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A CLASS OF HIGHER ORDER TURNING
POINT NONLINEAR SINGULARLY
PERTURBED BOUNDARY VALUE PROBLEM
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Abstract When a boundary layer occurs close to a turning point in a class of
singularly perturbation problems with turning points, the solution manifests as
a multi-layer phenomena. This paper provides a systematic solution. It focuses
on a class of turning point problems and the aspects include constructing
formal asymptotic solutions. It also involves establishing the existence and
error estimation of the solutions, the relationship with the position of the
intermediate layer and boundary layer. In addition, the numerical verification
is conducted as well.
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1. Introduction

Differential equations are often used to describe mathematical models produced in
engineering applications such as physics, chemistry and biomathematics. After a
series of dimensionless processing of the parameters of these established differential
equations, small parameters usually appear before the highest derivative, and such
a class of problems is the singular perturbation problem.

Because of the complexity of singular perturbation problem, it is very difficult
to obtain the exact solution, so it is very important to find the uniform and effec-
tive asymptotic solution. In the singular perturbation problem, various interesting
boundary layer and inner layer phenomena will appear. Among them, for the prob-
lem where the stability does not change, the most effective approximate solution is
the boundary layer function method [38] created by Russian scholars, who use this
method to construct a consistent and effective asymptotic solution and construct
a Green function corresponding to the problem itself. Then the existence proof of
the solution is obtained by applying the fixed point theory and the remainder term
is estimated. However, when the stability condition is not satisfied, the methods
suitable for general singular perturbation problems, such as boundary layer function
method, deformed coordinate method, averaging method, multi-scale method [20],
etc., are not suitable for the turning point problems. And the turning point prob-
lem is the situation where the stability changes. When the original problem passes
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through the turn point, the properties of the problem will change to some extent.
Therefore the turning point problems have always been the most difficult problems
in singular perturbation problems.

Attention was drawn to the difficulties of such equations in a 1970 paper [30].
The solution frequently undergoes significant modifications near the turning points
[37] when studying singularly perturbed boundary value issues. It is permeated with
many physical difficulties, such as Stokes lines and surfaces in mathematics [9, 33],
shock layers in fluid and solid mechanics [21], and boundary layers in fluid mechanics
[6]. Finding the exact solution to the perturbation equation with turning points is
generally a difficult undertaking. Other perturbation techniques are warranted,
the most crucial of which is the matching asymptotic expansion technique [12,22].
Meanwhile, the boundary layer’s position is determined by the coefficient of the
first derivative term. It is claimed that the problem contains multiple layers [23] in
a certain location if the boundary layer’s position coincides with the turning point.
To address this, it is important to build the solutions for the various layers and then
match them with the matching principle.

Trefethen [36] examine a linear differential equation from eight points of view,
showing how it sheds light on aspects of numerical analysis, asymptotics, dynamical
systems, ODE theory and so on. Nayfeh [27, 28] investigated an equation having
a high-order turning point that was linearly perturbed singularly. By applying the
Prandtl matching principle [32], the zeroth-order asymptotic solution is obtained
and fitted to the numerical solution. Based on Nayfeh’s work, Chen [8] studied a
class of singular perturbation problems with high-order turning points. The Prandtl
matching principle was also utilized to study the problems in various situations.
Fedoryuk [14] presented the main results on the asymptotic theory of ordinary
linear differential equations and systems where their is a small parameter in the
higher derivatives with turning points.

In this paper, we consider a class of nonlinear singularly perturbed boundary
value problems with higher order turning points. And the difficulties in matching
techniques are overcome and the first asymptotic solution of the original problem
is obtained.

62n+1yl/ + (JC _ k)2n+1(y/ + ys) = ey,

the study of ¢ approaching to zero on the interval 0 < x < 1. Here, s and n are
integers. The two boundary conditions specified are constants and «, 5 # 0. When

5> 2, thereis a > 0,0 < 571 < L.

Remark 1.1. It is difficult to obtain the first-order or the more higher order ap-
proximation. The reasons are as follows: there will be many difficulties in the
matching process, such as singularity, secular terms, left and right endpoints cannot
match, which make it difficult for researchers to obtain the high-order asymptotic
solution.

Throughout this paper assuming that:

(H1) When s =1, 0 < k < 1, , 8 are the same sign and satisfy the inequality
o] < |Bel.
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(H2) When s > 2, k = 0, «a, 8 are further required 371 < %,a > 0, when s > 2,
0<k<l,p'<lo<ac<l

As s changes, the original problem can be divided into two main problems, when
s = 1, the problem is a linear problem, when s > 2, this problem is a nonlinear
problem. In these two problems, different situations will be generated due to the
different values of parameters kK and n. When 0 < k < 1, z = k is a turning
point. Meanwhile, the positive or negative value of (x — k)?"*! determines the
position of the boundary layer. Therefore, according to the location of the multi-
layer phenomena in the problem, we will discuss six situations of the two problems.

The remainder of the paper is organized as follows: Section 2 divides the orig-
inal problem into six cases and provides first-order asymptotic solutions that are
uniformly valid within specific regions. In particular, the solution of the nonlinear
case will contain two types of special functions. Consequently, it is imperative to
preprocess them before applying the matching principle. The purpose of Section 3
is to provide an estimate of the remainder and demonstrate the existence of the so-
lution [26]. The proof procedure will be split into linear and nonlinear cases, similar
to that in Section 2. The bvp4c solver in Matlab is used to generate the numerical
solutions for the many specific instances presented in Section 4. In order to further
highlight the significance of the work done in this research, we fit the asymptotic
and the numerical solutions [13]. Finally, Section 5 indicates findings and potential
directions for further study.

2. Construction and determination of asymptotic
solutions

According to the linearity and nonlinearity of the problem and the location where
the multi-layer phenomenon appears, we present some singular perturbation prob-
lems with turning point to solve and match respectively in this section.

The difficulty in solving this problem is that there is a turning point at * = k
in Eq. (1.1), where 0 < k < 1, and that a boundary layer(s) must be introduced to
satisfy one of the boundary conditions. The following two situations are considered
for both the linear problem with s = 1, and the nonlinear problem with integers
s> 2.

2.1. Linear case
Consider the linear case first, that is s = 1, then the Eq. (1.1) becomes
Y+ (x = k)Y +y) = ey (2.1)

Case 1. When s =1 and k = 0, there is

52n+1y// 4 x2n+1(y/ 4 y) =ey. (2.2)

For the singularly perturbed boundary value problem ey’ = f(z,y,v’), y(a) =
A, y(b) = B, if there is a constant £ > 0, such that f,, < —k < 0, then the
boundary layer position is in the neighborhood of the left endpoint [29,35]. And
the left boundary condition must be abandoned in the outer solution, and the
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right stability condition is satisfied. Similarly, when the left stability condition is
satisfied, the boundary layer position appears in the neighborhood of the right end
point, and the right boundary value will be abandoned in the outer solution. Then
the boundary layer is expected to be at x = 0, and = = 0 is also a turning point.
Therefore, it is speculated that the problem will have multiple layers near x = 0.

In this situation, the independent variable of the outer layer is x. As before, to
investigate the neighborhood of the origin, we introduce the stretching transforma-
tion & = 15—1107 ie. ©z = e%, where v > 0 and undetermined. Then substitute the
stretching transformation into the Eq. (2.2), and record the inner layer solution is
', as the following equation is

n+1— vd2yi v n 7vdyi 7 i
& +12d7§2+(55)2 (e d—§+y):5y, (2.3)

after sorting it out, there is

d2yi dyl )
2n+1—2v 2nv ¢2n+1 2n+1)v #2n+1 T
13 TEQ + e f 75 + (5( ) § — €)y = O, (24)
as € — 0, €277 is a small amount of €2"¥. Hence, the dominant part is
d2yi dyz )
2n+1—2v 2nv ¢2n+1 o T 0 25
€ el + e r ey (2.5)

It is now necessary to determine the correct balancing in the Eq. (2.5) and use the
principle of least degradation to find the distinguished limit [18].

The balance between the first term and the second term was considered in Stepl,
in this situation, the third term should be the higher order, by calculating, v = gzg
This violates the original assumption that the third term is higher order, and so
this balance is not possible. This condition is a trivial case and can be discarded.

In addition to the above balancing process, the following possibilities remain:

The balance between the first term and the third term was considered in Step2,
and the second term is higher order, which 2n + 1 — 2v = 1, that is v = n, the Eq.
(2.4) becomes

d2il/i + 62n2£2n+1d7yi

o i (2n+1)n2n+1 i ) 2.
@ Tz ey’ +¢€ 13 y'=0 (2.6)

3

In this case, the conclusions are consistent with the original assumptions, and so
this is the balancing we are looking for. This case is non-trivial and we can continue
to solve it.

Finally, the second term and the third term are matched to obtain 2nv = 1,
that is v = 5~ and this is said to be the distinguished limit for the equation. In

2n
order to distinguish from the previous case, recording n = —4-, £ = &, the main
£2n
term of the Eq. (2.4) is
n2in1 d?yt dy’ , n :
6% Y +e 2n+19Y ey + g%nwﬂrlyz =0, (27)

dn? K dn

this case is also non-trivial and must also be included.

Sincen>ﬁ7§:§

describes a layer closer to the origin point and n = —%

2n
describes a layer between the right layer and the left layer. In the problerrf of
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viscous-inviscid-interaction [5], the three layers are called lower, middle, and upper
layers.
Therefore, in this case, the variable of the outer layer is z, the variable of the

boundary layer is § = 2, and the variable of the middle layer is n = —4-.

According to the above analysis, this paper consider a problem in 2;;sbfhich more
than one distinguished limit exist in a given boundary layer. When two distin-
guished limits exist, the resulting expansion consists of two inner expansions in
addition to the outer expansion. And the problem is a multiple-layer problem, the
multi-layer phenomenon will happen close to = 0. Asymptotic solution of the
original problem must be constructed by the pertinent theories of the matching
asymptotic expansion approach,

yc — yo 4 yi T ym _ (yo)m _ (yl)m (28)
The composite solution is y°, y° is the outer solution, % is the inner solution, y™ is

the intermediate solution, and the common solutions of the two overlapping parts
are (y°)™, (y*)™ respectively. We seek their expansions in the form:

y° =yo(x) + ey (x) + %y () + - -, (2.9)
yh=yo(&) + ey (&) +y(E) + -, (2.10)
Y™ = () + eFy () + o (2.11)

When analyzing the problem, we use the direct expansion method [15,24] to get
the first term of y°. The outer solution is solved firstly, we substitute Eq. (2.9) into
Eq. (2.2), there is

d2ya d2yo dyo dyo

2n+1 0 1 2n+1 0 1 o o . o o

£ —_— £ .. E— E— £ .. = £ £ o
(g2 Te e T ) ta (o ety teyi+) =e(yg +eyi+-o0),

since the boundary layer appears near x = 0, the outer solution satisfies the right
boundary condition y(1) = 3, that is

Yo (1) +eyp(1) + 23 (1) + -+ - = B,

comparing the same power coefficients of € on the left and right sides, it can be
obtained that the equations and their asymptotic solutions are as follows, the zero-
order equation and its solution are

2n+1 dy(()) o o l1—x
x (di‘f‘yo):():ﬂ%:ﬁe )
xr
the first-order equation and its solution are
dyo ﬂelfz _
x2n+1(d7xl o™ (:E 2n 1)
Remark 2.1. The first-order solution has singular terms, but these can be elimi-

nated in the subsequent analysis and solving step. Then the final composite solution
does not have any singular part.

+yi) =y =yl = —

Subsequently, we proceed to solve the inner solution by substituting Eq. (2.10)
into Eq. (2.6), thereby obtaining
Py | a2y
e( e +em T
_|_€(2n+1)n§2n+1(y6 + 677,y11' 4. ) =0,

dys . dyi
PR

o) T o) —e(yh ey o)



662 X. Wang & N. Wang

and obtaining the zero-order equation and its inner solution are

Ly L =0=yi = ape S + bpet
e Yo = Yo = Qo 0€”,

when n = 1, the first-order equation and the inner solution are

d2yzi dyé i

3
<Y _ — 0
d§2 +£ df yl
. 1
=y1 = — 5006 (366 + 667 +4€% + 26%) + are ™ + baet,

when n > 2, the first-order equation and the inner solution are

d2yi ) . B

ﬁ—yi =0=19yl =aje * +bet,

since { = 2 > 0, the coefficients of e$ must be zero, otherwise 3 will grow expo-

nentially with £ and cannot perform subsequent matching, then it can be obtained

bo,1 = 0. ap,1 can be determined by the unused boundary value condition y(0) = «
or the subsequent matching process.

So far we have considered boundary layer phenomenon for Eq. (2.2), however,

the intermediate layer phenomenon can be equally addressed. The equation of

middle layer can be obtained by substituting Eq.(2.11) into Eq. (2.7), then there is

dn? dn? dn dn dn

—e(yg ey b eny 4 eI P (Y d ey o) =0,

+_._)_’_€n2n+1(

S _|_)

the zeroth-order intermediate equation and the solution are

m
2n+1 dyg

1
M =0 = ™ = dne 2an?"
dn Yo Yo 0 s

the first-order intermediate equation and its solution are

m
2n+1 dfih Y Yy Sy _done—ﬁ,zn +dye” T
U

the value of dp ; is undetermined and will be determined by the subsequent calcu-
lation and matching process.

After finding the outer, inner and intermediate solutions, the following need to
start matching these solutions to obtain the common solutions. At first, matching
the inner solution and the outer solution, the inner solution is

fiaoefﬁ(:s + 66 + 662 4+ 4€3 + 261

16
Y =9 4ape $feare 4, n=1, (212)
ape S +etae S+, n>2,

the outer solution is

Bel—z Com
2n (2

— 1) 4 (2.13)
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firstly, Prandtl matching principle is used for matching (only match the first item),
there is

oyi _ li l-z _ li 1—-e™ _
(y°)" = lim fe lim e Be,

(y")° = lim ape™® = lim age™ =" =0,
e—0 e—0

since 3 # 0, it does not satisfy the matching principle (y°)* = (y*)°.

Then Van Dyke matching principle [3,11] is used to match the first term. How-
ever, when the first term of the inner solution is expressed by the outer variable
x, it cannot be expanded according to the small €. Therefore, the inner and outer
solutions cannot be directly matched.

Therefore, it is necessary to use y™ to match with y* and y° respectively, which
is why it called the intermediate solution. Meanwhile, it produces two common
solutions (y)™, (y°)™ due to matching and confirms that the asymptotic solution
is Eq. (2.8).

Firstly, matching the inner solution with the intermediate solution. The inter-
mediate solution is

1 1
ym =dpye 2m®" + gie 2nn2"n (_d077 + dl) N (214)

Prandtl matching principle is used to obtain (y*)™ = 0 = (y™)?, which can satisfy
the matching principle but cannot determine undetermined coefficients. After that
we match the outer and intermediate solutions, but for the outer solution, the
singularity appears from the second term and its singularity will be stronger and
stronger. Prandtl matching principle doesn’t apply from the second term, then we
try to use the Van Dyke matching principle. After matching, it can be obtained
dy = Be,d; = 0, then the intermediate solution can be determined. And the
coincident term is

Be Be

2nx2n—1  2pg2n

[W(2))(z) = Be — Bex + &( );

but the exact composite solution can not be given, because the ag ; in the inner so-
lution have not been determined. Although the inner solution and the intermediate
solution satisfy the matching principle (y*)™ = (y™)* = 0, ag 1 still can not be deter-
mined. In general, in the matched asymptotic expansion method, the outer solution
only satisfies the outer local boundary conditions, and the inner boundary condi-
tions must be abandoned. Similarly, the inner solution only satisfies the local inner
boundary conditions in the boundary layer problems [7]. In this case, the boundary
condition y(0) = « should be determined by the inner solution, the intermediate
solution and the common solutions [31]. When x = 0, there are £ = 0,7 = 0, and
n = 0 causes y™ — 0, since (y°)™ = (y™)* = 0, then y(0) = « is only determined
by the inner solution, that is y*(0) = a. Therefore, when n =1, ag = o, a1 = 1—36a,
when n > 2, a9 = a,a7 = 0.

Then all undetermined coefficients have been determined, but the composite
solution has singular terms, because the outer solution contains singularity. After
Taylor expansion in x = 0, the singular terms are exactly canceled out by the
common solution. Therefore, the final composite solution without singular terms
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can be obtained, that is

l—a QO =z T T\ 9 Z.3 Ty Be, x? 1
—e—e < [6—+6(— 4(— 2(=) ] —e—(—— - =
fet=r — e (62 + 6(2)2 + 4P +2(0) ) — e (- +a - 5)
. +ae F + BT —xfel T —Be+ Bex+---, n=1,
y =
Bel= — e%(—l + )+ ae” T 4 fe' T — xpfel Tz
n
—Be+Bex+---, n>2.
(2.15)
Case 2. When s =1 and k = 1, the problem is
62n—i—1y//_"_(J:_1)2n+1(y/_"_ys) = ey. (2.16)

Since0 <z <1, (z — 1)2”4‘1 < 0, it can be known from the singular perturbation
theory that the boundary layer appears near z = 1, and meanwhile x = 1 is still the
turning point. We speculate the problem will have multi-layer phenomenon near
x = 1 in this case. The inner layer variable is ¢ = £=1 < 0, the middle layer variable

1 on
is n = 231 < 0, and y°,y’,y™ can be obtained in the same way,

£2n
the outer solution is

y° :ae_m—l—s{—%e_’”[(x— I I | | ST (2.17)
the inner solution is
. —%boef@ — 66+ 667 —48% +261) + boe® —ebret -, n=1, 218
boe + byl + -+, n>2,
the intermediate solution is
Z/m:do{m +€ﬁeiﬁ(*doﬂ+d1)+“' ; (2.19)

by the Van Dyke matching principle, there is dg = ae™!,d; = 0. Then substitute
the boundary value condition, when n = 1, by = £,b; = 38 when n > 2,

-3
bo = B,b1 = 0, and the common soluion is
ae” ! ae™ !

on(z —1)>"! - on(z —1)*"

).

[y&)]g) =aet —ae Hz—1)+¢(

Then the composite solution without singular terms is

. aet (z— 1)? 3 21
ae”" —e— (—T—Fx—i)—i—ﬂe <
€ oz x—1 z—1 z—1 z—1 e
= = 6 6 2_4 3 2 4 —1 2(z—1)2
e 67 o) -4 2T e
Y= —e(x — 1)046_16_2(””i1)2 —aettae iz —1)+--, n=1,

—1
ae - P
ae  —¢ 5 (x —2) + Be T e T mEDT
n

—(z - 1)ae_1_m —aet+aec(z—-1)+, n>2
(2.20)
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Remark 2.2. For the case of kK < 0 and k& > 1, the original problem is a gen-
eral second-order singularly perturbed nonlinear boundary value problem without
turning points. In this case, there are only boundary layer and outer layer, no in-
termediate layer, and no multilayer phenomenon appears. For k < 0, the boundary
layer appears on the left and for £ > 1, the boundary layer appears on the right.
It is necessary to re-determine the extension variables and construct the asympotic
solution. In these cases, the solution is y = y° + y* — (y°)".

Case 3. When s =1 and 0 < k < 1, there is
ey + (2 = k)Y +y) = ey (2:21)

This problem is a turning point problem in a general sense. The turning point
occurs at * = k, and the outer solution of the original problem is composed of
y?,y%. The original interval [0, 1] is divided into two parts with k as the bound,
and the original problem is divided into left and right problems accordingly.

The left problem is

EQn—i—lyLII + (CE _ k)Qn—i—l(yL/ + yL) =eyr, (222)
yr(0) =, yr(k) =d1. (2.23)

The right problem is

" yr" + (z — k)" (yr" + yr) = €yr, (2.24)
yr(k) =62, yr(1l) =4, (2.25)

both of 4; 2 are unknown.

From the analysis of the above two cases, it can be seen that on the interval
[0,k), (x —k)?"*t! < 0, then the boundary layer appears near the right endpoint
x = k. On the interval (k,1], (z — k)?"*! > 0, then the boundary layer appears
near the left endpoint z = k. And z = k is also the turning point of the two
problems. It is assumed that there is a multi-layer phenomenon nearby = = k.

Consider the left problem firstly, the outer solution is

—T

ae
Yy =ae " —¢ [(z = k)" = (k)" + -+, (2.26)
2n
the inner solution is
i —Z boef(3 — 6 + 662 — €3 + 26%) + boef — ebre 4o, n=1,
YL = 16 (2.27)
boes +e™bref 4 -, n>2,
the intermediate solution is
1 1 __ 1

yzq‘ = doe 2nn2n + &*i (_dofr]e 2nn2n _|_ dle 2n'r/2") + BN (228)

where by 1, do,1 are undetermined, and will be solved in subsequent process.

Similarly, Van Dyke matching principle is used for matching to obtain dy =
e~ d; = 0. By substituting y% (k) = §;, when n = 1, by = 61,b; = —%, when



666 X. Wang & N. Wang

n > 2, bg = d1,b1 = 0. Thus the composite solution of the left problem without
singular terms is

ae~ — eae; [% + (2 — kK2 — k) + 6T — %e%
<62 a TRy o PR g et T
Yi =S —(z — k)aehe 20? —qe~F 4 (x —k)aeF +---, n=1,
ae™® — aa;;k (2" (z — k) — k") + 615 + ae " e w7
—(z— k‘)oze_k_mﬁ —aeFtaeFxz—k)+---, n>2

(2.29)
In the same way, the composite solution of the right problem without singular
terms is

1-k 1
gt — (e MR (1R )
_a—k 1—k 1k _ €02 ek
+ooe” = —pe "+ (x—k)fe " — 68 °
—k —k — k —k __ e _
X[67 = + 6(T—=)2 + 4(F) + 2 + Bel The T
g g 13
y;%: _(x_k)ﬁelike_m_k"' ) n:17
1—k
et — 2 (= k)1 — k2 — (1= k)
2n
+hae= T — Belk 1 g THmmE R
—(z—k)Be! T TEEDT 4 Bel Kz —k) 4o, n>2.

(2.30)
Finally, in order to determine the undetermined constants ¢; 2, it can be obtained
by the smooth connection of the left and right problems at z = k, that is

dy (k) _ dyr) (k)
dz - de

yr (k) = yr (k)

n—Be! Ft+ae*

then we obtain 61 = 0y = ¢ 5

Remark 2.3. Since the first term of the boundary layer starts from O(e™). it is
speculated that it may not be shown in the figures in this case, that is when the
boundary layer term is small enough, it will not obvious.

2.2. Nonlinear case

When s > 2, the original problem is a nonlinear one, and the larger of s, the stronger
of the nonlinear strength. The difficulty in solving this case is that we need to deal
with the special functions which appear in the process of solving.

Case 1. When s > 2 and k = 0, there is
E2n-§—1y// +x2n+1(y/ +ys) = ey. (2.31)
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The multi-layer phenomenon still appears near z = 0, and §{ = Z,n = —.

£2n
The difference with s = 1 is the concrete form of the solution. In the same way as

before, the zeroth-order outer equation and its solution can be obtained

dyg 1
BT W) = 0= 98 = [(s = D — 1) + 57,

the first-order outer equation is

2n+1 dyf o\s—1, .0 o
z (%st(yo) y7) = Yo,

by calculation, its solution is

v =l(s = V(@ - 1) + 7=
o s—1 x_2n+1_l—s+ﬁl_5x_2n+ 1-s +1—s+ﬁ1_5

—2n+1 2n —2n+1 2n
then the outer solution in this case is

Yy =[(s = 1)(z — 1)+ BT +el(s — D)(x — 1) + f7°] =

o s—1 x72n+1_175+5175$72n 1—s 1—s+p1-s

+ + +o
—2n+1 2n —2n+1 2n ]
in the same case of s = 1, the outer solution itself is singular.

The inner solution y* is the same as s = 1, that is Eq. (2.12).

The difference is the intermediate layer solution, the zeroth-order middle layer
equation and its solution are

I

2n+1 dygl
dn

when n = 1, the first-order intermediate equation and its solution are

1
—yy =0=yy" =dpe 27",

773 d(gj/{"
n

N
=y’ =die 277
i (doe_%]%)s(Qeﬁn\/—l+S—|—€2’71%\/27T(—1—|—S)€’r‘f(\/\*/%j7~5))
—e 22 ,
2v/—1+s

+0(yg')* — i =0

when n > 2,

n dym n m\s m
n? “T;H?Q THye)® =y =0

1

1
—1—st 3 5 ~53 —1+s\3n 1 —1+4s
2 2nd0 e 2nnen" 7’]( ann) nF(_%, 27”72")

n

__1__
:>y§n — dle 2nn2n

When n = 1, the intermediate solution is

_1 1 _1 11
Y™ =doe 27 +¢e2 die 27 —g2 e 207

(doe” 37 )5 (2637 /=T 5 + €277 /2m(—1 + s)er f(Y35))
2v/—1+s

X

+ ey
(2.32)
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when n > 2, the intermediate solution is

1 1 1 1
ym :doe 2nnZn +en dle 2nn2" _ c3n

(2.33)

1
—1—5 S —ﬁ —1+s\2n 1 —1+s
2 zndg’e 2 7”7271) ”F(—%, 27”72”)

X
n
Just like the linear case, y° cannot be matched with y* directly. The matching of
y™ and y’ satisfies the matching principle but cannot determine the undetermined
cofficients. Before matching y° and y™, we need to do certain processing on them.
By Taylor’s theorem, it can obtained that the decomposition of the outer solu-
tion, that is

(s = (@ —1) + 5 )=

T S.’E2

: + +
plos—s+1  (pl=s —s+1)°

:(51*3 75+1)ﬁ(1 —

(s = 1)(z —1) + ')
s (25 — 1)s2?

_(Rl=s _ =5 —
=(8 s+ - g 2(81- —s+1)*

Because there exists two special functions in y™, that is error function and
gamma function. Then need to understand the properties and do some processing
on them before matching.

The definition of error function [1] is erf(z) = % Iy e~t"dt. The series expan-

sion of the error function is

x2n+1

p— "
erf(z) = ﬁ;(_l) m

Through Van Dyke matching principle, dy = (817° — s + 1)1%57 and d; = 0 can
be obtained. The common solution is

—s 1 —s _s
i)y =(8'~" = s+ DT (8 — s+ 1T

(B — s+ 1)
212

s 2—38

1—-s
S _s41)Ts .
(B s )T

— &

When n > 2, by using a sequence of procedures, the special function [2] I'(—5-,

(571:28736) can be written as
1 (—1+s) (=14 s)e._ 1
L AT o) (A2 e
o G o)
(=14 s)e (=1 + s)e 1
- -1 . (1 — —
! (2n — 1)a*n * 2nx2n +o) I 2n)]a

in this case, it can be determined by Van Dyke matching principle that the unde-
terimined coefficient dp 1 as

1

do= (B —s+1)"",



Singularly perturbed boundary value problem 669

L ol-s lﬁ—l—i-s iFl—i
(617 =5+ 1) () ETA - o),

dy = —2-
and the common solution is

[yZZ)]E’z) :[y(oz)Hg)

1

1 1 1-s 1=s
1—s 1—s 1—s 1—s E(ﬁ — 5+ 1)
B =5+ 1) (B s+ 1) e S

S -

e(-1+s)(B17*—s+1) o n es(Bf° —s+1) o
(2n — 1)z2n—1 2ng2n—1

Therefore, when n = 1,s > 2,k = 0, the composite solution without singular
terms is

v =l(s = Do = 1) + 11T +e(B0 s+ )T

B —s+1 s(1—s) s(s— Dz
X1+ 5 TP —s+1 fl—st1
st s(l—s)(2s— 1z s(s—1)

T2 @ sy 4B s+ 0

. 1 .
_ 1 e 1e 2a2 ((ﬂlfs — s+ 1)1_567%2)
+ (B — s+ 1)Tme 322 —g2
(8 ) 2v/—-1+s

. 3y/—1
X (2e27 ilx/—l + s+ e22V2r(—1+ s)erf(%
€2 X

_=z 1 =, =z T\ g T\ Ty
£ — £&—n0 B — — 47 27
+ ae T (6€+6(5) + (E) + (8))
(B s+ )T 4 a(B T s )T

S

)

when n > 2, s > 2,k = 0, the composite solution without singular terms is

yC :[(5—1)(1;_1)4_/8175]& +E(ﬁlis—3—|—l)i

‘I 1-s —s+14pts s(1—s)x sx]
—2n+1 2n (=s+1+p85)(-2n+1) 2n
Faem T 4 (B0 s+ 1)Tre T 4 a(f0 — s 4 1) T e mmam
€ €
% (— -1 REEI

( (2n — 1)a?n + 2nx?n +oo)

— (B = s+ 1)TE (BT — s )T 4

Remark 2.4. The error function is one of the special incomplete gamma functions,

_—=1+4s
we have T(—4, 5H52) = (=2)[T(3, 5:52) — (555%)"%e 2° | when n = 1. The

gamma function and the error function have the expressions of F(%, *217;5) =n(1-

erf( _217]"2'5 )). Therefore, the intermediate solution when n = 1 can be included in

the case of n > 2, and because the gamma function has special value F(%) = /7,
then through verification, the matching principle is satisfied.

In order to enhance the understanding of the related propeties of these two
kinds of special functions, and to facilitate the subsequent proof of the existence
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of solutions, the solution and matching of other cases are still analyzed in terms of
n=1andn > 2.

Case 2. When s > 2 and k = 1, there is
€2n+1y// + (:C o 1)2n+1(y/ + ys) = ey. (2.34)
In this case, using the same analysis to get the outer solution is

Y =[(s =Dz +a' |75 +el(s — Dz +a' 7=

s—1 Cong1 | (s—1)4a'"® —2n
A S | VZI)T® (1
<l gy 1)
l-s (S—U—Fal’s]_'_.”’
—2n+1 2n

the inner solution is the same as s = 1,k = 1, the intermediate solution is the same
as s > 2,k = 0, where ¢ = “"6—21 < 0,7 = 71 < 0. By using Van Dyke matching

g2n
principle, it can be obtained when n = 1, dy = (a'~* + s — 1)ﬁ, dy = 0, the
common solution is

—s 1 s s
(i)t =(@1 = +5 = )T = (2 = (el 45— )7

1
6(0[1_3 + S — 1)ﬁ 1— . 92— s
_ s _ 1 i—s —
ow_? e e U ey

when n > 2, there is dy = (a!™* + s — 1)ﬁ, dy = —2#(00*S +s5—1)""°

X (—n+s)ﬁf‘(1 — ﬁ), and the common solution is

[ws))t2) =l (5)

(a5 +s5— 1)i
2n(z —1)°"

=@ s 1T — (s — DT (2 —1) —

e(-1+8) (= +s—1)TF esal™+s—1)T°
2n—1)(z —1)>""" oz —1)>"""

Therefore, when n = 1, s > 2, k = 1, the composite solution without singular
terms is

e =[(s — D+ a5 £ (@l 45— 1)T

al™ +s5—1 s(s—1) s(s — 1)z
2 al=s+s—1  al=s4+s—1

@) sl DR @ —1) 551

2 2(al=s 45— 1) 4l 4 s — 1)]
z—1 z—1 z—1

B B 2 Tl z—1
—eqgf - (6= +6(——)" () +2—

FBe T 4 (a4 s —1)Te 207

X [—(s—1)+

)Y
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—_— & _ 1 __ e s
1€ 2(z—1)2 ((al_s + s — 1) 1—56 2(171)2)

- TTs
x (et WTDNEIHS | ot o ger Y IES))

2 V2(z —1)
— s DT (= D)@ s — )T 4

when n > 2,s > 2,k =1, the composite solution without singular terms is

v =[(s— Do +a' TE +e(a! 45— )T

1—s s—1+alt=® s(1—s)(z—1) s(x—1)
x [— + + - -
—2n+1 2n (s—14+al=5)(—2n+1) 2n

r—1 . 1 &
I Bejfn + (al—a 4Ls— 1) T=se 2n(a—1)27

]

F(z—1) (@ 45— 1)TFe e D™
g e

X(_(zn—l)(a:—1)2" _1+2n(x—1)2”+m)

— (@ s DT + (2 —D)(a s — )T 4
Case 3. When s > 2 and 0 < k < 1, the problem is

2n+1 "y ( k)2n+1<y/ + ys) = ey. (2.35)

In the same case of s = 1, the problem is similarly divided into left and right
problems, which have yy, (k) = 51, yR( ) = 52, and undetermined. The left problem
is studied onl [0, k), where § = 2=k <0, p=23E < 0. This paper studies the right

problem on (k, 1], where £ =

E

> 0, and the steps are the same as

k=0,1 whens>2 n=1, the left Comp031te solution is
¥ =l(s — Da+ '™ +](s — Dk + '~ [—(1 = 5)(—k) !

n k(s—1)+al™s s(s—1) s(x—k)(1—s)(—k)"
2(—k)” k(s — 1) +al=s k(s — 1)+ al—s
s(x — k)

a T(_k)_Q] +[(s =Dk + al_s]ie_m + 6T

01 z—#k z—k x—k. x—k. 5 x—ky
Sl et R T T e

S

— & _ P S
€ TR ([(s — Dk + ol TR TR
2v/—=1+s

ikmﬂﬁﬁ( 1+ s)erf( \[V(zlf)s))

~ (s = Dk + ! 75 4 (@ = R)[(s = Dk o] 4

— & __ I
X (2e2(==1)?

the right composite solution is

yi =[(s = D@ = 1)+ 87|75 4 (s = 1)(k — 1) + '] 7=
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s—1 (s—D(k-1)+p'"" s(s —1)
T T
s(s—1D)(1—k) "z—k) s@—k(1—k)? ek
(- Dk-1)+p 2 I+ 827
- E%e*ik = - i +6(?)2 +4(x€;’“)3 +2(965;’“)4)

(s = 1) — 1)+ p e T

L TP ([(s — D)k — 1) + ] e 2w

S

—e 2/—1+s
x(Qem \/T+s+em\ﬁ( 1+s)e7~f(\/§(;1——;;))

—[(8—1)(k—1)+51_5}m+(x—k)[(s—1)( D)+ BT

when s > 2,n > 2, the left composite solution is

uf, =ls = D+ a7 4 e(al 7+ (s = DE) T

— s s — al—s

% [_ _]én — (_k)72n+1 + k( 12)n+ (_k)f2n
s(1—s)(z — k) —ong1_ S(z —k) -

((s — 1)k+a1*5)(—2n+1)(_k) T on (H)

F (a7 4 (s — Dk) TR e 367 4 (2 — k) (a7 + (s — 1)k) T

+ 2"] + (516%

€ €
2n L+ 2n
2n—1)(x —k) 2n(z — k)

— (' 4 (s — 1)16)1%5 +(x—k) (@ (s —Dk)T5 +---,

X e 2n(mik)2n (, + .. )

the right composite solution is

yh =l(s — Dz — 1) + )75 +e((s — 1)(k — 1) + B17°) 7=
1—s s—1)(k—1)+ B~ Com
<= o (1-k)
s(1—s)(z — k) —ont1 S(x—k) —on
7[(s—1)(k—1)+51—s](—2n+1)(17k) - n (1= k)]
4 00e T + (5= 1)(k— 1)+ B %) Tre e w7

(@ = k) (s = Dk = 1) + BT e mE0T

(1 _ k)—2n+1 + (

€ _14 €
(2n — 1)(z — k)™ on(x — k)*"

~((s= D=1+ 87T + (@ = R)((s = (k= 1) + 51777 4+

X (— _|_)

By the smooth continuity of the left and right solutions at « = k, the undeter-
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mined coefficients d1, d9 can be determined as

5, = 6y :Enus—l)k;al-sr* _erllem DD P

it can be found that the boundary layer term still starts from O(e™), then we guess
when ¢ is small enough, the boundary layer will not be obvious.

Remark 2.5. Under certain assumptions a result similar to this holds if the Dirich-
let boundary conditions for y are replaced by Robin boundary conditions.

3. Existence of a solution and estimation of the re-
mainder

In this section, this paper will present and prove the theorem of existence for so-
lutions to the problems addressed in this paper, Specifically, the proof of existence
and estimation of remainders are conducted simultaneously using the variable-
controlling approach. We set n = 1 in order to address both linear and nonlinear
prpblems that arise with the change of s, as discussed in section 2. Therefore, when
proving the existence of the solutions, it is necessary to consider both linear and
nonlinear cases.

In this section, Nagumo theorem is needed to prove the existence of the solution
and to estimate the remainder term. For this purpose, the generalized nagumo
theorem is first introduced [16,17, 26].

For general questions

Ly=y’' —F(y,y,t), 0<t <1,
y(0) =4°, y(1) =y,
where F is defined in the following region G, where
G={{ty,y))0<t<l, A<y< B, —oo <y < oo},

suppose there are quadratic continuously differentiable functions y(t), 7(t) satisfy

and the function F has continuous partial derivatives with respect to y and 3’ in
the region and satisfies the inequality |F(y',y,t)| < ¢(]y’|) , where ¢ is a positive
continuous function satisfying the integral condition fooo ;jzf) = 00. There exists a
solution y(t) that satisfies y(t) < y(t) < g(t).

If y, 7 belong to C? only in the segment of [a,b], then the above results may
also be obtained. That is there exists a partition {t;} of [a,b], which a =ty < t; <
ty < --- < t, = bsuch that on every subinterval, y, y are second-order continuously
differentiable (at the partition points t;—1 and ¢; , the derivative refers to the right
derivative and the left derivative respectively). It has an additional condition that
for every t in [a,b], v'(t7) < y'(tT), ¥'(t7) > ¥ (t1).
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For the problem studied in this paper, there are F' = ,and y° =
a,y' = B. Since a differentiable function is also continuous, and the continuity of the
closed interval is bounded, so y is bounded. The absolute value inequality is |[a£b| <
|a| + |b], so that there exists M > 0, we can take M = %, which has |F(z,y,y)| <

M(1+ [y/]), and it satisfies the Nagumo condition f[;* 11fi'd|17i| = Jy7 4% —o0. Then

we can construct the upper and lower solutions to prove a), b), c).

63

3.1. Linear case

Theorem 3.1. With Nagumo condition and (Hy) hold, there exists a sufficiently
small positive parameter g such that for every 0 < e < &g, the BVP (2.1) has a
solution y(x,e) with the multiple layer property at x = k, and as € approaches 0,
the inequality |y(x,e) — Yo(x,e)| < ce holds on [0,1], where

Be' % + ae=¢ + Bel_m — mﬁel_m — Be+zxBe, k=0,
Yo(z,8) = § ae™ + fef + ae VT (x — 1)@@717ﬁ
—ael 4+ (z - Dae ™, k=1
When 0 < k < 1,

— ko k=
ae T 4 ae T it — (x—k)ae T 2w

—ae ¥+ (z—k)ae™F, 0<z<k,
Bel=® + ﬁel_k_ﬁ —(x— k),@el_k_ﬁ
—Bel=F 4 (z —k)Bel7F, k<2<,

K)(.’E,E) =

x>

z—k z—
where § = en o = "1 -
£2n

1

Proof. Just proving that for n = 1, when k& = 0, Bel_k_ﬁ —(x— k)ﬁel_k_ 2?7 —
Bel=F + (z — k)Be' =% in Eq. (2.15) will change its positive or negative with the
change of B. This term is less than zero when g > 0, and greater than zero when
B < 0. Similarly, when k = 1, ae FTmE (x— k)ae_k_# —ae b (z—k)ae F is
less than zero when « > 0, and greater than zero when a < 0. Therefore, 3, y can
be constructed according to the positive and negative of a, 3, when 8> 0, k =0,

Bel ™ + ae~¢ + ~e,

Y
_1 _1
Y Bel ™ + ae~¢ + ﬂel 2?2 — xﬁel 2% — fBe + xfe — e,

when 8 < 0,k =0,

1-z -¢ =57 _ pBel w7 _
Be +ae” S+ PBe 2 xfe 2n Be + xfe + e,
= Bel ™" + ae”¢ — e

e <

It is obvious that y < g, and after inspection, y(0) < a < %(0), y(1) < 8 < y(1).
As long as 0 <y < ||, there is Ly < 0 and Ly > 0.
Similarly, when o > 0,k = 1,

y=ae" + fet + e,
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1

y=ae "+ Be + ae TEE (x—1Dae 27 —ae™t + (. — Dae ! — e,
when o < 0,k =1,
™" + Bes + ae I (x —1Dae W el 4 (x — Dae ! + e,
when k € (0,1), since the boundary layer has a small parameter ¢ from the first

term, it can be verified that the boundary layer term is very small. Therefore, when
a, 3 are greater than zero, 7,y are respectively as follows

ae ™ +ye, 0<z <k,

g fr—
Bel™T +ye, k<zx<1,
k-1 1
ae " +ae T 27 — (z—k)ae T 2?7
—ae ™k +(x—Kk)ae ™ —qe, 0<z <k,
y:

Bel=® + Belikiﬁ —(z— k)ﬁelfki%%2

—Bel k4 (x —k)BelF —qe, k<2 <1,
when «a, 3 are less than zero, ¥, y are respectively as follows

k— o

P _
ae T4+ ae T T — (z—k)ae T 2

—ae P+ (r —k)ae ™ +4s, 0<ax <k,

g =
Bel= + Bel_k_ﬁ — (z— k)ﬁel_k_ﬁ
—Bel=F 4 (z —k)BelF 44, k<ax<1,
ae” —ye, 0<z <k,

g =

Bel™ — e, k<zx<1,

since the upper and lower solutions are not smooth in this case, it is necessary to

satisfy the relationship between the left and right derivatives at z = k. As long
as (Hp) is satisfied, there is %(k’) < %(k*) and %(k”) > %(k*). And after
inspection, when 0 < |M

: | <y < (1@)3, condirions a), b), ¢) are satisfied.
Then according to the comparison principle, there exists a solution y(z,¢) of Eq.
(2.1) and satisfying y(z,e) < y(x,e) < g(z,e), where 0 < 2 < 1,0 < ¢ < 1.
Meanwhile, it satisfies |y(z,¢) — Yo(z, )| < ce. O

Remark 3.1. When «, § are different signs, they can be divided into two cases of
a>0, <0and a <0, 8> 0. In these cases, no matter how to construct the
upper and lower solutions, the relationship between the left and right derivatives at
the point = = k is not satisfied. Therefore, the proof can only be carried out when
the boundary values are the same sign and satisfiy the above additional conditions.
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3.2. Nonlinear case

Theorem 3.2. With Nagumo condition and (Hz) hold, there exists a sufficiently
small positive parameter ey such that for every 0 < e < &g, the BVP (1.1) has a
solution y(x, ) with the multiple layer property at © = k, and as € approaches 0,
the inequality |y(z,e) — Yo(x,€)| < ce holds on [0, 1], where

B2+ (s — 1)@ — D] ™7 +ae$ 4 (6177 — s+ 1)Tr e 0
—(B0 = s+ )T — (B0 — s+ )T T

_ +z(f* —s4+1)T5, k=0,

it =] . —

[(s— Dz +al™*]T== + Bef + (al™* +5—1)T—=¢ 20077
—(al™* 5 — 1)ﬁ —(z -1 (" +5— 1)ﬁ67ﬁ

+z - +s—1)Ts, k=1,
when 0 < k < 1,

(s = D+l =75 4 (s = Dk -l =) Pre” T

~((s =Dk + ') TF — (@ = k)((s = Dk + o' ) Tre
+az—k)((s—Dk+al™*)Ts, 0<z<k,

Yo(x,) = Q [B1=5 + (s — 1)(z — 1)] 7% + ((s — 1)(k — 1) + B1=%) 5 e~ 707
~((s =Dk = 1)+ p177) T

~(r = B)((s = 1)(k = 1) + p1 )T B
Ha—k)((s—1)(k—1)+p75)TF, k<a<l,

where & = ””E_nk,n = 25k,

£2n

Proof. It also be proved when n = 1, and then n > 2 can in the same way to prove.

For the nonlinear problem, it satisfies 0 < g5~1 < ﬁ and o > 0. When k = 0,

_a
as long as the condition (Hy) is satisfied, this term of (8'~% —s 4 1)1%“3 m?
2(B1F —s+1)Twe 27 — (175 — s+ 1)ﬁ + 2(B'7° — s+ 1)T= is always less
than zero. Then the upper and lower solutions can be constructas as follows,

§=[8"""+ (s - (@~ ]7 +ae 41,

y=[B"" (s —D(@—1)]7 + (B —s+1)Te 27
— (57 = s T (B s 1)
+ (B — s+ 1)T5 + ae — e,

after inspection, there is y < 7, y(0) < a < 9(0), y(1) < B < y(1). As long as
0<7§@,thereingjSOandLyZO.
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When &k = 1, the (o' +s— 1)Te 37 — (z — 1)(a' ™ + 5 — 1)T7e 207 —
(@'=5 +s—1)T5 4+ (z—1)(a'~* + s — 1)T°5 is always less than zero and the upper
and lower solutions in this case are as follows,

y= [(S - 1).’12 + ot~ 9] = 5 4+ ,86 + e,
y= [(5—1)$+a1 N (@ s — )T e
_(a 1)1 (x_l)(al_s—l—s—l)%s

(x—l)( Tt s — )lise_ﬁ + Be* — 7e.

Remark 3.2. In the case of s > 2, since it satisfies 317° > s and « > 0, the main

term of Ly is (z — k)Y’

In the same way of above cases, when k € (0,1), there are upper and lower
solutions as follows

(s =Dz 4575 +7e, 0<z<k,

y= 3

B+ (s =)@ —D]™= +7e, k<z<1,

(s — Dz 4+ a'=*]75 4 ((s — Dk +al=%)T5e 27

—(z—k)((s — Dk +al=5)T5e 2

—((s =Dk +al=*)T5 + (z—k)((s— Dk +a'™*)T% —qe, 0<z <k,
y:

(817 + (s = D@ = V] + (s = (k= 1) + 1) oe 7
~(r = R)((s =1k = 1)+ 1) e 2 — (5= 1)(k = 1) + 50)
= B)((s= (k= 1)+ #1775 —qe, k<a<l

(
(

If (Hy) is satisfied, and when 0 < (== D+ T é_[(s Dk+al=?) T <y< B 57
then there exists a solution y(z, £) to the problem. And according to the comparlson
principle, it satisfies y(x,e) < y(z,e) < g(z,e) when 0 < z < 1, 0 < ¢ < 1.
Meanwhile, it satisfies |y(z,¢) — Yo(z, )| < ce. O

4. Numerical examples

Bvp4c is a finite difference code that implements the three-stage Lobatto I1la for-
mula [25,34]. This is a collocation formula and the collocation polynomial provides
a Cl-continuous solution that is fourth order accurate uniformly in [a,b]. Mesh
selection and error control are based on the residual of the continuous solution.

The integral interval is divided into subintervals by the allocation method using
the point grid. By solving the global group of linear algebraic equations obtained
from the configuration conditions and the boundary conditions on all subintervals,
the solver arrives at the numerical solution. Next, the solver calculates the numerical
solution error for every subinterval. The solver modifies the grid and performs the
computation again if the result does not satisfy the tolerance requirements. The
original grid and a preliminary approximation of the solution at the grid points
must be supplied [4,10].
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In this section, this paper present several examples whose solutions disaplay
some of the behavior outlined above.

4.1. Example 1

numerical solution
inner solution
intermediate solution
outer solution

solution y

0 0.2 0.4 0.6 0.8 1
X

Figure 1. The analysis figure of multilayer phenomenon when k = 0, = 0.01.

When k£ = 0, the multilayer phenomenon occurs near x = 0 with boundary
values set as @« = 1 and f = 1. Accordingly, ¢ is taken as 0.01. The numerical
solution (green), the inner solution (red), the intermediate solution (yellow) and
the outer solution (magenta) are depicted respectively in Figure 1. It is observed
that while both the boundary layer and the turning point appear near x = 0, they
consistently approach x = 0, making it impossible for the multi-layer phenomenon
to occur at the point of x = 0.

The intersection of the red line and the yellow line p* can be roughly regarded
as the dividing point between the inner layer and the intermediate layer, and the
intersection of the yellow line and the magenta line ¢* can be roughly regarded as
the dividing point between the outer layer and the intermediate layer. Particularly,
the connection between the outer solution and the intermediate solution is quite
different from the numerical solution is that there is no matching terms included.
However, based on the aforementioned analysis, our focus lies on the points under
the interval because the multilayer phenomenon could not occur at a certain point.

Remark 4.1. The multilayer phenomenon could not occur at a certain point but
in a narrow interval. As we analyzed in Figure 1, we can further study the points
under the interval such as p* and ¢*.

Since the asymptotic solution obtains its zeroth, first and higher approximations,
we can further study the points under the interval in Remark 4.1. We suppose that
if the dividing point between the inner and intermediate layers is p* in a certain
range of k, then p* = pg 4+ €"p1 + -+, where pg is the point that the multilayer
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numerical solution
first-order asymptotic solution
zero-order asymptotic solution

solution y

intermediate layer

boundary layer

-0.5

X

Figure 2. Comparison of asymptotic and the numerical solutions when k = 0, = 0.01.

phenomenon occurs we studied in the previous analysis and solution process, but
compared with p*, pg is still a little rough, so the point where the dividing point
occurs will be more accurate due to the appearance of p*. Similarly, if the dividing
point between the outer and intermediate layers is ¢* in a certain range of k, then
q* = qo tezm q1+- - -, where qq is the point that the multilayer phenomenon occurs we
studied in the previous analysis and solution process. In this way we can completely
determine the specific point where the multi-layer phenomenon occurs.

numerical solution
first-order asymptotic solution
zero-order asymptotic solution | |

solution y

Figure 3. Comparison of asymptotic and the numerical solutions when k£ = 0, = 0.001.

As shown in Figure 2, we can clearly distinguish the boundary layer, the interme-
diate layer and the outer layer, and fitting degree between the first-order asymptotic
solution and the numerical solution is better than the fitting degree between the
zeroth-order asymptotic solution and the numerical solution. We adjust € from 0.01
to 0.001 in Figure 3 to find the asymptotic solution and numerical solution have
better approximate effect. Meanwhile, as € gets smaller, the boundary layer and
the intermediate layer get thinner.

When k£ = 1, the multilayer phenomenon occurs near x = 1 with boundary
values set as @ = 2 and 8 = 1. Accordingly, € is taken as 0.01 and 0.001. We can
see clear multilayer phenomena in Figure 4 and Figure 5. And it is observed that
the approximation degree of the first-order asymptotic solution is better than the
zeroth-order asymptotic solution with the numerical solution.

Now we consider 0 < k < 1, we select k = 0.25. According to the analysis and
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solution y

numerical solution

zero-order asymptotic solution

first-order asymptotic solution | 7

0 0.2

0.4

Figure 4. Comparison of asymptotic and the numerical solutions when k = 1,e = 0.01.

solution y

solution y

numerical solution
s first-order asymptotic solution | 7
zero-order asymptotic solution

*  numerical solution
left first-order asymptotic solution
right first-order asymptotic solution
left zero-order asymptotic solution
right zero-order asymptotic solution

¥
o,

0.23 024 025 0.26 0.27

0.6 08

Figure 6. Comparison of asymptotic and the numerical solutions

and the numerical solutions when £ = 1,¢ = 0.001.

when k£ = 0.25,e = 0.001.

solving process, the multi-layer phenomenon will occur near x = 0.25. As shown in
Figure 6, if the figure is divided into left and right areas according to x = 0.25, then
the left outer layer, left intermediate layer, left inner layer and right inner layer,
right intermediate layer, right outer layer should appear successively in the figure.
It is obvious that four layers can be clearly seen in Figure 6. We focus our attention
on the vicnity of x = 0.25 and observe there is a narrow interval approaching zero.
This is just as we suspected in Remark 2.3. Since ¢ = 0.001 in this case, the inner
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S numerical solution
----- left first-order asymptotic solution
45 o - SO
— — right first-order asymptotic solution
ne left first-order asymptotic solution without boundary layer terms
————— right first-order asymptotic solution without boundary layer terms
35 7 S ]
: : G
3l P R ]
H : -
N S
25 i I ~ 4
Yo

solution y

| ——————> right intermediate layer

| M4t > leftintermediate layer

Figure 7. Comparison plot with and without boundary layer terms when k = 0.25,¢ = 0.001.

solution starts at O(e), which is small enough compared to the other solutions. In
order to further verify Remark 2.3, we draw numerical solution, the first asymptotic
solution and the first asymptotic solution without inner terms respectively in Figure
7 and find their fitting degree is quite good. That is when € is small enough, the
boundary layer phenomenon is not obvious. Therefore, there is the left outer layer,
left intermediate layer, right intermediate layer, and right outer layer in Figure 6.

*  numerical solution
left first-order asymptotic solution
35r « right first-order asymptotic solution
left zero-order asymptotic solution
3t + right zero-order asymptotic solution

o

left boundary layer

solution y

right boundary layer

-0.5 L L
0 0.2 0.4 0.6 0.8 1

Figure 8. Comparison of asymptotic and the numerical solutions when k = 0.5, = 0.001.
When k = 0.5, as shown in Figure 8, the multi-layer phenomenon occurs near

x = 0.5 and the fitting degree is well. According to the above analysis, we mark the
left and right intermediate layer and the left and right boundary layer in Figure 8.

4.2. Example 2

<
—
[a—
N
I
=

This is a nonlinear problem, where we consider the values of k to be 0, 1, and
0.5 respectively. For k = 0, the initial boundary values are chosen as o = 1 and
B = 0.5, when k£ = 1, both o and g are set to be equal to 0.5. And for £ = 0.5,
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the values of o and § are selected as 1 and 0.5 respectively. As shown in Figure 9,
Figure 10 and Figure 11, it can also be shown that when the problem is nonlinear,
the degree of fitting between the asymptotic solution and the numerical solution
is quite well. Then it is sufficient to show that the formal asymptotic solution
constructed previously has a good asymptotic state.

numerical solution
first-order asymptotic solution
zero-order asymptotic solution | |

-———>  boundary layer
08

-
1
1

solution y
o
>

ntermediate laye

X

Figure 9. Comparison of asymptotic and the numerical solutions when nonlinear and k = 0,e = 0.01.

numerical solution
first-order asymptotic solution
zero-order asymptotic solution

solution y
°
©

Figure 10. Comparison of asymptotic and the numerical solutions when nonlinear and k = 1,e = 0.01.

Moreover, when the turning point is inside the interval, according to the previous
conjecture and the linear problem in Example 1. We also make the fitting figure
with and without boundary layer terms. As shown in Figure 12, when 0 < k < 1,
it can be proven that the boundary layer is not obvious if ¢ is small enough.

No matter from the section 2 or the above figures, we can find that with the
change of k, the problem will produce multi-layer phenomenon in a certain region.
In addition, as € becomes smaller, the boundary layer and the intermediate layer
also become narrower.

5. Conclusions and open problems
This study obtains the first order asymptotic solution that is uniformly valid in the

appropriate interval by splitting the singularly perturbed problems with turning
points into linear and nonlinear categories. We then provide numerical examples
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left first-order asymptotic solution
right first-order asymptotic solution ||
= = left zero-order asymptotic solution
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Figure 11. Comparison of asymptotic and the numerical solutions when nonlinear and k = 0.5, =
0.001.
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Figure 12. Comparison plot with and without boundary layer terms when nonlinear and k = 0.5, =
0.001.

and the existence proof of the solution. It embodies singular perturbation theories
in their entirety.

By utilizing this method, we can proceed with solving the higher order asymp-
totic solution and provide further evidence for its existence. Upon obtaining the
second-order asymptotic solution of the linear problem, it can be observed that an
intensification of the singularity as the order increases. While it cannot be com-
pletely eliminated, the singularity can be somewhat diminished. This paper may
explore different techniques in the future to eliminate its singularity. There might
also be additional types of special functions and a more intricate calculation proce-
dure for the nonlinear problem.

The aforementioned research on this issue are all quantitative in nature. This
paper can do more qualitative research on this issue to better reflect the integrity
and usefulness of perturbation theory and method system. Obviously, this issue is
considered and resolved in a particular finite area [0,1]. In the future, we wish to
extend the interval and observe the solution phenomenon in order to investigate
the global stability of the solution [19] for the boundary value problem with inter-
mediate layer and boundary layer. We can expand the limited area and observe
the phenomenon of its solution in a broader area, or even investigate the infinite
interval. Qualitative analysis in future research will make the study of this problem
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more valuable.

In addition, in the future research, it can be mainly considered from two aspects:
on the one hand, to improve the degree of nonlinearity of the problem. For example,
we can study the problem

ey + (x— k)’lyy +y°] = ey,
y(0) = a,y(1) = 5.

On the other hand, to improve the order of the original problem. For example, we
can study the problem

52n+1y/// + (:B o k)2n+1[y/ + ys] = ey,
y(0) = Ay, y(1) = B,y (2") = As.

Where x* is the position where the turning point occurs, and its value changes with
the value of k.

Appendices

A. Supplement to the linear case

Since the special functions only appear in the nonlinear case, then it is easy to
continue to solve the high-order asymptotic solutions of the linear case. And the
singularity of the outer solution appears from the second term, we guess that the
singularity will become stronger and stronger. Then there is a question that can
the singularity of the problem be eliminated by matching at this point? It can be
considered when k = 0 first.

It can be obtianed that the quadratic equation of the outer solution and its
solution are

6elfx(x74n _ 2x72n + 1)
8n2 ’

dy3
2n+1, Y2
v ( dx

the singularity is definitely stronger.
When n = 1, the quadratic equation of the inner solution is
d*y3
dg?

+ys) =yl =y =

dyi
dé

+ &8 =2 —yy + =0,

and its solution is

;€% (840ay — 840a; + 1680ap — 1680a:€)

7

Y2

4480
+e‘f(1680a0§2l1680a1§2+1120a05311120a1§3)

4480
_+(560a0§4——560a1§44—42a0£54—70@0564—60a0£74—35a0§8)6_5

4480
+ase”¢ + bgef,
when n > 2, the quadratic equation of the inner solution and its solution are
d*y3
dg?

— b =0 = yb = age ¢ + baet,
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where by = 0.

The solution of the intermediate layer produces different solution according to
the value of n from the quadratic term, the quadratic equation of the intermediate

solution is 2 p
Z/g + 773 Y2
dn dn

,’72n+1 déigi

n

the corresponding intermediate solution is

+Py gy =0, n=1,

+ Py — Yt =0, n > 2,

__a d
e 2nn® (—din + 30172)7 n> 2.

When n = 1, through Van Dyke matching principle, there is do =
common solution is

[%3)]?%) =[y?§)}‘<’3)

B Bex? ecBe eBe  ePe
=fe — Pex + > 2x2+ 5 + 97

B % Bee? B Bee? _ Be?  Pee?
4 8t 42 8x3  16a2’

when n > 2, do = 0, and the common solution is

Wisls) =)
Bex? Pe, e ex ex?
2 onaB g g
Be €2 ez

g2 o~ g g

=Be — fex + )

Be

2

and the

however, it can be found that the singularity can not be completely eliminated, it

only can be reduced at this point.

In the same way, when k£ = 1, we can also solve and match it, the second order

—x . qy=4n_ o, 1y—2n
outer solution is yg = 2 —(@=1 Snf(w L 29

when n > 2, ds = 0. And when n = 1, the common solution is

[3/?3)]@) = [yzg)](()s)

, and when n = 1, do

2
ae”! € € €
S22 ((x_1)2_ o1t
L ae 1( g2 2¢? g2 g2
8 ‘-1 (@-17° (x-1° 2z-1)7°

when n > 2, the common solution is

[y€3>]E’§> =[y(§)]?3)

_ ae”?

2 i
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ae Yz —1)°

=aet —ae Nz —1)+ 5
- et € ez -1) ez —1)2
2n ((:v -1 (z—-1)*" - 2(x — 1)2")
—1 2 2 2 2
L oe ( 5 _5(x—1)+5(x—1) )

8n? Mz —1)" (-1 2@-1"

These higher order solutions can continue be solved in this way, it can be ob-
tianed the outer solution, the inner solution and the intermediate solution and
matching them. Although the singularity can not be completely eliminated at this
point, it can be reduced to some extent.

As the order increases, the singularity of the problem becomes stronger. It can
reduce the singularity to a certain extent by using Van Dyke matching principle,
and when s =1, k =0, n = 1, the final composite solution is

c _z a _z X X\ 9 X3 aw 2 i 1—x
= e —g—0 e — — 4(— 2(—
y© =ae e1g¢ (67 +6(2)7+4(0)7 +2(0) 7+ ey + e

1
2 2
) S el et
i
4 3 2 2
__e_,E7pPe e“pe exr eEpe __e_ exr
tee 222(858 - 256 +62g )+ ge 2m2756+66x752 T

the singularity is not strong, and we can try to eliminate its singularity in other
methods. In real life, the solutions of many physical models are also singular, which
just reflects the authenticity of this model.

Take £ = 0 as an example to solve its third-order asymptotic solution, and
obtain the solutions, when n =1,

1—x 1 1—x 1 2
v =pe 2 e

11—z
_aPe 1 1 T 28
5 G o T )T
__1 _ 1 1
y"=doe 7 + 3 (—dgne % + dye )
2

__1_ do do do?’] J
tele (g T g it =) Fdae 27
s 1, dy do dy do din®  don®
(L 20 2L —d _ d
+eze (8178 8 2776+10775 21+ =5 e T 3)+ e,
when n > 2,
1—x l1—x
o a1 Be 1 5 Be 1 2
v e (G Ve s G Y
N 3ﬂ€171x76n(_1+x2n)3
c 4813 ’
__ o __a
y"=dge 27" —l—aﬁ(—done T dye 2T )
1o don? o
J,-gﬁ[e 277.71,2" (—d177+072?7)+d26 2nr1,2"]
o din?®  don? 1
_A,_E%[e 2"i2"(—d277+i—07n)+d36 2n717271,]+.._7

2 6
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there is d3 = 0 by using the Van Dyke matching principle, and the common solution
is

Bex?  Pexd Bee Pexe
(Be — Bex + 5 e T3 5 )
£ g2 g3
l——f— —— ), n=1
[ o ]m _[ m]o _ X( 23;‘2 +8$4 48:(76)’ " ’
Yl = Wl = Bea?  Bea
(Be — Bex + 5~ )
2 3
€ € €
S na?n | SpZrin 48n3x6”)’ 22
then when n = 1, we obtain the composite solution is
e Q _z. T T x x ; ;
c _ Tt —e—e 6= 672 473 274 2,1 3,1
¥ =ae E — s [6T +6(5) +4(2)0 + 25) 1) + 2y + <%
2 2 3
g _Peez 27y fPee” 3 1w, e T 1, gi-s
+ e R YR TR S v e
4 3 2
1— e __e_g*Be e°fBe Pex efe _ _e
—@fe T +eemnr( 8z® 246 2e )+78 e
7 5 <
3 __e e2B8e e2Be xzBe  Pex® Bex?  Pexd
5 22 (— _ 7 _ _ _
tere g Y 0 T ok gt ) PetPe 6 "

From the above analysis, it can be found that the singularity of the solution is
greatly reduced from x5 to 72 but it still has singularity. In order to eliminate
the singularity, when n = 1, we can obtain the common solution in the process of
solving the third-order asymptotic solution and matching as follows

[953)]7(2) :[y(TZ)]?s)

Bex?  Bex?

=fe — fex + 5 5
Be € e ex
> (2 terts %)
2 2 2 2 2 2
e 2e € 2e € €
d (i~ mt o T e
8 'z T T T 2z 6x
then the composite solution is
Y(s,a) =Y(z) + Yoy + ?JE4) — [yl lin — [yéz;)]a)
_=z o =z T x T xT i i
=ae™F —eqee F 6=+ 6(2)2 + 4(5)3 + 2(g)4] + %5 + €2y
2 2 2
+Bel™ — %% -5+ Egﬁe(—ﬂ )+ BelTET —apel e
_ - e*Be €3Be Pex?. eBe _ - 3 _ e
tee B (g g gty )t e B et
7 5
cife e€2Be xzBe Pex? Bex?  Pex’
T Y 0w Tt ger) TPetPe ot

In this way, the singularity in the outer solution can be eliminated completely.
This method can be used to solve other cases, because of the limitation of length,

no more tautology here. But further efforts are needed to try to solve more complex
situations.
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