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I. INTRODUCTION

In recent decades, considerable scientific interest has been shown in the so-called
fractional calculus, which allows integration and differentiation of arbitrary order,
not necessarily integer. This is largely due to the applications of fractional calculus
to the mathematical modeling of a number of processes with memory in different
fields such as physics, biology, even sociology.

The first ideas about fractional calculus date back to the end of the 17th century
and are associated with the name of Gottfried Leibniz. Almost three centuries later,
fractional calculus began to be used intensively to describe the evolution of various
real systems using fractional evolution equations, i.e. evolution equations in which
integer time or space derivatives are replaced by fractional order operators. They are
used to model anomalous diffusion, heat transfer in materials with memory, waves
in viscoelastic media, etc.

For modeling of some complex systems, it turns out to be more appropriate to use
generalizations of classical fractional derivatives, for example fractional derivatives
of distributed order or more general integro-differential operators of convolutional
type. This leads to a large variety of generalized fractional evolution equations, which
gives rise to the need to organize the multitude of such equations and to find ways
of investigating, solving and classifying them.

Very useful in this regard is the so-called subordination principle. In general, this
principle consists of the following: given two Cauchy problems (P) and (P.), the
problem (P) is called subordinate to the problem (P,) if it is solvable whenever (P;)
is solvable and the solution w(z,t) of (P) is represented by the solution w,(z,t) of
(P.) by the integral relation

u(z,t) = /000 o(t, T)us(z, 7) dr,

where the kernel (¢, 7) is a probability density with respect to 7 > 0 when ¢ > 0 is
considered as a parameter, i.e.

o(t,7) > 0, /OOO St 7)dr = 1. (0.1)

By solvability of the problem we mean that it is well-posed, i.e. there exists a unique
solution that depends continuously on the initial conditions.

The subordination principle makes it possible to represent the solutions of complex
equations through the solutions of simpler classical equations and is a useful tool for
proving the solvability of the problem, finding estimates for the solution, establishing
its asymptotic behavior and other properties. In addition, the subordination principle
establishes a “hierarchy” among the variety of generalized fractional evolution equa-
tions, which is important for the correct classification and evaluation of the physical
meaning of the corresponding mathematical models.

The present dissertation is devoted to the study of the subordination principle
for generalized fractional evolution equations. A methodology has been developed



that allows establishing a subordination dependence between two equations and
thus helps to classify these equations into two main groups: equations describing
subdiffusion and diffusion-wave equations. A number of specific equations found in
the scientific literature are studied.

The main mathematical tools that are used in the conducted research are the
theory of operators and special functions of fractional calculus, the Laplace transform
technique and the theory of Bernstein functions and special classes of functions
related to them.

II. STRUCTURE AND BRIEF OVERVIEW OF THE DISSERTATION

The dissertation contains 200 pages. It consists of an Introduction, eight chapters
(divided into 31 sections), Concluding remarks, Bibliography and Index. The Biblio-
graphy contains 110 titles. The theorems are numbered with two numbers, the first
being the number of the chapter, and the second being the serial number in the chap-
ter itself. The numbering of formulas, definitions, statements, remarks, examples and
figures follows the same principle. The text is in English.

The dissertation is the result of the author’s research conducted over the past
seven years (2015-2021). It is based on 11 papers published during this period: |B1]-
[B11] given in Section IIT of this abstract.

Next we give a short overview of the dissertation work, as for each chapter we
will note which of the publications are used.

The Introduction contains the motivation for the research conducted, giving
examples of different types of subordination principles. Chapter 1 contains notations,
definitions, and basic properties of the fractional integration and differentiation
operators, the Laplace transform, Mittag-Leffler functions, and some Wright-type
functions. In Chapter 2, after an introduction to the theory of Bernstein func-
tions and Volterra integral equations, we prove two general subordination theorems.
Chapter 3 (|B5] and [B9]) is devoted to a detailed study of the subordination
principle for evolution equations with fractional derivatives in time and in space. As
an application, integral representations for the fundamental solution are obtained,
as well as some explicit representations by means of special functions. The rest of
the dissertation deals with generalized evolution equations with fractional operators
in time. To demonstrate the important role of the subordination principle in the
study of these equations, in Chapter 4 ([B10]) Jeffrey’s fractional heat equation is
considered. In Chapter 5 (|B1], |[B2| and |B3|) results are obtained for subdiffusion
equations of distributed order and for more general equations with memory kernels.
Useful estimates in the scalar case are derived. In Chapter 6 (|B6]) the multinomial
Mittag-Leffler function is studied, which is related to the solution of relaxation
equations with several time derivatives of different (fractional) orders. The last two
chapters deal with equations describing phenomena that are intermediate between
diffusion and wave propagation. In Chapter 7 (|B4] and [B7]) an open problem
concerning the interpretation of the fundamental solution of diffusion-wave equa-



tions of distributed order as a probability density is discussed and partially solved.

This property of the fundamental solution is important both for the physical meaning

of the model and for establishing subordination relation with respect to the wave

equation. In Chapter 8 (|B4], [B8| and [B11]) equations describing wave propaga-

tion in viscoelastic media with completely monotone relaxation moduli are considered.
Generalized fractional Maxwell and Zener models are considered, as well as a new

model with a relaxation modulus that is represented by a fcompletely monotone

binomial Mittag-Leffler function. The particular case of a fractional Jeffrey model is

studied in detail and the physical meaning of the subordination formula is discussed.

The dissertation ends with a summary of the main scientific contributions.
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Of the publications, 6 are written by the author alone and 5 are co-authored with
one author. The analytical results in all publications are obtained by the dissertation
author. The contribution of the co-authors in publications [B7]|-[B11] consists in the
definition of the mathematical model, numerical computations and visualization
of the results. In articles [B9| and [B10] the contributions of individual authors
are explicitly stated. In the dissertation, only results obtained by the author are
described. The only exception is the presented figures (Figures 4.1, 7.1-7.3 and 8.1).
They are given in order to visualize the behavior of the analytically derived solutions
and are not considered as a contribution of the dissertation.

None of the above publications have been used in other dissertations or procedures
of the authors. All 11 articles were published after the completion of the last



procedure of the dissertation author (which was for the occupation of the academic
position of associate professor in 2014).

IV. CONTENTS AND MAIN RESULTS

We will present the content and main results of the dissertation by chapter.

1 Fractional calculus operators and special functions

Chapter 1, consisting of 5 sections, contains preliminary information. Fractional
integration and differentiation operators are defined, as well as some special functions
closely related to fractional calculus. Their main properties are given.

The sets of positive integers, real and complex numbers are denoted by N, R, C,
respectively; Ng = NU {0}, R, = (0,00), Cy ={z € C, Rz > 0}.

Let X be a Banach space. For —oo < a < b < +00 we denote by C([a,b]; X) the
space of continuous functions f : [a,b] — X. The space of functions f: R, — X
that are Bochner integrable on any interval [0, 7], 7 > 0 is denoted by L}, .(R; X).
For brevity, L} (Ry) := L, .(R;R).

The Laplace transform of a function f € L}, (R;; X) is defined as follows

L{f(t)}(s) = f(s) = /000 e S f(t)dt, Res>0.

Let a >0and m —1 < a <m, m €N. We define
a—1
alt) = =—, t>0, a>0, 1.1
nlt) = Fros 0 (1)
where I'(+) denotes the Gamma function. Furthermore, we put wy(t) = §(t) where §
is the Dirac delta function.
For u : R, — X we define fractional Riemann-Liouville derivative of order a by
the identity [15, 25]
dm [
(D) (t) = dt_m/ Win—a(t — T)u(T)d tau, t > 0.
0

The Caputo fractional derivative is defined by the identity [15, 25]
t
(D) (t) = / malt — 7Y™ (7Y dr, £ > 0.
0

_ m _ Cpym _ d"
For o« =m € N, we have D" = "D, = 2=

The Mittag-Leffler function is an entire function defined by the following series
expansion [12, 15, 20]

0, BER, z€C. 1.2
;Falﬁﬁ a>0, feR, z¢ (1.2)

6



In particular, we denote E,(2) := Eq1(%).
The Prabhakar function (or Mittag-Leffler function with three parameters) is an
entire function defined as follows |27, 10]

= (4 2k
Ei,g(Z):Z(k),k ok + 5) 2€C, aeRy, 5,0 €R, (1.3)
k=0 ’

where (0); denotes the Pochhammer symbol

L'+k
(5)k:%:5(6+1)...(5+k—1), keN, (0)=1. (1.4)
In the special case 6 = 1 we obtain E, (z) = E,, 4(2).

The Mainardi function (also called M-Wright function) is an entire Wright-type
function defined by the series |20, 12]

e (==2)"
M”(Z)_nzzon!F(—vnH—v)’ 0<v<1, zeC. (1.5)

It is related to the Mitag-Leffler function E,(-) by the identity

LIM, (7)) (s) = /OOO M, (F)dr = E. (=), 0<nv<l. (1.6)

The function L.(-) defined by its Laplace transform as follows

L{L,(7)}(s) = /000 e "L, (T)dr = exp(—s7), 0<vy <1, (1.7)

is called Lévy extremal stable density [9, 21, 22]. It is related to the Mainardi function
by the equality [20, 26|

L(z)=~2"""M,(277), 0<v<1, z€C\(—o0,0]. (1.8)

A function defined on R, is said to be one-sided probability density function
when it satisfies the conditions

o(t) >0, T>0; /000 o(r)dr = 1. (1.9)

The functions M, (7) and L, (7) are one-sided probability densities.

Detailed information on fractional calculus and Mittag-Leffler functions is contained
in the monographs [12, 15, 25]. An overview of special functions related to fractional
calculus can be found in [16, 17].

2 Introduction to subordination principle

In Chapter 2 (4 sections), we first give the definitions and basic properties of
Bernstein functions and related special classes of functions that play an important



role in the thesis. In order to have a unified approach to the variety of evolution
equations containing fractional derivatives, we use the theory of abstract Volterra
equations, a brief introduction to which is given next. Finally, we prove two general
subordination theorems that will be used later in the dissertation.

2.1 Bernstein functions

Four special classes of functions play an essential role in this thesis: the classes of
completely monotone functions (CMF), Bernstein functions (BF), Stiltes functions
(SF), and complete Bernstein functions (CBF). The last class is also found in the
literature under other names, for example Nevanlinna functions. In the dissertation
we use the terminology in the monograph [30].

In the following definitions of the function ¢ we assume ¢ : R, — R. A function
¢ is called a completely monotone function (CMUF) if it is infinitely differentiable
and

(="M (t) >0, t>0, neN,. (2.1)

According to Bernstein’s Theorem, a function is completely monotone if and only
if it can be represented as the Laplace transform of a non-negative (generalized)
function.

The class BF of Bernstein functions consists of all functions ¢ > 0, such that
¢'(t) e CMF.

The class of Stiltjes functions ( SF ) consists of all functions 18]

o(s) = g +b+ /OO e Tp(r)dr, s>0, (2.2)
0

where a,b > 0, ¢ € CMF and the Laplace transform of ¢ exists for every s > 0.
A function ¢ is called complete Bernstein function (¢ € CBF) if and only if
o(s)/s € SF, s> 0.
The inclusions SF C CMF and CBF C BF hold.
Elementary examples of Stiltjes functions and complete Bernstein functions are
as follows:
s*e€ SF, s*e€CBF, acl01].

Functions defined in this way have a number of interesting properties [30]. A
selection of properties that are essentially used in the thesis are given in Section 2.1.

2.2 Abstract Volterra integral equations

Let X be a Banach space with norm ||.|| and let A : D(A) — X be a closed linear
densely defined operator.

Let « > 0and m — 1 < a < m, m € N. We consider the Cauchy problem for the
fractional evolution equation:

“Diu(t) = Au(t), t >0,

2.3
w(0) =ve X, uP0) =0, k=1,2,....m—1. (2:3)



In the scalar case when X = R and the operator A is simply multiplication by a
constant, A = —\, A > 0, the solution of (2.3) is given by the Mittag-Leffler function:
u(t) = u(0)Ey(—At). Tt describes fractional (slow) relaxation for a € (0,1) and
damped oscillations for a € (1,2).
The classical Cauchy problem for a first-order equation is a special case of (2.3)
with a = 1:
u'(t) = Au(t), t>0; u(0)=veX, (2.4)

and for a = 2, the Cauchy problem for a second-order equation is obtained
u"(t) = Au(t), t>0; u(0)=veX, «(0)=0. (2.5)

Consider the abstract Volterra integral equation

u(t) = /Ot k(t— 7)Au(r) dr + (1), t>0, (2.6)

with kernel k(t) € L (R,).

Let us note that (2.3) can be rewritten as a Volterra integral equation with kernel
k(t) = wa(t), where the function w, () is defined in (1.1). The more general equations
considered in the dissertation also have an equivalent representation in the form of
an integral equation (2.6). Therefore, for their study we use the theory of abstract
Volterra equations developed in the monograph [28]. We will first give some basic

definitions.

Definition 2.1. A functionu € C(Ry; X) is called a strong solution of the equation
(2.6) if ue C(Ry; D(A)) and (2.6) is fulfilled on R..

Definition 2.2. The problem (2.6) is called well-posed if for each v € D(A) there
exists a unique strong solution u(t;v) of

u(t) =v+ /Otk(t —1)Au(r)dr, t>0, ve D(A), (2.7)

and from {v,} C D(A), v, — 0 follows u(t;v,) — 0 in X, uniformly on every
compact interval.

Let the problem (2.6) be well posed. Then the solution operator S(t) for (2.6) is
defined as usual:
Sty =u(t;v), velX,t>0.

The solution operator S(t) is called bounded if there exists a constant C' > 1 such
that
|1S(t)]] < C forallt>0.

Definition 2.3. The solution operator S(t) is called a bounded analytic solution
operator with angle 0y € (0,7/2] if the function S(-) has an analytic continuation
S(z) to the sector | arg z| < 0y which is bounded on every subsector |arg z| < 6 where

9<90.



In the case when the classical problem (2.4) is well-posed, the solution operator
Si1(t) is a strongly continuous (Cy-) semigroup. The operator A is said to generate
Cy - semigroup. In the case of problem (2.5), the solution operator Sy(t) is a strongly
continuous cosine operator function [2].

2.3 General subordination theorems

The next two general subordination theoremss are proven in Section 2.4.

Theorem 2.1. Let the Cauchy problem (2.3) be well-posed for some a, 0 < a < 2,
and have a bounded solution operator S, (t). For the kernel k(t) of the Volterra

integral equation (2.6) we assume that k(t) € L}, (R, ), the Laplace transform k(s)

loc

exists for s > 0, E(s) # 0 and the function g(s) = (k(s))™! satisfies the condition
g(s)* € CBF, s>0. (2.8)

Then problem (2.6) is also well-posed and has a bounded solution operator S(t) which
is related to S, (t) by the identity

S(t) = /OOO o(t, 7)Sa(T)dr, t >0, (2.9)

where

1 c+ioco 1/a
p(t, ) = —/ 9(5) exp (st — Tg(s)l/“> ds, ¢>0.
2mi |, 5

The subordination kernel o(t,T) is a one-sided probability density with respect to
7> 0 (fort >0 considered as a parameter), i.e.

o(t,7) >0, /000 o(t,7)dr = 1. (2.10)

Let us note that Theorem 2.1 is based on the following representation for the
Laplace transform of the kernel o(t, 7)

(S>1/o¢

o(s, 1) = exp (—Tg(s)l/a) , s, 7> 0. (2.11)
From the condition (2.8) it follows @(s,7) € CMF with respect to s > 0 (if 7 is
considered as a parameter), which by Bernstein’s theorem is equivalent to ¢(t,7) >
0. This observation is essential for the studies in the dissertation. The goal is to find
the (smallest) a for which (2.8) is satisfied (let us keep in mind that if (2.8) is satisfied
for some oo = al,, it is also fulfilled for every a > a). More generally, Theorem 2.1
reduces the question of subordination to a problem of Bernstein functions.

In the second theorem, we consider the case when the subordinated operator of
the solution is bounded analytic and define the sector of analyticity.

Theorem 2.2. Let the conditions of Theorem 2.1 be satisfied and
|arg{g(s)"/"}| < |args|, 0<p<a, s€C\(—o0,0]. (2.12)

10



Then S(t) is a bounded analytic operator of angle

Q*Zmin{(%—l) gg} (2.13)

If, moreover, S,(t) is a bounded analytic operator of angle ¢y € (0,7/2] then the

angle of S(t) is
0, = min {%qﬁo n (% - 1) g frac7r2} . (2.14)

3 Space-time fractional evolution equations

Chapter 3 (consisting of 5 sections) is devoted to the subordination principle for
the fractional differential equation with the Caputo time-derivative of order 8 €
(0,1) and operator —(—A)*, a € (0,1), where A generates a Cy - semigroup in
a Banach space. Some properties of the subordination kernel are established and
representations by the Mainardi function Mg and the Lévy extremal stable densities
L, are derived. The sector of analyticity of the solution operator is found, taking
into account the asymptotic behavior of the subordination kernel. Subordination
formulae are applied to the multidimensional space-time fractional diffusion equation
to obtain integral representations for the fundamental solutions as well as closed-
form solutions in some special cases.

Consider the problem

Dlu(t) = —(—A)u(t), t>0; uw(0)=veX; 0<aB<1,  (3.1)

where the operator A generates C - a semigroup in Banach space X and the operator
—(—A)* is defined by Balakrishnan’s formula [6, 31|

(—A)oy = S0OT /UOO AU\ — A)"Y(—Av) d), v € D(A). (3.2)

™

In this chapter, we use a two-index notation S, g(t) for the solution operator of (3.1).
According to the assumptions made about the operator A, the classical problem (2.4)
is well-posed with corresponding solution operator Sy 1 (%).

3.1 Subordination formula

By successively applying two known results for subordination in space and in
time ([31] and [7]), the following theorem is derived.

Theorem 3.1. If the operator A generates a bounded Cy-semigroup Sy 1(t) then the
problem (3.1) is correctly posed and has a bounded solution operator S, s(t) which
has the following integral representation

Sap(t) = /000 VYo p(t,7)S11(T)dr, t>0. (3.3)

11



The subordination kernel 1, 5(t, ) is a one-sided probability density with respect to
7 >0 (i.e., it satisfies (2.10)). The following relations are satisfied

/OO Yo s(t, T)G_AT dr = Eﬁ(—)\atﬁ), (3.4)
0

and

/ Vap(t,T)e " dt = SB_ITO‘_IEQ’Q(—SBTQ). (3.5)
0

Efforts are directed next to obtain representations of the subordination kernel
Yo (t, 7) and to study its properties as well as those of the subordination operator
Sa.p(t). The following results were obtained:

Theorem 3.2. The subordination kernel is given by the formula
Vap(t, ) =t 1K, g(Tt ),

where the function K,z has the following representations

K, 5(r) = /000 o VLo (ro~ %) My(0) do, (3.6)
Kop(r) = /000 0P/ L (ra®/*) Ls(0) do, (3.7)
Ko p(r) = are™! /OOO oM, (o) Mgs(or®) do. (3.8)

Here, L, is the Lévy extremal stable density (1.7) and Mg is the Mainardi function
(1.5). Moreover, in the special case o = 3 it holds

1 rotsinanr
wr2e 4 2recosam +1°

Theorem 3.3. Let 0 < a < 1,0< 8 <1, and aff # 1. Then the kernel 1, 5(t,T)
has the following integral representation

Koo(r) = (3.9)

a—1

Yo p(t,T) = /000 rA-1 (Cs(r,t) o 5(r,7) + Sa(r,t)Ra p(r, 7)) dr, (3.10)

m
where Cg(r,t) = cos(rt + fr/2), Ss(r,t) = sin(rt + f7/2) and

krakta=1pBkgin kB /2

, > (-1
Taslr,7) = S{r B (—roreiinizyy = 3 2D

P C(ak + ) ’
: L (—1)kpaktalypBk cog kB /2
— a—lE o, B ,iBT/2 _ ( .
Raﬂ(r7 T) §R{T a,a( Tre )} F(ak+a)

k=0
Theorem 3.4. Let 0 < o, 6 < 1, af # 1 and

Hozmin{@_z—ﬁ_mﬁ,g}. (3.11)

12



Then for each T > 0 the function 1, p(t,7) as a function of t has an analytic
extension in the sector |argt| < 0y which is bounded on each subsector |argt| < 6,
0<6<by.

The last kernel analyticity result leads to the analyticity of the subordinate
solution over a larger sector in the complex plane, compared to the solution of
the original problem (2.4).

Theorem 3.5. If 0 < «a,8 < 1, af # 1 and the operator A generates a bounded
analytic semigroup S11(t) of angle ¢o € (0,7/2], then S, 5(t) is a bounded analytic
solution operator of angle 6y, where

&y:mm{0§°+(2 335”ﬂg}. (3.12)

In the limiting case ¢y = 0 ( S11(t) is only of class Cy and not an analytic
semigroup) the subordinated solution operator S, g(t) is again analytic. From (3.12)
we obtain the analyticity sector of S, g(t), which at ¢y = 0 coincides with the
analyticity sector of the kernel (3.11). Therefore, the subordinate solution is always
analytic, regardless of whether the solution of (2.4) has this property.

3.2 Multi-dimensional fundamental solution

Let us apply the subordination formula (3.3) to find the solution of the following
basic special case of the abstract Cauchy problem (3.1)

Dlu(x,t) = —(—A)u(x,t), t>0, xR wu(x,0)=0v(x);  (3.13)

where 0 < o, 8 < 1, CDf is the Caputo derivative, and A is the Laplace operator in
R™. The solution operator S, s(t) of the Cauchy problem (3.13) is defined by

(Sap(t)v)(x) = Gapn(y,t)v(x—y)dy, ve X, t>0, xeR",
Rn
where G, 5.,(x, t) is the corresponding Green function (fundamental solution). There-
fore, the subordination formula (3.3) can be written as a relation between Green
functions as follows

Gapn(x,t) :/ Vas(t, T)G110(x,7)dT, x €R" (3.14)
0
It is known that |2]
1 2
_ —|x|?/4t n
%@A&ﬂ—(ﬁﬂwf , X€R", t>0. (3.15)

The formulas (3.14) and (3.15) have been used to obtain representations for the
Green’s function G, 5,(x,t). Thus, in the special case o = § = 1/2 we obtain the
explicit representation

(%) n+l o+l [x? "
gl/2,1/2,n(X>t) = on pi”/2+1t”/2U( 5 o it ), x € R", (3.16)
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where U is the confluent Tricomi hypergeometric function ([1], Eq. 13.2.5)
1 (e e}
Ula,c,z) = —/ N1+ 6 e dE, a>0,2> 0. (3.17)
I'(a) Jo

From the formulas (3.14) and (3.15), the following integral representations of
Gopn for n =1,2 3 are derived:

Theorem 3.6. Let 0 < o, 5 < 1 and af # 1. Then

2a t° - 201 2048

Gapi(z,t) = ?m i sin(|z|o)o Egg(—0t”) do,

Go sa(x.1) L / ! 1+/OO (|x|o cos0) o 5(0, ) do ) d6
wpo(x,t) = — cos(|x|o cos aglo,t)do ,
B2 2m2|x|? J, cos?6 0 B

1 >
Gaps(x,t) = W/o sin(|x|o)Ha 5(0,t) do.

The function H, g is defined as follows in terms of Mittag-Leffler functions
Hop(0,t) = po® "7 (1 + p) Eg, pe(—0>t?) + pEs g1 (—**t")) (3.18)

where p = 2a/p.

4 Transition from diffusion to wave propagation

In Chapter 4 (consisting of 4 sections)the Jeffrey-type fractional heat conduction
equation is studied. It is an evolution equation containing fractional Riemann-
Liouville derivatives in time, which, depending on the model parameters, satisfies
two different subordination principles and, accordingly, two fundamentally different
types of behavior: the diffusion regime and wave propagation regime. Integral represen-
tations for the Green function of the one-dimensional Cauchy problem are derived.
It is shown that the Green function represents a probability density in the spatial
variable that evolves with time. It is unimodal in the diffusion regimee and bimodal
in the wave propagation regime. The considered example illustrates how the principle
of subordination is closely related to the physical properties of a given model.

4.1 Subordination theorems
Consider the equation
(1+aD)u'(t) = (1 +bDy) Au(t), t >0, (4.1)

with initial conditions u(0) = v and «/(0) = 0, where Dy is the Riemann-Liouville
fractional derivative of order o € (0, 1], a,b > 0, and A is a linear closed operator
in a Banach space. When A is the second derivative in space, then (4.1) is the
Jeffrey-type fractional heat conduction equation |5|, Chapter 7.
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The problem (4.1) is written as a Volterra integral equation (2.7) with a characteri-

stic function a )
~ + as®

= (k -1 _ s\ras)
os) = () =

and for a = b the classical problem (2.4) is obtained. The following properties play
a decisive role in the study:

g(s)/s € SF for a<b; g¢g(s)/se€CBF for a>b.

, >0,

From them follows:

Proposition 4.1. Let 0 < a <1 and a,b > 0. Then \/g(s) € CBF. If we further
assume 0 < a < b, then g(s) € CBF.

This statement together with Theorem 2.1 leads to the following two subordination
theorems.

Theorem 4.1. Let a,b > 0 and 0 < o < 1. Let the operator A generate a bounded
strongly continuous cosine operator function Sy(t). Then the problem (4.1) is well-
posed and the solution operator S(t) satisfies the identity

S(t) = /000 o1(t, 7)Se(T)dr, t >0, (4.2)

where the kernel v1(t,T) is a one-sided probability density defined by means of the
Laplace transform

o1(s,7) = #exp (—T@) , s, 7> 0. (4.3)

Theorem 4.2. Let 0 < a <band 0 < a < 1. Suppose that A generates a bounded
Co-semigroup Si(t). Then the problem (4.1) is well-posed and the solution operator
S(t) satisfies the identity

S(t) :/ wo(t, 7)S1(T)dr, t>0.
0
The kernel po(t, T) is a one-sided probability density defined by means of the Laplace
transform
Bafs.m) = 2 exp (-rg(s)), s> 0

These two theorems show that for a < b the equation (4.1) obeys the first-
order equation (2.4), while for a > b it obeys the second-order equation (2.5). This
corresponds to substantially different properties of the solution, as we will see with
the example of the one-dimensional Cauchy problem below.

Since at a > b > 0 the property is satisfied

g(s)/ ) e CBF, s>0, (4.4)

then the following more precise result holds in this case:
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Theorem 4.3. Let a > b >0 and 0 < o < 1. We assume that the Cauchy problem
for the fractional evolution equation (2.3) of order a + 1 is well-posed and has a
bounded solution operator S,,1(t). Then the problem (4.1) is correctly posed with a
solution operator S(t) satisfying the equality

S(t) = /O o7V S () drs £ 0,

The kernel o(t,T) is a one-sided probability density defined by means of the Laplace

transform
R ) 1/(a+1)
P(s,7) = =~———exp (—Tg(s)l/(““)) . s, 7> 0.
s

In the case of a fractional model, 0 < o < 1, this result is stronger than the one
formulated in Theorem 4.1.

4.2 One-dimensional fundamental solution

As a particular example of (4.1) we consider the task

ay 9 oy O
.0
u(z,0) = up(x); 7tl_l)][(])fi au(m,t) =0, z€eR, (4.6)
‘l|im u(z,t) =0, t>0. (4.7)
Tr|—0o0

Applying Laplace transform in ¢ and Fourier transform in z gives the following
result:

G(x,s) =~ 9(5) exp <—|93|\/g(s)> , Tz ER. (4.8)

2s
Let us point out the relation with the subordination kernel, whose Laplace transform
is given in (4.3).
Applying the Laplace transform inversion formula to (4.8) yields an integral
representation for the fundamental solution in terms of elementary functions.

Theorem 4.4. The fundamental solution G(x,t) of the Cauchy problem (4.5)-(4.6)-
(4.7) has the integral representation for x € R\{0} and ¢t > 0:
1 [~ .
G(a,t) — %/ exp (|| K~ (r)) (K~ (r) sin (rt — |2|K+(r))
0

+ KT (r)cos (rt — |z|K*(r))) % (4.9)

The functions K*(r) are defined by the equalities

K:(r) = (g)l/2 (40r) + B2()* A(r))m (4.10)
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where
(a — b)r* sin(an/2)
1+ 2br® cos(am/2) + b2r2e’

1+ (a+ b)r*cos(am/2) + abr®®
1+ 2bre cos(anm/2) 4+ b2r2e

The integral representation (4.9) is suitable for numerical computation and visua-
lization of the solution. At a < b a diffusion regime is observed, while at a > b the
behavior has a character of diffusive waves. The observed behavior is analogous
to the behavior of the solution of the fractional diffusion-wave equation (2.3) with
A = 0%/92% where the diffusion mode is at 0 < a < 1, and the wave mode is at
l<a<2.

For brevity, in the rest of the dissertation we call generalized subdiffusion equa-
tions those subordinated to the first-order equation (2.4), and equations that are
subordinated to the second-order equation (2.5), but are not generalized subdiffusion
equations, we call generalized diffusion-wave equations.

5 Generalized subdiffusion equations

Chapter 5 (consisting of 4 sections) considers first the abstract Cauchy problem
for the time-fractional evolution equations of distributed order with continuous or
discrete distribution over the interval [0, 1]. The special case of problem (4.1) with
a =0 and b > 0 is studied in detail. Then, the problem with general convolutional
derivative is investigated and two kinds of subordination theorems are established.
The subordination principle in the scalar case is applied to derive useful estimates
for relaxation functions that generalize some results for Mittag-Leffler functions. As
an illustration of the application of these estimates, uniqueness and stability are
proved for an inverse problem.

5.1 Equations with generalized convolutional derivative

The Caputo-type generalized convolutional derivative is introduced in [18] in the
form

d

BP0 = [ st DD =s0f0), t>0. 6D

where r(t) € L] (R, ) is a nonnegative function. For the kernel x(t), we assume that

its Laplace transform ®(s) exists for every s > 0 and

k(s) € SF and  lim sk(s) = 400, (5.2)

—+00

where SF is the class of Stiltjes functions.
We consider the Cauchy problem

DMu(t) = Au(t), t>0; u(0)=aé€ X, (5.3)
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where “D) is the generalized convolutional derivative (5.1), and A an operator that
generates a bounded Cy-semigroup.

Let us note that in the original definition of the generalized fractional derivative
in [18] additional restrictions are imposed on the boundary behavior of the function
k(s). To include some practically important equations (such as (4.1) with 0 < a < b
or the discussed in the next chapter (6.1) and (6.2) with o = 1), we assume only
the requirements (5.2). They are sufficient for the general subordination theorem
Theorem 2.1 to hold in the special case a = 1.

The following additional result follows from the Post-Wither formula for the
inversion of the Laplace transform:

Theorem 5.1. If the operator A generates a bounded Cy-semigroup and the kernel
k(t) satisfies (5.2) then the problem (5.3) is well-posed and its solution u(t) has the
representation

u(t) = lim 3;(n/o”+1j{:j£:bnkm(n/t)(g(n/t)-/qy*@+1>u(oy (5.4)

n—oo ! pr
= p:

Here g(s) = sk(s) and the functions b, ,(s) > 0 are defined as follows
(n—Fk)
bn,k’,p(s) = (_1)”"’1) (Z) <M) ak?7p<8)p!7 s> 0, (55)
s
where ay,(s) are defined by the recurrence relations
i1p(s) = arp-1(s)g'(s) +apy(s), 1<p<k+1, k=1, (56)
ako = g1 =0, a11(s) = g'(s).

Formula (5.4) summarizes the exponential representation

n—oo

t —n
u(t) = lim (I— —A) u(0)
n
for the solution of the classical Cauchy problem (2.4).

5.2 Relaxation functions
Let us now consider the general relaxation equation with convolutional derivative
(5.1)
D) + Mu(t) = f(t), A>0, t>0; u(0)=a€cR (5.7)
We denote by u(t; \) and v(t; \) the solutions corresponding to a = 1, f = 0, and
a =0, f(t) = 0(t), where §(t) is the Dirac delta function. The functions u(t; A) and

v(t; \) are called relaxation functions.
The solution of (5.7) is presented as follows

u(t) = au(t; \) + /0 (T N) f(t —7)dr. (5.8)
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In the special case where C]D)g“) is the Caputo fractional derivative “D;’, 0 < o <

1, the relaxation functions are represented by Mittag-Leffler functions: u(t; \) =
Eo(=At?) and v(t; \) = t*7 P Eyo(—AtY). The next two theorems summarize some
properties of these functions.

Theorem 5.2. For the relazation functions u(t; \) and v(t; \) the integral represen-
tations hold

u(t; \) = / o(t,T)e ™ dr, t>0, (5.9)
0

v(t;\) = Y(t,7)e Mdr, t>0, (5.10)
0

where the functions p(t, ) and ¥(t,T) satisfy the properties

o(t,7) >0, ¥(t,T) > 0; /O (t,7)dr =1, / W(t,T)dr = k(t). (5.11)

Here, k(t) is the resolvent kernel of k(t), i.e. (k*k)(t) = 1.

Theorem 5.3. For each A\ > 0, the functions u(t;\) and v(t; \) as functions of t
have an analytic continuation in C,.. For t > 0 they have the properties

u(t; A),v(t; \) € CMF; (5.12)
w(0; ) =1; 0<u(t;\) <1, v(t;\)>0; (5.13)
d
Eu(t, A) = —Xu(t; N). (5.14)
Furthermore !
u(t; A) < (5.15)

T 1+ AM1xEk)(2)

where k(t) is the resolving kernel of k(t), i.e. (kxr)(t) = 1.
For each N> Xy >0 andt >0

u(t; ) < u(t; Ao), v(t;A) <ot Ao), (5.16)

and

T
C< )\/ v(t; N)dt <1, T >0, (5.17)
0

where the constant C' =1 —u(T; \g) > 0 does not depend on .

The estimates in Theorem 5.3 are very useful in studying boundary value problems
by applying eigenfunction expansion.

6 Multinomial functions of Mittag-Leffler type

In Chapter 6 (consisting of 3 sections) we continue the study of evolution equa-
tions with several time derivatives of different orders in the interval (0,1]. The
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main emphasis is now on the Mittag-Leffler multinomial function that appears
in the representation of their solutions. The basic properties of this function and
its Prabhakar-type generalization are investigated. Conditions are found for the
parameters under which the function is completely monotone. Some subordination
equalities are established. As specific examples, relaxation functions for equations
with several time derivatives are studied in detail. The obtained results generalize
known properties of the classical Mittag-Leffler function.

6.1 Multinomial Mitag-Lefller function

Various types of multi-index generalizations of the classical Mittag-Leffler function
(1.2) are discussed in the literature (e.g. [16, 17, 24] and the monographs [12, 23|).
One such generalization is the multinomial Mittag-Leffler function

[es) m ks
k! [T2 27
E(ulw,um)ﬂ(zb ce Zm) = Z Z k) ko - m] )
k=0 kit..thm=k LT (5 + ijl Mjkfj)

k12>0,..., km>0

where z; € C, u; >0, 8 € R, j =1,...,m. This function was introduced in [14, 19|,
where it is used to solve multi-term fractional differential equations with constant
coefficients. More precisely, the following function of one variable ¢ is involved in
expressing the solutions:

g(u17---7ﬂm)75(t; at, ... ’am) = tﬁ_lE(Nl,---7Mm)75(_a1tm7 SRR _amt“m)'

Consider the following two multi-term equations: with Caputo derivatives

“Dpu(t) + Y b “Dult) = Au(t) + f(t), t>0, (6.1)
j=1
and with Riemann-Liouville derivatives
W(t) = Dy Au(t) + > by Dy Y Ault) + f(t), >0, (6.2)
j=1

where 1 > a > a3 > ... > a,,, > 0,0; >0, 5 =1,...,m, and A is an operator
generating a Cy semigroup. From Theorem 2.1 we derive the following subordination
result:

Theorem 6.1. If the Cauchy problem (2.8) has a bounded operator of the solution
Sa(t), then the problems (6.1), respectively (6.2), are well-posed and their solution
operators are represented as follows

S(t) = /000 o(t, 7)Sa(T)dr, t>0.

The kernel p(t,T) is a one-sided probability density in T > 0 defined by means of the
Laplace transform (2.11), where

g(s) =s"+ Z bjs™
j=1
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in the case of equation (6.1) and

g(s) = (s‘o‘ + Z bjs_aj>

in the case of equation ( 6.2).

In the scalar case (A = —\, where A > 0 is a constant), the solutions of (6.1) and
(6.2) are presented in the form

u(t) = u,(t; N) +/0 vt =T AN f(T)dr, n=1,2,

where n = 1 for equation (6.1), n = 2 for equation (6.2) and

(751 (t, )\) = 1- )\g(a,a—oq ’’’’’ a—am),a+1 (t )\ bl, Ce ,bm) s (63)
U1 (t, /\) == g(oa7a—a1 77777 a—aum) (t A bl, e ,b ) s (64)
Ug(t, )\) = 'Ug(t; )\) = 5 (0,1 ,.neytm),1 (t, )\, /\bl, Cey )\bm) . (65)

The following representation is obtained as an additional result of the considerations
in this chapter.

Theorem 6.2. Let0<a<f3<1,0<a; <a, A>0,b;>0,5j=1,...,m. Then

Elaar,mam),8 E A b1, by) = / o(t,T)e ™ dr, t>0, (6.6)
0

where the kernel ¢(t,7) > 0 has the representation
O(t, 7) = Wa—a(t) * ha(t,T) * ho—a, (£, 017) ast ... x ho_q,, (t, 0, 7).

Here x is the Laplace convolution with respect to the variable t, the function w,(t)
is defined in (1.1) and
ho(t, o) = oYL, (ta_l/o‘) ,

where L,(+) is the Lévy stable extremal density (1.7).

6.2 Multinomial Prabhakar function

For brevity we use the vector notation i = (i1, pia, - - ., fim)-
Multinomial Prabhakar function is defined as follows 8]

m k;
Ok | J
E (=, ... Ej > ( = (6.7)
EICTRRE, [k | m '
k=0 k1i+...+km km'r(5+zjz1ﬂjkj)

k1>0,..., k:m>0
where z; € C, p;, 5,0 € R, p; >0, j=1,...,m. Here (0);, denotes the Pochhamer
symbol (1.4). We set

5(5“1 o)A, -y ) = tﬁ_lE?ﬂ1

7777

#m)ﬁ(_altlu’ ) _a'mtum)- (68)

77777

Some important results for the function (6.8) are given next.
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Theorem 6.3. The Laplace transform ggﬁ(s; a) of the function Egﬁ(t; @) is defined
by the equality

8_5

5
(1 +200 ajs_“j>

Based on Theorem 6.3 and the properties of Bernstein functions, the following
complete monotonicity result is proved:
Theorem 6.4. Let 0 < pu; <1,a; >0,5=1,...,m, and 0 < p,.0 < B <1, where
fs = MaxXj—1, m{ip;}. Then

£ (t;ay,...,am) € CMF, t>0. (6.10)

(K150 1im.), B8

S%(sa :—£{Stﬁta}(): seCy. (6.9)

This is one of the main results in this chapter.
As an example of the application of Prabhakar’s functions (6.8) with 6 # 1, the
moments of the fundamental solutions of the Cauchy problems for equations (6.1)

and (6.2) in the case A = (%)2, z € R.

In the last two chapters, we study the subordination principle for generalized
diffusion-wave equations with fractional time derivatives. Various linear generalizati-
ons of the fractional diffusion-wave equation (2.3) with 1 < a < 2 have been
considered in the literature, the most studied examples being the distributed-order
fractional diffusion-wave equations and various equations modeling the propagation
of waves in viscoelastic media.

7 Distributed-order diffusion-wave equations

Chapter 7 (consisting of 2 sections) is devoted to diffusion-wave equations with
Caputo fractional derivatives whose orders are discretely or continuously distributed
in the interval (0, 2]. We first discuss an open problem concerning the interpretation
of the fundamental solution of the corresponding one-dimensional Cauchy problem
as a spatial probability density. Then, the subordination principle for the multi-term
diffusion-wave equation is studied in detail.

7.1 When the fundamental solution is a probability density?

We consider the distributed order equation

2
/ M(B)ODfu(:p,t) dpg = aa—;u(m t), xeRt>0, (7.1)
0

where £(5) is a nonnegative function such that

supp 11 N (1,2] # 0.

The Cauchy problem for (7.1) with initial conditions u(x,0) = v(z) and u:(x,0) =0
is studied in [13] with the main focus on the interpretation of the fundamental
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solution G(z,t) as a probability density in z € R (for t > 0 considered as a
parameter), i.e. satisfying:

G(z,t) >0, /00 G(z,t)de = 1. (7.2)

The importance of the properties (7.2) for the stochastic interpretation of the equation
(7.1) and for its physical meaning is explained in [11]. At the same time, the

fulfillment of these conditions ensures the existence of subordination for equations of

the type (7.1) with respect to the second-order Cauchy problem. This is so because

of the following relationship between the kernel (¢, 7) in the subordination identity

(7.6) below and the fundamental solution G(z,):

o(t,7) =2G(x,t), at T=x >0.

Let us note that G(—z,t) = G(x,t), z € R.
A sufficient condition for the fundamental solution of (7.1) to satisfy properties

(7.2) is g(s)/* € CBF, where

o(s) = / W(B)s* s, s> 0, (7.3)

In [13] it is proved that if supp p C [1,2] then g(s)"/? € CBF and therefore the
properties ( refGGppddff) are met. At the same time, the question arises whether
this condition for the weight function p can be relaxed. We prove that the support
of the weight function can be an arbitrary subinterval of [0, 2] with length no more
than 1.

Proposition 7.1. Let suppp C o — 1,0, 1 < a < 2. Then 9(5)1/2 € CBF.

Proposition 7.1 applies to both continuous and discrete weight function p. The
following statement gives a special example of a weight function for which the
condition on its support can be further relaxed. In the considered case, the support
of the weight function can be any subinterval of the interval [0, 2].

Proposition 7.2. Let a > 0 and 0 < a; < ay < 2. If u(B) = d® for B € [y, ay
and p(B) =0 for B € (0,a1) U (e, 2], then g(s)1/2 € CBF.

These two statements partially answer the question posed in [13]. For more
precise results, the cases of continuous and discrete distribution should be considered
separately.

In the rest of this chapter, we study in detail equations with a discrete distribution
of the derivative orders in an interval [« — 1, a], where a € (1,2].

7.2 Multi-term diffusion-wave equation

Consider the problem

cD}u(t) + i ¢;“Di7u(t) = Au(t), u(0)=ac€ X, u/(0) =0, (7.4)
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where the operator A generates a strongly continuous cosine function Sy(t). For the
parameters «, o, ¢, ¢j, we assume that they satisfy the conditions
ac (1,2, a>a; > >a,>0, a—ao,<I,

: (7.5)
c>0, ¢,>0, j=1,---,m.
Applying the general Theorem 2.1 we obtain the following result:

Theorem 7.1. The problem (7.4) is well-posed and has a bounded solution operator
S(t) which is related to Sy(t) by the identity

S(t) = /000 o(t,7)Sa(T) dr, t>0. (7.6)
The kernel p(t, ) is a probability density in T and admits the representation
o(t,7) = %/000 exp (—7K*(r)) (K" (r)sin (rt — 7K~ (r))
+ K (r)cos (rt — 7K (r))) %, t,7 >0, (7.7)

where K*(r) are defined as follows

K4 = s (@) + B0 £ 40)
A(r) = cr®cos(ar/2) + Z c;jr® cos(aym/2),

=1

B(r) = cr®sin(an/2) + Z c;r% sin(am/2).
j=1
Again, the stronger statement holds true that the solution operator S(t) is subor-
dinated to S,(t), where « is the largest order of time derivative in the equation
(7.4). In addition, we have the following different propertes in the cases a = 2 and
l<a<2:

Theorem 7.2. If 1 < a < 2, then the solution operator S(t) of problem (7.4) is
bounded analytic with angle
(2—a)r
200
If a = 2 then the kernel o(t,T) in (7.6) satisfies p(t,7) =0 for T > t/\/c.

Oy =

8 Wave propagation in linear viscoelastic media

Chapter 8 (consisting of 4 sections) discusses the subordination principle for equa-
tions modeling wave propagation in linear viscoelastic media. Various constitutive
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laws are considered, which are fractional generalizations of some classical models. For
all models, the relaxation modulus is proved to be a completely monotone function.
Problems of wave propagation in a viscoelastic fluid with the fractional Jeffrey model
are studied in more detail and some applications of the subordination principle as
well as its physical interpretation are given. The chapter concludes with a brief
comment on the definition of the class of generalized fractional diffusion-wave equa-
tions.

The properties of a linear viscoelastic model are defined by a linear relationship
between the stress o and the strain €. We consider the one-dimensional case where
o =o(xz,t) and € = e(x,t). The relaxation modulus G(t) is defined by the identity

a(x,t):/OtG(t—T)é(x,T)dT, £ 0, (8.1)

where the dot traditionally means the first derivative in time.

For a model to make physical sense, the relaxation modulus G(t) must satisfy
the conditions G(f) > 0 and G'(¢) < 0. In many cases, it turns out that these two
conditions imply the stronger property G(t) € CMUF. In the dissertation, this is
proved for the fractional Maxwell, Jeffreys’ and Zener generalized fractional laws.

8.1 Distributed-order fractional Zener model

Let us take a closer look at the generalized fractional distributed-order Zener
model, which is defined by the constitutive equation [4]

/Opg(a)Dto‘a(x,t)da:/o pe(a)Die(x,t) da, (8.2)

where p, () and p.(«) are nonnegative weight functions. This model is studied in
[5], Chapter 3, without discussing the complete monotonicity of the corresponding
relaxation modulus. Two cases are considered: the multi-term fractional Zener model

N N
ZanDto‘"a(a:,t) = anDf‘"e(x,t), (8.3)
n=0 n=0
where 0 <y <oy <---<ay<l1, ap,, b, >0, n=0,1,..., N, and
ap ai an
Nt N S St 8.4
bp — b1 — ~ by (84)

and the case of power weight functions
Po(a) =a%, p(a)=0% 0<a<b. (8.5)

We prove the following two theorems, which establish that G(t) € CMF by
means of its representation as the Laplace transform of a nonnegative function.
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Theorem 8.1. If the conditions (8.4) are satisfied, then the relazation modulus G(t)
of the model (8.3) is a completely monotone function, which admits the representation

b o
Gty =2 + / K () dr, (8.6)
ao 0
where
o ib‘_ bl oty o3 C—
K(r) = 1 Zogm;gzv(a i — ajby)r sin (o — o) > 0. (8.7)

TSN, ren cos apm i + ( sum?_ya,ron sin a,m)°
n=0 Yn n n=0%n n

Theorem 8.2. The relaxation modulus G(t) of model (8.2)-(8.5) is a completely
monotone function, which admits the representation

Git)=1+ /00 e " K (r)dr, (8.8)

where

~ (r+1)(Inb—Ina)
K(r) = r(ar +1) (In*(br) + 72) ge0. (8.9)

8.2 Subordination

Thanks to the property G(t) € CMUF, it is possible to formulate a subordination
dependence between the corresponding diffusion-wave equation and the classical
wave equation. This is due to the fact that the propagation of waves in a viscoelastic
medium with relaxation function G(¢) is defined by an integral equation of the form

t
u(z,t) = / k(t — T)uge(x, 7) dr + f(2,1), (8.10)
0
where k(t) = fot G(7) dr. Then for the function ¢(s) in Theorem 2.1 we have
s) = (k(s)) ™" = =——. 8.11
9(s) = (k(s)) 30) (8.11)

According to the properties of Bernstein functions, G(t) € CMF implies G(s) € SF.
Therefore, g(s) is the product of two functions of class CBF (s and 1/G(s)), which
gives g(s)'/? € CBF. This means that the conditions of the general Theorem 2.1
are fulfilled for o = 2 and the equation (8.10) is subordinated to the classical wave
equation u; = u,, with the same initial and boundary conditions.

Therefore, the physical meaning of the subordination formula in this case is that
it splits the solution of the diffusion-wave equation (8.10) into two parts, one (the
probability density) depending only on the parameters of the viscoelastic medium,
and the second (the solution of the classical wave equation) depending only on the
imposed initial and boundary conditions.
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8.3 Generalized diffusion-wave equations

By analogy with the generalized fractional subdiffusion equations discussed in
Chapter 5, it is proposed in the work [29] to use the term generalized diffusion-
wave equations for equations of the form

t 02 82
/0 77(t T) 87_2U(x77—) T axQU(:p? )7

where 7(s) € SF. This suggestion is based on the fact that the convolutional time
derivative on the left is a generalization of the Caputo derivative of order a € (1, 2)
which corresponds to 7j(s) = s*72 .

It turns out that this definition corresponds exactly to an equation of the form
(8.10) with G(t) € CMUF. However, this is only a specific class of diffusion-wave
equations, which does not include many equations describing diffusion-wave processes.
At the end of the chapter, examples of equations are given that are not of this type,
but are nevertheless subordinated to the classical wave equation according to the
principle of subordination and therefore describe intermediate processes between
diffusion and wave propagation. One such example is an equation with two fractional
time derivatives of orders a and oy such that o € (1,2),a; € (0,1),a — al; < 1.

These observations suggest an extension of the definition of a generalized diffusion-
wave equation proposed in [29]. One possible way can be based on the principle of
subordination as follows: generalized diffusion-wave equations are all equations that
are subordinated by the subordination principle to the classical wave equation, but
are not subdiffusion equations.
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V. SCIENTIFIC CONTRIBUTIONS

In the opinion of the author the main contributions in the dissertation and the
related publications are the following:

e A unified methodology is developed for establishing a subordination relation
between a linear evolution equation of general type and a linear evolution
equation of fractional or integer order. The problem of subordination between
the two equations is reduced to proving that a characteristic function belongs
to the class of complete Bernstein functions.

e Subordination relations are established for a number of equations with fractional
time derivatives that are found in the scientific literature. These representations
split the solution into two parts: subordination kernel (a probability density
function, containing all information about the operators acting on time); the
solution of a simpler equation of integer or fractional order (containing informa-
tion about the geometry of the problem: the imposed initial and boundary
conditions).

e The subordination principle for space-time fractional equations is studied (Chap-
ter 3). Different representations of the subordination kernel are obtained and its
properties are studied. The sector of the complex plane is found, in which the
subordinate solution is bounded analytical. Using the subordination identity,
integral representations are derived for the n-dimensional fundamental solution,
n—=1,2.3, as well as explicit formulas in some special cases.

e Evolution equations with Jeffrey’s fractional constitutive law are studied in
detail (Chapter 4 and Section 8.3). Based on this model, the relationship
between the principle of subordination and the physical character of an evolution
equation is shown.

e Subordination dependences are established for the solutions of equations descri-
bing anomalous diffusion (Chapter 5). An explicit approximation formula is
derived that generalizes the exponential formula for CO-semigroups. As an
application of the subordination formula, a useful two-sided estimate for the
solution of the generalized relaxation equation is derived, which is applied in
the study of an inverse problem.

e A multinomial function of Prabhakar type is introduced and studied (Chapter
6). Conditions are found under which the function is completely monotone.
This property allows the multinomial Prabhakar-type function to be used to
propose a model that generalizes known relaxation laws (Section 8.2.4).

e The question of the conditions under which the one-dimensional fundamental
solution of the distributed-order diffusion-wave equation is a probability density
is partially resolved (Section 7.1). The class of admissible weight functions is
extended from functions with support contained in the interval [1,2] to functions
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with support contained in the interval |a,a+1], 0<a? 1. It is proven that in
special cases this condition can be further relaxed.

e The subordination principle for diffusion-wave equations with several time
derivatives of different (fractional) orders is studied in detail (Section 7.2).
An integral representation of the subordination kernel is derived. The cases of
finite and infinite propagation speed are considered.

e The relaxation modulus for some generalized fractional viscoelastic models
defined in the literature is investigated. The fractional Maxwell, Jeffrey, and
distributed-order Zener models are shown to make physical sense if and only if
the corresponding relaxation moduli are completely monotone functions (Section
8.2). This property plays an important role in establishing a subordination
principle for the corresponding wave equations.

e Based on the subordination principle, two main classes of generalized fractional
evolution equations are defined: equations describing subdiffusion (subordinated
to the classical diffusion equation) and diffusion-wave equations (subordinated
to the classical wave equation, which are not subdiffusion equations). This
way of classification is physically correct and extends the definitions of these
two classes proposed in the literature, allowing some important physically
meaningful models to be covered.

VI. APPROVAL OF THE RESULTS

The results in this dissertation has been presented at more than 10 international
scientific conferences, including:

- International Conference on “Fractional Differentiation and its Applications”,
Novi Sad, Serbia (2016);

- 8th International conference “Transform Methods & Special Functions”, Sofia
(2017);

- “Mathematics Days in Sofia” (2017);

- 15th International Conference of Numerical Analysis and Applied Mathematics,
Thessaloniki, Greece (2017);
as well as at the following international forums held in Novi Sad, Serbia:

“Pannonian Mathematical Modelling” (2015), “Applications of Generalized Func-
tions in Harmonic Analysis, Mechanics, Stochastics and PDE” (2017) and “Topics
in Fractional Calculus and Time-Frequency Analysis” (2020).

In addition, the obtained results were reported at the joint seminar “Analysis,
Geometry and Topology” at IMI-BAS (2015), at the annual scientific sessions of
the “Analysis, Geometry and Topology” section at IMI-BAS, as well as at the
Mathematical Modeling seminar of FMI-Sofia University in 2015, 2017 and 2019.
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Corectness of the results

Different methods were used in the dissertation to confirm the reliability of
some of the derived analytical formulas. First, it is checked whether there is a
qualitative agreement with the expected behavior of the considered quantity, so that
the obtained formula makes physical sense (for example, the fundamental solution
must always represent a probability distribution, the relaxation modulus must be a
positive and non-increasing function). Second, some of the derived analytical results
have been verified by being used for numerical computations and the obtained
numerical results have been compared to those found by other authors (for example,
results from Chapter 4 have been compared in publication [B10] with results from
the monograph [5]) or with results obtained by another numerical method (see e.g.
the comparisons given in Fig. 8.1). In addition, numerical comparisons with already
known analytical formulas are performed in some particular cases.

Participation in scientific projects

The results included in the dissertation were established within the framework of
the following scientific projects:

- project of the Scientific Research Fund (FNI): “Theoretical and numerical study
of nonlinear mathematical models” (2014-2017);

- project in the frames of the national scientific program “Information and commu-
nication technologies for a single digital market in science, education and security”
(2018-2021);

- international project under operational program “Science and education for
intelligent growth”: “Center for excellence in informatics and information and commu-
nication technologies” (2018-2023);

- project of FNI with Russia “Investigation of the dynamic behavior of deformable
bodies taking into account the effects of heredity of the material” (2020-2023);

- three projects under a bilateral scientific agreement between the Bulgarian
Academy of Sciences and the Serbian Academy of Sciences and Arts: “Mathematical
modeling by integral transform methods, partial differential equations, special and
generalized functions” (2012-2016), “Analytical and numerical methods for differential
and integral equations and mathematical models of arbitrary (fractional or integer)
order” (2017-2019) and “Operators, differential equations and special functions of
fractional calculus - numerical methods and applications” (2020-2022).
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