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Abstract

A high-order time discretization scheme to approximate the time-fractional wave
equation with the Caputo fractional derivative of order o € (1,2) is studied. We
establish a high-order formula for approximating the Caputo fractional derivative of
order a € (1,2). Based on this approximation, we propose a novel numerical method
to solve the time-fractional wave equation. Remarkably, this method corrects only one
starting step and demonstrates second-order convergence in both homogeneous and
inhomogeneous cases, regardless of whether the data is smooth or nonsmooth. We also
analyze the stability region associated with the proposed numerical method. Some
numerical examples are given to elucidate the convergence analysis.

Keywords: time-fractional wave problem, Caputo derivative, Laplace transform method,
initial correction, nonsmooth data.
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1 Introduction

Consider the following time-fractional wave equation, with 1 < a < 2,

§Dfu+ Au=f(t), 0<t<T,
u(0) = o, (1.1)
uw'(0) = uy,

where g D¢ stands for the Caputo fractional derivative of order o with respect to ¢t defined
by

C 1 ! 1— "
Here A = —A with the definition domain D(A) = H}(Q) N H?(Q) and A stands for
the Laplacian, where H}(2) and H?(Q2) denote the standard Sobolev spaces on a domain
Q c R? d =1,2,3. Furthermore, ug and u; are the initial values with ug,u; € H where



H := L%(Q) is the Hilbert space of square integrable functions defined on € with the norm
Il - I. Therefore for any z € {z # 0 : |argz| < 6y} with 7/2 < 0y < 7/, a € (1,2), the
operator A satisfies the following resolvent estimates [6]

1T+ AT < Clalh I+ AT < Ol 7 (1.2)

The time fractional wave equations are extensively used for modeling processes character-
ized by non-local effects, [1], [2], [5], [L8]. The solution of the time fractional wave equation
has a singularity near the origin. It is essential to identify efficient numerical methods
for solving the time fractional wave equation while working within limited smoothness as-
sumptions for the solutions.

Utilizing convolution quadratures as outlined in [10] and incorporating techniques from [11],
Jin et al. [6] introduced two methods based on convolution quadrature in time. They
established error estimates for both smooth and nonsmooth data in the context of time-
fractional wave equations. Additionally, they corrected the initial steps of the BDF meth-
ods [7], resulting in high-order numerical methods for approximating the time-fractional
wave equation with both smooth and nonsmooth data. A nonuniform L2 — 1, Crank-
Nicolson difference method was developed on a nonuniform temporal mesh [23] for solving
time-fractional wave equation. In [12], convergence in the H}(2)-norm was derived for a
low-order Petrov-Galerkin method with a nonsmooth source term. Li et al. [13] proposed a
time-spectral method characterized by exponential decay in temporal discretization when
the solution is smooth enough. Furthermore, in [14], they analyzed a space-time finite
element method, showing that high-order temporal accuracy can still be achieved with
appropriately graded temporal grids.

The time fractional wave equation can be written as an evolution equation with a positive-
type memory term. Various numerical methods exist for dealing with evolution equations
with such positive-type memory terms. McLean et al. [15], [16] introduced two positive
definite quadratures specifically designed for the time fractional integral operator. Apply-
ing the convolution quadratures from [10] and using backward difference methods in time,
Lubich et al. [11], [3] obtained the first and second-order time-stepping schemes. They
derived optimal error estimates with nonsmooth initial data. Mustapha and McLean [17]
proposed a novel class of algorithms by applying a discontinuous Galerkin method to ad-
dress the challenges posed by the time fractional wave equation.

In more recent developments, the S2 and S3 formulae, both belonging to the S-type formula
category, were introduced as means to approximate the Caputo fractional derivative. These
formulae exhibit convergence orders of O(k*>~%) and O(k*~?) for a € (1,2) [19]. The L3
formula, as presented in [21], has been formulated for approximating the Caputo derivative
of order o € (1,2). This particular formula demonstrates second-order convergence and



has been used in approximating solutions to the time-fractional wave equation.

Based on the ideas in [19] and [21], in this paper, we introduce a new high-order time dis-
cretization scheme with the corrections on the starting steps. Using the discrete Laplace
transform method, we prove that the proposed method has the optimal convergence order
O(k?) in both homogeneous and inhomogeneous cases with both smooth and nonsmooth
data.

The paper is organized as follows. In Section 2, we introduce a high-order formula for ap-
proximating the Caputo derivative of order o € (1,2) with some specific weight corrections.
Section 3 introduces the corrected numerical methods for approximating the time-fractional
wave equation in both homogeneous and inhomogeneous cases. We establish optimal error
estimates using the Laplace transform method. In Section 4, we consider the stability
region of the proposed numerical method. Finally, Section 5 presents numerical results
aimed at validating the theoretical findings and showing the robustness of the proposed
numerical method.

Throughout this paper we denote C' a generic constant independent of the step size k which
could be different at different occurrences.

2 Time discretization

Let k = T'/N and construct a partition over [0,T] as0 =ty < t; < -+ <t, < --- <ty =T.
We shall approximate the Caputo fractional derivative, with o € (1,2),

§DXu(t,) = r2—a) /to (tn —s)'7* 4 (s) ds,

_;n K *Sl_auﬂs s
N F(Q—Q);/tj_l(t” ) (s) ds. (2.1)

On the subintervals [tg, t1] and [t1,t2], we approximate u by the cubic interpolation poly-
nomials II3 v and II3ou defined the nodes (to,u(to)), (t1,u(t1)), (t2, u(t2)), (t3,u(ts)), re-
spectively. On the other subintervals [tj_1,t;], 3 < j < n, we approximate u by I3 ju
defined on the nodes (tj_g,u(tj_g)), (tj_g,u(tj_g)), (tj—la U(t]’_l)), (tj,u(tj)). By setting
(5tuj — 5tuj 1

-1 1
3
: 2 5tuj = ﬁ(étuﬁ% — 25tuj_% + 5tuj_%),

Uj — Uj—1 9
(5'11/' 1:7'7 '] 5u:
t i—3 L ) t

+}

we obtain, with ju, s := 67 (6tuj7§),
2

=3

(Hgd'u(t))” = (51522@;2 + (t — tj,2)5?uj7%.



Let A%uj = ujig — 2uj+1 + u; and similar as (2.10) in [21], we have, with n > 3,
C na 1 n -« " 2 1-a "
EDpults) = o ([t = 9" () ds+ [ (b~ ) (Tazu(s))" ds
F(2 - Oé) to t1
n

tj
+Z/ (tn — s)' 7% (T3 ju(s))” ds) k™ O‘ch 1 A%y + RY,(2.2)
j—1

= Jti-

where R" = O(k?) and the coefficients cl(a) in (2.2) are defined by for n > 3,

0l + 20\, + 30!, — bl — Y, b i=1,
Y, = 1 a%oc_;4 - agzoi)(z )_ Qa;a—)l( ")‘ b+ b)) )2 +by b, =2,
— F(3 - a) anoij,Q - bna bna -1 3<j<n—2,
bgzaf)jfl’ Jj=n-—1,
in which the coefficients aga) and bga) are defined by
aft) = (j+ 17— (2:3)
@ 1 , o 3-a : o 2 a
bg)—ﬁ((j+l)3 — T+ (G +1)F — 25 (2.4)
Then, we rewrite the L3 formula in (2.2) as
§DYu(tn) =k~ wjn ultn—j) + R",  n >3,
§=0
with the following coefficients
), i=0,
cga) 20(()a), j=1,
Wjn = cg.aé — 20531 + céa), j=2,...,n—2, (2.5)
cgfi)?) 205?7)2, j=n-—1,
cnoi)Q’ -] =n

Remark 2.1. When a — 2, the L3 formula reduces to the following scheme for approzi-
mating the second time derivative uy(t,) for n > 3, i.e.,

wniltn) ~ k2 (2u(tn) = Sultn 1) + dulty ) — ultn-3)),
which has the second order convergence, that is

ugt(t,) — k2 <2u(tn) — bu(tn—1) + 4u(t,—2) — u(tn_g)) =0k, ask —0.



Based on (2.5), we may define w; as follows

—(+55)
Wy = ———
T I3-a) 3—a/’
_ ;(22—04 4 + L(23—a 4))
wl_F(?)—a) 33—« ’
1 6 25—a 33—a
- - _24—a 2—a . )
2 F(3—a)(6 s T T 3sa T 3za)
1 . o, (1) 9 g , 9 (j—1)> @
- 12a My a_47 -1 « v )
i F(B—a)((J+) L y— J 5o PO DT
. _ j — 2)3-@ . o (=33 ‘
—4 —220—4(]7 —3)% @ 7) =3.4,.... 2.6
(J—2) g TU=3T Ty —), =34 (2.6)

Remark 2.2. In equation (2.5), the weights wj, rely on the parameter n, whereas in
equation (2.6), the weights w; are independent of n. In the subsequent section, we will
employ the weights wj, for j = 0,1,2,..., from equation (2.6) to establish our numerical
method. This selection is made in order to facilitate the application of the discrete Laplace
transform method.

3 Error analysis

In this section, we introduce the time discretization scheme for approximating (1.1). We
proceed to derive error estimates for the schemes in both homogeneous and inhomogeneous
cases, encompassing both smooth and nonsmooth data.

3.1 Homogeneous case

In this subsection, we consider the time discretization of (1.1) with f =0, i.e.,

CDfu+ Au=0, 0<t<T,
u(0) = uo, (3.1)
u'(0) = u;.

Let V(t) :== u(t) — u(0) — tu/(0) then (3.1) can be written as

EDSV (t) + AV (t) = —Au(0) — Atu'(0), 0<t<T,
{ V(0)=0, V'(0)=0.



Based on the idea in [7], we define the following corrected time discretization schemes for

solving (3.2),

n
k= an,jvj +AV" = —Aug — t,Aug + al(—Auo) + bikAuy, n=1,
! (3.3)
k¢ an_jvj + A V" = —Aug — t,Auq, n>2,
j=1
where the correction coefficients are a; = %, by = 1—12

Lemma 3.1. ([/,7]) For p # 1,2,..., the polylogarithm function Liy(z) = 3772, — s
J
analytically continued in the split plane C\ [1,400] and satisfies the singular expansion

k
Li(e*)~T(1—p Zpl—i—z DFe(p — kk:' as z—0, (3.4)

in which £ is the Riemann zeta function.
Lemma 3.2. Let ( = e #* 2 € C and 1 < o < 2. Then, for some suitable constants
dy,ds, we have

— 1 1
)= ij(] = (zk)*— g(zk)2+o‘+d1(zk)4+*(zk)3+°‘+d2(zk)4+o‘+- -, aszk — 0.
Proof. Note that
ijc T [ A6 (X 00)
j=1
1 4 6 4 1 3] (= 3ar
[3 —oz—i_3—ozC 3—a€+3— C}(; C)
{e — 4467 — g%k 4 6_32k} Lig—2(C)
1 4 6 —zk 4 —2zk 1 —3zk :
- — Lig—3(Q).
[3 —onFB—Oz6 3—a° +3—ae a-3(¢)
Utilizing (3.4) with p = a — 2, — 3, we have
1 1
w(¢) = (zk)* — g(zk)“a + dy(zk)* + g(zk):”a +dy(zk) ... aszk — 0.

for some suitable constants di,da, . . ..



Lemma 3.3. Let K(z) = 271 (2% + A)7'A and z € Ty where, for some 6 € (7/2,7),
Ipy={2z€l:|Q9z|<n/k}, T={2#0:|argz|=6}. (3.5)

We denote, with ¢ = e~ %%, z € T,

o
=20 =€) =80 (1 + ). (3.
Then we have the following statements
pw(e™*) —1=0((zk)?), aszk — 0, (3.7)
Clz| < |zx| < Oz, (3.8)
1K (21) = K (2)]| < Ck?|z], (3.9)
(K (2) = K(2)]| < CK|z], (3.10)
k22 ( Z n(e )" + ble*Zk) —1=0((zk)?), aszk— 0. (3.11)

n=1
Proof. By Lemma 3.2, we obtain

ple ™) —1= (1 i_:—x + alefx) (iwj(ex)J) -1
=0

-

1 1
(1 i = T ale_x)(f"'a - §x2+a + i + §x3+a +oe)m -1

1
(—5 +ay)r+az® + cxt f ezt -

Q=

71)—1
T2

By choosing a1 = %, we get lim,_,o “ (e = C which implies (3.7).

We now turn to the proof of (3.8). We first show that there exists a constant C' > 0 such
that

"zk" <C, forzely. (3.12)
z
Note that .

2kl _ [8(e=)] _ [(e)3]

|z |kz| |2 k| ’
and

.1
(e (D wile)e (a0 — fate pdiat 4 fatte 4 )a

lim = lim = lim -1
x—0 X z—0 x x—0 x



~(,—zk é .
5 such that % < C, forz € Ty, |zk| < 1. Since % is

1
w(e *F)a

analytic for z € I'y, 01 < |2k| < <5, we have ‘T

sin 6’
Thus (3.12) follows.
‘We next show that there exists a constant C > 0 such that

Hence there exists 0 < 61 <

si

< Cforzely, 01 <|zk| < &

sinf*

2|

— < C, forzely. (3.13)
|2
Note that
N
5(e—zk) 6(6—2’]6) — ok (Z]oio wj(e*Zk)J) “ —zk
kTEE TR AT K - k
(2k)(1 — %(2k)* + dy (zk)1 = + - - )é —zk  (2k)(1 - = (zk)?+ ) — 2k
k k

= 0(k?2%), askz—0.
We see that there exists 0 < do < 1 such that
1
|z — zx| < §]k2z3|, for |zk| < d2,
which implies that
2] < J2 = 2]+ 2l < glhelPlel + |24l < glel + lexl,  forlzh| < 6.

Thus we obtain
|z| < 2|zg|, forz ey, |zk| < da. (3.14)

Now we turn to the case for z € 'y, d2 < |2k| < 57 for some 6 € (5, 7) close to 7.

Note that

B ?IJ(e_Zk)‘ B ‘w(e—zkz)
1 (zh)e

~( —zk
S [0 o ey < okl < -~ (3.15)
(570 sin ¢

Assume at the moment that there exists a constant co > 0 such that

ZOL

e )| > ca, forz €Ty, 8y < |2k < ——. 3.16
|w(e )| > ca, for z € Ty, 2<|Z|<sin0 (3.16)
We then get, by (3.15), there exists a constant C' > 0 such that
2] = Clz|, forz € Ty, 8 < |2k| < ——.
sin 0

Together this with (3.14) show (3.13).



It remains to show (3.16), that is, establishing a lower bound for [@(e~**)| when z € ', and

82 < |2k| < Z%5. Due to the complexity of the expression for (e ?*), establishing a direct

proof for (3.16) appears to be an exceedingly challenging task. Jin and Zhou [9, Lemma 5.4]
have previously shown the existence of such a lower bound for the L1 scheme. Instead, we

shall visually illustrate the existence of a constant cy satisfying (3.16) for some 6 € (5, 7)

close to 5. To achieve this, we graphically present the complex function w(e™") for w in

the range [—1,1] x [d2, z57] which contains the line w € {2k :,z € Ty, , 02 < |2k] < &

sinfJ -
In Figure 1, it is evident that w(e™") maintains a lower bound for d; = 0.5,0 = 0.5, = 7.
Table 1 provides the lower bounds for various combinations of §o and «. Regardless of the
specific values chosen, it is apparent that (3.16) remains valid. Thus, we have demonstrated

the existence of the desired lower bound, supporting the conclusion that (3.16) holds true.

Table 1: The lower bounds ¢y of [@w(e™™)| in (3.16) on domain w € [—1, 1] x [d2, 7]

09 « | lower bounds co
0.1 1.1 0.08
1.5 0.03
1.7 0.02
1.9 0.01
0.2 1.1 0.17
1.5 0.05
1.7 0.06
1.9 0.05
05 1.1 0.50
1.5 0.39
1.7 0.35
1.9 0.31

Following the proof in [22, Lemma 2.2], and noticing || K’(z)|| < C|z|~2, we get
1K (21) = K(2)]| < Cl2| 72K < Ck? |2,
which shows (3.9).
Now, using the fact that ||[K(z)|| < C|z|7L, (3.10) follows from
() E (1) =K ()| < 1(1(¢) = 1) K () [+ (20) = K (2) | < [2k[*Cla| 7 +Ck?|2] < Ck?2].

It remains to prove (3.11). Note that, with ¢ defined by (3.6) and for some suitable



Real (z)

Figure 1: Plot of the function g(z,y) = |w(e™™)| for w = x+iy with (z,y) € [—1, 1] x [2, 7]
for = 1.1 and d2 = 0.5. The minimum value of g(x,y) on [—1,1] x [d2, 7] is 0.5

constants ¢;,7 =1,2,...,

) (e b)) ~1 =5 (S nle )+ b)) 1

n=1 n=1
_(xa_leJra_i_d:1:4_’_}:1;34‘0‘4_...) L—I—beift —1
= 3 1 3 (1_67:1:)2 1

2 4 4
= 12?2 + e + ezt et

we arrive at

() (S n(e)" + bi(e™)) 1

lim 5 =C,
z—0 x
which completes the proof of (3.11). The proof of Lemma 3.3 is complete. O]

During the proof of the error estimate in Theorem 3.1 below, it is crucial to ensure the
existence of (2 + A)~!, where 2 is defined in (3.6). In simpler terms, we need to demon-
strate the existence of 6y € (0,2m) such that z € Xy, for z € T'y, with I'y defined in
(3.5). The theoretical proof of zj € g, is generally challenging due to the complexity
of the expression zi’ [9]. Therefore, to address this issue, we will adopt the approach of
visualizing the region of zf¥ through plots, similar to those presented in [20, Figures 4, 5,
6]. Note that

~ 0o 00 N
« w(() 1 j 1 —kz\j 1 —kz\j
% = a :kaijjzkawj(e k)ﬂzk—aij(e Y, z €Ty, (3.17)
Jj=0 j=0 j=0
where z = |z]e? = Lse® for y € (0,7/k]. Here we shall choose § = 23I7 in I'y, which is

very close to m/2. In Figure 2, we choose N = 100 in (3.17) and plot the region of z}' for

10
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Figure 3: Plane graphs of zi for = 1.01 and o = 1.99

the different a € (1,2). It is evident that for any a € (1, 2), there exists a 6y € (0, 2m) such
that z;¥ € g, for all z € I'y. Drawing from this observation, we put forward the following
conjecture, which bears resemblance to the conjecture proposed in [20] for the subdiffusion
problem with order a € (0, 1).

Conjecture 3.1. Let 0 > /2 be sufficiently close to w/2 and zy, be defined by (3.6). Then
there exists Oy € (w/2,m) such that

2y € Xy, V2 €T

To see the plane graphs of z;' when o« — 1 and o — 2, in Figure 3, we plot the plane
graph for @ = 1.01 and « = 1.99. It clearly show that there exist 6y € (7/2,7) such that
Z,? € 290, Vz €Ty

Theorem 3.1. Let o € (1,2) and let V(t,) and V™ be the solutions of (3.2) and (3.3),
respectively. Then
IV (tn) = V|| < CK*t,%|luoll + CE*, ua - (3.18)

Proof. Taking the Laplace transform in both sides of (3.2) with respect to ¢, we obtain

~

V(z) = (2% + A) " H—Augz™! — Auy272),

11



and by the inverse Laplace transform, we get

Vi) = 5 /F (2 4+ A) N (— Aug) + (% + A) 2 Awy)) de.

On the other hand, taking the discrete Laplace transform in (3.3) leads to

Z( an JVJ)guZ (AV™)C™ Auo)(a1§+15<)

+ (—Auy) (bi ¢ + itngn).

n=1
Using the equality
Z(an V)¢ (Zw GYVICHVEE ) = (P (), (3.19)
n=1 j=1

we obtain

V(¢) = (k*w(¢) + A)~! :

(—Auo) (@€ + 1%) + (—Aur) (K bi¢ + itngn)] ,
n=1

and we have

n 1 ztn a -1_-1 —zk G_Zk
V= — 5 ., e ((zk +A)" 2, (Auo)) (z;Jc(ale + =" e—Zk’> dz
1 ztn a -1_-1 —zk = —zk™
~ 5.7 . et ((zk + A)7 e (Aul)) (zkkz <b1€ +7;ne )) dz.
Recalling (3.6), we get V(t,) — V"™ =1+ II therein
1
I=— A (2 + A) " (= Aug) dz
s g, €A ()
1
+ / e*in ((za +A) T - (2 + A)_lzlzlu(e_Zk))(—Auo) dz :=1; + Iy,
2 Jr,
1
I=_— e*n (2% + A) 1T (— Auy) dz
271 I\
1
— [ eFln <(z + A) T2 = (2 + A) T Zb ¢ +Zn§” ) —Auy) dz
27 Jp, =
=11 + 1.

12



Noticing (1.2), ||(z% + A)7LA| = | — 2%(2* + A)~L|| < C, and then

1 o0
I = [ / ¢ (2% 1+ A) 2 (— Aug) dz|| < C / &=l |2| 2] |
2mi Jp\r, 1
<c / el 2|22 |z ffuo | < CH? / el 2] dzl o
k k
< CK*t2|luol|- (3.20)

Using (3.10), we obtain

1 1 11—
ol =l [ e (4 A = G 4 ) e ™)) (- Auo) e

Ty

<Cll | et (0 AT A = (4 AT Ape ™)) dzlfuol
Ty

<cK / =T rdruo | < CR2E2fuo)|- (3.21)
0

On the other hand, using (1.2) we obtain

1
21

I = | / e (2 1+ A) 22— Auy) dz|| < C / el 2|2 s |
\T i

< CkQ/l e~ l#l || < CR2E ua. (3.22)

Bl

Finally, utilizing (3.9) and (3.11) we have

Ml = g [ e (4 )27 = o+ AR g+ YonC?) ) (—Auws) ]

n=1

<Cll [ et (2 AT G+ TR A+ e )zl

Fk n=1

<cl | et (o )74 - G+ A)7'524) el
k

+ Ol et (e + AT (2 = KRG+ Y nc") ) dz]lfn
n=1

I
< c/ e k2 dr||uy || < CK*t g |- (3.23)
0
The proof is completed by combining (3.20)-(3.23). O

13



3.2 Inhomogeneous case
In this subsection, we consider the time discretization of (1.1) with f # 0, i.e.,
CDfu+Au=f, 0<t<T,

u(0) = uo, (3.24)
u'(0) = uy.

Let V(t) := u(t) — u(0) — tu’(0) then (3.24) can be written as

{ gD?V(tg + AV (t) = —Au(0) — At/ (0) + f(t), 0<t<T, (3.25)

V(0) = V’(0) = 0.
Using the Taylor expansion and denoting the convolution of g and A by g * h, we have

t? t?
F0) = SO+ FO RO, RO = 70+ (559 0
Following [22], we take the Laplace transform in both sides of (3.25) with respect to ¢ and
obtain

~

V(=) = (2 + A7 ((—Aug + F(0))=™" + (4w + £/(0))27 + R(2)).

and by the inverse Laplace transform, we obtain

V(t) = % /F eZt((za + A) 7T (= Aug + £(0) + (2% + A) 1272 (—Auy + f(0))
(%4 A)—lfz(z)) dz. (3.26)

3.2.1 The case for f € C%([0,T]; L*(Q2))

In this subsection, we shall construct a corrected scheme for approximating (3.24) when
f € C%([0,T]; L*(£2)) and prove the optimal error estimate.

Denoting V" as an approximation of the exact solution V'(¢,), we define the following
corrected time discretization scheme for solving (3.25),

k=0 wn VI + AV = —Aug — ty Aug + f(tn) + a1 (—Aug + £(0))

j=1
+b1k(Auy + £/(0)), n=1, (3.27)
ko an_jVj + A V" = —Aug — ty,Aus + f(tn), n>2,
j=1

in which w; are defined by (2.6).
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Lemma 3.4. For a € (1,2) and zj, defined in (3.6), we have
12+ A) 7127 = (s + 4) (kZ o) | < 21
Proof. Following the proof of (3.9) and considering
I — ki 20 = O((=H)?),
we can write
12+ A) T = (e A) T i Sl

-1 - [ —-1_- « —-1_- = t’?z n
<N+ A) T = e+ AT+ (R + A) lzk3(1—z;:’k(k:zgg“ ))||
n=1""
< Clz| 47 k2 22 + C|2| 72| 3k2 |22 < CR? 2|71
L]

Theorem 3.2. Let a € (1,2) and assume that f € C?([0,t]; H) and fO”(tn—s)o‘Hf(?’)(s)Hds <
oo. Let V(t,) and V™ be the solutions of (3.25) and (3.27), respectively,. Then we have

||[ (tn) [ n” S Ck2(tn2||u0” 75n1||u1|| tn 2||f(0)|| tn 1||f,(0)|| t?’ZHfH(D)H
+ n — f d .
/0 (t 5) H (S)H 8)

Proof. Taking the discrete Laplace transform in (3.27), we get

i( iwn JVJ)<”+Z AVM)C™ = (= Aug + f(0 >>(a1<+1fc)+§z~z<tn><

n=1
+ (—Aur + £10)) (kbiC+ 3 ),
n=1
and considering (3.19), we obtain

P(0) = (7 (6) + ) [(=Auo -+ FO) (¢ + o) + Z R(t

+ (—Aur + £(0)) (k b1 + i tnC”)]- (3.28)
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Therefore, we have

VvV =_ L / eztn
271 Tk

(

- 2% /Fk et (a4 + A) 2 (Awr — 1(0))) <zkk2 (i + im”)) dz
(
)

(20 4 A)La (Aug — f(O))) (zkk(m( + 1EC)> dz

(22 + A)—lz,;l) ( - zkk(i R(tn)gn)) dz.
n=1

1
I = —
27 M\,

1
+ o / e*tn ((z“ + A7 (2 + A)_lzk_lu(e_Zk)> (—Aug + f(0)) dz :=1; + Iy,
™ Jr

e (2% + A) L7 (= Aug + £(0)) dz

1

I = — ezt”(za+A)_lz_2(fAu1 +f/(0)) dz
211 I\
3 [e'S)
1 ztn o7 —1_-2 a 1,2 . n ,
+ o er ((z +A) T = (2 +A) Tk (;bjgwrnzzzlng ))(—Au1+f(0)) dz
= II; + Ils.
— i 2tn, (e —-1_-1 >
1

o

/ e*tn ((zg +A) g (k) R(tn)gn)) dz = III; + III,.
T n=1
Utilizing (3.20) and (3.21), we may write

L] < CR?,2||uol| +C/1 ez 02| 72| £(0)]
&

and [ < CRE2lluo | + O fy, et (2 4+ 4) 127 = (2 4+ 4) Lo ale=) )zl £(0)]

where

c / el ||~z | dz | £(0) | = Ok / etz | £(0) | < CRAE2| F(O)],
& &
and
Ol et (4 AT = " ) () )dz] 1 £0)]
k

. C’Cz/g el U P21 0)]] < CRAEE2(£O)],
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which implies that I < CE2(t;,2||uol| + t272||£(0)])).
For II, employing (3.22) and (3.23) leads to

1L < Rt | + €| / et (22 4 A)122(0) dz])
I\

Il < CRE |+ €1 [ e (4 )71 = o 4)15) 17O
k

in which
Cll (2% + AT f(0) A2 < Ck?/ e de ||| f1(0)]| < CR I (0)]],
I\l K

E

Cl | et (2 )72 = (o + )72 a2l O)
k

<Cll | e+ A7 (7 = B2+ Yo ne™)) [al[1L/)]
n=1

Ty
< C/O e~ kP rdr|| f1(0)]| < CR*THIF(0)])
which implies that IT < Ck?(¢; ! ||uq || + 2L £/(0)]]).

Finally, we rewrite R(t) := R1(t) + Ra(t) with R;(t) = tQ—Q!f”(O) and Ro(t) = (t2—2, x O (1)
which leads to IIT = I1I; + ITI;. Then, using Lemma 3.4 we have

I, < C| e (2% + A) 27 dz | £ (0)]
I\,

. tQ " all g
0] [ et (- A7 = 4 )T R DS S0 )zl )] € ORI )
k n=1""

Moreover, following [8, Lemma 3.7], we obtain ITIy < Ck? (f" (tn — 5)¥|f3)(s)||ds which
completes proof. O

3.2.2 The case for f € C([0,T]; L*(Q2))

In this subsection, we shall construct a corrected scheme for approximating (3.24) when
f € CY([0,T]; L*(£2)) and prove the optimal error estimate.

Following the idea in [7, (25)], we introduce g = 9; ' f in the time discretization scheme in
order to to reduce the regularity requirements on f in the error estimates. To see this, we

17



rewrite the scheme of (3.27) as

ke an,jVj + A V" = —Aug — t,Auy + Og(tn) + a1 (—Aug + £(0))

j=1
+b1k(Auy + £/(0)), n=1, (3.29)
k@ an_jvj + A V" = —Auy — tp,Auy + 0g(ty), n > 2.
j=1

Since g(0) = 0, then using Taylor expansion we have

910 = £ 0g(0) + Ry(0) = 0(0)+ Ry(0), Rylt) = 080) + (5 +08) 0

Replacing f = 0y¢ in (3.25) and taking Laplace transform in both sides, we obtain

V(t) = ;i/eZt(za+A)_1z_1(—Au0 — Auyz7Y)dz
™ Jr
1 2t( —1(_-1 o
g LA (z f(O)+zRg(z)> dz.  (3.30)

On the other hand, we take the Laplace transform in (3.29) and get

> (K7D wa V) 3 (AVICT = (£(0) = Aug) (a1 + L) +bikf'(0)¢
j=1 n=1

n=1 1- C
— Ay (kbiC + 30 €™ + D (ORy(ta))C",
n=1 n=1
Therefore, we have
vr = 1 ztn « A —-1_-1 A 0 k —zk eizk d
R A (C R G ) S O e
1 ztn -1_— —zk = —zk™
. . et ((z? + A) lzk 1Au1> (zka (ble + ;ne )) dz
1

B /F ot ((Z? N A)flzk_l) (—2ik) (blkeizkf/(o) + i Rg(tn)e*Zk")> dz.
X n=1

21

(3.31)

Finally, we derive the error estimate for scheme (3.29) with lower regularity requirement.
The proof of the Theorem 3.3 below runs along similar lines as in Theorem 3.2 with
g = 8{1f instead of f.
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Theorem 3.3. Leta € (1,2) and assume that f € C1([0,t]; H) and fo”(tn—s)o‘Hf(z)(s)Hds <
oo. Let V(t,) and V™ be the solutions of (3.25) and (3.29), respectively,. Then we have

IV (ta) = V|| < CK? (tﬁz’\luo!! + ity L+ 21O + 27 (0))

tn
[t =0 1P as).

4 Stability region

In this section, we shall consider the stability region of the numerical method for solving
the following test problem, with a € (1,2) and R < 0,

SDu(t) = Mu(t), u(0) = ug, v'(0) = uy, (4.1)

where ug and u; denote the values of u(t) and u'(t) at t = 0, respectively.
Let u™ ~ u(ty,) be the approximate solution of u(t,). We define the following numerical
method to approximate (4.1),

k¢ Z wiu™ I = ", (4.2)

where wj,j =0,1,,2,... are defined by (2.6).
Let u™ = £™ be the solution of (4.2). Then we have

D wie T = koA (4.3)

J=0

The stability region consists of all complex values z = k%) that satisfy the following
conditions: all roots §;, with ¢ = 1,2,...,n, of the polynomial E?:o w]{"*j = 2&" must
fulfill |&] < 1, and only the single roots lie on the unit circle [§;| = 1. To visualize
the stability region, we employ the boundary locus method. In Figure 4, we plot the
values of z obtained by evaluating z = M with &€ = € 0 € [0,2n] for different
a=1.2,1.4,1.6,1.8. This enables us to visualize and determine the stability regions.

5 Numerical results

In this section, we shall consider some numerical examples to determine the convergence
orders of the proposed numerical scheme (3.3) and (3.27) regarding the smooth and nons-
mooth initial data.
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Stability region of the corrected method
T T T T

‘ ‘

Figure 4: Stability regions of the scheme (4.3) with o =1.2,1.4,1.6,1.8

Example 5.1. Consider the following fractional differential equation with 1 < a < 2,

{gDﬁM)+Mw:0, 0<t<T

y(0) = 0.5, y'(0) = 0, (5.1)

We aim to use the time discretization scheme (3.3) to solve (5.1). Let T =1, and 0 <
t1 <ty < -+ < tp, =T be a uniform mesh on [0,T] with the time step size k. First,
we compute the reference solution yrey on a very small time step size, i.e. kpef = 2-10,
For calculating the numerical solution at y(T) using the method (3.3), we choose n =
23,23 ..,27. The mazimum error estimates and convergence orders are illustrated in
Table 2. It has been demonstrated that the corrected numerical method exhibits the expected
second-order convergence.

Example 5.2. Consider the following time-fractional wave equation with 1 < o < 2,

0%u
DCDtau(xat)_@<mvt):f(x7t>v 0<$<1, OStSTa
u(0,t) = u(1,t) =0 0<t<T, (5.2)
u(z,0) = ug(x), 0<z<1,
o' (x,0) = uy(x), 0<z<1,
where
(a) uo(z) =z(1 —z) € H*(Q) N HY(Q),u1(z) =0 and f =0,

)
z) = X[o,1/2/(%),u1(z) =0 and f =0,

(¢c) uo(x)
0,1.1.

(

(b) uo(
( 0,u1(x) = xjo,1/2)(%) and f = t7(cos(t) + sin(t))(1 + xjo,1/2)(2)), with 3 =
1

Let 0 =29 < x1 < -+ < &y, = 1 be a uniform partition with space step size h. We compute
the reference solutions (in each case) urer at T =1 on a finer mesh with hyey = 277 and
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ke = 2719, For the cases (a) and (b), we consider the corrected numerical method (3.3)
and finite difference method for the time and space discretizations, respectively. Then, we
choose n = 24,25 ... 2% to obtain the numerical solutions at time T. In Table 3, the
mazximum error estimates and convergence temporal orders are presented which show the
expected second-order convergence in time. In addition, numerical solution of case (a) with
a = 1.5 and n = 2* is shown in Figure 5.

For the case (c), we consider the corrected numerical method (3.27) for the time discretiza-
tion and finite difference method for the spatial variable. In this case, the problem has
nonsmooth data in both initial condition and source term f. We choose h = 276 and
n=2%25 .., 28 to obtain the numerical solutions which are listed in Tables 4 and 5 when
f € C%([0,T],L*(Q)) and f € CL([0,T], L?(2)), respectively. The illustrated convergence
orders confirm the theoretical results.

e ‘ n =23 n =24 n=2° n =26 n =27 order(= 2)
1.2 | 5.3147e -4 1.0555e -4 2.3581e -5 5.6187e -6 1.4097e —5

2.33 2.16 2.07 1.99 2.13
1.4 | 1.4692e -3 3.1918e¢ -4 7.2587e¢ -5 1.7065e -5 4.1021e —6

2.20 2.14 2.09 2.06 2.12
1.6 | 2.2460e -3 5.3637e -4 1.2445e 4 2.8945e -5 6.7590e —6

2.07 2.10 2.10 2.09 2.09
1.8 | 1.9771e -3 5.7221e -4 1.4623e 4 3.5810e -5 8.5709¢ —6

1.79 1.97 2.03 2.06 1.96

Table 2: (Example 5.1) Numerical convergence orders of scheme (3.3)

6 Conclusion

In this paper, we have introduced a high-order formula for approximating the Caputo
fractional derivative with an order o € (1,2), which arises in the context of the time
fractional wave equation. We have rigorously demonstrated the second-order convergence of
the proposed method for both smooth and nonsmooth initial data. Furthermore, numerical
examples have been provided to validate the reliability and effectiveness of our approach.

Disclosures and declarations

The authors have no conflicts of interest to declare that are relevant to the content of this
article.

21



a=1.2 a=14 a=1.6 a=1.8
n E order E order E order E order

24 1.4644e 4 1.93 10187e -3 2.70 5.7130e -3 2.15 4.6429¢ -3 1.68
Case 2° 3.8485¢ -5 2.00 1.5617e -4 2.32 1.2886e -3 2.15 1.4458¢ -3 1.95
(a) 26 9.5605e 6 1.99 3.1249¢ -5 2.14 2.8956e 4 2.11 3.7527e 4 2.07
27 23972 6 1.95 7.0648¢ 6 2.16 6.6968¢ -5 2.14 8.9043e -5 2.12

28 6.1994e -7 1.5775e —6 1.5193e -5 2.0414e —5
21 2.7753e -5 2.57 6.9293¢ 4 5.40 1.1791e -3 0.70 5.4035¢ 2 1.66
Case 2° 4.663le 6 2.05 1.6380e -5 1.38 1.9275¢ -3 1.93 1.7076e -2 1.50
(a) 20 1.1218¢ -6 2.04 6.2863¢ 6 2.04 5.0759¢ -4 2.08 6.043% -3 1.79
27 2.7238¢ -7 2.08 1.5242¢ 6 2.03 1.1970e 4 2.14 1.7472¢ -3 2.08

28 6.4285¢ -8 3.7279%e 7 2.7046e -5 4.1273e -4

Table 3: (Example 5.2 -cases (a) and (b)) Numerical temporal convergence orders of scheme
(3.3) with h =277
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