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Abstract. In this paper, a compact finite difference scheme is constructed and inves-
tigated for the fourth-order time-fractional integro-differential equation with singular
kernels. In temporal direction, the Caputo derivative is treated by L1 discrete for-
mula and the Riemann-Liouville fractional integral is discretized by trapezoidal PI
rule respectively. In spatial direction, the fourth order derivative is approximating by
high-order accuracy compact difference method. The detailed analysis shows that the
proposed scheme is unconditionally stable and convergent with the convergence order
O(N™ min{re,2—a} 4 M™%*). N, M denote the numbers of grids in temporal direction
and in spatial direction, o € (0, 1) is the fractional order of the Caputo derivative and
o is a regularity parameter. At last, some numerical results are also given to confirm
our theoretical statement.
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1. Introduction

Numerical methods will be studied for the fourth-order time-fractional integro-
differential equation as follows:

t—s)P1

OCD?U(:E,t) + Nummmm(x,t) + /t ( u(x,s)ds = f(x,t),
0

ING)) (1)
O<ax< L, 0<t<T,
subject to the initial condition
u(z,0) =0, 0<z<IL, (2)
and the boundary conditions
9%u(0,t
W)=, wLi=ew, oD —p, .
3
O?u(L,t)
—— 2 = (), 0<t<T,
92 pa(t)

where p is a positive constant and f(z,t) is a given function. The integral
term in (1) is known as Riemann-Liouville fractional integral [19, 16, 18] with
0 < B < 1, and the symbol § Du(z,t) means Caputo fractional derivative of
order «, i.e.

1 t Ou(x,s) ds .
EDou(a,t) =4 T-a) Jo —os s ?f 0<a<l,
Opu(zx,t) if a=1.

In recent decades, fractional differential equations have received much atten-
tion from more and more scholars and been widely used in thermal systems,
mechanical systems and other application fields. Specific applications can be
found (see [13, 23, 15, 1, 17, 8, 14]). Currently, there are various numerical
methods for the fourth-order time-fractional equations as follows.

§Dfu(@, t) + ftpaes (2, 1) = f(,0).

Liu [13] introduced an auxiliary variable, then the fourth-order equation can
be splited into the coupled system of two second-order equations. Guo [6] pro-
posed fully discrete local discontinuous Galerkin method for some time-fractional
fourth-order differential equations. For Equation (1), due to the influence of
Riemann-Liouville fractional integral, the theoretical results are hard to obtain
in some way. Very recently, Qiao [19] construct a finite difference scheme for the
fractional integro-differential equation (4) under good regularity assumption on
uniform meshes and the theoretical analysis are investigated as well.

t—s)P-1

SDe — pAu(z,t) = i u(zx, s)ds x
§pute.t) — piutet) = [ i fue s+ fw0. @)
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In addition, Qiao [20] formulate and analyze an ADI-OSC numerical scheme for
the multi-term time fractional integro-differential equation. Xu [28] analyze a
compact finite difference scheme, the stability and convergence are proved by
the discrete energy method, the Cholesky decomposition and the reduced-order
method.

Referring to the literatures [11], our work is based on more factual initial
singularity assumptions:

|0'u(x,t) /0t < C1+t°71), 0<o<1, 1=0,1, 2, (5)

where (z,t) € [0, L] x (0,T], o is a regularity parameter, which depends on the
orders of Caputo fractional derivative o and Riemann-Liouville integral 5. To
overcome the challenge caused by initial singularity, nonuniform mesh technic
will be implemented in this work. In fact, the nonuniform mesh methods have
been used for solving integro-differential equations with singular kernel for many
years [10, 22, 29]. Tang [26] studied the numerical solutions of weakly singular
Volterra integral equations by collocation method on graded meshes. Ma [4]
investigated weakly singular Volterra integral equations by the graded mesh
methods as well. Cen [2] studied the numerical method for time-fractional KdV-
Burgers’ equation with initial singularity. Zhang [30] discussed the implicit finite
difference scheme with nonuniform time steps for the time fractional diffusion
equations.

We construct a compact finite difference scheme on graded meshes and deduce
the stability and convergence results of the proposed numerical scheme. The L1
discrete formula is used to deal with the Caputo fractional derivative and the
compact difference approximation is employed for spatial directional derivatives.
Based on some cruical skills, the unconditional stability and convergence with
O(N—min{ro.2—a} 4 Af—4) are obtained.

The rest of the paper is organized as follows. Some preliminary knowledge
and the discrete scheme are introduced in Section 2. In Section 3, the stability is
presented for the discrete scheme and the convergence result is provided for the
discrete scheme. In Section 4, the results of numerical experiments are carried
out. This paper ends with a brief conclusion.

2. Preliminaries

Firstly, we divide time interval and space interval as follows. In space interval, for
a positive integer M, let h = %, x; = ih (0 <4 < M). In time interval, we adopt
graded mesh, for a positive interval N, let ¢, = T(%)T (0<kE<N,r>1), 7=
tr —tp—1 (1 < k < N). Let Vi, = {u|u = (uo,u1,...,un),up = upr = 0}. For

any u € V},, denote

1
(s —wi—y), 02u; = ﬁ(ui—l —2ui +uiy1),  Ogui = 02(63u;).

S
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For grid functions u, v, the notations of discrete inner products and norms
are defined as follow:

- M-—1
2
[l = e o) =h Y w8 =k S (G
i= i=1

We introduce the compact operator

1 h?
Hu, — g(ui_1+4ui—|—ui+1): <1—|—€53) Ui if 1<i<M-—-1,

u; if =0, M.

According to [11, 9], we discretize the Caputo fractional derivative § D$u(t)
by the nonuniform L1 formula. For § Dfu(t) at t; (1 < k < N), one has

§Du(x,ty,) Z/ (b —5)" ul(h) - (tl_l)ds + (RM)*

1—04 Tl

= Za ) — ultiy)] + (RSP,

where a,(i)l = tf;l ) (Ft& 2 T( ds.
Denote
k
=Y a0l [utt) —ulti1)), 1<k<N, (7)
and
1 if k=n,
(n)k — L n ‘ ) (8)
" aék) Z (a;j_)k_1 — ag.J_)k)PT(fi)j if 1<k<n-1.
j=k+1

Lemma 2.1. [11] Let « € (0,1). Under the assumptions in (5), one has

ZP(n Ra |<CN min{ro,2— a} n>1.

Then, in order to approximate the Riemann-Liouville fractional Off u(t), we
introduce the following trapezoidal PI rule in [5, 12]:

8 k
ol u(t) = gy lwwulto) + ;bk,lu(m] + (R, 1<k<N, (9)
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where wy, = (k" — 1)L — k™A (k" — B—1), by = k1 (B,7) — dris1(B,7), bpg =

. " g+1 I3 B+1
(k" — (k= 1)")P, with ¢y (B,7) = G 13) - 1)(k =
Denote
3 it Xk:
Qru(tr) = = v lweulto) + ) _brau(t)], 1<k <N. (10)
LB +2) =1

Error estimate results are given as follow.

Lemma 2.2. [27] Let 8 € (0,1). Under the assumption (5), then

ZP n)]| |<CN—m1n{rz72} n>1.
j=1

Lemma 2.3. [21] If g(z) € C®[z;—1,7i41], 1 <i < M — 1, then it holds that

1
g[ 9D (@i1) + 49 (2:) + g (wig1)]

529@? 1) — 2529(371) + 5Tg($7+1)
h2

where |(Ry);] < CM~%.

The difference scheme we will consider for (1)-(3) is as follows:

B ﬁ

HOMUE 4 pdtuk + — T2 Hu? b Hul = HfE, 11
tuz +:u xuz (B+2)wk u + (B+2 Z k1 TLU fz ( )
l<i< M-—-1,

uw =0, 0<i<M, (12)

ug = ¢1(t), uj = ¢a(t), Srug = pu(t), Suf = a(t), L<k<N.  (13)

It is easy to check that at each time level, the finite difference scheme (11)-
(13) is a linear tridiagonal system with strictly diagonally dominant coefficient
matrix, thus the difference scheme has a unique solution.

3. Convergence and Stability of the Compact Scheme

For the analysis of the stability and convergence, we give some notations and
lemmas as follows. By the Cholesky decomposition (square root method), there
exists a real positive definite B, which satisfies

H=BTB.
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Lemma 3.1. [21] For any grid function u,v € Vj, and 62ug = 62up = 0. It holds
that
(6zu,v) = (57u, 030).

Lemma 3.2. For any grid function u,v € Vj,, we have

(Hu,v) = (Bu, Bv).

Proof. Using the definition of the inner product (.,.) and combining HT = H =
BT B, it follows that

(Hu,v) = h(Hu)Tv = hu” (HTv) = huT (BT Bv) = h(Bu)T (Bv) = (Bu, Bv).

The proof is finished. [ ]
Lemma 3.3. [27] For any grid function {v*|0v*F = 0},1 <k < N, it holds that

1
(OFHO" 0*) > 07| Bu* |,

Lemma 3.4. [21] For any grid function u € V3, it holds that

(u,uy < (Bu, Bu) < (u,u).

Wl

Lemma 3.5. [27] Let wg, {by,} be defined as (9). Then we have

(1) wg < /65

. ? k-1 5

(i) Farey 2= bkt < T
Lemma 3.6. [9] For any finite time T and nonnegative sequences ()\l(k))fz_ol,
assume that there exists a constant X\, independent of time steps, such that A >

mMaxi<k<n E;:Ol /\l(k). Suppose that the grid function {v*|k > 0} satisfies
98 ()2 < 3T AP (02 R (€ +nb), 1<k <,
where fk, nk are nonnegative sequences. When 1, < ¢/ m, it holds that

J
k ay(,0 (4) ¢l j <k<
v < 2Ea(2/\tk)(v + 11;1%Xk ;ijlf + wita(ty) 121?§an ), 1<k<n,
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where Eo(2) = Y 1y F(%k,m) is the well-known Mittag-Leffler function.
We now consider the convergence of our numerical scheme.

Theorem 3.7. Assume that u]' € [0, L] x (0,7 is the solution of problem (1)-(3).
Let {U"|0 < i < M,0<n < N} be the solution of (11)-(13), denote

e =ur—U', 0<i<M, 0<n<N.

K3

When assumptions (5) hold and Tn < {/5p ( o Wwith A = F(ﬁ+1) then there
exist positive constant C' such that

len]| < C(Nmin{ro2=ed 4 =4y 1<n < N.

Proof. We can get the following error equation
B

O Hel + udpel + ﬁwn?ﬁe? + P(gii% ; b Hel = RY, (14)
l<i<M-1,1<n<N,

e =0, 0<i<M,

en =0, efy =0, 02ed =0, 62e, =0, 1 <n <N,

where R = —H(R¥)™ — H(R)" — u(R,)™.
Making the inner product of Equation (14) with ™, we obtain

B
DPHe™ e™) + pu(dtem, e + 7—7111% Hel, en
n (15)
mel He ")+ (R",e"),
ﬁ+2 1=1
Lemmas 3.1, 3.3 and 3.4 give that
(6% n n 1 (6% n
(OFHe",e") = 57| Be 1%, (16)
B B
71 Wn 0 _n le n _n
———(He",e™) =0, ——————(He",e™) >0,
o) = 0wy e

(ze" ") = [|07e™]|* = 0, (R",e") < V3||R"|[[|Be"].
To the term Y21, b, (Hel, e™), it holds that

n—1

n—1
D bua(He ") = by i(Be', Be™) (17)
=1

=1

n—1 n—1
1 1
> =5 D badl Be'lP = 5 3 bl Be”| .
=1 =1
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Denote
B

_
Wanl if [ =n.

Substituting (16), (17) into (15), we have

bn,l if 1<i<n-—1,

3

O IBe"|* < >0 A 1Bl + [|Ben [[2v3R"|

=1

3

< S ONDBEP + [Ben [ (Re)™ | + 1B Il (R)" [, (18)

=1

where [[(Ro)"|| = 2vV3(IH(R)™ | + [HBR)™), I(R)" | = 23] u(Ra)"|-

By Lemma 3.5, there exists a constant A = 1“(%4[51)’ such that A >

maxi<kg<n E;:Ol /\l(k). When 7, < ¢/ m, Lemma 3.6 implies that

1Be™ (| < 2Ea(2Xt5) (|1 He®|| + max ZP(J I(Re)' [l + wita(tn) max [[(Rs)]]).

1<j<n

Based on Lemmas 2.1, 2.2, 2.3 and 3.4, one has
||enH < C(N— min{ro,2—a} + M_4).

The proof is completed. [ ]

Theorem 3.8. Following the idea of the proof for Theorem 3.7, stability statement
is obtained for the proposed compact scheme (11)-(13). Assume that UF, VF are
the solutions of the scheme. Denote

eh=vUF-vk 0<i<M 0<E<N.
We have stability equations as follows
OOHeY + QPHEY + psteh = gF, 1<i<M—1,1<k<N, (19)
) =apy, 0<i <M,
ek =0k, =0,02¢k = 0,62k, =0, 1 <k <N.

Taking the inner product of (19) with £*, we get

B
71 Wk

a k _k
(O He", e >+7(5+2)

(He®,€") + p(dne”, e*)

54‘2 Zble€ z’:‘ < k>.
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From Theorem 3.7, there exists a constant C such that

Rl < J <k<N.
leFl < Ol + max llg’l), 1<k <N

4. Numerical Experiments

We present numerical results which support the analyses of preceding sections.
We suppose L =7, T'=pu =1. Let U™ be the numerical solutions.
Denote

Ey(M,N) = Jmax |l = U™,

oo, [E2OL5)N o Ea(FN)
2\ B N) ) ~ %\ BN |-

Ezxample 4.1. The following problem is considered:

ratel

(t—s)8~1

t
ng‘u(x, t) + Pt (T, t) + /0 I'(B)

O<z< L, 0<t<T,
u(z,0) =0, 0<z<IL,

u(z,s)ds = f(x,t),

O%u(0,t) 0 0?u(L,t)

u(0,t) =0, u(L,t) =0, 902 92

=0, 0<t<T,

where
I(l+a) I'(l+a)
(1) I'l+a+p)

The exact solution for this problem is u(x,t) = sin(x)t*.

f(z,t) = sin(z) ( tla+h) 4 ta> .

Table 1: Numerical convergence orders in temporal direction with M = 100,r =
2-a
<.

N a=05,6=0.3 a=04,6=07 a=0.6,5=006
E>(M,N) Ratel E>(M,N) Ratel E>(M,N) Ratel
64 8.8761e-04 * 6.4774e-04 * 1.2000e-03 *

128 3.2928e-04 14306  2.2414e-04  1.2747  4.8490e-04  1.3213
256 1.2014e-04  1.4546  7.6738e-05  1.3228  1.9052e-04  1.3478
512 4.3413e-05  1.4686  2.6091e-05  1.5565  7.3974e-05  1.3648
1024 1.5595e-05  1.4771  8.8231e-06  1.5642  2.8498e-05  1.3761
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Table 2: Numerical convergence orders in temporal direction with M = 100,r =
1.

N a=058=0.3 a=04,=0.7 a=06,3=0.6
E>(M,N) Ratel E>(M,N) Ratel E>(M,N) Ratel
64 2.3200e-02 * 3.3100e-02 * 1.5800e-02 *

128 1.7200e-02  0.4344  2.6200e-02  0.3378  1.0700e-02  0.5603
256 1.2500e-02  0.4554  2.0500e-02  0.3547  7.2000e-03  0.5747
512 9.1000e-03  0.4697  1.5900e-02  0.3663  4.8000e-03  0.5836
1024 6.5000e-03  0.4794  1.2300e-02  0.3747  3.2000e-03  0.5894

Table 3: Numerical convergence orders in spatial direction with N = 100000, r =
2-a

M a=0.5, =05
E>(M,N) Rate2
5 8.1419¢-05 *
10 4.9889¢-06 4.0286
20 3.0295e-07 4.0416
40 1.6899¢-08 4.1641

We choose different graded mesh coefficients r in the experiments, such as
r = Q_T(’ in Table 1 and Table 3, » = 1 in Table 2. The convergence orders in
temporal direction with M = 100 is reported in Table 1, Table 2. The temporal
rate with graded mesh is O(N~™*{re:2=2}) with ¢ = a. The convergence rate
in spatial direction is O(M ), which is listed in Table 3 with N = 100000. The

numerical results match that of the theoretical ones.

5. Conclusions

In this article, we construct a compact finite difference scheme on graded meshes
for the fourth-order time-fractional integro-differential equation with initial sin-
gularity. L1 formula and trapezoidal PI rule with nonuniform mesh are adopted
to approximate the Caputo derivative and the Riemann-Liouville integral. The
compact difference scheme is stable and convergent with the convergence order
O(N—min{re.2=a} 4 Ar=4) The theoretical results have been verified by some
numerical experiments. In the future, we plan to investigate the possibility to
construct higher order schemes.
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