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Abstract The fractional variational principles beside
the semi-inverse technique are applied to derive the
space—time fractional Boussinesq equation. The semi-
inverse method is used to find the Lagrangian of
the Boussinesq equation. The classical derivatives in
the Lagrangian are replaced by the fractional deriv-
atives. Then, the fractional variational principles are
devoted to lead to the fractional Euler-Lagrange equa-
tion, which gives the fractional Boussinesq equation.
The modified Riemann-Liouville fractional derivative
is used to obtain the space-time fractional Boussi-
nesq equation. The fractional sub-equation method is
employed to solve the derived space-time fractional
Boussinesq equation. The solutions are obtained in
terms of fractional hyper-geometric functions, frac-
tional triangle functions and a rational function. These
solutions show that the fractional Boussinesq equation
can describe periodic, soliton and explosive waves.
This study indicates that the fractional order modu-
lates the waves described by Boussinesq equation. We
remark that more pronounced effects and deeper insight
into the formation and properties of the resulting waves
are added by considering the fractional order deriva-
tives beside the nonlinearity.
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1 Introduction

Derivatives and integrals of fractional order have found
many applications in recent studies in mechanics and
physics. It includes chaotic dynamics [1], mechanics
of fractal media [2], quantum mechanics [3], physi-
cal kinetics [4], plasma physics [5,6], astrophysics [7],
mechanics of non-Hamiltonian systems [8], theory of
long range interaction [9], anomalous diffusion and
transport theory [10] and many other physical topics
[11,12].

The most methods of classical mechanics deal
with conservative systems, while almost all processes
observed in the physical real world are non-
conservative. It was shown that non-integer deriv-
atives in the Lagrangian describe non-conservative
forces. Riewe [13,14] derived a method using a frac-
tional Lagrangian that leads to a fractional Euler—
Lagrange equation that is, in some sense, equivalent to
the desired equation of motion. Hamilton’s equations
are derived from the Lagrangian and are equivalent
to the Euler-Lagrange equation. Further study of the
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fractional Euler—Lagrange can be found in the works
of Agrawal [15,16]. He presented generalized Euler—
Lagrange equations for unconstrained and constrained
fractional variational problems. Baleanu et al. [17-20]
used the fractional Euler—Lagrange equation to model
fractional Lagrangian and Hamiltonian formulations.
Many other authors exploited the fractional variational
principles to study different problems in sciences and
technology [19-31] and references therein.

The fractional integration and differentiation opera-
tors had different kinds of definitions. The most famous
one is the Riemann—Liouville definition (e.g., [32,33]),
which has been used in various fields of science and
engineering successfully, but this definition leads to
the result that constant function differentiation is not
zero. Caputo’s definition gives zero value for fractional
differentiation of constant function, but this definition
requires that the function should be smooth and differ-
entiable (e.g.,[32,33]). These two definitions are exam-
ples of the nonlocal fractional derivatives [34—38]. Def-
initions of local fractional derivatives have been pro-
posed as Kolwankar and Gangal fractional derivative
[39], Cresson’s derivative [40], Chen’s fractional deriv-
ative [41] and the modified Riemann-Liouville (mRL)
derivative derived by Jumarie (e.g., [42,43]). Recently,
the mRL definition for the fractional integral and deriv-
ative is used to solve some science and technology
problems (e.g., [44,45]).

The Boussinesq equations arise in hydrodynamics to
describe propagation of waves in nonlinear and dissi-
pative media [46,47]. This equation was formulated as
partof an analysis of long waves in shallow water. It was
subsequently applied to problems in the percolation of
water in porous subsurface strata. Boussinesq equa-
tions are widely used in coastal and ocean engineering
[48,49]. Also, Boussinesq equations are the basis of
several models used to describe unconfined groundwa-
ter flow and subsurface drainage problems. Recently,
fractional differential equations have attracted consid-
erable interest because of their ability to model particle
transport in heterogeneous media and complex phe-
nomena. The fractional Boussinesq equation is suitable
for studying the water propagation through heteroge-
neous porous media. A fractional Boussinesq equation
is obtained assuming power law changes of flux in a
control volume and using a fractional Taylor series [50].

The fractional differential equations have been
solved using several methods such as Laplace transfor-
mation method, Fourier transformation method, itera-
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tion method and operational method (e.g., [32,33,51]).
However, most of these methods are suitable for spe-
cial types of fractional differential equations, namely
the linear with constant coefficients. However, there
are some papers dealing with the existence and mul-
tiplicity of solution of nonlinear fractional differential
equation using techniques of nonlinear analysis such as
Adomian decomposition method [52], homotopy per-
turbation method [53], fractional variational iteration
method [54], Exp-function method [55] and fractional
sub-equation method [56,57]. The space- and time-
fractional Boussinesq equations in Caputo sense deriv-
atives are solved using homotopy perturbation method
[58]. The space-time fractional Boussinesq (STFBq)
equation was solved by applying a fractional Riccati
expansion method, which gave closed analytical solu-
tions [59].

In this paper, the classical Lagrangian of the regu-
lar Boussinesq equation is calculated using the semi-
inverse method [60]. The fractional Lagrangian is
derived from the classical one by the direct way. The
STFBq equation is derived by applying the fractional
variational principle [14,15] in terms of the mRL deriv-
ative operator [42,43]. The fractional sub-equation
technique [56,57] is devoted to solve STFBq equa-
tion. The solutions of the resultant equation are given in
terms of the Mittag—Liffler function. The STFBq equa-
tion has five solutions: Two of them are represented
by fractional hyper-geometric functions and two oth-
ers in terms of fractional triangle functions, while the
fifth solution is appeared in a rational form. The effect
of the fractional order on some of these solutions is
studied and represented graphically.

The rest of this paper is outlined as follows: Sect. 2
is devoted to the derivation of the STFBq equation
by applying the semi-inverse method and the frac-
tional variational principle. Considering a traveling
wave transformation, the STFBq equation is solved by
the fractional sub-equation method in Sect. 3. In Sect. 4,
the effects of the fractional order on the results repre-
sented by the figures are discussed. Section 5 is devoted
to the conclusions on the work.

2 Derivation of space-time fractional Boussinesq
equation

The semi-inverse method [60] and the fractional vari-
ational principle [15,16] are applied to derive STFBq
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equation that is considered to describe physical phe-
nomena.

The regular Boussinesq equation of (1 +
sional has the form

1)-dimen-

2 82 ) 32
” 2u(x t)—i—Aa—u (x, t)—l—Ba u(x,t)
34
+Cwl/l(x,t) =0, (1)

where u(x, t) is a field function and A is the constant
nonlinear coefficient; B is the dissipation coefficient
and C is the higher order dissipation coefficient.

The space—time fractional Boussinesq equation can
be formulated as follows:

Assuming a potential function U (x, t) as u(x, t) =
Ui (x,t) gives the potential equation of the regular
Boussinesq equation (1) in the form

Ut (x, 1) + A{[u(x, D ex + BUsrx (x, 1)
+ CUxxxxx (x, t) =0, (2)

where the subscripts denote the partial differentiation
of the function with the parameter.

The functional of this equation can be represented
by

J(U) =/dx/dtUx(x,t){clUm(x,t)
R T

+ 2 A([u(x, D) xx + c3BUyrx (x, 1)
+c4CUxxxxx ()C, t)}, (3)

where c1, ¢, ¢3 and ¢4 are Lagrangian multipliers.

Integrating this equation by parts where U, |gp =
Ur It = Uxx |r = Urax [r = 0and ([u(x, D]y is
considered as a fixed function, applying the variation of
this functional with respect to U (x, t), integrating by
parts, optimizing of this variation, § J (U) = 0 and com-
paring the resultant equation with (2) give the constant
multipliers as: ¢] = %, co=1,c3= % and ¢4 = %

The functional relation yields directly the Lagrangian
of the Boussinesq equation as

L(U)Cl" va Ux)h Uxxx)
1
= —5[Uu(x, O + Aflu(x, D12} Us(x, 1)

1 2 1 2
- EB[Uxx(x, nl-+ EC[Uxxx(xv nl-. 4

Similarly, the Lagrangian of the space—time fractional
version of the Boussinesq equation could be written in
the form

F (DeDfU, DPU, DEPU, DFFPU)
1 2
=75 [DYDEUGx. 0] + A {Dfﬁ[u(x, t)]2}
1
x DU (x, 1) — 3B [DFFU(x, ;)]2
1 2
"'EC[DfﬁﬂU(x,l)] : 5)

where D!Y f = DY[D! f] and D! f(z) is the mRL
fractional derivative defined by [42,43]

SRRy NI S ]
sz@‘m—y)dz[adc c—or |’

0<y<l (6)

The functional of the space—time fractional Boussinesq
equation takes the form

Jr(U) = / (dv)f / (dn®
F(D*DFu, DPU, DU, DEPPU) | (Ta)
where [42,43]
t t
/ @0 f() = y / de(t — o) f (o). (7b)

Integrating by parts using the relation [42,43]
b
/ dr)Y f(2)DYg(x) =T (1 + Vg fRI,
a

b
—/(dZ)Vg(Z)DZf(Z),f(Z),g(Z)G[a,b]- ®)

and optimizing the variation of this functional,
8Jr(U) = 0, the Euler-Lagrange equation of space—
time fractional Boussinesq equation has the form

a IF of OF
—Dr el Il oy nll Rl 7
aD*DPU ap’u aDPPy

+ DPF % =0. 9)
aDPPU

Substituting the Lagrange of the STFBq given by (5)
into this Euler-Lagrange formula and using the defini-
tion of the fractional potential function as Df Ux,t) =
u(x,t) lead to

D u(x,t) + ADPPlu(x, 1)1* + BDPPu(x, 1)
+CDPPPPy(x, 1) =0, (10)

which is the space-time fractional Boussinesq equa-
tion.
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3 Solution of space-time fractional Boussinesq
equation

In this section, the STFBq equation will be solved
using a fractional sub-equation method [56,57]. Con-
sidering the traveling wave transformations u(x, ) =
®(&),&E = x 4 vt, (10) can be reduced to the follow-
ing nonlinear fractional ordinary differential equation
using the relations

DY [u(x)v(x)] = DY [u(x)]v(x) + u(x) DF[v(x)],

(11a)
DY f(u(x)) = Dyu(x)(df/du) = Dy f (u)(du/dx)*,
(11b)
for the case of f = «:
v DED(E) + ADE[® ()] + BDE D (6)
—I—CD?““"‘@(&) =0. (12)

The fractional sub-equation method [56,57] assumes
solution of this equation as

&) =D argh (), (13)
k=0

where ¢(&) satisfies the following fractional Riccati
equation:

m
DEp(&) =D bje! ©), (14)
j=0
where ai, k = 0, ..., n are constant coefficients to be
determined later and b;, j = 0,...,m are arbitrary
coefficients.

By balancing the highest order derivative term and
nonlinear termin (12), the value of n can be determined,
which has, in this problem, the value n = 2.

We suppose that (12) has the following formal solu-
tion:

D(&) = ap + a19(€) + a2l 15)

where ag, a; and a, are constant coefficients to be
determined and ¢ (&) satisfies the following fractional
Riccati equation:

DEp(&) = by + b9 (§), (16)

where bg and b; are arbitrary coefficients.
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Using the generalized Exp-function method via
Mittag—Leffler functions, Zhang et al. [61] first obtained
the following solution of fractional Riccati equation
(16)

@1(§) = —v/ —bo tanhy (v —bo§), bo <0,b; =1,

(17a)
@2(8) = —/—bg cothy (v/—bo), by <0,by =1,

(17b)
@3(8) = Vbotang (vV/bo£), bo > 0,by =1,

(17¢)
94(8) = —/by oty (v/bo&), bo>0,by =1,

(17d)
9s5(&) = —T(1 + @) /(% + w),

bo =0, b1 = 1, w = constant, (17e)

with the generalized hyperbolic and trigonometric
functions

tanh, (x) = sinhy (x)/ coshy (x),

cothy (x) = coshy (x)/ sinhy (x), (18a)
sinhg (x) = [Eq(x) — Eo(—x)]/2,

coshy (x) = [Eq(x) + Eo(—x)]/2, (18b)
tany (x) = sing (x)/ cosy(x),

COoty (x) = oSy (x)/ sing (x), (18¢)
sing (x) = [Eq(ix) — Eq(—ix)]/(20),

c08q (x) = [Eq(ix) + Eq(—ix)]/2, (18d)

where i = 4/—1 and E, (x) is the Mittag—Leffler func-
tion defined by

Eo(x) = > x*/T(1 + ka). (18e)
k=0

Substituting (15) along with (16) and setting the coef-
ficient of ¢* (&) equal to zero lead to a set of algebraic
equations in terms of the coefficients ag, a1, a; and by.
Solving the algebraic set of equations by Maple gives
the following case:

ap = —(vV** + B+ 8Chy)/(2A), a; =0,
ay =—6C/A, by=by,b =1, (19)

where the nonlinear coefficient A # 0.
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Fig. 1 Solution (20a) of ~. 0.4 -
STFBq equation with N R4
parameters A = —3, ‘\ /
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(a) 2D (b)3D, a=1/2

This set of coefficients gives the following set of
solutions for the space—time fractional Boussinesq
equation:

D1(£) = —(v** + B + 8Cbhp)/(2A)

+(6C/A)bo[tanhg (v/—bo&)1%, bo <0,
(20a)
D (€) = —(v** + B + 8Cbhp)/(2A)

+(6C/A)bo[cothy (v —bo&) 1>, bo < 0,

(20b)
d3(&) = —(v* + B +8Chp)/(2A)
— (6C/A)bo[tang (v/bog)*, by > 0,
(20¢)
®4(5) = —(v* + B +8Chy)/(2A)
— (6C/A)bo[cote (v/DoE)I?, by > 0,
(20d)
®s5(&) = —(v™™ + B)/(2A)
— (6C/A)I (1 + )/ EY + o),
w = constant. (20e)

The solutions given by (20a) and (20c) are the same
solutions appeared by (34) in [59], but other three solu-
tions here may not be represented before.

4 Results and discussion

Our main motive in this paper is to study the effect of
the fractional order («) of the Boussinesq equation on

its solution forms. The fractional sub-equation method
[56,57]is applied to solve the derived STFBq equation.
The solutions of STFBq equation are given by equa-
tions (20) where two of these solutions are in terms of
fractional hyper-geometric functions and two solutions
in terms of fractional triangle functions, while the fifth
one is represented as a rational solution. Refereeing to
the solution of the regular Boussinesq equation [62],
the free parameter (bg) of solutions (20) is chosen to
be by = F |(2v** — B — 3)/(8C)|. The effects of the
space—time fractional derivative order (o) on the shape
of the solutions have been studied in Figs. 1, 2, 3, 4
and 5.

Figure 1 shows the solution (20a), which repre-
sents a soliton solution. The increasing of « increases
the height while deceases the width of the soliton
wave solution. Therefore, the fractional order can be
used to modulate the soliton shape. The solution (20b)
describes an explosive soliton and is represented in Fig.
2 where the increasing of « increases the wave width.
This type of solutions shows that the Boussinesq equa-
tion can represent explosive wave form. The third type
of fractional Boussinesq equation, given by (20c), rep-
resents a periodic explosive wave. Figure 3 illustrates
that the increasing of the fractional order () decreases
the wavelength and increases the number of explo-
sive waves. The solution indicated by (20d) describes
another explosive soliton. This solution is elucidated in
Fig. 4, which shows that the increasing of « increases
the width of the explosive wave. The rational solu-
tion represented by (20e) shows decreasing wave as
in Fig. 5.
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Fig. 2 Solution (20b) of
STFBq equation with
parameters A = —3,
B=-1,C=05v=15

Fig. 3 Solution (20c) of
STFB(q equation with
parameters A = —3,
B=-1,C=05v=15

Fig. 4 Solution (20d) of
STFBq equation with
parameters A = —3,
B=-1,C=05v=15
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Fig. 5 Solution (20e) of 15 T | T
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5 Conclusion

In this work, the space-time fractional nonlinear
Boussinesq equation that has many different applica-
tions in science and engineering is derived. The semi-
inverse method [60] is used to find the Lagrangian of
the Boussinesq equation. The classical derivatives in
the Lagrangian are directly replaced by the fractional
derivatives. Then, the fractional variational principles
[14,15] are devoted to lead to the fractional Euler—
Lagrange equation, which gives the fractional Boussi-
nesq equation. The modified Riemann—Liouville frac-
tional derivative [42,43] is employed to obtain the
derived space—time fractional Boussinesq equation.

The fractional sub-equation method [56,57] is
applied to solve the derived STFBq equation. The solu-
tions of STFBq equation are given by equations (20)
where two of these solutions are in terms of fractional
hyper-geometric functions and two solutions in terms
of fractional triangle functions, while the fifth one is
represented as a rational solution.

The calculations of these solutions show that the
fractional order of the STFBq equation changes both
the height and the width of the waves. This means that
the fractional order can be used to modulate the shape
of the waves described by the Boussinesq equation.
We remark that more pronounced effects and deeper
insight into the formation and properties of the resulting
waves are added by considering the fractional order
derivatives beside the nonlinearity.

Some advantages of this study are as follows: The
derivation of the space—time fractional Boussinesq

equation from the classical one employs a variational
technique. The solutions of the fractional Boussinesq
equation are appeared in closed analytical forms in
terms of the Mittag—Leffler function. The used tech-
nique leads to new solutions describe periodic, soliton
and explosive waves that can explain different physical,
biological and engineering problems.
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