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Abstract This work considers the numerical analysis for a partial integro-
differential equation of hyperbolic type. The central difference formula and
the second-order convolution quadrature are applied to construct the numeri-
cal scheme, where the convolution quadrature method could accommodate the
complicated case that the explicit form of the memory kernel is not available.
We propose a novel analysis to prove the finite time stability of the numerical
solutions and specify the condition that ensures the long time stability. We also
prove error estimates for the numerical scheme based on a newly developed
approximate result of convolution quadrature for convolution of non-smooth
functions. Finally, we extend the developed methods to construct and ana-
lyze a numerical scheme for the corresponding nonlinear problems. Numerical
experiments are performed to substantiate the theoretical findings.
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2 Wenlin Qiu et al.

1 Introduction

This work considers numerical approximation of the following partial integro-
differential equation of hyperbolic type proposed in, e.g. [1,2,8,11,26,35]

W(t) + Au(t) — (8 Au)(t) = f(t,u(t)), >0, (1)
subject to the initial conditions
w(0) = ug, ¢ (0) = uy. (2)

Here A is a positive self-adjoint densely defined linear operator on the Hilbert
space H, ug,u; € H are given data, and 3(t) € L1(Ry) is a scalar memory
kernel. By [6, Theorem 9 and 11], there exists a unique positive self-adjoint
operator Az such that (A2)2 = A. The * represents the convolution defined
by

W*wdrzéﬁ@fﬁw$®,t20 3)

Integro-differential equations such as (1)—(2) with f(¢,u(t)) = f(t) arise in
several fields such as the linear viscoelasticity or heat conduction with mem-
ory [5,9,16,21,23,28-32,37,38], and the operator A usually takes the form
of the negative Laplacian, the Stokes operator, or the biharmonic operator,
etc., equipped with appropriate boundary conditions [24-26]. Furthermore,
the kernel [ is assumed to satisfy the following conditions in the aforemen-
tioned works:

B(t) > 0 is non-increasing, locally absolutely continuous on (0, co)

oo (4)
with [~ B(t)dt < 1.

Some typical examples of such kernels are the weak singular kernel [17,27]
tozfl

e Pt

I'a) ’

B(t) =0 t>0, p>0, 0<a<l, c€(0,p%), (5

and the smooth kernel [36]

e i1 — e*t).

Bl = “—=

(6)

There exist several theoretical studies for the linear case of problem (1)-
(2) on the existence and decay properties of the solutions [1,2,7,8,11,20,26],
and some numerical studies have also been considered. For instance, Pani et
al. [22] considered the interpolation quadrature to solve (1) with a smooth
kernel. Then, Larsson et al. considered the continuous Galerkin method [14]
and discontinuous Galerkin method [15] for the linear case of (1)—(2) with
weak singular kernels. Karaa and Pani developed the mixed finite element
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Numerical approximation and analysis for partial integro-differential equation 3

method [12] and the discontinuous Galerkin method [13] for the linear case of
(1)—(2) with smooth kernels.

For nonlinear problems, a pioneering work investigated the attenuated
Westervelt equation [3], which, compared with the problem (1)—(2), contained
an additional nonlinear term k(u?)” for some k > 0 and the two specific
kernels, i.e. the tempered fractional kernel and the Mittag-Leffler type ker-
nel. The existence and regularity of the solutions were rigorously proved via
sophisticated analysis, which in turn supported the error estimates of the nu-
merical discretization based on the trapezoidal rule and A-stable convolution
quadrature (CQ).

Despite the aforementioned significant progress, these works rely on prop-
erties of the kernel, which are not always available. For instance, a class of
variable-order fractional kernels was considered in, e.g. [10], to account for
the varying nature of non-localities, which varied the order of the operators
in the Laplace domain such that the explicit form of the resulting kernel and
thus its properties were in general not available. For such complicated prob-
lems, Xu applied the Laplace transform for model (1)—(2) to split the solution
into two parts, and the CQ in which the underlying multistep method was
the trapezoidal rule was utilized for temporal discretization [35]. For nonlin-
ear problems, it is difficult to apply the Laplace transform method, which
motivates us to develop a direct and CQ-based computation method.

In this work, we consider a direct discretization scheme for model (1)—(2)
where the second-order difference and CQ schemes are applied for approximat-
ing the second-order time derivative and the convolution term, respectively,
which is feasible to treat nonlinear problems without explicit expressions of
kernels. The main contributions are enumerated as follows:

— We prove the finite time stability of the numerical solutions to the linear
case of problem (1)—(2) based only on the imposed properties of the Laplace
transform of the kernel, and specify the condition that ensures the long
time stability of the numerical solutions. In particular, a novel norm is
introduced (cf. Equation (25)), which captures the structure of the scheme
and thus significantly simplifies the analysis procedure.

— We prove error estimates for the numerical scheme of the linear case of
problem (1)—(2). A key ingredient lies in developing a new approximate
result of CQ for the convolution of non-smooth functions (cf. Lemma 2)
by technical derivations, which accounts for the possible singularity of the
solutions caused by that of the memory kernel.

— We extend the developed methods to construct and analyze a numerical
scheme for the nonlinear problem (1)—(2), which circumvents the limitation
of the Laplace transform method and generalizes the application of the
proposed numerical discretization method for more complicated problems.

The rest of this paper is organized as follows: We propose a discrete-in-time
scheme for the linear problem in Section 2. The stability analysis of numerical
solutions is given in Section 3. Section 4 presents the error estimates for the
proposed scheme. In Section 5, we extend the developed methods to construct

3 Mar 2024 06:19:56 PST
231011-Zheng Version 3 - Submitted to J. Integr. Eq. Appl.



4 Wenlin Qiu et al.

a numerical scheme of the semi-linear problem. Numerical experiments are
carried out to substantiate the theoretical results in Section 6.

2 Discrete-in-time scheme for linear problem

Define the norms by ||w|| = y/(w,w) and ||w||, = HAm/sz form=1,2,3,4,
and denote

o) = [ By and by = b(0) = [ la)da, 7
¢ 0
where ((t) is given in (4). Based on the assumptions in (4), b(¢) is nonnegative,
non-increasing and convex on (0,00). We then follow the ideas in [24,35] to
apply the integration by parts to obtain
Au(t) — (B x Au)(t) = (1 — bo) Au(t) + b(t)Aug + (b x Au')(t).

This reformulation eliminates the negative sign in the convolution term in (1)
that facilitates the analysis. Then for f(¢,u(t)) = 0, we first consider the linear
case of problem (1)—(2), and rewrite (1) as

u”(t) + (1 — bo) Au(t) + b(t)Aug + (b x Au')(t) = 0. (8)

To discretize (8), we set the time step size k and consider (8) at ¢, = nk

u’(tn) + (1 — bo) Au(ty) + by Aug + (b Au')(t,) =0, n>1, (9)

where b,, = ftio B(s)ds. Then we discretize the terms in (9) one by one. Let
u™ = u(t,) and

n_ ,n—1
6tun _ u ku 7 6§2)un _ 5t(5tun+1)7
(10)
o un—i—l + zun + un—l o un+1 _ un—l
" 1 T T ok

We approximate u” (t,,) by (5,§2)u" with the remainder expressed by the Taylor’s
expansion
9 -1 [ ptns ) tn
u”(tn) . 5t( )un _ e / (tn+1 . t)3u/"'(t)dt Jr/ (t . tn_l)BUm/(t)dt
t tn—1

= [Rt,l]n; n Z 2)

1 [ prt2 ty
u(ty) — 5§2)u1 = -1 / (ty — t)2u"’(t)dt+/ tzu”’(t)dt] = [Rt,l]l,

2k2 |/, 0

n

(11)
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Numerical approximation and analysis for partial integro-differential equation 5

Then we follow [22] to approximate Au(t,) by Au™ with the remainder ex-
pressed by the Taylor’s expansion

tn—1

_1 tnt1 tn
Au(t,) — Au" T l/ (tnt1 —t)Au”(t)dt+/ (t = tn—1)Au" (t)dt
tTI,
= [Rt,g]n, n 2 1.
(12)

To approximate the convolution term b * Au’, we adopt the following second-
order CQ [18,19] for the convolution b * ¢

Q1. () = Qu, (#) + Xno(k)(0), where Qu(p) = > wy(k)p(t—t,), (13)

0<t, <t

with the quadrature weights w, (k) being the coefficients of the power series

z(?);wnw)zn, A<t o= ey

where 3(5) represents the Laplace transform of b(t). The starting weight in
(13) is given in order to maintain the second-order accuracy

Xno(k) = (b* 1) (ta) = Y wp(k). (15)
p=0

Based on [19], ((z) satisfies the following conditions:

(i) ¢(z) is analytic and without zeros in a neighborhood of the closed unit disc
|z| <1, with the exception of a zero at z = 1;
(ii) |arg((2)| < 7/2 for |2| <1 and £¢(e™*) =1+ O(k?).

Then the convolution term b* Au’ is approximated by integrating the second-
order CQ with the leapfrog scheme

(b Au') (tn) = Qu, (A7) + [Rys]",
with @’ := u;, the initial value of «/, and the error

(Real” = [0 4) (1) = B, (40)] + G, (Al — )
(16)

=: [Ry31]" + [Re32)"
Invoking (11)-(13) in (9) we have
AU+ (1= by) AT" + by Aug + Oy, (AT) = [R]", n>1,  (17)

where [R;]" = — 25:1 [R: ;]". Furthermore, the initial data (2) provides

1k
Srut — (ug + Eug = —/ (k— )% (t)dt = [R]”, u®=wg.  (18)
2 2% J,
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6 Wenlin Qiu et al.

where ug := u”(0) = —Aug from (8). Let U™ be the approximated solution of

u" with U° = 7. Then we drop the truncation errors in (17) and (18) to get
the discrete-in-time scheme

SPU™ + (1= by) AU™ + by Aug + Oy (AT) =0, n > 1, (19)
k
(StUl = uy + §U2, UO = Up-. (20)

Throughout this paper, C' denotes a positive constant that is independent
of the time step size but may assume different values at different occurrences.

3 Numerical stability

We first establish the finite-time stability of the numerical solution, and then
specify the condition that ensures the long-time stability. We follow [19] to
make conventional assumptions for the Laplace transform of b for the sake of
numerical analysis:

Assumption A: g(s) is analytic in a sector |arg(s — ¢)| < m — 6 with
0 < w/2 and ¢ € R, and satisfies |g(s)| < Ms|™# for some M < oo and p > 0.

Theorem 1 Suppose (4) and the Assumption A hold. Then for T < co with
N +1="T/k, the finite-time stability holds

1T+ 116U < C(T)(IIUOllz + k2 uolls + flua | +k||u1||2), l<n<N+1

Proof First, we take the inner product of (19) with U" to get

i (10741 = |0 20, 07+ 2007
+ by, <Au0,Un> + M [HUnJrle _ ||Un71||ﬂ

sk
( 8_;0) [2 <A%U",A%U“+1> —9 <A%U"—1, A%U"ﬂ

+ pz:wp(k) (420" AY0") 4 o) (A T ) =0

(21)
+

where we use the results that

<5t(2)U"’7Un>

1
% “|Un+1||2 _ ||Un—1||2 _ 2<Un7 U7L+1> + 2<U'n,7 Un—1>]

‘U7z,+1 _ Un||2 _ ||Un _ Un—1||2) 7

1
5 (
(22)
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Numerical approximation and analysis for partial integro-differential equation 7

and that
JUR 1
(a0, T") = = [0 = U2 = 2(ABU™, ABU™Y) + 24tUm, A0
1 n n n n—
= & (I UM = O + U DIR).
(23)
Then summing (21) for n from 1 to M for some M < N, we have
M) = 0O, - 2%° Zb (Aug, T") + 2Pwo (k) (Adur, Aduy )
n=1
Mo (24)
—2k° Z pr(k) <A%UH_ AU > —2k* Z Xno(k <AU1, > ,
n=0p=0
in which U° = u; and the norm |- ||a is defined as
1—bg)k?
V™l = \/||V”+1 -Vr*+ %H (vt 4V [, n>0. (25)
By using [34, Lemma 3.1], we have
M n
1—n—p ,l=—n
SN wylk) (ANT"T, 4T > 0 (26)
n=0 p=0

Using (26), (20) and Cauchy-Schwarz inequality, (24) implies

Jo ) < HUOHA+2k32b [ Avoll [T -+ 2o (k) [|Awr | U]

+2k3z o (k)| A || [T

which, together with

n+l _ 7rn n _ yrn—1 n n—1
B Lt R i PR
2k 2k
leads to
2 2 M
[T < 1T°[ + & fluoll, [kzbn (o™ + HU“HA)]
n=1
M
ks {5 Y Pxeno(R)] (1071 + 107 ],1) + 2keo () U] | -
n=1
(28)
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8 Wenlin Qiu et al.

Denote HU‘]HA = max ||U"]|, and (28) leads to

0<n<N
J
U715 < 100N 1074+ Elluoll, kan(llU"llﬁllU“HA)]
n=1
+ ke fJua k:Dxno (1™ 4+ U] ) + 2kwo (R) |UY]
n=1

J
< 0O 7], + 2 ol (kan) 1w,

J
+ 25 [[ual], (k > Ixno(k)| + kwo(k)> U]

n=1

which naturally implies

J J
07|, < [|U°]], + 2% fluoll, <k2bn> + 2k ||ua |, [kz I Xno (k)| + kwo(k)]

n=1 n=1
N N
< [[0°]] , + 2 fluol <kzbn> + 2k [kz ok |+k‘w0(k)] .
n=1 n=1
(29)
By (7), the properties of b(t) and (4), we have
N
kY bn < Thy, (30)
and from (14) with % = 2, we also have
~ *° 2b
wo(k) =b <C(O)> :/ e~ b(t)dt < 22k (31)
k 0 3
Inserting (30)—(31) into (29) and utilizing (25), we have
M J 1 0 v1- bO 1 0
o, < 107, < U = v + kUt + U0,
4by N
+ 2Tbok [[uol|y + k‘3 [ [ly + 2k° (Z [Xno (K |> [[ull
n=1
k2 V1 —1bg k>
<kl + %5 ol + 5% (2ol + &y + 5 ol
4bg
+ 2T'bok [[uol|, + kS [ [ly + 2k° (Z [Xno (K ) Jully,
n=1
(32)
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Numerical approximation and analysis for partial integro-differential equation 9

where we used (20), i.e.

1 0 k? k?
U =U"+ku, + ?UQ =ug + kuy — ?AUO (33)

N
By |xXno(k)| < Cth=1k [19], we have ¢ := > |xno(k)| < C(T) such that (32)
n=1

leads to
k vV1—"0
1 < VTl + (2704 5 ) ol + 3224 ol +
Vv1—>5 2b
+ 5 0/€||U1H1+2k (?)Ok—i—c?v) |’U,12‘| = k@(uo,ul).
(34)
Then (25) and (34) give
UM —UM|| < kd(ug,ur), |6 UM < D(uo, ur), (35)
and we use the property of A to obtain
2
St 2 [ UM 2 O 0 30
Combining (35) and (36), we further arrive at
HUM+1|| < HUMH + UMH + HUMH — UMH
- 2
. . (37)
< <2 + m) D(ug,u1).

Thus the proof is completed by combining (35) and (37).

Based on the above proof, we shall extend to establish the long-time sta-
bility of numerical solutions for model (1)—(2) with exponential decay kernels
such as (5) and (6), an important class of kernels that satisfies (4) and the
Assumption A.

Theorem 2 Let U™ be numerical solution of (19)-(20) for n > 0. Under (4),
the Assumption A and the following exponential decay condition:

B(t) = e P By(t) for some 0 < p < oo such that By(t) > 0 is non-increasing,

then the following long-time stability holds if the derivative initial condition
Uy = 0
U™ |+ 16U < C(lluollz + k*[luolls), n = 1.
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10 Wenlin Qiu et al.

Proof Let HUKHA = max |U™| 4 where K might be a finite number or the
infinity. Then similar to the analysis of (29), we apply u; = 0 to get

[0, < oL, < 100, + 2 ol (k-zb ) 9)

n=1

We use the exponential decay condition in this theorem to obtain

ki b, < /000 b(t)dt = /000 (/OO epsepsﬁ(s)ds> dt
n=1 t

(39)

g/ ﬂo(t)/ e’”sdsdt:f/ B(t)dt < L.

0 t P Jo P

Furthermore, (33) with u; = 0 implies
0 1 0 v1—bo 1 0
oo, < lo* = 0% + ==k ||V + U7, "
k? 1-0 k?
< 5 uoll + 520k (21hual + 5 ol ).

Invoking (39) and (40) in (38), we obtain

2k VI—by k?
ol =k (2 5) ol 252 (2ol + 5 ol

= k@o (UO)
The rest of the proof could be performed in analogous of (34)-(37), which
completes the proof.
4 Regularity assumption and error estimate
In this section, we shall give the regularity assumptions and error estimates
for the linear case of the problem (1)—(2).
4.1 Regularity assumption
To establish the convergence, we give some necessary assumptions about the

regularity of the solutions motivated from the ordinary differential equation
analogue of (1) with f = 0, that is,

W (1) + At / B(t — s)u(s)ds = 0, t>0, )

1-
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Numerical approximation and analysis for partial integro-differential equation 11

Here A is some positive constant. And then, by denoting w(t) = u”(t), we yield
for t > 0,

u(t) = ug + tw(0) + /0 (t — s)w(s)ds, (43)

where w(0) = —Aup. By putting (43) into (43), we thus get
¢
w(t) ==\ [uo + tw(0) —|—/ (t— s)w(s)ds}
0

+ /\/Ot Bt —s) {uo + sw(0) + /Os(s - T)’lU(T)dT:| ds, t>0.

If t — 0T, we have

ug + tw(0) + /t(t — s)w(s)ds — ug, )\/t B(t — s)upds = Aug /t B(s)ds,
0 0

A/Otﬁ(t —5) [sw(O) +/Os(s —T)w(T)dT} ds — /\/Otﬁ(t— s)o(1)ds.

Hence, for the kernels (5) and (6), noting that 5(t) € L'(0,00), we get the
asymptotic behaviour of u”(t) as follows

U’ (t) = w(t) =~ —Aug + g /0 B(s)ds + )\/0 B(s)o(l)ds, t—0T. (44)

Based on this asymptotic behaviour, we assume that

[ @I + [Au” O < €, u” @) + A (B < CIB(H)],

[ ()] < C|B'(t)]. (45)

4.2 Error estimate

We derive auxiliary estimates to support the error estimate of the time-discrete
scheme (19)—(20). We first cite the following classical approximate result of the
convolution quadrature @), from [19].

Lemma 1 Under (4) and the Assumption A, it holds for 1 <n < N
Q1 (9) = (bx @) (tn)| < CHhT'R?, for p € C?[0,T].

For the case that ¢ (t) is singular at the initial point t = 0, we propose an
alternative approximate result in the following lemma.

Lemma 2 Under (4) and the Assumption A, then the following approximate
result holds for 1 <n < N

181, () — (b* ) (ta)] < CRIP(0)] + CR2 / "o (9)] .

3 Mar 2024 06:19:56 PST
231011-Zheng Version 3 - Submitted to J. Integr. Eq. Appl.



12 Wenlin Qiu et al.

Proof We introduce the notations r(t) = (1x¢")(t), Ex[¢](t) = Qu(p)—(bxp)(t)
and Ex[p](t) = 9Qt(v) — (b* ¢)(t). Then we apply Ex[1](t) = 0 to obtain

B[] (tn) = Ex[r)(tn) + 9(0)Ex[1](tn) = Bx[r](tn) + (0)Xno(k) = Ex[r](tn),
and we apply r(t) = ' (0)t + (£ % 1”)(¢) to find that
Ex[r](tn) = r'(0)Ex[t)(tn) + B [(t+7")] ()
=1 (0)Ex[t](tn) + (B [t] + ") (),

where p is determined via the properties of b in Assumption A. We first es-
timate the first right-hand side term of (46). By [19, Theorem 5.2] and the
assumptions of this lemma, we have

(46)

|Ex [t°71] (@) < Ca" kP, for 0<B<2, k<a<T. (47)
We apply (47) with 8 =2 and = = ¢,, to get
|EL[t](t,)| < CtH k2, for n > 1. (48)
To bound the second right-hand side term of (46), we apply (47) to obtain
|Ex[t)(1)] < CT*7 K2, for k<7 <t,, (49)
while for 0 < 7 < k, we follow the definition to obtain

2bg bo Tbo

BRft](7)] = |wo (k)T — /0 ' b(r—ﬁ)ﬁdﬁ‘ 2oy o= T2 (s0)

Therefore, (49) and (50) provide

| (B [t] + |</ [ ER[E(T)] " (tn —T)ldTJr/t [ ER[E)(T)] | (tn — 7)| dT
72%2/ C ()] do + OR? /t” Nt — )P ()] .
o i (51)
To determine p, w obtain from (7) that b( =b 1 LIy B(t)e~stdt, which

implies |3(s)| < C|s|™! such that g = 1 in Assumptlon A We thus invoke
@ =11n (48) and (51) to complete the proof.

Next, we shall derive the error estimate of the scheme (19)—(20).

Lemma 3 The following estimate holds for 1 <n < N +1

N
= U7+ 18 = U)) < ([ RA (| + K] R [+ S IR
n=1
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Numerical approximation and analysis for partial integro-differential equation 13

Proof Define n™ = u™ — U™ and we subtract (17)—(18) from (19)—(20) to get
the error equations

n

00"+ (1= b0) A"+ wp(k)AT" P = [R))", 1<n<N,  (52)

p=0
smt =[R]", n°=o0. (53)
We take the inner product of (52) with 7" and use (22)-(23) to get
1 n 2 112 non nel n
g [ = o= =2 G 2) 2 = o)

1-b 2 112
T [ s e L

1-b Y Lot 41on (54)
e )
+ > wplh) (b, Ak = (R 7).
p=0
With the definition of || - || 4, we sum (54) for n from 1 to M to get
M n M
I = 1 = 2k DD wpk) (A37 7, AdT) +2* 37 (R 7).
n=0 p=0 n=1
based on which we follow the analysis of (26) to find
M
I < 1 1+ 82 SO NR (i + ") - (55)
n=1
Let L be such that HnLHA = max [In™] 4, and (55) provides
L N
In® [l < M+ 262 DRI < °], + 2862 MR (56)
n=1 n=1
Furthermore, we apply (25) and (53) to find
V1 —"1g V1—"0g
%11 < Qi+ ==k oy = Rl 1R [+ =R R[], (57)
Combining (56) and (57) we obtain
V=5 QA
Iy < kIR [+ =2k [ |+ 262 YO NR . (58)

n=1
Analogous to the analysis of (35)—(37), we have

Vv1—bg
2

R IR+ 2k DR,
" 9

[ 4+ g™ 4 < o (11 1R +

which completes the proof.

3 Mar 2024 06:19:56 PST
231011-Zheng Version 3 - Submitted to J. Integr. Eq. Appl.



14 Wenlin Qiu et al.

Based on Lemma 3, we intend to prove the convergence order based on
reasonable regularity assumptions of the solutions to problem (1)—(2).

Theorem 3 Under the regularity assumptions in (45), then for1 <n < N+1
it holds that

T
lu™ — U™ + (™ — U™ < © (k / 5<t>dt>

2k T
(k: B(t)dt) + <k2 / |ﬂ’(t)|dt>] .
0 k

Remark 1 It is worth mentioning that for smooth kernels § such as (6), this
theorem implies the second-order accuracy

+C

[u = U™ + [|8e(u™ = UM} < CK?,

while for non-smooth kernels, the accuracy may be deteriorated. For instance,
for the weak singular kernel (5), the above theorem implies the accuracy of
14 a order

2k T
lu™ — U™[|+]|0; (u™ — U™)]|| < Ck2+Ck/ to"ldt—kaz/ to72dt < Ok,
0 k

Proof At first, (45) and (18) lead to

IRE |+ 20 @m0, <0 (k/o /3(t)dt+k2/0 B(t)dt). (60)

2

Then we apply (11) and (45) to find that

ki Rl = k[ [Real | + i R

(61)
2k T
<0 (k syt Iﬂ’(t)ldt> ,
0 k
and we use (12) and (45) to obtain
N
kY B < OF.
n=1
We remain to estimate [R;3]" in (16). First, Lemma 2 and (45) imply
N T
kY Resal"|l < CT)R(|Au" (0) + C(T)kQ/ | Au (t) | dt
n=1 0
) (62)
<C(T) |1 +/ B(t)dt| k2.
0
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Numerical approximation and analysis for partial integro-differential equation 15

We then combine the Taylor’s expansion with the integral remainder

_ tnt1 tn
A =) (tn) = 47: [/ (tns1 — t)* A (t)dt + / (t = tn—1)*Au"(t)dt
t'ﬂ,

tn—1

with (45) to obtain

N N n
Y IResal" < kD0 S ey RIAG — )5
n=1 n=1p=1
N k T
- n 63
s(k;()gggglm(kn)? | rara o)
N
<C

T
§? max |wp(k:)|> /O B(t)dt.

1 0<p<n-—1
Following from the Assumption A and [19, (4.2) and Theorem 4.1] that
wo(k)| < Ck*,  |wn(k)| < Ck(tn)"", 1<n<N, (64)

which implies that the summation on the right-hand side of (63) is bounded.
Then we invoke (60)—(64) in (59) to get the desired result.

5 A nonlinear extension

Based on the discussion of the linear problem, we extend the developed meth-
ods and results to numerically study the nonlinear problem (1)

u’(t) + Au(t) — (B % Au)(t) = f(t,u(t)), t>0, (65)

which satisfies the initial condition (2), and the semilinear source term is Lip-
schitz continuous with the Lipschitz constant £ > 0

1f(tw) = f )l < Llu = o] (66)
Similar to the analysis of (8), we rewrite (65) as
u'(t) + (1 —bo) Au(t) + b(t)Aug + A(bxu')(t) = f(t,u(t)), t>0. (67)

Then we discretize (67) at t = t,, via (11)—(15) to obtain

52U + (1= bo) AT" + by Aug + > wp(k) AT + Xo (k) Auy
p=0 (68)

= f(tn,u") +[Re]"
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16 Wenlin Qiu et al.

with 1 <n < N, where [R;]" is defined by (17). Moreover, (68) subjects to

k
5tu1 = <U1 —+ 2u§) + [Rt}o, uO = Uy,

where uy = —Aug + f(0,up) is obtained by (67). We then drop the trunca
errors to get the time-discrete scheme

§PU™ + (1 — by) AU™ + by, Aug + zn:wp(/g)Aﬁ“” + Yo (k) Aug
=0
= f(tn,U")p7 1<n<N,
85U =y + gug, U° = ug.
We then prove the stability of the time-discrete scheme (70)-(71).

Theorem 4 Let U™ be the numerical solution of the time-discrete sch
(70)—(71). Then we have

N

(69)

tion

(70)

(71)

eme

10" < C (luolla+42 uolls s |+l s+ 3 17t o)), 1< 0 < N+

n=1

Proof We apply the triangle inequality and (66) to arrive at

1 s UM < 1F (8, U™) = £, U+ [1F (20, U

< LNU™ = U+ 11 £ (tn, U < LAT™M MU + 1 f (£ U

We incorporate this with a similar analysis as (27) to get

M
JUM I, < 001, + 26 3 bl Aul) [T

n=1

+ 2k2wo (k) || Awa | U]

M
+ 263 o) [ A | [T
n=1

23 0, U] L
n=1

M
< U5+ &2 b lluolly (104 + U™ ]1)

n=1

+ 2k%wo (k) [lually [|U*] 4 + K2eqv lually (10" Hla + U™ ]10)
M

(72)

+ K2 [LAU™ I+ 1T+ 1F G U] U™ 4+ 1T 4)-

n=1
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Numerical approximation and analysis for partial integro-differential equation 17

Let |U7], = oax |U™]| 4 such that

J
U7, < [JU°)] , + 2k° Z by ||uolly + 2k%wo (k) [lur ||y + 2k2¢h [luall,
n=1
J

+2k2 ) [LAU™ |+ lluoll) + 1 £ty wo)l]

n=1
M

<O, + 252D b lluolly + 2k2wo (k) llua ll, + 2k uall,

n=1

M
+ 267 (LU + lluoll) + £ (tns wo)]
n=1

and we incorporate this with (30) and (31) to further get

k2 V1-=10 k2
] < bl + 5 Tl 4 2 (2ol + ol + 5 Tl
2 2bo 2
+ 2H(Tbo) g, + 28 ( 52k )l + 282k [l
N N
+2K2 ) [Lluol| + |1f (tny wo)I] + 2£5% Y U™
n=1 n=1
M
=k | @1 (ug,ur) + 2Lk Y U] -
n=1
(73)
By similar analysis as (35)—(37), (73) yields
k 1 al
UM < (24— |® 2Lk Yy UM . (74
720 = (5 + ) [ oo 206 0| o

Then we apply the discrete Gronwall inequality to complete the proof.
We then derive the error estimate of the time-discrete scheme (70)—(71).

Lemma 4 Let u™ and U™ satisfy (68)—(69) and the time-discrete scheme
(70)—(71), respectively. Then for 1 <n < N +1

= U+ 8w = U < OO (|| TRA ||+ k] TR [, + & D IR ).

m=1
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18 Wenlin Qiu et al.

Proof Based on (68)—(71), we obtain the error equations in terms of n™ =
u" - U"

O™ + (1= bo) AT + Y wp (k) A" 7 (75)
p=0
= f(tn,u") = f(t,,U") + [Rt}na n>1,
st =[R)°, n°=0. (76)
Analogous to the proof of Lemma 3, we obtain
N M
1]y < 1011 + 282 Y IR+ 262 Y N1 F (b ™) = £(tn, U]
n=1 n=1
where ||77L||A = ax [In™] 4. Then, we use (57) and (66) to get
vi=b o N
™[4 < Rl R [+ == 2] (R ||, + 262 3[R
el (77)
M M
+2LK2) " =k l@g(uo,ul) +20k Y In"lll ,
n=1 n=1
which in turn implies
M
HnMHH < C | Da(ug,ur) + QEkZ ||n"|] .
n=1

We incorporate this with the discrete Gronwall inequality to obtain

n <
| 0™ < C(T)P2(uo,u1), (78)

and we invoke (78) in the right-hand side of (77) and adopt similar analysis
as (34)—(37) to get

[In™ ]+ o™ | < CT)Pa (0, wa)-
The proof is thus completed.

Finally, we combine the analysis in Theorem 3 and the conclusion of Lemma
4 to obtain the following convergence result.

Theorem 5 Let u" and U™ satisfy (68)—(69) and the time-discrete scheme
(70)—(71), respectively. Then under the reqularity assumptions in (45), it holds
fori<n<N+1

T
[ = U + [|6: (u" = U™)|| < C(T) <k2/0 ﬂ(t)dt>

2k T
<k B(t)dt) + <k2 / 6’(t)dt>] .
0 k

+C(T)
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Numerical approximation and analysis for partial integro-differential equation 19

6 Numerical experiments

We perform numerical examples to substantiate the analysis of the time-
discrete schemes. We consider a concrete problem of the form (1) or (65)
in one space dimension with the spatial domain 2 = (0,1) and the operator
A = —d?/dx? with boundary conditions u(¢,0) = u(t,1) = 0 for t € (0,7].
We apply the second-order center difference for spatial discretization with a
uniform mesh size h = 1/M for some M > 0, and we denote the discrete
L? norm for finite difference method [39] ||U™|| = hz ‘U”‘ . Let the

time step size k = T/(N + 1) with N > 1 and tyy1 = T. To illustrate the
convergence of proposed schemes, we denote the spatial error in Ly norm at
tny+1 = T and the corresponding temporal convergence order as follows

Ey(N +1) >

_ lgrv+1 _ 2(N+1)H _
Ey(N +1) HU U ,  Rate = log, <E2(2(N+ )

We shall consider smooth and non-smooth kernels 5(t) in the following exam-
ples.

6.1 A weak singular kernel

We consider the weak singular kernel (5) with v9 = p®/2. By (7), we have

I'(a, pt) B(s) = by (1+s/p)~

b(t) =
(t) 5 . P

where the upper incomplete gamma function

1 <
F(oz,y) = m/ ta 16 fdt
Y

with I'(«,0) = 1. Then we provide the approach to compute the quadrature
weights. By (14), we have the following representation [34]

wn(k):% " P 1b<<( )> _3%[ / Gl dy} (79)

in which i? = —1, R indicates the real part of a complex number and G, (y) =
ey p (%) In subsequent numerical implementations, we apply the com-

posite rectangle formula to approximate the last integral of (79). Specifically,
given J = N2, the quadrature weights w,, (k) are generated by

wn (k) ZG (yﬁym) Ay, (80)

where y; = jAy with Ay =7/J and j =0,1,2,--- ,J.
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20 Wenlin Qiu et al.

Example 6.1.1. The linear case. Let the initial conditions ug(z) =
sin(rx) and uy (z) = sin(27z) in (1), h =1/128, T =1 and p = 5. We list the
Lo errors and temporal convergence rates in Table 1, from which we observe
that the convergence rate is approximately 1 + « that is consistent with the
estimates in Theorem 3.

Table 1 Example 6.1.1: Ly errors and temporal convergence rates with different a.

a = 0.25 a=0.5 a = 0.95
N E>(N +1) Rate E5(N +1) Rate E5(N +1) Rate
32 1.1027e-3 - 1.2056e-3 - 1.0619e-3 -
64 4.5125e-4 1.289 3.9058e-4 1.626 2.7041e-4 1.973
128 1.9591e-4 1.204 1.3180e-4 1.567 6.8386e-5 1.983
256 8.5399e-5 1.198 4.5700e-5 1.528 1.7244e-5 1.988
512 3.6869e-5 1.212 1.6069e-5 1.508 4.3421e-6 1.990

To demonstrate the finite-time and long-time stability proved in Section
3, we present max ||U"| under h = 1/128, k = 0.1, up = sin(nz) and
0<n<N+1

different u; and « in Table 2, which shows that the numerical solution may
diverge with the increment of N (and thus T' = Nk) if 43 # 0. When u; = 0,
the numerical solution is stable for large N, which indicates the long-time
stability of the numerical solution and thus validates the theorems in Section
3.

Table 2 Example 6.1.1: Values of max ||U"| with different o and derivative initial
0<n<N+1

conditions wuj.

a=0.1 a = 0.5 a=0.9
N u1 = sin(27x) u; =0 u1 = sin(27x) u; =0 u1 = sin(27x) u; =0
2 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1
4 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1
8 1.2710e+0 1.0965e+0 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1
16 1.8653e+-0 1.7085e4-0 8.4259e-1 8.2922e-1 7.0711e-1 7.0711e-1
32 1.9507e+4-0 1.7085e4-0 9.3824e-1 8.2922e-1 7.0711e-1 7.0711e-1
64 4.1844e4-0 1.7085e4-0 1.7257e+0 8.2922e-1 7.0711e-1 7.0711e-1
128 8.0698e+-0 1.7085e4-0 3.6807e+-0 8.2922e-1 7.0711le-1 7.0711e-1
256 1.6150e+1 1.7085e4-0 7.6179e+0 8.2922e-1 1.0862e+-0 7.0711e-1
512 3.2341e+1 1.7085e+0 1.5504e+1 8.2922e-1 2.2483e+0 7.0711e-1
1024 6.4737e+1 1.7085e+0 3.1280e+1 8.2922e-1 4.5731e+0 7.0711e-1

Example 6.1.2. The nonlinear case. Let the initial conditions ug(z) =
sin(rx) and u (x) = sin(27x) with f(¢t,u) = u—u® in (65). We set h = 1/128,
T =1 and p =5, and list Lo errors and temporal convergence rates in Table
3, which indicates the 1 + « accuracy as predicted in Theorem 5.
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Numerical approximation and analysis for partial integro-differential equation 21

Table 3 Example 6.1.2: Ly errors and temporal convergence rates with different .

a=0.1 a=0.5 a=0.9
N E>(N +1) Rate E3(N +1) Rate E>(N +1) Rate
64 3.4089e-4 - 4.1244e-4 - 2.7405e-4 -
128 1.4278e-4 1.255 1.4108e-4 1.548 7.0160e-5 1.966
256 6.6698e-5 1.098 4.9327e-5 1.516 1.7919e-5 1.969
512 3.1762e-5 1.070 1.7425e-5 1.501 4.5745e-6 1.970
1024 1.5061e-5 1.076 6.1791e-6 1.496 1.1686e-6 1.969

6.2 A smooth kernel

We choose the smooth kernel (6) and shall give B (s) by means of Laplace and
Stieltjes transforms. Denote the following piecewise continuous function

0, =0,
ap(z) =1z, 0<x<l,
1, 1<z <o,

and let So(t) fo _”dao (x) such that Bq(t ﬁ) e Pldy =

[33, Chapter 8], we have Bo(s) = o0 d‘;‘i(f) = log (1+1). Thus, (6) gives
B(t) = e'By(t), which leads to B(s) = Bo(s + 1). Note that [ B(t)dt =
B(0) = log(2) < 1, which implies that (6) satisfies (4). Furthermore, we apply

)
(7) to obtain

e i o

B(0) = (Bx1)(t) = log(2) — (B+1)(¢

which yields

Bs) = 20— 1) = 18 _ élog (1+ SL) _ élog (2(3“)) . (81)

S s S s+2

Inserting (81) into (79) we obtain the weights w, (k) by the approximate
method (80).

Example 6.2.1. The linear case. Let up(x) = sin(rz) and uy(z) =
sin(27rz) for model (1), and we set h = 1/128. In Table 4, we test Lo errors
and temporal convergence rates, which indicate that the proposed scheme
could achieve the second-order temporal accuracy for T not large enough. For
large T, the convergence order is not stable, which may be caused by the loss
of long-time stability of numerical solutions as we will show in Table 5.

3 Mar 2024 06:19:56 PST
231011-Zheng Version 3 - Submitted to J. Integr. Eq. Appl.



22 Wenlin Qiu et al.

Table 4 Example 6.2.1: Ly errors and temporal convergence rates under different 7'

T =0.2 T=1 T=4
N E>(N +1) Rate E>(N +1) Rate E>(N +1) Rate
32 3.9702e-5 - 5.8641e-3 - 6.2497e-2 -
64 1.0717e-5 1.889 1.6584e-3 1.822 8.8076e-3 2.827
128 2.7897e-6 1.942 4.3955e-4 1.916 1.1642e-3 2.919
256 7.1196e-7 1.970 1.1303e-4 1.959 4.8802e-4 1.254
512 1.7985e-7 1.985 2.8651e-5 1.980 1.3746e-4 1.828

In Table 5 we compute [max U] under h = 1/128, up = sin(7a) and
+

m
<n<N
different uq and k, from which we observe that when uy # 0, the numerical
solution exhibits instability with the increment of N. When the derivative
initial condition u; = 0, the numerical solution is stable for large IV, which is
consistent with Theorem 2.

Table 5 Example 6.2.1: Values of max ||U™| under different k and derivative initial
0<n<N+1

conditions uj.

k =0.01 k=0.1 k=1
N w1 = sin(27x) up =0 w1 = sin(27zx) up =0 uy = sin(27z) u; =0
2 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 2.8706e+0 2.7822
4 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 3.7904e+0 2.7822
8 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 9.5557e+4-0 2.7822
16 7.0711e-1 7.0711e-1 7.0711e-1 7.0711e-1 2.2250e+1 2.7822
32 7.0711le-1 7.0711e-1 1.5768e+0 7.0711e-1 4.7803e+1 2.7822
64 7.0711e-1 7.0711e-1 5.7869e+0 7.0711e-1 9.8916e+1 2.7822
128 7.0711e-1 7.0711e-1 1.5719e+1 7.0711e-1 2.0114e+2 2.7822
256 8.2968e-1 7.0711e-1 3.6143e+1 7.0711e-1 4.0559e+-2 2.7822
512 3.8432e4-0 7.0711e-1 7.7033e+1 7.0711e-1 8.1450e4-2 2.7822
1024 1.1529e+1 7.0711e-1 1.5881e+2 7.0711e-1 1.6323e+3 2.7822

Example 6.2.2. The nonlinear case. Let the initial conditions ug(z) =
sin(rz) and wi(x) = sin(27x) in (65) with h = 1/128, T' = 1 and different
source term f(t,u). We present Lo errors and temporal convergence rates of
the scheme (70)—(71) in Table 6, which indicates its second-order temporal
accuracy proved in Theorem 5.

Table 6 Example 6.2.2: Lo errors and temporal convergence rates under different nonlinear

terms.

fltu) =u—u® f(t,u) = sin(u) f(t,u) = e " cos(u)
N E>(N +1) Rate E>(N +1) Rate Ey(N +1) Rate
32 5.6500e-3 - 5.2910e-3 - 5.8688e-3 -
64 1.5964e-3 1.823 1.4956e-3 1.823 1.6624e-3 1.820
128 4.2317e-4 1.916 3.9640e-4 1.916 4.4184e-4 1.912
256 1.0883e-4 1.959 1.0194e-4 1.959 1.1433e-4 1.950
512 2.7589e-5 1.980 2.5839e-5 1.980 2.9353e-5 1.962
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7 Concluding remarks

In this work, we investigate the numerical approximation for a nonlinear
hyperbolic-type partial integro-differential equation. For the linear case of this
equation, we discretize it by the central difference formula for space and the
second-order convolution quadrature for time, where smooth and nonsmooth
memory kernels were considered. The stability and convergence were deduced
by means of the energy argument. Then we extended the theoretical results
to the corresponding nonlinear problem. Numerical experiments validate the
theoretical findings.

There are several places in this work that could be improved. For instance,
in numerical experiments the composite rectangle formula is used to calculate
the weights w,, (k) for simplicity. Indeed, the fast Fourier transform method is
a more efficient technique to obtain weights, and we will adopt this to develop
the fast solution method in the future work. Furthermore, the proof of the
regularity of the solutions is not straightforward, and we will also investigate
this challenging issue in the near future.
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