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Abstract

In this paper we investigate the bifurcations of solutions to a class of constrained optimization prob-
lems. This study was motivated by annealing problems which have been used to successfully cluster data
in many different applications. Solving these problems numerically is challenging due to the size of the
space being optimized over, which depends on the size and the complexity of the data being analyzed.
The type of constraints and the form of the cost functions make them invariant to the action of the
symmetric group on N symbols, Sy, and we capitalize on this symmetry to describe the bifurcation
structure. We ascertain the existence of bifurcating branches, address their stability, and compare the
stability to optimality in the constrained problem. These theoretical results are used to explain numerical
results obtained from an annealing problem used to cluster data.

1 Introduction

This paper analyzes bifurcations of solutions to constrained optimization problems of the form

N
max F(q, ) = max (;f(q”,ﬁ)) (1)

as a function of a scalar parameter 3. The scalar function f is sufficiently smooth, and the constraint space
A ¢ RY% is a convex set of valid discrete conditional probabilities. A vector ¢ € A can be decomposed into
N subvectors ¢¥ € RE. The form of F implies that it is Sy-invariant: the value of F(g, 3) does not change
under arbitrary permutations of the vectors ¢”.

This type of problem arises in Rate Distortion Theory [7, 20], the Deterministic Annealing approach to
clustering [34], the Information Bottleneck approach to clustering [37, 41, 38|, and the Information Distortion
method [9, 10, 16] for determining neural coding schemes. In these cases, which originally motivated the
study of (1), F has the form F' = G(q) + 8D(q), giving the annealing problem

max (G(q) +AD(a)) , (2)

where (3 is a homotopy or annealing parameter which is non-negative, and G and D are each of the form
given in (1). We will motivate the importance of these annealing problems by presenting the Information
Distortion approach to solving the neural coding problem in section 1.1, and the Information Bottleneck
approach to clustering in section 1.2.

From the mathematical point of view, problem (2) represents an optimization problem with both equality
and inequality constraints. It presents challenges numerically, since in applications it leads to optimization
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in hundreds to thousands of dimensions and is also very interesting from the theoretical point of view. In
neural applications the problem one needs to solve is the problem

max D(q) (3)

where D(q) is the mutual information function. It has been shown that this problem is NP complete [28].
The problem (2) is used as a very effective scheme to get a (local) solution of the problem (3). The function
G(q) usually has a single maximum. Starting at this maximum when 8 = 0 and then continuing the solution
as 3 — oo produces a solution of (3). This procedure is common to all annealing problems. As (3 increases
from 0 to co the optimal solution undergoes a series of rapid changes, which we relate to bifurcations of the
equilibria of a gradient flow of the corresponding Lagrangian of (1).

The general problem (1) has some special features. It has an integer parameter N, and the function F
is Sy-invariant. The Sy symmetric vector fields on RY were studied in Golubitsky and Stewart [18] and
in a series of papers by Stewart [39], Stewart, Elmhirst and Cohen [5, 40], Elmhirst [14, 15], and Dias and
Stewart [8] in a model of speciation in evolution. They have characterized expected symmetry breaking
bifurcations and computed stability of the primary branches. There are several notable differences between
our problems, which we will comment upon throughout the paper. Most importantly, the space on which
the group Sy acts in our case, is essentially the vector space RVX while in the speciation model it is R .
The immediate consequence is that the function f in (1) is not constrained in any way by the action of Sy.
Therefore, the invariant theory for Sy, developed in Golubitsky and Stewart [18], is not applicable to our
case. On the other hand, the form (1) of our functions rules out quadratic terms of the form (¢*)%q", for
v # n, in function F, which are generically present in Sy invariant vector fields on RY [18, 40].

An additional difference is that our problem is constrained and therefore we will work with the Lagrangian
which incorporates these constraints. There is an interesting parallel on this point with the speciation
problem. If Sy acts on RY, then RY admits an isotypic decomposition V@V, where 1} is a one dimensional
subspace consisting of multiples of (1,1,...,1) and V; = {z € RY | z; +...+ 2y = 0}. If at the bifurcation
the kernel of the Jacobian lies in V7, then one observes a symmetry breaking bifurcation. If this kernel lies
in V4 then one observes a symmetry preserving bifurcation. In our case, at a symmetry breaking bifurcation,
we observe that all of the bifurcating directions u satisfy u' +...+u®" = 0, but this time each u’ € R¥. This
is a consequence of enforcing the constraint ¢ € A. We will show that at a symmetry preserving bifurcation
the constraints are active and so the bifurcating direction is in the span of vectors perpendicular to parts of
the constraint space.

Our results differ in several aspects from those obtained by Stewart and collaborators. Most importantly,
we show that the quadratic part of the Liapunov-Schmidt reduction at a symmetry breaking bifurcation
vanishes, while in the speciation model, the quadratic part is generically nonzero [18, 40]. This implies that
symmetry breaking bifurcations of (1) are generically degenerate and pitchfork-like. As explained above,
since the restrictions imposed by the action of Sy on our system are less severe than in the speciation
model, we did not obtain a stability result for bifurcating branches as general as that of Elmhirst [14, 15].
However, we provide a bifurcation discriminator in terms of the function f, which determines whether the
pitchfork-like bifurcation is subcritical or supercritical. We also derive several results about the stability of
these bifurcating branches.

Our numerical observations suggest that the stable branches of solutions follow a predictable pattern as
the bifurcation parameter 3 increases. In particular, the symmetry of the stable branch follows the pattern
Sy — Sy_1 — ... = Sy — 57 as § — oo. More precisely, there are intervals [a,,b,] for n =1,..., N, such
that 0 = ay, an < ap_1, by < by for all n, by = oo, with the property that if 8 € [ay, b,] then the branch of
stable equilibria has symmetry S,,. Notice that two consecutive intervals [ay,, b,] and [a,—1, b, —1] can overlap,
since it is possible to have multiple branches stable for the same value of 3 due to existence of subcritical
bifurcations. We do not observe numerically stable branches with symmetry S,, x S, for m > 1,n > 1 and
m 4+ n = N, which play a crucial role in the speciation model, where they represent the assignment of m
members of the original population to one new species and n members to another new species. We do not
have an analytic explanation of this discrepancy since we do not have a complete characterization of the
stability of the bifurcating branches for (1).

The paper is organized in the following way. In the rest of the introduction, we present problems from
neuroscience and computer science which motivate our study. In subsection 1.3 we illustrate an optimization



procedure to solve problem (2) on a simple data set which exhibits the observed bifurcation structure.
Preliminaries occupy section 2. Section 3 is devoted to preparations for application of the theory of Sy-
equivariant bifurcations. We define the generic class of problems which we investigate, introduce the gradient
flow of the Lagrangian of (1), discuss the action of the group Sy on A, and perform the Liapunov-Schmidt
reduction. Sections 4, 5, and 6 are the central part of the paper. In section 4 we present existence theorems for
bifurcating branches, and we derive a condition which determines whether branches with a given symmetry
are supercritical or subcritical. In section 5 we explain why we observe only a limited number of bifurcations.
We will show that if an equilibrium of the gradient flow has trivial symmetry, then generically it can undergo
only a saddle-node bifurcation. This result is a consequence of the interplay between the Sy-equivariant
flow and the geometry of the space A. We put the results from sections 4 and 5 together in section 6. In
section 7 we present some numerical illustrations of our results.

1.1 The neural coding problem

How does an organism’s sensory system represent information about environmental stimuli? The Information
Distortion method [9, 10, 16] attempts to decipher the neural code by solving a problem of the form (2). We
consider the neural encoding process in a probabilistic framework [1, 25, 33]. Let X be a random variable
(possibly continuous) of inputs or environmental stimuli. Let ¥ be a random variable of K < oo outputs
or of neural responses, from either a single sensory neuron, or a neural ensemble. The relationship between
the stimulus and response is given by the joint probability p(X,Y’), which we call a neural code. We seek to
describe this probability distribution.

One of the major obstacles facing neuroscientists as they try to describe the neural code is that of
having only limited data [24]. The limited data problem makes a nonparametric determination of p(X,Y)
impossible [30], and makes parametric estimations tenuous at best. One way to make parametric estimations
more feasible is to optimally cluster the neural responses Y into N classes, Z = {1;}X,, and then to fit a
Gaussian model to p(X|v) for each class v. This is the approach used by the Information Distortion method
[9, 10, 16] to find a neural coding scheme [11, 12]. The optimal clustering ¢*(Z|Y") of the neural responses
is obtained by minimizing the information distortion measure Dy,

{Zréig Di(q), (4)

where A is the convex set of discrete conditional probabilities,

A= {q(ZY) | D a(vly) =1 and g(v]y) > 0 Wy € y} :

VEZ

That is, the clustering of the neural responses Y to the classes Z is allowed to be stochastic, and it is defined
by the N x K matrix ¢(Z|Y). Before explicitly defining D;, we first introduce the concept of the mutual
information between X and Y, denoted by I(X;Y'), which is the amount of information that one can learn
about X by observing Y [7],

p(X,Y)

I(X,Y) = Exyy log m7

where Ex y denotes expectation with respect to (X,Y’). The information distortion measure can now be
defined as
Dr(q) =I(X;Y) - 1(X;2),

which can be shown [16] to be the expected Kullback-Leibler divergence [26]
Di(q(Z|Y)) = Ey,z KL(p(X|Y)||p(X|Z2)).

Thus, to minimize Dj, one must assure that the mutual information between the stimuli X and the clusters
Z is as close as possible to the mutual information between X and the original neural responses Y. Since
I(X;Y) is a fixed quantity, if we let D.sy := I(X; Z), then the problem (4) can be rewritten as

D.s(q).
max 17(q) (5)



Observe that we write Dcs¢ as a function of the clustering ¢, where we write ¢(Z = v|Y = yi) as qui,

Dess(q) =1(X;2) = EX,ZIOg;gg;D(ZZ))

B vV log 2ok k(T Uk)
= Z QVkp( “yk)l g (p(l‘z) ka(yk)QVk> . (6)

v,k,i

As we have mentioned in the introduction, the problem (5) is NP-complete [28]. Furthermore, since
D. sy is convex and A is a convex domain [16], there are many local, suboptimal maxima on the boundary of
A, which makes solving (5) difficult using many numerical optimization techniques. To deal with this issue,
the Information Distortion method introduces a strictly concave function, H(g), to maximize simultaneously
with D.s¢, which serves to regularize the problem (5) [34],

max H(q) constrained by Dcsr(q) > I, (7)
q€

where Iy > 0 is some minimal information rate. The function H(q) := H(Z|Y'), the conditional entropy of
the classes given the neural responses, is a function of ¢(Z|Y)

H(Z|Y) = —Eyzlogq(Z|Y)
= = p(ur)gur log(gun)- (8)

v,k

Thus, of all the local solutions ¢* to (5), we choose the ones which satisfy (7) and maximize the entropy.
Using the entropy as a regularizer, as in the Deterministic Annealing approach to clustering [34], is justified
by Jayne’s maximum entropy principle, which states that among all clusterings that satisfy a given set
of constraints, the maximum entropy clustering does not implicitly introduce additional constraints in the
problem [23].

Using the method of Lagrange multipliers, the problem (7) is commonly rewritten as

max (H(q) + BDeys(q)), (9)

for some € [0,00), whose solutions are always solutions of (7). This is a problem of type (2), where
G = H(q) has a unique maximum.

1.2 Rate Distortion and Clustering

The second source of motivation for study of problem (2) is from Rate Distortion Theory [7]. Rate Distortion
Theory provides a rigorous way to determine how well a particular set of code words (or centers of clusters)
7 = {v;} represents the original data Y = {y;} by defining a cost function, D(Y; Z), called a distortion
function. The basic question addressed by Rate Distortion Theory is that, when compressing the data Y,
what is the minimum informative compression, Z, that can occur given a particular distortion D(Y; Z) < Dy
[7]? This question is answered for independent and identically distributed data by the Rate Distortion
Theorem [7], which states that the minimum compression is found by solving the minimal information
problem

mig I(Y;Z) constrained by D(Y;Z) < Dg (10)
qe
where Dy > 0 is some maximum distortion level.

The Information Bottleneck method is a clustering algorithm which has used this framework for document
classification, gene expression, neural coding [35], and spectral analysis [38, 41, 37]. It uses the information
distortion measure Dy, defined in section 1.1. This leads to an optimal clustering ¢* of the data Y by solving

migl I(Y;Z) constrained by Dy < Dj.
qe



Since I(X;Y) is fixed, this problem can be rewritten as

max —I(Y;Z) constrained by Dy > .
qe

Now the method of Lagrange multipliers gives the problem

ma (~1(Y32) + 5D, 1(0). (1)
for some (3 € [0, 00), which is of the form given in (2). In this case, G = —I(Y; Z) is not strictly concave,

(
and has uncountably many maxima. In fact, the Hessian d*F(q, 3) = d*(—1(Y; Z) + D.s¢) is singular for
every value of (g, 3)

1.3 Annealing

In order to motivate our study of the bifurcation structure of (1) we now numerically illustrate the annealing
procedure for a simple data set. These results [10, 16] served as the starting point of our effort to both
improve the numerical algorithm used to obtain these solutions and to understand the underlying structure
of the bifurcations.

A basic annealing algorithm, various forms of which have appeared in [10, 16, 34, 38, 41], can be used to
solve (2) (which includes the cases (9) and (11)) for 8 € [0, c0).

Algorithm 1 (Basic Annealing) Let

qo be the mazimizer of max G(q)
qe

and let Bo = 0, Bmax > 0. For k > 0, let (qx,Br) be a solution to (2). Iterate the following steps until
Bic = Pmax for some K.

1. Perform (3-step: Let Br41 = B + di, where dj, > 0.

2. Take q,(ﬁzl = qr + 1, where n is a small perturbation, as an initial gquess for the solution qi41 at Bry1-

3. Optimization: solve
max (G(q) + Br+1D(q))

qeEA

to get the maximizer qi41, using initial guess q,&?l.

The purpose of the perturbation in step 2 of the algorithm is due to the fact that a solution gr; may get
”stuck” at a suboptimal solution gi. The goal is to perturb qgﬁl outside of the basin of attraction of g.

The algorithm which we use to illustrate our results in section 7 is more sophisticated [31, 32]. We use
numerical continuation algorithms based on pseudo-arclength continuation [2, 13] applied to the gradient
flow of the Lagrangian. While the basic algorithm can only find local maxima of (2), the continuation
algorithm can track any stationary point of (2), which are equilibria of the gradient flow.

We now examine the results of the Basic Algorithm applied to (9) with the synthetic data set p(X,Y),
shown in Figure 1(a). This distribution was drawn from a mixture of four Gaussians as the authors did in
[10, 16]. In this model, we may assume that X = {x;}2, represents a range of possible stimulus properties
and that Y = {y;}22, represents a range of possible neural responses. There are four modes in p(X,Y’), where
each mode corresponds to a range of responses elicited by a range of stimuli. For example, the stimuli {z;}1%,
elicit the responses {y; }52 59 with high probability, and the stimuli {x;}37,, elicit the responses {y;}28,, with
high probability. One would expect that the maximizer ¢* of (9) will cluster the neural responses {y; }22; into
four classes, each of which corresponds to a mode of p(X,Y’). This intuition is justified by the Asymptotic
Equipartition Property for jointly typical sequences [7]. For this analysis we used the joint probability
p(X,Y) explicitly to evaluate H(q) + 3Dcsf(q), as opposed to modelling p(X,Y") by p(X, Z) as explained in
section 1.1. The Basic Annealing Algorithm was run for 0 < g < 2.

The optimal clustering ¢*(Z]Y) for N = 2, 3, and 4 is shown in panels (b)-(d) of figure 1. We denote
Z by the natural numbers, Z € Z = {1,..., N}. When N = 2 as in panel (b), the optimal clustering ¢*
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Figure 1: The Four Blob Problem from [10, 16]. (a) A joint probability p(X,Y) between a stimulus set X
and a response set Y, each with 52 elements. (b—d) The optimal clusterings ¢*(Z|Y") for N = 2, 3, and 4
classes respectively. These panels represent the conditional probability ¢(v|y) of a response y being classified
to class v. White represents ¢(v|y) = 0, black represents ¢(v|y) = 1, and intermediate values are represented
by levels of gray. Observe that the data naturally splits into 4 clusters because of the 4 modes of p(X,Y)
depicted in panel (a). The behavior of the effective distortion Dy = I(X;Z) with increasing N can be
seen in (e). The dashed line is I(X;Y"), which is the least upper bound of I(X; 7).

yields an incomplete description of the relationship between stimulus and response, in the sense that the
responses {y;}37, are in class 2 and the responses {y;}22,4 are in class 1. The representation is improved
for the N = 3 case shown in panel (c) since now {y;}11; are in class 3, while the responses {y;}37,, are still
lumped together in the same class 2. When N = 4 as in panel (d), the elements of Y are separated into
the classes correctly. The mutual information in (e) increases with the number of classes approximately as
log, N until it recovers about 90% of the original mutual information (at N = 4), at which point it levels
off.

The action of Sy on the clusterings ¢ can be seen in Figure 1 in any of the panels (b)—(d). Permuting
the numbers on the vertical axis just changes the labels of the classes Z = {1, ..., N}, and does not alter the
effective clustering of the data Y. The Sy-invariance of the cost function (9) is based upon the observation
that the action of Sy on ¢ does not affect the value of the cost function.

It has been observed that the solutions (g, 3) of (2), which contain the sequence {(gx, 8x)} found in step
3 of Algorithm 1, undergo bifurcations as [ increases [34, 10, 16, 41, 38]. The explicit form of some of these
solutions about bifurcation points for the Information Distortion problem (9) are given in Figure 2. The
behavior of D,y as a function of § can be seen in the top panel. Some of the solutions {(gx, 8x)} for different
values of () are presented on the bottom row (panels 1 — 6). Panel 1 shows the uniform clustering, denoted
by q1, which is defined componentwise by

1
a3 Wlp) = 1

for every v and k. One can observe the bifurcations of the solutions (1 through 5) and the corresponding
transitions of D.¢y. The abrupt transitions (1 — 2, 2 — 3) are similar to the ones described in [34] for a
different distortion function. One also observes transitions (4 — 5) which appear to be smooth in D,y even
though the solution from ¢ to gi+1 seems to undergo a bifurcation.

Figure 2 illustrates the breakdown in symmetry, referred to in the introduction by the chain of subgroups

S4 — 83— S — 5y,

which we tend to observe numerically when annealing with an algorithm which is affected by the stability
of the solution branches. The first solution branch, (g 1, () shown in panel 1 of Figure 2, has symmetry of
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Figure 2: The bifurcations initially observed by Dimitrov and Miller in [10] of the solutions (¢*, ) to the
Information Distortion problem (9). For the data set in Figure 1(a), the behavior of Desy = I(X;Z) as a
function of § is shown in the top panel, and some of the solutions ¢(Z|Y") are shown in the bottom panels.

the full group Sy. In other words, q1 is invariant to relabelling of all 4 classes. After bifurcation occurs on
this branch, we see in panel 2 a solution with symmetry S3. In panels 3 and 4, we illustrate solutions with
symmetry Ss. The clusterings ¢ depicted in panels 5 and 6 are no longer invariant to permutations of the
class labels, and so we say that these have symmetry S;.

The bifurcation structure outlined in Figure 2 raises some interesting questions. Why are there only
3 bifurcations observed? In general, are there only N — 1 bifurcations observed when one is clustering
into N classes? In Figure 2, observe that ¢ € R** = R2%, Why should we observe only 3 bifurcations
to local solutions of H + BD.ss in such a large dimensional space? What types of bifurcations should we
expect: pitchfork-like, transcritical, saddle-node, or some other type? At a bifurcation, how many bifurcating
branches are there? What do the bifurcating branches look like: are they subcritical or supercritical? What
is the stability of the bifurcating branches? In particular, from bifurcation of a solution, is there always a
bifurcating branch which contains solutions of the original optimization problem?

These are the questions which motivated this paper.

2 Preliminaries

2.1 Notation

The following notation will be used throughout the paper:

Y := a random variable with realizations from a finite set Y := {y1,y2, ..., yx }

K := )| < oo, the number of elements of Y, the realizations of the random variable Y.
Z := a random variable with realizations from the set of classes Z := {1,2,..., N}.

N :=|Z]|, the total number of classes.

q(Z|Y) := the K x N matrix, p(Z|Y’), defining the conditional probability mass function of the random



variable Z|Y, written explicitly as

aly)  q(lly2)  a(llys) - a(llyk) q(1y)* (aH*
alyr)  aly2)  a(2lys) . a(2lyk) q(2[v)* (T

: : : : = . = : , (12)
dVl) a2 a(Vlgs) - a(Nlyx) ANV (™)

where ¢” := q(Z = v|Y) is the transpose of the 1 x K row of ¢(Z|Y") corresponding to the class v € Z.

q := the vectorized form of ¢(Z|Y)T, written as

qur = q(Z = v|Y = yyi), the component of ¢ corresponding to the class v € Z and the element y; € Y.

gL = the uniform probability mass function on Z|Y such that q1 (vlyk) = % for every v and k.
z¥ = the " K x 1 vector component of x € RV¥ so that z = ((z!)? ()T .. (&™¥))T.
I, := n x n identity matrix.

2.2 Equivariant Branching Lemma

In this section, we present the Equivariant Branching Lemma, an existence theorem for bifurcating branches
from solutions of systems which have symmetry. Consider bifurcations of equilibria of some dynamical
system,

& = ¢(x,0), (13)

where ¢ : V x R — V for some Banach space V. If ¢ is G-equivariant for some compact Lie group G,
then the Equivariant Branching Lemma relates the subgroup structure of G with the existence of bifurcating
branches of equilibria of (13). This theorem is attributed to Vanderbauwhede [42] and Cicogna [3, 4].

Theorem 2 (Equivariant Branching Lemma) ([19] p.83) Assume that

1. The smooth function ¢ : V x R — V from (138) is G-equivariant for a compact Lie group G, and a
Banach space V.

2. The Jacobian dz$(0,0) = 0.

3. The group G acts absolutely irreducibly on ker dy¢(0,0) so that dg¢(0,5) = ¢(B)I for some scalar
valued function c¢(f3).

4. The derivative ¢’ (0) # 0.
5. The subgroup H is an isotropy subgroup of G with dimFix(H) = 1.

Then there exists a unique smooth solution branch (tzg,3(t)) to ¢ = 0 such that g € Fix(H), and the
isotropy subgroup of each solution is H.

Definition 3 [19] The branch (tzg, 3(t)) is transcritical if 5'(0) # 0. If 8/(0) = 0 then the branch is
degenerate. The branch is subcritical if for all nonzero t such that |t| < € for some e > 0, t3'(t) < 0. The
branch is supercritical if t3'(t) > 0.

Definition 4 The branch (txo, 5(t)) is pitchfork-like if §'(0) = 0 and 5”(0) # 0.



3 A Gradient Flow with Symmetries

We now lay the groundwork necessary to determine the bifurcation structure of local solutions to (1). We
first formally define the class of problems we investigate. The choice of this class is motivated by application
to the Information Distortion method (9). In that problem, the variables are conditional probabilities.
The collection of variables ¢(Z|Y), which can be represented as a matrix (12), satisfies the constraints
>, aw|yr) = 1 for all yi. These can be viewed as sums in the columns of ¢(Z]Y). This motivates the
following definitions.

Let ¥ be a unit positive simplex in R

E:{;[;ERN|£E1++.’EN:0,5E'LZO}7

and let A = XX be a product of K copies of ¥. We write ¢ = ((¢")7(¢®>)” ... (¢™)T)T where each ¢* € RX
represents a collection of ¥ components in all K copies of 3.

Let G be the set of all maps from A to R, at least C* on Int(A), and continuous on A, which factors as
a sum of maps over X

N
G:={g € C*(Ins(A) xR, R) | g(,8) = Y_ f(a". ),
v=1
where R is the nonnegative real line and 3 is a scalar parameter. The problem (2) is a special case of

(1) that is of great interest in applications. We formulate the genericity result below for both problems and
therefore we need the following class of functions. Let H be a set of functions

N
H:={g e C*(Int(A),R) | g(q) = > _ f(g").

where f: RX — R. Let X := H x H. Each pair of functions (G, D) € H x H defines a function

Fo(q, ) == G(q) + BD(q), B =0. (14)
Clearly, Iy € G and
U @+sD)cg.
(G,D)ex

In other words, the set of problems parameterized by G is larger then that parameterized by X. Most of the
results we prove holds for the class G, but a few depend on special dependence on 3 in (14).
For the problem (1)

F
max (q,0),

where F' = ijv:l f(g¥, B), which includes as a special case the annealing problem (2), F' has the following
properties:

1. F(q,B) is an Sy-invariant, real valued function of g, where the action of Sy on ¢ permutes the
component vectors ¢¥, v =1,..., N, of q.

2. The NK x NK Hessian dgF(q,ﬂ) is block diagonal, where each K x K block is d?f(q") = dguF, for

some v.

The Lagrangian of (1) with respect to the equality constraints from A is

K N
k=1 v=1

The scalar A\ is the Lagrange multiplier for the constraint Zlyvzl ¢ —1 =0, and A € R¥ is the vector of
Lagrange multipliers A = (A1, Aa, ..., Ak ). The gradient of the Lagrangian in (15) is

VL
VL:=Vy2L(q, A B) = < VoL ) ’



where V,£ = VF(q,8) + A and A = ()\T7 AT )\T)T € RVE. The gradient V)L is a vector of K
constraints

Zuqyl -1
ZVQUZ -1

VAL = (16)
Zy qQuK — 1
Let J be the Jacobian of (16)
Zu qu1 — 1
Zu qvo2 — 1
J::qu,\Equ . =<IK IK IK ) (17)
2 Qo — 1 N blocks
Observe that J has full row rank. The Hessian of (15) is
2 T
R TN e A (18)
where 0 is K x K. The matrix d?F is the block diagonal Hessian of F,
By, 0 .. O
) ) 0 By ... 0
d*F(q) :=dgF(g,8) = | . . R (19)
0 0 .. By

where 0 and B, = d*f(q¢", 3) are K x K matrices for v =1,..., N.
The dynamical system whose equilibria are stationary points of (1) can now be posed as the gradient
flow of the Lagrangian

(i)zva%xm (20)

*

for £ as defined in (15) and 3 € [0,00). The equilibria of (20) are points ( g\*

) € RVE+K where

VL(g", A", 5) =0.

The Jacobian of this system is the Hessian d2£(q, A, 3) from (18). As in [17], we define a singularity of (20)
to be an equilibrium (¢*, \*, 8*) such that VL(g*, \*, 3*) = 0 and d*>L(q*, \*, 3*) is singular.

Remark 5 By the theory of constrained optimization [29], the equilibria (¢*, \*, B) of (20) where d*F(q*, /3)
is negative definite on ker J are local solutions of (1). Conversely, if (¢*,3) is a local solution of (1), then
there exists a vector of Lagrange multipliers \* so that (¢*, \*,8) is an equilibrium of (20) (this necessary

requirement 1is called the Karush-Kuhn-Tucker conditions) such that d*F(q*,[3) is non-positive definite on
ker J.

3.1 A Generic problem

The results of this paper are valid for a generic (i.e. open and dense) subset of the set G as well as for
a generic subset of X. Even though the set G is defined in terms of the function F', the nondegeneracy
conditions, which define the generic set, are formulated in terms of the Hessian d2F. Therefore we first
define a set of admissible matrices and then require that the Hessian d?F is in this class at every critical
point of the Lagrangian £: points where VL = 0, which correspond to equilibria of (20).
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Let {U;}}_, be some partition (i.e. U; NU; = @ for i # j and Ué-:luj = Z) of the set of classes
Z={1,...,N}. Without loss of generality, we may assume that

Z/{l = {1,...,M1}
Z/{Q = {M1+1,...,M1+M2}

-1 l
U = D Mj+1,....> M}
j=1 j=1

where M; := |U;]| is the number of elements of U/, so that Z;Zl M; =N.

Definition 6 Consider the class T of NK x NK block diagonal symmetric matrices U, where each square
block B;, i =1,...,N has size K, and B; = By, if and only if i,k € U; for some j. We denote by B; a block
common to the class U;, i.e Bj = B; for all i € U;. If all matrices B, for i # j are nonsingular, we define
the matriz A; for each j =1,...,1 by

1¢U;

If Uy = Z, so that all of the blocks B; are identical, then we define A1 = N.
Let W C T be a class of matrices such that U € W if and only if the following conditions are satisfied:

1. At most one of the matrices By, ..., By is singular.
2. If Bj is singular then A; is non-singular.
3. If any matriz Bj is singular, or any matriz A; is singular, the multiplicity of its zero eigenvalue is 1.
We are ready for our genericity result.
Theorem 7
1. There is an open and dense set V C X = H x H such that if (G, D) € V then the Hessian
d*G(q) + Bd*D(q) e W

for every critical point (g, A\, 8) of L, i.e. a point where VL =0.

2. There is an open and dense set A C G such that if F' € A then the Hessian
d*F(q,8) e W
for every critical point (g, A, B) of L.

Proof. We first sketch the idea of the proof to part 1. We start by showing that the set 7\ W is a
collection of manifolds of at least codimension 2 in 7. This implies that (7 \ W) x [0, 00) is a collection of
manifolds of at least codimension 2 in 7 X [0, 00) Then we show that there is an open and dense set O € X
such that if (G, D) € X, the critical points (g, A, ) of the corresponding Lagrangian £ = £L(G, D) forms a
finite collection of one dimensional manifolds in the space A x [0, 00). It follows that if (G, D) € O, then the
set of matrices d>G(q) + Bd?D(q) that are evaluated at a critical point (g, A, 3) of the Lagrangian £ forms
a collection of one dimensional manifolds in the space 7 x [0,00). For an open and dense subset V C O,
these manifolds have an empty intersection with (7 \ W) x [0, 00), which consists of manifolds of at least
codimension 2. This implies that for (G, D) € V C X, the matrices d?G(q) + 3d?D(q) that are evaluated at
a critical point (g, A, 8) of the Lagrangian £, belong to W.

11



To show that the set 7 \ W is a collection of at least codimension 2 manifolds in 7, we start by
characterizing the set 7 \ W. Let

Ji; = {U €T |B;and B; are singular};

I, = {U€T| B, issingular and A4; is singular};
K; = {U €T | B, is singular with multiplicity > 2}
L; := {U e T| A, is singular with multiplicity > 2}

Clearly
T\W C UJ” UUI,']' UUKiUULi.

Observe that J;; = {U € T | det(B;) = 0 and det(B;) =0} and I; = {U € T | det(B;) = 0 and det(A;) =
0} and so for any pair ¢,j these are at least codimension 2 submanifolds in 7. Similarly, K; = {4 €
T | B; has a two dimensional kernel} and L; are at least codimension 2 submanifolds of 7. Therefore 7\ W

is a subset of a collection of at least codimension 2 submanifolds of 7.
Let T : X — C3(RNEHEFL RNKFEK) he a continuous function associating

(G7 D) = vq,)\‘cv

where VL is a function of (g, A, 3) and so the extra dimension in the domain of the map is the domain of
(. By the Transversality theorem [21], for a typical (i.e. one which belongs to an open and dense set in a
strong topology) f € C3(RNE+E+L RNE+K) "the inverse image f~1(0) is a collection of one-dimensional
manifolds. Since T is continuous, the inverse image of an open and dense set in C3(RNE+E+L RNK+K) jg
open and dense in X. We call this set O. Taking (G,D) € O and f = Y(G, D) then f~!(0) is the set of
critical points of the Lagrangian £ and this set forms a collection of one-dimensional manifolds in A x [0, c0).
Therefore for (G, D) € O the set of matrices d?G(q) + 8d2D(q), evaluated at a critical point (g, \, 3) of the
Lagrangian £, forms a finite collection of one dimensional manifolds in the space 7 x [0, 00).

Note that 7 \ W x [0,00) is at least codimension 2 in 7 X [0,00) and for (G, D) € O and the set of
matrices d>G(q) + Bd*>D(q), evaluated at a critical point (g, \,3) of the Lagrangian L, is a collection of
one-dimensional manifolds in 7 x [0,00). Hence there is an open and dense subset V C O such that for
(G, D) € V, the intersection of 7 \ W x [0,00) and the set of matrices d*G(q) + 3d*D(q), evaluated at a
critical point (g, A, 8) of the Lagrangian £, is empty.

The proof of 2 is analogous to the proof of 1. We replace the set X by the set G and instead of (G, D) € O
we need to consider F' € O. O

From this point on we will use the term “generic” always to refer to the set A in Theorem 7, unless
otherwise noted.

We now consider bifurcations of equilibria of the gradient flow (20) for a generic function F'(q,3). The
potential bifurcation points are singularities: points (¢*, \*, %) where VL(g*, \*, 3*) = 0 and d*>L(q*, \*, %)
is singular.

Assume that (g, \) is an equilibrium with a partition {U; }2:1 of the set Z such that ¢ = ¢* if and only
if 4 and k belong to same partition set ;. For example, in panel 2 of Figure 2, Uy = {1}, Uy = {2, 3,4}, and
q®> = ¢ = ¢*. The Hessian d?F(q*) evaluated at such a point q has equal blocks, B; = Bj, if i,k € U;. What
happens if such an equilibrium becomes a singularity of (20)? By Theorem 7, then there are two cases:

1. Either there is exactly one j such that B; is singular; or
2. All Bj are nonsingular.

We assume without loss of generality that j = 1. We will show that in the first case, when B; is singular
and |U;| > 1, we get a symmetry breaking bifurcation (Theorem 17). Generically, [U;| # 1 at a singularity
(Corollary 12). In the second case we get a symmetry preserving bifurcation (Theorem 29).

We start considering the first case. To ease the notation we set

l
U:=U, M:=M and R:=]JU,
j=2

12



Thus,
U={1,..,.M} andR={M+1,...,N}.

We need to distinguish between singular blocks B,, v € U and non-singular blocks B,, v € R. We will
write

B:=B, =B, forvel, (22)

R, =B, forveR. (23)

The type of symmetry breaking bifurcation we get from a singularity (¢*, \*, 5*) only depends on the
number of blocks B which are singular. This motivates the following definition.

Definition 8 An equilibrium of (20) (g, )\, 3), where ¢' = ¢> = ... = ¢M, is M-singular if |U| = M and B
is singular.

If (g, A\, B) is an M-singular equilibrium of (20), we will say that ¢ is M-singular. By Theorem 7, for a
generic F', the following properties hold if ¢ is M-singular:
1.g"=¢>=...=¢M.

2. For B, the M block(s) of the Hessian defined in (22),

ker B has dimension 1 with basis vector v € R¥ (24)

3. The N — M block(s) of the Hessian {R, },ecr, defined in (23), are nonsingular.
4. The matrix A= B> R, !+ MI is nonsingular. When M = N, then R is empty, and A = NI.

3.2 The Kernel of the Hessian d’L(q*) at an M-singular ¢*

We first determine a basis for ker d?F(q*) at an M-singular ¢*. Recall that in the preliminaries, when
x € RVE we defined ¥ € R¥ to be the v*" vector component of . We now define the linearly independent
vectors {v;}M, in RVE by

v (25)

v Jvifv=iel
i "7 ] 0 otherwise

where 0 € RE, and v is defined in (24). For example, if N = 3 with &« = {1,2} and R = {3}, then
vy == (v7,0,0)T and vy := (0,v7,0)”. This shows the following:

Lemma 9 If ¢* is M-singular, then {v;}}, as defined in (25) is a basis for ker d>F(q*).

(Y \_ [ Um

v (5) (%) &
for i = 1,..., M — 1 where 0 € R¥. From (18), it is easy to see that {w;} are in ker d2£(q*), which proves
the following Lemma.

Now, let

Lemma 10 If d2F(q*) is singular at an M-singular ¢* for 1 < M < N, then d*L(q*) is singular.
Next we give an explicit basis for ker d>£(q*).

Theorem 11 If ¢* is M-singular for 1 < M < N, then {wi}i]\ifl from (26) are a basis for ker d*L(q*).
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Proof.  To show that {w;} span ker d?L(q*), let k € ker d*£(q*) and decompose it as

(%) o

where kr is NK x 1 and k; is K x 1. Hence
2 * * T
d2£(q*,/\*,ﬂ)k<dF(q7ﬁ) J ><kF>0

J 0 k.
= d’F(q¢*,B)kr = —-JTk,
Jkr =0 : (28)
Now, from (17) and (19), we have
B, 0 .. O k;
0 By, ... 0 ky
S S Ll A (29)
0 o0 .. BN k:l
We set
kp = (T I ... 217, (30)
and using the notation from (22) and (23), then (29) implies
Bz, = —k;forneld (31)

Ryx,=—-kjforveR
It follows that &, = R, ! Bz,, for any n € U. By (28), we have that vazl z; =0 and so

dver Ty 2Ty =0 (32)
— ZVGR R;lB.'L'ﬁ + Z’OGM x, = 0

where 7 is some fixed class in . By (31), for every n € U, =z, can be written as x, = x, + d,v where
z, € {0} U (RX \ ker B), d,, € R, and v is the basis vector of ker B from (24). Thus,

B> R;' B(@,+dw)+BY (x,+dw)=0
veR neu
& (BY_ R;'+ MIk)Bz,=0
VER
&< Br,=0

since A = B) n R;' + MIk is nonsingular. This shows that £, = 0. Therefore, x,, = d,v for every
n € U. Now (31) shows that k; =0 and so

z, =0forveR. (33)
[ kr , | dvitveld o 2
Hence k = 0 where k% = { 0ifyeR from which it follows that kr € (kerd*F(qy)) N (ker J)

and so Lemma 9 gives
M .
kF = Zcivi and JkF =J (Cl’UT,CQ’UT, ...,CM'UT) =0.

i=1
Thus, > ,cv =v),¢ =0, and so kp = Zf‘i;l ¢i(v; — vpr). Therefore, the linearly independent vectors

{w;} = {( vi _OUM >} span ker d?L(q"). O

Observe that the dimensionality of ker d2£(q*) is one less than ker d?F(g*). This insight suggests that when
dimker d>F(g*) = 1, then d?£(q*) is nonsingular. This is indeed the case.
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Corollary 12 If ¢* is 1-singular, then d*L(q*) is nonsingular.

Proof. By Lemma 9, dim ker d>F(¢*) = 1 and we need to compute the dimension of ker d?£(q*, A, 3). To
that end, following the proof of Theorem 11, we take an arbitrary k € ker d>£(q*, A, 3), and then decompose
k as in (27) and (30). The proof to Theorem 11 holds for the present case up until, and including (33),
z, = 0 for v € R. Since ¢* is 1-singular, we have || = 1 and so (32) becomes T, + T, =z, =0
which implies that k = 0. O

3.3 Liapunov-Schmidt Reduction

To show the existence of bifurcating branches from a bifurcation point (¢*, A*, 3*) of equilibria of (20), the
Equivariant Branching Lemma requires that the bifurcation is translated to (0,0,0), and that the Jacobian
vanishes at bifurcation. To accomplish the former, consider

F(g,\B) =VL(qg+ g A+ A\, B+5%).
To assure that the Jacobian vanishes, we restrict and project F onto ker d?£(g*) in a neighborhood of
(0,0,0). This is the Liapunov-Schmidt reduction of F [17],
r: RM1xR—-RM!
r(,B) = W'(I-E)FWz+UWz,p),0) (34)

where Wz + U(Wz, 3) = i

ker 7(0,0) = ker d>£L(q*) with ker(I — E) = range d’>L(q*). W is the (NK + K) x (M — 1) matrix whose
columns are the basis vectors {w; } of ker d*£(q*) from (26) so that Wz is a vector in ker d>£(q*). The vector
function U(Wz, ) is the component of (g, \) which is in range d?£(q*) such that EF(Wz + U (z, 3), 3) =0,
U(0,0) =0, and

. The (NK + K) x (NK + K) matrix I — E is the projection matrix onto

dzU(0,0) =0. (35)

The system defined by the Liapunov-Schmidt reduction, & = r(z,3), has a bifurcation of equilibria at
(x =0,8 =0), which are in 1 — 1 correspondence with equilibria of (20): (tz,3(t)) is a bifurcating solution

q*
of r(z, ) =0 if and only if | A\* | + ( Wz
W Caw

stability of these associated equilibria is not necessarily the same.
It is straightforward to verify the following derivatives ([17] p. 32), which we will require in the sequel.
The Jacobian of (34) is

dyr(z, 8) = WTH(I = E)dj \L(qg+ " A+ N 3+ )W + dU(We, 5)), (36)

which shows that

) is a bifurcating solution of VL(g, A\, 3) = 0. However, the

dsr(0,0) =0 (37)
since ker(I — E) = range d>£(q*). The derivative with respect to the bifurcation parameter is
dgr(0,0) = WTdsVL(g*, \*, B%). (38)
The three dimensional array of second derivatives of r is

82’1"1'
O0x;0xy,

dSE(q*a)‘*vﬂ*)[’wi?wjawk]

> > M[”i —valui[v; — vmlsmlvr — vm]n

v,6mEZ lm,ney 8QVlaq5'maan

3
) aigimgqfn Cigeplifolmloln = ol mlols) (39)

(0,0)

l,m,n
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where v is defined in (24). An immediate consequence of (39) is that agjg; -(0,0) = 0 for each i, and that

ijg;k (0,0) = af,-fgig;k, (0,0) if (4,4, k) # (¢, 4, k). The four dimensional array of third derivatives of r is
83’1"i 4 3 B 5
950m0m, 00 = &' Llws,wy ww] -~ dLlw;, wy, L7 Ed Lhwy, wi]]
j

- dLiw;,wy, L Ed*Llw;,w]]
- d&Liw;,w;, L™ Ed*Llw;, wy]]. (40)

where the derivatives of £ are evaluated at (¢*, \*, %), and L~ is the Moore-Penrose generalized inverse [36]
of d2L(q*). Thus, E = LL™, so that

L E=LLL™ =L". (41)

The explicit basis (26) shows that ker d2£(¢*) = {x € R™ : Y [z]; = 0} =2 RM~! is absolutely irreducible
[18]. Thus,

dz7(0, 8) = c(B)Irr-1, (42)

which assures that we can use Theorem 2.

3.4 The Action of Sy

In this section we give the explicit representation of the action of Sy on the dynamical system (20).

Let P be a subgroup of O(NK), the group of orthogonal matrices in RV¥. We define P to be the group
of block permutation matrices which act on ¢ € RN¥ by permuting the vector components, ¢*, of q. For
example, for N = 3, the element p5 (which permutes classes 1 and 3) and the element p123 (which maps
class 1 to 2, class 2 to 3, and class 3 to 1) in P are

0 0 IK 0 0 IK
P13 = 0 Ix 0 J,p123=1|1Ix 0 0 |,
Ik 0 0 0 Ixk O

where 0 is K x K. The group I' C O(NK + K) that acts on (¢,A) € R¥¥ x R and on V. is

_{(r O
F.—{(O IK>|forp€’P}

where 0 is K x NK. Observe that v € I" acts on VL by
[ p OF VoL \ _( pVL
wasten= (5 5 ) (e ) = (5

andon(()]\)by’y(;1\):('i\q).Thus,*yEFactsoanRNKasdeﬁnedbypepbutleavesthe

Lagrange multipliers A = (A1, A, ..., \gr)T fixed.
The next Lemma, which follows easily from the form of F' given in (1), establishes Sy-equivariance for
the gradient system (20).

Lemma 13 L(q, A, 3) is T-invariant, VL(q, A, B) is T-equivariant, and VF is P-equivariant.

Given an equilibrium ¢ with ¢! = ¢ = ... = ¢, we write that ¢ € Fix(Sy), which really implies that

(g, A) is in the fixed point space of
OT
K

where 0 is K x NK. The subgroup Py C P fixes the subvectors ¢” if v € R, and freely permutes the
subvectors ¢ if n € U = {1, ..., M}, so that P, and T’y are isomorphic to Sy;. Observe that if U = Z, then
we are back to the case where ¢* = qr and I'yy =T

Similarly, when we write that (g, A) has isotropy group S, this refers to the group I'y.
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3.5 Isotropy Subgroups of S),

The isotropy groups of (g, ) for the clusterings ¢ pictured in Figure 2 are clear. In panel 2, the isotropy
group is S3, and in panels 3 and 4, the isotropy group is Sz. It turns out that, restricted to ker d?£(g*), the
fixed point spaces of these groups is one dimensional. In this section, we give all of the isotropy subgroups
of Sy which, acting on ker d2£(q*), have fixed point spaces of dimension 1.

For arbitrary M, the full lattice of subgroups is unknown [6, 27]. By [22, 27], the subgroups S,, x S,, are
maximal in Sy; when m + n = M and m # n, which makes them possible maximal isotropy subgroups of
Snr. Golubitsky and Stewart ([18] p. 18) show that all of the isotropy subgroups in Sjs with one dimensional
fixed point spaces are of the form S, x S,, where m +n = M (in this case, m can be equal to n). The
following Lemma which follows from this result will enable us to use the Equivariant Branching Lemma
to show the existence of explicit bifurcating solutions, with isotropy group S,, x S,, from an M-singular
solution ¢* of (20) for any 1 < M < N.

Lemma 14 Let M = m + n such that M > 1 and m,n > 0. Let U,, be a set of m classes, and let U, be a
set of n classes such that U, "U, = O and U, UU,, =U. Now define U(rm,n) € RN such that

~v  ifvEln
ﬁ”mvn) = —v  ifvelu,
0 otherwise

where v is defined as in (24), and let

ﬂ m,n
U(m,n) = ( " ) (43)

where 0 € RE. Then the isotropy subgroup of Um,n) 18 Ximn) C Ly such that Xy, ) = Sy X Sy, where
Sm acts on w” when v € Uy, and Sy, acts u” when v € Uy,. The fived point space of Xy n) restricted to
ker d2L(q*) is one dimensional.

It is straightforward to verify that w(, .y = —> ; ,w; + %ZJM:?H w;, confirming that w(,,,) €
ker d>£(q*) as claimed. Without loss of generality, one can assume that U, = {1,2,...,m} and U,, =
{m +1,...,M}. This is because if U/, and U], is another partition of U into m and n classes respectively,
and if the vector u’(mm) has isotropy group sz,n) ~ S, x S, which acts on the subvector components u”
for v in U/, and U], then uzm)n) = YU(m,pn) for some element v € I'. The vectors uzm)n) and w(y, n) are said
to be in the same orbit of ' [19],

Fu(m,n) = {’Yu(m,n)h/ € F}

Furthermore, uzm n) and (., ) have conjugate isotropy subgroups,

Elmn) = Y mm 1

This is why we use the notation ¥, ) to specify the isotropy subgroups in Lemma 14 instead of the more
precise, but elaborate notation Xy, 1,
Letting m = 1 and n = M — 1 yields the following Corollary.

Corollary 15 Let & € RVE such that

(M-1w if v=1
u” = —v if v=2..,.M
0 otherwise

where v is defined as in (24), and let u = ( 1(;

such that ¥ =2 Sy;r_1. The fived point space of ¥ restricted to ker d?L(q*) is one dimensional.

) where 0 € RX. Then the isotropy subgroup of w is ¥ C I'y
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Figure 3: The bifurcation structure of stationary points of (9) when N = 4. Figure 2 showed an incomplete
bifurcation structure for this same scenario since the algorithm in that case was affected by the stability
of the branches. The panels illustrate the sequence of symmetry breaking bifurcations from the branch
(q%,/\, (B) with symmetry Sy, to a branch with symmetry Sz, then to Ss, and finally, to S;.

Remark 16 We want to pause and collect information about our notation. Assume q¢* is an M -singular
point for M > 1 so that (g%, \*,3*) is a singularity of the flow (20) for a generic choice of F'. Thus, the
Hessian d*F(q*) has M blocks which are singular. The vector v € R is in the kernel of the singular block
B of d*F. The vectors w; € RNE+K are constructed from the vector v, and they form a basis for ker d>L
which has dimension M — 1. The vectors Uy, ) € RNEHE gre particular vectors in ker d2L which have
isotropy group Sy, x S,. Since these belong to ker d>L they are in the span of the vectors w; and hence are
constructed using the vector v.

4 Symmetry Breaking Bifurcations

We have laid the groundwork so that in this section, we may ascertain the existence of explicit bifurcating
branches from symmetry breaking bifurcation of an M-singular ¢* at some (* and vector of Lagrange
multipliers \* (Theorem 17). To accomplish this, the Equivariant Branching Lemma is applied to the
Liapunov Schmidt reduction r(z, ) (34) of VL at a singularity *** (¢,*,\*, 3*), where VL defines the
dynamical system (20)

( f{ ) =VL(q,\ ).

We will show that these symmetry breaking bifurcations are degenerate (Theorem 18), that is, 4(0) = 0. If
B3"(0) # 0, which is a generic assumption, then symmetry breaking bifurcations are pitchfork-like. We will
provide a condition, called the bifurcation discriminator, which ascertains whether the bifurcating branches
with isotropy group S,, x S, are pitchfork-like and either subcritical or supercritical (Theorem 20). We also
provide a condition which determines whether branches are stable or unstable (Theorem 21). Lastly, we
determine when unstable bifurcating branches contain no solutions to (1) (Theorem 26).

18



0.5

0.4

........
.....................
oo
.......

0.3F b

1(X:2)

01t i
0 I\ 1 1 1 L 1 1 1 1 1 |
1)1 1.2 & 13 1.4 l1.5 16 \1.7 18 1.9 2

o

Figure 4: Symmetry breaking bifurcations from the branch (q% , A, ) with symmetry Sy to branches which
have symmetry So x Ss.

4.1 Explicit Bifurcating Branches

In this section we use the Equivariant Branching Lemma to ascertain the existence of explicit bifurcating
branches from symmetry breaking bifurcation of an M-singular equilibrium of (20).

Theorem 17 Let (¢*, \*,3*) be an equilibrium of (20) such that q* is M-singular for 1 < M < N, and
q*

the crossing condition ¢/ (0) # 0 (see (42)) is satisfied. Then there exists bifurcating solutions, | A* | +
ﬂ*

( tuﬂ(’&’)”) ), where W, ) is defined in (43), for every pair (m,n) such that M = m+n, each with isotropy

group isomorphic to Sy, X Sp,.

Proof. Lemma 14, and the equations (37) and (42) show that the requirements of the Equivariant
Branching Lemma are satisfied, whose application proves the theorem. O

Figure 3 shows some of the bifurcating branches guaranteed by Theorem 17 when N = 4 (see section
7). The symmetry of the clusterings shown depict symmetry breaking from Sy — S3 — Sy — Sp. Figure
4 depicts symmetry breaking from Sy to Sy x S3. The first bifurcation in the figure, which occurs at
£* = 1.0387, coincides with the break from Sy to S3 symmetry given in Figure 3. The subsequent two
bifurcating branches given in Figure 4 correspond to bifurcations at f* = 1.1339 and 8* = 1.3910.

4.2 Subcritical and Supercritical Bifurcating Branches

Suppose that a bifurcation occurs at (¢*, \*, 8*) where ¢* is M-singular. This section examines the structure

of the bifurcating branches
< < ¢ ) +tu, 5 +ﬁ(t)> : (44)

whose existence is guaranteed by Theorem 17.
The next theorem shows that symmetry breaking bifurcations of equilibria of (20) are degenerate.
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Theorem 18 If ¢* is M-singular for 1 < M < N, then all of the bifurcating branches (44) guaranteed by
Theorem 17 are degenerate, i.e. 3'(0) = 0.

Proof. By Definition 4, we need to show that /(0) = 0. Let zy be defined so that u = Wz is a
bifurcating direction given in (43). Thus, the isotropy subgroup of g, ¥, has a one dimensional fixed point
space. Since r(Fix(X)) C Fix(X), then r(tzo, 8) = h(t, 8)xo, where r is the Liapunov-Schmidt reduction (34)
and h is a polynomial in ¢. By absolute irreducibility, 7(0, 3) = 0, and so h(0,5) = 0 ([19] p.84), from which
it follows that h(t,3) = tk(t,3). Thus

7‘(?5.’1:07 5) = tk(t, ﬂ).’L‘o

Differentiating this equation with respect to t yields
da:r(tm(% 5)"”0 = (k(tv 5) + tdt (tv 5))"”0 (45)

Using absolute irreducibility, this equation shows that £(0,0) = ¢(0) = and dgk(0,0) = ¢/(0) # 0. By the
Implicit Function Theorem, we can take the total derivative of k(t,3) =
0

th(t, B(1)) + dpk(t, B(1))5'(t) =0, (46)

so that 5/(0) = —M. Differentiating (45) with respect to t and then evaluating at ¢ = 0 shows that
c’(0)

_dz.’l"(o, O) [fE(), Zo, zO]

8'(0) = 47
O = el 0) e
where d27(0,0)[zo, zo,Zo] = >, ik W(O,O)[a}o] [To];[To]k (see (39)) This expression is similar to
the one given in [19] p.90. To show that d2r(0,0) = 0, expand r;, the i*" component of r, about z = 0,

ri(x, B) = 75(0, 8) + dpri (0, 8) 2z + 2T d2r; (0, )z + O(x®).

Absolute irreducibility gives

ri(z,0) = c(0)x; +x7d2r;(0,0)z + O(x®).
By (39), 8225; (0,0) = 0 for each i. Applying the equivariance relation Ar(z,0) = r(Aa: 0), where A is any
element of the group isomorphic to Sy; which acts on 7 in R~ shows that am ax (0,0) = 0 for every

i, 7, k.
O

If 8”(0) # 0, which we expect to be true generically, then Theorem 18 shows that the bifurcation
guaranteed by Theorem 17 is pitchfork-like. We next show how to determine the sign of 3”(0).

Definition 19 The bifurcation discriminantor of the bifurcating branches (44) with isotropy group Sy, X Sp
18

C(q*, B*,m,n) = 3= — d* flv,v,v,v],

where

[1]

I B (IK _ mn(m+n)A_1> b

m2 —mn +n?

b = d’f[v,v].

The matriz B~ is the Moore-Penrose generalized inverse of a block of the Hessian (22), A is defined in (21),
and v is defined in (24).
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Figure 5: A close up, from Figure 3, of the branch with S, symmetry which connects the S3 symmetric
branch below to the S; symmetric solution above. By Theorem 18, the symmetry breaking bifurcations from
S3 — Sy and from Sy — S; are degenerate, and, since 5”(0) # 0, pitchfork-like.

When ¢* = =q1 is N-singular, then A= = + ~ Lrc, and so the bifurcation discriminator in this case simplifies
to

mn

Clag*mom =3 (1- )8 B ' flo.v.0.0]

m2 — mn + n?

We want to note that the discriminator ((¢*,8*,m,n) is defined purely in terms of the constitutive
functions f of F(q, 3) = YN, f(¢”, ) (see (1)). This follows since the blocks of d2F(q*) are B, = d®f(¢")
for v =1,...,N, A is a function of these blocks, and B = B, for v =1, ..., M.

Since the kernel of B is spanned by the vector v, the expression B~z in Definition 19 is not uniquely
determined. However, we made a choice of L™ to be the Moore-Penrose inverse of d2£ which leads to the
simplification in (41) by selecting L™z to be in the image of the projection E. Since d?£L has the blocks B
on its diagonal, the choice of the inverse B~ is affected by the requirement that L~ satisfies (41). It follows
from the computation (48) that in order for (41) to hold, we must take B~ to also be the Moore-Penrose
inverse of the block B.

The term d* fv,v,v,v] in ((¢*, 3*,m,n) can be expressed as

O*F(q*, ")
d* flv,v,v,v] ! o], [v]s[v][v]..
f[ Tégey aqVTaqVSaQVtaQVu[ ] [ ] [ }t[ ]

tth

Notice that b is a vector, whose component is

=3 OHGLE) ),

r,sCY aquraQV s aQVt
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Theorem 20 Suppose ¢* is M-singular for 1 < M < N and ¢/(0) > 0 (see (42)). Then

sgnﬁ"(O) = SgnC(q*v 5*7 m, TL)

In particular, if ((q*, 0%, m,n) < 0, then the bifurcating branches (44) guaranteed by Theorem 17, are
pitchfork-like and subcritical. If {(g*,5*,m,n) > 0, then the bifurcating branches are pitchfork-like and
supercritical.

Proof. Since (#(0) = 0 (Theorem 18), then we need to compute 3”(0) to determine whether a branch

—sgi((gzgi. Twice differentiating (45)

is subcritical or supercritical. Differentiating (46) shows that 5”(0) =
and solving for d7k(0,0) shows that

_d3 (0 )[11:0,:1:0,:1:0,1:0]
3[laol[*¢(0)

where Wzo = % = U(y,,n). Since ¢/(0) > 0, we need only determine the sign of the numerator. By (40) and
(41),

87(0) =

di’f‘(o, 0)[:1:0,170, Zo, xO] = d4£[u7ua u, u] - 3d3£[u7ua Lid?"c[’u‘vu”a

where the derivatives of £ are evaluated at (¢*, \*, 3*). Using (43), the first term can be simplified as

3 * Q%
Zl,mm,pey Z aqua F(q ’ﬂ ) ['a]ul[’llbm[’a]nn[ﬁ]wp

vonwEE lanmaQUnapr

_ P F(q, 5*) O F(q", %)
= Zl,m;n,pey (( ) Z aQUlaquaanaqyp [’v]l[ Z aqylaqumaqunaqup ['U}l[’l]]m[’l}]n[’l)]p)

— (m43+n> d* flv,v,v,v].

To simplify the second term —3d>L[u,u, L~ d>L[u,u]], let

y = d*L[u,u]
so that by (43),
(Z)2d fv, v] ifvel, ()% ifvel,
Yy’ = d® flv, v ifveld, = b ifvel,
0 otherwise 0 otherwise
The vector k := L™d*L[u,u] = L™y is a solution to the linear equation
Lk =d°Ck =vy.
We decompose k as k = ( II::I; ) so that kr := (27 21 ... z%)T. Now (18) shows that Lk = y is
equivalent to
URY
Bz, = (—=)b—k;forvel,
m
Bz, = b-k;forvel, (48)
Ryx, = —-kjforveR
N
Zmy = 0.
v=1
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The first three equations can be solved to get kg in terms of k;, so that , = (%)QB_b — Bk forveld,,
z, = B b— B kj for v € U,, and that , = — R, 'k; for v € R. To get ks, we now use the last equation,

N

BZa:,,:ZB:EV—i—ZBxV:O,

v=1 veu VER
and then substitute in from the first three equations to get

2
AkJ:(BZR;l-i-MIK)kJ: <:1+7’L>b
vER

since A=BY_ .p R," + MIg. This yields

2
k= <” —|—n> A~
m
since A from (21) is generically nonsingular (Theorem 7).

Now we are ready to compute d>L[u,u, L= d*L[u,u]] = y'k = d*Llu,u]” ( ’;;F ), which is equal to
J

4 2
<”3 + n) BT B b — (” + n> "Bk,
m m

Substituting in the expression for k; shows that

3 -3 T p— n* n’ ? -1
d’Llu,u, L=d’Llu,u]] =b" B —+n)lxk—|—+n| A b.
m m

We have shown that

sgnB”(0) = —sgn dr(0,0)[xo,xo,To,To)
= sgn (3d°Llu,u, L™ d°Llu,u]] — d*Llu,u,u,u)

n4 n2 2 n4
= sgn(3b'B~ <3+n> I — (—i—n) A7 b — (3+n) d*flv,v,v,v] | .
m m m

Dividing by (:;—43 + n) completes the proof. O

Consider the bifurcation at (q%,)\*,ﬁ* = 1.0387) in Figure 3 where symmetry breaks from Sy to Ss.
The value of the discriminator at this bifurcation is ((q%, 1.0387,1,3) = —.053 (see section 7 for details),
which predicts that this bifurcation is subcritical. Figure 6, a close up of the bifurcation structure at this
bifurcation, illustrates the subcritical bifurcating branch.

The following result discusses stability of the bifurcating branches. Here we compare our results to those
of Golubitsky et al. in [19]. They showed that if d;Q(0, 0)[z(] has eigenvalues with a nonzero real part, where
Qz, ) = %dir(ﬂ, B)[x, z] is the quadratic part of the Liapunov-Schmidt reduction r, then, generically, all
bifurcating branches guaranteed by the Equivariant Branching Lemma are unstable, regardless of the value
of #(0). We cannot use this result in the present case since dyQ(0,0)[zo] = d2r(0,0)[zo], which we showed

in the proof of Theorem 18, is identically zero.

Theorem 21 Suppose ¢* is M-singular for 1 < M < N and that ¢'(0) > 0. All of the subcritical bifurcating
branches (44) guaranteed by Theorem 17 are unstable. If

M-1
0(q", %, m,n) == > (61 — 205 — 03) >0,
k=1
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Figure 6: The subcritical bifurcation from the solution branch (q%,ﬁ) with symmetry Sy to a branch with
symmetry S3 at 0* = 1.0387. This was predicted by the fact that Q(q%,1.0387, 1,3) < 0. The bifurcation
diagram is shown with respect to ||¢* — ¢ [|. It is at the saddle node that this branch changes from being
composed of stationary points to local solutions of the problem (9)

then the supercritical bifurcating branch consists of unstable solutions. The component functions of 6 are

01 = d4£[wkawk7u’7u]7
0y = d*Llwy,u, L™ d>Liwy,u]],
03 = d*Llwy, wy, L™ d*Llu,u]],

where all of the derivatives are taken with respect to (¢, A), and wy, is a basis vector from (26).

Proof. Subcritical bifurcating branches are unstable ([19] p. 91). To determine the stability of supercrit-
ical branches, consider the Taylor series of r(z, 3) about £ =0 up to cubic order

r(z,8) = c(B)z + Q(z, ) + T(x, §) + O(w"),
where Q and T are the quadratic and cubic terms respectively. Thus
trace(dgr(txg, 8)) = (M — 1)c(B) + trace(dz Q(txo, B)) + trace(dz T (tzo, B)) + O(t%).

Golubitsky et al. ([19] p. 93) show that trace(d,Q(tzo,3)) = 0 for all 3. Now substituting in the Taylor
expansion for ¢(f) = ¢(5(t)) about ¢t = 0 shows that trace(dzr(tzg, 5(t))) is equal to

2

(M —1) (c'(O)ﬁ/(O)t +(<"(0)5'(0) + c’(O)ﬁ”(O))Z) + trace(d, T (txo, B)) + O(%)

= (M- l)c’(O)B”(O)g + trace(de T (tzo, B)) + O(t%)
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Since ¢/(0) > 0 and for supercritical branches 3”(0) > 0, then we have that dgyr(tzo,(t)) must have
an eigenvalue with positive real part for sufficiently small ¢ if trace(dyT(txo,3)) > 0. Since T(z,3) =

37‘
Ld3r(0, B)[w,, z], then dp T (txo, ) = 1t2d°r(0, B) [0, To], so trace(de T (tx0, B) = X, 1 %[mo]i[zo]j -
0(q*, 5*, m,n), where the last equality follows from (40). O

Remark 22 The expression 0(q*,5*,m,n) from Theorem 21 can be simplified to a form which only uses
derivatives of the constituent functions f of F,

n2
0, = < +n> d* flv,v,v,v]
m
0y = bT37 (allK + ClgAil) b
O3 = b’ B~ (CL3IK + a4A_1) b

where a; are scalars which depend only on m and n.

4.3 Application to Annealing

We now give some results which hold when F' is an annealing problem as in (2)

F(q,B) = H(q) + BD(q).

First, we show that the crossing condition ¢/(0) # 0 in Theorem 17 can be checked in terms of the Hessian
of the function D. Furthermore, when G is strictly concave, then ¢'(0) is positive at any singularity of
(20), so that every singularity is a bifurcation. Lastly, we show how to explicitly compute the discriminator
¢(gq, B, m,n) for the Information Distortion problem (9).

A singularity of (20) at (¢*, \*, 3*) results in a bifurcation when d?D(q) is positive definite on ker d* F(g*).
In particular, this condition holds when d>G(q*) is negative definite on ker d? F(q*).

Lemma 23 Let d>F(q*, 3%), 3* # 0, be singular, and such that d*G(q*) is negative definite on ker d*F(q*).
Then d*>D(q*) is positive definite on ker d*F(q*).

Proof. If u € ker d®F(q*), then uTd*G(q*)u + B*uTd®>D(q*)u = 0. Since uTd?’G(¢*)u < 0, then we get
wTd?D(q")u > 0. 0

Now we show that if d2D(q*) is positive definite on ker d2F(q*), then every singularity is a bifurcation
point.

Lemma 24 Suppose that q¢* is M-singular for 1 < M < N. If (¢*, \*, 3%) is a singularity such that d>D(q*)
is positive definite on ker d>F(q*), then ¢/(0) > 0.

Proof. By (42), dz7(0,8) = ¢(8)Ip—1. Now (36) gives
kTG \L(q" N B+ B ) Ink+x + dwU (0, )k = c(5) K] (49)
0

where kr € kerd?F(q*, 3*). Substituting this into (49), differentiating with respect to 3, and using (35)
yields

for some k € kerd?L(q*). By Theorem 11, an arbitrary k € kerd’>£(q*) can be written as k = ( kr )

- k£d2D(q*)kF

d(0) = TR (50)

which must be positive since d?>D(q*) is positive definite on ker d?F(¢*). Thus, an eigenvalue of dzr (0, 3)
changes sign. O
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For the Information Distortion problem (9), G(q) = H(Z|Y) is strictly concave and so d?G is negative
definite on A. By Lemmas 23 and 24, every singularity is a bifurcation point. Therefore the bifurcation dis-
criminator and Theorem 20 can always be applied to bifurcations of equilibria for the Information Distortion
problem (9). For the Information Bottleneck problem (11), G(q) = —I(Y;Z) is concave, but not strictly
concave. In fact, d?F(q, 3) = d*(—I1(Y; Z) + BD.yy) is singular for every value of (g, 3) [32].

The following Lemma provides an explicit expression for the discriminant {(¢*, 8*,m,n) for the Infor-
mation Distortion problem (9), F = H(q) + 8D.s(¢), which we use for numerical calculations in section
7.

Lemma 25 For the Information Distortion problem (9), % is equal to
s p(yr )+ﬁ p(yr P, yr)p(2is ys) (T, Yt )
m2 \ " g2, > p( (2 p(i, ;) q05)?

The expression % s equal to

Z (@i, yr)P(w4, ys)p(i5 Y2 ) p(Tis Yu) . (e )P(Ys)P(Ye)P(Yu) s p(LT)
ln2 Z p(l'zv yj)‘]uj) (Z] P(yj)q,,j)?’ rstu .

Proof.  Direct computation using (6) and (8). O

4.4 Stability and optimality

In this subsection we relate the stability of equilibria (¢*, A\*, 3) in the flow (20) with optimality of ¢* in the
problem (1). In particular, if a bifurcating branch corresponds to an eigenvalue of d?£(q*) changing from
negative to positive, then the branch consists of stationary points (¢*, 3*) which are not solutions of (1).
Positive eigenvalues of d2£(q*) do not necessarily show that ¢* is not a solution of (1) (see Remark 5). For
example, consider the Information Distortion problem (9) and the Four Blob problem presented in Figure
1. In this scenario, for the equilibria (¢*, \*, 3) of (20) such that (¢*, 3*) is a solution of (9), d*L(q*) always
has at least 52 positive eigenvalues, even when d?F(q*) is negative definite.

)\*
tu, 8*+06(t)) for sufficiently smallt. Furthermore, if the corresponding eigenvalue is positive, then the branch
consists of stationary points which are not solutions to (1).

Theorem 26 For the bifurcating branch (44) guaranteed by Theorem 17, u is an eigenvector 0fd2£(( 9 )+

Proof. We first show that u is an eigenvector of d2£(q* + tu, \*, 3+ 3(t)) for small t. Let Q = ( ()1\ ) SO
that
F(Q,B) == VL(q" +q,\" + A, 8" + ).

Thus, bifurcation of solutions to F(Q, 3) = 0 occurs at (0,0). For v € ¥ := ¥, 1y, F(tu, 3) = F(tyu, ) =
~F (tu, 8), where the first equality follows from Lemma 14, and the second equality follows from equivariance.
Hence, F(tu, §) is in Fix(X), which is one dimensional with basis vector u, showing that F(tu, 5) = h(t, f)u
for some scalar function h(t,3). Taking the derivative of this equation with respect to ¢, we get

doF (tu, B)u = d;h(t, B))u, (51)
which shows that u is an eigenvector of d?L(q* +t, \*, 3+ 3(t)), with corresponding eigenvalue & = d;h(t, 3).
Using (18) and letting d2F := d*F(q* + tu, 3 + 3(t)), we see that (51) can be rewritten as

2F JT @) _ (@
J 0 0 /) 0 )’
which shows that d2Fa = ¢ and Ju = 0. Thus, @ € ker J is an eigenvector of d>F(q* + tu, 3 + ((t)) with

corresponding eigenvalue £. If £ > 0, the desired result now follows from Remark 5. O

We used Theorem 26 to show that the subcritical bifurcating branch depicted in Figure 6 is not composed
of solutions to the constrained problem (9).
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5 Saddle-node Bifurcations

We now turn our attention to bifurcations which are not symmetry breaking bifurcations of equilibria of
(20),

(1)-vewrs.

We show that, generically, these bifurcations are saddle-node bifurcations, which we have illustrated numeri-
cally in Figure 6 for the Information Distortion problem (9). A bifurcation which is not a symmetry breaking
bifurcation will be called a symmetry preserving bifurcation.

To analyze symmetry breaking bifurcations, we exploited the singular blocks of d2F(q*). For the sym-
metry preserving case, we have the following relationship with d?F(q*).

Lemma 27 At a generic symmetry preserving bifurcation (q*, \*, 3%), the Hessian d*F(q*) is nonsingular.

Proof. Assume that d>F(q*) is singular. We will show that this assumption leads to the conclusion that
q* undergoes a symmetry breaking bifurcation or no bifurcation at all. If d>F(q*) is singular, then at least
one of the blocks B; is singular. If the corresponding partition set |U;| > 1 (see Definition 6), then there are
multiple blocks equal to B;, and so Theorem 17 implies that ¢* undergoes a symmetry breaking bifurcation.
If the corresponding partition set |i/;| = 1, then B; is the only block that is singular by genericity, so d’L is
nonsingular by Corollary 12. This leads to a contradiction since we assume that bifurcation takes place at
qr. O

Theorem 28 Consider a singularity (¢*, \*, 3*) of (20) such that d*F(q*) is nonsingular. Then

1. The matrices A; are singular for all j.
The spaces ker A; = ker A; for all i and j. Generically, these spaces are one dimensional.

Generically, dimker d*L(q*) = 1.

The basis vector for ker A; is v if and only if the basis vector for ker d*L(q*) is

w = ((B{'w)",(By )", ... ,(By'v)T,—v")" (52)

Proof. By assumption d?L(q*) is singular, but all blocks B; are nonsingular. Take k € ker d>£L(q*) and
decompose it as k = (k%,k%)T as in the proof to Theorem 11. Since d?F(q*) is non-singular, we must have
ky; #0. We follow the argument of Theorem 11 up until (31), which gets replaced by

Bz, = —k; for all 7. (53)

It follows that &, = —B, 'k, for any . By (28), we have that

N
> ==Y B 'k;=0. (54)
=1 n

Select now an index j of some block B; of the Hessian d>F(g*). Recall that for all v € U; we have B, = B;.
Let |[U;] = M. Then (54) can be written as

> B'ks+ > B'ks=> B 'k;+MB;'k;=0.
n¢U,; vEU; n¢U;

This is equivalent to

B; > By'+MI |k;=0. (55)
n¢U;
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Since A; = Bj Zn¢2/tj B;l + M1 we conclude that A; has nontrivial kernel spanned by k;. Since j was
arbitrary, this proves (1). By genericity (Theorem 7), the kernel of A; is one dimensional, which proves (2).
It follows from (53) that given k;, the vector kp is determined uniquely. This proves (3). Finally, (53) and
(55) show that k has the form in (4). O

Next, we provide a sufficient condition for the existence of saddle-node bifurcations. Observe that the first
assumption given in the following theorem is satisfied generically at any symmetry preserving bifurcation
(Lemma 27), the second assumption is a crossing condition, and the third condition assures that 3”(0) # 0.

Theorem 29 Suppose that (¢*, \*, 5*) is a singularity of (20) such that:

1. The Hessian d*F(q*) is nonsingular.

2. The dot product w” ( d[jVF(()q %) > # 0 forw defined in (52).

3. N Bf[By v, By, By ] £ 0.

Then, generically, (g%, \*, 8%) is a saddle-node bifurcation.

Proof. To prove the theorem, we show that there is a unique solution branch < ( ()]\* ) + tu, 5" + ﬂ(t))

in a neighborhood of (¢*, A*, 3*) with 3/(0) = 0 and 3”(0) # 0 [2]. By Theorem 28, generically, ker d>£(q*)
has a single basis vector w of the form (52), so that any vector u € ker d?£(g*) can be written as u = row
for some nonzero scalar xg € R. The Liapunov-Schmidt reduction in this case is (compare with (34)),

r : RxR—-=R
r(z,8) = w'(I - E)F(wz+U(wz,B), ), (56)

where F(q,\,8) = VL(g+ ¢, \+  \*, 8+ (%) and ¢ = wzx + U(wz, 3). Thus
r(txo, B) = h(t, B)xo
for some scalar function h(t, ), which can not be factored as we did in the proof to Theorem 18 since

(t =0,0) is not a critical point of : by assumption 2 above

dyr(0,0) = dsh(0,0)z0 = wTdgVL(g", N, B*) = w” < V) >

is nonzero (see (38)). Thus, the Implicit Function Theorem can be used to solve h(t,3) = 0 uniquely for
8 = B(t) in a neighborhood of (¢ = 0,8 = 0). This shows that there is a unique solution branch in a
neighborhood of (¢*, A*, 5*). Analogous to how we computed 4'(0) in (47), we have that

=0.

ﬂ/(O) — dth(ov 0) _ dmr((())a g))

~dgh(0,0) —  dgh(0,
Similar to the computations we did in the proof to Theorem 20 we see that

d?h(07 O) _ _dir(07 0) [an Zo, xO]

gr0) = T dgh(0,0)  22dsh(0,0)

Calculating the derivative d27(0,0)[z, 2o, 7o) as we did in (39), and the explicit form of w given in Theorem
28 show that sgn 3”(0) = sgn(— Y, & f[B, v, B, 'v, B, 'v]), which we assumed was nonzero. ]
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Figure 7: A hierarchical diagram showing how the singular points of d2£ and d?F affect the bifurcation
structure of equilibria of (20).

6 Bifurcation Structure

We have described the generic bifurcation structure of problems of the form (1)

N
max F(g, §) = max (; f(q”ﬁ)) :

The type of bifurcation which occurs depends on three types of singular points of d2£(¢*) and d*F(q*),
which we have depicted in Figure 7.

The first type of singular point is where the M > 1 blocks B; of d?F, for i € U, are singular. By
Lemma 10, d?£ must be singular. Generically, the blocks, {B,}vau, of d?F are nonsingular, and A; =
B; Eugzu B! + M is nonsingular. Theorem 17 shows that this is the type of singularity that exhibits
symmetry breaking bifurcation.

The second type of singular point is a special case in which no bifurcation occurs. If only a single block,
B;, of d*F is singular (i.e. M = 1), and if the generic condition that the corresponding A; is nonsingular
holds, then we show in Corollary 12 that d?£ is nonsingular. Thus, generically, no bifurcation occurs for
this case.

The third type of singular point is when d?L is singular, but when d?F is nonsingular. By Theorem 28,
it must be that all of the matrices A; are singular. This singular point manifests itself as a saddle-node
bifurcation (Theorem 29). Figure 7, which summarizes the preceding discussion, indicates how the singular
points of d?L and d*F affect the bifurcations of equilibria of (20).

7 Numerical Results

We created software in MATLAB which implemented pseudo-arclength continuation [2, 13] to numerically
illustrate the bifurcation structure guaranteed by the theory of sections 4 and 5. All of the results presented
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N 2 3 1 5 6
C(qx, 5%, m,n) | 0.0006 | -0.0010 | -0.0075 | - 0.0197 | -.0391

Table 1: The bifurcation discriminator: Numerical evaluations of the bifurcation discriminator ¢ (q%,ﬁ* ~
1.038706, m = 1,n = N —1) as a function of NV for the four blob problem (see Figure 1a) when F' is defined as
in (9). A supercritical bifurcation is predicted when N = 2, and subcritical bifurcations for N € {3,4,5,6}.

here are for the Information Distortion problem (9),

gneag((H(q) + BDcys(q))

and for the Four Blob Problem introduced in Figure 1.

Figure 3 is analogous to Figure 1. It uses the same data set and the same cost function. The difference is
that Figure 1 was obtained using the Basic Annealing Algorithm, while we used the continuation algorithm
in Figure 3. The continuation algorithm shows that the bifurcation picture is richer than shown in Figure 1.
Panels 1-5 in Figure 3 show that the clusterings along the branches break symmetry from S4 to S3 to S,
and, finally, to S;. An ”*” indicates a point where d?F(q*) is singular, and a square indicates a point where
d?L(q*) is singular. Notice that there are points denoted by “*” from which emanate no bifurcating branches.
At these points a single block of d?F is singular, and, as explained by Corollary 12, d?£(q*) is nonsingular.
Notice that there are also points where both d?£(q*) and d?F(q*) are singular (at the symmetry breaking
bifurcations) and points where just d?£(g*) is singular (at the saddle-node bifurcations). These three types
of singular points are depicted in Figure 7.

Figure 4 illustrates symmetry breakdown from Sy to Sy x Ss. The clusterings depicted in the panels are
not found when using an algorithm which is affected by the stability of the equilibria (such as the Basic
Annealing Algorithm).

Theorem 20 shows that the bifurcation discriminator, {(¢*, 8*, m,n), can determine whether the bifur-
cating branches guaranteed by Theorem 17 are subcritical (¢ < 0) or supercritical (¢ > 0). We considered
the bifurcating branches from (g 1, A*, 0% ~ 1.0387) with isotropy group S3. The numerical results obtained
by calculating ((q% ,0, 1, N=1) for N = 2,3,4,5 and 6 at 5* =~ 1.0387 are shown in Table 1. The subcritical
bifurcation predicted by the discriminator for the Information Distortion problem (9) for N = 4 is shown in
Figure 6.

Figure 8 explores some of the clusterings on one of the secondary branches after symmetry breaks from
S3 to SQ.

Figure 9 illustrates clusterings along branches which emanate from ¢* = ¢ 1 at larger 8 than the value
of § ~ 1.0387 at the first bifurcation. These branches are locally unstable at bifurcation, and do not give
solutions of (9). However, we cannot at the moment reject the possibility that these branches continue to a
branch that leads to a global maximum of (3) as § — co.
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