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Abstract: For two sided space fractional diffusion equation with time functional after-effect, an implicit
numerical method is constructed and the order of its convergence is obtained. The method is a fractional
analogue of the Crank—Nicholson method, and also uses interpolation and extrapolation of the prehistory of
model with respect to time.
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Introduction

Diffusion equations with delay of general type, constant or variable, concentrated or distributed,
are often applied in the simulation of dynamics processes. There are two effects often combined with
these equations: distribution of parameters in space and heredity in time [1,2]. Numerical methods
for solving such equations were considered in many papers, for example [3-7]. In paper [8], a
technique of study on stability and convergence of numerical algorithms using the general theory of
differential schemes was constructed for the heat conduction equation with delay [9] and the theory
of numerical methods of the solution of the functional and differential equations were discussed
in [10,11]. After that, this technique was applied to research of numerical methods of the solution
of the equations of hyperbolic type with delay [12], various equations of parabolic type [13,14] and
other types of the equations in partial derivatives with effect of heredity [15]. Here this technique
is applied to the equations with partial derivatives of a fractional order effected with functional
delay.

Fractional differential equations [16-18] gained a great interest in the past decades due to
their accuracy in modeling a lot of problems in many fields of science. The equations in partial
derivatives of a fractional order were subdivided into two big classes: with a fractional derivative on
space and with a fractional derivative on time. Now there are many papers on numerical methods
of the solution of such equations [19-21]. In this paper, we depend on results of work [22] in which
explicit and purely implicit numerical methods for the solution of the equation with two sided space
fractional derivative were investigated. In paper [23], an analog of Krank—Nikolson method was
investigated for the equation which has a left-sided fractional derivative on space. In our paper, an
analog of Krank—Nikolson method for the solution of the equation with two sided space fractional
derivative and with functional time-delay is constructed and investigated. We need to extend this
implicit scheme to work on the functional delayed form of these equations. The main purpose of
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this approach is to test the possibility of embedding the constructed implicit difference scheme for
the fractional diffusion equation with functional delay into a general difference scheme.

After that, the convergence order is deduced by using the technique of proving similar statements
for functional differential equations and methods from the general theory of difference schemes. We
note that in work [24] this technique was announced for the numerical method of the solution of
the equation from a left-side fractional derivative on space and with delay on time.

We consider the following initial-boundary value problem with functional delay of fractional
order diffusion equation 1 < a < 2:

(6% (63
gj = c+(g;)8‘i; + c_(x)aa;a + f (@ tulz, t), u(x, ), (0.1)

where x € [0,X], t € [to,T], cy(x) > 0, c—(x) > 0, ue(z,-) = {u(z,t +s),—7 < s < 0} is the
prehistory function, 7 > 0 is the value of delay, with initial conditions:

u(x,t) = p(z,t), ze€[0,X], tE]to—T,tol,

and boundary conditions:
uw(0,t) =0, w(X,t)=0, te€lty,T]

The left-sides and the right-sides fractional derivatives are defined in Riemann-Liouville sense [17]

ou(z) 1 32/3“" u(€)

oz T(2—a)dx? | (z—¢&)o! s,
0

0%u(x) 1 0? T u(§) d

o_ze  T(2- a)8x2/ (€ —x)o1 &

xX
We assume that the functions ¢(z,t), c4(x), c—(z) and the functional f are such that this problem
has unique solution u(z,t).

We denote by @ = Q[—7,0) the set of functions u(s) that are piecewise continuous on [—,0)
with a finite number of points of discontinuity of the first kind and right continuous at the points
of discontinuity. We define the norm of functions by the relation

[u() lg= sup u(s)].
s€[—T,0)
We additionally assume that the functional f(x,¢,u,v(+)) is given on [0, X] x [tg,T] X R x @ and
is Lipschitz in the last two arguments, i. e., there exists a constant L such that, for all « € [0, X],
t € [to,T), u! € R, u? € R, v!'(-) € Q and v?(-) € Q the following inequality holds:

’f($,t,ul,'01(’)) - f(a;,t,uQ,vQ(-)ﬂ < Lf(’ul - qu_ H vl(') - UQ(') ”Q ) (02)
We will use the approximations based on the shifted Griinwald definitions for the left-sides and
right-sides fractional derivatives [22] respectively

Ny

O%u(z) . 1
R LN v l;)ga,ku(:c (k — 1)Az),

9o ( ) 1 N_
- k=0

o_x® N_—o00

where N;, N_ are positive integers, Az = (z)/N;, Az_ = (X — x)/N_ and the normalized
Griinwald weights are given by
rala—1).(a—k+1)

k!

gOt,O = 17 ga,k - (_1)
fork=1,2,3,....
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1. Derivation of the fractional Crank—Nicholson method

Let h = X/N, introduce z; = ih, i =0,...,N,and A = (T'—to)/M, t; =to+jA,j=0,..., M,
we assume that 7/A = m is a positive integer. Denote by u} approximations of functions u(x;,t;)
at the nodes.
Let us introduce a discreteprehistory for the time points t;, j =0,..., M : {u}c}j = {ufc,j—m <
< j}. The mapping I : {u}}; — v'(t), t € [t; — 7,t; + A/2] will be called the interpolation-
extrapolation operator of discrete prehistory.
We will use piecewise-linear interpolation with extrapolation by continuation

Gt —tia) +uj (=), ta<t<t, 1<I<j
t—tj) +uj (G —1), t;<t<tj+A/2
o(wi,t), to—T1 <t <to.

With the shifted Griinwald estimates for left and right fractional derivatives on space, applying
usual approximation to a derivative on time and by the use of interpolation which is designed by
extrapolation to the prehistory function, the discretized (0.1) at the nodes (z;,t;41/2) will give us
the analog of Crank-Nicholson method

o, - i+1 1 N—it1 1

J ; e

T (C-i- Z Ya, sU;JrSJZ +ct E ga,su;fm) + fZ+1 , (1.1)
s=0

| A A, , .
flor = Fmati+ 500+ 5, v;ﬁ%(-)), i=1,...,N—1, j=0,...,M—1,

)

with the initial and boundary conditions

ud = (i, to), i=0,...,N,

vi(t) = (xi,t), t<ty, i=0,...,N,

Define
i i+1 z N—i+1

‘, § : i—s+1 - 1 § : i+s—1
ax J gocsu 9 5ax J gasu )

then (1.1) we can be written as follows

ut o — b . X
+1
% <5o+zxuj + 5+x 3+1 + 5a xu] + 501 T j+1> + f;Jr% (12)

If o =2, c¢(x) = ci(x)+c_(z), we receive the Crank-Nicholson scheme for the variable coefficient
heat conductivity equation with functional delay, because

I D WU s
+ j i
627xu 0a Iu] + g 05 = % .
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2. Stability and convergence of the method

Denote by 63- = u(x;,tj) — u; the error of the method at the nodes. We will say that the
method converges with order h? + AY if there exists a constant C independent of A and A such
that |5;| < C(h? 4+ A?) for alli=0,1,--- ,N and j =0,1,--- , M.

The residual (without interpolation) of the method (1.2) is, by definition, the grid function

u(xi? thrl) — u(mi? thrl) -

v = .
1 i n ol -~ A~
~5 (5ct$u($ia t;) + 0datu(i, tj1) + awtu(wi; t5) + daatu(wi, tj+1)> —fir (2.1)
i i+1 z N—i+1
(51—)4qu xly Zga su Ti— s—l—l: )7 504 xu(xza Z Ja,sU xz-l—s 1,t )7
]Jr f(:cz,t]+1,u(a:i,tH%),utH%(xi,.)).

Lemma 1. Suppose that the exact solution u(x,t) is twice continuously differentiable in t and
. . ‘ . . . o 0%u 0%u(x,t
four times continuously differentiable in x and also the fractional derivatives e an B ( " )
+X _X
are twice continuously differentiable in x. Then, the residual (without interpolation) of the method
has order A% + h.

P r o o f. Based on Taylor series expansions, we have

u(w, tjpr) —ulzi ) Oul@iti1) ,
- < C1A% 2.2
A g T lol=a (2:2)

Following [22], we find that

" ¢ iyl n o it
Saou(m, t;) = WﬂLOz, S ey, tipr) = W%-O& |O2| < Cah, O3] < Csh,
+ +
and similarly
2 0%u(x;, t; ~ Oz, t;
Saptu(Tistj) = 8(:n°‘) Oy, Sapu(Tistjy1) = WJFO& |04] < Cyh,  |O5| < Csh,
+ —
then,
- - O%u(w t; 1)
& au(mi ty) + 0d pu(ws tjpr) = 2+ 03+ 03+ 06, 06| < CeA2,  (2.3)
+
. . Ou(wi,t, 1)
507,mu(33i, tj) + 507,9316(21)@', tj+1) = QTQ 4+ O4 + Os5 + O, |O7| < C7A2. (2.4)

Substituting (2.2), (2.3) and (2.4) in the definition of residual (without interpolation) (2.1) and

consider that u(z;,¢; 1) is the exact solution of the equation (0.1), the statement of the lemma is
2

received. O

For every fixed ¢ =0, ..., N let’s introduce the discrete prehistory of exact solution for the time
points tj, j = 0,..., M : {u(x;,ty)}; = {u(zi, t),j —m < k < j}. We will use piecewise-linear
interpolation with extrapolation by continuation of exact solution

‘ x(u(m, )t —ti1) 4wz, i) (B — 1), o <t<t, 1<1<j,
w’(t) = %(u(xi,tj)(t — tjfl) -+ u(xi,tjfl)(tj — t)), tj <t< tj + A/Q,
o(x4,t), to—1 < t<to.
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The residual (with interpolation) of methods (1.2) can be defined using the following grid function

yi. — u<xi’tj+1) - U(wi,tj+1)_

J A

~

1 ~ ~
-3 (5ctmu(xi, t;) + Sazu(z;, tis1) + Oapu(wi, ty) + 5a 2u(T, ]H)) f2+1 : (2.5)

Ay
]+ f(a:z,t]+1,w(tj+ 2) wt‘7_+%(-)).

Lemma 2. Assume that the conditions of Lemma 1 are satisfied, then the residual of the method
with piecewise-linear interpolation and extrapolation by continuation has order A% + h.

P r oo f. Since the piecewise linear interpolation operator with extrapolation by continuation
has second order [8], therefore there exists a constant C, such that for all ¢ € [t; + £.,¢; — 7]
lw'(t) — u(z;, t)| < CA2 (2.6)

The residual with interpolation (2.5) and the residual without interpolation (2.1) are connected
with the ratio

7 % A %
vy = % + f(]Ii,tj_i_%,’U/(IEi,tj_,'_%),Utj+%(flfi, )) f(xlatj+17w (t + 2 ) w, +%()) (27)

From (0.2), (2.6), (2.7) and from Lemma 1 we get that the proof is completed. O
We can copy the method (1.2) as follows

A _ i A — i i
(1 - E(éc—t,m + 5a,x))uj+1 = (1 + 562_(@ + 5a,m))uj + Afj+%' (28)

In order to reduce it to the general scheme [8], introduce y; = (u}, uj2-, e ,uj-v 1 €Y, such that Y
is a vector space of dimension N — 1 with norm

|y lly= (o |ujl.
Then (2.8) can be rewritten as
(B + Ayjr = (E = A)y; + AF; 1, (2.9)

where elements of a matrix A with dimension N — 1 x N — 1 have the form

—(& + i) g1 j=1i,
—(&i90,2 + 1i90,0)s j=1i-1,
Ay =1 —(&iga0 + Migag2), J=i+1,
—&iga,i—j+1, j<i—1,
—&iGo,j—i+1, >4 1,
2 is wnit matrix, & = Gz = i Py = Ly S0 S0,

Lemma 3. [18,25] The coefficients ga,s satisfy the following properties

9a,0 = 1, Ja,1 = —Q, 1> 9a,2 > 9a,3 > .20,

S m
Zga,s =0, Zga,s <1l, m2>1.
s=0 s=0
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Lemma 4. The matriz E + A s reversible.

P r oo f. From the values of the elements of matrix A and from Lemma 3, we conclude that

N-1 i N—i
Qi — Z | aij |[= = (& +ni)gan — & Z Ja,s — Mi Z Ja,s =
j=1,i#j s=0,s#1 s=0,s#1
o0
> (& +0)9a1 — & +1) DY Gas = —(& + 1) ga + (& + 7i)ga = 0. (2.10)

s=0,s#1

This inequality means that the coefficient matrix E + A is a nonsingular (reversible), strictly
diagonally dominant matrix.

We will note that if « is not integer number, then inequality (2.10) is strict and A is strictly
diagonally dominant matrix. O

As the matrix of E + A is reversible, equation (2.8) can be copied as follows

Yj+1 = Syj + A(I)(tjv I({yk}j))’ (2'11)

S =(E+A)YE-A), o(t;, I({yc};)) = (B + A)*1Fj+;, I is the operator of piecewise-linear
2
interpolation with extrapolation by continuation.

Lemma 5. If1 < o < 2, then any eigenvalues \ of matriz S = (E+ A)~1(E — A) satisfies the
condition |\ < 1.

Proof. Let A be an eigenvalue of matrix A. As « is not integer number, A is strictly
diagonally dominant nonsingular matrix. Since g,,1 = —a and & + 7); gives a positive value, then
all diagonal elements of a matrix A are positive. According Gershgorin circle theorem [26, c. 135],
we conclude that the real parts of its eigenvalues are all positive. This means that

[T+A|>[1=X], | —= <1,

then |A| < 1. O

From this lemma, it follows there is such constant S , that
1sm| <8 (2.12)

for any natural degree n. This means that the method (2.11) is (unconditionally) stable.

Now, the theorem of a convergence order [8] which is the main result of the general theory of
numerical methods of the solution of evolutionary equations with heredity can be applied to the
scheme (2.11). As the resulted scheme (2.11) has some different features in comparison with the
scheme in [8], in particular, another determination of stability (2.12) is used in comparison with [§]
then proof of the following theorem is needed.

Theorem 1. Assume that the condition in Lemma 3 is satisfied, the function ® satisfies Lip-
schitz condition in the second argument, interpolation operator I satisfies Lipschitz condition, the
residual with interpolation has order AY+hP. Then, the method (2.11) converges with order A1+hP.

P r o o f. Introduce the following vector of exact values
zn = (u(z1,tn), u(xa,ty), -+ ,u(rn—-1,ty)) and note that v, = z, — yn, n = —m, ..., M. Then for
n=0,..,M — 1 we have
Va1l = SVn + Ay + Avy, (2.13)
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where
Yo = B(tn, I({zitn)) — ®(tn, [({yi}n))-
Here
Un = (Znt1 — Szn) /A — O(tn, I{zi}tn)), n=0,..,M—1
is the vector residual with interpolation v, = (v}, 2, ,vN=").

The assumptions that mapping ® and I are Lipschitz implies that

all < - max_ (Il (2.14)
where L = Lg L, Lg is Lipschitz constant of ® on second argument, L; is Lipschitz constant of
operator I.

We notice that in the case of the described method Lo = ||[(E — A)~!||Ls, The piecewise linear
interpolation operator with extrapolation by continuation has Lipschitz constant L; = 2. Also, we
note that 79 = 0, as starting values of a method are the exact values, unlike the general scheme [8].
It follows from (2.13) that

n n
Y1 =S+ AY TSI+ A S (2.15)
j=0 3=0

From (2.15), (2.14) and from the definition of stability, we have

Il < SLAZ max ([} + ST max ([l (2.16)
We use the notation
R= max {|lvll}, D= STR. (2.17)
0<i<N—1

Then we can write the estimate (2.16) in the form
n
< i . .
Iovssl < S8 max (I} + P (2.18)

Depending on (2.18) and using the mathematical induction, let us prove the estimate
10, < D1+ SLA)*, n=1,.., M. (2.19)
Induction base. If we set n =0, in (2.18), then
161]] < SL||do|| + D < (1+ SLA)D

Induction step. Let the estimate (2.19) be valid for all indices from 1 to n. We need to show that the
estimate is also valid for n+ 1. Fix j < n. Let ig = i0(j) be an index for which max;_,,<i<;j{l/d:| }
is obtained. By induction assumption, we gain

max_{ill} = |l < D1+ SLAY® < DL+ SLv.
J

Thus, the following estimate is also valid

G J
max_{|l} < DL+ SLy.

Using the previous inequality and (2.18), we have

[vnat]l < SLAZD 14+ SLAY + D = D(1+ SLA)"*,
7=0
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Thus, the estimate (2.19) is proved and this gives

|vnll < Dexp(SLT). (2.20)
Recall the notation of the value D from (2.17), then the inequality

D < C(AP + hP?),

holds and with the aid of (2.20) the proof is completed. O

Corollary 1. Under conditions of Lemmas 1 and 3, the method (1.2) with piecewise-linear
interpolation and extrapolation by continuation converges with order A + h.

3. Numerical example

Let us consider the following two sided space fractional equation with varying delay in the time

Oou(z,t) o 0%u(z,t) o 0%u(z, )
5 =(x—1/2) W+(3/2—$) W—f—ﬁ (3.1)
_ exp(—t) T — 3 _ )3
= e (2@ — 1727032 = 2)F) (= 1/2°3/2 - )+
I'(4) 30(5)
T 1/2)%(3/2 — x)® — 6o 1/2)4(3/2 — =)'+
+F(36F(_6)a>(x —1/2)5(3/2 — 2)® — F(l;(f)a)(x —1/2)5(3/2 — x)ﬁ) In(u(z, t — t/2)),

such that 1/2 <x <3/2, 1 <t <5, ais a constant, such that 1 < o < 2,
with initial and boundary conditions on the form

u(z,r) = exp(—r)(x —1/2)3(3/2 —z)3, 1/2<r<1, 1/2<x<3/2,

w(1/2,t) =0, u(3/2,t)=0, 1<t<5.

The exact solution of (3.1) is u(x,t) = exp(—t)(z — 1/2)3(3/2 — x)3.
Define the maximum error by
— R )
E(Ah) = Orgniz%}](\[\ u(zi, ty) —uj |,
0<j<M

such that u(z;,t;) is the exact solution at the grid point (x;,¢;). Let us test the spatial errors

and their convergence orders by letting h vary from 1/20 to 1/320, fix the time step A = 4/1024.
E(A2h)
E(AR)
which is clarified in table 1. For studying of temporal errors, let A varies from 1/16 to 1/256
and fix h = 1/4000. The convergence order with respect to the time step size is given by order; =

The convergence order with respect to the spatial step size is given by orders = log,

E(AR)
results have a good agreement with the theory results.

log, (E(ZA’h)) and this is illustrated in table 2. From these tables, we can notice that the numerical
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h a=11 a=19
E(AR) | orders | E(A,h) | order
1/20 | 0.00497 0.0027

1/40 | 0.00252 | 0.9752 | 0.0014 | 0.9865
1/80 | 0.00127 | 0.9887 | 0.0007 | 0.9984
1/160 | 0.00064 | 0.9996 | 0.0003 | 0.9997
1/320 | 0.00032 | 0.9999 | 0.0002 | 1.0002

Table 1. The spatial maximum norm errors and their convergence orders.

A a=11 a=19
E(Ah) | order, | E(Ah) order,

1/16 | 0.0054 0.0022

1/32 | 0.0014 1.979 | 0.0005 1.988

1/64 | 0.0003 1.985 | 0.0001 1.993

1/128 | 0.00008 | 1.996 | 0.00003 1.999

1/256 | 0.000002 | 1.999 | 8.7 x 107° | 2.001

Table 2. The temporal maximum norm errors and their convergence orders.

Conclusion

A fractional analog of Crank Nicholson method is constructed to deal with the one dimensional
space two sided space fractional diffusion equation with functional delay. The method is based
on the idea of separating the current state and the prehistory function. To deal with the pre-
history function, we introduced a discrete prehistory for the time points and the piecewise-linear
interpolation with extrapolation by continuation operator is used. Unconditional stability of the
proposed scheme is achieved. A theorem is obtained on the order of convergence of the method,
which used the technique of proving similar statements for functional differential equations and
methods from the general theory of difference schemes. A numerical example with time varying
delay is introduced to test the agreement between theoretical and numerical results.
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