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Derivatives and integrals of non-integer orders have a wide application to describe complex properties of physical
systems and media including nonlocality of power-law type and long-term memory. We suggest an extension of the
standard variational principle for fractional nonlocal media with power-law type nonlocality that is described by the
Riesz-type derivatives of non-integer orders. As examples of application of the suggested variational principle, we
consider an N-dimensional model of waves in anisotropic fractional nonlocal media, and a one-dimensional
continuum (string) with power-law spatial dispersion. The main advantage of the suggested fractional variational
principle is that it is connected with microstructural lattice approach and the lattice fractional calculus, which is

1 Introduction

Derivatives and integrals of non-integer orders [11, 13, 23,
42, 43] have wide application in physics and mechanics
[6, 14, 22, 29, 30]. The tools of fractional derivatives and
integrals allow us to investigate the behavior of materials
and systems that are characterized by power-law nonlo-
cality, power-law long-term memory and fractal proper-
ties. There are different types of fractional derivatives such
as Riemann-Liouville, Riesz, Griinwald-Letnikov, Caputo,
Marchaud, Hadamard, Weyl and others [11, 23]. More-
over, all these different fractional derivatives are related to
each other. For example, the Griinwald-Letnikov deriva-
tives coizncide with Marchaud derivatives for wide class
of functions (see Sections 20.2 and 20.3 in [23]), and the
Marchaud derivatives are connected with the Liouville
derivatives (see Section 5.4 in [23]). All fractional deriva-
tives have a lot of unusual properties that lead to great
difficulties in application of fractional calculus. Therefore
question about what type of fractional derivatives should
be used in applications is not a simple question. Selection
of the type of fractional derivative is largely dictated by the
properties of objects and materials under consideration.
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Nonlocal continuum theory [8, 21] is based on the
assumption that the forces between particles of contin-
uum have long-range type thus reflecting the long-range
character of inter-atomic forces. If the nonlocality has
a power-law type then we can use the fractional calcu-
lus for nonlocal continuum mechanics. It is important to
apply such types of fractional derivatives that allow us to
take into account the long-range particle interactions in
microstructural models. Therefore in fractional nonlocal
theory, we should use the fractional-order derivatives that
are directly connected with models of lattices with long-
range interactions. The microstructural lattice approach,
which includes consideration of a continuum limit, allows
us to select a type of fractional derivatives that will
adequately and correctly describe fractional nonlocal
continua.

Fractional nonlocal continuum mechanics is an area
of continuum mechanics concerned with the behavior of
continua with nonlocalities of power-law types that are
described by using the theory of derivatives and integrals
of non-integer orders. In phenomenological approach,
one of the methods to describe the fractional nonlo-
cal continua is based on the variational principle with
Lagrangian density that contains fractional derivatives
with respect to coordinates. A generalization of traditional
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calculus of variations for systems that are described by
the Riemann-Liouville fractional derivatives has been sug-
gested by Agrawal in [1]. Subsequent by extensions of
variational calculus for the Riemann-Liouville derivatives
[5] and other type of fractional derivatives such as the
Caputo derivative [15, 18, 19], the Hadamard derivative
[3], the Riesz derivatives [2], and fractional integrals [4]
have been derived. It should be noted that the extension
of variational calculus for the Riesz derivatives, suggested
in [2], is really derived for so-called the Riesz-Riemann-
Liouville and the Riesz-Caputo derivatives rather than
the usual Riesz fractional derivatives [23]. Unfortunately
all suggested extensions of variational calculus are not
connected with the microstructural lattice approach.
Therefore, an important problem is to formulate a frac-
tional variational principle compatible with the lattice
approach.

Let us explain our main motivation to suggest new
variational principle with fractional-order derivatives.
Recently, the lattice fractional calculus and the lattice
fractional derivatives have been suggested in [37, 39].
In the continuum limit the suggested lattice derivatives
are transformed into continuum fractional derivatives of
the Riesz type [39]. The Riesz-type fractional derivative
RTD is a derivative with respect to one coordinate xj € R!
instead of the usual Riesz derivative that is a fractional
generalization of N-dimensional Laplacian [11, 20, 23].
The Riesz-type operator X' D¢ can be considered as a par-
tial derivative of non-integer order. Taking into account
the direct connection of the Riesz-type derivatives with
microstructural lattice approach, we suggest to use these
fractional derivatives to formulate new fractional varia-
tional principle that is compatible with the microstruc-
tural lattice approach.

In addition to "lattice” motivation, it is useful to have
a variational principle that allows us to derive fractional
differential equations of motion that can be solved for a
wide class of Lagrangian densities. It is known that the
Riemann-Liouville, Caputo, Liouville, Marchaud deriva-
tives are defined in the left-sided and the right-sided
forms. In general, we should take into account these
two forms in the Lagrangian density if we use these
derivatives. The corresponding fractional Euler-Lagrange
equations contain the left-sided and the right-sided frac-
tional derivatives as well. In addition, the integration by
parts, which is used in derivation of the Euler-Lagrange
equations from the variational principle, transforms the
left-sided derivatives into the right-sided and vice versa
[23]. As a result, we get a mixture of the left- and right-
sided derivatives in equations of motion. Unfortunately,
these equations can be solved only for a narrow class of
examples. In this paper, we suggest a fractional variational
principle based on the Riesz-type fractional derivatives
[37, 39] that are modified Riesz fractional derivatives
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[11, 20, 23], and have no left- and the right-sided forms.
In addition, the integration by parts transforms the
Riesz fractional derivatives into itself. The corresponding
fractional Euler-Lagrange equations can be solved for a
wide class of Lagrangian densities by methods described
in [11].

It should be emphasized that the main advantage of
the suggested variational approach is that the proposed
Riesz-type fractional derivatives naturally arise in the frac-
tional continuum mechanics based on the lattice models
[31-34, 40], and are directly connected with lattice frac-
tional derivatives suggested in [37, 39].

As examples, we consider N-dimensional model of
waves in anisotropic fractional nonlocal media and then
we demonstrate that this model is connected with
microstructural lattice model. We also consider an elastic
string, which is made of a material with a spatial disper-
sion of power-law type, i.e., string with fractional nonlocal
material. Using the suggested variational principle, we
derive the fractional differential equations and then some
solutions of these equations are obtained.

2 Fractional derivatives and integration by parts
2.1 Marchaud fractional derivatives

In order to derive equations of motion from a fractional
variational principle, we should use the integration by
parts. Unfortunately the integration by parts for most
of fractional derivatives transforms the left-sided deriva-
tives into the right-sided and vice versa. Let us give an
example.

Definition 1. The left-sided (+) and right-sided (—)
Marchaud fractional derivatives of order a € (0;1) (see
Section 5.4 of [23]) are defined by the equation

© f(x) —f(x:FZ)d
Zot+1
x € R).

]

M ~a o o
O<a<l,
(1)

The Marchaud fractional derivatives of orders o > 1 (see
Section 5.6 of [23]) are defined as

Moot a o 1 © (Aﬂz )(x)
D) = g e fy

(2)
where m is an integer greater than o, and
IR N G VD
(AZf)() = ;, Al L) 3)
- EDtm
Apm(a) == X:(:) pry (4)
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Remark 1. Note that the right hand side of (2) does not
depend on m if m is an even integer number greater than
a (for example, m = 2[ /2] 4-2).

Remark 2. Foro = 1,2,...m — 1, the expression I'(1 —
a)A;,(a) is given (see Eq. 5.81 of [23]) by

'l — o)A, (@) © 1 _¢2 L —gm-1
- = / e %= | e
o 0oz o (n(1/s))
(5)

Remark 3. It is important to note that the Griinwald-
Letnikov fractional derivatives coincide with the
Marchaud fractional derivatives (see Section 20.3 in [23])
for functions from the space L, (R), where 1 < r < 0o (see
Theorem 20.4 in [23]). Moreover both the Grinwald-
Letnikov and Marchaud derivatives have the same
domain of definition.

Proposition 1. For the Marchaud fractional derivatives,
the integration by parts has the form

+00
(MDg,—f ) (%) g(x) dx.

(6)

Equation (6) holds for functions f(x) € Lg(R),

gx) € Ly(R), such that (MDE_f)(x) € L (R) and

(MD“+g)(x) € L,(R), wherep > 1,r > Lp ' +r 1 =
l+ast=pl-gandt!=r!-a

+0o0
£ (MD% ) () dx = /

—00

Proof. This proposition is proved in Section 6.3 of [23]
(see Equation 6.27 of [23]). O

2.2 Riesz-type fractional derivatives

Let us now define the fractional derivatives of the Riesz
types for RN, We will use the Cartesian coordinate system
with the basis vectors e; (j = 1,2,...,N), and the radius

vector r = Zjl\il xjej. The fractional derivatives of the
Riesz types have been introduced in [37, 39].

Definition 2. The Riesz-type fractional derivative of
order « is defined by the equation

RT o o 1 /+OO 1 m )
Djf )= di(ma) J oo |z*t! (AzH () dzj,
X (0 <o < m),

where (Az,qu) (r) is a finite difference of order m of a func-

tion f(r) with the vector step z; = zj e € RN for the point
r € RN, The centered difference

(azf) i = Z(— -

(7)

f (r+ (m/2 —

n) zj ;).

(8)
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The constant di(m, a) is defined as

ng/ZAfn (@)

dy(m,a) = 2T (14 a/2)T((1 + )/2) sin(ra/2)’

where

[m/2]

A =2 Y e
s=0 ’

st(m—s)!
for the centered difference (8).

Remark 4. The constant d (m,«) depends only on m
and «. It is different from zero for all @ > 0 in the case
of an even m (see Theorem 26.1 in [23]). Note that the
integral (7) does not depend on the choice of m > «a.
Therefore, we can always choose an even integer m, so that
itis greater than parameter «, and we can use the centered
difference (8) for all positive real values of «.

Remark 5. It should be noted that we can use the non-
centered difference instead of the centered difference (8).
The non-centered difference is defined by the equation

(azf) 0 = S 1)”(7!f(r

) —nzjej), (9)
n=0

and the corresponding coefficient AJ¢(«) instead of
AS, (o), where

m

— Z(_I)S7l m‘ SD[
stm—s)!

s=0

A (@)

In the case of non-centered differences the constant
di(m,«) vanishesifand only ife = 1,3,5,...,2[m/2] —
Therefore the non-centered differences (9) can be used
only for non-integer positive orders o and for odd integer
values of «.

Remark 6. Using (7), we can see that the Riesz-type
fractional derivative RT]D);" f(r) is the Riesz derivative [23]

of the function f (r) with respect to one coordinate x; € R!
instead of the usual Riesz operator defined for the vector
r € RN as a fractional generalization of N-dimensional
Laplacian. The Riesz-type fractional derivative RTDYY s

the Riesz fractional derivative with respect to x; for RL.
The Riesz-type operator X7D¥ can be considered as a
partial derivative of non-integer order.

Remark 7. In [37, 39] the Riesz-type fractional deriva-
tive RT]DJ;?‘ is denoted as D, ‘;’
analog of lattice fractional derivatives that are suggested
in these papers.

and it is a continuum
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Remark 8. It should be noted that an extension of
the variational calculus for the Riesz derivatives, which
is suggested in [2], is really considered for the so-called
Riesz-Riemann-Liouville derivatives and Riesz-Caputo
derivatives. In paper [2], the usual Riesz fractional deriva-
tives are not considered. Moreover extensions of varia-
tional calculus suggested in [2], are not connected with
microstructural lattice approach. The main advantage of
our variational approach is that the Riesz-type fractional
derivatives are related to the lattice fractional derivatives
[37, 39].

Remark 9. Using that (—i)?” = (—1)", the Riesz-type
fractional derivatives for even o« = 2m, where m € N,
are connected with the usual partial derivative of integer
orders 2m by the relation

KDY f(r) = (—=1)" D™ f (x), (10)
where we use the notation
82m
D" = . 11
/ ijzm (1)

For o = 2, the Riesz-type derivative is the local operator
—0%/9x7, ie.,

RTM2 _ _ 12 RTmé _ oyl

D? = - D?, Df = D (12)

and so on. The fractional derivatives RTID)/?’” for even

orders o are local operators. Note that the Riesz deriva-

tive RT]D)].1 cannot be considered as a derivative of the first

order with respect to xj, i.e., RTD]-lf(r) # Djlf(r). Note
that the Riesz-type derivatives of odd orders @ = 2m + 1,
where m € N, are non-local operators that cannot be con-
sidered as usual derivatives D/.ZW"|r1 = 3y2mtly 8xj2m+1. For

o = 1 the derivative 7D} is a nonlocal operator that can
be viewed as a "square root of the 1D Laplacian”.

2.3 Integration by parts for Riesz-type fractional
derivatives

Let us now describe a connection of the Riesz-type frac-

tional derivative and the Marchaud fractional derivatives.

Proposition 2. The Riesz-type fractional derivative
RTDY defined in (7), can be expressed in terms the
Marchaud fractional derivatives MD? , defined in (2), as

follows

RIDYf () = ale, m) (MD2, f) ) + (MDL_f) (),
(13)

I'l—oa)Au(a)

adi(m,a) (14)
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Proof. The right-sided Marchaud fractional derivative
(MDZ _f) (x) can be written as

(A7) (x)

|Z|1+(x

(D5 f) ) =

]

( —a) Am(a) /
(15)

Then the sum of the left-sided and right-sided
Marchaud fractional derivatives is given by

MDY f) ®) + (MDE_f) (%)

(AZf) (x) 4
|Z|1+°’

o +oo
T r-w Am(a) /
(16)

Using (7) and expression (16), we obtain the relation of

the Riesz-type and Marchaud fractional derivatives in the
form (13). O

Representation (13) and Eq. (6) allow us to prove that
the integration by parts transforms the Riesz-type frac-
tional derivatives into themselves. We have the following
statement.

Proposition 3. The integration by parts for the Riesz-
type fractional derivatives (7) has the form

/_ - (RTD?C’f ) (x) g(x)dx = /_ o fx) (RTD;'; g) (%) dx.
(17)

Proof. Using (13) and then (6), we get

+o0 +oo
| (smmer) gy =atwm [ (0%, ) @
+(MDE_f) (%) g) dx =

= a(a, m) g)x )+ (MDY, g) &) dx

+00
f@(("Dg_

+00
= / F) RTDY g(x) dx.
O

As aresult, integration by parts (17) does not change the
form of the Riesz-type fractional derivative. Note also that
this integration by parts does not change the sign in front
of integral.

3 Variational principle for fractional nonlocal
continuum

Let us now consider a variational approach to describe

the N-dimensional nonlocal continuum. Equations for
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the fractional nonlocal continuum can be derived as the
Euler-Lagrange equation for the action functional

Slel= /dt/deC(w,Diw, Kpfte, RTsztp), (18)

where L ((p,Dtl(p, RTDM g, KDY go) is the Lagrangian
density that define the N-dimensional continuum or the
field model, ¢ = ¢(r, ¢) is a scalar field. RT]D);.)‘1 and RT]D);"2
are the Riesz-type fractional derivatives with respect to x;
with j = 1,2,...,N. Note that x; are dimensionless val-
ues in the fractional dynamical models [29]. In general,
the action functional (18) can be considered for a bounded
region R C RN*1 by using the Lagrangian density

(19)

[ — L, (r,t) eR;
B=10, (r,t) e RNTL/R.

Let us formulate the principle of stationary action for the
functional (18).

Proposition 4. Let the Lagrangian density L (¢, Dlo,
RIS @, RTDS* @) be a function with continuous first and
second (partial) derivatives with respect to all its argu-
ments, and the function ¢ = @(r,t) has the continuous
Riesz-type fractional derivatives of orders a1 > 0 and
az > 0 with respect to x; with j = 1,2,...,N; in particu-
lar, the function ¢ belongs to the Lizorkin space. Then the
holonomic variational equation

which describes the principle of stationary action for the
functional (18), gives the Euler-Lagrange equation

N
aL oL
Dl RT (231
a¢ (aDl >+Z / <3RT]D);YI¢)

j=1
=0
@Y

N AL 20
RT 2
+ Zl Df (3 RTD;?Q
j=

if we assume that the variations 8¢ and Sx are equal to zero
on the boundary 3R of the region R C RN*L,

Proof. The first variation of the action functional (18)
with respect to ¢(r, £) and its derivatives has the form
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8S[¢] = /dt/dea,c /a’t /dN —5¢
L

+ Z (BRT]D)“‘ ) 8 (RTD?@
+ Z (aRT[D)az ) S (RTD;xzw)

If the considered continuum and fields do not con-
tain some non-holonomic constraints, then the fractional
derivatives and the variation commute:

D} 3¢), 5 (X7Dy)

RTDal(&p) 3<RTDa2(p> RTDaz(&p)

(21)

8 (D;o)

Using integration by parts (17), the variation (21) can be
represented in the form

3S[ ] :/dt/de
oL
RT o
Z ]D)ll <3RTD“1 )

j=1
) Sp(x, t).

oL

RT %2
j=1

The principle of stationary action is defined by the

holonomic variational equation

oL oL
— 8¢ — D} ( T )+
ap oD; ¢

(22)

3S[p]=0.

As a result, the stationary action principle for fractional
nonlocal continuum gives eq. (20) that is the fractional
Euler-Lagrange equation for the model described by the

Lagrangian density £L = L (g),D}q), RTID)}”(/), RTID)}XZga).

In order to derive equations of motion from variational
principles, the integration by parts should be used. It
is well-known that for wide class of of fractional-order
derivatives the integration by parts transforms the left-
sided derivatives into the right-sided and vice versa. To
avoid this problem, we proposed the variational principle
with the Riesz-type fractional derivatives. As we proved,
the integration by parts (17) does not change the form of
this fractional-order derivative.
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In the next section we consider this fractional varia-
tional approach to a model of waves in anisotropic frac-
tional nonlocal media and for a fractional generalization
of vibrating string model.

4 Application of the variational principle to
waves in anisotropic fractional nonlocal media
4.1 Continuum model of waves in fractional nonlocal
media
Let us consider waves in anisotropic medium with spatial
dispersion of power-law type, i.e., nonlocality of fractional
order. We will describe the medium by a scalar field ¢ =
@(x, t) in the Euclidean space (r, £) € RN x R. The order of
non-locality along different directions (along the x;-axis)
will be denoted by /2 > 0. The Lagrangian density for
this field is

; 1 2
£ (Do, "TDfy) = 50 (Dio(D)

1 /2 2
_5 ZA] (RTDjI o(r, t))
j=1
—Vip(r,2)).

Ifaj = 2forallj =1,2,...,N, this Lagrangian density
defines usual (local) classical field theory.
For the Lagrangian density (23), we get

AL IV(p) AL

e de (D} o(r, 1)
L

0 (RTD;X//Zgo(r, t))

Substitution of (24) and (25) into (20) gives the Euler-
Lagrange equation of the form

(23)

= pD;o(r,1), (24)

= AT o, 0). (25)

W) _,

N
i/2 i/2
p D}p(r,0)+y . KTD (A;RTDf’/ o(r, t)>+
j=1
(26)

which is the fractional differential equation for the frac-
tional nonlocal anisotropic medium.

For homogeneous media, A; are independent of r, and
the fractional differential Eq. (26) can be rewritten in the
form

N
o\ 2
pDip(r,t) + ) A (RTD}I’/ ) o(r,t) =
j=1

_aVi(p)

b0 27)

For wide class of functions ¢(r,¢) from the Lizorkin
space [11] for example, Eq. (27) can be represented in the
form

= 2V (p)
o«
pDio(r,t) + Y AFTD p(r, 1) = 5 (28)

j=1
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In the case A = Eand @j = « forallj = 1,2,...,N,
Eq. (28) can be written as

aVip)

o D2o(r, ) + ERT A ¢(r, 1) = — 7o (29)
where
N
RT ha ,__ RT o
A" =) Ry (30)
j=1

is the fractional Laplacian of the Riesz type [37].
Equation (29) describes waves in isotropic nonlocal
medium. For « = 2 and V(¢) = 0, Eq. (29) is the classical
wave equation since & A% = —A.,

4.2 Lattice model of waves in fractional nonlocal media
Let us consider an N-dimensional unbounded lattice with
the non-coplanar vectors aj, (j = 1,2,...,N) that define
the distance a4; = |aj| between particles with mass M.
For simplification, we will consider mutually orthogonal
vectors a;. In the general case, the Cartesian coordinate
system does not depend on the choice of lattice vectors
a;. However, conveniently choose the basis vectors e; of
the Cartesian coordinate system such that a; = 4; e;. Sites
of this lattice will be characterized by the number vec-
tor n = (n1,my,...,ny), where n; (j = 1,2,...,N) are
integers. We assume that the positions of particles in the
lattice coincide with the lattice sites, so that the vector n
is a number vector of the corresponding particle.

Let us consider a model of lattice with long-range inter-
actions that is described by the Lagrangian

M 1 h 1
Lign(®),6n®) =D ¢a®) = 5D > — Ajga(®)
n j

nm j=1

X K (nj = mp) gm(8) = ) V (on (D)),

n

(31)
with the kernel
o

" ’ 7% o +1 1 o+3

1(0[1(711 m])— 1+11F2( D) y2) ) )
) ) (32)

w4 (nj — m;j
_ur»w) a0,
4

where 1F; is the Gauss hypergeometric function [7]. The
first term of (31) defines the kinetic energy. The second
and third terms give the potential energy. If we consider
V(pn(®)) = Ja(®)en(t), where J,(¢) is the external force,
then we get the linear theory. For V(gn(t)) = (1/4) pa(t),
we have the well-known nonlinear ¢*-theory.
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The equation of motion can be obtained, as usual, from
the stationary condition for action

Silpl= / dt L (9n(0), dn(D)) - (33)

The stationary condition for the functional (33) with the
Lagrangian (31) gives the Euler-Lagrange equation

BL_d (9£) o
don dt \dgn)
in the form
d*gn(t)
M <pn ZZ Aj K, (”1 mp) gm(t) = F (¢n(2)),
m 1_
(35)
where F is the potential force
9V (¢n)
F(pn) =— p #n . (36)
n

In papers [37, 39], definition of lattice fractional deriva-
tives of the positive real orders o; in the directions e; =
a;/|aj| are presented.

Definition 3. Lattice fractional partial derivatives of
orders aj > 0 are operators defined by the equations

1
— D KOy —m) om(®),
=—00

/Wl}'—

(=1,...

D [ } on(t) ==
J

N),
(37)

where oj € R, o > 0, mjym; € Z, m € 73, and the
interaction kernel I(;; (nj — my) is defined by Eq. (32).

Using (37), the Euler-Lagrange Eq. (35) can be rewritten
as

& ea®) +ZZ s D+[ ] Gm(®) = E(ga(®)).

m j=1
(38)

There is a connection between the lattice fractional
derivatives and the Riesz-type fractional derivatives that
is described by the following proposition established in
(37, 39].

Proposition 5. In the continuum limit the lattice frac-
tional derivatives (37) are transformed into the continuum
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fractional derivatives of orders «; that are the Riesz-type
Sractional derivatives with respect to coordinates x; by

F 1o Limo Fa (DZ [O]" D = RTD;X", (39)

where Fa is the Fourier series transform, Lim is the passage
to the limit aj — 0, and F~ is the inverse Fourier integral
transform [39].

Proof. This proposition is proved in Section 5 of [39].
O

Using this proposition, we can get that the continuum
limit transforms of lattice Eqgs. (38) into (28), which is
the fractional partial differential equation of the fractional
nonlocal continuum.

As a result, proposed fractional variational principle
allows us to get the Euler-Lagrange equations that are
directly connected with microstructural lattice models of
fractional nonlocal media [31—-34, 40], and the lattice field
theories [35, 38].

5 Application of the variational principle to
fractional nonlocal one-dimensional continuum

5.1 Continuum and lattice models of string with

fractional nonlocality

Let us now consider a string, which is made of a material

with spatial dispersion of power-law type. The Lagrangian

density of this string with nonlocality of two orders &1 > 0

and ay > 0 can be presented in the form

1 2
r (wyDtl(p’RT]D)gl%RT ]D);lz(p) =p (Dlo(x, 1))

2
T (7D 1)

1 2
— S TR () (*"D2ewn)

+Jx Hex, b).
(40)

For an incompressible elastic solid, the displacement
field ¢ (x) = uy(x) is transversal, or orthogonal to the lon-
gitudinal axis (in our case, the x-axis) of wave propagation.
Note that x and ls2 (atp) for fractional nonlocal models are
dimensionless values [29]. The first term represents the
kinetic energy, where p is the linear density (i.e., mass per
unit length). The second and third terms represent the
potential energy due to internal forces, and T is the string
tension. The fourth term represents the potential energy
due to the external load J(x).
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For local materials, we have a1 = 1, oy = 2, and we
should use the Lagrangian density in the form

1 1
£ (¢.D}¢, D2, Dly) = 5p (Dlo(, 1)’ - ST (Do, H)’+

+ %Tlsz (D20, ) + (3, )@, 1),
(41)

Note that the Lagrangian density (40) with «; = 1 and
ay = 2 similar to (41) but contains minus sign in front of
the third term. Therefore expression (40) cannot give (41)
fora; =1,y = 2.

For the Lagrangian density (40) of the string model, we
get the derivatives

oL

= =J(x,0), — = = pDlot 42
o J(x, 1) Do) pDio(x, 1), (42)
oL
e = — TR DN g (x, 1),
aRTDgl(p(x’ t) X (p(x ) (43)
oL

T DGy k) DR,
X ’

Substitution of (42) and (43) into (20) gives the Euler-
Lagrange equation

Dig+ gt (1 (*pit) o)

(44)
RT e (Tlf(az) RTD;‘;2¢) —Jxt) =0,

which is the fractional differential equation for the frac-
tional nonlocal string.

If the continuum is homogeneous, then T is indepen-
dent of x, and the fractional string equation has simple
form

2 2
pDio+T (RTD2) T (an) (FTDE) 9T 5, 0) = 0.
(45)

Using the properties of the fractional Riesz derivatives,
for functions ¢(x), for which (RT]D?)z(p RT201 )
Eq. (45) can be represented in the form

p DX+ TRID2 g + T 2 (02) T D**2¢ — J (x,£) = 0.
(46)

In the general case, we should consider an effective
source term /o (%, £) instead of J (x, £), where J (%, ) con-
tains the function J(x,¢) and deviations from the semi-
group property for the Riesz-type derivatives.
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It should be noted that fractional differential Eq. (46) is
directly connected with the lattice model described by the
equation

d2§0n (t) +
dt? a2 Z K2Dll

T2 (062)
200

— m) (L)

S K, (1= 1) @u(®) — Ju() = 0,
(47)

that can be derived from stationary action principle with
the Lagrangian

Lign(2), fu(®)) = §Z¢n(r>

Z Ou(t) K3ty (1 — 1) 0y (£)—

2a2a1
- Tzliggzz ) D on(O K3, (n = 1) g (0)
- Z]n(t)(pn’(t),

” (48)

where the kernel K} (n — m) is defined by Eq. (32).
If we have materials without nonlocality and memory,
then a1 = 1, ap = 2, and Eq. (46) has the form

pD?¢ — T DX+ T2 D} (49)

RT]DZ
x

(p_](xrt) =01

where we use D2 and RTD4 —l—D4

Note that despite the fact that the Lagrangian density
(40) cannot give Lagrangian density (41) fora; = 1, ap =
2, the eqs. (46) gives (49) for «; = 1, ap = 2. This is due to
the fact that

9 ]
A RTD2¢ (x, H D2p(x 1)
! x 3 (50)

IR DR, 1) T3 Dhpm 1)’

Equation (49) is the differential equation for string
which was made of a gradient elasticity material [16, 17,
36, 41]. If we use a1 = 1, ap = 0, we get the equation

pD*p — TDXp — J(x,t) = 0. (51)

It is the usual well-known equation for string without
nonlocality and memory.

5.2 Solution of fractional differential equation
For the static case (D%(p = 0and J(x,£t) = J(x)), Eq. (46)
has the form

RID21g 4 () RT D229 = T71 (). (52)
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The particular solution of Eq. (52) can be presented (see
Corollary 5.14 of [11]) in the form

+00
‘P(x) = Til / G2011,2Ot2 (x - x/) ](x/)dx/, (53)
—00
where Gy, 4, (%) is the Green-type function
o0 cos(A|x|)
G2a1,2a2 (%) = /0 W (54)

If the external force J(x) is applied at the point x = 0,
then
J(x) =Jo 8(x)

and the field ¢(x) has a simple form &) =
(Jo/T) Gauy,200 (%), where Gog, 20, (%) is defined by (54). As
a result, the field ¢ (x) is given by

(55)

) = 2Jo /Oo cos(A|x])
Y= Jy w2 Rlagrze

The plane wave

(56)

P, 1) = el g, (),

can be traveling in fractional nonlocal continua with its
frequency w, where the fractional differential equation for
the field ¢, (x) is

2
—pa®@px) + T (RT]D);“) @p(x)

2
+ T2 (M) ¢p) = Jp(x) = 0.
(57)

Here we use J(x,t) = e‘iwt[p(x). For a wide class of
functions ¢, (x) Eq. (57) can be rewritten in the form

RID201 0, () + 12 (02) RT D229 ()
0 w? (58)

- @ = T, (x).

The particular solution of Eq. (58) can be given
(Theorem 5.24 of [11]) in the form

+0o0

(pp(x) w) = T_l / GZO(1,2O(2 (x_x/r a))]p(x/)dx/) (59)

—00

where G\

20,20, () 18 the Green-type function

cos(A |x|)
A2 4+ ()22 — p w?/T
(60)

Here [2(az) # 0 and p @? # 0. For the case (55), the
solution (59) is

%) 2Jo /Oo cos( |x]) i
y W) = —(— .
@p T Jo A2 4 l?(az)k2a2 — pa)Z/T

(61)

o
G2a1,2a2 (x’ a)) =2 /
0
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This is solution of the fractional string equation for
external load J(x) applied at a point (55).

6 Conclusion

To obtain equations of fractional nonlocal theory for
media and fields with power-law nonlocality, we propose
a new fractional variational principle for Lagrangians with
fractional-order derivatives. This fractional variational
principle is based on the Riesz-type fractional derivatives.
The characteristic properties of the proposed approach
are the following:

(1) The Riesz-type of derivatives do not have the
left-sided and the right-sided forms, in contrast to
the Riemann-Liouville, Caputo, Liouville and
Marchaud fractional derivatives.

(2) The integration by parts transforms the Riesz-type
fractional derivatives into themselve. For fractional
derivatives of Riemann-Liouville, Caputo, Liouville,
and Marchaud, the integration by parts, which should
be used in derivation of the Euler-Lagrange equations
from variational principle, transforms the left-sided
derivatives into the right-sided and vice versa.

(3) The corresponding fractional Euler-Lagrange
equations can be solved for a wide class of
Lagrangian densities by methods described in [11].

(4) The Riesz-type fractional derivative RTD;X" isa

derivative with respect to one coordinate x; € R1
contrary to the usual Riesz derivative [11, 23], which
is a fractional generalization of N-dimensional
Laplacian. The Riesz-type derivative RTD)Y can be
viewed as a partial derivative of non-integer order.

(5) The Riesz-type fractional derivatives naturally arise
in the fractional continuum mechanics based on the
lattice models [31-34, 40], since they directly
connected with lattice fractional derivatives that are
recently proposed [37, 39].

The main advantage of the suggested fractional vari-
ational principle is the fact that it is connected with
microstructural lattice approach and the lattice fractional
calculus that is recently proposed. In the papers [37, 39]
it was proves that the Riesz-type fractional derivative is a
continuum limit of the lattice fractional derivative.

Nonlocal continuum theory is based on the assump-
tion that the forces between particles of continuum have
long-range type, thus reflecting the long-range charac-
ter of inter-atomic forces. Nonlocality of the power-law
type allows us to use fractional derivatives and integrals
in nonlocal continuum mechanics. In fractional nonlo-
cal theory it is important to apply fractional derivatives
that take into account the long-range particle interac-
tions in microstructural models. The microstructural lat-
tice approach, which includes consideration of continuum
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limit, allows us to select a type of fractional derivatives
that will be more adequately and correctly describe frac-
tional nonlocal continua. Therefore we propose to use
the Riesz type fractional-order derivatives that are directly
connected with models of lattices with long-range interac-
tions. It allow us to get more correct models of fractional
nonlocal media by fractional variational principle.

In this paper we consider a fractional principle of sta-
tionary action with Riesz-type fractional derivatives. This
principle is represented by the holonomic variational
equation 8S[¢] = 0. In the general case, we should use
the variational principles that are represented by non-
holonomic variational equations. To consider nonlocal
media with dissipation and non-potential forces, non-
Lagrangian systems, we should apply a fractional general-
ization of the Sedov non-holonomic variational equation
[24-26] instead of the stationary action principle.

The proposed fractional variational principle also allows
us to obtain exact analytical solutions of the fractional dif-
ferential equations for models of a wide class of media
with fractional nonlocality. A characteristic feature of the
behavior of a fractional nonlocal continuum is the spatial
power-tails of non-integer orders [12, 33]. The fractional
nonlocal models, which are used to describe complex
media, can be characterized by a common or universal
spatial behavior media by analogy with the universal tem-
poral behavior of low-loss dielectrics [9, 10, 27, 28]. The
proposed fractional variational principle can be impor-
tant in the fractional field theory [38] and in the fractional
quantum theory [35].
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