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Abstract: In this study, we obtained a system of eigenfunctions and eigenvalues for the mixed ho-
mogeneous Sturm-Liouville problem of a second-order differential equation containing a fractional
derivative operator. The fractional differentiation operator was considered according to two defi-
nitions: Gerasimov-Caputo and Riemann-Liouville-Visualizations of the system of eigenfunctions,
the biorthogonal system, and the distribution of eigenvalues on the real axis were presented. The
numerical behavior of eigenvalues was studied depending on the order of the fractional derivative
for both definitions of the fractional derivative.
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1. Introduction

Differential equations containing fractional derivatives are actively used in construct-
ing mathematical models for various phenomena and processes, followed by studying the
properties and behavior of the solutions of these equations. Such processes include research
on continuous media with memory, filtration of fluids in fractal geometries, physical aspects
of stochastic transport and diffusion, mathematical models of viscoelastic materials, models
of damped oscillations with fractional damping (e.g., vibrations of rock formations during
earthquakes or vibrations of nanoscale sensors), models of nonlocal physical processes and
fractal phenomena, climate models, and so on. For a long time, the encyclopedia of frac-
tional calculus was the monograph [1]. Currently, the most detailed publication, presenting
the fundamental theoretical principles of fractional calculus and various examples of its
practical applications, can be considered [2]. Monographs [3-9] are also devoted to the
application of differential equations with fractional derivatives in constructing models of
physical processes.

Especially intensively developed at present is the direction related to the use of differ-
ential equations containing fractional differentiation operators in constructing viscoelastic
models of solid bodies (for example, [10,11]). A detailed review of viscoelastic models with
fractional derivatives and their historical development is given in [12,13].

In addition to direct problems—the study of the properties of solutions of differen-
tial equations containing fractional derivatives—inverse problems are always relevant—
determining the type of equation that serves as the best mathematical model for the studied
process. In particular, the problem of selecting the order of the fractional derivative included
in differential equations used as rheological models is addressed in works [14-24].

2. Materials and Methods

Let us consider a differential equation containing a fractional-order operator used as
a model for viscoelasticity (a Linear Fractionally Damped Oscillator). Such an equation
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is used [25-30] for modeling the changes in deformational and strength characteristics of
various viscoelastic materials. This second-order equation contains a fractional derivative
of order less than two:

w" (t) +c Dyw(t) +Aw(t) =0, t€[0;T]. (1)

Here w(t) represents the displacement of a fixed point (construction material) at a
given time t;

T—end of the time period under consideration;

D%, w(t)—represents the Gerasimov-Caputo or Riemann-Liouville fractional differen-
tiation operator of order «.

¢, A, and a—constants. In [22], the following physical interpretation is proposed for
these constants:

c—represents the material’s viscosity modulus,

A—represents the material’s stiffness modulus,

a—represents the viscoelasticity parameter of the material.

The fractional differentiation operators are defined as follows [31-33]. The left-sided
Gerasimov-Caputo fractional derivative:

GCD& (1) — Ko=) Jo (t =)' W (1)dr, 1 <a <2
et = ) Jo (t=0)Mwi(n)dT,0 <a < 1

The left-sided Riemann-Liouville fractional derivative:

2 ot 1—
ﬁ;? o (t—1) fw(t)dT,1 <a <2

KEDgyw(t) = { 1 d

T(—a) fot (t—1) "w(t)dr,0<a <1

Here I' represents the Euler gamma function.

We will consider the behavior of a fixed point in a viscoelastic material subjected to an
impulsive load at the initial moment of time. Therefore, we impose the following mixed,
homogeneous boundary conditions:

w(0) =0, w/(T) =0, 2

which means that the displacement of the point is zero at the initial moment of time, and it
is given an initial velocity upon impact. The velocity of the point becomes zero at the final
moment of time (at the moment of cessation of oscillation).

The solution to problems (1)—(2) with homogeneous first-type boundary conditions
(Dirichlet problem) is provided in [34].

The general solution of Equation (1) can be found, as in [35], by solving a second-order
Volterra equation using a sequence of recursive kernels and expressing it as a power series.

3. Results

The general solution of Equation (1) in the case of the Gerasimov-Caputo fractional
derivative, in the form of a power series, is given by:

(k) Ck)\n+1fkt2n+37ka
A 3 00 +1
Gcw(t) = At — Tt + 0 (—-1)" Yk—o T(2n+4—ka) +

Y kynt1—k2n+2-ke
. \k

A2 00 +1
+BI 1= + X ()" X
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n . . .-
Here ( k) = Wlk)' represents a binomial coefficient.

Using the boundary conditions, it follows: from the first that B = 0 and from the
second that the eigenvalues of the problems (1)—(2) are the zeros of the function AEC (A):

(”> ok An+H1—k2n+2—ka

GCran AT? oo n+1 Yy n
AT =1= ==+ ) (=D Y T(2n+3 — ka) ©

Figure 1 shows the graph of the function ASC(A) for various values of the fractional
derivative order with T =1 and c = 0.2.

1 , A \ a \ ‘ O —o=0.5
08 - (. 7N ---a=1.0 -
4 :_.' \ i’ ::.""" ey T o=1.5 i A
0.6 r’ :- rI % f \"‘ —A=0 A el
045 I i r” :. \ /1 i
02F ' 1 / ]
= | i
z 0
02+ - \ -
) \\
-04 \ \ j 7
! | \ /;__.
-0.6 [ I \ J N s s
\\ ‘\ ) \\ . ;') \\\ ';I
_08 It ‘\\ ¥ ‘\\ ,l \\\ ,/ \\ /// -
_ i | | | - | | L |
0 100 200 300 400 500 600 700 800 900 1000
A
Figure 1. Graphs of the function AGC(A) with T=1and c=0.2 fora =0.5,a =1, and « = 1.5.
Table 1 presents the first ten eigenvalues of the problems (1)—(2) for T =1 and c=0.2
obtained through numerical simulation using MATLAB.
Table 1. Eigenvalues of the problems (1)—(2) for T = 1 and ¢ = 0.2 with various values of the fractional
derivative order according to Gerasimov-Caputo.
M Az As Ay As Ag A7 Ag Ag Ao
a =06 2.59 21.99 61.41 120.47 199.37 297.97 416.35 554.43 712.29 890.15
a =09 2.65 22.27 61.67 120.81 199.69 298.31 416.69 554.79 712.63 890.37
a=12 2.73 22.85 62.67 122.29 201.63 300.75 419.61 558.23 716.59 894.83
a=15 2.81 23.87 65.05 126.41 207.77 309.17 430.55 571.91 733.21 914.29

According to the values in Table 1, as the fractional derivative order increases, the
eigenvalues increase slightly. The maximum relative deviation is observed in the second
eigenvalue:

max )\k(lx = 1.5);)\1((0{ = 0.6) 100% — )\2(0& = 1.5);)\2(0& = 0.6)
k=1,10 Ak A

-100% = 8.3%

The system of eigenfunctions for the problems (1)-(2) with the Gerasimov-Caputo
fractional derivative is given by:

n
k) Ck)\gl—&-l —kt2n+3—kzx

Gy _ g Amb o n+1 \ (
Wy=(t) =t = A Yo (D)"Y i Ton+i—ka) (4)
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Am represents the eigenvalues withm =1, 2, ...

Thus, solutions to problem (1) satisfying boundary conditions (2) are found. That
is, we obtain the equations of motion of a fixed point of a viscoelastic body to which a
non-zero velocity is given at the initial moment (rest position) of time, and at the final
moment of time T, the velocity is zero.

Figure 2 illustrates the graphs of the first 6 eigenfunctions for the problems (1)—(2)
with a fractional derivative order of & = 1.2 according to Gerasimov-Caputo, with T =1
and ¢ = 0.2. The values of functions W (t) + WEC(t) were computed using numerical
simulation in MATLAB, where a partial sum of the series was taken instead of the full sum.
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Figure 2. Graphs of the first 6 eigenfunctions for the problems (1)-(2) with a fractional derivative
order of & = 1.2 according to Gerasimov-Caputo, with T =1 and ¢ = 0.2.

Figure 3 displays the graphs of the seventh eigenfunction for the problems (1)—(2) with
fractional derivative orders of « = 0.6 (solid line) and & = 1.5 (dashed line) according to
Gerasimov-Caputo, with T =1 and ¢ = 0.2. From the figure, it can be observed that the
eigenfunction corresponding to a higher fractional derivative order decays faster at local
maxima and minima. It is worth noting that similar conclusions hold for all the cases
studied by the authors with T =1, ¢ € [0.1; 1.0], and « € [0.1; 1.8].
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Figure 3. Graphs of the seventh eigenfunction for the problems (1)-(2) with fractional derivative
orders of « = 0.6 and «a = 1.5 according to Gerasimov-Caputo with T =1 and c = 0.2.

The system of eigenfunctions { WS (#) }me1o  is complete in Ly, but not orthogo-
nal [34]. Let us construct a biorthogonal system for it using the approach from [36]. To obtain
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a biorthogonal system for the system { WS¢ ( )}
For this purpose, we examine the operator:

_,, we consider the adjoint equation to (1).

A(f) = f" +c DG f.
Then, the adjoint operator to A is denoted as A*, such that:

(A(f), g) = (f, A*(g))-

where the scalar product is defined as:

(f8) = [ £0) g

Assuming the functions f and g satisfy the boundary conditions (2), we have:

(A(f),8) = (f" +c-“CDLf,g).

Using the self-adjointness of the repeated differentiation operator, we have:

T

T
(7,8) = [ £ (0g(tat = £ ((0]g — £ D] + [ FOg" (1)t = (£,8").
0 0

The linearity of the fractional differentiation operator gives:

(f" +cCCD5f,8) = (f,8) + (D f,g) = (f",8) + e-(*“Diuf, &)

By changing the integration limits in the double integral, we have

. 1 T( (T
CDAF) = g o ) (=) s (e
Let us denote: .
U= [ (=o' g,

then, using the boundary conditions,

Sy ufr(myde = U@ f(a)ly - [} U@ (v = Uﬂ)
{w<vT — Jy U (@f(mdr} = U)f(0) — U (T)F(T) + J§ U ()f(x)dr.

Furthermore, by using the relation between the right-sided fractional derivatives
according to Gerasimov-Caputo and Riemann-Liouville derivatives, we obtain:

ur (t (t—1)' g(tydt = [T (t— 1) " g"Odt—

- drz
g(T)T . g’(T) 1 " _GCpa _ gD "
T(-a) ~ T(2-a) T~ T(-a) "
Therefore,
(D8£, 8) = 1y {UO)f/(0) = W/(T)F(T) + fy U (7) ﬂ)ﬁ}:
1(0)—U' (T)f(T T T _—a T GC
()f(g zx)( @ - T igrzl ) Jo T (D)dT + [y D f(

Thus, the adjoint operator takes the following form:

A*(g) = g" +¢-““Dyy.
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The adjoint boundary value problem on the interval ¢t € [0; T] for the Gerasimov-
Caputo fractional derivative definition of (1)-(2) is given by:

@' (t) + c-CCD%w(t) + A-w(t) = 0, (5)

@1(0) = @(T) = 0. ©6)

The general solution of Equation (5), obtained through the solution of the second-kind
Volterra equation using a sequence of recurrent kernels, is given by:

, < Z )Ck)\nJrlfk(Tit)ZnJrkaut
~ A(T— )
B(t) = A (T =) = M+ 5 ()™ Lo +

( Z )CkAn+lfk(T_t)2n+2—ka
MT—1)? 0 +1
+BL1 - S+ R ()T, T(2n73—Fa)

Substituting t = T and using (6), we have B = 0.
Differentiating the obtained series, we have:

M\ kyn+1—k 2n+2—ka
AMFLI=R(T —
@(H) = A —1+7A(T_t)2 +Y -ty (k>c Y

2 n=1 k=0 I'(2n+ 3 — ka)

Next, we use the second boundary condition:

) kAn+1-kT2n+2—ka
w'(0)=A —1+A—T2+2°° (—D)"Y % £ =0
2 n=1 =0 T(2n+3 — ka) '

Hence, the eigenvalues coincide, and the eigenfunctions of the adjoint problem have
the form:

M\ kyn+l—k T — t)2n+3—ktx
~ /\m T—t 3 =) n n <k>c /\m (
WSC(t) = (T,t)f%Jan:l(fl) +12k:0 T(2n +4 — ka) @

Figure 4 shows the graphs of {W5C(t)} _sz—the first four eigenfunctions of the
problems (1)—(2) in black, and the graphs of {W,ﬁc (1) } __—the first four eigenfunctions

of the adjoint problem (5)—(6) in gray for the fractional derivative with order & = 1.2
according to Gerasimov-Caputo with T =1 and ¢ = 0.2.

To prove the orthogonality of the systems { WS (£)}, _,,, and {W,%C(t)} 12
i m=123;...

let us consider two eigenfunctions WSC, WSC and their corresponding (non-equal) eigen-
values Ay, Ag:

A (WS, ) = (M WEC, W) = (AWSS, WEC) =
= (WS, ATWA) = (WGE, A VEE) = Ak (WEE, WEC).

Therefore, (WSC, WGC) = 0 for any k # m, which means that WSC (x)—are the
functions from the system that are biorthogonal to the system { WS (x) } IEPPTg
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Figure 4. Graphs of {W§“(t)} n1a (black) n {Wgc(t)} T (gray) for the fractional derivative
; m=T;

with order & = 1.2 according to Gerasimov-Caputo with T =1 and ¢ = 0.2.
The solution of problems (1)-(2) is given by:
=Y w1 AnWEE ().

The coefficients A, can be found using the standard approach, employing the inner
product in Lj:

~ ~ GC 1A7GC _
(10, ) = Ky An (WS, W) = { A= Vi) 1=K

0, m#k
WGC
An = e e
Thus, we have the representation:
(w, WEE) _ cc
Zm 15..:GC oGO Wgc WGC> W (t)

Similar calculations can be carried out if the fractional differentiation operator is defined
according to Riemann-Liouville. In this case, the eigenvalues are zeros of the function:

(Z) ck An—k2n—ka

AEL()‘) =1 +Z;?:1(_1)n Zg=0 T(Zn 11— kzx)

Table 2 presents the first ten eigenvalues of the problem (1)-(2) for T =1, c = 0.2, and
various values of the order of the fractional derivative according to Riemann-Liouville.

Table 2. Eigenvalues of problems (1)-(2) for T =1, ¢ = 0.2 at various values of the order of the
fractional derivative according to Riemann-Liouville.

M Az A3 Ag As As Az Ag Ay Ao
o =05 2.23 21.87 61.27 120.41 199.31 297.95 416.33 554.47 712.33 890.12
a=1.0 227 22.01 61.49 120.71 199.67 298.37 416.81 554.97 712.89 890.73

x=15 2.51 23.23 64.27 125.45 206.71 307.99 427.27 570.53 731.75 912.65
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According to the values in Table 2, as the order of the fractional derivative increases,
the eigenvalues slightly increase. The maximum relative deviation is observed in the first
eigenvalue:

max )\k(ﬂé = 15);)\]((0( = 05) 100% — /\1 (DC = 15);/\] (IX = 01)

k=1,10 Ak M

-100% = 12%

It should be noted that according to the values from Tables 1 and 2, the eigenvalues
corresponding to different fractional differentiation operators with the same order of the
fractional derivative (specifically, @ = 1.5) do not coincide. The maximum relative deviation
is observed in the first eigenvalue and amounts to 11%.

Next, the system of eigenfunctions of problems (1)—(2) in the case of defining the
fractional differentiation operator according to Riemann-Liouville takes the form:

. <Z> Ck)\r’ilfkthJrlszx
o0 n
Wm (t) = t+2n:1(_1) Zz:() F(2n+27k1x) ’

In conclusion, let us consider the classical particular case: when « =1, problems (1)—(2)
transform into Sturm-Liouville problems for a second-order equation containing the first
derivative:

w'(t)+cw/(t)+Aw(t)=0; te0;T], 8)

w(0) =0; w/(T) = 0. )

The eigenvalues A, of problems (8)—(9) are zeros of the function:

A(M) = A—(;)2COS<T A—(;)2> —;sin<T A—(§)2>. (10)

The eigenfunctions of problems (8)—(9) are given by:

wy(t) = e‘gtsin<t A — (;)2>

It should be noted that the eigenvalues calculated in the MATLAB software using
the function A(A) for the values T = 1, ¢ € [0.1;1.0] with a step of 0.1 coincide with the
eigenvalues calculated using the function ARL(A).

4. Discussion

In viscoelasticity models (see, for example, [37]), the quantity % is referred to as the
coefficient of relative damping (over one period T, of the trigonometric component, the
natural logarithm of the eigenfunction decreases 571, times ), c—is the coefficient of losses,

and /A, — (%)2 is the (circular) frequency of damped eigenoscillations (the quantity
divided by 27 is inversely proportional to the period T, of the trigonometric component
of the eigenfunction). When building mathematical models of viscoelasticity using the
apparatus of fractional differentiation, it is clear that both the damping coefficient and the
frequency of damped eigenoscillations should contain the order of the fractional derivative.
In our view, the relative damping depends on two parameters, ¢ and «, and the frequency
of damped eigenoscillations on three parameters, A, (eigenvalues), c and a.Therefore, the
physical meaning of the coefficients in Equation (1) used in [22] appears to be justified by
the authors.
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5. Conclusions

In this study, a mixed homogeneous Sturm-Liouville problem for a second-order differ-
ential equation containing a fractional differentiation operator was analyzed, considering
two definitions: Gerasimov-Caputo and Riemann-Liouville.

A system of eigenfunctions and eigenvalues for the considered mixed boundary value
problem was obtained.

A conjugate boundary value problem for the fractional derivative according to Gerasimov-
Caputo was constructed.

A system biorthogonal to the found system of eigenfunctions was constructed in the
case when the fractional derivative is defined according to Gerasimov-Caputo.

The numerical behavior of eigenvalues was studied depending on the order of the
fractional derivative for both definitions of the fractional derivative.

Visualizations of the system of eigenfunctions, the biorthogonal system, and the
distribution of eigenvalues on the real axis were presented.
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