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ABSTRACT. The Ohta-Kawasaki model for diblock copolymers exhibits a rich
equilibrium bifurcation structure. Even on one-dimensional base domains the
bifurcation set is characterized by high levels of multi-stability and numerous
secondary bifurcation points. Many of these bifurcations are of pitchfork type.
In previous work, the authors showed that if pitchfork bifurcations are induced
by a simple Zg symmetry-breaking, then computer-assisted proof techniques
can be used to rigorously validate them using extended systems. However,
many diblock copolymer pitchfork bifurcations cannot be treated in this way.
In the present paper, we show that in these more involved cases, a cyclic group
action is responsible for their existence, based on cyclic groups of even or-
der. We present theoretical results establishing such bifurcation points and
show that they can be characterized as nondegenerate solutions of a suitable
extended nonlinear system. Using the latter characterization, we also demon-
strate that computer-assisted proof techniques can be used to validate such
bifurcations. While the methods proposed in this paper are only applied to
the diblock copolymer model, we expect that they will also apply to other
parabolic partial differential equations.

1. Introduction. Symmetry-breaking pitchfork bifurcations are a common fea-
ture of nonlinear partial differential equation models as they vary with respect to
parameters. We focus here on pitchfork bifurcations of the one-dimensional Ohta—
Kawasaki model for the formation of diblock copolymers [18]. In a previous pa-
per [13], we developed a rigorous computer-assisted proof method for the validation
of symmetry-breaking pitchfork bifurcations in the case of Zo-symmetries that were
observed in [11]. These results were based on creating a validated version of the
numerical methods of Werner and Spence [30], by reformulating the existence of
the bifurcation point as the existence of a nondegenerate solution of an extended
nonlinear system.

However, there are cases of pitchfork bifurcations that we observed in [11, 13],
but were unable to validate using the above theoretical methods — as although
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FiGURE 1. Examples of odd solutions, shown in blue, with odd
eigenfunctions, depicted in red, which correspond to eigenvalue zero
at the bifurcation point, where odd is measured with respect to
the domain midpoint 1/2. The solutions u are n-layer solutions,
equivariant under the cyclic symmetry (2), where n is 3, 5, 5, 7 in
the top row, and 7, 9, 11 in the bottom row, respectively. Since
both the bifurcating solution and the eigenfunction are odd, the
solutions remain odd as they undergo a pitchfork bifurcation, but
bifurcation breaks the cyclic symmetry.
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FIGURE 2. Examples of even solutions, shown in blue, with even
eigenfunctions, depicted in red, which correspond to eigenvalue zero
at the bifurcation point, where even is measured with respect to the
domain midpoint 1/2. In each figure, the solutions u are n-layer
solutions, equivariant under the cyclic symmetry (2), where n is 4,
6, 6, and 8, respectively. Since both the bifurcating solution and
the eigenfunction are even, solutions remain even as they undergo
a pitchfork bifurcation, but the bifurcation breaks the cyclic sym-
metry.

detail below.

a high degree of symmetry is broken at bifurcation, all local solutions remain in
the same Zo-symmetry class, i.e., solutions are all even or all odd with respect to
the center of the one-dimensional domain. In this paper, we adapt the techniques
used for the Zs-symmetry case in order to give theoretical underpinnings needed
for rigorous computational validation of symmetry-breaking bifurcations for more
general cyclic group symmetries, as shown in Figures 1 and 2 and described in more
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The Ohta-Kawasaki equation is a model for diblock copolymers, materials formed
by two linear polymers (known as blocks) which contain different monomers. If the
blocks are thermodynamically incompatible, then the blocks try to separate after the
reaction. However, since they are covalently bonded, such a separation is impossible
on the macroscopic scale. This competition of long range and short range forces
causes microphase separation, resulting in pattern formation. The Ohta-Kawasaki
equation on a domain Q C R? is given by

wy = —A(Aw+ Af(w)) —Ao(w—p) nQ,
ow  O0(Aw)
ERrD =0 on 09,

where v denotes the unit outward normal on the boundary of 2, corresponding
to homogeneous Neumann boundary conditions. The quantity w(t,z) is the local
density difference of the two monomer blocks. That is, if w(t,z) = —1, then at
time ¢ and locally near the point z, the material consists entirely of block A. If
instead we have w(t,z) = 1, then the local average of the material consists entirely
of block B. For values —1 < w(¢,z) < 1 the local material contains a mix of blocks
A and B. The parameter u is the space average of w, meaning it is a measure of
the relative total proportion of the two polymers, which we tersely refer to as the
mass of the system. The equation obeys a mass conservation, implying that u is
time-invariant. A large value of the parameter A corresponds to a large short-range
repulsion, while a large value of the parameter o corresponds to large long-range
elasticity forces. We refer the reader to [11] for a detailed description of how A and o
are defined. See also [26] for a description of the phase separation aspects of the
model. Finally, note that the second boundary condition is necessary since this is a
fourth order equation. In this paper, we focus on equilibrium solutions w = w(x).

For notational convenience, we reformulate our equation slightly. For a solution w
of the diblock copolymer equation, we define u = w — . Since the space average
of w is u, the average of the shifted function w is zero. Therefore the equilibrium
equation becomes

—A(Au+Aflu+p)—Aouw = 0 n,

ou  d(Au)
5= oy = 0 ondQ, (1)

/udm = 0.
Q

We will consider this version of the equation for the rest of the paper, and restrict our
attention to the case of the one-dimensional domain 2 = (0,1) with pu = 0, where
o > 0 denotes a fixed constant, and the nonlinearity is chosen as f(u) = u — u3.
Note that while this particular form of the nonlinearity is not critical for our results,
the fact that the nonlinearity is odd plays a large role for the results of this paper.
We would like to point out, however, that this oddness condition was chosen purely
to simplify our presentation. One could in fact obtain similar results without it.
Figure 3 shows a numerically computed bifurcation diagram for (1) with o = 6.
The bifurcation diagram is restricted to the primary equilibrium branches ema-
nating from the spatially homogeneous trivial solution, along with the secondary
bifurcation points shown as red dots. Secondary branches do emanate from each
of these branches, but they have been omitted for the sake of clarity. Some of the
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FIGURE 3. Partial bifurcation diagram for the one-dimensional
diblock copolymer equation for the parameter values 4 = 0 and
o = 6. In the left panel, each of the dots and crosses is a bifurca-
tion point. The red crosses correspond to the odd solutions with
odd eigenfunctions shown in Figure 1, while the green crosses corre-
spond to the even solutions with even eigenfunctions shown in Fig-
ure 2. In contrast, the cyan dots represent odd solutions with even
eigenfunctions, while the magenta dots correspond to even solutions
with odd eigenfunctions. These last two types are Zs-symmetry
breaking bifurcations points. Altogether, the colored points depict
all detected bifurcation points along primary branches. Originat-
ing at each bifurcation point, there are secondary branches which
are omitted for the sake of clarity. They are included, however, in
the right panel, which illustrates that the branches are connected
through multiple routes.

depicted bifurcation points are Zo-symmetry breaking, as covered in [13]. However,
in Figures 1 and 2 we show that for nine cases, there is no Zs-symmetry broken at
the pitchfork bifurcation. Instead, these bifurcation solutions are n-layer solutions
which are equivariant under the following cyclic symmetry.

Suppose that u denotes the solution at one of these bifurcation points, and let ¢
denote the eigenfunction of the Fréchet derivative of (1) at u corresponding to the
eigenvalue 0, which we further assume to be simple. Furthermore, suppose that we
have extended the solution u from € = (0, 1) to all of R via successive even reflections
across the boundary. Then each such solution u satisfies the cyclic symmetry given
by

(Tou) (z) = —u <a: + i) — u(z) forall z€R, 2)

for some n € N. In contrast, the eigenfunction ¢ does not display this type of
symmetry, in fact, it seems to have no special symmetry properties at all. We
will see later that the operator T, is the generator of a cyclic group, but since
its natural functional-analytic domain interferes with our homogeneous Neumann
boundary conditions, we defer precise statements about the spaces on which T;, is
defined and the order of the generated cyclic group until the next section.

In this paper, we develop the theoretical foundation for a rigorous computer-
assisted proof method for showing that the functions shown in Figures 1 and 2 do
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indeed give rise to symmetry-breaking pitchfork bifurcations. This is accomplished
by first establishing a mathematical bifurcation result on pitchfork bifurcations
induced by a cyclic group action, and then equivalently reformulating it as a zero-
finding problem for a suitable extended nonlinear system, in the spirit of [13]. The
latter system can then in principle be solved using computer-assisted proofs based
on the constructive implicit function theorem introduced in [23, 27]. Although in
this paper we concentrate on the Ohta-Kawasaki equation, our methods can be
adapted to a much more general set of equations. In particular, our pitchfork
bifurcation result is quite general, in that along with technical assumptions, it only
relies on being able to divide the space into the direct sum of pairwise orthogonal
spaces which exhibit certain invariance properties. One of these spaces contains
the function at bifurcation, and another contains the eigenfunction spanning the
associated one-dimensional kernel of the operator. The result does not include the
specific form (2) of the symmetry in the statement, but in our application, these
pairwise orthogonal spaces come from symmetry considerations. Note that while
the solution-eigenfunction pairs shown in Figures 1 and 2 appear to be orthogonal
in the sense that fol u(z)p(x)dxr = 0, there is no immediately obvious symmetry
which would force this identity. In fact, it will be shown later that despite the lack
of any obvious symmetry, each eigenfunction ¢ exhibits a more subtle one, which is
far from obvious and which is responsible for this orthogonality.

A number of papers have previously considered numerical computation of bifur-
cation diagrams for the Ohta-Kawasaki and Cahn-Hilliard equations, such as for
example [4, 8, 11, 14]. There are also several decades of results on computer valida-
tion for dynamical systems and differential equations solutions which combine fixed
point arguments and interval arithmetic, see for example [2, 9, 17, 19, 22, 31]. There
are several papers that have already considered rigorous validation of parameter-
dependent solutions for the Ohta-Kawasaki model [3, 24, 25], as well as in other
contexts [7, 12, 15]. However, this is the first study to look at computer-assisted
proofs of higher symmetry-breaking bifurcations for the Ohta-Kawasaki model.

The remainder of this paper is organized as follows. In Section 2 we describe the
symmetry spaces associated with the cyclic group action given by (2), discuss their
essential properties, and explain why the underlying symmetry group responsible
for the bifurcation is in fact Zs,. In Section 3, we state and prove the analyti-
cal Zo,-equivariant pitchfork bifurcation result. Furthermore, by reformulating the
problem as a zero-finding problem for an extended system, we also are able to es-
tablish computationally testable conditions. We would like to point out that while
the results of this section are formulated only for the specific situation considered
in this paper, the general approach should be applicable in much more generality.
This is described in more detail in the context of Remark 3.4, which collects the
essential assumptions that are necessary. In Section 4, we introduce the computa-
tional validation methods required, based on recent results from [20]. This paper is
primarily focused on the analysis of this new type of symmetry-breaking pitchfork
bifurcations, but for proof of concept, we end the paper with sample solution val-
idations of pitchfork bifurcation points from Figures 1 and 2. Nevertheless, a few
computational challenges remain, and we briefly address these as well as potential
solution attempts.

2. Cyclic equivariance of diblock copolymers. In this section we describe the
equivariance properties of the equilibrium diblock copolymer model with respect
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to the cyclic symmetry mentioned in the introduction. We start in Section 2.1
by presenting our basic functional-analytic setup. After briefly discussing the dif-
ficulties with using the cyclic symmetry defined in (2) directly in this framework,
Section 2.2 shows that these issues can be overcome by considering a detour through
larger function spaces. In combination with additional symmetries, one can then
in fact use the symmetry operator T;, to derive a suitable symmetry-induced de-
composition of the original spaces. We also present orthogonality and invariance
properties which are essential for our application. Finally, Section 2.3 establishes
necessary equivariance properties of the nonlinear diblock copolymer operator.

2.1. Basic functional-analytic setup. We begin by briefly presenting the frame-
work for our study of the diblock copolymer model, which had already been used
in our previous work [11, 13, 24, 27]. As mentioned in the introduction, we re-
strict consideration to equilibria for the Ohta-Kawasaki model given in (1) on the
one-dimensional domain Q = (0,1), and study only the zero mass case 4 = 0. In
addition, the parameter o is fixed and strictly positive, and we use the cubic odd
nonlinearity f(u) = u —u3. From a functional-analytic point of view, we can then
rearrange the system of three equations in such a way that the equilibrium solu-
tions are zeros of a single nonlinear operator F', while the boundary and integral
conditions are absorbed into the definition of the operator domain. In this way,
equilibria of the problem (1) correspond to solutions of the zero finding problem

F\u)=—-A(Au+ Af(u+p)) —dou=0, (3)

where we have F' : R x X — Y with respect to the spaces
0
X = {u € H*(Q): 8—1: =0 on 092, and / udsz} and Y =H2Q). (4
Q

These spaces are both Hilbert spaces, equipped for our purposes with the norms

lullx = Auliz@)  and  Jlully = A7) g -
where one can verify that the mapping A : L2(Q) N { [, udz =0} — H~2(Q2) is an
isometry. Standard results imply that in this setting the operator F' is a well-defined
smooth operator. Furthermore, since we assumed the identity 4 = 0 and f is an
odd function, we also have F(\, —u) = —F(\,u) for all A € R and v € X.

Of particular importance for the detection of bifurcation points is of course the
Fréchet derivative of F' at a given equilibrium solution. Thus, in the following, we
consider a fixed parameter value A\g € R and a function ug € X, and we let L denote
the Fréchet derivative of F' at the pair (Mg, ug) given by

L[v] = DyF(Ao,uo)[v] = —A(Av+ \f (ug + p)v) — Aow . (5)

According to its definition, one has L = D, F(Ao,up) € L(X,Y), where L(X,Y)
denotes the Banach space of all bounded linear operators from X to Y, equipped
with the operator norm || - ||z(x,y). With the range and null space of this linear
operator we associate the following orthogonal projections.

Definition 2.1 (Orthogonal projections P and @ associated with L). Let L be
the Fréchet derivative of the diblock copolymer operator as defined in (5). Then
we denote by @ : X — X the orthogonal projection of the domain X onto the null
space N(L), and we let P : Y — Y be the orthogonal projection of Y onto the
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orthogonal complement of the range R(L). In other words, we define the closed
subspaces X C X and Y C Y such that

X=NL)®X and Y=Y ®R(L), where X L N(L) and Y L R(L).

Thus, the projector P : Y — Y is characterized by R(P) =Y and N(P) = R(L),
while the projection @ : X — X satisfies both R(Q) = N(L) and N(Q) = X.

These projection operators allow us to apply standard arguments based on the
Lyapunov-Schmidt reduction to establish pitchfork bifurcations induced by the ac-
tion of a cyclic group.

Finally, we impose the following two assumptions on the operator F' and the
pair (Ao, ug), which are standard for the discussion of bifurcation points. The first
of these has been verified for the diblock copolymer operator in [13], and the second
one will be satisfied at all pitchfork bifurcation points shown in Figures 1 and 2.

Hypothesis 2.2 (Fredholm property). Assume that the operator F: R x X — Y
is nonlinear and sufficiently smooth, and suppose that the pair (Ag,up) € R x X is
a zero of the operator F i.e., we assume that it satisfies the identity F'(Ag, ug) = 0.
Furthermore, suppose that the Fréchet derivative L = D, F'(A\g, ug) of F at (Mg, up)
is a Fredholm operator of index zero.

Hypothesis 2.3 (One-dimensional kernel). Suppose that the above Fredholm Hy-
pothesis 2.2 is satisfied. In addition, assume that the Fréchet derivative L has a
one-dimensional null space. Since L is of index zero, this immediately implies that
its range has codimension one. Therefore, there exist two nonzero elements ¢y € X
and 9§ € Y* such that both

N(L) =span(¢)  and  R(L) = N(¥3)

are satisfied. Furthermore, these assumptions show that the projections P and @
from Definition 2.1 both have rank one.

2.2. Space decompositions induced by cyclic symmetry. We now turn our
attention to studying the cyclic symmetry operator T,, defined in (2). As we men-
tioned in the introduction, all of the pitchfork bifurcation equilibria shown in Fig-
ures 1 and 2 are fixed points of this operator. Note that since the definition of T},
includes a shifted argument, we had to extend the definition of the underlying func-
tions beyond the bounded domain Q = (0,1) by even reflections. More precisely,
consider for the moment an arbitrary function u € X, where the space X was
defined in (4) above. In view of the imposed homogeneous Neumann boundary
conditions, we can extend the function v smoothly to a periodic function @ on R,
by first defining
u(x) for 0<z<1,

¥y

u(z) =
2—z) for l<z<2,
and then using the identity a(x + 2k) = a(x) for all z € [0,2] and k € Z. In the
following, we will refer to v € X and @ : R — R as corresponding functions, or
equivalently, we will say that @ is the extension of u.

With the notion of corresponding functions, it now makes sense to apply the sym-
metry operator 7,,. One can immediately see that for the equilibrium-eigenfunction
pairs shown in Figures 1 and 2, the extension @ of every solution u is indeed a fixed
point of the operator T,,, where n denotes the number of layers of u. On the other
hand, extensions ¢ of the eigenfunctions ¢ are not fixed points of T},.
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In view of these observations, it seems plausible to expect that standard ap-
proaches to studying symmetry-induced bifurcations should apply directly in our
situation, such as the ones described in [5, 10]. Notice, however, that for these
approaches to work one needs to study symmetry operators which are acting on
the space containing the equilibrium solutions — and in our case this is the Hilbert
space X. Yet, one can easily see that if ¢ is one of the eigenfunctions in Figures 1
or 2, then the function Tn(gZN)) no longer satisfies homogeneous Neumann boundary
conditions on . In other words, the restriction of Tn(qz;) to Q is no longer an ele-
ment of X. In addition, even in situations where one can use abstract equivariant
bifurcation theory, one still has to verify the actual bifurcation type and the corre-
sponding nondegeneracy conditions in the specific underlying system, as explained
in detail in [16].

At first glance, this observation appears to doom the use of the symmetry oper-
ator T,,. Nevertheless, we will show in the remainder of this subsection that this is
far from the truth. In fact, we will be able to study 7T, on a larger Hilbert space
which contains X, but on which the action of T;, is well-defined — and then use
the obtained insight to construct an appropriate space decomposition of X.

To introduce this larger space, we first return to the definition of the extended
function % : R — R corresponding to an element v € X. Notice that accord-
ing to our construction this extension satisfies @(z + 2) = a(z) for all z € R.
Thus, its restriction to (0,2) automatically satisfies the periodic boundary condi-
tions @(0) = u(2) and @'(0) = @' (2) = 0. Furthermore, one can immediately see
that the symmetry operator T,, defined in (2) maps every 2-periodic function to
another 2-periodic function.

With this in mind, we introduce three spaces of 2-periodic functions, two of which
will extend our Hilbert spaces X and Y. More precisely, we consider

HEET(R) = {v € H.(R) : v(z+2)=v(z) for z€R, /0 vdx = 0} )
L2, (R) = {v cL} . (R) : v(x+2)=v(zx) for z€R, /0 vdx = O} , (6)
H,;(R) = ALp.(R),

where the space L} (R) denotes the space of all measurable real-valued functions
on R which are square integrable on compact intervals, and H2 (R) C L? (R) the
space of all twice weakly differentiable Sobolev functions whose first two derivatives
are in LIZOC(R) as well. All three of the above spaces are Hilbert spaces with respect

to the norms

[vllz = [[Av[r2(0,2) for wve Hp, (R),
[vllo = [lvllzz(0,2) for vel?, (R),
loll—2 = HA_lvHLz(Og) for wve Hp_e%(R) ,

respectively. Since we have restricted ourselves to functions with mean zero, one
can verify that both mappings A : H7,.(R) — L2 (R) and A : L2 (R) — H, 2 (R)
are isometries.

Our interest in these spaces is two-fold. On the one hand, they are spaces of
periodic functions which in some sense contain our fundamental Hilbert spaces X
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and Y. To see this, note that for every function u € X, its extension clearly
satisfies & € ngr (R). However, it is not true in general that the restriction of every

function in the latter space lies in X. Nevertheless, for any v € X and k € Z, the
construction of its corresponding function @ implies

i(—2) = (- + 2k) = @(2 — (—2 + 2k)) = d(z + 2(1 — k)

€[0,2]

u(z)

for all z € R, i.e., the extension is an even function. Conversely, one can see that
every even function v € H2, (R) satisfies v(1+z) =v(—(1+2z)) =v(2— (1+2)) =

per

v(1 — ), i.e., it is also even with respect to 2 = 1. Since every function in H7,, (R)
is continuously differentiable in view of Sobolev’s embedding theorem [1], this in
turn implies that the restriction of any even function v € ngr(R) to € satisfies

homogeneous Neumann boundary conditions, and we have shown that in fact

X ={vlg : ve H, (R) and v(z)=v(—z) forall z€R} . (7)

per

Our second interest in the above spaces stems from the fact that they are invari-
ant under the symmetry operator defined in (2). More precisely, let W denote

either HZ,.(R) or L2, (R). Then we can clearly define an isometry T;, : W — W
via

1
T, - =)
(v)(x) v (:E + n)
In addition, for W = H_2(R) one can set T,,(v) = AT,(A~1v). In other words,

er
the symmetry operator Jan is a well-defined action on these spaces.

As we stated above, we will use the operator T,, on the spaces of periodic func-
tions to ultimately introduce a decomposition of the spaces X and Y from the last
subsection. For this, however, we need to first study 7;, on the former spaces. In the
following, we begin by considering the cases W = H7, (R) and W = L2_.(R), since
in these cases the elements are actually functions that can be evaluated pointwise.
The Sobolev space with negative exponent will be treated subsequently.

It is immediately clear that the operator T,, : W — W has the property of being

cyclic of order 2n, and that it commutes with the Laplacian, i.e., we have both
2" =1 and AT, = T,A .

The first property in particular implies that the minimal polynomial for T}, is given
by
mt) =" -1 = (" =1D)({t"+1) = t—D " +t" 24+ D"+ 1) .
—— ———
ma(t) my(t) me(t)

In addition, one can easily verify that (¢" +1)/2 — (¢ —1)/2 = 1 and that 1 is not
a root of either my or m.. This in turn implies that the three polynomials mg, my,
and m, are relatively prime, and therefore we have the decomposition

W = NT,-I) & NI}y '+10r?%*+---+1) & N(Ir+1I)
= N(ma(T,) @ N(my(T)) ® N(me(T,) . (8
N——— N———— N————
Wa Wi We

Each of these three subspaces has additional important properties which are crucial
for our applications, and which will be studied in more detail below. For now, we
would like to point out that the space W, consists of functions v which satisfy the
identity v(x + 1/n) = —v(z) for all x € R. Thus, by inspection, one would suspect
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that for the diblock copolymer equilibrium solutions w shown in Figures 1 and 2,
their respective corresponding functions u lie in W, for W = ngr(R), if n denotes
the number of layers of u. As we will see later, the respective eigenfunctions will
automatically be contained in one of the remaining two subspaces.

The decomposition of the space W into a direct sum of three subspaces lies at the
heart of our approach, and we will now show that this decomposition can be pulled
down to the subspace X. We have already seen in (7) that the space X occurs
naturally as a subspace of W = ngr(R) if we additionally impose an evenness
constraint. As the following result shows, this latter constraint plays well with the
decomposition W =W, & W, @& W..

Lemma 2.4 (Invariance under reflection). Let W = HZ,.(R) or W = L2 (R), and
suppose that w € W is arbitrary. Furthermore, suppose that v € W is defined via
v(x) = u(—x) for all z € R. Then for every T € {a,b,c} one has the implication

ue W, == veW, and u+veW,.

Proof. Notice first that we only have to establish the validity of v € W, in the
above implication. According to its definition, the space W, is a linear subspace,
and therefore the inclusions u,v € W, immediately imply v + v € W, as well.
Now let u and v be given as in the formulation of the lemma. Then the periodicity
of u implies v(z) = u(—z) = u(2 — x), and this in turn yields
k k k k k
Tov(x) = (—1) v<x—|—) =(-1) u(2—a:—> (9)
n n
for all x € R and k € Nyg. We now distinguish between the three cases 7 € {a,b, c}.
To begin with, let u € W,. Then we have u(t) = T,,u(t) = —u(t +1/n), and this
readily implies u(t) = —u(t — 1/n). If one now substitutes ¢ = 2 — x, then (9) gives

Too(z) = —u (2 - 711) =u(2—2) = u(—z) = v(z)

i.e., we also have v € W,.

Consider now the case u € Wj. Then the equation ZZ;S TFu(s) = 0 holds for
all s € R. Therefore, if we set s =2 —x — 1+ 1/n, then one obtains with (9) the
identity

;Tffv(x) = i(—nku <2—x—$>

n—1
= (-)*! ;(—1)% (s + f;)

where the second equality uses the index change £ = n — 1 — k, and for the third
one we note that (—1)° = (—=1)~¢. This shows that v € W,.

Finally, let us assume that v € W,. Then —u(s) = Tu(s) = (—=1)"u(s + 1) for
all s € R. Thus, if we set s = —x, then we obtain

TMo(z) = (D™ (@+1)=(-1)"u2-2z-1)=(-1)"u(-z+1)

n—1
(=" Y Thuls) = 0,
£=0
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= —u(-z) = —v(z),
which in turn implies v € W,. This completes the proof of the lemma. O

Remark 2.5 (Dihedral group Da,, action). While our main focus so far has been to
understand how the action of the cyclic group Zs,, induced by T, on W = ngr (R)
or W = Lfmr(R) can be used to find a suitable space decomposition, Lemma 2.4
illustrates another point. In addition to the action of T}, our study also makes
crucial use of the reflection symmetry u(-) — wu(—-) on the space W. Thus, the

actual underlying symmetry group is the resulting dihedral group Ds,, acting on W.

The above result shows that the spaces in the decomposition of W are invariant
under the reflection x — —x. This leads us immediately to the following result,
which further decomposes every W, into even and odd functions.

Lemma 2.6 (Even and odd decomposition). Let W = H2,(R) or W = L2 _.(R),
and define the subspaces W€ = {u € W : u is even} and W° = {u € W : u is odd}
of W consisting of all even and odd functions, respectively. Then we have the

equality W = We d W?°, as well as
W.=W,nWe¢) e (W, NnW?°) for all T € {a,b,c} .

Finally, functions in W€ are even with respect to both x = 0 and with respect
to x = 1, while functions in W° are odd with respect to both of these x-values.

Proof. Tt is well-known that every function u defined on R can be written as the sum
of an even and an odd function in the form v = u®+u°, where the even and odd parts
are explicitly given by u®(z) = (u(x) + u(—2))/2 and u°(z) = (u(z) — u(—2x))/2,
respectively. Thus, in view of Lemma 2.4 we have both u® € W, and u® € W, as
long as w € W,. Since only the zero function is both even and odd, this implies
the decompositions stated in the lemma. The statement concerning the evenness
of every u € W€ with respect to x = 1 has already been shown in the verification
of (7). Finally, for v € W° one obtains

v(l—z)=—vz—-1)=-v@—-1+2)=—v(l+2z) forall zeR,

and this completes the proof of the lemma. O

As we already showed in (7), the space X defined in (4) can be considered as a
subspace of W = H?, (R) in the sense that v € X if and only if its extension @ is
an even function in H2, (R). Thus, the above lemma allows us to pull the space
decomposition defined in (8) down to the space X, by considering only the even
functions in the spaces W,, Wj, and W,.. More precisely, we have the following
definition.

Definition 2.7 (Symmetry induced space decomposition of X). Let W = H2_ .(R)
denote the space defined in (6), and let X be defined as in (4). Then we define
three subspaces of X by considering only the even corresponding functions in the

subspaces Wy, W;,, and W, defined in (8) for some integer n € N, i.e., we set
X,={ueX :aeW,} forall 7€ {a,b,c}
in view of (7). Notice that Lemma 2.6 immediately implies X = X, ® X, & X..



CYCLIC SYMMETRY INDUCED BIFURCATIONS 677

veX,®Xy ve X
n even | v even with respect to z = 1/2 | v odd with respect to z = 1/2

n odd | v odd with respect to x =1/2 | v even with respect to x = 1/2

TABLE 1. Additional symmetries of functions in the spaces X,
Xp, and X, introduced in Definition 2.7. Depending on whether
the underlying integer n € N is even or odd, functions in the spaces
X, ® Xp and X, have an additional even or odd symmetry with
respect to the center point x = 1/2 of the domain 2 = (0,1), as
listed in the above table.

With the above definition we have achieved our first goal, namely, the derivation
of a decomposition of our domain X that is in some sense induced by the sym-
metry T,,, and that allows us to discuss symmetry-breaking pitchfork bifurcations.
Based on our derivation, one would suspect that the pitchfork bifurcation equilibria
shown in Figures 1 or 2 are contained in the spaces X, — and we still need to
understand why the spaces X; and X, are the correct spaces to include the eigen-
functions. We would like to emphasize one more time, however, that while in some
sense X, is invariant under the symmetry 7,, (via corresponding functions), this is
not true for the spaces X; and X..

In addition to the symmetry properties discussed so far, the functions in the
spaces X,, X, and X, introduced in Definition 2.7 exhibit one more symmetry.
This is the subject of the following simple lemma.

Lemma 2.8 (Symmetry with respect to © = 1/2). Consider the spaces X, X,
and X, introduced in Definition 2.7. Then functions in the direct sum X, & X, are
even or odd with respect to the center point x = 1/2 of the domain Q = (0,1) if the
integer n € N is even or odd, respectively. In addition, functions in X. are odd or
even with respect to x = 1/2 if n is even or odd, respectively. This is summarized
in Table 1.

Proof. Consider first the case v € X, @ X3, and let © denote its corresponding
function in W, which according to Definition 2.7 and (8) is contained in W, @
Wy = N(T} — I). Thus, the extension ¥ satisfies the identity 7,°0 = 0, and by
iterating the definition of T}, one can easily see that this is equivalent to the identity
(=1)"0(1+z) = o(z) for all x € R. If we then replace x by x—1/2, this immediately

implies
n~ 1 - 1 (1
(—1)v<2+x>—v<x—2>—v(2—x) forall zeR,

where for the second identity we use the fact that v is even. This establishes the
first half of the lemma. By a completely analogous argument, using the fact that
for v € X, its extension satisfies v € W, = N(T) + I), one can easily verify the
second half as well. All that changes is the introduction of an additional negative
sign, which is responsible for the switch between even and odd in this case. O

We would like to point out explicitly that, in view of the above lemma, for any
given integer n € N either X, ® X, contains even functions with respect to x = 1/2
and X, contains odd ones, or vice versa. We will see later that this fact is inherently
responsible for the Z, symmetry-breaking results of [13]. As it turns out, the further
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decomposition into X, and X, allows us to treat the bifurcation points shown in
Figures 1 and 2.

As our final result concerning the decomposition of the space X we now show
that the spaces X,, Xp, and X, are pairwise orthogonal. In fact, the following
result implies that they are orthogonal with respect to a variety of possible inner
products on X.

Lemma 2.9 (Orthogonality of the X-decomposition). The spaces X,, X, and X,
introduced in Definition 2.7 are pairwise orthogonal with respect to the inner product

(Au, Av)2(q) + B(Vu, Vo) 2 (o) +7(u,v) L2 () for u,v € X,
for any choice of constants 8 >0 and ~v > 0.

Proof. Assume that the functions u and v are taken from two different spaces of X,
X3, and X, and let 4 and ¥ denote their extensions in W.

We begin by showing that the standard L?(Q)-inner product of v and v vanishes.
In view of Lemma 2.8, this is trivially satisfied if u € X, U X} and v € X, or vice
versa, since in these cases the product wv is always odd with respect to x = 1/2,
and therefore fol u(x)v(x) dr = 0. Assume therefore that u € X, and v € X;. Then
one obtains

n—1 ,Ef1

/Olu(x)v(x)das = z_:/ u(@)(z)de = g/@i%”z)v(w{)ﬂ

[
- :2;/01 ((—1)’% <x+ :)) ((—1)’% <x+ z>) dx

— :z:;/oi (Tra(z)) (TFo(x)) de = :Z:é/j a(x) T, o(x) da
_ /0’1L u(z) (:Z:;Tfﬁ(@) dr = 0,

where we used the facts that T4 = @ and Zz;é Tko = 0.

The remaining two terms in the inner products defined in the formulation of
the lemma can be discussed similarly. The statement for the second derivative
term (Au, Av) 2 (q) follows completely analogously, since the Laplacian A commutes
with T}, and preserves any even or odd symmetry with respect to z = 1/2. Finally,
by using integration by parts and the boundary conditions imposed in X, one can
obtain (Vu, Vv)r2q) = —(Au,v)12(q), and the result follows again as before. [

With the above result we have completed the construction of a decomposition
of the Hilbert space X defined in (4), which serves as the domain of our nonlinear
diblock copolymer operator F' : X — Y introduced in (3). We now turn our
attention to the image space Y.

Definition 2.10 (Symmetry induced space decomposition of Y). Consider the
Hilbert space Y = H~2(Q2) for Q = (0,1) introduced in (4). Let u be any element
of Y. Then its inverse image A~'u with respect to the restricted Laplacian operator
A:L2(Q)n{ [ udr =0} - H2(Q) has an extension @ € L2, (R), given by the

per

formula @ = A~lu. Furthermore, since the Laplacian is an isometry with respect
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2

to our chosen norms, we have with W = Lz_ (R) the decomposition

per
L2,R) = W,oW,d W,
where W,, Wy, and W, contained in L7, (R) were defined in (8). The subspaces in

this decomposition are pairwise orthogonal. Thus, if we define
Y,={ueY :aeW,} forall 7e€{abc}

then one can verify that Y =Y, @Y, ® Y., and that the involved subspaces are
pairwise orthogonal. In fact, one can also show that Y, = A%2X, for all 7 € {a,b, c}.
Finally, using our earlier definition of T}, : H,2(R) — H,2(R) via the identity
T, (u) = AT, (A7 u), one can verify that we have u € Y; if and only if one has the
equality m,(T,,)[Ad] = 0. In the following, we will therefore call Ad € H,2(R) the

per
extension of u € Y.

The above descriptions of the spaces X and Y, and of their respective decom-
positions, are tailor-made for the results discussed in the remainder of the paper.
Nevertheless, we close this subsection with an alternative description of these spaces,
which is based on cosine Fourier series.

Remark 2.11 (Cosine Fourier series representations). Consider an arbitrary func-
tion u € X. Then it was shown in [24] that there exists a unique representation

u(r) = Zak cos(kmz) with ar€eR for keN, (10)
kEN
where the constant term k& = 0 is omitted due to the zero mass constraint, and the
series converges with respect to our chosen norm on X.

As it turns out, each of the three subspaces X,, Xp, and X. have a simple de-
scription in terms of this series representation, since the basis functions are pairwise
orthogonal, and every one of these functions is contained in exactly one of these
spaces.

To begin with, consider the space X,. For any function u € X, if we denote its
extension again by @, one can easily see that in view of T},(4) = @ we have

O Y Y N Y A e

for all x € (0,1/(2n)), i.e., the function v is odd with respect to x = 1/(2n)
on the subinterval (0,1/n). This in turn implies that the average of w vanishes
over (0,1/n), and since the functions cos(kwxz/L) for L = 1/n and k € Ny form a
complete orthogonal set in L2((0,1/n)), one obtains that

ue X, ifandonlyif wu(z) = Z ay cos(knx) = Zazn cos(fnmzx) ,
kenN LeN

since the basis functions cos(¢nwz) for £ € N clearly lie in X, themselves. In other
words, the function w is contained in X, if and only if its cosine Fourier series
contains only terms corresponding to wave numbers k£ which are multiples of n.

We now turn our attention to the spaces X3 and X,.. Due to Lemma 2.9, cosine
Fourier expansions of a function u in either of these spaces can only contain terms
for wave numbers which are not divisible by n. Furthermore, one can verify by
direct inspection that

7 cos(kmx)

T7 cos(krx) = —cos(kmz) if and only if nzk mod?2.

cos(kmx) if and only if n=%k mod 2,
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This gives the characterizations

Evenn: ue X, if and only if u(z) = Z ay cos(kmz) |
kZnN, k even

ue X, if and only if u(z) = Z ay, cos(kmzx) |
kZnN, k odd

Oddn: ueX, if and only if u(z) = Z ay, cos(kmzx) |
kZnN, k odd

ue€ X, if and only if u(z) = Z ay cos(kmz) .
kZnN, k even

We would like to point out that these characterizations immediately imply the state-
ments of Table 1. Furthermore, the above characterizations remain valid without
change for the image space decomposition Y =Y, @Y, @Y, as long as one considers
the cosine Fourier series in a formal sense and its convergence in the norm defined
in Y. For more details, we refer the reader to [24].

2.3. Equivariance properties of the nonlinear operator. We close this sec-
tion by establishing the equivariance properties of the nonlinear diblock copolymer
operator F' : X — Y defined in (3) and (4), with a particular emphasis on how
this operator and its Fréchet derivative L defined in (5) interacts with the space
decompositions of X and Y from the last subsection. As mentioned in the intro-
duction, throughout this paper we consider the one-dimensional domain © = (0, 1),
the total mass u = 0, and the odd nonlinearity f(u) = u — u®. We would like to
point out, however, that the results of this section remain valid for any smooth odd
function f: R — R, and are in fact formulated for that case.

Throughout this section, we consider mapping properties of operators between
the spaces X and Y, introduced in the last section. In order to keep the notation as
simple as possible, we will use the same letter for a function in X and its extension
in ngr (R), and similarly for elements in Y, and their extensions in Hp_ef, (R). Thus,
we can consider the diblock copolymer operator F' both as an operator between X
and Y, as well as an operator of the form F: H,, (R) — H,2(R).

It has already been stated several times that our main focus is the verification of
a special kind of symmetry-breaking pitchfork bifurcation. Thus, the equilibrium
solutions on the bifurcating branch will exhibit different, and in fact fewer, symme-
try properties than the solutions on the primary steady state branch. This primary
branch is characterized by invariance with respect to the symmetry operator T,
defined in (2), and the following first lemma shows that both F' and its partial
derivative Dy F respect this symmetry.

Lemma 2.12 (First equivariance properties). Let Q = (0,1), consider the total
mass =0, and let f be a smooth and odd nonlinearity. Moreover, let F': X —Y
be defined as in (3) and (4). Then for every u € X, we have both F(\, u) € Y, and
the inclusion DyF (A, u) € Y.

Proof. Let u € X, be arbitrary. Then its extension in H,,(R) is even, and due to
the properties of the Laplacian and the Nemitski operator f the same is true for
both F(A,u) and DyF(\, u). Moreover, the oddness of f and T,,u = u imply

Tof(u(x)) = = f(u(z +1/n)) = f(—ulz +1/n)) = f(u(z)) .
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In combination with T,A = AT, one therefore obtains T,, F(\,u) = F(X\,u), and
this in turn implies F'(A,u) € Yy, see also Definition 2.10. The remaining inclusion
for DyF(A\,u) = —Af(u) — ou can be verified analogously. O

In view of this lemma, one can study the equilibrium problem F(\ u) = 0 re-
stricted to the symmetry space X,, and this will provide us with a primary solution
branch in X,. The next two auxiliary results address how first- and second-order
partial derivatives of F interact with the various symmetry spaces. The resulting
inclusions are central for our bifurcation analysis.

Lemma 2.13 (Equivariance properties of D, F and Dy, F'). Let Q = (0,1), consider
the total mass p = 0, and let f be a smooth and odd nonlinearity. Furthermore,
let F': X =Y be defined as in (3) and (4). Then for arbitrary A € R and u € X,,
and every T € {a,b, c} we have the inclusions

D, F(\u)[X, ] CY; and Dy, F(M\u)[X,] CY,. (12)
In addition, we have
R(DLF(\w) = DyF(\, u)[X] © D, FOLw)[X)] ® D F(\w)[X.],  (13)
as well as both
D, F(\u)[X,:] = R(D,F(M\u)NY, and PY,;) CY; (14)

for all T € {a,b,c}, where P:Y — Y denotes the orthogonal projection which was
introduced in Definition 2.1.

Proof. Let A € R and u € X, be fixed, and consider an arbitrary v € X. For
notational convenience in this proof, we introduce the abbreviation L = D, F(\, ).
Since we assumed that f is an odd function, its derivative f’ is even. This immedi-
ately implies

T, (f'(u(@)v(x)) = —f'(ulz+1/n))v(z+1/n)
f(=u(@))(=v(x +1/n)) = f(u(z)Tho(z) .

Since the operator T}, also commutes with each of the other two terms in the explicit
representation (5) of D, F(A, u)[v], one therefore obtains T, L[v] = L[T,,v]. This in
turn implies that the inclusion v € X, readily implies D, F(\ u)[v] € Y;, where
we again refer the reader to Definition 2.10. The statement for the second-order
partial derivative Dy, F(\ u)[v] = —A(f'(u)v) — ov can be established completely
analogously, and this completes the proof of (12).

The just-established (12) implies that the spaces L[X,], L[X3], and L[X,] form
a direct sum, since Y, Y3, and Y. do. We also have L[X,|® L[X}] ® L[X.] C R(L),
and the reverse inclusion follows from R(L) > y = Lz = Lz, + Lxp + Lx., if we
write © =z, + xp + 2. € X, ® X ® X. = X. This implies (13).

As for (14), let 7 € {a,b,c}. Then one obviously has L[X;] C R(L)NY;. To
verify the opposite inclusion, let y € R(L) NY; be arbitrary. Then y = Lz, and we
can again decompose x in the form x = x,+xp+z. € X, DX, ® X.. But this in turn
yields the inclusion y = Lz, + Lxpy+ Lz, € Y, @Y, Y., and y € Y, in combination
with the properties of direct sums immediately imply y = Lz, € L[X;]. In order to
establish the inclusion statement regarding the orthogonal projection P, one just has
to note that every y € Y can be written uniquely as y =y, + v +y. € Yo Y, B Y,
and that for 7 € {a,b,c} one further has y, = y.1 + yr2, where y.1 € L(X;)
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and y. o is contained in the orthogonal complement of L(X,) in Y;, which might in
fact be trivial. Altogether, this gives the decomposition

Y="Ya,1t+Ya2+ Y1+ Y2+ Ye1 + Ye,2

into pairwise orthogonal elements, and one can easily see that Py = yg2 + Yp2 +
Ye,2. From this, the last statement follows readily, and the proof of the lemma is
complete. O

Lemma 2.14 (Equivariance properties of D, F'). Let Q = (0, 1), consider the total
mass p =0, and let f be a smooth odd nonlinearity. Furthermore, let F : X —Y be
defined as in (3) and (4). Then for all X\ € R and u € X, the following inclusions
are satisfied:

i) Dy F (N u) [ X, Xa] C Y,
(i) Dy FMu)[Xe® X, Xo®Xp] C Y0V,
(4ii) Dy F (A u)[Xa, Xp) C Y, (15)
(iv) Dy F(\u)[Xe, X C Y, oY
('U) DUUF(Aau)[Xa EBXMXC] C Y::

Note that due to the symmetry of Dy, F (A, u), the order of the two arguments in (44i)
and (v) does not matter.

Proof. Recall that we have D, F(\ u)[v,w] = —AAf"(uw)vw) for all v,w € X,
and that due to the oddness of f the second derivative f” is also an odd function.
Then for u € X, one obtains the identity

T (f (u(@))v(2)w(z)) —f"(u(z + 1/n))o(z + 1/n)w(x + 1/n)
= ['(-ulz+1/n))(=v(z + 1/n))(-w(z + 1/n))
f(u(@) T (@) Thw(z) |

which in turn readily implies T}, Dy F (A, w)[v,w] = Dy F(N, w)[Thv, Tow]. With
this formula at hand one can now establish the claims.

Note that if v,w € X,, then we have both T,,v = v and T,,w = w, and the first
statement follows. Similarly, if v,w € X, ® Xy, then T,;v = v and T,)w = w, which
yields the second statement. In addition, if we assume v,w € X, then T)'v = —v
and T"w = —w, and from this one can obtain (iv).

We now turn our attention to (ii). If v € X, and w € X, then for all k¥ € N one
obtains T Dy, F(\, u)[v,w] = Dy F(\u)[Tkv, T*w] = Dy F(A, u)[v, TFw]. But
this gives

n—1 n—1
Z TE Dy F(N\ u)[v, w] = Dy F(A,u) |o, Z Trw
k=0 k=0
which in turn implies D, F'(A, u)[v, w] € Y. This establishes (7).
Finally, suppose that v € X, & X; and w € X.. Then T7'v = v and T)'w = —w,
and therefore T" D, F(A\, u)[v,w] = Dy F(\, w) [T, THw] = — Dy F (A, w) v, w],
which yields (v). This completes the proof of the lemma. O

207

After these preparations we can now turn our attention to the main result of
this section. It shows that under our Hypotheses 2.2 and 2.3 the kernel function
at a potential bifurcation point has to be contained in one of the spaces X,, Xy,
and X.. In addition, we obtain easily testable conditions that establish the precise
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$o € Xp $o € X
n even | ¢p (ﬁ) #0, ¢0(0) + ¢do(1) #0 | po(0) — ¢o(1) # 0
nodd | ¢o (57) #0, ¢0(0) — do(1) # 0 | ¢o(0) + po(1) #0

TABLE 2. Easily verifiable conditions which ensure whether the
kernel function ¢q is contained in X, or in X.. These conditions
change depending on whether n in the definition of the symmetry
operator T, is even or odd. Since all of these conditions are simple
inequality checks for specific function values, they can readily be
rigorously validated using interval arithmetic.

space containing the kernel function. This will be essential for the bifurcation result
and its rigorous verification via extended systems in the next section.

Proposition 2.15 (Kernel function properties). Let Q = (0, 1), consider the total
mass u =0, and let the function f be a smooth and odd nonlinearity. Furthermore,
let F: X =Y be defined as in (3) and (4), and suppose that Hypotheses 2.2 and 2.3
are satisfied, that is, we have both F(\g,up) = 0 and Log = D, F (Mg, uo)[do] = 0,
and the null space of L is one-dimensional. In addition, we assume that the equi-
librium ug 1s contained in the symmetry space X,. Then the following statements
hold.

(a) The kernel function ¢g is automatically contained in either X,, or Xy, or Xe.
(b) By verifying one of the conditions in the left or right columns of Table 2, one
can easily establish whether ¢g € Xy or ¢g € X, is satisfied, respectively.

(c) If the kernel function satisfies ¢o ¢ X,, then the linearization L : X, — Y, is

bijective. In particular, we have L[X,] =Y, in this case.

Proof. We begin by verifying (a). Since ¢g € X, we can find ¢, € X, for 7 = a, b, ¢
such that the identity ¢g = ¢o+dp+¢. is satisfied. But then (12) implies L{¢p,] € Y,
i.e., we have 0 = L[¢o] = L[pa] + L[ds] + L[dc] € Yo &Y, @ Y., and the properties
of direct sums therefore furnish L[¢,] = 0 for all 7 = a,b,c. Since ¢g # 0, we
have to have ¢, # 0 for at least one 7 € {a,b,c}. Since the null space of L is
one-dimensional, one then has to have the equality ¢g = a¢, € X, for some «a # 0,
which establishes the claim.

Consider now the statement in (b) and suppose for the moment that the integer n
in the definition of T}, is even. Then in view of Lemma 2.8, see also Table 1, every
function in the direct sum X, @ X, is even with respect to x = 1/2, while every
function in X, is odd with respect to the center of the interval 2. By taking the
contrapositive, if we know that the inequality ¢(0) + ¢o(1) # 0 is true, then ¢q
cannot be odd with respect to & = 1/2, and therefore has to be in X, or Xj.
Similarly, the inequality ¢(0) — ¢o(1) # 0 shows that ¢ is not even, and so it has
to be in X.. The case of odd n can be treated similarly.

It remains to show that if we have the inclusion ¢ € X, U X, as well as
d0(1/(2n)) # 0, then necessarily one has ¢g € X;. This, however, follows immedi-
ately from (11), where it was demonstrated that every function in X, is odd with
respect to x = 1/(2n), and therefore has to vanish at 1/(2n). This completes the
proof of (b).
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Finally, we turn our attention to the statement in (¢). Suppose therefore that ¢q
is contained in either X, or X.. Since we assumed T,ug = ug, the function ug
satisfies homogeneous Neumann boundary conditions at both x = 0 and at = 1/n.
Now let us denote the restriction of ug to the interval Q, = (0,1/n). Then we still
have F'(Ao,us) = 0 on this interval, with the same Neumann boundary conditions
that were considered for the original equation on © = (0,1). Define the function
spaces X and Y; as the spaces corresponding to X and Y, but consisting of functions
restricted to the smaller interval €4, which in the case of X, satisfy homogeneous
Neumann boundary conditions on 9. Finally, define Ly = D, F (o, us)|x., i-e.,
via restriction to the interval (0,1/n).

We begin by verifying L[X,] = Y,. For this, assume that Y; \ Ls[X,] # 0. Then
there exists a nontrivial element which is not in the range of L. Therefore, since also
the restricted operator is Fredholm with index 0 according to [13, Proposition 2.15],
there has to be a nontrivial null space element ¢, € N(L,). Recall that any function
in X, is uniquely defined by its values on Q4 = (0,1/n). Thus, since ¢; satisfies
homogeneous Neumann boundary conditions on €2, there is a corresponding unique
function ¢, € X, defined on Q = (0, 1) and such that ¢, = ¢ on (0,1/n). Moreover,
the fact that Ls¢s = 0 on € immediately implies that Lo, = 0 on €. Therefore,
the function ¢, € X, is contained in the null space N(L). However, this is a
contradiction, since we have assumed that N (L) is one-dimensional, and that it is
spanned by a function ¢g which is contained in either X, or X.. Thus we conclude
that L[X,] = Y,. Since the above argument also directly implies N(Ly) = {0}, this
completes the proof of the proposition. O

3. Cyclic equivariant pitchfork bifurcations. After the preparations of the
last section, we now show that the cyclic action of the symmetry operator T,
through its derived space decomposition X = X, & X, & X, does indeed give
rise to symmetry-breaking bifurcations. More precisely, we consider the scenarios
indicated in Table 3. In this table, we distinguish between the parity of the integer n
and the symmetry with respect to = 1/2 of the kernel function ¢o. This leads
to four different bifurcation scenarios, all of which break the Zs,-symmetry of the
equilibrium solution ug € X,, based on whether one has ¢y € X or ¢g € X..
Recall that the latter two conditions can easily be verified using the tests listed
in Table 2. While all of these scenarios are covered by the theory developed in
the present paper, cases (b) and (c) could already be established using the results
of [13]. However, the cases (a) and (d) are new and do require our new approach,
and they cover all of the situations shown in Figures 1 and 2.

To develop this new approach, we proceed as follows. In Section 3.1 we use a
standard Lyapunov-Schmidt reduction based on our underlying space decomposi-
tion to provide a sufficient condition for the existence of a Zsg,-symmetry breaking
pitchfork bifurcation. After that, Section 3.2 demonstrates that the assumptions
of this result can be verified using the existence of an isolated zero of a suitable
extended system. This reformulation of the existence result makes it amenable to
verification via computer-assisted proof techniques.

3.1. A sufficient condition for pitchfork bifurcation. We begin by concen-
trating on the derivation of a sufficient condition for the existence of a pitchfork
bifurcation which breaks the Zs,-symmetry. For this, we rely on the Lyapunov-
Schmidt reduction result in Proposition 3.1 below, which gives a general method
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’ H ¢o even ‘ ¢o odd ‘
n even || (a) ug even | (b) ug even
$o € Xp $o € X
nodd || (c) up odd | (d) up odd
Po € Xe Po € Xp

TABLE 3. Symmetry-breaking pitchfork bifurcation scenarios if the
equilibrium solution uq satisfies ug € X, i.e., we have T,,uqg = ug.
Throughout the table, the labels even and odd refer to symmetries
with respect to the center point = 1/2 of the domain Q = (0, 1).
Notice that (b) and (c) are covered by our previous Zo-pitchfork
bifurcation theorem [13]. In contrast, the remaining two cases (a)
and (d) correspond to the new scenarios depicted in Figures 1 and 2,
respectively.

of reducing the bifurcation problem from an infinite-dimensional problem to a bi-
furcation problem on a one-dimensional subspace. Our formulation is completely
analogous to the one used in [13]. Thus, we refer the reader to this paper for
the full proof and merely provide a brief sketch below to keep the current paper
self-contained.

Proposition 3.1 (Lyapunov-Schmidt reduction). Let 2 = (0, 1), consider the total
mass = 0, and let the function f be a smooth and odd nonlinearity. Furthermore,
let F: X =Y be defined as in (3) and (/), and suppose that Hypotheses 2.2 and 2.3
are satisfied, i.e., we have both F(Ag,ug) =0 and Lo = Dy F (Ao, uo)[Po] = 0, and
the null space of L is one-dimensional. Finally, let P and @ denote the orthogonal
projections from Definition 2.1.
Then there ezist a neighborhood Ao of Ny, a neighborhood Vi of vg = Qug € N(L),
a smooth function W : Ag x Vo — X, as well as a smooth real-valued function b
which is defined in a neighborhood of the point (\g,0) € R? such that the following
hold:
(a) If (\, ) is sufficiently close to the point (\g,0) € R? and satisfies b(\, o) = 0,
then we have

F(Au)=0 for u=wvo+apy+W (A vy + ady) .
(b) Conversely, if (A\,u) is close enough to (Ao, uo) and solves F(A\ u) = 0, then
for a defined via vo + apy = Qu we have b(A\, ) = 0 and u = Qu+ W (A, Qu).

In other words, the solution set of b(\, &) = 0 in a neighborhood of (A\o,0) € R? is
in one-to-one correspondence with the solution set of F(A\,u) = 0 in a neighborhood

of (Ao, uo)-

Proof. Due to the properties of the projections P and @, if we associate with every
element u € X the two elements v = Qu and w = (I — Q)u, then we clearly have
the identity u = v +w € N(L) ® X. Moreover, the nonlinear problem F(\,u) = 0
is equivalent to the system

PFM\v+w)=0 and G\ v,w):=I—-P)F(\v+w)=0. (16)

One can show that the function G : R x N(L) x X — R(L) introduced in the second
equation has an invertible Fréchet derivative D,,G(\g,vo,uo — vo) € L(X, R(L)),
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and therefore the implicit function theorem implies that given (\,v) near (Ag,vo),
there exists a unique w = W(\,v) in X such that G(\, v, W(\,v)) = 0. Since N (L)
is one-dimensional, each v € N(L) has a unique representation of the form vy + agy.
Given a nontrivial g € Y™* such that R(L) = N(¢), the function b is then defined
as

b\, ) = Y§(PF (A vo + ado + W(A vg + ago))) . (17)
The statements of the proposition now follow easily from the fact that the solutions
of the original problem F(A,u) = 0 are in one-to-one correspondence with the
solutions of (16). O

The above proposition is the standard version of the Lyapunov-Schmidt reduc-
tion, which does not account for any symmetry properties of the nonlinear opera-
tor F'. Note, however, that we do require that the two projections P and @ are
orthogonal projections, and in that way the results from the last section allow us to
make a number of additional deductions as long as we assume that the equilibrium
solution ug is contained in X,, while the kernel function ¢q is contained in either X,
or X.. More precisely, we will soon see that the following hold:

e Since the spaces in the decomposition X = X, & X, ® X, are pairwise orthog-
onal, we automatically obtain Q[X,] = {0}.

e In view of FI(\, X,) C Y, and the assumption on ¢g, there exists a unique
branch of equilibrium solutions through (Ag,ug) which is contained in X,,
and the application of the projection @) transforms this branch into a trivial
solution branch in R x N(L).

e The construction of the bifurcation equation b(A, ) = 0 in the above propo-
sition then readily implies that b(\,0) = 0 for all A in a neighborhood of A.
In fact, since we also assumed the oddness of the nonlinearity f, we can even
make statements about the vanishing of certain derivatives of the function b.

These observations are explained in more detail in the following main result of this
subsection. It provides conditions under which the Zs,-equivariance of the last
section forces a symmetry-breaking pitchfork bifurcation. This result is similar in
spirit to [13, Proposition 2.11], as well as to the classical result [6].

Theorem 3.2 (Existence of Zsg,-symmetry breaking pitchfork bifurcation). Let
Q = (0,1), consider the mass p = 0, and let the function f be a smooth and odd
nonlinearity. Furthermore, let F : X — 'Y be defined as in (3) and (4), and suppose
that Hypotheses 2.2 and 2.3 are satisfied, i.e., we have both F(Ag,ug) = 0 and
Log = Dy F (Mo, uo)[do] = 0, and the null space of L is one-dimensional. Finally,
let P and @ denote the orthogonal projections from Definition 2.1. In addition,
suppose that ug € X, and that ¢g € X, for T € {b,c}. Then there exists a unique
function & € X, such that

Lfo—F(I—P)D,\F()\Q,U()) =0, (18)
and if we further suppose that the nondegeneracy condition
DxuF (Ao; o) [do] + Dk (X, uo)[do, So] & R(L) (19)

is satisfied, then the point (Mo, uo) is a pitchfork bifurcation point for the nonlinear
operator F'.

Proof. Consider the function G(A, v, w) defined in (16), as well as b(A, @) introduced
in (17). Furthermore, let v9 = Qug € N(L) as in Proposition 3.1. Then uy € X,,
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combined with the fact that ¢g € X, for 7 # a, that @ : X — N(L) is an orthogonal
projection, and the orthogonality statement from Lemma 2.9, immediately yield
both vy = 0 and N(L|x,) = {0}. Also, the definition of ¢ and [13, Table 1] yield

ba()\o,()) = ’(/JéDuF()\o,UO) =0.

The oddness of the nonlinearity f and u = 0 further show that F(\, —u) = —F(\, u)
for arbitrary A € R and u € X, and this in turn implies

G\, —v,—w) = (I - P)F(\,—(v+w))=—(I —P)F(\,v+w) = -G\, v,w) .

Thus, the function w = —W(\,v) € X solves the equation G\, —v,w) = 0, and
the uniqueness property of W established in Proposition 3.1 then gives —W (A, v) =
W (A, —v). One then obtains

—b(Aa) = —YgPF(A ago + W(A ago))

- SPF(Aa 7OL¢0 + W(Av 70‘¢0)) = b(>\7 70‘) )

which implies the trivial solution b(\,0) = 0 for all A € R, as well as bya (A, 0) = 0.
If we now again apply Proposition 3.1, then the trivial solution of b gives rise
to the smooth solution curve A — W (X,0) € X. In fact, one can show that this
solution branch lies in X, since in view of N(L|x,) = {0} we can apply the implicit
function theorem to the restriction F': R x X, — Y.
In order to establish the bifurcating branch which breaks the X,-symmetry, we
define a function r in a neighborhood of (Ag,0) by setting
b(A @) for a#0,
r(Aa) = «

ba(A,0) for a=0.

One can easily show that 7 is smooth. Moreover, one can show as in [13, Proposi-
tion 2.11] that r has the expansion

2 av a?
r(Ao+v,a) = vbra (Ao, 0)+ ?b)\)\a()\(b 0)+ 7bma()\0, 0)+ Fba,m()\o, 0)+R(v, )

with R(v, o) = O(||(v, @)||?). One clearly has (g, 0) = bs (Ao, 0) = 0. Furthermore,
it was shown in [13, Proposition 2.11] that

72(A0,0) = bra (Ao, 0) = Y5 DauF' (Ao, uo) [¢o] + 105 DunF (X0, uo) o, &) # 0,

with & as defined uniquely in (18). The implicit function theorem then yields a
smooth function o — h(e) which is defined near oo = 0, satisfies h(0) = Ao, and
such that in a neighborhood of (0,0) one has

r(A,a)=0 ifand only if X=h(«).

This establishes the second solution branch a — a¢y + W(h(e), agp). Finally,
one can follow the proof of [13, Proposition 2.11] verbatim to show that the two
solution curves together form an actual pitchfork bifurcation. This is accomplished
by deriving an explicit formula for h’(0) and showing that it vanishes, which then
completes the proof of the theorem. O

We would like to point out that in the above theorem, we classify a bifurcation
as a pitchfork bifurcation if the bifurcating solution branch is tangential to the
space { Ao} x X. In order to actually get the parabolic shape of the bifurcating branch
that is usually associated with the pitchfork bifurcation, one needs to verify another
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FIGURE 4. Possible symmetry-breaking pitchfork bifurcation sce-
narios in Theorem 3.2. In the generic case, i.e., if the constant p
defined in (20) is nonzero, one observes a classic pitchfork bifurca-
tion — and the cases p > 0 and p < 0 are shown in the first and
second panels, respectively. However, in the case p = 0 one could
observe a situation depicted in the right-most panel.

non-degeneracy condition. To illustrate this, one can show that the function A
constructed in the above proof satisfies not only h(0) = A and h’(0) = 0, but also
the identity A" (0) = —p/3, where the constant p is given by

_ wSDuuuF(AOa UO)M’O, ¢07 ¢0] + 37/}8DuuF(A0a UO)[¢07 CO]
Wi D F (Mo, uo)[Po] + 1§ DuuF (Ao, wo)[do, &o) ’

and (y € X, is defined by the equation
D F(Xo,u0)[Co] + (I = P)Dyu (Ao, u0)[¢o, do] =0 .

If the ratio p is positive, then the solutions on the parabolic branch exist for A < A\g
close to the bifurcation point, if p is negative then they exist for A > Ag. If, on the
other hand, one has p = 0, either half of the branch could lie on either side of Ag.
These cases are illustrated in Figure 4. For more details, we refer the reader to the
discussion in [13].

(20)

3.2. Pitchfork bifurcations via extended systems. With Theorem 3.2 we have
established an explicit sufficient condition for the existence of a pitchfork bifurcation
in the diblock copolymer model which is induced by the action of the Zs,,-symmetry
given by the operator T, u(z) = —u(z + 1/n). As was pointed out in [13], however,
this condition is ill-suited if one would like to derive computer-assisted proofs for
the existence of curves of such bifurcation points in a two-parameter setting. More
useful in this situation is a reformulation of the existence result in terms of a zero
finding problem for an extended system — and this reformulation can be adapted
to our current setting.

To explain this in more detail, consider again the space decompositions X =
XXy @ X,andY =Y, Y, @ Y. which were introduced in Definitions 2.7
and 2.10. In addition, consider a fixed element ¢ € X* in the dual space of X. We
then introduce the following extended system for F', which is modeled after the one
we used in [13]:

Solve  Fe(A,u,v) = (0,0,0)

for ]__.{ RxX,xX —>RxY,xY (21)
T Oy v) = (U() = 1, F(\u), Dy F(\u)[v])
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The operator F, is well-defined in view of Lemma 2.12. Furthermore, its Fréchet
derivative is an operator in L(R x X, x X, R x Y, x Y) which is explicitly given by

DF.(Ou,v)[Ma,7] = (e(a), ADyF(\ ) + Do F(\ w)[d] (22)

ADxu F (N, 1) [v] + Duu F (N u)[v, @] + Do F(N, u)[a]) .

As the next main result of this section shows, the existence of a nondegenerate zero
of this extended system is equivalent to the sufficient condition for an Zs,,-induced
symmetry-breaking pitchfork bifurcation given in Theorem 3.2.

Theorem 3.3 (Zs,-symmetry breaking pitchfork bifurcation via extended sys-
tems). As before, consider the domain Q = (0,1), the total mass p = 0, and let
the function f be a smooth and odd nonlinearity. Furthermore, let F : X — Y be
defined as in (3) and (/). Then the following two statements hold.

(a) Suppose that all assumptions of Theorem 3.2 are satisfied, and let { € X*
be such that €(¢o) = 1. Then the Fréchet derivative DF.(\g,uo,do) of the
mapping in (21) is invertible, i.e., the solution (Ao, ug,Po) € R X X, x X, of
the extended system

Fe(Au,¢) =(0,0,0) (23)
is an 1solated non-degenerate zero.

(b) Conversely, if there exists an £ € X* and a ¢ € XpU X, such that (Ao, uo, ¢o)
is a zero of the map Fe, and if the Fréchet derivative DF. (Ao, uo, ¢o) is invert-
ible, then the nonlinear operator F' satisfies all assumptions of Theorem 3.2.

In other words, the diblock copolymer equilibrium problem defined earlier in (1)
undergoes a Zaon-symmetry breaking pitchfork bifurcation at the point (Mg, ug) in the
sense of Theorem 3.2, if and only if (Ao, uo, ¢o) € R x X, x X, is a non-degenerate
zero of (23) for T € {b,c}. Note, however, that for this we consider F. as an
operator defined on R x X, x X, even though ¢g has to be contained in X..

Proof. We begin by establishing the validity of (a). It is clear that the assumptions
of Theorem 3.2, in combination with ¢(¢g) = 1, imply that (Ao, uo, ¢o) € Rx Xy x X,
is a solution of (23), where 7 € {b,c}.

In order to verify that the Fréchet derivative DF.(Ag, uo, o) is one-to-one, sup-
pose there exists (:\, 1,7) € R x X, x X such that

DF.(Xo, uo, do)[\ @, 8] = (0,0,0) . (24)

We show that this implies (X, @, 0) = (0,0,0). Assume first that the inequality A£0
holds. Then in view of ¢y ¢ X, and Proposition 2.15(c) we know that L(X,) = Y.
Lemma 2.12 and the definition of P imply DyF(A\o,ug) € Y, = L(X,) C R(L) C
N(P), which in turn gives the identity DyF (Ao, uo) = (I — P)DxF(\o,up). Now
the second component of (24), which can be made explicit via (22), can be rewritten
in the form
(I — P)DAF()\O,UO) + L[ﬂ/)\] =0 s

and since &y € X, is the unique solution of (18), this immediately furnishes &y = @/ A
The third component of (24) and (22) then gives

DuF (Mo, u0)[do] + DuuF (Mo, uo)[do, 0] = —DuF (Mo, u0)[0/N] = —L[5/)] € R(L),

which contradicts our assumption (19), and we therefore obtain A = 0. The second
component of (24) and (22) implies L[a] = 0, and thus also @ € N(L) N X, = {0},
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i.e., we necessarily have u = 0. Substituting both A =0and @ = 0 into the
third component finally gives Lo = 0, as well as © = agy. Together with the first
component of (24) this further yields 0 = £(adg) = ab(dg) = «, i.e., one has the
identity © = 0. This completes the proof that DF. (Ao, 1o, ¢o) is one-to-one.

We now show that DF, (Ao, uo, ¢o) is onto. For this, let (7,y,2) e R x Y, xY
be arbitrary, but fixed. We need to explicitly construct an inverse image under
the Fréchet derivative. To this end, notice first that since y € Y, = L(X,) and
N(L)N X, = {0}, there exists a unique element & € X, such that L[a] = y. In
view of Hypothesis 2.3, the linear functional ¢§ € Y* satisfies R(L) = N(¢§). Now

define
g (2 — DyuF (Mo, uo) [0, T)

Y5 (DauF (Aos uo)[¢0] + DuuF (X0, uo)[¢0, &ol) 7
where the denominator of this ratio is nonzero due to (19). A simple algebraic
reformulation of this definition then leads to

(S (XD)\uF()‘Oa 0)[B0] + D F (Mo, uo) [0, @ + No] — Z) =0.

The choice of ¢§ shows that the argument in the above equation has to be contained
in R(L), and since L[B¢o] = 0 for any scalar §, there exists a o € X such that for
every [ € R the equation

AD o F (Mo, u0)[¢0] + DuuF (N0, u0)[bo, @+ A&o] + Lo + Bo] =2 (25)

is satisfied. Now (18), together with N(P) = R(L) and D\F(A\g,up) € Y, C R(L)
give

ADAF (X, u0) + L[ii + o] = A ((I = P)DaF(Xo,uo) + L[¢o]) + L[] = y.  (26)

Finally, notice that & € X, yields u + ;\50 € Xg, and this in turn implies that for
all 8 € R the identities in (25) and (26) establish the second and third components
of the desired equation

DF.(Xo,uo, do)[N, @+ Ao, &+ Bo] = (7,9, 2) .

It remains to choose 3 in such a way that the first component of the equation holds
as well. Since ¢(¢g) = 1 by our earlier normalization, we need to solve the equation
T =4(0+ Bpo) = £(V) + B, which is clearly satisfied in we let § = 7 — ¢(0). This
shows that DF.(\g,ug, ¢o) is onto, and completes the proof of (a).

We now turn our attention to the verification of (), i.e., we assume that there
exists an £ € X* and a ¢g € X U X, such that (Mg, ug, ¢o) is a zero of the map F,
and that the Fréchet derivative DF, (Ao, ug, o) € LR x Xu x X, Rx Y, xY) is
invertible. We need to show that all the assumptions of Theorem 3.2 are satisfied.

We begin by establishing Hypotheses 2.2 and 2.3. In view of F,(Ag, ug, o) =0
and (21), one obtains F'(Ag,ug) = 0, as well as L[¢g] = Dy F (Ao, uo)[¢o] = 0. Fur-
thermore, due to ¢(¢g) = 1 we have dim N(L) > 1. On the other hand, since the
Fréchet derivative DF. (Ao, uo, ¢p) is invertible, it can be shown as in [13, Proof
of Theorem 2.12] that we have in fact dim N(L) = 1. Since in this paper it was
also shown that L is a Fredholm operator with index zero, this establishes both
Hypotheses 2.2 and 2.3. In particular, it follows that P and @ as defined in Defi-
nition 2.1 have rank one. Notice also that all the assumptions of Proposition 2.15
have been established, and (¢) of this result, in combination with ¢y € X, U X,
then immediately implies L(X,) = Y.

In order to establish the remaining assumptions of Theorem 3.2, we first show
that the equation in (18) has a unique solution &y € X,. We know that uy € X,,

5\:
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and this yields the inclusion Dy F(Ag,ug) € Yo C R(L). Definition 2.1 implies the
equality N(P) = R(L), and therefore

(I — P)D\F(Xo,up) = DxF'(Ao,uo) €Y,

holds. This implies the existence of a & € X, with Ly = —(I — P)DxF'(Xo,uo) in
view of L(X,) = Y, i.e., equation (18) holds. Moreover, this solution &, is uniquely
determined, because if £y € X, were another solution, then

L&y = —(I — P)DxF(Xo,uo) = L&,

i.e., one has L(£y— &) = 0. But this yields the inclusion & —& € N(L)NX, = {0}.

To conclude our proof, we only have to establish (19). For this, let z be any
element of the complement Y\ R(L). Due to the assumptions of (b) there exists a
triple (A, @, ) € Rx X, x X such that the identity DF. (o, uo, ¢o)[), @, 7] = (0,0, 2)
is satisfied. Let &, again denote the unique solution to (18) from above. We assume
first that A = 0. Then the explicit form of the second component given in (22) yields
the identity 0 = ADy\F (Mo, up) + Lt = La, which in turn furnishes the inclusion
@ € N(L)N X, = {0}, and thus @ = 0. Therefore, another application of (22)
implies

z = ADxyF'(Ao, uo)[do] + DuwF'(No, uo)[do, 4] + Lo = Lv

which contradicts z ¢ R(L). Thus, our assumption concerning A was wrong, and we
have to have the inequality A # 0. But then (22) gives rise to 0 = ADyF (Ao, uo)+ L,
and after division by A one obtains

DxF(Xo,uo) + L[a/N = 0. (27)

Notice that we already established earlier that Y, = L(X,) C R(L) = N(P), as
well as DyF (Mo, up) € Y, C N(P), and this immediately gives PDyF'(Ao,up) = 0.
In combination with (27) one then obtains

(I — P)DyxF (o, uo) + L[a/N =0,

and since &y is the unique solution to this latter equation, we have to have &, = @/ A
Substituting this into the third component of DF, (Ao, ug, ¢o)[A, @, 9] = (0,0, z), one
finally obtains after a few algebraic reformulations

DiuF (Mo, 10)[¢o0] + Du (Mo, uo) [, &0] = 2/ — L .

Clearly we have Lo € R(L). Thus, if the right-hand side of this equation were
contained in R(L), then one would have to have z € R(L), which contradicts our
original assumption. Therefore, the right-hand side cannot be an element of R(L),
and this establishes (19). This completes the proof of the theorem. O

The above result is remarkable in the sense that even though we are considering a
completely different symmetry from the simple ones discussed in [13], we still obtain
essentially the same sufficient existence condition for a symmetry-breaking pitchfork
bifurcation via the extended system (21). All that changes is the restriction of the
second argument u to the new symmetry space. In fact, a closer inspection of our
results shows that the same approach should work in other situations as well, as
long as a few basic assumptions are satisfied. These are collected in the following
remark.
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Remark 3.4 (Required assumptions for the extended system approach). One can
easily verify that our main Theorems 3.2 and 3.3 remain valid, as long as the

following eight assumptions are satisfied:
e The underlying Hilbert spaces allow for decompositions X = X, & X, & X,
and Y =Y, Y, Y., where the involved spaces are pairwise orthogonal, see

Lemma 2.9.
e For every ug € X, one obtains DyF'(Ao,up) € Y, as shown in Lemma 2.12.
e For u9 € X, and 7 = a,b,c the inclusions LX, C Y, are satisfied, see
Lemma 2.13.

e For up € X, and 7 = b, ¢ one has Dy, F (Ao, u0)[X,] C Y;, see Lemma 2.13.

e For uy € X, and 7 = b, ¢ we have the inclusion D, F (Ao, uo)[X-, Xo] C Y,
as in Lemma 2.14.

e The orthogonal projector from Definition 2.1 satisfies P(Y,) C Y,, as described
in Lemma 2.13.

e The underlying nonlinear operator F' is odd, i.e., F(A,—u) = —F(\,u).

o If the kernel function satisfies ¢g ¢ X, then L(X,) =Y,, see Lemma 2.15.

4. Validation of symmetry-induced pitchfork bifurcations. In this section
we combine the theory developed in the earlier parts of the paper with a construc-
tive version of the implicit function theorem to establish the existence of branches
of pitchfork bifurcation points which are induced through the cyclic group action
defined in (2). For this, we recall a specific branch-validation version of the the
constructive implicit function theorem from [23] in Section 4.1, and also describe
in detail the system that has to be studied in this context. After that, Section 4.2
demonstrates how the assumptions of the branch validation result can be verified.
After briefly outlining our spectral approach to this, we show how our recent pa-
per [20] can be used to determine the necessary norm bound of the inverse of the
Fréchet derivative, and we also derive required Lipschitz estimates. Finally, Sec-
tion 4.3 presents some sample pitchfork curve continuations.

4.1. Establishing branches of pitchfork bifurcation points. In view of The-
orem 3.3 we can establish the existence of a specific pitchfork bifurcation point by
proving that the associated extended system (21) has an isolated zero. In our situ-
ation, this extended system involves three unknowns — the equilibrium solution w,
the kernel function v, and the parameter value A\. Note, however, that the diblock
copolymer model has an additional parameter o, and it was shown in [11, 13] that
these bifurcation points combine to form curves parameterized by ¢. In the present
section, we will explain how a constructive version of the implicit function theorem
can be used to rigorously verify these branches in the setting of cyclic symmetries.

For the purposes of this paper, we are interested in finding stationary solutions
of the diblock copolymer model which are in fact pitchfork bifurcation points. As
equilibrium solutions, they have to be zeros of the nonlinear operator

F(o,\u) = —A(Au+ Af(u+ p)) — Aou , (28)

which is considered as an operator F' : R X R x X — Y for the spaces defined
in (4), and where in contrast to our earlier usage we also explicitly indicate its
dependence on o. Due to Theorem 3.3, such a zero is a pitchfork bifurcation point
at the parameter values o if it is an isolated zero of the extended operator

Rx X, xX—=>RxY,xY
‘F(U7'7'7'):

A u,v) = (L(v) — 1, F (0, A\, u), Dy F(o, A\, u)[v]) (29)
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where the spaces X, and Y, were defined in Definitions 2.7 and 2.10, respectively.
Notice that we include the explicit dependence on the parameter o, which is the
natural continuation parameter for curves of bifurcation points. In order to simplify
the notation going forward, we make use of the abbreviations

w=Au,v) EX¥=Rx X, xX and Y=RxY,xY. (30)

In addition, for applying the generalization of the constructive implicit function

theorem from [23] which is taylor-made for branch validation, one needs to verify a

number of assumptions through rigorous computer-assisted means. More precisely,

one has to accomplish the following:

(H1) Find an approximate zero w* = (A\*,u*,v*) € X of F(o*,-) : X — Y such
that for a real number p > 0 one has the residual estimate ||F(o*, w*)||y < p.
This can be done by simply using interval arithmetic, based on a truncated
cosine Fourier series representation of the functions v* € X, and v* € X see
also Remark 2.11 and the discussion in the next section.

(H2) Find a bound K > 0 such that || Dy, F(0*, w*) ™| zy,2) < K. This estimate
is by far the technically most involved one, but due to the specific form of F,
we can directly quote a result from [20]. This will also be presented in the next
section, and the reader can find all the technical details in the cited paper.

(H3) Find Lipschitz bounds for the partial Fréchet derivatives D,,F and D,F of
the extended operator F for all (o, w) close to (¢*,w*) in the following sense.
There exist four Lipschitz constants My > 0fork=1,...,4, aswellasd,, > 0
and d, > 0, such that for all pairs (o, w) € R x X with ||w — w*||x < d, and
|o — 0*| < d, one has

IDwF(0,w) = DuF (0", w )l gy < Milw—w||y+ Mo -0,

Do F (0, u) = Do F (o™, w™)|y

where ||-[|z(x,y) denotes the operator norm in £(&',)), and as usual we iden-
tify ) with £(R,)). These estimates are substantially more straightforward
than the previous step, and they will be established in the next section.

IA

Mj |l — w | + Ma o — o7,

Under these assumptions, one can then establish the following theorem which guar-
antees branch segments of zeros of F parameterized by o close to the approximate
solution (o*,w*). This result is taken from [23, Theorem 5], and it is a simple con-
sequence of the constructive implicit function theorem in [23, Theorem 1]. In fact,
the theorem below reduces to the original constructive implicit function theorem in
the case w® = 0.

Theorem 4.1 (Regular branch segment validation). Let X and ) be Banach spaces,
and suppose that the nonlinear parameter-dependent operator F : Rx X — Y is both
Fréchet differentiable and satisfies (H3). Assume that (o*,w*) € R x X satisfies
the estimates (H1) and (H2) for some positive constants p and K, and let w® € X
be given with

HDU}"(U*,w*) + Dw]-"(o*,w*)[w@]ny <n (31)
for some constant n > 0, which will indicate the slant of the box containing the
solution branch. Finally, assume that we have the estimates

AK?pM, < 1 and 2Kp < d, . (32)
Then there exist pairs of constants (05,0, ) which satisfy

0<0s<do, 0<0y<dy, and O ||[w®|, + 0w <dw, (33)
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as well as the two inequalities
2K M6, + 2K (M ||w®]|, + Ms) 6, <1 (34)
and

2K p+2Knd, + 2K (M1 Hu;@“; + (My + Ms) [|w®]] , + M4) 67 < 6w, (35)

and for each pair the following holds. For every parameter o € R with |o —o*| <,
there exists a unique w(c) € X with ||w(o) — (w* + (¢ — *)w®)||x < by, and for
which the nonlinear equation F(o,w(o)) = 0 holds. In other words, all solutions of
the nonlinear problem F(o,w) = 0 in the slanted set

{(o,w) eERX X : |0 —0"|< b, and Hw—(w*—k(a—a*)w@)HXSéw}

lie on the branch o — w(o). In addition, if the mapping F : R x X — Y is k-times
continuously Fréchet differentiable, then so is the solution function o — w(o).

For an illustration of the above theorem we refer the reader to [28, Figure 7].
Note that for the application of this result, and of course also for the verification for
the assumptions (H2) and (H3), it is crucial to have the partial Fréchet derivatives
of F at hand. One can easily show that they are given by

Dy F(o,w)[i] = (z(a) . ADAF (0, \,u) + D, F(o, A\, u)]il] ,
ADy, F(0, M\, u)[v] + Dy F (0, X, ) v, @]
YD F(o, )\ u) [5]) (36)
- (m), M=Af(ut p) — ou) — AAT + Af' (u+ p)a) — Ao,
M=Af"(u+ p)v — ov) — A" (u+ p)vi)
~A(AD + Af (u+ p)3) — )\017) : (37)

where we write w = (A, u,v) and @ = (5\,11,17), as well as
D,F(o,w) = (0, DyF(0,\, 1), Doy, (o, A\, u)[v]) = (0, =Au, —Av) . (38)

4.2. Verifying the assumptions for the computer-assisted proofs. We now
address the verification of assumptions (H1) through (H3) of Theorem 4.1. With
the exception of the last of these, all of them can be treated as in our previous
papers [20, 24, 29]. In view of this, we only provide a short descriptions and leave
the details to the cited references.

We begin our discussion by illustrating how (H1) can be established. It was
shown in Remark 2.11 that the crucial spaces X,, X3, and X, have straightfor-
ward explicit Fourier cosine series representations. Thus, it is natural to find the
pitchfork bifurcation point approximation in the form of a truncated series. If we
denote the resulting discretization size by N € N, then we consider the orthogonal
projection Py : X — X defined via

N 00
Pyu(z) = Zak cos(kmx) for every wu(x) = Zak cos(kmz) in X, (39)
k=1 k=1
see also (10). An analogous projection @y can also be defined on the image space Y.
Thus, one can project both the second and the third component of the extended
nonlinear operator F in (29) onto the spaces QnY, and QnY, respectively, and
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L D, F(o*, w*) L D, F(o*,w*)
Spaces Uy X, Spaces | V4 Y,

U, X Vs Y
Arguments | m A Coeft. | ag1 0

U1 U 511 0

(%) v 612 J4
Coefficients | (1 1 Coeff. | B 1

bi1 | Af(u* + p) + o*u* bar | Af'(u* + p)v* + o*v*

c11 )\*f'(u* +,u) Co1 )\*f”(u* 4 ,LL)U*

C12 0 C22 M f(u* + p)

711 Ao* Vo1 0

Y12 0 Y22 Ao*

TABLE 4. Reformulating the Fréchet derivative D, F(c*,w™)
as the linear elliptic operator £ defined in equations (40), (41),
and (42). In our situation, we have p = 1 and ¢ = 2, and the
spaces, arguments, and coefficients in the respective operator defi-
nitions correspond to each other as outlined in the table.

by only allowing arguments u* € Py X, and v* € PyX one then obtains a finite-
dimensional system which can be solved numerically for the solution approxima-
tion u* and the kernel function v*, at the approximate parameter values \*. Notice
that the dimension of this system is given by 1+ | N/n|+ N, as long as N is larger
than n. By choosing appropriate Hilbert space norms on the spaces X and Y as
in [20, 24], one can then easily compute an upper bound p on the residual based on
the Fourier cosine sum representations of u* and v*. In fact, for computational con-
venience we use the norms |ul|x = [|Aul|r2(0,1) and ||ully = [|A™ ul|r2(0,1), which
are equivalent to the respective standard Sobolev norms on these spaces. Moreover,
the rigorous upper bound is established using interval arithmetic, more precisely,
the Matlab package INTLAB [21].

We now turn our attention to the hypothesis (H2). The required inverse norm
bound for the Fréchet derivative D,,F(c*, w*) presented in (37) can be established
directly using the results of [20]. In this paper, we developed a method based on the
Neumann series and the construction of a suitable approximate inverse to compute
a rigorous bound on the inverse operator norm of certain fourth-order linear elliptic
operators which include scalar constraints. More precisely, in [20, Theorem 4.1] we
considered a linear operator

q q
LR x [[Ui =R x [[ Vi, (40)

i=1 i=1

where U; C X and V; C Y are suitably chosen closed subspaces, which acts on the
argument vector (11, ...,7p,v1,...,Vq), and whose first p components are given by

p q
Zakmi—&-z&j(vj) for k=1,...,p, (41)
i=1 J=1
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while the remaining ¢ functional components are

P q q
—Br A3y, _Zbkmi —Achjvj —Z’ijvj for k=1,...,q. (42)
i=1 j=1 j=1
Clearly, the operator D,,F(c*, w*) defined in (37) falls into this category, and the
necessary correspondences are collected in Table 4. Thus, we can simply apply this
theorem to compute the norm estimate, and we refer the readers to [20, Theorem 4.1]
for more details.

As the final step, we have to establish the Lipschitz estimates required in (H3).
This can be accomplished similar to our proceeding in [20, 24], so we will keep our
discussion as short as possible. For this, we define for every ¢ € Ny the constant

O . mex _ ‘ﬂ“@+uﬂ, where  Cp =0.149072  (43)
lpI<llu*[loo+C1dus
denotes the embedding constant from Sobolev’s embedding theorem in one space
dimension introduced in [24, Lemma 2.3], see also [28]. Furthermore, consider
pairs (o,w) and (o*,w*) in R x X, where X was defined in (30), which satisfy both
estimates |0 — 0*| < d, and ||lw — w*|| < dy. Then the definition of the operator F
in (28) implies the estimates
IDxF(o, A\, u) — DyF (o™, \*,u")|ly
< NAf(u+p)+ou—Af(u" +p) —o"uy
< Nfutp) = f@” + )z + llow — ouw'lly +[low” — "™y
2 r(rlla)x + |C7'*‘ + da
v

lu —w*|lx +[[u"lly |0 =07, (44)

where we also used the estimates |Ju||z: < |Jul|x /7% and ||jully < |Julx/7* for all
u € X, see for example [24, Lemma 2.6]. Similarly, one obtains for all & € X the
estimate

| Dy EF (o, A, w)[@] — Dy, F (o™, A", u™)[d]]ly

< JAGS @+ @i = N+ p)a)ly + Do — X0 [l
< N (ot )i = £+ il + = AL+ )il s
ol S
HA =N F llx + o - 0| S5 alx
< A= el e + X = X5 + ) 1]

lo| . [N, -
A= Xl + o = ot Sl

which in turn implies
|DuF (o, X\, u) — Dy F (™, X", u")|| £(x,v)
2L (w + p)llso + [0t + do
4
Cifiion (IN] + du)
+ 2

<

< A=A
A7

* )‘ *
lo—wlx+ S5 lo =o' (4)

We now start estimating the two terms which remain in the last component of the
operator F. On the one hand, we have

||D)\uF(0-a )\,U)[’U] - D/\uF<U*7)‘*7U*)[v*]HY <
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< AU (ut po = f(u" + o)y +[lov —o*v*|ly
< I (utpo = f(u" 4+ p)o*|re + ol v = vy + [[v*]ly lo — 07|
< N ut+po— flut wotllee + 1 f (w+ po = f/(w + p)o*|| e
g v =2"lx + o7y |o — o7
(1) (2) *
S AR - N o I
< oy el ey
M _ * * _ *
g o =o%llx + 0%y |o — o7
(2) * 2 (1) * d
< fmax7|r|;} ||oo || _ U*”X I T Jmax +l(7 | + ds HU . U*”X
v lly lo = o™, (46)

while on the other hand one obtains the estimate

|DuF (0, A )08 — D F (o, A o iy

< AN (u+ p)oi = A f7 (u* + p)o*a)|ly

< I (u A p)va — M7 (u" + p)oal| gz
NS (w4 p)va — X f (w4 p)o*al e

< AN = u oo 0lloo 1@l 22 4+ IAF” (w* + p)vi = Af" (u* + p)v*a| 2
HIA (W + pvta = A (u + p)vtal| e

< D N = u oo 0lloo 1@l 22 4 AL (@ + ) lloo 10 = 0% [loo 1] 2

HA =N+ p)v* oo [l ze
which in turn implies
[ DuF(0; A w)[v, -] = Dun F (07, X u®)[0", ]l x,v)

1 * * 6 r(rigx /\* d, * 6d
< WO ey BT 10 e O ey

L Ol + wlloe ("] + du)
7-‘-2

™

v —v*[x . (47)

Altogether, we have established the estimates
IDAF(o, A, u) — DyF (o™, A", u")||
|DF (o, A, u) — Dy F (o™, X*, u™)||

erllu— ||+ calo — o*
esA = N + eallu - u”|

IN A

+eslo — o,

[DxuF (o, A, u)[v] = Dy F (0, A u) o] < cgllu — u®|| + erl|v — 0¥
+eglo — o,
1D F (0, A, 0)[t] — DadF(0® N ut) o', Al < eold = |+ crollu — u]

+enlv =0,

where the Lipschitz constants ¢ can be inferred from equations (43) through (47),
and we dropped the subscripts indicating the specific norms. After these prepara-
tions, one can now easily establish the estimates in (H3). For this, we write the
nonlinear operator F in component form as F = (Fy, Fa, F3). Then we clearly have

D Fi(o,w)[0] — Dy F1 (0", w*)[w] =0,
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while for the second component one obtains

[1Dw Fa(o, w)[w] = Dy Fo(o™, w)[w] ||y

< IDAF(o. A u) — DAF(0", 2% ")y |3
HIDWF (o, A wil] - DuF(o", A%, u) iy
< (eallu—wllx +eslo— o™} 3]
T (el — A+ eallu—u Lx + eslo — o) [l x
< (es|A =N+ (e +ea)llu —u*| x + (c2 +c5)lo — o) [0 &
< ( c§+<c1+C4>2|w—w*|X+<c2+c5>|a—o*|) e

and similarly for the third component

[ DwFs (o, w)[w] — Dy Fs (o™, w*) ]|y

< (esllu —u*|lx + erllv — vl x + cslo — ¥ [) A
+ (cglA = N[+ crollu — ™| x + ennllv — 0" x) ||l x
+ (e3|A = A"+ callu — u*|[x + eslo — o™|) 9]l x

< ((ez+ o)A — A+ (eq + c6 + c10)|Ju — u™||x
+(er +en)flv —v'llx + (5 + es)|o — o)) @] 2

< (\/((33 +c9)?+ (cqa+ ¢+ c10)2+ (cr +c11)? |lw — w*||x

+(es +es)lo —o]) ol x -

If we now define the constants M; and M5 as

M, = \/2 max {c3 + (c1 + c1)?, (c3+c9)? + (ca + c6 + c10)? + (c7 + c11)?}, (48)
=V2max{cy +ecs, 5 +cs} (49)
then one immediately obtains
[ DwF (0, w)[w] — Dy F (0", wi)lwllly < (Mifw —w|x + Malo —o™[) [@]x

e., the first estimate in (H3) holds. Furthermore, in view of (38) we have the
estimate

|1 Do F (0, w) = Do F (0", w™)|y

N (P T A [ N [
< V2 (Iu = M2+ At = M2+ e — |2+ et — aret2)
< V2 (AP = a3+ )3 A - A2
AR [l — o 13 + o713 |A = A P2) 2
< VEma{ P B 1R | o - ol

and therefore the second estimate in (H3) is satisfied with

AN+ dy
M; = \/imax{||7r4, 1/|u*||§/+||v*||§,} and My = 0. (50)

This completes the verification of the assumptions of the regular branch segment
validation result in Theorem 4.1.
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A N T K M,y Ay
115.69 | 178 | 0.49917 | 73.453 | 54.859 | 1.2408e-04
315.57 | 670 | 0.29987 | 154.78 | 150.85 | 2.1415e-05
336.05 | 874 | 0.49972 | 503.86 | 253.14 | 3.9201e-06
769.12 | 2000 | 0.29979 | 829.58 | 636.9 | 9.4642¢-07

SN o3

TABLE 5. Validation parameters for the validated solutions.

4.3. Sample computational validations. In this section, we implement the tech-
niques listed above in order to computationally validate the first two solutions shown
in Figure 1, and the first two solutions shown in Figure 2 for the fixed parameter
value ¢ = 6. The computed validation parameters are given in Table 5. For larger A
values, the computationally necessary value of N becomes extremely large if one
uses the model equations in their original unmodified form. Notice that this is
unavoidable, as the number of modes required to represent the solutions increases
quickly with increasing A. In addition, in this limit the equation becomes closer to
singular, and therefore one fully expects that numerical approaches become signifi-
cantly more difficult.

Nevertheless, our focus in this paper is on the analytical background for a new
type of symmetry-breaking pitchfork bifurcation. For the sake of space, we therefore
do not address the computationally heavy methods needed to refine this method,
and choose to address this numerical machinery in a future work. The following are
two specific techniques which we plan to incorporate in future.

In order to improve the validation and to address the validation of further solu-
tions with larger n values and substantially larger A values at bifurcation, we would
need to include preconditioning in our validation, which essentially amounts to
rescalings in the underlying partial differential equation. In particular, since both A
versus (u, v), and the components of function F,, occur on extremely different length
scales, one would expect to see rather substantial stiffness in the computation of
both the Lipschitz constants and the bound K. See for example the improvement in
the method due to preconditioning in the recent paper [12]. After preconditioning
is established, we would further be able to consider the case of varying o, and create
a validated continuation method to find the curve of bifurcation points in the two-
parameter family. In [12], we developed a validated pseudo-arclength continuation
method. In future work, we intend to adapt this method to the current setting.
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