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TIME BETWEEN REAL AND IMAGINARY: WHAT
GEOMETRIES DESCRIBE UNIVERSE NEAR BIG BANG?

Yuri I. Manin!

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 [Lel3] (physicists) and [MaMarl14],
[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

ds® = Zgikdxidxk

of signature (4, —, —, —) 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 Finstein equations

1
Ri — §Rgik + Agix = 8nG Ty,
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. [Tol3] and [Nel3] for a recent context.

I Max-Planck-Institut fiir Mathematik, Bonn, Germany. manin@mpim-bonn.mpg.de
This article was published in Mathematical Journal (vol. 16, No. 2(60), 2016), the journal
of the Institute of Mathematics and mathematical modeling (http://www.math.kz) of the
Ministry of Education and Science of the Republic of Kazakhstan. We are grateful to the
author and publishers for their kind permission granted to republish the article.
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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 —ds? induces on them a metric of constant curvature.
In order to write ds? in convenient coordinates, we choose a fixed time-like
geodesic (“observer’s history”) along which ds? is dt?, and coordinatize each
space section at the time ¢ by the invariant distance r from the observer and
two natural angle coordinates €, ¢ 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& # 0, and the
respective unit of time is always chosen so that the speed of light is ¢ = 1.

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

2. 32 2
ds* = dt* — R(1)* | 7=

+ r2(d6* + sin® 0 d¢?) (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 - 10° 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 - 10* 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 10~4% and 10~3°
seconds after the Big Bang the radius of space sections has grown 10%° 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 A responsible for the “dark energy” effect must explain the observable
accelerating expansion of the Universe.
For more details, see [AU], [Ball.

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 [MaMarl4-15])
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(2,7Z))
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. [MaMarl4]) was the desire to explain the
pure formal coincidence of the dynamics of two very different systems:

A. Mizmaster Universe. In this model, one studies Bianchi IX SO(3)
with metric that in appropriate coordinates takes form ds? = dt? — a(t)dx? —
b(t)dy?—c(t)dz?,t > 0. It turns out that the respective Einstein equations have
a family of Kasner’s exact solutions a(t) = tP+, b(t) = tPb, c(t) = tP<. 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 ¢ = 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], [Lel3], [MaMarl5].

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 [MaMarl5], 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 (4, +,+,+). 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 ) ) )
2, %1 92 93
g-F(d,u +W12+W22+W32>' (0.2)
Here p is the relevant version of the cosmological time, (o) are SU(2)—-invariant
forms along space-sections with do; = o; A oy, for all cyclic permutations of
(1,2,3), and F is a conformal factor.

By analogy with the SO(3) case and metric dt? — a(t)?dz? — b(t)%dy* —
c(t)2dz?, in the main text we will treat W; (as well as some natural monomials
in W; 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 [MaMarl5] 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 ¢ — 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 [Pel0]
and [Pe64]-[Pe02]. According to his scheme, the moment ¢ = 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-
Marl4] 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 o 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 [Tol3] and [Nel3],
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 x := r/R(t). Then (0.1) becomes

ds® := dt* — R(t)* [dx* + Si(x)(d6* + sin? 0d¢)] (1.1)

where Si(x) =sin x for k = 1; x for k = 0; and sinh y for k = —1.

This rescaling produces the natural unit of length, when k& # 0, and the
respective unit of time is always chosen so that the speed of light is ¢ = 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 [Tol3]. Notations in [Tol3]
slightly differ from ours. In his formula for metric (2), r is our x, and fi(r) is
our Sk (x).
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This function is constrained by the Einstein—Friedman equations (here
with cosmological constant A = 3), which leads to the introduction of the
elliptic curve given by the equation in the (Y, R)-plane

Y2=R*+aR+0 (1.2)

(see [Tol3], equation (3), and [Nel3], 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 7, 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):

R(t) dR

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 [Tol3], 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:

ds® = dt* — a(t)?dz? — b(t)?dy® — c(t)?dz?, (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) =P, b(t) = P2, c(t) = tP® (1.5)

in which p; are points on the real algebraic curve

Spi=Y =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 — 40 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 [z] := max{m € Z|m < z}.

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

1
$:k0+7111 [ko,kl,kg,...}, k5€Z+ (17)
by 4 ——
U ST
in which ko := [z], k1 = [1/(x — ko)] etc. Notice that our convention differs

from that of [KLiKhShSi85]: their [k1, k2, .. .] means our [0, k1, ko, ... ].
(b) Transformation T. The (partial) map T : [0,1]2 — [0,1]? is defined by

P (oBlkm) o9

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

Tr = [O,ko,kl,k‘g,...], Yy = [O,k‘_l,kﬁ_g,...].

Then

1 1

- = l:i} = [07k17k27"']7
X

11
y+ /=] koty

= [07 kOak/’fl,k72,...].



12 Yuri I. Manin

On this subset, T is bijective and has invariant density

dx dy
In2-(1+ay)?
(cf. [May87]).
Thus we may and will bijectively encode irrational pairs (z,y) € [0, 1] by
doubly infinite sequences

(k‘) = [...k‘,g,k,hk‘o,k‘l,kg,...],ki € Z+

in such a way that the map T above becomes the shift of such a sequence
denoted T
T(k)s = kst1- (1.9)

(¢) Continued fractions and Mizmaster chaos. Any point (pg, pp,pe) in
(1.6) can be obtained by choosing a unique u € [1, 00|, putting

(u) u (u) 1+u
= —~1/3,0 =——€10,2/3
P 1+u+u2€[ /’}71)2 1+u+u2€[7/]’
u 1
o o Y g g (1.10)

T 14w+ u?

and then rearranging the exponents pgu) < p(2“) < pé“) by a bijection (1,2, 3) —
(a,b,c).

As we have already explained, a “typical” solution 7y 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 ¢y > 0 in the
reverse time direction ¢ — 40, oscillates close to a sequence of Kasner type
solutions.

Somewhat more precisely, introduce the local logarithmic time 2 along

dt
this trajectory with inverted orientation. Its differential is df2 := ———, and

the time itself is counted from an arbitrary but fixed moment. Then fcll £> 400
approximately as —log t as t — 40, and we have the following picture.

As Q = —log t — 400, a “typical” solution v of the Einstein equations
determines a sequence of infinitely increasing moments ¢ < 0 < ... < Q, <
... and a sequence of irrational real numbers u,, € (1,+00), n=0,1,2,....

The time semi-interval [Q,,,,41) is called the n—th Kasner era for the
trajectory v (in [Lel3], our eras are called epochs). Within the n—th era, the
evolution of a, b, ¢ is approximately described by several consecutive Kasner’s
formulas. Time intervals where scaling powers (p;) are constant are called
Kasner’s cycles (in [Lel3], our cycles are called eras).

The evolution in the n—th era starts at time 2, with a certain value
u = uy, > 1 which determines the sequence of respective scaling powers during
the first cycle (1.10):

u 1+u w(l + u)

P1=" _1+u+u2’p3:1+u+u2

The next cycles inside the same era start with values u = u, — 1, u, — 2,...,
and scaling powers (1.10) corresponding to these numbers, rearranged corre-
sponding to a bijection (1,2,3) — (a,b,¢) which is in turn identical to the
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previous one, or interchanges b and ¢ (see [MaMar02] or [Lel3] for a modular

interpretation).
After ky := [up] cycles inside the current era, a jump to the next era
comes, with parameter
1
Upr] = ———. 1.11

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

Finally, when we want to include into this picture also the sequence of
logarithmic times 2, starting new eras, we naturally pass to the two-sided
continued fractions and the transformationn 7'. Here are some details.

(d) Doubly infinite sequences and modular geodesics. Let H := {z €
C, Imz > 0} be the upper complex half-plane with its Poincaré metric
|dz|?/|Im z|2. Denote also by H := H U {Q U {oo}} 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 f’s in H
with ideal irrational endpoints in R. Let 8_., resp. [Bs be the initial, resp.
the final point of 5. Let B be the set of such geodesics with f_,, € (—1,0),
Boo € (1,00). Put

B—OO:_[O7k0ak—l7k—27"']7 6()0: [klakQak?n"']a kiez-i-a (112)
and encode by the doubly infinite continued fraction

[ ko, k 1, ko, ki, ka,...]. (1.13)

The geometric meaning of this encoding can be explained as follows. Consider
the intersection point = z(3) of 8 with the imaginary semiaxis in H. Moving
along f from z to B, 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 3 will be LFt RF2 L*s RF+ . Similarly, moving from
B—oo to x, we will get the word (infinite to the left) ... LF-1 RFo.

We can enrich the new notation ... LF-1 RFo k1 Rk2 ks Rka | (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 5 with the
sides of Farey triangles. So z¢ := = = z(3) will be put between R*0 and L*1,
and generally we can imagine the word

L LFrp  RFogo LMo R LFsasRM . (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], [Lel3|, [Ma-
Marl15].

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 A with vertices {0,1,i00} and
consecutively using these identifications, one can unambiguously define the map
b: H— A.

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 A never hitting corners.

All this is essentially well known since at least [Ar24].

It is also worth noticing that although all three sides of A are of infinite
length, this triangle is equilateral in the following sense: there exists a group
Se of hyperbolic isometries of A acting on vertices by arbitrary permutations.
This group has a unique fixed point p := exp(7i/3) in A, the centroid of A.

In fact, this group is generated by two isometries: z +— 1 — 27! and
symmetry with respect to the imaginary axis. _
Three finite geodesics connecting the centre p with points 4,1 + 1, E
respectively, subdivide A into three geodesic quadrangles, each having one
infinite (cusp) corner. We will call these points centroids of the respective sides
of A, and the geodesics (p, i) etc. medians of A.

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

(f) Billiard encoding of oriented geodesics. Consider the first stretch of
the geodesic § encoded by (1.14) that starts at the point zy in (0,i00). If
ko = 1,the ball along 8 reaches the opposite side (1,i00) and gets reflected to
the third side (0, 1). If kg = 2, it reaches the opposite side, then returns to the
initial side (0, ¢00), and only afterwards gets reflected to (0, 1).

More generally, the ball always spends kg unobstructed stretches of its
trajectory between (0,i00) and (1,i00), but then is reflected to (0,1) either
from (1,i00) (if ko is odd), or from (0, ic0) (if ko is even). We can encode this
sequence of stretches by the formal word co*® showing exactly how many times
the ball is reflected “in the vicinity” of the pocket ioco, 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 8 by the double infinite word in three letters , say
a, b, ¢, serving as names of the vertices {0, 1,4i00}.

(9) 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 Q-axis, where Q := —log [ dt/abe
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In the process of construction, these continued fractions will also come
with their enrichments.

We start with fixing a “typical” space—time v whose evolution with ¢ — +0
undergoes (approximately) a series of Kasner’s eras described by a continued
fraction [ko, k1, ko, . . .|, where kg is the number of Kasner’s cycles within s—th
era [Qs,Qs41). We have enriched this encoding by introducing parameters
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 Q-axis.
According to [KLiKhShSi85], [BoNo73], [Bo85], if one defines the sequence of
numbers ¢ from the relations

Qs—‘,—l = [1 + 5sk3(us + 1/{“3})]997

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

[...7k,1,k0,k17]€2,...] (115)

in such a way that
where
xj: [07k57k5+1,...], Ty :[O,ksfl,ksfzw..]. (116)

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 Mizmaster 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 — 0o, s € Z.:

s—1

log Qs /Qp =~ 2Zdist (Tor, Tory1), (1.17)
r=0

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 A, 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

2 2 2
:F(dz o1 05 &). 118
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Here p is cosmological time, (o;) are SU(2)-invariant forms along space-
sections with do; = o; A oy for all cyclic permutations of (1,2,3), and F' is
a conformal factor.

By analogy with the SO(3)-case and metric dt? — a(t)?dx? — b(t)2dy? —
c(t)?dz?, we may and will treat W; (as well as some natural monomials in W;
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 iy € H, z € C, with
parameters (p, ¢) called theta—characteristics:

Ip, ql(z,ip) = Z exp{—m(m + p)*u + 2mwi(m + p)(z + q)}. (1.19)

meZ
It can be expressed through the theta—function with vanishing characteristics:
Ip, q)(z, ip) = exp {—mp*u + 2mipg} - ¥[0,0](z + pip + q,ip). (1.20)

All these functions satisfy classical automorphy identities with respect to the
action of PGL(2,7Z).

1.5. Theorem. ([To94], [Hi95], [BaK098].) Put
Olp, q] == Ip, 4 (0, ip) (1.21)

and
¥q :=9[1/2,0], V3 :=9[0,0], ¥4 :=I[0,1/2]. (1.22)
(A) Consider the following scaling factors as functions of u with param-
eters (p,q):

5
. 5.0 a+1/2] . 5—q19[p+1/2,q+1/2]
Wl == 5193’[94 67"7‘.1)'(9[{)’ q] 5 W2 = 5’[92’[94 eﬂipﬁ[p7 q} 5
5
— 1/2
1 5Pt/

W3 = —5192193 (123)

Op.ql 7
Moreover, define the conformal factor F with non—zero cosmological constant
A by
2 Wi WaWs

F=xs
0
= loe ¥ 2
(5 ;o8 [p, a])
The metric (1.18) with these scaling factors for real > 0 is real and satisfies
the Einstein equations if either

(1.24)

1
A<0,p€R,q€§+iR, (1.25)
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or

1
A>0,q€R,p€§+iR. (1.26)
(B) Consider now a different system of scaling factors
1 d 1 d
W, = +2—log ¥9, Wy := ——— +2— log ¥,
T T S T T
1 d
W5 = +2—log Y4, 1.27
R TR (1.27)
and
F'i==C(p+ q0)> WiW3W3, (1.28)

where qo,C € R, C > 0.

The metric (1.18) with these scaling factors for real p > 0 is real and
satisfies the Finstein equations with vanishing cosmological constant.

We will now consider values of i € A C H in the vicinity of ico 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 iy — ioc.

For brevity, we will call a number r € R general, if r ¢ Z U (1/2 4+ Z).

For such r, denote by (r) € (—1/2,0) U (0,1/2) such real number that
r +mo = (r) for a certain (unique) mq € Z.

1.6. Theorem. The scaling factors of the Bianchi IX spaces listed in Theo-

rem 1.5 have the following asymptotics near p = +o00:
(i) For A =0:

1
L+ qo

W ~ —g, W) ~ W ~ (1.29)

(i) For A <0 and general p:
Wy ~ —n(p) exp{mi((p) —p)}, Wz~ £Ws,

Wy ~ =2mi(p+ 1/2) - exp {misgn (p)q} - exp{mpu(|(p)| = 1/2)}.  (1.30)
(iii) For A > 0, real ¢ and p = 1/2 + ipg,po € R:

1
Wy ~ mpo tan{m(q — pop)} — 5, Wa ~ —Ws,

27
W ~ 2mpg - (cos m(q — pop)) (1.31)

Theorem 1.6 (proved in [MaMar15]) shows that for general members of all
solution families from [BaKo098], after eventual sign changes of some W;’s and
outside of the pole singularities on the real time axis, we have asymptotically
Wy = Ws, Wy # Ws.

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 (a, 3,7,0), and the independent variable by ¢. The corresponding
equation for a function X (¢) looks as follows:

d2X_1(i+ o1 )(dX)Q_(u 11 )%+
2 2\X  X-1 X-—-t dt t t—1 X—t/ dt
X(X —1)(X —t) t—1 6t(t—1)}

t2(t —1)2 X —1)2 (X —t)2]°

Gravitational instantons correspond to the case

1 113
0)=(<,—=,=,=)-
(a56777 ) (87 8’8’8)
Solutions in elliptic functions of this equation describe Bianchi IX space—
times with SU(2)-symmetry: see [Hi95].

+

{a-ﬁ-ﬁ;z-l-’y(

9 1
One more interesting case is (a, 8,7,0) = (57 0,0, 5) According to B. Dubrovin,

a specific solution of this equation describes “the mirror of P?” in a general
context of Mirror Symmetry.
In 1907, R. Fuchs has rewritten PVI in the form

22 d 11 &Y dx
t(1—1t) t(l—t)@—F(l_%)a_Z} 2z — 1)z —t) -
:aY+B§§+7H+(6—;)H (1.32)

Here he enhanced X := X (t) to (X,Y) := (X(¢),Y (¢)) treating the latter pair
as a section P := (X(t),Y(t)) of the generic elliptic curve E = E(t) : Y2 =
X(X —1)(X —1).

Up to a simple change of notations, the abelian integral fo(oX’Y) in (1.32)

can be directly identified with the abelian integral fOR(t) 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), T have applied this remark
to the analytic family E, := C/(Z 4+ Z7) — 7 € H. Denoting by z a fixed
coordinate on C, we can rewrite (1.32) in the form

a2z 1< T;
= e ) o
=0

1
Here (ayg,...,a3) := (o, —f,7, 3~ 0), (To, T1,T5,T5) := (0,1,7,1 4+ 7), and

p(z7) ::zl?—i_ Z ((zmi'n)Q_(mTin)Q)

(m;n)#(0,0)
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Moreover, equation of the generic elliptic curve becomes

p=(2,7)* = 4(p(z,7) — ex (7)) (p(2, 7) — e2(7))(p(2,7) — es(7))

where

so that e; + ey +e3 =0.

Since PGL(2,Z) acts on the total space of this family, the “time variable”
7 (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 ¥ 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 [Lel3], 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 [MaMarl5].

2.2. Theta deformations. In Section 5 of [MaMarl4] 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 ([CiLaSzall-
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 S? 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

w3 o wiws o wiwz o

w
g = wiwows dp® + ——2 o2 + o5 o4 (2.2)
w1 wo ws
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is of the special form satisfying w; # we = ws (the two directions oo and o
have equal magnitude). In these metrics, the S® 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 Sj 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 spacetime X with SU(2)-symmetry
admits a noncommutative theta-deformation Xy, obtained by deforming the
tori of the Hopf fibration of each spacial section S® to noncommutative tori, if
and only if its metric has the SU(2) x U(1)-symmetric form
w3

362 +w (03 + 02). (2.3)

9= wiw; dp® +
w1

(see [MaMarl5], Proposition 4.2).

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

Fdt? + a(t)*dz? + b(t)?dy* + c(t)?dz?

were considered, with T3-spatial sections, which always admit isospectral theta-
deformations (see also [vSuijo4], [Mar08]).

We have recalled in the previous section how the general self-dual solu-
tions (with wy # we # w3) can be written explicitly in terms of theta constants
[BaKo098], and are obtained from a Darboux—Halphen type system [PeVal2],
[Tak92]. In the case of the family of Bianchi IX models with SU(2) x U(1)-
symmetry, this system has algebraic solutions that give

1 e — T
) 1 — )
H = Ho (1 — po)?

with singularities at p, (curvature singularity), po (Taubian infinity) and oo
(nut). The condition p, < po avoids naked singularities, by hiding the curva-
ture singularity at u. behind the Taubian infinity, see the discussion in Section
5.2 of [PeVal2].

Consider the operator

1
- X1 Xo+1X3 242
Dp = —i A At (2.5)

1 )
Xp—iXs  —3Xi 27

where {X;, Xo, X3} constitute a basis of the Lie algebra orthogonal for the
bi-invariant metric. Assume moreover that the left—invariant metric on S° is
diagonal in this basis, with eigenvalues {w? /w1, w1, w1}, with w = wy = w;
and A = w/wy, and where the w; are as in (4.4). Consider also the operator
1 0 1 w 1w,
D= 0(7+77+,7>+wD . 2.6
e |7 (g 3+ g T Del_w (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) x U(1)—symmetric space—times.

As in [EsMarl3], 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

with a,b, ¢ the scaling factors in (2.3).
In the case of the SU(2) Bianchi IX models, the anisotropic Hubble param-

1
eter is again of the form H = §(H1 + Hy + Hj), where now the H; correspond

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

g = uwdp® + v’ \? o} +uos +u?o3,

we take the anisotropic Hubble parameter to be

1 aA+ur 0 1 4 A\
H=-|21"4920")=-(3=42
3( U\ + u) 3(3u+)\>’

where )
o lwy A w g
u 2w AN w  wp
so that L /e 1w
w w1
v-b(Eele)
3 \w * 2wy
so that we can write the 4—dimensional Dirac operator in the form
1 /0 3
D=~"— (— + —H) + Dg,
ww \Ou 2

where Dp = (w}/Q/w) Dp| w is the Dirac operator on the spatial sections
u
S3 with the left SU(2)-invariant metric.

Notice that in the construction above, we have considered the same mod-
ulus 6 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 6 of the deformation is itself a function of the cosmological
time p.

This would allow the dependence of the noncommutativity parameter 6 on
the energy scale (or on the cosmological timeline), with § = 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
0 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 7 of the theta—
deformation of the respective spatial section.
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BILLIARDS, INVISIBILITY, AND PERFECTLY
STREAMLINING OBJECTS

G. Galperint, A. Plakhov?

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 = wu(z,y)
and each particle hits the body only once, the projection of the resistance force
of the body on the z-axis R(w) (which will be referred to as resistance in the
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Fig. 1: Two concentric squares with a built-in channel system.

sequel) can be written down in a comfortable analytical form

Flu) = // Wl(mm? d dy.

If one allows multiple reflections of particles, the formula of resistance
is more implicit. Let B C R? be the body under consideration, and let the
particle of the flow that moves according to (x,y, —t) for ¢ sufficiently small,
after several reflections from the body move freely with the velocity vg(z,y) =
(v (z,y), vh(x,y), vi(x,y)) € S2. The resistance equals

R(B) = %//(1 v (z,y)) do 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 C; and are contained
in another bounded convex body Cy (where Cy C Cs and 9C; N Cy = ) 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 C7 and C5 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
7sandwich” whose layers are as in the 2D construction.]
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A A
Y

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 3 = LBOB’. Consider the broken line formed by the segment CC’ and its
rotations by the angles 8, —3, 2/3,—20, ... (while the modulus of the angle is
smaller than 7), 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 o =
7/6 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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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 Iy FoC' be a right triangle with the right angle at Fy, and let £

and H be the confocal, with foci at Fy and Fs, ellipse and hyperbola through C.
(We consider only the branch of the hyperbola H that contains C.) Consider
a ray with the verter at Fy, which intersects the ellipse £ and the branch of
the hyperbola H at some points A and B. Then the segment FoC forms equal
angles with the segments Fo A and FsB: « = 3 (see Fig. 6).
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Fig. 4: A body of zero resistance: basic construction.

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

Corollary. Let Ay be the point of intersection of the ray Fo A with the
branch of the hyperbola H, and let the ray Fy Ay intersect the ellipse at By (Fig.
6). Then, according to the theorem, the points B, By, and Fy lie on the same
straight line. In other words, each of the triples, F1AB, [} A1By, FyA1A, and
FyB1 B, 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 a; = AB, as = BC,
by = AD, by = DC, and f = BD (see Fig. 7). The segment BD is the bisector
of the angle B, if and only if (ay + by)(az — be) = 2.

Proof. Let f = BD be the bisector of the angle B to the side AC. Let us prove
the following relations on the values aq, as, by, bo, and f:

1. al/ag = bl/bQ;
2. ajaz — biby = %
3. ((11 + bl)(ag — bg) = 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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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:

1 . 1
a §a1fsma  Sapp §b1h B ﬁ "
ag 1 . - Sgep 1 by

2a2fsma ngh

where « = LABD = LCBD, 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
w around the triangle ABC. Take a chord through a point D inside a circum-
ference w; 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 b1bs = fg (Fig. 7).

Note that AABE is similar to ADBC by two angles:

AB .

N =

LABE = ADBC =a and A{AEB=A{ACB =

Therefore
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Fig. 6: a = 0.

whence

aras = f2+ fg = f?=aias — fg = aiaz — bibs,

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 « = L{ABD, 8 = £CBD, and v = £BDC
(see Fig. 7(b)). We are going to prove the equality o = 8. Applying the sine
rule to AABD, we have

al_b1_ /

. - . . 9
siny  sina  sin(y — @)

and applying the sine rule to ABDC, we have

az  bo f

siny  sinfB  sin(y+8)’
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Fig. 7: The proof of the direct (a) and inverse (b) statements on the bisector.

This implies that

e
f S
oy +by = — (siny +sina) = f —2_,
sin(y — ) gin L —¢
2
=B
f Sin B
ag —byg= ———— (siny—sinf) = f ——=—,
2 sin(’y—l—ﬁ)( 7 B=I—=33
sin
2
and using the condition 3, one gets
L Yta o y=8
sin sin ——
f2 2 2 _ f2
LYo Y+ ’
sin sin
2
whence
sin7+a sinM —sin L% L,
2 2
COSa—’_B—COS( —|—L_5)—C()Sa+ﬂ_cos( _L_ﬁ)
2 TTTe) T 2 T )
(+°57) = e (- 57)
cos —— ) =cos|(y— .
7T 7T
The last equation and the conditions 0 < «, 8, v < 7 imply that a = £,
Q.E.D. O

Let us now proceed to the proof of the theorem.
Extend the segment BF5 until the second intersection with the ellipse at
a point A’. Denote

f == FlFQ, Cc = FQC, a; = }’_‘114/7 bl == FQA/, as = FlB and b2 = FQB

(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
A + A =FC 4+ FC,

that is,
ar+b =2+ +ec (2)

Further, by the focal property of the hyperbola we have
B —F,B=FC - F)(C,

that is,
ag —by=+/f2+c—c. (3)

Multiplying the left hand sides and the right hand sides of (2) and (3), one gets
(a1 + br)(az — bo) = f2,

and taking into account the lemma, one concludes that F)F5 is the bisector of
the angle F; in the triangle A’FyB. In turn, this means that A’ is symmetric
to A with respect to the straight line Fj F5, and by symmetry one has

LAF,C = LAFC'. (4)

O the other hand, the angles £ BF>C and {A’'F>C’ are vertical, and
therefore, are equal:
ABF;C = LA Fy(C'. (5)
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Fig. 9: The curvilinear triangle ABC' is invisible from the focus Fj: all the rays of
light emanated from F; go round the obstacle ACB in such a way, as if it was absent
at all.

The equations (4) and (5) imply that
LAF,C = ABF»C,

therefore & = 5. The theorem is proved.
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FAST TRAVELING-WAVE REACTOR OF THE CHANNEL TYPE

Vitaliy D. Rusov'*, Victor A. Tarasov', Volodymyr N. Vashchenko?,
Sergei A. Chernezhenko', Andrei A. Kakaev', Oksana I. Pantak'

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,
2337, 239Pu and possibly some other fissile nuclides such as ?4!Pu 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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e 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;

e 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;

e 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 HT'TR, if its fuel (en-
riched in 235U) previously added burnable neutron absorber *7Gd, 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 *”Gd in the burning
zone (and in the initiation of the burning wave burnup absorber *7Gd 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 23°U. 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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tal.camp.
FluencePgt%  Orwr - trys ™ 500 dpa
~Y

~Y
tal metal.camp.
Fluencey® Doper + toper P 100 dpa

(1)

where @7y g and @,y 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:

D oper ~ 10" neutrons/em? - s and toper. ~ 3 years

Orwr ~ 1017 neutrons/cm? - s (2)

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

vomn 50010 .3 B
b ~ 00 1ot vears ~ 1.5-1072 years ~4.5-10° s (3)

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

tfuelburn = % (4)
Unucl.burn.
where [ £, is the length of the active zone containing the fuel, vyye1.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:

Vo > laz _ lazvnucl.burn (5)

tfuel burn lfucl

where [, 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:

tcampmetal
TWR

~

l

lburning wave )\dlff neutrons (6)
Vaz + Vnucl.burn. Vaz + Vnucl.burn

where lburningwave i the burning wave width (local burning zone), Ag;ff. neutrons
is the neutron diffusion length.
The expression (6) may be transformed using (5) into:

tcamp.metal. ~ lburning wave lburning wave (7)
TWR =
Vaz + Unucl.burn. (laz/lfuel + ]-)vnucl.burn
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From (7) considering the estimate of the TWR metals campaign (3) we
obtain:

lfuel > Unucl.burn (tcamp.metal.

TWR +1) ~

laz - lburning wave
2.31-107° em/s

+4.5-10° s ~ 1071
00 e 5-10° s ~ 10 (8)

where Vnyer burn = 2.31 - 107° ¢m/s, lpurning wave ~ 100 cm.
Therefore, according to (5) and (7), the following nuclear fuel movement
speed may be estimated as:

laz
Vaz > livnucl.burn. =10- Unucl.burn. (9)
fuel

Consequently, according to (7), for lfuet ~ 5 m we obtain l,, ~ 50 m, and
according to (5), for vpuctburn. = 2.31- 1075 em/s we obtain v,, ~ 10 -2.31 -
107% em/s ~ 2.31-10~* em/s, and the TWR campaign time

l
tcamp.metal. o laz

TWR
Vaz

5-10% cm
2.31-10~% em/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 @rwr, Vnuct.burn. a0d lpurningwave-

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:

drwr ~ 1017 neutrons/em? - s (11)

This value was chosen by modeling results:

e According to our results for fast U-Pu cylindrical reactor (diameter 70 cm,
length 400 cm) ® ~ 10 neutrons/cm? - s [22-24];

e According to Fomin’s group data for Th-U reactor ® ~ 106 neutrons/cm?-
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) lpurning 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 lyyrning wave. Thus according to (7) and (8),
the nuclear fuel movement speed vyl burn. and the active zone length [,, 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 Unycl.burn., according to the estimate obtained above by technical
implementation. As shown above, these estimates for the chosen parameters
are: vg, ~ 2.31-107% em/s and vpuerpurn. ~ 2.31-107° em/s. Le. 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. ®pywpgr ~ 5 -
1016 neutrons/cm? - s.

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

camp.metal. 500 - 1014 -3
t ~ o years ~
TWH 100 -5 - 1016

~3.0-1072 years ~ 9.0-10° s (12)

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

Lpyer _ 2.31-107° em/s 5
> -9.0-10° s ~ 0.22 13
Iz 100 em s (13)
and
Vaz 2 lvnucl.burn. ~5- Unucl.burn. (]-4)
lfuel

Therefore, for the considered variant according to (13) in case ! fuel =05 M
we obtain l,, = 25 m and according to (14) in case Vpyelpurn. ~ 2.31-1075 cm/s
cm/s we obtain v,, = 5-2.31-107° em/s ~ 1.16 - 107* em/s, and the wave
reactor campaign time

tcamp.metal. ~ laz
TWR

~

U(I.Z
2.5-10% cm
1.16 - 10~* 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).

Coolants 1 & 2

Coolant 3 neutrons Hydrodynamic
" T g . 1 W 2 0 gllqwg .
‘\_\ | \__‘ - | i — \'-._\ _L | \\‘ J_T RS Jﬂ ."I

gt

ol ol

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: lfyer ~ 5 m, lq, ~ 25+ 50 m, hull diameter ~ 20 < 30 m,
height ~ 30 + 60 m.

The fuel used may be:

e Metallic 2**U with small Molybdenum addition (up to 10%) for stabiliza-
tion of cubic uranium lattice up to room temperatures (melting temper-
ature 1406 K);

e Metallic 2*®U with small Chromium addition (up to 8%) for stabilization
of the radiation form change of the alloy (melting temperature ~1400 K);

e Natural uranium as uranium-based metallic alloys;
e 238U dioxide (melting temperature 2820 K);

e MOX-fuel;

e Cermet fuel;

e Uranium carbides;

e Nitride fuel;

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

e 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 [, .

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 FEj,e; (energy of neutrons released from the nuclear fuel) to
Egpen (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]:

2
(A-17, A-1 (16)
2A A+1

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

=1+

1 Efuel
n=-lIn 17
€ Eshen 17
Neutron free path in the moderator is [78, 79]:
1
A= ——— 18
SR (18)

where Y is the neutron scattering macroscopic cross-section and >, is the
neutron absorption macroscopic cross-section.

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

Zs ~ dstoderator andza ~ O-AaNmoderator (19)

where o5 and o, are the neutron scattering and absorption microscopic cross-
sections respectively, averaged over the energy interval from Eyye to Espen,
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Nioderator = PNa/ A is the moderator nuclei density, where p is the moderator
density, N4 is the Avogadro number, A 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:

Rmoderuto’r‘ ~An (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 Eyye; = 1.0 MeV to Egpey = 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.



Fast traveling-wave reactor of the channel type 47

4
Coolant 3 W neutrens / Hydrodynamic
) i Coolants 1 & 2 liquid
5 o JA Infm s £
\\\ s . _ \\ L \\ L \ J_- \\ J“ I,"
H | \ !
N ST 1 g
,\\\\.\‘_ \H \ . R “\\ \\\

3

-

AT

ML

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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Tab. 2: Moderating and absorbing properties of some substances, moderator layer
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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: lryer ~ 5 m, lg, ~ 25+ 50 m, hull diameter ~ 30 m, height ~ 30 + 60 m.

It seems very promising to use a set of 233U spheres filled into a fixed
cylinder of the fuel rod shell instead of the metallic 23U 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 223U 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—mneutrino control system; 8—coolant

3 heat exchanger; 9—coolant 1 heat exchanger; 10—coolant 2 heat exchanger; 11—

neutron guide; 12,13,14—mneutrino detectors; 15—ground surface; 16—reactor hull;
17—mneutrino 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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ACTPOHOMMUHU. 'TEOMETPUYECKOE MUPOIIOHUMAHUE

H. B. Kondpamuvesa'

1. Teopug rpasuTanumn

OCHOBOMOJIOXKHUKOM TEOPWUU TPABUTAIMH MOXKHO cuutarh U. Hbrorona.
Cornacuo choOpMyTUPOBAHHOMY UM 3aKOHY BCEMHUPHOTO TSATOTEHUs, BCE TEJA
BO BceneHHoit mpUTATHBAIOTHCA APYT K APYTY C CHJIOH, MPOMOPIIHOHATBHON NX
MaccaM u OOPaTHO IPOIOPIMOHAILHON KBaJAPATY PACCTOSHUS MEXKIy HUMH.
HrroTon mompoboBas MpUMEHNUTE 3TOT 3aKOH KO Beeit Beenernnoii. I rorna myst
OObSICHEHUST CTATUIHOCTU BCeseHHoi, TOro 00CTOATeIbCTBA, YTO BCE TENa HE
CXKAJIUCh B OJHO TEJIO W HE JABUXKYTCS JAPYT K JAPYTY, €My TOHAaI00MI0Ch BBE-
CTH THUIOTE3y MPOCTPAHCTBEHHON OeckoHeuHocTrn Bceenemmoit. B Geckomeunoit
Bcestennoit moxker npoucxoauThb, Kak gaymai Hp0ToH, HEKOTOpOE ypaBHOBeIIn-
BaHWe CUJI TATOTEHWUS C PA3HBIX CTOPOH, M BceleHHast MOKeT OBIThH CTATUYHOMN.
Onnako k kouiy XIX Beka HBIOTOHOBCKAs TE€OPWsS MPOCTPAHCTBEHHO OECKO-
Heunoit Beenennoii 6bu1a mocTasjieHa moj coMuenue (mapaJoKehl 3eemrepa u
Oupbepca) [1].

Pazpemurs 3t mapagokest B3suica A. Qitamreitn. B 1915 rony ou cdop-
mysuposast O6uryio reoputo ornocuresnbaocru (OTO), koropas siBiisiercs Teo-
puell TpaBUTAIINKM KaK KPUBU3HLI YETHIPEXMEPHOTO MPOCTPAHCTBA- BPEMEHU.
OCHOBHBIM yPAaBHEHWEM TEOPUU I'PABUTAIINN SIBJISETCS yPAaBHEHUE DUHITITENHA,
7“3 KOTOPOr0 B YACTHOM CJIydae CIeJyeT 3aKOH BCEMUPHOro TaroreHus Hbro-
TOHA. YpaBHeHWe DUHINTEHHA yCTPOEHO TaK, YTO B €ro MPaBOil YaCTU CTOUT
BbIDAXKEHKE, ONUCLIBAIOLIEE «MATEPUIO» (BELIECTBO UJIM M3Jy4YeHHE), a B Je-
BOH 4acTH — «reoMeTpuio» (KPUBU3HY MPOCTPAHCTBa-Bpemenn). Ilomyssap-
HOe O0bsICHEHUE, KaK OOJIbITasg MacCa «UCKPUBJISET» MPOCTPAHCTBO, MPEIJIO-
xkui 4. IlepeapMans [2] : BO3bMeM JHUCT OyMard ¥ MOPH30HTAJIBHO TOJBECHM
ero. 3areM TOJOXKHUM Ha CEPEIWHY JHUCTa HEDOBIION Tpy3: JIUCT MPOTHETCS
[IOJT TSIYKECTHIO I'PY3a U ero MOBEPXHOCTH CTAHET «KpuBOit». Uem Oouibiie 1py3,
Tem 60J1ee MICKPUBJIEHHOM CTAHET MMOBEPXHOCTH JincTa. PaccmarpuBast gBukeHne
HEOOJIBINTOTO TMAPUKA, ITO TTOBEPXHOCTH TAKOTO JINCTA, MBI OOHAPYKUM, ITO €CJIU
TIPW OTCYTCTBUH T'Py3a OH JABUTAJICS TIO TPAMO#, TO TIPU JBUKEHUH TT0 UCKPUB-
JIEHHO# TIOBEPXHOCTH OH Oy€T CTPEMHUTHCS CKATHIBATHCH K MECTOIOJIOXKEHUIO
rpy3a, YTO MOXKHO MHTEPIPETUPOBATH KAK MPUTsKEHIe OOJIbIINM IPYy30M Ma-
Joro. (31ech, KOHEYHO, MOXKET BO3HMKHYTH BOLPOC: BCE Oy/eT TaK BbLIVIAIETD,
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eci MbI OyzeM HaOMIOAATDH 33 JIMCTOM M IPYy30M CO CTOPOHBI, 8 €CJIH MBI Oy-
JIEM HaXOJUThCs «BHYTpu» Jmcra? Ha 910T BOIpOC ecTh OTBET, OJTHAKO OH y2Ke
TpebyeT ONpeeJIeHHON MATEMATHUKH).

JleBast 9acTh ypaBHEHUsS JWHINTEHHA OMUCHLIBAET T€OMETPHUI0 U KPUBU3-
HY 9TOI reoOMeTPHuH, OTOXKIECTBIISEMYIO C TPABATAIMOHHBIM mTosieM. Marepusi,
[peJicTaBjieHHad [IPaBoOil 4acTbI0 ypaBHEHUA, YKa3blBaeT, KaK IIPOCTPAHCTBY
BPEMEHU UCKPUBJATHCHA, & IIPOCTPAHCTBO-BPEMd yKa3blBaeT, KaK MaTepuu JBu-
raThCs.

Ha Bompoc mogemy cBOIO Teopuio DIHINTEH HA3BAJ TEOPUEH OTHOCUTEb-
HOCTH, a HE Teopueil rpaBurTanuu, Jitamreita orsermwr:y» [lox ABuxennem rena
MBI BCerjia pa3yMeeM U3MeHEHUe ero IOJI0KeHU:d OTHOCUTETbHO JIPDYTOro TeJa.
loBoputh 0 ABUKEHWH €UHCTBEHHOI'O TEJIA 3HAYUT HPOTUBOPEYUTD 3APABOMY
CMBICTTY ».

2. IIepBOTOTYIOK W YepHBIE TBIPHI

QopMyIUPysT 3aKOH BCEMUPHOTO TATOTEHUsI, HHIOTOH 33 yMaJiCs O TOM,
modyemy BO Bcesennoit ects mBuxkenune? CorsacHO BTOpomy 3akony HbroTona
BCSIKO€ YCKOpPEHme O0YCJIOBJIEHO CHJIOHN, TTPEICTABJLIONIEH coboit aeiicTBre o-
HOrOo Tesa Ha apyroe. Hukakoro «camomBuzKkenus» B mpupome me ObiBaer. Ho
TOI/A [OJIYYAETCs, YTO eCJIH OHO TEJIO TOJKAET JIPYroe, TO €r0 B CBOIO OYEPEh
rosikaer rperbe. Cre1oBaresbHO, HEOOXOIUM HEKUH «IIEPBOTOJYOK Y, 3aIlyCKa-
romuit Becenennyo, B KOTOPOil €CTh JBUMKEHWE. DTOT MEPBOTOTYOK HBIOTOH,
caeyst Apucroresio, oToxaecTBisa ¢ Borom [1].

B xocmonormm XX Beka Ta ke MpoOjeMa MepBOTONYKA BO3HHUK/IA KaK
npobsiema cunrysnsipuocTu B Hadase Bceesennoit. B 2005 romy Bbimia kHura
P.Ilenpoysa «Kpyru Bpemenu» [3] B KOTOpOii Oblia LpENIOKEHA IMIOTE3A
nmnkandeckoit Beemennoit. Ha 3Ty Temy Ilempoy3 mpowesn jeKnum BO MHOTHX
YHUBEPCUTETAX MUpa. B COOTBETCTBUM € 3TOI TUMOTE30#, S0HBI IMTUKITIECKON
Bcenrennoit oraesiers aApyr ot Apyra cobbirreM Bosbioro Bapeisa. Don BKIIIO-
qaeT B ceOs 00pa30BaHMs JIEMEHTAPHBIX YACTHIL U3 BAKyyMa, POXKIEHUE MPO-
sIBJIEHHOI'O KOCMOCA, Pa3BUTHE KOCHOIl MaT€puu, CTAPEHUE WJIA yMEHbIIEeHUE
YUCIA MATEPUAIBHBIX YACTHII, TEPEXOJ], B HEMTPOSIBJIEHHO COCTOSTHUE.

B coorBercTBuUM ¢ runores3oit P. [lerpoysa, Koamamnc cBepXMacuBHBIX dep-
HBIX AbIP nepen Bosbimuym B3pbhiBoOM MpOM3BOAUT BO3MYIIEHUS B BUIE T'DABU-
TAIMOHHBIX BOJIH, KOTOPBIE ITepekuBaioT bosbimnoit B3peiB u nepemator nudop-
MAIMIO0 OT Y0HA K J0HY. DTa THIOTE3a Pa3/esInjia YIeHbIX HA JIBA, Jlareps, —
TeX, KTO C BOOJYIIEBJEHUEM BOCIPHUHS UJIEI0 [UKJOB BPEMEHU, U HEMAJIbLi
Jlarepb CKEeITHUKOB.

B mukauueckoit Beemennoit mpobsieMa, «IepBOTONYKAY YCTYIUIA MECTO
npobiieMe TOTYKA K POXKIEHWIO HOBOIO S0HA KaK JEHCTBUS 3aKOHA MEPUOINY-
HocTH. Tak »Ke BO3HHKJIA IMIPOOIeMa OCO3HAHUs OECIPEIETbHOCTH C €€ BeIHbIM
3aKOHOM ITHUKJIOB AudPpepeHIuanym, B3anMOUCIbITAaHNnS 1 cuaTe3a. K ToMy xKe,
YEPHBIE BIPhI W IPABUTAIMOHHBIE BOJHBI OTHOCUJINCH K OOJACTH THIIOTETIYe-
CKUX TIOHATHIA.

OpHakKo, 9TO KacaeTCsd IPABUTAIMOHHBIX BOJH W YEPHBIX JBIP, TO 3/€CH
y hu3uKoB ObLIN y2Ke HEeKOTOpble HAPAOOTKHU. ' paBUTAIMOHHBIE BOJHBI OBLIN
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npezckazanbl uexo/s w3 O61eit Teopur OTHOCUTETLHOCTH. A depHast AbIpa Kak
cUTyalus, KOr/1a FPABUTALIMOHHOE I10JI€ 3BE3/Ibl HJIH KAKOr0-JIn00 KOCMUYECKOT 0
TeJIa CTOJIb CUJIBHOE, 9TO CKOPOCTh, HEOOXOIMMAas 9TOORI YIeTeTh C HETO PABHA,
CKODPOCTH CBeTa, 00Cy»K/1asach eie GppaHiy3ckuM MarTemMarnkoMm Jlammacom u
aarmuiickum duzukom Mwutgaenom B XVIII Beke. Takoe temo Oymer kazarbes
COBCEM TEMHbBIM, OTKY/Ia ¥ BO3HHUKJIO HA3BAHUE Y€PHAHA JbIPA.

OTO, B KOTOPOIT CKOPOCTH CBETA €CTH MpeJesibHas CKOPOCTD JIFO00r0 JIBU-
JKEHUsI, TOBOPUT, YTO HUKAKAsA WH(OPMAITUS He MOYKET K HAM MPOHUKHYTH «M3-
HyTpWU» Y€PHOU IbIPHI, HAYMHA, C HEKOTOPOTO PACCTOSHUS, HA3BIBAEMOTO TOPH-
30HTOM.

IlepBbIM 0OBEKTOM, OTOXKIECTBIEHHBIM C I€PHOMN JIBIPOii, OBLT PEHTTeHOB-
CKHiT UCTOYHUK B co3Be3un Jlebeas. Ou ObL1 0OHAPYKEH € MOMOIIBIO aMepu-
kanckoro pearrenoBckoro crmytauka UHURU. Cama uepnast auipa He HabII01a-
JIaCch, HO PSJOM C HEll HAXOAWJIACh ODBIYHAS 3BE3/a M YE€PHAS IHIPA BTATHBAJIA
BEIEeCTBO 3Be31bl BHYTPDH cebs. [Ipu 3ToM aBurkyimeecs ¢ OOJIBITON CKOPOCTHIO
BEIIIECTBO HCITYCKAJIO JEKTPOMATHUTHOE U3JIydeHrne, KOTOPoe U HAOIII0IAI0Ch.
Ecsm ke gomycruThb, 9TO CymIECTBYIOT CKOPOCTH MPEBLIIIAIONNE CKOPOCTH CBe-
Ta, TO YEePHbBIE JbIPbI MOI'YT U3JIy4aTb IPEBOCXOMISIINE BCE HAIIU IIPEJCTABIIE-
HUST HeBOOOPA3WMO TMPEKPACHBIE, TOHYANIINE W3/TyIEHNs, U HAIe TOHNMAHUIE
YEPHBIX IBIP MOXKET ObITH coBceM mHbIM. CtuBen XokuHT 3ameTus: «K gepHbiM
JbIPAM BPSi JIM TOAXOJAT HA3BAHUE UEPHBIE; HA CAMOM Jejie OHU PACKAJIEHbI
1o Gesiay. [13] Ananusupys paboret C. Xokuna, B. IlIsapumana, P. [Tenpoy3a,
@.[Muuun B cBoeil pabore «YepHble JAbIPpbl — PEAJbHOCTb WJIM MUPazK?» -
mer: «Tak naspiBaemMas <«depuas gbipay () — OOBEKT MOCTPEIATHBUCT-
CKUIl U MOCTKBAHTOBBIN. 9TO OOBEKT MOKA, HE W3BECTHOTO HAM IPABUTAIIMOHHO-
KBAHTOBOrO Mupa, IOIIuHSIONHUICS ero, a He HAIuM (byHIAMEHTAJIbHBIM (b~
3uvyeckuM 3akoHaM. ... Cam Tepmun «1/]» B mpuMeHeHUN K COOTBETCTBYIOIIE-
My KJIACCy PeaJibHbIX KOCMHYECKUX OOBEKTOB, JIUIIEH CMbICIa. Bemp eme He
u3BecTHBIE (DYHIAMEHTAIBHBIE 3AKOHBI MATEPUN B IEHTPAJIHHON MIAHKOBCKOMN
CUHTYJISPHOCTH He O0sS3aHBbI MCKJIIOYATH BHIOPOC MATEPUU W DSHEPTUU U3 ITOH
CUHTYJISPHOCTH B mipefesibl TopusonTa /1 u JIAJIEE. Bo3aM0OXHO, 3T0 MOXKeT
WMeTh OTHOIIEHWe, B 9aCTHOCTH , K /10 CAX TOD HE HAXOMAIMUM OObSICHEHUs
BBIOpOCAM W3 TEHTPANBHBIX «TOYEK»AKTUBHBIX TaJaKTHK, BOOOIE K pabore
3ara/IOYHON «IEHTPAJIHHON MAIIUMHbI» KBA3apoB U T.1. BO3MO:KHO, 3TO 1mOMO-
JKET U TIOHSTh MPUPOLY OJHOTO W3 CAMBIX 3araIOYHBIX SBJIEHUI B COBPEMEHHON
aACTPOHOMUH: TAK HA3BIBAEMOI'O TaMMa-BCILIecKa. He MCKIII0O9eHO, 9TO SBIeHUe
raMMa-BCILJIECKA, CBA3AHO HE «IIPOCTO» CO CTOJTKHOBEHWEM 3BE3THBIX MACC dep-
HBIX [IbIP, & HHUMUUPYETCS MPUHINITAAILHO HOBBIM [JIs HaIlel (GU3NKu siBjie-
HAEM — [PSMbIM CTOJIKHOBEHUEM ILJIAHKOBCKUX CHHIYJISPHOCTEI CIMBAIOIIAXCS
YO.» [12]

Ceromnsi MbI 3HaEM O YEPHBIX JIBIPAX MEHBINE, Y€M HE 3HAEM.

3/1ech yMECTHO MPUBECTHU CJIOBA, HODE/IEBCKOTO Jaypeara ¢usuka C. Han-
npacekxapa: «Uccienys siBjenus, CBsi3aHHBIE C TOPU3OHTAMU COOBITUIN 1 HEBO3-
MOXKHOCTBIO I[E€PEeJATh Yepe3 HuX MH(POPMAIMIO, si YACTO MMOBTOPSI PO cebs
CKa3Ky O MpUpone, KOTOpyw cibiman B Uuauu. Cka3ka MOBECTBOBAJIA O JIU-
YUHKAX CTPEKO3, XKUBYIIUX HA HE TPYIA. VIX MOCTOSHHO MYYMJIa OIHA, 3araj-
Ka: 9TO TPOUCXOAWUT C HUMW, KOTJA, BCTAB B3POC/BIME, OHU TOJHUMAIOTCA K
TOBEPXHOCTH TIPYA, TPOXOIAT Y€PE3 HEE W UCIE3AI0T, YTOOBI OOJIbIlIe HUKOTIA
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He BepHyThca? Kazkad IM4nHKa, cTapiias B3POCIOH B TOTOBAIIAACA IIOJHATb
¢ HaBepx, 0043aTeIbHO OOEIAeT BEPHYThCA U PACCKA3aTh OCTABLUINMCS BHU3Y
MOApyTraM O TOM, 9TO TPOWCXOAWT HABEPXy. Beab TOIBKO TaK yIACTCS TOJI-
TBEPIWTH WJIA OMPOBEPTHYTH CIYXW, PACTPOCTPAHSIEMBIE JATYIIKON: OyaTo Gbt
JITYMHKA, MEPECEKAIOIasd MOBEPXHOCTh MPY/Ia B OKA3aBIIAACH MO IPYLYI0 CTO-
POHY IPUBLIYHOTO MUPA, IPEBPAIIACTCA B YAMBATEIBHOE CYIIECTBO C JJIMHHBIM
CTPOMHBIM TEJIOM U CBEPKAIOMMMU KpbLibaMmu. Ho, BbIins U3 BOIBI, JUYMH-
Ka, MPEBPAIIAETCA B CTPEKO3Y, KOTOPAas, YBbI, HE MOKET MPOHUKHYTH MO, BOLY
Py, CKOJIBKO Obl OHA HU MBITAJIACH U Kak ObI JOJIT0 HE Tapuja HaJ, ero 3ep-
KaJIbHOM TTOBEPXHOCTBHIO...» [14].

3. I'paBuTanioHHbIE BOJIHBI

I'paBuTanroHHBIE BOJIHBI — 3TO KOJIEOAHUST KPUBU3HBI ITPOCTPAHCTBA-BPE-
MEHH, PACIPOCTPAHSIONINECST ¢ OY9€Hb BBICOKO# cKOpocThbio. OHHU ObLIH TIpe-
ckazanbl OTO, HO JaeKo HE BCe BEPWIM B MX CYyIIECTBOBAHUE. YCOMHUIICS B
HUX gaxke cam A. Qitummreiin. JInCcKyccuio 0 peaJbHOCTH TPABUTAIIMOHHBIX BOJIH
(I'B) akTuBHO BeJIM yUeHbIe MHOTUX CTpaH. Bropas MupoBas BOiiHA IpepBaja
o1y muckyccuio. Ilocse BOiiHBI OHA BO30OHOBMINCH C HOBOI cujoii. B 1957 r.
aarmmiickuit pusuk @. [Tuparu 060CcHOBAT BO3MOXKHOCTD JAerekTupoanms ['B.
B 1962 r. coBerckue yuennie B. Ilycrosoiit u M. ['eprieninreiin onucanu npuHiu-
IIbI MCIIOJIB30BaHusA HHTEpdepomerpos Ajist obnapyxkenus ['B. Unrepdepomerp
Maiikesbcona ObLT u3BecTeH enre X1X Beke, ¢ €ro MOMOIIBIO MBITAIUCH 3apuK-
cupoBaTh «d>pupHbI BeTepy. aes ncnomb3oBanns HHTEPGHEPOMETPOB 1JIst 00-
napyxenusi ['B Ilycrosoiita u I'eprenmmreiina He obparmia Ha cedsa TOTKHOTO
BHUMAHWS.

B 1969 r. I:x. Bebep coobuun o6 obuapyxenunun um ['B. B kagecrse se-
TexkTopa ['B oH nmpumenns MexaHUYECKUE IPABUTAIIMOHHBIE AHTEHHBI.

B magane 70-x rr. B.B. Bparunckwnit moropmsi B MoCKBe 3KCIIEPUMEHTHI
k. Bebepa, no 3acdukcuposars I'B ne yraercs.

B redenum 45 ner muromy He yaasnock moaTBepauTh ombiT k. Bebe-
pa, ¢usukn mpumnin K MHeHno, uyro Jx. Bebep e Mor 3apermcTpupoBarb
I'B. Omrako, ero pabora crmocobCcTBOBaIa OYPHOMY POCTY TIyOJIHKAIN, TTOCBSI-
menubix I'B; a cam JIxxo3ed Bebep ObLn mpu3HaH OCHOBATEIEM T'DABUTAIAOH-
HOI aCTPOHOMMUH.

Y00l TOPOAUTH MOIIHYIO IPABUTAIMOHHYIO BOJHY HYXKHO OYEHBb CHJIb-
HO MCKA3UTb IPOCTPAHCTBO-BpeMs. VlneanbHblit BApUAHT — JIBE YePHbBIE [IbIPbI,
BPAIIAONIUECH APYT BOKPYD APYyra B TECHOM TAHIIE, HA PACCTOAHUU IIOPAIKA
X TPABUTAIMOHHOTO paauyca. VckaXkeHnsi METPUKHU OYAYyT CTOJIb CUIHHBIMHE,
9TO 3aMeTHAs 9aCTh IHEPIUHU ITOH MapbI OYIeT U3Iy9IaThCs B I'DABUTAINOHHBIE
BostHBI. Tepsis sHepruio, mapa Oymer cOMmKaThCsd, KPy»Kach BCe ObICTpee, NCKa-
2Kasg METPUKY BCe CHJIbHEE W TOPOXK/1ast BCe O0jiee CHIIbHbIE I'DABUTAIMOHHBIE
BOJIHDBI, [T0KA, HAKOHEII, He [IPOU30ieT KapInHaIbHAs IePECTPOKA BCErO rpa-
BUTAIIMOHHOTO TIOJIST 9TOM Maphl U B YEPHBIE IbIPHI HE COJIBIOTCS B OmHY. Ta-
KO€ CJIMSTHVE Y€PHBIX JIbIP — B3DPbIB IPAHIMO3HON MOIITHOCTH, W 3HAYATEIHHA
YaCTh U3JIy9aeMOil SHEPrUs YXOAUT B KOJIeOaHUs MPOCTPAHCTBA. AHAJIOTHIHBIE
kosiebanus GyyT CONPOBOXKAATH U CJUAHUS HEATPOHHBIX 3831 [4].
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HpBa o0bekTa M3/1y4aoT PABUTALMOHHBIE BOJIHBI TOJLKO B nape (npu-
TAMUBAIONIMECS APYD K JAPYry U CJIMBAIOIIUECH TAJAKTHKU, KOJUIAIC ABORHON
CUCTEMBI KOMIIAKTHBIX OOBEKTOB, CJWSHUE UEPHBIX IbIP, HEHTPOHHBIX 3BE3I,

o XX Beka KOCMOJIOrHst ObLTa 00bEKTOM (DUIOCOMDUN 1 TTOIZUHA U B OTHOM
3 puIocoPCKUX TPAKTATOB MOKHO IIPOYECTD: « [IroreHne — OCHOBHOM 3aKOH
Mupo3ganus. B Beicnx cepax u MAPaX, TAroTeHne IpeodparkaeTcs B 3aKOH
JIro6Bu u cipaBegmuBoro Couerannsi. UyBCTBO SBIISETCS BEIYIIAM HAYAJIOM BO
BceM Cytem. Mupbl 3atuHa0Tcst 9yBCTBOM — JI1060BbIO, T. K. JIT000Bb ysiB/I€HA
KaK MPUTSKEHUH U CIEIJICHUN SHEPTHT».

DTOT TE3UC PA3BUI B CBOEl penurno3no-duiaocodekoit pabore «Ilocaanue
Momurssr Locrioaeity reHuabHbI yIeHbIH 1 ABHAKOHCTPYKTOP, BKJIA KOTO-
pOTO B PA3BUTHE BO3IYyXOIJIABAHWS HE OBLT MPEB30IIEH, MOXKAIYH, HUKEM —
Nrops Cukopckuii. On nucai: « DyHKIMOHUPOBaHTE HEOECHBIX MEXaHU3MOB A~
€T HaM TIPEJICTABJIEHNE O TOM, 9TO MOXKET MPOUCXOIUTH B ABJIEHUSX BBICIIETO
MOPSIKA, HAXOASIIMXCS BHE BUAUMOCTH, I/Ie CUJIBI TPABUTAIIMNA ¥ TPUTAKEHWS
3aMeHeHbl J0OPOi BoJieil u JI000BBIO B UX BBICIIEM 3HAYCHUWY.

4. I'paBuTallMOHHBIE BOJIHBI — PeaJIbHOCTD

B redenun cra jer ydenble MHOIMX CTPAaH MCKAJH [OITBEPAKIEHUE CYIIe-
creoBanuio I'B u korza 11 despasisa 2016 roma 66110 coobiieHo 00 OOHADY 2KEHUT
I'B, 310 cobbiTre cHHXPOHHO (OyKBaJbHO MUHYTa B MHUHYTY) CTAJIO U3BECTHO
Ha BCEX KOHTWHEHTAX.

14 cenrsibpst 2015 rona obuossiennas obceparopust LIGO (CIIA) 3a-
pPerucTprupoBasia rPaBUTAIMOHHO-BOJIHOBON BCILJIECK, IOPOXKIEHHBIHN CIUSTHUEM
JABYX 9Y€PHBIX JIbIP. UeThbIpe Mecsla Yo Ha IPOBEPKY IOJIYYE€HHbIX [TaHHBIX,
Ha 00paboTKy u Bbrumcyenus. 21 susaps 2016 r. rpynna u3 1011 (mesuman-
Hoe unciio!) aBTopoB u3 126 Hay4HbIX moapasaeseHuii u3 18 cTpan HampaBuia
crarpio «Haburoienne rpaBUTAMOHHBIX BOJIH OT CAUSIHUS OMHAPHON YepHOit
Japipbi» B kypHas «Physical Review Letterss. Crarbs 6bu1a onybnukoBasa 11
despasis 2016 r. Juisg Bcero mupa 310 ObLIO CEHCALMOHHBIM cO0OLIeHueM [5].

Ucnonn3ys TeopeTndeckre COOTHOTIEHUS U TTapaMeTPhI IOy I€HHOTO CUT-
HaJIa, YYEHbIe BRIYUCIMIN MACCHI B3AUMOIEHCTBYIOIMX depHBIX Abip. OHU OKa-
3asmuch okoJio 29 m 36 macc Comrra. Ilocie caumstams o0Ias Macca COCTaBHUIIA
npumepro 62 maccer CosHIa. DTO 03HAYAIO yMEHbBIIEHHE CYMMAPHOW MAaCCh
npumepno Ha Tpu Maccbl Cosana. YTo, B CBOIO 0Yepesib, MOXKET 03HAYATH, 9TO
4,8% 3HEepruyu 4epHbIX JbIP IPeoOpPa30BaIOCh B IPABUTAMOHHDIE BOJIHDIL.

B monn3y runoresst P. [lernpoysa o mukantieckoii Beenennoit 3To ObLT 3HA-
YUTENHHBIN BKJIAJI, HO TJIABHOE, ObLIT OTKPBIT HOBBIN WHCTPYMEHT JIJIsi N3y 9€HUS
Bceenenmoit u mponcxoAsImux B Heil MPOIeccoB.

I'paBuTanMOHHO-BOIHOBAaS ACTPOHOMUS MO3BOJISET 3AIVISHYTH HA PACCTO-
sAHUs B MUJLIMAP/L CBEeTOBLIX JieT u 6osee. Hackosbko 6osiee? Moxkem 1pubsim-
3UTHhCA K MOMEHTY poxkiaenusi Hameit Beesennoit? Unm kak yreepxkmaer Pom-
xep Ilenpoys, 3arasuyTh 3a BosbInoit B3phIB B npepiayinyio Beemrennyo?
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5. Meraduszuka

«TpymaO abCTParupoBaTHCS OT KOHIENIUH U B3TJISI08B,
NPEJCTABIAIONAXCA YK€ YCTAHOBJIEHHBIMU WM JaKe
CaMOOYECBU THLIMUS.

A. Dtinwmetin

«IIporpecc Hayku IOCTOAHHO TOPMO3UTCH THUPAHUYE-
CKHM BJIMSHMEM HEKOTODBIX KOHIEIIN, KOTOpble, B
KOHIIe KOHIIOB, CTJIUM CYUTATHCH JAOIMAMU>.

Jlyu de Bpotiav

C apeBHEX BpeMeH MeTadu3uKa PACCMATPUBAIACH KAK CHCTEMA UCXOIHbBIX
MpeaCTaBIeHnii 00 OCHOBAX OBITHS, O MEPBUYHBIX TMOHATUSAX W 3AKOHOMEDPHO-
crax mupo3ganus. Meradusuka ObLaa 9acTbio (hutocodun, XOTs CyIIECTBEH-
HBI BKJIAJT B Hee BHOCUJIM UMeHHO ecTecTBonctbiTaTenn: P.lekapt, I'.I'aaumneii,
I'.JIeiiOuuir. ..

Ceronuast MeTadu3nKa PACCMATPUBAET MEJIbII CIHEKT HaPAIUrM, CPEIn KO-
TOPBIX BBIIEISIETCS (DU3NIECKOE MUPOMOHUMAHNE W TE€OMETPUYECKOE MUPOIO-
HUMaHue [6]. DitumrreitnoBckas O6Iast TeOpHsi OTHOCUTEILHOCTH MPEICTABIISET
TEOMETPUYIECKOEe MUPOTIOHUMAHUE.

Yunbam Knuddopa B cBoeit pabore «O mpocTpaHCTBEHHON TEOPUH Ma-
repur» (1870 r.) nucan: «f cauraro gro:

1) Mauible y4acrku LIPOCTPAHCTBA AHAJIOIMYHBL HEOOJIbILIUM XOJAMAM HA
MOBEPXHCTH... 2) DTO CBOHCTBO UCKPUBJIEHHOCTH WK JedOpMalu HempepbiB-
HO TIEPEXOUT C OJHOrO yIaCTKa MPOCTPAHCTBA HA APYTOM HAMOM00WE BOJIHBI.
3) D10 u3MeHeHne KPUBU3HbBI €CTh TO, YTO MbI HA3bIBAEM JBUKEHUEM MATEPUH. ..
4) B dusuveckom MUpe HUYErO HE MPOUCXOAUT, KPOME TAKMX U3MEHEHU...»

Awmepuranckuii puszuk Ix. Yuiep B XX Beke sropuit Kiuddopay «B mu-
p€ HeT HUYero, KpoMe UCKPUBJIEHUS TPOCTPAHCTBA. MaTepus, 3aps, SJeKTPO-
MarHUTHBIE U JAPYTHE TOJIS ABJISIOTHCS JIWIb MPOSBICHUSMHA UCKPUBJIEHHOTO
npocTpancTBa. Pu3nKa eCTh TEOMETPHUS>.

Teomerpudeckoe mMuponoHnManue yxonauT B riiydb BeKOB, /k. Yusep B
cBoux paborax murmpyer peHeccancHoro neommaronunka O .Ilarpumnnm :«Urak,
IPOCTPAHCTBO €CTh TO, UTO OBLIO MPEXK e MUpa (KOCMOca) U OyJer mocje Hero,
9TO CTOWT BO TJIABE MUDA, ... Pa3se oHO Torna e cybcranmusa?! Eciu cybcranmms
€CTh TO, YTO JIE2KUT B OCHOBE, TO MPOCTPAHCTBO CKOPEE BCETO CYITHOCTH MUPA.
®. ITarpuru B CBOIW0O 04Yepeib MOAAEPKUBAI HEOILTATOHUKOB U MEOMETPU3AIIIO
onruku Pobepra I'poccerecre, xusiero B nepsoii nonosune XIII seka [7]. Po-
6epr I'poccerecre, npirasicd 0ObEIUHUTD I€OMETPUIECKOE MUPOIOHUMAHUE C
dbu3rIeCKUM MUPOTOHUMAHUEM, YTBEPKIAs KBAHTOBYIO MPUPOLY CBETA W I'e0-
METPUYECKUE 3aKOHBI €0 PACITPOCTPAHEHUS.

Tak, onupasich Ha TPEANIECTBEHHUKOB, TIOPOil HA MHOTHE BEKa OlepeKaB-
IIUX CBOE BPEMsi, YUEHbIE MIAr 34 [IAIOM LU BIIEPE].

Bo Bropoit nonoune XX Beka B Coerckom Coroze, riae meradpusuka
TPAKTOBAJIACh KAK PEAKIIMOHHOE HICAJMCTUYECKOE YUEHWe, TPOTHBOpPEYalee
«€INHCTBEHHO BEPHOMY>» IMAJEKTUIECKOMY MaTepHANIN3MY, (DUBUKN aKTUBHO
BeJIM INCKYCCUU TI0 BOPOCAM MeTaDU3nKH.
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IIpumepom 3TOMY MOXKET CIIyKWTH JUCKYCCHs, pa3BepHyBinasicsa B 1964
rogy B Kuese na Ilepsom Bcecoiosnom cumnozuyme «@uiocodckme mpodiie-
MBI TEOPUM TATOTEHWS JUHINTEHHA U PEIITUBUCTCKON KocMosoruny. Ha 3Tom
cummosuyme npodeccop A.3.Ilerpor yreepxkaan: «Iloje rpaButaruu — 3T0
0COOBIil BUJ[ MATEPUHU U MTOTOMY OHA, KAK TAKOBAs, MPOSABIAET CeOS B JIBUIKE-
HUAW ¥ HE MOXKET JBUTATHCHA WHAYE, KAK B MpoCcTpaHcTBe-Bpemenns. [Ipodeccop
M.®. IlTupokos emy Bozpaxait: «C Gpu3ndeckoit TOUKU 3pEHUs [0Jisd TATOTEHUs
¥ WHEPINY, KAK MPOSIBJIEHNST TEOMETPUIECKUX CBOWCTB MPOCTPAHCTBA U BpEMe-
HU, cjenyer cuautarh hOpMaMU CYIECTBOBAHWS MaTepWUu, a He Marepueis. A
npodeccop ./1. IBaHeHKO 3as1BJIsIJI, 9YTO TPABUTAIMS — YACTUIHO MATEPHs, a
yacTu4dHO hopMa cylecTBoBanus Marepuu... [6], [8].

J.J1. sarenko 6bw1 ogauM u3 HeMHOruX, K10 paccmarpuBai OTO kak
OYeHb BAXKHYIO, HO HE OKOHUYATEJIBHYIO TMOMBITKY MOCTPOEHUST €IWHON TeOpun
YCTPOHCTBA MUPA, OH TOBOPWI: «Tak WM WHAYE HBIHEITHUI MEePUO UCTOPUU
dusnky xapakTepeH Bce 00/iee HACTOWYMBLIMU U TIEPCITEKTUBHBIMU TTOMBITKA-
MU MOCTPOEHUA HOBOW, YeTBEPTO B MCTOPUYECKON IMOCIIEJOBATEIbHOCTH €11~
HOW KapTUHBI Mupay. OH HEOAHOKPATHO BHIPAXKAJT COMHEHUs B IIPABUILHOCTH
pacupocrpadenus 3akonomeprocreit OTO na ouuncanue Beesennoit B uesiom. [9)
60 mpusnanme 6ecnpeIeIbHOCTHA KaK B TTO3HAHUN, TaK U B OECKOHETHOCTH Pa3-
BuTusi Mupa, 1e1a0T HeBO3MOXKHBIM MO3HAHNE a0COJIOTA, HO MOCJIEI0BATE b=
HOe, IIar 3a IaroM OCO3HAHWE BCE HOBBIX ILIAHOB OBITHS MAIOT YEIOBEYECTBY
HOBbIE BO3MOXKHOCTH TBOPYECTBA.

Cerojiast OfHUM U3 JUCKYCCHOHHBIX BOIIPOCOB M0 MIOBOJLy KOTOPOI'O BEJLyT-
Cs1 CITOPBI SABJISIETCST BOMTPOC O TIEPEXO/IE OT PUMAHOBOM T€OMETPUH, TTOJIOKEHHOMN
B ocaoBy OTO Kk reomerpuu ¢ KpydeHHUEM.

Yuernnk JI.B. Kengprmma u 0. /1. Usarenko, I'.1. Illunos B 2005 roxy BbI-
crynmi Ha KoHpepennun B benbrum ¢ mokmnamom «Mexannka Jlekapra — ger-
BepHOe 0600mmenune Mexanuku Hoioronas (Shipov G. // Decartes’ Mechanics —
Fourth Generalization of Newtons Mechanics. In «7th Intern. Conference Com-
puting Anticipatory Systems», HEC-ULg, Liege, Belgium, 2005).

B cBoeit crarbe «Mexannka J/lekapTta — derBepToe 0000IIEHNE MEXAHUKHT
Hororonay I'ennanuit MTunos numer: «Xora Mexanuka Hbiorona obobimanadab
YK€ TPUKJIBL: TPU CO3JAHUU CIEUaIbHOM Teopuu orHocurenbHoctu, OTO u
KBAHTOBOII MEXaHUKH, CYIIECTBYEeT BO3MOXKHOCTD JIjIs1 ee JaJsibHediero 0bo0rie-
HUS.

ITepen coznanmem HeroroHoMm ocHoB Mexanuku (1687 r.) Pene [Iekapr or-
CTAUBAJ TOYKY 3PEHUsI, YTO BCAKOE JIBUYKEHUE €CTh BpAIeHUe. DTO yTBEPK Ie-
HU€ YIAeTCs [T0KA3aTh IMOCJEeJI0BATEIbHO TOJHKO Cefvac, MCIOJb3ys Oorarbiii
apceHaJ MaTEMATUYECKUX U (PU3NIECKUX U/eil COBPEMEHHON HAyKW, BbIIBUHY-
THIX B PA3HOE BPEMS BBIIAIIIUMUCS yUEHBIME. deTBepToe 0600IIeHNe MeXaHm-
ku Hb0TOHA 0Ka3a710Ch BO3MOXKHBIM MIPU YCJIOBUU, 9YTO B YPABHEHUSX MEXAHMU-
ku JlekapTa peanm3yroTcs:

IIpo6aema Knuddopaa-ditaimreiina 1o reoMeTpus3aiium.

OpJuranreHckast nporpamma Kaeiina.

Nnes Kaprana o CBsI3W KPydeHUsT TPOCTPAHCTBA € (DUBUIECCKUM BPAIIIE-
HUEM.

WNnes Kapmenn 06 00beuHEHIH MTOCTYMATEIBHON U BPAIATEIHHON OTHO-
CUTEJIbHOCTH.
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Wnes Ienpoy3sa 06 oanHAKOBOM 3aKOHE ITPEOOPA3OBAHUIL /15T TPAHCIATIIIT
U BpallleHUui.

Wnea Yumnmepa 0 TeOMETPUYECKO# TPUPO/IE CIMHOPHBIX TOJIEH.

Wnesa lekapTa 0 BpalaTeJ bHON TPHUPOIe JTI000T0 IBUKEHHS. >

OrnmuuurenpHoO# deproii Mexanuku Jlekapra wim BaKyyMHOW MEXaHUKU
SABJISIETCs] MPUHIAN OObEIMHEHUs MTOCTYIIATE]bHONW W BPAIATEJHHOW OTHOCH-
TEJIbHOCTH. DTOT NPUHIUI yTBEPXKIAET OTHOCUTEJbHOCTH BCEX (PU3MUECKUX
noJjieit 1 B3auMOJIEHCTBUIA.

B dumnocodckux TpakTarax JaBHO YK€ MOXKHO OBLIO BCTPETUTDH UIELI0 00
OObeIMHEHNY 3aKOHA PUTMA, C 3aKOHOM IUKJI0B. OMHUM U3 pa3inyduil MEexXIy
IUKJIAYIECKAM 3aKOHOM W 3aKOHOM DPHUTMa SBJISETCH PA3HOCTH HAIPABJIEHUM.
Huknuaeckuii 3aKOH HaIpaBjgeT OmpeseseHHble (DOPMbI SHEPIUU U MATEPUU
110 OKPY2KHON TPAEKTOPUHU; PUTMUYECKUN 3aKOH 1ODY2K/[aeT MaTepuio, BHYT-
pP¥ KOTOPOIi OH JEfICTBYET K BO3BPATHO-TIOCTYIATEILHOMY IBUKEHUIO U 3aa€T
ero rpanunbl. llukanaeckuit 3aKOH HAIPABISET YHEPTUIO B HEOOXOAUMBIE KPY-
TOBbIE KAHAJIBI; 3aKOH PHUMa HAIMPABJISIET TEYEHWE CHJIBI — W CyOCTaHIUU —
BHYTpPH 3TuX Kanayos. Hanpumep, purmuvdeckuil 3aKOH yIpaBsgeT aKTOM bl
XaHUs IIyTEM CBOErO BO3BPATHO- [IOCTYIIATEIHHOIO BO3AEHCTBHS HA KJIETKH bl
XaTeJIbHBIX IIEHTPOB; IUKJINYECKWI 3aKOH OMPEIeIseT MyTh COCTABHBIX JaCTHUIL
BO3/yXa, BTAHYTHIX B JIETKUE C TIOMOIIBIO IbIXAHWS, U HAPABIEHNE KPOBOTOKA,
KOTJ[a TOT BXOAMT B CEpJIE U MOKUIaeT ero (Majblil JIerOYHbIi KPYr KPOBOOG-
pallleHus) — U JIeJIae€T OH 3TO TOYHO TaK K€, KAK HAIPABJSET XOJ, [JIAHET 10
ux opburam Bokpyr CosHia.

«Bcesikasi Bubpanust BO BCEil MaTEPUM IBUKETCS B COBEPIIEHHOM PHUTME.
Kaxk 0b1 MaJibl HU OBLITH ATOM, KJIETKA WUJIU OPTAH CUJIbI WA CYOCTAHITUHU, IHED-
rUsi, KOTOpas MPUHYIMIA UX K BHEITHEMY BBIPAYKEHUIO, YCTAHOBUJIA B WX W3-
HAYaJIbHOM IE€HTPEe KOjIeOaHWs BIEPe] W HA3aJ, BHYTPb W HAPYXKY, B TOTHOM
coornomennu. Eciin 3ra Mepa Hapymaercs, TO IPOUCXOANT IEePEeMeHa B CTPO-
ennu cuiabl win cybcrannuu. Ecim Obl BO3MOXKHO OBLIO yBEJIHIUTH TaCTOTY
BHOpAIMy aroMa 3a TPeJeSibl YCTAHOBJIEHHBIE €My 3aKOHOM PHUTMa, TO aTOM
mepecTast ObI CyIIIECTBOBATH HA CBOEM ILIAHE OBITHUS».

T'unoresa nmukanyeckoit Beemennoii [lenpoysa Tak ke 00beInHAET UKIIBI
S0HOB C PUTMOM OTAENbHBIX (a3 soHa. llukandeckuit 3aKOH ONpeIesieT mpo-
JIOJKUTEJIbHOCTh 0HA; PUTMUYECKHI 3aKOH YIIPaBJIeT KadecTBaMu (uana3o-
HAMU 9aCTOT WJIM YPOBHEM BUOpAIuii) JeHCTBYIONMMHA B TIPOMEKYTKA MEKILY
Ompeie/IeHHBIMY (ha3aMU KU3HU J0HA, — MOJIOIOCTH, 3PEJIOCTH, CTAPOCTH, ...

Ob6benuHeHne MOCTYATENbHOM W BpAaIIATebHON OTHOCHUTEIHHOCTEN Jie-
JKUT B OcHOBe Teopuu busudeckoro Bakyyma [10]. Ypasuenus duzmueckoro
BakyyMa (OHU 2Ke ypaBHEHUs BAKYYMHONH MeXaHUKU uiu Mexanuku Jlekapra —
yersepToro 0600uenus Mexuuku Hprorona), onucsisatonue 10-ru Mepaoe 1po-
CTPAHCTBO COOBITHUII C YETHIPHMsI TPAHCISIUMOHHBIMA U IIECTHI0 BPAIIATEIbHbBI-
MH KOOPJAWHATAMU, MOJHOCTHIO T€OMETPU3UPOBAHHBIE YDABHEHUST JWHINITEHHA,
u Adura-Munica, onucbBaioT GU3MIECKHNH BAKyyM W3 KOTOPOTO POXKIAIOTCS
SJIeMEHTAPHDBIE YACTHUIBI. «A eciu Mbl 3HAEM KaK YCTPOeH (pu3mdecKuii Baky-
YM, U3 KOTOPOI'O POXKIAIOTCS YJIEMEHTAPHDBIE YACTULIBI, TO MbI MO2KEM 3HATH KaK
YCTPOEHBI CAMU YACTUIIBI M MOYKEM OMKUCATh WX B3AUMOJIEHCTBUES.

B reopuu, mocTpoeHHOI € ydUeTOM BpAIATEIHHOW OTHOCHTEIHHOCTH,
HeT JBYX Kareropuil (IIpOCTPaHCTBA-BPEMEHU U MaTEPUAJIbHBIX MCTOYHUKOB),
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a eCcTh TOJIBKO 3aKPYYEHHOE U UCKPHUBJIEHHOE mpocTpaHcTBo Baiinenbeka. Cite-
aya Knuddopmay, MOKHO Teneps cKa3arb, 9TO B MEPE HHYETO HE IIPOUCXOIUT
KpOME MU3MEHEHWsI KPUBU3HBI U KPYUEHHUsI MPOCTPAHCTBA, MOCKOJIbKY MAaTEpH-
aJIbHBIE MICTOYHWKH CBEJIEHBI K Kpy4eHnto Puuan. [15]

31€ech, KOHEYHO, BO3HUKAET BOIPOC KAK TOPCHUOHHBIE 1OJis (110Jist Kpy-
yenus) (PU3NIECKOrO BAKyyMa CB3aHbl C IPABUTALMOHHBIME BOJiHAME. Eciu
TOPCUOHHOE 110JI€ CBA3aHO C BOJIHOBOI (DYHKIMENl KBAHTOBOI MexaHuku (Kak
y [.1.IIunosa), TO OHO JOJKHO OBITH UCTOYHMKOM IDABUTAIMOHHBIX BOJIH.
Ho B mesiom, ceromust MbI MOYXKEM CKa3aTh, YTO 3HAEM O IPABUTAIMOHHBIX BOJI-
HaX MEHbIE, YeM He 3HaeM... Teoperndeckue MCC/I€I0BAHNS, IKCIIEPUMEHTHI U
MeTadu3nIecKne JUCKYCCUU IIPOIOIIZKAIOTCS.

6. JInpuka

Korna B magame 1970-teix r.r. B Kuese, B nogsase roctuaamin «Deoda-
Husi» rpyiima Gu3nkos 1m0 pykosoacrsom akagemuka AH YCCP A.3. Ilerposa
cobpasia JeTeKTOp MO yAABIUBAHUIO MPABUTAIIMOHHBIX BOJIH (KOMUIO YCTAHOB-
ku B.B. Bparunckoro), Gpu3nku B IIyTKYy HAPUCOBAJIM HA BaKyyMHON Kamepe
dunocoda duorena. Bakyymuas kamepa mnpeacTaBisia co00i MEeTaInIeCcKy o
604Ky, u JluoreH, cuyist B «60UKe», MPUCTYITHBAIICSA K «PPABUTAIIMOHHON MYy3bI-
ke Hebecubix cep» [11].

Yacrora (Bubpauust) 3abukcuposansoro LIGO curnasa or rpasuranu-
oHHbIX BOJH B 2015 T. coBmaja C AMATA30HOM TACTOT YEJIOBEUECKOTO TOJIOCA
(xoTst pUBMUECKU ITU ABJICHUS PASIUYHBIE) U YIEHBIE CMOJAEIUPOBAJIA CUTHAJ
OT TPABUTAIIMOHHBIX BOTH B 3ByKOBO# (popme. B pesynbrare ObLT yCIbIIMIAH TaK
Ha3bIBaeMbIil chirping unu «ieberannes, — Mbl YCJIBIIAIN «MY3bIKY IPABATA-
[IUOHHBIX BOJIHY...

I'paBuTanroHHbIe BOJIHBI — PsiOb TPOCTPAHCTBA,

¢l naBIBY MO HUM W3-33 CBOErO YIPSIMCTBA,

N3 ynpsmcrBa gomneith 10 Begnocru-Ilpucrann,
Ytob y3uaTrh cekper Beckoneunoctu — McTuHbI,
W BepuyTbCs HA3aM, T/ TUPOT B €YU, —

970 6JIM3KO COBCEM, KaK 3Be3/a B HOUM...

P.S. Ceroaus poBHO 1o/, KaK CHUTHAJ OT MPABUTAIMOHHBIX BOJH OT CJIUS-

HUsl JIByX YE€PHBIX JIBIP B JATEKOM KOCMOCE ObLIT 3apEruCTPUPOBAH YIEHBIMHU HA
Semure.

14 cenrsi6psa 2016
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JANCKYCIHE MUTAHHS

Bararo cromiTs j0in HaMaraancs 3po3yMiTy 3Ha9eHHs] CAMBOJIIB JIPEBHIX
KJIefiHOMIB. ¥ TOMY 4HCIIl BCIISKMX CBACTHK (KOJIOBOpOTiB) Ha HuX. ChOromHi
Mz MaegMo Gararounce bl dororpadil KocMivHX 00’€KTIB, 3p0OJEHUX 33, 10~
TIOMOrO0 cydacHux Teseckomis. IIi ¢oro meMoHCTpyIOTh HaM PI3HOMAHITHICTH
KOCMIYHHUX KOJIOBOPOTIB, Iy2Ke CXOKUX Ha 300paKeHHsT CTAPOBUHHNX CHUMBOJIIB.
Humu KocMivHEME KOJIOBOPOTAMY BUSABUJIACS CIipaJIbHI rasiakTuku. Moxauso,
dizruHa TpUPOIA IX KOCMIYHUX OO €KTIB JIOMOMOXKE HAM Mi3HATH TAEMHUIIO
CTApPOBUHHUX KJIEHHO/IB i HABMAKMW, — CTAPOBUHHI KJIEHHOIN JOTTOMOXKYTh BUe-
HEUM 3po3ymiTu doTorpadii KOCMIYHAX amapaTis.

3BepuemMocs 10 cydacHol ennukionenii «Binkpuruii kocmocy (Bupasuui-
B0 «Panok», 2010):

«Y nmaBHi 9acm JI0AMHA BRAYKAJA CBOIO NJIaHeTy MeHTpoM Beecrity. ¥V To4-
Hill BigmoBigHOCTI 3 TakuMmu morIsgaMu OyJid CTBOpEHi i cucremu CBiTOOYIO-
B — i3 3emJiei0 B IEHTPi Ta iHIMUMH CBiTHJIAMH, IO 00EPTAIOTHCSI HABKOJO
mel. Oxuak yxe B 16 cromiTti 3eMiisi BTpaTUIa CBOE YibHE MMOJOXKEHHS 1 Te-
perBopuiiacd Ha oxny 3 unciaennux miraner Cousanol cucremu. Ase i Commie
BUSIBUJIOCS PSJ0BOIO 3IPKOI0 3 4KMCJIa HAMCKpOMHiuX. A gasi Oysu rajgakru-

lamakTrka 3 11 MiTbsapaaMu 3ipOK yTBOPIOE CKJIAIHY CHCTEMY, IO 00ep-
TAETHbCA HABKOJIO CIIJIBHOTO IEHTPY. YCi TajakTWKW, CXOXKi Ha HAIMY, MAalOTh
CIipaJbHy CTPYKTYPY — V ILIOMIMHI IXHBOI'O JIUCKA YiTKO BUILISIOTHCS CHipasib-
HO 3aKpy4eHi yliljbHeHHsl, $Ki Ha3UBAIOTh «pyKaBaMuy» («pyKaBa» — 1€ CKyll-
YEHHS MUTbAP/IB 3ipOK, HAPOIZKEHHUX TAJIATUKOIO, [0 YyTBOPIOIOTEH KOJIOBOPIT).
V mamiit rajakTumni ix m'ate — Pykas Jlebens, Pykas Opiona, Pykas Ilepces,
Pykas Crpinbns i Pykas Ilenraspa.

IIpoananizyBaBmu mani mpo 6imbin Hik 20 THC. rajJakKTUK, JOCIITHUKA
NPUANLIN 10 BACHOBKY, IO NMPAKTUYHO BCI BOHU B MUHYJIOMY 3yCTPidajucs
3 IHIITUMU 30pSIHUMU cucTeMaMu. J[edKi TalakKTHKU B pe3yabTaTi B3AEMO/IiT MO-
XKYTh 3’€IHYBATUCSA UU TIOBHICTIO 3JIUBATUC ».

Bueni HeomHOpPa30B0O criocTepirany 3’ € THAHHS BEJIMKUX TAJIAKTHK i3 TE€KiIb-
koMma masumu. Y 2015 pori 3a qomomororo reneckomna Very Large Telescope ESO
6yJ10 3apeecTpoBaHoO 31uTTs Tphox rajsakTuk («The Birds).

ly»xe KpacuBa KapTUHA, HALIPUKJIIAJ, 3 €IHAHHS IBOX KOJIOBOPOTIB, — Be-
JmKoi JyiBobiunol ramakTuku NGC 2207 3 Majoi0 MpaBOOITHOIO TaJaKTHKOIO
IC 2163 (doro 1). Takux npuKIaAiB 6araro.

ToBopsaTh «sk Ha Hebi, Tak i Ha 3eMyi», IK B MAKPOKOCMi, TaK i B MiK-
pokocwmi. I choromni BUeHi TOCTIIKYIOTH €TeMeHTapHi JiBOOITHI Ta mMpaBobidHi
BHUXODH, 10 IPOHU3YIOTH YBECH IIPOCTIp.
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®oro 1. 3’e¢qHaHHS JBOX TaJAKTUK

Tak moxke apeBHi BOXKII i 2Kpertii manu 3HaHHA Ipo Bceecsit, ke morim
JIIOJICTBO BTpATUI0? A cami CHMBOJIM 3aKOHIB KOCMIWHOTO YCTPitO CITy KUJIH
3HAKAMU BJIQIM TOCBAYEHUX Ta O0eperaMu MpOTH XaoCy i pyiHyBaHHS?

Yomy Tak morio crarucs? Moxke TOMy, IO THUCAYI POKIB TOMY IaHyBaB
nepykruBHuil (iIHTYITUBHMI) cnoci6 ni3HaHHS CBITY, KOTPUil 3 PO3BUTKOM MEH-
TAJbHUX 3I0HOCTEH JTIOACTBA, PO3BUTKOM AHAJI3Y SIBHII, Ta JIOTTIHUX BHCHOB-
KiB, MPU3BIB J0 IHIYKTUBHOTO METOIY Mi3HSIHHSI

[Ipo3piuus npeakis 3a0yucs, ajie CHMBOJIN 3AJIUIITAINACS .

CrorosHi, KOu HAyKa /1€ 10 CHHTE3Y JAeIyKTUBHOTO T, IHIyKTUBHOTO Me-
TO/IIB M3HAHHSA CBITY, apXEOJOTITHI 3HAXiAKI JAJTEKHX JaciB MafOTh 0COOTUBHIIt
iHTEpec.
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[IPUTOAN OJHOTO KJEMHOJIA

B. B. Ompowenko

Amnotrania. Y crarTi 37ificHero cipofy mpoaHaizyBaTH cucTeMmy obpa3in
Kapmnaro-MikeHCbKOTO OpHAMEHTAJIBHOTO CTHUJIIO 3 BHXOAOM HA IX CeMaH-
THKY. Ba30Bi eeMeHTH CTHIIO BiAGUBAIOTh NPOTHCTOsIHEA cuil Ceitia (co-
asipa cumBoJika) # ITitemu (oOpa3 3wmisi / apaxona). Ha nunamivnomy
nyasizMmi nobymosani enivni Micdu inmoipancekux miemen. Croxkeru MidiB
I03BOJIAIOTE imeHTHdIKyBaTH MOTHBE T2 00pa3u OPHAMEHTAJBHOLO CTH-
0 Ha arpubyrax Braanm (KiaeHHOAX), AeTasNsX KIiHCBKO! By3am, 30poi Ta
MIPUKPACaX.

Cuekorroro mita 1998 poky Ilenrpansno-lonbackka ekcrneuris Iacru-
Tyry apxeosorii Hamjonasproi akagemil mHayk YKpaiHu mpoBOAWIIa 4eproBuit
MOJIbOBHII CE30H HA PO3KOIKAX IocesieHHs 3pyonol cminpaoru Kamitanose 1
y Horoaiinapchkomy p-ui Jlyrancokoi o6s. Hawampuumkom ekcrienntii OyB TO-
ai me mostommit Haykosenb FOpiit BpoBenmep, a HayKOBUM KOHCYJIBTAHTOM —
aBTop nux psazakis. Ilpu mocmimzkeHni KoraoBaHy xuria 18/20 momacTuio Bi-
SBUTHU JIBA yJIaMKa 3araJKOBOTO POrOBOIO BHPOOY, CXOXKOT0 HA MUIANKY rpuda
3 KOPOTKHMHU BHCTynamu-Hikkamu. Komu 1i KpuxiTai mMarodkum pory mdaii-
JINBO TOMUJIN, THACYIIWIN H CKJIEIIN TO 3 BYCT 000X 3TaJaHWX IOCiTHUKIB
3ipBaBCS EMHWUI BUTYK: «KJIeHHOI»! A 11ie GiIbInuM MPUBOIOM JJIsT 3aXOIICHHS
CTaJIa, 3aMaMOPOYINBA IUPKYJIbHA KOMIIO3UINS HA JIUIEBIH cdepl «IIanKkus
(Puc. 1, 1). TyT 10 kamMepaJsIbHOrO CTOJIY IIij] TEHTOM MiZIHIIOB TPEeTili y4aCHUK
ekcmeantii, nomenT Boponesbkoro yuiBepcurery Bonoguvup Becenin #t 3 mm-
POKOIO IIOCMIIIKOIO BCTaBUB e YOTUPH CI0BA: «Tak Ha3blBaeMas MUKEHCKAsd
BoJIHA». Binpazy K 3a3Hady, M0 y BUCJIOBJIEHUX OIIHKAX HEMA€ YKOIHUX CyTIe-
peunocreit. Mu 3 FOpiem Busnauuau dynkiio apredakTy, a poCiicbKuii Ko-
Jiera — JIeKOpPaTUBHUN CTUIb 0POPMIEHHS TOMBKU cKinerpa. Bix Toai mabyTh
MMOXKAJIKYBAaB, 10 B IepefaHiiit auM 10 APyKy crarti «Mukenckuiiy opHaMeH-
TAJMbHBIN CcTHIb 310xu OpoH3bl B BocTrounoit EBpones e Oyme Takoi mopedHOl
imocrpaii [2, c. 45-57, puc. 2-4].

3 peakiiii Ha 3HAXIAKY BHUIHO, IO JOCTITHUKU BUSBUJINCA TOTOBI 10 HET
i mHa Te Oynm Baromi mizcraBu. Ha Temy KJjeifHOZIB aBTOp BUUIIOB Ie Ha-
npukinmi 70-X POKiB, JOCII/KYIOYN COMiaIbHY CTPYKTYPY 3pyOHOI chimbHOTH
(18-13 cr. no Xp.). Iepuoro kareropieio apredakriB, OTOTOKHEHUMU 3 KJl€ji-
HomaMu craju Garoru (Harafiku), Bil SKUX Y MOXOBAHHAX JIUIIAIUCSA KiCTsIHI
PYKiB’'st Ta TOMBKHU 3 OTBOPOM s (hikcallii mHypiB THYYKOI 9acTUHU DaTora
[11, c. 227-231, puc. 1, 2-5]. IlyGuikanis crarti mog0 Haraiiok 36iriacs B 4a-
ci 3 BLAKpUTTSM CylepHaraiiku (I0BXKMHA JIEPEB’sTHOrO CTPHUXKHS 3 POrOBUMHU
PyKiB’siM, HablpHUMU KijblsgMu Ta royiBKOI0 — 80cM). Ii 3maitmm B mox. 9,
kypr. 1 6ist ¢. Kpacuocbonka Camapebkoi 06s. P®. Asropu poskonok A. Ia-
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Puc. 1. 3pasku gexkopy Kapnaro-MikeHCHKOTO OpHAMEHTAJIBHOTO CTHIO: 1, 8 —

c. Kamiranose-1; 2 — c. Inigiska; 3-5, 9, 10, 12 — Mikenn; 6 — Baparxikoska Bos-

rorpaichkoi o0ia.; 7 — Pazmor; 11- Tapymoska; 13 — Illunumniska; 14 — Kiposckke

nocenenns; 15 — Huxxna Kpacasxka II. 1, 2, 6, 8-15 — kicrka, pir; 3-5 — meram; 7 —

Kamiub. 1, 8 — 3a Bposengep, 2000; 2-5, 9, 10, 12, 13 — 3a JlurBunenko, CaHKapoB,

Vcauyk, 2013; 6, 11, 15 — 3a Jlonarun, 2014; 7 — 3a Lichardus, Vladar, 1996; 14 — 3a
Orporienko, 1974.
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uoB ta ). Kose, Hapekin 3HaXi/IKy «2Ke3710M». ABTOD [EPEKOHAB KOJIET HAJIa-
i 1yOJiKaLio 2Ke3/1a J10 2KypHaLy «Apxeosorisy il 341ACHUB [IEPEKIal TEKCTY
[7, c. 92-100, puc. 2-3]. Hy it y makeri nomas crarrio «Kuieitnoam 3py6HOro
cycmizberBay [12, ¢. 101-109, puc. 1-2].

BaxxnuBo, mo porosi Ta KicTAHI eleMeHTH KJICHHOIIB 37e0LTBIIOro Je-
KOPYBAJIM B CTHJI «MIKEHCHKOI XBWJIi». 3 9acoMm Ieil CTH/Ib OpHAMEHTAIil Ha
KaMeHi, jepeBi, KicTii Ta MeTtasti craau HasuBaTn «Kapmnaro-Mikencbkum». To-
moHiM «Mikenns y Ha3Bi CTHITIO 3» ABUBCS He BUMAIKOBO. [lomykn yenmamsauI
JlereHapHoro HasuiieBca AraMeMHOHA MPUBEJIM KOJIUCH HE MEHII JIETeHIapHO-
ro aujeranta-apxeosiora 'enpixa [llximMana 10 HEKPOIOJIiB 3HAMEHUTOrO MicCTa.
3BiATH TOXOIUTH HANOLIbIIA KOMEKIa apTedakTiB, JeKOPOBAHUX Y HA3BAHO-
MY CTWJIi, & 30JI0TY MAaCKy HaflCyBOPiIIOro 3 pO3KOIAHUX y IMOXOBAJIbHOMY KOJI
«A» Brammk HaiiMenoBaHo «Aramemuonoms [13, taf. XVIII, 308, 309].

Poskonku Ha nocesenni Kamitanose-1 najn Haiibiibiy HA TepeHax YKpa-
THM KOJIEKIIIO KICTSHWX Ta POrOBUX BUPOOIB, mekopoBanux y Kapmaro-Miken-
cbkoMmy cruii [4, c. 53-55, puc. 1, 3; 2]. Braganuii Ha no4YaTKy PO3MOBiAL Kieii-
HOJI CTaB y Hilf 4eTBepTUM i Hal3araJIKOBIIIIUM 33 CEMAHTUKOI CAKPaJbHO-
ro Bizepynky. liamerp porosoi uacrunu kieitnony — 3,4cm, Bucora — 1,0cm.
3i 3BopoTHOI cToporu Bupody dikcyerbes KBagparha gynka (1,2 x 1,2cm), ra-
6una ii — 0,8cm (Puc. 1,1). Ti npusnauenns — dikcamis BepxHBOi YacTHHE
JIepeB’STHOTO TepyKaKa Ke3Jy, AiaMerp skoro mir Oyrtu 1,6-2,0cm, a m0BXKu-
ma — 0,5-0,8m. Yci mekoposani Bupobu nos’st3ani 3 Apyrum crparurpadivaum
TOPHU30HTOM IIOCEJIeHHS i JIATYIOTHCs I09aTKOBOIO (ha30io apyroro mnepioay Ilo-
KPOBCHKOT 3py6HOI KyabTypH [3, ¢. 178, puc. 2, 10] . B abcomoTHIX nartax e He
mi3uime 16 ct. 10 Xp., 3 MePEKOHINBOI0 MTPUB’A3KOI0 JATYBAHHS O MMAXTOBUX
Ta CKIEMHYACTHX ycunaabHuip Miken [8; c. 195].

3BuuaitHoO, MO0 B KPUTHIHO HAJAIITOBAHOIO YMTAYa MOXKE MOCTATH 3alld-
tauug: «Yu yasisere su je Jlyranmuna, a ne Mikenu i o mixk apxitekropamu
mepInoi muBigizanii B €Bpomni Ta BapBapamMu 3 i1 TaJeKOr0 CXOLYy MOrJo OyTu
cuimsaoro?». Ille pokis 20-30 Ha3am Takwmil OIS MAHYBAB i CEpE apXeoso-
riB. IIpoTe, mOABOBL BIAKPUTTA OCTAaHHBOI TpeTwHU 20-TO — MOYaTKy 21-TO CT.,
3okpema penomerny CHHTAINITHHCHKOI KyIbTypu OOHOBUX KOJICHUIL DPyOexy
III-I1 Ttuc. mo Xp. icTOTHO BiAKOPUTYBAJIO HAII YSIBICHHS OO MOMIii 2-1 mosto-
Bunu 1l tuc. 1o Xp. Ha Iliaennomy ¥Ypasti BusgBuin PENITKA HAXJABHIIINX KO-
JICHUIB 3 KOJeCaMU Ha MmuisX [5, c. 204-206, puc. 107-108], a ycunanbHUIAX
KOJIICHUYHUX — JleTajli KiHchKoi By3au 3 Bupobamu B Kapraro-MikeHChbKOMY
cruii. e mo3sonmmno B. Beceniny mocTaBuTw MUTAHHS MTOAO CXiTHOEBPOITEH-
cbKOro (MicreBoro) moxoyzkeHns 1poro cruso [1, c. 84-86, puc. 1; 2, c. 53-57,
puc. 2—4]. Cuouarky rinoresa B. Becexina (1954-2000) Gyna uigpana xopc-
TKiil KpUTHIIL, ajleé HUHI BOHA 3HAXOIUTH yCe OLIbINe 00EpeKHUX MPUOITHUKIB
[8, c. 193-194]. TloHax Te, BHINILUIO APYKOM JOCJIIZKEHHS IOIO0 TPUXOY Mpa-
ButeniB Miken na llemonmonnec 3 JIxinmpo-IoHCHKOTO CTEMOBOTO apeajy paHHIX
ipaHCBHKHUX TIeMeH. YTropchbkuil mocaiaank Z. Makkail ckomitoBas KieitHomn 3i
3raJlaHuX y ApyroMmy ab3ari crareil Ta BAKOPUCTAB IX AK apryMEHT HA KOPHUCTH
cBOET Tinore3n [15, p. 56-65, fig. 10-12 and map]. Yrim, mpobiemMa TOXOIKEHHST
«MiKeHCHKOTO» CTUJIIO JIMITAETHCS TUCKYCIHHOIO.

BuznagwBnch 3 KyJIbTYPHOIO HAJIEKHICTIO TA TaCOM BUTOTOBJIEHHS KJTeH-
voxy 3 KamitagoBoro-1 crupobyemo migiiTu 10 pO3raJKu CEMAHTHKH CKJIATHOL
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OPHAMEHTAJIbHOI KOMIIO3HUIIil, BUBEJIEHOI 33 JIOIIOMOIOI0 IUPKYJ/Isd HA HOT0 roJiiB-
mi. Mu maemo J1iBoGidHY BUXPOBY CBACTHUKY B IEHTPI, IO IIEPETIKAE B 4OTUPU
npaBobiuHi Tpuckegionu Ha mepudepii kommosutiii. [Ipunymenns Haramii Kon-
JPATHEBOI, IO CYKYITHO 1€ 3HAK, SKUH PEIPE3eHTYE CUHTE3 OCHOBHUX CUMBOJIIB-
3HaKiB icuyBanas Bceecsity, cdopmynboBane Ha 6asi 3nanb XXI cr. Apxeosory
ioro KomeHTyBaTu ckyaaHo. Harre 3aBmanus: 3po3yMiTu siKuil CEHC BKJIAIAIIN
B 1€ CIOJIy4YeHHS CHMBOJIIB Jifoju Opon3osoi 1o6u mech 3600 pokis Tomy. Bu-
XOIMMO 3 TOTO, IO HA3BAHWIA CTUIL CKIAJAECTHCI 3 KOMOIHAIIIN CONAPHUX Ta,
XBWJIACTUX Kommo3uiii. [Ipudomy «XBujis» B MUPKYJBHOMY YU Pi3bOIEHOMY
BUKOHAHHI (irypye B Ha3Bi CTUIIIO, XO4a 33 KUIHKICTHb BiATBOPEHUX €JIEMEHTIB
cosisipHa ckJazoBa nomitao nepesaxkae (Puc. 1, 1, 3-6, 9-15). Cepex nasenenol
Ha puc. 1 migbopku apredakTiB XBUsd JOMIHYE Ha OJISCI 3 OTBOPOM 3 MOCEe-
uug Imivieka wa Cisepebkomy dinmi B Jonenpkiit 061. (Puc. 1, 2) Ta nibmii
6asici 3 Kaniranosoro-1 (Puc. 1, 8).

MageMO MpUITyCTUTH MOMEHT ITPOTUCTOSHHS MizK COJIIPHAME 00pa3aMu, siK
TEMOIO CBITJIa, TA MACHUMH IMMOCTACAME <«XBHJi» 3a AKHMH BOAYAIOTHCA 00pa3
nasyna (3umis, apakona). PeasibHicTh TAKOrO IPOTUCTOSHHS MiATBEPIZKYETbCS
He Jidlie eniyHuMM crozkeramu «Pirseau» ta «Apecru», ajie i ewizogom, pi-
3pOIeHNM Ha OfiHif 31 cren 3 Pasmor y Boarapii [14, s. 67, taf. 4, 4a]. Ha it mu
0aYnMO MEPEMOrY HY0JIOBIYOro (aIivHOrO MEPCOHAXKA, HAJ[ BEJIUKUM ILIA3YHOM,
a 3 ypakeHOl TePOEM MAIlll TyT-TAKW BUCKAKYIOTh YU yTBOPIOIOTHCS TPUCKO-
gmionu (Puc. 1, 7). Buxonsguu 3 Takol mijkasku MOXKHA IIPUILYyCTUTH Ha Osisici
3 LnnidiBkm 300pazkeHHst 3Misd B CHJIL, IO 3aMUKA€ ¥ KOHTPOJIOE KOJIO, a Ha
6nsci 3 KamitanoBoro-1 — Bke MaeMo po3pybaHe HA TPU YACTUHU TiJIO TMJIa-
3yHa, sKe 3HOBY-TAKHM KOMIIOHYEThCs B 00pa3 rpuckemiona (Puc. 1, 8). Haui
Ha r'yn3uKky 3 Miken rpasiiioBano Tpuckenion i3 «pybugmu» 3mmsku (Puc. 1,
9), a mopsii — Ha iHmOMY r'ya3uky — 3asepuienuii Tpuckesnion (Puc. 1, 10).
Ile Touna Komisg aHANOrIYHMX YOTHPHOX 0Opa3iB 31 KamitamiBchbkoro KieiHo-
ma. Hacrymuuit ryn3uk 3 Miken 36aradye BUTHHU TPUCKETIOHA ITUPKYJIHLHUMU
Kojlamu 3 Kpamnkoio B nenrpi (Puc. 1, 12). IapajesnbHo g cxeMa peaisyBajia-
Csd B eJIeMEHTaX KiHCbKOI By3u (mcaJiii, 6/sXu-po3noiiroBadl ackis oroJis’s,
3acTiOKM), yTBOPIOIOYH TPiiini (TpUMypTi, TPUPATHY), HACUYEHI COJSPHOIO CHM-
Bouiikoio [9, c. 280, puc. 40, 1, 9]. Oaun i3 Hajinizuimux 3paskis « Mikencbkoro»
cruio Kicrsaa 3acribka 3 Kiposebkoro nocenenns B Cxignomy Kpumy, jie nup-
KYJIbHUI COMAPHUI MOTHB MPUCYTHi# Ha KOXKHI 3 TPHOX METIOCTOK, aJie JIUITe
Ha, HIKHIN J1iBiit BiH omoBuTHit XBUIeo 3MitHoro obpasy (Puc. 1, 14) [10, c. 74,
puc. 2]. Take cobi HaraayBaHHs, O MEPEMOra CBITJIA HAJ| MITHMOIO HIKOIH He
Oy/z1e OCTATOYHOIO.

YuikanpHoo € 3Haxigka na mocesenHi Ilokposcbkoi 3pyOHOI Kysabrypu
Huxnusa Kpacaska II 8 Caparosceekiit 06;1. P® auckoBOro mcastisi 3 TpUKYTHOIO
TTAHKOIO, TPUKPAIIEHOTO Pi3b0JIEHNM TPUCKETIOHOM 31 CTHII30BAHOIO KIHCHKOIO
rOMIIBKOIO Ha KiHYMKY KOXKHOTO 3 TPHOX 3aBHUTKIB [9, ¢. 277, puc. 37, 1]. Ile 3a-
CBiAYy€ 3ATHICTH TPIHI M0 eBOIONil it MpPOAyKyBaHHS HOBHX 0OpasiB, 3a-
LTI THEHUX HOBUMHK cMuCTaMuA. MOXKINBO KiHCHKHMHU TOJTIBKAME 3aKiHIYIOTHCS
i 3aBUTKY TPUCKETIOHA, HA KPUXITHOMY IHMCKY 3 MOXOBAHHS 3pYOHOI CHiILHOTH
6isst ¢. [unmieka Jlyrancskoi 6. (Puc. 1, 13) [8, c. 195], a Takox Ha IesKuX
r'yI3uKax 3 BUXPOBOIO cBacTukoio 3 Miken (Puc. 1, 3-5).

AGu 3anpornoHoBaHuil BUIIE AyajiCTUYHUN Hiaxim g0 iHTeprperanii KoMm-
mo3urniit «MikeHChKOro» CTHIIIO HE 37aBaBCd HAyMAHWUM, MOILIIOCSH HA MOCTY-
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JlaTh MaHixeficrBa — ni3HbOro pizHoBuUy 3aparyirpusmy. Maui (216-277) cio-
BlyBaB JyasicTrudHe TPOTUCTOsIHHS Ta 60poThOy aBox napcers Ceitia ta Ili-
TBMU, fKi KepyBajucs, BignoBimno — Barbkom Benwwi ta Kuasem IliTbmu.
KonduikT Mixk HuMU Tpu3BiB 10 3MinryBaHHs (pO3YMHEHHS) CUJI CBiTIa (70~
6pa) 3 emaHanissMu mThMu (371a). JIogcreo B ocobi Ileprmonoanan (Opmusa)
CTaJI0 YKEPTBOIO 3MillTyBaHHs. B posti pATiBHEKA JIOACTBA BUCTYHB Muxpitsa3
(6or Mutrpa). Tpyuu 3aburux HuM neMOHIB craiau OyAiBeIbHUM MarepiajoMm
YUHHOTO CBIiTYy. 30KpeMa, 3i IMKyp TMepEeMOXKEHUX IEMOHIB Oy CTBOPEHI He-
Oeca, 3 TxHIX KiCTOK — ropw, a 3 IX M’siCa Ta BUIOPOXKHEHb — 3emJji. Tomy
mobymoBanmit MuTpoio CBiT, 3a BCi€l #Oro JTOCKOHAIOCTI, BUSBUBCA TAKU 3Mi-
maxuM [6, c. 344-345].

MoruBu Ta obpasu «MiKeHCHKOTO» CTHJII0 3HAMIIIN CBili PO3BHUTOK, SK
apXeTHIu, B MUCTEIITBI ipAHOMOBHUX KiMMepiiiliB, ckiiB Ta capmaris Ta, He
BUKJIIOYEHO, TXHIX MIBHIYHUX CYCIIiB — MPACJIOB’sH.
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TEMATUKA TA META >XYPHAJIY

«MixaucrunpaiHapHi JTOCTIIKEeHHST CKIQJHIX CHCTEM» — IIe PereH30BaHuit
KYyPHAJT i3 BITBHUM JOCTYIIOM, IO IMyOJIKYy€e MOCTiTHUIIBKI CTATTI, OTJIsAIN, IO-
BiOMJIEHHSI, TUCKYCiitHi JucTu, icropuuni ta dimocodehki crymii B ycix oba-
CTAX TeOpil CKIAIHUX CUCTEM JJIs BIIPOBAIZKEHHS B3AEMO/IIT MiXK HAYKOBIAMU 3
pi3Hux rasy3eit maremaruku, (izuku, 6iosorii, ximii, indpopMaTuKM, COMIOIOTT,
ekoHOMIKHM Ta iH. Mu 6GarkaeMo 3ampOMOHYBATH iCTOTHE [IXKEPEO aKTyaabHOL
indopmariii mpo cBiT ckmaaaux cucreMm. ZKypHaa Mae CTaTh IaCTHHOIO HAYKO-
BOro popyMmy, BiIKPUTOIO Ta IIKABOI'O SK /I eKCIIEPTiB 3 pi3Hux obacreit, Tak
i 7T TITUPOKOI ayIUTOPil YUTAUiB: Bi/l CTYJAEHTIB 70 JTOCBiTYEHUX JTOCTITHUKIB.
ZKypnan Hagae MOXKJIWBICTD /I HAYKOBIB 3 PI3HUX Tay3eil Tpe3eHTyBaTH
HOBI i71€i, rinore3u, mioHepcbKi pocimkents. OcobIUBO 3aMPOIILYIOTHCS 0 My-
Guiikalii aBTopu HayKoOBUX crareil Ta (aje He TIIbKKU) HAYKOBUX OMVISZIB, IPOTE
crarTi 3 icTopii Ta dimocodil Hayku, indopmarii Tpo HayKoBi mozii, Auckyciitui
TOBIJOMJIEHHST TAKO>K BITAIOTHCSI.

[HOOPMAIIIS /17151 ABTOPIB

ZKypHuas apyKye opuriHaIbHI CTaTTi, OTJIAIH, TIOBIIOMIEHHS YKPAIHCHKOIO, PO-
CificbKOI0, aHIIIIHCHKOIO Ta HiMenbKo MoBamu. Crarti yKpalHChKOIO Ta pOciii-
CHKOI0O MOBAMW MAaIOTh MIiCTUTH TIEPEKJIa aHTJIiCHKOI0 Ha3BU CTATTi, aHOTAIIIT
Ta TIPI3BUII aBTOPIB.

CrarTi mpuitMaioTHCsT BUKJIIOYHO B €JIEKTPOHHOMY BUTJISI, (haiim MaoTh
6yTu niarorosieni B WTEX 4u B Tekcropomy npouecopi (Microsoft Word, Open
Office Writer i r. 4.). Inmi dpopmaru daitiis MmaoTs OyTu 1ONEPEAHBO Y3rO2Ke-
Hi 3 pemakiiero. Lirocrparii MaTh OyTH BUCOKOI IKOCTi, rpadiku Ta Jiarpamu,
110 TI/ITOTOBJIEH] B 1HIITUX TTPOTpaMax, MalOTh MOTABATUCST OKPEMO, Y BUCXiTHO-
My dopmari. 2KypHaa ApyKyeThCss 90PHO-OLINM, IpOTE y €JIeKTPOHHIH Bepcil
Marepianu OyayTh BimoOpaskeHi y KOJIbOPI.

Crarri, 3anuTaffs, MOPaIU MAOTh OyTH BiAIIPABJIEH] €JIEKTPOHHOIO MO-
LITOIO JIO PeJaKiil 3a ajpecolo: iscsjournal@gmail.com.
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