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Abstract: We study the entropy production in a fractal system composed of two subsystems, each of
which is subjected to an external force. This is achieved by using the H-theorem on the nonlinear
Fokker—Planck equations (NFEs) characterizing the diffusing dynamics of each subsystem. In par-
ticular, we write a general NFE in terms of Hausdorff derivatives to take into account the metric of
each system. We have also investigated some solutions from the analytical and numerical point of
view. We demonstrate that each subsystem affects the total entropy and how the diffusive process is
anomalous when the fractal nature of the system is considered.

Keywords: nonlinear diffusion; generalized entropies; H-theorem; entropy production

1. Introduction

Perhaps one of the greatest achievements of modern physics is the statistical mechanics
formalism, first developed by Boltzmann [1] and later expanded by Gibbs [2], to describe
the dynamics of microscopic particles and their connection with observable thermody-
namics. Entropy is the crucial ingredient in this theory, which must verify the H-Theorem,
establishing that nonequilibrium systems will reach equilibrium after long-time evolution,
essentially posing a way of investigating the rule of additivity for systems with different en-
tropies [3-6]. From a microscopic perspective, the Langevin equation is typically employed
when studying brownian motion, which results in the time-dependent position of the
particle when friction and noise are considered. From the phenomenological point of view,
nonequilibrium statistical mechanics, including entropy calculation, is typically calculated
with the Fokker-Planck equation which, in its linear form, results in Gaussian distributions,
whereas the NFE is generally used to describe anomalous behavior often seen in long-range
interaction [7], memory effects [8], porous media [9,10], and many others (see, for example,
Refs. [11-13] and references therein), all of which display non-Gaussian distributions, typi-
cal of non-Markovian characteristics. A remarkable case in which non-Gaussian behavior
may be present is in the case of interacting particles/systems. For example, a set of particles
may react with another set, which may result in combination, or conversion of one chemical
species into another. In this case, as the process occurs, the interaction dynamically affects
the physical parameters of the system as a whole, including the entropy production and
the diffusion coefficient, which depend on temperature and how the particles interact with
each other [14]. Thus, such cases may be seen as a dynamically coupled system [14].

An anomalous process, such as anomalous diffusion, is a burgeoning field of research,
as it is often observed across several research fields, from separation to biological media
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diffusion. From a theoretical point of view, fractional calculus is commonly used to describe
anomalous diffusion processes. However, fractional calculus is nonlocal, making it trou-
blesome in the numerical simulation of long-term and large-scale problems [15]. Also, the
Mittag-Leffler decay [16] and the Lévy stable statistics [17] resulting from fractional calcu-
lus do not describe well some stretched relaxation and stretched Gaussian statistics [15]. An
alternative approach, a local differential operator (conformable derivative [18]), is the Haus-
dorff derivative [19], which relates the fractal nature of space (or time) to the appearance of
anomalous behavior such as observed in anomalous diffusion [15]. Fractal derivatives have
been applied in several contexts, from anomalous diffusion to viscoelasticity and water
transport [15]. The use of Hausdorff derivatives in generalized Fokker—Planck equations
is also scarce. For example, recently [20], the solutions for the generalized Fokker-Planck
equation with conformable and integro-differential operators were analyzed, indicating
that the mean square displacement (MSD) for the studied case presented some difference
when compared to the Caputo derivative [21], but presents the same time dependence as
the scaled Brownian motion [20]. The Fokker—Planck equation of fractal curves was also
explored in reference [22], where anomalous diffusion is observed. Hausdorff derivatives
have also been used to describe anomalous transport in porous media by assuming a
non-Euclidian fractal metric, displaying better agreement with experimental data for the
heavy tail distribution [23].

This article studies the entropy production in a fractal system composed of two
subsystems. Hence, this article is devoted to study a system composed of two different
set of diffusing particles, each set a subsystem of the whole system. As each subsystem
relaxes, the change in one subsystem affects the other, since the time dependent diffusion
coefficient of one subsystem has to change as the distribution of the other subsystem evolve,
as previously discussed for interacting particles. In fact, it is well known that morphology
directly affects diffusion [24,25], so the change in concentration of interacting particles,
commonly reported as molecular crowding [26], may be viewed as a morphology change.
Aiming to make our model as general as possible, we use a set of NFEs to describe the
evolution of each subsystem and analyze different dependences of the time-dependent
diffusion coefficient of one subsystem on the distribution of the other. Also, we solve
our equations with the Hausdorff metric so each subsystem may be viewed as fractal
in nature. Furthermore, we use this system to calculate the entropy production, which
is also generalized by assuming different forms for the entropy of each subsystem. The
thermodynamic connection is achieved by using the H-Theorem on the NFE equations,
characterizing the diffusing dynamics of each subsystem, each subjected to an external
force. In this instance, the diffusion coefficient is temperature-dependent, and the entropy is
also temperature-dependent, so the behavior of one system affects the other. Consequently,
each subsystem serves as a thermal bath for the other, and the H-Theorem guarantees a
connection between the subsystems. This feature also helps us to analyze entropy and the
zero-law of the thermodynamics in terms of a relaxation process governed by nonlinear
Fokker—Planck equations or the mixing between different regimes of diffusion. In fact, the
nonlinear or mixing between different terms connected to the relaxation process directly
influences the functional entropy form and, consequently, on the properties such as the
additivity when different subsystems are added to compose the system. In this sense, the
approach considered here gives a suitable form for the entropy and nonlinear Fokker—
Planck equations in connection with these processes in a thermostatistic context for usual
or anomalous relaxation processes. In this manner, the results will show that the dynamic
of each one has a direct influence on the other as a thermal bath since the coupling appears
in the diffusive term, which is related to how the system will spread. We express a general
NFE regarding Hausdorff derivatives, considering each system’s fractal metric. We show
that the fractal order significantly affects entropy production and leads to an anomalous
diffusion behavior for each design.
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2. Nonlinear Fokker-Planck Equations and Hausdorff Derivative

We begin by setting up the NFEs that explain the behavior of each part of a composite
system:

ad

d
&P1(X1,f) = —mjl(xl/t) 1)
0 0
J1(x1,t) —Dmﬂ (o1,t) + 1) [Fi(x1)p1(x1,1)] (2)
which implies
d d d d
00 = PO s ]} O
and
d d
§p2(xz,t) = —mjz(xz, t) 4)
0 0
Ta(x2,t) _DaﬁT(xz)PZ(‘oz' t) + FrENe) [F2(x2)p2(x2,1)] ®)
which implies
d d d d
gPZ(xz,f) = 912(x) {Daéz,z(Xz)PZ(th) T %1a(2) [Fa(x2)p2(x2,1)] } (6)

In Equations (1)=(6), p1(2) is the particle distribution in system 1(2). An external force
F;(x;) is applied to each subsystem, with i being 1 or 2. This force is connected to the poten-
tial energy ¢; as F; = —0z (»,)®i(xi), x1 and x; are defined in the range (—oo, c0) where the
diffusion proceeds, D is the diffusion coefficient, and the spatial operator is the Hausdorff
derivative [15,27], as shall be defined below. Furthermore, Py(,)(p;(2), ) is a functional
depending on the distribution of particles here used to generalize the problem. In fact,
this research will make use of P;(p1, t) and P,(p2, t) to illustrate a certain phenomenon, as
previously seen in porous media [28], anomalous diffusion [29], overdamped systems [30],
and the Boltzmann equation with a correlation term [31]. Equations (3) and (6) also extend
the equations used in Refs. [32-37] to analyze the H-theorem and the entropy production
enable us to consider different contexts. One of them is the relaxation to an equilibrium,
a system composed of subsystems that are governed by Equations (3) and (6), which
may be connected to the zero law of the thermodynamics in generalized thermostatis-
tics contexts [38—40]. The spatial differential operator in Equations (1)—(5), the Hausdorff
derivative [15,27], is defined as follows:

0 Pl —pixp) 19
a(fz,i(xi)pl(x“t) - X?E}ci ri(xi) = Gzi(x)) — Gi(x) ;i) @

where &7;(x;) = [ dxZ;(%) which, as previously discussed, may be connected to the
fractal aspects of each system [19].

2.1. H-Theorem

We begin by applying the H-Theorem, taking into account P; (p1, t) formally equal
to Py(p2,t). We will then explore the consequences of making a different selection and
how it impacts the entropy of the combined system. Subsequently, we will calculate the
Helmbholtz free energy and its rate of change, as outlined in Refs. [35,41,42]. The free energy
is expressed as F = U — TS, with the internal energy, U, given as:

u= /j; dx1G1(x1) /j:o dx28a(x2)E(x1, x2)p1(x1, t)p2(x2, ), 8)
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with E(x1, x2) = ¢1(x1) + ¢2(x2), and the entropy S calculated as:

S=k[ dnti(w) [ dng(w)sene) ©)

where s(p1, p2) represents a generalized entropy form. For example, if s(p1, p2) = p1lnpy
+ p2lnps, we recover the classical Boltzmann entropy. The total free energy of the system
composed of two subsystems is expressed by Equations (8) and (9).

F= /_o:o dx181(x1) /_0; dx2(x2) [E(XI/XZ)pl(xllt)pz(XZI t) — kTS(Pl,Pz)} (10)

Before examining the H-Theorem with Equation (10), we will assume that P (p1, t)
and P,(py, t) have the same structure and that the entropy is a function of the product
of the probability densities of each subsystem, i.e., s(p1,02) = s(p1p2). This allows us to
demonstrate that

%FZ /j; dxl‘:l(xl)/j;dngz(xz) {5(961/362) —kTa;)uS(Plz)};[m(xl,f)Pz(xz/t)]/ (11)

in which p1» = p1p2. By performing some calculations and using Equations (2) and (5), we
have that

%F = /_0:0 dx1¢1(x1) /_o:o d?QCz(xZ){E(xl,xz)pz — ksza;)lzs(pu)}
d 9 9
X aézfl(xl) Dagzrl(xl)Pl(pl/t) - m[ﬁ(xl)pl(xl, t)]}

+ /_o:o dx1G1(x1) /_o:o dxzéz(xz){E(xlzxz)Pl - kTPlaleS(Pu)}
d 0
dCzo(x2) {Daﬁz,z(xz

We now assume the following conditions: p;(x; — %00, t) — 0 and ¢, (y,)pi(xi —

X

SPalpa 1) - aglf(z) [Fa(x2)pa(02 )] } 12)

+oo,t) — 0. Thus, Equation (12) becomes, after integration by parts:

1eS) ) 2
%F = —/oodx1€1(x1)/oodx2§2(x2){MPZ—kTP%am85(912)}

9¢7,1(%x1) 9¢z,1(x1) 9p3,
J 91 (x1)
. {Daffz,l (x1) Pilpr, )+ ¢z (xl)m(xl't)}
%) 0 9 9 82
- /_oodxlffl(xl)/_oo dszZ(xz){agZ(gz))Pl —kTP%agIﬁ(zxz)ap%zs(Pu)}
d o2 (x2) }
. {Daﬁz,z(xz)Pz(pZIt)+351,2(x2)p2(XZ/t) (13)

(for more details, see the Appendix A). Equation (13) is a general result and can be connected
to different relaxation processes depending on the choice of P;(p1, t) and P,(py, t) present
in Equations (3) and (6). It can also be used to evidence the interaction between the
subsystems in connection with the relaxation process each subsystem exhibits. This feature
will be evident below with the analysis of the condition required for the H-Theorem
and the previous assumption for the entropy, i.e., s(p1,02) = s(p1p2). Also, this result
maintains the additivity in Penrose sense [43], i.e., S(p12) = S(p1p02) required for a system
composed of independent subsystems when the standard entropy is employed. Thus,
the conditions required by Equation (13) to verify the H-theorem will define a suitable
entropy for the relaxation process described in terms of Equations (3) and (6) for a choice of
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Py (py,t) and Po(p2, t), and consequently, the properties of this entropy in connection with a
thermostatistical context.
To proceed with our analysis, we consider that

Pi(pi t) / dvp(7) D}, (t)p] (xit), (14)

with j # i, p(7) is a distribution, and D;+( = [T dx; iGi(x))p; (x t). Note that the
distribution p(%) is connected with the nonhnear term present m Equations (3) and (6),
which leads us a diffusive term with different diffusion regimes. In connection with the
porous media equation and the Tsallis framework [11], 4 may be related to the nonlinearity
present in Equations (3) and (6) after substituting Equation (14) and also with the extension
of the entropy to accommodate a thermostatistic context. The range of  is connected with
the choice performed for the distribution p(y), which defines how will be the behavior
of the diffusive term. One possibility will be analyzed later by considering two different
regimes of diffusion, with p(y) = 6(y —1)/2+ (7 — v)/2, with max(1,v) < 7. The
choice performed for D;;(t) also implies that each subsystem influences the other, i.e.,
Equations (2) and (5) are coupled by the diffusive term. Thus, Dj5 (t) introduces interactions
between the subsystems during the thermalization process, where each subsystem works
as an additional thermal bath to the other. By substituting Equation (14) into Equation (13),
we have that

d oo 1
ﬁp = —Lmdx1§1(x1)m

) 2
{/oodxzﬁz(xz)[ag)l(( ))Pzp — kTp301 pr(n) 9 (Plz)]

X

1922, (x1) 92,
< [ mtat) |G o+ PR R el ([T aandel )|
YR
" {/_idxl‘fl(x”l CE LT e e ”)1

(7, ¢1(x2) apu

[ anton) [ e+ 02 ol ([T amnnedel )|} 09

We verify that

X

d , , 02 B 3 ([, 4

E=0if —kTPjpi@jS(pij) = Dpjap(/o dyp(V)ei e} ), (16)
S N Y L

= DPJapi], (10 d’YP(’Y)Pij) ’ (17)

fori=1,2and j = 1,2 withi # j, D = kT, and p;; = p;p;, which implies

;tp = —/delgl(xl)pl(1x1)
x {/o:odxzéz(xz)[aaﬁ?(( ))pzpl kszpl%azjz (pu)} }2
- [ gl s
X Uidxlél(xl)lEWZQ))plm_kTp%pzaézapZ 2 (Pu)} }2- (18)

Cz(x2 (x2) aplz
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By solving Equation (16) under the conditions defined in Refs. [34,35,41,42], we obtain

s(p12) / dyp(y (Plz Pflyz)‘ (19)

The entropy for the composite system is given by

i [T angn) [T anste) [ anw) g (o - o), 0)
which can also be rewritten as
S= k/j; dx181(x1) /j:o dx8a(x2) /07 Ayp(7) =— (PlPZ - (Plpz)ﬁ) (21)
and, consequently, as
—k/ dyp(y <1—/ dx181(x1 / dx282(x2) o1 (x1)p2(x2)]” ) (22)

Equation (22) may have several particular cases, such as the Tsallis and Kaniadakis
entropies, depending on the choice of p(y). It is also worth mentioning that the Boltzmann—
Gibbs entropy is recovered from Equation (22), which is connected with the linear Fokker—
Planck equation as discussed in Ref. [44]. In addition, different from the standard situation,
to satisfy the H-theorem and preserve the form s = s(p1p2), the nonlinear Fokker-Planck
equations imply that the systems interact with each other. Equation (22) can be connected
to the unusual additivity present in the Tsallis formalism as follows:

5= [ d3p(7) (51 (7) +S2(7) +[(1 - f'r)/k]slmsm) , 23)

where

S12)(7) = 71 <1—/ dxy(2)81(2) (X102 )[Pu )(x ())r)- (24)

This result, connected to each system’s relaxation, shows how each part’s entropy is
added to compose the total entropy. Equation (23) has been applied in several situations
such as black hole [45], inanimated and living matter [46], and interacting particles [47].

The NFE that emerges from the previous analysis, i.e., from Equation (14), which is
related to the nonlinear term and verifies the H-theorem, for each subsystem can be written
as follows:

d d Y = d 5
gpl(xlrf) = 9521(351){/0 dyp(7)D15(t) mpz(ﬂfl/t) -h (Xl)Pl(let)} (25)

and
d d Yo = d 5
gPZ(xsz) = a«fzz(xz){/o d’YP('Y)DZ,ﬁ(t)mPg(xz/t) - Fz(xz)Pz(xz,t)}, (26)

with D; 5(t) = D;,(t)D, which demonstrates the influence of one of the subsystems on
the other. In addition, the components that constitute the diffusive element can also be
associated with anomalous diffusion processes with distinct diffusion regimes. This feature
was investigated, for example, in Ref. [48] by considering the Fokker-Planck equation
with a different form for the diffusive term or Langevin equations with additive noises in
Ref. [49]. It is also worth mentioning that the H-theorem shows us a suitable way for the
dynamic processes in connection with the system’s entropy.
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We will now contemplate a general situation in which the diffusion terms have a
distinct nonlinear relationship with the distributions. This implies that the systems have
distinct dynamic characteristics regulated by the nonlinear connection with the distri-
bution found in the diffusive term. Using the preceding equations and having in mind
Equation (10), we may write

;tp = /j:odxlgl(xl)/j:o dszz(xz){5(x1/x2)aat[Pl(xlft)Pz(xzft)] (27)

) d 0 0
— KT slonp2) im0+ 5s(oup gea(ra ) |,

which implies

d -
%F = / dx181 xl/ dx28(x2) d(951,9(2)f72—kT S(PLPZ)}
d d
X D P )+ ==
9Cz,1(x1) | 98z,1(x1) 1er 35

+ /_Ozodmffl(xl)/_o; dx282(x2)  E

0
3e12(%2) {Dam(xz) a@

After some calculations, it is possible to show that

(28)

Py(p2,

d

© 1 °°
EF = —/_oodxlél(xl)m /_oodXZgZ(JQ)

X

x 2
et m o0 57| o | 2

Kl 901 o1 (x1) X
{ {DBM h (P1,t)} 97,1 (x1) " aCI,l(xl)pl( 1’t)}
— /;oo dxlcl(xl)/_wdngz(m)

2
o { oy ()pa(ra) — kT [”;p%s(p e 2)] 955552)}

X

p2(x2) | 98z (x2

9 ] dp2 I (x2)
dCz(x2) {{ o2 Pzt )} 9¢72(x2) * 3@1,2(x2)p2(x2’t)}' =

Now, we assume, for example, the case

(o1, 1) / d7p(7) Doy ()] (x1, 1) (30)

X

and

2(02,1) / dvp(7)D14(t)p3(x2, 1), (31)

with

Dy, (t / dup( 17 / dx2G2(x2)05 (x2, 1) (32)

and

Duy(t) = [ dip(H 5 [ dnadi (el (o) )
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This implies that Equations (2) and (5) have different forms, and thus, the two sub-
systems have distinct relaxation processes. In Ref. [14], a particular case was studied by
looking at the interaction between the two subsystems. Each choice has its implications for
the total entropy of the composite system. By examining Equations (32) and (33), we can
see that the entropy must satisfy the following equations:

92
arrey (p1,p2) = / dyp(7 / dvp(v 1929? 1 (34)
and
9 7
P50 s(p1,02) = / dyp(7 / dvp(v 102 o] (35)
to verify
%F<0 (36)

and, consequently, to satisfy the H-Theorem. A solution for the previous system of equa-
tions is

storen) = [ 0120 [ ar 2O (s o] 37)

This result allows us to write the total entropy of this system as follows:

5=k ["ar 22 ["ar 2O - [” st [ andoplnn). 6o

This result for the entropy is distinct from the one given by Equation (22), which was
derived from a different selection of NFEs. It is the consequence of combining subsystems
with distinct relaxation processes, each of which has its entropy. Additionally, Equation (38)
is linked to the combination of Tsallis entropies with different g—indices [50-52]. The
solution can be obtained in this context by using g—exponential functions.

Let us now consider a particular example of the results mentioned above when
different behaviors for P;(p1,t) and P»(py,t) are chosen. We consider the case obtained
from Equations (30) and (31) for p(y) = 6(y —v) and p(¥) = é(¥ — v) in absence of
external force, yielding

9, _9 _ 9 ]
ot = 327, (x1) [DZ'V(t)aéz,l(x1)pl (0, 8) 9)
and
d ) >,
3#2 = 350(0) [Dm(t) mpz(xsz)] : (40)
Hence, it is simple to verify that
pr(x1,1) = exp, [~P1()EF (x1)] / Z1(1) 41)
and
p2(x1,1) = exp, [~Ba(HE32(x2)| / Za(t), )

are solutions for Equations (39) and (40). The previous solutions for the NFEs can be also
obtained from the maximum principle of entropy when the entropy

S0 =~y (1- [ et e e e ) )



Entropy 2023, 25, 1578 9of 18
with the constraints
2
/ dxy (o 51(2)(951(2))P1((2)) (x¥102)1) [‘:Il (%1 ))} =07 () () (44)
and
/70o dx12)81(2) (¥12))01(2) (*12), 1) = 1. (45)

A particular situation was worked out in Ref. [11] for the porous media equation. From
Equations (41) and (42), we can verify how the distribution is affected by the space metric
and the parameter 7(v). Figure 1 shows py(5) 2y(3) vs. B1(2)x for 71(2)(x1(2)) = |x1(2) |“12)
If a5y = v(v) = 1, as expected, we recover the usual behavior given by a Gaussian
distribution. On the other hand, one can clearly see from figure Figure 1 that if the parameter
coming from the Hausdorff derivative («;()) or the parameter 7 (which describes how
the distribution of one kind of particle affects the time-dependent diffusion coefficient of
the other, or, in different words, how molecular crowding affects diffusion) the behavior
becomes non-Gaussian. Thus, depending on the choice of parameters v, 7, and X1(2), the
distribution may present different behaviors that are asymptotically characterized by short-
or long-tailed distributions. In the latter case, it is possible to connect the results with the
Lévy distributions. In addition, a particular scenario of Equations (39) and (40) has been
worked out in Ref. [53] in connection with the fractal dimensions. Similar situations are
found in the context of the Tsallis statistics, which are described by power-law distributions.
However, small changes in the parametersa; ;) and v (v) strongly affect the distribution
of particles.

=095
0.95
1.2
=1.0

Z, ()P, (x1)

Bl/(zo‘uz»)(t)x

Figure 1. Figure 1 shows the behavior of particle distribution obtained from Z ;) ()01 (2)(x, ) versus
1/a1(,

Bio)
black line corresponds to the standard diffusion, and the other lines correspond to the generalized
cases. To make things simpler, we assume py ) (x1(2),0) = 0(x1(2)), &7,1(2)(X1(2)) = |x1(2)["'@, and
D=1

(¢ )x obtained from Equations (41) and (42) for different values of x1(2), Vs and . The solid

With B1(t), B2(t), Z1(t), and Z;(t) obtained from the following set of equations:

27[%1%’51_ 1NVN71

_ 2y ,B(V 1) /2'8(7""1)/2 (46)

and
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1 d 2v 7, (v+1)/2 5(y—=1)/2
— By = — —r 47
26, i 7—1N;’N3*1ﬁ2 P @)
with
M) oy TOM) <y oo
L= veorlien o A, CIGra) T 48)
* r(%)r(%xf%) 0<x<1 ! * F(%)T(ﬁf%) 0<x<1
V1T (%) = = VI-kT () = =

where ¥ = 7y or v and Z;(5)(t),/B1(2)(t) = Z1(2)(0)4/B1(2)(0) = constant. Note that de-
pending on the choice of the parameters y and v, Equations (41) and (42) may present a com-
pact or a long-tailed behavior. In the last case, it is possible to connect the solutions with the
Lévy distributions as performed in Refs. [54,55]. The solutions for Equations (46) and (47)
can be found, and they are given by

Ty v=1 vy
Bi(t) = ://—i—_}//\/;\/,?_l 2 t] (49)
and B, (t) = CB(t) with
_ (=1 (LN
=t (73 0

By using the previous equations, it is possible to obtain the mean square displacement.
Let us now consider the case of &j(5)(x) = [x|*1®, which represents a fractal metric as
proposed by Chen [19], and the definition that follows:

2
‘75,1(2)(t) = <(x1(2) - <x1(2)>1(2)) > (51)

After performing some calculations, it is possible to show that

Tea)(t) = fv”(” L (52)
() {’31(2)“)} (2)

where { = [¢° duu'/*10 72 exp _[—u], which implies in (fil(z) (t) o« /1112 )] Figure 2
illustrates the behavior of the mean square displacement, where the regions for the sub- and
superdiffusion are shown. The black line corresponds to the usual diffusion. The choice
of a1 and ay connected to the fractal derivative directly influences the diffusion process.
Another point concerning the behavior showed in Figure 2 is the influence of the dynamic
of each system on the other since the results for the mean square displacement depend on
the parameters y and v connected to the nonlinearity present in the diffusive term. These
feature connected to Figure 2 shows that the anomalous behavior is directly connected with
the fractal metric of space [19] and has also been worked out in Refs. [56-59] by considering
diffusion on fractal objects.

It is possible to demonstrate other scenarios by performing numerical computations,
that is, by numerically solving Equations (2) and (5). Figures 3 and 4 illustrate the case
for which Pj(5)(01(2), t) is given by Equation (14) with p(y) = 6(7 —1)/2+6(v —7)/2,
Fi(x1,t) = —k1(6(x1) — 0(—x71))|x1|*1 (6(x) is the Heaviside function), and F,(x1,t) = 0.
Notice that the initial moments, with centered distributions, represent ¢ = 103, while the
more spread distributions represent t = 1. Remarkably, a simple change in the fractal value
&1 () results in a large change in the observed diffusion regime of the particles. Numerical
computations were performed for values v greater than and less than one. The system
was set in the range of —5000 to 5000, with a step size of dx = 0.02 and a time step of
dt = 0.000001 to generate the results shown in the figures. The choices of dx and dt meet the
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requirement of Ddt/ (dx?) < 1/2 for the stability of the solutions when the initial condition
evolves in time to meet the boundary conditions [60,61]. Figure 3 show the dynamical
behavior of the distributions p; () (x, t) for v = 1.2, and two values of the fractal exponent
a1(2), which produce a non-Gaussian result. Note that the behavior presented in Figure 3
results from combining two different diffusive terms, one linear and the other nonlinear,
besides the unusual metric for the space. Figure 4 demonstrates the anomalous nature
of diffusive behavior when the fractal exponent changes from 0.9 to 1.2 for v = 0.95 and
v = 1.2. It is also interesting to mention that the results presented in this figure show
that the system under the influence of the external force has a different behavior for the
mean square displacement, that is, the influence of the external force limits diffusion. On
the other hand, the system without external force can spread freely. The influence is also
present on the time dependence of the diffusion coefficient, which depends on the integral
of the distribution in a nonlinear power law of the other distribution.

7

9+ / Oy (VHY) <2

Superdiffusion
/
// Oyp(VHY) =2
_ 6+ / Usual Diffusion
)
D /
~ /
© /
/
3 / T
/ __.—"-—-
/ e Oy (VHY) > 2
—/ . .
= Subdiffusion
Z
7
0 T T T
0 3 6 9

Figure 2. Figure 2 shows the behavior of the mean square displacement obtained for p1 (x1,t) and
02(x2, t) from Equations (3) and (26). The solid black line corresponds to the standard diffusion. The
green dashed line corresponds to the superdiffusion. The red dashed-dotted line is associated with
subdiffusion. To make things simpler, we assume 1 (3) (¥1(2),0) = 0(x1(2)), §71(2) (¥112)) = [*112)|"1®,
and D = 1.

2
@ n ) ’I', "“ R f.
—-—p,xt) | —-=p,xt) 1

— = pxt)
v=12, ay,= 0.9

plxt)
p(xt)

|
t=10° :ll‘
il

Figure 3. Behavior obtained for p1(x1,t) and py(x, t) from Equations (3) and (6) in Figures 3a and 3b,
where Py(;)(p1(2),t) is given by Equation (14) with p(7) = (7 —1)/2+ (v — 7)/2, Fi(x1,t) =
—k1(0(x1) — 0(—x1))|x1|* (8(x) is the Heviside function), and F,(xp,t) = 0. The black dashed
lines correspond to p1(x1,t) for different values of t. The red dashed-dotted lines correspond to
p2(x2,t) for different values of t. We consider, for simplicity, p;(5)(x1(2),0) = d(x12)), k1 = 1,
E1102)(x1(2)) = [¥1(2)|""®, and D = 1.
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Figure 4. Figures 4a and 4b show the behavior of the mean square displacement obtained with
the distributions p1(x1,t) and p(x2, t) from Equations (3) and (6), where P, 5)(p1(2), t) is given by
Equation (14) with p(y) =6(y—1)/24+5(v —9)/2, Fi(x1,t) = —k1(6(x1) — 0(—2x1))|x1|** (6(x) is
the Heaviside function) and F,(x, ) = 0. The dashed-dotted lines correspond to the mean square
displacement obtained from p1(x1, t) for different values of v. dashed lines correspond to the mean
square displacement obtained from p;(x, t) for different values of v. We consider, for simplicity,

P12) (x1(2),0) = 8(x1(2)), k1 = 1, E1112) (x1(2)) = [x1(2)|""®, and D = 1.

2.2. Entropy Production

We can examine the entropy production associated with Equation (21) by looking at
the dynamics of p;1(x1,t) and pp(x,t) given by Equations (25) and (26). Differentiating
Equation (21) with respect to time gives us the result:

%S(t) = k/ dx181 xl/ dx>¢> xz)[j (FHZ)};t[Pl(xl/t)PZ(xZIt”

0 0
= —k/_oo dxlgl(xl)/_oodx2§2(x2)p28p125(p12)851,1(x1)jl(xl’t)

— k/j; dx181(x1)p01 /j:o dszz(xz)ailzs(Plz)agz,f(xz)jz(xz, f) (53)

Consequently, integration by parts is performed with the conditions that J;(x; —
+oo,t) and J,(xp — oo, t) both approaching zero:

2

S(t) = k/_i dx181(x1) /_0; dx82(x2) [P%azﬂ

0
dt S(Plz)agﬂ(xl)m] Ji(x1,t)

2

oo 0 a a
+ k/m dxlgl(xl)/iw dx2G2(x2) [p%ap%zs(mz)agm(xz)pz] Ja(x2,t). (54)

It is feasible to make Equation (53) simpler by utilizing the equations from the H-
Theorem:

8p1 82 a
kTPleag (xl)aplz s(p12) = Dmpl(ﬁ’lzt) (55)
and
92 & 9
—kTp2p7 i 912(%2) 905, s(p12) = Pt () P22 ), (56)
to obtain
;ts( t) = —l/jo dx181(x1) Fr(x1) J1(x1,t) — l/oo dxaa(x2)F2(x2) J2(x1,t)
+ / dx1&4( 961)t71 ;11' / dxpGo(x jz((;;’ )), (57)
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where J1(x1,t) and J2(xp,t) are defined by Equations (1) and (5), with P;(p1,t) and
P>(p2,t) given by Equations (30) and (31). Equation (53) can also be written as follows:

d

ZS=1-2. (58)

The entropy that is exchanged between the two subsystems p; and p; and their
environment is called the flux of entropy. This can be expressed as follows:

1 /o 1 e
= T/_oo dX161(x1)F1(x1)71(x1/f)+f/_oo dxzG(x1) F2(x2) T2 (21, 1), (59)
and the entropy-production term:
;71 (xll o0 \72 (xZI )
/ dx18(x1) ——— o101, ) / dxp8a (x2) ==~ 02 (0, 1) (60)

Since T and p;(x;, t) are both positive, the desired result is obtained: IT > 0. This result
for the entropy production, given by Equation (57) and, thus, Equation (58) can also be
confirmed for any entropy condition.

It is also important to mention that the entropy production in this framework for the ex-
ternal force considered here has the same behavior for the different choices of {7 1(2)(x1(2))-
This feature is directly connected with the definition of the integral used to obtain the
entropy. Figures 5 and 6 illustrate the behavior of entropy (S) and entropy production (S).
Figure 5 presents (S) and (S) for different values of v. Figure 6 illustrates the behavior (S)
and (S) for the values ay(2) = 1.2 and v = 1.2 taking into account different external forces.
Note that in each case, we consider a diffusion process with two different diffusive terms,
one linear and the other nonlinear. Thus, the entropy evaluated for these cases results
from the combination of different diffusive regimes. For v < 1, the system is essentially
governed by long-tailed distributions, and for v > 1, short-tailed distributions govern
the system. These features have a direct influence on entropy and entropy production,
as shown in these figures. The entropy of the system is a growing function of time that
eventually reaches a plateau for a long time, as expected. Interestingly, the external force, as
shown in Figure 6, modifies the system’s entropy. In fact, entropy and entropy production
depend on the external force acting on the systems, that is, how it can confine the system or
not, during the particle spreading process.

4

Figure 5. Figure 5 shows the behavior obtained for Equation (22) with p1(x1,¢) and py(xp,t) from
Equations (3) and (6), where Py(5)(p1(2), t) is given by Equation (14) with p(y) = (7 —1)/2+ (v —
¥)/2, F1(x1,£) = —k1(6(x1) — 0(—x71))|x1]|* (8(x) is the Heviside function), and F,(x,f) = 0. The
red dashed-dotted line corresponds to the case v = 0.9. The green dashed line corresponds to the case
v = 1.2. The inset corresponds to the behavior of Equation (57) for these values of v. We consider, for

simplicity, p1(2) (x1(2),0) = d(x1(2)), k1 = 1, {11(2)(¥1(2)) = [¥1(2)|""®, and D = 1.
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Figure 6. Figure 6 shows the behavior obtained for Equation (22) with p1(x1,¢) and pp(xy,t) from
Equations (3) and (6), where Pj(5)(p1(2),t) is given by Equation (14) with p(y) = é(y —1)/2+
6(v — )/2. The black dashed-dotted line corresponds to the case Fj(x1,t) = 0 and F,(xp,t) = 0.
The green dashed line corresponds to the case Fi(x1,t) = —k1(0(x1) —0(—x1))|x1]|* (8(x) is the
Heviside function), and F,(x,¢) = 0. The blue dashed-dotted-dotted line corresponds to the case
Fi(x1,t) = —k1(8(x1) — 0(—x1))|x1[* /(14 |x1|*¥1), and Fa(xp, t) = 0. For simplicity, we consider
P12) (X1(2),0) = d(x1(2)), k1 = 1, {1112)(X1(2)) = [%1(2)|""®, and D = 1.

3. Conclusions

We have investigated entropy production in a fractal system composed of two sub-
systems, each subject to an external force. This is achieved by using the H-theorem on the
nonlinear Fokker-Planck equations (NFEs), characterizing the diffusing dynamics of each
subsystem. To consider the metric of space in which the systems are embedded and, hence,
the fractal nature that leads to anomalous diffusion, we expressed the general NFE in terms
of Hausdorff derivatives. We investigated some solutions from an analytical and numerical
point of view. From our results, it is clear that the diffusive regime is directly related to
the system metric, meaning that the distributions characterize anomalous diffusion, which
may represent usual, sub-, or super-diffusive processes. It is also interesting to note that
each system has an influence on the spread of the other through the diffusive term and
the external forces applied to the systems. In this manner, the results have shown that
the dynamic of each one has a direct influence on the other as a thermal bath, since the
coupling appears in the diffusive term, which is related to how the system will spread. Our
results, as they have been obtained, represent a very general approach to describe particle
dynamics and thermodynamic connection in systems composed of interacting particles,
such as diffusion in crowded biological media [26] and many others. In particular, our
results help to demonstrate how entropy production occurs in such systems which, in turn,
may be fundamental to understanding several aspects of interacting particle systems and
their connection with measurable quantities. Furthermore, the generalization proposed
in this work allows one or both subsystems to be fractal in nature, that is, the space mor-
phology is also present within the model. On the other hand, our results indicate that the
space metric does not affect the entropy production of the system. Instead, it is directly
affected by other aspects of the subsystems related to the intrinsic nature of diffusion. We
anticipate that our findings will contribute to a better understanding of the connection
between complex systems, nonlinear sciences, and the metric of space in which the process
takes place.
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Appendix A

Let us consider in detail the calculations of some equations. We start with the results
obtained for Equation (13). For this, we consider the following Equation (A1),

%F = /j; dx1Gy(x1) /j:o dx28(x2) {5(351/362) - kTajuS(Plz)} %[Pl(xlrt).o2<x2rt)]r (A1)

in which p1p = p1p2, as defined before. After performing the time derivative, Equation (A1)
can be written as follows

;tF /:: dx1G1(x1) /j:o dx2(x2) [E‘(xler) - kTajle(Plz)]

X

[pg(xz, t)%pl(xl, f) + 01 (X1,t) %pz()(z, t):| . (A2)

Now, we need to consider the nonlinear Fokker-Planck equations, i.e., Equations (3)
and (6), to simplify the differential operators in time. By substituting Equations (3) and (6)
in Equation (A2), we have that

;tF = /_O;dxlffl(xl)/_zdxzéz(xz){ (xllxz)Pz—ksz o (P1z)}

d
371 (x1) Daéz,l(xl)Pl(pl’t) - m (A (xl)p1(x1,t)] }
+ /_0:0 dx18q (xl) /_O:o degz(XZ){E(xl,xz)pl — kTplajlzs(pu)}

0 ] ]
8 987 (x2) {Daérz,z(xz)PZ(pZ’ H- 9C7,(x2) F(x2)ea(x2,1)] } (B3)

Before performing integration by parts, we can use the properties of the fractal deriva-
tive and write the previous equation as follows:

X

d o S 9
dtP /_Oo dxa8a(x2) /_oodx1{3(X1,xz)P2kszas(pu)}

J J J
—J!D——_Pp ) — —— |Fh(x x1,t
3x1{ 9Cz1(x1) 1e1.t) aCI,l(xl)[ 1(x)pr(x }

+ / dx1Gq Xl)/ dxz{E(xlfxz)Pl kTP1 Plz}

X

X

J J J
M{Daéz,z(xz)Pz(th) - 0z(x2) (B (x2)p2(x2,) } (ad)
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We perform some integration by parts and assume the following conditions: p;(x —
Foo,t) — 0and g, ,(x,)Pi(Xi, t)]x;—+c0 — 0. Thus, Equation (A4) yields:

;tp - / st x2/ dxla { xl,xz)pz—kszapa2 (pu)}
X {Dagza()l’l(mff) - agzla(xl) [F1(x1)p1(x1,1)] }
- / dxy & xl/ dr = { (x1, x2)p1 — kTpla;’ (pu)}
< {Dagzj(xz)Pz(pz,t)—agzj(xz)[lfz(xz)pz(xz,t)]}. (A5)

and, consequently,

d o0 o o1 (x1) o1 P
al = _/oodxlgl(xl)/oodngz(xz){agz,l(ﬁ)pz_k pza‘f 1(x )3012 (plz)}

d d¢1(x1)
. {Dagz,l Gy et ae (xn”l(’“’“}

o0 e I (x2) 2 9o &
- /oodxlgl(xl)/wdx2€2(x2){851,2(x2)p1_kTplaézz(xz) % (Pu)}

d I (x2)
. {Daffz,z(xz) Paloa 1) aCZ,z(xz)m(xZ't)}' (49)
Note that to obtain Equation (A7), i.e.,
d o0 1
#F = -/ dxl@l(ﬁ)a
- a1 (1) o1 ’
1 1
X { 7oodx2§2(x2) laffz,()pzpl kTPzPlag (xl)aplz (Plz)]}
- /_0;l7l9fszz(9€2)p12

) ) a2 2
X { Oodx1€1(x1)[ag¢?(( ))PIPZ_kTplPZBC p(2x2) % (Pu)]} - (A7)

by taking Equations (30) and (31) into account, we have to consider

02 0 v -
—kTp?pi—s(pi;) = D ( dyp(y)o! 7> , (A8)
Pjpi o Pij Pj ap,»j | ATP(7eip;

= Dp]a (/ dyp(v)e); ) (A9)

wherei =1,2and j = 1,2 with i # j, D = kT, p;j = pipj, and 2 dxii(xi)pi(xi,t) = 1,
which implies

d
— < .
th <0 (A10)

Similar calculations were performed to obtain Equations (29)—(38).
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