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Abstract

In solving two-point boundary-value problems with variable coefficients, we often
shoot from the two boundaries and match the solutions at an interior matching point.
The Evans function D()), as a function of the bifurcation parameter A, is defined such
that the two solutions match if D(A) = 0. Thus, the problem of finding the bifurcation
values is reduced to finding the roots of D(A) = 0. The Evans function is often used

together with the compound matrix method so that even stiff problems can be solved.

We consider the following eigenvalue problem:

dy

— = <z<

W_ Az Ny a<z<b 1)
B(z,\)y =0, z=a, (2)
Clx,\)y=0, z=b (3)

where A is a 2n x 2n matrix, B and C are n X 2n matrices, all being known functions of
the independent variable z and a parameter A\, and y is a 2n-dimensional vector function.
The aim is to determine values of the parameter (eigenvalues) A so that non-trivial solutions
exist. Such eigenvalue problems feature in a variety of disciplines. For instance, it often
results from a linear stability /bifurcation analysis of fluid flows (e.g. Afendikov and Bridges
2001), solitary waves (e.g. Pego and Weinstein 1992), and pre-stressed elastic bodies (e.g.
Fu and Pour 2002). One or both of the boundaries = a, b may be infinite.

1 Determinantal method

This would be the first method one could think of without reading any books. The idea is
to shoot from one end to the other end and to iterate on A so that the boundary condition
on the other end is satisfied. We may also shoot from both ends towards a middle point and
to iterate on A so that the two solutions coincide at the middle point.

If we choose to shoot from x = a, then the procedure is as follows:

Assuming that matrix B has rank n, we may then always find n linearly independent

vectors y(()l),y(()z), ...,y(()n) such that

Bla, Ny =0, i=1,2,..n (4)



Using each of these vectors as the initial value at = a, we may integrate (1) from z = a
to obtain n independent solutions, say y(i) (x),i=1,2,...,n. A general solution that satisfies

(1) and the boundary condition (2) is then given by
y=> kiy" (@), ()
i=1

where k1, ks, ..., ky, are arbitrary constants. We define M (z, ) to be the 2n x n matrix whose
ith column is y®, that is
Mz, ) = [y, y?, .., y™]. (6)

Equation (5) can then be written as
y = M(z, Mk, (7)

where
k= [kly k27 ey kn]T

On substituting (7) into the other boundary condition (3), we obtain
C(b,\)M (b, \)k = 0. ()

Since k # 0, we deduce that
[C(b, \)M (b, A)] = 0, (9)

where a pair of vertical bars denotes the determinant of the matrix enclosed. We iterate on
A so that the determinantal equation (9) is satisfied.

When one of the boundaries or both are infinite, it is usual to shoot from = = a and from
x = b, respectively, so that the two solutions match at a middle point, say x = d. Denote by
yD(z),y P (x),...,y"™ (x) the n solutions obtained by shooting from z = a as explained in
the previous paragraph. Then again, a general solution satisfying the left boundary condition

is given by

= k). (10)
=1

Likewise, we denote by y(™t1(z), y(*2)(z), ...,y (z) the n solutions obtained by shooting

from x = b. Then a general solution satisfying the right boundary condition is given by
2n )
y= ky (), (11)
i=n-+1

where kp41,knt2, ..., kon are another set of n constants. The two solutions (10) and (11)

must match at x = d. Thus,

n 2n
Skiy@ (@)= > ky(z), when x=d, (12)
i=1 i=n+1



or equivalently,

N(d,\ec =0, (13)
where
e = [k, ko, kns —kng1, —knios o —kon] L.

We then iterate on A so that the determinantal equation
[N (d,A)] =0 (15)

is satisfied.
We note that whereas the |N(d, A)| defined above is dependent on d, the matching point,
the following quantity is independent of d:

d
D(A) = e Jo TAGN g 3. (16)

This may easily be proved with the aid of the properties

dy®
dr

= Az, )y, (17)

and
’Ay(1)7y(2)7 "'7y(2n)’ + ’y(1)7Ay(2)7 "'7y(2n)’ + e

Hy W, y®, . ay®] = e Ay y @y, (18)

see Chadwick (1976, p.18).

The determinantal method is conceptually easy, but for large or small values of A the
eigenvalue problem (1) usually becomes stiff and the solutions yO y@ .y although
linearly independent initially at * = a, quickly become linearly dependent due to the dom-
inance of exponentially growing solutions. To address this problem, the compound matrix
method was proposed by Ng and Reid (1979a, b, 1985); see also Lindsay and Rooney (1992).
Bridges (1999) gave a very good differential-geometric interpretation of this method and

explained why this new method works.

2 Compound matrix method

Let
{¥V@,y? @),y @)} and {y™ (@), " (@), .y (@)}
be two sets of n linearly independent solutions of (1) as defined in the previous section. The

determinant of M defined by (6) has (27%) minors and we denote them by ¢1, ¢s,.... For

instance, if n = 2, we have

ygl) y§2)
AT

ygl) y§2)
y:gl) y§2)

e (1,3), (19)

(bl = dgf. (172)7 ¢2 =




and likewise
¢3 = (174)7 ¢4 = (273)7 ¢5 = (274)7 ¢6 = (374)

With the aid of (17), we may easily find the first-order differential equations satisfied by

these ¢’s. For instance, when n = 2, we have

||
1 —_— ! !
ygl) yé2) ygl) y§2)
i ?:1 Auyz@) yg) y§2)

+
yél) y§2) Ef":l A2iyz‘( b ?‘:1 A2iyi(2)

= A11¢1 — A1304 — A14ps + Agap1 + Axzdo + Azuds.

— \ pll AyyM

Writing these (7’? ) differential equations as a matrix equation, we have

¢ = Az, g, a<z<b, (20)
where ¢ is the column vector with elements ¢1, ¢2,.... When n = 2, the matrix A(x, \) is
given by

A+ Ago Ao Aoy —Ass —Aw 0
Aszg A+ Asz Aszy Arg 0 —Ag
A A A+ A 0 A A
Az, \) = 42 43 11 44 12 13
—Asz Aoy 0 Agg + Asz Aszy —Aay
—Apn 0 Aoy Ay Ao + Ayy Ao
0 —An Az —Ayo Aszg Asz + Ay
(21)
The boundary condition for ¢ at = a is obtained from y;’,7 = 1,2, ...,n. For instance,
n 2
Yo1  Yo1
o) =|"q) @ |
Yo2  Yo2

where y,

(1)
1

is the first element in y,

(1)

etc. We may now integrate (20) from z = a to z = b.

The boundary condition (9) at 2 = b can be expressed in terms of ¢ by Laplace expansion.
We iterate on A so that this boundary condition is satisfied.

Alternatively, we may shoot from x = a and from x = b, respectively, and match the two
solutions at a middle point x = d as in the previous section. In this case, we denote by ¢(_)

the ¢ formed from the minors of

yM, ¥y, Ly ™,
and by q§(+) the ¢ formed from the minors of

(1) ) y(n+2), sty y(2n) |

ly



Obviously, ¢(_) and ¢(+) are both governed by the differential equation (20). We have
explained just now how ¢(_) is obtained. The ¢(+) is obtained in a similar manner. The
matching condition (15) can be expressed in terms of ¢(7) and ¢*) using Laplace expansion.
Laplace expansion is a straightforward generalization of the usual expansion of a determinant
by a single row or column: it expands a determinant by any number of rows or columns. For

instance, when n = 2, we have

2 y§3) (4)

Y Y1 Y1
1 2 4 ygl) yé2) ygi’») yé4)
IN(z,\)| = | [y( )(x),y( )(x),y(?’)(x),y( )(33)] | = (1) (2) (4)

(3)
Y3 Ys Y3 Ys

yfll) yf) yf) y£4)

1 2 3 4 1 2 3 4
_ yg : yg : (=1)H2HIH2 y:(’, : yz(a : 4 yg : yg : C(—1)iH2H18 yg : yé :
i AR AU W
1 2 3 4 1 2 3 4
y% ) y§ ) 1424144 yé ) ?Jé ) ?Jé ) yé ) 1424243 y§ ) y% )
Hom @ | () @ @ |t o @ 3 @
Yy Ya Y3 Y3 Y3 Y3 Ya Yy
1 2 3 4 1 2 3 4
I yé : yg : (—1)iH2H2H4 yg : yg : 4 Z/z(a : l/:(’, : (—1)iH2H3+4 yg ) yg : .
i o SR NS
Thus,
IN(z, M| = d1 65 — &5 85 + 6564 + b b3 — &5 83 + b6 o1, (22)

d
D(A) = ¢~ Ja TAENE (g, y).

We iterate on A so that the matching condition D(\) = 0 is satisfied.

The function D(A) is known as Evans function; it is an invariant of the differential
equation (1). This Evans function was first introduced by Evans (1972, 1975), and further
developed by Alexander et al (1990).

3 Interpretation of ¢ in terms of wedge/exterior products

Write
u=yD Ay Ay, (23)

where the wedge product obeys the following three rules:
(anb)Ahc=aNn(bAc), (kia+ keb)Aksc=kiksahc+kksbhe, aANb=—-bAa,

for all vectors a, b, ¢ and scalars k1, ko, k3.

Take n = 2 as an example. We denote the unit vectors in R* by e1, es, e3, e4. We then

have 4
yH =3 yWe;, y@ = 3 y](_2)ej' (24)
j=1



It then follows that

Zzyz y] el/\ej_ Z Z y]) yJ( )y,( ))el/\e],
i=17=1 i=1,7 7j=1
=¢reiNey+ poei Nes+ ¢ser Nesg+ dpea Neg+ dsex Aeg+ dges A ey. (25)

Thus, we see that the variables ¢1, ¢9, ..., g used in the compound matrix method are simply

the components of the wedge product y™ A y? relative to the basis
eiNey, e Nes, e Ney, exNes, exNey, e3Ney.

We may therefore conclude that if !,y are solutions of (1), then yD A y@ is a solution
of (20).

We now write

y( )/\y = ¢ (e1Nex)+ ¢, (e1ANes)+ds (e1Nes)+ o, (eaNes)+ oy (eaNeq)+¢g (esNeyq),

and

y DAy = ¢ (e1he2) +dF (e1 M e3) + o7 (e1Aea) + ¢ (eaNes) +dF (e2Nes) + o (esAea).
We then have

W Ay A y®

A y(4) = ¢rod(erNeaNesAey)

+ ¢2_¢;'(61 Nes/N\ex ey

Yy oANYyT Ay

)
+¢5¢2—(61/\64/\62/\63)
+ ¢Z¢§'(62/\63/\el /\64)
+ ¢5_¢§r(eg/\e4/\el /\63)
+¢g¢f(€3/\e4/\61/\62)
= (p1 g — b2 b5 + D3 P4 + G1 Py — 5 by + b5 bl Je1 Aex Aes A ey

Thus, by comparing with (22) and generalizing to arbitrary n, we may also write the expres-
sion (16) as

d
D(A) = e_ fa tr A(S’A) dsy(l) /\ y(2) e /\ y(n) /\ y(n+1) e /\ y(zn) (26)

More information on exterior multiplication can be found in Arnold (1989, p.170).

4 Examples

Example 1: We first solve the eigenvalue problem

4d s 2&?2)\i [sm( )ccll_w

o - w}—szo, z € [0,7], (27)



e
- dx?

where € is known positive parameter (the problem becomes stiff if ¢ < 1 which can be solved

w =0 for z =0,m, (28)

using the WKB method), and the problem is to find the minimum eigenvalue of A for which
the above boundary value problem has a non-trivial solution.

Define y = (w,w’,w”,w™)T. Then the above governing equation (27) can be written in
the form (1) with A given by

0 1 0 O
0 O 1 0
A — 9
0 0 0 1
0 Ap Asz3 O
where \ \
2 2
Ay = —— cos(z), Ay3 = ——sin(z).

2 2
€ €
Since both the governing equation and boundary conditions are symmetric about x = /2,
we expect that the eigen modes are either symmetric or anti-symmetric about = 7/2. We

focus on the symmetric modes which must satisfy the conditions
1 mm
w(=)=w"(=)=0,
() =uw"(3)

and the eigenvalue problem is solved for x € [0, Z].

Two independent vectors that satisfy the boundary conditions at x = 0 are

-

o o = o
)
|

_ o o o

1 0
@_ |0 @_ |0
Yo 0 Yo 1
0 0
It then follows that
6 (0) = (0,0,0,0,1,0)7,  ¢~(5) = (0,1,0,0,0,0)"" (29)

The compound matrix equation (20) can now be integrated subjected to (29); 2 to obtain
the solutions ¢ and ¢, respectively. Plotting D(\) shows that D(A) = 0 has an infinite

number of positive roots, the first three being given by

1.10517, 1.34269, 1.62184



when ¢ = 0.1. For small ¢, a WKB analysis (Coman 2004) gives the asymptotic expression
A=1+2m+1)e+0(?), m=0,1,2,.... For the same € = 0.1, this expression gives the
first three eigenvalues 1.1, 1.3, 1.5.

Example 2: We next consider the eigenvalue problem

dw  d*w d?
= T 2 (wow) + =0, € (—00,00), (30)
w(£o0) — 0, (31)
where
wy = §sechz(f).

2 2
The problem is to find the minimum eigenvalue of A for which the above boundary value
problem has a non-trivial solution.
We first note that in the limit  — 00, the governing equation (30) tends to
dw  dPw
w—w—k)\w:O, S (—O0,00). (32)
On substituting the trial solution w = e*® into (32), we obtain

k2 = %(1 + /1 —4)).

Thus, since the behaviour of w in the limit x — +o0o must necessarily be a linear combination

k2 with k determined above, decaying solutions are only possible

of all solutions of the form e
for A < 1/4. We make this assumption from now on.
Again define y = (w,w’,w"”,w")?. Then the above governing equation (30) can be

written in the form (1) with A given by

0 1 0 0
0 0 1 0
A=
0 0 0 1
—(2wg +A) —dwy 1—2w 0

Since both the governing equation and boundary conditions are symmetric about z = 0, we
expect that the eigen modes are either symmetric or anti-symmetric about = = 0. We focus

on the symmetric modes which must satisfy the conditions
w'(0) = w™(0) =0,

and the eigenvalue problem is solved for z € [0, c0).

Two independent vectors that satisfy the boundary conditions at x = 0 are

(1) _

o o o =
C)
|

o = o o



In the limit x — oo, equation (1) reduces to
y = Ay, where Ay = A(co, \).

Numerically, we will have to replace oo by a sufficiently large positive number, say L. By
considering a solution of the form y = Ye**, we find that a decaying solution at = L must

necessarily be a linear combination of

,y(()3)e—k1L and y((]4)e—k2L,
or equivalently, a linear combination of
yi) and gy,
where
1 1
@ _| M @ _ | h L L
e e B B B L e L T
1 2
K i
The appropriate boundary conditions are then given by
—ko + k1
KBk
B —k3 4+ k3
¢*(0) = . 9L = Y (33)

—k k2 + k2ky
ke ke — kol
k2K + k3K

o = O O O O

The compound matrix equation (20) can now be integrated subjected to (33);2 to obtain
the solutions ¢ and ¢, respectively. Plotting D()) shows that D(\) = 0 has a single root
3/16 in (0,1/4). It turns out that at this eigenvalue, equation (30) can be solved exactly to
give

w = sech(%) — 2sech3(§).

See, e.g., Pearce and Fu (2010).
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