Interior Layers in Singularly Perturbed
Problems

Eugene O’Riordan

Abstract To construct layer adapted meshes for a class of singularly perturbed
problems, whose solutions contain boundary layers, it is necessary to identify both
the location and the width of any boundary layers present in the solution. Additional
interior layers can appear when the data for the problem is not sufficiently smooth.In
the context of singularly perturbed partial differential equations, the presence of any
interior layer typically requires the introduction of a transformation of the problem,
which facilitates the necessary alignment of the mesh to the trajectory of the interior
layer. Here we review a selection of published results on such problems to illustrate
the variety of ways that interior layers can appear.

Keywords Singular perturbation problems - Finite difference scheme - Shishkin
mesh - Interior layers

1 Introduction

The analytical solutions of linear singularly perturbed differential equations typically
contain boundary layers. To construct parameter-uniform numerical methods [1] for
such problems, the location, width and strength of all layers present in the solution
needs to be identified. In addition to boundary layers, interior layers can also appear
in certain types of singularly perturbed problems. Interior layers can form for several
reasons. For example, interior layers can appear due to the presence of turning points,
non-smooth coefficients, non-smooth boundary/initial data, non-linearities or lack of
compatibility at any corner points within the domain. In the case of linear problems,
the strength and width of any interior layer will depend on whether the problem is of
convection-diffusion or reaction-diffusion type on either side of the layer. If turning
points are present (when the convective coefficient is continuous and passes through
zero at some point within the domain) then the nature of any boundary or interior
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layer will depend on the rate at which the convective coefficient approaches its root.
The level of smoothness of the problem data will also influence the creation of interior
layers. In the case of singularly perturbed parabolic problems, the location of any
interior layer may move with time and any layer-adaptive mesh will be required to
track this movement. In the case of nonlinear problems, the location of any interior
layer may not be known explicitly and detailed asymptotic information about the
location of the interior layer will be required in order to construct a suitable mesh
for the problem. In this paper, we review some recent results on singularly perturbed
problems with interior layers.

In Sect. 2, we begin with some standard results on linear singularly perturbed prob-
lems with smooth data, where we identify sufficient regularity for the data so that no
internal layer appears in the solution and the standard results on parameter-uniform
numerical methods for both convection-diffusion and reaction-diffusion problems
immediately apply. In Sect. 3, we introduce a discontinuity into a simple initial value
problem and give the modifications in both the mesh and the analysis that are required
to retain the basic result of first order parameter-uniform convergence. In Sect. 4, we
discuss some results concerning interior layers appearing in linear ordinary differ-
ential equations due to discontinuities in the data. In Sect.5 we briefly consider a
particular type of singularly perturbed turning point problem with interior layers of
exponential-type in the solution. In Sect. 6, we outline the issues around capturing a
moving interior layer and in Sect. 7 we conclude the paper with some comments on
interior layers occurring in nonlinear singularly perturbed problems.

Notation. Here and throughout the paper, C is a generic constant independent of both
the singular perturbation parameter € and N, which is the number of mesh elements
used in any co-ordinate direction. Also, || - || p denotes the maximum pointwise norm
over the set D.

2 Linear Singularly Perturbed Problems with Smooth Data

Linear second order singularly perturbed boundary value problems can be catego-
rized into two broad problem classes: problems of reaction-diffusion or convection-
diffusion type.

Consider the following class of singularly perturbed reaction-diffusion problems
of the form: Find u € C¥*2(£2), k > 0 such that

Leyu:=—cu”" +bx)u= f(x), xe€8:=(0,1), (1a)
u) =ug,u(l) =uy; b, feCHR); b(x)>p>0, x¢ 2. (1b)

Due to the assumption b(x) > _0, the differential operator is inverse-monotone. That
is: For any function y € CO(Q)_ﬂ C*(2) if y(0) >0,y(1) >0 and L. 1)y(x) >
0, x € 2 then y(x) > 0, Vx € £2. This property of the differential operator is used
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extensively to obtain suitable bounds on various components of the solution and in

estimating the level of accuracy of any proposed approximation to the solution.
The associated reduced problem is simply b(x)vo(x) = f(x). Note that the

reduced solution vy of any singularly perturbed problem is defined in such a way that

lu —vollg, < Ce?, meas(2\ £20) = O(c”In(1/e)), p>0

and that vy solves the associated differential equation with ¢ formally set to zero. In
general, the reduced solution will not satisfy all the boundary conditions and, then,
boundary layers form when there is a discrepancy between the boundary values of the
reduced solution and the solution. To correct this discrepancy, we define the leading
term of the two boundary layer functions for problem (1) to be

wio(x) == (0) — vo(0)e ™V X wpo(x) 1= (1) — vo(1))e VT4,

Then we observe that L. 1y(vo + wr 0 + wg,o) = 0(\/¢) as
_T®
L., ywollg < Ce and |L.qyw o(x)| < Cxe™ v = < Cy/e;

and (vo + wro + wro)(0)=Ce V"=, (vo + wy.0 + wro)(1) = Ce "= . Hence,
we have constructed the following asymptotic expansion

Ugsy = Vo + W o+ Wro, Where |lu —uuyllg < Cy/e.

From this bound, we see that f(x)/b(x) is indeed the reduced solution for the
reaction-diffusion problem.

If we impose the constraint ¢ < CN~2”, p > 0, then without performing any
numerical calculations the above asymptotic expansion of vy + wy o + wg,o, yields
an O(N~P)-approximate solution to the solution u with relatively low regularity
assumed (i.e., let k = 2 in (1)). However, we wish to generate approximations with-
out imposing a constraint of the form ¢ < C N ~2” on the set of problems being con-
sidered. Our interest lies in designing parameter-uniform numerical methods [1] for
a large set of singularly perturbed problems. Parameter-uniform numerical methods
guarantee convergence of the numerical approximations, without imposing a mesh-
dependent restriction on the permissible size of the singular perturbation parameter.
To establish parameter-uniform asymptotic error bounds on any numerical approx-
imations generated, we will require bounds on the derivatives of the components.
The above asymptotic expansion does not yield information about the derivatives of
the solution.

In place of the asymptotic expansion, we will utilize a Shishkin decomposi-
tion [2] of the solution in the analysis of appropriate numerical methods for (1).
Consider the extended domain £2* := (—L, L), 1 < L and the extended functions
b*, f* € CK(22*) of b, f. The extended regular component: v* := vy + evf, where
the correction vy to the reduced solution v satisfies
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LI i = ()", vi(=L) =v{(L) =0.

Then the regular component v € C*(£2) satisfies the boundary value problem
L.y = f, v(0)=v%0), v(l) =v*(1).

If v(0) # u(0), then a boundary layer will be present in a neighbourhood of x = 0.
Layer components wy , wg € C¥T2(£2) ateither end point, are defined as the solutions
of the following homogeneous problems

L.ywr =0, w(0) =u(0) —v(0), wr(l) =0;
Lg,(])wR = 0, wR(O) = 0, wR(l) = M(l) — U(l)

Note that w; (x) # wy o(x). The Shishkin decomposition (with no remainder term)
is now of the form
u=v-+wr+ wg.

Ifo, f e C*(£2) then one can establish [3, Chap. 6] the following bounds on the
derivatives of the components of the solution of (1).

WPllg < CA+e7), i <4
()] < Ce eV @) < Cemi2e VI <4,
where v denotes the ith-derivative of v. Thus the solution of (1) has boundary
layers of width O (/2 log €) near the end-points x = 0 and x = 1. Once the location
and width of all the layers have been identified (as above) then a layer-adapted mesh
can be constructed for the problem.

In the case of convection-diffusion problems of the form: Find u € C*t?(£2),
k > 0 such that

L. oyu:=—cu”" +ax)u" +b(x)u = f(x), x € £, (2a)
u0) =ug,u(l) =uy; a,b, fe Ck(2), a(x)>a >0, b(x)>0. (2b)

The reduced solution satisfies the first order problem: Find vy € C*¥*1(£2) such that
Lo, 2)vo := a(x)v, + b(x)vg = f(x), x € 2, v9(0) = u(0).

Define the extended domain £2* := (0, L), L > 1 and a*, b*, f* € C*(£2*). The
regular component is v* := v§ + ev} + €2v3, where
Lo oyvo = [, v5(0) = u(0);  Lg vy = (v5)", vy (0) =0;
L pvy = v))”, v3(0) =v5(L) =0.
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Then L:’(z)v* = f* and L. v = f,v(0) =u), v(l)=v"1). If a,b, f €
Ck(£2), then v € C¥(£2). The boundary layer component satisfies the homogeneous

problem
L.ow=0, w0)=0, w()=u(l)—2v().

Henceu = v+ wandifa,b, f € C3(£2) then [1, Chap. 3]
Wl < €A+ [w? @) < CeTle ™0 <3,

Using simple stable finite difference scheme with a standard piecewise-uniform
Shishkin mesh to produce a numerical approximation U” , one has for the convection-
diffusion problem (2) (see, for example, [1, Chap.3]): If a, b, f € C3(£2) then

lu— U)o < CN~'(InN)

and for the reaction-diffusion problem (1) (see, for example, [3, Chap.6]): If b, f €
C*(£2) then .
lu— TN < CN*(InN)*,

where U" is the piecewise linear interpolant of the mesh function U". Note that,
as one would expect, higher regularity is required of the data to establish higher
order convergence. The regularity required of the data is dictated by the chosen con-
struction of the solution decomposition. An alternative construction of the solution
decomposition can allow one relax the constraints (imposed above) on the data [4].
If there is no modification to the standard numerical method on a layer-adapted
mesh, then the above stated orders of parameter-uniform convergence can reduce for
less smooth data [2, Sect. 14.2], [5]. If the data is discontinuous, then the standard
numerical method will fail to be parameter-uniformly convergent [6, Table4].

3 Singularly Perturbed Initial Value Problems
with Discontinuous Data

Notation: Throughout the paper we adopt the following notation for the jump in a
function at an internal point:

[f(@]:=f@d")~fd) 0<d<1;

and we define the punctured domain by £2, := (0, 1) \ {d}.
To illustrate the effect of discontinuous data, we begin our discussion with a simple
initial value problem of the form: Find u € C°(£2) N C**1(£2,) such that

eu' +a)u= f(x), ax) >a >0, xe82, (3a)
u(0) =uy, a, feCqy), k=>0. (3b)
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Observe that the differential equation is not applied at the single interior point x = d,
Instead, the value of the solution at x = d is determined by requiring that the solution
be continuous at this internal point. In addition, since a(x) > « > 0, x € §2,, we have
the following useful monotonicity property of the first order differential operator
associated with problem (3):

For any function g € C'(£2,) N C%($2), then ifg(0) > 0and (cg’ +ag)(x) >0
forall x € 82,4 then g(x) > 0,x € Q.

The solution can be decomposed into a sum # = v + w + z, composed of a dis-
continuous regular component v, a continuous initial layer component w and a dis-
continuous interior layer component z. The components are defined as the solutions
of the problems:

ev' +a)v = f(x), x € 24, a(0)v(0) = £(0), adHvd") = f(d");
ew' +ax)w =0, x € 24, w(0) =u) —v0), wdh =wd);
e +a(x)z =0, x € 24, 2(0)=0, [z(d)]=—[v(@d)]

Using the above monotonicity property of the differential operator, one can easily
deduce the following bounds on these components: If a, f € C 1(£24) then

VD)o, < CA+e'7), =012 (4a)

lw@)| < Ce™™/°, [wx)|g, < Ce™le ™, i=1,2; (4b)
2x)=0, x<d, |z(x)] <Ce @@ xe1); (4c)
1201y < CeTle @@V =12 (4d)

From these bounds we see that the solution has an initial boundary layer w in the
vicinity of x = 0 and an interior layer to the right of x = d.

Given this a priori information, an appropriate distribution of the mesh points
{x;};, is as follows: The end-points of the domain are included as xo = 0, xy =1
and the internal point d, where the data is discontinuous, is taken to be the mesh

point xy/>. The remaining internal mesh points wh = {x,-}N/ 12 -y {Xi},N: _N' 241 are

distributed so as to capture the two scales present in the solution. The domain is split
into four sub-intervals [0, 1] = [0, o1]U [01,d] U [d,d + 02] U [d + 02, 1], where

the Shishkin transition parameters [3] are taken to be

. |d e o [1—-4d €
ogy:=min}—, —InN}, o07:=min ,—InN1t.
2« e’

The mesh elements are distributed equally across these sub-intervals. An appropriate
numerical method for this problem is: Find a mesh function U such that:
eD"UN(x) +a(x)UN () = f(x)), x ew¥U{d), UY(0)=u),

where D~ is the standard backward finite difference operator. The discrete solution
U may be decomposed into the sum U = V + W + Z, where the boundary layer
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component w is approximated by the solution W of the homogeneous problem
eD"W(x;) +a(x) )W(x) =0, x; € wU{d}, W(0) = u(0) — v(0).

The discrete regular component V' and discrete interior layer component Z are multi-
valued (at x = d) functions and are defined to be

Vo= V_, X; € [O,d] 7 = HO, X; € [O, d]

VvVt oxield, 11 Zt, xpeld 11"
where

D"V (x) +alx V™ (x) = f(x;), xi € (0,d],  V7(0) =v(0);
eDTVI) +a(x)VFi) = f(x), xi € (d, 1], VT(d) =v@d");
eD"Z () +ax)Z (x) =0, x; € d, 1],  Z"(d) = ~[VI@).
Based on classical stability, truncation error analysis and the parameter-explicit
bounds on the derivatives of w given in (4b), we conclude that in the initial layer
region [0, o]
W (x;) — wx)lo,0) < CN~'InN.

Then we note that, for x; € [0}, 1], the error in the layer component is

[W(x:) — w1 < WD+ [wx;)]
< |W.(o))|+CN~' <CN7', if 20y <d.

Using the bounds (4a) on the regular component we also conclude that
V() —v(x)| <CN™', x; € 24, [V (d)—vd )| <CN7

Note that ZT(d) = —[v(d)] + V~(d) — v(d ™) and by examining the error |Z — z|
on (d,d + o0,] and (d + 05, 1] separately we conclude that

|Z(xi) — 2|y < CN“'InN, if 20, <1—d.
If 201 = d or 20, = 1 — d then a standard stability and consistency argument yields
max U (x;) —u(x;))] < CN~'InN.
Hence, using linear interpolation (e.g., see [1, Theorem 3.12]), we conclude that
IUY —ulle <CN~'InN,

where UV is again the piecewise linear interpolant of the mesh function U".
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4 Singularly Perturbed Boundary Value Problems
with Non-smooth Data

Let us now consider a reaction-diffusion two point boundary value problem with a
diffusion coefficient of a constant sgale O (¢e) and a lack of smoothness in the data at
some internal point. Find u € C'(£2) N Ck(£2,) such that

—eu” +b(xX)u = f(x), b(x) > >0, x € 24, u(0), u(1) given; b, f € C*(£2y).

The associated reduced problemis b(x)vo(x) = f(x), x # d andsoif [(f/b)(d)] #
0, then the reduced solution will be discontinuous at the internal point d. Hence, the
solution will contain an internal layer function, which will exhibit layers of width
O(y/21n¢) on either side of the interface point x = d. Note that by requiring that
u € C'(£2) we are imposing the constraints [u](d) = [u'](d) = 0 on the solution.

We generalize this problem to a reaction-diffusion problem with a variable diffu-
sion coefficient having potentially different scales either side of a point of disconti-
nuity x = d in the data. Find u € C°(£2) N C*(£2,) such that

L.gu:=—E@u) +r(x)u. = f, x € 24; u(0), u(l) given; (52)
[f(d)] = Qs, [r(d)] = 03, [—eu.(d)]= Q) <C(Je1+ ), (5b)

_Jeapx),x <d
E(x)_[szp(x),x>d’6]’€2>0’ px)=p=>0, xef2 (50
4 r(x)
p.r, | € C(824), r(x)zro>o,—()>ﬁ>0, x e, (5d)
px

In particular, Egs. (5c) and (5b) above indicate that all the coefficients in (5a) may
exhibit a jump at x = d and also they allow for a scaled jump in the flux (—eul)
at x = d. The regular component v and singular component w of the solution are
defined, respectively, as the solutions of the discontinuous problems

Logv=f, Loagw=0, x€82; r@vx)=f(x), xe{0,d,d" 1}
[w(@d)] = —[v(d)], [cw'(d)]=—[ev'(d)] - O},
w(0) = u(0) —v(0), w(l) = u(l) —v(l).

Note that, in general, v, w ¢ C°(£2) even though their sum u = v 4 w is continuous.
For each integer k, satisfying 0 < k < 4, these components satisfy the bounds [7].

1
Oy < | CdTea Dxr<d
C(l+e *),x>d
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— _ /8 — /B a—

Ce, e\/:x+e \/T( X)), x<d
_k _ /8= — B (x—

Ce,’ (e J3a R e d)),x >d

(S

lw® (x)] <

Based on these bounds, an appropriate piecewise-uniform Shishkin mesh can be
constructed. However, to retain parameter-uniform second order convergence for
this reaction-diffusion problem, it is necessary to employ a particular discretization
of the jump conditions at the mesh point x; = d. See [7] for details.

Boundary and interior layers can be classified as either weak or strong layers. A
layer is a strong layer near a point x = p ifu’(p~) oru’(p™) is unbounded as ¢ — 0.
A layer is a weak layer near x = p, if the first derivatives u’(p~) and u’(p™) are
bounded, but either u”(p~) or u”(p™) is unbounded as £ — 0. In all of the above
problems, only strong interior layers appeared. When a convective term is included in
the differential equation, weak interior layers can appear in the solutions. Note that,
if one employs a classical finite difference operator (such as simple upwinding), then
it is essential that one employs a suitable layer-adapted mesh to capture any strong
internal layers present in the solution. The adverse effect of using a uniform mesh
for a weak layer are minimal. Nevertheless, one still observes some improvement in
the numerical results if one also uses a layer-adapted mesh in the vicinity of a weak
layer. We refer to the numerical results in [8] to justify this comment.

We now look at five particular singularly perturbed problems, with a convective
term present in the differential equation. These particular problems illustrate the
variety of layers that can occur when the problem has discontinuous data. For all five
problems, we seek to find u € C'(£2), with u(0) = u(1) = 0 and

—eu"+u' =1, x <05 —eu' —u'=-1,x>05; (62)
—eu"+u' =1, x <05 —eu'"+u=-1, x>0.5; (6b)
—eu"4+u' =1, x <05 —eu’"+2u' =—1, x >0.5; (6¢)
—eu" —u' =1, x <05 —eu’"+u=-1, x>0.5; (6d)
—eu"—u'=1,x<05 —eau"+u' =-1, x> 05. (6e)

For the first four problems, we can define the following associated reduced problems

vy =1, x <0.5, v9(0) =u(0); vy=1, x >0.5, vo(l) = u(1);
vy=1, x <0.5, v(0) =u(0); vo=1, x>0.5;

vy =1, x <0.5, v(0) =u(0); 2v,=—1, x> 0.5, [v9(0.5)] =0;
vy=1, x <0.5, v(0) =u(0); vo=-—1, x > 0.5, [vy(0.5)] = 0.

In the case of the first two problems (6a, 6b), the reduced solution is discontinuous
and a strong interior layer forms in a neighbourhood of x = 0.5. In the next two
problem classes (6¢, 6d), the reduced solution is continuous and a weak layer forms
in aneighbourhood of x = 0.5. There is no reduced problem for the fifth problem (6e)
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as the solution is of order O(sezis) throughout the domain, except in O (¢ In(1/¢))-
neighbourhoods of the two end points.

For the first four sample problems (6a—6d), associated problem classes can be
formulated and parameter-uniform numerical methods (based on standard finite dif-
ference schemes combined with appropriately fitted piecewise uniform Shishkin)
were constructed in [9]. In the case of problems of the form (6e) a modification
of the transmission condition from [u'(d)] = 0 to [(—eu’ + vu)(d)] = 0 (where ~
sufficiently large) allows one design a parameter-uniform numerical method for this
modified class of problems [10].

Further effects can be built into such problem classes, such as point sources (i.e.
d-functions) or multi-parameter problems with variable diffusion. In [11], high order
parameter-uniform methods were constructed for the following two problem classes:
Find u € C*(£2,) N C°(£2), u(0) = ug, u(1) = u;, such that

— @) +atu' +bu = f(x), x #d, [~ D] =01 )
—(eu’ +auw) +bu = f(x), x #d, [(—eu' +au)(d)] = 02 (8)
and for both problem classes we assume that

g,a,b, f € C*(2y); b(x) =0, e(x)>0,]a(x)| >0, x #d.

The nature of the interior layers appearing in (7) and (8) can have different character.
If 01 = 01in (7), then the strength of the interior layer depends on the sign of a(x)
and on the change in the ratio of convection to diffusion at d. A strong interior layer
can appear in (7) when a(x) > 0, x # d and

eld™) e(d™)
<< .
a(d™) a(dt)

If O, = 0 then a strong interior layer always appears near d in (8).

Numerous different types of interior layers can appear in problem classes (5), (7)
and (8), which is an indication of the rich variety of layers one can expect to occur
in higher dimensional versions of these one dimensional problem classes.

5 Singularly Perturbed Turning Point Problems

Singularly perturbed differential equations with discontinuous coefficients can be
viewed as approximate models for singularly perturbed nonlinear problems. For
example, in the case of the quasilinear second order problem

—cu' +uu +u=0, xe; (9a)
u@0)=A>1, u(l)=B < —1,; (9b)
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then an interior layer (with a profile of hyperbolic-tangent type) will appear [12, 13]
in the vicinity of some internal point 0 < d. < 1, where u(d.) =0 and dj :=
lim._, o d.. The associated reduced problem to this nonlinear problem is the non-
linear first order problem

uoup +uo =0, up(0) = A, 0 <x <dop; uouy+up =0, up(1) = B, 1 > x > do;
which has the discontinuous solution
ugx) =A—x, 0=<x <dp; uox) =B+1—x, dy<x<1.

Fore << 1, itis natural to consider the following approximate problem for the above
nonlinear problem (9). Find y € C'(£2) such that

—ey" +upy' +y =0, x €8 y0)=u), y(1) =u(l).

This linearized approximate problem is within the class of problems discussed in
Sect. 3, for which parameter-uniform numerical methods have been developed in
the literature [9]. However, the convective coefficient in the nonlinear problem is
continuous and not discontinuous as in the above linearization of (9).

An alternative linearization of the nonlinear problem (9) would be the following
class of turning point problems with a continuous convective coefficient: Find u €
C3(£2) such that

(—eu” +a.u’ +bu)(x) = f(x), xe2; u) >0, u(l) <0; (10a)
a. € Cz(.Q), a.(x) >0,xe€[0,d), a.(d)=0, a.(x) <0,x € (d,1]. (10b)

Observe that the convective coefficient is continuous, but depends on the singular
perturbation parameter. We also assume that the convective coefficient a. (x) contains
it’s own interior layer. Define the limiting functions

ay (x) == lirr(l)ag(x), x €]0,d) and ag(x) = lirr(l)ag(x), x e, 1].

Assume that

la=(x)| > | tanh (+(d — x)/e)]. 0> 2r >0, (10¢)
l(aF —a)(x)] < Ce* 2@ x e 2. (10d)

Then the solution of the above problem (10) will have an interior layer (with
a profile of hyperbolic-tangent type) in an O (g)-neighbourhood of the point d,
where the convective coefficient has an interior layer. Based on this information,
a parameter-uniform numerical method was constructed [14] and shown to be
parameter-uniformly convergent of first order.
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The nature of the interior layers appearing in problem (10) is different to the layers
appearing in the solutions of singularly perturbed turning point problems of the form

—eu” +a(x)u' +b(x)u = f(x), x € 2;
aeCX2), ad) =0,de2,b>0;

where the convective coefficient a is independent of the singular perturbation para-
meter. Depending on the quantity b(d)/a’(d), there may be no interior layer or there
may be layers of power-law type present at d. See [15, 16] for a discussion of these
types of turning point problems.

6 Singularly Perturbed Parabolic Problems

Consider the following singularly perturbed parabolic problem: Find u € C'*7(G),
G :=(0,1) x (0, 1] such that

—€Uss + arus + by +cru, = f,(s,1) € G\ T,
I ={(,)s=d@),0<d() <1};
u=g,(s,0) e G\G; b(s,t) >0, c(s,t) >~ >0.

As in the previous sections, interior layers can appear in the solution due to discon-
tinuous coefficients a, b, ¢ and/or f [17]. Nine subclasses can be identified (see [9]
and [10]), which can exhibit strong or weak interior layers in the vicinity of the curve
I'. Note that in these references, the interior layer location is known and the center of
the interior layer can move with time. By using a transformation 7' : (s, t) — (x, 1)
sothat T : I' — {x = d(0)} any internal layer will be located along the vertical line
x = d in the computational domain (x, ¢) [18]. A computed solution is generated on
this transformed domain so that the piecewise-uniform mesh is aligned to the curve
I'. Shishkin [19] established that it is necessary to align the grid to the interior layer
if one is seeking to construct a parameter-uniform numerical method.

Moreover, for parabolic problems interior layers can also appear when the bound-
ary/initial conditions are not smooth [20, 21]. If there is a discontinuity in the initial
condition u(s, 0) then a standard finite difference operator on a piecewise uniform
mesh will not suffice to generate a parameter-uniform numerical method. A special
fitted finite difference operator is required [22]. A regularization of a discontinuous
initial condition is possible by replacing the initial condition with an initial condition

of the form
S — do

NG

In this case, assuming the convective coefficient is independent of space, the initial
interior layer is transported along the curve {(d(¢), 1) : d'(t) = a(t), d(0) = dp}; and

u(s, 0) = Atanh(

) + B.
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a parameter-uniform numerical method based on classical finite difference operator,
a suitable transformation and an appropriate piecewise-uniform mesh can be con-
structed [23, 24].

7 Singularly Perturbed Nonlinear Problems
with Interior Layers

Semilinear singularly perturbed differential equations of the form
—eu”" +gx,u) =0, xe 2, u =A, u(l) = B; (11a)
are typically constrained by a condition of the form
gux,u) = B3>0, (x,u) e x[-M, Ml (11b)

where M is a sufficiently large number that needs to be be explicitly identified. This
constraint is a restriction on the admissible type of nonlinear problem being studied.
Note that requiring

gulx,u) = >0, (x,u) € 2 x (=00,00),

is a significantly stronger restriction to impose on the problem class. This stronger
constraint guarantees a unique solution to the reduced problem and thereby regu-
lates the problem class to a minor extension from the corresponding class of linear
problems of reaction-diffusion type

—eu" +b(x)u = f(x), b(x)>p>0.

Interesting new phenomena can be observed when the nonlinear reduced problem
g(x, v) = 0 has non-unique solutions. The reduced solutions are classified as stable
reduced solutions if g,(x, v(x)) > 0, Vx € £2 and as unstable reduced solutions if
gu(x,v(x)) <0, Vx € Q.

Interior layers can appear in nonlinear problems. Typically, restrictions need to be
placed on the data so that solutions to the reduced problem exist and for the solution
of the singularly perturbed problem to exist and be unique. For example, in the case
of the semilinear reaction-diffusion problem: Find u € C'(£2) N C3(£2,) such that

—eu’ + (1 —u’u=f(x),x € 2;  d=0.5;
u(0)=A,u(l)=B; f(x)>0,x<d, f(x) <0,x >d; [fl(d) #0;
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we impose the following limits on the input data

1 2

|Al, [B| < Ne IFI < 35
This problem is formulated so that a discontinuous stable reduced solution lies
between two discontinuous unstable reduced solutions. Interior layers can appear in
the solution of this problem and the location of the layer will be positioned around the
point d, where the discontinuity in the data is located. By placing further restrictions
on the data, a parameter-uniform method was constructed in [25] for this semilinear
problem.

However, other semilinear problems of the form (11) can be very difficult to solve
numerically. In [26] a semilinear problem of the form (11) with smooth data, where an
unstable continuous reduced solution was positioned between two stable continuous
reduced solutions, was examined. Using a piecewise-uniform Shishkin mesh (of an
appropriate width) centered at any point in the domain §2, then an interior layer
forms within the fine mesh, no matter where the mesh is centered [26]. Only in the
exceptional case where the fine mesh is located in an O (4/€) neighbourhood of the
actual location of the interior layer will the numerical approximation be of any true
value.

Parameter-uniform numerical methods (based on piecewise-uniform Shishkin
meshes) have also been constructed [27] for quasilinear problems with interior layers
of the form: Find u € C'(£2) N C3(82,) such that

eu"(x) +b(x,wu'(x) = f(x), x € 24, u®)=A, u(l)=B, (12a)

biu)=—14cu, x<d -0 <0, x<d

, f(X)=H (12b)
by(u)=1+cu, x>d 0, >0, x>d

—1<u0) <0, O<u(l)<l1, 0<c=<1l1. (120)

b(x,u) = [

As in the case of the semilinear problem, additional constraints need to be imposed
onthedata{A, B, || f|, c} in order for the theoretical convergence result given in [27]
to apply. The numerical results in [28] suggest that the numerical approximations
generated by the method described in [27] converge for a wider class of problems
to that covered by the theoretical convergence analysis in [27]. Note, again, that for
this problem (12) the location of the interior layer is known to be positioned at d,
where both the convective coefficient b(x, u) and the forcing term f are formulated
to be discontinuous.

Aninteresting open issue is to examine singularly perturbed problems with an inte-
rior layer, whose location is not known a priori. Many nonlinear singularly perturbed
problems of interest [29-32] exhibit this phenomenon. The design of parameter-
uniform numerical methods for a broad class of nonlinear singularly perturbed prob-
lems with interior layers, remains an area with significant challenges for the numerical
analyst.
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