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Abstract

We study the discrete approximation of a Neumann problem on an interval for a
singularly perturbed parabolic PDE. For a boundary value problem we construct the
special piecewise-uniform mesh on which the difference scheme based on the classical
finite difference approximation converges e-uniformly with the order O(N~21n% N +
K1), where N + 1 and K + 1 are the number of the nodes at the space and the
time meshes, respectively. On using such schemes we construct the schemes of the
high order accuracy with respect to the time. To obtain the better approximation,
we use auxiliary discrete problems on the same time-mesh to correct the difference
approximations. To validate the theoretical results, some numerical results for the
new schemes are presented.

1 Introduction

Under smooth data of singularly perturbed boundary value problems for parabolic equa-
tions without convection terms, the order of e-uniform convergence for the special scheme
that was studied (i.e. [1]-[6]) is O(N"2In* N + K~'), where N and K denote, respec-
tively, the number of intervals in the space and time discretisation. For this scheme the
amount of computational work is primarily determined by the time discretisation, which
is of first order accuracy only. The improvement of the order accuracy in time, maintain-
ing e-uniform convergence, by means of a defect correction technique was studied in [7]
for a Dirichlet problem and it was achieved without essentially increasing the amount of
computational work.

Here we use the similar method for a Neumann problem and also we obtain the higher
order of accuracy with respect to the time variable and the second (up to logarithmic
multiplier) order accuracy in space.
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2 The class of boundary value problems studied

1. On the domain G = D x (0,T], D = (0,1) with the boundary S = G \ G we consider
the singularly perturbed parabolic equation with Neumann boundary conditions:

Leonu(z,t) = 6286; (a(m, t)aaxu(x, t)) —c(z, t)u(z,t) — (2.1a)
—p(x,t);u(x,t) = f(z,t), (z,t) e G, €(0,1],
lonu(z,t) = &?;;u(x,t) =(z,t), (x,t) € 5, (2.1b)

u(z,t) = p(x,t), (x,t) € So.

Here S = SoU S, S1 ={(z,t): x=0andz=1,0<t<T} S ={(z,t): = €
[0,1], t = 0}, 0/0n is the derivative with respect to the normal to S; external to set G. In
(2.1) a(z,t), c(z,t), p(x,t), f(z,t), (x,t) € G, and ¢(z,t), (x,t) € So, ¥(x,t), (x,t) € S
are sufficiently smooth and bounded functions

0<ay<a(xt), 0<py<pxt), clz,t) >0, (z,t)€q.

When the parameter € tends to zero, in a neighbourhood of the lateral boundary S
layers appear in the solution, which are described by an equation of parabolic type.

2. We will suppose that the compartibility conditions which ensure sufficient smooth-
ness of the problem solution are satisfied on the set Sy N S;. Then for the solution of the
problem and its components from the representation

u(z,t) = Uz, t) + W(z,t), (z,t) € G,

where U(z,t), W(x,t) are the regular and singular parts, the following estimates hold *

8k+k0 k 8k+k0
Dz dtho <SMe™, ook <M 2.2
Ok Otko u(f’:>t)’ S Me S 15 g Ux,t)| < M, (2.2)
akJrko
WW@J) < Me Fexp(—me'r(z, 1)),

(v,t) € G, k+2ky < 2n+4,

where 7(x, I') is the distance between the point x € D and the set I' = D \ D.

3 The finite difference schemes

1. To solve problem (2.1) we first consider a classical finite difference method. On the set
G we introduce the rectangular mesh

G, =w X Wy, (3.1)

where @ is the (possibly) non-uniform mesh of nodal points, z*, in [0, 1], @y is a uniform
mesh on the interval [0,7]; N and K are the numbers of intervals in the grids @ and @

'Here and below we denote by M (or m) sufficiently large (or small) positive constants which do not
depend on the value of parameter € or on the difference operators.
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respectively. We define 7 = T/K, h* = x'*!' — 2", h = max; ', h < M/N, Gy, = G N G,
Sp =SNG
For problem (2.1) we use the difference scheme

Agoyz(z,t) = f(z,t), (x,t) € Gy, (3.2a)
Aa2z(z,t) = "(x,t), (x,t) € S, 2(x,t) = ¢ (x,t), (x,t) € Son.  (3.2b)

A@ayz(z,t) = 625A( M2, 1)052(2,1)) — o, t)z(x, t) — pla, t)d52(, 8),

22z, t) + 27 e (@ — 29 (@ (x, 1) Y e(x, t) 2 (2, t) + pla, t) 622, t)],
VM, t) = alz, t)(a+h($ )M, t) = 27 e @ = a) (@ (@, 1) T f (2, ), w=at=0;
Apoyz(x,t) = e0zz(x,t) +27 e Ha! — x“l)(ah(x,t))*l[c(x,t)z(m,t) + p(x, t)6z2(x, )],
M, t) = a(z, t)(a" (2, 1)) (x, 1) — 270 @t — 2t (a (2, 1)) T f (2 t), w=at =1
o= (ah(xi,t dzz (2", t)) = 2(z" — x’fl)* (a*h(xi,t)&cz(a:i,t) - ah(x",t)(%z(xi,t)) :
at(z',t) = a (2 + 2%)/2,t), ath(att) = a2 t) = a ((2® + 27T1)/2,1),
d.2(x,t) and dzz(x,t), dz(x,t) are the forward and backward differences, and the differ-
ence operator 0z(a"(z,t)0zz(z,t)) is an approximation of the operator 2 (a(z,t)Zu(z, t))
on the non-uniform mesh.

Taking into account estimates of the derivatives we find that the solution of the dif-
ference scheme (3.2), (3.1) converges for a fixed value of the parameter ¢:

| u(z,t) — 2(x,t) | < M(e*N"'+7), (x,t) € Gy (3.3)

2. We construct the scheme convergent e-uniformly. On G we introduce the mesh
G, =w*(0) x @y , (3.4)
where @y = Wy(3.1) and @* = W*(0) is a special piecewise uniform mesh depending on the
parameter 0 € IR, 0 = 0(3.4)(¢, N) = min[d/4, meIn N |. The mesh @*(0) is constructed
as follows. The interval [0,1] is divided in three parts [0,c0], [0,1 — o], [1 — 0,1],
0 < 0 < 1/4. In each part we use a uniform mesh, with N/2 subintervals in [o,1 — o]
and with N/4 subintervals in each interval [0,0] and [1 — o, 1].

Theorem 3.1 Let the estimate (2.2) hold for the solution of (2.1). Then the solution of
(3.2), (3.4) converges e-uniformly to the solution of (2.1) with the error bounds

lu(z,t) — z(x,t)| < M(N2In® N +7), (2,t) € G,. (3.5)

4 Improved time-accuracy. A scheme based on
defect correction

Here we adapt the discrete method based on defect correction [7], which ensures e-uniform
convergence of the approximate solution to the solution of (2.1) with an order of time-
accuracy higher than two. But for the Neumann problem it is necessary also to made the
correction of the difference derivative dzz(z,t) in the boundary condition.
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We denote by d,;2(z,t) the backward difference of order k:

Oz 2(x,t) = (017 2(x,t) — 017 2(x,t — 7)) /T, t> kT, k>1;
op 2(z,t) = 2(z,t), (x,t) € Gp.

1. Let us construct modified difference schemes of the second order accuracy in 7 for
the boundary value problem (2.1). On the mesh @h(3,4) we consider the "usual” finite
difference scheme (3.2), writing

A(3.2)Z(1)($7t = f(z,t), (z,t) € Gy, (4.1)
A(B.Q)Z(l)(xvt) = %Uh(x,t), (I’,t) S Slh7 Z(l) (l’, t) = QO(ZL’,t), (x7t) € S()h'
Then for problem (2.1) we come to the ”"improved” difference scheme:
pla, )27 7 ou(r,0),  t=r,

o2

4.2
plx, )21 7'5252(1)(25,15), t>2r, (x,t) € Gy, (42)

A(g.Q)Z(Q) (x,t) = f(z,t) + {

/\(3.2)Z(2)<x7t) - ¢h(x7t>) (C(],t) S Slh; 2(2)($,t) = QD(I,t), (l’,t) € S()h-

Here z(V(x,t) is the solution of the discrete problem (4.1), (3.4), and the derivative
(0% /0t*)u(x,0) is obtained from the equation (2.1a). We shall call 2 (z,t) the solution
of difference scheme (4.2), (4.1), (3.4) (or shortly, (4.2),(3.4)).

Theorem 4.1 Let the condition p(x,0) = 0, x € D holds and assume in equation (2.1)
that a € H©@2H)(Q), ¢, p, f € HO(G), p € HO?(G), a > 4, n > 0 and let
u € HO2) for n = 1. Then for the solution of difference scheme (4.2), (3.4) the
following estimate holds

‘u(:p,t) - 2(2)(x,t)’ <M [N_21n2N+7'2 } , (z,t) € Gy (4.3)

3. Analogously we construct a difference scheme with third order accuracy in 7. For
problem (2.1) on the mesh Gj(3.4y we consider the difference scheme

() = f(z, 1) +
p(z, )(CHTBtQu(x 0) + Cpo7? at?,u(x 0)), t=r,
+19 p(z, )(021Tat2u(a: 0) + Cyo7? atgu(a: 0)), t =2, (4.4)
p(x,1)(C31765722) (2, 1) + C3o72857:2W (2, 1)), t > 37, (x,t) € Gy,

A2 (z,t) = P (2,t) —
A7 e @™ — )7 (at (2, 1) (e, t) Zyu(x,0), @ =2’ =0,
A7 e (- 2N r(ah (2, 1) T (e, t) Dpu(a,0), w=ai=1, t=r1,
A2z (x,t) = (2, t) —

{ 47 Y @™ — )1 (a (2, ) T ip(w, 1) 02V (2, ), x =2 =0,
47 Nt — 2 Y1 (aM (@, ) (e, 1) 0g2 W (2, t), w=2t=1, t> 27,



2(3)<.T,t) = (P(QJ,t), (l’,t) € S(]h-

Here the derivatives (9?/0t*)u(x,0), (0°/0t*)u(x,0) are obtained from (2.1a), the coeffi-
cients Cj; are determined by C; = Cy = Cs1 = 1/2, C19 = Cs50 = 1/3, Cy = 5/6.

We shall call 23 (z,t) the solution of the difference scheme (4.4), (3.4).

Under the condition ¢(x,0) = 0, f(x,0) = 0, z € D, the following estimate holds for
the solution of difference scheme (4.4), (3.4)

’u(z,t) — 28(z, 1) ‘ <M [ N7Z2In*N 473 } , (x,t) € Gp. (4.5)

In a similar way we can construct difference schemes with e-uniform order convergence
O(N—2In* N + 7™), n > 3, i.e. an arbitrary high order of time-accuracy.
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Appendix

5 Numerical results for the time-accurate schemes

1. We consider the singularly perturbed boundary value problem with the Neumann condition.
The solution of the problem in the half-strip,

9 0
5§V(O’t) = —(128/35) 7"V {72 0<t<T, V(z,00=0, 0<z < o0,
X



is given by

x z® 6 z? 272

V(z,t)=erf t =2 -3t - 5.2
() =erfe (25\/%) (168058 M= L (5:2)

1 —z? LA 9z° 373 93z

b - /2 9T y3jp 20T 5/ 99T 70
N (45215) (84057 T st T st s
We consider the model problem

L(5_1)U($,t) =0, (I‘,t) € G, (53)

0 0
E%U(%t) = 5%‘/(5.2)(%0, (x,t) € S1, =0,

U(l‘,t) = ‘/(5.2)(xat)7 (l’,t) € 57 T 7& 0.
Then the function Vs 9)(,t) is the solution of problem (5.3).

N 8 32 128 512 2048
€ K

1 8 1.01(-1) 1.08(-1) 1.08(-1) 1.08(-1) 1.08(-1)
32 | 2.15(-2) 2.73(-2) 2.78(-2) 2.78(-2) 2.78(-2)
128 | 2.73(-3) 6.53(-3) 6.96(-3) 6.99(-3) 6.99(-3)
512 | 5.94(-3) 1.35(-3) 1.72(-3) 1.75(-3) 1.75(-3)
2048 | 7.26(-3) 1.72(-4) 4.09(-4) 4.36(-4) 4.37(-4)
272 8 6.98(-2) 1.20(-1) 1.26(-1) 1.27(-1) 1.27(-1)
32 | 7.56(-2) 2.51(-2) 3.09(-2) 3.13(-2) 3.14(-2)
128 | 1.01(-1) 3.99(-3) 7.36(-3) 7.79(-3) 7.82(-3)
512 | 1.07(-1) 5.78(-3) 1.56(-3) 1.92(-3) 1.95(-3)
2048 | 1.09(-1) 7.25(-3) 2.49(-4) 4.60(-4) 4.86(-4)
24 8 1.87(-1) 7.76(-2) 1.20(-1) 1.26(-1) 1.27(-1)
32 | 291(-1) 5.16(-2) 2.51(-2) 3.09(-2) 3.13(-2)
128 | 3.17(-1) 7.64(-2) 3.99(-3) 7.36(-3) 7.79(-3)
512 | 3.23(-1) 8.26(-2) 5.78(-3) 1.56(-3) 1.92(-3)
2048 | 3.25(-1) 8.42(-2) 7.25(-3) 2.49(-4) 4.60(-4)
26 8 1.87(-1) 7.76(-2) 1.16(-1) 1.26(-1) 1.27(-1)
32 | 291(-1) 5.16(-2) 2.30(-2) 3.02(-2) 3.13(-2)
128 | 3.17(-1) 7.64(-2) 3.46(-3) 6.79(-3) 7.71(-3)
512 | 3.23(-1) 8.26(-2) 9.38(-3) 1.22(-3) 1.85(-3)
2048 | 3.25(-1) 8.42(-2) 1.09(-2) 6.97(-4) 3.98(-4)

Table 1: Table of errors E(N, K, ¢) for scheme (4.1), (5.5)
E(N, K,¢) is defined by

E(N,K,&) = max |2(e,t) —w(a,0)) (5.4)
(z,t)eqG,

(1)

where z(x,t) = 2(41,5.55.6) (z,t), u*(z,t)= V(5_2)(:L‘,t), G, = éé*)m).

2. Strictly saying, problem (5.3) is the problem with mixed boundary conditions, i.e., the
Neumann and the Dirichlet conditions at the left and the right boundaries respectively. The
solution has a boundary layer, and at the point # = 1, V(z,t) is exponentially small in e~! for
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e — 0. Therefore actually problem (5.3) is the problem with the Neumann condition. We use
for the approximation of problem (5.3) the schemes (for Dirichlet condition at x = 1), which are
formed for x < 1 by the mesh equations (4.1), (3.4); (4.2), (3.4) and (4.4), (3.4) and for x =1
by the following mesh equations

W (2,t) = Viso)(z,t), (2,t)€S, z=1 (5.5)

As the solution of boundary value problem (5.3) has a boundary layer at the left side, for
its solution we use the locally condensed mesh

G =™ xw,, (5.6)

where @®*) = T () is a special mesh, condensed in the neighbourhood of the left end of the
interval [0,1]; o is the parameter depending on € and N. The mesh @) (0) is a piecewise con-
stant mesh with constant steps i1y and h(y) on the intervals [0,0] and [0, 1], hqy =0 (N/2)7 1,
h@) = (1—0)(N/2)~". We take 0 = min[1/2, 2¢In N].

According to the theory, the difference schemes (4.1), (5.5), (5.6); (4.2), (5.5), (5.6) and
(4.4), (5.5), (5.6) converge respectively with order 1, 2 and 3 with respect to 7.

To demonstrate this effect numerically, we solve problem (5.3), using these schemes for
various values of NV, K and .

3. Numerical results for the above model problem are given in Tables 1-3.

N 8 32 128 512 2048
€ K

1 8 2.94(-2) 2.01(-2) 1.63(-2) 1.53(-2) 1.51(-2)
32 | 1.11(-3) 2.13(-3) 1.38(-3) 1.11(-3) 1.03(-3)
128 | 5.98(-3) 7.75(-5) 1.38(-4) 8.84(-5) 7.06(-5)
512 | 7.27(-3) 3.76(-4) 4.91(-6) 8.71(-6) 5.55(-6)
2048 | 7.59(-3) 4.58(-4) 2.35(-5) 2.83(-7) 5.94(-7)
272 8 1.75(-2)  2.92(-2) 1.85(-2) 1.45(-2) 1.34(-2)
32 | 8.49(-2) 1.41(-3) 2.05(-3) 1.24(-3) 9.47(-4)
128 | 1.03(-1) 5.96(-3) 9.27(-3) 1.32(-4) 7.86(-5)
512 | 1.08(-1) 7.31(-3) 3.75(-4) 5.87(-6) 8.30(-6)
2048 | 1.09(-1) 7.64(-3) 4.60(-4) 2.34(-5) 4.45(-7)
24 8 1.95(-1) 1.98(-2) 2.92(-2) 1.85(-2) 1.45(-2)
32 | 293(-1) 6.28(-2) 1.41(-3) 2.05(-3) 1.24(-3)
128 | 3.17(-1) 7.92(-2) 5.96(-3) 9.27(-5) 1.32(-4)
512 | 3.23(-1) 8.33(-2) 7.31(-3) 3.75(-4) 5.87(-6)
2048 | 3.25(-1) 8.43(-2) 7.64(-3) 4.60(-4) 2.34(-5)
26 8 1.95(-1) 1.98(-2) 3.06(-2) 2.12(-2) 1.58(-2)
32 | 293(-1) 6.28(-2) 2.39(-3) 2.30(-3) 1.54(-3)
128 | 3.17(-1) 7.92(-2) 9.21(-3) 4.53(-4) 1.50(-4)
512 | 3.23(-1) 8.33(-2) 1.08(-2) 1.01(-3) 5.52(-5)
2048 | 3.25(-1) 8.43(-2) 1.12(-2) 1.14(-3) 9.75(-5)
)

Table 2: Table of Errors E(N, K, ¢) for scheme (4.2), (5.5
t

E(N,K,e) is defined by (5.4), where z(z,t) = z((i.)25.55'6)($, , ui(z,t) = Viso(w,t),
e A
Gh = Gis)-



N 8 32 128 512 2048
€ K
1 | 8 |214(3) 270(-3) 2.52(-3) 244(-3) 2.42(-3)
32 | 6.31(-3) 3.29(-4) 2.70(-5) 3.81(-5) 3.79(-5)
128 | 7.38(-3) 4.61(-4) 2.78(-5) 1.09(-6) 6.06(-7)
512 | 7.62(-3) 4.80(-4) 3.00(-5) 1.87(-6) 1.37(-7)
2048 | 7.68(-3) 4.84(-4) 3.03(-5) 1.91(-6) 1.50(-7)
272 8 |[532(-2) 2.04(-3) 2.49(-3) 2.45(-3) 2.41(-3)
32 | 9.52(-2) 6.35(-3) 3.50(-4) 1.78(-5) 2.92(-5)
128 | 1.06(-1) 7.41(-3) 4.64(-4) 2.83(-5) 1.29(-6)
512 | 1.08(-1) 7.66(-3) 4.82(-4) 3.01(-5) 1.88(-6)
2048 | 1.09(-1) 7.72(-3) 4.87(-4) 3.04(-5) 1.91(-6)
271 8 [219(-1) 3.83(-2) 2.04(-3) 2.49(-3) 2.45(-3)
32 | 2.99(-1) 7.32(-2) 6.35(-3) 3.50(-4) 1.78(-5)
128 | 3.19(-1) 8.18(-2) 7.41(-3) 4.64(-4) 2.83(-5)
512 | 3.24(-1) 8.40(-2) T7.66(-3) 4.82(-4) 3.01(-5)
2048 | 3.25(-1) 8.45(-2) T7.72(-3) 4.87(-4) 3.04(-5)
276 8 [219(-1) 3.83(-2) 2.01(-3) 2.39(-3) 2.49(-3)
32 | 2.99(-1) 7.32(-2) 9.37(-3) 9.15(-4) 5.12(-5)
128 | 3.19(-1) 8.18(-2) 1.09(-2) 1.13(-3) 1.05(-4)
512 | 3.24(-1) 8.40(-2) 1.12(-2) 1.17(-3) 1.10(-4)
2048 | 3.25(-1) 8.45(-2) 1.13(-2) 1.18(-3) 1.11(-4)
Table 3: Table of Errors E(N, K, ¢) for scheme (4.4), (5.5)
E(N,K,e) is defined by (5.4), where z(z,t) = 2 (2,1), u*(z,t) = Vio(z,t),

(4.4,5.5,5.6)
Yal ()

Thus, the numerical results confirm the theoretical results and demonstrate the efficiency of
the defect correction.



