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Abstract: In this paper, we are interested in the study of a Caputo time fractional advection—
diffusion equation with nonhomogeneous boundary conditions of integral types fol v(x,t)dx and
fol x"v(x, t)dx. The existence and uniqueness of the given problem’s solution is proved using the
method of the energy inequalities known as the “a priori estimate” method relying on the range
density of the operator generated by the considered problem. The approximate solution for this
problem with these new kinds of boundary conditions is established by using a combination of the
finite difference method and the numerical integration. Finally, we give some numerical tests to
illustrate the usefulness of the obtained results.

Keywords: fractional derivatives; Caputo derivative; fractional advection-diffusion equation; finite
difference schemes; integral conditions

1. Introduction

Fractional Partial Differential Equations (FPDEs) have become very important in re-
cent years due to their use in several mathematical models. FPDEs are considered as the
generalization of a partial differential equation (PDE) of an integer order of an arbitrary
order. These generalizations play an essential role in engineering, physics and applied
mathematics. Due to the properties of Fractional Differential Equations (FDE), different
models are created for complex phenomena using FPDEs, for example, in electroanalyti-
cal chemistry, viscoelasticity [1,2], porous environment, fluid flow, thermodynamic [3,4],
diffusion transport, rheology [5-7], electromagnetism, signal processing [8], electrical net-
work [9] and others [10-12]. Some relevant applications of fractional differential equations
in the modeling of tribo-fatigue systems and new materials can be mentioned as methods
for the experimental study of friction in an active system [13], the volumetric damage state
of the tribofatigue system in [14], the tribo-fatigue damage transition and mapping for
wheel material under rolling—sliding contact condition [15]; this study is based on construc-
tion of a tribo-fatigue damage map of high-speed railway wheel material under different
tangential forces and contact pressure conditions through JD-1 testing equipment. Several
problems have been mentioned in modern physics and technology using partial differential

equations where the nonlocal conditions are described by integrals as fol v(x,t)dx, and

f01 ¢(x)v(x, t)dx. These integral conditions are of great interest due to their applications
in many fields: In population dynamics, heat diffusion—advection, models of blood circu-
lation, chemical engineering thermoelasticity [16]. The existence and uniqueness of the
solution of these problems have been studied by many authors [17-20]. Some results have
been obtained by construction of a variational formulation which depends on the choice of
spaces and their norms, Lax-Milgram theorem, Poincaré theorem, fixed point theory and
Laplace transforms. For the numerical study of FPDE with classical boundary nonlocal
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conditions, we can cite the works of A. Alikhanov [21-23], Meerschaert, M.M, S. Shen and
F Liu [24,25], El-Nabulsi, R.A [26-28] and others [29-33]. Among these authors we can
cite Yuriy Povstenko [34] who studied the time fractional diffusion-wave equation with
classic boundary conditions. Taki and Bouziani [35] have studied a problem of FPDE which
has the boundary condition of integral type fol v(x, t)dx with respect to time derivative of
order « (0 < & < 1). In this paper, we are interested in a new problem of FPDE with two
boundary conditions of integrals types; fol v(x,t)dx, and fol x"v(x,t)dx. We consider the
time fractional advection—diffusion equation, obtained by replacing the second-order time
derivative in standard wave equation with a fractional derivative of order « (1 < a < 2),
and classical boundary conditions with integral boundary conditions. The physical in-
terpretation of the fractional derivative is that it represents a degree of memory in the
diffusing material. For the theoretical study, we use the energy inequalities method to
prove the existence and the uniqueness. The numerical study is based on the application
of a combination of the finite difference method with a numerical integration method to
obtain an approximate solution of the proposed problem. We use a uniform space-time
discretization. The Caputo fractional operator of order (1 < a < 2) is approximated by a
scheme called L, and the integer-order differential operators are approximated by central
and advanced numerical schemes. Stability and convergence of the numerical scheme ob-
tained show that the method used is conditionally stable and convergent. Numerical tests
carried out give very satisfactory results; that is, the values of the approximate solution are
very close to the exact solution. All numerical and graphical results obtained are produced
using MATLAB software.

2. Notions and Preliminaries

First we need a definition of Caputo derivative to explain the problem that we shall
study in this work: Let I'(.) denote the gamma function. For any positive non-integer value
1 < & < 2, the Caputo derivative is defined as follows:

Definition 1 (See [17]). Let us denote by Cy(0, 1) the space of continuous functions with compact
support in (0,1), and its bilinear form is given by

1
(u,w) = /0 S u. S wdx (m e N), (1)
where -
= [ %u(é,t)dé (m € N*).

For m = 1, we have Syu = fox u(g,t)d¢ and Su = fot u(x, T)dt. The bilinear form (1)
is considered as scalar product on Cy(0, 1) when it is not complete.

Definition 2 (See [18]). We denote by

B (0,1) — L%(0,1) form =0
23X umesurable /STu € L2(0,1)  form € N¥,

the completion of Cy(0, 1) for the scalar product defined by (1).The norm associated to the scalar
product is

: ]
2
Illgon = 198 ulan = ( ) (@2ufar)”

Lemma 1 (See [12]). For all m € N*, we obtain

1 m
Iullgon < (3) Il @
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Definition 3 (See [12]). Let X be a Banach space with the norm ||u||y, and let u :(0, T) — X be
an abstract function; by ||u(., t)| x we denote the norm of the element u(.,t) € X at a fixed t.

We denote by L2(0, T; X) the set of all measurable abstract functions (., t) from (0, T)

into X such that
Iullxam = (] luc ||th) <o

Lemma 2. (Cauchy inequality with €) (See [12]). For all e - 0 and arbitrary variables a,b € R,
we have the following inequality:

€ 1
jabl < o [af* + - [b[*. 3)

Definition 4 (See [2]). The left Caputo derivative for 1 < a < 2 can be expressed as

SN F (1) _a/ FS) b0,

S)tX*l

Definition 5 (See [2]). The integral of order w of the function f € L'[a,b] is defined by:

A1) = r(la) /Ot (tf(:))lads; £> 0,

Lemma 3 (See [12]). For all real 1 < a < 2 we have the inequality

/Ooa“ x<2/ (§9%u)

Lemma 4 (See [35]). For all real 1 < a < 2 we have the inequality

y 2
Cor (S < carcy
/Q(O fu) (Syu)dxdt < /Q(Oat \sxu) dxdt.

3. Theoretical Study

In this section, we prove the existence and uniqueness of the strong solution and its
dependence on the data of the problem of fractional partial differential equations (FPDEs)
with boundary conditions of integral type.

3.1. Position of the Problem

In the rectangular domain

Q:{(x,t) €R2:O<x<1,0<t<T}, where T > 0,
we consider the fractional differential equation:

2

£v =§ dfv + a(x,t)ﬁ + b(x,t)g—z +c(x, t)v = g(x,t), where 1 < & < 2. 4)

With Equation (4), we associate the initial conditions:

v =0(x,0) = d(x), x€(0,1), 5
qo = av(a;;,o) =Y¥(x), x € (0,1), )
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and the purely integral conditions

Jyv(x, tydx = pu(t),  te(0,T), ©)
Jo xv(x, t)dx = E(t), te(0,7T),
where ®,Y, 4, E, a,b, c et g are known continuous functions.
Hypothesis 1. (1) For all x,t € Q, we assume that
o*a(x,t) . .9%b(x,t) d%c(x,t)
< > < > > 0.
sgpa(x, ) < 0,51519 5 O,1gf 8= 0,c(x,t) >0, sgp 32 0. (7
(2) For all x,t € Q there exist M > 0 and & > 0 such that
0%a(x,t) 1 o*a(x,t) 1, .3%b(x,t)
< _ _ - il
0<M<4 352 4s1épa(x, t) ngp Py 21gf pye
1 3%(xt) ob(x,t) 1
7581513 Fr R 3 o + 2¢(x,t) — % 8)

this hypothesis is equivalent to the following one.
There exists M > 0 such that: Every positive number M’ > 0 could be written as M + 5
with M > 0and e > 0

0%a(x,t) 1 o*a(x,t) 1. .3%b(x,t)
! < 7 _ = 7 i 7
0<M <4 342 4515pa(x,t) 2sgp e + 21gf Py
1 9%c(x,t) ob(x, t)
75515}) R 3 gy + 2¢(x, t). )

(3) The functions ®(x) and ¥ (x) satisfy the following compatibility conditions

1 1 1 1
/0 ®dx = u(0), /0 x®dx = 15(0),/O Ydx = u'(0), /0 x¥dx = E'(0).  (10)

Our proof consists of three essential steps:

1.  Reformulation of the problem into a problem with homogeneous conditions.

The uniqueness of the solution to the problem using the a priori estimate method.

3. The existence of the solution of the problem based on the density of the range of the
operator generated by the abstract formulation of the problem.

N

3.2. Reformulation of the Problem

We transform a problem ((4)—(6)) with nonhomogeneous integral conditions to the
equivalent problem with homogeneous integral conditions by introducing a new unknown
function u defined by

v(x,t) =u(x,t)+ U(x,t), (11)

where
U(x,t) =2(2 —3x)u(t) + 6(2x — 1)E(t). (12)
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Now we study a new problem with homogeneous integral conditions
£11 = 9T+ a(x, ) T8 + &Jﬂﬁ+d B)i = h(x,1),
v =1(x,0) = ¢(x), €(0,1),
qu = M P(x), x € (0,1), (13)
f9 xtdx—O, te (0,7),
o Xi(x,t)dx =0, te(0,T),
where
h(x,t) = g(x,t)—£U(x,t),
px) = O(x)— U,
p(x) = ¥(x)—qU.
and
/1 1 P 1 (x) = 0 1 ()
d - 0, / = ,/ =V, / X X) =
pdx =0, [ xp(ax=o, [ px) =0, [ xp
Again we introduce a new function u defined by
u(x, ) = i(x, 1) — p(x)t — p(x), (14)
therefore problem (13) is given as follow
£ =5 Ou+a(x, )24 + b(x, )3 +c(x, hu = f(x,t),
lu=u(x,0) =0, x € (0,1),
qu=209 _o  xe(01), (15)
)

1
fol u(x, t)dx =0, te(0,7),
fol xu(x, t)dx =0, te (0,7).

Thus, instead of seeking for solution v of problems (4)—(6), we establish the existence

and the uniqueness of the solution u of problem (15)
The solution v is simply given by:

v(x,t) =u(x, t)+ U(x,t).

3.3. Energy Inequality Method and Consequences

(16)

To prove the existence of the solution, we use the energy inequality method known also
as the “a priori estimate” method, which consists mainly of reformulating problem (15) in an

equivalent operational form:
Lu=F,

where the operator L = (£,/,q) acts from B to F, where B is a Banach space of functions

u € L2(Q) with the finite norm:

HM@=</(¥( mw+/ %ma,

(17)

and F is a Hilbert space consisting of all the elements F = (f,0,0) with the finite norm:

WM=<éf%mO%

(18)

Let D(L), the domain of the operator L, be the set of all functions u such that Syu,

Sy (§05u), Sy gz, Sy gi‘; € L?(Q) and u satisfy the integral conditions (6).
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Theorem 1. Under assumptions (7) and (8), for all u € D(L) we have the estimate
[ullp < Cl[Lullf, (19)
where C is a positive constant independent of u,u € D(L).

Proof. Multiplying the fractional differential equation in problem (15) by Mu = —2S32u
and integrating it on Q we find

2
—Z/Q(ga’j‘u)%iudxdt—Z/Qa(x,t)gxl;%}%udxdt
—Z/Qb(x,t)gzgiudxdt—Z/Qc(x, Hu S2udxdt

- /Q £ S2udxdt. 20)

Integrating by parts the four integrals on the left side of (20), we obtain

2 / (§9%u)S2udxdt = 2 / (505 Sy10) (St ddlt, 1)
Q Q

2
—2/ a(x,t)g%%fcudxdt = 4/ ax2 (Syu)’dx — 2/ au’dxdt
Q

2
32
an4< u) dx, (22)
—2/ xt /gz d—3/ 23)
_2/( ) oZd__/azc(ch>d+2/ (Syu)d (24)
Qc x, t)u Sfudx = i Qiu ) dx Qc Syu)dx.

Substituting (21)-(24) into (20) yields

2
2/ (gaf‘%xu)(%xu)dx+4/ a7‘5(3,@1)2171%2/ auldx

aa 2 ab
- [, g (930) x| S5 (s3u) a3 [ S
P 2
/an2( x ) dx+2/ Syu)’dx
~ /Q £ S2udsx. (25)

By the elementary inequalities in Lemmas 3 and 4 and assumptions (7) and (8) we obtain

cok (o 2 d%a
z/Q(Oat (Sxu) dxdt+/ (4ﬁ—4supau

1 aa _|_ fa?’l — 3%
C20x% 0x3 ox
1 aZC 2

75 Supﬁ +2C)(C\ ) dxdt

< 2 / £ S2udxdt. (26)
Q
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The estimate of the right side of (26) gives:

a 2 2
/Q((C)af(%xu)) dxdt+/ (4%—4supau

1 9a* b b
~33 ——dx dt+ fa 3 35
aZC 1 o~ 2
—2sup 352 +2c— 2—£)(un) dxdt
¢ / Fdxdt. 27)
JQ

So, by using assumptions (7) and (8) we find

2 / (s0f(s dxdt+M / Vdxdt
e / £ 2dxdt. (28)
Q
Finally, we obtain a priori estimate
[ullp < CI[Lul[f, (29)
where
N
N (min(2,M)) '
O

We proved the uniqueness of the solution in the case of existence, and we have
Corollary 1. The operator L from B to F has a closure L.

Proof. See [18]. O

The a priori estimate (19) can be extended to cover the strong solution of problem (15)
by passing to the limit.

Corollary 2. The range of the operator L is closed in F and R(L) = R(L).

Consequently, the strong solution of the problem is unique if it exists, and depends
continuously on F = (f,0,0).

3.4. Existence of the Solution

To prove the existence, it suffices to prove that R(L) is dense in F; that is, its orthogonal
is reduced to the singleton {0}.

Theorem 2. Let us suppose that assumptions (7) and (8) and integral conditions (6) are filled, and
for w € L?(Q) and for all u € D(L), we have

/ fu.wdxdt =0, (30)
Q

then w is almost everywhere in Q.
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Proof. We can rewrite Equation (30) as follows
/ (Guw)dxdt = — / a0, t) 2 ot — / bx, £) % odxdt
Q" o Jo a2 Q 7 ox

—/ c(x, Huwdxdt. (31)

Q

We express the function w in terms of u as follows:

w = —232u. (32)

Substituting w by its representation (32) into (31), integrating by parts and taking into
account conditions (6) and assumptions (7) and (8), we obtain:

2/ 1) Syudxdt = —4/ 8x2 )zdxdt—|—2/ auzdxdt—i—/ Syu)’dxdt

03b ) 0°c
[ S (Suax dt+3/ Syit) dxdt+/an Syu)2dxdt — 2/ Vedxdt.

O

Under assumptions (7) and (8) and conditions (6), we obtain

2/ VSyudxdt = /(482a +4supau
X Q axz p
104 2% b 0%c 2
t53d fa 3+36——|—25upa 5 — 2¢)(Syu) dxdt.

Using condition (6) under assumptions, we find

2/ FSu)Syudxdt < — (218 +M) / (%xu)zdxdt.
Jo

By Lemmas 2—4 we obtain

2/ (507 (3 dxdt < - (1 ¥ M) / (Sgu)2dudt.
2¢ 0
Then
(Syu)? = 0. (33)
We obtain
u=0.

So u = 0 in Q which gives w = 0 in L2(Q).

4. Numerical Study

In this section we present the numerical technique that we will apply to the problem
considered above, and we illustrate the schemes obtained with well-chosen applications.

4.1. Finite Difference Method
4.1.1. Discretization of the Problem

We consider a uniform subdivision of intervals [0, 1] and [0, T] as follows
x;=1ih;i=0,...,Nand t;y = khy; k=0,..., M.

We denote by v the approximate solution of v(x;, #) at point (x; ), and L the
operator defined by
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R L2()

(.)
+ +c ak == ¢ K0 4 ck
L= ) ba , L)k = i 532 b ¢ (34)

T ox
where
ai‘c = a(xi’tk)’ bi'( = b(xi’tk)’ Ci'{ = C(xi’tk)'

From the Taylor development of function v at the point (x;, t;) we have

0%v 1 v k ok 1 _ ok
<8x2) hz( — 20k + ok, ) +0(1?), (8x>i =L —L+0oh).  (39)

Substituting (35) in the operator Li-‘ expressed in (34) gives

d g g1k aktt
Lokl = LA P R (PSS A S A S CARNIN )

hz h i+1 1 h2 h 1 h2

The discretization of Caputo derivative fractional operator jofv [25] with 1 < & < 21is

defined by
k . . .
o) e ) (vik*ﬁl — 20} vik*f“) d; (37)
di=(+1)"" -2 hi*
h j =t _
W ere{ do=Lk=1,...,M '~ TTTBG-a)

Writing fractional differential Equation (4) in point (ih, (k 4+ 1)h¢), we find

v ZO( KTt 2ok ok a4 Lokt = g i = TN, (38)
e
Then

Fk+1 k+1+Ak+1 k+1+Bk+1 k+1 Z'dev +’devk 1 _'_,)/ ZS d
j=

+y(ot =200 + 0} )y = gkt (39)
where
A+ k+1 fﬂ be k+1 _ “fH bk“
o= gt o2 e, B = .
akt1 ‘ . ‘
FrH = th’ Sj:vik—]q720[k—]+vik—]+1.

1

To eliminate v; *, we use initial condition (5); we find

do\" ol —o!
g i o ht ’

ol @Y =0 - Y, i=1N-1L (40)

Therefore,



Mathematics 2021, 9, 1987 10 of 26

Substituting (40) into (39), we obtain

k—1
Ff“vf_ﬂl + Ai-‘“vi-‘“ + Bf-‘“vﬁll — Zydkvi-‘ + ’ydkvf-cfl + Z S;d;
j=1

= dk’ﬂ)? + dk’)/ht‘fi — dk'yvil + gi-(+l. (41)
For k = 0, relation (41) gives

Flo!

[

L+ AW+ Bl = 900 Y+ gb with i=1,N 1. (42)

1

By conditions (6), and the trapeze method we obtain,

2p(hy) — 2E(h N=L 2E(h N=
vy = 2p(he) — 2E() - () +2 Z(]h—l)v}-, vy = 1(1 t) -2 Zjhvjl-.
j=1 j=1
Fori=1
N-1
(Al +2F (h—1))ol + (BL +2F (2h - 1) )0 + 2B Y, (jh—1)o]
=3
0 | 2F
=yv] + yhi¥1 + g1 + T(E(ht) — y(ht)). (43)
Fori=N-1

N-3
—2By_; Z jhv} + (FI{Fl — 2By (N - Z)h) ON_2 + (A}\Ifl — 2By (N - 1)h) UN-1
j=1

0 1 2By
= "}/UN_l + ’)/ht\IIN_l + gN—l - TE<ht) (44)
Matrix’s form
We denote by
0 1 1 21:11 1 ZB}\I—l
w; = 7ol +h¥i+gl, vl = SL(E() —pn)), 2y = ——LE(h),
p! (Lij) y_1 N1 1S square matrix defined by
i = Al42Fl(h—1), 1o =Bl +2F (2h - 1),
IN-iN—2 = FY 4 —2BL {(N—=2)h Iy 1N-1=Ak_1—2BL {(N—-1)h,
2F/(jh—1) when i=1j=3N-1
0 when |i—j|>2,i=2,N-2
- Al when i=j, i=2N-2
“ =) Bl when i=j—-1i=1N-2
F! when i=j+1,i=2N-1

i
—2B} _4jh  when i=N-1,j=1,N-3.

Taking into account (42)—(44), we obtain the matricial system
plvt =H! (45)
where

T T
H' =W+ R, W= (w]w,.. w0l ), R = (41,0,0,...,024 ) .
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To solve the system (45) we can apply one of the direct methods.

4.1.2. General Case
It is readily seen that, for k > 1

k—1
Y Sid; = (dp — 2d1)vf ! + dyof + di_10) + (de_p — 2di_1)0} + Zam ok (46)
j=1 m=

where

O = A1 — 2d + dyyi1, m = 2,k — 2.

Lemma 5. If k > 1; the numerical scheme (41) is equivalent to

ERFLyErL | pklghil | ghilghil _ Z OnE ™ (2 — dy)ok + oy (dg — dy_q)0"

+ydih ¥ + g5, for i=1,... ,N-1. (47)

Proof. From scheme (41), we have

k—1
Flk-‘rl k+1+Ak+1 k+1+Bk+1 k+1 _2,de0§+,ydkv§—l +,Y Z S]d]

Uit
j=1
= dk’yv + diyhe¥; — diyol + gk+1
O
So
krlghtl | pRLpkel 4 ghilghs =
F, + A} + B ,+1+7gsjdi
]:
—i—’y(vif“ —20F + vffl) do + y(v} — 209 + v[l)d gf“. (48)
Using (46) we obtain
Fk+1 k+l+Ak+l k+1 Bk+1 i(jrrll = —7 Z O k moy 2 dl)U +')/(dk_dk l)
k+1 P
+ydi¥i+g; ", for i=1,..., N—1 (49)
Using conditions (6), and by trapeze method we obtain,
Fori=1
k+1 k1 k1 k+1 k+1 k1 e k1
(Ak1 4 2R (1) ) ok + (BEFT + 2R (20— 1) ) ok 4+ 2K 23 (i — 1)}
]:
2Fk+1 il
= ——(E((k+ 1)) — p((k+1)hs)) — Z o0y 4y (dy — di—1)0Y + ydihi ¥ + g4 (50)
Fori=N-1

N-3
—2BiY Y ot (B — 2Bl (N - 2)h) ok, + (AR - 2B (N - 1ol
=1
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ZBvaHl = k k
= h_ E((k+1)h) —v Y omon ") +7(2—di)vy_,
m=1
+y (A — di—1) o} + vdie Yo+ g (51)

Matrix’s form
We take expression (49) for i = 2, N — 2 and Equations (50) and (51) to formulate the
matrix systems:
pklyk+l — Hk+1,' k>1

(52)
V0, V1 are known
where
k+1 k+1
P N (li/f )Nfl,Nfl
is square matrix defined by
lllcjl — A]{-‘rl + 21:{(-}-1 (h _ 1), 111(51 — B11€+1 + 21:1k+1 (2]”[ _ 1),
k+1 _ k+1 k+1 k+1 _ Ak+1 k+1
thl,Nfz = R - 2By (N =2)h, thl,Nfl = AN — 2By (N =1k,
2Ff(jh—1) when i=1,j=3N-1
0 when |[i—j|>2,i=2,N-2
P Al when i=j,i=2,N—-2
i ) Bt when i=j—1,i=1,N-2
Ff when i=j+1,i=2,N—-1
—2BfLjh when i=N-1,j=1,N-3
and
T k-1
Vk+l — (,011(+1,”‘,U]I(\]+711) ; Hk+1 =—7 Z O,mkam+wk+l+Rk+l;k2 1
m=1
T T
Wk = (w’{“,w’ﬁl, .. .,w’f\,ﬂl) , R = (y’f*l,O, 0,...,0, z’f\]tll) ,
wé‘“ = ')/(2 — dl)vf + ’)’(dk — de_l)v? + ydih'¥; + gf“,
2K 2B,
A T (E((k +Dhe) = p((k + Dhy)); Kl =— i E((k+1hy).

In order to prove system (52) has a unique solution we denote p as an eigenvalue of

the matrix P¥, and X = (x1,x2,.. ., xn_1)" is a nonzero eigenvector corresponding to p
We choose i such that

|xi] = max{|xj|:j=1;...;N—1}.

Then
N-1
Z li,]'x]‘ = 0Xj; i=1,N-—1.
j=1
Therefore
N-1 Xj
p=1li+ ), ij - (53)
=1 !
J#

Substituting the values of /; ; into (53), and taking into account that Fl-k, aé‘ are negative
and ‘ﬁ) <1 we get:

Xi| —
Fori=1



Mathematics 2021, 9, 1987

13 of 26

N-1 .
x , x
o = (A 2R (1)) + (B 42 (20 - 1)) CET L -1
j=3
k+1 k+1 k+1 X2 k+1 RS Y
= r+q T —RT =BT (1= ) 2R Z(]h—1);.
1 =2 1
Fori=N-1
N-1 .
o= i+ ), li,jx*]'
=1
J#
k+1 k+1 k+1 k+1 XN-2 1 N %
= Al 2B (N - D+ (BT - 2B (N - 2)n) o) 2 ]; e
_ k+1 Bk+l Fk+l XN-2 1 2Bk+1 N 1\h 2Bk+1 N ih .'X']'
= vteyo by i, p —1) =2By (N —1)h — 2By Z]x .
N-1 j=1 N-1
Fori=2,N—-2
N=1 .
o= L+ Y L~
; X
j=1 !
J#
= ARkt Xi-1 +Big+1xi+1
Xi X

_ k+1 k41 k+1 k+1%i—1 k+1Xit1
= ')/+Ci 7Bl' 7Pl' +Fl 7+BZ Tl

k+1 k+1
= yHtt 4 (xi—l - 1) A (xi“ - 1).

X h? X
From the above we conclude fori =1, N — 1,
If b < 0, By, < 0then p > 0.

k+1

(54)

(55)

(56)

If bf“ > 0and h < minj<j<n_1 (;Z’H) ,p > 0, then all eigenvalues of matrix P<+1

are strictly positive; therefore, P**1 is invertible.

4.2. Stability and Convergence
4.2.1. Stability

We have

Fik+1 + A;ﬁLl + Bgﬁrl =1 + C;CJrll FikJrl S 0’ A;ﬁLl + Bgﬁrl Z 0.

Let u;‘*lbe the approximate solution of (49), and ef“ the error at point (x;, tx11)
defined by
SRR SE U I R K|, EF = (& o\
v —u; T =e ", an = max |e|, =(e],....en_1) -
i i i H H 1<i<N—1' "' (1 N 1)
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For k = 0 we apply (42) and we get

] < (et = (8 Al )2
= (#=] = (2l m)[=])
< ((are )]+ rlela])

< | max [Elely +alel + Blel,y| = || EY)|

So

el = =l == &)

Y+ c
Therefore the method is stable.

Lemma 6. For k > 1 the scheme (48) is stable and we have

et < e

Proof. We use mathematical induction. O

We assume ||E/|| < ¢
From (49), wherei = 1, N — 1, N —1, we get

= maxcj; wherec; > 0,j =1,k

k—1
sz+1 k+1 Ak+1 k+1 —|—Bk+1 k+1 _ — Z o.me;(—m +,),(2 _ dl)e:(_l_,)/(dk _dk_1>69’
m=1

z+1 -
SO
+ N EH < (AR 4 BRFL) || ERFL|| o pREL| ok
0% C < i i i l 1
k—1
< | — E g'meiffm + ’)/(2 — d])Ef,( + 'Y(dk - dk,l)(i’?
m=1
k—1 X 0
v - H +(2—-4dq) ‘ei + (dr—1 —di) ||e;
m=1

< YCrax (k_zl |U'm‘ +2—di+di_1— dk) HEOH
m=1

< (o]
where
k—1
Z|0'm|+2_dl+dkfl_dk:5_23_a/ O0<op<l, —1<dy—dr1<0,1<2—-d1<2.
m=1
Then

=] < [l

(5 - 23*“) : (58)
Therefore, the method is stable.

4.2.2. Convergence

Let v(x;; tx, 1) be the exact solution and ka be the approximate solution of scheme (38);

we put v(x;; ty1) — Uf“ = Eerl fori=1,N—-1,k=1,M—1.

The scheme L, defined in (37) verifed [25].
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< O(hy). (59)

o _ (%o
o\ ) |

Substituting into (38) and using (35) and (59) leads to

k
k—j-1 kj k—j+1
7Y (U(xi; teojo1) — € —2<U(xi; te—j) — € ]) + (U(xi; beje1) —€ ))dj
=

+L<v(xi; tey1) — Gi.chl) = gikJrl.

Then

k
v Z (ZJ(X,‘; tk—j—l) —20(x;; tk—j) + (U(xi,' tk—j-‘,—l)))dj + Lo(x;; tk+1)
k—j—1 k—j k—j+1
—y Z (E‘ L P b )dj — LekHl = gk,
So .
"v(x,t k—j—1 k—j | k—j+1
B(T) +O(ht) + Lo(x;t) + O(h) — oy 'Zo<€i =26 e )dj — Lkt = ghtl,
j=
Hence
v Y (e —2e T e ) d Lk = O + ). (60)
Taking

efl = 1] =, e

for k = 0, we get
Flel |+ Alel + Blel,; =7 +O(h+h) with i=1N-1. (61)

We have

']

‘ell‘ < (Fil —i—A}—I—B})‘e}'
((A}+Bi1>‘ell +P}’e}’)

Flely+ Ale] + Blef| = O + ).

IN

< max
1<i<N-1

Hence
e[| < otn+m). 62)

We assume : ‘e” <O(h+h);j=1,k

From (60), we get
k41 k41 k+1 k41 k+1 k41 = k k
Fitlert! + Aftlert! 4+ BT eijl =7 Zlamei_m+fy(2—d1)ei +O(h+h).  (63)
m=
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We have
H€k+1H < (7+C?+1)‘€;{+1) _ (Fik+1 + Akt +Bf+1)’ef“‘
< (Fik+l efjll‘ + (Ai-<+l + Bf-‘“) ‘e;‘HD
< ey o1 L o (- e+ Ot by
< v > UmHek_mH + (22— dl)HekH +O(h+hy)
m=1
< 7< i Om + (2—d1)>0(”1+l’lt> +O(h + hy).
m=1
Hence
|2 = SOt )+ O +) < O+ ) (©4
1 1

Therefore, the method is convergent.

4.3. Applications

In this section, we give some numerical investigation tests.

Example 1. We consider problems (4)—(6) with
n = %, a(x,t) = —x—1t,
b(x,t) =x+t c(x) =2, g(xt)=(GymT+2tV/H)e*, ¢(x)=1(x) =0,
u(t) = (e—1)t2, E(t) = t3.

The analytical solution is given by v(x, ) = tie*.

The approximate solution u(x, t) where A.E is the absolute error.

We see in Figures 1-3 and Tables 1-3 that the absolute error(A.E) gradually decreases
when the step I; takes small values and getting very close to zero. That is, for h; = 0.01,
hy = 0.001, and h; = 0.0001 the absolute error(A.E) decreases towards zero and the
approximate solution tends towards the exact solution with the convergence order of
O(h + hy).

x 107
3 T T T T T T
\Al
28H =c===U1 .
‘7‘-’/—7_.
26| - i
’,/
A
S 25
24 o P
/‘// g
22} P 4
L] -
& -
= 2} ~ - -
= i
= =
o —
181 P - i
- - -
16 e - 7
— -
14} !/,/" T .
121 el —
1 1 1 1 1 1 1
01 02 03 04 0.5 0.6 07 0.8 09

Figure 1. h = 0.1, h; = 0.01.
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V(x'ES

Figure 2. h; = 1073.

x 10
3.5

09

Vix{'ES

0.1 0.2 03 04 0.5 0.6 0.7 0.8 09

Figure 3. h; = 1074,

For k = 1 (second iteration),

Table 4 shows the absolute error decrease to zero and Figures 4—-6 show the approxi-
mate solution u? after two steps 2h; tend towards the exact solution when #; close to zero,
with convergence order O(h + h;).

Table 1. h = 0.1; hy = 0.01.

X ul(x,t) v1(x,t) AE

0.1 1.1052 x 1073 1.3042 x 1073 1.99 x 10~*
0.2 1.2214 x 1073 1.4523 x 103 2.30 x 10~*
0.3 1.3499 x 1073 1.6038 x 1073 253 x 107*
0.4 1.4918 x 1073 1.7710 x 10—3 2.79 x 10~4
0.5 1.6487 x 1073 1.9558 x 1073 3.07 x 10~*
0.6 1.8221 x 1073 2.1600 x 1073 3.38 x10°*
0.7 2.0138 x 1073 23851 x 1073 371 x 10~*
0.8 2.2255 x 1073 2.6235 x 1073 3.98 x10~*
0.9 2.4596 x 1073 2.7079 x 1073 2.48 x 1074
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Table 2. 1 = 0.1, iy = 0.001.
X ul(x, t) vl(x, t) AE
0.1 3.4949 x 107> 41175 x 107> 6.23 x 1070
0.2 3.8624 x 107> 45515 x 107> 6.89 x 1076
0.3 4.2686 x 107> 5.0301 x 107> 7.61 x 1076
0.4 47176 x 107> 5.5590 x 10~° 8.41 x 107°
0.5 5.2137 x 107 6.1435 x 10~° 9.30 x 107°
0.6 5.7620 x 10~° 6.7895 x 10~° 1.03 x 10~
0.7 6.3680 x 107° 7.5034 x 1075 1.14 x 107
0.8 7.0378 x 1075 8.2923 x 10~ 1.25 x 107°
0.9 7.7802 x 10~° 9.1415 x 10~° 1.36 x 10~
Table 3. h = 0.1, h; = 0.0001.
X ul(x,t) ol(x,t) AE
0.1 1.1052 x 10~° 1.3020 x 10~ 1x 1077
0.2 1.2214 x 10~° 1.4389 x 10~ 2x 1077
0.3 1.3499 x 10~° 1.5903 x 10~ 2 %1077
0.4 1.4918 x 10° 1.7575 x 10~ 2 x 1077
0.5 1.6487 x 10~° 1.9424 x 10~ 2x 1077
0.6 1.8221 x 10~ 2.1466 x 10~° 3x10°7
0.7 2.0138 x 10~° 2.3724 x 107° 3x1077
0.8 2.2255 x 10~° 2.6219 x 10~° 3x 1077
0.9 2.4596 x 10~° 2.8974 x 10~° 4x1077
Table 4. h = 0.1, h; = 1072,1073,107°.
X hy =102 hy =103 hy =105
0.1 1.84 x 1073 5.80 x 107° 5.80 x 10~8
0.2 1.74 x 1073 5.45 x 107> 5.45 x 1078
0.3 1.62 x 1073 5.06 x 107° 5.06 x 1078
0.4 1.49 x 1073 463 x 107> 463 x 1078
0.5 1.33x 1073 415 %1075 416 x 10~8
0.6 117 x 1073 3.63x107° 3.63 x 1078
0.7 9.82 x 1074 3.05 x 10~° 3.05x 108
0.8 7.40 x 1074 240 x 107° 241 %1078
0.9 126 x 1074 1.64 x 1075 1.69 x 1078
x 10~
&l : . : : ; : : .
V2
16 | -
— — — U2
14 =
12+ -
= 10} B
sl i
4} e —— —_—— -
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 4. h; = 1072
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10 . . . . . . .

ol V2 y

g | ———-u2 4

7L ]

6l 4
= sl -
>=>

Figure 5. h; = 1073.

7

x 10
9 T
v2
8 o
———eni——i= WD
TF -
6 =1
= st .
-
4+ -
= 4 0 =
2l s
1__'—T‘_—_‘TF_—' 1 1 1 1 L =
01 0.2 03 04 05 0.6 0.7 0.8 0.9

Figure 6. h; = 107°.
Remark 1. For space step h = 0.01 we find Figures Al and A2 in Appendix A.

a(x,t) = —x>—t, b(xt)=x—t,
(4VE+ (t+1)2(x? + 2t)e", D(x) = €5

Example 2. We take: & = %
t =
+1)2, E(t)=(t+1)%

cx) =x+2t, g(xt)
Px) =25, p(t) = (¢

The analytical solution of this problem is given by v(x,t) = (t + 1)%e*.

Tables 5-7 show the values of the absolute error.

In this example from Tables 5-7 and Figures 7-9 we see again for space step 1 = 0.1 the
absolute error tends to zero when the time step h; (10_2, 1073, 10_4) takes a value close to
zero, with convergence order O(h + h;). In Figure 9 we take into account x € [0.8965, 0.9000]
to see the variation of error because it is very close to zero when x € [0.1,0.8].
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Table 5. h = 0.1, hy = 10~ 2.

X; A.E

0.1 6.72 x 1074
0.2 247 x 1073
0.3 244 x 1073
0.4 241 x1073
0.5 239 x 1073
0.6 2.38 x 1073
0.7 1.84 x 1073
0.8 1.40 x 1072
0.9 2.06 x 1071

Table 6. h = 0.1, h; = 1073.

X; A.E

0.1 1.22 x 1075
0.2 428 x 1072
0.3 424 x107°
0.4 420 x107°
0.5 415 x107°
0.6 410 x 1075
0.7 4,03 x 1075
0.8 4.83 x 1072
0.9 5.48 x 1073

Table 7. h = 0.1, hy = 1074,

X; A.E

0.1 3.75 x 1077
0.2 1.26 x 107°
0.3 1.24 x 107°
0.4 1.25 x 107°
0.5 1.23 x 107°
0.6 1.22 x 107°
0.7 1.20 x 10
0.8 1.19 x 106

0.9 1.72 x 10~
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Figure 7. h = 0.1, hy = 1072,
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2 <]
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Figure 8. h = 0.1, h; = 1073,

2462 T T T T T T T T T
V1

2458

2456

vixt)

2454

2452

2448 : L : .
0.895 0.8955 0.896 0.8965 0.897

L
0.8995 0.9
X

Figure 9. h = 0.1, by = 1074, x € [0.8965,0.9000].

Remark 2. For the space step h = 0.01 we find Figures A3-A5 in Appendix A.
Table 8 shows the error norm H Ek H for different values of « defined by

T
HEk =  max 1|e1-|, where EK =V k_uk= (e]{,...,e]f\]_l)

Hoo 1<i<N
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Table 8. h = 0.1.
Value of h; 10~3 10~° 10~7
=12 9.5736 x 1074 1.3196 x 10~° 5.2768 x 1072
a=14 1.1294 x 104 1.2671 x 1077 2.0154 x 10~10
|EY|, for a=16 2.3162 x 107> 1.2692 x 1078 7.9794 x 10712
=18 153 x 1074 1.4449 x 1077 3.4062 x 10713
a=19 4.7963 x 10~ 6.2306 x 10~10 8.6153 x 10~ 14

We see in Table 8, for the space step i = 0.1, and for the different values of «, the error
keeps the same behavior; that is, the error norm tends towards zero when the time step h;
takes values close to zero, with an order of convergence O(h + h;). For « = 1.2 (value close
to 1) the error is greater compared to the case & = 1.9 (value close to 2) due of the fractional
operator being approximated by the formula called L;.

5. Conclusions

In this paper, the existence and uniqueness of the solution of a Caputo time fractional
problem with nonhomogeneous boundary integral conditions are established. We use the
“energy inequality” method which is an efficient functional analysis method.

For the numerical study, these kinds of boundary conditions have been applied for
the first time to such problems, where we combined the finite difference method with the
numerical integration to obtain the approximate solution. The results obtained by this
technique are very encouraging from the point of view that the numerical schemes are
stable and convergent.

As further research directions, we aim at studying the same problem using the com-
pact finite difference method in order to obtain more precise results, change the sense of
fractional derivatives and/or extend the study to time—space fractional derivatives.
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Appendix A

In Example 1 for h = 0.01

From Tables Al and A2 and Figures Al and A2 with space step i = 0.01, we see that
the approximate solution u! tends to the exact solution v! when h; (hy = 1073, h; = 107° )
takes values close to zero, with convergence order O(h + h;).
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Table A1l. The absolute error for h = 0.01; h; = 10~3.
i=1,9 10,18 19,27 28,36 37,45 46,54 55,63 64,72 73,81 82,89 90,99
5x107® 6x107° 6x10® 7x10® 8x107® 9x107° 10 5 1075 1075 1075 1075
5x107° 6x107° 7x10® 7x10°® 8x10° 9x10°° 10 5 107> 107> 1073 107°
5x10° 6x107° 7x10°° 7x107°  8x10°® 9x10°° 10 5 1075 1075 1075 1075
6x10° 6x107° 7x10° 7x107°  8x10® 9x10°° 10 -5 1075 1075 1075 1075
6x10° 6x107° 7x10° 7x10°® 8x10° 9x10°° 10 5 1075 1075 1073 1075
6x107° 6x107° 7x10® 7x10°® 8x10° 9x10°° 10 5 107> 107> 107> 107°
6x107° 6x107° 7x10% 8x10® 8x107® 9x107° 10 5 1075 1075 1075 1075
6x107® 6x107° 7x10°° 8§x107° 8x10® 9x10°° 10 —° 1072 1072 1075 107°
6 x10°° 6 x 107 7 x 107 8x10°% 8x10°® 9x10°° 10 ° 1073 1075 1075 1075
Figure A1. iy = 1073,
Table A2. The absolute error for h = 0.01, h; = 107°.
i=1,9 10,18 19,27 28,36 37,45 46,54 55,63 64,72 73,81 82,89 90,99
5x107°  6x107° 6x107 7x10° 8x107° 8x10% 9x107° 108 108 108 108
5x107° 6 x 107 6 x 107 7 %107 8§x107° 9x10° 9x107? 10-8 1078 1078 1078
5x 107° 6 x 1077 6 x107° 7 x107° 8§x10™° 9x10° 9x107? 10-8 1078 1078 1078
5x107°  6x107° 7x107 7x107° 8x10° 9x10° 10~° 108 108 108 10-8
5x107°  6x107° 7x10° 7x10° 8x10° 9x107? 10~° 108 108 1078 108
5x107° 6 x 1077 7 x107° 7 x107° 8§x102 9x107° 10~° 1078 1078 1078 1078
6x107° 6 x 1077 7 x 1077 7 x107° 8§x10™2 9x10~° 10~° 10°8 10-8 1078 1078
6x107°  6x10° 7x10° 7x10° 8x10° 9x107? 10~° 108 108 108 108
6x107%  6x10° 7x10° 8x10° 8x10° 9x107? 10 10-8 1078 1078 108
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v(x\)'E8

Figure A2. iy = 107°.

In Example 2, for h = 0.01, &« = 1.5

The Figures A3—A5 show where the space step is fixed at # = 0.01 and the time step h;
decreases towards zero (h; = 0.001, hy = 0.0001, h; = 0.00001), the approximate solution
u! tends to the exact solution v!, in the case where h; = 0.00001 we see that the two curves

of u! and v! are almost identical.

200 T T

150 |-

100 -

50

vixt)
T

50

-100

-150

-200 L L

Figure A3. h; = 0.001.

28 T T

e N

—
26

241

w(x , t=0.0001)

Figure A4. h; = 0.0001.
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28 T T T T T T T T T

26 & -

v(xt)
5

Figure A5. h; = 0.00001.
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