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Abstract - Background. Interest in the study of entangled states of systems of natural and artificial atoms (qubits) interacting
with selected modes of microwave resonators is associated with their use as logic elements of quantum computers. At the
same time, the most important task of the physics of quantum computing is the choice of the most effective mechanisms for
manipulating and controlling the entangled states of qubits in such devices. Aim. The dynamics of the entanglement of two
dipole-coupled superconducting Josephson qubits induced by a thermal noise of a coplanar resonator is studied for various initial
states of the qubits. Methods. Based on the exact solution of the quantum Liouville equation for the whole density matrix of the
system under consideration, the time behavior of the qubit entanglement parameter (negativity) is found for chaotic thermal,
pure separable, and entangled initial states of qubits. Results. It is shown that the entanglement of qubits induced by the thermal
noise of the resonator is possible for both the chaotic thermal states and separable states of qubits, except the case when both
qubits are excited. It has also been found that, for small values of the dipole-dipole interaction parameter, taking this interaction
into account leads to an increase in the degree of entanglement. For values of the dipole-dipole interaction parameter greater
than some limit value, the opposite effect takes place. It is found that for entangled initial states of qubits, the inclusion of direct
interaction has a small effect on the entanglement dynamics. It is shown that the initial coherence of qubit states can lead to a
significant increase in the degree of their entanglement in the presence of a dipole-dipole interaction. Conclusion. The dipole-
dipole interaction can be used as an effective mechanism for qubits entanglement manipulation and controlling.

Keywords - superconducting qubits; coplanar cavity; thermal field; dipole-dipole interaction; entanglement; negativity.

Introduction

The study of entangled states is currently one of
the most pressing problems of quantum theory be-
cause of the wide possible applications of such states
in quantum information science, quantum telepor-
tation, quantum cryptography, and quantum dense
coding [1-3]. A method for generating atomic entan-
gled states is the interaction of natural and artificial
atoms (impurity spins, superconducting Josephson
rings, quantum dots, etc.) with the quantum electro-
magnetic fields of resonators [4]. At the same time,
special attention has recently been paid to studying
the possibility of entangling atoms with light by in-
teraction with a thermal electromagnetic field. It is
generally believed that the thermal state of this field
contains minimal information about the system and
can be considered “chaotic.” Moreover, multimode
thermal fields have often been used to analyze the
decoherence of quantum atomic systems. However,
Kim et al. [5] showed that such an uncorrelated ther-
mal field can entangle atoms in a resonator. They
studied the evolution of two identical two-level at-
oms interacting resonantly with a single-mode ther-
mal field in a lossless resonator and calculated the
atomic entanglement parameter as a function of time.

bashkirov.ek@ssau.ru (Eugene K. Bashkirov)

The degree of entanglement of atoms depends con-
siderably on their initial states. If one atom is initially
in the ground state and the other atom is in the ex-
cited state, then the thermal field can lead to a notice-
able degree of atom-atom entanglement. In contrast,
if both atoms are initially in excited states, then in
the resonant approximation, their entanglement is
impossible. A similar effect occurs for the diatom-
ic model with multiphoton transitions [6; 7]. Zang
[8] generalized the work of Kim et al. [5] to the case
where the transition frequencies in atoms are slightly
detuned from the frequency of the thermal field mode
of the resonator and studied how such detuning af-
fects atomic entanglement. This study revealed that
with a suitable choice of detuning for the initial state
of the atomic system, where one atom is in the excit-
ed state and the other atom is in the ground state, the
entanglement of atoms can approach the maximum
value. In addition, substantial atomic entanglement
can be achieved even when both atoms are initially in
excited states.

The dipole-dipole interaction of atomic systems
is well-known as a natural mechanism for the oc-
currence of atomic entanglement. The dipole-dipole
interaction of atoms, in particular, can considerably
increase the degree of entanglement of two atoms
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interacting with the thermal field mode in an ideal
resonator through single-photon transitions [9] and
two-photon degenerate [13] and nondegenerate tran-
sitions [10; 11]. For artificial atoms, the dipole-dipole
interaction can be considerably greater than that for
ordinary atoms and ions. For example, for supercon-
ducting Josephson qubits, the effective dipole-dipole
constant (inductive interaction of superconducting
qubits) can considerably exceed not only the qubit-
photon interaction constant but also the initial tran-
sition energy between the levels of the qubit itself [12;
13]. An interesting consideration is the influence of
the dipole-dipole interaction of qubits in various ini-
tial states on the maximum degree of their resonator
thermal field-induced entanglement. When studying
the exact dynamics of qubits in a resonator (refer-
ences in [14-17]), the authors used various methods to
solve the quantum time Schrédinger equation for the
full wave function or the quantum Liouville’ equation
for the full density matrix, depending on the initial
states of the qubits and the resonator field. In con-
trast, for the resonant two-qubit model with single-
photon transitions and direct dipole-dipole interac-
tion of qubits, an exact solution to the equation for
the evolution operator was found [9]. In this case, the
authors of this study used the revealed exact solution
for the evolution operator to calculate the parameter
of qubit entanglement induced by the thermal field of
the resonator for the simplest case, one of the qubits
is prepared in an excited state and the other is in the
ground state.

In this work, we investigated the influence of the
dipole-dipole interaction of qubits on the dynamics
of their entanglement in a two-qubit resonance sin-
gle-photon model induced by the resonator thermal
field for various initial states of qubits, namely, Bell-
type, thermal, and coherent entangled states.

1. Model and its exact solution

Let us consider two identical superconducting qu-
bits A and B that resonantly interact with the com-
mon quantum single-mode electromagnetic field of
an ideal microwave coplanar resonator. We will con-
sider the direct dipole-dipole interaction of qubits
because, for superconducting qubits, the constant of
this interaction can substantially exceed the qubit-
field interaction constant. The Hamiltonian of the in-
teraction of the system in the rotating wave approxi-
mation can then be represented as
H=hg Z (cja+a’c;)+nJ(cop +0,0p). 1)

i=A,B

Here, o] and o are the inversion operators for qubits
A and B, respectively; cs;' =[+);;{~| and o =|-);;{+]
are the operators of transitions between the excited
| +); and ground | —); states in the i-th qubit (i = A, B),
while a* and a are the creation and destruction op-
erators of photons of the resonator mode of the field;
g is the interaction constant between the qubit and
the field; and J is the constant of direct dipole-dipole
interaction of qubits.

Let us assume that the resonator field is initially in
a single-mode state with a density matrix

pr(0)=> p, [n)n], (2)

n
where the weight coefficients are p, =a" /(1 +a)tL
Here, n is the average number of thermal photons
in the resonator 1 = (exp|fiw; /kBT]—l]_l, where kj is
Boltzmann’s constant, and T is the equilibrium tem-
perature of the resonator.
As the initial state of the qubits, we choose

a) pure separable coherent states of the form
| \P(O»AB =| \P(O»A ® | ‘P<0)>B, 3)
|'W(0)) , =cosO, [+) 4 +sinb, [-) 4,
| W(0))g = cosOp | +)p +5sinOp | —)p,
where 0, are the parameters that determine the ini-

tial coherence of the i-qubit state;
b) mixed states with a density matrix of the form

P04 = H M)+ [+A=2) |5y (=1, (4)
i=A,B

where % =explho, [ kgT] and @, is the resonant

frequencies of the transition between the first excited

state and the ground state of the qubit; and
c) Bell-type entangled states

| W(0)) pg =cOsO|+,—) +sinO|—+), (5)
| P(0)) 4 =CcOsO | +,+) +sinb | —,—), (6)
where 0 is a parameter that determines the initial
degree of qubit entanglement.

The time-dependent density matrix of the system
under study can be determined by solving the follow-
ing quantum Liouville equation:

L ap _
ih= =[H,p] )

with the initial condition
p(0) = PaB 0)® PF(0)~
In the case of the pure initial states of qubits,

PAp(0)=]F(0) 45 Ap(F(O)].
Let us represent the formal solution of Eq. (7) as

p(t) =U" (0p(0)U(0),
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where the evolution operator of a system with the
Hamiltonian of Eq. (1) in the basis

== [+ =0, [+

has the form [12]
Ull UlZ U13 U14

U(l’) _ UZl U22 U23 U24 , (8)
U31 U32 U33 U34-
U4l U4-2 U4-3 U44-

where

A A
U,;=1+2a—a", U,, =2a—a,
11 % 14 N

A A
_o + + _ +
Uy =2a Ia , Uy =1+2a Ia,
B B .
Ujp=Ujz=a s U21:U31:6a )
B . B
U24:U34:§a> Ugyp=Ug=a 9’

exp{—ii(a + O)t}

Uy, =Ujy, = X
22 33 40

x {[1 — explight)]o. + 29exp(i%(3(x +0)]+

+0[1+ exp(iget)]},
exp{—ii(a + O)t}
Uyy =Uyy =
23 = Y32 40 x

X {[1 —exp(igbt)]o. —26 exp(i%(’&a +0)t]+

+0[1+ exp(iget)]},

A=exp ~i8%¢ |1 cos g—et +i%sin g—et -1,
2 2 0 2

B= exp[—i%(a + O)t} [1 - exp(iget)} ,

J

o=,

8
Having the evolution operator of Eq. (8), we can de-
termine an explicit form of the temporal density ma-
trix of the system under consideration for any initial

A=2(aa" +ata ), 9:\/8(a at+a*a )+0L2.

states of the qubits. In this study, we use the exact so-
lution of the quantum Liouville equation to study the
time dynamics of qubit entanglement. To date, strict
entanglement criteria have been obtained in quan-
tum information science for two-qubit systems. One
of these criteria is the Peres—-Horodecki criterion or

negativity [18; 19]. In this study, to quantify the degree
of qubit entanglement, we use negativity in the form

e=-2) 1y, )

where p; are the negative eigenvalues of the reduced
two-qubit density matrix partially transposed over
the variables of one qubit p?;lB(t). The two-qubit re-
duced density matrix can be determined by averag-
ing the full density matrix of the system over the field
variables:

P ap(t) = Trpp(t).
Using the explicit form of the evolution operator

after rather cumbersome calculations for the reduced
qubit density matrix, we obtain in a two-qubit basis

|_)_>) |+)_>3 |_a+>> |+7+>
p]](t) P12(t) P13(f) P]4(t)
120 Pyglt) Pos(t)  Poy(t)
()= 12 2 23 24 ’ 10)
P13(t) Po3(t) paa(t) pa,(t)
D140 Pog(D) pay(t) pag(t)

OE z:zl n [pll (1 +2(n+ 1)Qn+l(t)) +

+ (P11 +Pg3 + P2y +P33)| S, [P n+pyg4n-1Q, 4 (f)],
P=D" P, [(p% +Pg)S, (0)S,_q (D) +

+ (P12U;2,n + p13U;3,n)(1 +2n+1)Q, 4 (”)}

P12(0)= Y P | (g +P24)S, (05, 0+

+ (P12U;3,n + plBU;Z,n)<l +2n+1)Q 4 (t))},

prp ()= z::]pnp1 4 (142004 1DQ, 4 (0)(1+20Q,_, (1)),
Py (t) = fo:opn [p“(n + 1>|S,m(r>|2 +

+ P44”|Sn—1(t)|2 +P22 | Ugg § } +

+ Zc:zopn [p23U22,nU;3,n +

+ p23U23,nU;2,n +p33 | Uss 21,

pss(0=2 . p, [p“(n £ )S,,,0 + p44n|Sn_](t)|2}+
+ z::1pn[922 |Uzs § +p23U23,nU;2,n +

+ P;3U22,nU;3,n +P33 [Uggy 21,

Pq3(t) = Z::1 X [p“(n + 1>|Sn+l(t)|2 + p44n|Sn_1(t)|2 } +
+ Z::1Pn[922 [Ugs p & +p23U23,nU;2,n +

* * 2
+Po3Us2 Uz +P33 [Ungn 7],
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L
Pos(0)= D _Pn _(p24U22,n +P34Un3 ) (2nQ, 1 (0)+1) +

T (pyy +pya)n+ 1>sn+1<t>s;_1(r>],

0 B *

Pos(t) = netPn (p34U22,n+p24U23,n)(2nSn—l(t)+l) +

+(pyy+pya)n+ 1>sn+1<r>s;_]<r>}

P44 () =T=py1(6) =gy (£) = P33 (£).
Here,

(a+0.)

n

Exp{—i

40,

Ups p(t) =

|
{(l —Explif, t])o. -

~20 Exp{ @} On(1+Exp[i9nt])J,

Exp{—i ( t}
{(1 —Expli0, t])o +

U.. =
22,n 49
3o+0 )t
+ 26nExp{i¥} +0,(1+ Exp[ient])}

n
J l—sm[ge” tj}—l,
2

a+6,)

A B
:_na S :_na
2 A, 0,

n

go,
An = exp {cos( 5

B, =exp |: i (a+6,) t:|[1 exp(ig0 t]
and
A, =2(2n+1), =4/82n+1)+

The initial values of the elements of the two-qubit
density matrix for the coherent initial state of qubits
of Eq. (3), the thermal state of Eq. (4), and the entan-
gled states of Egs. (5) and (6) are given as follows:

P11 =800, sinBp, Py =py3 =P1y =Py =P34 =0,
P440)=cos0, cosBy, pyq(0)=cosO,sinbp,

P35 (0)=cosOsin®, ps5(0)= sin? 0;
P12 =P13 =P14 =P23 =P24 =P34 =0,
1 =25 Pop =33 =MI-R), Py =
P11 = P12 =P13 = P14 = P24 =P34 =0,
Pg (0) = cos? 0, py3(0)=cosBsin,

(1-2)%

P35 (0)=cosOsin®, pss(0)= sin?0

and

p11(0) = sin? 0, pyu0)= cos? 0, py3(0)=cosOsinb,
P12 = P13 = P14 =p33 =P34 =0

=P22 = P4

The two-qubit matrix for Eq. (10), partially trans-
posed over the variables of one qubit, has the form

*

P11 P12 P13 P23
p p p p
qu;(t): 12 P2 Pie Pas| (11)
P13 P14 P33 P3g
P23 P24 P3g P3g

We have revealed explicit equations for the eigen-
values of the matrix of Eq. (11) partially transposed
over the variables of one qubit. In this work, these
equations are not given, because of their extreme
cumbersomeness. In this case, all four eigenvalues
can take negative values and, accordingly, must be
considered in the sum of Eq. (9). The results of the
computer modeling of the negativity parameter are
presented in Figs. 1-6.

2. Results and discussion

Figure 1 presents the negativity as a function of di-
mensionless time gt for the coherent initial state of
Eq. (3) with 6,=n/4, 6,=-n/4, and the incoher-
ent initial state of qubits of the form |+,—). The pa-
rameter of the dipole-dipole interaction of qubits is
chosen as a =0,1. The average number of photons is
n =10. The figure clearly shows that the initial co-
herence of qubits substantially increases the degree
of entanglement of qubits, induced by the resonator
thermal field, compared with the initial states with-
out coherence. Figure 2 presents the negativity as a
function of dimensionless time for the coherent ini-
tial state of Eq. (3) with 6, =n/4, 6, =—-n/4, and the
incoherent initial state of qubits of the form |+,-).
The parameter of the dipole-dipole interaction of
qubits is chosen as o =0,1. The average number of
photons is n=10. Figures 1 and 2 demonstrate that
with increasing thermal field intensity, the maximum
degree of qubit entanglement decreases much more
strongly for noncoherent initial states.

Figure 3 presents negativity as a function of dimen-
sionless time for the coherent initial state of Eq. (3)
with 6,=n/4, 6,=-n/4 in the absence of dipole-
dipole interaction of qubits (dashed line) and in the
presence of such interaction in the case of a=0,1
(solid line). The average number of photons is n =10.
The figure reveals that in the case of an initial co-
herent state, the degree of entanglement of qubits
sharply increases only in the presence of dipole-di-
pole interaction of qubits. Thus, the initial coherence
of qubit states and dipole-dipole interaction can be
simultaneously used to effectively control the de-
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Fig. 1. Negativity as a function of dimensionless time gt for
the coherent state (3) with 6, =n/4, 0,=-n/4 (solid line) and
the incoherent state |+,-) (dashed line). Dipole-dipole commu-
nication parameter a.=0,1. Average number of thermal photons
n=10

Puc. 1. OrpunarenbHOCTh Kak QyHKIHUsI 6e3pa3MepHOro BpeMe-
HU gt JUIsl KOTepeHTHoro coctosHus (3) ¢ 0, =n/4, 0,=-7n/4
(ciToIHAs NIMHUS) U HEKOTePEHTHOIO COCTOSIHMA |+,—) (wTpH-
XoBas NUHUA). [lapamMeTp AUIONb-AUIOIBHOTO B3aUMOAENCTBUS
a=0,1. CpengHee uncio TermnoBeix poToHos 71 =10

Fig. 2. Negativity as a function of dimensionless time gt for
the coherent state (3) with 0, =n/4, 0,=-n/4 (solid line) and
incoherentstate |+,—) (dashed line). Dipole-dipole communication
parameter o=0,1. Average number of thermal photons
n=20

Puc. 2. OTpuuaTenbHOCTh Kak GyHKIMs 6e3pasMepHOro BpeMe-
HM gt Ui KOTePEHTHOro cocTosiHus (3) ¢ 6, =7n/4, 6,=-n/4
(crutolHast TMHUS) U HEKOTePeHTHOrO COCTOSIHUS |+,—) (wTpu-
XOBasl JIUHMsA). [lapaMeTp JUIONb-JUIIONBHOrO B3aUMOMENUCTBHUS
a=0,1. CpegHee 4rcio TemnoBbix GOTOHOB 71 =20
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Fig. 3. Negativity as a function of dimensionless time gt for
the coherent state (3) with 6, =n/4, 0, =-n/4. The dipole-dipole
interaction parameter =0 (dashed line) and o =0,2 (solid line).
Average number of thermal photons =10

Puc. 3. OTpuuaTenbHOCTb Kak GYHKIMs 6€3pasMepHOro BpEMeHH!
gt [UIsl KOTEPEHTHOI'O COCTOSIHUS (3) © 91 =n/4, 92 =-n/4. Ila-
paMeTp QHUINOJb-IHUIOIBHOTO B3auMopeicTBus oo =0 (wTpuxoBas
nuHus) U 0.=0,2 (crutomHas nuaus). CpeHee YMCIO TEIUIOBbIX
¢doronos n =10

t)
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Fig. 4. Negativity as a function of dimensionless time gt for the
mixed state of qubits (4) with A =0,005. Dipole-dipole interaction
parameter a=0 (solid line) and a=0,5 (dashed line). Average
number of thermal photons 7 =0,5

Puc. 4. OTpuuarenbHOCTh Kak QYHKLMS Ge3pasMepHOro Bpe-
MEeHHU gt [JIsi CMELIAaHHOTO COCTOsIHHSI KyouTtos (4) ¢ A =0,005.
IMapameTp AMIONb-AUIOIBHOrO B3aumopmekcTeus o =0 (crurow-
Hast nuHus) 1o =0,5 (wrpuxosas nuuus). CpefHee YUCIO TEIUIO-
BbIX poTOHOB 7 =0,5

gree of their entanglement. This effect can be used
to implement effective schemes for using entangled
states in the physics of quantum computing. Figure 4
demonstrates negativity as a function of dimension-
less time for a chaotic thermal initial distribution of
qubits by the energy level of Eq. (4) with A =0,005.
Even for a chaotic initial state of qubits, the chaotic
thermal field of the resonator can induce qubit en-
tanglement. For this state, the maximum degree of
entanglement of qubits is registered when A =0 (i.e.,
for the state | —,—)). In this case, as shown in Fig. 4,
the inclusion of dipole-dipole interaction increases
the maximum degree of entanglement of qubits. For

states with A > 0,01, the entanglement of qubits dur-
ing their evolution in the thermal resonator does
not occur. Figures 5 and 6 show the negativity as a
function of dimensionless time for the Bell entan-
gled states of qubits of Egs. (5) and (6), respectively,
selecting in both cases 6=n/4. The dashed and solid
lines in the figures correspond to the model without
dipole-dipole interaction of qubits and the model
with dipole-coupled qubits in the case of a =1, re-
spectively. The average number of photons is n =1.
The figures clearly demonstrate that in the case of
initial entangled states of qubits, the inclusion of di-
pole-dipole interaction does not affect the nature of
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Fig. 5. Negativity as a function of dimensionless time gt for Bell
entangled (5) with 6=n/4. Dipole-dipole interaction parameter
a=0 (dashed line) and a=1 (solid line). Average number of
thermal photons n=1

Puc. 5. OTpunarenbHOCTh Kak GpyHKLHUs 6e3pasMepHOro Bpeme-
HU gt pis GenmoBckoro mepenyranHoro (5) ¢ 6 =n/4. Ilapamerp
LMIONb-AUIIONBHOrO B3auMopeicTeus o.=0 (WTpuxoBas JMHUSA)
u o=1(cnnowHas nuHuUs). CpeiHee YKMCIIO TEIUIOBBIX (POTOHOB
n=1

Fig. 6. Negativity as a function of dimensionless time gt for Bell
entangled (6) with 6=n/4. Dipole-dipole interaction parameter
o=0 (dashed line) and a.=1 (solid line). Average number of ther-
mal photons n=1

Puc. 6. OTpunarenbHOCTh Kak GpyHKLUs 6e3pasMepHOro Bpeme-
HU gt pns GeoBcKoro mepenyranHoro (6) ¢ 6 =mn/4. Iapamerp
LMIONb-AUIIONBHOrO B3auMopeicTeus o.=0 (WTpuxoBas JMHUSA)
u o=1(crutomHas nunwust). CpefiHee YUCIO TEIUIOBBIX (OTOHOB
n=1

the negativity behavior or the maximum values of the
degree of entanglement of qubits.

Conclusion

In this study, we revealed an exact solution to the
quantum equation for the evolution of a system of
two dipole-coupled superconducting qubits interact-
ing with the quantum thermal electromagnetic field
mode of an ideal resonator for coherent, chaotic,
and entangled initial states of Bell-type qubits. On
the basis of the exact solution of the evolution equa-
tion, the qubit entanglement parameter (negativity)
could be calculated in analytical form. The results of

computer modeling of negativity for the initial co-
herent state of qubits show that when analyzing the
dipole-dipole interaction, considering the initial co-
herence of the states of qubits leads to a substantial
increase in the maximum degree of their entangle-
ment. The thermal field of the resonator was found to
even induce the entanglement of qubits in the chaotic
initial state. These effects can be used to effectively
control the degree of entanglement of qubits, which
is necessary for quantum information processing. If
the initial states of qubits are entangled, including di-
pole-dipole interaction does not substantially affect
the entanglement of qubits.
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TennoBoe nepenyTbiBaHMte B IByXaTOMHOU MOJ eI
TaBucca - KaMmMuHrIca ¢ yseTom
AUIOJIb-TUIIOTBHOTO B3AaUMOENCTBUS

E.K. Bawkupos

CamMapcKuii HallMOHAJIBHBIN UCCIIeJOBATEIbCKUN YHUBepCUTET nMeHH akagemuka C.I1. Koponesa
443086, Poccus, r. Camapa,
MockoBckoe mocce, 34

Annomayusa - O6ocHoBaHMe. MHTepec K H3yYEHHUIO MePENyTAHHBIX COCTOSIHHM CHCTEM €CTECTBEHHBIX M HCKYCCTBEHHBIX
aTOMOB (KyGHTOB), B3aMO/EHCTBYIOIIUX C BbIAeIEHHBIMU MOIAMH MUKPOBOJIHOBBIX PE30HATOPOB, CBSI3aH C UX HUCIIONB30BAHHEM
B Ka4yeCTBe JIOTMYeCKHX 3JIeMEHTOB KBAHTOBBIX KOMIIBIOTEPOB. IIpy 9TOM BaxkHelHIuel 3aadel QU3UKH KBAHTOBBIX BEIYHUCIIEHUH
sBNsieTcsl BbIGOp Hambonee 3QPEeKTUBHBIX MEXaHHU3MOB KOHTPOJIS M YNpaBleHUs NMepelyTaHHBIMU COCTOSIHUSMH KyOHUTOB B
Takux ycrpoicraax. Llenb. B paboTe nccienoBaHa AMHAMHKA MEPENyThIBAHUS ABYX JUIOIBHO-CBSI3aHHBIX CBEPXIPOBO/SILINX
IK03epCOHOBCKUX KyOUTOB, MHAYLHPOBAHHOIO TEIIOBBIM IIYMOM KOIUIAHAPHOTO Pe30HATOPa, [JIs PasIMYHBIX HAdalbHBIX
COCTOsIHUH Ky6uTOB. MeToasl. Ha 0CHOBe TOYHOTO pelleHHsI KBAHTOBOTO ypaBHeHUs JINyBUIIIS 15l TOTTHOM MaTpPUIBI INIOTHOCTH
paccMaTpHBaeMOM CHCTeMBbI HAal[IeHO BPEMEHHOE IIOBe[leHHE IapaMeTpa IeperyThIBAaHUs KyOUTOB (OTPHLATENBHOCTH) MJIS
Xa0THYECKUX TEIIOBBIX, YHCTHIX CelapabelbHBIX U IePeNyTaHHBIX HadaJlbHBIX COCTOSIHHM Ky6uToB. Pesymprarsl. ITokasaHo,
YTO MepenyThiBaHHe KyOMTOB, MHIYLMPOBAHHOE TEIJIOBBIM LIYyMOM PE30HATOPA, BO3MOXKHO KaK /Il Xa0OTUYECKOIr'o TeIJIOBOI'0
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COCTOSIHHSI, TaK U CelapabesbHbIX COCTOSIHIN KYGUTOB, 38 HCKIIOYEHNEM CIIydasi, Korga 06a KyGuTa Bo3Gy>KAeHbl. YCTAaHOBIEHO
TaKKe, YTO /ISl MaJIbIX 3HAUYeHHH MapaMeTpa JUMOJb-JUIIOIEHOIO B3aUMOMIEHCTBHUS y4eT TAKOrO B3aUMOMEHCTBUS TPUBOAUT K
yBeIMYEHHIO CTENIEHH MepenyThiBaHus. [I/1s 3HaYeHUH MapaMeTpa AUIO/b-IUIIOIBHOIO B3aUMOJEHCTBHUS, GOBIINX HEKOTOPOTO
[pefenbHOrO 3HAYEHUs, UMeeT MecTo 06paTHbIl addexT. HaliieHo, YTO [/ MepenyTaHHBIX HAYaJIbHBIX COCTOSIHUM KyGHUTOB
BKJTIOUEHHe MPSIMOTO B3aMMOJeHCTBHS C1abo BIUsIeT HAa IUHAMUKY MepenyThiBaHuUsI. [IoKasaHo, 4TO HayalbHasl KOT€PEHTHOCTh
COCTOSIHMHM KyOHUTOB MOKET NPHUBOJUTH K CYIECTBEHHOMY YBEJIHYEHMIO CTENEHU WX NMEePEMyThIBAHUS NPH HATUYUH JUIOJNb-
AUIOIBHOTO B3aUMOJEHCTBHUS. 3aKI04eHHe. [IUII0Ib-AUIIOIBHOE B3aHMOLEHCTBHE MOXKET BBICTYIIATE B KadecTBe 3G peKTUBHOrO
MeXaHH3Ma KOHTPOJIS U yIpaBJIeHUs NepenyTaBaHueM KyOHUTOB.

Kniouesble cnosa - cBepxXmnpoBosiiiie KyGUTbI; KOITIaHAPHBIM Pe30HATOP; TEIUIOBOE I0JIe; AUTIO/Ib-AUIIObHOE B3aUMOJEHCTBHUE;
nepenyThlBaHUE; OTPULIATEIbHOCTE.

bashkirov.ek@ssau.ru (Bawkupog Eezenuii Koncmanmunosuu) © Bawkupos E.K.; 2023
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