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Abstract

An initial-boundary value problem with a Riemann-Liouville-Caputo space frac-
tional derivative of order a € (1,2) is considered, where the boundary conditions
are reflecting. A fractional Friedrichs’ inequality is derived and is used to prove that
the problem approaches a steady-state solution when the source term is zero. The
solution of the general problem is approximated using a finite difference scheme
defined on a uniform mesh and the error analysis is given in detail for typical solu-
tions which have a weak singularity near the spatial boundary x = 0. It is proved
that the scheme converges with first order in the maximum norm. Numerical re-
sults are given that corroborate our theoretical results for the order of convergence
of the difference scheme, the approach of the solution to steady state, and mass
conservation.

Keywords: Fractional differential equation, time-dependent problem,
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1. Introduction

The problem considered in this paper is inspired by [1], which gives a lengthy
discussion of various types of fractional initial-boundary value problem and the
boundary conditions that are appropriate for each type. In particular, we shall focus
on the “Caputo fractional flux” and reflecting boundary conditions of [1, Section
6].
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Set Q :=(0,L) and Q := Q x (0, T]. For (x,t) € Q and constant » > 0, define
the Riemann-Liouville integral operator I} of order r by

I'v(x, 1) := I )/ (x = )" W(s, ) ds.

Then for any positive constant 8 with n — 1 < 8 < n where n is a positive integer,
the Caputo fractional derivative of order 8 is defined by

Dchv(x n:=1

Here we assume that the function v is such that the definitions make sense.
Let @ be constant with 1 < @ < 2. In this paper, we examine the initial-
boundary value problem

— Dgrct = f for (x,1) € Q, (1a)
u(x 0) = ¢(x) for x € Q, (1b)
u(Ot)—D Yw(L,r) =0 fort e (0,T), (1c)

where Dg, . 1s the Riemann-Liouville-Caputo fractional derivative of order «,
which is defined by

0
Do u(x, 1) = aD%,‘x] u(x,t)forx>0and0<¢r<T.
This hybrid fractional derivative D%, - has been suggested by several researchers,
from both modelling and mathematical viewpoints; see [8] for references. In [1]
the quantity D%"xlu is called the Caputo fractional flux.

The left boundary condition in (1¢) is defined by
0= D& u(0,1) := Jim D&l u(x, ).

It is suitable for certain physical models [3] and removes a troublesome singularity
from the solution u(x, r) at x = 0; see [1, 5, 8] and Remark 1 below. Furthermore,
both boundary conditions in (1c) are reflecting and ensure that mass is conserved;
see the discussion in [1].

Remark 1. In [8] it is shown that D‘a—xlu(O, 1) = 0 in (1¢) is equivalent to the
classical Neumann boundary condition ux(0,1) = 0 if Dg; - u(-, 1) € C[0, L]. Our
analysis in Sections 3 and 4 assumes that the solution u of problem (1) has this
regularity, so for convenience our numerical method will discretise u,(0,1) = 0



instead of D%;Clu(O, 1) = 0; but the other boundary condition D‘a—xlu(L, H =0
of (1c) cannot be simplified in the same way and must be handled directly.

Remark 2. For the function x® with a — 1 < 8 < 1, one has [4, p. 193]

a1 p_ 1B+ —a+1 d 5 s
D¢, _F(ﬁ—a+2)XB and dxxg—ﬁxﬂ .

Here B —a + 1 > 0 while B — 1 < 0, i.e., for these functions x°, the boundary
condition D%;lu(O, 1) = 0 of (1c) does not imply the Neumann boundary condition
uy = 0, unlike the situation described in Remark 1. Thus replacing D%;Cl u(0,t) =0
by u,(x,0) = 0 means we exclude functions u(x,t) that behave like a multiple
of X as x — 0 for some fixed value of t. But for such functions, in (1a) one has
Dy u(x, 1) ~ O~ near x = 0 with § — a < 0, so we are merely excluding
certain singularities in the terms of the differential equation.

In [2, Proposition 19] it is proved that problem (1) with f = 0 is well-posed
in the Banach space L'(0, L) for each value of t. We shall assume a reasonable
amount of smoothness of the solution — see equation (17) below. Our aim is to
approximate the solution u of problem (1) by a finite difference method whose
analysis requires these bounds on derivatives.

The structure of the paper is as follows. In Section 2 we discuss some proper-
ties of the solution u of problem (1). A fractional Friedrichs’ inequality for Caputo
fractional derivatives is established and is used to prove that u# converges to the
steady state solution when f = 0. A finite difference scheme for solving (1) on
a uniform mesh is defined in Section 3 and it is shown that it satisfies a discrete
comparison principle. In Section 4 this principle and an appropriate barrier func-
tion are used to prove that the solution of the finite difference scheme converges to
u with first order in the discrete maximum norm. Three numerical examples are
given in Section 5, to illustrate our theoretical results.

Notation: Denote by AC[0, L] the set of absolutely continuous functions on [0, L]
and by LP(0, L) the usual Lebesgue space with norm || - ||z ). Throughout the
paper, C denotes a generic constant that can depend on the data of the problem (1)
but it is independent of the mesh used for its numerical solution. Note that C can
take different values in different places.

2. Some properties of the solution

In this section we first derive a Friedrichs’ inequality for Caputo derivatives
(Lemma 1). Hence, in Lemma 2, we prove convergence of the solution u to the



constant steady-state solution ( f xL:o d(x) dx) /L in the special case when f = 0.
This lemma implies uniqueness of the solution to (1) and stability of this solution
in terms of perturbations of the initial condition; see Corollary 1.

Lemma 1 (Friedrichs’ inequality for Caputo derivatives). Let 8 € (0, 1). Suppose
that v € AC[O0, L] with fg vdx =0 and ||Dng||Lz(0,L) < 0. Then

1P
M2,y < m”l)nglLZ(o,L)' @

Proof. For all x € (0, L], by [4, Theorem 3.8] one has
2(x) = v(x) = (0) = (BDY, v)(x) = (wp * D w)(0),

where * denotes convolution and wg(x) := #~1/T(B). Hence, similarly to [6,
Lemma 2.6], we get

l2llz20.0) = llw * D vllzzo ny

< ”CU,Bl|L1(0,L)“D€,xv”lz2(0aL)

1P
= m”DngHLZ(O,L), (3)

using Young’s inequality for convolutions. But

L
11201 = / ) [V () = 20(0)(x) + v*(0)] dx = M7z 1, + Lv*(0),

since fQ vdx = 0. Thus, (3) implies (2). O]

Remark 3. [fv € AC[0, L] and 0 < 8 < 1, then | D} Wlliro,1) < oo for 1 < p < 1/B
by [4, Lemma 2.12]. Thus in Lemma I the hypothesis v € ACIO0, L] implies the
hypothesis ||D€,XV||L2(0,L) < oowhenf < 1/2.

The next lemma shows that when f = 0, the solution of problem (1) converges
(in the L*(0, L) sense) to the steady-state solution as t — oo. A related result
was obtained in [1, Appendix] (see Remark 5 below), but using a very technical
argument. Our simpler proof is based on the Friedrichs’ inequality of Lemma 1.

Lemma 2. Assume that f = 0 in (1). Assume also that the solution of problem (1)
satisfies u(x,-) € AC[0, T] for each x and u,(-,t) € AC[O0, L] for each t. Then

-0 ast— oo.
L2(0,L)

1 L
u(x, 1) — i3 /_0 o(x)dx




Proof. Set
L
v(x, 1) = u(x,t) — l / o(x)dx.
L x=0

Then
Vi = Dgrcv =0 for (x,1) € O, (4a)
v(x,0) = ¢(x) — % x; ¢(x)dx forx e (0,L), (4b)
DE 0,0 = DEV(L, 1) = 0 fort € (0,T]. (4c)

Observe that v has the additional property that

L
/ v(x,0)dx =0
x=0

Note first that mass is conserved, i.e., for each ¢t we have

L L
/ v(x,t) = / v(x,0) = 0; &)
x=0 x=0

to see this, integrate v, — D%Lc’xv = 0 over [0, L] x [0, t] and use (4¢) to eliminate
the x-derivative terms.

Let t € [0,7T] be arbitrary. Let k be a constant that is chosen later. Multi-
ply (4a) by ekv(x, 1) then integrate over [0, L] x [0, ¢]. Using ek'vv, = e (v?),/2 and
integration by parts in time and in space, we get

L
0=;/ [V (x, 1) = v (x,0)] dx — = / ke’”/ Vi(x, s)dsdx
/ / ve(x, s)D v(x, s)dxds. (6)

These integrations by parts are justified since by hypothesis v(x,-) € AC[0,T] for
each x and v,(-,1) € AC[O, L] for each ¢, so D¢ v( fH = I2 Yy (-,1) € AC[O, L]
by [9, Lemma 2.3]. But by [10, Lemma 3.1] one has

L L
/ vy(x, s)D‘é_x1 v(x, s)dx = / v(x, s)(Ii_“vx)(x, s)dx

-0 ) 2
] / (I;_“/zvx) (x,8)dx
x=0

Q2-ar

> [cos



L
= {cos @ —201)7r] /x:O (ngv>2 (x, s)dx. 7

As (-, 1) € AC[0, L] for each £, one has DZ2v(-,1) = (IL7/v,) (-,1) € C[0, L]
for each ¢, by [9, Lemma 2.3]. Consequently ||Dg{ f v(:, Dllz20,1) < oo. Recalling (5),
we can apply Lemma 1 with 8 = /2 to v(x, s) for each s. This gives

L LY L 2
2 a/2
/x:O Vi s)dy < [T(1+a/2)) /x:O (Dc’xv) (6 5) dx. ®)

Now choose

2- (1 +a/2))
k=2 cos( ar| [T +a/2)] . ©)
2 L*
Then (7), (8) and (9) yield
k L L
= / v2(x, s)dx < / vy(x, s)D‘é_x1 v(x, s)dx
2 x=0 x=0 ’
for each s. Substituting this inequality into (6) gives
1 k 2 1 * 2
—e vix,Hdx < = v°(x,0)dx for eacht,
2 Jxo 2 Jx=0
1.€.,
VG, Dllz20.) < € F2IVC, O)ll 20y for each 7. (10)
Thus [|v(-, Dl 2(0,) decays exponentially to 0 as 1 — co, and we are done. ]

Remark 4. Suppose that L = 1. From its definition in (9), we see that k increases
as « increases (for 1 < a < 2). Then inequality (10) in our proof of Lemma 2 hints
that an increase in a will speed up the convergence of the solution to steady state.
This surmise is borne out later by our numerical Example 3 of Section 5.

Remark S. In [1, Appendix] it is shown that if in (1) with f = O the boundary
condition at x = 0 is the absorbing condition u(0,t) = 0 and at x = L one has
u(L,t) = 0 or D%;I(L, 1) =0 for0 <t < T, then the solution u(x,t) converges
(in the sense of LP(0,L) with 1 < p < oo) exponentially fast to zero as t — oo.
Our proofs of Lemmas 1 and 2, with very slight modifications, vyield this result
for L*(0,L). Hélder’s inequality then implies the result also for LP(0,L) when
I1<p<2

The result is also true if u(L,t) = 0 and either u(0,t) = 0 or D‘é’_xl ©0,H =0
for 0 <t < T; the proof is essentially similar to the case above — one exploits the



adjoint property [6, Property A.2] of the left and right Riemann-Liouville fractional
integrals in L*(0, L).

Corollary 1 (Stability and uniqueness of solution). Let u; and u be two solutions
of (1) with respective initial conditions ¢, and ¢,. Assume that uy and uy satisfy
the hypotheses of Lemma 2. Then

@ = w)C Ol < €1 = ballzouy fort €10, T1. (1)
In addition, if problem (1) has a solution, then the solution is unique.

Proof. Inequality (11) is a consequence of (10). Uniqueness of the solution of (1)
follows immediately. O

3. Finite difference scheme

We shall use a uniform mesh on [0,L] X [0,T]. Let M and N be positive
integers. Seth = L/N and 7 = T/N. Set x; = jhfor j=0,1,...,M and t; = jt for
j=0,1,...,N.

To discretise the spatial derivative in (1a) we follow [8], where the two-point
boundary value problem corresponding to (1a) was considered. The time derivative
in (1a) is discretised by the backward Euler method.

To discretise the boundary condition (1c) at x = 0, recall from [8, Section 2]
that D‘é,‘xlu(O, 1) = 0 implies that u,(0,7) = 0 if Dg; - u(-,1) € C[0, L]. From now
on, we assume that the solution u of problem (1) has this regularity, and then the
boundary condition u,(0, f) = 0 is approximated by a 2-point divided difference.

Our finite difference scheme is:

Lyu}, == Dyu}, — DID? = f(xm, 1) for 0<m<M,0<n<N, (12a)

t"m
Ul = p(x,) for 0 <m < M, (12b)
—D}uf =0, D{ \uly; =0 for 0<n <N, (12¢)

where u}, is the solution of (12) at the point (x,,, #,). In (12a) and (12c), the opera-
tors D; and D} denote backward and forward divided differences:
7n _ Zn—l Zn _ Z;111

D7y, = =", DiZ, = =
T



In (12¢), DY} is the standard L1 discretisation of the Caputo derivative D¢, viz.,

m—1

1 n n
Di\Zy = TG = a) kZ:;(ZkH = Zi)dm-k

1
© hetIT(3 - @)

m—1
Zydy = Zidn + > Zi (A1 - dm_k>] . (13)
k=1

form=1,2,...,M, where d;, := (2—cy)fskzk_1 si=®dsfork=1,2,....M
Thus,

+/na—1—n a—1 —n a—1 —n
_D (D me - (DLl,x m+1 _DLl,x m)

3‘\'—‘

m m—1
1 i § )
T TG o) LZ:;(ZM = Z)d 1k — Z(Zk+1 - Zk)dm_k]

k=0
1 m—1
- RT3 - a) [( = Zy)dms1 + kz(;( 2 — 225 + Z/'g)dm—k]
1
=———— |(Z} = Z})d,, - DY, 7",
har(3 _a/) [( 1 0) +1] L2,x%m

where Dj, | is the L2 discretization [12, equation (4.1)] of the Caputo fractional
derivative D¢, u(xp, 1,,). Rearranging terms, one has

1
_D+(DL1 L) = _m [ " d1 + Zy(dy — 2dy)
m—1
+Z(dm = A1) + Y Zi(dmirz = 2 ies1 + dmi) | . (14)
k=1

We shall prove that the scheme (12) satisfies a discrete comparison principle.
This property will be used to analyse the convergence of its solution {u];,} to the
solution u of problem (1).

Lemma 3 (Discrete comparison principle). Let {Z },A,;I ]g 1= be a mesh function. If

Z?nZOforO<m<M
-D*Z§ > 0 and D{7AZ}; > 0 for 0 <n <N,
LynZ, >0 for 0O<m <M and 0 <n <N,

thenZ!) >0 for0 <m<Mand0 <n<N.

m —



Proof. SetZ" = (Z},..., Z,’{,,)T for each n. We use induction on n (cf. [11, Lemma
3.12]) to prove that Z" > 0, i.e., that Z". > 0 for each m. By hypothesis Z° > 0.
Assume that Z" > 0 for some n € {0, 1, ..., N — 1}; we wish to prove that Zm > 0.
The inequalities Ly nZp'' > 0for 0 < m < M, -D*Zg*' > 0 and D7 Z3" > 0
can be written in the form

LM,NZn+1 — AZn+1 _ BZn > O

where A is a lower Hessenberg matrix whose entries are given below, and B is
the diagonal matrix with diagonal entries {0, 1/, 1/, ..., 1/7,0}. By the induction
hypothesis, we have

AZ"™! > 0. (15)

We now prove that A~! > 0. The entries of the matrix A = (a; j)%‘:o associated
with the boundary condition at x = 0 are

apy = l/h, aol =—1//’l, a0j=0f0rj=2,3,...,M—1.

For 0 < i < M, recalling (14), the entries of the ith row of the matrix A are

dis1 — d;
Rt N Y
U= TG —a)
—di_j+2di_jy1 —di—j2 : .
aij = TG - <0 forj=1,2,...,i—1,
_ 1 2d1 —d2 _ _dl
%=t TG Y T TG o) <

aiJ-:O forj:i+2,i+3,...,M

(the second inequality, a;; < 0, is verified in [12, Section 4.1]). If i = M, then (13)
yields

du dy-jr1 — dm-j :
—__ Wy, = Mo T G for j=1,2,.. . M~ 1,
MO = THa TG —a) ~ 0 MIT T3 gy O
d >0
a e ey a— .
MM = he=T1(3 = q)

Thus, the diagonal entries of A are positive and its off-diagonal entries are non-
positive. Furthermore, one has

M M M

Za0j=0, Zaij=%>0 forO<i< M, Zan=O.

Jj=0 J=0 j=0



It follows that A is an irreducibly diagonal dominant matrix [14, p.23]. Now [14,
Corollary 3.20, p.91] gives A~' > 0. Thus, recalling (15), we get Z**! > 0. This
completes the inductive step and the proof. O

4. Error estimate for scheme

In this section an error bound for our difference scheme is derived. First, in
(17) we make an assumption on the behaviour of the derivatives of the solution u
that is motivated by considering the behaviour of steady-state solutions. This en-
ables truncation error bounds to be established for the scheme; see Section 4.2.
To convert these bounds to an error estimate for the computed solution, we shall
employ a barrier function whose construction is discussed in Section 4.3. Finally,
in Theorem 1, our error bound is obtained.

4.1. Bounds on derivatives

To prove convergence of the scheme (12), one needs a priori bounds on certain
derivatives of u. We shall assume these bounds in (17) below. To motivate them,
consider first a particular case of the steady version of the problem (1):

¢

DV v =D ‘.i,"x" for x € (0, L), (16a)
il
i=0
DE(©0) = 0, DE'W(L) =0, (16b)
with constants ¢; fori = 0,1, ..., ¢, constant b > 0 and Zf:o la;] # O (as otherwise

v = 0.) By means of Laplace transforms, one finds that the solution of this problem
is (see [8] for a related calculation)

; ¢
Sig @il Eqi(bL?) :
v(x) = ( PE. (L) Ea,l(bx%—gaix“’lza,mm(bx“),

where E;s,(z), for 6,7,z € R and 6 > 0, denotes the two-parameter Mittag-LefHler
function defined by

0 k
Z
E&,y(z) = § .
P I'(6k +y)



If £ = 0, the solution of (16) is constant with v = ay/b. Otherwise,

¢ i ¢ i
oy = L0 L En2u®L) | <Z,-:0 GL Eq1i(DL?) _ao)

bEq»(bLY) I'(l+a) Eq2(DLY)

+ higher-order terms.

One sees that the derivatives of v satisfy WOx) < Cx*fori=1,2,...

A similar bound is proved in [8, Corollary 2.1], where a two-point boundary
value problem with variable coefficients is examined, but with a different boundary
condition at x = L. This alteration of the boundary condition at x = L should not
modify significantly the behaviour of the derivatives of the solution, since any loss
of regularity occurs near x = 0.

For the time-dependent problem (1), one expects that the classical time deriva-
tive will not affect the behaviour of the spatial derivatives. Thus, we assume the
following bounds on the derivatives of the solution:

11

o'u . o'u a—i .
—x, 0| <C for j=0,1,2 and |—(x,1)| <Cx fori=1,2,3, (17)
ot ox!

for all (x,7) € Q.

4.2. Truncation error estimates

It is easy to see that |D; u(x,,, tn) — u/(xm, t,)| < C7. Next, [8, Lemma 4.1] gives

|LM,N(L£:Z” = u(Xp, p)| < Chx;ll + Cr,
D} (0, 1) — up)l < Ch*.
It remains to bound the truncation error at xy; = L.

Lemma 4. Assume that the derivatives of the solution u of the problem (1) sat-
isfy (17). Then there exists a constant C such that

’D%I_’Lu(xM, ) — D%,_xlu(xM, tn)‘ < ChmMe3= < Ch forn=1,2,...,N.

Proof. The truncation error for this term is

M-1

-1 -1
DYy uCxar, tn) = DE uCear, ta) = > Tse
k=0

11



where

1 et _o | uOks1, 1) — uxi, t,)  Ou
T i= — g)l-e - —(s,ty)| ds.
MEE R T /FXk (xp —s) [ h 6s(s )| ds

Proceeding similarly to the derivation of [13, equations (5.13) and (5.14)] but us-
ing (17), we get

ITaol < ChY and [Ty pr-1| < CH37C.
If 0 <k < M -1, by imitating [13, equation (5.6)] one has

Xie+1
|Tp] < Ch2 ( max |u(s, tn)|> / (xm — s)_ads
s

SE[xp,Xk41] =Xk
< CR3 X2 (o = Xpa1) ™
< Chk* 2 [M - (k + D],

from (17). Using this bound for |T'| like the derivation of [13, equations (5.9) and
(5.10)], one obtains

[M/21-1 M-2
> ITwl<Chand ) [Tyl < CH¥.
k=1 k=[M/21-1

Adding all these bounds, we get

| DY uCer, ta) = DE uley, 1) < CR™™M@3 < Ch,

4.3. Discrete barrier function

To obtain a bound on the error in the solution computed by the finite difference
method (12), we shall use a barrier function. That is, on the grid {(x,,, tn)}%’,ﬁo we

construct a non-negative discrete function {‘T”fn }ZIZ]X .o that satisfies
\Lytn (X, 1) — )| < Ly yP" for 0 <m < M and 0 < n < N, (18a)
| = D (u(0,1,) — uf)l < —DTW¥j for 0 <n < N, (18b)
IDST (L, 1) — ulip| < DT, for 0 <n < N. (18¢c)

Then, applying Lemma 3 (discrete comparison principle) to pr o4 (U, — u(Xp, 1)),
one gets N
|uyy, — (X, 1)) <P, for all m and n.

12



The mesh function {\?%}%’:Ig,nzo is called a discrete barrier function.

To construct this discrete barrier function, we start from [8, Section 4], where
the following discrete barrier function was used (for a two-point boundary value
problem equivalent to our steady-state problem, but with a different boundary con-

dition at x = L):
W, = ChlInkl (L““h"'“*-l - Tm) for 0 <m< M, (19)
where C is a user-chosen constant and { Tm}ﬁ‘nl:0 is defined by

1 _
Dgl_chm = mxlnl,nhl 1 for m>1, Ty=0.

Now 0 < T,, < xw‘hrl*"‘l for 0 < m < M (see [8, equation (4.14)]), so (19)
implies that ¥, > 0 for 0 < m < M. In addition, in [8] it is proved that

—Di¥y = C12 - e ' h* ! [InAl, (20)
_ Cihe™'  _
. CyhlIn k|
a—1 1
Yy=—-——. 22
MM =TT —a) -

But DCL’TL‘PM < 0, so this mesh function cannot satisfy condition (18c). Thus,

we shall modify it by adding another mesh function {Bﬁ}%’:ﬁn:o to deal with the
boundary condition at x = L and also the term |D; u(xy,, t,) — u/(xm, t,)|, in order
that (18a), (18b) and (18c) are all satisfied.

Define {Rm}n";’:O by

D} R, = (L - ax,)T(e) form=1,2,....M, Ry=0. (23)
Since D‘é‘xl (Lx*! = x*) = (L — ax)['(), we see that {R,,Jf‘jz0 is the approximation
to {Lx% ! — x} that is computed by the L1 scheme. Hence, an inspection of [13,
Lemma 5.2 and Theorem 5.3] shows that
IRy — (Lx%™! = x2)| < Ch*™! for all m,

where C is independent of M. It follows that

max |R,| < C,,
0<m<M

where the constant C; is independent of M.

13



Consider the mesh function
B := C3(t + hlInhl)(1 + t,) — C4h|In h|R,,
where C3 and C4 are positive constants that we shall specify later. Define
" =W, + B = Cih|In /(L™ *2"Y _ T,y + B for all m and n.
This mesh function will be our barrier function.

4.4. Error bound for scheme

We can now prove an error estimate for the solution computed by our scheme.

Theorem 1. Assume that the derivatives of the solution u of the problem (1) sat-
isfy (17). Assume that h < L/a. Choose the constants C3 and Cy to satisfy
Cy

C4> Ha- DI -al@ @9 €2 Camax{lia+ .G} (24

Then there exists a constant C such that

0max |u)y, — u(Xm, 1) < C(T + h|In hl),
<
0<n<N

where {u” },A:l[ Aé 10 IS the solution of the finite difference scheme (12).

Proof. To prove that {‘I’” } N
note first that (24) implies that

0.1=0 is a barrier function for the errors {|u}, —u(xp,, t,)|},

B! > h|Inh|(C3 — C4R,;) = 0O for all m and n.

m =

AsW,, >0, clearly ¥ = W,, + B, > 0 for all m and n.
Consider the boundary condition at x = L. From (23) and 1 < @ < 2 we have
D} Ry = L(1 — a)I'(@) < 0. Hence, Dy, B}, = —C4h|In h|D§7 Ry > 0, and
Ci

DLl x DY, x‘I’M + DLI By =hlInh| |CsL(a — DI'(@) - r2-a) >0,

from the choice of Cy4 in (24).
Now consider the boundary condition at x = 0. We need to compute R; in
order to ascertain the sign of D} Bfj. From the definition of the L1 scheme, one has

R
(R, — Ro)d; = .

p¥lp = . —
LI ™ a3 — q) h-1T(3 - a)

14



Hence R; = h*"'T'(3 — a)['(a)(L — ah) > 0, where we used (23). Now

R — Ry
h

—DIBj = Cs4h|Inh| = Cy4|Inh|R; > 0.

Using this inequality and (20) yields
~D'W} = —D*Wy — DB} > Ch!|Inh|.
Finally, at the interior mesh points, recalling the definition of {Rm}n[‘f’:0 in (23),

one obtains

Iny1 —

t
" + C4h|In DI DY R,
- ,

(L = axmy1) — (L — axy)
h

LM’]\/Bz1 = C3(T + h| lnhl)

= C3(t + h|InhA|) + C4I'(a)h| In A|

=C3t+ h|Inh|(C3 — C4I'(a + 1))
> CsT,

where (24) was used. From this inequality and (21) one has

Cihe™! _,

L]\/[,NLP::1 = LM,NBZ/I + LM,NLPm > C3T + m.xm .

That is, the mesh function ‘i’,’;l satisfies (18a), (18b) and (18c). Consequently
[utyy, — u(X, )] < W' < C(t + h|Inh|) for all m and n,
as desired. ]

Remark 6. If in the problem (1) a Dirichlet boundary condition were imposed at
x = L and in the scheme we set uy; = u(L,t,) forn =0,1,...,N, then the simpler
barrier function B

V), = C(tt, + W)

can be used, where {‘I’m}n"f:O is defined in (19). One then obtains the error estimate

max |t — u(xy, t,)| < C(r + h|Inh)).
OSmSMl m — U, 1) < C( [ In Af)
0<n<N

5. Numerical experiments

We present numerical results for three examples. In the first example, the exact
solution is known and satisfies the bounds (17); its numerical results illustrate the

15



error estimates of Theorem 1. In the second example the exact solution is unknown,
so bounds on its partial derivatives are not available. Nevertheless, the results show
that the scheme (12) is convergent. In the third example, convergence to steady
state and mass conservation are discussed.

Example 1. Consider the problem

ur — Dipcu = f(x,1) for (x,1) € (0,1) X (0, 1],
u(x,0) = (—x% + rx%) for x€(0,1),
D u(0,1) = D u(1,0) = 0 for t€(0,1],

where f(x,t) is chosen such that
u(x, 1) = (1 + 2)(=x% + rx%),

and the constant r is chosen so that the boundary conditions are satisfied:

D& lux,t) = (1+ 1) (F(4—a)

X7+ (e + 1)x>

SO D%;lu(O, H=0andr = yields

2
TAd-a)(a+])

)
D(é_x]u(l,t) = (1 + t3) <M + rr(a + 1)> =0.

In this example the solution u(x, #) is chosen to agree with the bounds on deriva-
tives stated in (17). The solution u(x, t) of Example 1 is approximated by the solu-

tion {u"m}nﬂf’zlg 1o Of the scheme (12). The maximum nodal errors are

E = max |u — u(x,,, t,)|.
M,N O<m<M| m ( ms n)|

0<n<N
These values are used to compute the orders of convergence

' ( EM’N )
PMN = 10g2 .
Exmon

In order to compute separate error estimates for the dependence of the error
on the spatial and temporal mesh widths, in the numerical experiments we take
one of the discretization parameters (M or N) smaller than the other one (N or
M). The values of Eyy and ppny are given in Tables 1 and 2 where N = 4M
and M = 4N, respectively. In both tables one observes that (12) is a first-order
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convergent scheme, which is slightly better than the error estimate of Theorem 1.

Table 1: Example 1: Maximum nodal errors and orders of convergence

M=32 M=64 M=128 M=256 M=512 M=1024
N=128 N=256 N=512 N=1024 N=2048 N=4096
a=12 || 4164E-02 | 2.109E-02 | 1.063E-02 | 5.337E-03 | 2.675E-03 | 1.340E-03
0.982 0.989 0.993 0.996 0.998
a =14 || 4.254E-02 | 2.178E-02 | 1.106E-02 | 5.590E-03 | 2.815E-03 | 1.414E-03
0.966 0.977 0.985 0.990 0.993
a = 1.6 || 4.042E-02 | 2.126E-02 | 1.104E-02 | 5.679E-03 | 2.901E-03 | 1.474E-03
0.927 0.945 0.959 0.969 0.977
a=1.8 || 2.987E-02 | 1.641E-02 | 8.861E-03 | 4.722E-03 | 2.489E-03 | 1.301E-03
0.864 0.889 0.908 0.924 0.936
Table 2: Example 1: Maximum nodal errors and orders of convergence
M=64 M=128 M=256 M=512 M=1024 M=2048
N=16 N=32 N=64 N=128 N=256 N=512
a =12 | 3.371E-02 | 1.681E-02 | 8.405E-03 | 4.205E-03 | 2.103E-03 | 1.052E-03
1.004 1.000 0.999 0.999 0.999
a =14 || 3.234E-02 | 1.619E-02 | 8.115E-03 | 4.068E-03 | 2.038E-03 | 1.021E-03
0.998 0.996 0.996 0.997 0.998
a=1.6 || 2.902E-02 | 1.478E-02 | 7.514E-03 | 3.809E-03 | 1.926E-03 | 9.712E-04
0.973 0.976 0.980 0.984 0.987
a = 1.8 || 2.067E-02 | 1.090E-02 | 5.716E-03 | 2.979E-03 | 1.544E-03 | 7.961E-04
0.924 0.931 0.940 0.948 0.956

Example 2. Consider the problem

us — Dy u = 10sin(2rx) for (x,t) € (0,1) x (0, 1],

u(x,0) = -+ rx? for x€(0,1),

D¢l u(0,1) = DElu(l,1) = 0 for t€(0,1],

where r = 3/T'(4 — a).

Note that D%;l u(0,0) = D%;l u(1,0) = 0 by the choice of r.
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The exact solution of Example 2 is unknown, so we estimate the orders of con-
vergence by means of the two-mesh principle [7]: the scheme (12) is used to com-

pute solutions {u,}*"% _ and {ﬁ%}insznlvzo on two uniform meshes {(x,y, £,)}0

and {(X,,, fn)}fnﬂsznNzo respectively. Since the meshes are uniform, one has x,, = X,
form=0,1,...,Nand¢, = f, forn =0,1,...,N. Use these solutions to calculate

the maximum two-mesh nodal difference

A2n
D = max |u! -1
MN = o amem ‘ m Faml>
0<n<N

then estimate the orders of convergence by

‘ ( DM’N >
qM.N = 10g2 .
Doyon

Tables 3 and 4 display Dy and gy for @ = 1.2,1.4,1.6 and 1.8. We take
N = 4M in Table 3 so that the two-mesh nodal differences associated with the
spatial mesh width dominate the errors associated with the temporal mesh width.
In Table 4 we take M = 4N to see the temporal errors. These numerical results
show that the method (12) converges and the orders of convergence tend to 1 as M
and N increase, which agrees with the error estimate of Theorem 1.

Table 3: Example 2: Maximum two-mesh nodal differences and orders of convergence

The computed solution {u; }

m=0,n=0

M=32 M=64 M=128 M=256 M=512
N=128 N=256 N=512 N=1024 N=2048

a =12 | 1.174E-01 | 6.370E-02 | 3.326E-02 | 1.701E-02 | 8.602E-03
0.882 0.937 0.968 0.983

a=14 | 4913E-02 | 2.627E-02 | 1.365E-02 | 6.977E-03 | 3.534E-03
0.903 0.945 0.968 0.981

a =16 | 2435E-02 | 1.325E-02 | 7.016E-03 | 3.650E-03 | 1.877E-03
0.877 0918 0.943 0.959

a=1.8 || 1.043E-02 | 5.905E-03 | 3.247E-03 | 1.749E-03 | 9.287E-04
0.820 0.863 0.892 0.913

M,N

for N=M =64 and o = 1.2, 1.6 is shown

in Figure 1; it does not exhibit steep gradients, which agrees with our assump-
tion (17) that u, and u, are bounded. In Figure 2 the discrete space derivative D u,
for N = M = 64 is shown and a singularity near x = 0 is observed, which is
consistent with our implicit assumption in (17) that u,.(x, ) blows up at x = 0.

In the final example we illustrate Lemma 2 by showing convergence to a steady-
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Table 4: Example 2: Maximum two-mesh nodal differences and orders of convergence

M=64 M=128 M=256 M=512 M=1024
N=16 N=32 N=64 N=128 N=256

a =12 | 1.394E-01 | 9.233E-02 | 5.444E-02 | 2.984E-02 | 1.566E-02
0.594 0.762 0.867 0.930

a=14 | 7.552E-02 | 4.846E-02 | 2.790E-02 | 1.511E-02 | 7.893E-03
0.640 0.796 0.885 0.937

a =16 | 5.099E-02 | 3.066E-02 | 1.731E-02 | 9.272E-03 | 4.811E-03
0.734 0.824 0.901 0.947

a=1.8 || 3.737E-02 | 2.237E-02 | 1.241E-02 | 6.568E-03 | 3.389E-03
0.741 0.850 0.918 0.955

Computed solution

Time

Figure 1: Example 2: Computed solutions with the method (12) for N = M =64 and o = 1.2, 1.6.

state solution.

(@) a=12

Example 3. Consider the problem

0.5

Computed solution

Time

0.2

b a=16

Uy — Dot = 0 for (x,1) € (0,1) x (0, 1],
u(x,0) = 50(x* + rx® + sx?) for x€(0,1),
D lu(0,1) = D tu(l,0) = 0 for t € (0, 1],

where the constants r and s are chosen so that

D& u(0,0) = D& u(1,0) = 0 and /
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Figure 2: Example 2: Discrete spacial derivative for N = M = 64 and @ = 1.2 in the whole domain
(left figure), with a zoom near x = O (right figure).

That is,

r

a

44 -a) <1 4
- 5 G-a)d-a)

1 r
ds=-3(=-+-]).
)an ; (5 4)

In Table 5 we give the two-mesh differences Dy, and the orders of conver-
gence gy for @ = 1.2,1.4,1.6 and 1.8 with N = M. The computed orders of
converge again agree with Theorem 1.

Table 5: Example 3: Maximum two-mesh nodal differences and orders of convergence

M=32 M=64 M=128 M=256 M=512
N=32 N=64 N=128 N=256 N=512

a=12 | 1.191E-01 | 7.605E-02 | 4.522E-02 | 2.546E-02 | 1.375E-02
0.647 0.750 0.829 0.888

a=14 | 8.820E-02 | 5416E-02 | 3.107E-02 | 1.694E-02 | 8.920E-03
0.704 0.801 0.876 0.925

a=1.6 | 7.966E-02 | 4.855E-02 | 2.757E-02 | 1.492E-02 | 7.824E-03
0.714 0.816 0.886 0.931

a=1.8 || 8.438E-02 | 5.113E-02 | 2.880E-02 | 1.552E-02 | 8.112E-03
0.723 0.828 0.892 0.936

In Figure 3 we display the computed solutions with the method (12) for N =

M =64 and @ = 1.2,1.4,1.6,1.8. For each value of , it is clear that for ¢ suf-
ficiently large, the steady-state solution u(-,7) = 0 predicted by Lemma 2 is ap-
proached. This steady-state solution conserves the mass of the initial condition.
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Figure 3: Example 3: Computed solutions with the method (12) for N = M = 64 and @ =

1.2,14,1.6,18.

For each n € {0,1,..., N}, we approximate [lu(-, #,)||;2(,1) by the composite

M

trapezoidal rule on {x,,},_;,

using the computed values {u,}*_ . These approx-

imate values of [[u(-, y)ll;2(0,1) are given in Figure 4 and it is observed that the
smaller « is, the later the steady state is reached; this agrees with our Remark 4.
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1.2

Figure 4: Example 3: Approximated values of [|u(-, #,)ll;20,1) using (12) with N = M = 256 and
a = 1.2 (solid line), @ = 1.4 (dashed line), @ = 1.6 (dotted line) and o = 1.8 (dash-dotted line).
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