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A STABLE FAST TIME-STEPPING METHOD FOR FRACTIONAL
INTEGRAL AND DERIVATIVE OPERATORS *

FANHAT ZENG', TAN TURNER"#, AND KEVIN BURRAGE'®

Abstract. A unified fast time-stepping method for both fractional integral and derivative
operators is proposed. The fractional operator is decomposed into a local part with memory length
AT and a history part, where the local part is approximated by the direct convolution method and
the history part is approximated by a fast memory-saving method. The fast method has O(ng +
ZZL qa (Ng)) active memory and O(nong +(ng—ngq) ZeL qa(Ng)) operations, where L = log(nr —ng),
ng = AT /[7,np = T /7, 7 is the stepsize, T is the final time, and g, (N;) is the number of quadrature
points used in the truncated Laguerre-Gauss (LG) quadrature. The error bound of the present fast
method is analyzed. It is shown that the error from the truncated LG quadrature is independent
of the stepsize, and can be made arbitrarily small by choosing suitable parameters that are given
explicitly. Numerical examples are presented to verify the effectiveness of the current fast method.

Key words. Fast convolution, the (truncated) Laguerre-Gauss quadrature, short memory
principle, fractional differential equations, fractional Lorenz system.
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1. Introduction. The convolution of the form

(1.1) (kxu)(t) = J,o k(t — s)u(s)ds

arises in many physical models, such as integral equations, integrodifferential equa-
tions, fractional differential equations, and integer-order differential equations such as
wave propagation with nonreflecting boundary conditions, see for example, [3, 8, 28,
29, 35, 22].

The aim of this paper is to present a stable and fast memory-saving time-stepping
algorithm for the convolution (1.1) with a kernel k(t) = t*'/T'(v). This kind of kernel
has found wide applications in science and engineering [8, 28, 29]. When « = 0, Eq.
(1.1) gives a fractional integral of order a. If & < 0, then Eq. (1.1) can be interpreted
as the Hadamard finite part integral, which is equivalent to the Riemann—Liouville
(RL) fractional derivative of order —a, see [30, p. 112].

The direct discretization of (1.1) takes the following form

(12) an,ku(tk)a n= 1725"'7nTa
k=0

where w,, ;, are the convolution quadrature weights. The direct computation of (1.2)

requires O(ny) active memory and O(n?) operations, which is expensive for long
time computations. The computational difficulty in both memory requirement and
computational cost will increase greatly when the direct approximation (1.2) is applied
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to resolve high-dimensional time evolution equations and/or a large system of time-
fractional partial differential equations (PDEs) involving (1.1), see e.g., [2, 10, 22, 41,
43]. However, we believe this computational difficulty for fractional operators has not
been fully addressed in literature. The short memory principle (see [6, 29]) seems
promising to resolve this difficulty, but it has not been widely applied in fractional
calculus due to its inaccuracy.

Up to now, some progress has been made in reducing storage requirements and
computational cost for resolving fractional models. The basic idea is to seek a suitable
sum-of-exponentials to approximate the kernel function k,(t) = t*~'/T'(a), i.e.,

Q
(1.3) ko(t) =t D(a) = ) w;eV' +0(e), te[sT]

where 4,7 > 0 and € > 0 is a given precision. The key is to determine w; and A; in
(1.3) in order that the desired accuracy up to O(e) can be achieved.

In order to derive (1.3), Lubich and Schéidle [22] expressed k,(t) in terms of its
inverse Laplace transform k,(t) = ﬁ Ic L[k, Je™ AN, where £[k,](\) denotes the
Laplace transform of k,(t) and C is a suitable contour. Then a suitable quadrature
was applied to approximate Jc L[k, ]e™ d), which leads to (1.3). This approach can be
applied to construct fast methods for a wide class of nonlocal models. The method in
[22] was then extended to calculate the discrete convolution (1.2) in [3, 31], where the
coeflicients w,, ; are generated from the generating functions. A graded mesh version
of [22] was developed in [20] and an application of [22] in the simulation of fractional-
order viscoelasticity in complicated arterial geometries was proposed in [41]. The
storage and computational cost of the fast methods in [3, 20, 22, 31] are O(logny)
and O(nylogny), respectively, which are much less than the direct methods with
O(ny) memory and O(nr) operations. Recently, Baffet and Hesthaven [1, 2] have
proposed to approximate L[k, ] using the multipole approximation, which yields (1.3).

Another approach to derive (1.3) is based on the following integral expression

(1.4) ko () = sinar) J' A%, a <l
0

™

Eq. (1.4) can be derived by inserting L[k,] = A™ into Henrici’s formula (see [5]), i.e.,
ka(t) = 5= [ [£1ka1(Ae™™) = L[kaJ(Ae'™) ] e dA. Li [18] transformed the above
integral into its equivalent form, then multi-domain Legendre—Gauss quadrature was
applied to approximate the transformed integral to obtain (1.3). Jiang et al [14]
combined Jacobi—Gauss quadrature and multi-domain Legendre—Gauss quadrature to
discretize (1.4) for —1 < a < 1, then a global after-processing optimization technique
was applied to further reduce the number of quadrature points, see also [40]. The
exponential sum approximation for ¢ ° (8 > 0) has been studied in the literature,
which can be used to design fast algorithm to approximate the fractional operators.
The interested readers can refer to [4, 26]. In the references [1, 2, 3, 20, 22, 31],
w; and A; are complex, however, they are real in [18, 14, 4, 26]. Apart from the
above mentioned fast methods for fractional operators, McLean [25] proposed to use
a degenerate kernel for evaluating k,, * u(t).
In this work, we derive (1.3) by approximating (1.4) using a truncated Laguerre—
Gauss (LG) quadrature. We list the main contributions of this work as follows.
e We follow and generalize the framework in [22] to resolve the short memory prin-
ciple with a lag-term, see Section 3. By choosing suitable parameters, the current
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method can be simplified as that in [1, 2, 18, 14], where the time domain is not
divided into exponentially increasing subintervals. This approach simplifies the
implementation of the algorithm. The present fast method unifies the calculation
of the discrete convolutions to the approximation of both fractional integral and
derivative operators with arbitrary accuracy (see Tables 4.2 and 5.5), for example,
the trapezoidal rule for the fractional integral operator (see [8]) and the L1 method
for the fractional derivative operator (see [7, 34]); see Figure 2.1.

e Given any basis B (B > 1 is an integer), any stepsize 7, any memory length AT > 7,
and any precisions €, ey > 0, the truncation number g, (N;) (see (4.7) and (4.10))
of the truncated LG quadrature is determined in order that the overall error of the
present fast method from the truncated LG quadrature is O(e + €p), see (4.14).
The truncated LG quadrature and/or a relatively smaller basis B saves memory
and computational cost, see numerical results in Tables 4.1-4.2 and Figure 4.2.

We would like to emphasize that the truncated LG quadrature reduces the mem-
ory and computational cost significantly, see Table 4.1. The memory and computa-
tional cost in [22, 20] can be halved due to the symmetry of the trapezoidal rule,
but operations with complex numbers are involved. In addition, the Gauss—Jacobi
and Gauss—Legendre quadrature used in [18, 14] may not be truncated. Furthermore,
the discretization error caused from the LG quadrature is independent of the stepsize
and the regularity of the solution to the considered fractional differential equation
(FDE), and does not appear to be sensitive to the fractional order « € (-2,1) as
exhibited in Figure 4.2, which is competitive with the mutlipole approximation [2] in
both accuracy and memory requirement, see Figure 4.3.

In real applications, analytical solutions to FDEs are unknown and often non-
smooth, and may have strong singularity at ¢t = 0, see, for example, [16, 23, 27, 33].
In order to resolve the singularity of the solution to the considered FDE, a graded
mesh approach was adopted by some researchers [16, 27, 33]. In [33], an optimal
graded mesh was obtained to achieve the global convergence of order 2—a, o € (0,1),
which is very effective when the fractional order is relatively large, but is less effective
when the fractional order tends to zero. In this paper, we follow Lubich’s approach
[21] to deal with the singularity by introducing correction terms.

As we mentioned above, a rational approximation was made in [2] to approximate
the Laplace transform of the fractional kernel, while the method in [18] used the
Legendre—Gauss quadrature to approximate the transformed integral of (1.4). These
approaches were initially designed for the fractional integral operator. However, we
have found that they can be applied to the RL fractional derivative operator directly
as done in the present work.

This paper is organized as follows. We follow the approach in [22] to present our
fast method in Section 2. The short memory principle with lag terms is resolved in
Section 3, it unifies the calculation of the discrete convolutions to the approximation of
the fractional integral and derivative operators. The error analysis of the fast method
is presented in Section 4, where all the parameters needed in numerical simulations
are explicitly given. Numerical simulations are presented to verify the effectiveness of
the fast method in Section 5 before the conclusion in the last section.

2. A stable fast convolution. In this section, we follow the approach given in
[22] to develop our fast convolution.

The goal is to discretize the right-hand side of (1.4) using a highly accurate
3



numerical method. It is natural to use LG quadrature to approximate (1.4), i.e.,

sin(am) (% —a -TA —(t-T)A sin(ar) «« (-1,
(2.1) ko(t) = . ATe e dA = —— ije ,

™
J=0

where {w;} and {);} are the LG quadrature weights and points that correspond to
the weight function A% T The quadrature (2.1) is exponentially convergent for
any t 2 T if N is sufficiently large, which is discussed in Section 4.

Denote t, = nt(n = 0,1,...,ny) as the grid point, where 7 is the stepsize. We
first restrict ourselves to o € [0,1). Using (2.1) and following the idea in [22], we
present our stable fast convolution for approximating k,, * u(t) as follows:

e Step 1) Decompose the convolution k, * u(t) as
(2.2)

oo o u(t) = J

t—T1

t t—T1

ko (f = $)u(s) ds + L o (f = $)u(s)ds = L% (u, £) + HO(u.1),

where we call L (u,t) and H"(u,t) the local and history parts, respectively. Let

Iil)u(t) be the linear interpolation of w(¢). Then the local and history parts can
be approximated by

L(u tn)~ LU 1) = L9, H (b))~ H ([P t,) = HO,

e Step 2) For every ¢ = t,,, let L be the smallest integer satisfying ¢,, < QBLT, where
B > 1is a positive integer. For £ = 1,2, ..., L — 1, determine the integer g, such that

(2.3) s = qB'r satisfies t,—s, € [B'r, (2B - 1)r].

Set sg =t, —7and sy, =0. Then ¢, — 7 =59 > 51 >+ >s5_1>s; =0.
e Step 3) Using (2.1), we approximate the history part Hia’")u = HY(I,u,t,) by

. L N
a,n Sln(aﬂ—) ) —(tn—se-1—Tp- A0 ¢ a,n
(2.4) Hi Yy = — ZZw§ Je(tnse-1 =T y(sz_l,sb}\é )) = FHi D
=1 j=0

<

with y(sy_1, s¢, A) given by

Se-1
(2.5) Y(se-1,50,A) = J’ e(s_se_l)/\fil)u(S)ds,

Se

where {wy)} and {)\S»E)} are the LG quadrature weights and points that corresponds
to the weight function A™%e” 7t (see (7.27) in [32]), and Tp_q = B'™'7 satisfying
t,—s—Ty_1 =0forallt, —s€ [Be_lT, (QBZ —1)7], s € [s4,80—1]. Here y(s) =
y(s, s¢, )\S»E)) used in (2.4) that is defined by (2.5) satisfies the following ODE

(2.6) y'(s) = =A%) + 1Du(s),  ylse) =0,

which can be exactly solved by the following recursive relation

(£) (£) tm+1l | (0)
e R RO R Tl I SO
t

m



e Step 4) Calculate the local part L(Ta’n)u - Ittn_T ko (t, — s)Iﬁl)u(s) ds with

(63
T

(an) (1) - _
(2.8) L7 u=L(I;"u,tp,) F(2+a)(u" Up—1)-

Combining Steps 1)-4), we obtain our fast convolution for approximating k,, * u(t).
The above fast convolution has the same storage and computational cost as that in
[22], the main differences are listed below:
i) The LG quadrature is applied instead of the trapezoidal rule to approximate
the history part H* (I, u,t) = S_T ko (t—s)I u(s)ds, that is, the history part
H“(Iu,t) in [22] was approximated by

L N-1
plan ~ (£ NG n=se1) A L (e
(2.9) FH£ u= Im{z Z w§- )E[ka](/\g' ))e(t e y(82—17827/\§‘ ))}7
=1j=—N

where {d)ﬁl)} and {5\56)} are the weights and quadrature points for the Talbot

O
(573027 1)y, (5) ds satisfies the

S

contour Iy, and §(s) = 4(s, sy, /A\‘g-l)) = ISE e
following ODE

N 2(0) . 1
(2.10) i'(s) = A 00) + EPus). ylse) = 0.
ii) We solve a stable ODE (2.6) instead of a possibly unstable ODE (2.10) that
may affect the stability and accuracy of (2.9). Indeed, for the Talbot contour
used in [22] (see also the parabolic contour or hyperbolic contour discussed in
[38]), there exist 5\5-6)’5, whose real parts are positive. Numerical tests show
that (2.9) still works well since one may not solve (2.10) for a long time, which
reduces the iteration error from solving (2.10) even though the real part of
some S\E-E) is positive.
The above fast convolution Step 1) — Step 4) holds for « < 1, that is, the RL
fractional derivative operator of order —« is thus discretized if « < 0.
EXAMPLE 2.1. Let u(s) =1+ s in (2.4) and define the relative error

(2 11) o = |Ha(uatn)_FH7(-a)n)u| 6 = |Ha(uatn)_Ff{7('a7n)u|
! |H* (u, t,)] s | (u, 1))

where FHﬁa’n)u and Fﬁﬁa’n)u are defined by (2.4) and (2.9), respectively.

We choose u(s) = 1 + s in order that the errors e,, and é,, mainly come from the
quadrature used in the discretization of the kernel k(). We show the errors e,, and
é, for different a in Figure 2.1. We can see that the LG quadrature shows better
accuracy than the trapezoidal rule based on the Talbot contour in this example.

3. Short memory principle with lag terms. In this section, we generalize
the fast convolution in the previous section to resolve the short memory principle (see
[6, 29]). The error analysis of the method is given in the next section.

Let AT > 0 be a memory length. Divide the convolution k, * u(t) into the local
part Las(u,t) and the history part Has(u,t) as shown below

(31) ka * ’U,(t) = LaAT(uu t) + HXT(uu t)7
5
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Fic. 2.1. Comparison between the trapezoidal rule based on the Talbot contour (black curve)
and the LG quadrature (red curve), 7 = 1, B = 5, N = 100. The optimal contour z(0,t) =

t (—0.4814 + 0.6443(0 cot(0) + 10.56530)) obtained in [37] is applied here, i.e., j\y) in (2.9) is given
by 5\25) = 2(0;, N[/(2T, — 7)) with the corresponding weight dzy) = 09gz(0;,N[(2T, — 7)), where
0; = (2j + 1)n/(2N),j = =N, ...,N -1 and T, = B'r, B=5,N = 32.

t

(3.2) Lir(ut) = | ot = 5)u(s) ds,
max{0,t—AT}
max{0,t—AT}

(3.3) Hp(ut) = J o (£ = $)u(s) ds.
0

If we drop the history part in (3.1), then the remaining part is the famous short
memory principle rule (see [29]). However, the short memory principle has not been
widely applied, since La7(u,t) is not a good approximation of k,, * u(t). Our goal is
to develop a good numerical approximation of Has(u,t), such that the storage and
computational cost are reduced significantly compared with the direct approximation.
The local part LA (u,t) is just the fractional operator defined on [max{0,t— AT}, t],
which can be discretized directly by the known methods, see [11, 21, 24, 34]. Next,
we introduce how to discretize (3.1) efficiently and accurately.

3.1. Interpolations. In this work, the discretization of (3.2) and (3.3) is based
on the interpolation of wu. Specifically, Lar(u,t) and Har(u,t) are approximated
by Lar(IXu,t) and Hap(IM u,t), respectively, where I” and I are two suitable
piecewise interpolation operators, which will be discussed in the following.

Linear interpolation is simple and has been applied widely in the discretization
of the fractional operators, see [8, 15, 17, 34]. Several quadratic interpolations have
been used to discretize the Caputo fractional operators, see, for example, [40, 19, 24].
We adopt the quadratic interpolation in [24] to illustrate the implementation of the
present fast algorithm. Define the local interpolation operator II. as

3
. N .
(3.4) Wu(t) = Y wjpet (1), t€ [t.t501.5 20,
k=1
(1) _  (t=tje1)(t=tj42) (J) _ (t=t;)(t=t;42) ) _ (t=t;)(t=tj41)
where F1 T (ty—tjen)(t—te2)’ F2 T (et (tje1—tje2)’ and F3 T (tje2—t;)(tje2—tj1) "

Let I 'u(t) = HM%u(t). Then, for each n = 1, the quadratic interpolation IP’") is
6



defined by

35) 1y - {Hiu(t), teftjtjs1],0<sj<n-2

QUJ(t)a te [tn—lvtn]'
For each n = 1, we define ITL and If as follows

(3.6) IFut) = 1%™u(t),  t e [max{t, — AT,0},t,],
(3.7) Pty = I%™u(t),  t € [0, max{t, — AT,0}].

Let j,, = max{n —ng,0}. Then L(AaTnT)u = LZT(ITLu, t,,) and H(AaTnT)u = HXT(Ifu,tn)
are given by

n— 2
(a,n) (1) (2)
(38) LATT - Z (bn 1—5 Uy + bn 1-5Uj+1 + bn 1-5 7+2) + Z djun‘*'j—%
J=In j=0
(). _ ) (2) (3)
(3.9)  Hpg,u= Z (bn—l—juj +bp iUt bn—l—juj+2)v
7=0

where bEl )J L= It“l ko (t, — s)F,Ej)(s) ds and d; = Itt:_l ko (t, — S)Fj(n_Q)(s) ds, i.e.,
(3.11) b = o (aa) [0 = (2 = 0+ (G - i),

(3.12) b = FEZ) [é(“”’ 20 4 (j+ 1)(j - 1)4‘”} :

(3.13) b = %(C;) [ = 2+ 06+ G+ 6],

(3.14) a0 Lrgane -

Some researchers used other interpolations in the discretization of the fractional
integral and derivative operators, we refer readers to [19, 7, 8, 17, 10, 42].

3.2. Corrections. From (3.8)(3.9) and for any AT = 0, we always have

(a,n) (a,n) (a n)

(315) DA'i"‘r LATT ATTU‘_ anﬂuJ’

where w,, ; can be derived from (3.10)—(3.13), which do not give explicitly. Clearly,

D(AO‘THT)u is just the second-order trapezoidal rule (or the (2 + «)-order L1 method)
for the fractional integral of order av > 0 (or the RL fractional derivative of order

0 < —a < 1) if the linear interpolation is used and wu(t) is sufficiently smooth, see

[7, 8]. For quadratic interpolation (3.5), D(Ao}z)u achieves the (3 + «)-order accuracy

for the RL derivative of order 0 < —a < 1 when wu(t) is smooth. However, the

approximation D(AO[THT)U defined by (3.15) is not a good approximation of k. * u(t,)

when u(t) has strong singularities.



In this work, we follow Lubich’s idea (see [21]) to use correction terms to capture
the singularity of the solution u(¢) to the considered FODE. The correction method
is based on the assumption that the solution u(t) has the following form

(3.16) u(t) —u(0) = Y et +£7A(t), 0< 0y < o,

J=1

where 4(t) is uniformly bounded for ¢ € [0,T]. Readers can refer to [8, 23, 13, 29]
for more detailed results of the regularity of FODEs.
Combining (3.15) and (3.16) gives the following correction method

a,n,m (a,n
(3.17) D(AT,T ) ATT) +7 Z Whi( up),

where W, ; are the starting weights that are chosen such that

m a opta
(a,n) « T n"*
(318) DATT +7 Z ij(u]‘ - UQ) = koz * u(tn) = m,l <k=z=m

for u(t) = t°%,0 < 0} < op41. For each n > 0, one can resolve W, ;(1 < j < m)
from the above linear system and W,, ; are independent of 7. The error analysis of
the direct method (3.17) is discussed in Section 4. Readers can refer to [9, 21, 44] for
more discussions of the correction method.

3.3. The fast implementation. In this subsection, we generalize the fast algo-

rithm in Section 2 to approximate Dglfn: defined by (3 15), which is given as follows.

e Step A) Decompose DAT T)u into two parts as DAaT Ju = L(Aa:"pnT) + H(AaTnT)

e Step B) Assume that AT = noT = t,,. For every t = t,,n = ng, let L be the
smallest integer satisfying ¢,_p,+1 < oBY7. For ¢ = 1,2,...,L — 1, determine the
integer g, such that

(3.19) Sp = queT satisfies t,_, 41 — S¢ € [BET, (QBZ - 1)7].

Set sg = ty—ny+1 — 7 and sz, = 0.
e Step C) Let £, = t, — AT + 71 = ty-ng+1 = 7. Then the history part H(AaTnT)u =

HYp (1P u,t,,) is approximated by

. L oo
o,Mn s - — — -T —(¢. —Syp_1— -
H(ATT) _ 1n(7Toz7r) ZJ’ % (Te-+AT=T)A _~(Fn=s01-T I)Ay(sé_lvsb)\) 1A

¢a (N
s1n(om) Z (0) —(t —s0-1=Tp- 1)A(

(e,n)

y(sf—laséa ' ) _FHATT

(3.20) ~

where {w‘g-é)} and {/\‘S-Z)} are the LG quadrature weights and points that corre-
spond to the weight function A\™e” 717477 0 () is defined by (4.7), and
y(8p-1, S¢, /\‘g-g)) can be be obtained exactly by solving the following linear ODE

¢ H
(3.21) y'(s) = =2y(s) + I u(s), y(se) =0

see also (2.6) and (2.7).



(a,n)

e Step D) Calculate the local part LAT U= Lar(IFu,t,,).
The fast algorithm for the discretization of ke * u(t) is now given by

(a,n m) (a,m) (a,n)
(3.22) FDAr; u= Lapu+ pHar fu Z Wi, (uj = uo),

where LS‘THT) is given by (3.8), FH(AO%T:_)’UJ is given by (3.20), and the starting weights
W, ; are determined by the linear system (3.18).
Next, we analyze the complexity of the present fast method (3.22). For the

local part L(Aafi?u, the memory requirement is O(ng) with the computational cost

of O(ng(ny — ng)) for all ng < n < np. For the history part FH(AO‘:}?T)u, we have

O(Zf ¢ (Ny)) active memory and O((ny — ng) ZeL go(Np)) operations, where L =
logp (nr —ng). An additional cost is required to obtain the starting weights W, ; in
(3.22), which can be performed by use of fast Fourier transform with O(ny log(nr))
arithmetic operations. Hence, the overall active memory and computational cost are

O(ng + Zf 4o (N;)) and O(ngny + (np — ng) Zf 7o (Np)), respectively.

4. Error analysis. In this section, we analyse the overall discretization error of
the fast method (3.22) in Section 3. Firstly, we present the exponential convergence
rate of the LG quadrature used in (2.4) and (3.20). Then we show how to choose N,
and ¢, (Ny) used in (3.20), such that the desired accuracy is maintained with the use
of the minimum number of the quadrature points.

For simplicity, we denote

(4.1) I°[T, f] = J'OOo A () AN and T°[f] = J'Ow A% (N dA

The LG quadrature for I*[T, f] and I“[ f] are given by (see [32])

N N
« —a—1 a « «
(42)  QNUIT.A1=T Y WiV rOuT). QNIFI= Y Wi (),
J=0 j=0
where \; are the roots of the Laguerre polynomial LS\?L()\), and wﬁ-a)
sponding weights given by
w(a) F(N +a+ 1)/\
J (N+a+1)(N+1)!

are the corre-

(4.3) (L))

We show the convergence of the quadrature Q% [T, e "] and the property of the
quadrature weight wga) (
given in Appendix A.

THEOREM 4.1. Let t 20,7 >0, a > —1, and N be sufficiently large. Then

t/T 2N
1+¢t/T ’

see (4.3)) in the following two theorems. The proofs are

(4.4) |17, e 1= Q¥ [T, ™| = QVNT‘CH(

where C,, n s bounded =1 < a =0 and Cy y < Co N for a > 0.

THEOREM 4.2. Let o > —1 and wg *) pe defined by (4.3). If N and j are suffi-
ciently large, then there exists a positive constant C independent of N such that

2/ . 2
(4.5) w{® < O(N 4 1) 020w UrIH/ N,
9



Given a precision ¢y > 0, the truncated LG quadrature is given by

q-o(N)

(4.6) Q[T f1=T70 Y Wl (0 /7)),

J=0

where q_,(NN) is a positive number given by

(4.7) dea(N) = min{N, [27r‘1\/(N + 1) log((N + 1)%51)} - 1}.
From (4.5), we can find the smallest integer j satisfying (N + 1)0‘6_0'25772(j+1)2/(N+1) <
€g, which yields (4.7). We choose ¢ = 107'% in this paper.

Figure 4.1 (a) shows the exponential decay of wg-_a) when j = ¢,(128) for dif-
ferent fractional orders @ = —1.8,-1.2,-0.8,-0.2,0.2,0.8. Figure 4.1 (b) displays
similar behaviors as shown in Figure 4.1 (a). We can see that Eq. (4.7) works
well, and q,(N) is not very sensitive to the fractional order o € (-2,1). For
example, ¢, (128) = (48,47,46,44,43,41) (or q,(256) = (69,67, 65,62,61,58)) for
a=(-1.8,-1.2,-0.8,-0.2,0.2,0.8), and ¢,(N) < N when N is sufficiently large.
For oo < —2, similar results are obtained, which is not shown here.

10° 10°
——a=-18 —+—a=-18
——a=-12 1050 ——a=-12
100 ——a=-0.8 ——a=-0.8
——a=-0.2 10100 —+—a=-02
L1 nots ——a=0.2 ——a=02
_ a=0.8 _ 10150 [ 1015 —a=08
H H]
1010 200
ho20 10 N
10%°
10200 1020
42 44 46 48 50 52 54
10 60 65 70
10250
40 50 60 70 80 90 100 110 120 130 40 60 80 100 120 140 160 180 200 220 240
] J
(a) N = 128. (b) N = 256.

Fic. 4.1. The exponential decay of the quadrature weights wg_a) defined by (4.3).

For notational simplicity, we denote
Ty=Ty +AT —7, H}(s)=t,—-T)_s—s.
Next, we investigate how to estimate N, in (3.20), such that the LG quadrature
Qj_vj[fz, e_ﬁ;(s))‘] to the integral I~ *[T}, e_ml(sn] preserves the accuracy up to O(e)
for all s € [sy,50-1].

From Theorem 4.1, we know that the error of QJ_V(Z[@, e
on the following term

-HE (S))‘] mainly depends

2N fy—s =Ty 2N
(H?(S)/Te) :(Tgn_1+—ATé:17) ;s €[se801].

Using (3.19) and Ty_; = B“ ' gives

(45) o< by —s=Tpy _ 2B-1-B""
' T T+ AT -7 7 14+ BYYAT /T - 1)
10

=T, <2B-1, Viz21



Using the above inequality and Eq. (4.4) yields

—ars —H'(s)A —-ars —H(s)A
[T e P = QNI T, e ]
— ~ 2N,
(4.9) ~a-1 | HJ(8)]T, ‘ cot [ To M
Sca,N@Tf T =, = = Ca,N, Lo :
1+ Hy(s)/T, 1+ 7,

Since the relative error of (4.9) is independent of Ty, we can let (T;/(T; +1))*" < e,
which yields the minimum N, given by

1-¢
(110) Nﬁ{ log e )w’ s _2B-1-B

2log( 74 1+ BYYAT/r - 1)

From (4.6) and (4.9), we derive that the pointwise error of the truncated quadra-

ture Q]_V?_reo[fg, e_H;(S))‘] for all s € [sy,50_1] is given by

(411) B e MM = O, TN - QN [T e = 0() + O(o),
where Q. ., is defined by (4.6) and N, is given by (4.10).
Next, we present the error bound of the fast method in Section 3. Denote by

ty
(4.12) R™ = J' Ko (tn — s)u(s) ds — DY,
0

(

Note that the above discretization error R™ depends on the smoothness of u(t) and

the discretization method D(AO‘:’F?T’m)u. If u(t) is sufficiently smooth, no correction
terms are needed to achieve (2 + a)-order (or (3 + a)-order) accuracy if linear (or
quadratic) interpolation is applied for « < 0. If u(t) satisfies (3.16), then the global
(24 a)-order (or (3 + a)-order) accuracy can be achieved for o,,41 = 2 (or 0,41 = 3).
In numerical simulations, the condition ¢,,41 = 2 (or 0,,41 = 3) does not need to be
satisfied, (2 + a)-order (or (3 + «)-order) accurate numerical solutions are observed
far from ¢ = 0. In the numerical simulations, only a small number of correction terms
are sufficient to achieve very accurate numerical solutions; see numerical simulations
in the following section and see also related results in [44].
From (3.20) and (4.11), we have
(4.13)
SIN(AT) &= atr —~(f=Tp1—ss 1A
|HKT(Ifuatn) - FH(AQ’I)’T:-)U| = ‘ T Ee,e[; [8 noee y(sf—laséa/\)]
=1

s €,€0

. L Sp_ .
=‘sm(a7T) ZJ’ -1 E—a,é[e—HZL(s))\]IHu(S)dS‘
(=17 se

tn
<C(e+ eO)J, |Ifu(s)| ds < Cmax{0,t,41 — AT} |ul|e (€ + €9)-
0

Combining (4.12) and (4.13) yields

(a,n,m) (e,n)

ko * u(t,) — pDag ™ u :|H§T(Ifu, t,) - pHaqgou+ R"

(4.14) o
S(jrna'x{oatn+1_A11}||u||0<)(6+60)+ |R |7
11



where the error in (4.14) originates from two parts: the LG quadrature for discretizing
I7O[T, e TN (see (4.11)) and the discretization error defined by (4.12).

Next, we numerically study the error caused by the LG quadrature. Let m =0
and u(t) =1 +¢. Then R"™ in (4.14) is zero. Denote the relative pointwise error

(a;n,0)

e, = (ko * u(tn))_1 ko * u(ty) = pDar ul, l<sn<ng =T/,

where k, * u(t,) = t>/T(1 + a) + 27 JT(2 + @) for u(t) = 1 +¢.

Given a precision € = 107", the maximum relative error ||e||co = maXo<p<n, |€n,
the total number of the quadrature points ) Ny, and the total number of the truncated
quadrature points Y g, (N;) are shown in Table 4.1 for different basis B, « = —=0.5,7 =
0.1,AT =1, and T = 10", We can see that the truncated LG quadrature saves
memory. A relatively smaller basis B needs less quadrature points and thus saves
memory, which can be explained from (4.8) and (4.9). Eq. (4.9) implies a faster
convergence as B decreases, due to Ty = 2B — 1, / is sufficiently large. Hence, a
relatively smaller B means that smaller N, are needed to achieve high accuracy that
leads to the use of less LG quadrature points.

We change the precision € and show the corresponding relative maximum errors
lle|loo in Table 4.2. We can see that ||e||o increases as e increases and the total
number of the quadrature points are reduced. It also shows that much better results
are obtained than the theoretical prediction, see also the related results in Table 5.5.

TABLE 4.1
The mazimum relative error ||e|ls under the precision € = 1071° o= -05,7 = 0.1,AT = 1,
and T = 10%.

B [ X Ne [ > aa(Ny) Ilelloo B [ Y Ne [ Y aa(Ny) llelloo

2 583 389 6.8651e-13 30 3333 545 7.2134e-13
3 605 323 6.6718e-13 40 3583 514 7.3190e-13
4 687 318 7.4246e-13 50 4521 576 7.3391e-13
5 783 320 7.4754e-13 60 5463 637 7.4632¢-13
8 1151 370 7.4377e-13 70 6406 689 7.3451e-13
10 1246 359 7.1388e-13 80 7345 737 7.4678e-13
15 1598 376 6.9954e-13 90 8288 785 7.3892¢-13
20 2173 438 7.0761e-13 100 9231 829 7.4941e-13

1010 900

800

ok g\ 700

600

Relative errors
Number of truncation points

12
w2p Nk

400 (¥

1013 300
0

Fic. 4.2. (a) The mazimum relative error ||e||e against the basis B; (b) The total number
Y o (N¢) of the quadrature points against B; T =0.01,T = 104,6 =10"1°.
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Figure 4.2 (a) shows the relative maximum error ||e||, against the basis B for
different fractional orders, 7 = 0.01,7 = 104,6 = 107", We can see that better
results are obtained than the predicted precision € = 10_10, even for o = —1.8 (the
fractional derivative of order 1.8). Figure 4.2 (b) shows the total number of the
truncated LG quadrature points against the basis B. For a fixed B, the number
of truncated quadrature points increases as a decreases, which is in line with the
theoretical prediction (4.7). For a fixed fractional order «, the number of the truncated
quadrature points increases as B increases, which agrees with (4.10), due to 7, = 2B—1
when / is sufficiently large.

It is reasonable to choose a relatively smaller precision € and smaller basis B in
numerical simulations, since a smaller € ensures a relatively large N, that guarantees
the exponential convergence of the LG quadrature, and a small B ensures a smaller
radius of convergence of the quadrature error (4.9).

TABLE 4.2
The mazimum relative error ||el|leo under different precision €, B =5, a = —0.5, AT = 1.
T =0.01,T = 10" r=01,T = 10°
€ > Ne Y aa(Ne) llelloo 2 Ne Y aa(Ne) Ilelloo
1077 | 1018 384 1.1937e-12 | 1203 442 6.8208¢-12
10_10 848 349 4.7044e-12 1001 402 6.8191e-12
10_8 680 313 4.7044e-12 799 361 6.5369e-12
1078 512 271 3.1858e-09 604 312 1.2450e-10
107° 427 243 2.1577e-06 503 281 1.8889e-08
10_4= 340 215 2.1577e-06 404 252 2.3317e-07

Finally in this section, we compare the truncated LG quadrature with the mul-
tipole approximation proposed in [2]. As the key idea of the existing fast methods
aforementioned is to seek a sum-of-exponentials of the form ije_’\jt to approxi-
mate the kernel function k,(t), we compare the accuracy of the sum-of-exponentials
from the LG quadrature and the multipole approximation. The relative pointwise
errors e, = |ka(tn) - ije_Ajt" |/|ka(tn)| are shown in Figure 4.3, where we set the
precision € = 10_10, B =5, and AT = 7 when the LG quadrature is applied, and
the precision in [2] is set to be 107", For o = 0.5, the two methods achieve similar
accuracy with, respectively, P = 832 and @) = 777 quadrature points for the multi-
pole approximation and the truncated LG quadrature, see Figure 4.3 (a). Figure 4.3
(b) shows the pointwise errors for @ = —0.5, the truncated LG quadrature shows a
slightly better approximation. For other fractional orders o € (—1,1), the truncated
LG quadrature is competitive with the multipole approximation both in accuracy and
the computational cost. These results are not shown here.

5. Numerical examples and applications. In this section, two examples are
presented to verify the effectiveness of the present fast method when it is applied to
solve FDEs. All the algorithms are implemented using MATLAB 2016a, which were
run in a 3.40 GHz PC having 16GB RAM and Windows 7 operating system.

EXAMPLE 5.1. Consider the following scaler FDE

(5.1) cDatu(t) = —Au(t) + F(u,t), u(0)=wuq, te€(0,T],

where 0 < « < 1 and A =2 0, and CD&t is the Caputo fractional operator, which
satisfies ¢ Dy yu(t) = ko * u(t) — u(0)t™"/T(1 - ), see [29].
13
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(a) a = 0.5,7 = 0.0001. (b) o = —0.5,7 = 0.0001.

Fic. 4.3. Comparison of the truncated LG quadrature and the multipole approzimation [2].

We present our fast numerical method for (5.1) as follows: For a given length
AT = nqgr, find U,, for n > ny such that

(5.2) pDST U = ugt, [T(1 = @) = =AU, + F(Up, t,),

n,m)

where FD(AO‘:’FJ is defined by (3.22). The application of the direct convolution

(-a,n,m) (=a,n,m)

method means here that D7 " U in (5.2) is replaced by Dyp " "U. The New-
ton method is used to solve the nonlinear system (5.2). The direct method is applied
to obtain U(< k < m), and the stating values U,(1 < k < m) are obtained using the
direct method with one correction term and a smaller stepsize 2
The following two cases are considered in this example.
Case I: For the linear case of F' = 0, the exact solution of (5.1) is

u(t) = Eo(-At"),

where E,(t) is the Mittag-Leffler function defined by E,(t) = Y 1, F(#kﬂ)

Case II: Let F = u(1 — «*) and the initial condition is taken as ug = 1.
The maximum error is defined by

||e||00 =OSI11113'_1)“(/T|6”|7 €n =u(tn)_UnaT=4O'

In this example, we always choose the memory length AT = 0.5, the basis B =5,
the truncation number ¢, (N,) in (3.20) is calculated by (4.7) and N, is determined
by (4.10) under the precision € = 10_10, and A = 1. We will reset these parameters
if needed. The fast method based on quadratic interpolation (3.5) is applied in this
example if there is no further illustration.

The purpose of Case I is to check the effectiveness of the present fast method for
non-smooth solutions. We demonstrate that adding correction terms improves the
accuracy of the numerical solutions significantly. We first let a = 0.8, the maximum
error and the error at ¢t = 40 are shown in Tables 5.1 and 5.2, respectively. We can see
that the expected convergence rate 3 — « is almost achieved by adding two or three
correction terms, and the numerical solution at the final time is much more accurate
than that near the origin. This phenomenon can be observed from the existing time-
stepping methods for time-fractional differential equations.

14



As the fractional order decreases, the singularity of the analytical solution be-
comes stronger. Tables 5.3 and 5.4, respectively, show the maximum errors and the
errors at t = 40 for o = 0.1. We observe that the maximum error, which occurs near
the origin, almost does not improve, though the step size decreases. We find that
as the number of correction terms increases, the accuracy of the numerical solutions
increases significantly. We need almost 30 correction terms to derive the expected
global convergence rate 3 — a for o = 0.1, which is impossible to achieve by double
precision. The fact is a small number of correction terms is enough to yield satis-
factory numerical solutions, which makes the present method more practical. We
refer readers to [44] for more explanations and numerical results associated with this
phenomenon.

TABLE 5.1
The mazimum error ||e||e of the method (5.2), Case I, o), = ka,, « =0.8, T =40, B = 5.

T m=0 Order m=1 Order m =2 Order m=3 Order
27" | 2.7966¢-3 1.5674e-3 3.0233e-5 3.4818e-5

270 | 1.7545¢-3 | 0.6726 | 5.442Te-4 | 1.5260 | 5.9024e-6 | 2.3568 | 7.7701le-6 | 2.1638
277 | 1.0604e-3 | 0.7264 | 1.8498e-4 | 1.5569 | 1.6683e-6 | 1.8229 | 1.7199e-6 | 2.1756
2
2

78 | 6.2689e-4 | 0.7584 | 6.2086e-5 | 1.5751 | 4.2485e-7 | 1.9733 | 3.7854e-7 | 2.1838
"9 | 3.6575e-4 | 0.7773 | 2.0686e-5 | 1.5856 | 1.0205¢-7 | 2.0576 | 8.3007¢-8 | 2.1892

TABLE 5.2
The absolute error |e,| of the method (5.2) at t = 40, Case I, o) = ka, o = 0.8, B = 5.

T m=0 Order m=1 Order m =2 Order m=3 Order
27° | 5.8890e-7 1.9977e-7 1.7531e-7 4.8407e-6

2 3.0861e-7 | 0.9322 | 5.8512e-8 | 1.7715 3.87T1e-8 2.1769 | 1.1237e-6 | 2.1069
277 | 1.5741e-7 | 0.9713 | 1.6977e-8 | 1.7852 8.5112¢-9 2.1875 | 2.5398e-7 | 2.1455
2

2

8 | 7.9372¢-8 | 0.9878 | 4.8985¢-9 | 1.7931 1.8745e-9 2.1829 | 5.6424e-8 | 2.1703
9| 3.9821e-8 | 0.9951 | 1.4075¢-9 | 1.7992 | 4.3619e-10 | 2.1035 | 1.2218e-8 | 2.2073

TABLE 5.3
The mazimum error ||e||e of the method (5.2), Case I, o), = ka,, « =0.1, T =40, B = 5.

T m=0 Order m=1 Order m=3 Order m=5 Order
27" | 2.5872¢-3 1.5852¢-3 2.1191e-5 2.1191e-5

276 | 2.5323¢-3 | 0.0310 | 1.5017e-3 | 0.0781 | 9.6408¢-6 | 1.1362 | 9.6408e-6 | 1.1362
277 | 2.4750e-3 | 0.0330 | 1.4177e-3 | 0.0831 | 4.3479e-6 | 1.1488 | 4.3479e-6 | 1.1488
2
2

78 | 2.4148¢-3 | 0.0355 | 1.3338¢-3 | 0.0880 | 1.9444e-6 | 1.1610 | 1.9444e-6 | 1.1610
79 | 2.3516e-3 | 0.0383 | 1.2507¢-3 | 0.0928 | 1.2279¢-6 | 0.6631 | 8.6285¢-7 | 1.1721

TABLE 5.4
The absolute error |e,| of the method (5.2) at t = 40, Case I, o} = ka, aw =0.1, B = 5.

T m =0 Order m=1 Order m =3 Order m=5 Order
27° | 6.4561e-6 6.6140e-7 1.0065e-8 4.1985e-9

2 3.2045e-6 | 1.0106 | 3.1760e-7 | 1.0583 3.8428e-9 1.3891 1.0230e-9 2.0371
277 | 1.5919e-6 | 1.0094 | 1.5234e-7 | 1.0599 1.5471e-9 1.3126 | 2.5282e-10 | 2.0166
2

2

8 | 7.9116e-7 | 1.0087 | 7.2987e-8 | 1.0616 | 6.4397e-10 | 1.2645 | 6.4081e-11 | 1.9801
79 | 3.9331e-7 | 1.0083 | 3.4930e-8 | 1.0632 | 2.7313e-10 | 1.2374 | 1.6914e-11 | 1.9217
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Table 5.5 shows the difference 1 = maxo< <7/, |Up — U, where Up are numeri-
cal solutions derived from the fast method under the precision €, and U5 are numerical
solutions from the direct method. We can see that the difference 7 is independent of
the stepsize 7, which confirms (4.13). Table 5.5 also shows that the accuracy of the
present fast calculation outperforms the predicted accuracy e, see (4.13).

TABLE 5.5
The difference of the numerical solutions between the fast method and the direct method, Case
I, m=0,a=01,T =40, B = 5.

=5 -6 -9

€ T=2 T=2 r=27" r=27"% T=2
10 72 | 2.8255¢-13 | 2.7850e-13 | 2.7167e-13 | 1.1102e-15 | 1.4988e-15
10719 | 2.8239e-13 | 2.7839e-13 | 2.7162e-13 | 5.6066e-15 | 2.1094e-15
10 2.8116¢-13 | 3.8219¢-13 | 6.6397¢-13 | 2.2093¢-14 | 8.2682¢-13
1078 | 7.5677c-11 | 7.2366¢-11 | 8.0116e-10 | 2.6198e-11 | 8.0352e-12
107° | 3.2016e-11 | 1.9709e-10 | 1.2477e-10 | 2.6461e-10 | 2.2769e-10
107% | 3.0868¢-09 | 9.4674e-09 | 2.4896e-09 | 1.5458¢-08 | 4.3178e-08

-8

In Table 5.6, we compare the present fast method (5.2) based on the linear inter-
polation with the graded mesh method in [33], in which the nonuniform grid points
are given by ¢; = (j7)", 0 < j < 1/7. We can see that the fast method with correction
terms is competitive with the graded mesh method for a = 0.5. In [33], the authors
obtained the optimal grid mesh ¢; = (jT)(Q_a)/O‘ to achieve the global (2 — a)-order
accuracy, which works well when « is relatively large and the expected convergence
rate is achieved. For the correction method, too many correction terms may harm the
accuracy, but a few number of correction terms can achieve highly accurate numerical
solutions, which is not investigated here, readers can refer to [9, 21, 44] for more dis-
cussion. Note that for values of « close to zero, the correction method is even more
effective than the optimal graded mesh approach in [33].

TABLE 5.6
Comparison of the present method with the graded mesh method in [33] based on linear inter-
polation, Case I, o, = ka, a = 0.5, B=5. The errors ||e||s are displayed.

The graded mesh method [33] with grid points ¢; = (j7)".
T r=1 Order r=23/2 Order r=3 Order r=6 Order
270 3.6491e-2 1.6839¢-2 2.6568e-3 2.5431e-3
2 2.7048e-2 | 0.4320 | 1.0288e-2 | 0.7108 | 1.0077e-3 | 1.3986 | 9.2945e-4 | 1.4521
277 | 1.9772e-2 | 0.4521 | 6.2162e-3 | 0.7268 | 3.7277e-4 | 1.4347 | 3.364de-4 | 1.4660
2
2

"8 | 1.4312e-2 | 0.4663 | 3.7315e-3 | 0.7363 | 1.3582e-4 | 1.4566 | 1.2096e-4 | 1.4759
1.0288e-2 | 0.4762 | 2.2313e-3 | 0.7419 | 4.9041e-5 | 1.4696 | 4.3280e-5 | 1.4827

The fast method based on linear interpolation with correction terms
T m=1 Order m=2 Order m =3 Order m=4 Order

27° | 5.6366e-3 2.1893e-4 1.4976e-4 7.2351e-5

2 3.1659e-3 | 0.8322 | 1.0737e-4 | 1.0279 | 6.9115e-5 | 1.1156 | 4.4890e-5 | 0.6886
277 | 1.7231e-3 | 0.8777 | 4.9196e-5 | 1.1260 | 2.9276e-5 | 1.2393 | 2.2604e-5 | 0.9898
2

2

8 | 9.1600e-4 | 0.9116 | 2.1427e-5 | 1.1991 | 1.1719e-5 | 1.3208 | 1.0105e-5 | 1.1614
9 | 4.7862e-4 | 0.9364 | 8.9763e-6 | 1.2552 | 4.5167e-6 | 1.3756 | 4.1916e-6 | 1.2696

Next, we implement the present fast method for a longer time computation and
compare it with the direct convolution method. We show in Figure 5.1(a) numerical
solutions for ¢t € [0,T],T = 10000, where we choose a = 0.1,0.5,0.9, and the time
stepsize 7 = 0.01. In Figure 5.1(b), we plot the computational time of the fast
method and the direct method with two correction terms applied. It shows that the
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computational cost of the fast convolution almost achieves linear complexity, which
. . . . 2 . .

is much less than that of the direct convolution with O(n7p) operations when nq is
sufficiently large, where ng = AT /7 and ny = T /.

09 ——a=0.1 —+—Fast method
—~~a=05 10* | ——Direct method
0.8
—~a=09
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505

CPU time
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0 200 400 600 800 1000 10* 10% 10°
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(a) Numerical solutions. (b) Computational time.

F1c. 5.1. Numerical solutions and the computational time of the two different convolutions for
Case II, 7 =0.01,B=5,m = 2,0} = ka.

Next, we consider a system of FODEs each having a different fractional index.
EXAMPLE 5.2. Consider the following system of fractional differential equations
each with different fractional index

cDoyu(t) = w+ (v = 1),
(5.3) eD3u(t) =1 - cov —u?,

cDojw(t) = —u = cyw,

where 0 < ay, < 1(k=1,2,3), c1,co and c3 are positive constants, co > 1/2.
Let U,,V, and W,, be the approximate solutions of w(t,,),v(t,) and w(t,), re-
spectively. Then the fully discrete scheme for the system (5.3) is given by:

PO U = gty ™ T(1 = a1) = Wiy + (Vo = 1)Uy,
(5.4) PDSR "V = gt T(1 = a2) = 1= &V, = Uy,

pDSE W — wot, ™ JT(L = ag) = ~U,, = ¢s W,
where n = 2 and FD(AO‘:’FilT’m)U is defined by (3.22). Because we use quadratic inter-
polation, Uy, V,,, Wy, for k = 1,2 need to be known, which can be derived using the
known methods with smaller stepsize. Here we use the L1 method with one correction
term and smaller stepsize 7% to derive these values. We take AT = 7 and B = 5 in
numerical simulations of this example.

If ;7 = ay = az = «a, then (5.3) is just the fractional Lorenz system [36]. It
has been proved that the fractional Lorenz system (5.3) is dissipative [36] and has an
absorbing set defined by a ball B(0,/a/b + ¢), where a = 1/2 and b = min{c;, ¢, —
1/2,c3}. We take ¢; = 1/4,¢o = 1,¢5 = 1/4 and the initial conditions as those in
[36], i.e., Uy = u(0) = 2,V = v(0) = 0.9,W; = w(0) = 0.2, the time stepsize is
taken as 7 = 0.01. We compute numerical solutions for ¢ € [0,1000], which is much
larger than that in [36]. Numerical solutions for a = 0.9 are shown in Figure 5.2.
We can easily find that U> + V.2 + W, < 2, which means (U,,,V,,, W,,) € B(0,v2).
For other fractional orders «, = a, we have similar results, see also [36]. Next, we
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choose different o, a9, and ag, and exhibit the numerical solutions in Figure 5.3 for
(aq, a9, a3) = (0.9,0.8,0.7) and (o, s, a3) = (0.7,0.8,0.9). We can see that the
numerical solutions (U,,, V,,, W,,) are also in a ball. For other choices of the fractional
orders, we have similar results, which are not provided here.
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Fi1G. 5.3. Numerical solutions for Example 5.2, t € [0,1000], 7 = 0.01,m = 0.

6. Conclusion and discussion. We propose a unified fast memory-saving time-
stepping method for both fractional integral and derivative operators, which is applied
to solve FDEs. We generalize the fast convolution in [22] for fractional operators,
while we use the (truncated) LG quadrature to discretize the kernel in the fractional
operators instead of the trapezoidal rule in [22]. We also introduced correction terms
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in the fast method such that the non-smooth solutions of the considered FDEs can be
resolved accurately. The present fast method has O(ng + ZZL do(Ny)) active memory
and O(ngny + (ny —ng) Zf da(INy)) operations. If a suitable memory length AT and
a very large basis B are applied, then the present fast method is similar to that in
[14, 18], that is, the kernel k,(¢) is approximated via the truncated LG quadrature
for all t € [AT,T].

We present the error analysis of the present fast method. For a given precision, a
criteria on how to choose the parameters used in the fast method is given explicitly,
which works very well in numerical simulations.

We considered the fast method for the fractional operator of order a < 1. In fact,
our method can be extended to the fractional integral of order greater than one. For
example, for a € [1,2), Eq. (1.4) still holds in the sense of the finite part integral,
that is, Eq. (1.4) is equivalent to k,(t) = m L;)o AT d). In such a case,
a coupled ODEs are needed to be resolved instead of one for a < 1.

In the future, we will apply the fast method to solve a large system of time-
fractional PDEs, perhaps in three spatial dimensions. We will also explore how to
efficiently calculate the discrete convolution ) ,_jw,_xu(t;), where the quadrature
weights {w,,} are not from the interpolation as done in the present work, but from
the generating functions, see, [21].

Appendix A. Proofs. Proof of Theorem 4.1.
Proof. We follow the proof of Theorem 2.2 in [39]. We first expand g(\) = e
in terms of the Laguerre polynomials, i.e., g(A) = Y an LX) (1)), where

n=0

I'(n+1) © e -A t"
vy fy ANdh = ——
T+ 1+ a) J’O ¢ "g(\) (t + 1) +1+a

—tA

The following property will be used, see [39],

Af(1+a), —-1<a=<0,

e (a) <
|QN[Ly"]] = {21+a1"(n +1+a)/T(n+1), a>0.

With the above two equations and Ia[eft)‘] - Q}J‘V[eft’\] =Y N anQ}J‘V[lea)] gives

2T (1 + ) i a,, —l<a=<0o,
CE I L e RN -

o0

1+
2 n“a,, a>0.

n=2N

«

Let ¢ =t/(1+t). Then we have Y -~ v a, = (1+ )" ¢*" for =1 < a < 0. For a > 0,

one hase
[e¢] o n
«@ —a 2N « n o «@ 1-a 2N ,;«
;Nn a, = (1+1) %N (2N) nzzoq (1+—2N) < Co2°(1+8) VN,

where C, ; = Y o0 (n + 2)*¢*™™ is used. With the above equation and (A.1) yields
(4.4) for T = 1. Using the following relation

« —tA o —tA —a— ar — A «@ - A
1T, e = QNIT, e | = 777 1 T - Qi [T
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leads to (4.4) for any T' > 0. The proof is complete. O

Proof of Theorem 4.2.
Proof. The following results can be found in [12],

27 +a+3 /.. ; 2 5
(A2) )\j<m(2j+a+3+\/(2]+a+3) +0.25—Oé),
2(Jai/2)” . -
(A.3) >\j>2N+a+3’ Joj=m(G+3/4+a/2)+0( ),

where (A.3) holds when j is sufficiently large. For a sufficiently large N, the Laguerre
polynomial satisfies (see (7.14) in [32])

(A4) |Lg\?)(x)| ~ W_I/Q(Nx)_1/4em/2, Yz =0.

(A.5) W' < CL(N + 1)a(

With (A.2)-(A.4) and (4.3), we have the following estimate

J+1
N+1

3
) eV < O(N +1)% N,

for sufficiently large j, where \; = 6,(j + 1)?/(N +1) and 6, is bounded and approx-

imately between 7r2/ 4 and 4. The proof is completed. O
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