FORMAL METHODS FOR DIFFERENTIAL EQUATIONS

VISHAL VASAN

CONTENTS
1. Introduction 1
2. Linear equations 2
3. Some algebraic examples 3
4. A nonlinear oscillator 8
5. Nonlinear wave equation 13
6. Korteweg-de Vries—Nonlinear Schrodinger 18
7. Weakly-nonlinear shallow water-waves 22
8. Quasi-geostrophic theory 24
9. A coupled system of Bose-Einstein condensates 24
10. Damped Korteweg-de Vries 28
11. Spectrum of a real symmetric matrix 29

1. INTRODUCTION

In this set of notes, I want to introduce a set of formal methods that are useful
in analysing nonlinear partial differential equations. Typically, these methods are
called “perturbation methods” or “the method of multiple scales” and are part of
the broader subject of Asymptotic analysis. I prefer the term Formal Methods to
emphasise that much of material presented here is of a formal nature, mathemati-
cally speaking. These notes do not involve proofs nor will we be concerned about
convergence issues. That said, there is considerable literature attempting to make
rigorous the results obtained via these formal methods. *

The main goal of these notes is to introduce the unified manner in which one can
analyse weakly nonlinear differential equations. Such equations are typically of the

1t seems to me that mathematicians and non-mathematicians use the word formal in two com-
pletely opposite senses. To the working scientist, a formal argument is a mathematical argument
whereas for a mathematician, a formal argument is precisely one that is not substantiated or is
lacking a degree of rigour.
1
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form
Lg+¢eN(q) =0,

where L is some linear operator, € is a small real parameter and N is a nonlinear
function of q. We will see many examples of such equations that arise in a number
of applications. In some applications, € is a genuinely small physical parameter and
in other cases it is a formal parameter (which may or may not be small).

In all cases, we wish to find ‘approximate’ solutions to these equations. The word
approximate is placed in quotation marks since we will not define any norm nor
quantify how accurate our approximations are. Furthermore, the emphasis is not on
deriving the approximate solution, but equations satisfied by approximate solutions.
As it turns out, often the approximate equations are of a universal character: the
same equation appears in multiple contexts. Also, often times, the equation satisfied
by the approximate solution is simpler either by involving fewer variables or having
a very specific structure or just simpler to interpret the physics content.

2. LINEAR EQUATIONS

The main mathematical result we require is the Fredholm alternative. Sticking to
the formal nature of these notes, I won’t give a precise statement. Rather I will give
a more informal description. Firstly we state the problem. We wish to solve

Ax =b,

where z,b € R" are vectors and A is a (real-valued, say) matrix. If det A # 0
(equivalently, A has no zero eigenvalue), then A is an invertible matrix. In such a
case, we can solve the above equation for x to obtain

x=A"1D

Moreover, we can find x no matter what b is. Said another way, when det A # 0, for
every vector b € R™ there is a vector x such that Ax = b.

A more interesting scenario, and relevant for our purposes, is when det A = 0.
Clearly, now A is not invertible and hence we can’t solve for x. The vanishing
determinant is equivalent to imposing the linear dependence of the columns of A. In
general, the range of A is given by the span of the columns of A.

Definition 2.1. The span of a set of vectors {v;}I, is the set of all vectors of the
form Y. a;v; where a; are any real scalars. In other words, the span consists of all
possible linear combinations of v;.

When the columns of A are all linearly independent, then the span of A is the
whole space R™. This is precisely why we can solve Az = b for any b. Any vector
b can be placed on the right-hand side of the equality. On the other hand, when
the columns of A are linearly dependent, then the span of A is not the full space.
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Naively this implies we cannot solve Ax = b for any b but only some special b which
lie in the range of A.

The above argument can be made a bit more precise. Consider the equation
Ax = b where det A = 0 and take an inner product with a vector y. This leads to

(1) y' Az = y'b = (ATy)x = yb.

If we chose y so that ATy = 0 then clearly y’b = 0 and hence b must be orthogonal
to all such y. Since we assumed det A = 0, there certainly exist such vectors y (both
A and AT have the same eigenvalues and thus A7 has a null-space).

To summarise, given a square matrix A

e Either det A # 0 and then we can solve Ax = b given any vector b,

e Or det A = 0 and then we can solve Az = b only if y7b = 0 for all y such that
ATy = 0. In such a case, clearly the solution is not unique (we can always
add any vector v, such that Av = 0, to the solution).

The above is an informal statement of the Fredholm alternative. I will leave it as
a simple exercise to see how things change if the vectors and matrices we considered
were complex valued. Our main interest in discussing the Fredholm alternative is to
establish the necessary condition for a solution, namely y7b = 0 for all y such that
ATy =0, when det A = 0.

The Fredholm alternative is actually true in a much wider context and indeed we
will frequently make use of it to find necessary conditions to solve linear systems of
differential equations.

3. SOME ALGEBRAIC EXAMPLES

Though most of the examples in these notes are related to differential equations
(specifically partial differential equations), we start with a couple of examples related
to algebraic equations. The hope is to investigate the role of the Fredholm alternative
in solving nonlinear equations in a slightly more familiar context. Consider the
following system of equations

1 2\ (= 3+ xz\ (0
o ()G
We wish to solve the above equations for the vector z = [z, x5]". The above can
easily be placed in the generic form Lz +eN(z) = 0 by simply rescaling the unknown

x — ex, for e € R. We then consider solutions z which are given by a power series
in €. Since N, the nonlinear operator, is also polynomial in z, we expect the entire
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left-hand side Lz + eN(x) to be a power series in €. Hence we assume

(“) () e () + o)

%) :zcgo) :Bél) 7

substitute the above into Lz + eN(z) = 0 and gather terms of like powers in e. This
leads to

5 o (3 3 ()= () = () -).

since the matrix here is invertible. This then leads to the following equation for

() 47
12\ (¥ 0
“\2 1) \,0) 7 \o)

[zy =y
(0)

(4)
(1) (0)\2 (0)_.(0)
00: (5 1) () + (Eh T 20 ) = (0)
Lo (217)% + 21 15
where we have used the now determined value of xgo),mQ . Evidently, we observe
that even :cﬁ”,xé” are identically zero. Repeating for further (higher order in ¢)
corrections for xq, xs leads to the inevitable conclusion that z; = xo = 0 is the only
solution for all values of € in a neighborhood of the origin in the xz; — x5 plane.
Of course to make the previous sentence a mathematical theorem one has to do
a bit more work and invoke the implicit function theorem, but morally the above

statement is true (and is consistent with our formal calculation).

Exercise 3.1. Indeed the student is encouraged to verify that the second order cor-
rection x§2),xég) also vanishes when we consider the equation (2) at order O(€?).
Remember to rescale x — ex before expanding in powers of €!

The above example lead to the trivial solution precisely because the linear problem
for xgo), xg) was associated with an invertible matrix. Let us change the problem

slightly to violate this condition. Consider the following algebraic equation

1 2 T x% + x129 + 371 0
(5) (1 2) ([Eg) e (ZE% + x129 + 629 0

Once again, expanding the unknowns in a power series of €

Z1 xg()) xgl) O(e
= + € + O(€e”),
()= () = () o



and collecting terms of the same power in ¢ we have

o e ()6 ()0

where « is any real number (at this stage undetermined). Notice the difference from
the previous example: since the matrix is now non-invertible, with an eigenvector
2, —1]T corresponding to the zero eigenvalue, we have a non-trivial solution to the
lowest order problem.

The equations at order € are now

o oo (1 3) ()« () - ()

Clearly, the solution at order e depends on the solution at the previous order (this
is the magic of power series). However, at this stage we recall that « is actually an
unknown parameter. For the O(1) problem, it could be any real number. We now
see that the Fredholm alternative imposes conditions on a.

Indeed, since the matrix for the order e problem is non-invertible (notice it is the
same matrix in the O(1) problem), the Fredholm alternative says the vector

—a? + 6o
20 — 6o

must be orthogonal to all vectors in the null-space of

(2 2):

the transpose of the original matrix. The null-space of the above matrix is given by
all scalar multiples of [I — 1]7 and hence the condition to solve (7) is

2
8) (1 —1) (;Szfgz) =0 = -3a*+12a=0=a=0,4
We see we obtain two possible values for the real number « as a consequence of the
Fredholm alternative. We will disregard av = 0 since this implies xgo) = xéo) =0 and
then [azgl) :Ugl)]T satisfies the original order 1 problem. Not much progress has been
made if o = 0!

On the other hand, @ = 4 is much more interesting. We obtain a non-trivial

solution for [xgo) xg])]T and the following equation at order e

) o (1 3) (ﬁi) - (3):
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Note we still have to invert an non-invertible matrix to solve for [:cgl) xgl)}T. The
Fredholm alternative gave us only a necessary condition for solvability: it did not
eliminate the non-invertibility of the original problem! The standard approach to

solving equations such as those above, is to assume the unknown [x(ll) mgl)]T lies in a
space orthogonal to the null-space. In other words we assume

(1)
2 —1] (%)) =0= a2y =2
Lo

Combining this with (9) we have

(10) Ole) : G 3) (;ﬁ;) T @ o @ o @

and hence we have the following solution to (5)

w5

And that’s the basic idea.

Whenever we have a non-invertible matrix, the Fredholm alternative
enforces a solvability condition that fixes the unknown parameter of the
lower order problem.

Let’s summarise what we have done, while simultaneously generalising the proce-
dure to see how higher order corrections (higher powers of €) may be encorporated.
We wish to solve the problem of type Lz + eN(x) = 0 given by

1 2\ (2, T3+ w9 + 321\ [0
(12) (1 2) <x2> Te (x% + 2129 +629)  \O/°
To do so, we employ a series expansion in € of the form

. L0 e
(13) (x;) = a(e) (wé0)> +e <$§1)> + O(e?),

where

ale) =1+ ea; + eay + O(€).
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This leads to the following equations (upon collecting terms of different powers of ¢)

(0)
‘ I 2\ (x| (O
(14) O(1) : (1 2) (xg())) = (O)
1 2 x&” (xgo))Q + xgo)xgo) + 33:50) 0
(15) O(e) : W t{, o (0)_{0) o = :
L 2]\ ay (277)* + 2y 1y + 6y 0

Note there ought to be a term
1 2\ (2
(071 1 2 xg()) )

in the O(€) equation above. However, we have employed the O(1) equation to elim-
inate this term. A nontrivial solution to the O(1) equation leads to

xgo) . 2
0 ) =%\

where ay is as yet undetermined. Substituting this into the O(¢) equation we obtain

(1) 2
1 2\ [z —ag+6ag) (0
(16) (1 2) (xg)) + <2ag —6a0) - (o) '
The matrix
1 2
1 2

()

as the eigenvector with zero eigenvalue. Hence the Fredholm alternative requires

2
B —ag +6ap) .
(1 1)<2a%_6a0)—0$a0—0,4

has a transpose with

We can then solve for [:cgl) xgl)]T if we further demand that this vector be orthogonal

to the null space of
1 2
1 2/
(1)

Exercise 3.2. Having found |x; xél)]T, the student is encouraged to write out the
O(e?) equations and determine oy from the Fredholm alternative solvability condition.
Continue to determine higher order corrections in o and xq xs.
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Remark 1. Note how you determine x1, o at one order and then determine o from
the next higher order calculation. This is a generic feature and will remain even
when we consider partial differential equations.

Remark 2. In general the calculations become quite tedious very quickly. For most
problems we will only determine the equivalent of ag and not even bother computing

0, af).

4. A NONLINEAR OSCILLATOR

Consider the ordinary differential equation
d2

Yy 3 _
(17) w—l—y—l—ey = 0.

Our goal is to find solutions to the above ordinary differential equation. In general
one should prescribe some initial conditions, however we will not prescribe any such
condition. Instead we demand the solution be periodic. We also will not prescribe
the period. Indeed, the actual period however will be one of the unknowns and is
obtained by the solution.

To begin with, we rewrite the equation in the form Lz 4 e N(x) = 0. To this end,
let [21 5] be the vector [y(t) 3/(t)]*. Then we have

a8 i () () () (2)=6)

In contrast to the previous algebraic problem, here the linear ‘matrix’ L is actually

the operator
d 0 —1
)

Looking ahead we will be interested in the null space of L and it’s "transpose’ L”.
Finding the null space of L is a routine calculation involving eigenvalues and eigen-
vectors of the matrix
0 -1
()

Don’t worry, we will go through this calculation in just a while. Our first question
is how to define the transpose of the operator L. The main device we need is
the inner product for vector valued functions. Indeed let f = [fi(t) f2(t)]T and
g = [g1(t) g2(t)]T be two real vector-valued functions of ¢ such that all functions
f1, f2, 91, go have the same period 7. We then define the inner product as

(9= [ (AO:(0) + LlOga(t)d



The transpose of an operator L is defined as the operator L such that

(f.Lg) = (L'f,9)
for all vector valued functions f, g. The usual way to move the operator from g to f
is by integration by parts. Let’s see how this works for our example.

a9 (2o = [ won (5 (40)+ (0 3 (20))
- [ (-5 o ro)+ o am) (3 ) (40) @

= (L'f.9)
where we have neglected terms arising from the boundary due to the assumption of
periodicity of all functions. Hence we have

d 0 1
T
b= dﬁ(—l 0)’

so that LT now acts on column vectors.

4.1. Short detour on solving linear systems. Let u € C" and A € C" x C" be
a matrix. We wish to solve equations of the form

d

—u = Au, u(0) = uyp,

where u is some given initial condition. Supposing we have solutions of the form u =
vexp(At) for some time-independent vector v, we readily see that v is an eigenvector

of A with eigenvalue \. Indeed we have
v = Av

If A is diagonalisable, then there exist n linearly independent eigenvectors v; that
span the whole space C". As a result, the initial condition uy can be expressed as
a linear combination of these v;: ug = ZZ o;v; where «; are the components of the
vector ug in the direction v;. Hence the solution is given by u(t) = >, uv; exp(Ait),
where \; is the eigenvalue associated with vector v;. It is straightforward to verify the
solution given actually satisfies the equation. That it is unique follows from the usual
Gron onwall’s argument or by noting that the difference between two soutions (for
the same initial condition) satisfies the same equation but with zero initial conditions.
Since v; are linearly independent, ug = 0 implies a; = 0 for all 7. Consequently, the
solution is identically zero for all time.

Remark 3. If we desired real-valued solutions, one can simply take the real or imag-
inary part of the solution obtained above. Since the equation is linear, u(t) + c.c. is
evidently also a solution. Likewise for the imaginary part.
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When the matrix A is not diagonalisable, namely when the algebraic multiplicity
of at least one eigenvalue is larger than the associated geometric multiplicity, the
set of eigenvectors v; do not span the entire space C". In such a case, one requires
generalised eigenvectors in addition to the eigenvectors to obtain a basis of vectors
for the entire space C". The general solution also accordingly changes. In these
notes, we will not encounter the non-diagonalisable case and hence we won’t pursue
the matter any further.

Coming back to equation (18), we first assume an expansion of the solution in

powers of €
(0) (1)
= + € + O(e?).
<x2> <x§0)> <$él)> ()

Substituting into (18) and collecting terms of powers of € we obtain

d (2 0 -1\ (2 0

d ZL’(I) 0 —1 l‘(l) 0
21 : — |7 ! = — .
( ) O(E) dt (xgl) + (1 0 xél) ($g0))3

The solution to the O(1) equation is

2 1\ ;
(22) o] =a () e’ +cc.,
T v

where c.c. denotes complex conjugate (so that we get real solutions). We will not
impose any initial conditions since we're looking for periodic solutions and hence we
simply note at this stage that the solution x(°)(¢) is 27 periodic in ¢.

Exercise 4.1. Show this!
Note here o may be a complex constant in general. The O(€) equations are (in
symbolic form)

Lz = —N(29),

where we now know the vector z(*) from the solution at O(1). From the Fredholm
alternative, the O(¢) equation can be solved for the vector ") only if the right-hand
side is orthogonal to the null-space of LT, the adjoint of L. From our definition of L'
above, we find solutions to LTy = 0 to be given by linear combinations of

()0
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Exercise 4.2. Show this too!

Notice that here the null-space of the L and L' happen to be spanned by the same
set of vectors. This should not be too surprising once you realise that LT = —L. So
putting things together, we require

¥ = ((03) = (e ers)

to be orthogonal to both

This amounts to requiring
27 ) ) 2m ) )
/ ie”"(ae™ + c.c)®dt = 0, and / ie (ae™ + c.c)®dt = 0.
0 0

The above integrals are straightforward to do and lead to demanding
la|?a = |af*a =0

which implies @« = 0. This is a huge problem since it implies the O(1) solution
vanishes! As a result, the O(¢) problem is now the same as the original O(1) problem.
Just like our finite dimensional example, something wrong has happened. We have
only found the trivial solution and we need a way out.

Let’s take a step back and see if there is a way out of our problem. Although
the original equation (18) is nonlinear, the O(€) equation is linear. Indeed it is an
inhomogeneous problem since we know the term on the right-hand side; it is given
in terms of the solution to the O(1) equation.

You may recall an old trick from your ordinary differential equation course by the
name of variation of paramters. The basic idea was to replace the constants of a
problem into functions of the independent variable. We will adopt the same principle
here. Which constant you say? well « of course (just like you do for variation of
parameters). Now suppose @ — «(t). Clearly this can’t be right. For one, our
O(1) problem changes dramatically and we know solutions to that problem have
exponential solutions; a(t)e type!

Upon some further reflection, you may note that o was set to zero by the Fredholm
alternative requirement in the O(€) equation. Hence, to prevent this, we need the
time derivative of « to appear in this equation and not the O(1) equation. How
can this be assured? The most straightforward way is to assume that o = «(et).
We denote by 7 the new variable et. Hence « is a function of new ‘slow’ time scale
T = €t.
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So, we assume the solution to the O(1) equation is

:17(0) 1\ .
(23) (0) | = alet) () e’ + c.c.,
Ty t

Now the O(e) equations become

d x§1) 0 —1 xgl) 0 do (1\
(24) E(xél) oo xgl) ~ " \(aett +c.c.)3) T dr \i e’ +c.c

Note here c.c. only refers to the immediately preceeding term. The Fredholm alter-
native once again requires the right-hand side of the above equation be orthogonal

to both
( 1.) e_it, (1) el
—1 7

25 2— = 3ilal?
(25) = ilol®a,

This leads to

and the equation obtained by taking the complex conjugate of this one. In obtaining
this equation, we assumed on the time scale [0, 27], the function a(et) is roughly a
constant and hences comes out of the integral.

For the purposes of integration, we treat t and et as though they were
independent variables.

Multiplying equation (25) by @ and adding the complex conjugate of the resulting
equation, we obtain

d 2
(26) % = 0= |a|? = constant = |ayp|?,
T
where qq is the initial value of «. Hence
do . 2 2
(27) 2% = 3t " = a = oy exp(3lag|“iT/2).

Here oy is an arbitrary constant. Our O(1) solution now stands as

:C(O) 1 ; 2
(28) %0) = ap (/L) el(1+36‘a0‘ /2)t +ec.c.
)

Notice, how the period of the solution has changed by a small amount.
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4.2. Solving for z(". Now that we have 2(°) as a function of ¢ which satisfies the

orthogonality condition, we can attempt to solve the linear equation for z(

d x&l) 0 —1 wgl) 0 da (1 .
(29) £<xg1) {1 o mgl) = \(ae" +ce) " ar +c.c.

However, the operator on the left-hand side is still non-invertible (remember, we
found non-trivial solutions to the O(1) equation) and so in general the above equa-
tion does not have unique solutions; we can always add z(®)(¢) to any given solution.
To get around this point, we demand that solutions to the above equation for x(l)(t)
themselves be orthogonal to (% (¢). This is an important point: in addition to de-
manding the right-hand side be orthogonal to the null-space of the adjoint LT, we
also demand 2" () be orthogonal to the null-space of L. In practice, demanding
solution be orthogonal to the null-space of L simply means neglecting the contribu-
tion of the homogeneous solution: one only requires the particular solution due to
the right-hand side functions. Enforcing the relevant orthogonality condition on the
right-hand side is equivalent to simply neglecting any term of the form

(1) e or ( 1.) e
1 —1

Note any function of et that multiplies these terms is considered a constant. Nonlinear

terms such as
} 0
(e’ +c.c.)?

should be projected onto the orthogonal complement of the above vectors. For partial
differential equations, we will not solve for the associated (! () term explicitly. As a
consequence, we avoid writing out 2™ (¢) here. Although, it is perhaps a worthwhile
endeavour for you.

5. NONLINEAR WAVE EQUATION
Consider the nonlinear Klein-Gordon equation
(30) Upp — Ugg +u +u’ =0

Once again we will assume periodic boundary conditions in z. Let’s also rescale
u — eu and rewrite the equation as the system

o G000 ) 6) e (8)-6)

where ¢, p correspond to u,u; of the original PDE. Note the equation is now of the
generic form Lz + €2N(z) = 0 for the vector-valued function z = [q(z,t) p(x,t)]T.
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5.1. The linear operator. The associated linear operator for this problem is

0 0 -1

We look for solutions periodic in x with period 27, say. The periodic boundary condi-
tions in x suggests we employ a Fourier basis to represent the functions ¢(z,t), p(z,t).
Consider solutions given by the form

()= ()
(5 0)(5)=(5)

and thus iw is an eigenvalue for the spatial part of the linear operator written in
Fourier space. It is then not too hard to see that, for fized k, the eigenvalues of the
matrix is given by +iw(k) where w(k) = +v/1 4 k2. The associated eigenvectors are
[1 Fiw(k)]T. Thus the following 2m-periodic-in-x vector-valued function

q\ ikz—iw(k)t 1 tkx+iw(k)t 1
(32) (p) = ae <—zw(k)> +c.c+ Pe (zw(k)) + c.c.

where «, § are complex scalars, satisfies

=5 () (e ) ()= )

5.2. The adjoint operator. Once k is fixed, the quantity 27 /w(k) specifies the
period of (32) in the t—variable. For any two vector-valued functions z = [¢ p|]” and
z=[q p|*, we define the inner product as

2w jw(k) p2m
(33) o= [ [ i) doe
0 0

This inner product allows us to define the adjoint operator L' from the following
relation

(34) (2,Lz) = (L'%,2), forall 2, 2.

then evidently we have

Essentially, we perform integration by parts to deduce Lf. The boundary terms
provide no contribution since we assume all functions are periodic in =z and ¢t. A
straightforward calculation shows

0 0 1-— 092
2 x
L= aﬁ(—l 0 )
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and then it follows that the functions

(35) eik:eriw(k)t (Zw_(f)) ’ eikxfiw(k)t (Ilwfk)> 7

and their complex conjugates are in the null-space of L.

5.3. The perturbation series. Substituting

(§)- () o

into equation (31) we obtain at O(1) the following equation

0 (q© 0 -1\ (q© 0
o0 () (0 0) (o) =)

We take

(0) L 1
q _ ikz—iw(k)t

which we know to be one particular solution to the equation Lz = 0. We could have
taken a more general solution however these simply lead to more tedious calculation
without changing the essential character of the final result. At this stage, one may
ask, what precisely is the goal of these calculations? Recall that in our previous
example of the ordinary differential equation, the goal was to find periodic solutions.
The calculation there showed one could start with a function which was 27 periodic
in ¢ and a solution to the linear equation (the O(1) problem). The impact of the
nonlinear term was to introduce a correction to the frequency (and hence period):
the additional 3|ag|?/2 factor in the exponential in (28). In quite the similar fashion,
we intend to see how the nonlinear term of (31) introduces corrections to both the
spatial and temporal periods of the base solution given in (37). As we will see, in
the case of partial differential equations, the situation will be a bit more subtle.

As the reader may expect at this stage, we add a correction to our perturbation
series for [¢ p|T and allow the scalar constant a to depend “slowly” on z and t:
a = a(X,T) where X = ex and T = et. This slow dependence will be the cause of
the modulation of the base solution (37). Hence substituting

ikr—iw 1 W
<g> = a(X,T)ethe—iwkt (—ZW(k’)) +cc +e (Z(l)) + O(€)
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into equation (31) we obtain at O(e) the following equation

9 q(l) 0 —1 q(l) tkx—iw(k)t 1
a <p(1) -+ 1— ag 0 p(l) = — QT € —zw(k) 4+ c.c.
(38) + 2ikay ek k)t (g) +c.c.

Once again, from the Fredholm alternative we note that the right-hand side must
be orthgonal to elements in the null-space of LT. Here orthogonal means the inner
product of the right-hand side with all elements of the null-space of LT must vanish
identically. We have already determined the functions that lie in the null-space of
LT and hence from the orthogonality condition we have

(39) wk)ar + kax =0= a(X,T) = (X — ' (k)T),

for any function ¥(§). Note w'(k) = k/w(k). In deducing the above condition
from the orthogonality condition remember to consider « (and it’s derivatives) as
constants for the purposes of integration over the interval [0, 27] x [0,27/w(k)]. In
other words, we treat X and 7' as variables independent of z and ¢t. The O(e)
equations now become

0 q(l) 0 -1 q(l) / thr—iw 1
5 (pa)) + (1 —9 0 ) (pu)) = W/ (kg et (iw(k’)) T ce.

Since an exponential appears on the right-hand side, we look for solutions of the

form "
q thx—iw A
<p(1)> = ethr—iw(h)t (B) + c.c.

where A, B are possibly functions of X, T, i.e. they have slow dependence on x,t.
Thus at O(e), A, B are constants and the derivatives in space and time only affect
the exponential. We now have

(i) () vee = (i) e

Using the fact w(k)? = 1 + k* we obtain

8 o A
; — q _ tkz—iw(k)t
AZW(]C) + B =—w (k)@bé = (p(l)) e (—zw(k‘)A N W/(k)wg) + c.c.,

or in other words

1 . 1 . 0
q _ ikz—iw(k)t o ikz—iw(k)t
(p(1)> =e A (—zw(k:)) +cc —w(k)yYe e (1> +c.c.,

where A is as yet arbitrary. Note however that the first term on the right-hand side is
indeed a solution to the O(1) equation and hence is in the null-space of L. To define
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the O(€) correction uniquely we must impose an additional condition. Typically one
would require that the solution be orthogonal to the null-space of L. To this end,
we set A = 0 and then arrive at

(1 . 0
q ] tkx—iw(k)t

The careful reader will note that setting A = 0 is not equivalent to requiring
(¢ pM]T be orthogonal to the null-space of L since the vector [0 1]7 has a com-
ponent along [I — w|’. However, looking ahead, this particular choice is more
convenient for calculations at the next order. In any case, one can employ any
condition that uniquely specifies a solution to the equation.

We are not finished with our perturbation calculations and hence we march on to
the next order. So combining all we know till now we assume

(;])) _ w(éjT)eisziw(k)t (_Zi(k)> +oee —e W/(lf)wg(fﬂ') pikr—iw(k)t <$> 1.
9 q(2) 5
(40) +¢ (T )+ O(e),

where £ = ex — ew/(k)t and 7 = €%*t. Substituting this expression into (31) we have
at O(e?)

0 q(2) 0 —1 q(2) ikx—iw(k)t 0 3ikx—3iw(k)t 0
a(p@ Tl o)\p»)= ¢ Byl ) T E ys) T

(41) T [% (_wl] (k)) + (1= W (k) dhee (_01)} e

We observe the right-hand side contains exponential functions associated with solu-
tions of the linear equation, namely expikz — iw(k)t. Invoking one final time the
Fredholm alternative, imposing the right-hand side be orthogonal to all elements of
the null-space of the adjoint, we obtain the following condition

(42) 2w (k)ibr + (1 — w'(k)*)tbee + 3lv[*0 =0,

and the equation obtained by taking the complex conjugate. Thus the amplitude of
the solution to the O(1) equation, namely the solution to the linear problem, satisfies
the above partial differential equation. Often times, the above equation is called the
modulation equation, since it represents the slow modulation of the periodic wave
exp tkxr — iw(k)t. Noting that w”(k)w(k) = 1 — w'(k)* we may rewrite the equation
in a more standard form

W’ (k) 3

2, —

i, +
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where € = ex — ew/(k)t and 7 = €*t. The above equation is known as Nonlinear
Schrodinger equation. The physical meaning is that the amplitude of a periodic
plane wave exp ikx — iw(k)t, when viewed in a frame of reference traveling at the
group speed (¢ = e(x —w/(k)t)) varies slowly in time (7 = €%t) according to the above
equation. Notice the similarity between this equation and the one obtained for the
ordinary differential equation. There we were able to directly solve the equation in
terms of an initial condition. Here the situation is a bit more complicated due to
spatial variation of the amplitude, as well as temporal variation. As it happens, the
above equation is well studied and we know a great many details on solutions and
their behaviour. However, we will have to leave those discussions for another time.

6. KORTEWEG-DE VRIES— NONLINEAR SCHRODINGER

The Nonlinear Schrodinger equation arises as the weakly nonlinear limit of a num-
ber of other equations. Here we will start with an equally well known equation,

(43) Ut + Ugze + UU, = 07

known as the Korteweg-de Vries equation. In subsequent sections we show how this
equation itself arises as a weakly nonlinear model for other equations. However, for
now we just assume Korteweg-de Vries (or KdV) is given to us. As always we will
rescale the unknown function v — eu to obtain

(44) U + Upgy + €Uy = 0.

6.1. The linear operator. We begin by neglecting the nonlinear term and focussing
solely on the linear differential equation

(45> Up + Ugzy = 0.

This equation is readily solved using Fourier series for 27 periodic functions in .
Once again, we fix k and let

u = Aezkx—zw(k)t —f-C.C.,

from which we readily see w(k) = —k*. Equivalently, functions proportional to
exp(ikx —iw(k)t) for w(k) = —k? (as well as their complex conjugates and all linear
combinations thereof) are in the null-space of the operator L = ; + 02.

6.2. The adjoint operator. Once k is fixed, then the period in ¢ is uniquely fixed.
Indeed it is 2w /w(k). For functions w, @ periodic in [0, 27] x [0, 27 /w(k)] we define

the inner product as
2w /w(k) p2m
(ﬂ,u):/ / w u dxdt
0 0
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and then the adjoint LT is given by
(@, Lu) = (L', u), for all @, u.

This then leads to
[J]L — —at — 8; — —L,

and so L and L' have the same null-space.

6.3. The catch. The Korteweg-de Vries equation distinguishes itself from the other
equations considered so far. Specifically, it is unlike the nonlinear wave equation
considered in the previous section. For fixed spatial and temporal periods, there
is a unique wavenumber £ in the case of the nonlinear wave equation (check this!)
whereas for KdV, there are two wavenumbers. Indeed, exp(ikz — iw(k)t) for both
k = ko and k = 0 correspond to solutions to the linear equation (45) and have the
share a common period in both z and ¢: 27 and 27 /k3. Note, constants are periodic
with every period.

Spatial and temporal periods define the inner product. Moreover, the inner prod-
uct was our main tool to distinguish the element of the null-space of L and L' in
all previous exampls. As a result, we conclude that the inner product in this case,
distinguishes only the whole null-space and not individual elements. We will see the
consequences of this when we proceed with the perturbative expansion.

So what makes KdV so different and could we have foreseen this? The answer to
both questions lies in the dispersion relation w(k) = —k* which vanishes at k = 0.
Thus the zero-mode, i.e. any non-zero constant, is a legitimate solution to the linear
problem whereas it is not a solution to the nonlinear wave equation (31).

A caveat to the catch: KdV has a quadratic nonlinearity unlike the cubic non-
linearity in (31). This means the O(e) equations will give rise to a contribution
from the nonlinear term, unlike the situation for (31). Summary, the existence of a
mean-mode depends on whether w(0) = 0. The precise role of the mean-mode in the
analysis depends on the nonlinear term.

6.4. The perturbation series. Assume
u=u? + eu® 4 @
and substitute into (44). We obtain the equations

(46) o1): u”+u® =0

rxrxr

Note, for fixed spatial and temporal periods, we noted above that there were two
solutions to the above equation. We will, as always, begin with u(?) set to only one of
those solutions, specifically u(*) = A exp(ikx — iw(k)t) where k is fixed and non-zero.
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Once again, to proceed to the next order, we let A = A(X,T) where X = ex and
T = et introducing a slow variation of the constant in x,¢. This leads to

Ole) : ul) + ull) = —eke=wB (AL _ 3k2Ay) + c.c.
i (Aeika:—iw(k)t + C.C.)(Z'k‘AGikw_w(k)t + C.C.)
__ika—iw(k)t _ 972 _ 2_2ik—2iw(k)t
pum— T . . . .
(47) e (Ar — 3k*Ax) —c.c. + A%e +c.c

Observe that we have a term proportional to e**~“®)* on the right-hand side. This
exponential lies in the null-space of LT and thus the Fredholm alternative requires
the coefficient Ay — 3k2Ax = 0.

Remark 4. In the above, I simply recognised a solution to the problem L'z = 0
present in the right-hand side and set the coefficient to zero to enforce the orthog-
onality condition. Alternatively, I could have computed the inner product of the
right-hand side with respect to each linearly independent function in the null-space of
LT to arrive at the same conclusion. The careful reader should convince themselves
that the two procedures are indeed equivalent and both lead to the same conclusion

for A(X,T).

Notice in obtaining the second equality of (47, the term proportional to ik|A|?
canceled with its complex conjugate. Had it not, a term proportional to €, namely
the mean-mode of the O(1) equations, would have been present on the right-hand
side. In such a case, we would have had to update our original O(1) solution to be
u® = A(X, T)etkz=w®)t 4 cc. +m(X,T) where m(X, T) is a real valued function of
the slow variables. However, we see there is no mean-mode due to the nonlinearity at
O(e) and hence our assumption of a single frequency solution for u(®) is a consistent
choice.

The O(€) orthogonality condition

Ap —3K*Ax =0,

is readily satisfied if we take A(X,T) = (X + 3k*T') for some function ¢ (¢). Con-
sequently, the equations satisfied by u(!) are

(48) U’i(ﬁl) +u = _w262z’k—2iw(k)t + c.c.

rxrxr

A particular solution to this equation is of the form Be?**—2«@®)t from which we

conclude B = 1?/(6k?). To this particular solution we add a solution to the homo-

geneous problem

ugl) + ua(clx):c =0,
periodic on [0, 27] x [0, 27 /w (k)] and which is also orthogonal to e =@k}t (j ¢ 4,0)),
In this case, that function is precisely the mean-mode m(§), a real-valued function
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that depends only on the slow variables. Hence
u(l) _ ¢2/(6k2)62ikz_2iw(k)t +ecoc + m(g)

Let us know push further to the next order in our perturbation series. Again,
remember to let all previous ‘constants’ depend on an even slower time-scale, 7 = €>t.
Thus we take

u(z,t) = (&, 7)ee WM L c e ep? /(6% eXRe 2Rt e em(€,T) + Eu®.
Substitution into (44) leads to

O(e?) : ul(t?) + u® = Something e?**=2w®)t 4 ¢ ¢ 4 Stuff efr=w Rt L ¢ ¢,

Txrxr

(49) + Other stuff ¢

Notice that functions in the null-space of L' appear in the right-hand side of the

above equation. In particular, both linearly independent functions, e**~“®)t and

e, are present. From the Fredholm alternative, the coefficient multiplying those

terms must vanish (that’s what being orthogonal means!). Recall, for the purposes
of integration the coefficients mulitplying the exponential are treated as constants.
Thus we must impose

Stuff =0, Other stuff = 0.

Working out what the above means, leads to
(50) my + Yihe + P = 0,
(51) U + Biktle + S [YIY — SV + miky = 0.

Note mr = —w'(k)mg since & = X + 3k*T and w = —k®. The first equation can

then be integrated to get m = [1|?/w’'(k). Substituting this into the second equation

above leads to

w//(k)
2

, 1
(52) Wr + Vee + 6—k|1/1\2¢ =0,
after a bit of manipulation.
Thus our approximate solution to (44) is characterised as
2 2
u = weikx—iw(k’)t +cc +e (gﬂ?e%kx—%w(l@)t +cc + J}tﬂ(L)

)+ o)

where w = —k? and v satisfies (52) with £ = e(z — W/(k)t) and 7 = €*t.
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7. WEAKLY-NONLINEAR SHALLOW WATER-WAVES

A model for weakly-nonlinear water waves in the shallow regime is given by the
following PDE.

(53) o @ + <(1) é) 2 (Z) e (uw/suzmaan)) _ (8) |

where u,n represent the depth-averaged horizontal velocity of the water wave and
1 the deviation of the fluid surface from a constant level. The non-dimensional
parameter represents an aspect ratio: € = (h/L)? where h is the depth of the fluid
when there is no disturbance and L is a typical length scale. € small represents then
shallow water. Note unlike other models we have considered so far, here we have a
linear term multiplying e. Physically this refers to considering solutions which are
smooth since the high derivative is multiplied by a small parameter.

We will not present details regarding how one obtains the above equation from the
full set of equations governing fluid motion. Though straightforward, it would take
us considerably further away from the main goal of these notes.

7.1. The linear operator. Setting ¢ = 0 we obtain the linear operator

_3 n 0 1\ 9 (n _(n
=g () (o) (0) o= ()

The 2 x 2 matrix in the definition of L has eigenvalues £1 and the eigenvalue de-

composition
01 1 1
(1 0) <:|:1) =+l (:I:l)
and hence we can write

0 1\ /1 1 1 1 1 0
<1 0) (1 —1) - (1 —1) (0 —1) or AV = VA.
Then Lz = 0 is equivalent to
0 0 0
S pA— v = .
(G2a) v ()= 0)
Notice these equations are now decoupled and readily solved to obtain

()1 (o)

where f, g are any functions of a single variable. We denote { = x —t¢ and ( =z +1¢.
Hence f, g represent rightward and leftward traveling waves of a given profile. The
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solution to the linear equation Lz = 0 is then

(54) <Z) — f(a—1) G) +g(z+1) (_11>

7.2. The adjoint operator. We first define an inner product. Let z = [ ]
and Z = [ @]’ be two vector-valued functions of z and ¢. The model equations
are derived from the full set of equations for fluid motion under the assumption
of periodicity in the x variable. Hence we assume all functions are periodic with
period 27. Notice, from our analysis of the linear equation above, solutions are given
in terms of non-dispersive waves traveling at unit speed in positive and negative x
directions. Thus the solution will be time periodic with period 27 also. Hence we
consider functions which are 27 periodic in space and time t. This motivates the

inner product of z, Z as
2w 2
(2,2) = / / (nm + au) dxdt.
o Jo

The adjoint LT of L is then given by (Z, Lz) = (L'%, 2) for all z, 2. We then have

9] 0 1\ 0
T _ 2 _ - = _
L ot (1 0>0m L

since the terms arising from the boundary (upon integrating by parts) vanish. We
also conclude that the null-space of L is the same as that of L.

T

7.3. Perturbation series. As always, assume

(0) (1)

and substitute into (53). The equations at O(1) are

Q n© 0 1 3 n®\ [0
ot \u®) " \1 0) 3z \w@) = o)
We have already determined the general solution to these equations above. Let us

assume waves only travel to the right. The entire analysis can be repeated for waves
traveling to the left. Hence we take

(lo) =s©(3), e=a-t

To proceed to the next order, we assume the scalar f(£) depends slowly on t. Hence
we take f = f(&,7) where 7 = et. Hence we have

(1) = sen) (1) + () + 0
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Substitution of the above into (53) leads to

(55) % (ZEB) + <(1) é) 8833 ( 1) (;:) + (ffﬁs/?)ft%@g(ﬁ)) _ (8) 7

at O(e).
Once again the Fredholm alternative requires that sum of all the terms arising
from n®, u(® should be orthogonal to the null-space of L. Taking the inner product

with respect to ¢(x —t)[1 1]T for an arbitrary function (&) and setting it to zero,
we have

2 2w 1
(56) / / U(x —1t) (QfT + gfggg + 3ff§> dzdt = 0.
o Jo
Since v is arbitrary, the only possible way the integrand sums to zero is if
1
(57) 2fr + 3feec + 3/ e =0,

which is an equation for the slow modulation of the right-ward traveling wave.

It’s worth commenting that just as the modulation equation for the nonlinear
oscillator or nonlinear wave, lead to a modulation of a periodic signal into a signal
with a slightly different period, here too a similar effect may be observed. Our initial
assumption was the profile f was 27 periodic in space. Our reduced equation above
says the spatial period need not change, however, the temporal period is no longer
27 but is modulated according to the dynamics of KdV.

Exercise 7.1. Repeat the analysis for leftward traveling waves. What if we take
1 1 )
<Z> = flz—1t) (1) +g(x + 1) (_1) + € (Z<1>> + O(e%),

8. QUASI-GEOSTROPHIC THEORY

nstead?

The equations for a fluid on a rotating sphere, under the shallow water approxi-
mation

9. A COUPLED SYSTEM OF BOSE-EINSTEIN CONDENSATES

We wish to analyse the long-time small-amplitde dynamics of the following equa-
tion

awj h? 82%

(58) T +Za]k|wk| v,
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that models the behaviour of a coupled system of Bose-Einstein condensates. Here
1; is the field associated with the j—th species, « is the coupling matrix and 7, m
are some physical constants (taken to be positive real numbers).

In order to derive the associated KdV model we first perform the usual Madelung
transform [?] to obtain a set of hydrodynamic equations for the density and velocity,

(59) Wiz, t) =/ pj(a, £)em/M o vila' Hda’

where v; is the macroscopic wavefunction of the j* condensate, p;(z,t) is the corre-
sponding density field and v;(x,t), the velocity field where j = 1, N. The resultant
equations of motion are an equation of continuity (for the density)

8p] 0

(6()) at + a (p],U]) = 07

and the Euler equation (for the velocity)

o el (2)2E]

Note that the density of j—th component is uncoupled; the coupling matrix only
appears in the momentum equations. It is worth emphasizing that the there is no
approximation in obtaining the above equations. They are fully equivalent to the
original multicomponent system.

A trivial solution to the hydrodynamic equations is given by setting the densities
to non-negative constants py; and the velocities to zero. A natural question is how
small perturbations to this background state evolve. The standard approach to this
question is given by linearising the equations about the background state, namely
setting p; = po; +0p; and v; = dv;, to obtain the following linear evolution equations
for the perturbations dp;, dv,

0 0
(62a) afsﬂj = —Poiz_ OV,
3 o3
(62b) 8t Z a0 P, —|— a 5pj.

These constant coefficient equations are readily solved using Fourier methods. Fur-
thermore, for the simpler case of a equal to a diagonal matrix (the uncoupled case),
the above equations have solutions of the form exp(ikz + iwt) with w & ¢1k + cok?
for some real constants ci, co. This indicates waves travel at speed ¢; but also dis-
perse due to the presence of the cubic term. This suggests that if we consider long-
wavelength perturbations such that the dispersive term balances with the nonlinear
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corrections, we may arrive at a KdV-like model. This same argument applies also to
the coupled case, i.e. for a generic matrix a.
Let’s now proceed to the nonlinear equations for the perturbations

ip\ Ni(0p, ov)
(63) (0 + A0y) (&}) = —0, (Ng(ép, 5v) )
where ) )
B _0v; B2\ 2(poj + dp;)0p; — 0p;

and
Onxn P
A= ( a/m 0,xn )’
with p an n x n diagonal matrix with elements py; > 0 and dp,dv are the n x 1
vectors for the perturbations in density and velocity. For simplicity, we will assume
A is diagonalisable and has only real eigenvalues. Necessary and sufficient conditions
are given in the paper [|.

Let us rescale the variables so that 9, — €0, 0, — €0, and dp,dv — €2p, €25v.
This leads to

(64) (3, + AD,) (ﬁfj) =—c0; (,/\j[\i((if)péiv)eQ ’

where

ov? ( h? ) 2(poj + €20p;)0p] — €*0p7

2y . 1 [~
No(9p, v, €%) = — om 4(po; + €25p;)?

We now solve the above equation perturbatively. Assuming an expansion in € for

the unknowns
Y 5p(0) 5 (6p0M)
(M) - (mm o )
and substituting into the above equation we obtain to lowest order

(65) (0, + AD,) (gﬁﬁzi) — (8) .

Since A = VAV is diagonalisable, this equation is equivalent to

- (050 v (20) - (9).

which has a solution

1 {6p® ~
v (55(0)) = 1"z = At)ey,
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or
§5p© ~
(55@)) = ;e = Mt)Vey,

where f}o) (€) is any function, e; is the unit vector in R** and 5\3- is any of the
eigenvalues of A. As common in the method of multiple scales, we will assume f;o)
depends on x — Mt as well as a new slow time scale 7 = 2. Hence

5o ~
((5£(0)> = f](o)(x —Ajt, ezt)Vej.

The equations at order €? are then given by

sp) §p0 N1(6p9), 50(®)
(67) (0 + Ad) ((51)(1) =0 500 ~ %\ W (3p, 50, 0) )

which is equivalent to

~ Y ) (600 1 Ni(6p9, 50

©8) (8 +Aa,) v ( 55(1)) — oV ( 55(0)> — o, ( Ng%épﬁ)), 5@(0)’3))> .
Notice this is a linear equation for the order €? correction to dp, dv. The right-hand
side is essentially a known function since every term on the right hand side can be
written in terms of f;o) (x — S\jt, 7). Moreoever, the adjoint of the linear operator on
the left-hand side has a null space: precisely those functions of the form ¢ (x — S\jt)ej.
From the Fredholm alternative, the right-hand side should be orthogonal to this null
space. Notice all terms on the right are of the form ¢ (x — S\jt). Hence we have the
solvability condition

e (50ON (N6, 500) Y\
<€” v (w OV \ a8, 00,0 ) ) =

which can be simplied using the expression for the zeroth order solution to

) _1( NMi(0p, 60 @) _
<€j> _a‘rfj € — axv <./\/’2(6p(0)7 (52](0), 0) - Oa

or in other words
(0) oo [ N0, 60@) \\
8Tf] + <637 @cV (NQ(é‘p(O), 51}(0)’ O) = 0.
Rewriting N7, N; entirely in terms of f;o) we have the required KdV equation. This

is true for each j and hence we have derived a system of uncoupled KdV equations.
The system is uncoupled since the right-hand side terms N, N5 are given entirely

in terms of the profile f;o). Physically this corresponds to moving into different
traveling frames centered around each pulse.
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10. DAMPED KORTEWEG-DE VRIES

Consider the equation
U + Uy + Upyy = —€U,
which we wish to analyse using perturbation theory. Notice that the O(1) problem
(setting € = 0) leads to a nonlinear PDE. Nonetheless, the basic idea of perturbation
theory still works as we see below.

Although the € = 0 problem is nonlinear, we still can find special solutions which
depend on some parameters. For instance, if we look for solutions of the form
u(x,t) = f(xr — 4k?t), for any real number & to the ¢ = 0 problem, we have

_4fi2f,+6ff/ 4 f/// — 07

where primes indicate derivatives with respect to & = x — 4k?t, the traveling frame
coordinate. As it happens, one can exactly solve this ordinary differential equation
assuming f — 0 for |{] — oo to obtain

F(€) = 2r%sech®(k¢),
which is valid for every real number x. We will now construct an approximate

solution to the original damped equation by perturbing the above traveling wave.

10.1. Perturbation series. Let
uw=u"+ e 4+ .
Then we have the O(1) problem
ugo) + 6uOu? + 40 =0,

Trr

a solution to which is given by
ul® = 2k%sech?(k€), €=z — 4r*t.

Before proceeding to the next order, we adopt the usual procedure of allowing slow
variations of the order one problem. Thus we assume the parameters of the traveling
wave, namely k, which was heretofore an arbitrary constant, will now be a slow
function of time. Hence k = k(et) and et = 7. This now leads to the O(1) equation

—4/4;2u§1) + 60 (uVuM) + uéé)f = —u® — 4O,
which we can symbolically write as
Lu® = —4© — 4,0,
where L is a variably coefficient linear differential operator acting on functions which
vanish at infinity. We define an inner product as

(f.9) = / ) g() de
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and as a consequence the adjoint L' is defined as
LJr = 4/*{2(95 - 6U(O)a§ - 8555.

Thus in order to solve Lu® = —u©® —u{”) we apply the Fredholm alternative which

demands that the right-hand side be orthogonal to the null-space of the adjoint L.
A proper function in the null-space is indeed the function «(?)! Thus we impose the
condition

/OO (u@ + )@ de = 0.

oo

This expression is equivalent to

/ <u(0) 4+ (2u(0) + §u§0)>) u® de = 0.
K

—0o0

Upon integrating by parts we obtain

1 2
—hy = —— = Kk = Koe 7.
K 3

Remark 5. In case you find the integrals hard to do, here is a hint.

o 0 o [ (u®\? a [~ ds [
©0) =~ ,,0) S - - 4 4 — G2 4
/ U u"” dé / ( 5 > dé / 2k sech™(k€)d€ = 6k / sech®(y)dy

o0 —0o0

Then

o0 o d o0
/ (u® + )@ d¢ = 453 / sech®(y)dy + 6/<;2d—li / sech®(y)dy = 0
— T —o0

(e 9] —00

from which the ordinary differential equation for k follows.

11. SPECTRUM OF A REAL SYMMETRIC MATRIX

As another algebraic example, let’s consider the problem of finding eigenvalues-
eigenvectors of a symmetric matrix from the standpoint of perturbation theory. Let
D be a real diagonal R” x R™ matrix with distinct elements. Suppose we perturb
this matrix by a small amount € in the direction of a real symmetric matrix A (and
so AT = A). We wish to compute the eigenvalues-eigenvectors (the spectral data) of
the perturbed matrix D + €A.

Notice the spectrum of D is easy to compute. The eigenvalues are simply the
diagonal elements of D while the eigenvectors are just the columns of the n x n
identity matrix. On the other hand, the eigenvectors of the perturbed matrix satisfy

(69) (D +eA)v = \w.
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When € = 0, we have A = d;, v = e; where d; = Dj;, the j-th term along the diagonal
of D and e; is the associated eigenvector: the j-th column of the identity matrix.
Thus we suppose

(70) A= dj + 6(5)\3',
(71) v = e; + €dv;.
Recall that eigenvectors are identified only up to a scalar multiple. To uniquely
identify an eigenvector, we must stipulate an additional constraint. A common con-
straint is to require the eigenvector have unit norm. We will employ an alternative.
To be precise, we will fix the j—th component of v to be 1. To do so, we impose the
corrections to ej, i.e. 0v; be perpendicular to e;. Hence (e;, dv;) = 0.

Substituting (70-71) in (69) we obtain

(D + EA) <€j + G(SUJ‘) = (dj + eékj)(ej + 651)]'),

(72) = (D — dj])évj = — A@j + 5/\]‘6]‘ + 6(5)\]‘(5?}]‘ — A5Uj).
Note the matrix on the left-hand side is a diagonal matrix with one diagonal element
equal to zero and hence it is not invertible. Consequently, the Fredholm alternative

requires the right-hand side of the above equation be orthogonal to the null-space of
(D — d;I)" = D — d;I, namely all vectors in the direction of e;. We can then write

(73) 0= —(ej, Ae;) + 0A;(ej, €5) + €[(ej, 0v;) — (ej, Advy)].
When we impose the additional constraint of dv; L e;, we get the expression of §);
(74) ON; = (ej, Aej) + €(e;, Adv;).

Without loss of generality, we can assume A;; = 0 as the diagonal elements of A can
be absorbed into D and the above expression for d\; simplifies even further. Indeed

(75) 6)\j = €<€j,A(5’l}j>
We can employ this expression in (72) to obtain an equation for Juv; alone
(76) (D —d;I)0v; = — Ae; — €Adv; + elej, Adv;)e; + €2(e;, Adv;)dv;

Note equations (75-76) are exact relations. We have not employed perturbation
theory up to this point! Moreoever, (76) is an equation for the correction to the
eigenvector alone. Thus we first solve for the eigenvector and then substitute this
expression into the right-hand side of (75) to obtain the eigenvalue.

Remark 6. We could consider an iterative scheme based on (76) to obtain a numer-
1cal method to compute the eigenvector to the required precision. Indeed, that method
is simply a Newton-Raphson scheme to solve this equation for dv;.
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Finally, we can expand dv; in an e power series (perturbatively) to obtain an
approximate solution. This leads to the following expressions for A\, v
(77) A =d; — *ej, A(D — d;I) " Aej) + O(€)
(78) v=re; —€(D—d;I)"" Aej + O(?).

We can further simplify the expression for A using the fact that A is a symmetric
matrix to get

(79) A= dj—622%+0(63).

— (di —d;)
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