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Abstract

In this thesis we develop the ideas introduced by V.P. Maslov in [9], [10] and
[11], the new limit theorem which leads to Bose-Einstein, Maxwell-Boltzmann
Statistics and Zipf-Mandelbrot Law. We independently constructed the proof for
the theorem, based on Statistical Mechanics methodology, but with precise and
rigorous estimates and rate of convergence. The proof involves approximation of
the considered entropy, the partition function and specific Laplace type integral
approximation which we had to develop specifically for this result. The proof
also involved several minor estimates and approximations that are included in
the work and the mathematical preliminaries which we used are attached in the
appendix. In addition, we provide a step by step introduction to the underlying
mathematical setting. Within the theorem we separated two cases of resulting
distribution, this separation was mentioned in [11] however it was not developed
further in that paper. The first case gives known distributions which are in the
thesis title. Additionally, we construct two new fluctuation theorems with proof
based on the proof of the main theorem. In terms of the application, we found
that developed theory can be applied in the field of Econophysics. Based on the
paper by F.Kusmartsev [16], we inferred that presented three distribution may
correspond to the state of the economy of particular countries. Unified underlying

framework might reflect the fact that these economies have one common structure.
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Introduction

The main purpose of this thesis is to present new mathematical results related
to Physics and indicate some possible applications within various scientific disci-
plines. As the title states, these new results are the limit theorems. The branch of
Mathematics which deals with limit theorems is Probability Theory, hence these
are probabilistic results. Further, as stated in the title, the outcomes of limit theo-
rems, Bose-Einstein and Maxwell-Boltzmann statistics, are common distributions
in the major field of Physics, Statistical Mechanics. The Zipf-Madlebort Law,
which is the third outcome of the theorems, is a power law widely occurring in
the Science of Complex Systems. Hence, to be more precise, this thesis is about a
new result of Probability Theory related to Statistical Mechanics and Complexity
Science.

In this introduction we provide an extensive background for the theorems.
We include a broad literature review of the existing ideas of where the theo-
rem originated from. We provide a short historical background of the fields and
branches in which the theorems have fundaments. What is more, we describe in
detail the particular results which are common and occur in this thesis. We also
include a depiction of their development on the historical timeline. The last part
of the introduction is an outline of the structure of the whole thesis.

The introduction chapter is structured into four sections. The first section
is about the origin of the idea of the theorems. It is mostly a review of several
papers by Prof. V.P. Maslov which seeded this idea and a short introduction of the
author. The next section is about Statistical Physics. We provide historical outline
of this field, we underline the significance of Thermodynamics in its development
and other important historical facts and scientific achievements. We include a
brief history of Bose-Einstain and Maxwell-Boltzmann statistics, together with
their derivations, and which are common to physicists. The third section concerns

Complexity Science. We begin with a little history of how this discipline evolved



over time. Then we explain the emergence of power laws, in particular the Zipf-
Mandelbrot Law. We will give the vast examples of power law systems to underline
its significance in the real world. In the last section, the full outline of the thesis
will be provided. We shortly describe the chapters which the thesis consist of and

include some interplay between these chapters too.

1.1 Inspiration from the work of Prof. V.P. Maslov,

Literature review

Viktor Pavlovich Maslov is a Professor at Lomonosov Moscow State University.
He is a specialist in the field of mathematical physics but his research spreads
over various branches of mathematical and natural sciences, particularly quantum
theory, asymptotic analysis, operator theory and nanotechnology.

He has gained recognition as a scientist who has a grasp in uncovering mathemat-
ics behind various phenomena from physics and other natural sciences.

An example here can be his development of the first formal mathematical de-
scription of a nanostructure, which resulted in the introducing of an object called
Lagrangian submanifold. V.P. Maslov is also known for the introduction of a
Maslov index.

A peer-review journal Mathematical Notes, which is a translation of Matematich-
eskie Zametki, is the main mathematical journal of the Russian Academy of Sci-
ence. Prof. V.P. Maslov is its editor-in-chief and there he publishes some of his
findings. Among many branches of mathematics, one can find works published
in number theory, functional analysis, topology, probability, operator and group
theory, asymptotic and approximation methods spectral theory and other fields.
Most of the publications which are fundamental for our work were released in this
journal. For more information about V.P.Maslov see [6].

Here we will review four of his papers. The first paper 'Nonlinear averaging
axioms in financial mathematics and stock price dynamics’, provided some back-
ground to the nonlinear averages introduced by Maslov in economics and their
connection to Statistical Mechanics. Then, in 'Nonlinear averaging in Economics’
an extension of this nonlinear average to a more general context than economics is
provided and a more explicit connection with statistical physics is given. The con-
vergence of nonlinear average to Bose-Einstein statistics is also introduced. These

findings are placed in the form of the limit theorem with drafts of the proof.



Finally in the third paper ’On a General Theorem of Set theory leading to the
Gibbs, Bose-Einstain and Pareto Distributions as well as to the Zipf-Mandelbrot
Law for the Stock Market’ the nonlinear average is further generalised. This gen-
eralisation is of a mathematical nature. Instead of convergence to one statistics,
i.e. Bose-Einstein, we have convergence to three, two others are Gibbs type and
Pareto distribution. Obtaining one of three averages is determined by choice of
some parameter. Our work is an extension and development of the findings of
this paper. In the last paper of V.P.Maslov that we review, ’On Zipf’s Law and
Rank Distributions in Linguistics and Semiotics’, he first underlines the signifi-
cance of Zipf Law, recalls its origins and then introduces a new framework for how
to model various systems with Zipf related laws. For us this paper was signifi-
cant as it showed the generality of Zipf Law and related distributions in nature.
Given that in previous paper the mathematical derivation of Zipf Law was given,

exploring those various system modelled by Zipf Law was even more inspiring.

Review of Nonlinear averaging aximos in financial mathematics and

stock price dynamics

First we consider the paper 'Nonlinear averaging axioms in financial mathemat-
ics and stock price dynamics’ [10]. The author begins with an introduction to
the certain type of nonlinear average and supports the fact of nonlinearity with
two examples. In calculating the individual 'natural’ capital, one has to consider
many factors. One common way is to consider a credit which can be given to
particular individuals and this depends on many factors. These factors can be
regular income, employment status, age, number of dependencies , credit history
and others. Obviously, the person’s capital is not a linear dependence of possessed
money and income.

Another example of nonlinear averaging occuring naturally is the stockholder’s
ability to influence the company, i.e. 51 percent of stock gives the right to decide
50 not. We see that the percentage of stocks possessed is not a linear dependence
with ability to influence the company.

Further, the axioms of nonlinear averaging are introduced. He considers the



avarage of the form

where f is come convex function, «; are weight factors and y is a nonlinear average
of the incomes z;.
Additionally the income z; is composed of the incomes from G assets, each corre-
sponding to outcomes \; and quantity of money N;. We also have that Z]G:1 N; =
N and N is the total amount of money invested.
Furthermore the ’degenerations’ are included, i.e. there are (G; same outcome Ay
over which capital is redistributed and also G2 of Ao, and so on. Hence x; are
equal

xz—)\lzN + Ao Z Nj,

j=G1+1

for two different outcomes A1, A2 only.

The axioms from the paper are the following

e Axiom 1 states that when there is only one income x; then average simply

becomes this income.

Axiom 2 restricts that the coefficients o; are independent of A;.

Axiom 3 defines that two notes of money are indistinguishable.

Axiom 4 states if we add some value w to all A\; then income z; will increase

by the same value Nw.

The author applies these axioms to calculate the function f and weights «;, this

leads to the financial averaging formula’ for two outcomes A; and Ao

ll <(( —1'N"Z G1+N1—1) (G2+N2—1)!

V= ﬁ © N+ G Gl —1 |N1 (G2 o 1)|N2| exp (ﬂ(>\1]\71‘i‘)\2]\72))>7

(1.1)

where

(G — 1)!N! (G1 + Ny — 1)! (GQ + Ny — 1)!
(N-i—G—l)! (G1 — 1)IVvy! (GQ—I)!NQ!

Qj = N1 =
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and No = N — N1, Go =G — G;.

It turns out that Axiom 3 about the indistinguishability of notes corresponds
to assumptions about bosons in the Bose-Einstein statistics and the coefficients
«; correspond to a number of possible redistributions of N7 boson particles over
energy level with (G; degenerations and Ny bosons over GGo degenerations.

What is more, the exponent function f and constant S correspond to the Gibbs
factor.

As an example of such averaging, Prof. Maslov considers two groups of financial
institutions. The first group gives return A\; and there are GGy institutions in this
group. The second provides outcome Ay and there are G of them. Additionally,
money deposited in the first group is subject to taxation proportional to the square
of money deposited, while depositors of the second group get a subsidy which is
also proportional to the square of money put in the second group institutions.

Hence the income z; is equal

ViINE  VoN2

i = M N1+ AaNg — oN + oN

where V1, V5 are constants corresponding to taxation and subsidy, and N; is money
put in the first group and Ny into second. The value of Ny can be expressed via
Ny, i.e. Ny = N—Nj, then the 'financial averaging formula’ (1.1) can be expressed
as
1 N
y=—In ( Z exp(F(Nl))> (1.2)
B N1=0

where F'(N7) has from

2 _ 2 _ | | —_ |
ViN{ n VQ(N Nl) )_ . (n 1).N. tn (G1+N1 1).
2N 2N (N+n—1)! (Gl—l)!N1!
(G—Gi+N— N —1)!
(G =G — DN =N

F(Nl) :B()\lNl + )\Q(N — Nl) —

+In

Further, the author approximates F'(N1) ~ N f(x) where z = % as N — oo with
assumptions
G

lim —1 =
NgnooN gl>07

Go
1' —_— =
im g2 >0,

N—oo



and obtains
1 N
Yy = Eln < Z exp(Nf(a:))),
Nz=0

Next the author uses method similar to Laplace approximation to find values of
x which is a biggest weight in the average, i.e. maximum of f(x) for large values
of N.

The main conclusion of the paper is that finding several points of such maximum

depend on the values of the parameter j3.

Review of Nonlinear averaging in Economics

The second paper of V.P.Maslov we review is ’Nonlinear averaging in Economics’,
[9]. Here the author recalls the four Kolmogorov nonlinear averaging axioms. The
class of functions which are obtained as a result of those axioms contains the
function which was specified in nonlinear financial averaging from the previous
paper. Then the fifth axiom is added and as a consequence, the class function is
restricted to a function exactly the same as the one which comes from the Axioms
of averaging in economy.

Further, the nonlinear average is introduced for the general case. There are n
different prices and to each one corresponds number of financial instrument G;
having the price A;. The number of different possibilities the buyer can spend N;

amount of money in G; number of instruments is given by the formula

(Ni + G; — 1)!
i(N;) = —F=———
N = TN )
Then N = (N1, No,...,Np,) is a set corresponding to a particular allocation of

money N , where > | N; = N. The number of different possibilities how such

allocation can be done is equal

The expenditure for some particular allocation N is given by
n
i

6



and finally the nonlinear averaging for the general case is specified as

1
y:—ln< Z*y ) exp(— (N))>
N+G-1)!
B \( !
where the sum is over all possible sets A" denoted as {N} such that Y " | N; = N
and also Y ' | G; = G.
Bought assets are additionally put into m groups with the index «, where the

particular group has assets starting from the index i, and ending on j,, hence
iagjou ia+1:ja+17a:17"'7m7 ’il:l,jm:n,
then we have also following
Ja Ja
Goz:zgi7 Nazzki-
i=iq i=ia

As the author is interested in the behaviour of the average in the limit as NV — oo
he makes assumptions on how the number of instruments increase as available

money increases, i.e.

1i &~
Ngnoo N 9>
m
| — =ga >0 =g
Ngnoo N Ga > U, 9o = 9,
a=1
lim —% =7 > 0, _

Further, he claims that the average number of money put in certain groups is

equal to
Jo

No(B,N) = Z exp(B(Ai +v)) — 1

1=tq

which corresponds to the number of particles on energy levels with energies \; and
the number of level degenerations g; in Bose-Einstein statistics.

The parameter v is specified by the equation

G;
N=2 B




and he introduces function I'(5, N)

T(8,N) =Y ~v(N)exp(—Bz(N)) (1.3)
{N}

Now we recall the main result of the paper, the limit theorem

Theorem 1. Let A = aN3/4t9 where a and § < 1/3 are some positive constants.

Then for any € > 0, the following relation holds as N — oo

1
TGN 2. YN exp(—B(N) =
I (Na (W)= Na(8,N))22A

B (1- 6)a2Nl/2+25
_O<exp ( 25d ’

where the summation is over the collection of the sets {N} such that condition

S (No(N) = No(B,N))? > A is satisfied and d is defined as

a=1

 ep(=B0y + 1)
(exp(=B(\1 +v) —1)%’

d— exp(—B(An + 1))
(exp(=B(An +v) — 1)

for 5 <0,

5, for 8> 0.

This can be put in the context of finance as the contribution to average expenditure
which is the square difference from N, (8, N) by more than value O(N3/4+9) is of

exponentially small value for a sufficient large V.

The author provides draft of the proof of that theorem. It is a mixture of

some methods from statistical physics and asymptotic analysis.

Review of On a General Theorem of Set theory leading to the Gibbs,
Bose-Einstain and Pareto Distributions as well as to the Zipf-Mandelbrot
Law for the Stock Market

Next, we review the paper ’On a General Theorem of Set theory leading to the
Gibbs, Bose-Einstein and Pareto Distributions as well as to the Zipf-Mandelbrot
Law for the Stock Market’, [11]. The nonlinear average here is put in the broader
context of sets. This time, instead of average expenditure we have a set of integers

{N1,Ng,...,N,}, which are nonlinear average integers in the collection of the set



{N} such that N' = (N1, Na, ..., Np,) and > | N; = N for some integrer N.

Now, let us consider the parameter s given as a limit

. InN
lim —— = s,

which is a quotient of the sum of the integers ) ;' ; N; = N and the number
of this integres itself. Depending on this parameter the author claims that the
average integers N;,i = 1,...,m in the limit N — oo are different depending on

the parameter s

1) N;= e Phima for s > 1,
— 1
Q)Nl:m, forszl,
— 1
3) N; = , for 0 < s <1,
) N; i a or s
for ¢ = 1,..., m where the parameters o and [ are related to N and some param-

eter ¥ by the conditions

f:m =N, zn:AZWi = F.
=1 =1

Then he considers the collection of all sets {N} and denote it by M. Further he
considers the subset A C M such that

A= {{N},g (M=) < A},

where
A=+VNh'/?teN for s > 1,
A = /nhn'/?**n for s =1,
Azj}lnl/z‘“n for 0 < s <1,
n

is called a resolving power and we have the following theorem



Theorem 2. As N — oo the following inequality holds

Nm(M\A) _C  C

NmM) =n TN (14)

where C is some constant and N'm denotes the number of elements in the sets

M\ A and M.

In other words, the theorem states that the contribution of the sets that
differs by more than delta from the given average set is decreasing as N — oo as
1/N and 1/n.

Note, that th eabove theorem is similar to one from the previous paper, but there
the author considered only the second case of the average and the contribution
was exponentially small instead of 1/N and 1/n.

Prof. Malsov includes the draft of the proof of that theorem in this paper. He
uses there methods form analysis, asymptotic theory and statistical mechanics.
Throughout the paper the author connects the averages of the theorem with known
distributions. The first one relates to Gibbs type distribution, second is Bose-

Einstein statistics and the last one Pareto Distribution or Zipf-Mandlebrot Law.

On Zipf’s Law and Rank Distributions in Linguistics and Semiotics

The last paper which we review is ’On Zipf’s Law and Rank Distributions in Lin-
guistics and Semiotics’ [12]. In the beginning of this paper, the author introduces
Zipf’s Law. Taking a particular book, if one counts the occurring words in the
text, takes the frequencies for occurrence of each one and orders them in descend-
ing order then one will get the relation which will be close to Zipf Law. The
distance from the exact Zipf Law will vary from text to text, but for some it will
be exactly Zipf.

Some mathematicians and linguists saw, through computing and the development
of ’frequency dictionaries’ the possibility of creating an algorithm to distinguish
authorship.

However, V.P.Maslov is of the opinion that this situation with the frequency of
words is not that simple. He claims that the factual frequency of particular words
is actually higher than what one can count. One of the reasons is writing style,
some words are omitted, some replaced, some are substituted as certain styles by

default require that. Sometimes it may be because of shortcuts used in the style or

10
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Figure 1.1: Zipf Law for the first volume of Leo Tolstoy’s "War and Peace’

meaning behind certain phrases, which might be much bigger than crude words.

For a word Prof. Maslov defines this virtual frequency as

w; = wi(1+ aw)),

where a and v are some parameters supposedly common to one text.

The main concept introduced in this paper is to extend the use of frequency dic-
tionaries from just text to a more general context, which would be a sign system.
Signs are of the interest of the discipline known as semiotics. In this general con-
text, distinct words occurring in the book is a sign, its frequency is this signs
cardinality and corresponding virtual frequency, virtual cardinality. The author
gives various examples of the sign system, a book in the library with a given title,
where the book database is a sign dictionary. Then the book requested in the
database is a real cardinality, but if one adds book usages by colleagues, relatives
this would be a virtual cardinality. Another example of sign could be a city. The
number of people living in the city, the number from the census is a real cardi-
nality but the number of people currently staying in the city, tourists, visitors of
family, business visitors etc. is a virtual cardinality.

The example explored in more detail by the author is the prices of car brands,
where the car brand is a sign and the car price is a cardinality. Then the virtual
cardinality includes, with the exception of the original car price, many other ex-

penses like insurance, gas, services and taxes.

11
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Figure 1.2: Model fit of car brands prices on American market

The next example is Japanese candles, i.e. a day to day changes of the asset
prices, in the given example of some stock. The signs are the Japanese candles of
particular size and the real frequency their amount. The virtual cardinality can
correspond to the deal outside the stock exchange, by brokers themselves or other

networks.
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Figure 1.3: Japanese candles of the stock
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1.2 Statistical Physics: Bose-Einstein and Maxwell-

Boltzman statistics

This introduction is a compilation of relevant information from two books [5] and
[17].

Statistical mechanics, in general, is about the systems of very many par-
ticles. Such system can be studied from two points of view: microscopic, “small
scale”, which is roughly the size of single atom or molecule, usually of the order
10A and macroscopic, “large scale”, where system is visible in the ordinary sense
and it is of a size greater than 1 micron.

In the beginning, the “physical”homogeneous systems, such as liquids,
gases or solids, have been investigated only from the macroscopic point of view, as
the atomic nature of matter has not yet been well understood. Such description is
based on the quantities which describe system as whole, macroscopic quantities.
These quantities are related by the number of laws and together form a physics
branch called ‘thermodynamics”. This theory was developed in consistent form
by Clausius and Lord Kelvin in around 1850, and further extended by J.W. Gibbs
in around 1877.

Significant progress in the understanding of matter on the microscopic level
in the first half of the last century resulted in the development of quantum me-
chanics. Such development gave us the possibility to fully describe particles and
the interaction between them on the microscopic scale.

Two theories, thermodynamics and quantum mechanics opened the way to
form the theory which relates micro with macroscopic level. Statistical mechanics
has emerged from their unification. It yields all the laws of thermodynamics plus a
large number of relations connecting macroscopic quantities with the microscopic

parameters.

1.2.1 Physical system under consideration, ideal mono-atomic gas
in the equilibrium

Statistical mechanics is a broad field of physics, in the sense that it yields the
results for the distinct systems consisting of variety of molecules in various states.
However, one of the most common studied “class” of systems are the so-called ideal

gases. Note that for ideal gases the type of molecules can vary, this can be mono or

13



multi-atomic particles, bosons, fermions, helium, etc. Obviously this implies dif-
ferences in the obtained results. Considered systems can “change significantly”in
time, be time-dependent, i.e. non-equilibrium, or remain “stable”, be in equilib-
rium. There is a different approach to obtaining results for systems which are
in equilibrium and those which are non-equilibrium. Moreover, system state can
vary, which can be measured by the macroscopic and microscopic quantities. De-
pending on the state of the system we might use classical or quantum mechanics
to perform calculations. We will focus our attention on the model of ideal gas of
single atom in equilibrium. Next, we will explain the above assumptions in details.

The state of the system can be described by the macro and microscopic
quantities. For the gas the quantities which describe it as whole , i.e. macroscop-

ically, are:
e Volume V,
e Energy FE,
e Number of particles IV,

e Entropy S = klog() where ) are systems accessible states and k is called

Boltzmann constant,

e Temperature T', which represents the relative change energy when we change

the entropy of system,
_0F

T=—.
oS

The microscopic quantities are those which specify the states of single particles.
In case of the ideal gas those are the vectors of the position r; and momentum
p;, for i-th particle. Note that several other microscopic quantities can be derived
from those basic ones, for example speed. The number of particles which have
certain speed in system is also of microscopic quantity. To obtain such a quantity
one would require the information about all particles momentum.

Generally, gases behave as an ideal gas only under certain conditions. Phys-
ically, this situation occurs when the concentration of the molecules is sufficiently
small. However, speaking more rigorously, the potential energy, interactions, be-
tween particles have to be of negligible size. The following example illustrates this

situation.

14



Let us consider the gas of the N molecules confined in the container of the volume

V. The total energy of this system can be written as:
E=K+U+ Ein,

where K denotes the kinetic energy of the molecules. If the momentum of i-th

molecule is given by the vector p; then K is equal to:

N
1
K(pl7p2a'°'7pN):2m E pz27
=1

where m is the mass of the single molecule. The quantity U = U(ry,72,...,7N)
represents the potential energy of the mutual interaction of the particles and de-
pends on the centre-of-mass positions of the molecules r;. The term Ej,; is energy
of the intermolecular interaction, which for the mono atomic gases F;,; = 0. We
call a gas an ideal if the potential energy of the interactions is negligibly small, i.e.
U ~ 0. This usually can be achieved by increasing average distance between the
molecules so that the collisions are relatively rare. Obviously, this can be achieved
by, for example, decreasing the concentration of molecules N/V.

When we consider all possible configurations, i.e. microscopic states, as
separate systems, those instances form so-called statistical ensemble. The aim
of defining ensemble is to represent the probability of some systems while their
macroscopic parameters have certain values. This implies that only the fraction
of systems in ensemble will have this parameter of that specified value. We as-
sume that, while system is in equilibrium, all configurations occur with the same
probability, i.e. there is nothing special in any configuration to distinguish its
occurrence. This is known in statistical mechanics as basic statistical postulate.
We consider only the case of system in equilibrium, therefore this postulate will
be valid.

It is important to mention that, on the microscopic level the system is
governed by the laws of quantum mechanics. However, under some special cir-
cumstances for the large number of cases it obeys the laws of classical mechanics.
The simplification to classical description has some significant consequences in
computations. The essence of difference between classical and quantum descrip-
tion lies in the particles distinguishability. In other words, the number of systems

in ensemble can be altered due to the distinguishability of particles. For exam-
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ple, if we interchange two particles and such change will result in obtaining two
different states, then we deal with distinguishable particles. This occurs only in
classical mechanics approximation. In quantum case the particles are considered
as identical and therefore indistinguishable. Moreover, due to quantum mechani-
cal results, we have two types of the identical particles: bosons and fermions. The
difference between them is in the restriction of number of the particles which can
have single energy value, i.e. occur on a single energy level. For fermions, only
one particle in a single state is allowed, while there is no restriction for bosons.
The difference is of significance while counting the number of constrained systems
accessible states. Technically we can check whether we should use the classical ap-
proach. This can be done by measuring some macroscopic quantities and checking

if the following condition holds

Wl

(%) > 7o
N 3mkT
We can infer if we can use classical mechanics when the concentration of molecules

N/V is relatively small, temperature 7' and mass of molecule m are sufficiently
high.

1.2.2 Derivation of Bose-Einstein and Maxwell-Boltzmann statis-
tics

Both, Maxwell-Boltzmann and Bose-Einstein statistics give answers to the follow-
ing question: how particles are distributed over the spectrum of available energies
in the system, on average. Corresponding to our general overview of statistical
mechanics, having the values of some macroscopic quantities, measurement, in
our case fixed energy and the number of particles, we draw conclusions about
system on the microscopic level. The difference between two statistics is in the
distinguishability of particles, i.e. if we interchange two particles on two levels for
Maxwell-Boltzmann this will count as two micro states but for Bose-Einstein this
will be the same state, as essentially the number of particles on the energy levels
didn’t change.

In the literature there are two ways of deriving those statistics, the method

of averages which is based on the grand canonical ensemble and the second, based
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on the entropy maximization, the method of most probable values.

Method of averages

The name of this method is related to the final result which is the average number
of particles in strict sense. The general formula for the average number of particles

N, having the energy &;

> NiQE:,N,)
P = ’“ZQ(E ) => NiP.(E, N,),

where summation is over all distinguishable states r for all energy F, and number

of particles N,

i N; = N,
=1

m

) &N =E,
=1

and Q(FE,, N,) is the number of accessible states for given F, and N,. Each state

r corresponds to the particular vector of number of particles (N1, Na, ..., Ny,).
Next step is to approximate the probability P,(E,, N,). However, to do

that we first have to introduce the concept of reservoir.

Let us consider the situation when our system, denoted by A, is in contact with

hypothetical heat and particle reservoir A’. Both systems A + A’ = A© are

isolated, i.e. do not exchange heat or particles with outside, only between each

other. The total energy and particles are given by:

E + E' = E© = constant,

N + N’ = N© = constant,
where N, E are the particles and energy of our considered system, while £’ and
N’ are of the reservoir. The system A’ is called reservoir because we assume that

its energy and the total number of particles change insignificantly after contact

with the considered system A, i.e. A’ is much bigger than A. Which also means
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that E£(© > E, and N(© > N, and we have the approximation

8QQ,E < 879/
" OFE

et (1.5)

Then the probability P,(E,, N,) can be well approximated by considering
the combined system A(®) instead of just A. Let Q/(E’, N') denote the number of
states accessible, i.e. entropy, of the reservoir A’ while A is in one of the definite
states 7 with NV, particles and energy E,. For that case the number of accessible
states for the combined system A(®) is just a number of states accessible for the
reservoir S'(E©) — E, N©) — N,) while the total amount of states accessible for
A is Q@(EC©) N©). The “starting”idea of the method is the equivalence of
probability between finding A in state r and finding A(® in fraction of states that
Ais in 7 and A’ is one of the §'(E©) — E,,N(® — N,). It can be expressed in

formula:

QY (EC —E,, N© —N,)
Q) (E(©), N(©)

Pr(Ery NT) -

We simplify the above formula by “extracting ”the dependency of E, and N, from

S’. The procedure is following. We first represent S’ in terms of Taylor expansion

Oln Q’]
OF' F—=F(0)

Ny + ...,

(B - B, N© — N,) =In (B, N©)) - { E,—

B {3ln Q’]
IN' | v o

where higher terms are neglected due to conditions (1.5).

The appearing derivatives are denoted

\ = [81115’} L [c‘NnS/]
OFE' E’:E(O)’ ON' N’:N(O).

Then we exponentiate both sides
Q/(EO _ ET’7 NO . N’I‘) ~ Q/(EO, NO)ef)\Erfl/NT7

and our probability is given by

Q,(E(O)7N(o)) —A\E,.—vN,
Pr(EraNr) - Q(o)(E(O),N(O))e .
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Such class of probability distributions is called “grand canonical” distribution. The
first part of the expression on the right side is independent of the particular state r
and can be calculated from the normalization condition ) P, = 1 and eventually

we have
6_>\Er —vN,

B Z o~ AEr—vN; '
T

Now, going back to our microscopic quantity - the average number of particles on

Pr(Erv Nr)

some energy level is given by the expression

Z Nie_)\E"'_VNT
- 1 0z

N; = =————, 1.
Z o~ AEr—vN; AZ Og; (1.6)

where two constant A and v are unknown and Z is called grand partition function

Z - Z e—)\Er—I/NT
r

The grand partition function is altered for Maxwell-Boltzmann statistics

and is given by

and we have to add Gibbs correction factor to the exponent. Further we consider
the “degeneration”of the energy level. For each N; particles on the level with
energy ¢; we can additionally redistribute them on the over the G; sub-levels.
Physically, this corresponds to the fact that some energy levels in the system are
very close to one another and that is why they can be grouped as one. Due to
this degenerations, the grand partition function is altered for both statistics and

we provide the details separately for each statistics.

1. Maxwell-Boltzmann statistics
Here the additional factor for the grand partition factor is due to the distin-

guishability of particles and level degeneration and is given by

m Gﬁvi
WMpM.B. = | | ’
N;!
i=1 "¢

Hence the grand partition function is

M N;
Zup =3 [[ oo M
. . ' .

— N;!
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Next we transform it

ZH GN o ME—UN; _ Z Z 1 H ( Asz—u> i
roi=1 =0 N1+ Na+.4 Ny = N' Nl'NZ NiINoL . Nyl 7

and using the multinomial theorem

N;

m
N _ X
(:Cl—i-afg—i-...—i-l'm) = E N'H]\Z”
=1

Ni1+No+...4+Npy=N

we get

Z 1 N! ﬁ Ge*/\aifu i i 1 iGefx\aifV N
Z NN N ,_1< i ) :N_ON!(,_1 ' ) ’

=0 N1+No+...4+Np=

where the outcome expression is a series representation of the exponent,

hence the grand partiton function for Maxwell-Boltzmann statistics is

m
Zr.B. = exp (Z Gie)‘siy) ,

i=1

and we calculate the statistics itself from formula (1.6)
Ni = Gie_/\si_y.

Regarding the parameters A and v, for system with sufficiently large num-
bers of particles, the number of accessible states 1/ e MEr—vNr g rapidly
increasing function of E' and N’, on the other hand e *#r—¥Nr ig rapidly de-
creasing. In that situation the function e AEr=vNr /5™ e=AE-=vNe wwhich is
our probability (1.2.2), experience very sharp maximum for some unknown
values A and v. This sharp peak occurs for the related values E, = E and
N, = N. For other values E, and N, the probabilities P.(E,, N,) ~ 0. We
determine A and v by fixing quantities £ and N obtained, possibly, by some
macroscopic measurement. The probability of finding system in E and N
is incomparably higher as for those values there was a sharp peak. Hence

we can assume that F and N are also average values, namely F = E and
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N = N. Then we can calculate the parameters from the two equations

m
Enl —A€;—v
E = E eiGie TV,

=1

m
N=S Gea,
i=1

2. Bose-Einstein statistics
In this case alteration of grand partition function is due to the sublevels G;.
We can express it in terms of combinatoric formula. A number of possibilities

of redistributing /N7 indistinguishable particles over G; sublevels is given

ﬁ(N<+G —1)!

= 1.
and then
m(N‘ﬁLG'*l) “AE,—vN,
Z — r—VINp
which can be simplified by using generalised geometric series formula
1 /n+s—1 n
()
hence we have
i Wi+ G =D _eiym i (No+Go = D! _pevne)
N I(G1 = 1)! Nol(Gg —1)!

No=0

G1 1 Gi
< —e )\61 l/> (1_6)\621/) _H( —e )\es V) ’

and from (1.6) we get the Bose-Einstein statistics

L €>‘5i+l’ _ 1

Here, similar to the situation for the Maxwell-Boltzmann statistics, we cal-
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culate the statistics from the two equations

m

E=) czam 1
=1
m

_ Gy

N = ;eksﬁ—v —
1=

Method of most probable values

In this method we consider explicit function of number of accessible micro states
in the system, the entropy, and we find the most probable micro state and assume
this is the average state. We are given constraint for the number of particles and

energy

Y N;=N, (1.8)
i=1

m

Z e;N;, = E.
=1

The number of accessible states to the system is

QN,E) = W{N}),
{N:}

where sum {N;} is sum over all possible vectors (N1, Na, ..., N,,) that conform
to the conditions (1.8) and W ({N;}) is a number of possible distribution corre-
sponding to given vector of N;’s. Here we also consider the case when each ¢ — th

level has GG; sublevels.

1. Maxwell-Boltzmann statistics

In the case, due to distinguishability of particles, the W ({N;}) is given by

m Vi
Wars.(IN}) =] (G]Q?, .
i=1 v
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Then the systems entorpy is equal

S(N,E) =kmQ(N,E) =kln Y (Gi)™
)= AR B = R i M

Now, we find the vector (N{, N5,..., N}

) in the sum for which the entropy

is largest and value for this vector will be much larger than for others in the

thermodynamical limit, hence we have approximation

T (G
S(N.E)~kln( ] N ) Voo
i=1 i

We find this vector by finding the maximum of the entropy using the La-
grange multipliers method. However, first we approximate the logarithm

with known Stirling formula for factorials In N! = NIn N — N, then the

entropy is

G (i)
N¥ -~

()

S(N,FE) ~ ZNZ»* In
i=1

Then the equation for maximum value is given by

0 & G@) Ui = _

=1

where A and v are Lagrange multipliers. The solution is

i [m Gl —Aei—y} —0,

; N; N;=N*
=1

3

Hence we have
* —Ae;—v
Nl = Gze o 5

which is Maxwell-Boltzmann statistics.

. Bose-Einstein statistics
For this case we perform calculations analogical to the Maxwell-Boltzmann

case. The entropy, due to indistinguishability of particles is given by

i N;i+G;—1
S(N,E) = kInQ(N, E) =k1n<%gw)
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Then again, we apply Stirling approximation and obtain

S(N,E) ~ N;In (G]\(TZ) +1> —Giln (1—|—gz:>,N—>oo,

and the equation for the maximum values is

0 - G(i) N;
N;1 1) -G In(14+—)—

Wi;[zn(]vﬁ) 14

)\(ZEZNZ-—E)—V< NZ-—N>] =0,
=1 i=1

N;=N;}

and outcome is
G(i)
(90 1) e ] o
[H<Ni+> Ae l/Ni:Ni" 0

N} Gi

? = e/\si_V _ 1’

and finally

which is Bose-Einstein statistics.

1.3 Complexity Science: Zipf Law and other Power

Laws

Across all disciplines of science the complex systems are common entities, basi-
cally the whole world is built of many complex systems. However, their structure
and composition can be very different and the context in which they exists is vari-
ous. It can be the virtual world inside a computer’s memory, for example citation
network or the computers or other electronic devices itself, like the Internet. It
can be networks such as electricity or road networks. It can be social networks,
the network of humans or other animals and their corresponding links, family,
friendships or business relations. In nature, the crown of the sun and related to
it solar flares, river systems or the coastal line can all be considered as complex
systems, too. Fundamentally, any collection of similar entities that are in some
way linked and interact with each other can be considered as complex systems.
The analysis, categorizing and predicting of such systems, sooner or later was in-

evitable, therefore the need for an interdisciplinary field that would face this task
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has been obvious. That is how complexity science has emerged. Its emergence
and evolution, however, was gradual and not linear. The picture 1.4 depicts a
diagram of the evolution of Complexity Science, taken from [14].

There are a few disciplines close to and of similar origin as complexity sci-
ence, this can be for example dynamic systems or agent based modeling. However,
‘mainstream’ complexity science emerged somewhere between 60’s and 70’s of the
last century. It originated from few subfields, Cybernetics developed by Norbert
Weiner, Systems Theory founded by Ludwig von Bertalanaffy and Dynamic sys-
tems theory. Over time several concepts were developed within complexity science,
such as self-organisation and adaptation in the late 70’s. Then in the 80’s, Per
Bak self organised criticality, related to emergence and dynamics in the systems
and in the 90’s and later there was a focus on the complex networks.

Most of the examples which we will discuss hare are taken from [7].
Among many complex systems particular class are those who manifests so-called
power law behaviour. As an example we can recall the findings of Professor George
Zipf, published in 1949 in the book '"Human Behavior and the Principle of Least
effort’. He makes several interesting observations in the system of cities. He plot-
ted the major cities of the world, starting from the biggest and ending with the
smallest on the logarithmic plot. As a result he achieved a roughly straight line,
see figure 1.5.

This fact was named after him Zipf Law and can be written by formula as

1
N(s) = 5
where N(s) is the number of cities with more than s inhabitants. In more general
frameworks, it is a power law with exponent 1.

The next example of power systems are the earthquakes which occurred
for a certain amount of time in a particular place. Figure 1.6 presents a power
law for the earthquakes in New Madrid in USA earthquakes zone in the period
1974-1983 and the picture next to it shows the locations of these earthquakes. On
one y-axis you have earthquake magnitude and on the y-axis the rank of particular
earthquake. The plot is again a straight line which means it is a power law.

The other example is earthquakes which have occurred world wide since
1940. The data is from the USGS National Earthquake Information Center and

its predecessors, the Coast and Geodetic Survey. Figure 1.7 presents the data on
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Figure 1.5: Ranking of city sizes around the year 1920

Figure 1.6: Ilustration of Gutenberg-Richter law a) logarithmic plot of occured
earthquakes , b) corresponding places of occurrence
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a standard plot. On y-axis we have a earthquake magnitude and on x-axis the

ranks of particular earthquakes. Here also we see the curve is a power law shape.

earthquakes magnitude
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Figure 1.7: Tllustration of earthquakes worldwide since 1940

We consider earth species extinctions as a system, take the mass extinc-
tions through out the recorded history and plot them. On x-axis is the percent
of organism extinct during geological stage and on y-axis number of such stages
that occurred in the earth history. Here also manifests a power law shape.

The last example is a power spectrum of a traffic jam (Figure 1.9) on the
logarithmic plot. Research by the Kai Nagel and Maya Paczuszki in 1995.

As we see from those examples, there are many various systems which ex-
perience power law behaviour and in some cases it is a Zipf Law. Many other
examples could be recalled here. However, what is the important, is that power
laws are purely experimental law. They have been obtained by mere observa-
tion and joining the plot, there is no mathematical framework, theory that fully

explains those phenomenas.

1.4 Thesis outline

The thesis consist of five chapters and the appendix chapter, where the first was

an introduction.
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Figure 1.9: Power spectrum of traffic jam

The second chapter include the main results of the thesis. In several sec-
tions we provide mathematically rigorous limit theorem and corresponding fluc-
tuation theorems with full proofs. The first theorem is built on already existing
result developed by Prof V.P. Maslov. We introduced it in the Section 1 of the
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Introduction as Theorem 2. The 'new version’ we developed is a more rigorous
and precise extension of that result, with a mathematically rigorous proof. The
fluctuation theorems are the new results constructed on the fundaments of the
first theorem. The results of that chapter are in the phase of preparation for pub-
lishing.

In the third chapter we present several results which we developed spe-
cially for the proofs of the Chapter 2. It consists of solutions of some optimization
problems, some approximations and estimates. The results of this chapter are
mathematically rigorous with proofs provided. One result is given without proof
and is left for the future research.

The fourth chapter also is devoted for the results developed specifically for
the proofs of Chapter 2. It includes some extension of Laplace approximation put
in the few sections. These are new results however of minor relevancy. They were
constructed based on the Laplace approximation in the book [13].

Last chapter is devoted to conclusions, applications and future research.
We underline the contribution of our work to the field of Statistical Physics and
Complexity Science. A short section on possible application is included. Finally,
we emphasize possible future directions related to our work which can be con-
ducted, some ideas which came across during our research and possible extensions
of work already done.

In the Appendix we put all the well known results we used throughout the
thesis, some minor results are proved and some basic definitions are also recalled.

It consists of the Analysis, Probability, Asymptotics and Optimization.
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Limit theorems

In this chapter we introduce and prove the main results of the thesis. The limit
theorem and the corresponding fluctuation theorems.

We introduce a mathematical setting and all the assumptions on which the
results are based in the section one.

The content of the Section 2 is the limit theorem about the convergence of
the considered random variable to constant mean value. Corresponding estimate
of the speed of convergence are also included. This result is an extension and more
precise version of the Malsov Theorem , Theorem 2 in Introduction.

Next two sections are devoted to the fluctuation theorems. They provide
information on the distribution of deviation of considered random variable from
the maximum. As it turned out from the previous section there are two types of
means, depending on the initial assumptions. As a result there are two fluctuation
theorems. In Section 3 we have one case, when the mean is in the interior of the
sample space and in the Section 4 the mean is on the boundary.

In the last Section we provide some additional results, estimates, used in
proof the fluctuation theorems. For the transparency of the proofs we moved it

to a separate section.

2.1 Introduction

This section consists of a step by step introduction of the mathematical setting
which forms a background for the results of this thesis. Several assumption are
made on the way in order to simplify the setting and make construction of the
proofs possible.

For given integers G, N > 0, real number £ > 0 and mapping
e :{1,2,...G} — R we introduce a probability space. The elementary events

are uniformly distributed G-dimensional vectors of nonnegative integers n;,i =
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1,..., G satisfying constraints:

N=n1+ns+...+ngq, (2.1)
EN >e(1)n1 +e(2)n2 + ...+ e(G)ng. (2.2)

In physics we call such system micro-canonical ensemble.

Arbitrary elementary event can be illustrated as the random distribution
of N balls in G boxes. Moreover, each box has ’weight’ coefficient (i) and the
total 'weight’ must be less or equal EN.

Furthermore, let us denote the image of the function  as the set {e1,€9,...,em}
and without loss of generality it can be ordered €1 < €9 < ... < &,,. To each ele-
ment in the set corresponds a positive integer G;, i = 1,2, ..., m representing the
number of points in the domain of £ having the values ¢;, so that G =Y /" | G;.

We can use this setting to define probability space in an alternative way.
We consider the values G; and €;,7 =1, ..., m instead of the mapping €. Respec-

tively, the conditions (2.1) and (2.2) are reformulated

N:N1—|—N2—|—...—|—Nm, (23)
EN >e Ny +eaNo+ ... +nNp, (24)
where Nl = nG1+.“+G2.71+1+. . '+nG1+...+Gi71+2+nG1+...+Gi71+G¢ fori = ]., e,

Vectors satisfying above conditions form a sample space which will be denoted by
QN E- This situation, can be illustrated as distributing N balls over m
"bigger’ boxes, where to each corresponds unique value ¢;. Then in each i-th ’big-

ger’ box balls are distributed over G; boxes.
N1

N=8 n1 n2 n3 nd n5 né n7 nl n2 n3 r14 na n6 n7
<7 %l_I olle lle lle¥ll o] == |{e6l| ]| |Lelle ]| |lo lls®lLe
E1 EZ2 EZ2 E3 E3 G1ET GZEZ =363

For given vectors N' = (Ny,...,Np,) and G = (Gy,...,Gy,) the num-
ber of different combinations which can occur in such redistribution, exactly the
logarithm of that number is denoted by S(N) and called Entropy.

We count those combinations using formula from Combinatorics for the

possible number of unordered arrangements of size r obtained by drawing from n
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objects,
(N + Gy — 1)
S(N)ZIHH—N‘(G 0

i=1

(2.5)

Let us consider the discrete random vector denoted by Xy = (X1, X, ..., Xp)
where X; = N;/N, i = 1,...,m and respectively sample space given by trans-
formed conditions (2.3) and (2.4) is given by

l=x14+x2+ ...+ Ty,

Z €121 €2X2 EmIm, Ty N’N’“" N ) )

and denoted by Qg and respectively entropy function

xlN—i— G - 1!
lnH 1y

The probability mass function (pmf) of random variable X is given by

1 S (@N+G 1)
~ Z(N,E) 1% (x;N){(Gi — 1)V

where Z(N, E) is a normalization constant specified by

ZH a:ZN—i-G —;)) @7)

which is a total number of elementary events in the sample space {2g. Sometimes
Z(N, E) is called partition function.

We are interested in the behaviour of random vector X as N — oco. We
consider a particular case when G = G(N) is an increasing function of N. More-
over, for each N the components GG; are equally weighted and their number m
remains constant. Which means that for all N, G; = ¢;G(N) for i =1,...,m and
some constants g; such that > " g; = 1.

We distinguish three cases of function G(N), depending on its asymptotic
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behaviour in N — oo

1) GEVN) — 00,
2) GEVN) — ¢, (2.8)
3) GE\][V) — 0,

where ¢ is some positive constant. The idea of three asymptotic cases is adopted
from the paper of Maslov [11].

The picture below briefly illustrates the three cases.

oer [l o el
- |.. \ =20
G—? N1t N2 N3
G=27 i N1 N2 N3
o L] [l Sl e Lol 1]

N1 N

2 N3
o lo JLolle I Jle L IL oSl I[Nl it JLIL Vo flo L Il oo Il o L litlo L le |

2.2 Limit Theorem

The content of this section is our main result, the limit theorem which provides
the mean values to which introduced in the previous section random variable con-
verges. The two types of means are possible, depending on some sample space
parameter. The proof is based on the convergence of corresponding moment gen-
erating function of the random variable. Additionally, the estimate for the speed
of convergence of the moment generating function of considered random variable

to mgf of mean is included.

Theorem 3 (Weak Law of large numbers). Let Xy be the m-dimensional discrete
random vector on the sample space Qg with pmf specified by (2.6). As N — oo
the random vector Xy converges in distribution to the constant vector z* =

(7,25, ...,2),). The exact values of the components of z* depend on the sample
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space parameter F.

Let ge = % Yoty gigi and gim€im = min; g;g; , then

I) When gimeim < E < g€ the components of z* are

. gi . G(N)
) @ Ae; + v ' N o
* gi . G(N )
2) z; ziekgﬁyil,lf N — ¢,
. Gi . G(N)
3) xf = et if - 0,
for ¢ = 1,...,m and the parameters \ and v are the solution of the system

of equations
m
z : *
1 — .'L',L'7
i=1
m
*
i=1

IT) When E > gé the components of z* are

X )
T, =g t=1,...,m.

Further, we have following estimates, distinct for the maximum in the interior and

on the boundary

I) Maximum on the boundary

TCE* 1 1 N
5,0 = 0 1) when 35 > Gy
_e o () 1N
Mxy(§) =e +O<<G(N) , WhenN<<G(N),



3) Mx, (&) = STy O<G(]\})15>’ when G(lN) > GE\]]V),
1-6
Mx, (€)= + O<<G§VN)> >, when G(lN) < GE\]TV)
as N — oo.

IT) Maximum in the interior

1) Mx, (&) = LT + O(\;N), when \/:lﬁ > GéVN)’
1-6
MXN(g)_eﬁTz*+O<<G§VN)> )), When\/lﬁ<< G"éVN)’
2) Mx,(§) =" " + O(\/lﬁ>’
=t ! when ! GN)
3) Mx, (&) + ( G(N))’ h m» N

as N — oo, valid for some arbitrary small constant §, where Mx, (§) is moment

generating function of the random vecto Xy.

Proof. We prove the theorem by showing convergence of the moment generating
function of the random vector X to a constant vector x* as N — oo.

The mgf of r.v. X is equal
Mx (&) = B[],
Evaluating the probability mass function we obtain following expression for My (€)

1 TIm ;N +G; — 1))
M (&) = Z(N, E) %;es 1;[1 ((:vz-N)!(Gi _ 1))!‘ (2:9)

We start with approximating the first part of My, (£), i.e the normalization con-
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stant Z(N, E), given by
Z(N,E) =) 5@,
Qg

Let us consider only the first case of G(N), (2.8). We use Lemma 1 from Section
1 in the Chapter 111

eS@N) _ (97)~3 NA@N HRN) (1 p (;V,) ) N = oo
and then performing the summation over Qg and applying Triangle inequality on

the LHS we get the following inequalities

Z(N,E) = (2m)" 2 »_eNNmN ) (1 +0 G[)) N — co. (2.10)
Qp

In the next step we approximate above sums using Lemma 7 from the Section 4
Ch.IIT

ZeNfl(x,N)-Hﬁ(N) :/ eNfl(va)+Rl(N)dx<1 + O(1>>, N — oo,
Qp 25 N

and together with (2.10) we obtain

Z(N,E) = (2n)"= /

eNf1(@N)+Ri(N) 1. (1 + O<1>>, N — oo, (2.11)
Qg N

Then from Lemma 2 Section 2.1 Ch.III we have that functions fi(z), | =
1,2,3 has two types of maximum depending on the sample space parameters E
and g;, ¢ = 1,...,m. It can be on the boundary of the domain of optimization or
in the interior of the domain. From the Lemma 3 in Section 2.2 of Chapter III,
the function fi(x, N) has a unique maximum, and as fj(z, N) — fi(z),N — o
hence its maximum also is on the boundary of the domain or in the interior. For

those two cases separately we apply Extended Laplace approximation from the
Chapter IV.

I) When the maximum of f;(x, N) is attained on the boundary of the domain,
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we use Theorem 8 from Section 3 Chapter IV and for the first case we have

/ NN FRI(N) g
Qg

m—1 % _
:eNfl(x*(N),N)+Rl(N)1<27T> 2 |f1(z*(N), N)[ 1+O<1>
NAN V| det D2 fi(z*(N), N)| NJ )

as N — oo, where z*(N) is a maximal point of fj(x, N), [ =1,2,3.

Then we combine above approximations with (2.11) and obtain for all three

cases

1) Z(N,E) =

_eNfl(a:*(N),N)-l-Rl(N)l1<1>m2 |fi (@ (N), N)| (1+O<1>>
- 2 * N ’
2m N AN V| det D2 f1(z*(N), N)|
2) Z(N,E) =
m=1 * —
:eNfz(w*(N),N)+R2(N)11<1> © (), N 1+0<1)
2r NAN Vldet D2 fo(a*(N), N)| ’

—1

¥ 1 1 1
Z(N.E) = G 3@ (N),N)+Rs(N) — __~ [ _~
3) Z(N, E) = e e \amvy)

|[fi(z*(N), N)| ! 1
*/Tdet D23 (V), V)| (1 - O(G(N))) !

as N — oo, where in the second case the alteration from the first case is only

[V

by the index of the function f;. For the third case the alteration is in the
index of f; and function G(N) insted of N in th appriopriate places.

When the maximum of f;(x, N) is in the interior of the domain, we have the

Extended Laplace approximation for the first case

/ N @ N HRUN) g,
Qp

. or\ 2 1 1
= NVHETN),N)+ R (N) () 1+O<> , N = o0
N /et D2fi(z*(N), N) N

where z*(N) is a maximal point.

38



Then we combine above approximations with (2.11) and obtain

w[3

1) Z(N, E) = Vi@ (N N+ Ri(N) <1>

1
N/ \/det Df(z*(N),N) <1 " O<

w[3

1
VN
1 1
NJ  \/det D? fo(a*(N), N) <1 i O(JN

X 1 \%
_ LGN fal* (N N)+Rs (V) (L
3) Z(N,E) = (G(N)> x

1 1
. V/det D2 f3(x*(N), N) <1 - O( G(N)>> ’

as N — oo.

9) Z(N, E) = N2 (V):N)+Ra(N) <1>

Analogically we approximate the other part of the mgf (2.9). The additional
function under the sum does not affect the approximation of entropy nor the
approximation of sum with the integral. In the Extended Laplace approximation

this factor becomes function g in the Theorem. Hence we have

I) When the maximum z*(V) is on the boundary of the domain we have

m—1
1) Zef%swm:efo*<N>+Nf1<z*<N>,N>+Rl<N>217T (le> T x
Qp
! (% —1
y |fi(x*(N), N)| 1+0<1) ’
/| det D2 fi(x*(N), N)| N
m—1

92 €72 +8(x,N) _ €72* (N)+N fo(2* (N),N)+Ra(N)
) Ze c 2

Qp

B @) M 1
[ det D2 fo(a* (N), V)] (1 * O(N))’

3) 3 e et SEN) :eé%*<N>+G<N)f3(m*<N>,N>+R3<N>1<Gl) S x

H
—
2|~
~—
.

X

oy 27 \ G(N)
| fya (N), N) |~ 1
- V| det D2 f3(z*(N), N)] <1+O<N)>’
as N — oo.
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IT) When the maximum is inside the domain than we have

1) 37 SN Z T NN (V)N ) (;) ’
Qp

1 1
8 V/det D2f; (z*(N), N) <1 " O<\/JV>>’

2) ZGSTHS(:E,N) _ 6£Tac*(N)+Nf2(x*(N)’N)+R2(N) (1) :
Qg

1 1
8 Vdet D2 fy(z*(N), N) <1 " O(W))’

3) 3 T HHSEN) — €70 (VPGS (V)N R () <1) 2
Qg

1 1
8 Vdet D2 f5(z*(N), N) <1 " O(JJV))’

as N — oo.

Finally, we put together the approximations of the first and second part of mgf
using Lemma 16 from the Appendix A.1 and cancel the identical terms. For two

types of maximum we have separately
I) Maximum is on the boundary of the domain

1) My, (&) =t =) (1 +0

N
|-

==
D O N

, (2.12)

3) MXN<5>:efTw*<N><1+o(G( >)>

2) Mxy(€) = "= (1 +0

as N — oo.

IT) Maximum in the interior of the domain.

Here the situation is identical as for the boundary case but instead of IV in
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the RHS we have v/N or /G(N)

1) My () = 7Y (1 o 1>> ,
N
2) My (€) = €' (1 e 11\7)) (213
* 1
) My () e
as N — oo.
Next we use following Taylor expansion
I N (*(N) — "), (2.14)

where z* is a maximum of limit functions of fi(x, N), [ = 1,2,3 denoted by f;(z),
given by Lemma 2 of Section 2.1 of Chapter III.

Further we substitute approximation for (x*(IN)—x*) given by Lemma 4 of Secion
3 in Chapter II and obtain

§T *(N o ET* gT 1 1 N
1) 8 TTWN) = 872" gl 700 1—6)’ Whenﬁ>>w,

1-46
fo*(N) _ fTZ’* §T$0 N h i N
e € + e O((G(N)) )), WenN<<7G(N),
( 1

N1 )
3) &7 (N) = o877 4 gelTm0 0 G(J\;)l—5)’ when G(lN) > Gg\jfv),
as N — oo.

Now we combine it with approximations (2.12) and (2.13) for two cases of maxi-
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I) Maximum on the boundary

1 ay6) = [ w0 (1) ( : o@)), hen > N
0= [ a0 () ) (10(x)) e = ol
2) Mx, (€) = f + feﬁT“O(Nf_é ] (1 + o(ilv))
e = [ s o (0) ) )] (1)) oty =

as N — oo. Then we simplify above asymptotic equations and get

1) MXN(g):equ;*+O<N} 5), When]if>>GéVN)’
Ty N \'7? 1 N
Mx,(&) =e +O<<G(N)> , when <<7G(N)’
2) Mxy(6) =€ + O<N}6>’
T % 1 1 G(N
3) Mx, (€) =¢* +O<G(N)1 5) when o > EV),

as N — oo, where ¢ is some arbitrary small positive constant. Therefore, we

get the final result for that case.

IT) Maximum in the interior.
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G(N)’
My () = [ CT e 90<<vaN)
1 VN
when T < W’
2) My (6 = [ + 6700515
3) MXN(&) = |: ¢ +£€£TxQO<G(]\})1
1 G(N)
wh o > N
1 G(N)
wh ) < N

as N — oo, which is our final result.

hen 1 > N
W T 77
VN~ G(N)

h L < N
when —— —
VN ~ G(N)
1 G(N)

h >

when GOV N
when ! < GN)

Gy - N



2.3 Fluctuation theorem, maximum in the interior of

the domain

The fluctuation of the random variable from the mean value is introduced and
proved in this section, the case when the maximum/mean is in the interior of the
domain. As in the previous limit theorem the proof is based on the convergence
of the moment generating functions. The speed of convergence of corresponding

moment generating functions are included.

Theorem 4. For each case G(N) given by (2.8) we have a m-dimensional random

vector Yy such that

defined on the discrete sample space Qg with pmf specified by (2.6).

Then for the sample space parameter E£ > gg, as N — oo the distribution of the
random vector Y converges to the multivariate normal N(0, —D?f;(z*)~!), where
[ =1,2,3 indicates the case of G(V).

Furthermore, we have estimates

1) My (€) = AP 0 ). when 30> Gy
M) = AP 0o ). e e g

2) My, (¢) = ezt P10 1 0 <N1}26>7

) My () = BP0 ) when g > O
My, (§) = 36T D? fa(x)TlE O<G(x3f6>, when \/Gl(iN) > GE\]]V),

as N — oo, where § is some arbitrary small constant.

Proof. The approach is analogical to the the proof in the previous section.

We first approximate the numerator and denominator of the mgf of Yy using
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Lemma 1 from Section 1, Ch. III, then Lemma 7 from the Section 4, Ch. IIL.
Since the ¥ > gé from Lemma 2 Section 3, Ch.III we deduce that maximum
of the approximated function is in the interior of the domain. Therefore we use
appropriate Laplace approximation, Theorem 8, Section 2, Chapter IV. Finally we
combine both approximations, for the numerator and denominator using Lemma

16 from the Appendix A.1. As a result we obtain following estimates

1) ‘MYN (6) — NRE LN fate (), Vet D fi(@r(V), V) ‘ <
\/det D2 fy (F+(N), )
< KL NG ()0~ (N)N) Vdet D2fy (a*(N), N )
VN \/ det D2 f1(Z*(N), N)
2) ‘MYN (6) — NERE Nt (), Vet D2 fa(er (V). V) ‘ <
\/det D2 fo(@(N), )
< KL N (NNl (N)V) Vdet D2 fo(z* (N), N )
VN \/ det D2 f5(Z*(N), N)
o . det D2 f5(z* (N), N
3) ‘MYN(Q _ GNHE ()N~ fala (V)N V4O EICHO )‘ <
\/det D? fy(F(N), )
< KL GGE N - VA D@ (N), N)
S K3 — ) .
VGN) \/det D2 (3 (N), N)

where fy(z, N) = f(z,N) + ﬁfT(m — %) for 1 = 1,2 and fi(z, N) = f(z,N) +
\/C%§T(x — %) for | = 3 and 7*(N) is a maximum of f(z, N). Next, we use
the result of the Proposition 2 from Section 5 of this Chapter and multiply it by

exp(N(f1(F*(N), N) = fi(z*(N),N))) to get

D [evEE @ m-ne ey VDA N N) - v mnm-ne )| <
\/det D? L (3(N), )

< Ki’i1NeN(fl(5*(N),N)—f1(z*(N)7N))

)
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9) [N @ (0N - oty 3 VAU D2 o (N), N) eN(é(i*<N>,N>—f2<x*<N>,N>>‘ <
\/ det D2 fo(Z*(N), N)
< Kii L N (N) )= fa(a* (N).V))
3) e ). sater ()0 Vet D2 s (N), N) eG(N)(fio,@*(N),N)f3<x*<N>,N>>‘ <

\/det D? fy(F(N), )
< Kif— 2 G (N N) = fs(a (N).N))

JG(N)

and combine above result with (2.15) and get

)

1) MYN(é) —eN(}T‘l(g*(N)’N)_fl(-’E*(NLN))‘ S K:’{n 1 eN(fl(E*(N)vN)—fl(ZE*(N),N))

VN ’
T (e * 1 I (5o *
N | Mo () — NBE (N),N)—fola (N),N))‘ < KL N(Ra(@ (N).N)=fa(a(N).N))
) |Myy (§) <Ky
3) MYN@_eG(N)(ﬁ(f*(N»N)—fa(m*w),N))‘g Kiit L (G (N)N)~fs(a” (N).V)),

GV

where

1) K" =K{"+ Kj(1+ ,

VN
2 2 \/N )
S)K’Z’:K§Z+K§(l+ 3 )
G(N)

Now we use Proposition 1 from the Section 5 to approximate the expression in

the exponent

1) NG (V). N) — fula*(N), N)) = VN (2*(N) - w*>T(§ n

€Tf<e’§>
2V/N )’

ED® f1(xg(N), N)E
VN )*

+ 2D RE) e+ (64

il
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~ -
2) N3 (V). V) = ol (V). V) = VI (V) — ) (g4 L L0006

Lorop -1y, 10 foi/€>
+ 5D ) e (o S,

3) GIN)(Fa(F (N), N) — fa(a*(N), N)) = /G (a* (V) — x*>T(£ 1 ED% fs(wo(N), N)E )+

G(N)
Ler oyt s L (g €
+ 5 D fa(a) e + G <¢+2 G(N)>. (2.16)

Then we approximate the expression (z*(N)—z*). From the Proposition 3 Section
4 Ch.IIT we have for all three cases

1 —G%V) — 00
2*(N) — z* = K N~ when % > GA(NN),
N\ 1 N
*(N) — z* o hen — < ——.
x*(N) -z Kl(G(N)) , wenN<< GIN)
2 705\1}\7) —c
2*(N) — 2* = KoN~1H9,
3. M 0
2*(N) — 2" = K3G(N) ™19, when G(lN) > G%V),
. e (GADNT L _GW)
2 (N)—az*=K <N> , when GV < N

where the form of approximations is different and |K;| < 1,1 = 1,2,3. Then we
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substitute above estimates into (2.16) and after some rearrangements we have

1) N(fi(@(N),N) = fi(a*(N), N)) = §TD2 ( )T+

1 ED®3 f (x (N) ) 1 TR'E 1 N
+N1/2_5<’C15+’C 1\/% ¢ w5 2\/N>,when>>

N~ G(N)’
N(f1(@*(N),N) - f1(z*(N),N)) = TDQf( )+
(

N3/2 ) §D®3f1 xe( ) ) G(N)lfé fTK?/{ 1 N
—I—C;(N)(Klg—i-lﬁ JN + NZ-0 <¢+2\/N>>,When\/ﬁ>> W’

2) N(f2(@"(N), N) = fala*(N), N)) = *STDQf( DI
(

| (e DB L LR
N1/2-6 VN N5 NooyN )’

+ ¢ +

3) G (o (N), N) — fy(a(N), N)) = 567 D fa(a™) et

EDP3 f1(zg(N), N)E 1 1 Tkle
WESEE 6<’C3“ . o o’ T e G(N))’
when ! >>G(N)
G(N) N

G(N)(f3(@*(N),N) = fs(a*(N),N)) = %éTD2f3(ﬂ:*)_1§+

G(N)3/2—° EDP fy(xg(N),N)E =~ N'7° eTr'e
TN <’C3§+/C3 G) +G(N)25<¢+2 G(N)))’
when ! > GWV)

VG(N) N

where we omitted the case when

1 G(N) .
i) < = as the remainder would overcome
the term %gTDQ f3(2*)~¢ which would contradict the theorem.
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Then we introduce constants Ki°, K, K’ and exponentiate the expressions

1) NRE NN =1 (N).N) — €7D () et N /2K

)

h L > N
wnen — -
N~ GN)
NG (N)N)—faa* (N),N)) éfTDQfl(m*“&%K?,
h 1 > N
when — > ———
VN = G(N)

eéﬁTDsz(m*)_lﬁ—O—N_l/Q‘*"SK%“‘

2) N(BE N).N)=(a” (N).N)

3) CMNs@ (NN =Fa(a"(N).N)) — o367 D2fa(@) T+ GIN) TH/EHKE

)

when 1 > GN)
Gy~ N
~ /2— .
(GG (NN~ fa(a" (V),N) — 3€7 D2 fo(a") e ENFL 1y
1 G(N
when > ( )

VG(N) N

Further, we take Taylor approximation of the RHS at the point e3& D fa(@) e

and consequently obtain

1) }eN(ﬁ(?ﬂ'*(N),N)—fl(w*(N),N)) _ o3€TD2 ()|

v .
. ‘Kl ‘ e%gTD2f1(x*)71€+0NN71/2+5K1v

T N1/2-6 ’
when i > L

N G(N)’
N 1@ (N),N)~f1(z*(N),N)) _ o3€"D?fi(a*)7'€| _
_ N3/2-0 ‘Kw‘eéﬁTDQfl(”*)_l&"N%Kf”

G(N)1-o1 ’

when L > L

VN~ G(N)’
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2) ‘eN(ﬁ(%*(N),N)—fzw(N>,N>> _ o3ETD o) e

w )
_ K;2 B%ETDsz(ﬁ*)_1€+9NN_1/2+5KiU
N1/2—6

)

3) ‘GG<N><fs<5*<N>,N>—f3<z*<N>,N>> _ €T D fa(a)7te

= G(]\];(;élv/2_5€é§TD2f3(x*)1§+9NG(N)1/2+6K§”,

L GW)
G(N) N
‘eG(N)(fs@*(N>,N>—f3<w*<N>,N>> _ o3ETD fa(@n) |

when

-0 - )
_ G(N):S/; K;;veéfTDQfS(x*)71§+9N%Kév
N1- )
1 G(N
when > ( ),

Vo T N

and we introduce constants K7, K3, K3 such that

T x * *\— KU
1) ’ezwl(x (N)LN)=fi(a*(N),N)) _ 36T D2 fi(a*)~2e| NT;—&
h l > L
when N GV’
_ 3/2—6
N(f1(Z*(N),N)—f1(z*(N),N LeT D2y (2*)~1 _N v
‘e (L@ (N),N)=f1(@*(N),N)) _ 36T D2fr(a*) "¢ _WK“
hen 1 > N
w T = 77
VN~ G(N)
2) [ NBE WMo (N).N) _ Do)t = B2
N1/2-¢6’
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K3

3) ‘6G(N>(f~3(%*<N>,N>—f3<w*(N>,N>> _ 3ET D fa(a)te

G(N)1/2—6’
1 G(N)
h
when (V) > N
T (= * *) — G N 3/276
‘eG(N)(fs(r (N).N)~f5(a" (N).N)) _ ob67D2fs(a") e | _ (NZ_(S KL,
when = > G(N).
VG(N) N
Now combine above estimates with (2.15) and as a result we get
lgTDQf z* 716 . K1 1 N
1) ‘MYN(@_QQ 1 ~ N12-5° Whenﬁ>>m’
1T 2 #)—1 N3/2-8 1 N
M — a8 D fi(em) e = K1. when ——
‘ YN(S) e2 G(N)li(s 1, when \/N > G(N)’
1¢T 2 * —1 K2
o lgTDQf?’(w*)—lg :L 1 G(N)
3) ‘MYN(f) e2 IR when GV > N
LeT D2 4, () —1 G(]V)B/Z*‘S 1 G(N)
M _ 38 DAfs(zr) | K- wh
‘ YN(g) €2 N1_6 3, when G(N) > N

where the constants are equal

v

N9 N1/2=68 N~ GV
v G(N)'—9 i LT D2 g (g1 N3/2—6 .
Kl:Kl—i_WKl €2§ fl( ) E—'_WKl ’
hen 1 > N
w v AT
VN~ G(N)

1 1¢T 2 *)—1 KU
2) K2 == Kg + WKé“ <€2£ D fQ(Z ) £+ ]Vl/gé>7

o1



v
3) Ky = Kg + ;Kézz (eéETDQfB(m*)_lﬁ + I(P’),When & > ,

G(N)? G(N)1/2=6 (N) N
o N0 i tetprpente , GNP
Ks = K3+ Gryys i (“5 e §+Nl—5Kg>’
when ! > G(N).
G(N) N

2.4 Fluctuation theorem, maximum on the boundary

of the domain

The case of fluctuation theorem, when mean is on the boundary of the sample
space is a content of this section. As previously, the proofs are done through
convergence of the mgfs. Also, the estimates for the speed of convergence to the

limiting distribution is included.

Theorem 5. For each case G(N) given by (2.8) we have a m-dimensional random

vector Yy such that

1) Yy = N(X; —2}) + VN(Xy — &%),
2) Yy = N(X; —27) + \/N(XN — "),
3) Y = G(N)(X1 — z7) + VG(N)(Xy — &%),

defined on the discrete sample space Qp with pmf specified by (2.6), where = =
(a;l, .f?) .

Then for sample space parameter g;meimn < E < gg, as N — oo the distribution
of the random vector Y converges to the mixture of the multivariate normal along

Z and exponential distribution along x.
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Furthermore, we have estimates

_ MA@ serpeg eyt < L )
1) MYN(g) = |f{($*) +£|6 +0 N1/2-¢6 )’
L 1 N
wnen N > W,
A LeTD2f (%) 1¢ < N3/2=0 )
M) =T e Holams )
b 1 N
wnen ﬁ > W,
o |fé($*)‘ %fTDQfQ(m*)_lﬁ < 1 >
2) MYN(Q - |fé($*) +§|e +0 N1/2-¢6 )’
_ | f3(z")] 1eTD2 f3(x*)71¢ < 1 )
3) MYN(g) - |fé($*) +f‘e +0 G(N)I/Q—é ’
when G(lN) > GS\][V),
_ BED)] rerprp e (G(N)3/2_6>
M) = g TN
when ! > GN)

VG TN
as N — oo, where f/(z*) is first derivative w.r.t. z; and D?fi(z*) is m — 1-

dimensional matrix of second order derivatives w.r.t. Z.

Proof. The approach of proving is similar as in the proof of the previous limit
theorems.
We approximate the numerator and the denominator of the mgf with appropriate

theorems and lemmas and eventually obtain

1) | My, (€) — NAGE NN=fi(@" (N).N)) 1f£(x*(N ), N)| +/det D2fi(z*(N), N) <
|f1(@*(N), N) +¢| \/detDQfl(:f*(N),N)
< K;’LQN(E(5*<N),N)—f1(m*<N>,N>) 1f{~ *:v*(N ),N)| /det D2fi(z*(N), N )7
\/N |f1(.Z‘ (N)’N)"i’ﬂ \/detD2f1(5*(N),N)
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2) 'My () — NE@ W) N)=fater (0.8 _Lfo(2" (N), N)| Vdet D? fo(a*(N), N)
N

N
| f2(@*(N), N) +§] \/detDQfQ(f* N),N)’ =

< Ki L NRGEMN-pae )y _LBEN), V)| Vdet D'o(a*(N), N)
JN [f2(z*(N),N) + ¢ \/detD2f2 (z*(N),N)
o s MR NN fae () A (), N \/detD2f3(x*(N),N)’<
)' yw(§) —e 1@ (N), N) +§’\/detD2f3 Em.nl
ki L _1HE®).N) LGN (@ (V)N fs(a (), v)) ¥ det D2 f (2 (N), N)
SVGIN) 1H@E (N), N +¢] \/det D2 (3 (N), N)

where fi(z, N) = fi(z, N) + N(X; — %) + VN (Xy — #*) and with G(N) for the
third case. Then the determinants are approximated analogically to previous limit
theorem, using Proposition 2 from Section 5.

Since the maximum along x; has no dependence on N, component N(X; — z*)
in the function ﬁ(:v,N ) vanish and we can approximate the expression in the
exponents similarly as for the previous fluctuation theorem, i.e. by Proposition 1

from Section 5. Hence, we get

1 A" (N),N)|
e FL@(N), N) + €|

1) }MN(E)_ in(w*(N%N)\ AETD2 i (a) e
|f1(@*(N),N) + ¢

1 N
Whenﬁ>>w,
[f1@(N), N[ 3¢ p2gyan)-1e i NP0 | f (@ (N), N)|
M Né - T 2 S — ~ ~ )
’ ) FE )N+ PGNP | (@ (N), N) + €]
Wheni>>i
VN = G(N)
2 [y (6) - IBE LN serpepn e < g 1 BN

* N2 @ (N), N) + €]
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[f5(x"(N), N)| 1emp2py(ey-1e i | f3(x*(N), N)|
3) | M - —= ez <K = ,
)’ (@ | f5(z*(N), N) + ¢ ~ P GIN)RO B (), N) €]
when 1 > G)
G(N) N
)~ O N ermmgye] ¢ gy GO (V). )
U R@E ), N) + ¢ B N0 (@ (N), N) + ¢
G(N)
when > .

1
N

Since the first derivative is along z; and function f; is of the form fi(z, N) =
oty f(zs, N), and maximum along x; is independent of N we have f(z*(N), N) =
f4(z*,N) and fi(z*(N),N) = f4(&*,N) . Further, using the Proposition 4 from
the Section 3 of Chapter III we have estimate

AN, N )+ S

F@E NN +E | fe) + 5+ ¢l

which after some manipulations is equal

I NN )]
F@W) N+ f@)+

1
Kiv—
RO

valid for first two cases and for the third we have

BN A o ]
RGN +e  Ba)+e

LGN

Then we substitute above estimates into main estimate and get

! *
when l > i
N G(N)’
/(% o 3/2—46
M@~ gl < K g
when L > i
VN~ G(N)’
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|fé(x*)| lETDQf (:E*)_1£ 1
T E I B
|fé(ﬂj*)‘ 1 TD2 *)—1 ]_
My, (€) — I3 serprpsante| < pr, 1
’ | f5(z*) + & G(N)1/2=9
1 G(N)
h
when G > N
BE] serpeg e G2
‘MYN(@_W@2£ D? f3(z*)71¢ SK?’W’
when ! > G(N)
G(N) N’
where constants K, Ko, K3 are
i |f1(2")] w1 terprpene | KPEY
1) K —K” KW 1(z et Bkt 00
V= K ey g R e R o
N
When G(N)’
CAGEY] wG(N)I0 LeT D2 g (o)~ 1¢ K{'K{"
= K ey g R e PN
1 N
when — > ———,
VN~ G(N)
|f2( *)| 7§TD2f (z*)~1¢ KélKév
2) Ky = Ki 222" 1L gw 2 2772
Vo = K oy g R U
X ‘fé(x*)’ 1 LeT D2 fa (%)~ 1¢ K?K%v
3) Ko = K% +sz 5 3(T + ’
) 3 3 ‘fé(%’*)‘Ff‘ 3 G( )1/2+6€ G(N)
1 G(N)
h
when GV > N
i |f3(27)] o N0 erprpene | KEEY
Kys=K{—r>" 4+ K{V———— ¢ 3(@ + 7
T e I RIS e G(N)
1 N
when > G( )’
G(N) N

hence we get the final result.
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2.5 Related results

This section is devoted to some related estimated, used in the previous two section.

It is separated from the rest for the transparency of the proof.

Proposition 1. For the function fij(z, N) : Q@ x N — R, [ = 1,2,3, which has a
unique maximum at the critical point x*(NN) over the domain 2 € R™, we have

another function defined for each case of (2.8)

1) Fi(e, N) = f(z,N) + jﬁm )T,
2) foar, N) = f(x, N) + jﬁu )T,

fs = f(x L z—a9)T
3)f3(.CC,N)—f( 7N)+ G(N)( ) 57

where £ has a value from the neighborhood of 0 and x* € Q. Then we have

following estimates

1) (V) =" (N) = D (V). N) !+ G
FY F3
ST wilGhe)
2) (V) = o (V) = DAa(a" (M), M)+ G
F(S) 3
< (o s (161 + 335 ):
3) (N) — 2*(N) = D2f3(z*(N),N) ! \ﬁ GEN
F(3) F3
jenl < e (1e +
YT ES,) < G(N )1/6>

where 7*(N) is maximum of the function f(z, N).

o7



Further, we have estimates

N i
1) f1(@*(N),N) — fi(z*(N),N) = 1 (x*(N)_x*)T<£+§D® fi( e(N),N)§>+

VN VN
| a1 7w
oD A+ <¢+ 2\}%)
~ ®3
2) ol (V) N) = ol (V) N) = (") - x*>T(s+ ¢D f2(j%N>’N)§)+
1 o — 1 err'e
+ o E DR T (¢>+ 2\}%)
- 1 D®3 N),N
3) @ (N), ) = (& (V) N) = e (V) ~ *)T(5+5 f3(29(§V)> )5>+
L r e oy —1 1 ke
+ et D) e+ o (0 5 G(N))
where
Féf) 2 * ~1 ev |’ T T 12 *
D fol < Z2 DA, ) Dl ke o D2 (V). N
(3) 3
2) Jol < 72 D2f2<x*<N>,N>1£+\jNN\ + 2 + oo KD ol (), New
(3) 3
3) 161 < 7 [Dsa” (), N6 — ] o+ il D2 (o (), M

Proof. First we prove for the case 1) and 2) of G(IN) and we drop the index of
case in f temporally. Let us take some zp such that |zp —2*(N)| = N~/3. Then
we approximate D f(z, N) with first order Taylor expansion at z*(N)

Df(x,N) = Df(z*(N),N) + D*f(zg(N))" (x — z*(N)).

Since z*(N) is a critical point, Df(z*(N), N) = o. Taking the upper bound of

the above expansion, together with the absolute value applied on both sided gives

IDf (@, N)| = FLO o — 2 (N),
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and for the point xp we have

/(2)
er(N)

‘Df(vaN)‘ > N3

(2.18)

Further, for the maximum z*(N) we have

§ _
+ﬁ—

hence, after changing the side of second term and applying absolute value on the

Df(z*(N),N)

0,

both sides we obtain

_

N
Since f € C? and det D?f(x*(N, N)) # 0, by the inverse function theorem we have
that the mapping M : x — D f(x, N) is invertible in the neighborhood of z*(N)
and the inverse function is in the class C!'. Hence, from the estimates (2.18) and
(2.19) together with Df(z*(N), N) = o and knowing that |zp — 2*(N)| = N~1/3

we can infer following estimate

[Df(z*(N), N (2.19)

|Z*(N) — 2*(N)| < N7V/3, (2.20)

Further we use second order Taylor expansion of Df(z*(N),N) at *(NV)

DF(E* (V). N) =D (@* (N), N) = — + Df(a"(N), YT (&* (N) — " (N))+

VN
(2.21)

+D? f(ap(N))(@*(N) — a*(N))??,

where xg(N) is some point between *(N) and 2*(N). Notice, that as D f(z*(N), N)
oand Df(z*(N),N) = o.
Now we get the upper bound of expansion (2.21) and apply absolute value on both

sides

D2f(2*(N), N)"(#(N) — " (N)) — —| < F®)
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and use estimate (2.20)

* ~x * 5 —
‘DQ F@*(N), N)T(Z*(N) — 2*(N)) — \/N‘ < FC) N7, (2.23)

Next we get the lower bound for (2.21)

. e " § /(2) =% * é:
’D%f(:c (N), N)' (@ (N) = a"(N)) - W’ > For o)l (N) = (N} = \/5’24)

Next, we combine upper (2.23) and lower bound (2.24) into one inequality
1(2) |~ * £ (3) —2/3
Fplin @ (N) —2*(N)| - '\/ﬁ‘ < FpnN 72,

and after some manipulations one get estimate

( /(2)

F2 ™
~% o z*(N) (3) -1/6
() o) £ 8 (1€l + N ),

Next we substitute above estimate into (2.22)

( (2) 2

z*(N)
N

zo(N)

) - £ Fu
]D F(@* (N), N)T (@ (N)—a* (V) - \é

)_2 (3) 1
VN <'5‘+Fx0<N>N )

(2.25)
Further, we transform the LHS of the inequality

’sz(:v*(N),N)T(:f*(N) 2t () - | =
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and substitute back into (2.25) and dividing by F /( () N)

3
UN| =

L3 2 N1/6)
< o Foiny (Bl D7 (el + FE N :

FH(N) —a*(N) — (D*f(z*(N), N)T) ™

Since D?f(z*(N), N) is a matrix of second derivatives of the continuous function
D?f(x*(N),N)T = D?f(2*(N), N), hence we get the first result of the theorem,
ie

§

~% X * — EN
z*(N) =2*(N) + D*f(2*(N), N) 1ﬁ+ﬁ’

(3) (3)

F, F,

len] < —Z—= | [§] +
(F/(Q) ) N1/6

*(N)

Now, we derive the second result of the theorem. We substitute the above estimate
into f(z*(NN), N), expand the function using 3-rd order Taylor expansion at z*(N)

and apply absolute value

z* = 72 - SIS S VA
@), N) = (27 + D1 (), ) S+ ) =
= f(z* 2 1 & v
= (" (V). M)+ DF (). N) (DA (). ) )+
+ 3 (D 0.3y 1}+N) D (" (). ) (D1 (). ) S )+
_ 5 N ®3
+ (D% a0 ), (D20, ) o+ ),

where xg(N) is somwhere between z*(N) and z*(N).
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Then we change side of some terms and apply absolute value

SRR -

‘f(f*(N)vN):f<$*(N)+D2f(a:*(N),N) WN
_ LU* _ l‘* 2 l’* i EN o
F(a*(N),N) = Df( <N>,N><D (0N )

- (s, ) e, (D 0.0 )
1 * — 5 EN @3
~ (D00, (D2 00 o+ ) ) =0
and we calculate the upper bound and as D f(z*(N), N) = o we have
‘f(f*(N)aN) — [(&"(N),N)—-
T
(P ) D, (D2 0. )| <
(3)
< Fry D2f(z*(N), N)~1 o 4 N 3,

consequently after some manipulations we get

). N) = J (), ) = €D (), N) e - ke

(3)

1
D2 (0 (N), N)ew| < 220

3
- 52 D2 (N), N) =+ N (2,96

Now substitute into explicit expression for f(Z*(N), N) into the first result of the
theorem

(7 ¥ 1 * * — 5 EN %
@ (N),N) = f(@ (N)aN)—i—\/NfT(x N+ D (), ) )

Then after some manipulations and applying absolute value we get

_ .
F@ (N), N) = f @ (V), N) = (& (V) —a*) "6~ D2 (N), N) eS| =

N3/2
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and combining it with inequality (2.26) and applying triangle inequality we get

1

T
N3/26N§_

(), 3) = 10" (), ) = o€ DR (), ) -

T
_ 2;26%D2f($*(N),N)EN —_ \}N(x*(N) _ x*)Té- _ %fTDQf(‘r*(N)’N)_lé_ . é].\[;/];[
Fggj) 20(0% 1 € en |

which after some simplifications is

@ (V). 3) = (0 (), 6) = () = )€ = €7 D2 " (V). N) e <
<1 Fﬂgg)DQf(*N N)~! N 276+ — LD f(a*(N), N
= N3/2 6 2" (N),N)" ¢+ JN + €N§+2N1/2€N f(@*(N), N)en| |,

and finally we obtain for first two cases

F@ (). ) = 10 (V). ) = —=(a” (V) = ")+
+ %gTDQ f@*(N),N)~1e + Nf/? (2.27)
where
(S)N en I 1
on] < =G D" (), M) He+ T o 2R € oo R D2 (@ (N), N)e

Now we take first order Taylor expansion of the D2 f(x*(N), N)~! at x*
D*f(z*(N),N)~" = D*f(a*, N) "' + (¢"(N) — ") D®° f (2(N), N),
hence for ¢ D2 f(x*(N), N)~i¢
D*f(z*(N),N)~" = D*f(a*,N)™" + (¢"(N) — ") D®° f(z9(N), N),
we have

D f(@*(N),N) ¢ =TD?* f(a*, N) ¢+ €T (2" (N) — 2*) D®? f(wg(N), N)E,
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Then we put it back into (2.27) and afetr some rearrangements we get

f@(N),N) = f(&"(N), N) =

¢
N3/2°

S0 el ),

(2" (V) — 2)7 (5 n o

2

1 T nH2 * -1
+ ¢ D )T+

Now we use Lemma 14 form the Section 4, Chapter III to approximate D? f(z*, N)~*

and get

7 : iy e EDPf(ae(N), N)E

J@ (), N) = J(@" (N),N) = (& (N) = ") (H L >+
1 o 1 §TH/§

which is the final result for first two cases. For the third case we simple replace
N with G(N) everywhere in the estimate

g ®3 T

@ (N), N) = fs(a* (N), N) = Gl(N) (a(N) - x*)T<§+ D7 s GG(SVV)W%
1 o IS4

+2G(N)§TD2f3($ ) 1€+G(]V)3/2(¢+2G(]\7)>7

where

(3) 3

Fy . _ EN 1 .
[on] < == | D2 fa(a"(N), N)~le+ st 26%5+W6%D2f3(x (N), Nen|,
hence we get the final result. O

Proposition 2. For the function f(z, N) : Q x N — R, which has unique max-
imum at the critical point 2*(N) over the domain @ € R™, we have another
function defined f(z, N) = f(z, N) + ﬁ(:ﬁ —2*)T¢, where ¢ has a value from the

neighborhood of 0. Then we have estimate

—1] < (2.28)

‘ det D2f(z*(N), N)
\/det D2 fe(3*(N), )

Bk

where K > 0 is some constant and the matrices in the inequality are diagonal.
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Proof. First we take first order Taylor approximation of D?f(z*(N), N) at 7*(N)
D*f(z*(N),N) = D*f(Z"(N), N)+ < D3 f(z4(N),N), (T*(N) — 2*(N), N) >,

where D2f(Z*(N), N) = D2f(Z*(N), N) as the term ﬁ(m — 2*)T¢ vanish in the
second derivatives of x. Then we bound it and apply absolute vales on the both
sides

[D*f(a*(N), N) = D2f(& (N), N)| < FgP|#(N) - 2*(N).

Next we substitute the estimate for |z*(N) — 2*(IN)| which estimated by the pre-

vious lemma

2 * P27+ @ 2 * ﬂ
|D?f(2*(N),N) - D*f(@ (N),N)\S\/NDf(a: (N), )1§+\/N~ (2.29)

Since the function f hence fis decomposable f(z,N)=>"", f(x;, N) the matri-
ces of the second derivatives are diagonal matrices. The diagonal elements of the
matrices D2 f(z*(N), N) and D2f(z*(N), N) we will denote respectively ); and
i, © =1,...,m. Then the elements of matrix on the LHS of (2.29) are given by

([D2£ @ (V). N) = D@ (), V)| = A = .

Z?J

Since for the finite dimensional linear operator all norms are equivalent, the norm

of the above matrix is equal
|D*f(2*(N),N) — D*f(&*(N), N)| = mjaxz i =il =D i —p
i=1 i=1

hence by (2.29) we have a bound
m (3) ) )
— Hi| < D*f(z*(N),N) "¢+ 2.30
> i — pil f' f(@*(N),N) \ﬁl (2.30)

=1

Now we take LHS of inequality (2.28), write explicitly the matrices determinants

[T vV
H?;l i

: (2.31)

| /det D2f(z*(N), N)
\/det D2 (3 (N), N)
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and further

zl\/i ' H'L 1\/> Hzl

ki

e

Then we transform the numerator by adding and deducing /1 [ ]2, Vi
[Tvai = v [T v+ v [T v =T vim =
i=1 i=2 i=2 i=1
(VA= Vi) [Tvai+ v [Tva =TT v
i=2 =2 i=1
and again add and deduce \/mi2 [ ]2, Vi
m m m m m
(VA - \/M1)H\/>Ti+\//71H\/)\7z‘—\/M1M2H\/>\7+ \/M1M2H\/>\7—H i =
= (VA1 = Vi) Hf+rf—r wamﬂf Hm

We repeat this step until we get

i—1 m

=3/ v [T Vi

Jj=1k=i
hence we have

i—1 m

i 14i) [ A

)

7=1k=i

and by the triangle inequality and multiplicity of absolute value

[TvA - 1T <
1=1 i=1

i)@—m

i—1 m
[IITVeN 232
j=1k=i

Now, as
pi = (Vi = Vi) (Vi + Vi),

and therefore

Nl
V3~ Vi = T
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Now combining (2.31) and (2.32) with above expression we get

|¢detD?f<x*<N>,N> _1' B T g o g 0 ey NV/TIRYY
\/detmf(f*(N),N) Il 2V RV B § FRRV/T R,

and after simplifications of last factor we get

m

)\k
Z\\FJF\/E\H

—1| <

‘ J/det D2f(z*(N), N)
\/det D2 F(&*(N), N)

Then we substitute into above inequality (2.30) and eventually obtain

F
1l < 20
~ VN

D? f(a*(N), N)~'¢

Mk

‘ V/det D2f(z*(N), N)
223

\/det D2 (3 (N), N)

Since the function f € C? the diagonal elements )\; and j;, i.e. the second deriva-
tive for any N are bounded from below and above, hence we have a bounding

constant

K>F®

2 * — EN . &
D f(a* (N), N) ! 12W+Mg\/;,

for some fixed N. The finally we can write

-1

<

Els

‘ /det D2f(z*(N), N)
\/det D2 fe(3+(N), )

which is the result of the lemma. O
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Entropy related results

The entropy plays a key role in the main result of the thesis. By definition it is
the number of possible states that can take for system for particular value of the
parameters. Hence, it is essential in calculating the probability distribution in the
statistical mechanics. This chapter contains the results related to the entropy of
the considered system which are developed specifically for the proofs of the limit
theorems in the second Chapter.

In the first section we provide an approximation of entropy. The method
is based on the approximation of gamma function, which essentially is factorial
but for the real numbers. It is much more complicated than for example if we
use Stirling approximation but we are able to separate the error term form the
approximation.

In the Section 2 we maximize the entropy using the methods of the convex
optimization. We find explicit formula for the points of maximum. It turns out
that there might be two type of maximum, on the boundary of the domain or in
the interior. System parameters related to the domain over which the optimization
is performed determines the type of maximum.

Section 4 consists of some related to the approximated entropy estimates.
They are crucial for proving the limit theorems of the Chapter II.

The last section is approximation of so-called - partition function. It is the
sum of entropies of all possible systems configurations. For the proof of the limit
theorem we need this function. We need that it will be in the form of integral
instead of sum. Although several attempts was taken to prove given result but
the proof turned out to be more complicated than it seems and non of it was fully
successful. As the result seems intuitively correct we include it but without proof.

For an easy referencing, we recall some related concepts from the Chapter
I1, like entropy function or related partition function.

For N € N, increasing discrete function G(N) : N — N and z; € [0,1], ¢; € (0,1),
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1 =1,...,m we define the entropy S :x x N — R as

N+ giG(N) —

S(a, N) = IH (@M (g:G(N) —

)

i (3.1)

where ! defines usual factorial and we have constraints on z; and g;, > iy g;i =1
and > z; = 1.

Moreover, we consider three cases of G(N), distinguished by the behaviour as
N — o0

Q

(N
N
(N
N
(N

N 9

~—

l

1)

o0,

Q

2)

1
“O
_
=
[\)
N~—

Q

1

3)
where c is some positive constant. The corresponding partition function is defined

Z(N,E) =) 5@, (3.3)
Qg

where (g is some set in R’ such that following constraints are valid
m
i=1

m
Z gixi < B,
i=1

where £ > 0 and ¢;, ¢ = 1,...,m are some constants such that 0 < g1 < g9 <

o< Em.

3.1 Entropy approximation

This section contains the approximation of entropy (3.1). It is in the form of the
Lemma. The rigorous proofs of it is also provided. The form of the approxi-
mated function is tailored such that it is convenient for the application of Laplace

approximations performed in the proof of the limit theorem in the Chapter II.
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Lemma 1. Following asymptotic equations are valid
1) oS N) _ (27r)—%€Nf1($7N)+R1(N) <1 + O(
2) eS@N) _ (27r)7%6Nf2(x,N)+R2(N) (1 + O(

3) es<x,N>:(2W)—§€G<N>f3(x,N>+R3(N>(1+O ! ))

as N — oo where

1) fi(z, N) —;[ajzln <:cl+glN >1n<1+giG(N)>

1 1
— ﬁ In(z;N + ¢;G(N)) — x;In (1 + xﬂV) ~ 5N In(z; N + 1)]

1 G(N
Rl(N):—ZglngiG(N)quJern 5\7)’

2 o= 3 [ (o198 Y (0 0) it

- % In(z;N + g;G(N)) — x;In (1 + xjN) - % In(z; N + 1)]
Ra) == 3 [5G - 0 S g S

3) fs(z, N) :é [gi Ina; + <xGéVN) —i—gi) In <1 + gf%ﬁ)] -
- 2G1N) In(z;N + g:G(N)) — g&) In (1 + :mN) = s N 1),
Ry(N) = Em: B In i G(N) — g:;G(N) In giG(N)] +m+G(N)InN.
=
Furthermore we have that
fi(e, N) = fix), as N = oo, (3.4)
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for [ =1,2,3, where

1) fi(z) Zz; l’z 1D% +xz}7

2) folw) =) -(xz + gic) In(z; + gic) — xiInz; |,
=1 "

3) fs(z) =) |gilnw +gz‘]-

.
Il
—

Proof. Since I'(N) = (N — 1)! we can write

(z;N +g;:G(N) — 1)

—1 [(ziN + g:G(N))
(ziN)!(9:G(N) — 1)

T(z;N +1)I(¢:G(N))’

|
T =

and if we introduce notation

;N + giG(N) = ¢i(N),
;N + 1 =;(N), (3.5)
giG(N) = 0;(N),

then DN +gG(N) _ T(6:(N))

P(ziN + DI(g:G(N)  T(hi(N)T(0:(N))

Further, let us introduce

B() = ~6i(N) + (6(3) - 5 ) sV,
BN) = i)+ () = ) ), (35)

First order approximation of gamma function by the Theorem 10 in the Appendix

A.2, has asymptotic expansion

A1) 1 1
'\ ~e 2 [14—12)\—1—288)\2—1—... y A — 00.

Since ¢;(N),1i(N),0;(N) are positive and increasing functions of N, they can be
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approximated using the above asymptotic expansion

1 1
T(pi(N)) ~ W;(N) 1
(pilIN)) ~ e o) Tz T )

1 1
. ~ pQi(N)
['0;(N)) ~e [1+129i(N)+2889i(N)2+'”]’

) 1 1
[(pi(N)) ~ ePi(N) [1 + 20:() + 28861 (V)2 +}

where ®;(N), U;(N),0;(N) are given by (3.6).
From the definition of asymptotic expansion ( Definition 4 in the Appendix A.2)

we obtain first order approximation, valid for large N

L(0:;(N)) — V2re" ™| < Kw‘lme\m(m

129);(N) ’
1
) _\/ SN « 1 |/ i (N)
['(¢i(N)) 2me < KW)’ 126:(N) 2me ‘,
1
) _ ON)| « . )|~ 0;(N)
I'(0;(N)) — V2me < Kip 120, (V) V2me ,

where K; y, K; 4, K; 9 are some positive constants. If we consider constant K; =

max{ K, K; 4, K; g} then we can represent the above inequalities as

1

F(QZ(N)) - \/ﬂe‘l’i(N) < Kz WV QTFG\I,i(N) y (37)
1
1

T(6;(N)) — V2re® W) < K; %w)\/%e@i(m‘. (3.9)

Next we combine approximations (3.9) and (3.8) using Lemma 14 from the Ap-
pendix A.2

K2
) ) _ Ti(N)+0;(N)| « i U;(N)+6;(N)
Ki Wi(N)+6;(N) Ki o win+e.v)
+ 205 (V) V2me + 120: (V) 2me , (3.10)

which holds for sufficient large V.
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We set K; 4 0(N) to be

Ky y(N) = KZQ n K; n K;
BT 1995(N)126,(N) T Var12y4(N) | V2r126,(N)

and then we can write (3.10) as
(s (N))T(6:(N)) — 2we‘1‘i<N>+@i<N>‘ < K pp(N)2meiMHO:N) - (317)

Now we use Lemma 13 from the Appendix A.2 to get the lower bound for (3.8)
and (3.9)

4 1 Vore®i(N)| < . _ /27 e®i(N)
K 196: () 2me < |T(¢i(NV)) 2me ,
/ Lo 0| < |1(0:(N)) — /3N

0| 196, (V) 2me < |T'(0;(N)) 2me ,

which holds for sufficient large NV and K; y, K; 4, K; g are some positive constants.
Further, if we introduce constant K| = max{K; 4, K; 4, K; 9} we can represent the

above inequalities as

! 1 1e®i(N) ' e ®i(N)
Ki 12@(1\7)‘/7 ' < ‘F(@(N)) Var ’ (3.12)
i 1293(N) \/geeiuv)‘ < 'F(@(N)) - \/ﬁe@iw)‘, (3.13)

and then we combine last two using Lemma 14 from A.2

K/ 4o (N)2me Vi HO:MN) < D3 (N))T(6:(N)) — 2me Vi IFOLN) | (3.14)
where
K K! K2
K N) = 2 + 2 _ i )
o) = (V) T 126,(N)  1205(N) 126,(N)
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Now use Lemma 15 from A.2 for the inequalities (3.7), (3.11) and (3.14)

@;(N)
PN Ve . .
C(i(N)T(0:(N))  2me¥i(N)+O:(N)
< Wzmme%(m + [V2re® )| Kz, ¢9(N)27re‘1’i(N)+9i(N)
- Ki’we(N)e\Ili(N)—i_@i(N) |27T6‘lji(N)+®i(N)| |27T€‘1/i(N ’ - Kz/ o (N)Qﬂe\lfi(N)-i-@i(N) '

Since exponential function is a positive function we can simplify the RHS of above
inequality and introduce a new variable K; 4y(IV)

ﬁé]\/) 2me®i () n 2me®i(V) Kivw(Npﬂe%(N)@i(N) B
K! we(N)e‘Ili(N)‘F@i(N) 2V (N)+6:i(N) ) 27e¥s(N)O:(N) — K, o (N)2meV:(N)O:(N)
_ V2me® ) ( 2 K; N > _Kigo(V)

2me¥iN)+0i(N) \ 12¢;(N) zzpe(N) 1 — K y9(N)

- e@(N)—wN)—ei(N)(Q”K +126:i(N) “w(N)) Kiyp(N)

Vor 12¢;(N) K7 ,4(N) T Kygg(N)
1 m o o
:Kz‘,we(N)me‘bz(N) Wi (N)-0i(N)

Hence (3.15) can be written as

['(¢:(N)) Ll e N)—wN)—8iN)
'F(%(N))F(Hi(N)) VT < (3.16)
1
< Kl,(i)?/)H(N) e‘lji(N)*‘l/i(N)*Qi(N).
Vor

Now we use Lemma 14 from the Appendix A.2 to get expression for the m factors

s L(¢i(N)) —\I/-(N)—@-(N)'
k3 k3 <
H 77[)2( F(ez H \/ 27’[‘ B
< HK,@W ePi(N)=¥i(N)=6i(N)
m—1 m—j m

1 6. (M), (N)—6,
+> > I H Kk guo(N \/—WG(PZ(N)*MN)*@Z(N),

j=1 gm=iJ k=1 l=m—
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where N must be sufficiently large and if we set

m m—1 m—j m
Kopo(N) = [[ KigwoN) + > > [ Tl Kivows(N),
i=1

j=1 gm—3i k=1 l=m—j+1

then we can write

which is almost asymptotic equation from the Lemma we prove.

Explicit expressions of approximated function

Now we consider > " [¥;(N) — ®;(N) — ©;(NN)], we substitute its explicit expres-
sions given by (3.6)

SOEN) - ()~ )] = 3 | = i) + () = 5 ) )+

F i) = () = 3 ) o) + 6, = (6) - 3 ) mo).

and then substitute explicit expressions for ¢;(INV), ¢;(N), 8;(IN) given by (3.5) and

after some manipulations obtain

g[\lfi(]\f) — ®;(N)—0;(N)] = g [(xi(N) + ¢;G(N) — ;) In(z:N + g;G(N))—
<a:z-N + ;) In(z;N +1) (giG(N) - ;) In giG(N) + 1] 7
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and after further manipulations

= Z [(a:z(N) + ¢:G(N)) In(z;N + ¢;G(N)) — ;N Inz;N — ¢;G(N)In g;G(N)—
=1

(3.18)
1

T

- %ln(xiN + giG(N)) —x;NIn (1 + > - %ln(miN +1)+ %lngiG(N) + 1].

First three terms are approximated analogically to the proof of Stiriling approxi-

mation in previous subsection, i.e.

1) f; [(:ziN + g;G(N))In (z;N + ¢;G(N)) — 2;NInz;N — g;G(N) lngiG(N)} =
N3 [t — (40 DY (1 2] v SO0,

=1

For the second case we have

NE

2) [(%N + giG(N)) In (xiN + giG(N)) —ax;NIna;N — ¢;G(N) lngiG(N)} =

1

3 (e ) o 0 i~ 01, 0],

-
Il

N N N

and for the third

3) Z [(sz + giG(N))In (z;N + ¢;G(N)) — 2;N Inz; N — g;G(N) lngiG(N)} =
i=1
_ ot (o Y (10 MY .
_G(N);[gzl @+< 1G(N)+gz>1 <1+ 2N ) gil gZG(N)]JrG(N)l N.
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Hence we substitute it into (3.18) and take out NV or G(/NV) depending on case and

obtain following

-3 o (a2 o 285)-

1 1 1
— ﬁhq(:z:l-]\f—ng-G(N)) —x;In (1 + xiN> - ﬁln(l‘l]\f—i— 1)+ ﬁlngiG(N) +
G(N
+m+ Nln EV):Nfl(x,N)—i—Rl(N).

For the second case we have

2) S(x, N) = Ni sz +g-G(N)> In (mz +giG(N)) —z;Inw; —giG(N) W)
=1

N N N N

1 1 1
- ﬁln(:vl-N—l—giG(N)) —x;In (1 + xiN> - ﬁln(:ﬁzl\f +1) —1— lnng(N)] +m =

= Nfa(z,N) + Ra(N),

and for the third

3) S(z, N) = G(N) i [gi In; + (xGéVN) + gi> In (1 + gﬁ%ﬁ) — gilng:G(N)—

=1

1 ;N 1 1 1
g M 060N =~ Gy n (1 2y ) = g e 41+ g )|

+m+GN)InN = G(N) f3(z, N) + Ry(N).

where here again R;(N), | = 1,2, 3 include those terms which does not depend on
x. We get the functions f;(x) by simply calculating the limits. Hence we get the

expression from the theorem.
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Constants estimates

We have following constants which occur in the upper bound (3.17)

K; N) = ] ’
a) Kiyo(N) 12;(N) + 126;(N) + 124);(N)126;(N)
K/ K! KP?

_l’_

b) K yo(N) = 120;(N)  120;(N)  124;(N)126;(N)’
K; K;yo(N)

¢) Kiguo(N) = (12¢i(N)K{’w9(N) e 1) 1= Kiyg(N)’

m m—1 m—)
d) Kgyo(N) = [[ Kigwo(N) + > D [ Kivuowo(N)14,.
1=1

j=1 ¢m=3J k=1

For the first two constants we find upper and lower bound and for every constant

we consider three asymptotic cases of G(NN) given by (3.2).

a) K;yo(N) We will factorize Kj; 49(N) into function of N and some function
independent of N or at least bounded by function independent of V.

We start by substituting expressions for ¢;(N) and 6;(IN) given in (3.5)
into K; g9(IN)

K; K; K

T V2r2(aN + 1) * V2712¢;G(N) P R@N + DgG(N) (3.19)

Kipo(N)

Now we consider three cases described in (3.2) separately. As N — oo we have
1) %N) — 00,
We take out of the bracket & of K; 49(N)
1 K; K;N KP?

7

-~ + + ,
N |V2ri2(zi+ &) V21126,G(N)  12(z; + 3)12¢:G(N)

K;49(N) =

hence we can write )
Kipo(N) = 171Ki,n,00-

In the limit N — oo this function converges to a constant

. % K;
im » = —
N—oo 150,N,¢0 \/%121'1'
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2) %%c,

Here we do the same manipulations and

1 K; K;N K2

)

Ki N)=— + + ,
o) = V2rl2(z + &) V2r12g:G(N)  12(2 + +)12,G(N)

and shortly we can write

1
Kigp(N) = 772Kin,00,

but the limit is

. K K; n K;
1im 1 = .
Novoo 2N T 190 | 2m12gic

3) M 0,
In this case we take out G(IV) out of the bracket
Ky () = 1 K, LK K?
RO T G(N) Vor2(wigh + atyy) | V2126 12(eiN +1)12g; ]
Therefore we have )
K; N) = ——3K; s0(N
7’7(1579( ) G(N)3 27¢9( )’

and in the limit
K;

lim 3K; = —.
N 38 N0 5120,

b)K; ,4(N) We do the same manipulations with this constant as previously, but

with minus in front of the last term.

c) K;y¢0(IN) We bound it and factorize into the function of N and constant or
some bounded function for each as case as N — oo
1. % — 00,
We have
27TKi > K@ ¢9(N)
K; N) = +1|—,
isbo0(N) <12q5i(N)KZf,w9(N) 1— K; y6(N)
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and we substitute expression for for Kj ;4(N), K;40(N) and ¢;(V).
K.

2nK;N 124,46
Koo (N +1 n

ipeo(N) = (12(xZN + giG(N) K] > 1— MTM

and after some manipulations we get

B ( ZWI(Q) N 1>1 1K yo
12(z + g )1K’

Nq_ 1K 40’
N

then

1 omK; K;
Finea) = 5 (Gt ) T
N\12(2; + =521 K 1

Hence, we can write

1K 00 °
N

1
Kippo(N) = N LN -

2. % —c,
Here situation is the same, again we put lower bounds for the K7 4¢(N),
upper for the K; s (N) and ¢;(N)

1 2K, K;
Kiwan™) = 1)
N\12(2; + ;5 )2 KL e

Hence, we can shortly write

1
Kiypgo(N) = N2K¢,N,¢¢9-

3. %—m,

For third we take out G(NN) out of the bracket, rest is the same as for the

second case

gﬁKi Kipo(N)
K; yop(N ( + 1) - 5
ipo0 (V) = 12¢;(N) K] ,4(N) 1 — K yo(N)
and we substitute expression for for Kj ;4(N), K; go(N) and ¢;(NV).
Ki o
2 K;G(N) SG(N)
Kiyoo(N) = < +1> T
12(z;iN + giG(N))3 K] 4 1— 3&%)9
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and after some manipulations we get

. ( 27TKZ + 1> 1 3K )0
_ _ 0
12(@igmy + 905K/ GN) 1 gy

Shortly we can write

1
Koo (N) = WP)KLN,WG- (3.20)

d) Kygo(N)

1. % — 00,
We substitute expression for K; yg9(IN) into Kyye

m 1 m—1 m—j m 1
Keypo(N) = HNlKi,N,qque + Z Z H H N i Voo Li
i=1 j=1 gm=iJ k=1 l=m—j+1
factorize term % and get
L[/ 1\ ' 2 i1 nJgoom
- N[<N> H1K1N¢¢9+Z ( > H 1Kik7Nﬂ/)¢91iz:|’
Cﬁ_j’j k=1 l=m—j+1
and after some manipulations

1

1 m—1 m
= N{ > 1K napeo + <N> 11 Kinoot
C:n”—j»j =1

m—2 1 m—j—1 1
+ ]Z; <N) Z H H 1Kika,¢¢91il:| = NKLN’

mJJk: 1 l=m—j+1

hence we can write

where in the limit N — oo

K1N—>21sze K.

=1
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2. %—)c,

Here the situation is the same as in the previous case

1 1\ 5
Kppo(N) = N[ Z 1Ky N oo + <N> H2Ki,N,w¢0+
=1

C;"y’;*]»]

m—2 1 m—j—1 m—j m 1
+;(N> > I I 2Kik,N,w¢91il]=NKz,N,

cm=ii k=1 l=m—j+1

hence we can write )
Kgpo(N) = N2KN,¢¢9,

where in the limit

m
Kin — Zﬂﬁ,we = Ko.
i1

G(N)
3. =~ —0,

For third case the only difference is G(N) instead of N

1 m—1 m
Z 1Ky Nygo + <G(N)> HQKi,N,wqﬁG“‘
i=1

m—j,j
m

C

m? m—j—1 m—j m
1 J )
! =1 <G(N)> Z H H QKikyN#’(ﬁ@liz] = wKQ,Na

om=ii k=1 l=m—j+1

1
Kypo(N) = mz%KN,we,

and in the limit

m
K3y — Z&;Ki,we = K3.

=1

Now we substitute the estimates for the constant Kygg(/N) into the in-
equalitie (3.17), together with substituting explicit expressions for [~ [¥;(N) —
®;(N) — ©;(N)] and obtain the final result. O
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3.2 Optimization

The content of this section is devoted to the optimization problems related to
the approximated entropy f;(z) and f;(xz, N) which are outcome of the Lemma
of the previous Section. The optimization problems are solved in the first two
subsections. Some related results developed specifically for the optimization are

included in the third subsection.

3.2.1 Optimization of the limit of the approximated entropy

Let R’ be a nonnegative orthant of R™. Then, the functions from the Theorem
6 in the Section 1, i.e. f; : R, — R, [ =1,2,3 defined

m

fl) =) = Y,
i=1 i
m

fa(z) = Z [(1:2 + gic) In(z; + gic) — x; Inx;

i=1

m
f3(x) = gilnw; + gi,
i=1

where ¢ > 0and g; >0, i =1,...,m are some constants and x; is i-th component
of z and Y 7", gi=1.
For each f; we have optimization problem over the domain Qg recalled in

the beginning of this chapter, i.e.

maximize fj, (3.21)

m
subject to Z:IJZ =1,
i=1

m
Z gix; < E,
=1

where £ > 0 and ¢;, ¢ = 1,..., m are some constants such that 0 < g1 < g9 <

. < Em.

Lemma 2. The solution of the optimization problem (3.21) exists only if £ > &1
and this solution ( optimal vector ) is unique.

For ge = izyil gi€i, then if E > g, then the optimal vector z* =

m
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(27,25, ..., 2),) has components

and if gimeim < B < &, where gimeim = min; g;e; respectively for each instance of

fi, the optimal vector has components

T; = %7
e gitv
xz’ = )\*Lc*v
eMeEtrvt — 1
gi

*

T, = ——,
¢ A*e; + v

for ¢ = 1,...,m, where the parameters \*, v* are uniquely determined by the

system of equations

Proof. We start by showing uniqueness of the solution, assuming it exists.

Let us denote by €2 the domain of optimization, i.e. the set of vectors
satisfying the constraints of the problem (3.21) and implicit constraint from the
definition of f, i.e. x € RT,. Equivalently, this set is an intersection of two
m-dimensional simplexes, first is determined by origin and standard basis vectors
of R™, i.e., o,e1,...,6e, and second by vectors 0,e1e1/E,...,epmen/E. Since
simplexes are convex sets, so their intersection and therefore the domain €2 is
convex.

Now, lets show concavity of each instance of f;. For all three functions,

since they are twice differentiable, the matrices of second derivatives exists and
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are equal

[D? f(2)]i; = _5ij%a

)

giC
D2f(2)]: - = —6.. ’
[ f( )]l,] UiUi(ﬁUz‘“‘giC)
gi
(D2 f(2))ij = —0ij 73,
Ly
where 4,5 = 1,...,m and J;; = 1 if i = j, otherwise d;; = 0.
Since ¢ > 0,x; > 0 and g; > 0 for ¢ = 1,...,m, the elements of above matrix are

negative on the diagonal and zero elsewhere. Hence for all x € R™, x # o we have
zI D2 fi(z)z < 0,

i.e. D?f)(x) is negative definite, which implies strict concavity of f;.

Since problem (3.21) has convex domain, affine constraints and concave
objective it is a convex optimization problem, for definition and terminology see
Appendix A.4. Moreover, since objective is strictly concave the optimal vector is
unique, if exists.

Now, we find the explicit form of the optimal vector. We start by repre-

senting (3.21) in the standard form

minimize — fj, (3.22)
subject to ele — E <0,
1"z -1=0,
where 1 is the unit vector and € = (e1,...,&pm).

Further, for the above problem we define Lagrange function L : R™ x Rx R - R
for the problem

L(z,\,v)=—fi(z) + )\(ETx - E) + 1/<1Tz - 1),

and corresponding Lagrange dual function (dual function) g: R x R — R

g\, v) = inf L(z,\,v) = ing{ — filz) + A(sTJ: - E) + 1/<1Tx - 1) },

e S

where A, v € R are Lagrange multipliers.
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Let p* be the optimal value and z* corresponding optimal vector of the

problem (3.22), then for A > 0 and any v we have
g\ v) = ;—Ielgf) L(z,\,v) < L(z",\,v) = (3.23)
= A+ X (Fa" — E) 4 v(Ta 1) < ) ="
where the last inequality is valid since x* is in the domain §2.

Hence, from (3.23), for A > 0 and any v, function g(\,v) yields a lower

bound for the optimal value, i.e.

g\ v) <p”.
We find the biggest such lower bound by solving an optimization problem

maximize g(\,v),

subject to A > 0,

which is Lagrange dual problem (dual problem) associated with the ( primal )
problem (3.22)
Note, it is a convex problem, irrespective of underlying problem, as g(\,v) is a
point-wise infimum of a family of affine functions of (A, ). Hence, the maximum
of g(\,v), if exists, is a global maximum.

Since the primal problem is convex and there exists z € Relint(€2) , ( for
the definition of Relint see Appendix A.4 ) with

172 —1=0,

efx—E <0,

the Slater’s conditions holds (see Appendix on Theory of Optimization A.4) there-

fore strong duality occurs and optimal point exists. Hence we have that
g(\*,v*) = inf L(z, \*,v") = L(z", \*, ")
e

=—fi(z®) + \* <5Tx* - E) +vr (1T — 1) =p*.

From the last equality it follows that the strong duality implies complementary
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slackness
A (ET:L‘* - E) =0, (3.24)

where z* and \* are optimal values.

Now, as L(x,\*,v*) is a sum of the convex and affine functions, it is a convex
function of x. Further, since the function L(xz, A*, v*) is differentiable with respect
to z, infycq L(x, \*,v*) exists and is finite only if V,L(xz,\*,v*) = o for some

critical vector x*. Hence, we get the gradient condition
—Vfi(z*)+ Xe+v'1L =0, (3.25)

where o is zero vector and € = (€1,...,&p).

Now, if we put together the constraints of the primal and the dual prob-
lem, complementary slacknes (3.24) and gradient conditions (3.25) we arrive with
Karush-Kuhn-Tucker (KKT) conditions, for details see Appendix A.4 ,

ela* —E <0, (3.26a)

172" —1=0, (3.26b)

A* >0, (3.26¢)

At <5Ta:* - E) —0, (3.26d)

=V fi(z*) + Ne+v'1 =o. (3.26¢)

For the convex optimization problem with the strong duality, these are necessary
and sufficient conditions for the vectors z* and (A*,v*) to be primal and dual
optimal.

Now, we solve (3.26).
For the first function, fi(z) = 37 #; In & +; from the gradient condition (3.26e)
we obtain

* gi

Next, first four equations we represent as two cases of possible ranges of values of
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A*. The first case is

e —E <0,
172" —1=0,
A =0.

From Lemma 15 attach at the end of this section, the solution for the above system

exists and is unique only if £ > g¢ and (\*,v*) = (0,0). Hence (3.27) becomes

r, =git=1,...,m.
The other case is
ela* —E =0, (3.28)
172" —1 =0,
A* >0,

where we have equality in the first condition because of \* <€Tx* — E) = 0. By
Lemma 4 from Subsection 3 of this section, solution (), r) exists and is unique
only if gimeim < E < gé. Further, substituting (3.27) into two first conditions of
(3.28) and we get the system of equations from which we can calculate parameters
A and v explicitly. For the second and third case situation is analogical but we
use respectively Lemma 5 and 6 from the Subsection 3 of this Section. Only the

outcome of the gradient gives different result. O
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3.2.2 Optimization of the approximated entropy

Let the functions f; : R, x N =R, [ =1,2,3 are

fi(z,N) :i [l‘iln? + (azz +g¢G§VN)> In (1 + gigé\;\f))_

i=1 t

1 1 1
_ ﬁln(m‘iN + giG(N)) —x;1In <1 + :cl-N> ~ 5N In(x; N + 1)],

0 =35 (5% (o489 it

— L ln(a?iN + glG(N)) — Ty In <1 + L > - i ln(xiN + 1):|,

2N ;N 2N
- N 9iG(N)
N) = i In @ i i) In |1 -
f3(x, N) ;[g na +(w G(N)+g> n< + 5N
aG() NN FHGIN) = Gy I ( ! mv) 2G) PN ’]
where ¢ > 0 and g; > 0, i =1,...,m are some constants and » ;" g; = 1.

For each fij(z, N) we have optimization problem

maximize fij(z, N), (3.29)

m
subject to sz =1,
i=1

m
Y e < E,
i=1

where £ > 0 and ¢;, ¢ = 1,...,m are some constants such that 0 < g1 < g2 <

oo < Em.

Lemma 3. For each instance of fj(x, N), for large enough N the solution of the

above optimization problem ( optimal vector ) exists and is unique.

Proof. We start by showing uniqueness of the solution, assuming it exists.
Let us denote by €2 the domain of optimization, i.e. the set of vectors
satisfying the constraints of the problem (3.29) and implicit constraint from the

definition of f, i.e. z € R7,. Equivalently, this set is an intersection of two
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m-dimensional simplexes, first is determined by origin and standard basis vectors
of R™, i.e., 0,€1,..., ey, and second by vectors 0,e1e1/FE, ..., emen/E. Since sim-
plexes are convex sets, so their intersection and therefore the domain ) is convex.

Now, lets show concavity of each instance of f;(x, N). For all three func-
tions, since they are twice differentiable, the matrices of second derivatives exists

and are equal

[D? fi(a, N)lij = — 0y (; T 3@N t giG(N))l(xi TgGI/N) a2 -1% B
© 2(ziN + 1)1(552- - 1/N)>’

[D?ﬁ@aNﬂmf=—5w<xxx?E%d‘*g@ﬂv+gﬂxA0;mr+%GUVWN)+
T2 i 7 2(zN + 1)1(%- + 1/N))’

) s (% ! Lo
Dol N)lig = =0y <xz T 2w + GGV (i + 6 GN/N)

)

1
B 2(ziN 4+ 1)(x; + 1/N)>’

where 7,5 = 1,...,m and J;; = 1 if ¢ = j, otherwise d;; = 0.
Since ¢ > 0,2; > 0 and ¢g; > 0 for ¢ = 1,...,m, for large enough N the elements
of above matrix are negative on the diagonal and zero elsewhere. Hence for all
x € R™ z # o we have

2T D% fy(x, N)z < 0,

i.e. D2f)(x, N) is negative definite, which implies strict concavity of f;(z, N).
Since problem (3.29) has convex domain, affine constraints and concave
objective it is a convex optimization problem, for definition and terminology see
Appendix A.4. Moreover, since objective is strictly concave the optimal vector is
unique, if exists.
Since the considered problem is convex and there exists = € Relint(Q2) , (
for the definition of Relint see Appendix A.4 ) with

1"z —1=0,

efe—E <0,
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the Slater’s conditions holds (for details see the Appendix A.4) therefore strong

duality occurs and optimal point exists. ]

3.2.3 Related results

For the positive numbers g¢;,€;,7 = 1,...,m such that €1 < €2 < ... < &, ,

>t gi =1 and some E > 0 we have the system of equations
m
D wi=1, (3.30)
i=1

m
E Eil; = E.
=1

where
z; >0,i=1,...,m, (3.31)

Let gg = % Z;il gi€; and GymEim = Min,; g;8;, gimEiM = Mmax; g;&; then we follow-

ing have lemmas

Lemma 4. For the system of equations (3.30) let

xi:&fﬁ,i:y..,m. (3.32)
where A and v are some parameters.
Then
i) if E =g, then the solution is (A, ) = (0,0) and is unique,
1) if gimeim < F < G, then for A > 0 the solution exists and is unique,
i) if g€ < E < gipmeims then for A < 0 the solution exists and is unique,

w) if B¢ (gim€im,gim€in), then the solution does not exists.

~—

Proof. We start with proof of uniqueness of the solution (), v). First let us assume
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the solution exists. Then we substitute (3.32) into (3.30) and get

Z St (3.33)
gi&i
St (3.34)

From the first equation we have

v = log (Zgie_ksi) (3.35)
=1

Note that the function v = v(A) is strictly decreasing, hence one-to-one.

Next we substitute (3.35) into second equation of (3.33) and obtain

2211 gigz‘@i)\si
Zz‘i1 gie i

Let us show that F = F(\) is ono-to-one function.

E =

We calculate its derivative,

e e e 2
— Yt giere M (T gie ™) + () sigie )
(Xoity gie™ ) ’

and represent as the difference of the expected values,

E'(\) =

E'(\) = BIE) — E[€?),

where £ is a random variable with range Q¢ = {c1,...,en} and pdf f(e;) =
gie i/ Py gie . By the Cauchy-Schwartz inequality E’()) is strictly nega-
tive, therefore E' = E()\) is strictly decreasing function, hence one-to-one.
Assuming the solution exists, since E = E(\) and v = v()\) are one-to-one, the
solution (A,v) is unique.

Now lets prove the existence of the solution (A, v).
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The function E(\) as A — oo and A = 0 takes values

E(N) U Eigie S GimEim + D itim gigieMEi—eim) o
a Doy gieT B 1+ Y7, gie=AMei—eim) JimEim;

as A — oo,

1 m
E(\) = Zngu for A =0,
i=1
. m e~ Mei—gin)
&M+ Zi:l,i;ﬁiM gi&i€
N 1+ Z;Z_ll e—AEi—eim)

EO)

— giMEiM, as A — —oQ.

Since E = E()) is strictly decreasing, points gimeim and g;areins are boundaries

of its range, hence A exists only if E € (gimeim, gins€inr) and further

if gimeim < E < GE, then A > 0,
if £ =ge, then A =0,
if gg¢ < E < gipm€inr, then A <0,

Now, from (3.35) we have

v(A) — o0 as A — 00,
v(A) =0 for A =0,
v(\) = —o0 as A — —oo.

hence for any A parameter v exists.

Putting the results together we get the lemma. O

Lemma 5. For the system of equations (3.30) let

gi .
;= =1,... . 3.36
:El )\Ei"—l/’ 1 Y 7m ( )

where A and v are some parameter.
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Then,

i) if E=7gg, then the solution is (A,v) = (0, 1) and is unique,
it)  if gimeim < E < GE, then the solution exists and is unique for A > 0, A < —veq,
iii) if gg < E < gimeinm, then the solution exists and is unique for A < 0, A > —ve,,,

iv) if E # (gimEim, gim€in), then the solution does not exists.

Proof. We start with proof of uniqueness of the solution. First we assume it exists.
Then we substitute (3.36) into (3.30), and get

1:2m: - (3.37)

=1
m e
E = Z SV (3.38)

1=>" S (3.39a)
=1
E=Y 5 (3.39b)

From (3.39a) we obtain

)\:Em: - (3.40)

i + o
Except the singularities at the points a = —¢;,7 = 1,...,m, the function A = \(«)
is strictly decreasing.
Note that by (3.31)
1
——>0,i=1,...,m, 3.41
)\(61' + Oz) ( )
hence A and « can take values
A>0, a>—ey, (3.42)
or
A<0, a< —¢em, (3.43)

94



and if we define A = A\(a) separately for the domains (3.42) and (3.43) it is also
one-to-one.
Next we substitute substituting (3.40) into (3.39b) and get

S A

o =1 g;+a

Y=
i=1 g;+a

Let us show that function F = F(«) is one-to-one.

We calculate its derivative,

Zi:1 Gita)? <Zi:1 5i+a> + Zi:1 sita <ZZ‘:1 (€¢+a)2)
- 2
T,
=1 g;+a

and represent it in terms of the expectations

E'(a)

1 E
E' = F[E — 3.44
(@) = FIEIE | o= |~ B| 5|, (3.4
where £ and (€ + a)~! are random variables with ranges
Qg = {517 s 75m}7
1 1
Q 1=
(E+a) ™ {614-04’ ’€m+a}’
94
both with pdf f; = it —
7=l ejto
Now, setting g(£) = E,h(E) = ﬁ and use special case of FKG inequality, see

Appendix on Probability A.3 for the details,

E[Sf—oj <E[5]E[5ioj’

which implies E'(«) is strictly positive, therefore E = E(«) is strictly increasing

function. If we define E(«a) for the domains (3.42) and (3.43) separately, it is also
one-to-one. Therefore the parameters A and « are unique.
Next we prove the existence of A and «.

Let us start with showing the existence of . The function F(a) as a — —¢q,
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a — —&p, and as a — £oo takes values

P, l m gi€q
>t g.lif o 2iz1 i 1 &
E(a) = % = s :—de as «a — oo
Zm gi lzm g; m 1= Y
i=1 g;+a a £ui=1 Zigg i=1
(3.45)
m  gi€i(€im+a) ) m gi€i(Eim+0)
Ei:l gita Eim + Ei:l,i;éim git+a
E(a) = = = GimEim, as o — —¢q,
S gi(Eim~+0) 1+3m gi(€im~+0)
i=1 g+a i=1i#im g+«
(3.46)

m  gigi(eim+a) ) m gici(eim+a)
iml ete — GM Y i T eta

2im e + Z:‘L,#ZM gilgint)

gita gita

E(a) = = §iMEiM, aS & — —Ep.

(3.47)

The equation (3.45) implies that E(a) # = >, g;e;, however if we take original
system of equations, i.e. (3.37), then for (A\,v) = (0,1) we have E = % Yo gici.

Taking that into account and equations (3.46), (3.47) we get that « exists if

E € (gimEims giMEiM)-
Further, since function E = E(«) is strictly decreasing,

if gimeim < E < gg, then a > —eq,
if £ = gg, then o — +o0,
if gg¢ < B < gipm€inn, then oo < —g,y.

Now from (3.40)

AMa) = oo as o — —¢g1
Ma) =0 as a — 00,
AMa) = —o0 as o — —Em,

hence if o exists the parameter A\ also exists.
Since v = §, A and « exists and are unique, then the parameter v also exists and
is unique.

Putting the results together we get the outcome of the lemma. O
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Lemma 6. For the system of equations (3.30) let

Gi

xi:m,izl,...,m. (3.48)
where A and v are some parameters.
Then
i) if £ =ge, then the solution is (A, v) = (0,log2),
i7) if gimeim < E < gg, then A > 0, \ < —veq,
ii1) if gz < F < gipmeiM, then A <0, \ > —vey,,
iv) if B¢ (gimEim, Gir€in), then the solution does not exists.

Proof. As in this case the parameters A and v in (3.48) cannot be factorized w
provide the proof without full rigor regarding existence and uniqueness of param-
eters. We start with proof of uniqueness of the solution. First we assume it exists.
Then we substitute (3.48) into (3.30), and get

(A
= ST (3.49)
=1
T
E=) v T (3.50)
=1

and then we perform a substitution ¥ = A« and for A # 0 we have

m
_ gi
1= Z e)\(é‘i-i-()é) _ 17
=1
5o i gigi
- L eMeita) 17
=1
Note that by (3.31)
Gi .
AEta) — 1 >0,1=1, ,m,



hence A and « can take values

A>0, a>—¢y, (3.52)
or
A<0, a< —ep, (3.53)

For A = 0 from the system of equation (3.49) we get that v = log2 and E = ge.
Then we get that the solution exists if E € (gimEim, gimeinr) as from the second

equation of (3.49) we have

1 gm
1= 1

giMEiM = JiMEiM Z )\61—1-1/ 1 Z ex(elgjiz _
i=1
i.e. the weighted sum cannot exceed its highest element or be smaller than lowest.
Since E = E(\,v) is a strictly decreasing function w.r.t variable A we have
that for gimeim < E < g€ the corresponding parameters A and v are in the regime
given by (3.52). For the values of E in g;preinr > E > g€ we have the other regime
(3.53). Putting together the outcomes we get the final result. O

3.3 Related estimates

In this section we provide a various estimates related to the approximated entropy
fi(z,N) and fi(x), for all three cases of function G(N) given by (3.2), i.e. [ =
1,2,3. The expressions for those functions are given by Lemma 1 in the first
section of this Chapter. The first subsection is devoted to the estimate of the
speed of convergence of the maximum of the function f;(x, N) to the maximum
of fi(z), 1 =1,2,3. The content of the second one are the estimates for the speed
of convergence of first derivatives of the functions f;(z, N) to fi(z), 1 =1,2,3. In
the third subsection we estimate the speed of convergence of the inverse of second
derivative matrices of functions f;(z, N) to fi(x), 1 =1,2,3.
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3.3.1 Estimates for the maximums

Note, that the maximum z* of the function fi(x) exists and is unique for some
range of parameter E' and the domain Q2g, which was shown in the Lemma 2 of
the Section 2. Similar situation is with f;(z, N) shown in Lemma 3 of Section 2.
For some N > Ny, fi(z, N) has a unique maximum z*(N) for £ > £ as then the

domain is nonempty. Then we have following result

Proposition 3. For the maximum points x*(N) and z* of the functions, respec-
tively, fi(z, N) and f;(xz) with [ = 1,2,3 over the domain Q we have following

estimates for each case [

1. —G%V) — 00
¥ — 2*(N)| < N7, when % > GEVN)
F—2*(N)| < | =—= hen — <« ——.
|z* — x*( )\_(G(N)) , WenN<<G(N)

z* —z*(N)| < N~

3. —G%V) — 0
_ 1 G(N)
* Lk < 1+6
|z* — 2" (V)| < G(N) , when GOV > N
. G(N)\ P 1 G(N)
< | ——= .
|* — 2" (N)| < < ~ > , when GIN) < N

valid for sufficiently large NN, where § is some arbitrary small positive constant

and the symbol > is defined

- f(z)
f(z) > g(x), as x = 00 <= zlbnolom > 1.

Proof. We proof the theorem separately for each case.
1. €W
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From the proof of the previous section we have Lagrangian
L(z, X v*) = — fi(z) + X (T2 — B) + v (172 - 1),

where \* are v* are some parameters. Then one of the conditions for the
maximum to exists and be unique , i.e. KKT conditions, is that that
VaiL(z, \*,v*) = 0.

The similar situation will be for the function fi(x, N), in the Lagrangian we
will have fi(x, N) instead of fi(z) and the corresponding Lagrangian will
be L(z, N, \*,v*). Now we calculate explicit derivative of the L(z, N, \*,v*)
and L(z, \*,v*).

For i =1,...,m the partial derivatives are
82:,~L($’/\*’ v*) = lni—i + Ne+ v,
8iiL(x’N’ AU = ln% +In (1 + gzgéj\f)) - ;m_
—1In (1 + :cl-lN> + ;%Nlﬂ + XNe + %

Hence we can also write that for the maximum point z*

|DL(z*, \*,v")| = 0,

[DL(z*(N), A%, v")| =

(N)NY 1 1 -
8 (” gG(N) ) " 22 (N)N + gG(N)

1 1
“Im(1e—— - -
" < + a:*(N)N) T (NN £ 1 '
where in the second equation we substituted the first one.
In the next step we approximate the logarithms of the second equation using

the approximation In(1 + z) = z + O(22),z — 0 for any |z| < 1

N TN S 1 1
DL(z*(N * R\ — T8 AT . AN AT
[DL(z*(N),A", v7)| ‘g(;(N) +O<gG(N)> 22N +gG(N)  aN

1\2 1 1
+O<x]\7> +2xN—|—1"

Now transform RHS of above expression depending on which term is asymp-
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totically stronger

1 |z*(N)N2 <a:*(N)N>2 1 1 1
DL(z*(N) X, v*)| = —|—5-5+ 0| —F+%— | N—= - +
PHEN =R Samny Oy ) N 7 2 1,20 w )
1 2 1 N
- - - - hen —
+O<x*(N)N) +2x*(N)+%’ WenN>> G(N)’
. . N |z*(N)(N) <m*(N)2N> 1 1 1
DL(z*(N),\, V%) = O\ S~ ) 5 B
DL NA V= Gy | g FPG(N) ) 224(N)G(N) + g2 a*(N)
P(NPGINN) " 2+(ny 4 €@ " TN S Gy
Hence we can write
IDL(a* (N), X", v")] € K hen > o (3.54)
x ) vV =N 1,1/N> when N G(N)7 .
|DL(.T (N)))\ y V )| < WKLN/G) when N < G(N)

where K ;/y and K y/¢ are some constants depending on z*(IV).
Then we approximate |DL(z, A*, v*)| with the first order Taylor expansion

at the point x*
|DL(x, \*,v*)| = |DL(z*, \*, v*) + D*L(z, \*, ") (z — x*)|,

where xy is some between points xz and z*.

The first term on the RHS of above expansion is equal to 0 since it is condi-
tion for the maximum and D?L(zg, \*,v*) simply becomes D?fi(zy) since
the expressions with A* and v* are equal to 0 when we make differentiation

w.r.t x;. Hence we have
[DL(z, X*,v")| = |D? fi(wo) (x — ).

Further we bound from above the RHS to extract the vector |z — z*| and
get
* * ! 2 *
DL X v 2 Bl -,

and then as 2 we take point on the ball z g separated by N1+ and (N/G(N)) =0
from the maximum, i.e. |zp — 2*| = N7*% or | — 2*| = (N/G(N))' =9,
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where § is arbitrary small positive constant. Hence we can write

* ok '(2) \r—140 1
IDL(xp, X*,v*)| > F g/ N7+, when . > GOy (3.55)
, N \!9 1 N
DL(zg N 0" > B3 [ 2 hen — < ——.

Since f € C? and det D?f1(z*) # 0, then by the inverse function theorem
we have that the mapping M : x — DL(z, \*, ") is invertible in the neigh-
borhood of z* and the inverse function is in the class C'. Hence, from the
estimates (3.54) and (3.55) together with DL(z*, A*,v*) = 0 and knowing
that |zg —2*| = N~ or |z —2*| = (N/G(N))~'*9 we can infer following

estimates

1 N

‘I*_‘T*(‘N” §N71+67 when N>> 4G(N)a
N O\ 1 N

(N < = hen — < ———

valid for sufficiently large N.

am

Here the approach is analogical. We first find the upper bound of |[DL(z*(N), A*, v*)],
then appropriate lower bound for zp and corresponding |DL(zp, \*, v*)| and

then infer the estimate |x* — x* (V).

In this case we have

|DL(2*, \*, )| =0,

[DL(z*(N), A", v7)| =

1 1 1 1
‘ T2 (NN +gG(N) ™ (1 * a:*(N)N) T N1

and approximating logarithm for the second equation we have

[DL(2"(N), A% v7)] = ’ T (NN 1 gG(N)  # (NN

‘%w@%NY+3wu$N+J:

_1‘_1 1 1 —o< 1 >+1 1
NI 22¢(N)+ g9 a*(N) a*(N)2N ) 22%(N) +
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hence )
|DL($*(N)7 )\*7 V*)| S NK%

valid for large enough N, where K is some positive constant.

We choose |z5 —2*| = N~ where § > 0 is arbitrary small constant. Then

analogically to previous case
* ok (2 —
[DL(zp, \*,v*)| > G N1,

Since by the inverse function theorem the mapping M : x — DL(z, \*, v*)

is invertible and the inverse is continuous we can infer that

z* _x*(N)’ < N_1+6.

. % — 0 Similarly we perform estimates in the last case.

Firstly, we have

|DL(z*, \*,v*)| = 0,

_l’_

|DL(z*(N),\*,v*)| = ’O< g°G(N) > 1 1 1

*(N)2N ) 22*(N)N +gG(N)  2*(N)N

)

‘O(M>2+§mzv>lzv+1

and we have to types of transformation for the second equation

DL (N) A o) = '0<ifG(N)2> 1 1 o)

G(N) (N2N) 22 (N)glg +9 =" (NN
1 2 1 G(N) 1 G(N)
_ <:c*(N)N> G(N)+§$*(N)N+1 , when GIN) > N
() e e[ = GAY) g \_1 1 !
e G 2 (N gy T gN  Z(NGN
- < ! ) +1 ! ‘ when ! < GW)
*(NP2G(NIN ) 24+(N)G(N) + EX | G(N) N



hence

A e 1 1 G
‘DL(CC (N),)\ , v )‘ < WKSJ/G, when G(N) > N y
e e GY) L ew)

< 2\
|DL(z*(N), \*,v")| < N K3.a/ns when o <

holding for some sufficiently large N, where K3, > 0 and K3 /N are
some constants. Now, analogically to other cases, we chose xp such that
ltp — 2*| = G(N)™"0 or |[zp — 2*| = (G(N)/N)'~%, where § is arbitrary

small positive constant. Then we have following estimates

IDL(zp, N, v*)| > F,G) G(N) 17, when s > =
.. ) (G(N)\'° 1 G(N)
IDL(zp, \*, )| > F3f9)<N> : when s < <

Since the mapping M : © — DL(z,\*,v*) is invertible and the invers is

continuous we can infer that

2" — 2*(N)| < G(N) '+, when G(lN) > Gg\]]\[),
g G(N)\ ™ L GW)
|z — 2 (N)| < <N> , when GOV < N

Putting together the outcomes for each case we get the result of the lemma. [
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3.3.2 Estimates for the first derivatives

Proposition 4. Given the functions fj(z, N) and fj(x), I = 1,2,3, for the first

derivative w.r.t. 1 we have following estimates

1) fi(z,N) = fi(z) +K1%, when % > GéVN)
Pl N) = fl(z) + KlGéVN), when - < GEVN)

2) filar, N) = (o) + Ko,

3) fi(a N) = fg(x)+K3G(1N), when G(lN) > va),
fi(z,N) = fi(z) +K3G§\][V), when G(lN) < GE\],V),

valid for sufficiently large NV, where K7, K9 and K3 are some positive constants.

Proof. We start by taking the explicit expression for the function f;(z, N) and
fi(z), we consider all thre cases of G(NN) separately.

1. —G%V) — 00

m

file, N) =Y [x,.lngu <+gG§VN>> In <1+gﬁf§>)—

i=1 v

b In(x;N + ¢;G(N)) — ;In (1 +

5N ) —1ln(xiN+1)],

;N 2N
and
T

filz) = i [milngi —l—x]

Next we differentiate function fi(x, N) w.r.t. x; and obtain following

i ~ ‘N 1 1
(N =S [ pm (14 -4 - -
file, ) ;{nxiJr n( +giG(N)> 2z;N + g;G(N)

In(1+ ! + !
— n
;N 2x;N + 2 ’
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and also differentiate fi(x)

m
-3,
- i

Then we apply approximation of logarithm In(1+ ) = x4+ O(2?

for some terms of fi(xz, N) and substitute the function fi(x)

€ (0,1)

/ / S ;N i N T
filz,N) = f1(x)+z [giG(N) +O<giG(N)> B §$1N+—91G(N)_

L o 2+ 1

and perform some convenient manipulations

f{(x,m:f{(mi[(Jm@m(%)) +]1V<_

L1y, 1
i zIN 2x; +2/N )|

1

1

2z + ¢;G(N)/N

Now, depending which term is asymptotically ’stronger’ N or G(N)/N we

distinguish two cases

> ( 2z —i—gzé(N)/N_

whi 7>> N
en GOV’
N &= G( 1 1
! N / J
file M) 1(“’”)+G<N>ZZI[<91~+ < ))* (e
1 1 1 N
- hen — < ——
i O(ﬁN) 23:Z+2/N>] VRN S Gy
hence we get the final result for the first case,
1 1 N
filw N) = fi@)+Ea g, when >
N 1 N
(2, N) = f](2)+ K1 ——, when — < —~—
filz,N) = fi(x)+ IG(N)’ when — < GV’
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where the constant K; for two cases are the bounds

=1

N ey 2N G(N) 1 1
K > — : S —
IZ;KgﬁO(g?G(N)))JF N2 < 22 + 9:G(N)/N

—i—O L + 1 he i<<7N
i 2N 2x; +2/N e G(N)

(2

2. —G%V) —c

For the second case we repeat the step. Differentiate fa(z, N) and fo(x)
w.r.t. x1, then approximate logarithms and substitute f5(z) into f5(z, N),

eventually we get expression

/ — ! i - _1 L _i_ L

1

hence we get the final result with constant Ko > 0 is defined

. 1 1 1 1 1
Ko > S - = _0
"7 ;[ 22 + giG(N)/N <x$N> - 2xi+2/N]’

3. % — 0 Here perform again analogical steps as in the first case. This
_N_

time, however, the cases are distinguished depending whether G(N) or )
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is 'stronger’

: : 1
f3(z, N) = f3(x)+mz

i=1
1 1 1 1 G(N)
-— = it
z O(:cgN) 2371—&—2/N>]’ T I
G(N) & g2 G(N) 1 1
/ _ Ji_ _Z
f3(z, N) = fy(z)+ N ; [O<$12 + N2 22 + ¢;G(N)/N
1 1 1 G(N)
T x3N> * 23:Z+2/N)]’ when =y < TN
and K3 for each case is defined
K >Zm: 0] M + _} 1 — l -0 L +
. 22N 22 + ;G(N)/N 22N
" 1 L 1 S G(N)
—_— n
2w +2/N) | ey T TN
m 2
2\ G(N)[ 1 1 1 1
> Ji_ _ = _ -
K3_;[O<m?>+ N2 2z;+gG(N)/N x; © zIN *
n 1 L 1 < G(N)
—_— n
2w +2/N)| ey S TN
hence we get the result of the lemma for the third case.
O

3.3.3 Estimates for the second derivatives

Proposition 5. Given the functions fi(x, N) and fi(z), [ = 1,2, 3, for the second

derivative matrices we have following estimates

1) D*fi(e,N)™! = D*fi(2) " + 2,
2) D2 folw, N) ™' = D*folw) " + 2,
3) D2f3((L‘,N)_1 = D2f3(l’)_1 + G/EJJS\[)’

which holds for large enough N and K1, Ko, K3 are some positive constants.

Proof. We prove each case of G(N) separately starting form the first one
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1. —G%V) — 00

We take the explicit expression for the functions fi(z, N) and fi(z) and

differentiate twice w.r.t. z;, 1 =1,...,m,
02 1 1 1
- N)=— —
92NN == ot NN o T 2@ + GV @+ GGNN)

1 1

TN o 2@N+ (e F N)
and 52
1
o2 ) =5

where the mixed derivatives are equal to zero as the considered functions can
be decomposed fi(z, N) = > ", fi(xi, N) and fi(z) = > fi(z;). Then

we substitute derivatives of fi(x) into fi(x, N) and after some manipulations

we get
0?2 ? 1 1 1
a2 1eN) =g h@) + 5 <gia<zv> N v a/N e N

1 1

" 2w+ G N) (@i + 9 G(N)/N) 2z + L/N) (i + 1/N)>’

and we introduce the constant K such that

1 1 1
K> —
1_giG(N)/N2+xi/N+x§+xi/N 2(1‘i+1/N)(l‘i+l/N)+

1
T 20 + GG IN) /N (1 + GiGN) /N

Hence we have o2 o
Ky
— filz,N) = — fi(z) + —.
ox? ult ) Ox? h@) N
As the mixed derivatives vanish, the matrix D?fi(z, N) is a diagonal matrix,
hence its inverse is simple the inverse its elements.

Therefore, the inverse of the second derivative of fi(z, N) is equal to

1 1

@ N) ) +
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and after some manipulations we have that

1 1 Kiz

2 - 2 + ?
% 1(z, N) % 1(z) N

where K7 ; is some positive constant. Putting above expression into matrix
b

form we get

D*fi, N) ™ = D fi() ™ +

where k1 is a diagonal matrix with elements K} ,, ¢ = 1,...,m. Hence we

get the result of the lemma for the first case.

Lo

Here analogically to previous case, we differentiate twice functions fa(z, N)
and fa(x), then substitute second derivative of fa(z) into the derivative of
fa(z, N) and perform some rearrangements. We obtain following

9? 1

82
8chf2(x’ N) :Taﬁf2<m) + N

1
(2(% +9iG(N)/N)(zi + g:G(N)/N
1

)—i-

1
+ — .
2+ z;/N  2(z; +1/N)(zi + 1/N)>
Then we introduce constant Ks ;

1 1
K 2.1‘22 + .%'z/N B 2(1‘2' + I/N)(acz + 1/N)+
1
T 20+ GG IN) /N (1 + GG(N) /N’

and finally, in the matrix form, we get

0 0? Ko
aingz(%N) = 87322]3(%) + N

As in the previous case we perform the inversion of that expression in order

to get estimate for inverted matrices

1 1 Ky,

= —+ ,
3%22 2($,N) 3(122 2(1’) N
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and eventually we get the final estimate

D2fo(w, N) ' = D2fy(2) " + 22,

N
where k3 is matrix with the diagonal elements Kéﬁ», i1=1,....,m.
G(N)
3. =x-—0

In this case similarly we get the estimate for the second derivatives

2 2 1 1
9210 ) =52 1500 + G <2<xiN/G<N> NG T
1
+

and we define constant K3

1
fo= <2(13¢N/G(N) +9i)(@iN/G(N) + gi)
1

+

1
+ - :
27 N/G(N) +2;/G(N)  2(ziN/G(N) +1/G(N))(z; + 1/N)>
Then we obtain the estimate for the inverse of the diagonal element

1 1 Kz/u

= + ,
3%22 3(z, N) %fS(fU) G(N)

where K. éz is some positive constant. Finally after putting above into matrix

form for i =1,...,m, we get the result of the lemma, i.e.
D f3(w, N)™ = D2 f(z) ™! + 2
G(N)
where k3 is a diagonal matrix with elements KZ[M’ i=1,...,m.

3.4 Partition function approximation

In this section we introduce a Lemma, for approximation of the sum of the partition
function given by (3.3) but with the approximated entropy in the exponent instead

of entropy with the appropriate integral.
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Lemma 7. For defined above Qp, functions fij(z, N) and R;(N), | = 1,2,3 by

Lemma 1 Section 1 of this Chapter we have approximation for each case of G(N)

1) ZeNfl(z,N)+R1(N) :/

NN+ (N) g 1+0<1> ,
Qp Qp N

1
N (1 ‘0 <N>) ,
Qg

1

G(N)f3(z,N)+R3(N) _ G(N) fs(z,N)+R3(N) 1.-[ 1 -

3) QE e /QEe x( —i—O(G( ))>,
B

as N — oo.

Proof. Several approaches were taken in order to prove the theorem, however the
proof is more complicated than anticipated and has been only partially completed,

although the result seems intuitively correct. O
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Extended Laplace approximation

We consider a more general integral type than original Laplace one. The major
difference lies in the dependence of the function in the exponent and its maximum
on the limiting parameter, hence we call it 'Extended’. Those results are poten-
tially publishable and the general method was based on the results in the [13],
however literature review would have to be done for the confirmation.

In the beginning of the chapter we introduce the Extended integral itself.
We consider two type of maximums, on the boundary of the domain and in the
interior of the domain. Both types are used in the main result of the thesis.

In the first section we introduce a theorem when the maximum is on the
boundary of the domain, where the point of maximum is not a critical point. The
space on which integration is performed is one-dimensional.

In the second section we provide the approximation when the maximum is
in the interior of the domain. The dimension of the space is finite.

The last section is for finite space when the maximum is on the boundary

of the domain, and it is not a critical point.

We consider the integral

I(N) = /Q g(z)eNF@N)gg (4.1)
where NV > 0 and
I) Set € is a convex subset of R” with nonempty interior.
II) Function f: R™ x N — R is such that

i) for all N > Ny

r;lggf(fﬂ,N)Zf(w*(N),N)
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and x*(N) is unique,

ii) f € C", where n € N, N is fixed and N > Nj.
III) Function g : R™ — R, g € C¥ exists.
Further, we consider two types of maximum of f, the point 2*(N) can be
e in the interior of €,

e on the boundary 2 the point of maximum is not a critical point.

4.1 One-dimensional function with the maximum on

the boundary of the domain
The approximation of the integral (4.1), i.e
I(N) = /Qg(m)eNf(x’N)d:I:. (4.2)
with Q = (z*,a) and f € C? and g € C', is given by the following theorem

Theorem 6. For the above integral there exists K > 0 such that for sufficiently

large N we have approximation

e 1 1
foN _ oNfl@*,N) = =
’/ gla’)e NClE
K N 1 1
<= f@ Ny — -
= NN e )
Proof. Since
1 1 X NI (@ N) (=27
- - ) d
N [f/(@*,N)] / ‘ -
we define -
Ig(N) = g(z*)eN/ @) / e~ NI @ Nl@=a") gy (4.3)

Now, we introduce the set

Uny ={z:|z—2"| < 1/2,N No},
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and decompose the integral (4.3) into two integrals, one over Uy (z*) and second
over R\Upn

T6(N) =To1(N) + Iaa(V) = g(a")eM ) [ emr e Mll=s )
Un

+ g(a)eN @) / o= NI @ N) (@ =2%) g (4.4)
R\Uy

Let us use Taylor’s Theorem to get 1-st order expansion of the function g(z) at

the point z*,
9(z) = g(z") + g'(zg) (z — 27),

where xy is some point between x* and x, and can be formally represented xgy =
¥+ 0(x—2%),0<0<1.
Then we substitute it into I(N) and separate integrals, one with g(z*) and second

with the other term of expansion

I(N) =Ii(N) + I2(N) = g(«*) /a NS @N) gy

xT*

—I-/ d (xg)(z — 2*)eNf@N) gy (4.5)

*

Next we decompose I1(N) into two, one over Uy and second over (z*,a)\Uy

N @N) gy 4 g(:n*)/ NT@N) gy,
$*+N—1/2 (4 )
.6

Now we combine (4.5) and (4.6) and substitute it together with (4.4) into LHS of

inequality given by this theorem and obtain

L(N) = I (V) + Tia(N) = g() /U

[I(N) = Ig(N)| = [I11(N) + L2(N) + I(N) = Ic1(N) = Ig2(N)]-

Then apply the triangle inequality four time on the RHS to separate the integrals
except of I11(N) and Ig1(N) and get

[I(N) = Ia(N)| < [I11(N) = Ie1(N)[ + 12(N)[ + [12(N)[ + Ha2(N)]-
Each of the four terms we calculate separately
1) [111(N) = Iea (V)
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Let us evaluate Taylor’s theorem for f(x, N) at * with n = 2
1
o, N) = f@@", N) + f'(2", N) (@ = %) + 5 f" (g, N) (@ = 27)?,

where xy is a point between x and z*. Then we substitute above expansion

formula into I;;(N) and evaluate expression for Igq (V)

[11(N) = Ica(N)| =

:‘g(x*) / N @™ NN/ (a7 N) (a—a*) + 3 17 (0. N) (@ =a")? g
Un

i

_g(x*)/ eNf(w*,N)+Nf’(a:*,N)(x—a:*)dx
Un

and combine those two integrals
_ ‘ o) / NF (@ N)+N /(@7 N) (-2 (ef;f“ue,zv)(x—x*(zv))?dx _ 1)‘
Un

We apply inequality from the Lemma 8 from the Appendix A.1 for k =1, i.e.
et — 1] < [tleltl

< ’g(m*)/U eNf(;r*,N)+Nf’(x*,N)(xfx*)gf//(xmN)(x (V)23 @) a—a” (V)P g |
N

Since integration is over Uy, it is true that |z — x*| < ﬁ and f'(z*,N) <0,

hence after appropriate substitution and basic manipulations we have
N oy s Nf(z*,N)+2 f’(z*,N)
|I11(N) — Ig1(N)| < Ef (z*,N)e )Ty I x (4.7)

o g(x*)/ & — a2 NI @ Ml(e—2") gy
Un

The integral above can be easily calculated using integration by parts

oo
/ o — o 2e= NI @ NlE=2") gy < / @ — o 2e NI @ Nla=a") gy
Un x*

2
= NP @ )P

Putting it together with all previous constants in (4.7) we finally get the ap-
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proximation of the first term

1 f"(z*,N)

#\| N f(z*,N)+Lf"(z* N
| < WW (z*)|e I( )+5 1 ( ) (4.8)

[111(N) — Ic1(N) lg

2) [Lia(N)]

Here we use 1-st order Taylor’s expansion at z*(N)
f(@,N) = f(z") + f'(zg, N) (2 — 2),

where xg is some point between = and z*. We insert it into [;2(N) and with

some basic manipulations get

|112(N)| = 'g(a:*)eNf(x*,N)/ €7N|fl(x9’N)|(xfx*)d;c ,
r*+N—1/2

and this is bounded by

< 'g(w*)eNf(x*7N) /Oo €7N|f/(x07N)|(x7x*)dx 7
B z*+N—1/2

which can be easily calculated

* 1 1/2| ¢1
< o\ Nf@S Ny L NY2|f/(2,N)] )
[I12(N)| < ‘g(x e ) N er ] (4.9)

3) [L2(N)]|

For this integral we again we substitute 1-nd order Taylor’s expansion

)

‘IQ(N)| _ ‘/ g/(xe)(ﬂf B x*)eNf(x*,N)+Nf/(m9,N)(m—w*)dm

and we perform some manipulations, bound it, then calculate the integral

V)] < ¢ @) [ (o )M e g

= (4.10)

1
/ Nf(ac*,N)
g(m)e NP M)

4) |Ig2(N)|
The approximation procedure is the same as for |I12(/V)| but instead of zy we
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have z* in the first derivative,

* 1 1/2) 1%
< #\ Nf(z*N)y_ + _NV2|f/(z*N)]| . .
[I12(N)| < |g(z")e T (4.11)

Now, we combine the approximation of four integrals (4.8), (4.9), (4.10) and (4.11).

(111 (N) = Ien(N)[ + [T2(N)] + [L(N)] + [Ig2(N)] <
1 f"(z*,N)

< = #\ [ N f(a* ,N)+L 7 (x*,N)
= N, p ol o

. 1 1/2) 1
*\ N f(z*,N) —N/2| ' (zq,N)]|
* ’Q“” S NP o M) ‘*
* 1 * 1 _NL/2) pr (%
+ / T 6Nf(:): ,N) _|_‘ .73* 6Nf(av ) e N |f/ (z*,N)| ’
g (o) e, | e VNP, V)

and we take out term %|g(az*(N))|eNf(z*’N)m out of the bracket

(111 (N) = Ien(N)] + [T2(N)] + [L(N)] + [Ig2(N)| <

<

* 1 f//(-:U* N) 1 ey % ‘f/(x* N)’ _N1/2| ¢
l'* N eNf(z 7N) ? egf (:D 7N) + 7’]\[8 N |f ($97N)‘_|_
5" (M) NP, M| 17, NP @0 )
g’ (x0)] N2 (g N)‘
+ Ne ’ .
g(x*) f'(z*, N)|

1
N

Since the function f € C? in the domain of integration the derivatives are bounded
for all N, the second and the last term of RHS are also bounded, hence we can fix
N = Ny to obtain the constant such that

SN e D@ N ooy L

e et
|f'(x*, N)|? |f'(zo, N)| |f'(z*, N)|
_|_N6—N1/2\f’(x*,N)\ <K.

Therefore we have

. 1
I(N) —Ig(N)| < —|g(z*(N eNf(™N) ’
I(N) ~ Ia(V)| < lg(a* () N W)
which is our final result. OJ
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4.2 m-~dimensional function with the maximum in the

interior of the domain

The approximation of the integral (4.1), i.e.
I(N) = / g(z)eNF@N) dy. (4.12)
Q
with f € C3 and g € O, is given by the following theorem

Theorem 7. For the above integral there exists K > 0 such that for sufficiently

large N we have approximation

wf3

N 21 1
Nf(:p,N)d o (N Nf(z*(N),N) () <
‘ /Q g(a)e v — g (V))e vy

L o eV f(@*(N),N) 2i ? !
S\/Ng( (N)) <N> Vdet D2f(z*(N), N)’

Proof. Since

m

(”T) L _ / X (= (V)T D2 f(a* (N),N)(a—a* (V) g
N/ \/det(D*f(z*(N),N)) m

Y

we define

m

I(N) _g(x*)eNf(x*(N)vN)/ o5 (x=z*(N)T D2 f(a*(N),N)(z—z*(N)) 4. (4.13)
Now, we introduce the set

Uy ={z:|z—2"(N)| < N > Np}.

1
N1/3’
Next we decompose the integral (4.13) into two integrals, one over Uy(z*) and

second over R™\ Uy

Ig(N) =Ic1(N) + Ig2(N) = g(x*(N))eNf(x*(N)’N)/ ¢x (@=a" (N)TD? f(a* (N).N) (w—2(N) gy
Un
L (@) NN / X (o (V)T D2 (@ (N),N) a2 (V) g .
Rm\UN
(4.14)
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Now let us use Taylor’s Theorem to get 1-st order expansion of the function g(x)
at the point *(N),

9(x) = g(z*(N)) + Dg(we(N))" (z — 2*(N)),

where z4(N) is some point between z*(N) and x, and can be formally represented
zg(N) =2*(N) +6(x —2*(N)),0< 60 < 1.
Then we substitute it into I(N) and separate integrals, one with g(z*(N)) and

second with the other term of expansion

I(N) =I,(N) + I(N) = g(z*(N)) /Q eNT@N) gy 4

+ / Dg(ze(N)T (z — z*(N))eN &N g, (4.15)
Q
Next we decompose I1(N) into two, one over Uy and second over R\Uy

L(N) = I (N)+La(N) = g(a* (V) /

eNf(m’N)d:c+g(x*(N))/ eNT@N) g
Un

O\Un
(4.16)
Now we combine (4.15) and (4.16) and substitute it together with (4.14) into LHS

of inequality given by this theorem and obtain
[I(N) = Ig(N)| = [111(N) + 2 (N) + Io(N) = Ig1(N) = Ig2(N))].

Then apply the triangle inequality four time on the RHS to separate the integrals
except of I11(N) and Ig1(N) and get

[I(N) = Ia(N)| < [In(N) = Ier(N)| + [Li2(N)] + [L(N)] + [Lg2(N)].

Each of the four terms we calculate separately

1) [I1(N) = Igi(N)|
Let us evaluate Taylor’s theorem for f(z, N) at *(N) with n =3

f(@,N) =f(z*(N),N) + Df(z*(N), N)" (z — 2*(N))+
1

+ 5 (@ =2 () DA f (@ (N), N) (@ = a* (N)) + Fi) o (= 2" (V) %%,

where z4(N) is a point between x and x*(N) and for the definition of F}?;e )
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see beginning of the Appendix on Analysis A.1. What more, as *(N) is unique
maximum, D f(z*(N), N)(x — z*(N)) = 0 for all .

Then we substitute above expansion formula into [;;(N) and evaluate expres-
sion for Ig1(N)

[[11(N) = Ici(N)| =

_ ‘g(x* (V) / NI (N),N)+ 5 (e (N)TD2f(a* (N),N)@=a* (N)+E) ) () (e (N,
Un

)

—g(x*(N))/ eNf(ﬂf*(N)vN)'f‘%(I—I*(N))TD2f(90*(N)vN)(l‘—x*(N))dx
Un

and combine these two integrals

_ ‘ o(z* (V) / NP (V)N (o= (V)T D £ (& (N),N) (a—a* (V) <6NF}29<N»<“*<N>>®3dx _ 1) '
Un

Next we apply inequality from the Lemma 8 from the Appendix A.1 for k =1,
ie. |ef — 1] < [t]el

< ‘g(az*(N)) / eNf(Z*(N)JVH%(Ifﬂﬁ*(N))TDQf(fE*(N)yN)(wffB*(N)) %
Un
)©3

(3) *
X NFD (o — 2 (N))Se Frtran =2 ()

(z6(N)) dz|.

Note that Fij) ) (x —2*(N)) < FO(f(z*(N)))e — 2*(N)P, for details see

Zo

A.1 and since integration is over Uy it is true that |z — 2*(N)| < hence

1
N1/3>
after appropriate substitution and basic manipulations we have

111(N) — Igi(N)| < NFO)(f(g(N)))eN @ NNFEO S o)) s (4.17)

g(x*(N))/ @ — 2 (V) Pe ¥ e (V)T DR (V). N) (o= (V) |
Un

The integral above can be calculated applying Lemma 9 from the Appendix
Al

/ @ — o (V)P e ()T D21 (N).N) @2 (V) gy <
Un

AT W(N)‘z” Py
VIt D2 (), M)\ 2
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where A is such that ATA; = D?f(z*(N),N) and ||A4;]|7! is norm of cor-
responding inverse transformation. Putting it together with all previous con-

stants in (4.17) we finally get the approximation of the first term

AP
VI det D2 f(z*(N), N)]
(4.18)

I11(N) - Iy (V)] < \/%N‘?F(?’)(f(xe(N)))

m+3
% 275 | (2 (V)| N @ LN FD (o)) 2 Fé(i))-

2) |Li2(NV))

Here we use 2-nd order Taylor’s expansion at z*(N)

[z, N) = f(fﬂ*(N))Jer(lf*(N)vN)T(flf—fﬂ*(N))+%(93—fﬂ*(N))TDQf(fve(N),N)(l‘—fv*(N)%

where zg(N) is some point between x and z*(NV), and Df(z*(N), N) = 0. We

insert it into I12(IN) and with some basic manipulations get

I12(N)| = 'g(x*(N ))elN /(@ @).N) / ¢ (=" (N)T D f (@ (N),N)(@=" (N) g |
R\Un

which can be calculated using Lemma 10 from the Appendix A.1, where the
radius of sphere of the integration is R = a=N,k=0and A =

D?f(zg(N),N)

_1_
N1/3>

143
Vldet D2f(zo(N), N)

) - 145 .
5 (0 (V) I )
o\ 2 I'(3)

[112(V)] S‘g(:n*(N))eNf(m*(N)ﬁN))

—

I3

<.

where AL Ay = D?f(2*(N), N) For the simplicity of the bound we can take the

term with highest power of IV, i.e. the last term in the sum

Az
V/Idet D2 (29 (N), V)|

2/3 m—2 m L(1
X e_NTm/2(m/2)!N_TZ7T7 (m) 5
(%)

[T12(N)| S‘g(x*(N))eNf(z*(N)vN))
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and after some manipulations

 N2/3

a(N)) <|em 5 gt (W) F 0y (4.19)
[ RN ()
T D e ) A el

3) [L2(N)|

Again we substitute 2-nd order Taylor’s expansion

|I(N)| = ’/ Dg(x*(9))T(x_x*(9))6Nf(w*(N)vN)Jr%(w*x*(N))TDQf(we(N),N)(m*x*(N))dm .
Q

Then we use Lemma 11 from A.1 to calculate the integral explicitly
1
N (N).N) N— 5 9(90) 25 Dg(a*(N))"D?f(x(N), N)Dg(z*(N)) |2
det(D?f(z9(N), N))
(4.20)

[L(N)| <

2

4) Hg2(N)|

The approximation procedure is the same as for |I12(N)| but instead of xg(NV)

we have x*(N) in the determinant,

 N2/3

[T12(N)] <[e™ 77 g(a™(N))eN N (4.21)

e 1)
a2 el

where AT A} = D?f(z*(N), N).
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Now combine the approximation of four integrals (4.18), (4.19), (4.20) and (4.21)

[111(N) = Ig1(N)| + [Lia(N)] + [L2(N)[ + e (N)] <

< | v E POy A
CIVN Vet D?f(a*(N), N)]
X 272 (2 (V) [N @ (N HFO (o () (’("Ti)) N
2
N2/3 HAz_ H3 —T”T’?W% F(l)
f2m N

-2 g(m*(N))eNf(x*(N),N))\A det D2f(zg(N), N)|

1 T* TD2f(x * %
" \;NeNf(x*(N),N)NgLQ(%)mQ Dg( (Né)et&g;(;:é\]f\)[;f\]’\;)l;g( (N)) N
=25 gzt (V)N (N)N) AP o -2 2 (1)
+ g(z"(N)) )\/\detDQf(x*(N),N)y /2(m/2)\N el

and we take out term \/%\g(x*(N))|eNf(w*(N)’N)(QW”)%|det(DQf(x*(N),N)rl/Q

out of the bracket and combine second with last expression

1111 (N) = I1(N)| + [Li2(N)| + [L2(N)] + [Iei (V)] <
L (N )N (2T H 1
= Rl <N> VI3t D7 (@), )| |

®) 18y ) (1 (V) 2 L (57)
F@ (f(ag(N))IAT 7272 e ey |t
2

1
2

Dg(a* ()" D*f (x9(N), N)Dg(a* (N))
det(D (o (N), V)
2 I(1) (1 AP dew?ﬂw*(m,Nn)u
P\ (147 /det D2 (ag(N), V)|

_|_

VIAHDF V)N, ) s
} @) e

N AT P/ 2(m 2N E

+ le

Since the derivatives up to the third order are continuous, hence there are bounded

and the last term in the bracket is bounded for fixed N and we can obtain the
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constant such that

PO (N A7 P25 e ) e

L(3)
’\/| det(D2f(@*(N), M), 4 | Dl (W) D2 F(wo(N), N) Dg(a” (V)
lg(z*( N))I det(D2f(zg(N), N))

1300 /9(m, —2+%W%F() V/|det D2f(z*(N), N)|
M AL P 2(m 2N (+wdetD2f($a<N) N)’>‘§K-

1
2

+

_l’_

Therefore we have

wf3

1
V/det D2f(z*(N), N)

Hence the theorem is proved. ]

- K NI @ (N),N)
II(N) Ig(N)\S\/NW( “(N)]e NN(N)

4.3 m-~dimensional function with the maximum on the

boundary of the domain
The approximation of the integral (4.1), i.e
I(N) = / g(z)eN@N) dy. (4.22)
Q

with f € C* and g € C', is given by the following theorem

Theorem 8. For the above integral there exists K > 0 such that for sufficiently

large N we have approximation

—1

YN @N) gy g Nf@ (V)N L 27T>2 1
|t e gta () e (0 N[ D2 (7

);

N)|

<

K . 120\ "2 1
- (NN NN L ( >
< Jw ) N\N)  [f(@(N),N)/det D2f (x
where the curve of the maximum is along the z; axis and

0

f,($*(N)7N) = (97:731 (va)‘m:r*(N)
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and the matrix D?f(2*(N), N) is defined

82

[D?f(a*(N), N)li,j = 00z,

f(va)lxzx*(N)a for, 4,7 =2,...,m

In the case when curve of the maximum is in direction other than x; we
perform rotation of coordinate system first. Further, if the maximum is along

other variable then x; we simply swap the variables in the derivatives accordingly.

Proof. We start with introducing a new variables for the coordinate system in
which the domain € is contained. The vector = = (y, 21, 22, ..., 2Zm—-1) = (Y, 2).
Since the maximum is along x; at the point of maximum of y, i.e. y*, we define
a curve of maximal values along y axis, i.e. z = z*(y, N). The domain corre-
sponding to one cross-section with some z*(y, N) will be denoted by Q(y). The
corresponding domain along variable y will be denoted by the interval (y*,€,).
Then the integral I(N) can be decomposed in the following way

Qy
I(N)Z/ I(y, N)dy,
Y

®

where
I(y,N) = / 9(y, 2)eNT BNz, (4.23)
Q(y)

Next, we apply Theorem 7 from the previous section to the integral I(y, N)

‘ / oy, 2)eNF@N) g
Q(y)

m‘§

2 1

— g(y, 2*(y, N))eN (&= )N () .
N/ \/det D*f((y,2*(y, N)), N)

m

E®) o NS (2" (0N)),N) <27T> ’ .
<y 902 N NJ At D*f((y,2*(y, N)), N)’

where K (y) > 0 is a constant depending on y and inequality is valid for sufficiently
large N.
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Now we integrate over the variable y to obtain I(N)

‘I(N) /Qy (2" (y, N))eN/ (W *<yN>)N)(27T>7’; 1 .
- gyuz* Yy, e iz ’ ’ — y S
v N \/det D*f((y, 2*(y, N)), N)
K (y) . o\ 2 1
< | gy, 2 (y, N))eN (=" NN <> "
(4.24)

Then we apply Theorem 6 from the Section 1 for the integral in the LHS

/Qy g(y z*(y N))eNf(y,z*(%N),N) (27’[’) % 1 dy_
y* ’ ’ N \/det D2f((y’ Z*(y, N)), N)

Kk (% 1 1
_g y*’z* y*’N eNf((y = (y 7N))7N)— g
(" 2" (", V) N (", = (5, N)), V)]
K - 1 1
< Ko, =, NN = L ,
<yl 2y, )| N (g, 2 (y*, N)),N)|
(4.25)

and also for the integral on the RHS of (4.24). However, this time the function g
in the Theorem 6 will be altered by the factor K(y). Since from the Theorem 7
we have that K = K (y), which is C! class function w.r.t. the variable y if f € C*
and g € C', which is valid by the assumptions. Hence we can apply Theorem 6

for the considered integral

m

“ K(y Wit (27) 1
KW 0 oy M)V (y,N>>,N><> dy~
/y* \/Ng(y Z*(y,N))e N /) \/det D?f(y,2*(y,N),N) ’
K(y")

\/N (y*) Z*(y*v N))eNf((y*’z*(y*’N))7N) l ! S
K(y*

N[f'((y*, z*(y*, N)), N)|

Y * %[ % Nf((y*,z*(y*,N)),N)i 1
, 2 ,IN))le .
N 9= W) NI 2 (o, V), )]

(4.26)

<

==

Now, inserting inequalities (4.25) and (4.26) into (4.24) we obtain

* % * 1 1
* [k Nf((y*,2*(y*,N)),N) —
2y, N))e =
9", Z"(y", N)) N1f((y*,z*(y*,N)), N)|

-
K K@)  KK({) ; NI 2wt V)N L L
< (T SN T

v
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Hence, setting

K(y) KK ) /
K(y*) + + <K',
( W)+ —% N )<
for some fixed N and since z*(N) = (y*,2*(y*, N)), we get the result of the
Theorem. O
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Conclusions, possible applications and
future research

This last chapter is devoted to the conclusions regarding the content of Chapters
2 to 4. It emphasizes the results which are relevant to the corresponding fields
and which are publishable. It also provides description of some relevant applica-
tion of the thesis results and possible future research which can be conducted as
a continuation of the work done.

The first section of this chapter presents the conclusions about the result of
thesis, its relevancy, describes the contributions to the fields and the publishability
of this results. The theorems contained in the Chapter 2 are mostly the subjects
of the discussion.

The next section contains some possible application of our work. We put
it into the context where the obtained theorems could have a valid contribution
and extend the understanding of considered well-known phenomenas.

The last, third section, consist of directions, subjects and ideas which
emerged during our work. We discuss a few topics which are relevant and where
viable research could be done. This could be an extension of our work, relaxing
the assumptions of underlying mathematical setting or independent result based

on existing fundaments.

5.1 Conclusions

In this section we discuss the contribution of our work to the related fields of
science. We describe the progress of developing the ideas in relation to already
existing results introduced in the first Chapter.

The first subsection is a description of the obtained results with respect to
work already done by V.P. Maslov. We put it in the context of Maslov’s results

introduced in the first Chapter and discuss the progress made towards comparing
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the developed theorems.

In the second subsection we present the contribution to Statistical Physics,
the new ways of looking at previous, classical results. We underline new connec-
tions and new rigorous results and their publishability.

The third subsection consists of the presentation of the contribution to
Complexity Science. We emphasize the significance of the developed theorems.

In the last subsection we discuss the connection of two fields, previously

unrelated in this respect and on this level of the mathematical rigour.

5.1.1 Continuation of the work of Prof. V.P. Maslov

The inspiration for our work came from the ideas and concepts first introduced by
Prof. V.P. Maslov. Initially we were mostly interested in the economical aspect
of his work, contained in his two papers [9],[10]. However, we soon became aware
that the proofs of relevant theorems are lacking full mathematical rigour and the
connection to economics was vague. Those two papers are revised in the first two
paragraphs of the first section of the Introduction Chapter.

Next, we found his result [11], which is constructed in more general frame-
work and independently of the context of application. However the proof was
lacking in rigour and the underlying mathematical fundaments were unclear. We
found this result a good starting point for a PhD topic. It is reviewed in the third
paragraph of the section on the work of Prof. V.P. Maslov. The main result of
the thesis, Theorem 3 form the Section 2 of Chapter II is an extension and more
precise version of the Prof. V.P. Maslovs theorem. The proof for our theorem
was constructed with full rigour, from the beginning, independent of an already
existing one. Further, the underlying mathematical setting on which the theorem
is based is step by step, introduced in Section 1 of Chapter II. The theorem also
precisely distinguishes two cases of solution of which was only mentioned in the
original paper and the precise rate of convergence to the limit is also included.
Further, based on this result we constructed two additional fluctuation theorems
with proofs of similar structure. Those results are currently in the process of
preparation for publication.

The boost for our work was a fact that one of outcomes of the V.P. Maslov
theorem was a Zipf-Mandelbrot law. Its significance and the wide range of appli-

cations was emphasized in his paper [12].
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5.1.2 Contribution to Statistical Physics

Our work brought a significant contribution to the field of Statistical Physics.

Here we describe in details exactly which parts of the thesis are contributing.

Rigorous version of method of most probable values

In the literature on Statistical Physics, for example [5] and [17] the Bose-Einstein
and Maxwell-Boltzmann statistics are classical results and there are two meth-
ods of deriving them. They are called 'method of averages’ and 'method of the
most probable values’ in [17]. We introduce those methods in Section 2.2 of the
Introduction. However, those methods usually lack full mathematical rigour, es-
pecially with estimates and the lack of speed of convergence of considered system
to the limiting statistics. In our work we deliver a rigorous result built on the
framework of the 'method of most probable values’. The precise approximations
for the Entropy, Partition Function in Chapter III and the Laplace approximation
in Chapter IV are constructed. Furthermore, the speed of convergence is also
included in the final theorems. Speed of convergence is important as it allows
for calculating the estimation error for the system of specific size and with some
particular value of parameters, as in the nature thermodynamical limit is only an

abstract simplification.

Two types of maximum for a standard problem

Our result distinguishes two types of solutions. When the maximum of the Entropy
is in the critical point, usually inside the domain or on the boundary of the domain,
those solutions are completely different and this fact was omitted in the reviewed
literature [5],[17]. Only one of them represents the classical statistics of Maxwell-
Boltzmann or Bose-Einstein. The optimization problem from which those two

solutions emerge is contained in Section 2 of Chapter III.

Unification of Quantum Statistical Physics result with Classical one

The Bose-Einstein and Maxwell-Boltzman statistics, classically are derived from
two different type of physical systems. The relation which indicates which statistic
will be obtained is described in the Section 2.1 in Chapter I. Due to assumptions in-

troduced by V.P. Maslov those two statistics are put under one framework. Statis-
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tic which we will obtain is controlled by one parameter of the system. Namely, the
way how the degenerations of particular energy level increases as the number of
particles of that level increase. If the number of degenerations increases faster than
the number of particles, we get the Maxwell-Boltzmann, if the rate of increases is
the same then Bose-Einstein emerges. The existence of such a framework is very
interesting, as it unifies quantum with classical result and opens a way for a new

interpretation of level degeneration and of those statistics itself.

Rigorous Fluctuation theorems

Last contribution to the Statistical Physics are the fluctuation theorems for the
statistics contained in the Chapter II. For each type of solution we have a dif-
ferent fluctuation of statistics from the average. Surprisingly, when the limiting
distributions are given by the Bose-Einstein and Maxwell-Boltzmann statistics
the fluctuations are a mixture of Exponential and Gaussian distributions. For
the other case the distribution of fluctuation are simply Gaussian. For those new
results we provide rigorous proofs with the corresponding estimates for the speed

of convergence.

5.1.3 Contribution to Complexity Science

In the section 3 of Chapter I we provided a brief introduction on Zipf Law and
Power Laws which are common tools in the Complexity Science. We emphasized
its wide range application in whole spectrum of systems occurring in the real world.
We also mentioned that Power Laws as a description of systems behaviour emerged
purely on an experimental basis, meaning that by mere observation of the systems
evolution one concludes that its behaviour is governed by Power Law. In our work
following V.P. Maslov, we have obtained the Power Law, i.e. Zipf-Mandelbrot
Law in the theoretical manner. It is a natural result out of a mathematically
defined probabilistic system, rather than observation of the effect only. Therefore
this achievement establishes a fundaments for theory that mathematically formu-
late, describe and explains systems that manifests Power Law behaviour. Such a
progress in explanation of the underlying mathematics for Complex Systems is a

significant contribution to the discipline.
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5.1.4 Interdisciplinary contribution - unification of Statistical Physics
and Complexity Science

The Statistical Physics and Complexity Science deal with systems existing on
a various scale and, what more, of a different nature. For Statistical Physics we
consider systems rather than simple structures, solids liquids, gases etc. where the
interactions are quite simple and evolution can be well described by mechanics.
For Complexity, the systems are of a more complex nature, although they can be
described quite well, the description of the evolution, interactions without crude
approximations are basically impossible. The theorem we developed, Theorem 3
Chapter II, puts these two classes of systems under one framework, where one
parameter determines what type of the system we deal with. Such a universal

result is a valuable interdisciplinary contribution.

5.2 Possible application - Maxwell-Boltzmann, Bose-
Einstein statistics and Zipf Law as a description of

state of economy

Methods of Statistical Physics are widely used for the systems of other than phys-
ical nature. One of the fields where it become a major tool for analysis and
prediction is Econophysics. Already in the past century scientists noticed that the
market movements, such as distribution of money or debt in economy are some-
how manifests similar behaviour as a thermodynamical system. The concepts of
particles, energy levels, entropy and other have a corresponding analogy for the
economy.

The paper of F.V. Kusmartsev [16] presents well the interplay between
Statistical Physics and Economy. The market trading agents, their money, debt
and wealth are put in the context of thermodynamics of grand canonical ensemble.
The coefficients such as temperature, chemical potential, entropy and activity are
also introduced in the context of economy, together with all the thermodynami-
cal laws relating to them. The model is fitted into the real data of US economy
between 1998 to 2008 and several conclusions are infered. First of all, the distri-
bution of money across the indistinguishable trading agents has a Bose-Einstein
distribution. The economy crisis has a reflection in the parameters of the system.

The temperature and activity parameters are peaks in the time of the crisis. Fur-
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thermore, for particular range of the parameters values, such that classical limit
is valid we going to have a Maxwell-Boltzmann distribution for the money spread
over the trading agents.

The fact that the state of the economy, particularly distribution of money
across market participants, can have Maxwell-Boltzmann and Bose-Einstein dis-
tribution, together with our theoretical result, which combines those two distri-
bution and Zipf-Mandlebrot Law under one framework, indicates there might be
Zipf-Mandelbrot type state too. The corresponding parameter which distinguishes
three obtained distributions, rate of increase of level degenerations most likely has
some interpretation in the economical context. Further, the fact that analysis in
[16] is based on the wealthiest economy might also have an effect on obtaining
statistics. We might get other statistics for countries of average wealth or poor
ones. It would be interesting to conduct such a research, analysis of the several
economies to recognize what statistics manifests in the certain types of economies.
We might get an indication of what factor are the most influential in the transition
from one statistics to another and compare it with the theoretical model. Further,
the transitions between statistics could be analyzed in detail and the triggering
factors in the economical context could be isolated, hence maybe some reliable

prediction possible.

5.3 Future research

This section contains the directions, concepts and ideas that might be conducted as
a future research, extension of our work. Some of them are based on the relaxation
of the assumption or extending the underlying probabilistic system. We put them

in several paragraphs.

Obtaining other power laws In our main theorem, Chapter 2 Theorem 3 we
obtained a Zipf-Mandelbrot law, which is a particular case of Power Law. It might
be possible and it would be very useful to have obtained mathematically other
Power Laws, with different power coefficients. This might be obtained by altering
the initial entropy approximation in Section 1 Chapter III by possibly increasing
the precision of approximation. Then the maximal point of the resulting function
could have other form, this might lead to altering the Zipf-Mandelbrot Law and

obtaining some other Power Law. Hence, the research on how the form, precision
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of approximated entropy affects the obtained distribution would have to be done.

Infinite dimension of the system In our assumptions we considered a fixed
number of energy levels. This assumption is stated in Section 1 of Second Chapter.
It would be theoretically interesting and, what is more, closer to real system that
the number of energy levels is infinite. Such a modification most likely would cause
a chain of changes in other assumptions of the system and definitely in the proof
of the theorems. Probably, the increasing dimension would have to be entangled
with the condition for the rate of increase of energy level degeneration to obtain
three distinct cases. Regarding the proof, Laplace approximation of Chapter IV
would have to be extended to infinite dimensional space, also sum approximation
of Section 4 Chapter III and other related estimates of Section 5 of Chapter 11
would have to be modified. Hence, there would be many modifications but rather

of the technical nature.

Dynamics and correlations in the system The system under consideration,
given by the assumptions in Section 1 of Chapter II is a static system, constructed
from number of independent random variables, where each variable represents
number of particles on particular energy level. A natural extension of that system
is to make it time dependent. This definitely would alter the theorems themselves
and more complex methods for proving would be necessary. The distributions
to which system converges would have to be found. A side of time dependency,
the correlations between occurrence of particles on energy levels might be another
natural extension of assumptions. Here the outcome of theorem might change and
the probability density function with correlation would definitely be altered. For
those extensions the tools of advanced probability would have to be extensively

used.

Large deviations theorems In addition to the fluctuations we could develop
a theorem which would describe system behaviour for very rare events. This
corresponds to the Large deviation theorems. The systems assumption would
stay the same, however the construction of the proofs might be altered. It may

be necessary to develop new technical results.
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Mathematical preliminaries

A

A.1 Analysis

Theorem 9 (Taylor’s). Suppose that f is a real function on the nontrivial convex
closed set A € R™, n is a positive integer, f(n — 1) is continuous on A, ) (t)

exists for every t € A. Then there exists a point xy between x* and x, such that

R SRR o+ f(a") . . .
=1 i1,02,..,0k=

(A1)
1 - O™ f(xp) .
T Z 0xi, 0z, . .. O (@i, = @) (@i = 23,) - .- (@i, — 5,
11,82,y =1 m
where zg can be represented, zgp = 2* + 6(z —2*), 0 < 0 < 1.
The n — th term in the Taylor’s theorem can be represented
m
S (o) ®
o Z axilaxiQ ... 0x; (337;1 - x;kl) T (xiwn - ‘T'Tm) =< an(LU@), (CC - JI*) m >,
11,82, ,0n=1 m
(A.2)

where ® is tensor product, D : f — Vf differentiation operator and D™ =
D®D®...® D= D%
Basic functional analysis result, Riesz representation theorem states that

we can represent every inner product as a functional. Hence
< D" f(xg), (w — 2*) " >= F{M (x — 2*)*™, (A.3)
where FQEZL) : R™® — R. Hence, for m > 4 expansion (A.1) can also be represented
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as

f(z) =f(@*) + Df(@*) (z — 2*) + (z — ") D f(2") (& — ")+

m—1
1 k *\®@m 1 m *\®@m
—l—ZHFm(*)(a;—x )@ —|—me(9)($—$ e

where 0 < 6 < 1. Then for every x € A we define a constant

F(m) *\®m
(m) [Py (x — %)™
F Tg) = sup

A (o) wen (@ —a*)®m|

If the set A is whole set on which function F'(xy) is defined then it simply
becomes norm of the functional F;g;n) and we denote it as F(") (xg). The existence

(n)

of such constant is ensured, since functional F.” is finite dimensional, hence it is

bounded, i.e
IFSY )] < elyl, (A4)

for every y € R™" and some ¢ > 0. In our case ¢ = Fjgm) (zg)-
Further, by the definition of the tensor product |z®¥| = |z|¥, putting together
(A.2), (A.3) and (A.4) we get that m-th term in Taylor’s Theorem is bounded by

0) ; * * m *|m
Z &E 81: Oz (x'l_xil)(xiz_“Th)--‘(xim—ﬂfim)SF( )(xg)|x—x ™.
11,89,.000 112 im

We also define a constant

(m) *\®@m
< /m) _ | Pz
0= Fylwe) = Inf — o mamr

which is a lower bound for m-th term in the Taylor expansion

m *|m f( m) L * *
PO e—a'm < 3 Iy, —at) (a1,
i1 19 -+ im

11,8250 yfm

Lemma 8. For any n € N and ¢ € R we have the following inequalitiy

=D <

k=0

|t|m+l

It]
(m+ 1)!6
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Proof. Using the power series representation of the exponential function we get

tk

G_Z;d: Z xR

k=m+1
Then we change the summation index in of RHS to ¥’ =k — (m + 1)

& tk'-i—(m—‘rl)

tk
! m !
— k! kZ() (k+ (m+1))!

Now we take the absolute value of both sides and apply triangle inequality on
RHS and get

k o0

~

“-3 =

=0
Since, (k4 (n+1))! > (k)!(n+ 1)! and using multiplicative properties of absolute

K+ (m+1) ‘
A

= E'N(m + 1)

value we obtain

m tk - tm+1 oo |t|k’/
k= ! n-
— k! (m+1)! = K’
where the sum is series expansion of exponent and it is the desired result. ]

Lemma 9. For any £ € N and o > 0, the integral

+
/ |$|k6_a|m‘2dx = 71" _MF(T).
m (%)

Further, given symmetric negative definite m-dimensional matrix A, for any set

Q € R™, which includes origin we have bound

“)

/| |k azx A.Z’d HQ 1” e 0 m Oé m'H“F(
) .

| det(A)] ()

w\g w

where @ is orthogonal matrix such that Q7Q = A and ||Q || norm of corespond-

ing inverse transformation.

Proof. For the first result the proof is a standard result. We change the coordinates
system to spherical and use alternative representation of gamma function, integral
representation. The second integral is simply obtain by bounding it by the integral
over whole space and then change of the variable y = Qz where Q7Q = A and
then applying the first result. O
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Lemma 10. For some k& € N, constant o« > 0 and (m — 1)-dimensional sphere

with radius R denoted by S,,—1(R), with center in the origin, the integral

m—+k
2 m+k m+k _
/ ’x|kefa|x\2dx _ efaRQ Z < 2 ._ 1> joﬂ_%a,mT*k71+jF( 2 _ ]) ]
R\ Sy (R) = j (%)

Given symmetric negative definite m-dimensional matrix A and the set () € R™
such that Q\S,,—1(R) has non-empty interior and R < 1, the we have a upper

bound for the above integral

m+k

_ k Tk
/ ’x‘kearTAxdx < HQ IHk e—aR2 22: <m;r_ 1) RZJW%O[—"L;k—l-i-jF(mQ _J)
N\Sm—-1(R)

[det(A)] = j INC I

where () is orthogonal matrix such that Q7Q = A and ||Q~!|| norm of corre-

sponding inverse transformation.

Proof. For the first result we change the coordinate system into spherical one

where x = rs,, and radius r = |z

/ || exp{—|z|*}dy = / / rFe " ds,dr
Rm\sm_1(R) R Sn_l(r)

As the function under the integral does not depend on the surface coordinates
we can independently integrate over the surface. The surface of sphere in m-

dimensional space of radius r is given by

T2
Sm—1(r) = 2=+ rmt
I'(3)
and then
/ / rFe " ds,dr = 2 W; / phtm=lg=or? gy (A.5)
R JSpm_1(r) L'(%) Jr

Now we make substitution ¢ = a(r? — R?) and get

m kfl
9 oo t 2 dt
/ phtm=le=or® g — gk’ / e’ < + R2> 5 (A.6)
R 0 o 2a
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For integer values of mTfk — 1 the expression in the bracket can be represented as

the sum .
(a+b)" = E (n) a" Iy,
- J
j=0

We apply it to (A.6) and then do some manipulations we get

mtk _q
e R’ /OO e’ ! + R? Todt
0 «a 2a

S m+k S mik_q_j
e () ) e
= J 0 o 2a
el +k
m o
:iefaRQ Z R2j<2.1>am2+k+1+j/ ety 1= gy
2 Vi 0

J=0

Since the gamma integral representation of gamma function is
[e.e]
I'(z) = / t*~le~tdt,
0

with z > 0 and m + k > 2 we have

m+k

2 +k
1 e—aR2 Z R?j <m2 ._ 1) a_mTfk—i-l-&-j /oo e—tt(mTHv_l—j)dt —
2c . J 0
J=0
1 2 Fi mik _ k m—+k
o —aR 27 2 - _m— 14 .
— § R“ 2 | —— — dt.

Then we put it all together with (A.5) and (A.6) then performing some manipu-

lation yields

] & 2
2 / phtm=le=ar®q,. —
(%) Jr
m+k &
T2 1 > 1 R N gk (Mt k
=9 76_OCR R2] < 2 ) >Oé_2+1+]r< _J —
I'(%) 2a jz:% j 2
-1 Tk (mtk )
MR N\ k(R —
= e_aR2 R2.7< 2 ) >7T2a—+] 2 ,
;0 J I'(y)
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which the first result.

The second integral is again, obtain by simply bounding it by the integral over
whole space R™ and then change of the variable y = Qz where QTQ = A and
then applying the first result. O

Lemma 11. Given symmetric, negative definite, m-dimensional matrix A and

vector ¢ we have

1
c'Ac |2

T, . 27 Az _ (n—1)/2
=2(2
/m e e dw = 2(2m) det(A)

Proof. See, [2] , p. 30. O
Lemma 12. Let 8 be a positive parameter. Then for all constants €, k > 0 always
/ |z| exp(—k|z|*)dz — 0,8 — oo
|z[>Be
Proof. By using spherical coordinates we have that

27Tn/2
|z| exp(—k|z|*)dz = / p" exp(—kp?)dp — 0 as B — .
/x|>65 F(n/Q) p>PBe

A.2 Asymptotic theory, approximations and related

results
Let f: A — R be a continuous function and A = (a,o0) for some a.

Definition 1 (Big O). The function f is of order O of the function g : A — R as
x — oo if there exists is a constant K > 0 and zx € A such that for all z > g

|f(2)] < Klg()],

and we write it symbolically



Definition 2 (Small o). The function f is of order o of the function g : A — R
as ©x — oo if for all K > 0 there exists xx € A such that for all x > xx

f(@)| < Klg()],

and we write it symbolically

Definition 3 (Asymptotic equivalence). The functions f and g : A — R are
asymptotically equivalent as x — oo if for all K > 0 there exists xx € A such
that for all + > zg, f(x) # 0 and g(z) # 0 and

R

SC

and we write it symbolically

flx) ~g(x), z — oo.

Definition 4 (Asymptotic expansion). The formal power series Y 7 apx ™" is

an asymptotic power series expansion of f, as x — oo if for all m € N
flz) = Z anz™™ + Oz~ M) 2 oo, (A7)

and we write it symbolically

oo
x) ~ Zan:n_", T — o0.
n=0
If first few coefficients of power series are known then we write
a; | a2
f(w)Na0+;+?+, T — 00.
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Furthermore (A.7) can equivalently be represented as

f(z) = Z anz” "+ o(x), (A.8)

Lemma 13 (Lower bound from second order expansion). For the asymptotic
power series expansion of f given by above definition with m = 1 and ag # 0,
a1 # 0 there exists K’ > 0 for the sufficiently large z such that

K;‘ < |f(z) - ao).

Proof. By Definition 8
flx) = Z anz™" + Oz~ M) 2 = o,
n=0

for all m € N.
Next, we evaluate the definition of big O for m = 1. Hence for large enough x

there exists K

ai 1
‘f(x)—ao—x SK;. (A.9)
By the the symmetry of absolute value and triangle inequality we have
0] — la| < [a—b], (A.10)

for some vectors a, b.
Due to (A.10) the LHS of (A.9) has the lower bound

a
i <

f(x) —ao— —

X

9

- ‘f(fv) — o

‘ 5

X

then we combine it with RHS in (A.9) and after some manipulations we get

(1= 5 )y < ‘f(x) ol

[/ ||

(A.11)
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Now, we assume there exists a constant K’ > 0 such that

K,i < <|a1| _ K>1’
|| |/ ||

hence it has to fulfill the conditions

K' >0, (A.12a)
K

K <|aj| — —, (A.12b)
]

T > TK. (A.12¢)

where x i in the last condition is from (A.9) as x must sufficiently large.
To find K’ explicitly we first invert equation (A.12b) and merge it with (A4.12a)

and after some manipulations we get
|z| > K/]aal,
which together with (A.12¢) implies
x > max{K/|a1|,zx}.

Then we use above inequality to bound RHS of (A.12b)

K
| max{K/|a|, zr}|

K
< ]a1|——

jz|”

lax| —

hence we can set

K
| max{K/|ar|, zx }|’

0<K'§\a1]—

and write formally

K
3K/>OE|:JCK-/V:):>:Jck-/ K' < |a1| - ‘?V
where zx = max{K/|a1|,xx}.
Then we combine it with (A.11) and obtain that there exists K', K for x > zy/ =

max{K/|ai|,zx} such
1
T

K/

< ‘f(a:) —ag

)

and since xx > xx and K does not occur in the expression it can be simplified
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to

/
3K’>0311,</V9v>11,</ K

’ ’f —agp|,

hence we transformed (A.9) into a lower bound which proves the result.
O

Let the function I'(A) = (A —1)! where ! is a usual factorial and A € N. For
A € R it is defined through its integral form

L(\) = / M le~tdt.
0

Theorem 10 (Gamma function approximation). The Gamma function I'(A) can

be approximated

2\ /2 1 1
T(\) ~e A2 I+ —4+——+...|.
() ~e AA< ) > [ Ty T T
Proof. See [1], p.60. O

Lemma 14. Given inequalities

|A,—Bl| SCZ, izl,...,m, (A13)
|Az_Bz| ZC{, izl,...,m, (A.14)

where m € N and C; > 0,C! >0, i =1,...,m, following inequalities holds

m

o118 <1Te+> > T e )
i=1 i=1 i=1 J=1 gm—ii k=11=j+1
m m m—1
O = Z H H ;kBZ-l—HCZ-. (A.16)
i=1 i=1 J=1 gm=ii k=11=j+1 i=1
Proof. We start by introducing equality
T4 =@ -B) ][4+ B[] 4,
i=1 =2 i=2

which we obtained by adding and deducting B[]}~ A; to [~ Ai .
Then again, we add and deduce, but this time By By [[}" 5 A; and (A1 —B1)Ba [[]25 A
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and get
[14i = (4-B1)(As—B,) [ A+ (A1—B1) By [ [ Ai+Bi(A2—By) [ [ Ai+BiB: [ [ A
i=1 i=3 i=3 i=3 i=3

We repeat that step until all A;’s in the products are replaced by (A; — B;), which

eventually leads to the equation

m m m m—1 j m
ITA-TI8 =180+ > II II (4. - Bi)Bi, (A17)
=1 =1 =1 j=1 CTT‘T’LL—j,j k=11l=75+1

where chfj,j is a sum over possible arrangements of the elements of the set
{1,2,...,m} into two groups, where elements does not repeat and within the
group the order does not matter. First group is of the size m — j and second j
and their elements correspond, respectively, to the indecies ix, bk = 1,...,m — 3
and i, l=m—j+1...,m

Next we take absolute value of both sides and apply triangle inequality on RHS
of (A.17)

m m m m—1 j m
HAz‘ _HBi < H(Ai_Bz) + Z H H (Ai, — Bi,)Bi|,
i=1 i=1 i=1 J=1 gm—ii k=11=j+1

and then we again apply triangle inequality and use multiplicity of absolute value

1R 1B RIS o ol | 1 (N

j= lcm J3J k=11=j4+1

Now, we bound first term by applying all m the product of inequalities given by
(A.13) and

m m m m—
[[a-1]B|<]]c Z > 11 1T culsl
i=1 i=1 i=1 =1 gm—id k=11=j+1
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which is our upper bound (A.15) .

For the lower bound proof is analogical. The triangle triangle inequality
implies |a 4 b| > |b| — |a| for any vectors a,b. We use that fact and multiplicity of
absolute value on (A.17)

HAi - HBz > H H (A, — Biy) B, H(Az —Bi)| =
i=1 1=1 7=1 cm—3i k=1l=j5+1 1=1
m—1 7 m m
> IT II 144 — BilIBil = T 14i — Bil-
j=1 gm—ii k=11=j+1 i=1
Then we apply inequalities (A.14) and obtain
m m m—1 i m m
[T4-115=> > 1I 1I clsal-]I¢:
i=1 i=1 j=1 om=—3i k=11=j+1 i=1
which is our lower bound (A.16). O
Lemma 15. Given inequalities
|A1 = B1] < Ch, (A.18)
|Ag — Ba| < (b, (A.19)
| Ay — By| > C%, (A.20)
where C7 > 0,C3 > 0,C7, C4 are constants, following inequalities holds
A1 Bl <Cl Bl > C2
i e} I (it S e ) e T A21
As By| — Cé B ’BQ‘ — Oy ( )

Proof. First we prove (A.21).
We start with dividing (A.18) by | A2 — Bs| and using (A.20) and as a result

we get
(A1 =B _ G
|Ag — Ba| = Cy’

and since absolute value is multiplicative we can merge absolute values of numer-
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ator and denominator of LHS and obtain

C
< = A.22
<& (A.22)

Ay — By
Ay — By

Next, by some manipulations we transform the expression inside absolute value of

LHS

Ail—B1 Ay By | AB3+ A3B1 —2A3B1By

Ay — By Ay B A9 By(As — Bs)

A B B (A B\, B (A _
Ay By Ay—By\Ay By) Ay—By\ By -
(M By A B
\A2 By)Ay—By By

and insert the result back to (A.22)

A BY A& B|_C
Ao By ) Ay — By By _Cé

The triangle inequality implies that |a| — |b] < |a + b| for any vectors a,b and we

use that fact to obtain

' (i; - gl) A b g; | 42)
and by the multiplicity of absolute value the LHS can be factorized
A B A |_Ci |B
Ay By||Ay—By| ~ C)  |B
Then we divide both sides by |A2/(As — Bs)| and apply inequality (A.19)

As absolute value is symmetric, from triangle inequality we have

lal = [b] = |a — 8],

149



valid for arbitrary vectors a,b. Hence, setting a = As and b = B yields

|A2| = [Ba| — [A2 — Ba|,
and after application of (A.19)
|Az| > |Ba| — Ca,

which we apply in (A.24) and get inequality (A.21).

Lemma 16. Given equalities

Ay — By = oy,
Ag — By = 09,

where 01,09 € R are some constants, following equality holds

A B
As By

' Bjos
<
By (Byos)

01
By + 09

Proof. First we divide (A.25) by (A.26) and get

A Bi+o
A2 N B2 — 0'2’
and then we transform LHS
Bl + 01 Bl g1

- + ,
By +o0y Ba+o2 Ba+oo

then add and deduce B;/Bs and perform some manipulations

B3 o1 . By By By 01 _
B2+02+B2+U2 _E+32+02 _E+Bz+02 B
_ E BB, _ Bl(Bg -I-O'Q) o1
- By  By(By+03) Ba(Ba+o03) By+ oo
B Byos o1

= -+ R
By By(By+o03) Ba+oa
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and then we put it back to (A.27), change the side of B; /B> and obtain

A1 B; Bios 01

— + )
Ay By By(By +02) B+ 09

Then we take absolute value of both side, apply triangle inequality on the RHS

and get
A By _| B 2
Ay By| 7 | Ba(Ba + 02) By + o3|
which is the result from the lemma. O

A.3 Probability

Definition 5 (Moment generating function). Let X be a random variable with
cumulative distirbution function(cdf) Fx. The moment generating function (mgf)
of X (or Fx), denoted by Mx(t) = Ee*X, provided that expectation exists for t

in some neighborhood of 0.

Definition 6 (Convergence in distribution). A sequence of random variables,

X1, Xo,... converges in distribution to a random variable X if

lim Fx,(z) = Fx(z),

n—o0

at all points = where Fx(x) is continuous.

Theorem 11 (Convergence of mgfs). Suppose {X,,n =1,2,...} is a sequence of

random variables, each with mgf My, (¢). Furthermore, suppose that

lim My, (t) = Mx(1),

n—00

for all ¢ in the neighborhood of 0 and Mx(¢) is a mgf.
Then there is a unique cdf Fx whose moments are determinant by Mx (t) and, for

all x where Fx(z) is continuous, we have

lim Fy, (z) = Fx(z).

n—oo

Hence, convergence of mgfs in the neighborhood of 0 implies convergence of cdfs.

Proof. Check [15] p.66. O
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Theorem 12. Let X be any random variable and g(z) nondecreasing function
and h(z) non-increasing function, such that Eg(X), Fh(X), and E(g(X)h(X))
exist, then

Elg(X)h(X)] < E[g(X)]E[A(X)).

Proof. Inequality is a special case of FKG inequality, for more details, check [4].
O

A.4 Theory of Optimization

Definition 7 (Optimization problem in standard form). An optimization problem

in standard form has the form

minimize fo(z),
subject to fi(z) <0,i=1,...,m,
hi(x):(),i 1,...,p,

The vector z € R™ is the optimization variable of the problem. The function fy(x)
the objective function. The inequalities f;(x) < 0 are called inequality constraints
and equalities h;(z) = 0 are equality constraints.

The domain for which on which objective function and all constraints is defined
D we call a domain of the optimization problem. Any point x € D is feasible if it
satisfies the all the constraints.

Furthermore, the optimal value p* is defined as

p* =inf{fo(x)|fi(z) <0,i=1,....,m, hi(x)=0,i=1,...,p}.

and x* is an optimal point (vector) , if 2* is feasible and fo(z*) = p*.

Definition 8 (Convex problem). An optimization problem is convex problem if

it is of the form

minimize fo(z).

subject to fi(z) <0,i=1,...,m,
hl(x):()?i:la' » Dy
where fo, f1,..., fm are convex. Furthermore requirements must be met
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e optimized function fj is convex,
e inequality constraint functions must be convex,
e equality constraints must be affine.

Definition 9 (Affine hull). We define affine hull by set of all affine combinations
of points in some set A C R™ is called the affine hull of A and denoted by aff(A):

aff(A) = {bhz1+ ...+ Opxr | x1,..., 21 € A}
Definition 10 (Relative interior). We define relative interior of the set C as
relint(C) = {z € C | I,>0B(z,r)NaffA C C}

Theorem 13 (weak Slater’s condition). The Slater’s condition hold if optimiza-

tion problem is convex and there exists x € relint(D) with
file) <0,i=1,...,k, fi(x)<0,i=k+1,...,m.

where f; are inequality constraints and first & of them are affine and relint(D) is
relative interior of the domain. Moreover if Slater’s conditions hold then optimal

vector (A", v*) exists and strong duality occurs.

Proof. See [3], p.227. O

Theorem 14 (KKT conditions for convex problem). The Karush-Kuhn-Tucker
(KKT) conditions are

=
&

*
I

)

&
=
5
*

Il

v

A

X fi(z*)

V) + Y NV i)+ Y viVhi(a*) = o.
=1 =1

)

0
0
0
0

)

For any convex problem with differentiable objective and constraint functions, any

points that satisfy KKT conditions are primal and dual optimal and strong duality

153



holds.
Furthermore, if Slater’s conditions holds then KKT are necessary and suf-

ficient conditions for the optimality.

Proof. See [3], p.244. O
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