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The Rényi statistics is applied for a description of finite size effects in the 1D Ising model. We calculate the internal
energy of the spin chain and the system temperature using the Rényi distribution and postulate them to be equal
to their counterparts, obtained in the microcanonical ensemble. It allows us to self-consistently derive the Rényi
g-index and the Lagrange parameter T to relate them to the physically observed system temperature Tpp, and
to show that the entropic phase transitions are possible in a broad temperature domain. We have also studied
the temperature dependence of the internal energy U(Tph) at constant ¢ and an influence of the size related
effects on the system thermodynamics.
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1. Introduction

By the early 20-th century, the basic principles of statistical description of thermodynamic systems
had been well established by the efforts of Boltzmann, Gibbs, Einstein, and many others. In 1957,
Jaynes [1] formulated the probabilistic approach based on the knowledge of some statistical information
about the system and introduced the rule, now widely known as the maximum entropy principle (MEP);
when applied to the statistical mechanics it yields the famous Gibbs canonical distribution. Today this
rule is used in many fields of science, ranging from physics and chemistry to the stock market analysis.

Further advances were stipulated by the growing necessity to generalize the elaborated schemes onto
description of the systems, consisting of large but finite numbers of particles, for which the thermodynamic
limit cannot be performed. The recent achievements in the study of a microcosm rely not only on more
sophisticated experimental measurements [2, 3], but also on a creation of the accompanying theoretical
methods such as the nano-thermodynamics [4} 15].

The second way to proceed is a construction of the groundwork of the non-equilibrium statistical
mechanics and thermodynamics [6]. Obviously, a description of the non-equilibrium properties of small
sized objects becomes much more complicated, due to: i) large fluctuations in the system, ii) a presence
of the local equilibrium or steady states rather than a true thermodynamic equilibrium and iii) a necessity
to use the non-Gibbsian statistics when describing the observables. Nevertheless, serious advances have
been recently made in a development of the theory of open quantum systems at the finite sizes of their
environments [/, 8], when the microcanonical distribution was used to derive the corresponding master
equations and to calculate the non-equilibrium mean values.

Conceptually different methods of handling the finite size systems rest upon the usage of other non-
Gibbsian statistics. The basics of the so-called parastatistics were introduced in the pioneering papers
by Rényi [9] and Tsallis [[10, [11] and were developed by many others, e.g., [12H14]. At the first stage,
the entropy functional is constructed within the framework of one or another parastatistics. A common
feature of all the cases is an application of the MEP under a demand for the internal energy to be fixed
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and the availability of the normalization condition. This conditional extremum problem yields explicit
expressions for the distribution functions.

Though an applications of the Rényi and Tsallis statistics are wide enough, ranging from the descrip-
tion of the systems of non-physical nature (Zipf’s law) up to the thermodynamics of black holes [[14],
the possibility to use these distributions to study the finite size objects is very important. Here, we
mean the cases of finite environments regardless of how large are the systems interacting with them
provided these systems are finite as well. In this context, the above mentioned statistics can be viewed as
a certain alternative for the microcanonical distribution for investigation of the systems that do not allow
the thermodynamic limit to be performed, despite the fact that these statistics are based on completely
different foundations. The Rényi statistics seem to be most promising, being the additive one, unlike the
Thallis statistics that are inherently non-additive and cannot be linked in any way to the microcanonical
ensemble, which also completely rests upon the additivity principle.

Application of the Rényi statistics opens up new prospects and sheds light on the specific features
that are not met when we use the microcanonical distribution. Firstly, we mean a possibility for the
entropic phase transitions to appear, which are not observed when we use the traditional (canonical or
microcanonical) ensembles. In this paper, we put a question whether the inherently different Rényi and
microcanonical distributions could render a similar thermodynamics. In other words, if one postulates
that the observables obtained within the two statistics are the same or very close, then how and to what
extent the non-observable characteristics (for instance, the system entropy) will differ. We study the
behavior of change of the Rényi index ¢ at the entropic phase transition and compare it with the results
of other theories, where it is determined from the heat capacity of the environment.

The paper is structured as follows. In section 2] we present the basic relations of the Rényi ther-
mostatistics, which follow from the MEP. The limiting cases of ¢ — 0 and ¢ — 1, leading to the
microcanonical distribution and the Gibbs statistics, are emphasized. In section E], we discuss some
remarkable features typical of the Rényi statistics: i) the entropic phase transition, which appears at
q — 1, and ii) the relation between the Rényi index ¢ and the specific heat of the system environment,
which comes after an application of the thermal fluctuations approach [[14] or more sophisticated exact
method [13]]. In section[d] we consider a chain of Ising spins and present some expressions describing its
equilibrium properties in the microcanonical ensemble.

The most substantial is section [5} where the Ising model is studied within the Rényi statistics. First,
having assumed that the observables (internal energies and temperatures) are equal in the microcanonical
and Rényi ensembles, we show that the entropic phase transition appears in the second case and that all
the remarkable relations mentioned in section [3]are obeyed with a great accuracy. A special attention is
paid to the description of the system on the microscopic level: we analyse the “allowed” and “forbidden”
microstates, their origin and influence on the system behaviour via the corresponding macrostates for-
mation. Second, we study the temperature dependence of the internal energy U(T) at constant g and the
size related effects, by which we mean an influence of two factors: the discreteness and finiteness of the
system.

In the final section, we summarize the obtained results and point out some open questions.

2. The Rényi entropy and the Rényi distribution

We start in a somewhat formal way. Using a notion of the “free entropy” [14]], we can introduce the
generating function

w
-qS (B)

Os(q) = Y ™45, @1

i=1
where § ;B) = —In p; denotes the Boltzmann entropy of the ensemble of microcanonical subsystems with
probabilities p;, which are generally dependent on the state i. Hereafter, we put the Boltzmann constant
kg to be equal to the unity. The summation in (2.I) runs over all the energy states starting from the
lowest one up to the value W (a limiting case W — oo can also be considered). The cumulant generating

43603-2



Ising model in the Rényi statistics

function that corresponds to (2.1)) looks as follows:

w

¥s(q) =In®s(q) =In ) pf. 2.2)
i=1

Dividing it by 1 — g, we obtain the sought “free entropy”, which coincides with the known Rényi entropy

w
|
S¢(p) = ——1n " pl, 2.3)
I-q &
and includes the Gibbs-Shannon entropy S(©) = — Z}Zl piln p; as a particular case when g — 1.

Before the explicit expressions for the probabilities p; are obtained, it is worth explaining the reason
to introduce the family of entropies (2.3)). First of all, the Gibbs-Shannon entropy derived by a simple
averaging of the Boltzmann entropy cannot be the function, whose extremum characterizes the steady
state of a complex system under the entropy exchange with the surroundings [[14]. Therefore, it is pertinent
to introduce a notion of the entropy bath for such processes, just like the concept of the thermal bath
has been adopted for a small subsystem being in contact with its surroundings, which is considered to
be infinite in the thermodynamic sense. Coupling with the entropy bath is a necessary condition for the
self-organization of a complex system [[16]. As a result of such coupling, the system under consideration
cannot reach the state of thermodynamic equilibrium characterized by the minimum of the Helmholtz
free energy.

Since the entropy flux is usually accompanied by the heat flux, it is almost impossible to exclude
one of the above mentioned reservoirs from consideration and to focus only on the other one. That is
why the concept of entropy bath is not very popular in the scientific literature. In our case, it serves
mainly to derive the expressions for the Rényi entropy in the most transparent way. Nevertheless, one can
mention the so-called dephasing model [17} [18]], widely used in the theory of open quantum systems to
describe the processes of pure decoherence/recoherence. In such a model, there is no energy exchange
between the spin or spin chain and the bath; the populations of levels remain constant, but the off-diagonal
elements of the density matrix related to the system coherence evolve in time. This leads to a decrease (or
increase) of the Bloch vector modulus and, as a consequence, to the entropy flow from the system to its
environment or vice versa. Though the dephasing model is exactly solvable at averaging over the Gibbs
equilibrium distribution, some interesting results were recently obtained for a similar spin-boson system
using the Rényi ensemble [19]]. From our point of view, the application of the Rényi statistics would be
most promising for open quantum systems interacting with finite size environments. In the subsequent
sections, we use the Rényi distribution as a certain alternative to the microcanonical one when describing
the thermodynamics of the Ising system with a finite number of spins.

Though the limit ¢ — 1 in the Rényi entropy (2.3) resulting in its Gibbs-Shannon counterpart is
widely applied, another limiting case ¢ — 0 is considered much more rarely [20H22]]. A simple inspection
of equation (2.3) shows that in this limit the Rényi entropy converts into the system entropy determined
in the microcanonical ensemble:

gmicro — lim S®(p)y=mw. 2.4)

The microcanonical distribution is known to describe a behaviour of an adiabatically isolated system [23]],
consisting of N particles contained within the volume V. Correspondingly, its small subsystem is dis-
tributed canonically if the thermodynamic limit N — oo, V — oo can be applied at the constant value
n = N/V of the number density. Our task is to combine these two limits: g — 1 that corresponds to the
infinite bath and ¢ — O that is realized if the surrounding of the subsystem is vanishing — into a single
case defined by the Rényi distribution.

To derive the expression for the Rényi distribution, let us proceed in a standard manner, considering
the conditional extremum of the entropy (2.3)) under the corresponding constraints of the normalization
condition and constant internal energy:

w w

w
Lr(p) = 11‘]1“217?—021%—,321‘1:'1?1'- (2.5)
im1

i=1 i=1
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Equating the variation of the functional (2.5) to zero,

-1
SLr(p) _ q P}

opi 1=qx¥ pf

-a-pBH; =0, (2.6)

we obtain the explicit expression for the Rényi distribution,

R) 1 q- 1 1/(g-1)
PP = pi= b (1 - ,B—AHl-) , @)
zy q
where
W 1/(g-1)
q-1
z® = Z (1 —,BTAH,») 2.8)

i=1

denotes the partition function, while the deviation of the system energy from its mean value AH; = H; -U
should be obtained from the self-consistency condition for the internal energy U,

w
U= Hp;. 2.9)
i=1

As in the case of the Gibbs statistics, the so far unspecified Lagrange parameter 8 can be associated with
the inverse temperature, 8 = T~!, expressed in the energy units since kg = 1; further it will be convenient
to position alternatively the temperature 7" as the Lagrange multiplier as well. Unlike the Gibbs case, the
internal energy U both enters the Rényi distribution and is defined by the p; itself, as it follows from (2.7)-
(2.9). At the canonical distribution, which is obtained when the power law function converts into
the exponential form at ¢ — 1, the internal energy U enters both the numerator and denominator (the
corresponding partition function Z(%)) and is mutually reduced.

There is an alternative representation for the Rényi distribution, which can be obtained when the
constraint (2.9) is changed to the averaging over the so-called escort distribution p$*°[14} 24]:

w Py
U= HpE,  pi= (2.10)
i=1 2in1 P
The corresponding Rényi distribution function p$™ can be written down as follows:
w
1
P = o =B = AR 0070 = 371 = B(1 — g)aH;] /7). .11)
i=1

The detailed explanation of the differences between the distributions and (2.T1) and the physical
arguments to choose one or the other can be found, e.g., in [24]]. Since in this paper we opted for the
distribution (2.7), we are not going to explore this subject further, only mentioning that this concept is
very close to the argumentqT]in favour of the 3-rd form of the Tsallis statistics over the 1-st and the 2-nd
forms [25]].

3. Some remarkable relations typical of the Rényi distribution

In this section, we are going to present some known relations dealt with the Rényi distribution, which
we shall extensively use, when analyzing the data of numerical calculations. It is straightforward to show

1The expression for the non-extensive Tsallis entropy can be formally obtained after series expansion of at g = 1,
SéT) (p) = ﬁ (Zgl pl - 1), which is equivalent to the condition |1 — g| < 1.
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that the Rényi entropy (2.3) can be expressed via the partition function (2.8) in a way similar to the
microcanonical ensemble:

W -1/n
SR~z =an (1 +ﬁ%AH;‘) , 3.1)
i=1

where the new constant 7 = 1 — ¢ is introduced for some physical reasons to be explained soon. When
n — 0, this entropy turns into the Gibbs entropy

w
5 = 1n Z e BAH: (3.2)
i=1

Taking the derivative of the entropies difference AS = S §7R ) _5(G) with respect to 77, one can easily obtain
the following relation:

. dAS B0 (o) 2
lim — = — - (AH; 33
’llg})dn 2;171( )5 (3.3)
(G) e_ﬁHi
where p.~’ = ————— denotes the Gibbs distribution. The expression in the r.h.s. of equation (3.3)
! Zwl e BH;
=

can be rewritten in a more convenient way using a simple thermodynamic relation,

w
1 dU 1
(G) 2 _ _
> i@ (aH)? = s~ 7 (3.4)
i=1

where U means the internal energy (2.9), and Cy denotes the heat capacity at constant volume.
Combining equations (3.3) and (3.4)), we arrive at the first remarkable relation:

dAS 1
lim — = =Cy. 3.5
7]11{}) d?’] 2 v ( )

In spite of its simple form, this expression has a profound physical meaning. If we relate n to some order
parameter, it enables us to consider the transition to the Rényi thermostatistics as a peculiar kind of the
phase transition into a more organized state. Following [14]], we call it the entropic phase transition. As
a result of the entropic phase transition, the system passes into an ordered state with the order parameter
n # 0. In contrast to the usual phase transition that takes place at some critical temperature 7, which can
be evaluated taking the thermodynamic limit, conditions of the entropic phase transition will be shown
to depend on the size of the finite system.

Note that relation (3.5)) is exact, since no assumption or approximation has been made at its derivation.
The physical reasoning, leading to the second useful relation, equation (3.6), is semi-phenomenological
and less rigorous. Nevertheless, the said relation is just as important as equation (3.5)). Since its derivation
needs some intermediate calculations, which are not relevant in our case, we shall only briefly outline
the basic points underlying its origin (see [14] and references therein).

Suppose that the finite system (hereafter called the subsystem) is placed in the environment of finite
size and heat capacity. This environment defines the temperature 7' of the total combined system, which
can fluctuate around some average value 7y. The amount of heat transferred from the environment to
the subsystem is finite, and the time of temperature equilibration distinctly differs from zero causing the
mentioned fluctuations. The time behaviour of temperature can be described by the Langevin equation
with white noise. At the next stage of description, one can pass to the corresponding Fokker-Planck
equation for the distribution function of random temperature 7', which stationary solution can be obtained
explicitly. A subsequent assumption is very similar to that underlying the concept of local equilibrium,
which is widely used in the problems of non-equilibrium statistical mechanics [6]. Let us assume that
any mesoscopical part of the total system obeys the canonical distribution, but the temperatures of these
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small subsystems are random values. With the stationary solution f(7') of the Fokker-Planck equation
in hand, and averaging the Gibbs distributions p‘®) (T)) over f(T), one can obtain the final distribution
function governing a thermostatistics of the above system. The obtained formula can be related to the
Rényi distribution function, if one identifies

1

g=1- 5 (3.6)

and
Ty = qT, 3.7)

where Cy g is the heat capacity of the environment.

The above presented approach is quite illustrative in some physical sense, but definitely lacks rigo-
rousness; it is obvious that there are lots possibilities [26] to obtain the probability density f (7). However,
more rigorous approaches (see, for instance, [[15]]) are based on the exact relations of statistical mechanics
and yield the results similar to (3.6).

The relations @—(13;7[) are worthy to be commented a bit more. First of all, the order parameter
n = (1 — g) is inversely proportional to the number of particles in the environment N — Ny, since the
heat capacity of the environment Cyg ~ (N — Ni). Note that the subsystem consists of Ny particles,
and its heat capacity in equation (3.3)) is proportional to Nz. In this context, the order parameter 7, being
neither purely intensive nor extensive, differs from those known in the phase transition theory. Obviously,
in the thermodynamic limit N — oo, V — o0, N/V = n = const, and at N = const, the 57 tends to zero,
yielding the canonical distribution.

The second point follows directly from equation (3.7). The meaning of physically measurable tem-
perature can be attributed to Ty, as it corresponds to the average value of the system temperature, rather
than to the fluctuating temperature 7' dealt with the Lagrange multiplier 8 = 1/T, see equation (2.5). In
the limit 7 — 0, the temperature 7 becomes §-distributed around Ty, f(T) = 6(T — Tp), and the two
temperatures coincide, Ty = T .

The final point to be mentioned in this section is that the relation (3.6) changes to

1+ ! (3.8)
1 Cve’ '
if one uses the Rényi distribution (2.1T)) instead of (2.7). Equation (3.8) assumes that the Rényi index can
be greater than unity, in contrast to the case (3.6). In section 5] we will use equations (3.5)—(3.8) as the
reference relations to verify the consistency of the proposed approach.

4. The Ising model in the microcanonical ensemble

Let us consider an isolated one-dimensional chain of N Ising spins with periodic boundary conditions.
The Hamiltonian of such a system can be written down in a usual form:

N
H=-]) oo, (4.1)
i=1

where J denotes the interaction strength, and o; = +1. Possible values of the system energy are determined
by an even integer M (0 < M < N): the number of pair{?| of the oppositely directed neighbouring spins,
0; = —041- The energy of such a spin configuration is

E(M)=-J(N -2M), “4.2)
while the number of configurations with the energy E(M) is

N!

r) = 20N - M

4.3)

2Hereafter, we follow the reasoning and use denotations for the corresponding values as those adopted in [27]].
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and all theses states with the given energy E (M) are equally probable.

If the coupling is ferromagnetic, J > 0, then in the ground state all spins are aligned in the same
direction, and M = 0. On the other hand, if the coupling is antiferromagnetic, J < 0, in the ground
state we have an alternating spin alignment, and M = N for even N. Excited energy levels correspond to
configurations with M > 0 and M < N, respectively. Obviously, the numbers M or (N — M) are directly
related to the system temperature: the larger is the temperature, the more spins are flipped as compared
to the ground state configuration due to thermal fluctuations.

Let us now single out a subsystem containing L spins, starting from the first spin and up to the L-th
one. Hereafter, we will call these L spins as the “subsystem”, whereas the spins from the (L + 1)-th up to
the N-th constitute the “bath” or the “environment”. There is an energy exchange between the subsystem
and the bath since the “boundary” spins interact with each other: the 1-st spin is coupled to the N-th
one, and the L-th spin — to the (L + 1)-th one. The corresponding energy of the subsystem of L spins
is determined by the integer number K of pairs of the oppositely directed neighbouring spins in it]] This
energy can be presented in a way similar to (4.2)):

Es(K)=-J(L-1-2K), 4.4)
while the number of the subsystem configurations with such an energy is

(L-1)!

s =2 rr

4.5)

Within our consideration, the integer K has the physical meaning of the possible number of the subsystem
microstates and obeys the following inequality:

Kmin <K< Kmax, (46)
Kiin =max(0,M —N+L-1), Kiax = min(M, L —1).

Since we assume the entire chain of N spins with the fixed energy to be distributed microcanonically,
the probability to find the subsystem of L spins in the microstate K is equal to
1 (N-L+1)!
I'(M)(M-K)!(N-L+1-M+K)!"

w(K) = 4.7

The binomial coefficient in the r.h.s. of (4.7) determines the number of ways to choose from the N — L + 1
spins, which do not belong to the subsystem, exactly M — K pairs of oppositely directed neighbouring
spins, while the division by the total number of states (4.3) appears naturally due to the microcanonical
distribution.

Using equations (#.4)—@.7) and the properties of the Vandermonde’s convolution [27], it is straight-
forward to calculate the mean energy of the subsystem as

Kmax
(Es) = Z a)(K)FS(K)ES(K)=—J(L—1)(1—2%). (4.8)
K=Kmin

Now let us turn our attention to transition from the microcanonical ensemble to the canonical one. It is
known to occur in the thermodynamic limit, when the subsystem is infinitesimally small as compared to
the bath: N — co, M — oo, while L and the ratio ¢ = M /N remain finite. In such a case, due to the
number of subsystem microstates is determined by the inequality 0 < K < L — 1. Besides, the following
strong inequalities are also valid:

L-1<N, K< M, L-1-K<N-M. “4.9)

3Since the chosen subsystem is an open spin chain, the values of K can be either even or odd, in contrast to M, which must be
even due to the periodic conditions imposed to the entire chain.
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Thus, using the approximation (N — n)! =~ N!/N", which is valid at n < N, one can pass from
the probability (4.7) to the canonical Gibbs distribution w®) (K) = Z~' exp[-E(K)/®], where the
temperature G is equal to

M
G)=—2]/ln =—2J/1n( a ) (4.10)
N-M l1-a
and the partition function Z is expressed as
Z=2[a(l-a)] = . @.11)

As expected, the partition function depends on the subsystem size L and temperature ® and does not
depend on the size of the thermal bath. The second point is that in the ferromagnetic case (J > 0) at
a > 1/2, the temperature becomes formally negative. The same is true in the antiferromagnetic
case (J < 0) at a < 1/2. A notion of the negative temperature is perfectly analysed in the well-known
textbook [23]], and we are not going to explore this subject any more. We just would like to note that
for the ferromagnetic coupling J > 0, the configuration, when the upside and downside oriented spins
strictly alternate and M = N, corresponds to the temperature ® — —0 and to the maximum of energy
E = JN, whereas the case M = N /2 corresponds to ® — —oo and the zero energy of the total system.

The above expressions are used in the next section, where we attempt to relate the observables,
obtained within the microcanonical ensemble, to those in the Rényi thermostatistics. The key point is
that both ensembles allow one to take into consideration the effects when the size of a subsystem is
comparable to that of its surroundings, or even becomes larger than this one.

5. The Ising model in the Rényi ensemble

Now let us combine and generalize the results presented in sections [2] and ] to study the behaviour
of a finite Ising chain in the Rényi statistics. First of all, using equations (2.7) and {@.4)—(4.3), we write
down the explicit form of the Rényi distribution for the chain of L spins:

4 1/(q-1)
pr(L,K,q,T) =FS(K){1 —qq—T [—J(L -1 —2K)—U]} /ZR(L,q,T;U), (5.1)

where the corresponding partition function reads as
Kmax

- 1/(g-1)
Zr(L.q.T:U)= ) Ts(K) {1 - qq—Tl [~J(L—1-2K) - U]} : (5.2)
K=Kmnin

and, according to equation (3.1)), defines the Rényi entropy
Sr(L,q,T:U) =InZgr(L,q,T:U). (53)

The self-consistency condition is expressed in the usual way, see equation (2.9):

Kinax

U=U(LgT)= > pr(LK,q,T)Es(K). (5.4)
K=Kmnin

An essential point must be mentioned here. Since the Rényi distribution (5.I)) is an exponential
function with (in general) arbitrary power index 1/(g — 1), the expressions in parentheses should be
non-negative [24]. One can consider this condition as a strict requirement for the microstates with some
“unphysical” values of K to be forbidden. Consequently, there appear two possible ways to manage this
problem in calculations:

* Option 1: to reject the entire macrostate if at least for one of its microstates the expression in the
parentheses is negative;
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* Option 2: to reject only the microstates with “forbidden” K, while retaining the corresponding
macrostate as a whole. Technically, it means mutiplying each parantheses in (5.I)—(5.2) by the

appropriate Heaviside §-function, {...}!/(4=1) — {_}}/@=D = ¢ 31/@-Dg( ).

By the term “macrostate” we mean a state of the system in the Rényi ensemble with given values of ¢
and 7T at the fixed length L of the spin chain. In the subsequent numerical calculations we shall consider
both options.

Before studying the thermodynamic properties of the Ising model in the Rényi ensemble and com-
paring them with those in the microcanonical one, we have to define two temperatures, related to the
above statistics. These temperatures are expressed quite similarly via the corresponding entropies. In
particular [see also equation (3.I) for comparison], the system entropy in the microcanonical ensemble
is determined as

Smicro = IHF(M), (55)

where the statistical weight I'(M) is defined in equation (4.3). To proceed, we express factorials in the
binomial coefficient (4.3)) via the elementary functions using the Stirling approximation

N!~ NV exp(-N)V2zN. (5.6)

Now the entropy formally becomes a differentiable function, and the system temperature in the micro-
canonical ensemble can be calculated in the usual way:

(5.7

(887! _aE(M)/aS(M) _ 4JM(N - M)
m‘“""(a_E) T oM oM ~ 2M —N-2M(N - M)In[M/(N - M)]"

In the thermodynamic limit, it transforms into the temperature ® defined in the canonical ensemble, see
equation (4.10). In a general case, the temperature Ticro depends not only on the ratio a = M /N, but
also on the total spin number N. It can be easily shown that the inverse temperature Bmicro = 1/Tmicro
scales as Bmicro = o! (1 + b/N), where b is a certain parameter independent of N. Therefore, the
temperature of a finite system, which is determined in the microcanonical ensemble, can be positioned
as a pseudo-intensive quantity [28]], as opposed to the temperature derived with the Gibbs distribution.
We will explore this point further when discussing the numerical results for the system entropy in the
Rényi thermostatistics.
The subsystem temperature defined in the Rényi ensemble can be obtained similarly to (5.7):

aSg\ "
TR = Ton = (ﬁ) =qTZR/ZR, (5.8)
B Kinax q _ 1 _]+1/(q_1)
7R = Z I's(K) {1 - [-J(L-1-2K)- U]}
K=Knin qT

We have omitted the arguments of the entropy function (5.3)) in equation (5.8) and used a denotation
Tpn for the temperature defined in the Rényi ensemble. This is in line with the concept used in [29] to
introduce the “physically measurable” temperature in different parastatistics.

It can be shown by the series expansion of at ¢ = 1 that at small deviations |g— 1| < 1, the Rényi
temperature is expressed via the second (AH?) and the third (AH?) moments of the energy fluctuation,
which should be calculated in the canonical ensemble. The linear term in the expansion disappears due
to the imposed self-consistency condition (AH) = 0, c.f. equation . The second moment (AH?) is
given by . In a similar way, one can derive the expression for the third moment (AH3) and to write
down the approximate expression for the physical temperature as follows:

(G) J
T7dC Jtanh (%) - 2T
Tphqu{1+(q—l)2 E#_C(VG) }:ﬂ{H@-])%L-l)W;Z(l) . (5.9
T

43603-9



V. V. Ignatyuk, A. P. Moina

where we used the heat capacity of the subsystem C‘(,G), expressed [27] via the canonlical internal energy.

dU©)(T)

G)
C,(T) =
y (T) T

J
USN(T) = =J(L - 1) tanh (7) . (5.10)
As it follows from equation (5.9), the corrections to ¢7 vanish at small deviations of the Rényi index

from the unity and for small subsystem sizes L. Besides, the corrections approach zeroas T~! at T — oo

and much faster, as exp (‘TU) T2, atT — 0. Hence, at |¢ — 1| < 1 or at very low or sufficiently high 7,

the physical temperature should be well approximated by the expression T, ~ g7, see also equation
for comparison. The Rényi temperature (5.8) can be considered as a generalization of the widely used
linear dependence T, = T [14] for large deviations of g-index from the unity that occur when the
subsystem is comparable with or even larger than the environment.

Beside the length of the spin chain L and the microstate number K, the Rényi distribution (5.1)
depends also on the Rényi index g and the Lagrange parameter 7. Usually, the value of g is determined
by the choice of the system environment. In particular, in [29] a similar chain of the Ising spins studied
within the Tsallis statistics is assumed to be coupled to a thermal bath of an ideal gas. The index ¢ has
been related to the heat capacity of the bath by an expression like (3.6). However, at the beginning, we
proceed along another pathway, which appears to be more self-consistent and refined in some sense.

5.1. Problem1I

As a basis of further investigation, we consider the following assumption:

At certain values of the parameter T* and Rényi index q*, the physical temperature and the internal
energy coincide with their counterparts calculated in the microcanonical ensemble,

Tph(La q",T") = Tnicro(N, M), (5.11a)
U(L,q",T") =(Es(N,M,L)). (5.11b)

From all possible solutions of equations (5.11), we choose that pair (¢*,T*), which provides the
largest value of the entropy (5.3). In fact, we have a double maximization over the entropy, since initially
we solved the conditional extremum problem for the functional (2.3)) to obtain the explicit expression for
the Rényi distribution at arbitrary g.

The conditions (5.11)) appear to be physically well justified. Indeed, equation (5.1Th) resembles the
condition (28) of [24] imposed on the Rényi temperature to ensure the proper system thermodynamics
in the Rényi statistics. The only difference is that, in our case, we relate the Rényi temperature with
its microcanonical counterpart (5.7) rather than with the canonical one, as it was done in [24]. The
assumption identical to equation (5.1Th) has been also made in [30, [31]], where the classical and quantum
systems governed by the Tsallis and Rényi statistics were considered.

As for equation (5.T1pb), the situation is more subtle. It was shown in [31] that internal energies of
the classical independent harmonic oscillators in the microcanonical and Rényi statistics are identical as
long as the relation Tpn = Ticro is valid. In the case of quantum non-interacting harmonic oscillators,
the same is true at high temperatures. In the general case [30], there is a difference between the internal
energies U and (Eg), which was found to be small if (¢ — 1)N < 1. We shall return to this issue in the
final part of section[5] However, at this stage of investigation, we believe the second equation in (5.T1) to
be quite reasonable too, since we are trying to find out whether the Rényi statistics yield the same values
of the thermodynamic observables as the microcanonical one. If the answer is yes, then we can use the
Rényi statistics to describe the system thermodynamics as a certain alternative to the microcanonical
statistics because both of them use the similar concept of the system/environment finiteness.

From the mathematical point of view, the solutions to the system of equations (5.II) give one
the dependences T*(N, M, L) and ¢*(N, M, L). In other words, at fixed values of N, M and L, the
observables (5.1T) are identical in both ensembles as long as the corresponding Rényi index and Lagrange
parameter T are equal to ¢*(N, M, L) and T*(N, M, L). However, the entropy calculated in the Rényi
and microcanonical (as well as canonical) ensembles will be different, see equations and (5.9). To
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study the entropy dependence on temperature and size of the subsystem is one of our main goals of this
section.

In figure |1} we plot the dependences of the Rényi index ¢* and Rényi entropy S on the number L of
spins in the subsystem at different values of M for N = 200. In all numerical calculations we take the
ferromagnetic J = 1. The function ¢*(L) is either continuous (at M = 2 + 6 that corresponds to low
temperatures) or discontinuous (at M > 8). Obviously, the term “continuity” means a regular behaviour
of the corresponding functions since the argument L is itself discrete. In the former case (top row, M = 4),
something like the 2-nd order entropic phase transition occurs: at a certain value L.y, the entropy starts
to deviate from the straight line, being at that a continuous function of the subsystem size L. Using the
terminology adopted in the recent paper by Tsallis [28]], the Rényi entropy becomes a pseudo-extensive
function of the subsystem size. There is a discrepancy between our results and the reasoning presented in
the cited paper, which needs some explanation. In [28]], the particle number N, the system volume V, and
the system entropy S are imposed to be extensive functions, whereas the thermodynamic potentials are
allowed to be pseudo-extensive. In our case, the internal energy (4.8) is extensive by definition. Hence,
the entropy S is forced to behave in a pseudo-extensive manner[f]

Quite expectedly, at high L — N when ¢ — 0, the curve S(L) approaches the linear extrapolation
of its low L part, and thus the microcanonical distribution of the Ising spins that ensures the extensive
behaviour of the system entropy is restored. Note that this is also true for other values of M, when a
noticeable jump of S(L) occurs at Ly, and we deal with something like the 1-st order entropic phase
transition, which is well-known to be absent in the canonical ensemble. We were pleased to note that
despite the discreteness of our model and the impossibility to perform the continuous limit transition
q — 1 at the point of the above mentioned jump, a difference scheme approximation to the relation

li (BS) 1 - S(Ltrans) - S(Ltrans + 1)
im [ —
q—1

=—-=Cy =~ (5.12)
dq 2 q(Lirans) — q(Lyrans + 1)

holds within the accuracy of a few percent (at least, at low to moderate M; see the discussion below).

This once again indicates that the assumption (5.11)) is reasonable. Here, Lians is the largest L below the

transition point, while Lyapns + 1 is the smallest length above the transition point. The explicit expression

for the heat capacity of the subsystem is obtained from a simple thermodynamic relation

_ d(Es)  d(Es) [dTmico _ (L —=1)[N =2M +2M (N = M)In(M/(N = M))]?
T dTmiero | AM / M ON[N2=2M(N - M)(N +1)]

using the expressions {@.8) and (5.7). The expression for the heat capacity Cyg of the environment is
found from (5.13) with a substitution L — N — L. Note that Cy and Cyg have maxima positioned at
about M /N = 0.08, which within the canonical distribution corresponds to temperature ~ 0.82J [see
equation @.10)].

It can be noted that the values of ¢* coincide with those predicted by below Lyans, €xcept for
the domain of fast oscillations of g*. In its turn, qualitatively reproduces the behaviour of g*(L)
above Ly, With the best quantitative agreement observed for M close to the position of the maximum of
Cyg(M). The differences are to be expected, since we used a completely different method of calculating
g, not based on equations (3.8) or (3.6). Even though expression (3.8)) arises due to the application of the
escort distribution (this can be a subject of a separate study), a direct comparison of our results with the
reference formulae mentioned in section [3]looks quite interesting.

The analysis of the results plotted in figure [I] brings us back to the “option 1 vs. option 2" dilemma,
see page[9] Atlow to moderate M values, option 1 (when the entire macrostate is rejected if at least one
of the parentheses in the distribution (5.1)) is negative) appears much more favourable for the description
of g*(L) of large subsystems, providing a smooth heading of the Rényi index to zero.

At the intermediate values of M ~ 40 + 60, the two options yield identical results for large L.
However, below Ly.ns, there appears a gap in the ¢g* (L) dependence calculated according to option 1,

Cy (5.13)

4There is also a more formal explanation of such a behaviour of the entropy. Proceeding in a strict mathematical way and using
two additional constraints (5.1, one has to re-derive the distribution, which obviously could differ from the Rényi probability (3.T).
Since such a generalized problem of the conditional extremum seems to be unsolvable explicitly, we prefer to use the distribution
instead of the desired but unobtainable “exact” one. The pseudo-extensive behaviour of the entropy can be directly related to this
fact.
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Figure 1. (Colour online) Dependences of the Rényi index ¢* (left) and the Rényi entropy S (right) on
the subsystem size L at different M for N = 200. The red circles and black squares are calculated using
options 1 and 2, respectively (see page EI) The green lines are the ¢* = 1 + 1/Cy g dependences found
from equations and (3.6). Black lines are the extrapolations of the linear dependences S(L) to
large L. The red arrows indicate the entropic phase transitions, where lim,,_,o 85/dn = Cy /2.
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while option 2 ensures the existence of the solutions of in the whole domain of L. This gap grows
with M, and fast oscillations of ¢*(L), calculated according to option 2, emerge below L.y (see the
bottom left-hand part in figure [TI). We attribute this behaviour to the rapid changes in the number of
“unphysical” microstates K with L. It is closely related to the introduced notion of the size effects since
we face a discreteness of K and a finiteness of the subsystem size L. However, no such oscillation is
observed in S(L) (the bottom right figure [I)), since the fast oscillations of ¢* are in the “anti-phase”
with those of the Lagrange multipliers 7" (not shown in the figure), yielding a smooth increase of the
entropy with a noticeable jump at L only. Overall, option 2 seems to be much more reliable [24}29]
for a description of the ¢*(L) behaviour almost everywhere except the domain “small M — large L”.
Nevertheless, we believe that a detailed study of peculiarities dealt with option 1 can also shed additional
light upon the behaviour of the system described by the Rényi/Tsallis parastatistics.

We repeated the above calculations of the Rényi index ¢* and Rényi entropy S for N = 100. Their
dependences on the subsystem size L were found to be analogous to those for N = 200. However, the
subsystem length Ly, at which the jump of the Rényi index occurs, significantly decreases.

In figure 2] we plot the dependences of the Ligns on M for N = 100 and N = 200. They are found to
be approximated quite well by the logarithmic function A + Bln M with A and B being almost exactly
twice larger for N = 200 than for N = 100. In the right-hand panel, Ly are replotted as functions of
Tph = Thicro using the expression : the jump length grows linearly at low temperatures and barely
changes at high temperatures. Unfortunately, no useful analytical results could be obtained for Li,ys; the
numerical calculations suggest that it should be proportional to N.

L L . s .

1504 trans 1501 t:i;-’___ quunn B

100+ 1007

50 M 507 T . /]

micro
T T T | T T T

0 20 40 60 80 4 8 12

Figure 2. (Colour online) Dependences of the transition length Lans on the number of pairs of the
oppositely directed neighbouring spins M or the corresponding Tpicro. calculated using equation (5.7),
for N = 200 (m) and N = 100 (O). Red and blue lines: Lians = A + BIn M with A = 74, B = 44.5 and
A =37, B =23.5, respectively.

In figure [3] we plot the dependence of the Rényi index ¢* on the number of pairs of the oppositely
directed neighbouring spins M at different L. For L = 2, the ¢*(M) dependence is quite smooth. For
L = 120, a noticeable jump of the Rényi index occurs at M = 12, in agreement with the data shown
in figure [2| Nevertheless, for the same L = 120, no irregularity is observed in the dependence of the
Rényi entropy either on M or on T, (figure El]) This result is quite interesting, since it shows that the
conventional phase transitions in the 1D Ising model are absent not only in the limit ¢ — 1 but also at
other values of the Rényi indices.

5.2. Problem II

In the final part of this section, we consider a problem similar to that examined in [29]], where the
thermodynamics of the Ising spins chain was studied within the Tsallis statistics. As it has already been
mentioned, the value of the ¢ index there was uniquely chosen by selection of the environment, which
was composed of the ideal gas molecules interacting with the Ising spins.

Let us take one pair (¢*,T*) of solutions of equations (5.11), which was previously obtained for
some generally arbitrary values M and L. Then we put ¢ = ¢* at all temperatures, whereas the Lagrange
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Figure 3. Dependence of the Rényi index ¢* on M for L = 2 (left-hand) and L = 120 (right-hand).
N = 200. The lines are guides to the eye.
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Figure 4. Dependence of the Rényi entropy on the number of pairs of the oppositely directed neighbouring
spins M (left) and temperature Ty, = Tipicro (right-hand) at constant subsystem length L = 120. N = 200.
The lines are guides to the eye.

parameter 7 is allowed to vary in quite a broad domain. The variation of T means that the number of pairs
of the oppositely directed neighbouring spins M in the entire chain varies too. We find M and the internal
energy U by solving the self-consistency equation @) as well as either the exact equation Ty, = Tiicros
see (5.11h) or its approximation g7 ~ Tpicro. To do that we assume that M could be a real number, and
then we round the found solution to the nearest even integer. This rounded value is used to determine the
boundaries of the domains [ Kpin, Kmax ] of the allowed microstates at each temperature 7. Again, of the
multiple solutions at each given T we choose that solution which corresponds to the largest entropy[|

In figure [5] we plot the dependence of the internal energy of the subsystem on the physical temper-
ature (5.8) for two different L = 80 (left-hand) and L = 180 (right-hand) for N = 200. We choose
M = 30 to fix the pair of solutions (¢*,7*) found for Problem I, namely: ¢*(30,80) = 1.0219,
7+(30,80)/J = 1.1472, and ¢*(30,180) = 0.94418, T*(30,180)/J = 2.3545. As one can see, the
calculated exact dependences quite accurately follow the U(®) (Tpn) curves of the canonical distribution.
It would be also true for the microcanonical ensemble: the internal energy defined by equation (4.8)
differs from that determined by the second equation in only by terms of the order 1/N, which are
quite unessential for a long enough Ising spin chain with N = 200.

However, on a small scale, the dependences of the Rényi internal energies on T, have a discrete
stairway structure with steps and gaps both in U and in Tpy,. This structure is quite apparent for a larger
subsystem (right-hand panel in figure[5] L = 180) and barely discernible and only at very low temperature

5The described algorithm means that we are looking for the values of U that do not differ too much from those obtained using
the microcanonical distribution. In fact, one can apply less strict conditions for the microstates numbers K, just demanding from
them to ensure the positivity of the expression in the parentheses of equation (5.I). Obviously, a comparison of the obtained results
with the observables calculated within the microcanonical ensemble loses its meaning in such a case.
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Figure 5. (Colour online) The temperature dependence of the Rényi internal energy. The calculations
are carried out with constant g = 1.0219 (left) and ¢ = 0.94418 (right); N = 200. The black and red
points are found by using the relations Ty = Tyjcro and g7 = Tipjcro, respectively. The green lines are
the internal energy of the canonical distribution U G =y (L — 1) tanh(J /Typ). The arrows in the inset
indicate the jumps of U. (Only the lowest jump in the inset is discernible, while the magnitudes of two
others are smaller then the size of the symbols).

for a significantly smaller subsystem (left-hand panel and the inset in figure[5] L = 80). The steps become
lower and wider with increasing Tp,. This stairway structure of the U(T,n) dependence is caused by the
discreteness of the system, in particular of the allowed values of M (even integers), K (integers), and of
the boundaries [Kmpin, Kmax| limiting the values of K, all of which change stepwise with the increasing
temperature. The increase of temperature and of M is accompanied by the expansion of the interval
[ Kinin» Kmax| or even to its shift to the right. Physically, it means that more and more microstates are
involved in the formation of the system thermodynamics. This effect is discussed more in detail in the
appendix.

Note also that when the exact relation Ty = Tiicro @) or gT = Thicro 1S used in calculations, the
U(Tyn) of a smaller subsystem (L = 80) is the same (left-hand panel). For a larger subsystem (L = 180,
right-hand panel), such two curves coincide only at moderate to high temperatures, whereas at low
temperatures they apparently deviate from each other. The exact curve follows the line of the internal
energy of the canonical distribution. The big visible gap in the exact U(T}p) curve for L = 180 at about
Tpn ~ J is caused by the absence of solutions for quite a strong requirement T, = Tyicro and probably
does not bear any physical significance; this gap can vanish if one loosens the above requirement.

Ty Ty
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64 64

4 44
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Figure 6. (Colour online) The dependence T, (7). The calculations are carried out with constant g =
1.0219 (left-hand panel) and g = 0.94418 (right-hand panel). The black and red symbols are calculated
by using the exact Tpp = Tinicro and approximate g7" = T, relations, respectively. The blue line is
found from equation (5.9). N = 200.

Some light on the origin of the peculiarities of the presented above U(Tpn) dependences is shed by
the corresponding T, (T') dependences, plotted in figure @ The two U(Tpp) curves in the left-hand panel
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of figure [5| overlap because the corresponding 7,,(T) curves coincide: regardless of the relation used
for calculation of the allowed microstates, Tp, for L = 80 follows the same straight line ¢7'. This agrees
with equation @), according to which T, = ¢T in the first approximation, whereas the next term in the
expansion series is proportional to (1 — g)?(L — 1) and is negligible, when the Rényi index only slightly
deviates from unity.

The situation changes for a larger subsystem, L = 180 (the right-hand panel in figure [6). In this
case, the difference between the chosen value of the Rényi index, g = 0.94418, and unity is greater and
the product (1 — ¢)>(L — 1) is much greater. Nevertheless, the dependence Ton(T) is still linear at very
low and at moderate to high 7', which means that the second term in equation (5.9) becomes negligible
at these temperatures, anyway. The approachment of the limits 7 — 0 and 7 — oo by the calculated
Ton(T) dependence is well approximated by equation (5.9), as indicated by the blue line in figure [6] At
intermediate 7', however, Tph(T) calculated with the exact relation Ty = Tjcro €ssentially deviates both
from the straight line g7 and from the curve, corresponding to equation (5.9). This temperature range
clearly has two domains with different character of the 7, (7') dependence. It is the deviation of T, (T)
from T, = g7 that causes the difference between the corresponding U(Tp,) dependences (the black
and red symbols in figure . Obviously, the difference between the exact T, (T) and calculated from
equation (5.9), means that higher terms in the expansion of equation over ¢ — 1 must be taken into
account, because the quadratic term only included in equation (5.9) is not sufficient at the intermediate
temperatures.

In figure we plot the Tpn(T) and U(Tp,) dependences for a twice smaller entire system, N = 100,
for L = 90 and g = 0.94418, i.e., the same L/N ratio (a twice smaller subsystem) and ¢ as in the
right-hand panels of figures @ Notable is a larger deviation of the calculated U(Tp,) dependence
from the canonical curve, which is totally expected. The exact T,,(T') dependence, on the other hand, is
much better approximated by equation @), as well as it is much closer to the line Ty, = g7, which is
also expected for smaller L at the same value of g. The stairway structure of the shown dependences is
more pronounced, and the step width is increased, as compared to the case N = 200, in agreement with
equation (A.2); see the discussion in appendix.
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Figure 7. (Colour online) The dependences T, (T) and U(Tpp) for N = 100 and L = 90; g = 0.94418.
The symbols and lines are the same as in Figs. [5]and [f]

Worth mentioning is the monotonous dependence of the physical temperature on 7 for the above
considered values of ¢. In [32]], the non-monotonous behaviour Ty (7T) of the 8-level system with an
equidistant discrete spectrum in the Tsallis statistics was observed and attributed to the metastable
states. In our case, no metastable states have been detected, as it is explained in detail in the Appendix.
Interestingly, as preliminary calculations show, the T,,(T) dependence for g, much different from 1,
becomes non-monotonous at low temperatures, but the U (Tph) dependence remains monotonous, and no
metastable states are still detected. We shall address these findings more in detail elsewhere.

6. Conclusions and outlook

In this paper, we study the behaviour of the 1D Ising model in the framework of the Rényi statistics.
We consider the Rényi statistics as a certain alternative to the microcanonical distribution in describing
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the size effects for the subsystem, which is supposed to be comparable with its surroundings or even
greater than the environment.

First, we consider Problem I, based on our assumption that the observables (the internal energy and
the physical temperature) are the same in both statistics. This allowed us to self-consistently calculate the
Rényi index g and to study its evolution from the values slightly greater than unity, when the subsystem
size L is much less the that of the total system N, through the jump of ¢ at the intermediate values of
L, and up to the limit ¢ — 0, when the size of environment is vanishing, and the system is governed by
the microcanonical distribution. A downward jump of the Rényi index at L = L,y iS accompanied by
a notable change of the system entropy, which gives us reasons to associate it with the entropic phase
transition. At the same time, the curve describing the temperature behaviour of the Rényi entropy has
no anomalies, which indicates the absence of conventional phase transitions. The derivative of the Rényi
entropy with respect to the order parameter at 7 — 0 turns out to be proportional to the heat capacity Cy
of the subsystem, as it is expected from the basic thermodynamic relations. The calculated behavior of
the Rényi index ¢ is found to qualitatively agree with the one given by the formulae, which follow from
the simple thermo-fluctuation approach [[14] or more sophisticated statistical methods [[15] and invoke an
inverse heat capacity of the environment.

Problem II considered is dealt with the temperature behaviour of the internal energy. To this end, we
have loosened the first assumption Ug = Upicro made earlier. We use fixed values of the Rényi index
g (which do not substantially differ from the unity), while the allowed microstates are determined from
equation ). We obtain a monotonous temperature behaviour of U(7T,n) with no metastable states
detected. On a small scale, U(Tyn), Tpn(T), and M (T,,p) exhibit stairway structures, which we attribute to
the discreteness of the system spectra, i.e., those are the size effects that disappear in the thermodynamic
limit. These size effects become stronger when the total particle number N decreases, and the difference
between ¢ and unity increases, as the subsystem particle number L increases at N = const.

The approach similar to ours had been adopted in [33]], when a portion of the isotropic XY spin chain
was interpreted as the subsystem, whereas the remaining spins composed the bath. Though the statistics
of the overall system was taken to be Gibbsian (a concept of the superbath was introduced, and the
entire spin chain was immersed in the infinite environment), some thermodynamic anomalies, obviously
caused by the finite bath effects, were observed. It could be interesting to follow this line of investigation,
namely, to loosen the requirement for K, demanding only “unphysical” states avoidance, and to study the
temperature behaviour of the same thermodynamic functions as in [33]].

Another problem worth studying is a generalization of our approach to the two-temperature formalism
by introducing the concept of the system and bath temperatures, see [34] and the references therein.
In the framework of the thermo-fluctuation approach and the related methods [14, [26]], the “system”
temperature 7 is considered to be a random quantity, while the “bath” temperature 7y = ¢7 coincides
with the mean value of the stochastic variable 7. It does not allow one to introduce the mentioned two-
temperature concept reliably. At the same time, within the purely statistical approaches [15] supplemented
by the thermodynamic consideration [16} 135]], the two-temperature formalism becomes quite realistic,
at least, if the heat bath by size and energy content is greater than or comparable to the system under
consideration [34]. However, a concept of the “higher” bath temperature Ty, = g7 at ¢ > 1 cannot be
directly adopted in our case, since the Rényi indices remain greater than unity for large enough subsystems
(up to Lirans, see figure [2)), when the environment length N — Ly becomes smaller than that of the
system. The assumption made on page[I0]should be re-examined if one is going to directly introduce the
two-temperature formalism using, for instance, the exact statistical relations [[15] or the second law of
thermodynamics [34]].

All the above mentioned problems can be the subject of future investigations.

Acknowledgement

The authors are grateful to Prof. A. Rovenchak and Dr. V. Pastukhov from the chair of theoretical
physics of the Ivan Franko National University of Lviv for the interest in this work, encouragement and
stimulating discussions.

43603-17



V. V. Ignatyuk, A. P. Moina

Appendix

As it has been discussed in section [5| the overall stairway structure of the U(Tp,) dependence is
caused by the jumps in the number of the pairs of the oppositely directed neighbouring spins M with
increasing temperature. The qualitative physical picture shows that the jumps occur when this increase
is sufficient to flip yet another spin and create (for ferromagnetic J) two extra such pairs, so that the
next energy level could be populated. Technically, this happens whenever the actual solution M (a real
number) of the system increases through an odd number, say 2n + 1. Just below the jump it is rounded to
the nearest even integer number 2n, and just above the jump to 2n + 2.

M

80

L = 180 (rounded, exact Tph)
® [ =180 (rounded, approx Tph)
40+ L = 80 (rounded, exact Tph)

—— L =180 (as calculated, exact Tph)

canonical
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Figure 8. (Colour online) The temperature dependence of the number M of the pairs of the oppositely
directed neighbouring spins on temperature Ty, calculated for L = 80 and L = 180 with the exact
Toh = Tinicro and approximate g7 = Tipicro €quations, the real number solution as calculated, or rounded
to the nearest even integer, and, finally, obtained from the canonical distribution, equation (A.I). N = 200.

As seen in ﬁgure in contrast to the 7, (7') and U(Tpn) curves, the dependence M (Tyyp) is basically
the same for different L and does not depend on the employed approximation for Tpy,. If one uses the
canonical distribution equation for M, equation (.10)), as a first approximation, then

Mzﬁ(l—tanh[i}). (A.1)
2 Tpn

Here, M is independent of L and is determined by the size of the entire system N, as expected. The
calculated with the Rényi distribution M follows the canonical M (7,y) curve of equation , as seen
in figure[8] The width of a step in the stairway structure of M (and thereby of U) can be estimated as the
change of temperature AT}, required to increase M by 2:

4Tl§h J
ATy, ~ — cosh? [—} ) (A.2)
NJ Ton
According to this, ATy, increases with temperature everywhere, except for the region of very low temper-
atures, Tpn/J < 0.8. The predicted behaviour agrees with the picture in figures both qualitatively and
quantitativly. The step width also decreases with increasing N and tends to zero in the thermodynamic
limit, yielding smooth temperature dependences of M and U.

It should be mentioned that the nature of the observed in figures 5] [§|stairway structures is completely
different from that of the steps depicted in figure 2 of [29], where they appeared due to the application
of “the Maxwell’s law of areas” when dealing with the metastable states. Besides, the steps of U(7Tph) in
the cited paper become less wide as temperature increases.

At least for the considered values of L, N, and ¢, we do not observe the metastable states like in [29].
Even when the system of equations (5.4), (5.11h) has multiple solutions with different M at the same
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value of T, these solutions, when plotted as functions of T,p,, do not overlap. Moreover, there exist gaps
in the allowed values of Tp,;,. The gaps are to be expected, since T, given by equation is a function
of M via Kpin and Kmax, and these increase stepwise. This behaviour is illustrated in figure [9] for the
vicinity of one of the jumps in U. Note that among these multiple solutions, the one with the largest M
always corresponds to the largest entropy and is adopted. A jump between the adopted solutions (shown
in red), as well as the gap in the values of Ty, are clearly seen in the figures.

u/j u/ij
110+ -110+ -
-120 -120 -
130 -130 -
- T /]
-140 : = 1405 : : —
2.360 2.365 2.370 T/J 09 10 11 12 13 14

Figure 9. (Colour online) The temperature dependences of solutions (5.4), (5.11h) for the Rényi internal
energy. The calculations are carried out with g = 0.94418, using the exact relation Tpp = Tiyjcro for
L =180, N = 200. The black points represent all the found solutions, while the red ones are the adopted
solutions, which correspond to the largest entropy.
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Mogenb IsiHra y cratuctuui PeHi: epekTu cKiHUeHHOro po3mipy

B. B. IrHaTPOIm, A. . Moina®

L IHCTUTYT i3nKM KoHAeHcoBaHMX cnctem HAH Ykpainu, Byn. CeeHuiupbkoro, 1, 79011 JibBiB, YkpaiHa
2 JlbBiBCLKMi HaLioHanbHWA yHiBepcuTeT iM. IBaHa PpaHka, By/. YHiBepcuTeTcbka, 1, 79007 J1bBiB, YkpaiHa

OCHOBHi 3acaAun CTaTUCTUKM PeHi 3aCTOCOBaHO A5 onuncy epekTiB CKiIHYEHOro po3mipy y OAHOMIPHI Moaeni
I3iHra. BHyTpilWHA eHepria Ta TemnepaTypa CUCTeMX pO3paxoBaHa 3 BMKOPUCTaHHAM po3noginy PeHi Ta BBa-
XatoTbCA PIBHUMMW aHaNOMYHNM BeNNYNHAM, 0B6UYNCAEHNM Y MIKPOKaHOHIYOMY aHcambni. Lie go3sonsie camo-
Y3roZpkeHO po3paxyBaTi iHAekc PeHi g Ta napameTp JlarpaHxa 7, noB'a3atu ix 3 ¢pi3MyHO croctepexyBaHoO
Temnepatypoto Tpp i nokasatu, LLO y LUMPOKOMY Aiana3oHi TeMMepaTyp y CUCTeMi MOXUINBI EHTPONIiHI Ga3oBi
nepexogm. TakoxX AOCNiAKEHO TeMnepaTypHY 3aleXHiCTb BHYTPILLHbOT eHeprii U(Tph) npu ¢ikcoBaHOMy ¢ Ta
BM/IMB edeKTiB CKIHYEeHOro po3mipy Ha TepMOANHaMIKY CUCTEMN.

KnrouoBi cnoBa: cratuctuka PeHi, MikpokaHOHIYHWUI aHCamb/1b, eHTPOMiViHi pa3oBi nepexohu, Mojgenn I3iHra
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