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SUPERCONVERGENCE POINTS OF INTEGER AND FRACTIONAL
DERIVATIVES OF SPECIAL HERMITE INTERPOLATIONS AND ITS
APPLICATIONS IN SOLVING FDES

BEICHUAN DENG!, JIWEI ZHANG? AND ZHIMIN ZHANG!?*

Abstract. In this paper, we study the theory of convergence and superconvergence for integer and
fractional derivatives of the one-point and two-point Hermite interpolations. When considering the
integer-order derivatives, exponential decay of the error is proved, and superconvergence points are
located, at which the convergence rates are O(N~2) and O(N~'®) better than the global rates for the
one-point and two-point interpolations, respectively. Here N represents the degree of the interpolation
polynomial. It is proved that the ath fractional derivative of (u —un), with k < a < k + 1, is bounded
by its (k + 1)-th derivative. Furthermore, the corresponding superconvergence points are predicted for
fractional derivatives, and an eigenvalue method is proposed to calculate the superconvergence points
for the Riemann—Liouville derivatives. In the application of the knowledge of superconvergence points
to solve FDEs, we discover that a modified collocation method makes numerical solutions much more
accurate than the traditional collocation method.
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1. INTRODUCTION

In recent years, Lagrange-type interpolation has been applied widely in numerical analysis, especially in the
spectral Galerkin/collocation methods and numerical quadratures based on (weighted) orthogonal polynomials.
Its usefulness stems from its stability and fast convergence for smooth functions. Recently, many works have
focused on studying the superconvergence of Lagrange-type interpolations. For example, the superconvergence
of integer-order derivatives of various Jacobi—Gauss-type spectral interpolations was considered in [27,28,33,34].
Zhang, Zhao and Deng generalized the study to Riemann—Liouville and Riesz fractional derivatives with the
order of 0 < a < 1 in [7,35]. However, as pointed out in [7], Lagrange-type interpolations fail to converge when
applied to the left Riemann—Liouville derivatives with « > 1. More specifically, the error _1 DS (u—uy) will not
converge at * = —1, where uy is the Legendre-Lobatto or Left-Radau interpolant of u(x). The main reasonis
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that the multiplicity of the root x = —1 of u — uy is one. Similarly, Lagrange-type interpolations also fail at
x = +1 when applied to Riesz fractional derivatives with o > 1. This motivates us to find an alternative way
to remedy the situations where Lagrange-type interpolations fail.

One candidate to remedy the failure of Lagrange-type interpolations is the Hermite interpolation. It is natural
to consider this method because it can interpolate the function value at interior interpolation points, while also
interpolating both the function value and the derivative value(s) at the two ends « = £1. This results in a higher
multiplicity of the roots at £ = £1. Consequently, Hermite interpolation resolves the difficulty posed by the
singularities at the two ends, as compared with Lagrange-type interpolations. While the theory of convergence
and superconvergence for Lagrange-type interpolations is well developed (see, [7,27,33-35]), the study on
Hermite interpolation has, by comparison, received less attention and thus has more room for development.

The goal of this paper is to provide a fundamental analysis of the convergence and superconvergence for
the integer-order and fractional derivatives of three kinds of Hermite interpolants; see definitions (3.1)—(3.3)
below. It is proved that the integer-order derivative of the error of the Hermite interpolant, (u — u N)(k), decays
exponentially with respect to the degree of the interpolation polynomial N, when u(x) is analytic on [—1,1].
Moreover, for the one-point Hermite interpolation given by (3.1) or (3.2), the convergence rate at superconver-
gence points is O(N ~2) higher than the optimal global rate; for the two-point Hermite interpolation given by
(3.3), it is O(N~2) higher. Then, we apply the Hermite interpolations given in (3.1) and (3.2) to the left and
right Riemann—Liouville derivatives, respectively, and (3.3) to the Riesz fractional derivative. A unified error
estimate is given by

1D (u = un)lloe < Oll(u — un) V]|

where £ < a < k+ 1, k is a nonnegative integer, and the constant C' is independent of N. In other words,
the convergence of the interpolation under the fractional derivatives is also guaranteed, and the error decays
exponentially as well. In order to validate the superconvergence phenomenon under the Riemann-Liouville
derivatives, an efficient algorithm to calculate superconvergence points is provided, and it is observed that the
gain of convergence rate at these points is at least O(N~1).

We emphasize that a systematic and rigorous mathematical treatment of superconvergence points of fractional
derivatives can offer some theoretical insight into applications of numerically solving fractional differential equa-
tions (FDEs). It may also provide guidance when constructing numerical schemes that improve the numerical
accuracy. Note that the fractional derivative of the Hermite interpolant D“uy approximates D®u more accu-
rately at the superconvergence points. This knowledge enables us to modify the traditional collocation method
to solve FDEs: instead of using the traditional collocation points, the new collocation points are selected as
the superconvegence points found in this paper. The existence and uniqueness of the numerical solution can
be guaranteed based on the fact that the numbers of interpolation points and superconvergence points are
equal to each other for fractional derivatives. Numerical experiments indicate that the accuracy of the modified
collocation method results in an error at least 10~2 smaller than traditional collocation methods.

The paper is organized as follows. Preliminary knowledge is provided in Section 2. Sections 3-5 are about
the theoretical statements of convergence and superconvergence of the Hermite interpolations for integer-order
derivatives, the Riemann-Liouville derivative, and the Riesz derivative, respectively. Numerical validations and
applications are presented in Section 6. Conclusions are drawn in Section 7.

2. PRELIMINARIES

In this section, we begin with some basic definitions and properties, and denote Z* and N by the sets of all
positive integers and all nonnegative integers, respectively.

2.1. Definitions and properties of fractional derivatives

Let us first recall the definitions and properties of Riemann—Liouville and Riesz fractional derivatives.
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Definition 2.1. For v € (0, 1), the left and right Riemann—Liouville integrals are defined respectively by

Tu(x) := 1 ’ u(r) T, x € (—
) = s [ M e (1)

I'(y T
Tu(x) == L ' u(m) T, TE[—
xll ( ) . F('}/) -/m (T—Jf)l_ﬂyd 9 € [ 171)

Then for o € (k — 1,k), where k € Z7T, the left and right Riemann-Liouville derivatives are defined
respectively by:

_1D%u(z) = D*(_ Ik*au(x))

k—1 (l
U — —Q
ZF l+1—a (x+ 1)~ 4+ IV D u(), (2.1)
«Diu(z) = (=1)*D* (I~ “u())
k—1 (l)(l)
U _ ko

= (—1)lm(1 —a) M 4 (1) I Dru(a), (2.2)

1=0
where D¥ = d—kk is the kth derivative.

dzx

Definition 2.2. Let vy € (0,1), the Riesz potentials in one dimension are defined as follows:

. _a U sign(x — 7)u(r) _ . .

Rute) = 5 L S ar = e - Iu(e), (2.3)
Tu(z) = —2 b ulr) T=c v Nu(z

) = 5 [ S dr = e+ 1)) (24)

where sign(-) represents the sign function, ¢; = Then for a € (k — 1,k), we can

therefore define the Riesz fractional derivative:

D¥1k=ay(z) = ¢1(_1 DY + . DY
R N« . 1I\—-1, /1
D u(x) . {Dklk «@ (.I) _ 62(_

1 Co = 1
2sin(my/2)? “2 = 2cos(my/2)"

u(zx), k is odd,

u(x), k is even. (2:5)

U
80
_"_

8

-
:‘_E\_/

2.2. Generalized Jacobi polynomials and their properties

We now address the definition of classical Jacobi polynomials and Generalized Jacobi Polynomials (GJP)
with integer indexes. For the convenience of notations, the following four sets are introduced:

21 ={(o, ) €Z* : 0, 3 < 0}, Zy={(,f) €Z?:a < 0,6 >0},
Zz={(a,p) €Z?: 2 0,8<0}, Z4={(a,p)€Z:0,5>0}.

Definition 2.3. Let a,3 > —1. The classical Jacobi polynomials, denoted by P%#(z), are orthogonal with
respect to the weight function w®?(x) = (1 — x)*(1 + x)? over the interval I = [—1,1], namely,

1
/ P (@) PP (w)w™ (2)dw = 7727 6m m,
-1

208D (nfa+1)D(n+8+1)
(n+a+ﬂ+1)F(n+1)1"(n+a+ﬂ+1)

where 0y, 1, is the Kronecker function, and 'yfl"
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Definition 2.4. Let «, 8 € Z, the Generalized Jacobi Polynomial jﬁ’ﬁ(x) is defined as follows:

(1—2)7(1+ g)*f’P,;“’*ﬁ(m), (e,0) € Z1,i =N +a+f,
o8 (1= :c)fo‘Pﬁ*a’ (z), (o, B) € Z9,n =N + a,
IV = (o pe ), (,8) € Z5,i= N + 6, (2.6)
Ps7ﬁ(x)’ (avﬁ) EZ4,’FL—N,

where {79 ()} are only defined for N > —min{a, 0} — min{3,0}, and P®?(x) is the classical Jacobi polyno-
mial defined above.

It is easy to check that {Jﬁ;ﬁ(x)} is also a set of weighted orthogonal polynomials. This is, for any «, 8 € Z,
and N, M > —min{«,0} — min{g3, 0}, we have:

1
/ TN @) T3 (@) Pde = n on 2.7)
-1

where nj‘\‘;ﬂ = Vlf‘l’lﬁ I, and 7 is defined in (2.6). Additionally, when both «, (8 are integers, according to [4,8,23],
all of the GJPs satisfy the Sturm—Liouville equation:

d

L= ) (1) S 8] 4 AR (1 - a)" (14 2 T (@) =0, (28)

where A?{,’ﬁ = N(N+a+ p+1). It is well known that the classical Jacobi polynomials with «, 8 > —1 satisfy

d 1
aPﬁ"B(x) =gnta+f+ P ), n> 1. (2.9)
As for GJPs, we have similar formulas.

Lemma 2.5 (see [8], Lem. 2.1). If (o, 3) € Z1, then

g?mﬂm):—%N+a+ﬁ+lwﬁﬂﬂH@ﬁ (2.10)
if (o, B) € 29, then
d (e} «
I8 (@) = NI @); (211)
if (o, B8) € Z3, then
d (6% «
&IV @) = NIFE T (@), (2.12)

The following theorem states the maximum norm of GJPs.

Theorem 2.6. Let jﬁ;”g(x) and 1 be defined in (2.6), where o, 3 are integers. When oo = 8 < 0, if i is even,
then

(e «, —a,— —7 fL —
1757 @) = 7 O = 1P 0 =277 (), (213)
if n is odd, then
I(fi—a+1)

1T @)= 10 = TR ()| < 27" (2.14)

(/2 + D) (2/2 —a+1)
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where ng is the zero point of P;:ffl’*a*l(x) which is closest to 0; when o <0, 3 = 0, then
« o (e} ﬁ’ + IB
787 @i = 75710 =20 (" ) (2.15)
when a > 0, B <0, then
o o n+a
1757 @) = 7 01 =27 (7 F ), (2.16)
where (:1) = #lm), for integers n and m.

Proof. According to Lemma 2.5, the maximal value of 7, ﬁ,’ﬁ (z) must be located at one of points in A =

{-1,1} U {zeros of P{f{lﬁa*l(m)}. Therefore, define

2
) = T @ + (- ) | 787 e e [l (2.17)

we can see that Vn € A,
f) =2 IR )],

so the question turns out to find

max{f(n)}.
By simplifying (2.8), we have:
d2
(a+8+2z—fta=1-2") 55" @) + A7 Ty (). (2.18)
By inputting (2.18), we arrive at
! d (03 « d2 (6% d (6%
Fa) = 2 PRI + (1= ) 0 - L
2
2[5t @] e+ seve-pra) (2.19)

Hence z* = aﬂ%ﬁil is the only point that may change the sign of f/(z). Then

(1) " <1 & (a+3)B+1) >0,
@) [ >1 & (a+ 3B+ 1) <o.

Therefore, when o < 0, 8 > 0, f'(z) < 0 on [—1,1], we have
a a, « ﬁ"’_ﬁ
1787 @i = 175710 =2 ().
When o > 0, 8 <0, f/(x) >0 on [—1,1], we have

n

1TSB (@) e = TSP (1)] = 2091 (” + “).
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When a = 3 < 0, if 71 is even, then 2* = 0 € A since P- % 1

A (z) is an odd function, we have

1787 @z~ -1.m = T8 7(0)] = [P 77 (0)| =27 (Z}f) (2.20)
_— (7 —a+1)
L(p/2+1DT(R/2—a+1)’

where (2.20) is derived from the three-recurrence formula of Jacobi polynomials. If 7 is odd, since 2* =0 ¢ A,
and J, ﬁ’ﬁ (z) is an odd function, the absolute maximal value is obtained at £y, the zero point closest to 0, and
we have:

I'n—a+1)

a,3 _ a,B —n .

The proof is complete. O

2.3. Interpolation of analytic functions

In this work, we always assume wu(z) is analytic on [—1,1], and can be analytically extended to a certain
domain on the complex-plane. The fundamental error analysis of Hermite interpolation was already provided
in [5].

Lemma 2.7 (see [5], Thm. 3.5.1). Let xg,x1,...,2, be n+ 1 distinct points in [a,b]. Let mg,my,...,my, be
n+ 1 nonnegative integers. Let N = (mg+ ...+ my,) +n. Designate by un the unique element of Py for which

ug\’;) (z:) =u®(z;), k=0,1,...,m;, i=0,1,...,n, (2.21)

where u(x) € CNa,b] and suppose that uN+V) (z) exists in (a,b). Then

(N+1)
u(z) — un(z) = Ry (u;z) = WWN(@, (2.22)

where min(x, g, ..., Tm) < £ < max(z, zg,...,T,), and
wn(z) = (2 —20)™ (2 —z)™ (2 —2,)" T (2.23)

Lemma 2.8 (see [5], Cor. 3.6.3). Let u(z) be analytic in a closed simply connected region R, £ be a simple,

closed, rectifiable curve that lies in R and contains the distinct points xg, 1, ..., T, n tis interior. Then
1 wn(z) —wn(z)
=— ¢ ——= d 2.24
un () 2mi ﬁ wn(2)(z — x) u(z)dz (2:24)
and
1 wy (@)u(z)
Ry(u;z) = — ¢ ———+d 2.25
w (s z) 2mi ﬁ (z — x)wn(2) = (2.25)

where un (), Ry(u;x), wy(x) are defined in (2.21), (2.22) and (2.23), respectively.

Without loss of generality, we usually consider functions that are analytic on the reference interval [—1,1].
It is known that each such function can be analytically extended to a domain enclosed by Berstein ellipse £,
with the foci £1, namely,

& = {z cz=—(pe +p ey, 0< 0 < 2T, p> 1} ) (2.26)
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where ¢ = y/—1 is the imaginary unit, p is the sum of semimajor and semiminor axes. Then we have the following
bounds for £(&,), the perimeter of the ellipse, and D,, the shortest distance from &, to [-1, 1], respectively:

1
LE,) <m(p+ ;7*1)%7 and D, = 5(er;fl) —1. (2.27)
For convenience, we define:
MP = sup |u(2)]. (2.28)
z2€€,

3. HERMITE INTERPOLATION FOR INTEGER-ORDER DERIVATIVES

In this work, we consider the three kinds of Hermite interpolations as follows.
(1) Let -1 =29 <21 < ... <z <1ben+1 zeros of JI(\),’J:I(kH)(;v) (without considering multiplicity in all
cases), where k is a positive integer, n = N — k. We are going to find unr(z) € Pn([—1,1]), such that

US\JT)L(‘,EO) = u(J)(xO)ﬂ .7 = Oa ceey k7 and
unp(z;) =w(x;), i=1,...,7. (3.1)

(2) Let —1<xg <1 <...<xz=1Dben+1 zeros of J];iklﬂ)’o(x), where k is a positive integer, n = N — k.
We are going to find uygr(z) € Py([—1,1]), such that

ug\],)R(:rﬁ) =uP(2), j=0,...,k, and
ung(®;) =u(x;), 1=0,...,72—1 (3.2)

(3) Let -1 =29 < 1 < ... < Zs+1 = 1 be 7 + 2 zeros of J];Srlirl)’_(k"Ll)(x), where k is a positive integer,

n =N — 2k — 1. We are going to find unp(z) € Py([—1,1]), such that

u%g(azs) = u(j)(xs), j=0,1,...,k, s=0,2+1, and
UNB(xi) = u(mi), 1= 1,2,. . .,’FL. (33)

Clearly, if (3.1) is applied, then = —1 will be a zero point of (v — uy) of multiplicity k£ + 1; if (3.2) is
applied, then = = 1 will be a zero point of multiplicity k + 1; if (3.3) is applied, then both z = +1 are zero
points of multiplicity & + 1.

Let us first discuss the interpolation errors. According to (2.22) and Theorem 2.6, we immediately derive the
following corollary.

Corollary 3.1. Letuyy and ung be the interpolants defined in (5.1) and (3.2), respectively, and —(min{«, 0}+
min{3,0}) < N. Then

NFID(N — k+ 1)
T(2N — k + 2)

[y (u; )] < ™ @)l og-1,1- (3-4)

Let unp be the interpolant defined in (3.3). Then

_ T(N = 2k)T(N — k + 1)[[u™ D (@) [ 01,4
B (60l S SN — 2 T (N T D)2 = (N + 2 5 1) (3:5)
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Besides Corollary 3.1, another error representation is given by (2.25). We now focus on finding the supercon-
vergence points {£;} in the sense of

B _ (k+1) (¢ ] < _ (k+1)

N7 _max [(u—un)TTHG)] S _max [(u —un) ()], (3.6)
where up is one of unr,ung, unp, k is the number given by (3.1), (3.2) and (3.3), respectively, and 3 is the
gain of convergence rate. The superconvergence points {;} and § are determined by the type of interpolants.
Following the analysis in [34], we can obtain the following theorem.

Theorem 3.2. Let u(x) be analytic on [—1,1] and within Berstein Ellipse £, defined in (2.26) with p > 1,
and let uNr, ungr, unp be the interpolants defined in (3.1), (3.2) and (3.3), respectively. Suppose k<N, then
we obtain the global error estimates as follows. For the interpolant uny,, we have

D Rl a1
— EHD(2)] < et MP (1 + =L N? .
o= ) V@) < o (145 - .1
the superconvergence points {52}11\;_1]“ are zero points of Pf,tlk’o(x), and
D "
_ kD (eiy < ¢ MP [ 1+ 22 N2 . .
) e < g (14 282 ) 2 9)
For the interpolant uygr, we have
k+1 -1
D n2
— D () < et MP (1 P N2 )
[ ) S 0) < ettt (145 " (39)
the superconvergence points {gﬁ}i\;k are zero points of PI[\),’Egl(x), and
D kol
unr) D E) < mr (14 ZeN?) 1
(= ) (€| < g (14 5287) 2 (310)
For the interpolant unp, we have
L1
max|(u—uyp) "V ()] < e ME(NEH 4 O(NF )2 (3.11)
—1<z<1 p
the superconvergence points {f%}ﬁi}k are zero points of Pj%’gk(x), and
2 \* s
- FHD (e < HMP (14+5N) N73 12
(= ) e < gtz (14 23) N .12)

where ¢;, ¢;, i = 1,2, only depend on p, k.

Proof. Since uyy and uyp are completely symmetric, without loss of generality, we only consider the cases of
unr and unp in the proof. According to (2.25), we have

DFY(u(x) — un(x)) = DF Ry (u; ) (3.13)
1 w1 (wne(@)) ulz)
- 2mi ng < z—x ) wN_H(z)d

k+1

1 k+1 Dlw xz)  u(z
" 2mi ; ( —li_ ) j{?p (z — ]a\c[)t“l(l*)2 wN—i(-lzZ)dZ7 Vo e [-1,1]. (3.14)
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If un(z) = unr(x), then wyy1(z) = (A%”Hl) jf,;lkﬂ)( ), where A% *1 denotes the leading coefficient.
Since there is a w41 (2) in the denominator, we just consider wy 1 (x) = jN+ (kH)( ). According to Lemma 2.5,

we have
(N +2) k 1 !
l + _

When N is large enough (N > 3), we arrive at

I(N+2) [+l N2
D! = okt < 2R () 3.16
1D wvn (@) = sy 0 () (8.16)
where 7 = N — k. On the other hand, according to the analysis in ([27], (4.7)), Vp > 1,k € N, 3C1(p, k) > 0,
such that
Hélgn |pY ML(2)| = Ci(p, k:)ﬁ_%pﬁ. (3.17)
z
Noting that
min |(1+ 2)**1] = DE+,
z€E),

and from (2.6), we have
win |73 @) > min (14 2) - i [P 2))
> C1(p, k)DF Rz pm, (3.18)

The identity (3.14) thus turns out to be
1 '“f(kﬂ) (N +2) % T @) wm) o
=0 ! LN —1+2) & (z — $)k+2 ! j](\)[J:l(kJrl)(Z)

2mi

15 k4 1\ TV +2) T @ Ju(z)]
g%z( l ) (N-1+2) ?{ I(zi:ol’“+2 TN )

_ 1 ’§ k+1 2k+2(N)MP£(5)_ ﬁ%
= I — l 2 Dk+2 l ( k)

:MPW‘:(E)T Z <k+1> ( pN2>

u o (p7 )D2k+3

HIL(E,)  nz D b
— MP —P N2
G b D (1+ N > . (3.20)

N —k, where {€2 }N 7% are zero points of P]]f,tlk’o(a:), the last term in (3.19) vanishes

Whenz=¢4,i=1,...,
This is, for 1 < ¢ < N — k, we have

|DFF(u(er) — UN(&))I

2m Z

=0

% JN+k 1+z(&) u(z) N

:, (z — €L )F+21 ij(kJrl)(Z)

()R,
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_1 k l
e 2k+1£(€p) n2 Z (k—i—l) (D,,NQ)
“wCy(p, k)DRE p = 2

k+1 =1 k
52 (k+1)§;§f§)n~ <1+D”N2> .
7Cy(p, k)DEE3 pm 2

On the other hand, if uy(z) = unp(@), then wyi(z) = (ALTHFh)= 1JN(k+1 ~HD ()

(DN =2k 4+1) i p—11—k—1

(3.21)

(3.22)

. Similarly, we have:

D'wyyi(z) = (-2) T2 Il (), 1=0,1,... k+1. (3.23)
when N is large enough. By Stirling’s formula, we achieve
(N —-2k+0)I'(N—-k+1+1)
7{2?%1 |D'wy41(z)| < 9N—2k—1T(N — Qk)F(N—2I;+1+l)F(N+23+l) (3.24)
2k+2 2
(e)Nl" 1=0,....k (3.25)
Taking I = k + 1 yields
(N —-k+1)
k+1 k+1 0,0
_max [DM wy ()] = 2 TN —2h) e, [Py _i ()]
< QI NRHL (3.26)
Again, Vp > 1,k € N, 3C5(p, k) > 0, such that
min [P )| > Cop )i,
and for Vz € £,, we have
1 . - 1
(U 2)(1 = 2)] = 31 e = Tl(p— o) cos O+ i(p+ p)sin P
1
= 11(P* +p7% = 2)cos® 0 + (p* + p7* + 2) sin* 0]
1 _ 1
= 1(p=pT) 40?0 > 2(p—p71)?
Therefore
min |7y 37T E)] > min (14 2) (1= )M min | P )
(p— p~1)2k+2 R
2 TC2(Pa k)yn=2p". (3.27)
Similar to previous case, by inputing (3.25), (3.26) and (3.27) into (3.14), the proof is complete. O
Remark 3.3. Let f(N;k,l) be defined by the right hand side in (3.24), i.e
I'(N—-2k+0DI(N—-—k+1+1
F(N k1) = ( + DI +1+10) (3.28)

2N—2k—1F<N _ Qk)F(Nﬂl;JrHl )F( N+23+l ) ’

In Figure 1, it shows that f(N;k,l) = O(Nl_%) when N is large enough. However, when N is small, especially

N < 30, it is more likely that
F(N3 k1) S O(NY).
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k=1, I=0 k=2, |=2

N1.5

f(N:k,l)

N

FIGURE 1. The graphs of f(N;k,l) for N € [10,10%], where k = 1, [ = 0 (left panel), k = 2,
1 =2 (right panel).

Therefore, even though (3.11) and (3.12) in Theorem 3.2 show that the gain of convergence rate at superconver-
gence points is O(N _%) when N is large enough. While N < 30, it seems the gain of convergence rate behaves

like O(N~1).

Remark 3.4. Similar to Chebyshev and Legendre interpolation, the three kinds of Hermite interpolations are
exponentially convergent as well. Strictly speaking, they are exponentially convergent with respect to n, the
number of interpolation points except for x = =+1, instead of IV, the degree of interpolants. Therefore, it will
significantly improve the accuracy to increase the number of inside interpolation points. On the other hand, for
any fixed k, because of the exponential convergence rate, uy converges to u very fast. So admissible results can
be usually obtained when N is small.

Since all of the three kinds of superconvergence points are zero points of Jacobi polynomials, they can be
efficiently calculated.

4. HERMITE INTERPOLATION FOR RIEMANN-LIOUVILLE DERIVATIVES WITH ARBITRARY

POSITIVE ORDER

4.1. Theoretical statements

As mentioned in introduction, the Hermite interpolations are mainly designed to resolve the singularities
of the fractional differential operators. Let k < a < k + 1, where k is a nonnegative integer. For the left
Riemann-Liouville fractional operator _; D¢ which is defined in (2.1), one can obviously observe that

(u—ung)V(=1)=0,1=0,1,...,k, (4.1)

and _1 D¢ (u(z) —unr(z)) is bounded on [—1,1]. As for the right Riemann-Liouville operator , D¢ defined in
(2.2), similarly, we have

(u—ung)P(1)=0,1=0,1,...,k, (4.2)
and ;D¢ (u(x) — ungr(x)) is bounded on [—1,1] as well.

Remark 4.1. If interpolating in these ways, it is equivalent to take Riemann—Liouville derivative and Caputo
derivative, so the following results also work for the Caputo fractional derivative.
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Theorem 4.2. Let k < o < k + 1, where k is a nonnegative integer. Let uny and ung be the interpolants
defined in (3.1) and (3.2), respectively. Then

2k+17a

||—1D§(U - UNL)||L°°[—171] < m”(“ - U«NL)(kH) ||L°°[71,1]§ (4.3)
2k+1fo¢ bt
DY (u — unr)| Loo[—1,1] < m”(u - uNR)( + )||L°°[—1,1]~ (4.4)

Proof. Without loss of generality, we only consider the poof of left Riemann—Liouville derivatives. According to
(2.1), (4.1) and Holder’s inequality yields

|-1D3 (u(z) — UNL(x))I

kJrlfoz .Z‘*t

| (u — UNL)(k+1)||L°° /I k—a
< _ p)kaqy
Thel—a) /), *71

_ (1+x)k+1—a
CT(k+2-a)

[(w = unz) | oo 1.1y, Vo € [—1,1]. (4.5)

Therefore,
2k+ 11—«

|-1Dg (u — unrp)|lpeej—1,1] < ] (= unp) D oo 21,1y,

I'k+2-«
and in fact, Vo € (k, k + 1), we always have:
k+l—a
2Tt o
I'k+2-a)
O

Remark 4.3. Even though Theorem 4.2 establishes the boundedness in the sense of L°°-norm, it is not a sharp
estimate as demonstrated by the following numerical example. We wonder if there exists r > 0, s.t.

I-1D8 (= unp) | o —1,1) S N 77w = unp) * | oo 21,1
To further quantify it, we define the ratio as

I — ) g
| -1D% (v —unp)l poer—1,1]

r1(N) = (4.6)

In this numerical experiment, we consider f(z) = (11:422 , and take a € (1,2). For any fixed «, we can

evaluate the ratio for different N, and then estimate the value of » numerically. As what one can see in Table 1,
r = 2(k+ 1 — «). Further theoretical investigation is required. The same discussion also applies to Theorem 5.1.

Parallel to the conclusion in [35], we have the following theorem.

Theorem 4.4. Let o € (k,k+1), let unr and ung be the interpolants defined in (3.1) and (3.2), respectively.
The ath left Riemann—Liouville fractional derivative superconverges at {8} satisfying

L IEHmepiti (60 =0, i=1,...,N — k. (4.7)
Similarly, the ath right Riemann—Liouville fractional derivative superconverges at {rEY} satisfying

AR plEtlpeay =0, i=1,...,N — k. (4.8)
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TABLE 1. The ratios of (4.6) for different ath-derivatives.

Derivative order (o) k41—« Order (1)

1.1 0.9 1.8089
1.3 0.7 1.4095
1.5 0.5 1.0104
1.6 0.4 0.8103
1.7 0.3 0.6086
1.9 0.1 0.2036

Proof. Again, we only give the proof of (4.7). The proof starts with (2.25). Similar to (3.13) for Vo € [—1,1],
we have

103 (u(z) — un(2))

— L _ D;x (WN+1(x)> u(z) dz

2mi Je, z—x Jwni1(2)
“oifh Z (0+1) aDE"INg @) ule) (49)
o 271’2 F a—m—|—1) (z—x)(m‘H) jN—(k-‘rl)(z) :

According to the analysis in [35], the decay of the error is dominated by the leading term:

7{ DeTy @) u(z)
&, (z — Jj) jN*(kJrl)(Z)

dz. (4.10)

When we take x = £, the roots of ,1Daj]%+_1(k+1)(m), the leading term vanishes, and the remaining terms
have higher-order convergence rates. While by Lemma 2.12, it can be simplified:

DIy (@) = DR e gy @)
I'(N +2)

k+1—a nyk+1 7(k+1)
LD I @) = py o e

k+1—a pk+1,0
I1+1 aPN—k (z).

Therefore, we may identify the superconvergence points {Lff}i ] as the roots of Il+1 O“PkJrl O( ), which
can be efficiently calculated by Theorem 4.5. O

2. Calculating the superconvergence points

The recurrence formulas of calculating _; I P%*(z) and ,.I] P&*(x) are provided in (20) and (23), respectively
in [30]. Therefore, we can calculate the zero points of ,1I§+1_0‘P1]ff+_1k’0(;v) and II{HP‘)‘PJ%’EZI(&C) by eigenvalue
method.

Theorem 4.5. The zeros {1.&;}7, of the function _1I)P%*(x) are eigenvalues of the following matriz Sy, €
Man(R):

Sri1 Stz 0

Sro1 Sr22 Sres

Sr31 Sra2 Sras Staa
Srar 0 Sras Spaa

. . 0 . . SLnfl,n
SLnl 0 o 0 SLn,n—l SLnn

: (4.11)
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where
b—a+ 2y +2by A2
Spii=—-—-—-—7-— S =—=2k=2...,n;
L11 atbt2 Lkk Allc n
2(1+7) 1
Spig=—7-"25; 8 =—k=2,...,n—1;
L12 a+b+2 Lk,k+1 Allc n
A3 — AL4 Az 1
Spo1= 22 Spprip= 1t k=2,...,n—1;
A Al
L4

SLk,l :—Aikl,k:?),...,n.
k

The zeros {r&; Y, of the function I P**(x) are eigenvalues of the matriz Sg € My,xn(R), which is of the
same form as Sy, where

b—a—2y—2ay A2
S = S = k=2
R11 a+b+2 3 Rkk A]1€7 ) , 1
2(14+7)
= —> =—k=2,...,n—1;
SRlQ a+ b+2a SRk,k-‘rl A}C7k ) yn ’
A3 — ARA Az )
SR21 = u; SRk+1,k = 7""’]{;:2,“””,1;
A A
AR4
SRk,l 7¢ak = 37 » 1y
Aj,
when 2 < k < n,
Al ag 2 _ i)k + 'Yakl;k A3 — Cr + yaray
LT + yarcy k 1+ ~yapcy ’ k 1+ ~yarc,
AL _ ya (ardEt + bedE? + e,dE3) AR _ Yy (aRdlt + bdl? + ¢, d3)
k (1 + yarcy) Pk (1 + ~yagcy) ’
where
a__@k—1+a+®@k+a+w P (b* —a?®)(2k —1+a+b)
b 2k(k +a +b) C O T 2k(kta+b)(2k —2+a+b)’

(k= 1+a)(k—1+4b)(2k+a+D)
 k(k+ta+b)(2k—2+a+b)

—2(k—14a)(k—1+0b)
(k—=1+a+b)(2k—2+a+b(2k—1+a+0)’
- 2(a — b) 2(k + a +b)
P 2k—24a+b)(2k+a+b) (2k—1+a+b)(2k+a+b)

E—24+b 1 (k—=1+b k+b
= cor (U2 ae = e (M) e = (U1),

k—2+4+a k—1+a k+a
R1 __ R2 R3 __
i ‘( k-2 ) % ‘( k-1 ) % ‘( 2 )

ap —

C =
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Proof. The recurrence formula for left integral of Jacobi polynomial, _;I)P%*(z) is given by, seeing [30] (20):
b _ (A4=z)”
R b(x) e b (14z)7+!
3 a s —+x
3PP (2) = SRR ([ Py (0)] - TS e)
+93 [ I P ()], (4.12)
a,b a,b a,b
711;Pk+1(95) = (Allc+1x - Ai+1)[,1l;ka (z)] - A?I;-&-l[*ll;sypkfl(x)]
+ARL [P (2)], k=1,...,n—1,

and the formula for right integral, ,I] P&’ (z), is given by, seeing [30] (23):

LIPS (@) = 15

+ pab By pasb (o] 4 20T
AP () = ([ [ By (@]"’W)
+43 Py (@), (4.13)

LIIPEY () = (AL o — A2 ) LT PRV ()] — A3 [ 17 PR ()]
FARL LR (@), k=1,...,n— 1,

where A}, A2, A3 ALY ARY |k =1,2,...,n — 1, are given in the statement of the theorem. The rest of proof is
parallel to the Theorem 3.4 in [21]. O

5. HERMITE INTERPOLATION FOR RIESZ DERIVATIVES WITH ARBITRARY POSITIVE ORDER

Parallel to the previous section, there are similar conclusions for Riesz fractional derivatives.

Theorem 5.1. Let k < a < k + 1, where k is a nonnegative integer. Let unp be the interpolant defined in
(3.3), respectively. Then we have:

N 2C
"D (u — unB)||zoo-1,1) < i )||(u—uNB)(’““)HLoc[,M], (5.1)

T(k+2-a
where Cr = max{cl, 2}, both cl,c2 are defined in (2.5).
Proof. Tt is a direct corollary of (2.5), (4.5) and the fact that:

gl ) =
_{rgi)él{(l-l-x) +(1—2)} =2, ¥y €(0,1).

]

Remark 5.2. Theorems 4.2 and 5.1 state that if the (k 4 1)-th derivative of (u — uy) converges, then the ath
derivative of (u — uy) must converge with at least the same convergence rate.

The superconvergence points are located by the following theorem.

Theorem 5.3. Leta € (k,k+1), let unp be the interpolant defined in (3.3). The ath Riesz fractional derivative
superconverges at { &>}, which satisfies

RDajJ;_(;f:lJrl)’_(kJrl)(Bg?) — 0’ i = 1’ o N _ 1 (52)

Proof. The framework of the proof is the same as Theorem 4.4. O
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x10™ N=31 N=31
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0.0 0,0
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FIGURE 2. (Example 6.1) Left panel: the second derivative of error 65\2,) (x) with N = 31 and
the zeros of Py’ (x). Right panel: the third derivative of error eg\?)(z) with N = 31 and zeros of
Py’ (x).

6. NUMERICAL EXAMPLES

We use Examples 6.1-6.3 to investigate the superconvergence points for integer-order derivatives, Riemann
fractional derivatives, and Riesz fractional derivatives, respectively. After that, we apply the theoretical results
to solve the integer-order/fractional boundary value problems to illustrate the effectiveness of the theoretical
analysis and application of superconvergence points.

6.1. Superconvergence in derivatives of interpolations

For the convenience of notations, we define ey (z) := f(z) — fn(x).

Example 6.1. Set f(z) = Hﬁ’ which is an analytic function with two simple poles z = i% in the complex
plane. Take the degree of interpolation polynomial N = 31. Noting that f(z) is even, we apply two-point
Hermite interpolations to demonstrate the superconvergence points as shown in Theorem 3.2 with the following
two cases.

Case 1. Assume that the errors satisfy en(—1) = en(1) = €y (—1) = €5 (1) = 0. Left panel of Figure 2 shows
that the second derivative of €’{;(z), and the superconvergence points predicted as the zeros of Pg?(’)o(:c) based on
Theorem 3.2.

Case 2. Assume that the errors satisfy en(—1) = en(1) = e/y(—1) = (1) = €%(1) = e (—1) = 0. Right
panel of Figure 2 shows the third derivative of e/](; (), and the superconvergence points predicted as the zeros
of Pgy”(x) based on Theorem 3.2.

Example 6.2. This example is used to observe the superconvergence phenomenon for Riemann-Liouville
derivatives by taking f(z) = %(1 + )81 N = 18, and o = 1.23,1.78,2.23,2.78, respectively. Two cases
are also considered.

Case 1 (1 < o < 2). In this situation, we set ex(—1) = e/y(—1) = 0 by adopting the interpolation (3.1). Left
panel of Figure 3 shows the errors _1D¢en(z) with o = 1.23,1.78, and the superconvergence points predicted
as zeros of _1I27*P~%(z) based on Theorem 4.4.

Case 2 (2 < a < 3). In this situation, we set ey (—1) = e/ (—1) = e, (—1) = 0 by adopting the interpolation
(3.1) again. Right panel of Figure 3 shows the errors _; D%epy (x) with o = 2.23,2.78, and the superconvergence
points predicted as zeros of _; I3~*P2°(2) based on Theorem 4.4.
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<10° N=18 <107 N=18
. : . of ‘ :

o=123 — =223
77520 773,
% zerosof L 1977P20(x) *  zeros of 1P (X)
a=178 0.225,2,0 4+ =278 0.225,3,0
% zerosof 19%2P20(x) % zerosof |I'*°P77(x)

*
2

3 °\F\}[Xy>&7f’>&7f*\7/\7/¥ ? EOk;};‘)xV,}&VKV *\*/ \ i

1Dyen
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FIGURE 3. (Example 6.2) Left panel: Riemann-Liouville derivative errors _; D%en(z), and the
superconvergence points predicted as zeros of ,1I§_O‘P127’0(x) with N = 18 and o = 1.23,1.78.
Right panel: the errors _1D%en(z), and the superconvergence points predicted as zeros of
3o PE0(z) with N =18 and o = 2.23,2.78.

TABLE 2. Superconvergence ratios of (6.1) for different ath-derivatives.

Derivative order (o) Gain of rate () Derivative order («) Gain of rate (3)

1.13 1.43 2.13 1.65
1.33 1.51 2.33 1.66
1.53 1.47 2.53 1.68
1.73 1.52 2.73 1.71
1.93 1.52 2.93 1.73

To further quantify the superconvergence rate, we define the superconvergence ratio as

max_1<a<1 [ "D (u — uy)(@)|

maxogicn [0 (u — un)(§7)]

ro(N) = (6.1)

According to (3.6), ro(N) is exactly N°. For any fixed o, we can evaluate the ratio for different N values,
and then estimate the gain of rate S numerically. As what one can see in Table 2, the convergence rates at
the superconvergence points are at least O(N 1), for different a, higher than the global rate, and the gain of
convergence rate increases while the derivative order is increasing.

Example 6.3. This example is used to investigate the superconvergence for Riesz fractional derivatives by
taking f(z) = (1 + 2)°(1 — 2)°, and o = 1.62,2.44. The function is interpolated at zeros of J5> °(z) for
a = 1.62, and at zeros of ._7153’_3(:6) for a = 2.44, respectively. Similar to previous examples, the errors of
_1D%en(x) are shown, and the superconvergence points are highlighted in the Figure 4 respectively.

In all simulations above, we can observe that the error at highlighted points is much less than the global
error.

Example 6.4. This example is used to study the performance of superconvergence points for nonsmooth under-
lying functions by taking f(z) = (11:1;22 , and a = 1.6, where Tlﬁ is an analytic function, and f”(z) is not

bounded in the L™ sense. In the simulation, we set ex(—1) = ey (—1) = 0 by adopting the interpolation (3.1).
Left panel of Figure 5 shows the error _1 D%y (z) with N = 8,12, 16, respectively, and the right panel shows
the error of N = 16 and the superconvergence points predicted as zeros of _11 g—ans’o (z) based on Theorem 4.4.
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a=2.44
% zeros of RD244u33(x)

=162 4l
% zeros of D102y 22 ()
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D“e, (x)
Rpo
D%, (x)
o

FIGURE 4. (Example 6.3) Left panel: Riesz fractional derivative errors D%y (x) with o = 1.62.
Right panel: the errors £D%y (x) with o = 2.44.
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——N=8 ——a=1.6
o =] -
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FIGure 5. (Example 6.4) Left panel: Riemann-Liouville derivative errors _jD%en(z) with
N = 8,12,16 and o = 1.6. Right panel: the errors _;D%en(x), and the superconvergence

points predicted as zeros of _; 2~ P2’ (z) with N = 16 and a = 1.6.

In the left panel, we observe that the error _; D%en(z) does not converge to 0 with NV increasing, especially
when z is near the boundary. The reason is that the interpolant does not fit the singularity at the end-points:
f(x) = O((1 + 2)+%) while fy(z) = O((1 + z)?) near z = —1. In the right panel, when z is near —1, the
performance of those superconvergence points is not good. Nevertheless, in the interior, where f(z) is smooth,
the error at highlighted points is still much less than the global error. We see that the Hermite interpolation
(polynomial interpolation) is not a good choice if the underlying function contains singular term, and the low
regularity affects the performance of superconvergence points indeed. To approximate nonsmooth functions,
non-polynomial basis functions (such as the GJF fractional interpolation introduced in [7]) that reflect the
singular behaviors are preferred.

6.2. Applications

We now apply superconvergence points above to solve integer-order/fractional boundary value problems, and
investigate the effectiveness of our theoretical analysis.
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(u-U () | (UU))
% zeros of P1/(x) % zeros of PS2(x)

0.5

o
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FIGURE 6. Left panel: the first derivative error: el (x), with N = 16; the zeros of P};'(x) are
asterisked. Right panel: the second derivative error: e\ (x), with N = 16; the Gauss points are
asterisked.

Example 6.5. Consider the following fourth-order boundary value problem:

u (z) +u(z) = f(z), x € (~1,1),
{u<—> W(~1) = u(l) = /(1) = 0, (6.2)

To illustrate the quantitative pictures to the behavior of numerical solutions, we take the exact solution in
the form of u(z) = ag + 30e® + aze!-5* + aze?® + a4e?°%, where the coefficients ag, as,as,as and f(x) can be
calculated by using boundary conditions and the exact solution itself. Numerical solutions are obtained by the
spectral-Galerkin method, see the detailed numerical scheme provided in ([21], Chap. 6). Left panel of Figure 6
shows the error of the first derivative (u — Uy)’(z), and the first derivative superconverge points at the interior
zeros of Jy 1’71(1') based on the analysis of Theorem 3.2. Similarly, right panel of Figure 6 shows the error of
(u—Up)"(z), and the second derivative superconvergens at Guass points.

Example 6.6. Consider the fractional boundary value problem:

i i i 63

Again, to illustrate the quantitative pictures to the behavior of numerical solutions, we set the exact solution
u(z) = 75(1 4 )51, and f(x) can be calculated correspondingly. The problem (6.3) is solved by spectral-
collocation methods. According to the original collocation method, let {z;}12, be the interior zeros of 7.5 ().
The numerical solution can be written in the form of

—~ N = (1+z)?
= z_: USty(x 2 U? - 4(x 71 n :cj))2’ (6.4)
where ¢; € Py[—1,1] is the Lagrange basis function satisfying
(ag) =iy ij=1,...,N—1.
Hence, the numerical solution is to find U° = (U?,US,...,U%_ ;)T € RV~ such that

(,1D§UK])($Z') = f(LL'Z'), 1= 1, “ee ,N — 1. (65)



1080 B. DENG ET AL.

0107 N=11 , <107 N=11
- 1.31
01 U0 | — DU 0
15 * zeros ofJ?'g'z(x)
0.2
1
0.3
0.4 d 0.5
05 4 ol 4
0.6
0.5
0.7
-1
0.8
-0.9 1 -1.5
-1
-1 05 0 0.5 1 -1
X

FIGURE 7. Right panel: fractional derivative errors: _iDl3len (), with N = 11, evaluating
points {x;}19, (asterisked). Left panel: the error ey (z), the curve doesn’t oscillate around 0.

<10 N=11

— (U)X I —— DU ()

0,-2,
% zeros of J17%(x) % zeros of V‘ISESP%O(X)
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FIGURE 8. Right panel: fractional derivative errors: _yDl3len (), with N = 11, evaluating
points {&}19, (asterisked). Left panel: the error ey (z), the curve oscillates around 0, and the
error at the asterisked points (interpolation points) is much less than the global error.

TABLE 3. The comparison of maximal errors of the two collocation methods

N 6 7 8 9 10 11

E, 6.45E-04 4.52E-05 6.46E-06 1.29E-06 3.32E-07 9.84E-08
E, 3.42E-06 3.52E-07 5.54E-08 1.15E-08 2.90E-09 8.55E-10

In the simulation, we set o« = 1.31, N = 11. Left panel of Figure 7 shows the error (v — U%)(x), and right
panel of Figure 7 shows the fractional derivative of error _; D¢ (u— Ug)(z) and the corresponding interpolation
points. From Figure 7, one can see that that _1D%(u — U%)(z) vanishes at {z;}12;, but the error (u — U%)(z)
doesn’t have superconvergence phenomenon, since it doesn’t oscillate around 0.

Based on the theoretical analysis in this paper, we may modify the numerical scheme (6.5) as: find U™ =
o, Uy, ..., U%_ )T € RV~1 such that

(LA DSUR)E) = F(€), i=1,...,N—1, (6.6)
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where {&}12,, the zeros of ,1I§""P1260(x), are the superconvergence points predicted in Theorem 4.4. As proved
above, Theorem 4.5 guarantees that the number of the superconvergence points {&;} is as same as of interpolation
points {z;}, so that the linear system has unique solution.

As what shown in Figure 8, one can observe that _; D% (u — UR)(x) vanishes at {£;}12,. More importantly,
UZ(z) superconverges to u(x) at the interpolation points {x;}1%;. This leads that numerical solution of our
new scheme (6.6) is much more accurate than that of the traditional scheme (6.5). To illustrate the accuracy
of numerical schemes, for any given degree of freedom N, we define the maximum norms of numerical solutions
respectively for schemes (6.5) and (6.6) as

E, = max {lu(e) = U1}, and By = max {Ju(a:) - U7},

The maximal error norms E, and F,, are list Table 3. One can see that for each N, E,, is significantly smaller
than E, at least by 1072.

7. CONCLUSIONS

Generally, the three kinds of Hermite interpolations are comparable to Lagrange-type spectral interpolations.
It is proved that for any fixed k, the integer-order derivatives of the error decay exponentially with respect to
the degree of freedom. The superconvergence points of each Hermite interpolation are also identified. Moreover,
the convergence rates at the superconvergence points of the one-point and two-point Hermite interpolations are
proved to be O(N~2) and O(N~2) higher than the global rate, respectively.

The superconvergence points of the Riemann—Liouville derivative can be efficiently and accurately calculated
by an eigenvalue method. Numerical simulations show that the gain of convergence rate is at least O(N~1).
It is a future work to validate the gain of convergence rate for fractional derivatives theoretically. Another
interesting observation is that the number of interpolation points for the Riemann—Liouville derivatives is equal
to the number of superconvergence points, which differs from the case of integer-order derivatives. Therefore,
we can use the superconvergence points found in this paper to numerically solve FDEs. By modifying the
collocation scheme based on the analysis in Theorem 4.4, the errors at interpolation points are much smaller
than the global errors. This phenomenon is not observed in the numerical solution of the traditional collocation
method. Thus, comparing this with the traditional collocation method, our new scheme produces more accurate
numerical solutions.

As far as we know, this is the first attempt to study the superconvergence points for Riemann-Liouville
and Riesz fractional derivatives by using Hermite interpolation. As shown in [4,9,10,13,15,17,29, 31, 32, 37],
spectral methods have successfully been applied to solve FDEs. The results in this paper will be useful to
numerically solve FDEs, especially when using spectral collocation methods. Hence, it will be interesting to
develop new spectral collocation methods based on the superconvergence points for high-order FDEs, such
as the super-diffusion models in [14, 25], or FDEs with Riesz, Caputo, or two-sided fractional derivatives in
[6,11,18,22, 24,31, 36].
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