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Abstract

This paper deals with random fractional differential equations of the form,
CDSZrX(t) + AX(t) + BX(t) = 0, t > 0, with initial conditions, X(0) = C;
and X (0) = C}, where ©Dg, X (t) stands for the Caputo fractional derivative of
X (t). We consider the case that the fractional differentiation orderis 1 < o < 2.
For the sake of generality, we further assume that Cy, C7, A and B are ran-
dom variables satisfying certain mild hypotheses. Then, we first construct a
solution stochastic process, via a generalized power series, which is mean square
convergent for all ¢ > 0. Secondly, we provide explicit approximations of the
expectation and variance functions of the solution. To complete the random
analysis and from this latter key information, we take advantage of the Prin-
ciple of Maximum Entropy to calculate approximations of the first probability
density function of the solution. All the theoretical findings are illustrated via
numerical experiments.

Keywords. Random fractional differential equations, random mean square cal-
culus, Principle of Maximum Entropy, mean square Laplace transform.

1. Introduction and preliminaries

Fractional differential equations are widely applied for describing many phys-
ical phenomena such as seepage flow in porous media [1], fluid dynamic traffic
[2], viscoelastic damping in certain types of materials like polymers [3], spreads
of diseases [4], etc., just to list a few ones. Although many types of fractional
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derivatives have been introduced in the extant literature, a common character-
istic is that they are defined via nonlocal operators, which results particularly
effective for modelling phenomena with memory or after-effects.

In [5] one analyzes the main advantages and disadvantages of different types
of fractional derivatives. In the present contribution, we study a class of initial
value problem formulated via the Caputo fractional derivative. As explicitly
indicated in [5], the Caputo derivative is very useful in dealing with real-world
problems formulated through initial and boundary conditions. The contributions
listed in the previous paragraph illustrate this assertion (see [6, 7] for further
examples). In [8, 9, 10], one can find interesting theoretical and practical appli-
cations of fractional derivatives.

On the other hand, the presence of uncertainties is ubiquitous when math-
ematical modelling real-world problems. Randomness appears from different
sources such as, for example, the lack of knowledge of complex phenomena or
the measurement errors associated to experiments or samples required to cal-
ibrate the corresponding mathematical model. As a result, the formulation of
fractional differential equations with uncertainties leads to two main classes of
approaches, namely, stochastic fractional differential equations (SFDEs) and
random fractional differential equations (RFDEs).

SFDEs are differential equations driven by the fractional Brownian motion
(fBm), which is Gaussian, so with unbounded trajectories. The analysis of this
class of equations is usually done via the Wick-It6-Skorohod calculus [11, 12].
fBm is neither a semimartingale (except when the Hurst exponent H = 1/2)
nor a Markov process, so the classical mathematical machineries for stochastic
calculus are not applicable in the fBm case [13]. SFDEs have found interest-
ing applications, particularly in Finance where abrupt changes may occur [14].
Nevertheless, it must be said that applying SFDEs implicitly entails assuming
the uncertainties are Gaussian. Obviously, this limits the application of SFDEs
in real-world problems where other stochastic patterns are more suitable.

A complementary approach to SFDEs are RFDEs. These class of equations
are more flexible when applying in practice, since it permits separately ran-
domizing all the information (initial/boundary conditions, source term and/or
coefficients) defining the fractional differential equation. Furthermore, one can
assign a wide range of probability distributions to each term of the differential
equation instead of prefixing a single stochastic pattern to the whole model, as it
is done when using SFDEs via the fBm. An appealing option to choice the dis-
tributions for model inputs is utilizing parametric distributions (uniform, beta,
exponential, Gaussian, etc.), since it provides great flexibility to better capture
uncertainties. As accurately indicated in recent contributions, parametric RDEs
are becoming at the forefront useful tools to model real-world problems [15, 16].
For example, in [16] explicitly one states: “Random Ordinary Differential Equa-
tions are being used in the biological sciences, where non-Gaussian and bounded
noise are often more realistic than the conventionally used It6 calculus”.

While there are many contributions dealing with SFDEs, the study of RFDEs
is still scarce and further analysis is required. Some recent contributions on
RFDEs include the study both of theoretical aspects [17, 18, 19, 20] and appli-



cations [21, 22, 23].

The aim of this paper is contributing to advance in the study of parametric
RFDEs by studying a class of second order linear equations that, in the classi-
cal scenario (deterministic setting and entire order derivative) are vital to any
serious investigation of the classical areas of mathematical physics. Indeed, one
cannot go very far in the development of fluid mechanics, heat conduction, wave
motion, or electromagnetic phenomena without finding it necessary to solve sec-
ond order linear differential equations. In particular, this class of equations is
ubiquitous in the study of oscillations of mechanical and electrical systems.

For the sake of completeness, down below we briefly collect the main defini-
tions and results that will be required throughout this paper. Given a complete
probability space (Q, F,P), throughout this paper we will work in the Hilbert
space, (L2(€),(-,-)), whose elements are real random variables, X : Q — R,
having finite second-order moment, i.e. E[|X|*] < co. Here, E[-] denotes the
expectation operator. The norm, |[-||,, usually termed 2-norm, is defined as
X1, = (H‘E[|X|2])1/2 < oo, for each X € L2?(Q) and inferred by the inner
product (X,Y) = E[|XY]], X,Y € L?(©2). Such random variables are called
2-random variables. A 2-stochastic process, X (t) = {X(t) : t € T}, is a set of
2-random variables indexed by t. This index usually represents the time and
then it lies within a positive interval, say T = [0,T], T > 0. Notice that the
w-notation (i.e., sample dependence) for both random variables X = X (w) and
stochastic processes, X (t) = X (t;w), w €  has been hidden, as usual. The con-
cepts of 2-continuity, 2-differentiability and 2-integrability are defined in terms
of the stochastic convergence inferred from the 2-norm. The corresponding con-
vergence is called mean square convergence [24], [25, Ch.4]. A key property of
mean square convergence, that will be applied later, is stated in the following
result.

Lemma 1.1. /25] If {X,, : n > 0} is a sequence of 2-random variables such
that X,, is mean square convergent to X € L2(2), then
E[X,) — E[X] and V[X,] — VI[X], (1.1)

n— o0 n—0o0
where V [X,,] = E [(X,)?] — (E[X,])? denotes the variance of Xy,.

Observe that any sequence of 2-random variables, that is mean square conver-
gent, will have both convergent mean and convergent variance. Later on, we
will show that the solution of the random model under study will be a mean
square convergent series, and therefore by Lemma 1.1, it will have convergent
mean and convergent variance.

In this paper we deal with the following random initial value problem (RIVP)

°D$, X(t)+AX(t)+BX(t) = 0, t>0, l<a<2,
_ (1.2)
X(O):CO7 X(O):Cb

where A, B, Cy and C are random variables satisfying certain properties that
will be specified later. Here, CDS;X (t) denotes the mean square Caputo deriva-



tive of the stochastic process X (¢) (see [26, p. 290], [19], and references therein),
defined by

CD;;X(t):m/O (t —nylel=e=Y(x(r))TeDdar, t>0, (1.3)

where [«] is the ceiling function at o (so [o] = 2 and X (7){[*D = X(7) stands
for the mean square derivative of order 2) and I'() denotes the classical Gamma
function. The equation (1.2) is a generalization of the classical damped simple
harmonic oscillator. This is because when « converges to 2, the deterministic
Caputo derivative of a function, converges to its second derivative, see [27, p.
79].

Assuming that {X(¢) : ¢ > 0} is twice mean square differentiable, and denot-
ing by I'x(t1,t2) := E[X(t1)X (t2)] its correlation function (which, according
to Schwarz inequality always exists for a 2-stochastic process), it is straightfor-
ward to prove, by applying [25, Th. 4.5.1, p.100], that its mean square Caputo
derivative, CD8‘+X (t), exists, if and only if, the following double integral exists
and is finite

t
/ / (t—Tl)l_a(t—T2)1_a1—‘)'(‘v(7'177'2)d7'1d7'27 t>0. (14)
0

Remark 1.2. In the particular case that I i (11, T2) is continuous at every point
(r,7), 7 € [0,¢t], (which, according to [25, Th4 3., p. 90], is equivalent to say
that the 2-stochastic process X (t) is such that its X( ) is mean square contin-
uous), the integral (1.4) exists and is finite, and, as a consequence, the mean
square Caputo derivative, CDS‘JFX (t), exists. Of course, this result is also true
i the case that mean square continuity is replaced by mean square piecewise
continuity.

Furthermore, taking into account that (see [25, formula (4.133), p.98])

84rx(T1,T2)

F;’g(Tl,Tz) = W’

the existence of “ D¢, X (t) can be given in terms of the existence and finiteness
of the following double integral of the correlation function

t t 4
0°T'x (11, T
/ /0 (t— )t - 72)1*“78;‘2(8172 Q)dﬁdTg, t>0. (1.5)
1 2

Example 1.3. Let U be a Beta random variable of parameters (2,1), i.e. U ~
Be(2,1) (so U € L*(2)) and define X (t) := Ut®, t > 0. Observe that X(t) =
6tU, ElU?] = L, T (11, m2) = E[X (1) X (m)] = 367172E[U2] = 187712 and

18t6 2«
/ / t—11) %t — 1) 18 rodrdry = ( a1 o) < 0.
Then, applying condition (1.4), it is justified that the mean square Caputo
derivative of X (t) exists. Moreover, it can be shown that © Dg, X (t) = F(gﬂa)t?’—a.



2. Basic properties of the mean square Laplace transform of second-
order stochastic processes

In this section, we introduce the basic definitions, results and operational
rules, corresponding to mean square calculus, that will be required to solve the
RIVP (1.2). Some preliminary results about the mean square Laplace transform,
that complement the ones given hereafter, were established by some of the
authors in [28].

Definition 2.1. The Laplace transform of a 2-stochastic process, {X(t) : t >
0}, is defined by

L{X(t);s} := /OOO e ' X (t)dt, seSCR, (2.1)

provided the improper integral exists in L2(£2). The variable s can be allowed
to be a complex number, but for our purposes of solving random fractional
differential equations, we will only require that s be a real parameter.
Similarly as it is done in the deterministic context, to examine conditions under
which a 2-stochastic process has a mean square Laplace transform, we define
the concept of exponential order in the mean square sense that extends its
deterministic counterpart.

Definition 2.2. A 2-stochastic process, {X (t) : t > 0}, is said to be of expo-
nential order sq > 0, if and only if, there exist positive constants M and Ty such
that || X (¢)]|, < Me®ot, for allt > T, > 0.

Lemma 2.3. If the 2-stochastic process, X (t), is of exponential order so > 0,
then

lim e *7 || X(T)|l, =0, s> sq. (2.2)
T— o0

Proof. Since X(t) is of exponential order sy > 0, applying Definition 2.2
for t = T large enough, one gets, 0 < e~ || X(T)|, < MeT(0=). Since
limy_ oo MeT(50=9) =0, s> 59, one straightforwardly follows the result. 1

Then, we are ready to establish sufficient conditions in order for the existence
of the mean square Laplace transform of a 2-stochastic process is guaranteed,
as well as to determine the domain of the transform.

Proposition 2.4. Let {X(t) : ¢ > 0} be a mean square piecewise continuous
stochastic process of exponential order sy > 0. Then, its mean square Laplace
transform, L{X (t); s}, exists for s > so.

Proof. To establish the result we show that the integral (2.1) is mean square
convergent for every s > sg. Now, taking into account Definition 2.2, we split
the improper integral in two parts,

E{X(t);s}/OTD e*stX(t)dtJr/oo e ST X (t)dt.

To



The first integral exists because it can be written as a sum of mean square
integrals over intervals on which the stochastic process e ! X (¢) is mean square
continuous. Since s > g, for the second integral one gets

‘ /oo e SEX (1) dt

To
Notice that the first inequality is legitimized by [25, expression (4.149), p.102]
for mean square Riemann integrals. Finally, notice that we have also shown
that ||[L{X (t); s}||, < oo, therefore the Laplace transform of a 2-stochastic pro-

cess satisfying the hypotheses of the theorem is also a 2-stochastic process, i.e.
L{X(t);s} € L%(Q) for each s > s¢. 1

g/ X, dt <M [ e G0t = u

2 To To §— 80

Remark 2.5. As it also happens in the deterministic context, the two condi-
tions of Prop. 2.4, namely, (1) mean square piecewise continuily and (2) ex-
ponential order for a 2-stochastic process X (t), are sufficient but not necessary
for the existence of a mean square Laplace transform. Indeed, let U be a Uni-
form random variable on the unit interval, U ~ U([0,1]) (so, U € L%(Q)), then
the 2-stochastic process X (t) = U/+/t is obviously not mean square piecewise
continuous on [0,00), while X (t) = 2Ute!” cos (e’) is not of exponential order.
However, it is easy to show that in both cases the mean square Laplace transform
exists. We here omit the proof since it is similar to the deterministic case [29,

p.15].

Remark 2.6. Similarly as we have previously shown for the existence of the
mean square Caputo derivative of a 2-stochastic process, X (t), in terms of its
correlation function, T'x (t1,t2) (see condition (1.5)), by applying [25, Th. 4.5.1,
p.100] one also deduces the mean square Laplace transform exists, if and only,
if the following double integral is convergent

(oo} oo
/ / e SMHD o () dt dty.
o Jo
Notice that by Jensen and Schwarz inequalities one gets
T (t1, t2)] = [E[X (t1) X (t2)]] < E[[X (£2) X (£2)[] < [ X (E0)l5 [ X (E2)]l2

and by Fubini’s theorem one gets,

/ / e SEHR) Dy (1) )|ty dty
0 0

<[ e X X () drare
0 0

= ([T e ixntaan) (7o ixa,an).

67(5750)T0

< o0.



So, it is sufficient that the following integral exists and is finite to guarantee the
existence of the mean square Laplace transform

/OooestHX(t)Hth < . (2.3)

In the following example, we compute the Laplace transform of a particular 2-
stochastic process X (¢) that will be required later on. We will apply condition
(2.3) to check that its mean square Laplace transform exists.

Example 2.7. Let U be a 2-random variable and define {X (t) := UtF,t > 0}
with k > —1. Hence, for s > 0,

/g%mwh/awwm
0 0

1 ok
:/ e (Y) I ado
o s \s
1 o]
_ —v, (k+1)—1
—0llgr [ et o
1

where in the second step we have made the change of variables v = st and in last
step we have used the integral representation of the classical Gamma function,
I'x) = fooo e ?v* dv, x > 0 since k > —1. According to (2.3), the Laplace
transform of the 2-stochastic process, X (t) = Ut¥, k > —1, is well defined in
Lo(Q). If k > 0, this fact can also be checked by applying Proposition 2.4. For
every k > 0, the 2-stochastic process, X(t) = UtF, U € L?(Q) is, obviously,
mean square continuous and of exponential order with so = k > 0. Indeed, let
us denote ||Ul|l, = M < oo, then taking into account that In(t) <t, t > 0, one
gets
IX(@)ll, = 10l ¢* = MO < Me, ¢ > 0.

Further, in similar manner as we have proved, using condition (2.3), the exis-
tence of the Laplace transform of X (t) in (2.4), it can be shown that

1
L{X(t);s} = U@F(k +1), s>0.

The linearity of the mean square Laplace transform, defined in (2.1), follows
from the linearity of the mean square Riemann integral [25, Ch.4]. However,
when the constants of the linear combination are random variables, according
to Lemma 1 of [30], some conditions must be imposed on the data in order to
guarantee the resulting stochastic process lies in L2(2). The proof is a conse-
quence of the following key inequality that involves the random Lebesgue spaces
L2(Q) and L4(Q) [31],

IXYlly < XN Y1y, XY € LY(Q). (2.5)



Lemma 2.8. Let Uy and Uy be J-random variables and let {X1(t) : ¢ > 0} and
{X2(t) : t > 0} be 4-stochastic processes. If L{X1(t);s} and L{X2(t);s} belong
to L*(Q), then

L‘{Ule (t) + Ung(t); S} = UlL’{Xl (t); S} + UQL{XQ(t); S}, (26)
and L{U1 X1 (t) + U X5 (t); s} € L3(Q).

Proof. Since Up,Us € L4(Q) and L{X,(t);s}, L{X2(t);s} € L*(Q) for each
t > 0, then, from (2.5), one obtains Ui £{X(t);s}, U2L{X2(t);s} € L%(Q).
Consequently, Uy £L{ X1 (t); s} + Uz L{X2(t); s} € L%(Q). Similarly, for each ¢ > 0,
U1 X1 (t) + U Xa(t) € L2(Q). Further, the linearity of the mean square integral
and Lemma 1 of [30] imply the identity.}

Remark 2.9. It can be proved that if Uy and Uy in Lemma 2.8 are bounded
random variables, then Uy, Ua, L{X1(t);s}, L{X2(t); s} € L%(Q), and the con-
clusion of Lemma 2.8 holds. Indeed, let My, My > 0 such that |Uy(w)| < My
and |Uz(w)| < My for every w € Q. Setting M = max{M, Ms}, we have

E[ln£{Xa () s}?] = / UL L{X0 (£); 5} dP < M2 / L1 (£); s} dP < 400,
Q Q

which proves that Uy L{X1(t);s} € L?(Q). Analogously, it can be shown that
UsL{X5(t); s} € L?(Q). Hence U1 L{X1(t);s} + U2L{Xa(t); s} € L*(Q). The
equality in Lemma 2.8 is inferred from the linearity of the mean square integral
and Proposition 1 of [19]. Throughout this paper, we will apply the linearity of
mean square Laplace transform in the case that coefficients Uy and Uy of the
linear combination (2.6) are bounded random variables.

A key result in solving random differential equations is knowing the Laplace
transform of the mean square derivative, X (¢), of a 2-stochastic process, X (t),
whose mean square Laplace transform exists.

Proposition 2.10. Let {X(t) : t > 0} be a 2-stochastic process satisfying the
following conditions:

i) X(t) is mean square differentiable (so, continuous),
i) X(t) is mean square piecewise continuous,
iii) X (t) is of exponential order so > 0.

Then,
L{X(t);s} = sL{X(t); s} — X(0), s> s0>0.

Proof. Using the definition of the Laplace transform and the formula of
integration by parts for improper mean square integrals (see [25, p. 104]), we
have

o0

L{X(t);s} = /OOO e St X(t)dt = lim e *TX(T) — X(0) + s X (t)e~*tdt.

T—o0 0



As X (t) is of exponential order s, Remark 2.3 implies that limr_, o, e *7 X(T) =
0 in the mean square sense. Hence,

L{X(t); s} = sL{X (1) 5} — X(0).1

Remark 2.11. If the 2-stochastic process X (t) is twice mean square differen-
tiable such that X (t) and X (t) are both mean square continuous and of expo-
nential order and X(t) is mean square piecewise continuous, then applying twice
Proposition 2.10, one obtains

L{X(t); s} = sL{X(1); 5} — X(0) = s(sL{X (t); s} — X(0)) — X(0)
= S2L{X(t); s} — sX(0) — X(0). (2.7)

One of the most attractive applications of the Laplace transform is solving
differential equations, in particular, fractional differential equations (see [32] and
references therein). The next result gives the mean square Laplace transform of
the mean square Caputo fractional derivative of a 2-stochastic process.

Proposition 2.12. Let X (t) be a 2-stochastic process satisfying the hypotheses
of Remark 2.11. Let CDSS,X(t), 1 < a < 2, denote its mean square Caputo

fractional derivative. If the pathwise integral [;° e 57| X (7)|dr exists and is
finite, then

L{EDg X (t); s} = s*L{X (t); s} — 571X (0) — s*72X(0),
and L{°Dg, X (t); s} belongs to L*(Q).

Proof. By definition of the mean square Laplace transform and the definition
of the Caputo derivative (see (1.3)) one gets,

£EEDG X (Wi} = [ e (DX (0) dt

—/OO —Sfﬁ/o (t — 1)l X (r)drdt

:/ / 270[) (t—T)l—aX(T)dth
/ / e s(ut7) 2_@) u' =X (7)dudr

:/O e WX“) [/0 el O‘du] dr.

} = T'(k+1)

sk+1 >

(2.8)

Since it is known, from the deterministic scenario, that L{u*;s
k> —1, taking k = 1 — a > —1 the L{“Dg, X (t); s} yields

L{°Dg X (t); 8} = /000 efSTﬁX(T)E{ulfo‘; shdr



e 1 s T2—-«a
:/0 e_STI‘(2—a)X(T) (52*5‘ )dT

=s272L{X(7);s}
= s"2(s2L{X(t); s} — sX(0) — X(0))
= sL{X(t);s} — s*TLX(0) — s*72X(0), (2.9)

where we have applied identity (2.7) derived in Remark 2.11. Observe that by
hypothesis, for each w € €2 the integral [;~ e™*7|X(7)|d7 exists and is finite.

Further, [ e *#'=*dt < co. Hence, Fubini’s Theorem justifies the commu-
tation of the integrals made in the third step of (2.8), see [33, p. 26 |, [34, p.
46] and [35, p. 11]. Finally, £{“Dg, X (t); s} belongs to L*(£2) because for each
t >0, X(t), X(t), L{X(t); s} belong to L2(Q).

Remark 2.13. Notice that according to Remark 1.2, in Proposition 2.12 it is
guaranteed the ezistence of the mean square Caputo derivative, CD8‘+X (t), since

we are assuming that X (t) is mean square piecewise continuous.

3. Some applications of the mean square Laplace transform of second-
order stochastic processes

The Binomial and Geometric series will be used to find a mean square an-
alytic solution of the RIVP (1.2). Hereinafter, we will assume that the coef-
ficients, A and B, and the initial conditions, Cy and Cy, of (1.2) satisfy the
following assumptions:

Al. A and B are bounded random variables, that is, there are positive numbers
M4 and Mg such that |A(w)| < M4 and |B(w)| < Mg, for all w € Q. So,
A, B € L*(Q).

A2. Cy and C; are second order random variables, i.e. Co,C; € L2(Q).
A3. Cy, C1, A and B are independent random variables.

Applying the mean square Laplace transform to the fractional differential equa-
tion of RIVP (1.2) yields

L{°Dg. X (t) + AX(t) + BX(t);s} = 0.

By linearity of the mean square Laplace transform and Remark 2.9 (with U; = A
and Us = B that are bounded random variables by assumption Al), we have

L{CDg X (t);s} + AL{X (t); s} + BL{X (t);s} = 0.
Now, taking into account Propositions 2.10-2.12, we obtain

SYL{X (t); s} —s*T1X(0)—s* 2 X (0)+AsL{X (t); s} —AX (0)+BL{X (t); s} = 0.

10



Solving for £{X (t); s} and taking into account that X (0) = Cy and X (0) = C1,

Sa_IC() + Sa_ch + AC)
s + As+ B '

L{X(1);5) = (3.1)
Now, we would like to find a domain, S, for which the Laplace transform of the
2-stochastic process, X (¢), can be written as a mean square convergent series.
To this end, we will first prove the following technical result which is established
for each w € Q.

Theorem 3.1. Let A and B be random variables satisfying assumption Al. If
1
l<a<2ands> Ky := maX{MZ_l,(MA +M3)ﬁ, 1}, then for all w € Q,

i) |A(w)]s'™> < 1.

i)

B(w)s™ !

wortAw) | <L

i) S ATEE = Lonmz0 TGy (—AE)" (= B(w))"s(mlemDratri),
Proof. By hypothesis s > MX%I and so s*7! > My > |A(w)], for all w € Q.
Thus, it follows that 1 > % = 5179 A(w)|. This proves 7).

On the one hand, s > (M4 + Mg)ﬁ, so s>~ ! > My + Mp. Consequently,
21— M4 > Mp. On the other hand, —|A(w)| > —M4 and so s~ — |A(w)| >
s — M4 > Mg > 0. Hence,

B(w)s™1 ‘ < Mps~! - (s*71 —|A(w)])s™!
s+ A(w)| 7 [so7 T+ Aw)] [s* 1 + Aw)]
|s~ 1+ A(w)|s7t 1
= — 1 .2
[soe=1 + A(w)| s < (3.2)

since s > K37 > 1. Hence, ii) holds.
In the following the Geometric series, >, ., z" = ﬁ, |z| < 1, and an implica-

tion of the Binomial series (see [36, p. 201]),

_ Pm+A) ,,
(1- 1) kzzwx . Jzl<1, A>0, (3.3)
m>0 ’

will be used. First, observe that

1 st st
s*+As+B s> 1+ A+Bs ! Bs—1 ' (34)
(sa—l + A) (1 + s@—sl+A>
For each w in €, part ii) and the Geometric series with ratio z = %

(lz| < 1), imply

1 51 (=B(w))"*s™™
2. (

5%+ Aw)s + Bw)  s* 1 + A(w) sa=1 + A(w))"

n>0
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(—=B(w))rs~nt
’r;) (se=1(1+ A(w)slfa))n+1

- Z(_B(w))ns_m_a(l + Aw)st )~ FD),

(3.5)

Further, as a consequence of (3.3) with A =n+1 >0, z = —A(w)s' ™ (that
satisfies |z| < 1 by part 1)), it follows

1
s + A(w)s + B(w)

F(m +n -+ 1) _ 1 1
_ (—B(w n —A(w) m s ((a—=1)m+a(n+ ))_'_
n,%;() N ) F'im+1I'(n+1)
(3.6)
For every w € €, let us denote A := A(w) and B := B(w) to alleviate the

forthcoming notation. Setting

F(m+n+1)
Fim+1)I(n+1)

Onm(A, B) = (=B)"(-A)" — (cyymmpngmmEntl)

)

m!n!

(3.7
then according to (3.1) and (3.6), we have proved that for each w € €,
LIX(t);s) = > bnm(A, B)Cos™ (@ hmtnatl)
n,m>0
+ Y Gnm(4, B)Cys~(m(a-Dnat2)
n,m>0
+ Z Gnm(A, B)ACys~(mla=D+n+1)a) (3.8)
n,m>0

converges for all s > K1, being K given in Theorem 3.1. Expression (3.8) will
be used to show that L{X (t); s} is a mean square convergent series. To conduct
this analysis, the following inequalities for the Gamma function will be applied
37]

(p+q) 2 pdl(p)(q) =T(p+DI(g+1),  pg=>1 (3.9)

and
T(p+q) < (T2p)T(29)*,  pg>0. (3.10)

We will start by showing that the first term of the expansion given by (3.8)
is mean square convergent, and for the other ones, the reasoning is analo-
gous. By assumption A1, is clear that ||(—A)™[y = [|A™|]y = (E[|A2™]])z <
(E[(JA[™)2])> < (B[(Ma)™]?)? = (Ma)™. Similarly, ||(=B)"[|l2 < (Mp)". Ap-
plying (3.10) top =n > 0 and ¢ = m+ 1 > 0 integers, we have I'(n +m + 1) <
(D2n)T(2(m +1)))2 = ((2n — 1)I(2m + 1)!)2, since n and m are positive inte-
gers. Next, setting

_ IColl2(Mp)"((2n — 1))z g (ant1)

1
(MA)m ((2m + 1)') : S—m(o(—l)
n! ’

02(m) = m!

(51 (n)

12



and using assumption A3, yields
”(bn,m(A,B)CO||25_(m(a_1)+an+l) S 61(n)(52(m) (3.11)

Hence, we only need to show that both deterministic series ) ., d1(n) and
Y om0 02(m) are convergent in a common domain to be determined. To this
end, we will use the ratio test. Since

. 51(n+1) Mg 2Mp
11m —_—

Nl

=l 2 1)(2 Y= 3.12
n—00 (51 n) nLH;o n-+1 (( n+ )( n)) § s ’ ( )
and
. (51(m—|—1) . M4 1 2M 4
lim —/— """ — i —A ((2 2 )z g—(a=1) — 1
- 5a(m) nf_{{i{)ﬂ@ﬂ_1 (2m+3)2m+2))2s s (3.13)

This proves that first series in expression (3.8) is mean square convergent for
s> Ky = max {(2M3)é, (2MA)ﬁ,K1} ,

where K is defined in Theorem 3.1.

Analogously, it can be shown that the remaining two infinite series in (3.8) are
mean square convergent for s > K5. We summarize our findings in the next
theorem.

Theorem 3.2. Consider the RIVP given by (1.2). Under assumptions Al —
—A3, the Laplace transform of the mean square solution X (t), of (1.2) can be
written as the mean square convergent series given by (3.8) for s > Ky :=

max{(2MB)é, (ZMA)ﬁ,Kl}, where K1 is defined in Theorem 3.1.

Setting v := a — 1 € (0,1), with the aid of Theorem 3.2, we will show that

tmu+na

X(t): Z ¢n,m(A7B)CO

n,m>0

+ Z ¢n,m(A7 B)Cl

n,m>0

+ Z djn,m (A7 B)ACO F

no (mv 4+ na + )

I(mv 4+ na+1)
tmv+na+1
I'(mv 4+ na +2)

tmu+no¢+a71

(3.14)

is a mean square solution of (1.2) for all ¢ > 0. To achieve this goal, two facts will
be proven for all ¢ > 0: the m.s. convergence and the term-wise application of
the Laplace transform of the double series (3.14) to justify its Laplace transform
is given by (3.8).

Theorem 3.3. If the random variables A, B, Cy and C1 satisfy conditions A1-
A3, then the stochastic process X (t), given by (3.14), is a mean square solution
of RIVP (1.2) for allt > 0.

13



Proof. Recall that 1 < a < 2,800 <v =a—1< 1. First, we will show that
X (t) belongs to L2(€2) for each ¢t > 0. Inequality (3.10) with p = n + 1 and
q = m implies T(n+m+1) < ((2n+ 1))/2((2m — 1)!)/2, and inequality (3.9)
with p = mv and ¢ = na + 1, gives T'(mv + na + 1) > T'(mr + 1)I'(na + 2).
Hence

thJrna
‘ On,m (A, B)Com , < 1 (n;t)ha(m;t) (3.15)
with
pr(nsy = NCOI2o) (Cn =D L (L™ [@m ot D,

n!l(na + 2) m!T(my + 1)

To study the mean square convergence of first infinite series in (3.14), we will
apply the ratio test. So, we calculate

o

41t Mp[2n+1D)(2n)]F  T(na+2)
A NCI) = m n+1 T(na+2+a)

The Stirling’s formula, I'(x + 1) &~ 2%e~*v/27x as ¢ — oo, implies

L(na+2) i (na + 1)retle=(matl) Hr(na + 1)

m —
n—00 F(na + 24 a) n— 00 (TLO[ + 1+ a)na+1+aef(na+l+a) 2’/T(7”LO[ +1+ a)

I no + 1 natl 1 * o no + 1
= |lim _— _— et | ——
n—oo \ na+ 1+ « no+1+a« no+ 1+«

(3.16)

N|=

Since

1o\"et! 1 \? 1 o
T e lm (2P ) o dm () =0,
n—oo \na+ 1+« n—oo \na+ 1+ « n—oo \na+ 1+ «

1
from (3.16) yields lim,, _, oo %&% = 0. Moreover, lim,, _, Wt“ =
2Mpt®, then for every t > 0 finite, one gets

1;t

lim 2010 (3.17)

n—oo 1 (n; t)
Similarly,

1
1;t Mal(2 2 2)]z2 T 1
o G2m 150 M [m s Em ) Tew 1),
m—oo  hg(m;t) m—00 m+1 I'(mv+1+v)
(3.18)

since

. T(mv+1) . my my 1 v mv 3
lim ————— = lim e =0
n—oo '(mv+14v) m—ooo \mv+v my + v myv + v

14



and .
Lo Malm o+ 3)(2m + 2]

t¥ = 2M 4t".

As a consequence of (3.17) and (3.18), the ratio test implies that both majo-
rant series Y <, ¥1(n;t) and Y o 1a(m;t) are convergent for all ¢ > 0. It
follows, by (3.15), that the first series of the stochastic process X (¢), given by
(3.14), is mean square convergent for all ¢ > 0. Following a similar analysis for
the remaining two series defining X (¢), it is shown that (3.14) is mean square
convergent for all ¢ > 0. This proves that X(¢) belongs to L?(€2). The mean
square convergence of X (t) for all ¢ > 0 and the mean square continuity of the
each term in the expansion (3.14) imply that X (¢) is mean square continuous
for all ¢ > 0. Consequently, we only need to show that the Laplace transform
of (3.14) is (3.8) to validate that X(t) given (3.14) is a mean square solution
of (1.2). To this end, we prove that the term-wise application for the Laplace
transform of the expansion (3.14) is valid for all ¢ > 0. Since the first series in
(3.8) is mean square convergent for s > Ky (see Theorem 3.2), its general term
tends to zero, so it must be bounded, i.e., there exists K3 > 0 such that

N6nm(A Blla _ pe (3.19)

gm(a—1)gna  —
for all n,m € NU {0} and for all s > Ks. Let r be such that » > Ky > 0, then
lon.m(A, B)|l2 < Ksr™r™, r>Ky >0, v=a—1>0. (3.20)

Taking into account that I'(mv 4+ an + 1) > T'(mv + 2)T'(na + 1) > 0 (derived
from (3.9)), one gets

[ (A, B> Kgrmvrre

L(mv+an+1) = T'(mv+2)[(an+1)’ r> Ky >0. (3.21)
Let us define the tail for the first series in (3.14),
T pmvtna
Xnm(t) = X;O@L,m(A,B)COm
R v
-3 ¢n7m(A,B)Com. (3.22)

n=0m=0

Since the first series defining X (¢) in (3.14) is mean square convergent, for M
and N large enough, applying (3.20) it follows

tmu+7l()¢
XT t < n,m A7 B C Tl L v 1)
IXea@llz< > bnm(d Bl 1Colly 7=y
n>N+1,m>M+1
(Tt)"w (rt)”a
<K vy [ — 3.23
= 4 Z TC(mv + 2) Z Fna+1) |’ ( )
m>M+1 n>N+1

15



with K4 := K3|Coll, > 0. For m > 1 (so mv +1 > 2) and using that I'(z) is

increasing for x > 2, one gets F(mlljJrQ) < F(m}/Jrl)' Then for M > % -1,

XXl <Ea | > P((rt)"’ > F((rt)m

it Ly + 1) na + 1)

(rt)™ (rt)™e
=K
4( I‘ml/—l—l)( nOI‘na—i—l)

(3.24)

where E, (2) := Y 77, F(»szk-H)’ z > 0, denotes the Mittag-Leffler function. Set-
ting

L(t) = Eu((rt)")Ea((r1)"), L) = Bul(r)") 3 r<(ni)+1> |
n=0
7, mu M 7’ m” T na
Z r m1/+1 Ea((r)%), L(t) = X:OI‘ mv+1) &= T na+1

we have || X% 5, (t)|l2 < Ky (I (t) — Ta(t) — I3(t) + La(t)). Hence

IL{X R (); sHlz < LXK a7 (B)ll2; 5}
< Ky (L{L(1); s} = L{T2(); s} — L{I3(t); s} + £{14(t);(8}) )
3.25

It is known that the Mittag-Lefller function satisfies the following inequality
(138, p. 21]),

1
exists C >0: E,(pt7) < Ce’", t,p>0, 0<y<2. (3.26)

By a weaker form of Lebesgue’s dominated convergence theorem ([36, p. 167])
and inequality (3.26), the following commutation of the Laplace transform and
the double series on the third step is justified (see Appendix)

L{L(1); s} = L{EL (1)) Ea((rt)*); s}

mr+noa tmu+na

-
=L z;of(mz/—i—l) I‘(na—f—l)’s

n,m>

,rml/+no¢ tml/+no¢
= N . 2
2. E{F(mv+1)F(na+l)’S} (3.27)

n,m>0

Next, by Example 2.7 it is inferred

L{Li(t);s} =

pmvtna T(mv +na+1)
3.28
> 529

o=, Tlmy + DI'(na+1)  gmvdnatl

16



Further, inequality (3.26) also implies that the double series in (3.28) converges
for s > 2r > K5 > 0 (see Appendix). Similarly, it can be deduced that

prmwne T(mv +na+ 1)
L{Iy( =
{Ta(t); s} = nZO7nZ>O I(mv+1)C'(na+1) smvinatl 7

pmvtna my + no
LTt S}—ZZ T(mv + na + 1)

Cimy+ Dl (na+1)  smvtnatl 7

m=0n>0
N M n
prvEna T'(mv +na + 1)
L{T4( = . 3.29
{Talt); s} = Z Z L(mv+ 1)I'(na+1)  sgmvinatl (3.29)

Consequently from (3.25)-(3.29), we have limy a0 [L{XF 5/ (£); s}]2 = 0.
Hence from (3.22) we have that

tm(afl)Jrna

L Z ¢”’m(A’B)COF(m(a—1)+na+1);s

n,m>0

N M tm(a—l)—i—na
- N,Jl\l;gooﬁ Z Z Pnm (4, B)COF(m(a —1)+na+1) o

n=0m=0

L tm(afl)Jrna;
= Y blA B )

et F(m(a—1)+na+1)
= > énm(A B)Cys(mleminatl), (3.30)
n,m>0

That is, the application of the Laplace transform can be done term by term for
the first term of the expansion of X (t) given by (3.14). The analysis for the rest
of the terms is analogous. {

Remark 3.4. Since r,t,T'(mv +1) > 0, from (3.24) and (5.26) we have
XN @)l < K

< KiBy((rt))Ea((rt)) < K4cle(<r">?>tcw(<ra>5)t
= K4010262Tt, (331)

for all N > 0 and for all M > = 71 This shows that XN v (t) is of exponential
gt

order 2r > 0. Since ano Zm:O gf)n,m(A,B)C’Om is of exponential
order, it follows that the first term of the mean square solution, X (t), given by
(8.14), is of exponential order. A similar analysis with the rest of the terms of
X (t) proves that X(t) is of exponential order parameter so for some so > 0, so
it admits a mean square Laplace transform.
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4. Approximating the mean and the variance of the solution stochas-
tic process

So far, we have established sufficient conditions to show the mean square
convergence of the double sequence of approximations

N M tmu+7za
X ®) = 2 3 dnaml A B)Coproy

n=0m=0

N M
tml/+na+1

+ Z Z Gn,m (A, B)Clm (4.1)
n=0m=0
N M

tmu-{-na-‘ru—l

+ nZ:O rnZ:O Onm (4, B)ACo L(mv 4+ na+ «)

to the solution stochastic process, X (t), of the RIVP (1.2). Now, we will take
advantage of the key property stated in Lemma 1.1 to compute reliable approxi-
mations of the mean and of the variance of the solution. To this end, we need to
compute the mean and the variance of Xy p/(¢). To obtain the approximation
of the mean, we take the expectation operator in (4.1) (substituing the explicit
expression for ¢, (A, B) given in (3.7)), apply the linearity of the expectation
and utilize that Cy, C1, A and B are independent random variables (assumption
A3). This yields

N M o \mtmEIBMEIA™IT (m - n 4 1
EXvu®)] = Y D =y r([m+]1[)r(r]z+(1)+ =
pmyvtno gmvtna+l }
(4.2)

n=0m=0

. {E[CO] C(mv 4+ an+1) +ElC I'(mv 4+ an+ 2)
N M

+ Z Z (—1)n+mE[BnNE[Am+1]]E[Co]

n=0m=0

F(m+ n—+ 1) tmquanJrafl
Tim+1)I(n+1)T(mv+an+a)

To calculate the approximation of the variance, VX a(t)] = E[(Xn,a(2))?] —
E2[X n,a(t)], we first need to calculate the second order moment, E[(X n s (2))?].
Using again assumption A3 and the properties of the expectaion operator, after
some technical calculations one obtains

N M
Bl(Xn ()] = 3 (Z (T i

n=0 \m=0

mvr+an 2
E[A2™] {E[Cg} <F(mzt/+om+1)>

9 tmu-{—om,+1 2
E - 0
+ElC] (F(mu+an+2))

+ 2E[Co]E[C] (F(mtym;;a;+ 1)) (1“(“ijfwi:n"+ir 2)> }
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tmu+0m+a—1 2
+ AP E(CR) ( ))

P(mv+an+a«

tml/+om tml/+om+o¢—1
2 2m—+1
+2E[GoJE[A } (F(my—i—an—l—l)) (F(my+an+a)>

L tmu+an+1 tmv+an+a—1
2m—+
+ 2E[COlE[C1]E[A ] (F(mu+an+2)) (I‘(ml/+an+a)>

N 2n+mi+mo 2n F(n + my + 1) F(?’L + ma + 1)
2 Z Z S ]F(n + 1D)I'(my +1) T(n+ 1)T(mg + 1)

m1:1 m2:0

tmll"Hln tm2V+an )
mi+ma 2

tm1V+an tm2V+Ot71+1
+ E[CO]E[Cl] <F(m11/ +an + 1)> (F(’ITLQV + an + 2))

T(miv + an + 2) mav + an + 1)

) tm v+an+1 tm2V+a7l+1 ) }
+EC] <F(m11/ +an+ 2)) (F(mgu +an+2)

9 tm1u+an t7ngu+an+a+1
mi+mo+1
+ E[A™ RG] (F(m11/+om+l)) (F(m2y+an+a)>

tm1u+a7L+1 ( tmgu+om+a—1 >

mi+mo+1

1 tm,1y+an+a—1 tmgy+an
2 mi1+mao+
T EIGJEIA } (F(m11/+an+a)> (F(mQVJroerl))

tm1u+an+a—1 tm2u+om+1
mi1+mao+1
+ ElCo[E[C1]E[A ] (F(m11/+an+a)> (I‘(mzl/—i—cm—i—Q))

tm1u+an+a—1 t7n2y+o¢n+a—1
+ElCHEL? ( )(
N ni—1 M

I'(miv + an + «) L(mov + an + «)
M
T'(my +ng+1)
_1\n1t+tmit+na+ms ni+nz
*22. 0.2, 2 () A G D+ 1)
n1:1n2: mi1=Umsao=

['(mg +ng + 1) a2 {pic2) < prvtan: ) < pmevtan: )
. T(ma+ 1)T'(ne + 1) O\ T(miv + ang + 1) T'(mav + ang + 1)

tmll/Jranl tmzu+an2+l )
+E[CoJE[C1] <F(m11/ +an; + 1)> <F(m21/ + ans +2)

trmavt+ani+1 pravrens )
+ E[Co]E[CY] <F(m1l/ +any + 2)) <F(m21/ +anz +1)

) tm11/+om1+1 tm2V+an2+1 )
+ECI] <F(m11/ +ang + 2)) (F(mgy + ang +2)
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E A n +1 ]E 02 tm11/+an1 tmgu+an2+a71
mi-rt+msa
+E ]{ [ 0]< )(F(m2V+an2+a))

T(miv + ang + 1)

ColE[C pmavtani+1 gmavtonzta-l
E|Co|E
+E[COJE[Ch] <F(m11/ +ani + 2)> <F(m21/ Tons + a))

CQ tmll/—i-anl—i-a—l tsz—"-anQ
E
+ElG] <F(m11/ +ang + oz)) (F(mgll + ang + 1)>

tmll/—i-anl—i-a—l tmzu-i-ang-‘rl
+ (il )( )

T(myv + ang + @) L(mov + ans + 2)

tm11/+an1+o¢—1 tmgu+an2+a—1
+Epﬂh“m+ﬂEKg]< )(r(

T'(miv + any + «)
(4.3)

Remark 4.1. In the previous development we have approrimated the mean
and the variance, however it is worthwhile to point out that higher moments,
(E[X (), k = 3,4,..., can also be calculated using the same reasoning, but
the resulting expressions become somewhat cumbersome.

Remark 4.2. [t is interesting to point out that hypothesis A3 can be relaxed
assuming weaker conditions, for example, that {Co,C1} and {A, B} are inde-
pendent random variables. However, assumption A3 is not too much restrictive
from a practical standpoint. We have assumed hypothesis A3 just to facilitate the
process of boundedness to rigurously prove the mean square convergence stated in
Th. 3.3. If the aforementioned weaker hypothesis is assumed, then the approxi-
mations of the mean and of the second-order moment given in (4.2) and (4.3),
respectively, would be expressed in terms of the joint moments of {Co,C1} and
{A, B}. For example, in the expression (4.2) would appear the joint moment

E[B™A™] instead of E[B"|E[A™], elc.

5. Numerical examples

This section is addressed to numerically illustrate our previous theoretical
findings. First, we will compute approximations for the mean and the variance
of the solution stochastic process of RIVP (1.2) via the expressions obtained in
the foregoing section. Secondly, we will take advantage these approximations
together with the Principle of Maximum Entropy (PME) to construct approxi-
mations for the first probability density function (1-PDF) of the solution.

Example 5.1. Let us consider the RIVP (1.2) assuming the following hypothe-
ses with regard to its parameters and initial conditions:

e a=15¢€(1,2),

20
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e Cy and Cy such that E[Cy] = E[C1] = 0.5 and E[CZ] = E[C?] = 0.5 (so0
they are second order random variables),

e A and B are random variables with Beta distributions, A ~ Be(10,20)
and B ~ Be(20,30) (so they are bounded second order random variables),

e Cy, C1, A and B are independent.

To calculate the approximations of the mean and the variance of X (t), we will
apply expressions (4.2) and (4.3) taking into account the following expressions
for the moments of A and B [39]

104 At

E[A*] = - E[B¥= = =1,2,.... 1
[A4%] 1110+20+r’ 5] l120+30+r’ K T (5-1)

Figure 1 shows the approximations for the mean and for the variance of
the truncated solution (4.1), Xy am(t), considering different values of M and
N in the time interval [0,3]. To easily visualize the convergence, we zoom-up
the results on the right-piece of the interval where it is supposed the accuracy of
approximations becomes worse. However, the plots show very good results even
taking small order of truncation M = N = 12.

Considering the foregoing approzimations of the mean and the variance with
M = N = 12, we now provide approzimations of the 1-PDF of the solution X (t)
at this time instants using the PME technique [40]. According to this method,
for each t, the PDF is sought in the form

() = e 0 M da, (52)

where Ao, At and Aoy are determined solving the variational optimization
problem

Maz. S() == [ o @) fxio @) do (5

subject to the following constraints

/ 2 fxw(r)de =1, / 2 rfx @ (r)de = E[XNn am(t)], / 2 2® fx () (x) do = E[X} 0, ()]

1 ay

(5.4)
The integration interval (a1, as] has been taken as a1 = E[Xn ar(t)]—104/V[Xn, a ()]
and az = E[Xn nm(t)] + 104/ V[ XN a(t)]. According to the general Bienaymé-
Chebyshev inequality [39], more than 99.9% of the probability is contained within
this interval regardless the probability distribution of X (t). Table 1 collects the
values of Ao.¢, A1, Aoy at t € {0.5,1,1.5,2,2.5,3}. Figure 2 shows the 1-PDF
surface of the approzimate solution Xy ar(t) on the time interval t € [0, 3]. We
can see that the variance increases as t does which is in full agreement with the
results shown in Figure 1 (right panel).
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Figure 1: Approximations of the mean (left panel) and for the variance (right panel) of the
solution stochastic process of the RIVP (1.2) considering different order of truncation (M, N),

in the context of Example 5.1.

Ao, ALt A2
t=0.5| 2.86574e-02 | -5.58862e-01 | 4.22942e-01
t=1.0 | 6.00364e-01 | -1.56599¢e-01 | 1.04757e-01
t=1.5 | 1.15845e+00 | -5.00819e-02 | 3.17505e-02
t=2.0 | 1.69615e+00 | -1.68397e-02 | 1.05534e-02
t=2.5 | 2.22623e+00 | -5.69139¢-03 | 3.62312e-03
t=23.0 | 2.75796e+00 | -1.89774e-03 | 1.24712e-03

Table 1: Values of parameters Ao,¢, A1,¢, A2,

5.1.

¢ of the 1-PDF (5.2) resulting after solving the
optimization problem (5.3) and (5.4) at the time instants ¢ € {0.5,1,1.5,2,2.5,3}. Example
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fx (1) (%)
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Figure 2: 1-PDF surface of the approximate solution X (t) to random fractional IVP (1.2) using
PME method on the time interval ¢ € [0, 3] in the context of Example 5.1. The lines highlighted
in magenta represent the PDF at t € {0.5,1,1.5,2,2.5,3}. They have been calculated using
(5.2) with the X;-values collected in Table 1.
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Figure 3: Approximations for the mean (left panel) and for the variance (right panel) of
the solution stochastic process to the random (1.2) considering different order of truncation
(M, N). Example 5.2.

Example 5.2. In this example, we keep the same data as in Example 5.1, ex-
cept that we change the probability distributions of random variables A and B,
which clearly are the most influential parameters in the equation. Specifically,
we assume that A and B have truncated exponential distributions on the inter-
val [0,20] with parameters 10 and 20, respectively, i.e. A ~ Expjg 50)(10) and
B ~ Ezpy 9(20). In this way, all the assumptions A1-AS3 are fulfilled. To
compute the first moments of Xy a(t) via (4.2) and (4.3) will utilize that

E[A*] = 107% (k! = T'(1 + k,200)), E[B*] =20"% (k! = T'(1 + k,400)), k=1,2,...,

where T'(p, q) is the incomplete Gamma function defined by T'(p, q) = fqoo tP—letdt
[41].

Figure 8 shows the approximations for the mean and for the variance of the
truncated solution (4.1) considering different values of M and N. From this
graphical representation we can observe that approximations are better as N
and M increase as expected despite uncertainty propagates rapidly as observed
in the plot of the variance.

Similarly as in Example 5.1, we have approximated the 1-PDF of the solution
via the PME. In Table 2 we collect the values for Ao ¢, A1+ and Aoy of the 1-PDF,
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Aot AL A2t
t=0.5 | 1.83532e-01 | -4.30221e-01 | 2.93877e-01
t=1.0 | 7.39317e-01 | -1.54518e-01 | 8.16821e-02
t=1.5 | 1.25723e+00 | -6.16776e-02 | 2.68857e-02
t=2.0 | 1.75189e+00 | -2.57862¢e-02 | 9.64095¢e-03
t=2.5 | 2.24213e+00 | -1.07863e-02 | 3.55176e-03
t = 3.0 | 2.74480e+00 | -4.36089¢-03 | 1.28802¢-03

Table 2: Values of parameters \o¢, A1,¢, A2,¢ of the 1-PDF (5.2) resulting after solving the
optimization problem (5.3) and (5.4) at the time instants ¢t € {0.5,1,1.5,2,2.5,3}. Example
5.2.

fX(t)(X)

0.8

0.6

04

Figure 4: 1-PDF surface of the approximate solution X (¢t) to random fractional IVP (1.2) using
PME method on the time interval ¢ € [0, 3] in the context of Example 5.2. The lines highlighted
in magenta represent the PDF at ¢t € {0.5,1,1.5,2,2.5,3}. They have been calculated using
(5.2) with the X\;-values collected in Table 2.

according to the general expression (5.2), at t € {0.5,1,1.5,2,2.5,3}. Figure 4
shows the approximate 1-PDF surface of the solution. We can observe that this
graphical representation is in full agreement with the results shown in Figure 3
for the mean and the variance of the solution. In particular, we notice that the
variance increases as time does.

Remark 5.3. In the two previous examples, we have applied the PMFE to ap-
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prozimate the 1-PDF using the two first moment as restrictions. As indicated,
i Remark 4.1 we could also obtain higher moments and this information can
be added when applying the PME to improve the approrimation of the 1-PDF.

6. Conclusions

The paper has focussed on the extension of an important class of fractional
linear differential equations (in the Caputo sense) to the random framework.
We have seen that random mean square calculus provides a suitable setting to
construct an approximate solution stochastic process to model (1.2). Even more
important, this approach has the distinctive advantage that the approximations
for the mean and the variance of the solutions will converge to their respective
exact values. This is a key information when studying differential equations
with uncertainties. Additionally, the approximations of these two probability
moments have also allowed us to approximate the first probability density func-
tion of the solution via the Principle of Maximum Entropy, a more complete
probabilisitic information of the solution which is barely given in practice. We
think that our approach can contribute to continue studying other classes of
fractional differential equations with randomness, such as the random fractional
3-term equation, that is, when the derivatives of order 1 and 2 are considered
fractional derivatives.

Appendix

In this appendix, we collect some useful results from Analysis that will clarify
the steps in the proof of Theorem 3.3.

Theorem 6.1. [36, p. 167]. If g and f,, n=1,2,3,... are defined on (0,00),
are Riemann-integrable on [t,T] whenever 0 < t < T < oo, |ful < 9, fn = f
uniformly on every compact subset of (0,00), and

/ g(x)dz < o0,
0

then

lim fn(x)da = /O f(x)da.

n—oo 0

Further, the next classical result gives sufficient conditions on which a series
product converges.

Theorem 6.2. Suppose that
a) Y07, a, converges absolutely,
b) Ynioan = S1,
¢) Yontobn =52,
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d) cn =3 p_gakbn—r, n=0,1,2,3,....
Then

i Cp = 5152.
n=0

Finally, it is well known that the Mittag-Leffler function

Sk

Ey(2):=)_ T (6.1)

k>0

converges for all Revy > 0, where Re stands for real part of v, see [42, p. 17].

In the following we will show the assertion given by (3.27). Let a,, = %
(ryer

and b, = FlantT) and ¢, = Y p_qarbn— in Theorem 6.2. Since ZmZO A =
E,((rt)?) and ), b, = Eq((rt)®) are absolutely convergent for all ¢ > 0 and
for v, ;7 > 0, Theorem 6.2 implies that

S ew = Bo(rt)") Bal(rt)®).

n>0

On the other hand, in Theorem 6.1 set fx = e~ SN ¢, and g = e ' E, ((rt)") Eo ((1t)*).
Further, observe that fy and g are Riemann integrable on [¢,T] for 0 < t <
T < oo. Since ¢, > 0 for all n because v, a, 7, t > 0 and I'(z) > 0 for x > 0, we

have
N

vl =€) e < e B (1)) Eal(r)® = g(t).

n=0

The absolutely convergence of E,, and E,, on (0, 00) implies that fx — e 5 E, ((rt)")Eq((rt)*)
uniformly for every compact set in (0,00). Now, by (3.26) there exist two con-
stants C7 and Cy such that

/ g(t)dtg/ e*StCle(Ty)”C’ge(ra)atdt:ClC’g/ e(2r=s)tqt. (6.2)
0 0 0

The above inequality shows that the improper integral on the left hand side
converges for 2r < s. Further,

Am ( /0 N fN(t)dt> = Jim_ < /O h e st XN: Cn dt)



(6.3)

Now,

e’} 00 N
/0 (A}iinoo fN(t)) dt:/o (Jvliglooe—st%cn> dt
- /O T eSUE, (rt)Y) B (1)) dt
= L{E,((rt)")Eq((rt)*) dt; s}.

Therefore, Theorem 6.1 implies that

Jim ( /0 N fN<t)dt) = /O N (Jim fu(e)) dr

which shows

(rt)v™ (rt)e™ | (rt)rm™ (rt)em
Z E{F(my—&—l)F(an—i—l)’S}_ﬁ Z F(mu+1)F(an—|—1)’s

n,m>0 n,m>0

for s > 2r.

Acknowledgements

This work has been supported by the grant PID2020-115270GB-100 funded
by MCIN/AEI/10.13039/501100011033 and the grant AICO/2021/302 (Gene-
ralitat Valenciana).

References

[1] M. F. El Amin, A. G. Radwan, S. Sun, Analytical solution for fractional
derivative gas-flow equation in porous media, Results in Physics 7 (2017)
2432-2438. doi:10.1016/j.rinp.2017.06.051.

[2] A. A. Hemeda, Solution of fractional partial differential equations in fluid
mechanics by extension of some iterative method, Abstract and Applied
Analysis ID 717540 (2013) 1-9.

[3] G. Failla, M. Zingales, Advanced materials modelling via fractional calcu-
lus: challenges and perspectives, Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences 378 (2020)
74-85. d0i:10.1098 /rsta.2020.0050.

28



[4]

A. S. Shaikh, I. N. Shaikh, K. S. Nisar, A mathematical model of COVID-
19 using fractional derivative: outbreak in India with dynamics of trans-
mission and control, Advances in Difference Equations 373 (2020) 1-19.
doi:10.1186/s13662-020-02834-3.

A. Atangana, A. Secer, Abstracts and Applied Analysis 2013 (2013)
ID279681. doi:10.1155/2013/2796810.

A. A. Kilbas, H. M. Srivastava, J. J. Trujillo, Theory and Applications
of Fractional Differential Equations, Vol. 204, Elsevier Science, New York,
2006.

H. Dutta, A. Ocak, A. Atangana, Fractional Order Analysis: Theory, Meth-
ods and Applications, Wiley, New York, 2020.

D. Baleanu, K. Diethelm, E. . Scalas, J. Trujillo, Fractional Calculus: Mod-
els and Numerical Methods, World Scientific, New York, 2012.

D. Baleanu, J. Machado, A. Luo, Fractional Dynamics and Control,
Springer Science & Business Media, New York, 2011.

H. Sun, Y. Zhang, D. Baleanu, W. Chen, Y. Chen, A new collection of
real world applications of fractional calculus in science and engineering,
Communications in Nonlinear Science and Numerical Simulation 64 (2018)
213-231. doi:10.1016/j.cnsns.2018.04.019.

Y. Misura, Stochastic Calculus for Fractional Brownian Motion and Related
Processes, Lecture Notes in Mathematics, Springer, Singapure, 2008.

M. M. Meerschaert, A. Sikorskii, Stochastic Models for Fractional Calculus,
Studies in Mathematics, De Gruyter, New York, 2011.

F. Biagini, O. B. Hu, Y., T. Zhang, Stochastic Calculus for Fractional Brow-
nian Motion and Applications, Probability and Its Applications, Springer,
New York, 2008.

C. D. Constantinescu, J. M. Ramirez, W. R. Zhu, An application of frac-
tional differential equations to risk theory, Finance and Stochastics 23
(2019) 1001-1024. doi:10.1007/s00780-019-00400-87.

D. Xiu, Numerical Methods for Stochastic Computations: A Spectral
Method Approach, Princeton University Press, New York, 2010.

P. Kloeden, X. Han, Random Ordinary Differential Equations and Their
Numerical Solution, Springer Nature, New York, 2017.

V. Lupulescu, K. N. Ntouyas, Random fractional differential equations,
International Electronic Journal of Pure and Applied Mathematics 4 (2)
(2012) 119-136.

29



[18]

[19]

[20]

[22]

23]

[27]

[28]

[29]

V. Lupulescu, D. O’Reagan, G. u. Rahman, Existence results for random
fractional differential equations, Opuscula Mathematica 34 (4) (2014) 813—
825. d0i:10.7494/OpMath.2014.34.4.813.

C. Burgos, J. C. Cortés, L. Villafuerte, R. J. Villanueva, Extending the de-
terministic Riemann—Liouville and Caputo operators to the random frame-
work: A mean square approach with applications to solve random frac-
tional differential equations, Chaos, Solitons & Fractals 102 (2017) 305-318.
d0i:10.1016/j.chaos.2017.02.008.

C. Burgos, J. Cortés, A. Debbouche, L. Villafuerte, R. Villanueva, Random
fractional generalized Airy differential equations: A probabilistic analysis
using mean square calculus, Applied Mathematics and Computation 352
(2019) 15-29. doi:10.1016/j.amc.2019.01.039.

L. Acedo, C. Burgos, J.-C. Cortés, R. Villanueva, Probabilistic prediction
of outbreaks of meningococcus W-135 infections over the next few years
in Spain, Physica A: Statistical Mechanics and its Applications 486 (2017)
106-117. doi:10.1016/j.physa.2017.05.043.

H. Sun, Y. Chen, W. CHen, Random-order fractional differ-
ential equation models, Signal Processing 91 (2011) 525-530.
doi:10.1016/j.sigpro.2010.01.027.

C. Burgos, J. Cortés, L. Villafuerte, R. Villanueva, Mean square convergent
numerical solutions of random fractional differential equations: Approxi-
mations of moments and density , Journal of Computational and Applied
Mathematics 378 (2020) 112925. doi:10.1016/j.cam.2020.112925.

M. Loeve, Probability Theory I, Vol. 45 of Graduate Texts in Mathematics,
Springer-Verlag, New York, 1977.

T. T. Soong, Random Differential Equations in Science and Engineering,
Academic Press, New York, 1973.

J. Neville, A. Joseph, Comparison of numerical methods for fractional dif-
ferential equations, Communications on Pure and Applied Analysis 5 (2)
(2006) 289-307.

I. Podlubny, Fractional Differential Equations, Academic Press, New York,
1999.

M.-C. Casabén, J.-C. Cortés, L. Jédar, A random Laplace trans-
form method for solving random mixed parabolic differential prob-
lems, Applied Mathematics and Computation 259 (2015) 654-657.
doi:10.1016/j.amc.2015.02.091.

J. L. Schiff, The Laplace Transform: Theory and Applications, Springer,
NY, 1991.

30



[30]

[31]

C. A. Braumann, J. C. Cortés, L. Jédar, L. Villafuerte, On the random
gamma function: Theory and computing, Journal of Computational and
Applied Mathematics 335 (2018) 142-155.

L. Villafuerte, C. A. Braumann, J. C. Cortés, L. Jbédar, Ran-
dom differential operational calculus: Theory and applications, Com-
puters and Mathematics with Applications 59 (1) (2010) 115-125.
doi:10.1016/j.camwa.2009.08.061.

L. Kexue, P. Jigen, Laplace transform and fractional differential equations,
Applied Mathematics Letters 24 (2011) 2019-2023.

D. Vernon, The Laplace Transform, Princeton University Press, London,
1946.

R. Churchill, Operational Mathematics, McGRaw-Hill, Inc., New York,
1958.

E. Watson, Laplace Transforms, Van Nostrand Reinhold Co., New York,
1981.

W. Rudin, Principles of Mathematical Analysis, McGraw-Hill, Singapure,
1976.

S. S. Dragomir, R. P. Agarwal, N. S. Barnett, Inequalities for Beta and
Gamma functions via some classical and new integral inequalities, J. of
Inequal. & Appl. 5 (2000) 103-165.

E. Bazhlekova, Fractional Evolution Equations in Banach spaces, Ph.D
Thesis, Eindhoven University technology, 2001.

G. Casella, R. L. Berger, Statistical Inference, Cengage Learning India,
New York, 2006.

J. V. Michalowicz, J. M. Nichols, F. Bucholtz, Handbook of Differential
Entropy, Chapman and Hall/CRC, New York, 2013.

M. Abramowitz, 1. Stegun, Handbook of Mathematical Functions: with
Formulas, Graphs, and Mathematical Tables, Dover, New York, 1972.

R. Gorenflo, A. Kilbas, F. Mainardi, S. Rogosin, Mittag-Leffler Functions,
Related Topics and Applications, Springer, New York, 2014.

31



