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YK 539.12.01

TWISTOR-LIKE APPROACH
IN THE GREEN — SCHWARZ D = 10
SUPERSTRING THEORY

1L.A.Bandos, A.A.Zheltukhin

Kharkov Institute of Physics and Technology 310108, Kharkov, Ukraine

The Lagrangian and Hamiltonian mechanics of a recently proposed twistor-like Lorentz
harmonic formulation of the D = 10, N = IIB Green — Schwarz superstring are discussed. The
equations of motion are derived and the classical equivalence of this formulation to the standard one
is proved. Presented is the complete set of the covariant and irreducible first-class constraints
generating the gauge symmetries of the theory, including x-symmetry. The algebra of all gauge
symmetries and symplectic structure characterizing the set of second-class constraints are derived.
Thus, basis for the covariant BRST-BFV guantization of D = 10 superstring in the twistor-like
approach is built.

M3yualoTcs NarpaHxesa M raMiibToHoBa Mexauuku D = 10, N = I1B cynepcrpybt Ppusa —
IlIpapua B TBUCTOPHOM NOAX0jE. TBUCTOPHbIE NEPEMEHHBIE PERTUIYIOTCH B (POPME CIIMHOPHBIX
JIOPEHLEBBIX TFAPMOHMK. BBIBOASTCS YpPABHCHMS JBMAKEHHS CYREPCTPYHBL M AOKA3bIBACTCH
KJIACCHUECKAS HKBHUBAJICHTHOCTh TBMCTOPHOM M CTAHAAPTHOM GHOPMYAMPOBOK Teopuu. CrpowTes
NOJHBIA HAGOP HENPUBOMMBIX, KOBAPHAHTHBIX CBA3EIl EPBOTO POAA, FEHEPUPYIOIKX KaniGpo-
BOUHDBIE CUMMETPHU ACHCTBUS CYTIEPCTPYHDBI, BKJKOUAY K-CUMMETPHIO, ¥ NPUBOAKUTCS UX aarebpa.
[MpencTapaseTcs CHMIUIEKTHUECKAs CTPYKTYPa airefpbl KOBAPHMAHTHBIX CBI3CH BTOPOIO POa.
O6cyxnaerca npoueaypa xosapuantoro BPCT-I0MB jecatumeproit cyneperpytisl.

I. INTRODUCTION

Superstrings in D = 10 [1,2,3] are discussed as the possibie basis for
building the selfconsistent quantum theory of gravity and the Unified theory
of all the interactions. However, its covariant quantization is hampered by the
problem of k-symmetry covariant description because this fermionic
symmetry [4]is infinitely reducible in the standard superstring formulation
[1,2]. Unfortunately, the existing modern schemes [5—7] of covariant
quantization have been developed only for the systems with the finite level of
the constraint reducibility. (Remember, that such a problem appears already
in the superparticle theory [8,3]).
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The progress in solving the problem of covariant quantization is necessary
for the correct choice of the supersiring ground state, among the infinite
number of sclutions for D = 10 supersiring compactification. As a result the
infinitely many different effective 4-dimensional theories have appeared
instecad of the unique 10-dimensional one {9].

Onc way to solve the problem of covariant superstring quantization is to
usc the fact that the reducibility level of the symmetries is not invariant under
possible reformulations of the theory [5—7 . In other words, two classically
cquivalent theories may have different level of reducibility of their
symmetries. Thus some formulation of superstring theory, which includes
auxiliary variables and is classically equivalent to the standard formulation
[1—3], may have cither finite level of the reducibility of x-symmetry or even
irreducible a-symmetry*,

This way has been opened in the pioneer works of Nissimov, Pacheva and
Solomon [14—16]. They have extended the phase space of D=10,N=12
Green — Schwarz superstring by adding the vector SO(1,9)/[SO(1,1) ® SO(8) |
121 () [+2]
mo 7 m m
being replaced by the bilinear combinations of the D = 10 bosonic spinors

ax, |x2] _  ax +
Uy TV 08V

harmonic variables (u ) (sce [13 P with two light-like vectors u

v

The characteristic feature of the approach [14—17 | is the formulation of
the action functional in the Hamiltonian formalism with using the Lagrange

multipliers method. The «harmonic» variables (v**, uf";)) and the momentum

degrees of freedom canonically conjugated to them are involved into the
action principle through the constraints which arc chosen in such a way, that
the additional variables are pure gauge oncs. Thus equivalence of the
«harmonic» superstring formulation [14—16} with the standard Green —
Schwarz one is reached.

*Another way consists in attempis 1o extend the quantization scheme, developed by Batalin
and Vilkovisky (6], to the case of systems with infinitely reducible symmetries (see [9—12] and
Refs. therein) . Such extensions use an infinitely reducible gauge-fixing conditions and produce free
type effective actions including infinite number of fields for superparticles and superstrings.

However, the straightforward extension of the BV prescription |6} for the systems with
infinitely reducible constraints leads to the well-known troubles {10,11]. So, the cohomologies of
the superparticle BRST operator, calculated in this way differ from the state spectrum of the
Brink — Schwarz superparticle obtained from the quantization in the light-cone gauge (see
[10,11]). To achieve the correct BRST cohomology (i.e., state spectrum) it is necessary to modify
not only BV-quantization prescription, but also the initial superparticle or superstring formulation.
However, after this step, the second way is reduced to a variant of the first one.
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The use of these variables permits Nissimov, Pacheva and Solomon to
solve the problem of the covariant decomposition of the Grassmannian
constraints into the irreducible first and second class ones. The second class
fermionic constraints were transformed into the first class constraints using
the introduced auxiliary fermionic variables, and the covariant quantization
of the Brink — Schwarz superparticle and Green — Schwarz superstring theo-
ries was carried out {14—16] (see also [17)).

In parallel, the twistor approach [58] to superparticle and superstring
theories has been developed [24—40, 42,43,45,46 |. It is closely related with
the approach of Nissimov, Pacheva and Solomon, in particular, both
approaches usc bosonic spinor variables as the auxiliary ones. However, the
twistor approach puts forward the new concept explaining the nature of the set
of auxiliary bosonic spinor variables necessary for the covariant decomposi-
tion of the Grassmannian constraints of superparticle or superstring theories.
This concept proposed in Refs. [28—30 ] interprets the chosen bosonic spinor
variables as the «superpartners» of the target superspace Grassmannian

coordinate field 8 */ with respect to worldsheet supersymmetry.

Such a treatment of the bosonic spinor variables reduces the arbitrariness
in their choicc and, in particular, fixes their number to be equal to N(D — 2),
where N is the number of the target space supersymmetries and D is the
dimension of target space-time.

On the base of the twistor approach the «mysterious» x-symmetry is
presented as the nonlincarly realized worldsheet supersymmetry when all
auxiliary ficlds are excluded using their equations of motion [28—30].

In the frame of the superfield realization of the twistor approach the
infinitely reducible x-symmetry with algebra being closed only on mass shell
is replaced by the local world-sheet supersymmetry transformations
[28,29,30], which are irreducible and have the algebra closed off mass shell.
So, the twistor approach seems to be a relevant base for the covariant super-
string quantization, alternative to that developed in Refs. 14,15,16,17.

The doubly supersymmetric superfield action functionals have been
proposed for the superparticle and heterotic superstring in D = 3, 4, 6, 10
128—321], [34—40] as well as for D=3, N = 2 Green — Schwarz super-
string [59 ). There are some problems in the construction of such superfield
action functionals for N = 2 Green — Schwarz superstrings in D = 4, 6, 10
159D, and, up to now, this problems is open. Nevértheless, the component
twistor formulation [19,23,46 ] exists for these cases. These formulations are
related to the discussed superfield ones rewritten in terms of components,
when all the auxiliary variables, except for the bosonic spinor ones, are
removed from the action using algebraic motion equations. Therefore, in
twistor-like component superstring formulations [19,23,46 ] the world-sheet
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supersymmetry is realized nonlinearly, i.e., is represented as a k-symmeltry,
and its algebra is closed on the mass shell only. However, the xk-symmetry
remains irreducible in this formulation, and the number of the auxiliary
bosonic spinor variables (twistors) is conserved to be the same as that in
superfield ones. Hence, the formulations [19,23,46 ] still give the possibilties
to investigate the machinery of the twistor approach in solving the problems
related to the task of the covariant superstring quantization.

D = 10, N = 1B, supersrting formulation [23,46 ], being invariant under
the (nonlinearly realized) extended local n = (8, 8) world-sheet supersym-
metry, includes in its configurational space two sets of auxiliary Majorana —

Weyl bosonic spinor fields (twistor components) v;'A(r, o) and v_,(t,0)

(a=1,.,16; A=1,..8; A= 1,...,8) taking their values in 8-dimensional
s- and c-spinor representations of the «transverse» SO(8) group. These
twistor components are the superpartners of the Majorana — Weyl Grass-

mannian spinors 0 ‘“(t, o) and 9"2(1, o) under the discussed world-sheet
supersymmetry transformations.

Comprising the considered component twistor-like formulation with the
one proposed by Nissimov, Pacheva and Solomon [14,15,16,17 ] we conclude
that they differ not only in the form of the action functionals, but also in the
sets of the auxiliary bosonic spinor fields. More exactly one may say that the
additional twistor variables in the set [20,21,23 ] can be obtained by taking

the square root of the transverse vector harmonic variables uf,';) belonging to

the NPS set [14—17]. In other worlds, the harmonic fields [14—17] are
composite objects constructed from the twistor variables [20,21,23]. The
importance of the latter difference for the problem of the covariant superstring
quantization may be shown only by further investigations of the classical and
quantum dynamics of supestring in the twistor approach. Now we note only
~ that the square root extraction operation leads to nontrivial consequences in
many cases [51].

Note that the auxiliary spinor variables similar to the discussed twistor
variables have been previously used by Wiegmann [57 ] for the description of
N =1, D = 10 heterotic and Neveu — Schwarz — Ramond fermionic string
in the covariant light-cone gauge. The paper [57] is closely related to the
Lund — Regge geometric approach [60] and, especially, to its gauge
interpretation [61 ], where the 2-dimensional SO(1,1) and SO(D — 2) gauge
fields and the Cartan embedding forms used in [57 ] have been introduced.
However, Wiegmann does not consider the problem of building the covariant
Hamiltonian formalism for the original heterotic string phase space extended
by the addition of the twistor variables in an arbitrary gauge. Instead of it the
author of [57] excludes original physical variables of the heterotic string
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[’} "(1, 0), i.e., the Grassmannian target space spinor coordinates, by means of
functional integration. On the other hand, the original phase space of the
heterotic string reduced in such a way is extended by the addition of the
effective gauge fields [61 | generated by the differential forms of embedding.
As a result the Hamiltonian structures of the twistor l22 23,46 | and effective
[57 ] actions differ in principle.

Taking into account all the above-mentioned reasons we regard the
investigation of the Lagrangian and Hamiltonian structures of the D = 10,
N =1IB Green — Schwarz superstring in the component twistor-like
formulation [22,23,46 ] as a problem to be paid attention to. This is just the
problem suggested for studying in the present paper.

Here we follow the line of papers [18—23, 46 | and realize the twistor
variables for D = 10, N = 11B Green — Schwarz superstring as the pure spi-
nor Lorentz harmonics which parametrize the SO(1,9)/[SO(1,1) ® SO(8) |
cosct. These harmonics are obtained by taking the square root of the basic
vectors of the moving Cartan repere attached to the superstring world-sheet.
Newman and Penrose were the first to consider this interpretation of the
twistor’s components for D = 4 [44].

- In papers [18,19,62,42,43 ] the Newman — Penrosc dyades were used
for the description of the massless superparticles, null superstrings and null
supcrmembrancs. In particular, in these papers shown was the principle role
of the component twistor formulation for the action of null super-p-branes
(i.c. massless superparticles for p = 0, null superstring for p = 1, null super-p-
branc for p = 2) in 4-dimensional spacc-time for the solution of the problem
of the covariant contsraint splitting and their conversion [7 | into the Abelian
- first class constraints. As a result of the component twistor approach the prob-
lem of the covariant BRST-BFV quantization of null super-p-branes in D = 4
was solved (42,43 .

In the case D = 4 the Newman — Penrosc dyades are used for building

the vector ficlds u(")(t, oM) of the Cartan moving repere (an isotropic tetrade
[44 ) attached to the world hypersheet of (null) super-p-brane. And the
twistor-like null super-p-brane action is the first order form functional
constructed using the composed vector from these moving frame set.

This observation fcads to the generalization of the Lorentz-harmonic
approach {18,19,42,43 ] to the description of superstring and other extended
supersymmetric objects (for example, supermembrane) in higher dimensions
D [22,23,45,46 . The proposed generalization implies the necessity of the
consideration of the D-dimensional spinor harmonics as generalized
«dyades». Therefore, if the first order form action with auxiliary vector
variables is known, the problem of the twistor-harmonic description of the
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superstring (and super-p-branes) imbedded into the D-dimensional space-
time is reduced to constructing the realization of the Cartan repere (moving
21D/21 55 1D/2]

frame system) uf,',')(t,aM) = uf":)(ff‘) in terms of spinor

harmonic matrix
szSpin(l,D—l), a=1,.,2" a=1,.,2" a1.n
withv = [b/2 ] or (D — 2)/2 for Majorana — Weyl spinors in D = 10 (mod8)
[18—231], [42,43,45,46].
But such task can be solved easily. The orthonormal repere

uf":)u"'([) = 17(")([)= diag (1, - 1,...,— 1) (1.2)

belongs to the SO(1, D — 1) group. The double covering of this group is

Spin (1, D — 1). Thus the connection of the repere uf"l’), with harmonic

variable matrix vg is defined by means of the «square root» type universal

relation ,
ul =274 (cr, )P ug (1C7h,. (1.3)

m

As the result of Eq.(1.1), the relation (1.3) may be rewritten in the
following forms

uf,':) (I«mc—l)aﬂ = vz (F(ll)C“l)ab vz , (1.4a)
b _ b
WD (€T, ) = v (€T, )P v (1.4b)
This is possible because, in general case, the following identities
spe’cr, | vI®ch =0, (when k>1),  (1.5a)
pemy
Sp wTcr, p r-tWe™h = o, (when k>1)  (1.5b)

are satisfied for the matrix v € Spin (1, D — 1) (1.1)

The relations (1.1)—(1.3) are the basis of the twistor-like Lorentz
harmonic approach to super-p-brane theories.

The discussed approach has been named harmonic one, because the
condition (1.1) is not realized by expressing the matrix vg as an exponential
function of the Spin (1.9) Lie algebra generators; it is realized by the
requirement, that vg matrix should satisfy a set of the so-called harmonicity

conditions
SM(v) =0. (1.6)
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These conditions provide the satisfaction of all the relations (1.5a), (1.5b), as
well as of the relations (1.3), by definition. And the use of them is more
convenient, than the use of the straightforward exponential parametrization
(this fact was evident already in the case of the compact space SU(2)/U(1)
[47D.

For the case of D = 10 superstring, the matrix v has one SO(1,9)

Majorana — Weyl spinor index a = 1,...,16 and one 16-dimenisonal index a
of the right product of the SO(1,1) and SO(8) group. The latter may be
decomposed into the two SO(l,1) € SO(8) invariant subsets of indices

+ T .
a=(A,A).Here A=1,...,8 and A = 1,...,8 are the indices of (s) and (¢)
spinor representations of SO(8) and * symbols denote the Weyl weight under
the transformations from SO(1,1) group (which is identified with the Loreniz
group of the world-sheet in the formulation [22,23,46 ). Correspondingly,
the 16x16 harmonic matrices vg are decomposed into the two 16x8 blocks
[20,21]

v = (v 'A,v ~), .
which transform covariantly under the left SO(1 9) and right
SO(1,1) ® SO(8) transformations.

The corresponding SO(1,9) 1@ [SO(1,1) ® SO(8) | g invariant splitting of
the composed Cartan repere (1.3) has the following form

uff:)z(u(m (1) ,u((}))‘(u ,u(')) (1.8a)

m’ um ” "

= w®, ufj>)—( (u'[:2‘+ [~2] 1—(,4};2'—%‘;2')), (1.8b)
@ = @D, u®), (1.80)
where the vectors u , uf:') are defined by the relations [20,21 |
u,‘n“' O, vy =gl ot (1.92)
u'ln_zl--(v a,7), (1.9b)
f;}——(v g )i (1.90)

The contracied SO(1,9) spinor indices are omitted in (1.9b), (1.9¢) and in the
following formulas.

The harmonicity conditions (1.6) have the following form in the
discussed case [20—23,46 ]
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‘Em,... ‘= um(n)”( )[)—ﬁ) n = 0, (1.10a)
go= w2l _p =0, (1.10b)

where the expression

“ﬁ”(a(")) =0 (L.ID

v =05 @, )"

=(n) = T~
"ml‘..ms" Sp (v aml...o
vanishes as the consequence of Eqs. (1.10a) [46 ]. The last expression of the

type (1.5a) vanishes identically because of the antisymmetric property of the

mamx (a ) ® under the spinor index permutations.

"l

The repere orthogonality conditions (1.2) are satisfied as the common
consequence of the express:ons (1.9), the condmons (1.10a) and the famous
identity ’ '

3 a(ﬁ(—; yoym
m

= %—(E;ﬂ&""‘s"'fcycli_c permutations (a, 8,7)) = 0. (1.12)
The normalization conditions for the composed repere (1.2), (1.9) arc
satisfied duc to the harmonicity conditions (1.10a), (1.10b) and duc to the
identity (1.12). ,

" Thus, the orthonormal repere in D = 10 space-time was tdnstruclcd in
terms of generalized dyadcs So, after lhc constructlon of the first-order form

I2I

superstring action usmg the auxlllary vector variables n, ', which belong to

the moving frame system (rcpcrL) lhc twistor-like form of the superstrmg
action can be achieved by the s1mpk replaccment of the n,‘n 2 by the

composed vectors u,ln 2 9)

In such a way the action for D = lO N = llB supcrstrmg was constructed
22,23 ].

Here we continue the program outhncd in Refs. 22,23.

Lagrangian and Hamiltonian mechanics' of the twistor-like Lorentz:
harmonic formulation of the superstring are constructed. The cquations of
motion are derived. The constraints decomposition onto the covariant and
irreducible first and second class ones is carried out. We compute the algebra
of the gauge symmetries of the theory in the Hamiltonian formalism and
present the symplectic structure characterizing the set of the second class
constraints. Thus we get all necessary information for the conversion of the
second class constraints into Abelian first class ones (see [7]), forthcoming.
construction of the classical BRST charge and covariant quantization, which -
are the subjects of future works.

The paper is organized as follows.
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To make clear the forthcoming description of superstring in twistor-like
formulation we consider the bosonic string formulation with auxiliary vector
variables in detail. This is done in Section 2, where the derivation of the
motion equation and the construction of the Hamiltonian formalism for
systems with harmonic variables are discussed using this simple example. For
the reader convenience, the description is closed in this section.

In Section 3 we describe the twistor-like Lorentz harmonic supersiring
formulation [22;23] and discuss its equivalence to the standard one [1,3].
Here we derive all the equations of motion for the discussed superstring
formulation.

Section 4 is devoted to the construction of the Hamiltonian formalism.

The primary constraints are derived and the so-called covariant
momentum densities for the harmonic variable are introduced in Subsection
4.1. It is demonstrated that these momentum variables generate the current
algebra of the SO(1,9) on the Poisson brackets.

In Subsection 4.2 the Dirac prescription of the checking the constraint
conservation during evolution is carried out, the covariant and irreducible
first class constraints are derived.

In Section 5 the first class constraints are redefined. This redefinition
leads to the simplification of the algebra generated by them on the Poisson
brackets. Such algebra is presented in Subsection 5.1. The symplectic
structure of the second class constraint system is derived in Subsection 5.3.
The relation between the weli-known Virasoro constraints and the
reparametrization symmetry generators of the twistor-like formulation
[22,23 ] is discussed in Subsection 5.3.

Our notations for the Majorana — Weyl spinor indices in D = 10 coincide

with ones from Refs. 14,15 except for another choice of metric signature (see
Eq.(1.2)).

2. BOSONIC STRING
IN THE CARTAN MOVING FRAME FORMULATION

2.1. Action Principle and Equations of Motion. To make more clear the
forthcoming description of superstring in twistor-like Lorentz-harmonic
approach we consider the bosonic string formulation with the following action
functional

S=[d%ELE) = [d%e®) (- @) Zeto Xt o). @D
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This formulation uses two D-dimensional vector fields n (n(o) ff “l))

belonging to the Cartan repere (moving frame system) nfr? = (n " "Sr?)*

attached to the string world-sheet and defined by the orthonormality
conditions

=0 = nf:)nm(l)— ,I('l)(’)= 0, 2.2

(where the Minkowski meiric tensor q(")(l)= diag (+, —,..., —)). Other addi-

tional set of the used auxiliary fields is the world-sheet zweinbein e"{(’g‘)
W= (r,0); /= 0,1}

Y Iy — & = £

€€~ 9 S, €€ 6”, e = det (3,4)' 2.3

The two—dnmenszonal Lorentz group SO(1,1) acts on the flat indices f, g of

the zweinbein e Ff (&) as well as on the 2-valued index {f} numbering the vectors

from the set n"{?(&)". The basis of a two-dimensional vector space may be

always chosen to be composed from two light-like vectors with the definite and
opposite weights under the SO(1,1) group. Thus it is convenient to work in
terms of the light-like zweinbein components ‘

2 2
/= ( e+ 24 ol 2|) Ll 2)))
ef'= (.% IS e;«|+2l),%(em—zl* eu[+2]))’
[+2 11421 2 = ol =2 (=21
e, e O0=e, “e ,
el HI=T 2 g o ol -T2,

#
e %e(e"”zle"l"zl« eﬂl—2levl+2l)’ 2.4

0
(e LI Eo1= 1),

* The Latin letter / in the round brackets nf'? denotes the number of a vector from the moving
frame set ns""), nf’:), ey n(:")‘ 1t is convenient to separate ail the repere vectors ngl’ into two sets
nD= (m¥, n?), where i = 1, ..., D-2and f = 0,1 (s0 0= n¥ and ') = nP~").

m m " m m mn m

**Thus the SO(1,1) subgroup of the target space Lorentz group SO(1,D-1) (acting on the
repere variables matrix nf'? from the right) is identified with the Lorentz group of the string world-

sheet in the discussed formulation (comprise with [22,23]).
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g'= _;_(eﬂl+2]ev{—21+ 12 1421y

Viog=e, & = %(e,(:z]ev[-z]+ elﬁ"zle"[”‘), (2.4

v e”[_Zle"(+2]= 2/&

and hghl-hke vectors
n{f}_.. (_ (n'l"' l+ [ I), (fl[+ l ! '))
[ +2] - {0} {”_ 0 D—-1
' n + n nsﬂ).;. n( )

l+2]nml+21 0_ [ 2] m[ 2] n[+2]nm|—2]___2 2.5)

n"l m
(comprise with Egs.(1.8b))*.
The variation of the action (2.1) with respect to the inverse zweinbeins
ef“ gives the following relation
/('S) =9 xmnm/c(a’)ln, (2.6)

n
which is the simple expression for the souldary form e/(d&, &= d&"e}{(&) of

the world-sheet, induced by embedding of the world-sheet into the D-di-
mensional Minkowski space-time. Taking into account Eq.(2.6), we may
exclude the auxiliary zweinbein field from the action (2.1)

- (@ )!/2 ;‘6 x nf.’/x}= — 2ce = — 2 det (aﬂgmn%})v, @D

The resulting action (2.8) coincides with one from Ref. 41, where the
auxiliary vector fields from Cartan moving repere had been introduced for the
first time for building string and superstring actions.

Thus the action (2.1) is the first order form representation for the
«antisymmetric» action from Ref. 41.

Now let’s discuss the relation of the discussed string formulation (2.1)
with the standard Dirac — Nambu — Goto and Polyakov ones.

*In such form the conncndence of the repere variables n() with the vector harmonics from

Ref.13 is evident. However, the repere variables were used for the first time for the string and
superstring description in Ref.41.
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It should be proved below, that the variation of the action (2.1) with
respect to the auxiliary vector fields n{"?(g) leads to the following nontrivial
equation

9,x"'nl) = .9)
which means that the vectors "Enl) are orthogonal to the string world-sheet.
Egs.(2.6), (2.9) and the completeness of the moving frame system

(m 0=
T Ty = Tmp
give possibility to express aﬂx’"(g) through nm(é)

1/2 ’
3,8"(®) = e(@) P68 4,n, (2.10a)
and vice versa
n‘”’;}= @)y V2 egaﬂxm Q.10
Taking into account Egs.(2.7) and (2.11), as well as the definitions
ef Fy fge g, e=V—-g,

we may rewrite the action S (2.1) in the following form
n—1 2
§,=— (2ca’) JdEvV- gg’“'aﬂxmavxm,

which is the known string action introduced in Ref. 48. From the other hand
Eq.(2.10) leads to the following expression for the induced metric

8= 0,X" () 0,%,E)/ c’a’, (2.10b)
which results in the relation
e=V=g=det'? (9, x"E) o,x, &)/ . 2.100)

The substitution of Egs.(2.10a), (2.10¢) into the functional (2.1) leads to the
Dirac — Nambu — Goto action

Spn_c =~ ()" [ & (det (3,2"®) 0%, &'

At last, the variation of the action S (2.1) with respect to x™(&) gives the
equation

9,(e e"nm) 0, ‘ (2.12)
which may be rewritten in the standard form (see Ref. 48)
9,(V-ggax™) =0, 2.13)
using Eq.(2.11).
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However, the derivation of Eq.(2.9), which is crucial for the conclusion
presented above, is not so simple task. First of all note that the variational

problem with respect to ng} fields is the problem with conditional extreme due

to the necessity to take into account the orthonormality conditions (2.2). It
may be reformulated into the variational prblem with absolute extreme if we

extend the action (2.1) by means of adding the conditions £™? (2.2) with
the corresponding Lagrange multipliers (see [41 ]). Another way for yielding
the right motion equations is to restrict the class of admissible variations

dnf"l) by the variations which conserve the orthonormality conditions (2.2).

The use of this method does not require the introduction of the Lagrange
multipliers and seems to be simpler for the solution of the variational
problems characterized by the sophisticated structure of constraints. The
same method will be used below for studying D = 10 superstring dynamics in
the twistor-like formulation [22,23 ].

2.2. Admissible Variations for Repere Variables. Let’s discuss arbitrary
set of D independent vector variables nf,? in D-dimensional space. The

condition of the independence has the form det (nf'?) # 0. Thus the set of the
variables nf,? discussed as DxD matrix belongs to the GL(D, R) group. An

arbitrary variation with respect to nf'?

& =nDa/and 2.142)
may be rewritten in the form ,
8 = (n~'8m)Q (na/on(D). (2.14b)

In Eq.(2.14b) (n_'én)g‘)) = (n"')z’,’() anf'? is the Cartan differential form,
which is invariant under the left GL(D, R) transformations. The differential
operators nf'?a/ on mky’ appeared in (2.14b), may be discussed as the
covariant derivatives (see [47]) for the GL(D, R) group.

Let’s restrict the right GL(D, R) transformations (acting on the numbers
() of the vectors nf'?) to be only from the Lorentz group SO(1, D — 1). Then
the invariant metric tensor

7’(")(1)= diag (+, = yeeey ")

appears and we achieve the possibility of lovering and of rising the indices in
the brackets. After this step we may transform Eq.(2.14b) into the form
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& = (n™'8n) 4y (M0 311, ) (2.140)

and to decompose the GL(D, R) covariant derivatives n®Dy/ 6n(k) onte the
symmetric and antisymmetric parts

(nd/an)®O = % AO® 4 gO®y

AD® ,,g:)a/a,,m( - n%)a/an (2.15a)

m(k)’
KOO= nDo/on,, o+ nDa/on,, . (2.15b)

The corresponding decomposition of the Cartan differential form is defined
by the relations

.—.l _ —~
(n”73m) 4y = Ry @) + Seeyn(©):
Q0@ = (n770m) 4y =5 (07 70m) g = (n73m) ), (2.162)

= (! I | -1
S (®= (17'8m) gy = 7 (07 18m) g+ (17 0m) ). (2.16D)

Taking into account Egs.(2.15) and (2.16), the expression (2.14) fm
arbitrary variation may be presented in the form
== HQ) k),
d= (k)([)(a) AD®E 4 s (a)K< Q.17

It is easy to show that AD® ang K(l)(/‘) operators generate the gi(D, R)
Lie algebra

[A(ll)(l2), A(k')(kz)] = — 217(11)[(kl)A(k2)](12)+ 2”(12)l(k,)A(k2)1(ll)’ (2.18a)

Ky Koo 1= Pa By ™ Moy apay 2189

with the subalgebra (2.18a) of the Lorentz group produced by D(D — 1)/2
A( Dk operators. The operators K O® are related with the factor space
GL(D, R)/SO(1,D - 1)

and the number of them coincides with the number of the orthonormality
conditions ZO®),
Now it is evident that the admissible variation may include A(l)(k)

operators only. This statement is true due to the fact that the Lorentz
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rotations are the only transformations which conserve the orthonormality of
repere. Let’s, however, arrive this statement in a more formail way. This helps
us to understand a more complicated case of spinor moving frame variables
(i.e., Lorentz harmonics {20—23]).

The action of A and K operators on the variables nffl) may be easily

determined (see Egs.(2.15))

Awyayam= 2’7(01(11)"(12)1,,., (2.192)
Kapap™on= 2oy a (2.19b)
So we have ‘
Ay Zee ™ Wiyt P By @200
KayapZae)™ M) ane*
(2.20b)

* D1 Tkt ook Eee)
Egs.(2.20) justify the statement that A(l)(k) operators conserve the
orthonormality conditions (2.2)

0. (2.21a)

AR

2=0

At the same time

(2.21b)

K= k) | 2op™ Mok aTape):

Hence the operators X O® destroy the repere orthonormality. Moreover, the

differential form (2.16b), related to the operator K([ L) (see 2.17)), is
12

reduced to the complete differential of the orthonormality condition E( 1Y0)
i’ 2

on the surface (2.2)

l = B
S(ll)(lz) I z=0 2 d"‘([|)([2)- (2.21¢)
So the following variations
= Lo
o IR A R ORI 2.14d)

are admissible (i.e., conserve the repere orthonormality conditions (2.2)).
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In Eq.(2.14d) the covariant SO(1, D — 1) derivative has the form (2.15a)
and the expressions for the Cartan forms (2.16a) may be reduccd to the
following ones

QOO(s) = 5(&)(0«»%_ - ®sn™O= — fOsnm®  (2.22)

on the surface defined by the orthonormality conditions (2.2).
It is interesting to note, that Eq.(2.14a) may be discussed as the
definition of the covariant derivatives A([)(k)' So, A( D(ky May be understood as

the derivatives with respect to the Cartan forms Q(k)(l)(a).
If the repere variables become the fields living on the world-sheet

([)... n(l)(}’:/‘)’

m

then the variational analogs A(?;') of the operators A should be used

AOOE = D) 8/0n,, (€)= nlDE) 8/én, &),  2.23)

and we should use the following form of the admissible variation

=L 2 sy &
strm0” 2 J d°t QW5 Ay ® (2.29)
instead of one defined by Eq.(2.14d).

Now we are ready to discuss the derivation of Eq.(2.9).

Taking into account Eq.(2.24), it is easy to see, that the variation of the

action (2.1) with respect to the repere fields ,,U) is defined by the relation
88 = [d%SL(E) = [ d* e(®) (- (@) elo x"*anm) =
- _ -1/2 2 JTP PN ()1(3)
@)y Ve fd Eeef's X"QVN0) (A(k)(onm ) (§). 2.25)

We stress, that the simple covariant derivative (2.15a) is used in the last part
of Eq.(2.25). This is the result of application of the variational derivative
(2.23) included in the previous part of this equation.

Hence, we may conclude that:

i) The right equations of motion for tHe repere fields have the forms of the
variations of the action (2.1) with respect to the Cartan forms (2.22)

35/6Q0&) 8y = 0. (2.26)
(These equations take into account the orthonormality conditions (2.2) auto-
matically);

ii) These equations may be presented in terms of the [agnrangian‘ density
and ordinary covariant derivatives as follows
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A®OLE) = (1O a/on,, (&) - n®E) 0/dm,,,(£)) LE) = 0. (22D
This statement is true for cases, which are similar to the discussed one, where
there are no time derivatives of repere fields in the action;

iii) The equations of motion are defined by the result of the action of the
ordinary covariant derivatives (2.15a) on the ﬁelds‘nf,?.

So the equations of motion for the nf,? fields have the form

=0, (2.28)

eeg 6 X" (k)([) m
We may specify them as follows, using the Eq.(2.19a),
Ha M =
ee; a”x ”m[(k)é(l)] =0. 2.29)

Thus it is evident, that motion equations for the fields nffl) give nontrivial
consequences only for the cases (k) = {/} or () = {/}. The equations (2.29)
are satisfied identically when (k) # {f} and (/) # {f}. This is the consequence
of the gauge SO(8) symmetry of the discussed action (2.1). The operators
ADO) generate these transformations.

Eq.(2.29) is reduced to the following relation
D,aﬂx o)) = 0, .30
when both the indices (k) and (/) belong to the {f}-set. Eq.(2.30) is satisfied
identically if Eq.(2.6) is taken into account. This fact corresponds to the
SO(1,1) gauge symmetry of the discussed action (2.1).

Hence the unique nontrivial consequence of Eq.(2.28) corresponds to the
varying of the action with respect to the Cartan form QYo describing the
variations from the coset SO(1, D — 1)/[SO(1,1)xSO(D — 2) 1. It has the
form of the relation ’

e e;‘aﬂxmnf'?= 0 .31
and is equivalent to Eq.(2.9).

Hence, the equations of motion for the discussed bosonic string
formulation (2.1) are derived using the variational principle based on the
- concept of admissible variation (2.22), (2.24) of the repere fields. It is a
simple task 1o derive the same equations of motion using arbitrary variations
and the extended action functional completed by the products of the
orthonormality conditions (2.2) E =0 on the Lagrange multipliers (see [41 ]
for this approach applied to the second order form action).
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However, for the case of twistor-like Lorentz harmonic formulation of
superstring (see Section 3) the described form of variational principle
simplifies the calculation significantly.

2.3. Hamiltonian Formalism and Covariant Momentum Densities. Now
let’s discuss the Hamiltonian formalism for the bosonic string formulation
(2.1). The first order form of the action principle results in the following fact.
All the expressions for momentum density variables

Py (&) = - oL/ a0 xM) = (P, (&), P (E), (2.32)
canonically conjugated to the configurational space coordmates of the theory
xME) = ("), ndE), (233

result in some constraints. For the discussed formulation of the bosonic string
these primary constraints have the form

pP,— (@) 12 ¢ e,.nm (2.34a)

m
P([) = 0. (2.34b)

However, the repere orthonormality conditions (2.2) should be discussed as
the additional primary constrainis

=0 = ,,(m),,m«L y @O = o (2.35)

if the canonical momentum densities P' (§) for the repere variables n([)(g) are

used. Such extension of the set of constramts makes the Hamiltonian
mechanics more complicated in the discussed case (see [41]). But the
corresponding complication for the case of twistor-like formulation of D = 10
superstring [22,23 ] becomes drastic. Indeed, in the formulation [22,23] the
complicated harmonicity conditions (1.10), (1.11) appear instead of the
orthonormality conditions (2.2).

Henceforth, it is significant to work out the method, which allows one to
exclude the conditions similar to (2.2) from the set of constraints and to
discuss them as the strong relations. Such a method was used in fact in Refs.
13—17,20,21 and was grounded shortly in Ref.13 for the superparticle case
(see also Refs.49,18). Here we justify this method in detail for the case of
bosonic string formulation (2.1). Such justification makes more clear the
forthcoming discussion for the case of twistor-like superstring formulation.

Let’s return to the primary constraints (2.34). The first of them (2.34a)
may be decomposed into the two relations, using the orthonormality
conditions (2.2),

PPz nOp, =~ @) e = @) 2er%e, (2.362)
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P=n"Op =0, (2.36b)
Eqgs.(2.36) mean that the repere variables may be discussed as the matrix of
the Lorentz transformations, which connect an arbitrary coordinate frame
with the fixed one, where the string momentum density P((,l) has only two
nonvanishing components (which coincide with the t-components of the
zweinbein density e e/”)

PP = (PP, PDY = (@)% 7, 0) = n"Op . .37

Similar interpretation of the Cartan-Penrose representation rewritten in
terms of D = 4 Lorentz harmonic matrix was given in Ref.18.

Let’s extend such interpretation to the case of harmonic sector and form
the SO(1, D — 1), invariant momentum densities

Poy= Mgy P(h= = P91/ (0,10, (2.38)

After the division of P(k)([) into the symmetric

. W] "
Z(O(k)z n'"(/()P(I)+ nm([)P(k) . 2.39)

and antisymmetric

- ] "
n([)(k)= "m(k)P(I)_ "m([)P(k) (2.40)

parts, we get D(D+ 1)/2 symmetric and D(D - 1)/2 antisymmetric
constraints equivalent to (2.34b)

o =0 (2.412)

M =0 (2.41b)
The Poisson brackets are defined by the relations
1Py(1,0), X"(x,0) ), = = (XY, 0", P, (1, 0) Ip =
| =3y 8 (c-0), (2.42a)
or )
[F, Glp = [ do (3F/3P,(0) 8G/3XM(0) — 8F/6xM(a) 8G/8P, (o)) =
= [ do (3F/P, (0) 5G/8x™(0) — 3F/8x™(0) 8G/ 3P, (0) +

+ [ do (3F/8P{}(0) 6G/3n()(0) — 6F/3nD(0) 3G/P(0)),  (2.42b)

where F=F [XM(a), Py (0)] and G=G [XM(cr), Py (0)] are arbitrary
functionals defined on the phase space of the system.
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It may be justified that the variables Z(k)(l)@) and n(k)(,)(g) realize a

vector representation of the g/ (D, R) current algebra on the Poisson brackets
2.42)

M 5@ g yuy©) 1p =
=200y )Mk 10y~ Ttk M) 6 @ =) 243

M 50y©@ 2y @) 1p =

= = 2000y, Zek ity ™ Tk ey 8 0 ) (2430)

(201 2 yik©) 1p =
= = 200 ) Moty Tk 6 @ =) 2430

The constraints n(k)(l) (2.40) form the representation of the SO(1, D — 1)

current algebra and, consequently, do not change the constraints (2.35) in the
week sense ' '

MG 0) @ @) e = = Py apm® © =) 249
T )@ Sk gk ©) 1p =

So it is natural to consider n(k)(l) as the (covariant) momentum variables for

the degrees connected with Lorentz subgroup SO(1, D — 1) of the GL(D, R)
group (i.e., to the orthonormal repere).
Conirary to I'I(k)([), the symmetric constraints z(k)(l) don’t conserve the

orthonormality conditions (2.35). Indeed,
(210> Ze )@ Vo = My ey © © =90+
*+ 2000y pZ iyt T Fepey 6 @ =) 240
or, in the week sense,
(2301 Zik k@ T = ek ey Teneey € = ) 24D
So it is natural to consider the combinations of the phase variables PE';)

and nﬁ?, presented by z(k)(l) and Ei(k)(l), as a new canonically conjugated
variables describing D(D + 1)/2 degrees of freedom. Due to their vanishing
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in the week sense, the phase variables Ewo and X (k) May be excluded from

. the string dynamics by the transition from Poisson brackets to the Dirac one
(see [50])

[F,Glp=[F,Gl,+ % [ do 1F,290@) ), (£, (), G1,-

~+fdalF, 20@ 1 1E900), G1,,. (2.48)

The momentum variables, remaining after the exclusion of Z(k)(,), are the
covariant momentum densities H(k)(,). So it is important to express the Dirac
brackets (2.48) in terms of n(k)(l)' With that end in view let us discuss the

change of variables from PZ';) momentum densities to I'l( 00 and 2( k) Ones- It
is based on the evident relation

pOm- (n"l)Z'r') n("? PO = (n”')zf) POO =
=5 (7 MO0 Lt 200, (2.49)
Using (2.49) we find that
8/8nB(0) =  do'sPI™ (') /811D o) /6 POM(o1) =

=3 (0" Yy O18PG) %(n")m(,) 8/8PQ), 2.50)

8/820(0) = [ do'3PE)(0") /62D o) 3/8P9(0") =
| - | -
= 5 (7 )y 810PQD + 5 (v, 318P0) Q.51
and consequently
8/8pOm_ ,,S"") /81O 4+ 5 /62Dy, (2.52)

Using the representation (2.52), the change of the momentum densities may
be done in the Poisson and Dirac brackets. So Eq.(2.48) may be presented in
the form

[F, Glp= [ do (8F/8P,(0) 5G/3x™(0) — 8F/3x™ (o) 3G/dP, (o)) +
+ [ do @F/811D(0) KOO 0)G — 3OO 0)F 6G/en ")) +
+ [ do (3F/62 D) KD (0)G — KNO(0)F 5G/52DO(0)) +

l [
+3J do 1R, E00@) ), 12 1 0), G, -
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1 - 2.
— 3 do (F, 2y @)1 1ED(0), Gl 2.53)
where the variational covariant derivatives A are defined by Eq.(2.23).

Let us discuss some functionals f, G which are independent of the
Z(k)( l)(cr) variables

F = F [x"(0), P, (0), "D(0), @
G =G 1x"(0), P,,(0), n{)(0), T (@) 1 (2.54)

_ The Dirac brackets (2.53) coincide with (the «covariant> version of) the
Poisson ones on the class of such functions

[F, Gy, = [ do (3F/3P,(0) 3G/3x" (o) ~

— 8F/x"(0) 8G/5P (o)) + [ do (8F/aNDD(0) KO ()G -

m
— KOO ©)F 8G/on D (@) = [F, G1,,. (2.55)

So, the ordinary Poisson brackets (2.55), together with the strong
relations (2.2), may be used for the function with the properties 2.54).

Therefore we are free from the necessity of the inclusion of the
orthonormality conditions (2.2) into the list of the Hamiltonian constraints if
the phase space includes only the covariant momentum densities H(k)( ,)(o)

(2.40) for the repere variables. Such momentum densities are characterized
by the property.

[T (©): =0Den 1, O (2.56)

The similar prescription should be used below for the investigation of the
Hamiltonian mechanics for the twistor-like superstring formulation [22,23].
It gives the possibility of taking into account the complicated harmonicity
conditions (i.10), (1.11) as the «strong» relations and exclude them from the
list of Hamiltonian constraints.

To clarify the nature of the covariant momentum densities H( k) [)(0) let’s

prove that they may be defined as the derivatives of the Lagrangian density
with respect to the T-components of the Cartan differential form (2.22)

M@ = = oL/ 3P O(q). @.57



TWISTOR-LIKE APPROACH 1087

k(D _ k k = oKk '
The components Q,(‘ YO (QS ), Qg )(’))=Q( )([)(GM) of the Cartan

differential form Q(k)(’)(d) (2.22) with respect to the holonomic basis
- d&¥= (dr, do) are defined by the relation

k — — k() _ k k
Q®O(d) = nPsn™D= dg# QOO= dr QOO+ do Qf D, (2.58)

Indeed, using the completeness of the set of differential forms ﬁ(")(l)(é)
and S(k)(’)(é) (2.17), we may decompose the derivative with respect to 9 1"51[1) as
follows

0/3 (9,n)) = % 0Q®D /9 (3 1Dy 8/0Q0O +
+ % as®0/g (3 nDy a/a50D, (2.59)

Multiplying Eq.(2.59) by nffl) and taking the antisymmetric part of the
resulting expression, we get the relation

m(l)
Henceforth, the expression (2.57) coincides with (2.40) (see also (2.35)), and

we conclude that the covariant momentum density characterizing the property
(2.56) is defined by the following expression

00000 = n o ald (@,nD) = n,,,3/0 (0,3). 2.60)

- k _ \
Ty = = OL/320D@) = 1, Pty = 1y PGy @.61)

Finally, we should note, that the covariant momentum density (2.01) is
the «classical analog» for the variational covariant derivative (2.23). This
statement means, thai the Poisson bracket of H(k)(,) with any admissible

functional, defined on the configurétional space (2.33), coincides with the
action of the variational covariant derivative (2.23) on the same functional

MmO®g), F [x™, ”Er? 1, = AD® Gy F 1™, nf:l ). (2.62)

The discussed properties (2.56), (2.61), (2.62) of the covariant
momentum density ﬂ(k)([) should help us to find the corresponding variable

for the twistor-like superstring formulation {22,23 ] and, thus, to simplify the
investigation of its Hamiltonian mechanics (see Section 4).
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3. 0=10 SUPERSTRiNG IN TWISTOR-LIKE LORENTZ
HARMONIC FORMULATION

3.1. Action Functional. The twistor-like action functional for the
D = 10, N = 11B superstring has the form [22,23]

S=8+5,_, G.D

$,= § % o®) (— (@) efltnf o) =

nom

= [ drdoe |- (a’)"l/2 (e"|+2lu,l,‘2]+ e"'“zlu,l;zl)w;‘"+ cl=
= fdrdae (c T )~ 2 rl2 w"‘(vx g,vz) +

+T6(a,)_l/2 ,‘ll 2] "l(vA A))’ (3.13)

n— . 1_ gl 2 a2
Sy_z =~ (ca)™" [drdoe™ liwy (3,8'0,8' - 8,6%,6%) +

1_mgl. 2 g2 02
+9.0 "9 9,6%,6"). 3.1
Here 2 w2
m_ m_ I _mgl n =
w,'=0,x"~i(3,60"6 +6ﬂ00’9 )=
= m_ . 1_m gp1 2 m 52
=9,x (8" a'aﬁe +9,6° a’aﬂe ) 3.2
are the coefficients of the pullback of the D = 10, N = 2B supersymmetric
Cartan form [51 ] on the world-sheet
‘ o™= dx"- i (d6'0™0' + d6’0"0%) = dEHw),

x"(m =0,1,...,9) are the ordinary (flat) space-time coordinates and

= (Cal L 0"2) (@ = 1,...,16) are the fermionic (Grassmannian) coordinates
of the D = 10, N = 2B superspace which have the properties of Majorana-

Weyl‘ spinors with respect to SO( 1,9) group. o:;, are the symmetric 16x16
Pauli matrices for D = 10 space-time (see [14,15] for the notations). The
conventions about the world-sheet zweinbeins e}‘ﬂ', "2 are collected in
Egs.(2.4).

The action (3.1) differs from the trivial supersymmetrization
(a”x'”-» wl"") of th¢ repere (moving frame) bosonic string formulation (2.1) by

i) adding the Wess — Zumino term (3.1b) and by
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ii) replacement of the fundamental moving frame vectors nf,? (2.5) by the

compound ones uf,? (1.8), (1.9) composed from the bosonic spinor variables

(1.1 [T . |
nd- uf'? =165p (v &'mva(’)) = — 125 %0 o) 3.3

ve = (v, v, € Spin (1,9). (3.4)

The orthonormality conditions (1.2) for the composed repere (3.3) are
the straightforward consequences of the relation (3.4). To arrive the
decomposition (1.8), (1.9) of the set of composed moving frame vectors (3.3)
the following o-matrix representation should be used

00, = diag (8., 8,2) = 59,
a:b=diag(6AB,-—6Ab)=-59ab,
| i 3.5
=0 |- _zom,
Vap O

oly = "+ 0%, = diag (23,5, 0) = (50— 5%)P= 5 [-2ab
oy 2= (@0 0%, = diag (0, 2 ;) = G0+ 5%)%= 5 [+2a,

In Egs.(3.5) yfw are the o-matrices for SO(8) group (see [3]), 7 fw = yg A

The presence of the Wess — Zumino term (3.1b) in the action (3.1) leads
to the invariance of this action under the k-symmetry transformations which
explicit form was presented in Refs. 23,46. There are also evident
reparametrization symmetry and the gauge symmetry under the right product
of SO(8) and SO(1,1) groups.

The SO(8) gauge symmetry transformations result in the arbitrary
rotations of the eight spacelike composed vectors uf,? (see Eq.(1.8)) among
themselves. And the SO(1,1) ones result in the pseudorotations of the vectors
uﬂ. To achieve the invariance of the action functional (3.1), they should be
identified with the world-sheet Lorentz group transformations acting on the
«flat» indices of the zweinbeins e‘“f (see Eq.(2.4)).

The relations (3.4) together with the gauge symmetry under the
right product of SO(1,1) and SO(8) groups permit us to identify the

space of harmonic variables {(v; A v:/-‘)} with the coset space
SO(1,9)/ [SO(1,1) ® SO(8) ] [22,23,46 ]. We stress that the so-called «boost»
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symmetry is absent in the discussed superstring formulation (3.1) in
distinction with the formulations of the D = 10 Green — Schwarz heterotic
superstring presented in [38,39]. The cause of such distinction shall be
discussed below.

3.2. Harmonic Variables, Composed Moving Frame Vectors and
Admissible Variations. The relation (3.4) is realized by the requirement that

variables vz == V4 v;/") must satisfy the harmonicity conditions (1.10)
[20,21,46]
En g, = u"’(")q(")(oEfa cemem =
T
= " Sp(vo vo™) =0 (3.6a)
"(n)([) me...mm ’ :

Zy= ul A2 =L 035, 07) gEAT,ED -2=0  B6D)
(We stress that the equality

T
E(n) 55 Sp (v éle...ml‘vc’(")) =0

m ...m
”l 1

[20,21 ] results from Egs.(3.6a) [46]).
It is easy to see that Eqgs. (3.6) kill the 210 + 1 = 211 degrees of freedom
and reduce the numbers of independent variables included in v(‘; to

45 = 256 — 211 = dim SO(1,9). The equivalence of the restrictions (3.6) to
the relation (3.4) was discussed in Ref.[46 ] in detail.
It is necessary to introduce the inverse harmonic matrix
Bt +a

OB AT CI W CORR A L 3.7
In contradistinction to the case of D = 4 [18,42,43,19 ], its elements cannot
be expressed through the harmonic variables v; e v, in a simple and

covariant way. This is explained by the impossibility to trasnform the
subscript D = 10 Majorana — Weyl spinor index into the superscript one,
since they describe the representations with different chiralities. Therefore it

is convenient to discuss 256 variables v;", v}“

as the independent
harmonics and to complete the set of harmonicity conditions by the 256

relations of the mutual invertness of the matrices (v ™' ); and vy

(v_l sz = 6":

ul
S

= =l=21_
-8,5=0, :

A aB S4B —”A V3 =0,
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2 Z
gt ytayt —o, sWlsvta— _s..=0, 38
(256 — 256 = 0, consequently additional degrees of freedom are not included
in the theory).
Note that the distinction in the SO(1,1) weights * for the same SO(8)
(s) or (¢) spinor) index structure shall help us to distinguish the harmonics

U ”+,4 ( 3.4) from the (3.7) onesv,

25 % v1% in the expressions, where the
S$O(1,9) spinor indices are contracted and omitted (see, for example,

Egs.(3.11)).

It is easy to prove that the composed repere vectors uf,':) (3.3) may be

expressed through the inverse harmonic matrix (3.7) as well as through the
ordinary onc (3.4) (sec Egs.(1.9))

| P 1 - ST =~
us'? =16 Sp (vomva(l)) =16 Sp(v lctm(v l)Ta (')). 3.9
In terms of the harmonic variablesv_,, v;-‘ andv %, vf‘“ Egs.(3.9) may

be specified as follows (see Egs.(1.8), (1.9) and the o-matrix representation
3.5)

uld = (¥ ,u('))-( (u'+2'+ ul =2y, O = (qu'-—u'l"_zl)),(?I.lO)

m m m> 2 U

uy = zl; W T =73 (v,aa,,,v = %vj"amaﬂv};ﬂ, (3.11a)
u,‘,,'z'=;'g( 5,07 = § a0, A)—; V3%t B.11b)
ud =2 (vAo,,,vA)rM g wro,v )V G.11¢)

The orlhonormalny conditions (1.2) may be specified as follows
uMy"® =y = diag (1, - 1,...,— 1): 3.12)
w2 =0, u,',,"'u""‘z' =0,  (3.12a,b
ul=2,"0 = o, (3.120)
up = = g, WO = — 500, 3.12d,0

To justify them explicitly the identity (1.12) and the consequences (1.4) of
the harmonicity conditions (3.6), (3.8) should be used (see [46 ] for details).
For the discussed D = 10 superstring case the relations (1.4) may be specified
as follows :
= 25,0 .
usr?o;”ﬁ = vao(abvﬁ : 3.13)
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[+2] m _ + .+
U 0::/3 =29, 40

[-2] m _ -
Um "fzﬁ =2v,%
DM — (0t 2. + =N
Uy g = (VonVgat YaYad) Yan

uf'?&' maf (v—l)‘; 5 Db~y ‘Z :

[+2lzmaf _ o, +a +B
u, “'o —ZvA v

(-2lzmaf _ 5. ~a —B

u, “'o —ZvA v,

Omap_ _ . —a B, —B +a i

u,'o = (vAvA tv, v, )yAA,
(D~ab__  a~af, b,
uma(l)—v_aamvﬂ.

[+2] ot~ +
u,, aAB - (vA vaB),

-2ls. . — (T 5 2=
Uy “O4p =, 0,vp),

-

(O A
UeVap =4 0,05),

-1\a -1\8.
ufr? a([)ab =@ )aamaﬂ(v YZ :

[-2] — ()~ -
Uy 6AB - (vAomvB) ’
+2l5. . — (o, + +
U aAB - (vAamUB) ’

Oy . = _ ()~ +
Un’ap = (UAamvB) .

(3.13a)
(3.13b)
(3.13¢c)

3.14)
3.14a)
(3.14b)
(3.140)

A3.15)
(3.15a)
(3.15b)
(3.15¢)

(3.16)
(3.165)
(3.16b)

(3.16¢)

For the forthcoming derivation of the equations of motion let’s discuss the
concept of an admissible variation for the case of spinor harmonic variables.
This is the variation which doesn’t destruct the harmonicity conditions (3.6),
(3.8) (or, equivalently, the relation (3.4)). Such variation was discussed in
detail for the case of the fundamental repere variables in Section (2) (see
Egs.(2.14a)-—(2.14d)). Thus we may omit some evident steps in the .

discussion of the spinor harmonic case.

. .. , —la _
An arbitrary variation of the variables v}, and (v™ ') = v

s
6=6va——+6va-——aa,
& )

a a

Q.17
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may be written in the form

8= @ vt u“;;%—vg "J 3.18)
[¢4

=1,

a ava
where the conditions (3.8) were used explicitly. To specify Eq.(3.18) let’s use
Eq.(3.11), the consequences 3.13)—(3.16) of the harmonicity conditions

and the known identities (see, for example, Refs. 14,15).

_ _ 1 ~ 1 m...m ~
Saﬂ= S{aﬁ)——l-go;"ﬁSp(amS) +m(a 1 S)aﬂSp(amlmmsS), (3.19a)

_ _ 1 m m_m ~
AaﬂzA[aﬂ]— —-“3—!T6-(a 12 3)aﬁSp(amlm2m3A)’ (3.19b)
1 i
Ff =160l sp(P) - 55 @™ "™y SP(Oy, . F) +
+

1 m...m
16 16'(0 17 » Sp(amlmm‘F). 3.190)
Indeed, varying Eq.(3.15)

SuQ5 e = 267 1) = (v~ du)? Gpul+ ™ ov)? Goou)  (3.20)

and contracting the resuit (3.20) with the 10x16 matrix (u"'(")a(k)bd) we
obtain

u"O8ul) (07, )8 = 10 0 'ov)2 + @G 've®). 32
It is easy to see that the left-hand side of Eq.(3.21) may be presented in the
form u'"(")duf'? (a(k)(l))' This results from the vanishing of the expression

mk)s,, (D = 1s=tb = ich i
u 6um Ty = 3 o= Tyt 0 which is the consequence of the
orthonormality conditions (3.12). The righ-hand side of Eq.(3.21) may be
transformed using the identities (3.19¢) for v~ & and the relations

5 ®) =(10 - 4r) 3G =(- 1710 - 4 . 3.22)
970 2,0(*) ( r)aml...mb (= 1o r)aml...mb |

ml...m

Thus we derive from Eq.(3.21)

k 7 -1
u" Oy D ©@uyp) = 10 (" 'ov) +
1 - 1 m.. -
+ 7@ 8p (omlmzv 'av)+gz(a'”n ") Sp (amr"m‘v l8v). (3.23)

Contracting Eq.(3.23) with the matrices 1, a(k)(l)’ 0'”|"' m we produce the

following relations

SP(v710u) = 0 = v dut= —v¥ou], (3.24)
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- %Sp v 'ov o™y = u'"(k)éuf,’l) = QWO(g), (3.25

Sp 'ovo, ,)=0, (3.26)
1 4

which are straightforward consequences of the harmonicity conditions (3.6),
(3.8). Taking into account Egs.(3.24)—(3.26), it is easy to derive from the

identity (3.19¢) the following expression for v v
“15,) = L 0O
(v~ ov) 2 QNI (4) (a( k)([))‘ 3.27

Thus the admissible variation which conserves the harmonicity conditions
(3.6}, (3.8) has the form

_ 1ok
6 =5200@) A, 4, (3.28)

which coincides with Eq.(2.14d). However, in Eq.(3.28) the SO(1,9) Cartan

forms Q(k)(l)(é) are defined by Eq.(3.25) in terms of spinor harmonic
variables (3.4), (3.7), and covariant derivatives A(k)( D are defined as follows

—1. (3.29)
R

1 0 « 0
A0® = 1 00y [v,‘i 25~ )

Taking into account the definition of the composed repere vectors (3.3) (or
Eg.(3.39)) we may obtain the action of the covariant derivatives A( 1Y) on the
1722

A(l|)([2)u(l)’"= 2r’(l)[(ll)u(lz)]m’ (3.30)
Eq.(3.30) coincides with Eq.(2.19a). It may be also justified that A,
1732

operators generate the Lorentz group algebra (2.18a).
For the forthcoming discussion it is useful to specify Egs.(3.28), (3.25),
(3.29) as follows (the contracted spinor indices are omitted)

= Lot = Q0 5)A®
0 =5 LUV gy = FTEOATH
+ QT2 _ % QOD(3)AD0, (3.31)

®D )y = (- 2Q9), QlF210)5), QW0(8)): (3.32)

QO©) = - %le =215 = %um[-2l(5u’[”+2]=

1 2 -1 1, - _ 1 —
=-7 u™r léu}n I= r (vAévX— vZévA) = i—vAévZ, (3.32a)

QIO u'[,jzléu'"(')= Zv}y 51.46”,:5 zvza 7 ;ASv:A, (3.32b)
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Ql-210 - u[—2laum(i) = —UAYAAav (3.32¢)
Q00 = O = — g W3 Puy + v Thidvy), B3
AD (k) = (- 209, AFAD ADO) (3.33)

AO= - % AU 2 yhg 50t — v29/ 00— via/ v+ via/w}, (3.34a)

(+21G) _ i . afan=— ot
A O"”A”AAG/ wy—v

0l vy, (3.34b)

A[_2](i)=v; 75&,16/‘}”: AyAAa/au (3.34¢0)
800 = X @ty olavh+ o3 7 0lovg+
AyABa/av +vAyABa/avB) (3.34d)

=-12 :
Ay om Moy uapim

AOy =2 = 4 9,121, A0 = o, (3.35)
AOD,1=2 g, AOD, ) = 257 1,1, (3.36)
A[+2](i)u,ln_2] = 2u£,'?, AHZI(Du,[n”] =0,

A[+2](i)u$'/;) - 5:’1‘“'[:21, 3.3D
AlZHO, =21 < o, A2, 421 = 2,0
ADOL0 = gy 12, (3.38)

In the notation (3.33) the Lorentz group algebra (2.18a), generated by the
operators A( DGk takes the form of the relations

A©, AOD ] = 0, | (3.39a)
(AOD, AGI) | = 251 AU 251l AUV, (3.39b)
(A@, AlF20) | = £ 2AFHO), (3.390)
[AOD, AIFAE) | = _ g AF2iy 557 AT (3.39d)

(120, Al-20) | = 5IAO 4 2200, ' (3.3%)
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The nature of the operators A(o), Alleo), AO0 becomes evident from
the Egs.(3.35—3.39). AOD and A® generate the SO(8) and SO(1,1)
transformations, respectively. The operators AlF20 generate the transfor-
mations from the coset space SO(1,9)/S0(1, 1) ® SO(8). One of them may be
associated with the «boosi» symmetry appearing in the Lorentz harmonic
approach to superparticle theory [20,21 |. But in the discussed formulation of
D = 10 superstring theory such symmetry is absent [22,23].

Now we are ready to discuss the equations of motion for D = 10

superstring theory (3.1). The procedure is similar to the one discussed in
Section 2. '

3.3 Equations of Motion. The equation of motion 3S/ ae;‘ = 0 gives the
expression for the zweinbein e‘{ in terms of the imbedding functions X&),

6%/ (&) and the composed repere vectors ug?

[(£2) _  m [+2) ni/2
e, = w u, " (@) (3.40
This expression is similar to Eq.(2.6) since the zweinbein variables are absent
in the expression for the additional Wess — Zumino term 3.2).
In the straightforward analogy with the repere bosonic string formulation
(see Section 2, Eq.(2.28)), the equations of motion for the harmonic variables

v; 4 v;‘ can be presented in the form
wl22] m [£2] _ 41
zE ee w, A(k)(l)“m =0 ) (3.41)

using the admissible variations (3.28), which conserve the harmonicity
conditions (3.6), (3.8).

Egs.(3.41) are satisfied idemically when (k) = (i) and ()) = (j) (see
Eq.(3.10)). This results from the SO(8) gauge symmetry of the action (3.1)

generated by A operators (3.33d). If (k) = [+ 2], () = [— 2] (or vice
versa), then Eqs.(3.41) are reduced to the relation (see Eq.(3.37)

wZ' (e‘“l—zlu'l"+2l - e"(*zlu!n—z') =0. 3.42)

Taking into account Eq.(3.40) it may be justified that Eq.(3.42) is satisfied
identically. This fact is associated with the gauge SO(1,1) symmetry of the
theory. However, the generator of the corresponding symmetry includes
terms acting on the zweinbein fields in addition to the A® operator (3.33a)
(see Section 4).
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Since, Egs.(3.41) lead to the nontrivial results if and only if (k) = [+ 2],
(D = (i) (or vice versa). In this case they are reduced to the equations (see
Egs.(3.37), (3.38))

ulx2] m (i) _
ee W, Uy = 0, (3.43)
which can be easily transformed into the form
m (i) _
W, Uy = (3.44)

(comprise with Egs.(2.31), (2.9)).
Taking into account Egs.(3.40), (3.44), and the completeness conditions
(which follow from the orthonormality ones (3.12))

no_Lo1=21 ni+21 1 (+2) n(=21_ (), n(i
6"'-—2-um u +yu, u —ufn)u O,

the coefficients wl"" (3.2) of the w-form pull-back may be decomposed on the

u '[nﬂ] light-like vectors

1 w1/2 , [-2 2 2 -2 '
w:, = 5 c(@) / (e,[‘ ], mi+ l+e’£+ Iymi=2ly (3.45)
and vice versa ‘
JME2 e"[iz'wl""/c(a')llz. (3.46)
mlx2]

Thus the vectors u are tangent to the superstring world-sheet on the

shell, defined by the motion equations. Contrary, the vectors u"® are
orthogonal to the world-sheet on this shell.

Using Egs.(3.40), (3.45), (3.46), the classical equivalence of the dis-
cussed D = 10 superstring formulation with the standard Green — Schwarz
one [1]can be justified easily. Substituting Eq.(3.46) into the functional (3.1)
and using the definition of the world-sheet metric (2.4), we get the standard
action functional [1 ] (comporise with Egs.(2.9)—(2.13)).

The equation of motion for the x"(§) field, 8S/dx™(£) = 0, has the form
e[x£2] (321, _
3, (e 2 (e = u,* | ))

— e (3,8',0,8'- 9,6%, 0.0/ c(a)! = 0, 34D

which is similar to Eq.(2.12), except for the last term containing
Grassmannian degrees of freedom, and may be easily reduced to the stand-
ard form [1 ]

m 1 1 2 2, _
9,(V- g8"w)) — e’“’(a‘ﬁ o"3.6" — 9,8 "9 6% =0, (3.48)
using Eq.(3.48) (see also Eq.(2.1)).
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The equations 85/86 “/ (&) = 0 have the form
@,0%™, (; et _ g lety™ =0, 1=1,2, (3.49)

which may be reduced to the standard one [1]
0,870, (V=gg"~ (= )"y u'=0, I=1,2 3.50)
if Egs.(3.46) are taken into account. However, it is interesting to use

Eq.(3.45) and to exclude the fields w]' from the equations (3.49). Since we
derive the following relations

e”'”‘a 6", =0, (3.512)

ad

#1729 9 WY =0, (3.51b)

when the Egs.(3.13a,b) are taken into account.

Therefore ihe equations of motion for the D = 10, N = 1B superstring in
twistor-like formulation (3.1) have the form of Egs.(3.40), (3.44)—(3.47),
(3.51). The relations (3.47), (3.51) are equivalent to the standard equations
of motion (3.48), (3.50) {1 ], however they have more simpie form. Thus the
twistor-like formulation (3.1) is equivalent to the standard one [1] on the
classical level [23 ] and simplifies the equations of motion essentially.

In the next sections the Hamiltonian formalism for the twistor-like

= 10 superstring formulation (3.1) is worked out. This formalism is
necessary for the covariant supersiring quantization using the BFV-BFF
scheme {7 }.

4. HAMILTONIAN FORMALISM FOR D = 10 SUPERSTRING
IN TWISTOR-LIKE FORMULATION

To simplify Hamiltonian formalism and to make the meaning of some
consiraints more clear, let us reformulate the action principle (3.1) in terms of
the zweinbein densities

p;‘E (_l_ (p;¢[_2]+ ,“("‘21)’ l(‘)l‘l"zl_pﬂl‘*u)) = ee;/(a;)llz’ (4‘1)
-2 2
e = det (ef) = -a ‘e ,p"l ' vival (eg,= — =~ D, @2
instead of zweinbein e “f , e;‘ themselves

S=5+8,_, “4.3)
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5=~ -—fdrda[(p"“zl - 2]+p#l 2} [+2]) w'"+ oa e” Pﬂl+21pv{—2] I=

= —ifdtdo [(p"‘“zl -8—(vZ&'mv;) +ptl-2 §(v:&'mv:)) o™+

e pHl+21 y1-2]
+ca'e,, pHp ] , (4.3a)
Sy_z=— ()™ [ didoe® [iw (3,8'0,0'- 3,0%,0%) +
1 1 2 2
+9,60"0 9,67, 6°]. (4.3b)

Here (see Eq.(3.2))
m__ m_ . 1 1 2 2
wy=0,x"-1i(3,0 "0+ 3,8 a"6%).

Of course, the Wess — Zumino term (4.3b) is not modified. However, the
twistor-like part of the action (4.3a) includes the terms which are dependent
on the densities p* [%21 in a linear or bilinear way. At the same time, their
dependences on the inverse zweinbein variables e*1*2l are the more
complicated ones (see Eq.(3.1b)).

4.1 Primary Constraints and Covariant Momentum Dens:ty The cano-
nical momentum densities

+a 1521
=(P,, .7! Jt P 3 PaA,PaA,P(‘;*)”)-—

= - (- HMaz/9 (3,2M) 4.4

are conjugated to the configurational space (target space) coordinates of the
discussed superstring formulation (4.3)

=" 0,0} v pl*2ky 4.5)

AN
with respect to the standard Poisson brackets
12M(0), Py@)1p = = (= DMV 1P\(0), M(@) ), = - &) (0 = 0'). (4.6)

Here the multiplier (— l)MN is equal to (— 1), if both the indices M and N
belong to the fermionic variables, and is equal to (+ 1) in any other case.

The action functional (4.3) is the first order one on the proper time
derivatives (i.e., on the velocities). Hence all the expressions (4.4) for the
canonical momentum densities lead to the primary constraints. For the
nonharmonical variables such constraints are

1 - 1 q-
®, (@) =P, — 5P1[+zl“r‘n 2)_5,):[ 2, 1421,

i I .
+ E’? (- o bls 0'=0, 4.7a)
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Dlo)= - nl+i@"®"), P

m

-1 ,(ax -109]0 8 1=0,  (4.7b)
(%2

P =0, .70
pl2l ¢

P =0. @4.7d

For the spinor harmonics
+ - a i - +a\T -la _
Cap Vad) =V @RV =T =0

the set of the primary constraints consists of the completely trivial relations

P ~ 0: p=a ~ ta |

~ = 0: =0, Pi%=0, (4.82)
= 0: + - T

P =0; Pt =0, P, =0, (4.8b)

(which reflect the auxiliary character of the harmonic variables in the
discussed formulation) and of the harmonicity conditions (3.6), (3.8),
discussed as the «week» relations [50]

Em‘...m‘z um(n)”(n)(l):""-‘frlt)l...m4m:‘E

T
- cm(n ~ —~
= "y oSP O 8y ™) =0, 4.92)
- 1, - .1
Ep = "n A,mi+2_ 9 = sWi%vi) g (vA vy) - (4.9b)
-—lo] = + ~ =l=2] o, —a - _
Eip =V, V= 0,5=0, Egp =v,"v =0,
=i =0 %) =0 B =vi =0,,~0. (490

The expressions = ""(') (20,21 ]included in Eq.(49a) vanish as the result of
5
Eq.(4.9a) [46 ] and my be specified as follows

gl-2 _1 - = - -

Sm..m 8 L) arf::'...msvyA =0, (4.10a)

=l+21 _ 1 + ~q

“m..m 8 Yaa aml mg yA =0, (4.10b)
=0 Q57 v =0 (4.100)

1
“m..m__ 8§ aAyAA m...m;"yA
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The relations (4.9), (4.10) are complicated ones. So it is evident, that the
computation of the constraint algebra is a hard task if Egs.(4.9) are
understood as the «<week» equality.

Hence, it is important to work out the method which allows one to exclude
the conditions (3.6), (3.8) from the set of constraints and to discuss them as
the «strong» relations [50]. Such method can be devised in the straight-
forward analogy with one discussed in Section 2 for the case of bosonic string
repere formulation.

This means that the concept of covariant momentum density should be
used. Now we discuss it for the case of the twistor-like superstring formulation
(4.3) using the experience obtained in Section 2 (and hence omitting some
technical details).

Let us remind some properties of the covariant momentum densities,
which was discussed in Section 2. Firts of all they should have the vanishing
(in the weak sense, see Eq.(2.56) Poisson brackets with the harmonicity
conditions (3.6), (3.8). From the other hand, it is known that the harmonicity
conditions (3.6), (3.8) are the realization of the relation (3.4) [20,21,46].
Since, the covariant momentum variables should be canonically con jugated to
some parameters of SO(1,9) group included in the spinor harmonics

(v;A, v =ve, (v° v}") =v; . Therefore, the covariant momentum
densities should be associated with the Lorentz group, t0o, and hence they
should generate the SO(1,9) group algebra on the Poisson brackets.

Another degrees of freedom included in the spinor harmonics v;' 40 Vo

v;a, v;a are killed by the harmonicity conditions (3.6), (3.8). Henceforth,
the harmonic momentum degrees of freedom, which cannot be reduced to the
covariant ones, should be conjugated to the harmonicity conditions in the
week sense (see Egs.(2.46), (2.47) for the case of bosonic string repere
formulation). Since we may understand the condition of vanishing of these
variables, together with the harmonicity conditions (3.6), (3.8), as the
«strong» equalities, if the corresponding Dirac brackets are used instead of
Poisson ones (4.6). These Dirac brackets should be analogous to ones pre-
sented in Eq.(2.48). However, if we discuss the space of functions dependent
on the covariant harmonic momentum densities only, these Dirac brackets
~ coincide with the Poisson ones (4.6). ‘ '

The discussed situation is similar to the case, where the second class
constraints are solved explicitly (i.e., the superfluous momentum degrees of
freedom vanish and the coordinates conjugated to them are expressed
through the «physical» ones) [S0]. The unique distinction is that the
256 + 256 harmonic variables are expressed through the 45 degrees of
freedom associated with the SO(1.9) group in an implicit way. Such implicit
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dependence is defined by the harmonicity conditions (3.6), (3.8). (See
[22,23,46 ] for details).

Hence, the harmonicity conditions (3.6), (3.8) can be excluded from the
set of Hamiltonian constraints without changing the Poisson brackets if we
define the set of covariant momentum densities with the properties listed
above and exclude all other harmonic momentum variables from the phase
space.

The experience of studying the repere bosonic string formulation (2.1)
gives us the prescription for the extracting of the covariant momentum
densities from the set of canonical ones.

First of all, these densities are the classical analogs of the covariant
derivatives (3.31)—(3.34) appearing in the expression (3.31) for the
admissible variation, i.e., they may be derived from the expressions (3.31)—

(3.34) by the simple replacement of the derivatives 9/ avg, e/ &v‘; by the
canonical momentum densities Pz , Pz :

From the other hand, it may be derived as the derivatives of the
Lagrangian density L of the action (4.3) with respect to ng)(l) (where QE")([)

are the r-coefficients of the pull-backs of the SO(1,9) Cartan differential
forms (3.32) on the world-sheet). Their form may be derived from
Eqs.(3.25), (3.32) as follows

W= WG y = "My 4 = - %Sp(v_larva(k)(l )y @1n

or, equivalently, using the following representations
QOO gy = dr QOO 4 go QL) (4.12)

T g

for the discussed pull-backs. -
Thus the general expression for the covariant momentum densities in the
whole phase space (4.5), (4.4) has the form

NO®= - 91/5 Q) =

= - %Sp wo®aL/y (av) - aL/a 0 p~ ) e POyl 413)

The Poisson brackets of the covariant momentum density with any
functional F, living on the configurational space of the discussed dynamical
system, may be presented in the form

NOO@), Fiv, v, x,611, = A0O@) Flv,v ™" x, 01 @19

Here A¢ )(k)(a) are the variational analogs of the covariant harmonic
derivatives (3.29), (3.33). Thus these covariant derivatives play the same role
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for the covariant momentum variables, as the ordinary derivatives play for the
canonical ones

[P, 0), FIZV 11, = 8/62(0) FIZV].

Moreover, the covariant momentum densities (4.13) generate the current
algebra, associated with the Lorentz group algebra (2.18a), (3.39), on the
Poisson brackets (4.6)

MW@, Iy = aAWH, A&

] o —-0') 4.15

A-I1(0)

and have the vanishing Poisson brackets with the harmonicity conditions
3.6), 3.8)

[n(l Xk)(o‘), E(0"), ]Pl' =0, (4.16)
: g=0 ,

when the same harmonicity conditions are taken into account.
Thus we should leave only the covariant harmonic momentum densities
(4.13) in the phase space, which is parameterized now by following variables

(x"(9), P, (0);6“(0), 7, (0);
v} 4(0),v33(0), v %), v; %), NOP(0)). @.17

And only the primary constraints
n¢ )(k)(a') =0 ‘ (4.18)

should be taken into account besides ones presented in Egs.(4.7). Egs.(4.18)
replace the whole set (4.8), (4.9) of constraints for harmonic variables in the
discussed approach. The harmonicity conditions (3.6), (3.8) are understood
as the strong equality.

The Poisson brackets are defined by Egs.(4.14), (4.15) or by the basic
relations

M), 10,1, =5 0P @-0), @19

m® @), v¥@"), 1, = - %(U(k)(l W%, 8@ ~-0),  (4.19b)

which lead to the Egs.(4.15), when the Jacoby identities for the Poisson
brackets are taken into account.
Now let us discuss the form of the canonical Hamiltonian H density

which is consistent with the definitions of the Poisson brackets and the
Hamiltonian equations of motion
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3, f(0) = If(0), f do'Hy(0") I, ‘ (4.20)
The standard expression for the canonical Hamiltonian

H3™ M= — (- )My Mp, — L @21

has such consistency with Eqs.(4.6) and (4.20). This may be verified by the
following formal manipulation. The use of the density (4.21) in Eq.(4.20)

written for the simplest function f = M (v, o) leads to the identity
3,2M(0) = 12M(0), [ do’ HE*"(0") 1, =
= - [do' asz(q') 12(0), Py(0") 1, = 3,M(0).

To achieve such consistency with Egs.(4.14), (4.19), (4.20), we should
define the canonical Hamiltonian density in terms of covariant harmonic
momentum variables as follows

Hy= = 3.x™(0) P, (0) + 3,0 (0) 7, (0) -
1
- 5000 M) y(©) — L(O), (4.22)
" i.e., instead of the standard combination a'zM P,, (which can be derived by

the replacement 6-a,, a/9zM» P,, from the expression for arbitrary

variation & = 8z 9/3z™) the expression

1
299000

(which can be derived by the replacement QW )(6) - Qf")(l )(a),
A( D™ l'l(l )(k)(")’ from the expression for the admissible variation (3.28))

appears in the canonical Hamiltonian.
For the forthcoming discussion some specnﬁcanon of the relations (4.13),
(4.18), (4.22) is necessary.

Let us introduce the covariant momentum densities H(o) H[‘*ZW) l'l('w)
which are the classical analogs of the oovanant denvanves (3.33). In terms of

the canonical momentum densities P, = (0 P “)and P = (Pt 4> Pan)
they are defined by the relations

nO®= (- 200, niFA0, OO -

=28po®p _ P,1yo® >v“) 4.23)
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NO= - 22 -2o ytpr o yopt_ TPt e olPy,  @23)

aPa
MAOZ i pt _ytgl pt (4.23b)
(=2l 7ol p—— ., =i .pT
m=H0= v 17 Pa—vVaPss (4’,236)

.. ij

)10) N NN St S SR A
n¢ ')_2(UAYABPB+vAyAHPB+vAyABPB A ABPB (4.23d)

It is evident (see Egs.(4.15), (3.39)) that the densities I® and M®®
generate (on the Poisson brackets) the Kac-Moody-like extensions of the

SO(1,1) and SO(8) group algebras, respectively. The densities nF210 are
associated with the coset SO(1,9)/ [SO(1,1)xSO(8) 1.
The Poisson brackets (4.6) may be written in the following form

(F, G1p= [ do (8F/8P,(0) 8G/8x™(0) — 5F/dx™(0) 8G/SP,(0)) —
~ [ do (3F/86*(0) 8G/én (o) + OF/én (o) 8G/86™ (o) +
+ [ do@F/3n ) (g) KNE)(0)G — A () F oG/ (g))  (4.24)

for the functionals F and G living in the phase space (4.17) (comprise with
Eq.(2.55)). All the expressions (4.23) vanish in the week sense (4.18). Hence
the primary harmonic constraints have the following form in the discussed
approach

n(O)E —_ aL/aggo) = (), v(74.253)
nF20 = — 51/50!*20 ~ g, (4.25b)
no®d= 4+ 5 /9009 ~ 0. (4.25¢)

At last, the expression (4.22) for the canonical Hamiltonian may be
specified as follows

Hy= = 3.x™(0)P,(0) + & Oal(a)n (@) —
- ONO- QI=A0IFA0) 4 L Qmmnmm L. (4.26)

where L denotes Lagrangian density for the actnon 4.3.
‘ Let us resume the results of this subsection which define the starting point
for the next one. ,

Hence, the phase space of the discussed system is parameterized by the
variables (4.17), Poisson brackets are defined by the standard relations (4.6)
for the ordinary variables and by the relations (4.14), (4.15), (4.19) for the
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harmonic ones*). The canonical Hamiltonian is defined by the relation
(4.26). And the set of primary constraints includes relations (4.7a-d) and
4.25).

4.2. Irreducible First Class Constraints for the D = 10, N = 2B Green —
Schwarz Superstring. The first class constraints can be extracted by means of
the well-known Dirac procedure of checking the constraints conservation
during evolution {50 ].

The evolution of the dynamical variables of system with constraints is
‘defined by a generalized Hamiltonian, which is the sum of the canonical
Hamiltonian and the products of the primary constraints on the
corresponding Lagrange multipliers. For the discussed dynamical system,
with the primary constraints (4.7a-d), (4.25) the generalized Hamiltonian
has the following form

= [do H'(z, 0),
H'(t,0) = Hy(r,0) + £ v 2Dl (o) + £ v 1D (0) +
4 @Ay Q22 O ) g 4.27

+iOn©4 %aifn'u ol FAi*2Niy gulF21 pled]

Here the canonical Hamiltonian H, is defined by the general expression

(4.26) for any dynamical system living on the phase space (4.17). For the
discussed superstring formulation (4.3) it has the following form

Hy= [ do H(t,0),

Hy(t,0)= - 3 x"P, + 90%n ,— %Qﬁ"x" n L=

GION

=%(p[+2'0 - 2'+Pl 2o l+2])w + ”l+2lpvl“2|, (4.28)

2 P
E =~ &=~ L.
The conditions of the constraint conservation
—{% (constraint) = [(constraint), H'], =0 4.29)

should lead either to the restrictions for the Lagrange multipliers or to the
appearance of the «secondary» constraints [50].

*Of course, the simple expressions (4.23) and the initial Poisson brackets definition may be
used for the calculations, because the Poisson brackets were not changed (see above).
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So, the requirement of the conservation of the constraints P([;)g] =0
(4.7d) leads to the secondary constraints

w","u'l’f” + ca’p"iz] = 0. (4.30a,b)
[£2]
o)

to express the Lagrange multipliers al* through the o-components of the

At the same time, the conservation of the constraints P = 0 (4.7¢) permits

world-sheet vector densities p** 1%2] (or, more precisely, vice versa)
o+ =3 Q‘;_pa[ﬁl' (4.31a,b)
Owing to SO(1,1) ® SO(8) gauge symmeiry of the discussed superstring
action (3.1), (4.3), the requirement of the conservation of the harmonic
constraints M =0 and Y = 0 (4.25a,d) has no the nontrivial consequen-

ces. (Let’s remind, that TT® and ¥ generate SO(1,1) and SO(8) transfor-
mations on the Poisson brackets). However, the conservation of the other 16

harmonic constraints T!*2!" = 0 (4.25) has nontrivial consequences for the
. Lagrange multipliers
p ¥ MmO gipTI320 . g, (4.32a,b)

ag m
This means, that the gauge symmetry under the tramsformations from the
coset space SO(1,9)/[SO(1,1) ® SO(8)| are absent in the discussed
formulation. Such fact was discussed in Refs.22,23 in detail.

The consistency condition for Egs.(4.32a) and (4.32b) leads to the
relation

aie = ai(ptl+2]pal~—2|_._prl-21p0[+21) =0,
which results in the vanishing of the SO(8) vector Lagrange multiplier
a'=0, (4.33)

in the case of a nondegenerate world-sheet metric (or, more precisely,
nondegenerate world-sheet moving frame). Using Eq.(4.33), we can see that
Eqgs.(4.32a,b) produce the following secondary constraint

w? = w"® =0, (4.34)
which is the o-component of Eq.(3.44)*.

*Itis of inicrest to note that for the case of a degenerate world-sheet metric, which corresponds
to the null-superstrings {52,53,42,43,19] Eqs.(4.32a) and (4.32b) become consistent without
using Eq.(4.33), and the secondary constraints (4.34) are absent (see [42,43,19]).
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Together with Eqgs.(4.30a,b), Eq.(4.34) gives the possibility of
decomposing the component of the Cartan form pull—back w('," onto the basis of

two vectors u[ *2]

tangent to the world-sheet on mass shell (i.e., on the shell defined by the
equations of motion in the target space).

The requirement of the preservation of the Grassmannian spinor
constraints Di(a) =0 (4.7b) gives the expression for the Grassmannian

Lagrange muitipliers E;z and E;l ‘through the dynamical variables
o[-2]

+2_P a2 +

E0= e 0 Nl (4.352)
ol[+2]

Tl P al

6= 0 o (4.35b)

The rest of the Grassmannian Lagrange multipliers 5;:1 and E;Z remains in-

dependent and plays the role of the parameters of the fermionic xk-symmetry
in the framework of Hamiltonian formalism. We should stress that this
symmetry is present in the theory only for the definite choice of the numerical
coefficient a’ included in the Wess — Zumino term (4.3b) of the superstring

action (4.3). If this coefficient is different from =+ -c-‘lz—,, the conservation

conditions for the Grassmannian constraints (4.7b)
Do) = - o+ i, 8, (P, (- )'a'(dx,~ i3,6'0,60) =0
result in the relations
EI’vZ’Aum["zl ®,- (- Ha (0,%,,— 2i 0 0o 9’)) +
+ W™ e+ (- ) ox,- 2i06%0 e’)) =
a[-2] 2 982,

* A==+ T8 g 1+ (-1, 4.36)

=p o yA aA

ﬂAA

From Eq.(4.36) we may get the relations similar to Egs.(4.35a,b) not only for
the 522 and S;l, but also for the remaining Grassmannian Lagrange

multipliers E:l and &;2. (The primary and secondary constraints (4.7a),

of the target space moving frame which, therefore, are -
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(4.30) should be used in such computations). So the fermionic k-symmetry is
absent for the theory with the numerical coefficient in front of Wess —

. 1
Zumino term a’'# *+ v

If we choose this coefficient a’' to be equal to | — 25) , instead of + c_iT’
then the relation (4.36) gives the expressions like Egs.(4.35a,b), but for the
Lagrange multipliers 5:' and E;z. The Lagrangian miltipliers 5:2 and E;l,

which remain undetermined in this case, play the role of the parameters of the
K-symmetry transformations.

The conservation of the constraints (4.7a)

- 1 -21 1 q[-2 2
@, P= LA Lt Lyt gl gl

m

yields the following relation

W42 [% -2 % 9 po1=2 = Qo121 Oprl=21

+21——(-—l)§A ‘2.0 ‘] +

1 1 ,
+ 'i" 2) [2 prival_ 5‘%/’““2!‘ Q71+ j@prie2l

+2z—(—l)§"’a 6%y +] +

+ u(l’) I(a(+2|(i)ptl—2|+al-—2)(i)prl+2]) _ 2 pol.‘..'2|Q¢l712](i) _
+

—2;——( D €8 v+ EY g0 81 =0, (43D

Here Qf,o), Q(',ﬂl('), Q((")(D are the coefficients of the pull-back of the SO(1,9)

Cartan forms (3.34) on the world-sheet. They are related to the do
differential and their form may be derived from Eqs. (3.34) using the relation’

Qd) = dé‘"Qﬂ(&) = dt Q(7,0) + d1 Q (1, 0).

The projections of Eq. (4.37)‘on the composed vectors u'ln—Zl’ u,[n”], uf,?

(3.11) of the moving frame system (3.10) give us the following expressions for
the Lagrange multipliers

pl A= p°l7H 4 Op1-2_ 2za(0) 24 ,gA 3,0 %, (4. 38a)
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=g pol+2_ QOpol+2ly 2m<°) 2y i g 9,0% v}, (4.38b)

I FAD,TI=2 G 1-200) 121 » po[$2]Q‘[,t2](i) _

*

| PESY al a2
=2, Va0 Vo + U "SA Y500

- ol+2] 012
+2i-L |2 2.6%19 9P + E——— 5 6% 9F?
ca pt[+21 p[ 2 0

vy aitps - (4-380

At last, we should verify the conservation of the secondary constraints
(4.30a,b) and (4.34). They may be presented as the projections of one
constraint

w;"—-;—ca’ptl+2]u'[n_21+~;—ca’p'[ 2,+20 L o 4.39)

m

onto the moving frame vectors u'ln"zl, u'[n”],

ug'). The requirement of the

conservation of this constraint leads to the equation similar to (4.37).
Moreover, the projections of the equation onto the moving frame vectors

u'["'zl and u,[n”] coincide with Egs.(4.38a) and (4.38b), respectively. How-
ever, its projection onto the moving frame vectors ufr? differs from Eq.(4.38¢)
and has the form

a|+2](.)pr[—2]_a[—2](t)pr{+21=

1 _ -
= 1 7 AQIAO_ ol Q-2 1y

D ETS R 1 a2+
+2l?&7§A Y 459 8% +21—,§A 09 B

1 ol+2l al Bl _ ol-2 a2, B2
-—215 pt[+2] 0 69 p(2]69 80

VoV uilpse (440
This relation corresponds to the requirement of the conservation of the
secondary constraints (4.34) and thus is absent in the case of null-superstring
(as well as the constraint (4.34) itself). Consequently the corresponding
«boost» symmetry [20,21 ], which characterizes the superparticle [18,20,21 ]
and null-superstring theory [19,42,43 ], is absent in the case of twistor-like
superstring formulation. This is because the discussed superstring action

@3.1), (4.3) contains spinor harmonic variables of both types: the v:A
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harmonics as well as the v;4 ones. The eight «boost» symmetries [20,21 ]
consist in the shifting one of these harmonics by harmonics of another type

6v = pil+2 dv_, = =2y,

)’ 4AaA or aAyAA

It is clear that such symmetry is present in the theories which formulation

contains only one of the types of the harmonics v; 4

satisfied not only in the twistor-like formulation of massless superparticie,
null-supersting and null-super-p-branes [18-—21,42,43], but also in the
heterotic string formulations of the type of ones discussed in
[32,34,36,38,40 1.*

Eqs.(4.38¢) and (4.39) can be solved with respect io the Lagrange

orv,,. This property is

multipliers a! 2D and o721
L2102 "?i"if [pa[-zx %Q({,+21(i)+ 2L EAZ YL
P
1 pol 2 2
+2¢—pﬂ 57 0.9 0,02} g | (4.41a)
ol 2}(1)_7151* [po[+2]égl 216)_ 9 '5:;1721} 000"+
p
ol+2}
+2i 1 pr{+2} 9(113(,951 AYAB ﬁﬂ] (4.41b)
< p

Thus the verification of the conservation of the consiraints under the evolu-
tion is completed and, hence, the complete set of the first-class constraints is
extracted (up to a transition to some linear combinations of them). They may
be defined as the variations of the generalized Hamiltonian &' (4.27), (4.28)
with respect to the generalized Lagrange multipliers, which set may contain
the undetermined field parameters of the canonical Hamilionian playing the
role of the Lagrange multipliers for the secondary constraints (besides the
original Lagrange multipliers). In the discussed case we may use as a gene-

*These formulations may be named half-twistor-like because only one of the Virascro
constraints is «twistorized» (i.e., is solved using twistor-like prescription) in them. And just this fact
explains the presence of the (heterotic superstring) «boost» symmetry in them. Indeed, as it is easy
to see from the discussed superstring formulation (3.10), (4.3), the inclusion of both types of
harmonic variable is necessary just for the «twistorization» of both Virasoro constraints. And so, the
formulations in which only one of them is «twistorized» may be constructed using only type of spinor
harmonics and, consequently, may have the «boost» symmetry.
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ralized Lagrange multipliers the moving frame density variables p0l$2l’

which are related with the original Lagrange multipliers ¥ by
Egs.(4.31a,b)*,

After the substitution of the expressions for the dependent Lagrange
multipliers (4.31), (4.33), (4.35), (4.38a,b), (4.40) into the expressions
(4.27) and taking into account (4.28), the generalized Hamiltonian may be
written as follows

H'(r,9) -~~-~p”l+2‘Ll 2'(1 o) — -—p"l 2]L[+2](T o) +

N D4 T2t 4+ i@ p©@ g L i 4 golF21plE2
ééA DA+§A DA+1a D +2a Il +ﬂa+ P(P)a. (4.42)

The first-class constraints has the following form

-2 2 OH _ -2img 2 1 al +
L "= o172l L, o’ T 8,87, WD) +
+_l_ i+l2}r Ql 20ipgil+21  g; lca'p [+2Ir -2,
a o
aly @'y it+21_ 2 =21 _ 2 ~0)pl-21_
%9,0%10,6 vyl v Tl 0Py =Pp =0, (.43
N L _OH 4 2i aly[+2]i
D,(0) = 7=V, D,0) - o’ (+21r>’AA an 9,87 11 +
ok, ca’p’
Ai o grty,t pl-2l
8,8 v P =0, (4.43b)
L""ﬂ_._.}._.i_
T ca 4,00-2)
dp
_ o d+2imy2 21 a2+ =y 2_L 1 (+2)irg—21i_
=u L,- ca'p[ 2 9,9 aAlvA Dyl p|—2|rQ I

*Itis important to note that the choice of the generalized Lagrange multipliers is a very delicate

point. So, if we try to use the components of the world-sheet repere e“1¥2 45 the generalized
Lagrange multipliers (instead of components of vector densities p°'¥2! = (a’)™'/% ¢ ¢?!¥?)), then

the extraction of the corresponding first-class constraint becomes problematic because of the

nonlinear dependence of the resulting expression for the generalized Hamiltonian on e?1¥2 1n the
discussed case such problem may be solved by using the relations (4.31) of the discussed repere
variables with the original Lagrange multipliers and requiring that new generalized Lagrange
multiplier must be expressed by linear relation through the original one.
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’- 41 [ca p[ ?"]'26 9"26 0% aAyAvaBH{ Hiy
+ z p‘”' 2 Q(°>p‘+2‘ ~0, (4.430)
ca’ O ©x " ca ey o e
Nty o OH 2 2 a2rrl-2
DA(U’ =';é.—i D (0) + _I_—E—I;VAA aAa 9 -2 _
A ca'pt
a2 - pl+2] :
ae v P =0, @.43d)
(0 = @ [+2lf [-2]1_ 5 [-2ltpl+2] =
DO = gl LR N <0, a3
- Dis= n'! =~ o, (4.43f)
ol
P(p)a 0 o (4.43g)

where the expressions D’ Lfn

(l = 1,2) are defmed by the relations

o "l

Dl(o) = -;c +1(am9’) [P - (=1f ——(a x,~ 9,6 0’)] (4.44)

Lfns [Pm—( l)lca m+ 2( 1) 60’0 0":,, (,.(#1?2. (4.45)

The first-class constraints (4.43a,b) generate the reparameterization

syinmetry with parémieters p"LIZI on Poisébn brackets. The first-class
constraints (4.43c,d), (4.43e), (4.43f) generate the x-symmetry transfor-

mations (with parameters 5:' and ¢ ?); SO(1,1) Symmetry (with parameters
a®), SO(8) symmetry (with parameters o”) and, finally, the symmetry
under the arbitrary of the repere density components p”[nl (with parameters
o 121y The last symmetry means the Lagrange multiplier nature of the
variables p"l ¥y, ' '

The connection of the reparametenzatlon symmetry generators (4.43a,0)
with the well-known' Virasoro ‘constraints: should be discussed in the next
section. -

" ‘Thus the complete set of tﬁe covariant ‘and irreducible first-class
constraints for the D = 10, N=11B sup\erstrmg m the tw:stor-hke Lorentz
harmonic formulation (3. 1), (4.3) is derived.” .
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5. ALGEBRA OF IRREDUCIBLE SYMMETRIES
AND SECOND CLASS CONSTRAINT SYMPLECTIC STRUCTURE
FOR GREEN SCHWARZ SUPERSTRING

5.1. Flrst Class Constramts and Their Algebra. To simplify the algebra
- of the gauge symmetries generated by the first-class constraints (4.43), let us
- redefine them, using some linear transformations inside of the first-class
constraints set. To formulate the results of such redefinition in a compact
form, let us introduce the following bosonic and fermionic blocks

71 - 41 1 ’ i
L= L, A, (S.12)
B},(g) = D\(0) +2i (0"8"), A, (5.1b)
22125 A2, (5.2a)
7 Dz(a) = Dz(o) +2i(0™6%), AL (5.2b)
. where ’
A,‘ =u ,‘”""p(‘p)f* = ugn 2 pt A ~ o, (5.3a)
CAl=uls zlp&j)f* WOyt =2ipri=2 o ~0, (5.3b)

and express:ons D’ L md = 1,2) are defined by the relations (4.44), (4.45),
or by the expressions

. ‘VL,‘hs [Pm+ ;i— @ x,~ 2 aao*ame‘)], (5.4a)

o} © = + ;(a"*e‘)a [pm+ ORI ﬂa'amo‘)], (5.4b)

;fna {pm- —L;i—— (B %, — 2 Ooﬂzaméz)], (5.53)

pg(é) = - ﬁz + i(a"‘é’)a [Pm- “% (8%~ sayozamoz)l (5.5b)

' The algebraic Ast‘x"ucmre associated with blocks (5.4), (5.5) is very\ simple

one

{D(0), pl’,(a')} p=2i a”a;’;,L:(a (o -0, (5.6a)

10L(0), (o) 1p = (~1)/6" 4i(ca')™ (3,80,), 8 (@ — o), (5.6b)
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1 ) 1 n—1 /
IL! (@), L)1, =2 (-1)/8" (ca’)™'y,,9,0 0=0).  (5.60
Their sets are decomposed naturally onto the two pieces (D('I, L,'n) and (Dz,

Lfn), associated with the different light-like directions tangent to the

superstring world-sheet. Inside of any of such pieces the bracket for two
fermionic blocks produces the corresponding bosonic one (5.6a), the bracket
for the bosonic block with the fermionic one produces the derivative of the
corresponding Grassmannian variable (5.6b) and, finally, the bracket for two
bosonic blocks is equal to the product of the flat space-time metric on the
derivative of d-function (5.6c). The brackets vanish for any two blocks
belonging to the different sets (i.e., associated with different light-cone
directions).

In distinction with Egs.(5.6), the algebra of the blocks A:n has the
vanishing brackets for any two blocks from the same set and complicated
nonvanishing brackets for the pair A:n, A,zn of blocks associated with the
different light-like directions

(4! @), Ak@) 1, =0, [42(0), AX(0')1,=0,  (5.7a,b)
14! @), 420 1, = "2 72 WOud) 7DD+ 207) +
G, 1+20ql=2li_ =21 (Opl+2i g ‘
+upu, I u, “up Tl ] = O.v (5.7¢)

It is important that the brackets (5.7¢) vanish in the week sense and include in
its right-hand side the harmonical constraints (4.43e,f) (which are the first-
class ones) and (4.25b) (which are the second-class ones) only.

Taking into account Egs.(5.6), (5.7), we can see that the algebra of the

blocks Z:n(a), 5;(0) is defined by following relations ‘ 7
{D.(0), 7);3(0’)} p=2id Llo@-0) 8
[D!(0), L} (o) ), = — 4i(ca) '@, 0'0,), 2 (0 —0"),  (58D)

(L} (0), L0 = = 2 (ca’) ™!
and coincides with the algebra (5.6) writtenfor / =J = 1.

Mmn %6

280 %) (5.80

The same is true for the algebra of’Bz(a), Zz(a'),
{BX(0), DA N p = 2 [L 3 (0~ ), 5.9

[D2(0), L2(0") 1, = + 4i (ca) '@, 820) d(c- a), (590
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[an(a), Zrzt(a') lp=+2 (ca')—lnm't 9,9 (0c—0') . (8.9¢0)
(see Egs.(5.6) with/ =J = 2),

However, the «crossing» terms have the more complicated form and are
completely determined by the brackets (5.7¢)

{D}(0), Dj(0")}p =
=4i(ca) 2 (0, 0'0)), (aaozan)ﬂ [4,,(0), A2(0") 1, (5.10a)

(Dy(0), Ly(@") Ip =
= 2i(ca’)? (3,68',) (0) 9, 14L(0), 42 (") I, (5.10b)

71 N2,

[Ln(a), D (d') lp=
= 2i(ca’)? (3,6%,) (") 9, [A] (0), A2 1, (5.100)
L}, (@), L0 I, = — (ca’) 2 3,0,, [A r (@), A20) ], (5.10d)

as it is easy to see from Egs.(5.6), (5.7).

The first class constraints Y’ = ( YL, v? V) (4.43a-d), which generate

K-symmetry and reparameterization transformatlons, may be redefmed as
follows

Y@ = (L' (@), A(a))=
L'(0) = 20712122
= 272 () 4 4(ca’) '3 6°'D\(0), (5.11a)

D (0) = v,%0) D (o), (5.11b)

¥2(0) = (L%(0), DI (o)):
o) =20 s

= 20" 172 () - 4(ca’) "0 0°°DL(0), (5.12a)
D}(0) =vi%0) B2(0). o (5.12b)

~ The distinctions in Eqs.(5.11), (5.12) with respect to (4 43a-d) lay
i) in the adding of the expressions

2 1 I
—'p[+2]r 9,0% v A (UAyD )
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and
2 1

a2 +y 2
ca’ ,1-2Is 9,8 aAlv D, ]’

which are proportional to the first class constraints (5.11b), (5.12b) (or
equivalently, to (4.43b), (4.43d)), to the constraints (4.43a), respectively and

ii) in the multiplying the resulting expressions on the overall factors
207 +2 and 2571721 respectively.
The algebra of reparameterization and x-symmetry transformations,

~associated with the same light-like direction tangent to the world-sheet, is
realized i in the form of the following bracket relations

1 1 1K /1

1Y, Yy lp= CMNYN (5.13)

(L), L") 1,= - 4 (ca')“(L'(a) +L'(0")) 9 8(c - 0’), (5.13a)
P ‘ g

IL' (@), D3(0) Ip = — 4(ca’) ™ D(0) 8,8 (0 - o') +

+2(ca) ™' QO0) D(0) 6 (0 - o), (5.13b)
{D(0), D(o")}p = B pp"' 2™ (L' (o) -

- 4(ca’)_1600a'v;C2\)E(a)) d(o—0), (5.13¢0)

2K 2 \

Y2, Y3l =CX y2. (5.14)

[L3(0), L2(0") I,= 4 (ca’) "\ (L3(0) + L¥(0")) 38(c—0"), (5.14a)
1%0), 3}(0') Ip = 4(ca’)”! B;'(a) 30 (c—0)+
+2(ca’)”! Qf,o)(a)yﬁ:-: ©) 4 (0 - a"), (5.14b)
(D}(0), DY@ = 15;41;00"_2')_' (L'0) +
+4(ca) g 072~ = Di@)s (@ -a), (5.140)

where Q(o)(a)' is the o-component of the SO(1,1) Cartan form (3.32a); they

transform as the connection (or gauge field) component under the gauge
SO(1, l)transformatlons

The brackets of the reparametenzanon and K-symmetry generators,
associated with the different light-like world-sheet directions, have more
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complicated structure. However they are completely defined by the relations
5.7¢0) -

Y, (0), Y2(0) 1, = 328 8(0 - o) (8YDD+ 2DY) :

[L'(0), LX(0") 1, = — 16(ca’) ™' QI 2liQL+ 2ix

x @YD+ 2D%) 8(0 - 0'), (5.152)
L' (), D} (@) 1 = 4i((ca’) "2 'R0 0 Pty e
x(0'DOV+ 2D%) 8 (o - o), (5.15b)

- 2, 4 . "2 - —_~
[D,(9), L%(0") 1, = 4i((ca’) ot 1+2]y lQ["’z]Ja g, 7 ;A

x(@'DD+ 2% 8 (0 - o), (5.150
{D3(0), DX(@")}p = 4 ((ca’)? o™ 2 p™ 172Ny 5 01y il
xg 0 “%*t v}, 0"DO+ 20%) 60 - o), (5.14d)

where Q([,””, Q‘[, 2 are the components of the pull-backs of the covariant
Cartan forms (4.32b,¢) (Q_= Q (9,)) and '

DO= O 2,1+ 2pl2_ gy 2epls2 g (5160

Di=ni=o, (5.16b)

are the first-class constraints (4.43e,f) generating the SO(1,1) and SO(8)
gauge symmetries (on the Poisson brackets).

The fact of closure of the superparameterization symmetry algebra (.e.,
the algebra of reparameterizations and k-symmetry transformations) on the
SO(1,1) and SO(8) gauge symmetry transformations is a significant one. It
means that SO(1,1)xSO(8) gauge symmetry connects different light-like
directions, tangent to the world-sheet. '

The bracket relations of the SO(1,1) and SO(8) symmetry generators
(5.16a,b) with another first-class constraints are defined by the SO(1,1)
weight and SO(8) index structures of such constraints

(1DO@), Y] (o) 1p=w(Y]) Y](0)d (0 -0):
109(0), D;(0") 1, = - D;(0) (o - "), (5.172)

(D), D}(0") 1, = + D}(0) (0 - o), (5.17b)
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(109(), L"*") 1, =0, (5.17¢)
109, D¥(0")1, =0, (5.17d)
[D9(0), Yy () 1p = 4D, Y0 (0 - o) :
1DY(0), D3(0") 1p = - ¥, Dy (0) (0 — o), (5.182)
1D%(0), D} (o)1, = + ¥ D} (0) (0 - o, (5.18b)
(DY), L"*0")1, =0, (5.180)
(D%0), D' (o)1, = 26V D V(o) s0 - 0’). ~  (5.18d)

So, the algebra of the first-class constraints

Y5= (V(9), Y§(0), Do), Do), P3Ny =
ey - ey + .o +
= (L'(0), D3(0), L), D3 (o), DO, DY(0), PIZD),

[Y,(0), Ys(0') 1, = J do"” sz(a, o’'la"") Yy (o) (5.19)
is completely specified by Eqgs.(5.13)—(5.15), (5.18), except for the bracket

relations of them with the rest two first-class constraints P&f)gl =0 (4.43g).

All these brackets vanish because of the absence of the variables p #2195 the
expressions for the first-class constraints

(PEA(0), Y5(@) 1, = 0. (5.20)
The symmetry generated by the constraints P([pt)z] =~ ( indicates the

Lagrange multiplier nature of the zweinbein densities p [¥219 i, the discussed
formulation.

5.2. Second-Class Constraints, Their Algebra and Symplectic Structure.
The rest of the constraints (4.7), (4.25) are the second-class ones. They also
may be decomposed naturally onto the two sets

S;=(S; 5P =0 (5.21)
associated with different light-like directions tangent to the world-sheet
§p = 0: 522

L'O0) = u"D(g) L:n(a) =

 om@y oy o b . ool ol
=D 1P+ (3,x,~2900,6 1=0, (5.22a)

g m
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v;%@) Die) =0, (5.226)
n'+20e) ~ o, (5.220)
PH—Z]t _ _;_ uml+2]L'l”(U) =0, (5.22d)
P((p)?l(a) =0, | (5.22¢)
S} = 0: (5.23)
L* ) = uf”('v)(d) L,z,,(a) =
= "0 le_ —c% (aaxm_ 2i aagzgmt)z] =0, (5.23a)
nl—ZI(f)(a) =0, (5.23¢)
ler _ %um(—zlL’zn(a) =0, (5.23d)
p|+21 (o) =0. ) (5.23¢)
A nondegencrate symplectic structure Q};
I ~ ol
Sf, S;}P = Qfg 5.24)

of the set of constraints (5.21), (5.22) is the block-diagonal one and is defined
by the relations

S}, Sy} p = Q. (5.25)

{v}aD)’(a), v;‘fDa(a')} p= 120, bu"'HzlL:"é(o -0')=
~4id,:p"* 6 (0 - 0, (5.25a)
IL'O0), v} vy Dl(a ) lp=— 41(ca )*‘a 6%y AyABé(o a’), (5.25b)
IL'D(0), L'D(0) 1, = = 2(ca’) " (0%0 ~ Q)8 (0 - '),  (5.25¢)

M 40), L0 1, = L) 0) (0 ~ o) =

~ 2045 6 _ ), , (5.25d)
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[(p[+2]1._'% u"ll+2]Ll )(0’) Ll(j)(a ):l == :

P ,
=‘(ca) fgi+2"a(a—af), . (5.25¢)

[P[ 2'(a) (“2"-%!{"“%}" )(a')] =3(0-0'), (525D

lsz, S’} = (5.26)
Do), v5°DX(0")}p = 2id , ™1 2,2 (a)a (c-0)=~
~4id p‘*”"’a (@-0), (5.26a)

(220 (0), v3*D2(0") 1,= 4i (ca’) 3,9 % 8 - ), (5.26b)
1£'0), L'O0) 1, = 2 (ea) ' 09,- Q) 8 0 - o), (5.260)

M20), L20(e) 1, = 85" 2 12(0) 8 (0 - o) ~

=20,.p 18 (0 - o), (5.26d)
e 1 i ' N,
[l - gt @), 2000 =
= (cay’)’"'lﬂi_zl"é (o0 -0, (5.26¢)

[P'“‘(a),( = 21’—-;-14'""2&31)(0')] =8(c—-0d'). (5.260
P

All other brackets between the pairs of the constraints from the same set
(either (5.20), or (5.21)) vanish in the strong sense. The brackets between
the constraints from different sets are all equal to zero in the week sense

15}, 8%, =0. (.21

All of these bracket relations, which are nonvanishing in the strong sense,
involve the constraints (5 220), or (5.23¢)

(s}, s’} p*0(=0): (5.28)
m*20@), =20y 1= 30O+ 207 80 = 0y =0,  (5.282)
( @)1, )

M 20), v ?D2(0") 1,= =¥}, Di(@)6 (0~ o) =0,  (5.28b
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10k, M0 1, =1 Br@) 8 0 - ) =0, (5280
[n[+2}(,)(0) Lz(n(o)} -6”u'"(+21L2(a)6(0 o) =

= 8i(2p! =217y~ [1}(0) e 2,62 D}(0) +

+ _5_, Qmwn;—zlr] 8(o=0') =0, (5.28)
ca a ) . .

= - 8UpttAny! [L‘(a) - ~4—, 3,8%'v} AB;(a) -

- ;—i—,vaae“' v, avi'D, )+ -1+ + Q) P+
- ;—;—,q’;’l"nf““'] d(0-0a')=0, (5.28¢)
{nnzn(a) ( (=2l _ %u’"‘"z'Lf") (0,)] -
= - L )0)8 (0 -0') =0, (5.28)
I oy,
[(,,Hzlt_ 5 u"“”’L}") (@), n!~%ig )]:
= L'V 8 (0 -a)=0. (5.28g)

Hence, the symplectic structure (5.24) associated with the irreducible
second-class constraints of the Green — Schwarz superstring is derived in the
framework of the twistor-like Lorentz harmonic formulation [22,23].
Moreover, the second-class constraints algebra

S}, S, = Cptksi+ ¥ vp+ Q= QY (5.29
is described completely by the relations (5.25) , (5.26), (5.28).
5.3. Reparameterization Generators and Virasoro Conditions. Let us
clarify the relation of the first-class constramts (5.11a), (5.12a) with the well-
known Virasoro conditions

V= [P+ (ca) ™ a0, 1 [P+ (ca) ™ 9x™), (5.30)
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= [P~ (ca’) "o x, 1 IP"= (ca’)'o "], (5.30b)

agm

which generate the reparameterization symmetry transformation in the
standard bosonic string formulation (see, for example, Ref.3). The expres-

sions [P, + (ca' )_'6axm]and P,- (ca")'-‘a x,, 1 are included in the blocks

(5.43), (5 S5a) and may be ldenuﬁed with them or with the blocks (5.1a),

(5.2a), up to the harmonic and Grassmannian constraints. Thus we may
discuss the forms of the Virasoro condition generahzatlons in terms of these
blocks.

It is sufficient to discuss the Virasoro condition (5. 30a) only.

The expression Lm is included in the first constraint (5.11a) which may
be reformulated as follows

WAL (o) + 2ca’p™ )7 0, 071 Dl0) = 0, (5.31)
and remains first-class con§traim;yafter multiplication on "' *2! Z'lt(a)

m[+2| n[ 2|L (G)L (0)+

m
+ 2(ca'p"”‘)“u"“2'1, ()9 a“'D‘(a) =0. (53D

From the other hand, the second—class constraint (5. 22a) may be transformed
into lhe following one

L (o) u"® =0, s (5.33)

because the block Z‘ .(0) G.1a) differs from L' ,(0) one (5.4a) by the sum of

constraints (see Eq.(5.3a)). The square power of the second-class constraint
(5.33) is the first-class constraint by deflnmon Thus, there is the following
(dependent) first-class constraint

L @) " D" L}(0) =0 (5.34

in the discussed dynamical system. The linear combination of Egs.(5.32) and
5.349 :

u"!|+2)lfni—2} Z:"(o) Z’l' (o) - Z}n(o) um(i)u"(i)z:l(o) +
+2cap" )~ "+ 2T 6) 5 67' D) (0) = 0 (5.35)
may be written in the form ,
L! (@ L™ (o) + 2Aca’p’* )" ‘u"l”‘L 1(0) 0,/ 61! !0) = 0 (536

(if the completeness conditions
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on =L 1+21, - 21+; - 2|un[+2]_uf:'l)un(0 (537

m_ 72 Ui

for the composed moving frame variables (1.8), (1.9) are taken mto account).
It is easy to see that the first-class constraint (5.36) coincides with the

Virasoro condition (5.30a) up to the Grassmannian and harmonic degrees of

freedom (which are absent in the standard bosonic string formulation).

6. CONCLUSION

So the classical mechanics of the twistor-like Lorentz harmonic
formulation of the D =10, N = 1B superstring [22,23] is built in the
frameworks of Lagrangian and Hamiltonian approaches. The equations of
motion are derived (Egs.(3.40), (3.44), (3.47), (3.51)) using the concept of
the admissible variation (3.31) for the harmonic variables. The complete sets
of Lorentz covariant and irreducible first-class and second-class constraints
are presented in Egs.(4.43a-g) and Eqs.(5.28)—(5.33), respectively. The
algebra of the gauge symmetries (Egs.(5.13)—(5.15), (5.17)—(5.20) and
symplectic structure associated with the set of second-class constraints
(Egs.(5.25), (5.26), (5.28), (5.29)) are calculated.

Thus we have developed the machinery of the component twistor
approach necessary for the next steps towards covariant quantization of
D = 10 superstring, which consist in the providing of the conversion [54—
56,7 ] of the second-class constraints into the Abelian first-class ones and the
~ construction of the classical BRST charge (see [42,43,19 | for the case of null-
super-p-branes in D = 4). These steps are under investigation now.
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METO[ BAPUALMOHHOW
TEOPUU BO3MYLLEEHWUW
B KBAHTOBOM TEOPUM NON4

A.H.Cucaksan, H.JI.Conosuos
Ob6beAUHEHHbIA MHCTUTYT SAEpHBIX uccnefoBanui, [lybHa

B 0630pe paccMaTpUBAETCS HENEPTYPOATHBHBIN METOA — BAPUALMOHHAS TEOPUS BOIMYLIE-
Hmit. Ero 20dexTMBHOCTb AEMOHCTPHPYETCS HA NPUMEPE KBAHTOBO-MEXaHUUECKOTO aHIapMOHH-
YECKOro OCLIMLISATOPA. Y CTAHABIMBALTCS CBS3b C METOAOM Fayccosa 3(dexTHBHOO noteHuuana
| M3YuaIOTCH CROMCTBA CXOAMMOCTH PS/I0B BAPHALIMOHHON TEOPHM BOSMYIIEHNH ans ¢?d) -MOofe-
i Teopum nons. PaccMaTpuBaeTes NEPEHOPMUPOBKA ¢ -MOJESIM M CTPOUTCH HeneprypbaTHBHAas
B-bynxuus. TosyueHHs1 Pe3ysibTaT HAXOAUTC B COMACHM C NSTUNETNEBbIM npubIMIKEHUEM.
PopMyIMPYETCH HENEPTYPOATHBHOE PA3SIOKEHHE B KBAHTOBON XPOMOAMHAMMKE, OCHOBAHHOC HA
HOBOM MaJIOM NapaMeTpe.

A nonperturbative method — variational perturbation theory is discussed. Its efficiency ts
demonstrated for the quantum-mechanical anharmonical oscillator. The nonperturbative Gaussian
effective potential is derived from a general approach, the variational perturbation theory. The
properties of convergence are studied for series in the variational perturbation theory for the ¢(q) -
model. We investigate the renormalization procedure in p‘—model in the variational perturbation
theory. The nonperturbative 8-function is derived in the framework of the proposed approach. The
obtained result is in agreement with five-loop approximation. We formulate systematic, non-
perturbative expansion in quantum chromodynamics using a new small parameter.

1. BBEAEHHE

Teopusi BO3MYICHHA ABJSETCS B HACTOSIIEE BPEMSI OCHOBHBIM METONOM
NpOBECHHAS BHIUMC/ICHMI B KBAHTOBOH Teopun nons. Bmecre ¢ mpouenypoi
NEPEHOPMMPOBKHM €€ HCMO/Ib30BAHME B KBAHTOBOM 3JICKTPOXMHAMHKE, B
TEOPHH 371EKTPOCIA0bIX B3aMMOACHCTBHIA H B 1epTY POATHBHON 001aCTH KBAH-
TOBO# XPOMOTMHAMHUKH NO3BOJISET AHATU3UPOBATH WHPOKHH KPYT BOMPOCOB.
BMecTe ¢ TeM W3BECTHO, UTO, OrPaHHUMBASICh JHLIL PAMKAMH TCOPUM BO3MY-
WEHHH, HEJIb38 PACCUMTHBATD HA HOCTATOYHO MOJHOE M3YUYCHUE CTPYKTYPhI
KBAHTOBO-TIONIEBOM MozeaH. [IpHueM 9TO KACAETCs HE TONBKO TEOpuit ¢ 601b-
IO BEJJNYMHOM KOHCTAHTHI CBSI3M, HO M TCOPHI, B KOTOPbIX KOHCTAHTA CBSI3H
OTHOCHTE/IBHO MaJa, KakK, HAnpuMep, B ClAy4ae KBAaHTOBOM OJICKTpO-
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AMHAMHKH. B KBaHTOBOW XpOMOZMHAMMKE W3BECTHO 6OIBILOE UMCIO 3ajau,
pelIEeHHE KOTOPHX TpebyeT HenepTypOaTHBHBIX HOAXOIOB.

B nocreanue rogn npennpuHsaTH 3HaUMTENBHLE yCHMs no paspaborke
MCTOAOE, AAIOLINX TOT WM MHOM CNOCOO BHXOAA 33 PAMKH TEOPHH BO3MYILE-
Huit. ONHUM K3 HanNpaBACHHi ABASETCH CyMMHPOBAHHME PSIOB TEOPUH BO3MY-
meHud [1—3). Tlpu s1oM AN% YWICHOB BHCIIMX MOPSANKOB MPHUMEHSAIOTCH
ACHMNTOTHYECKHE (POPMYJIR, TIOYUECHHHE, HATIPUMED, C MOMOLIBIO METOAA
¢dyHkuuoHansHoro nepesana [4—8 ). OcHoBHas TPYAHOCTb TAKONO NOAXOAA
CBA3AHA C ACHMNTOTHYECKMM XapAKTEPOM DS TEOPHH Bo3MymeHHi. [Tpoue-
AYpa CyMMHDGBAHNS TAKHX PALOB COAEPXKHUT, BOOOILE MOBOPS, (DY HKLIHOHA/b-
HHA nponason. KOPPEKTHOCTb Xe MOCTAHOBKM 3aauYM JOCTHraeTcs 3a cyer
NPHBNICHCHUA NONONHMTEbHOH WHpopMauuu 0 cymme psaa [9]. Takas
uHbOPMauMs H3BECTHA NHIb NS npocrednx Monenei Teopuu noas [10].
IMonuTkK pa3paGoTKM METONOB, HENMOCPEACTBEHHO HE CBA3AHHMX C psLIoM
TCOPHH BO3MYLUCHHH, NPEANPUHHHMATKCD BO MHOTMX paborax (cM., HanpH-
mep, [11—18]). lllnpokoe pacnpocTpanenue NOJYMH/IM BAPHALMOHHbBIE MO~
xonbl [19—22 |, k uHCAY KOTOPBIX MOXHO OTHECTH METOR rayccoBa apdexkTus-
Horo norenumana (GEP) [23—26 |. Creayer ormetuts ORHAKO, YTO MHOTHE
BAPHALHOHHBIC METOAN CTANKHBAIOTCH, KAK NMPABUAO, C TPYAHOCTBIO OLEHKH
TOMHOCTH ¥ YCTOMMMBOCTH PE3Y/IbTATOB, MOJYYAEMBX C MOMOMLIbIO Bapua-
UHOHHO# Npouenypui. ipyruMu cIoBaMH, 1a/1€KO HE BCEraa B paMxax meroaa
YAAETCA NMOCTPOUTH A/IMOPHTM BHIUMCICHHS MONPABOK K 3HAMCHHIO, HANICH-
HOMY BAPHAUMOHHHM nyTeM. OTCYTCTBME TAaKOIO ajArOpUTMAa 3aTPyAHAET
OTBET Ha BONPOC, B KAKOH MEPE TAK HA3LIBAEMBIN «OCHOBHOMN BK1aa» afieKBaT-
HO OTPaXaeT H3yuaeMbiit 0OGBEKT M KaKOBA 06.1aCTb PUMEHUMOCTH NOJIy4YeH-
HHX BHPAaXCHUH. ONHAKO, NaXE ECM ANTOPHTM BHYHCACHHS MONPABOK, T.e.
UICHOB HEKOTOPOrO annpoKCHMUPYIOWErO Psind, CyWECTBYET, TO ITON0 eue
Aancko #e pocratouHo. IpuHuMnManbHyl0 poab 3mech MrpaloT CBOHCTBA
CXOAMMOCTH psina. [leHCTBHTENbHO, ecnu npu cnaboit cS3H Aaxe pacxo-
ASWMHACH PSSl TCOPHM BOIMYLICHMH H3BECTHHIM obpa3om annpoKCHMHUPYeET
P4CCMAaTPHBACMYI0 BETHUKHY KaK PSji aCHMITOTHUECKHH, TO NPH OTCYTCTBUH
MaJioro nNapaMeTpa annpoKCHMHPYIOWMI Psul JONXER YAOBIETBOPSTH Goee
XecTkuM TpeGoanusam. Hanexuas unpopmauus B srom cnyvyae Moxer 6uThb
MOJIy4YEeHa HA OCHOBE CXOAAWMXCS psinos. Ecin OPHEHTHPOBATHCS Ha eule 6o-
Jiee 61aronpUsTHYI0 BO3MOXHOCTb, TO 6bLI0 6bi XKeNATENBHO HMETb AENO HE
TIPOCTO €O CXORAMMMCS PAOM, a ¢ psaom JleiGuuua (3naxouepenyowmiics
psn ¢ yOmBaowmmMu no abCoMIOTHON BEAHYHHE OT HOMEpa K HOMEpY uJe-
Hamu). B 310M cnyuae mosBunach 6H BO3MOXHOCTH NPOU3BOAMTD JBYXCTO-
POHHME OUCHKH PacCMaTPHBACMOM. BEJIMYMHE HA OCHOBAHHH yXE€ MEPBhIX
UeHOB psina. Ecam eme npu 31oM mMeHch 61 nononHKTENbHEE CBOGONHEE
NapaMeTpH, BJMSIOUIHKE HA WICHH PSAA, TO IPAHMIN OLEHOK MOXHO GhLI0 Gk
MaKCHMAJIbHO COTM3HTb. ‘
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B HacTosimeit paGore Mb B 9TOM IJiaHE PACCMOTPHM METONI BAPHALIMOHHOI
Teopun Bo3mymienuit (VPT) [27—33]. Hecmorps Ha nmpucyTcTBMe B Ha-
3BaHMH MOAXOAA CJIOBA «BO3MyLicHHE», Merox VPT sgBasercs Henepryp-
GaTuBHBM. B ero pamkax s anNpoKCMMALMK PACCMATPHBACMON BENHUMHBL
YHAAEeTCsl NOCTPOUTh OT/IHYHKIE OT TEOPHH BO3MYLICHMI PA3/I0XKEHUS, TO3BO-
JISIOIHE BHATH 32 PaMKH c1a60# CBSI3H. BHUKCASIEMOCTS NONPABOK B METONIE
VPT cBs3ana c TeM 06CTOSTEILCTBOM, YTO B HEM, TAK XK€ KAK M B CTAHJAPTHOM
TEOPHUH BO3MYIICHHH, KCNOb3YIOTCSH TOJNbKO JIHLIb «BLIYMCASIEMBIE» TAYCCOBH
¢dyHxuuoHasibHbe KBaapatypui [34 ). Bonee Toro, pax VPT MoxHO 3anucath
TakuM 06pa3oM, uTOOH €ro WieHHM ONMpEAe/sANCh OOBUHBMH (eliHMAa-
HOBCKMMH rpadamu. Tlpu atom, koneuno, paa VPT 6yner umers no cpas-
HEHHMIO C TCOPHEH BO3MYLICHHI MHYIO CTPYKTYDY, a4 B AMarpaMmax, Boobuie
roBops, 6ynyT ¢pury pupoBaTh MOANGHUMPOBAHHHE NPONATATOPH H BEPLIHHAI.

[1nau Hawero U3noXeHus TakoB. BHauane MW Ha TPOCTOM NpuMepe pac-
CMOTpMM OCHOBHHE npuemm Merona VPT. 3arem npoaemoscrpupyem ero
paboTy B C/1yuae KBAHTOBO-MEXaHHYECKONO AHTAPMOHHYECKOTO OCIM/LIATOPA.
B ueTBepToM pasnene ycTaHOBHM CBsi3b 06CY X1aEMONO NOAXOAA C FayCCOBBIM
pdexTuBHHM noteHumanoM. [lanee paccCMOTPMM CBOMCTBA CXOAMMOCTH
VPT-psnoB ¥ BONpPOC NEPeHOPMHPOBKH, NOCTPOHM HENEPTYPGATHBHYIO
B-dbyskumio nas ckanspHoi Monenn, o6cyanm npumenenne metona VPT mis
KBAaHTOBOM XpomoanHamukd. HakoHeu, B 3ak/0ueHHE MOABENEM KpaTKHE
HMTOrH MPHBEACHHOIO PACCMOTPEHHS.

2. UTPYLLIEYHAS MOJIEIb

PaccMoTpuM MHTErpan ‘
Zigl = [ dx exp(—S|x]), 2.1

rac .
Sixl=Sylxl+ g5, Ix],

Solxl =x? = x} + x3, 2.2)
S, Ixl=xt+ x3 dx = dx dx
int 1T % 195

'KOTOPHIi SIBJISIETCS HYJ/Ib-MEPHBIM AHAJIOTOM JIBY XKOMOOHEHTHOM ¢4-Mone.rm
Teopuu noss. [pu 31oM, Tak Xe KaK H B TEOPHH 1ONst, 6y1eM OPHEHTHPOBATH-
Csl Ha FayCCOBH KB2/IPAaTypH, T.€. HA HHTETPA/Ibl BHAA '

J dxP(x) CXp{—S;, [x1, 2.3

rae P(x) — HEXOTOpbi MOJMHOM NEPEMEHHBIX X, HX.,.

1 2
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TNepBas OueBHAHAS BO3MOXHOCTb COCTOT B Pa3JIOKEHHH NOJLHTErpaib-
HOMO BHpaxeHus B (2.1) B psia N0 CTENEHAM KOHCTAHTH CBA3M g (3A€Ch MBI
6yneM NpHMEHSTh TEOPETHKO-NONEBYIO TEPMMHONIOMHIO). B pesyasraTe Mu
MPKXOAMM K CTAHAAPTHOMY PA3/NOXCHHIO B Pl TEOPHH BO3MYIICHHH:

Zigl= Y, &'C, Q2.4
g_ l}n
C'l = n! -[ dx S‘:; EXD(~Solx ])- Q2.5

Ecan pasnoxenue ¢pynkunn (2.1) 8 pan 2.4) ¢ koapduuuentamu (2.5)
EIMHCTBEHHO, T0 O6paTHAs NpPOUEAYPa HAXOXAEHHS CyMMB paza (2.4) 6e3
NPHBICYEHHA JONOIHATEIbHOH HHGOPMALHH O byuxuuu Z|[g] ssagercs He-
onHosHauuoit. Hanpumep, Tor xe psa Oyner umers u GyHKuUMS
Z[g] + exp(—1/g), xoropas npu 6oibLIMX KOHCTAHTAX CBA3U & obnagaer
MHBM aCHMMNTOTHUECKHM NoOBeAcHHEM no cpasHeHuo ¢ (2.1). INpuuuna He-
KOPPEKTHOCTH 3aJ]a4YH CYMMHDOBAHMH B TaKOW TMOCTAHOBKE COCTOMT B
aCHMNTOTHYECKOM XapaxTtepe pana (2.4). Taxum obpasom, psa TEOpHH BO3-
mymenuil cam no cebe, 6e3 npusneueHus AONOJHHTEIbHON MHPOPMAUMH O
€10 CyMME, HE NO3BOASET CYAUTDb 0 hyHKuuu Z[g ] npy 10CTaTOYHO Gonpunx
3HAYEHMAX KOHCTAHTH CBA3H. Takoro poaa ROMOHKHTENbHHE YCIOBHS, KOTO-
phic HEoOXONMMB /IS OAHO3HAUYHOCTH CYMMHPOBAHHA ACHMIITOTHYECKOrO
pSAa, A9 PCANHCTHUECKHX MOJICAEH TCOPHH NONS HEM3BECTHH. ITOT BOMPOC
TpebyeT CneunanbHON0 HCCACAOBAHMS U B HACTOSIIEE BPEMS HMEET PEIICHHC
JIMHIb 119 HEKOTOPHX MPOCTHX CJ1yuaces, ,

Meron VPT paer BO3MOXHOCTb, MCNOJIb3Y s T€ XE€ rayCCOBH KBAApaTypH,
cTpouTh 1ns Z[g] unbie paznoxenus. Ux pasnuuue Mexay coBoil COCTOUT B
cnocobe Bapbuposanus (Bmbope npoSuoro VPT-¢ynxumonana) nedicrsus
(2.2). B 310M pasaene M paccMOTpHM ABa cnocoba nocrpoenns VPT-pasno-
xenuit. [Nepsuit, HauGonee nPocTot, OCHOBaH Ha BHBOPE BAPHALHOHHOM N10-
Gasku B rapmoHMueckoM Buze. Bropoit cnocob ucnonssyer VPT-¢dyHkunoHan
AHrapMOHHYECKONO THIA. : : ' ‘ :

B nepBoM C/Iy4ac B KAYECTBE BAPHAILMOHHOIO CIAraeMoro BubepeM KBaa-
PATHUYHOE NO NONSM BHPAXKCHHE H NEPENHUIEM NONHOE NCHCTBHE B BUAC

Six1= Sglx] + Sy ix), 2.6)
Sglxl = Solxl+x Sglxh Q@
sit’:l"xl = gsimktx 1= X sg [x 1‘ e : ’ e “(2.8)
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M BHIMOJIHAM PA3JIOXKEHHE MO CTENMEHSIM HOBOTO JACHCTBHS B3aHMOJACHCTBHS
(2.8). OueBMaAHO, YTO NPH 3TOM /18 BHNYHCICHHS YWICHOB NOJIyYEHHOIO paaa
HaM NOHAZO6ATCS TOABKO JIMIIbL raycCOBH KBaapatypu. B pesyabrare
VPT-psa 6yaer uMeTb BHA

Zigl=3 Z,lg1) 2.9
n

nl(1+x g)'*2"
Hcxonnas BeanunHa Z [g |, KOHEUHO, HE 3ABUCHT OT BAPHAIIMOHHOIO NapaMeT-
pa x, NOITOMY NpPH PACCMOTPEHHH KOHEUHONO YHC/1a WICHOB PSia MOXHO BOC-
noJsib30BaThca cBoOonOi BHbOPa ), HCxoas W3 cooGpaxeHHnil ONTHMAIBHOCTH
pa3ioXeHHus (CM. B CBA3H C ITHM, Hanpumep, paboru [24,27,28,31,35—38 |,
B KOTOPHX PACCMATPHBAIOTCH Pa3HUHEIE CNIOCOOH ONTHMHU3ALMH M HX IPHUME-
HeHue). B Teopun noast, Kak NPaBWI0, HAM W3BECTHH JIMIIb NEPBHE YWICHH
psaa. Haubonee uyacto onTuManbHbie 3HAUECHHS BAPHALMOHHBIX NApAMETPOB
BHOHPAIOTCS Ha OCHOBE MEPBONO HeTpuBHaabHOro nopsiaka VPT. Tlpu atom
YCTORUMBOCTD MOYUEHHBIX Pe3yAbTaToB GyNeT NOCTUIHYTA JIMILb B TOM CIY-
yae, KOra NocJAeAyIOUMe NONPaBKK K OCHOBHOMY BKJIafly AOCTATOUHO MAJH.
MH pacCMOTPHM BAMSIHHE MONMPABOK NMPH FAPMOHHYECKOM M AHFapMOHHMYEC-
koM cnocobax BapbupoBanus. OUKCHpyeM BapHALMOHHHI napamerp y ¢
MOMOLUBIO YCJOBHS

Zlgxl= S dx18,,— x (1+ x 8)Sy I'exp(=Sy[x]).  (2.10)

ﬁ(—?—-—l&l—' =0, @.11)
x .
rae Z M [8, x | — N-uactuunas cymma psaa (2.9):
N

zMigx1 =n§° Z,lg 1) @.12)

Jlns nepeoro HeTpuBKANBLHOIO nopsiaka (N = 1) ypasuenue (2.11) naer
' x=/7-1/g
T=52§l/———1+98-1|- 2.13)

Ha puc.] aeMOHCTpHpyeTcs XapakTepHOE MOBEACHHE N-X YaCTHUHBIX
CyMM psaa Teopus Bo3myueHnit n pspa VPT pns oTHOCHTEIBHO MAJIOTO 3HA-
YeHH® KOHCTaHTH cBu3u g = 0,1 u anga VPT-napamerpa y, onpeneacHHoro
corsacHo (2.13). XapakTepHuie s aCHMOTOTHUECKHX PSAOB «OHEHHS» Yac-
THYHBIX CYMM JUIS PaCCMATPHBAEMONM CEHUAC rapMOHMYECKON BaPHALIMOHHOK
MpouUERYPH HAUMHAIOTCS HECKOJIBKO MO3XE, YEM B CJIyuac TCOPHHM BO3MY-
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meHuHd, B 3TOM CMBIC/IE rapMOHHMYECKAs MPOLEAYpa yAyuymaeT CXOXMMOCTh
psina. Tem He MeHee, ec/ii yAepXUBAaTh BADHALMOHHBIA napameTp Gpukcupo-
BAaHHBIM, HE 3aBHCSIINM OT PAaCCMATPUBAEMOrO MOPSAKA, TO BOZHHKAIONIWH
P O-MPEXHEMY OCTAETCA pacxoasmuMcs. XapakTep 3TOM paCXOAMMOCTH B
TOYHOCTH TOT X€, YTO H Y COOTBETCTBYIOLIETO PSAA TCOPUH BO3MymieHui. [le-
JIO 3/1ECh B TOM, UYTO NPH (PHKCHPOBAHHOM BAPHALMOHHOM NApaMETPe mpob-
HBI rapMOHMUYECKMH (DYHKITMOHAJ, COACPXAIHUiA MEHBIUYIO CTEMEHD TIOJIS,
YEM B MCXONAHOM JACHCTBHMH B3aMMONCHCTBHS, HE CIIOCOOEH NOIXHBIM 00pa3oM
€10 CKOMIIEHCHPOBATD I/Is1 AATbHUX WICHOB PsiAd, TAK KaK OCHOBHOM BKJIAJ B
aCMMNTOTUKY MpPH 3TOM omnpeae/sercs 6oabWUMH KOH(KTypauusaMi HosieH.
Onnako, kak 610 3aMeueHO IMnUpHYecKy B pabore [18 ] u o6cyxmanock 3a-
TeM B [35 ], pe3yibTaThl BHIMISAST CXOASLIMMHUCS,, €C/IM BAPHALIMOHHbIH 1apa-
METP «MOAKPYUHBATh» NOXKHHIM 00pa3oM OT mopsaka K nopsiaky. Crporoe no-
Ka3aTebCTBO TAKOW WHIYLMPOBAHHOH CXOOMMOCTH B HYJIb-MEPHOM M OJHO-
MEpHOM CJIyyasix gaHo B paborax [39,40].

As mocTpoeHus aHrapMOHHUYECKOHW BAPHALMOHHOM NPOLEAYPH mepe-
NHIIEM NOJTHOE ACHCTBUE B BUAE

Slxl=S{1x]+ S2x], @.14)

rae
Sglx] = Sylx1+6 S 2x], 2.15)
52 =gs8, [x]-6S7Ix]. (2.16)

Curyauus 3/ech HECKOJIBKO CJIOKHEE, UEM B NpeanaymeM cayyae. [Tocre
pa3JI0XKEHHS N0 CTENEHIM HOBOTO AeUCTBH S B3auMozeicTeus (2.16) Bo3zHuka-
0T HCTayCCOBB MHTETPaJibl, TAK KAK B MIOKA3aTENE IKCIIOHEHTH OCTAETCH C/1a-

raemoe 9S02 [x ]. Onnako npobaema Jierko pemaeTcs ¢ IOMOMIbIO IPHMEHEHUS
npeoGpa3zosanus Oypoe:

© C2
—08%x)) = [ A _ L iuVe
exp (— 6 S5(x)) = _fw N exp{ 7 Hiuve So(x)}. Q.17
B peayabrare VPT-pasnoxenne Moxer 6uTh 3anucano B Buae [28 |:

Zigl=Y Z,,[g, 81, (2.18)

n a
Z,1g,6]= f da (a%6)" exp(-a - %) 2 (2,:), 5—:%, 2.19)

k
_ 5 M@+ 1/2) r@k=) +1/2) (2.20)

a, = B
KT e T k= D!
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Puc.2. Mosepenne OTHOCHTE/IbHOM norpews-

Puc.1. Nosenenue N-x uacTHuHbIX cymm ZV 4] Hoctv D(g) = IZ(')(g)/ Ze"d(g) = 1 xax
B TEOpHH BO3MYLieHMIt u VPT ¢ FAPMOHHMYECKOW  byHKuMM KOHCTaHTBI CBS3K g nas aHrapmo-
BAPHALIMOHHOM 1IPOUETY POt BAPHALIMOHHBIM -  HHYECKOIl BAPHAUMOHHOM npoueaypbi
PAMETPOM, (HKCHPOBAHHBIM 110 NEPBOMY nopsiaky

OnTumusupys nepemii HCTPUBHANBHEIA NOPANOK, AN BAPMALMOHHOMD napa-
METPa HAXOaHM

=3
6= 38 (2.21)

[Tosenenne ornocurenbroil norpewHoctu D(g) = | Z (')(g)/Zexac'(g) -1

MPOUCHTAX KAK PYHKLMH KOHCTAHTH CBSI3M g NOKA3aHO Ha puc.2. Kak BHIHO
M3 3TO0r0 PUCYHKa, yxe nepshit HCTPHBHA/IbHBIH NMOpPsAROK o6ecnequsa_er
BNIOJIHE MPHEMAEMYIO TOMHOCTH ANMnpoKCUMauuu Z lg] ans Bcero nomoxu-
TELHOIO HHTEPBA/IA H3MEHEHNS KOHCTAHTH CBA3M. YueT caenyowmmx nonpa-
BOK eule Oonee nosmiaer TouHocTs VPT-annpokcumanun.

Onpeaenss ans ynoGcrea napamerp ¢ = 20/g, nepenuwem BHPAaXEHHE
(2.19) B Bune, yno6HoM AN M3YUCHHS NPenena CHAbHOM CBI3H:

) n _ x
Z,,lg,91=‘/g fdaaz"exp(— az-a\/—i) > _(=2/n"
0

. (2.22)
8] & (2)i(n - k) %

Hurepecro OTMCTHTb, YTO BHpaxenue (2.22) NO3BOJISET Cpasy Xe ompe-
NEeNUTh d)yHKU.HOHaJleyIO 3aBUCHMOCTb Z[g | npu g -» o, HeiictBurensHo, B
N-M nopsaake VPT Npu g » o« nonyyaem

zZM = 4™y g ' (2.23)
rae
N k
™m_ /2 (=2/y :
A - T(N + 3/2)3.-:0 @+ DIV =T % (2.24)
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Puc.3. Kop1pop ABYXCTOPOHHMX OLEHOK €AMHHU~
upbl, onpeaeaseMbiit GyHKLUIMH Z(N)/Zex, Anst
N=0,1,2,3unt=1

OnTuMu3aims MNepBoro HETPUBHAIDL-

HOTO nopsika (ycnoBue 6Z M/or=0
win Z, = 0) naer fopt = 3/2, npu Ko-

TOPOM HAaXOAHMM AW = 3212, B 10

: BpeMs KaK TOYHOE 3HAUCHME CCTh

0,8 prmi—tl ol A = I‘2(1/4)/4 = 3,286. BoszHukaw-
10 1 10 10 10° 10

Ias MOrpELIHOCTb BHIYHC/ICHHS COC-

Tasaser 2,3%. MoXxHO Moka3aTth, YTO

annpoKCHMauuu Z (M nas pasnMuHBIX 3HAYECHMI KOHCTAHTH CBS3H JAIOT yC-
TORuMBHI pe3yibTaT [28 |. DTOT (hakT 0GBIACHIETCH CXONHMOCTBIO PSna VPT
npu ¢ > 1/2. TlpuueM 3T0 yTBEPXKACHNE CMPABEITHBO AJist MOOHX MOIOXH-
TEJIbHHIX &.

Anasnorom Hepasenctsa CobosieBa B pacCMaTPUBAEMOM CJ1yyae SIBSETCH
COOTHOILEHHE

5,lx y1/Slx, y1 < 1, (2.25)

M3 KoToporo ciemyer, uro npu > 1 psn VPT (2.18) sBasercs 3HaKono-
JIOXHTEbHBIM, a IPH { = | IPOUCXOAMT CMEHA PEXUMA, H I 1/2<t<1psan
nepexoauT B psa JleiGunua. OTMETHM, YTO 3HAUCHHE BAPHALIMOHHOIO napa-
Merpa ! = |, NpU MPOXOXACHUH KOTOPONO 3HAKOUEPEAYIOMMIC psin CTa-
HOBMTCS 3HAKOONPEAC/NCHHBM, COOTBETCTBYET BEJIMUMHE !, HAHJCHHON W3
KPHTEPHS acCHMITOTHUECKOM onTuMusauuu psna VPT, corracHo kotopoMy
MHHHMMHA3HPYETCS BK/1aJ AA/NbHAX WieHOB psana [28 ].

B pexume psna JIeiGHMIA NI TOYHOTO 3HAYEHHS Z_ [g] cnpaBennuBH
IBYXCTOPOHHHE OLICHKH BHA

FACKERY TR S ASA (2.26)

e Z @N+1) 4 7z (N) __ yeyernnie n ueTHHE yacTHYHHE CyMMH psiaa VPT
coorBerctBenHo. Ha puc.3 n3obpaxeH KOpuaop TaKMX ABYXCTOPOHHHX OLE-

HOK €MHHIIN, KOTOPbi# onpenensercs GyHKIUsIMH Z ™y Z, ansN =0,1,2,3

W 3HAaucHMeM napamerpa ! = 1. BuaHo, uTo yXe nepBuHe YacTHYHHE CyMMB
obecrieyMBalOT NPHEMIEMYIO TOYHOCTD [J1st BCETO HHTEPBAJIa M3MEHCHM S KOH-
CTaHTH CBA3M.
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3. AHFAPMOHHWYECKMI OCHUJIIISTOP

B 3TOM pasmesic Mu paccMoTpHM npuMenenue merona VPT s mony-
YeHHS HENEpTypOATHBHLIX XapaKTEPHCTHK KBAHTOBO-MEXAHUYECKOTO aHrap-
MOHHYECKOro ociLasTopa (AO), KOTOpHIA npeacTassisieT co0oi OHOMEPHYIO

MOAC/Ib ¢4-T€0pI/IK noJist 4, Kak npasnjo, CIIYy XHT HCINBITATE/IibHBIM TIOJIHIO-

HOM ISl PA3/IMYHBIX HENEpPTypOaTHBHBIX NOAXOAOB. 3anMIUEM CBKJIMIOB
¢yHKIKOHAN NEHCTBUS B BHAE

m2

Slel =8, [<Pl+ s [¢]+gS lpl, 3.1

rae i .
Solpl=5Jdx (3¢)", 3.2)
S,lpl= [dxg?, : 3.3)
S,lel= f dx p4. 3.4
PaccMorpuMm dyskumioo [puHa, NPEACTABNCHHYW (YHKUMOHAIbHEM

HHTETPAJIOM
G,, = [ Dp {p* Yexp(=Slp ), 3.5
TAe {:pz" } oGosnauaer npoussencuue nonei p(x,) ... ¢(x, ). Beenem 6e3pas-
1/6 -1/3

MEpDHHE NEPEMCHHBE, 3AMEHMB @ > g @, X > g "X, M Nepenuuiem
neiicreue (3.1) crenyoumM obpasom: :
2
Slpl =38, ['P]+ =5 Slel+ S,lel, (3.6)

rae
4 w?= ng—z/;;. 3.1
Bespasmepunie dpynxuun I'puna G, GynyTr 3anucmsathcs B Buae (3.5) ¢

neiicreueMm (3.6).
Tak Xe, KaK ¥ B CTAaHAAPTHOH TEOpHH BO3MYIICHHIA, OyeM OPHEHTHPO-
BATbCSL HA rayCCOBH (PyHKIOHANLHBIE HHTETPAJIBI

waexp{-[%wKPH(W)“ =

K 1/2 1 .
= (det m) exp (—2“ ( JK ' J )) . 3.8)

JlioGoit monuHOM monei ¢ HaGupaercs, Kak OOHYHO, COOTBETCTBYIOLINM
yncaom audPepeHHPOBAHKM IO HCTOYHHKY J(X).
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Paccmorpum creayommit dyuxuuonan:

Alp]=65,lp1+55,lp1, 3.9

¢ 6 v y — BApHALMOHHBIE NAPAMETPH.
IMepennwem peicreue (3.6) B Buae (3aech MK NMPHMEHAECM aHTapMOHHYE-
CKYHO BAPHALMOHHYIO NPOLERYPY)

Slpl=5Sglpl + S0 lel (3.10)

2
Sglpl = Sole ) + 5-5,lp1 + Alp), G.11)
Smlel =S8, lpl - A%p]. (3.12)

MMpobuniii Gpynkunonan A2[¢] HMEET TY XE CTENEHb MOJS, YTO H HCXOQHOE
AEHCTBHE B3aMMONEHCTBHS SinlP |. Tounnie pynxkuun I'puna ue sasucsr or
BAPHALMOHHHIX NAPAMETPOB, MOITOMY MOXHO HCIIO/Ib30BATh CBOGOY MX Bhi-
6opa nns ynyuwenns csoicTs paaa. PaccMOTpuM B KauecTse KOHKPETHOIO
NPHUMEPA 3a1a4y O BLMMCICHUH 3HEPrHM OCHOBHOTO ypoBHs AO E, B npenene

CHAbHOM CBsA3M [27 ). DTa 3anaua CBS3aHa C BHIYHCACHUEM YETH PEXTOYECUHOH
dynkuun lpuna G (0,0,0,0) = G ,(0) 6naronaps cooTHowEHHIO

dEy/dg = g723G (0). (3.13)

PaccmMoTpuM acuMnTOTHKY RanbHMx unenos VPT-psaa. IMpn srom M
MMECM B BHAY, YTO NOCKO/IbKY MBI B KOHCYHOM HTOre Gynem annpokcuMHpo-
BaThb HCKOMYIO BEIHUMHY CYMMO#H nepeuix craraemMuix VPT-paznoxenus, To
€CTECTBEHHO NOTPe6OBaTh, YTOOH BK1AA AANBHMX UNCHOB PIAA 61l MHHUMA-

- JieH. Kak Mbl yBHANM HHKE, TAKA ACHMNTOTHUECKAS ONTHMH3ALHS IPHBEAET
K B3aHMOCBSI3H BaPHALHOHHKX napaMeTpos. [1ea10 CBOAMTCS K HAXOXIACHMIO
ACHMIITOTHXH (DYyHKLMOHAIBHOIO HHTErPana

J Dp14® = 5, 1"expl—(5, - 4})] (3.14)
npu Gonbuux Homepax n. Bocnonbayemcs MeTonom dyHKLMOHANBHOMO nepe-
BaJA ¥ 3anuiueM Bupaxenne (3.14) s suge

n" [ Dp exp(=nS,qlp | - n'/25,lp 1), (3.15)
rae
Sey = A2 = Inja2 - 5,1, ; (3.16)
OcHoBHO#M Bk/1aA onpenensercs (GyHKUHeH $o YAOBJIETBOPSIOWIEH ypaBHE-
HHio &S eff/(5 ¢ = 0, KOTOpOE B Pa3BEPHYTOM BHAE 3aNMMUWIETCH CAEAYIOLHM
obpasom:



METOJ BAPUALIMOHHON TEOPUM 1137

_¢0 + apy — b?’g"—: 0, A3.17
me | . .
a=x/6, b=[64lp,I(1 = Dipy )™, Dlpyl = A2lpy] - Sl .

| | - (3.18)

CooTBeTcTBYIOMIEE PEMIEHHE C KOHEYHKM NEHCTBHEM HMEET BHN
po=+V2 [cos hVa (- 1) ", 3.19)

[TpousBonbHHIE NapaMeTp OTPaXaer TPAHCASIHOHHYIO HHBAPHAHTHOCTh
TeopuH. BHnonmss nasee npocTHe BHYACAEHHS , MOXKHO YGEINTHCS B TOM, UTO
BKJIaA nanbHuX wieHoB VPT-pana Gyner MuHMMAaneH, eC/iH BapHALMOHHBE
napaMeTpHl 6 | y CBSI3aHB COOTHOMICHHEM

x = (9/166)!/3, : (3.20)

OcraBmmiics He3aBHCHMBI napameTp 6 MOXHO (DUKCHPOBATD, ONTUMM3HUPY s
nepsuie cnaraemMue VPT-pasnoxenns.

Bepuemcs Kk BHUHC/IEHHIO 3HEpruM OCROBHOIO ypoBHs AO. VPT-pan nqns
¢yskunn I'puna G,(0) Moxer GuTb 3anucaH B Bune

G,(0) = S S o m), (d‘i)n_m( g, ()1 + woVT—a 2m),

n=0 m=0
3.21)
rae
-pm -
g(#) = 5—';,?— S Do p*(0) exp [-(S, + 27%/25,)),
= [w2+iux\/ l-alil +iubvl —a ]—l,
u2
)—f 2‘/- exp 1= (... 3.22)

ITocne mucdepenunposanns B (3.21) no a cnexyer monoxuts a = 0.
OyHKIMH gm(zz) €CTb OOBYHbE KOIPULHEHTH PA3NOXCHAS G,(0) B psn

TEOPHH BO3MYLICHHUMH, U OHH MOryT GHTh HAWIEHH C MOMONIBIO CTAHAAPTHOM
AnarpaMMHoi#t TexHukH. U3 (3.21) srano, uto N-it nopsmox VPT dopmupyer
TE X€ QHArpaMMHl, YT0 U N-i nopsnok oOHyYHOM Teopun Bo3Mymenuii. [1pu
9TOM, KOHEYHO, H3MEHSAETCA CTPYKTYpa psaa ¥ MOAMGHIMPYETCS B npona-

ratopa. Oyuxuuu gm(zz) HETPYAHO BHPA3HTh Yepe3 KoabHUIHEeHTH pa3no-
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XCHHS A SHEPruM OCHOBHOTO ypoBHs AO £, B pan Teopun Boamymenuit. Co-
OTBETCTBYIOUIAS CBA3b ONPEACNACTCS BHPAXKCHHEM
(I+m)A,
g (z ) = ——--;mm— 3.23)
Yncnennnie 3HaueHus ko3dduuneHTos An MOTYT ObiTb HAWAEHH, HATIpUMED,

B paborax [41,42]. [lns paccMaTpMBaeMoro agech NEPBON0 HETPHBHANBHOTO
TIOPSAKA HYXKHH Clieaylomne koadbuupnentn: A, = 3/4u A, = —-21/8.

llanee yaobuo, ncnonbaya supasxemle

a’t= l"(v) f daa””'exp (—aa),
3anucatb (3.21) B Buzae
G0 = 2 Z m)m;’; = N1+ m/2) T(1 + 3m/2) ]!

n=0 m=90
d n—m
x (75) CF 0.1 a), (3.24)
raec

Fm(69 X a) = f dxx m{2 exp(—x) f dyy3"I/2 x
0 0

xexp [- wly — (1 - a)(x6 + yx) . (3.25

B npenene cuibHOM CBS3H MOXHO NONOXHTH B (3.25) w? = 0. Onnako 3a-

METHM, 4TO, pa3naras BHPAXCHHE €Xp (- wzy) Nno CTENEHIM wz, MOXHO
BHUMC/IHTD H COOTBETCTBYIOUIME NONPABKH K OCHOBHOMY BKJIaly.

U3 (3.24) u (3.25) B npenene cubHoil ca3n B N-M nopsiake VPT Ha-
XOIUM

E(N) 34/ E 2 (1+m)A,, ' (ﬁ )l/3+m/2
non=o (n-m)! 9
XD +m/)T(1+3m/)17'R,_(6), (3.26)

e

_ 7 /2
R, .6 = f dxx "™ “exp(— x) x

0
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OnTuManbHOE 3HAUCHME NMApaMeTpa 6 B PATMUHHX BEPCHSX npoueaypu
ontumu3auun (cm. [27,28 ) 81 2<<l I/lcnonbaya arot ¢axT, B nepsoM

nopsake VPT Haxozmm
EQ = g3, + ¢)), (3.28)
rRe 3
=54, Vasd (3.29)
£ =%Al\/7t'x2+ o} ‘;/4 A2x5, . 1 (3.30)
’ 1/6 ’
x = (%o) : 33D

Npumenss «npimuuh MHHHMMANbHOH = UYBCTBHTEJbHOCTH»  [24,35]

aE(l)/dx = 0, HaxoauM Xopt = 0,6062 u E(')(x opt) = 0,660g'/3. Yucnennoe

sHavenue E = 0,668¢' /3 142 |. Bosiee Tounn# pacuer aas q:uAO [29], He

ONMHPAIOINMHACE HA ManocTh 6, npuBeneH B Tabnuue, rae ykasaHe TaKxe
ONTHMAJIbHHE 3HAYEHHS NapaMeTpa 6.

TaGauua, JHeprus 0CHOBHOrO ypon‘ml pH
aHrapMOHHYECKOr0 OCLHANATOPA

k 0 ' E;™(g) EMigl

2 0,027926 0,668¢'/3 0,663g'/
3 0,038009 0,680g'/* 0,698¢g'/*
4 0,040149 0,704g"/ 0,709¢'/

Hins HaxoxaeHWs NONMPaBOK K OCHOBHOMY BKJIAAy BHINOJHHM pa3Jio-
xeuue now? s (3.25). B pe3yJibTaTe noay4yaem

E(D = £'/3(0,663 + 0,1407w? — 0,00850* + ...).
g cpaBHEHHS NpHBEAEM UMCIEHHHI pe3yabTar [42 ):
Eg* = g/3(0,668 + 0,14370 - 0,00880* + ...).

BuuKcanM Tenepb MaccoBhili napameTp ;42, CBS3aHHHH C ABYXTOUYECUYHOM
dynxuwueit I'puna coorHomenuem u 2 = Gy(p = 0), e
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G,(p = 0) = [ dt [ Dpp(t/2) p (~1/2) exp (-Slp). - (3.32)

- TMonyueHHHit pe3y/bTaT GyieM CPaBHMBATB C COOTBETCTBYIOIIMM YHCICHHHIM
3HaucHueM [43 ] '

23000823, (3.33)

'u exac!v
VPT-pa3ioXeHHE B ITOM C1y4ae HMEET BUI

_ 3L T(n+1/2-m/4 By 24+3m
G)0) = ¢ zo,nzo m-mt  Tassmpc 0 @3

eB, — 6e3pa3mepHbie KOIDDHUHAEHTH TEOPHH sosuymermﬁ. 3nech Mu Oy-
A€M KCTO/Ib30BaTh 3HAUCHHS B = InB = —6. B nepsom nopsiake VPT u3
(3.34) naxonum ,
O _ —2/3 ‘
Gy’ =8 "Gy + Gy

rae

Gy = 5 X% 3.35
Y7 2

4

Gy =

a1 X - 4F(5/4)x (3.36)

[IpuMeHss NPUHLAN MHHAMAIBHOM UYBCTBHTEJBHOCTH (an(l)/ ax = 0),
nojiyyaem 3Haqelme/4 = 3,078¢g 23 , KOTOpOE cienyeT cpaBHHTS ¢ (3.33).
C nomouwpio nponaratopa G,(p) MOXHO BHUHCIHTE TAKXKE BaKyyMHYIO

anépruio [28,29]. Kpome TOro, MOXHO OLEHHTb SHEPrHIO MEPBOTO ypOBHI.
Ins 3Toro onpeaenuM Bennumny u, = E, Eo, A9 KOTOPOH, MCNOJIb3Ys

CNEKTPAJBHOC NPECACTABICHUC

Gz(p) 2 z

rac MaTpPHUHBIC JJIEMEHTH onepa'ropa KOOPAHHATH BHYHCISIOTCS ang
COOCTBEHHHX COCTOSHHM TIOJIHONO raMWJIbTOHHAHA, NoJy4yacMm OLECHKY

S 1(01FIn )12, (3.37

G,(1=0)
< (+)’ (P2~ (3.38)
R Rt 2(,, G.(p=0) ;
[To aHANIOrMH C MPABAIAMH CYMM B KBAHTOBOA MCXAHMKE [44 ] MOXHO OXH-
JaTh AOCTATOYHO OBICTPOrO HACHIIECHHS CHEKTPAIbHOTO TNPEACTABJICHUS
(3.37). B 5TOM C/Tyyae BEIMUMHBI 4| H yg ) nonxub 6biTh 6IM3KHA APYT K APY-

ry. B nepsom nopanke VPT Haxomum y(+) = l,763gl/ 3 B To Bpems Kak

YHCEHHOE 3HAUCHHE ,u‘;”“’“ = 1,7265"/3142].
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B 3akmouenne atoro pasnena OTMETHM, 4YTO B pamMKax VPT-meroaa mo-
XeT 6HTh NOCTPOEH HenepTypGaTHBHMI pdexTuBHui norenunan [27,28 ).

O606wenne AO Ha cryuvaii sz MOXHO HaiTH B paGorax [29,32 ].

4. FAyCcoB SOOEKTUBHBIA MOTEHLIUAJI

K uncny pacnpocrpanennnx HENEPTYPOATHBHBIX METOOB OTHOCHTCH Me-
TOA rayccoBa 3¢dexTuHoro norewuuana (GEP) [23—26 l. Kak u pas
MHOTHX HHHX HenepTyp6aTHBHKX NOAX0NOB, A1s MeToaa GEP BaxHmM SBJIS-
€TCS BONPOC 06 06/1aCTH NPUMEHHMOCTH M HALEXKHOCTH NOJyYaeMHX pe3y ib-
TaToB. JIpyruMH c10BaMH, BOMPOC COCTOMT B TOM, B KaKOH Mepe OCHOBHOM
BK/IaNl, BHYMCASEMHA BAPHALMOHHKWM MYyTEM, aAeKBATHO OMUCHIBAET pac-
CMaTPHBACMYyI0 BEAHUHHY. TakuM 06pasoM, nepBOCTENEHHOE 3HAYECHHE
npuoGperaer HanHume AITOPUTMA BHYMC/ICHHS TNONPABOK K OCHOBHOMY
BapHauMOHHOMY Bkn1any. B atom otHowennn meron GEP Buroano Braenser-
cs (cM. [24,25 ) B psny apyrux HENEPTYpOaTHBHBX NOAXOAOB BapHALIMOHHO-
ro THna. ‘ R

Caenyer otMeTnTs, 01HAKO, 4TO caMa 110 cebe BO3MOXHOCTb BHYHCJICHHS
NIONpPaBOK CIIE HENAOCTATOYHA NS pElIEHHs BOMpoca o6 YCTOHYHBOCTH
pe3ysibTatos. 3neck 0cobyi0 posib HIPAIOT CBOHCTBA CXOTHMOCTH psna. Jeiicr-
BUTEJILHO, CC/TH B TEOPHM HMEETCS MAJIHil IapaMeTp — KOHCTAHTA CBS3H, TO
Aaxe pacXoasUIHMACA Psa TEOPHM BO3MYUICHMH MOXET NaBaTh NoOJIE3HY1I0
MH(OPMALHIO B 0GNACTH MAWX 3HAYEHHH KOHCTAHT CBS3M. Hnas xapruna
BO3HHKACT, KOTAA TAKOrO MAJION0 NapaMeTpa HET, H OH HE MOABJISETCH HEKO-
TOpHIM ek THBHBIM 06pasom. B Takom CTyuae Mbl MOXEM PacCYHTHBATH HA
AOCTOBEPHOCTb PE3yIbTATOB TO/MBKO TOrAa, KOINA MMEEM AENO0 CO CXO-
AAUWHMHCS psnamu. Takum o6pasom, B HeneprypbaTHBHLIX NOAXOAAX 3a7aya
BHYHCICHHS NONPAaBOK K OCHOBHOMY BK/Jady M 3aQaua aHAIM3a CBOMCTB
CXONHMOCTH PSAa NO/IXHH COMYTCTBOBATH APYT APYTY.

B nannom pasnene mu paccmorpum Meton VPT s lq)‘-reopnn B IIPOCT-
PaHcTBe n namepeHni. Kax 6bi10 nousTHO U3 npenninywero, B VPT-nonxone
HCKOMas BEMUMHA C CAMONO HAaYana 3aMHUCHIBAETCA B BHAE psaa, KOTOpHI
ONMPENCNSET ANMOPUTM BHUHCAECHHUS NONPABOK JIOOOT0 nopsaka. BaxHwM B
TEXHHUCCKOM NNAHE ABASETCH TOT PAKT, uTo psiant VPT YRAeTcs NOoCTPOMTh
TakHM 006pa3oM, uto N-it nopsmox VPT-annpokcumauun HCIIOJIb3YET JIMIIb
Te (eilHMaHOBCKHE IHArPaMMH, KoTophie GOPMHPYIOT TOT Xe N-il nopsaok
CTaHAAPTHO# Teopun Bo3MymeHuii. [Ipucyrcreue B MeTone cBOGOQHBIX Napa-
METPOB BAPUALHOHHOIO THNA MO3BOJSET C MOMOWbBIO HX BHOOPA BIMATH Ha
CBOMHCTBA CXOAMMOCTH psinoB VPT. Bynem opueHTHpOBaTECH Ha B3aMMOCBS3D
meronioB VPT u GEP. Mu npeanoxum Heckonbko cnocoGos suiBoaa GEP B
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pamkax VPT. Bo Bcex paccmarpuBaemunix Bapuantax GEP Bo3Hmkaer kak
nepeuii HeTpuBHanbHbi nopsanok VPT. Ipu 310M, 01HAKO, COOTBETCTBYIO-
mue psage VPT 061anaior CymeCTBEHHO PAa3MUHBIMM CBOWCTBAMH CXO-
IHUMOCTH.

Buauane npumenum meron VPT g BapuanHOHHON KOPpPEKIMM KBAa3H-
KJaccHueckoro npubnuxenns. OyHKUHOHAN ACHCTBUS MMEeT BHA (TICEBAO-
€BKJIMOBA METPHKA)

2
Slp1= Sylp 1 = 5 8,lp1 - 15,lp ), @.D
TAC l
Solpl=5f dx(3p)?, 4.2)
Sp[go]=fdx«p”. 4.3)

B nasnbueimem Mo GyaeM UMETh B BUAY Pa3MEPHYIO PErYsIPU3ALMIO, 1101~
rasn = d — 2e, rae d — uenoe unucao. Kax o6uuHO, BHAEINM KAACCHUYECKMIMA
BKJIaX B npousBoasmeM pyHkuuonane ¢yuxkuuit lpuna WJ |, 3anucas

WiJ 1= [ Do explilSlp] + (Jp )} = explilSlp 1 + (Jp YD/ ], (4.4)

rne
D 1= [ Dpexp{—iPlpl}, (4.5)

Plpl = [dx [—;—‘p %+ m?+ 12/1903)(;) +42 ¢»cp3 +ltp4]. (4.6)
DyHKIHS p  TOTUMHSETCS KNACCHUECKOMY YPABHEHUIO ABHKCHHUS
88/ép, = —J.

B CTaHZAPTHOM KBAa3MKJIACCHYECKOM MPHOIMXCHHHM B BHPAXCHHY BEJIH-
yuHH P[p | oCTaBASIOT TOJIBKO KBANPATUYHHIC 10 NOASIM ¢ cnaraemuie. QyHk-
LIMOHAJBHHH MHTErpan ans D[J ] B 3ToM C/lyyae CTAaHOBHTCH rayCCOBHIM, H
wis W[J | BosHrkaeT oOu4HOE OOHONETEBOE NIpeacTaBacHue [45 1.

Hns enuncnesus Beawumun D[J] metogom VPT npumenuM BHAuane
rapMOHHMYeCKHi crnioco BapbupoBanus. Ilpeacrasum dyukuuonan Ple] B
BHJE

2
Plpl = [dx [%w @+ ) p + 1 (4’ +¢* - %vpz)], “.D

rac

2=m*+ 12}l¢3+1x2.

Toraa VPT ans D|J | 3anuetcs crenyomum obpasom:
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-1/
2 2 i
D[J]=[deta:z:| ES—L’!L

‘ 2 A\1"
x [fdx("vcv’ +pt - %vz)] exp[— %(‘iAJ')] , @8
! . j=0
raec | ’

AG) = (" - 2+io),

3
Peo) = o)

Orpanudynmcst B BupaxeHun (8) nepsniMu AByMsi ciaraembeiMi. X Bkaan B
3¢dexTHBHBII NOTEHIHAZ COOTBETCTBECHHO PABEH

Vo= z2A0(z2), | 4.9)
[3A2( 2 -£ Ao(z )] : (4.10)
rae
Tl = n/2) 2 a/2-1 k
AP =pn® ——5L (D) @.11)
(1] (4”)'1/2

— eBkJIM/0B nponaratop A(x = 0, zz) B PasMEpPHOIi peryispu3auun. Y CaoBue
ONTHMH3ALMH '

d(Vy+ V)
dz? -
AAacT YPABHCHHC [J1si BADMALHOHHOIO MapaMeTpa
2=m+ 12492 + 122 8,(2D). (4.12)

C yuerom (4.12) nns 3¢pdexTHBHOrO NOTCHIHAIA B PACCMATPHBAEMOM MOPAN-
ke VPT naxonum

2
+ 3 (m? = ) A + A3AYED) + 6928 4.13)

1 1 2
V@) = Vg + Vo + Vy = 3 mP? + 19" + - 28 (%) +

Bupaxenune (4.13) ¢ yuerom ycnosus ontumusaumn (4.12), Kak HETPYAHO
y6emmntbcs, conapaer ¢ GEP B npocTpancTse n uamepenuii [26 ]. '
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Buuncium Teneps Benmumny D[J], MCnONB3ys aHrapMOHHYECKOE
BapbupoBanue QyHKUHMOHANA AeiicTBUs. Bapnaunonnyio nobasky BrbepeM B

sune R2[p |, rne
Rlp] = ;sf—,,-;f dx p¥(x).

TosBrenne 3neck 06bEMa KOOPAHHATHOMO MPOCTPAHCTBA §2 CBS3AHO C TEM, YTO
Ans nony4eHus V . n3 3bdeKTHBHOIO neiCTBHS TPeGyiOTCS MOCTOSHHHE |

KoH(Urypausy nons. Beimeyxasanumii nGop VPT-bynkunonana obec-
NEYHBACT HE3ABHCHMOCTb BADHALIMOHHOIO NapaMeTpa y ot Q.
B pesyabrare nonyuaem

D=3 5‘7?5;0,,[”@(,,4 +4p p°) - sz]"x
P ,

X exp {—i[—;—fdxtp(az +m?+ 124 <p§)p + R2[<p ]] } 4.14)

Jlio6yio crenenn R? lp] B BupaxeHuH (4.14) MOXHO HabpaTh ¢ NOMOMIBIO
HeobxoauMoro uncaa auddEPEHIMPOBAKKIA BHpPaXEHHS exp(—i eRzlp 1) no

napamerTpy ¢, nosiaras 3ateM € = 1. Yro kacaercs craraemoro R2 [¢ ] B noka-
3aTC/IC SKCMOHEHTH, AENAIOMEN0 (PYHKLHOHATbHBIN HHTErPa HErayCCOBHIM,
TO BOMPOC ONATL-TAKH pewWaeTcd ¢ nomowsio ¢ypbe-npeobpasoBaHus, B
PE3yABTATE KOTOPOIG B IKCIIOHEHTE BO3HMKAET NEpBas CTENEHb R el

Takum obpasom, psn VPT 3anumercs B Buze

Lol n _inn—k n—k

n=0 k=0
-1/2
— T dv v ox 9% + M?
%y Q —exp{iQ———i—} det ———— x
s 717 7
A k i

x [lfdx(ttwcwa +$4)] exp [—-;-(jAj)] , 4.15)

. Jj=0

rae
M =m? 4+ 12/1¢p3+ Veyv.

Unrerpan nov B (4.15) conepxur Gonbmoit napamerp Q H, CJIEAOBATENb-
HO, MOXET OBTb BHYHCJICH METOAOM CTauMoHapHo# ¢asri. B peayavrare a-
(eKTHBHHII NOTEHIHAN B IEPBOM HETPUBHAMbHOM nopsiake VPT uMeer BHJ
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Ve = V.+ VvV, + Vi

1.2 x22
Vo= M, -5 A2 4.16)
- 22 2
vi=-% a2+ 320

3necs M? — maccoBmuit napaMerp npu ¢ = 1 n v = Vg TAEC v, — TOYKA
CTAUMOHAPHOM (pa3nl B MHTErpase (4.15). Ypasuenune, KOTOPOMY OH HOAYHHSI-
€TCs, UMEeT BU

M? = m? + 120 9% + *A (M. 4.17)

PasnnuHbie BEpCHH ONTHMU3ANNN, KAK TpeboBanue min| Vl | (B nasHOM

Ctyyae CyWIECTBYET PCIICHHE YpaBHeHHs V| = 0), Tak ¥ NpUHUMI MHHH-
MaNbHO! UyBCTBUTEJIBHOCTH 0 eff/ 6)( = (), NPHBOAST K OGHOMY M TOMy xe

3HAUEHHMIO BAPHALIMOHHOIO mapameTpa x> = 124.

B pesynbrate abdekruHbii noreHuman (4.16) BMecte ¢ ycnoBueM
(4.17) naror GEP. IMonyunm GEP eme omnaum cnocoGom, KOTOPHIH HE
ONMHMpAeTCst Ha npeacTasacHue (4.4), a HENOCPEACTBEHHO ONEPUPYET C UCXOI-
HbM (pyrkumonanoM W|j |. Bymem paccMatpuBath ABYXTapaMeTpHUECKyio
BapHALUOHHYIO A00ABKY K NCHCTBUIO anrapmounqecxom THIA:

2
Qlpl =55} [¢l+~§3—sl“[m. (4.18)

Pan VPT nns nponssoasimero dpyukuuonana Wi | sanumercs B Bune
0

h
Wiil=3 o/ DplQlp] - 15,lp11" x
n=0 "

2 4
x expli|§, — m’S, — ¢ %szz—eé-a—sl“ﬂj‘p) . 419
[TapameTpnl € 1 6 BBEACHBI 30€Ch A/t TOTO, UTOOH BHIPAXKCHUS B TNPEaIKC-

MOHEHTE, CBA3AHHBIC C | U S, MOXHO 6bL10 Gbt HABKpPaTh ¢ NoMomibIo Audde-
PCHUMPOBAHMS N0 ITHM NapameTpaM. B oKoHUaTeLHOM pesyabTaTe caeayer
noNoXuTh ¢ = 1 u 6 = 1. B aT0M ciiyuae B (pyHKUMOHANBHOM MHTErpasie B
NPEAIKCIIOHCHTE OCTAKTCA TOJIbKO CTENECHHU ACHCTBHSA B3aUMOAECHCTBHS AS 4
Broipaxenue B akcnoHenTe B (4.19) npUBONMTCS K KBAAPATHYHOM MO MOJSIM

¢opme ¢ nomompbio mpeobpazosanus Oypee. B peayasrare (4.19) sanumercs
B BHAE

Wwiil=Q? fdx fdyhexp{xﬁlpx—qy PP —g*x
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© n n—k in-k P m P n—k—m
x _— |i— i— x
§0k§0m2=0 m!(n — k — m)! ( ae) ( 69)

2+a2] "
x [det —-———] C ow M, (4.20)

62
rae
Mi=m?+Veax, J =j+0‘/4by,
H W, I, le — K03((PHLUHEHTH PSAa TEOPHH BOIMYLICHHH [/Is POM3BOAL-
mero pyHkuuoHana Wjl. lns suuucicHns W, I/, M? ] MOryT 6BITH HCIIONB-

30BaHbl CTAaHAApTHHIEC (PEHHMAHOBCKHE NMPABKIA C MACCOBHIM NAapaMeETPOM M?
B ponararope.

B nepeoM HETPHBHANBHOM MOPSAKE AAS NPOM3BOASWIErO yHKUMOHANA
cBA3HHIX yHKumit [puna

Zil=GQ) 'In wij |

HAXo0aHuM
1 11
zZM=jx - -2-m2x2 + (7 - ;) m?y Ao(mzy) -
— > m?A(mYy) - 1 302(mYy) + 68 (mY) £ + 5%, (42D
rac
- M
x= o7 y= 7

YcnoBue onTHMHU3auuu 02 (')/ dx = 0 NpUBOAMT K YPABHEHHIO

m’x = 4dx (38, + x%) = j. (4.22)
AHanornyHo a1 napameTpa y, Tpebys 9Z My dy = 0, nonyuaem
mi(y = 1) = 124(8, + xP). (4.23)
Hcnonnays (4.22) u (4.23), Haxoaum
_dz® _9z®
==

Ina s¢ddpex THBHOrO MOoTEHIMANA Vit = J — Z OKOHYATENIBHO NOJYYHUM

1 11 1
Vo = 3 mlp” + (—’; - 5) M?By(M?) + 5 m*Ay(M?) +
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+ 2 [303(M?) + 68 (MP) o + 9. 4.24)

Buipaxenue (4.24), kak 1€rko BUAETD, COBMAAAET C GEP.

Bce BHIIENPHBEACHHBIE B 3TOM pa3fie/ie Cnocoobl nompoemm psipos VPT
ans 5dpEKTHBHOMO MOTEHLMana ObLTM HALEJNCHH HA TO, 4TOGHW MepBHii
HEeTpUBHANBHBI mopsaaok VPT npm;omm k GEP. Onnako cBoiicTBa psijioB,
HECMOTPS HA OJMH M TOT Xe€ Pe3y/IbTaT B NEPBOM MOPSAKE, Pa3iTHuHb. Ml
PacCMOTPHM JTOT BONPOC B C/IEAYIOWIEM Pa3ae/e, B 3aKIIOUCHHE OTMETHM,
YTO HOBHII B3r/si] HA NpodaeMy nepeuopmnposxu GEP mMoxHO HaiiTH B pabo-
Tax [46—50! :

5. CBOMCTBA CXOJMMOCTH PSIIOB VPT

‘Paccmotpum  Tenepb  6esmaccoBylo ¢ -TCOleO B ueTupexmepHOM
€BKJIMA0OBOM MPOCTPAHCTBE C AEUCTBHEM

Sl'p|=S0l¢fl+AS4[¢l. SRR S.D
IMoctpoum psin VPT. ansg BakyyMHoro yHKuHoHa a

W(0]= [ Dpexp {-Slel}. 5.2

OGobuwienne MeToaa Ha cayuait pynkuuii [puHa He npencrasaser Tpyaa. B
KAuecTBe BAPHALMOHHON n006aBKM OyAEM MCNOAb30BaTh PYHKLMOHAN aHTrap-
MOHHYECKOro BHaa _ ,

Slpl=067%5l1p). (5.3)

Torna psaa VPT ana Beanunsn (5.2) sanuwercs cienyomuM obpasom:

nnO

w,0,6]= —Lf Dy exp {— Seiles nl}, $.4)

rae
Syile nl=Sylpl1+62Sk1pl — nn{dS,lp]1 - 6%51pl}. (5.5

OCHOBHOWM BKJIaJl B ACHMNTOTHKY JAJIbHMX WICHOB PSAa AAIOT T€ KOHGUry-

PaLHK NOJICH, KOTOPHE YAOBJETBOPSIOT yPaBHEHHIO
- OSylpg n1-

— T = (5.6)

S py(x)

Bapbupys (5.5), nosryuaem . ,
—~0%py + 3795 =0, D
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Tae
3 e, L1 , (5.8)

D[(pol + 26 Sowol(n + D[go0 )]
Dlpl=AS,lpl-6°s}Ip]. 5.9

Heobxonumoe HaM pemieHue ypasHeHud (5.7) uMeeT BUI
po(x) = = J8__ e (5.10)

a 2 2
(x - xo) +u
Tipou3BonbHEE NAPAMETPH X, U 4 OTPAXAIOT TPAHCASLHOHHYIO M MacwTal-

HYIO HHBAPHAHTHOCTh PACCMATPHBAEMOM MOAE/IH.
Ilanee ynoOHO ONpeneuTh HOBbIE IEPEMEHHBIE, MOIOXHB

g=4C A, 6% =gy (.11
3necs Cg = 41/( ll’m')2 NpencTaBseT coboi KOHCTAHTY, (DUI'Y PUPYIOLLY IO -
B HepaseHcTse CobosieBa (CM., Hanpumep, [51,52]):
S,lpl=4CSlIp ) (5.12)
s dysxumonana (5.9) Ha dyukumax (5.10) naxoagum

Dlpy1 = 4 U5 % i " 61 = x). 5.13)

Honcrasnss snauenne S [p 11 (5.13) B (5.8), nonyuum ypasnenue st napa-

METPA a, pCIICHUE KOTOPOIrO HMCET BH]

a={Vb 4+ nb—-b/2)7",

b= [(32/,,2)25,% L S.14)
B npenene 6obIINX HOMEPOB 1 HAXOAHUM
Dlpy 1~ n(l = n)/x - (5.15)
Toraa B BEAYWEM NOPSAKE NO 1 MOMYYHM
1 n l — n
w, 10,01~ ( - ") exp {~n}. (5.16)

Yuer cnenyomux nopsiikoB 1o A, B TOM YKCAC (PYHKIMOHATBHOIO AETEPMH-
HAHTA, NPUBOAMUT K MOSBACHHUIO B (5.16) 3aBUCAIIETO OT 1 MYILTHILTUKATHB-
HOro pakTopa, KOTOpHIM HE SIBASCTCS NOMHMHHPYIOLIMM M HE OKa3biBae€T
BJIMSTHUS HA CBOMCTBA CXOQUMOCTH PsIfa.

U3 Beipaxenus (5.16) BUAHO, UTO HE3ABUCHMO OT 3HAUCHMH KOHCTAHTHI
cBs3u g psin VPT abcomoro cxoqurcs nipu y > 1/2. TIprnuem, Kak caenyer us
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HepaseHcTBa Cobonesa (5.12), npu x> 1 pan VPT sBasercs 3Hakono-
noxutenbHbiM. [Ipu 1/2 <y < 1 unenn pspa npu Gonbwux n o6pasyior psn
Jle6umua. 3nech ONATb-TAKM 3HAUECHHE ¥ = | COOTBETCTBYET KaK CMEHE
peXHMa paaa, Tak U ero aCHMITOTAYECKOH ONTHMH3ALMH.

Paccmotpum - Teneps aByxnmapamerpuueckyio VPT B npocTpaHcTBe
MPOM3BO/ILHOIO YMC/IA M3MEpeHWit. M3 npeaniaywiero aHains3a BMAHO, UYTO
YJIEH C MCTOYHHMKOM B CHCTBHUH, MPCAIKCNOHCHUHAbHBNA NOAMHOMHAIbHBI

akTop B PyHKUNOHANLHOM MHTETPAE THNA {q)z" }, a TaKXKe MaccoBbIi UeH,
C TOUKH 3PCHUS U3YUEHHS CBOHCTB CXOAMMOCTH, HUUETIO NPUHHLMITMAABHOIO HC
npuBHOCAT. [looTOMy oOrpaHMuMMCs 34¢Cb PACCMOTPCHHEM BAKYYMHOINO
¢$yHKuMoHana, Ans KOToporo wicHu psiaa VPT umcior sua

I
1= 174 De(APlp 1 = Sl D exp (= (Sylp 1 + AZlp D)1, (5.1

rac Aly | onpeaench cornacHo (3.9). Buinosnss 3amcHy ¢ = & 1/4% noay-
yacm

kk
I, = [ Dpexp(—kS_ lpl—k'/2S 1)) (5.19
k eff 0 ’ :
rac
Sylpl=A%pl—InDlpl, (5.20)
Dipl= A%lp]l - S,lp). (5.21)

OcHoBHO# BKNan B pyHKUMOHANbHKI HHTCrpan (5.19) nanyT Takue KOHGHUry-
PauMH NOJCH ¢, KOTOPHC MUHUMHU3UPYIOT dbdekTuBHOE AcicTaue (5.20).

CoOTBCTCTBYIOWEE YPABHEHHE HMECT BHA

- azwo +ap, - b«pg =0, 5.22)
rac
a=y/6, . 5.23)
b =216 Alp, (1 - Dlpy )1~ (5.24)
Yno6Ho nepeiTH K yHKUMH f(X), yAOBAETBOPSIOWIEH YPaBHEHHUIO
-2+ 11/(x) = f3x)=0 (5.25
W CBA3aHHOM ¢ PyHKUMEH #(X) CoOTHOLIECHHEM
Po%) = \/%-‘f (Vax). (5.26)

Onpenennm 3aBUCSULYIO OT Pa3MEPHOCTH NPOCTPAHCTBA KOHCTAHTY [2 ]:
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C = [dxf4(x). 5.21

B [2] 6nn0 mokasaHo, uTO aGCOMOTHBHIH MHHMMYM MNOJHOTO JACHCTBHS
AOCTHraeTcs Ha CPEepHYECKH-CHMMETPHYHBX pPELIEHHMSX ypPaBHEHHS
ABuXEHMs. Mcnoab3ys a1oT pedysbrar, a Takxe ypaBHeHHe (5.22), MOXHO
TOKAa3aTb, YTO B PACCMATPHBACMOM C/Ty4ae MHHHMYM S . TAKX€ NOCTHIAETCS

Ha c(hepuUECKH-CHMMETPHYHKX pemeHusx. Koucranta (5.27) B npuHuIMIeE
MOXeT ObTb BHUHCAEHA (cM. [2 ]), OMHAKO IS HAKX LEJICH ee 3HAUCHHE He-
CYHIECTBEHHO.

Ing pynkumonanos S 4 [po Iu A2 [po ] Haxoaum

S4lpgl = alb?, (5.28)
Alpyl = a /b, (5.29)
TIE & ¥ T ONpeAe/ICHN CIETYIOWUM 00pas3om: ;
a=Cca"?, (5.30)
t=6%/4, (5.3D
Tpu napamerpa a, b u 7, Kak cieayer u3 (5.24), cBI3aHH COOTHOLICHHEM
at(l - Dip,) =1, $.32)
rae
Dlpyl=a (a1 - 1)/8% (5.33)

Takum o6pa3om, KaK M paHee, TOAbKO ABA NAPaMETPa OCTAIOTCS HE3aBHCH-
MmuiMu. B Begymem nopsinke no & gas (5.17) naxonum

J,~ k2D ip L exp{—k 14210y ] - 1]} (5.34)
Hcnonnsys ypasHeHue (5.22), MOXHO yGeauThcs, 4TO Alp,y 1 = 1. Obnacre

HM3MCHCHHA MapaMeTpoB, B KoTopoit pan VPT cxonurcs, onpenenserca nepa-
BCHCTBOM
ID[py 11 < 1. (5.35)

Haunyumuit BH6Op BapHaL{HOHHbIX NapaMETPOB, NPH KOTOPHX BKJIAX AQJIb-
HHX WIECHOB psaa MHHMMaJeH (METON AaCHMITOTHYECKOH ONTHMH3ALMH
[28,30 1), cooTBeTCTBYET YCNOBHIO Dlp,] = 0, koTOpPOE NPUBOAMT K COOTHO-

weHuio a 7 = 1. OcraBumiics HE3aBUCHMBIA NapaMeTp (PMKCHPYETCH ONTH-
MH33aUMEd CyMM nepsuix wieHoB psaaa VPT. Ycnosme acMMnTOTHUECKON
ONTHMHU3ALUMH [/ISl HCXOOHKX NAPAMETPOB 6 M ¥ 3aMUCHBAETCS CJEAYIOMUM
obpasom:
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1

,‘xg(oflzz)“ SR 636

B 4acTHOCTH, B OTHOMEPHOM CJ1yua€, COOTBETCTBYIOIIEM AHFAPMOHHYECKOMY
ocuuansropy, C = 16/3 u ycnosue (5.36) nepexonut B (3.20).

6. HETIEPTYPBATUBHAS S-OYHKLIUA B ¢z4)-MOlIEJII/I

B naHHOM pasaesie Mbi pACCMOTPHM NMPOLEAYPY NEPEHOPMUPOBKH B METO-
ae VPT Ha npuMepe ckarspHO# moaenu Teopuu noss. Hame u3anoxenue
ocHOBaHO Ha pabote [33]. Ins 6eamaccoBoit «p‘—Moz(enn B YETHIPEX H3MEpe-
HUAX enx.rmz(oso NEHUCTBUE UMCET BUI

Sl =5, l«p1+s wh . 6D

rae: .- . . : . . Co
Sol«pl =5f dxp(- D p, 6D
S,[¢l=£fT)gfglx¢4. ; 6.3)

Kak xopomo u3BeCTHO, Pl TCOPHH BOSMlelCHHH I TPOM3BOASIIIETO (PYHK-
uuoHana pyuxuui I'puna

wiJ ]=poexp {—Slel+ [dxJ-p} 6.4)

pacxoantcs, ¥ GyHKums WIJ | Kak QyHKUMS KOHCTAHTH CBA3M g HE SIBJISETCS
aHaIMTHYECKOH B okpecTHOCTH g = 0. KOHKpETHOE aCHMIITOTHYECKOE MOBE-
JEHHE NATbHAX WICHOB PS/Ia TEOPHM BO3MYLICHHH MOXET OHTb YCTAHOBJIECHO
¢ MoMOmpbI0 MeTona GyHKUHOHANBHOrO nepesana (4 ). BospmuM nepesanb-
HBIM MAPaMETPOM NPU 3TOM MOXET CIYXHTh HOMEP PACCMAaTPUBAEMONO WIEHA
pana. TnasHbil BKAAX ONpPEReaseTCss TAKMMH KOH(HIrypauusiMM, KOTOPHE
OTBEUAIOT GOJIBHIMM TO/SAM, NMPONOPLMOHANLHBIM MONOXHTEIBHON CTENEHH
NEPEBAJbHONO mapaMerpa. SIcHO, uTo B 3TOM jiyuae ACHCTBUE B3aMMO-
aeiicteud (6.3) He MOXET pacCMaTpMBATLCA KaK MAJoe BO3MYIIEHUE CBOOOA-
Horo aeicteus (6.2).

Kak Mbl BHAEIM B MPEABAYHINX pasue.nax, B meroae VPT B pamkax
MCXOAHOM AMHAMHMKH CTPOMTCS HOBOE JICHCTBHE B3AMMOICHCTBUS S, H, COOT-

BETCTBEHHO, HOBOE CBOOOAHOE AcicTBHe S [1pu aTOM Takoe pasbueHmne ocy-

LIECTB/ISETCS C HEKOTOPBIMH NapaMeTpamMy BapuaLMOHHOro Tuna. [loxcrpoi-
Ka 3THX NApaMETpOB OCYLIECTBASETCS TAKMWM 00pa3oM, uTOOB YJTyUIUHThH
cBoiicTBa cxonumocTH psaa VPT. Kak Obi1o nokazaHo B NPEeAbITYIEM pa3ac-
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Jie, CYLIECTBYIOT TaKHe cnocoOn noctpoeHus VPT, B KOTOPbIX BO3HHKAIOIHKE
Psiibl CXOASITCSl B KOHCUHOM OONACTH H3MEHEHMS IAPaMETPOB.
3aeck mu pacemorpum VPT-dyuxkuuonan suaa

Slpl=62521p1 (6.5)

M epenuieM nonHoe acicraue (60.1) B Buae

Slpl=Slpl +nS;lpl, (6.6)
Fac _

Solel=Sylel + Sle] 6.7
" -

Silpl=S,lpl - Slpl 6.8)

[apamerp 7 Mul BBeAU aast ynoberea. Ero crencHb 6yaer cooTBeTcTBOBaTH
nopsiaky VPT, B kotopom Mui paGoracm. B okoHuaTenbHbix BupaxeHusx 6y-

acm nonaratb 7 = 1. [Mapamerp 6 2 ypaBHcHuK (6.5) SBASCTCH BApHALMOK-
HuM napamerpoM. Ucxoauniit pyuximonan (6.4) He 3aBMCHMT OT 3TOrO napa-
MCTPd, NOJTOMY €r0 MOXHO MCMO/Ab30BaTh ANs onTHMH3aumu VPT-pazno-
xKenud. B ucnonb3yemoi 3acck HOPMHPOBKE ACHCTBMS B3aMMOACHCTBHS

yROGHO BMCCTO 6 2 BBECTH napaMeTp ! ¢ NOMOLIbIO COOTHOLICHUS
2
6%= 4Cs§%Lg t, (6.9)
e C; = 41/ (l()\.n)2 —- koHcTaHTa CoBonesa, durypupyowas B HCpaBCHCTBE
(cM., HanpuMep, B cBa3u ¢ atum [2,3,51,52 ).

2
J dx pt < Cs[fdx e(— 62) ¢)] . 6.10)

[MapameTp { PpukcHpyeM HA OCHOBE NPUHUMNA ACMMNITCTHUYCCKOW ONTUMMK-
3aUMHM, PACCMOTPEHHOIO B MpeaAmAyuicM pasaenc. B pesyabrate Haxonum
t=1130]

[Nocne paznoxenus no napameTpy # GyHKUMOHAIbHHI HHTErPAJ NPHBO-
AMTCS K rayccoBy BHAY C nomouwslo npeopasosanus @ypbe. B pesyabrare
ans pyskumnu lpuna G,, B N-m nopsake VPT nonyuaem

(92)" —k g2l;
(n—k)! T(2k+v)’

6.11)

. % N n
Gz(,N) =fdaa” exp(~a-6%?) T p"ay
0 n=0 k=0
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3nech GyHKIHM gzl:, — OObuHBE KOMDHUMEHTH TEOPHH BO3MYIIECHHMI 11
bysxuuu Fpuna sz' I MX BHIYMCICHHS MOXHO NPHMEHSTS CTAHAAPTHHE

¢hetHMaHOBCKHE NTPaBHIa.

Cnaenyer nomuepkHyTb, 4T0 paznoxenne (6.11) B psa mo creneHIM KoH-
CTAHTH CBSI3H g CONCPXKHUT BCe cTeneHy g. [lepue N xoadupuiiueHToB Takoro
Pa3/IOXEHHS COBNAAAIOT C COOTBETCTBYIOMMMH KOXPMUIHEHTAMH, BHIUKC-
JICHHBIMH B N-M NOPSIKE TEOPHH BO3MYIICHHIA.

Ilepefinem Tenepp HEMOCPENCTBEHHO K PEaNM3ALMM NIPOrPAMMBL nepe-
HOPMHMPOBKH. BMECTO M0/ ¢ ¥ KOHCTAHTH CBA3H g BBEAEM I'O/IHE BEJTHUHHbI

Po U 8. [Toas g u ¢ cBI3aHH cOOTHOMmEHHEM ?o =2z!/2 . Pacxopsumecs
KOHCTaHTH Z M g, Oynem Buumcisth 3necs Ha ocHoe VPT. Koucranta Z
BHUMCISETCS 10 nponaratopy G,. [las paccMaTpuBaeMoro npubImxXenus ce
AOCTAaTOYHO HAMMCATh B NEPBOM nopsiake. Mcmonbaysa (6.11), vaxonum

zM =1(1) 1,8} + 1 67T(3) 1,6, (6.12)

T7i€ MB ONPEACTHIH

J 6% = f daa’"! exp (-a - a’0?). (6.13)

F( ) o
Oyukuns J (6 2) HOpMupoBaHa ycnosuem J (0) = 1.
Ins ca3aHHOM yacTH yeThipexToueuHol ¢ynkumuu ['puna Bo BTOPOM

nopsinke VPT mosnyuaem
2,2 2 2 /\2
=GV W”) =gyl 6 + 1 go 1' F(4) 6(00) 2 o 6(90) ln—— .
(6 14)

B arom BhiPpA>XXCHHH MK BRITMCAJIH TOJBKO PacxoaqdimyoCd 4yacrb, KOTOpas He-
06XOLIPIM3 HAM B nanbaeumem, M HCIOJIb30BAJIH CXEMY C CHMMCTDH‘{HOH TOU-~

KOH HOPMHMPOBKHM ,u . JIs 1010 KOHCTAHTH CBSI3H 8, Buinumem VPT-pasno-

Xxenue B Bupe g = g(1 + na + ...). AHANOrMYHHE Pa3NOXEHHUS CIEXYET

3anmMcaTth IS napamerpa Og H, COOTBETCTBEHHO, JV(G?)). Pacxonamnﬁcﬁ KO-
appuunenT a onpenensercs u3 Bupaxeuui (6.12), (6.14) u tpeGoanus ko-
HEUHOCTH BEMMUHHN —Z°G 4(;42). Ecin MB  Tenepb H3MEHMM TOUKYy
HOPMHMPOBKH 4 => 4t' B yuT€M, YTO rojias KOHCTAaHTA 8, OT JTOH TOUKH HE
3aBMCHT, Mbl IPUAEM K B3AHMOCBSI3H KOHCTAHT gH g':
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2
g =g+1B(@) ks, 6.15)
u
rae f-byukuus
Be) =3 2 76717 (6%
@=387C 82{[T(6)J(6%)/T(4)J ,(6%) 1- 2IT(3)J,(61)/T(1)J 6 I}

(6.16)

TMapameTp 6% 8 (6.16) ONpEENSETCs Yepe3 KOHCTAHTY CBS3H g COIJIACHO
(6.9) c onTUMaNbHbLIM 3HAYECHHEM [ = 1,

Pasnoxenue B-pyuxumu (6.16) B paa no creneHsIM KOHCTAHTH CBA3H CO-
aepxuT Bee crencHl g MHTepecHo cpaBHuTh BO3HHKAWOWME KOIbIHUMEHTH
VPT S-¢pyuxuun (6.16) ¢ u3pecTHoiMH KOIPDHLUHCHTAMH TEOPHH BO3MY-
mexuit, U3 (6.16) raxonum

B(g) = 1,58%— 2,258°+ 14,63g*— 134,448°+ 1456,6¢%— 17627,2¢"+... .

6.17)

Tlpn npoBencHKH NEPEHOPMHUPOBKH KOHTPUIEHH COAEPXAIHN TOJNBKO pac-

xoadmMecd Buipaxeuus. B pa3mepHoil perynspH3alu¥ 3TO COOTBETCTBYET

CAYHal0, KOTAA KOHTPUYICHH BKJIIOHAIOT B ce0st TONIBKO MOMIOCHBE YacTH (CM.

{53,54 ), a Takxe 0630p [35 ). Coorsercrayomas neprypbatusHas S-dyHk-
uua B NpuOAHXEHHH NATH neTeab uMeer sua (56 ):

Brerrp(®) = 1,58°— 2,83g°+ 16,27g*~ 135,80¢° + 1420,68¢°+.... (6.18)

OtMeTuM, YTO npu BuiuucaeHuu S-bynkuun (6.16) Mu Hcnosb3oBasn
AMIIb HU3WHHA HeTPHBHANLHEI nopsaok VPT. Ing aroro npubiuxenus co-
rnacue Bupaxenuit (6.17) u (6.18) snonse npuemsnemo. B pabore [56] nHa
OCHOBE CYMMHPOBAHHS PSAA TCOPHH BO3MYLICHHI JAHO TaKXe NPEACKa3aHKe
wis  wecrunernesoro  kopduumenra neprypbarusHolt  S-dyHknun:

2500 7 Bg = 17200+50. 370 3HauEHHE TaKXKE

8 (9) cornacyercs ¢ pasnoxexHuem (6.17).

2000 ¢ Kak cnenyer u3 (6.16), B-dpymx-

; UMS MOHOTOHHO BO3PACTAET C YBEJIH-

UEHHEM KOHCTAHTHI CBS3H g H HE HMEET

1000 yAbTPadHONETOBO-CTAOHIBHOM TOUKH
: ' (puc.4). [ns GonbluMx KOHCTAHT

1500 |

500 |

ol Puc.4. I'padux S-dyuxumm, onpeaesieHHON
0 25 50 75 100 cornacHo (6.16)
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CBSI3M ACHMIITOTHYECKOE noBeacHHE B-pyHkuun (6.16) caexyomee:

3 2
pO =15 53— 3,, g"’ (6.19)
K
B iuTepaType MOXHO BCTPETUTD Pa3HUHbIE NPEACKA3aHNS ACHMIITOTHKH
B-dbyuxuun, nosyueHHNE Ha OCHOBE Pa3/IHUHKIX METOAOB. OTMETHM, HATIpH-
Mep, YTO CTeneHb Bo3pacTanus f-bynkimu B (6.19) Goabme, yem JHHEHAHBI

POCT, HaHAECHHBIH B [57 |, M MEHbIIE KBaAPATHUHOTO, NOTyYEHHOrO B [58 ].

7. NIPUMEHEHHME K KBAHTOBO XPOMOJWHAMMKE

MHorouncnenHbie 3a1a4n KBAaHTOBOM XPOMOMHAMHMKH TPeGyIOT [U1s CBO-
€r0 PEIICHUS] MPUMEHEHHS HEMEPTypOaTMBHHIX METONOB. B 3TOM Hanpasie-
HHH NPEINPHHAMAIKC U NPEANPHHHMAIOTCS 3HAUHTENbHBIE YCHINS, XapaK-
Tepu3yiowuecs 6onbiuuM pa3HooGpa3uem noaxonos. B nanHoM pasaene Mu
PaccMOTpHM npuMeHeHHE MeTona VPT Kk KBaHTOBOM XPOMOAMHAMHMKE Kak
BO3MOXHMIH Cnoco6 NpoBeacHHs BHYKC/IEHHIH B HenepTypOaTHBHOM 06/1acTH.
Hawe nanoxenue 6yner ocHonBaThes Ha pabore [59 |. Mui noiinem no nytu
noctpoenus psna VPT Ha ocHOBe BapnauMOHHOM NPOLENYPH rapMOHHYECKO-
1o THNA (HECKOJIbKO HHHE BO3MOXHOCTH 00CYXaanuch HaMH paHee B [60]).
Hoxasats cxonuMoctb psna VPT a8 KBAHTOBOH XPOMOAMHAMMKHM B ITOM
CAyuae MoKa He npeacrabiasercs BO3MOXHuM. Tem He MeHee nMeloTcs oOHa-
ACXKHBAWOLIME PE3YIbTATH, NOMYYEeHHHE B 6oaee npocThix Mopeasx [39,40],
OTHOCSALIMECH X HHAYLMPOBAHHON cXxoaHMOCTH [35 ]. BaxHol 0cOOEHHOCTBIO
NpeAnaraeMoro nOAXoAa ABASETCH BO3MOXHOCTb MOCTPOCHMS HA OCHOBE MAEH
VPT B paMkax KBaHTOBOI XPOMOJMHAMHKH HOBGIO NApPAMETPa Pa3/NCKEHHU,
KOTOPHI# OKa3hBaETCH ncema MEHbIIE EAMHHULBL IPH JIO0BIX 3HAYEHHUSIX KOH-
CTAHThI CBS3H.

Yr106hi 06BIACHHTE OCHOBHYIO HIEIO METONA, PACCMOTPHM YHCTYIO TEOPHIO
Slura — Munnca. BkinoueHHe KBapkoB B PacCMOTPEHME HE MPEACTABASET
npobaembi. COOTBETCTBYIOLINIA 1ArPAHXHAH HMEET BHJ

| 2 1 1 2 -
Lyy=-3F,)" —58F, 14, %xA]- 282‘1‘,4 XA N+ Ly +Lgp=

= Ly(A) + gLy(4) + gL (A), a.n
rae F =9, A, -9, A L — kanubpoBouHas no6aBka u Lg, — narpan-

XKHAH (Damleena — I'lonona .
BripaxeHue L;(A) reHEpHpyeT TPEXIIIOOHHHE U Ay X-TUTIOOH-{YX BEPIIH-

HH. JI19 HAC BAXHO, YTO 3TH B3aHMOACHCTBHS — IOKABCKOIO THIIA. Bripaxe-
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Hue L ,(A) reHEpUpYeT YETHPEXI/IIOOHHKE BEpIMHL. Beenem nons X, ¥ TIDE-
obpasyem L,(A) raxk, YTOOH IJIIOOHHBIE MO/ W NONS Xuw B3aMMOACHCTBOBAJIH

10KaBCKUM 00pa3oM. CooTBETCTBYIOmEE NPEOOPa30BAHHE UMEET BHJ

exp{—i%ﬁfdx[A#XAv ]2}=f Dy exp{%fdxx;v+ ‘7%] dx 2, [A”XA,,]}.

1.2)
DyHKuEOHATbHBIN HHTErPa B (7.2) HOPMUPOBAH YCIOBHEM
i .
S Drexp{ ] de) + 1 e (94, (0] =
i
= eXp{i J dxdy J (%) A(x’y)w:/‘,ﬂ',',ﬂ,", (y)}, 1.3
rae A(x,y) — nponaraTop moss x:
b
AW, = =) 0048, 8, 749
Taxkum 06pa3oM, HyHKUMOHAN JEHCTBHS MOXET ObITh 3aNHCAaH B BHIC
S = 8,00 + S(A, x) + Sy (A), (1.5
e 1
S(A,x) = 7 J dxdy A0 1D (xy 10 1y 4)0), 7.6)

a D(x,y lx) — nponararop KaJIn6pOBOYHOIO MOJis B NOJE ):
[D_l(x,y 1) ]L’ﬁ: [—azgm 6ab+ g\/ffabcx;v+ gauge terms]d(x—y). (1.7)

Ins dysaknuu I'puna MoXeM 3anucaTthb

G()=(Gy, (1x)), (7.8

rac
Gy (1) = [ DAL Texp {i[S(4, x) + Syyy@ B, (1.9
(=)=[Dy 1 TexpliSyi) ). (7.10)

Qynkuuu [puna Gy,k( "+ 1x) onpenensioTcs TONbKO B3IaHMONCHCTBHSAMHE

IOKaBCKOTO TUMNA ¢ IVIIOOHHKWM nponaratopoM D(x,y 1x). Ha puc.5,a nokazan
TIOJIHBIHA TTIOOHHBIH nponaraTop ( Dp (1) ). IlnarpaMMbi C YETHPEXTIIIO-

OHHBIMM BCPLIMHAMM BO3HHMKAIOT NpH pasjoxenuu D(x,y |y) B psaa reopun

. BO3MyuieHu# (puc.5,6). OHM 100aBASIOTCS K IOKABCKMM JHArpaMMaM, H
BO3HHKAET CTAHAAPTHOE AUArpaMMHOE NPECTaBJICHHE PSAA TEOPHH BO3MY-
meHui (puc.5,a).
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Al = e et o e

e O et el e et D

a

(ot > =W +w§};«~ +

~

7)) = A [wm»+w’:‘yv+ «Qm]

+ [w,..,.vw + ~g,\ ot ] 4o
6

Puc.5. JlnarpamMMHOe NpeacTanieHmne NOAHOIO LIIOOHHOND nponaraTopa B T€0-
PHH BO3MYLIEHHH C HCIONB30BAHKEM ¥ -nipeoBpasoranmns. Pyukumu D(x) or-
BEYAET BOTHHMCTAS IMHKA C TOUYKOMN

Cnenys nnesim metona VPT, zanuuwem JNIarpaHXHaH B BUJIE
LA, x) = Ly(A, x) + L,(4, 1),
Ly, =¢"'LA, 0 + ' L),
LA =7 lelys(4) - ¢ - D LA 1) - ¢ - DL, 1D

rae § u £ — Bapumaumonnne napameTpu. McxomHuit noaumiii narpanxmuan
L(A, x), koHeuHo, OT HuX He 3aBuCHT. [ToaTomy cBoGony B BHGOpE & 1 £ MOXHO
HCNO/Ib30BaTh AN nosyueHns VPT-pasnoxeHus ¢ onpeaesieHHHNMH CBORCT-

Bami. HanoMHuM, uTo 3mech MB CTPEMHMCS K MOCTPOEHHMIO HOBOTO MAJIOTO
NapaMeTpa pa3ioXeHHUs.
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U3 (7.11) BUOHO, YTO €CJIH A1 BBEACHHH X NAPAMETPOB BHITOJIHSIIOTCS yC-
noBust 0<E<1 m 0<E<1, 10, 3anucas narpauxuan B Bupe (7.11), Mu
«OCIaBuM» eHCTBHE B3aMMOACHCTBHS B «YCHIMM» CBoOoaHOE feicTre. Kak
M paHee, MOC/€ BCEX BHUMC/ICHMH MosoxuM 7 = 1. Dt1oT mapamerp mpeny-
CMOTPHM TaKXe B nponararope D(x,y 1)) B KOMOWHAIMH C KOHCTAHTOM CBA3H.
B pesyasrare aas ¢pynknun I'puna nonyuaem

G(++) = 2 Gn( 9,
n
G( =;l!-n" J DDA -+~ 11iS (A, x) I"expliSy(4, 1) 1 =
. .
. 1 u
= (lr/)"kzom J Dy DA| '“][gS§Mk(A)lk x

X [C7'- DS, x) + E = DSE " xexpliSy4, 1)1 (7.12)
Jns ynoGcrsa BuuuC/IeHui nepeonpenenum L(A, x) caexRyiomuM obpa-
30M:
Ly(Ax) = LA, ) = 1+ & G7'= DILA, ) + 1+ E = 1) IL).
(7.13)
IMocse aroro n0ly10 cTEneHb
(€= DS@A, 0 + ¢E'- DS
8 (7.12) MOXHO NOJYYHTb C IOMOIIBIO COOTBETCTBYIOMIENO YKcaa AudxpepeH-
HPOBAHMH BHIPAXCHHUS exp[is(',(A, %> £) | mo napaMeTpy Kk, NOJIOXHB 3aTEM
k=1
Takum obpaszom, u3 (7.12) u (7.13) Haxonum

" n l E n—k
Gn =7 kg() (n — k)! (_ EE) <gk(x) )) (7.14)

rae GyHkiun

.k
£®) = L7 [ DAL 11g SYr(A) Fexp| il1+ k€' = 1S dxL4, 1))

(1.15)

CTPOSITCS HAa OCHOBE I0KABCKMX AMAarpaMm Teopuu SlHra — Musica ¢ nponara-
TOPOM

(1 +xC = DI Dx, y ly) > ED(x,y Ix)
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%M=M+?-7(~A +

R e JL] '
3 [AN»A + W*”‘@‘”*) +

AU

Puc.6. inarpammsi, cootsercteyiomme VPT-pa3ioxeHHIO NOIHONO
FJItOOHHOTO NponaraTopa

aas £ = 1. [Tponaratop nons y conepxur daxkrop [1 + « (5"1 -1 1"}, koro-
puifi nepexoguT B £ npuk = 1.

)
Onepartop audpepeHuupoBanns 7!7 ,(— 6—‘1) BHOpacHBaeT MHOXHTEIb

a- C)lzma nponaratopa rmooHa u (1 — E)’wm [pONaraTopa IoJs y.
Herpynno nokasarts, uro N-it mopsgok psma VPT coBmanaer ¢ N-m

NIOPSAKOM TCOPMH BO3MYILEHHH C TOUHOCTBHIO O( “):
N
1
G = EoG" = M+ o™, (7.16)
n=

[TosToMy npu Manbix KOHCTaHTax CBsi3H VPT-pasnoxeHue mpHBENET K TEM
XK€ Pe3yNbTATaM, YTO H CTAHAAPTHAS TEOPHS BO3MYHICHHH.

Ha puc.6 u3obpaxeHu quarpaMMHu AAs TOJHONO MPONAraTOpa IVIIOOHA,
COOTBETCTBYIOIME HOBOMY pa3JyioxeHHI0. [lepeuepkHyTas IIIOOHHAS JHHHS
obo3nauaer nuddepeHINPOBAHKE MO NAPAMETPY K ¥ CONEPXKHT, CIEA0BATE b~
HO, (akTop (1 —§). B TOM cayuae, KOrga IIIOOHHAS JIMHAS BO3HHMKJAA C
TIOMOLUBIO NOJIs1 ¥, COOTBETCTBYIOmUM hakTopoM Oyaer (1 — §).

CrpyKTypa nosiyYeHHOIO Pa3aoXeHHS BHIISANT CACAYIOMMM 00pazom:

L+ =0 +n8 (1 -8)2+ &8 + &1+
+7° (1 =03+ &3 -+ -+ LU -HI+... A1D

Hertpyano yGenuTbcs B COXpAaHEHHH 3TOM CTPYKTYPH H AAS APYTHX byHKuMit
I'puna.
Teneps BHAHO, 4TO ecM MB BHGEpeM

E=0, (1-9%~g%5, (1.18)
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TO MBl NOAYYMM, UTO n-¥ wien paga VPT ConepxuT obmuit MHOXHUTE/Ib

(1 - %", npuuem BTOpOE ycnosue B (7.18) rapantapyer Ham BHIMOJIHEHHUE HE-
- pasenctsa (! — §) < 1 ans BCex NONOXHUTEAbHBIX 3HAYEHHH KOHCTAHTH CBSI3H.

Ilpumensas pasmepuyio peryaspusaumio ¢ d = 4 — 2¢, Q1 KOHCTAHT
NEPEHOPMUPOBKM Z |\, Zyyy (cooTBeTCTBYIOMME 0003HAUYEHHS CM. B [61 ])

B Beayuwem nopsiake VPT waxonum

SIn(AT_3, ) 24N L
1+1;[(6 2a0) 3Nf]2€, (7.19)

=1+ [N(—‘éé - aG) - %N,] - (7.20)

3nech Mbl yXe BBE/IH B PACCMOTPEHHE KBAPKH, KOTOpHE 63 Tpyaa BIHCHBA-
I0TCSi B BHILECHANIOXKEHHYIO CXEMY, B CHJIy HX IOKABCKOTO B3aMMOIEHCTBHS C
mIIooOHaMu. Bennunna A = as/(4zt) W napameTp § CBS3aHH APYr C ApYroM

YPaBHCHHEM
(1-9*=cagd (1.21

€ NONOXHUTEABHOM Koucraﬁmﬁ C.
M3 (7.19) u (7.20) naxoaum

b
252 3.0
0 =MLy 3YM’1 Au [ 1 -4¢ ';‘], (7.22)

rae by = 11 - 2/3Nf . Orkyna ans S-dpyHxkunn nonyuaem

i

B) = limu? 24~
aut

-0
C4
-5 (x——— - 1)(12§3) = -2 A’s—f. (1.23)
Pemaa comae'rcrny!omee peuopm-pynnonoe YPABHCHHEC, HAXOAHM
2
Q- _C
In AT 25, 1), (7.24)
rae pyukuus f(§) umeer sug
2 12 e 9

Q) = 21 ln—2— — : (1.25)

+ +
a-u> 1-¢ 1-¢
Herpyano Bumers, uro B neprypbaTueHoit o6aacTh, xorma Q >> A?
@€ ~ 1), w3 (7.2D), (7.24) u (7.25) nonyuaercs XOPOWO WIBECTHHI OIHOMET-
JIEBOH PE3y/bTaT:
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1
by In(Q*/A?)’

QY =

Ipu yMeHbIIECHUH Q2 ¥, COOTBETCTBEHHO, YBEJINUYECHHH A(Qz) Jorapupmn-

YECKHH POCT CMEHSIETCS CTEMEHHBIM: A(Qz) ~ Q'z.

Ilnst nocTpoenus HEPENITHBUCTCKONO KBAPK-AHTHKBAPKOBOIO NOTEHIHA-
J1a BOCHO/Ib3YEMCS BHPAXKEHAEM

2
f.s_é%l (7.26)

Yro6nt HaiTH V(r), anNPOKCHMHDPYEM o S(Qz) CACAYIOMMM BHPAaXECHHEM!:

Vo = - 35" S S5 G0

a 4n
appryy2y — L +
% (@) Q* by In(a, + Q*/AY)

C IBYMS NAapaMETPaMHK @, H a,, KOTOPOE NPEACTABASET €000l MUHAMANBHYIO

1.27)

¢opMy, HO3BOIMIONLYIO B JOCTATOUHOM MEPE NPUOAMBATS HARICHHYIC S(Qz)
B MOAXOAsUICH 001acTH QZ. PeaysibraT Tako# anipoKCHMMAaLBH i Aﬁ'g =
=140 MoB, N,=3 n C =082 c napamerpamm a, = 0,260 [2B*

a, = 897,0 noxasan na puc.7. [Nepecuer A w5 B APMMEHSIEMYIO 37ECh MS-cxe-

MY OCYIIECTBJSUICS 10 o0nYHOI ABy XneTnesoH dopmyne. [opcrasus (7.27) 8
(7.26), moMyuydMM HEPEASTHBUCTCKHH KBAaPK-AHTHKBAPKOBLIM NOTEHIHMA,
K300paxeHHNM Ha puC.8 crurowHoi unuei. [TyHKTHPHOI NMHUEH OTMEUEH
teroMeHONOrAMYECKUH NOTeHUMAN, B3uThii M3 paborm [62] m cornacyro-
WHHICSH C ME3OHHOM CNEKTPOCKONMCH.

PaccmoTpuM Takxke 3PdekTuBHYy KBApPKOBYIO Maccy. COOTBETCTEYIO-
nIast aHOMAJIbHAsl PA3MEPHOCTD B HAIEM NPUOIHXEHEN HMEET BHI

=42 g3
Y = W 37 A& (,7°28)
Ucnonsays (7.21) u (7.24) u pewiasd ypapHeHne
2
dlm(@) _ _, | (1.29)
d InQ m

HAXOOHM

, R bo ) 4/b0
n&(Q Y=m _Z;Eas(‘Q ) ) (7.30)
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10*

10°

10% ¢
103
1f S
Qz B 4 r, I'sB™!
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Puc.7. PeayasTar annpoxcHMaLmm as(Q’) BbIpa- Puc.8. HepensTHBUCTCKHIA MOTEHUKA B3AH-
moneicTens ksapkos. CruiomHas MMHUS —

NONY4YEHHbIR 3A€Ch NMOTEHLUAN, MYHKTUPHAS

— ¢denomenonormueckHit notenuman [62]

weunem (7.27). Cruownas JHMHKS OTBEuYAET
as(Qz). nonyuexHomy Ha octose VPT. ITyHxTu-

POM NOKA3aH PE3yNbTAT ANNPOKCHMMAUMH NO
¢opmyane (71.27)

e m — PEHOPMHMHBAPHAHTHHN MAcCOBHIf napametp. Beanuuna m(Q ) ans
TEX X€ NapaMeTpPoB, KOTOPhE Mbi HCTIO/Ib30BAJIH pPaHee, H Aad m = 7 MaB
NnoKa3aHa Ha puc.9.

CunryaspHoe HHGPaKpacHOEe NOBEACHHE HHBAPHAHTHOIO 3apsila

ag@) ~ Q2 | (1.3D)

HEOGHOKPAaTHO 06CYyXaasoch B JMTEpatrype (cM., uanpuuep, ob3op [63)).
Ecin B MMNYJIbCHOM MPOCTPAHCTBE 3aMMCaTh MOTEHLHA B3aUMOJCHCTBHS
KBapKOB B BHJIE

167 ay(q?)

V(q)~——3— - (1.3

TO TaKOE MOBEACHHE 06ECTICUHT NHHEHHBIN POCT NOTEHLHA/IA B KOOPAMHATHOM
npocTpancTee V (r) ~ r Ha GONbIIMX PACCTOSHHSEX.

AcuMmnrorrueckoe noseacHue (7.31) cg3aHO ¢ aCHMNTOTHKO#M S-PyHK-
uun S(A) » — A npu GonbmMx KOHCTaHTaX cBa3n. Takas uHdpakpacHas kap-
THHA KBAHTOBOM XPOMOAMHAMHMKH COr/acyercs ¢ ypasHennsamu [laficoHa —
IlIsunrepa [64] u ¢ pemerounniMu pacueramu [65 ). [ToBenenne BesTMuMHB
—pB (A)/A nns npuBenEeHHHIX BHIIE NapaMETPOB NpPEACTaBieHO Ha puc.10, u3
KOTOPOTO BHIAHO, 4TO npH Gosbmnx A ee 3HaueHHe GIN3KO K EANHHLE.
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10%F : 1,5
m(Q"), MaB BN )N
10% 1,0
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Puc.9. Berywas macca ksapka m(Q”) xax Puc.10. Beanunna —f (A)/4 xax dynxums A

dynkums Q nns m =7M>aB

Puc.11. Besmunna 4 v Q’l(Qz) xax pyukumusd 1.0

4 (MQ%)q?)"?

Ha puc.11 naoGpaxeHa sesnun-

na 4 v Q%A(Q?), nas xoropoit deo- 0,5 E/,’M

MEHOJIOTMYECKOE 3HaueHne npu Gob-

KX KOHCTAHTAX CBSA3H, BHTEKA-

mee W3 ME3OHHOH CNEKTPOCKOMMH,
pasno 0,59 I'3B [63 |. Kak BuagHo, 310 A
3HAYCHHUE BIIOIHE XOPOLIO MPOCMAT- 0

puBaeTcs Ha rpaduke.

8. 3AKJ/IIOYEHHE

PaccMOTpeH NOAXOA K KBAaHTOBOH TEOPHH MNOJs, OCHOBAHHHIA Ha
BapHALIHOHHOM TeopuH Bo3MyweHHH. Mcxonnmit GpyHKumoHan aeicTBrd ne-
PENUCHBAETCS C MNOMOIIBLIO HEKOTOPOH N00aBKM BAPHALMOHHOIO THNA, H
MPHMEHAETCS Pa3noxenHe no PPeKTHBHOMY NEHCTBHIO B3aMMONACHCTBHS.
TakuMm 06pa3oM, B OTJIHYHKE OT MHOTHX HENEPTYpOATHBHEIX MOAXOAOB, B METO-
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ae VPT paccMaTpuBaeMasi BeIMUMHA C CAMOTO HA4aJia NPEACTABASETCS B BUAE
HEKOTOPOrO psifia, YTO MO3BOJSET BHYHC/IATh HeoOxoauMuie nonpaBku. Tem
camuM Metoa VPT npenocraBiasier BO3MOXHOCTb OTBETHTb HAa BONPOC, B Ka-
KOHM Mepe OCHOBHO# BKJIAll, ONPEAE/ISEMbIii BAPHALIMOHHBIM ITyTEM HA OCHOBE
HEKOTOPOro MPHHUMIA ONTHMM3ALMH, aAAEKBaTHO OTPAXaeT PACCMATPUBAE-
MYI0 3a]1auy, ¥ KaKoBa 00/1aCTh IIPHMEHHMOCTH IOy YEHHBIX PE3YIBTATOB.

Bo3MOXHOCTb pOBENCHHS BHYKC/ICHHI B PaMKax 06Cy XIaeMOTo MOAX0-
Aa OCHOBHBAETCS HA TOM (hakTe, uro MeTon VPT, Tak Xe, KaK M cTaHaapTHas
TEOPHS BO3MYIUEHNH, NCIIONb3YET JIMIIb FayCCOBH (PYHKI{MOHAIbHBIE KBAPa-
Typsl. [Ipu aToM, KoHeuno, psax VPT o6nagaer MHOM CTPYKTYpOii, H, KpoMe
TOrO, MOAM(MUMPYIOTCS HEKOTOpHEe (heiHMAHOBCKME NpaBH/IAa HAa yPOBHE
TpONaraTopoB ¥ BEPMMH. Bujx caMux guarpaMm npu 3ToM HE MEHSIETCS, YTO B
TEXHAYECKOM ILUIAHE BECbMA CyllecTBEHHO. B N-it nopsnok VPT-pasnoxenus
BKJIaJ Nafy T AMArpaMMbi TOrO Xe€ BHAA, YTO U B N-if NOpSa0K OONYHOM TeopHH
BO3MYLICHHH. '

Bosuukaomue B Merone VPT Bapuaumonsbie NapaMeTpul MO3BOJSIOT
ynpasisiTe CBOMCTBaMH cxonuMocTH psina VPT. B ciyuae anrapMOHHMYECKOiA

BAPHALMOHHOH TpOLEAYPH I 5p4--reopuu nosid CymecTByeT KOHEUHas
obnacTe 3HaueHMi napameTpoB, B Kotopoii psa VPT cxomutcs npu Beex
TIOJIOXKMTE/IbHHX 3HAYEHKAX KOHCTAHTH CBA3M. [Ipn rapMoHHMUEcKoi Bapua-
LHOHHOW Npouenaype EMEITCs 00CYXAaBLIMECS BHIUE YKA3aHHS, YTO P
VPT rakxe Gyner CXODMTLCS B CMBICJIE TAK HA3HBAEMONH MHIYIMPOBAHHOM
CXOAMMOCTH, KOIa BAPHALIMOHHKIE TAPAMETPH «NOAKPYYHMBAIOTCS» OT IOPIA-
Ka K nopsiAKy. MHTepecHo# TakXe NPeACTaBasSeTCst BO3MOXHOCTh HOCTPOCHHUS
psnos Jleibunua B reopuu noss. B 317oM cryuae nepBhie WieHs pSaa O3B0~
IOT NOJIYYUTh ABYXCTOPOHHHE OLEHKH €10 CyMMBI, 4 HAJIMUNE BAPHALMOHHBIX
TIapaMETPOB AAET BO3MOXHOCTh ITH OLCHKM B PAacCMATPMBAEMOM HNOPSAKE
VPT MakcCHMasnbHO Cy3HTb.

B nacrosmeit paGoTe Mbi MpHBENH pa3UUHbE CNOCOOH BRBOAA B PAMKAX
VPT nenepryp6aTuBHOro rayccosa agexTusHoro noteHnuana. Hanpumep,
OH BO3HHKAET KaK NMEPBOEC HETPUBHAIbHOE MPHOIMXEHHE NP BAPHAILMOHHOMN
KOPPEKIHH ORHONET/IEBOTO BKJIA/A, HA OCHOBE K4K FrAPMOHMYECKOMH, TaK M aH-
rapMOHHYECKOH BAPHAIIMOHHOM Mponeaypu. OqHAKO CBOKCTBA BO3HHKAIOLIMX
TpA ITOM PSIOB pa3MuHH. Ecom ocTasnsTe MaccoBuii mapaMeTp, onTuMu-
3upytomui 3peK THBHEI NOTEHIHMAN, PHKCHPOBAHHKM MO NEPBOMY TOPSIZ-
KY, UTO MOXET GHTb yNOGHO B CHJTYy OTHOCHTE/IBHOM NPOCTOTH yPaBHEHHUS, KO-
TOPOMY OH YAOBJIETBOPSIET, TO CXOAHUMOCTh PSia MOXET OBECIEUNTh TOJBKO
AHrapMOHHYECKHII Cnoco® BBeaeHus npoGHoro ¢ynxkumonana. oGurscs
CXOAMMOCTH ANS FTAPMOHHYECKOH BAPHALMOHHOM MPOLEAYPH MOXHO JIMIIb B
CMBIC/IE MHAYLHPOBAHHOM CXOAMMOCTH, MOJACTPAMBAs BAPHALMOHHHIA mapa-
METP OT Mopsaka K nopsaxky. Tem He MeHee rapMOHMUYECKHH crnocol mo-



METO]1 BAPUALIMOHHON TEOPUH 1165

crpoennst VPT Gnaropaps cBoeil mMpocTOTE€ M BO3MOXHOCTH 00OOMIEHHMS HA
OPYTHE MOMEIM TEOPHM MOJIS BHIVISAMT BEChbMA MpUBJEKaTeabHHM. UMeHHO
ero Mu BuOpanu ns npumenerus VPT K KBAHTOBOH XpOMOAMHAMHKE.
TTpeanaraemuiit OAX0A K KBAHTOBOM XPOMOAMH3AMHMKE CCHOBAH HA Pa3Jio-
XEHHH, B KOTOPOM MCMOJIb3YETCS HOBHI Majinii mapamerp. ITOT napaMerp
TMONYMHSAETCS YPABHEHHUIO, PEHICHHS KOTOPOrO BCErAa MEHbIE €AUHHUIH TPH
M000i BeJIMUMHE KOHCTAHTH CBA3H. Takum o6pasoM, OCTaBasCh B PaMKax
NMPHMEHUMOCTH TAKOTO Pa3/IOXKEHHS, MOXHO N0 CPABHEHHIO C TEOPHEH BO3MY-
MEHUH MPOABUHYTHCH B 00/1aCTh CYIIECTBEHHO MEHBIIMX JHEPruit. B nanHo#M
paboTe MH PacCMOTPENH JIHIIb NEPBHI HETPMBHANbHKI nopsnok. [TosyueH-
HBIE€ Pe3y/IbTAaTH I HenepTypOaTHBHOM S-PyHKLUMH U NOTEHIKANA B3AUMO-
AEHCTBHS KBAPKOB BHIMAAAT OOHaneXxHBalowuMy. KOHEUHO, HA JaHHKI MO-
MEHT OCTAETCH OTKPHTHIM BOMPOC 00 yCTONUMBOCTH 3THX PE3yJbTaTOB M 00
ONMCAHMH B PAMKaX NMPEJIOXEHHON CXEeMbl MHOTHX APYTHX BEJMUMH M MPO-
LIECCOB. DTOT BOMPOC B HACTOsIIEE BpeMs HaMu n3yuaercs. He 3aberas sne-
pen, OTMETHMM JIMILIb CAEAylomHMe ABa oOcTosTenscrsa. Bo-nmepBmix, mas
MPHMEHSIEMOTO 3JeChb METOAA MOXHO PacCUMTHBATD HA HHAYLHPOBAHHYIO
cxoaumocTh VPT-psina. Kak M ynoMHHa/IM BhlIE, CTPOroe J0Ka3aTeabCTBO
TAKOro poja CXOAHMOCTH HMeeTcd And npocthix Moaeaeit (39,40 ). B cayuae
KBAHTOBOH  XPOMOAHHAMHKHM [PEMJIOXHTb CTPOroe  JOKA3aTENbCTBO
CXOMHMOCTH NOKA HE NPEICTaBJAseTcs BO3MOXHBM. ONHAKO HAWIM MpPeA-
BAPHTE/IbHBIE PACYETH UM CEAYIOWEro NOPSAKa NOKa3nBAKOT, UTO H3I0XKEH-
Has BHIE KAPTHHA COXpaHsercs. Bo-BTopuix, BaXHOM 0COGEHHOCTBIO NPeAo-
XEHHOIO MOJIX0/1a SBASETCS TOT PaKT, YTO A1 AOCTATOYHO MAJILIX & ¢ OH BOC-

NMPOH3BOAMT CTAHAAPTHYIO TEOPHIO BO3MyuieHHi. Takum o6pa3om, B HawieM
METOZE COXPaHSEETCs BCH BHICOKOIHepreTHueckas ¢puanka. [pu npoasuxeHun
8 061aCTb Mankix 3HEPrui, KOrna oOnyYHas TEOPHS BO3MYILIEHHMH MEpecTaer

pa6orath (a S(Qz) ~ 1), Haml napaMeTp pa3NoXeHHs OCTaeTcs BCE €lle Ma-
JIbM, H MBI HE BHIXOZHM 33 PAMKH NPUMECHHMOCTH HALIETO NOAXOAA.

ABTOpH Brpaxawr raybokyio 6narogapuocts JI.J1.Kopcyn, O.I1.Conos-
uoBoii ¥ 0.10.1llesuenko, B cOaBTOPCTBE C KOTOPHMH GBUTH NOTYUYEHH HEKO-
TOPHIE M3 MIIOXKEHHHX 31€Ch Pe3yAbTaTOoB. MH TaKXe NPU3HATEbHH
B.A.Ap6y3oBy, A.M.Banauny, B.M.Bap6awmosy, A.A.Bnaaaumuposy,
X.®.Ixoyucy, I'.B.Edpumony, A.B.Edpemory, M.A.Upanosy, B.I'Kaam-
mesckomy, [1.M.Kasakosy, B.Kannucy, A.JI.Karaesy, M.Konconu, 3.A.Ky-
paesy, ®.MJleBy, TI'.U.JInkacosy, O.B.TepseBy, I1.M.CreBeHcony,
I.B.IIupkosy, H.M.Illymeiiko 3a uHTEpec Kk pabore U noJie3Hue 06Cy XacHHS
MOJIyYEHHHIX PE3yJIbTaTOB.

Pa6ora BunonHeHa npu noaaepxke Poccuitickoro ¢onna pyHaameHTa b-
HBIX HCC/IEAOBaHMi (rpanT 93-02-3754).
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«PHIUKA IJTEMEHTAPHbBIX YACTHL[ H ATOMHOTO S PA»
1994, TOM 25, BbII.5

YK 539.1.074

ANPOHHbIE CTPYU
N CTPYNHAS CMEKTPOCKOMMUS
B KOMNAMOEPHbIX 9KCNEPUMEHTAX

A.M.Moucees
WNHcTntyT dusnku sbicokmnx aveprun, NportsuHo

Cpenan o6wmit 0630p NAHHBIX 10 AAPOHHBIM CTPYSIM, MONYUEHHBIX B IKCNEPHMEHTAX Ha
ete -, e p-n pp-xonnannepax. B nauane o63opa paccMoTpeHsl (PEHOMEHONIOTMUECKHE U TEOpE-
THYECKHE NOAXO/bl K ONMUCAKUIO MEXAHM3MA (dparMeHTaumMu NapToOHOB M PA3NUUHBIE IKCNEPH-
MEHTANIbHBIC NECPEMEHHDBIE, MCNONB3YEMbIE NPU aHANK3E CTPYH. 3aTEM NPOBEAEHO KPUTHUECKOE
CPABHEHME ASIMOPHUTMOB 110 NOUCKY CTPY# B ¢ ¢ -aHHMIMAROMK 1 JaHbI HekoTopbie hranueckne
PE3YAbLTATHE, MOJIYUEHHBIEC PN BHANMIE CTPYKTYPbl MHOMOCTPYMHBIX @HHUIMASILIMOHHBbIX COObI-
THit. Ocoboe BunManme B 0630pe yReneHOo IkCnepruMeHTaM Ha pp-koanaiaepax LIEPH u GHAJL
B OCHOBHBIX HEPTAX ONUCAHBI AETEKTOPbI C 47T-FEOMETPHEN, PACCMOTPEHBI MCMOIL3OBAHHDIE NPO-
UEAYPbl NOMUCKA CTPYH, NPHBEACHBI U MHTEPNIPETUPOBAHDBI AAHHDBIE NO HHKAIOZUBHOMY W MHO-
XecTBeHHOMY 06pa3osanmio cTpyit. B 0630pe paccMOTPEHbI TAKXKE NEPBBIE IKCMEPHMEHTAbHBIE
pe3yJibTaThi, noJjiyueHHbie Ha konannepe HERA, xoTopsie CBMAETENBCTBYIOT O MHOXKECTBEHHOM
006pa3oBaHnm CTPYM B ¢p-B3aMMOAENCTBHIX. B LEOM OKA3aHO, YTO BCE NPUBEEHHbIE KCTIEPH-
MEHTaIbHble JAHHBIE NOMIHOCTLI0 COMNACYIOTCA C NPEACKA3AHUAMHM TEOPHH Boamyermit KXJ1. B
3aKTIOUEHNE NPUBEAEHDbI NEPBLIE NPUMEPLI MCNOABIOBAHMS B KOUIANAEPHBIX IKCNIEPUMEHTAX
TEXHUKH CTPYHHON CNEXTPOCKONHMH M PACCMOTPEHDI BO3MOXHOCTH CTPYHHOH CEKTPOCKONMMHM NPH
WCCJIENI0BAHNM TSUKENBIX YACTHLL HA KOANAMAEPAX CNEAYIOIEND NOKONEHHS .

A general survey is given of data on the hadronic jets, obtained in the experiments at
ete” e p and pp colliders. It starts with the consideration of the phenomenological and theoretical
descriptions of the parton fragmentation in a jet and of the various experimental variables used in
the jet analysis. Then different jet finding algorithms developed for the e’ ¢ -annihilation are
critically compared and some physical results stemmed from the study of the structure of multijet
annihilation events are outlined. Special attention is given in this report 1o the experiments at the
pp colliders at CERN and FNAL. The main features of the 4x-detectors are described, the used
procedures of the jet identification are discussed and the data on the inclusive and the multiple
production of high energy jets are presented and interpreted. The first experimental results
obtained at HERA, which give clear evidence for the multijet production in ep-interactions, are also
discussed. It is shown, that all quoted experimental data firmly support the predictions of the
perturbative QCD. Finally, the first examples of the jet spectroscopy technique application in the
collider experiments are outlined and the potentialities of the jet spectroscopy for heavy particle
search at the future colliders are considered.



AJAPOHHBIE CTPYH 1169

1. BBEAEHUE

Hosbie TeopeTnueckne nien 1 3KCHEPUMEHTASIBHBE OTKPHTHS, MPHBEN-
HIHe K CTaHOBJIEHHIO B 70-€ roxs kBaHTOBOH XxpoMopuHamuxu (KXI) [1], cy-
IIECTBEHHO M3MCHH/IH HAWIM MPENCTABJIECHHS O MPHPOAE CHJIbHBIX B33aHMO-
Aevictuil. OOHAKO MOCTPOEHHE MOJHOM TEOPMH B3AWMOACHCTBUII AXPOHOB
€Ie JAJIeKO OT 3aBEPLICHHUS JAaXE B CEKTOPE MTyGOKOHEYNPYrHX MpOLmECCOB
(THIT), rae B pamkax Teopuu Bo3myuieHuit (TB) mo mManoii (Ha mansix pac-
CTOSIHMSIX) KOHCTaHTe cBsi3u o KXI| nonyuenn Haubosice 3HAUMTE/bHbIE

pe3ysabTaThl. ECM B3STh 33 OCHOBY NPOCTPAHCTBEHHO-BPEMEHHYIO KAPTHHY
'HIT, To 1oCTaToOYHO CTPOroe TEOPETHYECKOE OMMCAHME TIONYUCHO JIHIID A/

B3aMMOJECHCTBHH TOYEUHOMOAOOHBIX (moka g0 ~ 1,4: 10717 cw) MapTOHOB M

3BOJIIOLME PA3/IETAIOMIMXCA MAPTOHOB A0 PaccTosuumil okoso 5-107'5 oM or
TOUYKM B3aumoneHcTeua. OXHAKO MpoLECcC npeBpalicHUs BHPTYQ/IbHBIX Map-
TOHOB B HA0.II0aEMBIE aPOHBI KOHEUHOTO COCTOSIHUS, KOTOPHIE MOSIBJISIOTCH

Ha paccrosuuu (0,5—-1,0)- 107 13 tM oT TouKH B3aMMOJEHCTBHS, EIIE HE HMEET
OQHO3HAYHOH HHTEPNPETALKH M SABJISETCS MPEIMETOM AKTHBHBIX TEOPETH-
YECKHUX M IKCMIEPUMEHTAIbHHX HCCJICAOBAHMH.

OCHOBHBIM PE3y/IbTATOM, NOYUYECHHBIM NPH M3YYEHHH 3TANA IBOIIOLHA

naproros Ha paccrosusx 10714+ 10713 oM, asnsercs OTKPHTHE aAPOHHBIX
CTpyH, T.e. 000COO/IEHHBIX TIpynn agpOHOB, 3ACE/SIOMMX OrPAHHYCHHBIE
o6sacTi (ha3oBOro MPOCTPAHCTBA, M OOBICHEHHE MEXAHU3MA HX 00pPa30BAHHS
Ha MOJyKAaYeCTBEHHOM YPOBHE.

B coBpeMenRO# (hH3NKE BHICOKMX IHEPrHil ATPOHHBIE CTPYH, C OHOM CTO-
POHBI, SBJSIOTCS HOBHM OOBEKTOM DErMCTDAilMM, KOTOPHIH 3aHST MECTO
OTAE/NbHBX aJPOHOB, OBBIIMX OCHOBHBIM OOBCKTOM pETHCTPAllMM B DKC-
NEPUMEHTAX NPU MEHbIIKX 3Heprusix. C Apyroit CTOpoHN, cefuac yXe CTao
OUYEBUIHBIM, YTO CaM NPOLECC PparMEeHTaLUKM NAPTOHOB B aAPOHHLIE CTPYH
CBS3aH C OCHOBONoOAaraomumu npeacrasiaerusmu KX, nosromy aeranbHoe
M3yYEHHE CTPYKTYPH CTPY# MMEET GOMBIIYIO CAMOCTOSTENBHYIO LEHHOCTb.

Hacrosmuit 0630p NOCBSILUEH MCTOPHH CTAHOBJACHHS 3TONO HOBOTO Ha-
NpaBiaeHus (U3NKH BHICOKMX DHEPrHi HA MPUMEPE IKCOEPHUMEHTAJIbHBIX

MCC/IENOBAHMIA Ha e e - U anpoRHBIX (hh) Konainepax, rae GbUTH MOy YeHbl
Haubo/IeC BaXHHE PE3Y/IbTATHI.

2. ®PEHOMEHOJIOT'MYECKHE TEOPETUYECKHME IOAXOAbI
K OIMMCAHHUIO ®PA'MEHTALIMU MMAPTOHOB

INoxnsTre anpoHHOI CTPYH Kak HabmoaaeMoro o6pa3a NapToHa C BHICOKOH
OHEprued BO3HMKJIO HA ()CHOMEHOJIOTMUECKOM YPOBHE B NEPBOM MOJIOBMHE
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70-X roROB ¥ OKOHYATE/IbHO YTBEPAKIOCH C 3aBEPIICHHEM Pa3paboOTKH OCHOB-
Hux nosoxeHus KXI. Cpean noOyaudTesbHHX MOTHBOB, 3aCTaBMBIIMX
(bu3uKOB 06paTTLCS K Pa3paboTKe KOHLENIHH ITOTNO HOBOTO NMpouecca aapo-
HOOOpa30BaHus, OCHOBHYIO POJIb CHIPay ABa cieaylomux. Bo-nepeuix, aus
oObsicHeHHs HEHAOMOAaeMOCTH KBAPKOB HYXHO BBECTH HOBHIH BHJ NOJI,
061a1a101er0 CBCHCTBOM, MO3AHEE HA3BAHHMM «aCHMITOTHYECKOH CBOOO-

noit». BO-BTOPHIX, M3MEPEHHAS IKCNIEPUMEHTAIBHO 3aBHCHMOCTb ~ D, 8 cex-
TPa aApoHOB NpH GO/bIMX p,, BMECTO OXHMAACMOI /A XECTKOTO paccesHus

NapTOHOB 3aBUCHMOCTH ~ P, 4 [21, 3acraBasna NPEANOIOXHTb O CYIIECTBO-

BAaHMH JONOJHUTENBHOINO MPOMEXYTOYHONO MEXAHH3MA MeEpepacnpencieHus
MMIYJIbCA XECTKO PacCESHHOIO NAPTOHA MEXAY HECKONbKHMH aAPOHAMH.

Ha BO3MOXHOCTb MEPEXOAA XKECTKOrO NapToHa B CTPYIO aApOHOB B noJje,
ob6nanaonieM BHICOKOM NOMSPU3YEMOCTbIO BAKYYMa, ONHMM M3 NEPBBIX yKa-
zan Ix.[.Bvepken. B passutue 3toii unen B pabore [3] ¢ nomombio dop-
MaJIN3Ma KBAHTOBO# 3/IEKTPOAHHAMHMKH PELIEHA COOTBETCTBYIOILAS OHOMEP-
Had 3a4a4a. B yacTHOCTH, MOKA3aHO, YTO NOCJIE POXACHHS Naphl 3apAXEHHBIX
depmuoHos c uMnyascamu Q/2 no Mepe X PaCXOXACHHS NMPH ONpPeeEHHOM
NONAPH3YEMOCTH BaKyyMa 3apsia pepMHOHOB BO Bee Gosbiueii creneHu Gyner
3KpPAaHHPOBAaTbCd HABENCHHHM 3apal0M, 4TO TMPUBEAET 4YEpPE3 BpeMs

t=Q/ m? K AHHMMMASUMHM HAYANBHBX 3aPSAOB C HABEICHHHMH H 00pa3o-
BaHHUI0 6030HOB ¢ Maccok m.

B 310it pabote caenan Buson o Tom, yro B FHIT B Hanpasnexnn «BubuTO-
I'O» MAPTOHA NOJIXHA NOSBASTLCS CTPY S AAPOHOB, MHOXECTBEHHOCTb KOTOPHIX
pacTeT Kak norapudm OT KBAAPaTa NEPEAAHHONO 4-HMNY/IbCA.

2.1. MeHOMEHONOTHYECKHE MOJIENH He3aBUCUMON (parMenTaunn. Us-
32 HEPa3BUTOCTH TEXHHKM pacuetoB B paMkax KXII HauanbHbhE NONKTKH
ONKCATh MEXAHU3M pacnpenc/cHus HMNYa5Ca (PPaArMEHTHPYIOWETNO NAPTOHA
MEXJY AAPOHAMH CTPYH HA KOJHUECTBEHHOM YPOBHE OBUIH OCHOBAHH Ha
hEHOMEHOOTHUECKHX MOACAX HE3aBUCHMONH (hparMeHTaUHH.

OnHoit M3 nmepBbX M Hanbosee NoOmy/asdpHOH H3 HHX SABJISETCS MOAE/b
Ounpa — Oeitnmana (MOD) [4,5], B KoTopoit ObiM BrepBhie BBEACHH
MHOTHE (DyHIAMEHTANbHBE NMPUHUMIE O0pPa30BaHHA AAPOHHBIX CTPYH M3
6nicTpHx nmapToHoB. JloBenenve pa3BuTOro B Heil opmanusMa N0 ypoBHd,
obecneynBaloIEro ero NpAMoe MCNOAb30BaHME B pacueTax no merony Monre-
Kapno (MK), u ynauHas napamMeTpu3aums BBEACHHBX B MOAENH (DyHKUMIA
pacnpeneieHus o0ecneunIM UWHMPOKOE HCMOJb3OBAHME ITOH MOIEJH TNPH
aHA/MM3e SKCIEPHMEHTAIHBIX NAHHBIX HA IEPBOM ITAMNe UCCIeA0BaHMI 0Opa-
3oBanus ctpyi. Unen Ounna u QeliHMaHa CHIrpaaH CTOJb 3HAUYMUTEIBHYIO
POJIb B CTAHOBJICHMH HOBBIX TNPEACTABIECHHI O MEXaHH3MaX aipoHooOpa3oBa-
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Puc.1. Cxematuueckoe n3obpaxenue pparMeHTauMH napToHa
8 MOD (a) » rmoonHoro xackana 8 KXJ1 (6)

HH#A, YTO [I0 CHX MOP 3aC/IyXKHBAIOT XOTs Obl KPATKONO 03HAKOMJIEHHS C HUMH,
XOTS K HACTOSILIEMY BPEMEHH HECOBEPILEHCTBO ITOH MOJE/H YK€ OUEBHAHO.
B ocHoBy MO nonoxen npocToii Kackaa KBapk — Me30H — KBapK, pea-
JIM3YIOIHMIACS 32 CUET MOCAENOBATENbHOM PEKOMOHHALIMH KBAPKOB H3 ¢g-nap,
POXIAIOUIHXCH B LBETHOM M0/I€ HAYANBHOIO KBapka a. Cxema «Mepapxum»
obpa3oBaBmnxcs Me30HOB (6apuoHK B ucxonHoi MO He paccMaTpHBaIHCh)
npuBeneHa Ha puc.l,a. CornacHo 3Toi KapTuHe KHHEMATHUYECKME XapaKTe-
PHCTHKH OOpa30BaBILETOCS «PAMOrO» ME30HA (KOTOPHI MOXET OHTh pe3o-
HAHCOM) CYILIECTBEHHO ONPEAENSIOTCH €r0 MECTOM B LIENOUKE NOCACAOBATE b~
HBIX MEPEXOIO0B KBapPK — ME30H — KBApK, HA3BAHHBIM B [5 ] paHroM Me30Ha.
B 3100t paboTe 6bUI0 MPEANONOXEHO, YTO B 06Pa30BaBIICHCS B PE3Y/IbTATE Ta-
KOro Kackana CTpye pacnpeae/ieHHe YaCTHIL 110 IPOAOIbHOMY MMITYJIbCY Onpe-
aensercs peHomMeHonornyeckoil mpoussoasmen dyskumei f(n7), sanaomein
BEPOSITHOCTb TOIO, UTO ME30H NEPBOIO PAHra, KOTOPH CONEPXKHT HAYAIbHBIH
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KBAapK @, OCTABJ/ISET OCTANIbHOMY KACKAAY OTHOCHTE/IbHYIO YaCTh HAYaIbHOIO
umnyabca 7 =1 -z, rae z;=§,/ W, &, — NpOROJbHBIA HMITYJIbC ME30HA

nepBoro paura, W, — MMIyJIbC NEPBMYHONO KBAapKa. B orix oBo3Hauenusx
BEPOSITHOCTh TOTO, UTO ME30H NEPBONO PAHIa MMEET MMIYJIbC £, B HHTEPBaNIC
d,, pasna f(1 — §,/ W) d§|/ W,;, BepOSTHOCTD TOTO, 4TO ME3OH BTOPOIO paH-
ra umeer umnysinc &, B unTepane df,, pasua f(1 — &,/ W) d,/ W, rne
W, = WO— £ P U TR B xoHEeuHOM cueTe, BEPOSTHOCTh TONO, YTO MOSIBJISCTCS

KacKaj moc/eqosaTe/bHo 00pa30BaBIINXCS ME30HOB, B KOTOPOM k-#l ME30H
Gyner uMeTh Npoao/bEBI uMnysbe &, B uHTepBane df;, MoxeT GbTh 3anuca-

Ha B BUAC

P& by o) dE ey dE = T f(m) dn,, 0]

i=1
e 1, = 'Si/ W,_,- OTO NpPUBOAMT K PEKYPCHBHOMY HMHTErpaJIbHOMY ypaB-

HCHHIO

1
Fz) = f(1 = 2) + [ f(n) F(z/n) dy/n, @

rie F(z) — BEpOSTHOCTDb MOSBJICHHUS B KBADKOBOM CTPYyE NMPSIMOTNO ME30HA JII0-
60r0 PAHTa C OTHOCUTE/IbHBIM MPOXOJIBHBIM HMITYJIbCOM Z.

IMocne yuera pa3iMyHbiX APOMATOB KBAPKOB Ha0/M0naeMast SKCIIEPHMEH-
TaJIbHO (PParMEeHTAMOHHAS (PYHKLMS D’;’(z) NEPBHUUYHBIX ME30HOB A, 06pasy-

IOIMXCY Tpu PparMeHTALMM ITONO KBAPKA, [IPHHUMAET BUX
Dg(z) = AZ A1 - 2) + B"FQ). 3

B aTroM BripaxeHud dyHkums F(z), 3apaiomas BEPOITHOCTb NOSIBJIEHHS J110-
60ro nepBHYHONO ME30HA paHra 6osiee BHICOKOTO, YEM MEPBbIH, C OTHOCHTE/Ib-
HBIM TMPONOJIbHKIM HMITYJIBCOM z, BHIUMCASeTcH uepe3d ¢yKHIMIO f(77), a KO-

s puLHeHTH Az u Bh=z qug BLIPAXAIOTCS YEPE3 KOHCTAHTHI ¥, Onpene-
q

JISIOUIKE BEPOSTHOCTh 00pA30BaHMs ¢g-Nap PasHbLIX apoMaToB. Beipaxeuue
(3) MOXeT GBTb JIErKO PACHIMPEHO AJIS YUETA POXACHUS BEKTOPHBIX PE30HAH-
COB B KQUECTBE MEPBUYHBIX ME30OHOB.

N3 pusuueckux cooOpaxeHuii 1 Ha OCHOBE aHAIM3a IKCIIEPUMEHTAIbHBIX
JOaHHBIX, NPOAEAAHHONO aBTOpaMu [4 ], 1ng PparMeHTaUMH JIETKHX KBAPKOB
6blsia MPERIOXEHA POCTast NAPAMETPU3ALHS

f)=1—a+a(b+ 1)1’ @
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TA€ a — KOHCTaHTa, nogbHpaeMas NMpH NOATOHKE SKCNEPUMEHTANbHBX JAH-
HBbiX (06byHO Gepetcs a = 0,77), u b = 2. [Ing TAXEABX KBAapKOB 1no3xe 6nL1a

npensioxeHa Gyuxkuns f(n) = (b + 1) (1 — n)b, rne b=0,2u4 q1s c-, b-u
[-KBAPKOB COOTBETCTBEHHO.

Pacnpenenenue Me3aonos no nonepeunomy nmnysabcy B MOQ BBoauTcs
RONOTHHMTE/ILHO HA OCHOBE MPEANOI0XEHHUS O JIOKAbHOM COXPAHEHHH TIoMNe-
PEYHOro MMMyaAbca NpH 0OpPa30BAHMM Naphbi ¢4, AGCOMOTHEE 3HAuEHHS

NONEPEYHOrO UMIYJIbCA ITHX KBAPKAa M AHTHKBAapKa qn. 3a4a10TCH rayCCoOBhIM

pacnpenesicHueM -
P (4;) = exp (- q2/20) d*,,. )

l

B arom CJIyyae BCE ME30HN paHra Bhuillle nEpBOro HMEKT OAMHAKOBOE pt-

pacnpeneseHte Co CpeHNM (ptz) =20% e o = V2o , (NOATOHKA K 3Kcnepu-
MCHTAIbHHIM JaHHKM aana o = 350 M3B/¢).

OnbiT HcnonbaoBanus MO® 115 ONUCAHHS HHKTIO3HBHBIX CNEeKTPOB yac-
THIL, 06pa3oBaBWIMXCS B CTPYSX, NMOKA3a/, YTO OHA NPABU/ILHO BOCNPOU3BO-
AMT OCHOBHbIC XapaKTEPUCTHKH KBAPKOBRIX CTPYil, 0COGEHHO B 061acTH GHiCT-
puix uactuu. OnHako 3Ta MOJENb UMEET Pl OUEBMAHMX HEAOCTATKOB. Tak
Kak 6e3MaccoBhe MapTOHH B HeH (PArMEHTHPYIOT B anPOHH, 06aanaloNHe
Macco#, BHMONHEHHE 3aKOHOB COXPAHEHUS JHEPTHU H HMITY.J1bCA JOCTHRAETCS
HCKYCCTBEHHBIM TMYyTEM NOC/IE 3aBEPUICHHS MNPOUEAYPH MOAEHMPOBAHHS
AnBHs. Kpome Toro, MO® He BOCNpou3BoAHT HAPYLICHHMS CKEMHTA, obyc-
JIOBJIEHHOTO Q-3aBHCHMOCTHIO (PPArMEHTALMOHHBIX (DYHK M.

Hacte atux Henocratkos MO® 6uinu ycrpanenn B pabote Anu u ap. [6]
Ha ocHoBe opmanusma KXII. B uactHocTH, B Heii Gbina onpenenexa Q-3a-
BHCHMOCTDb (DYHKUHH f(7), UTO NPHUBENO K YMEHBLICHHIO C POCTOM Q 3aceneH-
HOCTH B o6nactn Goabwmx z. B a10ii xe pa6ote 6wina caeNaHa MOMMWTKA MO-
NYUHTh (PParMEHTAUHOHHYIO (DYHKLMIO AN IIOOHA B paMKax NPEeAnoJio-
XCHHMS, 4TO IVIIOOH MEPBOHAYANILHO KOHBEPTHPYET B gg-napy.

HNaneneitmee passurue MO nonyunna s pabore Maiiepa [7 ], B koTopoit
BBCACH MCXAHH3M POXIECHHS B Kackaae 6apHoHOB 3a cueT 06pasoBaHHs nap
AMKBAPKOB (¢¢ — ¢ g), YTO MPHBENO, ONHAKO, K MOSBJCHHIO B MONEIH JO-
NOJIHHTE/IbHHX «HACTPOEYHBIX» aPAMETPOB.

2.2, Jlynackas cTpyHHas Moaeb parMeHTaLuH. I pyroii peHomenos10-
FHYECKO# MOAE/bIO, BECKMA nonyasipHoii B 80-x ronax, 6waa Tak Ha3KBaeMas
Jlyunckas ctpyunas monens (JICM) dparmenrauun (8 ], koTopas Gnia pas-
paboTana TEOpPETHKAMH YHHBEPCHTETA Jlynna. B ocaose JICM nosoxeH me-
X3HH3M LIBETOBOIO KOH(aHHMEHTA, onucaHHuii Bume [3]. B KX cunoBnie
JIAHAH JIIOOHHOINO MO/t MEXAY ABYMsS LBCTHHMH 3apsfaMH (IAPTOHAMHM)
KOJ/UTHMHDYIOTCS B Y3KYI0 UBETHYIO TPYOKY, KOTOPYIO NPHOIMXEHHO MOXHO
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cuntath crpyHoii. B JICM nocTy/impoBaHo, UTO N0 MEPE PACXOXACHUS STHX
3aps0B NPOMCXOMUT «HATSXXEHHE» CTPYHBI, SHEPrUsl KOTOPOrO COCTABIACT
K = 1 I'sB/dm. TIpu ee pacTsXeHNH HA HECKOIBKO (HEMTOMETPOB HACTYNAET
«pa3phiB», YTO MPHBOAMT K MOSBJCHHMIO NapHl ¢g, TaK KaK BHICBOOOXAaEMOM
JHEPrMM JOCTATOYHO A/sl OOpa3oBaHMs MX MAacC. ITO COOTBETCTBYET MOSB-
_ JICHHUIO IBYX LBETHHIX CTPYH, HMCIOIIMX HA BHYTPEHHHX KOHLAX BHOBb obpa-
30BAHHBIE ¢ ¥ ¢, KOTOPHE MOTYT, B CBOIO OUEPEb, «PACTATHBATHCS» U «PBATH-
Csi», AaBas HAYaJO Pa3BUTHIO NAPTOHHOTO Kackaaa. OcraBmmecs KyCOYKH
CTPYH, KOTOpHIE YX€ He 00,1aJaloT JOCTATOUHOH JHEPrHeH, yTOOR pPBATBHCH
Aanblilie, COOTBETCTBYIOT OObiuHBIM anpoHaM. [lokas3aHo, YTO B NpEANoJo-
XKEHUHM PaBHOMEPHOIO Pacnpeae/IeHus NJIOTHOCTH SHEPrUy MoJis BAOJb CTPY-
HB JTOT MPOLECC OMMCHBAETCS MHTErPajbHHM ypaBHEHHEM (2) MDD ¢
npousBopsmei dynxumeit f(z) =1, me z=1-1. Mocnexyromuii mporecc
KOJIJIMHEAPHOTO MCITYCKAHMS! [VIIOOHOB, KOTOpOE B pamMKax (opmanusma JICM
pEACTaBASETCS B BUIIE «M3/10Ma» HA LBETHOM CTPYHE, MPUBOAHT K DyHKIHH

f(z) = z_l(l - 2)%, rme ¢ = 0,3+0,5. TTonepeunbiii UMIY/ILC KACKAXHBIX Map-
tonos B JICM pasmrpuiBaercs Tak xe, kak B MO®. Jta monens obnapaer
PE/ISTHBHCTCKOM MHBaPHAHTHOCTBIO H 00ECTIEUMBAET COXPAHCHNE JHEPrUU M
uMny.abca. JanbHeimee passuTue 310# Moaeu [9 ] npuBesio K BBEACHUIO B
Hee JTana MAPTOHHOIO Kackana, paccuutbiBaemoro B pamkax KXI. Orm-
ynTeabHOM 0c06eHHOCTIO JICM SBASIETCS BOBHUKHOBEHHE B HEH KOPPESLHUI
MEXIy ABYMSI aAPOHHBIMH CTPYSIMH, 00pa3OBaBLIMMHCS M3 OJHOW CTPYHBI,

Hampumep, B e+e‘-aﬂﬂnm.nsmnn.

IMocneqHuii BADMAHT MOJE/IM XOPOIIO OMHCHLIBACT JAHHHIC IO ete -
AHHMTHISIMH TPH BHICOKMX JHEPrHsX, ONHAKO OH MEPErpykeH YMCTO MaTe-
MaTHYECKHMH yCOBEPIIEHCTBOBAHMSIMH M COAEPXHT GOIbLIOE KOMHYECTBO HA-
CTPOEUHBIX KOHCTAHT.

2.3. Onucanmne ¢pparmenraumu naprosos B KXJI. Bonee riaybokoe
NOHMMAHHKE MEXAHN3MOB 00pa30BaHMsl CTPYil ObUIO JOCTHIHYTO 33 MOCCAHHE
roxsl, Gaarogaps passuTHio TexHukH pacyeros no TB pns KXII. Hawubonee
KoppekTHHiA Metox pacyeroB no TB KX]I cocrour B noayuyeHHH MATPUUHBIX
371EMEHTOB 11 (PEHHMAHOBCKMX AMArpaMM C BO3PACTAIOLICH CTENEHBIO O .

OnHako B HACTOSHIEE BPEMs TAKME PACUCTH CyHIECTBYIOT, 33 HEKOTOPBIMHU
uckmouennsmu [10], Toabko B caenylomem 3a Hu3muM nopsake TB ans
MCIyCKauus noj GObIIMMH YIJIAMH XECTKHX III0OHOB, KOTOPHIE CaMH AIOT

anpounne crpyd. [ns e’ e -aHHMIMISLMH 3TO COOTBETCTBYET O(asz)-

npubIHXEHUIO, KOTOPOE ONMHCHBAET KOHEYHOE COCTOSIHHE C YETHPbMSI NAPTO-
HaMH, HMEIOIEee KOHMHUIY PALHIO, MO3BOMSIOLLYIO H30EXATh «KOJUTHHEAPHOM»
(T.€. BHI3BHBAEMOl APAJICbHOCTIO MMITYJIbCOB MAPTOHOB) M «MH(paKpac-
HOM» (BO3HMKAIOIIEH NMpPH MMIYJbCE MAaPTOHA, CTPEMSIIEMCS K HYJI0) pac-
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xonumoctH. Jdanvaeimee npuMenenne popmanusma TB KX ans onucanus
(parMeHTanMM NAPTOHOB OCJAOXHSETCS TEXHHUECKMMH TPYAHOCTIMH H, B
YACTHOCTH, TEM, UTO, KPOME MCXOAHONO GoJbuioro MacmraGHoro napamerpa
Q, BBENEHME KOTOPOrO B MEPEHOPMHMPYEMBIX TEOPHSX MO3BOJSET O0OHTH
npobJieMy pacXOgMMOCTH MHTErpasioB nmo (PeiHHMAHOBCKHM JUArPAMMAaM C «I1eT-

nsMu» (st e e -aHEMrMAsIME 06biuHO Geperca Q = Vs/2), BOIHKKAIOT MEHb-
IuMe MacITaGHbie NAPAMETPhi (HANPUMED, HHBAPHAHTHAS Macca Q; CTpyH).

[MoaToMy m1s OnMCaHMs MPOLECCA aAPOHM3AUMM naproHa Owutn cdop-
MYJMpOBaHbl crieuuanbHbeie npaswia pacuera KXJI-kackaga (jet calculus
rules), ONMCHBAEMOIO «BETBEBBIMH» JHATPAMMAMH HA OCHOBE 3BO/IIOLIMOHHO-
ro ypaBHeHHs Asnbrapesuin — [Tapusu [11 ]. DT0T MeTOA NEpBOHAYAIBHO ObLT
060CHOBaH B IVIAaBHOM JiorapumuyeckoM npulbavxenud [12].

B paMkax 3Toro noaxona pasBUTHE aPOHHBIX CTPYH MOXHO NPEACTABHTH
B BUAE ABYX MOC/JAEAOBATEbHHX cTaguii. Ha nepBoli cranum HauaabHHIMA nap-
TOH, oO0nanaomuil 60/IbLION BUPTYaAbHOM MACCO, IBOJIOLHOHMPYET, HCIYC-
Kas IJIIOOHB, KOTOPBIE, B CBOK) OUEpPENb, UCIMYCKAIOT NJIIOOHH BTOPOIO MOKO-
JIEHMS M T.J., TOKAa 00pa30oBABUIMECS IVIFOOHBI HE JOCTUTHYT AOCTATOYHO MaJION
BAPTYa/ZbHOM MAacCh, KOTOpas B pacuerax 3ajaercs mnapameTpoM 3¢-
thexTHBHOIO 0Ope3anust IIIOOHHOM IBOIOINH A off* JToMUHMPYIOIIMM Ha 3TOH

CTafMM 3BOJIIOLUH SBISICTCA TAKOE PACHICIICHUE IVIIOOHA, MPH KOTOPOM €0
NPONOJIbHBIA MMITYJIbC JEAMTCS acuMMmeTpuyHo. Kak Gwuto nokasaso B [13],
00pa3oBaBIIMECS KACKAAHHE [JTIOOHD JIETKO YNOPSAOUMBAIOTCS B OECLIBETHBIE
cuamieTh. Ha BTOpOIi cTaguu, COOTBETCTBYIOLIEH «OOJBIIMM PACCTOSHHSIMY,
pa3BHTHE NaPTOHHOM CHCTEMBE 3aBEPLIAETCS 00pa30BaHHEM aAPOHOB, KOTOPOE
yXe Hesb3d onucath B pamkax KXI. Ognaxo B riaBHOM JiorapuMuuecKoM
npHbIMXEHNH OcTaeTcd rpobsieMa «uHPPaKpacHOW» PACXOAUMOCTH.

HNanbHeHlIME yCIEXH B pacueTax NEpBOM CTAAVH SBOIOLHMH KBAPK-TJIIO-
OHHOIO KacKaja ObuIM MOCTHUIHYTH MOC/IE TOro, kKak B [14—16 | 6bu10 maHo
cTporoe 00OCHOBAHHE YMEHBIUEHHSI YIAOB SMUCCHH IVIIOOHOB BOJIb KaXJOH
«BETBHM» MAPTOHHOIO KACKa/a 33 CYET KOrePEeHTHHX 3(deKTOB, BH3HBAIOMIMX
AECTPYKTHBHYIO HHTEPDEPEHLUMIO. ITO NO3BOIMIO ONTUCATh KBAPK-TIIOOHHBIE
KAaCKajH B BUAE MPOU3BEACHHS BEPOATHOCTEH HE3aBUCHMBIX PAacnafoB mapTo-
HOB B MOCJIENOBATE/BHO CyXalomuecs KoHycnl. Ha oroit ocHose B [14,15 | GHi-
JIO MOKA3aHO, YTO B ABAXH Jorapudmuueckom npubauxennu [17 ] MoxHO
MOY4YHUTh CBOOOAHOE OT PaCXOAMMOCTEH BBIPAXKEHHE AJIi MATPHUHOIO 3Ji€-
MEHTa MHOXECTBEHHOrO 00pa30BaHMs TJIIOOHOB B CTpye 3a cueT BhOopa
obnacreit (pa3oBOro NpOCTPAHCTBA, B KOTOPbIX HenmpuBoaMMBbIEC (eliHMa-
HOBCKHME AMArPaMMBI JAKOT JBAXAH JIorapudMmml.

JIns MAIIOCTpaLMHE 3TOrO HOAX0AA Ha puc. 1,6 uzo0paxeHa yactb Kackana,
TAe IIIOOH ¢ MMIYJIbCOM p PacnajaeTcs Ha IIOOHBl k| u p—k |, nocie 4ero
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T/IIOOH k| NPETEPNEBAET Pacnaz B [VIIOOHHI & U k;—k. B npaxam norapudpmuue-
CKOM MPHOIHXEHNN k> k> K, rae K sisasieTcs «Maccoii» I1ooHa k. Yciosue

CHJIBHOK YT/I0BOH YNOPAAOUYCHHOCTH IMI00HOB [14 |, BO3HMKAWOLIEE H3-3a KO-
PEPEHTHOCTH MSTKOTO TOPMO3HOTO H3Ty yeHus, Tpedyer, urobni 6/6 << 1. Boarom

CJIYUYae BCPOATHOCTD HCHTYCKAHKM Y IVIIOOHA K IIIOOHOM k | TpuHuMaeT Bun [18 |:

(k as(kt) dk d6*

P(kl"’k)= Jt k 92 ’

rae N —- 4HCI0 «UBETOB», kK — MONEPeUYHbIi HMIYJIbC ITHOOHA K.

t

B [19,20 | na ocHoBe npaBuna CUABHOM yI/ICBO# YNOPSANOYEHHOCTH TII00-
HOB Obi/lk pACCUMTAHE MHKIIO3MBHBIE CIEKTPH NAPTOHOB B CTPYE M NIOKA3AHO,
UTO  MAKCHMANbHOMO  3HAUEHMS  PacnpefesicHHE no  OmicTpore

y= %lﬂ [(E + p;)/(E - p;) | nocTuraer npu y = 1/2In(Q/2A ). 3ror a¢-

$exT «ropbaToro NAAaTO» GIHAYAET, YTO B €' ¢ -AHHUTUASLHHM UHKIIOIUBHOE
pacnpeneseHue anpoHoB no GHCTPOTE AOMXKHO MMETb MPOBAJ B LICHTPAILHOM
obnactu. B [I6] 6mi0 TakKe MNONYYECHO W3BECTHOE COOTHOLIEHME
Ng/ N = 9/4 nns MHOXECTBEHHOCTEH MIIOOHOB B IVIIOOHHON M KBAapKOBOH

CTpysX. :

Onnaxo, xak nokasawo B |21 ], nsaxan norapudMuueckoe npubanxe-
HR®E, NMPAaBH/IbHO OTPaXas KAYCCTBEHHME 3AKOHOMEPHOCTH, OKA3WBAeTCH He-
ACCTATOUHBM /19 KOJIHYECTBECHHONO ONHCAHMSA NAPTOHHOW CHCTEMB C KOHT-
posmpyemo# TouHocTe10. B 310i pabote Griso paspaborano MoauduuupoBaH-
HOE TIGBHOC JiorapudMuueckoe npubNHXEHME, NOAHOCTHIO YUYHTHIBAIOILEE
KaK ABaX/b JIOrapuMHYECKHE, TAK H ONHONIOTapudMHUuecKue IPeKTH IBO-
JIOUMK NAPTOHHOR CHCTeMHl. PaccunTanHoe B 3TOM NpubavXeHun pacnpenc-
JICHUE r0OHOB 10 In (1/x), tae x = E / E TAKXe REMOHCTPHPYeET «ropbaToe

AIATO», W VIS ACHMITOTHUECKHX 3Hepmu B 061acTH, GJH3KOM K MAKCUMYMY,
OHO MOXET OBTh ONKCAHO PAYCCOBNM pacnpencsicHueM (22 |:

1/2 2
¢ = ¢, (In(1/x) = In(1/x))) '
o dlIn(l/x) zy3/2 y3/?

MMEIOWMM MakcumyMm nipu In (1/x Xg) = + c \/T’+ O(l), e ¢, = V36N /b;

5 llNc 2, 1uN W,
= BV g Y =@ b=— - Ls =g [5* |

N.uN ~ UHCJIO LBETOB U apOMATOB COOTBETCTBEHHO. Unen O(1) onucwpaer
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nonpasku 6osiee BHICOKOrO MOPSAKa, M i Q = % OH JOMXEH OBITh KOHCTAH-
Toi. MHOXHTEL N(Y) COOTBETCTBYET BHIYMC/IIEMOH MHOXECTBEHHOCTH IJIIO-
OHOB B KOHIIC Kackana. Ha ocHoBe noka/ibHOM NapToH-aqpPOHHOM XYaJIbHOCTH
[23 ] mpegnosiaraeTcsi, YTO OHZ COOTBETCTBYET MHOXECTBEHHOCTH afPOHOB C
TOYHOCTBIO 10 HOPMA/IM30BOYHOrO Koadduuuenra K(Y). _

Yuetr nonpaBok Gosnee BbicOkoro mopsaka TB, nposenennmii B [24 ],
nokasaJ, yro coopma pacnpenenenus no In (1/x) OTKIOHSAETCS OT TayCCOBOK U
BKJIIOYAET Ba 60Jice BHCOKMX MOMEHTA:

s=(E-BWP, k= (E-DH'-3,
B opme
1 do N k 6 (+kd% 8% ket
5dln§=7("—£e’(p §_‘2—"'(——4‘L+'—6‘—+72— ) ¢)]

med = (¢ - /o= {E-EH *ut =1n(1/x).

B pamkax TB gns KX nonyueH takxe psag Apyrux cneuubuueckux
NMPENCKA3aHUM Ui Pa3/IMUHBIX KHHEMATHUECKUX 00aCTEH NapTOHHOIO Kac-
Kana. Tak, nis 06;1acT MaJIHX X IIPH YCJIOBHHM CHJIBHONO YNOPSAOUHBAHMS N0

x; (r.e. x; >>x, >>...x,), HO 6e3 CymECTBEHHHX OrpAaHMYCHMI HA k?i, B

[25,26 ] nonyyeHo Apyroe aCHMNTOTHYECKOE PEHIEHHE AJIS MHOXECTBEHHONO
00pa30BaHMs [TIOOHOB, KOTOPOE CBUAETENLCTBYET O BO3MOXHOCTH NMOSIBICHHS
«TOpPSYHX TOYEK», T.e. obnacrei (a3oBOro NPOCTPAHCTBA, OTPAHKUEHHBIX 1O
k;, ¢ OuEHb BHICOKO# IIOTHOCTBIO TTI00HOB (dn/d In (1/x) ~ 1/a ), koTopre

B3aMMOJEHCTBYIOT MEXAy CO0O0i B MPOCTPAHCTBE OHICTPOT HA PACCTOSHHM
nopsiaka eamHuun [27 ).

B [28] mpuBeneHW pacuersl A/ JBYXYACTHYHOM KOPPENSLHOHHON
¢yskuun R(x,, X5, Q), CBHAECTENLCTBYIOMHUE O CyIMECTBOBAHMH MPH MAJIBIX

X; TOJIOXHTE/NbHHX KOPOTKOAEHCTBYIOIMX KOPPENSUMH, SBASIOMHAXCH pe-

3yJIbTATOM KOFCPEHTHOM 3MHCCHH MmIoOHOB. OXHAKO pe3yJsibTaThl PacuyeToB
OKa3aJIUCh OYEHDb YYBCTBHTC/IbHHMH K IONPABKAM K IJIABHOMY Jiorapucdmuue-
CKOMY NPHOIHXEHUIO U TIOITOMY SIBJSIOTCH CKOPEE NOMYKAYECTBCHHBIMH,

Bce npuBeneHHbie BHIIE PE3YIbTATH OTHOCATCH K (PparMeHTALMH JTEFKUX
kBapkoB. KX]l-aHann3 c¢parMeHTauuu TSXENNX KBAPKOB IPEACKA3aa Cy-
IIECTBCHHBIC OT/INYMS B CNEKTPAaX KaCKaAHHX INTIOOHOB. B uacTHoCTH, MITKOE
[JIIOOHHOE H3/IyUEHHE B ITOM Cy4ae MOAaB/eHo, a B o0nacTu x - | Bo3HEKa-
€T «MepTBHI KOHYC» [28,29].

B 3aksoueHne 3TONO pasgesia MOXHO OTMETHTh, UTO B LEJIOM TEXHHKA
pacuera 3BO/IIOLHMH IVIIOOHHHX cHcTeM ¢ nmomoribio TB KX]I yxe mocrurna
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TOYHOCTH, 00ECNEUNBAIOWIEH IKCIEPUMEHTAIBHYIO MPOBEPKY HA KOJIMYECT-
BEHHOM YPOBHE.

3. MPOrPAMMbBI MOAEJTMPOBAHUA METOAOM
MOHTE-KAPJIO ITPOLIECCOB C OBPA30BAHHMEM CTPYMH

Kak noka3aHo B npeanAyLeM pasaeie, NPouecc NPeBpaIleH sl apTOHOB
B aJPOHHHE CTPYH MO CBOEH NPHPONE SIBJISETCH BEPOSTHOCTHHM, MO3TOMY
pacuyeTh Pa3IUUYHBIX XaPAKTEPHCTHK CTPY# OO YPOBHS, NO3BOJISIOIETNO Npsi-
MOE CPaBHEHME C PEe3y/JIbTaTAMH IKCNEPUMEHTA, LEAeCo00pPa3HO NMPOBOAMTH
meronoM MK. Ognako B obuieM ciiyuae Takoe CpaBHEHME TpeOyeT yuera mMe-
XaHM3MOB 0o0pa3oBanus CTpyii. PewieHne mocneqHeil 3agauM CPaBHHUTENbHO

NPOCTO TONbKO AN e%’-aunnmnauuu NpH HU3KUX IHeprusx. Ho koppekT-
HOE MpeAcTasicHue rAyGOKOHEynpyroro AenToH-aJPOHHONO W aAPOH-aAPOH-
HOTO CTO/IKHOBEHHMIi B BHUHC/IHTEILHOM IL1AHE MPEACTABASET Co0Oi HE MeHee
TPYAHYIO npobseMy, YeM onucaHue parMeHTauMy NapTOHOB NOC/IE B3AUMO-
NENCTBHUS, NOCKOJIbKY OHO JOJIXHO BKJIIOYATh KAPTHHY BOIIOLMH HAYAJIbHBIX
NAapTOHOB. ‘ ,

[ToaToMy NS MOAyuYEHHS TEOPETHUECKHX MPEACKA3AHHME AN XECTKHX
MPOLIECCOB, COMPOBOXAAWLIMXCS oOpa3oBaHueM crpyi, B 80-¢ roan cranau
CO3[aBAThCl KOMMBIOTEPHHE CYyNEepnporpaMMbl, MOJHOCTBIO BOCMPOH3BO-
OALIHE BCE M3BECTHHE HA JAHHKN MOMCHT ACTA/IH TEOPETHUYECKOIO ONMMCAHHUS
TaKHX NMPOLECCOB.

[Mono6GHbe nporpaMMbl OGKYHO NOJAEPKHUBAIOTCS H NOCTOAHHO OOHOBIS -
IOTCS ABTOPCKHM KOJ/UIEKTHBOM, UTO MPHBOAMT K MOSBJICHHIO NOC/IEN0BATE b~
HOI cepuu ux BapuanTos, Huxe GyayT onucaHn noc/aeqHHE BAPHAHTH HEKO-
TOPHIX U3 ITUX MPOrPaAMM.

3.1. Iporpamma ISAJET. Oauoit u3 nepBux nporpaMm nogoOHOro poaa
asasercd ISAJET [30], cospanHas B Bpykx3iMBEeHCKOH HALMOHA/IbHOI 1a60-
patopuu (CUIA) ans mogenuposanus meronoM MK XecTkux noanpoueccos B
PD- ¥ pp-CTOJIKHOBEHHSIX. PacueTh Bcex CBA3aHHBIX ¢ HUMH 3¢bdeKTOB B npor-
pamme ISAJET opraHn30BaHH B BHAE C/IENYIOLMX ITANOB.

1. CHauana pa3nrpuBalOTCH MOANPOLECCH XECTKOTO B3aUMOACHCTBHS, B
YHUCJIO KOTOPHIX BKJIIOUEHH BYXUACTHYHOE PACCESHHE NMAPTOHOR, OQUHOYHOE
H NapHOEe POXAEHHE KANMOPOBOUHBIX BEKTOPHHX BGO30HOB, pOXAEHHE Cy-
MEPCUMMETPUYHBIX YACTHIL ¥ T.A.

31i pacueTn npoBoasTcs B Hu3meM nopsake TB KX,

2. DBosonus 06pa30BaBUIMXCH NAPTOHOB OMHCHBAETCH 10 A eif= 0 [9B B
paMKax riaBHoro sjorapudmuyeckoro npubmmxenus KX [31 ] 6es yuera ad-
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¢ekToB KOrepeHTHOCTH. OKOHUATENbHAS ANPOHM3ALMS APTOHOB KOHEUHONO
cocTosiuus peanusyercs no MO® ¢ (g,) = 0,35 I'sB/c.

3. lns MORENMPOBAHHS IMUCCHH TTIOOHOB MEPBHYHBIM NAPTOHOM C npo-
CTPAHCTBEHHONOAOOHO# BHpTYaabHOIM Maccoit B ISAJET ucnonb3osan mMeton
[32], cornacko KOTOPOMY 3BOMIOLMS HAYANTLHOIO IAPTOHA paccMaTpHBaeTCs B
00paTHOM HANPABJEHUM NOC]E XKECTKOTO B3aMMOIEHCTBHS MapTOHOB HYXHO-

TO THIA NMPU MAKCUMAJIBHOM Q2 C HCKYCCTBCHHBIM yNOPAAOYHBAHUEM BHPTY-
aJIbHBIX MACC UCMYILIEHHBIX IVIIOOHOB.

3JTa nporpaMMa LIKMPOKO-HCNOIb30BAIACH A/ AHATM3A 3KCNEPHUMEHTAJIb-
HBIX JAHHBIX HA CYMIECTBYIOIUMX pp-Koanaiinepax. B ueaom 6uao MOJIYUYEHO
XOpowmee HMX OMHCaHWe, HO Aas mpouecca pp - W+ n (cTpyit) npm

Vs= 1,8 T3B 6uin0 Haitneno, uto ISAJET CymecTBEHHO 3aHMXAET CeUCHMUS
s n =2 [33).

3.2. MNporpamma HERWIG. Dta nporpamma [34] 6mna cosnana mox
pykoBoactBom bB.Be66epa m3 KamGpuaxckoro yHMBepcMTeTa, OAHMM M3
Hanbonee aKTHBHHX TEOPETHKOB, paboTaiommx Han passutuem KX, u ¢
TEOPETHUECKOMH TOUKM 3PEHHMS, OHA MPEACTABASETCS Haubonee COBEPLICHHON
M3 BCex nporpamMm nopoGHoro poaa. [Mporpamma HERWIG otaunuaercs npex-
A€ BCErN0 CHCTEMATHUYECKMM YUETOM KOrepeHTHHX 3eKTOB®, U B HEE BKJIIO-
4YeHH OcHOBHbI¢ Buan "HIT.

1. Tpn MoReIMPOBAHNHM XECTKHX NENTOH-NENTOHHBIX, JIENTOH-aAPOHHBIX
H aIpOH-aAPOHHBIX MPOLECCOB YYUTHIBACTCS LIBETHAS CTPYKTYpa MOANPOLLEC-
€a, TaK KaK HHTEPPEPEHUMS TIMIOOHHOW paAMaUMM, HMCMYIICHHOH M3
Pa3IMYHBIX UBCTHHX KOH(HUrypauui, orpaHuunsaer (as3oBbiii oObeM ans
NIEPBOrO MATKOIO IJIIOOHA, HCMYILEHHOIO XECTKUM naproHoM [35 . Dto npu-
BOOHT K 3aBHCHMOCTH pa3Mepa KOHYCa A/ NepBUYHOIO MCMyCKAHHS IJIIOOHA
MapTOHOM [ OT yI/1a BbLJIETA CBA3AHHOIO C HUM 110 LBETY NAPTHEPA J.

2. DBONIIOUMS MAPTOHOB KOHEUHOIO COCTOSHHUS MOJE/IMPYETCH C YUETOM
KOT€PEHTHHX 3¢@dekToB B (HOpME CHABLHOH YI/IOBOH yNOPSAOYEHHOCTH,
ONMUCAHHOM B n.2.3. B nporpaMMe TakXe yUHTHBAIOTCS a3UMYTA/IbHBIE KOPPe-
JIAUMA MEXAY CTPYSIMH, BO3HMKAIOLIKE KAK H3-33 HHTEP(EPEHUMOHHBIX -
tbekTOB, Tak M KH3-3a noaspusauuu rmooHos. [ocae 3aBEPIICHHUS MOEHPO-
BAHHUs MIIOOHHOIO KacKaja KaXAOMy IJIIOOHY MPUCBAMBAETCS BHPTYasabHas
Macca Q , (KOTOpast n0/1xHa 6bTh GoNbiIe yNBOCHHON MACCH IErKMX KBAPKOB)

M [JIIOOHB KOHBEPTHPYIOTCS B napu g¢. U3 atux xBapkos obpasyiorcs Gec-
UBETHHE «MPEKIACTEPH» CO Cpeaneit Maccoi ~ 30 e Ecau takoit npekaacrep

*Hassanne nporpamMmbi sisasietcs a66pesmatypoit or Hadron Emission Reactions with
Interfering Gluons.
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OKa3biBAECTCS C/AMLIKOM JIETKMM, uYTOOBI PacnacTbCd HA ABA aApOHA, €My
MPHACBAMBAETCA MAcCCa CaMOro JIETKONO aApOHA C AAHHBIM KBAapKOBBIM COCTa-
BoM. BoJiee Tsaxesbie mpekJiacTephl pacnajaloTcs Ha ABAa aApPOHA MJIM KackKan-
HO — Ha GoJiblliee YMCJAO aAPOHOB. B mporpammy BK/IKOUEHBI BO3MOXHOCTH
pacnazia IJIio0OHA Ha JUKBAPKH, ¥ PACCMATPHBAIOTCH MPOLECCH 00pa3oBaHus
TXebiX (b 1 f) KBapKoB.

3. OBoarouus HauyanabHbix naproHoB B mporpamme HERWIG mopenu-
pyeTcs Ha ocHOBe mpaBui, ccopmyanpoBadHuix B [34 ]. B uacTHocTH, B Ka-
YECTBE KACKAJHOM MEPEMEHHOM I/ NPOCTPAHCTBEHHOMOAOOHOrO Kackana
B3sTa BeIMunHA Q; = E; \/l;‘_l yraeé; = pqu./ Ewg,ap, Enq,w; — 3-uMnyss-
Chl M JHEPruy KAaCKaJUPYIOLIEro ¥ UCNYIMICHHONO MapToHOB. MogeaumpoBanue
9BOJIIOLMH MEPBUUHBIX AJPOHOB BEAETCH B OOPATHOM HANPABJEHHH IOCJ]E
PO3BITPHIIIA KECTKOTO MOATPOLECcca.

IMporpamma HERWIG mmpoko MCro/ib3yercsi Npd MHTEPIPETALHM AaH-
HHIX B SKCTIEPHMMEHTAX HA e e - 1 hA-Ko/aiepax.

3.3. Iporpamma JETSET. Jta mporpamma Obl1a CO3AaHA CHELHMATIBHO
Ui OMMCAHUS MHOTOCTPYHHBIX COOBITHIA B e+e_-anﬂnmnﬂunn [36]. B Heit
HCOOJ/Ib3YETCH AJITOPMTM PA3BUTHSA MAPTOHHOIO KACKANa, YUHTHIBAIOMMI KO-
repeHTHHE 3PdeKT, B KOTOPOM BBEACHB! AOMOJTHMUTE/NbHBIE OTPAHHYECHHUS C
TEM, UTOOBI IMUCCHS XKECTKHX [JIIOOHOB Ha GOJIbIIME YIVIW MPOMCXOOUAA CO-
IJIACHO MPEAINNCAHHMI0O MATPHYHOIO 3/IEMEHTA, BHYHMCACHHOIO BO BTOPOM
nopsinke TB KX]I. Passurue naprousoro kackana B JETSET 3akanumBaercs
npu A g = 1,5 I'sB, n anponnsauns 00pa3oBaBUIMXCS APTOHOB OCYECTBJIS-

ercs no JICM.

CymecrByer uennii psp asajsormudsix nporpamm (COJET [37],
EUROIJET [38] u T.A.), KOTOpbi€ OTJIMUAIOTCS OT MPUBEAEHHBIX BHILIE MIPOr-
pPaMM NOAPOCHOCTSIMH AJINOPUTMOB [Tt MOAETHMPOBAHKS APTOHHBIX KACKAIOB
¥ MCITOJIb3YIOT OHY M3 ONMMCAHHKIX Bhilie CXCM (DparMeHTaIuH,

4. OBPA30BAHUE CTPY! B e'e -AHHUT'WILSLIUU

Haunbosiee uncToie yC/IOBHS A/ MCCAEAOBAHMS AAPOHHKIX CTPY# Mpex-
CTaB/SeT peakuus e’ ¢ -aHHUTWISLMH B BA KBAPKA:
+ - P
e e >qq, - (®

MO3TOMY NEPBHE SKCIEPUMEHTH 110 NOMCKY AAPOHHBIX CTPYH M H3YUYEHHIO HX
XapaKTEPUCTHK GBLIM MOCTAB/ICHH HA e ¢ -BCTPEUHBIX myykax. OQHAKO mpy
CPaBHHMTE/bHO HH3KMX SHEPIHSX €' e -HAKOMMTEJbHWX KOJIEll, CYIIECTBO-
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BaBIIHUX K cepeaune 70-x rofoB, 3KCNEPUMEHTAIBHOE BHIACIEHHUE OTACTbHBIX
CTPy# fAaxe B peakuuuu (8) GbIO MPaKTHUECKH HEBO3MOXHO. [TOCKO/MBKY B
KBAapK-TNIapTOHHOH MONE/M COOBTHS OT peakuuu (8) HOKHH HMETb IBE ai-
POHHBIE CTPYH, HANpaB/ICHHHE B MPOTHBOMNOJIOXHBE CTOPOHH, A/ 0OHApy-
XKeHHUs IT0oro apdexTa ¥ HIMEPEHNS HANPABACHUS OCH CTPYil ObLIM pa3BHTHI
METONN aHan3a GopMHE COORTHS KaK LENON0 C MOMOIIBIO TaK HA3HBAEMbIX
KOJUIEKTHBHHIX NEPEMEHHKX. B nansueitueM 310t noaxon 61 MCNOIB30BaH
AAs aHAIK3a COORTHIT Goslee CI0OXHOIM (POPMBI, UTO MPHBENO K pacUIMPEHHIO
CMEKTPa KOICKTHBHHX nepeMeHHnX. Huxe GynyT paccMoTpenn HaunGonee
yNOTPEOUTENbHIIE K3 HUX.

4.1. KoanekTupHbie nepeMeHHbie. [IepBHMH U3 NEPEMEHHBIX, MCNO/Ib30-
BaHHBIX Ui aHa1M3a GopMbl COONTHS B ha30BOM NPOCTPaHCTBE, ObLIM TE U3
HHX, KOTOpHIE NMPUMEHHUMB IS ONHCAHHS AKCHAIbHO-CHMMETPHUHMX CO-
OniTuil. TAKMMH BETHUMHAMM IBASIOTCS cepuuHocTs ¥ Tpact [39,40 |, onpe-
AeNsiEMBiE KaK

N 2 N 2
S=(min3 ()3 @),

i=1

N . N .
T=(max Ipj1)/3 p

i=1 i=1

rA€ CYMMHPOBAHHME BEAETCS NO BCEM 3aPSXEHHBIM YaCTHLAM, p;' — nonepey-
N .
HBIA MMITY/IbC OTHOCHTEJIBHO OCH, LIS KOTOPOi 2 (p;)2 HMEET MMHUMAJIbHOE
i=1
3HAUCHHE, 4 p; — NPONO/IbHHIH UMITY/IbC YACTHLLH OTHOCHTE/IBHO OCH, ISl KO-
N
TOpO# 2 | pzl HMEET MAKCMMabHOE 3HaueHHue. s ABYXCTPYHHBIX COObI-
i=1
THHA N0 MEPE CyXEHHS CTPYH BEJMUHHA S CTPEMUTCH K Hymo, a T — K exu-
HHIIE; B TO BPEMsl KaK A1 NOJHOCTbIO chepuueckux cobutnit S = 1, T = 0,5.
Onpenensemuie npu BHYKCAEHUH S U T OCH ABASIOTCS XOPOIMMM NPHOIHXKe-
HHEM OCH ABYXCTPYHHOIO COOBITHS.

Henocratkom nepemenHo# S SBASETCS HEBO3MOXHOCTh €€ TOYHOIO pac-
uera KX]I u3-3a «<un¢pakpacroii» pacxogumoctu. [To3ToMy 1st cpaBHeHHS ¢
npeackasanusmu KX ucnoabaylores pacnpenenenns o 7.

Hns ananusa coGuTnii Gosnee cOXHOH POPMH GHIO MPENIOKEHO HC-
NMOb30BaTh TEH30p cepuunocTH [39,41], cocTaBAEHHHI U3 KOMIOHEHT
HMITYJIbCOB BCEX BTOPHUHBIX YACTHLY i
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N . .
Maﬂ= Zl P;Pb’ a, ﬂ =Xz

KOTOpHINi TMAaroHaJM3upyercss Aas Kaxaoro coObitus. ITomyuennbie Takum
06pa3oM COGCTBEHHBIE BEKTOPH ITOTO TCH30pa N, CBS3AHHHIE C COOCTBEHHBIMU
. BEJIMUMHAMH Aj , HA3HBAIOTCS MHOINA «IJIABHBIMM OCIMH» coOnITHs. Hopmu-
3
POBaHHBIE COOCTBECHHBIC 3HAUCHHS QJ. = lj/ 2 Aj P4 UX YNOPSIIOYNBAHUH B
j=1
BHUAE Q1< Q,< Q3 0003HAYAIOT, COOTBETCTBCHHO, TOJIIMHY, MIMPHHY H JVIMHY
cobbiTHa. B atux oGo3HaueHusx S = 3/2 (Q,+ Q,). Hapany co chepuu-
HOCTBIO, B KAYECTBE JAPYroil HE3aBUCHMON MEPEMEHHOW MOrYT OBITH B3ATHI
MJIAaHAPHOCTh

P= (Qz_ Ql)
M IVIOCKOCTHOCTb COOBTHS

: F=1—QI/Q2>

AJIS IVIOCKMX coObTuit F = 1.

B xauecTBe 5KBMBAJIEHTA MEPEMEHHOM CHEPUUHOCTb, PACIPENEICHHS MO
KOTOpPOMY MOXHO CpaBHMBaTh ¢ pacueramu no KXJI, nHorna mcnosb3yercs
nepemenHas cgepocut [42], KoTOpas MMEET HECKOIBKO Gosiee CJIOXKHOE
OonpeaesicHHeE.

C noMOIIbIO METO/A IVIABHBIX OCEH MOXHO OOHAPY XHTb OTKJIOHEHHE (hop-
MBI COOHITHS OT ABYXCTPYWHOH KOH(HIypauuH, HO IPA ITOM BEKTOp N, AaCT
HANPaBJEHHUE TOJIBKO YCPEXHEHHOM Gosiee ueM 1o ABYM CTPYSIM OCH COOBITHSL.
Ilns TOro, 4ToObl ONMPEAEAHTh OCH KaXI0# M3 TPEX BO3MOXHBIX CTPYii, GbuI
pa3BuT crieuManbHbiil MeTox [43], yxe npubaMXalomuics K aJropuTMam
MHIUBUIYAJbHOTO BBIAEJIEHHS KaXnol cTpyu. B aToM MeTone Bce uacTHLbI
KOHEYHOIO COCTOSIHMS, AMEIOMHUE 3-MMIYJIBCH Py, P,. .. Py, TPYINUPYIOTCS B
Tpu HenycTeix nonMmHoxectBa C,C,, C; C MNOMHBIMHM 3-HMIY/IbCAMH
P(C) = Z ppl=1,2, 3. U3 3THX BEKTOPOB KOHCTPYHPYETCH NMEPEMEHHAS,

ieC
{
HA3BAHHAS «TPUILTHCHTH»:
N
T,= (1/2 Ip;l) max {IP(C)I + IP(C)! + IP(Cp1}.
i=1 et
DTa nepeMeHHast UMEET 3HAUYCHUS T,= 1 o1 OTUET/IMBHIX TPEXCTPYHHBIX

Koudurypaumit u T,= 3 V3/8 = 0,65 n1s noaHOCTBIO CheprayecKux COOBITHIA.
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IMogMHOXecTBa C;.*, 00ecneunBaoIMe MaKCHMATbHOE 3HAYEHHUE T,, npentu-

GULEPYIOTCS C ATPOHHBIME CTPY SIMH, HMEIOMUMH 3-UMITYThChi P(C;.'). B cuny
3aKOHA COXPaHEHMS MMITYJIbCA 3TH BEKTOPH AOJIKHbI ObITh KOMILJIAHAPHEL, YT-
JIbl MEXAY CTPYSIMH B 3TOH «ILJIOCKOCTH TPUILIMCHTH» MOTYT ObITh HHTEPIIPE-
THPOBAHBI KAK YIVIBl MEXAY NaPTOHAMH.

Hns onpenenenus dopml Gosee CIOXHBIX COObITHI B [44 | Npen/IOXeHbI
NIEPEMEHHbIE, KIMEHYEMBIe 00bIYHO MOMeHTaMu Dokca — Boabdpama:

Ip;!1p;!
H, = 2 ————J—S P (cos P>
i

TA€ CyMMMPOBAHHME BEACTCS MO BCEM YaCTHLAM KaXA0ro coObITHY, P, — no-
auHOM Jlexanapa, P;; — Yron Mexny 3-uMmyibcamMu yacTul [ ¥ j. YeTHbie
MOMEHThI HCHO/b3YIOTCS ISl OMMCAHHUs (POPMBI CHMMETPHYHBIX COOBITHE, a
HEYETHBIC MOMEHTH OTPaXaloT CTENEHb HX ACKMMETPUYHOCTH. B uactHOCTH,
Anst cheprUHbIX COOMTHIA BCE MOMEHTHI C / = 2 paBHBI HYJTIO, 8 COOBITHS C BY-
Msl KOJLTHHEAPHBMH CTPYSIMU JaloT H = 1 gns vetnmx lu H = 0 — nnd He-
YETHBIX. [N CHMMETPHYHBIX TPEXCTPYWHBIX COOHITHH MOMEHTH H , B H 3

HMEIOT NpenesbHule 3HaueHus 1/4 u 5/8 coorseTcTBeHHO.

B [45 ] paccMoTpeH Gonee 00LMit MHBAPHAHTHBIN METOA BbIACICHUS MHO-
TOCTPYHHBIX COOBITHIA B IPOCTPAHCTBE OTHOCHTEIBHBIX UYETHIPEXMEPHBIX CKO-
pocreit u= p,/m,, rne p;— 4-MMIYNIbCBI YaCTHI, m; — ux maccol. OnHako npu
AHAJIM3€ IKCINIEPUMEHTAJIbHBIX JAHHBIX B KOJLIAHAEPHBIX IKCHEPHMEHTAX 3TOT
METO/ €IIE HE UCIO/Ib30BAJICS.

B uccrenoBauusix Ha e’ e -koaiaepax npu 6onbmmx Vs u 0cOGEHHO B
IKCIEPUMEHTAX HAa hh-Koanaunepax TpeGyercs BHIIEASATh COOBITHS, MMEIO-
mue CTpyH ¢ 60IbIMMH NOnepeyHbMU UMIyIbcaMd. Ho Ha ycTaHOBKax ¢
47-reoMeTpHeil Ha BCTPEUHBIX MYYKAX y TAKHX CTPYH H3MEPSIOTCS TOIBKO MX
YIJIBl ¥ 9HEPrHsl C MOMOMIbIO IYEHCTHIX KasopumeTpos. [Toaromy 6uito BBenE-
HO MOHSATHE MNOMEPEYHOH IHEPruu E;= E;sin6, rne Bl. — YroJa BBLIETA
YaCTUIB [ OTHOCHTE/IBHO HAIPABJICHUS IMyuKa, M ONpENEsicHa HOBas KOJI-
JICKTUBHAS MEPEMEHHAS — NOJIHAS NONEPEYHAs SHEPTUS COOBITHS 2 E,. Ins

TIOMCKA COOBITHI C XECTKMMH HEUTPHHO (OT pacnaza TSXEIbIX YACTHL]) CTaaa
HCNO/Ib30BATbCA KOJLIEKTHBHAS MNEPEMEHHAs, Ha3BaHHAs HEAOCTAIOMICH
MONEPEYHON IHEPTUeH:

EM= (3 E,cosp)?+ (O E,;sin %‘)21”2'
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A€ p; — a3HMYTAJIbHBIA YTO/I YACTHLK i. ITA NEPEMEHHAS CJTYXHMT MEpOii He-
6ananca nonepeyHoOro UMIy.JIbCa.
4.2. ObHapyxeHHe KBapKOBbIX W FIIOOHHBIX CTPYii. [lepBre maHHEE O

CTPYHHOM CTPYKTYpPE AXPOHHBX KOHEYHBIX COCTOSHUIA B e+e'—aﬂnnmaunn
OBlIH MOJTyYEeHN C NOMOMIBIO MAarHMTHOTO cnekTpomerpa SLAC-LBL Ha Ha-
KonuTeabHHX Kosbuax SPEAR u ony6inkoBaHH B 1975 r. [46 ]. B aToM 3kc-

nepuMenTe GHIO NOKA3aHO, YTO C POCTOM MOJHOM 3Hepruy B c.u.M. Vs ot 3,0
no 7 I'sB senmuuna (S) 3ametHo ymeHbwaercs. U3 pacnpenenenns no yrmy
MEXJy OCSMH BYXCTPYHHBIX COOBTHI H OCbIO CTANIKUBAIOLWIMXCS MYYKOB, CO-
OTBETCTBYIOILETO YIVIOBOMY Pacnpele/ICHUIO BLIETA ¢g-Naph, 610 BnepBhie
TONy4€HO NOATBEPXACHHE TEOPETHUECKOTO MPEACKA3AHUS O PABEHCTBE CITMHA
xnapxa 1/2. Otu BaXHBIE AaHHBIE, MO3XKE YTOUHEHHHE B SKCIIEPUMEHTAX Ha

*_HaKOMMTE/NbHHX KOMbLAX PETRA B puanasone Vs=14+34 I'sB,
XOPOLIO COr1IACOBhBATHCh C OCHOBHBIMH MOIOXEHHSMH KBapK-NaPTOHHON MO~
AeJM, KOTOpas CBA3a/1a KOHCTHTYCHTH CTATHUECKOM KBAPKOBOH MOAEAHM C
napToHamM, Hab/MIONaEMBIMH B IKCTIEPUMEHTAX NO IyGOKOHEYIpyroMy pac-
CESHHIO,

Ewe Gonee dynnameHTanbHbie Pe3yAbTaThi GbUTH MOy YEHB! HA HAKOMM-
TenbEbX Koabuax PETRA B 1979 r., korna Ha BCEX YETHIPEX IKCMEPHMEH-
TaJIbHHIX YCTAHOBKAX, PACNONIOXEHHHX HA 3TOM KO/IaHAEpe B MecTax nepe-
CeucHHs e” ¢ -nyukoB, GbLIH BrepBbEe BHACACHH BRIOOPKH COBHITHI C TPEMS
CTpYSIMH.

UHTEpECHO OTMETHTD, YTO NEPBBIE YKA3AHHUS HA CYIIECTBOBAHUE COOMITHI
TPEXCTPYHHOM KOH(HIypALHH NPHILIA W3 BU3YaJbHOINO NPOCMOTPA YI/IOBBIX
pacnpenenesuii noroka 3Hepru. [lJis KOAMUECTBEHHONO NOATBEPXICHHMS
HAJIMYMs B MYJIbTHAZIPOHHKIX COONTHSX OT e e -aHHHruAsLMH fIpH BHICOKOIH
SHEPrHH TPETHEN CTPYH, COOTBETCTBYIOMIEH IVTIOOHY, HCITY IIEHHOMY OHHM U3
KBapKOB ¢g-niapHl, B 3kcniepumenTax Ha PETRA 6biin NpoBeaeHb CPaBHEHHUS
pacnpenencHuit N0 HEKOTOPHIM KO/LIEKTUBHHIM MEPEMEHHKIM C PE3yIbTATAMM
pacueToB no KBapK-NapTOHHOH MoaeaH A npouecca (8) u pacueTos no KXL[
IS [IpoLiecca

ete” - ggg. ¢))

Ha puc.2 nokasano pacnpenesieHue no naaHapHocTd P s My IbTHAXPOH-
HBIX COOBITHIA, 3aPErHCTPUPOBAHHBIX AETEKTOPOM JADE [47 | npn Vs=21,7u
30 TaB. M3 uero cremyer, 4TO pacueTl MO KBAPK-NAPTOHHOH MONENH C
BEJIMYMHOM o~ OnpeneNAOmeH pacnpenecHHe nonepeqnom HMITy/IbCa g,

KBapKOB B Kackaje aapoHu3auuu no MOD (cm. n.2.l), IaXe 3HAYHUTETBHO
NPEBHIIAIOIECH 3HAYECHHE 9,= 250 Mb»sB/c, HaiineHHOEe NpH MEHBHIMX
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Vs =21,7; 30738

--——q§ 6, =250M3B/c
—-—qg 0 =350MsB/c
—— gig

N coé./0,025

(2,70, )

Puc.2. Pacnpegenenue no nnaHapHoctu P = 0, Ql MYJBTH-

aAPOHHBIX COObITHIt U3 e’ e -aunurmnsunn npu Vs =~ 30 I'sB.
LITprxoBas ¥ WTPUXITYHKTUPHAS JIMHMU — pacueTsl no MPD;
cruomHag — pedysbtatht o KX/ ans npouecca (9)

SHEPIrHsiX, HE MOTYT BOCIIPOU3BECTH 3TH IKCIEPHMEHTAIbHBE AaHHbIE. Pacue-
ol 10 KX]I nns peakumn (9), Ha060pOT, XOPOLIO COMMIACYIOTCS € PE3Y/IbTA-
TaMM SKCIIEPUMEHTA.

B sxcnepumente Ha aerekrope PLUTO [48 ] nocse or6opa My ibTHAAPOH-
HBIX COOBITHI 10 BeTMuKHE TPACT T', B NPEANONOXECHHH, YTO COOBITHS SIBJISIIOT-
Csl ABYXCTPYHHBIMHM, CTPY# ObUTH pa3fe/ieHBl Ha y3Kue (C MEHbIINM P, ) n

wupokue (¢ 60mbumM {p,)). Tipu TakoM oTGOpE AOMOTHUTEIbHAS TVIIOOHHAS

CTpys AOJIXHA BXOANTD B COCTAB IUPOKOIA CTpyH. [ eiCTBHTENbHO, TOKA3aHO,
uro Habmonaemas B mmanasone 13+30 B cnabas sHepreTHueckas

3aBUCHUMOCTDb 2 3KMX CTPY#H XOpOWIO BOCI HU3BOAUTCH KAK KBAPK-NIAPTOH-
DYy y

HO#H Mogesbio, Tak 1 KX]I, Ho Gosnee 3ameTHHIiA pocT (ptz), OTMEUEHHBH Y

MIMPOKMX CTPYH, BO3HHKAET ToubKO B KX/I Kak pe3yabrar MaayuyeHHus TOp-
MO3HOIO IVIIOOHA ONHHM M3 KBAapKOB. B 3TOM Xe 3KCIIEpUMEHTE C MOMOINBIO
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100 Puc.3. Pacnpenenenme no cos @ pas Tpex-

CTpyiiHbIX cOObiTHIt M3 e e -anHurmnsuum
npu Vs = 30 I'B. CruowHoit simkueit npen-
crasnensbt pacuerbl no KX/, wrpuxosoi —
E J B\ ‘ 4 NO MOZAEJIN CO CKANSPHBIM . [JIIOOHOM

SN 1%;>00

T
>/

oxangp 77 N oOpe3aHuii 10 NEPEMEHHBIM TPH-
nuucutH T3, TpacT T ¥ cepruHOCTD

\ S orobpannl COOHTHS C OTYET-
\ JIUBHIMH TPEXCTPYHHHMM KOHGHUTY-
- 1  paunsamd. Ux xonumuectso Xopomo
0t 015 - 7  COMIacoBHIBANOCH TOJBKO C pacyeTa-

cos B mu no KXJI ans peakuuu (9). AHa-
JIOTHYHHIE pe3yJIbTaThl, MOATBEPX-
AAIOIIME, YTO NPH BBICOKKX OJHEP-

MMsX B COONTHAX OT et e -aHHMIMASLMH NOSB/AETCH TPETHIl MAPTOH, KOTO-
phiii MOXHO OTOXIECTBHTD C npeackasaHunM KX/ raooHoM, Geuti noayue-
HH Ha aerektopax TASSO[49 | u MARK-J [50].

OnHaKko AN OKOHYATEBHOIO NOATBEPXACHHUS (byHIAMEHTAIbHOIO Npea-
nonoxenns KXJl o CymecTBOBAHMH IIIOOHHHX MNOJEH, HYyXHO Obio mo-
JIyUHTb 3KCNEPHMEHTAJIbHHIE JIOKA3aTEJBCTBA TONO, YTO CMMH NOSABAKIOLIETO-
cs1B e’ e -aHHMrMASILMM TPETHEro NapTOHa paBeH enunnue. [loaToMy K Haua-
ay 80-x rogos OniM MPOBEAEHH MHOIOMMC/IEHHHIE  HCC/IECAOBAHHS
BO3MOXHOCTEHi ONMPENE/ICHHS CIMHA IVII00HA B €' ¢ -aHHUIMISLUMM NPH Bhi-
coxkux sueprusax [§1—354 ). B uactaocty, B [51 ] 6610 nokasaHo, uTo pacnpe-
nenenue o cos 0, rne 6 — YTOJI B [IOCKOCTH TPEXCTPYHHONO COORTHS MEXIY
HAIMPABJIECHHEM CTPYH C MAKCHMAJIbHOH 3HEpPrucit M HAaNpaBJACHHEM BBUIETA
IBYX APYTHX CTPY#H B HX CHCTEME NMOKOS, CyLICCTBEHHO 3aBUCHT OT BEJIMUHHBI
cnuua rmcoHa. Ha puc.3 npuBeneHo pacnpenesieHue no cos 6, B3siToe 3 paGo-
T™H [§5], BHNOJHEHHON HA 3KCNECPHMEHTAJIbHOM MATEpHaJE C YCTAHOBKH

TASSO npu sueprusix 27,4 < Vs < 36,6 'B. B 310t paboTte ¢ noMOWBIO KOJI-
JIEKTUBHBIX NEPEMEHHRX ObuUTH TIATENbHO 0TOOpaHKH 248 TpexCTpyHHBIX CO-

OHTHIE C OTHOCHTENILHON JHEPruell CaMoil XECTKOM CTPYM X, = — < 0,9.

E beam

IMokasauunie Ha puc.3 pe3yabraTe pacueroB B nepeoM nopsiake TB KX u
 AHAJIOTHYHHX BBIYHMC/ICHHH MO MOJE/H A1 CKaNsPHHX [IIOOHOB [56 ] siBHO
CBMIIETE/ILCTBYIOT B 1011b3Yy NnepBoro BapuanTa. Eme Gonee y6enurenbHoe a0-
Ka3aTesNbCTBO B NOJIb3y TOIO, YTO CMHH [VIIOOHA PAaBEH CAMHHMLE, AAJIO CPaB-
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HEHHE SKCIIEPMMEHTAIBHOTO 3HAUYEHHUS (COS 5)5 = 0,349 + 0,013 ¢ pacuer-
HBIMM 3HAUECHUSIMH {COS 5)V = 0,341 * 0,004 u {(cos (7)s = 0,292 + 0,003.

TeopeTHuecKUe pacueThl, NpoBeAeHHbIE B [52 |, nokasanu, YTo BEJIMUNHA
CTHHA [JIIOOHA BJMSIET TaKXe Ha popMy pacrpenesienus no x, . AHaM3 Takoro

pacnpenenenus B obnactu 0,7 < x, < 0,95, npoaenanHbii B [57 ] Ha JaHHBIX C

aerektopa PLUTO npu sueprusix okoso 30 I'aB, noarsepaun, uro runoresa o
CIIMHE TpeTheil cTpyu s = | aBasercs Gosee npeanouTHTeabHOM. [To3xe k Ta-
KOMY X€ BHBOAY Mpuuuia rpynna (u3ukos, paboTaBWIMX HA AETEKTOpE

CELLO npwu sneprun Vs = 34 3B [58 ].

4.3. ArOpUTMbI BbIIENEHHS OTE/NbHBIX aPOHHBIX CTPYH NPH CPEAHNX
3Heprusx. XoTq MCNO/Mb30BAHHE KO/JICKTHBHHX NMEPEMEHHHX A/ aHA/IM3a

e e -B3aumoneiicTBuit Mo3BOANAO 3(DMEKTHBHO BHAENMTb ABYX- M Tpex-
CTpyiHBE COONTHS M NOAYUHTb GYHAAMEHTA/IbHBIE HPU3UUECKHE PE3YTBTATHI,
SABMBHIMECS BAXHBM JKCTIEPUMEHTAIbHHM MOATBEPXKACHHEM NPAaBUIbHOCTH
ocHOBHHX nosoxennit KX, k Hauany 80-x ronoe oTa TexHMKa 00paboTKu
IKCMEPUMEHTANBHBEIX JAHHHIX B 3HAYNTEIbHOM Mepe cebs ucuepnana.

Ilns nanbHelweit npoepku npeackasanuit KX Tpe6oBasuch NaHHHE MO
AHHUTHISL{MOHHKIM COOHTHSAM C YeThpbMs U 60nee CTPysIMH, a A1 TPOBEPKH
mozneneil pparMeHTaUnK NapToHOB G0 HEOOXOMMMO ETANbHO HCC/IEA0BATD

CTPYKTYPY OAMHOUYHKX cTPYyit. K ToMy Xe aHeprus V's = 35 'sB, nocrurnyTtas
Ha HakomuTeabHbX Kombuax PETRA, yxe obecneunBasia J0CTaTOUHOE pas-
HECEHME aAPOHHHX CTPY#H B NPOCTPAHCTBE AETEKTOPA, UTO MO3BOJSIO MOC-
TABUTb BOMPOC O BHICJIEHUH OTAE/bHBIX CTPYil C MOMOIIBIO CMELHANbHbIX aJI-
FOPHTMOB. .

OnH¥M U3 nepBbiX Obl NPENOXEH «yrA0BO» CTPYHHHIN anroput™ [59 ],
B KOTOPOM J/11 BHIE/ICHHS CTPYH MCNOJIb30BAJICH (PaKT KOLIMMAUHI MPOAYK-
TOB (PParMEHTALHH NAPTOHA OTHOCHTEIbHO HATPAB/ICHUS €10 MMITYJIbCA. ITOT
AJITOPUTM BKJIOUAET B ceOd CIENYIOLME STank:

— Cuavana sBnifbupaercs camas ObicTpas 4acTHUA, M BCE OCTaJIbHBIE
yacTULH B yroBoM pacTBope Af < a noGasasioTcs K Heil, o0pasys npekJa-
crep. [TonobHas xe onepauus NOCAEAOBATEAbHO MPOW3BOAMTCS CO BCEMHM
OCTa/IbHBIMM YacTHlaMu. HanpassieHue ocH MpeKaacTepa noJy4yaercs nyTeM
CyMMMpPOBaHHsl 3-HMIYJIbCOB BCEX BKJIIOUEHHBIX B HETO YACTHLL.

— Bce npexsacTepH ¢ yriaMi MeXay Mx ocsiMu MeHbie A6 = B obvenu-
HSIOTCA B KJACTEPH, MX JHEPrus ¥ 3-MMIYJbCH ONPEAENsIOTCS MyTEM
CYMMHPOBaHHS BCEX BOIMIECAUIMX B HUX YaCTHIL. ’

— >
Knacrepp cE 2 E . wn . = n,CUATAIOTCS CTPYSIMH.

part
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— Bce cTpyu B COOBITHM CUMTAIOTCS MIPAaBUIbHO MAEHTH(DHIMPOBAHHBIMH,
nl‘ -
€C/IM BHINOJIHAETCH YCIOBHE 2 E >E, (1 —¢), rne e<<1 — uacrp 3a-
i=1
PETUCTPUPOBAHHON B AETEKTOPE DHEPIHH, E,
* XKaTb YACTHLAM, HE BK/JIIOYEHHBIM B COCTAB CTPYii.

& KOTOpasi MOXET TpHHamIe-

ITOT CPaBHHTENBLHO MPOCTO AATOPHTM GBLA KCMO/Ib30BAH B KAUECTRE 110~
TIO/THATE/IBHOTO CIOco0a NMpH BHIIEJEHUHM TPEXCTPYHHBIX COOBITHIA B HEKOTO-
PHIX M3 PACCMOTPEHHBIX Bhillie pabOT 10 ONpPENE/IEHHIO CTMHA IIooHA. Tak, B
[57 ] oH Gbin ycriemHO NPUMEHEH CO CJEAYIOIMMH BETHYMHAMH BXOJSIINX B
HeEro napameTpos: a = 30°, 8 = 45°, E  =2T3Bune=0,1.

mn

Meronuka BhinesieHus CTpy#, OCHOBAHHAS HA OTPAHHUEHHMSIX «OTHOCH-
TEJIbHBIX PA3HOCTEH» KHHEMATHYECKHX MEPEMEHHBIX BXOASIIMX B CTPYIO
4acTHIl, aKTHBHO pa3BMBaJIach U gajee. OMHMUM U3 NPHMEPOB TAKOTNO MOIXOAA
MoxeT cryxuTb aroputm LUCLUS [60 |, B koTopoM B cTpy10 00beAHHSIOTCS
YaCTHIb C OTHOCHTE/IbHHIM MONEPEYHBIM UMITY/ICOM, HE MPEBBIIIAIOIIMM 3a-
JAHHOW BEJIMUMHE.

Onnako 10 nocieHero BpeMeHyn HauGOTbIIEE TPAKTHUECKOE IPUMEHEHHE

B MCC/IENOBAHMSX e’ e -B3aMMOREHCTBHI MMesn THI QJITOPATMA, BHOEPBBIE
npeasoxeHHni Kosnabopaunein JADE. ITocnensee cBsizaHo ¢ TeM 06CTOS-
TEJIBCTBOM, UTO BiuuCaeHMs o TB KX/ B npubauxerann O(a?) BRHINOJIHSIIOT-
Csl TOJIBKO A5t 6e3MaccoBbix maproHos. [loaTomy Tam, rae Tpebyercs mpsmoe
CPaBHCHHE IAHHBIX C aHAJIMTAYECKHMH pacuetamu no KX]I, ans sxcnepumen-
TaJIbHOTO 0T6OPa CTPY# TpebyeTcs MCNoNb30BATh TAKOM AJITOPHUTM, KOTOPBIH
Mor 6bl GHTb TAKXE NPUMEHEH AJIS COOTBETCTBYIOMMX ONeEpaLHii IpH pacue-
Tax ¢ 6eamaccoBbimu napronamu B KX/,
Opurusanbabii anropurm JADE [61 ] oprarnsosan CIEXYIOIMM 00pa3oM:

— Chavana paccuMTHIBAIOTCS HHBAPUAHTHBHIE MACCH m,; BCeX map
«4acTuL» B BHIOpaHHOM coObiTHH. TR yacTHLEH B JAHHOM C/Tyuae MOXET Mo~
HUMAaThCsl pEaNbHAs YaCTHLA, AAHHBIEC C ONMHOM SYEHKH KaJOPUMETPA WA
«NICEBAOYACTHLA», ompenencHHAs Huxe. MHBapmanTHas macca paccumrei-
BACTCH B NPEANIONOXEHHH, YTO YACTHIH | ¥ j AMEIOT HYJIEBHIE MACCHI:

2 = -—
m; = 2ElEJ. (1 —cos 91;‘)’

a JHEprus M 3—mmym:c NapH MOJyJyacTCs CJAOXECHHEM I3THX BEJAWYMH [JId
OTAC/IbHN X YACTHIL:

E.=E +E.,
ij i j
Pij=Pi+Pj’
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"~ C NOMOIbIO BHYKCAEHHON TAKUM 00pa3aoM WHBAPHAHTHOM MacChl ml.j'
onpeaensercs 6e3pasmMepHas BeJMUHHA

m2

= —li.
y,‘j s ’
Ha3blBACMAsl MHOTAA «CTPYHHOCTb» (jettiness), rae s — KBaApaT MOJHOM
JHEPIrvH B C.IL.M.*

IMapa yacTuy ¢ HauMeHbIIEH BEAMYHHON ¥;; Ha3KIBAETCA NCEBAOYACTHLEH,

M OTH [BE YaCTHUW B Ja/JbHCHIIEM aHA/MHM3€ 3aMEHSIOTCS Ha TaKylo
NCEBAOMACTHILY.
— Ipouenypa noBTopsieTcs f0 TeX NOp, NOKA BCE BEAHYHHDI ¥;; HE HAUHY T

NpECBHIIATh HEKOTOPOE NMPEAECAbHOE 3HAUEHHE ycm.

— Bce o6pasoBanHbIe Ha 3TOM 3Tane NCEBAOYACTHLIN CYHTAIOTCS CTpysIMH.

Onnako TaKkoro pona alropuTMaM NMpHUCYma HEOXHOZHAYHOCTD, KOTOpY10
OGHIYHO HA3WIBAIT «HEOMPENENEHHOCTIO PEKOMOMHALIMOHHOM CXEMBI», TaK
KaK MOoy4aeMbi€ Pe3yIbTaThi CyLIECTBEHHO 3aBHCAT OT NOAPOGHOCTEN nmpole-
AYPH NEPEONnPENE/ICHHS KHHEMATHUECKHX NEPEMEHHKIX,, C MOMOLIBIO KOTOPOH
obecneumnBaetcs nonobue aapoHOB KOHEUHOMO COCTOSIHMS, OGBEIUHSIEMBIX B
cTpyto, 6e3mMaccoBuM napToHam B pacuerax no KX/I.

B Hacrosiiee BpeMst HCCIEA0BAHO HECKO/IBKO PEKOMOUHALIMOHHBIX CXEM C
TEM, YTOOB BBISICHATb, /IS KAKOH W3 HMX AHAJANTHYECKHME pacuetrbl no TB

KX B npubauxennn O(asz) Haubo/ice NPUIONHK A/ NPSMOTO CPABHEHHS C

9KCMEPUMEHTANbHBIMH JAHHBIMH, T.€. AJPOHM3ALMOHHHE MOMPABKH AOCTA-
TOYHO Masibl. OCHOBHHMH MX HHX sBasiiorcs E-, EO-, P- u PO-cxemm [62 l.
OHu paanuuaiorcs mMexay coboit Tem, kakum o6pazom 4-uMnyabc ncesno-
YacTHUN 06pa3yeTcs M3 3-UMNYJAbCOB M SHEPIMi HCXOAHBX YaCTHL (MIM
MCEeBAOYACTHLY).

OnHako no Mepe NOBHILICHMS TOYHOCTH IKCMEPUMEHTANBHBX HCCAEH0-

BaHHIi Ha c+e'-xomaﬁnepax M yNyulieHUs TEXHHUKH pacueroB B pamkax TB
KXII crann nposBAsTbCS HENOCTATKM 3TONC NOaxoma. OCHOBHMM M3 HHX
ABJISIETCS BO3MOXHOCTb OOBEANHEHNUS B OZIHY NICEBAOCTPYIO YaCTHL OT MATKHMX
F/TI0OHOB TOPMO3HOTO H3/TyUEHHS, KOTOPHIE HA CAMOM JEJE CIEAYET BKJIIOYATh
B CTPYM OT Pa3HbiX NAPTOHOB, UCIYCTHBIIMX 3TH IVIICOHH. JleiCTBHTE/IbHO, B

cryuae E; << \/;, EJ. «<Vs BEJIMUMHA y;; MOXET OKa3aThC HANMEHbIIEH Aaxe

TOrAa, KOrAA YacTHUH i W j 00pa3oBaHbl npu (PparMEHTALHM MATKHX TJII0O-
HOB, HCMYIICHHHIX PA3HHIMH NAPTOHAMH, U HX 3-UMIY/IbCH Pa3/Ae/ICHb JOCTA-

*CymectsyeT Takxe MOAMMHKALMS 3TOMO ANTOPUTMA, B KOTOPO# BMECTO § MCNOJIb3YETCs E:‘:ls
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TouHO GobmmM yraoM. O6pa3oBaHue MONOOHBIX MSTKHMX NICEBAOCTPY A HEIb3st
JOCTATOYHO TOYHO YUYECTb NMpH pacueTax BO BropoM mopsiake TB KX, uto
IPUBOAMT B 00,1aCTH MAJIBIX 3HAUCHHH ;K 60bIIHM NONPABKAM OT BBHICIIAX

nopsnkos. [103ToMy GbLIO MPENIOXEHO HECKOIBPKO HOBHIX a/ITOPHTMOB BHIC-
JICHMS CTpy# B COOBITHAX OT et e -annurunsanuil, KoTophe coxpansan Gn
" c1abyl0 3aBHCMMOCTb OT MOJE/IEH aapOHM3auMy, MPUCYINYIO aJarOpATMaM
tuna JADE, HO no3sosmuid On yMEHBIIATh MONPABKH OT BHICIIMX MOPSAKOB

npH cooTBETCTBYIOMMX pacuerax no KX]I.
U3 nux Haumbosiee yNauHBIM OKa3ascs k,, WIH, KaK €ro €ue Ha3uBaloT,

RYPX3MCcKHii aroput™ [63 ], B KOTOPOM COXpaHEeHa NMOC/ICAOBATE/ILHOCTD OMe-
paumii anroput™a JADE, HO B KauecTBe NEPEMEHHOM, HA OCHOBAHUH KOTOpOM
IPOMCXOAUT PA3NEIEHHE CTPYH, B HEM BMECTO MX MHBAPUAHTHON MACCH B3AT
OTHOCHTEJIbHBIM MONEPEYHH MMIyabC. B KauectBe CTpyHHOCTH B K -aji-

TOPUTME MCIIONb3YETCS BETHYHHA
¥ = 2(1 = cos §;) min (E?, Ef)/s,

KOTOpas MNpd MaJjJbixX Gu COOTBETCTBYET MHHHMAJIBHOMY IIONCPCUHOMY

MMIYJbCY B CTpye. Micnoib3oBaHKe 3TOTO aArOPUTMA NO3BOJISIET JIETKO Y4€CTh
NONPABKHM OT BHICIIMX NOPsikoB npu pacyerax no TB KX u u3bexarp nmpoo-
JEMB TICEBAOCTPYH M3 MSTKMX YACTHML, HMCIYMEHHBX mox Gonpmmmu
OTHOCHTE/IbHBIMH yraamu [64 ]. letaqpHOE HCCIENOBAHUE ITOX CXEMBI HA MO~
JEJMPOBAHHBIX COOHITHSX NMOKA3A/N0, YTO OHA MMEET MPEMMYIIECTBA MO CPaB-
HEHHMIO C IPEXHUMH aJINOPUTMAMH, N0 MEHBIIEH MEPE, MPH BHIYHC/ICHHMH CE-
YeHUH AHHUTHISLMOHHBX COOBITHIA TTPH MAJIBIX Yij+

4.4. CeueHust 00pa3oBaHHs COObITHII C HECKOILKUMH CTPYiMH. Onucan-
Hag BBHIIE METOAMKA SKCICPUMEHTANIbHOTO BbIIEJICHHS OTAEJIbHBIX CTPYH B

COBHTHSAX OT e ¢ -aHHUIMIAIMHA 06ECTIEUHBAET BOZMOXHOCTh KOPPEKTHOTO
CpaBHEHHs C pesysabTatamu pacueros no KXJI skcnepuMeHTaIbHbIX OLEHOK

o
OTHOCHTENBbHBIX CEUCHHH Rn= —‘i, rac atol — MNOJIHOC CCUCHHC e+e_-

tot .
AHHUTWISLIMH B aIPOHH, O n CEUCHHEC AHHUTWISITAOHHBIX Bsanmoueﬁcmmi,

IPUBOASLIMX K OGPA30BAHHIO B KOHCYHOM COCTOSIHHMH 1 CTPYH. JleficTBHTE b~
HO, B paMKax O(asz)—npn6nmxeﬂnﬂ TB KXII BennunHbl R, MOXHO mMpea-
CTaBUTD B BUAE PA3/IOXKEHHS MO cTenensM a (u) [65]:

) .
R2= 1+ C2,l(ycut) as(‘u) + C2,2(ycut’f) as(u)’

Ry= C3 ,(Veu) 4,0 + C3 3000 /) @5 (1)s
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Puc.5. 3asucumoctu or Yeu

OTHOCHTENbHBIX CeteHmit R ofpado-

BAHMS  MHOTOCTDYitHbX COOMTHI B ¢*e”-anmmmunsuum npu
Vs = 91 I'sB, nonyuennsie Ha netektope OPAL. Kpusbimmn 0603-
HauECHbI PE3yILTaTHi pacueTos no nporpamme JETSET

O(asz) € y4CTOM Mpouecca aiPOHN3aUMH NAPTOHOB, a Takxe 3dPeKToB, CBs-
33HHBIX C ICTEKTOPOM, NOC/IE ONTHMU3ALHH 3HAYCHUS a (#) Xopowo ONUCH-

BAIOT JKCMEPUMEHTANLHEIC JaHHKIE 110 R, B IUIMPOKOM MANa30He Yeur:
Hau6onee Tmarensno namepenus R, 6binu nposeneHn Ha et e -konnaii-

aepe LEP nipn Vs = M ,0. Ha puc.S npusenexn saBucumoctn R n OT Yoy MOy~
4YcHHHIE HA aeTekTope OPAL [67 | ¢ ucnoabsosanuem k,-anroputMa, uTO 103-

BOJINJIO NPOBECTH CPABHEHHE C npeAcKa3aHusaMu KX 1o CymecTBeHHO MeHb-
IUAX 3HaYeHHH y ., uem Ha puc.4. [lpusencHune Ha pHC.5 KpHBHiE

paccuntanb no nporpamme JETSET. IMyuxkTupHoii nuuueit o6o3naueHn pe-
3Y/IbTAaThi pac4€TOB, NPOBEACHHMIX HA YPOBHE MAPTOHOB, A CILIOWHOM KPHBOIA
~— PE€3Y/IbTAaTH PaCyeTOB, NOBEACHHMIX 10 Y POBHs anpoun3auuu. M3 stux nan-
HBIX CJIEAYET, YTO aAPOHM3ALMOHHHE MONPABKH CYHIECTBEHHH TOJIBKO NpH
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YeurS 0,003. CpaBHeHue THX pe3y/bTaToB C MOJIYUYCHHBIMH PAHEE HA OCHO-

BAHHH PEKOMOMHALMOHHLIX CXEM ISt anropurma JADE [68 | ceuperenscry-
€T, UTO kt—anmpmm NPHBOAMT K MEHbIIXM MONPaBKaM HAa AAPOHHU3ALHIO.

4.5. HexoTOpbie pe3ybTaThl, N0Jy4eHHbIE IPU U3YYEHHH MHOTOCTPYH-
HbIX COObITHI. Kak 6610 oKa3aHo B 11.4.2, BRaeacHHE TPEXCTPYHHBIX COOBI-
THH W HCCICNOBAHME UX CTPYKTYDH MPHBEO K OTKPHTHIO BEKTOPHBIX [JTH00-

HOB. [laibHelee N3yueHne MHOTOCTPY HHBEIX COOBITHI Ha e*e“-xomaﬁnepax
TRISTAN, SLC u LEP nossonmio nposectu JETAJBHYK0 9KCHEPUMEHTAb-
HYIO IPOBEPKY PAcuYeTOB C yYETOM BHICUIMX WICHOB pasioxenus TB KX,
Onnako aHanM3 BCeX MOJMYYEHHBIX HA ITHX KO/MalAepax (H3HUECKUX
PE3y/IbTATOB BBIXOAMT 32 PAMKH HacTosuiero of30pa, M HUXE B KAYECTBE
npuMepa GynyT NpUBENEHN Pe3y.IbTaThi H3MEPEHHH PSiAa PYHAAMEHTANbHBIX
KoHcTanT KX]I.

H3mepenue a. Cpenn MHOTOUHC/ICHHBIX CIOCOGOB DKCIIEPHMEHTAIBHOTO
onpenencHus o (CM., Hanpumep, 0630p Anrapesiu [69 ]) onnum u3 HauGonee

TOUHBIX SABJISICTCS U3MEPEHUE ITOM BE/IMUMHE N0 OTHOIIEHHUIO BHIXOOB TPEX-
¥ IBYXCTPYHHBIX COOHITHI. JleHCTBHTENBHO, PACUETH B IIEPBOM nepsinke TB
KX paror ortHOmeHnue, paBHOE as/Jz. Yuyer uyneHoB BTOPOro mnopsEKa

NPUBOIHT K cooTHOmEHusM (10), koTopHe uenonw3yoTCs A1 6osee TOUHOro
onpeneJeHus MacTabHoi koacranTh KXJI AXE'

Ha Bcex skcnepumenTanbumx ycranopkax LEP, 3a uckioueHmeM L3,
LI Ofipeae/icHNS KOHCTAHTH AE!'E OB HCHIO/IB30BAH METOM, MPEA/ICKCHHbIN

xosiabopauneiit OPAL (70 ). B atom MeTone uamepsiercst anddepeHIuatbHoe
pacnpenenenue

Ry(y) = Ry(y — Ay)
D(y) =~ A; ;

TAcy =y . IPH KOTOPO# KAacCuUKaLHs COOBTHS H3MEHSETCS C TPEXCTPYii-
HOro Ha jaByxcrpydHoe. Ilepsas cepus mamepenuit Asrs Onisia npoBeEEa C

MCIIO/Ib30BAHUEM PA3/IMUHBIX PEKOMOMHALMOHHBEIX cxeM aaroputma JADE.
XoTs 9KCEpUMEHTHI, NPOBEACHHBIE HA Pa3HHX ycTaHoBKax LEP [70—73 1,
OT/IMYA/TMCh MHOTMMHY AETANSIMM AHAIN32 (B YACTHOCTH, HCCIEIOBAHUS MPO-
BOAWINCh HJIM TOJIBKO C 3apPSUKCHHBIMM M HCHTPATBHBIMH AJPOHAMH M0
OTACJIbHOCTH, WM MPA WX COBMECTHOM HCMOJb30BAHMM), OHH AaJH XOPOIIO
COIIACYIOLIHMECS PE3Y/IbTATH. Y CPEAHEHHUE [0 YETHPEM IKCIIEPHMEHTAM JAJI0
3HAUCHUE as(MZo) = 0,119 £ 0,008. Oguako oxasanock, YTO OnpeneaAseMast

TaKUM 00pa3oM BEIHUYHHA Aj/5 CYLIECTBEHHO 3aBHCHT OT MEPEHOPMUPOBOY-
HOIO MapaMeTpa i, NPUYEM €r0 3HAUCHUE, MOTYyaeMOe B Pe3y/ibTaTe Moa-
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FOHKH K OKCTIEPUMEHTATbHHM AaHHBIM, OBLIO CIMIIKOM ManbiM. Tak, 10 faH-
HHM c aerekropa OPAL [70 ], HalineHHas B pe3y/1bTaTe aNIPOKCUMALMH pac-
npeaesneHns D(y) BenHynHA Am npy (PMKCHPOBAHHOM 3HaueHuH f = 1 oka-

3anach pasHoii 330 MaB, a npu coBmecTHOM onpeneneHun Azrc u f ObLTH

nonyuenn 3nauenus 147 MaB u 0,0052 cooTBETCTBEHHO. CyiuecTBOBaHHE
nonoGHOM 3aBHCUMOCTH A5 OT MmacmTabHOro napaMeTpa CBUACTEALCTBOBAJIO

o HeoGxomuMocTi yuera B pacuerax no TB KXJI uneHos Gonee BbICOKONO
nopsaaka. [anbHedmmi aHAIN3 TNOKA3aa, YTO K 3aHHXCHHIO 3HAUCHMS U
NPHBOAKJIA MOATOHKA AAHHBIX B 0061aCTH MabiX Y;j» FA€ PAcueTH 1o TB KXII
OBl HAMMEHEE TOYHB, TIOCKOMbKY (hopMa nepeMeHHOi Y;® anroputme JADE
HE TO3BOAS/MA MCNOAb30OBATH TEXHHUKY NEPECYMMHPOBAHHMS BEAYLIMX JIO-
rapupMuueckux ueHos [74, 75 |. 3tor HenocTaToK Obl1 yCTPaHeH npu nepe-
Xone K k-anroputmy, KOTOpHIii MO3BO/MSET MPOBECTH B 00JACTH MajbiX Yij

MEpecyMMHPOBAHHE HE TOJBKO BEAYLIMX JIOrapu(MHUECKMX UICHOB, HO M

WIEHOB BCEX Ceayloumx nopsiakos. [Tocae nepepaboTKu ¢ HCNONb30OBAHHEM
k-anropuTMa JaHHHX C yCTAHOBKH OPAL [67 ] 6binu nonyvyeHb 3HAYEHUS

ik 244“::3, f = 0,25. Mocne nonobHoil nepeodpabOTKM AAHHBIX C APYTHX
nerektopos LEP HoBoe cpennee sHauenue pasHo a (M) = 0,123 £ 0,005
[69 ], BipoueM, OHO COBNAAAET C MPEABYIIHM B NPEAEIAX OQHOIO CTaHAAPT-
HOIO OTKJIOHEHHS.

JIpyrdM HCTOUHHKOM CHCTEMATHYECKKX OTKJIOHEHHIA MPH CPABHEHHMH IKC-
NEPUMEHTANBHBIX JAHHHX C AHATMTHYECKAMHU pacuetamu no KX seasercs
B/IMSHHE NPOLECCA AAPOHM3AUMM, KOTOPHA MOXET OHTb YUTEH TO/MBKO Ha
OCHOBAHHMH MOACIbHMX pacuetos MetoaoM MK. B peayabrare Takux pacueToB
ObI0 MOKa3aHo, uYTo AN EQ-cxeMBl HEONpPEACJEHHOCTD B W3MEPECHHH
OTHOCHTE/IbHHX BHIXONOB COORTHI C PA3HBIM KOJIHUECTBOM CTPYii, CBI3aHHAs

C NPOLECCOM afPOHM3ALMH, B JHANA30HE Vs = 25+ 100 I'B ne NpeBHILLIACT
+ 2%, IMosromy n3yuenue npu GUKCHPOBAHHOM y_  33BHCHMOCTH ceyeHunm

06pa3oBaHus cOOLITHIA C n CTPYSIMM OT SHEPTHH ABJISETCS HAAEKHBIM CrOCO-
6OM YCTaHOBJICHUS JHEPTETHYECKOM 3aBHCHMOCTH o . Ha puc.6 npeacraBieHs
naHHBE N0 Ry(y,, = 0,08) B oGnacru Vs =22+91 3B [76 ], nonyueHHbIE HA

xonnaiinepax PETRA, PEP, TRISTAN u LEP B pamkax peKoMOMHALMOHHOH
cxemn EO, 4TO NO3BO/SET IPOBECTH MX CPABHEHME C AHAJTATHYECKHUMH pacye-

ramu no TB KX]1 B npubnuxenun O(a:). CnnowHas kpuBas Ha puc.6 coort-

BETCTBYET pE3y/JbTaTaM aNMpOKCMMALUMM IKCNEPMMEHTAIbHBIX JaHHBX
AHAJIMTHYECKUM BHIPAXEHHEM U1 Ry € macmTabHuM Koadpduuuentom f = 1.
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Puc.6. 3aBucuMocTb R3 OT KOHCTaH-

30
Tl cB3M . CRACWHOI KPUBOIt ® JADE X AMY 4 OPAL
s + TASSO % VENUS O DELPHI
MPEACTABICHDbI PE3YAbTAThl AHAMTHU- : o Mk-II e 13
4ECKMX PACYETOB B HU3LIEM NOPSAKE i. J 4 ALEPH
TB KXJI; wrpuxosas kpusas coor- & 2 /
BETCTBYET @_= COnst, ToueuHas kpu- + S
s L ‘{‘ /
Bas NPEACTABNSET HHEPreTHUECKYIO 2 S/ .
3aBHCMMOCTb KOHCTAHTbI CBA3N a, B 3_; 20F — —}‘** ———————
a6eneBoit BEKTOPHOMN TEOpUM « / \t
15 1 1 I ‘
20 0 60 L] 100
Vs, a8

Ill'rpuxoaaa JINHUS HA OTOM PUCYHKE COOTBETCTBYECT F'HMOTE3EC O HE3aBUCHUMOM
OT 3HCPrHH KOHCTAHTE as. Hpnnenel-mue AAHHbBIE CBUACTEABCTBYIOT, UTO Cy-

IECTBYIOLUIHE JKCMNECPHMEHTA/IbHBIC PE3y/ibTATH HAAEXHO HCK/IKOUYAIOT
THMNOTE3Y o6 BHCDI‘CTH‘ICCKOFI HE3aBHCHMOCTH as, HO XOpOWO ONMUCHBAKOTCA B

pubuKEHNH O(a:) TB KX, uto sBaserca yOeauTeJbHBM JOKA3aTENBCT-
BOM B mosib3y «Berywei» a , T.e. HeabeneBOH NMPHPOAB TEOPHH CHIBHBIX
B3aMMOJECHCTBUH.

Ha puc.6 Takxe npeacTaBieHa JHEPrETHUECKAs 3aBUCMMOCTD R, Cieny-

fomas u3 abenesoit kanubposounoii teopun (AKT) [77], xoropas He co-
JEPXHT CAMOB3aHMOACHCTBHS IMTIOOHOB U HE MPEACKa3biBaeT KoHdaiHMeHTa.
Bunno, uto AKT ¢ GHCTpo pacTyuieit KOHCTAHTON CBSI3M a, MOJHOCTBHIO

HCKIKHACTCH IKCNCPUMCHTANTbHNMH JAHHBIMHU.

H3mepenue koHcmanmol c6s3u mpexeaooHHol éepuiurbl. CynecTBes-
Hoit ocobernocTbio KXJI kak HeaGeneBoil KaMMOPOBOYHON TEOPHU SABJISETCS
CaMOB3aMMOAECHCTBME IIIOOHOB, 00YC/IOBICHHOE HAJHYHEM Y HHX LBETOBOIO
3apsaa. Beaencrsue 3TOro nogBASIOTCS TPEXIVIIOOHHBIE BEPIIMHbBI, KOTOPBIC,
HANpUMeEP, AOXKHB JaBaTbh 3AMETHBIH BKAAA B POXICHHE UETHPEXCTPYHHBIX

coBuiThii B ¢t ¢ -aHHHrWIALMHI, ONUCHBAEMOE IHarpaMMaMu Ha puc.7. Xors B
3KCMEPUMEHTE HEJIb3s OAHO3HAYHO OMPEAE/NTD, B KAKOM H3 ITHX MPOLECCOB
06pa30Banoch Kaxa0e OTAENbHOE UYETHIPEXCTPYHHOE COOBITHE, 3TO MOXHO
CAENaTb CTATHCTHUYECKAMHM METOAAMH [UIsl ONPENC/ICHHON BHIOOPKM COOBITHIA
noc/ie ynopsAOuMBAHUS JHEPruM CTpyi E, 2 E, = E; =2 E, Ha O0CHOBE Cre-

M(HUecKoi KOHGUIypaluu CTPYit U3 TPpeXIooHHOI BepmnHbl [78 |. OxHoil
M3 NEpEMEHHBIX, PACMPENE/IEHHE O KOTOPHIM PA3IMYHO I KOHEYHBIX COCTO-

SHUi ¢gqq M ¢ggg, SBAseTCs yron O, Mexay (P, — P,) 4 (P3— P,) (Tak Ha3bl-
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Puc.7. deitHmMaHOBCKME aMArpaM-
Mbl, OmMchbiBalowme ofpasosanme
4-cTpyitHbix cobbiThit B et e -aHHn-
MASLHAN

BaeMni# yron HaxtmanHa —
Peiitepa) [79]. lns paspe-
JICHMS  COCTOSHHMM  ¢ggg,
00pa30BaBLIMXCA B PE3YJib-
TaTe ABOMHOrO TOPMO3HOIO
H3Jy4YEHUS TIIOOHOB (Iuar-
PaMMEI a 1 6 Ha puc.7), OT TAKKX COCTOSIHMIA, 00Pa30BABIIMXCS YEPE3 MPOLIECC
C TPOMHOM IIIOOHHOH BEpIIMHOMN (JMAarpamMma ), mpeasoXeHo UCIOJIb30BaATh
YTOJI a3, MEXAY ABYMS! CTPYSIMH C HAMMEHbIIUMHU JHEprusimu [80 ].

Ha puc.8 npuBenero pacnpeneieHue no cos 6;, g> TTIOTYYEHHOE M3 IAHHBIX
merekrtopa L3, comectro ¢ pacueramu no TB KX u AKT [77 ]. Cymiecrsen-
Has PasHULA PACOPENC/ICHUN YETHPEXCTPYHHBIX COOBITHI 1O cos @j‘v R pen-
Yeur= 0,01 KXIT

AaeT TobKo 4,7 Y, YeTHIPEXCTPYHHBIX KOHEYHBIX COCTOSIHHMIM ¢ggqg, B TO BpEMs
kak AKT npenckassiBaer 31,3% Takux COCTOSHMH, T.K. AMArpaMma C Tpex-
TVIIOOHHOM BCPIIMHOM B HEH HEBO3MOXHA.

CKa3niBacMasd 3TUMHM MOJAC/ISIMH, o6ycnon.nena TEM, UTO A4

B xonna6opaumu DELPHY Gbinia npoBeAeHa anmpoKCHMauus ABYyXMEP-
HOTO  pacnpenc/icHUs YETHPEXCTPYMHBIX COOBITMM HA  JauarpamMme

coS 9’]'; R VS:Q34 3ABUCHMOCTBIO, MOJIYYEHHON BO BTOPOM NOPSAKE TB KX, B
xoropoit orsomenns C,/Cpu N./N, (rne C, u C — KOHCTaHTH CBSI3H B
BEPIIMHAX ggg U ¢gq COOTBETCTBEHHO, N, N, — UMC/Ia UBETOBBIX 3apsOB Y

KBapKa M IJII00HA) CYMTAIMCh CBOOOAHBIME napaMeTpamu. B 3Toit pabore ue-
THIPEXCTPYUHBIE COOBITUS OTOMPAKCh ¢ moMopbio anropurma LUCLUS [60 |;
BO3HHMKAIOIIKI MPH 3TOM (DOH OT JIOXKHO HHTEPNPETUPOBAHHKIX ABYX- M TPEX-
JIy4YeBBIX COOBITHH YyUYHTHBAJICS ¢ nomowpio MK-monennposanus. B peayab-
TaTe CJA0XHOIO aHA/M3a, YYUTHIBAIOMETO BCe 3PPEKTh, CBI3aHHBIE C AETEK-
Topom [81], 6b10 nonyueno C,/Cp=2,12 + 0,35 u N/N,= 0,46 + 0,19,
YTO COIVIACYETCSH C COOTBETCTBYIOIUMMH 3HaueHusmu 2,24 u 3/8, caeny-
omumu u3 KX,

Hanuuue BkJ1aaa TPEXIVIIOOHHON BEPITMHK ObLIO TAKXKE YCTAHOBJIEHO NpPH
a”am3e naHHuX ¢ getektopa ALEPH [82]. :
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Puc.8. Pacnpenenenne 4-crpyiinbix cobbituii no cos 8;,R.

NONYYEHHOE Ha ycTaHoBke L3 B ¢’ ¢ -anHMmuasummn npun
Vs =91 I'3B. Kpvebie nipeacTaBasior pesysisTaThl pacueTos
no KXJI v AKT

4.6. OcHOBHblE XapaKTEPUCTHKH aAPOHHBIX crpyi. Xors ete -
AHHMTWISLAS NPENCTABASET HACATbHBIE YC/IOBUS /1S H3YUEHHS CTPYKTYphI
ANPOHHHX CTPY#H, H3-3a OCOBEHHOCTEH NPOLECCOB PA3BUTHS IVIIOOHHONO Kac-
Kajna caMo onpesesicHue OTAEbHBX CTPYH OT )parMeHTaumMn KBapKoB H TEM
Gosee IIIOOHOB NPy HU3KHX JHEPrHAX HE BNOJMHE OXHO3HAUHO. MMoaromy no
oHepruu LEP 0OnuYHO u3yuyanuch XapakTepucTHKM HE OTAEAbHBIX CTpyH, a
AHHHTH/ISLIMOHHBIX COONTHII B LEIOM, B NPEANONOXEHHH, YTO OCHOBHOM
BKJAJ NAIOT ABYXCTPYHHBIE COOBITHS.

HeranbHoe MccaenoBaHWE CTPYKTYDH AHHHIMISLIMOHHBIX COOBITHI B
ananasone Vs = 14 + 34 B 6ruto BHIIIOJAHEHO HA ycraHoBke TASSO [83].
IMpoBenenHmiit B 310l pabore aHann3 IHEPreTHYECKOH 3aBUCHMOCTH CPEAHEH
MHOXCCTBCHHOCTH 3aPSXKE€HHBIX YACTHL, B KOTOPOM OBLIH TAKXE MCI0Ib30BA-
HH NaHHBIC PH MEHBIIMX IHEPTHSX, MTOKA3aJI, YTO OHA XOPOLIO ONMHCHIBAETCS
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006 Puc.9. 3aBMcMMOCTb NMOTOKA MMITYJIbCA 3apsi-
_ Tlm x V5=16 3B JKEHHBIX aJJPOHOB OT YIJia @ C OCbIO CTPYM B
g 005 F L] o Vs=22738 JBYXCTPYUHBIX COOBITMSIX OT e’ e -auHumU-
s ! o ® Vs=34sB nsaumm
z o8
S 0,04 °
zl.'g ";
olg 0B e 3aBUCHMOCTBIO  THHA  (ng) =
] g = a+bexple(n(s/02)?], ¢
E 0,0Zr nd - p 9% ’
“T < F - Q,= 1198, MOJIyYEHHOH B IJIABHOM
° 001} 8 8%x
s -.,%m norapupMUUECKOM  NPHOIMXEHUH
ol o . o 'SURENEGE.| TB KX Benmunnsi (n )/ D (tae D
0 20 40 60 80

o, Hog — JHUCHepcUs pacnpencacHust n ch)

OAs 3apSKeHHBIX YacTHLL, BbUIC-
TEBIIMX B MPOTHMBONOJIOXHBIE MONYC(HEPbi OTHOCHTEIBHO OCH CHEPHYHOCTH,
HaiineHHoie B [83 ], okasasuch MPUMEPHO B \/i pa3 MEHbIIE, YUEM Yy MOJHBIX
COOBITHIA, UTO CBHAETENBCTBYET 00 OTCYTCTBHH CHJIbHOW KOPPEIHPOBAHHOCTH
MEXIy CTPySMH. AHAJIN3 HMITY/IbCHBIX PACTIPEAE/ICHHA YaCTHIL B CTpYe 301
NPOBEAEH B MPEANOIOXEHHH, UTO OCH KBAPKOBBIX CTPYH COBNAJAIOT C OChIO
tpacra (cMm. n.4.1). Haiineno, uro ¢ yBeJuueHHEM V's umncio uacTum, ucmy-
IEHHBIX OTHOCHTEJILHO OCH CTPYH MO MAJIbiMH YIJIaMH ¢, GHCTpO pacTeT, HO
MX UMCI0 NpH @ > 40° MOUTH He 3aBUCHT OT SHEPruM. Y CHICHHE KOUTMUMALMH
CTpPYJi C POCTOM X JHEPTHH MOATBEPXKAAETCS PACHPEALICHAAMU HOPMUPOBAH-
HOTO MOTOKA MMITYJIbCa 3aPSAXEHHBIX YACTHUIL!

2
P _ Ly, B 4N
da N Zpidpda’

nokasanHbiME Ha puc.9. Kak 6bi10 HalAeHO, CPEAHMI NONEPEYHbIA UMITYJIbC
3apSKCHHBIX YACTHI[ OTHOCHTENBHO OCH CTPYM HMEET NOUTH JHHEHHYIO
3aBHCUMOCTS OT p; B obnactu p; > 0,5 I'sB/c.

Onuako Haubosiee BEvaT/AsIomee NOATBEpXAcHHE npenckasanui KX
OTHOCHTE/IbHO MEXAaHW3MOB (PPArMEHTALMM NAPTOHOB OBLIO MOMYYEHO TPH

HU3YyUCHUH PACHPCAC/ICHUSA -l"—‘ég_‘ rae x =2 /ﬁ B KOTOpOM 6]:!}[0
y p Pll U.tdln(llxp), A p" P ) p

o6HapyXeHo «ropbaToe miarto», npeackasansoe B [19, 22]. ITo3xe sra oco-

6enHOCTh pacnpenenenus no In (I/xp) 6bl1a MOATBEPXAECHA MPH JHEPrUsaX

LEP na ycranoske OPAL [84]. Ha puc.10 npuseneHo pacnpeneseHue no
In (l/xp), NOJy4YEHHOE HA 3JTOM YCTAHOBKE, BMECTE€ C pe3y/bTaTaMu

BhHIUMCJICHMI no ¢opmyaam (6) u (7). BugHo, uTo 310 pacnpencieHue OTKA0-
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Puc.10. Pacnpenenenue no In (l/xp) 3aPsKEH- 101 10" %0

+ - LA LR 1] Ill"'l ¥ v llllll
HbIX @JPOHOB B € € -aHHMMMAsSUMM  npu | .
Vs = 91 I'B. [ITpuxoBoit KPUBOM NpeacTaBieH i = OPAL —_—— ngzm

pesysbTat pacueros no ¢gopmyae (7), ToueuHas 8r ¢ doree Bobic. Mom.
Kpusas — pacnpenenenue I'aycca (6)

a
X L L)
. < p ] LY
HSETCS OT rayccoBa, HO 00s1acTb 60sib- £ 4t N !!-
HIMX xp ILUTOXO OMHCHBAETCH 00euMHM g i 5‘_’9’ \.'
- ) /. Q'
dopmynamu. C apyroit croponsi, kak 2 ,| e i
v e

ObL10 MOKa3aHo B 310k pabore, dopma
9TOrO pacnpeneJeHHs NOJHOCTBIO BOC- . . ) .
NMPON3BOAMUTCH KPUBOHM, PACCUMTAHHON 2 3 4

no nporpamme HERWIG. Cosmecr- In(1/x ’)

HbI AHAJIN3 NAHHBIX, OXYUYEHHKX HA

ycranoBkax TASSO u OPAL, noka3san, 4To cMeuieHHE NONIOXEHNS MAKCHMY -
Ma C SHEPrHEH COIIacyeTcs C 3aBUCUMOCTBIO, C/IEAYIOUIEH n3 Bapaxenus (6),
YTO IBJISETCS MOATBEPXKACHUEM CYIIECTBOBAHUS KOTEPEHTHHIX 2(PDEKTOB npu
Pa3BUTHH ITIOOHHOTO KACKAAa.

B MeHee NpOABMHYTOM COCTOSIHMHK (KK B TEOPHH, TAK M B IKCIIEPUMEHTE)
HAXONATCS B HACTOSINEE BPEMS MCCJCAOBAHHMS KOPPEJSLMA MEXIY KHHE-
MAaTHUYECKMMHU NEPEMEHHBIMA ABYX W Dojiee agpoHOB, MPUHANNEXAIMHMX K
OMHOM cTpYye.

IonoXxuTebHBIE KOPOTKOASHCTBYIOIIME KOPPEJNSNUA MEXAY OBICTpO-
TaMH BYX aJiPOHOB C MAJIBIMHU X = Eh/ E!. , IPEACKA3aHHBIC AJisi TIIOOHHOTO

Kackaza (cMm. n.2.3), 6buH, B ipuHuune, oOHApyXeHW Ha yctaHoske OPAL
[85]. Onrako B meTansix NOMYUYEHHBIE IKCNEPHUMEHTAIbHBE PE3YbTATH Cy-
HIECTBEHHO PACXOAATCS C TEOPETHUSCKMMHM NPEACKA3AHMAMHE, CACAAHHBIMH Ha
MOJIyKAUECTBEHHOM YPOBHE. ;

B psange skcnepumeHTtoB (cM., Hampumep, [86]) Obinu 0OGHapyXeHbI
CHJIBHBIEC OTPHLATEIbHEE KOPOTKOXHBYLINE KOPPESLMA MEXAY 3apsaaaMu
ABYX aJipOHOB, CBUACTE/JBCTBYIOIIHE O JIOKAJbHON KoMmnencauuu sapsga. C
ApYroi CTOPOHBI, HAJTHUMS JIOKAJIBHOM KOMITIEHCALMH NONEPEUHOTO HMITYIbCA
YCTaHOBJICHO He Gbut0.

4.7. Pe3yabTaThl NOMCKOB Pa3jid4uii B CTPYKTYpe CTPYyit oT dparmen-
TaLKMU rJIIOOHOB U KBapKoB. Kak nokasano B 11.2.2, oqHMM K3 Hanbosiee Bax-
HBIX IPEACKA3aHM, CNEAYIOIHX U3 KBAHTOBO-X POMOANHAMHYECKOTO HOAXO0-
NA K CHJIbHBIM B3aHMOACUCTBHSAM, SABJSETCA CYHIECTBEHHOE PA3/IMUHME B MPO-
LeCCaX aJPOHM3ALMA KBAPKA M TJIIOOHA, CBS3AHHOE C GOJBIIMM LBETHHIM
3apsioM nocaensero. [Toaromy cpasy nocie OTKpuTHS MIIOOHA CTPYKTYpA ajfi-
POHHBIX CTPY¥ OT hparMEeHTALMH ITIOOHOB ¥ KBAPKOB CTaJIa OObEKTOM THIA-
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TEJbHHX IKCMEPHUMEHTABHbBIX HCCIEA0BaRMIA. C 3TOM LEbI0 OOBIYHO HCIIOJIb-
30BaJIMCh cOOBITHS OT peakuuu (9), obaanaromue Hauboee NpoCTod NapTOH-
HOM cTpyKTYypoi. OnHako naxe B stom cryuae npu sueprusx PETRA u PEP
BO3HHKAJIM CJIOXKHOCTH C MACHTH(UKALMEH CTPy# OT KBApKOB M IJIIOOHA,
NO3TOMY KCIO/Ib30BAIMCH PA3JTHYHBIE KOCBEHHHIE CTIOCOOR MX CPABHEHHNS.
XoTs npoBeAcHHBIE HA 3THX KOJJIANAEPaX UCCICKOBAHMS AU IPOTHBO-
peuuBbie pedysbraThl [87—90], B nesomM oHM yKa3anu Ha OTCYTCTBME MpH

Vs < 35 B 3uaunTenbHoi pa3HHULH B Npoueccax PparMEHTALUH [JIFOOHOB,
MPEACKa3nBAEMOil «<HanBHOM» KX]I.

3rot BHBOA Obi1 NOATBEPXKACH B NOCACAYIOLWIMX IKCIIEPUMEHTAX, BHIMOJI-
HEHHBIX 1py GOAbWKX SHEPTUsX. B sxCnepuMeHTe, NpOBEAEHHOM HA KOJL1AM-

nepe TRISTAN np#u Vs = 50 4 60,8 3B [91 ], B KauecTBe CTPyH OT [JIIOOHA B
TPEXCTPYHHKX COOMTHAX oTOMpanach CTpys ¢ HAaMMEHbLIEH SHEpruen, a xa-
PAKTEPUCTHKH OCTABIIMXCS CTPYH (MPEANnOJIOKHMTENBHO OT KBADKOB) B TPEX-
CTPpYHHBIX COOBITHAX OJiS KOHTPOAS CPAaBHMBAJIMCh C XapaKTEPUCTHKAMM
CTPY# U3 ABYXCTPYHHBIX COOWITHI, OTOOPAHHBIX B 3TOM X€ IKCnepuMenTe. B
onpenesieHHbIX TaKMM 06pa3oM CTpyax OT (parMEHTAUUH KBAPKOB H IJIIOOHOB
Obl1a HAWAEHA 3HAUNTE/IbHAS PA3HHULA B 3aBUCUMOCTSX OT JHEPIUM CTPYii ee
NOMH, 3aKJIOUCHHOM B Y3KOM KOHYCE BOKPYT OCH CTPYH, CpeaHel OHCTPOTH
JIMAMPYIOIIEH B CTpye vacTHUn W yriosmx kKoppeasiuuii. [losyuenHas
Pa3HHIA KAUECTBEHHO COOTBETCTBOBAMA PE3YAbTATAM PACUETOB MO NMpOrpam-
me JETSET, B KoTopo# 6bi1a yYTEHa pa3HMLIA B ONTUCAHMM NpPOLEccoB par-
MEHTAILUHU KBAPKOB M TJIIOOHOB.

[lepBas nmonniTKa MPOM3BECTH KOJMUECTBCHHHE M3MEPEHUS PAa3HULM B
CTPYKTypE CTPYH OT KBAPKOB M IVIIOOHOB Obijla NpeanpuHATa Ha YCTAHOBKE

OPAL npnu Vs = M [92]. HenasHo xonnabopauus OPAL ony6nukosana

yTOUHEHHHE JaHHBIE N0 3TOMY Bonpocy [93 ]. B 3ToM aKCnepUMEHTE MCMOb-
30BaHO OKO0J10 23 THIC. TPEXCTPYHHBIX COONTHII OT peakumy (9), uto Gonee uem
HA MOPSAOK MPEBHIUAET CTATHCTHUKH, UCTC/Ib3OBAHHBIE B MPEALIECTBY IOLUX
HccnenoBaHusax  oroi  npobaemn. OT100p  TpPEXCTPYHHBX  COOBITHI
TNPOM3BONMICS C NIOMOIBIO K ,-aITOPHTMA.

Ctonb BHICOKAs CTATHCTHKA NO3Bo/IWAA 3DPEKTUBHO MCNO/Ib3OBATH Me-
TOJX MEYECHMS CTPYH OT KBApPKa C MOMOLIbIO BTOPUYHOM BEPIIMHK OT pacnana
¢- M b-xBapkos. [1pu 3TOM B KauecTBe OQHOM CTPyH OT KBapka Opanach ca-
Mag ObicTpasi CTpys, SHEprus KOTopoit He MeHee yeM Ha 8 3B Bmime, uem
JHeprus 000t u3 6onee MenneHHNX cTpyi. [Janee orbupanuch cobbitus, y
KOTOPBIX OCTABLIMECH CTPYHM OT KBAapKa M [II00OHA uMenu OnM3kue dHeprud
(~24 T'3B), nnd uero HA yroa qi MEXAY OCbIO CTPYH ObICTPOro KBapKa u

i-CTpY¥ HaK IAABIBAJIOCh OTPAHHUYEHUE | o = (150°+ 10°). Kpome Toro, Tpebo-
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Puc.11. PacnpeaeneHus noToka S3HEPrvu B 3aBUCHMOCTH OT yra
'/’qt ZUISt 3APSKEHHBIX YACTHILL OT TPEXJTyueBbIX COObITHI U3 e e -

AHHMTUIALMKM GpK VS = 91 T'3B: ansa cTpyit ot (parmeHTauuu
KBapka (a) v rmoouos (6)

BaJIOCh, YTOGH O{HA M3 ITHX CTPYJi CONEpPXasa BTOPHUHYIO BEPIUKHY, GIM3KO

JEXamyl0 K BepuMHE e'e -B3ammopeiictBus. Ha ocHOBaHMM 3THX
kputepues otobpano 1175 cobwthit ¢ meueHoi KBapkoBoi crpyeil. C
NOMOWIbI0 MOJE/TMPOBAHMS HAWIECHO, YTO HEMEYEHAs MEIJIEHHAs CTPys C
(80 = 5) 9, BepoATHOCTBIO HOIXHA GHTH CTPyei OT (PPArMEHTALMH TJTIOOHA.
Hamuume 209 3arpssHenns BoGOpKM CTPYsSMH OT KBAapKOB B JaJibHEHIIEM
AHAJIN3E yYNTHIBAJIOCH C MOMOIIBIO MONPABOK. '

Onnako, Tak KaK Mpouecc MEYECHHs CTPYH MPUBOAMI K 0TGOpY CTpYil ¢
06pa3oBaHMEM TSXKE/IBX KBAapKOB, IOYYEHHOE PACHpEne/iCHHE IO MOTOKY
SHEPrHM B CTPY€ MEANIEHHONO KBAPKA AOIKHO OT/IMYATHCH OT TAKOIO pacrpe-
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Puc.12. OtHowenue R‘/q anbdepeHLHaNbHbIX CEYEHUMH

1 dn
o d S KBAPKOBbIX W MIIOOHHbBIX CTPY#
nmt xE o P P

OeNeHUS st CIyyaWHhHX KBAPKOBHX CTPYH H €ro HeJib3s HENoCPEACTBEHHO
CPaBHHBATb C TAKMM PacnpeacIeHHEM A/isl IVIIOOHHBIX CTPYit. [loaToMy B 3TOM
Xe IKcnepuMenTe Ghia KCMOAb30BaHA BTOpPas BHIOOPKA TPEXCTPYHHHX CO-
6HITHIA C AHAJIOTMYHON KMHEMATHYECKOH KOHGMHUrypauueil, HO He HMEIOWMX
MEUYEHBIX CTPYH. Y 3T0# BHGOPKH COBOKYITHOCTb MEVIEHHHX CTPY# NPEACTaB-
nger coboi PABHYI0 CMECH [VIIOOHHBIX M KBAPKOBHIX CTPYH, H napaMeTpnl Mea-
JIEHHOM KBaPKOBOM CTPYH MOy 4a/IMChb METOAOM BHIUHTAHHS IVIIOOHHBIX CTPYH
u3 nepsoii Buibopku. Ha puc.11,a npuBeseHo OKOHYATE/NBHOE pacnpencaeHne
MOTOKA JHEPrUH MO YLy Y, ANsl CTPYH OT ¢parmMeHTaLMH KBAPKA, NMOJYYECH-

HOE Ha BHOOPKE C MEYEHHIMH CTPYSIMH, a Ha pHC.11,6 — aHanornuHoe pacnpe-
neneHne aas CTpyii ot dpparMeHTauuu rmooHa. CruloHBMY FTHCTOrpaMMaMH
HA PHCYHKAX NOKAa3aHbl Pe3y1bTaThi MOAeInpoBaHus no nporpamme JETSET.
W3 cpaBHeHus pacnpeaeacHuit Ha puc.1] crenyer, 4To NOTOK IHEPrHH CTPYH
OT KBapKa B «sape» cTpyu (135°<y ol < 165°) cymecTBEHHO Bhillle, YEM Y CTPYH

ot rmooHa. Ha puc.12 noxasaHo OTHOIEHHE HOPMHPOBAHHHX HHKJ/IIO3UBHH X

. 1 dn
pacnpenencHun s
tot xE

xp=E/ Ej . Buaso, YTO B IJIIOOHHOI CTpye npeobaagatoT MIrkue YacTHuH. B

YacTHL, M3 CTPYi OT IJIIOOHA M KBapkKa, rae

310i pabore BrepBHE ObLIO HAAEXHO YCTAHOBJICHO, UTO CPEIHHE MHOXECT-
BEHHOCTH uacTuly B obsactu crpyii (120°< ¢ 0 < 180°) or parMenTanun ro-

OHOB M KBAPKOB CYIICCTBCHHO Pa3/iMualOTCH:
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n
( tot)g = 1,267 £ 0,043 crar. £ 0,055 cucr.,

(o

n
{mendg _ 1,326 + 0,054 crar. + 0,073 cucr.
(nch)q

5. OBPA3OBAHHME CTPYIA
B AIPOH-AJIPOHHbBIX B3AUMOJENCTBUIX

JKCNEPUMEHTH MO NMOKCKY AJIPOHHBIX CTPYH B Ah-B3aMMOACHCTBHAX Ha-

YaTHCh OXHOBPEMEHHO C AHANIOTMYHHMH IKCTIEPHMEHTAMHU 110 ¢ ¢ -aHHUTWIS-
uun. OHAKO NEepBHE HAAEXKHBNE NAHHBIE O HAOMIOAEHHH CTPYii B pp-B3aUMO-
AEUCTBHSX ObUIM MOJAYUEHH HA MEPECEeKAOUIMXCS HAKOMUTENbHHX KOJbLAX
(Intersecting Storage Ring (ISR)) B LIEPH cymecTBeHHO nosxe, 4eM Ha

e* e -xonnainepax. dra 3alePXKKa OOBACHAETCS TEM, YTO npobeMa Buaee-
HHUS CTpY# B hh-B3aMMONEHCTBHAX M3-32 HAJIMUUS B HAYAJIBHOM COCTOSHHH
HECKOJIbKMX KBAPKOB SBJASETCSH, C IKCNEPMMEHTAILHON TOUKH 3peHHs, Gosee

CNIOXKHOM, ueM B e’ ¢ -aHHMrmasumn. Jl0 HACTOSILIETO BPEMEHH OCHOBHO#M
peakuMeit, UCnoJb3yeModl Aas M3yueHus CTpyi B hh-B3aUMOACHCTBHAX,
SBASETCS XECTKOC PACCEIHHE ABYX NAPTOHOB!

h|+ h2= q,* q2|+(n-2)qsp]—>ql+ g+ X,,
h|+h2=q+gl+(n-l)qsp]-»q+g+X2, an

h|+ h2= g|+ gzl"' (n) qsp]-’gl-'— &t X3$

TAE N — UYKC/I0 BANCHTHHIX KBAPKOB B CTA/IKMBAIOLMXCS NAPTOHAX, MPHBOAS -
miee K MOSBACHHUIO B KOHEYHOM COCTOSSHHHM ABYX CTPYM, BBUIETAIOWHUX MOX
GONbLIMMH Yr1aMH K HaNPaBJIEHHIO NEPBUYHBIX AAPOHOB, M IBYX MyUKOB Ha-
JIOXKMBILIUXCS CTPY# OT OCTABIIMXCS KBAPKOB CMIEKTATOPOB 4y, BHUICTAIOWKX

B HANPABJIEHHH CTAAKHBAIOLWMXCS MYYKOB, KOTOPHIE TPH HATTHCAHHUHU PEAKLIMIM
(11) BxnoueHn B cucTeMy X, .

IMpn sueprusx ISR ceuenune 3TOro mpouecca mMano, NO3TOMY OCHOBHOM
npobsieMoit 6biia OpraHKu3alus TPHITEPA, MO3BOMSIOWETO OTOMPATh COOBITHS C
ABYMsl CTPYSIMHM, MCNYIIEHHHMHM NoA OonbmuMM yriamu, Ha ¢GoHe MATKHMX
B3aMMOCHCTBHUH, MPEBHILAIONIEM HCKOMHI 3deKT Ha HECKOIbKO NOPSAKOB.

Jlanee, B OT/IHUME OT e* ¢ -aHHMIWISLMK CTPYH, 00PAa30OBABIIHECS B PEAKIHH
(11), HEKO/UIHHEAPHHN B CHCTEME LICHTPA MACC CTAJKHBAIOMHUXCH AJPOHOB,
TaK KaK EB3aMMONCHCTBYIOLIME MAPTOHH HECYT pa3HHE AOJM HMITYJIbca
NEPBUYHOTO aApOHa M 001afaI0T Pa3NMUHBIMH 3HAUCHHSMH HAYAJIbHOTO
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NONEepeyHoro UMy ibca k.. Kpome T0ro, moMmmo 1By x cTpyii oT XeCcTKOro pac-

CesIHMs NAPTOHOB B KOHEYHOM COCTOSIHMH OT peakuuu (11) MOryT nosBuTbHCH,
KaK 3TO MOKA3aHO B Pa3fl.2 U 3, NOTOJHUTE/ILHBIE CTPYH OT IIIOOHOB, HCITY-
WIEHHBX NAPTOHAMH HAYaJIbHOTO M KOHEYHOTO COCTOSTHMIA.

YkasaHus Ha BO3MOXHOE CymecTBOBaHHe npoueccos (11) NOJIyYEHH HA
ISR eme B Hauane 70-x roaos, koraa 6bL10 OGHAPY XEHO, YTO U3MEpPEHHOE ce-
ueHue 06pa3oBaHus afpoHOB B obnactu Gonbmmx (= 1 T3B/c) MONEPEYHBIX
MMITyJIbCOB CYMIECTBEHHO NPEBbIIAET 0XHMAAEMOE Ha OCHOBAHWH IIPOCTOM IKC-

TPANONIALUMA JaHHBIX W3 oOnacti meHbmux Vs [2]. Iepsnie y6emurenphbie
AaHHBE 00 oOpa3oBaHuMM B pp-B3amMmoneicTusx Ha ISR IBYX aXPOHHBIX
CTpYi OT (h)parMeHTa LMK NAPTOHOB, 06pasoBaBmuxcsi B npoueccax (11) , ObLIH
npeacrasaeHbl Ha XX1 MexayHapoaHoit koHbepeHnun 1o (pHu3HKe BHICOKHX
SHepruii B 1982 r. [94 |. MHTEpecHO OTMETHTD, UTO HA ITOH Xe KOH(epeHIun
Kosnabopauueit UA2 6GbuTH JOMOXEHB NPCABAPUTE/IBHBIE PE3yJIbTATH IO

O0HapyXEeHHIO CTPyii Ha pp-xonnaitnepe LIEPH npu Vs = 540 I'3B, rae sror
3ekT Ol BRIPaXEH ropasfio CHIbHEE.,

5.1. OBHapyxenue cTpyit npu aHepruax ISR. Hambosee neranbubie
uccaenopanus nponeccos (11) npu sneprusax ISR Geuin NMPOBEJICHBI HA JETEK-
Tope «CnexTpoMeTp ¢ akcHaabHBIM nosieM» (Axial Field Spectrometer (AFS))
[95], yxe obnanaBmeM MHOrHMH BO3MOXHOCTSIMH 9KCHEPHMEHTA/IbHBIX yC-
TAHOBOK C 477-T€OMETPHEN, KOTOPHIE IO3THEE HCIO/Ib30BATHCH HA 6osiee MOMI-
HBIX ajnpoHHBIX Koinadaepax. B uactHoct, AFS umen npeunsuoHHbBIH
COMILTIMHIOBbIH KAJIOPUMETP ¢ a6COpOepoM M3 ypaHOBHX M MEJHBIX [LUIACTHH,
IPOCJIOCHHBIX COMHTH/UTIPYIOWIEH NJIACTMACCOM, KOTOPHI NEPEKPHIBAA BECH
A3MMYTaJIbHEIH yIoa ¢ B AManasoHe Guictpor |yl < 0,9. D10 no3soauso ¢ fo-
CTaTOYHOH TOYHOCTBIO W3MEPSATh MOJNHYKO MOMEPEYHYIO SHEPTHIO ZEt u
OpPraHU30BaTh MO NAHHBIM C KAJIOPMMETPA TPUITEDP HA XECTKHE B3aMMO-
nesicteust [96]. O6nactu kanopumerpa, B KOTOpHIE moONamm YaCTULB M3
crpyH, Ha AFS Brzessnch ¢ nomMompio asroput™ma tuna LUCLUS [60]. Ona
NpEABAPHUTENLHOMO OTOOpPa ABYXCTPYHHBIX cOObiTHE OT mpoueccos (11)
HCNO0JIb30BAIACh KOJUICKTHBHAS IEPEMEHHAS IMPKYASPHOCTD C, SABJSIOMAsCS
ABYMCPHBIM JKBHBAJICHTOM C(hepHYHOCTH S, onpeneacHHoi B m.4. 1.

IMokasauo, yto npu ZEt >25 I'sB B pacnpenesicHuH COONTHIA MO’ LIMPKY-

JIIPHOCTH MOSIB/ISCTCS MUK NMPH MAJHX 3HaueHHsx C, KOTOPHIA B pacrpene-
neHnsIX coObitrit ¢ ZE, > 35 3B CTaHOBHTCS NOMMRMpYIOWMM. ITa 0COGEH-

HOCTb pacnpenesienuit no nepemensoii C B quanasone 30 < Vs < 63 B crabo
3aBMCHT OT 3HEPrHH, OJHAKO YHMCJIO COOBITHIH ¢ GONBIUMMH 3HAYCHUSMMU EEt

GhicTpo Bo3pacraer ¢ ysesmuenueM Vs. Takxe Gbuio MOKa3aHo, YTO ABE
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CTPYH, BbiAeJCHHbE B coObTHAX ¢ C < 0,4 ¢ NOMOUIbIO KJAACTEPHONO a/Nro-

PHTMA, OKA3biBATCA HCMYIICHHBIMHY 11O A3UMYTAJIbBHOMY YIJ1y ¢ B NPOTHBO-

MOJIOXHBIE CTOPOHHI (IIpH ZEt >44 3B (Ap) = (174 = 1)°), KaK 3T0 ¥ NOAXK-
HO OHITb B C/Iyyae XECTKONO PAacCessHMs MAPTOHOB. Wamepennnie ceuenns
COOBITHIA C ABYMSI CTPYSIMH B IHAMA30HE Vs=30+63TB TAKXe COrJIaCOBbi-
BaJINChb C pe3y/ibTaTaMH pacueroB B Hu3mem nopsaxke TB KX .

Ipu uccnenosaumn cTpykTypni crpyit Ha AFS 610 yCTaHOB/IEHO, YTO
PacIpeneseHUe BKJIIOUECHHHX B CTPYIO 3apPsiKEHHBIX YAacTHL, N0 BCAMUHHE

X,= 2p/Vs', raes’ — SHEPrus CTANKUBAIOWMXCS NAPTOHOB B C.L.M., KOTOpasi
npu Vs = 63 I'3B ans OTOOpaHHBIX COOHTHIA C EE, >33 u C<0,4 cocraBuna
(\/s_' ) = 32 I'sB, Xx0pOLIO COBNAAAaeT C AHANOFMYHKIM PACTIPEAENCHHEM, H3ME-

PEHHHM I/ RBYXCTPYWHHX COOWTHH OT e+e_-auﬂunmnuuﬁ npu Vs=
= 34 I'aB na ycranoske TASSO [83].

Ins onpeneneHus NpMpoOAN NAPTOHOB, MOPOXAAIOUWMX CTPYH € 6OJb-

IIHMH pt, HCCIEA0OBAHA 3aBUCHMOCTb OTHOWICHHA YHCEA NMOJIOXHTE/bHBX H
OTPHUATE/IbHH X YACTHLL B CTPYE B 3aBUCHMOCTH OT UX xp. 3aMeTHHiA pocCT 3TO0-~
MO OTHOLUCHHUS C YBC/JIHUYCHUEM x‘p HMHTCPNPETUPOBAH KAK CBHAETE/NbCTBO B

MO/b3y TOrO, YTO OOBEKTH (PPArMEHTALUM SBSIOTCS B OCHOBHOM MpETEPEB-
LWIMMH XKECTKOE PACCETHHE BAICHTHBIMH KBAPKAMH.

AHanoruuHme pesynbTaThi Guin nonyuesn npu Vs = 63 B kos1a6o-
pauueit CMOR [97 ] Ha ycTaHOBKe, HMEBILEH 3EKTPOMATHHTHBIE KAJIOPH-
meTpu (OMK), kotopuie nepekpuBanu 90% yrna . B 3ToM skcnepumente

TPHITHPOBAHHUE NPOBOIHIOCH MO CYMMAPHOM NONEPEUHOM IHEPrHn ZE? HEUT-

PafbHHX YAacTHI (B OCHOBHOM 71’-ME30HOB). AJITOPHTM MOMCKA CTPY#H Onis
OCHOBAH Ha MPEANOJIOXEHHH O HAIHUKK B AaHHbiX ¢ IMK Tonbko AByx kna-
CTEPOB, JIEXAWMX B ABYX pasHux noaycdepax. Pasmepn cTpyu onpenens-
JMCh 3aTEM YIJIOM PacTBOpa KOHyca BOKpYr ocu cTpyH (6, < 30°). B atom akc-

NEPUMEHTE U3 (PAKTA yBEAMUEHHS C POCTOM ZE") YHCIA COOBTHI, B KOTOPHIX

00e MAMPYIOILME YACTHLIB 3aPSXEHB NONOXUTEABHO, TAKXE ObLIO CAEIaHO
3aK/IIOYEHHE, YTO (PParMEHTHPYIOWHME NAPTOHB SIBASIOTCS NPEMMYLIECTBEH-
HO U-KBapKaMH.

5.2. OCHOBHbIE pe3yIbTaThi HCCJAEN0BAHMI CTPYIi HA Pp-Koanaiiaepax.
Bonee neranbHoe uccnenoBanme npoueccos anpoHooOpasoBaHMs CTPYH M HX
XapaKTEPUCTHK OhUIO MPOBEAEHO MOC/AE BBOAA B CTPOi pp-KOLIAHAEPOB B

LIEPH 1 ®HAJI ¢ sueprusmu Vs = 540 + 630 3B u 800 I'sB cooTBeTCTBEH-
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HO. B 5TOM HOBOM quana3oHe snepmﬂ CCUCHHUS MPOLECCOB XECTKOro pacce-

SHAS NAPTOHOB CHJIbHO BO3POC/IH (TaK, CEYCHHE MPOLIECCOB IIPH Vs = 540 5B
0Ka3aJI0Ch Ha TPH NMOPSIIKA BbILIE, YEM ITPH MAKCHMAJIbHOM Hepruu ISR), uto
00ecneynsio UX OYEHb YUCTOE BhIAEICHHE HA (POHE MATKMX a{POHHBIX B3aMMO-
IEHCTBUM.

JIns uccaenoBaHMa XECTKMX mpoueccoB Ha pp-koanaiinepe LIEPH B oc-
HOBHOM HCMOJIb30BAJIMCh ABE JKCMIEPUMEHTAIbHBIC YCTAHOBKH, MOJTYUYHBIINE
Ha3BaHMd TNOA3EMHBIX IJKcnepuMeHTaabHux 3anoB UAl uw UA2 (or
Underground Area (UA)), B KOTOpBIX OHH ObL/TM YCTAHOBJICHBI,

3Ti BeChbMa OT/IMUHBIE OfHa OT npymi’l YCTAHOBKH CTA/IA 3HAMCHHUTHI TCM,

YTO HA HHUX GhiIM OTKPHITH KAAMGPOBOUHBIE BEKTOPHBIE 6030HE W™ 1 z° , HO
OHHM OKa3a/JIMCh TAKXKE BeCbMa 3(PPeK THBHBIMK NPUGOPAMH /1S UCCIEAOBAHHUS
anpoHHbX cTpyit. [TOCKONBKY B UCCIEAOBAHMAX aPOHHBIX CTPYH, NPOBEACH-
HBIX HA 3THX YCTAHOBKAX, AJIMOPUTMbI BHIEJICHHUS CTPYH CyUIECTBEHHO OT/IH-
YaJINCh OT OMHCAHHBIX A/l AJTOPUTMOB, MCNO/B30BABUIMXCS HA e e -Ko/-
Jaiaepax, B yUMTHIBAJIH OCOOEHHOCTH STHX JETEKTOPOB, HIXE OyayT NpHUBe-
NEHbl MX OCHOBHBIE XapaKTEPUCTHKH.

B ycranoske UA1 [98-100 ] ucnonb3osaH IUNoIbHBIN 3J1EKTPOMArHuT 3a-
kpuitoro tuna ¢ H = 0,7 Tn, CKOHCTPYHPOBAHHBIA MEPBOHAYAJIBHO ISt
3KCNEpUMEHTOB Ha ISR, B KOTOPOM MOUTH rEPMETHUYHOE SIPMO, IIPOCIOEHHOE
IIACTHHAMM M3 CUMHTWLUINPYIOUIEH MIaCTMAcCH, UCMOJHSIO QYHKIUH an-
ponHoro kanopumerpa (AK), nepekpniatomero obnacts 171 < 3, rae ncespo-
Guictpora 7 = — In [tg (6/2)]. B nonepeunom Hanpasiennu AK Obu1 cer-
MeHTHpOBaH Ha 360 sueek ¢ He3aBMCHMBIM CheMOM MHPopManmu. BHyTpu
apMa GbL1 PaCTIOIOXEH COMIVIMHIOBRIM (cBUHEL/ cuMHTIIATOP) DMK 1 en-
TpanbHas UMJIMHAPHUYECKas apeiidosas kamepa aauHo# 5,8 M u nuamerpom
2,3 M. Kanopumerpsl ¥ TpeKoBbie NPHOOpPH MCMOJIL3OBAIMCH TAKXKE AJIS
nepekpuiTis obaactedt Mannix yrios (3 < Iyl < 4). C HapyXHO# CTOPOHBI
(KpoMe TOPLIEBbIX YacTe) MarHuT OKPYyXeH AonosHuTebHbIM 00 cM Xenes-
HEIM (PUIBTPOM M ABYMS C/IOSIMH TIPOBOJIOYHBIX JETEKTOPOB ISl PErHCTPAIUH
mi00HOB. Ycranoska UAL B 3ToM cocrase npopaGoTana n0 3aBepLicHUs HCCIe-
NOBAHHM HA pP-KOMNAUAEpPE, NPETEPNEB JMIIb HE3HAUNTENbHBIE YCOBEPIIEH-
CTBOBaHHUs (HanpuMep, Ol yCHIIEH MIOOHHBIH QPubTp).

HauaTtsie B 1986 r. pa6otn no 3amese DMK u ycunenuio AK nyTtem pas-
MEIUECHMS] BHYTPH Mar{ura Hosoro kombunuposaunoro (MK +AK) kamopu-
METPA HOHM3ALMOHHOIO THIA C YPAHOBHIMH ILJIACTHHAMH, B KOTOPOM B Kaue-
CTBE aKTHBHOI cpeanl Obl1a BHIOpaHa «Temaas» OPraHuyecKast XUIKOCTh TET-
pametuanentan (TMII), cBoeBpeMEHHO 3aKOHUMTh HE YJAAJOCh H3-3a
npobaem ¢ ounctkoi TMII, xord B ux npouecce ObUIH MOMTyYEHbI HHTEPECHBIE
Meroguueckue peayabrath [101 .
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Bonee ckpomuas no pasmepam Geamarnutaas ycranoska UA2 B cepenune
80-x ronos 6bisa yCnemHo MOAEPHA3MPOBAHA M NPEBPAILEHA B O{MH M3 CAMBIX
3¢ ek THBHBIX MPUGOPOB A HCCICAOBAHHMS XECTKHX MPOLEccoB. B Hauann-
HOM KOH(MrypaluK OCHOBHOM YacThiO yCTaHOBKM UA2 SBISUIHCH LEHTPAIb-
Hbie cdepuueckne commamurossie AK  (keneso/cumarmizsrop) u DMK
(cBMHEL/ CUMHTH/LASTOP) , NEPEKPHIBAIOIINE 001ACTH Inl <1 u repmernunbie
no ¢, KoTophie Gbin pa3bursl Ha 240 Gamwen (sueek), 06,1aNABLUINX POCKTHB-
HOM reOMETPHUEH (T.€. «HALENCHHBIX» B LIEHTP 06/1aCTH MEPECEUEHHUS Ty YKOB)
M MMEBILKX nomepeyHne pasmepn Ay = 0,1, Ap = 15° [102 ]. BuyTpn kano-
PHMETPOB PACMIO/IOKEH BEPIIMHHMBIN JETEKTOP M3 IMIMHAPHYECKMX TPONOP-
LUOHABHBIX M ApeHdoBbIX KaMep mmmHOM 2 M n auamerpom 0,7 M [103].
Kaxpas w3 ropueBnx obnacreit (1< Iyl <1,7) ofopynosana 12 ManbiMu
MarHUTHBIMM CIIEKTPOMETPAMH M3 TOPOHAAJBHHIX MATHUTOR, MPOBOJIOYHBIX
xamep u 6;10k08 IMK [104,105 . Onnako B xone SKCIIyaTalyH 9Ta IK30TH-
yeckas CTPyKTypa cefsi He ONpaBAasia, M OCHOBHHE PE3yJbTATH B MEpBOM
(ase nccnenopanuii Ha pp-kounainepe LIEPH (1982—1985 rr.) Ha ycranos-
ke UA2 nonyueHn C NoOMOMbIO LEHTPATbHWX KAJOPHMETPOB M TPEKOBOM
CHCTEMbI, HMEIOWIKX CYWIECTBEHHO MeHbIMii, ueM y UA1, akcentauc no 171,
uro TpeGopano HaGopa Gobmel cratucTHKU. [103TOMy HOBBIE PE3y IbTATHI 110
npoueccaM ¢ 06pa3oBaHKEM CTPY it 06bIUHO oy yauch Kostabopanumeii UAL,
B xone Monepausanuu nerekropa UA2 TopueBbie CIEKTPOMETPHI GbL1H 3aMme-
HEHBI HA IPOCTHIE TOpUEBHE Kanopumerpu: IMK (cBuHen/cuuHTHAIATOD) H
AK (xene3o/cumnTHinsSTOp), NEpekphiBaomue obaacts 1 < 151 < 3. Hosas
LEHTpaIbHAs apeidoBas Kamepa «cTpyitHoro» tuna [106] 6biia okpyxena
ABYMS! LIM/TMHAPHYECKUMH C/IOSIMH K PEMHHEBBIX ACTEKTOPOB C MIA0BOM CTPYK-
typoi [107]. IIna ynyumenuss uaeHTMdMKAUMH IIEKTPOHOB NOOABJICHD
LMJIMHAPHUYECKUH AETEKTOP nepexonHoro uanyuenust [108 | u npepaguarop c
KOOPAKHATHBIM AETEKTOPOM U3 60 ThIC. CHHHTH/IMPYIOMMX BOJJOKOH AHAMET-
pom 1 mm [109].

OTH yCOBEPUICHCTBOBAHMS HA 3aK/MIOUHTEJBHOM 3TANE MCCACAOBAHUN C
HOBBIM AHTUNPOTOHHHIM KosuiekTopoM (ACOL) (1988—1990 rr.) npespaTunn
UA2 B ocHoBHOM nerektop Ha pp-konaiinepe LIEPH, necmoTps Ha
OTCYTCTBHE B HEM MIOOHHOTO CLIEKTPOMETPA.

OnbIT MCNONP30BAHKSA ITHX YCTAHOBOK YUTEH MpPH pa3paboTKe sKCHepH-
MEeHTabHOM 6a3bl uist pp-komnainepo ®HAJL, rue Takxe GbiH NOATOTOBIE-
Hbi ABa GO/IBUINX KAJOPUMETPHYECKKX NETEKTOPA.

IlepBbiM 3 HUX sBAsSeTCs Koanaiinepubii aerektop (Collider Detector at
Fermilab (CDF)) [110], koropsiit BBeaeH B 5kcrutyaTanumio B 1985 r.

Cospanue 3Toit YCTAHOBKH, C KOTOPOM HAYAIOCh BTOPOE MOKOICHHE KOJI-
JIAWIEPHBIX IETEKTOPOB, SIBUI0Ch HOBbHIM IATOM B DA3BHTHH METORMKH HCCJIE-
ROBAHHMMA HA BCTPEUHBIX AAPOHHBIX MyYKax BHICOKMX dHepruit. CDF smasercs
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KJIaCCHUYECKHM AETEKTOPOM C 47t-reomeTpueit. Ero kanopuMeTpsl nepexkpuiBa-
10T No nceBaodbicTpoTe 061acTh 1971 < 4,2 U repmeTHuHH 10 ¢. BHyTpn Ka-
JIOPAUMETPOB PA3MEIUECH LEHTPAJIbHBINH MArHATHBIA COEKTPOMETP, BKJIIOYA-
IOLMIA CBEPXNPOBOASIINI PAANALHOHHO-NIPO3PAUHbII CONICHOUN A/THHOM 5 M 1
¢ paauycoMm 1,5 M, co3nalOMMi AKCHANBHO-CHMMETPHYHOE MAarHUTHOE MOJE
HAMNPsSIXEHHOCTbIO H = 1,4 T, neHTPanbHYIO TPEKOBYIO CHCTEMY U3 84 ciioeB
LIHHAPAYECKMX APEAOBHX KaMep ¥ Malylo BEPUIMHHYIO KaMepy Bpemsi-
TMPOCKUMOHHOIO THNA BOKPYT 06.]1aCTH B3aUMOAENHCTBHUS. DTOT CNEKTPOMETP
obecneunsaer B obnact Iyl < 1,2 TouHOCTH HU3MEPEHHUS NONEPEUHOrO

MMIY,1bCA 33PSXECHHOM YACTHIH op,/ 1’12 =0,0015 (I‘aB/c)'l. Lienrpanbunie

SMK u AK CcOMIIMHIOBONO TMNAa HAa CUMHTHASTOPE, MEpEKpPHBAIOLIHE
obnacte Il < 1,1, HMEIOT NOMEPEUHYIO CEFMEHTALMIO C MPOEKTUBHOMN Teo-
meTpuert (An x Ap = 0,1x15°), a TopueBne M nepeaHue KajiopuMeTpH Ha
MpONOPUHOHA/NBHBIX ra30BHX TPy6xax uUMeEIOT sueiku Ay x Ap = 0,1x 5°, B
UEHTpaNbHON yacTH ycraHoBku 3a AK creayer cnoit apeitdposuix Kamep Mio-
OHHOH CHCTEMBI M SIPMO MArHKTa TOMILMHON 60 cM. NS H3MEPEHNS MIOOHOB
MOA MEHBUIHMH YIIAMH 33 NEPEAHHMH KAJIOPUMETPAMHM PACTION0XEHBI MIOOH-
HBIE CNEKTPOMETPH, KaXIHH H3 KOTOPHX COCTOMT M3 JBYX MAarHMTHBIX Xe-
JIE3HBIX TOPOMJOB AKAMETPOM ~ 7 M, OKPYXKEHHHIX APEH(OBHMH KaMEPAMH.

37Ta yCTAHOBKA, BO3MOXHO, TAKXE BOWUIET B HCTOPHIO (PH3MKHM, TAK KAK C
€€ NOMOILbIO B 61Xl ILME roAN MOXET GBTh OTKPHT t-xBapk [111].

Bropoii ycranoskoi, Hcrnob3yemoii ¢ 1982 r. Ha BCTPEUHHBIX NyuKax pp-
KoJIa#aepa, sBasetcss 60/1b1oi 6e3MarHUTHII KaIOPHMETPHYECKHH CIEKT-
POMETP, HA3BAHHBIH MO MECTY MEPECEUCHHS, HA KOTOPOM YCTaHoBJeH, DO
[112]. OrauumnresbHOM 0COBEHHOCTBIO ITOH YCTAHOBKM SBASIOTCS Xuakoap-
FOHOBhIH KaJIOPUMETP C MOPIOTHTE/IEM M3 YPAHOBHX H MEAHBX MIACTHH, CO-
aepxamui cexunu IMK u AK [113 ], u Gonee momumit, yem 8 CDF, MiooH-
HBIH CTIEXKTPOMETD.

Bo Bcex aTMX yCTaHOBKAX OCHOBHYIO PO/ib B HCC/IENOBAHMSIX CTPYil Hrpa-
10T KaJIOPMMETPH, W OOHOH M3 OCHOBHBIX METOAMYECKHMX MpobneM sBaseTcs
HANEXHOE BHJIC/NICHHE SUCEK KAJOPHMETPOB, «33CBEUYEHHBIX» ANPOHHBIMH
CTpysiMH HA (POHE aAPOHOB OT PParMEHTALMN KBAPKOB-CIIEKTATOPOB M [/IH00-
HOB TOPMO3HOIO H3J1yueHus. [loaToMy npu aHanu3e JaHHBX ¢ HUX NOTpebo-
Baiuch Gonee GEKTHBHHE aNTOPUTMB HHAMBHMAYAJbHOMO BHUICACHMS

CTPY#H, OCHOBAHHHIE HA IAHHKX 00 MX CTPYKTYpE, NONYUEHHHX Ha ¢’ e -Kon-
aaupgepax.

Ha nepsom stane uccnenosaunii crpyii Ha pp-xonnaiaepe LIEPH ocuos-
HOW 3ajaueil Ghina npoBepka (yHAAMEHTANBHBIX mosioxeHnit KX]I nyTeMm
CPaBHEHMS 3KCNEPUMCHTAIBHBX NAHHBHX C PacyeTaMH, MPOBENACHHBIMH B
Husmem nopsiake TB. Takue pacuern aist mpoueccos 2 - 2 GHtH NPOBEAEHH
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B pUO/INXEHUH O(af) eme B KoHue 70-x rogos [115,116 ]. B nauane 80-x ro-

1OB GBI pacCYMTaHbl B IPUOTHKEHUH O(a?) MAaTPHYHBIE JJIEMEHTBI I ITIPO-
neccos 2 > 3 [117,118]:

99> qqg,
a(9) &> a(q) &8 (12)
818, 88,83

KOTOpbiE MMENH (PH3MUYECKMH CMBICA TOJTbKO VIS OMPENEJECHHbIX KOHpHUry-
panMit TpEXNapTOHHKIX cocTosHuil. [ToCKOMIBKY K HAUATy SKCNEPHMEHTOB Ha
pp-xonnaiinepe LIEPH rtexnuka pacueror mo TB KXII, nossosnsiomas
YUHMTHIBATh C/ICAYIOLME YAEHB PA3NOXKCHNUS N0 &, JVIS MHK/IO3UBHOIO ofpa-

30BaHM CTPY¥ emme re Guna paspaboraHa, CHELMATbHBIX TPeGOBAHMIA K MPO-
Heaype BbIAENCHUsSI CTPYH B hh-B3aMMOJEHCTBMSIX, AHAJNOTHYHHX PAacCMOT-
peHHbIM B 11.4.3 TpeGOBaHUSIM K AITOPUTMAM BBIIC/ICHHS CTPY# B et e -B3an-
MOJEHCTBUSIX, B TO BpeMs HE BHBHranoch. Ilosromy 6buto paspaborako
HECKOJIbKO AJINOPUTMOB BBIKEJCHUS OTAEIbHBIX CTPY#H C BBICOKO¥ JHEPrued,
OPMECHTHPOBAHHBIX HA OCOOCHHOCTH OMpPEEICHHOTO IETEKTOPA.

Ina perektopa UAl, B KOTOpOM MarHMTHOE MNOJIE€ HAMpaBJICHO HEp-
NEHAMK YIS PHO BCTPEUYHBIM ITy4KaM, Obil pa3paboTaH u yCreHO NPHUMEHSUICS
AJITOPHTM «KOHYCHOTO» Tuna [119 ], cocroginui U3 noc/J€A0BATEABHOCTH Cie-
IYIOLMX ONEpaLHH.

— Kaxnoii sueiike KaJOpPHMMETPA MPHIMCHBAETCS «BEKTOP» JHEpruu, ab-
COJIIOTHAS BEJMUMHA KOTOPOLO PABHA SHEPrOBBIJE/ICHMIO B 3TOH suciike, a Ha-
NpaBJCHUE — YCPEAHEHHOMY HAMpPABJICHHIO M3 TOUKH B3aWMOICHCTBHSA B
IEHTPbl SHCPrOBbUIC/ICHUS B JNCKTPOMATHUTHOH M aAPOHHOW 4YacTsiX KaJo-
puMeTpa.

— Bce aueiixu j ¢ Ei’ > Et'h (peaabHO CHauasa Gpanau Etlh = 2,5 I'3B, Ho

FIOTOM 3TOT nopor Obut cHuxeH 10 1,5 '3B) cuntaroTcs «<MHHAHUPYIOMMMKI» W
BBHICTPAMBAIOTCS B NOPSIIKE yMEHbICHNS E, .

— Slueiika j; ¢ MAaKCHMAJIbHON Et’ Gepercst 3a LICHTP NEPBOY CTPYH.
— DHEPruM BCEX «MHULMMPYIOMHMX» SUYEEK j, PACHONOXCHHBX OTHCCH-

TEJIBHO HEe Ha PACCTOSAHMM R = ' A¢p2+ Anz <Ry, raeAp =¢ i P (p B pa-
i

J
Gbino onpenenexo, uto Ry= 1).

amaHax), Ay = 1; = 1, BEKTOPHO CK/IAALIBAIOTCS ¢ B, (skcnepuMeHTanbHo
1
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— «MHnuuupyomas» syeika ¢ MaKCMMATLHOM W3 OCTABIIMXCH Ef , pac-
NO/MIOXEHHas BHE 9710 o0nacTu, Gepercs 3a UeHTp HOBO#H CTPYH. ‘

— 3Ta NpoueAypa NOBTOPSAETCH A0 TEX NOP, NOKA BCE «HHHMIMMPYIOIHE»
SIUEHKHU He GyNyT BK/IIOYCHH B OHY M3 CTPYi.

— B 3aBepmienne npouenyps JHEPruu S4€eK i ¢ E; < Ef’ a@ﬁammorcn K

- TEM CTPY M, OTHOCHTEIBHO OCH KOTOPHX OHH HMeloT p, < 1 I'B/c v yron 6 me-

Hee 45°.

B konnabopauus UA2 pa3paGoran aimopuT™ K1acTEPHOTO THINA, B KOTO-
POM orpaHuueHHi Ha pasmep u GOpPMy CTpyu 3apaHee HE HAKAAAWMBANIOCH
[120].

Havanbhpie atann paGoThi 3T0M0 AArOpUTMA, BKIIOUAIOMNE BHACICHAC
«HHHULHHDYIOWHX» IUEEK, ObLIH TAKHE Xe, KaK Y ONUCARHOTO BHIIIC A/TOPHT-
ma UAL. Ho nanee k nepsoit «unuunnpyiomeii» sueiixe APHCOCANHNIUCH BCE
NPUMBIKAIOWHE (T.€. CONPUKACAIomMecs ¢ Hell OAHOIN CTOPOHOH) suelKu ¢

SHEPrOBHAECICHHEM EI'h 2 0,4 '3B; k nocnenHuM, B CBOIO OUEPEAD, TIPHCOE-

OUHSJTMCH MPHMBIKAIOWNE K HAM SUCHKH © Ef’ > 0,4 I'aB, u 3701 npouecc npo-

AO/IXANCA A0 TEX MOP, NOXa Takux sueek Goavwe He ocrasanocs. B npeanono-
XEHMH, 4YTO TAKOH KJIACTEP AYEEK C NOBHLILICHHKM IHEPrOBHICACHHEM COOT-
BETCTBYET MOI/IOECHHON B KAIOPHMETPE CTPYE, €€ IHCPIHI U HANPABACHHC

HAXOAWNIUCh NMYTEM CAOXKECHHS 4«BCKTOPOB» E’; BCEX BK/AIOMCHHHX B XAacrep

sueek. [Tocae aroro B kauecTse HOBOrO «3aponmma» HOBO# cTpyn Gpanacs Ta
M3 OCTABLIMXCS, HE BKIIOYCHHHX B KACTEP «MHALMMDYIOMHX» TYECK, E, xo-

TOpOi 6blia MAKCHMANBHA, M POUEAYPA NOBTOPLNACH CHAauana. OKas3anoch,
uTo cTpyH ¢ E, = 2 I'3B, oroSpannsic Taxnm 06pa3om, 3aHHMAIOT B CpeaHeM 3

A4elKH, a cTpyn ¢ E, = 40 I'sB — okoso 10 sueex. Kracrepn, umeiomume napy

JIOKAIbHHX MaKCHMYMOB, Pa3e/ICHHBX «IONHHOM» ryOuHoit 6onee 5 M3B,
paspensnuck Ha n8a. Xors onucannmuii anropurm UA2 ofecneuusan xopouiee
ABYXKJACTEPHOE Pa3peUICHHE H YCMCUIHO HCNO/ib30BAACH ANA AHANHIA MHO-
TOK/IACTEPHBIX COOHTHI, B XONE NPHMEHEHHS OH MOCTOAHHO pa3suBancy. B
YACTHOCTH, GBLIO HANWACHO, UTO AN YHETA MOTEPH SHEPIUH NAPTOHA 32 CUET
TJTIOOHHOTO TOPMO3HOTO HM3JYHEHHS K 3-MMNyAbCy KAacTepa ¢ E > 10 B

CefyeT npubaBaAaTE 3-HMIYIbCH BCEX KAACTEPOB C E,> 3 T'3B, xoropric nme-
0T MaJHE YI/IN ¢ HANPABJACHAEM 3-HMNY.JIbCA ITOMO KAacTepa (cos w > 0,2).
3Jra npouenypa nopHmana E, xnacrepana 15%.

Hcnonb3oBanue ONMCAHHKX BHINE ANTOPUTMOB BHACACHHS cTpy# no3-
BOJIWJIO yXX€ HAa OrPAHHYEHHOH CTATHCTHKE, NIOMYYECHHON Ha pp-KowIaiaepe B
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ceancax 1981—1982 rr. ¢ uurerpanbnoii ceerumoctsio [ Ldf = 14 u6~", no-
JYUHTb yYGeauTeNbHBE NOKA3ATENbCTBA CyMIECTBOBAHMS B COOLITHSIX C
ZEt 2 40 I'sB 1ByX aApPOHHBIX CTPYii, BELIETAIOMIMX 1O a3MMYTaIbHOMY yIiy

B MPOTHBOMOIOXHBIX HANPAB/ICHUAX M 061aJAIOMKX GCHOBHOH YACTHIO ZEt

[121,122]. ‘
IIpu paspaGorke anroput™a noucka cTpyil no KAHHHM ¢ KaJIOpHMETPOB

CDF yuten onuit Bunenenus crpyii Ha ycranoBkax UAl n UA2. Qynkuno-

Ha/IbHO anroputm CDF MoxHO pasnennts Ha Tpu crenyiomux srana [123).
A. Cosdanue npexnacmepos. Ha nauanpuom Jramne, Kak U B aJITOPUTME

UA1, HaXOQM/IHCh «<MHULMMDYIOUIME» SUCHKH C SHEProBhHAEIEHUEM E,’ > E,'h,
KOTOPHE BHICTPAUBANMCh B MNOpsAAKE yObiBaHMS Ezj (06biuno  Gpasoch

Et"'= 1 I'sB). Bo spems atoii ApouEenyphH AUEHKH B TOPLEBHX U NEPEIHHX Ka-

JIOPUMETPAX MO KOOPAMHATE ¢ OOBLEAMHSIMCH NO TPH, YTOOW OGECHEUMTD
OAMHAKOBHE PAa3MEPH C AYECHKAMH LEHTPATbHOIO Kanopumerpa. [Tpeknacre-
Phl OOpa3OBHBANHCh M3 HEPA3PHIBHON LEMOYKH «HHHLMHDYIOLIMX» Sueek,
nonazawowux B «0KHO» 7x7 aueek. «MHULMHpYIOWHE» SYEHKH, MONAAAI0MmMe
BHE «OKHa», HCMO/b30BANHCh /1 HAUAIA CICAYIOLLETO NPEKAACTEpa. Ipoute-
Aypa mnoBTOpsnach N0 TEX MNOP, MOKA HE HMCYEPNHBAACH BECh CITHCOK
«HHHUHMHPYIOLIHX» SueeK. ,

b. @opmuposanue xrnacmepos. Ha srane (POpMHPOBAHHS K1ACTEPOB CHO-
Ba HCMO/Ib30BA/IMCh IYEAKH HATYPANbHHIX Pa3MepoB (T.e. 6e3 obberMHEH S
no p). Jlns Kaxao0ro npek/iacTepa paccuMTHBAIACH KOOpAMHATA €ro UeHTpa
KakK B3BCUICHHOC MO JHEPIHM CPEAHEE KOOPAMHAT LICHTPOB BXOASUINX B HENO
SUECK, M BOKPYT HETO OMHCHBAJCA KPYr paanycom R. 3atem Bce sueiiku ¢
JHeprosuineaenneM Gosbwe 0,1 M'sB, nonasmue B 3101 KPYT, BKAOYAIUCh B
K/1aCTeP, KOOPAMHATH €r0 LIEHTPA NEPECUMTHBANHUCH, BOKPYT HETO ONMHUCHBAJI-
CA HOBHW KDYr ¥ 3TOT HTEPaTHBHBI MPOLECC NMPONONXAICS N0 NOJHOM
CXOAMMOCTH.

B. Bowdenenue omodensubix cmpyi. [Tockoabky uacTh cozmaHHBX C mo-
MOLUBIO ONMCAHHOM BHILE NPOLENYPH KIACTEPOB NEPEKPHBAIACK, T.€. OXHA U
Ta X€ sAueiKa OKa3NBaNACh BKIIOYEHHOM B COCTAB aByx u Gosee Knacrepos, B
kosnabopauun CDF Guin chOpMyTHPOBAHN CEayIOMmKE KPHTEpPUHU BhIjE-
JICHUS OTAC/ILHEIX CTPYi. [N IBYX MepekpHBIIMXCS KAACTEPOB onpeaessd-
/I0Cb, KaKas 4aCTb SHEPrHH MEHBUIETO M3 ABYX KJACTEPOB OKA3HIBANACH B

obnactu nepexkpurus. Ecau 3Ta 10151 OKA3bIBAIACh MEHBIIE 3a4aHHOTO MOPOra:

(06nun0 75%), nepekpuBmHecs KJIACTEPH Pasfe/sIuCh HA JBE OTHE/IbHBIE
CTpyW, a ofmmMe sueilkM mepepacnpenensIuCh MEXIY KJAcTepaMd IO
NPUHUANY HAHMEHBUIETO PACCTOSIHHS OT LEHTpa cTpyd. Ecam NEPEKPhITHE
OKa3KBaOCh GAMbIMM noporosoit BEJMYHHB, KJACTEPH CJAMBAJHCH, UTO
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NPHBOAK/IO K TOBTOPEHMIO MTEPATUBHOM IPOUENYPH BbIACJACHUS CTPYH MO
BceM sueiikam. OKOHUATEBbHO MONEpPEYHas SHEPTUS CTPYH Et’ onpenensinach

CYMMHPOBAHHMEM IO BCEM OTHECEHHBIM K KJIACTEPY sSueHKaM KaJOpHMETPa, a
7], ¢-KOOPAMHATHI OCH CTPYM BHIUHMC/ISUIUCh KaK B3BELICHHOE MO £, CpENHEE CO-

OTBETCTBYIOLIMX KOOPAMHAT ITHX SUEEK.

K nauany skcnepuMentoB Ha CDF nosiBuauch nepsbie pacyeThl CEUCHHS
MHKJII03MBHOTO agpoHoodpasosanus crpyii no TB KX]I ¢ yueTom ciienyomero
3a BelymuM wieHa pasnoxenus [125]. B oTux pacuerax WHKIIO3WBHOIO Ce-
YEHMS C MCTIONb30BAHUEM TPEXTIAPTOHHOTO MATPUYHOIO dJIEeMEHTa morpebo-
BaJIOCh BBEJCHHUE NPOLEAYP Pa3ae/IeHus CTPY# OT ABYX NAPTOHOB B CJIy4ae HX
6JIM3KOr0 MPOCTPAHCTBEHHOTO PA3JIOXKECHHUS, AHAJOMMYHBIX MCIOJIb3YyCMBIM B
skcrniepuMenTe. [10CKOIbKY B TEOPETMUECKMX PACYETaX ECTECTBCHHO OMHCHI-
BaTh CTPYIO B BHAE KOHYCA, HYKHO OBLIO HAUTH COr/IACOBAHHOE C IKCNCPUMEH-
TaTOpaMM PEUIEHHME O pa3Mepax IToro KoHyca. Otor sompoc B 1990 r. cran
IPEAMETOM CTEHMaabHOrO 00CyXaeHns Ha JleTHe# mkone mo ¢u3nke Bbl-
cokux snepruii B Cuoymacce (CIHA). B pe3ysibraTe JOCTUTHYTO COMJIAIIEHNE
{126 ], yTo MpM M3yYEHHWHM MHKJIO3UBHONO OOpa3oBaHMsi CTPY¥ B AMAnasoHe
SHEpPrHil CyMIECTBYIOMHUX pP-KOIAHAEPOB CTAHAAPTHHM AOKHO CTAaTh ONpe-
fesieHre CTpyM B Buie Konyca ¢ R = 0,7 B mepeMeHHEIX 77, p. JTO onpene-
nenne spasioch npuemnembM s dHeprun OHAJL ¢ Toukm 3peHMs Kak
peanunHE (OHA OT AJPOHOB, HE MPHHAMJIEXAMMX CTPye, HO NOMABIINX
BHYTpPb KOHYCa, TAaK ¥ NIOTEPb (PParMEHTALUMOHHbBIX YACTHIL, OKA3aBIIMXCS BHE
KoHyca. Ho OCHOBHBIM apryMeHTOM B N0JIb3y MOAOGHOTO OMpene/ieHus CTPyH

6bu10 TO, uTo mpH pacuerax no TB KXJI B npubivxenun O(a?) MpH TaKOM

pa3Mepe KOHYCa 3aBHCHMOCTb PE3y/IbTaTOB PACUETa OT EPEHOPMHPOBOUYHOIO
MacmTabHOro napaMeTpa 4 0ka3aiach MUHHMAJIbHOK.

Ceuenus uHKAI03uBH020 0bpasodanus cmpyid. OcOOEHHOCTH MHKJIIO3MB-
HOro o0pa3oBaHus CTPY# B peakuuu

ppoj+X : 13)

uccaenosanuch B Komabopauusax UAL u UA2 B TeueHue psja JieT no Mepe
yBe/IMueHHs HaBMpaeMoil MHTErpanbHoi ceeTuMoctH [122,124,127]. Usme-

penus nuddepeHumanbHbIX do/ dEt’ dn ceueHnit MHKITIO3MBHOTO 00pa3oBaHus
CTpyii ObLTH JOBENEHH 10 Et/ ~ 150 I'3B Ha 5KCniepMMEHTaJIbHOM MATEpHAJIC,
MOJIyYEHHOM. TPH Vs = 540 I'aB B ceance 1983 r. ¢ MHTErpa/sbHOM CBETH-

moctbio ~ 120 H6~! u npn Vs = 630 3B B ceance 1984 r. ¢ MHTErpasIbHOM

cBetumocTbio ~ 310 u6~!. Ha6op cTaTMCTHKM B THX CEaHCAX MPOBONHIICS
WIX C TPUITEPOM HA MOBHIICHHYIO MNOJHYI0 MOMNEPEYHYIO JHEPruio,
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EEt > 40 + 60 I'3B, nau ¢ TPUITEPOM HA MOBLINEHHOE JIOKAJIbHOE JHEPTOBBIAL-

JIeHAE B OrPaHMUCHHOM 06acTu Kanopumerpa. Cucremarnueckas omubka B
n3MepeHnH abcomoTHOTO ceuenus peakuuu (13) Ha ycranoskax UAL u UA2
cocTaBasina 0koao 50% . OCHOBHBIM MCTOYHMKOM CHCTEMATHUYECKOi OmMOKM
aeasiach Gospmas (~ 35%) HeonpeaeaeHHOCTb B MOAE/IbHO-3aBUCHMBIX BhI-
YHCJCHUAX AKCENTAHCOB YCTAHOBKH /15 ONHOM U ABYX cTpy#l. CucremaTuuec-
Kas omubKa N3-3a HEOMPEAENEHHOCTH B KaTMOPOBKE SHEPreTHUECKOM IKaJbl
KaJ0puMeTpoB cocTansina + 209 , pUMEPHO ¢ TaKOo# Xe omubKoi nuaMeps-
JIach MHTErPaabHAs CBETHMOCTDb B TOUKAX nepeceyenus myukos [122].
TTocko/ibKy MpH CPaBHEHMM W3MEPEHMIl, MPOBEACHHBIX HA ONHOH yCTa-
HOBKE, 4aCTb ITHX HEONpEACNEHHOCTEl Bhinaaaer, Ha ycranoske UA2 Gbina

YCTELIHO ONpee/IeHa JHEPTETHUECKAs 3aBUCHMOCTb ceueHus do/ dEt’ dn no

U3MEPEHUSIM, MPOBCACHHBM MpPH Vs = 540 u 630 B [128 ). PesyabTaThi
3THX H3MEPCHUH, NOKA3aHHbIE HA PKC. |13, CBUAETENBCTBYIOT O CYIECTBEHHOM
(10 ABYX pa3) pOCTE CEYEHUS HWHK/IIO3MBHOrO 00pa3oBaHMsi CTpyu C

E,j > 60 I'sB 8 3TOM IManasoxe Vs.

ANnpoKCMMaLMs 3THX CCUEHHI CTAHAAPTHBIM BbiPAXEHHEM NSl XKECTKO-
o paccesiHUsl apTOHOB!

Edo/dp®= p]"(x),  f(x) = A(l - x)"/x7, (14

e x, = 2p1/\/;, Aana oueHku napamerposn = 4,5 +0,3; m = 7,3 £ 0,2.

Mokasanune Ha puc.l13 pesyabraThi pacueros B Huswem nopsake TB
KX Ha KauecTBCHHOM YPOBHC COMJIACYIOTCS C 3KCNEPUMEHTA/IbHBIMHM [aH-
HBhIMH.

3aK/IIOUMTE/NbHBI aHANM3 HHK/IIO3MBHONO 00pa3oBaHUsl CTpy# npu
Vs =630 B [129] 6win nposened kosnaGopaumeit UA2 Ha cTaTHCTHKE
7,5067", nonyueHHo#u B 1988—1989 rr. c nomMolbI0 MONEPHU3UPOBAHHOM YC-
TAHOBKH, YTO MO3BOJIWJIO pPAaCUIMPUTh AKCENTAHC MO NCEBAOOHICTPOTE RO
Il < 2. ABconoTHAS TOUHOCTh H3MEPEHHUS CEueHHMs 00pa3oBaHus CTPYi Obi-
13 nosuimeHa 10 32%. AnnpokcuMauus suipaxeHneM (14) 3THX HOBHIX 3KC-

NEPUMEHTAbHBIX AaHHBIX no E do/ dp3 COBMECTHO C AAHHBIMHM MO HHKJIO-
3UBHOMY CEUEHMIO CTPY# npu SHeprusx ISR ¥ nepBHMH JAHHBIMHM, MOJTYUCH-
HboiMu Ha ycranoBke CDF npwn Vs = 1800 3B, aana yToOuyHEHHBIE OLECHKH
napametpos n = 4,92 + 0,11; m = 6,04 + 0,28.

Ha xosnnuecTBeHHOM ypoBHE npoBepka npeackaszanmi KX/ nas npouec-
COB aaApoHooOpa3oBaHus CTpyil B Gosee WIMPOKOM, YeM Ha pp-Kosiaimepe

LIEPH, nauanasoHe n3MeHEHUs Etj 6bL1a nposeneHa Ha ycranoske CDF. Yc-
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Puc.13. MHKBO3MBHOE pacnpeseneHme do/dE, cTpyit npu

Vs = 540 n 630 I'B; wrpuxopas 1 cruowHas KpMBblE npej-
CTaBIIOT PE3YALTATHI pacueros B Huamem nopaaxke TB KXJ{
AJIS 3TUX JHEPIUit

nemnas pabora pp-kownainepa ®HAJI nossomia B Teuenue ceanca 1988—

1989 rr. na6pats na CDF cratucruxy 45 n6 ™", Ilpn nonyuennu aroit cratuc-
THKH TPHITEP 61t HACTPOEH HA OTGOP COOHTHI, MMEIOMHUX B KAJOPAMETPAX

KJIaCTEP C NONEPEYHON IHEPruci Bume‘E?. Ins yBenwueHus CTATUCTHKY MO
’
CTPYSM ¢ GONBIIEM E, B TpHITEpE OBUIM HCHIO/TB30BAHBE TPH 3HAUCHHMS TIOTIE-

peuno# 3Heprun (20, 40 u 60 I'>B).
Ceuenne MHK/IIO3MBHOMO 00pa3oBanus cTpyit 6uiio uaMepeHo Ha CDF B

Hana3oHe Ef = 35 + 450 I'sB, rne ero Be/iMuKMHA NafaeT HA CEMb MOPSAKOB.

Tounas xanu6poska KaIOPHMETPOB C IOMOMIBIO OXHOBPEMEHHOIO H3MEPEHUS
HMITYJIbCOB 3aPSKCHHBIX aJPOHOB B LIEHTPAIbHOM MarHATHOM CIIEKTPOMETPE
CDF u neransHOe MOnNE/HpoBanue BausHus 3deKTa OrpaHHUEHHONO 3HEp-

FETHYECKONO Pa3pelieHus no Et’ Ha dopmy daj/ dEt’ NO3BOJILJIO YMEHBLIUTD
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Puc.14. OtHowenms ceuenmit
(E)’do/dE, dy npu V5 = 546 u
1800 I'sB. Cruiommnas kpusas —
pesysibtat pacueros no TB KXJI ¢
YUETOM wieHa a: CO CTPYKTYPHOM
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byHkuMent B napameTpuaaumn
HMRS(B), 1 = E /4, v c yuetom

HANI0XKEHHUS CTPYH, IITPUXITYHK-
TUPHas KPUBAS — TE XKE PACHETDI
C NONPaBKOM 3HEPruit CTpyil Ha
donosbie anpoHb

£

(E,)® d6/dE,dn (546 /1800)
ﬁ

e
[«
e
==
el
R
..g-
o
B

CHCTEMAaTHYCCKYIO OMMOKY NP M3MEPEHHHU CEYCHHS B 061aCTH Et’ >80 I'sB
mo 22%, [130). Bmecte ¢ ypennuenmnem mo 10% tounocru pacueros no TB
KX]I 3a cuer yuera unena a? PAa3NIOXEHUS ITO AaJI0 BO3SMOXHOCTD BIIEPBHIC

A€Ta/ILHO MCC/IENOBATh NMPHUTONHOCTb PA3HYHBIX BHIOB napameTpu3anuu
CTPYKTYPHBIX (DYHKUHI IAPTOHOB B HYKJIOHE /IS ONMCAHUS XECTKOro pacce-
SIHUSl IAPTOHOB OUYCHB BHICOKHMX SHepruit. B uacrrocTy, HauaeHo, uto hopma
(B) napamerpusauun CTPYKTYPHHX ¢yHKumii [131] (Tak HasbBaeMbii
BapuanT HMRC (B)) xopomo COracyeTcs ¢ IKCNEPUMEHTAIbHBIMH JAHHBIMHK
B IMANa30HE MU3MCHEHHS CEYCHMH HA NECATh NOPSIKOB.

Onmoit M3 OCHOBHBIX uestei paGoThi [130 ] 6112 npoBepxa runoresn coc-
TaBHbIX KBapkoB [132]. CymecTBoBaHHe HeM3BECTHHX CyNEepPCHIBHBIX
B3aUMONCHCTBHH, CBA3BBAIOMINX BHYTPH KBApKa 9JIEMEHTAPHbBIE COCTABRJISAIO-
IIAC, NOXHO MPHUBOAUTb K KOHCUHOM BEJIMUMHE KOHCTAHTH A . IPH anmpok-

cumanum do/ dEt TEOPETHYECKOH 3aBUCHMOCTBIO, nosyuyeHsos B [132 ] 8 pam-

Kax «pacmmpeHHoi» KX, yunthiBatomeit sror apdexr. Beckoreuno 601b-
moe 3HaYeHue A ¢ AO/IXHO COOTBETCTBOBATh «uncToi» KXII. B [130] 6biz10

NOTyYeHO, uTo ¢ 95 % nocroBepHOCTHIO A o= 845 I'sB, T.e. kBapKkH 10 pa3me-

pos 1,4-1074 (M MOXHO CYMTATh LETbHBIMH OOBbEKTAMH.,

Konna6opauneit CDF 6biia Takxe HCCIC0BaNa npobaeMa npeackasnea-
emoro KXJ1 napymenns X;~CKCH/IMHra TPH HHKJIIO3MBHOM 00pasoBaHMy

CTpy¥ B mmanasone Vs = 546 + 1800 I'sB. Ha puc.14 npusenena NOJIyYSHHA
B [133] X;~3aBHCHMOCTb OTHOWIEHHS! COOTBETCTBYIOMIHX MHK/IO3MBHEIX CE-

YCHMH, 00e3pasMepeHHNX NYyTEM YMHOXECHMS HA E‘ts, B CPABHEHHH C pacue-

TamMu no TB KX]I B npubauxenanu O(asa), MCNOJIb30BABILMMH CTPYKTYPHHBIC
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¢yHKUMH B napaMeTpH3aluH HMRC(B) [131]. Bumso, uto B obnactu
x,<0,17 3KCnepMMEHTA/IBHEE JAHHKE HE TOJILKO AEMOHCTPHPYIOT OTCYTCT-

BHE UMCTOTO X,-CKEHIMHIA, HO M CYLIECTBCHHO (Gonee ueM 3a e OMIHMOKM)

oTmuaiorcs ot npenckaszanuii KXJI. Crenyer OTMETHTb, UTO PACXOXACHNC
SKCMEPMMEHTA/IbHBIX CEYEHUH daj/ dE, npu KaXIoH U3 3THX 3HEpruM ¢ pac-

YeTaMu, CIC/IAHHBIMHA B IPHUOIHXEHUH O(af) TB KX]I, "He cTo/Ib 3HAUYMMBI U3~

3a GOJIPIIMX CHCTEMATHYECKMX OWMOOK, KOTOPbiE YaCTHYHO COKpAIIANOTCH,
xorna Gepercs Mx oTHoweHue. [IONONHUTE/IbHBE MCCIEA0BAHMS TOKa3aH,
YTO 3TO PACXOXJCHHE HEJb3s YCTPAHHUTD C MOMOIIbIO noxbopa CTPYKTYPHHX
(byHKUH# NaPTOHOB, HO MOXHO YMEHBLIHTD, ECJIH NPH pacuerax Gosiee NOJIHO
Y4€CTb MONPABKH HA 3arpsi3HEHME CTPYH, BHAENSCMHX B IKCMEPUMEHTE C
nomompio anroput™ma CDF, doHOBRMY afpOHaMH.

OcHoGHblEe Xapaxmepucmuku napHozo obpasosanus cmpyi. Uccneno-
BaHMS WHKJIO3MBHOIO fpouecca

pp=iti+ X 1%

NpOBEACHHBIE HA CTATHCTHKE, NOAYYEHHOH HA Bp—xonnaﬁnebe LIEPH B cean-
cax 1982—1983 rr. kosabopauusmu UA1 u UA2, noxrepaunin OTMEYEHHBIH
Ha HauanbHOl dase uccaenosanuit [122 ] pakr, uro coOuiTHs C ZE' > 40 I'sB

MMEIOT B LIEHTPAJIbHO# 061aCTH ABE YETKO BHPaXCHHBIE JINAUPY IOUIHE CTPYH,
HA JI0/TI0 KOTOPHIX MPHXOXUTCS OCHOBHAS YaCTh NONEPEUHOH JHEPTHH.

TlosiBieHHe ABYX JHAMPYIOWHX CTPYii ¢ Gonblunmu E, MOXET 6HTH BHI-

3BAHO TONBKO MPOLECCAMH XecTKOro paccestus (11) ¢ nocaeaywouei ¢par-
menTauMeit AByx naproxos [134], nostomy 3bdexTHBHAS pErHcTpaLus
ABYXCTPYHHBIX COOHTHA HAa yCTAHOBKAX UA1 u UA2 oTKpHIA BO3MOXHOCTb
uccaenosaTh noanpoueccs (11) B HOBO# 06.1aCTH SHEPIHH. OnHako s TOIO,
yro6H 10 KMHEMATHUECKHM XapaKTEPUCTHKAM CTPY#, H3MEPCHHBIX KaJIOpH-
METPHYECKHM METOZIOM, MOXKHO GhiJI0 NOCTATOMHO TOYHO OLEHHTD NAPAMETPRI
pacCessHHHX NapTOHOB, B PE3YJbTATH JKCNEPUMCHTATLHRIX N3MepeHuit
noTpe6oBaNOCch BHECTH PSA CYLIECTBEHHBIX NONPABOK. K MX UHCy OTHOCATCS
NONPABKHK HA NOTEPH, BO3HHKAIOUIME NPH BRIECHMH CTPYH C MOMOLUbIO OMH-
CAHHBIX BHILIE AATOPHTMOB, YaCTH MPHHANIEKALMNX €H YACTHLL, HCTTYHICHHHIX
noa GOAbLIMMHK YIIAMH K €€ OCH; 3aBHCSAIIME OT SHEPrMM MOMPABKM, yuH-
THBAIOIHME HEJIHHEHHOCTb KAJOPUMETPA, YTEUKH M3 HETO YacTH Kackana,
KpaeBnie 3Q(EKTH M HATHUHE «MEPTBHX 30H» (M3-32 KPEIIEHMi, KabesIbHBIX
Tpacc, CBETOBOAOB M T.A.). DTH MONMPABKA K JHEPrHH, H3MepseMOii KaJIopu-
merpamu UAl, aas XECTKMX CTPy# COCTaBMIM ~ 10%. Kpome Toro, BBO-
JMIMCH TOTPABKM HA TOPMO3HOE H3/TyUYE€HHE ITIOOHOB MaPTOHAMH KOHEUHOIO
cocTosiHUs (~ 129%,) ¥ Pl MEHBIIMX NO BEJMYMHE NOnpasok. B pesysbrare
CpelHee JHEPreTHUECKOE PA3pPELICHHE TPH M3MEPCHHH crpyi B UAI cocras-
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A0 SE/ E = * 26%,. Monenuposauue nokasano, uto aas UAI N3MEPEHHOE
9KCMEPUMEHTAIPHO HAMpaBJAeHUE 3-MMIYJbCA CTPYM COBMANAET C HANpaB-
JICHAEM BEKTOPHOH CYMMBI MMMNYJIbCOB YACTHL, OT ()ParMEHTALMH MAPTOHA C
TOYHOCTHIO 0,= 6°u o,= 0,04 [135].

IIpuMepoM ananm3a nBYXCTPYHHBIX COBBITHiI MOXET CIyXHTb paGoTa
[136 ], BemosiHeHHas Ha faHHbIX ¢ ycranoBku UAL, B KOTOPOH HCIIO/Ib30BAJICS
OOBIUHBIH (HOPMATN3M KBA3HIBYXUACTHUHOIO PacCesHHUS naprounos. dudde-
peHUnANIbHOE ceueHne noanpoueccos (11) kak ¢yHkums yria paccessus 6 B
CHCTEME LCHTPA MAacc B 3ToM paboTe OblJI0 3aITHCAHO B BUAE

3
xlxzd o

dx dx,d cos 6 =Fx)F ].(xz) daij/ dcos 6, (16)

rae Fi(xl) ] Fj(xz) SIBJISIIOTCS CTPYKTYPHBIMH (DYHKUHMSMH, HPEACTAB/ISIO-

IMMH NJIOTHOCTH COOTBETCTBYIOLIMX MTAPTOHOB B aApoOHAaxX B 3aBUCHMOCTH OT
OTHOCHUTCJIBHBIX MPONOJIbHBIX UMITYJIbCOB xl u x2 JTHUX MAPTOHOB, a Uij — CE-

YCHHE KBA3UYNPYIOro paccesiHusi, KOTOPOE COOTBETCTBYET pACYETaM B
Hu3wem nopsiake TB KXI. Tak kak B KX]I Bce mpouecck mpoucxonsT uepes
OGMEH BEKTOPHBHIMH IJIIOOHAMH, OHHM BCE MMEIOT CXONHYIO YIVIOBYIO 3aBHCH-
MOCTb, KOTOpast ipu €os 6 - 1 crpemutcs k (1 — cos 9)'2. B npexnosnoxenun,
uTO npH OGpa3OBaHMM IBYX CTPYH NOMMHHMpYIOT KBA3HyMpPYTHE MPOLECCHI,
HMMCIOUINE OTMHAKOBYIO YIJIOBYIO 3aBHCHMOCTD, CEUEHHE ITOIO MPOLECCA MO-
xeT OuTh npeacrasneHo B opme (16), rae F(x) cranoBsitcst 3ppeK TUBHBIMHI
CTPYKTYPHBIMM (DyHKUMSMH /11 HECKOJIBKMX THIIOB MAPTOHOB. B yacTHOCTH,
eca do/ d cos 6 B3aTb B popMme andbepeHIHATBHOIO CEYEHMS! ITIOOH-TJTIOOH-
HOTO paccesiHus

do/d cos 6 = 9/8(nas2/2xlx2s) (3 + cos?0)3 (1 - cos?6)™2, an
TAE § — KBAJPAT MOTHON IHEPTHH B C.IL.M., TO F(X) MOXHO 3aIIMCaTh B BHAE
F(x) = G(x) + 4/9 [Q(x) + (%) ], (18)

rae G(x), Q(x) u a(x) SIBJISIOTCS CTPYKTYPHbIMH (DY HKIIMSIMH [JIOOHA, KBApKa
M AHTHKBAaPKa COOTBETCTBEHHO.

[Monyuennoe B [136 ] pacnpenencHue mo cos 6 Ha KAYECTBEHHOM YPOBHE.
Xopowo coBnajo ¢ pedyabratamu pacueros no TB KX]I, nposeneHHbIME B

npUOIMXEHUH O(af), HO MOJIHOCTbIO PAa30ULIOCh C POPMOit YTI/IOBOM 3aBUCH-
MOCTH, CeAyIomei u3 abeseBoit TeoprH €O CKaNSpHHIMH raooHamu [137 .
AnnpokcuMmaums faHHBX B obnacti  lcosOl > 0,4  3aBHCHMOCTBIO
~(1=cosf)™" pana n=2,38 +0,10. [Tpu onpepeneHun CTPYKTYpHBIX
GbyHskumit F(x) HeOOXOAUMO UMETH B BHIY, YTO B PEAIbHOE CEUCHHE obpaso-
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F Puc.15. Ctpyktypnas dyHxums F(x), Boccta-
(x).‘ HOBJIEHHAs MO AaHHbIM C ycraHosku UAL;
10 : WTPMXOBas JMHUS | — PE3yJIbTAT AMNPOKCH-
- MauMK IKCIIOHEHTOM; KpuBas 2 — F(x) npu

T

Q2= 20 B2 ¢ napaMeTpusanmen kcnepu-
menta CDHS; kpusas 3 — Ta e CTPYKTYp-
Has yHKuMa, nepecuMTaHHas s Q%=
= 2000 I'sB2, kpvsas 4 -— CTPyKTypHas
dynxuus ans ksapxos (4/9)(Q(x) + Q(x))

10

Ty uu:y

0,1

BaHMA ABYX CTPYii KPCME ypaBHEHHS
(16) monxrm naeath BkJax Gosee
uicokue nopaaku TB KXI. K mo-
MEHTY BHIMOJIHCHHS HCCJIENOBAHHH
ABYXCTPYiiHbIX COOBITHI KO/L1a60pa-
uueirt UAl TOuHBIX pacueroB s
O 05 08 ITHX MOMPaBOK He 6bit0, W Ans MX
x yueTa BBOAWICY MYJIbTMIUIHKATHB-
Hulit K-¢pakTop, KOTOpPHH, COrJIACHO

HEKCTOPHIM OLEHKAM, A0JIXEH ObL 6H1‘bK 2{1381).

IpusencHuas Ha puc. 15 crpyktypras ¢pysxkuus F(x) nonyuena s [136 |8
MpeanooXeHnH (PaKTOPH3AUMM CEYEHHS MO X| H X, IMpu pacuerax 3To#

T

0,01

L

(hbyHKIHY IPHHATO Q2= - f: rae = - 113)2 -— KBAApaT Pa3HOCTH 4-BEKTO-
pOB MEXAY NMEPBHYHLIM NAPTOHOM W NMAPTOHOM KOHEUHOIO COCTOSHMUS, UMe-
tomuM Haubonbmyio 3Hepruio. B nuanaszoune 0,1 < x < 0,8 3Ta hyHKUMS XOpO-
HI0 OMMCAHA 3KCNOHEHUMANbHOH 3aBucumocTb0 F(x) = 6,2 exp(— 9,5x)
(uTpMXOBag TMHUA Ha puc.15). [ins cpaBHEeHH S € NOJYYEHHOH B IKCNEPHMEH-
te UAl crpyxrypuo#t dyrxkuueit F(x) Ha puc.15 npusBeneHa CTpyKTypHas

dyukuus (18) npu Q2= 20 I'sB, ocHOBaHHAS HA MAapaMETPU3ALMH IKCNEPU-
menta CDHS [139], 4 ata xe dynkuus, paccCuuTaHHas aas sz 2000 I'sB,

uto coorsercrayer {Q%) mns sxcnepumenta wa UAL. OtaenbHoit KpHBOit
MOKAa3aHa CTPYKTYpHas (PyHKUMS, PACCYHTAHHAS TOTbKO /1 KBAPKA M AHTHU-
KBapka. U3 3Tux pacnpenesiieHuil CeqyeT, YTO AAHHHE, NOMyUYEHHBIE HA Ae-
tektope UA1, yKa3mBaioT Ha HAJTMYHE B MPOTOHE BHICOKOM MJIOTHOCTH IVTIOOH-
HOM KOMITIOHEHTH NPH MAJIBIX X M AEMOHCTPHPYIOT HAPYUWICHHE CKEA/INHTA NP#

Gosbmux Q2.
HecKkonbKo Mo3Xe TH BHBOAL ObUTH MOATBEPXACHH HCCIEAOBAHUAMH,

nposeacHHEMH KoastaGopanueit UA2 [140 ] Ha craTHCTHKE, NOJY4YEHHOIM B Ce-
ance 1983 r.
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UccnenoBanus ABYXCTPYHHBIX COOBITHH C LE/IBIO ONPEAE/ICHHUS CTPYKTY -
HOU (PYHKIMH HYKJIOHA OBUIM MPOROJIXKEHB NPH SHEPrUH Vs = 1800 I'sB Ha
ycranoBke CDF ¢ ucnosib3oBaHHEM CyIIECTBEHHO 00/IbILEH CTATHCTHKH.

IMockonbky sxcnepuMeHTaIbHbBIEC AAHHBIE M0 STOMY MPOLLECCY CPABHUBA-
JINCh C PE3Y/IbTaTAMH CyIIecTBOBAaBIIKMX Toraa pacueroB nmo TB KX B npu-

OHXEHHH ()(af), pasMep KoHyca noabupancs u3 Tpe6oBaHHMS HaMJIyUlIEro

COOTBETCTBUS IKCIEPUMEHTANbHHM JAHHBM. M3 aHanu3a naHHbIX MO pacnpe-
AEJICHHIO HHBAPHAHTHOM MAcChl ABYX CTpy# M(2)) HaiaeHo, uTo 6OIbIIMHCT-
BO BAPHAHTOB NAapaMETPH3AMMHM CTPYKTYPHLIX (DYHKLHiA Jyyle ONUCHIBAIOT
pacnipenenenne do/dM(2j), nonyuennoe npu orGope cTpyii ¢ R = 1,0 [141].
IMoaromy Bo Bcex nccnenoBanusx Ha CDF, B KOTOpbX MPOBOAWJIOCH CPaBHE-
HHUE IKCMNEPUMEHTAIbHEX JaHHBX ¢ pacueramu no TB KX B npubanxenun

O(asz), NJiS ONKCAHHUS CTPY# MCNob30BaJcs KoHyc ¢ R = 1,0. [lng Toro, uto-
Ol yMEHDBIHTD BAUSHUE NPOLLECCOB 601EE BHICOKONO NOPSAKA 10 A, HA OCHOBE
HebanaHca p, ABYX JMAMPYIOWMX CTPY# Obin BHUMCAEHB QYHKLHMHM Pa3Mbi-
THS! pacnpeaeNcHUil N0 PA3HHIM NEPEMEHHBIM 33 CYET IVTIOOHHOTO TOPMO3HOTO
uanyuerns (pyHkuus pasMuTs no £, umena GopMy rayccMaHa ¢ LIMPHHOI,
3aBUCsiUCH OT E,j), H pesyabrari pacueros no TB KX B npubauxenun

,O(asz) MOAK(PHLIHPOBATKC C MOMOLILbIO ITHX qsyuxunﬁ. 3Ta TEeXHMKA UCNOJ/Ib-
30Basnack, B YaCTHOCTH, NpH aHaau3e auddepeHuuanbHbX ceueHuid o0paso-
BAHMA nBy‘x CcTpy# dsd/dE,drjldqz, nposeneHHoro Kosiabopauueit CDF B
[142]. B aroit pabore onHa cTpys, sexawas B obaactu In,1 = 0,6, nonxua

HMETb JHEPTUI0, HE MEHbIIYIO Et‘h, a BTOpas JIMAMPYIOLAs CTPYyS € Etj >2T53B
MOI/1a JieXaTh B o6nacTu ncespobHcTpor |7, | < 2,8. Ycpennenusie no uuTep-
sany 17,1 = 0,6 anddepeHunanbHbie CEEHUS MO 1, ANS LIECTH HHTEPBAJIOB
E, ot 45 no 225 I'3B okasanucn 0COGEHHO KPUTHYHH /1S TIPOBEPKH CTPYKTYP-

HbiX yHKumit B o6nactu 0,04 < x < 0,3, rae r0OHHAas KOMIIOHEHTA MrpaeT
AOMMHHPYIOUIYIO poJib, K 3THM 3KCnepUMEHTANbHBM AAHHKM GBUTH OAOrHA-
Hh METOAOM HAaWMEHBbHIMX KBaAparcB pe3ysabraThl pacuero mo KX c
HCNIONb30BAHUEM 12 pa3iMyHBIX BUAOB CTPYKTYPHHX (DYHKUHUN, NABIIMX
36 xkomOuHAuMil, NPUYEM HEKOTOPHE M3 3THX KOMOMHAUMH OKAa3aJnCh
HEMPUIOAHBIMY 114 OMMCAHMA OSKCIEPHUMEHTAbHBIX PpacClpeesieHdil o

KpuTepHio y2.

Pesyremamer uccaedoéanuii MHOZOCMPYIHbIX KOHEYHbHIX COCMOSHUIL.
Yxe Ha HaYaAbHBIX BHIOOPKAxX COOBITHIA C AJPOHHBIMH CTPYyAMH BBICOKMX
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SHepruii, noayueHHsix Ha ycraHoBkax UAl m UA2, HadineHo, uto, KpoMe
ABYX MMAMPYIOUMX CTPYit, 10—159% coObiTHiI MMEIOT AONOJHHUTE/IbHbBIE CTPYH

c Etj > 15 I'9B [127]. [osiBieHKE ITHX CTPYii OOBSICHSIOCH NPOLLECCAMH TOD-

MO3HOTO H3JIyY€HHs IVIIOOHOB NMAPTOHAMHU HAYAIbHOIO MJTM KOHEUHOIO COCTO-
arauit [143]. OnHako HafEXHOE BbIAECHHE KOHEUHbIX COCTOSIHMIA C TPEMS H
Gonee cTpysmu CTaso BO3MOXHBIM TOJIbKO MOC/IE CYUIECTBEHHOTO Pa3BUTHS
METOAMKHM O0pabOTKM AAHHBIX C 3THX YCTAHOBOK M 3HAUMTC/IBHOIO YBE-
JIMYEHHS CTATUCTHKH.

IeranbHble HCCACTOBAHUS TPEXCTPYMHBIX COOLITHIA MPOBEJCHB HA YCTa-
noske UA2 npu Vs = 630 I'sB [120 ]. TIpu BBIAEAEHHM TPEXCTPYHHBIX CO-
OBITHII Ha OCHOBAHMM MH(POPMALIMH, IOTyYAEMOH C IEHTPAbHBIX KAJIODUMET- |
pos ycranoBkn UA2, yuTeHO, 4TO JBE JIMANPYIOUIME CTPYH OT PparMeHTALHM
paccesHHbIX NAPTOHOB MO A3UMYTAJIbHOMY YIJly HANPAaBJICHbl B MPOTHBOMNO-
JIOXHBIE CTOPOHBI, @ CTPY s OT (