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Abstract In this paper we propose and analyze fractional spectral methods for a
class of integro-differential equations and fractional differential equations. The pro-
posed methods make new use of the classical fractional polynomials, also known
as Miintz polynomials. We first develop a kind of fractional Jacobi polynomials as
the approximating space, and derive basic approximation results for some weighted
projection operators defined in suitable weighted Sobolev spaces. We then construct
efficient fractional spectral methods for some integro-differential equations which
can achieve spectral accuracy for solutions with limited regularity. The main nov-
elty of the proposed methods is that the exponential convergence can be attained for
any solution u(x) with u(x1/%y being smooth, where A is a real number between 0
and 1 and it is supposed that the problem is defined in the interval (0, 1). This cov-
ers a large number of problems, including integro-differential equations with weakly
singular kernels, fractional differential equations, and so on. A detailed convergence
analysis is carried out, and several error estimates are established. Finally a series of
numerical examples are provided to verify the efficiency of the methods.
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1 Introduction

Spectral methods are essentially discretization methods for approximating solution
of partial-differential equations. The most attractive property of spectral methods
may be that when the solution of the problem is infinitely smooth, the convergence
of the spectral method is exponential. Due to this advantage, spectral methods have
achieved great success and become popular in the scientific computing community.
On the other side, classical spectral methods meet also some limits, such as loss
of global accuracy when facing problems with non-smooth/singular solution. Such
problems can be found, for example, in integro-differential equations with singular
kernels, fractional partial differential equations, traditional equations with singular
data, and so on.

Integro-differential equations arise in mathematical models of many disciplines
such as electromagnetic scattering, biological, and etc. They have been subject of
many theoretical and numerical investigations; see, e.g., [8, 10-12, 14, 15, 37, 42—
45, 47-49]. Some of these work address spectral-like methods, such as polynomial
spline collocation methods for Volterra integro-differential equations [10, 12, 37, 45],
spectral methods for Volterra integral equations [14, 15, 44], Sinc functions for lin-
ear Volterra integro-differential equations [49], and Legendre spectral methods for
second order Volterra integro-differential equations [47, 48]. Very few works have
touched spectral approximations to integro-differential equations with weakly sin-
gular kernels [10, 12, 14, 48]. It is known that the solutions of the weakly singular
integro-differential equations have limited regularity at the end points, and so far
there are no spectral methods constructed for such problems with spectral accuracy
for non-smooth solutions.

Singular solutions appear also in fractional partial differential equations (FPDEs),
which are generalizations of the integer-order models, based on fractional calculus.
They are becoming increasingly popular as a flexible modeling tool for diffusive pro-
cesses associated with the so-called anomalous diffusion. FPDEs have been applied
to diverse fields, including control theory, biology, electrochemical processes, porous
media, viscoelastic materials, polymer, finance, and etc; see, e.g., [1, 2, 4-6, 20,
23, 27, 28, 33, 35, 36] and the references therein. The main feature/difficulty of
FPDEs lies in three facts: 1) the solutions of the associated problems have limited
regularity at the end points; 2) fractional derivative is non-local operator; 3) the ker-
nel function in fractional derivative is singular. Not mention advances in theoretical
aspects and other numerical methods (mostly finite differences and finite elements),
there exist limited but promising efforts in developing spectral methods for FPDEs;
see, e.g., [13, 29-31, 40, 50, 51]. In particular, Zayernouri and Karniadakis [50, 51]
introduced the so-called polyfractonomials, which are eigenfunctions of a fractional
Sturm-Liouville problem, and proposed to use these functions as approximation to
the solution. Applications to some model equations showed the efficiency of this
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Fractional SM with applications to singular problems 913

new approximation, but there is no theoretical analysis available for the approx-
imation error. More recently, Chen et al. [13] considered a class of generalized
Jacobi functions related to fractional calculus, and proposed to use these functions
to approximate the solutions of a class of fractional boundary value problems. The
proposed scheme was based on Petrov-Galerkin methods, and leads to sparse linear
systems using suitable orthogonal basis functions. Error estimates with convergence
rate only depending on the smoothness of data were derived therein. The limitation
of their approach is that it requires an anticipated knowledge of the solution form,
i.e., the exact solution must behave like (1 — x)%g(x) in [—1, 1], where g(x) is a
smooth function. More precisely, in order to get exponential convergence, the frac-
tional power o must be exactly known in advance, which is needed in the construction
of approximation spaces.

This paper aims at providing a fractional spectral method that is capable to handle
a family of the aforementioned problems in a more efficient way. We will develop
a kind of fractional Jacobi polynomials as the approximating space, which achieve
spectral convergence for the solution with limited regularity at the end points. More
precisely, we will consider at this first phase applications of the proposed method to
the following three types of equations:

1) integro-differential equation u, = aju(t) + a> olt“ u@)+ f(@), u > 0;
2) fractional differential equation bu(x) — DPu(x) = fx),1<p<?2
3) classical elliptic equation with singular forcing —Bfu(x) = f(x).

The advantage of our approach is that the exponential convergence can be guaran-
teed for any solution u(x) with u(xl/ ) being smooth enough, where 0 < A < 1
is a parameter related to the approximating space. We are going to see that by suit-
ably choosing A, our method can solve a large number of problems with mixed
singularities of distinct types. The proposed fractional spectral method makes use of
the fractional polynomials, also known as Miintz polynomials, that have originally
appeared in approximation theory [9, 32, 34]. A particular class of Miintz polynomi-
als, i.e., fractional Jacobi polynomials, has been used in a few work. In [3, 19, 26]
the authors used a fractional Jacobi polynomial spectral Tau method for fractional
differential equations and constructed operational matrix for fractional derivatives.
However, there is neither numerical analysis available for the approximation quality
of the proposed schemes therein, nor discussion about the significant advantages of
the fractional Jacobi polynomial based methods. Very recently, Shen and Wang [39]
considered a kind of Miintz functions to construct a Galerkin method to solve the
Poisson equation and obtained optimal error estimates.

The purpose of this paper is to set up a framework for solving a kind of integro-
differential equations and some related problems using the fractional polynomials.
The main ingredients of the paper are:

— In the first part, we derive necessary error estimates for approximation in suit-
ably weighted spaces using fractional polynomials. In particular, we introduce
some weighted projection operators in the fractional Jacobi polynomial spaces,
and establish approximation results in related norms. Some complementary
properties of the fractional Jacobi polynomials are also provided.
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914 D. Hou and C. Xu

— In the second part, we construct efficient fractional spectral methods for a class
of integro-differential equations with singular kernels and fractional differential
equations. Error estimates for the proposed approaches are derived by employing
the results obtained in the first part for the fractional polynomial approximations.
The obtained estimates show that spectral accuracy can be achieved for a large
number of integro-differential equations with singular kernels.

— Finally, a series of numerical experiments are carried out to verify the theoretical
claims. Moreover, we numerically demonstrate that the proposed fractional spec-
tral method can equally treat non smooth solutions for some classical (integer
order) equations with spectral accuracy.

The paper is organized as follows: In the next section, we give minimum preparatory
materials of fractional polynomials, and present necessary properties of fractional
Jacobi polynomials. In Section 3, we establish the approximation results for several
projection operators defined in fractional Jacobi polynomial spaces. In Section 4,
we construct fractional spectral methods for a class of integro-differential equations,
fractional differential equations, as well as classical elliptical equations. Error analy-
sis are conducted for integro-differential equations. Some implementation details are
presented in Section 5. The numerical examples are given in Section 6. Finally we
give some concluding remarks in Section 7.

2 Notations and fractional polynomials

The well-known Weierstrass theorem states that every continuous function on a com-
pact interval can be uniformly approximated by algebraic polynomials. This result

was generalized by Miintz, who proved that the Miintz polynomials of the form
n

o0
3" agx’* with real coefficients are dense in L2[0, 1] if and only if A,:l = +o0,
k=0 k=0
where {Ag, A1, A2, ...} is a sequence of distinct positive numbers such that 0 < Ag <

A1 < ... = oo. This generalization is usually called Miintz-Szdsz theorem [18, 34].
If the constant function 1 belongs to the system, that is if Ay = 0, the same result
holds for C[0, 1] with the uniform norm.

2.1 Fractional integrals and derivatives

Firstly, we review some basic definitions of fractional calculus [17, 35].

Left and right Riemann-Liouville fractional integrals of order u € (0, 00),
denoted by 41/ and XI; for a < x < b respectively, are defined by

1 X
adtox) = —f (x — )" u(s)ds,
() Ja
14 1 b 1
Jvx) = —/ (s —x)*v(s)ds, 2.1
b I'(w) Jx
where I'(+) is the Gamma function.
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Fractional SM with applications to singular problems 915

Left and right Riemann-Liouville fractional derivatives of order u € (0, 00),
denoted by XL D! and RI);DZ respectively, are defined as

RLpIy(x) = ﬁ%f:u — 5)"u(s)ds, (2.2)
RLpit ) — D" n—p—1
xDyv(x) = H——de” (s X) v(s)ds, 2.3)

where n is the integer number such thatn — 1 < u < n.
Left and right Caputo fractional derivatives of order i € (0, 00), denoted by
EpH and XCD;f respectively, are defined as

1 X
Cru _ _ \r—u—1(n)
JDivx) = —F(n — M)L (x—1y) vWi(s)ds, 2.4)

Dfu) = o / (s — 21 (s)ds, @5

where n is the integer number such thatn — 1 < u < n.
Riemann-Liouville fractional derivatives are not equal to Caputo derivatives,
however they are linked by the following relationship

n—1

(k)
vy = KDy = 3 L

Fk—]xkiﬂ. (26)
g Tk+1—w

2.2 Recurrence of orthogonal polynomials

Let w = w(x) be a weight function on the interval (a, b), which is a non-negative
integrable function defined in (a, b). Define the inner product:

b
(u, v)y =/ u(x)v(x)wx)dx. 2.7
The numbers
b
M, = / xX"wx)dx, r=0,1,2,.., (2.8)

are called the moments related to the weight function w(x). For any positive weight
function w € L!(a, b), there exist uniquely determined monic polynomials py of
degree k, which are orthogonal to each other with respect to the weighted inner
product (2.7). These polynomials satisfy a three-term recurrence relation

Pir1(x) = (¢ —ap) pp(x) — Bepr—1(x), k=0,1,2,...

with p_1 =0, po = 1, and the coefficients
Pk,
RUY T
(P> P w
Br = M, k=1,2,....
(Pk—1> Pk—1ow
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916 D. Hou and C. Xu

The above three-term recurrence relation gives a convenient way to numerically cal-
culate the orthogonal polynomials. For the classical orthogonal polynomials, e.g.
Jacobi, Laguerre, and Hermite polynomials, formulae for the coefficients o and By
are known in closed form [22, 41]. For the nonclassical weight functions, their recur-
rence coefficients are not explicitly known. In this case, numerical techniques such
as Stieltjes procedure or Chebyshev algorithm are used to evaluate the coefficients
[21]. In this paper, we use the Chebyshev algorithm to calculate the desired coef-
ficients from the moments of the underlying weight function w(x). For the readers
convenience, the Chebyshev algorithm is presented below [22].
Chebyshev Algorithm
1. Initialization:
M,
%0 = Bo = Mo,
o_1;=0, I=1,2,...,2n -2,

ooy =M;, 1=0,1,...,2n—1.

2. Loopforn > l:fork=1,2,...,n—1,do

Okl = Ok—1,1+1 — Qk—10k—1,0 — Bk—10k—21, I =k, k+1,....2n—k —1,
Ok k+1 Ok—1,k
o) = - )
Ok, k Ok—1,k—1
_ Okk
Ok—1,k—1

The complexity of the algorithm is O (n?).

2.3 Jacobi polynomials

o
The well-known Jacobi polynomials {J ,f‘ P (x) }k 0 are orthogonal with respect to the
weight function w®# (x) := (1 — x)*(1 + x)? witha, B > —1 over A := (—1, 1):

1
[ ot B w58 rdx = P 2.9)
-1
where
b — 22t T+ a+ DI(n + B+ 1)
" Cn+oa+B+DnTn+a+p+1)

The special case « = B = 0 corresponds to the Legendre polynomials, denoted
by {Lu(x)}72, hereafter, and o = B = —% yields Chebyshev polynomials up to a
constant depending on 7.

A very useful property of the Jacobi polynomials is the following Sturm-Liouville
equation:

(%P (x))! 4 {(1 - xz)a)a’ﬂ(x)i],‘l’"ﬂ(x)} =—n(n+a+p+DI"F(x).
dx dx
(2.10)
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Fractional SM with applications to singular problems 917

From (2.9) and (2.10), we have

1
[ o e ) G ) dx = oy s @)
where
o%P =n(mn+a+p+1). (2.12)
We define the operator A by
d d
Ap = — (PN =11 =M™ Px)—¢t. (2.13)
dx dx

By using integration by parts it is seen that A is a self-adjoint operator, i.e.,
(Ad, @) by = (@, AQ) yab(r), VP, 0 €{v:v, Av € cho"‘-ﬂ(x)(A)}’ (2.14)
and it satisfies the following stability inequality:
2
APl w8 (x) = CllPll2, ey YO € Hiap(py (D). (2.15)

In practice, one can compute the Jacobi polynomials using the following three-term
recurrence relation:

wp w.p 1 1
Jo " (x) =1, J| (x)=§(a+ﬁ+2)x+§(a—ﬂ),

IER () = @Px — b2y JoP (x) — P uh (x), (2.16)
where
b _ Qnta+BrDCntatp+2)

El

"o 2n+ Dn+a+ B+ 1)

o _ B*—a®)2n+a+p+1)

n 2+ Dn+a+B+D2n+a+p)’

b _ n+a)n+pCnt+a+p+2)

" n+Dn+a+p+DC2n+a+p)
We list below some more properties to be used in what follows.

Lemma 2.1 (see [41] p62-67)
JEP(x) = (=" I (=x);
Fn+a+1)
T+ DM(n+1)°
r'h+B+1)
FrB+DI(n+1)

JEP () =

JEB(—1) = (=1)" (2.17)
Lemma 2.2 (see [38] Theorem 3.19) The Jacobi polynomials satisfy
2

1— JOH-l,ﬂ —
(I =x)J, *) 2n+a+pB+2

[(n +a+ ISP — (n+ DI (x)] ,

(140 TP+ () = (14 B+ DI @) + o+ DI )]

2n+a+ﬂ+2[
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918 D. Hou and C. Xu

Lemma 2.3 ([51] Lemma 3.2 and [13] Lemma 2.4) Let © > 0,x € A and n be
nonnegative integer number.
(i) Fora € R, B > —1, it holds

r'n+B8+1)

B+u yo—p,f+u
F(n+ﬂ+u+1)(l+x) J, x). (2.18)

A+ 0PI () =

(ii) Fora > —1, B € R, it holds

T(n+a+1)

1 — x)etm goetib=iy (2,19
1ﬂ(nJFOHLMJFI)( X) f x).  (2.19)

JHA =TSP (x)) =

2.4 Fractional Jacobi polynomials

Definition 2.1 The fractional Jacobi polynomials of degree n are defined on I :=
[0, 1] as

JEPr )y = J@Px* — 1), Vx e I, (2.20)
where J,‘f b (x) denotes Jacobi polynomial of degree n,and o, 8 > —1,0 < A < 1.
When A = 1, the polynomials {J, A (x)}92, are called shifted Jacobi polynomi-

als, which are orthogonal polynomials with the weight (1 — x)*x?.
From Lemma 2.1, we have

Frm+pB+1)
JEBA0) = JoP(—1) = (—=1)" ,
O D=0 FrB+DHr(n+1)
Fn+a+1)
o, B,h _ ga.B _
JEBA1) = J2P (1) = RS (2.21)
Let’s denote
P H(x) = a1 = xP)Ax BT (2.22)

Lemma 2.4 The fractional Jacobi polynomials J, A ’A(x) are orthogonal with
respect to the weight function w"’ﬁ’)‘(x), o,B>—-1,0<A<1loverl,ie.,

1
/ Pk () JEPX () JEPX (x)dx = POP Sy s (2.23)
0
where
o f Fr'h+a+DHI'n+B+1)

Y T onta+ B+ nTitatB+1)
The special case @ = 0, = % — 1 yields the Miintz Legendre polynomials, which

have been defined in a different way in [32] and [9].
In virtue of (2.10) and (2.20), we have the following lemma.
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o0

Lemma 2.5 The fractional Jacobi polynomials {J,‘,x A ’)‘} 0 satisfy the following

Sturm-Liouville problem: "~

d d
(a)(x,ﬂ,k(x))—l% {)\,_1(1 _ x)n)a-f‘lxﬂ)»"rla.]n(x,ﬂ,)»(x)} — _O_not,ﬁJ’(lx,ﬂ,)u(x)’

(2.24)
where a,f[’ﬁ =nn+aoa+pB+1).

Proof 1t can be directly verified by using (2.10) and (2.20). O

Lemma 2.6 The derivative of fractional Jacobi polynomials are orthogonal frac-
tional polynomials with respect to the weight @*P*(x) = A71(1 — x*)@txfr+1
ie.,

1
f " () (TP () (JEFPH(x)) dx = o2 P PP 8y . (2.25)
0

Proof 1Tt is a direct consequence of using (2.23), (2.24), and integration by parts. [

3 Some projectors and error estimates

In this section, we will introduce some projection operators in different weighted
Sobolev spaces and derive error estimates for these operators. These results play key
role in the error estimation for fractional spectral methods to be constructed hereafter
for integro-differential equations with weakly singular kernels.

Firstly, we introduce the following differential operators:

d d

0._ -
D=1, Dii= dx* T axr-ldx’

D; :=D,Dy, -,
k
k
DA IZD)LD)L~-~D)L, k=0,1,--- .
and define the non-uniform fractional Jacobi-weighted Sobolev spaces:

Bl (D) = v Dive 12 pn(D.0sksm), m=0,12, G

equipped with the inner product, norm and semi-norm respectively as follows:

m
(u, U)Bga./a,,\ = kzo(Dl)fu, Dl)f)wa+k,ﬁ+k,x,
1/2
1ol = @, 0w [0l = DYVl grmpims.
The special case A = 1 gives the classical non-uniform Jacobi-weighted Sobolev
spaces:
B 51 (D) = {v L0k e L2 (1,0 <k < m} . m=0,1,2,---. (32)
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920 D. Hou and C. Xu

We then generalize the definition of the fractional Jacobi polynomials defined in
220)toax = —1l or/and B = —1:

_ i+a+1 .
T = e @), =0,1,2, (3.3)
I @) = ii%?—(—thW*uLizala,u, (34)
IS = A = 0, i = 0,12, (3.5)
where o, B > —1. Define the fractional polynomial spaces for o, § > —1:
(1) := span { 2. i=0,1,2, n«} (3.6)
with
Oa (,Y,IB > _17
[ = l, a=-1,8>—-1ora>—-1,8=-1,
2, a=B=-1.

3.1 Lia,_m (I) and Li_l,m (I)-orthogonal projectors with ., 8 > —1

In this subsection, we will discuss the properties of {J 1)‘(x)}o"o and
{J ! ﬂ A(x)};?ozo and related Lwa,fl,)»_ and Lw,l_ﬂ,x—pm]ectlon operators. We will only

present the results for the Lim_,v , -projector, since Li—l. p..-Projector can be analyzed
in a similar way.

Lemma 3.1 The fractional polynomials {J ) -1 )‘(x)} o defined in (3.3) have the
following orthogonality

1
/o o) T dx = 8 3.7)

. i+a+1
(i+DQi+a+2)

: see also

where o® 1 (x) = (1 — x*)*x~ !, and J;;il—

(2.23). Furthermore, it holds:

_ (a)(x,—l,)»(x))—lax {A_l(l A)C{-H 1— )\a Jlo;_II )»(x)} lO:_T] ;1_?1 )»( )
3.8)

where 0 =0+ DG+ a4+ 1), seealso (2.24).
Proof We derive from a direct calculation using (3.3) and (2.23)
1
Acﬂ*LHMLifJ@)ﬁglﬂmdx
1 D 1
_ @ +0{ + )({ +o+ )/ wa,I,A(X)Jia,l,k(x)Jq,l,A(x)dx
@+bhGyg+D J

B ita+l _
T+ DQRita+2)
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This proves (3.7). Using Lemma 2.3, we have

X
A+ ) = G+ 1)f T (s)ds,
-1
1
(1 =) 00 = (i 4o+ 1)/ (1 —)*J* " (s)ds.
X
By change of variable x — 2x* — 1, we obtain
X
H IS () = A + 1)/ SO (g
0

1
(1 — Py et b0h oy — A6 +a + 1)/ (1 — M1y (s)ds. (3.9)
X

Thus
— (@), {)ﬁl(l el =k ‘Iz+1 ,\(x)}
1
— _)\’71(1 _ x)\)fotxax {(1 _x)\,)otﬁ'lxl*),ax [%xkjia,l,k(x)}}
l

= =27 = [+ D = O )

= (i +a+ D) =+ D+ + DIST ().
The proof is completed. O

Now we define the Lim_u ) — SR‘,"‘?(I) orthogonal projector 7y e.~1.2.: for all
ve L, (). Ty 100 € S5 (1) such that

(V= Ty o120, UN) et =0, Yoy € 555 (D). (3.10)
Then define the dual fractional polynomial space of Sff,’;l (1) as follows:

ye 10(1) span {(1 —xk)"‘“J;?‘“’O'*(x),j —0.1.2,- -, N}

Remark 3.1 1t is observed from (3.9) that (1 — x*) " *xd,vy € Sff,”;] (I if vy €
Vs o).

Lemma 3.2 The projector wy .1 satisfies the following property:

(B (v — Ty um12), v8) =0, Vv e BL, (D), Yoy € V5 0.

Proof Using the fact that (v —7y ,e.-1.20) (X)UN (X)|x=0,1 = Oforall v € Bc})a,—l,x 1)

a—1,0

and all vy € VN 5 (I), we have

(0x(v — Ty e—10V), UN) = —(V — Ty o120, OxUN)

—X(v — Ty 100, (1 — x)‘)_“xava)wa,_l,A.
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922 D. Hou and C. Xu

From the definition (3.10), the right hand side term vanishes since, according to
Remark 3.1, (1 — x*) " *xd,vy € Sf\l,’;l(l). This concludes the lemma. O

Theorem 3.1 (see Theorem 2.2 in [24] for case A = 1) The following approximation
result holds for the projector Ty ya-1.1:

105 (v — 7y 110 g gt —11 < CN'T 130l gymrem—1.1
0<!l<m, Yve Ba’j‘a_,l,l(l).

Theorem 3.2 (case 0 < A < 1) For any v(x) such that v(xk) € B™" e, (), m > 1,
its orthogonal projection Tty 0.1,V admits the following error estimates:

1
||U — T[N’wa,—l,kvno’wu,—l,k < CNim ||3;"U(x?) ”()’wm-%—a,m—l,l , (311)
1
10x (v — 7Ty 1.0V [l pa+1.20-24 < CNl_m||8;"v(xl)||0’wm+a,m71.1. 3.12)
Proof Any Lz)%l,x (I) function v can be expressed as

(v(x) JaTh k(x))w

v(x) = Z I ), with 9§ = lx 5 i
15T 012
By making variable change y = x*, we have
—1.A i+a+1 (! a1 R
(v(x), Jl-o_lH (x))wa.q,x = T/() Al — x™M)%x v(x)Jia 2x* — 1)dx
_itoa+l

1
1
1 — ()% 2y — 1)d
P /O( Y u(y*) ;7 2y — Ddy

1 —-1,1
= (v(x7), Ji‘:’r] (X)) 11
Furthermore, it follows from Lemma 3.1
—1. 1,1
T2 NG o = I OO e
Therefore, we obtain
1,1
(verh), J+1 ®©)

1757

_ (3.13)
i—{—l (x)”(),wa,—l,l

b =

Consequently,
o
2 A2 o, —1,A 2
lv— T[N,wavfl-)‘v”o’woz,—l.)» = E v; ||Ji+1 (x)”()’wo.—l.)\
i=N+1

) (v(xk) J: 711( ))io{,fl.l

a -1,1
S T @R

1 1
= IoG%) = Ty et V@2 i
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Finally, using the approximation results already established in Theorem 3.1, we
obtain
_ 1
”U — T['N’wa.fl,)uv ”0,(1)""71’)‘ < cN mn || 3;"1)()6 A ) ||0’wm+a.mfl.l .
This proves (3.11). Next, we shall prove (3.12). Noticing

2
10 COI2 e

1 1
/ )\'(1 _x}u)ax—IUZ(x)dx — / (1 _ t)at—lvz(tl/)»)dt
0 0

1/ 12
GG et

we see v(x) € L2, . (1) if and only if v(x'/*) € L2, _, (). Thus for any v(x) €

Lia,—l,x (I)’ we have

1 > | N

1 A ya,—1,1 1 el

v = Zviji‘“ (), Ty pe-11v(xXF) = Zvi‘]i-i-l (x),
where
v(xi), IO ()
- Uit wt—L1
o a—1.1, \2
i GO, et

It then follows from (3.3) and (3.9),

1 1 2 )
[0:0(7) = Ty et V&N G pairon = Y
i=N+1

1,1 2
CNVASREO] P

oo
= Z i+oa+ 1)217,-2||J,«°‘+1’O‘](X)||§wa+1.o,1,
i=N+1 ,
oo
||3x(v—ﬂN,wa,—l.AU)”g_waﬂ,m—z.»\ = Z o7
i=N+1
o0
= > Ai+a+ D)}
i=N+1
[oe)

= 3 26 o+ DI s
i=N+1

=LA 2
Ox J,'Cz_l (x)”()vwoﬁrll/}\—z./\

=1 ga+1,0 5 2 2
X J; (2x _1)H01wﬂ+1.2/)~72)\.

Furthermore, using Lemma 2.4 gives

” Jia+1,0,l — H Jia+1,0,k

(x) Uo,a)“*'lvovl (x) ”(),wa+l,0,)u

Therefore,

“ax(l’ — TN o.—120) ||O’wu+1,2/xfz.x = )\Hax(v(x%) — TN, @1 U(-x%))“()’waJrl.O,l

IA

AN 800 () g v

The proof is completed. O

Remark 3.2 Tt is seen from the proof of Theorem 3.2 that
1 1
o) = 7y 1200 [ o160 = [0OF) = 7y o110 [ s

80 (W) =Ty 1500 [ st 22 = 2B W) =Ty 110G [ st
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924 D. Hou and C. Xu

This means that the approximation error of the fractional polynomial projector
Ty -1 Of a given function v(x) is related to the classical polynomial projection

Ty i1 Of V(x!/2),
3.2 Li_l,_m (I)-orthogonal projection

In this subsection, we will investigate the properties of {J -1 ’\(x)}ooo and the
related Lw, |._1.1-Projection operator.

Lemma 3.3 The fractional polynomials { ; +12 L )‘(x)} defined in (3.5) satisfy

the following equality:
X
IS ) = -G+ 1)/0 s* L1 (25% = ds, (3.14)

where Li11(x) is Legendre polynomial of degree i + 1.

Proof According to Lemma 2.1 with @ = B = —1 in [24], we have

0 J 5 ) = =G+ DLy 2x — D).

Then we obtain

OxJ.

5T ) = 05T ) = <Al 4 D L@ — 1.

This gives the desired result using the fact that J; 1 }‘(O) =0. O

Similar to Lemma 3.1, we can prove the following properties for the fractional
1 —1,A o
polynomials {J; ()t o
1=
(o)
Lemma 3.4 The fractional polynomials [Jijrlz’_l’}‘(x)}' o defined in (3.5) satisfy
i=
the following orthogonality

1
/ a)fl,fl,k(x)]illz,—l,k(x)‘,ﬂrz Moydx = Vz+2 s,
0

A1 i+ 1
Qi)+
{Jz+12 L )‘(x)} 0 satisfy the Sturm-Liouville equation as follows:

where 0~ "1 (x) = A1 — xM) "Ik Furthermore,

(a1 {A Iel=hg, Jz+2 ,A(x)}:Gilli—ljijrg—l,x(x)’

wherea+1 =0+ D@GE+2).

@ Springer



Fractional SM with applications to singular problems 925

—1,—1
Now, let 7y ,-1.-10 : Li—l.—l,x(l) — Sy, (1) be the Li—l-

projector: for all v € Li,fl,fm (1), Ty y-1.-10V € S;’ll’_l(l) such that

(I)-orthogonal

—1x

(0 = Ty 1120, V) otmtx =0, Yoy € Sy (). (3.15)
Theorem 3.3 For any v(x%) € Bz)ll,,l_l(l),m > 1, the projection operator
TN o-1.~1 admits the following error estimate:
1
lv — ﬂN’w—l,—l,AU”O,w—l.fl,x < CN_m||8;"v(xi)||0’wm71,m71,1, (3.16)
1
10x (v — Ty y-1.-12V) [l o222 < CNl_m||8;"v(xx)||0’wm71,m71,1. (3.17)

Proof First we state a known result in the special case A = 1, which was given in [7,

38, 46] for the 7y ,,~1.-1.1 orthogonal projector
”8)[;(1) — ]TN’w—l.fl,lU)”O,wlfl,l—l,l < CNl_m||8;nv||0’wmfl,mfl,l,
Yv € BZ’_L_H(I),I =0,1. (3.18)
Similar to the proof of Theorem 3.2, we can obtain
1 1
||v — nN,w_L_],w”O’w,l_,]’A = ||v(xk) — TN 111 v(xk)“O’w,l_,l’l,
1 1
[0y (v — NN,w—l,—l,)LU)||O’w0.2/)‘—2.)\ = M0y (v(x*) — TN, o-1-11 v(xk))||0’w0,o.1.
(3.19)
Putting (3.18) and (3.19) together completes the proof. [

4 Fractional spectral methods

This section is devoted to developing efficient fractional spectral methods for several
kinds of problems with weakly singular solutions, and derive error estimates using
the approximation results established in the previous sections.

4.1 A integro-differential equation

Firstly, we consider the integro-differential problem:

ur = aju(t) +ax oll'u@) + ft), tel, @)
u(0) =0, '
where a1 and a, are real bounded constants, and © > 0.
This equation or its variants have been investigated in a number of papers; see,
e.g., [10, 43] and the references therein. We consider the following Petrov-Galerkin

based fractional spectral method: Find uy € SR,”;I (I), such that

(uly. o) = ar(un, vw) + axolfun, vw) + (fion), Yoy € VR0, (4.2)
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926 D. Hou and C. Xu

1 2,1

vy = a1 — My €
VIQ’]/\’O(I ). Thus the problem (4.2) is equivalent to the weighted Galerkin form as
follows: Find uy € S%;l(l), such that

. - 1_
Notice that for any vy € S?\,’,Al(l) we have w'7*

(Uy, vN) 1Ly = ar(uy, vn) I + ax(ol'un, vn) 1l +(fion) 1,5,
w w w w A

Yoy € Sy (D).
4.3)

The error estimation of the numerical solution will make use of a series of lemmas,
which are stated below.

Lemma 4.1 ([25] Theorem 329) If p > 1,r > 0, and g € L?(0, +00), then it holds

r _gr p R S p
fo (- olrs®) dt<{F(r+l—1/p)} /o grdr

unless g = 0.

A direct extension of this lemma for the case that g is only defined a bounded
interval is given in the next lemma.

Lemmad4.2 Ifr >0,and g € L2(I), then we have

b rasz [t
r _qr 2 2
/0 (t"ol! g(1)) d’<{—m - /2)} /0 g (ndt,

unless g = 0.
Proof Tt can be readily derived from the zero extension of g outside (0, 1). O
Lemma4.3 If0 < A < 1,y > 0. Then it holds
A
A= <=, A=<, Viel,
ye
where e is the nature number.

Proof Let h(t) = (1 —t*)t¥,0 <t < 1. Then
W) =1y = O+ y)eh.

1/4
Note that £(0) = h(1) = 0, h(t) > O forall 0 < ¢ < 1, and A’ <<#) ) =0, we

have

1/A r
14 A Y \* A 1
h hl|— = | 4— ) ==Y 4.4
0= <<)»+V) ) k+y</\+y> J/(AH)W“ @D
Y

Furthermore, using the fact (x + 1)%+1 > e for all x > 0, we obtain h(t) < ﬁ for
all ¢ € I. This proves the first inequality.
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Fractional SM with applications to singular problems 927

Substituting y = 1 — A into the both sides of (4.4) yields

(1- tl)tl—k <h ((L)I/A) — Al — )\’)%—1
- Aty B '

Finally noticing é < (1 - x)%*1 < 1forall0 < x < 1, we get
- <.

This proves the second inequality. O

Lemma 4.4 Forallu € L*(I),v € Lio,—z,x (I),r > 0, we have

12
A0 (1/2 1
It V)gijr2s < W/ﬁm)( / uzdt> 10 llg,00.-2.

Proof By using Cauchy-Schwarz inequality, Lemma 4.2, and Lemma 4.3, we obtain

(()Itru, V) 1 1/2-2,

1 1/2
< A(/ (1—%)(01[u(t))2dt) (/ (1 —1*y2 2(t)dt)
0
1 1/2
= (/ (1-— 2’(t—’01ru(t))2dt> (/ (1 — Myl =21 Z(t)dt)
0
S 1 1/2 1 1/2
AT I” 2 ar 12
< m(fo (t "ol u(t)) dt) (/0 ' (t)dt)
< MdD /lkuz(t)dt " ol
= V2rel(r+1/2) \ o 0.2
The proof is completed. O

Theorem 4.1 If the coefficients ay and ay satisfy

a1 <0, || < YRR A1/2) (4.5)
2T(1/2)
or
a; > 0, “—‘ L Jeltd2) - 1 (4.6)

J2uel'(w+1/2) 2
Then the fractional spectral discrete problem (4.2) admits a unique solution. Further-

more, if the exact solution of (4.1) u(tl) € B™ 1, (D), the following error estimate
holds:

1
l — unlgpo-10 < N3 u@) g mm-i.1- (4.7)
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928 D. Hou and C. Xu

Proof In order to prove that the problem (4.2) admits a unique solution, it suffices to
prove that the problem (4.2) with f = 0 admits only the trivial solution uy = 0. To
this end, by taking vy = uy in (4.3) and letting f = 0, we obtain

Bun, uN) |1, =aiun,un) | 1_,, +aolfun,un) ;1_,,. (4.8)
w A ’ w A ’ w A

Now we estimate the above equation term by term. For the term in the left hand side,
we have

A ! Al
(Bun, UN) |1, = —f (1 — M uldr = ——f (1 = ™Y u3de
[ 2 0 2 0

)"2 ! A—172 A 2
= ?/(; T uydt = EHMN”O,Q)O*’Z)" 4.9)

For the second term in the right hand side, applying Lemma 4.4 yields

1/2

(()IIMMN,MN) L1, =< Ar(/2) /lku%vdx e v Il 0. ~2.4
o it S2uel (w+1/2) \Jo ’

AT (1/2)
T J2uel'(u+1/2)
Combining (4.8), (4.9) and (4.10) gives

leenl1g o2 (4.10)

laz|AT"(1/2)
P 2wel (w +1/2)

In the case a1 < 0, it follows from (4.11)

2 2
Sy po—2n = ar(un,un) 11, lunlly yo.-2- (411

lunl? 22y 2
0004 = apel (u+1/2) " " 0T
If furthermore |ay| < —W, then necessarily uy = 0.

In the case a; > 0, by using Lemma 4.3, we have

1
o A
UNUN) 1, = | A=ty @) dt < = [lunllf o2.-
w A 0 e ,

Combining this estimate with (4.11) leads to

2 ai laz|T"(1/2) > 2
u 02 2\ —+ u o
l N||0,w0, 2.0 = < e WF(M 11/2) l N||0’w0, 2.

. ar laz|T(1/2) _ : )
Thus, if 2 ( -+ \/ZWF(MH/Z)) < 1, then uy = 0. This proves the well-posedness
of the problem (4.2) under condition (4.5) or (4.6).

Next we derive the error estimate (4.7). Let ey = Ty o-tru—uyandey =u—uy.

On one side, we deduce from (4.1) and (4.3)

" 0,—1
(Oren, vzv)wl,%_z,A = aj(ey, vzv)wl,%_z_ﬁaz(olt en, UN)w‘v%—“’ Yuy € Sy, (D).
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C 1_ o
On the other side, in virtue of Lemma 3.2 and the fact that 0"z ~>*vy € VN‘K 1’0(1)

ifvy € Sg,’;](l), we have
(ateNvUN) Lo, = (at(u_ﬂN wO,—I,)J/t),UN) L1 o, +(atéN7 UN) L1 55
(O ’ (O (o

A 0,—1
= (afeNv UN)wl,%—ZA’ VUN € SN,)» ([)‘
Hence, we obtain

A " 0,—1
(9ren, UN)wl,%,m =ay(en, UN)wl_%,z_ﬁ‘az(oI; en, UN)LDI%,“, Yoy € Sy, ().
Taking vy = éy € S%;I(I ) in the above equation gives

(atéNaéN) .15,
w2
A I,L A
= aij(en.en) ,1_,, +tax(ol en,en) | 1_,,
(O (O
= aj(u — TN 0—1al + en,en) I + az(oI,“(u — Ty 012U + en), en) Lloas
w w
A A M/\ A A
= aij(en.en) | 1_,;, +tax(ol en,en) |1 ,, +a1(u — 7y o-12u,eN) | 1_,,
w’r 0’ A ’ w’'r

n a
+ax(ol; (u— nN‘wo,_Lm), eN)wl,%—ZA'
Thus,

~ ~ ~ A I,LA ~
(0ren,en) | 1_,, = ai(en,en) | 1_,, +ax(ol en,en) | 1_,,
[ONR A [ONR

+ai(u—my 012U, eN) 1l2a

w

+ az(oltu(u — TN 0L U), éN)wl,%—z.A'

4.12)

Estimations of the left hand side term and the first two terms in the right hand side are
similar to (4.9)—(4.11). For the remaining terms in (4.12), we first use the Cauchy-
Schwarz inequality and Lemma 4.3 to get

ai(u — 7y 011U, €N) Llaa
w

IA

|Cl1|||M - T[N,a)o'_l‘)”u”o’wl,%—z.k ”eN”O,w]’%_z’}”

1/2

1
a1 /)\(1—zk)t‘—*f‘(u—nN,wo,_.,m)zdt
0

. 12
x /Ok(l—t)‘)t-t_)‘_léN(t)dt

la|A

Je

lu — 7y po—rattllg o1 llen llo, 0.2 (4.13)
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then apply Lemma 4.4 to obtain
Map|T'(1/2)
V2pel' (u+1/2)

1 1/2
x < /0 A — 7tN7wo,1,;,u)2(l‘)dt) lénllg.e0.-2.1

Map|T'(1/2)
— J2uell(n+1/2)

X lu =7y po.-1autllg yo.-1.2 ||éN||0,wofz,x. (4.14)

L A
ar(olf' (u — my o.-1210), eN) 112 =

Similar to the proof of the well-posedness, we know that, under the conditions (4.5)

or (4.6) on a; and ajy, the first two terms in the right hand side of (4.12) can be
controlled by the left hand side term of the same equation. This fact, together with
the above estimates, leads to

- |ai | laz|T"(1/2) n
||€N||0’wo,—2,x <c ﬁ WF(M 12 ||u—ﬂN’w0,71,xu||w0,71,x||eN||0ywo,72,x.

Thus,
llen llo, w022 < cllu — Ty yo—tast]lyo.-1.2,

where c is a constant depending on |a1| and |a>|. Furthermore, noticing P (i
rmb < a1 = %22 (1), we have

||éN||0’w0,—l,A < ”é\N”O’wO,—ZA <cllu =y ot yo.-1.

Finally by using the triangle inequality and the approximation result established in
Theorem 3.2 with o = 0, we obtain

. _ 1
llenllo,po-1n < llu=my yorrttllo-12tlenllg o120 < N0 U)o ynm-1.1.

The proof is completed. O
4.2 A fractional differential equation

Next, we consider the fractional differential equation with Caputo derivative:

bu(x) — §DYu(x) = f(x), xel, 1 <p<2,
u(0) = 0, uy(0) = uy,

where b and u are real bounded constants. Some theoretical results concerning exis-
tence and regularity of the solution of this kind problems have been given in [16]. In
particular, it has been proved that smooth solution can’t be expected even if the data
is smooth. In fact, if we take f = —I'(5/2), then it can be verified that the func-
tion u(x) = x3/? is the unique solution of the problem (4.15) with » = u; = 0 and
p = 3/2. This simple example shows that even for f € C°°(I) it may happen that
u ¢ C?(I). Although precise structure of the solution to the fractional differential
equation like (4.15) is unknown, the boundary singularity is believed to be one of the
main features of boundary value problems associated to fractional differential equa-
tions. We are going to see below that the fractional spectral method proposed here is
well adapted to such problems, and the exponential convergence can be reached in
all our numerical examples by suitably choosing the parameter A.

(4.15)
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Applying Riemann-Liouville integral of order p — 1 to the both sides of (4.15),
and noticing that

oI ODRu(x) = oI~ 0L Uy = 0l uxy =ty —ux(0) = ux —ur, (4.16)
we get the following equivalent integro-differential equation:

{ wy =b ol ux) — ol (@) 4o, xell<p<2,

o) — 0. 4.17)

Therefore the fractional spectral method constructed in Section 4.1 for the integro-
differential equation can be directly applied. It is worthwhile to emphasize that the
above method is also applicable to fractional differential equations based on the
Riemann-Liouville definition, using the relationship between Riemann-Liouville and
Caputo derivatives given in (2.6). The efficiency of the proposed method will be
demonstrated by mean of the numerical experiments presented in the next section.

4.3 Classical elliptic problems

In this subsection, we aim at demonstrating that the fractional spectral method can be
equally constructed for traditional integer order differential equations. The main ben-
efit of such method is its capability to produce numerical solutions with exponential
accuracy for problems whose solutions have limited regularity at the boundaries.

Let’s consider the classical elliptic problem with homogeneous Dirichlet boundary
condition:

(4.18)

—32u(x) = f(x), x €1,
u(0) = u(l) = 0.

The method to be proposed is based on the following weak form: For f €
L2, 4, (D, findu € B!, (1), such that
A, v)=F@), YveBl ), (4.19)
where the bilinear form A(-, -) is defined by
A, v) = (), 0:(0" A2 0w (0)})
and the functional F(-) is given by

F) = (f(x), v(x)),02/-25.

Then the fractional spectral method to (4.19) reads: Find uy € B;}_L_M N
Sy~ (1), such that
Ay, vy) = Foy), Yoy e B, ()nsy=. (4.20)

The proof of the well-posedness of the problems (4.19) and (4.20) will make use
of the following Hardy inequality (see, e.g., [38] p428).
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Lemma 4.5 Let a < b be two real numbers and y < 1. Then for any ¢ € Lg)(a, b)
with w = (x — a)?, it holds:

b 1 X 2 4 b
/ (—f ¢(y)dy) (x —a)’dx < —/ P*(xX)(x —a)’dx. (4.21)
a \X—alJ, 1—yJa

Similarly, for any ¢ € Lz)(a, b) with w = (b — x)?, we have

2

b 1 b 4 b
/ <—/ ¢>(y)dy> (b—x)Vdx < / d*(xX)(b—x)Vdx. (4.22)
a b—x x 1- Y Ja

We introduce a non-uniformly shifted Jacobi-weighted Sobolev space:
B} s (D) = {u Dfu e L2y g (D, u(0) = u(l) =0,k =0, 1} :

equipped with the inner product, norm and semi-norm:

(u, v) i = (4, V), 081 + (Oxlt, Ox V) a+1,6+1,1,
O,wavﬁvl
— 1/2 =9
[vlly epr = (v, ) g ol e = 102Vl ettt
0,001
. 1/2
= (0, 3xv)wa+1,5+|,1-
In the special case « = 8 = —1, we have B(l)yw,l’,lyl(l) = BL,L,M (1), where the

latter was defined in (3.2).
Lemma 4.6 Ifa < 0,8 <0, we have

vllg,ee-tp-11 < clldzvll gustpet, Vv € By upi(D),
which implies the Poincaré-like inequality in Bé’wa‘ﬁ_l (I):

1
10llg st < clldxvllg gustpnt, Yo € BL i (D).

1

Proof For any given v € Bo,wa%l

(I), applying Lemma 4.5 to dyv witha = -, b =

I,y =a+ 1 gives

1 4 1
/ v2(x)(1 —x)* ldx < —/ 0, v(x)*(1 —x)*dx, o < 0.
1/2 —a J12

Using the inequalities: for all x € (L1,
1 5)6’371 < 217’8,V/3 <0; 1 SxﬂH < 27’371,

VB < —1; 27F 1 < xPtl <1 vB e (—-1,0),
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we obtain fora < 0, 8 < 0,
1

1
/ V()1 —x)* kP ldx < 217’3/ v2(x)(1 — x)* ldx
1

/2 1/2

3-8 1 1
<= | @ux)*1 —x)*ldx < c/ (0,00 (1 — x)* T Pty
—a Ji2 1/2

(4.23)
Similarly, for @ < 0, 8 < 0 it follows from (4.21)

1/2 172
/ V() (1 —x)* P lax < cf 0,01 —0)* T IxPHlax. (424
0 0

Putting (4.23) and (4.24) together completes the proof. O

We will also need a Poincaré inequality in the weighted space Bul),l’,l’ , (1), which
is given in the following lemma.

Lemma 4.7 Forall A € (0, 1], it holds

1
||U||0’w—|,—1,A < C||3xU||0,w0,2/f\—2=M Vv € Bw—l,—l,x(l)-

Proof Forallv € Bul),l’,m (1), we have

1 1
ollg oo = [ x(l—xk)*leluz(x)dx=/ A =) L2 (s Mds
’ 0 0
1 2 2 ! 1 2
= IR, s 10012 a2 = /O A= @, 0(0)) dx

1
= / A2 @sv(s' /M) ds = A M S oo
A :

This means v(x) € B:}_L_M(I) if and only if v(x!t) € B;)_l‘_,vl(l). Moreover,

using Lemma 4.6 with @ = 8 = —1 gives
1/2 1/2
oG Mg m1-n1 < elldrv )l 000
Thus
lvllg,w-1-1.2 < clldxvllg,mo2/2-20
This proves the desired result. O

We are now in a position to establish the well-posedness of the weak problem and
its fractional spectral approximation, and derive error estimates for the numerical
solution.

Theorem 4.2 Forall f € LilAM_M(I), the problem (4.19) is well-posed. Further-
more, if u is the solution of (4.19), it holds

||u||1’w—1,—1.x < C||f||0’w1,4/x—3,x. (4.25)

@ Springer



934 D. Hou and C. Xu

Proof We employ the Lax-Milgram lemma to prove the well-posedness of problem
(4.19). First, we prove the continuity and coercivity of the bilinear form A(-, -) in the
space Bj)—l,—l,k (I). Applying the Hardy inequality (4.21) to d,u witha = 0, b =
I, y =1-—A, we get

1 4 1
/ x MUt (x)dx < X/ x' 7 0,u)%dx. (4.26)
0 0

Then using the Cauchy-Schwarz inequality yields

A, v) = @uu(x), 3”2 () v(x)})
= @eu(x), M(1 = M)x*v(x)) + @ru(x), Ax*d,v(x))

o

- (xl%kaxu(x), Al — x)xTv(x)) + Beu(x), Ax ', v(x))

IA

12

1

(T =) uly =112 (/ )\x_l_)‘vz(x)dx> + luly 1120} 112
0 :

< QA =2 + Dluly y-1.-1000]y -1-14

< 3- )»)||I,t||1’w_|,_1,x ||v||1’w_1,_1,,\.
On the other side, in virtue of Lemma 4.7, we have

A, u) = Oxux), A1 —Nx 7 ux)) + @eu(x), rx'0u(x))

M1=2) [t
=== /0 XM () dx A+ 10ullg 0.2

2A=x [,
- =5 fo xR COdx + 10l oo

> 19xulIg o2 = cllull} o1 —1s- 4.27)
Then, the inequality
[F)| = [(f, v)p022-22] < C||f||0’w1,4/,\—3‘x||v||1’w—|,—1,x (4.28)

means JF(-) is a continuous functional in the space Bj),l',m (I). Thus the well-
posedness of problem (4.19) is guaranteed by the Lax-Milgram lemma. The stability
inequality (4.25) is a direct consequence of (4.27) and (4.28). O]

Theorem 4.3 For all f € Lil,m—z,k(l ), the fractional spectral approximation
problem (4.20) admits a unique solution uy, which satisfies

||uN||1’w71,71,x < C||f||0’w1.4/A73,A. (4.29)
Furthermore, if the solution of (4.19) satisfies u(x'/*) € B:)n—l.—l,l (1), then we have
= unlly poto1r < N U g gntmetr. (4.30)

Proof The well-posedness of the approximation problem (4.20), and the stability
inequality of its solution follow exactly the same lines as in Theorem 4.2. We now
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derive the error estimate. Using the standard error estimate for the Galerkin method
of elliptic problems gives immediately

lu—unlly o221 < inf lu—unll o220 < cllu—my p-t—1autll y0.2/2-2.
ovesy

Then the estimate (4.30) follows from the approximation result established in
Theorem 3.3 for the orthogonal projector 7y ,,~1.-1.1. O

Remark 4.1 ‘We have chosen this model elliptic problem for simplifying the analysis.

However the main result remains valid for a more general equation with the additional
term «u. In fact, in this case the corresponding bilinear form would be:

A, v) = (8000, (0" )00} ) + o @), V022 -
It can be verified that using Lemma 4.7 the following control holds:
[|u ”0,0)0,2/)»72.)» x) < ||u ”0,w’1’*1’}~ < c||oxu ||0’wo.2/x72,x.

Thus the well-posedness of the associated weak problem could be established by
accordingly modifying the proof given in Section 4.3.

5 Implementation of the fractional spectral methods
We give in this section some implementation details of the proposed method. We will
introduce suitable basis functions and numerical quadratures which allow efficient
evaluations of the integrals involved in the discrete problems.

5.1 Integro-differential equation

For the fractional spectral method of the integro-differential (4.2), we propose to
use the basis functions {J](.);__ll’)‘}, and express the numerical solution by uy () =

N
> uiJ;);rjl’k(t). Denote the unknown vector U = (uq, u,...,uy)? and the
j=0

matrices associated to the different terms by

Aij = (BZJO,—LA’ J—1,0,;\)’

j+1 i+1
— (40.-1,12 ;—1,0,A
Bij = (Jj+1 it )
o w70,—1A ;—1,0,A
lij = (011 ‘]j+1 i )
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The entries of these matrices will be calculated in the following way:
1
L
A,-,,:f MG AN A=A I 010 0 = 25 .
1
B,,j:/ (A=t gt -1t @ —l)dt:X/ (=952 10 @s =113 25— )ds
0
N
=5 LS g0 - DJYt g - 1),

k=0
Lj=2G+D <011+“ (A1 0), a =)

_MED /(t I 2st = Dds(1 = ) 0@t = Dat

r+wJo
= F(jltrlu)/ / P — oty 10(2z o — Ddo(1 —*)J0* - Ddr
N #Tm 0 fo (1 =¥y} @so = 1dos™S (1= 7@ — ds
- Ar](1++1 ) i}ﬁ;}f 02mtn — Déond 02 — Doy, with M = {NT—IW
where the points sets {£}_ and {¢,})_, are zeros of the shifted Jacobi polyno-
mials JIH/IK(Z)C — 1) and J ::I (2x — 1), respectively. {px}Y_; and {w,}Y_, are

respectively the associated Gauss weights. {§n}M o and {a)n}M o are the zeros of the

orthogonal polynomial of degree M + 1 and the Gauss weights associated to the non-

. . . 1
classical weight function (1 — x*)*. We present below a procedure to compute these
nonclassical Gauss quadrature nodes and weights. We first note that the moments M,

defined in (2.8) corresponding to the weight function w(x, A) = (1 — x%)“ satisfies
M, =ABA(r+1), u+1),
where B(-, -) is the Euler Beta function. In fact, by definition (2.8) we have
1 1
M, = / x"(1 —x*)*dx.
0
Making the variable change x = t* gives

1
M, = x/ AL —Hrde = ABOAMr + 1), w+1).
0

Then we can follow the three-step algorithm proposed in [19] to calculate {2,1}2/1: 0
and {@, }111"1: o- and arrive at the linear system

(A+ B+ 1)U =F,
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satisfied by the solution of (4.20), where F is the right hand side vector defined by

—1,0, .
(f i+1 )»)7120,1’2,.”,1\]‘

The evaluation of F; can be either exact or approximative, depending on the f used
in the actual calculation.

Remark 5.1 As pointed in [19] the calculation of the moments M, can be numeri-
cally problematic when the number of points is large: in order to obtain the double
precision entries of the matrices, one would have to perform with about 40 dig-
its operations. A way to deal with this problem is to avoid computing with the
non-conventional weight function. This can be done by the following reformulation:

Ly =2G+D (o™ (P11 @) =M 0)
J+1 v Ty g1o il 1,0
= m A A (1 _O'A)H’Jj 2so — l)dos * (1 _S)Ji (2s — Dds
= AF](1++IM)/ / (1 —0)“(1 o ) le~°(2m—1)das%(1_s)JI."°(2s—1)ds
v & !
— ] Sn 1,0 s n 1,0 B
e X%X;) ) ;7 @nn = Do J; 28n — Deom,

where the points sets {E,,}f:” o and {{m}ﬁzo are zeros of the shifted Jacobi polynomials

JA’fHOl(Zx — 1) and JN’+f (2x — 1), respectively. {c?)n}ﬁ’lzo and {wm}fx:O are respec-

tively the associated Gauss weights. For the special cases A = 1/p, p =1,2,3,---,
1

we have II_T"GA = Z,’;Ol o, This treatment is particularly efficient in these cases.

5.2 Elliptic equation

Next we describe implementation details for problem (4.20). we use the basis

functions {J -1 )‘}N o to present the numerical solution, ie., uy(x) =
N

doujlJ j__s_li_l’)‘(x). Bringing this expression into (4.20) results in a stiffness matrix
j=0

A with matrix entries

Aij= (8 LR VS A I’A(x)}), i,j=0,1,2,...,N
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A direct calculation gives

A (a IR @ A =x gy (x)) ( IR @ e ~"(x))
— 20 =MG+ 1D (x)\_]LH](Zx)‘—I),(l—x A (2x)‘—1)>

#2206 + DG+ D (T L@t = DAL et = 1))

1 )\.2 i 41 2
=5 —A)(j+1)/ (1—x")x* 'Ly 2xh = I)Ji1'1(2xk—l)dx+ﬁ8ij
0 2i+3
1 )»2 . 1 2
=21 -0 + 1)/ (1= $)Lj12s — DI 25 — 1)ds + g&j
2i +3
=-a(1— x)(]+1)/ (1—s) 102 —1)—71J10(2 1 [ s @s—1yds
2 +3 J+1 2j 437
2043
Clearly, A,-,j =0ifi < j.Fori > j, we have
N 20 2
A . _ MG+
Aij==20=0G+ DY Liwi@x — DI @ — Doy + T
k=0

where {x;} o are the zeros of classical shifted Jacobi polynomials Jh N (2x 1), and

(o} r—o are the associated Gauss-Lobatto weights. Thus we obtain a lower triangular
system to solve:

A

AU = F,

where U = (ug, uy, - -, uy)” and F; = (f, J 57 ""M) yo2i20.

6 Numerical results

In this section, we present some numerical examples to demonstrate the accuracy of
the proposed fractional spectral methods and to verify the error estimates derived in
the previous section. When solving problem (4.1) in the following numerical tests,
we fix the coefficients a; and a; to be 1.

Example 6.1 We start by considering the integro-differential problem (4.1) with u =
1/2 and the source term f(r) = 1/2t~1/2 — '(3/2)t — t!/2.

It can be verified that the exact solution is u(z) = ¢!/2, which has limited reg-
ularity at the left end point. The results obtained by using the scheme (4.2), with
A = 1/8,1/10, and 1/12 respectively, are plotted in Fig. 1, showing exponential
decay of the errors with respect to N for all employed values of A. This result is in a
good agreement with the theoretical prediction given in Theorem 4.1, stating that the
convergence of numerical solution is exponential if u(x!/*) is smooth.
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1=0.5,1=1/8 1=0.5,A=1/10 1=0.5,=1/12
0 0 0
-2
-4
g -6 5 -9 s -5
£ & i
L% 8 ] e
g -1 : g 10 > 8 1o 5
—12{|>-L20-1»-NORM ——L%0.12-NORM ——120.1-NORM
.
-14(| _a—B'o-1,-NORM| | —=—B0-1,-NORM . ~8-B0-1:-NORM|
o
= -15! -15
16 2 3 1 2 3 4 1 2 3 4 5
N N N
(a) (b) (©)

Fig. 1 Error decays with respect to N for problem (4.1) with exact solution u(r) = ¢'/? using fractional
spectral approximation spaces with a A = é; bx= TIO; cA= %

. . _ 3-1 L(/3+1) V34 _ 3
Example 6.2 Consider the (4.1) with f(r) = /3t rA! t

and p = 0.1 or 0.9. Its exact solution is u(t) = t“/g.

Notice that +/3 is an irrational number, it is impossible to make u(r'/*) smooth
with a rational A. One can of course take A = 1/ /3 such that u(s'/*) being smooth,
but what we want to demonstrate here is that by using reasonably small A, one
can make u(¢!/*) smooth enough so that high accurate numerical solution can still
be achieved using corresponding fractional spectral approximation. The numerical
results shown in Fig. 2a—c for a number of parameters 1 and A confirm the above
claim.

Example 6.3 Still consider (4.1), now with artificially constructed source term

5, 61 1, 1, rels , r¢¢H
f(6) =20.50195 4 81583 4 Ly=12 4 1y 2/3_—F(2(1.5+)m’205+“_—r(giu)’mm”_

r3) 2+ _ re) U3 (V2 4 11329 4 1) and p = 0.9,
T3+ T (34w

The corresponding exact solution is u(t) = (12 + 1320 + 1), which has
composite singularity in its first order derivative. The error decay history as a func-
tion of the fractional polynomial degree N is plotted in Fig. 3 for several values A.

u=0.1,1=1/20 1=0.1,2=1/50 1=0.9,=1/50

Iogm(Error)
Iogm(Error)
log, ,(Error)
1
©

~10] >~ L20-12:-NORM =100l - L2.1:-NORM|.
12l a-Blo-11-NORM 12l a-Blo-11-NORM !
4
- -14
"0 2 4 6 810121416182022242628 0 5 1015 20 25 30 35 40 45 0 10 20 30 40 50
N N

(a) (b) ()

Fig. 2 Error decays for problem (4.1) with exact solution u(t) = +¥3 with several values of n and
fractional spaces parameter A:a u = 0.1, A = 27'0; bu=01,1r= %; cu=091r= %;

——L%01:-NORM

=14/l —=—B/0-1»-NORM
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11=0.9,1=1/6 n=0.9,A=1/12 11=0.9
0 S e —— -
0 =
4| ——L20-1:-NORM,)=1/2

5 5 5 -5 5 X monM,z:sz

5 I} fir} Zo-11-NORMA=1/4
° = = —e—B/0-1:-NORM,2.=1/4|

8 g 10 < - N
~10| ——L20.1:-NORM —>—L20.1:-NORM N

-10j -8/3.
—=—B/0-11-NORM I —=-Bo-1+-NORM | e
10 15 20 25 30 35 40 45 50 55 1% 24 32 40 48 56 64 72 80 T2 13 14 15 16 17 18 19 2
N N log,,(N)
(a) (b) ()

Fig. 3 behavior f blem (4.1) with = (@243 D forrar=Lba=1;
ig. 3 Error behavior for problem (4.1) with u(r) = "/~ +1/7°)@¢= + 1) forrad = g;bA = 53¢
1 1

A=7and

The subfigures Fig. 3a and b show that the exponential convergence is achieved as
expected for u(x'/*) is smooth for A = 1/6 and 1/12. The values of A used in the
subfigure Fig. 3c are 1/2 and 1/4. In this case u(x*) is no longer smooth, and the
method based on the corresponding fractional polynomial space leads to only alge-
braic convergence, as shown in Fig. 3c. For ease of observation, the lines of slopes
N3 N—1/3 N—=8/3 and N—5/3 are also plotted in Fig. 3c, which clearly indicates
that the convergence rate is close to N~%/3 for » = % and N78/3 for » = }‘ in

the Lio.—l,x (I)—norm, and the convergence rate in the B:)O,fl’ , (I)—norm is approx-

imately N~1/3 for A = % and N7/3 for A = le' This is in a quite good agreement
with the theoretical estimate in (4.7).

Example 6.4 In this example, we take an arbitrary smooth force function f(r) =
sin(4xt), for which the exact solution is unknown. In order to investigate the error
behavior of the numerical solution, we use a numerical solution obtained with a big
enough N, i.e., N = 100, as the “exact” solution. Fix u© = 0.1.

The error history as a function of N for a number of X is presented in Fig. 4. It is
observed from Fig. 4a for A = 1 that the convergence rate is close to N 2G4 in the
Lf)o’,u (I—norm and N 2G+W+1 ip the Bul)ov,l’A (I)—norm. The result for A = 1/4
in Fig. 4b implies a convergence rate close to N "3G+4) in the Li)o,,I, , (I)—norm and

N3G+ in the B!, _, ; (I)—norm. The error behavior for A = 1/10 is plotted in
Fig. 4c in semi-log scale. It can be seen that the error variations are almost linear
versus the fractional polynomial degrees, which means that the convergence rate is
exponential. According to Theorem 4.1, the obtained result in these three figures con-
jectures that the transformation u(tY/*) of the exact solution belongs to Bz((fjﬁ)/ A ),
and it becomes smooth for suitable A. In fact, this conjecture can be prmczoed by using
some existing results. For instance, using a result in [11], for smooth forcing function,
the solution of (4.1) can be expressed as

u®y= Yyt tugo), rel, (6.1)
Jk=0,1,...
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1=0.1,1=1 1=0.1,1=1/4 o #=0.1A=1/10
- By i en
> >y ]
RS
s g g ey
2 2 £ .
g [tion-noRm Gl 2o ;,7N0RM\ % K\k- .
g -’ ~2-B0-1,-NORM 8 gl —=Blo-1-NORM 8 _10l > n
20 N62 - Y +|_f)u -12-NORM N
oo N52 —221| 288 - Bjda.fu—NORM \:
) _
89 1 11121814 151617161.9 14 145 15 155 16 165 1.7 % 20 40 60 80
log,,(N) log, ,(N) N
(a) (b) ()

Fig. 4 Errorsversustoru:O.l.ak:l;b)\zi;c)\z%

where y; i are constants, and us(-) € C*(I).

Furthermore, the (4.1) with f(t) = sin(4rt) implies u(0) = 0, d;u(0) = 0. Dif-
ferentiating the (4.1) one time yields B,ZM(O) = 4n. Differentiating (4.1) twice gives
8t3u(0) = 0. Repeating this operation one more time gives 8,414(0) ~ " Thus it
follows from (6.1):

u(t)y =212 + st Yyt ). (6.2)
Jtku>3+u

That is, u(r'/*) € B:)g%jﬁ)/xig(l)for any ¢ > 0.

Example 6.5 In this last example, we consider the elliptic problem (4.18) with two
source terms: (i) f(x) = w2sin(wx); (ii) f(x) = %x’”/m. In the case (i) the
problem (4.18) admit a unique smooth solution u(x) = sin(mwx). In the case (ii) the
exact solution is u(x) = x'?/13 — x, which has a limited regularity at the left end
point.

Figure 5a and b show the errors versus N for the smooth solution (i) for A = 1
and 1/2. As expected, the errors exhibit exponential convergence decay, since in this
case u(x'/*) is smooth for both values of A. In the case the exact solution u(x) has
limited regularity, using the classical spectral method based on classical polynomial
approximations, i.e., A = 1, will result in poor convergence, as shown in Fig. 5c
where the errors versus the polynomial degree N for the nonsmooth solution (i7) for
A = 1. It is observed from Fig. 5c that all the error curves are straight lines in the
log-log representation, which indicates that only algebraic accuracy is obtained. This
poor accuracy for the limited regular solution can be significantly improved by using
the fractional spectral method introduced in this paper. The errors of the numerical
solution using the fractional spectral method with A = 1/13 are plotted in Fig. 5d.
Clearly, the errors decay exponentially, and the accurate solution is obtained with
N =11
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A=1 A=1/2
_ 0
| +Li4,4,x—NORM } +Li,1,,m—NORM
- B:uq,q,x—NORM —m— Bl)q -12-NORM
5 -6 5 -5
LILJ —
= -8 1 &O
i 2
2 10 g 10
-12
4
—14 g -15
2 4 6N8 10 12 2 4 6 8 10 12 14 16 18 20 22
N
(a) (b)
=1 A=1/13
‘ 0

5 5
W [ L2-u-NORM L3
=3 1 g
k) _67+Bm-1,-1,x—NORM 1 L _12 2
24013 ——L -1-12-NORM
H i -14
[ N-11/13 16 +B;,1,,1.A—NORM L
_8.9 1 11121314 1516 1.7 1.8 3 8 9 10 M
log,,(N)
()

Fig. 5 (i) Errors versus N for the fractional spectral approximation to the exact solution u(x) = sin( x)
of (4.18) foral =1;b A = % (ii) Errors versus N in the case the exact solution u(x) = x1%/13 — x for ¢

_ 1. _ 1
h=ldi=5

7 Concluding remarks

We have developed and analyzed a fractional spectral method for a kind of integro-
differential equations. The proposed method makes use of the fractional polynomials,
also known as Miintz polynomials, constructed through a transformation of the tradi-
tional Jacobi polynomials. The most remarkable feature of the method is its capability
to achieve spectral convergence for the solution with limited regularity. We derived
useful error estimates for some weighted projection operators in the Miintz poly-
nomial spaces. Based on these approximation results, several efficient fractional
spectral methods for a class of integro-differential equations with singular kernels,
fractional differential equations, and the classical elliptic equation with singular
forcing function were constructed, together with some error estimates for the pro-
posed approaches. A series of numerical experiments were carried out to verify the
theoretical claims.
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