3—metal of the fuel channel 2; 4—metal
of the fuel channel 1 shell; 5—hydraulic liquid reservoir hull; 6—reactor hull; 7—
reactor hull cover; 8—neutron guide; 9—exit pipeline of in-fuel-rod coolant 1; 10—
entrance pipeline of in-fuel-rod coolant 1; 11—exit pipeline of inter-channel coolant
2; 12—entrance pipeline of inter-channel coolant 2; 13—entrance pipeline of inter-hull
coolant 3, 14—exit pipeline of inter-hull coolant 3, 15—entrance pipeline of hydraulic
liquid; 16—exit pipeline of hydraulic liquid; 17—24— cylindrical bearing, constructive
elements of the reactor; 25— hydraulic liquid; 26—coolant 1; 27—protection shell
metal; 28— beryllium moderator; 29—fuel; 30—coolant 1; 31—protection shell metal;
32—beryllium moderator; 33—protection shell metal; 34— carbon; 35—protection

shell metal; 36—fuel channel 1 shell metal)
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Fig. 3: Left panel: A scheme explaining principles of possible fuel rods placement
over moving part of the fuel rods hydraulic movement system (1—fuel; 2 and 3—

hydraulic fuel movement system bearing frame).
Right panel: Reactor active zone section scheme (heterogeneous active zone case).

Based on the obtained model results we prepare the requirements spec-
ifications, the assignment for developing of the prototypes and development
prototypes, design them, create the development prototypes and test them.
Only after all that the operating reactors may be developed.

According to the above given estimates it seems that acceptable geomet-
rical parameters of the operating reactor with long campaign may be chosen
as: lfuel ∼ 5 m, laz ∼ 25÷ 50 m, hull diameter ∼ 30 m, height ∼ 30÷ 60 m.

It seems very promising to use a set of 238U spheres filled into a fixed
cylinder of the fuel rod shell instead of the metallic 238U rod (Fig. 1, Fig. 3)
fixed on moving bearing frame implemented as moving part of the hydraulic
system. Of course, the micro fuel rods or spherical fuel elements analogous
to spherical fuel elements of high-temperature gas reactors (e.g. analogous to
THTR-300 [80, 81] and VTGR-500 (high temperature gas cooled reactor) [82])
(Fig. 4) may be used as a fuel. In the considered case they slowly move along
the fuel rod shell following the movement of the bearing framework platform,
implemented in form of a moving part of the hydraulic system.

Naturally, we speak of 238U spheres with sizes appropriate for the required
constructive allowances for fuel rod shell diameter and moving bearing frame-
work platform diameter to prevent them falling outside the platform. These
may be 238U spheres with protective coating made of Si, typical for micro-fuel
rods, and probably with carbon layer for the neutron spectrum softening. Let
us note that these spheres may be of different diameter: e.g. a layer of larger
diameter spheres may be located below to meet construction demands, and
the micro-fuel elements spheres above them to increase the fission environment
density. However, all these problems have very little principal significance at
the moment and are to be solved during the specific construction development.
It is important for the process of fuel spheres moving down not to interfere
with wave neutron-nuclear fuel burning process.
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Fig. 4: High-temperature reactor with spherical fuel elements construction
scheme [80–82].

Left panel: high temperature gas cooled reactor scheme with fill-in active zone:
1—fuel elements elevator; 2—fuel elements investigation system and burn-out level
measurement; 3—damaged elements rods vault; 4—accumulator; 5—active zone; 6—
fuel elements feed system; 7—stepwise fuel elements separator; 8,9—intermediate screw
conveyors; 10—process control computer; 11—fuel elements withdrawal system; 12—

directing device.
Right panel: HRB reactor scheme with spherical fuel elements: 1—gas blower; 2—
gas blower gear; 3—steam generator; 4—absorbing reflector rod; 7—spherical fuel
elements feed line; 8—accumulating block; 9—fuel burn-out level measuring device;
10—spheres sorting and transport device; 11—spheres unloading device; 12—pipe for
spheres unloading; 13—fuel feed channel; 14—spheres fill-in; 15— reflector; 16—heat

shield; 17—coating; 18—hull made of preliminarily strained armored concrete.

Let us also note that the concept of burning fuel movement relative to fuel
rods shell made of constructive materials considered in this patent also corre-
sponds to a possible active zone construction based on the principles already
implemented in known high-temperature gas power reactors (reactors THTR-
300 [80, 81] and VTGR-500 (high temperature gas cooled reactor) [82] (Fig. 4)).
Their active zone is a hull with cone-like bottom with a hole in the center. The
spherical fuel elements are filled in from above and while burning-out, they
fall through a hole from the active zone to a spent fuel elements container.
Such construction of the TWR may require burn-up of the fuel both in the
upper part of the active zone and in the lower part, which requires locating the
neutron source for the nuclear burning wave burn-up inside the reactor hull or
below it.

The Fig. 5 presents the reactor and reactor equipment location scheme.
It gives the size of the reactor prototype. A particle accelerator (e.g. [83]) or
impulse nuclear reactor (e.g. [84, 85]) are proposed (see Fig. 5) as an external
neutron source. For the sake of the neutron-nuclear burning wave initiation
(burn-up) optimization the upper fuel part may be enriched by some fission-
able nuclide to such amount that this enriched area would be in under-critical
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Fig. 5: Wave reactor and reactor equipment arrangement scheme. (1—reactor;
2—accelerator or impulse reactor; 3—coolant 1 pump system and heat takeoff; 4—
coolant 2 pump system and heat takeoff; 5— coolant 3 pump system and heat
takeoff; 6—hydraulic liquid pump system; 7—neutrino control system; 8—coolant
3 heat exchanger; 9—coolant 1 heat exchanger; 10—coolant 2 heat exchanger; 11—
neutron guide; 12,13,14—neutrino detectors; 15—ground surface; 16—reactor hull;

17—neutrino control system communication line).

state. Therefore the proposed channel type TWR construction is a reactor with
internal safety [17, 18].

It should be noted that both the TWR project and the spent nuclear fuel
processing reactor are apparently single-load reactor projects. After burning
the fuel the reactor installation is buried. An implementation of the remote
neutrino control of the neutron-nuclear burning wave kinetics [24] (Fig. 5) is
obviously required.

Conclusions

The basic design of the fast uranium-plutonium nuclear TWR with a soft-
ened neutron spectrum is developed. It solves the problem of the fuel claddings
material radiation resistance. This reactor may also work as a processor of the
spent nuclear fuel.
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[28] V.D. Rusov, E.P. Linnik, V.A. Tarasov, T.N. Zelentsova, V. N. Vaschenko,
S. I. Kosenko, M. E. Beglaryan, S.A. Chernezhenko, P.O. Molchinikolov,
S. Saulenko, and O.A. Byegunova. Traveling wave reactor and condition
of existence of nuclear burning soliton-like wave in neutron-multiplicating
media. Energies, 4:1337–1361, 2011a. doi: 10.3390/en4091337.

[29] H. Sekimoto, K. Ryu, and Y. Yoshimura. CANDLE: The new burnup
strategy. Nuclear science and engineering, 139:306–317, 2001a.

[30] H. Sekimoto and K. Ryu. A new reactor burnup concept ”CANDLE”. In
PHYSOR 2000, Pittsburgh, May 7-11 2000a.

[31] H. Sekimoto and K. Ryu. Feasibility study on the CANDLE new burnup
strategy. Trans. American Nuclear Society, 82:207–208, 2000b.

[32] H. Sekimoto and K. Ryu. A long life lead-bismuth cooled reactor with
CANDLE burnup. In ICENES 2000, pages 198–206, Petten, The Nether-
lands, September 24-28 2000c.



54 V.D.Rusov et al.

[33] H. Sekimoto and K. Ryu. Demonstrating the feasibility of the CANDLE
burnup scheme for fast reactors. Trans. American Nuclear Society, 83(45),
2000d.

[34] H. Sekimoto, K. Ryu, and Y. Yoshimura. CANDLE: The new burnup
strategy. Nucl. Sci. Engin., 139:306–317, 2001b.

[35] H. Sekimoto, V. Toshinsky, and K. Ryu. Natural uranium utilization
without enrichment and reprocessing. In GLOBAL 2001, Paris, France,
September 9-13 2001c.

[36] H. Sekimoto. Applications of ”CANDLE” burnup strategy to several re-
actors. In ARWIF-2001, Chester, UK, October 22-24 2001.

[37] H. Sekimoto and K. Tanaka. CANDLE burnup for different core designs.
In PHYSOR2002, Seoul, Korea, October 7-10 2002a.

[38] H. Sekimoto and K. Tanaka. Application of CANDLE burnup strategy to
small reactors. Trans. American Nuclear Society, 87, 2002b.

[39] Y. Ohoka and H. Sekimoto. Application of CANDLE burnup to block-type
high temperature gas cooled reactor. In ICONE11, Tokyo, Japan, April
20-23 2008.

[40] H. Sekimoto and Y. Ohoka. Application of CANDLE burnup to block-fuel
high temperature gas reactor. In ICAPP’03, Cordoba, Spain, May 4-7
2003a.

[41] H. Sekimoto and Y. Ohoka. Application of CANDLE burnup to block-type
high temperature gas cooled reactor for incinerating weapon grade pluto-
nium. In GENES4/ANP2003, Kyoto, JAPAN, September 15-19 2003b.

[42] T. Takada, Y. Udagawa, and H. Sekimoto. Simulation study on CAN-
DLE burnup applied to an LBE-cooled metallic fuel fast reactor. In
GENES4/ANP2003, Kyoto, JAPAN, September 15-19 2003.

[43] E. Greenspan, P. Hejzlar, H. Sekimoto, G. Toshinsky, and Wade D.C. New
fuel cycle and fuel management options in heavy liquid metal cooled reac-
tors. In ANFM 2003, Hilton Head Island, South Carolina, USA, October
5-8 2003a.

[44] H Sekimoto. Contribution of CANDLE burnup to future equilibrium nu-
clear energy utilization. In GLOBAL 2003, November 16-20 2003.

[45] E. Greenspan, P. Hejzlar, H. Sekimoto, G. Toshinsky, and Wade D. New
fuel cycle and fuel management options in heavy liquid metal-cooled reac-
tors. Nucl. Technol., 151:177–191, 2003b.

[46] Y. Ohoka and H. Sekimoto. Application of CANDLE burnup to block-
type high temperature gas cooled reactor. Nucl. Engin. and Design, 229:
15–23, 2004a.

[47] Y. Ohoka and H. Sekimoto. Burnup and temperature effects on CANDLE
burnup of block-type high temperature gas cooled reactor. In ICONE12,
Arlington, Virginia, April 25-29 2004b.

[48] H. Sekimoto. Application of ”CANDLE” burnup to small fast reactor. In
5th Int. Conf. on Nuclear Option in Countries with Small and Medium
Electricity Grids, Dubrovnik, Croatia, May 16-20 2004a.

[49] Y. Ohoka, Ismail, and H. Sekimoto. Effects of burnup and temperature dis-
tributions to CANDLE burnup of block-type high temperature gas cooled
reactor. In ICAPP’04,, Pittsburgh, PA, June 13-17 2004.

[50] Y. Ohoka and H. Sekimoto. Simulation study on CANDLE burnup of high
temperature gas reactor. Trans. American Nuclear Society, 92, 2004c.



Fast traveling-wave reactor of the channel type 55

[51] H. Sekimoto. Effect of neutron spectra and fuel burnup on CANDLE
calculation. Trans. American Nuclear Society., 92, 2004b.

[52] Y. Ohoka, T. Watanabe, and H. Sekimoto. Neutron characteristics of
CANDLE burnup applied to HTTR. In COE-INES - Indonesia Interna-
tional Symposium 2005, Bandung, Indonesia, March 2-4 2005a.

[53] H. Sekimoto. Application of ”CANDLE” burnup to LBE cooled fast re-
actor. In IAEA-TECDOC-1451, pages 203–212, 2005a.

[54] H. Sekimoto, Y. Udagawa, and Y. Ohoka. Application of ”CANDLE”
burnup to fast and thermal reactors. In ICAPP’05, Seoul, KOREA, May
15-19 2005.

[55] Y Ohoka, H. Sekimoto, T. Watanabe, P H. Liem, Wakana S., and Ismail.
Neutronic characteristics of CANDLE burnup applied to block-type high
temperature gas cooled reactor. In ICAPP’05, Seoul, KOREA, May 15-19
2005b.

[56] H. Sekimoto and Y. Udagawa. Shut-down and restart simulation of CAN-
DLE fast reactors. Trans. American Nuclear Society, 93, 2005.

[57] S. Sekimoto, H. Miyashita. Startup of ”CANDLE” burnup in fast reactor
from enriched uranium core. In ICENES’2005, Brussels, Belgium, August
21–26 2005b.

[58] H. Sekimoto. Application of CANDLE burnup strategy for future nuclear
energy utilization. Progress in Nucl. Energy, 47:91–98, 2005c.

[59] H. Sekimoto. CANDLE burnup of fast reactor with depleted uranium. In
9-th Int. Conf. ”Nuclear Safety & Nuclear Education”, Obninsk, Russia,
24-27 October 2005d.

[60] H. Sekimoto and Y. Udagawa. Effects of fuel and coolant temperatures
and neutron fluence on CANDLE burnup calculation. J. of Nucl. Sci.
Technol., 43:189–197, 2006.

[61] H. Sekimoto and S. Miyashita. Startup of ”CANDLE” burnup in fast
reactor from enriched uranium core. Energy Conv. Manag., 47:2772–2780,
2006.

[62] H. Sekimoto. Candle burnup in a fast reactor core and relating nolin-
ear problems. In 2nd International Conf. on Quantum Electrodynamics
and Statistical Physics (QEDSP2006), Kharkov, Ukraine, 19-23 Septem-
ber 2006.

[63] Sekimoto H. A Light of CANDELE. New Burnup Strategy. Tokyo Institute
of Technology, 2005.

[64] N. Takaki and H. Sekimoto. Potential of CANDLE reactor on sustain-
able development and strengthened proliferation resistance. Prog. Nucl.
Energy, 50:114–118, 2008b.

[65] H. Sekimoto and K. Ryu. Introduction of MOTTO cycle to CANDLE fast
reactor. In Proceedings of PHYSOR 2010 - Advances in Reactor Physics
to Power the Nuclear Renaissance, Pittsburgh, Pennsylvania, USA, May
9-14 2010.

[66] V. Pavlovich, V. Khotyaintsev, and E. Khotyaintseva. Nuclear burning
wave reactor: wave parameter control. Nuclear Physics and Energetic, 11:
49–56, 2010a.

[67] S.P. Fomin, Y.P. Mel’nik, V.V. Pilipenko, and N.F. Shulga. Self-sustained
regime of nuclear burning wave in u-pu fast neutron reactor with pb-ni
coolant. Problems of Atom. Sci. and Technology, 3:156–163, 2007c.



56 V.D.Rusov et al.

[68] S.P. Fomin, Y.P. Mel’nik, V.V. Pilipenko, and N.F. Shulga. Investigation
of self-organization of the non-linear nuclear burning regime in fast neutron
reactor. Ann. Nucl. Energ., 32:1435–1456, 2005b.

[69] X-N. Chen, W. Maschek, A. Rineiski, and E. Kiefhaber. Solitary burn-
up wave solution in multi-group diffusion-burnup coupled system. In
ICENES’2007, Istanbul, Turkey, 2007.

[70] K.D. Weaver, J. Gilleland, C. Ahlfeld, C. Whitmer, and G. Zimmerman.
A once-through fuel cycle for fast reactors. J. Eng. for Gas Turbines and
Power, 132:1–7, 2010b.

[71] W. Seifritz. On the burn-up theory of fast soliton reactors. Int. J. Hydrogen
Energy, 23:77–82, 1998.

[72] Yu.P. Melnik, V.V. Pilipenko, A.S. Fomin, S.P. Fomin, and N.F. Shulga.
Study of a self-regulated nuclear burn wave regime in a fast reactor based
on a thorium-uranium cycle. Atomic Energy, 107:49–56, 2009.

[73] Staffan Qvist, Jason Hou, and Ehud Greenspan. Design and performance
of 2d and 3d-shuffled breed-and-burn cores. Annals of Nuclear Energy, 85:
93 – 114, 2015. ISSN 0306-4549. doi: http://dx.doi.org/10.1016/j.anucene.
2015.04.007. URL http://www.sciencedirect.com/science/article/

pii/S0306454915001978.
[74] Jason (Jia) Hou, Staffan Qvist, Roger Kellogg, and Ehud Greenspan. 3d in-

core fuel management optimization for breed-and-burn reactors. Progress
in Nuclear Energy, 88:58 – 74, 2016. ISSN 0149-1970. doi: http://dx.doi.
org/10.1016/j.pnucene.2015.12.002. URL http://www.sciencedirect.

com/science/article/pii/S0149197015301219.
[75] Hiroshi SEKIMOTO and Yutaka UDAGAWA. Effects of fuel and coolant

temperatures and neutron fluence on candle burnup calculation. Journal
of Nuclear Science and Technology, 43(2):189–197, 2006. doi: 10.1080/
18811248.2006.9711081. URL http://www.tandfonline.com/doi/abs/

10.1080/18811248.2006.9711081.
[76] Vitaliy D. Rusov, Elena P. Linnik, Victor A. Tarasov, Tatiana N. Ze-

lentsova, Igor V. Sharph, Vladimir N. Vaschenko, Sergey I. Kosenko, Mar-
garita E. Beglaryan, Sergey A. Chernezhenko, Pavel A. Molchinikolov,
Sergey I. Saulenko, and Olga A. Byegunova. Traveling wave reactor and
condition of existence of nuclear burning soliton-like wave in neutron-
multiplying media. Energies, 4(9):1337–1361, 2011b. ISSN 1996-1073. doi:
10.3390/en4091337. URL http://www.mdpi.com/1996-1073/4/9/1337.

[77] V.N. Pavlovich, V.N Khotyaintsev, and E.N. Khotyaintseva. Nuclear burn-
ing wave reactor: wave parameter control. Nuclear Physics and Energetics,
(11):49–56, 2010b.

[78] G.G. Bartolomey, G.A. Bat’, V.D. Baibakov, and M.S. Altukhov. Basic
theory and methods of nuclear power installations calculation. Energoat-
omizdat, Moscow, 1989. in Russian.

[79] S. V. Shirokov. Nuclear Reactor Physics. Naukova Dumka, Kiev, 1992. in
Russian.

[80] G. Kessler. Nuclear fission reactors. Potentional role and risks of convert-
ers and breeders. Springer-Verlag Wien, 1983.

[81] I.Y. Emelyanov, V.I. Mihan, and V.I. Solonin. The construction of nuclear
reactors. Energoizdat, Moscow, 1992. in Russian.



Fast traveling-wave reactor of the channel type 57

[82] B.A. Dement’ev. Nuclear energetic reactors. Energoatomizdat, 1990. in
Russian.

[83] D. Ridiskas, H. Safa, and M.L. Giacri. Conceptual study of neutron
irradiator-driven by electron accelerator. In 7 Information Exchange Meet-
ing Jeju (Republic of Korea), 2002.

[84] A.V. Arapov, A.A. Deviatkin, I.Y. Drozdov, and M.V. Mochkaev. The
results of physical start-up of the reactor BR-1M. problems of high energy
density physics. In XII Khariton Topical Scientific Readings. Reports.
Sarov: Publishing House of the Federal State Unitary Enterprise ”RFNC-
VNIIEF”, 2010. in Russian.

[85] V.F. Kolesov. Aperiodic pulsed reactors. Vol.1. Sarov: Publishing House
of FSUE ”RFNC-VNIIEF”, 2007. in Russian.



Interdisciplinary Studies of Complex Systems

No. 9 (2016) 58�67

c© Í.Â.Êîíäðàòüåâà

Ôèëîñîôñêèå àñïåêòû ãðàâèòàöèîííîé
àñòðîíîìèè. Ãåîìåòðè÷åñêîå ìèðîïîíèìàíèå
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1. Òåîðèÿ ãðàâèòàöèè

Îñíîâîïîëîæíèêîì òåîðèè ãðàâèòàöèè ìîæíî ñ÷èòàòü È.Íüþòîíà.
Ñîãëàñíî ñôîðìóëèðîâàííîìó èì çàêîíó âñåìèðíîãî òÿãîòåíèÿ, âñå òåëà
âî Âñåëåííîé ïðèòÿãèâàþòüñÿ äðóã ê äðóãó ñ ñèëîé, ïðîïîðöèîíàëüíîé èõ
ìàññàì è îáðàòíî ïðîïîðöèîíàëüíîé êâàäðàòó ðàññòîÿíèÿ ìåæäó íèìè.
Íüþòîí ïîïðîáîâàë ïðèìåíèòü ýòîò çàêîí êî âñåé Âñåëåííîé. È òîãäà äëÿ
îáúÿñíåíèÿ ñòàòè÷íîñòè Âñåëåííîé, òîãî îáñòîÿòåëüñòâà, ÷òî âñå òåëà íå
ñæàëèñü â îäíî òåëî è íå äâèæóòñÿ äðóã ê äðóãó, åìó ïîíàäîáèëîñü ââå-
ñòè ãèïîòåçó ïðîñòðàíñòâåííîé áåñêîíå÷íîñòè Âñåëåííîé. Â áåñêîíå÷íîé
Âñåëåííîé ìîæåò ïðîèñõîäèòü, êàê äóìàë Íüþòîí, íåêîòîðîå óðàâíîâåøè-
âàíèå ñèë òÿãîòåíèÿ ñ ðàçíûõ ñòîðîí, è Âñåëåííàÿ ìîæåò áûòü ñòàòè÷íîé.
Îäíàêî ê êîíöó ÕIÕ âåêà íüþòîíîâñêàÿ òåîðèÿ ïðîñòðàíñòâåííî áåñêî-
íå÷íîé Âñåëåííîé áûëà ïîñòàâëåíà ïîä ñîìíåíèå (ïàðàäîêñû Çååëèãåðà è
Îëüáåðñà) [1].

Ðàçðåøèòü ýòè ïàðàäîêñû âçÿëñÿ À.Ýéíøòåéí. Â 1915 ãîäó îí ñôîð-
ìóëèðîâàë Îáùóþ òåîðèþ îòíîñèòåëüíîñòè (ÎÒÎ), êîòîðàÿ ÿâëÿåòñÿ òåî-
ðèåé ãðàâèòàöèè êàê êðèâèçíû ÷åòûðåõìåðíîãî ïðîñòðàíñòâà- âðåìåíè.
Îñíîâíûì óðàâíåíèåì òåîðèè ãðàâèòàöèè ÿâëÿåòñÿ óðàâíåíèå Ýéíøòåéíà,
èç êîòîðîãî â ÷àñòíîì ñëó÷àå ñëåäóåò çàêîí âñåìèðíîãî òÿãîòåíèÿ Íüþ-
òîíà. Óðàâíåíèå Ýéíøòåéíà óñòðîåíî òàê, ÷òî â åãî ïðàâîé ÷àñòè ñòîèò
âûðàæåíèå, îïèñûâàþùåå ¾ìàòåðèþ¿ (âåùåñòâî èëè èçëó÷åíèå), à â ëå-
âîé ÷àñòè � ¾ãåîìåòðèþ¿ (êðèâèçíó ïðîñòðàíñòâà-âðåìåíè). Ïîïóëÿð-
íîå îáúÿñíåíèå, êàê áîëüøàÿ ìàññà ¾èñêðèâëÿåò¿ ïðîñòðàíñòâî, ïðåäëî-
æèë ß.Ïåðåëüìàíí [2] : âîçüìåì ëèñò áóìàãè è ãîðèçîíòàëüíî ïîäâåñèì
åãî. Çàòåì ïîëîæèì íà ñåðåäèíó ëèñòà íåáîëüøîé ãðóç: ëèñò ïðîãíåòñÿ
ïîä òÿæåñòüþ ãðóçà è åãî ïîâåðõíîñòü ñòàíåò ¾êðèâîé¿. ×åì áîëüøå ãðóç,
òåì áîëåå èñêðèâëåííîé ñòàíåò ïîâåðõíîñòü ëèñòà. Ðàññìàòðèâàÿ äâèæåíèå
íåáîëüøîãî øàðèêà ïî ïîâåðõíîñòè òàêîãî ëèñòà, ìû îáíàðóæèì, ÷òî åñëè
ïðè îòñóòñòâèè ãðóçà îí äâèãàëñÿ ïî ïðÿìîé, òî ïðè äâèæåíèè ïî èñêðèâ-
ëåííîé ïîâåðõíîñòè îí áóäåò ñòðåìèòüñÿ ñêàòûâàòüñÿ ê ìåñòîïîëîæåíèþ
ãðóçà, ÷òî ìîæíî èíòåðïðåòèðîâàòü êàê ïðèòÿæåíèå áîëüøèì ãðóçîì ìà-
ëîãî. (Çäåñü, êîíå÷íî, ìîæåò âîçíèêíóòü âîïðîñ: âñå áóäåò òàê âûãëÿäåòü,
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åñëè ìû áóäåì íàáëþäàòü çà ëèñòîì è ãðóçîì ñî ñòîðîíû, à åñëè ìû áó-
äåì íàõîäèòüñÿ ¾âíóòðè¿ ëèñòà? Íà ýòîò âîïðîñ åñòü îòâåò, îäíàêî îí óæå
òðåáóåò îïðåäåëåííîé ìàòåìàòèêè).

Ëåâàÿ ÷àñòü óðàâíåíèÿ Ýéíøòåéíà îïèñûâàåò ãåîìåòðèþ è êðèâèç-
íó ýòîé ãåîìåòðèè, îòîæäåñòâëÿåìóþ ñ ãðàâèòàöèîííûì ïîëåì. Ìàòåðèÿ,
ïðåäñòàâëåííàÿ ïðàâîé ÷àñòüþ óðàâíåíèÿ, óêàçûâàåò, êàê ïðîñòðàíñòâó
âðåìåíè èñêðèâëÿòüñÿ, à ïðîñòðàíñòâî-âðåìÿ óêàçûâàåò, êàê ìàòåðèè äâè-
ãàòüñÿ.

Íà âîïðîñ ïî÷åìó ñâîþ òåîðèþ Ýéíøòåé íàçâàë òåîðèåé îòíîñèòåëü-
íîñòè, à íå òåîðèåé ãðàâèòàöèè, Ýéíøòåéí îòâåòèë:¿ Ïîä äâèæåíèåì òåëà
ìû âñåãäà ðàçóìååì èçìåíåíèå åãî ïîëîæåíèÿ îòíîñèòåëüíî äðóãîãî òåëà.
Ãîâîðèòü î äâèæåíèè åäèíñòâåííîãî òåëà çíà÷èò ïðîòèâîðå÷èòü çäðàâîìó
ñìûñëó¿.

2. Ïåðâîòîë÷îê è ÷åðíûå äûðû

Ôîðìóëèðóÿ çàêîí âñåìèðíîãî òÿãîòåíèÿ, Íüþòîí çàäóìàëñÿ î òîì,
ïî÷åìó âî Âñåëåííîé åñòü äâèæåíèå? Ñîãëàñíî âòîðîìó çàêîíó Íüþòîíà
âñÿêîå óñêîðåíèå îáóñëîâëåíî ñèëîé, ïðåäñòàâëÿþùåé ñîáîé äåéñòâèå îä-
íîãî òåëà íà äðóãîå. Íèêàêîãî ¾ñàìîäâèæåíèÿ¿ â ïðèðîäå íå áûâàåò. Íî
òîãäà ïîëó÷àåòñÿ, ÷òî åñëè îäíî òåëî òîëêàåò äðóãîå, òî åãî â ñâîþ î÷åðåäü
òîëêàåò òðåòüå. Ñëåäîâàòåëüíî, íåîáõîäèì íåêèé ¾ïåðâîòîë÷îê¿, çàïóñêà-
þùèé Âñåëåííóþ, â êîòîðîé åñòü äâèæåíèå. Ýòîò ïåðâîòîë÷îê Íüþòîí,
ñëåäóÿ Àðèñòîòåëþ, îòîæäåñòâëÿë ñ Áîãîì [1].

Â êîñìîëîãèè ÕÕ âåêà òà æå ïðîáëåìà ïåðâîòîë÷êà âîçíèêëà êàê
ïðîáëåìà ñèíãóëÿðíîñòè â íà÷àëå Âñåëåííîé. Â 2005 ãîäó âûøëà êíèãà
Ð.Ïåíðîóçà ¾Êðóãè Âðåìåíè¿ [3] â êîòîðîé áûëà ïðåäëîæåíà ãèïîòåçà
öèêëè÷åñêîé Âñåëåííîé. Íà ýòó òåìó Ïåíðîóç ïðî÷åë ëåêöèè âî ìíîãèõ
óíèâåðñèòåòàõ ìèðà. Â ñîîòâåòñòâèè ñ ýòîé ãèïîòåçîé, ýîíû öèêëè÷åñêîé
Âñåëåííîé îòäåëåíû äðóã îò äðóãà ñîáûòèåì Áîëüøîãî Âçðûâà. Ýîí âêëþ-
÷àåò â ñåáÿ îáðàçîâàíèÿ ýëåìåíòàðíûõ ÷àñòèö èç âàêóóìà, ðîæäåíèå ïðî-
ÿâëåííîãî êîñìîñà, ðàçâèòèå êîñíîé ìàòåðèè, ñòàðåíèå èëè óìåíüøåíèå
÷èñëà ìàòåðèàëüíûõ ÷àñòèö, ïåðåõîä â íåïðîÿâëåííî ñîñòîÿíèå.

Â ñîîòâåòñòâèè ñ ãèïîòåçîé Ð.Ïåíðîóçà, êîëëàïñ ñâåðõìàñèâíûõ ÷åð-
íûõ äûð ïåðåä Áîëüøèì Âçðûâîì ïðîèçâîäèò âîçìóùåíèÿ â âèäå ãðàâè-
òàöèîííûõ âîëí, êîòîðûå ïåðåæèâàþò Áîëüøîé Âçðûâ è ïåðåäàþò èíôîð-
ìàöèþ îò ýîíà ê ýîíó. Ýòà ãèïîòåçà ðàçäåëèëà ó÷åíûõ íà äâà ëàãåðÿ, �
òåõ, êòî ñ âîîäóøåâëåíèåì âîñïðèíÿë èäåþ öèêëîâ âðåìåíè, è íåìàëûé
ëàãåðü ñêåïòèêîâ.

Â öèêëè÷åñêîé Âñåëåííîé ïðîáëåìà ¾ïåðâîòîë÷êà¿ óñòóïèëà ìåñòî
ïðîáëåìå òîë÷êà ê ðîæäåíèþ íîâîãî ýîíà êàê äåéñòâèÿ çàêîíà ïåðèîäè÷-
íîñòè. Òàê æå âîçíèêëà ïðîáëåìà îñîçíàíèÿ áåñïðåäåëüíîñòè ñ åå âå÷íûì
çàêîíîì öèêëîâ äèôôåðåíöèàöèè, âçàèìîèñïûòàíèÿ è ñèíòåçà. Ê òîìó æå,
÷åðíûå äûðû è ãðàâèòàöèîííûå âîëíû îòíîñèëèñü ê îáëàñòè ãèïîòåòè÷å-
ñêèõ ïîíÿòèé.

Îäíàêî, ÷òî êàñàåòñÿ ãðàâèòàöèîííûõ âîëí è ÷åðíûõ äûð, òî çäåñü
ó ôèçèêîâ áûëè óæå íåêîòîðûå íàðàáîòêè. Ãðàâèòàöèîííûå âîëíû áûëè
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ïðåäñêàçàíû èñõîäÿ èç Îáùåé òåîðèè îòíîñèòåëüíîñòè. À ÷åðíàÿ äûðà êàê
ñèòóàöèÿ, êîãäà ãðàâèòàöèîííîå ïîëå çâåçäû èëè êàêîãî-ëèáî êîñìè÷åñêîãî
òåëà ñòîëü ñèëüíîå, ÷òî ñêîðîñòü, íåîáõîäèìàÿ ÷òîáû óëåòåòü ñ íåãî ðàâíà
ñêîðîñòè ñâåòà, îáñóæäàëàñü åùå ôðàíöóçñêèì ìàòåìàòèêîì Ëàïëàñîì è
àíãëèéñêèì ôèçèêîì Ìèò÷åëîì â XVIII âåêå. Òàêîå òåëî áóäåò êàçàòüñÿ
ñîâñåì òåìíûì, îòêóäà è âîçíèêëî íàçâàíèå ÷åðíàÿ äûðà.

ÎÒÎ, â êîòîðîé ñêîðîñòü ñâåòà åñòü ïðåäåëüíàÿ ñêîðîñòü ëþáîãî äâè-
æåíèÿ, ãîâîðèò, ÷òî íèêàêàÿ èíôîðìàöèÿ íå ìîæåò ê íàì ïðîíèêíóòü ¾èç-
íóòðè¿ ÷åðíîé äûðû, íà÷èíà ñ íåêîòîðîãî ðàññòîÿíèÿ, íàçûâàåìîãî ãîðè-
çîíòîì.

Ïåðâûì îáúåêòîì, îòîæäåñòâëåííûì ñ ÷åðíîé äûðîé, áûë ðåíòãåíîâ-
ñêèé èñòî÷íèê â ñîçâåçäèè Ëåáåäÿ. Îí áûë îáíàðóæåí ñ ïîìîùüþ àìåðè-
êàíñêîãî ðåíòãåíîâñêîãî ñïóòíèêà UHURU. Ñàìà ÷åðíàÿ äûðà íå íàáëþäà-
ëàñü, íî ðÿäîì ñ íåé íàõîäèëàñü îáû÷íàÿ çâåçäà è ÷åðíàÿ äûðà âòÿãèâàëà
âåùåñòâî çâåçäû âíóòðü ñåáÿ. Ïðè ýòîì äâèæóùååñÿ ñ áîëüøîé ñêîðîñòüþ
âåùåñòâî èñïóñêàëî ýëåêòðîìàãíèòíîå èçëó÷åíèå, êîòîðîå è íàáëþäàëîñü.
Åñëè æå äîïóñòèòü, ÷òî ñóùåñòâóþò ñêîðîñòè ïðåâûøàþùèå ñêîðîñòü ñâå-
òà, òî ÷åðíûå äûðû ìîãóò èçëó÷àòü ïðåâîñõîäÿùèå âñå íàøè ïðåäñòàâëå-
íèÿ íåâîîáðàçèìî ïðåêðàñíûå, òîí÷àéøèå èçëó÷åíèÿ, è íàøå ïîíèìàíèå
÷åðíûõ äûð ìîæåò áûòü ñîâñåì èíûì. Ñòèâåí Õîêèíã çàìåòèë: ¾Ê ÷åðíûì
äûðàì âðÿä ëè ïîäõîäèò íàçâàíèå ÷åðíûå; íà ñàìîì äåëå îíè ðàñêàëåíû
äî áåëà¿. [13] Àíàëèçèðóÿ ðàáîòû C. Õîêèíà, Â.Øâàðöìàíà, Ð.Ïåíðîóçà,
Ô.Öèöèí â ñâîåé ðàáîòå ¾×åðíûå äûðû � ðåàëüíîñòü èëè ìèðàæ?¿ ïè-
øåò: ¾Òàê íàçûâàåìàÿ ¾÷åðíàÿ äûðà¿ (×Ä) � îáúåêò ïîñòðåëÿòèâèñò-
ñêèé è ïîñòêâàíòîâûé. Ýòî îáúåêò ïîêà íå èçâåñòíîãî íàì ãðàâèòàöèîííî-
êâàíòîâîãî Ìèðà, ïîä÷èíÿþùèéñÿ åãî, à íå íàøèì ôóíäàìåíòàëüíûì ôè-
çè÷åñêèì çàêîíàì. ... Ñàì òåðìèí ¾×Ä¿ â ïðèìåíåíèè ê ñîîòâåòñòâóþùå-
ìó êëàññó ðåàëüíûõ êîñìè÷åñêèõ îáúåêòîâ, ëèøåí ñìûñëà. Âåäü åùå íå
èçâåñòíûå ôóíäàìåíòàëüíûå çàêîíû ìàòåðèè â öåíòðàëüíîé ïëàíêîâñêîé
ñèíãóëÿðíîñòè íå îáÿçàíû èñêëþ÷àòü âûáðîñ ìàòåðèè è ýíåðãèè èç ýòîé
ñèíãóëÿðíîñòè â ïðåäåëû ãîðèçîíòà ×Ä è ÄÀËÅÅ.Âîçìîæíî, ýòî ìîæåò
èìåòü îòíîøåíèå, â ÷àñòíîñòè , ê äî ñèõ ïîð íå íàõîäÿùèì îáúÿñíåíèÿ
âûáðîñàì èç öåíòðàëüíûõ ¾òî÷åê¿àêòèâíûõ ãàëàêòèê, âîîáùå ê ðàáîòå
çàãàäî÷íîé ¾öåíòðàëüíîé ìàøèíû¿ êâàçàðîâ è ò.ï. Âîçìîæíî, ýòî ïîìî-
æåò è ïîíÿòü ïðèðîäó îäíîãî èç ñàìûõ çàãàäî÷íûõ ÿâëåíèé â ñîâðåìåííîé
àñòðîíîìèè: òàê íàçûâàåìîãî ãàììà-âñïëåñêà. Íå èñêëþ÷åíî, ÷òî ÿâëåíèå
ãàììà-âñïëåñêà ñâÿçàíî íå ¾ïðîñòî¿ ñî ñòîëêíîâåíèåì çâåçäíûõ ìàññ ÷åð-
íûõ äûð, à èíèöèèðóåòñÿ ïðèíöèïèàëüíî íîâûì äëÿ íàøåé ôèçèêè ÿâëå-
íèåì � ïðÿìûì ñòîëêíîâåíèåì ïëàíêîâñêèõ ñèíãóëÿðíîñòåé ñëèâàþùèõñÿ
×Ä.¿ [12]

Ñåãîäíÿ ìû çíàåì î ÷åðíûõ äûðàõ ìåíüøå, ÷åì íå çíàåì.
Çäåñü óìåñòíî ïðèâåñòè ñëîâà íîáåëåâñêîãî ëàóðåàòà ôèçèêà Ñ.×àí-

äðàñåêõàðà: ¾Èññëåäóÿ ÿâëåíèÿ, ñâÿçàííûå ñ ãîðèçîíòàìè ñîáûòèé è íåâîç-
ìîæíîñòüþ ïåðåäàòü ÷åðåç íèõ èíôîðìàöèþ, ÿ ÷àñòî ïîâòîðÿë ïðî ñåáÿ
ñêàçêó î ïðèðîäå, êîòîðóþ ñëûøàë â Èíäèè. Ñêàçêà ïîâåñòâîâàëà î ëè-
÷èíêàõ ñòðåêîç, æèâóùèõ íà äíå ïðóäà. Èõ ïîñòîÿííî ìó÷èëà îäíà çàãàä-
êà: ÷òî ïðîèñõîäèò ñ íèìè, êîãäà, âñòàâ âçðîñëûìè, îíè ïîäíèìàþòñÿ ê
ïîâåðõíîñòè ïðóäà, ïðîõîäÿò ÷åðåç íåå è èñ÷åçàþò, ÷òîáû áîëüøå íèêîãäà
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íå âåðíóòüñÿ? Êàæäàÿ ëè÷èíêà, ñòàâøàÿ âçðîñëîé è ãîòîâÿùàÿñÿ ïîäíÿòü-
ñÿ íàâåðõ, îáÿçàòåëüíî îáåùàåò âåðíóòüñÿ è ðàññêàçàòü îñòàâøèìñÿ âíèçó
ïîäðóãàì î òîì, ÷òî ïðîèñõîäèò íàâåðõó. Âåäü òîëüêî òàê óäàñòñÿ ïîä-
òâåðäèòü èëè îïðîâåðãíóòü ñëóõè, ðàñïðîñòðàíÿåìûå ëÿãóøêîé: áóäòî áû
ëè÷èíêà, ïåðåñåêàþùàÿ ïîâåðõíîñòü ïðóäà è îêàçàâøàÿñÿ ïî äðóãóþ ñòî-
ðîíó ïðèâû÷íîãî ìèðà, ïðåâðàùàåòñÿ â óäèâèòåëüíîå ñóùåñòâî ñ äëèííûì
ñòðîéíûì òåëîì è ñâåðêàþùèìè êðûëüÿìè. Íî, âûéäÿ èç âîäû, ëè÷èí-
êà ïðåâðàùàåòñÿ â ñòðåêîçó, êîòîðàÿ, óâû, íå ìîæåò ïðîíèêíóòü ïîä âîäó
ïðóäà, ñêîëüêî áû îíà íè ïûòàëàñü è êàê áû äîëãî íå ïàðèëà íàä åãî çåð-
êàëüíîé ïîâåðõíîñòüþ...¿ [14].

3. Ãðàâèòàöèîííûå âîëíû

Ãðàâèòàöèîííûå âîëíû � ýòî êîëåáàíèÿ êðèâèçíû ïðîñòðàíñòâà-âðå-
ìåíè, ðàñïðîñòðàíÿþùèåñÿ ñ î÷åíü âûñîêîé ñêîðîñòüþ. Îíè áûëè ïðåä-
ñêàçàíû ÎÒÎ, íî äàëåêî íå âñå âåðèëè â èõ ñóùåñòâîâàíèå. Óñîìíèëñÿ â
íèõ äàæå ñàì À.Ýéíøòåéí. Äèñêóññèþ î ðåàëüíîñòè ãðàâèòàöèîííûõ âîëí
(ÃÂ) àêòèâíî âåëè ó÷åíûå ìíîãèõ ñòðàí. Âòîðàÿ ìèðîâàÿ âîéíà ïðåðâàëà
ýòó äèñêóññèþ. Ïîñëå âîéíû îíà âîçîáíîâèëèñü ñ íîâîé ñèëîé. Â 1957 ã.
àíãëèéñêèé ôèçèê Ô.Ïèðàíè îáîñíîâàë âîçìîæíîñòü äåòåêòèðîâàíèÿ ÃÂ.
Â 1962 ã. ñîâåòñêèå ó÷åíûå Â.Ïóñòîâîéò è Ì.Ãåðöåíøòåéí îïèñàëè ïðèíöè-
ïû èñïîëüçîâàíèÿ èíòåðôåðîìåòðîâ äëÿ îáíàðóæåíèÿ ÃÂ.Èíòåðôåðîìåòð
Ìàéêåëüñîíà áûë èçâåñòåí åùå ÕIÕ âåêå, ñ åãî ïîìîùüþ ïûòàëèñü çàôèê-
ñèðîâàòü ¾ýôèðíûé âåòåð¿. Èäåÿ èñïîëüçîâàíèÿ èíòåðôåðîìåòðîâ äëÿ îá-
íàðóæåíèÿ ÃÂ Ïóñòîâîéòà è Ãåðöåíøòåéíà íå îáðàòèëà íà ñåáÿ äîëæíîãî
âíèìàíèÿ.

Â 1969 ã. Äæ. Âåáåð ñîîáùèë îá îáíàðóæåíèè èì ÃÂ.Â êà÷åñòâå äå-
òåêòîðà ÃÂ îí ïðèìåíèë ìåõàíè÷åñêèå ãðàâèòàöèîííûå àíòåííû.

Â íà÷àëå 70-õ ãã. Â.Á.Áðàãèíñêèé ïîâòîðèë â Ìîñêâå ýêñïåðèìåíòû
Äæ. Âåáåðà, íî çàôèêñèðîâàòü ÃÂ íå óäàåòñÿ.

Â òå÷åíèè 45 ëåò íèêîìó íå óäàëîñü ïîäòâåðäèòü îïûò Äæ. Âåáå-
ðà, ôèçèêè ïðèøëè ê ìíåíèþ, ÷òî Äæ. Âåáåð íå ìîã çàðåãèñòðèðîâàòü
ÃÂ.Îäíàêî, åãî ðàáîòà ñïîñîáñòâîâàëà áóðíîìó ðîñòó ïóáëèêàöèé, ïîñâÿ-
ùåííûõ ÃÂ, à ñàì Äæîçåô Âåáåð áûë ïðèçíàí îñíîâàòåëåì ãðàâèòàöèîí-
íîé àñòðîíîìèè.

×òîáû ïîðîäèòü ìîùíóþ ãðàâèòàöèîííóþ âîëíó íóæíî î÷åíü ñèëü-
íî èñêàçèòü ïðîñòðàíñòâî-âðåìÿ. Èäåàëüíûé âàðèàíò � äâå ÷åðíûå äûðû,
âðàùàþùèåñÿ äðóã âîêðóã äðóãà â òåñíîì òàíöå, íà ðàññòîÿíèè ïîðÿäêà
èõ ãðàâèòàöèîííîãî ðàäèóñà. Èñêàæåíèÿ ìåòðèêè áóäóò ñòîëü ñèëüíûìè,
÷òî çàìåòíàÿ ÷àñòü ýíåðãèè ýòîé ïàðû áóäåò èçëó÷àòüñÿ â ãðàâèòàöèîííûå
âîëíû. Òåðÿÿ ýíåðãèþ, ïàðà áóäåò ñáëèæàòüñÿ, êðóæàñü âñå áûñòðåå, èñêà-
æàÿ ìåòðèêó âñå ñèëüíåå è ïîðîæäàÿ âñå áîëåå ñèëüíûå ãðàâèòàöèîííûå
âîëíû, ïîêà, íàêîíåö, íå ïðîèçîéäåò êàðäèíàëüíàÿ ïåðåñòðîéêà âñåãî ãðà-
âèòàöèîííîãî ïîëÿ ýòîé ïàðû è äâå ÷åðíûå äûðû íå ñîëüþòñÿ â îäíó. Òà-
êîå ñëèÿíèå ÷åðíûõ äûð � âçðûâ ãðàíäèîçíîé ìîùíîñòè, è çíà÷èòåëüíàÿ
÷àñòü èçëó÷àåìîé ýíåðãèÿ óõîäèò â êîëåáàíèÿ ïðîñòðàíñòâà. Àíàëîãè÷íûå
êîëåáàíèÿ áóäóò ñîïðîâîæäàòü è ñëèÿíèÿ íåéòðîííûõ çâåçä [4].
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Äâà îáúåêòà èçëó÷àþò ãðàâèòàöèîííûå âîëíû òîëüêî â ïàðå (ïðè-
òÿãèâàþùèåñÿ äðóã ê äðóãó è ñëèâàþùèåñÿ ãàëàêòèêè, êîëëàïñ äâîéíîé
ñèñòåìû êîìïàêòíûõ îáúåêòîâ, ñëèÿíèå ÷åðíûõ äûð, íåéòðîííûõ çâåçä,
...).

Äî ÕÕ âåêà êîñìîëîãèÿ áûëà îáúåêòîì ôèëîñîôèè è ïîýçèè è â îäíîì
èç ôèëîñîôñêèõ òðàêòàòîâ ìîæíî ïðî÷åñòü: ¾Òÿãîòåíèå � îñíîâíîé çàêîí
ìèðîçäàíèÿ. Â âûñøèõ ñôåðàõ è ìèðàõ, òÿãîòåíèå ïðåîáðàæàåòñÿ â çàêîí
Ëþáâè è ñïðàâåäëèâîãî Ñî÷åòàíèÿ. ×óâñòâî ÿâëÿåòñÿ âåäóùèì íà÷àëîì âî
âñåì Ñóùåì. Ìèðû çà÷èíàþòñÿ ÷óâñòâîì � Ëþáîâüþ, ò. ê. Ëþáîâü óÿâëåíà
êàê ïðèòÿæåíèè è ñöåïëåíèè ýíåðãèé¿.

Ýòîò òåçèñ ðàçâèë â ñâîåé ðåëèãèîçíî-ôèëîñîôñêîé ðàáîòå ¾Ïîñëàíèå
Ìîëèòâû Ãîñïîäíåé¿ ãåíèàëüíûé ó÷åíûé è àâèàêîíñòðóêòîð, âêëàä êîòî-
ðîãî â ðàçâèòèå âîçäóõîïëàâàíèÿ íå áûë ïðåâçîéäåí, ïîæàëóé, íèêåì �
Èãîðü Ñèêîðñêèé. Îí ïèñàë: ¾Ôóíêöèîíèðîâàíèå íåáåñíûõ ìåõàíèçìîâ äà-
åò íàì ïðåäñòàâëåíèå î òîì, ÷òî ìîæåò ïðîèñõîäèòü â ÿâëåíèÿõ âûñøåãî
ïîðÿäêà, íàõîäÿùèõñÿ âíå âèäèìîñòè, ãäå ñèëû ãðàâèòàöèè è ïðèòÿæåíèÿ
çàìåíåíû äîáðîé âîëåé è ëþáîâüþ â èõ âûñøåì çíà÷åíèè¿.

4. Ãðàâèòàöèîííûå âîëíû � ðåàëüíîñòü

Â òå÷åíèè ñòà ëåò ó÷åíûå ìíîãèõ ñòðàí èñêàëè ïîäòâåðæäåíèå ñóùå-
ñòâîâàíèþ ÃÂ è êîãäà 11 ôåâðàëÿ 2016 ãîäà áûëî ñîîáùåíî îá îáíàðóæåíèè
ÃÂ, ýòî ñîáûòèå ñèíõðîííî (áóêâàëüíî ìèíóòà â ìèíóòó) ñòàëî èçâåñòíî
íà âñåõ êîíòèíåíòàõ.

14 ñåíòÿáðÿ 2015 ãîäà îáíîâëåííàÿ îáñåðâàòîðèÿ LIGO (ÑØÀ) çà-
ðåãèñòðèðîâàëà ãðàâèòàöèîííî-âîëíîâîé âñïëåñê, ïîðîæäåííûé ñëèÿíèåì
äâóõ ÷åðíûõ äûð. ×åòûðå ìåñÿöà óøëî íà ïðîâåðêó ïîëó÷åííûõ äàííûõ,
íà îáðàáîòêó è âû÷èñëåíèÿ. 21 ÿíâàðÿ 2016 ã. ãðóïïà èç 1011 (íåâèäàí-
íîå ÷èñëî!) àâòîðîâ èç 126 íàó÷íûõ ïîäðàçäåëåíèé èç 18 ñòðàí íàïðàâèëà
ñòàòüþ ¾Íàáëþäåíèå ãðàâèòàöèîííûõ âîëí îò ñëèÿíèÿ áèíàðíîé ÷åðíîé
äûðû¿ â æóðíàë ¾Physical Review Letters¿. Ñòàòüÿ áûëà îïóáëèêîâàíà 11
ôåâðàëÿ 2016 ã. Äëÿ âñåãî ìèðà ýòî áûëî ñåíñàöèîííûì ñîîáùåíèåì [5].

Èñïîëüçóÿ òåîðåòè÷åñêèå ñîîòíîøåíèÿ è ïàðàìåòðû ïîëó÷åííîãî ñèã-
íàëà, ó÷åíûå âû÷èñëèëè ìàññû âçàèìîäåéñòâóþùèõ ÷åðíûõ äûð. Îíè îêà-
çàëèñü îêîëî 29 è 36 ìàññ Ñîëíöà. Ïîñëå ñëèÿíèÿ îáùàÿ ìàññà ñîñòàâèëà
ïðèìåðíî 62 ìàññû Ñîëíöà. Ýòî îçíà÷àëî óìåíüøåíèå ñóììàðíîé ìàññû
ïðèìåðíî íà òðè ìàññû Ñîëíöà. ×òî, â ñâîþ î÷åðåäü, ìîæåò îçíà÷àòü, ÷òî
4,8% ýíåðãèè ÷åðíûõ äûð ïðåîáðàçîâàëîñü â ãðàâèòàöèîííûå âîëíû.

Â ïîëüçó ãèïîòåçû Ð.Ïåíðîóçà î öèêëè÷åñêîé Âñåëåííîé ýòî áûë çíà-
÷èòåëüíûé âêëàä, íî ãëàâíîå, áûë îòêðûò íîâûé èíñòðóìåíò äëÿ èçó÷åíèÿ
Âñåëåííîé è ïðîèñõîäÿùèõ â íåé ïðîöåññîâ.

Ãðàâèòàöèîííî-âîëíîâàÿ àñòðîíîìèÿ ïîçâîëÿåò çàãëÿíóòü íà ðàññòî-
ÿíèÿ â ìèëëèàðä ñâåòîâûõ ëåò è áîëåå. Íàñêîëüêî áîëåå? Ìîæåì ïðèáëè-
çèòüñÿ ê ìîìåíòó ðîæäåíèÿ íàøåé Âñåëåííîé? Èëè êàê óòâåðæäàåò Ðîä-
æåð Ïåíðîóç, çàãëÿíóòü çà Áîëüøîé âçðûâ â ïðåäûäóùóþ Âñåëåííóþ?
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5. Ìåòàôèçèêà

¾Òðóäíî àáñòðàãèðîâàòüñÿ îò êîíöåïöèé è âçãëÿäîâ,
ïðåäñòàâëÿþùèõñÿ óæå óñòàíîâëåííûìè èëè äàæå
ñàìîî÷åâèäíûìè¿.

À.Ýéíøòåéí

¾Ïðîãðåññ íàóêè ïîñòîÿííî òîðìîçèòñÿ òèðàíè÷å-
ñêèì âëèÿíèåì íåêîòîðûõ êîíöåïöèé, êîòîðûå, â
êîíöå êîíöîâ, ñòàëè ñ÷èòàòüñÿ äîãìàìè¿.

Ëóè äå Áðîéëü

Ñ äðåâíèõ âðåìåí ìåòàôèçèêà ðàññìàòðèâàëàñü êàê ñèñòåìà èñõîäíûõ
ïðåäñòàâëåíèé îá îñíîâàõ áûòèÿ, î ïåðâè÷íûõ ïîíÿòèÿõ è çàêîíîìåðíî-
ñòÿõ ìèðîçäàíèÿ. Ìåòàôèçèêà áûëà ÷àñòüþ ôèëîñîôèè, õîòÿ ñóùåñòâåí-
íûé âêëàä â íåå âíîñèëè èìåííî åñòåñòâîèñïûòàòåëè: Ð.Äåêàðò, Ã.Ãàëèëåé,
Ã.Ëåéáíèö...

Ñåãîäíÿ ìåòàôèçèêà ðàññìàòðèâàåò öåëûé ñïåêò ïàðàäèãì, ñðåäè êî-
òîðûõ âûäåëÿåòñÿ ôèçè÷åñêîå ìèðîïîíèìàíèå è ãåîìåòðè÷åñêîå ìèðîïî-
íèìàíèå [6]. Ýéíøòåéíîâñêàÿ Îáùàÿ òåîðèÿ îòíîñèòåëüíîñòè ïðåäñòàâëÿåò
ãåîìåòðè÷åñêîå ìèðîïîíèìàíèå.

Óèëüÿì Êëèôôîðä â ñâîåé ðàáîòå ¾Î ïðîñòðàíñòâåííîé òåîðèè ìà-
òåðèè¿ (1870 ã.) ïèñàë: ¾ß ñ÷èòàþ ÷òî:

1) Ìàëûå ó÷àñòêè ïðîñòðàíñòâà àíàëîãè÷íû íåáîëüøèì õîëìàì íà
ïîâåðõíñòè... 2) Ýòî ñâîéñòâî èñêðèâëåííîñòè èëè äåôîðìàöèè íåïðåðûâ-
íî ïåðåõîäèò ñ îäíîãî ó÷àñòêà ïðîñòðàíñòâà íà äðóãîé íàïîäîáèå âîëíû.
3) Ýòî èçìåíåíèå êðèâèçíû åñòü òî, ÷òî ìû íàçûâàåì äâèæåíèåì ìàòåðèè...
4) Â ôèçè÷åñêîì ìèðå íè÷åãî íå ïðîèñõîäèò, êðîìå òàêèõ èçìåíåíèé...¿

Àìåðèêàíñêèé ôèçèê Äæ. Óèëåð â ÕÕ âåêå âòîðèë Êëèôôîðäó ¾Â ìè-
ðå íåò íè÷åãî, êðîìå èñêðèâëåíèÿ ïðîñòðàíñòâà. Ìàòåðèÿ, çàðÿä, ýëåêòðî-
ìàãíèòíûå è äðóãèå ïîëÿ ÿâëÿþòüñÿ ëèøü ïðîÿâëåíèÿìè èñêðèâëåííîãî
ïðîñòðàíñòâà. Ôèçèêà åñòü ãåîìåòðèÿ¿.

Ãåîìåòðè÷åñêîå ìèðîïîíèìàíèå óõîäèò â ãëóáü âåêîâ, Äæ. Óèëåð â
ñâîèõ ðàáîòàõ öèòèðóåò ðåíåññàíñíîãî íåîïëàòîíèêà Ô.Ïàòðèöè :¾Èòàê,
ïðîñòðàíñòâî åñòü òî, ÷òî áûëî ïðåæäå ìèðà (êîñìîñà) è áóäåò ïîñëå íåãî,
÷òî ñòîèò âî ãëàâå ìèðà, ... Ðàçâå îíî òîãäà íå ñóáñòàíöèÿ? Åñëè ñóáñòàíöèÿ
åñòü òî, ÷òî ëåæèò â îñíîâå, òî ïðîñòðàíñòâî ñêîðåå âñåãî ñóùíîñòü ìèðà¿.
Ô.Ïàòðèöè â ñâîþ î÷åðåäü ïîääåðæèâàë íåîïëàòîíèêîâ è ãåîìåòðèçàöèþ
îïòèêè Ðîáåðòà Ãðîññåòåñòå, æèâøåãî â ïåðâîé ïîëîâèíå ÕIII âåêà [7]. Ðî-
áåðò Ãðîññåòåñòå, ïûòàëñÿ îáúåäèíèòü ãåîìåòðè÷åñêîå ìèðîïîíèìàíèå ñ
ôèçè÷åñêèì ìèðîïîíèìàíèåì, óòâåðæäàÿ êâàíòîâóþ ïðèðîäó ñâåòà è ãåî-
ìåòðè÷åñêèå çàêîíû åãî ðàñïðîñòðàíåíèÿ.

Òàê, îïèðàÿñü íà ïðåäøåñòâåííèêîâ, ïîðîé íà ìíîãèå âåêà îïåðåæàâ-
øèõ ñâîå âðåìÿ, ó÷åíûå øàã çà øàãîì øëè âïåðåä.

Âî âòîðîé ïîëîâèíå ÕÕ âåêà â Ñîâåòñêîì Ñîþçå, ãäå ìåòàôèçèêà
òðàêòîâàëàñü êàê ðåàêöèîííîå èäåàëèñòè÷åñêîå ó÷åíèå, ïðîòèâîðå÷àùåå
¾åäèíñòâåííî âåðíîìó¿ äèàëåêòè÷åñêîìó ìàòåðèàëèçìó, ôèçèêè àêòèâíî
âåëè äèñêóññèè ïî âîïðîñàì ìåòàôèçèêè.
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Ïðèìåðîì ýòîìó ìîæåò ñëóæèòü äèñêóññèÿ, ðàçâåðíóâøàÿñÿ â 1964
ãîäó â Êèåâå íà Ïåðâîì Âñåñîþçíîì ñèìïîçèóìå ¾Ôèëîñîôñêèå ïðîáëå-
ìû òåîðèè òÿãîòåíèÿ Ýéíøòåéíà è ðåëÿòèâèñòñêîé êîñìîëîãèè¿. Íà ýòîì
ñèìïîçèóìå ïðîôåññîð À.Ç.Ïåòðîâ óòâåðæäàë: ¾Ïîëå ãðàâèòàöèè � ýòî
îñîáûé âèä ìàòåðèè è ïîòîìó îíà, êàê òàêîâàÿ, ïðîÿâëÿåò ñåáÿ â äâèæå-
íèè è íå ìîæåò äâèãàòüñÿ èíà÷å, êàê â ïðîñòðàíñòâå-âðåìåíè¿. Ïðîôåññîð
Ì.Ô.Øèðîêîâ åìó âîçðàæàë: ¾Ñ ôèçè÷åñêîé òî÷êè çðåíèÿ ïîëÿ òÿãîòåíèÿ
è èíåðöèè, êàê ïðîÿâëåíèÿ ãåîìåòðè÷åñêèõ ñâîéñòâ ïðîñòðàíñòâà è âðåìå-
íè, ñëåäóåò ñ÷èòàòü ôîðìàìè ñóùåñòâîâàíèÿ ìàòåðèè, à íå ìàòåðèåé¿. À
ïðîôåññîð Ä.Ä.Èâàíåíêî çàÿâëÿë, ÷òî ãðàâèòàöèÿ � ÷àñòè÷íî ìàòåðèÿ, à
÷àñòè÷íî ôîðìà ñóùåñòâîâàíèÿ ìàòåðèè... [6], [8].

Ä.Ä.Èâàíåíêî áûë îäíèì èç íåìíîãèõ, êòî ðàññìàòðèâàë ÎÒÎ êàê
î÷åíü âàæíóþ, íî íå îêîí÷àòåëüíóþ ïîïûòêó ïîñòðîåíèÿ åäèíîé òåîðèè
óñòðîéñòâà ìèðà, îí ãîâîðèë: ¾Òàê èëè èíà÷å íûíåøíèé ïåðèîä èñòîðèè
ôèçèêè õàðàêòåðåí âñå áîëåå íàñòîé÷èâûìè è ïåðñïåêòèâíûìè ïîïûòêà-
ìè ïîñòðîåíèÿ íîâîé, ÷åòâåðòîé â èñòîðè÷åñêîé ïîñëåäîâàòåëüíîñòè åäè-
íîé êàðòèíû ìèðà¿. Îí íåîäíîêðàòíî âûðàæàë ñîìíåíèÿ â ïðàâèëüíîñòè
ðàñïðîñòðàíåíèÿ çàêîíîìåðíîñòåé ÎÒÎ íà îïèñàíèå Âñåëåííîé â öåëîì. [9]
Èáî ïðèçíàíèå áåñïðåäåëüíîñòè êàê â ïîçíàíèè, òàê è â áåñêîíå÷íîñòè ðàç-
âèòèÿ Ìèðà, äåëàþò íåâîçìîæíûì ïîçíàíèå àáñîëþòà, íî ïîñëåäîâàòåëü-
íîå, øàã çà øàãîì îñîçíàíèå âñå íîâûõ ïëàíîâ áûòèÿ äàþò ÷åëîâå÷åñòâó
íîâûå âîçìîæíîñòè òâîð÷åñòâà.

Ñåãîäíÿ îäíèì èç äèñêóññèîííûõ âîïðîñîâ ïî ïîâîäó êîòîðîãî âåäóò-
ñÿ ñïîðû ÿâëÿåòñÿ âîïðîñ î ïåðåõîäå îò ðèìàíîâîé ãåîìåòðèè, ïîëîæåííîé
â îñíîâó ÎÒÎ ê ãåîìåòðèè ñ êðó÷åíèåì.

Ó÷åíèê Ë.Â.Êåëäûøà è Ä.Ä.Èâàíåíêî, Ã.È.Øèïîâ â 2005 ãîäó âû-
ñòóïèë íà êîíôåðåíöèè â Áåëüãèè ñ äîêëàäîì ¾Ìåõàíèêà Äåêàðòà � ÷åò-
âåðíîå îáîáùåíèå ìåõàíèêè Íüþòîíà¿ (Shipov G. // Decartes' Mechanics �
Fourth Generalization of Newtons Mechanics. In ¾7th Intern. Conference Com-
puting Anticipatory Systems¿, HEC-ULg, Liege, Belgium, 2005).

Â ñâîåé ñòàòüå ¾Ìåõàíèêà Äåêàðòà � ÷åòâåðòîå îáîáùåíèå ìåõàíèêè
Íüþòîíà¿ Ãåííàäèé Øèïîâ ïèøåò: ¾Õîòÿ ìåõàíèêà Íüþòîíà îáîáùàëàÿü
óæå òðèæäû: ïðè ñîçäàíèè ñïåöèàëüíîé òåîðèè îòíîñèòåëüíîñòè, ÎÒÎ è
êâàíòîâîé ìåõàíèêè, ñóùåñòâóåò âîçìîæíîñòü äëÿ åå äàëüíåéøåãî îáîáùå-
íèÿ.

Ïåðåä ñîçäàíèåì Íüþòîíîì îñíîâ ìåõàíèêè (1687 ã.) Ðåíå Äåêàðò îò-
ñòàèâàë òî÷êó çðåíèÿ, ÷òî âñÿêîå äâèæåíèå åñòü âðàùåíèå. Ýòî óòâåðæäå-
íèå óäàåòñÿ äîêàçàòü ïîñëåäîâàòåëüíî òîëüêî ñåé÷àñ, èñïîëüçóÿ áîãàòûé
àðñåíàë ìàòåìàòè÷åñêèõ è ôèçè÷åñêèõ èäåé ñîâðåìåííîé íàóêè, âûäâèíó-
òûõ â ðàçíîå âðåìÿ âûäàþùèìèñÿ ó÷åíûìè. ×åòâåðòîå îáîáùåíèå ìåõàíè-
êè Íüþòîíà îêàçàëîñü âîçìîæíûì ïðè óñëîâèè, ÷òî â óðàâíåíèÿõ ìåõàíè-
êè Äåêàðòà ðåàëèçóþòñÿ:

Ïðîáëåìà Êëèôôîðäà-Ýéíøòåéíà ïî ãåîìåòðèçàöèè.
Ýðëàíãåíñêàÿ ïðîãðàììà Êëåéíà.
Èäåÿ Êàðòàíà î ñâÿçè êðó÷åíèÿ ïðîñòðàíñòâà ñ ôèçè÷åñêèì âðàùå-

íèåì.
Èäåÿ Êàðìåëè îá îáúåäèíåíèè ïîñòóïàòåëüíîé è âðàùàòåëüíîé îòíî-

ñèòåëüíîñòè.
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Èäåÿ Ïåíðîóçà îá îäèíàêîâîì çàêîíå ïðåîáðàçîâàíèé äëÿ òðàíñëÿöèé
è âðàùåíèé.

Èäåÿ Óèëëåðà î ãåîìåòðè÷åñêîé ïðèðîäå ñïèíîðíûõ ïîëåé.
Èäåÿ Äåêàðòà î âðàùàòåëüíîé ïðèðîäå ëþáîãî äâèæåíèÿ.¿
Îòëè÷èòåëüíîé ÷åðòîé ìåõàíèêè Äåêàðòà èëè âàêóóìíîé ìåõàíèêè

ÿâëÿåòñÿ ïðèíöèï îáúåäèíåíèÿ ïîñòóïàòåëüíîé è âðàùàòåëüíîé îòíîñè-
òåëüíîñòè. Ýòîò ïðèíöèï óòâåðæäàåò îòíîñèòåëüíîñòü âñåõ ôèçè÷åñêèõ
ïîëåé è âçàèìîäåéñòâèé.

Â ôèëîñîôñêèõ òðàêòàòàõ äàâíî óæå ìîæíî áûëî âñòðåòèòü èäåþ îá
îáúåäèíåíèè çàêîíà ðèòìà ñ çàêîíîì öèêëîâ. Îäíèì èç ðàçëè÷èé ìåæäó
öèêëè÷åñêèì çàêîíîì è çàêîíîì ðèòìà ÿâëÿåòñÿ ðàçíîñòü íàïðàâëåíèé.
Öèêëè÷åñêèé çàêîí íàïðàâëÿåò îïðåäåëåííûå ôîðìû ýíåðãèè è ìàòåðèè
ïî îêðóæíîé òðàåêòîðèè; ðèòìè÷åñêèé çàêîí ïîáóæäàåò ìàòåðèþ, âíóò-
ðè êîòîðîé îí äåéñòâóåò ê âîçâðàòíî-ïîñòóïàòåëüíîìó äâèæåíèþ è çàäàåò
åãî ãðàíèöû. Öèêëè÷åñêèé çàêîí íàïðàâëÿåò ýíåðãèþ â íåîáõîäèìûå êðó-
ãîâûå êàíàëû; çàêîí ðèìà íàïðàâëÿåò òå÷åíèå ñèëû � è ñóáñòàíöèè �
âíóòðè ýòèõ êàíàëîâ. Íàïðèìåð, ðèòìè÷åñêèé çàêîí óïðàâëÿåò àêòîì äû-
õàíèÿ ïóòåì ñâîåãî âîçâðàòíî- ïîñòóïàòåëüíîãî âîçäåéñòâèÿ íà êëåòêè äû-
õàòåëüíûõ öåíòðîâ; öèêëè÷åñêèé çàêîí îïðåäåëÿåò ïóòü ñîñòàâíûõ ÷àñòèö
âîçäóõà, âòÿíóòûõ â ëåãêèå ñ ïîìîùüþ äûõàíèÿ, è íàïðàâëåíèå êðîâîòîêà,
êîãäà òîò âõîäèò â ñåðäöå è ïîêèäàåò åãî (ìàëûé ëåãî÷íûé êðóã êðîâîîá-
ðàùåíèÿ) � è äåëàåò îí ýòî òî÷íî òàê æå, êàê íàïðàâëÿåò õîä ïëàíåò ïî
èõ îðáèòàì âîêðóã Ñîëíöà.

¾Âñÿêàÿ âèáðàöèÿ âî âñåé ìàòåðèè äâèæåòñÿ â ñîâåðøåííîì ðèòìå.
Êàê áû ìàëû íè áûëè àòîì, êëåòêà èëè îðãàí ñèëû èëè ñóáñòàíöèè, ýíåð-
ãèÿ, êîòîðàÿ ïðèíóäèëà èõ ê âíåøíåìó âûðàæåíèþ, óñòàíîâèëà â èõ èç-
íà÷àëüíîì öåíòðå êîëåáàíèÿ âïåðåä è íàçàä, âíóòðü è íàðóæó, â òî÷íîì
ñîîòíîøåíèè. Åñëè ýòà ìåðà íàðóøàåòñÿ, òî ïðîèñõîäèò ïåðåìåíà â ñòðî-
åíèè ñèëû èëè ñóáñòàíöèè. Åñëè áû âîçìîæíî áûëî óâåëè÷èòü ÷àñòîòó
âèáðàöèè àòîìà çà ïðåäåëû óñòàíîâëåííûå åìó çàêîíîì ðèòìà, òî àòîì
ïåðåñòàë áû ñóùåñòâîâàòü íà ñâîåì ïëàíå áûòèÿ¿.

Ãèïîòåçà öèêëè÷åñêîé Âñåëåííîé Ïåíðîóçà òàê æå îáúåäèíÿåò öèêëû
ýîíîâ ñ ðèòìîì îòäåëüíûõ ôàç ýîíà. Öèêëè÷åñêèé çàêîí îïðåäåëÿåò ïðî-
äîëæèòåëüíîñòü ýîíà; ðèòìè÷åñêèé çàêîí óïðàâëÿåò êà÷åñòâàìè (äèàïàçî-
íàìè ÷àñòîò èëè óðîâíåì âèáðàöèé) äåéñòâóþùèìè â ïðîìåæóòêà ìåæäó
îïðåäåëåííûìè ôàçàìè æèçíè ýîíà, � ìîëîäîñòè, çðåëîñòè, ñòàðîñòè, ...

Îáúåäèíåíèå ïîñòóïàòåëüíîé è âðàùàòåëüíîé îòíîñèòåëüíîñòåé ëå-
æèò â îñíîâå òåîðèè ôèçè÷åñêîãî âàêóóìà [10]. Óðàâíåíèÿ ôèçè÷åñêîãî
âàêóóìà (îíè æå óðàâíåíèÿ âàêóóìíîé ìåõàíèêè èëè ìåõàíèêè Äåêàðòà �
÷åòâåðòîãî îáîáùåíèÿ ìåõíèêè Íüþòîíà), îïèñûâàþùèå 10-òè ìåðíîå ïðî-
ñòðàíñòâî ñîáûòèé ñ ÷åòûðüìÿ òðàíñëÿöèîííûìè è øåñòüþ âðàùàòåëüíû-
ìè êîîðäèíàòàìè, ïîëíîñòüþ ãåîìåòðèçèðîâàííûå óðàâíåíèÿ Ýéíøòåéíà
è ßíãà�Ìèëëñà, îïèñûâàþò ôèçè÷åñêèé âàêóóì èç êîòîðîãî ðîæäàþòñÿ
ýëåìåíòàðíûå ÷àñòèöû. ¾À åñëè ìû çíàåì êàê óñòðîåí ôèçè÷åñêèé âàêó-
óì, èç êîòîðîãî ðîæäàþòñÿ ýëåìåíòàðíûå ÷àñòèöû, òî ìû ìîæåì çíàòü êàê
óñòðîåíû ñàìè ÷àñòèöû è ìîæåì îïèñàòü èõ âçàèìîäåéñòâèå¿.

Â òåîðèè, ïîñòðîåííîé ñ ó÷åòîì âðàùàòåëüíîé îòíîñèòåëüíîñòè,
íåò äâóõ êàòåãîðèé (ïðîñòðàíñòâà-âðåìåíè è ìàòåðèàëüíûõ èñòî÷íèêîâ),
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à åñòü òîëüêî çàêðó÷åííîå è èñêðèâëåííîå ïðîñòðàíñòâî Âàéöåíáåêà. Ñëå-
äóÿ Êëèôôîðäó, ìîæíî òåïåðü ñêàçàòü, ÷òî â ìèðå íè÷åãî íå ïðîèñõîäèò
êðîìå èçìåíåíèÿ êðèâèçíû è êðó÷åíèÿ ïðîñòðàíñòâà, ïîñêîëüêó ìàòåðè-
àëüíûå èñòî÷íèêè ñâåäåíû ê êðó÷åíèþ Ðè÷÷è. [15]

Çäåñü, êîíå÷íî, âîçíèêàåò âîïðîñ êàê òîðñèîííûå ïîëÿ (ïîëÿ êðó-
÷åíèÿ) ôèçè÷åñêîãî âàêóóìà ñâÿçàíû ñ ãðàâèòàöèîííûìè âîëíàìè. Åñëè
òîðñèîííîå ïîëå ñâÿçàíî ñ âîëíîâîé ôóíêöèåé êâàíòîâîé ìåõàíèêè (êàê
ó Ã.È.Øèïîâà), òî îíî äîëæíî áûòü èñòî÷íèêîì ãðàâèòàöèîííûõ âîëí.
Íî â öåëîì, ñåãîäíÿ ìû ìîæåì ñêàçàòü, ÷òî çíàåì î ãðàâèòàöèîííûõ âîë-
íàõ ìåíüøå, ÷åì íå çíàåì... Òåîðåòè÷åñêèå èññëåäîâàíèÿ, ýêñïåðèìåíòû è
ìåòàôèçè÷åñêèå äèñêóññèè ïðîäîëæàþòñÿ.

6. Ëèðèêà

Êîãäà â íà÷àëå 1970-òûõ ã.ã. Â Êèåâå, â ïîäâàëå ãîñòèííèöû ¾Ôåîôà-
íèÿ¿ ãðóïïà ôèçèêîâ ïîä ðóêîâîäñòâîì àêàäåìèêà ÀÍ ÓÑÑÐ À.Ç.Ïåòðîâà
ñîáðàëà äåòåêòîð ïî óëàâëèâàíèþ ãðàâèòàöèîííûõ âîëí (êîïèþ óñòàíîâ-
êè Â.Á.Áðàãèíñêîãî), ôèçèêè â øóòêó íàðèñîâàëè íà âàêóóìíîé êàìåðå
ôèëîñîôà Äèîãåíà. Âàêóóìíàÿ êàìåðà ïðåäñòàâëÿëà ñîáîé ìåòàëëè÷åñêóþ
áî÷êó, è Äèîãåí, ñèäÿ â ¾áî÷êå¿, ïðèñëóøèâàëñÿ ê ¾ãðàâèòàöèîííîé ìóçû-
êå íåáåñíûõ ñôåð¿ [11].

×àñòîòà (âèáðàöèÿ) çàôèêñèðîâàííîãî LIGO ñèãíàëà îò ãðàâèòàöè-
îííûõ âîëí â 2015 ã. ñîâïàëà ñ äèàïàçîíîì ÷àñòîò ÷åëîâå÷åñêîãî ãîëîñà
(õîòÿ ôèçè÷åñêè ýòè ÿâëåíèÿ ðàçëè÷íûå) è ó÷åíûå ñìîäåëèðîâàëè ñèãíàë
îò ãðàâèòàöèîííûõ âîëí â çâóêîâîé ôîðìå. Â ðåçóëüòàòå áûë óñëûøàí òàê
íàçûâàåìûé chirping èëè ¾ùåáåòàíèå¿, � ìû óñëûøàëè ¾ìóçûêó ãðàâèòà-
öèîííûõ âîëí¿...

Ãðàâèòàöèîííûå âîëíû � ðÿáü ïðîñòðàíñòâà,
ß ïëûâó ïî íèì èç-çà ñâîåãî óïðÿìñòâà,
Èç óïðÿìñòâà äîïëûòü äî Âå÷íîñòè-Ïðèñòàíè,
×òîá óçíàòü ñåêðåò Áåñêîíå÷íîñòè � Èñòèíû,
È âåðíóòüñÿ íàçàä, ãäå ïèðîã â ïå÷è, �
Ýòî áëèçêî ñîâñåì, êàê çâåçäà â íî÷è...

P.S. Ñåãîäíÿ ðîâíî ãîä, êàê ñèãíàë îò ãðàâèòàöèîííûõ âîëí îò ñëèÿ-
íèÿ äâóõ ÷åðíûõ äûð â äàëåêîì êîñìîñå áûë çàðåãèñòðèðîâàí ó÷åíûìè íà
Çåìëå.
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Äèñêóñiéíå ïèòàííÿ

Áàãàòî ñòîëiòü ëþäè íàìàãàëèñÿ çðîçóìiòè çíà÷åííÿ ñèìâîëiâ äðåâíiõ
êëåéíîäiâ. Ó òîìó ÷èñëi âñiëÿêèõ ñâàñòèê (êîëîâîðîòiâ) íà íèõ. Ñüîãîäíi
ìè ìà¹ìî áàãàòî÷èñåëüíi ôîòîãðàôi¨ êîñìi÷íèõ îá'¹êòiâ, çðîáëåíèõ çà äî-
ïîìîãîþ ñó÷àñíèõ òåëåñêîïiâ. Öi ôîòî äåìîíñòðóþòü íàì ðiçíîìàíiòíiñòü
êîñìi÷íèõ êîëîâîðîòiâ, äóæå ñõîæèõ íà çîáðàæåííÿ ñòàðîâèííèõ ñèìâîëiâ.
Öèìè êîñìi÷íèìè êîëîâîðîòàìè âèÿâèëèñÿ ñïiðàëüíi ãàëàêòèêè. Ìîæëèâî,
ôiçè÷íà ïðèðîäà öiõ êîñìi÷íèõ îá'¹êòiâ äîïîìîæå íàì ïiçíàòè òà¹ìíèöþ
ñòàðîâèííèõ êëåéíîäiâ i íàâïàêè, � ñòàðîâèííi êëåéíîäè äîïîìîæóòü â÷å-
íèì çðîçóìiòè ôîòîãðàôi¨ êîñìi÷íèõ àïàðàòiâ.

Çâåðíåìîñÿ äî ñó÷àñíî¨ åíöèêëîïåäi¨ ¾Âiäêðèòèé êîñìîñ¿ (Âèäàâíèö-
òâî ¾Ðàíîê¿, 2010):

¾Ó äàâíi ÷àñè ëþäèíà ââàæàëà ñâîþ ïëàíåòó öåíòðîì Âñåñâiòó. Ó òî÷-
íié âiäïîâiäíîñòi ç òàêèìè ïîãëÿäàìè áóëè ñòâîðåíi é ñèñòåìè ñâiòîáóäî-
âè � iç Çåìëåþ â öåíòði òà iíøèìè ñâiòèëàìè, ùî îáåðòàþòüñÿ íàâêîëî
íå¨. Îäíàê óæå â 16 ñòîëiòòi Çåìëÿ âòðàòèëà ñâî¹ ÷iëüíå ïîëîæåííÿ i ïå-
ðåòâîðèëàñÿ íà îäíó ç ÷èñëåííèõ ïëàíåò Ñîíÿ÷íî¨ ñèñòåìè. Àëå i Ñîëíöå
âèÿâèëîñÿ ðÿäîâîþ çiðêîþ ç ÷èñëà íàéñêðîìíiøèõ. À äàëi áóëè ãàëàêòè-
êè...

Ãàëàêòèêà ç ¨¨ ìiëüÿðäàìè çiðîê óòâîðþ¹ ñêëàäíó ñèñòåìó, ùî îáåð-
òà¹òüñÿ íàâêîëî ñïiëüíîãî öåíòðó. Óñi ãàëàêòèêè, ñõîæi íà íàøó, ìàþòü
ñïiðàëüíó ñòðóêòóðó � ó ïëîùèíi ¨õíüîãî äèñêà ÷iòêî âèäiëÿþòüñÿ ñïiðàëü-
íî çàêðó÷åíi óùiëüíåííÿ, ÿêi íàçèâàþòü ¾ðóêàâàìè¿ (¾ðóêàâà¿ � öå ñêóï-
÷åííÿ ìiëüÿðäiâ çiðîê, íàðîäæåííèõ ãàëàòèêîþ, ùî óòâîðþþòü êîëîâîðiò).
Ó íàøié ãàëàêòèöi ¨õ ï'ÿòü � Ðóêàâ Ëåáåäÿ, Ðóêàâ Îðiîíà, Ðóêàâ Ïåðñåÿ,
Ðóêàâ Ñòðiëüöÿ i Ðóêàâ Öåíòàâðà.

Ïðîàíàëiçóâàâøè äàíi ïðî áiëüø íiæ 20 òèñ. ãàëàêòèê, äîñëiäíèêè
ïðèéøëè äî âèñíîâêó, ùî ïðàêòè÷íî âñi âîíè â ìèíóëîìó çóñòði÷àëèñÿ
ç iíøèìè çîðÿíèìè ñèñòåìàìè. Äåÿêi ãàëàêòèêè â ðåçóëüòàòi âçà¹ìîäi¨ ìî-
æóòü ç'¹äíóâàòèñÿ ÷è ïîâíiñòþ çëèâàòèñÿ¿.

Â÷åíi íåîäíîðàçîâî ñïîñòåðiãàëè ç'¹äíàííÿ âåëèêèõ ãàëàêòèê iç äåêiëü-
êîìà ìàëèìè. Ó 2015 ðîöi çà äîïîìîãîþ òåëåñêîïà Very Large Telescope ESO
áóëî çàðå¹ñòðîâàíî çëèòòÿ òðüîõ ãàëàêòèê (¾The Bird¿).

Äóæå êðàñèâà êàðòèíà, íàïðèêëàä, ç'¹äíàííÿ äâîõ êîëîâîðîòiâ, � âå-
ëèêî¨ ëiâîái÷íî¨ ãàëàêòèêè NGC 2207 ç ìàëîþ ïðàâîái÷íîþ ãàëàêòèêîþ
IC 2163 (ôîòî 1). Òàêèõ ïðèêëàäiâ áàãàòî.

Ãîâîðÿòü ¾ÿê íà Íåái, òàê i íà çåìëi¿, ÿê â ìàêðîêîñìi, òàê i â ìiê-
ðîêîñìi. I ñüîãîäíi â÷åíi äîñëiäæóþòü åëåìåíòàðíi ëiâîái÷íi òà ïðàâîái÷íi
âèõîðè, ùî ïðîíèçóþòü óâåñü ïðîñòið.

71



72 Äèñêóñiéíèé êëóá

Ôîòî 1. Ç'¹äíàííÿ äâîõ ãàëàêòèê

Òàê ìîæå äðåâíi âîæäi i æðåöi ìàëè çíàííÿ ïðî Âñåñâiò, ÿêå ïîòiì
ëþäñòâî âòðàòèëî? À ñàìi ñèìâîëè çàêîíiâ êîñìi÷íîãî óñòðiþ ñëóæèëè
çíàêàìè âëàäè ïîñâÿ÷åíèõ òà îáåðåãàìè ïðîòè õàîñó i ðóéíóâàííÿ?

×îìó òàê ìîãëî ñòàòèñÿ? Ìîæå òîìó, ùî òèñÿ÷i ðîêiâ òîìó ïàíóâàâ
äåäóêòèâíèé (iíòó¨òèâíèé) ñïîñiá ïiçíàííÿ ñâiòó, êîòðèé ç ðîçâèòêîì ìåí-
òàëüíèõ çäiáíîñòåé ëþäñòâà, ðîçâèòêîì àíàëiçó ÿâèù òà ëîãi÷íèõ âèñíîâ-
êiâ, ïðèçâiâ äî iíäóêòèâíîãî ìåòîäó ïiçíÿííÿ?

Ïðîçðiííÿ ïðåäêiâ çàáóëèñÿ, àëå ñèìâîëè çàëèøèëèñÿ.
Ñüîãîäíi, êîëè íàóêà éäå äî ñèíòåçó äåäóêòèâíîãî òà iíäóêòèâíîãî ìå-

òîäiâ ïiçíàííÿ ñâiòó, àðõåîëîãi÷íi çíàõiäêi äàëåêèõ ÷àñiâ ìàþòü îñîáëèâèé
iíòåðåñ.
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Àíîòàöiÿ. Ó ñòàòòi çäiéñíåíî ñïðîáó ïðîàíàëiçóâàòè ñèñòåìó îáðàçiâ
Êàðïàòî-Ìiêåíñüêîãî îðíàìåíòàëüíîãî ñòèëþ ç âèõîäîì íà ¨õ ñåìàí-
òèêó. Áàçîâi åëåìåíòè ñòèëþ âiäáèâàþòü ïðîòèñòîÿííÿ ñèë Ñâiòëà (ñî-
ëÿðíà ñèìâîëiêà) é Ïiòüìè (îáðàç çìiÿ / äðàêîíà). Íà äèíàìi÷íîìó
äóàëiçìi ïîáóäîâàíi åïi÷íi ìiôè iíäîiðàíñüêèõ ïëåìåí. Ñþæåòè ìiôiâ
äîçâîëÿþòü iäåíòèôiêóâàòè ìîòèâè òà îáðàçè îðíàìåíòàëüíîãî ñòè-
ëþ íà àòðèáóòàõ âëàäè (êëåéíîäàõ), äåòàëÿõ êiíñüêî¨ âóçäè, çáðî¨ òà
ïðèêðàñàõ.

Ñïåêîòíîãî ëiòà 1998 ðîêó Öåíòðàëüíî-Äîíáàñüêà åêñïåäèöiÿ Iíñòè-
òóòó àðõåîëîãi¨ Íàöiîíàëüíî¨ àêàäåìi¨ íàóê Óêðà¨íè ïðîâîäèëà ÷åðãîâèé
ïîëüîâèé ñåçîí íà ðîçêîïêàõ ïîñåëåííÿ çðóáíî¨ ñïiëüíîòè Êàïiòàíîâå 1
ó Íîâîàéäàðñüêîìó ð-íi Ëóãàíñüêî¨ îáë. Íà÷àëüíèêîì åêñïåäèöi¨ áóâ òî-
äi ùå ìîëîäèé íàóêîâåöü Þðié Áðîâåíäåð, à íàóêîâèì êîíñóëüòàíòîì �
àâòîð öèõ ðÿäêiâ. Ïðè äîñëiäæåííi êîòëîâàíó æèòëà 18/20 ïîùàñòèëî âè-
ÿâèòè äâà óëàìêà çàãàäêîâîãî ðîãîâîãî âèðîáó, ñõîæîãî íà øëÿïêó ãðèáà
ç êîðîòêèìè âèñòóïàìè-íiæêàìè. Êîëè öi êðèõiòíi øìàòî÷êè ðîãó äáàé-
ëèâî ïîìèëè, ïiäñóøèëè é ñêëå¨ëè òî ç âóñò îáîõ çãàäàíèõ äîñëiäíèêiâ
çiðâàâñÿ ¹ìíèé âèãóê: ¾êëåéíîä¿! À ùå áiëüøèì ïðèâîäîì äëÿ çàõîïëåííÿ
ñòàëà çàïàìîðî÷ëèâà öèðêóëüíà êîìïîçèöiÿ íà ëèöåâié ñôåði ¾øëÿïêè¿
(Ðèñ. 1, 1). Òóò äî êàìåðàëüíîãî ñòîëó ïiä òåíòîì ïiäiéøîâ òðåòié ó÷àñíèê
åêñïåäèöi¨, äîöåíò Âîðîíåçüêîãî óíiâåðñèòåòó Âîëîäèìèð Áåñ¹äií é ç øè-
ðîêîþ ïîñìiøêîþ âñòàâèâ ùå ÷îòèðè ñëîâà: ¾Òàê íàçûâàåìàÿ ìèêåíñêàÿ
âîëíà¿. Âiäðàçó æ çàçíà÷ó, ùî ó âèñëîâëåíèõ îöiíêàõ íåìà¹ æîäíèõ ñóïå-
ðå÷íîñòåé. Ìè ç Þði¹ì âèçíà÷èëè ôóíêöiþ àðòåôàêòó, à ðîñiéñüêèé êî-
ëåãà � äåêîðàòèâíèé ñòèëü îôîðìëåííÿ ãîëiâêè ñêiïåòðà. Âií òîäi ìàáóòü
ïîæàëêóâàâ, ùî â ïåðåäàíié íèì äî äðóêó ñòàòòi ¾Ìèêåíñêèé¿ îðíàìåí-
òàëüíûé ñòèëü ýïîõè áðîíçû â Âîñòî÷íîé Åâðîïå¿ íå áóäå òàêî¨ äîðå÷íî¨
iëþñòðàöi¨ [2, ñ. 45�57, ðèñ. 2�4].

Ç ðåàêöi¨ íà çíàõiäêó âèäíî, ùî äîñëiäíèêè âèÿâèëèñÿ ãîòîâi äî íå¨
é íà òå áóëè âàãîìi ïiäñòàâè. Íà òåìó êëåéíîäiâ àâòîð âèéøîâ ùå íà-
ïðèêiíöi 70-õ ðîêiâ, äîñëiäæóþ÷è ñîöiàëüíó ñòðóêòóðó çðóáíî¨ ñïiëüíîòè
(18�13 ñò. äî Õð.). Ïåðøîþ êàòåãîði¹þ àðòåôàêòiâ, îòîòîæíåíèìè ç êëåé-
íîäàìè ñòàëè áàòîãè (íàãàéêè), âiä ÿêèõ ó ïîõîâàííÿõ ëèøàëèñÿ êiñòÿíi
ðóêiâ'ÿ òà ãîëiâêè ç îòâîðîì äëÿ ôiêñàöi¨ øíóðiâ ãíó÷êî¨ ÷àñòèíè áàòîãà
[11, ñ. 227�231, ðèñ. 1, 2�5]. Ïóáëiêàöiÿ ñòàòòi ùîäî íàãàéîê çáiãëàñÿ â ÷à-
ñi ç âiäêðèòòÿì ñóïåðíàãàéêè (äîâæèíà äåðåâ'ÿíîãî ñòðèæíÿ ç ðîãîâèìè
ðóêiâ'ÿì, íàáiðíèìè êiëüöÿìè òà ãîëiâêîþ � 80ñì). �¨ çíàéøëè â ïîõ. 9,
êóðã. 1 áiëÿ ñ. Êðàñíîñüîëêà Ñàìàðñüêî¨ îáë. ÐÔ. Àâòîðè ðîçêîïîê À. Iâà-
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Ðèñ. 1. Çðàçêè äåêîðó Êàðïàòî-Ìiêåíñüêîãî îðíàìåíòàëüíîãî ñòèëþ: 1, 8 �
ñ. Êàïiòàíîâå-1; 2 � ñ. Iëëi÷iâêà; 3�5, 9, 10, 12 � Ìiêåíè; 6 � Áàðàíiêîâêà Âîë-
ãîãðàäñüêî¨ îáë.; 7 � Ðàçëîã; 11- Òàðóìîâêà; 13 � Øèïèëiâêà; 14 � Êiðîâñüêå
ïîñåëåííÿ; 15 � Íèæíÿ Êðàñàâêà II. 1, 2, 6, 8�15 � êiñòêà, ðiã; 3�5 � ìåòàë; 7 �
êàìiíü. 1, 8 � çà Áðîâåíäåð, 2000; 2�5, 9, 10, 12, 13 � çà Ëèòâèíåíêî, Ñàíæàðîâ,
Óñà÷óê, 2013; 6, 11, 15 � çà Ëîïàòèí, 2014; 7 � çà Lichardus, Vlad�ar, 1996; 14 � çà

Îòðîùåíêî, 1974.
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íîâ òà Þ. Êîë¹â, íàðåêëè çíàõiäêó ¾æåçëîì¿. Àâòîð ïåðåêîíàâ êîëåã íàäà-
òè ïóáëiêàöiþ æåçëà äî æóðíàëó ¾Àðõåîëîãiÿ¿ é çäiéñíèâ ïåðåêëàä òåêñòó
[7, ñ. 92�100, ðèñ. 2�3]. Íó é ó ïàêåòi ïîäàâ ñòàòòþ ¾Êëåéíîäè çðóáíîãî
ñóñïiëüñòâà¿ [12, ñ. 101�109, ðèñ. 1�2].

Âàæëèâî, ùî ðîãîâi òà êiñòÿíi åëåìåíòè êëåéíîäiâ çäåáiëüøîãî äå-
êîðóâàëè â ñòèëi ¾ìiêåíñüêî¨ õâèëi¿. Ç ÷àñîì öåé ñòèëü îðíàìåíòàöi¨ íà
êàìåíi, äåðåâi, êiñòöi òà ìåòàëi ñòàëè íàçèâàòè ¾Êàðïàòî-Ìiêåíñüêèì¿. Òî-
ïîíiì ¾Ìiêåíè¿ ó íàçâi ñòèëþ ç¿ÿâèâñÿ íå âèïàäêîâî. Ïîøóêè óñèïàëüíèöi
ëåãåíäàðíîãî áàçèëåâñà Àãàìåìíîíà ïðèâåëè êîëèñü íå ìåíø ëåãåíäàðíî-
ãî äèëåòàíòà-àðõåîëîãà Ãåíðiõà Øëiìàíà äî íåêðîïîëiâ çíàìåíèòîãî ìiñòà.
Çâiäòè ïîõîäèòü íàéáiëüøà êîëåêöiÿ àðòåôàêòiâ, äåêîðîâàíèõ ó íàçâàíî-
ìó ñòèëi, à çîëîòó ìàñêó íàéñóâîðiøîãî ç ðîçêîïàíèõ ó ïîõîâàëüíîìó êîëi
¾À¿ âëàäèê íàéìåíîâàíî ¾Àãàìåìíîíîì¿ [13, taf. XVIII, 308, 309].

Ðîçêîïêè íà ïîñåëåííi Êàïiòàíîâå-1 äàëè íàéáiëüøó íà òåðåíàõ Óêðà-
¨íè êîëåêöiþ êiñòÿíèõ òà ðîãîâèõ âèðîáiâ, äåêîðîâàíèõ ó Êàðïàòî-Ìiêåí-
ñüêîìó ñòèëi [4, ñ. 53�55, ðèñ. 1, 3; 2]. Çãàäàíèé íà ïî÷àòêó ðîçïîâiäi êëåé-
íîä ñòàâ ó íié ÷åòâåðòèì i íàéçàãàäêîâiøèì çà ñåìàíòèêîþ ñàêðàëüíî-
ãî âiçåðóíêó. Äiàìåòð ðîãîâî¨ ÷àñòèíè êëåéíîäó � 3,4ñì, âèñîòà � 1,0ñì.
Çi çâîðîòíî¨ ñòîðîíè âèðîáó ôiêñó¹òüñÿ êâàäðàòíà ëóíêà (1,2 õ 1,2ñì), ãëè-
áèíà ¨¨ � 0,8ñì (Ðèñ. 1,1). �¨ ïðèçíà÷åííÿ � ôiêñàöiÿ âåðõíüî¨ ÷àñòèíè
äåðåâ'ÿíîãî äåðæàêà æåçëó, äiàìåòð ÿêîãî ìiã áóòè 1,6�2,0ñì, à äîâæè-
íà � 0,5�0,8ì. Óñi äåêîðîâàíi âèðîáè ïîâ'ÿçàíi ç äðóãèì ñòðàòèãðàôi÷íèì
ãîðèçîíòîì ïîñåëåííÿ é äàòóþòüñÿ ïî÷àòêîâîþ ôàçîþ äðóãîãî ïåðiîäó Ïî-
êðîâñüêî¨ çðóáíî¨ êóëüòóðè [3, ñ. 178, ðèñ. 2, 10] . Â àáñîëþòíèõ äàòàõ öå íå
ïiçíiøå 16 ñò. äî Õð., ç ïåðåêîíëèâîþ ïðèâ'ÿçêîþ äàòóâàííÿ äî øàõòîâèõ
òà ñêëåïií÷àñòèõ óñèïàëüíèöü Ìiêåí [8, ñ. 195].

Çâè÷àéíî, ùî â êðèòè÷íî íàëàøòîâàíîãî ÷èòà÷à ìîæå ïîñòàòè çàïè-
òàííÿ: ¾×è óÿâëÿ¹òå âè äå Ëóãàíùèíà, à äå Ìiêåíè é ùî ìiæ àðõiòåêòîðàìè
ïåðøî¨ öèâiëiçàöi¨ â �âðîïi òà âàðâàðàìè ç ¨¨ äàëåêîãî ñõîäó ìîãëî áóòè
ñïiëüíîãî?¿. Ùå ðîêiâ 20�30 íàçàä òàêèé ïîãëÿä ïàíóâàâ i ñåðåä àðõåîëî-
ãiâ. Ïðîòå, ïîëüîâi âiäêðèòòÿ îñòàííüî¨ òðåòèíè 20-ãî � ïî÷àòêó 21-ãî ñò.,
çîêðåìà ôåíîìåíó Ñèíòàøòèíñüêî¨ êóëüòóðè áîéîâèõ êîëiñíèöü ðóáåæó
III�II òèñ. äî Õð. iñòîòíî âiäêîðèãóâàëî íàøi óÿâëåííÿ ùîäî ïîäié 2-¨ ïîëî-
âèíè II òèñ. äî Õð. Íà Ïiâäåííîìó Óðàëi âèÿâèëè ðåøòêè íàéäàâíiøèõ êî-
ëiñíèöü ç êîëåñàìè íà øïèöÿõ [5, ñ. 204�206, ðèñ. 107�108], à óñèïàëüíèöÿõ
êîëiñíè÷íèõ � äåòàëi êiíñüêî¨ âóçäè ç âèðîáàìè â Êàðïàòî-Ìiêåíñüêîìó
ñòèëi. Öå äîçâîëèëî Â. Áåñ¹äiíó ïîñòàâèòè ïèòàííÿ ùîäî ñõiäíî¹âðîïåé-
ñüêîãî (ìiñöåâîãî) ïîõîäæåííÿ öüîãî ñòèëþ [1, ñ. 84�86, ðèñ. 1; 2, ñ. 53�57,
ðèñ. 2�4]. Ñïî÷àòêó ãiïîòåçà Â. Áåñ¹äiíà (1954�2000) áóëà ïiääàíà æîðñ-
òêié êðèòèöi, àëå íèíi âîíà çíàõîäèòü óñå áiëüøå îáåðåæíèõ ïðèái÷íèêiâ
[8, ñ. 193�194]. Ïîíàä òå, âèéøëî äðóêîì äîñëiäæåííÿ ùîäî ïðèõîäó ïðà-
âèòåëiâ Ìiêåí íà Ïåëîïîííåñ ç Äíiïðî-Äîíñüêîãî ñòåïîâîãî àðåàëó ðàííiõ
iðàíñüêèõ ïëåìåí. Óãîðñüêèé äîñëiäíèê ß. Ìàêêàé ñêîïiþâàâ êëåéíîäè çi
çãàäàíèõ ó äðóãîìó àáçàöi ñòàòåé òà âèêîðèñòàâ ¨õ ÿê àðãóìåíò íà êîðèñòü
ñâî¹¨ ãiïîòåçè [15, p. 56�65, �g. 10�12 and map]. Óòiì, ïðîáëåìà ïîõîäæåííÿ
¾Ìiêåíñüêîãî¿ ñòèëþ ëèøà¹òüñÿ äèñêóñiéíîþ.

Âèçíà÷èâøèñü ç êóëüòóðíîþ íàëåæíiñòþ òà ÷àñîì âèãîòîâëåííÿ êëåé-
íîäó ç Êàïiòàíîâîãî-1 ñïðîáó¹ìî ïiäiéòè äî ðîçãàäêè ñåìàíòèêè ñêëàäíî¨
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îðíàìåíòàëüíî¨ êîìïîçèöi¨, âèâåäåíî¨ çà äîïîìîãîþ öèðêóëÿ íà éîãî ãîëiâ-
öi. Ìè ìà¹ìî ëiâîái÷íó âèõðîâó ñâàñòèêó â öåíòði, ùî ïåðåòiêà¹ â ÷îòèðè
ïðàâîái÷íi òðèñêåëiîíè íà ïåðèôåði¨ êîìïîçèöi¨. Ïðèïóùåííÿ Íàòàëi¨ Êîí-
äðàòü¹âî¨, ùî ñóêóïíî öå çíàê, ÿêèé ðåïðåçåíòó¹ ñèíòåç îñíîâíèõ ñèìâîëiâ-
çíàêiâ iñíóâàííÿ Âñåñâiòó, ñôîðìóëüîâàíå íà áàçi çíàíü ÕÕI ñò. Àðõåîëîãó
éîãî êîìåíòóâàòè ñêëàäíî. Íàøå çàâäàííÿ: çðîçóìiòè ÿêèé ñåíñ âêëàäàëè
â öå ñïîëó÷åííÿ ñèìâîëiâ ëþäè áðîíçîâî¨ äîáè äåñü 3600 ðîêiâ òîìó. Âè-
õîäèìî ç òîãî, ùî íàçâàíèé ñòèëü ñêëàäà¹òüñÿ ç êîìáiíàöié ñîëÿðíèõ òà
õâèëÿñòèõ êîìïîçèöié. Ïðè÷îìó ¾õâèëÿ¿ â öèðêóëüíîìó ÷è ðiçüáëåíîìó
âèêîíàííi ôiãóðó¹ â íàçâi ñòèëþ, õî÷à çà êiëüêiñòü âiäòâîðåíèõ åëåìåíòiâ
ñîëÿðíà ñêëàäîâà ïîìiòíî ïåðåâàæà¹ (Ðèñ. 1, 1, 3�6, 9�15). Ñåðåä íàâåäåíî¨
íà ðèñ. 1 ïiäáîðêè àðòåôàêòiâ õâèëÿ äîìiíó¹ íà áëÿñi ç îòâîðîì ç ïîñåëå-
ííÿ Iëëi÷iâêà íà Ñiâåðñüêîìó Äiíöi â Äîíåöüêié îáë. (Ðèñ. 1, 2) òà öiëüíié
áëÿñi ç Êàïiòàíîâîãî-1 (Ðèñ. 1, 8).

Ìà¹ìî ïðèïóñòèòè ìîìåíò ïðîòèñòîÿííÿ ìiæ ñîëÿðíèìè îáðàçàìè, ÿê
òåìîþ ñâiòëà, òà ìàñíèìè iïîñòàñÿìè ¾õâèëi¿ çà ÿêèìè âáà÷àþòüñÿ îáðàç
ïëàçóíà (çìiÿ, äðàêîíà). Ðåàëüíiñòü òàêîãî ïðîòèñòîÿííÿ ïiäòâåðäæó¹òüñÿ
íå ëèøå åïi÷íèìè ñþæåòàìè ¾Ðiãâåäè¿ òà ¾Àâåñòè¿, àëå é åïiçîäîì, ði-
çüáëåíèì íà îäíié çi ñòåë ç Ðàçëîã ó Áîëãàði¨ [14, s. 67, taf. 4, 4a]. Íà íié ìè
áà÷èìî ïåðåìîãó ÷îëîâi÷îãî ôàëi÷íîãî ïåðñîíàæà íàä âåëèêèì ïëàçóíîì,
à ç óðàæåíî¨ ãåðî¹ì ïàùi òóò-òàêè âèñêàêóþòü ÷è óòâîðþþòüñÿ òðèñêî-
ëiîíè (Ðèñ. 1, 7). Âèõîäÿ÷è ç òàêî¨ ïiäêàçêè ìîæíà ïðèïóñòèòè íà áëÿñi
ç Iëëi÷iâêè çîáðàæåííÿ çìiÿ â ñèëi, ùî çàìèêà¹ é êîíòðîëþ¹ êîëî, à íà
áëÿñi ç Êàïiòàíîâîãî-1 � âæå ìà¹ìî ðîçðóáàíå íà òðè ÷àñòèíè òiëî ïëà-
çóíà, ÿêå çíîâó-òàêè êîìïîíó¹òüñÿ â îáðàç òðèñêåëiîíà (Ðèñ. 1, 8). Äàëi
íà  óäçèêó ç Ìiêåí ãðàâiéîâàíî òðèñêåëiîí iç ¾ðóáöÿìè¿ çøèâêè (Ðèñ. 1,
9), à ïîðÿä � íà iíøîìó  óäçèêó � çàâåðøåíèé òðèñêåëiîí (Ðèñ. 1, 10).
Öå òî÷íà êîïiÿ àíàëîãi÷íèõ ÷îòèðüîõ îáðàçiâ çi Êàïiòàíiâñüêîãî êëåéíî-
äà. Íàñòóïíèé  óäçèê ç Ìiêåí çáàãà÷ó¹ âèãèíè òðèñêåëiîíà öèðêóëüíèìè
êîëàìè ç êðàïêîþ â öåíòði (Ðèñ. 1, 12). Ïàðàëåëüíî öÿ ñõåìà ðåàëiçóâàëà-
ñÿ â åëåìåíòàõ êiíñüêî¨ âóçäè (ïñàëi¨, áëÿõè-ðîçïîäiëþâà÷i ïàñêiâ îãîëiâ'ÿ,
çàñòiáêè), óòâîðþþ÷è òðiéöi (òðèìóðòi, òðèðàòíè), íàñè÷åíi ñîëÿðíîþ ñèì-
âîëiêîþ [9, ñ. 280, ðèñ. 40, 1, 9]. Îäèí iç íàéïiçíiøèõ çðàçêiâ ¾Ìiêåíñüêîãî¿
ñòèëþ êiñòÿíà çàñòiáêà ç Êiðîâñüêîãî ïîñåëåííÿ â Ñõiäíîìó Êðèìó, äå öèð-
êóëüíèé ñîëÿðíèé ìîòèâ ïðèñóòíié íà êîæíié ç òðüîõ ïåëþñòîê, àëå ëèøå
íà íèæíié ëiâié âií îïîâèòèé õâèëåþ çìi¨íîãî îáðàçó (Ðèñ. 1, 14) [10, ñ. 74,
ðèñ. 2]. Òàêå ñîái íàãàäóâàííÿ, ùî ïåðåìîãà ñâiòëà íàä ïiòüìîþ íiêîëè íå
áóäå îñòàòî÷íîþ.

Óíiêàëüíîþ ¹ çíàõiäêà íà ïîñåëåííi Ïîêðîâñüêî¨ çðóáíî¨ êóëüòóðè
Íèæíÿ Êðàñàâêà II â Ñàðàòîâñüêié îáë. ÐÔ äèñêîâîãî ïñàëiÿ ç òðèêóòíîþ
ïëàíêîþ, ïðèêðàøåíîãî ðiçüáëåíèì òðèñêåëiîíîì çi ñòèëiçîâàíîþ êiíñüêîþ
ãîëiâêîþ íà êií÷èêó êîæíîãî ç òðüîõ çàâèòêiâ [9, ñ. 277, ðèñ. 37, 1]. Öå çà-
ñâiä÷ó¹ çäàòíiñòü òðiéöi äî åâîëþöi¨ é ïðîäóêóâàííÿ íîâèõ îáðàçiâ, çà-
ïëiäíåíèõ íîâèìè ñìèñëàìè. Ìîæëèâî êiíñüêèìè ãîëiâêàìè çàêií÷óþòüñÿ
é çàâèòêè òðèñêåëiîíà íà êðèõiòíîìó äèñêó ç ïîõîâàííÿ çðóáíî¨ ñïiëüíîòè
áiëÿ ñ. Øèïèëiâêà Ëóãàíñüêî¨ îáë. (Ðèñ. 1, 13) [8, ñ. 195], à òàêîæ íà äåÿêèõ
 óäçèêàõ ç âèõðîâîþ ñâàñòèêîþ ç Ìiêåí (Ðèñ. 1, 3�5).

Àáè çàïðîïîíîâàíèé âèùå äóàëiñòè÷íèé ïiäõiä äî iíòåðïðåòàöi¨ êîì-
ïîçèöié ¾Ìiêåíñüêîãî¿ ñòèëþ íå çäàâàâñÿ íàäóìàíèì, ïîøëþñÿ íà ïîñòó-
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ëàòè ìàíiõåéñòâà � ïiçíüîãî ðiçíîâèäó çàðàòóøòðèçìó. Ìàíi (216�277) ñïî-
âiäóâàâ äóàëiñòè÷íå ïðîòèñòîÿííÿ òà áîðîòüáó äâîõ öàðñòâ Ñâiòëà òà Ïi-
òüìè, ÿêi êåðóâàëèñÿ, âiäïîâiäíî � Áàòüêîì Âåëè÷i òà Êíÿçåì Ïiòüìè.
Êîíôëiêò ìiæ íèìè ïðèçâiâ äî çìiøóâàííÿ (ðîç÷èíåííÿ) ñèë ñâiòëà (äî-
áðà) ç åìàíàöiÿìè ïiòüìè (çëà). Ëþäñòâî â îñîái Ïåðøîëþäèíè (Îðìèçà)
ñòàëî æåðòâîþ çìiøóâàííÿ. Â ðîëi ðÿòiâíèêà ëþäñòâà âèñòóïèâ Ìèõðéÿçä
(áîã Ìèòðà). Òðóïè çàáèòèõ íèì äåìîíiâ ñòàëè áóäiâåëüíèì ìàòåðiàëîì
÷èííîãî ñâiòó. Çîêðåìà, çi øêóð ïåðåìîæåíèõ äåìîíiâ áóëè ñòâîðåíi íå-
áåñà, ç ¨õíiõ êiñòîê � ãîðè, à ç ¨õ ì'ÿñà òà âèïîðîæíåíü � çåìëi. Òîìó
ïîáóäîâàíèé Ìèòðîþ ñâiò, çà âñi¹¨ éîãî äîñêîíàëîñòi, âèÿâèâñÿ òàêè çìi-
øàíèì [6, ñ. 344�345].

Ìîòèâè òà îáðàçè ¾Ìiêåíñüêîãî¿ ñòèëþ çíàéøëè ñâié ðîçâèòîê, ÿê
àðõåòèïè, â ìèñòåöòâi iðàíîìîâíèõ êiììåðiéöiâ, ñêiôiâ òà ñàðìàòiâ òà, íå
âèêëþ÷åíî, ¨õíiõ ïiâíi÷íèõ ñóñiäiâ � ïðàñëîâ'ÿí.
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