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Abstract

Numerical approximations to the solution of a linear singularly perturbed parabolic
convection-diffusion problem are generated using a backward Euler method in time and
an upwinded finite difference operator in space on a piecewise-uniform Shishkin mesh.
A proof is given to show first order convergence of these numerical approximations
in an appropriately weighted C'-norm. Numerical results are given to illustrate the
theoretical error bounds.
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1 Introduction

The solutions of singularly perturbed problems typically contain steep gradients in narrow
regions of the domain, often referred to as layer regions. Layer adapted meshes, such as
piecewise-uniform Shishkin meshes [5] or Bakhvalov meshes [4], have been designed to con-
centrate a significant proportion of the mesh points into these layer regions and thereby
generate pointwise globally accurate piecewise—polynomial approximations to the continu-
ous solution, irrespective of the size of the singular perturbation parameter. An additional
feature of these layer-adapted meshes is that accurate approximations to the first derivative
of the solution can be easily generated. For ease of reference, we shall refer to this additional
feature of layer-adapted meshes as flurz—capturing. In this paper, we present a proof of this
flux—capturing property of Shishkin meshes in the case of a singularly perturbed parabolic
problem.

When estimating the error in a numerical approximation, relative errors are more rel-
evant than absolute errors. In many cases, the continuous solution is initially normalized
to have a maximum value of O(1) and then a pointwise bound in the maximum norm on
the absolute error is equivalent to a bound on the relative error, measured in the maximum
norm. In the context of singularly perturbed problems, these comments are pertinent, as
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there are different scales involved in the problem. In particular, the magnitude of the deriva-
tive can vary significantly within the layer regions as compared to its behaviour outside the
layer regions. For this reason, the appropriate norm to measure the error in approximating
the flux needs to be examined closely.

Given that the singularities appearing in the solution of singularly perturbed problems
are pointwise singularities, it is natural [5] to employ pointwise norms to measure accuracy.
Below we will discuss the following discrete versions of C?, C' and weighted-C' norms,
defined over a finite set of mesh points QY := {z;} .

lulloy = max Ju(z;)],

K3

lullLon = 1D ullor (zo) + lullox,

1w, QN UM\ {0} QN
[[wll [wD™ull + |l

where D~ w is the discrete backward derivative defined by

D™ u(z;) := ul@) = u(xi_l).

Tj — Tj—1

However, the value of a nodal error estimate depends on the choice of mesh points. Global
accuracy over the entire domain is a more neutral measure. Hence, we will consider the
merits of various weighted-C! norms defined over a measurable region R as follows

ulliw.r = lwuelr + lullr,  ullr = esssup,ep|u(z)].
For a singularly perturbed boundary value problem of the form
eu +au' = f,x € Q:=(0,1); u(0) = A, u(l) =B; a(z)>a>0; (1)

it was established in [5] that for a numerical solution UV generated using a standard upwind
finite difference operator and an appropriate piecewise-uniform Shishkin mesh, one has a
global error bound of the form

lu=Ulheq = ellu’ = (U)o + u—Ullo < CN"'In N, (2)

where U denotes a piecewise linear interpolant over the domain Q of the discrete solution
UN. Throughout this paper, C' denotes a generic constant that is independent of the
singular perturbation parameter € and of all discretization parameters. That is, the bound
in states that the numerical method is parameter-uniform [5] in the e-weighted norm
I lreq-

Gartland [7] measured the errors from an exponentially-fitted compact finite difference
operator on a locally quasi-uniform exponentially graded mesh in a discrete version of this e-
weighted norm ||-||1 c,o. However, the number of mesh points required in the Gartland mesh
depends (albeit logarithmically) on 1/e. Moreover, in the context of parameter-uniform
numerical methods [5], exponentially-fitted finite difference schemes (which are designed
to be nodally exact in the case of constant coefficients) are limited to certain classes of
singularly perturbed problems. Andreev [I] presented sharp bounds on the continuous
solution measured in || -||1 ¢, and the discrete solution of a monotone three point difference



scheme on arbitrary non-uniform grids in a discrete version of the norm || - ||1 0 [2]. These
results can be used to derive parameter-uniform global error bounds in | - || . o in the case
of problem .

Note that the error in the estimate of the derivative term in has been normalized by
the factor ¢, as ¢||u/||q = O(1). However, the derivatives of the solution only require scaling
within the layer. For example, in the case of problem , we note that

lu/(z)] < C, x> Celn(1/e).

Hence the scaling by the factor € in the error bound is not appropriate, if this error
bound is restricted to points outside the layer region [0, Celn(1/¢)].
In [12] Kopteva and Stynes established an error estimate of the form

elu'(zi—05) — DU(x)] <CN"'InN, z; <CelnN,
|u'(zi_05) — DU (z;)] < CN"'InN, z;>CelnN,

(where DU denotes a discrete derivative of U) for Shishkin and (corresponding bounds) for
Bakhvalov meshes. The bound outside the computational layer region [0, Celn N] is now
an unweighted C' error bound.

In the context of nodal accuracy on a certain mesh Q% the following discrete weighted
norm

g, if ax; <eln N,

lullyeon := 2D ullon + flulloy, - 2(2:) ::{ 1, if az; > el N,

appears to be a reasonable discrete norm to use to measure accuracy in the approximating
solutions of singularly perturbed problems. However, observe that in the classical case of
N~! < ¢, the scaling factor of ¢ for mesh points within the region (¢1n(1/¢),eIn N) is not
appropriate.

It is also worth remarking that, in the case of singularly perturbed ordinary differential
equations, if a scheme is nodally second order (ignoring logarithmic factors) in || - ||~ on
a Shishkin mesh, then it is nodally first order in the e-weighted C'-norm || - ||, . g~. In
particular, Andreev and Savin [3] analysed a modification of Samarskii’s monotone finite
difference operator on a piecewise-uniform mesh to establish an error bound in || - ||~ of
the form C(N~'In N)? and thereby one has an error bound of the form CN~!In N in the
discrete norm || - ||; . o~ for the scheme presented in [3].

In this paper, we confine our attention to a simple finite difference scheme on a standard
piecewise-uniform Shishkin mesh as it applies to a singularly perturbed partial differential
equation defined over a region G := Q x (0, T'], which is a time-dependent version of problem
. More sophisticated finite difference operators on various layer-adapted meshes, which
are second order in space and first order in time, exist in the literature. However, in contrast
to the case of an ordinary differential equation, one cannot directly deduce a first order error
bound in the discrete norm

[ulleran = el Dy ullanan (e a3, + 107 wllgman gy ey, + llullana,

from such nodal error bounds. Kopteva [I1] analysed a non-monotone finite difference
scheme on a Shishkin mesh, which is second order in both space and time; thereby, this



scheme is first order in the discrete norm || - ||; . o~ (assuming M = CN). In this paper,
we choose to establish convergence in a global norm (specified below) for a monotone finite
difference scheme, which is only first order in both space and time.

In the case of singularly perturbed parabolic problems, Shishkin [I5] introduced a so-
phisticated global metric, which is designed to measure the pointwise relative error in esti-
mating the first derivative both within and outside the layer region. In the case of the time
dependent version of problem , this new weighted metric is, in essence, of the form

&£
€+ e—a(zl,t)m/a’

[0ll1s.6 = lIsvelle + llville + Mlvlla, sz, t) =
where z; is the first internal mesh point in the spatial direction. In [15], Shishkin shows
that the error bound applies in the case of upwinding on a piecewise-uniform mesh, but
the same numerical scheme is not e-uniformly convergent in this new metric. Conditions
can be imposed on the parameters in a generalized piecewise-uniform Shishkin mesh (see
[15] §6] for details) so that the numerical approximations converge almost e-uniformly in
this metric || -||1,5,c. To be precise, at a rate of O(¢™“N 1), where v > 0 is arbitrarily small.
We refer the reader to [I5] for further details. Shishkin extended these ideas on suitable
metrics to the case of singularly perturbed elliptic partial differential equations in [14].

In this paper, we choose the simpler (but cruder) global metric of simply scaling the first
derivative by the constant € within the layer and using no scaling factor outside the layer.

Hence, instead of || - ||1.s.c we will measure the errors in the following weighted C'!'-norm:
lvllixe = lxvalle + llville + vl 3)
() = g, if |z — p| < 2eIn(1/e),
X o 1, if ajz — p| > 2eIn(1/e),

where p = 0 or p = 1 depending on the location of the boundary layer. In this paper, we
examine a problem with the boundary layer located on the right (where p = 1). Note that
the weighting function y(z) is excessive in the region where Ce << ajr — p| < 2e1ln(1/e).

In §2 the continuous problem is stated and parameter-explicit bounds on the derivatives
of the solution are established by decomposing the solution into a regular and singular
components. In §3, the numerical method is described and appropriate bounds on the
nodal errors are given. These estimates are used in §4 and §5 to establish scaled nodal error
bounds on approximations of the space and time derivatives, respectively. In §6 the main
result of the paper, which establishes an error estimate in the norm || - ||1,y,q, is given in
Theorem [7] Some numerical results are given in the final section of the paper.

2 Continuous problem
Consider the following class of singularly perturbed parabolic problems

Leu = —eUgy + a(x, t)ug + b(z, t)u + c(t)ur = f(z,t), in G :=Q x (0,7,
u=0, onlpUIl'LUTlR, 0<e<l; a(z,t)>a>0, c(t)>c >0, (
b(z,t) > max{l|as|lc, [laille, [ledlla} + B, B> 0,
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where Q := (0,1), I'p := {(z,0) |0 <2 < 1}, 'L :=={(0,£) |0 <t < T}, T'r:={(1,t)]|0 <
t < T} and T' := G\G. Since the problem is linear, there is no loss in generality in
assuming zero boundary/initial conditions. The constraint (4k) on the coefficient b(z,t)
can be transferred to the time variable by using the change of variable u = ve?, where
~v > 0 is sufficiently large. We assume that the data of the problem satisfy regularity and
compatibility conditions so that the solution of problem is such that u € C%+7 (é)see
[6] and [I3]) and for the analysis presented below to be applicable.

It is well-known that the differential operator associated with satisfies a comparison
principle. From this, one can establish the stability estimate

x t
)| < min{—, — .
ju(e, )] < min{ . | flle

Motivated by the bounds given in [9] and [I5] we present the following bounds on the
derivatives of the regular and singular components of u. For the sake of completeness, we
outline a proof of these bounds here.

Theorem 1. The solution of can be written in the form u = v 4+ w, where the reqular
component v € CTV(G) satisfies

Lov=f inG, v=u, on'pUTly, (5a)
and v = v* can be specified on the boundary I'r so that

ok+my,
| <

The singular component w satisfies the homogeneous differential equation

CA+&37*m) 0<k+2m<6. (5b)

Low=0, G, w=0, on'pUIl'y, w=u—v onTlg, (6a)

and for all points (z,t) € G its derivatives satisfy the pointwise bounds
ak-ﬁ-mw
oxkotm

Proof. Using the stretched variables ¢ := (1 — z)/e,n := t/e and the a priori bounds [13],
pg. 320, Theorem 5.2], one deduces the bounds

(a:,t)‘ < CeF(1 4 2 m)ee0=2)/s 0 <k 2m < 6. (6b)

ak—l—m
H H Ce7h=m  0<k+2m<6.

dzkotm
Consider the extended domain G* := {(0,A) x (0, B); A > 1, B > T}, with associated ex-

tended boundaries I'; , I'; and a™, b*, c¢*, f* are smooth extensions of a, b, ¢, f to the extended
domain G*. The first order reduced operator L{ is defined by

Liz i =a*z + b2+ % in G\ (T UT}), z=2z on 'z UTT.

!The space C™ 77 (D) is the set of all functions, whose derivatives of order n are Hélder continuous of
degree v > 0. That is,
9"tz

n—+y — .
C"T(D) :={z: pyE

€CV(D), 0<i+2j<n}.



The regular component v is composed of the reduced solution vy, higher order terms vy, vy
in an asymptotic expansion and a remainder term R, given by

vt = v +evl + ¥l + 3R,
Lovy = [, in G*, vy =u, on'zUTIT;
* ok * : * * * * -
Lov; = (vi_1)gz, n G, vy =0, on 'z UTT, =12

L'R* = (v3)gs, in G*, R*=0, on G*\ G*.

The bounds on the derivatives of v* (and hence v) are then easily deduced.
The singular component w can be decomposed as follows

w(w t) = (u—v)(1,)9(x,t) + eR(z, ),
where, for each value of ¢, the unit boundary layer function ¥ satisfies
eV, +a(z,t)¥, =0, V(0,t) =0, ¥(1,t) =1.

Note that

a,(s t)

f e Jomr sy
‘1](.T t) 1 =0 a(s, t)d
Jicoe Sy #2855 g

Using the strict inequality @ > a and ((1 — 0)t)™e™t < mle %, 0 <0 < 1,t > 0, we have
that

’am\p(m, t)
otm
For the remainder term, R(x,t) =0, (z,t) € I' and for all (z,t) € G

’ S Ce—oa(l—.z‘)/é‘, 0 g m S 3.

eLcR = —(u—v)(1,t)b(z,t)¥(x,t) — c(t)((u —0)(1,t)¥(x, t))t.

Hence
|R(z,1)| < Cem(1)/e,

Using the stretched variables and the localized bounds on the derivatives [13, pg. 352,
(10.5)] one can deduce the bounds

OF+ MR (z, ) N
< CeThmemel=D)/e 0 < k4 2m <6
‘ BT ‘_Ce e , 0<k+2m<6
Hence,
o Mw(a, t) <C(+el™m)ekeel=2/e 0 < k+2m <6 7
DaForm e e . 0<k+2m<6. (7a)

We improve the above bounds on the time derivatives by noting that for m =1,2,3

0w Ow(z,t) s Ot w(a,t)
67‘ z%’ ot ‘ e — )W , (w,t) € G,
WZO,(x,t)GFBUFL, ‘W(SC,



which implies that

am
‘W‘ <C 1"‘52 m)e (1733)/5, 1§m§3 (7b)
From the equation (L.w); = 0 we have that, for all ¢ > 0,
0? 0
—en g+ a(x, t)axwtt =g(z,t),z € (0,1), wu(0,t) =0, |wy(l,t)| <C,
D w(x,t) oItlw 1
< - —a(l—m)/ei
9z, 1) CZ‘ ot ‘ Z‘ 875381‘ ‘ Cll+e)e

For each time ¢, we use this boundary value problem for wy to deduce (use argument from
[5, pp 46-47] with x — 1 — x) that

o2 .
(. t)‘ <O +ef)eel=ale =12, (7c)
Collecting all these bounds together completes the proof. O

Remark 1. The proof of the bounds in Theorem[]] simplifies significantly in the special case
of a(z) being independent of time. In fact, in this particular case, all the time derivatives
of the solution u of are e—uniformly bounded.

3 Numerical scheme

Consider a uniform mesh in time @ = {kr, 0 < k < M, 7 = T/M} and a piecewise—
uniform Shishkin mesh Q% [5] in space on which numerical approximations of the solution
of problem (4) are generated. The subintervals [0,1 — o], and [1 — o, 1] are each uniformly
subdivided into N/2 mesh intervals, where the transition parameter o is defined by

o= min{1,2€ln]\7}.
2" «

Then, the grid in the space variable QY = {x;} is given by

[ imH, if 0<i<N/2 ®
i (1—0)+(i—N/2)h, if N/2<i<N,

where the step sizes are h := 20/N and H := 2(1 — 0)/N. We denote the local step sizes
by hj :=x; —x;_1 for j =1,..., N, and we define the following sets of mesh points

We combine this mesh with a simple fully implicit finite difference operator, which uses the
classical upwind approximation for the space derivatives, to produce the finite difference
method:
LN,MU(:L"Lat]) = f(l'lvtj)’ (wwtj) € GN7M7 U(:Ewt]) = 07 ($l7tj) € FN7M7 (9)
INMU (34,;) := (=02 + aDy + bl + eD; U (x4, ),

7



_ Ui — U - 1 _

Uiy i=Ulwi,ty), Dy Usj = —5—= L 82U, = (DI Ui — D; Uiy),
(2
Uir o — U - U — U1 . hi 4 hs

D:U’LJ — i+1,7 ’L,j’ D;U’LJ — ,J J 1,j’ hz — i T H—l‘

’ hit1 ’ h; 2

Throughout the analysis in this paper we assume that
o=25IN, OIN<M<G0,N. (10)
@

It is well-known that the finite difference operator associated with problem @D satisfies
a discrete comparison principle. To obtain appropriate bounds of the error in the maximum
norm, consider the following decomposition of the numerical solution U = V + W, where
the discrete regular V and singular W components satisfy the problems

LN’MV = f, V|FN,M = v|pN,M, LN’MW =0, W|FN,M = w|FN,M. (11)

In the next theorem we establish bounds on the error associated with the regular and
singular components, which are used later in the error analysis in the weighted C'-norm

I e

Theorem 2. Assume @) For allt; > 0, we have the following bounds
|(V—U)(:L‘Z',tj)‘ < Cth_l, if x; € [O, 1],
(W —w)(zi,t5)] < ON2, if i € 0,1 - a],

(W —w)(zi,t;)| < ON"2 4+ Ct;N"'InN, ifx; € (1—0,1],
where v, w are the solutions of problems (@a),(@a) and V,W are defined in .

Proof. From the truncation error bound ||[LYM(V — v)||avu < CN~! and the discrete
maximum principle one has the nodal error bound

(V= )i, t)| < Ct; N~

For the singular component, we distinguish two cases depending on the location of the grid
point. First, outside the layer, we have that [5]

(W —w)(2i, )| < W (i, )] + |w(wi, t;)] <CN2, 2, <1—o0.
If x; € (1 —0,1), then the truncation error satisfies

LV (w = W) (24, )] < C(T + hlwga (2], t)] + ehlwaes (27, 1)),

with 2} € (z; — h,z;), and 2" € (x; — h,z; + h). Using the inequalities

tj
/ Waat (2], 8)ds
0
within the layer region, we obtain the truncation error bound
-1
N InN Pp—
- J

e (5. )] = < Otye2ea0=20/% o (a2, 1))] < Ctye—deali=nen)/e,

|LNM (w — W) (a1, t5)] < O(T + l2)/e) | Lo <oy < 1

Use the discrete barrier function
C(t;N"'In N(1 4+ a(h/e)) >N 4 71, + CN72),
and |(w — W)(1 — 0,t;)] < CN~2 to complete the proof. O



4 Nodal approximation of space derivatives

Consistency and stability is a classical argument in numerical analysis, which is typically
employed to deduce a nodal error bound. To bound the quantity D, (U — u) at the mesh
points, we use an argument of this type, by employing a bound on a quantity of the form

|ILN-M (D5 (U —u))||, where the finite difference operator LN is monotone and is defined

below in .
We denote the nodal error by e(x;,t;) := U(xs,t;) — u(x;, tj), and the associated trun-
cation error by 7 (z;,t;) := LN:Me(x;,t;). We define the discrete error flux to be

U ;= Dye(zity), if0<z <1

The main purpose of this section is to deduce suitable bounds on % ~.
We identify a discrete problem associated with the error flux defined over the region

Gy =GN A {(H, 1) % (0,T)); G =GN A {[H 1] x [0, 7]}
We define a new finite difference operator 53 by
1
hi

("py M)z

5920Ziuj = h. T . 1
i i—

which has the property that R
03D; Zi j = Dy 6325
Note the following identity
Dy (PijQij) = PijDy Qi+ Qi1;D; Pij. (12)

Using these identities and Dy (LNMe(x;,t;)) = Dy 7 (x4,t;), we see that for all mesh points
within the region Gg’M, the quantity %; satisfies

LNMy~ = Dy T (wity) — e(wio1,t) Dy b(xisty), (wi,t;) € G, (13)
where for the internal points (x;,t;) € GZ’M,

f;N’MZi’j = (—885 + a(xi_l, tj)D; + (b + D;a)(xi, tj)I + C(tj)Dt_)Zm',
and IA/N’MZZ'J‘ = Zi,j for (a;i,tj) S GZ’M \ GZ’M

Remark 2. When bounding the term D 7 (x;,t;) we will make use of the following trun-
cation error bounds

_ _ 1, [t b _

|D, (uy — Dy u)(zs,t5)] = —‘ D up(x;, s)dsdr|

T t=t;_1 Js=r

CT||utt$||(Z‘i_1,l’i)><(tj_1,tj)‘ (14&)

IN

If hi—l = hi, then
|D; (uz = Dyu)(@i, )| < Chilltaws (2, 6)] oz s (14b)
and if hi—l = hi = hi+1, then

Dy (Uaz — 55“)(5513 ti)l < Ch?”“ﬂﬁxmx(%tj)”xe( (14c)

xi—nyi—Q—l) :



From the assumption that 8 > |as|q, the discrete operator LN-M satisfies a discrete
comparison principle.

Now we deduce bounds on the regular ¥~ := D, (V — v) and the singular #~ :=
D7 (W —w) components of the discrete error flux % ~. We begin with the singular compo-
nent. For the mesh points along the right hand boundary z = 1, we will need an appropriate
bound on the outgoing error flux | D, (W —w)|. We achieve this by sharping the nodal error

bound given in Theorem 2, within the layer region, to reflect the fact that (W —w)(1,¢;) = 0.

Lemma 1. Assume @ For the solutions w, W of the problems (@a} and , and for
sufficiently large N,

e|Dy (W —w)(1,t;)| < CN~Y(InN)?, t; > 0. (15)

Proof. For each t; > 0, consider the discrete function ) (z;,t;) as the solution of the discrete
problem

—€5§w + (a($i,t]‘) + ,Bt])D;w =0, z; € (1 — 0, 1), w(l — 0, tj) =1, T/J(l,t]‘) =0.
Note that the mesh is uniform within (1 — o, 1) x (0,T]. Define the discrete flux to be
F/ == D (w,t;) <0,

which satisfies the inequalities

N N—-1
h Y Fl=-1, F=rF, ][0+ (alen, b)) + By 5y,
i=N/2+1 k=i <
Hence, for sufficiently large N,
hy—1
1— (1+ (lallg + BT)2) o
|Dz_w(1atj)| < £ gg

hy-nNy2
h(t = (1+ (lalc + BT)7) 2)
Here we have used the inequality

(1 _|_KM)N/2 > eK%@—K%)’

and N is sufficiently large. Note also that for z; € (1 — o, 1),
(=07 + (alwi,ty) + Bt;) D3 ) Dy (i ty) = —(Dy alwi, tj) + B) Dy ((wi,tj-1)) 2 0,
where we have used the identity and D, (1 —o,t;) = D, 9(1,t5) = 0. Also

(D7 alai 1) + B)D; (o, ty1)] < O (14 2o,

Using a discrete comparison principle, we deduce that

Ozih)inN.

Dy iz, ty) >0, | Dy p(xi,ty)| < C(1+ -

10



Now we define a barrier function to deduce appropriate bounds for %y, i First, we note
that, at each time level ¢;, the grid function x; — 140 (x;,t;) is the solution of the following
problem

(—e62 + a(wi, t;) Dy ) (2 — 1+ o(i, 7)) = alwi, ty) — oSty Dy (i ty), @i € (1—-0,1),
(xi -1 + O'¢(£L'i,tj))zi:1,g - (xz -1 + U¢($ivtj))mi:1 = 0.

So, by the discrete maximum principle z; — 1 + ot(x;,t;) > 0. Note that,
LN’M(LEi -1+ O"Lﬁ(l‘i, tj)) > a(ﬂfi,t]’) + O'(C(tj)D; - IBt]’D;)T/J(QZi,t]’) > a(l’i,t]’).
Define the following discrete barrier function
Bi(zi, t;) == C| LMW = w)|lse1—on) (z: — 1 + 0(21,t5)) + ON 2,

where LVM (W —w) is the truncation error associated with the singular component. Recall
that in the boundary layer region

ILVMW = w)|pe(—01) < Ce !N In N.

We then have that [(W —w)(x;,t;)| < Bi(xs,t;) for ; € [1 — o, 1]. Therefore,

_ €
sl = IV —w)(1 - hty)
< Ce| LYYW = w)lpe-on) (1 + 0 DZ (1, 8)))) + CN7!
< CN7'(InN)?
which is the required result. O

Theorem 3. Assume @) Then, for all t; > 0,

]D;(W—w)(x,;,tjﬂ SCNfl, if:EiSl—O',

e[ Dy (W —w)(wi t;)] < CN"YInN)2, ifa; > 1o, (16)

where W is the solution of and w is the solution of (@a).

Proof. Note that outside the layer region, Theorem [2] implies that
5| <CN™', ifaie0,1—o0], t; >0.
Also, for z; =1—o+ h,1 —o +2h

Ceth/ae—ao/e < CN_Q,

<
< C(1+ah/e)?(1+ah/e)™ N2 < CON72

Hence,
el# ;| <CN™', wi=1—0+h1—0+2h

11



In the layer region (1 —o +2h, 1) x (0,T) we will obtain the bounds by using (13)). Initially,

W, =0,z; € (1—-0,1) and we established the required bound on the right boundary in
. For z; € (1—0+2h,1),t; >0 and Gg = (@i—1, %) X (tj—1,t;), using we get that
‘LN’M%,;’ < CTH“’ttrchGz + Ch(gh”wzmmHGz_lugguggH

+Haﬂc‘|GmeHGi + HCLHGmengiilucﬂ_') +CN'InN
-1

QN In Ne_a(

g g

1=zi)/e L ON“1In N.

Use the discrete barrier function (and the strict inequality a(z,t) > «)
N~1In? N(1+(1+ ahe_l)iﬂ_N),
with the stability properties of LNM t6 complete the proof. O
Consider now the contribution of the regular component to the discrete error flux.
Lemma 2. Assume (@) For v,V , the respective solutions of (@a},, we have that
e|Dy (V —v)(1,t;)| <CN~Y,  ¢;>0. (17)

Proof. 1t follows using a similar argument to the proof of Lemma [If but involving all the
grid points of GN'M. Use the barrier function B (z;,t;) := C||LNM(V —v)|| gy (2 — 1 +

(x4,t5)), where

6% + (a(zi, tj) + Btj) Dy = 0, z; € (0,1), (0,t;) =1, ¥(1,t;) = 0.
Then e[ ¥y ;| < Cel|[ LYM(V = v)|lgnar (14 |D7 (1, 8)]) < CN L O
Theorem 4. Assume @) Then, for all t; > 0,

D, (V —w)(zi, t)] < ON, ifw; <1-—o,
e|D; (V —v)(x,t;)] < CN1(InN)?, ifx; >1 -0,

where V' is the solution of and v is the solution of (fa).

Proof. We again apply a stability and consistency argument, but now across the domain
GI]}]’M to deduce suitable bounds on ¥ ~. At the interior points, using the bounds , we

get that

ILNMy o) < CNTY, ai#l-ol-o+h,
\IA/N’M”f/iy < Cle+NY, z=1-o0,

and if x; =1 — 0 + h, using (14p), we have that

- _,_C _ C
LNy 5) < 2 (eH vrmolle + Hlvsall ) + N <

“elnN’
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Using a suitable barrier function we can establish that |(V — v)(z;,t;)] < Cz;N~! and,
hence,

1D (V — v)(1,5)] < C%N‘l < CN7L.

We can deduce appropriate bounds for ”I/Z; by again constructing a suitable barrier function:
Define the following two mesh functions:

X; :
e, ifr; <1-o,

e

Observe that

(@) = 0, ifx; <1-—og0,
ifl—o<ux; <1, Yl L, ifl-o<a; <1

«, ifr; <1-—o0,
INMR(z) > eH ' 4o, ifz;=1—o0,
b+Dya, ifxz;>1-o0.

and
0, ife; <1-—o0,
- —eNH1 ife;, =1—0
N,M N > € ) 1 3
L S(wi) 2 eNh ' +ah™t, ifz;=1—0+h,
b+ D a, ifx; >1—0+h.

Define the piecewise linear barrier function
Bs(z;) = CN~'e™Y(R(x;) + N7'1S(2:)) + CN ' R(x;).
Then, the discrete maximum principle establishes the bound
%1 < CBs(x;) <CN e,

By using a sharper barrier function, we will next remove the scaling factor € outside the
layer. Define the local mesh Peclet numbers as follows:

ol ah
§i=—35 pi=-—_,
€ €
and the following two mesh functions;
14 £)N/2, if z; <1—o,

, ife, =1—0+h,

14+05p) N2 if 1l —g4+h<a; <1
0, if T S 1-— g,
(1+0.5p) N2 if g > 1 — 0.

(
P(z;) = 1
(

Q(z;)

Hence, using 2¢ In N < 1 and N sufficiently large,

R 0, ifx; <1-—o,
INM(P(2;) + aN"'e™1Q(z;)) > { CNo™!, ifax;=1—0+h,
Ce 1, ifz; >1—0+h.

Form the barrier function

By(z;) := OCN"'R(x;) + C(P(1)) " (P(x;) + aN e 1Q(x)).

13



Then we have established that ’7/13 (xi,tj)| < CBy(z;). This bound is of little value in the
area [1 —o,1] (as By(x;) < C(1+N~1e71) in this area). However, in the coarse mesh region
z; € (0,1 — o], we deduce that [/ [ < CBy(z;) < CN~ Yz, <1-o0. O

Using the bounds obtained for the regular and singular components, the triangular
inequality and the truncation error bound

1Dz u = tg |7, < Cmin{|lug||r;, hilluezll },
we obtain the following result.
Theorem 5. Assume @) Then, for all t; > 0,

DU — uy) (i, )| < CN~L, f0<xz; <1-—o,
x J

el(DyU — ug)(mi,t;)| <CN YInN)?, ifl—0o<uax; <1, (19)

where U is the solution generated by the numerical method (@ and u is the solution of the
continuous problem .

5 Nodal approximation of time derivatives

We follow the approach outlined in [8, Appendix A.2] and [I0 §8.2] to deduce nodal ap-
proximations of the time derivatives. We note that the proof in [10] was given only for the
case of constant a.

Lemma 3. Assume @) The following bounds hold, for all t; > 0

(D;V —w) (24, )] < CN~1In N, if z; € [0, 1],
](D;W—wt)(:ci,tj)] < CNfl, ifxi S [0,1 —U],
(Dy W —wy)(xi,t5)] < OCN"Y(InN)3, ifx; € [1 —0,1],

where v, w are the solutions of problems (@a),(@a) and V,W are defined in .

Proof. Using the bounds on the components v, w, of the solution u of problem we deduce
that for all (x;,t;) € [0,1] x [r,T]

(D w = ug) (i, )| < Crllug|| < CNTL
Hence,

(D7 V —ve)(wisty)] < |Dy (V —w)(zi,t5)| + ONTY,
(Dy W —wy) (i, t))] < |Dy (W —w)(wit)| + CN~L

Note that along the side boundaries
D;(V—U)(.%’i,tj) =0, (iL'Z',tj) € (FLUFR)HGN’M, t; > T

and from the error bound in Theorem [2| we deduce that |D; (V — v)(z;, 7)| < CN~L. At
the interior points (z;,¢;) € GNM N {t; > 27}, we will first estimate

[LYM(DF (V= o) (i, )
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We wish to reverse the order of the operators LY"™ and D; . To this end, we use again the

identity and we define a minor modification to the operator LY denoted by
LNMZ; g o= (LM 4 (etj-1) = e(t))) Dy + Dy e(ty)1) Zig

to obtain

LMD (v - )]

| Dy (LYM(V = w)) = Dy ((V = v)) +bD; (V — )
=Dy (aD, (V —v)) +aD; Dy (V —v)

1Dy (LYYM(V = 0))[ + ON~! + C|D, (V = v)|
5|D;(5§U - Ux:]c)| + C|D;(D;U - U:Jc)|

+C|D; (D v — )|+ CN™L + C|D; (V — )|
ehillveaatllc + Chil|vaatllc + C(r|vullc + N7
+C||D; (V —v)||lgyvm < CN~ '+ CIID; (V — )|l gy

VARPVAN

IN

We recall that for all ¢£; > 0,

CN—! ife;<1—o
— _ ) . < )] 7 = M
DV - ol = { Gyl b S0

Consider the following mesh function

Z(rs) = (1+&)=N2, ifx; <1-—o0,
! 14+ (zi—(1—-0)))o, fl—0<ux; <1,

with & = ae/H. Note that
EN’MZ(:Ui) >0, z; <1-—o, f)N’MZ(mi) >ao Y,z >1—0.
Use the barrier function CN~1(1+ Z(z;)In N) to deduce that
|D; (V —v)(2i,t;)| <CN"'In N, (2,t;) €[0,1] x [, T].
Now we consider the singular component. Outside the layer region, we use the bound
max{|W (x;, )], |w(zi, t;)|} <CN72, 2, <1-o0,
to deduce that, for all t; > T,
|D; (W —w)(zi, )] <CN ™Y 2, <1—o0.

It now remains to bound D, (W —w) within the layer region. We repeat the argument from
above to deduce the truncation error estimate

~ N—Y1n N)?
’LN’M(D;(W - w)(%’,tj” < C(en), rp>1—o0, t; > T
At the first time level ¢; = 7, using the bounds in Theorem [2| we deduce that
(D (W —w)(z;,7)] < CN"'InN, 2; >1—o0,
and at the right boundary, D, (W —w)(1,t;) = 0. Use the discrete barrier function
C(MN_I(In N2+ N-'ln N),
€

to complete the proof. ]
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Motivated by the bounds in [12], Corollary 3] we can sharpen the bound given in Theorem
for points within the layer region, in the special case where N=2 < ¢.

Theorem 6. Assume (@ If N2 < ¢, then
1
1D (U — u)(z;,t;)] < CN“'(InN)3, z3<1— > In=, t; >0, (20)
(6%

where U, u are the respective solutions of (@ and .

Proof. If N2 < ¢, then e1n % < 2eln N. From the previous result, we only need to consider
the mesh points in the region (1-2£In N,1—-=In %) Within the fine mesh, the error satisfies

8 _ _ _ A~
_E( i1y — %ig) + ol )5 = T,

where 7 ; = LNM(U — (24, t5) — e(t;) Dy (U — u)(wi, t5) — b(, ;) (U — u) (x4, t;). Note
that
|7 lgnm < (N Ne~lea0=20/ 4 N=1(n N2,

- h
with G(])V’M =GNMN(1- 25InN,1— gln%). Thus, with p := a—, we have
€

_ h —1,h 4 _ 1/ 5 _
%51 = (1+ Za(ai,t) 25 + ] < (040 T gy +125,1).

Thus, we have the following estimate at x; (within the fine mesh)

1~ (14 p)~ (V=9
1—(14p)1t
-1 2
w(l +p)f(N7i)_
9

’%L?]

i h N
< A4 1T lgrm +C(1+p)” Ny

IN

CHyHGé\r,M +C
Since z; <1—Z1In %, there exists some 6 > 1 such that z; <1—-60Z1n % For N sufficiently
large, we note that (1 + p)~! < e % p<0Inb, § > 1. Hence, for z; <1 — 9%111%

a(l—xz;)

%] < C(N—l(ln N)Ze~le + N~1(n N)3) < CN“'(InN)3.

6 Global accuracy in weighted C'-norm

In this section, we examine the global accuracy (in the weighted Cl-norm || - ||1,,.¢) of the
bilinear interpolant

N—1,M

U(x7t) = Z U(xiatj)d)i(x)"vbj(t)v (I,t) € Ga

3,j=1
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where ¢;(x),1;(t) are piecewise linear basis functions in space and time, defined by the
nodal values of ¢;(x) = 6; r = ©¥;(tr). Note the following bound on the bilinear interpolant
g of a function g (see e.g. [16, Lemma 4.1]) in the rectangular cell R;; := (xj—1, ;) X (tj-1,t;)

Z;
lg = gllr, < Cmin{hf|gss|r,, max |92(s,t)|ds}
J i
z

[tj*htj] i—1

tj
+C min{T2HgttHRij’ emax / lg(z, s)|ds}.
-1

T€lwi—1,@:] Jt
Theorem 7. Assume @) Then,
|U —ull1y.c < CN'(InN)>. (21)

where U is the solution generated by the numerical method (@ and u is the solution of the
continuous problem .

Proof. Using the decomposition © = v+ w and splitting the argument to inside and outside
the computational layer region [1 — o, 1] x (0,7"), we have the following interpolation error
(see e.g. [16, Theorem 4.2])

|u—illg < C(N~'InN)% 4+ C72.
Hence, the following global error estimate follows:

|lu—Ullg <CN~'InN.

Note that
) N-1
(U —w)(z,t) = ) Dy (U—u)(witj)pi(x), te (tj-1,t],
i=1
M
(U = 0)a(z,t) = > Dy (U —u)(@i,ti);(t), € (i1, i),
j=1

Using the bounds in Lemma [3| for the discrete time derivatives; the bounds in Theorem
when ¢ < N~2 and the bound in Theorem@when e > N2 for the discrete space derivatives,
we have that

1T — @16 < ON"HIn N)3.

We are left to estimate the interpolation error ||u — @l1,y,q. For € (x;_1,z;], we have

M
(i — (Dy uli, t) — v (2, 1) )b (8) + > v (2, 1) 05 (t) — (2, 1),
j=1 j=1

Therefore, in the rectangular cell R;;, we obtain
H(g - g) HR” < mln{h ”ngCHR”v ||gl'HRij} + min{T”gﬂct”Ruv ”ngRU}
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We employ the decomposition u = v + w. For the regular component it trivially follows
that

(v = 0)allry; < C(NT!+ 7).
For the layer component, we split the argument to inside and outside the layer region

[1—2£1In1 1] x (0,7] and deal with the two cases of ¢ < N~2 and ¢ > N~2. We observe
the following: If ¢ < N2 then 2¢In N < 5111% and in this case

lwellr, < Ce<CN7? ifz; <1-2(c/a)n(l/e),
|wellr, < Ce N2 if1—2(¢/a)In(l/
< Ce'N7'InN, ifz;>1-o.

g)<z; <1-—o,

hinIIHRij + T”wl't”Rij
In the second case, where € > N2, then we distinguish two subcases: If ¢ > N~!, then

C(hi+71), ifzx; <1-2(¢/a)ln(l/e),
Ce™ 'N7'InN, ifz; >1—2(c/a)ln(1/e).

hinmnRij +TwatHRij <
hinIxHRij—’_THwCCtHRij <

On the other hand, if N~!>¢> N2 then

C(hi+71), ifz; <1—-2(¢/a)ln(l/e),
Ce™'N72 if1—2(c/a)In(1/e) <z; <1 -0,
Ce™'N7'lnN, ifz; >1—o0.

hinIxHRij + T”th”Ri]’

waHRij

ININ A

hinlmusz + TmetHRij
Combining all these bounds, we deduce that
Ix(2) (u = @sllc < OCN~' I N,

where x() is defined in (3). Similarly, for ¢ € (t; — 1,¢;],

N-1 N-1
(a— = > (Dy (i ty) — up(wi, 1)) i(x) + > welwi, t)di(x) — up(x, ).
i=1 =1

In the rectangular cell R},

||(g - g)tHRij < CTHgttHRij + min{hi||g$t||Rij7 ||gtHRij}'

By again using the decomposition v = v + w and splitting the argument to inside and
outside the layer region [1 —2<1n1 1] x (0,7], we deduce that [|(u — @)i|¢ < CN~'. O

Remark 3. The bound in Theorem@ can be easily extended to the classical case of
o = 0.5, by using the inequality e~ < CIn N when o = 0.5.
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7 Numerical experiments
In this section we consider the following variable coefficient problem

Uy + (14 2+ 42 uy + zu + up = 502 (1 — )2, (22a)
U(O,t) = u(17t) =0, U(J?, 0) = (4:6(1 - l’))?), (22b)

whose solution is not explicitly known.

To estimate the errors in the norm ||-||1,y,¢ of the numerical scheme (9) for any fixed value
of the singular perturbation parameter £, we use a variant of the double mesh principle (see
[5]): Given a numerical approximation UNM generated over a mesh GV'M | we also generate
the numerical solution on a fine Shishkin mesh U?%48:2048 with N, M < 2048, and compute
the global fine—mesh differences:

EéV’M — maX{HUN’M _ 02048’2048”1,)@@]\”1”7 HUN’M _ U2048’2048H11X7é2048,2048},

where UMM denotes the bilinear interpolant of the numerical solution over the mesh GM'M
From these values, we compute the approximate order of convergence using

QN = logy (BN /2N,

The uniform global errors in the norm ||-||1,y,¢ and their orders of convergence are estimated
as follows
ENM ._ meaég(EéV’M, QNM .= log, (ENM | F2N2M)
g
with § = {20,271 272 .. 2730},

In Table [1| we present the global ENM and uniform global EN'"M computed errors for
N=M=2j=4,56,738,9 with their corresponding orders of convergence associated
with the finite difference scheme @ on the Shishkin mesh for test problem . The
numerical results in Table indicate that the method is uniformly convergent in the
weighted Cl-norm || - ||1y.¢. The computed orders of convergence in this example are
slightly higher than the theoretical order of convergence established in Theorem [7 but this
is a well-known effect when the errors are estimated by considering the computed solution
on a fine mesh as the exact solution.
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