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GENERALIZED JACOBI FUNCTIONS
AND THEIR APPLICATIONS TO FRACTIONAL
DIFFERENTIAL EQUATIONS

SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

ABSTRACT. In this paper, we consider spectral approximation of fractional dif-
ferential equations (FDEs). A main ingredient of our approach is to define a
new class of generalized Jacobi functions (GJFs), which is intrinsically related
to fractional calculus and can serve as natural basis functions for properly de-
signed spectral methods for FDEs. We establish spectral approximation results
for these GJFs in weighted Sobolev spaces involving fractional derivatives. We
construct efficient GJF-Petrov-Galerkin methods for a class of prototypical
fractional initial value problems (FIVPs) and fractional boundary value prob-
lems (FBVPs) of general order, and we show that with an appropriate choice
of the parameters in GJFs, the resulting linear systems are sparse and well-
conditioned. Moreover, we derive error estimates with convergence rates only
depending on the smoothness of data, so true spectral accuracy can be attained
if the data are smooth enough. The ideas and results presented in this paper
will be useful in dealing with more general FDEs involving Riemann-Liouville
or Caputo fractional derivatives.

1. INTRODUCTION

Fractional differential equations appear in the investigation of transport
dynamics in complex systems which are governed by anomalous diffusion and
non-exponential relaxation patterns. Related equations of importance are the
space/time fractional diffusion equations, the fractional advection-diffusion equa-
tions for anomalous diffusion with sources and sinks, the fractional Fokker-Planck
equations for anomalous diffusion in an external field, and others. Progress in
the last two decades has demonstrated that many phenomena in various fields of
science, mathematics, engineering, bioengineering, and economics are more accu-
rately described by involving fractional derivatives. Nowadays, FDEs are emerging
as a new powerful tool for modeling many different types of complex systems, i.e.,
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systems with overlapping microscopic and macroscopic scales or systems with long-
range time memory and long-range spatial interactions (see, e.g., [7,[8,15]25]26]
and the references therein).

There has been a growing interest in the last decades in developing numerical
methods for solving FDEs, and a large volume of literature is available on this
subject. Generally speaking, the two main difficulties for dealing with FDEs are

(i) fractional derivatives are non-local operators;
(i) fractional derivatives involve singular kernel/weight functions, and the so-
lutions of FDEs are usually singular near the boundaries.

Most of the existing numerical methods for FDEs are based on finite-difference
and finite-element methods (cf. [9L1TL14}2224,28,[30] and the references therein)
which lack the capability to effectively deal with the aforementioned difficulties,
as they are based on “local” operations and are not well suited for problems with
singular kernels/weights. In particular, due to the non-local nature of the fractional
derivatives, they all lead to full and dense matrices which are expensive to calcu-
late and invert. Recently, some interesting ideas have been proposed for overcoming
these difficulties. For instance, Wang and Basu [31] proposed a fast finite-difference
method by carefully analyzing the structure of the coeflicient matrices of the result-
ing linear systems, and delicately decomposing them into a combination of sparse
and structured dense matrices.

Also limited but very promising efforts have been devoted to developing spectral
methods for solving FDEs (see, e.g., [19-21,[82]). This appears to be a natural
approach, since the spectral method is global, which should be better suited for
non-local problems. Most notably, Zayernouri and Karniadakis [32] proposed to
use poly-fractonomials, which are eigenfunctions of a fractional Sturm-Liouville op-
erator, as basis functions, leading to sparse matrices for some simple model equa-
tions. Preliminary results in [32] showed that this new approach could lead to
several orders of magnitude savings in CPU and memory for some model FDEs.
However, there is no error analysis available for the approximation properties of
poly-fractonomials, and the algorithms therein do not necessarily lead to spectral
convergence for problems with smooth data, but non-smooth solution which is typ-
ical for FDEs.

The second difficulty is largely ignored in the literature. Typically, the solution
and data of an FDE are not in the same type of Sobolev spaces, which is in distinct
contrast with usual differential equations. Consequently, they should be approxi-
mated by different tools, and the error estimates should be measured in norms of
different types of spaces. Indeed, given smooth data, the solution only has limited
regularity in the usual Sobolev spaces. However, existing error estimates for FDEs,
either finite differences, finite elements, or spectral methods, are mostly based on
the usual approach, namely, the errors are estimated in the framework of usual
Sobolev spaces. Hence, it is not surprising to see that most existing methods and
the related error estimates only lead to poor convergence rates for typical FDEs,
unless for manufactured smooth exact solutions.

The purpose of this paper is to develop and analyze efficient spectral methods
which can effectively address the above two issues for a class of prototypical FDEs.
The main strategies and contributions are highlighted as follows.

e We introduce a new class of GJFs with two parameters, which can be tuned
to match singularity of the underlying solution, and simultaneously produce
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sparse linear systems. More importantly, such GJFs enjoy attractive frac-
tional calculus properties and remarkable approximability to functions with
singular behaviors at boundaries.

e We derive optimal approximation results for these GJFs in properly weight-
ed spaces involving fractional derivatives and obtain error estimates for the
proposed GJF-Petrov-Galerkin approaches with convergence rates only de-
pending on smoothness of the data (characterized by usual Sobolev norms).
Thus, truly spectral accuracy can be achieved for some model FDEs with
sufficiently smooth data.

e We point out that the GJFs, including generalized Jacobi polynomials
(GJPs) as special cases, were first introduced in [I2/[13] for solutions of
usual boundary value problems. Here, we modify the original definition,
which opens up new applications in solving FDEs. We also remark that
GJFs with parameters in (0,1) have direct bearing on the Jacobi poly-
fractonomials in [32]. The major difference lies in that the new GJFs are
built upon Jacobi polynomials with real parameters.

While we shall only consider some prototypical FIVPs and FBVPs of general order,
we position this work as the first but important step towards developing efficient
spectral methods for more complicated FDEs involving Riemann-Liouville or Ca-
puto fractional derivatives.

The paper is organized as follows. In the next section, we make necessary prepa-
rations by recalling basic properties of Jacobi polynomials with real parameters
and introduce the important Bateman fractional integral formula. In Section Bl we
define the GJFs and derive their essential properties, particularly, including frac-
tional calculus properties. In Section [l we establish the approximation results for
these GJFs. In Section B we construct efficient GJF-Petrov-Galerkin methods for
a class of prototypical FDEs, conduct error analysis, and present ample supporting
numerical results. In the final section, we extend some important results for the
Riemann-Liouville fractional derivative to the Caputo fractional derivative, and we
conclude the paper with a few remarks.

2. PRELIMINARIES

In this section, we review basics of fractional integrals and derivatives, and recall
relevant properties of the Jacobi polynomials with real parameters. In particular,
we introduce the Bateman fractional integral formula, which plays a very important
role in the forthcoming algorithm development and analysis.

2.1. Fractional integrals and derivatives. Let N and R be the set of positive
integers and real numbers, respectively. Denote

(2.1) No:={0}UN, Rt:={a€R:a>0}, R} :={0}uR".

We first recall the definitions of fractional integrals and fractional derivatives in
the sense of Riemann-Liouville and Caputo (see, e.g., [71126]). To fix the idea, we
restrict our attention to the interval A := (—1,1). It is clear that all formulas and
properties can be formulated on a general interval (a,b).
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Definition 2.1 (Fractional integrals and derivatives). For p € RT, the left and
right fractional integrals are defined respectively as

_1IPv(x) = L / o) dy, z €A,

r 1 (x—y)t-r
) R
Alv(x) = n )/ W _x)l_pdy, x €A,

where I'(+) is the usual Gamma function.
For s € [k — 1,k) with k& € N, the left-hand side Riemann-Liouville fractional
derivative of order s is defined by

1 A v(y)

2.3 1D} == ——d A

(23) 1Dyole) ['(k — s) da* /,1 (x —y)s—hk+1 ¥ TEL
and the right-hand side Riemann-Liouville fractional derivative of order s is defined
by

(=D* d* /1 v(y)
24 D3 = ——— — A.
( ) x 1’U(I) F(k . S) dﬂ?k . (y_x)s_k_;’_l Y, TE

For s € [k — 1,k) with k € N, the left-hand side Caputo fractional derivatives of
order s is defined by

1 T o®(y)
2. “Dgv(z) = d A
( 5) —1 I’U(LIJ) F(k—S) /71 (J?—y)s_k""l Y, TEA,
and the right-hand side Caputo fractional derivatives of order s is defined by
O R )
2.6 CD(z) = — / d A.
( ) x 11}(I) F(k_s) (y_x)s_k_;’_l Yy, X €
It is clear that for any k € Ny,
(2.7) 4DF =D* .DY=(-1)"D* where D*:=d"/da".

Thus, we can define the fractional derivatives as
oy PR =D, (D) = (DD ),
7 SDFu(e) = b Dru(a), SDE(e) = (—1)F, 15" Dro(a).

According to [7, Thm. 2.14], we have that for any absolutely integrable function v
and real s > 0,

(2.9) 1Df 1 Lv(x) =v(x), .D;j.Lv(z)=v(z) ae in A.

The following lemma shows the relationship between the Riemann-Liouville and
Caputo fractional derivatives (see, e.g., [20, Ch. 2]).

Lemma 2.1. For s € [k —1,k) with k € N, we have

2 1 DS CDS — (J)( ) —S

(Oa) -1 wv(‘/lj)_—l +§ F1+]—S)( +l‘) ’
so(z) = €D < ()70 (1) ) _ o \i—s

(2.10b) +Div(z) = 7Djv(z) + E F I (1 —x) ™%
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Remark 2.1. In the above, the Gamma function with negative, non-integer argu-
ment should be understood by the Euler reflection formula (cf. [I]):
T 1
I(1+4j—5)=— : . se(k—1,k), 1<j<k—2.
(1+j=9) sin(r(1+7—38)) T'(s—4) ( ) J

Note that if s = k—1, then T'(1+j—s) = oo for all 0 < j < k—2, so the summations
in the above reduce to (£1)%~ (=1 (F1), respectively. O
Remark 2.2. Observe immediately from (ZI0) that for s € [k — 1,k) with k € N,

Dfv(x) = SDfu(x), if v (=1)=0, j=0,....k—1;

(2.11) _
Div(x) =SDju(x), if vW(1)=0, j=0,....k—1.
]
The rule of fractional integration by parts (see, e.g., [16]) will also be used
subsequently.
Lemma 2.2. For s € [k —1,k) with k € N, we have
k—1 - ‘ -
(2.12a)  (_1Dfu,v) = (u,D5v) + Z(—l)ﬂvm(I)Dkﬂfl_llffsu(x) ,
r=—1
3=0
k—1 o . o1
212)  (oDfus) = (u. GDE) + S (DS I @)D )|
=0 o

where (-, ) is the L?-inner product.

2.2. Jacobi polynomials with real parameters. Much of our discussion later
will make use of Jacobi polynomials with real parameters. Here, the notation and
normalization are in accordance with Szegé6 [29].

Recall the hypergeometric function (cf. [I])

— (a);(b); a7

(2.13) oF1(a,b;c ) = Z © ik || <1, a,b,ceR, —c &Ny,
j H

j=0
where the rising factorial in the Pochhammer symbol, for a € R and j € Ny, is
defined by
r )
(214)  (@o=1 (a);=ala+1)--(a+j—1)= % for j> 1.
a

If a or b is a negative integer, then the hypergeometric function in (2I3]) reduces
to a polynomial.
According to [29] (4.21.2)], the Jacobi polynomials with parameters «, 8 € R are

defined by
(2.15)
(@8) () = (OF D TR Sk
PP () p 2F1( n,n+a+B+1a+1; 5 )
(a—!—l)n+§(n—|—0¢+ﬂ—|—1)j(a—|—j—|—l)~-~(oz—|—n)(x—l)j
n! o Jl(n—4)! 2
(n+a+p+1), /z—1\n
>
* n! ( 2 )’ nzl,
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and Péa’ﬁ)(x) = 1. Note that P,(Ia’ﬁ) (z) is always a polynomial in x for all a, B € R.

Many properties of the classical Jacobi polynomial (with a, 8 > —1) can be
extended to the general case (see [29, pp. 62-67]). In particular, there hold
(a+1),

216)  PO@) = (C)P PP () P () = 0
n:

n

Thus, we have the alternative representation:

(2.17) PP (z) = (—1)"@2&(— nn+a+B+18+1 H—Tx), n=>1
n!

Observe from (ZI5) that the coefficient of ™ is

jap) . (ntatB+1)n
" 2np!

(2.18)

SO deg(Pr(la’ﬁ)) <n,if (n+a+B+1), =0 for given «, 5, that is,
(2.19) m:=—n+a+p)eN and 1<m<n.

A reduction of the degree of P () occurs if and only if (ZI9) holds (cf. [29]
p. 64]). Indeed, by [29, (4.22.3)], we have that under (219,

(220)  Pled(z) = @t 0F ) plos) g (OFMncnit plos )

mm+1)---n m(m+1)---n ™!
Therefore, there are two degenerate cases:
(2.21) deg(P{*®))y =m —1, if (a 4+ m)p_ms1 #0,
and

(2.22) P (z) =0, ifm=—-(n+a+B)eN, —aeN and 1 <m < —a<n.

Interested readers may refer to [6] for a summary of the degenerate cases of Jacobi
polynomials. We particularly look at the Jacobi polynomials with one or both
parameters being negative integers, which are associated with the transformation
formulas.

e Suppose that P (x) does not vanish identically as in (2:22)). Pyga’ﬁ)(l) =
0 if and only if —a =1 € N and 1 <[ < n. Moreover, the zero z = 1
has a multiplicity [, and there holds the transformation formula (cf. [29]

(4.22.2))):
_ l
@23) PO =d? (L) P, a1z, peR
where
(2.24) gip = (nZ D rn =it 1)

n!
e Similarly, for 8 = —m, we find from (ZI0) and [223) that

1 m a,m
(2.25) Pl=m) () = d:f”’(%) P,(L_’m)(ac)7 n>m>1, ack.
o If a =—[ and 8 = —m with [,m € N, we deduce from (Z23)-(Z25]) that
— 1\! 1\m
(2.26) Pt @) = (L2) (F52) P @), nzi4m.
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Using the contiguous relation [3, (2.5.15)] and the definition (2I3), one can
derive the following recurrence relation: for «, 8 € R,

(227) a3 PP (@) = (b Pa — )P (2) — e P PY (@), n> 1,
where

aP =2n+1)(n+a+B+1)2n+a+ ),

V2P =@2n4a+p)2n+a+B+1)2n+a+ B +2),

P = (2 —a®)2n+a+B+1),

e%’ﬁ =2(n+a)(n+B8)2n+a+ L +2).

Note that by definition,

(2.28)

1 1
PP () = 1, pf“a/”(x):§(a+ﬂ+2)x+5(a—ﬂ), o, B eR.

For a, 8 > —1, the classical Jacobi polynomials are orthogonal with respect to
the Jacobi weight function: w(®#)(z) = (1 — z)*(1 + 2)#, namely,

1
(2.29) [P @) P @ (@) d = 2D
-1

where d,,,,/ is the Dirac Delta symbol, and the normalization constant is given by

@p) _ 2P T(n+a+)I(n+B+1)

(2.30) n Cn+a+B+Dn!Tn+a+B+1)

However, the orthogonality does not carry over to the general case. We refer to [18§]
and [I7, Ch. 3] for details.

2.3. Bateman fractional integral formula. We recall the fractional integral
formula of hypergeometric functions due to Bateman [5] (also see [3, p. 313]): for

real ¢, p > 0,

(2.31)
Lle+p) 1 Y e -1

oFi(a,bje+ pyx) = ————x (C+P)/ t"Hx — 1)’ o Fi(a, byet)dt, x| <1,
L(e)T(p) 0

where the hypergeometric function o F; is defined in ([2I3)). Observe from (22)
that one can use the left-hand side of the fractional integral operator (but the left
endpoint 0) to express (Z.31).

The following formulas, derived from (2I5) and Z31) (cf. [29, p. 96]), are
indispensable for the subsequent discussion.

Lemma 2.3. Let p € RT, n € Ny, and x € A.
(i) For a > —1 and B € R,

(2.32) (1—1?)““]3’(1%%_’))(5”) _Tla+p+1) /1 (1—y)* PP (y) dy
. ¥ |

pletrf=eqy  D(a+1)C(p) y — )= pled(q)

(ii) For o« € R and § > —1,

PO TBtptl) [T (L+y) PO
Btp N = -
(233) (14x)"™ Py(lﬂ-irp,a—p)(l) L'+ 1)I'(p) /—1 (@ —y)t=r Pr(f’”‘)(l)

dy.
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Remark 2.3. The formulas (2.32)-(233]) can be found in several classical books on
orthogonal polynomials, but it appears that their derivation is not well described.
In fact, taking a = —n,b=n+a+f+1l,c=a+1and t = (1 —y)/2 in 231),
we obtain the formula [232)) from ZI3). Similarly, (Z33]) follows from (ZI6) and
232). O

Using the notation in Definition 2] and working out the constants by (2.16), we
can rewrite the formulas in Lemma 23] as follows.
Lemma 2.4. Let p € R, n € Ny, and x € A.

e Fora > —1 and f € R,

I'n+a+1) _
2.34 w{Qa = 1 — p)ete platp.B—p) ().
CENERNAT @)} = F e (1= ) PR )
e ForaeR and 8 > —1,
+B8+1) _
2.35) L I2{(1+2)? PP ()} = (n 1 1+ 2)B+r pla—pb+o) ().
(2.35) {1+ ) (x)} = n+5+p+1)( + ) A ()

Thanks to (23], we obtain from Lemma 24 the following useful “inverse” rules.

Lemma 2.5. Let s € RT, n € Ny, and z € A.
e Fora>—1 and B € R,
Pn+a+s+1)

@) LDi{(1 -0 pfe ) =

(1 - 2)* P9 (x).

e Fora e R and 8 > —1,

. n+ﬁ+s+D
- I'(n+B+1)
Observe that if & = 0 in (230), the fractional derivative operator ,D;5 takes

(1- :E)SP,(IS’[PS) (2) to the polynomial P,(LO’B)(:E). Conversely, if a+s =k € No, . D5

takes the polynomial (1 —;v)kP,(Lk’ﬁfs) (x) to (1 —x)k_sP,(kas’B)(x). Such remarkable

properties are essential for efficient spectral algorithms to be developed later.

In the forthcoming section, we show that these non-polynomial functions are
intimately related to the generalized Jacobi functions introduced in [I3]. Moreover,
the Jacobi poly-fractonomials first introduced in [32] also have direct bearing on
these basis functions when s € (0,1).

(2.37)  _1D3{(1+ a)PTsplom=fte)(y (14 2)° PP (z).

3. GENERALIZED JACOBI FUNCTIONS

In this section, we modify two subclasses of GJFs defined in [13], leading to
the new basis functions, which are still referred to as GJFs. We demonstrate in
Section [l that spectral algorithms using GJF's as basis functions produce spectrally
accurate solutions for a class of prototypical fractional differential equations.

3.1. Definition of GJFs.
Definition 3.1 (Generalized Jacobi functions). Define

(3.1) e () = (1 —2)*Pl@P(z), for a>—1, BER,
and
(3.2) T (z) = (1 +2)P PP (z), for a €R, B> -1,

for all z € A and n € Ny.
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Remark 3.1. Note that the so-defined GJFs modified the classical Jacobi polyno-

mials in the range of —1 < o, 8 < 1. ([l
Recall the GJFs introduced in [I3] (2.7)]:
(3.3)
(1—2)~*(1+2) PP (@), (@) €y, f=n—[-a] - [-F],
jod) (=] L= P @), (a,8) €N, 7 =n [0,
" (1+2) 7P (), (,8) €Ny, 71 =n—[-f],
PP (), (o, B) € Ry,

where [a] denotes the maximum integer < a, and
le{(a,ﬁ):a,ﬁﬁ—l}, N2:{(a7ﬁ):a§_17 6>_1}a
N3:{(a7/8):a>_15 BS_I}a N4:{(a7ﬂ):aa5>_1}'

We elaborate below on the connection and difference between the new GJFs and
the GJFs defined in (B3).

e Comparing B1)-B2) with B3), we find

+J7(l—a,6)(x) .(*a,ﬁ)(x)’ if a>1, 8> -1,

(3.4) = In+a)
’ - (aa_ﬂ) — ‘(0‘7_/8) :
Jn (:E) 7]n+[ﬁ] (.’E), if a> _]-7 ﬂ > 1.
e By [223)-2.29), we find from BI)-B2) that for any o > —1,k € Ny and
n >k,
(3.5) O (@) = 27R (1 - @) (14 2) PP (),
' TR @) = ()R R (1 - 2)F (14 2) P (@),
which, compared with (83)), implies that for « > 1 and n > k > 1,
(3.6)
T @) = 27k S @), TR (@) = (~)R2 R ().

Here, the constant d¥® is defined in (2.24)).

We see that we modified the definition of GJFs in [13] for the parameters in the
ranges other than those specified in ([B.4]) and ([B.6). Indeed, this opens up new
applicability of the GJF's in solving fractional differential equations (see Section [H]).

3.2. Properties of GJFs. One verifies readily from (ZI6]) and Definition B] that

(3.7) e (—r) = (1) TP (), a>-1, BER,
and there holds the reflection property
(3.8) e (@) = (1 -2 T (z), -l1<a<l.

We derive from 2.27) and (B1)) directly that for o, 8 € R,
ap P T (@) = (0P — o) T (@) — e P T (@), =1,
Wy @) = (1= a)*, @) = (e B+ 2a+a - B)(1-x)*/2,

where a®? b8 c%P and e2? are defined in ([Z28). A similar property holds for
=) (z).
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1612 SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

We now study the orthogonality of GJFs. It follows straightforwardly from (2.29)
and Definition Bl that for o, 8 > —1,

1
| A @ )l ) d
(3.10) ! .
= [ @) I ) o @) d = A
—1

where ) is defined in @30). Similarly, by (229) and @.3]), we have that for
a>—1and k € N,

(3.11)
1

/ TR (@) GO (@) ) (@) de
—1

1
:/ RO @) T (@) R (@) de = AT, o >k,

—1
where we used the fact

a k
AR = 272 ()2,

Next, we discuss the fractional calculus properties of GJFs. The following frac-
tional derivative formulas can be derived straightforwardly from Lemma and
Definition Bl
Theorem 3.1. Let s € RT, n € Ny, and = € A.

o fora>s—1and B €R,

- L(n+a+1) -
3.12 DT B) () = +y(—ats,B+s) (1)

e Fora e Rand 8> s—1,

_ _ + 5+ 1) _
1 DT (1)) = (n —J(ats,—B+s) ()

Some remarks on Theorem Bl are in order.
elfa—s>—1and B+ s > —1 with s € R, then by BI0) and BI12)
{wD{f JCL(I_O"B )} are mutually orthogonal with respect to the weight function
w(a+s:6+9) (z). Similarly, {_1D; - 7(10"_6)} are mutually orthogonal with

respect to w(@+5=A+9)(z) when a + s> —1 and 8 — s > —1.
e A very important special case of ([BI2)) is that for & > 0 and 8 € R,

(3.14)
N Pt a+ 1), o Pt a+1) o
DI (@)) = A D000 ) - LELAED ploass g,
Similarly, by (BI3]), we have that for & € R and real 8 > 0,
r 1
(3.15 DI @)} = TEEE D plesson g,
n!

These two formulas imply that performing a suitable order of fractional
derivatives on GJFs leads to polynomials.
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GJFS AND THEIR APPROXIMATIONS TO FDES 1613

The analysis of the approximability of GJF's essentially relies on the orthogonality
of fractional derivatives of GJFs. Recall the derivative formula of the classical
Jacobi polynomials (see, e.g., 27, p. 72]): for a, f > —1 and n > I,

(3.16)
I p(a, a,8) platl,B+D) ap) _Tlntat+B+I+1)
D'P{A) (z) = ’%7(1,1 )Pn_l (), where ’%7(1,1 )= MTntatfrl)

Noting that , D% = (=1)!D', D and D' = D' _1D? for s € Rt and | € N,
we derive from (2:29)) and BI4)-BI6) the following orthogonality.
e Fora>0and a+ 8 > —1,

1
(3.17) / xD?H +J7(l—a,5) (x) ID?H +Jr(;a,5) (2) w(l7o‘+6+l)(x) do — hiffiﬁ)(snn’a
-1

n,n >1>0,
where

2
@p) . I*(n+a+1)  0ae+8)\2_(Latb+)
hn,l T (n|)2 (Hn,l ) TYn—1

200BHIT2(n t a+ ) T(n+a+ B +1+1)
C2n+a+B+)nl(n—DT(n+a+B+1)
e Fora+ > —1and >0,

(3.18)

1
(3.19) / A DPH e (2) DI T (2) @I (2) da = B 8,
-1

n,n’ >1>0.

Another attractive property of GJFs is that they are eigenfunctions of fractional
Sturm-Liouville-type equations. To show this, we define the fractional Sturm-
Liouville-type operators:

(3.20) Lepu = w ™™ G DT Diu
' *ﬁ?jﬁu = w(fa,ﬁ)mpi{w(aﬂﬁ@rs)71Dx§ ul.
Theorem 3.2. Let s € RT, n € Ny, and x € A.
e fora>s—1andf > —1,
(3.21) Tis,ﬁﬂr(fa’ﬁ) (z) = M) Hy(=ab) (1),

where
\(@.8) . Pln+a+1) T(n+B+s+1)
" T(n+a—s+1) Dn+p+1)
o fora>—1and 8 >s—1,
3.23 7£2S 7J(a’7ﬁ) x) = )\(ﬁva) 7!](0‘775) x).
( ) a,B “n n,s n
Proof. By Definition Bl and (312), we have that for a > s — 1,
(1 =)~ (1 + )"+, DI (2)}

— 1 Bts pla—s,B+s) ()

(3.22)
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1614 SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

Applying _1 D; on both sides of the above identity and tracking the constants, we
derive from ([237) that for 8 > —1,
D) (@) DY I (@)} = A (14 2)P PP ()
= NB) (=B () H7(=B) (),
This yields B21)).

Property (23] can be proved in a very similar fashion. O

Remark 3.2. The above results can be viewed as an extension of the standard
Sturm-Liouville problems of GJFs to the fractional derivative case. In [13], we
showed that GJFs defined therein are the eigenfunctions of the standard Sturm-
Liouville problems. O

Remark 3.3. We derive immediately from ([B:22]) and Stirling’s formula (see (@26
below) that for fixed s, «, 3,

)\SLO’“;B) = 0(n?*), for n> 1.

When s — 1, this recovers the O(n?) growth of eigenvalues of the standard Sturm-
Liouville problem. O

Note that the fractional Sturm-Liouville operators defined in ([B.20) are not self-
adjoint in general. However, when s € (0, 1), the singular fractional Sturm-Liouville
problems are self-adjoint.

Corollary 3.1. Let s € (0,1), n € Ny, and = € A.
e For 0 < a < s and > —s, we have that in (321,

(325) +[’387B+J7(l*06’5) — w(avfﬁ)_lpj{w(*ﬂﬂrs,[‘prs) gDi JrJT(L*CY,ﬁ)}’

and

(3.26)
(+£<2xs,[3 JrJy(L*Ot,ﬁ)7 +Jr(1;a’5)) (g’Di JC]};‘)"ﬂ), gDi ng(ﬂ*%ﬁ))

= M)y ad)s

wi—a.8) —

— (+J7(1—076)7 +‘Cifﬁ +J751—a76))

wl—a—s,6+5)

w(—a.B)
e Similarly, for a > —s and 0 < < s, we have that in (3.23),

(3.27) *ﬁgjﬁfjr(;lﬁﬁ) — w(*avﬁ)xpf {w(a+sﬁﬁ+5) _Cl'D; j]r(;lﬁﬁ) }’

and

[\D

(3.
( 25 - (a —B) 7J(0‘>7ﬁ))w(a)_ﬁ) — (—C{st j]y(Laﬁﬁ) CDS j](Oé *ﬁ))
(L D) = A

wlats,—B—s)

Proof. We just prove the results for *J(_a’ﬁ)( ). For & > 0 and s € (0, 1), since
+y{-eh )( 1) = 0, we find from ([2I1)) that , D can be replaced by ¢D$. Accordingly,

B29) follows from BZI)) immediately.
We now show the fractional integration by parts can get through. By (235) and

@23,
(3.29) I s{w —ats,fts) Ops 4y (= ,ﬁ)}_daﬁ (14 2)PH1pla=L8+0) (),
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GJFS AND THEIR APPROXIMATIONS TO FDES 1615

where the constant Jgf can be worked out. Clearly, it vanishes at x = —1. On the

other hand, +Jr(,fa’ﬁ)(l) = 0. Therefore, we can perform the rule ([2I2a)) to obtain

the second identity in ([B:26). The orthogonality follows from BI0) and ([B25]).
The results for <7\ " (x) can be derived similarly. O

3.3. Relation with Jacobi poly-fractonomials. In a very recent paper, Za-
yernouri and Karniadakis [32] introduced a family of Jacobi poly-fractonomials
(JPFs), which were defined as the eigenfunctions of a singular factional Sturm-
Liouville problem.

Definition 3.2 (Jacobi poly-fractonomials [32]). For p € (0,1), the Jacobi poly-
fractonomials of order u are defined as follows.

e For -1<a<2—pand —1< < pu—1,

(3.30) WpleBn) () = (1 + x)u—(,6‘+1)PT(La_nlLlfM#*(ﬁJrl))(x)7 n € N.
e For -1<a<pu—1land -1<f8<2—yp,
(3.31) @plesbi) (z) = (1 — g)p— (o) p D= 4y - e .

As shown in [32, Thm. 4.2], the left JPFs are eigenfunctions of the singular
fractional Sturm-Liouville equation:

DY {w @D (@) GDE{IPL0 (2)} )

(3:32) = (@@ (ot T=pBtl=p) () (Dplasfom) ()

where
(U (@Bs) _ Pn+a+1)I'(n+pu—5-1)
" I'n—B—-1DI'(n—p+a+1)’
The right JPFs satisfy a similar equation.
The relation below follows from BI)-B2) and BE30)-B31):
3.33
| “gnsa’ﬁ’“w) =TT @), B O) () = T @),

n>1

Observe that with the parameters {p, a+1— pu, u— (54 1)} in place of {s,a, 8} in
B27), we obtain ([332) exactly. However, the range of the parameters is o > —1
and —1 < 8 < 1— p, so the condition on « is relaxed as opposite to that for (3:30).
Indeed, the difference between the range of « is not surprising, as the GJFs here
and JPFs in [32] are defined by different means.

4. APPROXIMATION BY GENERALIZED JACOBI FUNCTIONS

The main concern of this section is to show that approximation by GJFs leads
to truly spectral convergence for functions in properly weighted Sobolev spaces
involving fractional derivatives. Such approximation results play a crucial role in
the analysis of spectral methods for fractional differential equations (see Section ().

For simplicity of presentation, we only provide the detailed analysis for {T],(l_a’ﬁ )}
as the results can be extended to {*Jr(f"_ﬁ )} straightforwardly, thanks to (877). In
the first place, we highlight some special GJFs of particular interest.

e In view of the fractional factor (1 — z)“, we have that for a > 0 and g € R,

(4.1) D'y(—eA )y =0, for 1=0,1,...,[a] —1.

Licensed to Purdue Univ. Prepared on Tue Jul 26 09:27:25 EDT 2016 for download from IP 128.210.126.199.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1616 SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

Suppose that P,(La’ﬁ)(x) does not degenerate for all n > 0 (cf. 219)-222)).
Then we can naturally impose the one-sided boundary conditions: u() (1) =
Ofor!=0,1,...,[a]—1. More importantly, the basis matches the singularity
of the solution for prototypical FIVPs, thanks to the fractional factor (1 —
x)®. Moreover, we can choose the parameter 5 (e.g., 5 = —a«) so that
under the GJF basis, the resulting linear system can be sparse and well
conditioned (see Section [B]). However, it is noteworthy that the choice of 8
does not affect the approximability of the basis.
e For a >0, f = —[o] and n > [a], we find from (B.5) that

(4.2) DiFye=lal(41) =0, for 1=0,1,...,[a] -1,

which allows us to deal with the two-sided boundary condition u) (£1) = 0,
and to match the singularity of the underlying solution (see Section [Hl).

We introduce some notation to be used later. Let Py be the set of all algebraic
(real-valued) polynomials of degree at most N. Let w(x) > 0, € A, be a generic
weight function. The weighted space L2 (A) is defined as in Adams [2] with inner
product and norm

(U, 0)e = /AU(I)U(I)W(I)d% lulleo = (u,u) 22,

If w = 1, we omit the weight function in the notation. In what follows, the Sobolev
space H'(A) is also defined as usual.

4.1. Approximation results for GJF's {‘U,(fa’ﬁ)}. In view of the applications,
we restrict the parameters to the set

(4.3) tyes .= {(oz,,B) ra>0, a+ 8> —1},
which we further split into three disjoint subsets:
+T?’B ={(a,8) : a>0, B> —1};
(4.4) +Tg’ﬂ = {(a,ﬁ) ta>0, —a-1<pf=—-k< -1, k‘EN};
+Tg’5 ={(a,) :a>0, —a—1<p< -1, -B&N}.
4.1.1. Case I: (a, ) € *TPP UHYSP . Let us first consider (a, 8) € Y. In this
case, we define the finite-dimensional fractional-polynomial space:
45) FP W) = {p=(1-2) : Y € Py} =span{*P . 0<n < N}.

By the orthogonality (BI0), we can expand any u € L? _, , (A) as
(4.6)

1 1
Zu @) 7(=B) (1), where 4> = ) / u TR (0B
Tn

and there holds the Parseval identity

(4.7) a2 ey = D9
n=0

AR,

Consider the L? = (—a.m-orthogonal projection upon +]-' ~oh) (A), defined by
(4.8) (ﬂr?{aﬁ)u — u,vN)w(,a,B) =0, Yoy € +.7:](v7a’5) (A).
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GJFS AND THEIR APPROXIMATIONS TO FDES 1617

By definition, we have

N

(4.9) (D) ( Z B) 47 (b ().

Remark 4.1. In the above, we have used the completeness of {+J7(fa’ﬁ )} in
L2 .5 (A). Here, we provide a justification for this. Note that for any u €

L2 .5 (A), we have (1 —x)"%u € L2, 4 (A). For (o, B) € P e, a>0,8>

-1, {P,SQ’B)}”ZO are mutually orthogonal and complete in Li(aﬁ)(A), SO we can
uniquely expand

(4.10) (1 =) u(@) = 3 o9 Ped) (),
n=0

where by (Z29), 1), and (L),

1
p@h) = 1 / (1 — z)~%u(x) PP (2)w @) (2)dx

S
1 1
[ I et ) = ),
'Yn
Multiplying both sides of (@I by (1 — x)®, we obtain the unique representation
([A6). Hence, we can claim the completeness of {*J,(L_a’ﬁ)} in L2 . 5 (M) O

We now consider (o, ) € *Y5”. In this case, we modify (@) as
(4.11)

TGN = {6 = (1—2)%¢ : ¢ € Py such that p@O(=1) =0, 0 <1< k—1},

which incorporates the homogeneous boundary conditions at * = —1. Thanks to
B3), we have
(4.12) +.7-"J(V_a’_k)(A) = span{U,(fo"*k)(x) :k<n<N}.

In view of the orthogonality ([BI1]), we have an expansion like ([0, that is, for any
u € Li(faﬁk) (A)v

4.13 u(z) = Al —k) Hy(=e=k)
(4.13) ()=, n :
n=~k
where
Ao, — 1 ! —o,— —a,—
(4.14) almek) = T / lu(x) 7R (1) wETR) () dir.

Note that the identity (7)) also holds for this expansion. The partial sum

(4.15) (TR Z il AR (),

is the L? _, _, -orthogonal projection upon +]-"](V_a’_k) (A), namely,

(4.16) (s M = w,on) =0, Yoy e tFyUTPVQ).

w(—a,—k)
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1618 SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

Remark 4.2. Like Remark [£I] we need to justify {+J7(17°"7k)} is complete in
L2 . ) (A). For (a,8) € 19 (so a > 0 and —f = k € N), one verifies that
for any u € Li(,a,,k) (A), we have w(—®=Fly ¢ Li(a,k)(A), which can be uniquely
expressed in series of {PT(LOL;: )}nZk- In view of ([B.3]), we can show the completeness
of {‘*‘Jy(fa’*k)} in L? (A) in the same fashion as in Remark A1 O

w(—o—k)
Remark 4.3. Tt is worthwhile to point out that for (o, 8) € +T?’ﬁ U +Tg”6, we have
(4.17) (D (7 P u — w), D'wn) s =0, Yuwn € Py,
for all I € Ny. Notice that
) = 3 e )
n=N+1

and Py = span{P,So’aJr’B) :0<n< N}. Using the property CED?'H = (-1)!'D!, D¢
for « > 0 and [ € N, we obtain ([@I7) from BI4)), (3I6]), and the orthogonality of
the classical Jacobi polynomials (cf. (2:29)). O

To characterise the regularity of u, we introduce the non-uniformly Jacobi weigh-
ted space involving fractional derivatives:

(4.18) +BZL,/3(A) = {u € Li(—aﬂ)(A) : zD?HU € Li<z,a+5+1>(A)
for Oglgm}, m € Np.

By BI7) and (@0) or @IF), we have that for (a,8) € *T? UFTS? and | € Ny,

o0
(4.19) D54 )iy = SR P,
n=l

where [ = [ for (a,8) € T0%P; [ = max{l,k} for (o, 8) € Y57, and h;allm is
defined in (BI]).
The main result on the projection errors for these two cases is stated as follows.
Theorem 4.1. Let (o, ) € *T‘f’ﬁ U +Tg"ﬁ, and let u € "BY 5(A) with m € Ny.
e For0<I<m<N,

|‘zD?+l(+771(\7aﬁ)u - u)Hw(l,a+B+l)

(4.20) (N —m+1)!

SN(lim)/Q (N—l-i-l)' ||$D?+m

un(m,,a+ﬁ+m> .

In particular, if m is fized, then
(4'21) HmD?+l(+7rj(\l_a7ﬁ)u - u)||w(l,a+ﬂ+l) < CNl_m|‘$D?+mu”w(m,a+ﬁ+m) :

e For 0 <m < N, we also have the Li(,a,ﬁ)—estimates

— |
< oN-o (N—m+1)!

(422)  ||*7 P | < (Ntmt1)

a+m
||93D1 u||w(m,a+5+m)'
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GJFS AND THEIR APPROXIMATIONS TO FDES 1619

In particular, if m is fized, then

(4.23) H+7TJ(\70¢,B)U < cN—(a+m)HwD?+muH

- UHw<—a,B> wim,atBtm)-

Here, c~ 1 for N > 1.

Proof. By (@) (or (A13)), @) (or @IT)) and @II),

HrD?H(ﬂrg\;aﬁ)“ - u)||i(l,a+ﬁ+l)

0o (@f) ) ) (o, 8) )
_ Rl@B) | (aB)|? — b p(e,B) |5(e8)
(120 2 M 2 it
W 2
5 a+m
= h(omﬂ) ||ID1 u“w(""v"‘+5+"">'
N+1,m

We now estimate the constant factor. By 214, (BI8]) and a direct calculation,
we find that for 0 <[ <m < N,

hg\?fl),l I(N+a+B+1+2) (N—m+1)!

Red) T D(N+a+B+m+2) (N—1+1)!

N+1,m
(4.25) _ 1 (N —-—m+1)!
(N+a+pB+2+10)---(N+a+p+1+m) (N-1+1)!
—m (N =m +1)!
=N (N—=1+1)!"

where we used the fact that o + 8 > —1. Therefore, the estimate (@20) follows

from (A24)-(Z28) immediately.

We now turn to [@2I)). Let us recall the property of the Gamma function (see

M, (6.1.38)]):

0
(4.26) MNx+1)= \/27r3:‘"”+1/2exp(—33+ E)’ Ve>0, 0<6 <1
x

We can show that for any constant a,b e R, n e Nyn+a>1and n+b> 1 (see
[33, Lemma 2.1]),

I'(n+a) b, a—b
. < a, a
(4.27) Tt ="
where
a—b 1 (a—b)?
4.28 &b — :
(4.28) “n exP(z(ner—1)Jr12(n+a—1)4r n )

Using the property I'(n + 1) = n! and (£.27)), we find that for m < N,

(N—=m+1) 2—m,2—1

(4.29) Nl s YN

l—m
N,

where v ™! ~ 1 for fixed m and N > 1. Thus, we obtain (@2 from (Z20)
immediately.
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1620 SHENG CHEN, JIE SHEN, AND LI-LIAN WANG

The LZ(,Q, s -estimates can be obtained by using the same argument. We sketch
the derivation below. By ([@7) and (T3],

(4.30)
HJrﬂ.J(V—au@) UHW( — Z ,Yozﬁ aﬁ)|
n=N+1
(a,B) (a,B)
Wi v TN+1 & Da+muH2
(a,8) " (e, ) 1 wm,a+p+m) "
hN+1mn N+1 hNJrlm
Working out the constants by (230) and [B.18), we use [@27)) again to get that
Wil TN +B+2)  T(N+m+2)  (N—m+1)
hgvffm I'N+a+2)T(N+a+p+m+2)(N+m+1)!
(4.31) (N—-m+1)!
< OB N B—a 204842 —(a+8) !
=N N (N +m) (N+m+1)
< eN720Fm) (if m is fixed).
This ends the proof. O

Remark 4.4. We see from the above estimates that an optimal order of convergence
can be attained for approximation of u by its orthogonal projection ( 8y in
both L2 _, . (A) and +Ba7 (A), when u belongs to a properly Welghted space in-

volving proper orders of fractional derivatives. (Il

4.1.2. Case II: (o, f8) € +T§"5. In this case, the main difficulty resides in that the

GJFs {*sz_a’ﬁ )} are no longer orthogonal. In what follows, we adopt a different
route to derive the approximation results. For any u such that , D{u € Li(o,u v (A),
it admits the unique Jacobi series expansion

(4.32) «Dfu(z) = Z (0:0+B) pl0.atB) (1),
n=0

where by orthogonality (Z.29)

1 1
(4.33) oot = —00th) / «Dfu(z) PO () (14 2)°+ da.
’ -1

From the definition of the Li(oywm—orthogonal projection: Hg\?’aﬂg) Li(o oty (A)—
Pn, we have

(4.34) (H§3’Q+B) (2 Dfu) — mD?uvUN)w(o,aHi) =0, Vune€Pun,
and

N
(4.35) Y (Dgu)(z) = 3 o0t poath) (z),

n=0

Let +.7-"](V_a’5 ) (A) be the finite-dimensional space as defined in (X)), but for («, 8) €
T3P,
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Lemma 4.1. Let (o, ) € T?’B, e, a>0,—a—1<p < —1and -8 ¢€N. Then

Jor any w such that ;D¢ € L .\ s (A), there exists a unique uy =: +w](\7a’ﬁ)u e

+]:](V7a’ﬁ) (A) such that

(4.36) vt (. Dfu)(x) = . D§ (e D) ()
and
(4.37) (« DS (m el O‘ﬁ)u - u),vN)w(oyaM) =0, Yoy €Pn.

Proof. From the coefficients {v(o ‘Hﬁ)} in (@33), we construct
X et
—Tnt+a+l)

Acting . D{* on both sides, we obtain from (314]) and (£350]) that

(4.38) un(z) = T (@) € TG P (A).

Dfun(a) = 3049 B0 () = IO Di) o).
n=0
Note that the expansion in ([@33) is unique, so we specifically denote uy by
*ﬂg\[_a’ﬁ)u, and (36) is shown.
The property (£31) is a direct consequence of ([@34]) and ([@30). O

With Lemma ET] at our disposal, we can obtain the following error estimates.

Theorem 4.2. Let (a,f8) € Tg"ﬁ, e, a>0,—a—1<f<—-1and -8 &N, and

let +w§\7a’5) be defined in Lemma Bl Suppose that ;DY u € L2, . 500 () with
0<1<m<N. Then we have

(4.39)

< Nﬁm/z (N m—|—1

« —Otu@)
||ch1 (Jrﬂ'](\; w(0,a+8) = (N =+ 1

u—u)| K g

U’Hw(m‘a+[3+m) .

In particular, if m is fized, we have

(4.40) HwD?(JFWJ(\;a’B)“ - u)Hw(o,a+5> < CN_meD?JFmUme,awm)7

where the constant c ~ 1 for N > 1.

Proof. Using the relation ([@36]), we derive from ([Z29)), (£32), and (L35 that

|- D5 (P — )| = |n§ P (Dfw) — DS

w(0.a+8) w(0.a+8)
(4.41) _ Z ~(0.0+8) | (0,0+8) ‘2.
n=N+1
We find from (2:29), (310), and (£32)) that
(4.42) e DS )|2 sy = Z uCect O (et
where for n > m,
(4.43)
/,(,(0 Jo+B) _ ( (0, oz+,6‘))2 (m, ochBer) _ 2a+[3+1n!F(n+a+,8—|—m—|—1) .
mm To—m C2nta+BH+)n-—m)Tn+a+p+1)
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In view of the above facts, we work out the constants by using (230)) and obtain
(0,0+58)

« (—a,B) 2 ’yN+1 a+m 2
Hle (fry P — U)HUJ(o,aw S 0048 Hle * u|‘w<m,a+/3+m)
N+1,m
— !
(4.44) _ 1 (N+1-—m)ly arm, 12
(N+a+B+2), (N+1) D5 |y
7m(N+1_m)' a+m 2
<N (N+1)! HrDl “Hw<m,a+ﬁ+m>'
This yields @39). For fixed m, we apply [A27) to deal with the above factorials
and derive ([440) immediately. O

4.2. Approximation results for GJF's {_Jy(la’fﬁ)}. Thanks to [B.7), the esti-

mates established in the previous subsection can be extended to {‘J,(f"*B ) } straight-
forwardly. To avoid repetition, we sketch the corresponding results.
Like ([@3]), we define the parameter set

(4.45) B G {(a,ﬁ) : 8>0, a+ﬁ>—1},

which we split into three disjoint subsets:
_T‘f’ﬁ ={(a,8) : B>0, a>—-1};

(4.46) 3P = {(a,8) : >0, -f-1<a=-k<-1, ke N}
37 = {(a,8) : >0, -f-1<a< -1, —a¢N}.

Consider the Li(a’,ﬁ)—orthogonal projection: 77'1'](\?7_'8)’& € *fl(va’_ﬁ)(A) for
(o, B) € _T‘f"ﬁ U _TS"B, where the notation is defined in a fashion similar to that
in the previous subsection. In this context, we define
(4.47) "Brg(A) = {u € Li(a,—m(/\) DM e Li<a+a+z,z>(/\)

for oglgm}, m € Ny.

Following the argument as in the proof of Theorem 4.1l we can derive the following
error estimates.

Theorem 4.3. Let (o, ) € _T‘f’ﬂ U _TS’B, and let uw € ~BY 5(A) with m € No.
e For0<lI<m<N,

|- D7 P = )| s

(4.48) < ympe [N =—mt Dl
- (N—1+1)! H—l x u||w(a+ﬁ+m,m)'

In particular, if m is fized, we have

(449) [ DZ (g - w) <N D |

wlatB+1,1) wla+B+m,m)*

e For 0 <m < N, we also have the Li(m_,ﬂ-estimates

(N—m+1)!

(450) || 7wl ™ — || oy < eNTP Nima)l =1 D2 ™| s mmy -
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In particular, if m is fized, then

(4.51) H?TE\',X’_B)U - u” < CN7(5+m)H_1Df+muH

wla—8) wlatBrm,m)-

Here, c~ 1 for N > 1.

Next, we consider (a, ) € _Tg’ﬁ. For _1DPu € Li(aﬂs,o) (A), we define the

operator _HS\?’fﬁ ) similarly as that in Lemma 1l Following the lines as in the
proof of Theorem [£.2] we can obtain the following estimates.

Theorem 4.4. Let (o, 8) € ~Y$?. Suppose that _ D e L2 sy (A) with
0<I!l<m<N. Then we have

(4.52)

H—lDf(iﬂ'g\?)_B)“ o u)Hw<a+ﬁ,0) < N2 (N +1)! -1 un<a+ﬁ+mvm)'

In particular, if m is fized, we have

(4.53) |-1Df (7w — )| < eN™™|| 1 D

w(a+8,0) wlat+B+m,m)»

where the constant ¢ = 1 for N > 1.

Remark 4.5. To have a better understanding of the above approximation results,
we compare the GJF with the Legendre approximation to the function

(4.54) u(z) = (1+z)bg(x), beRT, x €A,

where ¢ is analytic in a domain containing A. Recall the best L2?-approximation of

u by its orthogonal projection 7&ku (see, e.g., [27, Ch. 3])

Ik — ull < eN =™ [D™ully -

If b is non-integer, a direct calculation shows that w has a limited regularity: m <
14 2b — € for small € > 0, in this usual weighted norm involving derivatives of
integer order.

We now consider the GJF approximation (see ([@50)) to w in (£54). Using
the explicit formulas for fractional integral/derivative of (1 + x)® and the Leibniz
formula (see [7, Ch. 2]), we find that if 3 = b, _; D™ is analytic for any m € Ny,
so by ([@50) with « = 0,8 = b and m = N, and using (£20), we have
I

N
](\(f)’,g)u B UHw(o,—ﬁ) <cN~(B+1/4) (i) Hlef—i_Nun(ﬂﬂv,N)'

u=| <] aa

This implies the exponential convergence O(e~*V).

Also note that if u is smooth, i.e., b € N, we can only get a limited convergence
rate by choosing a non-integer 3. Indeed, a direct calculation by using the Leibniz
formula in [7] yields

1 DFFMy = (14 2)P P h (),

where h is analytic. Therefore, ’_1Df+mun(B+m,m> < 00, only when m + 28 <
1+2b—ce O
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5. APPLICATIONS TO FRACTIONAL DIFFERENTIAL EQUATIONS

It is well known that the underlying solution of an FDE usually exhibits singu-
lar behaviors at one or both endpoint(s), even when the given data are smooth.
Accordingly, the solution and data are not always in the same types of Sobolev
spaces as opposite to differential equations of integer derivatives. Hence, the use of
polynomial approximations can only achieve a limited convergence order. In this
section, we shall construct Petrov-Galerkin spectral methods using GJFs as basis
functions for several prototypical FDEs, and demonstrate the following:

(i) The convergence rate of our approach only depends on the regularity of
the data in the usual weighted Sobolev space, regardless of the singular
behavior of their solutions. Truly spectral accuracy can be achieved, if the
input of a FDE is smooth enough.

(ii) With a suitable choice of the parameters in the GJF basis, the resulting
linear systems are usually sparse and sometimes diagonal.

We shall provide ample numerical results to validate the theoretical analysis. We
remark that the study of these prototypical FDEs can shed light on the investigation
of more complicated FDEs.

5.1. Fractional initial value problems (FIVPs). As the first example, we con-
sider the fractional initial value problem of order s € (k — 1,k) with k € N :

(5.1) Diu(x) = f(z), el u(l)(l):O, 1=0,---,k—1,

where f is continuous on A.

The GJF-spectral-Petrov-Galerkin scheme is to find uy € *F ](\,73’75) (A) (defined
in (@) such that

(5.2) («Diun,vn) = (Inf,vn), VYon € Pn,

where Zy f is the Legendre-Gauss-Lobatto interpolation of f on (/N + 1) Legendre-
Gauss-Lobatto points. Note that

(5.3) (Znf)(x Z fu P

where P, is the Legendre polynomial of degree n, and { fq} are the “pseudo-spectral”
coefficients computed by the discrete Legendre transform (see, e.g., [27, Ch. 3]).
Using the GJF basis, we can write

N
(5.4) un(e) = S0 al) T (@) € T (M),

Taking vy = P, in (B.2)), we obtain from (B.I4) and the orthogonality of Legendre
polynomials that

~(s) n!

. = —f,, 0<n<N.
(5.5) Uy, F(n+s+1)f 0<n

Therefore, we obtain the numerical solution uy by inserting (B.5]) into (B.4]).
The following error estimate shows the spectral accuracy of this GJF-Petrov-
Galerkin scheme.
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Theorem 5.1. Let u and uy be the solutions of [BI) and ([B.2), respectively.
If f € C(A) and fO ¢ L2 1.i1(A) for all 1 < I < m, then we have that for
se(k—1,k) withkeN, and1 <m < N +1,

(5.6) D5 (w = un) || + [lu = un [l < N £ | yom-1m),
where ¢ is a positive constant independent of u, N, and m.

Proof. Let +7T](\75’7S)u be the same as in ([£I6) for 0 < s < 1, and as in ([@37) for
s > 1, respectively. By [@IT) (with { = 0) and {31), we have

(D3 (7w —w), ) =0, Vi € Py.
Then by (.1,
(5.7) (f — 2D "7 " Yu0) = (wDju— D 7l "V, g) =0, Vo e Py.

Let mn f be the L2-orthogonal projection of f upon Py. We infer from (5.7) that

+D5 777y = 75 f. On the other hand, by (52), . D5 uy = Iy f. Therefore, we
have

(5.8) o D3 (™™ = uw)|| = Nl f = I £
Using the triangle inequality leads to
e D3 (= un) | < [|oDf (= )| + [lwncf = Zw |
< o D3 (u = Fiy " )| + llwn f = fl+ 1 = Zn S -

Therefore, it follows from Theorem [l (with « = —3 = s and 0 < s < 1), Theorem
(with @« = =8 = s and s > 1), and the Legendre polynomial and interpolation
approximation results (see, e.g., [27, Ch. 3]) that

(5.9)

(510) D50 —un)| < N (D ]|y + 15 i)
We deduce from (G.1]) that
e DYl sy < ] £

[ —

This leads to the estimate of ||, D5 (u — uy)|.
We now turn to the L2-estimate. For s € RT, I : L?(A) — L?(A) is a bounded
linear operator (see, e.g., [10]). Thus, we have

(5.11) 252 D5 (u — un)|| < c|laDf(u—un)|.

We next show that

(5.12) u—uy = 17 Di(u— up).

As DY(u—upn)(1) =0 for I =0,...,k — 1, we obtain from (28] and (ZII) that
(5.13) Di(u—uy) = D5 (u—uy) = (~1)* 15 D*(u — uy).

Using the properties (cf. [7]): oI, 1F "% = ,I¥ and (—1)¥,IFD¥v = v, we obtain

GEI2) from (BI3) immediately. Thus, by (EII) and (5I2), we derive the L2-

estimate. O
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Remark 5.1. One can also construct a similar GJF-Petrov-Galerkin scheme for the
following more general FIVPs of order s € (k — 1, k) with k € N,

(5.14)
L[u] := o Dju(x) + p1(x) o D5 u(@) + -+ + proi(x) D5 u(z) = f(z), € A;
uD(1)=0, 1=0,---,k—1,

where f and {p;} are continuous functions on A. We find from ([BI2)) that £[+J7§78’S)]
is a combination of products of p; and polynomials. Hence, one can derive spectrally
accurate error estimates as in Theorem[5.1] If {p;} are constants, the corresponding
linear system will be sparse; for general {p;}, one can use a preconditioned iterative
algorithm as in the integer s case by using the problem with suitable constant
coefficients as a preconditioner (cf. [27]). O

5.2. Fractional boundary value problems (FBVPs). In accordance with usual
boundary value problems, it is necessary to classify an FBVP of order v as even or
odd order as follows.
o If v = s+ k with s € (k—1,k) and k € N, we say it is of even order. In
this case, 2k boundary conditions should be imposed.
o If v =s+k with s € (k,k+1) and k € N, we say it is odd order. In this
case, 2k 4+ 1 boundary conditions should be imposed.
In practice, the boundary conditions can be of integral type or of usual Dirichlet
type, which oftentimes lead to different singular behaviors of the solution and should
be treated quite differently. In what follows, we first consider FBVPs with integral
boundary conditions (BCs), and then discuss Dirichlet boundary conditions.

5.2.1. FBVPs with integral BCs. To fix the idea, we consider the fractional bound-
ary value problem of order v € (1,2):

(5.15) Diu(z) = f(z), xe€A; I{'u(£l)=0,
where p:= 2 —v € (0,1), and .1} is the fractional integral operator defined in

[22). Here, f(x) is a given function with regularity to be specified later.

Let Hi(A) = {u € H'(A) : u(xl) = 0}, and let H~'(A) be its dual space.
Recall the property: DY = D2, I} (cf. ([28)). A weak form of (5.I5) is to find
v = I{'u € H}(A) such that

(5.16) (Dv, Dw) = —(f,w), Yw € Hg(A).

It is well known that for any f € H~!(A), it admits a unique solution v € Hg(A).
Then we can recover u uniquely from u = ,D{'v, thanks to (2.9).

As already mentioned, it is important to understand the singular behavior of
the solution so as to compass the choice of the parameter that can match the
singularity. For this purpose, we act on both sides of (5.I5) and impose ,I? the
boundary conditions, leading to

2
Using the properties (cf. [7]) 21?2 = 1", 17 " and ,D¥(1—z) = (1—z)' " #/T(2—p),
we obtain from (29) that

(5.17) Alu(z) = I f ()

519 ul) = Daltule) = o f(0) — ST ()
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Correspondingly, we define the finite-dimensional fractional-polynomial solution

space

(5.19) Vni={¢=(1—-2)"" : ¢ € Py_y such that ,I{'¢p(—1) =0}.
The GJF-Petrov-Galerkin approximation is to find uy € Vi such that
(5.20) (D] "un, Dwy) = (f,wy), VYwy € Py =Py N HLA).

In terms of error analysis, it is more convenient to formulate (5.20) into an
equivalent Galerkin approximation (see (0.25) below). Indeed, note that

(5.21) Py = span{P{!"#+~D . 0 <n < N},
and by @34) with p=p,a=1—pand g =p—1,
(5.22)
e D(n+2—p) - T(n+2—p) [*
LTI (2) = Wﬂé b (x) = 4,/ Py (y)dy,

where we used the formula derived from integrating the Sturm-Liouville equation
of Legendre polynomials and using (B16]),
(5. 23)

1

p(L1 1

Since for n > 1,xlf +tfr(fhl"hl)(jzl) =0, we have

(5.24)

Vy =span{J¥ 1D . 1<n<N-1}; P{ =span{,I{P, : 1<n<N-1}.
Thus, we infer from (5.22)) that the operator , I} is an isomorphism between Vi and

PY;. Then we can equivalently formulate (5.20) as follows. Find vy := . If'un € P
such that

(5.25) (Duy, Dwy) = —(f,wn), Ywy € PR,.

It admits a unique solution as with (G.I6]). In fact, this formulation facilitates the
error analysis, which can be accomplished by a standard argument as follows.

Theorem 5.2. Let u and un be the solution of (BI8) and (B.25), respectively. If
Jlu e HY(A) and (1 — 22)m=1/2 D7y € L2(A) with m € N, then we have

(5.26) |eD} " (u — un)|| < N DT ul| yon—1m-1).
In particular, if f("=2) ¢ Li<m,_1,m_1)(A) with m > 2, we have
(5.27) D1 (u — un)|| < eNT LD Limmtimo.

Here, ¢ is a positive constant independent of N and u.

Proof. Using a standard argument for error analysis of Galerkin approximation, we

find from (5I6]) and (5.23) that

(5.28) 1D —vx)l = nf D —wvy)ll

Let 7r]1\;0 be the usual Hg-orthogonal projection upon PS, and recall the approxi-
mation result (see, e.g., [27, Ch. 3]),

(5.29) ID(v = 75 "0)| < eN' T [ D]yt -1.m .
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Recall that v = ,I1'u and vy = . I}'uy, so we take vy, = 7rN v in (B28) and obtain

the desired estimate ([.26]) from (G.29).
The estimate (527 follows immediately from (5I5) and (526) by noting that

Dm=2f = D" Hu. |
Remark 5.2. By using the duality argument, one can derive an optimal L?-error
estimate for v — vy,

||’U — UN” < CNim”DmUHw(mfl,mfl),

which implies
o2 = )| < N~ [ DI ]|y 1.

However, due to the lack of regularity for (5.I0]), we are unable to use the duality
argument to get an improved estimate for ||u — un]||. O

Now, we briefly describe the implementation of the scheme (520). Setting

G, TH D (@), fy = (FILP), 1<j <N -1,

I
gh

we find from (522) and the orthogonality of Legendre polynomials that
'n+2—p)2n+1

1— — —
(5.30) (o Dy 1=t DI P;) = - 5 Oin:
Then we obtain from (G20) that
2(n) fu
(5.31) iy = (nh)f, 1<n<N-1.

Cn+1DI(n+2—p)’
We see that using the GJFs as basis functions, the matrix of the linear system is
diagonal.

Remark 5.3. The above approach can be applied to higher-order FBVPs. For
example, we consider the FBVP of “odd” order: for v = 3 — u with p € (0, 1),

(5.32) LDiu(x) = f(z), zeA; Ifu(£l) = (.Iu) (1) =0.

To avoid repetition, we just outline the numerical scheme and implementation.
Define the solution and test function spaces

Vni={¢=(1-2)> "y : 4 € Py_o such that ,I{'¢(—1) =0},
VN ={¢ € Py : ¥(£1) =4'(-1) = 0}.
The GJF-Petrov-Galerkin scheme is to find uny € Vi such that
(5.34) («DF Mun, Dwy) = (f,wy), Ywy € V3.
Using ([Z34) with p = p,a =2 — p and = pu — 1, we obtain from ([Z250]) that

(5.33)

m]ii +J,,(l“_2’u_1)(l‘) _ F(n +3 - M) +J( 2, —1)( )

(5.35) (n+2)t "
LT (1) =0, n> 1.

Hence, we have

VN = span{t],(l“_z’“_l) :1<n<N-2},

5.36
(536) Vi =span{J{" 1 1<n<N-2}
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By 2.3),
I'(n+3—p)
n!

D IS (@) = (m+2)(1+ 2) PPV (2),

ID%—M +Jr(lu—27u—1)(x) = Péo’l)(x)’

(5.37)

so by the orthogonality of the Jacobi polynomials {P,(Lo’l) }, the matrix of the system
(E34) is diagonal. O

5.2.2. FBVPs with Dirichlet boundary conditions. Now, we turn to a more com-
plicated case and consider the fractional boundary value problem of even order
v=s+kwithse (k—1,k)and ke N:

(5.38) DYu(z) = f(z), veA; uD(£1)=0, 1=0,1,...,k—1,

where f(z) is a given function with regularity to be specified later.
We introduce the solution and test function spaces,

U .= {U c LZ(*&*’C) (A) : ;L»Diu S Li(ors,k) (A)},
V= {U S Li(—k,—s) (A) . Dk’U S Li(ork,s) (A)},

equipped with the norms

(5.39)

2

1/2
lull = (lullZ-o-0 + e DiulZ0.0-10)

)

(5.40) .
/2
[ollv = (ol x o + 1D 20k-0) "

For u € U and v € V', we write

u(z) = 3 4, T (@) = (- 2) (L +2)* Y @ P (),
n=k

(5.41) - ok
v@) =Y 0, I @) = (L —2)F (L +2)* Y 5, P (),
n==k n=k

where by B.5), i, = 2~ %d**4,, and 0, = (=1)*27*dk*,,.
With the above setup, we can build in the homogenous boundary conditions and
also perform fractional integration by parts (cf. Lemma [2Z2]). Hence, a weak form

of (B39) is to find w € U such that
(5.42) a(u,v) := (,Dju, DFv) = (f,v), YveV.

Let +]:](st’7k) (A) and _fj(\,fk’fs)(/\) be the finite-dimensional spaces as defined
in the previous section. Then the GJF-Petrov-Galerkin scheme for (5.42) is to find
un € +]:](V75’7k) (A) such that
(5.43) a(uy,on) = (zDjun, DFoy) = (f,on), Yo € Fy " I(A).

We next show the unique solvability of (5.42))-(E.43]) by verifying the Babuska-
Brezzi inf-sup condition of the involved bilinear form. For this purpose, we first
show the following equivalence of the norms.

Lemma 5.1. Let s € (k— 1,k) and k € N, and let U,V be the space defined in
BE39) and [BA0), respectively. Then we have
Crsllully < leDiullyo.o-n < lully,  Vuel,

Casllvlly < DMl yon-o < llvllv, YoeV,

(5.44)
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where
(5.45)

! -1z T(s+1) \ 2
Crs = <1+ F(k+5+1)F(s+1)> » Cos= (1+ k!F(k—l—s+1)> '

Proof. Given the expansion in (041, we derive from ([BII) and BI7) that

- AT 2 o~ (k) |2
(5:46)  NulZro = 38 anl’s [leDiulo. = DAl
n=~k n=k
where by BI8),
2
(s—k) _ LE(n+s+1) (g
(547) hn,O - (n|)2 n
Therefore,
o _(s,—k) (s,—k)
n s,—k)|~ |2 v s 112
”uHi(*Sﬁk) = (5,—k) hi,o n| < ﬁ”leunw(o,s—k)v
n==k hn,O hk,O
so by (Z30), (540), and (B47),
(s,—k)
2 Fyk S 2 _ 1 S 2
ullf < (1 + W) | IDlun(O«S*k) = @| xDl“Hw(o,s—k)‘
This yields the first equivalence relation in (5.44).
Next, we find from (Z7) and BI3) that
P Fn+s+1) _ _
5.48 DEI—j(=k,=s) =TT ) —7(0k=s)
so we have from the orthogonality (BI0)-B.I1) and (G.41]) that
(2 (s 2 = .12
(5.49) ”UHi(—k,—s) = Z Un 'Yr(LS’ R); HDkUHw(o,kﬂq) = qu(ls’k) Un|
n=~k n=k
where
. 2(n+s+1 o
(5.50) gk = ( ) 05—k,

T I2n+s—k+1)"
Working out the constants leads to

(Svfk)

2 ’Yk k 2 F(S + 1) k 2
(5.51)  [ollGn-s < WHD V| yoh-n < mHD V]| ok
k
Then by (B.40), the second equivalence follows immediately. O

With the aid of Lemma Bl we can show the well-posedness of the weak form
(E42) and the Petrov-Galerkin scheme (543).

Theorem 5.3. Let f € L2, . (A). Then the problem ([5.42) admits a unique solu-
tion uw € U, and the scheme (0.43]) admits a unique solution uy € +]_.](st,71<:) (A).
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Proof. Tt is clear that we have the continuity of the bilinear form on U x V:
(5.52) la(u,v)| < u|lu||v]lv, VueU, VveV.
The main task is to verify the inf-sup condition; that is, for any 0 # u € U,
(5.53) sup |a(u—,v)| >n:=C,Co,

ozvev [[ullullvllv

where C4 ; and Cy s are given in (545). For this purpose, we construct v, € V
from the expansion of u € U in (.41):

(oo}
ok (—f—s . w Dn+s—k+1),

(5.54) ve(z) == Zvn JCR= () with 0f = BT E—

n==k
By construction, one verifies by using the orthogonality (2:29), (5.46) and (E49)
that

2 2

(5.55) a(u,vy) = HI‘Dquw(OwS*k) = HDkv*Hw(o,k,S).
Thus, using Lemma Bl we infer that for any 0 # u € U, there exists 0 # v, € V
such that
(5~56) a(u,v*) = HIDiun(O,s—k) HDkU* w(0,k—3) > CLSC?»S |U'||UHU*HV

This implies (5.53).
It remains to verify the “transposed” inf-sup condition

(5.57) sup |a(u,v)] >0, VO0#wveV.
0#uelU

It can be shown by a converse process. In fact, assuming that 0 # v, € V is an
arbitrary function, we construct

(o)
|
- o pp(—s,—k) . L n: Ak
u(z) = nE:k Up Ty, (x) with 4, = Thts—ksD) .

Then we can derive (5.57) using (5.55).

Finally, if f € Lf}(k,s) (A), we obtain from the Cauchy-Schwarz inequality that

[(f )] < N fllwe 0]l ==y < fllgoeko)

Therefore, we claim from the Babuska-Brezzi theorem (cf. [4]) that the problem
(E2) has a unique solution.

Note that the inf-sup condition (£.53)) is also valid for the discrete problem (5.43)),
which therefore admits a unique solution. |

’UHV.

With the help of the above results, we can follow a standard argument to carry
out the error analysis.

Theorem 5.4. Let s € (k—1,k) with k € N, and let w and un be the solutions
of BA2) and [BA3), respectively. If w € UNTBY ; (A) with 0 < m < N, then we

have the error estimates:

(5.58) lu —unllv < eNT" 2Dl e gom -
In particular, if f(m=F e Li(,,hs,,ﬁm) (A) for m > k, we have

(5‘59) ||u - UNHU < CN_me(m_k) Hw('rn,s*k‘f*'rn) .

Here, c is a positive constant independent u, N and m.
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Proof. Thanks to the inf-sup condition derived in the proof of the previous theorem,

we have
(5.60) lu—unllo < @+n N u=¢lu, VoéeFy @),
where 7 is the inf-sup constant in (553). Let +7T](v75’7k) be the orthogonal projection

operator as defined in (LI0)-(@I6). Taking ¢ = +7TJ(V_S’_I€)U in (560), we obtain
from Theorem FI] and Lemma [51] that

_ —s,—k
lu—unllo < (147 Yllu— 5"y

(5.61) < (177 )(Ce) D3 = 70

< N DE e

This yields (5.58)).
From the original equation (5.38), we obtain ,D¥u = ,D;*u = f, so (5.59)
follows from (5.58]) immediately. O

Remark 5.4. By using a similar procedure as above, we can also construct a spectral
Petrov-Galerkin method for the odd order FBVP of order v = s+k and s € (k, k+1)
with k € N,

(5.62) DYu(z) = f(z), zeA, uV(x1)=0, 1=0,1,....k—1, u¥(1)=0,
and establish an error estimate as in Theorem [5.4] O

5.3. Numerical results. In what follows, we provide numerical results to illus-
trate the accuracy of the proposed GJF-Petrov-Galerkin schemes and to validate the
theoretical results. We consider two typical situations for both FIVP and FBVP:
(i) the source term f(z) is smooth, but the solution u(x) is singular; and
(ii) the solution u(x) is smooth, but the source term f(z) is singular.
We measure the numerical errors by the discrete version of ||, D5 (u — uy)|| (called
“fractional norm” for simplicity) and discrete L?-norm.

5.3.1. Fractional initial value problems. (i) We consider the FIVP (&.1]) with f(z) =
1 4+ z 4 cosx, whose solution has a singular behavior O((1 — z)®). In this case,
it is hard to find a closed form solution of (EII), so we use very fine grids to
compute a reference “exact” solution. (ii) We take the exact solution of (&) to be
u(x) = (1 —exp(l — x))(1 — 23) and note that the source term has singularity at
z =1

As predicted by Theorem B.1] the errors of the former are expected to decay
exponentially fast, despite the singular behavior of the solution near x = 1. Indeed,
we observe such a decay from Figure [B1] (left). In the second case, following the
argument in Remark 5] we find from u = (1 —exp(1 — z))(1 — 23) ~ (1 — z)%g(x)
that

DT u(x) = O((1 —2)?°™™), = — 1,
which implies ||, D™ u|,m.m) < +00, if m < 5 — 2s. In Figure 5] (right), we

depict the errors against log;y N for s = 1.4 and s = 1.9. Indeed, the slopes of the
lines are approximately —2 and —1, which agree well with the theoretical result.
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. " 2
FIVPs: Fractional norm (F) and L2norm L ) FIVPs: Fractional norm (F) and L“norm (L)
0 -1
-r-L:s=13
-e-L:s=27
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N log;oN

FIGURE 5.1. Examples of FIVPs. Left: f(z) = 1+ = + cosx.
Right: u(z) = (1 —exp(l — 2))(1 — z3).

We also observe from Figure 1] (left) that the L?-errors for s = 1.3,2.7 are
nearly the same, owing to the fact that the convergence of the scheme is completely

determined by regularity of the source term f(z) in the usual Sobolev space (see
Theorem [B.T]).

5.3.2. Fractional boundary value problems with integral boundary conditions. We
now consider the FBVP (5.10) with u € (0,2) and

(i) v = 3 — u and smooth source term f(x) = sinz, and

(ii) v = 2 — p and smooth exact solution u(x) = (1 —z)% — 6(1 — 2)2/(3 + ).
As shown in Theorem [5.2] we observe an exponential convergence for case (i) (see
Figure 5.2 (left)) and an algebraic convergence for case (ii) (see Figure 5.2 (right)).
As before, we can estimate the rate of algebraic decay for case (ii) by a direct
calculation of the norms in the upper bounds of the estimates in Theorem [5.2],
which again agrees with the numerical results in Figure (right).

FBVPs: Fractional norm (F) and L2norm (L) FBVPs: Fractional norm (F) and L2 norm (L)
B >-Lv=2.3,1=07
-4 -o-L:v=2.9,u=0.1 4
——F:v=2.3,u=07|
-9 —o—F:v=2.9,u=01 -4.5
B 9 fué N N
Y _1g g >l
2 - 5. SRR
‘5’_712 2 -p-Liv=1.3,u=0.7[>. "~
= T _dl-e-Liv=1.7,1=0.3|
-14 ——F:v=1.3,=0.7| .
NS _6.4 ——F:v=1.7,u=0.3| PRGN
-16 ~::: |—slope=-4 \‘>~ o
—slope=-3 Ty
! - 1 2 1.3 1.4 1.5
4 6 N 8 10 12 log 1N

FiGUrRE 5.2. FBVPs with integral boundary conditions. Left:
f(x) = sinz. Right: u(z) = (1 —2)3 —6(1 —2)2/(3 + u).

5.3.3. Fractional boundary value problems with homogeneous boundary conditions.
Next, we provide numerical results for the FBVP (£.38). Once again, we consider
two cases:

(i) v = 2 4+ s and smooth source term f(z) = ze®, and

(ii) v = 1 + s and smooth solution u(z) = (1 — z) sin(7x).
Like the previous cases, the error plots in Figure show the convergence be-
haviours in accordance with the estimates in Theorem [(.4
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FBVPs: Fractional norm (F) and L2 norm (L) 5 FBVPs: Fractional norm (F) and L2norm (L)
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Ficure 5.3. FBVPs with homogeneous boundary conditions.
Left: f(z) = ze®. Right: u(x) = (1 — z) sin(7x).

6. EXTENSION TO CAPUTO FRACTIONAL DERIVATIVES

In this section, we extend the GJF approximation in Sobolev spaces involving
Riemann-Liouville fractional derivatives to Caputo fractional derivatives. We con-
clude the paper with some remarks.

6.1. Important formulas. It is seen that the formulas in Lemma and The-
orem [3.I] are exceedingly important in the analysis and spectral algorithms for
FDEs involving Riemann-Liouville derivatives. Remarkably, similar formulas are
also available for the Caputo fractional derivatives. Like Lemma 25 we have the
following formulas.
Lemma 6.1. Let s € [k — 1,k) with k € N;n € Ny, and x € A.
e Fora>—1 and B €R,
gDi{(l . x)a-i-kpr(;x-&-kﬁ—k)(x)}
(6.1) _ T(n+a+k+1)
CIln+a+k—s+1)
o foraeR and > —1,
DL+ a) Pl kOt (1)}
(6.2)  I(n+B+k+1)
CI(n+B+k—s+1)

Proof. Let us first derive (6.1). In view of ,D¥ = (~1)*D* with k € N (cf. 271)),
we obtain from (236) that

(1 _ .,L,)a+k—sPT(La+k—s,/3—k+s)(x)-

(1 + x)ﬁ+kfspy(la7k+s,/3+kfs) (l‘)

T(n+a+k+1)
I'n+a+1)
By Definition 21} we have {D{v = (—1)*,1¥7*(D*v), so using 234) with p = k—s

and (G3) leads to
fDT{(l _ x)a+kp7sa+k,5—k)(x)}
Fn+a+k+1)
= (1 — ) P{P)
I‘(n—i—a—i—l) 1 {( {E) n ((E)}
T(n+a+k+1) _ s
_ 1— a+k sP(a+k s,B—k+s) )
F(n+a+k—s+1)( 2 " (z)

This yields (GI)). The formula ([62)) can be derived similarly. O

(6.3) D*{(1 — x)*TFplotki=R (g} = (~1)* (1 —z)2 PP ().

Licensed to Purdue Univ. Prepared on Tue Jul 26 09:27:25 EDT 2016 for download from IP 128.210.126.199.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



GJFS AND THEIR APPROXIMATIONS TO FDES 1635

The counterpart of Theorem [B.1] takes a slightly different form in the range of
parameters, which is a direct consequence of Lemma

Theorem 6.1. Let s € [k —1,k) with k € N, n € Ny and z € A.
o Fora>k—1and B €R,

_ I'n+a+1) _
6.4 Cps +J( a,B) — +J( a+s,B+s) .

o foraeRand B> k—1,
- +8+1) _
6.5 ¢ ps{-jla /5) — ’I’L J(a-‘rs B+s)
(6:5) aEh ()} = n+ﬂ—s+1) ().

Proof. With (a — k, 8 + k) in place of (o, ) in (61), we obtain (4] immediately
from the definition ([B.)). The rule (6.5) can be obtained in the same fashion.
Alternatively, note that

(6.6) D7 (x) = DY((1 - 2)* PP (2)) = (1 - 2)*'(x),

for some ¢ € P,, so Dl+J,(L_a”B)(1) =0for! =0,...,k — 1. Then by (2II),
we have DS (2) = DI (2). Therefore, (64) follows from (F12)
straightforwardly. O

Taking s = « in ([64) leads to that for & > 0 and 8 € R,

r 1
(6.7) nglx{t]r(l—a,ﬁ)(x)} = MPT(LO’MFB)@)'
n!
Similarly, we derive from (6.0 an important formula; that is, for & € R and real
g >0,
(e — n+p0+1 (a
(6.8) DA () = 75)]3 +.0) (7).

When o € N, the above formulas are identical to BI2)-(BI3]), respectively.

6.2. Approximation results. The argument to derive the GJF approximation
results in Subsection .1l essentially relies on the orthogonality of Riemann-Liouville
fractional derivatives of GJFs. Notably, we have very similar orthogonal properties
in the Caputo case.

Using (B16]) and (620)-(@8), the orthogonality (BI7) and (BI9) takes the fol-
lowing form.
e Fora>0and a+ 8 > —1,
1
(6.9) / lDl ED§ 70 (2) D'EDS IO () w ot (@) da = B 8.
e Fora+ > —1and >0,

1
(6.10) / D' GDf I (z) D' GDP I () wet D (2) dar = B 8.
—1

Here, | € Ny and hiﬁl”@ ) is defined in (IR).
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In view of the above orthogonality, we modify the definition of the space in (@IS
as
(6.11)

EBZ (A) == {U € Li(—a,m (A) - D! gD?U € Li<t,a+ﬁ+l)(A)7 I=0,1,--- ,m},

for m € Ny. Similarly, we can define QBZT/B(A). Let +Tl-a”8,i =1,2,3, be the same
as in ([@Z). Then @IY) holds for (o, 8) € TP U+TS? and | € Ny, with D! ¢D¢
in place of mD?"H, namely,

(6.12) 1D S5 |7 e

Thanks to (69)-(@I0), we can extend the results in Subsection ] to the Caputo
fractional derivatives by using the same argument.

Theorem 6.2. The approzimation results in Theorems [£.1] and hold for the
Caputo derivatives with D* DY (k = 0,1,m) and EBZI,B(A) in place of ;DI (k =
0,1,m) and ™ "Lﬁ(A), respectively. Likewise, the results in Theorems 3] and 4]
can be extended to the left-hand side of the Caputo derivatives.

Proof. Note that in the Riemann-Liouville case, we have ,D* = (—1)kD*, D§
and _1D>T* = DF_1D® for « € RT and k € N, but this rule does not hold
for the Caputo fractional derivatives. Leaving the derivative operator D* as it
stands, we can use the orthogonality ([G.9)-(GI0) (to replace (BI7) and (BI9)), and
follow the same lines as in the proofs of Theorems [.1] and to derive the desired
approximation results. (Il

6.3. Discussions and concluding remarks. We considered in this paper spec-
tral approximation of FDEs by introducing a class of priorly defined GJFs.
Our main contributions are twofold:

e We introduce a new class of GJFs, which extend the range of definition
of poly-fractonomials [32] so that high-order fractional derivatives can be
treated, and their relations with fractional derivatives, and their approxi-
mation properties can be studied.

e We constructed Petrov-Galerkin spectral methods for a class of prototypical
FDEs, including arbitrarily high-order FIVPs and FBVPs which have not
been numerically studied before, which led to sparse matrices. We derived
error estimates with convergence rate only depending on the smoothness of
data. In particular, if the data are analytic, we obtain exponential conver-
gence, despite the fact that the solution is singular.

The results presented in this paper indicate that, at least for the simple FDEs
considered here, one can develop spectral methods to solve them with the same
kind of computational complexity and accuracy as one solves usual PDEs.

This is a first but important step towards developing efficient and accurate spec-
tral methods for solving FDEs. While we have only considered a class of very simple
prototypical FDEs, the general principles and the approximation results developed
in this paper open up new possibilities for dealing with more general FDEs.
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