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Abstract

The present research investigates the existence and numerical simulation of solutions for a class of Caputo-Fabrizio fractional
differential equations. At first we obtain a prior estimate for solutions of a functional integral equation that is related to the main
problem. Then using a fixed point theorem, the existence of at least one smooth solution is proved. Furthermore, a new numerical
method based on B-spline is developed to approximate the solution. It is proved that a locally superconvergent approximation is
achieved via even-degree splines on the mid points of the uniform partition. The convergence of the proposed method is analyzed
using an operator-based approach, and the corresponding theoretical convergence orders are rigorously derived. Finally, several
illustrative examples are presented to demonstrate the efficiency and applicability of the method. The results of the numerical

experiments confirm the theoretical predictions concerning the convergence orders.
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1 Introduction

Fractional differential equations are used in modeling many physical phenomena. For example diffusion equations of fractional order
have been used to model the anomalous diffusion of particles in complex media such as fractal networks, porous materials and biological
tissues [1,2]. In [3,4], application of fractional calculus in complex physical systems and dynamics of viscoelastic can be found. In [4-6],
the capability of fractional differential equations in modeling complex physical systems, as well as in physical systems’ description and
control, are analysed. Recently Caputo and Fabrizio introduced a new fractional derivative with a smooth kernel [7]. Due to applications
of this type of fractional derivative in fractional calculus, control theory and viscoelasticity [8—14], it has been studied extensively in recent
years. For example in [15] the existence, uniqueness and the continuity property with respect to the derivative order of the mild solution

for the Kirchhoff parabolic equation involving the Caputo-Fabrizio fractional derivative are studied. In [16], Eiman and Baleanu studied the
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existence and uniqueness of solution for the following problem

{ GD%u(t) = f(t,u(t),aD%u(t)), 1€ (a,b,

u(a) = uo,

where a € (0,1] and f: [0,7] x R x R — R is a continuous function. At first, they proved the existence and uniqueness of a continuous
solution using the Banach contraction principle when f is Lipschitz continuous. Then using the Krasnoselskii’s fixed point theorem, they
established the existence of at least one continuous solution under a sublinear condition combined with a contraction assumption on f. To
see some new research papers about existence of the solutions for differential equations with Caputo-Fabrizio fractional derivative, we refer
the reader to [17-22].

In this paper we study the existence and numerical simulation of solutions for the Caputo-Fabrizio fractional differential equation

{ oDfulr) = f (r,u(t).oDPut)), 1€ (a.b,

u(a) = uo,

(¢Y)

where [a,b] C R is a bounded interval, 0 < § < o < 1, D% is the Caputo-Fabrizio fractional derivative and f : [a,b] x RxR — R is a
function of class C! which f(a,u,0) = 0. The main proposes of this paper are to prove the existence of C"-solutions, m € N and the
numerical simulation of solutions to problem (1). First we obtain a prior estimate for solutions of a functional equation related to (1). Next
using a nonlinear alternative of Leray-Schauder type, the existence of solutions for (1) is proved.

Due to the non-locality of fractional operators, solving such problems numerically or analytically is a challenge for researchers in the
filed. However major efforts have been done by researchers to study the numerical solutions of problems involving fractional operators.
In [23], a three-step fractional Adams-Bashforth scheme is formulated for solutions of linear and nonlinear systems of fractional differential
equations with Caputo-Fabrizio derivative. The method is shown to be conditionally stable. A fundamental solution using the Laplace
transform combining with Fourier transform method has been used to approximate the solution of an advection-diffusion equation with
time-fractional Caputo-Fabrizio derivative [24]. In the chapter book [25], a fundamental solution has been obtained for fractional Cauchy
and Dirichlet problems equipped with Caputo-Fabrizio derivative. In [26], the iterative Laplace transform method has been used to simulate
the solution of a three-dimensional fractional SIR epidemic model with Caputo-Fabrizio derivative. In [27], a fractional model based on the
Caputo-Fabrizio derivative is developed for simulating the epidemic effects of COVID-19 pandemic in India. Then the Genocchi operational
matrix method has been used to investigate various constant parameters’ effect in the concerned fractional model. The modified coupled
time-fractional Korteweg-de Vries equation with Caputo and Caputo-Fabrizio time-fractional derivatives has been considered in [28]. The
proposed model describes the nonlinear evolution of the waves suffered by the weak dispersion effects. The modified double Laplace
transform decomposition method has been analyzed successfully to approximate the solution. In [29], a numerical technique based on
spline has been developed for the numerical solution of the time fractional Cattaneo equation involving the Caputo-Fabrizio derivative. Its a
comparative study between cubic B-spline, trigonometric cubic B-spline and extended cubic B-spline methods to approximate the solution.

B-splines are powerful tools in numerical analysis for approximating and interpolating data. They offer a flexible and efficient way to
represent smooth curves and surfaces by breaking them down into smaller segments. One of the advantages of using B-splines in numerical
analysis is their ability to provide a smooth and continuous approximation to data. They can accurately represent complex curves and
surfaces with a relatively small number of control points. B-splines also offer local control, that is modifying one control point only affects
a small region of the curve or surface. The local support of the B-spline basis functions allows for efficient matrix computations, reducing
the computational cost compared to other existing methods.

Numerical methods based on B-splines have been successfully applied to a wide range of problems including ordinary, partial and
integro-differential equations. B-splines have also been used in conjunction with other numerical techniques, such as finite element, Galerkin
and collocation methods. Some researchers have presented numerical schemes based on B-spline for the solution of fractional differential
equations. The spline collocation method has been used by Pedas and Tamme [30,31], for linear multi-term fractional differential equations.
Also, some regularity conditions for the solution have been derived. Xinxiu [32], Generalized the wavelet collocation method based on
cubic B-spline for the solution of linear fractional differential equations in the Caputo sense. Akram et al., developed a collocation method
based on quintic polynomial spline for linear fractional boundary value problems [33]. Also a quadratic B-spline Galerkin method has
been developed and analyzed for the solution of time-fractional telegraph equations in [34]. There are many other researchers tried to solve

fractional differential equations using B-splines [35-39].
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In this paper we will develop a method based on m-th degree (m < 6), B-spline interpolation to approximate the solution of problem
(1). After transforming the differential equation into its equivalent integral form, we will use spline approximation on a uniform partition
to discretize the problem. A g point Gauss-Legendre quadrature will be used to approximate the integrals arises in the process. We will
construct the method on the grid points of the partition for odd m and on the mid points for even m. For each case some extra relations will
be needed. For odd m, we will construct the extra relations on the near boundary mid points while for even m, near boundary grid points
can be used. It will be proved via an operator approach, that the global order of convergent is m + 1. Also, it will be shown that the method
is locally superconvergent at collocation points for even values of m.

The rest of the paper is organized as follows: In Section 2, at first the main problem will be transformed into an equivalent integral
equation, then the existence of a solution will be proved. In Section 3, a method based on B-spline is developed to approximate the solution.
Section 4 is devoted to the convergence analysis and obtaining the error bounds for the method. In Section 5, the proposed numerical

technique will be used to solve some model problems to show the applicability of the method. Finally, Section 6 contains the conclusion.

2 Existence of Solutions

In this section, we prove the existence of at least one C"-solution, m € N for problem (1). First we need some preliminaries and auxiliary

results.

2.1 Preliminaries and Auxiliary Results

Let C[a, b] be the space of continuous real-valued functions on [a, b] with the norm

l[ullc:= sup u(r)],
t€la,b]

and consider the space C"[a,b] for m = 1,2, ... as the space of m times continuously differentiable real value functions on [a, b] with the

norm
m

llen = Y 1
k=0
Letu € C'[a,b] and 0 < & < 1. The Caputo-Fabrizio fractional derivative of u is defined by

t
Dfult) = 12 [0z,

where Y'(¢t) is a normalization function such that Y'(0) = (1) = 1. Henceforth, we will be taking into account Y'(ot) = 1.

Theorem 1. Let 0 < ot < 1, m € N and u € C"[a,b]. Then ,D¥*u € C"[a,b).

Proof. Using integration by part we have

—a

o 1 ry = (t—1)
WD u(t):m/a W (1)e T =g

: (u(f) - M(a)e%‘(t*“)) - (L '/atu(r)eﬁ“*”dr. )

Tl-a
Since u € C"™[a, b], the function t — [’ u(t)era""Vdrisin C" [a,b]. Therefore, the conclusion follows from (1). O
In the next theorem we recall a result from Bellman [40].

Theorem 2. Let u and f be continuous and nonnegative functions defined on J = |a,b), and let ¢ be a nonnegative constant. Then the
inequality
1
u(t) < e+ / F(Du(t)de, e,
Ja
implies that

u(t) < cexp (./atf(f)dr), rel.
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To study the existence of solution for problem (1) we need the following fixed point theorem [41].

Theorem 3. Let X be a normed linear space, K a convex subset of X, O an open subset of K and 6 € O ( 0 is the zero element of X ).
Suppose that N : O — K is a continuous and compact operator where O is the closure of O. Then either

(i) T has a fixed point in O, or

(ii) there exists u € dO such that u = ATu for some A € (0,1) where dO is the boundary of O.

2.2 Existence of Solutions

We define the operator Ty on C!([a,b] as follows

1 =L (t—q) Y /‘f =L (1—1)
Tyu(t) = u(a)e-v + u(t)el-v dar, 3)
()= u(a) i/,
where 0 < y < 1. Therefore,
d -v =L (t—a) i /’ L (t—1) Y
—Tyu(t) = u(a)e'-v ———— [ u(t)e’r dt+ u(t). )
ai ™0 = @ = Ju iy
Also, using (2), we have
oDfu(t) = 1= () = Tyulr)
Hence problem (1) is equivalent to the following integral equation:
1
u(t)=(1-o) (Tau(t) +f (t,u(z), —p u(t) — T,;u(t))) =: Ku(t). )

Therefore, we reduce problem (1) to the above fixed point problem.
In the sequel, we show that the operator K : C![a,b] — C![a,b] has a fixed point. To do this we consider the following assumptions:

(h) feC'([a,b] xR xR), f(a,up,0) =0 and there exist constants c¢|,c, > 0 such that

[£(#,x,9)| < ctlx| +ealyl,

and
=(l—a) e +—2 | <1 6)
P = 177z B .
(h2)
af 1 df
= 7t77 +77t77 <]7
[a,b]x [—ro,ro] X [=r1,r] | 9% (t,%.) 1-Bdy v,x y)’
where
1 1 alb-a
ro ::( JrC2)|Mo|exp +c265%a> , 7
1-p 1—-p
ro+lug|  Blb—a)ro
r = + . ®)
1-B (1-pB)?
In the next lemma we find a prior bound for the solutions of (5).
Theorem 4. Assume (h1) and (hy) are satisfied. Let 0 < A < 1 and u € C'[a,b] be a solution of the equation
u(t) = AKu(t), t € [a,b]. )

Then

1 1 aft-a)
()| < (1+¢)luol exp( o, ) (10)
I-p I-p
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and 1 b
luller < ro+ (1 :A‘? ((lrf‘;)z ("‘f _‘a“) +2) +M,), (11)
where
_ af of
~ labix[—romlx[—rin] (’W(t * y)‘ 205y (Z’W)D ’ (12
b_
= (B +2) (13)

Proof. According the equation u(r) = AKu(t) and the assumption () we have

)] =01~ @) (Taule) + 1 (1) o)~ Tpuo)] )

<A(1-a) {mu( [+ (e +

L0 + el Tputr).

Using the above inequality, the assumption & > 8 and (6), we get

A(l1— 1 ; a):L;
lu(t)] < (1,1,06) {(paﬂ?ﬁ)'”‘ﬁ /|u \eT “1ad1+ CZB /|u |eT B d
/l(l—oc) 1+c¢p OC(]+62) 4 T—a) %
<5 {1_a|u(a)|+ (lia)z/a\u(rﬂe “adt|. (14)
Using Theorem 1 and inequality (14) we deduce
‘u(t)‘g/l(1+cz)|u(a)\exp(l(l—i—cz)e%). (15)
I-p I—p
Also (3) implies that foreach 0 < y < 1,
u(a)| | y(b—a)llullc
)| < 11+ O (16)
Inequality (15) proves (10). Again using (15) and (16) we get
1
Il <. |1 gut0 = Tputn) < . (1)
where r( and r; are defined by (7) and (8). Also for 0 < 7 < 1, by (4) we obtain
’ Y y(b—a)
(1) 01 < L [t@l + (K222 1) e (19)
rnYy b a )
S 19
(1-7)7? (
By differentiating both sides of (9) with respect to ¢, we have
(1) =A(ku)' (1)
=A(1—a)( (T u)/(t) + of tu(t) : u(t) —Tgu(t) (20)
o 3t ’ ) 1 _ﬁ ﬁ
af 1 ’
+ I (t,u(r), T u(t) — Tﬁu(t)) u(t)
d 1 1
af; (t u(t), liﬁu(t)—TBu(t)) [liﬁu/(t)— (Tlgu)/(t)] ) 1)
Using the assumption (h;), (17)-(19) and the above equality we get
(1-a) roo a(b—a)
‘ ()‘7 1—M (1_a)2 l—a +2 +M ), tE[a.,b], (22)

where M| and r; are defined by (12)-(13). Inequalities (17) and (22) yield (11). O
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Remark 1. By induction on m we can find a prior bound for solutions of equation (9) in C"[a, b].

Set

r3 = r0+(1l::;) ((IV—OZ)Z (al(ly_—aa)+2) -}—Ml)-i-l7 (23)

and let B, be the ball centered at 0 with radius » > 0 in C![a, ).
Theorem 5. Let (hy) — (hy) be satisfied. Then problem (1) has at least one solution in the space C'[a,b].

Proof. According to (2), we only need to prove K : C'[a,b] — C'[a,b] has a fixed point. We do this in several steps.

Step 1. K(By,) is a bounded subset of C'[a, ).

By assumption (hy), f is a function of class C! and by (3), for each u € C'[a,b], Tyu € C'[a,b]. Therefore by the definition of K, for for
each u € C'[a,b], Ku € C'[a,b]. Again using (h;) and (16), for any u € B,,, we have

)] <(1 =) |1Taat0)] + (e1 + 525 ) o) + cal )|
<o-0)|(g+ %)+ (a0 2p) -0t (04 1%) = e
for r € [a,b]. Using (16) for any u € By,, and 0 < y < 1 we obtain
][5 B
(T ()] < 20 24 100 26)
Put
M, ::max{‘g—{(t,x,y)’ +r3 %([,x,y)‘ 2 (t,x,y) € [a,b] X [—r3,r3] X [7r4,r4]}, 27
M ::max{‘%(t,x,y)’ s (t,x,y) € [a,b] X [—r3,r3] X [—r4,r4]}. (28)
Similar to (21), by (18), (25) and (26) we deduce
|(Ku) (1)] < (1— ) {(113(;)2 (2+ O‘Y’__a“)) + My + Ms (113;3 + (lrjg)z (2+ 5&1)_—;))) } 29)

Inequalities (24) and (29) prove our claim in Step 1.
Step 2. K : By, — C[a, b] is continuous.
For fixed € > 0, take arbitrarily u,v € By, with |lu —v|1 < &. Also set

o(f,€) 3=sup{|f(l,x17Y1) — f(t,x2,32)] : t € [a,b], x1,%2 € [-13,73],

2 b—a
Y1Y2 € [=rasrals v — x| <€, [y -y <€ (fBJr a )) }

1 (1-B)?
Since
Kult) K0 <[ Taut) — Tan(t) 4 ‘f (r,u(m ﬁu(t) - Tﬁu(l)) -f (t,v(z% . iﬁ v(r) - Tﬁv(t)) ‘
<Ml A u—vle+(r.e)

Since f is uniformly continuous on [a,b] X [—r3,r3] X [—r4,r4], we have @(f,€) — 0 as € — 0. Therefore, inequality (30) yields

|Ku—Kv|[c =0 as € —0. (31)
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Similarly,

|(Ku)' (1) = (Kv)' ()] <[(To)' (1) = (Tav) (1)

|5 (a0, )~ Tput)) - 5 (1000 2 o0 -0 )
e

8 1.0, ﬁum ~Tyu() = 5 (10) 1500 - @) ) W)

) v 2 (uv(z»l_‘ (0~ Ty(0) |

- B
|a—f <t,u )*TBu(t)> - %}yf <t,v(t), l_lﬁv(t) —TBv(z))’
xliﬁuoyw%@%g
+ 1_1 lu' (t) =V ()| + [(Tpgu)' (1) = (Tpv)' (1)] g 1,v(t), 1_1 v(1) — Tgv(r)
B Y B

b— ) )
g(liofx)z {2+ al(_aa)} +w(a—];,e)+r w(af, £)+Mye

1 2B B*(b—a)\ Of
en(ip e oy oo

+M3(1flﬁ * (1—BB)2 {“%bf_ﬁa))} )S’

where M3 is defined by (28) and

a
My = max{‘a—{:(nx,y)' s (t,x,y) € [a,b] X [—r3,r3] X [—r4,r4}}.
Therefore, the preceding inequality, together with the uniform continuity of the first-order partial derivatives of f imply that
||(Ku) — (Kv)||c =0 as € —0. (32)

From (31) and (32) we conclude the continuity of K on B,.
Step 3. K : By, — C'[a,b] is compact.
First we prove that K (B,,) and
K'(Byy) := {(Ku)' : u € By},

are equicontinuous subsets of Cla,b]. Let t;,#; € [a,b], u € By, and 0 < y < 1. Then by mean value theorem we have

lu(tr) —u(s2)| <|\M'Hc|11 —h| <n3ft — 1, (33)
|Tyu(t) — Tyu(tr |‘ y=a) _ y-a)| 4 ( yy)z /tl (e%'(t'_r)fel 7('2_1))14(17)011‘
- a
L yb-a)] Lba)
<l = _
,{177/4— (l—y)z}wel P —nl, (34)

and similarly,

Y Vz(b—a)} 2

[(Ty)' (11) — (Tyu)' (12)] < [(1 2t aoyp rem™ 1y — |+ r3lty — 1a). (35)
According to (33)-(35), we see that B,,, Ty(B,,) and
T}f(Ea) ={(Tyu)" :u € B, },

are equicontinuous subsets of C[a,b]. Since f and its first order partial derivatives are uniformly continuous on [a,b] X [—r3,r3] X [—r4,r4)

therefore K(By,) and K’(B,,) are equicontinuous. Hence using the Arzela-Ascoli theorem, if {u,} C By, then there exists a subsequence
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{uty, } of {uy} such that {Kuy, } and {K’uy, } are uniformly convergence. This implies the compactness of K : B,, — C![a, ).

Step 4. The equation u = AKu doesn’t have any solution in dB,, for A € (0,1).

Let u € dB,, and u = AKu. Hence by Theorem 4, u satisfies inequality (11) and consequently by (23) ||u||c1 < r3. Then u ¢ dB,, and this
is a contradiction. Therefore, our claim is proved.

By the steps 1-4 and Theorem 3, K has a fixed point in B, which implies equation (1) has a solution in B,. O

We can generalize Theorem 5 as follows:

Theorem 6. Ler f € C"([a,b] x R x R) and (hy)-(hy) be satisfied. Then problem (1) has at least one solution in the space C™|a,b).

Proof. To prove the above theorem, one can show that if B, C C"[a,b] then K(B,), K'(B), ..., K"")(B,) are equicontinuous subsets of
Cla,b] where K\ (B,) := {(Ku)"/) : u € B,} for j=1,2,...,m. Then similar to the proof of Theorem 5, by Remark 1 and the Arzela-Ascoli
theorem, the existence of solutions for problem (1) is proved. O

3 Numerical Framework

Spline functions are the linear combination of cardinal B-splines that form a local basis for the spline space. There are different ways for
constructing the cardinal splines. We will used the notation introduced in [42]. For the knot set y = {#,t2,...,6n} With 1] <1 < -+ < tp,
we define the collocation matrix associated with the function system @ = {uy (¢),uz(),. .. ,um(t)} as follows

M](l‘[) Mz(ll) um(tl)

M(ul(z) up(t) ... um(z)> _ ur()  w(2) ... um(n)

131 1% m :
i (tm)  ua(tm) oo wm(tm)

If we denote by D, the determinant of the collocation matrix M, then the divided difference operator for a function f over the knot set y is

defined as
A O e ((
. ( £ )>
tH 1 13 - Ly Im
[ll,tz,‘.wlm]f* 1 i 2 . m=2 el .
D

nh np B3 - Ip- Im

(36)

Then using the divided difference operator (36), the cardinal B-splines, the polynomial B-splines having break points on integer knots, can
be defined as

1
BMW:W+UML”m+mwﬂ$:ﬁNM£7 (37
where ¢/ is the truncated power function
", >0,
m.,__
=
0, <0,
and A™ is the finite difference operator
i m
a0 =¥ (-4 () - 68)
k=0

The basis function B,, has compact support on [0,m -+ 1], is positive on (0,m + 1) and belongs to C"~!(R). Also, the set of integer
translates of cardinal B-splines {By,(t — k), k € Z}, forms a basis for spline space. With £ > 0, it can be generalized to a basis on grid points

{xx = k&, k € Z} as follows
r—Xxi

gﬁ:{&g—?q,kez}
For problems with bounded domain we can restrict the above set to a valid basis in the interval [a,b]. Let A={a =1ty <1t} < ... <t, =b} be
n
a uniform partition of the interval [a,b] with step size h = bn;“ and A = {zk =Xp — %}k . be the set of mid points of the partition. Based

on the above notations we define

r—t;
ﬂ,hn = {Bm,j(t) EBm(TJ), j=-m,-- n— 1},
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which is a basis for splines of degree m with support on A. The basis functions By, ;(7) belong to C"~![a,b], has local support on [ji,?j+m1]
and L@,},‘i is a partition of unity. Also let us denote by 5’,2 =span (9?,},’,), the space of B-splines of degree m on the partition A. To approximate
the solution of (1), we can use a spline s € %", in the following form

n—1

sa(t) =Y ¢jBnj(t), t€la,b]. (39)

j==m

Rewriting Tyu(t) form (3)

and replacing u by s, we have

— M0 L(-a) /’ 2 -7)
Tys,(t) := el-r s(T)e-7 drt
_ n—1 t _
_ M0 ) 14 , / (D))
T (17)2jm6’(  Bra(0)eT df)' 0

Substituting (39) and (40) into (5) it results

sp(t)= (1-a) (Tas,,(t) +f (r,sn(t), l _1 sp(t) — Tﬁsn(t)>) . 41)

B

In the following we will construct the numerical method for odd and even values of m < 6 separately. The difference between two cases is
in the choice of collocation points.

3.1 Odd Degree Splines

Let m be odd, collocating equation (41) at the points #; € A, we obtain

1
Sn(l‘k)z (17(1) (Tasn(tk)+f(l‘k,sn(l‘k), 1 _ﬁsn([k)fTﬁsn(lk))) s k:O,l,A.- N/R (42)
Also, from initial condition we have

sn(to) = uo- (43)
Obviously relation (42) together with (43), form a system with n +2 equations and n +m unknowns cj, j = —m,--- ,n— 1, to be obtained.
To be able to uniquely determine the coefficients for m > 3, we need m — 2 extra relations. Let us define o7 = [’"T’l] and 0y = [ "5 4} , then

we can collocate the problem at m — 2 near boundary mid points as follows

1

suat) = (1) (Tusaa) 1 (et 7o) ~ Tyt ) @)

where k € {1,---,01}U{n—0,,--- ,n}. It should be noted that, in the relation above if 6] < 0 or 03 < 0, its corresponding set of indexes
is empty. Now the system is uniquely solvable and it could be solved to obtain the unknowns cj, j = —m,--- ,n — 1. To approximate the
integrals in (40) we rewrite the integral in the following form
Iri1 -y
T

i = (4—1) o L (h—1)
Iy = Bpj(t)e™=r""" Vdr= Z/ By, j(T)er" " Vdr,
Ja r=0"1r

which, by a change of variable, can be approximated as
k=1

bl =t &
Iy = Z rTr Z 0,0(A,),
r=0 p=0
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where @, and A4, are respectively the weights and points of the g-point Gauss-Legender quadrature and

tryl — 1 try1 +1 -Y tyy1 — 1ty try1 +1
(p()Lp):Bm’j(r 3 rlp+r 7 r)exp(l y(tkfr 5 lp+r 5 r)>

Also, the integrals (44) can be written as

Y =
=

_ 2k o 21 vy k=1 ez, B
L= [ Bu,(x)e™ @ Ddr= / By ()™ @ Va4 Y / Y By j(1)e ™3,
Ja ' 0 =172
which can be approximate similarly by a g-point Gauss-Legender quadrature.

3.2 Even Degree Splines

It should be noted that for m even, we will collocate (41) at the mid points of the partition z; € A’, so we will need m — 1 extra relations. To

have a uniquely solvable system we will collocate the problem at m — 1 near boundary grid points. In this case the system is as follows

i) = (1-a) (Tasnm) i (Zk,smk), o) fTﬁsnm))) k=1, (45)

sn(ty) = (1—a)(Tas,,(tk)—i-f(tk,sn(tk), sn(tk)—Tﬁsn(tk))>, ke{0,---,8yU{n—35,--,n}, (46)

1
1-B
where § = [%] —1.

In the following we will find some error bounds for the proposed spline interpolation. It will be used in the error analysis of the method.

Let for even m, the interpolation conditions along with the end conditions be defined as follows
sn(z) = u(z), keA,
sn(ty) =u(ty), ke{0,---,8}U{n—-20, - ,n}, 47)
while for odd m, the conditions are
sn(te) =u(ty), keA,
sn(Zk) = M(Zk), ke {17 7GI}U{n7627”' 71’!}. (48)

Theorem 7. Let s, € Y,Z be the mth degree unique spline interpolating to u(r) € cmtl [a,b] on A satisfying the conditions (47) for even m
and (48) for odd m, then we have
WD) —sD 0l =ommr), r=0, m—1. 49)
n ) ) ) (

Also if m is even, then for u € Cm+2[a, b] we have the following local error estimate
lu(t) = sn(1)], = O™ 2), k=0, ,n. (50)
Proof. The proof of (49) is in a standard way similar to [43]. To prove the latter relation let s, (#) satisfies the interpolatory conditions
su(zi) =u(z), 1<i<n, (5D
along with the end conditions
su(ty) =u(ty), ke{0,1,---,8}U{n—24,---,n}. (52)

Let m be even and consider the following consistency relation connect s, () at the midpoints and grid points of the partition [44]:

0+1 5+1

Y, Eisaltiv) =Y, Cisulzin)), 8<i<n-—38, (53)

j=—6—-1 j=—8
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where
| .
& =Buy1 (m+§—1>» §j=Bmy1(m—j). (54)

Let denote by e(r) = s,(¢) — u(t) the interpolation error. Subtracting Zfi'l 51 6ju(titj) from both sides of (53) and using the interpolatory
conditions s, (z;) = u(z;), i = 1(1)n, we have

5+1 5+1 S+1

Y &jeltin) = Z Cuzipj)— Y, &ultiyj), 6<i<n—38.

j=—6-1 j=—6-1

Since u € C"*2[a, b], by expanding the right hand side using Taylor series expansion about #;, we obtain the linear system
S+1
Y Eeltinj) =0("?), §<i<n-3, (55)
j=—b-1

which by the help of (52), it can be written in the following matrix form

A E = O(h"?), (56)

where
E= [e(t5+l)7e(t0'+2)7 Tt 7e(tn7§71)}T7
and
56 §5+1 T ém
5671 §5 émfl ém
Ap = . (57)
o & & G5
o & - &

Obviously for m < 6, the coefficients matrix is strictly diagonally dominant so it is invertible. Also, it can be easily seen that HA,;] Hw <G,
where [C,Cy4,Cg] = [2,5,46]. Thus we have
1Bl = 45" || -0tm2) = o), (58)

and the proof is complete. O

4 Convergence Analysis

In this section an operator based convergence analysis and error bound will be presented for the proposed method. For odd and even m, the

analysis is the same, so suppose that m is even. Let Q = A’ U {f; }g u {fk}f,_ 5» and define the operators ¢, and 6, in the following form

61 C"H a,b] — R, (6,f)i = f(1hi), Wi €,
(59)
¢, : R™™ — 7! spline interpolation at points p; € Q.

By defining the operator %, = ¢,,6, : C"*'[a,b] — .#, based on theorem 7, for f € C"*2[a,b] we have the following local error bounds

at collocation points
| Puf = £, = 9nOuf — fl, = O(W™*?), 4 €A. (60)

As we already note, the problem can be written in the following operator form

u = Ku. 61)
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On the other hand using (59), the collocation equation (42)-(43) can be written as
0165y = 0,60,Ksy,

which using &,;s, = s,, results
sp = P,Ksy,. (62)

We will show that (62) has a unique solution that converges to the solution of (1) and finally we will obtain the rate of convergence. Let us

restate the following Theorem from [45].
Theorem 8. Suppose that the operators 7 and I, defined on the Banach space 9 admit the following representations:
T =2K, I,=PK,

where K is a nonlinear, completely continuous operator mapping % into another Banach space %' and & and &P, are continues linear
operators taking %' into A.
Suppose that the operator equation

w= PKw, (63)

has a solution v. A sufficient condition that v be an isolated solution of (63) in some sphere ||®—v| < pu, (1> 0) is that K be differentiable

at the point v, and the homogeneous equation
w— 2K (v)w =0, (64)

has only the trivial solution w = 0. Suppose further that the sequence of operators &P, converges strongly to the operator 22, then the
equation
W= Tom, (65)

has a solution v, satisfying ||V, — v|| < u for all sufficiently large n, U, — U as n — oo, and for constant M’, the rate of convergence is
bounded by
[va =0l <M'[[(P0 — Z)K]. (66)

Lemma 1. The sequence of operators P, are uniformly bounded in C* [0,T].
Proof. Using [42], Theorem 6.22, for every f € Cla,b], we have
ngﬂf||c[a_b] S (zm)m“f‘|c[a7b]7
$0 &, is uniformly bounded. O

Lemma 2. Let A be a uniform partition in [a,b] as defined before. The sequence of operators &, uniformly converges to the identity

operator 1.

Proof. Let f € Cla,b], then according to Lebesgue lemma we have
|20f = £ < A |2, int 1 =, 67

where the last term is the best approximation of f in IT,,, the space of polynomials of degree at most m. Let u* be the best approximation

for f, then using Jackson’s theorem in each subinterval [t;,#;+ ] we have

sup 1) -] <6010 ). (69)

L <t<tj;

where @ is the modulus of continuity of f with the bound % Since f is continues and &7, is bounded, using (68) in (67), as 1 — 0 we have

h
2.5~ FI <61+ 12) 0 (1.5 ) 0,

which completes the proof. O
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Theorem 9. Let m be even, and let u € C"+! [a,b] and s, € Ymh denote the exact and spline solutions of problem (1) respectively. If sy is

obtained by (45)-(46) then s,, converges to u and there exists a constant C such that
llsp —ul| < CH™
Also, ifu € C"*2[a, b, the following local error bound holds
|spn —ul;, =0 <h'"+2> , L EA.

Proof. Consider the operator equations (61) and (62). K is a nonlinear, completely continuous operator and we already proved in section 2,
that the operator equation u = Ku has a unique solution. Now based on lemma 2, &7, is a continues linear operator converges to the identity
operator, thus using theorem 4, the collocation equation s, = £2,Ks, has a unique solution s, converges to « and for some constant M’ the
error is bounded by

s —ull < M [[( 0 — D)K. (69)

On the other hand based on (49) we have
|Zuf = £l = 0" 1),

which, when combined with the complete continuity of operator K, gives
llsp —ul| <CH™
Also using (60) in (69) we obtain the local error bound
|spn —ul;, =0 <h"’+2> , i €A
O

Theorem 10. Let for odd m, u € C"+1 [a,b] and s, € y,f,' be the exact and spline solutions of problem (1) respectively. If s, is obtained by

(42)-(44) then s, converges to u and for some constant C we have
llsn —ul| < CH"HL

Proof. The proof is in a simillar manner with Theorem 9. O

5 Numerical Experiments

In this section, we will examine our obtained results on some model problems to show the applicability and efficiency of the proposed
method. The maximum absolute errors E, in numerical solution and the experimental orders of convergence for various values of m and n
have been tabulated in tables 1-3. For problems 1 and 2 the exact solutions are not available, so we run the program for a large value of n
and use it as exact solution. The experimental orders of convergence have been obtained as follows

|En]

‘E2n| .

Order =log,

All programs run in Mathematica 12 on a system with Corei7 2.4 GHz CPU and 8 GB of RAM.

Example 1. Consider the following problem

2
oD u(t) = £In (1 +u?(t) + (OD 70

u(0)=1.

-
<
—~
~
—
N——
S
N—
~
m
—~
L
=

In view of problem (1) we put

Fltxy) = In (142 4%), [ab]=[0,1], a=
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Then f € C™([0,1] x R x R) for each m € N. Also using the inequality In(1 + |z|) < |z| for z € R, we have

t
£t %) = gn \/1+x2+y2< (|x[+1yD), (t,x,y) €[0,1]] xRxR,

—(1_ o |_1

pf(l OC)|:C1+17B} =3
af ‘ ‘31" '} { t]x| 1yl } 3
s = (t, X, = s + <5
[0,1]3]1&11&{’ 3x( Y HY [0,1]3]1ng 8(1+x2+y2)  4(1+x2+y?) 8

Hence all conditions of Theorem 6 are satisfied and problem (71) has a solution in C™[0, 1] for each m € N.
The problem has been solved for various values of m and n and the maximum absolute errors and the experimental orders of convergence

are presented in table 1. The experimental orders of convergence verify the theoretical results very well.

Table 1. Maximum absolute errors and experimental orders of convergence for problem 1.

m=1 m=2 m=3 m=4
n Error  Order Error  Order Error  Order Error  Order
1.6(—4) 1.9(—07) 1.5(—08) 7.5(—11)
16 4.5(-5) 1.87 1.2(-08) 3.90 1.1(-09) 3.79 1.3(—-12) 5.82
32 1.1(-5) 1.93 8.2(—10) 3.95 7.5(—11) 3.90 2.2(—14) 5.85
64 3.0(-6) 1.96 52(—11) 3.97 4.8(—12) 3.95 3.8(—16) 5.90

(71)
u(—-1)=2
Set
t+1 4 1
f(tvxay) :m(x+y)7 [avb}:[flvl}v a:§7 B:Za
then f € C"([—1,1] x R x R) for each m € N. For (t,x,y) € [-1,1] x R x R we have
2 _ 2 | E
x| < 30+ bD, p=(1-e e+ 25| =22,
anton |t e =
sup LX) |+ —5 (txy)|p < —=-
[O,I]XRXR{‘ 8x( ) ) 15

Therefore using theorem 6, problem (71) has a solution of class C" for each m € N. We solved the problem for various values of m and n
and tabulated the maximum absolute errors as well as the practical orders of convergence in table 2. The practical orders of convergence are

in good agreement with theoretical results.

Example 3. Fractional order Malthusian growth model [46]

Consider the following fractional order problem

{ oDfu(t) = ku(r), 1 €[0,1], (72)
u(0) =0,

where u(r) denotes the population at time ¢ and K is positive. We solved this problem with o = 0.1,0.5,0.9 for various values of m and n.
The maximum absolute errors and the orders of convergence are tabulated in tables 3-5. The rapid convergence and small errors show the

efficiency and applicability of the proposed method. The practical orders of convergence verify the theory as well.
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Table 2. Maximum absolute errors and experimental orders of convergence for problem 2.

m=1 m=72 m=3 m=4
n Error  Order Error  Order Error  Order Error  Order
8  85(-3) 4.6(-5) 5.5(-6) 3.3(=07)
16 2.1(-3) 1.99 3.0(—6) 3.96 3.6(=7) 3.92 5.1(—09) 6.00
32 53(—4) 2.00 1.9(-=7) 3.98 2.3(-8) 3.93 8.0(—11) 6.02
64 3(—4) 2.00 1.2(-8) 3.99 1.5(-9) 3.96 1.2(—12) 6.00

Table 3. Maximum absolute errors and experimental orders of convergence with a = 0.1 for problem 3.

m=1 m=2 m=3 m=4
n Error  Order Error  Order Error  Order Error  Order
6.1(—4) 3.9(-5) 7.6(—6) 5.8(-8)
16  2.1(=3) 2.00 2.5(-6) 3.94 5.6(=7) 3.77 1.06(—9) 5.77
32 9.8(-3) 2.00 1.6(=7) 3.97 3.7(-8) 3.90 1.7(-11) 5.88
64 3.9(-2) 2.00 1.02(-8) 3.98 2.4(-9) 3.95 3.0(—13) 5.89

Table 4. Maximum absolute errors and experimental orders of convergence o = 0.5 for problem 3.

m=1 m=2 m=3 m=4
n Error  Order Error Order Error  Order Error  Order
14(-2) 3.0(-5) 2.7(-6) 1.5(-8)
16 3.5(-=3) 2.00 2.0(—6) 3.87 2.0(-7) 3.77 (=10) 5.73
32 838(—4) 2.00 1.3(=7) 3.93 1.3(-8) 3.89 49(—12) 5.86
64 2.2(—4) 2.00 8.6(—9) 3.96 8.7(—10) 3.95 (—=14) 5.90
Table 5. Maximum absolute errors and experimental orders of convergence o = 0.9 for problem 3.
m=1 m=2 m=73 m=4
n Error  Order Error  Order Error  Order Error  Order
3.9(-2) 1.1(-4) 7.3(—6) 4.4(-8)
16 9.8(=3) 2.00 8.0(—6) 3.78 55(=7) 3.72 (—=10) 5.69
32 2.4(-3) 2.00 5.3(=7) 3.90 3.7(-8) 3.88 1.5(—11) 5.80
64 6.1(—4) 2.00 3.4(-8) 3.95 2.4(-9) 3.94 (—=13) 5.86

6 Conclusion

We proved that the Caputo-Fabrizio fractional differential equation (1) has at least one solution and the regularity of solutions is depended
on the regularity of f. Indeed, we established that the solutions of problem (1) are of class C™ for m € N, when f € Cm([a,b] x R x ]R).

We also derived a priori bound for the solutions of problem (1), which is crucial in demonstrating the existence of a solution. To solve the

problem numerically, we constructed a new algorithm based on B-spline basis functions. The key in this method is in selection of appropriate

collocation points and end conditions. We proved that by choosing the mid points of the partition as collocation points and near boundary

grid points as end conditions, a superconvergent approximation is derived for even degree spline. We proved the convergence of the method

and obtained some error bounds. Finally, by providing some numerical experiments we showed that the method is computationally efficient

and it also verified the obtained theoretical error bounds.
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