CHAPTER 2

Stable Numerical Schemes for Time-Fractional Diffusion

Equation with Generalized Memory Kernel

2.1 Introduction

This chapter investigates numerical schemes based on FDM for the generalized time-
fractional diffusion equations with smooth and non-smooth solutions. Initially, we
formulate the mathematical problem and then we design stable numerical schemes

with higher order of accuracy.

21
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2.1.1 Problem formulation

Consider the following initial-boundary value problem for the GTFDEs with variable

coeflicients [24]:

9 0¢ = L+ o(x,t),  xe(0,1), te(0,T], (2.1)

¢(0,t) =0, ¢(1,t)=0, tel0,T], ((x,0)=C((x), x€]0,1], (2.2)

where,

and

11—«

a,w(t) o 1 / w(t — g) %
aO,t C(l’,t) - F( ) ! (t . 5)‘1 aé(xaf)dga

is the fractional derivative of order a;, 0 < @ < 1 in generalized Caputo sense with
the weight function w(t) € C?[0,T), H = {(x,t) : 0 <z <[,0<t < T}, w(t) >0
and w'(t) < 0 for all t € [0,7], and 0 < ¢; < m(x,t) < ¢y and p(x,t) > 0 for all

(x,t) € H.

2.1.2 Physical significance of the above model

In this part, we show the physical significance of GTFDEs via the mean square

displacement (MSD) factor. MSD is a vital characteristic property of diffusion and
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relaxation process. In [74], Sandev et al. (2015) proved the variations of the mean
square displacement with different weighting functions. The MSD of the traditional
Caputo FD (1.6)-(1.7) is found to be

@0~ o (23

(a+1)

where K is the diffusivity constant, and for the classical diffusion case the MSD is

(22(t)) x t. (2.4)

For the generalized Caputo FD (1.1) with a tempered memory kernel (w(t) = e~%),

the MSD in the short time limit is

(2%(t)) ~2t*/T(1 + ), (2.5)
and in the long time limit it is

(1)) ~ 20", b>0, 0<a <1, (2.6)

From equations (2.3), (2.4), (2.5) and (2.6) it is clear that the behaviour of tempered
kernel is such that anomalous diffusion crosses over to normal diffusion, hence re-
sulting in a unified study of various physical problems through a single model. The
case of tempered kernel is one of the particular case of the generalized kernel defined
n (1.1). Using different weight functions may generate various known mathematical
models available in literature. Thus, GTFDEs is an interesting topic of research and

deserves much interest.

Hence, we are motivated to design stable and efficient schemes that will be suitable
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to address mathematical simulation that may naturally arise in numerical methods
for GTFDEs with smooth and non-smooth solutions. The main contribution of this

chapter can be described by the following points:

e The modified version of the L1 formula for the smooth and non-smooth solu-
tions on a non-uniform grid is developed and shown that for smooth solutions,
this scheme presents a better or equivalent result than the uniform mesh. Also,
it is shown that for non-smooth solutions, this scheme presents a better result

than the uniform mesh discussed in [24].

e Two different non-uniform grids are taken, one for smooth and the other for
the non-smooth solution. The motivation behind taking two different meshes
is that for the smooth solution, we require a grading of the mesh such that the
gridding should be finer near the end point ¢ = 1 due to the kernel singularity.
Similarly, for the non-smooth solution, we require a grading of the mesh such
that the gridding should be finer near ¢ = 0 to handle the singularity of the
solution near ¢ = 0. In our proposed schemes, we use the grid defined in
[101] for the smooth solution and the grid defined in [55] for the non-smooth

solution, respectively.

e For developed schemes, the analysis is investigated for smooth and non-smooth
solutions with respect to Lo-norm and L.-norm, respectively. To validate the
analysis part, some numerical experiments are given. For both the cases, we

have shown a convergence order of 2 — a.

The rest of the chapter is organized as follows: Section 2.2 presents the derivation
of the modified L1 scheme on the non-uniform grid and the fully discrete scheme
for GTFDESs is derived and two different grids are introduced, one for the smooth

solution, another for the non-smooth solution. Stability and convergence of the
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scheme for smooth solution in Ls-norm has been established in 2.3. Similarly, in
Section 2.4, stability and convergence for non-smooth solution in L,-norm are given.
Some numerical experiments are performed on the non-uniform grid in Section 2.5.

In Section 2.6, some concluding remarks are given.

2.2 The approximation formula and the scheme

2.2.1 Formula derivation

Let ((x,t) be the exact solution of the mathematical model (2.1)-(2.2). For any
N € Z%, let us partition the interval [0,7T] into N sub-intervals with 0 = ¢, <
ty... <ty=Tand 7, =t,—t,1,1 <n < N where 7, is the time step size.
We approximate the Caputo derivative 8&:(”1}@). For all a € (0,1) and w(t) >
0, w'(t) <0 and w(t) € C?[0,T], we have

t

e L felt=0©d 1 S Fu - oue e
e “>‘r<1—a>o/ (O ‘m—a);/ P

wlta =g A [ wltn ~ O(0(6) - T w(©)) d
[(1-a) Z/ o 2/ t—é)

We use transformation of variables for the first term to convert variable £ to
ts + (ts41 — ts)z and then for w(t, —ts — 7s112), we use the following representation:
w(tn - ts - TS-‘rlz) = ’QD + (w(tn - ts - 7‘3+1Z) - ¢)7 where

Y= w(tn —ts — 7-851) + [w(tn - t5+1> - w(tn - ts)]<z - 1/2)7
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and thus in this case, we can write the following equality:

n-1 Lw(t, — t, — =t ty—tesn) — w(tn — )] (2 — L
833;1@)1)(75) = L th,s Ts+1 / St 2 J Rt ) :’( ot 2)dz
’ I'(l-a) = J (tn —ts — Ts112)
+ R + Ry
1 n—1 .
s+1\ n n
= Ty O [t =t = T+ (= o) —lt — )] (v(tiar) = v(t)
+ R + R,
where,
ts - ts - ts ts
Vi = 'U( +1) U( ) : 1—[1782}(5) _ U(ts+1)€ +'U(ts +1 5’
Ts+1 Ts+1 Ts+1
a® = (tn - ts)l_a - (tn - ts+1)1_a
° Ts+1 7
1 — —Q TS —« —«
bg = o5 (2—[(tn ts)Q (tn t5+1)2 ] - 2+1 [(tn - ts)l + (tn - ts-i—l)l ])a
Ts+1 -
n—1 1

" 1 Wty —ts — Tsp12) — Y
Ry = —) th,s Ts+1/ ( +12) dz,
0

I'(l— o) = (t, —ts — Ts112)®

1 U tSHw t, — &) (v(&) =11 ,v(€)) d
§ [ etta= 00 Tunie o

M =ra (tn — 6"

s=0 b

Thus, for the fractional derivative of order « in generalized Caputo sense with the

weight function as w(t) (0 < a < 1, w(t) > 0, W'(t) < 0), we have the following
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numerical approximation formula on non-uniform mesh .

n—1
MG =" e (0ta) — v(ts)), (2.7)
s=0
where,
= o [l — 1= Tl (ol — ) (b — 1)
Cs = n 5  |Wln —1s — a Wty — Ts — Wty — s .
s F(2—Oé) 2 s +1 s

This can be called as the L1 formula on any non-uniform grid for generalized Caputo

fractional derivative for smooth as well as non-smooth solutions.

2.2.2 A difference scheme

Consider the rectangle H. Now, we have the mesh as Yn, = X» X X», Where
)Zh:{xi:ih:i:O,l,...,M,hM:l}and XT:{tn:0:t0<t1 <ty < ... <1In_q <tN:T}.
The difference scheme is

Ay, = Aol + g2, n=1,...,N, i=1,2,...,M—1, (2.8)

o(0,t) =0, w(l,t) =0, t € %r, @(z,0) = G(a), € n. (2.9)

where,

i1 @i — (@1 + a5) @ + i

h2

—diwi, Z:L,M—l
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Wz,i = sza Wi = %7 a? = m(xifl/%tn)a d? = p(xwtn)a ¢zn = ¢($7,7

2.2.2.1 Non-uniform meshes for smooth and non-smooth solution re-

spectively

This sub-section defines two different types of non-uniform mesh, one for smooth

solution and the other for the non-smooth solution.

Mesh for smooth solution

Let N be a positive integer. Consider the partitioning of the interval [0,7] into
sub-intervals with 0 =tg <t;... <ty =T and 7, =t, —t,—1, 1 <n < N where 7,

is the time step size as defined in [101].

2T
Tn:<N+1—n)/l,, 1§n§N, Where, M:m (210)
Mesh for non-smooth solution [55]
Let N € Z*. Put
t,=T(n/N)" forn=0,1,2... N, (2.11)

where the constant mesh grading » > 1 is being choosed by the user. If » = 1, the

grid is uniform. Also, 7, =t, —t, 1 for 1 <n < N.

t).
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2.3 Stability and convergence of the scheme for

smooth solutions

This section deals with the stability and convergence of the proposed scheme on
non-uniform mesh for a smooth solution. For the developed scheme, the analysis is
investigated for the smooth solution with respect to Ly-norm. The CO is established

to be O(N*~?) in the temporal direction.

2.3.1 Stability for smooth solutions

Lemma 2.3.1. [37,101] Foranyn =1,2,..., N, {a?0<s<n-—1}and a € (0,1),

the following inequality holds:

and
by 1 >by o> ...>b) >b) ;> ...>0b; >0.

Corollary 2.3.1. For any n = 1,2,...,N, {c?|0 < s <n—1}, a € (0,1) and
w(t) € C?[0,T], where w(t) > 0, W'(t) <0Vt € [0,T], the following inequalities

hold:

n
n—1

(JJ(tn — to — %)

¢ I'(1—a)(t, —to)*

> o> ... >C > Ch >y >
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Proof. From equation (2.7), we get

1 Ts+1
D= tn - ts -
G Ta—a 2

Jay + (w(ty, —tsi1) —w(t, —ts))b0 | .

Since w(t) > 0 and a decreasing function so the coefficient of b” in the above equation
is positive. Also, since a? and b7 are increasing functions and the sum of two
increasing functions will also be increasing. Hence, ¢! is monotonically increasing.
Now since 07 > 0,

Thus

7-s—s—l
(.U(tn — ts — ) W(t — . — Ts+1)
> 2 0> U z
g F2—a) © TO—a)ty—t,)e

The next lemma results from Corollary 2.3.1 and Lemma 3.1 of [24] (or Lemma 1 of
[45]).

Lemma 2.3.2. [24] The following inequality is true for any function v(¢) defined on

the grid Y.,
1
oA > L ASEO(?)

Theorem 2.3.1. The solution of the proposed scheme (2.8)-(2.9) is unconditionally
stable and satisfies the following result:

TT' (1 —
TTA =) oy (l6m|2

n(|2 < 0112
l="[5 < [l=”ll6 + dero(T) 15new

Proof. For the difference operator A, using Green’s first difference formula and the

embedding theorem [102] for the functions vanishing at z = 0 and x = 1, we get
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(— AN w, @) > 4ei||w]|2, that is, for this operator we take 3 = 4c¢;. Now, as the
difference scheme (2.8)-(2.9) has the same form as equation (3.1)-(3.2) in reference
[24], where ¢" = ¢?. Thus, Corollary 2.3.1 implies that following inequalities are
valid:

W(tn—t()— %) (JJ(T)
T(1—a)(t, —to)e ~ T(1—a)Te’

n

9o = co >

In1>Gno>--->g5, 0=1

Therefore, Theorem 3.3 in [24] implies the validity of Theorem 2.3.1. Also, Theorem
3.4 in [24] implies that the solution of the proposed scheme (2.8)-(2.9) converges

with the rate equal to the order of approximation error O(h? + N*72). O

2.3.2 Convergence of smooth solutions

Lemma 2.3.3. For any o € (0,1) and v(t) € C?[0,t,], it is true that
8&;°:(t)v = Aaﬁ(t)v + O(N*?),

where w(t) > 0,0/(t) < 0 and w(t) € C?[0,t,].

Proof.

95Dy — AgeWy = Ry + Ry,
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We estimate the errors R} and Rj:

|w(tn — Ter12) — Y
Rn s| Ts d
R < Frea 52 mml/ ot reis) 2,
Mn — MPmn n—1 tst1 df
_Mimy 1M 2
(- o) Z S“/ tn — 1, —rs+1z) 4F(1—a)§;7—8+1/(tn—§)a
M R foa i dg
_ {ng 2/ 2/ 9 /
T l—o | +7% | Tt - R
A=a) | (=0 7] (=" N CEE
0 1 n—1
M Toa
= 4F(11 TZ)TE/ (—tn _gg)a (as 7% > 715 > ... > 72 for grid defined in [101])
to
_ Mimy o, Mimy TP,

where,

1
Myt = mag [v'(t)] and my = maz |W"(1)];
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o1 i — 00 (8))
‘R2|_F<1—a>z/ t —5 &«

+

1|2t - 900 — @)
Tli-a) Z/ g

1 Fw(tn — O'(€) — ven]
* / PR

tn—1

| N

Z/w C0(€)] 0 (b — )]t — €) e

n—2 ts41

TR o / [0(€) = T (€] wltn — €)(tn — €)1 de

1 / Wt — E)V(E) — vy |de

+
I'(l—a) (tn — &)
tn—1
Mn n—2 M n—2 bsi1
my o OJ -1
t — ad t — &) d
_SFI—QZSH/ £+ 80(1 — « ;TH/ 13
" ts
UL -
Fl—a)" ) (tn—&*

where

tn—1

M} = max |v"(t)| and m} = mazx |W'(t)].

0<t<ty 0<t<tn
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Now,

_9 ts+1 tn

MgmY \ 2 / —a MgmY 2/ —a Mymi 1-a
2 _ < 727 _ — 727
STy 2o [ (1) 7 [ (b~ €70 H(tn)

8I'(1 —a) !

ts to
 MymyT
C2T(1 — a)(N +1)2

— 8I'(1 — «)

Also,
M (O) n—2 bs41 M n—2
aMy 2 a—1 aMy —oa—l
— tn — d n — s :
8T(1— a) ;Tsﬂ /( §)” §< mm sT(1 ;TH +1)
S ts S=
Since p = N(]QVTH)

bn —tsy1 = Z T = Tn+TS+2)(n—s—1):g[(QN—n—s)(n—s—l)] :
=542
Therefore,
n—2
Z Ts+1 _ s+1 —a—1 _ 21+alu2—a(N _ 8)3(71 —g— 1)—a—1(2N —n— S)—a—l
s=0
n—2
< 21-&—04#2—04 Z(N _ 8)3(71 —5— 1)_a_1(N _ S)—a—l
s=0
n—2
< 21+aﬂ2—aN2—a Z(n g — 1)—a—1
s=0
2T)2—aN2—a n—2
— 21-‘1-0[ ( o o 1 —a—1
NQfa(N + 1)2704 ;(n s )

gT2a 2 82—« l1+a
= -—- - - ]_ —a-l < N
(N + 1)z s;(n TS ( a >
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Thus,

ts+1

n—2
aMy'w 2 —1 w(0) M3 2

g — @ < T-79(1
SD(1— a) = '+ / O e S S ) e

5=0
w(0) My 2—
T (1 .
T o)
Finally,
tn
w(0) M3, / d¢  _ w(OMgr e w(O)Mir ™  w(0)MFT? 2%
I['(1-a) (tw— &>  T(2—a) — T(2-a) T@2-a)(N+1)2e’
tn—1
Thus, combining R} and each terms of Ry we have
|aa,w(t) A w(t) | Mn T2 (tn)lia Mgm?th'}zia
0.t Bo, vl S I( —a)(N+1)2 2I'(1 — a)(N + 1)2

2
WOMPT> (1 +a)  w(0)MyT>22-
1

( — a—2
L(1—a)(N+1)2>  T(2-a)(N+1)2 O(N*) .

2.4 Theoretical analysis for non-smooth solutions

2.4.1 Stability analysis

The discrete form of the proposed scheme is :

Otn w Z s+1 s)
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wheret=1,2,.... M —landn=1,2,..., N.
Let, dy = c;_, and dj , =c,_,_,. Thus,

s

n—1

AoV = diwl! — di? + Y (d2yy — d2)w)™
s=1
T ¢ o

dy = ¢, = m {w <%> w0 - W(Tn)}m

3 T T n mn
Also, since Ch_g>Cn_o = dy <d.

n—s

Hence, the scheme (2.8)-(2.9) becomes

n n n n
Lﬂn Miq2%Wirr My Wi

§ : n_ v S
w + d s—l—l )

fori=1,2,.... M—1landn=1,2,...,N.
We take

DM’Nw?:Agﬁ(t)wi—/\w?:qb? for 1<:<M-—-1, 1<n<N\,

with
o =wh, =0 for 1<n<N and @) = (y(z) for 0 <i < M.

Lemma 2.4.1. [55] The solution of our discrete problem satisfies

n—1

" [loe < d" 16" loc + dlle®loc + > (i = dip)l|@" |l | forn=1,2,.

s=1

.N.



Chapter 2. Stable Numerical Schemes... 37

Proof. For n € N, we choose iy such that |@j'| = |[@"||. The equation of the

scheme consisting of the grid point (x;,, t,) is

n n n n n
&+ Migr1/2 T MG _1)9 o | — My 11/2%ig+1 My _1/2Wig—1 4
1 h2 Diy | Wiy = h2 h2 i0
n—1
m__0 m m n—s
+ dnwio + E (ds - ds+1>wi0 )
s=1

Now, for p > 0 and the choice of i(, we get

h? h?

dry, + Z (d7 — d?yy)w "—8]

+m +m
n m; +1/2 m; 1/2 n i0+1/2 m; 1/2 n
a + o o~ ]Hw st( : o >Hw e

n
ZO

_l_

Y

which implies

n

df[@"[lee < |95, +

ST

Using the inequality dj,, < dj proved above, one easily gets the desired result. [

Now, we define the real numbers 6, 5, forn =1,2,... , Nand k =1,2,...,n—1 by

— (d" dyy)0n—s -

W
I
—

Lemma 2.4.2. [55] The solution of the discrete problem satisfies

1" [loo < 1[0 + ZanHdﬂ“Hoo

1k1

for n=1,2... N.

Proof. This Lemma can be proved like the Lemma 4.2 in [55]. O
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Lemma 2.4.3. Let the parameter ~ satisfy v < ra. Then, for n € N, one has

1 & [(2—-a) [T*N™
— Wp < . 2.12
ap 20 < [1_04} (2.12)

Proof. To prove Lemma 2.4.3, we use the mathematical induction method. For n=1,

we have
bia ['2—a) < L2 —a)r < r2—-a)m T@2-—a)T"
d} w(F) + [w(0) — w(ﬁ)]m - ow® T w w(T)Nr
_T@—a)T°N _T2—a)T"N"

- w(T) - w1l -a)

Let it be true forn =1,2,...1 — 1, where [ € {2,3,...,N}.

For n=1
! -1 I—k
1 - =0, 1 _ o,
=N k0, = D DL [d —d, 0,
l Z Lk 1 ] 1—s L%s s+11V1—sk
dy k=1 dy dy k=1 s=1 dy
e, o, 1 &
= d_l + d_l Z[ds - derl]ﬁ Z k 'Yelfs,k
1 L s=1 1 k=1
-1
- 1 ['2—a)T*N—
< —+— > [d—d,
d = d ;[ +1) w(T)(1 - )
I~ 1 2 —a)T*N—
< —+—[d —d
S G R Ty
I'2—a)T*N™ N 1 — le(Q —a)T*N—
w1 - a) d4 w1 - a)

'2—a)T*N—
Now, we complete our induction proof by showing {l‘” —d! ( @) } <0

w(T)(1 — )
Since,
L1 1 wlti = 5) 114 1-a !
d=c= T2 o) { - [t =t —t) ]] + [w(t; — t1) — w(ty)]b}
1 wlti = %) (1 4 i\l-a 1 w(T) t1-a _;  ,i-a
T2 —a) { - [tl (ti —t1) ﬂ > T2 —a) { - [tl (ti —t1) }} )
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Hence,

[2 - )TN TN [ — (= 1)'™]

d wT)(1-—a) — (1-a) T

> [77, as proved in [55].

Thus, (2.12) holds for n = [. Hence, by the principle of mathematical induction,

Lemma 2.4.3 is true for all n. O

2.4.2 Convergence analysis

Here, we first bound the truncation error and then apply the result of Lemma 2.4.2
for our analysis. It is known that the following results hold for the case of non-smooth

solutions when w(t) = const > 0.

Theorem 2.4.1. [55] Assume that (o(x) € D(L52), ¢(.,t) € D(L?),¢4(.,t) and ¢y(.,t) are in
D(LY?) for each t € (0,T] with

e G Ol gorz + e () 222 + (|G D) 2172 < G

V¢ € (0,7] and some constant p < 1, where (' is a constant independent of t. Then
(2.1)-(2.2) has a unique solution that satisfies these equations pointwise, and there

exist a constant C' such that

k¢

W(:C,t) S C, fO'f’ k20,1,2,3,4, (213)
T

alC a—l

w(w,t) <C(1+t*"), for 1=0,1,2, (2.14)

for all (x,t) € [0,1] x (0,77.
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For small enough t (t << 1) we have w(t) = w(0) + O(t). Hence, our problem
becomes similar to the classical time-fractional diffusion equation for small enough
t. So, we assume that the solution of the problem (2.1)-(2.2) satisfies the conditions
(2.13)-(2.14) for such t. From the numerical calculations, it can be observed that
these conditions are consistent with the solution of the original problem for test
examples.

Also, we use the following bound from [55]

s+1\" S\" o
TS+1:T( - ) —T(N> < OTN~"s™, (2.15)

fors=0,1,...,N — 1.

2.4.2.1 Truncation error for diffusion term

Truncation error for diffusion term is estimated by using equation (2.13), which

yields

0%¢ 2 2
o3 (istn) = 62 (@is ) + O(h7), (2.16)

for all grid points (z;,t,) € H.
2.4.2.2 Truncation error for Caputo derivative term

Lemma 2.4.4. There exists a constant C such that for any a € (0, 1), function

v(t) € D(£%?), and all (x;,t,) € H, we have

|88‘7f:(t)v . Agv,;:zl(t)v‘ < C?”L_mm{Q_a’ml}-
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Proof. We have
G0 = A55 0 = Ry + Ry,

where,

—t, — —
|Rn| ) |Uts| 7_S_H/|W Ts-i—lz) 1/))|dz

by —ts — Tsq12)”

(

dz
-~ 4F Z ‘vt 5’7—5_'_1 / ts — 7-S+1z>04 .

For 1 <s<mn—1, we have

1 ts+1

my 3 dz Cmg oy 2 d¢
L B < o = by (214
4F<1 — O{) ”Ut7 ’Ts+1 \/ (tn - ts - Ts+lz)a N 4F<1 - Oé) S+1 ; (tn - f)a Y ( )

c ) (2N de tst1 de

_ mg ( [ S i|r> 4T 9 / a—1 r a—1) r( 2 /
=——=2 (T|—= —— =CT N~ —

Ar1—a) \" LN ) -6 =¢ ) - ee

ts ts

< CTa—lsr(a—l)Tsf5+1(tn . S+1) aN—T(a 1)

< CTa—lSr(a—l)T3N—3r83r—3(tn . t8+1)—o<N—r(oc—l) by (215)

r +1 r -«
— CTa+2 ra+2r—3N—ra—2r T (ﬁ) -T 8
’ N N

— CT28ro¢+27‘73N72r [nr . (S 4 1)7‘]—& )

For 1 < s < [n/2] — 1, we have

[n/2]—1 [n/2]—1
CT2N727' Z Sra+2r 3 [ (S + 1) ] S OT2N72T Z Sra+2r73nfra
s=1 s=1
[n/2]-1 [n/2]-1

:CTQ,',L—TO(N—QT Z Sra+27‘—3§CT2n—r(a+2) Z 87’(04—}—2)—3‘

s=1 s=1
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By the results of convergence for series, we have

[n/2]-1
CT?nret2) Z setD=3 <Oon~? as  r(a+2) > 2.

s=1
For [n/2] < s <mn—1, we have

C t5+1 d£ ts+l
my 2 ya—1 —r r—1\23a—1
—_ t —— < C(TN t
4F(1 _ a) Tsy1ls (tn . 5)‘1 — ( S ) s

ts ts

dg
(tn = )°

tst1 ts+1

_ _ _ df _ _ n\ r(a—1) dé’
< C(TN ™" I)Qta 1 / _ CTH—aN 2Tn2(T 1) (_) / >
> n t, — &) N t, — &)
J @9 ] &9
ls41

_ CTl—i—aN—r(a—i—l)nra—i-r—Z dé )
(tn = &)

ts
Taking summation, we get

ts+l tn—1

th—2
CT1+aNfr(a+1)nra+r72 Z d§ _ CT1+aNfr(a+1)nra+r72 / d§
(tn - €>a (tn - €>a

s=t[n/2] ts tiny2]

ril—a
Qp, ratr— n\" [n/2]
§ CT apratr=2(¢, _t[n/ﬂ)l—a CTltopratr=—2 [T (—N) —T( T > }

— Nr(atl) Nr(et1)

< OT2N (et pratr—2 (ﬁ)r(l_a) — T2 <%)2r n?<Cn?.

N

We established the bound for R} from s =1 to s = n — 2 except for the cases when
s =0and s =n — 1. Now to prove the order of convergence, we also need to find

the bound when s =0 and s =n — 1.
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Case 1: Bound forn=1, s =0

|Ry| =

miﬁ(

my

= 42 —a) ! o€

t1

v — Up) mit (v

AT(1 - a) /<t1 — )7 = AT (2 —_a !

t1

i d§ C

1

(

€=0

Case 2: For s =0, n > 1, we have

1 1
n— | =) fo g - [mami(v — w)
0
1 “ P
myT1 l1-« 1-« v
< 2t _(t — -
S AT(2-a) ()77 = (8 = 1) }/ 0| ¢
to
1 %
myTy - N 11—« a—1
< Ol () — (0 - 1) ] [
to
1
myT l—a _ (4 _ 4 \l-a] o < 1-
C4F(2 — oz) [(tn) (tn tl) } tl = C[(tn>
<C <tn t_ tl) £ (By Mean Value Theorem)
1
by —t1\ © T? by —t1\ _
— < < T
O( t ) NQ’”_O( t ) =

t1

Case 3: For s=n—1

|RY| =

AT(1

ln

m%,r'svt,n—l /(t §> ad§ m% 2|Ul( )|

) T AT(1 - @)

UO) 1-af| _
1

)

_ (tn _ t1>170¢]t%+a

for n>1.

tn

JACEER

th—1 tn—1

_ my(vi — o) 5
AT(2 —a)

C’T2

) (1,17 — (1, — 12)'~]

]

<C’.
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for some 1 € (t,—1,tn),

tn

2501 —« 7?:_ t % —r r—113—ara—1 [ ¥ — 1 (e

tn—1

— CT2N72r(n - 1)2r+a73 S CT2(n o 1)0473

Similarly, R} is estimated:

B = e /w (0~ Moo o
<t S 25/00 X _Sm(f» d
+”11‘“)tn/1 e
. :/“w(tn 0006~ T
/ ot | g (50 )
<5 27 o' (tn — H;f _)f)Hlsv(f)\df
M- Z / ) I (11“)j ol = OO~ b
1]

Let the terms in R.H.S of (2.17) be 71 + 72 + 73 + 74 where 71, 72,73, 74 are first,

second, third and fourth terms, respectively.
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Now,

W't — ||U — I ,0(€ |d€ (@ |d§
1—a / — &) 1—Oé /

where

mf = max [o/ (1)), (€)= [%} (€—1t,), P(©)

(&) — v(ts).
Then, by mean value theorem of integrals

m 71@—\11)(5)@15 i

_ _ de
M-a ) @G- Ta-a v [ Gt

ts
for some 31 € (s, ts541).

Also,

(@ - 0)(3) = [‘ ] (B — 1) — () — v(ts)]

= (81 — ts)[ve(B2) — ve(B3)] = (81 — t5)(B2 — B3)vee(Ba),

for some [y, B3, B4 € (ts,tsi1). Therefore, we get for 1 <s<n—1

ts+1

my (¢ —W)(©)dE| _
I(1—a) / (tn —€)*

ts
ts+1

< O, 102 / (tn — €)°dE < O, 1 7yn (b — tay1) ™

ls

aea (SN2 T s+ 1
e G R [ (O

N )] < OTNTs™ " — (s + 1)1

(t, — &)~ d
< +1£€T{l§«>< Vs (& |/ 3
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For 1 < s < [n/2] — 1, we have

[n/2]-1 [n/2]-1
CTN™ Y s 3" — (s+ 1) *<CTN™" Y sroipe
s=1 s=1
< OTn—r(a—l-l) Sr(a+1)—3 )
s=1

Hence, convergence results for series [55] imply

;

Cnret) if r(a+1) < 2,
[n/2]-1

CTn 7+ Z s < o2 n i rla+1) =2,

s=1

Cn=2 if r(a+1) > 2.

\

For [n/2] <s<n-—1

tst1 ts+1

Oty max [l [ (b= < CENTS P2 [ (b - e
syls+1 ts ts
tst1 ts41
2 AT—2r, 2(r—1),a—2 -« a nT—2r, 2(r—1) n\r@=2) -
< OTAN-2rp2r=Dga=2 [ (3 g)=ade = CTON~n <N) (t, — €)de
ts ts
tst1

— CTaN—roznra—Q /(tn o 5)—ad£ ]

ls

Taking summation,

tno ts+1 tn—1

CT*N Topra—2 Z / (tn _ f)iadf — OTeNrapra—2 / (tn _ 5)70[(:16

§=t[n/2) ts s=t[n /2]

r 2 r1l-a
< CTUN 02 (ty — tays)' = CTON "’ {T (%) -7 ([% 1) ]
n

rql—a
< oren-rea [ ()] = ornr < ont.
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Thus, we found the bound for ;. Similarly,

lt = () — Ty (©)]de
T2 = 1—a Z/ t — g)ot

ts+
< /|U Hlsv )ldg '

t _§a+1

This term can be bounded similar to work [55]. Again the term 74 of (2.17) can also
be bounded as done in [55]. So, it remains only to bound the term 3 in (2.17) for

n > 1. As for n = 1, the case is same as the term -y, of (2.17).

V3=

1 wlty = O(€) — v |de
F(l_a) / (tn—g)a

tn—1

g% / [0/(€) = vy |(tn — €)2dE

tn

_ w(0) 0w v _a
“Ti-a) 5 ) = 5. (Bs) / (t, — &) ~"d¢

W(O)Tn a 11— Ct?,::% l1-o a—2_2
< T2—a) |02 (B (t — tan)' 0 < m%((tn —tn) ) SO,

1 a—2
S C[TN_T(TL . 1)7"71]2—04Ta—2 (nN ) S Ona—? )

and hence v3 < Cn~2~% where B5, Bs, Br € (tp_1,tn).
Now, we combine the bounds for 7;, 72, 73 and 74 and then by using similar steps

given in [55], we obtain the desired result. O

Theorem 2.4.2. The solution w! of the scheme (2.8)-(2.9) satisfies

TaN—min{Q—a,ra}
(zi,tn)EH > ’

mazx |((z,t,) —w)'| < C (h2 - w(T)
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for some constant C.
Proof. For a fixed (z;,t,) € H the truncation error of (2.8)-(2.9) at (x;,t,) is
| DarnlC (s tn) =] = A5 [C (i ) =] = A (i, ) ]| < C (B Emered),

by Lemma 2.4.4 and equation (2.16). Now, Dy y[((z4,t,) — @!] = xP. So, when
Lemma 2.4.2 is invoked with v} = ((z;,t,) — @? (the initial condition v = 0 for all

i), we get

1 n
ivtn_ n< — Qn koo
1 € ta) = S o > Onal |
1 < ,
< O 3 s + o miniEare)
L k=1

cTe 4
< h2 mem{Qfa,ra}

by Lemma 2.4.3 with v = 0 for the h? term and v = min{2 — a,ra} for the term

involving N~mn{2-ara}, ]

2.5 Numerical examples

In order to test the numerical accuracy of the proposed schemes in this chapter, three

test examples are investigated. The following norms are used for the maximum error

and CO for the domain and at the final time, respectively: ||.||x(x,.) and ||.||# ),
h o) = = b dw=w-__i

where ([l = max ful. [jwllue) = _max | fu(z.ty)] and w = = C i

the error, where w is the approximate solution. CO = log N HZ;H in time and

CO = log% HZ;H in space. The Ly-norm is defined by || - |[o. The CPU time is

measured in seconds in all the examples. All the numerical experiments are carried
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out on a Laptop with (a) 11th Gen Intel(R) Core (TM) i5-1135G7 CPU @ 2.40 GHz
(b) RAM 8 GB, and (c) System type 64-bit operating system running on MATLAB

2019a (The MathWorks, Inc., Natick, Massachusetts) programming.

Exzample 2.5.1. The first example is from [24], where ((z,t) = (Gfe_bt(ﬁbﬁg’fztz%gts%) + 1)

sin(mz) is the exact solution of problem (2.1)-(2.2) with w(t) = e, b > 0, and the
coefficients p(z,t) = 1 — sin(at), m(x,t) = 2 — cos(zt) and T=1. Since the solu-
tion of this example is smooth, therefore we use the non-uniform mesh as defined in

equation (2.10).

The outcomes of Example 2.5.1 are presented as:

e To verify the CO, we calculate Lo-norm and maximum norm errors by using
different step sizes in the temporal and spatial directions in Tables (2.1)-(2.2).
From the outcomes of Table 2.1 and Table 2.2, it can be concluded that CO

of temporal and spatial errors are O(N*~2 + h?).

e Table 2.2 shows how the reduction in error takes place as the number of inter-

vals in space and time steps is increased keeping M? = N2,

e Finally, the outcomes of Table 2.1 and Table 2.2 confirm the theoretical results

and show the effectiveness of the proposed scheme.
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Table 1

Uniform Non-Uniform

b o N J|lw|lgm CO  CPU time  ||w||aen) CO  CPU time

3.0 0.2 10 3.1097e-05 - 711.24 2.0562e-05 - 718.09
20 8.6482e-06 1.8463 767.37 5.4491e-06 1.9159 760.69
40 2.4174e-06 1.8389 817.03 1.4298e-06  1.9302 860.53
80 6.8234e-07 1.8249 963.77 3.7700e-07 1.9232 998.00

2.0 05 10 1.0377e-04 - 715.34 4.7048e-05 - 725.27
20 3.4957e-05 1.5698 780.53 1.3994e-05 1.7493 784.63
40 1.1930e-05 1.5511 847.92 4.2719e-06 1.7119 868.91
80 4.1179e-05 1.5345 980.87 1.3402¢-06 1.6724  1000.76

1.0 09 10 02.0e-03 - 720.51 9.5000e-04 - 730.61
20 9.3665e-04 1.0785 810.36 4.2150e-04 1.1724 762.78
40  4.4005e-04 1.0898 872.58 1.9116e-04 1.1407 875.47
80 2.0600e-04 1.0950  1006.31  8.7750e-05 1.1233 985.21

TABLE 2.1: Maximum norm errors and convergence order at final time for Ex.
2.5.1 for h = 1/10000.



Chapter 2. Stable Numerical Schemes... 51
Table 2
b « h [|w™]|o COn ||l |lo l[w™|ue@) COin||.|lger) CPU time
1.0 0.1 1/10  5.5e-03 - 7.8e-03 - 0.76
1/20 1.4e-03 2.0014 1.9¢-03 2.000 0.81
1/40 3.4648e-04 2.0000 4.8855e-04 1.9963 0.80
1/80 8.6624e-05 1.9999 1.2214e-04 1.9999 0.85
20 0.5 1/10  5.4e-03 - 7.5e-03 - 0.73
1/20  1.3e-03 2.0029 1.9e-03 2.0024 0.81
1/40 3.3480e-04 2.0007 4.7207e-04 1.9966 0.85
1/80 8.3685e-05 2.0002 1.1800e-04 2.0003 1.11
3.0 09 1/10 5.3e-03 - 7.4e-03 - 0.82
1/20  1.3e-03 2.0035 1.9e-03 2.0034 0.91
1/40 3.2961e-04 2.0009 4.6473e-04 1.9966 2.04
1/80 8.2391e-05 2.0002 1.1617e-04 2.0002 16.73

TABLE 2.2: Lo-norm and maximum norm errors and convergence order when

N = [M?/ (=),

Remark 2.5.1. Since the order of convergence in the case of non-smooth solutions

is O(N—mim2-ara}) if we choose r=1 we get a rate of a, while for a choice of r =

(2 — a)/(2a) we see a rate of (2 — «)/2 and when r > (2 — a)/«, the optimal rate

of (2 — a) is attained. Thus, in our examples we used r = (2 — a) /.

Example 2.5.2. We take next example with non-smooth solution [24] with data as:

p(z,t) =0, m(z,t) =1, a = 0.5, ¢(x,t) = 0, w(t) = e and (y(r) = sin(nz).

In this case, the exact solution of the problem is unknown so we use the double

computation method on two different grids x,,, and Xr,, where Xp-, C Xar, to find

CO. Here, we use the grid defined in equation (2.11). The results are given in

Table 2.3.
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Table 3
Uniform [24] Non-Uniform

Ny Ny oM —@™||y COinH CPUtime [|@™ —@™||y COinH CPU time

40 80 6.2671e-02 - 3.04 8.7e-03 - 3.50
80 160 5.7034e-02 0.1360 4.40 3.7e-03 1.2200 4.53
160 320 4.9249e-02 0.2117 7.70 1.5e-03 1.3226 7.99

TABLE 2.3: Comparison of maximum norm errors for uniform and non-uniform
grid when h = 1/1000, o = 0.5.

Table 4

Uniform [24] Non-Uniform

N, N, ||w%1 — w]]:,fQHH COinty CPU time wal — w%QHH COinty CPU time

40 80 3.3865e-05 - 3.12 1.2360e-05 - 3.49
80 160 1.5927e-05 1.0883 4.51 4.2148e-06 1.5522 4.55
160 320 7.6690e-06 1.0544 7.76 1.4593e-06 1.5302 7.98

TABLE 2.4: Comparison of maximum norm errors at final time for uniform and
non-uniform grid when h = 1/1000, a = 0.5.

The numerical results are found and illustrated below:

e Table 2.3 and Table 2.4 present that non-uniform mesh gives CO calculated
in the domain and at the final time both, equivalent to 2 — a;, whereas using
uniform mesh leads to a decrease in CO due to the presence of singularity in
the derivative of the solution. The results obtained from non-uniform mesh

are compared with uniform grid results given in [24].

e We can also split the problem into smooth and non-smooth part as done in

[24], then the solution can be found in the following form:
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vt s

C(x,t) = y(z,t) — 7T2F<1‘5)6 Ysin(mrx) + sin(rx),

where y(z,t) will be a smooth solution to the problem

w 0 t
88,}&57 Wy = 8_953; + Sin(ﬁl")w\/;)e_m — (14 te™® — e ")7? sin(nz),

y(0,t) =0, y(1,t) =0, t € [0,1], y(z,0) =0, = € [0, 1].

e From Table 2.5, it can be observed that after using splitting method non-
uniform grid gives O(N*~?) CO whereas uniform mesh used in [24] gives CO
equivalent to one. At final time, we get similar results from uniform and

non-uniform grid.

Table 5

Uniform [24] Non-Uniform

Ny Ny |l&M —z™||y COinH CPUtime |[[@™ —@™||y COin H CPU time

40 80 4.9565e-02 - 2.78 3.3000e-03 - 2.92
80 160 2.6688e-02 0.8931 4.53 1.2000e-03 1.4417 4.69
160 320 1.3354e-02 0.9988 7.85 4.4673e-04 1.4608 7.90

TABLE 2.5: Comparison of maximum norm errors in domain for uniform and
non-uniform grid after splitting when A = 1/1000, o = 0.5.

Example 2.5.3. Here, we construct a new example with non-smooth solution. Let
((x,t) = tPsin(rx)e® be the exact solution of (2.1)-(2.2) with w(t) = e, 0 <

B < 1, the coefficients p(z,t) = 1 — sin(zt), m(z,t) = 2 — cos(xt) and T=1.

The numerical outcomes of this example are obtained and highlighted below:
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e [t is observed that the exact solution is non-smooth as the first derivative is
singular at ¢ = 0. Thus, Table 2.6 shows uniform mesh produces poor results

in this case.

e In Table 2.6, maximum norm errors and CO calculated in the domain are
given for different values of @ and § with fixed h = 1/1000 in the temporal
direction. The results for uniform and non-uniform mesh are obtained and
compared showing non-uniform grid produces CO around N®~2 which vali-

dates the theoretical results.

e If we fix N = 5000 and varying h = [/M, [ = 1, then maximum norm errors

and CO in space for Example 2.5.3 are given in Table 2.7.
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Table 6
Uniform Non-Uniform
a B N Jwlug,, CO  CPUtime |w||ux,,) CO  CPU time
0.3 0.3 40 1.640e-02 - 1.68 7.6612¢-04 - 2.19
80  1.460e-02 0.1629 2.27 2.7550e-04 1.4753 2.28
160 1.330e-02  0.1390 3.47 9.3877e-05 1.5534 3.52
320 1.210e-02  0.1295 5.82 3.1221e-05 1.5883 5.84
0.5 0.5 40 1.530e-02 - 1.67 1.3000e-03 - 1.65
80  1.240e-02 0.3002 2.20 5.4104e-04 1.2751 2.17
160  1.000e-02  0.3106 3.31 2.1220e-04  1.3503 3.33
320  8.000e-03 0.3313 5.73 8.0172e-05 1.4042 5.66
0.9 09 40 5.200e-03 - 1.72 3.4400e-03 - 1.70
80  2.800e-03 0.8877 2.28 1.7000e-03  0.9880 2.31
160 1.500e-03  0.9250 3.42 8.4315e-04 1.0150 3.39
320 7.748e-04  0.9283 5.84 4.1280e-04 1.0303 5.76

TABLE 2.6: Maximum norm error and CO calculated in domain for Ex. 2.5.3 for
h =1/1000 .
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Table 7

o f b mazffutlle COm|l-flo [lwllag.) COnl e, CPU time

0.3 0.3 1/10 1.5000e-03 - 2.1000e-03 - 39.75
1/20  3.7361e-04 2.0029 5.2833e-04 2.0029 39.51
1/40  9.3565e-05 1.9975 1.3231e-04 1.9975 40.60

0.5 0.5 1/10 9.0033e-04 - 1.3000e-03 - 34.72
1/20  2.2440e-04 2.0044 3.1729e-04 2.0044 34.56
1/40  5.5938e-05 2.0042 7.9093e-05 2.0042 35.55

09 09 1/10 4.0756e-04 - 5.7599e-04 - 38.89
1/20  9.8349e-05 2.0510 1.3898e-04 2.0511 38.69
1/40  2.2043e-05 2.1576 3.1142e-05 2.1580 41.05

TABLE 2.7: Lo-norm and maximum norm errors and spatial CO calculated in the

2.6 Conclusion

domain when N = 5000.

The presented schemes in this chapter are based on two different non-uniform grids,

one for smooth and the other for non-smooth solutions of the mathematical model

(2.1)-(2.2). The reason behind using two different meshes is that for the smooth

solution, we require a grading of the mesh such that the gridding should be finer

near the end point ¢ = 1 due to the kernel singularity. Similarly, for the non-smooth

solution, we require a grading of the mesh such that the gridding should be finer

near t = 0 to handle the singularity of the solution near t = 0. We see that the non-

uniform grid used for smooth solutions in equation (2.10) behaves similar to uniform

grid (Tables 1-2) but the non-uniform grid used for non-smooth solutions in eqution

(2.11) give much better results than the uniform grid with equivalent CPU time
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(Tables 3-6). Stability and convergence order of O(N*~2) of the proposed schemes
have been developed for smooth and non-smooth solution with respect to Ls-norm
(See Theorem 2.3.1 and Lemma 2.3.3) and L-norm (See Lemma 2.4.4 and Theorem
2.4.2), respectively and also second order of convergence has been established in the
spatial direction. The comparative study of our scheme for the non-uniform case
with [24] have been shown in Tables (2.3)-(2.5) and it is reflected that our scheme

performs with better error efficiency and CO compared to the scheme given in [24].

Y4 This chapter has been published in “Applied Numerical Mathematics”, Vol.
172, 546-565, 2022. DOI: https://doi.org/10.1016/j.apnum.2021.11.006.
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