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In this talk, I present and discuss some results of [1—4]
and [5]. In these papers we have shown that, for a suitable
range of parameters, the two-dimensional discrete equations
describing a quasiparticle interacting with the displacements
of a lattice of atoms possess solitonic solutions. We also show
that, in the continuum limit, the effective equation for the
quasiparticle reduces to the nonlinear and, in general, nonlocal
Schrédinger equation. We describe the conditions when this
equation also possesses solitonic solutions. We discuss some further
generalizations of this problem.

1. Introduction

Depending on their strength, the electron-phonon
interactions in systems involving electrons moving in
deformable lattices of atoms can become very important
for the dynamics of such systems and may lead to
some very interesting phenomena. An example of such
a phenomenon is the quasiparticle self-trapping which
is sometimes referred to as spontaneous or the auto-
localization of a quasiparticle. In fact, Davydov [6, 7]
already in 1973 suggested that such a self-trapping
of Amide-I excitations takes place in one-dimensional
proteins. Thus, it is interesting to perform a comparative
study of systems with similar chemical composition and
those belonging to different classes. In [8], an example
of such a system was given; it was shown there that
the life-time of Amide-I excitation in myoglobin is much
higher than the life-time of the excitations of photoactive
yellow protein.

It is also known that, in effectively one-dimensional
systems, a quasiparticle (electron, hole, exciton, etc)
self-trapping takes place only for a particular range
of values of the parameters characterizing the system
[9]. A similar, although somewhat more complex,
situation exists also for two-dimensional systems. Thus,
in particular, it has been shown in [1, 2] that the self-
trapped solitonic states of a quasiparticle exist and are
stable both in isotropic and anisotropic two-dimensional
crystals within some intervals of numerical values of the
relevant parameters.
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Many one-dimensional systems, such as polypetides,
etc., have been shown to possess acoustic and optical
phonons and to admit the existence of Davydov or
molecular solitons. This derivation is based on the
adiabatic approximation which results in nonlinear
and/or coupled equations which are then studied
numerically. When one considers their continuum limit,
the equations describing the collective excitations of
such systems reduce to a one-dimensional nonlinear
Schrodinger equation with an attractive interaction.
Such systems have attracted much interest and have
been studied by various people. So far, however,
relatively little attention has been paid to higher
dimensional systems where, of course, the spectrum
of possibilities is much richer as the systems can be
anisotropic.

Here we report some results of our attempts
to perform such investigations (of two-dimensional
systems) [1—5]. And given that the original ideas go
back to the seminal work of Davydov [6], it gives me
particular pleasure to give this talk at this conference
dedicated to the 90th anniversary of A.S. Davydov and
held in his Institute.

2. Hamiltonian of the System

In [1, 2], we have considered systems which are described

by the Hamiltonian which is the sum of Hamiltonians

describing the electron, phonons and electron-phonon

interactions:

H = H. + Hyn + Hig. (1)
These Hamiltonians, in the site representation, are

given by:

H, = Z[EoAgvnAmvn — e (A, p At

A 1 nAmn) = Gy (Af pAm s + A Amn)ls (2)
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Hpn = % Z( ;\’}” + ﬂn + ks [(Um,n - Um-i-l,n)z"‘
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"'(ﬁm,n - ﬁm+17n)2] + k'y [(ﬂmm - am,n+1)2+
+(ﬁm,n - ﬁm,n+1)2]): (3)

Hint = Z A;m,Am,n [Xz (am+1,n - am—l,n) +
m,n

+Xy('ﬁm7n+1 - 'ﬁmmfl)] . (4)

Here A}, | (Ap,n) denote the creation (annihilation)
operators of the electron at the site (m,n), Umn, Um.n
and Pmn, Gm,n are the longitudinal and transverse
components of the vector operator of molecule
displacements and their respective conjugated momenta.
The energy & — 2j, — 2j, corresponds to the bottom
of the electron energy band; the constants j,,j, are
the exchange interaction energies, while x,,x, stand
for the electron-phonon coupling constants in the z
and y directions, respectively. Finally, k.,k, are the
corresponding lattice elasticity coefficients.

ﬁint, the Hamiltonian of the electron-phonon
interaction, is taken in the simplest form [6] and so
it involves only the “nearest neighbour” interaction
between the electron field and the deformation of the
lattice. Later, we shall discuss some generalizations of
this assumption.

To proceed further, we perform the standard
semiclassical analysis and derive the effective classical
Hamiltonian H with ¢, , describing the probability
amplitude of the electron, and up,,, Um,, are the
classical variables describing molecular displacements
from their positions of equilibrium, respectively, in the
z and y directions.

The effective Hamiltonian is then given by

H=> (& + W) |emnl® = jo Opnl@mirnt

m,n
+Pm-1,n) = Jy P (Pmn+1 + Pmn-1) + |omn]” X
— Um,~1)],(5)

where W describes the phonon energy and is given by

p2 n qu
1 § : m, N
W 5 (_ +
m,n

X [be (Um+1,n - Um—l,n) + axy (Um,n—i-l

+ kz [(umm - um+1,n)2+

+('Um,n - Um+17n)2] + k'y [(umm - um,n+1)2+
+(Omn = Vmns1)?]) (6)
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Our set of equations involves also a constraint:
the electron function must satisfy the normalization
condition, which in our case takes the form:

Z|‘Pm,n|2 = L (7)
m,n

This normalization condition is not very important
in one dimension for one electron. However, it becomes
essential in many-electron problems in 1-dimensional
systems and it leads to nontrivial effects in the 2-
dimensional lattice cases even for just one electron.

Next, to simplify all the formulae, we introduce the
dimensionless variables

Jat U v bQsz
==, U=C,—, V=0C,—, E; = 7
TR b b n?
2 b? b
EU = éacw = X-—7 Cy = M;
Jz Jz Jz
% _ kg 1 _ ky1? _ 203
Mgz Y MY K, E,
and also the anisotropy parameters
Jy Cy Ky
A== A= — A= —. 8
J jz: c CI’ k Kz ( )

It is easy to derive the Euler—Lagrange equations
describing the dynamics of our system. They are given
by
- dPm,n
i 2 = (By + W) @mn = (Pmtin + Om—1,n)—
—Aj (Lmmt1 + Pmn—1) + [(Unsin — Un—1,0) +
- Vm,nfl)] Pm,n, (9)

PUnm.. _ Ka
n 2T
dr Cz

+ A (2 Um’n —

+ Ac (Vm,n+1

[(2 Um,n - Um+1,n - Um—l,n)“‘

Um7n+1 - Um7n71)_

g ‘
D) (|90m+1,n|2 - |‘Pm—1,n|2)]:

Vi om K
arz _C_j [(2 Vm,n

-f—Ak (2 me

gA.
2

- Vm+17n - mel,n)_f_

- Vm,n+1 - Vm,nfl)_

(|‘Pm7n+1|2 - |‘Pm,n71|2)]>
with the phonon energy given by

W= %ES Z(P;Zrb,n+an,n+
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K,
C_ ([(Umm - Um+1,n)2 + (Vm,n - Vm+1,n)2]+
+ Ak[(Um,n - Um7n+1)2 + (me - Vm7n+1)2])); (12)
where
AUpn.n AV n
Pm n = —, m,n — —. 1
’ dr @, dr (13)

Clearly, equations (2.10) — (2.12) are very hard to
solve, so we have studied them numerically in [1—4].
In the next section, we describe some results of these
studies.

3. Numerical Results

First, we have looked at the stationary solutions
of our equations. We have done this in many
ways, in particular by adding “absorptive” terms to
equations (2.11) and (2.12) and by using various initial
configurations.

In the isotropic case, we have found that, for g >
Jgor ~ 5.85, we have localized solitons (i.e., solitonic
configurations) with the ¢ field being the most strongly
localized. As g increases, the solitons become more and
more localized and, for g ~ 20, the solitons are localized
to within a very few lattice sites. For g close to g,
the solitons are quite broad and, for ¢ < g., the
equations do not have stationary localized solutions.
When one attempts to find a localized solution (by
starting a numerical simulation with a soliton-like initial
configuration), the fields spread out over the whole
lattice.

Similar results hold also in anisotropic cases. All
details of our results and various plots of the field
configurations and of the corresponding energy densities
can be found in [1].

Can we understand our numerical results?

4. Narrow Solitons

Let us restrict our attention to the isotropic case (for a
discussion of anisotropic cases, see [1] and [2]). Hence,
we can put A; = Ay = A. = 1. Next we define

AW Unn = 4Umn = Untin = Un—1,0—
_Um,n—i-l - Um,n—l
and

A(2)|‘Pm7n|2 = 4|‘Pm7n|2 - |‘Pm+2,n|2 - |‘Pm72,n|2_
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sl = [omnal” (15)

Noting that, as Ay = 1, the equations for the static U
and V fields can be rewritten as

A(].)(Uerl,n - Umen) = %(|<Pm+27n|2 - |90m,n|2_

~|mnl? + [om-2,al*), (16)

AM)(Vinnat = Vinn=1)0 = §(lomn2]” = omnl*~

—lemnl® + [omn-2l?), (17)

and so we have

AL ((Umtrn = Umn-1,n) + Vi1 = Vinn-1)) =

= —2A2)|pmnl* (18)
Thus, we have obtained a very interesting

equation

AW Znn = —§AQ2)[emnl, (19)

where

Zmn = Un+1n = Un-1,n) + Vmn+1 = Vinn—1).  (20)

In (19), A(1) describes a 5-point Laplacian and A(2)
is the same operator but, effectively, missing out the
nearest points of the lattice (i.e., an operator on a
lattice twice as large) as described in (15) and (16).
Unfortunately, we have not been able to solve this
discrete equation exactly except in one dimension — (i.e.,
for a 3-point Laplacian). In this one-dimensional case,
the equation becomes

Pi+1 + Pi—l — 2Pz = IQ(QR;‘ — Ri+2 — Ri_2) (21)
and is solved by
P, = —k(Rp41 + R 1 + 2R,), (22)

where we have neglected the boundary terms.
To solve our equations in two dimensions, we look
first at the eigenvalue equation for (:

_>\90m,n = _((Pm—i-l,n + Pm—-1,n T Pmntl + Pmpn—1—
_490m,n) + Zm,n‘Pm,n: (23)

where Z,, ,, defined by (20) satisfies (19). We attempt
to solve this equation iteratively. Thus, first we assume

that |po,0|? = 1 and set all other |¢.,,,|? zero. We find
Zoo = _18—19; Zip = —%g, Zig = —34—397

Zop = 32—397 Zy1 = —61—69- (24)
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use this result to determine a “new-
So we assume

Then we
modified” ¢;;.

po0=1=5,  Gnn= fung (D (25)
Moreover, we impose

fmn = fimlin|- (26)
Then we find

A= -4+ 5y, fio =2,

fin = 2, fa0 =32, F =3, (27)

which is, in fact, in a good agreement with the solutions
determined numerically! The detailed comparisons are
given in [1].

5. Broad Solitons

When the coupling constant g is small (but larger than
ger) We expect the continuum limit approximation to
be valid. To construct this approximation, we define
o(x,y) = ©m,n as functions of the continuous variables
z and y instead of the discrete variables m and n. Then,
using the Taylor expansion

Omtln = Qam7n:|: ( yy)+1 0* <p(w7y)i% w;w37y)+_ ..,(28)
Unsin = Upt B2+ 320 £ 100 4 L0 4 (30)
Vg1 = Vi 2 20 + 100 £ 1OV 4 LOL 4 (30)
we can write

5 = o (% + el (31)
2% = —g (%F +1Z5l0P), (32)

where we have neglected 5 o*y Fyr and ?9290‘2/' Integrating (31)

and (32) and setting all the “constants of integration” to
zero, we get

U = —g (ol + 22 10l?) (33)
9 = —g (lol + t & lol?) - (34)
So the equation for ¢ becomes

i+ Ao+ 29 (lpl + Alel*) ¢ =0, (35)

i.e., a Nonlinear Schrédinger Equation with an
extra term.
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Clearly, had we neglected the last term in (35) and
so used only the Schrédinger equation

i%2 + Ap +2g|p|*p =0, (36)

its solutions would be unstable. But we have this extra
term which comes from the lattice and stabilizes solitons.
To get a better understanding of this effect, we consider
first the square of the size of any localized, soliton-like,
configuration

= [leta )l + y?)dedy. (37)

Differentiating with respect to 7 and using (35), we get:

i = / (2 + ) (pAg* — p*Ap)dzdy. (38)
So we see that

LR — 8(E +6), (39)
where

& = [ (196 - glelt + s (AloP)?] dady (10)
and

5= %/(A|<p|2)2dxdy. (41)

Note that, as £ < 0 and § > 0, the interplay between
these two terms produces a behaviour which alternates
between shrinking and expanding and thus leads to the
stabilization of a soliton.

To get a better “feeling” for the existence of a
solitonic solution, we approximate ¢ by a Gaussian
function (which, in fact, is not a bad approximation).
Thus, we consider

() = 2 exp (<2 @+ 4) (12)
= — ex JEE

play) = e (-5 +y

and then insert it into (40). We find that

£=r2(1- Ly p gl (43)
2r’ " 912n

So we see that the value of £ minimizing £ is given by
2

= 3(1 - ?”) (44)

Looking at this result, we note the existence of a
critical value g, = 27 below which there is no stable
solution. Let us recall that when we had solved (10-12)
numerically, we have found g.; ~ 5.85, which is clearly
not very different from 2.
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6. Further Comments

Our Gaussian approximation, though good, is not
perfect. The question then arises as to whether we
can find a better approximation. We have, in fact,
tried various functions [2]. Thus, we have considered
approximating the electron function by (all in the
momentum space)

(i) a Gaussian function

D(F) = 4 exp {55 (K2 + k) },

(ii) a decreasing exponent
-4 Too

(iii) a hyperbolic secant

AIne| + Iny))) exp (—iFiia),

N——

®(k) = 42 cosh™* (nkya/2k) cosh ™ (mkya/2k),
d

and (iv) elliptic functions

B (k) = @ (ko) P(ky), TN

where A;,i = 1,..,4 are normalization coefficients,
dn(u,,k) are elliptic Jacobi functions, and u, =
K(k)ak,/m, where K (k) is the complete elliptic integral
of the first kind.

All these approximations have  produced
qualitatively similar results, as has been discussed in
[2] with the elliptic approximation being, perhaps, the
best (i.e., the closest to the numerical solution).

We have also studied moving solitons. To do this,
we have introduced periodic boundary conditions and
boosted the field ¢ by multiplying it by the phase factor
exp(ikx). Our studies have shown that such solutions do
exist and that the U and V fields get “dragged” by the ¢
field. Of course, there is a relation between k and v, the
velocity of the soliton. Moreover, the lattice coarseness
effects lead to the existence of a critical velocity (which
depends on g) below which the soliton is trapped at a
lattice site.

When we have studied the scattering of two-solitons,
we have found them to be robust (i.e., scattering off each
other without changing a shape) except for essentially
“head-on” collisions in some cases. In these cases, for a
relatively small range of g, the solitons tended to stick
together forming a new very narrow “double soliton”.

However, as our two-soliton Hamiltonian had no
Coulomb repulsion terms, our results are not very
physical as they describe interactions of chargeless
states.

q’(ku) = Mdn(uu,k),
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7. Modified NLSE in D Dimensions

Given the reduction of our equations to the modified
NLSE, we have decided to study this equation in more
detail. Here we reproduce some of the results in [3],
where we have considered the problem, in general, in
D dimensions. Thus, we have studied the equation

it + Ap + 2 (gle” + GAlp|*) ¢ =0, (45)

where G is a “new” coupling constant which was set to
% in the previously considered case.

First, we note that this equation has several
conserved quantities; namely:

1) the norm functional

N = /de|<p|2, (46)
2) energy (already mentioned in (40))

i = [ e (1l - glel* + GOPP) (47)
3) momentum

fz/dx A 1Ca (48)

and
4) angular momentum

L, = / dz? (z,j, — x03,) - (49)
It is convenient to define also the eigenenergy

A= /de’ w*%‘f—wat). (50)

Then, for a solution of the form (stationary solution)

o = ge” N, (51)
we find that
A = )N. (52)

For a soliton to exist, we need (for stability) H < 0
(and not necessarily A < 0). Note that H and A are
related but not equal to each other.

Then, our results given in [3] have shown that:

e The equation has solitonic solutions for g > gc..
® go depends on D (dimension) and its value

increases with D.
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Critical values gcr determined numerically and by a
Gaussian ansatz

D | Numerical gcr | Ansatz ger

2 5.85 27 ~ 6.2832

3 26.4094 3m(5m/2)1/2 x5 26.4129

4 82.6714 872 ~ 78.957

5 254.964 5(m)5/2(35/18)3/2 ~ 237.16

In Table, we present our results on the value of g,
determined numerically and estimated by a Gaussian
ansatz. In this calculation, G = g¢. As we see, the
agreement between the two expressions is amazingly
good.

More details are given in [3].

Here we finish by adding a few comments:

e As g increases — solitons are narrower and more
bound (the energy is more negative).

e In each case, a good approximation is given by a
Gaussian ansatz.

e There exist further unstable solutions (which
become stable as g increases).

e At D = 2, there exist also states with nonzero
angular momentum [. Their g, also increases with
the value of [.

e Soliton can be made to move — so we can study
their dynamics.

8. More General Interactions

In this section, we return to our original problem
discussed in Section 2. There, in the one-dimensional
case, we considered the interaction Hamiltonian given
by

1nt—XZAA

Let us now generalize this interaction further by
considering

Hyy = Y AlA; K305,

j

H—l - l 1) (53)

(54)

where K,,, is a function which controls the number
of lattice points involved (if we go beyond the
“nearest neighbour” approximation). Then the final
total (one-dimensional) Hamiltonian (in the adiabatic
approximation) is given by

—Z[—+n

_ Um+1)2_
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- ZJlmd)Ianl +c.c +Z I{mk|¢m|2 Uk ) (55)
l k

where Jj,, allows for going beyond the “nearest
neighbour” approximation also in the couplings of the
electron field.

Now the equations of motion take the form:

A}
i = Bgy — 3 i~ Y Kbl (56)
] k
and
d*U,, 2
Iz = k(2Up, — Upy1 — Um—1) + Z Kim|or|”-(57)
k

The second equation is really the spatially discretized
version of

DUm = Pn

and so has a solution:
= Z Gmn Pn;
n
where G, is the appropriate Green’s function.
Thus, we see that
= Z Gmn chn |¢)k|2 = Z émk |¢)k|2
nk k
and so, after some redefinitions,
A
i— = E¢p, —
7 m

= T = > Kmkdm Y Guléil* =
! k !

- Zjlmqsl - Z Zmr ¢m|¢r|2
l T

Note that the last term in our ¢ equation comes from

(58)

(59)

(60)

=E¢n, (61)

V(I¢*) E:AZmHémfléAQ (62)
i.e., which is a nonlocal A¢* potential.
Thus, we have shown that, in general, the

interactions with the lattice generate nonlinear and
nonlocal potentials. The specific form of the nonlocality
is determined by details of the interaction between the
electron field and deformations of the lattice.

Let us finish this section by observing that this
discussion generalizes to higher dimensions. Moreover,
we can present a different derivation based on the
original equations (i.e., before performing the adiabatic
approximation).
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9. Other Deformations

Recently, Gaididei et al. [10, 11] have done some work
on the study of curvature-induced symmetry breaking
effects in nonlinear Schrodinger models. Their idea
was to study a one-dimensional discrete Nonlinear
Schrédinger equation

i%i/)i + zk:Juc b + x| = 0 (63)
in which the excitation transfer function (J;;) depends
on the positions of lattice points. Normally, one restricts
oneself to the nearest neighbour approximation in which
case Ji, = JO;_k,+1 but, as pointed out in [10], a more
general case involves J;, = J(|7; —7%|) where 7; describes
the spatial position of the ith lattice site. Of course,
one would expect J(|r; — 7;|) to be a fast decreasing
function of its argument. When all the points of the
lattice lie along a straight line, i.e. 7} = @ + aig, where
«; is a linearly growing function of 4, the results are not
that different from the case of a regular lattice with the
nearest neighbour approximation. However, as pointed
out in [10], any curvature in 7; can induce extra effects
which do affect the behaviour of the v fields.

This idea comes from the study of the dynamics of
biopolymers [11]. The authors of [11] have considered
the case of an electron-like field on one polymer chain.
The links of the polymers have been allowed to move,
and their motion has been controlled by their interlink
forces and also by the force due to the electron field.
However, this model can also be considered as a further
generalization of the models studied in the previous
sections.

In the work reported in [11], one end of the polymer
has been set to be free; the other one, assumed to
be far away, has been kept fixed. The authors of [11]
then have performed many interesting simulations of the
equations which govern the dynamics of the electron and
the lattice. Their most spectacular results have involved
them showing that a single excitation of the ¢ field at
the free end results, after a long period of time, in a
gradual folding of the chain. Then they have explained
their results as coming from the instability generated by
the development of the curvature of the chain.

These exciting results have made us think of systems
involving more chains with an interchain interaction.
Thus, we have decided to extend the investigations of
[11] to systems of two chains with the simplest interchain
interaction as given in, e.g., [12] and inspired by the
Morse potential [13]. So we have looked at a system
of two chains with coupling constants given by the
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appropriate generalizations of those of [11]. Note that the
coupling between the electron fields on two chains allows
the field to spread between them altering the values of
the effective coupling constants on each chain.

Our results are still very preliminary as the work is
still in progress [5]. However, we see at this stage that we
have not reproduced Gaididei et al. [11] results (in detail)
but have found similar soliton behaviour. We have also
found that when, initially, the excitation is located at
the first point of the chain — it generates a moving
soliton. For solitons, we have found that their speed
increases but the height decreases as [ gets smaller.
The first results for two chains have found a strong
dependence on the interchain potential. The simulations
have shown somewhat exotic behaviour but as these are
only preliminary results we do not report them here.

Conclusions and Further Comments

In this talk, we have given the overview of our recent
results [1—5]. We have shown that our discrete model,
for a range of parameters, possesses solutions which are
solitonic in nature. The model, in its continuum limit,
becomes a modified nonlinear Schrédinger model and,
in the most general case, leads to a nonlocal version of
this model. The details of the nonlocality depend on the
coupling between the electron field and deformations of
the lattice.

The nonlocality, in the specific cases studied by us,
is responsible for the existence of solitons. We have also
analyzed our modified nonlinear Schrédinger model and
shown that it possesses solitons in many dimensions
provided that its nonlinearity is strong enough; i.e. that
its coupling constant takes values larger than some
critical value which depends on the dimensionality of
the problem. We have also found that, in all cases, the
soliton field can be well approximated by an appropriate
Gaussian.

We have also proved the existence of moving solitons
in our original model and have shown that the solitons
can get trapped on lattice sites for slow velocities. Other,
more general, configurations were found to spread out.

We are now looking at further generalizations of our
model and at their possible applications.

I would like to thank Dr. Brizhik for inviting
me to the International Conference “Modern Problems
of Theoretical Physics” — dedicated to the 90th
anniversary of A.S. Davydov and to the Bogolyubov
Institute of Theoretical Physics where this conference
was held for its hospitality. I also want to thank
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her and Drs. Eremko, Hartmann, and Piette for their
collaboration with me on the topics of this talk.
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COJIITOHHI CTAHU TA HEJIIHIMHE PIBHAHHS
HIPEJIHI'EPA B JIBOX TA BLJIBIIE
BIMIPAX

B. Baxpotcescoki
Peszmowme

Haseneno Tta o6roBopeHO AesKi pe3ysibTaTH, OJep:KaHi B poborax
[1—4] Ta [5]. [Toka3ano, WO AN IPABUIBHO BUOPAHUX 3HAYEHD I1a-
paMeTpiB CHCTEMH, IBOBUMIpHI DiBHAHHS, IO OMUCYIOTH KBa3ida-
CTUHKY, siIKa B3a€MOJI€ 31 3MIlIEHHSIMU aTOMIB I'paTKu 3 IXHIX piB-
HOBaKHHX IIOJIOXKEHb, MAIOTh COJIITOHHI po3B’sa3ku. [lokazano Ta-
KOXK, IO B KOHTHHYyaJIbHOMY HAOJMKeHHI edeKTHBHE DiBHSHHS
UL KBA3i9aCTHHKU CTA€ HEIiHIRHHM i, B 3araJbHOMY BHIAJKY,
HesloKaJIbHUM piBHaAHHAM Illpeninrepa. OmucyoOTbCs YMOBH, KO-
JIM 11 PiBHSIHHSI JJOIIyCKA€ TAKOXK COJIITOHHI po3B’s3ku. OOGroBopro-
IOTHCS MOJAJIBIII y3arajJbHEHHd i€l mpobiaemu.

COJIMTOHHBIE COCTOAHNA U HEJIMHENHOE
YPABHEHUE NTPEJIMHI'EPA B JIBYX
1 BOJIEE USBMEPEHUAX

B. 3axporcescru
Pesmowme

[IpuBesens u 06roBapuUBAIOTCS HEKOTOPHIE PE3YJIbTATHI, MOy I€H-
Hble B paborax [1—5]. [Toka3aHo, 9TO IpU NIPABUIBHOM BEIOODE Ia-
pPaMeTpOB CHCTEMBI JABYXMEDHLIE YDABHEHHS, OMUCHLIBAIOIINE KBa-
3UYaCTHUILY, KOTOpasd B3aUMOAEHCTBYeT CO CMEIEHUIMHI aTOMOB pe-
OIEeTKU U3 PaBHOBECHBIX I'IO.J'IO)KeHI/II./JI7 UMEIOT COTUTOHHBIC DEHICHUA.
A Takrke IMOKA3aHO, IYTO B KOHTHHYAJHLHOM MPUOIMKeHuU dPdeK-
TUBHOE YPAaBHEHUNE [JId KBA3UIACTHUIBI CTAHOBUTCA HEJIMHEHHBIM u,
B 00IIeM ciydae, HeJIOKaIbHBIM ypaBHeHueM lllpenunrepa. Omnuca-
HBI yCJI0BU, IPU KOTOPBIX 9TO YPaBHEHUE TAKXKE JOIYCKAET COJIU-
ToHHBIE penienus. OBroBapuBalOTCA JajbHelmue 0600IeHus dToi
pobeMbl.
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