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Abstract

The solutions of system of linear fractional differential equations of incommensurate
orders are considered and analytic expressions for the solutions are given by using
the Laplace transform and multi-variable Mittag-Leffler functions of matrix
arguments. We verify the result with numeric solutions of an example. The results
show that the Mittag-Leffler functions are important tools for analysis of a fractional
system. The analytic solutions obtained are easy to program and are approximated by
symbolic computation software such as MATHEMATICA.
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1 Introduction

Fractional calculus studies the several different possibilities of defining integral and deriva-
tive of arbitrary order, generalizing the classical integration operator Jf(£) = fot f(r)dr and
differentiation operator Df (¢) = % f(¢). In this regard, the common definitions include the
Grunwald-Letnikov fractional integral and derivative, the Riemann-Liouville fractional
integral and derivative, and the Caputo fractional derivative [1-9].

It is found that fractional calculus can describe memory phenomena and hereditary
properties of various materials and processes [2—7, 10]. In recent decades, fractional cal-
culus has been applied to different fields of science and engineering, covering viscoelas-
ticity theory, non-Newtonian flow, damping materials [4, 7, 11, 12], anomalous diffusion
[13-16], control and optimization theory [17-19], financial modeling [20, 21], and so on.

For the scalar function f(£) on a < t < +00, the Riemann-Liouville fractional integral of
order B is defined as

5 ~ t (t— .[)ﬁ—l
SO = | g @, M

for B > 0, and f(¢) for B = 0. The Riemann-Liouville and Caputo fractional derivatives of
order « have the forms

BB = T (), 0<n-T<asn, @
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and
DO = JIfP0), 0<n—1<a<n, (3)

respectively.

Fractional differential equations on scalar functions, including the existence, uniqueness
and stability, and the analytic and numeric methods of solutions, were studied by many
scholars [3-9, 13, 15, 17, 22-27]. In particular, new numerical schemes were designed [9,
23, 24, 28], and a Lie symmetry analysis was given and the conservation laws for fractional
evolution equations were systematically investigated [29—32]. The solutions of many frac-
tional differential equations involve a class of important special functions—Mittag—Leffler
functions (AMS 2000 Mathematics Subject Classification 33E12). The Mittag—Leffler
function with two parameters is defined by the series expansion [5, 33]
Ex,p(z)=gm, A>0,p>0,zeC, (@)

where T'(-) is Euler’s gamma function. The special case of A = p = 1 degenerates to the
exponential function, E1(z) = €. We note that the Mittag—Leffler functions were also
used to define new fractional derivatives [34, 35].

The Laplace transform is an effective tool for the analysis of linear fractional differential
equations. It is defined for a function f(¢) as

+00
LIf(©)] =f(s) :[ f(t)e™tdt, Re(s)>c. (5)
0
The Laplace transforms of the fractional integral and the Caputo fractional derivative
are
LI ®O] =5F(), a>0, (6)
and
N n-1
L[oDif ()] = s°f(s) - Zsﬂflfkﬂk) (0*), O<n-l<a=<n. (7)
k=0

Atanackovic and Stankovic [36] introduced the system of fractional differential equa-
tions into the analysis of lateral motion of an elastic column fixed at one end and loaded at
the other. Daftardar-Gejji and Babakhani [37] and Deng et al. [38] studied the existence,
uniqueness and stability for solution of system of linear fractional differential equations
with constant coefficients. Other references include [39—41]. In the above literature, solu-
tions of the fractional differential system were given for the case of a commensurate order
system.

Incommensurate fractional order linear systems were considered in [42, 43]. Odibat [42]
used the Laplace transform and the Mittag—Leffler function with two parameters, but the
orders were limited to rational numbers. Daftardar-Gejji and Jafari [43] derived solutions
using the Adomian decomposition method.
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In this paper, we focus on the system of linear fractional differential equations of in-
commensurate orders and give analytic expressions for the solutions by using the Laplace
transform and multi-variable Mittag—Leffler functions of matrix arguments. We verify the
result with numeric solutions of an example.

In the sequel, we will use the Caputo fractional derivatives and denote (D¢f () by D¢f(¢)
for short.

2 A generalization of the Mittag-Leffler function

We introduce an n-variable Mittag—Leftler function with # + 1 parameters as

g(al,az ,,,,, an).p (tI) by, tn)

1 v v bty -+ bix
=—+ , (8)
r'(B) Z Z Mo, +ajy +--- +aj, +P)

k=1 j1j2snfk=1

where o; for i =1,2,...,n and B are positive constants.

The explicit form of the first several terms on the right hand side is

n n

1 + i by + Z Lty + Z Gty s +
F(,B) N F(Oljl + ,3) j F( F(O[jl +C(j2 + 0‘1’3 + ,3)

- o + o, + =
j1=1 1j2=1 i+ + ) J1j243=1

The special case of the single variable, i.e. n = 1, degenerates to the Mittag—Leffler func-

tion with two parameters as

. 1 ; £2 e
(@),p\t) = T'(B) * INCETC) " '(2a + B) * 'Ba + B) T
= a,ﬂ(t): (9)

where we express the parameter and the argument as « and ¢, instead of «; and £;.

The two-variable case, i.e. n =2, is

1 151 2
5(a1,a2),ﬁ(t1,t2) = T(B) + (F(Oll +B) * o + ﬁ))

t 2ty £
+(F(2a1+ﬂ)+r‘(a1 +0‘2+,3)+F(20¢2+,3)>+m (10)

The series on the right hand side in Eq. (8) is absolutely convergent for (¢1,t2,...,%,) € R".
In fact, we may suppose, without loss of generality, that «; = min{as, «y, ..., ,}. Then, for
large enough k, we have

Qj + o, + oy + B> ko + B>2.

So it follows that

(o), +aj, + -+ + a5 + B) > T'(kay + B).
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We estimate the general term of the series in Eq. (8) as

n

3 il -« i
(o e .
P (o, +oy +- -+ + )

n

1
< - tit, ...t
— F(/(al +/3) Z |11 72 /k|

J152fk=1

1 k
[‘(/(Tﬂ-,&(|tl|+|t2|+m+ltn|) . (11)

It is well known that the dominant series

e’} 1 &
%;F@;:E¢MLHM+~-HQD

converges to the Mittag—Leffler function Ey, g(|t1| + [t2] + - - - + |£4]).

If in the definition (8) the parameters satisfy a3 = a3 = - - - = o, = «, then the n-variable
Mittag—Leftler function in Eq. (8) also degenerates to the Mittag—Leffler function with
two parameters as

n

oo
) plt b2, ty titi, ...t
(o, :)vﬂ(l 2 ) F(IB)+ZF(O[/(+/3) Z 71772 Tk

=1 J1j2rfk=1
o0 k
+ Z 1t + +1,)
rw> — " T(ak+ )
=Eup(ti+t+--- +1ty). (12)
In particular, ifoe; = oy = - - - =, = B = 1, the n-variable Mittag—Leffler function in Eq. (8)

degenerates to the exponential function
Ean it bo .. ty) =Epi(t +ta+ - + 1) = €127, (13)

We remark that different versions of multi-variable Mittag—Leffler functions were pre-
sented, such as in [43—46]. But they are not exactly the same as the version in this paper.

3 Solution of system of fractional differential equations
We consider the following system of fractional differential equations:

ty,(t)—Zzz,kyk H+fi0), t>0,i=12,...,n, (14)
k=1

where a;; are constants, not all zero, f;(t) are specified functions, D}’ are the Caputo frac-
tional derivative operators with 0 < «; < 1, and y;(¢) are unknown functions with the spec-
ified initial values y;(0).

We suppose that each f;(¢) is locally integrable on the interval 0 < ¢ < +00 and the Laplace

transforms exist. Equation (14) may be written in matrix equation as

Dy(t) = Ay(¢) + £(t), t>0, (15)
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where D is the diagonal matrix with the fractional derivative operators
D = diag(D{",D{?,...,D{"), (16)
A = (a;)uxn is a non-zero coefficient matrix, f(¢) = A, L@),....[(t)T, and y = y(£) =

01(6),72(8), ., 7a ()
Applying the Laplace transformation to Eq. (14) with respect to ¢ we obtain

S“3i(s) = 7y (0) = Y audin(s) +£i(s), i=1,2,...,m, (17)
k=1

where Re(s) > ¢ > 0, and c is constrained by the following derivation and can be taken as
the value on the right hand side of inequality (21). In matrix form, Eq. (17) is

Ay (s) - s7 Ay (0) = A¥(s) + £(s), (18)
where A denotes the diagonal matrix A = diag(s*1,5%2,...,s*"). We rewrite Eq. (18) as

(A = A)y(s) = s T Ay(0) + £(s). (19)
Left multiplication by the inverse matrix Al = diag(s™@1,s7%2,...,57%) leads to

(1- A7 A)¥(s) = s71y(0) + A7'£(s), (20)

where I is the unit matrix of order n.
We let

n 1/
Re(s) > 111151()&1(2; |ﬂik|) , (21)

then the matrix (I — A~1A) is invertible. This can be proved as follows.
In fact, by Eq. (21), we have

n
51> 2 " lawl, i=1,2...m, (22)
k=1

that is, the following holds:
- 1
> s au| < o i=12.n (23)
k=1

Thus the absolute values of the diagonal entries of the matrix (I - A~1A) are greater than
1/2, while the sum of the absolute values of the non-diagonal entries in the ith row is less
than 1/2. By the Gershgorin circle theorem, the eigenvalues of the matrix (I - A1A) are
non-zero. Therefore, the matrix (I - A~*A) is invertible.
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From Eq. (20), we solve for y(s) as
() =571 (1= A72A) 'y (0) + (T- A7MA) T ATE(S). (24)
Inverse Laplace transform yields
y(t) = G(1)y(0) + Q(2) = £(2), (25)
where we introduce two matrix functions

G(t) =L [sH(1- A74) "], (26)

Q) =L7'[(1- A7) AT, (27)
and the convolution is defined as

Q(2) = £(2) =/0 Q(t-1)f(7)dr. (28)

First we consider the inverse Laplace transform of (I - A™1A)~!. We use the two decom-

positions of matrices as

(1-A714)" =S (a4) (29)
k=0
and
AA = Zs’“iAi, (30)
i=1

where A; denotes the matrix formed from A by rewriting each entry of A except that in
the ith row into zeros. So the ith rows of the matrices A and A; are identical. Hence we
have the following expression:

(I-AtA)" = i( ; s“”iAi>k

k=0 \ i=

oo n
S1+ Y Y SR IA A LA (31)

k=1 j1j2,jik=1
Calculating the inverse Laplace transformation term by term we have

L [(1-A4) ] = 81

tajl +0tjy +~~~+ajk—1

(0] n
AA, .. A, 32
+Z Z F(O‘i1+“i2+"'+(¥;k) 714 %2 Tk ( )

k=1 j1j2,-jk=1

where §(¢) is the Dirac delta function.
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Further we have the following result for the matrix G(¢):

G(t) =L [s'(1- A7'A) 7]
=L [(1- A7)
toll'l +Ol/‘2+<~+otl'k

oo n
=1+ Z Z 1&1‘11\1'2 .o 'Afk' (33)
i i Moy +aj, +---+aj, +1)

We lift the generalized Mittag—Leftler function in Eq. (8) to a matrix function and use it
to express the matrix G(¢) as

G(t) = Ewyanam 1 (VAL E? Ay, .., 17 A). (34)

To calculate the inverse Laplace transform in Eq. (27), we decompose the matrix A" as
n

AT =) s, (35)
i=1

where I; are formed from the unit matrix I in a similar manner as A;. We derive the ex-
pression for the matrix Q(¢) as

Q@) =L\ [(1-A7'4)'A]
=L [Z s (1- A‘lA)_llii|
i=1

=Y (- a7A)

t‘%”l

n 00 n tail +a1-2+-~+a/k+a,v—1
= I+ AiLA, .. A (L (36)
; F(O{i) Z Z F(Oljl + ®j, + -+ Qe + O(l‘) 2 o

k=1 j1j2sfk=1

An equivalent expression is

n

oo n n totjl +aj2+---+a/'k+ai—1

totifl
t) = —I+ A A, .. AL (37
Q) Zr(ai)l Y o, vy 7y vy i Al 37)

i=1 k=1 i=1 j1,j2,.jk=1

In terms of the generalized Mittag—Leffler function of matrix arguments, Q(¢) has the
form from Eq. (36)

n

Q) =)t Eay e (1AL E2 A, 17 A) T (38)
i=1

Thus the analytic solutions are obtained in Egs. (25), (34) and (38) in terms of the gen-
eralized Mittag—Leftler function of matrix arguments. In practical computation, we can
truncate the series expressions in Eqs. (33) and (37) and give analytic approximate solu-
tions:

Y@ = GM@)y(0) + Q) + £(2), (39)
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where G"!(t) and Q(¢) are the truncation with the first m terms in Eqgs. (33) and (37) as

tajl +Ot]'2+~~+0(/'k

m-1 n
G"() =1+ A A . A, 40
“ k2:1:1’11'221:k:1 Dloj, +og, +--- 4oy +1) 717 * 4o

(] gl
Q"™ () =
2 T
m-1 n n L R T |
%1 1% g T
+ > ALA;, . AL (41)
ka1 i=1 j1 o=l F(O‘h +dj, +--- 0+ Oll')
For the special case o1 = a3 = - - - = &, = «, the two matrices G(t) and Q(¢) are simplified
to
G(t) = g(ot,a,.“,a),l (taAlx taAz, veey IfaAn)
=Ly (taAl + taAz + -+ taA,,,)
= Eq,(t"A) (42)
and
n
Q(t) = Z ta_lg(a,a,...,ot),a (tuAl; taAZ, IR taAn)Ij
j=1
n
= ta_lg(a,o,”wo,),a (lfaAl, taAz, ey taAn) Z Ij
j=1
=t Epo (1AL + %Ay + -+ + E7A,)
= t*E, o (t*A). (43)

They are consistent with [39].

4 Comparison with numeric solutions
We take T > 0 and the number of nodes N, and we consider the numeric solutions on the
interval [0, T] with the step size # = T/N. Denote the nodes as t; = ih,i = 0,1,...,N. Let
Xi»yj,i»fi,i represent, respectively, the values of x(¢), y;(£),fi(£) at t = £;.

In the L1 algorithm given by Oldham and Spanier [1], the fractional derivative at ¢ = ¢;

is discretized as
t; (t _ f)_a
D¢x(t)ly, :/ — ¥ (t)dr
T )y T-a)
i-1 tjv1 (ti _ .L.)—oz ,

= Z/ﬁ 7F(1_a)x(r)dr

Jj=0

~ i Xjs1 — X /t’“ -1 e
P h : ri-ow

J
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Calculating the integration leads to

i-1

. D g — [ - ) = - - 1) (44)
j=0

Dix(t)],; ~ FTC—a)

Regrouping the terms on the right hand side we have the approximation

o ~ 1 :
Dex(t)];, ~ P (xi + 121: wj(oe)xi_j), (45)

where

G- 2l j+ 1), 1<j<i-1,
wile=y L - (46)
(l_l)la_ll a’ ]=l.

Now for the system of the fractional differential equations (15), we specify ¢ = ¢; for
i=12,...,Nas

Dy(t)|, = Ay; +f1;, (47)
where y; = (V1,920 Yni) o £ = (Finfois - fui) T and
o (0% Oy T
DY(t)|ti = (Dtlyl(t),thyz(t),...,D, J’n(t)) |t:tl~

Substituting the discrete form of the fractional derivatives in Eq. (45), we obtain

Qy; +g=Ay; +f, (48)
where
Q=di ! ! 1 (49)
= dia y yeeey >
T2 —a) T2 —a) " hT(2—ay)

g=8Yo Y- Yic1)

B Z;zl wjlon)y,i—j ijl wj(ct2)ya,ij Z;zl wi(@n)ymii\ T (50)
T\ T Q2-ap) | O heTQ2-ay) 7 kT2 - ay) ‘
We rewrite Eq. (48) as
(R-A)y:=fi-g (51)

For small enough step size /, the matrix 2 — A has large enough diagonal entries to ensure
its invertibility due to the Gershgorin circle theorem. Thus we obtain the scheme for the

numeric solutions as

Yz‘=(9—A)fl(fi—g(Y07Y17---,Y;’—1))7 i=1;21---;N- (52)
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Figure 1 The analytic approximate solutions and v, y;
numeric solutions 1
.
4f Ve
\e
NS ‘3‘;&.“

Finally, we test the analytic approximate solutions and the numeric solutions for the
system of the fractional differential equations

DYy1(t) = =291 — y2 — 3,
DY ya(6) =y1 =y +y3 + 1,
DO8y5(t) = -y, — 3y3 + 1,

(53)

subject to the initial conditions

From Egs. (39), (40) and (41), the analytic approximate solutions y[lm

(®), Y5 (¢) and
y[314] (t) are calculated using the approximations of the first 14 terms, G!'*(¢) and QU4 (¢).
The numeric solutions y; ;, ¥; and y3; fori = 1,2,...,40 with the step size /& = 0.02 are given
by suing the scheme (52). We implement these algorithms by using MATHEMATICA 8.
In Fig. 1, the solid line, dot-dash line and dash line represent the analytic approximate
solutions y[IM] (®), y[214]

lutions y1;, y2,; and y3,;. The consistence of the two solutions verifies the effectiveness of

() and y[314] (¢), respectively, and the dot lines denote the numeric so-

our proposed analytic method.

5 Conclusions

The solutions of system of linear fractional differential equations of incommensurate or-
ders are investigated in this paper. First, we introduce an n-variable Mittag—Leffler func-
tion with # + 1 parameters. Then we derive the analytic expressions for the solutions of the
fractional system by using the Laplace transform and multi-variable Mittag—Leftler func-
tions of matrix arguments. Finally, we verify the analytic result with numeric solutions by
an example, where the numeric solutions are given by generalizing the L1 algorithm to the
fractional system.

We generate the plots of analytic approximate solutions and numeric solutions with the
help of MATHEMATICA 8. The obtained series solutions are convergent on the entire
interval 0 < ¢ < +00 and are easy to program and are approximated by any symbolic com-
putation software.
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