Advances in Applied Mathematics and Mechanics DOI: 10.4208/aamm.OA-2022-0341
Adv. Appl. Math. Mech., Vol. xx, No. x, pp. 1-24 xxx 202x

Nonpolynomial Jacobi Spectral-Collocation Method for
Weakly Singular Fredholm Integral Equations of the
Second Kind

Qiumei Huang and Min Wang*

College of Mathematics, Faculty of Science, Beijing University of Technology,
Beijing 100124, China

Received 23 December 2022; Accepted (in revised version) 10 June 2023

Abstract. In this paper a nonpolynomial Jacobi spectral-collocation (NJSC) method
for the second kind Fredholm integral equations (FIEs) with weakly singular kernel
|s—t|~7 is proposed. By dividing the integral interval symmetrically into two parts
and applying the NJSC method symmetrically to the two weakly singular FIEs respec-
tively, the mild singularities of the interval endpoints can be captured and the exponen-
tial convergence can be obtained. A detailed L™ convergence analysis of the numerical
solution is derived. The NJSC method is then extended to two dimensional case and
similar exponential convergence results are obtained for low regular solutions. Nu-
merical examples are presented to demonstrate the efficiency of the proposed method.
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1 Introduction

Fredholm integral equations of the second kind often arise in practical applications such
as astrophysics, mathematical problems of radiative equilibrium, electrical engineering
and radiative heat transfer problems [1,35-37]. In this paper, we consider weakly singular
Fredholm integral equations (FIEs) of the second kind

w(t) = g(H)+ /1 k(t,s)u(s)ds, tel=[0,1], (1.1)

where the function ¢(#) € C(I), u(t) is the solution to be determined, the kernel function
k(t,s) is weakly singular.
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The weakly singular FIE of the second kind usually has a solution with mild singu-
larities at the boundary of solving domain. This integral can be discretized using gener-
alized Gaussian quadratures [48] which take into account the nature of the integrand as
well as the precise geometry of the interaction list. However, this approach is far from
optimal in terms of the number of quadrature nodes needed for achieving a pre-selected
desirable precision in higher dimensions [29]. We would like to remark here the recur-
sively compressed inverse preconditioning (RCIP) method, as an efficient and accurate
treatment at corner singularities based on the Nystrom method [14], albeit with a slightly
lower accuracy. In order to deal with the mild singularities, another frequently used tech-
nology is the graded mesh and there are considerable excellent relevant research works
such as [13,20,36,43]. However, the use of graded mesh has a practical limitation which
serious round off errors occur when the initial stepsize becomes very small. To avoid this
problem, many other methods have been proposed. For example, Tang [41] used spline
collocation methods to solve Volterra integro-differential equations with weakly singular
kernels by suitable graded mesh and obtained the optimal convergence. Cao and Xu [7]
developed a singularity preserving Galerkin method in which some non-polynomial
functions reflecting the singularity of the exact solution and quasi-uniform partitions are
used to avoid round-off errors. Furthermore, Cao et al. [6] presented numerical solutions
of weakly singular FIEs of the second kind by hybrid collocation method that preserves
the singularity of the exact solution and at the same time provides the optimal order of
convergence. Wang [44] further developed hybrid multistep collocation method for the
weakly singular FIEs, which converges faster with lower degrees of freedom and more
efficiently captures the weakly singular properties by nonpolynomial interpolation at the
first subinterval. Smoothing transformation that transform the current weakly singular
solution to a smoother one is also a popular strategy, see, for example [25,30-32]. As an
efficient method, Galerkin method has been applied to solve Volterra integral equations
with weakly singular kernels numerically. Yi and Guo [49] presented an h-p version of
the continuous Petrov-Galerkin (CPG) finite element method for linear Volterra integro-
differential equations with smooth and nonsmooth kernels. Wang et al. [46] developed
and analyzed an hp-version of the discontinuous Galerkin time-stepping method for lin-
ear Volterra integral equations with weakly singular kernels. Yi et al. [50] proposed a
very simple but efficient postprocessing technique for improving the global accuracy of
the discontinuous Galerkin (DG) time stepping method for solving nonlinear Volterra
integro-differential equations by adding a higher order generalized Jacobi polynomial
of degree k+1 with parameters (—1,0) to the DG approximation of degree k. In addi-
tion, postprocessing method, including interpolation postprocessing and iteration post-
processing, is a common accelerated convergence technique. Huang and Zhang [19] dis-
cussed the superconvergence of the interpolated collocation solutions for Hammerstein
equations. Then Huang and Wang [18] discussed the superconvergence of the interpo-
lated postprocessing method for weakly singular Volterra integral equations (VIEs) of the
second kind based on collocation method and hybrid collocation method. Graham [12]
obtained the numerical solutions by the collocation and iterated collocation methods of
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the two-dimensional FIEs with weakly singular kernels.

Spectral method has been proven to be one of the most efficient approaches for solv-
ing integral equations and partial differential equations when the solution is sufficiently
smooth. There are considerable research works with respect to the spectral method. For
example, Chen et al. [8,11] developed Jacobi-collocation spectral method for weakly sin-
gular Volterra integral equations with smooth solutions. Yang et al. [47] used this method
to obtain the numerical solution of the weakly singular FIEs of the second kind with
smooth solutions. Li and Tang [23,24] presented Jacobi spectral collocation method for
Abel-Volterra integral equations of the second kind and obtained the numerical solutions
for weakly singular Volterra integral equations by Chebyshev and Legendre pseudo-
spectral Galerkin methods. Sheng et al. [40] presented a multistep Legendre-Gauss spec-
tral collocation method for nonlinear Volterra integral equations. Shen et al. [38] pro-
posed generalized Jacobi spectral-Galerkin method for nonlinear weakly singular Volterra
integral equations. Huang and Stynes [17] applied spectral collocation method to solve
weakly singular Volterra integral equation of the second kind with a non-smooth solu-
tion and showed that the iterated spectral collocation solution is more accurate. Zhang et
al. [27] investigated the hp spectral element approximation for optimal control problem
governed by elliptic equation with an integral constraint for state. Kant et al. [21] pro-
posed the Jacobi spectral Galerkin and Jacobi spectral multi Galerkin methods with their
iterated versions for obtaining the superconvergence results of a general class of non-
linear Volterra integral equations with an Abel-type kernel and an endpoint singularity.
Chen et al. [26] used the piecewise spectral collocation method to solve the second order
Volterra integral differential equation with nonvanishing delay and the convergence of
the spectral collocation method is proved by the Dirichlet formula. By the first-order opti-
mality condition consisting of a Lagrange multiplier, Zhang et al. [28] designed a spectral
Galerkin discrete scheme with weighted orthogonal Jacobi polynomials to approximate
the integral state-constrained fractional optimal control problems and discussed a priori
error estimates for state, adjoint state and control variables. Although it is of wide appli-
cation, the traditional spectral methods which depend crucially on the regularity of the
solution will lose exponential accuracy when facing problems with solutions of limited
regularity. We take [47] for example, when the polynomial degree N =6, the L* error
of the numerical solution is 10~ with smooth solution but only 10! with non-smooth
solution. To overcome the exponential accuracy losing caused by the low regularity solu-
tion, many nonpolynomial spectral methods which may well catch the singularity of the
solutions are proposed in recent years. Then the integral term in the resulting VIE can
be approximated by Gauss quadrature formulas using the Chebyshev collocation points.
Hou et al. [15,16] proposed Miintz spectral method and applied this nonpolynomial Ja-
cobi spectral-collocation method to the weakly singular Volterra integral equations of the
second kind and integro-differential equations and fractional differential equations, and
showed the exponential convergence rate can be achieved for solutions which are smooth

after the variable change t — t% for a suitable real number A. Chen and Shen [9,10] intro-
duced log orthogonal functions method and obtained the spectrally accurate approxima-
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tion to subdiffusion equations.

However, the nonpolynomial Jacobi spectral-collocation (NJSC) method has not yet
been applied to solve FIEs, probably because of the totally different non-local properties
of the solutions compared with VIEs and the optimal choice of A was not mentioned.
In this paper, by equally dividing the integral interval into two parts for 1-dimensional
problem, we implement the nonpolynomial Jacobi spectral-collocation method with sym-
metric nonpolynomial Jacobi functions on the two subintervals respectively and get the
desired exponential convergence of the nonpolynomial Jacobi spectral-collocation solu-
tions for weakly singular Fredholm integral equations of the second kind. We also give
suggestions about the optimal choice of A for this efficient method.

This paper is organized as follows. In Section 2, we present some preliminaries of
nonpolynomial Jacobi functions and the approximation space. In Section 3, we describe
the nonpolynomial Jacobi spectral-collocation method for weakly singular Fredholm in-
tegral equations of the second kind and analyze the L* convergence error. In Section 4,
we give suggestions about the selection of the optimal A. Section 5 provides numerical ex-
amples to demonstrate the effectiveness of the nonpolynomial Jacobi spectral-collocation
method.

2 Preliminaries

We first give the definition of nonpolynomial Jacobi function which is a class of frac-
tional polynomial and their fundamental properties. These results play a key role in the
convergence analysis of the proposed numerical method for (1.1).

For I =10,1], we introduce the nonpolynomial space

P,?(I) :span{l,tA,tZ/\,- . ,t”A},
and the standard form of a nonpolynomial function p;} () € P2 (I) is as follows:
pr(t) =kt +k 1tV f ke P ko, ky £0, 0<A<I
When A =1, P}(I) denotes the normal n-degree polynomial space.

Deﬁnition 2.1. Let w(t) € LY(I) be a positive weight function. A sequence of A-polynomials
{p}}e_, with degree n is said to be orthogonal in L2,(I) if

pn'pm w—/ pn )dt—’)’nfsmn/

where
Yo =1Pll3w= (P pn)ws
and 8y, , is the Kronecker delta. 12,(I) is the L?>-weighted space.
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It is well known that the classical Jacobi polynomial TP (t), te[—1,1] of degree nis a
kind of orthogonal polynomial with weight function w*#(t) = (1—#)*(1+t)? (x,8> 1)
and the representation is as follows:

wp,o  Tm+at+l) & (m\T(nd+k+a+p+1) (t—1\k
’ (t>_”!r(”+“+ﬁ+1),§)<k> T(k+a+1) ( 2 )

We introduce the nonpolynomial Jacobi function of degree n on I=0,1],

P =T (20 1), Viel, 2.1)
with the weight function:

wa,ﬁ,A(t) _ )\(1 . tA)uct(ﬁJrl))\fl‘

When A =1, the functions { Jub ! ()}, are the classical Jacobi polynomials of I with the
weight w1 (t) = (1—1t)*th.

For the positive weight function w®#*(t)eL!(I), L2, ,, (I) is a weighted space defined
by

L2, 5. (I)={v: v is measurable and ||| s\ < oo},
equipped with the norm

1
2

[0l qpr = ( / rv<t>|2w“fm<t>dt)

and the inner product

(U,0) yapr :/Iu(t)v(t)w“'ﬁ'/\(t)dt, Yu,ve Li}n,ﬁ,A (I).
To measure the truncation error, we introduce the classical non-uniformly Jacobi-
weighted Sobolev space H™, ;. (I):

H" o (D={0:0®0 €2 ,.1:(),0<k<m}, meN,

equipped with the inner product, norm and semi norm as

m

1

(1,0) o1 = Y, (9%14,050) wriperi, 0]l gonin = (0,0)2 i
k=0

|U|m,w""/3'] = ||a;nv Holleer,/ier/] .

We denote the first order new derivative as:

ooty A

Dio(t):
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When A =1, Djo(t) =0yv(t), where 9;0(t) is the first order classical derivative of v(t),
Dfo(t):=D}---Dio(t).
k

The non-uniformly nonpolynomial Jacobi-weighted Sobolev space is defined as

BZ’:’E\(I) = {o: DE\UE Li;zv+k,ﬁ+k,/\(1), 0<k<m}.

And the corresponding inner product, norm and semi-norm are as follows:
m 1
k k k,B+k,A _ 2

(0= ) /D) Dso () (1)t ol s = (00) 3

‘U | BZf’é\ - || DTU ||O,wtx+m,ﬁ+m,/\ .

) 1
When A =1, B;'fﬁA(I) =H" 5, (I) =By (I).
Remark 2.1. The definitions of Li} wpn (1), HD, g1 (1) and BZZB)‘ (I) can be easily extended to

the multi-dimensional spaces by the tensor product of 1-dimensional case.

Lemma 2.1 ([16]). A function v belongs to BZZBA(I) if and only if v(t1) belongs to BZﬁl (I).

Lemma 2.1 shows that a weakly singular function v(¢) becomes smoother under the
new derivative. We take A =1 and v(t) =/t for example. In fact, v(t) € C(I), o' (t) ¢ C(I),
but
t-

Nl—=
Nl—=

Dio(t)= £

=1,

N —

1
2
which shows v(t) € B®/(I). On the other hand, we have
a,B
1 00,1
v(tr)=te Bm (I).

For >0 and x€[0,1], let C"*(I) denotes the space of functions whose r-th derivatives
are Holder continuous with exponent «, that is,

C'™(I):= {veCV(I)‘ dKEsup’v(t)_v(T)‘<00}

|t—T|

endowed with the usual norm || - ||«

‘ div(t) —o
|olyx = maxmax|djv(t)|+ max  sup |0ju(t) tU(T)‘.
g 0<i<r tel 0<i<r trel, tAT |t_T‘K

Then, there follows
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Lemma 2.2 ([33,34]). Let r be a non-negative integer and x € (0,1). Then for any v e C"*(I),
there exists a polynomial function Ty from C™*(I) to PL(I) such that

lo—Tnolleo SN[ .1

Remark 2.2. Similarly, for two dimensional case, we also have the same result as Lemma
2.2.

3 Nonpolynomial Jacobi spectral-collocation method for the
weakly singular FIE

In this section, we consider the one-dimensional weakly singular Fredholm integral equa-
tions of the second kind

u(t):g(t)+/01]s—t|_7k(t,s)u(s)ds, tel=[0,1], 0<y<1, (3.1)

where g(t) € C(I), k(t,s) € C(IxI) with K(t,t) #0 for t € I, u(t) is the solution to be
determined.
The operator form of (3.1) is as follows,

u(t)=gt)+(Ku)(t), tel, (3.2)

where K is the weakly singular integral operator defined by

(KCu) () = /0 s | k(15 )u(s)ds.

It is easy to verify that K:C(I) — C(I) is compact. Assume that 1 is not an eigenvalue of
IC, then (3.2) has unique solution in C(I) (see [3]).

Unlike weakly singular VIEs, the weakly singular Fredholm integral equation has
solutions with mild singularities at the two end-points 0 and 1, the nonpolynomial Jacobi
spectral-collocation (NJSC) method therefore cannot directly be applied to this kind of
integral equation as the application to weakly singular VIEs [16]. In this section, we
divide the interval [0,1] into two subintervals [0,3] and [$,1] and the relevant original FIE
is rewritten into a system of two FIEs, which the weakly singularity only occurs at one
of the end points. The NJSC method then can be extended to the FIE system after the
variable changes. We then propose the numerical scheme of NJSC for FIEs of the second
kind and the L* convergence will be also analyzed.

3.1 Numerical scheme of Nonpolynomial Jacobi Spectral-Collocation method

To get the numerical scheme of (3.1), we divide [0,1] into [0,3] and [},1] such that the
weakly singular points are divided into two subintervals which the weakly singularity
only occurs at one of the end-points.
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We introduce two sets of collocation points {t}:= tz” Ntlelo,3] and {3, ,:=1—

LNt e [1,1], where {t,}\*]' are zeros in [0,1] of N N +1 The relevant generalized basis

functions of [0,3] and [3,1] with respect to the two sets of collocation points are as follows:

N+1 t)\ (tl))\ 1
a,B,1 o k .
Ly ()= (i 0<t<, 1<j<NH+1, (3.3a)
k=1,m#j
N+1 < ) < _tZ 1
102 (1) = . S<i<l,  1<j<N+L  (3.3b)

Remark 3.1. l"é i 2( t) is obtained by the specular reflection transformation of l;‘f ’1( t) with

respect to t— 5. It can also be obtained by the nonpolynomial Lagrange interpolation
formula based on the collocation points {f3,,_ _ I\L V11, similar with l b 1( t).

For any v(t) € Li}aw(l ), the generalized Jacobi-Gauss interpolation operator Iﬁ,ﬁ/\ of
degree N is defined as follows:

a,B,1 1 1
o= Y ot (), te [0'5]'
a,B j=1
Iyao(t) = , N1 , .
()= Y o), te|5],
j=1

where t}‘, (k=1,2,j=1,2,---,N+1) are the corresponding interpolate points in [0,%] and
[1,1] respectively.
After dividing [0,1] into [0,3] and [},1], we rewrite (3.1) into the following FIE system,

_ (./()t+/t;+/;l> |t—s|~7k(t,s)u(s)ds=g(t), te [o%]

1 (3.4)
2 tood 1
u(t)—(/ +/ +/>|t—s|“Vk(t,s)u(s)ds:g(t), re[51].
0 1o 2
The operator form of (3.4) is that
u—(Kiu+Kou+Ku)=g, (3.5)
— (K*u+Ksu+Kqu)=g. '
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where
(Kqu)( /]t—s] Tk(t,s)u(s)d (Kau)( / |t—s|""k(t,s)u(s)ds (3.6a)
)= / lt—s| k(s u(s)ds,  (KCPu)(t):= / lt—s|"k(t,s)u(s)ds,  (3.6b)
(1) ( /yt S| 7Tk(Es)u(s)ds, (K /|t S| 7Tk(Es)u(s)ds.  (3.60)

The nonpolynomial Jacobi spectral-collocation method for (3.4) (or (3.5)) is to find non-
polynomial functions uf;(t) € P{,(I), such that

th 3
ul (1)) - ( | 1=k sk (s)ds+ [ 1t —s| k(5 s ()ds
1
+ﬁ |t;—s|_7k(t£,s)u?\](s)ds> :g(t%), n=1,--,N+1,
2 % t%l
A t%)—(/o ]t%—s|_”Yk(i?fl,s)uf‘\](s)ds+/1 |£2 —s| ~k(2,5)uR (s)ds
2

1
+/2 |ti—s|7k(t%,s)uﬁ,(s)ds> :g(tﬁ), n=1,---,N+1.
tn

(3.7)

The relevant operator form of (3.7) is as follows:

v (3.8)

(o ki
uN—I“ﬂZ(lC2+IC3+/C4)u]A\]— N

By using the variable changes

(ot i=Ti(6), seon),
1_(1_t1)9%-:rz(9) s€ [ﬂ 1}
S = 2 2 n . n ’ n,2 ’
1 s I\,1 g 1
O
1-(1-£)0%:=74(0), se[21],

to transform the integral intervals of the above six integrals into (0,1), respectively. Then
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(3.7) can be rewritten as follows:

1\1— 1 Y-y
A (1N (tn) 7 0\ l—1(1 9’\)
iy~ (U [a-ey e L0

TPt 000 s

1
[ s (s (o) ) =g e},
2

u () — (/0 |2 —s]7k(t5,5)un (s)ds >
+(t2n—)%)”/01(1_9)—mi—1mk(tﬁxﬁ(e))u&(ﬁ(@))d@
_2\1— 1 —07)"
ST ey ot U8k e (o)) ) =g,
n=1,,N+1

We approximate the above four weakly singular integrals whose corresponding integral
operators {K;}}_; by Jacobi-Gauss numerical quadrature corresponding the discretized
integral operators { i, }}_; with the weight function

w i ()= (1-6) 11,

The rest two smooth integrals whose corresponding integral operators {K'}?_, are ap-
proximated by normal Legendre-Gauss quadrature { "N }2_| without affecting the whole
accuracy of the numerical scheme. Then, the discretized nonpolynomial Jacobi spectral-
collocation method is to find #%;(t) € Py (1):

o (1) = = (3.10)
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satisfying the following algebraic system is satisfied:

N+1 . N+1 . (tl
YN ( Y u%( z
i=1 i=1

=

B A N

>,\_/

1
(1_t1)1—7N+1 (1_9;;)—7

2 n 1 .2 1.2
HEE Y g kGO )
e +3)-7 +3 +3
FY 0T aoplet— S e SR >):g(t,11),
o (3.11)
N+1 N+1 N+1 _ .

N+1 2_ 1yl-y N+l }
*2@'2 ((t 72%% g MR )

'G
\_/

(1—2)1-7NEL (1—01) =7 B
Bana’ Wy g OB ) ) =5(8),

v1/(A-1),1

where {GP}N are the zeros of ]y {wp}N 1 are the corresponding weights.

{(jp N “ are the Jacobi-Gauss quadrature nodes in [—1,1], {wp N “ are the corresponding

welghts ul, G?,i=1,---,N+1 are the unknowns to be determmed
The operator form of the discretized NJSC equations (3.11) in [0,1] and [3,1] is as
follows

~ ,B.1 ~ ,B,1 X~ ,1
{ iy =I5 (K + KRy + N5 KN =1 g, (3.12)

N2 vc,ﬁ,Z 2,NA)\,1 uc[%Z 3 4\ A2 «,B,2
IRy + I (KR Ky iy =1 .

Uy — N,A

Remark 3.2. The solving idea of the above linear weakly singular FIE by the nonpolyno-
mial Jacobi spectral-collocation method can be easily extended to the nonlinear weakly
singular FIE case. For the nonlinear equation, we finally obtain a nonlinear system and
Newton’s iteration method is usually used to get the unknown coefficients. However,
at each iteration, the integrals will be evaluated numerically and the computation com-
plexity will increase. In the future work, we will construct a new nonpolynomial Jacobi
spectral-collocation method to solve this problem to reduce the computation complexity,
in which those integrals can be evaluated once just in the linear case.

3.2 L% convergence analysis

In this subsection, some useful lemmas are given and the L* convergence of the dis-
cretized nonpolynomial Jacobi spectral collocation solution is analyzed. First, we present
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the error estimation for the nonpolynomial Jacobi-Gauss interpolation operator based on
the roots of ]ﬁli? (t) in the following lemma.

Lemma 3.1 ([16]). If —1<a,B<—3, for Vo(tr) e BZZ;(I), we have

[o— 155 0]l N[00 (41) [l esmprms, m>1, k=1,2.

The following lemma gives the error estimation of the numerical quadrature for the
smooth integral.

Lemma 3.2 ([11]). Ifve H", ;. (I) and ¢ € P\/(I), then for the Jacobi Gauss and Jacobi Gauss-
Radau integration we have

’ (U,(P)wa,ﬁ,l - (U,¢)N| S CNim H Dzlﬂv”o’w.wrm,ﬁer,l H(P Holwa,ﬁ,l,

where
N+1

(0,9)n= 21 v(t))¢(t))w;,
i=

{t]-}].li *+1 are Jacobi Gauss points or Jacobi Gauss-Radau points and {w]-}j]\i 1 are the correspond-
ing weights.

The following result presents the error estimation of numerical quadrature for the
weakly singular integral.

Lemma 3.3 ([16]). Forallve Brﬁl (I), m>1and ¢ € P(I), we have

@)1 — (00 an1| SN DY 0]l msoma @l s,

where
N+1

(0 = L. 000007,

j=1

B0y N+1
Ha

{6} ]Ii +11 are the zeros of Jacobi polynomial ]}f,’i’}, and {w j are the corresponding weights.

The above Lemma 3.3 shows the case N+1>m of Lemma 2.9 in [16]. See [4,39] for
further details.

Lemma 3.4 ([16]). For any function v(t) € C(I), k€ C(IxI) and 0 <k <1—v, the integral
operator Ky: C(I) — C%%[0,1] and |t—s|~7k(-,s) € CO%[0,1] with 0 <k < 1—-y, there exists a
positive constant c such that

|(K10) (£1) — (K1) (s1)|

|E=s|*

gcma1x|v(t)|, Vtsel, t#s.
te

Thus, X
| (K10) (1) [lox < c|0]] o-
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From Lemma 3.4, it is easy to obtain similar results for Ky, K3, K4t
1 ,
| (Kiv) (83 ) [lox <], i=2,3,4.

Lemma 3.5 ([16]). Let {l“ﬁ k( )Y jeo (k=1,2) be generalized Lagrange znterpolatzon basis func-

tions associated with the Gauss points of the nonpolynomial Jacobi function ] N ( ). Then,

O(logN), —1<a,pf<—7,

HI(X,BkHOO :maxZ]l“ﬁk {

Based on the above lemmas, we give the error estimate of the proposed NJSC method.
Theorem 3.1. Let u(t) be the exact solution to Eq. (3.1) and 013 (t) be the solution of the dis-
cretized nonpolynomial Jacobi spectral-collocation equation (3.11). Assume 0<y<1, —1<a,f<

—1,k(t,s)€C™(1,1) and u(ti) e B:’fﬁl(l) m >1. Then we have

lu= 1w <N (DY s () g rsmsins + N Hog Nk [ulls),  (313)

O(N7*2), y=max(w,p), otherwise.

where k*is a constant independent of N defined in the following proof.
Proof. Let

be the error function and noting that Iﬁ:ﬁ}ilCu(t;) =Ku(t}), i=1,2. It is easy to see that
u(t) also satisfies (3.8). Substituted u};(t) by u(t) in (3.8) and subtracting it from (3.12),
wecangetforn=1,---, N+1,

el(t}l):(lcl+lc2)u(t}1)—(K}V+K%V)u§‘v(t}l)+lclu(t1) KINu (t)),  (3.14a)
e2(12) = K2u ()~ K*Niy () + (Ka+ Ka)u(8) — (K + Kk )iy (1), (3.14b)

Multiplying both sides of (3.14a) by l;‘fl (t) and summing up the resulting equation
fromn=1to N+1 gives

N+1

IK ﬁ;lu(t) ﬁ)ﬁjl(t) :Iijﬁ}l (Ka+K2)u(t)=) [(K}\]%—IC%,) ﬁ?\ll(ti)} lzﬁl(t)
n=1
aﬁl,@ ZIClNA/\Z 5 (1)

““(/c1+fcz>e1<> ““<<K1+/<z> (KN +K3))an (1)
+ ml/clez(t)zj;ﬁ;(/cl—/clfN)a?f(t). (3.15)
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By (3.15), we have

er (t) =u(t) — Iy u(t)+ Iy u(t) — oy (t)
=u(t)- if?u(t) I (0 +KCo)en (1) +
I“ﬁllcl ex(t) + “ﬁl(lcl }ClN)ﬁ?]

=u(t)— IR u(t) + IR (K1 +Ka)en (1) —

I 1
IR (1K) — (KL +K3)) Ay (1) + 15 Klea () — Klea () +KClea(£)
I I

[‘X;,Bfl ~ ,2 [

IR (1K) — (K + K53y (8)
(t)

(K1 +IC2)€1 (f) —I—(ICl +IC2)€1 (t)

I
=(K14+K)ei () +Klea(t) + L+ B+ LB+ 11+ 12,

with corresponding respectively the interpolation error (I}, I3, I}), and the numerical
quadrature error (I3, I1).

Similarly, multiplying both sides of (3.14b) by lzfz(t) and summing up the resulting
equation from n =1 to N+1 gives,

ea(t) =u(t) =N (1) = (Ka+Ka)ex) (t) + K21 (1) + T+ B+ B+ +13,
where

B=u(t)-LR%u(t), B=LR((Ks+Ka)ea) ()~ ((Ks+Kaea)(t),

B =102 ((Ka+Ka) — (KX —KR)) AN (1), B=I582K2er (1) — K2ei (1),

15 aﬁZ(,Cz IC2N)AA1(t)

Therefore, we have

() _ (Kt Ko, KN (ea(t)\ | (G+D+L+L+1 (3.16)
er(t))  \K% Ks+Ks) \ea(t) B4+ B+E+12+12 '

[ (KitKe, K er(t)\ _ (H+D+5+I;+1 (3.17)

K2, K3+Kq ex(t)) \B+B+B+G+12)° '
Since {IC} ' and {K'}%2, are compact operators and 1 is not an eigenvalue of
<K1+’C2 ) then (I— (K1+K2 K )) is invertible. By Fredholm Alternative theorem, we

K2, K341y K2, K3+Ky
then obtain

and

elleo =max{ ||e1]|co, ||e2]|co Scmax{ . (3.18)
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For I3, it follows from Lemma 3.1 that,
11 oo SN2 D u(#1) g gnsmpsns- (319)
For I%, let t=z# and follows from Lemmas 2.2,3.4 and 3.5, we obtain,

LA (1 K)en ) ()= (K Kaen ) (1)

= max (I 1) (Kie) (1) + (115 = D) (Kaen) (z7))|

t=zA €l
=[[ (" = DI(Kren) (1) = T (Kaer) (1)
+ (IR =D [(Kaer) (24) — T (Ken) ()],
<(I5E oo+ 1) ([ (Kre) () = Ta (Kaen) (1)
| (ke (24~ Tas(Kaen) ),
<cN *logN]|le1]le, 0<Kx<1—7. (3.20)

D=
112 []eo max

For I}, we can obtain by Lemma 3.3 together with Lemma 3.5,
B1 .
[l = max | R (1 +KC2) = (K -+ KR) ) ' 1)
<c|| 1% Hoomax‘((lCl—HCQ) (KN +KR)) oy ()]
te[0,1]
<cN~ mlogN Jnax. ||Dmk( O)HO ] max ||ﬁ£,1('r,%(9))||

m %erxfl,l 1<n<N+1 0,(,077 X71 1

<eN“"MogN__max[IDYRELO), oy 1sll 2K

<eN- mlOgngfpgaﬁﬂllDTk(tiﬁ)HOI e (letlloct ), (3.21)
where
1—y 1\ 1 41\1— 1y
_ BT (1—67)7Y (3—t) " (1-67)7"
1gy_tn 1.1 2 1.2
k(t,,0)= PN k(t,,7,(0))+ 1 1=0) k(t,,7;(0))
For I i, similarly with 121, we can obtain:
Bl
| o =max | R K e (1) = Kea ()
<cN " logN|lez]|e, 0<K<1—7. (3.22)

Similarly with ||I3||, we can obtain the estimate of || ||« by the Gauss quadrature error
Lemma 3.2 together with Lemma 3.5

1
|5l <eN""0gN, max [IDYk(EE)) e s (lezlloot 1), (3.23)
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where -
6+3 "k (t}q,@)

= 4 4

Iz(t}u(:) =

Similarly, we can get the estimation of

11 [lco+ 113 lloo+ 115 [l oo 41 13 [ o+ [| I3 || o
Then we have:

N%_m ||D£n’0(t%)Ho,wa+nz,ﬁ+rn,l +2N_KlogNHeH°°
+2N""1og Nk (|le|oo+[2t]|c0),

lle]|eo < cmax ; 1 , (3.24)
tel | N27™||Df'o(t7) ||g garmpmi +2N " log N|[e]|co
+2N""1og Nk ([le|co+1[24]lo0),
where
* 201 =1
kl :max{lgrglgal\>1(+1{|’DT (tl’l’é)||0’wm7%m+%—1/1’||Dzln (ti’lfg)||0/wm—7,m+%—1,1}}/ (3'25a)

k; :max{ 1§rnn§az\)](+1 { HDT]Z(t%’G) H ’wm—'y,m+%—1,ll H DT%(ti,g> "0,(«]”1_7’”1+%_1’1 } }/ (325b)

(1) (1-01)

0
(G-1' (-ohy

K(£,0) =" =8 k(7,7 (0)) +-— i—6)7 k(£,74(6)), (3.250)

y Gg+1 = +1

kB0 =8> ‘ k(ti,gT). (3.25d)
Merging the estimation of (3.24), we complete the proof. O

Remark 3.3. The result of Theorem 3.1 can be straightforwardly extended to the case
of the nonlinear weakly singular FIE under some suitable assumptions on the nonlinear
term.

Remark 3.4. The nonpolynomial Jacobi spectral collocation method can be similarly ex-
tended to the two-dimensional weakly singular FIE of the second kind:

1 .1
u(x,y):g(x,y)—l—/ / |x—t| 7" ly—s|” k(x,y,s,t)u(s,t)dtds, (3.26)
0 Jo

where (x,y) € IxI=Q=[0,1] x[0,1], 0< 71,72 <1, g(x,y) € C(Q), k(s,t,x,y) € C(QAxQY),
and u(x,y) is the solution to be determined.

Specifically, we divide (2 into four subdomians and (3.26) can be rewrited into four
equations. Then variable changes and numerical quadratures are applied to obtain the
numerical schemes. The integral is divided into smooth integrals and unilaterally weakly
singular integrals which are similar with weakly singular Volterra type integral. The
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smooth and weakly singular integrals are approximated by normal Legendre-Gauss and
Jocabi-Gauss numerical quadratures with the weight function

w A (9) = (1-6) 791,

The L spectral error estimates can be obtained with similar process. We omit here and
leave the proof to the reader.

4 The selection of A

In this section, we give the suggestion about the optimal choice of A for this nonpolyno-
mial Jacobi spectral-collocation method. Since Fredholm integral equation can be splitted
to Volterra integral equations with two integral terms. We take the following weakly sin-
gular Volterra integral equation of the second kind

u(t) — /0 (t—) k(s u(s)ds = g(t), tel=(01), 4.1)

to show the optimal choice of A. We know the following result.
Lemma 4.1 ([5]). If g(t) € C"(I) and k € C"™ (I x I) with k(s,s) #0, then the solution u(t) of

(4.1) can be expressed as

u(t)= Y O (1), (4.2)
(jheG

where G={(j,k):],k are non-negative integers s.t. j+k(1—-y)<m}, i are constant and u,(-) €
c™(I).

Theorem 4.1. Let u(t) be the exact solution to the Volterra integral equation (4.1) and u)(t) is
the solution of the discretized nonpolynomial Jacobi spectral-collocation equation. Assume 0 <y <
1, —1<a,B<—3, which are parameters of nonpolynomial Jacobi function, g(t)€C™(I), k(s,t) €
C"(IxI) with m>1. Let A= (r), (j,k) € G, where rj is defined as following (4.3) and (-)
denotes the greatest common divisor, then the error e=|u?,(t) —u(t)| has the fastest rate of decay.

Proof. Asshown in (4.2), let

a(t)="Y et T,
(jk)eG

Let
JHk(1=7) =g +7jk, (4.3)
where g is an integer and 0 <rj <1, then

HTR(I=Y) — gk . 47k
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Let
A()=t7 and a(t)= Y et du(t).
(jk)eG
We take the derivative of 1 (t)
D) (je(£)) = ——rjpt™ " = =47

If A=rj or rjxp—A is an integer, ﬁjk(t) is sufficiently smooth under the new derivative.
In view of 0 <A,rjx <1, we can conclude that A =rj. Let A= (rjk), (j,k) € G, where
(a1,az,---,a,) denotes the greatest common divisor of ay,ay,--+,a,,, then A = A is the opti-
mal choice. 0

Remark 4.1. Theorem 4.1 gives the suggestion of the optimal choice for A. For example,
if y= %, then 1—y= %. According to the result above, Tik should be %, %, %, %, %. % is the
greatest common divisor of them, therefore we take A = %. Ify= \% and m=2, Tik should
be 1—%, 2— \%, 3—\%. It is easy to see that 1— \% is “the greatest common divisor”

of them, therefore we take A =1— % The optimal A can be equally applied to weakly
singular Fredholm integral equation of the second kind in this paper.

5 Numerical results
In this section, numerical experiments are carried out to validate the convergence results
proved in Section 3.

Example 5.1. Consider the following weakly singular FIE of the second kind

x(t)—/ol\t—sy%x(s)ds:f(t),

where f(t) is chosen such that the exact solution x(t) =142+ (1—t)2.

We compare the proposed NJSC method with the traditional spectral collocation
method. In Fig. 1 the errors are given for different values of N. It can be seen that the
L* errors of the NJSC solution decay exponentially, but the errors of traditional spectral
collocation solution decay algebraically.

Example 5.2. Consider the following linear weakly singular FIE of the second kind

1
5x(t)—/0 ls—t|"Tx(s)ds=f(t), te(0,1).

We use

() =tFsint(y=2), @ ()=(1-0}(r=3), OW=r+a-ni(y=2)

as the exact solutions with the right-hand sides f(t) defined accordingly.
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[~+—spectral Legendre collocation method

|-e—Fractional Jacobi spectral collocation method|

Figure 1: L®-norm errors of nonpolynomial Jacobi spectral collocation solution vs spectral Legendre collocation
method

y=2/3,A\=1/3,real function:x(t)=t **sint

y=2/3,\=1/6,real function:x(t)=t **sint

log10(Error)
&

log10(Error)
&

N/2 N/2

Figure 2: L%°-norm errors for nonpolynomial Jacobi spectral collocation solutions for A-polynomial degree N
(DOF=2N+2) with exact solution x(1)(¢).

The weakly singularity occurs at the left point 0 for x()(¢), at the right point 1 for
x2)(t), and at the left and right points 0, 1 for x(®)(t). Convergence results of nonpolyno-
mial Jacobi spectral collocation solution with a = = %, A= % and %, v= % ;A= % and %,
y=1%;A=1and }, v=2% are shown in Figs. 2-4, respectively.

From Figs. 2-4, we can find that exponential convergence occurred and the errors
decay faster when A=1/3, %, 1/3 (left) than another cases when A=1/6, 1/4, 1/6 (right),
which verifies the conclusion of the optimal choice.

Example 5.3. Consider the following weakly singular FIE of the second kind with irra-
tional exponent

K0 [ li-ol " Fx(s)ds= (1),

where f(t) is chosen such that the exact solution x(t) =1+#/V24(1—¢)1/V2,
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y=0.5,A=0.5,real function:x(t)=(1-t) 05 y=0.5,A=0.25,real function:x(t)=(1-t) 05

log10(Error)
log10(Error)
&

N/2 N/2

Figure 3: L®-norm errors for nonpolynomial Jacobi spectral collocation solutions for A-polynomial degree N
(DOF=2N+2) with x®)(¢).

y=1/3,A=1/3 real function:x(t)=t 2°+(1-)%° Y=1/3,A=1/6,real function:x(t)=t 23+(1-t)%°

log10(Error)
log10(Error)

N/2 N/2

Figure 4: L*-norm errors for nonpolynomial Jacobi spectral collocation solutions for A-polynomial degree N
(DOF=2N+2) with x®)(¢).

The solution is weakly singular at the two endpoints. From Theorem 4.1, the opti-
mal A should be 1—1/+/2. The exponential convergence result of nonpolynomial Jacobi
spectral collocation method is shown in Fig. 5.

Example 5.4. Consider the following two dimensional weakly singular FIE of the second
kind

1 41
5u(x,y)—/0/0]x—t\’““]y—s]’”u(s,t)dtds:g(x,y), x,y€(0,1),

where ¢(x,y) is given by the exact solution

u(xy)=x2(1-x)2 -y (1-y)2.

In this example, the weak singularity occurs at the boundary. The convergence re-
sults of nonpolynomial Jacobi spectral collocation solution with a = = —% are shown in
Fig. 6. The exponential convergence rate is illustrated the theoretical result of the pro-

posed method with A = % and % for y1 =7 = % From Fig. 6, we can find that the error
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X =1-1/v/2, real function: z(t) = 1+ #/V2 4 (1 — )/v2

log 10(Error)

0 5 10 15 20 25 30 35
N

Figure 5: L®-norm errors for nonpolynomial Jacobi spectral collocation solutions with A=1—1/+/2.

V™ ¥,=0.5,A=0.5,real functionu=x 2+ (1-x) Y2y V2+(1y) V2 V17 1,=05,1=0.25 real function:u=x Y2+(1x) 2y V2+(1.y) 2

log10(Error)

Figure 6: L®-norm errors for nonpolynomial Jacobi spectral collocation solutions with A-polynomial degree N
for two-dimensional FIE (DOF= (2N+2)*(2N+2)).

decays faster when A =1 than the case when A =1/4, which verifies that A = is the
optimal choice.

6 Conclusions

In this paper, the nonpolynomial Jacobi spectral-collocation (NJSC) method for weakly
singular FIEs of the second kind with low regularity exact solution is developed. For the
FIE, we split the integral into two integrals and the FIE is rewritten as FIE system which
include two equations. Then respectively using the variable changes and NJSC method
to each equation, the mild singularities can be dealt with meanwhile. The similar idea can
be applied to the two dimension case. The convergence analysis is given for the proposed
method. We also give suggestions about the selection of the optimal A for this efficient
method. The numerical examples are given to verify the computation efficiency of the
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NJSC method.
In the future, the following works will be done:

1. Log orthogonal functions (LOFs) and generalized log orthogonal functions
(GLOFs) will be applied to solve (two dimensional) weakly singular Volterra in-
tegral equations of the second kind respectively.

2. A mapped Hermite Jacobi spectral collocation method with preconditioning tech-
niques will be applied to solve (2-dimensional) weakly singular Fredholm integral
equations of the second kind respectively.
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