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1. INTRODUCTION

The concept of fractional integration and differentiation, originating in the XIX century, at the
beginning was connected with the theory of integral and differential equations. The fractional integrals
and derivatives were in the focus of Abel, Liouville, Riemann, Hadamard, Weyl, Hardy, Littlewood, M.
Riesz and others (see the monograph by Samko, Kilbas and Marichev [1], and references therein). Later
the fractional integro-differentiation was applied in function theory. In particular, it was used as an
effective tool in the study of classical functional spaces (see [2] —[9]).

One of the disadvantages of fractional integrals and derivatives is their variety and often incompat-
ibility with each other, including in various applications. A large number of choices of various types of
fractional integrals and derivatives becomes an advantage when it is necessary to adjust them to various
applications.

In the present paper we develop and apply the classical Riemann-Liouville fractional integro-
differentiation in the problems of the theory of harmonic spaces in R™ (n > 2).

We first introduce necessary notation. Let B = B,, be the open unit ball of R”, and let S = 0B be its
boundary, that is, the unit sphere. The integral means of order p of a harmonic function u(x) = u(r¢) on
the sphere |z| = r we denote by

Mp(u;r):Hu( 0<r<1,0<p<oo,

) HLp(s; do)’

where do is the (n — 1)-dimensional surface Lebesgue measure on S normed by condition o(S) = 1.
The set of all real harmonic functions in the ball B we denote by h(B).

Define the space h(p, ¢, a)(0 < p,q < 00, a € R) with mixed norm to be the space of those harmonic
functions w € h(B), for which the following quasi-norm is finite

1 ) 1/q
(/0 (1 —r) Mg(u;r)dr> , 0<qg<oo,

sup (1 —r)*My(u;r), q = oo.
0<r<1

HuHh(p,q,a) =

Note that for p = ¢ < oo the spaces h(p, q, ) coincide with weighted Bergman spaces, while for
q = oo these spaces are called weighted Hardy spaces. A number of papers are devoted to the study
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ON THE FRACTIONAL INTEGRO-DIFFERENTIATION OPERATOR 237

of spaces h(p, q,«) with mixed norm or to their analogs, consisting of holomorphic, pluriharmonic or
harmonic functions in the disk or in the ball of C™ or R™.

The mixed-norm spaces for holomorphic in the unit disk functions were introduced by Hardy and
Littlewood (see [2], [3]). Then, Flett (see [6], [7]) considerably developed the theory. Later were obtained
multivariate generalizations of the results by Hardy, Littlewood and Flett in the domains from C™ and R™.
The spaces h(p, p, a) and h(p, q, «) in the unit ball of R™ were studied in the papers [10]—[21], while the
spaces h(p, g, ), consisting of n-harmonic functions in the polydisk of C™, were studied in the papers
[22] —[24].

Our basic supplement of fractional operators into the theory of harmonic spaces is the following
integral representation in the mixed-norm spaces h(p, ¢, @).

Theorem 1.1. Let 0 < p,q < oo, > 0, and let u € h(p,q,«) be an arbitrary function. Assume that
the following condition is satisfied: either 0 < p,q < oo and f > max{a+ (n—1)(1/p—1), a}, or
1<p<oo0,0<qg<landp>a. Then

2 _
uw) = o [ =W Pe)u) V). =B (1)

where Pg(x,y) is the Poisson-Bergman kernel, defined in Section 5.

Remark 1.1. /n the special case where p=q > 1 and p = «, or even in more narrow classes, a
similarintegral representation was obtained in [10], [11], [13], [14], [ 18], and for more general
weight functions, in [17], [19]. For holomorphic functions in the unit ball of C", Theorem 1.1 for
1 <p,q<oocan be foundin [25], [26], while for n-harmonic functions in the polydisk it was
proved in [22].

2. FRACTIONAL INTEGRO-DIFFERENTIATION IN THE UNIT DISK OF A PLANE

In this section we give the definition of the well-known Riemann-Liouville fractional integro-
differentiation operator D and one of its modification denoted by D%. In what follows, we will assume
that for positive order o the operators D® and D® represent fractional differentiation of order ac > 0, while
for negative order a the operators D% and D will stand for fractional integration of order |a| > 0. In the
case o = 0 we assume that D° and D are identity operators, that is, D°f = f and D°f = f.

Definition 2.1 (Riemann-Liouville fractional integro-differentiation on R?). Given a function f(r) of
a single variable r € [0, 1), define

r ro 1
Dy f(r) = r(la)/o (r — )2 F(t) dt = r(a)/o (1 — 0L f(tr) dt, 2.1
Dp)i= () SO0 D5 =Dy DR (), (22)
—a —am—o 1 ! a—1
Dy f(r) = r O Dy f(r) = F(a)/o (1= 021 f(tr) d, (2.3)
D5 f(r) = D {r" (1)}, (2.4)

where 0<r<1l,a>0, meZ m>0, m—1<a<m.

The lower index 2 in the operators indicates that below the operators will be applied with respect
to functions that are defined on the plane, in particular, on the unit disk . In subsequent sections we
also will consider the operators D* with respect to functions that are defined in R™. The consideration
of the modification D is stipulated by the fact that the operator D does not preserve holomorphic or
harmonic functions, while the operator D§ does, thatis, D$ : H(D) — H(D) and D§ : h(D) — h(D).
[t is worth to note that the first order differentiation operator D3 does not coincide with ordinary partial
or complex derivative, namely, D3 f = %(rf), which is called radial derivative of function f. Sometimes
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238 AVETISYAN, TONOYAN

we write Dy and Dg ., to indicate the variable r, with respect to which differentiation or integration is
carried out.

The operators D and D§ are well adapted in applications to power functions. The next lemma can
be proved by direct calculations.

Lemma 2.1. For a >0, k> -1, me€Z, m >0, D* = Dg, D* =D the [ollowing identities
hold:

D) = 9
D™{rk} = mr’“m, k—m+#—1,-2,..., (2.6)
Dot = ”‘X(Z k +)” o (2.7)

P = e o
o) e

Note that except Definition 2.1, there are other definitions of integro-differentiation by means of
fractional integrals via expansions of power series (see, e.g., [1], [3], [5] — [7]). These expansions are
convenient for extension of fractional integro-differentiation to functions defined in R™.

3. RIEMANN-LIOUVILLE FRACTIONAL INTEGRATION FOR HARMONIC AND
NONHARMONIC FUNCTIONS IN R”

We first define fractional integro-differentiation for harmonic in R™ functions. Assume that a har-
monic function f(z) € h(B) is expanded into a series of homogeneous spherical harmonics Yj;:

oo dg

:ZZakjrkij(C)EZakjrkij((), x=r( € B, (3.1)
k=0 j=1 k,j
where dj, = (2’“*’&;3)2()7;7“*3)! is the dimension of the space Hy(.S) of spherical harmonics of order k. The

theory of spaces Hy(.S) can be found, for instance, in monographs [27] and [16].
The concept of fractional integro-differentiation is well-known for harmonic functions (3.1) in R,
represented in the form of a series by spherical harmonics (see[1], [8], [10]—[20]).

Definition 3.1. Define

S I'(k+n/2)
LAY > 9
D, (ser) kzz Mo+ k+n/2) ar; " Yi;(Q), a>0, (3.2)
iz (Qtk+n/2) ki), a>0 (3.3)
nser P ]{2—|— /2 A kj 5 = U. .

Another, more general way to define the concept of fractional integration of order a > 0 is to use
Riemann-Liouville fractional integrals, similar to the case n = 2.

Definition 3.2. Define

Dfe) = gy [, (r= 7 S0 ¢ e
a+n/2—1 1
el A (OGS o (e {0) S R
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This is the direct extension of the operator D, * (see (2.1)) to the n-dimensional case. As in the case
n = 2, we define its modification D,;* as follows (cf. [12], [8]).

Definition 3.3. Define

D;(C;nt)f(x) — T_(Oé-l—n/Q—l)D;af(x)
(otn/2-1) /21 e ) /21
=y \ XTI DI T r)r = / 1-&6)*" x) " dE. 3.5
2@ = g | 0O e € e (35)
The advantage of the modification D;(mt) over the operator D, ¢ is that the operator D;(O;nt) preserves
—a +a

harmonic functions, that is, D ) h(B) — h(B). The same property possess the operators D

(int
Since both operators D %\ and D~

n(ser) (int)
a natural question arise concerning the relationship of these operators. In fact, these operators coincide

for harmonic functions. This result is stated in the next lemma.

n(ser)’

represent the antiderivative of order o« > 0 of a function f,

Lemma 3.1. Both definitions (3.2) and (3.5) for the antiderivative D, (o > 0) coincide for
harmonic functions in B, that is,

D, (o f(@) = D6 f(2) = D f(x), z€B, feh(B).

Proof. Let a harmonic function f € h(B) be expanded into a series of spherical harmonics by formula
(3.1). Then according to definitions (3.5) and (3.3) we can write

1 ! 1 2—1
D) = e | (=0 e

1 1
- F(a)/o (L= 0)* Dyt Vi (C) | £7/2 7t

k.j
1 1
= m kzd:akj rk Y35 (€) </0 (1— t)afl fhtn/2-1 dt>
— ['(k+n/2) o e
_ ; D(a+k+n/2) ap; 1 Yij (C) = Doy f (@),

and the result follows.

In particular, the action of the operator D on monomials of type 7 (a > 0, v > —n/2) yields the
following useful formula

1

1
D, {17} = 1“(04)/0 (1 =) () ¢V/2 1 dt = -

Ly tn/2)
(a+~v+n/2)

4. DEFINITION OF THE MODIFICATION OF RIEMANN-LIOUVILLE FRACTIONAL
DERIVATIVE IN R"

While the Definition 3.3 of the operator of fractional integration is quite natural and convenient,
there arise some problems when we try to define the corresponding operator of fractional differentiation.
Note that we already have defined the operator of fractional differentiation Dy ser) (o > 0) for harmonic

functions via expansion into a series by spherical harmonics (3.2). Such a definition is quite natural and
implies invertibility of the operator, given by the following formula, which is pretty useful in applications:

Dy(ser)Pn " f () = D, "Dy f(2) = flz), [ € h(B).

Nevertheless, we would like to overcome using harmonic functions and their expansions into a series
by spherical harmonics, and to define the fractional derivatives as inverses to fractional antiderivatives
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for more general functions. Thus, we are going to solve the following problem: find an explicit and
convenient form for fractional derivative DY as an inverse operator to the fractional integral

D~ The natural semigroup property D*D8 f = D**5 f is desirable but not necessary.

A form for fractional derivative DS implicitly is contained in papers [10], [13] — [16], [19], [20]. We
represent it in terms of operator D§ (see (2.2)).

Definition 4.1 (Fractional derivative of order o > 0). Define

D5y (2) = D3 [t fla)| . a>0, (4.1)

where the derivative DY, is taken by variable t.

Nevertheless, due to the presence of an additional variable ¢ such a form for fractional derivative
creates some inconvenience in applications. Our definition of the new form of fractional derivative is
more convenient and adapted to subsequent applications.

Definition 4.2 (Fractional derivative of order a« > 0). Define
Df(w) == 2D ot f(a) |, (4.2)
where the derivative Dy = DS, (see(2.2)), as usual, is taken by the variable r = |z|.

[t is clear that for n = 2, the operator ©§ reduces to D (see (2.4)).

Thus, at this point, in R™ we have three definitions (3.3), (4.1) and (4.2) for fractional derivative. In
fact, all these definitions are equivalent for suitable functions.

Theorem 4.1. The three definitions of fractional derivative, given by (3.3), (4.1) and (4.2) coincide
for harmonic functions f € h(B), that is,

,Dg(ser)f(x) = Ds(znt)f(m) = @%f(:(}), a>0. (43)
For nonharmonic but sufficiently smooth functions f the definitions (4.1) and (4.2) coincide, that
is,

Proof. We first apply the operators to the monomials of type 7 (k > 0). According to (4.1), (2.7) and
(3.3), we have

a |rat+n/2—1 k
n znt {’l“ } D [t (t’l“) } t=1
F(k+n/2) t=1 I'(k+n/2)
Next, in view of (4.2), (2.7) and (3.3), we obtain
@g{rk} _ ’l“_(n/Q_l)Da |:Toc+n/2—1 ’l“k:| _ r—(n/?—l)Dg [Ta+k+n/2—1:|

_ 7JcD%t |:toz+k+n/2—1:|

_ (/271 Do +k+n/2) [rk—&—n/Q—l} ~Dla+k+n/2) 4

I'(k+n/2) I'(k+n/2)
Therefore
a E1 _ o f k1 _ o k 04+/‘€+n/2) k
Dn(int){r } - Qn{r } - Dn(SeT { } k‘ —|—7’L/2) r. (4.5)

Now let a harmonic in B function f be expanded into a series (3.1). In view of (4.5) and linearity of
operators, we can write

Zakj [Da int) {T }} Y3 (€

Dy inty f (@) = Dy [Z ar; T Vi (¢

k/l?j
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(a+k+n/2 o
_Z% [ k+n/2§ e ] Yei (€)= Prgoen f (@),

0, f(x) =D,

Zak] {@a{r } Y (¢

= Z A4 |:F<a Tk n/2> Tk:| Yk’](() = Dg(ser)f(x)a

k
Z ag; ™ Yi; (¢
k?j

I'(k+n/2)

which proves the desired equalities in (4.3).
For nonharmonic functions f we have to prove the equality (4.4), that is, Dg‘(mt)f(az) =98 f(x), or
equivalently,

DS, [+ ()| =m0 Dg fpetn 2ol ()] e = ¢ € B

t=1
To this end, observe first that for integers m > 1, we have
Dy |74 f (1)

which can be verified by direct differentiation. This implies the equality (4.4) for integers « = m > 1, that
is, we have Dfl“(mt)f(a:) = 9% f(x). Fornon-integers &« > Owedenotem € Z, m>1, m—1 < a < m,

that is, [a] = m — 1. Then, in view of (4.6), the equality (4.4) is equivalent to the following
_ ,r,—(n/2—1)D2—77(0m—a)D727?r [Toa+n/2—1f<l,)] )

_ =rDg @), a>0, 820, (4.6)

D;ém—oc)Dg?t [ta+n/2—1f(tx)} .

This completes the proof of (4.4). Theorem 4.1 is proved.
Thus, for all types of operators of fractional differentiation we will use the same notation DS

Dyseryf () = Dy f () = D5 f () = Dy f(x), >0, (4.7)

Lemma 4.1. For sufficiently smooth functions f in the ball B, and in particular, for harmonic
functions f € h(B) the following inversion formula holds:

DD f(z) = D;°Df(z) = f(z), x€B, a>0. (4.8)

Proof. For harmonic functions the formula (4.8) immediately follows from the expansions of such
functions into series of spherical harmonics and Definitions (3.2) and (3.3).

For more general functions, that are sufficiently smooth, we use Definitions (3.4), (3.5) and (4.2) to

prove (4.8). In view of these definitions and the identity D§ D, “g(x) = g(z), for integrable functions g,
we obtain

DD () = D[+ DDy {2 ()
T—(n/Q—I)Dg |:Ta+n/2—1 T—(a+n/2—1)D2—a{rn/Q—lf(l,)}]
_ T_(n/2_1)DgD5a{T‘n/2_1f(l‘)} _ r_(”/2_1)7“"/2_1f(3:) _ f(a:)
Similarly we prove that
D *Di f(x) = D [r= /20 Dg {ron/2 ()}

_ rf(a+n/271)D2—a {rn/zq Tf(n/271)D§c{ra+n/271f(x)}]

_ T—(a+n/2—1)D5aD§x{Ta+n/2—1f(x)} _ T—(a+n/2—1)ra+n/2—1f(x) _ f(SU)
Here we have used the identity D; *D${rf f(z)} = rPf(z), B > a.Lemma 4.1 is proved.
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5. AN INTEGRAL REPRESENTATION OF HARMONIC FUNCTIONS
WITH MIXED NORM

In this section we apply fractional integro-differentiation operators to study weighted classes of
harmonic functions. In what follows we will use standard notation:z =r{, y=pn, 0<r,p<1, (,n €
S, dV is a normalized n-dimensional volume measure on the ball B, dV (z) = nr""tdrdo(¢), V(B) =
1. Each harmonic function u(x) € h(B) can be expanded into a series of homogeneous spherical
harmonics

oo dg
= > YO =) a ™ Vi(¢),  w=r¢eB, (5.1)
k=0 j=1 k,j

Now we recall the definition of the extended Poisson kernel in the ball B (see[16, Ch.6]).
Definition 5.1. The extended Poisson kernel in the ball B is defined to be

P(z,y) = Py(2,y) : Zkay L= lzFly? ,  z€B,yeB,
(1 =2z -y + [2[2[y[*)"/?

where Zy, stand for zonal harmonics (see [27], [16]).

Observe that the extended Poisson kernel is harmonic in the ball B with respect to each variable

x and y, and is also harmonic by x for y € B. It possesses the following properties: P(z,y) =
P(y,z), P(x,y) = P(ry,¢), = = r(, and can be expanded into a series of spherical harmonics

oo dg

Zkay ZZYk 7" Yk )

k=0 j=1

[in € S, then P(z,n) is the usual (non-extended) Poisson kernel in B.
Definition 5.2. The Poisson-Bergman kernel in the ball B is defined to be

o — (e +k+n/2)
= = > 0. .
Po(z,y) := Dy P(z,y) kz_o Tk 1 n/2) Zp(z,y), ®yeB, a=0 (5.2)
Note that similar kernels were defined in the papers [8], [10] (for integer values of a), [11]—[15], [18]

— [20]. Observe that for a« = 0, the kernel (5.2) reduces to the extended Poisson kernel in the ball B,
that is, P = Py. The Poisson-Bergman kernel (5.2) together with the technique of fractional integro-
differentiation allows to deduce the integral formula from Theorem 1.1 of Poisson-Bergman type for
functions from h(p, ¢, a).

Proof of Theorem 1.1. Denote the integral on the right-hand side of formula (1.1) as operator:
2

To@) = s [ A=) Poep)u)aVly).  we B a>0.

We first prove the theorem for functions u(x) € h(1,1,3). To this end, we assume first that u(z) €

h(B) N C(B). Assuming that the function u(x) is expanded into a series of spherical harmonics (5.1),
we transform the integral (Tsu)(x) to obtain

(To)(a) = g [ (1= 0 Patany) ul) v ()
2 1 |=T(B+k+n/2)
~ nI(B) /B(l_ww LZ:O (r(—l:+:;/2§ ] (Zamz mj( )dV( )
e8] 0o dm
(5 Ty 3 Deams [ 6 A Yo ) 4V )
=0 m=0 j=1
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Taking into account that Zy(z,y) = r*p*Z,(¢,n) and Z,(¢,n) = Z L Y2i(€) Yii(n), and assuming
k > 0 to be fixed, we simplify the last integral separately, to get
0o dm
3wy [ (1= P Zulenn) 57 Vi) aV )
m=0 j=1
0o dm
=Y S s [ =BV ZulC) i) aV ()
m=0 j=1
oo dm
=nrt Y Zamj/ — P2 ! (/S Z(C,m) Y (n) dU(n)> dp
m=0 j=1
0o dm

=nr Zzamg/ p?)Pt plrmane 12% [ Yii(n) Yinj(n) do(n )] dp

mO]l

B—1 2k+n—1 nok L'(B)T(k+n/2)
=nr Zak]YkJ / ) P dp —2 TGt kin?) Zaijk]

Here we have used the orthogonality in L?(.S) of spherical harmonics of distinct orders (k # m). Next, a
substitution yields

[e'e] &
_— Z T(8+k+n/2) (Z b LB)T(k+n/2) Zakj ykj(g))

k:O L(k+n/2) FB+k+n/2) =
oo dg
:ZZakjrkij(C) = u(z).
k=0 j=1

Thus, the desired formula u(z) = (Tgu)(x) in (1.1) is obtained. For an arbitrary function u € h(1, 1, §),
we apply the above arguments to the dilated function us(z) := w(dz), 0 < § < 1, yielding to us(x) =
(Tsus)(z). Now it remains to pass to the limit as 6 — 17 (see, e.g., [17], [20])

v — usllp,1,8 — 0, 0—17, (5.3)

and as a result, we obtain the desired formula (1.1) for arbitrary function u € h(1,1, 5). Now we prove
the theorem for a general function u € h(p, q, «).

[f1<p<oo,0<qg<1andf > a,then according to the embeddings (see[21, Theorem 1 (i)-(iii)]
we have h(p,q, ) C h(1,1, ).

[i1<p<oo, 0<qg<ooandp > «,thenaccording to the embeddings (see[21, Theorem 1 (ii), (vi)]
we have h(p,q, ) C h(1,q,a) C h(1,1, ).

[f[0<p<l,0<g<ocandf >a+ (n—1)(1/p—1),then according to the embeddings (see[21,
Theorem 1 (iv), (vi)] we have h(p, ¢, a) C h(1,q,a+ (n — 1)(1/p — 1)) C h(1,1,8).

In all the above cases, we obtain u(x) € h(1, 1, 8), which reduces the proof to the already proved case.
Theorem 1.1 is proved.

Remark 5.1. It is easy to see that in the above proof we have verified only the validity of formula
(1.1), without constructive derivation of that formula. This method of proof in special cases were
applied, for instance, in [11], [12], [8], [19], [20]. It would be of interest to find a constructive
derivation of formula (1.1). Our definition of fractional derivative (4.2), Theorem 4.1 and Lemma
4.1 allow to give a constructive and short proof of Theorem 1.1.

Second proof of Theorem 1.1. Let u(x) € h(1,1,3), 5 > 0, be an arbitrary function. By the inversion
formula (4.8) and Definition 4.2, we can write
1

u(x) = Dy Dyu() = o /01(1 — )P 1DBu(tx) /2 dt

JOURNAL OF CONTEMPORARY MATHEMATICAL ANALYSIS Vol. 50 No.5 2015



244 AVETISYAN, TONOYAN

= F(lﬁ) /01(1 — )P Du(p?x) p* 2 2pdp

= F(2@/01(1 - )’ 'D] US P(x, pn) u(pn) do(n)| p" " dp
= nFQ(B) /01/5(1 — p2)ID, Pz, pn) u(pn) np" " dpdo(n)
_ nI‘2(ﬂ) /3(1 ) Pyl ) uy) dV(y),  z € B.

The convergence of the last integral inside the ball B follows from the following estimate of Poisson-
Bergman kernel (see, e.g., [13],[14],[18])

|Ps(, )| < C(B,m) !

(1 = Jz|lyFtr=t’

z,y € B.
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