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A NOVEL UNIFORM EXPANSION FOR A SINGULARLY PERTURBED
PARABOLIC PROBLEM WITH CORNER SINGULARITY

Shagi-Di Shih

ABSTRACT. A linear singularly perturbed parabolic equation defined in a quarter
plane possesses internal layer behavior when there is an incompatible relationship
between the initial data and the boundary data. A novel expansion for the solution
is obtained in the form 3 720 €F [uak (x, t;€)+e*/ 2ugp i1 (z, t; )]+ w1 (x, t; €)
by applying Temme’s technique [1982] along with the device of splitting and
combining the integral representation. The expansion Z,';';/Oz] e*[ugk(z, t;€) +
€5/2ugy 11 (z,t;€)] is shown to be the exact solution when the initial function is
a polynomial of degree n and the boundary function is a polynomial of degree
|n/2] + 1. Moreover, a comparison is made with some known results in the
literature.

1. Introduction

Numerical solutions of boundary value problems of partial differential equations often
use a variety of finite difference/element formulations of differential equations. On the
other hand, it is also quite common to convert given problems into integral equations,
from which one employs boundary element methods, see, for example, Chen and Zhou
[6], to obtain numerical approximations.

For singularly perturbed problems of differential equations, methods of matched
asymptotic expansions have been very popular in constructing composite expansions
which are uniformly valid in the domain under consideration. Typically, a composite
expansion consists of an outer expansion and an inner expansion; the outer expansion
gives an excellent approximation to a given problem except for some narrow regions
of a rapid variation, either near part of the boundary or along some internal curve, at
each of which one is required to construct an inner expansion based on some stretched
variable in the region of non-uniformity. It has been traditional to apply methods of
matched asymptotic expansions or methods of multiple scales to obtain such theoret-
ical approximations for singularly perturbed differential equations. '

Sometimes, there is a necessity to adopt different approaches when methods of
matched asymptotic expansions fail to give satisfactory results for constructing a uni-
form approximate solution. To gain the asymptotic behavior of a singularly perturbed
problem, one often constructs an integral representation for the solution in terms of
Green’s function, from which one analyzes the asymptotic behavior by using asymp-
totic approximations of integrals; see, for example, Grasman (8] and Temme [14] on
investigating parabolic boundary layer and corner layer structures, respectively, aris-
ing from some singularly perturbed problems for the elliptic differential equation in
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the form

0%u 8% Ou
{8w2+6y }+3y =0
in the domain z > 0, y > 0.

The goal of this study is to unveil internal layer structures of some linear singu-
larly perturbed parabolic problems with corner singularity by finding the asymptotic
behavior of an integral form of its solution. An integral representation for the solu-
tion of a linear singularly perturbed parabolic differential equation involves the spatial
variable z, the temporal variable ¢, and the small parameter ¢ satisfying 0 < ¢ < 1.
Thus, it is important to derive an asymptotic expansion which is uniformly valid in z,
t as € | 0. One obtains the outer expansion of the singularly perturbed problem if the
classical Laplace’s method is employed. Our method of obtaining a uniform expansion
has the following major steps:

(i) obtain an integral representation for a given singularly perturbed problem;

(ii) transform each integral appearing in the solution representation obtained in (i)
into a standard form:;

(iii) construct a formal uniform expansion for each canonical integral;

(iv) construct an error bound for the expansion; and

(v) investigate the asymptotic properties of the expansion and compare with meth-
ods of matched asymptotic expansions.

There is a large class of parabolic problems which have solutions in integral form.
For example, the equation
Ou 8 u Ou
e 3 a3 TPas 9z = F(z,1)
with p(z,t) = z ¢(t) can be converted into the heat equation via a transformation in
both independent variables. But, for the sake of clarity of illustrating our techniques,
in this paper, we consider only the case where p is a positive constant. Moreover,
without loss of generality, we choose F'(z,t) = 0 since the function F(z,t) gives its
contribution only to the first outer function wug(z,t) defined by
6u° 8
Bt P
and to other higher-order outer functions but not in the structure of the inner expan-
sion. One standard form of the transformed integrals related to the initial data of the
given singularly perturbed problem is

I(z,8) = /a " Ho121) exp (-?) ds

where ¢ may be finite or —oo and b finite or co. A uniform asymptotic expansion of
the integral of this type was studied by Temme [15] using a technique of subtraction
and integration by parts. Specifically, one writes I(z,t) as

I(z,t) = /ab f(0;z,t) exp (—2—2) ds+/ab[f(s;a:,t) — f(0;z,t)] exp (—i—z) ds.

Then integrating the second integral by parts gives the resultant integral of the same
form as I(z,t). Repeating this process of subtraction and integration by parts gives an
asymptotic expansion of the integral I(z,t) in €. The technique of repeated integra-
tions by parts is a simple and often effective way of deriving the asymptotic expansion
of an integral containing a parameter. For instance, in determining the asymptotic

= F(z,t),
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behavior of the complementary error function erfc(z) as = approaches infinity, one
may employ integration by parts to derive

exp(—z 1-3---(2k —
erfc(z) ~ p( ) Z( —1)* (2;2),0 ), z 1 oo
For z € (0, 00), the error term does not exceed the first neglected term in the series in
absolute value and has the same sign; see, for example, Olver [11, p. 67]. The other
standard form of integrals associated with the boundary data of the given singularly
perturbed problem requires additional manipulations of splitting and combining after
employing the process of subtraction and integration by parts. The device of splitting
a difficult integral into two to derive its asymptotic behavior in this paper is similar
to the one in Olver [12].
Now, we define the complementary error function erfc by

erfc(z) = % /:o exp(—s?) ds,

with the following properties
erfc(0) =1, erfe(—z) = 2 — erfe(z),

erfc(z) ~ 717—& exp(—z?), asz 1 oo. )

Next, the first iterated integral of the complementary error function ierfc is defined by

ierfc(x) = /00 erfc(s) ds = % exp(—z?) — z erfc(z), (1.2)

which has the properties

ierfc(0) = ierfc’(0) = —1,  ierfc(—z) = 2z + ierfc(z), (1.3)

1
v

ierfc(z) ~ as z T oo, ierfc(z) ~ -2z asxz | —oo.

1 . 2
W exp( IL')

In general, the n'" iterated integral of the complementary error function i™erfc is
defined by

it 1
i" erfe(z) = / i"Lerfc(s) ds = o i 2 erfc(z) — % i"~ ! erfc(x), (14)
for n = 2,3,4,.... Moreover, we have

i2 erfc(x) ~ exp(—z?) asz 1oo, ilerfc(—z)=2z?+ % —i%erfc(z), (1.5)

1
4/m 23

3
i3 erfc(z) ~ exp(—z?) asz Too, ilerfc(—z)= 4 g + i3 erfc(z). (1.6)

1
8/ ot 3
For more information on these functions, see Abramowitz and Stegun [1].

Linear singularly perturbed parabolic problems with corner singularity have been
studied by Bobisud [4], Howes [9], and Joseph [10]. Bobisud investigated a linear
singularly perturbed parabolic problem defined in the square domain 0 < z < 1,
0<t<1whenz =0 andt = 0 are the inflow boundaries, so that there is a
boundary layer at £ = 1 and an internal layer along the characteristic curve of the
reduced problem, emanating at the origin. The asymptotic expansion constructed with
the boundary layer term was shown to be of the order /¢ under the assumption of
continuity between the initial data and the boundary data at the origin. To improve
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the order of validity, one is required to construct an internal layer term. Howes
obtained some exponential upper bound for the internal layer function of a linear
singularly perturbed problem under the same assumption for the initial and boundary
functions. As far as we know, an explicit construction of internal layer functions is
not available in the literature.

The organization of this paper is as follows. Section 2 provides an integral rep-
resentation of the solution for a singularly perturbed parabolic problem defined in a
quarter plane. An expansion is constructed in Section 3 from the obtained integrals.
Some properties of this expansion are given in Section 4. A comparison is made with
some related results of Howes and Joseph in Section 5.

2. Integral representation of solution

Assume that the function f(z) and g(t) are smooth in their respective domains z > 0,
t > 0 and satisfy the growth conditions

|f(z)| < C1 exp(Caz’™®)  z>0, (2.1)
lg(t)] < C1 exp(Cat't®) ¢ >0, (2.2)
where C; and Cy are positive constants and 0 < a < 1. From Cannon [5, p. 50], we
have the following theorem.
Theorem 2.1. The heat equation
Ou 0%u
E
with a parameter € satisfying 0 < € K 1, subject to the initial condition
u(z,0) = f(z) z >0,
and the Dirichlet boundary condition
u(0,t) = g(t) t>0,

z>0, t>0,

has the solution of the form

oo t oG
u(a:, t) = /0 G((E, m t)f(’?) dn+e /0 '('977'(1;, 0,t— T)g(T) dr (23)

where G(z,n,t) is the Green’s function of the heat operator 8]0t — € 82/0z? over the
quarter plane defined by

G(z,n,t) = K(z —n,t) — K(z +n,t), (2.4)
with the fundamental solution K(z,t) of the heat operator 8/8t — ¢ 8?/0z? given by
1 z?

Now this result can be extended to a convection-diffusion problem.

Theorem 2.2. The convection-diffusion equation

Ou Ou 0%u

— —_— = — y 2-6

6t+p6 €52 z>0, t>0 (2.6)
with a constant p > 0 and a parameter € satisfying 0 < € K 1, subject to the initial

condition

u(z,0) = f(z) x>0, (2.7)
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and the Dirichlet boundary condition
u(0,t) = g(t) t>0, (2.8)

has the solution of the form

u(z, 1) = exp (gg-p—t) {[ c@nson e (-2) dn

+e€ / an —(z,0,t —1)g(7) exp(42 ) dT} (2.9)

where G(z,m,t) is the Green’s function of the heat operator 8/8t — € 8%/0x? over the
quarter plane defined by (2.4).

Proof. Making the substitution
2
- pz_pt
u(z,t) = v(z,t) exp (26 - )
converts the initial boundary value problem (2.6), (2.7), (2.8) to the problem
02

Ov
E 8@ >0, t>0,

T 2t
v(z,0) = f(z) exp (—g—e) , v(0,t) = g(t) exp (%) .
The desired result follows from (2.3). O

To study the asymptotic behavior of u(z,t) given by (2.9) for small values of ¢, we
reduce it to the following form.

Theorem 2.3. The solution u(z,t) of the initial boundary value problem (2.6), (2.7),
(2.8) can be expressed as

uw(z,t) = I1(z,t) — I(z,t) exp (p ) + I3(z,t) + Is(z, t) exp (p ) (2.10)
where

Ii(z,t) = \/_/2 g f(z~ pt—2\/—cr exp( U;) do, (2.11)

L(z,t) = / f(-z - pt+2\/_ to) exp( ";) do, (2.12)

Iy(a,t) = /0 t (t—s)4 \/_- p[—(””—;s-’és—)z] ds, (2.13)
I(z,t) = /0 t gt - 2)- \/_s exp [—(—m%‘?)z} ds. (2.14)
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Proof. First of all, from (2.9), the contribution of the initial data f(z) is

w(et) = e (Z-E2) [" 6lomosm ew (-21) dn

o (2 -28) [T 1K@ =00 - K+ 015 oo (-21) an
= exp <——) ) K(s,t)f(z—s) exp( ) ds

) —exp(%———)/ K(s,t)f(s— )exp(—2—)d

= I(z,t) — Ix(z,t) exp (—6—) )

with
neo= [ 2D -2t g
- 2
L(z,t) = f;ﬁ;) p[—(—s—:{gﬂ—] ds.

A change of variable gives the desired form for these two integrals.
Next, we reduce the contribution of the boundary data g(t) to a simpler form:

2.
up(z,t) =€ exp (Ig - 1:1_€> A i (a: 0,t—7)g(7) exp (Z ) dr

t 2
- pzy ["0G ps
=¢ exp (—QE) /0 —az(x,O, 8)g(t — s) exp <— " ) ds
¢ 2
= -2 exp p_x / C:;—I:(x, s)g(t — s) exp (_%;s) ds
0

[ 2

To make up(z,t) more tractable, we now split it into two integrals:

_ [f(z+ps)g(t—1s) (z — ps)?
wie) = [ oo |
t (z —ps)g(t—s) (z — ps)?
+ /0 ——4 — exp [————————436 ] d

= I3(z, t)+exp( ) Li(z, 1),

with I3(z,t), I4(z,t) given by (2.13), (2.14), respectively. This completes the proof.
O

3. Construction of an expansion

To investigate the asymptotic behavior for the solution u(z,t) of the singularly per-
turbed problem (2.6), (2.7), (2.8) for small values of €, one analyzes the integrals
Ii(z,t), I(z,t), Is(z,t), I4(x,t) for small values of €. Laplace’s method is known to
give only the outer expansion of u(z, t), which is not uniformly valid in a neighborhood
of the curve x = pt with £ > 0. In the terminology of the asymptotics of integrals, we
have a classic problem. For example, along the curve z = pt of the non-uniformity for
the singularly perturbed problem (2.6), (2.7), (2.8), the end point (z — pt)/(2v/1) of
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the integration in o in the integral I;(z,t) coalesces with the saddle point at o = 0,
while the end point ¢ of the integration in s in the integral I3(x,t) coalesces with the
saddle point at s = p/z. Several contributions in the literature deal with this aspect,
for instance, Bleistein [2], Bleistein and Hadelsman (3], Erdélyi [7], Olver [11], and
Wong [16]. Our method of obtaining a uniform expansion in each integral I (z,t),
k =1,2,3,4, is motivated by Temme [15] with additional manipulations of splitting
and combining for Ix(z,t), k = 3,4. We illustrate our technique by obtaining an ex-
pansion with an arbitrary number of terms. Now, we obtain some preliminary integral
results.

Lemma 3.1.

(i3

\/L_ / ~ exp (—5’;-> do = % erfc (%) (3.2)

| e oo [ ae=g (5 ’”) @)
e e[ f ]

_i{erfc< ) exp( ) (””“’t)}. (3.4)

Proof. The first two equations (3.1), (3.2) are obtained easily. The third equation
(3.3) follows from the substitution

T — ps do  z+ps

7= 2y/se’ E——-4\/33e'
For (3.4), noting
(z—ps)?] _ 2 —p°s° (z —ps)®
ds P [ dse | ds2e OP|TT 4se |’ (3:5)

we integrate by parts to get
t,2 _ 2.2 a)2
/ z2 — p?s exp [_(m ps) } d
0 2Vmsde 4se
[te (z — pt)? /t s (z — ps)?
2 T exp[ 4te ¢ o 2V7sde P 4se y

To evaluate the new integral, we split it into two integrals as follows:

b [ (z— ps)z] 1 / zT+ps [ (z - ps)2]
exp |—~————| ds = -——|d
/0 2Vmsde P 4se 4v/msde xp 4se
1 pT /t T —ps [ (m+ps)2}
— —exp(— exp |-~————| d
p p( € ) 0 4vVwsde P 4se

Then, we have (3.4) by virtue of (3.3). O

To make our techniques clearer, some integral results are listed in the following
theorems under the assumption that the function ¥(s;z,t) satisfies the growth con-
dition for (2.1) or (2.2) when s is large. The next theorem can be employed as often
as necessary to obtain a higher-order expansion for the integrals associated with the
initial data of the given problem.
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Theorem 3.1. The integral I,(z,t) defined by

1 :2_\/; o?
I(z,t) = —\/?e/ U(o;z,t) exp (—?) do
—o0

can be expanded as

2
L(z,t) =) e*? I#?(z,1), (3.6)
k=0

where the terms are given by

10(@,1) = W(0;3,0) ~ 3V (:’?‘_Pt;x, t) oxte (z —pt) |

2\/)? 2Vte
t T —pt T —pt
I(l/z) = —\/_—— . — ._._p' 1 4
3Nz, ) pray v(0;z,t) — ¥ Wi ;z,t )| ierfe i )
IO (z,t) = 1 /22—‘/; v (g;2,1) _a d (3.7
. (x, a7me | o;x,t) exp - o, .7)
with
(o, t) = 4 l{\I!(cr'mt)—\Il(O'xt)} .
b ) da' o b b b b

The integral Iy(x,t) defined by
2

1 > o
Ii(z,t) = Taz /’2—‘“\)’;—' U(o;z,t) exp (——6—) do

can be expanded as

2
Lz, t) = Y /2 1P (x,1) (3.8)
k=0

where the terms are given by

1 t
Iéo)(x,t) = 5\11 <x+pt;x,t) erfc <:1:+p ) ,

20/t 2v/te
W2, o VU T (212 woim o oo (TR
I,'% (z,t) prarn [ <2\/f ; T, (0;z,t)| ierfc i )
1D (z,4) = — /m W (g 2,) exp(—2) do. (3.9)
L 2v/me Jzxpt B €

Moreover, if ¥(co;z,t) is a polynomial of degree n in o, then ¥ (0;z,t) is a polyno-
mial of degree n —2 in o.

Proof. Rewrite the integral I,(z,t) as

= — /%\1:(0- £) ) 4
=7 ;x,t) exp . o

+ \/—I?E/f:ﬁ [¥(o;z,t) — U(0;z,t)] exp (—5‘;—) do,
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due to the fact that the main contribution of the integral I,(z,t) takes place at o = 0.
Using the integral formula (3.1) in the first integral and performing integration by
parts in the second integral give

pt
Iazlll 5T,
(0;z,t) — \Il(Omt)erfc(%/E)

2 . — W(0: 2
_1\/?/ A U(o;z,t) \Il(O,a:,t)dexp (_cr_)
2V 7 J)_ o €

=U(0;z,t) — %\II(O; z,t) erfc (g;t%t>

[te U0 ,t) — U (5F; 2, 1) (z — pt)?
= T 7
TV 7 z—pt exp [ 4te ] te L (@t),

with IV (z,t) defined by (3.7). The desired result (3.6) follows by using (1.2).
Applying the above procedure of subtraction and integration by parts to the integral
Iy(z,t) along with the use of (3.2) yields

1 . T+ pt
I, = 2\11(0,x,t) erfc<2ﬁ>

v tox,t) — U(0;2,t) 2
+4/ t; GX 2/t )~ exp [—wt)—] + gIél)(w,t),

T+ pt 4te
with Iél)(z, t) given by (3.9). Using (1.2), we then have (3.8). O

The integrals associated with the boundary data are difficult to expand. One needs
to use the next theorem to obtain the first expansion.

Theorem 3.2. The integral I.(z,t) deﬁned by

I(z,t) _/ U(s;z, t)

can be expressed as

P [—(—x——_ﬁ)—r‘)] ds

335 4se

2
L(z,t) =Y _ &/ I3 (g,1) (3.10)
k=0
where the terms are defined by

1 —pt
IO(z,t) = -2-\I'(t; z,t) erfc (Zﬂ% ) ,

I (g, ) = ;:-‘_/ipt [\Il(t; z,t) — ¥ (%;m,t)] jerfc (2\‘/5) ,
IO (z,t) = \717? /Ot % {ﬁ Y(o/piz.t) = ¥(si2,1) } exp [—(i}f)—z] ds. (3.11)

T —ps

Proof. The main contribution of the integral I.(z,t) comes from a neighborhood of
the point s = z/p, so we then express I.(z,1) as

t 2
+ps (z—ps)
e [0 (B) 2 [ 22]
‘o P 4/rsde P 4se
¢ x * + ps (z — ps)?
+/ [\IJ s;x,t —W(—'ﬂ:,t)] ex [—————] ds
0 (5,) p’ 4v/7s3e P 4dse
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Noting (3.5), we use the integral formula (3.3) in the first integral and perform inte-
gration by parts in the second integral to give

T —pt
I, = _\I/ , ,t f
. _ . me)2
/ / \/—\I’(s,x, t) - ¥(z/piz,t) , exp [_ (z — ps) J
T — ps 4se
T —pt
-1y t) erf
2 (,,w ) (m—)
[te ¥(t;x,t) — ¥(z/p; z,1) (z —pt)° (1
Vi pram exp pT +e Il (z,t).
with I$(z, t) defined by (3.11). Then (3.10) follows by using (1.2). O

From this theorem, we then have the following result.

Corollary 3.1. The integrals associated with the boundary data can be erpanded as
Is(z,t) + Iu(z, t) exp( ) Z k/2 [ (812) (g 4y (3.12)

where the terms are given by

e = 52 {o () oo () o (572}
50t = x\_/zp {9(0) -9 (t - :’—7)} ierfe (_2:\/%;)
+x{pt {g( ) =9 ( —)} exp (£) ierfc(z\';tﬁet),

—{V/5 gaa(s;7,t) } exp[ %J ds,

1
1)@= / -

with
gt —z/p) —g(t—s)  g(t+a/p)—g(t—s)

T —ps T+ ps ’
Furthermore, if g is a polynomial of degree n, then gs4(s;z,t) is a polynomial of degree
n—21ins.

Lemma 3.2. The integral M(z,t) defined by

g34(s;x,t) =

t L |2
M(x,t =/\Ils;a:,t ———— exp|—————| d
@)= [ Vo) TS exp | -2

can be expressed as

M(z,t) = ‘% \F(%;x, 1) {erfc ( ) xp (%) erfe (””2—:;—;;)}
+2\/§ U(t;z,t) exp [ pt)2]
L £l s e o522

(3.13)
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Proof. We split M(z,t) into two integrals

t 2 _ 2.2 _1e)2

- [0 (5) 222 ] 27

+/0t [‘I/(s;x,t) - (%;z,t)] x;_T\/%ZZZ exp [—(x—;:;s—)i] ds.
Integrating the second integral by parts with (3.5) gives
/t [\Il(s z,t) =¥ (2;x,t>] %\;;—% exp [_(_a:%s)z_] ds
Y e P
= 2\/‘ [\Il(t z,t)— ¥ (p;w,t)] exp [__(m_;ti)t_)?]
L oo e 227

With the use of (3.4), we obtain the result (3.13). d

Theorem 3.3. The integral N(z,t) defined by

N(z,t) \/_/ T {Vs ¥(s;z,t) }exp[ (—z%:)] (3.14)
can be expressed as
N(z,t) = iek/z N2 (g 1) (3.15)
k=0

where the terms are given by

1 T —pt T+ pt
(0) == . f
N (z,t) 2\II,:(t,ar:,t)erc(Z\/iE)+ =Wy(t; z,t) exp( )efC(Q\/E>’
Vi N

2 oo )] o 52)
L [nutinr - v (2im0)] o (2) e (552)
____\/7\111(t z,t) exp[ = pt)Z]
WO = S (Fimt) {arte (52 oo () oo (572)}

+ N (z,1),

N2 (g 4) =
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with
d
Uy (s;z,t) = E\Il(s;a;, t), (3.16)
1 2z
U(s;z,t) = ;\Il(s; z,t) + p—zllfl(s; z,t), (3.17)
-1 2z
Ty(s;z,t) = —\Il(s; z,t) + —\Ifl(s; z,t), (3.18)
2
NGO (g ¢) = \/_\Il(l) s;z,t) ¢ exp _le—ps)” ds, 3.19
\/_ ds 4se
and

U (z/p;x,t) — Ye(s; 1) + Va(—z/p;z,t) — Va(s; 2, 1)
T —ps T+ ps

4 T
+ p [\Ill(s;:c,t) -0, <;;w,t>] .

Moreover, if U(s; z,t) is a polynomial of degree n in s, then ¥ (s; z,t) is a polynomial
of degree n — 1 in s.

v (s;2,t) =

Proof. Differentiation gives
N(z,t) = Na(xvt) + Nb(xat)

where

U(s;z,t) exp[ (——i_s_gi] ds,

N,
* 2\/_ / Vs
2
/ Vs ¥y(s;z,t) exp[ Lﬂ] ds,
4se
with ¥;(s;z,t) defined by (3.16). The device of splitting yields

Ny(z,t) == /\IJ(,xt)\/__xp[ (ii—si—'ﬂ—z-]ds

+—- exp / \Ii(szt)

[ M] ds,

4se

and

- 2 2  pe)2
Ny(z,t) = p_22/ Ty (s :t:,t) i exp [—(i—ﬁ)—] ds

2\/— 4se
+2_a:ep( )/‘1’1(39375) \/—e p[_(-ai}szﬁ] o

It then follows that

N(z,t) = Ny (z,t) + No(z,t) + Na(z,t) exp (%)
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where we have

—2/ Uy (s;z,t) \/f_z exp [—(i;——-sg—sﬁ] ds,

(z —ps)?
N, = / Y. (s;z,t) 7rs3 exp { Toc ds,
- 2
Ny = / Vy(s;z, t) exp [__(:c-l-—ps)_] ds,
0 4 7rs3e

with W.(s;z,t), ¥4(s; z,t) defined by (3.17), (3.18), respectively. The desired result
(8.15) follows with the use of (3.10) and (3.13). O

Based on Theorem 3.1, Corollary 3.1, and Theorem 3.3, we obtain the following
important result.

Theorem 3.4. For each positive integer n, the solution u(z,t) of the initial boundary
value problem (2.6), (2.7), (2.8) can be expressed as

n—1

u(z,t) = Z &* [uok(z, t;€) + VE ugk41(, t; g)] +¢e" u™ (z, t;¢) (3.20)
k=0

where the terms in the expansion are given by

ugk (z, t; €) = Y& (x,t) + ¥ (x, ) erfc( pt)

+ ¥5x(z, 1) exp (I—?) erfc (w +pt) ; (3.21)

. —pt
s (2,856) = VE{ a0t erte (£ 2)

b pry . T+ pt
+ Popq1 (2, t) exp( A ) ierfc ( 2\/E>

c (‘T—pt)z
+ V3 y1(x,t) exp [——4t€ : (3.22)
with
P (z,t) = hm¢> ¥ (s;,1),
(-1 '
Wﬁi’(k) (w - ) o (t2,t), k=01,
-1 T — t
o) = { gk o9 (22 ’ ) L a,)
2<I>('° 1) i E> 2,
\
( —
e 48 (””“’t ) "“’(t z,t), k=01,
¢ _) 1 x(z+pt (k)
¢2k($7t) = 4 2k+1 ¢ 2\/- H ’ (t z, t)
2 (k1)
S .
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(%) (. _ (k) X .
e (o0) = #9052, 1) G 52,0 = 0P (/i)
2k+1\+ 2"’(:1: — pt) z—pt s

(k) (k)
O~ (5Fi01) | @60 - o (calmz)

b
t) =
¢2k+1($’ ) 2k($+pt) (E+pt

¢2k+1(w t) - 2\/— Q)(k)(t’g;, t)»

and
f(z — pt — 2V/1s), k=0,
(k)(s z,t) = 1
=4 (3.23)
& A En0 - o0}, k21,
{f(—:v—pt+2\/is), k=0,
(k)
2 (s3,t) =4 g [ (k-1 . 1 (3.24)
o8 sz t) - o DOz t) |, k21,
ds | s { ( }J
(t - S), k= 0)
68 (s;,1) = (3.25)
AU o [CE) 1,
g(t - S), k= 0,
83 (s32,1) = (3.26)
=L 4® (550t )+i o) (s; 2, 1), k> 1,
38 (5 p. ) = L p®
34 (S, z, t) - 'El‘s'¢34 (S;.’l), t)a (3.27)
an k = 0,
¢ (a/pz,t) - oV (s;2,1)
(k) _ T —ps
d3q (s;2,t) = J 6D (Ca/pya,t) — 685D (52, 1) (3.28)
T + ps
\ +I%[ ¢ (52,8) — k- 1)(m/;o;:v,t)], k>1.

The remainder w(™ (z,t;€) is given by

u™ (z,t;€) = <I>(" 1 (p , t) {erfc <$2\—/t£:> — exp (%) erfc (g;g)}
n n T n
+ 5 {1{ N(z,t) — I (2, ¢) exp (’-’6—)} + I (2, 1) (3.29)
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where Ifn) (z,1), Ié") (z,t), and J(") (z,t) are defined by

I (z,t) = \/LW_E /_ w ™ (0;z,t) exp (——2) do, (3.30)
IM(z,t) = — 7= / o (03 z,t) exp (-—> do, (3.31)

(n)( ,t) = \/_/ T {\/— ¢>(n) s;m,t)}exp [_(_xi%s)z] ds, (3.32)

respectively.

Proof. To obtain an expansion of u(z,t) defined by (2.10), one is required to carry
out an expansion for each of integrals I1(z,t), I2(z,t), Is(z,t), and I4(z,t). There are
three steps.

Step One: From (3.6) and (3.8), we obtain
Ii(z,t) — Ix(z,t) exp (%)

= f(z —pt) — ( ) [erfc (z\;%t) + exp (%) erfc (Z;ét)]

+ Vi [f_(f”__l’t)_f(o) erfe (;ﬁ)
2

T
f(—w—pt)-fz()é) pT . fts:c+pt
+ 7+ pt exp (?) 1erc(2\/E )]
+2 [P@ - @,0) exp (2] (3.33)

where Ifl) (z,t) and Igl)(m, t) are given by (3.30) and (3.31), respectively, with n = 1.
Next, putting (3.33), (3.12) into (2.10), we have

u(z,t) = uo(, t;€) + Ve ui(z, t;€) + euM (2, t;¢)

where ug(z,t,¢) and ui(z,t,€) are defined by (3.21) and (3.22), respectively, with
k = 0. The remainder u(!)(z,t;¢) is defined by

1
uM(z,t;e) = 2 {I{l)(x,t) - Iél)(w, t) exp ( )} +J (1) (z,t)

where I§l)(m, t), Iél)(x, t), and Jéi)(z,t) are defined by (3.30), (3.31), and (3.32),
respectively, with n = 1.

Step Two: To obtain a higher-order expansion for u(z,t) in ¢, the remainder term
u)(z,t;¢) is expanded in € similarly. First, since the function I{I) (z,t) defined by
(3.30) is of the same form as I (z,t), and Iél)(:v,t) defined by (3.31) is of the same

form as I3(z,t), they can be expanded in ¢ analogously. Thus, we obtain from (3.6)
and (3.8)

L0600 o ()

L. 1 ) (z—pt T —pt
_2¢1 (0;z,t) 4¢1 —27{-,x,t erfc N
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1. (a:-i—pt ) px (a:-i—pt)
- = ;T,t ] ex (—) erfc
472 2/t '’ P\% 1/t

(1) (1)
17(0;5z,8) — @5 t.z, t
+ \/ts{ ( 2vt ierfc (z pt)
+

2z - ;ot)
gl)((]; T,t) — 21) ( 2Vt i3, t) DT
2@+ pD) exp (?) ierfc ( Vi ) }
Z {I(2) (z,t) — I (,t) exp (Zi:-)} (3.34)
where we have
P30 =limé (02,0, 902, =limé{(o5,)

and I{?(z, 1), I§2)(x, t) are defined by (3.30), (3.31), respectively, with n = 2.
Moreover, the function Jéi) (z,t) defined by (3.32) is of the same form as N(z,t)
defined by (3.14). It then follows from (3.15) that we have

(l)( t) = 1)(t; z,t) erfc (a;_\—/__p_t) E ¢V (t; z,t) exp (p ) erfc (Zj}ét)

¢(1)(t z,t) = 5 (z/p 2, ) z —pt
+\/_{ 7~ pt 1erfc(2\/E)
—pt)2]

(1) (z
\/_ @3, (t;z,t) exp [ e

4ot — o0 (ca/mnt) (72 e (212
T+ pt 5

RO T — pt pz z+pt ©)
p — P34 <p,a: t) {erfc(z\/g)—exp(?) erfc(Q\/E)} e J3y' (z,1)
(3.35)

where qb:(,l)(s;m,t), o (s;2,t), B (s;2,t) are defined by (3.25), (3.26), (3.27) with
k=1and J:,(,Z) (z,t) by (3.32) with n = 2, respectively.
It follows from (3.34), (3.35) that

uV(z,t;€) = up(x, t;€) + Ve us(x, t;€) + € u®(z, t;e)

where uy(z,t;¢) and us(z,t;€) are defined by (3.21), (3.22), respectively, with k = 1.
The remainder u(®)(z,¢;¢) is given by (3.29) with n = 2.

Step Three: We continue as in Step Two to expand u(? (z, t;¢) in . We first use (3.6)
and (3.8) to obtain

2 {11(2)("3’ t) - IéZ)(x’ t) exp (%IZ)}

e 1, (z—pt z —pt
(Os z, ) 8¢1 < 2\/2 ,(B,t) erfc (—-—2\/5)
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1 @ (z+pt pT z+pt
- 3% (2\/_ T ,t) exp(&_) erfc<2\/ig>

¢(2)(0a z, t) - @ ’w_—'ﬂ’xat —
+ \/E{ - ' ( 2vt ) ierfc ( pt)
Tz+p

4(z — pt)
(2) (2)
(05z,t) — (zﬁ,xt) Pz
L ) e )
%{1(3)(:3 t) - I(3)(x t) exp (Eg)} (3.36)
where we have
(2)(0 z,t) = llmqb1 (o‘ z,t), (2)(0 z,t) = 11m¢>2 (a z,t),

and Ifs) (z,1), I2(3) (z,t) are defined by (3.30), (3.31), respectively, with n = 3.
Next, from (3.15), we obtain

I (x,t) = (2)(t z,t) erfc (a;\—/g) ~¢? (t;z,t) exp (p ) erfc (Zj}g)

Ve { ¢ (t; z, t)z—_aﬁ) (e/pizt) . o ( 982 \—/g)
(z - pt)z]

11/_ (2)(75 z,t) exp [ yT
(2)(t z,t) — (2)( -z /p; z, t) (?z) erfec (a: +pt>}

T+ pt

2 (2) ( ) { (.’v—pt) pT a:+pt)}
02 ;Z,t f - — ) erf
+p pa: eric ovie exp(E)erc i
I (2, 1) (3.37)

where qﬁ:(f)(s;x,t), ¢,(42)(s;x,t), @;(,,24)(5;:5, t) are given by (3.25), (3.26), (3.27) with
k=2, and Jé‘z) (z,t) by (3.32) with n = 3, respectively.
It follows from (3.29) with n = 2, (3.36), and (3.37) that

u® (z, ;) = ug(z, ;€) + VE us(z, t;€) + € u® (x, t;¢)

where u4(z,t;¢) and us(z,t;€) are defined by (3.21) and (3.22), respectively, with
k = 2. The remainder u® (z,;¢) is given by (3.29) with n = 3. This third step can
be continued as many times as necessary. O

4. Properties of the expansion

Note that the expansion (3.20) is valid not only in a neighborhood of z = pt but
also in the whole domain z > 0, ¢t > 0 for all values of €. More precisely, it is
identical to the exact solution, and thus it can be differentiated as many times as one
wishes. Moreover, it gives a uniform approximation to the given singularly perturbed
problem for small values of ¢ since the function u(™)(z, t; ¢) in the expansion is bounded
uniformly in €.
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Theorem 4.1. The solution u(z,t) of the initial boundary value problem (2.6), (2.7),
(2.8) has an ezpansion
n—1
u(z,t) = Z &* [uak(x, t;€) + VE ugy1(z, t;€)] + O(e™) ase |0,
k=0
which is uniformly valid in x > 0, 0 <t < T for some T > 0.
Proof. The function u(™(z,t;¢) is bounded uniformly in & due to the following facts:
(i) The function

z—pt\ pT T+ pt
erfc(2\/E> exp(€> erfc(Z\/E>

is bounded uniformly in € for all z > 0, ¢t > 0.
(ii) By using the boundedness of ¢§") and d)g"), we have

" (z,t) — [{"(2,t) exp (zg)l
< g mos{[d o7} {ee (5722) e (2) o (522) )

which is bounded uniformly in € for all > 0, ¢t > 0.
(iii) The function Jéz)(x, t) is bounded uniformly in € forall z > 0,0< ¢t < T
since

[, i [ o= gy e () - e () e (578}
| s [ - e ()

pm 25 ( )erfc( it)
___[ [ (z— pt)z]

Theorem 4.2. The solution u(z,t) of the initial boundary value problem (2.6), (2.7),
(2.8) is of the form

O

ln/2]
u(z,t) = Z ek [uak(z, t;€) + VE uakt1(z, t€))

k=0
when f(z) is a polynomial of degree n, and g(t) is a polynomial of degree |n/2| + 1.
The symbol || denotes the greatest integer less than or equal to the number x.

Proof. The degree of ¢§”) (o;2,t) in o decreases by two after every stei) of the expan-
sion. So does that of ¢2 (a z,t) in 0. On the other hand, the degree of ¢g})(a‘x t)

in o drops by two from that of g(¢) in ¢. Moreover, the degree of ¢ (a z,t) in o
drops by one after each step of the expansion. O

As an example, consider the initial function

f(z) = a;z® + b2 + coz + dy, (4.1)
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and the boundary function
g(t) = agt + bet® + cot + dy. (4.2)
We then obtain the following theorem.

Theorem 4.3. The solution u(z,t) of the initial boundary value problem (2.6), (2.7),
(2.8) with (4.1), (4.2) can be ezpressed as

1 5
u(z,t) = Z ek vl (x,t) + Zak/2 wi(z, t; €) (4.3)
k=0 k=0
where the functions are given by
v§(z,t) = ar(z — pt)3 + b (z — pt)? + ¢, (z — pt) + d,, (4.4)
v (z,t) = 2¢[3a,(z — pt) + by, (4.5)
- d¢—d, T —pt px T+ pt
te) = " - — .
wy(z, t;€) 5 {erfc<2\/g)+exp(s) erfc<2\/gE , (4.6)

wi(z,t;e) = (cr + %) Vit {ierfc (a;;\/t%t) — exp (%) ierfc (zzjét) } , (4.7
wy(z,t;e) =4 (I% - br) t {i2 erfc (xz\_ﬂgt) + exp (%) i2 erfc (a;;;tz:) } , (4.8)
wi(z,t;e) = 24 <§—§ + ar> t3/2 {i3 erfc (2\;;;) — exp (p?x) i3 erfc (gj}ét)}

- Z%be\/i {ierfc (252\_/{;) — exp (2}) ierfc (a;;;tg:) } , (4.9
wy(z,t;e) = —Z—fagt {i2 erfc (:z;\—/gt) + exp (p?a:) i2 erfc (g;:;tﬁ;) } , (4.10)
wg (z,t;€) = Ilo—gag\/i {ierfc (a: — pt) — exp (%{) ierfc (a: +pt)

2V/te 2V/te

Proof. From ¢§2)(s;w,t) = 0, ¢g2)(s;w,t) = 0, and ¢§i)(s;x,t
u®(z,t;¢) =0 and

(4.11)

— -

= 0, we have

2
u(z, t) = Zsk [u2k(z,t;€) + VE uors1(z, t;e)]
k=0

where the functions ugy(z,t;€), uk+1(x,t;€) defined by (3.21), (3.22), respectively,
become

ug = ar(z — pt)® + be(z — pt)® + cr(x — pt) + d,
de —d, z—pt pT z 4+ pt
+ 3 {erfc(z\/t_s)+exp(€)erfc(2\/t_s ,
1 2
Uy = \/f{ar(x—pt)2 + br(z —pt)+cr+1—)[ag (t— %) + by (t— %) +Cg]}

. T —pt 2
f t{ —a, t b, -
x1erc<2\/t_6)+\/-{ ar(z + pt)° + be(x + pt) — ¢,

1 z\? T pT\ . T+ pt
—;[ae(t+;) +b¢(t+;>+ce]}exp(?) 1erfc<2\/{€_),
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ug = 2t [3ar(z — pt) + br) + {—t'[ar(x —pt) + b — I% [2a¢(z — pt) — b[p]}

x erfc <x2\—/t£€t> + {t lar(z + pt) — by] — 5‘? [2a¢(z + pt) + bep]}

pT ac-!-pt)
x exp | — | erfc R
P( € ) ( 2v/te
2 - 2
Uz = \/Z{ [4art + %] ierfc (a: pt) + [—4art + —zﬁf]

2v/te
pTy | z+pt 8agr/t (z — pt)?
X exp( € ) terfe ( 2V/te )} - pivr P dte |’
6asz T — pt) 6a,r pT (a: + pt)
Uy = — erfc + exp (— ) erfc s
4 p° < 2V/te P o ( € ) 2V/te

’LL5=0.

Then, we obtain

5 1 1
Zskm up(z, t;e) = Zek vi(z,t) + Zskﬂ wi(z, t;€)
k=0 k=0 k=0

+ e {b, Br(z,t;€) + by By(z,t;€)}

+ &2 {a, A (z,t;€) + ar Ag(z, t;€)}

where v§(z, 1), v] (z, t), wi(z, t;€), and wi(z,t;€) are defined by (4.4), (4.5), (4.6), and
(4.7), respectively, with

_ Tz —pt . z —pt T+ pt pTY . T+ pt
BT—\/Z{———\/E 1erfc<2\/t_€)+ e exp(s)lerfc<2\/t_e)}

{erfc (2——\/%) + exp (I_’;) erfc (Zjét> } ’

By = I%\/E{pt\/—; ierfc (‘”2\'/;;) - x\-;gpt exp (%ﬂf) terfc (z\jtzet)}
5 (o558 e ) (52}

A=t {(m—_am)—2 ierfc (a;\_/lg) - (w +€pt)2 exp (%) ferfc (z;gt)}
{2 () + L e () e (52))
va finte <x2 2 - exp (%) e € )

Vif(pt—x)? . . (z-pt\ (z+pt) pz\ . . (z+pt
Ag-——{———e—— ierfc W - . exp(?) ierfc

2r (pt—x z —pt T + pt px T+ pt
2"z e (52 ) -7 oxp (%) e (7 ) }
2zt |, T —pt pT\ | z+ pt
+—p4—{1erfc(2\/t_€>+exp(?) 1erfc(2\/E>}

|
o~
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Sw\\//__ oxp [_ (z ;t:t)Q]

e (52) ) (32}

By using the identities

pt—zx T—p 9 z — pt 1 (a:—pt)
f = f — = erf , 4.12
v erc(2\/_> 1erc(2\/t_€) 5 e oie (4.12)
T+ pt, .7:+pt> . (ac—i-pt) 1 (.7:+pt)
erfc —i% erf = erf , 413
e " (\/_ Perde S ) T 17 5 (4.13)
we obtain

B, = -4t {i2 erfc (2\;;;) + exp (%) i? erfc (2:;5) } ,
By = ﬁ—; {i2erfc( N ) + exp (%) i? erfc (%j—\/%)}
- Z% {(pt—x)erfc (a;\_/tg ) + (z + pt) exp (p ) erfc( \/_ )}
A, =4t {pt\/—gw i2 erfc (a‘;\—/%t) + m\—l/-gpt exp (%) iZerfc ( }
+ 4¢3/? {ierfc (z:/)g) — exp (Zi:-) ierfc (a;\-{;t%t) } ,
A= ;% {pt_\/—g:c i2 erfc (a;\—/%t) + m\—;gpt exp (%) i erfc (a;:;g) }
- 4)2 (52)-(05) 2 )
x erfe (gj;g)} + 22}1/5 {ierfc (g\;g) +exp () ierfe (””Z:;g)}
o ) S e (52) en) e (52))

Moreover, with the use of the identities

pt—=x T —pt . T —pt 1 (z —pt)?
_— = f —_— _ — _— .
2V/te erfc(wfé) lerc(wE) ﬁexP[ 4te |’ (4.14)
z +pt z +pt . + pt 1 (z + pt)?
= — f —_ .
iz erfc(Q\/E> ierfc (2\/_>+ exp[ e ) (4.15)
we have
4t (.4 T —pt DT\ .o T+ pt
_ — f pu—
By p2{1 erc(2\/g)+exp(€)1erfc N

2 z—pt pTY . T+ pt
= te{lerfc(z\/g)—exp(—g—) 1erfc<2\/t_6>},

B
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4 (pt—=z z—pt) z+ pt PT\ .o <m+pt)}
A 2 erf + — f
= { NG i rc<2\/g 7 exp(s)lerc W
2t3/2 a:—pt) pz :c+pt>}
+ —— < —ierfc | —= | + — | ierf
P { 1rc<2\/E exp(s)lerc<2\/E
+

L () on () ()}
_SevE {erfc ( : t’:) —exp (&) erfe (”;;g) } .

Finally, with the identities

.3 :c—pt) 1, (w—pt) T — pt, 2 (m—pt)
i°erfc = —ierfc erfc ,
( 2V/te 6 21/t 6Vte 2V//te
x + pt 1, <x+pt) z+pt.y (m
= — jerf - f
) g lerfc Wirs 6\/El erfc

we get

= 2443/2 {1 erfc (
24t3/ 2 T —pt pT\ .3 + pt
- L) BT J)
{ (wt—) (%) (2¢E>}
+ —I—)Z- {(w—pt)lerfc ( 2\/t—a> + (z + pt) exp (?) ierfc ( 2\/5)}
6zve T —pt pT z + pt
_p—s{erf (2\/_> exp(?) erfc(zx/E)}.
By virtue of (4.12), (4.13), we have
24¢%/2 :3 pT\ .3 T+ pt
A= »° { f<2\/_>—exp(;—)1erfc<2—\/tz)}
~ 24t\/5 {izerfc (%) +exp (zg) 2 oo (2FP
€

6\/— {(pt z) erfc (a;\/z_>+(m+pt)exp Lt

A/\
wa
&
Oll's
N~——~7~
——

One more substitution with (4.14), (4.15) gives

24t3/2 T\ .3 T +pt
0= 2 e () -0 () Pete ()
24t\/_ PT\ .o x4 pt
p { erfc ( 2\/_ > + exp (?) i“ erfc (W)}
12eV/t . z —pt pTy | x 4+ pt
+——793— {1erfc<2\/g> +exp(?) 1erfc(2\/g)}.

It follows that the constructed expansion is given by (4.3).
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Note that the function (4.3) is also checked by Maple V release 3 to be the exact
solution of the singularly perturbed problem (2.6), (2.7), (2.8) with (4.1), (4.2). Thus
the contribution of the initial data to the exact solution is

u; = ar(z — pt)® + br(z — pt)? + ¢ (z — pt) + dr + 2t [3a,(z — pt) + b,]

— 3121 {erfc (%) + exp (%) erfc (a;-l\;%t)}

+cr\te {ierfc (%\—/_t%—t> — exp (pe ) ierfc (a;\-;gt }

— 4b,te {i2 erfc (a;\—/{p;_t) + exp (%) iZ erfc < 2;@) }

+ 24a, (te) /2 {i3 erfc (2\;;;) — exp (1—)5-) i3 erfc (2;%) } )

while the contribution of the boundary data to the exact solution is

ub=§:’l{erf (2\/_> +ex p( z) erfc(g;;;g)}

+ ;Vt_s {ierfc (";\—/é > — exp (I—?—) ierfc (:z;\-;gt)}

+ 41%155 {i2 erfc (a;\—/t_p;_t) + exp (%) i2 erfc (gj;é_t) }

_ %ng\/E {ierfc <:’;\_/£t) — exp (%) ierfc <:’;\—;t£et)}

+ 24 (tz-:)"’/2 {1 erfc ( Wi ) — exp (Eg—) i% erfc (2;;'?)}

B Z—:lagtez {iz erfc ( ) ) i erfc <a;\-|}£_t) }
+ ;—agszx/_ {1erfc ( Wi ) — exp (—g) ierfc (a;\-;%t) } .

We then conclude that the internal layer structure of the initial boundary value prob-
lem is more complicated than that of the initial value problem. Contrary to the initial
value problem studied in Shih [13], we are not aware of any method of matched as-
ymptotic expansions which is able to construct the internal layer function w(z,t;¢€) or
wi(z,t;€) precisely. For example, using the variables (¢,t) with the stretched variable

= (x — pt)/+/Z to replace the given independent variables (z,t) in the internal layer
region, one finds by using (1.1) that

. N de — d- i
wh(z, t;€) = —5 erfc (2\/5) + O(Ve)
in a neighborhood of z = pt for all ¢t > 0.

On the other hand, the constructed solution gives rise to a close relationship between
internal layer functions and corner singularity conditions for the reduced problem. For
example, the first layer function wf(z, t;€) is nonzero if f(0) # g(0), while the second
layer function w](z,t;€) is nonzero if g'(0) + pf'(0) # 0.
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5. Historical survey

Two papers related to this work are Howes [9] and Joseph [10]. In studying the
development of boundary layers for the linear singularly perturbed parabolic system

Ou Ou 0%u
1A b it
ot + A1) oz ° oz
Joseph first considered the scalar equation
Ou Ou 0%u
E + % =& '6;3 (51)

in the first quadrant = > 0, t > 0 with a parameter ¢ satisfying 0 < ¢ < 1. Equation
(5.1) is subject to the auxiliary conditions

u(z,0) =0, u(0,t) = up(t), (5.2)

with a smooth function us(t) satisfying u,(0) = 0. Then, the outer function u°(z,t)
is defined by (5.1) with € = 0 and (5.2). It is claimed that the relation
u(z,t) = u¥(z,t) + O(e)
is uniformly valid in x > 0, 0 < ¢t < T for some T > 0. It is clear that this result
is inconsistent with ours of adding an internal layer function of order O(y/€) to the
outer function u®(z,t). For instance, from (4.3) and (1.3), the exact solution of the
problem (5.1), (5.2) with up(t) =t is
u(z, t) = u¥(z,t) + Ve wi(z, t;€),

with

t—uz, <t,
u¥(z,t) = Hoe
0, T >t,

t—z T T+t
tierfc| —= | —ex (—) ierfc | —= , T<t,
te) = vt 2V/te P € 2v/te
wi(@,t ) = Vi z—t AN LY
tqierfc{ —= | —ex (—) jerfe | —= ) ¢, z>1t,
2Vte P € 2Vte

and wi(z,t;e) =0(1)inz >0,0<t<Tase]0.
Howes studied the internal layer behavior for the parabolic equation (5.1) defined
in 0 <z < 1,0 <t < T subject to the initial condition

u(z,0) = p(z) (5.3)
for 0 < £ <1 and the boundary conditions
u(0,t) = A(t), u(1,t) = B(t), (5.4)

for 0 < t < T with smooth functions ¢(z), A(t), B(t) satisfying A(0) = ¢(0). Under
the assumption ¢'(0) + A’(0) # 0, Howes found that the internal layer function of this
problem is of the order

VE 16 (0) + A'(0)] exp (— 'Q‘gt') .

As a comparison, it is found in the present work that the quarter-plane problem (5.1),
(5.3), (5.4) satisfying A(0) = ¢(0) has the dominant internal layer function

Vi {cl(m, t) ierfc (%) +aa@t) exp (3) terfe <%)}
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with
e1(z,t) = plz—1t) - w(Oivi:l(O) —Alt-2)
—z—1t)— A(0) — A(t
ex(, 1) = p(=z—t) —¢(0) + A(0) — A(t +z)
T+t
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