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1. Introduction

The second order differential equation y” = f(t,y) is widely studied in the literature, whether one looks for analytical or
numerical/computational results.

The fractional calculus (cf. Section 2 for basic definitions and results) is nowadays a topic of intensive research (see
[8,16] and the references therein). In the fractional calculus theory the intuitive way of generalizing the previous differential
equation is substituting the classical operator y’’ by a fractional one, say, the Caputo fractional derivative of order 1 < o <
2, SD"‘y, i.e. to consider the following fractional differential equation 8D"‘y = f(t,y).

A not so obvious, yet possible, way to generalize the second order differential equation is to consider the following
fractional ordinary differential equation (FODE):

DSy = ft.y(®)). tel0.1], O0<a f=<1. ()

(usually this equation will be subjected to some boundary conditions). Perhaps the main reason to use the left and right
fractional differential operators as in (1) is the resemblance of equation in (1) with the Euler-Lagrange equation that arises
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from fractional calculus of variations problems. Indeed, if one consider the following variational problem,

1
J@) = /0 L(t.y(t). SD(t))dt — min,

subject to the boundary conditions y(0) = yy and y(1) = y;, then its Euler-Lagrange equation is given by the formula (cf.
[18]):

D,L(t, y(t), DYy (t)) +D¥3sL(¢t, y(t),$D*y(t)) =0, te[0,1],

where 0; is the partial derivative of a function with respect to its ith argument.

After searching within the literature on the subject, we found some works for the linear case of Eq. (1), specifically for
Sturm-Liouville eigenvalue problems [17,23] and also some works dealing exclusively with fractional calculus of variations
problems [2,4] (in some of them a Riemmann-Liouville fractional derivative is used instead of the Caputo derivative). Exis-
tence results and/or numerical methods were presented in the aforementioned works. One particular issue came up to our
minds, that was, the question about the smoothness of the solutions to (1) specially when one want to develop numerical
methods to solve it. We are aware that when only left fractional derivatives are involved in a certain differential equation
one should not expect too much regularity of their solutions at the initial point (cf. e.g. [1,8]). With that in mind we sus-
pected that adding a right fractional derivative to an equation should also raise smoothness problems at the final point of
the interval [0, 1]. This is not to say that fractional differential equations do not have smooth solutions, rather to say that
one should not expect to have too much differentiability at the boundary points. This issue is analyzed to some extent in
Section 3. The importance of knowing how a solution and their derivatives behave will be more than evident to the reader
in Sections 4 and 5. We believe that the analysis we made in order to be able to construct our numerical methods (cf.
Sections 3 and 4) will be very useful for the researchers. In particular we note that some numerical methods appeared
previously in the literature but they are scarce using nonlinear functions f (see [3,13,23]) and, moreover, assuming C'[0, 1]
solutions or even higher smoothness (see [2] and the references therein).

The plan of the paper is as follows: in Section 2 we present the fractional calculus concepts and basic results that are
being used in this manuscript. In Section 3 we present our analysis with respect to the smoothness of the solutions of
(1) and refer the reader to some problems we couldn’t solve but that undoubtedly deserve the attention of the research
community. In Section 4 we describe our numerical approach and, in particular, we deduce (novel) formulas for calculating
the fractional derivative CD?SD"‘ of monomials of the type t? and (1 —t)P, p > 0, that are essential to implement our
numerical methods. Finally, in Section 5, we present some examples of our work.

2. Fractional calculus
The left and right Riemann-Liouville fractional integrals of order o > 0 are defined, respectively, by

oy (t) = / (t — )% y(s)ds, 2)

F()

and

1
BY(©) = 1y [ -0 vos 3)

provided the integrals exist.

In this work we will use what is known in the literature as Caputo fractional operators. We start by introducing the
concepts of left and right fractional derivatives.

The left Caputo fractional derivative of order 0 < @ < 1 is defined by

YO = g [ €906 - y@)ds (4)
and the right Caputo fractional derivative of order 0 < @ < 1 by
Diy(©) = m f (s—6)*(y(s) ~y(b))ds, (5)

provided the integrals exist.
It is well known that if f € C[0, 1], then:

oD%l f(t) = f(t), DY f(t) =f(t), O<a <1, (6)
Moreover, if {D* f € C[0, 1] and D¢ f e C[0, 1], then:
ol¥SDf(t) =C+ f(t), I¥DYf(t)=C+f(t), O0<a<1, CeR. (7)
Moreover, we will use the following formulas repeatedly:
cprp = LD _pa

'p-a+1) ’
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and

1(P+1) —
Cno p p—«
DY(1—t) =T 1)(1 tHP e ps0.

3. Some results and open problems about the smoothness of the solutions
In this section we present a necessary condition for a solution y of (1) to be differentiable in the closed interval [0, 1].
We then discuss through a series of remarks some problems that we would like to be solved, that would surely be of much

importance for a more general study of the properties of the solutions of Eq. (1).
We start with a simple but useful observation.

Lemma 3.1. Let 0 < o, B < 1. For t € [0, 1), the integral
t
/ 11—t +r)fdr (8)
0
is finite. Moreover for t = 1, (8) converges if @ + 8 > 1 and diverges if o + 8 < 1.
Proof. Let t € (0, 1). Then,
t t ta
/ PN — 4 )P dr < (1 £ / Fldr = (1- )15
0 0 (64
which shows the first claim. Now we fix t = 1. Then,
1 1
/ 1 -1+0)fldr= / retB=24r,
0 0

and the conclusion is immediate. O
It follows the main result of this section.

Theorem 1. Let 0 < o < 1 and 0 < B < 1. Suppose that y € C'[0, 1] is a solution of Eq. (1) with f being a continuously
differentiable function of its arguments. Then,

fA,y1))=0va+pB>1. (9)

Proof. It is well known (see Section 2) that y will satisfy the integral equation

YO =at+b—t 41 /[(t—s)"“lfl(t—s)ﬂ‘lf(ry(r))drds (10)
Ma+1) T@IB) Jo s ' '

where q, b are some real constants. With some change of variables we can transform (10) into
te N 1
MNoa+1) T()(B)

Now, since y € C'[0, 1], we get

t 1—t+r
y(t)=a+b / r‘“/ P x4+t —1,y(x+t—r1))dxdr.
0 0

o =p 1 _t“‘lflxﬂ‘lf(x (x))dx
Y= T "Tr® | Y

t d 1—t+r
+/ r"“la/ xﬁ“f(x+t—r,y(x+t—r))dxdr]
0 0

=b ! + ! _t"“l /1xﬂ‘1f(x y(x))dx
F(@) T@r@) | 0 ’

t » o 1—t+r 51 d
+/0r“ {—(1—t+r) f(l,y(1>)+/0 X mf(X+t—r,y(X+t—r))dX}dr}

=b ! + ! _t"“l /1xﬂ‘1f(x y(x))dx
F(@) T@r@) | 0 ’

1—t+r
—f(l,y(l))/otr”“l(l —t+r)/3‘1dr+/0tr"‘1/0 " xﬂ‘lif(x+t—r,y(x+t—r))dxdr].
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By the hypothesis on y and f we have that

t 1—t+r d
/ ra—l/ XP1 f(x+t—r1,y(x+t—r1))dxdr,
0 o dt

is continuous on [0, 1]. Finally, using Lemma 3.1, we conclude on one hand that
b . 1

[(@)  T@Ip)

and on the other hand that

fA,y())=0va+p8>1.

The result now follows since by [16, Theorem 2.2] we have that SD"‘y(O) =0, ie.

/ 3P y(0)dx = O,
0

1 1
- B-1
b= F(ﬂ)/o xP7 f(x,y(x))dx.

O

Remark 3.2. The condition in (9) is not sufficient for y € C'[0, 1]. To see this, just consider f = 0 and impose the boundary
conditions y(0) = 0 and y(1) = 1. Then, the unique solution of CngD"‘y(t) =0 is y(t) = t¥, which is not differentiable at
t=0.

Remark 3.3. From the proof of Theorem 1 it is clear that to obtain more information about the differentiability of a solution
to (1) on I € [0, 1] depends on obtaining more information about the integral

t 1-t+r d
f r"“/ PV fx+t—1y(x+t—r))dxdr.

For example, we conjecture that every solution y of (1) is C'(0, 1). We actually assume implicitly in the next section that
y € C>*(0, 1), however, we couldn’t find a proof for first order differentiability let alone infinite differentiability.

Remark 3.4. Note that Theorem 1 may be used to show that certain variational problems do not have a C'[0, 1] solution.!
However it does not necessarily tell us the points of the interval [0, 1] where the differentiability ceases to exist. Of course
that, if f =c e R, then we can characterize the differentiability of y completely: the only points where y may be not dif-
ferentiable are at t =0 and t =1 (and it is clearly C>(0, 1)). We definitely would like to see a result with the complete
characterization with respect to the (at least) C'-differentiability of the solutions of (1).

4. Numerical approach

In this section we will consider the application of the augmented-RBF method to solve boundary value problems involving
the fractional ordinary differential Eq. (1). This numerical method was introduced in [1] in the context of Sturm-Liouville
problems involving fractional derivatives. We assume that the solution can be decomposed as a sum of smooth (denoted by
“reg”) and singular (denoted by “sing”) parts,

y(t) =y ) + YT (). (11)

The regular part y™& is approximated by a standard Radial Basis Functions (RBF) method (eg. [5,10,12,14,15,21,22]) which
involves a global approximation in the sense that each basis function is nonzero over the whole interval. This property
allows to reproduce the global character of the fractional derivative operator and it is possible to obtain highly accurate
approximations for fractional derivatives of smooth functions, even with very small matrices (see Section 5 and [1,20]).

On the other hand, the solutions of problems depending on left fractional derivatives may be non-smooth at the origin
(eg. [1,6,19,23,24]). Besides the singular behavior at the origin, the solutions of (1) may also be non-smooth for t = 1. There-
fore, the functional space generated by the (smooth) RBF basis functions was augmented with some fractional polynomials
aiming to approximate the singular part ysi"8. Roughly speaking, the idea is to approximate globally the quantities whose
nature is global and locally, the features that are local in essence. A Caputo fractional derivative is a global operator 8,
Remark 3.2]. Thus, a quite natural numerical approach is to consider the approximation made by global basis functions, as
in the RBF method. On the other hand, as was mentioned, the solutions of fractional order differential equations may be
singular at some points. Thus, we augment the functional space for the approximations, with some basis functions that can
reproduce locally the behavior of the solution in a neighborhood of the points of singularity.

1 With this respect it would be nice to check (which is out of the scope of this work) if it is possible to obtain the same Euler-Lagrange equation as in
[18] but under weaker conditions on the space of functions (which is C'[0, 1] in mentioned work).
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Denote by C = {c;, i=1,...,N} [0, 1] a set of centers. The RBF approximation is a linear combination
N
YRR =) ajg;(t), (12)
j=1

where @;(t) = ne (|t —¢;|), for some function 7. :]Rar — R. In this work, we will use the Gaussian (n¢(r) = e*(“)z), but
many other RBF’s were used in the literature. It is well known in the context of RBF approximations that for smooth solu-
tions, typically the best approximations are obtained for small parameter ¢, that is, for almost flat RBF’s. However, in that
case the condition number increases exponentially and this prevents to obtain accurate results. This ill conditioning can be
circumvented performing a change of basis. This can be done automatically by using the RBF-QR method (cf. [10]).

The procedure is a consequence of the expansion (y,y; € [-1, 1]),

o0

a2 . 22

e~ € U-y* — ZEZJCj(YI<)e €y T](.V)s
j=0

22 . ) .
where ¢;(y,) = tje™¢ Yyl oFi (1. j+ 1. €%y2). for fo = Jandtj=1, j>0 and T; are Chebyshev polynomials.

This expansion is truncated for some M € N, in such a way that the higher terms that are excluded are smaller than
machine precision, and we can write

d1(y) ay) o) ... auv) d; Y1)
D2 () @ ¥2) @) ... wm®2) d; Yo (y)
¢N.0’) o (:YN) 2 (..YN) CM(:YN) . du IﬂM.(Y)
—_———
C W (x)

2j
where d; = 26—' and ¥;(y) = efézyzl'j(y). Thus, instead of the RBF basis functions given by the Gaussian, we consider the
new basis defined in the interval [0,1]:
d)=CWwQRt-1), (13)

where € is a matrix obtained from the QR factorization of the matrix C (see [10] for details) and will denote by @j(+), the
jth component of the vectorial function ®(+). These new functions span the same space as the RBF basis functions, but are
much more well conditioned. Thus, instead of (12) we consider the linear combination

N
YR () =Y ad;(t). (14)
j=1

The augmented-RBF approximation is given by

N So $1
YO =Jt) =) a;®it)+ Y Bt + Y y;(1—t)Pi, (15)

j=1 j=1 j=1
for some Sy, S € N, which are respectively the number of singular terms at t = 0 and t = 1. The exponents are defined by
Po={p=i+jo+kB:i jkeNyp¢Ng}
and
Pi={p=i+jo+kB:ijkeNyp¢Nogp>a,p—o¢N}

and the sequences (pg); and (pq); are obtained by sorting (respectively) the sets Py and P in ascending order. We excluded
the case i + jo + kB € Ny, since the corresponding monomials are smooth and, therefore, already taken into account by the
span of RBF basis. The remaining conditions p > 0 and p — « ¢ N, for the exponents in P;, arise from technical reasons (cf.
Proposition 4.3 below).

Remark 4.1. We shall give a brief explanation of why we chose the monomials t? and (1 —t)P for some number p. Recall
from equality (10) that the singularities of the derivative of the solutions of (1) may? arise from the derivatives of the
functions

t*, att =0,

and

t 1 ] t
_ ya-1 _ \B-1 _ _ a1 _\B _
/O(t 5) /5 (t — s)P1drds = ﬂfo(t $)1(1 —s)Bds, att = 1. (16)

2 We use the word “may” in virtue of the discussion done in Remark 3.3.
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The reader might be wondering why we chose (1 —t)? to treat the case t = 1. Well, it turns out that there is no computa-
tional advantage in choosing (16) instead of an asymptotic expansion, involving terms of type (1 —t)P. These terms can also
reproduce the singular behavior of the solution in the neighborhood of the point t = 1, provided the exponents are correctly
chosen. Moreover, since (16) depends on two parameters it would not be obvious in which order the corresponding singular
terms would appear in the augmented-RBF method.

By linearity of the fractional derivative operators we have

N So S
DYSDG() = Y o CDESD D (1) + Y BEDESD Pl + 3y, CDYSDY (1 — £) P (17)
j=1 j=1 j=1
and
DFSD @ (t) = € DFSD (W (2t - 1)).

To the best of our knowledge, it is not known a closed form for the fractional derivatives CD’?SDO‘(\IJ(Zt —1)). Thus, we
expanded the functions W (2t — 1) in a Mac-Laurin series and then, applied the fractional derivative operators term by term
to each monomial. The expansion was truncated, once the contributions of the higher terms were smaller than machine
precision.

Next we derive the formula for the fractional derivatives of each monomial.

We will use the notation

rr—=1)...(r=k+1)

(r.k) = 0 , keNg, reR.
Note that if r is not a negative integer, (r, k) is given by a quotient of Gamma functions, namely (cf. [16, (1.5.25)]):
r 1
(ry = oD

kKIT(r—k+1)"

We recall the following expansion provided by the Binomial Theorem: for |x| > |y| and r a complex number
o0
(x+y)" =D (rkxkyk.
k=0

We will make use of the following identity
-Tn+)l'(-n+1-¢c)=TA+)T'(-c)(-1)", neNg,c¢Z (18)
which can be proved by induction.
Proposition 4.2. Let pe R}, 0 <a <1,0< f <1and 0 <t < 1. Then,
0, p=0vp=«

_eyi-B (19)
P s OR (L1 +a—p;2—-Bi1-1),  peR"\{a}.

pPSptp =

Proof. If p =0, we conclude immediately that
pFSptr = CpPSD1 = Do = 0.
Otherwise (p > 0), we have

CDuttp — F(p+ ]) p—a
0 F(p—a+1)

Now using the Binomial Theorem,

(1—1=5)P*= Y (-Df(p-a.k)(1-s*

k=0
Therefore,
cpBCpapp _cnp LMP+1) o
Dy oD%tP = Dli]‘(p—a-ﬁ-l)t
Cp+1) 1,0
=——" 7 DPtP~* :=T.
Fp—a+1) !

If p=«, then we have

T=T(+1)DPt® = (o +1)DP1=0.
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Otherwise,

'p+1)
'p—a+1)

F(P+1) S~ 1)k -
aErCEr TR PR a0

T = CD?Z(—])k(pfa,k)(l —t)k

Now, if p—a:=neN,

Fht+a+1) ¢ k n! k-
T=Ta+1 Z( Vaorazr—p Y
_T+a+1Dn1-0)'F P (n-1)! .
= Tn+1) Z( D orark—p 0
_T+a+1)A-0)'F ket (n-DIT'2-p) k
-T2 =B Z( D et Y
— - /3
_ _F(’EHJF_“]J)F!]F)((;_ /;)) (L 1—m2—B:1—t).
Finally, to perform the calculations in the case p — o ¢ N, we use the identity (18), for c = o — p; n =k, and we get
(- Tk+a—p (20)
[(~k+1-a+p) TA+a-plrp-a)
Thus,
T=T(p+1)). 1 (1-ofF =
ri+k-Bg)r'(p—a-k+1) —
k=1 eq. (20)
_ Fp+1) = 'k+o—p) kp
= T(- oz)ZF(l+afp)I‘(1+k—ﬂ)(1_t)

F(p+1) ¢ Ck+1+a—p) k1B
To-w = TTra-prackpl 0

T+ -~ ﬁZF(Z—ﬂ)F(k+1+afp)
- TR-Br(p-a) I +a-pl2+k-p)
F(p+1)(1—t)-h

= Ta prop_m it 1te-p2-p1-0.

(1-o*

O

The previous Proposition provides the formula for the derivative CD]B gD“tP, for p € R}. In particular, it allows to calculate
some of the terms in (17), namely CD’ngat(pO)j and CD’?SD“d)j(t), by using the Mac-Laurin expansion and applying the
operators term by term to each monomial. The next result provides the formula that allows to calculate the remaining
terms, CD’?SDD‘(l —t)PD)j,

Proposition 43. let 0 <o < 1,p>a,p—a ¢Nand 0 < B < 1. Then, for 0 < t < 1 we have that:

DFSD(1 - t)P =

p(1-n'F
TN INE) sE(L1+a,1+a-p;2-B8,2+a—p;1-1t)
aipp L(=a+p+1) 1
+p(1 -0 MN—a+p+1-H\(—a+pTl(-a+1)
sE(L14+a,1+a0—-p;2,2+a—p; 1)
* ETEDNED) ) (21)

Proof. We have that:
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SDO‘(l -t = 1_‘(1_76“)/0 (t—5)"*01 _s)p—lds
_p t . i
- m/o (1=s+ (=1 =1))) %1 —s)P"lds
=Y k) (1 — 5)-4k(—1)k — k(1 — 5)P-1ds
- F(]—a)/o ’;( a,
_p > ' ——K+p—
- mz(_l)k(—a,k)(] —t)"/o (1 —s)-ak+p-1gs
k k(] )—Ot—k+p 1
—— T{- Q)Z( D*(—a, k)(1-1t) iy
p—a¢N
_ P S (1=« = (1= 0k
_ mg(—l) e R
Now,

t)—a+p _ (-1 _ t)k

o0 1 _
pFSD (1 — t)? +w 3 (D (-, kDb ¢
k=0

ra -a—k+p
_ cpp =07 = e cpp_(1=0"
_m(Z( 1)(ock)D7k+p—;( 1)(ozI<)Dk+p)

_ (-D*(=a,k) T(-ax+p+1) —atp-p
‘m—oz)(z “akip Tatpript 0"

(—D*(-a,k) T(k+1) 3
_Z —Ol—k-‘r-p F(l{+]_ﬂ)(1_t)k ﬁ>:Tl_T27

where
. (-D*(—a.k) T(—a+p+1) —atp-B
Ti= F(l—a)z —a—-k+p I'(—a+p+1- ﬁ)(l_t) o
and
(=D¥(=a, k) T(k+1) (1 — )b

b= F(l—(x)z “a—ktp T(k+1-p)

Before we proceed, we need to prove the following identity:

( 1)1(
g (—¢—k+plk+1DI'(—a-k+1)

B 1 B 1+a,1+a—-p;2,24+a— pl)
T (—a+pl(-a+1) 1+a-pI'(-a)
Indeed, using (18) with n =k and ¢ = «, we get
TA+o)(—a)(-D*=Tk+o)T(-k+1—a). (22)
which implies that
Z (—1)k _Z -T'(e+k)
= (—¢—k+p)Ck+ DI (—ax —k+1) P (—a—k+p)I'k+ DI'(—o) (. + 1)
1 it (o +k) B 1 it F(@+k+1)

T Tl (@+1) kgl: (@+k-pTk+1) T(-)L(x+1) Z (a+k+1—-pI'k+2)

_ 1 reyr+oa-p ZF(1+I<)F(a+k+1)F(1+a p+k)
- I‘(—oz)(l+a—p)F(l)F(oc+1)I‘(1+oe—p) re+kr2+oa—p+kk!
sE(L1+o, 1+ —p;2,2 4o — p,l)
(1+a-pT(-a)
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which proves our claim.
Now,
~D¥(—a, k) T(—a+p+1)

_ p 00( —a+p-B
T“m—a)kg —oa—k+p F(—a—i—p—s—l—ﬂ)(]_t) ’

_pd-o P T(a+p+1) i (=D*(=e. k)
- Td-a) Ta+p+1-p)& —a—k+p

'M-o) T'(-a+p+1-p) — —k+pTk+1DI(—a —k+1)

_p(d—-t)yPF T(-—a+p+1) - (=1)*
T T T-w) F(fa+p+lfﬂ)r(7a+l)§(fafk+p)I‘(k+1)F(—afk+1)

g I'(—a+p+1) ( 1
MN—a+p+1-B)\(—ax+pl(-a+1)

n sE(L,1+a,1+a—-p;2,24+a—-p; 1)
(I+a-pT'(-a) '

_p -0 P T(-a+p+1) i (DT (—a +1)
o ¢

= p(1—1)~**P"

For T, we have,

,_ (=00 +a-pre-§)  p s CD ) Tkt D) e
T A-0"FA+a-pr2-p) )l (-a) = —a—k+p Tk+1-p)
~ p(1—t)1-# i (-D*(~a, k)T 2-B) T'(k+1)(1+a - p) (1 — )kt
T (+a-pr2-pra & a)-a-k+p)  Tk+1-p)
~ p(1—t)1-# i DM (e +DHI2 - B)
" (+a-pr2-pr(-a) & Tk+ DI (—a —k+ 1) (-a)(-a —k+p)
F'k+1)(1+a-p) k-
T Tk+1-p) a-o
B p(-l _t)17;3 i _(_1)’<F(—a)I‘(2—ﬂ) (1+Ol_p) (1 _t)k—l
T (U+a-pr@-pre) & Ta—k+ D@ +k—p Tk+1-p)
B p(1—t)1-P i —(—DTA+a)T(—)T(2-B) (1+a—p) (1 -k
T (+a-pTr2-Al(-a) = TA+a)l(—a—k+ @+k-p) Tk+1-p)

Thus, using (22) we get
_ p(1—0)1-8 i F'k+o)l'(=k+1-a)T2-B8) (A+a-p)
T (14+a-pTr'R-BT(-a) — FrQ+o)l(—~a—k+1D(@+k—p)T(k+1-p5)

~ p(1—t)'-# i Fk+a)F2-p) (1+a—p)
T (+a-pT2-P(-a) ZTA+a)@+k—p) Tk+1-p)

N p(1-t)'-F i Ck+1+a)F2-B) (1+a-p)
C (Q+a-pr@-pr'(-a) ZTA+a)(@+k+1-p) F'k+2-p)

T2 (1 _ t)k—l

(-1 _ f)k_l

(1 _ t)k

_ I'(k+1+a) I'(k+1+a—p)
p(1—t)'-F — T(ra) T(iap (1 o)

= — — — T (k+2-B) T (k+2+a—p)
(I+a-pl'2-B)I'(-a) pard r:;_ﬂf 71,(;;‘3175

- p(1—t)'F o (D1 +a)(1+a—p) (1-0)*
(+a-pr2-pr-a) = Q-pul+a-py K
p(1-0)'F

= Ata-pre_Ara sb(LL1+a,1+a-—p;2-B,2+a—p;1-1t),

which finishes the proof. O

Remark 4.4. We would like to point out here one key point of our work: the proofs of Propositions 4.2 and 4.3 are similar,
however, there is a fundamental difference that enabled us to design and obtain accurate numerical methods. Indeed, by ex-
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panding the kernel (t —s)~¢ as a series instead of the monomial (1 —t)P~! in the beginning of the proof of Proposition 4.3,
we were then able to obtain a closed formula for calculating CD’ngO‘(l —t)P (cf. (21)). Expanding (1 —t)P~! as a series

would produce a double sum for the final result of the calculation of CDfSDO‘(l —t)P, that we were not able to identify
with any known function and that from the numerical point of view was almost useless in view of its slow convergence.

We will consider the following class of boundary conditions
{aly(m +8 [y Oy (D)de = 8,
8ay(1) + 85 fy h(t)y(t)dt = 8,
for given functions g, h € (([0, 1]) and §; e R, i=1,2,...,6. For completeness we prove an existence and uniqueness theo-
rem for the differential Eq. (1) subject to (23) under certain conditions (cf. the Appendix).
Given a vector of coefficients of the linear combination (15),
V= [Olh.-~,01N7,31,‘-~,,3505V1,~-~,)/S1]T
and M points equally spaced in the interval (0, 1),

(23)

i
MU
we calculate the vector

U=T[ur,...,uml", u;=DFSDUG(x) — f(xi, F(x:)), i=1,2,....M
and define

M
FV) =) ul.
i1

Xi i:1,2,...,M,

The vector of the coefficients of the augmented-RBF, V, will be determined as the solution of the minimization problem of
the function F(V). Note that 7(V) = 0 if and only if ¥ satisfies the fractional differential Eq. (1) at all the points x;. We will
also impose the boundary conditions,

{w(m +8, [y gOF(t)dt = 8, (24)
843(1) + 85 [y h(t)j(t)dt = g,
which can be written as
b
[M] | M, | M3]V = |:83j|, (25)
where
M, = [51210) +8 aO@O)dt . 5 Px(0) +8 [y g(t)CbN(t)dt]
| 84P1(1) + 65 f(} h(t)®(t)dt ... 64Py(1)+ 65 fo1 h(t)Dy(t)dt sz’
M — [ 8, f) g(t)tPordt 82 fy gt P dt
27 [+ 85 fy PNt . 84485 o h(O)tPud |, o
and
Ma— [ 81482 /58O =0)Pdt .. 8 +8; [y g1 —0)Pde
3= Ss _/0] ht)(1 - t)(pl)ldt . s j(]] ht)(1 - t)(pl)s] dt 2><Sl.

Thus, the coefficients for the augmented-RBF approximation are determined by solving a nonlinear optimization problem,
with a system of linear equality constraints,

Miny F(V) : (25) is satisfied. (26)
Next, we summarize the main steps of the numerical approach for solving FODE (1) under the boundary conditions (23).
Numerical algorithm

1. Define the set of RBF centers C.

2. Calculate the RBF-QR basis functions, defined in (13) and the corresponding derivatives.

3. Choose Sy and Sy, the number of singular terms at t = 0 and t = 1, respectively and define the sets of exponents Py and
P.

4. Calculate CD’ngat(Po)i, i=1,...,Sy and CD’?SD‘*(] —t)Pi i=1,...,5;, by using Propositions 4.2 and 4.3.

5. Define the linear constraints (25) corresponding to the boundary conditions of the problem.

6. Solve the optimization problem (26).
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Fig. 2. Plot of ||e(N, E)HL‘([O‘I])Y obtained for N = 20 and different values of €. The case € = 0 corresponds to the case of the pseudo-spectral method.

5. Numerical results

In this section we present some numerical results that illustrate the performance of the numerical method. In all the
simulations we considered M = 2000, and the RBF centers have a Chebyshev distribution. Next, we test our numerical algo-
rithm for the calculation of the fractional derivatives of the RBF basis functions. We considered the function s(t) = sin (ST”t)

for o = % and B = Z. A closed formula for CD’ng”‘s(t) is not available and again we calculated a Mac-Laurin expansion of
s, truncated such that the remaining terms are smaller than machine precision. Then, we applied the fractional operators
term by term to each monomial, by using Proposition 4.2. We will analyze the error,

e(N, €) = ‘DPSDs(t) — CDPSDy R (¢)

where y®& is the RBF-QR approximation obtained with N base functions and a certain shape parameter €. Fig. 1 shows
lle(N. €)l;1(jo,1)- s a function of N, for € =0.3,0.5,0.8,1.2. We included also the case of the pseudo-spectral method,
where the basis functions are Chebyshev polynomials, which can be seen as an asymptotic case, when € — 0. We have
spectral convergence and obtain results close to machine precision with a small number of basis functions N.

In Fig. 2 we plot ||e(N, €)||;1 (.1} Obtained for N = 20 and different values of €. The case € = 0 corresponds to the case of
pseudo-spectral method. These results illustrate that in general, the RBF method is more accurate than the pseudo-spectral
method, provided a suitable shape parameter is chosen, which was already observed in previous studies (cf. [1,9,20]). In this
case we have an optimal shape parameter €* ~ 0.5.
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Next we consider a boundary value problem for which we can derive the exact solution,
DFepey(t) =1, te(0,1),
y(0) =0, (27)
y(1) =1.

By (10), we have

- t 1 ! _ o)1 ! _g)B-1
y(t)_a+br(a+1)+r(a)r(ﬁ)/o(t S) /3 (t —s)P~'drds

B t 1 Lt —s5)*1(1=5)P
=4 b T ; s

’ 1 ! a-1 B
Fa+1) +F(a)F(,3+])/0 (t—tw)*= (1 — tw) tdw

=a+b

B te to 1 ot 8
_a+bF(ot+1)+F(ot)F(ﬂ+])/0(l_w) (1 — tw)Bdw
bt* [l 2F](1,—ﬂ,1+(¥,t)

= Ty T TA+prMd+a)

(cf. [11, 3.197-3]) and the boundary conditions imply that
H( =B 1+a1)

ra+p) ’
Next we analyze the convergence of the numerical method applied to the boundary value problem (27), depending of the
number of singular terms, for o = % and 8 = Z (note that @ + 8 < 1). Fig. 3 shows results for ||e(N, L1 qo,1p- as a function
of the number of RBF's with shape parameter € = 0.5, for several choices for the number of singular terms, Sy and S;. The
first three examples correspond to the cases Sy =0;S; =0, Sg = 3;S; =0 and Sy = 0; S; = 3, which means approximations
based on RBF method (without singular terms) and on the augmented-RBF method with 3 singular terms (respectively)
at t =0 and t = 1. We can observe that the errors obtained with these three choices are very similar and we could not
get errors smaller than a value of order 10~2, even for larger values of N. The RBF basis functions are analytic, while the
solution is singular at t = 0 and t = 1. Thus, it is natural to have a slow convergence with these approaches. Moreover, the
augmented-RBF with singular terms to deal with the singularity in just one of the points of singularity do not differ much,
from the case of the RBF method (without singular terms), because there is always a point of singularity without a suitable
numerical treatment. The remaining choices are Sy =S; =3 and Sy = S; = 10, for which we have much better results and
the method provides approximations whose L! norm of the error is of order 10-7 and 1012, respectively.

These numerical results illustrate that the augmented-RBF method is a very good approach for solving fractional differ-
ential equations, at low computational cost. On one hand, the RBF-QR provides a very accurate discretization of fractional
differential operators and allows to calculate fractional derivatives of smooth functions, close to machine precision, even
with very small matrices (see Fig. 1 and [1,20]). On the other hand, the singular behavior of the solutions of fractional dif-
ferential equations can be reproduced by including some singular fractional monomials. This procedure implies to add just
a few columns to the matrices associated to the RBF-QR method and does not increase much the computational cost of the
method. However, this allows an improvement of several orders of magnitude at the error (see Fig. 3).

a=0; b=T(1+a) -
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Fig. 4. Plot of the L' norm of the error for some choices of Sy and S;, together with results obtained with the numerical approach described in [13].

Next, we will test our algorithm with an example already considered in [7,13]. In those references, the authors considered
the fractional variational problem

1
minimize J(y) = %/0 (gDay(t) - f(t))zdt,
with the boundary conditions

y(0)=0, y(1)=1
and f(t) given by

'y +1)
fO=ra:y-o

In this case, the exact solution is y(t) =t (cf. [7]) and the Euler-Lagrange equation is given by
DYDYy (t) —DYf(t) =0, te(0,1).

We implemented the numerical method described in [13] and will compare with the numerical results that we obtained
with our numerical approach. For a fair comparison, we define NT, which is the total number of basis functions for the
numerical approximation. In [13], the numerical approximation is a polynomial of degree n and thus, we have n + 1 mono-
mials as basis functions, which means that NT = n + 1. In our approach, we define NT = N + Sy + S;. In Fig. 4 we plot the L!
norm of the error for some choices of Sy and Sy, for fixed values of y = % and o = % We can observe that for S =S; =0
and also for the approach described in [13], the convergence is very slow, essentially because in both cases the numerical
approximation is an analytic function, while the solution is singular at the origin. Once we include a few singular terms to
deal with the singularity at t = 0, the error decreases several orders of magnitude. Note that the solution is smooth at t =1,
thus, in this particular case, it would not be necessary to include singular terms at t = 1. However, assuming that in general
we may not know the regularity of the solution at t = 0 and t = 1, it may be better to include singular terms at both points.
For example, we can observe in Fig. 4 that the choice Sy = S; = 5 provides good approximations for the solution. Of course,
in this example it is crucial to include singular terms at t = 0. For example if we consider singular expansion just at t =1
(So =0 and S; = 5), we obtain results that are even worse than in the case So = S; = 0.

The last example is a boundary value problem with a nonlinear fractional ordinary differential equation, for which the
solution is unknown,

DFCpay(t) =L B 41, te(0,1),

y—«o

1+[yl
y(0) = [y sin(3t2)y(¢t)dt, (28)
y(1) =0,
with L =0.16" (@ + 1)I"(B + 1). It is not difficult to check that f(t,y) = L2 4+ 1is Lipschitz with constant L. Moreover,

T+l
the conditions of Theorem 2 are satisfied and, therefore, (28) has a unique continuous solution.

We applied the augmented-RBF method with N =30 RBF basis functions (with € =0.5) and Sy =S; =10. In
Fig. 5 we plot the numerical solutions obtained for some pairs of orders for the fractional derivatives, («, ) =
(2/5,2/5), (4/5,4/5), (v/2/3,1/2). In this case we do not have any theoretical bound for the error. However, since the
numerical approximation satisfies the boundary conditions (23) close to machine precision, we can get an heuristic control
of the error simply by analyzing the magnitude of

R(t) := |°DESDUy(t) — (£, y(b))|, for t € (0,1).
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Fig. 6. Plot of the R(t) = ‘CD‘ngO‘y(t) — f(t,y(t))|, t € (0, 1), for (a, B) = (2/5,2/5).

In Fig. 6 we plot R(t) in the interval (0, 1), for the solution plotted in Fig. 5 corresponding to @ =2/5, f = 2/5. We can
observe that the function R(t) is almost zero in the whole interval and the maximum values (=~ 1076) are attained close
to the points of singularity t = 0 and t = 1. These results suggest that we should increase the number of singular terms, Sy
and Sy, in order to improve the accuracy close to the points of singularity.

6. Conclusions

In this work we presented some results and some open problems on the smoothness of the solutions of the following
(nonlinear) FODE:

DESDy(t) = f(t,y(t)), te[0,1], O<a,f<1.

Based on what we were able to achieve, we developed a meshless numerical method, where the classical RBF method is
augmented with some fractional polynomials in order to deal with the singular behavior of the solution. Some numerical
examples illustrate that highly accurate results can be obtained, even with small matrices.

Appendix

Consider the following FODE,
DYSDYy() = f(t.y(t). tel0.1]. O<a <1, (29)
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subject to the following boundary conditions,

{&y(m +8 Jy 8(®)y(t)dt = 85, 30)
8ay(1) + 85 [y h(t)y(t)dt = 8¢

where the functions g, h € (([0, 1]) and §; e R, i=1,2,...,6.

Lemma A.1. Suppose that §1, 84 # 0 in (30). A function y € C[0, 1] is a solution of the BVP (29)-(30) if and only if it satisfies
the following integral equation:

1
() = 33 -5, foaz;g(f)J’(f)df )

ﬂ _ ! _874 ! _ a-1 ! _ ﬂ—l
+54[36 35/0 h(t)y(t)de F(a)F(,B)/O(l 5) /S(r 5) f(t,y(t))dtds]

R S PRy LN
+F(a)l“(ﬁ)/o(t s /s(f )P~ f(z, y(r))drds -

Proof. Let y € C[0, 1]. Then, by (6) and (7), we know that y satisfies the BVP (29)-(30) if and only if y satisfies the integral
equation

o

YO —a+bt ] /t(t—s)“”/l(t—s)ﬂ”f(r y(r))deds
Fla+1) T@I'B) Jo s ’ '

where @, b are real numbers. To complete the proof we need to uniquely determine a and b so that (31) holds. Using the
given boundary conditions, we have that

1
810+ 6 / g(O)y(t)dt = 8,
0

and

b 1 ! _ -1 ! _¢\B-1
64<G+F(a+1)+F(a)F(ﬁ)/o(] 5) /S(r 5) f(t,y(r))drds)

1
+85/0 h(t)y(6)dt = 8

After some somewhat tedious calculations we determine a and b uniquely and, after rearranging some terms, (31) holds. O

Theorem 2. Let 0 < «, B < 1 and &1, §4 # 0. Suppose that f:[0,1] x R — R is a continuous function satisfying a Lipscitz
condition,i.e. there is a constant L such that

Ift.y)— ft.x)| <Lly—x|, t€[0,1], x,y e R.

If
32 55 2L
/ 1g(0)]dt + / Ol + oD <! (32)
then the BVP (29)-(30) has a unique solution y < C[0, 1].
Proof. Consider the Banach space X = C[0, 1] with norm ||X|| = sup,¢jo 1} [x(t)|. Define the operator
85— 8, [ g(t)y(t)dt
Fy(t) = 2 zfo(f( )y () (1-1%)
g _ ! a—1 p-1
5 [36 55[0 Ay (Ot~ 1 )F(ﬂ) / (1-s) / (T —s)P1f(z, y(r))drds]
1 ! a-1 B-1
+W/O (t—s) /S (t — )P~V f(z, y(r))drds. (33)

It is clear that F: C[0, 1] — ([0, 1]. Now,

8 (! o
[Fy(t) — Fx()] = g/o gO)[x(t) —y(©)]de(1 —t%)
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ﬁ ! _ 8—4 ! _ oa-1 ! _ ﬁ—l
5 [55/0 h(t)[x(0) y(t)]dt-i—r(a)l_,(ﬁ)/o (1—s) fs(r 5)
Af(x, y(r)) — f(r.x(7))]drds]

a-1 _ \B-1
@ €9 [ @9 ey - fexw)des

suy—xn(g—z
L ! _ ya-1 ! _ \B-1

+—F(a)F(ﬁ)/ 1-s) /(r $)F-1drds
a-1 _ \B-1

r(a)r(ﬂ)f =5 f (r-9) ‘”ds)

82 85 2L
s||y—x||(5— ays |h(t)|dt+r‘(a+1)r‘(,8+1))’

and the result follows from the Banach fixed point theorem. O

1 1
lg(®)|dt + |h(t)|dt

8
84

lg(®)|dt +
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