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Abstract. In this paper, we discuss the effect of parameter variations on the perfor-
mance of fractional differential equations and give the concept of fractional sensitivity
functions and fractional sensitivity equations. Meanwhile, by employing Laplace trans-
form and the inverse Laplace transform, some main results on fractional differential
equations are proposed. Finally, two simple examples with numerical simulations are
provided to show the validity and feasibility of the proposed theorem.

Keywords: Caputo derivative, Laplace transform, Mittag-Leffler function, fractional
sensitivity function, fractional sensitivity equation.

2010 Mathematics Subject Classification: 26A33, 33E12, 34A08, 93B35, 93C10.

1 Introduction

Fractional differential equations (FDEs) have become one of the most attractive topics in the
last few years [4,10,13,17,19,23,26,27]. The reason for this is that FDEs could well reflect
the long-memory and non-local properties of many dynamical models, such as fractional os-
cillator equation in the coulomb damping vibration [25], fractional Schrodinger equation in
quantum mechanics [21], fractional Langevin equation in the anomalous diffusion [3], frac-
tional reaction-diffusion equation in biochemistry [11], fractional Lotka—Volterra equation in
the historical biological systems [6], fractional Cattaneo equation in the laser short-pulse heat-
ing process [24], and so on.

Some fundamental theories of the solution of FDEs have been published [2,7,8,14,17, 18,
20,22,23,28-30], like existence, uniqueness, continuous dependence on the order « and on the
initial values, etc. These results are not introduced particularly in this paper. As we all know,
the performance of many dynamical systems can be closely related to parameter variations.
Actually, it is very important that there should be described the effect of small parameter vari-
ations on solutions before the dynamical analysis of systems. However, how to characterize
this relation is not yet well established in the published literature. Motivated by the previous
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works, the paper studies the differentiability and continuous dependence of the solution of
FDEs with respect to parameters. And this is to derive the concept of fractional sensitivity
functions and fractional sensitivity equations that depict the relationship between the perfor-
mance of systems and parameter variations. Meanwhile, by employing Laplace transform and
the inverse Laplace transform, some main results on FDEs are proposed. Finally, two simple
examples with numerical simulations are given to show the effectiveness of our theoretical
results.

Throughout the paper, R™ and Z* are the sets of positive real and integer numbers,
respectively; while R and C denotes separately the sets of real and complex numbers. R”"
represents the n-dimensional Euclidean space. For a vector x = [xl,xz,...,xn]T € R", we
use ||x||1 = YL |xil, ||x]l2 = /XL [xi|? and || x]|ee = maxj—1,, . |x;i| to denote respectively
the 1-norm, 2-norm and infinity norm of vector x, while ||x|| represents an arbitrary norm of
vector x. “D and (I* denote the Caputo fractional derivative and Riemann-Liouville fractional
integral of order « on [0, t], respectively.

2 Preliminaries

In this section, we recall some basic definitions and properties related to fractional calculus
which will be needed later. More detailed information on fractional calculus can be found in
the literatures [17,23]. In fractional calculus, the fractional integrals and derivatives usually
employ the Riemann-Liouville definition and Caputo definition, respectively. Besides, with-
out loss of generality, the lower limit of all fractional integrals and derivatives is supposed to
be zero throughout the paper. We list their representation that will be used in our proofs.

Definition 2.1. Let x(f) be a continuous function on an interval [0, b]. The Riemann-Liouville
fractional integral of order « € R is defined as

olfx(t) = 1"(1(x) /Ot (t—1)* x(1)dr, (t>0, a>0), (2.1)

where T is the Gamma function I'(s) = f0+°° ts—le~tdt,

Definition 2.2. The Caputo fractional derivative with order « € R™ of function x(t) is defined

as follows
1

t
Cru —_ _ pyn—a—=1,(n)
FDEx () = £y /O (t— 1)1 (D)dr, (¢ >0), 2.2)
where 7 is an integer such that 0 < n — 1 < « < n € Z*, x(")(1) denotes the n-th derivative
of x with respect to 7. For this formula (2.2), one has §{ D¥x(t) = oI *x(")(t). Moreover, when
0 < a<1,itholds

SDx(t) = F(ll—oc) /Ot(t — 1) (T)dT = oI} "X (1), (t>0). (2.3)

The Laplace transform (LT) of the Caputo fractional derivative is given by

n—1
LT {ng‘x(t)} =s"X(s) - ) s 1k x () (), O<n—-1l<a<neZ'),
k=0
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where X (s) denotes the Laplace transform of x(t), t and s are the variable in the time domain
and complex-frequency domain, respectively. Furthermore, the Laplace transform of oIf*x(t)
takes the particularly simple form

LT {oIfx(t)} = s *X(s), (a > 0).

In order to study the solution of FDEs, the Mittag-Leffler function is employed frequently.
To this end, the Mittag-Leffler function with two parameters is defined by

Zk

E,p(z) = éw, (a>0,>0),

where z € C. For B =1, one has E, 1(z) = E.(z). Moreover, E; 1(z) = ¢*.
The Laplace transform of the Mittag-Leffler function in two parameters is
s P

IT{#FEp(At) | = o—,  (Re(s) > [A]%), (2.4)

where A € R, Re(s) denotes the real part of s and LT{-} stands for the Laplace transform.

Property 2.3. Let « > 0 and B > 0. If x(t) is continuous functions on [0, b], then for all t € [0, b]
off (o1 (1)) = oI} Fx(t).

Property 2.4. Let x(t) be a continuously differentiable function defined on an interval [0, b] of the real
axis R, then

n=1 (k)
o §ix() = 2 - ¥ D0, >0
k=0 :

where n is an integer such that 0 <n —1 < a <n € Z". In particular, if 0 < a <1, then

off (§Dfx(t)) = x(t) = x(0),  (t>0).

3 Main results

3.1 Nonlinear fractional differential equations

Applying the Caputo derivative, a fractional-order differential equation with nonzero initial
value can be defined by

§Dix(t) = f(t,x(1),  (t>0),

£(0) = 1, (3.1)

where « € (0,1) is a real constant. By using the property of Riemann-Liouville fractional
integral, one gets

oIf (§Dfx (1)) = oIf (f (¢, x(t)))-

From Property 2.4 and Definition 2.1, we have

x<t>=xo+om<f<t,x<t>>>:xo+r<1a) [0 fwxope, @0, 6
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Remark 3.1. From (3.2), we can clearly see that the solution of Cauchy type problem (3.1) is
fully determined by the initial value x¢ and the nonlinear function f in the usual sense, while
does not consider information of the infinite time interval x(7) (—co < T < 0). In this case,
the solution x(t) of Cauchy type problem (3.1) is well-defined on t > 0. It is thus assumed
that the initial value of FDEs involving Caputo derivative is a constant function of time, and
x(t) = x(0T) for all + < 0 throughout the paper.

For the existence and uniqueness of the solution of Cauchy type problem (3.1), Ref. [17]
has discussed extensively, which is stated in the following Lemma 3.2.

Lemma 3.2. Let Q) be an open and connected set in R", and assume that the nonlinear function
f(t,x) :[0,b] x QO — R" is piecewise continuous in t and satisfies the Lipschitz condition in x. Then
there exists x(t) such that the equation § D x(t) = f(t,x(t)) with x(0) = x has a unique solution of
the Volterra integral equation

x(t) = xo+ 1”(104) /Ot (t—1)* L f(1,x(7))dr, (t >0),

where « € (0,1) is a real constant.

From the above processes, it is recognized that this solution x(¢) depends continuously on
the order «, the initial condition xj, and the right-hand function f(¢,x). The corresponding
theorem of such problems has been found in [7,8]. Here, a new criterion is devoted to the
estimates of solutions of fractional-order equations.

Corollary 3.3. Let (3 C R" is a domain that contains x = 0. Assume that x(t) € Q) is a solution of
Cauchy type problem (3.1), for all t > 0; and there exists a constant | > 0 such that ||f(t,x(t))|| <
I||x(t)]| on [0,00) x Q. Then, for any « € (0,1)

(D) |§DE[xT ()x(B)]] < 21| x (8]
(ii) [|xo ]| (Ea(=218%))> < [lx(D)]| < [lxol| (Ea(21£%))2.
Proof. (i) Based on §D¥[xT(t)x(t)] < 2xT(+)§D¥x(t) [1, Remark 1], it can be concluded that
GDF [ (H)x(1)] < 22T (H)GDfx(t) = 2xT (1) f(t, x(t)).
That is,
(6 D¢ [ (1)x(D]] < 2l () IIf (¢, x()]] < 2]|x (8]
(ii) Let L(t) = xT(#)x(t) and Lo = x}xo. According to the foregoing processes, one gets
—2IL(t) < SDYL(t) < 2IL(t). (3.3)
For the left-hand side of (3.3), there exists a non-negative function N(t) satisfying
SDEL(t) = —2IL(t) + N(¢t). (3.4)
The Laplace transform (LT) of Equation (3.4) yields
s*L(s) —s* 1Ly = —21L(s) + N (s),

where L(s) = LT{L(t)}, N(s) = LT{N(t)}.
It follows that 1y LNG)
S 0 S

L(s) = Y (3.5)
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Taking the inverse Laplace transform of (3.5), one obtains
L(t) = LoEa(—21t*) + N(t) * [t* ' Ega(—21t")],
where * denotes the convolution operator, and since t"‘_lEa,a(—Zl t*) > 0, then it holds that
LoE,(—2It") < L(¢).

The proof of the right-hand side of (3.3) is similar to the above procedure, so we omit it here.
Therefore, we have
LoE,(—2It*) < L(t) < LoEq(21t%).

Taking the square root yields
|| (Ea(—21£%))2 < [|x(8)]| < [|xol| (Ea(21£%))2.
This completes the proof. O

In the next section, we give the closeness of solutions for FDEs involving Caputo derivative
on a finite interval of the real axis in spaces of continuous functions.

Theorem 3.4. Let ) be an open and connected set in R" and f(t,x) : [0,b] x Q — R" is piecewise
continuous in t and satisfies the Lipschitz condition in x with Lipschitz constant | > 0. Let u(t)
and v(t) be solutions of SD¥u(t) = g(t,u(t)) with the initial value u(0) = ug and §Dfo(t) =
g(t,0(t)) + h(t,v(t)) with the initial value v(0) = wvo, respectively. Assume that there exists a
constant A > 0 such that

|h(t, x)|| <A, V(t,x) € [0,b] x Q.

Then,
[u(t) —o(t)[| < [Juo — vol| Ea(lt*) + At*Eqar1(It"),

forall t € [0,b], where a € (0,1) is a real constant.

Proof. The solutions u(t) and v(t) are given as, respectively.

< (b - T g (r u(n))dr

e = (000 + (o)
It follows that

() = o)1 < 1m0 =0l + g7 [ (¢ =21 g, u(e)) = g, o(e) e

. r(la) /Ot (t— 1) [Ih(z,0()) ldx

(atl)tu F(la) [ =0 (o) ~ oo

< _
< |luo — vol| + T

Let A(t) = ||lu(t) —ov(t)]], thatis Ay = ||up — vo|| and A(T) = ||u(7) — v(7)]|. Then there exists
a nonnegative function M(t) satisfying
A !

AW = Ao+ o T /Ot (t— )" TA(T)dT — M(t). (3.6)
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Taking Laplace transform (LT) of (3.6), we obtain

o Ao A l.A(S)
- ? + gat+1 gt

Al(s) — M(t), 3.7)

where A(s) = LT{A(t)}, M(s) = LT{M(t)}.
It follows that
Aps* 14+ As —s* M(t)

st — |

and the inverse Laplace transform using the formula (2.4) gives the formula

A(s) =

A(t) = AgEo(It*) + AMYEg i1 (I1%) — M(t) % t 1 E,o(1t%),

where * denotes the convolution operator. And since

t 1 Eo(It") = Z(Ea(lt“)) >0,

then it yields that
A(t) < AoEq(It*) + AMt"Eg o1 (1t7).

That is
[u(t) —o(t)|| < [luo — vol| Ea(It") + At*Eg a1 (1),

This completes the proof. O

Remark 3.5. Theorem 3.4 here is an extension of Theorem 3.4 of the Ref. [16] about the close-
ness of solutions of integer-order to fractional-order differential equations.

Remark 3.6. This bound is useful only on a finite time interval [0, b], since the right side of
the inequality will be unbounded as b is large enough (i.e. the Mittag-Leffler function grows
unbound as t — o).

Corollary 3.7. Let x1(t) and x,(t) be differentiable functions on an interval [0, b] such that ||x;1(0) —
x2(0)|| < 6 and ||§D%x;(t) — f(t, xi(t))|| < Ay, (i = 1,2) for t € [0,b]. If the function f satisfies
Lipschitz condition with Lipschitz constant | > 0, then
21 (8) = 22 () || < SEL (1) + (A1 + A2)t* Eqaya (I1°),
forall t € [0,b], where a € (0,1) is a real constant.
Proof. Let z(t) = x1(t) — x2(t), then
§Diz(t) = G D1 (t) — EDfxa(t)
= §Dfan(t) = f(t, 21 (t)) = EDFxa(b) + f(t x2(8)) + f(t 21(8)) = f(E 22(8)).
It follows from the Property 2.4 that
off (§DFz(1)) = oIf (FDfxa(t) — f(t,x1(£))) — oI (D xa(t) — f(t,x2(t)))
+olf (f (£ x1(8)) = f(E x2(H)))-
Consequently,

()] = lz(0) | < oI Ax + oI A2 + Lo I [|x1 (£) — x2(8)]

_ A+ A l

- e ot T | =0z
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That is,
=01 < =)+ T35 + g (=0 lar,

Similar to the proof of Theorem 3.4, one gets
[z()]] < [1Z(0)[[Ea(1t*) + (A1 + A2)t" Eq oy (17).

Hence, it holds
1 () = x2(O)]] < Ew(1#%) + (A1 + o) Eqsa ().

This completes the proof. O

Remark 3.8. For the case (6 = Ay = A, = 0), Corollary 3.7 shows that the initial value prob-
lem has only one solution as the right side of the differential equation satisfies a Lipschitz
condition. The corresponding result for ordinary differential equations of integer-order has
been found in [5, Theorem 5].

3.2 Fractional differential equations with perturbation

Let us consider the fractional differential equation with perturbation

GDFx(t) = f(t,x(t), ),

where & € (0,1) is a real constant, u € R” could represent physical parameters of the equa-
tion, and the study of these parameters explains the change of modeling errors, aging, or
uncertainties and disturbances, which exist in any realistic problem.

With the help of Theorem 3.4, we should show that the next theorem related to the con-
tinuous dependence of solution in terms of parameters. Firstly, the conception of continuous
dependence on parameters is introduced as follows.

Definition 3.9. Let x(¢, 119) be a solution of the fractional-order differential equation § D¥x(t) =
f(t,x(t), o) defined on a finite time interval [0, b], with the initial value x(0, ug) = xpo. The
solution is said to depend continuously on y if, for any & > 0, there exists 6 > 0 such that for
all u in the set {y € RP | ||u — po|| < &}, the equation §D¥x(t) = f(t,x(t), u) has a unique
solution x(t, #) defined on a finite time interval [0, b], with the initial value x(0, ) = x¢1, and
satisfies ||x(t, u) — x(t, po)|| < ¢, for all t € [0, b].

Remark 3.10. At the initial time ¢ = 0, the initial values of equations { Dfx(t) = f(t, x(t), uo)
and §Dix(t) = f(t,x(t), u) are the same thing, that is xgp = xo1 = Xo.

Theorem 3.11. Let Q) be an open and connected set in R" and the nonlinear function f(t,x,pu) :
[0,b] x Q x {||p — pol| < r} — R" is continuous in (t,x, u) and satisfies the Lipschitz condition in
x (uniformly in t and p). Let ¢(t, po) be a solution of the equation §D¥x(t) = f(t,x(t), po) defined
on a finite time interval [0, b], with $(0, po) = ¢o € Q. Assume that ¢(t, po) € Q is well-defined for
all t € [0,b]. Then, for any € > 0, there exists 6 > 0 such that if {||u — po|| < 6} then there exists a
unique solution ¢(t, u) of the equation §D¥x(t) = f(t,x(t), u) defined on a finite time interval [0, ],
with (0, i) = @o, and satisfying ||o(t, ) — P(t, po)|| <.

Proof. In order to prove this theorem, we need structure an invariant set D such that the

solution of fractional-order equation starts in D at some time, and stays in D for all future time.
This method is similar to the proof of Theorem 3.5 in [16]. Since ¢(t, yo) is continuous with
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respect to t, then ¢(t, o) is bounded on the closed interval [0, b]. Consequently, there exists a
small enough ¢ to ensure that the set D £ {(t,x) € [0,b] x R"|||x — ¢(t, uo)|| < e} C [0,b] x Q.
Apparently, D is compact set, then f (¢, x, jt) satisfies the Lipschitz condition with respect to x
on D with Lipschitz constant I > 0. By the continuity of f(¢, x, 4) concerning y, for any ¢ > 0,
there exists 7 > 0 (with 7 < r), such that

||f(t,X,}t) —f(t,x,yo)H < g/ V(t,x) €D, VH‘IA - VOH <7.

Taking ¢ < € and ||¢o — @o|| < ¢, by the existence and uniqueness theorem, then there exists a
unique solution ¢(t, i) of D¥x(t) = f(t,x(t), u) defined on [0, b], with ¢(0, ) = @o. We will
prove that, by electing a small enough , the solution stays in D for all ¢ € [0, b]. That is,

@ (t, 1) — P (t, po) |l
= '¢o—¢o+r(la)/0 (t=1)* (T, p)dt — r(la)/o (t =) f(T, ¢, po)dT

<llgo =l + g7 [ (=2 79,0 = £, o)

i b =0 A ) = £ )

A

Based on Theorem 3.4, it follows that

19t 1) = @t )| < llgo — oll Ea (1) + G Eqsa (18%) < G(Ea(18*) + EEnars (114)).

By choosing { < &(Ey(It*) + t*Eyo1(1t*)) !, one has ||@(t, 1) — ¢(t, uo)|| < & where 6 =
min((, 7). From Definition 3.9, the solution of fractional-order equation is continuously de-
pendent on parameter y. This completes the proof. O

Corollary 3.12. Let f(t,x) is continuous in (t,x) and has continuous first partial derivative with
respect to x, for all (t,x) € [0,b] x R". Let y(t,to,xs,) be the solution of equation { Dfx(t) =
f(t,x(t)) that starts at x(tg) = xy, for all tg > 0; Further let P(t,to, xy,) is fully determined
by x(ty) = xy, in the usual sense and (t,ty, xy,) is well-defined on [to,b], while does not con-
sider knowledge of the infinite time interval x(t) (—oo < T < ty). Then, for any real constant
0<a<l),

(i) P(t, to, xy,) is continuously differentiable with respect to to and xy,.

(ii) Let iy, (t) and ¢y, (t) denote g%f) and ;x—’f, respectively. Then
0

y(t) = lpfo(t) + lrbxto (t)f(to, xto)folf(t - to)_l

satisfies the fractional-order differential equation {Dfy(t) = %(t,lp(t, to, x,))y(t) with the
initial value y(ty) = 0.

(iii) Under the assumptions of (ii), if the Jacobian matrix %(t, P(t, to, x,)) is a real constant matrix,
then y(t) = 0, that is r, (t) + P, (£) f (o, X1 )i If ( — £0) 71 = 0.

Proof. (i) By using the property of Riemann-Liouville fractional integral, one has

WwIF(EDFx(8) =t IF (f(1 x (1))



Sensitivity analysis of parameters for fractional differential equations 9

From Property 2.4 and Definition 2.1, one gets

Yt to, x1y) = Xig + 1o I (fF (8 9 (E o, x10)))
1 t
= Xty + =~ / (t— 1) Lf(T, (T, to, x1,) )dT, (t > to). (3.8)
F((X) to
Apparently, ¢(t, to, x¢,) is continuously differentiable with respect to ¢y and x;, since f and its

partial derivative with respect to ¢ are continuous in (¢, ).
(ii) From (i), it yields that

d
P, (1) = Wl/)(f/ to, Xt,)

to

1 e vt )
T /to (f— ) ’

0
R P e e ]
0

o
and
0
l/)to( ) = %w(t/ to, xto)
f )
_ f(tO/ xto) 1 £ w(T’ ¢(T’ to, xto))%lp(’f/ to, xto)
T () (E— )¢ T(w) /to (t—1)l-« at
_ f(tOI xto) o L i
= T (t— ) ® + 1o 1; |:alp(t,¢(t,t0/Xto))atO¢(t, to, Xt,) | -
Note that
a -1_ L f ooNalf e N—lgo 1
W= 1) = /to(t 0 t0) = s
Hence

P (8) = — F(to, 1o I (E — to) ™ + I [a{paw, fo, xto>>;’t0¢<a fo, x1,)| -

Consequently, denote that y(t) = ¢, (t) + ¥, (t)%, one gets
_ f(t(), xl‘o)
y(t) - l/)fo(t) + l/JXrO (t) F(uc) (t — to)l_a

f
RS )
ol i

Namely,
y(t) = 1y (£) + W, (8) f (b0, X1 )1 If (¢ — t0)
S .
= lt { 5 09 0, 50 8+ 9, (OF o )l (= 0) 11 (39
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Taking Caputo type fractional derivative of both sides of (3.9), it is clearly seen that y(t) =
Wty () + Py, (£) f (o, Xt )1 I (£ — to) ! satisfies the fractional-order equation

CDiy(t) = a{{)(t,tp(t, to, xt,))y(t), (t>t,0<a<l), (3.10)
with the initial value y(tg) = 0.
(iii) Assume that the Jacobian matrix % (t,9(t, to, xt,)) is a real constant matrix A, then Equa-
tion (3.10) can be rewritten as  Dfy(t) = Ay(t) with y(to) = 0. By applying Laplace transform
and the inverse Laplace transform, it follows that

y(t) = Ex(A(t —to)")y(tp) = 0.

Therefore, r, () -+ Wx, (£) f (o, X1 )1, [ (= t0) 7F = 0.
This completes the proof. O

Remark 3.13. If the fractional-order differential equations are linear and autonomous (i.e.
f(t,x(t)) = f(x(t)), and f(x(t)) is noted for the linear combination of the vector x(t)), then
the result (iii) holds certainly.

3.3 Sensitivity equations of Caputo fractional derivative

Let the nonlinear function f(f, x, u) and its partial derivative with respect to x and y be contin-
uous in (f,x, u) forall (t,x,u) € [0,b] x R" x RP. Before existing the perturbation of parameter
1, let us assume the nominal equation

GDfx(t) = f(t,x(t), mo),  x(0) = xo,

has a unique solution x(¢, yo) on a finite time interval [0, b], where a € (0,1) is a real constant
and p is a nominal value of y. When there is the perturbation of parameter y, the nominal
equation can be written the following form

GDfx(t) = f(t,x(t),p),  x(0) = xo. (3.11)

If || — pol| is chosen as sufficiently small constant, then it follows from Theorem 3.11 that the
equation (3.11) has a unique solution x(t, ) on a finite time interval [0, b] and it is close to
the nominal solution x(t, o). Therefore, the equation (3.11) is equivalent to a Volterra integral
equation

x(t,p) = xo+ 1“(1“) /OIf (t—1)* (T, x(T, 1), p)dr. (3.12)

By the continuous differentiability of f (¢, x, i) with respect to x and y, one obtains that the
solution x(t, i) is differentiable with respect to y on some neighborhood of . That is,

ox(tbp) _ 1 [ w1 [Of ox(t,u)  of
o _r(l’é)/o (t—1) 1[ax(T,x(T,V)/F)aV+ay(T,x(T,y),y)] dr.  (3.13)

By setting x,(t, u) = %Z”), we can write the equation (3.13) as

) = ey o =0 S, W) + 3 x|
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At = po, x,(t, o) depends only on some time t and describes the time evolution of the
sensitivity of parameter y. Taking Caputo type fractional derivative of both sides of (3.13), it
yields that

SO ) = G x(t ) n(w) + Ftxm),  wOm =0 G

Denote that P(t, u) = W and Q(t, u) = %ﬁ’”)”‘), as p is sufficiently close to uo,
P(t,u) and Q(t, u) are well-defined on [0, b]. Furthermore, the evolution of equation (3.14) is
fully determined by knowledge of the vector x,(t, ) at a time ¢ = 0 in the usual sense, and
does not depend on information of the infinite time interval x;,(T, #) (—oo < T < 0). When
u = po, the equation (3.14) is described by the follows form

6D¢S(t) = P(t, uo)S(t) + Q(t, o), S(0) =0, (3.15)

where S(t) = x,(t, o) is called the fractional-order sensitivity function, and formula (3.15) is
call the fraction-order sensitivity equation. Apparently, S(t) is also well-defined on on a finite
time interval [0, b], which is the unique solution of the equation (3.15). The matrices P(t, yo)
and Q(t, o) are given as follows.

of (t,x, )

P(t, 0) _ E R?’lX?’l,
]’l ax x:x(t,ﬂo)/l/‘:m

ot o) = =) €R"P.
ou x=x(t,po),p=po

Remark 3.14. The sensitivity function and sensitivity equation of Caputo fractional derivative
is an extension of sensitivity analysis of parameters from the integer-order to the fractional-
order. The corresponding theorem has been found in [16].

In the next section, two simple examples are given to illustrate the solution process of the
sensitivity function.

4 TIllustrative examples

Example 4.1. Let us consider the following Duffing forced-oscillation equation with Caputo
fractional derivative
{OCD?'9x1 = X2,

4.1)
§D%9x; = —axy — bx3 + ccos(wt),

where a,b, c and w are real positive parameters of equation. If the nominal values of parame-
ters are chosen as ap = 0.3, byp = 1, cp = 39 and wy = 1, then the nominal equation is written

as
CPO9y. —
D095 — 031 — 3 2)
gDf7xp = —0.3x2 — xy 4 39 cos(t).

Differentiating with respect to x = (x1,x2)" and u = (a,b,c,w)?, respectively, we see that the

Jacobian matrices are described by

% _[ af}:[ 0 1},

ox oxp  oxp —3bx? —a
S (yyuwx]=-|° ° 9 0 .
ou da 9b dc Jw —xp —x] cos(wt) —cwsin(wt)
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Consequently, one gets

of 0 1
P(tpo) = 55 :[—33(2 —03]’
Ho 1 :
0 0 0 0
Q t,Ho) = == = |: . :| X
(£ o) O |, —x; —x} cos(t) —39sin(t)
Let the sensitivity function
a a ) 9
S(t):aj = §§§§ é[x3 X5 X7 9@}
O |y 9 o o o X4 Xe X X10

then the sensitivity equation

Cn0.9 0.9 Cn0.9 Cn0.9
CDOIS(t) = 6D xs §DP%xs §DPx7  GDPx
0~t gDOQX4 0D09x6 (()fD?.9x8 OCD?'9X10

- 0 1 X3 X5 X7 X9 + 0 0 0 0 (43)
[ -3x2 —03] [xa x6 x5 X10 —x; —x] cos(t) —39sin(t)|’ ’

Combining Egs. (4.2) and (4.3), one has

= P(t, 10)S(t) + Q(¢, 1o)

(5DPx1(t) = xa(t), x1(0) = x10,
S§Dxy(t) = —0.3x2(t) — x3(t) + 39 cos(t), x2(0) = x20,
D7 x3(t) = xa(t), x3(0) =0,
SDMxy(t) = —3xz(t)x3(t) — 0.3x4(t) — x2(t), x4(0) =0,
6 D7 7xs(t) = x6(t), x5(0) =0,
6 D7 x6(t) = —3xs(1)x7 (1) — 0.3x6(t) — (1), x6(0) =0,
6 D77 (t) = xs(t), x7(0) =0,
S§D%xg(t) = —3x7(t)x3(t) — 0.3x5(t) 4 cos(t), x3(0) =0,
6 D7 7xo(1) = x10(8), x9(0) =0,

L $Dx10(t) = —3x9( Va3 (t) — 0.3x10(t) — 39sin(t), x19(0) = 0.

In what follows, the Adams-Bashforth-Moulton predictor—corrector algorithm [9] is em-
ployed to the numerical calculation of fractional-order equation with Caputo derivative. When
the initial value (x19, x20) = (0.1,1), Fig. 4.1 depicts the sensitivities of x; with respect to x3,
x5, X7 and xg, that is the sensitivity of parameters (a,b,c,w) for x;. Also, Fig. 4.2 shows the
sensitivity of parameters (a,b,c, w) for x,. From Figs. 4.1-4.2, we can see that the solution is
more sensitive for parameter w than for parameters a, b and c.

Remark 4.2. It should be noted that if the fractional-order equation is autonomous (namely,
f(t,x(t),u) = f(x(t),n)), then the fractional sensitivity equation will be also autonomous.
The next example is given to illustrate this specific case.
Example 4.3. Let us consider Caputo type fractional-order Lorenz equation [12]

§D9%x; = —ax; + ax,
6 D) Px0 = bxy — x0 — X133,

C0.95,. _
g Df7Px3 = x1x2 — cx3,
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where i = (a,b,c)T are real positive parameters that represent the Prandtl number, the geo-
metric factor and the Rayleigh number, respectively. When the nominal values of parameters

are chosen as ag = 10, by = 28 and ¢y = %, then the nominal equation is described by

C10.95
oDy x1
C10.95
o Di77x2
C10.95
o Di™7x3

= —103(1 + 103(2,
= 28x1 — Xp — X1X3,

8
= X1Xp2 — §X3.

Similar to the procedure of Example 4.1, one obtains

of -10 10 ©
P(po) = Fl 28—x3 -1 —x1 |,
8
Ho X2 X1 —3
9 —X1 + X2 0 0
Q(po) = o = 0 x1 0
Ho 0 0 —x3
Let the sensitivity function
o9x  9x  9xg
ox i b e | Y4 Xo X8
s=ol =B R Rl v o,
#o % 2 9 X10 X1 X12
then the sensitivity equation
- C1y0.95 C1Hy0.95 C1H0.95
C0.95 %D69SX4 %D69SX6 (():D695xg
D75 = | ¢DyPxs gDyxy gDiPx = P(p0)S + Q(po)
| §DYPxqg §DYPxyq §D%xyp
[ —10 10 0 X4 X6 X8 —X1+ X2 0 0
= 28—3(3 -1 —X1 X5 X7 X9 + 0 X1 0
8
) X1 —3 X10 X1 X12 0 0 —x3
0a=0.9 a=0.9
4 T 40 T
T T
M : o0
é -——- ¢'-‘f: §
§ opewg ghe PSSR IR § oo
%—2— EN 10
% w4 % Uc“~"h»"\-‘~/: "-..-’_’:—‘-?‘\
S S . . z s
s -10
-8 : : : : : -20 : : : :
0 0.5 1 15 2 25 3 0.5 1 15 25

Figure 4.1: Evolution of the sensitivities of x1 (t) on param-

eters (a,b,c, w).

Time(sec.)

Time(sec.)

eters (a,b,c,w).

(4.4)

(4.5)

Figure 4.2: Evolution of the sensitivities of x;(t) on param-
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Combining Egs. (4.4) and (4.5), one has

(CDO%x) = —10x; + 10x, x1(0) = x10,
SD?'%XZ = 28x7 — xp — X1X3, XZ(O) = X0,
§DP%Px3 = x1x2 — 53, x3(0) = x30,
§D9%xy = —10x4 4 10x5 — x1 + X2, x4(0) =0,
§DP%5x5 = (28 — x3)x4 — X5 — X1X10, x5(0) =0,
§DY%xg = —10x6 + 10x7, %6(0) =0,
§DYPx; = (28 — x3)x6 — X7 — x1x11 + x1,  x7(0) =0,
gD?'Qng = —10xg + 10x9, Xg (O) =0,
6 D)% x9 = (28 — x3)x5 — X9 — X1X12, x9(0) =0,
gD?-%xlO = XpX4 + X1X5 — %xlo, x10<0) =0,
8D9'95X11 = XoXg + X1X7 — %xn, x11(0) =0,

\SD?'%xu = XoXg + X1X9 — %xlz — X3, x12(0) =0

When the initial value (x19,x20,¥30) = (1,1,1), Fig. 4.3 shows the sensitivities of x ()
with respect to x4(f), x¢(t) and xg(t), that is the sensitivity of parameters (a,b,c) for x;(t).
Also, Figs. 4.4-4.5 depict the sensitivity of parameters (a,b, c) for x»(t) and x3(t), respectively.
From Figs. 4.3-4.5, we can see that the solution is more sensitive for parameter ¢ than for
parameters a and b. In addition, Fig. 4.6 displays a much closer relationship between the
Rayleigh number c and the spatial temperature distribution in the fluid layer under gravity
(i.e. the variable x3(t)) than measures of the fluid velocity (i.e. the variables x;(t) and x;(t)).
Refs. [12,15] show that the performance of the system is closely related to variations in the
parameter c. Therefore, it is suggested that there should be described the effect of small
parameter variations on solutions before the dynamical analysis of fractional Lorenz system.

5 Conclusion

This letter shows the effect of parameter variations on the performance of fractional differen-
tial equations and give the concept of fractional sensitivity functions and fractional sensitivity
equations. At the same time, by employing Laplace transform and the inverse Laplace trans-
form, some main results on fractional differential equations are proposed. Finally, two simple
examples with numerical simulations are provided to show the validity and feasibility of the
proposed theorem.
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Figure 4.3: Evolution of the sensitivities of x1 (¢) on param-
eters (a,b,¢).

Figure 4.5: Evolution of the sensitivities of x3(¢) on param-
eters (a,b,¢).
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