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Numerical solution of time fractional non-linear
neutral delay differential equations of fourth-order
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Abstract

In this paper, we present a numerical technique for the solution of a class of time fractional nonlinear neutral
delay sub-diffusion differential equation of fourth order with variable coefficients. We constructed a numerical
scheme which is of second-order convergence in time and is based on L2-1c formula for the temporal variable.
The stability of the scheme is proved using discrete energy method considering several auxiliary assumptions
and then we showed that our scheme is convergent in L, norm with convergence order O(t> 4 h*), where  and i
are temporal and space mesh sizes respectively. In the end, we provide some numerical experiments to validate

the theoretical results.
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1. Introduction

Differential equations involving fractional order deriva-
tives are useful in the modeling of the various physical phe-
nomenon in many significant scientific areas and the ability
of non-integer order models in comparison with integer or-
der models in describing the various physical phenomenon
is more accurate. These days, the interest of scientists and
researches has grown with Fractional Partial Differential Equa-
tions (FPDEs) in the areas of medicine, control systems, in
physics, signal processing and so on [1]-[12]. Since the analyt-
ical solutions for fractional partial differential equations with
delay are not so easy to obtain, therefore, it becomes necessary
to look for efficient numerical schemes. Various numerical

methods and existence and uniqueness theory of Fractional
Differential Equations (FDEs) have been studied extensively
by researchers in last few years and their study comprises of
numerical methods such as Finite Difference, Finite Volume,
Finite Element, Weighted residual method, Spectral methods,
Hybrid methods, discontinuous Galerkin method and so on
[7]-[13] and the reader can also refer to the references therein.
Nevertheless, relatively less work has been done using neu-
tral delay partial differential equations. Fractional derivative
term is represented in the sense of Caputo fractional deriva-
tive (0 < o0 < 1), where « is the order of fractional deriva-
tive considered in the present paper. Initially, Caputo frac-
tional derivative was approximated by using L1 — formula
[11], which gives temporal order of convergence O(7>~%) for
o € (0,1). Recently, Alikhanov [8] introduced a new analog
for Caputo fractional derivative which improves the temporal
convergence order to O(73~%) for o € (0,1). Therefore, in
the present paper, we seek to implement the L2 — 16 formula
introduced by Alikhanov [8] in construction of our compact
difference scheme for fourth-order neutral delay partial differ-
ential equations and compact difference operator is used to
obtain the spatial convergence of order O(h*), here 7 and
are temporal and space mesh sizes respectively.

The proposed difference scheme in our paper is new for the
fourth-order neutral delay fractional differential equations
with variable coefficients and have temporal convergence or-
der as O(73~%) which is more efficient than with using L1-
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formula.

Rest of the manuscript is organized as follows: in next sec-
tion definitions, various lemmas are presented to be used for
the construction of the proposed compact difference scheme.
Then, in the next section proposed scheme is analyzed in
terms of unique solvability, stability, and convergence. In
the end, numerical experimentation and conclusions are pre-
sented clearly demonstrating the validity of theoretically and
numerical results.

Consider the generalized fourth order non-linear fractional
sub-diffusion neutral delayed equation with variable coeffi-
cients

d%u(x,t) *u(x,t) *u(x,t —s)

o +A(x) R + B(x) p

= f(x,t,u(x,t),u(x,t—s)),0<x<L,0<t<T.
(1.1)

Initial and boundary conditions are as follows:

u(x,t):(])(x,t), OSXSL, IE[—S,O], (1.2)

u(0,0) = oy (t), u(L,t)=o0p(), 0<:r<T, (1.3)

d%u(0,1) %u(L,t)

(1.4)

Here s > 0 is delay, f(x,t,u(x,t),u(x,t —s)) stands for non-
linear delayed source term, A(x), B(x), ¢ (x,), a;(t), op (1),
Bi(¢), B2(¢) are all given and sufficiently smooth functions.

Fractional derivative aag t(gf’t) is considered in Caputo sense as
follows:
0%u(x,1) t _q0u(x,&)
C o _ ) _ o )
oDz“(xJ):T*/O(tfé) Td§7
O<a<l. (1.5)

In equation (1.1), we have two type of complexities one is
delay term and second is non-linear source term. Here, we
seek to obtain a linearized numerical scheme for (1.1) — (1.4)
which is uniquely solvable, stable and convergent. Through-
out the paper, we consider that the obtained solution u(x, )
along with source function f(x,z, i1, v) are sufficiently smooth
likewise considered in [13] in the following sense:

e Let m be the integer satisfying ms < T < (m—+ 1)s. De-
fine I, = (rs,(r+1)s),r=-1,0, ..., m-1, [, = (ms, T),
I =U,—_11; and assume that u(x,r) € C**([0,L] x
(0,7]),

o the partial derivatives f, (x,z, 1, V) and fy (x,z, 1, V) are
continuous in the & neighborhood of the solution. De-
fine
c1 =sup|fu(x,r,10,v)+€,u(x,t —s)+ &]
¢ =sup|fy(x,t, 10, v)+ €, u(x,t —s) + &|

580

2. Notations and Preliminaries
We first divide the region Q x [—s,T], where Q = [a,b].
Define Q) ={xj=a+jh|j=1,2,...,M}, where h = % and
Q={ty=(k—1+0)7: —n<k <N}, where,7=2and o =
1 —§. Define Qy = Q) x Q;, where, Q;, = {x;[0 < j <M},
Q= {lk| —n<k SN} and N = [%] U;ciH»o- = M()Cj,lk_l_;,_c).

82u(x/-,tk,1+0) . . .
—45.7 - Consider the grid function space

V= {u];’l+a|0 < j<M,—n <k <N} defined on Qy,.

k—1+0 __
Vi

Definition 2.1. The compact linear operator is given as fol-
lows:

S +10uj+u;y), 1<j<M—1,
(Ru)j=

uj, j=0, or M.

Definition 2.2. Alikhanov [8] constructed a new second-
order difference analog for the Caputo-fractional deriva-
tive (called L2 — 10) formula. For definition follow [8].

ay=0'""% ag=(1+0)"%—(I-14+0)"% 1>1,
by=52[(l+0)> %= (I-1+0)>%—J[(l+0) %+ (-
1+0)7%, 1>1,
when k = 0, denote c(k> =ay
when k > 1
a0+b13 k:()v
cﬁ-“{ Gtbea—b, 1<j<k=2, (@1
ak—bk, jZk—l.

Given grid function u = {uX| —n < k < N}, defining

— k—1
cpa k-t+o _ T 5wk (k) ®) \,i
oD/ uj "_m_a)[co u _Z(ck—j—l_ck—j)uj
_<>]

j=1
as the discrete fractional derivative operator, i.e., L2 — 10
SJormula. T(-) denotes the Gamma function. Alikhnov [8]
estimated the error of the L2 — 16 formula to approximate the
Caputo fractional derivative and provided the below Lemma.

(2.2)

Lemma 2.3. [8] Suppose u(t) € C3[0,1], it holds that

c Cpa, k-1
oD u(t) =, ,, — o0 Df t e

(4o-1)o™“*

3—-a)
- 12I'2—a)

3 ()7
torgtaék |u™ (1)|T .

(2.3)

Then the basic properties of the difference operator were
derived.
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Lemma 2.4. [8] Suppose o€ (0,1), 6 =1—%, and ¢ (0 <
Jj <k—1) is defined by (2.1), it holds that

1—
> Ta(k +06)79, 2.4)
c(()k) > cgk) > cgk)... > c,(cli)z > c,@]. 2.5

Furthermore, there is an important estimate for the second-
order operator, which will play a key role in the analysis of
the stability and convergence of our scheme.

Lemma 2.5. [8] Suppose u = {uf| —n < k <N} is a grid
function defined on Q, then it holds that

1 2
EOCDt(l):—IJrO' (M )

2.6)

o G)qu )SDZ;HGM =

(out +(1

Lemma 2.6. [8] Denote A(t) = (1 —1)*[5—3(1 —1)?] and
let function g(x) € C°[0,L]. It holds that

Re" (x;) = 67g(x))
h4 1
A 6) (. __ 6) (.

+360 A 8™ (xj—th)+ g™ (x; +th)|A(r)d1,

1<j<M—-1. 2.7

Now, we will begin with the construction of the compact
scheme for considered equation (1.1) and boundary condi-
tions (1.2) — (1.4) by reduced order method, that is by consid-

9%u(x,t) _ 9%u(x—s)

ering v(x,1) = =5~ and v(x,t —s5) = =5, then, equa-
tions (1.1) — (1.4) are equivalent to
o 2 2
d aut(()xc,t) +A(x)a ;E;,t) —|—B(x)a v(;;ct2 s)
= f(x,t,u(x,t),u(x,t—s)),0<x<L,0<t<T,
(2.8)
2 2
v(x,t) = o%ulx,1) giﬁ’t), v(x,t—s) = oTulxt =) u(;;; s)’
0<x<L, 0<t<T, (2.9)
ulx,t)=¢(x,1), 0<x<L, t€][-s,0], (2.10)
u(0,6) = oy (t), u(L,t)=o0p(), 0<r<T, (2.11)
V(OJ) = ﬁl(t)v V(Lvt) = ﬁ2([)7 0<t<T. (212)

Define the grid functions
U]l-‘ = u(xj,tk),V;‘ = v(xj,7), and V]{“” =v(xj,tg—n), 0 <
j<M,—-n<k<N.
Suppose u(x,r) € C)(C,S,’3)([07L] x [—s,T]), now, we consider
the (2.8) — (2.12) at the grid point (x;,%_11¢), we have
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80‘u(xj,tk,1+6) 82v(xj,tk,1+c)

8la +A(X]) &x2
Ov(Xj, 146
+B(xj)% = f(xj,tim140,u(X), i 146),
M(Xj,tk,1+g,n)),0<j<M,lSkSN—l, (2.13)
%u(x;, t_
V(xjvtkflJrO') = %a (214)
%u(xi ty_146 —n
V(X lk—1+0-n) = o a"xz“" ) (2.15)

Applying the average operator R on both sides of the (2.13) -
(2.15) gives

%aau<xj>tkfl+c) 9?v(xj, lk—14)

+ERA(XJ')

oo ox?
O™ (xj,ti—116-n)
+9{B(xj)ll8#
= SKf(ijkfleO'vu(xj7tk71+6>7u(xj7tk7]+67n))a
(2.16)
%u(x;, b
Rv(xj,tk-1416) = 9‘$, 2.17)
%u(xj,ti146 —n
v, 41 n) = o ) )

Using Taylor’s series following expressions can be easily
obtained

u(xj,tk—140) = ou(xj, ) + (1 — o)u(x;,t—1)
and UJ™'*° = oUj+(1-0)U}™!

Linearizing the non-linear source term f(x,#,u(x,t),u(x,t —
s)) using Taylor’s series gives

fGjtiotve) = (X, t-140,20U5 7 + (2= 30)Uf
—(1=0o)U " oU " +(1-0)U; ™)

Using Lemma [2.6], we have

*u(xj,ti1+0) 9u(x;, 1)
e T e
Bzv(xj,tk,l)
+ (1 — G)mT
+0(t*+h*)

= 8;U O+ 0(T + 1Y)

Similarly, we have
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v(xj,tk-140) = VO +0(7?) (2.20)

V(xj,tk 140 —n) = Vi 4 0(2) 2.21)
O%v(x;, by

9{% _ 53‘{}“”" FO(2 Y (222)
ol o 1o

PNt so=0) _yion o i

(2.23)

We approximate the time fractional derivative by L2 — 10 for-
mula, (2.2), applying Lemma [2.3], and substitute equations
(2.19) — (2.23) into (2.16) — (2.18); then, we obtain

SKSD’(Z—HGUJ' +Aj5X2V;c7]+G +Bj5X2V;€7]+67"
= Rf(X),te—140, 20U + (2= 30)U}

—(1— G)Uj’-"l,ch’-‘*”—k (1— G)Uj’-‘*”*l) + (R1)];,

(2.24)
RV} = U+ (Ro)f, (225)
%VJ{Cfl‘FO'*n — 5/\52U]I»<71+67n+ (RB)I;', (2.26)
1<j<M-1,1<k<N-1,
where
(RO + (RS + | (Ra)E| < ez %+ 1Y), (2.27)
0<j<M, —n<k<N.

where ¢ is a positive constant independent of 7 and h.

Omitting the small terms R%, R and RY in (2.24) — (2.26),
respectively, and taking notice of initial and boundary condi-
tions

Uf=0(xj,t), 0<j<M, —n<k<0, (2.28)
Uy =ou(n), Uyg=oaa(n), 1<k<N, (229
VE=Bi(t), Vi=Btr) 1<k<N. (2.30)

We derive the finite difference scheme below for the problem
(1.1) — (1.4), by replacing U]]? with u’; and V}‘ with v’J‘» as
follows:

582

RGDy: | uj+A GO BsHAT o
= Rf(xj,lk-140,20U; 7 +(2-30)U} — (1-0)U} ",
U™+ (1-o) U™, (2.31)
mvljg—1+c _ 6)62141;—1-&-67 9{‘}1;—1+c—n _ 6)62141;—1-&-6—11”
(2.32)

1<j<M-1,1<k<N-1,

K=9(xjm), 0<j<M, —n<k<0, (2.33)
up=au(t), uy=onn), 1<kSN, (234
vE=Bi(t), Vi =B(t), 1<k<N. (2.35)

3. Analysis of the Compact Difference
Scheme

Lemma 3.1. [14], [15] For any grid function u € ¥}, it holds
that

L2
[l [ < - | Gl 3.1

b 2<Lf2 82ul|? 3.2
I\xul\_6llxull- (3.2

Lemma 3.2. [16] For any grid function u € ¥}, it holds that

1
Sl < 119Ruf 2 < lul . (33)

Lemma 3.3. [16] For any grid function u € ¥}, it holds that

1
Sl < 119wl < lul . 3.4

Proof For the proof of equation (3.4), reader can follow [16].
Inequality (3.4) can be obtained using discrete Green formula
and inverse estimates given below

[162ull* < 5 18l ?,

4

il
4

18] < 5 ul [ (35

Lemma 3.4. Consider that u’j‘ and v]; with0<j<M,—n<
k < N are solutions of the constructed difference scheme given
in (2.31)-(2.35)
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%ng_]wuj +Aj5xzvlj‘-71+c +Bj5xzvlj‘.71+67" (5)62\/1;7”6,9%];’1*6) = (Sfu];’”c’,i)?vljfwc),
= Rf(xj,lk 140,200 +(2—-30)Uf (3.17)
: 2 k—l+0— k—l+0-n\ _ (52 k—1+0— k—1+0—
_(1_G)U]l'cfl7GU]l'cfn+(1_O.)U]l'cfnfl)’ (36) (6xvj ° ”,SRuj o ")—(quj °c n,Eva ° n)'
3.18
g{vﬁ—l-ﬁ-ﬁ — 6)3,//;—1-&-0 _’_H{(—l-‘rO" (37) ( )
Rk 1to-n _ §2 k—1+0-n _|_H£c—1+6—n’ (3.8) On adding, equations (3.13)-(3.16), and using above two
J o identities (3.17) and (3.18), we get
1<j<M-1,1<k<N-1,
wj=0, 0<j<M, —n<k<O, (3.9) C o k—1+o k—1+0|2 k—1tc—n|2
D Ru, R~ + |V + [ RS TOT
Ao o 510, (D 1 0717 ¢ [0 ¢
GUS + (1 0)UF 1 Fudk170) b 1+0)
Then, following inequality holds
fe g inequality T+ (HE 14O Rk 150) | (ph o gk lony
L (3.19)
IRk 2 < 1902+ e o max[lg P
NSRS Using equations (3.7) and (3.8) we can write the following
4 inequali
(5 22) max HE o) aquanty
18 —n<k<N
(B0 max o2 G.12) LIk = L sk
18 —n<k<N' 2 ' ' 2 20 2
+(82uk 1o HETIO), (3.20)
Here, function g(x,t) is linear part of source function f{x,t,u(x,t),u(x,t- 1 Lo 2_1 > ko 1 o
5)). . 5 1% 17 =S 116w 17+ 5 11y I
Proof: Taking i duct of (3.6)-(3.8) by Ruf~17°,
roof aking mner proauc Of( ) ( ) y u] +(6§u’f”"*”7H{"”"’"). (3.21)

9iv];71+6 and giv];f““’*" respectively, then we obtain
Substituting equations (3.20) & (3.21) into (3.19), we get
(RS DY uj, 9314]]‘.7“”’) + (Aj(SXZVIYHG, SKul;fHG)

Tk—1+0
_|_(B,52vk_71+0'7n)<ﬁukfl+0') — (%f(x'7tk71+67 B B B
) ;Jr/: J )4 kJ o J - (gDZ,1+Gm”,9{“k 1+6)+||6x2u];' 1+G||2+HH]k 1+6H2
O'Uj +(k_ fy)Ujk—lf_l—o-)Uj aO'Uj +2(5)C2MI;71+G’H{<71+0')_’_||6X2MI;71+an||2
(1= o) U1 Ruk-140), (3.13) L e
(m k—1+0 gjt k71+o‘) ' (62 k—1+0 R k71+0‘) +||H2 e ”H +2(67‘”] e n’H2 e n)
AV , = u , -
! ’ t ’ = (Rf(¥jstk146,20U 7 + (2 =30)Uf — (1 - 0)U; ",
k—14+0 . k—1+0 J J J
+(Hy 0, R ), (G.14) U4 (1 Ukl Rk 140) Gr k140
(givlq—l+c—n mvk—l+6—n):(62ul§—l+c—n givlq—l+6—n) ° J +( _G) J ’ uj )7 uj )
/k . ’ /k . X7y ! J Jr(H]k_HG,‘ﬁvlj‘-_HG)Jr(Hé‘_HG_”,‘J{v];_HG_”).
—1+0-n —1+0-n
T (HE 1o g tro ). (3.15) (3.22)
Bel('Jw gi.ven equations (3](.]7]3 and (3.18) can be obtained Using Lemma [2.5], equation (3.22) becomes
easily using the fact that u*, v € ¥,
1C [04 2 2 k—1+0|2 k—14+0|2
(SIATITO Rubk~110) = | §h-1Ho yh-lto EOD”‘*H"”%MH +locw; 17118, ]
X ) i — )y . 5 .
J J J J +2(6)C2M1;71+G’H{<71+0')_’_||5)62M1;71+an||2
N hz(sZMk_—H—G) + ||H£<—1+(7—n| ‘2 + 2(53u];_1+6_n,H§_1+6_n)
7
12 = (Rf(x),tkc1+0,20U + (2= 30)UF — (1 - o) UK,
2 — k—n— — -
:(5xvljg71+o’5xul;71+o)+h7 6/\'2V]J<-71+6,5)62M]](-71+6 (FU;c "+(1-0o)U;™" l,mu'j‘. HG),SKL/; I+o)
’ 12 +(H{(_1+6,givl;_l+c)+(H§_1+G_n,9tvl;_l+6_n).

= (82ul~1Ho RO (3.16) (3.23)

583 l
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Using €-Cauchy inequality PQ < %Pz + in, then equation  Equation (3.30) can be rewritten as follows
(3.23) becomes

k—1

k k2 k k 112 k k2

. Col I Ru (12 < ¥ (G = G IR 2+ ey |||
GO, ol|Rul P+ 2[] 82602+ 2 |H{ 12 =

207140 16 24
k—1+0|2 k—14+0—n||2
+2||5J3ul;71+57"\|2—|—2\|H§71+67”||2 +,Ll<h4|u] H 7ﬁ||u] ||
k+1 k k—1
< (SRf(xbtkflJrO'a20—UJ‘1L +(2_3G>Uj _(1 _0->Uj ’ +L—4(||gk47]+6||2+3(1 _O_)‘|ul§‘|2_’_||ukfn+0'71|‘2)
O'Ujk_n-l—(l _O.)U/l'c—n—l’9{”1;—1+G)79{ul;—1+6) 18 A J 4j J
L _ L 40—
+(H{<—1+6’9{v1;—1+6)+(Héc—1+6—n’9{vljg—l+6—n). + (18_2)|H{c 1+6H2+ <18_2>||H§ 1+o n|2>.
(3.24)
+£4(|ng_1+6||2+3(1—G)Huk'HZJrIIMk-_”M_lHZ)
Using Lemma 3.1 and 3.2, we have 18 \1"1%J J J ’
Iz (3.30)
9’{ k_—1+6 2< = 62 k—1+6 2 325
901 < 67 6

_ U=1TQ2—a)=T*T1—a)(1—a)N~*
(%f(ijkfl‘FszcUJIﬁ»] + (2_3G)Ujk - (1 - G)U]k 17

-
_ - _ o
oUS ™"+ (1—o)U ™), Rub~19) <T“r(1—a)(1—a)<k—2>
<§H9Tuk71+c||2+£4\|93f(x~ I 20Uk ko
=74 18 Jrlk=1+0; j <2C,\TT(1—a). (3.31)
k k—1 k—n
+(2-30)Uj — (1-0)U;~", 0 From Lemma 2.4, we know that
+(1—o)Uui P
1 L - —a
< = 52 klfl“rﬁ 2 I k71+6 2 I—Ot o 1—06 o
+3(1=0)|[uf][> + [y~ ), (3.26)
18 1<k<N. (3.32)
(H{671+G,9'{V/]€_71+0') < 7H<ﬁvk71+a‘|2
14
14 Denote
+ﬁ|\H{(71+6H2 - 14 R
D =R - —1+0
! oo B o LR RN
SEHSXMJ' || +ﬁ||H1 || ) (3.27) k112 k—n+o—1/2
8 +3(1 = o) |ujl|” + ] II%)
(kaH»o‘fn?g{Vk_fH»o‘fn) < 7||9{Vk71+0‘7n||2 14
? ! Lt + (-2) max_|[|HK 14|
4 - ) 18 —n<k<N
+ o L4
{ + (182) max ||H§—1+"—"||2>. (3.33)
—n<k<
< S|t rom P e
14 Equation (3.30) becomes
—|—E|\H§’l+"’”||2. (3.28) .
Using equations (3.25)-(3.28), we get CSHERMICHZ < Z(Cllc:jfl _Clléfj)||9{“j”2+CII§71D
j=1
40
. = I (3.34)
Cro 2 2 k—140|2 2 k—1+0—n||2
—oD Ru||”+ ||67ut + |67 u”
20 v Tl 7+ 11051 [P+ 110w i Below given inequality can be proved easily by induction
L L* j
(L, HH{FHGHZ-F L, HH;,HG,HHZ and same can be followed in [16]
18 18
LY Cnto-
+ﬁ(||g’,‘- IR 301 = o) [P + ([P, |Ru|? <D, 1<k<N, (3.35)
(3.29) CS||Ruk||> < CED. (3.36)

584 Y
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Above inequality holds obviously for k = 0, and we assume
that this is valid for k = 1,2,...,.M-1, i.e.,

[ Ruk|> <D, 1<k<M-—1. (3.37)

Then, for 2 < m < N from (3.34), we have

k=1
Col|Ru|* < Z(Cllf—j—l *Cllf—j)‘|9t’4]||2+cllf—1D
=1

40
— Il

k—1
<Y (¢
j=1

_j1—C_j)D+C{_D=CD. (3.38)

Which completes the proof.

3.1 Stability

Theorem 3.5. (Stability) With the help of Lemma 3.4, follow-
ing theorem can be written as follows:

The proposed compact difference scheme (2.31)-(2.35) is un-
conditionally stable for given function ¢ (x,t) and the source
Sunction f(x,t,u(x,t),u(x,t —s)).

3.2 Solvability

Theorem 3.6. (Solvability) The established compact differ-
ence scheme (2.31)-(2.35) is uniquely solvable. From [16], it
needs only to prove uniqueness of linear homogeneous system
as given below has an only trivial solution.

C
RS DY

. S22 k—1+0 S2 k=1+0—n _
,k71+5u/+A15xvj —&—BJSXVJ- =0,

(3.39)

k—1+0 _ g2, k—1+0 k—1+0—n _ 2 k—1+0—n
RV = &;u; RV = 6;u;

)

1<j<M—-1,1<k<N-1I, (3.40)
Wh=0, 0<j<M, —n<k<O, (3.41)
ub =0, ub, =0, vE=0, Wk, =0 1<k<N.

(3.42)

Proof Using Theorem I from [16] and Lemma 3.4; equations
(2.31)-(2.35) possesses a unique solution.

3.3 Convergence

Theorem 3.7. (Convergence)([16]) Suppose {Uj’.‘|0 <j<
M,—n <k <N} and {u]]‘|0 <j<M,—n <k <N} are solu-
tions of the equations (1.1)-(1.4) and the constructed differ-
ence scheme (2.31)-(2.35), then it holds that

lle¥]] < (3% +n%). (3.43)
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where e? = U;‘ — u]; and é’; = V]k - v’;.
Proof Subtracting equations (1.2)-(2.1) from (2.31)-(2.35), we
get the following error equations as given below

o 2 sk—14+0 2 pk—1+0—n _
Rey, |, uj+A;6,¢; +B;6;¢; =0,

(3.44)
RelTIHo = 821, (3.45)
Sk—1+0— k—1+0—
EKej 1+o n:6)62€j I4+o0 n7
1<j<M-1, 1<k<N-1, (3.46)
k=0, 0<j<M, —n<k<N, (3.47)
k=0, e,=0, k=0 &,=0 1<k<N,
(3.43)
Using Lemma 3.4 we get the following inequality
k2 012 Lt k—1+0|2
R <||IR — -
IR < || 41| T max [1g1
L4
L, gl—1+o|2
+<18 )—%ENH vl
L k—1+01|2
+|—=—-2) max ||H; IR (3.49)
18 —n<k<N

Using Lemma 3.2, we can easily obtain claimed inequality
(3.43) and equation (3.49).

4. Numerical validation

This section discusses the theoretical and numerical results
through examples. Here, we considered an example with de-
lay term s=0.1(;0) whose exact solution is known and is used
for verification with our obtained numerical results. The effi-
ciency of the scheme is numerically examined by taking suffi-
ciently small spatial and temporal steps. Tables [1] and [2] pro-
vides the temporal and spatial rate of convergence orders and
hence proves the validity of our theoretical results with tem-
poral and spatial order of convergence are O(7?) and O(h*)
respectively. A good agreement between theoretical and nu-
merical results is obtained. Let Ey, (h,T) = max ||k —U¥||,

Ep,(h21)
Ew(h,7) = 1r<nka<xN||uk — U¥||w, Order(t) = log, <ELL22<M)>

and Order(h) = log, (M) .
, (0,
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Example 4.1.

Flet,u(x,t),u(x,t —s)) = u(x,t)* —u(x,t —0.1)
+G(x,1).

1
61—‘
+ 167 xsin(27x) 3+

4 167* (x* 4 1) sin(27x) (£ — 0.1)3+

+ (sin(27x)> %) —sin(27x) (1 — 0.1)3¢,

Ax) = x,B(x) =x* +1,

¢ (x,1) =sin2rx) ¥ 0<x <1, r€[-0.1,0]

o1 (t) =0,a(¢) =0,B1(r) =0,B(t) =0,0<r < 1,

where G(x,t) = —T'(a+4)sin(27mx)>+¢

The exact solution of the Example 4.1 is u(x,t) = sin(27x)3 <.

First we fix h = % and keep varying 7. In table 1, error is

presented in L norm (E»(7,4)) and Lo norm (Ew(7,h)). Itis
observed that temporal accuracy of order O(7?) is achieved
conforming the theoretical results.
Next we fix T = % and keep varying k. In table 2, error is
presented in Ly norm (E»(7,h)) and L. norm (Ew(7,h)). It
is observed that spatial accuracy of order O(h*) is achieved
conforming the theoretical results.

The efficiency of the scheme is numerically examined by
taking sufficiently small spatial and temporal steps. The re-
sults illustrate that our scheme has temporal accuracy of O(h*)
and temporal convergence of order O(7?). A good agreement
between theoretical and numerical results is obtained.

First we fix h = % and keep varying 7. In table 1, error is
presented in Ly norm (E2(7,h)) and Le norm (Ew(7,h)). Itis
observed that temporal accuracy of order O(7?) is achieved
conforming the theoretical results.

Next we fix 7= % and keep varying h. In table 2, error is
presented in L, norm (E»(7,h)) and L. norm (Ew(7,h)). It
is observed that spatial accuracy of order O(h*) is achieved
conforming the theoretical results.

Exact and numerical solution surface plot are given in Figure
land 2 with ¢« =03, h=1 = % and a good agreement
between numerical and exact solution can be observed.
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Table 1. Comparison of temporal convergence order with
L1-formula [9],[11] and computational error using L| — norm
and L., — norm for example 4.1.

Using Present
Scheme
Order(1°~%)
1.9876
1.9981
1.9990
1.9968
1.9991
2.0007
1.9989
1.9995
2.0009

Using L1-
formula
Order(t>~%)
1.5919
1.6321
1.6911
1.2768
1.3377
1.3701
1.0818
1.1176
1.7664

E.(h,7T)
5.2005e-004
1.7166e-004
7.3215e-005
8.4616e-004
3.5020e-005
9.1822e-006
2.3604e-004
4.9427e-005
6.5601e-006

Using Present
Scheme
Order(73~%)
1.9868
1.9977
1.9985
1.9892
1.9969
1.9993
1.9898
1.9985
2.0011

Using L1-
formula
Order(t>~%)
1.5789
1.6217
1.6901
1.2886
1.3473
1.3890
1.0919
1.1285
1.1789

ELZ (h,T)

1/30 | 6.6119e-004
1/60 | 2.4058e-004

1.6322¢-005
1/30 | 7.8624e-004
1/60 | 3.0526e-005
1/80 | 9.1927e-006
1/30 | 2.3755e-004

1/60

1.4600e-005

1/80 | 8.8152e-006

1/80

0.3
0.6
0.8

Exact solution plot

h=7=1/50

1
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Table 2. The computational error and convergence orders in
space for example 4.1.
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Figure 2. Numerical solution surface with h = 7 = %

Example 4.2. Example 4.2 is considered with non-local ini-
tial and boundary conditions. A positive delay quantity (s=0.1)
is assumed. Numerical results are calculated using the pro-
posed compact difference scheme and obtained results are
found in good agreement with theoretical results. Tables 3
and 4 shows the temporal and spatial convergence orderers
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and hence confirming the theoretical results.

%u(x,t)  d*u(x,t) N *u(x,t—0.1)
o ox oxt

3
anﬂ:wMﬂHa+®%—%wmm

+G(x1),

—exp(x) (T 4 (1 — 0.13%) 4 exp(x)

10
u(x,t) =exp(x) (3% +1), 0<x<1, re[-0.1,0]
w(0,0) =3 11, u(l,r)=e(r* % +1), 0<1<I,
9*u(0,1) 3+a 9%u(1,1) 3+a
— =t t,——>"t =e(t 1),0<r<1.

The exact solution of the problem is u(x,t) = exp(x)(£3+% +1).

The efficiency of the scheme is numerically examined by
taking sufficiently small spatial and temporal steps. The re-
sults illustrate that our scheme has temporal accuracy of O(h*)
and temporal convergence of order O(7?). A good agreement
between theoretical and numerical results is obtained.

First we fix h = % and keep varying 7. In table 3, error is

presented in L, norm (E>(7,h)) and Le norm (E;_(7,h)). It
is observed that temporal accuracy of order O(7?) is achieved
conforming the theoretical results.
Next we fix 7 = % and keep varying h. In table 4, error is
presented in Ly norm (E>(7,h)) and L. norm (E;_(7,h)). It
is observed that spatial accuracy of order O(h*) is achieved
conforming the theoretical results.

Table 3. The computational error and convergence orders in
time for example 4.2.
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Table 4. The computational error and convergence orders in

space for example 4.2. h = 1/50, 7 = 1/50
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S O O O 0RO 5. Conclusion
Ko e 0 I
WO = 0 O This paper presents a second-order compact difference
23232388338 scheme for time variable and of fourth order for the spatial
SIS variable for fourth order non-linear neutral delay sub-diffusion
wave equation with variable coefficients. Using the discrete
< © s
SIS S P energy method, stability and convergence of the proposed

scheme in the Ly-norm are proved. Numerical calculations
of the test problem confirm the reliability of the theoretical
results.

Exact and numerical solution surface plot are given in
Figure 3and4 witha =03, h=17= % and a good agreement Acknowledgment

between numerical and exact solution can be observed. The work of the first author is supported by the Ministry

of Human Resource and Development.
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