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NEW APPROACH TO DERIVATION OF QUANTUM KINETIC EQUATIONS WITH
INITIAL CORRELATIONS

We propose a new approach to the derivation of kinetic equations from dynamics of large par-
ticle quantum systems, involving correlations of particle states at initial time. The developed ap-
proach is based on the description of the evolution within the framework of marginal observables
in scaling limits. As a result the quantum Vlasov-type kinetic equation with initial correlations is
constructed and the statement relating to the property of a propagation of initial correlations is
proved in a mean field limit.
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INTRODUCTION

As it is well known the collective behavior of large particle quantum systems can be effec-
tively described within the framework of a one-particle (marginal) density operator governed
by the kinetic equation [1-4]. In this paper we consider the problem of the rigorous description
of the kinetic evolution in the presence of initial correlations of quantum particles. Such initial
states are typical for the condensed states of quantum gases [5-8] in contrast to the gaseous
state. For example, the equilibrium state of the Bose condensate satisfies the weakening of
correlation condition specified by correlations of the condensed state [5]. One more example
is the influence of initial correlations on ultrafast relaxation processes in plasmas [9], [10].

The conventional approach to the rigorous derivation of the quantum kinetic equations is
based on the consideration of an asymptotic behavior of a solution of the quantum BBGKY hi-
erarchy for marginal density operators constructed within the framework of the theory of per-
turbations in case of initial states specified by a one-particle (marginal) density operator with-
out correlations [11-14], i.e. such that satisfy a chaos condition. This method of the derivation
of quantum kinetic equations can not be extended on case of initial states specified by initial
correlations.

In the paper for the rigorous derivation of the quantum kinetic equations in the presence
of initial correlations we develop a new approach based on the description of the evolution
of large particle quantum systems within the framework of marginal observables governed by
the dual quantum BBGKY hierarchy [15]. In article [16] a rigorous formalism of the description
of the kinetic evolution of observables of quantum particles in a mean field scaling limit was
developed. In this case the limit dynamics is described by the set of recurrence evolution
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equations, namely by the dual quantum Vlasov hierarchy. In this paper, using established
relationships of initial states specified by initial correlations and constructed solution of the
dual quantum Vlasov hierarchy for the limit marginal observables, we derive the quantum
Vlasov-type kinetic equation with initial correlations. The statement relating to the property
of a propagation of initial correlations is also proved.

1 PRELIMINARY FACTS

We consider a quantum system of a non-fixed (i.e. arbitrary but finite) number of identical
(spinless) particles obeying Maxwell-Boltzmann statistics in the space R3. We will use units
where h = 27th = 1 is a Planck constant, and m = 1 is the mass of particles.

Let the space H be a one-particle Hilbert space, then the n-particle space H,, = H®" is a
tensor product of n Hilbert spaces H. We adopt the usual convention that #®? = C. The Fock
space over the Hilbert space H we denote by 3, = @} oHn.

Let £!1(H,) be the space of trace class operators f, = fu(1,...,n) € £(H,) that satisfy
the symmetry condition: f,(1,...,1n) = f,(i1,...,ix) for arbitrary (i1,...,i,) € (1,...,n), and
equipped with the norm: || fu||g1(3,) = Tr1,.. ] fnu(1,...,n)|, where Tr1 _n are partial traces
over 1,...,n particles. We denote by £}(H,) the everywhere dense set of finite sequences of
degenerate operators with infinitely differentiable kernels with compact supports.

We shall consider initial states of a quantum many-particle system specified by the one-
particle (marginal) density operator F{J’E € £1(H) in the presence of correlations, i.e. initial
states specified by the following sequence of marginal (s-particle) density operators

2
FO = (LE)*(1),85(L2) [TE* (), ..., g5(1 HFOS (1)
i=1

where [ is an identity operator, the operators ¢5(1,...,n) = ¢, € £0(7-[n), n > 2, are specified
the initial correlations and the parameter € > 0 is a mean field scaling parameter [17].

Traditionally correlations of quantum many-particle systems are described within the fra-
mework of marginal (s-particle) correlation operators which are introduced by means of the
cluster expansions of the marginal density operators

Fo¢(1,...,s) = Y IT Gf}g‘(x) s>1, )

P:(L,...,s)=U;X; X;CP

where Y is the sum over all partitions P of the set (1,...,s) into |P| nonempty mu-
P:(1,...5)=U; X;
tually disjoint subsets X; C (1,...,s). Hereupon solutions of cluster expansions (2)
0, — P|-1
GY¢(1,...,s) = Y (=D)PI=1(|p| —1)! HF‘X‘ ), s>1, 3)

Pi(l...,s)=U;X;
are interpreted as the operators that describe correlations. Hence in the case of initial data (1)
sequence (3) of marginal correlation operators has the form
2

G = (L K1), 8L [TF (), ... &0, ..., ) [TE*G),...), (4)

i=1 i=1
where the operators §&(1,...,1n) = & € £1(Hn), n > 2, specified the initial correlations are
determined by the expansions

g= Yy (=r(pe -1y Hgm, 5> 2. 5)

P:Y=U;X
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We remark that in case of initial data satisfying a chaos condition [2] sequence (3) of
marginal correlation operators has the form

G’ = (1,GY*(1),0,...,0,...), (6)

and concequently sequence (2) of marginal density operators takes the form

2 n
FO = (LB (), [TE*G), ... TTE*G), ... ). )
i=1 i=1
Such assumption about initial states, i.e. (7) (or (6)), is intrinsic for the kinetic description of a
gas [1]. On the other hand, initial states (1) (or (4)) are typical for the condensed states of quan-
tum gases, for example, the equilibrium state of the Bose condensate satisfies the weakening
of correlation condition with the correlations which characterize the condensed state [5].

We note that the evolution of large particle quantum systems can be described not only
within the framework of marginal density operators governed by the quantum BBGKY hier-
archy [2] but also in terms of marginal observables governed by the dual quantum BBGKY
hierarchy [15].

Let a sequence § = (£0,81,---,8n, - - .) be an infinite sequence of self-adjoint bounded op-
erators g, defined on the Fock space F;. An operator g, defined on the n-particle Hilbert
space H, = H®" will be also denoted by the symbol ¢,(1,...,n). Let the space £(F%)
be the space of sequences ¢ = (80,81,---, §n,--.) of bounded operators g, defined on the
Hilbert space H,, that satisfy symmetry condition: ¢,(1,...,1n) = gu(i1,...,in), for arbitrary
(i1,...,in) € (1,...,n), equipped with the operator norm ||.|[¢(3,)- We will also consider a

more general space £, (Fy) with the norm ||g| (F) = max Z—T
y n> :

We denote by £ o(F#) C £,(F3) the everywhere dense set in the space £, (Fy) of finite se-
quences of degenerate operators with infinitely differentiable kernels with compact supports.
In terms of observables the evolution of quantum many-particle systems is described by
the sequence B(t) = (By, By(t,1),...,Bs(t,1,...,s),...) of marginal observables (or s-particle

observables) Bs(t,1,...,s), s > 1, determined by the following expansions [15]:

S
Bs(t,Y) =Y. l' Yo (L {Y\ X}, X)BY (Y \X), s>1, (8)
n=0 " ji. Fju=1

HgnHQ(HH),where 0<y<l.

where B(0) = (Bo, BY*(1),...,B¥(1,...,s),...) € £,(Fy) is a sequence of initial marginal
observables, and the generating operator 21, ,(t) of expansion (8) is the (1 + n)th-order cu-
mulant of groups of operators (10) defined by the expansion

Arpn(t, {Y\ X}, X) = )3 (=D)PEHPL = 1)t T Glocxy (1 0(X0)), ©)

P: ({Y\X}, X)=U; X; X;CP
where we hold abridged notations: Y = (1,...,s), X = (ji,...,ju) C Y, and {Y \ X} is the
set, consisting of a single element Y\ X = (1,...,5) \ (ji,...,jn), thus, the set {Y \ X} is a
connected subset of the set Y, the symbol ) means the sum over all partitions P of the set
P

{Y\ X}, j1,---,jn) into |P| nonempty mutually disjoint subsets X; C ({Y \ X}, X), and 6(+)
is the declusterization mapping defined as follows: 6({Y \ X}, X) = Y. In expansion (9) for
gn € £(H,) the one-parameter mapping G, (t) is defined by the formula

R'st— Gu(t)gn = eitH”gne’itH”, (10)
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where the Hamilton operator H, of a system of n particles is a self-adjoint operator with the
domain D(H,) C H, has the structure

n n
H, =) K(i)+e Y ®(i1, i), (11)
i=1 i1<ip=1
and K(i) is the operator of a kinetic energy of the i particle, ®(iy, ip) is the operator of a two-
body interaction potential and ¢ > 0 is a scaling parameter [17]. The operator K(i) acts on
functions ¢, that belong to the subspace L3(R*") C D(H,) C L?(R®") of infinitely differen-
tiable functions with compact supports, according to the formula: K(i)y, = —%Aqitpn. Corre-
spondingly, we have: ®(iy, 1), = ®(q;,, 9i,)Pn, and we assume that the function ®(q;,, q;,) is
symmetric with respect to permutations of its arguments, translation-invariant and bounded

function.

On the space £(#,) one-parameter mapping (10) is an isometric *-weak continuous group
of operators. The infinitesimal generator N, of this group of operators is a closed operator for
the *-weak topology, and on its domain of the definition D(N,) C £(Hy,) it is defined in the
sense of the x-weak convergence of the space £(?,,) by the operator

1 . .
W= %g%ﬂg”(t)gn —8n) = —i(gnHn — Hugn) = Nugn, (12)

where H, is the Hamiltonian (11) and the operator N, g, defined on the domain D(H,) C H,
has the structure

No=Y NG +e Y Nl jo),

j=1 h1<jz=1
where
N(j)gn = —i (8aK(j) — K(j)gn), (13)
Nint(j1, j2)gn = =i (gn®(j1,j2) — P(j1,j2)8n)- (14)

Therefore on the space £(#,) a unique solution of the Heisenberg equation for observables of
a n-particle system is determined by group (10).
The simplest examples of marginal observables (8) are given by the expansions:

By(t,1) = Ay (t, 1)BY*(1),
Bz(t, 1, 2) = Qll(tr {1r2})Bg’8(1r2) + QlZ(tr 1, 2)(B(1)’£(1) + Bgls(z))f

where the corresponding order cumulants (9) of groups of operators (10) are given by the
formulas

A1(t,{1,2}) = Gs(t,1,2),
A(t,1,2) = Gs(t,1,2) — G1(t,1)G (¢, 2).

If v < e!, for the sequence of operators (8) the following estimate is true:
[BOg, (7, <1 =2e)7H[BO)]g (£,

A sequence of marginal observables (8) is the non-perturbative solution of recurrence evo-
lution equations known as the dual quantum BBGKY hierarchy [15].

We note that in case of initial states specified by sequences (23) the average values (mean
values) of marginal observables (8) are determined by the following positive continuous linear
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functional

o 1 n )
=y ;— L (t1,.,n) g5(L, ..., n) [T FY* (i) (15)
n=0 i=1
For operators B(t) € £,(Fy) and F{J’E € £1(H), functional (24) exists under the condition that
IF ? Nerpy < -

2 THE DESCRIPTION OF THE KINETIC EVOLUTION WITHIN THE FRAMEWORK OF MARGINAL
OBSERVABLES

In scaling limits the kinetic evolution of many-particle systems can be described within
the framework of observables. We consider this problem on an example of the mean field
asymptotic behavior of non-perturbative solution (8) of the dual quantum BBGKY hierarchy
for marginal observables.

A mean field asymptotic behavior of marginal observables (8) is described by the following
proposition [16].

Let for BY € £(Hy), in the sense of the x-weak convergence on the space £(#,) it holds

w*—lim(e "BY — b)) =0, n>1,

e—0

then for arbitrary finite time interval there exists mean field scaling limit of marginal observ-
ables (8)

w*— lim(e*By(t) — bs(t)) =0, s> 1, (16)

e—0

that are determined by the following expansions:

Z /dtl / dtn H gl t— tl;ll Z Mnt Z1/]1

hey i1#j1=1

X H G1(t1 —fz,lz)--- I G1(tn—1—tn,In) 17)
LeY\(j1) L €Y\(ji,meerfn—1)

X Z Mnt(in/jn) H gl(tﬂl ln—O—l)bgfn(Y\ (jll' . -/jn));
in #ju =1, L1 €Y\ (i)
insju # (-2 jn1)

where the operator N (i1, j2) is defined on operators g, € £(H,,) by formula (14).

The proof of this statement is based on formulas for cumulants of asymptotically perturbed
groups of operators (10).

Indeed, for arbitrary finite time interval the asymptotically perturbed group of operators
(10) has the following scaling limit in the sense of the *-weak convergence on the space £(Hs):

—hm(gS (£,Y) Hgl t,j))gs = 0. (18)
j=1

Taking into account analogs of the Duhamel equations for cumulants of asymptotically per-
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turbed groups of operators [17], in view of formula (18) we have

. a1 . .
W 11rr8 <s —QlHn (t, {Y\ X}, 1, - .,]n)

/dtl / dty [T Gi(t —t1, 1) Z Nie(in 1) ] Gl —t2, 1) ..

hey i1#j1=1 LeY\(j1)
s
gl(tnfl —tn, ln) Z Mnt(in/jn)
ZnGY\(h,...,].n,l) in#jn=1,

in/jn 7é (jl/' . '/]‘}171)

X H Q1(tn,ln+1)>gs—n =0,

ln+16Y\(jlr~~~rj71)

where we used notations accepted in (17) and gs—n = gs—n((1,...,8)\ (j1,---,jn)), n > 1. Asa
result of this equality we establish the validity of statement (16) for expansion (8) of marginal
observables.

If % € £,(Fy), then the sequence b(t) = (bo,b1(t),...,bs(t),...) of limit marginal observ-
ables (17) is a generalized global solution of the Cauchy problem of the dual quantum Vlasov
hierarchy

a

57 ZN s(8Y) + Z Nint(j1,j2) bs—1 (£, Y \ (j1)), (19)
i#R=1

bs(t)|i—o = b0, s>1, (20)

where the infinitesimal generator A (j) of the group of operators G (¢, j) of j particle is defined
on g1 € £9(H) by formula (13). It should be noted that equations set (19) has the structure
of recurrence evolution equations. We give several examples of the evolution equations of
the dual quantum Vlasov hierarchy (19) in terms of operator kernels of the limit marginal
observables

9 1
i1 quq) = =5 (=8q + 8001 (g1 1),
gb Al A __1 2 —A ANb YA
i ba(t 41, 0201,02) = =5 ) (=B, + Bg)ba(t 41, 42391, 92)
i=1
+ (g1 — 42) = P91 = 32)) (ba (£, 415 1) + bt 420 2)).-

We consider the mean field limit of a particular case of marginal observables, namely the
additive-type marginal observables B()(0) = (0, B(l)’g(l), 0,...) (the k-ary marginal observable
is represented by the sequence B(k)(O) = (0,...,0, Bg’e(l, ...,k),0,...)). In case of additive-
type marginal observables expansions (8) take the following form:

S
B(1,Y) = As(t) Y BY(j), s>1, (21)
where the operator 2;(t) is sth-order cumulant (9) of groups of operators (10).
If for the additive-type marginal observable B)* € £(#) it holds
w*— lim(e_lB(l)’g — b?) =0,

e—0
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then for additive-type marginal observables (21) there exists the following mean field limit

w—lim(e B (1) — bV (1)) =0, s>1,

e—0

where the limit additive-type marginal observable bgl) (t) is determined by a special case of
expansion (17)

ts—2

'(t,Y) /dfl /dfs 1] Gi(t—t1,1h) Z Nine(i1, j1)

LeYy i1#j1=1
x T1 91 (t1 — 2, lz) e I Gi(ts—2—ts1,ls-1) (22)
LeY\(j1) Is—1€Y\(j1,--fs-2)
S
X Z -N’int(isflr]'sfﬁ H gl(t57lr ls>b(1)(Y\ (jlr- . -r]'sfl>>~
[ 7& js—l =1, ZSEY\(]‘l/"'I].Sfl)

is—1,js—1 7 (ji,o- -, Js—2)

We make several examples of expansions (22) for the limit additive-type marginal observables

bV (1 >=g1<t 1)69(1),

2
BV (t,1,2) = /dtlnglt—tl, Nint(1,2) Z (t,7)
=1 j=1

Thus, for arbitrary initial states in the mean field scaling limit the kinetic evolution of quan-
tum many-particle systems is described in terms of limit marginal observables (17) governed
by the dual quantum Vlasov hierarchy (19).

Furthermore, the relation between the evolution of observables (17) and the kinetic evo-
lution of initial states described in terms of a one-particle (marginal) density operator and
correlation operators (1) is considered.

3 THE QUANTUM VLASOV-TYPE KINETIC EQUATION WITH INITIAL CORRELATIONS

We assume that for the initial one-particle (marginal) density operator Ff’g € 1(H) there
. . . T 0,e 0 . . .
exists the mean field limit ll_I}I& H€F1 - f1 H,El(H) =0, and ll_r% Hgﬁ, — &n Hﬂl(Hn) =0,n > 2, then

in the mean field limit the initial state is specified by the following sequence of limit operators

£ = (L f£(1),82(1,2) Hfl o 8n(l Hfl (23)

We note that in case of initial states specified by sequence (23) the average values (mean val-
ues) of limit marginal observables (17) are determined by the limit positive continuous linear
functional (15)

e 1 i .
(b(t), f) =Y T bu(t 1) (L, ) [ ). (24)
i=1

n=0
For operators b(t) € £,(Fy) and f) € £'(H), functional (24) exists under the condition that

ety < v
We shall establish the relations of mean value functional (24) represented in terms of con-
structed mean field asymptotics of marginal observables (17) with its representation in terms



QUANTUM KINETIC EQUATIONS WITH INITIAL CORRELATIONS 45

of a solution of the quantum Vlasov-type kinetic equation with initial correlations, i.e. in case
of initial states (23).
For the limit additive-type marginal observables (22) the following equality is true

(6D (t), f)) = i gm,___,s bVt 1,...,8)gs(1, ..., 5) H >y = Try (D) £ (1, 1),
s=0 “° i=1

(1)

where the operator bs ' (t) is determined by expansion (22) and the one-particle (marginal)
density operator fi(t,1) is represented by the series expansion

th—1 2

t
A1) =Y / dt ... / Aty Try, nn G (t— b, DNE(L2) T] Gi(h — ta 1) ...
n=0 0

0 =1 (25)
n n n+1 n+1
X H G1 (tn — tu,in) Z Nine(kn, 1 +1) H G1 (tn, jn)g14n (1, .., n+1) Hflo(l)
in=1 kn=1 jn=1 i=1
In series expansion(25) the operator N, (j1,/2)fn = —Nint(j1,j2)fn is an adjoint operator to

operator (12) and the group G;(t,i) = G1(—t,i) is dual to group (10) in the sense of functional
(24). For bounded interaction potentials series (25) is norm convergent on the space £!(H)
under the condition that t < tg = (2| ®||g(z,) ||f{)||21(7{))_1.

The operator f;(t) represented by series (25) is a solution of the Cauchy problem of the
quantum Vlasov-type kinetic equation with initial correlations:

SR =N (WA

2 2 (26)
+Tro Nine(1,2) [T 1 (£:1)82(1,2) [T (G1) (L) i, 1) A1(1,2),
i1=1 =1
ABli=0 = f7, (27)
where the operator N*(1) = —N (1) is an adjoint operator to operator (13) in the sense of

functional (24) and the group (G;) () = G; (—t) = G1(¢t) is inverse to the group (G;)(t). This
fact is proved similarly as in case of a solution of the quantum BBGKY hierarchy represented
by the iteration series [13].

Thus, in case of initial states specified by one-particle (marginal) density operator (23) we
establish that the dual quantum Vlasov hierarchy (19) for additive-type marginal observables
describes the evolution of a quantum large particle system just as the non-Markovian quantum
Vlasov-type kinetic equation with initial correlations (26).

4 THE PROPAGATION OF INITIAL CORRELATIONS IN A MEAN FIELD LIMIT

We consider the evolution of initial correlations in a mean field scaling limit.

The property of the propagation of initial correlations is a consequence of the validity of
the following equality for the mean value functional of the limit k-ary marginal observables,
i.e. the sequences b(k)(O) =(0,...,0, bg(l, ...,k),0,...) [15] at initial instant, in case of k > 2

o0 1 S )
W1, f9) = ¥ 5T, 00 (0L )81 TTAG)
s=0 °° j=1

1 k k k

= T b0 0 TT G i o) TT@D (4 i) [ LA ),

i1:1 ip=1 ]:1

(28)
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where the limit one-particle (marginal) density operator fi(t,j) is represented by series ex-
pansion (25) and therefore it is governed by the Cauchy problem of the quantum Vlasov-type
kinetic equation with initial correlations (26), (27).

This fact is proved similarly to the proof of a property on the propagation of initial chaos
in a mean field scaling limit [18].

Therefore in case of initial states specified by sequence (1) mean field dynamics of all pos-
sible states is described in terms of the sequence f = (I, f1(t), f2(t),..., fu(t),...) of the limit
marginal density operators f,(t,1,...,n), n > 1, which are represented within the framework
of the one-particle density operator fi(t) as follows

n

fu(t,1,...,n) = ﬁ Gi(t,i1)gn(1,...,n) ﬁ(gf)*l(t,iz)nfl(t,j), n>2,

i1=1 ir=1 j=1

where the one-particle density operator fi(t,]) is a solution of the Cauchy problem of the
quantum Vlasov-type kinetic equation with initial correlations (26),(27). In case of initial states
specified by sequence (4) of the marginal correlation operators the evolution of all possible
correlations is described by the following sequence of the limit marginal correlation operators

n

en(t,1,...,n) = ﬁ Gi(t,i1)gn(1,...,n) H(gf)l(t,ig)ﬁfl(t,j), n>2,
j=

=1 =1

where the operators §, related to operators g, by expansions (5).

We note that the general approach to the description of the evolution of states of quantum
many-particle systems within the framework of correlation operators and marginal correlation
operators was given in paper [19].

Thus, in case of the limit k-ary marginal observables solution (22) of the dual quantum
Vlasov hierarchy (19) is equivalent to a property of the propagation of initial correlations for
the k-particle marginal density operator in the sense of equality (28) or in other words the
mean field scaling dynamics does not create correlations.

5 CONCLUSION AND OUTLOOK

In the paper the concept of quantum kinetic equations in case of the kinetic evolution,
involving correlations of particle states at initial time, for instance, correlation operators char-
acterizing the condensed states, was considered.

This paper deals with a quantum system of a non-fixed (i.e. arbitrary but finite) number of
identical (spinless) particles obeying Maxwell-Boltzmann statistics. The obtained results can
be extended to quantum systems of bosons or fermions.

In case of pure states the quantum Vlasov-type kinetic equation with initial correlations
(26) can be reduced to the Gross—Pitaevskii-type kinetic equation [14]. Indeed, in this case
the one-particle density operator fi(t) = |¢¢)(¢¢| is a one-dimensional projector onto a unit
vector |¢y) € H and its kernel has the following form: f1(t,4,9") = ¢(t,q)¥*(t,q"). Then, if we
consider quantum particles, interacting by the potential which kernel ®(q) = (g) is the Dirac
measure, from kinetic equation (26) we derive the Gross—Pitaevskii-type kinetic equation [20]

a 1 ) N 1" *
i y(tg) = —§Aq¢(t,6/)+/dq g g(t,q,9:q, 97 )¢t q)¢" (1) ¢(t q),
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where the coupling ratio g(t,¢,4;9’,9") of the collision integral is the kernel of the scattering
length operator G; (t,1)G; (t,2)g2(1,2). If we consider a system of quantum particles without
initial correlations (7) (or (6)), then this kinetic equation is the cubic nonlinear Schrédinger
equation [13].

We note also that in paper [21] it was developed one more method of the derivation of quan-
tum kinetic equations. By means of a non-perturbative solution of the quantum BBGKY hier-
archy it was established that, if initial data is completely specified by a one-particle marginal
density operator (in case of initial data with correlations see paper [20]), then all possible
states of quantum many-particle systems at arbitrary moment of time can be described within
the framework of a one-particle density operator governed by the generalized quantum kinetic
equation. The actual quantum kinetic equations can be derived from the generalized quantum
kinetic equation in the appropriate scaling limit, for example, in a mean field limit [18]. We
emphasize that one of the advantages of such an approach to the derivation of the quantum
kinetic equations from underlying dynamics governed by the generalized quantum kinetic
equation consists in an opportunity to construct the higher-order corrections to the scaling
asymptotic behavior of large particle quantum systems.
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3ampOonOHOBaHO HOBUIA METOA BUBEAEHHS KiHEeTMUYHIMX PiBHSIHb 3 AMHAMiKM KBAaHTOBMUX CHUCTEM
faraTbOX YaCTMHOK 3a HasIBHOCTi KOPEeAsIIili CTaHiB YaCTMHOK B TIOYaTKOBIMI MOMEHT. PosBuHyTIif
MiAXiA IPYHTY€ETHCS Ha OICi €BOAIOLIIT 32 AOTIOMOIOX0 MapTiHAABHMX CTHIOCTEPeXyBaHNUX B CKeAIH-
TOBMX TpaHMISIX. B pe3yabTaTi mo6yA0OBaHO BAACOBCHKOTO TWMITY KBaHTOBE KiHETWUHe piBHSHHS 3
MTOYaTKOBMMM KOPEASILIi SIMJ Ta AOBEAEHO TBepPA>XeHHsI CTOCOBHO BAACTUBOCTI OIIMPEHHs TI0YaTKO-
BUX KOPEASIIIA B TaHMUIII CAMOY3TOAXKEHOTO TIOASL.

Kntouosi cnosa i hpasu: MapriHaAbHI CITOCTepeXyBaHi, KiHeTHMUHe PiBHSHHS 3 TIOYaTKOBUMM KO-
PpeAsILIisIMIL



