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Abstract

We consider symmetry-breaking bifurcation points which arise in parameter-
dependent nonlinear equations of the form f(x,A) = 0. These types of bifurc-
ation points are connected to pitchfork bifurcation points. A direct method is used to
compute such points. Multiple shooting is used to discretise the two-point boundary-
value problems to obtain a finite-dimensional problem.

1. Introduction

Many physical problems can be formulated as a parameter-dependent nonlinear
equation of the form

Sx,A) =0, (1.1)

where f is a C2-function which maps R" x R into R". The point (xo, Ag) is
called a regular point of f(x,A) = 0if f,(x, A) is nonsingular. It is called a
simple singular point of f(x, A) = 0if f,(x, A) is singular; f° = £, (xo, A¢) and
f;’T each has one-dimensional null space spanned by ¢, and ¥, respectively.
Whether (or not) bifurcation occurs at a singular point depends on the type
of singularity, which is described by (in)equalities involving the derivatives of
f(x, 1) at (xq, Ag). Typically, turning points, and transcritical and pitchfork
bifurcation occur.
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104 B. S. Attili [2]

To compute such points, we use the extended system proposed by Griewank
and Reddien [4, 5]; that is,

F(x,2) =( g((;i)) ) =0, (1.2)

where g(x, A) = u' f,(x, 1) -v and « and v are the left and right null vectors of
S0 respectively. More on this system will be given in Section 3 (see also Attili
(1, 2.

The outline of this paper will be as follows. Some assumptions and definitions
are given in Section 2. In Section 3, we present the relation between symmetry-
breaking bifurcation points and pitchfork bifurcation, and details on the extended
system will also be presented. In this section we also present the main theorem
of this paper, which shows that a symmetry-breaking bifurcation point is an
isolated solution of the extended system. Numerical details are given in the final
section.

It is important to note that Werner and Spence [9] have considered com-
putation of such points using a different extended system; also some other
investigators considered systems which do not utilise the symmetry, see Moore
[6] and Werner [10]. But the system considered here is more direct, and reduces
the number of equations and unknowns considerably, in comparison with the
system considered by Werner and Spence [9].

2. Assumptions and definitions

Before defining what is meant by a symmetry-breaking bifurcation point,
we shall recall some standard theory on bifurcation. The point (xg, Ag) is a
simple singular point of f(x, ) = 0if f(xp, o) = 0, N(f?) =span{¢} and
R(fH={yeR :y)y=0}

DEFINITION 2.1. A simple bifurcation point (xo, A) is called a pitchfork bifurca-
tion pointof f(x, 1) = 0if Y5 £ = 0, ¥g L Pobo = Oand YiJ (f+f bovo) #
0 where fOvy = — f2. If ] f oo # O, the bifurcation point is called tran-
scritical.

We shall assume that (Al): There exists S € L(R"), the bounded linear
operators mapping R" into R", with S # I and §? = I and f(Sx A)=Sf(x,A)
forallx € R” and A € R".
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Here (A1) will give rise to the natural decomposition
Rn =R:$R2a (2'1)

where
R ={x € R": Sx =x} 2.2)

is the set of symmetric elements, and
R, ={x e R": Sx = —x} 2.3)

is the set of antisymmetric elements, see Sattinger [7]. The decomposition arises
because x € R" can be written as 2x = (I + S)x + (I — S)x,where Sx € R}
and (I — S)x € R". To see this relation, note that S(/ + S)x = Sx + $%x =
Sx + Ix = (I + S)x which implies that (I + S)x € R} and also (/ — S)x € R,
since S —-S)x=S-8Hx = - DHx=—-(I — S)x.

DEFINITION 2.2. If (xg, A¢) is a singular point of f(x,A) = 0, then (xp, Ao) is
called a symmetry- breaking bifurcation point of f(x, 1) if xo € R} and ¢y € R}
where span{¢o} = N(f{).

3. Symmetry breaking and pitchfork bifurcation points

The singular points in definition (2.2) will be shown to be pitchfork bifurcation
points of f(x, A) = 0 under certain generic conditions. Before doing that, we
state some results which can be obtained from assumption (A1l).

LEMMA 3.1. Assume that (Al) holds. Then forall . € R and x, w,v € R", we
have
fHi(Sx,2) = Sfi(Sx, ),
f:(Sx, A)Sv Sf.(Sx, A)v,
ka(sx, )")Sv = Sflx(sx’ Av,
fax(Sx, M)SvSw = Sf.(Sx, M)vw.

All results in (3.1) can be obtained by differentiating f(Sx,A) = Sf(x, A)
with respect to A or x. Using (3.1), one can show that for A € R and x € R

Fx, ), fulx,A) € R}. (3.2)

This is true if x € R} then Sx = x and so f(x,A) = f(Sx,A) = Sf(x,7),
which implies that f(x,A) € R}. The same can be said about f,(x, A). Note

3.1
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that R} and R} are invariant with regard to f;(x, A) and fi;(x, A). This follows
since if v € R} then Sv = v and so

Silx, My = Sfi(x, Mv. (3.3)

Also, for v,w € R} or v,w € R}, f.,(x,\)vw € R}. The reason is that
if v, w are in R}, then Sv = v and Sw = w, which yields f,,(x, M )vw =
fex(x, A)Svw = Sfi(x, A)vw, and thus f,.(x, \)vw € R?. Ifve R}, w € R}
then f,(x, A)vw € R}.

LEMMA 3.2. For every x € R", we have yJx = 0.

PROOF. Since R? is invariant with respect to f? as in (3.3), then R” is the range
of f?. The conclusion now follows from the Fredholm Alternative.

Standard theory of bifurcation shows that at a symmetry-breaking bifurc-
ation point, the solution set of (1.1) will consist of two smooth transversally
intersecting branches (see Brezzi, Rappaz and Raviart [3]); that is,

Co={(x,A): A =X+ v+ u;(%), ¢| < &}
and
Co={(x, 1) : A=A+ 0%, x = x0+ o + wa(&), €] < &}

where C; and C, refer to the symmetric and antisymmetric branches respectively.
The Implicit Function Theorem will guarantee that C; C R” since f? is restricted
to R! is an isomorphism of R?. Hence C, bifurcates from a symmetric branch of
solution C; at a symmetry-breaking bifurcation point. Such branching is given
by ¢p € R”. To compute symmetry-breaking bifurcation points, let us consider
the extended system

_(feDN_ ([ fen
P h= ( g(x, 1) ) = ( —u £ (x, M ) =0 09

where u = Y, and v = ¢y, the left and right null vectors of f? respectively,
g(x, 1) is obtained from the following lemma.

LEMMA 3.3. The systems
* R 0
L7 o) Le =10 69
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Al e

where v and u are n x 1 vectors, g is a scalar function, T and R are n x 1
vectors, are both uniquely solvable and

and

T
§=—u fxv,
g/ — __qu;v + (uTR’g + gT'Tv), (3.7

where the prime denotes differentiation with respect to x or A.

Here T and R are normalisations for v and u respectively, which forces f;
to be singular, see Attili [1, 2] and Griewank and Reddien [4, 5]. Also v and R
are chosen to be in R}. It follows from (3.2) and (3.3) that F (x, A) maps R? x R
into R? x R. Hence a symmetry-breaking singular point (xo, o) corresponds to
a solution (xg, Ag) of (3.4). Moreover, the next theorem shows the relevance of
(A1) for pitchfork bifurcation. See Brezzi, Rappaz and Raviart [3].

THEOREM 3.1. Assume that (A1) it holds and let (xy, Ao) be a symmetry breaking
simple singular point. Let F(x, A), as in (3.4), be a mapping from R} x R into
R? x R then (xo, Ao) is an isolated solution of (3.4) if and only if (x¢, o) is a
pitchfork bifurcation point.

PROOF. The Jacobian of (3.4) is

quxxv quxAv

At (x9, Ag), consider the system

[t oo [
Vo o0 Y fado « ’

which when expanded gives

(i) ff-t-{-af,?:o, (3.9)
(i) ¥ fdot + ayy fldo =0. ‘
Since — f) = f2. vy and f2¢y = 0, then from (3.9-i), we have
t = avy + By, (3.10)
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Substituting (3.10) in (3.9-ii) we get
ayy [0 +avy frdovo + BV frdodo = 0. 3.11)

Moreover wg 0 oo = O since (xg, Ao) is a pitchfork bifurcation point, and
hence (3.11) becomes

al, (fo + fodovo)] = 0.

But ¥y f3¢0 + fléovo # 0 since (xo, Ao) is a pitchfork bifurcation point, -
this yields « = 0. Thus ¢ = B¢, which implies ¢t € R?, but ¢+ € R?, then
t € R N R, = {0} and hence (3.10) has only the trivial solution. The solution
(¢, @)7 is nontrivial if and only if there existan @ € R and ¢ € R! such that

f/\o + fxot = O,
and
Yl (o0 + fOdot) =0

or equivalently, the null space of (3.8) is trivial if and only if

Yo (fS%0 + foot) #£0

and ¢ satisfies
R+fr=o0

Thus (xp, Ao) is a pitchfork bifurcation point.

The above theorem shows that the symmetry-breaking bifurcation point is an
isolated solution of the extended system (3.4), hence it will be used to compute
such points. Moreover, the same system can be used to compute certain double
singular points (xp, Ag) of f(x,A) = 0, as we shall show here that (xg, Ag) is
again an isolated solution to (3.4), where F(x, A) = 0 (the extended system)
maps R} x R into R} x R. Now assume that

N(f}) = span{¢o¢1}, ¢ € R — {0} and ¢, € R} — {0}, (3.12)
R(fH={yeR :y;y=0,i=0,1}, (3.13)

and
Ylx =0 forx e R”, Ylx =0 forx e R". (3.14)

With these assumptions, we will have the following theorem.
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THEOREM 3.2. Assume that (A1) holds and let (x4, Ay) be a double singular
point with xy € R}. Assume also that (3.12), (3.13) and (3.14) hold. With
F(x, 1) given by (3.4) considered as a mapping on R} x R, then (xy, Ao) is an
isolated solution of (3.4) if and only if f? & range(f2) and Yo f° o1 # O.

PRrROOF. Consider

[ S s ].[’]=o, (.15)

1/fo xx¢0 ‘po fado 44

where the matrix in (3.15) above is the Jacobian of (3.4). Equation (3.15) implies
@) ft+af)=0,

.. 3.16
(i) ¥q fPaot +ayy fo¢0 =.0. (3.16)
Now since f? ¢ range(f?), then ¥ f° # 0 and so (3.16-i) implies that
YT fOt+ay] £ = 0. Furthersince ¢ f° = 0, thenay f = 0,but ¢ £ # O,
this shows that & = 0. Now (3.16-i) becomes f°r = 0, and thus € N(f?), or
equivalently 1 = a¢y + b¢;. Substituting this in (3.16-ii) we obtain

ayg f2 oo + b 2oty = 0. (3.17)

From (3.12), ¢ € R? and so f ¢o¢o € R” as shown earlier in this section, also
Vd £2 dodpo = 0 since ¥ x = O for every x € R" (Lemma 3.2), (3.17) becomes
biﬁOT 0 oy = 0, which means b = 0 since I/roT 0 ¢y # 0, and so 1 = agy.
Here t = a¢, implies t € R} since ¢y € R}, but ¢t € R’ since F(x, A) maps
R x Rinto R} x R, which showst € R N R} = {0} and so a = 0. Thus (3.15)
has only the trivial solution. The other side of the “if and only if" statement
follows directly.

A result similar to the above is stated without proof in Werner and Spence
[9], where they considered a different extended system than the one presented
here.

4. Numerical examples

4.1. Coupled cell reaction. Consider the nonlinear operator

_ h(xl’xZ’ )")
FGe,2) = [ PR ]
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where x = (x;, x,) € R x R, which represent a two-cell exothermic reaction
(see Werner and Spence [9]), where

h(xy, x3, A) = x; + €(x) — x3) — Aexp{x; /(1 + &x))).

Here € is some coupling coefficient and the exponential term is the Arrhe-
nius reaction rate term. Solving the extended system (3.4) with ¢ = .01
and { = .23 we obtained (x), x, 1) = (7.7773552, 7.7773261, .47827289)
and (x;, x2, A) = (2.430591,2.4306056, .51124817), which are two simple
symmetry-breaking bifurcation points. With ¢ = 0, the simple symmetry-
breaking bifurcation coalesces with the simple turning point. This means that
assumption (A1) will split the double turning point referred to in Theorem 3.2
into a simple turning point and a simple symmetry-breaking bifurcation point.

4.2. The Duffing equation. The system (3.4) in the previous section will be
a basis for the computation of symmetry breaking; that is, pitchfork bifurca-
tion points. Such points will be isolated solutions of (3.4). For more on the
experimental aspects, consider the Duffing equation which exhibits secondary
bifurcation, see Seydel [8]; that s,

¥ + 2x% = Acost, x(0) = x(2m). “4.1D

We are seeking 2 -periodic solutions. The assumption (A1) of Section 2 is
satisfied directly for (4.1) because of the symmetry properties of the cosine for
S € (Sq, Sp, Sy), where

(Sex)(t) = x(—1),
(Spgx)(®) = —x(r —1), “4.2)
Sy x)(t) = —x(t — ).

Equation (4.1) has a branch of 2n-periodic functions which are symmetric
with respect to all symmetries. On this branch there are several symmetry-
breaking bifurcation points at which two symmetries are broken and one sym-
metry is preserved. See Werner and Spence [9].

‘We shall discretise (4.1) using the shooting method to obtain a finite-dimen-
sional problem. We start by dividing the interval [0, 25r] into four equal subin-
tervals. Let x(0) = s, x(0) = 5, x(71) = 53 and x(;r) = s, be initial guesses at
0 and . With s, and s, as initial guesses, solve the two initial-value problems on
[0, 7 /2] and backward on [37/2, 2] to obtain x,, X, at /2 and x4, X4 at 377/2
respectively. Also with s; and s, as initial guesses, solve the two initial-value
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problems backward on [7/2, 7] and forward on {7, 37/2] to obtain x,, X, at
/2 and x5, x; at 37 /2 respectively. Now

Xy — X2
X — X

F(s,A) = x; _ xi 4.3)
X3 — X4

For the finite-dimensional problem, (S,x)(¢#) = —x(¢) will be equivalent to
saying s; = 0 and s, = 0, and so an analogous symmetry to S, is

1 0 0 O
0 -10 O
S = 00 1 0 “4.4)
0O 0 0 -1
The second symmetry (Sgx)(t) = —x (v — t) will be analogous to
0 0 -1 0
0 0 0 1
%=1 _10 0 o “-3)
0O 1 0 O
Also, (S, x)(t) = —x(t — m) is analogous to
0O 0 -1 O
0O 0 0 -1
S=| _ 1 0 0 o0 . 4.6)
0 -1 0 0O

To show that assumption (A1) holds for the finite-dimensional problem, we
shall deal with F(s, 1), where

F(s,)) = QF(s, 1)

and
1 -1 1 1
1 1 1 -1
Q= -1 1 1 1 @7
1 1 -1 1
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Note that solving F (s, A)~= 0 is equivalent to solving F(s,}) = 0, since 0
is invertible. The function F is given by

Xy — Xz X3 — Xg — X1+ Xp + X3 — X4
X=X+ X3 — X4+ X — X3 — X3+ X4

F(s,2) = . . . . 4.8
(s, 2) X1 +xptx3—x4+x — X2+ X3 — X4 (4.8)
X| — X2 — X3 +x4+5c1 —x.z +X3 —X4
Now, under the §; symmetry, we have
M M
82 -5
= = . 4,

Sls Sl 53 55 ( 9)

Sq —8s

Solving the initial-value problems with s,, —s, and s3, —s4, We obtain
X4, —X4 on [0, /2], x3, —x3 on [7, /2], X3, —X, on [, 37/2] and Xy, —X
on [2m, 3w /2]. Using these values we find F (Sis, A) is the same as F (s, A)
with the second component and the fourth component reversed in sign, which is
S,ﬁ(s, A), and so

F(Sis,)) = S F(s, A).

Similarly, one can prove the same result for the other symmetries, which shows
that assumption (A1) is satisfied.
For the computations, we can find the symmetric solution by solving

¥ +2x} =Arcost, x,0)=s, x(0) =0, (4.10)
on [0, /2]. In order to find the antisymmetric solution, we solve
X + fo = A cost, x(0) =0, x1(0) = s, 4.11)

on [0, 7/2]. There will be no need to solve the other initial-value problems on
the other subintervals. The solutions may be extended based on the symmetries.
We transform (4.10) and (4.11) into a first-order differential equation to obtain

X = Xy

X = —2x}+ Acost, (4.12)

together with the initial conditions x;(0) = s, and x,(0) = 0 in the symmetric
case and x,;(0) = 0 and x,(0) = s, in the antisymmetric case. In the symmetric
case, we need to satisfy x,(7/2) = 0 and so

F(s,A) =x(/2)=0
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To find g we used R = 1 and 7T = 1. With this choice, g = 3F/ds,. The
function d F/ds, can be obtained by solving the initial-value problem

V) = vy, vy = —614%01, v;(0) =0, v2(0) =1
and 9 F /94 is obtained by solving
li)l = w», 11)2 = CcoSt — 6ufw1, w,(O) = O, wz(O) =0.

Using Newton’s method, (5) = 0 was solved with s; = 2.88 and . = 11
as initial guesses. We find sy = 2.97410 and A = 12.0776. The value of
g =-—.111768 — 10.

The same system was solved using other initial guesses, s, = 1.2 and A =
1.35. We find sy = 1.33150 and A = 1.57408. Note that this problem was
solved by Werner and Spence [9] using finite differences, and similar results
were obtained.
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