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The Zubarev nonequilibrium statistical operator (NSO) method in Renyi statistics is discussed. The solution of
g-parametrized Liouville equation within the NSO method is obtained. A statistical approach for a consistent
description of reaction-diffusion processes in “gas-adsorbate-metal” system is proposed using the NSO method
in Renyi statistics.
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1. Introduction

Nowadays, investigating complex, self-organizing, fractal structures and various physical phenom-
ena, such as subdiffusion, turbulence and chemical reactions, as well as various economical, social and
biological systems, Tsallis [1], Renyi [2,[3], Sharma-Mittal [4, 5] statistics as well as superstatistics [6,/7] are
extensively used along with the Gibbs one. A significant contribution to these investigations was made by
AL Olemskoi [8-12] whose scientific activity we really lack. In particular, problems in synergetic descrip-
tion of self-organizing systems, description of the dynamics of phase transitions within the synergetic
approach, the theory of stochastic systems with singular multiplicative noise are elegantly presented in
the original work [9].

The Tsallis entropy is widely used in various directions of nonextensive statistical mechanics (for ex-
ample, see [13-15] and references therein). Some examples are the phenomena of subdiffusion [16, [17]
and turbulence [18,[19], and the investigations of transport coefficients in gases and plasma [20], as well
as quantum dissipative systems [21]. The energy fluctuations [22], kinetics of nonequilibrium plasma
[23], problems of self-gravitating systems [24] and complex systems [25,126] were investigated within the
Tsallis formalism. In references [27-29], Tsallis statistics was applied to a description of chemical reac-
tions, in particular, nonlinear equations of reaction-diffusion processes were obtained in reference [27].
Despite the wide application of Tsallis entropy as a generalization of Gibbs-Shannon entropy, the Renyi
entropy is of great interest as well [16, [30-+37]. In particular, in this case it is possible to determine a
connection between the parameter g and the heat capacity of the system [32]. It is important to note
the papers [38,139] by Luzzi et al., where the nonequilibrium statistical operator method and the Renyi
entropy are used in describing the systems far from equilibrium. In particular, the nonequilibrium g-
dependent Renyi ensemble as well as the generalized distribution functions of bosons and fermions were
obtained in reference [38]. Therein the experiments on anomalous luminescence at nanometer quantum
dots in semiconductor heterostructures were also described in this approach. A statistical approach for a
description of fractal physical-chemical systems based on non-Fickian diffusion processes was proposed
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in reference [39]. Therein the investigations of anomalous diffusion in fractal-like electrodes in microbat-
teries were carried out. The nonextensive approach [40] as well as other ones [41,/42] leading to Lindblad
equation was used to describe a decoherence in quantum mechanics. The references [43-45] are devoted
to the investigation of nonlinear kinetics based on the Kramers, Boltzmann and Fokker-Planck equations
within the framework of generalized statistics.

In the present paper, an approach to the formulation of extensive statistical mechanics of nonequilib-
rium processes [34] is considered, based on the Zubarev NSO method [46-48] and the maximum entropy
principle for the Renyi entropy. This statistical approach is applied to a consistent description of reaction-
diffusion processes in the “gas-adsorbate-metal” system. Reaction-diffusion and adsorption-desorption
processes on the metal surface are nonlinear. They manifest an oscillation character, possess memory
effects and are actual in terms of nanostructure formation on the surfaces occurring in catalytic phe-
nomena [49-56].

2. Renyi entropy and nonequilibrium statistical operator method

The nonequilibrium state of a classical or quantum system of interacting particles is completely de-
scribed by the nonequilibrium statistical operator p(x"; #), which satisfies the classical or quantum Liou-
ville (von Neumann) equation:

%g(xN; ) +iLyoxN; 0 =0. 2.1

Here, iLy is the Liouville operator of a system.
Within the NSO method framework, we will be looking for solutions of equation (2.1) which are inde-
pendent of the initial conditions. The solutions will explicitly depend only on the observable quantities

f dUnPro(xN; 1) = (Pp)'. 2.2)

The nonequilibrium statistical operator has the following form:

t
oM t) = pra (x5 1) - f e UOT (1, 1) [1 = Pray (1) iLyorar (x; £, 2.3)
—00

where
t

T(t,t") = exp, —f[l—Prel(t')]iLth’
[’
is the evolution operator containing the projection (exp, denotes ordered exponential). The relevant

statistical operator (distribution function) gre(x"; ) will be determined using the maximum entropy
principle for the Renyi entropy

SR(p) = ﬁln[drl\;gq(ﬂ 2.4

at fixed parameters of a reduced description, taking into account the normalization condition.
The relevant statistical operator corresponding to the Renyi entropy maximum has the following
form:
1

1 -1 L |aT
Prel(t) = — [l_q_zpn(t)épn]q 1 ) (2.5
Zr q n

1

q-1

Zx(1) =deN [1— %ZFn(r)aﬁn (2.6)
n

Zx(1) is the partition function of the relevant statistical operator, & 15n = Pn - (Pn)‘ . The Lagrange multi-
pliers F,,(¢) are defined from the self-consistency conditions:

<ﬁn>t = <ﬁn>t 2.7)

rel’
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where (...)[, = [dTn...0ra(xV; 0).
In order to determine the generalized Kawasaki-Gunton projection operator entering

0 t 0 t
Prei(t)p" = | prel(t) - Z reil )<Pn> ) f dTno' + Z frel () f dr NP0’ (2.8)
5(Py)! (Py)!

it is convenient to present the relevant statistical operator in a slightly different form:

1
fra (D) = Zl [1_TZF CIANN 2.9)
with the partition function
1
A0 =deN[1—qT_IZF;(t)Pn]F (2.10)
7
and
Fi(= Fn(f) : 2.11)

L+ T2 ¥ Fy(n(Py!

An action of the operators Pre(f)iLy on the relevant statistical operator can be presented as fol-
lows, by means of generalized projection which now acts on the dynamic variables, Prel (£)iLyQrel(£) =
Pre1 (1) A() pre1(2) = [P(£) A(#)] ore1(2), where

P(8)...= Y (oo Pdret(Pmdilqy (D] Py 0ilqu (0] Py}, (2.12)

m,n

-1 N
w()=1-12Y Fr(1)b,.
q =
Taking into account that [1 — Prel (8)]iLnErel(£) = = X5 Ln () Frn () pre1(2), where
1 2
In(t) = [1—P(t)]gw_1(t)Pn (2.13)

are the generalized flows, we can now write down an explicit expression for the nonequilibrium statistical
operator

t
0(N;0) = 0ra (N; 0+ Y | € TOT (L, 1) Iy (1) Fu(£) pren(x; £)d . (2.14)

n

This allows us to obtain generalized transport equations for the reduced-description parameters. They
can be presented in the form

t
0 . _
5 P’ = Pudlg+ Y | €70t 1) Fu(t)dr, (2.15)

n

with the generalized transport kernels (memory functions)

Pty ) = [ AT B T VT (1) (2.16)

which describe the dissipative processes in the system.
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3. g-generalization of Liouville equation

An interesting generalization of Liouville equation was proposed in [40], where the g-parametrized
Liouville equation was obtained:

%Q(xN; N +ily (DN 1) =0, 3.1

where

()= —— (3.2)
SN A Ly ‘

is the g-parametrized Liouville operator. When g = 1 we have iLn(f) =iLy. For |1 — qlQt < 1, where Q
is the characteristic frequency of the physical system considered, we may write [40] for (3.1D:

a
ap(xN; 0+ [iLy — (1 - @) tiLy)?] o(x™; 1) = 0. (3.3)

This is the Lindblad type equation for nonequilibrium statistical operator o(x";#). The Lindblad type
equation within Renyi statistics was obtained in [21].

The solution of g-parametrized Liouville equation within the NSO method can be presented as fol-
lows:

o(xN; 1)

t
€ f T, (1, ) pra(xV; t)d Y
—00
t

= oralx™;t) - f e? L T (1)

—00

9
ot’
1

iL
- f ot = g,_mLN T, 7" (¢, 1)d7 ¢ prai(x™; 1)d1, (3.4)

where

t

T,(t,t) =exp, —f

t/

IL—N' 1" (3.5)
1+ -q)t"iLy

is the parametrized evolution operator. For |1 — q|Qf < 1 from we obtain the solution of Lindblad
type equation for p(xV; 7).

It is important to note that, at g — ¢, from (2.14) and .I5) we reproduce the nonequilibrium sta-
tistical operator and the generalized transport equations for the reduced-description parameters within
Gibbs statistics [46-48]. In the following section we apply the discussed approach to a description of
reaction-diffusion processes, in particular, in catalytic processes.

4. Reaction-diffusion processes

Let us start with the Hamiltonian of the system of “gas-adsorbate-metal” in the following form H =
H' + Hyeae, H = H, + Hilm. Here, H, is the Hamiltonian of the gas subsystem considered according to
the classical approach; H;m is the Hamiltonian describing the interaction between the gas atoms and
the atoms adsorbed on the metal surface; Hyeac is the Hamiltonian of interaction for chemical reactions
between atoms or molecules adsorbed on the metal surface [49]

Hreac= ), (<a’, b'|®reacld, b) 473 43, 4ady + (@, b | Preacla, b)* 47 G5 Gar 57;,,), 4.1)

a,b,a' b’
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where (@, b'|®reacld@, by = (@, b|®reacl@, b’y are the amplitudes of reaction between reagents A and B
(supposed to be known from quantum mechanics). We introduce the notation @, b and @, b’ for state of
the reagents A, B (atoms or molecules) and for the state of atoms in the reaction products AB. Here, qa,,
qb,, az, qb and g4a, Gy, 4a, gp are the operators of creation and annihilation of atomic states & ", b’ for
molecule AB, and a, b for A and B, respectively.

Parameters of the reduced description are the averaged densities of gas atoms absorbed and not
absorbed on the metal surface (7i;(R))" = Sp{ia(R)o(t)}, (1a(R))* = Sp{ia(R)p()}. fa(R) is the density

ad
operator for gas atoms adsorbed on the metal surface in the state v; 71 (R) = Zjv“ (R)I//V | (R); r 8 (R),

Pyj (R) are the creation and annihilation operators of gas atoms absorbed in the state v on the metal
surface which satisfy the Bose-type commutation relations. Since we do not consider a catalyst surface
explicitly in this model, the states v and py mean the adsorption centers, where atoms can be located.
() = Zj.VZd 8(F — ;) is the microscopic density of gas atoms, (Ggg(ﬁ, R = Sp{Ggg(ﬁ, R)o(1)} is the
nonequilibrium pair distribution function of the atoms or molecules adsorbed on the metal surface, and
G (R,R) = ny (R A (R).

The relevant statistical operator has the form:

1 -1
Orel = Ze(D) {l_qTﬁ [6H(t)—za:fd’_:,ua(?; 00 (F; 1)

=Y Y | dRul(R;néay (R -3y f dRAR' MR, R; 0 G (R, R; 1)
a v ab Vi ab ab

=
} : 4.2)

The partition function of the relevant statistical operator is as follows

Zr(t) = Sp{ 1- qT_lﬁ [6H(t) —Zfd?ua(?; 067, (F; 1)
a

—ZZ dRpy (R 08z (R =3 ) | dRAR'ME(R, R 0G (R, R 1)
ab VH

_1
q-1
} . (4.3)

Here,
B (dFdp)Ne
} Hf Na'(z h)SN p(VfU){ }
Ng = {Ng, Na}, Spyy,¢, means the averaged summation over all values of spin and quantum num-

bers. The parameters u,(7; ), u a(R 1, M w (R R’ t) should be determined from the corresponding self-
consistency conditions

(a(P)' = Rager,  (AZR)Y = (AR, (G SRR = (G E R Ry,

hence, we found that u,(7; t) defines a local chemical potential of gas atoms; ,ué(ﬁ; t) is a local chemical
potential of an atom adsorbed in a state v on the metal surface. 6 H(t) = H — (H)!, §7i4(F; 1) = Aa(F) —
(Ra(P)', 8y (R; 1) = A (R) — (A% (R))', 6GF (R, R';1) = G ¥ (R,R) ~ (G F (R, R )>t

Accordmg to (IZEI) NSO of the system “gas adsorbatg-metal” has the following form

t

OETIGTEDY f dr f =071, 1) f A1} (1) 1a(F; D ope (1) Bra(F 1) | df’

—00

+Y ) dﬁf S0, 1) fdrgrel(t)IV(R Nola () BuL(R; ) | df’
a v K

+Y ) dﬁdﬁ’f =0T, 1) fd‘rprel(t)lw (R, R 005" ((NBM E (R, R 1) | di'. (44)

abVH %
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1 : - 1 iy =
hﬂ?ﬂ):[l—fﬁﬂlgufd(ﬂﬁaﬁﬂ, Igﬂht)=[1—I%0]Eufd(ﬂﬂ200,
VU B B Lo, AvE s 3
IGaz;(R’R )= [l—P(t)]Ew (0G_; (R, R) 4.5)

are the generalized flows describing reaction-diffusion processes. The function () is defined by the
relation

-1
W) =1- qTﬁ [6H(t) —Zfd?,ua('r’; £8 . (F; 1)
a

-y f dRuL(R; 6A% (R0 - ) f dRAR' M (R, R;0G (R, R;1)|. (4.6)
75 7 VI ab ab
By means of NSO (4.4), we obtain the set of self-consistent generalized transport equations for averaged
densities of adsorbed and non-absorbed atoms along with nonequilibrium pair distribution function of
absorbed atoms (or molecules). It has the following form

t
—<na(r)>t—<na(r)>rel+2fd?’ f U0, 0 75 1,0 By (75 Al
b —00

+ZZ dR' f s(t’—t)(p\,/l’gnb(’—;y R’I; 1, f’)ﬁ,u‘l-;’ (ﬁ'; t,)dt'

—00

Yy f dR'dR" f WDt R R O pME (R OR @.7)
apv'i

+<— 7% (R), Hreacl)!,

0 - 1 ., =
&mgm»‘ = %mg(ﬂ),H’ ) rel

rel

t
+Zfd?’ f ey (Rt t) Byl
b —00
t
+ZZ dr' f e Nenr (Rt ¢y (R;r)dr!
—

+y Zde dR”f E(t_t)(pn G (R, R";t, t)ﬁM W (ﬁ’,ﬁ”;t’)dt’, (4.8)
abv'w

rel rel

0 AVIL 33 BIWE _ AVH GH(B. R t
5 G BED —<i (G (R, R), H'] +<— G (R, R), Hreac])

t
=/ e(t'-1), VI 5Dl =1, ) /
+ R,R /
%: dr fe PG ony BB OBy (75 £)dt
—00

+ZZ dR”f el ”” BB R ) puy (R ¢hdr!

—00
t

+ Z Zde" Rmf E(t—t)(leW# (r R, RII RH/ £, t)ﬁMV,Z(R" R"' t)dt (4.9)
abv'y

—00

where @, (p%‘;'nl_), O, ny (p‘é” G’J are the generalized transport kernels. The second term in the right-

hand side of @.8), <% [ﬁ;(R), Hreac])rel, defines an averaged value of the operator of the rate of the re-
action between adsorbed atoms on the metal surface. Transport kernels are built on the generalized
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flows (4.5) taking into account the contributions of amplitudes of chemical reactions in the flows I} (R; 1)
and Ié” _(R,R'; '), and have the following form
ab

@sp =S PpT(t, t)fd‘rprel(t)IBr(t)Qrel (¢ (4.10)

In particular, @, n, (7,7';¢,t") describes dynamical correlations of diffusive flows of gas atoms and is
connected to the 1nhomogeneous diffusion coefficient of atoms (or molecules) D, (7,7'; t). Similarly, the
transport kernel ¢ n@ ng (R, R ; 1, t') describes dynamical dissipative correlations of diffusive flows of atoms

adsorbed in the states v and v/ on the metal surface and determines an inhomogeneous diffusion co-
efficient of the atoms adsorbed on the metal surface D:_lz (R,R'; 1). Transport kernel (p%anb (R, 758, 1),

(pfl;nl_y(?, R ;t,t") describes dynamical dissipative correlations between the flows of gas atoms and the
atoms adsorbed on the metal surface, and determines the inhomogeneous coefficient of mutual diffu-
. ! - . . . . . .

sion “gas atom-adsorbed atom” D"-(r R’; 1). It is very important to investigate these diffusion coeffi-

cients. The transport kernel (pG (p = n,n) describes dissipative correlations of the flows and den-
abP

sities of adsorbed atoms with the flows of atoms, molecules and adsorbed atoms. Memory function

o :G” (R,R',R",R";t,t') describes reaction-diffusion processes between the atoms adsorbed on the
a

metal surface. They are higher memory functions with respect to dynamical variables G . We note here
that at g — 1, the generalized equations of reaction-diffusion processes correspond to thé ones within the
Gibbs statistics.

5. Conclusions

Summarizing, we proposed an approach to the formulation of extensive statistical mechanics of
nonequilibrium processes based on the Zubarev NSO method and maximum entropy principle for Renyi
entropy. We consider a g-parametrized Liouville equation which leads to Lindblad type equation at
|1—-¢q|Qt <« 1. The solution of this g-parametrized Liouville equation is obtained within the NSO method.
The proposed approach is used to describe the reaction-diffusion processes which are relevant in catalytic
nanotechnologies. Consequently, we obtain generalized transport equations (Z.7)—(£.9) for the nonequi-
librium averaged densities of adsorbed and non-adsorbed atoms of consistent description of the reaction-
diffusion processes in the system “gas-adsorbate-metal” within Renyi statistics. At g = 1, these equations
coincide with the equations of reaction-diffusion processes within Gibbs statistics [49]. As we can see,
these equations are nonlinear and spatially inhomogeneous. They can describe strong as well as weak
nonequilibrium processes in a system. The application of the obtained results to the consideration of a
particular physical model will be done in our forthcoming works.
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Zubarev NSO method in Renyi statistics. Reaction-diffusion processes

MeTop HEepPiBHOBa)KHOI0 CTaTUCTMYHOrO onepaTtopa 3ybapeBa y
cTaTucTuui PeHi. PeakuiiHo-anéysiitHi npouecn

M. Koctpo6iif®, P. Tokapuykl, M. Tokapuy™2, 5. Mapkig?
1 HauioHanbHuin yHiBepcuTeT “/IbBiBCbKa NoniTexHika”, Byn. C. baHgepu, 12, 79013 JlbBiB, YKpaiHa

2 IHCTUTYT $i3nkn koHAeHcoBaHUX cuctem HAH YkpaiHw, Byn. I. CBeHuiubkoro, 1, 79011 JIbBiB, YkpaiHa

O6roBOPHOETLCS METOA HePiBHOBAXHOM0 CTaTUCTUYHOro onepartopa (HCO) 3ybapesa y ctatuctuui Peni. Otpu-
MaHO PO3B'A30K g-MapaMeTpusBaHoro pisHaHHA JliyBinnsa B pamkax metogy HCO. 3anpornoHoBaHo CTaTUCTy-
YHWIA NiAXIA 4O Y3roAXKeHoro onucy peakuiiHo-andysiliHnx npoLieciB y cuctemi “ras-agcopbat-vertan” MeToAom
HCO y ctatuctuui PeHi.

KntouoBi cnoBa: eHTponisi PeHi, HepiBHOBaXHWI CTaTUCTUYHWIT 0nepaTop, XiMiuHi peakuii
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