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Chapter 1

Introduction

In this chapter, we describe the aims of perturbation theory in general terms, and
give some simple illustrative examples of perturbation problems. Some texts and
references on perturbation theory are [8], [9], and [13].

1.1 Perturbation theory

Consider a problem
P(z) =0 (1.1)

depending on a small, real-valued parameter € that simplifies in some way when
e = 0 (for example, it is linear or exactly solvable). The aim of perturbation theory
is to determine the behavior of the solution x = z¢ of (1.1) as ¢ — 0. The use of a
small parameter here is simply for definiteness; for example, a problem depending
on a large parameter w can be rewritten as one depending on a small parameter
e=1/w.

The focus of these notes is on perturbation problems involving differential equa-
tions, but perturbation theory and asymptotic analysis apply to a broad class of
problems. In some cases, we may have an explicit expression for z°, such as an
integral representation, and want to obtain its behavior in the limit ¢ — 0.

1.1.1 Asymptotic solutions

The first goal of perturbation theory is to construct a formal asymptotic solution of
(1.1) that satisfies the equation up to a small error. For example, for each N € N,
we may be able to find an asymptotic solution x%, such that

P (a5) = O(e™™),

where O(e™) denotes a term of the the order €. This notation will be made precise
in Chapter 2.



Once we have constructed such an asymptotic solution, we would like to know
that there is an exact solution z = ¢ of (1.1) that is close to the asymptotic solution
when ¢ is small; for example, a solution such that

2 = a5 + O0(eN T,

This is the case if a small error in the equation leads to a small error in the solution.
For example, we can establish such a result if we have a stability estimate of the
form

|z —y| < C|P(z) — P*(y)|

where C is a constant independent of ¢, and |-| denotes appropriate norms. Such an
estimate depends on the properties of P¢ and may be difficult to obtain, especially
for nonlinear problems. In these notes we will focus on methods for the construction
of asymptotic solutions, and we will not discuss in detail the existence of solutions
close to the asymptotic solution.

1.1.2 Regular and singular perturbation problems

It is useful to make an imprecise distinction between reqular perturbation problems
and singular perturbation problems. A regular perturbation problem is one for which
the perturbed problem for small, nonzero values of € is qualitatively the same as
the unperturbed problem for € = 0. One typically obtains a convergent expansion
of the solution with respect to e, consisting of the unperturbed solution and higher-
order corrections. A singular perturbation problem is one for which the perturbed
problem is qualitatively different from the unperturbed problem. One typically
obtains an asymptotic, but possibly divergent, expansion of the solution, which
depends singularly on the parameter €.

Although singular perturbation problems may appear atypical, they are the most
interesting problems to study because they allow one to understand qualitatively
new phenomena.

The solutions of singular perturbation problems involving differential equations
often depend on several widely different length or time scales. Such problems can
be divided into two broad classes: layer problems, treated using the method of
matched asymptotic expansions (MMAE); and multiple-scale problems, treated by
the method of multiple scales (MMS). Prandtl’s boundary layer theory for the high-
Reynolds flow of a viscous fluid over a solid body is an example of a boundary layer
problem, and the semi-classical limit of quantum mechanics is an example of a
multiple-scale problem.

We will begin by illustrating some basic issues in perturbation theory with simple
algebraic equations.



1.2 Algebraic equations

The first two examples illustrate the distinction between regular and singular per-
turbation problems.

Example 1.1 Consider the cubic equation
2} —x+e=0. (1.2)
We look for a solution of the form
T =0+ exy +2xy + O(3). (1.3)

Using this expansion in the equation, expanding, and equating coefficients of " to
zero, we get

x3 — 129 =0,
3x31‘1—z1+1:0,

3ToTo — 9 + 33:033% =0.

Note that we obtain a nonlinear equation for the leading order solution xg, and
nonhomogeneous linearized equations for the higher order corrections xy, xs,....
This structure is typical of many perturbation problems.

Solving the leading-order perturbation equation, we obtain the three roots

zo =0, +1.

Solving the first-order perturbation equation, we find that

1

T =
Y1342

The corresponding solutions are
1
r=¢c+0(?), x:i1—§e+0(52).

Continuing in this way, we can obtain a convergent power series expansion about
¢ = 0 for each of the three distinct roots of (1.2). This result is typical of regular
perturbation problems.

An alternative — but equivalent — method to obtain the perturbation series is
to use the Taylor expansion

x(e) = z(0) + £(0)e + %a’é(())zs2 +...,

where the dot denotes a derivative with respect to €. To compute the coefficients,
we repeatedly differentiate the equation with respect to € and set € = 0 in the result.



For example, setting e = 0 in (1.2), and solving the resulting equation for x(0), we
get £(0) = 0, £1. Differentiating (1.2) with respect to €, we get
3%k — i +1=0.

Setting £ = 0 and solving for 4(0), we get the same answer as before.

Example 1.2 Consider the cubic equation
exd —x+1=0. (1.4)
Using (1.3) in (1.4), expanding, and equating coefficents of " to zero, we get

—x9+1=0,
—x1 + a5 =0,

—x9 + 33:(2)331 =0.
Solving these equations, we find that zo =1, x1 =1, ..., and hence
z(e) =1+¢e+ 0(2). (1.5)

We only obtain one solution because the cubic equation (1.4) degenerates to a linear
equation at € = 0. We missed the other two solutions because they approach infinity
as € — 0. A change in the qualitative nature of the problem at the unperturbed
value € = 0 is typical of singular perturbation problems.

To find the other solutions, we introduce a rescaled variable y, where

(e) = 5 vE)

and y = O(1) as ¢ — 0. The scaling factor § is to be determined. Using this
equation in (1.4), we find that

€ 1
ﬁy‘?— sut1=0 (1.6)

In order to obtain a nontrivial solution, we require that at least two leading-order
terms in this equation have the same order of magnitude. This is called the principle
of dominant balance.

Balancing the first two terms, we find that*

€ 1

¥ 5
which implies that § = £'/2. The first two terms in (1.4) are then O(¢~'/2), and the
third term is O(1), which is smaller. With this choice of ¢, equation (1.6) becomes

Yy —y+e/?=0.

*Nonzero constant factors can be absorbed into y.



Solving this equation in the same way as (1.2), we get the nonzero solutions
1
y=+1- 551/2 + O(e).
The corresponding solutions for x are

11 12

Tr =
The dominant balance argument illustrated here is useful in many perturbation
problems. The corresponding limit, ¢ — 0 with z(¢) = O(¢71/2), is called a distin-
guished limit.
There are two other two-term balances in (1.6). Balancing the second and third
terms, we find that
1
4]
or § = 1. The first term is then O(e), so it is smaller than the other two terms. This
dominant balance gives the solution in (1.5). Balancing the first and third terms,
we find that

=1

g
5 b

or § = /3. In this case, the first and third terms are O(1), but the second term
is 0(5*1/3). Thus, it is larger than the terms that balance, so we do not obtain a
dominant balance or any new solutions.

In this example, no three-term dominant balance is possible as € — 0, but this
can occur in other problems.

Example 1.3 A famous example of the effect of a perturbation on the solutions of
a polynomial is Wilkinson’s polynomial (1964),

(x—1)(z—2)...(x —20) = ex'?.
The perturbation has a large effect on the roots even for small values of €.
The next two examples illustrate some other features of perturbation theory.

Example 1.4 Consider the quadratic equation

(1—¢e)z? -2z +1=0.
Suppose we look for a straightforward power series expansion of the form

T = x0 +exy + O(?).
We find that

x% —2x9+1=0,

2(xg — 1)y = 22

5



Solving the first equation, we get xg = 1. The second equation then becomes 0 = 1.
It follows that there is no solution of the assumed form.

This difficulty arises because = = 1 is a repeated root of the unperturbed prob-
lem. As a result, the solution

1412
r=—"
1—¢

1/2 " An expansion

does not have a power series expansion in ¢, but depends on €
x =z + 22 + ey + O(e¥?)
leads to the equations xg = 1, 22 = 1, or
r=1+e"240()

in agreement with the exact solution.

Example 1.5 Consider the transcendental equation
re ¥ =e. (1.7)
As e — 0T, there are two possibilities:

(a) * — 0, which implies that z = ¢ + &% + O(e?);
(b) e — 0, when 2z — 0.

In the second case, x must be close to log1/e.

To obtain an asymptotic expansion for the solution, we solve the equation itera-
tively using the idea that e~ varies much more rapidly than x as x — 0. Rewriting
(1.7) as e™* = ¢/x and taking logarithms, we get the equivalent equation

1
x =logz + log —.
€
Thus solutions are fixed points of the function
1
f(z) =logx + log o
We then define iterates z,,, n € N, by
1
Tpy1 = logz,, + log =
1
r1 = log —.
€

Defining
1 1
L; =log —, Ly =log (10g > ,
€ €

6



we find that

Ly + Lo,
Ly +log(Ly + Lz)

Ly Lo\ 2
L L — — .
1+ 2+L1+O<(L1>>

At higher orders, terms involving

1
L3 = log <log <log 5)) ,
and so on, appear.

The form of this expansion would be difficult to guess without using an iterative
method. Note, however, that the successive terms in this asymptotic expansion
converge very slowly as e — 0. For example, although Ly/L; — 0 as € — 0, when
e=0.1, L; =36, Ly ~ 12; and when ¢ = 107°, L; ~ 19, Ly ~ 1.

T2

zs3

1.3 Eigenvalue problems

Spectral perturbation theory studies how the spectrum of an operator is perturbed
when the operator is perturbed. In general, this question is a difficult one, and
subtle phenomena may occur, especially in connection with the behavior of the
continuous spectrum of the operators. Here, we consider the simplest case of the
perturbation in an eigenvalue.

Let H be a Hilbert space with inner product (-,-), and A° : D(4°) CH — H a
linear operator in H, with domain D(A¢), depending smoothly on a real parameter
€. We assume that:

(a) Ac is self-adjoint, so that
(x, A%y) = (A%, y) for all z,y € D(A®);

(b) A¢ has a smooth branch of simple eigenvalues A\* € R with eigenvectors
z® € 'H, meaning that

Afx® = N°a®. (1.8)

We will compute the perturbation in the eigenvalue from its value at € = 0 when ¢
is small but nonzero.

A concrete example is the perturbation in the eigenvalues of a symmetric matrix.
In that case, we have H = R™ with the Euclidean inner product

(z,y) = 2"y,

7



and A : R™ — R" is a linear transformation with an n x n symmetric matrix (afj).
The perturbation in the eigenvalues of a Hermitian matrix corresponds to H = C™
with inner product {z,y) = Z'y. As we illustrate below with the Schrédinger
equation of quantum mechanics, spectral problems for differential equations can be
formulated in terms of unbounded operators acting in infinite-dimensional Hilbert
spaces.

We use the expansions

A = Ag+eAi+... +e"A+ ...,
© = xoteri+...+e"T,+...,
Noo= XNF+eN+ . "N+

in the eigenvalue problem (1.8), equate coefficients of €™, and rearrange the result.
We find that

(Ao — Aol)xo =0, (1.9)

(Ag — Xol) x1 = —A120 + 120, (1.10)

(AQ — )\01) Ty = Z {—Aixn,i + )\zl‘nfz} . (1.11)
i=1

Assuming that zg # 0, equation (1.9) implies that Ao is an eigenvalue of Ay
and z( is an eigenvector. Equation (1.10) is then a singular equation for z;. The
following proposition gives a simple, but fundamental, solvability condition for this
equation.

Proposition 1.6 Suppose that A is a self-adjoint operator acting in a Hilbert space
‘H and A € R. If z € H, a necessary condition for the existence of a solution y € H
of the equation

(A=XN)y==z (1.12)
is that
(z,2) =0,
for every eigenvector = of A with eigenvalue .

Proof. Suppose z € H and y is a solution of (1.12). If z is an eigenvector of A,
then using (1.12) and the self-adjointness of A — AI, we find that

<$,Z> = <£c,(A—)\I)y>
(A AD)ay)
_—



In many cases, the necesary solvability condition in this proposition is also suf-
ficient, and then we say that A — AT satisfies the Fredholm alternative; for example,
this is true in the finite-dimensional case, or when A is an elliptic partial differential
operator.

Since Ay is self-adjoint and g is a simple eigenvalue with eigenvector xg, equation
(1.12) it is solvable for x; only if the right hand side is orthogonal to xg, which im-
plies that

<5U0, A1I0>

A =
! <$0,$0>

This equation gives the leading order perturbation in the eigenvalue, and is the
most important result of the expansion.

Assuming that the necessary solvability condition in the proposition is sufficient,
we can then solve (1.10) for z;. A solution for z; is not unique, since we can add
to it an arbitrary scalar multiple of zy. This nonuniqueness is a consequence of the
fact that if z° is an eigenvector of A, then c°z° is also a solution for any scalar c°.
If

&€ =1+¢ec; +0(?)
then
2 =z + € (v1 + c1m0) + O(£2).

Thus, the addition of cyxy to x;7 corresponds to a rescaling of the eigenvector by a
factor that is close to one.

This expansion can be continued to any order. The solvability condition for
(1.11) determines A, and the equation may then be solved for ,,, up to an arbitrary
vector ¢, zo. The appearance of singular problems, and the need to impose solvabilty
conditions at each order which determine parameters in the expansion and allow for
the solution of higher order corrections, is a typical structure of many pertubation
problems.

1.3.1 Quantum mechanics

One application of this expansion is in quantum mechanics, where it can be used
to compute the change in the energy levels of a system caused by a perturbation in
its Hamiltonian.

The Schrédinger equation of quantum mechanics is

ity = Hap.

Here ¢ denotes time and 7 is Planck’s constant. The wavefunction 1 (t) takes values
in a Hilbert space H, and H is a self-adjoint linear operator acting in H with the
dimensions of energy, called the Hamiltonian.



Energy eigenstates are wavefunctions of the form
Y(t) = P,
where ¢ € H and E € R. It follows from the Schrédinger equation that
Hp = FEp.

Hence FE is an eigenvalue of H and ¢ is an eigenvector. One of Schrédinger’s
motivations for introducing his equation was that eigenvalue problems led to the
experimentally observed discrete energy levels of atoms.

Now suppose that the Hamiltonian

Hf = HO +6H1 +O(62)

depends smoothly on a parameter €. Then, rewriting the previous result, we find
that the corresponding simple energy eigenvalues (assuming they exist) have the
expansion

H
E¢ = EO +€<§0()7 1%00> +O(€2)
<<)00a<)00>

where ¢ is an eigenvector of Hy.

For example, the Schrodinger equation that describes a particle of mass m mov-
ing in R? under the influence of a conservative force field with potential V : R — R
is

h2
iy = —— Atp + V.
2m

Here, the wavefunction v(x,t) is a function of a space variable z € R? and time
t € R. At fixed time ¢, we have (-, t) € L?(R?), where

L*(RY) = {u:R? — C | u is measurable and Jga [u? dz < oo}
is the Hilbert space of square-integrable functions with inner-product
(u,v) :/ u(x)v(x) dx.
R4

The Hamiltonian operator H : D(H) C H — H, with domain D(H), is given by

h2

H=——A+V
2m

If u, v are smooth functions that decay sufficiently rapidly at infinity, then Green’s
theorem implies that

2
(u, Hv) = / u(—hAv—i—Vv) dx
R4 2m
h? h?
/ {V - (vVu —uVv) 5 (Au)v + Vuv} dx
Rd

2m " 2m

10



72
/ (—Au—i—Vu)vdw
Rd 2m

= (Hu,v).

Thus, this operator is formally self-adjoint. Under suitable conditions on the poten-
tial V', the operator can be shown to be self-adjoint with respect to an appropriately
chosen domain.

Now suppose that the potential V¢ depends on a parameter ¢, and has the
expansion

Ve(x) = Vo(x) + eVi(x) + O(?).
The perturbation in a simple energy eigenvalue
E° = By +¢B; + 0O(e?),
assuming one exists, is given by

B = fRd Vi ()| o (2)]? da
LT e @

where o € L?(R?) is an unperturbed energy eigenfunction that satisfies

2

h
_TASOO + Voo = Eopo.
m

Example 1.7 The one-dimensional simple harmonic oscillator has potential
L o
Vo(z) = §k:x .

The eigenvalue problem
—ﬁwll + 1k:z2g0 =FEyp @ € L*(R)
2m 2 ’
is exactly solvable. The energy eigenvalues are

1
En:hw<n+2) n=0,1,2,...,

where

k
w=1]—
m

is the frequency of the corresponding classical oscillator. The eigenfunctions are

on(z) = Hp(az)e™ ™" /27
where H,, is the nth Hermite polynomial,
dr 2
H,(§ = (-1)" &2 ¢
(©) = (1) e €

11



and the constant «, with dimensions of 1/length, is given by
5 Vmk
o= ——o.
h
The energy levels Ef, of a slightly anharmonic oscillator with potential

1
Ve(z) = §kx2 + E%W(ax) + O0(e?%) ase — 07

where € > 0 have the asymptotic behavior

n

1
Eszm{n+2+eAn+O(52)} ase — 0T,

where

_ JW(HZ(§e ¢ de
" [H2(Ee € dg

For an extensive and rigorous discussion of spectral perturbation theory for

linear operators, see [11].

1.4 Nondimensionalization

The numerical value of any quantity in a mathematical model is measured with
respect to a system of units (for example, meters in a mechanical model, or dollars
in a financial model). The units used to measure a quantity are arbitrary, and a
change in the system of units (for example, to feet or yen, at a fixed exchange rate)
cannot change the predictions of the model. A change in units leads to a rescaling
of the quantities. Thus, the independence of the model from the system of units
corresponds to a scaling invariance of the model. In cases when the zero point of a
unit is arbitrary, we also obtain a translational invariance, but we will not consider
translational invariances here.

Suppose that a model involves quantities (a1, as, . .., a,), which may include de-
pendent and independent variables as well as parameters. We denote the dimension
of a quantity a by [a]. A fundamental system of units is a minimal set of indepen-
dent units, which we denote symbolically by (d;,ds, . ..,d,). Different fundamental
system of units can be used, but given a fundamental system of units any other de-
rived unit may be constructed uniquely as a product of powers of the fundamental
units, so that

[a] = d*ds? ... dor (1.13)
for suitable exponents (a1, as, ..., q;).

Example 1.8 In mechanical problems, a fundamental set of units is d; = mass,
do = length, d3 = time, or dy = M, dy = L, d3 = T, for short. Then velocity

12



V = L/T and momentum P = ML/T are derived units. We could use instead
momentum P, velocity V', and time T as a fundamental system of units, when mass
M = P/V and length L = VT are derived units. In problems involving heat flow, we
may introduce temperature (measured, for example, in degrees Kelvin) as another
fundamental unit, and in problems involving electromagnetism, we may introduce
current (measured, for example, in Amperes) as another fundamental unit.

The invariance of a model under the change in units d; — A;d; implies that it
is invariant under the scaling transformation

I
—

a; — A;AT L\, i
for any A1,...A. > 0, where
[a;] = d™dy™" .. do (1.14)
Thus, if
a=f(a,...,an)

is any relation between quantities in the model with the dimensions in (1.13) and
(1.14), then f has the scaling property that

AT LAY f(an, . an) = f(ATIASTT LA Ay, L AT LA, )

A particular consequence of the invariance of a model under a change of units is
that any two quantities which are equal must have the same dimensions. This fact
is often useful in finding the dimension of some quantity.

Example 1.9 According to Newton’s second law,
force = rate of change of momentum with respect to time.

Thus, if F' denotes the dimension of force and P the dimension of momentum,
then F = P/T. Since P = MV = ML/T, we conclude that FF = ML/T? (or
mass X acceleration).

Example 1.10 In fluid mechanics, the shear viscosity p of a Newtonian fluid is the
constant of proportionality that relates the viscous stress tensor 7 to the velocity
gradient Vu:

T = %p (Vu+vu’).

Stress has dimensions of force/area, so

_ML1 M

71 = T2 [2 LT

13



The velocity gradient Vu has dimensions of velocity /length, so

L1 1
Equating dimensions, we find that
=
M=1r

We can also write [u] = (M/L3)(L?/T). It follows that if pg is the density of the
fluid, and p = pgv, then
L2
[v] = T
Thus v, which is called the kinematical viscosity, has the dimensions of diffusivity.
Physically it is the diffusivity of momentum. For example, in time 7', viscous effects
lead to the diffusion of momentum over a length scale of the order V2T
At 20° C, the kinematic viscosity of water is approximately 1 mm?/s. Thus, in
one second, viscous effects diffuse the fluid momentum over a distance of the order
1mm.

Scaling invariance implies that we can reduce the number of quantities appear-
ing in the problem by the introduction of dimensionless variables. Suppose that

(ai1,...,a,) are a set of (nonzero) quantities whose dimensions form a fundamental
system of units. We denote the remaining quantities in the model by (by,...,bn),
where 7 +m = n. Then for suitable exponents (831, ..., (), the quantity
b
IT; :

= B1,i Bri
a; "t ooap!

is dimensionless, meaning that it is invariant under the scaling transformations
induced by changes in units. Such dimensionless quantities can often be interpreted
as the ratio of two quantities of the same dimension appearing in the problem (such
as a ratio of lengths, times, diffusivities, and so on). Perturbation methods are
typically applicable when one or more of these dimensionless quantities is small or
large.

Any relationship of the form

b= f(al,...,ar,bl,...,bm)
is equivalent to a relation
M= f(1,...,1,10,...,I0,;,).

Thus, the introduction of dimensionless quantities reduces the number of variables
in the problem by the number of fundamental units involved in the problem. In
many cases, nondimensionalization leads to a reduction in the number of parameters
in the problem to a minimal number of dimensionless parameters. In some cases,

14



one may be able to use dimensional arguments to obtain the form of self-similar
solutions.

Example 1.11 Consider the following IVP for the Green’s function of the heat
equation in R¢:

uy = vAu,
u(x,0) = Eé(x).

Here ¢ is the delta-function. The dimensioned parameters in this problem are the
diffusivity v and the energy E of the point source. The only length and times
scales are those that come from the independent variables (x,t), so the solution is
self-similar.

We have [u] = 6, where 6§ denotes temperature, and, since

/ u(z,0)dx = E,
Rd

we have [E] = 6L? Dimensional analysis and the rotational invariance of the
Laplacian A imply that

t) = ).
u(xa ) (Vt)d/2f ( hl/t)
Using this expression for u(z,t) in the PDE, we get an ODE for f(&),

" f d—1 / d _
f +<2+£)f +§f—0.

We can rewrite this equation as a first-order ODE for f’ + % f,
I
1 5 d—1 / E
= —_— =f]=0.
(re30) + 55 (r+5)
Solving this equation, we get

& b
5]02@7,1,

where b is a constant of integration. Solving for f, we get

I+

2 2 —¢?
(&) =ae /% 4 bt “/é—f@@

where a s another constant of integration. In order for f to be integrable, we must
set b = 0. Then




Imposing the requirement that

/ u(z,t)de = E,
Rd

and using the standard integral

2
/ exp (x|> dx = (27rc)d/27
R4 2c

we find that a = (47)~%/2, and

u(:r t) = L e ,@
" (4rwt)d/? P\ )

Example 1.12 Consider a sphere of radius L moving through a fluid with constant
speed U. A primary quantity of interest is the total drag force D exerted by the
fluid on the sphere. We assume that the fluid is incompressible, which is a good
approximation if the flow speed U is much less than the speed of sound in the
fluid. The fluid properties are then determined by the density py and the kinematic
viscosity v. Hence,

D= f(UavaOa V)’

Since the drag D has the dimensions of force (M L/T?), dimensional analysis implies

that
L
D = poU*L*F (U ) :
14

Thus, the dimensionless drag

D

——— = F(R
vz~ R
is a function of the Reynold’s number
UL
Re = —.
v

The function F' has a complicated dependence on Re that is difficult to compute
explicitly. For example, F' changes rapidly near Reynolds numbers for which the
flow past the sphere becomes turbulent. Nevertheless, experimental measurements
agree very well with the result of this dimensionless analysis (see Figure 1.9 in [1],
for example).

The equations of motion of the fluid are the incompressible Navier-Stokes equa-
tions,

up +u - Vu+ Vp = vAu,
V.-u=0.
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To nondimensionalize these equations with respect to (U, L, p), we introduce dimen-
sionless variables
Ut

tr=—,

* p * T
L’ L

= pﬁ’ b —
and find that
Upe + - ViU 4+ V" =A™,
V*u* =0.
Here,
v 1
E=——=—.
UL Re
The boundary conditions correspond to a flow of speed 1 past a sphere of radius
1. Thus, assuming that no other parameters enter into the problem, the drag

computed from the solution of these equations depends only on &, as obtained from
the dimensional analysis above.

Dimensional analysis leads to continuous scaling symmetries. These scaling sym-
metries are not the only continuous symmetries possessed by differential equations.
The theory of Lie groups and Lie algebras provides a systematic method for com-
puting all continuous symmetries of a given differential equation [18]. Lie originally
introduced the notions of Lie groups and Lie algebras precisely for this purpose.

Example 1.13 The full group of symmetries of the one-dimensional heat equation
Ut = Uz

is generated by the following transformations [18]:

u(z, t) — ulx — a,t),
u(z,t) — u(z, t — F),
u(z,t) — yu(x,t),
u(z,t) — u(dx, 5°t),
u(w,t) — e Ty (x — 2¢et, ),
u(x,t) — L exp[_nxz]u< m , t >,
VI+4nt 1+ 4nt 1+4nt’ 1+ 4nt
u(x, t) — u(z,t) +v(x, t),
where (q,...,n) are constants, and v(x,t) is an arbitrary solution of the heat

equation. The scaling symmetries involving + and § can be deduced by dimen-
sional arguments, but the symmetries involving € and 7 cannot.

For further discussion of dimensional analysis and self-similar solutions, see [1].
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Chapter 2

Asymptotic Expansions

In this chapter, we define the order notation and asymptotic expansions. For addi-
tional discussion, see [4], and [17].

2.1 Order notation

The O and o order notation provides a precise mathematical formulation of ideas
that correspond — roughly — to the ‘same order of magnitude’ and ‘smaller order
of magnitude.” We state the definitions for the asymptotic behavior of a real-valued
function f(z) as x — 0, where x is a real parameter. With obvious modifications,
similar definitions apply to asymptotic behavior in the limits + — 0%, z — zq,
x — 00, to complex or integer parameters, and other cases. Also, by replacing | - |
with a norm, we can define similiar concepts for functions taking values in a normed
linear space.

Definition 2.1 Let f,g: R\ 0 — R be real functions. We say f = O(g) as © — 0
if there are constants C' and r > 0 such that

|f(z)| < Clg(x)| whenever 0 < |z| < r.
We say f =o0(g) as @ — 0 if for every 6 > 0 there is an r > 0 such that

|f(z)] < 6|g(x)| whenever 0 < |z| < r.

If g # 0, then f = O(g) as x — 0 if and only if f/g is bounded in a (punctured)
neighborhood of 0, and f = o(g) if and only if f/g — 0 as z — 0.

We also write f < g, or f is ‘much less than’ g, if f = o(g), and f ~ g, or f is
asymptotic to g, if f/g — 1.

Example 2.2 A few simple examples are:
(a) sinl/x =0O(1) asx — 0
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(b) it is not true that 1 = O(sinl/x) as x — 0, because sin1/z vanishes is
every neighborhood of x = 0;

2% = o(2?) as ¢ — 0, and 22 = o(2?®) as x — oo;

xz = o(logz) as x — 07, and logz = o(x) as z — oo;

sinx ~x as x — 0;

—1/% = o(2™) as & — 0% for any n € N.

(c
(d
e

)
)
)
f)

(
(f) e

The o and O notations are not quantitative without estimates for the constants
C, 6, and r appearing in the definitions.

2.2 Asymptotic expansions

An asymptotic expansion describes the asymptotic behavior of a function in terms
of a sequence of gauge functions. The definition was introduced by Poincaré (1886),
and it provides a solid mathematical foundation for the use of many divergent series.

Definition 2.3 A sequence of functions ¢, : R\ 0 — R, where n =0,1,2,..., is
an asymptotic sequence as x — 0 if for each n = 0,1,2,... we have

Ont1 =0 (on) as ¢ — 0.

We call ¢, a gauge function. If {,} is an asymptotic sequence and f: R\ 0 — R
is a function, we write

f(z) ~ Z anon(T) asz — 0 (2.1)
n=0

if for each N =0,1,2,... we have

f(.’L‘) - Z a'nﬁon(x) = O(SON) as ¢ — 0.
n=0

We call (2.1) the asymptotic expansion of f with respect to {¢,} as x — 0.

Example 2.4 The functions ¢, (x) = 2™ form an asymptotic sequence as x — 0.
Asymptotic expansions with respect to this sequence are called asymptotic power
series, and they are discussed further below. The functions ¢, (z) = =™ form an

asymptotic sequence as r — 00.

Example 2.5 The function logsin z has an asymptotic expansion as x — 01 with
respect to the asymptotic sequence {log z, 2,24, .. g

1
logsinxwlogx—i—éxz—i—... as ¢ — 0F.
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If, as is usually the case, the gauge functions ¢, do not vanish in a punctured
neighborhood of 0, then it follows from Definition 2.1 that

N
any1 = lim F@) = 3o an@n(x).
v=0 PN+1

Thus, if a function has an expansion with respect to a given sequence of gauge func-
tions, the expansion is unique. Different functions may have the same asymptotic
expansion.

Example 2.6 For any constant ¢ € R, we have

+ee VTPl a4 a2+ as z — 0T,

1—2

since e~/

=o(z") as & — 07 for every n € N.

Asymptotic expansions can be added, and — under natural conditions on the
gauge functions — multiplied. The term-by-term integration of asymptotic expan-
sions is valid, but differentiation may not be, because small, highly-oscillatory terms
can become large when they are differentiated.

Example 2.7 Let

flz) = 1 + e YTsinel/®,
—x
Then
flx)y~1+z+a®+23+. .. asx — 0T,
but
, cosel/* 9 N
fl@)~———5—+1+2x+32"+... as z — 0T,
T

Term-by-term differentiation is valid under suitable assumptions that rule out
the presence of small, highly oscillatory terms. For example, a convergent power
series expansion of an analytic function can be differentiated term-by-term

2.2.1 Asymptotic power series

Asymptotic power series,
o0
f(z) ~ Zanx” as ¢ — 0,
n=0

are among the most common and useful asymptotic expansions.
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If f is a smooth (C*°) function in a neighborhood of the origin, then Taylor’s
theorem implies that

(n)
fx) — Z ! '(0) 2" < Oyt when |z| <7,
n!
n=0
where
(N+1)
CN+1 = Sup M

It follows that f has the asymptotic power series expansion

f(z) ~ i w:ﬂ‘ as x — 0. (2.2)
n=0 '

The asymptotic power series in (2.2) converges to f in a neighborhood of the origin
if and only if f is analytic at « = 0. If f is C° but not analytic, the series may
converge to a function different from f (see Example 2.6 with ¢ # 0) or it may
diverge (see (2.4) or (3.3) below).

The Taylor series of f(z) at x = x,

does not provide an asymptotic expansion of f(z) as  — x1 when 1 # x even if
it converges. The partial sums therefore do not generally provide a good approx-
imation of f(z) as * — z;. (See Example 2.9, where a partial sum of the Taylor
series of the error function at £ = 0 provides a poor approximation of the function
when z is large.)

The following (rather surprising) theorem shows that there are no restrictions
on the growth rate of the coefficients in an asymptotic power series, unlike the case
of convergent power series.

Theorem 2.8 (Borel-Ritt) Given any sequence {a, } of real (or complex) coeffi-
cients, there exists a C*°-function f:R — R (or f: R — C) such that

flz) ~ Zanm" as ¢ — 0.

Proof. Letn:R — R be a C*°-function such that

(z) = 1 if x| <1,
T =0 if 2| > 2.

We choose a sequence of positive numbers {4, } such that 6, — 0 as n — oo and

n T
“1(5)
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where
fllee = sup Y |10 )]
T€eR k—0
denotes the C™-norm. We define
> T
)= o (5)

This series converges pointwise, since when x = 0 it is equal to ag, and when x # 0
it consists of only finitely many terms. The condition in (2.3) implies that the
sequence converges in C™ for every n € N. Hence, the function f has continuous
derivatives of all orders. |

2.2.2 Asymptotic versus convergent series

We have already observed that an asymptotic series need not be convergent, and a
convergent series need not be asymptotic. To explain the difference in more detail,
we consider a formal series

> anen(x),
n=0

where {a,} is a sequence of coefficients and {p, (x)} is an asymptotic sequence as
x — 0. We denote the partial sums by

N
Sn(z) = Z anon ().
n=0
Then convergence is concerned with the behavior of Sy (x) as N — oo with « fixed,
whereas asymptoticity (at z = 0) is concerned with the behavior of Sy (z) asx — 0
with N fixed.

A convergent series define a unique limiting sum, but convergence does not give
any indication of how rapidly the series it converges, nor of how well the sum of
a fixed number of terms approximates the limit. An asymptotic series does not
define a unique sum, nor does it provide an arbitrarily accurate approximation of
the value of a function it represents at any = # 0, but its partial sums provide good
approximations of these functions that when x is sufficiently small.

The following example illustrates the contrast between convergent and asymp-
totic series. We will examine another example of a divergent asymptotic series in
Section 3.1.

Example 2.9 The error function erf : R — R is defined by

2 /I 2
erfr = — e " dt.
VT Jo
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t

. . . 2 .
Integrating the power series expansion of e™* term by term, we obtain the power

series expansion of erf x,

erfa:Q{xo: + +ix2”+1+ }
VT 3 T 2+ )t Ty

which is convergent for every € R. For large values of x, however, the convergence
is very slow. the Taylor series of the error function at x = 0. Instead, we can use
the following divergent asymptotic expansion, proved below, to obtain accurate
approximations of erf x for large x:

2 oo
_w 2n— DI 1
erfx ~1— 67 nzo(_l)nﬂ(nQ")m"“ as T — 00, (2.4)
where (2n — 1)l =1-3-...-(2n —1). For example, when = = 3, we need 31 terms

in the Taylor series at x = 0 to approximate erf 3 to an accuracy of 10~°, whereas
we only need 2 terms in the asymptotic expansion.

Proposition 2.10 The expansion (2.4) is an asymptotic expansion of erf x.

Proof. We write

2 oo
erfx:l—ﬁ/m e_tzdt,

and make the change of variables s = t2,

1 oo
erfx=1-— ﬁ/ﬁ sT1/2¢75 s,

Forn=0,1,2,..., we define

Fo(x) = /2 sTTL2e78 s,

Then an integration by parts implies that

e’ 1

By repeated use of this recursion relation, we find that

1
erfx = 1fﬁF0(x)
2
1 |e™® 1
= 1-— —F
NZ 2 ()
1 2 (1 1 1-3
e j2
™ [e (x 2x3>+ 22 2(37)]



_ 1_1[e—m2<1_1_~_.“(_1)N1-3~...-(2N—1)>

ﬁ T 213 9N p2N+1
1-3-...-2N+1
+ s B ).
It follows that
2 N
e ® nl-3-...-(2n—1)
erfz=1— 7 > (-1 e + Ry ()
n=0
where
1 1-3-...-(2N+1
Ryyi(z) = (‘UNHW 2N£1 )FN+1(5”)'
Since
|Fy(z)| = / sTY2e78 s
(132
I
< p2ntl /3:2 e "ds
_z2
e
x2n+1’
we have
e—:c
|Rn41(2)] < CN“W’
where
O — 1-3-...-(2N+1)
N = 2N+ /1 :
This proves the result. O

2.2.3 Generalized asymptotic expansions

Sometimes it is useful to consider more general asymptotic expansions with respect
to a sequence of gauge functions {¢,} of the form

f@)~ S fula),
n=0
where for each N =0,1,2,...
N
F@) = 3 falw) = olprsn).
n=0
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For example, an expansion of the form

f(@) ~ Y an(@)pn(x)
n=0

in which the coefficients a,, are bounded functions of x is a generalized asymptotic
expansion. Such expansions provide additional flexibility, but they are not unique
and have to be used with care in many cases.

Example 2.11 We have

1
1—x

o0
~ E " as x — 0.
n=0

We also have

1
1—=x

oo
NZ(l—&—x)x% asx — 0.

n=0
This is a generalized asymptotic expansion with respect to {2 | n = 0,1,2,...}
that differs from the first one.

Example 2.12 According to [17], the following generalized asymptotic expansion
with respect to the asymptotic sequence {(logz)~"}

sin x i nle~(nt1h)z/(2n)
. e — as r — 00
x — (log x)

is an example showing that “the definition admits expansions that have no conceiv-
able value.”

Example 2.13 The method of matched asymptotic expansions and the method of
multiple scales lead to generalized asymptotic expansions, in which the generalized
expansions have a definite form dictated by the corresponding methods.

Example 2.14 A physical example of a generalized asymptotic expansion arises in
the derivation of the Navier-Stokes equations of fluid mechanics from the Boltzmann
equations of kinetic theory by means of the Chapman-Enskog expansion. If A is the
mean free path of the fluid molecules and L is a macroscopic length-scale of the
fluid flow, then the relevant small parameter is

A
= — ]..
€ I <

The leading-order term in the Chapman-Enskog expansion satisfies the Navier-
Stokes equations in which the fluid viscosity is of the order € when nondimensional-
ized by the length and time scales characteristic of the fluid flow. Thus the leading
order solution depends on the perturbation parameter e, and this expansion is a
generalized asymptotic expansion.
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2.2.4 Nonuniform asymptotic expansions

In many problems, we seek an asymptotic expansion as € — 0 of a function u(z, ¢),
where x is an independent variable.* The asymptotic behavior of the function
with respect to € may depend upon z, in which case we say that the expansion is
nonuniform.

Example 2.15 Consider the function u : [0,00) x (0,00) — R defined by

1
u(z,e) = perapt
If x > 0, then
1 2
u(z,e) ~ = 1—£+%+... ase — 0.
T T oz
On the other hand, if z = 0, then
1
u(0,8) ~ = ase — 0.
€

The transition between these two different expansions occurs when z = O(e). In
the limit € — 0T with y = x/e fixed, we have

1 1
uley,e) ~ = | —— ase — 0F.
e~ 2 (557)
This expansion matches with the other two expansions in the limits y — oo and
y— 0.

Nonuniform asymptotic expansions are not a mathematical pathology, and they
are often the crucial feature of singular perturbation problems. We will encounter
many such problems below; for example, in boundary layer problems the solution
has different asymptotic expansions inside and outside the boundary layer, and in
various problems involving oscillators nonuniformities aries for long times.

2.3 Stokes phenomenon

An asymptotic expansion as z — oo of a complex function f : C — C with an
essential singularity at z = oo is typically valid only in a wedge-shaped region
a < argz < (3, and the function has different asymptotic expansions in different
wedges.” The change in the form of the asymptotic expansion across the boundaries
of the wedges is called the Stokes phenomenon.

*We consider asymptotic expansions with respect to &, not x.

TWe consider a function with an essential singularity at z = oo for definiteness; the same phe-
nomenon occurs for functions with an essential singularity at any zo € C.
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Example 2.16 Consider the function f : C — C defined by

z —Zz

f(2) =sinh 2% = ¢ _26
Let |z] — oo with arg z fixed, and define

O ={zeC|-n/d<argz < 7/4},
Qy={zeC|n/d<argz <3nr/4or —=3r/4d <argz < —m/4}.

If z € Q, then Rez? > 0 and e” > 6’22, whereas if z € Qs, then Rez? < 0 and
e*’ < e, Hence

2
1ez

o) ~ {

e as |z] — oo in Q.

as |z| — oo in Oy,

The lines argz = +m /4, +37/4 where the asymptotic expansion changes form are
called anti-Stokes lines. The terms e* and e* switch from being dominant to
subdominant as z crosses an anti-Stokes lines. The lines argz = 0,7, +7/2 where
the subdominant term is as small as possible relative to the dominant term are

called Stokes lines.

This example concerns a simple explicit function, but a similar behavior occurs
for solutions of ODEs with essential singularities in the complex plane, such as error
functions, Airy functions, and Bessel functions.

Example 2.17 The error function can be extended to an entire function erf : C —
C with an essential singularity at z = co. It has the following asymptotic expansions
in different wedges:

1 —exp(—22)/(zy/7)  as z — oo with z € Qy,
erfz ~ ¢ —1 —exp(—22)/(2y/T) as z — oo with z € Qy,
—exp(—22)/(z/T) as z — oo with z € Q3.

where

O ={ze€C|—-n/d<argz < w/4},
Oy ={z€C|3n/4 < argz < 5n/4},
QW ={zeC|n/d<argz<3r/4or br/d <argz < Tr/4}.

Often one wants to determine the asymptotic behavior of such a function in one
wedge given its behavior in another wedge. This is called a connection problem
(see Section 3.4 for the case of the Airy function). The apparently discontinuous
change in the form of the asymptotic expansion of the solutions of an ODE across
an anti-Stokes line can be understood using exponential asymptotics as the result of
a continuous, but rapid, change in the coefficient of the subdominant terms across
the Stokes line [2].
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Chapter 3

Asymptotic Expansion of Integrals

In this chapter, we give some examples of asymptotic expansions of integrals. We
do not attempt to give a complete discussion of this subject (see [4], [21] for more
information).

3.1 Euler’s integral

Consider the following integral (Euler, 1754):

where x > 0.
First, we proceed formally. We use the power series expansion

1
14 at

=1—at+2? +.. (=D 2" t" 4 ... (3.2)

inside the integral in (3.1), and integrate the result term-by-term. Using the integral

oo
/ t"e tdx = n!,
0

I(m)w1—ac—|—2!x2+...+(—1)”n!x"+.... (3.3)

we get

The coeflicients in this power series grow factorially, and the terms diverge as n —
00. Thus, the series does not converge for any x # 0. On the other hand, the
following proposition shows that the series is an asymptotic expansion of I(z) as
x — 07, and the the error between a partial sum and the integral is less than the
first term neglected in the asymptotic series. The proof also illustrates the use of
integration by parts in deriving an asymptotic expansion.
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Proposition 3.1 Forz > 0and N =0,1,2,..., we have

[I(z)—{1—2+...+(-1)VNV}| < (N + 1)1z

Proof. Integrating by parts in (3.1), we have

I(z)=1- _°
(@) x /0 (1 + xt)2

After N + 1 integrations by parts, we find that
Iz)=1-z+...+ (-)"N2V + Ry (2),

where

eft

_ (1 \N+1 LN [T e
Rypi(x)=(-1D)" T (N+ 1)z /0 AT a7 dt.

Estimating Ry 41 for x > 0, we find that

Bya(z)] < (N4 1N+ / ' dt
0

< (N4

which proves the result. Equation (3.1) shows that the partial sums oscillate above
(N even) and below (N odd) the value of the integral. O

Heuristically, the lack of convergence of the series in (3.3) is a consequence of
the fact that the power series expansion (3.2) does not converge over the whole
integration region, but only when 0 < ¢ < 1/z. On the other hand, when x is small,
the expansion is convergent over most of the integration region, and the integrand
is exponentially small when it is not. This explains the accuracy of the resulting
partial sum approximations.

The integral in (3.1) is not well-defined when = < 0 since then the integrand has
a nonintegrable singularity at t = —1/x. The fact that = 0 is a ‘transition point’
is associated with the lack of convergence of the asymptotic power series, because
any convergent power series would converge in a disk (in C) centered at x = 0.

Since the asymptotic series is not convergent, its partial sums do not provide
an arbitrarily accurate approximation of I(z) for a fixed = > 0. It is interesting to
ask, however, what partial sum gives the the best approximation.

This occurs when n minimizes the remainder R, 11(x). The remainder decreases
when n < z and increases when n + 1 > =z, so the best approximation occurs
when n + 1 ~ [1/z], and then R, ,(z) ~ (1/x)!z'/*. Using Stirling’s formula (see
Example 3.10),

nl ~ V2mrn 1 /2e—n as n — oo,
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we find that the optimal truncation at n ~ [1/x] — 1 gives an error

2
Rn(ac)wwge_l/x asx — 07.

Thus, even though each partial sum with a fixed number of terms is polynomially
accurate in x, the optimal partial sum approximation is exponentially accurate.

Example 3.2 The partial sums
Sy(x)=1—az+...4+ (-1)VNlzV

for = 0.1 and 2 < N < 15 are given in the following table (to an appropriate

accuracy).
N | Sn(0.1)
2109
31 0.92
410914
5 | 0.9164
6 | 0.9152
7 1 0.91529
8 | 0.915416
9 | 0.915819
10 | 0.915463
11 | 0.915819
12 | 0.91542
13 | 0.9159
14 | 0.9153
15 | 0.9162

It follows that
0.91546 < 1(0.1) < 0.91582.
Numerical integration shows that, to four significant figures,

1(0.1) ~ 0.9156.

In some problems, the exponentially small corrections to a power series asymp-
totic expansion contain important information. For example, the vanishing or non-
vanishing of these corrections may correspond to the existence or nonexistence of
particular types of solutions of PDEs, such as traveling waves or breathers. There
exist methods of exponential asymptotics, or asymptotics beyond all orders, that
can be used to compute exponentially small terms.
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3.2 Perturbed Gaussian integrals

Consider the following integral
e 1
I(a,e) = / exp [—2ax2 . 53:4} dz, (3.4)
where @ > 0 and € > 0. For ¢ = 0, this is a standard Gaussian integral, and
1
V2ra
For € > 0, we cannot compute I(a,e) explicitly, but we can obtain an asymptotic

expansion as € — 0.
First, we proceed formally. Taylor expanding the exponential with respect to ¢,

I(a,0) =

1 1 "
exp [—2ax2 —8:104] — o302’ {1 —ext + 552958 +...+ ( n') gnxin —&—...}7

and integrating the result term-by-term, we get

1
V2ma

I(a,e) ~ {1—5<x4>—|—...—|—(5”<x4”>+...},, (3.5)

where

A I gine=5er” gy
’I’L> — oo

T
< 1=, e~ 297 dg;

We use a special case of Wick’s theorem to calculate these integrals.

Proposition 3.3 For m € N, we have

omy _ (2m —1)!
(2m) = S
where
2m-1N=1-3-5...(2m—3)-(2m —1).
Proof. Let

oo _1,.2
f_oo e~ 30T “+bx dz

oo _1 2
o e dx

J(a,b) =

Differentiating J(a, b) n-times with respect to b and setting b = 0, we find that

d’n
(") = —=J(a,b)
db b0

Writing

2
e—%azz—}-bx e—%a(z—b)2+g—a
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and making the change of variable (z — b) — x in the numerator, we deduce that

b2

J(a,b) =e2.
Hence,
d7l b2
(™) = — |ez
db { } b0
B dn 1+ E N N i b2m N
db™ 2¢ 7 ml 2a)™ 2,
which implies that
<x2m> — (Qm)'
(2a)™m!

This expression is equivalent to the result.
Using the result of this proposition in (3.5), we conclude that

1 3 105
1— Se+—e24+ .. . 4ane"+... as ¢ — 0F,
a

I(a,e) ~

where
(=1)™(4n — )N
ap = ——r———,
nla2n

By the ratio test, the radius of convergence R of this series is

(n+ 1)!a®+2(4n — 1)!

R = i
00 nla?™(4n + 3)!!
= lim (n+ a?
= 0

(3.6)

(3.7)

Thus, the series diverges for every € > 0, as could have been anticipated by the fact

that I(a,¢) is undefined for € < 0.

The next proposition shows that the series is an asymptotic expansion of I(a,¢€)

as e — 07T,

Proposition 3.4 Suppose I(a,¢) is defined by (3.4). For each N =0,1,2,... and

€ > 0, we have

< CnpreV !

N
I(a,e) — Z ane”

n=0

where a,, is given by (3.7), and

1 > B
CN+1 = M/OOIA(NJFI)B 2 dr.
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Proof. Taylor’s theorem implies that for y > 0 and N € N

—y 1 2 (*I)N N
e :1—y+§y +~-~+Ty + sn41(y),
where
1 aNtt N+1
sny1(y) = N 1) VT ()] oV

y=n

for some 0 < n < y. Replacing y by exz* in this equation and estimating the
remainder, we find that

ot _ oy 1 94 (DY N av N4
— X +2'5x +...+ N et +e rn41(x), (3.8)
where
2A(N+1)
<
@) <

Using (3.8) in (3.4), we get

oo
— 00

N
I(a,e) = Z ane™ + N1 / 7“N+1(av)e_%‘“”2 dx.
n=0

It follows that

N oo
I(a,e) — Z ane™| < Nt / [rvi1(2)] e 79" dy
n=0 e
< N1 1 > 4(N+1) —Laz? d
S € m - X e X,
which proves the result. O

These expansions generalize to multi-dimensional Gaussian integrals, of the form

I(Ae) = / exp <;xTAx + 5V(x)> dx

where A is a symmetric nXn matrix, and to infinite-dimensional functional integrals,
such as those given by the formal expression

1(e) :/exp{—/ <;|Vu(x)2+;uz(x)+eV(u(x))> dx} Du

which appear in quantum field theory and statistical physics.
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3.3 The method of stationary phase

The method of stationary phase provides an asymptotic expansion of integrals with
a rapidly oscillating integrand. Because of cancelation, the behavior of such integrals
is dominated by contributions from neighborhoods of the stationary phase points
where the oscillations are the slowest.

Example 3.5 Consider the following Fresnel integral
I(e) = / e’ /e dt.

This oscillatory integral is not defined as an absolutely convergent integral, since
eittz/s

=1, but it can be defined as an improper integral,

R
I(e) = lim /e dt.
R—o0 R

This convergence follows from an integration by parts:

R R R
it? /e dt = |:i it2/5:| / i it? /e dt.
/1 c 2 1T e

The integrand oscillates rapidly away from the stationary phase point ¢ = 0, and
these parts contribute terms that are smaller than any power of ¢, as we show below.
The first oscillation near ¢ = 0, where cancelation does not occur, has width of the
order £'/2, so we expect that I(g) = O(e'/?) as € — 0.

In fact, using contour integration and changing variables t — e™/*s if ¢ > 0 and
t — E~"/4s if ¢ < 0, one can show that

/OO it g — et /4 /27|e] ife>0
o eI/ amle]  ife< 0’

Next, we consider the integral
e}
I(e) = / f(t)e*®/e dt, (3.9)
—00

where f: R — C and ¢ : R — R are smooth functions. A point ¢t = c¢ is a stationary
phase point if ¢’'(¢) = 0. We call the stationary phase point nondegenerate if
¢"(c) # 0.

Suppose that I has a single stationary phase point at ¢ = ¢, which is nondegen-
erate. (If there are several such points, we simply add together the contributions
from each one.) Then, using the idea that only the part of the integrand near the
stationary phase point ¢ = ¢ contributes significantly, we can Taylor expand the
function f and the phase ¢ to approximate I(e) as follows:

1 ~ [ f(c)expj[w<c>+;o"<c><t—c>2 di
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where

o =sgny’(c).

More generally, we consider the asymptotic behavior as € — 0 of an integral of
the form

I(z,6) = / Az, €)c# @)/ ge. (3.10)
where x € R™ and £ € R™. We assume that
p:R" xR™ = R, A:R"xR™ - C
are smooth (C'*) functions, and that the support of A,
supp A = {(z,§) € R* x R™ | A(z,§) # 0},

is a compact subset of R™ x R™.
Definition 3.6 A stationary, or critical, point of the phase ¢ is a point (z,£) €
R™ x R™ such that

dy B
a—g(x, ¢) =0. (3.11)

A stationary phase point is nondegenerate if

Pe ()
352 85165] i,j=1,....m

is invertible at the stationary phase point.

Proposition 3.7 If the support of A contains no stationary points of ¢, then
I(z,e) =0 (™) ase — 0
for every n € N.

Proof. Rewriting the integral in (3.10), and integrating by parts, we have

I(w,e) — 45/,4%‘2’,8%{6@/5}

. 0 a(p - (9(,0 ip/e
= ZE/@f.[Aﬁf 8516“" d¢
O(e).

87@72

oc| “
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Applying this argument n times, we get the result. ]

The implicit function theorem implies there is a unique local smooth solution of
(3.11) for & in a neighborhood U x V' C R™ x R™ We write this stationary phase
point as as & = &(z), where £ : U — V. We may reduce the case of multiple
nondegenerate critical points to this one by means of a partition of unity, and may
also suppose that supp A C U x V. According to the Morse lemma, there is a local
change of coordinates £ — 1 near a nondegenerate critical point such that

_ 1 82@ _
o(z,8) = ¢ (z,&(2)) + 20¢2 (z,€(x)) - (n,m)-
Making this change of variables in (3.10), and evaluating the resulting Fresnel inte-
gral, we get the following stationary phase formula [10].

Theorem 3.8 Let I(x,c) be defined by (3.10), where ¢ is a smooth real-valued
function with a nondegenerate stationary phase point at (z,&(x)), and A is a com-
pactly supported smooth function whose support is contained in a sufficiently small
neighborhood of the stationary phase point. Then, as ¢ — 0,

9 n/2 . _ ) [e%¢]
I, e) ~ —t 7;5) ) 24ime /1S i) R (),
det | 55| _ p=0
9 le=E()

where

o = sgn (82@)
96 ) ()

is the signature of the matrix (the difference between the number of positive and
negative eigenvalues), Ry = 1, and

ok A

Ry(z) = Z Ry () dek

[k|<2p

)

£=¢E(x)

where the R, are smooth functions depending only on ¢.

3.4 Airy functions and degenerate stationary phase points

The behavior of the integral in (3.10) is more complicated when it has degenerate

stationary phase points. Here, we consider the simplest case, where £ € R and

two stationary phase points coalesce. The asymptotic behavior of the integral in a

neighborhood of the degenerate critical point is then described by an Airy function.
Airy functions are solutions of the ODE

y' = zy. (3.12)
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The behavior of these functions is oscillatory as z — —oo and exponential as © —
0o. They are the most basic functions that exhibit a transition from oscillatory
to exponential behavior, and because of this they arise in many applications (for
example, in describing waves at caustics or turning points).

Two linearly independent solutions of (3.12) are denoted by Ai(x) and Bi(z).
The solution Ai(z) is determined up to a constant normalizing factor by the condi-
tion that Ai(z) — 0 as  — oo. It is conventionally normalized so that

. 1 2

where IT" is the Gamma-function. This solution decays exponentially as x — oo and
oscillates, with algebraic decay, as © — —oo [16],

Ai(z) ~ 112574 exp[—22%/2 /3] as & — 00,
77_1/2(—$)_1/4 Sin[2(—a:)3/2/3 +7/4] asxz — —o0.

The solution Bi(z) grows exponentially as © — oo.

We can derive these results from an integral representation of Ai(x) that is
obtained by taking the Fourier transform of (3.12).* Let § = F[y] denote the
Fourier transform of y,

~ 1 > —ikx
1) = g [ wwed
Oo B
y(@) = / G(k)e™ dk.
— 00

Then
Fly') = -k, Fl-izy] =7
Fourier transforming (3.12), we find that
Ky =iy
Solving this first-order ODE, we get
(k) = ce™ /%,
so y is given by the oscillatory integral

o= [ e

*We do not obtain Bi by this method because it grows exponentially as x — oo, which is too fast
for its Fourier transform to be well-defined, even as a tempered distribution.
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The standard normalization for the Airy function corresponds to ¢ = 1/(27), and
thus

1 [ hmis
Ai(z) = g/ et (ke tk*/3) g (3.13)

This oscillatory integral is not absolutely convergent, but it can be interpreted
as the inverse Fourier transform of a tempered distribution. The inverse transform
is a C*° function that extends to an entire function of a complex variable, as can
be seen by shifting the contour of integration upwards to obtain the absolutely
convergent integral representation

1 oco—+1in ) )
Ai(z) = o / ei(ketk2/3) ;.
—oo+1in

Just as the Fresnel integral with a quadratic phase, provides an approximation
near a nondegenerate stationary phase point, the Airy integral with a cubic phase
provides an approximation near a degenerate stationary phase point in which the
third derivative of the phase in nonzero. This occurs when two nondegenerate
stationary phase points coalesce.

Let us consider the integral

o0
I(2,€) = / P, )o@/ gy,
—00
Suppose that we have nondegenerate stationary phase points at

t=ty(z)

for x < xg, which are equal when & = x( so that ¢4 (xg) = tg. We assume that

Pt (.’E07t0) = 07 Pt (x07t0) = 07 Pttt (antO) # 0

Then Chester, Friedman, and Ursell (1957) showed that in a neighborhood of (zg, tg)
there is a local change of variables t = 7(z, s) and functions ¥ (z), p(x) such that

ol 1) = ¥(x) + pla)s + 55"

Here, we have 7(x¢,0) = to and p(z¢) = 0. The stationary phase points correspond
to s = £4/—p(x), where p(z) < 0 for x < xp.

Since the asymptotic behavior of the integral as ¢ — 0 is dominated by the
contribution from the neighborhood of the stationary phase point, we expect that

I(z,e) ~ / f (@7 (2, 5)) o (@, 5) ! V@ Ho@s 356 g
o0

~ f(fcoﬂfo)Ts(xo,O)@w(m/E/ eilr@=+35%/e g

—00
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~ 61/3f (xo’to)Ts(me)eiiﬁ(m)/e/ ei[5*2/3p(x)k+%k3] dk

— 00

. . €T
~ 2met/3f (zo,to) 7s(xo, O)elw(x)/gAl (ig/g> ,
where we have made the change of variables s = £'/3k, and used the definition of
the Airy function.
More generally, we have the following result. For the proof, see [10].

Theorem 3.9 Let I(z,¢) be defined by (3.10), where ¢(z,¢), with z € R? and
¢ € R, is a smooth, real-valued function with a degenerate stationary phase point
at (z,€(x)). Suppose that

oo o 0 PPy 0

o0& T9g2 Tog ’
at & = &(x), and A(z, &) is a smooth function whose support is contained in a
sufficiently small neighborhood of the degenerate stationary phase point. Then
there are smooth real-valued functions 1 (z), p(x), and smooth functions Ag(x),
By(x) such that

el /3Ai <p(x)> 3

i (z)/e
22/3 ¢
k=0

I(z,e) ~

Ap(z) + ie?/3AY <Z§2> By (z)
k=0

as € — 0.

3.4.1 Dispersive wave propagation

An important application of the method of stationary phase concerns the long-
time, or large-distance, behavior of linear dispersive waves. Kelvin (1887) originally
developed the method for this purpose, following earlier work by Cauchy, Stokes,
and Riemann. He used it to study the pattern of dispersive water waves generated
by a ship in steady motion, and showed that at large distances from the ship the
waves form a wedge with a half-angle of sin~!(1/3), or approximately 19.5°.

As a basic example of a dispersive wave equation, we consider the following
IVP (initial value problem) for the linearized KdV (Korteweg-de Vries), or Airy,
equation,

Ut = Uggx,

u(z,0) = f(x).

This equation provides an asymptotic description of linear, unidirectional, weakly
dispersive long waves; for example, shallow water waves.
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We assume for simplicity that the initial data f : R — R is a Schwarz function,
meaning that it is smooth and decays, together with all its derivatives, faster than
any polynomial as |z| — oo.

We use u(k,t) to denote the Fourier transform of u(x,t) with respect to x,

u(x,t) = / a(k,t)e™™ dk,

— 0o

1 [ ;
u(k,t) = %/ u(z, t)e ke dg.

Then u(k,t) satisfies

U +ik*u =0,

u(k,0) = f(k).

The solution of this equation is
Ak, t) = f(k)e“®",
where

w(k) = k3.

The function w : R — R gives the (angular) frequency w(k) of a wave with wavenum-
ber k, and is called the dispersion relation of the KAV equation.
Inverting the Fourier transform, we find that the solution is given by

u(z,t) = / Flk)eike—iw®)t g

Using the convolution theorem, we can write this solution as

u(z,t) = f*g(x,1),

where the star denotes convolution with respect to x, and

1 . T
o2 = G (- )

is the Green’s function of the Airy equation.
We consider the asymptotic behavior of this solution as t — oo with z/t = v
fixed. This limit corresponds to the large-time limit in a reference frame moving

with velocity v. Thus, we want to find the behavior as t — oo of
u(vt, t) = / h Fk)e e ®0)t g, (3.14)
where
p(k,v) = kv —w(k).
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The stationary phase points satisfy ¢ = 0, or
v=uw'(k).

The solutions are the wavenumbers & whose group velocity w’(k) is equal to v. It
follows that

3k% = v.

If v < 0, then there are no stationary phase points, and u(vt,t) = o(t™") as
t — oo for any n € N.

If v > 0, then there are two nondegenerate stationary phase points at k =
+ko(v), where

These two points contribute complex conjugate terms, and the method of stationary
phase implies that

2

mJ?(ko)eW(ko’”)’5_m/4 + c.c. as t — oo.

u(vt, t) ~

The energy in the wave-packet therefore propagates at the group velocity C' = ' (k),
C = 3k?,
rather than the phase velocity ¢ = w/k,
c=k>.
The solution decays at a rate of t~'/2, in accordance with the linear growth in t of

the length of the wavetrain and the conservation of energy,

o0
/ u?(z,t) dt = constant.
— 0o

The two stationary phase points coalesce when v = 0, and then there is a single
degenerate stationary phase point. To find the asymptotic behavior of the solution
when v is small, we make the change of variables

§
(3t)1/3

in the Fourier integral solution (3.14), which gives

uet) = (351/3 /_Z d ((351/3) i
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where
2/3¢
T 31/3

w =

It follows that as t — oo with t2/3v fixed,

2T~ . 12/3y
Thus the transition between oscillatory and exponential behavior is described by
an Airy function. Since v = z/t, the width of the transition layer is of the order
t'/3 in z, and the solution in this region is of the order t~!/3. Thus it decays more
slowly and is larger than the solution elsewhere.

Whitham [20] gives a detailed discussion of linear and nonlinear dispersive wave
propagation.

3.5 Laplace’s Method

Consider an integral

o= [ T H)er e ar,

where ¢ : R — R and f : R — C are smooth functions, and ¢ is a small positive
parameter. This integral differs from the stationary phase integral in (3.9) because
the argument of the exponential is real, not imaginary. Suppose that ¢ has a global
maximum at ¢ = ¢, and the maximum is nondegenerate, meaning that ¢”(c) < 0.
The dominant contribution to the integral comes from the neighborhood of ¢ = ¢,
since the integrand is exponentially smaller in ¢ away from that point. Taylor
expanding the functions in the integrand about ¢t = ¢, we expect that

I(e) ~ /f(c)e[so(CH%w”(c)(t—c)z]/edt

—00

Using the standard integral

we get

ome \'/?
I(e) ~ f(c) (|<P"(C)|> e?I/F as e — 0t

This result can proved under suitable assumptions on f and ¢, but we will not give
a detailed proof here (see [17], for example).
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Example 3.10 The Gamma function I' : (0,00) — R is defined by

(oo}
I(z) = / e "1 dt.
0
Integration by parts shows that if n € N, then
I'(n+1) =nl

Thus, the Gamma function extends the factorial function to arbitrary positive real
numbers. In fact, the Gamma function can be continued to an analytic function

r.c\{o,-1,-2,...} —-C
with simple poles at 0,—1,—2,....

Making the change of variables ¢t = xs, we can write the integral representation
of " as

1
I(z) = xx/ Zem?(®) g,
0

s
where
o(s) = —s+1logs.
The phase ¢(s) has a nondegenerate maximum at s = 1, where p(1) = —1, and

¢"(1) = —1. Using Laplace’s method, we find that

2w

1/2
) z%e”™ as x — oo.
x

I(z) ~ (

In particular, setting x = n + 1, and using the fact that

lim =e,
n—oo n

we obtain Stirling’s formula for the factorial,

n! ~ (2m)Y 20267 as i — oo
This expansion of the I'-function can be continued to higher orders to give:

9\ 1/2
F(:c)~<7r) xme*$[1+ﬂ+a—§+a—z+... as r — 00,
x r 2?2

1 1 139
M7 Ty 2T o BT TEL a0

288’
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3.5.1 Multiple integrals

Proposition 3.11 Let A be a positive-definite n X n matrix. Then

—1.T Ag _ (27T)n/2
/ne T A= A

Proof. Since A is positive-definite (and hence symmetric) there is an orthogonal
matrix S and a positive diagonal matrix D = diag[\, ..., \,] such that

A=STDS.

We make the change of variables y = Sz. Since S is orthogonal, we have |det S| = 1,
so the Jacobian of this transformation is 1. We find that

/e*%zT‘%d:ﬂ = /e*%yTDydy
n n

n
— 1.2
i=1/R

(271’)"/2
A1 )2
(27T)n/2
| det A|1/2

Now consider the multiple integral
Ie)= [ f(t)er®/eat.
Rn
Suppose that ¢ : R™ — R has a nondegenerate global maximum at ¢ = c¢. Then
1
o(t) = o(c) + §D2<p(c) (t—ct—c)+O(t—c?) ast—c
Hence, we expect that

I(g) ~ f(c)e[W(C)Jr%(t—c)TA(t—c)]/e dt,
R
where A is the matrix of DQ@(C), with components
_ P
00t

Aij (C)

Using the previous proposition, we conclude that

(2m)n/?

) (C)ew(C)/s.
|det D2p(c)|"/?
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3.6 The method of steepest descents

Consider a contour integral of the form

() = /C £ dz,

where C'is a contour in the complex plane, and f, h : C — C are analytic functions.

If h(x +iy) = p(x,y) +i(z, y) is analytic, then ¢, 1 : R? — R have no maxima
or minima, and critical points where h'(z) = 0 are saddle points of ¢, 1. The curves
( = constant, 1) = constant are orthogonal except at critical points.

The idea of the method of steepest descents is to deform the contour C' into a
steepest descent contour passing through a saddle point on which ¢ has a maximum
and 1 = constant, so the contour is orthogonal to the level curves of ¢. We then
apply Laplace’s method to the resulting integral. We will illustrate this idea by
deriving the asymptotic behavior of the Airy function, given by (3.13)

Ai(z) = % / et (ke tk?/3) g

To obtain the asymptotic behavior of Ai(z) as  — oo, we put this integral
representation in a form that is suitable for the method of steepest descents. Setting
k = 22z, we find that

Ai(z) = i951/21 (x3/2) )

27
where
I(\) :/ eAt37] gz
The phase

has critical points at z = +i.
Writing h = ¢ + @t in terms of its real and imaginary parts, we have

1
oz, y) =~y <1 + 2% — 3y2) :

1
U(zy) == (1 +37 - y2) :
The steepest descent contour ¢ (z,y) = 0 through z = ¢, or (x,y) = (0,1), is

1
y:1/1+§m2.
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When A > 0, we can deform the integration contour (—oo,00) upwards to this
steepest descent contour C, since the integrand decays exponentially as |z] — oo in
the upper-half plane. Thus,

I(\) = / et g,
c
We parameterize C by z(t) = x(¢t) + iy(t), where

z(t) = v/3sinht, y(t) = cosht.
Then we find that
0= [ foea,
where
f(t) = V3cosht + isinht,

8
(t) = cosht [2 —3 cosh? t] .

The maximum of ¢(t) occurs at t = 0, where

p(0)=-2/3, ¢'(0)=0, ¢"(0)=-6.

Laplace’s method implies that

- 1/2
0~ 10 () e

- ()"

It follows that

. 1 _93/2
Ai(z) ~ S1/2,1/4¢ 2e7/3 as & — o0. (3.15)

Using the method of stationary phase, one can show from (3.13) that the asymp-
totic behavior of the Airy function as x — —oo is given by

1
T R/

2
sin [3|x|3/2 + W] . (3.16)

Ai(z) 1

This result is an example of a connection formula. It gives the asymptotic behavior
as x — —oo of the solution of the ODE (3.12) that decays exponentially as z — oo.
This connection formula is derived using the integral representation (3.13), which
provides global information about the solution.
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Chapter 4

The Method of Matched Asymptotic
Expansions: ODEs

Many singularly perturbed differential equations have solutions that change rapidly
in a narrow region. This may occur in an initial layer where there is a rapid
adjustment of initial conditions to a quasi-steady state, in a boundary layer where
the solution away from the boundary adjusts to a boundary condition, or in an
interior layer such as a propagating wave-front.

These problems can be analyzed using the method of matched asymptotic ex-
pansions (MMAE), in which we construct different asymptotic solutions inside and
outside the region of rapid change, and ‘match’ them together to determine a global
solution. A typical feature of this type of problem is a reduction in the order of
the differential equation in the unperturbed problem, leading to a reduction in the
number of initial or boundary conditions that can be imposed upon the solution.
For additional information, see [3], [19].

4.1 Enzyme kinetics

Enzymes are proteins that act as catalysts. (There are also a smaller number of
enzymes, called ribozymes, that contain catalytic RNA molecules.) A substance
that is acted upon by an enzyme to create a product is called a substrate. Enzymes
are typically very specific and highly efficient catalysts — tiny concentrations of
enzymes compared with substrate concentrations are required.

For example, the enzyme catalase catalyzes the decomposition of hydrogen per-
oxide into water and oxygen, and one molecule of catalase can break up 40 million
molecules of hydrogen peroxide each second. As another example, carbonic anhy-
drase occurs in red blood cells, where it catalyzes the reaction COs+HsO <~ HoCOg
that enables the cells to transport carbon dioxide from the tissues to the lungs. One
molecule of carbonic anhydrase can process one million molecules of CO5 each sec-
ond.

Michaelis and Menton (1913) proposed a simple model of enzymatically con-
trolled reactions, in which the enzyme E and substrate .S combine to form a com-
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plex C, and the complex breaks down irreversibly into the enzyme and a product
P. Symbolically, we have

E+S+«—C—FE+P.
We let

denote the concentrations of the corresponding species.
According to the law of mass action, the rate of a reaction is proportional to the
product of the concentrations of the species involved, so that

% = —koes + (ko + k2) ¢,
% = —kjes + kgc,

% =kies — (ko + k2) ¢,
% = koc,

where ko, k1, ko are rate constants. We impose initial conditions
s(0) =s9, €(0)=-¢ey, ¢(0)=co, p(0)=0,

corresponding to an initial state with substrate and enzyme but no complex or
product.

The equation for p decouples from the remaining equations. Adding the equa-
tions for e and ¢, we get

%(6—1—0)20,

which implies that
e(t) + c(t) = eg.

Thus, the equations reduce to a pair of ODEs for s and c:

ds

E = —kieps + (kls + ]{?0) c,

d

d7§ = ki1e9s — (k‘ls + ko + kg) c,

$(0) = so, ¢(0) =0.
We introduce dimensionless quantities

_ s
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k’g k0+k2 €0
—Z k= — = = —

- /€18()7 k180 ’ S().
Then u, v satisfy
d
% =—u+ (u+k— Ao,
d
5% =u— (u+ kv, (4.1)

u(0) =1, v(0) =0,

where A > 0 and k£ > A.

The enzyme concentration is typically much less than the substrate concentra-
tion, and the ratio ¢ is usually in the range 1072 to 10~7. Thus, we want to solve
(4.1) when ¢ is small.

This is a singular perturbation problem because the order of the system drops
by one when € = 0, and we cannot impose an initial condition on the dimensionless
complex concentration v. As we will see below, what happens is this: there is
an initial rapid adjustment of the complex and enzyme concentrations to quasi-
equilibrium values on a time-scale of the order €. Then there is a slower conversion
of the substrate into the product on a time-scale of the order 1. We will construct
inner and outer solutions that describe these processes and match them together.

4.1.1 Owuter solution

We look for a straightforward expansion of the form

u(T,€) = ug(7) + euy (1) + O(e?),
v(1,€) = vo(7) + ev1 (1) + O(£?).

Using these expansion in (4.1), and equating the leading order terms of the order
€Y, we find that
duo

?:7UO+(U0+II€7)\)’U0,

OZUQ—(UQ+I€)UQ.

We cannot impose both initial conditions on the leading-order outer solution. We
will therefore take the most general solution of these equations. We will see, how-
ever, when we come to matching that the natural choice of imposing the initial
condition up(0) =1 is in fact correct.
From the second equation,
Ug
Ug + kE

Vo =

This complex concentration vy corresponds to a quasi-equilibrium for the substrate
concentration ug, in which the creation of the complex by the binding of the enzyme
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with the substrate is balanced by the destruction of the complex by the reverse
reaction and the decomposition of the complex into the product and the enzyme.
Substituting this result into the first equation, we get a first order ODE for ug(7):

dug _ o

dT o ’LL()+k

The solution of this equation is given by
uo(T) + klogug(t) = a — Ar,

where a is a constant of integration. This solution is invalid near 7 = 0 because no
choice of a can satisfy the initial conditions for both ug and vg.

4.1.2 Inner solution

There is a short initial layer, for times ¢t = O(g), in which u, v adjust from their
initial values to values that are compatible with the outer solution found above. We
introduce inner variables

T = g U(T,¢) = u(r,e), V(T,e)=u(r,e).

The inner equations are

au
av
C=U—(U+k)Y,

U(0,e) =1, V(0,e) = 0.
We look for an innner expansion

U(T,e) = Uy(T) + U (T) + O(e?),
V(T,e) = Vo(T) + eVi(T) + O(e?).

The leading order inner equations are

dUy

=Y _p

dT ’

dVy

— = Uy — (U, kYW,
aT o — (Uo + k)W,

Up(0) =1, V0(0) = 0.
The solution is
Up =1,
1

N —(1+k>T}_
Vo 1+/€|: &
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4.1.3 Matching

We assume that the inner and outer expansions are both valid for intermediate
times of the order ¢ < 7 < 1. We require that the expansions agree asymptotically
in this regime, where T'— oo and 7 — 0 as € — 0. Hence, the matching condition
is

Jim Up(T) = Tim uo(7),

Jim Vo(T) = lim, v(7).

This condition implies that

_ L
1+k’

which is satisfied when a = 1 in the outer solution. Hence

U'O(O) = 17 Vo (0)

uo(7) + klogug(r7) =1 — AT,
The slow manifold for the enzyme system is the curve
U
w4k

Trajectories rapidly approach the slow manifold in the initial layer. They then move
more slowly along the slow manifold and approach the equilibrium v = v = 0 as
7 — 00. The inner layer corresponds to the small amount of enzyme ‘loading up”
on the substrate. The slow manifold corresponds to the enzyme working at full
capacity in converting substrate into product.

A principle quantity of biological interest is the rate of uptake,

duo
ro = —/ .
dr =0
It follows from the outer solution that
A
rg = ——.
" T 1tk
The dimensional form of the rate of uptake is
ds
Ry = —
0 dt
_ Qs
so + km
where ) = koeg is the maximum reaction rate, and
ko + k
k= 0 1 K2
k1

is the Michaelis constant. The maximum rate depends only on ks; the rate limiting
stepis C — P+ E.
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For more information about enzyme kinetics, see [12].

4.2 General initial layer problems

Consider a dynamical system for x(t) € R™, y(t) € R™:

T = f(fE, y)7
ey = g(x,y)7 (42)
z(0) =20,  y(0) = yo.

Here, f : R™ x R" — R™, g : R™ x R™ — R™. Suppose that there is a function
@ : R™ — R" such that

g (z,p(x)) =0,

and for each fixed z € R™, the solution y = ¢(x) is a globally asymptotically stable
equilibrium of the ‘fast’ system

ey(t) = g (z,y(t)). (4.3)
Then the behavior of solutions of (4.2) is as follows:

(a) for t = O(g), there is a short initial layer in which x(¢) is nearly constant,
and close to its initial value zp, and y(t) changes rapidly from its initial
value to the quasi-steady state y = ¢(xg).

(b) for t = O(1), the solution is close to the slow manifold y = ¢(x) + O(e),
and x(t) satisfies

&= [z, p(x)).

If (4.3) does not have a unique globally stable equilibrium for every z € R™,
then more complex phenomena can occur.

An interesting example of a fast-slow system of ODEs arises in modeling the
phenomenon of bursting in pancreatic B-cells. These cells are responsible for pro-
ducing insulin which regulates glucose levels in the body. The (-cells are observed
to undergo ‘bursting’ in which their membrane potential oscillates rapidly, with
periods of the order of milliseconds. These oscillations stimulate the secretion of
insulin by the cell. The length of each bursting period is on the order of seconds,
and its length is influenced by the amount of glucose in the bloodstream. Thus,
this mechanism provides one way that the body regulates glucose.

The basic mathematical model of bursting [12] consists of a fast/slow system.
The fast system undergoes a Hopf bifurcation, corresponding to the appearance of
a limit cycle oscillation, as the slow variable increases. On further increase in the
slow variable the limit cycle disappears at a homoclinic bifurcation, and the fast
system switches to a stable quasi-steady states. A decrease in the slow variable
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leads to a saddle-node bifurcation which destroys this quasi-steady state. When
the fast system is in its limit-cycle state, it drives an increase in the slow variable,
and when the fast system is in its quasi-steady state it drives a decrease in the slow
variable. The overall effect of this dynamics is a periodic oscillation of the slow
variable on a long time scale which switches on and off the rapid periodic bursting
of the fast system.

4.3 Boundary layer problems

The following explicitly solvable model boundary-value problem for a second order
linear ODE illustrates the phenomenon of boundary layers:

ey’ +2y +y=0, O0<az<l, (4.4)
y(0)=0, y(1)=1

Here, the prime denotes a derivative with respect to x, and ¢ is a small positive
parameter. The order of the ODE reduces from two to one when ¢ = 0, so we
cannot expect to impose both boundary conditions on the solution. As we will see,
when ¢ is small, there is a thin boundary layer (of width the order of €) near x =0
where the solution changes rapidly to take on the boundary value.

4.3.1 E=xact solution

€T

The exponential solutions of this equation are y = €™ where

—1++1-—¢
m=————.

€
We write these roots as m = —a, —3/¢ where
1-+v1—-¢
ale) = ————
€
1
= 9 + 0(6)7
Ble) = 1++V1-¢
= 2+0().

The general solution is
y(z,e) = ae~ )7 4 pe=PE)T/e,

Imposing the boundary conditions and solving for the constants of integration a, b,
we find that
e—aT _ efﬁx/s

&)= ————.
y(@,e) = ——— 5
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Thus, the solution involves two terms which vary on widely different length-scales.

Let us consider the behavior of this solution as ¢ — 0. The asymptotic behavior
is nonuniform, and there are two cases, which lead to matching outer and inner
solutions.

a uter limat: © > xed and € — . en
()0 limi 0 fixed and 0t. Th

y(z,€) = yo(x),

where
67:0/2
yo(.fC) = 6_1/2 . (45)

This leading-order outer solution satisfies the boundary condition at z =1
but not the boundary condition at z = 0. Instead, yo(0) = /2.
(b) Inner limit: z/e = X fixed and € — 0". Then

y(eX,e) = Yo (X),

where
1—e2X
Yo(X) = Yo

This leading-order inner solution satisfies the boundary condition at = = 0,
but not the one at = 1, which corresponds to X = 1/e. Instead, we have
limy oo Yo(X) = /2.

(¢) Matching: Both the inner and outer expansions are valid in the region
€ € ¢ < 1, corresponding to x — 0 and X — oo as ¢ — 0. They satisfy
the matching condition

Let us construct an asymptotic solution of (4.4) without relying on the fact that
we can solve it exactly.

4.3.2 Quter expansion
We begin with the outer solution. We look for a straightforward expansion
y(z,e) = yo(a) +eyi (@) + O(?).

We use this expansion in (4.4) and equate the coefficients of the leading-order terms
to zero. Guided by our analysis of the exact solution, we only impose the boundary
condition at x = 1. We will see later that matching is impossible if, instead, we
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attempt to impose the boundary condition at z = 0. We obtain that
2y + Yo = 0,

The solution is given by (4.5), in agreement with the expansion of the exact solution.

4.3.3 Inner expansion

Next, we consider the inner solution. We suppose that there is a boundary layer at
x = 0 of width d(¢), and introduce a stretched inner variable X = x/6. We look for
an inner solution

Y(X,e) = y(x,¢).

Since

we find from (4.4) that Y satisfies

€ 1 2 !/

EY —+ gY +Y =0,
where the prime denotes a derivative with respect to X. There are two possible
dominant balances in this equation: (a) § = 1, leading to the outer solution; (b)
0 = ¢, leading to the inner solution. Thus, we conclude that the boundary layer
thickness is of the order ¢, and the appropriate inner variable is

x="1
€
The equation for Y is then
Y" 42" +eY =0,
Y (0,¢) = 0.

We impose only the boundary condition at X = 0, since we do not expect the inner
expansion to be valid outside the boundary layer where z = O(g).
We seek an inner expansion

Y (X,e) = Yo(X) +eY1(X) + O(e?)
and find that
Yy +2Y) =0,
Y5(0) = 0.
The general solution of this problem is

Yo(X)=c[1—e?¥], (4.6)
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where ¢ is an arbitrary constant of integration.

4.3.4 Matching

We can determine the unknown constant ¢ in (4.6) by requiring that the inner
solution matches with the outer solution (4.5). Here the matching condition is
simply that
lim yo(z) = lim Yo(X),
X —o00

z—0*t
which implies that

c=el?

In summary, the asymptotic solution as € — 07, is given by

y(z,e) = { el/2[1—e /] ase— 0F with a/e fixed,
) e—l‘/2+1/2 as & — 0+ with > 0 fixed.

A more systematic way to match solutions, which is useful in problems where
the behavior of the solution is not as simple, is to introduce an intermediate variable
& = xz/n(e), where e < n(e) < 1 as e — 0T, and require that the inner and outer
solutions have the same asymptotic behavior as ¢ — 0% with ¢ fixed for suitably
chosen 7. This requirement holds provided that both the inner and outer expansions
hold in an intermediate ‘overlap’ region in which = O(n).

4.3.5 Uniform solution

We have constructed two different inner and outer asymptotic solutions in two
different regions. Sometimes it is convenient to have a single uniform solution. This
can be constructed from the inner and outer solutions as follows:

Yuniform = Yinner + Youter — Yoverlap-

Here, the function Yoverlap is the common asymptotic behavior of the inner and
outer solutions in the matching region. Inside the boundary layer, we have youter ~
Yoverlaps SO Yuniform ~ Yinner- Away from the boundary layer, we have Yinner ~
Yoverlaps SO Yuniform ~ Youter- Lhus, in either case the uniform solution Yyniform has
the correct asymptotic behavior.

For the model ODE problem solved above, we have Yoverlap = el/ 2. and the
leading order uniform solution is given by

yuniform(x,&') = 61/2 [e—x/Q _ 6—2.2/5] )

There are systematic matching methods that provide higher-order matched asymp-
totic solutions, but we will not discuss them here. In general such expansions may
not converge, reflecting the singular nature of the perturbation problem. This can
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also be anticipated from the fact that the location of the boundary layer switches
abruptly from x = 0 to x = 1 as the sign of ¢ switches from positive to negative.

4.3.6 Why is the boundary layer at t =07

Suppose we impose the boundary condition at z = 0 on the outer solution and
look for an inner solution and a boundary layer at x = 1. The leading-order outer
solution g satisfies

2yp + yo = 0,
yO(O) = 07

so that
yo(z) = 0.

We look for an inner expansion y(z,e) = Y (X, ¢) in a boundary layer near z = 1,
depending on a stretched inner variable

x-1-7

€
The leading-order inner solution Y5 (X) = Y (X, 0) satisfies
YY) —2Y] =0,
Yo(0) = 1.
The solution is
Yo(X) =e*X +e.

In this case, the inner solution grows exponentially into to interior of the domain,
and Yp(X) — oo as X — oo. Thus, no matching with the outer solution is possible.

4.4 Boundary layer problems for linear ODEs

Consider the linear BVP

ey’ +alz)y +bx)y=0 0<z<l1,
y(0)=a,  y(1) =4,

where a,b : [0,1] — R are continuous functions, and «, § are constants.

The requirement that the inner, boundary layer solution decays exponentially
into the interior of the interval implies that if a(0) > 0, then a boundary layer can
occur at z = 0, and if a(1) < 0, then a boundary layer can occur at x = 1. Thus,
if @ does not change sign on [0, 1], the boundary layer can occur at only one end,
while if a changes sign, then more complicated behavior is possible:
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(a) if a(x) > 0, then the boundary layer is at x = 0;

(b) if a(x) < 0, then the boundary layer is at x = 1;

(¢) if a(x) changes sign and a’(x) > 0, then a boundary layer cannot occur at
either endpoint (in this case a corner layer typically occurs in the interior);

(d) if a(x) changes sign and a'(x) < 0, then a boundary layer can occur at both
endpoints.

The first two cases are treated by a straightforward modification of the expansion
for constant coefficients. The other two cases are more difficult, and we illustrate
them with some examples.

Example 4.1 Consider the BVP

ey +ay —y=0 —-l<z<l,
WD =1  y(1)=2.

This ODE can be solved exactly. One solution is y(z) = x. A second linearly
independent solution can be found by reduction of order, which gives

y(m) _ 67w2/(25) + %/671’2/(25) dr.

We will use the MMAE to construct an asymptotic solution without relying on an
exact solution.

The inner solution grows exponentially into the interior at either end, so we
cannot construct a boundary layer solution. We use instead left and right outer
solutions

y(z,€) = yo(@) + ey (@) + O(e?),

where

zyy — Yo = 0.

As we will see, matching implies that the left and right outer solutions are valid in
the intervals (—1,0) and (0, 1), respectively. Imposing the boundary conditions at
the left and right, we therefore get

—z ase— 0% with —1 < z < 0 fixed,
y(x7€) ~ + .
2x ase — 07 with 0 < x < 1 fixed.

These outer solutions meet at © = 0, where the coefficient of ¢’ in the ODE vanishes.
The outer solution has a ‘corner’ at that point.

We seek an inner solution inside a corner layer about x = 0. To find the
appropriate scalings, we introduce the inner variables

X
X = Y =nY,
57 ny,
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and use a dominant balance argument. The rescaled ODE is
€ / _
EY +XY'—-Y =0.

The dominant balance for the inner solution occurs when § = ¢!/2, and all three
terms are of the same order of magnitude. Matching the inner solution with the
left and right outer solutions, we find that

—0X as X — —oo,

Y ~
Y (X,e) {25X as X — oo.

We therefore choose n = 6.
The leading order inner solution is then given by

x
y(z,e) ~ 'Y, (@) 7
where Y;(X) satisfies

Y 4+ XY] - Yy =0,

Y(X)N{_X as X — —oo,
0 2X as X — oo.

In this case, the ODE does not simplify at all; however, we obtain a canonical
boundary value problem on R for matching the two outer solutions.
The solution of this inner problem is

X
Yo(X) = —X + e~ X712 +X/ e=t/2 dt] ,

3
V2T
and this completes the construction of the leading order asymptotic solution. (Other
problems may lead to ODEs that require the use of special functions.)

Example 4.2 Consider the BVP

ey —xy +y=0 —-1<ax<l,
y(~-1) =1, y(1)=2.

The coefficients of 4y and vy’ have the opposite sign to the previous example, and we
can find an inner, boundary layer solution at both x =0 and =z = 1.
The leading order outer solution y(z, ) ~ yo(x) satisfies

—zyh + yo = 0,
with solution
yo(z) = Cu,
where C' is a constant of integration.
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The inner solution near x = —1 is given by

1
e =y (FERe).

where Y(X, €) satisfies

Y+ (1—-eX)Y' +eY =0,
Y (0,e) = 1.

Expanding
Y(X,e) =Y(X)+eVi(X)+ ...,
we find that the leading order inner solution Yy (X) satisfies

Yy 4 Yy =0,
Yo(0) = 1.

The solution is
Vo(X)=1+A(1-e),

where A is a constant of integration.
The inner solution near x = 1 is given by

y(z,2) :Z(l_%)

€

where Z (X, ¢) satisfies

Z"+(1-eX)Z' +eZ =0,
Z(0,e) = 2.

Expanding
Z(X,e)=Zo(X)+eZ1(X)+...,
we find that the leading order inner solution Zy(X) satisfies

Zl + 7} =0,
Zo(0) = 2.

The solution is
Zo(X)=2+B(1—-e7),
where B is a constant of integration.
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The leading order matching condition implies that
Jim Yo(X) = tim_ yo(a),
JimZ5(X) = lim o),
or
1+A=-C, 2+B=C.
We conclude that
A=—-(1+0), B=C-2.

The constant C'is not determined by the matching conditions. Higher order match-
ing conditions also do not determine C. Its value (C' = 1/2) depends on the inter-
action between the solutions in the boundary layers at either end, which involves
exponentially small effects [13].

4.5 A boundary layer problem for capillary tubes

In view of the subtle boundary layer behavior that can occur for linear ODEs, it
is not surprising that the solutions of nonlinear ODEs can behave in even more
complex ways. Various nonlinear boundary layer problems for ODEs are discussed
in [3], [13], [19]. Here we will discuss a physical example of a boundary layer problem:
the rise of a liquid in a wide capillary tube. This problem was first analyzed by
Laplace [15]; see also [5], [14].

4.5.1 Formulation

Consider an open capillary tube of cross-section 2 C R? that is placed vertically in
an infinite reservoir of fluid (such as water). Surface tension causes the fluid to rise
up the tube, and we would like to compute the equilibrium shape of the meniscus
and how high the fluid rises.

According the the Laplace-Young theory, there is a pressure jump [p] across a
fluid interface that is proportional to the mean curvature k of the interface:

[p] = ok

The constant of proportionality o is the coefficient of surface tension.

We use (z,y) as horizontal coordinates and z as a vertical coordinate, where we
measure the height z from the undisturbed level of the liquid far away from the
tube and pressure p from the corresponding atmospheric pressure. Then, assuming
that the fluid is in hydrostatic equilibrium, the pressure of a column of fluid of
height z is pgz, where p is the density of the fluid (assumed constant), and g is the
acceleration due to gravity.
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If the fluid interface is a graph z = u(z,y), then its mean curvature is given by

Vu
(1 + |Vu|2>1/2

where V denotes the derivative with respect to the horizontal coordinates. Choosing
the sign of the pressure jump appropriately, we find that u satisfies the following
PDE in ©

oV - _Vu = pgu.

(1 + |Vu\2)1/2

The boundary condition for the PDE follows from the fact that the fluid makes a
fixed angle 0,,, called the wetting angle, with the wall of the tube. Hence on the
boundary 02, we have

ou
ai’n, = tan 00,

where 0y = 7/2 — 6,,. For definiteness, we assume that 0 < 6y < /2.
Let a be a typical length-scale of the tube cross-section (for example, the radius
of a circular tube). We introduce dimensionless variables

z «_ Y

2y . le = in Q,
(1 + |Vu\2)
@ = tan g on 012,
on
where
s O
 pga?’

We define the capillary length-scale

0=/
P9
This a characteristic length-scale for the balance between surface-tension and grav-
ity forces, and we expect the fluid to rise up the tube by an amount of this order.
We can write ¢ = ¢/a, meaning that it is the ratio of the capillary length-scale to
the width of the tube. When € > 1, we have a ‘narrow’ tube, and when ¢ < 1 we
have a ‘wide’ tube.
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4.5.2 Wide circular tubes

We now specialize to the case of a cylindrical tube with circular cross-section. In
view of the symmetry of the problem, we expect that the height of the interface
z = u(r, ) depends on the radial coordinate r = (22 +y?)'/2, and the PDE reduces
to an ODE,

2 / !

= Lﬂz =u n0<r<l,
"o+ (w)?]

u'(0) =0, u' (1) = tan .

Here, the prime denotes a derivative with respect to r. The surface must have zero
slope at r = 0 if it is to be smooth at the origin.

We will obtain an asymptotic solution for a wide circular tube, corresponding to
the limit € — 0.* In this case, we expect that the fluid interface is almost flat over
most of the interior of the tube (so that v’ <« 1, which linearizes the leading order
equations), and rises near the boundary r = 1 to satisfy the boundary condition.
We will obtain and match three leading-order asymptotic solutions:

(a) an inner solution valid near r = 0;

(b) an intermediate solution valid in 0 < r < 1 (as we will see, this solution is
the large-r limit of the inner solution, and matches with the boundary layer
solution at r = 1);

(¢) a boundary layer solution valid near r = 1.

Our main goal is to compute an asymptotic approximation as ¢ — 0 for the
height of the fluid at the center of the cylinder. The result is given in (4.13) below
— the height is exponentially small in €.

(a) The inner solution. We look for an inner solution near r = 0 of the form

u(r,e) = AU(R, ¢), R=—, (4.7)

> 3

where we will determine the scaling parameters A(¢), 0
inant balance argument.
The slope u’ of the interface is of the order

—~

¢) by matching and a dom-

a = —.

)
Using (4.7) in the ODE, we get

s1f  owre ',
02 R [1+a2(U’)2]1/2 -

*An asymptotic solution can also be obtained for a narrow circular tube, an easier case since the
problem is a regular perturbation problem as € — oo.
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where the prime denotes a derivative with respect to R. The dominant balance is
0 = €, so the inner solution holds in a region of radius of the order £ about the
origin.

The inner equation is then

1 RU /
R { 1+ a?(U’)Q]W} -

Since we expect that the interface is almost flat in the interior, we assume that
a =0(1) as € — 0. (This assumption is consistent with the final solution, in which
A is exponentially small in €.)

The leading order inner solution U(R,e) ~ Uy(R) then satisfies the linear
equation

1
= (RUY = U,
Us(0) = 0.

We do not attempt to impose the boundary condition at » = 1, or R = 1/§, since
we do not expect the inner solution to be valid in the boundary layer where v’ is of
the order one.

We choose the parameter A in (4.7) so that Up(0) = 1. Thus, to leading order
in g, X is the height of the fluid at the center of the tube. It follows that

Uo(R) = Ih(R),

where I is the modified Bessel function of order zero, which satisfies [17]

1
= (RI})) —Io = 0,
I(0) =1, I(0) = 0.

A power series expansion shows that there is a unique solution of this singular TVP.
The solution has the integral representation

1 s
Iy(R) = 7/ efeost gt
0

7r
This function satisfies the initial conditions, and one can verify that it satisfies the
ODE by direct computation and an integration by parts:

1
R

1 [" . 1 i .
= 7/ (cos2t—1) eRC‘)”dt—l——/ costeftoost gt
Y 0 R7T 0

1
E(M())LIO = I —Ip+ =1}

eR cost

1 [7 1 /7
= —f/ sin® ¢ T cost dt 4 f/ (sint)’
™ Jo 0

T
= 0.

dt

66



The asymptotic behavior of Ip(R) as R — oo can be computed from the integral
representation by Laplace’s method, and it grows exponentially in R. The phase
cost has a maximum at ¢ = 0, and

Ip(R) ~ l/OO R(=32) gt

e

T Jo

R [e'e]
e 2

~ €7Rt /2 dt

™ Jo

€R

27T R

Hence, the outer expansion of this leading-order inner solution is

oR
Uo(R) ~ IR as R — oo. (4.8)

(b) Intermediate solution. In the region 0 < r < 1, we expect that v’ < 1. The
leading order intermediate solution u(r,e) ~ ug(r,€) then satisfies

52 7N\
— (rug)” = uo. (4.9)

This is the same equation as the one for the inner solution, so the inner solution
remains valid in this region. Nevertheless, it is instructive to obtain the asymptotic
behavior of the solution directly from the ODE.

Away from r = 0, the solutions of (4.10) depend on two different length-scales:
exponentially on a length-scale of the order € and more slowly on a length-scale of
the order one, arising from the dependence of the coefficients of the ODE on r due
to the cylindrical geometry.

To account for this behavior, we use the WKB method, and look for solutions
of the form

uo(r,e) = a(r,e)e? /e, (4.10)
One motivation for this form is that the constant-coefficients ODE obtained by

‘freezing’ the value of r at some nonzero constant value,

e2uf = uy,

has solutions
ug = ae*’/E,

where a is a constant. When the coefficients in the ODE depend upon r, we allow
the amplitude a and the phase ¢(r) = £r to depend upon r in an appropriate way.
Using (4.10) in (4.9), and rewriting the result, we find that
/2 [ 1 Y 21 n
a(p’) +e|2d'¢ —&-a;(rgo) +e ;(ra) = a.
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We seek an asymptotic expansion of a,
a(rye) ~ag(r) +ear(r) + ... as € — 0.

Using this expansion in (4.5.2), expanding, and equating coefficients of €° we find
that

ag [(gp')2 —1] =o0.

Hence, if ag # 0, we must have
(¢) =1.

Omitting the constants of integration, which can be absorbed into a, the solutions
are

o(r) = +r.

Equating coefficients of € and simplifying the result, we find that

1
!

—ag = 0.
ag + 2Ta0

The solution is

where A is a constant.
We therefore obtain that

Ay, A
uo(r)wrl—;;e/a—i—me /e,

Matching this solution as 7 — 0% with the the inner solution at r = 0, whose outer
expansion is given in (4.8), and using R = r/e, Uy = Aug, we find that there are no
terms that grow exponentially as 7 — 0% so A_ = 0, and

[ e
AL = —.
+=A 2

Thus, the outer expansion of the inner solution (4.8) is valid as € — 0 in the interior
0 < r <1, and the leading order behavior of the solution is given by

u(r,e) ~ Ay / ;?er/a as e — 0. (4.11)

Here, the height A(e) of the interface at the origin remains to be determined. We
will find it by matching with the solution in the boundary layer.
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(¢) The boundary layer solution. Since u/(1,¢) = tanfy > 0, we expect that
the slope u’ of the interface is of the order one in a boundary layer near r = 1. We
therefore look for an inner boundary layer solution of the form

1_
u(rie) = U(X,e), X =~ "

A dominant balance argument gives § = ¢, and then U satisfies the ODE

/
1 1-ex)U" | _ U
L—eX |1+ (U/)2]1/2 -
where the prime denotes a derivative with respect to X. The boundary conditions
are

U'(0,e) = —tan by, U'(X,e) =0 as X — oo.

The condition as X — oo is a matching condition, which would need to be refined
for higher-order approximations.
As e — 0, we have U(X,¢) ~ Uy(X) where Uy(X) satisfies the following BVP

v\
W :UO O<X<OO,
0

U5(0) = — tan 6y,
Uy(X) —0 as X — cc.

The ODE is autonomous, corresponding to a two-dimensional planar problem, and
(unlike the cylindrical problem) it can be solved exactly.

To solve the equation, it is convenient to introduce the angle b > 0 of the
interface, defined by

tan = —U|. (4.12)

We will use ¢ as a new independent variable, and solve for Uy = Up(¢) and X =
X (). The change of variables X — ¢ is well-defined if U} is strictly decreasing,
as is the case, and then X = 0 corresponds to 1) = 6y and X = oo corresponds to
P = 0.

Differentiating (4.12) with respect to X, and writing X-derivatives as d/dX, we
find that

dy Uy
X = axe cos” .
The ODE implies that
d*Uy/ 3
X2 = Uy sec” 1.
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It follows that

dip
IxX = —Up sec ).

Using this result, the definition of 1, and the equation
dUy _ dUy dX
dy  dX dy’

we find that Up, X satisfy the following ODEs:

@ _siny
dy U’
dX  cosvy

dp Uy

The boundary conditions on X (i) are
X (6p) =0, X () — o0 asyp— 0.
The solution for Uy is
Uo(v) = v/2(k — cosv),
where k is a constant of integration. The solution for X is

1 % cost
X = — — dft,
W) V2 /)y Vk—cost

where we have imposed the boundary condition X (6y) = 0. The boundary condition
that X — 0o as 9 — 0 implies that £ = 1, and then

1 [
o) =2sin Y, X() =1 / st
2 2 ¢ Sing

Evaluating the integral for X, we get

1 [% t t
X () 3 /w (COSGC 5~ sin 2) dt

t fo
logtan — 4 2 cos =
4 2],

0 0
= logtanzo +200550 —1ogtan% — 2COS%.

The asymptotic behaviors of Uy and X as 1) — 07 are given by

Uo(v) = ¢ +o(1),
Y

0 0
X (@) zlogtanzo +200550 —1ogz — 24 0(1).
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It follows that the outer expansion of the leading-order boundary layer solution is
bo —45sin?(00/4) ,.— X
Up(X) ~ 4tan 7)€ o/ %e as X — oo.

Rewriting this expansion in terms of the original variables, u ~ eUp, r = 1 — X,
we get

U(T7 5) ~ 4¢ tan (ezf) 6_4Sin2(90/4)e—1/867'/e.

The inner expansion as r — 17 of the leading order intermediate solution in

(4.11) is
€
~ Ay | — T/E.
u(r, €) v/ 5 ¢
These solutions match if

A = 4tan (HZE) e=4sin*(00/4) \/orce—1/e,
Thus, we conclude that

(7] .
u(0,€) ~ 4tan (Zf) e 4sin*(00/) [oree1/e as e — 0. (4.13)
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Chapter 5
Method of Multiple Scales: ODEs

The method of multiple scales is needed for problems in which the solutions depend
simultaneously on widely different scales. A typical example is the modulation of
an oscillatory solution over time-scales that are much greater than the period of
the oscillations. We will begin by describing the Poincaré-Lindstedt method, which
uses a ‘strained’ time coordinate to construct periodic solutions. We then describe
the method of multiple scales.

5.1 Periodic solutions and the Poincaré-Lindstedt expansion

We begin by constructing asymptotic expansions of periodic solutions of ODEs. The
first example, Duffing’s equation, is a Hamiltonian system with a family of periodic
solutions. The second example, van der Pol’s equation, has an isolated limit cycle.

5.1.1 Duffing’s equation

Consider an undamped nonlinear oscillator described by Duffing’s equation
y' +y+ey’ =0,

where the prime denotes a derivative with respect to time ¢t. We look for solutions
y(t,€) that satisfy the initial conditions

y(0,e) =1, y'(0,¢) = 0.
We look for straightforward expansion of an asymptotic solution as &€ — 0,
y(t,e) = yo(t) + ey (t) + O(?).
The leading-order perturbation equations are

Yo +yo =0,
yO(O) =1, yé(O) =0,
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with the solution
yo(t) = cost.
The next-order perturbation equations are

Y+ +yp =0,
11(0) =0, 3;(0) =0,

with the solution
() L [cos 3t ] 3 sint
= — [cos 3t — cost] — —tsint.
n 32 8

This solution contains a secular term that grows linearly in ¢. As a result, the
expansion is not uniformly valid in ¢, and breaks down when ¢ = O(e) and ey; is
no longer a small correction to ¥q.

The solution is, in fact, a periodic function of t. The straightforward expansion
breaks down because it does not account for the dependence of the period of the
solution on €. The following example illustrates the difficulty.

Example 5.1 We have the following Taylor expansion as € — 0:
cos [(1 +¢)t] = cost — etsint + O(e?).
This asymptotic expansion is valid only when ¢ < 1/e.

To construct a uniformly valid solution, we introduced a stretched time variable
T =w(e)t,

and write y = y(7,e). We require that y is a 27-periodic function of 7. The choice
of 27 here is for convenience; any other constant period — for example 1 — would
lead to the same asymptotic solution. The crucial point is that the period of y in 7
is independent of & (unlike the period of y in t).

Since d/dt = wd/dr, the function y(7,e) satisfies

1

+y+ey® =0,
y(0,e) =1, y'(0,e) =0,
y(T + 2m,e) = y(r,€),

wzy

where the prime denotes a derivative with respect to 7.
We look for an asymptotic expansion of the form

y(76) = yo(1) + epn (1) + O(?),
w(e) = wo + ewy + O(e2).
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Using this expansion in the equation and equating coefficients of €°, we find that

woyo +yo =0,
yO(O) =1, yé)(o) =0,
Yo (T + 2m) = yo(7).

The solution is

yo(7) = cos T,

wo = 1.
After setting wg = 1, we find that the next order perturbation equations are

y! +y1 + 215 + v =0,
y1(0) =0, ¥;(0) =0,
yi (T + 2m) = y1 (7).

Using the solution for yg in the ODE for y;, we get

Yyl +y1 = 2wicosT —cos®T
3 1
= <2w1 — 4) COST — 1 cos 37.
We only have a periodic solution if
oy =3
1 — 87

and then
(1) = o5 lcos 37 — cos]
y1(t) = 55 [eos 3T — cos 7).
It follows that
1

y = coswt + 39° [cos 3wt — coswt] + O(e?),
3

w:1+§s+0@%

This expansion can be continued to arbitrary orders in €.
The appearance of secular terms in the expansion is a consequence of the non-
solvability of the perturbation equations for periodic solutions.

Proposition 5.2 Suppose that f : T — R is a smooth 2m-periodic function, where
T is the circle of length 27. The ODE

v +y=1rf
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has a 2m-periodic solution if and only if
/f(t)costdt:(), /f(t)sintdt:O.
T T

Proof. Let L?(T) be the Hilbert space of 27-periodic, real-valued functions with
inner product

)= [ w00t
We write the ODE as
Ay =,
where
2

A=—+1
dt2+

Two integration by parts imply that
Az = [y o) d
T
[+ za
T

= (Ay,2),

meaning that operator A is formally self-adjoint in L?(T). Hence, it follows that if
Ay = f and Az =0, then

<f7 Z> = <Ay7 Z>
= <y7 AZ>
= 0.

The null-space of A is spanned by cost and sint. Thus, the stated condition is
necessary for the existence of a solution.

When these solvability conditions hold, the method of variation of parameters
can be used to construct a periodic solution

y(t) =
Thus, the conditions are also sufficient. O
In the equation for y;, after replacing 7 by ¢, we had
f(t) = 2wy cost — cos 3t.

This function is orthogonal to sin¢, and

(f,cost) =27 {2w1C082t - cos4t} )
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where the overline denotes the average value,

— 1
fzg/qrf(t)dt

1 -
cos2t = 2 costt = —,

Since

the solvability condition implies that wy = 3/8.

5.1.2 Van der Pol oscillator

We will compute the amplitude of the limit cycle of the van der Pol equation with
small damping,

y”+5(y2—1)y’+y20.

This ODE describes a self-excited oscillator, whose energy increases when |y| < 1
and decreases when |y| > 1. It was proposed by van der Pol as a simple model of a
beating heart. The ODE has a single stable periodic orbit, or limit cycle.

We have to determine both the period T'(¢) and the amplitude a(e) of the limit
cycle. Since the ODE is autonomous, we can make a time-shift so that y'(0) = 0.
Thus, we want to solve the ODE subject to the conditions that

y(t+T,e) =y(t,e),

y(0,¢) = a(e),
y'(0,¢) = 0.

Using the Poincaré-Lindstedt method, we introduce a strained variable
T = wt,
and look for a 2m-periodic solution y(7,e), where w = 27/T. Since d/dt = wd/dr,

we have

Wy +ew (v — 1)y +y =0,

y(r +2m, s)—yw e),

y(0,e) =
y'(0,e) =0,

where the prime denotes a derivative with respect to 7 We look for asymptotic
expansions,

y(1,€) = yo(7) +ey(7) + O(?
w(e) = wo + ewr + O(?),
a(e) = ag + ea; + O(£%).
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Using these expansions in the equation and equating coefficients of %, we find that
wiyo + yo =0,
Yo(T + 27) = yo(7),
yO(O) = aop,
y0(0) = 0.
The solution is
yo(T) = ag cosT,
wo = 1.
The next order perturbation equations are
Y +y1+ 2wiyg + (5 — 1) yo = 0,
y1(7 +2m) = y1(7),
y1(0)
¥1(0) = 0.

Using the solution for yg in the ODE for y;, we find that

ay,

Yy +y1 = 2wi cosT + ag (ag cos? T — 1) sin 7.

The solvability conditions, that the right and side is orthogonal to sin7 and cos T
imply that

1, 1 0 0
—ag— -ap =0, w3 =0.
g0 2™ !
We take ag = 2; the solution ag = —2 corresponds to a phase shift in the limit cycle

by m, and ag = 0 corresponds to the unstable steady solution y = 0. Then
. 3 .
y1(7) = ~2 sin 37 + 1 sin7 + o cosT.

At the next order, in the equation for y,, there are two free parameters, (a1, ws),
which can be chosen to satisfy the two solvability conditions. The expansion can
be continued in the same way to all orders in €.

5.2 The method of multiple scales
Mathieu’s equation,
y" 4+ (1 +2ecos2t)y =0,

describes a parametrically forced simple harmonic oscillator, such as a swing, whose
frequency is changed slightly at twice its natural frequency.
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5.3 The method of averaging

Consider a system of ODEs for z(t) € R™ which can be written in the following
standard form

' =ef(z,t,e). (5.1)

Here, f : R™ x R x R — R"” is a smooth function that is periodic in ¢. We assume
the period is 27 for definiteness, so that

fla,t+2m,6) = flate).

Many problems can be reduced to this standard form by an appropriate change of
variables.

Example 5.3 Consider a perturbed simple harmonic oscillator
y'+y=chly,ye).

We rewrite this equation as a first-order system and remove the unperturbed dy-
namics by introducing new dependent variables © = (x1,x2) defined by

y _ cost sint T
y' )\ —sint cost x9 )
We find, after some calculations, that (z1,z2) satisfy the system

x) = —eh (z1 cost + zosint, —x; sint + x5 cost, €) sint,

xh = eh (w1 cost + zosint, —xy sint + x5 cost, ) cost,
which is in standard periodic form.

Using the method of multiple scales, we seek an asymptotic solution of (5.1)
depending on a ‘fast’ time variable ¢t and a ‘slow’ time variable 7 = &t:

x = z(t,et, e).

We require that x(¢,7,¢) is a 2m-periodic function of ¢:

x(t+ 2m,1,¢) = x(t, T, €).
Then (¢, 7,¢) satisfies the PDE

T +ex, = f(z,t,¢).
We expand
x(t,1,6) = xo(t, 7) + ex1(t,7) + O(?).

At leading order, we find that

Tot = 0.
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It follows that xg = xo(7) is independent of ¢, which is trivially a 2m-periodic
function of ¢. At the next order, we find that x; satisfies

X1t + Tor = f (.’EQ, t, 0) R (52)
x1(t 42w, 7) = 21 (¢, 7).

The following solvability condition is immediate.

Proposition 5.4 Suppose f : R — R” is a smooth, 2m-periodic function. Then
the n x n system of ODEs for z(t) € R",

has a 27-periodc solution if and only if

1 2m
— t)dt =0.
5 [ 1

Proof. The solution is

x(t) = z(0) —|—/O f(s)ds.

We have

t+2m
(i + 27) — a(t) :/ F(s)ds,
t
which is zero if and only if f has zero mean over a period. |

If this condition does not hold, then the solution of the ODE grows linearly in
time at a rate equal to the mean on f over a period.

An application of this proposition to (5.2) shows that we have a periodic solution
for z; if and only if x( satisfies the averaged ODEs

Tor = f (l‘o) 5
where
_ 1 27
f(z) = Py f(z,t,0)dt.
™ Jo

Example 5.5 Returning to the van der Pol equation...

First we state the basic existence theorem for ODEs, which implies that the

solution of (5.1) exists on a time imterval ofthe order 1.

Theorem 5.6 Consider the IVP



where f : R"xT — R" is a Lipschitz continuous function of z € R™ and a continuous
function of t € T. For R > 0, let

Br(zg) ={z e R" | |z — x0| < R},

where | - | denotes the Euclidean norm,

n
EEDNEAS
i=1
Let

M= sup |f(z,t)]
zE€BR(zo),teT

Then there is a unique solution of the IVP,
x:(=T/e,T/e) — Br(zg) CR"

that exists for the time interval [t| < T'/e, where

T=>"
M

Theorem 5.7 (Krylov-Bogoliubov-Mitropolski) With the same notation as
the previous theorem, there exists a unique solution

T:(-T/e,T/e) — Br(xzo) C R"”

of the averaged equation

where

Assume that f: R” x T — R" is continuously differentiable. Let 0 < R < R, and
define

R
T=—, M= sup |f(z, )]
M z€B(x0),t€T

Then there exist constants eg > 0 and C' > 0 such that for all 0 < e < g

lz(t) —T(t)]| < Ce  for |t| <T/e.
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A more geometrical way to view these results is in terms of Poincaré return
maps. We define the Poincaré map P¢(tg) : R®™ — R™ for (5.1) as the 2w-solution
map. That is, if x(¢) is the solution of (5.1) with the initial condition z(tg) = xo,
then

Pa(to)xo = $(t0 + 27T).

The choice of tg is not essential here, since different choices of ¢y lead to equivalent
Poincaré maps when f is a 2m-periodic function of ¢. Orbits of the Poincaré map
consist of closely spaced points when ¢ is small, and they are approximated by the
trajectories of the averaged equations for times ¢ = O(1/¢).

5.4 Perturbations of completely integrable Hamiltonian systems

Consider a Hamiltonian system whose configuration is described by n angles x € T"
with corresponding momenta p € R™. The Hamiltonian H : T” x R™ — R gives the
energy of the system. The motion is described by Hamilton’s equations

de OH dp 0H

dt — op’ dt Oz’
This is a 2n x 2n system of ODEs for z(t), p(t).
Example 5.8 The simple pendulum has Hamiltonian

1
H(xz,p) = 5]92 + sinz.

A change of coordinates (z,p) — (&,p) that preserves the form of Hamilton’s
equations is called a canonical change of coordinates. A Hamiltonian system is
completely integrable if there exists a canonical change of coordinates (z,p) — (@, I)
such that H = H(I) is independent of the angles ¢ € T's™. In these action-angle
coordinates, Hamilton’s equations become

dp OH al

a "o a %

Hence, the solutions are I = constant and

o(t) = w(I)t + o,

where
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5.5 The WKB method for ODEs

Suppose that the frequency of a simple harmonic oscillator is changing slowly com-
pared with a typical period of the oscillation. For example, consider small-amplitude
oscillations of a pendulum with a slowly varying length. How does the amplitude
of the oscillations change?

The ODE describing the oscillator is

"' +w(et)y =0,

where y(t,¢) is the amplitude of the oscillator, and w(et) > 0 is the slowly varying
frequency.

Following the method of multiple scales, we might try to introduce a slow time
variable 7 = et, and seek an asymptotic solutions

y=yo(t,7) +eyi(t, 7) + O(?).
Then we find that

Yorr + w?(T)yo = 0,
y0(0) = a, yu(0) =0,

with solution
Yo(t,7) = acos [w(7)t].
At next order, we find that
Y1 + w’y1 + 2yor = 0,
or
Y1t + Wy = 2aww,t coswt.

We cannot avoid secular terms that invalidate the expansion when ¢ = O(1/¢). The
defect of this solution is that its period as a function of the ‘fast’ variable ¢ depends
on the ‘slow’ variable 7.

Instead, we look for a solution of the form

y=y(0,7,¢),
1
0 = —y(et), T = et,
€
where we require y to be 27-periodic function of the ‘fast’ variable 6,
y(0 +2m,7,e) = y(0,7,€).

The choice of 27 for the period is not essential; the important requirement is that
the period is a constant that does not depend upon 7.
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By the chain rule, we have

% = p,;0p +€0;,
and
Y’ = (pr) Yoo + € {20:Yor + Prro} + 2yrr.
It follows that y satisfies the PDE
(0+)° Yoo + w?y + € {2087 + Prrye} + €%Yrr = 0.
We seek an expansion
y(0,7,¢) = yo(0,7) +eyi(0,7) + O(?).
Then
(¢-)” yose + w?yo = 0.

Imposing the requirement that yg is a 2w-periodic function of 8, we find that

2
(SDT) = w27

which is satisfied if
o(r) = /Tw(o) do.
0
The solution for yg is then
yo(0,7) = A(1)e" + c.c.,

where it is convenient to use complex exponentials, A(7) is an arbitrary complex-
valued scalar, and c.c. denotes the complex conjugate of the preceeding term.
At the next order, we find that

w? (y100 + 1) + 2wYoor + wryos = 0.

Using the solution for yg is this equation, we find that
w? (Y100 + 1) +i QwA, +w,A) e +c.c.=0.
The solution for y; is periodic in € if and only if A satisfies
2wA; +w,A=0.
It follows that
(l4]%), =0,

so that

w|A|* = constant.
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Thus, the amplitude of the oscillator is proportional to w2 as its frequency
changes.

The energy E ofthe oscillator is given by
1 g 1
E = ) +5y°
5 W)+ 5y

= —w?A)%

Thus, E/w is constant. The quantity E/w is called the action. It is an example of
an adiabatic invariant.
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