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ABSTRACT In this article, the Cauchy problem in a half-plane is studied for a fourth-order inhomogeneous
equation with a fractional derivative in the Caputo sense. The uniqueness of the solution is demonstrated using
the Laplace transform. In constructing the solution, partial solutions expressed in terms of Wright functions are
first found. Green’s functions are then constructed using these partial solutions. The solution is constructed
explicitly using the Green function. An explicit form of the fundamental solution is also obtained.
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1. Introduction and statement of the problem

In recent decades, fractional calculus has evolved from a field of purely mathematical research into a powerful tool
for modeling real physical processes. Fractional derivatives become particularly significant when describing phenom-
ena in media with complex internal structures, memory, and nonlocal properties. As noted in [1], fractional dynamics
investigates the behavior of objects and systems characterized by power-law nonlocality, power-law long-term mem-
ory, or fractal properties. Classical continuum models based on integer-order derivatives often prove inadequate when
transitioning to the nanoscale, where effects of structural heterogeneity, anomalous transport, and viscoelastic relaxation
begin to dominate. Work [2] provides a rigorous stochastic justification for this fact: the non-exponential relaxation of
a single nanoobject naturally leads to the description of nanoparticle kinetics using differential equations with fractional
derivatives.

It is noteworthy that the equation studied in this work is of particular interest for nanomechanics. Fourth-order
equations traditionally describe the bending vibrations of beams, membranes, and plates [3]. In the nanoscale range,
such models are applied to analyze the dynamics of nanobeams, nanofilms, and filamentary nanostructures situated in
complex viscoelastic media. Study [4] investigates waves in magneto-elastic nanobeams using a fractional derivative to
model internal damping, while nonlocal elasticity theory allows for the consideration of nanoscale size effects. In [5], a
new mathematical model of thermoelasticity is proposed for analyzing coupled thermomechanical waves in functionally
graded viscoelastic nanobeams. Works [6-8] also demonstrate that introducing fractional derivatives effectively accounts
for the rheological properties of materials: [6] investigates nonlinear vibrations of beams made of fractional-order Zener
viscoelastic material; [7] examines the vibrations of a nanobeam on a fractional-order viscoelastic Winkler-Pasternak
foundation using nonlocal elasticity theory. In study [9], dedicated to an inverse problem for the heat conduction equation
with a load, variable coefficients, and fractional integral operators, a mathematical method for analyzing heat transfer
processes at the nanoscale is developed. Thus, the investigation of equations of type (1) holds not only theoretical but also
direct applied significance for nanotechnologies.

This paper investigates the initial value problem for a fourth-order equation involving the Caputo fractional derivative.
The Cauchy problem for second-order equations with a fractional derivative with respect to spatial variables (diffusion-
wave equations) has been studied in considerable detail in works [10—-14]. For equations with the Laplace operator and the
Dzhrbashyan-Nersesyan fractional derivative of order (0, 2), analogous results were obtained in [15], and for equations
of odd order — in [16]. In [17], a solution to the Cauchy problem for an even-order equation with the Riemann-Liouville
derivative of order (0, 1) was obtained. A boundary value problem with the Caputo fractional derivative with applications
in nanotechnologies was also investigated in [18].

Closely related to the topic of this work is the study [19], where the Cauchy problem for a homogeneous fourth-
order equation with the Caputo fractional derivative was reduced to a Schrodinger equation by lowering the order of the
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fractional derivative. However, [19] did not consider the inhomogeneous equation, and the question of solution uniqueness
remained open.

In contrast to the previous works, this paper proves a uniqueness theorem for the solution of the Cauchy problem,
constructs particular solutions using the Wright function and, based on them, formulates the Green function, obtains an
explicit integral representation of the solution for both the homogeneous and inhomogeneous equations, and provides the
explicit form of the fundamental solution.

The proposed approach can be extended to equations of arbitrary even order, which opens up prospects for further re-
search in the field of mathematical modeling of nanosystems, including problems concerning the dynamics of nanobeams,
nanofilms, membranes, and other nanostructures in complex media with memory and nonlocal properties.

Let us proceed directly to the formulation of the problem. Consider the equation in the domain
Q={(z,y): —0 <2 <00,0<y<T}
84
Lu] = (CDg“y + W) u=f(z,y), (1)

where ¢ Dy, is the operator of fractional (in the Caputo sense) integro-differentiation of order o, 1 < o < 2, defined by
the relation

1 [ 62u(x )

o _ a—2 _ 72 i

CDOyu—DOy Uyy—r(Qa)/(y_T)a_ldT»
0

here DS‘J 2 is the operator of fractional differentiation in the sense of Riemann-Liouville [20].

A regular solution of equation (1) in the domain €2 is defined as a function © = u(z, y) satisfying the conditions:
oFu — __ 0t Mu — _
Ik EC(Q), k:zO,S;@ EC(Q);ay—m EC(Q), m =0,1; cDg,u € C(Q).

Cauchy Problem. Find a regular solution u(z, y) of equation (1) in the domain €2 satisfying the initial conditions

: _ - Ou(z,y)
yl_lfﬂou (@,y) = ¢ (x) »y1_1)m+0 oy

= (z), (2)
where ¢ (), (z) are given functions.

2. Uniqueness of solution

Theorem 1. The Cauchy problem with homogeneous initial conditions, in the class of functions satisfying the

conditions

‘ < Me?, 0 < M = const., m = 0,1, where o is a fixed constant, has only the trivial solution.

oy™
Proof. Let u(x,y) be a solution of the Cauchy problem with zero initial conditions. Consider the Laplace transform

of this function
+oo

v(w,p)==t/ae_pr(w,y)dy,
0

hence
—+o00

vl <M [ ey

0
Let us find the fourth-order partial derivative with respect to the variable x of the transform

p—o

+oo +oo
0% (x,p 0% (z,y _
78534 ) = / e Iwiafﬁ >dy:— / e pchS‘yudy:—pav(x,p).
0 0
From this, we obtain the problem
0t (z,p o
A—Lrl:—pv@m%
o (@p) < =2
v(z .
PSS
The general solution of problem (3) has the form
Bx : —Bx . \/5 a
v(x,p) =€’ (c1 cos Bx 4 cosin Bx) + e (cgcos Bx + cysin Bx), B = 5Pt

By virtue of the condition of problem (3), we obtain

v(z,p) =
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and consequently
u(z,y) =0.
Theorem 1 is proved.

3. Construction of the Solution

First, we construct some particular solutions. The following lemma holds.
Theorem 2. Functions of the form

a [e3
w(ey) = 9’0 (< 5.0+ Likay™T), =12

where

ok

ey =N~
¢(=0,62) ;Jk!r(—akﬁ)

is the Wright function;
2,y >0,bE RN =edi \g=¢ 30,
satisfy equation (1).
Proof. By direct calculation, we obtain

84Uj (z,y) b—a @ -2
5 =y q&(—z,b—s—l—a;/\jxy 4), (4)
82’[1,]' (LC, y) b—2 o -g
T/Q =Yy ¢(_Zab_ L Ajzy 4) .
Furthermore, since
Ir< larg \;| <,
using formula [16]
Dy o (0,85 %) =y g (=66 — v \y0), (5)
for 5
0<d<1, 7w <largA| <m; e,v€ER,
we have

a— — o —-<
CDgyuj = DOy 2 {yb 2¢ (_Zub_ l;ijy 4)} =

g0 (< b 1 asday ). (6)
From (4) and (6) the validity of Theorem 2 follows.

Theorem 2 is proved.
Let us recall some known properties (see [16]) of the Wright function:

L0062 =60 t52), (5> 1), (7

6(=6,552)] < Cexp (—vl2177 ), 2l = o0, (8)

where
C=0C(ev), 6€(0,1), €€R,
m—largz| 140

1/<(175)%cos 7w < |argz| < .

1—-4§ 7 2
b 1 1406
_ . = _ <.
/¢( bieiha)do = o, yom < )| < )
0
Following works [16],[17], consider the following function
My —n)P « T —
Gy (o &y —m) =~ <4,b+m1i> -
(y—m)*
Aoy —n)° -
_M¢ (_a’b+1;)\2|x§|a> , bER. (10)
4 4 (y—mn)*

The following theorem holds.



The Cauchy problem for a fourth-order equation involving a fractional derivative in the Caputo sense 175

Theorem 3. Let ¢ (z) € C*(R), v (z) € C (R) and ‘(p ‘ | (x)] < M = const., k = 0,...,4. Then the
representation

+o0 +oo
u(,y) = / o (z—E) 0 (€)dE + / Gy (2 — £.9) 0 (€) dE, (11)

is a regular solution of the following Cauchy problem
CDgyu + Ugzzr = Oa
li = li = .
Jm o (@,y) =¢@),  lm () =)

Proof. First, we show that (11) satisfies the initial conditions. We have
+oo

/ ‘4¢(— —4+1 Aj [ 5') (&) d¢ = (j:1,2; t= |x_f|) =
o yi ys
+oo
= /¢(—%,—%+1,)\jt) {o(x+yit)+o(x—yit)}dt,
0

now, taking into account (8), (9) and the restrictions on the function ¢ from the conditions of Theorem 2, we obtain

“+o0

ylggo G_oa(z—=&y)p(§)dE=p(x).

Furthermore, considering (5) and using (7), we have
+oo

(0% T —
sz
4

—1+oz 3
+i / {orere (+yTt) + onn (x —y 4t)}¢( e )\t>dt7
0

1 1
now, taking into account (8)-(10), the restrictions on the function ¢ from the conditions of Theorem 2, and )\2 + — v =0,
we obtain

o [
lim — _a(x— =0.
Jim 2 [ Gy @ 6p(©)de =0

After performing similar transformations and calculations for the second term in representation (11), we obtain
+oo

lim G*g+1 ( _gay)w(é-) dé- = Oa

y—+0
—o0

Jim, / oo (2 — &) () dE = b ().
Thus, representation (11) satisfies the initial COIldlthIlS of the Cauchy problem.
Now we show that representation (11) satisfies the homogeneous equation (1). Taking into account (5) and formula
[20]
fO) . fO) 4 a

CDgyf = Dgyf - my - my ,
we have
o0 _a +o0
eDiyule.s) = D5, [ Gy o=t p©ds— = [ 6oy 0= o(€)de-

— 00 — 00
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y' e B
T (2-a) ylﬂoay/ G_o(x—§y)p(€)ds =
e e
Comp (=&Y PO d ~ T 12)

From (12) and (13) we obtain

+oo
cDg, (/ Goo(z—=8&y)p(§)ds (/ Gog(z )w(é)d§> =
It is shown similarly that

+o0 4 o
cDgy(/ e v de |+ (/G—zH(zf’yW(Odf) =

N~ — N~ — o
+

— OO — OO

Theorem 3 is proved.

Theorem 4. Let f (z,y) = Dy, g (x,y),7 >0, g (z,y) € C (Q), |g (z,y)| < M = const. Then the representation

Y

“+o0
u(eg)= [dn [ Guy =gy f e (14)

(=)

is a solution of the problem
DG u (2, ) + Uzaes (2, ) = f(2,y),
Py 09) = Ty (29) =0

Proof. First, we show that representation (14) satisfies equation (1). We have

Y +o0
0
o [ [ G —gy-mfEmds -
0 —00
Yy +oo 9
= /dn / 5,30z (@ =&y —n) f(&n)dE,
0 —00
taking into account the integration by parts formula [16]
b b
/g (s) Deh(s)ds = /h (s) Dp.g(s)ds, <0,
we obtain
Y +o00
0 8
— | d — — d
oo [n [ oG- —n e de
0 —o00

/dn/ {883 oGy fds =

/dn/G V(@ =€y —n) g (€ m)de. (15)
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Next,
+oo
/ / sy (€ =&y —n) (& n)dn=
—00 0
+oo Y
= /df/GTa 3+’y( 7§7y777)g(£a77)d77a
— 00 0
hence
+oo Y
D§? / dg/GgTa,SH (= &y —mn)g(&n)dn=
—00 0
—+oo Yy
d¢ [ g(§;m) Gs_144 (=& t—n)dn
s

From (15) and (16), it follows that

Y
<CD()1, a4> /dn/Gsa 1(@=&y—n) f(&n)dE s =f(z,y).

We show that representation (14) satisfies the zero initial conditions. Let

+o0 Y
T = [ [w-n® (j,?jf;xj p—— ) (€ m)

0
make the change of variables

c= T it de= iyt
(y—m)*
we have
Yy

I(z,y) = /(y — ) dnx

hence

Similarly, we will have that
lim
y——+0 Yy
Theorem 4 is proved.
By Theorem 4, the function G'za _4 (x — &,y — n) is the fundamental solution of equation (1).

4. Conclusion

177

(16)

In this paper, we study the Cauchy problem for a fourth-order equation involving a fractional derivative in the sense
of Caputo. In the case o = 2, we have an equation for beam vibrations. The solution is constructed explicitly by finding
Green’s functions. Sufficient conditions for the existence and uniqueness of the solution are found. It should be noted
that the question of the uniqueness of the solution to the Cauchy problem for the beam vibration equation remained open
(see [3]). A fundamental solution to equation (1) is also constructed. In the future, the obtained results can be used
to study boundary value problems for inhomogeneous linear and nonlinear equations, equations with lower-order terms,
inverse problems with an unknown right-hand side, problems with nonlocal conditions, which have various applications in
nanosystems. It should be noted that the problem under study has not only theoretical but also applied significance, since
fractional integro-differential operators are widely used in mathematical models of nanosystem dynamics. In particular,
among mathematical models of transport-diffusion, fractional differential calculus stands out as a tool for describing

transport processes in media with a complex structure.
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