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1. Introduction

To write this paper, we were firstly motivated by the boundary value prob-
lems of the Sturm-Liouville type for fractional differential equations. Many
authors devoted their attention to the topic, nevertheless this kind of prob-
lems are relevant for today. First of all, it is connected with the fact that
they model various physical - chemical processes: filtration of liquid and gas in
highly porous fractal medium; heat exchange processes in medium with frac-
tal structure and memory; casual walks of a point particle that starts moving
from the origin by self-similar fractal set; oscillator motion under the action of
elastic forces which is characteristic for viscoelastic media, etc. In particular,
we would like to study the eigenvalue problem for a differential operator with
a fractional derivative in final terms, in this connection such operators as a
Kipriyanov fractional differential operator, Riesz potential, difference operator
are involved.

In the case corresponding to a selfadjoint senior term we can partially solve
the problem having applied the results of the perturbation theory, within the
framework of which the following papers are well-known [13], [18], [24], [25],[23],
[34]. Generally, to apply the last paper results for a concrete operator L we
must be able to represent it by a sum L = T+ A, where the senior term 7" must
be either a selfadjoint or normal operator. In other cases we can use methods of
the papers [21],][20], which are relevant if we deal with non-selfadjoint operators
and allow us to study spectral properties of operators whether we have the
mentioned above representation or not. These methods are applicable to some
type of sectorial operators as opposed to similar results of [23], which can be
applied to study a non-selfadjoint operator (see a detailed remark in [34]) if
its numerical range of values is a subset of a parabolic domain of the complex
plain.

In many papers [3]-[5], [28] the eigenvalue problem was studied by methods
of a theory of functions and it is remarkable that special properties of the frac-
tional derivative were used in these papers, bellow we present a brief review.
The singular number problem for the resolvent of a second order differential
operator with the Riemann-Liouville fractional derivative in final terms was
considered in the paper [3]. It was proved that the resolvent belongs to the
Hilbert-Schmidt class. The problem of completeness of the root functions sys-
tem was studied in the paper [4], also similar problems were considered in the
paper [5].

However, we deal with a more general operator — a differential operator
with a fractional integro-differential operator composition in final terms, which
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covers the operator mentioned above. Note that several types of compositions of
fractional integro-differential operators were studied by such mathematicians as
Prabhakar [31], Love [22], Erdélyi [9], McBride [26], Kiryakova [16], Nakhushev
[29], etc.

The central idea of this paper is to built a model that gives us a repre-
sentation of a composition of fractional differential operators in terms of the
semigroup theory. For instance we can represent a second order differential
operator as some kind of a transform of the infinitesimal generator of a shift
semigroup. Continuing this line of reasonings we generalize a differential op-
erator with a fractional integro-differential composition in final terms to some
transform of the corresponding infinitesimal generator and introduce a class of
transforms of m-accretive operators. Further, we use methods obtained in the
papers [20],[21] to study spectral properties of non-selfadjoint operators act-
ing in a complex separable Hilbert space, these methods alow us to obtain an
asymptotic equivalence between the real component of the resolvent and the
resolvent of the real component of an operator. Due to such an approach we
obtain relevant results since an asymptotic formula for the operator real com-
ponent can be established in many cases (see [2], [32]). Thus, a classification
in accordance with resolvent belonging to the Schatten-von Neumann class is
obtained, a sufficient condition of completeness of the root vectors system is
formulated. As the most significant result we obtain an asymptotic formula for
the eigenvalues.

2. Preliminaries

Let C,C;, i € Ny be real constants. We assume that a value of C' is positive
and can be different in various formulas but values of C; are certain. Every-
where further, if the contrary is not stated, we consider linear densely defined
operators acting on a separable complex Hilbert space $). Denote by B($)) the
set of linear bounded operators on $). Denote by L the closure of an operator
L. We establish the following agreement on using symbols L' := (L)*, where i
is an arbitrary symbol. Denote by D(L), R(L), N(L) the domain of definition,
the range, and the kernel or null space of an operator L respectively. The de-
ficiency (codimension) of R(L), dimension of N(L) are denoted by def T, nul T
respectively. Assume that L is a closed operator acting on $, N(L) = 0, let us
define a Hilbert space 7, := {f,g € D(L), (f,9)s, = (Lf,Lg)s}. Consider a
pair of complex Hilbert spaces §3, ., the notation $, CC $ means that H
is dense in § as a set of elements and we have a bounded embedding provided
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by the inequality
115 < Collflls., Co >0, f €y,

moreover any bounded set with respect to the norm £ is compact with respect
to the norm $). Let L be a closed operator, for any closable operator S such
that S = L, its domain D(S) will be called a core of L. Denote by Do(L) a
core of a closeable operator L. Let P(L) be the resolvent set of an operator
L and Rp(¢), ¢ € P(L), [Rr := Rr(0)] denotes the resolvent of an operator
L. Denote by X\;(L), i € N the eigenvalues of an operator L. Suppose L is a
compact operator and N := (L*L)'/2, #(N) := dim R(N); then the eigenvalues
of the operator N are called the singular numbers (s-numbers) of the operator
L and are denoted by s;(L),7 = 1,2,...,7(N). If r(N) < oo, then we put
by definition s; = 0, i = r(IN) + 1,2, .... According to the terminology of the
monograph [10] the dimension of the root vectors subspace corresponding to a
certain eigenvalue A\ is called the algebraic multiplicity of the eigenvalue .
Let v(L) denotes the sum of all algebraic multiplicities of an operator L. Let
S,(9), 0 < p < 0o be a Schatten-von Neumann class and S ($) be the set of
compact operators. By definition, put

o0
S,(9) = {L:j’J %ﬁ,Zsf(L) < 00, 0<p<oo}.
i=1

Suppose L is an operator with a compact resolvent and s,(Rz) < Cn~H n €
N, 0 < p < oo; then we denote by u(L) order of the operator L in ac-
cordance with the definition given in the paper [34]. Denote by Rel :=
(L+ L*)/2,3mL := (L — L*) /2i the real and imaginary components of an
operator L respectively. In accordance with the terminology of the monograph
[12] the set O(L) :={z € C:z= (Lf, f)g, f € D(L), ||flls = 1} is called the
numerical range of an operator L. An operator L is called sectorial if its nu-
merical range belongs to a closed sector £,(0) := {(: |arg(¢ —v)| < 0 < 7/2},
where 7 is the vertex and 6 is the semi-angle of the sector £,(6). An opera-
tor L is called bounded from below if the following relation holds Re(Lf, f)g >
vLllfI3, f € D(L), vz € R, where 7z, is called a lower bound of L. An op-
erator L is called accretive if v, = 0. An operator L is called strictly accre-
tive if v, > 0. An operator L is called m-accretive if the next relation holds
(A+O)7te B(®), (A+ )7 < (Re¢)™!, Re¢ > 0. An operator L is called
m-sectorial if L is sectorial and L+ 3 is m-accretive for some constant 3. An op-
erator L is called symmetric if one is densely defined and the following equality
holds (L, 9)s = (f>Lg)s, f.g € D(L).

Consider a sesquilinear form t[-,-] (see [12]) defined on a linear manifold
of the Hilbert space $. Denote by ¢[-] the quadratic form corresponding to the
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sesquilinear form t[-,-]. Let h = (t+¢*)/2, ¢ = (t—1t*)/2i be areal and imaginary
component of the form ¢ respectively, where t*[u,v| = t[v,u], D(t*) = D(¢).
According to these definitions, we have h[-] = Ret[], €[] = Im¢[-]. Denote by #
the closure of a form ¢. The range of a quadratic form ¢[f], f € D(¢), ||f|ls =1
is called range of the sesquilinear form ¢ and is denoted by ©O(¢). A form ¢ is
called sectorial if its range belongs to a sector having a vertex ~ situated at the
real axis and a semi-angle 0 < 6 < 7/2. Suppose ¢ is a closed sectorial form;
then a linear manifold Do (t) C D(¢) is called core of t, if the restriction of ¢ to
Dy(t) has the closure ¢ (see [12, p.166]). Due to Theorem 2.7, [12, p.323] there
exist unique m-sectorial operators T}, Ty associated with the closed sectorial
forms ¢, b respectively. The operator Ty is called a real part of the operator
T; and is denoted by ReT;. Suppose L is a sectorial densely defined operator
and t[u,v] := (Lu,v)g, D(t) = D(L); then due to Theorem 1.27, [12, p.318] the
corresponding form ¢ is closable, due to Theorem 2.7, [12, p.323] there exists a
unique m-sectorial operator T associated with the form t. In accordance with
the definition [12, p.325] the operator T7 is called a Friedrichs extension of the
operator L.

Assume that T; (0 < t < 00) is a semigroup of bounded linear operators on

$, by definition put
Af = — lim (Ttt_l> 1

where D(A) is a set of elements for which the last limit exists in the sense of
the norm §). In accordance with definition [30, p.1] the operator —A is called
the infinitesimal generator of the semigroup 7.

Let fy : I — $,t €I :=]a,b], —00 < a < b < oco. The following integral is
understood in the Riemann sense as a limit of partial sums

Zf&Ati&/ftdt, A — 0, (1)
=0 T

where (a = tg < t1 < ... < t, = b) is an arbitrary splitting of the segment

I, A = max(t;11 — t;), & is an arbitrary point belonging to [t;,t;11]. The
2

sufficient condition of the last integral existence is a continuous property (see[17,

p.248]) ie. f 2, fto» t = to, Vto € 1. The improper integral is understood as
a limit

b c
/ftdtﬂ/ftdt, b—c, c€[—o00,00 (2)
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Using notations of the paper [14] we assume that € is a convex domain of
the n - dimensional Euclidean space E", P is a fixed point of the boundary
09, Q(r,e) is an arbitrary point of Q; we denote by e a unit vector having a
direction from P to @, denote by r = |P — @] the Euclidean distance between
the points P, @), and use the shorthand notation T := P+et, t € R. We consider
the Lebesgue classes Ly(€2), 1 < p < oo of complex valued functions. For the
function f € L,(£2), we have

d(e)
[1s@raa= [ax [ 1r@prtar <, (3)
Q w 0

where dy is an element of solid angle of the unit sphere surface (the unit sphere
belongs to E™) and w is a surface of this sphere, d := d(e) is the length of
the segment of the ray going from the point P in the direction e within the
domain 2. Without lose of generality, we consider only those directions of e
for which the inner integral on the right-hand side of equality (3) exists and is
finite. It is the well-known fact that these are almost all directions. We use
a shorthand notation P - Q = P'Q; = Y., P,Q; for the inner product of the
points P = (P, P, ..., P,), Q = (Q1,Q2,...,Q,) which belong to E". Denote
by D;f a weak partial derivative of the function f with respect to a coordinate
variable with index 1 < ¢ < n, in the one-dimensional case we use a unified
form of notations, i.e. Dyf = df /dx = f'. We assume that all functions have
a zero extension outside of Q). Everywhere further, unless otherwise stated, we
use the notations of the papers [10], [12], [14], [15], [33].

2.1. Auxiliary propositions

In this paragraph we present propositions devoted to properties of accretive
operators and related questions. For a reader convenience, we would like to
establish well-known facts of the operator theory under a point of view that is
necessary for the following reasonings.

Lemma 1. Assume that A is a closed densely defined operator, the fol-
lowing condition holds

_ 1
1A+ s < 5, ¢ >0, (4)

where a notation R := R(A +t) is used. Then the operators A, A* are m-
accretive.
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Proof. Using (4), consider

1 1
15 < ZIA+0F15 115 < 5 {IAFIS + 2tRe(Af, s + LI FII5} 5

AL +2Re(Af, f)g = 0, f € D(A).
Let t be tended to infinity, then we obtain
Re(Af, f)n 20, f € D(A). (5)
It means that the operator A has an accretive property. Due to (5), we have
{A € C: ReX < 0} C A(A), where A(A) = C\ ©(A). Applying Theorem
3.2, [12, p.268], we obtain that A — A has a closed range and nul(A — \) =

0, def(A — X\) = const, VA € A(A). Let A\g € A(A), Relg < 0. Note that in
consequence of inequality (5), we have

Re(f, (A= X)f)s > —ReX|f[[5, f € D(A). (6)
Since the operator A — Ao has a closed range, then
H=R(A—-N) ©R(A - )"

We remark that the intersection of the sets D(A) and R(A — \g)* is zero,
because if we assume the contrary, then applying inequality (6), for arbitrary
element f € D(A) NR(A — \g)* we get
~Redol|fI% < Re(f,[A = Xolf)s =0,
hence f = 0. It implies that
(f.9)5 =0, Vf € R(A = Xo)*, ¥g € D(A).

Since D(A) is a dense set in $, then R(A—X\o)* = 0. It implies that def(A—Xg) =
0 and if we take into account Theorem 3.2, [12, p.268], then we come to the
conclusion that def(A—\) =0, VA € A(A), hence the operator A is m-accretive.

Now assume that the operator A is m-accretive. Since it is proved that
def(A+ X) = 0, A > 0, then nul(A + \)* =0, A > 0 (see (3.1) [12, p.267]).
In accordance with the well-known fact, we have ([A+ A]71)" = [(A+ A4)"]"L.
Using the obvious relation A + A* = (A + A)*, we can deduce (A + A*)~! =
[(A+ A)*]~1. Also it is obvious that ||[(A+ A)~!| = ||[[(A + A)~!]*||, since both
operators are bounded. Hence

A+ A9 Flls = [T+ AT s

= [ (A + A1) Flls < {17l £ € RO+ A%, A0,

This relation can be rewritten in the following form
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oy — 1
H()‘"i’A) IHRaﬁgx, A > 0.
Using the proved above fact, we conclude that

_ 1
| (A + A%) 1\|§@, Re\ > 0. (7)

The proof is complete. O

In accordance with the definition given in [17] we can define a positive and

negative fractional powers of a positive operator A as follows
o0

Ao = TEAT //\a‘l(/\JrA)_lAd/\;
T
0
Ao .= 20T //\a(/\JrA)ld)\, a € (0,1). (8)
T
0

This definition can be correctly extended on m-accretive operators, the corre-
sponding reasonings can be found in [12]. Thus, further we define positive and
negative fractional powers of m-accretive operators by formula (8).

Lemma 2. Assume that o € (0,1), the operator J is m-accretive, J ! is
bounded, then

177 flls < Crallflls, €9, 9)
where C1_q = 2(1 — o) L|J 7Y + L.

Proof. Consider

1 o]
I = / AT+ J) A+ / A+ D) A =+ D,
0 1

Using the definition of the integral (1),(2) in a Hilbert space and the fact J(A+

I =+ J)"1Jf, f € D(J), we can easily obtain
1

I flls < 1771 / AT+ )" A

0 )
1

1
< 1T M rss - 4 11£1ls / A fdA + / A=a() 4 )L fdA
0 0 b5)
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1

<271 111l / AdA, f € D(J);

0
1aflls = / S+ A <17l / A=A+ 7)1 A
1 k5] 1
[ee]
<1fls / Aelax,

1

Hence J~% is bounded on D(J). Since D(J) is dense in $), then J~% is bounded
on $). Calculating the right-hand sides of the above estimates, we obtain (9). O

3. Main results

In this section we explore a special operator class for which a number of spectral
theory theorems can be applied. Further we construct an abstract model of a
differential operator in terms of m-accretive operators and call it an m-accretive
operator transform, we find such conditions that being imposed guaranty that
the transform belongs to the class. As an application of the obtained abstract
results we study a differential operator with a fractional integro-differential
operator composition in final terms on a bounded domain of the n-dimensional
Fuclidean space as well as on real axis. One of the central points is a relation
connecting fractional powers of m-accretive operators and fractional derivative
in the most general sense. By virtue of such an approach we express fractional
derivatives in terms of infinitesimal generators, in this regard such operators as
a Kipriyanov operator, Riesz potential, difference operator are considered.

3.1. Spectral theorems

Bellow, we give a slight generalization of the results presented in [20].

Theorem 3. Assume that L is a non-sefadjoint operator acting in $), the
following conditions hold:

(H1) There exists a Hilbert space $y CC $) and a linear manifold 9 that
is dense in $4. The operator L is defined on 9N.

(H2) [(Lf,9)s] < Cill flls. llgllsry s Re(Lf, fls = CollfII3, , f,9 € M, where
C4,Cy are positive constants.
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Let W be a restriction of the operator L on the set 9. Then the following
propositions are true:

(A) We have the following classification

Li>2/p, n<1

)

where p is order of H :== Re W. Moreover, under the assumptions A(Rp) >
Cn™* n e N, we have

Ry €6y, = up>1,1<p<co.

(B) The following relation holds

S NRGIP<CY MN(Rp), 1<p<oo (n=1,2,..,v(Ry)), (10)
j= i=1

moreover if v(Ry,) = oo and p # 0, then the following asymptotic formula
holds

I\ (Ryp)| = o (i), i o0, Ve > 0.

(C) Assume that 6 < mp/2, where 0 is the semi-angle of the sector £o(0) O
O(W). Then the system of root vectors of Ry, is complete in $).

Proof. Note that due to the first condition H2, by virtue of Theorem 3.4,
[12, p.268] the operator W is closable. Let us show that W is sectorial. By
virtue of condition H2, we get

- Cy(1 —
Re(f, flo 2 CallF1}, 2 Coelf13, + 22

——=—I%;

Re(Wf, f)g — k[Im(W [, f)5| > (Cae — kCl)llme

+E Dy = =gz,

where k = ¢Cy/C,. Hence @(W) c £,0),y= C’g(l —¢)/Cp. Thus, the claim
of Lemma 1 [20] is true regarding the operator W. Using this fact, we conclude
that the claim of Lemma 2, [20] is true regarding the operator W ie. W is
m-accretive.

Using the first representation theorem (Theorem 2.1, [12, p.322]) we have
a one-to-one correspondence between m-sectorial operators and closed sectorial
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sesquilinear forms, i.e. W = T} by symbol, where t is a sesquilinear form corre-
sponding to the operator W. Hence H := ReW is defined (see [12, p.337]). 1
accordance with Theorem 2.6, [12, p.323] the operator H is selfadjoint, strlctly
accretive.

A compact embedding provided by b[f] > Co| flls. > C2/Collflls, [ €
D(h) proves that Ry is compact (see proof of Theorem 4, [20]) and as a result
of the application of Theorem 3.3, [12, p.337], we get R, is compact. Thus the
claim of Theorem 4, [20] remains true regarding the operators Ry, Ry, .

In accordance with Theorem 2.5, [12, p.323], we get W* = T}» (since W* =
W*) Now if we denote t; := t*, then it is easy to calculate £ = —¥;. Since ¢
is sectorial, than [¢;| < tan6 - h. Hence, in accordance with Lemma 3.1, [12,
p.336], we get €[u,v] = (BHY?u, H/?v), ¥ [u,v] = —(BH"?u, H/?v), u,v €
D(H'?), where B € B($)) is a symmetric operator. Let us prove that B is
selfadjoint. Note that in accordance with Lemma 3.1, [12, p.336] D(B) =
R(H'/?), in accordance with Theorem 2.1, [12, p.322], we have (Hf, f)g >
CQ/COHfH%, f € D(H), using the reasonings of Theorem 5, [20], we conclude
that R(H'/?) = §, i.e. D(B) = $. Hence B is selfadjoint. Using Lemma 3.2,
[12, p.337], we obtain a representation W =HY2(I+iB)HY? W* = HY/?(I -
iB)H'/?. Noting the fact D(B) = $), we can easily obtain (I +iB)* = I T iB.
Since B is selfadjoint, then Re([I + iB|f, f)s = ||f|7. Using this fact and
applying Theorem 3.2, [12, p.268], we conclude that R(I £ iB) is a closed set.
Since N(I £iB) = 0, then R(I FiB) = $ (see (3.2), [12, p.267]). Thus,
we obtain (I +iB)~! € B($). Taking into account the above facts, we get
Ry, = HV2(I +iB)"'H~Y/2, Ry~ = H~Y*(I —iB)"'H~/2. In accordance
with the well-known theorem (see Theorem 5, [35, p.557]), we have R%/ = Ry~.
Note that the relations (I +iB) € B($), (I £iB)~" € B(%), H"/? € B(%€)
allow as to obtain the following formula by direct calculations

1
ReRy;, = 5H—W(I + B HY2?,

This formula is a crucial point of the matter, we can repeat the rest part of
the proof of Theorem 5, [20] in terms H := ReW. By virtue of these facts,
Theorems 7-9, [20], can be reformulated in terms H := Re W, since they are
based on Lemmas 1, 3, Theorems 4, 5, [20].

O

Remark 4. Consider a condition 9t C D(W*), in this case the operator
H = ReW is defined on M, the fact is that H is selfadjoint, bounded from
bellow (see Lemma 3, [20]). Hence a corresponding sesquilinear form (denote
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this form by h) is symmetric and bounded from bellow also (see Theorem 2.6,
[12, p.323]). It can be easily shown that A C b, but using this fact we cannot
claim in general that H# C H (see [12, p.330] ). We just have an inclusion
HY/?2 < HY? (see [12, p.332]). Note that the fact H C H follows from a
condition Dg(h) C D(h) (see Corollary 2.4, [12, p.323]). However, it is proved
(see proof of Theorem 4, [20]) that relation H2 guaranties that H = H. Note
that the last relation is very useful in applications, since in most concrete cases

we can find a concrete form of the operator H.

3.2. Transform

Consider a transform of an m-accretive operator J acting in £
Zgp(J)=JGJ]+FJ* aec|0,1), (11)

where symbols G, F' denote operators acting in §). Further, using a relation
L= Z& (J) we mean that there exists an appropriate representation for the
operator L.

The following theorem gives us a tool to describe spectral properties of
transform (11), as it will be shown further it has an important application in
fractional calculus since allows to represent fractional differential operators as
a transform of the infinitesimal generator of a semigroup.

Theorem 5. Assume that the operator J is m-accretive, J~! is com-
pact, G is bounded, strictly accretive, with a lower bound g > CqlJ 7! -
|Fll, D(G) D R(J), F € B($), where C, is a constant (9). Then Zg p(J)
satisfies conditions H1 - H2.

Proof. Since J is m-accretive, then it is closed, densely defined (see [12,
p.279], using the fact that (J + )1, (A > 0) is a closed operator, we conclude
that J is closed also). Firstly, we want to check fulfilment of condition H1. Let
us choose a space §); as a space §. Since J ! is compact, then we conclude that
the following relation holds || f||q < [|[J |-l f|ls, f € D(J) and the embedding
provided by this inequality is compact. Thus condition H1 is satisfied.

Let us prove that D(J*GJ) is a core of J. Consider a space $); and a
sesquilinear form

la(u,v) == (GJu, Jv)g, u,v € D(J).

Observe that this form is a bounded functional on ), since we have

(G Iu, Jo)s| < (|G - [[Tulls | Tv]5-
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Hence using the Riesz representation theorem, we have

Vze D(J), 3f e D(J): (GJz,Jv)g = (Jf,Jv)g.
On the other hand, due to the properties of the operator G, it is clear that
the conditions of the Lax-Milgram theorem are satisfied, i.e. [(GJu, Jv)g| <

NG| - | TullgllTv]lg, |(GIu, Ju)g| > ’ngJuH%. Note that, in accordance with
Theorem 3.24, [12, p.275] the set D(J*J) is a core of J, i.e.

V[ € D), IS D) fu s .

Using the Lax-Milgram theorem, in the previously used terms, we get
Vi, neN, 3z, € D(J): (GJzp, Jv)g = (J fr, JV)g.
Combining the above relations, we obtain
(GJ&n, Jv)g = (Jn, Jv)s,

where &, := z — 2z, ¥, := f — f,. Using the strictly accretive property of the
operator (G, we have

17€nl576 < (G I, Ten)s| = 1(J¥n, TEn)s] < 1T8nll5 1 Tnlls-

Taking into account that J~! is bounded, we obtain
Killénlls < [[Jénlls < Kol Jthnllg, K1, K2 >0,
from what follows that
Jz, 2, Jz.
On the other hand, we have
(G zp, JU)g = (J fn, JU)g = (J*J fr,v)g, v € D(J).
Hence {z,}3° € D(J*GJ). Taking into account the above reasonings, we con-
clude that D(J*GJ) is a core of J. Thus, we have obtained the desired result.

Note that Dg(J) is dense in $), since J is densely defined. We have proved
above

Re (J*GJf,f)g =Re(GIf,Jf)g = el I3,
(G f,9)5| = [(GI£,Tg)5| < IGI - 11 Il Tl £.9 € Do(J).
Similarly, we get
((FTF,9)s] < 1FT* fllsllglls
<7 IET- 17 Flslglls, f.9 € Do(). (12)

In accordance with (8), we have J* 1.J C J®. Therefore, using Lemma 2, we
obtain
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17%Flls = 7 I flls, < Call I £l f € Do(J). (13)
Combining this fact with (12), we obtain

(FI*f, )] < CallT7HI-IEN - I f s, llglls, . £ € Do),

(the case corresponding to a = 0 is trivial, since the operator J~! is bounded).
It follows that

Re(FJf, f) = =CallJ7H - IIF| - I£15,, f € Do(J).

Combining the above facts, we obtain fulfillment of condition H2. O

Definition 6. Define an operator class &, := {W : W= Zg .(J)}, where
G, F, J satisfy the conditions of Theorem 5.

3.3. The model

In this section we consider various operators acting in a complex separable
Hilbert space for which Theorem 3 can be applied, the given bellow results also
cover a case o = 0 after minor changes which are omitted due to simplicity. In
accordance with Remark 4, we will stress cases when the relation H = H can
be obtained.

Kipriyanov operator

Here, we study a case o € (0,1). Assume that 2 C E" is a convex domain,
with a sufficient smooth boundary (C® class) of the n-dimensional Euclidian
space. For the sake of the simplicity we consider that €2 is bounded, but the
results can be extended to some type of unbounded domains. In accordance
with the definition given in the paper [19], we consider the directional fractional
integrals. By definition, put

T

.00@ = oy [ ()
0

(r—t)l=> \r

d
1 f(P +te)
| &=

Also, we consider auxiliary operators, the so-called truncated directional frac-
tional derivatives (see [19]). By definition, put

dt, fe Ly,(),1<p< 0.
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(%,,.N(Q) = Fr— T/Ef QI
;
D e<r<d, (98,.0Q) = L v<r<s
%@ = 1 /d T =L
e
+I,(];(7?)a)(d—r)°‘, 0<r<d-e¢,
@3 N@ =12 (L) d-e<rsa

Now, we can define the directional fractional derivatives as follows

D4 f = lmDF, . f, DF_f=lmDF_f, 1<p<oc.
(LP) (Lp)

The properties of these operators are described in detail in the paper [19].
Similarly to the monograph [33] we consider left-side and right-side cases. For
instance, J§, is called a left-side directional fractional integral and D§_ is called
a right-side directional fractional derivative. We suppose J9 . = I. Nevertheless,
this fact can be easily proved dy virtue of the reasonings corresponding to the
one-dimensional case and given in [33]. We also consider integral operators with
a weighted factor (see [33, p.175]) defined by the following formal construction

r n—1
(36.1f) (Q) 1= F(la) / Ué?{)_(i’;_ie) (;) "
0

where p is a real-valued function.

Consider a linear combination of an uniformly elliptic operator, which is
written in the divergence form, and a composition of a fractional integro-
differential operator, where the fractional differential operator is understood
as the adjoint operator regarding the Kipriyanov operator (see [14],[15],[21])

L:=-T +35,p9_, c€[0,1),

D(L) = H*() N HY(Q),



16 M.V. Kukushkin

where T := D;(a”D;"), i,j = 1,2,...,n, under the following assumptions re-
garding coefficients

aZJ(Q) € 02(0)7 Rea”glé‘] Z 7a‘§|27 Ya > 07
Ima” =0 (n>2), p€ Loo(Q). (14)
Note that in the one-dimensional case the operator J7, p®7_ is reduced to a
weighted fractional integro-differential operator composition, which was studied
properly by many researchers (see introduction, [33, p.175]). Consider a shift

semigroup in a direction acting on Lo(f2) and defined as follows T;f(Q) :=
f(P+elr+t]) = f(Q+ et). We can formulate the following proposition.

Lemma 7. The semigroup T; is a Cy semigroup of contractions.

Proof. By virtue of the continuous in average property, we conclude that
T} is a strongly continuous semigroup. It can be easily established due to the
following reasonings, using the Minkowski inequality, we have

[11@+et - r@Pa@ <} [15@+et) ~ n(@-+ et
Q Q

[N

/|f Q)PdQ /|fm (@4 eD)2dQ

N[ =

=L +1+13<e,

where f € La(Q), {fn}]" C C§°(Q); m is chosen so that I1, Iy < /3 and ¢ is
chosen so that I3 < /3. Thus, there exists such a positive number ¢y that

||ﬂf - f”LQ <g, t < t07

for arbitrary small € > 0. Using the assumption that all functions have the
zero extension outside 2, we have ||73|| < 1. Hence we conclude that T} is a Cp
semigroup of contractions (see [30]). O

Lemma 8. Suppose p € LipA, A > «a, 0 < o < 1; then

p- 35, (L2) = 33_(La); p- 33 (Ls) = 3% (Lo).
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Proof. Consider an operator

f(Q (!
/ r—ta“ dt, e <r <d,

Tnl

(W H)(Q) = (15)
@ <i_i> 0§7a<5

« ex re

where T'= P + et. We should prove that there exists a limit
vipf EEN vf, f €T (L),

where v f is some function corresponding to f. We have

e Tnfl_ n—1
whon@ = [ ARG Z O
0

© ,rnfl o n—1
) [ Qo

(7“ _ t)a-l—l,rn—l

/ — p(T)] <£>”_1dt = A.(Q) + B(Q), e <r < d;

r—to‘+1 r
0

o \ g% re

W h)(@Q) = pQ)F(Q)~ <i - i) 0<r<c

Hence, we get

vt of —0F pfllna) < 02, 0f — o2 pf o)
vt of =L pfllLa@n)s

where {g,}3° C R is a strictly decreasing sequence that is chosen in an arbi-
trary way, Qp == w x {0 <r <eg,}, @ :=Q\ Q,. It is clear that

1Ac, 1 — Ac o) < ol @Iz, f = 02 Fll o)

Since in accordance with Theorem 2.3, [19] the sequence ¢ f, (n = 1,2,...) is
fundamental for the defined function f, with respect to the Ly(€2) norm, then
the sequence A, is also fundamental with respect to the La(Q') norm. Having
used the Holder properties of p, we have

| Be,sn — BeyllLoory
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r—En+1 2 %
f(D e\
<[] s (G) )
Q T—En

Note that applying Theorem 2.3, [19], we have
2

T n—1
[\ [ EE=(8) @) aaf <cisi.
Q 0

Hence the sequence {B.,}7" is fundamental with respect to the Ly(€2) norm.
Therefore,

[N

vt pf = 0F pfllpay@) = 0, n— .

Consider
10 of =02 pfllLan) < 102, 0f =% pfllLa@ui)
1
T / I / Aeris Q)+ Beyy (Q)frdr
En+1
1
12 ’
/dx/' (———) rdr :Il—l-IQ—I—I3.
,rOL
En+1
We have
1 1 En+1
ne g (G ) ol [ o / Q)rdr
a En n+1 °
1 1
En+1 2( €n+1 2

1 1 1
é—(a . )nanw / / F(Q)Prdr / rdr'$ dy
« € €n+1 0 0
w

<— (= : IrdiF s ival
— | === ¢ .

Hence I1 — 0, n — oo. Using the estimates used above, it is not hard to prove
that I, I3 — 0, n — o0o. The proof is left to a reader. Therefore,

102 of =2 pfllLa@.) = 0, 1 — 0.

Combining the obtained results, we have
102 of =0T pfllpa@) — 0, n— oo.
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Using Theorem 2.2, [19], we obtain the desired result for the case corresponding
to the class J, (L2). The proof corresponding to the class J§_(L2) is absolutely
analogous. U

The following theorem is formulated in terms of the infinitesimal generator
— A of the semigroup T;.

Theorem 9. We claim that L = Zg .(A). Moreover if vy, Is sufficiently
large in comparison with ||p| L., then L satisfies conditions H1-H2, where we
put M := C§°(Q), if we additionally assume that p € LipA, A > «a, then H = H.

Proof. By virtue of Corollary 3.6, [30, p.11], we have

1
[N+ A)7 < =— R Re) > 0. (16)

Inequality (16) implies that A is m-accretive. Using formula (8), we can define
positive fractional powers o € (0, 1) of the operator A. Applying the Balakrish-
nan formula, we obtain

Ao p . Smar /)\al()\+A)1Afd)\
77
0
_ 1 [n-
- e / g, f e D(A). (17)
0
Hence, in the concrete form of Writing we have
« f Q + et (Q)
AYf(Q / ta+1 dt
d(e)f@) f(Ptet) ,  f(Q)
! - e C
T T(1-a) / E=ret AR _gytde
=97 f(Q), f€D(4), (18)

where d(e) is the distance from the point P to the edge of Q along the direction
e. Note that a relation between positive fractional powers of the operator A
and the Riemann-Liouville fractional derivative was demonstrated in the one-
dimensional case in the paper [6].

Consider a restriction Ay C A, D(Ag) = C5°(f2) of the operator A. Note
that, since the infinitesimal generator —A is a closed operator (see [30]), then
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Ay is closeable. It is not hard to prove that Ay is an m-accretive operator. For
this purpose, note that since the operator A is m-accretive, then by virtue of
(5), we get

Re(Aof, f)g =0, f € D(Ag).

This gives us an opportunity to conclude that

1713 < = {1 ofI3 +2tRe(dof, f)s + 21713 }

1 ~
1115 < 21 (Ao +)f[I5, ¢>0.

Therefore

~ B 1
(Ao + ) Hross < 7 t>0,

where R := R(Ag +t). Hence, in accordance with Lemma 1, we obtain that the
operator flo is m-accretive. Since there does not exist an accretive extension of
an m-accretive operator (see [12, p.279] ) and Ay C A, then Ag = A. It is easy
to prove that

IAf Lo < Cllf g, £ € Ho (), (19)

for this purpose we should establish a representation Af(Q) = —(Vf,e)gn,
f € C§°(£2) the rest of the proof is left to a reader. Thus, we get Hi(Q) C D(A),
and as a result A“f =99 f, f € H} (). Let us find a representation for the
operator GG. Consider an operator

Bf(Q) :/OTf(P—Fe[r —t])dt, f € La().

It is not hard to prove that B € B(Lsy), applying the generalized Minkowski
inequality, we get
diam © 1/2
1Bl < [ at| [l el -] <l
0 Q

The fact A 1 ¢ B follows from properties of the one-dimensional integral de-
fined on smooth functions. It is a well-known fact (see Theorem 2 [35, p.555])
that since Ay is closeable and there exists a bounded operator A, ! then there

exists a bounded operator A~ = fla - Ay ! Using this relation we conclude
that A=! C B. It is obvious that

/A(Bng)szfABTf-ng
Q Q
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+ [ BTT Agdq. 1ec@). gec@). (20)
Q
Using the divergence theorem, we get
[A@T-9)da = [ (emen(BTS - g)(o)ao (21)
Q s

where S is the surface of Q. Taking into account that g(S) = 0 and combining
(20),(21), we get

- [4BTs gda= [ BT1 - Tga0. re*@gc Cr@. ()
Q Q

Suppose that f € H?(Q), then there exists a sequence {f,}3° C C?(2) such

that f, LN f (see [35, p.346]). Using this fact, it is not hard to prove that

T fo 22 Tf. Therefore ABT f,, =2 Tf, since ABT f,, = T f,. It is also clear

that BT f,, EEN BT f, since B is continuous. Using these facts, we can extend
relation (22) to the following

- /Tf gdQ = /BTfA_ng, feDL) geCQ).  (23)
Q Q

It was previously proved that H}(2) € D(A), A~! C B.Hence GAf = BTf, f €
D(L), where G := BT B. Using this fact we can rewrite relation (23) in a form

—/Tf-gdcz:/GAfA_ng, feD(L), g€ C(9). (24)
Q Q

Note that in accordance with the fact A = Ay, we have
Vg € D(A4), Hgn}t® € C5°(Q), gn — 9.

Therefore, we can extend relation (24) to the following

—/Tf-ng:/GAfA_ng, f €D(L), g € D(A). (25)
Q Q

Relation (25) indicates that GAf € D(A*) and it is clear that —7 C A*GA.
On the other hand in accordance with Chapter VI, Theorem 1.2, [7], we have
that —7 is a closed operator, hence in accordance with Lemma 1 the operator
—7T is m-accretive. Note that there does not exist an accretive extension of
an m-accretive operator, but it can be proved easily that A*GA is accretive.
Therefore —7 = A*GA. Further, applying Theorem 2.1, [19], we get (J§, p-) €
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B(Ls). Let us recall the previously proved fact @5 f = A®f, f € H}(S2). Thus,
the representation L = Z&,(A), where G := BT B, F := (Jj,_p-) has been
established.

Let us prove that the operator L satisfy conditions H1-H2. Choose the
space Lo(£2) as a space $), the set C3°(£2) as a linear manifold 91, and the space
H}(Q) as a space ;. By virtue of the Rellich-Kondrashov theorem, we have
HE(Q) CC Ly(9). Thus, condition H1 is fulfilled. Using simple reasonings, we
come to the following inequality

[Tt 9dQ| < Clilloly. f9 < . (26)
Q

Let us prove that

| (38005 1.9) 1, | < Kllf I mzllgllzs, f.9 € CG (), (27)

where K = C/||p||1,- Using a fact that the operator (J§,p-) is bounded, we
obtain

13642 DG fllz. < CllpllLa 193 fllz,, | € C57(82). (28)
Taking into account that A~! is bounded, A is m-accretive, applying Lemma 2
analogously to (13), we conclude that [|[A®f||z, < C||Af||L,, f € D(A). Using
(18),(19), we get |DG_fllz, < Cllflg, f € C5°(€2). Combining this relation
with (28), we obtain

196+ pDd Sl < K[ fllmz, | e G5 (Q).
Using this inequality, we can easily obtain (27), from what follows that
Re(38 DG f. . > K| fl7n, fe€C5(Q).

On the other hand, using a uniformly elliptic property of the operator 7 it is
not hard to prove that

—Re(Tf, ) 2 vall fllmz, £ e Coo(Q), (29)
the proof of this fact is obvious and left to a reader (see [19]). Now, if we assume
that v, > K, then we obtain the fulfillment of condition H2.

Assume additionally that p € LipA, A > a, let us prove that C§°(Q2) C
D(L*). Note that

/Dj(aijDif)ng = /ij(ajiDig)dQ, feD(L), g € C5o ().
Q Q

Using this equality, we conclude that (—7)* is defined on C§°(2). Applying the
Fubini theorem, Lemma 8, Lemma 2.6, [19], we get

(384005 £.9),, = (D3 f.093-9),, = (£ 05,077 9),,
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feD(L), g e C°(Q).

Therefore the operator (38 4P 93‘7)* is defined on C3°(€2). Taking into account
the above reasonings, we conclude that C§°(2) C D(L*). Combining this fact
with relation H2, we obtain H = H (see Remark 4). O

Corollary 10. Consider a one-dimensional case, we claim that L € &,,.

Proof. It is not hard to prove that [[Aof([L, = [[fl[g. f € C5°(€2). This
relation can be extended to the following

IAf Lo = Ifllmg, £ € Ho(%), (30)

whence D(A) = H}(2). Taking into account the Rellich-Kondrashov theorem,
we conclude that A~! is compact. Thus, to show that conditions of Theorem
5 are fulfilled we need prove that the operator G := BT B is bounded and
R(A) € D(G). We can establish the following relation by direct calculations
GAof = BTf = a'tAof, f € C°(Q), where a'' = a¥, i,j = 1. Using this
equality, we can easily prove that |GAf||L, < C||Af|lL,, f € D(A). Thus, we
obtain the desired result. O

Riesz potential

Consider a space La(Q), Q := (—o0,00). We denote by H ’\(Q) the com-
pletion of the set C§°(£2) with the norm

1/2
1 lgr = {17 ey + 171200 b AER
where w(z) := (1 + |z|). Let us notice the following fact (see Theorem 1 [1]), if
A > 4, then Hg”\(Q) CC Lo(92). Consider a Riesz potential

1

I* = B, “lds, By = ==~ 0,1
e /f ~af* s, B = g a € (01)
where f is in L,y(—o00,00), 1 < p < 1/a. It is obvious that
1 [e.e]
I°f = BT(a)(IS f + I%f), where I$f(z :F—/f (s £ x)s* ds,
0

these latter operators are known as fractional integrals on a whole real axis
(see [33, p.94]). Assume that the following condition holds 0/2 4+ 3/4 < a < 1,
where o is a non-negative constant. Following the idea of the monograph [33,
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p.176] consider a sum of a differential operator and a composition of fractional
integro-differential operators

- d?
L:=T+1p*" % —
T+ ol

where

2 2
7= @%.) . D(T) = C5(9),
p(x) € Loo(Q), a(z) € Loo(Q) N C?(Q),Rea(z) > v (1 + |2])°, 74 > 0.

Consider a family of operators
o

Tif(@) = (2nty 2 [ P (o> 0

—00

Tif(x) = f(z), t=0, f € Ly(Q).

Lemma 11. 7; is a Cy semigroup of contractions.
Proof. Let us establish the semigroup property. By definition, we have Ty =

I. Consider the following formula, note that the interchange of the integration
order can be easily substantiated

[ee]
1 (x— (u—1)
LTy f(x) = == | € e = T)dT
Tif@) = ———— | / /)
7 _@—w? _ w-n? 7)2
f(r / 2t du
//
~ Vant \/—t S
1 [ee] [ee] )
(z—v—1) 02
= f(T)dT/eTerv.
v |
2wt/ 2mt I .

On the other hand, in accordance with the formula [36, p.325], we have

_(z—7— 'u)2 v2

1 (z=7)?
- 2t e 2 dv.

27r(zf+zt')6 : \/—\/—t//

Hence
o0

1 _(@—1)?
7/6 % f(r)dr
2r(t + 1)
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1 [e.e] [e.e] )
(z—v—1) 2
= — f(T)dT / e 2t eiﬂd’u,
V27t 2wt /
T T e e

from what immediately follows the fact 13Ty f = T}y f. Let us show that 73 is

a Cj semigroup of contractions. Observe that
[e.e]

(2t) /2 / e 2dr = 1.
—0o0
Therefore, using the generalized Minkowski inequality (see (1.33) [33, p.9]), we
get

0o | oo 2 1/2
| T3 fllL, = //f(l‘—i—s)Nt(s)ds dz
() S 1/2
< / Ny(s)ds / Fats)Pde | = [fllo. f e CRQ),

where Ny(z) = (2rt)"Y2e~7"/2t It is clear that the last inequality can be
extended to Ly(€2), since C§°(£2) is dense in Lo(£2). Thus, we conclude that T}
is a semigroup of contractions.

Let us establish a strongly continuous property. Assuming that z = (z —
7)/V/t, we get in an obvious way

ol o 2\ 12
ITef = fllz, = / /Nl(z) [f(:c—\/iz)—f(x)} dz| dz
o §
< [m@| [ [te-vi-1@] d | ds reLa@.
where N :O;Vt|t:1. Ol;:;rve that, for arbitrary fixed ¢, z e have
Ni(2) 7 [fz— Vi)~ (@)

1/2

< Ni(2) (/ [fe Vi) dr |+ M@, < 2N ) o
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Applying the Fatou-Lebesgue theorem, we get

0o 00 1/2
@/Nl(z) / [f(a:— Vtz) —f(x)]2d$ dz
00 0o 1/2
< /Nl(z)g /[f(x— Viz) —f(x)rdx —0,

from what follows that ||T;f — f||z, — 0, t — 0. Hence T} is a C semigroup of
contractions. O

The following theorem is formulated in terms of the infinitesimal generator
—A of the semigroup T7;.

Theorem 12. We claim that L = Z§ (A). Moreover, if min{~,,d}
(6 > 0) is sufficiently large in comparison with ||p|/r.,, then a perturbation
L + 61 satisfies conditions H1-H2, where we put I := C5°(2).

Proof. Let us prove that
1d?f

Consider an operator .J,, = n(nl+ A)~!. It is clear that A.J,, = n(I —.J,). Using
the formula

(nI+A)~1f = /e”tthdt, n>0, f € LyN),

we easily obtain
[e.e]

r—T 2
Inf - j[e‘””t_1/2dt j/ “EE f(n)dr

—00

[e=]




ABSTRACT FRACTIONAL CALCULUS... 27

Applying the following formula (see (3), [36, p.336])

o0

/e—(0'2+02/a'2)d0_ _ \/7%6—2(#’ (31)

0
we obtain

:\/g/f(T)e‘/%deT
\/7/f 2nx7’d7_+\/7/f \/%(Tx
— \/ge nz / f(T)edeT—i-\/gemx/f(T)e\/%TdT,
—00 X
f € Ly ().

Consider

/ f(0)eV? " dr, Iz / f(r)eY2dr.

Observe that the functions f (a:)e‘/%’”, f (:z:)e_‘/%’” have the same Lebesgue

points, then in accordance with the known fact, we have I1(z) = f(z)eV?"?,
I(z) = —f(x)e”V2"® where z is a Lebesgue point. Using this result, we get
(Jnf(x z—n/f 2”deT—i—n/f —Von(r=2) g ge.

Analogously, we have almost everywhere

(Jnf(@)" = V20 / Fr)eVP e dr

+n\/%/ f(T)ef\/%(fo)dT —n2f(x)

=2n(J, — I)f(z) = —2AJ, f(x),
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taking into account the fact R(J,) = R(Ra(n)) = D(A), we obtain the desired
result.

In accordance with the reasonings of [36, p.336], we have C(2) C D(A).
Denote by Ay a restriction of A on C§°(€2). Using Lemma 1, we conclude that
Ay = A, since there does not exist an accretive extension of an m-accretive
operator. Now, it is clear that

IAf Ly < W fllg2s, £ € Hy (%), (32)

whence HS’S(Q) C D(A). Let us establish the representation L = Zg (J).
Since the operator A is m-accretive, then using formula (8), we can define
positive fractional powers a € (0,1) of the operator A. Applying the relations
obtained above, we can calculate

oo oo

2—72
()\I—I—A)_lAf(x) _ —ﬁ/e_)\tt_l/2dt / e_%f”(T)dT

0 —00

0 o s
_ ! / F(r)dr / N2 pece@). (33)
—00 0

2421

Here, substantiation of the interchange of the integration order can be easily
obtained due to the properties of the function. We have for arbitrary chosen
T, A\

A 00 )
/f”(T)dT/e_)\t_(thT) 12t
—A 0

A—zx 1
— / f”(a:—l—s)ds/e_)‘t_SQ/%t_l/th

—A—x 0

A—zx [e%9)
+ / f(x + s)ds / e N2 =12y
—A—z 1
Observe that the inner integrals converge uniformly with respect to s, it is also
clear that the function under the integrals is continuous regarding to s, t, except

of the set of points (s;tg), to = 0. Hence applying the well-known theorem of
calculus, we obtain (33). Consider
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¢] o.¢]

/f”(m—i—s)ds/e_kt_sg/%t_lpdt
—00 0

oo

— oA\ "1/2 / f(x+ s)ds/e‘TQCQ/UQdJ =1,
—00

0

where ¢? = s?)/2. Using formula (31), we obtain

[e.e]
I=/mA"1/? / #'(x + s)e” V2 slgs

[ee] o0
= rA~/? / f(x+ s)e‘msds + /A2 /f"(a: = s)e_msds.
0 0

Thus, combining formulas (8),(33), we conclude that

0-3/2 00 00
A°f(z) = — /)\a_3/2d)\ / F(x + s)e V2Aslgs,

(1= a)(a) )

fe ().
We easily prove that

o o
/ f"(x + s)ds / A3/2e=V2As g\
€ 0

= //\O‘_3/2d/\/f”(a:+s)e_msd5, f € C(Q).
0 3
Let us show that
o0 o0 o0 o0
/ A“3/20\ / F(x + s)e Vs — / A3/2) / F(x + s)e V2ads,
0 5 0 0
when ¢ — 0. We have
o0

€
/ A“T3/2) / F(x + s)e"VPids
0 0

29

(34)

(35)
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£

00
< ||f//||Loo/)‘a3/2d)‘/€msd8
0

0
1 " 70 -2 —V2X
S X2 (1— eV3e)
\/5||f Lo
0
— <r:_2(1704)23/2701||f//||LOO /t2a3 (1 _ eft) dt =0, e =0,
0

from what follows the desired result. Using simple calculations, we get
€ o
/ f"(x + s)ds / e V2As \o=3/2g)
= 23/279P (200 — 1) /f” (x4 s)s'72%ds
0

<Of " Npe?t™ =0, e — 0. (36)

In accordance with (34), we can write

[e.e] o o [e.e]
/f”(m + s)ds/ AC3/2= V2 ) :/)\0‘3/2(0\ f(x+ s)e*\/ﬁsds
0 0 0 £

€ oo
+ / (@ + s)ds / VP32
0 0

Passing to the limit at the right-hand side, using (35),(36), we obtain

o0 o0 o0 o0

/ ACB/2\ / F(@ + s)eVPods = / (@ + s)ds / A2V g\

0 0 0 0
[o¢]
= 23/279D (200 — 1) /f”a:—i—s 1=2ags.
0

Taking into account the analogous reasonings, we conclude that
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(20 —1)
20T (a)D(1 —

AYf(x) = ) / (x4 8)|s|'72%ds = K I*f"(2),

I'(2a — 1) cos amr /2
20-17(1 — «)

Ka:_ ) fec(())o(Q)

Using the Hardy-Littlewood theorem with limiting exponent (see Theorem
5.3, [33, p.103]), we get

1A% fllpy < CIHLE 1y + OIS £y < CU 1,

fe (), (37)
where ¢ = 2/(5 — 4a). Applying the Holder inequality, we obtain

¥ 1/q
(/ ‘f//(g;)‘q(l + ‘$|)5Q/2(1 + $)5q/2d$)

s 12/ oo 1/qv
< / |f//($)|2(1 + \ﬂc|)5dx /(1 + |x‘)75q'y/2dx
o0 — OO
< Oz, 1 € CEE(Q), 8)

where 1 < ¢ < 2,7 =2/(2—¢) > 1. Combining (37),(38) and passing to the
limit, we get

1A% fllzy < Cl Sl s, | € Hy® (). (39)

Hence Hg’5(Q) C D(A®). Using the Hardy-Littlewood theorem with limiting
exponent, we obtain

1P =) [y < Clpl Y 1y < Coll " Ly

fe (), Cp = Cllplra

where ¢1 = 2/(1 + 20), g2 = ¢1/(1 + 2¢1[1 — a]). We can rewrite ¢ = 2/(1 +
20 +4[1 —a]), thus 1 < g2 < 2. Applying formula (38) and passing to the limit,
we get

11Zp120 = f" Ly < Cpllfll 25, £ € Ho®(€2). (40)

Note that
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[ Ttade= [ap T, £.9€ c@) (41)
Q Q
Therefore 7 is accretive, applying Lemma 1 we deduce that T is m-accretive.
Using relation (32),(41) we can easily obtain (|7 f|z, > vallfll 525 = Cl|Af||L,,
0
f € D(T), whence D(T") C H§’5(Q) C D(A). Using simple reasonings, we can
extend relation (41) and rewrite it in the following form

/7~'f§da: = i/aAfA_gdm, feD(T), geD(A),
Q Q

whence 7 C A*GA, where G = a/4. Since the operator T is m-accretive,
A*GA is accretive, then T = A*GA. Hence, taking into account the inclusion
D(T) © H°(Q), relation (40), we conclude that [ = A*GA + FA®, where
F = pl.

Let us prove that the operator L satisfies conditions H1-H2. Choose the
space Lo(£2) as a space $), the set C3°(£2) as a linear manifold 91, and the space
Hg’S(Q) as a space $). By virtue of Theorem 1, [1], we have Hg’S(Q) CC La(9).
Thus, condition H1 is satisfied.

Using simple reasonings (the proof is omitted), we come to the following
inequality

o0

[ @ +anf-gdz| < Clflpellal o .9 € CR@).

—0o0

Applying the Cauchy-Schwarz inequality, relation (40), we obtain
(12022079017, ) < Cllfllaloll o, Foo€ CE@). (42
2

On the other hand, using the conditions imposed on the function a(x), it is not
hard to prove that

Re([T +01]f, f) > min{ya, }[| 325, f € CG*(9)-
Using relation (42), we can easily obtain
Re(IZpI* 0 f", f) > =G| f |35, | € CF ().

Combining the above estimates, we conclude that if the condition min{~,,d}
> (), holds, then Re(Lf, f) > C’||f||§12’5, f e C§° (). Thus, condition H2 is
0

satisfied. O
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Difference operator

Consider a space La(Q), Q := (—00,00), define a family of operators

T f (x *MZ (@ —kp), f€Ly(Q), \u>0,t>0,

where convergence is understood in the sense of Ls(€2) norm. It is not hard to
prove that T} : Lo — Lo, for this purpose it is sufficient to note that

n+p A k n+p A k
> Grae—mml <15, 35 (43)
=n Lo =n

Lemma 13. 7T; is a Cy semigroup of contractions, the corresponding
infinitesimal generator and its adjoint operator are defined by the following
expressions

Af(x) = Af(x) = flz = )], A"f(x) = Alf(2) = f(z + )], f € La(Q).

Proof. Assume that f € Ly(€2). Analogously to (43), we easily prove that
W Tefllny < |fllLs- Consider

TTof(x) = e Z L

n=0

—>\t
Z k, flz—kp —np)

Since we have

L (AR
<l Yo O
Ly k=0

m k
> (A]:!) fx—kp)

k=0

then similarly to the case corresponding to C'(€2) norm (the prove is based upon
the properties of the absolutely convergent double series, see Example 3 [36,
p.327] ), we conclude that

11 f(w) = 30 O [ o i (o — - nm]

n=0
(o) o= 1 As)™ (At)P—
A( 4—15)222)a [p!z:;] ( n!) ((p_)n)!f($—pu)]

o0

1
) E()\S + AP f(x —pp) = Tsyi f(2),
p=0""
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where equality is understood in the sense of Lo(£2) norm. Let us establish the
strongly continuous property. For sufficiently small ¢, we have

& k
725~ Pl < e = Dl + e |3 O
k=1 Lo
7)\ - (/\)k:—l—ltk
te |||z, {CJrkom ;

from what follows that

Taking into account the above facts, we conclude that T} is a Cj semigroup of
contractions. Let us show that

we have (the proof is omitted)

(I -T)f(x)
t

zif(m)—)\e_)‘tf(x— —te _’\tz

)\ktk 2

flx—ku).

Hence I-T)f
— L
S I A - g -t o,
thus, we have obtained the desired result. Using change of variables in integral
it is easy to show that

/Af r)de = / F)Alo(e) — gl + p)ldz, .9 € La(€),
hence A*f(x) = A[f(z) — f(z + p)], f € La(2). The proof is complete. O

It is remarkable that there are some difficulties to apply theorems (A)-(C)
to a transform Zg‘LbI(A), where a,b are functions, and the main of them can
be said as follows “it is not clear how we should build a space §”. However
we can consider a rather abstract perturbation of the above transform in order
to reveal its spectral properties.
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Theorem 14. Assume that Q is a closed operator acting in Lo(Q), Q1 €
(L), the operator N is strictly accretive, bounded, R(Q) C D(N). Then a
perturbation

L:=Z371,1(A) + Q"NQ, a,b€ Lo(2), a €(0,1)
satisfies conditions HI-H2, if vy > o||Q1|?, where we put M := Dy(Q),

al® = T(k—a)
(1—-a) Z K

0 =4Mlallze + Ibllze 5
k=0

Proof. Let us find a representation for fractional powers of the operator A.
Using the Balakrishnan formula (5) [36, p.260], we get

AYf = chf(x —kp), feC5(Q), (44)
k=0
_ a)k 7 Aph-1-ag, . ol(k—a)
Ck__k!F(l—a)/e TR I
0
k=0,1,2,.., .

Let us extend relation (44) to L2(£2). We have almost everywhere
> Crglw —kp) = Cpf(x —kp) = > Crlgla — k) — f(z — ku),
k=0 k=0 k=0

g e 080(9)7 f € LQ(Q)a

since the first sum is a partial sum for a fixed x € R. In accordance with formula
(1.66) [33, p.17], we have |Cy| < C'k~17%, hence

> Cilgl-—kp) = f= k)| <llg— Fllz. > ICxl-
k=0 Lo k=0

Thus, we obtain

Vf € La(), 3 fa)} € CQ) : fu 22 f, A°fu 2" Cuf (- — kn).
k=0
Since A® is closed, then

AYf =) Cif(x—kp), | € La(9). (45)
k=0
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Moreover, it is clear that C°(€2) is a core of A%. On the other hand, applying
formula (8), using the notation n(z) = A[f(z) — f(z — p)], we get

o0
S a7

Af(a) =TT [ e+ ) Af (o)

0

[e.o] [e.o]

_ e / go-lge / e STy (x)dt
0

s
0

e} o0

sin am e \*
= gn(fc - ku)/&“‘ldi/e‘“f“)tkdt
o= 0 0

[e.o] o0

. 00 Nk
_ 81na7rz%n($ _k'u)/é-al(é-_’_)\)kldé—/ettkdt’
= 0 0

fe (@),

we can rewrite the previous relation as follows

A%f(z) = Cilf(x—kp) = fle— (k+Dp)], f€CT(Q),  (46)
k=0

Nt sinar [ o ke
Cio= T [ etg o e,
0

Note that analogously to (45) we can extend formula (46) to Lo(£2). Comparing
formulas (44),(46) we can check the results calculating directly, we get

Mtlginar [ L
Ciopn = Cho= > [ eo(e 3y 2ag
0

Tr 1-—
_ (Z‘Jf’i)}(l _02) A = Cypn, Ch = Co, k € No.
Observe that by virtue of the made assumptions regarding (), we have o CC
Ly(£2). Choose the space L2(2) as a space §) and the space g as a space
4. Let S := 2% ,,(A4), T := Q*NQ. Applying the reasonings of Theorem 5,
we conclude that there exists a set M 1= Do(@), which is dense in $)g, such
that the operators S,T are defined on its elements. Thus, we obtain the fulfil-
ment of condition H1. Since the operator N is bounded, then [(T'f,g)|r, <
[N - N fllagllgllag- Using formula (45), we can easily obtain [(Sf,g)[z, <
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ol fllallglic. < alQ7HP I flsglgllsng, o = 4Mlall e +11bll . 320 [Ckl- Using
the strictly accretive property of the operator N we get Re(T'f, f) > ’YNHfH%Q~
On the other hand Re(Sf, f) > —a| Q7|2 - ||f||%Q, hence condition H2 is sat-
isfied. The proof is complete. O

4. Conclusions

In this paper, we studied a true mathematical nature of a differential oper-
ator with a fractional derivative in final terms. We constructed a model in
terms of the infinitesimal generator of a corresponding semigroup and success-
fully applied spectral theorems. Further, we generalized the obtained results to
some class of transforms of m-accretive operators, what can be treated as an
introduction to the fractional calculus of m-accretive operators. As a concrete
theoretical achievement of the offered approach, we have the following results:
an asymptotic equivalence between the real component of a resolvent and the
resolvent of the real component was established for the class; a classification, in
accordance with resolvent belonging to the Schatten-von Neumann class, was
obtained; a sufficient condition of completeness of the root vectors system were
formulated; an asymptotic formula for the eigenvalues was obtained. As an
application, there were considered cases corresponding to a finite and infinite
measure as well as various notions of fractional derivative under the semigroup
theory point of view, such operators as a Kipriyanov operator, Riesz potential,
difference operator were involved. The eigenvalue problem for a differential
operator with a composition of fractional integro-differential operators in final
terms was solved.

In addition, note that minor results are also worth noticing such as a gen-
eralization of the well-known von Neumann theorem (see the proof of Theorem
5). In Section 3, it might have been possible to consider an unbounded domain
Q) with some restriction imposed upon a solid angle containing 2, due to this
natural way we come to a generalization of the Kipriyanov operator. We should
add that various conditions, that may be imposed on the operator F, are worth
studying separately since there is a number of applications in the theory of
fractional differential equations.
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