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COMPLETE MONOTONICITY-PRESERVING NUMERICAL
METHODS FOR TIME FRACTIONAL ODES*

LEI LIT AND DONGLING WANGH

Abstract. The time fractional ODEs are equivalent to convolutional Volterra integral equations
with completely monotone kernels. We introduce the concept of complete monotonicity-preserving
(CM-preserving) numerical methods for fractional ODEs, in which the discrete convolutional kernels
inherit the CM property as the continuous equations. We prove that CM-preserving schemes are at
least A(w/2) stable and can preserve the monotonicity of solutions to scalar nonlinear autonomous
fractional ODEs, both of which are novel. Significantly, by improving a result of Li and Liu (Quart.
Appl. Math., 76(1):189-198, 2018), we show that the £1 scheme is CM-preserving. The good signs of
the coefficients for such class of schemes ensure the discrete fractional comparison principles, and allow
us to establish the convergence in a unified framework when applied to time fractional sub-diffusion
equations and fractional ODEs. The main tools in the analysis are a characterization of convolution
inverses for completely monotone sequences and a characterization of completely monotone sequences
using Pick functions due to Liu and Pego (Trans. Amer. Math. Soc. 368(12): 8499-8518, 2016). The
results for fractional ODEs are extended to CM-preserving numerical methods for Volterra integral
equations with general completely monotone kernels. Numerical examples are presented to illustrate
the main theoretical results.

Keywords. Fractional ODEs; complete monotonicity; convolution inverse; Pick function; conver-
gence.
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1. Introduction

Fractional differential equations have received various applications in engineering
and physics due to their nonlocal nature and their ability for modeling long-tail mem-
ory effects [1-3]. Compared to classical integer differential equations, time fractional
differential equations, including fractional ODEs and PDEs, have two typical charac-
teristics. Firstly, the solutions of fractional equations usually have low regularity at the
initial time [1,2,4]. Secondly, the solutions of fractional equations usually have algebraic
decay rate for dissipative problems which leads to the so-called long-tail effect, while
the solutions of classical integer equations usually have exponential decay for such prob-
lems [5-7]. Because of the slow long-time decay rate of the solutions of time fractional
equations, they are more advantageous than the integer order differential equations in
describing many models with memory effects.

These two features of time fractional order differential equations bring new chal-
lenges to their numerical solutions. The low regularity of the solutions at the initial
time often leads to convergence order reduction in the numerical solutions. Several
technologies are developed to recover the high convergence order of numerical solutions,
including adding starting weights [8], correction in initial steps [9,10] or non-uniform
grid methods [4,11-13]. For the numerical solutions that can accurately preserve the cor-
responding long term algebraic decay rate of the solutions of continuous equations, [14]
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and [5] made some first attempts for linear fractional PDEs and for nonlinear fractional
ODE:s respectively.
We consider the Caputo fractional ODE of order a € (0,1) for ¢+ u(t) € R?

Deu(t) = f(tu(t), t>0, (1.1)

t u/(s)

0 (t—s)>
fractional derivatives and f(-,-) is some given functlon It is well known that under some
suitable regularity assumptions the Caputo fractional ODE is equivalent to Volterra

integral equation of the second class (see, for example, [15, Lemma 2.3])

e L [f Tl
u(t) =0+ T2 f () =+ s | TSI >0, (1:2)

with initial value u(0) =wug, where D2u(t): F(l ) IN ds stands for the Caputo

where

T2g(t) = (ko +(09))(t) = F(la) /0 G j]ijz_a ds with kernel k,(t) = ?&7@)

denotes the Riemann-Liouville fractional integral of order «. Here, 6 is the standard
Heaviside function and ¢t =6(¢)t. In [16], a generalized definition of Caputo derivative
based on convolution groups was proposed, and it has further been generalized in [17]
to weak Caputo derivatives for mappings into Banach spaces. The generalized defini-
tion, though appearing complicated, is theoretically more convenient, since it allows
one to take advantage of the underlying group structure. In fact, making use of the
convolutional group structure (see [16] for more details), it is straightforward to con-
vert a differential form like (1.1) into the Volterra integral like (1.2) even when f is a
distribution.

It is noted that the standard kernel function k,(t) completely determines the basic
properties of the Volterra integral Equation (1.2) and also those of the fractional ODE
(1.1). Therefore, when we construct the numerical methods for Equation (1.1) or (1.2),
it’s very natural and interesting to take into account some important properties of the
kernel function. The standard kernel function k,(t) represents a very important and
typical class of completely monotonic (CM) functions. Therefore, from the viewpoint
of structure-preserving algorithms, it is quite natural to require that the corresponding
numerical methods can share this CM characteristic at the discrete level. This motives
us to introduce the CM-preserving numerical methods for Volterra integral Equations
(1.2), in which the discrete kernel function in the corresponding numerical methods is a
CM sequence. See the exact definition and some more explanations below in Section 2.

For a class of Volterra equations with completely monotonic convolution kernels,
Xu in [18,19] studied the time discretization method based on the backward Euler and
convolution quadrature and established the stability and convergence in L (0,00; H)N
L>°(0,00; H) norm, where H is a real Hilbert space. These nice works emphasize the
qualitative characteristics of the solutions in the sense of average over the whole time
region, which is quite different from the pointwise properties we will establish next.

We now briefly review some basic notations for the CM functions and CM sequences
and some related results which will be used in our later analysis, see the details in [20].
A function g:(0,00) - R is called CM if it is of class C*° and satisfies that

(=1)"g™(#)>0 for all t>0,n=0,1,.... (1.3)
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The CM functions appear naturally in the models of relaxation and diffusion processes
due to the fading memory principle and causality [21]. In the linear viscoelasticity, a
fundamental role is played by the interconversion relationships, which is modeled by
a convolution quadrature with completely monotone kernels [22]. The CM functions
also play a role in potential theory, probability theory and physics. Very recently, the
authors in [23] concerned with a class of stochastic Volterra integro-differential problem
with completely monotone kernels, and use the approach to control a system whose
dynamic is perturbed by the memory term. We say a sequence v=(vg,v1,...) is CM if

((I—-E)iv)x >0, forany j>0,k>0 (1.4)

where (Ev); =vj41. This is a discrete analogue of (1.3), which means that the finite
difference of any order of v is a nonnegative and nonincreasing sequence. A sequence is
CM if and only if it is the moment sequence of a Hausdorff measure (a finite nonnegative
measure on [0,1]) [24]. Another description we use heavily in this paper is that a
sequence is CM if and only if its generating function is a Pick function and analytic,
nonnegative on (—o0,1) (see Lemma 2.2 below for more details).

In this paper, we aim to introduce the concept of CM-preserving schemes for time-
fractional ODEs and study its various properties and generalizations. We first of all
improve a result in [25] to show that the £1 scheme on uniform time stepping meshes
(see Section 2 for more details on various definitions and properties on CM sequences,
such as the definition of the convolution inverse) is C.M-preserving.

THEOREM 1.1 (Informal version of Theorem 2.1 and Proposition 2.4). A sequence
a=(ag,---) with ag>0 is CM if and only if its convolution inverse w=a'"") satisfies
that wy >0, that the sequence (—wy,—ws, ) is CM and that wOJrZ;.O:le >0. Conse-
quently, the L1 scheme (on uniform mesh) is CM-preserving.

Of course, there are many other CM-preserving schemes as we will discuss later.
This result also tells us that the CM-preserving schemes have nice sign properties for
the coefficients: all a; for j >0 are nonnegative and all w; for j>1 are nonpositive.
These allow us to establish some comparison principles and good stability properties
of the schemes (see Section 2.1 for more details). In fact, by a deep characterisation
of CM sequences using Pick functions in [26], we can show a much better result: all
CM-preserving schemes are at least A(w/2) stable.

THEOREM 1.2 (Informal version of Theorem 3.1 and Corollary 3.1). Consider a CM-
preserving scheme for (1.1). The complement of the numerical stability region is a
bounded set in the right half complex plane. The stability region contains the left
half plane excluding {0}, and also the small wedge region conducts verter at {0} with
asymptotic angle tam/2. Consequently, for DXu=Au, the CM-preserving schemes
are unconditionally stable when |arg(A)| >m/2, while stable for h small enough when
Jarg(V) > 22

Note that the branch cut of the arg(:) function in this paper is taken to be the
negative real axis and thus the range is (—m,7|. It is a curious question whether the
numerical solutions are monotone. The monotonicity of numerical solutions is very
important for proving stability of some fractional PDEs using discretized sequence to
approximate. In fact, for autonomous scalar ODEs, we are able to show this.

THEOREM 1.3 (Informal version of Theorem 4.1). Consider applying CM-preserving
schemes to fractional ODEs Du= f(u) for f:R—R. If f(-) is C' and non-increasing,
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or f(+) is Ct with M :=sup|f’(u)| < oo, then for suitably chosen hgy, when h<hg, {u,}
s monotone.

By the good signs of the the sequence a and w, we are able to establish the con-
vergence of the numerical solutions to fractional ODEs for CM-preserving schemes in a
unified framework.

THEOREM 1.4 (Informal version of Theorem 5.2). Consider applying CM-preserving
schemes to fractional ODEs DYu= f(t,u), where u:[0,T]—R%. If f(t,) satisfies (v —
y)-(f(t,x)— f(t,y)) <0 or is Lipschitz continuous, then,

lim sup ||u(t,)—u,||=0. (1.5)
h=0pn:nh<T

We also apply similar techniques to Volterra convolutional integral equations and
obtain similar results, which we do not list here.

The rest of this paper is organized as follows. In Section 2, we first provide the mo-
tivations for CM-preserving numerical schemes for fractional ODEs and then give the
exact definition. In Subsection 2.1, we show that the condition for the inverse of a CM
sequence in [25] is in fact both necessary and sufficient. Some favorable properties such
as discrete fractional comparison principles for CM-preserving numerical schemes are
derived. Four concrete numerical schemes, including the Griinwald-Letnikov formula,
numerical method based on piecewise interpolation, convolutional quadrature based on
f-method and the £1 scheme are shown to be CM-preserving for fractional ODEs in
Subsection 2.2. In Section 3, we study the stability region for general CM-preserving
schemes and prove they are A(w/2)-stable. The new results allow us to apply CM-
preserving schemes to linear systems where the eigenvalues may have non-zero imaginary
parts but still maintain numerical stability. The monotonicity of numerical solutions ob-
tained by CM-preserving numerical methods for scalar nonlinear autonomous fractional
ODE:s is proved in Section 4, which is fully consistent with the continuous equations. In
Section 5, we first derive the local truncation error and convergence of CM-preserving
schemes for fractional ODEs. Then we apply CM-preserving schemes to time fractional
sub-diffusion equations, in which we are able to establish the convergence of the numer-
ical methods in time direction in a unified framework due to the nice sign properties of
the CM-preserving schemes. This new class of numerical methods for fractional ODEs
are directly extended to convolutional Volterra integral equations involving general CM
kernel functions in Section 6. Several numerical examples and concluding remarks are
included in Section 7.

2. CM-preserving numerical schemes for fractional ODEs

Let us consider the fractional ODE (1.1) of order a € (0,1), subject to w(0) =ug > 0.
Consider the implicit scheme approximating wu(t,) by u, (n>1) at the uniform grids
t, =nh with step size h >0 of the following form:

n

(Diu)p, ::h_o‘ij(un_j —ug) = f(tn,un):=fn, n>1. (2.1)
3=0

If we would like to include n=0, (2.1) is written as

h=*Y wj(tn—j—uo) = fu— fobn0, n>0, (2.2)
=0
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where 0; ;=1 if i=j and d; ; =0 if i#j is the usual Kronecker function so that J, ¢ is
the nth entry of the convolutional identity d§,4:=(1,0,0,...).

REMARK 2.1. Note that we understand Dfu in (2.1) as a sequence, and thus (Dyu),
means the nth term in the sequence. Later, we sometimes use sloppy notations like
Dy u, or Dy f(uy,) to mean the nth term of the sequence obtained by applying Dff on
the sequence (u,,) or (f(uy)). (It does not mean the operator acting on the constant u,

or f(uy).)

The convolution inverse of w is defined by a =w(~1 such that wxw(™H =wD xw=
04. Let us introduce generating function of a sequence v = (vg,v1,...), defined by

o0

Fy(z)=> wvnz", z€C. (2.3)

n=0

The generating function should be understood in the sense of analytic continuation. We
choose the continuation that has the largest possible domain in the upper half plane
and is symmetric about the real axis [27]. For example, the generating function of the
sequence (1,1,...) is given by Fi(z):= i, which is defined in the entire plane except
z=1.

It is straightforward to verify that F.,(z)=F,(2)F,(z). Hence, the generating

functions of a and w are related by F,(z) = & 1(Z) . By the convolution inverse, the above

numerical scheme (2.2) can be written as

n—1
Un —uo=h[a* (f = foba)ln=h"[ax f — foaln =h* > _a;jfn_j, n>1, (2.4)
j=0

Hence, {a} given in the numerical scheme can be regarded as some integral discretization
of the fractional integral.
Following [8], we define

DEFINITION 2.1.  We say discretization (2.2) or (2.4) is consistent if h*F,(e™h)=
14o0(1), h—07.
a—1
Since the kernel k(t) = ?(T) involved in the Riemann-Liouville fractional integral
is a typical CM function, from the structure-preserving algorithm point of view, it is
natural to desire that the corresponding numerical methods can inherit this key property
at the discrete level. We are then motivated to define the following:

DEFINITION 2.2. We say a consistent (in the sense of Definition 2.1) numerical
method given in (2.1) for the time fractional ODEs is CM-preserving if the sequence
a=wY is a CM sequence.

2.1. General properties of CM-preserving schemes.  The CM-preserving
numerical schemes have many favorable properties, and we now investigate these prop-
erties. We first of all introduce the concept of Pick functions. A function f:CL —C
(where C; denotes the upper half plane, not including the real line) is Pick if it is
analytic such that Im(z)>0=Im(f(z))>0. Throughout this paper, Im(z) and Re(z)
denote the imaginary and real parts of z, respectively. We have the following observa-
tion.

LEMMA 2.1. If F(z) is a Pick function and Im(F(z)) achieves zero at some point in
C., then F(z) is a constant.
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Let v=ImF(z). Then v is a harmonic function and v > 0. If v achieves the minimum
0 inside the domain, then it must be a constant by the maximal principle. Then, by
Cauchy-Riemann equation, Re(F'(z)) is also constant and the result follows.

Now, we can state some properties of sequences in terms of the generating functions,
for which we omit the proofs.

LEMMA 2.2.
(1) ([28, Corollary VI.1].) Assume F,(z) is analytic on A:={z:|z|<R,z#1,|arg(z —
1)| >0}, for some R>1,0€(0,%). If Fy(2)~(1—2)"" as z—1,2€A for B#

1
0,-1,-2,-3,---, then Un ~ Fgy " L n—oo.

(2) limy, 0oty =lim, ;- (1—2)F,(2).

(3) ([26].) A sequence v is CM if and only if the generating function F,(z) =32 jv;27
is a Pick function that is analytic and nonnegative on (—oo,1).

In [25], Li and Liu have proved that for a given CM sequence a with ag >0, the
inverse sequence w=a"' has very nice sign consistency condition:

(1): wo>0, w; <0 for j>1; (ii): w0+ij >0. (2.5)
j=1

When ||a]|g1 = o0, the last inequality becomes equality, which is the case for schemes of
time fractional ODEs.

According to this result, one is curious about the converse of the result: given w=
(wo,wr,++) With wg >0, the sequence (—wy,—ws,---) to be CM and that wo+ 77, w; >
0, can we have the convolutional inverse a=w™"' to be also a CM sequence? This
is particularly interesting regarding £1 scheme (see Section 2.2 for more details). In
L1 scheme, we get a discrete convolutional scheme w, which is an approximation for
the Caputo fractional derivative. By taking the inverse of a=w(~", we then get a
corresponding discrete convolutional scheme which is an approximation for the fractional
integral, and what we need to do is verify that a is a CM sequence.

In this subsection, we would like to establish our first main result, i.e., the converse
of the Theorem 2.3 in [25] is also correct, that is, to establish a sufficient and necessary
condition for the convolutional inverse of a CM sequence. As an application of this
result, we will show in Section 2.2 that the well known L1 scheme is CM-preserving.

THEOREM 2.1.  The sequence a=(ag,---) with ag>0 is CM if and only if its convo-
lution inverse w=a""' satisfies that wo >0, that the sequence (—wy,—wsa, ) is CM and
that wo+ Y32 w; > 0. Moreover, wo+ Y72 w; = [lal 5"

Proof. The “=” direction has been proved in Theorem 2.3 in [25]. We now prove
the reverse direction.
Define the generating function for sequence (—w,—wa,+) by
G(2)=) (~wjs1)dd = (~wj)z (2.6)
— ,

J Jj=1

Hence, one has F,(z)=wy—2G(z). By Lemma 2.2, G(z) is a Pick function that is
nonnegative and analytic on (—oo,1). We now investigate the generating function of a:

ot
Cwo—2G(2)
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To do this, for e >0 we consider an auxiliary function given by

1 z B e+wo—2G(z)
He2) = et o o3G0~ deran—2(c 2 G 27)

Since both G(z) and e+ G(z) are nonnegative on (—oo,1), one finds that
et+wo—z(e+G(2)) >0, et+wy—2G(2)>0
for 2<0. For z€(0,1), it is then clear
et 2(e+ G(2)) > e+ — (e G(1)) =wp — G(1) >0,
Similarly
e+wo—2G(2) > e+wo—G(z)>0.

Hence, H¢(z) is nonnegative on (—o0,1). The argument here also justifies that A (z):=
e+wo —z(e+G(z)) is never zero on (—oo,1). Moreover, for z € C, the phase of e+ G(2)
is in (0,7), and thus z(e+ G(z)) cannot be a real positive number. Hence, A.(z) is never
zero in the upper half plane so that H.(z) is analytic on C. U (—o00,1). Moreover,

. 2etwo) — |22 (e+G(2) )

etwo—2(e+G(2) |etwo—z(e+G(2))]2

It follows from Im(z) >0=-Im(G(2)) >0 that Im (G(z)) <0 for Im(z) >0. We find that

H.(z) is a Pick function. Hence, the sequence

(Fan@m0.-) (25)

corresponding to the generating function H.(z) is CM.
By the definition (Equation (1.4)), (ag(€),a1(€),--+) is also CM. This sequence

corresponds to the generating function

_ 1

Cwote—z(e+G(2))’

Fa)(2) (2.9)
which must be Pick and nonnegative on (—00,1) by Lemma 2.2 (3). We first note that
F.(2)= ﬁa(z) is analytic in C; U(—o00,1) by similar argument. Then, taking ¢ — 0%,
as the pointwise limit of F,)(2), F,(2z) must also be Pick and nonnegative on (—oo,1).
Hence, (ag,a1,--+) is CM by Lemma 2.2 (3).

Regarding the equality wo+> 72, w;= lall;', we just note F,(z)=F;(z), take
z—17 and apply the monototone convergence theorem due to signs of a;’s and w;’s. O

With results in Lemma 2.2 and Theorem 2.1, we are able to establish a series of
basic properties of CM-preserving schemes. The first result is as follows.

PRrROPOSITION 2.1.  If the discretization is CM-preserving with ag >0, then

aj~——j°7", joro0, h*Y a; <C(nh)*, Vn. (2.10)
j=1
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Moreover, the convolutional inverse w satisfies: wy >0 and w; <0 for all j=1,2,--- and
wo +Z;‘;1wj = O The generating function is given by F,(z)=(14+0(1))(1—2)%, z—1

—1—a

s0 that wj ~ e a)j , J— 0.

Definition 2.1 directly means F,(z)=(1+o0(1))(1—2)"“ as z—1~. The generating
function of the sequence {4, :=3""_ja;};%, is (1—2)'=2(1+0(1)). Moreover, since
F,(z) is a Pick function with ag >0, then F,(z) is analytic in C, without zeros in the
upper half plane. The claims then follow directly from Lemma 2.2 and Theorem 2.1.
We omit the details.

This good sign invariant property in the coefficients of {w;} plays a key role in
energy methods for numerical analysis [5,29,30]. One obvious observation is

PROPOSITION 2.2.  Assume the scheme for the discrete Caputo operator Dy in (2.1)
is CM-preserving. Consider that E(-):R? =R is a conver function. Then, we have

Dy E(uyn) < VE(uy) - Dity,. (2.11)

For the proof, one may make use of the fact that wo+ "7~ w; =0 (due to [la][» =o0)
to define ¢; = —w; >0 and oy, := Z;’in ¢; >0, so that

(Diu)p=h~¢ Zc] n—Uj)+0p (U —up)

The claim then follows from the convexity: VE(uy,)-(un—u;j)>E(un)—E(u;). We
skip the details.

The sign properties also guarantee the discrete fractional comparison principles as
follows (see [30] for relevant discussions).

PROPOSITION 2.3.  Let Df be the discrete Caputo operator defined in (2.1) and the
corresponding numerical schemes are CM-preserving. Assume three sequences u,v,w
satisfy ug <wvg <wp.

(1) Suppose f(s,) is non-increasing and the following discrete implicit relations hold

Dgungf(tn?un)7 gvn:f(tn7vn)7 Dgwan(tmwn)
Then, u, <v, <w,.

(2) Assume f is Lipschitz continuous in the second variable with Lipschitz constant L.

If
D;O{Unﬁf(tn,un), gvn:f(tn,vn)» D%wan(tnawn)a
then for step size h with h*Lag <1, t, <v, <w,.

ssume f(t,-) is nondecreasing and Lipschitz continuous in the second variable wi
3) A t,) 1 d ) d Lipschit ti in th d variable with
Lipschitz constant L. If for h with h*Lag <1,

n—1 n—1
Un Suo-f-hazajf(tn—jyun—j),vn =g+ h* Zajf(tn—j,vn—j),
7=0 =0
n—1
W Zwo+hazajf(tn—j>wn—j)7
j=0

then u, <v, <w,.
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The proof is similar to the ones in [30], and we give some brief proofs in the Ap-
pendix.

2.2. Four CM-preserving numerical schemes. In this subsection, we iden-
tify several concrete CM-preserving numerical schemes. We need to verify that the
sequence a={a;} is a CM sequence. One can either check this directly using definition
(Equation (1.4)), use Theorem 2.1 or check if the generating function F,(z) is a Pick
function or not and the non-negativity on (—oo,1) according to Lemma 2.2.

2.2.1. The Griinwald-Letnikov (GL) scheme. Consider the Griinwald-
Letnikov (GL) scheme for approximating the Riemann-Liouville fractional derivative [2],
whose generating function is F,(z) = (1 —z)%, where we recall that the branch cut for
the mapping w+— w® is taken to be the negative real axis. Hence,

Fo(z)=(1—2)"°. (2.12)

It is easy to verify that F,(z) is a Pick function and analytic, positive on (—o0,1).
Hence, a is a CM sequence and the scheme (2.1) with {w;} given by the GL scheme is
C M-preserving.

2.2.2. The £1 scheme. The L1 scheme, which was independently developed
and analyzed in [31] and [32], can be seen as the fractional generalization of the backward
Euler scheme for ODEs. On the uniform grid ¢, =nh for n=0,1,..., the £1 scheme for
n>1is given by

Il-«) = (tn —s)™
n—1 +
1 u(tj+1)—u(tj)/”1 1
d
F(1—a)§0 h L (a9
n—1
_ Ny, Ultny) —ultn—j-1)
= j o
j=0
1 n—1
:h—a boun—bn_luo—l—Z(bj—bj_l)un_j s (2.13)

j=1

where the coefficients b; =((j+1)'~*—j17%)/T(2—«a), j=0,1,2,...,n—1. It can be
written in the discrete convolution form

1 n
Da un Zw_;un j — OnlUo :ﬁzwj(un—j_u())y
=0
where
1 1
— =b = l-a -1 l-a
o re2-a)’ In =t I'2—a) (n (n=1)"%),
. (2.14)
= . 11—(1_2-1—04 i1 11—« i>1.
Y= Faa) (G+1) JTHG-DTY), g2

One can check that the coefficients {w;} satisfy the sign consistency condition given in
(2.5) (with the last inequality being an equality). Moreover, o, =—3"72  wj.
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The L1 scheme is among the most popular and successful numerical approximations
for Caputo derivatives, and is very easy to implement with acceptable precision. In [33],
Jin et.al. strictly analyzed the convergence for both smooth and non-smooth initial data
and established the optimal first order convergence rate for non-smooth data. In [9],
Yan et.al. further provided a correction technique, in which the convergence rate for
non-smooth data can be improved to (2—a)-th order. From (2.13) we can see that if
we consider the partition in a non-uniform grid with h; =%;,1 —t;, we can get a similar
numerical scheme. This provides a good basis for various numerical approximations for
Caputo derivatives on non-uniform grids, see [4,11-13].

As an application of Theorem 2.1, we show that the £1 scheme with uniform mesh
size is a CM-preserving scheme.

PROPOSITION 2.4. For the sequence w={w;} defined in (2.14), the convolutional
inverse a=w(~Y is a CM sequence. Hence, the L1 scheme is CM-preserving.

Proof. As pointed out in (2.5), one can directly check that wy >0, w; <0 for j>1
and wo—i—Z?ile =0. We now verify that the sequence (—w;,—wso,---) given in (2.14)
is CM. In fact, from (2.13) we know that the sequence b= (bg,b1,bs,--) is the integral
for the CM function Ft; on uniform mesh. That is

(1-o)
ti+1 t—o

b= / —_at, 2.15

J ts 1—\(1 _ a) ( )
so it is a CM sequence. Then, w;=0b;—b;_1, j=1,2,---. By the definition of CM
sequence (Equation (1.4)), we find (—wq,—ws,---)=(I —E)b is also a CM sequence.
Hence, by Theorem 2.1, the convolution inverse of w is a CM sequence.

Lastly, it is well known that £1 scheme is consistent and thus

Fo(z2)~(1—2)7% z—1.

In fact, this can also be proved by the aysmptotic behavior of w;. We omit the details.
This means that £1 scheme is CM-preserving. ]

REMARK 2.2. Because of the low regularity of the solutions of the time fractional dif-
ferential equations near the initial time, one can use the non-uniform step size schemes,
which can gain more advantages in long time computation. See [4,11,12,34] for rele-
vant discussions. One may be curious about whether the variable step size £1 scheme
is also CM-preserving? For non-uniform step size, h; is no longer a constant and the
weight w; will also depend directly on the step size h;. We believe the definitions of
CM sequences and CM-preserving schemes should be given suitably to be consistent
with the time-continuous cases. We do not have clear answers yet and there is no doubt
that these are very interesting questions that deserve further study.

2.2.3. A scheme based on piecewise interpolation. Another scheme is the
one in [30]. Consider the discretization of the Volterra integral form (1.2) by approx-
imating f with piecewise constant functions, where the sequence a is obtained from
discretizing the integral directly. More precisely, due to homogeneity,

tn+1 n+1
an:h_a/ ka(s)ds:/ ko(s)ds.
t n

And it can be explicitly obtained

1
a= (ao’a17_._’an7_._.> = m (172a — 17,(7’L+ 1)04 —no‘,...).
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Since t*~! is completely monotone, the sequence is as well. Hence, the scheme (2.1)
with {w;} =a("Y is CM-preserving for (1.1).

2.2.4. A class of convolutional quadrature schemes. Consider the convo-
lutional quadrature (CQ) proposed by Lubich [8,35]. The linear multistep method for
ODE u/(t) = f(t,u(t)) reads

k k
D gk =hY_Bjfuri k-
3=0 3=0
Let p(2) :Z§:0 a2l o(z)= Z?:o ;27 denote the generating polynomials. The corre-
sponding reflected polynomials [36]

(2)=2Fp(z" ) =g+ +an_1z+ay,

(2) :zko(z_l) =Bo2F + -+ Br_12+ Be.

¢

(2.16)

Qc

The generating function in CQ approximating the Riemann-Liouville fractional integral
[8,35] can be written

Fa(2)=K(0(2)) = (8(2)) "7,

where K is the Laplace transform of the standard kernel k,(¢) and §(z)=p(2)/5(z).
Note that the GL scheme can be seen as the fractional generation of backward Euler
method. In this scheme, we have p(z) =2z —1 and o(z) =z, and that 6(z) =p(2)/5(z) =
1—z, which yields that F,(z)=(0(z))"%=(1—2)~“. This is completely consistent with
the formula in (2.12). The 6-method with parameter §(6 > 1) for ODEs v’'(t) = f(¢,u(t))
reads U411 =un,+h((1—0)fn+6fn+1). The corresponding characteristic polynomials
p(z)=z—1 and o(z)=0z+4(1—0). For any 6> 1, this method satisfies the consistent
condition: p(1)=0and p’(1)=0(1) =1, and (—o0,0] € Sy, where Sy denotes the stability
region of the scheme. The generating function

1—2

&= e

It is not hard to verify that for such CQ schemes, the generating function F,(z) is
Pick. To do that, we write

9+(1—9)z>“

1—=z

Fu(2) = ( =(G()".

We claim the function G is Pick. In fact,

_ O+(1-0)z (0+(1—0)z)(1—2) 6—0z+(1—0)z—(1—0)|z

G(2)

1-2 [1—z|? N |1—z|? ’
which implies that Im(G) = Im(ﬁ), and the result follows. On the other hand,
Zgr_nocG(z) =0-1,

which is non-negative for § >1. With this, when z € (—00,1), G(z)= 1“97%);1%) >0.
Hence, if §>1, G(z) is a Pick function that is analytic and positive on (—o0,1) and
consequently, F,(z) is also Pick and nonnegative on (—o0,1).
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As a byproduct, we know from Lemma 2.2 that when 0<60 <1, the correspond-
ing CQ generated by 6 method is not CM-preserving. In particular, the fractional
trapezoidal method, where  =1/2, is not C.M-preserving.

REMARK 2.3. The convergence orders of the four CM-preserving schemes considered
above are no more than two (the £1 scheme is of order 2 — «v). One might wonder whether
there are higher order C.M-preserving schemes. For example, is the (3 — a)-order scheme
in [37] CM-preserving? By Theorem 2.1, the coefficients of CM-preserving schemes have
the nice sign consistency conditions presented in (2.5). But the (3—a)-order scheme
considered in [37] does not satisfy this condition, so it is not CM-preserving. For
higher-order schemes, similar difficulties can occur in the energy method, and see [5].
As is well known, there exists an order barrier (the so-called Second Dahlquist Barrier
theorem) for A-stable linear multistep methods for ODEs [38] and fractional ODEs [39)].
We conjecture that the CM-preserving schemes also have some order barrier and the
theoretical proof of this conjecture will be very interesting.

2.2.5. A comment on computation of the weights.  To close this section,
we now give some comments to the computation on the weights in the expansion of
F,(2)=>0," ywnz". In general, it is not easy to evaluate the weight wy, in the fractional
formal power series of some polynomials. But in our case, the following Miller formula
is an efficient tool.

LEMMA 2.3 ([40]). Let ¢(&)=1+> "7 cn&™ be a formal power series. Then for any

aeC, (¢(9)*=>,", v&a)fn, where the coefficients o' can be recursively evaluated as

o - 1)j o
ol =1, U;OC):Z((QJ; )]—1)cjvfl_)j.

=1

Applying this lemma to the formal power series (1££)* =" jw,£™ leads to that

(a+1)

szl, wn::I:< "

—1) Wn—1, nZl
With this formula and the property for the generating functions F, 1) (z)=

(F,(2))~! given in Lemma 2.2, We can easily calculate the weight coefficients for the
schemes given in this section.

3. Stability regions for CM-preserving schemes

It is a fundamental problem to study the stability and stability regions of numerical
schemes. For the convolution quadrature approximating fractional integral based on
linear multistep methods developed by Lubich [35,39], the stability regions were fully
identified due to the inherent advantages of this kind of algorithm. The £1 scheme can
be seen a fractional generalization of backward Euler method of ODEs, which has been
studied in various ways due to its ease of implementation, good numerical stability and
acceptable computational accuracy [4,9,11,12,33]. The stability analysis for £1 scheme
is slightly more difficult. The generating function of w for £1 scheme is given by

Fw(z)zgwnznz (i—2+z> Lia_1(2), (3.1)

where Lij(z) stands for the polylogarithm function defined by Li,(z) =Y, ;—z The

Li,(z) function is well defined for |2| <1 and can be analytically continued to the split
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complex C\[1,00). Jin et.al. [33] proved the stability domain Sp; for £1 scheme is
A(m/4)-stable by analyzing the function F(z) directly. See the definition below in
(3.5). Since L1 scheme can be seen as a fractional extension of the backward Euler
scheme for classical ODEs and the backward Euler is A-stable, the above results in [33]
are not satisfactory and should be able to be improved. In [41], Jin et.al. further proved
the £1 scheme is A((1—«/2)m)-stable, that is fractional A-stable, by making use of a
very elaborate expansion formula for the polylogarithm function.

In the following, we study the stability domain of general CM-preserving schemes
and prove that they are at least A(w/2) stable. The results will allow us to apply
CM-preserving schemes to time fractional advection-diffusion equations, in which the
eigenvalues of the space semi-discrete system lie in the left half complex plane but with
nonzero imaginary part. For the linear scalar test fractional ODE:

Diu(t) = Au(t) (3.2)

subject to u(0) =ug and A €C, the true solution can be expressed as u(t) = Eq(At*)uo,
where Eo(2) =3 1oy F(#kﬂ) is the Mittag-Leffler function. It is proved in [42] that the
solution satisfies that u(t) — 0 as t — 400 whenever

AeS":={z€C;z#£0,|arg(z)| > (ma)/2}. (3.3)

Recall that the function z+— arg(z) we use here has branch cut at the negative real axis
and the range is in (—m,7|. Note that the stability region S* for the true solution does
not contain the point z=0. So doesn’t the numerical stability region Sj, below.

Consider applying the CM-preserving scheme with coefficients a=(ag,a1,---) to
(3.2) to obtain that

Up =ug + AR [a* (u—updg)]n, n>0. (3.4)

DEFINITION 3.1.  The numerical stability region is defined by
Spi={z=A*€C:u, —0 as n— +o0}. (3.5)

The numerical method is called A(B)-stable if the corresponding stability domain Sy
contains the infinite wedge

5(8)={z€C;z#0,|arg(—2)[ <8} (3.6)

We use arg(—z) here in order that the angle § is counted from the negative real axis.
It is easy to find that the generating function of the numerical solution sequence {u} in
(3.4) is given by

(1—2)"1 = AhYF,(2) z

vy N s B R remy vory oy o svc s | KRR

F.(z)=ug

On the other hand, by Proposition 2.1, for a CM-preserving scheme
Fo(2)~(1—2)"% z—1. (3.8)

Hence, if we can show

(1—MFy(2))(1—2)

Fl(z) =
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is analytic in the region
Apg:={2€C:|z|<R,z#1, |arg(z—1)| >0} (3.9)
for some R>1 and 6 € (0,%), then from Lemma 2.2 we can find that if A#0
Uy, ~ —u—;h_o‘n_’JK —0, n—+oo.
Hence, the domain
Sii= {gec,g¢0;33> 1,0¢ (og) (5.t 1—CFy(2) 20, for zEARﬂ} (3.10)

is contained in the stability region Sy, i.e., S CSp.
Let us start with region S;. For the CM scheme, we have

LEMMA 3.1. Consider a scheme in (2.1) that is CM-preserving. We have
S¢=F, (D(o,l)) , (3.11)

where Sy is defined in (3.10), w=a"! so that F,(z)=F,(z), S¢ is the complement of

a

S1 and D(0,1):={z€C:|z| <1} is the open unit disk so that D(0,1) is the closed disk.

Proof. Since every Ag g contains D(0,1)\ {1} and Sf contains 0, we must have

F, (D(O,l)\{l}) c St
Since F,,(1) =0 by the asymptotic behavior of F,(z) in (3.8), we thus conclude

E, (W) c Se.

On the other hand, for any (o ¢ F,, (D(O,l)) (thus {p#0), we show that (y€S;.

In fact, if not, for any Ag, o, , there exists z,, € Agr,, g, such that F,(zp,)=_y. Con-
sequently, we are able to find a sequence {z,,}C F_!({o) with z; #z; for i#j, and
|2m|—1. Hence, {z,} must have a limiting point z. Z#1 by (3.8). Hence, F,(z)
must be analytic around Z so that F,(Z) =(o. This is a contradiction since F,(z)—(y
is analytic, with zeros being isolated. 0

From this lemma we can see that if we can prove some properties of the image
of unit disk under the map F,(z)=F, ! (2)=wo—2G(z) for z€ D(0,1), where G(z) is
defined in (2.6), we may get some information on the domain S;. With this observation,

we have

THEOREM 3.1.  Consider a CM-preserving scheme for (1.1). The complement of the
numerical stability region S5 :=C\ S}, is a bounded set in the right half complex plane.
There exists 0y € (0,%) such that the numerical stability region Sy, contains S(m—6p)
defined in (3.6), and also the wedge region

U {¢cec:[¢|<6, arg(¢)| > B(0)}

5<80

for some small given positive constant 6o >0 and continuous function f:[0,00] — [0,7]
such that B(0) — %F as 0 —0%. In particular, the stability region contains the left half
plane excluding {0}, i.e., S, DC~\ {0}, where C~={¢e€C:Re(¢) <0}.
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The proof of Theorem 3.1 relies on the following key observation of a completely
monotone sequence and its generating function:
LEMMA 3.2 ([26, Theorem 1]). If a sequence {a} is CM, then there is a Hausdorff
measure [ (nonnegative, supported on [0,1]) such that

ap, = / t"du(t),
[0.1]

and consequently,

Fuw=4; L aute), (3.12)

71] 17215

which is Pick, nonnegative on (—o0,1).
With the lemma, we now prove the main theorem of this part.

Proof. (Proof of Theorem 3.1.) Since ag >0, u[0,1]=ag>0. We first show that
S; is bounded. Fix some M >0 large. Since F(z)~ (1—2)"* as z— 1, for € >0 is small
enough, in the domain B(1,€)\[1,00), where B(1l,e):={C€C:|(—1| <€}, |Fa(z)|> M.
Note that on the region D(0,1)\ B(1,e), F,(z) is an analytic function. Moreover, it
is never zero since it is a Pick function and positive on (—o00,1) as p[0,1] >0. Hence,
|Fa(2)| has a lower bound C'>0. Hence, inf.cc\(1,00)|Fa(2)| >0 and thus {¢:|¢|>C1}
is contained in the stability region for some C; >0 according to Lemma 3.1.

We now prove that S, D S(m—6p) (defined in (3.6)) for some 6y € (0,7 ). Consider
|z| <R=1+ce€. If € is very small, then F,(z)=(1+k(e))(1—2)~“ for some function k
such that k(e) —0 as e —0T. Hence,

|arg(Fa(2))] < ozg +he), (3.13)

for some function h satisfying that h(e) —0 as e —0". When z€ D(0,1)\ B(1,¢), then
Re(z) <1—3e?<1. Using (3.12), we know that F,(z) has positive real part, so does
F,(z). Hence, we find that

|arg(FL ()| < 5~ C(e),

with C(e) —0 as e —»0". Choosing suitable €, we further find
m

sup larg(F,(2))] <6< 5

z€D(0,1)\{1}

(3.14)

Lemma 3.1 then implies that the numerical stability region contains S(6).

Regarding the last claim, we choose €¢>0 small and set M.=
SUPZGW|Fw(Z)|~ Then, for all ¢ with |¢|<1/M,, F,(2)=( can only be
possible for z€ B(1,¢). However, the phase of F,(2)=F,!(z) in B(l,¢) is between
—(1+Fk(e)) 5> and (1+k(e))75*. This observation then leads to the claim regarding the
asymptotic behavior of the stability region for ¢ near the origin. a

As an immediate application of Theorem 3.1, we have the following.

COROLLARY 3.1. Consider a CM-preserving scheme for the test equation in (3.2). If
|arg(N)| > 6o, where 6y is defined in Theorem 3.1, the scheme is unconditionally stable.
If |arg(\)| > T, the scheme is stable for h small enough.
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Now a natural question is that whether the CM-preserving schemes can be A(%*)
stable, that is, the numerical stability region contains the analytic stability region,
Sy, D S*, where Sj, and S* are defined in (3.3) and (3.5) respectively. We point out that
the above conjecture cannot be true in general. As a typical example, consider

1

Fo(z)=(1—2)""
W3 = (=2 "+ 0=,

(3.15)

where t; is close to 1. If the constant C' is large enough, the largest phase

sup arg(F,(2))

z€D(0,1)\{1}

could be close to w/2. This function, however, also gives a consistent C.M-preserving
scheme.

Hence, we can only hope some special scheme, like £1 scheme, can achieve the
better stability property.

4. Monotonicity for scalar autonomous equations

It is noted that the solutions for classical first order autonomous one dimensional
ODEs v = f(u) keep the monotonicity, due to the facts of that the solution curves never
cross the zeros of f and hence f(u) has a definite sign. In [43], the authors obtained a
similar result for one dimensional autonomous fractional ODE

Du= f(u), (4.1)

where t— u(t) €R is the unknown function.

LEMMA 4.1 ([43]).  Consider the one dimensional autonomous fractional ODEs in
(4.1). Suppose that f€C(c,d) and f' is locally Lipschitz on (c,d). Then, the solution
u with initial value u(0) =wug € (¢,d) is monotone on the interval of existence (0,Tmaqz)
(Tinaz =00 if the solution exists globally). If f(ug)#0, the monotonicity is strict.

The basic idea in the proof of the above lemma is divided into two steps. First
let y(t) =u'(t) and write out the Volterra integral equations involving y. Then one can
make use of the resolvent to transform the obtained integral equation into another new
integral equation so that all the functions involved are non-negative. The positivity of
the solution in the new integral equation leads to the required monotonicity. See the
details in [43].

4.1. General scalar autonomous equations. In the following, motivated
by Lemma 4.1, we study the monotonicity of the solutions for one dimension (scalar)
autonomous time fractional ODEs (4.1) obtained by the CM-preserving numerical
schemes.

THEOREM 4.1.  Consider one dimension (scalar) autonomous time fractional ODEs
(4.1). Suppose the numerical methods given in (2.1) or (2.4) are CM-preserving.

o If f(-) is C* and non-increasing, then for any step size h>0, the numerical
solution {u,} is monotone.

o If f(-) is C' with M :=sup|f’(u)| < oo, then when h*May <1, {u,} is mono-
tone.

From the following proof, we can see that for the second claim, we only need M :=
sup|f’(u)] <oo to be bounded on the convex hull of {u,} considered. The proof is
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motivated by the time-continuous version in [43]. We first prove a lemma about the
discrete resolvent.

LEMMA 4.2. Suppose a={ay} is completely monotone. For any A>0, define the
sequence b=">b(\) given by

b+ A(a*xb) = Aa.

Then, b is completely monotone. In particular, it 1s nonnegative.

Proof. The generating function is

B AF,(z)
B =1 3R

Since a is completely monotone, F,(z) >0 for x < —1, and thus so is Fy(z).

Moreover, we claim that 14+ AF,(z) is never zero in the upper half plane. Since
ap>0, then 14+ AF,(2)#0 near z=0. If it is zero somewhere, then F,(z) is not a
constant. By Lemma 2.1, Im(F(z)) >0 for z€C,. This is a contradiction. Hence,
Fy(2) is analytic in the upper half plane. Moreover,

A, (2)+ N Fa(2)]?
B =— SR

Clearly, the imaginary part of Fy(z) is nonnegative and hence it is Pick. The result
follows from Theorem 2.1. ]

Proof. (Proof of Theorem 4.1.) For the convenience, we denote f; := f(u;). The
scheme is written as

n—1

Un:UoJrhaZajfn—j:ha[a*(f*fofsd)]n, (4.2)

Jj=0

where 64=1(1,0,0,...) is the convolutional identity. We define vy, :=up+1 —un,n>0.
Then, v,, satisfies

n—1

Up, :haflan+hazaj(fn+l—j _fn—j)-

Jj=0

We now define g,,—; := Jntr—i=Fn—g _ Snt1-5=Fn—j = f"(&,—;) for some £. Then, the

Unt1—j—Un—j Un—j

above equation is written as

n—1 n
Un=h" f1an + 0" ajgn_jvn—j =h"fran+h*>_a;(gn-jvn—j—On_jogovo). (4.3)
j=0 =0

In other words, we have that v=~h®*fia+h*ax(gv—Jdag0v). Here we have made use of
the notation gv = Z;io g;v;. Convolving this equation with b defined in Lemma 4.2, we
get that

bxv="h"fraxb+h%b*xa*(gv—04g0v0)

=h%fraxb+h* (a—ib) * (gu—3d4g0v0)- (4.4)
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Consequently, it follows from (4.3) and (4.4) that v, — (b*v),, =h* fi[a— ab], +h*$[b*
(gv —d490v0)]n- Hence,

ar 1 B

vy =h flxbn—kbnvo—i— bx | v—vpd+ 7(90—5{190@0)

n

Since vy = h®* f1ag, we further have

o (a0 ) i o (1529 -]

Hence, for n>1,

n—1
h%gy, 1 h®Gn—;
(1—b0(1+ 5 >)vn=ha(ao+/\>f1bn+j§_lbj(1+ S J)vnj.

Note that by = 7 ii‘j}o < 1. Now we discuss respectively in two cases.

Case 1: If f is non-increasing, then we have that 1—bg (1+%) >0 for all n.

Fix any N >0, we can always choose A >0 big enough such that 1+ hagf’] >0 for all
Jj <n < N. This choice will not change the value of u; and thus v, _;; it will only change
bj. On the other hand, we know from Lemma 4.2 that b; for j>1 are nonnegative.
With this, we can see that the sign of v, =u,+1 —u,, keeps fixed and is the same as f;
for all n < N. Since N is arbitrary, the claim is proved.

Case 2: If f has no monotonicity, but M =sup|f’| <oo. We consider first that 1—
bo(1+ ha%) We can require that 1+ ha}\g" < % =1+ )\%0 such that 1—by (1 + ha%) >0.

Hence, we require

h*Mag < 1. (4.5)

If we choose A large enough, 1+ % > (0 will also hold. Hence, the sign of v, is fixed.
|

REMARK 4.1. If ueR% d>1 is a vector, applying the CM-preserving numerical

schemes to the Equation (1.1) does not necessarily imply ||u,|| to be monotone. See the
example in numerical experiment. However, if the system can be decomposed into d
orthogonal decoupled modes, in which the vector equation can essentially be equivalent
to a set of scalar equations and then ||u,|| is monotone.

4.2. Linear equations with damping. If the equation in (1.1) is one di-
mensional linear equation with damping, i.e., f(u)=—Au (A>0), the result is much
stronger. In fact, it is well known that the solution can be expressed as

u(t) =uoEa(—At"),

where B, (2)=) 1=, Wkﬂ) is the Mittag-Leffler function. We have that u(t) is strictly
monotonically decreasing and also CM due to the property of the Mittag-Leffler function

E,(z) [20]. We can show that the corresponding numerical solution is also CM.

THEOREM 4.2.  If the numerical method defined in (2.4) is CM-preserving, then for the
scalar linear equations D&u=—Au with A >0 and ug >0, the numerical solution {u,} is
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a CM sequence. Moreover, the numerical solution goes to zero as u, < C(nh)™%, where
the constant C' is independent of n.

Proof. Taking the generating functions on the both sides of (2.2), one has
Fo(2)(Fu(2) —uo(1—2) 1) =h*(Fy(2) — fo) = = Ah*(Fu(2) — o),

where Fy and F, denote the generating functions of f={(fo, f1,---) and u= (ug,u1,---)
respectively. Then,

F.(z)=uy

Fu(z)(1—2) "1+ Ak (H(l—z)l—l) (4.6)

Fo(z)+ ke O\ T Ihe R, (2)
The function

(1—-2)"1-1

Fl(z)::1+71+/\ho‘Fa(z)

is clearly analytic on (—o00,1) and nonnegative on (—o0,1) (note that F,(x) >0 on this
interval since a is completely monotone). Hence, we only need to check whether

z

&)= T B =)

(4.7)

is a Pick function or not. Firstly, it is clearly analytic in the upper half plane by a
similar argument in the proof of Lemma 4.2.
Since a is completely monotone, it is easy to see that

(1»0107"')+)‘ha(a07a17"'):: (bOvblv"')

is also completely monotone. Consequently, (bg —b1,b; —bo,--) is completely monotone.
Hence, if we define

(14+ARYFy(2))(1 = 2) =bg — (bg —b1)z — (b —ba)2* —---=:bg — zH (2),

then H(z) is a Pick function. Consequently,

B z _ z2(bp—zH ()
&)= )~ Too—2H)
If Im(z) >0, we find
Tm(G(z)) = m (boTm(z) — |2 PIm A ().

Since H is Pick, ImH (z)=—ImH (z) <0. Hence, Im(G(z)) >0. This shows that G is a
Pick function. Therefore, F,(z) is also a Pick function for wg>0. This means that u is
completely monotone for uy >0 and the claim follows.

Since F,(z)=(140(1))(1—%)~“ as z— 1, one has

Fu(2) =uo (1+%) , (4.8)

and thus
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Hence, taking 3=1—a in Lemma 2.2, we get that u, ~ 5%n~% as n— oo, which com-
plete the proof. 0

COROLLARY 4.1. Consider DYu=—Au for w e H, where H is a separable Hilbert space
and A: D(A) —H is nonnegative self-adjoint linear operator, with complete eigenvectors
(D(A) CH is the domain of A). If we apply the CM-preserving scheme to this equation,
then the numerical solution ||u,|| is non-increasing.

In fact, let {ug} be the eigenvectors of A, then {u;} forms an orthogonal basis.
One can possibly expand u=3 - cx(t)u such that the equation is decoupled into
D%ci(t) = —Apck(t), where A >0 is the k-th eigenvalue of A. Consequently, one has

=" i (6) lunll?, (4.9)
k=1

which is monotone by the conclusion from the scalar equation. If we apply the CM-
preserving scheme to this equation, then the scheme is implicitly applied for each c/(+)
and (4.9) holds for the numerical solution as well. Then, Theorem 4.2 gives the desired
result. Typical examples include:

Deu=—(—A)Pu,
for 8€(0,1], and H = L?(T9), where (—A)? denotes the fractional Laplacian.

5. Local truncation errors and convergence

Let u(-) be the exact solution of the fractional ODE in (1.1) and D{u, be the
corresponding CM-preserving numerical scheme in (2.1). In this section, we mainly
focus on the local truncation error defined by

Tn i =Diu(tn) — Diu(tn) =Dpulty,) — f(tn,u(ts)) (5.1)

and the convergence of the scheme.

5.1. Local truncation error. As well-known, if f(¢o,u0)#0, u(-) is not smooth
at t=0. In particular, u(-) is often of the form:

M
1
t) = . R— L t , 5.2
u(t) Egﬁ'mma+n + () (5:2)
where M =|1/a], B, are constants and ¢ (-) € C1[0,T]. Hence, one cannot expect ||ry,||
to be uniformly small. For example, if we apply the GL scheme to u(t):ﬁti

corresponding to f =1, we have

—howe [ ht—0) 1= — L1
e\ T a) “Tlta)

which does not vanish as h — 0". However, we aim to show that when n is large enough,
rp is small, which allows us to establish the convergence for the typical solutions with
weakly singularity at ¢=0 in (5.2) for fractional ODEs.

THEOREM 5.1.  Assume that f(-,) has certain regularity such that (5.2) holds for
te[0,T). Let h=T/N with N eN. We decompose

Ty = r%l) + rg),
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(1) () _.(2) (2

where Ty, 1s the truncation error corresponding to m=1 while vy, =7y m+r, L corre-

sponds to m>2 and 1. Then, r( ) s independent of h but limnﬁoor,(z ) =0, and
sup [rP|=o(1), h—0".
n:nh<T

mao

Proof.  We consider the truncation error on N , which is the fractional

Tt
ma+1)
integral of 7“(7”711)&“)15(’”_1)“. Clearly,

n

1 1
Do ma | _ p(m—1)a ) _yma . (m—1)«

where G, is nth term of the convolution between w and {mnma}’ independent
of h. The generating function of G is given by

- 1 mao ,n
Z)Zilj(ma—i—l)n 2",
n=0

By Proposition 2.1 and the asymptotic behavior of the generating function
S mnmo‘z" (see [28, Theorem VI.7] and the discussion below it), one has

Fe(2)=(1+0(1))(1—2)° [(1+0(1))(1fz)7(m0‘+1) L 2ol

By (2) of Lemma 2.2, we find when m=1, lim,_,oc Gy, =lim, ;- (1—2)Fg(z)=1. We

define 7'7(1 ) to be the local truncation error corresponding to m=1:

D =BGy — f1 =0, n— o0. (5.3)

We now consider that m >2. Using the first of Lemma 2.2,

1
G =(1 (m—l)oz7
n=0t ) T T "
where g,, are bounded and p,, — 0 as n — oco. Hence, the truncation error corresponding
to m>2 is given by

2 ._ On (m=1)ex
r 2m._6mr((m71)a+1)(nh) Da (5.4)

If N=T/h is big enough, this term is uniformly small. For n < VN, it is controlled by
(vV/Nh)(m=De while for large n, it is controlled by T(m_l)asupn>\/ﬁ|9n| —0as N —o0.

Now, consider the local truncation error for 1, which is C'[0,T]. To do this, we
adopt some well-known consistent scheme for smooth functions, for example, the GL
scheme [8]

Opt(tn):=h" ng tn—j) —9(0)).

where w; are the coefficients for GL scheme. Then,

P2 = (DR (tn) = 05 (t)] +[059(t) — DU (ta)] =t Ruy + Rup. (5.5)
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By the well-known truncation error for GL for % €C'[0,T], we have that
SUp,,. <t || Bn2l| SCh®, see for example [44]. We now consider the first term Ry, ;.
It is in fact

Rna =h—“Zvj<w(tH> —1(0)),

with v, =w; —@; =¢;(147) "1~ By the asymptotic behavior in Proposition 2.1, ¢; is
bounded and goes to zero as j — co. Fix € >0. We discuss in three cases.
Case 1: n<hl@=1/2. We can control directly

IR 1| <P 5l (Snj)ltn—3 SCh™(nh) > |y < CRI=/2,
j=0 =0

Case 2: h(e=D/2 cp<eN. Then, we can estimate directly that

n

B | < B | D75 (@ (tamg) = () |+ b (tn) = ()1 D yl-
§=0

Jj=0

The first term is controlled by h=*Y"7 (h(1+j)~* <C(nh)'~*. The second term is
controlled due to 372 ,7; =0 by

h=(nh)| Y | <Cnh' =07 <C(nh)' .
j=n+1

Hence, in this case |R,_1|| is controlled by e!=*T1=2.
Case 3: n>eN. We split the sum as

leN | leN |

Roa=h™>" i ((tny) —(tn)) + 17 > 4 (1h(tn) —1(0))
j=0 j=0

n

RT3 () —0(0))

j=leN]|+1

The first term is controlled directly by Ch™ 3", | .y ih(1 +7)717 <C(eNh)!~*. Note
that Z;io v; =0, the second and third can be estimated as

(e’ N
hll= Y @) =)+ > % ((ta—s) —(0))
j=[eN]+1 j=LeN]+1
<Ch™™ > gl(1+5) 7T <CT ¢ sup .
Pl >[eN]

This goes to zero as h—0T. Hence, limp, o5up,,.,p<r | Rn1 || <C(T)e!'~*. Since € is
arbitrary, the limit must be zero.
Combining all the results, the claims are proved. ]
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5.2. Convergence. The CM-preserving schemes have very good sign properties
for the weight coefficients w;, which allow us to prove stability and also convergence.
As pointed out in Section 2.1, if the scheme is CM-preserving so that {a} is completely
monotone with ag >0, then

(1): wo>0, w; <0 for j>1; (ii): w0+2wj >0. (5.6)
j=1

We now conclude the convergence:

THEOREM 5.2.  Assume that f(-,-) has certain regularity such that (5.2) holds for
te[0,T). If f(t,) satisfies (x—y)-(f(t,x)— f(t,y)) <0 or is Lipschitz continuous, then,

lim sup ||u(t,)—wu,||=0. (5.7)

h—=0pmh<T

Proof. Define e, =u(t,,) —u,. Then, we have

Dyen= f(tn,u(tn)) — f(tn,un) +7n,

where r,, is the local truncation error defined in (5.1). Taking inner product on both
sides with e,, yields that

Dy llenll <llrnll +nllenl],

where n=0 if f(t,-) satisfies (x—y)-(f(t,2)— f(t,y)) <0 and n=L be the Lipschitz
constant if f is Lipschitz. Hence, we have

n—1 n—1
lenll <nh® Y ajllensll+h* Y ajlrasl, n>1.
§=0 §=0
We claim that
n—1
€= bup he ZaJHrn jll=0(1), h—0%. (5.8)
n:nh<
We now do the same decomposition in Theorem 5.1 as ||r,—;|| < ||r I+ Hr(z) I|. B

this decomposition, the summation is controlled by

h“ZaJur(” ||+ha2aj||r

Let’s separately estimate each term in the above equation. For the second term, we
have

haz%ur < Cnnye sup||r2)||<cwsupur |=o(1),h—0%,

where we have used the property h¢ Z] —o a; <C(nh)*, see Proposition 2.1. The first
term can be controlled by splitting technique as

n—Np n

RS agllrl2 +he ST agllrl

=0 j=n—N,
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For any € >0, we can pick N; fixed such that ||r,(f1)|| <e for all k> N; when N is big
enough due to Theorem 5.1. The sum is then controlled by

n—N1
eh® > a;+hON{ T <ets n +hON{ T < el +hON "
§=0

Taking h— 07, the limit is 7%¢. Since ¢ is arbitrarily small, the claim for ¢, is verified.

If n=0, the theorem is already proved. Now, we consider =L >0. To do this, we
consider the auxiliary function v(+) which solves D¥v =L, v(0)=2>0. Then, repeating
what has been done, one can verify that v(t,)=2+h*L E?:_Ol a;V(t,—;)+€,. For h small
enough, 2+ €, > 1. Hence, by the comparison principle (Proposition 2.3), we find when
h is small enough,

llenll < env(tn) =2€nEq(Lt?) —0, h—0", Ynh<T.

The proof is completed. ]

5.3. Application to fractional diffusion equations. As a typical application
to fractional PDEs, we consider the time fractional sub-diffusion equations, see [4,11,12,
37,44]. Here we follow the basic notation and idea from [11] to establish the convergence
of time semi-discretization problem using CM-preserving schemes.

Let Q CR%(d=1,2,3) be a bounded convex polygonal domain and 7' >0 be a fixed
time. Consider the initial boundary value problem:

Déu+ Lu= f(z,t) for (x,t)eQx(0,T],

u(z,t)=0 for (z,t)€dNx(0,T], wu(z,0)=ug(xz) for z€Q, (5.9)

where D¢ u denotes the o order of Caputo derivative with respect to ¢ and £ is a standard
linear second-order elliptic operator:

d
Lu= {~0u, (a(x) D, 1)+ bi ()0, u} +c(x)u,

k=1

with smooth coefficients {ay}, {bx} and c in C(2), for which we assume that aj >0
and c— % 22:1 05,0, > 0. We also assume that for this equation there exists a unique
solution in the given domain. Different from the classical integer order equations for
a=1, the solutions of fractional Equations (5.9) usually exhibit weak singularities at
t=0, i.e.,

|Dul| ) <C(A+t*) for 1=0,1,2, (5.10)

where D! denote the classical Ith order derivative with respect to time, see [4]. This low
regularity of solutions at t=0 often leads to convergence order reduction for solution
schemes. Many efforts have been made and new techniques developed to recover the
full convergence order of numerical schemes, such as non-uniform grids [4,11,12], and
correction near the initial steps [44].

Consider the time semi-discretization of (5.9) in time by CM-preserving schemes

DYU 4+ LU = f(-,t,) in Q, U"=00n0Q, U’=u, (5.11)

where U™ =~ u(x,t,) and DpU™=h"¢ Z?:o w;(Uy—j —Up) for n>1 stands for the CM-
preserving schemes with time step size >0 as in (2.2).
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The good sign property in (5.6) for CM-preserving schemes will play a key role
to establish the stability and convergence for scheme in (5.11). By using a complex
transformation technique, the authors in [37] obtain similar conditions like in (5.6) and
establish the stability and convergence for a (3 — «)-order scheme. We emphasize that
the CM-preserving schemes we present in this article naturally have this important
property.

THEOREM 5.3.  Let uw and U™ be the solutions of Equations (5.9) and (5.11) respec-
tively. Then under the conditions c— %22:1 0z, b, >0, we have that

n—1
sup |u(-,tn)—U"|| < Ch® sup ZaJHrn ill=0,h—07F. (5.12)
n:nh<T n:nh ] 1

where rn, =Dpu(-,t,) —D2u(,t,) is the local truncation error.

Proof. Let the error e™ :=wu(-,t,) —U™. It follows from (5.9) and (5.11) that e =0
and
Dye™ + Le" =Dyul-,tn) — f(tn,) =Dpul(-,tn) —Dou(-ty,), 1<n<T/h.
By the definition Dﬁe”:h*azgzowj (en=7 —€Y) the above equation can be rewritten

as

“o en

ot Let = Z —w;)e" I 4r,, 1<n<T/h. (5.13)

Now we take the standard Lo(€2) inner product in (5.13) with e™. Note that the condition
c—%zzzl Oz, b, >0 implies that (Le",e™)r,)>0. According to sign properties in
(5.6), we get the error equation

1

n
wo n :
=™ L2 /TZ —w;)||e" | 2y +I7nll L2y, n>1. (5.14)

In other words
Dille™ 2 <llrallzz(), n>1.
The remaining proof is similar as Theorem 5.2. |

From the above proof we can see that once we establish the order with respect to
l7nll22(), we will obtain the order of convergence of the numerical scheme. Similarly,
for the fully discrete numerical schemes by applying a standard finite difference or finite
element method for spatial approximation of the time semi-discretization (5.11), we can
also obtain the corresponding convergence order.

6. Extension to Volterra integral equations
We consider the second class of Volterra integral equation

u(t):u0+/0 k(t—s)f(s,u(s))ds, t>0, (6.1)

with initial value u(0) =wug. We consider discretization

U — o= [b% (f = f00n.0)]n = [0% f — fobnn Zb fa_j, n>1. (6.2)
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Note that here sequence b corresponds to h®a for the fractional ODE. We do not factor
h® out because k(-) may not be homogeneous. For example, k(t)ztll/Q—i—t;l/?’. We
define the following.

DEFINITION 6.1.  We say the discretization given in (6.2) is consistent for Volterra
integral with CM kernel if a function ¢(-) with the typical regularity of f(u(t)) in (6.1)
satisfies

n—1 tn
€pi= sup ijqb(tn,j)—/ ko(8)p(t, —s)ds||=0(1), h—0T.
— 0

n>1,nk<T j=

DEFINITION 6.2. We say a consistent (in the sense of Definition 6.1) numerical
method given in (6.2) for the convolutional Volterra integral Equation (6.1) with CM
kernel is CM-preserving if the sequence b is a CM sequence.

The main results regarding monotonicity given in Theorem 4.1 for one dimension
autonomous equations can be extended to the Volterra integral equations with more
general C M kernel functions directly. Moreover, the sign properties for the convolutional
inverse v:=b(~1) also hold except that we generally have v +3°721 75 >0 because |||
may be finite. With the sign properties, analogy of Propositions 2.2 and 2.3 hold except
that we need byL <1 to replace h®Lag < 1.

THEOREM 6.1.  Suppose (6.1) has a locally integrable CM kernel and f(t,-) is Lipschitz

continuous. Then when applying a CM-preserving scheme, we have

lim su uy —u(ty)||=0.
hﬁo*n:nhI;TH n ()l

We sketch the proof here without listing the details. In fact, the error e, =u(t,) —u,
satisfies

n—1

leall L bjllen—sll +en, n<T/h.
j=0

Consider v(-) solving v(t) = 25—|—Lfg k(t—s)v(s)ds, with ¢ >0. By the consistency,

n—1 n—1
(tn) =204LY bjv(tng)+e&nh)>6+LY bjv(tn;),
=0 =0

when h is small enough. Clearly, when A is small enough, ¢, <§ for any fixed § >0. By
direct induction,

llenll <v(tn), Yn,nh <T.

The Volterra equation is continuous in terms of the initial value if the kernel is locally
integrable. Since J is an arbitrary positive number, limy_,osup,,.,,<7 [len | =0.

REMARK 6.1. When k(t)zﬁtiﬁl, the consistency in Definition 2.1 can imply
the consistency in Definition 6.1. Hence, the conclusion in Theorem 6.1 also applies to

fractional ODEs.

Typical examples for completely monotone kernel functions are including that
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e The sum of several standard kernels:  ki(t) =cikq, (t)+ coka, (t)+---+
cmka,, (t), where ¢; > 0,05 €(0,1) for j=1,2,...,m.
e The standard kernel with exponential weights: ko(t) =k (t)e™ 7%,y >0.

One can easily construct CM-preserving schemes for these equations using the ones
in Section 2.2. In particular

(1) for ki(t), one can use any scheme or their linear combination in Section 2.2 to
approximate ko, and this yields a CM-preserving scheme for k;(t).

(2) for ko(t), one can take the piecewise integral as approximation as in [30]:

tnt1
by — / o (£) dt, (6.3)
t

n

where we recall t,, =nh.

In addition, we can also use the CQ [8] to calculate the convolutional Volterra integral.
In general, we can approximate the convolutional integral as

/Ot" K(tn — 5)g(s)ds ~ {K (‘“?) Fg(z)} : (6.4)

where K is the Laplacian transform of the kernel k(t), 6(z) =p(z)/5(z) is the generating
function based on classical linear multistep method (p,o) as in (2.16), and Fy(2) is the
generating function of (gg,g1,...). Therefore, if we can calculate K accurately and choose
(p,o) appropriately then we obtain the corresponding numerical schemes. As in Section
2.2 for fractional ODEs, we can choose (p,0) in two ways:

(i): o(2)=2z,p(z)=2—1, and §(2) =1—z;

(ii): o(2)=0z4+(1-0),p(z)=2z—1 with § >1, and §(z) = H(ll%e)z =122 where we
take 6 =2.

For example, for k2(t) we have that

Kk (t)](2) =L [ka(t)e "] (2) = (2 +7) .

Therefore,

/Ot” ko (n — 5)g(5)ds ~ l(é(hZ) +’y> TR

Then we get the numerical schemes for Volterra integral Equation (6.1) as

— pe [(5(2) +h7)—aFg(z)] . (65)

n

n
un:uo—i-haz:vn_jfj, n>1, (6.6)
j=1

where the weight coefficients {v;} derived from one of the following generating functions

1

<i>:<1—z+hw>a—<1+m>“(1‘1+mz> :JZ:IOW;

—« —a 1+hy o [ee]
.. 1_Z 1+2h’y 1_1+2h’y2 .
Ll h = — . J‘
(i) <2—z+ 7) < 2 ) ( 1-2/2 D v

j=0

(6.7)
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We now check if the generating functions Fy(z) defined in (6.7) is a Pick function
or not and the non-negativity on (—oo,1).

For (i) in (6.7), we have that F,(z)=(1—2z+hy)~®. Since v>0, it is easy to see
Fy(z) is a Pick function and analytic, positive on (—oo,1).

For (ii) in (6.7), we have that F,(z)= (é:j +h7)7 . We rewrite

Fy(2) = <1+22h~y)°‘ (1—2/2)0‘:: <1+22h7>a(H(z))a,

1—gqz

1+hy
1+2hy

€ (3,1]. We now claim the function H is Pick. In fact,

H(z)_1—2/2_(1—2/2)(1—(12)_1—q2—z/2—|—q|z|2/2
Cl-gqz [1—gz2 11— gz[?

where g=

)

which implies that Im(H ):(q—%)lm(ﬁ)7 and the result follows by noting that

q> 3. Moreover, for z€R, the numerator becomes 1—(q+ 3)z+ Z|z[%. Since 1—(¢+
1)2+%|2|> =0 has roots z; =2 and 22 =1/¢>1 so the numerator is positive on (—oo,1)
and the denominator is also positive on (—00,1), so when z € (—o0,1), H(z) > 0. Hence,
H(z) is a Pick function that is analytic and positive on (—o0,1) and consequently, Fy(z)
is also Pick and nonnegative on (—oo,1).

The weight coefficients {v;} can be recursively evaluated by the Miller formula

—a ] —« .
in Lemma 2.3. Let that (1fﬁz) => s gmz, (17 Lthy z) =32 gn;7 and

1+2h~y
(1-2/2)"= Z;io p;2z7, where for coefficients m, n; and p; can be recursively computed
by

mozl,mk:—ﬁ (1;0[—1> me_1, k>1,
n0:1,nk:711j2};77 <1ko‘1> ne1, k>1, (6.8)
pozl,pkz—% (T—l)pk—h E>1.
Hence, the weight coefficients in schemes in (6.6) are given by
(1):v;=(14hy)""m; or (i):v;= (1+22h7> _azj:nj—lpz- (6.9)
1=0

Note that in the numerical scheme (6.6) for kernel ka(t), the coefficients v; depend
on the step size h explicitly. This is because the Laplacian transform of ka(t) is an
inhomogeneous function on z for v >0, see (6.5).

7. Numerical experiments

In this section, we first perform numerical experiments to confirm the monotonicity
of numerical solutions for CM-preserving schemes applied to scalar autonomous frac-
tional ODEs or Volterra integral equations with CM kernels. In [5,29], the authors have
shown that for linear scalar fractional ODEs with damping or delay differential equa-
tions, the long-time decay rate u, =0(t;,;*) as n— oo both from theory and numerics,
by energy type methods. In this paper, we focus on the monotonicity of numerical so-
lutions for nonlinear fractional ODEs and Volterra integral equations. We also provide
numerical example on time fractional advection-diffusion equations to confirm the nice
stability of C.M-preserving schemes.
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7.1. Fractional ODEs. Consider the scalar fractional ODE for a € (0,1],
Du(t) = Au— Bu?, (7.1)

with initial value u(0) =ug, where the two constants A and B satisfying that A-B>0.
For all orders a€ (0,1], this equation has two particular solutions u; =0 and us = %.

For a=1 has the following general solution
A

u= B+ (% —B) e—At

We can easily see from the expression that for A,B >0, if ug>0, all the solutions
asymptotically tend to the constant A/B; while for ug <0, all the solutions will blow
up in finite time and have vertical asymptotic lines. The case for A, B <0 is similar.

In Figure (7.1), we plot the numerical solutions for =1 and a=0.8, respectively.
It is clear that all the solutions are monotone and asymptotically tend to the constant
A/B =2, and they are asymptotic stable, as expected. The order of « has a significant
impact on the decay rates of the numerical solutions. For the classical ODE with a=1,
we can see the solutions will decay exponentially while for «€ (0,1) the solutions will
only decay with algebraic rate, which leads to the so-called heavy tail effect for fractional
dynamics [5].

5 , =1 5 ,=0.8
45 4.5
4 4
3.5 3.5
3 3

=1 =]
25 25
2 2
1 1
05
1 0

0.5
0

Fia. 7.1. Left: numerical solutions for a=1 obtained by implicit Fuler method; Right: nu-
merical solutions for a=0.8 obtained by Grinwald-Letnikov scheme. The initial values are taken as
0.5,1,1.5,3,4,5, respectively, and h=0.05, T'=5 and A=2,B=1.

As pointed out in Remark 4.1, for general vector fractional ODEs in R? with d > 1,
we can not expect the monotonicity of the Euclidean norm of the numerical solutions.
Consider the fractional financial system [3]

Dga(t) =z(t) + (y(t) —1)z(),
Dy(t)=1-0.1y(t) —=(t)*,
Dz(t)=—x(t) — 2(t).

The fractional financial system is dissipative and there exists a bounded absorbing
set [5]. Figure (7.2) shows that the solution doesn’t tend to an equilibrium state,
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15, 35
T 3
054 25
N 2
o
04 .
2
054 S 15
1
1
15
. . . 05
y 0 2 0
274 " 0 20 40 60 80 100

Fic. 7.2. Left: numerical solutions for a«=0.9 obtained by Grinwald-Letnikov scheme; Right: the
L2-norm ||Uy||, where U= (x,y,2)T. The initial values xo=2,y0=—1,20 =1, and h=0.05, T =100.

and of course ||U,|| doesn’t have monotonicity, where U= (z,y,2)T. Numerical results
obtained by other CM-preserving schemes given in Section 2.2 are very similar, and are
not provided here.

7.2. Volterra integral equations. We study the monotonicity of numerical
solutions for Volterra integral equation with CM kernel functions obtained by CM-
preserving schemes

u(t):uo+/0 k(t—s)f(u(s))ds, t>0, (7.2)

with initial value u(0) =wg. Since the CM kernel k;(t) is very similar to the standard
kernel k, (t), we will focus on the kernel ko (t) = ko (t)e 7" for >0 in this example. We
consider the following three examples

(a) f(u)=Au, X is a fixed parameter;

(b) f(u)= Au— Bu?, where A, B are parameters as in Example 1;

(c) f(u)=sin(1+u?).

In this example, we take the numerical schemes given in (ii) of (6.7) for the simula-
tions for various initial values and parameters. The numerical results for scheme (i) of
(6.7) are very similar and not provided here. We take h=0.1,7=10 in all the following
computations. The numerical solutions for (a),(b) and (c) are reported in Figure (7.3),
Figure (7.4) and Figure (7.5) respectively. The numerical results show that both the
order o and parameter v will impact the decay rate and equilibrium state of the solu-
tions significantly. But all numerical solutions for various initial values and parameters
remain monotonic, as our theoretical results predicted.

7.3. Application to fractional advection-diffusion equations. Consider
the time fractional periodic advection diffusion problem

oDfu(z,t) +duy = Dugy, t>0,2€Q, (7.3)

with initial value u(x,0) =wo(x) and Dirichlet or periodic boundary condition, where
constant coefficients deR,D >0 and Q CR"(n=1,2,3).
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2=0.6

Fig. 7.3. Numerical solutions for (a) with A=—2. Left: «=0.9 and v=0,1,2,3 respectively;
Right: v=1 and «=0.99,0.9,0.6,0.3 respectively.
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F1G. 7.4. Numerical solutions for (b) with A=2,B=1. Left: v=1, «=0.9,0.6,0.3 and up=4,0.5
respectively; Right: v=1,a=0.8 and up=0.5,1,1.5,3,4,5 respectively.

When d=0, the Equation (7.3) is reduced to the sub-diffusion equation, which
has been thoroughly studied both mathematically and numerically in recent years. If
ug(z) € L*(Q) and u(z,t) =0 for x € 9, then it is proved in [45] that for the equation,
there exits a unique weak solution u € C([0,00]; L%(£2))NC((0,00]; H2(2) N H () and
there exists a constant C, >0 such that

(o4

[u( )l L20) < YT

As we have pointed out earlier in Section 1, the fractional sub-diffusion equations
have two significant differences compared to the classical diffusion equations for a=
1. The first one is that the solution of model (7.3) often exhibits weak singularity
near t =0, i.e., || oDfu(-,1t)|[12(0) < Cat™*|luol|L2(q) [45]. In fact, this limited regularity

luollL2(), A>0,t>0. (7.4)
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asE
3.9 3.88 [

Fic. 7.5. Numerical solutions for (c). Left: «=0.99,0.9,0.6,0.3 and y=1 respectively; Right:
v=0,1,2,3 and a=0.9 respectively.

makes it difficult to develop high-order robust numerical schemes and provide a rigorous
convergence analysis on [0,7] for some T'>0. Many efforts have been put on this
problem and for the linear problems this problem has been well solved. Several effective
high-order corrected robust numerical methods have been constructed and analyzed
[4,9,11,12,44].

The other one, which can be clearly seen from (7.4), is the long-time polynomial
decay rate of the solutions, i.e., ||u(-,t)| 2y =0(t"%) as t —+o0. This is essentially
different from the exponential decay of the solutions to a classical first order diffusion
equation. However, as far as we know, there is little work on studying the polynomial
rate of the solutions and characterizing their long tail effect for fractional sub-diffusion
equations from the numerical point of view. In our recent work [5], we established
the long-time polynomial decay rate of the numerical solutions for a class of fractional
ODEs by introducing new auxiliary tools and energy methods, which can also be used
to characterize the numerical long-time behavior of spatial semi-discrete PDEs as in
(7.3).

When d=0, the eigenvalues of fractional ODEs system obtained from spatial semi-
discretization for fractional sub-diffusion equations are often negative real constants.
Therefore, any time discrete numerical methods that contain the entire negative real
half axis (—o00,0] will lead to unconditionally stable schemes.

When d#0, the corresponding eigenvalues of fractional ODEs system obtained from
space semi-discretization have the form \; =x;+1iy;, where x;,y; are real constants
and z; <0. However, the constants y; are not zeros in general. In this case, if we still
want to obtain an unconditionally stable numerical scheme in time direction, then the
stable region of this scheme must contain the whole negative semi-complex plane C~.
According to our results in this paper, the CM-preserving schemes meet this stability
requirement.

As an example, we consider the one dimension fractional advection diffusion Equa-
tion (7.3) on 2=10,1] with periodic boundary condition «(0,t) =wu(1,t). For the space
discretization on a uniform grid {zi,z2,...,x5} with grid points z; =jAz and mesh
width Az=1/N, we use second-order central differences for the advection and diffusion
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terms. We obtain the semi-discrete system

Uil —Ujo1 U1 — 205+ U

Diu,(t)+d
0 tuj()+ 2Ar A.TQ )

=1,2,...,N, (7.5)

where ug=upn,un+1 =u1. For a=1, this example has been carefully analyzed in [46,47]
and the corresponding eigenvalues can be obtained by standard Fourier analysis, which
are given by

2D d
a_ ] —1)—¢—rsi j ) = LA 7.6
A INE (cos(2mjAz)—1) s sin(2mjAz), j=1,2,....N (7.6)

We can see those eigenvalues are located on the ellipse in the left half plane C™:

2D )2 2
(924;%7)22) + yd > =1, which is centered at (—i—fz,()) with two radii ifQ and &,
Ax2 Az

Az
respectively. The stability results obtained in this paper show that any CM-preserving
scheme is A(w/2)-stable, so it can be used to solve the advection-diffusion fractional
ODE (7.5).
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F1G. 7.6. The eigenvalues distributions in (7.6) and the numerical solutions for the semi-discrete
system (7.5) with d=10,D=0.1,Az=1/32.

As that in [47], let the initial value U(0) € RV for the semi-discrete fractional ODEs
in (7.5) be

N N
. 1 —
U0)=)_ zker with z = N > ug(a;) (0n);

k=1 k=1
where ¢ = (e2mike1 e2mikea ...,eQ”ikxN)T € CN stands for the discrete Fourier modes for

k=1,2,....N and U(t) = (u1(t),uz(t),...,un(t))" denotes the solution vector. Then the
solution is given by

N
Ut) = 2t Ba(At®)x,

k=1
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where E,(2)=>"72, F(#kﬂ) is the Mittag-Leffler function.

In Figure 7.6, we plot the eigenvalues distributions and the corresponding numerical
solutions obtained by L1 scheme, which shows good numerical stability as long as the
stable region is contained in the left half complex plane. Other CM-preserving schemes
give similar numerical performances and they are not provided here. Although the stable
regions for some CM-preserving schemes have been proved in other ways, we emphasize
here that we can provide a unified framework to prove that they are all A(w/2)-stable
and thus can be used for the time fractional advection-diffusion equations.
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Appendix. Proof of Proposition 2.3. Proof.

(1) Define the sequence £=(&,) by &, :=un,—v,. Then, by the linearity of Dy,
(D&)< f(tn,un)— f(tn,vn), where (-), stands for the n-th entry of the sequence.
Multiplying the indicator function x (¢, >0y (i-e. the value is 1 if &, >0 while the value
is 0 otherwise) on both sides of the inequality yields

n—1 n—1
h~—* <w0£nX(§n20) + Zwifn—iX(gnzo) - <wO + ZM) €oX(gn20)>

i=1 =1
S[f(tnvun) - f(tnavn)]X(ﬁnZO) <0.

We define 7, =&, V0=max(£,,0), i.e. the maximum between &, and 0. Then,
EnX(£,20) =& VO=1n, &iX(g,>0) <&V O=1n; for any i#n. Since w; <0 and —(wo+
St wi) <0, we then have

woTn + Zwinnﬂ‘ - (wo + Z%) o
i=1

=1

<woénX(g,>0) T szfn—iX(gnzo) - (wo + Z%) §oX(£,>0)-

i=1 i=1
Hence, (Dyn), <0. Clearly, no =0, and by induction, it is easy to see 1,, <0. This means
7, =0 and thus &, <0. Similar argument applies to v, and w,, so we omit the details.

(2) The proof can be done by induction. We only compare u with v. Comparing
v with w is similar. The condition gives ug <wvg. Suppose that for n>1 we have
shown u,, <wv,, for all m <n—1. We now prove u, <v,. Using again wy >0, w; <0 and
—(wo+ > w;) <0, we have

h™ %o (tn —vn) <D (u—0)pn < f(tn,un) — f(tn,vn) < Llty, — vy

Hence, u, — v, < agLh®|u, —vy|. If agLh® <1, we must have u,, —v,, <0.

(3) The proof is similar as (2) by induction. One can in fact obtain wu, —v, <
agLh®|u, —v,| using induction hypothesis. The argument is similar. 0
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