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Abstract: In the paper, we discuss some similarity solutions of the time-fractional Burgers system
(TFBS). Firstly, with the help of the Lie-point symmetry and the corresponding invariant variables,
we transform the TFBS to a fractional ordinary differential system (FODS) under the case where the
time-fractional derivative is the Riemann-Liouville type. The FODS can be approximated by some
integer-order ordinary differential equations; here, we present three such integer-order ordinary
differential equations (called IODE-1, IODE-2, and IODE-3, respectively). For IODE-1, we obtain
its similarity solutions and numerical solutions, which approximate the similarity solutions and the
numerical solutions of the TFBS. Secondly, we apply the numerical analysis method to obtain the
numerical solutions of IODE-2 and IODE-3.
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1. Introduction

We have known that fractional differential equations (FDEs) have many applications in
many branches of physics and engineering, such as statistical mechanics, fluid flow, medicine,
electromagnetics, material science, and optics [1,2]. Some FDEs can be used to describe many
phenomena like control theory, chaos synchronization, wave propagation, and image processing [3-9].
Therefore, researching some properties of FDEs is an important work for us. At present, one usually
tries to transform FDEs to the fractional ordinary differential equations (FODESs) by the use of the Lie
group analysis method [10-14], so that some similarity solutions, symmetries, and infinite conservation
laws are obtained. The work in [15,16] employed the Lie group analysis method to generate the
symmetries and infinite conservation laws of a few of FDEs. The papers [17,18] applied scalar
Lie transformations to deduce some similarity solutions of some FDEs. Besides, after obtaining
FODEs, one develops some approximated computation formulas and utilizes the numerical analysis
method to search for approximated solutions of FDEs. For example, the papers [19,20] presented
the numerical procedures for solving FDEs and then made use of modified expansion formulas to
generate approximated solutions of FDEs based on the work [21]. In addition, V. Lakshmikantham
and A. S. Vatsala [22] developed a general theory of fractional differential inequalities involving
Riemann-Liouville operators for which the existence of extremal solutions and global existence were
discussed. Furthermore, the qualitative behavior of solutions to fractional differential equations were
also studied by a comparison principle. Recently, Tavares, Almeida, and Torres [23] introduced two
types of Riemann-Liouville fractional derivatives of order «(t). For each one of them, the explicit
approximation formula was obtained. The estimations for the error of the approximations were also
given. Povstenko [24] systematically presented solutions to the linear time-fractional diffusion-wave
equation and the integral transform technique, and the properties of the Mittag—Leffler, Wright, and so
on, were introduced, which appeared in the solutions. In the paper, we shall discuss some similarity
solutions and numerical solutions of the time-fractional Burgers system (TFBS) under the case where
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the time-fractional derivatives are the Riemann-Liouville type. We first transform the TFBS into a
fractional ordinary differential system (FODS) under the case where the time-fractional derivative is
the Riemann-Liouville type with the help of a Lie-point symmetry of the TFBS. It follows that the
FODS are approximated by three integer-order ordinary differential equations (IODE-1, IODE-2, and
IODE-3). By applying IODE-1, we obtain the approximated similarity solutions and the numerical
solutions of the TFBS. Finally, we turn IODE-2 and IODE-3 into two discrete systems whose numerical
solutions are generated by using the general numerical method.

2. Similarity Soliton and FODS of TFBS

The so-called TFBS means the following coupled equations:

OF U = Uyy + 2utty — (UD)y,
9t v = vyxx + 200y — (UV)y, x € (0,00),t >0, (1)
u(x, tg) = v(x,tp) = 0,x € (0,00),

where t) > 0 is some fixed time and 97 f stands for the Riemann-Liouville derivative of order
a(0 < a < 1) for function f(t):

1 At _ 1 [fOo, ff f@)
aff_m§/o(t_1—) f(’l’)d”[—l_.(l_“){ta +/0 (t—T)"‘dT]'

In [15,16], the symmetries and infinite conservation laws of (1) were obtained by the use of the
Lie group analysis method, which have the infinitesimal symmetry as follows:

V =2¢&(x,t,u,0)0x + T(x,t,u,0)0: + 1(x,t,u,0)0y + ¢(x,{,u,0)0y, (2)
where = ¥ 437 = = 1,9 = 3.
A corresponding Lie algebra presents that:
u v
2% 72
V, = 0y, with the commutative relation,

t
Vl = fax + *at - av/
2 o

1
V1, Vo] = — §V2.
A kind of similarity invariance corresponding to the vector field V; was given by [15]:
z=xt"2, u(x,t)=t"2f(z), ov(xt) =t 2g(z),
from which System (1) reduces to a nonlinear FODS:

(P37) (2) = £() + 2 () (2) - (2()F'(2) + F(2)g' (),

. ®3)
(P=343) (2) = &"(2) +23(2)g(2) — (3(2)f'(2) + f(2)g(2):

where PE'“ is the Erdelyi—Kober fractional differential operator defined by the following form:

(@wduw:i§@+j—?i)(@”m“@@%

[a] +1,if a¢N,

a>0,0>0m=
o,if a €N,
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here:

L ' _ 1ya—1,—(d+«a) %
(K§"#) () = r(ao/l (p=1)"Tp " n(zpe)dp,a > 0
h(z) ,o=0.

If the solutions of (3) were obtained, the exact similarity solutions of TFBS (1) could be generated;
however, the authors did not further discuss the exact solutions of (3). However, when choosing a new
similarity variable, we can obtain the approximated similarity solutions of (1). In fact, starting from
the characteristic equation corresponding to the vector field V;:

% adt 2du 2dv

we can choose: )
=x"it, u=x""F{), v=x""G({), @)

where F(&), G(&) are arbitrary smooth functions with respect to the new variable ¢. It is easy to find
that:

a /
= 1—0{ ot t—T
/ x1F(x~ aT
1—o¢ ot (t—1)%

-2 /‘: xilF d
1“1—0( 8@‘ x2§ y a "y

<1—«x ?c/o <c—y>a””

3 d"F(¢g)
iz
a’f?} - x73 dlxngig)/

we == 2 (FQ) + 27

o =12 (60 + 266'@) ),
e = 70 [28(0) + 6P () + S0P (@) + 8P

o =73 [26(0) + S6C(E) + 158G (@) + 5EC )|,

(1) = x| -2F(E)G(E) - SEF (6(E) + SEFEC D).

Substituting the above consequences into (1) reads as:

TR —ar(@+ (24 5 ) P + 570 - 200 - ¢

<F(§)F(§) ~2F()G(8) — 2EF(§)G(E) — 2EF(E)C'(€) = P(&), -
Co) 26()+ (£ + 5 ) 661@) + 56" () - 2640 - 3¢

xG(§)G'(8) ~ 2F(©)G(E) - 2EF (©)G(E) — ~EF(E)C (€)= Q).
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We can transform the FODS (5) into integer-order ODEs by using the known approximation formulas.
For example, in [20], an expansion formula for the Riemann-Liouville derivative was given by:

N
@0 (0= 5 aw0) - L 650w ovamo,
L

(6)
te0,T], y(t)ecCY([o,T]), 0<a<l,

where:

1
r(1—a) ;

_ I'(p+
Cp1(®) = T =)

I'(p+a)  T(N+1+4a)
F(1—a)l(a)p!  al(1—a)l(a)N!

gk

A(N,a) = +

I
—

K
~—

—~

p—1
ot
V)0 = [ Ty@dnpen,

CM;  t@
|QN+1(y)(t)| < F(l — OC)F(DC) N~ ,0<a <1 —uq,

_ 1)
Mo = max [y ()

,C>0.

When N = 0, FODS (5) reduces to the following integer ODE by using Equation (6):

F@)  _
1—-(1 _ DC)@“ - P(‘:)/

G  _
W - Q(g)/

@)

which is called the IODE-1.
When N = 2, FODS (5) becomes:

[G+a) FE) _« (WHE) __T2+ea) WMHE) _ pp
2aT(1—a)T(a) & T(1—w) lte I(1—a)l(a) 2t ’
IB+a) G _a (WGE T2+a) (G)(E)

2aT(1 — a)T(a) ¢ F(1—a) ¢lte o T(1—a)l(x) &2ta = Q(%),

®)

which is called IODE-2, where:

F(t)dr, (ViF)(E) = /0 * F(r)dr,

voF)@) = [

0

MG)@) = [ 6, (ME)@) = [ G

0 JO

In what follows, we consider solutions of System (7), which can be written as:

o
PO =T e af© 270 - (5 + ) @+ 2P

HHEFQF € +2FO6(E) + 8P (06 + 2er@)6 (0|,
w1 [ 9
= glz _ml_,x);aG(é) —2G(S) — (Z + ;) &G/ (&) +2G%(¢)

GG () +2FQ)GE) + 2 (E)GE) + 2FOGE)]
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Suppose:
F(¢) = Mig7, G(¢) = Mg’ (10)
is a set of solutions to Equation (9), then we have:

2 2
1 —2—u 067

M _per2 = v — 72
1y =08 =y Ml Mg
a? 6 4 w?
% > x v—=2 N oAf2x2y-2
4M1’y<a+ 2)6 —I—lef;"

+aMIyEr 2 4 5 5 M1M2§7+‘7 2

+ SMIMpYE T 4 S M Mo,

% 1 a? an
_ o2 _ % c—2—a % -2
Moo (o —1)67" = T )MZC 5 Mag
"‘2 6, 4\ o0 & o0p0
2
+ aMJog2 2 4 T My Mg
5 My MYE 2 4 DMy Mo 2,
In order to solve (11), we consider the case where:
—x—24+7=2y-"2=94+0-2= Fy=0=—q,
a? > (6 4 (12)
— 1 J— [— — _— = U.
Miy(y )+2M1+4<a+w2>Ml')’ 0
—a0—240=20-2=94+0-2=7=0=—q,
a? a® (6 4 (13)
M2(T<O'—1)+ ?MZ—’_Z <0é+062> MZU: 0.

Substituting (12) and (13) into (11) produces:

a? 1 M a% a2 « «

ZW 1+ 2M +0€M ¥+ 2M1M2+2M1M2’7+2M1M20—0
1 M2 My C M Mo+ MMy + My Moo — 0
AT(1—a) 2+ o5 My +aMyy + o MMy 4 5 My Moy 4 5 MiMao = 0,

which gives rise to:

1
M1 + M2 — m
If taking M, = m (arbitrary constant), then we have that:

1
Mi=ora— ™

Hence, a set of solutions to Equation (9) is obtained as follows:

F() = (zml_a) - m) Y, GE) = mE
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A special similarity solution of the system (9) is given by:

1

F©)=6(0) = grg =t "

Therefore, an approximated similarity solution to System (1) is given by:
u(x, t) = <1 - m> xt™#
' 2r(1—a) ’ (14)
o(x, ) = mxt™",

which is plotted at time t = 1,0.6,0.3 with « = %, m = 1in Figure 1.

S2s 0 05 1 L5 2

(@) u(x, 1) (b) o(x, 1)

Figure 1. The approximated similarity solution to time-fractional Burgers system (TFBS) at time
t=1,06,03witha = J,m=1.

A special approximated similarity solution presents that:

u(x,t) =o(x,t) = 41"(11_“)7“_“'

Remark 1. Similarity solutions of TFBS (1) cannot be obtained by using the similarity variable obtained in [15].
This is the essential difference between the work and that in [15].

For System (9), we can also apply the numerical method to discuss its discrete form and

approximated solutions. Assume ¢ € [1, T + 1]; the grid points are §; = 1+ jh,h = % By employing
the Taylor formula, we see that:

f(G+h) = (&) + f(G)h+ %f”(gj)hz +o(h?),
£(&=1) = £(&)) = F @)+ 3£ @I +o(R),

from which one gets:

f’((:j) _ f(G; +h)2_hf(§j —h) _ fj+12_hfj_1’

(&) = f(§j+h) _zf(Cj) +f(§]-—h) _ fir1 = 2fi + fi—1
j 2 b .
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Thus, System (9) can be discretized at point g;:

Fii1 —2F+F_ 2 1 F 6 4
j+1 ith1 o« i
S [ S R | S (T

h? 45]2 [I’(ltx)é}?‘ I <¢x uc2>§]

Fiq—F 4 2
L= 27+ —rGiF(Fa1 — Fio1) +2FG;

2h
1 1
+ o6 — )G+ (28 (Gie — G |
(15)
Giit —2Gi+ G 2 G
126G V5 g (04 2) g
h? 4§]2 T(1-a)g} P\ a2)
Git1 — G- 2
j+1 j—1 2
T + 2Gj + Eéer]‘(GjJrl — G]',l) + 2FG;

1 1
+6i(Fiv = F-1)Gj 4+ —-8iFi (G — Gj—1)} :

Choosing F-1 = (377 — 1)/V09, Fy = 57— — 1,G-1 = 1/V0.9, Gy = 1 as initial values of
system (15), then we can solve (15) by the recurrence procedure, as shown in Table 1. The error is

obviously O(h?).

Table 1. Solutions of Integer-order ordinary differential equation 1 (IODE-1) with & = 0.5.

¢ F()* F(g) ™ G(@)* G(&)™
1.1000 —0.6845 —0.6845 0.9535 0.9535
1.2000 —0.6553 —0.6554 0.9129 0.9129
1.3000 —0.6296 —0.6296 0.8770 0.8771
1.4000 —0.6067 —0.6067 0.8451 0.8452
1.5000 —0.5861 —0.5862 0.8165 0.8165
1.6000 —0.5675 —0.5676 0.7905 0.7906
1.7000 —0.5506 —0.5506 0.7669 0.7670
1.8000 —0.5351 —0.5351 0.7453 0.7454
1.9000 —0.5208 —0.5208 0.7254 0.7255
2.0000 —0.5076 —0.5076 0.7070 0.7071

* The numerical solutions of IODE-1 with T = 1,h = 0.1; ** The approximated similarity solutions of
Fractional Ordinary Differential System (FODS) (5).

3. Numerical Solutions

In this section, we first investigate the numerical solutions of (1) by making use of the
approximated system (8).

According to the method presented in [17,19], we could discuss the numerical solutions of (16)
with given initial values. However, we would like to adopt the approach in [25] to introduce discrete
equations corresponding to System (8) just like Equation (15), so that we could obtain numerical
solutions of System (8). System (8) can be written as follows:



Symmetry 2019, 11, 112 8of 12

o? 60+ 4

FI(@) = | 2RO~

EF (&) +2P2(8) + ~EF()F'(§)

FIFGE) + 2EF(E)G(E) + SEFE)E @)
I(3+a) F(¢) a  (WF)(©)

20T(1—a)l(a) & T(1—-a) ¢&He
r2+a) (WMF)(E)

T(@)I(1—a)(a) &>

" o ba+4., 2 4 / (10
G'(2) =z | ~26(0) — G/ (@) +26%@) + 1 TG @G @)
F2FE)G(E) + 2EFE)C(@) + 2EF (§)G(E)
B+ 6@ ___« (W)@

2aT(1 —a)T(a) &~ I(1—wa) gt
T2+  (MG)E)
T(@)T(1—a)(w) g2
Through the medium-value theorem, the moments (V,F) (&), (VoG)(E), (VAF)(¢), and (V1G)(§)
can be expressed approximately as:

(VoF)(2) = EF(2),  (VoG)(8) ~EG(Z), (ViF)() m *F(Z), (ViG)(8) m~ E*G(D).
Substituting these results into (16) gives rise to:

6o+ 4
o2

e = & {~2re) -

- G (0) + 2P(8) + S EFQ)F'(Q)

F2E(E)G(E) + 2EF (§)G(E) + 2EFE)C (@)
+[ I3+ ua) ® T(2+a) }F(é‘)},

20T (1—a)(a) T(1—a) T(a)I(1—a)(a)

17
60 +4 A7)

a2

“2
o) =2 {—2@(«:) -

- £G(§) +2G%(0) + S EG()G'(©)

2 2
F2FE)G(E) + 2EFE)C (@) + 6P (E)G(E)
n G+a) & r2+a) } G(@)}
20T(1—a)T(a) T(1—a) T(a)T(1—a)(a)] & |-
Similar to the discussion on Equation (9), we suppose ¢ € [1,1 + T|; the mean node points are
§i=1+jhh= %,] =0,1,2,- - -. The derivatives of F(&), G(&) can be written as:

Fiiq1—Fi4 Fiyq —2F+F_;

F/(Cj) == o =, F//(Cj) = h2] =, 8)
Giy1 —Gj1 Git1 —2G;+Gj_4

G/(Cj) _ J 5 i G”(Cj) _ h2] ]
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Using Equation (17) on the points §;, and inserting (18) into (17), one infers the following
discrete equations:

F;

Fiq1 —2F +F_ 2 6a+4,_ Fy1—F
i1 i -1« o ba+4. Fi j—1 2
e 4;2{‘2] P TR
4 Fi1—F 2, ~ B
M A R R
L[ TGt o« Tete) ]
20T(1-a)T(w) T(1-a) T(@I(1-a)]&k [’
(19)
Giy1—2Gj+Gj_1 a2 _batd, Gy =G o
7 s 26— =2 S, T2
4. Git1—Gj 2, . Gi1—Gja
M TR At L T
rG+a) a  T2+a) |G
al(1-a)l(a) T(1—a) T(@T1-a)] e[

Choosing F_1 = (zr(lli—a) -1)/v/09,F = m —1,G_1 =1/+0.9, Gy = 1 as the initial values
of System (19), we can obtain some numerical solutions of (19), which are approximated solutions of

Equation (5) when N = 2 (Table 2).

Table 2. Solutions of IODE-2 with « = 0.5.

¢ F()” F(§) ™ G(@)* G(&) ™
1.1000 —0.6844 —0.6845 0.9533 0.9535
1.2000 —0.6551 —0.6554 0.9125 0.9129
1.3000 —0.6292 —0.6296 0.8765 0.8771
1.4000 —0.6061 —0.6067 0.8443 0.8452
1.5000 —0.5853 —0.5862 0.8153 0.8165
1.6000 —0.5665 —0.5676 0.7891 0.7906
1.7000 —0.5493 —0.5506 0.7652 0.7670
1.8000 —0.5336 —0.5351 0.7433 0.7454
1.9000 —0.5191 —0.5208 0.7231 0.7255
2.0000 —0.5057 —0.5076 0.7045 0.7071

* The numerical solution of IODE-2 with T = 1, = 0.1; ** the approximated similarity solution of FODS (5).

In order to discuss the numerical solutions to System (1), we add another example when N = 3 in
(6) to illustrate the numerical solutions of the FODS (5). When N = 3, FODS (5) becomes, by using

Formula (6),
F4+a) F@G) TO+a) (WNF)(Q)
6al'(1—a)l(a) ¢« Ir(1—a)l(a) glte
F2+a) (VF)(G)  TB+a) (V2F)(@E) _ P(Z)
I(1—a)l(a) 2t (1 —a)T(a) E3+a !
F4+a) GG  Td+a) (WG)(E)
6al’(1—a)l(a) &% rl—a)l(a) it
F2+a) ViG)(E) ~ TB+a) (WG)(@) _ Q)
r1—a)l(a) g2te (1 —a)T(a) 3t !

where (VWF)($), (VoG)(E), (V4F)(E), and (V1G) (&) are the same as those in System (16). We take:

(20)

T?F(1)dt = F°F(8), (VLG)(¢) = /g 72G(1)dT ~ E3G(E).

0

vR@ = [

0
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Substituting all of results in System (20) yields the following integer-order system of
differential equations:

2
F(©) = g { 20(@) - 1P (©) + 2P0) + LEFOF € + 26 ()
2_, , I'(4+a)
+ ¢F (6)G(¢) + ;CF(C)G (€)+ [&xl‘(l—zx)l"@c)
I'(1+a) I'(2+a) IB+a) |F()
TTA-—aT@ T(O-al(a) 2F(1—uc)F(1x)] & +2F(§)G(§)}’ o
2
6'(6) = 12 { 260 - 2126/ @©) + 2650 + 66 @
2 / / I'(4+a)
+ 2EFQCE) + 2RO + | e —agta]
- I'l+a)  T(2+a)  TI(B+a) ] G(fj)}
I1—a)l(a) T(1—a)l(a) 2(1—a)l(a)| & J’
which is called IODE-3.
Substituting (18) into (21), we obtain a discrete system:
Fj+1_2]/lij+1:j_l _:C;z{ ; 6£X+4§] i+ ] +2F2+ g] ]+12hF] 1
1—Fj I(4+a)
+25G; + 5] e 2h] * 6Tl —a)r (@)
. T(l+a)  T(2+4a)  T@B+a) }i
Fr1—a)l(a) T(1—a)l(a) 2I(1—a)l(a)]| & @)
G]'+172hc2;j+cj,1 _ 41:);2]2{_2 - 6aa—;4€]G]+1 Gj1 +2G2+ C]F ]+12hF] 1
2 Fii1—F I(4+«)
T25G;+ LG = 2h = 6al(1— ) (a)
I'(1+a) T(2+a) I'(3+a) Gj
T(1—a)T(a) T(A-a)l(a) 2I(1 fzx)l“(lx)} o

Choosing F_1 = (2r(1 =y 1)/v09,F = 21_(1 ) —1,G_1 =1/4/0.9, Gy = 1 as initial values of
System (22), we can obtain some numerical solutions of (22), which are approximated solutions of
FODS (5) when N = 3 (Table 3).

Table 3. Solutions of IODE-3 with « = 0.5.

g F(3)* F(§) ™ G()* G(5) ™
1.1000 —0.6843 —0.6845 0.9531 0.9535
1.2000 —0.6547 —0.6554 0.9120 0.9129
1.3000 —0.6286 —0.6296 0.8755 0.8771
1.4000 —0.6051 —0.6067 0.8429 0.8452
1.5000 —0.5840 —0.5862 0.8135 0.8165
1.6000 —0.5648 —0.5676 0.7868 0.7906
1.7000 —0.5473 —0.5506 0.7624 0.7670
1.8000 —0.5312 —0.5351 0.7400 0.7454
1.9000 —0.5164 —0.5208 0.7193 0.7255
2.0000 —0.5027 —0.5076 0.7002 0.7071

* The numerical solution of IODE-3 with T = 1,k = 0.1; ** the approximated similarity solution of FODS (5).
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4. Conclusions

In the paper, we discussed some similarity solutions and some numerical solutions of the TFBS
(1) under the case where the time-fractional derivatives are the Riemann-Liouville type. In order to
generate similarity solutions, we adopted two approaches, which comprise the Lie-point symmetry
method. Thus, two different similarity solutions to the TFBS were obtained. Finally, we investigated
some numerical solutions of the TFBS so that we verified the similarity solutions obtained as above with
the numerical solutions. The method presented in the paper can be used to study other time-fractional
differential systems of equations. Therefore, it has extensive applications. In addition, we could discuss
some new symmetries of the TFBS by the developed Lie-group method [14], as well as discuss some
conservation laws of the TFBS by using the method presented in [26-28]. We would like to further
discuss these questions in the forthcoming days.
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