1

Lecture Notes on Numerical Analysis of
Nonlinear Equations

Eusebius J Doedel

Department of Computer Science, Concordia University, Montreal, Canada

Numerical integrators can provide valuable insight into the transient behavior
of a dynamical system. However, when the interest is in stationary and peri-
odic solutions, their stability, and their transition to more complex behavior,
then numerical continuation and bifurcation techniques are very powerful and
efficient.

The objective of these notes is to make the reader familiar with the ideas
behind some basic numerical continuation and bifurcation techniques. This
will be useful, and is at times necessary, for the effective use of the software
AuToO and other packages, such as XPPAUT [17], CONTENT [24], MATCONT
[21], and DDE-BIFTOOL [16], which incorporate the same or closely related
algorithms.

These lecture notes are an edited subset of material from graduate courses
given by the author at the universities of Utah and Minnesota [9] and at
Concordia University, and from short courses given at various institutions,
including the Université Pierre et Marie Curie (Paris VI), the Centre de
Recherches Mathématiques of the Université de Montréal, the Technische
Universitdt Hamburg-Harburg, and the Benemérita Universidad Auténoma
de Puebla.

1.1 The Implicit Function Theorem

Before starting our discussion of numerical continuation of solutions to nonlin-
ear equations, it is important first to discuss under what conditions a solution
will actually persist when problem parameters are changed. Therefore, we
begin with an overview of the basic theory. The Implicit Function Theorem
(IFT) is central to our analysis and we discuss some examples. The discus-
sion in this section follows the viewpoint of Keller in graduate lectures at the
California Institute of Technology, a subset of which was published in [23].
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1.1.1 Basic Theory

Let B denote a Banach space, that is, a complete, normed vector space. In
the presentation below it will be implicitly assumed that B is R", although
the results apply more generally. For xy € B, we denote by S,(x¢) the closed
ball of radius p centered at xg, that is,

Sp(x0) ={x € B| [x—x0|< p}.

Existence and uniqueness of solutions is obtained by using two theorems.

Theorem 1 (Contraction Theorem). Consider a continuous function F :
B — B on a Banach space B and suppose that for some xo € B, p > 0, and
some Ko with 0 < Ko < 1, we have

|F(u) — F(v)| < Ko |u—v], forallu,v e S,(x0),
| F(x0) — %o < (1= Ko) p.

Then the equation
x = F(x), x € B,

has one and only one solution x, € Sp(xo), and X, 18 the limit of the sequence
Xp+1 = F(xg), k=0,1,2,....
Proof. Let x1 = F(xg). Then
I %1 =x0[=]F(x0) = x0[< (1= Ko) p < p.

Thus, x1 € S,(x0). Now assume inductively that xo,x1, - ,X, € S,(%0)-
Then for k£ < n we have

| F(xx) — F(xp-1)]| < Ko | x5 — Xp—1]
< K§ [x1 =%

| xk+1 — Xk |

< Kg(1—Ko)p.

Thus,

| %1 = %o < [%n41 =X [ + %0 = xp-1 |+ + [x1 = %0
<Ky + Ky '+ 1) (1—Ko)p
=(1-Ki")p
<p.

Hence x,41 € S,(X0), and by induction x; € S,(x¢) for all k. We now show
that {xy} is a Cauchy sequence:
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I %ktn =X | < [Xktn = Xpgn—1 [+ + [ X1 — xx |
< (Kg '+ Ky -+ ) Kf (1 - Ko)p
= (1= Kg) K¢ p
< Kj p.
For given € > 0, choose k such that K p < 3. Then

| %kte = Xigom | < Khe — Xpe | + | Xioprn — %1 | 2K§ p<eg,

independently of £ and m. Hence, {x;} is a Cauchy sequence and, therefore,
converges to a unique limit lim x;, = x,, where x, € S,(x¢). Since we assumed
that F' is continuous, we have

X, = limxy = lim F(x—1) = F(limxy_1) = F(limxg) = F(x.).

This proves the existence of x,. We get uniqueness as follows. Suppose there
are two solutions, say, X,y € S,(x¢) with x = F/(x) and y = F(y). Then

Ix=yl=lF(x) - F(y)|< Ko [x—y].
Since Ky < 1, this is a contradiction. a

The second theorem ensures the parameter-dependent existence of a solution.
Theorem 2 (Implicit Function Theorem). Let G : B x R™ — B satisfy:

e G(ug,N) =0 forug € B and A\g € R™;
e Gy(ug,Ag) is nonsingular with bounded inverse,

| Gu(ug, Xo) ' [< M

for some M > 0;
o G and Gy are Lipschitz continuous, that is, for allu,v € S,(uo), and for
all A\, € S,(Ao) the following inequalities hold for some K, > 0:

|G, A) = G(v,p)| < K (Ju=v ]+ A= pl),
|Gu(u,A) = Gu(v,p) | < K (Ju—v |+ A= p]).

Then there exists 6, with 0 < § < p, and a unique function u(X) that is
continuous on Ss(Ag), with u(Xg) = g, such that

G(u(A),\) =0, for all X € S5(Xg).

If G(u,Ao) = 0 and if Gy(ug, Ag) is invertible with bounded inverse, then
uy is called an isolated solution of G(u,Ag) = 0. Hence, the IFT states that
isolation (plus Lipschitz continuity assumptions) implies the existence of a
locally unique solution family (or solution branch) u = u(A), with u(Ag) =
Ug.
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Proof. We use the notation GY, = Gy (ug, Ag). Then we rewrite the problem
as

G(u,A) =0+ Glu=G%u—G(u,)
su=(GY) " [Gou—G(u,N)].

=F(u,\)

Hence, G(u,A) = 0 if and only if u is a fixed point of F(-, A). (Note that the
corresponding fixed point iteration is, in fact, the Chord Method for solving
G(u,A) = 0.) We must verify the conditions of the Contraction Theorem.
Pick u,v € S,,(ug), and any fized A € S, (Xo), where p; is to be chosen
later. Then

F(u,A) ~ F(v,A) = (G2) 7 {GS[u—v]— [Gw,A) ~ G(v, A}, (1.1)

By the Fundamental Theorem of Calculus, we have

G(u,A) — G(v,A) = /1 %G(tu +(1=t)v, ) dt
0

_ /1 Gu(tu+ (1—t)v, A) dt[u—v]
0
= Gu(uvva )‘) [u - V},

where in the last step we used the Mean Value Theorem to get G. Then (1.1)
becomes

" F(u7 A) - F(Va A) H
<M |G = Gu(u, v, N[ [u—v]

1
=M ||/ Gu(ug,Ag) — Gu(tu+ (1 —t)v,A) dt| Jlu—v]|
0
1
< M/ [ Gu(tn, Ao) — Gultu+ (1— v, N)| dt |u—v]|
0

1
SM/ Kr (Juo = (fu+ (1 =8)v)[ + [ Xo = Al) di u—v]
0 N——

esﬂl (uO)
< MKp2p |Ju—v]|.
————
=Ko
Therefore, if we take
1
P S OM KL

then Koy < 1. The second condition of the Contraction Theorem is also satis-
fied, namely,
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|F(ug, A) —ug |
= | F(uo, A) — F(ug, Ao)|
= (G%) " [GYup — G(up, A)] — (G%) " [GY ug — G(ug, Ao)] |
= (G%) " [G(ug, Ag) — G(ug, A)]|
S MK [A= Ao
< MKy p,

where p (with 0 < p < p1) is to be chosen. We want the above to be less than
or equal to (1 — Ky)p1, so we choose

(1 *KO)P1.

<
P=>"MK,

Hence, for each A € S,(Ag) we have a unique solution u(X). We now show that
u(A) is continuous in X. Let A1, Ay € S,(Ag), with corresponding solutions
u(A1) and u(Az). Then

[u(A1) —u(X2) |
= [F(u(A1), A1) = F(u(Az), A2) |
< [F(u(A1), A1) = F(u(A2), M) [ + [F(u(A2), A1) — F(u(Ar), A2) |
< Ky H u()q) — u()\g) H +
H (Gg)il [Guu(Re) = G(u(Xz), A1)] — (Gg)il [Gau(Xe) = G(u(X2), X2)] |
< 53, [u(A) —u(r2) | +M Kp [A1 — A2 .

<1
Hence,
MKy,
_ < _
() — ) 1< T 1A= al,
which concludes the proof of the IFT. a

So far, under mild assumptions, we have shown that there exists a locally
unique solution family u(A). If we impose the condition that F(u, A) is con-
tinuously differentiable in A, then we can show that u(A) is also continuously
differentiable. To this end, the Banach Lemma is very useful.

Lemma 1 (Banach Lemma). Let L : B — B be a linear operator with
IL|< 1. Then (I + L)™' exists and

1

|T+L)7H < ——.
1—|L]|

Proof. Suppose I + L is not invertible. Then there exists y € B, y # 0, such
that

(I+L)y=0.
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Thus, y = —Ly and
Iy l=lLy I<I LTy I<ly |,

which is a contradiction. Therefore, (I4+L)~! exists. We can bound the inverse
as follows:

(I+L)(I+L)yt=1
s(I+L)y P =I-L(I+L)!
SlI+L) <+ L] T +L)7
1

This proves the Banach Lemma. a

The Banach Lemma can be used to show the following.

Lemma 2. Under the conditions of the IFT, there exists M7 > 0 and 6 > 0
such that Gy (u,A)™1 ezists and | Gu(u, \) 7L< My in Ss(ug) x Ss(Xo).

Proof. Using again the notation GY, = Gy(ug, Ag), we have
Gu(u,A) = G2 + Gyu(u,A) — G2
=Gyl +(GY) ™! (Gu(u,A) - Gy)].

=L

Similar to how we verified the second condition of the Contraction Theorem
in the proof of the IFT, we can show that

LI MEL(Ju—ug| + A= Xo]) < M Ky 26.

As for the IFT, we choose
1
S OMKL

and conclude that, therefore, (I + L)1 exists and

]

1
< — =

Hence, Gy (u, A) ™! exists and
[Gu(w, \) =G T+ D) S T 95 =

as required. O

We are now ready to prove differentiability of the solution branch.

Theorem 3. In addition to the assumptions of the IFT, assume that the
derivative Ga(u, ) is continuous in S,(ug) x S,(Xo). Then the solution
branch u(A) has a continuous derivative ux(X) on Ss(ug) x Ss(Ag).
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Proof. Using the definition of (Fréchet) derivative, we are given that there
exists Gy(u, A) such that G(u, A) —G(v, A) = Gu(u, A) (u—v)+Ri(u, v, A),
where Rj(u,v,A) is such that

| Bi(u, v, A

—0as Ju—v|—0. (1.2)
[u—v]|

Similarly, there exists Gx(u, A) such that G(u, A) — G(u, u) = Ga(u, X) (A—
) + Ro(u, A\, u), where Ro(u, A, p) satisfies

| R2(u, A, ) |
R

We must show that there exists ux(A) such that

u(A) —u(p) = ua(A) (A —p) +r(A @),

—0as |A—p|—0. (1.3)

v e
1A ) as _ .
A 70 AT sz
Now
0= Gu(\), ) - G(uu), 1)
— G(u(N), \) — G(u(p), N) + G(u(p), A) — Glu(s), p)

Lemma 2 guarantees the existence of G, (u(A),A\)~!, and we find

u(A) —u(p) = ~Gu(u(A),A) 7 [Ga(u(p), ) (A — p) — (Ri + Ry)]
_Gu(u(A)a )‘)_1 [Gk(u()‘)a )‘) ()‘ - N) - ’I“],

where
r=[Gxa(u(A),A) = Ga(u(p), M) (A — p) + Ry + Ry.

Let us, for the moment, ignore the harmless factor G, (u(A), A) ™! and consider
each term of r. Since u and G are continuous, we have

[[Ga(u(A), A) — Ga(u(p), A)] (A —p) |
A= p]

Also, the existence of G implies (1.3)

—0as |[A—p|—=0.

| Ba(u(A), A p) |
A= p]

—0as [A—p|—=0.

Using (1.2), we have
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[ Ri(u(A),u(p), M| _ [Br(u(N), u(p), M) ] [uA) - u(p)]
A= n] [u(X) = u(p)] R

as | A — p | = 0 because the second factor is bounded due to continuity of
u(A) (see the end of the proof of the IFT). Thus,

— 0,

ux(A) = —Gu(u(A), A)"EGA(u(A), N).

To prove that uy is continuous it suffices to show that Gyu(u(X),A)~! is

continuous. Indeed,

| Gu(u(X),\) ™! = Gu(u(p), 0)~ |
= |Gu(u(X), )7 [Gu(u(p), #) — Gu(u(X),N)] Gu(u(p), u) " |
< MY Ep(Ju(p) —a) |+ 1= A,

which concludes the proof of Theorem 3 a

Remark 1. In fact, if G is Lipschitz continuous then uy is Lipschitz contin-
uous (we already assume that G, is Lipschitz continuous). More generally,
it can be shown that uy is C* if G is C¥, that is, u inherits the degree of
continuity of G.

We now give some examples where the IFT is used to show that a given
solution persists, at least locally, when a problem parameter is changed. We
also identify some cases where the conditions of the IFT are not satisfied.

1.1.2 A Predator-Prey Model

Our first example is that of a predator-prey model defined as

{u’l =3ui(1 —uy) —ugug — A\(1 — e=5u1), (1.4)

uhy = —ug + 3ujus.

We can think of u; as ‘fish” and uy as ‘sharks’, while the term A\(1—e~5%1) rep-
resents ‘fishing’, with ‘fishing-quota’ \. When \ = 0 the stationary solutions

are
3U1(1 — Ul) — ULU2 = 0

—Ug + 3uqus =0

} = (u1,u2) = (0,0), (1,0), (3,2).
The Jacobian matrix is

(3 —=06u; —uy —5le 0™ —u1 _ )
J = ( U 1 +3U1 = J(ul,ug,)\).

Hence, we have
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ul 3

u2 7

Fig. 1.1. Stationary solution branches of the predator-prey model (1.4). Solution 2
and solution 4 are branch points, while solution 8 is a Hopf bifurcation point.

J(0,0;0) = (g _(1)) ,  eigenvalues 3, —1 (unstable);

J(1,0;0) = (g _é) , eigenvalues — 3, 2 (unstable);
) (gl—u)(—u)+2=0®
J(%,2;0) = (_(13 _?)), eigenvalues Ziiujij\ﬁo;é
Re(p+) < 0 (stable).

All three Jacobians at A = 0 are nonsingular. Thus, by the IFT, all three
stationary points persist for (small) A\ # 0. In this problem we can ezplicitly
find all solutions (see Fig. 1.1):

I: (’LL]_,’LLQ) = (0,0)

3U1(1 — ’11,1) 3(1 — 2’11,1)

I uy=0and )= I (Note that u111§0 A= Jj% 5e—bu1 5-)
L up=jand 2 —Juy— A1 —e ™) =0=uy=2-3\1—e ")

These solution families intersect at two branch points, one of which is (u1, ug, A) =
(0,0,3/5).
The stability of Branch I follows from:

J(0,0;\) = (3 _05)\ _(1)> , eigenvalues 3 — 5\, —1.
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Fig. 1.2. Bifurcation diagram of the predator-prey model (1.4). The periodic solu-
tion branch is also shown. For stationary solutions the vertical axis is simply w1, while
for periodic solutions max(u,) is plotted. Solid/dashed lines denote stable/unstable
solutions. Open squares are branch points; the solid square is a Hopf bifurcation.

Hence, the trivial solution is unstable if A < 3/5, and stable if A > 3/5, as
indicated in Fig. 1.2. Branch II has no stable positive solutions. At Ay =
0.67 on Branch IIT (Solution 8 in Fig. 1.2) the complex eigenvalues cross
the imaginary axis. This crossing is a Hopf bifurcation. Beyond Ay there are
periodic solutions whose period T increases as \ increases; see Fig. 1.3 for some
representative periodic orbits. The period becomes infinite at A\ = Ao, ~ 0.7.
This final orbit is called a heteroclinic cycle.

From Fig. 1.2 we can deduce the solution behavior for increasing A: Branch
IIT is followed until Ag; then the behavior becomes oscillatory due to the
periodic solutions of increasing period until A = Ay ; finally, the dynamics
collapses to the trivial solution (Branch I).

1.1.3 The Gelfand-Bratu Problem

The IFT is not only useful in the context of solution branches of equilibria.
The periodic orbits in Sect. 1.1.2 are also computed using the IFT principle.
This section gives an example of a solution branch of a two-point boundary
value problem. The Gelfand-Bratu problem [12] is defined as

{“"(x) + @ =0, vz e [0,1], (15)

u(0) =u(l) =0.
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U2

Fig. 1.3. Some periodic solutions of the predator-prey model (1.4). The final orbits
are very close to a heteroclinic cycle.

MAX U
15.0

12.5]

10.04
7.5
5.0
4
2.5
3
N 2
0.0
I I I I I I
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Fig. 1.4. Bifurcation diagram of the Gelfand-Bratu equation (1.5). Note that there
are two solutions for 0 < A < A¢, where A¢ = 3.51. There is one solution for A = A¢
and for A < 0, and are no solutions for A > A¢.

4.0
LAMBDA
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15.0

12.5]

10.0

0.00 0.20 0.40 0.60 0.80 1.00

Fig. 1.5. Some solutions to the Gelfand-Bratu equation (1.5).
If A = 0 then u(z) = 0 is a solution. We show here that this solution is
isolated, so that there is a continuation u = a(\), for |A| small. Consider

u(x) — Ne®®) =0, o
W) =0, w()=gf 7 THEEN

We want to solve u(1;¢,\) = 0, for || small. Here F(0,0) = 0.
——
=F(g,))
We must show (IFT) that F,(0,0) = u4(1;0,0) # 0:

u;’(x) — Npeto(®) uqg =0,

ug(0) =0, ug(0) =1,

} where ug = 0.
q

Now wugy(x;0,0) satisfies

ug =0,
ug(0) =0, ug(0) = 1.
Hence, uq(2;0,0) = x, so that u,(1;0,0) =1 #0.
1.1.4 A Nonlinear Eigenvalue Problem

The equations for column buckling (from nonlinear elasticity theory) [31] are
given by
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{u&’(m) + pun () =0,
uy(@) + qui(@)? + upf =0,
for z € [0, 1], with

ul(O) = ul(l) = O,

uz(0) = —uz(l) = A (A >0),
where p is a stress (to be determined) and ( is another physical constant; take
8 = 1. Note that the boundary conditions are ‘overspecified’ (to determine
w). We rewrite the equations as the first order system

up = ug, u1(0) = wuy(1) =0,
uy = —3ud — p, uz(0) = —ug(l) = A.
Note that uy = uz = 0 implies u5 = —pu, so that uz(x) = A\ — pz, with

u3z(0) = A and uz(l) = A — g = —A. Thus, we must have yu = 2, so that
us(z) = A — 2z = A\(1 — 2z). Hence,

up =up =0, wug(x) =A1-2z), p=2\

is a solution for all A\. Are these solutions isolated? In the formal set-up,
consider

’U/l e UQ, Ul(o) - 0,
7.1,/2 = —puq, uz(0) =p, » = u=u(z,p,p1; \).
wy = —bud — i us(0) = A
‘We must have
ui(L,p,psA) =0,

uz(1,p, s A) + A = 0,} ~F(p,;\) =0,

with F : R? x R — R%. So the question is: Is (F, | F,,)(\) nonsingular along
the basic solution branch?
To answer the above question quickly, we omit explicit construction of F.

We linearize (1.6) about uq,us, us, u, and X\, with respect to ui, us, uz, and
1, acting on vy, v, vz, and p, to obtain the linearized homogeneous equations

vy = v, v1(0) = v1(1) =0,
Uy = —HUL — pus,
vh = —ugva — u, v3(0) = —v3(1) = 0.

In particular, the linearized homogeneous equations about u; = ues = 0,
uz(x) = A(1 — 2z), and p = 2\ are

v = vy, v1(0) = wv1(1) =0,

vh = —2Avy, = u=0, v3=0.
! — —

v = —u, wv3(0)=—v3(l)=0.
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Now, if 2\ # k272, k =1,2,3,..., then

{ v + 2\ =0,
’01(0) = ’Ul(l) = 0,

has the unique solution v; = 0 and, hence, also vy = 0. Thus, if A # 1k?r?
then the basic solution branch is locally unique. However, if A = %k27r2 then

the linearization is singular, and there may be bifurcations. (In fact, there are
buckled states.)

1.1.5 The Pendulum Equation

The equation of a damped pendulum subject to a constant torque is given by

mR¢"(t)+emd (t) +mgsing(t)= I
———— ~~
damping torque
that is,
0+ 500+ L o) =
R R mR’
Scaling time as s = ct we have ¢/ = % = % ds — ¢ ¢ and, similarly, ¢ = ¢ ¢,
we obtain
. . I
¢ §(s) + 5 dls) + % sing(s) = ——,
o+ Rc o+ Rc2 sing = mRc?’

Choose ¢ such that %, = 1, that is, ¢ = /g/R, and set £ = ¢/(Rc) and
I= I/(m Rc?). Then the equation becomes é+E¢+sing = I, or, dropping
the 7, and using ’,

¢"+ed +sing=1. (1.7)

We shall consider special solutions, called rotations, that satisfy ¢(t + 1) =
@(t) + 2m, for all ¢ or, equivalently,

—~
o(T) = 9(0) +2r (= 2m),
¢'(T) = ¢'(0),

where T is the period.
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The Undamped Pendulum
First consider the undamped unforced pendulum
¢" +sing =0,
that is, (1.7) with ¢ = I = 0. Suppose the initial data for a rotation are

#(0) = 0, and ¢'(0) = p > 0. We have ¢(T) = 2m, and ¢'(T) = ¢'(0) = p.
Integration gives

[5¢'¢" dt+ [} ¢ singdt =0
< %¢'2|3—COS¢>); =0
< 10/ (t)? —cosg(t) = %pQ 1
g Yo? o+ 1-cose(t) = Lpt.
L,—/ — 2

kinetic energy potential energy

Thus,
¢ (t) = flf = /p? —2+2cos¢(t)
PN - !
@ \/p?2—2+2cos¢
9 d 2m 1
& Tt e = d
fo 9 ¢ 0 \/p?—2+2cos¢ ¢
27 1
& T = do.
0 v/p?—2+2cos¢
We see that
T—0 as p— o0,
and

2w
1
T— ——d¢ = — 2.
/0 V2 4+ 2cos ¢ ¢=o00 as p

In fact, rotations exists for all p > 2.

The Forced Damped Pendulum

We now consider the forced damped pendulum (1.7),
¢ +e¢ +sing =1,

with ¢(0) = 0 (which sets the phase) and ¢'(0) = p. We write the solution
as ¢ = ¢(t;p, I,¢e). Do there exist rotations, i.e., does there exist T" such that
¢(Tsp,1,¢) =2 and ¢'(Tsp, I, ) = p?
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Theorem 4. Let ¢ be a rotation of the undamped unforced pendulum:
o +singg =0,

$0(0) =0,  ¢;(0) = po,
¢o(To) = 2m, ¢p(To) = po-
Then there exist (smooth) functions T = T(p,e) and
T(po,0) = To and I(po,0) = 0, such that ¢(t;p, I[(p,e),
period T(p, ) of the damped forced pendulum

—

I = I(p,e), with
€) is a rotation of

0 +ed +singy =1,

¢(0;p,[(p, 5)75) =0, (b’(O;p,[(p, 5),5)
o(T(p,e);p, 1(p,e),€) = 2, ¢'(T(p,e); p, I (p; ), €)

for all (p,e) sufficiently close to (po,0).

)

p
p.

Proof. The Jacobian matrix with respect to T and I, of the algebraic system

QS(T;p?I?E) —27T:0,
¢/(T;p7175) - p:07

evaluated at p =pg, T =Ty, and [ = =0, is

/ 0
Jo = <¢9/ ¢6/) (To).

0 I

We must show that detJy # 0. We have

o +singo = 0= ¢(To) = —sin(¢o(Tp)) = —sin (27) =0,
$(To) = po # 0.

Thus, detJy # 0 if ¢?/ (Th) # 0. Here, ¢; satisfies
[tedi+oreosgp=1 ¢1(0) = ¢7(0) = 0.
In particular,

¢?” + ¢ cos g = 1, $7(0) = ¢?/ (0) = 0.

From
67 ¢ + 67 cos do ¢ = ¢,
and
by +singg = 0= ¢ + cos dg ¢y = 0,
we have

0" 0
o1 ¢ — 91 %0 = b

Using integration, we find
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T, To To
. ¢? ¢6 - o ¢? 6” = . ¢6 = 2m,
To
0" To To 0 1 0 " To 0 n
é1 o —/ ¢1 b9 — 1 9o + o1 ¢y = 2m,
0 0 ~— 0
—sin ¢o 0
87 (To) ¢4(To) — ¢7 (0) ¢(0) = 2.
Po 0

Hence,
’ 2
o1 (To) = — #0.
Po
O

A more general analysis of this type for coupled pendula can be found in [1]
(see also Chap. 5).

1.2 Continuation of Solutions

As mentioned, the IFT plays an important role in the design of algorithms
for computing families of solutions to nonlinear equations. Such continuation
methods are applied in a parameter-dependent setting. Hence, we consider
the equation

G(u,\) =0, u, G(-,) eR", MNeR.

Let x = (u, A). Then the equation can be written as

G(x) =0, G:R"™ - R

1.2.1 Regular Solutions

A solution xg of G(x) = 0 is regular [22] if the n (rows) by n + 1 (columns)
matrix G) = G4 (x¢) has maximal rank, i.e., if Rank(GY) = n.
In the parameter formulation G(u, A\) = 0, we have

(i) GY is nonsingular,
or
Rank(GY) = Rank(GY | GY) =n & dim N (GY) =1,
(ii) < and
G € R(GY).

Here, N'(GY,) denotes the null space of G, and R(G?) denotes the range of
G i.e., the linear space spanned by the n columns of GU.
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u

0

Fig. 1.6. A solution branch of G(u, A) = 0; note the two folds.

Theorem 5. Let xg = (ug, \g) be a regular solution of G(x) = 0. Then, near
X, there exists a unique one-dimensional continuum of solutions x(s), called
a solution family or a solution branch, with x(0) = Xg.

Proof. Since Rank(G2) = Rank(G? | GY) = n, either G is nonsingular and
by the IFT we have u = u(\) near xg, or else we can interchange columns
in the Jacobian G2 to see that the solution can locally be parametrized by
one of the components of u. Thus, a unique solution family passes through a
regular solution. O

Remark 2. We remark here that the second case in the above proof is that of
a simple fold; see also Fig. 1.6.
1.2.2 Parameter Continuation

In the parameter-dependent setting we assume that the continuation param-
eter is A. Suppose we have a solution (ug, Ag) of

G(u,\) =0,

as well as the direction vector 1y = du/d), and we want to compute the
solution u; at A\; = A\g + A\; this is illustrated in Fig. 1.7.
To compute the solution u; we use Newton’s method

1.8
ugqul) _ ugu) +Au§")7 v=20,1,2,.... (8)

{ Gu(u)” \) Auj”) = —G(uf” \),
As initial approximation, we use

u§0> =ug + Aluyg.

If Gy(uy, A1) is nonsingular and AN\ is sufficiently small, then the convergence
theory for Newton’s method guarantees that this iteration will converge.
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AA

Fig. 1.7. Graphical interpretation of parameter continuation.

After convergence, the new direction vector 11; can be computed by solving
Gu(u, A1) ay = =Gy (uyg, Ap).

This equation follows from differentiating G(u(A), A\) = 0 with respect to A
at A = A;. Note that, in practice, the calculation of 11y can be done without
another LU-factorization of Gy(uy,A1). Thus, the extra work to find w; is
negligible.

As an example, consider again the Gelfand-Bratu problem of Sect. 1.1.3
given by

u”(x) + Ae"®) =0, Vze€0,1],
{ u(0) = u(1) = 0.

If A = 0 then u(z) = 0 is an isolated solution; see Sect. 1.1.3. We discretize
this problem by introducing a mesh,

O=zg<m1 < ---<ay=1,
l‘jij_lih, ].S]SN, h:]./N
The discrete equations are:

Ujr1 — 2U5 +uj
h2

+Ae% =0, j=1,...,N—1,

with ug = uny = 0. (More accurate discretization is discussed in Sect. 1.3.1.)

Let
Uy

Uz

UN—-1

Then we can write the above as G(u, ) = 0, where G : R"* x R — R", with
n=N—1.
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Fig. 1.8. Graphical interpretation of pseudo-arclength continuation.

For the parameter continuation we suppose that we know \g, ug, and ug.
Then we set \; = \g + AX and apply Newton’s method (1.8) with ugo) =
ug + AXug. After convergence find u; from

Gu(uy, A1) iy = —Gx(ug, A1),

and repeat the above procedure to find us, uz, and so on. Here,

= e
Hence, we must solve a tridiagonal system for each Newton iteration. The
solution branch has a fold where the parameter-continuation method fails; see
Figs. 1.4 and 1.5.

1.2.3 Keller’s Pseudo-Arclength Continuation

In order to allow for continuation of a solution branch past a fold, AUTO

[8, 11, 12] uses Keller’s Pseudo-Arclength Continuation [22]. Suppose we have

a solution (ug, \g) of G(u, \) = 0, as well as the direction vector (t1g, Ag) of the

solution branch. Pseudo-arclength continuation solves the following equations
for (ul, )\1)5

G(ul, )\1) = 0,

(111 — 110)* ug + (/\1 — )\0) ).\0 — As = 0.

Figure 1.8 shows a graphical interpretation of this continuation method. New-
ton’s method for pseudo-arclength continuation becomes

(1.9)
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= As

Fig. 1.9. Parameter-independent pseudo-arclength continuation.

(G (GHM (A G(u{”, ")
) Ao A)\gu) (u§”> —up)* g + (Aﬁ”) —Xo)ho —As )

with the new direction vector defined as
GLGl\ [ 0
Ao NS\ )

e In practice (uy, /\1) can be computed with one extra back-substitution;
e The orientation of the branch is preserved if As is sufficiently small;
e The direction vector must be rescaled, so that indeed |1 |? +\% = 1.

Note that

Theorem 6. The Jacobian of the pseudo-arclength system is nonsingular at
a regular solution point.

Proof. Let x = (u,\) € R*™L. Then pseudo-arclength continuation can be
written as

G(Xl) = O,
(x1 —x0)* %9 — As =0, (I%o0 = 1).

raphical interpretation. The matrix in Newton’s method

Figure 1.9 shows a gr
) At a regular solution we have N'(G2) = Span{x,}. We

atAs:Ois(

a
Qo
X
X0
must show that ( > is nonsingular at a regular solution. Suppose, on the

Qo
X
. %
X0
Qo
contrary, that f is singular. Then there exists some vector z £ 0 with
X0

Y2=0 and xz=0.
Thus, z = ¢Xg, for some constant c. But then
0=x%}z=ck%o=c|%|*=c,

so that z = 0, which is a contradiction. a
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Consider pseudo-arclength continuation for the discretized Gelfand-Bratu
problem of Sect. 1.1.3. Then the matrix

()%

in Newton’s method is a ‘bordered tridiagonal’ matrix of the form

We now show how to solve such linear systems efficiently.

1.2.4 The Bordering Algorithm

The linear systems in Newton’s method for pseudo-arclength continuation are

of the form
A c x\ [(f
b* d y) \h)’

The special structure of this extended system can be exploited; a general
presentation of the numerical linear algebra aspects of extended systems can
be found in [20, 24]. If A is a sparse matrix whose LU-decomposition can be
found relatively cheaply (e.g., if A is tridiagonal), then the following bordered
LU -decomposition [22] will be efficient:

(o 0)= (5 1) (0 3)

After decomposing (which may require pivoting) we compute =, 3,

and § from

The linear system can then be written as
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(1) e 3) 6= ()

Lf=f,
h=h— B*f,
y = h/s,
Ux:f'—yfy.

Theorem 7. The bordering algorithm outlined above works if A and the full

matriz A = (A

b* ;) are nonsingular.

In the proof of Theorem 7 we make use of the Bordering Lemma [22]

Lemma 3 (Bordering Lemma). Let A= (é* (Ci) Then

(a) A nonsingular = A nonsingular if and only if d # b*A~1c;
(b) dimN(A) = dim N (4*) =1 = A nonsingular if { b ¢ R(A%);
(¢c) If dim N (A) > 2 then A is singular.

Proof. (a) (A nonsingular)

A0 I Alc
b* 1 0*
A is nonsingular if and only if e # 0.

In this case A = ( ), where e = d — b*A~!c. Clearly,

(b) (dimA(A) = 1)

Suppose A is singular in this case. Then there exist z € R and £ € R,
not both zero, such that

a=(o ) ()= (2 8) - (0):

We see that ¢ € R(A) if & # 0, which contradicts the assumptions. On
the other hand, if £ = 0 and z # 0 then

N(A) =Span{z} and b e N(A)*.
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Since, in general, N'(4)1 = R(A*), it follows that b € R(A*), which also
contradicts the assumptions.

(c) (dimN(A) > 2)
This case follows from a rank argument. a

Proof (Theorem 7). The crucial step in the bordering algorithm is the com-
putation of z = h/d. Namely, we must have § # 0. Since ¢ is determined in
the bordered LU-decomposition, we have

d=d- [y =d— (U'b)*(L71c)
=d-b*U 'L t¢=d - b*(LU) ¢
=d—-b*A lc,
which is nonzero by Conclusion (a) of the Bordering Lemma. O

Remark 3. In pseudo-arclength continuation we have

A C Gu G)\
A= — (7
b* d 113 )\0,

that is, A = G, which is singular at a fold. Therefore, the bordering algorithm
will fail when it is used exactly at a fold. In practice, the method may still work.
We consider another approach, used in AUTO, when discussing collocation
methods in Sect. 1.3.1.

1.3 Boundary Value Problems

Consider the first-order system of ordinary differential equations
u'(t) — f(u(t), m, \) =0, t €[0,1],

where
u(-), f(-) e R", AER, pe R ™,

subject to boundary conditions
b(u(0),u(1), u, \) =0, b(-) € R™,

and integral constraints

1
/0 Q(U(S)aﬂa)\) ds =0, q() € R".

We want to solve this boundary value problem (BVP) for u(-) and p. In order
for this problem to be formally well posed we require that
n, =ny+ng—n=>0.

We can think of A as the continuation parameter in which the solution (u, p)
may be continued. A simple case is ny = 0, ny, = n, for which n, = 0.
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1.3.1 Orthogonal Collocation

AvuTO solves boundary value problems using the method of orthogonal collo-
cation with piecewise polynomials [2, 7). This method is very accurate, and
allows adaptive mesh-selection. The set-up is as follows.

First, we introduce a mesh

{02t0<t1<"'<t1\r=1},

with
hj =t; —tj_1, (I1<j<N).

Define the space of (vector-valued) piecewise polynomials Pj* as

P — {ph € Cl01] | Paly, 4 € Pm}’

where P™ is the space of (vector-valued) polynomials of degree < m. The
orthogonal collocation method with piecewise polynomials [3] consists of find-
ing pr, € P;* and p € R™#, such that the following collocation equations are
satisfied:

p;z(zj,i) = f(ph(zj,i)vll'a )‘)7 .7 = 17 <. '7N7 1= 13 cee,m,

and such that pj, satisfies the boundary and integral conditions. The collo-
cation points z;; in each subinterval [t;_1,t;] are the (scaled) roots of the
mth-degree orthogonal polynomial (Gauss points); see Fig. 1.10 for a graph-
ical interpretation. Since each local polynomial is determined by (m + 1)n,
coefficients, the total number of degrees of freedom (considering A as fixed) is
(m+ 1)nN + n,,. This is matched by the total number of equations:

collocation: mn,
continuity: (N — 1)n,

constraints: ny +ng (=n-+mn,).

If the solution u(t) of the BVP is sufficiently smooth then the order of accuracy
of the orthogonal collocation method is m, i.e.,

P —ufec= O(R™).
At the main meshpoints ¢; we have superconvergence:
max; | pn(t;) — u(t;)|= O(h*™).

The scalar variables p are also superconvergent [7].
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tig } } it
: tion tiap

i (0

Fig. 1.10. The mesh {0 = to < t1 < --- < ty = 1}. Collocation points and
‘extended-mesh points’ are shown for the case m = 3, in the jth mesh interval. Also
shown are two of the four local Lagrange basis polynomials.

1.3.2 Implementation in AUTO

The implementation in AuTO [12] is done via the introduction of Lagrange
basis polynomials for each subinterval [t;_1,t;]. Define

(0} G=1...N, i=01,..m,

by

where

With the above choice of basis
u; approximates u(f;) and wu;_. approximates u(t;_.),

where u(t) is the solution of the continuous problem.
Then the collocation equations are

p;‘(zjﬂ'):f(pj(zjyi)vl%)‘), i:]-,"',m, j:]-a"'va
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Fig. 1.11. Structure of the Jacobian for the case of n = 2 differential equations
with the number of mesh intervals N = 3, the number of collocation points per
mesh interval m = 3, the number of boundary conditions n, = 2, and the number
of integral constraints ngy = 1. The last row corresponds to the pseudo-arclength
equation, which is not included in the ny = 1 count. From E.J. Doedel, H.B. Keller,
J.P. Kernévez, Numerical analysis and control of bifurcation problems (II): Bifurca-
tion in infinite dimensions, Internat. J. Bifur. Chaos Appl. Sci. Engrg. 1(4) (1991)
745-772 (©1991 World Scientific Publishing; reproduced with permission.

the discrete boundary conditions are
bi(ug,un, p, ) =0, i=1,...,np,
and the integrals constraints can be discretized as
N m
Zij,iqk(ujfi,u,)\):O, k=1,...,ng,

j=11i=0

where the w;; are the Lagrange quadrature coefficients.
The pseudo-arclength equation is

|t = (0" ale) e+ (o= )" o+ (A= X o - A5 =0,

where (u, Ko, Ao), is the previously computed point on the solution branch,
and (W, fty, Ao), is the normalized direction of the branch at that point. The
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Fig. 1.12. The system after condensation of parameters. The entries o have been
eliminated by Gauss elimination.

discretized pseudo-arclength equation is

N m
D> wji [y — (o), 1" (o),

j=1i=0
+ (1= o) * frg + (A — Ao) Ao — As = 0.

The implementation in AUTO includes an efficient method to solve these
linear systems [12]; this is illustrated in Figs. 1.12-1.15. Note that the figures
only illustrate the matrix structure; the indicated operations are also carried
out on the right-hand side, which is not shown in the figures. Figure 1.12
shows the system after condensation of parameters. The entries marked with
o have been eliminated by Gauss elimination. These operations can be done
in parallel [34]. The condensation of parameters leads to a system with a
fully decoupled sub-system that can be solved separately. The decoupled sub-
system is marked by * in Fig. 1.13

1.3.3 Numerical Linear Algebra
The complete discretization consists of

mniN +n, +ng + 1,
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Fig. 1.13. This is the same matrix as in Fig. 1.12, except that some entries are now
marked by a x. The x sub-system is fully decoupled from the remaining equations and
can, therefore, be solved separately. From E.J. Doedel, H.B. Keller, J.P. Kernévez,
Numerical analysis and control of bifurcation problems (II): Bifurcation in infinite
dimensions, Internat. J. Bifur. Chaos Appl. Sci. Engrg. 1(4) (1991) 745-772 (©1991
World Scientific Publishing; reproduced with permission.

nonlinear equations, in the unknowns
{u,_:}e RN e R™, XER.

These equations can be solved by a Newton-Chord iteration. The structure
of the associated Jacobian is illustrated in Fig. 1.11 for a system of n = 2
differential equations, with N = 3 mesh intervals, m = 3 collocation points
per mesh interval, n;, = 2 boundary conditions, and n, = 1 integral constraint.
In a typical problem N will be larger, say, N = 5 for ‘very easy’ problems, and
N = 200 for ‘very difficult’ problems. The ‘standard’ choice of the number of
collocation points per mesh interval is m = 4.

The decoupled * sub-system can be solved by nested dissection. This pro-
cedure eliminates some of the x-entries, but also introduces some new nonzero
entries due to fill-in; see Fig. 1.14. However, the structure reveals a new decou-
pled sub-system that can be solved completely; this subsystem is highlighted
in Fig. 1.15 with +. The + sub-system consists of two sub-matrices 4y and
Ay, as in Fig. 1.15. For periodic solutions, the Floquet multipliers are the
eigenvalues of the matrix —A; ' A [18].



30 Eusebius J Doedel

up ui uz u; us uy T A

e o o o o o o o e o
[ ] [ ] (0] [ ] [ ] [ ] [ ] [ ] [ [ ]
[ ] [ ] (0] (e} [ ] [ ] [ [ ] [ ] [ ]
[ ] [ ] (0] (e} (e} [ ] [ ] [ ] [ ] [ ]
* % 0 0o 0o 0o % % *
x %« o o o o o % *  x
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

[ ] [ ] [0 [ ] [ ] [ ] [ ] [ ] [ ] [ ]

e e 0 O o o o o o o

[ ] [ ] [e) (o) [e) [ [ ] [ ] [ ] [ ]

P 0o o o o o o * % *  x
*  x o o o o o o o % *  x
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

[ [ (o] [ ] [ ] [ [ ] [ ] [ [ ]

e © 0 O © e o o o o

[ ] [ (o] [ o [ ] [ ] [ ] [ ] [ ]

* * [0 o) o o ¢} ¢} * * * *
U 0O o o o o o * * K*k *
*  * *  x x x
* ok * ok x x
* * 0] (e} (o] [e) [e) [e) (e} (o) [e) [e) [e) [e) (e} o o o * * * *
* * [0} (0] (0] (e} e} e} o o e} e} [} e} o o e} ¢} * * * *

Fig. 1.14. The decoupled * sub-system solved by nested dissection. This procedure
eliminates some of the *-entries, but also introduces some new nonzero entries due
to fill-in.

1.4 Computing Periodic Solutions

Periodic solutions can be computed very effectively by using a boundary value
approach. This method also determines the period very accurately. Moreover,
the technique allows asymptotically unstable periodic orbits to be computed
as easily as asymptotically stable ones.

1.4.1 The BVP Approach.
Consider the first-order system
W) = f(u), ),  u(), f() ER", AeR.

Fix the interval of periodicity by the transformation ¢ > % Then the equation
becomes

W) =TEu(t),N),|  u(), f()ER", T,A€ER, (1.10)

and we seek solutions of period 1, i.e.,

u(0) = u(1). (1.11)
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Fig. 1.15. The same matrix as in Fig. 1.14, except with some entries now marked
by +. Note that the + sub-system is decoupled from the other equations, and can,
therefore, be solved separately.

Note that the period T is one of the unknowns.

Equations (1.10)—(1.11) do not uniquely specify u and T'. Assume that
we have computed (ug—1(+), Tk—1, x—1) and we want to compute the next
solution (ug(-), Tk, Ak). Then ug(t) can be translated freely in time: if ug(t)
is a periodic solution then so is uk(t 4 o) for any o. Thus, a phase condition
is needed. An example is the Poincaré orthogonality condition

(ug(0) — up—1(0))" up_,(0) =0,

where the phase of the next condition is fixed such that the difference at
time ¢ = 0 is perpendicular to the tangent vector of the current solution; this
is illustrated in Fig. 1.16. In the next section we derive a numerically more
suitable phase condition.

1.4.2 Integral Phase Condition

If 0y (t) is a solution then so is ug(t + o), for any 0. We want the solution
that minimizes

1
D(o) = / [t + o) — wen (8)[3 dt.
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u k(())

Fig. 1.16. Graphical interpretation of the Poincaré phase condition.

The optimal solution 01 (t46), must satisfy the necessary condition D'(§) = 0.
Differentiation gives the necessary condition

(Ug(t +6) —up_1(t))* W), (t + &) dt = 0.

S—

Writing ug(t) = ug(t + ), gives

1
/0 (ug(t) —up—1(t))* uj(t) dt = 0.

Integration by parts, using periodicity, gives

/oluk(t)*uﬁcl(t) dt = 0. (1.12)

This is the integral phase condition [8].

1.4.3 Pseudo-Arclength Continuation

In practice, we use pseudo-arclength continuation to follow a family of periodic
solutions; see Sect. 1.2.3. In particular, this allows calculation past folds along
a family of periodic solutions. It also allows calculation of a ‘vertical family’
of periodic solutions, which has important applications to the computation
of periodic solutions to conservative systems [14, 30] (see also Chap. 9). For
periodic solutions the pseudo-arclength equation is

1
/O ()~ a0 w13)
+ (T —Tp—1)" Tio1 + (Mg — Ai—1) A—1 = As.

Equations (1.10)—(1.13) are the equations used in AUTO for the continuation
of periodic solutions. In summary, given ug_1,Tx—1, and Agx_1, we solve the
System
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Fig. 1.17. Bifurcation diagram of the stationary solution u(t) = 0 of (1.14).

uy(t) = T f(ug(t), M),
uy,(0) = ug(1),

1
/ ()l (t) dt =0,
0

/o (wg(t) — wp—1(8)) g1 (t) dt + (Th — Tp—1) Tho1 + Mk — A1) M1 = As,

where
u(-), f(-) e R", AT eR.

1.4.4 A Vertical Family of Periodic Orbits

Consider the system of equations

uf) = Aup — ug
’ 1.14
{ugzul(l—ul). (1.14)

Note that u(t) = 0 is a stationary solution for all A. Another stationary
1
—A

The bifurcation diagram for u(¢) = 0 is shown in Fig. 1.17, but we can

also analyze the behavior analytically. The Jacobian along the solution family

u(t) = 0 is
()

solution is u(t) =
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Fig. 1.18. A phase plot of some periodic solutions of (1.14).
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Fig. 1.19. Solution component u; of (1.14) as a function of the scaled time vari-
able ¢.

with eigenvalues
“A+EVAZ -4
5 .
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Fig. 1.20. Solution component uz of (1.14) as a function of the scaled time vari-
able t.

Hence, the eigenvalues are complex for A € (—2,2). The eigenvalues cross the
imaginary axis when A passes through zero. Thus, there is a Hopf bifurcation
along u(t) = 0 at A = 0, and a family of periodic solutions bifurcates from
u(t) = 0 at A = 0. As shown in Fig. 1.17, the emanating family of periodic
solutions is ‘vertical’. Some periodic solutions are shown in Fig. 1.18 in the
(u1,ug)-plane. These solutions are plotted versus time in Figs. 1.19 and 1.20.

Along this family the period tends to infinity. The final infinite-period
orbit is homoclinic to (ui,u2) = (1,0). The time diagrams in Figs. 1.19 and
1.20 illustrate how the ‘peak’ in the solution remains in the same location.
This is a result of the integral phase condition (1.12) and very advantageous
for discretization methods.

1.4.5 FitzHugh-Nagumo Equations

The Fitzhugh-Nagumo equations of nerve-conduction are

{v’:c(v—év?’—i—w),

w = —(v—a+bw)/ec. (1.15)

Let b = 0.8 and ¢ = 3. Note that there is a stationary solution (v(t), w(t)) =
(0,0) for a = 0.

We compute the solution family, starting at (v(t), w(t)) = (0,0) for a = 0,
with AuTo. The bifurcation diagram is shown in Fig. 1.21. Note that the
solution is unstable for a small and becomes stable after a Hopf bifurcation at
a =~ 0.4228. Figure 1.21 also shows the emanating family of periodic solutions,
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Fig. 1.21. Bifurcation diagram of the Fitzhugh-Nagumo equations (1.15).

0.10 0.30 0.50 0.70 0.90
Scaled Time

Fig. 1.22. The periodic solution of (1.15) at a = 0.

which turns back toward a = 0; the periodic solution at a = 0 is shown in
Fig. 1.22.
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Fig. 1.23. Continuation of (1.16) from r = 0 to r = 20.

1.4.6 Periodically Forced and Non-Autonomous Systems

In this section we illustrate computing periodic solutions to non-autonomous
systems. The classical example of a non-autonomous system is a periodically
forced system. In AUTO periodic orbits of a periodically forced system can be
computed by adding a nonlinear oscillator with the desired periodic forcing
as one of its solution components. An example of such an oscillator is

= x+ By —z(2?+y?),
Yy =—Pr+ y—y@®+y?),

which has the asymptotically stable solution
x(t) =sin (8t), y(t) = cos(Lt).

As an example, consider again the FitzHugh-Nagumo equations of Sect. 1.4.5,
where we assume that the first component of the equations is periodically
forced by —rcos Bt. Coupling the oscillator to the Fitzhugh-Nagumo equa-
tions gives:

o= x4 Py —a(@®+y?),
y'=-Br+ y-y®+y),
v = clv— 203 4+ w—ry), (1.16)

!

= —(v— a+bw)/c,

where we take b = 0.8, ¢ = 3, and 8 = 10. For a = 0 and r = 0 there exists
the solution

g
|
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Fig. 1.24. Solutions along the continuation path of (1.16) from r» = 0 to r = 20.

x(t) =sin (Bt), y(t) =cos(Bt),v(t) =0, w(t)=0.

We continue this solution in the forcing amplitude r, from r = 0 to, say,
r = 20. The result is shown in Fig. 1.23, with some of the solutions along this
family plotted versus time in Fig. 1.24.

If the forcing is not periodic, or difficult to model by an autonomous os-
cillator, then the equations can be rewritten in autonomous form as follows.
The non-autonomous system

{u/(t) - f(ta u(t))a 11(‘)7 f() € IRna te [07 ]-L

can be transformed into

w'(t) = f(o(t),u(t)), wu(), f()eR", te[0,1],

v'(t) =1 v(-) €R,
b(u(0),u(1)) = 0, b(:) e R™,
v(0) =0,

which is autonomous, with n +1 ODEs and n + 1 boundary conditions.

1.5 Computing Connecting Orbits

Orbits that connect fixed points of a vector field are important in many
applications. A basic algorithm, which can be represented in various forms
[25, 6, 19] consists of continuation of solutions to the equations
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u'(t) = Tf(u(t), ), u(), £f(-,-) € R*, A eR™, (1.17)
{?EX‘K% _ g: (1.18)
(Eeintme Toom o
B (1.20)

/1(f(u,)\) — £, A))* £, (4, A) £, A) dt = 0, (1.21)
0

11(0) = wp + €9 22:01 CoiVoi, 22:01 C%i =1, (1_22)
u(l) =wy + 1>, c1ivui, it =1

Equation (1.17) is the ODE with independent variable ¢ scaled to [0, 1]. Equa-
tion (1.18) defines two fixed points wy and wy. We assume in (1.19) that
f,(wo,A) has ng distinct real positive eigenvalues pg; with eigenvectors vy,
and f, (w1, A) has n; distinct real negative eigenvalues p1; with eigenvectors
vi;. Equation (1.20) normalizes the eigenvectors. Equation (1.21) gives the
phase condition, with reference orbit 0(t), which is a necessary condition for

D(o):/o [0 (t+0)— o' (8|2 dt

to be minimized over o; here we use u”(t) = f,(u, A) u'(t) = £, (u, A) f(u, A).
Finally, (1.22) requires u(0) to lie in the tangent manifold Uy at ‘distance’ &g
from wy; similarly, u(1) must lie in S; at distance 1 from wy.

Using (1.22) we can eliminate wo and w, to be left with n coupled dif-
ferential equations subject to

ne=2n+n-+1)(ng+n1)+3
constraints. In addition to u(t) € R™ we have scalar variables

AER™) ep,e1 €R,
Hois coi € R, vo; €R™, i=1,...,n0,

M1is Cl4 € R, VUGRn, 1=1,...,n1.
The total number of scalar variables equals
ny, =ny + (n+2)(ng +n1) + 2.

Formally, we need n, = n. —n for a single heteroclinic connection; this gives
ny = n — (ng + n1) + 1. For a family of connecting orbits, we must use
n — (ng + n1) + 2 free parameters. Note that T is large and fixed in this
continuation.
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Fig. 1.25. Geometric interpretation of the equations for computing heteroclinic
orbits in the special case n = 2, ng =n; = 1.

First consider the special case of a heteroclinic connection between two
saddle points in R2, that is, n = 2, ng = n; = 1; a graphical illustration of
this case is shown in Fig. 1.25. Then ny + 1 = 2, i.e., a branch of heteroclinic
orbits requires two free problem parameters A = (A1, A2). Consider Ao as fixed
here.

For A\; = A] we assume the existence of the heteroclinic connection in
Fig. 1.25(b). Generically, perturbation of A\; will produce either Fig. 1.25(a)
or Fig. 1.25(c), depending on the sign of the perturbation. If g and ¢, are
sufficiently small, then there exists a A; close to A} for which (1.17)—(1.20)
(and (1.22)) can be satisfied; here, this is satisfied for A; as in Fig. 1.25(a).
Furthermore, the radii ¢g and €; can be chosen such that the period of the
orbit equals a given large value T', and such that the phase condition (1.21)
is satisfied.

Some more particular cases are:

1. The connection of a saddle to a node in R?.
Here n = 2, ng = 1, ny = 2, so ny = 0. A branch of connections requires
one problem parameter;

2. Ifn=3,n9=3,n1 =2,
then ny = —1, which means that a two-dimensional manifold of connecting
orbits is already possible for fixed problem parameters;
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Fig. 1.26. Bifurcation diagram of the singularly-perturbed BVP (1.23).

3. The homoclinic orbit.
In this case wg = wy and ng + ny = n, so that ny = 1. Such orbits can
also be computed as the limit of periodic orbits as the period T" — oo.

1.6 Other Applications of BVP Continuation

We end this chapter with two examples where the boundary value continuation
of AUTO is applied in special contexts.

Singularly Perturbed BVP

AUTO is well suited for computing solutions in systems with multiple timescales.
The numerical sensitivity caused by the difference in timescales is dealt with
by the orthogonal collocation solution technique with adaptive meshes. The
pseudo-arclength continuation ensures detection of changes along the solution
family. Counsider the singularly perturbed system [26]

eu () = u(w) w'(z) (u(z)? - 1) + u(z),

with boundary conditions

The computational formulation is in the form
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Fig. 1.27. Some solutions along the solution branch of (1.23).

u) = ug
1.23
ulhy = - (’U,]_UQ(’U,% -1+ ul), ( )

with boundary conditions

The parameter A\ is a homotopy parameter to locate a starting solution. In
the first run A varies from 0 to 1 and € = 1 is fixed. In the second run ¢ is
decreased by continuation to the desired value. We use e = 1073,

Once a starting solution is obtained, we continue the solution for ¢ = 1073
in the parameter . This third run takes many continuation steps. Figure 1.26
shows the bifurcation diagram with the solution family obtained by continu-
ation in 7. A selection of the solutions along the branch is shown in Fig. 1.27.

1.6.1 Orbit Continuation in IVP

One can also use continuation to compute solution families of initial value
problems (IVP). Using continuation instead of integration of a large number
of initial conditions has the advantage that the manifold described by the
orbits is well covered, even in problems with very sensitive dependence on
initial conditions. As an example, we consider the Lorenz equations given by

2 = (y—x),
y =pr—y—x2, (1.24)
o =y - B2,
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Fig. 1.28. Bifurcation diagram of the Lorenz equations (1.24).

with o = 10 and § = 8/3.

Let us first analyze the stationary solutions of (1.24) as a function of p.
A bifurcation diagram is shown in Fig. 1.28. The zero solution is unstable for
p > 1. Two nonzero (symmetric) stationary solutions bifurcate at p = 1. These
nonzero stationary solutions become unstable for p > py =~ 24.7. At py there
are Hopf bifurcations, and a family of unstable periodic solutions emanates
from each of the Hopf bifurcation points; only the maximal xz-coordinate is
shown in Fig. 1.28, and Fig. 1.29 shows some of these periodic orbits in the
(x,y)-plane. The families of periodic solutions end in homoclinic orbits (infi-
nite period) at p = 13.9.

Now let p = 28. For this parameter value the Lorenz equations have a
strange attractor. Let

The origin 0 is a saddle point, with eigenvalues 1 = —2.66, uo ~ —22.8, u3 =~
11.82, and corresponding normalized eigenvectors v1, v, and vg3, respectively.
We want to compute the stable manifold of the origin.

We compute an initial orbit u(t), for ¢ from 0 to T' (where T' < 0), with
u(0) close to 0 in the eigenspace spanned by v; and va, that is,
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Fig. 1.29. Periodic orbits of the Lorenz equations (1.24).
cos(0 sin(6
u(0)20+€( ()Vl— ()V2>7
|a |22
for, say, 6 = 0.

The IVP can be solved with AUuTO as follows. Scale time ¢ — % Then the
initial orbit satisfies

u'(t) =Tf(ut), 0<t<1,

and
€

The initial orbit has length

L= [ i) as

Thus the initial orbit is a solution of the equation F(X) = 0, where X =
(u(+),0,T) (for given L and ) and

u’(t)—Tf(u(tg)7 »
FX) =  u(0)—« (cos( ) sin( )V2>7

Vi —
i | | |12
Tfo [f(u(s))| ds— L.

Once the initial orbit has been integrated up to a sufficiently long arclength L,
we can use pseudo-arclength continuation to find a family of solution segments
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—

Fig. 1.30. The stable manifold of the origin in the Lorenz equations (1.24). Panel
(a) shows the family of orbits that represent part of the manifold. Panel (b) shows
another section of the Lorenz manifold.

that forms an approximation of the Lorenz manifold, the stable manifold of
the origin. The set-up for pseudo-arclength continuation is now:
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F(X;) =0,
(X1 — Xg)*Xo — As = 0, (IXo]=1),

with X = (u(-),0,T) and L and ¢ fixed. It is important to note here that we
do not just change the initial point (i.e., the value of #). The continuation
stepsize As measures the change in X. An impression of part of the computed
Lorenz manifold is shown in Fig. 1.30. For more detailed results see [13].

1.7 Outlook

We discussed the set-up in AUTO for the numerical continuation of families of
solutions to first-order systems of ordinary differential equations. AUTO uses
Keller’s pseudo-arclength continuation [22], which can equally well be applied
to solution families of algebraic problems, e.g., families of stationary solutions.
When applied to families of orbits, each continuation step involves solving a
boundary value problem. AUTO uses piecewise polynomial collocation with
Gauss-Legendre collocation points (orthogonal collocation) [7, 3], similar to
CoLsys [2] and COLDAE [4], with adaptive mesh selection [32].

The basic objective behind the continuation methods of AUTO is the ability
to perform a numerical bifurcation analysis. Such computational results give a
deeper understanding of the solution behavior, stability, multiplicity, and bi-
furcations, and they often provide direct links to the underlying mathematical
theories. We highlighted only the basic set-up in AuTo. For multi-parameter
bifurcation analysis the system that implicitly defines the solution branch
is extended to contain bifurcation conditions; see, for example, [11, 12]. By
monitoring the appropriate bifurcation condition AUTO detects, say, a Hopf
bifurcation when continuing a family of stationary solutions in one parame-
ter. This bifurcation point can subsequently be continued by extending the
set-up for pseudo-arclength continuation with extra equations (the bifurcation
condition), and freeing a second parameter. For so-called minimally extended
systems see [20, 24].

There is a need for further refinement of existing continuation algorithms
and software for bifurcation analysis, and there is a need for their extension to
new classes of problems. Probably the greatest challenges lie in the develop-
ment of numerical continuation and bifurcation software for partial differential
equations. There is such a package for scalar nonlinear elliptic PDEs on gen-
eral domains in R? [5], which is based on multigrid solution techniques; see
also [27, 28, 29]. Good results have also been obtained with stabilized simple
iteration schemes for computing stationary PDE solutions ‘with mostly stable
modes’; see, for example, [33]. There remains a need for general bifurcation
software for systems of elliptic PDEs, subject to general boundary conditions
and integral constraints. For the case of such systems on simple domains in
R2, the generalization of the collocation method of Sect. 1.2.3 carries some
promise. To become comparable in performance to current ODE bifurcation
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software it is necessary to use adaptive meshes. In this case the direct solution
of the linear systems arising in Newton’s method remains feasible, so that a
high degree of robustness is possible. For developments in this directions, see
[10, 15].

The chapters in this book also provide a wide range of examples of exten-
sions and refinements of the continuation algorithms.

Acknowledgments

Although part of the material in these lecture notes is original, the author is
greatly indebted to many collaborators, and above all to H.B. Keller of the
California Institute of Technology, whose published and unpublished work is
strongly present in these notes, and without whose inspiration and support
since 1975 the algorithms and software described here would not exist in
their current form. The author is grateful to World Scientific Publishing for
permission to reproduce previously published material from [12].

References

1. D. G. Aronson, E. J. Doedel, and H. G. Othmer. The dynamics of coupled
current-biased Josephson junctions II. Internat. J. Bifur. Chaos Appl. Sci.
Engrg., 1(1): 51-66, 1991.

2. U. M. Ascher, J. Christiansen, and R. D. Russell. Collocation software for
boundary value ODEs. ACM Trans. Math. Software, 7:209-222, 1981.

3. U. M. Ascher, R. M. M. Mattheij, and R. D. Russell. Numerical solution of
boundary value problems for ordinary differential equations. Prentice-Hall, 1988;
SIAM, 1995.

4. U. M. Ascher and R. J. Spiteri. Collocation software for boundary value
differential-algebraic equations. SIAM J. Sci. Comput., 15:938-952, 1995.

5. R. E. Bank. PLTMG, A Software Package for Solving Elliptic Partial Differen-
tial Equations. (STAM, Philadelphia, 1990).

6. W.-J. Beyn. The numerical computation of connecting orbits in dynamical
systems. IMA J. Num. Anal., 9:379-405, 1990.

7. C. de Boor and B. Swartz. Collocation at Gaussian points. SIAM J. Numer.
Anal., 10:582-606, 1973.

8. E. J. Doedel. AuTo: A program for the automatic bifurcation analysis of au-
tonomous systems, Cong. Num. 30, 1981, 265-284. (Proc. 10th Manitoba Conf.
on Num. Math. and Comp., Univ. of Manitoba, Winnipeg, Canada.)

9. E. J. Doedel. Numerical Analysis and Control of Bifurcation Problems. Report
UMSI 89/17. University of Minnesota Supercomputer Institute. February 1989.

10. E. J. Doedel. On the construction of discretizations of elliptic partial differential
equations. J. Difference Equations and Applications, 3:389-416, 1997.

11. E. J. Doedel, H. B. Keller, and J. P. Kernévez. Numerical analysis and control
of bifurcation problems (I): Bifurcation in finite dimensions. Internat. J. Bifur.
Chaos Appl. Sci. Engrg., 1(3):493-520, 1991.



48

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Eusebius J Doedel

E. J. Doedel, H. B. Keller, and J. P. Kernévez. Numerical analysis and control of
bifurcation problems (II): Bifurcation in infinite dimensions. Internat. J. Bifur.
Chaos Appl. Sci. Engrg., 1(4):745-772, 1991.

E. J. Doedel, B. Krauskopf, H. M. Osinga. Global bifurcations of the Lorenz
manifold. Nonlinearity, 19(12):2947-2972, 2006.

E. J. Doedel, V. Romanov, R. C. Paffenroth, H. B. Keller. D. J. Dichmann,
J. Galan, and A. Vanderbauwhede. Elemental periodic orbits associated with
the libration points in the Circular Restricted 3-Body Problem. Internat. J.
Bifur. Chaos Appl. Sci. Engrg., 17(8), 2007 (in press).

E. J. Doedel and H. Sharifi. Collocation methods for continuation problems in
nonlinear elliptic PDEs. In D. Henry and A. Bergeon, editors, Issue on Contin-
uation Methods in Fluid Mechanics, Notes on Numer. Fluid. Mech., 74:105-118,
(Vieweg, 2000).

K. Engelborghs, T. Luzyanina and D. Roose. Numerical bifurcation analysis
of delay differential equations using DDE-BIFTooL. ACM Trans. Math. Soft-
ware, 28(1): 1-21, 2002. Available via http://www.cs.kuleuven.ac.be/cwis/
research/twr/research/software/delay/ddebiftools.shtml.

B. Ermentrout. Simulating, Analyzing, and Animating Dynamical Systems:
A Guide to XpPAUT for Researchers and Students, volume 14 of Software,
Environments, and Tools (SIAM, Philadelphia, 2002). Available via http:
//www.math.pitt.edu/ bard/xpp/xpp.html.

T. F. Fairgrieve and A. D. Jepson. O.K. Floquet multipliers. SIAM J. Numer.
Anal., 28(5):1446-1462, 1991.

M. J. Friedman and E. J. Doedel. Numerical computation and continuation of
invariant manifolds connecting fixed points. SIAM J. Numer. Anal., 28:789-808,
1991.

W. Govaerts. Numerical Methods for Bifurcations of Dynamical Equilibria.
(SIAM, Philadelphia, 2000).

W. Govaerts, Yu. A. Kuznetsov and A. Dhooge. Numerical continuation of
bifurcations of limit cycles in Matlab. STAM J. Sci. Computing, 27(1):231-252,
2005.

H. B. Keller. Numerical solution of bifurcation and nonlinear eigenvalue prob-
lems. In P. H. Rabinowitz, editor, Applications of Bifurcation Theory. (Academic
Press, 1977), pages 359-384.

H. B. Keller. Lectures on Numerical Methods in Bifurcation Problems. Tata
Institute of Fundamental Research. Bombay, 1987.

Yu. A. Kuznetsov. Elements of Applied Bifurcation Theory. (Springer-Verlag,
New York, 2004).

M. Lentini and H. B. Keller. Boundary value problems over semi-infinite inter-
vals and their numerical solution. SIAM J. Numer. Anal., 17:557-604, 1980.
J. Lorenz. Nonlinear boundary value problems with turning points and proper-
ties of difference schemes. In W. Eckhaus and E. M. de Jager, editors, Singular
Perturbation Theory and Applications. (Springer Verlag, New York, 1982).

K. Lust. PDECONT: A timestepper-based continuation code for large-scale sys-
tems. Available via http://www.dynamicalsystems.org/sw/sw/detail?item=
8.

K. Lust, D. Roose, A. Spence, and A. R. Champneys. An adaptive Newton-
Picard algorithm with subspace iteration for computing periodic solutions.
SIAM J. Sci. Computing, 19(4):1188-1209, 1998.



29

30.

31.

32.

33.

34.

1 Numerical Analysis of Nonlinear Equations 49

. K. Lust and D. Roose. Computation and bifurcation analysis of periodic so-
lutions of large-scale systems. In E. J. Doedel and L. S. Tuckerman, editors,
Numerical Methods for Bifurcation Problems and Large-Scale Dynamical Sys-
tems, IMA Vol. Math. Appl., volume 119. (Springer-Verlag, New York, 2000),
pages 265-301.

F. J. Munoz-Almaraz, E. Freire, J. Galan, E. J. Doedel, and A. Vanderbauwhede.
Continuation of periodic orbits in conservative and Hamiltonian systems. Phys-
ica D, 181(1-2), 1-38, 2003.

E. L. Reiss. Column buckling — An elementary example of bifurcation. In
J. B. Keller and S. Antman, editors, Bifurcation Theory and Nonlinear Eigen-
value Problems, pages 1-16. (W. A. Benjamin, Publishers, 1969).

R. D. Russell and J. Christiansen. Adaptive mesh selection strategies for solving
boundary value problems. SIAM J. Numer. Anal., 15:59-80, 1978.

G. M. Shroff and H. B. Keller. Stabilization of unstable procedures: The recur-
sive projection method. SIAM J. Numer. Anal., 30(4):1099-1120, 1993.

X.-J. Wang and E. J. Doedel. AuT094P: An experimental parallel version of
AuTo. Technical report, Center for Research on Parallel Computing, California
Institute of Technology, Pasadena CA 91125. CRPC-95-3, 1995.



