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ABSTRACT

In this thesis we provide a deeper insight into the fundamental phase transition
between isotropic and nematic states of liquid crystals. In particular, we focus on
the problem of classifying all minimising states of the Onsager free-energy func-
tional in three dimensions, a problem which has drawn a lot of attention since
1949. We study the bifurcation diagram of the Onsager free-energy functional
for liquid crystals with orientation parameter on the sphere. In particular, we
concentrate on the bifurcations from the isotropic solution for a general class of
two-body interaction potentials including the Onsager kernel. Reformulating the
problem as a non-linear eigenvalue problem for the kernel operator, we prove that
spherical harmonics are the corresponding eigenfunctions and we present a dir-
ect relationship between the coefficients of the Taylor expansion of this class of
interaction potentials and their eigenvalues. We find explicit expressions for all
bifurcation points corresponding to bifurcations from the isotropic state of the
Onsager free-energy functional equipped with the Onsager interaction potential.
A substantial amount of our analysis is based on the use of spherical harmonics
and a special algorithm for computing expansions of products of spherical har-
monics in terms of spherical harmonics is presented. Using a Lyapunov-Schmidt

reduction, we derive a bifurcation equation depending on five state variables. The
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dimension of this state space is further reduced to two dimensions by using the
rotational symmetry of the problem and the invariant theory of groups. On the
basis of these results, we show that the first bifurcation from the isotropic state
of the Onsager interaction potential is a transcritical bifurcation and that the
corresponding solution is uniaxial. In addition, we prove some global properties
of the bifurcation diagram such as the fact that the trivial solution is the unique
local minimiser if the bifurcation parameter is high, that it is not a local minim-
iser if the bifurcation parameter is small, the boundedness of all equilibria of the
functional and that the bifurcation branches are either unbounded or that they

meet another bifurcation branch.
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CHAPTER 1

INTRODUCTION

There are three classical states of matter: the solid, the liquid and the gas phase.
A phase transition from one phase to another occurs, for example, by an increase
of temperature leading to a gain of kinetic energy of the constituent particles in
a material. The particles in a crystalline solid are in thermal motion while still
strongly interacting with each other due to intermolecular forces. If the energy of
the system has reached a particular threshold, these thermal motions give rise to
breaks in the crystal structure and the particles start moving around in space while
their intermolecular forces are still significant over the average distance between
them. The resulting phase is called the liquid phase. Once the kinetic energy
of the particles is so high that they cannot maintain strong intermolecular forces
between them over an average distance, they expand into the whole volume that

is available to them. This third state of matter is called the gas phase.

However, some materials, called liquid crystals, exhibit an intermediate state
of matter between the solid and the liquid phase, hence the name liquid crystals.

Such an intermediate state of matter is called a mesophase and occurs in a par-
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ticular range of temperature and concentration. There are two types of liquid
crystalline phases, thermotropic liquid crystals, which exhibit a phase transition
when the temperature of the material is changed, and lyotropic liquid crystals
whose transformation into another liquid crystalline phase depends on both a
change in temperature and concentration. Liquid crystals flow like incompress-
ible viscous liquids while retaining optical properties that are a characteristic of
crystals [?].

An onset of the liquid crystal phase has been characterised in experiments by
a cloudy appearance of the substance occurring at a first melting point before
the material transforms into a liquid state of matter at a second higher melting
point, called the clearing point. This observation has first been made in 1888
by F. Reinitzer and O. Lehmann who studied cholesteryl benzonate. Since then,
thousands of liquid crystals have been discovered and their different characteristics

have been studied.

Oxyaen

Mitrogen
Hydrogen

MBBA 5CB

Figure 1.1: Schematic representation of two well-known liquid crystal molecules,
the N-(4-Methoxybenzylidene)-4-butylaniline CisHyNO (MBBA) and the 4-
Cyano-4’-pentylbiphenyl CigH1gN (5CB) (by courtesy of Professor Claudio Zan-
noni).
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The prototype of a molecule that can form a liquid crystalline phase exhibits
a highly anisotropic structure which is often assumed to be ellipsoidal or rod-like.
Two well-known liquid crystal components are the N-(4-Methoxybenzylidene)-4-
butylaniline (MBBA) and the 4-Cyano-4’-pentylbiphenyl (5CB) molecules, see
Figure 1.1. The MBBA is a nematic liquid crystal at room temperature and it
undergoes a phase transition to an isotropic state at 43°C. The liquid crystal 5CB
transforms from a crystalline state to a nematic state at 18°C and further to an
isotropic state at 35°C [?].

On the basis of the different qualitative features of the molecules which form a
liquid crystalline phase, we distinguish between three different categories of liquid
crystals which are called nematic, cholesteric and smectic. A schematic represent-
ation of the three most important liquid crystalline phases for rod-like molecules
with a statistical head-to-tail symmetry can be found in Figure 1.2. Mathematic-
ally, any physical state of matter of a material can be described by the behaviour
of its constituent particles and therefore by their corresponding translational and
orientational motion. The solid phase is a highly ordered phase in which the
atoms form a crystal lattice. Hence their lattice vectors have similar orientations
and their locations are following a very regular pattern across the material. In
contrast, if the particles exhibit the liquid phase, both their centres of mass and
their molecular orientation vectors are much more randomly distributed. Within
the nematic phase of a liquid crystal, the molecules do not exhibit a long-range
positional order while they induce a partial orientational order at a microscopic

level. The particles are distributed in the space available to them meaning that
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the molecules are tilted
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Figure 1.2: Schematic representation of molecular order in the liquid, nematic
and smectic phases

their centres of mass are much more randomly distributed while their molecular
axes are still approximately parallel. However, locally they exhibit some positional
order due to the local packing of molecules, a correlation that is visualised by the
radial distribution function [?]. Another liquid crystal phase, called the smectic
phase, is characterised by an interplay of positional and orientational order. All
molecules have roughly the same orientation and are locally approximately parallel
to each other in different layers lying on top of each other.

A third phase of liquid crystals is the cholesteric phase. In this phase all

molecules are built up in helices which have either a left or right orientation. They
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Figure 1.3: Schematic representation of a cholesteric phase

are twisted perpendicular to their intermolecular vector giving rise to a vertical
periodicity with the period being equal to the length of a full rotation. The helical
structure of a right oriented cholesteric liquid crystal is shown in Figure 1.3.

An important application of liquid crystals are liquid crystal displays which
consist of two polarizing filters perpendicular to each other. Due to the orthogon-
ality of the two filters, the light passing through the first polarizer is blocked by
the second and no output occurs. However, if we fill the space between the filters
with liquid crystal molecules, their orientation will align with the direction of the
surface of the polarizer and thus they will form a helical structure which allows
light to pass through the device. By an application of an external electric field,
the orientation of the molecules can be influenced and a particular output on the
screen can be achieved |7].

One of the major aims in the mathematical modelling of liquid crystals is to
predict when a material undergoes a phase transition if either the temperature

or the concentration in the solvent is changed. Because physical systems usually
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tend to the state of minimal free-energy, the problem turns mathematically into
a minimization problem of the calculus of variations. The main mathematical
ingredient is a probability density which describes the behaviour of the molecules.
The particles considered throughout this thesis have cylindrical symmetry. It de-
pends on the positional and orientational vector of each of its constituent particles,
that is

x = (r1,79,73,p1,P2,p3) where r € R® and p € S%.
e’ S —

position  orientation
The probability density p : R3 x S?> — R assigns to any point in the phase
space (r,p) a probability stating how likely it is that there exists a particle whose
configuration can be described by the pair (r,p). In the following discussion,
we are interested in the prediction of the nematic phase, in which the particles
admit an orientational but no significant positional order and therefore p will only

depend on the orientation p of the molecules. Hence p : S? — R.

1.1 The Onsager model for phase transitions

The isotropic-to-nematic phase transition of rod-like molecules is one of the most
studied phenomena in the theory of liquid crystals. It is characterised by an onset
of orientational order when either the concentration of molecules is increased or
the temperature of the system is decreased. The first model describing such a
phase transition was introduced by Onsager in 1949 [?]. Let p : S* — R be a

probability density function characterising the orientation of the molecules, that
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is
p(p) >0 forall p € S? and /2 p(p) dp = 1. (1.1)
S

Using a second virial approximation, Onsager derived an expression for the Helm-
holtz free-energy per molecule which is given as a sum of an entropy term and a

second term modelling the two-body interactions

Fip)i=eo [ (30t o) + U @0) ) (12)

The parameter A, which appears in the entropy term, incorporates the thermal or
athermal effects between the molecules. In this thesis, we assume that \ ~ kB%
where T' denotes the temperature and ¢ the concentration. The parameter ¢y has

been introduced in order to keep the Onsager free-energy functional dimensionless.

The operator U : L'(S?) — L>(S?)

U(p)(p) = . K(p,q)p(q) dq (1.3)

is called the interaction operator. It depends on the interaction kernel K(-,-) :
S? x §? — R which models the two-body interactions between any two hard
core molecules. Based on the assumptions we impose on the characteristics of the

interactions, different types of interaction kernels arise. One of the first interaction
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kernels that has been derived is the so called Onsager kernel

Ko(p,q) =pxql=+vV1-(p-q)? (1.4)

It describes the excluded volume effect given by the repulsive interactions between
any two slender polymer rods in the system. The excluded volume is the volume
which is inaccessible to a particle due to the presence of another particle in the
system [?]. Even though the Onsager kernel admits a relatively simple form, the
equilibria of the energy functional in (1.2) cannot be computed explicitly due
to the singularity of this particular interaction potential. Subsequently, other
theories and interaction kernels have been formulated and considered. One of the

most popular interaction kernels is the Maier-Saupe potential [?]

Kus(p, q) = % —(p-q)* (1.5)

It is based on a mean-field approach to dispersion forces, attractive interactions
between non-polar molecules. A third well-known intermolecular potential is the

dipolar potential for polar molecules

Ka(p.q) =-p-q. (1.6)

Most of the mathematical analysis has so far been focussed on the Maier-Saupe
and the dipolar potential, the main reason being that the Onsager potential is

not differentiable because of its ‘cusp’ singularity at zero.
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1.2 Bifurcation theory

In this thesis we show that for large values of A the unique minimiser of the

Onsager free-energy functional is given by the uniform probability density py = %.

i

However, as A\ decreases, new minimisers may form. In mathematical terms such

a phenomenon is called bifurcation. Bifurcations can usually be described as

\* A*

.,
S~

Figure 1.4: Schematic representation of the number of distinct solutions varying
with respect to a change of the parameter . The graphics show a saddle node
(left), a transcritical (middle) and a pitchfork (right) bifurcation.

either occurring as local or global bifurcations. The former can be analysed by
an investigation of the local stability properties of all critical points when the
bifurcation parameter crosses a critical threshold. In contrast, global bifurcations
are not associated with the stability properties of the critical points. Therefore
they include bifurcations that appear out of nowhere and are not arising from
already existing solutions [?]. The three basic types of local bifurcations are
called saddle-node, transcritical and pitchfork bifurcation and are illustrated in
Figure 1.4. A saddle-node bifurcation is a bifurcation in which two equilibria exist
which collide in one point. Hence if A < A\*, then there exists only one equilibrium,

if A > A*, then there exist two equilibria, one of which is stable, the other one
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is unstable. In case of a transcritical bifurcation there exist two fixed points for
all values of A\ except for A = A\* when there is only one. The two branches
interchange stability at A*. A pitchfork bifurcation is a local bifurcation in which
three equilibria emerge at A*. The purpose of local bifurcation theory is to study
the qualitative changes of the characteristics of a parameter dependent family of
equations when the parameter value is changed. In particular, we are interested in
the number of equilibria of the Onsager free-energy functional when the parameter
A, which models both the athermal and thermal effects, is changed. Classically, its

equilibria can be computed by solving the corresponding Euler-Lagrange equation

E(p, )‘) (p) =0.

We know that this equation has locally a unique solution branch if the implicit
function theorem applies. Vice versa multiple solutions may exist if the implicit
function theorem fails to apply at a particular point (p,\). Hence the implicit
function theorem will be at the centre of our analysis in order to find the local

bifurcation structure of the Onsager free-energy functional.

1.3 Literature review

The equilibrium states of the free-energy functional above equipped with the
Maier-Saupe kernel in (1.5) have been studied extensively in the past. Among the
first researchers who became interested in this problem was Freiser |?], who exten-

ded the Maier-Saupe interaction potential to the case of asymmetric molecules. He

10
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proved both the existence of a first-order phase transition to a nematic state and a
second-order phase transition to a biaxial state. Constantin, Kevrekidis and Titi
[?] established the equivalence of the equilibrium states of the Onsager functional
with the Maier-Saupe potential in three dimensions to the solutions of a tran-
scendental matrix equation, and thus derived the high concentration asymptotics
in terms of the eigenvalues of this particular matrix. A complete classification of
the equilibrium states in three dimensions has been provided independendly by
Fatkullin and Slastikov [?] and by Liu, Zhang and Zhang |?]. Using the properties
of spherical harmonics, both groups derived explicit formulae for all critical points
and proved their axial symmetry. Similarly, Fatkullin and Slastikov also obtained
results for the dipolar interaction potential in (1.6).

One of the first approaches to the original problem involving the Onsager ker-
nel in (1.4) has been undertaken by Kayser and Raveché [?]. By reformulating
the problem as an eigenvalue problem, they derive an iterative scheme that al-
lows them to compute all axially symmetric equilibria of the functional. Using
the Fourier coefficients of the Onsager potential in two dimensions, Wang and
Zhou [?, 7] showed that there exist in fact infinitely many bifurcation branches
with different symmetries. Revisiting the same question, Chen, Li and Wang
[?] also proved that all solutions are axially symmetric in 2D. For a class of in-
teraction potentials involving only a finite number of Fourier modes, Lucia and
Vukadinovic [?] verified the existence of continuous branches in two dimensions
and they characterised the structure of the bifurcation diagram in terms of the

size of the spectral gaps of the interaction operator. A very recent approach to

11
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the same problem has also been undertaken by Niksirat and Yu [?| who obtained
the local bifurcation structure of all equilibrium states in two dimensions and the

uniqueness of the trivial solution if the bifurcation parameter is large.

1.4 Outline of this thesis

Chapter 2 - The Onsager free-energy functional. The purpose of this
chapter is to set up the foundational framework to which we will refer to in the
remaining parts of this thesis. We will step back for a moment and review the
Onsager free-energy functional based on ideas in statistical mechanics. Having ob-
tained an explicit expression for the Helmholtz free-energy functional, we are then
in a position to concentrate on the two most famous two-body interaction poten-
tials, the Maier-Saupe interaction potential and the Onsager interaction potential.
While the former is based on a mean-field approach to the problem where all inter-
actions of the molecules are viewed as a single effect acting on every single particle,
the latter is based on the purely repulsive interactions between the particles. In or-
der to complete the picture, we conclude this chapter by a very brief introduction

to the dipolar interaction potential which models materials with a dipole moment.

Chapter 3 - Existence and boundedness of minimisers of the three-
dimensional Onsager model. Before beginning with our bifurcation analysis
of the Onsager free-energy functional, we prove the existence of minimisers using
the direct method of the calculus of variations. Moreover, we show that every

minimiser is in fact bounded from below and above, while the lower bound is

12
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in fact positive. These facts let us reduce the state space of the problem to the

Hilbert space L?*(S?) which will be essential for our forthcoming analysis.

Chapter 4 - A complete description of all bifurcation points of the
Onsager free-energy functional. The problem of classifying all critical points
of the Onsager free-energy functional with the Onsager interaction kernel in three
dimensions has not yet been addressed. The Euler-Lagrange equation correspond-

ing to the Onsager free-energy functional is given by

1

E(¢, ) = Ap(p) — 709)

/82 k(p- q) exp(—¢(q))dq

where ¢ € H%(S?) denotes the thermodynamical potential associated to the prob-
ability distribution p. In this chapter, we rewrite the problem as an eigenvalue
problem for the interaction operator U and we solve it for all eigenvalues. In

particular, we are interested in all non-zero solutions (7, A) of

/S ) k(p - q)n(q)dg = —4wn(p)

and therefore in the nullspace of the operator £y := [, k(p - ¢)n(q)dg. Writing
an interaction kernel k() as a series of spherical harmonics, we find a method
to compute its eigenvalues. On the basis of this result, we obtain a complete
set of all bifurcation points corresponding to bifurcations of the Onsager free-
energy functional from the isotropic state. In particular, we prove the following

statement.

13
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Theorem 1.1 (Bifurcation points of the Onsager free-energy functional). Let the
Onsager free-energy functional F in (1.2) be equipped with the Onsager kernel
Ko(p,q) = /1 —(p-q)?. Then all local bifurcations from the trivial solution

occur at the bifurcation points

D24 5H)r(1/2-1/2)
'TORD(1/2+ DI(1/2 + 2)

where | € 2N. Moreover, the corresponding eigenfunctions of the Onsager inter-

action operator

Ulp) = /82 k(p-q)p(q)dq

are giwen by the spherical harmonics Y™ of even degree.

Chapter 5 - Bifurcations of the three-dimensional Onsager model.
Having found explicit expressions for all bifurcation points, we derive the bifurc-
ation equation of the bifurcation point corresponding to the first phase transition
occurring at the biggest value of \. In Section 6.3.2, we prove the existence of a
transcritical bifurcation. Our results about the local bifurcation structure of the

Onsager free-energy functional are summarised in the following theorem.

Theorem 1.2 (Local bifurcations of the Onsager free-energy functional). Let
the Onsager free-energy functional F in (1.2) be equipped with the Onsager kernel
Ko(p,q) = +/1— (p-q)?. Then a transcritical bifurcation from the trivial solution

14
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p= ﬁ occurs locally at the bifurcation point
s

A = —

32

(up to rotational symmetry).

The proof of this theorem consists of two crucial steps. The derivation of
the bifurcation equation up to sufficiently high order and the exploitation of the
symmetry properties inherent to the problem - we will concentrate on this second
step of the proof in Chapter 6.

We restrict our attention to bifurcations of the Euler-Lagrange equation of the
Onsager free-energy functional from the isotropic state p = % equipped with the
Onsager kernel. However, our approach is generally applicable to any physical

two-body interaction potential that satisfies the following assumptions.
Assumption 1.3. The interaction potential K(-,-) : S* x S* — R satisfies
(a) K(-,-) is continuous in both variables;

(b) K(-,-) is rotationally symmetric, that is K(p,q) = K(Rq, Rp) for all R €
SO(3) and p,q € S.

An important consequence of rotational symmetry is the following proposition
which is based on the basic representation theorem of simultaneous invariants of

vectors due to Cauchy.

Proposition 1.4. [?, page 29| The interaction potential is rotationally symmetric

15
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if and only if it can be written as a function of a scalar K(p,q) = k(p - q) where
k:R—R.

Remark 1.5. Within this thesis, we use the notations K(p,q) and k(p-q) inter-

changeably to denote the interaction kernel of interest.

Remark 1.6. Notice that by Proposition 1.4, rotational symmetry implies the

symmetry of the interaction kernel.

The particular combination of methods that we are using in this chapter and
in Chapter 6 allows us a derivation of an expansion of the bifurcation equation
which can be repeated equivalently for any other kernel, see Remark 5.6 for more
details. Hence a characterisation of the local bifurcation can be achieved for many
other cases by following an adaptation of the steps presented in this thesis.

Other well-known kernels such as the dipolar and the Maier-Saupe kernel have
been considered by [?]. However, they also fit into this framework as outlined in
Remark 4.9.

Similar results about the local bifurcation structure of the Onsager free-energy
functional with interaction potential satisfying Assumption 1.3 can also be found
in the unpublished thesis of Jakob Wachsmuth [?|, which was only drawn to the
attention of the author after completion of our work on the bifurcation structure
of the Onsager free-energy functional. The major differences between his and our

work have been outlined in Appendix C.

Chapter 6 - Solutions of the bifurcation equation of the Onsager free-

energy functional. Having derived the bifurcation equation for the Onsager free-

16
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energy functional equipped with the Onsager kernel in Chapter 5, we reduced the
initial problem from an infinite state space to a system of five equations with six
variables. However, this system is still too complicated to solve so we will reduce
the dimension of its state space further by using the symmetry properties inherent
to the problem. In particular, due to the rotational symmetry of the kernel and
thus of the Onsager free-energy functional, we identify any two solutions if they
are related by an application of a rotation. This problem is equivalent to finding
the representatives of the orbit space of the group action SO(3) acting on R®
which is the space of solutions to the bifurcation equation. In particular, we find
a representation of this group action and we derive two invariant polynomials
associated to it which separate its orbit, that means that two solutions a and b
can be mapped onto each other by an application of a rotation in SO(3) if and
only if

(Ii(a), Iy(a)) = (11(b), I2(b))

where [; and I denote the two invariant polynomials. We will show that there
exists a two-dimensional set S for which the images of I; and I, are surjective and
that it is therefore sufficient to consider only the two-dimensional set S as state
space for possible solutions to the bifurcation equation.

This approach involving invariant theory for groups is generally applicable to
bifurcation problems for functions defined on the sphere and is of interest on its
own, for details see Sections 6.2.

The final part of this chapter is to solve the reduced two-dimensional bifurc-

ation equation by identifying the equivalent recognition problem which can then
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be solved. In particular, we find non-degeneracy conditions which will ensure the
one-to-one correspondence between solutions of the two-dimensional bifurcation
equation and an algebraic equation of simple form of lower order. Based on these
results we will finalise our bifurcation analysis by concluding that there exists a

transcritical bifurcation up to rotations from the isotropic solution.

Chapter 7 - Other properties of the bifurcation diagram. Chapter 7
is devoted to a brief analysis of some additional local and global properties of the
bifurcation diagram. First of all, we prove the local uniaxiality of all solutions
corresponding to the first bifurcation branch which has been shown to admit a
transcritical bifurcation in the Chapters 5 and 6. This result has already been
of interest to many experts in the field. Moreover, we show the uniqueness of
the trivial solution as local minimiser if the bifurcation parameter is high and
the continuity of all bifurcation branches. These results are summarised in the

following theorem.

Theorem 1.7 (Bifurcations of the Onsager free-energy functional). Let K(-,-) :

S? x 8% — R be an interaction kernel satisfying Assumption 1.3. Then

e all solutions corresponding to the transcritical bifurcation branch found in

Section 6.3.2 are locally uniaxial;

e the uniform distribution py(p) = ﬁ is a critical point for all values of X. In
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particular, if A is such that

16 M
8t M exp (6T> <\

where M = max, ses2 K(p,q), then the uniform distribution is in fact the

unique solution of the Onsager free-energy functional in three dimensions;

e the trivial solution p = ﬁ s a local minimaser for all A >

T

5 and it is not a

.

local minimuser for A < 5

e all bifurcation branches either meet infinity or they meet another bifurcation

branch.

Chapter 8 - Conclusion. In the final chapter of this thesis, we summarise
our results about the bifurcation diagram of the Onsager free-energy functional
with physical interaction operator. These results are also summarised in Figure
1.5 and they have been published by the Archive for Rational Mechanics and

Analysis [7].
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this research article

Figure 1.5: Summary of our results
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CHAPTER 2

THE ONSAGER FREE-ENERGY FUNCTIONAL

The following review of the Onsager free-energy functional with Maier-Saupe and
Omnsager interaction potential goes back to |?] and [?]. We consider a dynamical
system with N identical particles, each with generalised coordinates ¢; € Q and
conjugate momenta p; € R. We denote the combined locations and momenta by

(p,q). The corresponding Hamiltonian function is given by

H(g,p) = K(p) +U(q)

where IC denotes the total kinetic energy of the system and i/ its potential energy.

We can write the equations of time evolution of the system as

The phase space corresponding to this system of equations is given by Q3 xR3V C
RSV hence the space of all possible states is 6 N-dimensional. In order to consider
all such states differing in their initial conditions, we are looking at many virtual

copies of the same system which is called an ensemble. The distribution of such an
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Chapter 2. The Onsager free-energy functional

ensemble of systems with a fixed number of particles is described by the probability
distribution p which is given by

1 1
plp.a) = e T 1) (2.1)

where

Z = / ef’“B%TH(p’q)dpdq,
R™xQ

kp denotes the Boltzmann constant and 71" the absolute temperature.
In thermodynamics, the Helmholtz free-energy is a thermodynamic potential

which describes the amount of useful work contained in the system
F=FE-TS

where FE is the average total energy of the system, T is the absolute temper-
ature and S the entropy. At constant temperature and volume, the Helmholtz
free-energy is a minimum at equilibrium because of the first and second laws of
thermodynamics.

We rewrite Z as configurational quantity by integrating out the momenta
component of H. This is in fact equivalent to extracting a factor out of Z which
in turn affects F only by an additive constant does not change minimisers. Overall,

we obtain the following system of equations

1 _ 1
N = ﬁ/ e kBTu(q)dq and Iy = —kgT InZy.
Y JoN
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Chapter 2. The Onsager free-energy functional

5
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/o,
Figure 2.1: A schematic graph of the Lennard-Jones potential, one of the most

popular two-body interaction potentials |?].

We now consider only the two-body interactions between the particles

N
Ug) =5 > Ulaay)
i#j=1
with U(¢;,q;) = U(gj,q;). These can be split into two different types of inter-
actions, the slowly varying, long-range potentials and the rapidly varying, short
range potentials. The former accounts for the attraction between particles and
is called the soft component of U denoted by U™ while the latter accounts for
the repulsion between particles and is called the hard component of U which we

denote by UM Tt follows that U can in general be decomposed as

Ulgi,q;) = U g, ;) + U (qi, ;).
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U*r,) | 49

I Ty

0 T2 > T

@12(7'1;7”2) = {

—1 T12 < T

Figure 2.2: A schematic graph of the repulsive component of U in the idealised
case [?].
The component U™ is diverging abruptly when the particles are very close to
each other. For definiteness, we assume that U is arbitrarily close to zero when
the interacting particles are not in contact and that it diverges to +o0o0 when they
touch (see Figure 2.2).

Taking all these assumptions into account, we can rewrite the Helmholtz free-

energy as

1 _1_1_§WN .
F =— kBTln (m /N e éICB}T 23:2 U(A)(qhq]) d(h X ...
- JQ

_1_1 ZN—lp(A) .
T i— N>
X e 2kp g=t (an,4;) qu> .
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Chapter 2. The Onsager free-energy functional

This expression can equivalently be written as

F= —kBTln—H/ Lidg (2.2)

where

N
11
L=exp|—5—= > U™qq)|exp|—5— U 0:) | -
2kpT 2kBT

J=1,3#1

In general, there are two approaches to tackle this elaborate expression, one of
which is a mean-field approximation which leads to the very successful Maier-
Saupe interaction potential. The second approach has been chosen by Onsager
himself in 1949 and is based on an excluded volume effect for rod-like molecules.

The corresponding interaction potential has been named after him.

2.1 The mean-field approach

In 1958, Maier and Saupe’s approach to tackle the expression in (2.2) was to
concentrate only on attractive interactions U while ignoring the repulsive part

of the potential, that is

U"(qi,q;) = 0 for all 4,5 € N.
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Chapter 2. The Onsager free-energy functional

This approach leads to the Helmholtz free-energy

1 .
Fy :—kBTlnﬁ/ <e 25T Lime U )(ql’qj)> dg X ...

(675@ ZN L U(A)(qN7Qj)> dqx

:—k;BTln—/QNHI dgy ..

where

Il(A) = exXp (-5]{:3—T Z U QhQJ ) .

Jj=1,j#l
The idea of Maier and Saupe was to apply a mean-field approach. That means
that the individual interactions between all particles are viewed as interactions by
a single effective particle. Hence the complicated expression above, which depends
on N particles, is replaced by an approximative effective field that applies to every

single one of them
N

Z Nan, q5) ~ E(an)-

j=1,j

l\')l»—l

Thus, the mean-field free-energy is given by

o s i ([ e mrtog,)
N B HN' e q .

Within the canonical ensemble, we are now interested in rewriting the mean-field

free energy as functional in terms of the probability distribution p in (2.1). Let
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Chapter 2. The Onsager free-energy functional

f = Q@ — RT denote the number density, that is

~ /()
/Q fla)dg = N while p(g) = —=-.

then we can rewrite the effective potential as

ew) = [ HaU a3 [ 1) [ 100 oyt 23

Let {Qi}?il be a partition of Q into subsystems, each of which consists of NV;
particles and whose cores are denoted by ¢;. Further, let Ag; be the measure of

Q,; and
fi = f(a@)

be the discretisation of f with
M
i=1

Based on these definitions, the energy of each subsystem is given by
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Chapter 2. The Onsager free-energy functional

and thus the overall free-energy of all subsystems is

where £ := £(g;). Using Stirling’s approximation

1
In [ ——N") ~ N,
n(N—ﬂ Z)

yields an expression of the mean-field energy

(m) - 1 &Y
F\ z—@TZMQm?—hJ — kgTN.
i=1 !

Dropping the last term because it is a constant and letting N — oo, we obtain

the free-energy functional depending on the number density f

F(f) = kT [ o)+ 5 [ U001 g

In order to obtain a meaningful free-energy functional, one needs to make as-
sumptions on the type of long-range attractive interactions between the particles.
The approach that has been undertaken by Maier and Saupe in 1959 was to de-
rive an expression for U based on London dispersion forces between non-polar
molecules. The basic principle behind the London dispersion forces is that even

though we assume that liquid crystal molecules do not have a permanent dipole,
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the interactions between all particles induce a dipole in the system. On average
this dipole vanishes. However, the average energy induced by it does not. Based

on these assumptions, Maier and Saupe defined U as

A Udisp if r Z R
UD(qi, q;) =
0 ifr<R

where Ugisp denotes the London dispersion forces and r denotes the distance
between the particles ¢ and ¢’. In their celebrated paper from 1959 [?], Maier
and Saupe impose further assumptions on the model in order to find an explicit

expression for U4, In fact they show that

U (g, q') = Ckus(g,¢') = C (% —(q- Q’)Q)

where C' is a constant.

2.2 The Onsager interaction potential

In his enthusiastically received paper from 1949, Onsager presented an interac-
tion potential which is only based on purely repulsive interactions between the

particles. In particular,

U (g, qj) =0foralli,j e N
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Chapter 2. The Onsager free-energy functional

and thus the Helmholtz free-energy is given by

1 1
F =—kgTln (ﬁ /N e ’“;Tu(m(q)dth o dQN)
e

where U® denotes the repulsive part of all two body interactions of U(q) :=
sz\i ;U(4i,qj)- In case of the hard repulsive potential ¢/ (B) | we may now rewrite

this expression in terms of Mayer functions, that is
oV P lag) _ + O,

where

0 if the particles ¢ and j are not in contact

—1 if the particles ¢ and j overlap

(see Figure 2.2). It follows that the Helmholtz free-energy is given by
1 N
1<)
Expanding this product yields
1 7,(R) N
€7kBiTu (@ - H(l + (I)Z]) - 1 + Z (I)ij + Z (I)ijq)i’j’ + ...
i<j i>] >35> 5

which is a sum of all possible products of Mayer functions which tend to lead to

quite complicated expressions which are difficult to evaluate. Mayer and Mayer
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Chapter 2. The Onsager free-energy functional

found a diagrammatic method to illustrate the particles and the interactions
between them which gave them the name cluster integrals. Surprisingly, many

of the terms cancel out so that one is left with the two dominant terms

1
B :V/ D19dqidgs (2~5>
Q2
1
B2 :V/ D19 Po3D3dg1dgadgs (2.6)
Q3

for the first and second cluster integral. For more details on higher order terms we
refer the reader to [?]. In particular these terms constitute the first two correction

terms to the ideal gas law

N 1_ (N\ 1_ [(N\?
IHZN—N<1+IHV+551 <V>+§ﬁ2 (7) —I—)

In case of lyotropic liquid crystals, when we are considering a solution rather than
a gas, the cluster integrals f; and (s have to be averaged over all orientations
in order to obtain the virial coefficients. In particular, the first and second virial

coefficient are given by

1
By = — B , ﬁ1<QI7 Q2)P(Q1)P(Q2)dQ1dQ2
Q
1
B =— 3 /o B2(q1, G2, 43)p(q1) p(q2) p(q3)dq1dgadqs

while the higher order virial coefficients have more complicated expressions.

Based on all of these considerations, we obtain a final expression for the Helm-
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Chapter 2. The Onsager free-energy functional

holtz free-energy functional

1
=] B ZBap?+ ...
NkpT np -+ 2P+2 3p” +

=Inf+ /Qp(q) ln(4ﬂp(q))dq—§ o Bi(q1, q2)p(q1)p(g2)dgrdgs

2

3/, B2(q1, 42, 93)p(q1) p(q2) p(q3)dqrdgadgs + . . ..
Q

In the case of long thin rods Onsager proved that the third virial coefficient 5,
in this expansion is in fact negligible compared to ;. However, if the ratio of the
length L and diameter D of the rods becomes smaller, the third virial coefficient
gains importance over the first. In particular, if L/D < 20, then the second and
third virial coefficients have similar weights while at L/D = 100 the contribution
of the third virial coefficient /3, is still around 10% of that of the second [?]|. Only
in the limit of L/D — oo can we assume that all higher virial coefficients tend to
zero. These facts illustrate the limitations of Onsager’s theory.

We consider now the limit L/D — oo. Taking the exact form of the Mayer
function and the form of the first cluster integral into account, see (2.4) and (2.5),

we see that the first cluster integral can be computed as follows

1
61 (p’ q) - v /ivf the particles (_1)dqdp

p and g overlap

This integral constitutes the negative of the excluded volume of two particles with
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Chapter 2. The Onsager free-energy functional

orientations p and q. Together with Onsager, we may now assume that

“tuf+ [ pla)ampta)ds = | Voastan)olen)dasd

NkgT 2

An extensive discussion of Onsager’s derivation can be found in [?]. Excluded

<

Figure 2.3: The excluded volume between two rod-like molecules whose orienta-
tions differ by an angle a.

volume effects arise in the system due to the impenetrability of the molecules.
This means that the centre of mass of one molecule cannot move around freely
without any constraints because it cannot enter the space that is already occupied
by other molecules. Figure 2.3 illustrates schematically what the excluded volume
looks like in case of rod-like molecules when two of them have an orientation
differing by an angle a.

It is easy to see from Figure 2.3 that the excluded volume between these two
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molecules can be approximated by
Vewe = 2L*D| sin(a)| = 2L*D]p x q,

see also [?]| for details. Observe that we do not consider any end effects in the
above approximation. For a derivation of the excluded volume for other shapes

of molecules, we recommend |[?]. By the excluded volume argument,

Ko(p,q) = |sina| = [pxq=+/1—(p-q)%

Especially from the third expression, we see that the Onsager interaction potential
has a non-analytic structure due to its ‘cusp’ singularity occurring whenever p
and g are orthogonal. Therefore it is not very convenient to work with and thus

most of the literature is concerned with the Maier-Saupe interaction potential

Kus(p,q) =3 — (p- )
2.3 The dipolar interaction potential

The third very well-known interaction potential is the dipolar potential [?]

Ki(p,q) = —p-q.

The major difference between the dipolar and the Maier-Saupe interaction po-
tential is that the Maier-Saupe potential is invariant with respect to a change

of sign in its argument and thus possesses a head-to-tail symmetry. To the con-
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trary, the dipolar potential depends on the direction of the molecular vector of
the molecules. From a physical perspective, the dipolar potential is used when

the molecules possess a dipole moment parallel to their molecular axis.
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CHAPTER 3

EXISTENCE AND BOUNDEDNESS OF
MINIMISERS

In order to keep the subsequent analysis as general as possible, we only impose
the physically motivated assumptions listed in Assumption 1.3 on the two-body
interaction kernel, that is that k(-) is rotationally symmetric and continuous in
both variables. Based on these assumptions, we prove the existence of minim-
isers in Section 3.1 and we establish a lower and upper bound on the probability
densities which are minimising the functional in Sections 3.2 and 3.3. Finally, we
will reduce the minimisation problem to a certain class of probability densities in

Section 3.4.

3.1 Existence of minimisers of the free-energy func-
tional

In order to prove existence of minimisers of the Onsager free-energy functional

given by

Flp, ) = )\/

RELYOrEs: / | K.awiota) do da. 31
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we apply the direct method of the calculus of variations [?]. We consider all

probability densities
P(S?) = {p S LI(SQ)‘ /S p(p) dp=1,p(p) > 0} .
Take a minimising sequence p, : S* — R such that
Fpn) — inf{F(p)lp € P(S*)}.

e Considering a minimising sequence p, for F, we have to show that there

exists a subsequence p,, which converges to p* weakly in L'(S?).

e We prove that the functional F(p) is weakly lower-semicontinuous, that is
liminf, o F(pn) > F(p*)

for any p, — p*.

We may then conclude the existence of a minimiser because

inf{F(p)lp € P(S*)} = lim F(p,) = lim F(pn,)

> F(p*) = inf{F(p)|p € P(S*)}

and thus,

F(p") = nf{F(p)lp € P(S*)}.
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In the following, we make these steps rigorous for the Onsager free-energy func-

tional.

Theorem 3.1. Assume that the interaction potential K(-,-) : S* x S* — R is

continuous. Then there exists a minimiser to the Onsager free-energy in (3.1).

Proof. First of all, let us show that the functional is bounded from below. It is
straightforward to see that plnp attains its minimum value at p = e~!. Thus,

-1

min, pln p = —e~ > —1 and hence we may conclude that the entropy part of the

Onsager free-energy functional is bounded below by

Filp) = A / p(p) In p(p) dp > —NS? = —drA.
SQ

Let us now consider the interaction term

1

Falp) := 5 /S . K(p,q)p(p)p(q) dp dq.

Assuming that the interaction potential K (p,q) is continuous and defined on the
compact set S x §?, it follows that K (p, q) is bounded. Hence there exists M > 0

such that }K(p, q)| < M for all p,q € S*. Therefore

M M
Fap) = 2 ) K(p,q)p(p)p(q) dp dqg > —— e p(p)p(q) dp dq > 5

proving that the Onsager free-energy is bounded from below. Hence there exists
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a minimising sequence p, : S* — R such that
F(pn) — inf{F(p)|p € P(S)}.

Claim 1: Any minimising sequence admits a weakly convergent subsequence.

Let p, be a minimising sequence of F, that is
F(pa) = mf{F(p)lp € P(S*)}.

Because every convergent sequence is bounded, it follows that F(p,,) is bounded.
Following Theorem 13.6 in [?], we know that a subset F of L(S?) is relatively

weakly compact if and only if it is uniformly integrable, that is

sup/ |f(t)] dt — 0 as a — 0.
{f|>a}

fer
Hence it is enough to show that the minimising sequence p,, is uniformly integrable.

Let us assume the contrary, that is

Je>0V Ada> Asuch that sup / pn(p) dp > €.
{pn|neN} J {|pn|>a}

In particular, since the left hand side is decreasing in a, we may assume that

J€ > 0 such that Ya sup / pn(p) dp > €
{pn|neN} J{|pn|>a}
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Chapter 3. Existence and boundedness of minimisers

and hence for any a > 0 there exists m(a) such that

[ pute) o>, (32

Let us now derive a contradiction from this assumption by showing that F(p,,) is
not bounded if p,, is not uniformly integrable.
Fix a > 0 and let m be as in (3.2). We can make the following estimate for the

first part of the Onsager free-energy functional

Jrl (;Om(a)) = A/Sz Pm(a) (p) In Pm(a) (p) dp

> -\ <|Sz| ‘|‘/ pm(a)(p) In Pm(a) (p) dp)
{pm(a)>a}

—A <|SQ| + lna/ pm(a)(p) dp)
{pm(a)>a}

> -\ (|S2| +lna§>.

Vv

However, the sequence F(p,) is bounded from above for all n € N and thus choos-
ing a to be very large, this lower bound exceeds the upper bound leading to a
contradiction. Therefore the sequence p,, is relatively compact and thus p,, admits
a weakly convergent subsequence.

Claim 2: The Onsager free-energy functional is weakly lower semi-continuous.

It follows directly from Theorem 3.2.5 in [?] that JF is weakly lower semi-continuous.
Hence it is enough to prove that F3(p) is weakly continuous. Suppose that p, — p

in L'(S?). Then any integral functional in L°>°(S?) converges strongly and since
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K(-,-) is continuous, it is bounded on S?. Hence

] K(p,q)pn(q) dg — 2 K(p,q)p(q) dg for p € S*.
S S

Fix € > 0. Since K(-,-) is uniformly continuous, there exists § > 0 such that for
all [p1 —po| <6

€
|K(p1,q) — K(p2, q)| < 3

Moreover, there are {pi,...,pn} C S? such that for all p € S? there exists i €
{1,...,m} such that |p; — p| < 6. Hence there is an N; corresponding to p; such

that

€
K(pi,q)pn(q) dg — | K(p,q)p(q) dq’ < g foralln = N;.
S2 S2

Let N = max; N;, then

K(pi, q)pulq) dg — | K(p,q)p(q) dq

<Ef0ralln2Nand‘v’i:1,...,m
s2 S2 3

and hence

’/SQK(p,q)pn(q) dq—/ K(p,q)p(q) dq‘

‘ / (pi @) — K(p,q))palq dq' ‘ / (pi,q) — K(p,q))p(q) dg

+ [ K(pi,q)pnlq) dg — / K(pi, q)p(q) dq’
s2 s2
€ € €
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Thus, we have proven uniform convergence of U(p,,p) in L>(S?) since

K(p,q)pn(q) dq' < sup |K(p,q)| = M < .

S2 qes?

We are now able to deduce that if p, — p in L'(S?), then

/Sg LK (P, @)on(q)pn(p) dg dp

:/82 ; K(p,q)p(q) dq pn(p) dp

J/

-~

eL=(s?)
N /gz \/Sz) (K, @)pn(a) = K(p:a)p(a)] dg pu(p) dp

-~

—0 by Equation (3.3)

— / K(p,q)p(q)p(p) dq dp,
S2 SQ

thus proving that JF; is weakly continuous and therefore F is weakly lower semi
continuous.

Putting all these steps together, we have verified the direct method of the cal-
culus of variations proving existence of a minimiser to the Onsager free-energy

functional. n

3.2 Restriction to probability densities which are
bounded from below

We prove that any admissible probability density that minimises the Onsager

free-energy functional is bounded away from zero.
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Lemma 3.2. Assume that the kernel satisfies 0 < K(p,q) < M. Let p € L*(S?) be
an arbitrary probability density. Suppose that there exists a set A C S? of positive
measure such that p(p) < z=exp(—3M/X). Then there exists a modification of

p, denoted by p*, such that p* is bounded from below by € = % exp(—3M/\) and
Fp*) < Flp).

Proof. Suppose that

ess inf p(p) = 0. (3.4)

pES?

The idea of the proof is to construct a function p* from p by lifting p at every
point where it is less than € to € in order to obtain a function that is bounded away
from zero. However, we also have to lower p on a different set because otherwise
p* is not a probability density as it does not integrate to one. Therefore we define
p* as

P*(p:7) = eLlgplpmy<er T PP) Liple<pii<rt + VY Liplow)>}

with € := %exp(—?;]\/[/)\) where M := sup, ,cs2 K(p,q). In order to keep our

presentation simple in the subsequent analysis, we define

A= {plp(p) <€},  B:={ple<plp) <y}t and  C:={plp(p) =}

We choose v such that p* integrates to 1. This can be achieved by noting that the
map v — [ p*(p,7) is continuous by applying the monotone convergence theorem

and then applying the intermediate value theorem (for v = % the integral is less
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than 1 and bigger than 1 if  is sufficiently large). Integrating p*, it is easy to see

that 4 has to be chosen such that

o= i (1=~ [ oo o)

because then p* € P(S?) := {p € L'(S*)|p(p) > 0, 4. p = 1}. It follows from

the same reasoning that v > L and therefore |C| > 0 as well as |[A| > 0 by

assumption. Therefore p* is a well-defined probability density which is admissible

for our minimisation problem. For details on this construction for a particular

example it might be helpful for the reader to consider Figure 3.2.

; AN

\ S N

Figure 3.1: Schematic illustration of p (in blue) and its refinement p* (in red)
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In the following, we would like to show that F(p) — F(p*) > 0. Let us start

with the entropic term. Let

f(x)=xzlnz, g(p):=e—p(p) and h(p):=p(p) -7,

then by an application of the mean value theorem it follows that

Fi(p) = Fi(p") :)\/A (p(p) Inp(p) — elne) dp + )\/

c

> = 2000 +1) [ 9(p) dp+ 2in() + 1) [ bo) .

(p(p) Inp(p) —vIn~y)dp

For the step above we used that for the convex function f(x) = xInx it holds that

f(y) > f(z) + f'(z)(y — =). Moreover, we observe that [, g(p) dp = [, h(p) dp

and hence

€

Filp) = Fu(p”) ZMHX/AQ@ dp-

Now let us turn to the interaction term F»(p) = 3 [o Joo K (p,q)p(p)p(q) dq dp.
Plugging in p* and p yields

Fa(p,A) — Fa(p*) =

s K0 ewra) ~ pdg+ 5 [ K@) (pm)ola) ~2)dpda
AxA CxC

+ L K(p,q)(p(p)p(q) — ep(q))dpdq + o K(p,q)(p(p)p(q) — ev)dpdq
+ o K(p,q)(p(p)p(q) — p(p)y)dpdq
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Chapter 3. Existence and boundedness of minimisers

=5 | K@, (pp)pla) — epla) + ep(q) — ¢*)dpdg

2 Jaxa
t5 [ K pwlol@) = +)ydpda+ [ Ko 0)pla)(plp) — e)apdg
CxC ;,0 AxB
+ : CK (p, @) (p(p)p(q) — ep(q) + ep(q) — ey)dpdyg
+ i CK (p,q)p(p)(p(q) — v)dpdg
>3 | Kapa)ew) - odeda + 5 [ Kip.a)ola) - e)dpda

AxA AxA

[ K.0)p(@)(o(p) — €)dpdq + / K(p, q)p(q) (p(p) — )dpdg
AxB AxC

+e » K(p,q)(p(q) —v)dpdq + . K(p,q)p(p)(p(q) — v)dpdq

> =5 [ o= [ gwip = [ o) =21 [ g(p)ap
b}

—— M (5 + 27T€> /Ag(p)dp-

Putting both terms together yields

5
F(p) = F(p") 2/ g(p) dp (Aln% - M (5 + 27re)> .
A
Hence using the facts that v > ﬁ and € < ﬁ, we may conclude that

Flp)— Flp*) >0 <« )\ln% = M (g +2m>

1
= AMln—>M §—|—27T€
dre 2

1 M(g+27re)
< €< EGXP B w—
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Chapter 3. Existence and boundedness of minimisers

1 ( 3M)
< e< —exp| ——

47 A

which we have assumed at the beginning of the proof. O]

3.3 Restriction to probability densities which are
bounded from above

By constructing a test function p* that is bounded above by a constant C*, we
prove that F(p) > F(p*) for all admissible probability densities p and thus we
show that we can restrict our attention to probability densities that are bounded

above. This result holds for all continuous interaction kernels, see Assumption

1.3.

Lemma 3.3. Assume that the kernel satisfies 0 < K(p,q) < M. Let p € L*(S?) be
a probability density and suppose that there exists a set A C S? of positive measure
such that p(p) > C* := exp(16M/X) for allp € A where M := max,, ses2 K(p, q) >
0 and A > 0. Then there exists a modification of p, denoted by p*, such that p* is
bounded from above by C* and F(p*) < F(p).

Proof. Let

P (p) = C Loyt + P(0) Liiorspmy> 1 T (P(0) + V) Lipjpmy<

 Js2(e(®)=C*) 1 {p(py>cy dp
where 7 = oI Z=p())]

Again, for ease of presentation, we use the

47



Chapter 3. Existence and boundedness of minimisers

1Y W s

Figure 3.2: Schematic illustration of p (in blue) and its refinement p* (in red)

following notation

A::{p682

p(p) >C*}, B = {p682

1
C* > p(p) > %} and

1
C:={peS|—> .
{p 5 2 p(p)}
It is easy to see that |C| > 0 since otherwise [, p(p) dp > 1 contradicting the
fact that p is a probability density. By the choice of v, we make sure that p*

still integrates to one. Observe that C* = exp(16M/A) > 1 > 5= and hence that

ANC =0. In order to ensure that p* < C* on C, we claim that v < % Since p
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Chapter 3. Existence and boundedness of minimisers

is a probability density, it follows that [,(p(p) — C*) dp < 1. Hence

_ Joe(p(p) = C)Lpyzomy dp _ 1
{pls; = p(} ~ Hplsz = p()}

v

and we only have to show that |C| = [{p|5= > p(p)}| > 27. Suppose the contrary,
that is |C] < 27 and thus |[AU B| = |[{p(p) > 5=}| > 27 since the total measure
of the unit sphere is given by 47 and thus |AU B U C| = 4w. Moreover, since p is

non-negative,

1 1
/Qp(p)dpz/p(p)dpz— ldp > —27 =1
S c

21 Jce 2m

contradicting the fact that p integrates to one. Therefore v < %

Having defined p*, we are now in a position to prove that
F(p) = F(p) > 0.

In the following, we deal with the entropy and the interaction terms separately.

We begin by deriving a lower bound on the entropy term. In particular,

Fi(p) — Fi(p")

=\ /SQ p(p) In(p(p)) dp — A/SQ p*(p) In(p*(p)) dp
ZA/A [f(p(p)) — F(C™)] dp + A/C [f(p(p)) = f(p(p) +7)] dp

where f(z) := zIn(x). Moreover, defining ¢g(p) := p(p) —C*. Because of convexity,
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Chapter 3. Existence and boundedness of minimisers

we have f(y) > f(x) + f'(z)(y — x) implying that

Fi(p) — Fi(p*)

>AInC* + 1)/

Ag@)@w—myépnwu»+v>+1wm

1
In{—+~)+1) dp
c 2m

SA(InC* 4 1) /

A

9(p) dp — A /

where the last line results from the fact that p € C' and hence p(p) < 5= for all
p € C. Observing that g(p) > 0 for all p € A and using the monotonicity of the
logarithm as well as the facts that v < 5=, In1 < —1 and A, 7, |C| > 0, we deduce

that

Fi(p) = Fi(p”)

>A(InC* + 1) /Ag(p) dp — \ (m (% + %) + 1) ~|C]
>AIn(C) [ 9(p) dp. (3.5

A

This gives us a lower bound on the entropic term and we can direct our attention

to a lower bound on the interaction term. Using the definition of p*, it follows

that
* 1 * *
Fa(p) — Fa(p*) =3 | K(p,q)lp(p)p(q) — p*(p)p*(q)] dq dp
1 'yz
=5 K(p,q)h(p,q) dg dp — 5 K(p,q) dq dp
AxA CxC
—y K(p,q)p(p) dq dp + K(p,q)p(q)g(p) dp dq
CxC AxB
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Chapter 3. Existence and boundedness of minimisers

+ K(p,q)p(q)g(p) dg dp —~C* / K(p,q) dq dp
AxC AxC

— /Bxc K(p,q)p(q) dq dp

*

where we used the symmetry of the kernel and again we defined g(p) := p(p) —C
and h(p, q) := p(p)p(q)—C*C* which are both non-negative for p, ¢ € A. Assuming
without loss of generality that the interaction kernel is positive, we observe that
all terms with a positive sign are positive while only those with a negative sign

are negative. Neglecting the positive terms, we may therefore deduce that

Falp) — Fa(p*)
> — %2 K(p,q) dq dp — K(p,q)p(p) dq dp
CxC CxC
- ’V/C (/A K(p,q)p(p) dp) dq — e K(p,q)p(q) dq dp (3.6)

> %M(M)Q — 4y M — dmyM — 4w M~y

> — 72M87r2 — 127yM
where we used the fact that p(p) > C* for all p € A in (3.6). Since y < &=
Falp) — Fo(p*) > — dnyM — 127yM = —167y M, (3.7)

we obtain a lower bound on the interaction term.

We are now in the position to derive an overall bound on F. Using (3.5), (3.7)
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Chapter 3. Existence and boundedness of minimisers

— Ja9(p)dp

and the definition of v := o we obtain that

F(p) — F(p*) >AIn(C) / 9(p) dp — 1677 M

=AIn(C*)|C|y — 167y M.

Finally, making use of the assumption that C* = exp(16M//\) and using the fact

that |C| > 27, the statement follows because

16 M
F(p) — F(p*) >)\T|C’|7 — 16myM = 16 M~(|C| — 7) > 0.
0

The following result is a straightforward consequence of Lemma 3.2 and 3.3.

Corollary 3.4. Let two sets A and B be given by

A= {p:SZ—HRI p(p)dp=1,pZO}
82

and

B:= {,0 :§* = R[ [ plp)dp=1,p>0,p< exp(16M/A)}-

SQ
Then any solution of the minimisation problem miny F(p) is in fact a solution of

the reduced minimisation problem ming F(p).
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Chapter 3. Existence and boundedness of minimisers

3.4 A reduction of the minimisation problem

Initially, we considered the problem of minimising the Onsager free-energy func-

tional F among the set

P(S?) = {p S L1(82>‘ /S p(p) dp=1,p(p) > 0} .

According to the results of Lemma 3.2 and Lemma 3.3, we observe that this

original problem can be reduced to all probability densities of the set

S(S?) = {p e L}(S?)

1

oM
dp =1 — S — 0Vp e S?
/S2p(p) p=1,p(p) > 47Texp< y >> p €

and p(p) < exp(4M/\) Vp € 82}

because P(S?) \ S(S?) does not contain a minimising sequence. In particular,
since S(S?) C L3(S?), we may use the Hilbert structure of L*(S?) in order to
simplify our problem. The applicability of Lemma 3.2 and Lemma 3.3 is justified
because || K| < 0o so that K can be changed by an additive constant and made

nonnegative.
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CHAPTER 4

A COMPLETE DESCRIPTION OF ALL
BIFURCATION POINTS OF THE ONSAGER
FREE-ENERGY KERNEL ALONG THE
ISOTROPIC STATE

The novel contribution of this chapter is the full characterisation of all bifurc-
ation points of the Euler-Lagrange equation of the three-dimensional Onsager
free-energy functional. In addition to writing the interaction potential in terms
of associated Legendre polynomials, an idea that goes back to |?], we also use the
Taylor expansion of the interaction kernel in three dimensions in order to gener-
alise the applicability of this approach to a general class of two-body interaction
potentials. The combination of these steps yields a direct relationship between
the coefficients of the Taylor series and the eigenvalues of the interaction oper-
ator. This relationship will be made explicit in the case of the Onsager interaction

potential.
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Chapter 4. All bifurcation points of the Onsager free-energy functional

The Euler-Lagrange equation of the free-energy functional in (1.2) is given by

Mnplr)+ [ k- apla) do =

Its derivation is well known and can for example be found in [?] or [?]. The
constant c¢ is obtained through rearranging the equation and imposing the con-
straint that the distribution function p of the orientation integrates to one, see

the conditions in (1.1). In particular, ¢ is given by
c=-AInZ

where Z = [, exp (—% Jo: k(- @)p(q) dq) dp denotes the partition function. In-

troducing the thermodynamic potential ¢ : S — R

1

o(p) = X /S2 k(p-q)p(q) dg,

it follows that p(p) = Z 'exp(—¢(p)) and we can rewrite the Euler-Lagrange

equation as

for
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Chapter 4. All bifurcation points of the Onsager free-energy functional

Using the rotational symmetry of the interaction kernel, one can show that

/Szk(P'Q) dq:/gﬁ(ﬂ@) dgq

and thus we deduce that fSQ k(p - q) dg = const. The addition or subtraction of a
constant to the free-energy functional in (1.2) does not change its critical points.

Therefore we assume without loss of generality that

/Sz k(p-q) dg =0, (4.1)

see Remark 5.1 for details in the case of the Onsager interaction potential. Each
minimiser of the Onsager free-energy functional must be a solution of the Euler-
Lagrange equation. In particular, we prove in Proposition 4.4 that all critical
points are elements of the space C*(S?). The trivial solution of the Euler-
Lagrange equation is given by ¢o(p) = 0 which corresponds to the uniform prob-
ability distribution po(p) = ﬁ and solves the Euler-Lagrange equation for all .
It represents the isotropic phase and we are interested in analysing whether other
solutions exist. Mathematically speaking, we are interested in those values of A
for which new solutions emerge. Locally, these are the values of A for which the

implicit function theorem is not applicable to the operator E : H? (S*) — H? (S?)

given by

B0 = Xo(0) = 5 [ hlp- ) exp(—o(a)) da (4.2

o6



Chapter 4. All bifurcation points of the Onsager free-energy functional

More details about the space H?(S?) and different ways of defining a norm on
H? (S?) can be found in Appendix A.
But before we will check the assumptions of the implicit function theorem, it

is essential to make sure that the operator E is well-defined.

4.1 The Euler-Lagrange and the interaction oper-
ator for the Onsager kernel

In the following section we will step back for a moment and confirm the setting that
we are working in. In particular we will show in Section 4.1.1 that the interaction
operator U and the Euler-Lagrange operator E are actually acting on the space
H?(S?) and that they map into the spaces H5(S?) and H?(S?), respectively. In
Section 4.1.2 we prove that all solutions of E are smooth and that F is infinitely

many times Fréchet differentiable.

4.1.1 Well-definedness of the Euler-Lagrange and the inter-
action operator with Onsager kernel

First of all, we will prove that the interaction operator U with Onsager kernel
ko(-,-) is in fact an operator from H*(S?) — H**3. In particular we show that

the operator norm is bounded.

Lemma 4.1. Let U be the interaction operator corresponding to the Onsager

kernel ko(p,q) = m, that is
Uln) = /S ko(p - ¢)n(q)dg
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Chapter 4. All bifurcation points of the Onsager free-energy functional

acting on n € H*(S?). Then
HUHHIC(SQ)*)HI@-!—S(SQ) < 00.

Proof. Suppose that n € H*(S?) c L%*(S?). Expanding 7 in terms of spherical

harmonics such that

) l
n= Z Z bimYim,

=0 m=-—I

we know from Corollary A.3 that the coefficients by, satisfy the following inequal-

ity [?]

i i (l + %)% [bum|” < o0, (4.3)

Let U be the interaction operator with UY},, = 1Y, where p; are the corres-

ponding eigenvalues which are given by

1o1\p(l_1
7rF(zﬁ%)r(? 2) I even
_ ) er(i+)r(L+2)
M=
0 otherwise

(see Theorem 4.8 and Lemma 4.10 for details). Thus, for k > k

0o l 2k
1
e = | 3 3 (1+5) bl

=0 m=-—I
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Chapter 4. All bifurcation points of the Onsager free-energy functional

Rewriting the above yields

0o ! 1 2k ) 1 2(k—k) )
1UD g g2y = Z Z (l+§> |bim| <l+§) ||

=0 m=-1 N

Due to the fact that n € H*(S?), we know that above bounded provided , see
(4.3). Hence we are seeking a bound on the term .4; which depends on the rate
of convergence of the eigenvalues ;.

Claim:

| < C17°. (4.4)

We know from Section 5.6 in [?] that for b —a > 1, @ > 0 and z = = + iy with

x>0,
I'(z+a) 1 (4.5)
T+0)| = 2 |
and
r
(x+5) o (4.6)
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Chapter 4. All bifurcation points of the Onsager free-energy functional

b= % yields

] = =
/’Ll_zr(

for [ > 2 even which therefore proves the claim.

Thus, if &£ < k + 3, then

1 2(k—k) 1\ 6
Al:(l+§) |Ml|2§0(l+§> l_6<0*

for some constant C*. In particular,

[e%S) l 2k
1
10l iy <[ C D2 D <l+§) [bim | =/ Cllnll e
=0 m=—1
implying that

10l s < 00

]

Based on this result, we can now prove that the operator 7', which constitutes

the second part of the Euler-Lagrange operator, E maps H?(S?) into H3(S?).

Lemma 4.2. Let T be the operator

7(6) = | kolp: @) exp(~o(a))da
S2
where ko denotes the Onsager kernel. Then T : H*(S?*) — H3(S?).
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Chapter 4. All bifurcation points of the Onsager free-energy functional

Proof. Let ¢ € H*(S*) C L*(S?). Using Lemma 4.1, we know that ||U|| s (s2)— a3 (s2) <

00. Hence

T(D)|| 32y = [|U||2(s2)— m3(s2)| | exp(— &) || £2s2)
< A7||U|[r2(s2)— m3(s2) exP(][#]] o)

S 47T||U||L2(SQ)—>H3(S2) exp O||¢||H2(S2)

where the last step follows from the Sobolev Embedding theorem

[fllgo < Clfll2s2) - (4.7)

Finally, we are in a position to prove that £ maps H?(S?) onto H?(S?).
Lemma 4.3. The Euler-Lagrange operator corresponding to the Onsager kernel

1

E(¢)(p) = Ao(p) + 700)

/S2 ko(p - q) exp(—¢(q))dgq

maps ¢ € H*(S?) onto H*(S?).

Proof. Again using the Sobolev Embedding theorem, we know that ||¢||r~ <
C||9|| mr2(s2y. Hence

2(0) = | esp(=ot@)da > exp(liélle) | 1da > 4mexp(—]lo]c)
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This fact together with the reasoning that we used in the proof of Lemma 4.2

yields

1
E()|m2s2) < M@ m2s2) + Eewl‘w||U||L2(SZ)—>H3(SQ) exp(]|o||m2(s2))-

O

Hence we can in fact work under the assumptions we have imposed on the

operator E at the beginning of this chapter.

4.1.2 Further properties of the Euler-Lagrange operator and
its solutions

We will show that all solutions to E(¢, \) = 0 are smooth and that F is infinitely

many times Fréchet differentiable as a mapping from H%(S?) to H?(S?).

Proposition 4.4. Suppose that ¢ € L>=(S?) satisfies

1

E(g, A+ As) = (As + AN)o(p) — A0)

/ k(p- q)e 'V dg = 0.

S2

and that k satisfies Assumption 1.3 and that it has a derivative in L*(S*). Then
¢ € C>(S?).

Proof. We rearrange the Euler-Lagrange equation as

(As +N)o(p) = ﬁ /S2 k(p-q)e” "9 dg.

Notice that ¢ is bounded, see Lemma 3.3. Thus, taking the limit for a sequence
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Chapter 4. All bifurcation points of the Onsager free-energy functional

pn — p on the right hand side, we see that it is continuous due to the dominated
convergence theorem and so is the left hand side. Because ko(p-q) is differentiable
almost everywhere, except for |p-¢| = 1 with an L'-bounded derivative, we can
swap integration and differentiation and conclude that ¢ is differentiable. Having
proved that ¢ is continuous and differentiable, we want to show that the derivative
of ¢ is continuous and differentiable as well. This will then allow us to proceed

by an induction argument. By [?] one way to define the C'-norm is

||¢||cl = ||¢||00 + max |Xij¢|co

1<i<j<3
where

d

X’L]¢ == %qS(xl’ RN 7 I

T; cost — T Sint,$i+1, e Lj—1, T4 sint + X COSt, Ljt1ye-- ,l’n>

are the intrinsic derivatives on S*~!. Here we consider the special case n = 3. An

elementary calculation shows that
XY™ (p)Y,"" (@) = =Y" (P) Xi;Y,"" ().

Thus, using the expansion of k(p,q) = Y00 20—, aY™(p)Y"*(q), see (4.23),

m=—1
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we can calculate

XijAo

= —/ Xijk(p - q)e* dg
Z 2

= WZ Z Z aY, m*(q)e —¢(q) dg

$? 10 m
_ %Z Z c,/ XY ()Y (q)e " dg
1 e ! m M* —9(q)
= 700 2 2,0 [, @) d
N ﬁZ > av™(p) /S Y™ (g) (Xié(g)e™) dg
N % /s ko(p - a) (Xyo(g)e ) dg

the second line shows that X;;¢ is bounded because the partial derivatives of k
are in L'(S?), the step from the third to the second last line follows by applying
integration by parts. In particular (As+X)X;;¢(p) is continuous and differentiable.

By iteration of this argument, the statement is proved. O]

Lemma 4.5. The Euler Lagrange Equation E corresponding to the Onsager ker-

nel is infinitely many times Fréchet differentiable as a mapping from H? (S?) —

H? (S?).

Proof. In order to check Fréchet differentiability of E, we need to verify that there
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exist a linear operator DFE satisfying

lim  ||[E(¢+n) — E(¢) + DE@)n]l ooy Inll ey = 0. (48)

HWIIHQ(SQ)_)O
We take the first and second directional derivatives of

B (0)(6) = O+ 3) ) = 575 [ Ko a)e V.

These are given by

e—¢(@)—en(q) d
aeE (¢ + 677) (p) = <)\2 + )\) 77(17) - ‘Ef e_qs(q)_en(:’)(ch))g /]f(p . q)67¢(q)7en(q)dq

! - —€
a fe¢(q)en(q)dq/k(p'Q)n@)e ola)=en(a) g

This gives rise to the operator DFE

_ J e " Pn(q)dg e
DE (6)(1)p) = 0 + M) = {10 [ k-0
1

- m/k(p‘Q)??(Q)€¢(q)dQ-

The operator is linear by definition and also bounded which can be shown by a
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similar argument to the one used in Proposition 4.4. In particular,

0;E (¢ + en) (p)

_ 1 2( ) o=@ —en(a)
= gy | Mo &

J/

-

T
. [ eeta—en@y2(q)dq ([ e—¢(¢1)—en(Q)dq)2
(] e-t@-en@dq)*

/ k(p . q)efcb(q)*en(q)dq

J/

b (4.9)

_ —c 2 - —¢
([ errmn@n(q)dg)”2 [ e @) dg / k(p - g)e =10 dq
(J e-¢la-en@dg)*

(. J/
-~

T3

/ k(p - q)n(g)e =" Ddg.

-~

Ty

_ 2f €_¢(Q)_577(Q)fr,(q)dq
([ et dq)®

[\

Thus, by the integral form of the remainder in Taylor’s theorem in €, we have that

E(¢+n) — (E(6) + DyE(@)) = / (2E) (6 + en) (1 — e)de.

The ||| zr2(s2)norm of the left hand side can be bounded by

J1@2E) 6+ ) (1= ooy

and our aim is now to establish an overall bound of the form

1B &+ 1) = (B (9) + DyBO) ey < b (19llmgeny 1lr2e2) ) Il
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where b : R? — R is locally bounded. This would yield that E is Fréchet differ-
entiable. In order to show this, we treat each of the four terms occurring in (4.9)
separately using the triangle inequality and the same reasoning as in the proof of

Lemma 4.1 and Lemma 4.2. In particular, using the Sobolev embedding theorem

yields
T2 g2 g2y = H ! / k(p - @)’ (q)e* @ Ddq
feﬂi)(fI)*ﬂ?(fI)dq H2(S?)
< ||U||L2(S2)—>H2(Sz)62H¢||oo+26||77||00 H 2H
-~ 47T 77 LOO(S2)
< 02“U||L2(SQ)—>H2(SQ)47T€QC”¢“H2(82)+206”77HH2(S2) ||77||§{2(S2)‘

Bounds for all other terms and higher order derivatives can be obtained similarly

and will be omitted. O

4.2 The eigenvalue problem for general interaction
potentials

As mentioned in the beginning of this chapter, we are interested in all values
of A for which the implicit function theorem is not applicable. This is the case

whenever the operator £y : H? (S*) x R — H? (S?), given by

dE(en, \)

Lyn = de

=30+ 1= [ - anfa) da

e=0
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is not invertible. Hence we are interested in all non-zero solutions (1, ) of

A (p) + ﬁ /Sﬁ k(p-qn(g) dg=0 (4.10)

and therefore in the nullspace of the operator L,.

Remark 4.6. Notice that the constraint that p integrates to one translates into

the fact that the integration of n as in (4.10) yields

/SZ n(g)dg =0

where we used (4.1).

Rearranging the equation £ n(p) = 0, it becomes apparent that the problem

is in fact equivalent to the eigenvalue problem for the interaction operator in (1.3)

Un(p) = /82 k(p-q)n(q) dq.

In particular, we observe that for any eigenvalue p of U, a solution to the Euler-

Lagrange equation is given by the corresponding eigenvector of U and

_ P
A7’

A= (4.11)

Even though this eigenvalue problem involves only a linear interaction operator,
it is not trivial. In the following theorem, we derive an explicit expression for

all eigenvalues of U, and thus we find the set of all possible bifurcation points of

68



Chapter 4. All bifurcation points of the Onsager free-energy functional

the Onsager free-energy functional locally around ¢g = 0. In particular we make
use of the fact that functions in H?(S*) can be expanded in terms of spherical
harmonics, see Section 4.2.1 and Appendix A.

We solve the eigenvalue problem in (4.10) for all physically motivated interac-
tion potentials satisfying Assumption 1.3, that means for all interaction potentials
which are rotationally symmetric and continuous. The proofs rely heavily on the
concept of spherical harmonics and Legendre polynomials which will be briefly

introduced first.

4.2.1 Brief introduction to spherical harmonics and Legendre
polynomials

The spherical harmonics are defined as
Y, (p,0) := Nype™ P (cos 6)

where ¢ € [0,27) is the polar angle and 6 € [0,7) the azimuthal angle. The
subscript [ denotes its degree while —I < m < [ denotes its order. N, is a

normalisation constant given by

We write P/" for the associated Legendre polynomials given by

1 2\m/2 ortm 2 l

m

B () :ﬁ(l—ﬂ
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The Legendre polynomials P,(x) are defined as

1 27
Po(@) = oo

[(xz — 1)"] )

One of the most important facts about spherical harmonics is that they build
an orthonormal basis of L*(S?). In general, spherical harmonics are known as
eigenfunctions of the Laplacian. However, it seems that they can be understood
in a much broader sense as eigenfunctions of rotationally symmetric operators.
For more information on spherical harmonics, associated Legendre polynomials
and Legendre polynomials we recommend |[?], [?] and [?].

One of the main ingredients to write the interaction operator in terms of
spherical harmonics is the following relationship between Legendre polynomials

and monomials.

Lemma 4.7. Forr €¢ N and x € C

i, 20+ 1)r!
T= 2 XA = )+ + D) (4.12)

l=r,r—2,..
where P, denotes the Legendre polynomial |?].

Even though this result seems to be known in the literature, we could not find

a proof for it.

Proof. The claim follows from an induction based on the following reccurrence

70



Chapter 4. All bifurcation points of the Onsager free-energy functional

relation for Legendre polynomials

I+1 l
P
a1 @t g

zP(z) = P_(x) (4.13)

with the convention that P_; = 0 [?]. The base case r = 0 is trivial because

Py =1, so let us move on to the actual induction step. Multiplying both sides of

(4.12) by  and using (4.13) yields

Tl (20 + 1)r! 141 !
P T e T T CT R Rl N Ry

l=r,r—2,...

We now change the indices in the two parts of the sum corresponding to ., and
P,_1 in order to create two sums with indices corresponding to P, which can then
be combined into one sum. Of course using such a procedure requires extra care

when computing the border terms. Overall we obtain

(47 +2)+22(r+1 =01+ 1)r!
xT‘—i—l — Z T( - ,l,a : 1) 2(7‘ )( )r _Pl(x)
e 20H1=D2(2(r + 1 = D) +r + 2)!
n r! r+1 (@) 2(7_1)/2(%?Tril))!(r+2)!!%PO(;L') if r is odd
(+itnn 1 '

r! .
2(#2)/2(%5,2)),(”3),, 2Pi(z) if r even

Putting everything together yields

r+1 Z (2[+1)(T+1)' l(x>

= P
o0 201022 (r + 1 = D)1 4 r + 2)!!

which concludes the induction step. O
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This result can now be used in order to rewrite the interaction operator as

multiplication operator acting on spherical harmonics.

4.2.2 Eigenvalues and eigenfunctions of interaction kernels

Theorem 4.8. Let K(-,-) : S* x S? — R be an interaction kernel that satisfies

Assumption 1.3 and assume that k(-) admits a Taylor expansion such that k(p-q) =

Yoot oar(p-q)" converges for all (p,q) € {p,q € S*||p-q| < 1} and a, satisfy the

condition that

- 4 (41 + 1)32a,r!
D ‘( GCRR ) LR (4.14)

r— 1 .
1=0 r=1,1+2,l+4,... 2002 (5 (r = D)WL+ 7 + !

Then the eigenfunctions of the corresponding interaction operator

Un(p) = /82 k(p-q)n(q) dq

are given by the spherical harmonics Y™ : S* — C. The corresponding eigenvalues

are given by

2\ Amag on(s + 2r)!
. 4.15
a ;2"7“!(23—1—27"—1—1)!! (4.15)

where s € N.

Remark 4.9. Notice that the dipolar kernel corresponds to a; = 1 while the

Maier-Saupe kernel corresponds as = —1 and all other coefficients set to 0.

Proof. We denote by P(z) the associated Legendre polynomials of order [ (for
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more details see Section 4.2.1). Applying Lemma 4.7 to the kernel

= Z ar(p ' q)T

it follows that

(204 1)r!
Z Z (r—1)/2 %(T‘—l))‘(l—l—r-}-l)llpl(pQ)

r=0 l=r,r—2,.

Using the addition theorem for Legendre polynomials |7, page 395,

l
/ 4’/T E m mx /

we obtain that

o] !
=X > DAy eY™ @) (4.17)
r=0 l=r,r—2,... m=—1

with

4ra,r!
2(7’—“/2(%(7’ — NI +r+ DN

¢ =

Integrating the interaction kernel against an arbitrary spherical harmonic Y;"(q),

swapping the order of the sum and the integral and using the orthogonality of
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spherical harmonics, it follows that

/ij(p Q)Y (g dq—z > ZCE"Y”‘ / Y™ (@)Y (0) Lipg<r dg

r=0 l=r,r—2,... m=—1I

=> D D Y (R)dudmn (4.18)

r=0 l=ryr—2,... m=-1

Notice that the interchange of the infinite sum and the integral needs of course to
be verified. Viewing the infinite sum as an integral with respect to the counting

measure, Fubini’s theorem applies if

>/,

In particular, using the Cauchy-Schwarz inequality and the fact that all spherical

S S O

l=rr—2,...m=—1

dg < 0. (4.19)

harmonics have unit mass with respect to the L?-norm, we obtain

>/

> Z Y (DY (@)Y (@) Lpgic

l=ror—2,...m=—1

S SO [ @@ el d

r=0 l=rr—2,... m=-—1I

Y Y e

r=0 [=rr—2,... m=-—I

dq

Moreover, it follows from [?, Proposition 7.0.1] that any spherical harmonic Y;™

is bounded by
20+ 1
Y |oo <
H l H — vol (SQ>
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Hence,

S gV mY™ (@)Y () Lpg<1| dg

1 oo oo ;
= >N @+ 1)), (4.20)
r=0 [=0

Again we can view the two sums as integrals with respect to the counting measure
and we may swap the order of summation according to Fubini’s theorem if the
absolute value of the underlying function is integrable with respect to any order of
integration. Therefore the validity of swapping the order of summation in (4.20)
is simultaneously proved when we establish our original claim in (4.19). Therefore
a basic condition that suffices to be proved in order to guarantee the validity of

the interchange of the integrals in (4.18) is given by

i > @+ D] < oo (4.21)

1=0 r=1,142,114,...

In particular, one needs to show on a case to case basis that the coefficients |c]]|
decay faster than [*/2. In Lemma 4.11 we prove this condition in the case of the
Onsager kernel. For all other cases this condition is assumed to hold (see the
statement of the theorem).

Having established (4.18), we deduce that

. 4Tag o (5 + 2r)!
-q)Y]" = Y" 4.22
Lk 0¥ =30 e R (4.22)
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with
. = dra,r! Amas (s + 2r)!
o = = :
! r:s,sz—i-Q,... 20=9)2(2(r — s))(s + 7+ D! ; 2r(r)l(2s 4+ 2r + 1!

From the last equation we may conclude that the eigenfunctions of the interaction
operator Un(p) = [o. k(p-q)n(q) dq associated to the class of two-body interaction
potentials k(p - gq) described in the statement of this theorem are given by the

spherical harmonics Y, and that their corresponding eigenvalues are given by

2 Amagy9(s + 2r)!
e = Z + )

= 2rl(2s + 2r + DI

with s € N. O

4.3 Bifurcation points of the Onsager free-energy
functional with Maier-Saupe and Onsager ker-
nel

Recall that the Maier-Saupe interaction potential is given by
1 2
kus(p-a) =5 = (p- @) (see 1.5)

In terms of Legendre polynomials, the Maier-Saupe kernel can also be written as

bas(p0) = > Palp )
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where P, denotes the second Legendre polynomial. Using (4.16), we have that

buso @) = —= S Y)Y (o).

Following the reasoning in the proof of Theorem 4.8, we may conclude that there
is only one non-zero eigenvalue in the case of the Maier-Saupe interaction kernel

which is given by

(notice that the verification of (4.21) is trivial in this case). The only other ei-
genvalue is zero with infinite multiplicity. Thus, the only bifurcation from the
isotropic state occurs at A\yg = %

Due to its singular nature, the Onsager kernel is a little bit more complex. In
fact, we will see that we have got infinitely many eigenvalues corresponding to the
interaction operator U. By the help of the following lemma all eigenvalues can be
written as single expressions of closed form. For ease of presentation we will state

the result now and leave the proof until the end of the section.

Lemma 4.10. Let s € 2N. Then

> 4 (2r)!12
Z (1 —2r)(r1)2(47)2r=/2(r — s/2)!(s + 2r + 1)!!

r=s/2
_ l(s/2+5)T(s/2 - 1/2)
o 2T(s/2+ DI(s/2 +2)
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where I'(+) denotes the gamma function, see |7, page 1137| for details.

Based on this result, we are now in the position to verify condition (4.21)
allowing us to interchange the order of integration and the infinite sum in Theorem

4.8.

Lemma 4.11. The change of integral and infinite sum in (4.18) is valid in the
case of the Onsager kernel. In other words, we can verify condition (4.21), stating

that

ii 20+ 1% | < oo,

=0 r=I

4m(2r)!? .
A—2r) (2@ 2 (r—D2l2r+ ) fl<r

e

=%

0 ifl>r

Moreover, the eigenvalues of the interaction operator equipped with the Onsager

kernel decrease faster than 173.

Proof. Based on the Taylor expansion of the square root function y/1 — x for all

€ (—1,1), the Taylor expansion of the Onsager kernel is given by

o0

Z 1- 2r 4?)(79 )

r=
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for all p,q € S* such that |p-g| < 1. We deduce that

r!

N ro s (a—r)(EH2(2")
kO(pQ) :Zar(pq) with a, = ( )(2) (2m)
= 0 if r is odd

if r is even

and thus using (4.17)

< l 47 (2r)12Y;" (p) Y™ (q)
Z Z Z (1 —2r)(r1)2(4m)2r=2(r — 1/2)1(1 + 2r + )N

r=0 [= 2r2(r 1) .m=— l

o0 T

_ Am (2r) Y5 (p) Vo™ (q)
ZZ Z (1 —2r)(r)2(4m)2r=H(r — DI20 + 2r + D)1 (4.23)

r=0 [=0 m7—2l

With regard to (4.23), the Onsager kernel is given by

- 4 (2r)12 " s
ZZ Z (L2 (2002 — D11+ 20 + DY Y e (0)

r=0 [=0 m—72l

_cl

(4.24)

Due to the fact that the first factor in the denominator is the only negative factor
in the whole product, all coefficients ¢} are negative except for ¢§ = 47. Taking

this into account and applying Lemma 4.10, we know that

ii 20+ 1)*|q|
=0 r=I

=D @AY g+ ) el
=1 r=l r=0
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= —i@l—i—l)gmic}"—k <—i66+208)

r=0

_ _Z 1y (z+ )T —1/2) N <7rr(§)r(—1)/2) +8W)

T+ 1)0(I +2) 2T (1)[(2
T o2 I+ —1/2 )
2 Z & T(l+ i)é(l + é)> +lom o). (429

Using the claim in (4.4) yields

T+ HT(-1/2)
i+ 0r(+2) B

for some constant C. Inserting this inequality into (4.25) yields

" O = (21 +1)3/2

1)3/2 vr b7 2

> @+1)Pq \<22 m— + (=" +8m).
1=0 r=I =1

Comparing this with the harmonic p-series, we observe that

2
=1

O = (21 + 1)3/2 ) = 1
Z ( 7T+87T)N012l37+02<00
=1
for some constants C; and Cy which therefore proves the first part of the claim.

The second part follows easily from (4.4). O

With Lemma 4.10 and Lemma 4.11 at hand, we are now ready to prove the

main result of this section.

Theorem 4.12. The eigenfunctions and eigenvalues of the interaction operator

U associated with the Onsager kernel ko(p - q) = /1 — (p-q)? are given by the
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spherical harmonics

{Y* e L*(S*) :s €N even ,—s <n < s}

and

7l (s/24+3)0(s/2—1/2)
T 2T (s/2+1)T(s/2+2)

if s is even
po(s) =
0 if s is odd

FEach eigenvalue puo(s) for s > 0 even has multiplicity 2s + 1. The eigenvalue zero

has infinite multiplicity.

Proof. First of all we recall from (4.24) that the series expansion of the Onsager

interaction potential in terms of spherical harmonics is given by

- 47 (2r)!? . -
ZZ Z (L2 2(@2 1 1) (2l—|—2r—|—1)!!4y2[ P)Ys" (@)

r=0 I= Om*—2l\

_Cl

Based on this expansion, it follows that

| ol 0)¥7'(a) da

_ AN 47 (2r) Y51 () Vo™ (0) Y (9) L g1
/ (Z Z 1—27’)(7’!)2(47")2’“—’(7’—l)!(2l+2r—|—1)!!) dq

s r=0 [=0 m=-2I

21

-~ 4 (2r)1?
- Yo' (P)Omnd(2n)s
22 (1 —2r)(r)2(4r)2r=t(r — 1) (2l+2r+1)!5ﬂz_:2l 2t (P)Omn O

=0 r=I

81



Chapter 4. All bifurcation points of the Onsager free-energy functional

00 4m(2r)1? n . .
D s (1—2r)(r!)2(4T)2r—3/2(r—s/2)!(s+2r+1)!!Y; (p) if sis even

0 if sis odd

where we used the orthogonality of the spherical harmonics and Lemma 4.11 which
allows us to change the order of integration and summation. An application of

Lemma 4.10 yields the result. O]

Based on Theorem 4.12 and (4.11), we therefore conclude that a set of all
possible bifurcation points is given by

I(s/24+1)0(s/2—1/2)

8T(s/24 )T (5/242) if s is even

)\0(5) = .
0 if s is odd

Remark 4.13. We will show in Section 7.5 that in fact any point A\o(s) is a

bifurcation point.

In order to conclude this section, it is left to prove the statement of Lemma

4.10.

Proof of Lemma 4.10. First of all, we translate the sum by s/2. This yields

- 4ar(2r)1?
2. (1 —2r)(r1)2(4r)2r=5/2(r — s/2)!(s + 2r + 1)!!

r=s/2

_ i 7((2r + s)!)?

(1 —=2r — s)((r +5/2)1)223+s2r1(2s 4 2r + 1117

In the case of odd integers n = 2k — 1 for £ > 1, the double factorial n!! can
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be replaced by the expression n!! = Qk k, [" page 823]. Hence we can rewrite the

terms such that

= 7((2r + s)!)?
Tz: 1—=2r —s)((r+s/2))2(2%+s=2)r1(2(r + s+ 1) — D!

- ((2r + s))227 23 (r + s+ 1)!

; 1—2r—s Y((r+s/2))2r!1(2(r + s+ 1))!

_ 2r+s)!\> (r4+s+1) (2r+s—2)1272+3
B Z<(r+3/2)!) 2r+s+1))2r+s—1)! r =

r=0

Notice that we also expressed the first factor in the denominator as fraction of
two factorials. This sum can now further be manipulated by rewriting it in terms

of gamma functions [?, page 1137|, I'(s + 1) = s!. It follows that

2—2r+3

(@) (rs+ 1) (255 —2)!
_”Z((Hs/z)!) Qr+st 1))@ +s—1) 7l
(

(2r+s+1) L(r+s+2) 1"(27’4_3_1)2721%3
_WZ( L(r+s/2+1 )) I'2(r+s)+3)) I'2r+s) !

_ i ( (2r + s)L(2r + s) )2 (r+ s+ 1)D(r+ s+ 1)D(2r + 5 — 1)272+3

- (r+s/2)T(r+s/2)) Q20 +s+1))020r+s+1)02r + s)r!

(2r +s) L(r+s+1) I'(2r+s—1)272+
_WZ< 7’—|—s/2) F'2(r+s+1)) I'(2r+s) rl

Applying the duplication formula for the gamma function |?, page 1139

I'(2z) 2%7'T(z+ )
Kz) VT
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to the first two factors and its rearranged form

2:710(2/2 + )I(2/2)

['(z) = Nz

)]

to the two terms forming the third factor, we deduce that

=/ T(2r +5) L(r+s+1) T@2r+s—1)272H
_WZ( (r+s/2)) F2(r+s+1)) T'(2r+s) al
(227"+5 IT( T+S/2+ ) o1 =2Artstl)
I'(r+s+3/2)
2220 (r + 5/2)0(r + 8/2 — 1/2) 2724
|92t T(r+s/241/2)T(r+s/2) 7!
L(r+s/2+ r+s/2—1/2)1
_\/_Z / 7"+)8(+3/2§ /)77!‘

r=0

Let (z), denote the Pochhammer symbols which are given by

for any x € C and r € R. Rewriting our expression in terms of Pochhammer

symbols [?], we obtain

—\/_Z D(r+s/2+3)T(r+s/2—1/2) 1

T(r+s+3/2) 7l
_ﬁ (s/2+3)T(s/2—1/2) i (s/2+3):(s/2—1/2), 1
['(s+3/2) ot (s +3/2), !
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This sum can now easily be evaluated using generalised hypergeometric functions
[7].

Definition 4.14. The generalised hypergeometric function ,F, is defined as

> (xl)T(acg)r...(xp)rz
F x7£7"'7x;y7y7"'7y;z =
R LN LR L ) D e w s e wee

r=0

for z;,y;, z € C and where (x), denote the Pochhammer symbols.

In particular, we are now in the position to use Gauss’s Hypergeometric The-

orem which states that

Theorem 4.15 (Gauss’s Hypergeometric Theorem, [?, page 1438|). For a,b,c €

C
I(e)l'(c—a—10)

2File b6 l) = F o= ore =)

for Re(c —a —b) > 0 where Re(z) denotes the real part of a complex number.

An application of Gauss’s Hypergeometric Theorem yields

_ VAL(s/24 5)T(s/2 - 1/2) i (s/2+ 3)r(s/2—1/2), 1

I'(s+3/2) — (s+3/2), d
_ VAl(s/2+4 5)T(s/2 - 1/2) _ 1.
. o3 2Fi(s/2+1/2,5/2 — 1/2; s+ 3/2,1)
| VAT(s/2+ DT(s/2— 1/2) T(s + 3/20(3/2)
T(s + 3/2) T(s/2 + 1I(s/2 +2)

VAl(s/2+ 5)T(s/2 = 1/2)0(3/2)
[(s/2+1)I'(s/2+2) '
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Using the fact that I'(3/2) = \/7;, it follows that for all s € 2N

[e.9]

47 (2r)1?
Z (1 —2r)(r1)2(47)2r=5/2(r — s/2)!(s + 2r + )N

r=s/2
~ l(s/2+ 3)T(s/2-1/2)
o 20(s/2+ D)T(s/2+2)
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CHAPTER 5

BIFURCATIONS OF THE ONSAGER
FREE-ENERGY FUNCTIONAL

The Onsager free-energy functional

Flp,A) = )\/

[ owymp) a5 [ [ K.aow)ota) do da

consists of two terms, each of which resembles the orientational and the transla-
tional entropy of the system, respectively. Due to the interplay between these two
entropies, there exist critical values of A at which the system undergoes a phase
transition. In this chapter, we show that for all interaction potentials satisfying
Assumption 1.3 for large values of A the unique minimiser is given by the uni-
form probability density py = % and that new bifurcation branches form as A
decreases. In particular we will show analytically that a transcritical bifurcation
arises in case of the Onsager potential at the value Ay = 5. This fact has been
proven numerically by Kayser and Raveché [?]. Their result is shown in Figure
5.1.

Our aim is to understand better how many different branches of solutions (up
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10.0

Il nll

F
00 v L ! | | | 1 1
L]

50 60 10 8.0 9.0 10,0 no 120

Figure 5.1: Numerical calculation of the bifurcation diagram of F with Onsager
interaction potential |?|. Notice that the value at which the transcritical bifurc-
ation occurs differs from the value Ay = 55 ~ 0.1 which we found in Chapter 4.
This is due to a difference in constants that have been taken into account.

to rotational symmetry) arise for different interaction potentials so we will keep
most of our analysis quite general.

Having found all bifurcation points from the isotropic state of the Onsager
free-energy functional equipped with a general class of interaction operators in
Chapter 4, we are now in the position to direct our attention to the corresponding
bifurcation equations. The presentation of our results is divided into two parts.
We begin by giving a brief introduction to the Lyapunov-Schmidt decomposition,
which is our main tool for computing the bifurcation equation, see Section 5.1.
In Section 5.2 we focus on the practicalities that are involved when we apply
the Lyapunov-Schmidt decomposition to the Euler-Lagrange operator given in

(4.2). In particular, Section 5.2 is divided into four parts: a reformulation of
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the problem in the language of Section 5.1, see Section 5.2.1, an algorithmic
procedure that allows us to fulfil the decomposition, see Sections 5.2.2 and 5.2.4,
and the presentation of an algorithm that allows the fast computation of products

of spherical harmonics in terms of spherical harmonics, see Section 5.2.3.

5.1 The theory: The Lyapunov-Schmidt decom-
position

This brief introduction to the Lyapunov-Schmidt decomposition is based on [?].
The main idea of the Lyapunov-Schmidt decomposition is the reduction of a pos-

sibly infinite-dimensional bifurcation problem to a finite-dimensional one. Let
F(w,A\) =0 (5.1)

be the equation of interest with w € X, A € R and F' : X x R — R where X

denotes a Banach space. Without loss of generality we assume that
F(0,0) =0.

The linear and non-linear parts of (5.1) decompose as

OF (0 + en, 0)

F(w,\) = L(w) + R(w, \), where L(n) := e

(5.2)

e=0

and where R denotes its remainder. We assume that £ is a Fredholm operator of

index zero, which means that the kernel N(£) has finite dimension d, the range
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R(L) has finite codimension r and that the dimensions d and r agree.

The idea of the Lyapunov-Schmidt decomposition is to reduce the dimension
of the equation and its solution by projecting it onto the kernel of £ which is,
due to the assumptions on £, finite-dimensional. Let P : X — N (L) denote the
projection onto the nullspace of £ and let () be the projection onto its complement

R(L). Then (5.1) is equivalent to the system of equations

(1-Q)F(u+v,\)=0 (5.3a)

QF(u+v,\) =0 (5.3b)

where u := Pw denotes the projection of the solution onto N(£) and v := (1—P)w
its projection onto the complement.

. The second of these equations can uniquely be solved for v using the implicit
function theorem and the solution v(u, A) can then be plugged back into the first

equation, which yields the bifurcation equation

fu,A) .= (1—=Q)R(u+v(u,\),\) =0. (5.4)

Note that we dropped the first term appearing in (5.3a) because (1 — Q)L(u +
v,\) = Lv — QLv = 0. The solutions of (5.4) are equivalent to the solutions
of our original problem in (5.1), see [?], because it only depends on u, which is
an element of the finite-dimensional kernel of £, and thus reduces the possibly

infinite-dimensional problem to a finite-dimensional one.
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5.2 Practicalities: An algorithmic procedure to
derive the bifurcation equation

According to the previous section, the computations for the derivation of the

bifurcation equation in (5.4) are divided into two parts:

Step A. An application of the implicit function theorem to (5.3b) that gives

us an explicit expression of v in terms of u and .

Step B. Plugging v back into (5.3a) which results in the bifurcation equation.

By using the implicit function theorem in the first of these two steps, it is
often not possible to derive an expression in closed form. Instead, we obtain a
Taylor expansion of v(u,A) (which is justified by the implicit function theorem
[?, Theorem 2.3]) and its coefficients are obtained by matching those of the same
order that occur in (5.3a).

More concretely, u and v are expanded in series expansions of complementary
sets of basis elements. For the problem at hand this is done in Equation (5.9).
The implicit function theorem then relates the series coefficients of v in terms
of those of u. The resulting expression for v(u, ) can then be plugged into the
expansion of R. An application of the projection P finally yields an expansion of
the bifurcation equation in (5.4).

In order to characterise the bifurcation occurring at A, it is often sufficient
to obtain an expansion of (5.4) up to a particular order. We know that a certain

order is sufficient by looking at the so-called recognition problem that corresponds
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to the problem at hand. More details on the particular recognition problem that
we need to apply in order to solve the bifurcation equation can be found in Section
6.3, where we will show that it suffices to compute the bifurcation equation up to
third order for \,.

In the following, we will first restate the problem in the language of Section
5.1 before directing our attention to the first of the two main steps mentioned
above in Section 5.2.2. In order to make all computations tractable, we write all
expressions in terms of spherical harmonics. An essential tool for the comparison
of coefficients with matching order is an algorithmic procedure that allows us the
fast computation of products of spherical harmonics with a computer. This will
be the subject of Section 5.2.3. We conclude this section by performing Step B

above which yields the bifurcation equation in five dimensions.

5.2.1 Reformulation of the problem

In order to find the minimisers of the free-energy functional, we consider its Euler-

Lagrange equation and thus the corresponding Euler-Lagrange operator

B(0N) = (w4 00 = 5755 [ ko esp(—o(a) do. (59

By Lemma 4.3 we can view this as an operator on H%(S?) which is the function

space we are working in.

Remark 5.1. Notice that (5.5) is an additive translation of the Euler-Lagrange

operator in (4.2). In order to ensure that the assumption E(0,0) = 0 holds, see
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also (4.1), the interaction operator k(-) had to be translated by the constant

CZ/ggk(p'Q)dq

(in the case of the Onsager interaction potential, this value is given by ¢ = 7%).
Moreover, we translated the operator in A by the value Ag which is the bifurcation

point we are interested in.

According to (4.11), the bifurcation point is given by A, = —£2, where p,
denotes the eigenvalue of order s of the interaction operator associated to the
Onsager kernel, see Theorem 4.12 for details. The variable A denotes the devi-
ation from this bifurcation point and will act as bifurcation parameter. Having
this translation of the problem in mind, we are interested in bifurcations around
the point (¢g, A) = (0,0). In particular, we are looking for the first phase trans-
formation that occurs when the bifurcation parameter is descending. Hence we
consider the largest bifurcation point which is, in the case of the Onsager kernel

and according to the result of Theorem 4.12, given by

H2 n
Ny = — 22—
2 41 32

In order to derive the decomposition of the above functional into its linear and

non-linear part, we consider its Taylor expansion E up to fourth order in both
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variables ¢ and A around the point (0, 0), namely

B(¢,)
:w+»wm+ﬁéﬁ@mmw@+&%%@Aﬁ@mﬂﬁﬁ
. 8% /82 k(p - a)¢*(q) dg + ”SQ?E—W /82 k(p - a)¢(q) da
_ W /SQ k(p - q)é(q) dq — ‘[ng%jldq /SQ k(p-q)¢*(q) dq
+ ﬁ . k(p- q)¢*(q) dg + %W /S k(p-q)¢(q) dq
- W 5 ¢*(q) dq /SZ k(p - q)o(q) dg

n % /sz k(p-q)¢*(q) dg + W /Sz He- 4'(0) da

k(p-q)¢*(q) dg.

967 Je

According to (5.2), its linear and non-linear parts therefore decompose as

£(6) = Xa0(p) + 3 [ bip- ola) dy

and

R(¢,\) = E(6,\) — L(9),

(5.7)

respectively. The fact that £ is a Fredholm operator of index zero is a consequence
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of the following corollary in [?].

Corollary 5.2 (|7, Corollary 4.47|). Let X and Y be Banach spaces and let S, K :
X — Y be linear operators. Assume in addition that S is a Fredholm operator and
that K is compact. Then S+ K is also a Fredholm operator with index(S + K) =
index(95).

Schematically, £ can be written as
L=CIld+U.

Hence in order to apply Corollary 5.2, we have to show that the operator

U(6)(p) := / k(- 0)0(q) dg

SZ

is compact for all continuous interaction kernels and that the identity is a Fred-
holm operator of index zero. The compactness in H? has been proved in Lemma

4.2 of Section 4.1. The following computation shows compactness in L*(S?).

Lemma 5.3. Let U : L'(S?) — L'(S?) be the interaction operator

(Up)(q) = / k(p-q)p(p) dp (5.8)

S2

with continuous interaction kernel k(-). Then U is compact, that is for any
bounded sequence p, € L*(S?) such that ||p,||11s2) < M for all n € N the se-

quence Up, has a convergent subsequence (Up,, ) — Up for some p € L*(S?).
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Proof. The statement follows by an application of the Arzela-Ascoli Theorem. In

particular, the following two claims hold.

U is uniformly bounded:
Using the fact that k(-) is continuous on [—1, 1], we know that k(-) is bounded.

Hence

[k aotar aaf < | [ ot an] = a1

U is uniformly equicontinuous:
Pick € > 0. Since k(-) is continuous on the compact set [—1,1], it is uniformly

continuous and therefore there exists a § > 0, so that for all p;,p, € S? such that
‘pl - pZ‘ é (57

|k(p1-q) —k(p2-q)| <e¢

for all ¢ € S?. Hence for the same ¢ it follows that

(R en) = U pa)| = | [ (o1 - 0) = K lota)

< / k(- @) = k2 - )] pla) da
< 6/82 p(q) dq

< e.

Hence the operator U is equicontinuous and it follows from the Arzela-Ascoli
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theorem that every convergent sequence Up, admits a convergent subsequence

(Upyp,,) = Up. Thus, U is a compact operator. H

Having proved the compactness of U, it is left to show that the identity is a

Fredholm operator. Let us make the following observations

(a) Id is bounded and linear
(b) N(Id) = {0} and coker(Id) = {0}.

Hence the identity is a Fredholm operator of index zero and thus so is £ as claimed.

In view of the results of Section 4.3, it is easy to conclude that the kernel of
the operator £, denoted by N(L), is the eigenspace of the spherical harmonics
corresponding to the degree of the bifurcation point of interest, which is in our
case \y. Thus,

N(L) = {Y": —2 < m < 2}

which is a five-dimensional space. It follows that the projection P onto N(L) is

given by

2
P: L*(S%) — L*(S?) where Pw:= >  (w,Yy");2Yy" for all w € L*(S?).

m=—2

Lol - )
" is an orthonormal basis

)

Since the set of all spherical harmonics {Y;™} "~
for the space L*(S?) and orthogonal for H?(S?). This naturally induces P :
H?*(S?) — H?(S?) as projection. The interaction operator in these operators
in fact diagonalises over the set of spherical harmonics. This fact leads to an

enormous simplification of our subsequent computations. Let u(p) := P¢(p) and
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v(p) := (1 — P)¢(p) such that u(p) +v(p) = ¢(p) and let us further define u,, and

Uy,m such that

2 00 l
up)= Y w¥PE) amd o)=Y Y w0, (659)
m=—2 =0 m=—1

1#£2

respectively. We will see that it will be an essential step to write all expressions
in terms of spherical harmonics as this simplifies the actions of all operators. In

particular, we may deduce from Theorem 4.8 that

uy;™) = /S2 k(p-q)Y"(q) dg = Y™ (p).

Accordingly, we conclude that

and similarly,

LIV = Y (5.10)

98



Chapter 5. Bifurcations of the Onsager free-energy functional

5.2.2 Step A: An application of the implicit function the-
orem

It is relatively straightforward to show that the implicit function theorem is ap-

plicable to

Lv+(1—P)R(u+v,A)=0. (5.3b)

The operator L is invertible in R(L), its inverse is bounded and D, R(0,0) = 0.
Moreover, based on Lemma 4.5, one can show that the Euler-Lagrange operator

E is sufficiently smooth.

Lemma 5.4. The bifurcation equation f(u,\) associated to the Euler-Lagrange
equation for the Onsager free-energy functional is infinitely many times differen-

tiable .

Proof. The bifurcation equation is defined by

PR(u+v(u,N) = f(u, \)

where R is given by
E(p, A) = L(p,A) + R(p, A).

Since L is a linear operator, the smoothness of E and R is the same. Moreover,
the implicit function theorem tells us, that the smoothness of R and v is the same.
Since the smoothness of the bifurcation equation is given by the minimal number

of derivatives of R and v (using the chain rule) which are then equal, we conclude
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that the smoothness of f is the same as the smoothness of E (the Euler-Lagrange
equation). The Euler-Lagrange operator is infinitely many times differentiable,

see Proposition 4.5. O

Hence we may conclude that the implicit function theorem is applicable. How-
ever, writing down the exact solution v(u, \) is not possible in practice. Instead,
an algorithmic procedure is required which has been presented in |?]. It is mainly
based on writing v as a Taylor expansion in terms of both variables v and A which
is justified by the differentiability of the implicit function v(u, A), see the implicit
function theorem [?, Theorem 2.3|. In particular, we expand v = (1 — P)¢ up to

fourth order by

0(u, \)(p) == Z Z.,—E.'?Afz‘,j(“ﬂ\)(p)

0<i+j<4 7

where the terms ©; ; denote terms of i'" order in u and of 5™ order in A. Further-

more, we identify u as before with

u(p) = Y unY5"(p).

m=—2

By definition v € N(£)* and thus, without loss of generality, we assume that

0;; € N(L)* for all i, j. Plugging this expression into (5.3b)
L) = =1 = P)R(u+wv,2)

and matching the terms of the right order on both sides of the equation, we obtain

100



Chapter 5. Bifurcations of the Onsager free-energy functional

expressions for each of the ¢;;. In the following we will execute this calculation

for the first couple of terms.

Remark 5.5. Because the spherical harmonics form an orthonormal basis for
L*(S?), the v;; can be written as an infinite series expansion. In fact, when
considering the first few steps of the procedure, we will see that this expansion is

finite.

Since there does not exist any term that is constant in both variables, we
conclude that

?}070 =0.

As a second step, we consider ;9 which only depends on u. Hence we only
consider terms of order one in u on both sides of (5.3b) taking the expansion of
E in (5.6) and the definition of R in (5.7) into account. All terms on the right
hand side depend on A or on higher order terms of u, so they can be neglected

when we match the coefficients. Thus, we obtain

. 1 .
Ay o(p) + o / k(p - q)i1,0(q) dg = 0.
T S2

This is equivalent to solving L1, = 0. Because we are assuming that 0;; €

N(L)*, we conclude that ¢ o = 0. Similarly, one can deduce that
’8071 - O

As the first non-zero term, we consider %@2,0. Matching the order of terms on the
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two sides of (5.3b), we obtain

A

R 1 .
5’(}2’0(]?) + 8_7'(' /;2 k(p : Q)/UQ,O(q) dq

——-p) (BB [ 1 auta) dn- - [ K- ato) da)

]_67T2 8 S2

This yields an explicit expression for 95 if we bear in mind that the operator

~1 can actually be interpreted as simple multiplications, see

L and its inverse L
(5.10). However, in order to be able to apply this multiplication to the right hand
side, we need to write it in terms of spherical harmonics. Recall that u itself is

already given as an expansion in terms of spherical harmonics, see (5.9),

Hence we only have to expand the terms

/S2 E(p - q)u(q) dgq /Sz u(q) dg and /S2 k(p - )u(q) dg.

In fact,

/s2 k(p - q)u(q) dQ/ u(q) dg =0

2
because the second factor, being the sum of integrals of spherical harmonics of
degree [ = 2, is zero. In the case of the second term, we observe that we have
to compute u? which is based on computing products of spherical harmonics.

In order to fulfil this task, we have developed an algorithm that is presented in
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Section 5.2.3. Applying it to the case above yields an expansion of u? in terms
of spherical harmonics and we are thus in the position to apply the interaction
operator U, the projection 1 — P and the operator £~! which, according to (5.10),

reduces to a simple multiplication in this case. We obtain

) == £ (=) [ k- it o))

64 448
5.3
573 _ 3/2 2T _
+ 113 uru_oYy ' (p) +E8U2U—2Y4 (p) + 291 u? Y, % (p)
S . 3n3? , o w2
o oYy () Yy rpuan Yo (p)
Eﬂ-:ﬁ \/_3 §7T3
2 5 2
g ounYi (p) + —paunuaYy (p) + oo Vi (p)

This concludes the computation of 954. The computation of the other terms
follows the same pattern. However, because they are more complex and tedious,
we will omit them. In order to give a good overview of the individual steps for
each case, we present a summary of the procedure in form of a general algorithm.
We would like to conclude this section by remarking that the expansion of v
resulting from this procedure is in fact finite and that this is always the case when
considering a finite expansion of an equation. The reason for this is that u is a

linear combination of spherical harmonics that span the kernel of £ which is itself
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Algorithm 1: Matching the terms in Equation (5.3b)

1: Input: Fix 9, ; such that 0 <i 4 j < 4.

2: Write down R(u + 0) keeping only terms in v and all terms in 9; ; up to ¢’th
order and in A up to j’th order.

3: Expand R(u + 0) in terms of spherical harmonics using the results of Section
5.2.3.

4: Apply the projection (1 — P) by dropping all spherical harmonics of degree
[ =2.

5: Apply —£~! by multiplying R(u + 9) by =

dm o+
6: Output: 0, ; = 4W;jj:m7€(u + ).

finite. Considering products of up to four terms in w and 9; ;, we can therefore
only reach spherical harmonics up to degree [ = 8* since the highest degree for

0;; with ¢ + j = 4 can only be [ = 8.

Remark 5.6. The operator L depends on the bifurcation parameter and the ei-
genvalues of the interaction operator U. For any kernel satisfying Assumption 1.3
the expansion of v would only depend on finitely many eigenvalues corresponding
to spherical harmonics of low order. That means the resulting bifurcation can then

be studied using the combination of methods presented here.

5.2.3 Products of spherical harmonics

The crucial step in matching the coefficients in (5.3b) is to expand products of
spherical harmonics again in terms of spherical harmonics. It is known that this
can be achieved using Clebsch-Gordan coefficients which arise in angular mo-
mentum coupling [?]. However, it is very hard to compute them explicitly be-

cause it takes too much computing time. Therefore we devised an algorithm for
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the computation of products of spherical harmonics with short run time on the
computer. The exact algorithm that we implemented on the computer is given at
the end of this section while we present its crucial ideas first.

We recall the definition of spherical harmonics, see Section 4.2.1 for details,
Y™(@,0) = Nime™ P*(cosp),  —1<m <1,

where ¢ and 6 denote the polar and the azimuthal angle corresponding to the
unit vector p € S?. The functions P™ are called associated Legendre polynomials
and their exact definition is also given in Section 4.2.1. Thus, a product of two

spherical harmonics is given by
Y/™(, 0)Y;1(10,0) = Niu Npge " 9 P (cos()) B (cos()). (5.11)

Notice that we will abuse the notation and drop the (¢,6) or p dependence in
due course. Due to the factor e/™*+9  we observe that the order of each spherical
harmonic occurring in an expansion of the product in (5.11) has to be of order
m + q while its degree may be arbitrary. On the basis of this observation, we
would like to investigate products of associated Legendre polynomials. In fact,

we use the following recurrence formula from |[?]

(l=m+ 1P} = Q2+ 1)xP" - (I+m)P". (5.12)

105



Chapter 5. Bifurcations of the Onsager free-energy functional

Rearranging it gives

m 2=1 - l=1+m
e Ry P
and thus,
m 20-1 [—1+m ..
i el e Sy e

Applying the original recurrence rule in (5.12) again, but this time to the product

P, ,, yields

FF = l—m

20-1(p—q+1 m p+q m [—1+m .
( g1 it g B i) = AR

Using the definition of spherical harmonics, we deduce that

2A—1p—q+1 N N,
l—m 2p +1 N(l,1)7m N(p+1),q
20-1p+q N  Nog oom v
L= m2p+1Ngam Nop-ng 7
Il—=1+m Ny
[—m Ng_a)m

Yy = Y

p+1

m y/q
1Y,

and thus, we observe that we reduced the degree of the spherical harmonics Y,
with index [ by one or two. We repeat this procedure until we reach either a term
of the form Y7, or Y (which has to happen eventually). Hitting Y*, first, we
use another recurrence rule from [?], namely

NS S
i1 = (2s+1)zP;  leading to Y,V = %(23 + 1)aY7Y
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so that we obtain YV, in any case. Again we apply a recurrence rule

P = (—1)%(2s — 1)I1(1 — 22)*/?

S

which yields
s _ s 2\s/2
YV = (—1)%(2s — 1)1 — 2®)° N, V2.

This last product can then be resolved by using

Vi ( Noa  yarr - Noa Yqjll)

P 2p4+1 \ Np-1)g11) © Nipi1).(qt1) *

repeatedly if necessary. Again this recurrence formula arises from using recurrence
formulae for associated Legendre polynomials.

The computation of the first couple of steps of the algorithmic procedure
above illustrates how an expansion of a product of two spherical harmonics in
terms of spherical harmonics can be obtained. The general method involves a
couple of other cases to start with, such as spherical harmonics of negative or-
der for example which also have to be taken into account and for which spe-

cial rules need to be defined. The whole algorithm is stated subsequently.
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Algorithm 2: Rules for the computation of products of spherical harmonics

Require: a polynomial f of spherical harmonics of arbitrary degree.
Ensure: an expansion in terms of spherical harmonics.
1. If a is a constant, then define S[a]:=a and T'a] := a.
Define N, := H%w / 812;
Define S[Y"]: =Y/ and T [Y"] :=Y™.
If a is a constant, then define Say|:= aS [y] and T]ay] := oT [y|.
Define S|z +y]:=S[z]+ S[y].
Define S [aY;"VJ] := S [aS [Y"V1]].
If p>qgandl—22>|m|, then define

20—1p—q+1 N, N,
S [y = S YT
[ ! p] [—m 2p+1 Na_1)m Npti)g [pH l J
: P [y, Y™

I —=m2p+1Ng_1)ym Np-1)4

l—1+m Nl,m
[—m N(l—2),m

s Py,
8: If | =m, then define
S YY) i= (=1)! Ny (20 = DS [(1 — 2?)2Y1]
9: If l=m+ 1, then define
SV = Ny (20 — 1)(—1)"1(20 — 3)11S [(1 - xQ)%xqu] .

10: If | = —m, then define
Nl,m

m L - o 2\0/2
Sy = _(2l)!(2l DT [(1— %)y .
11: If [ = —m + 1, then define
S[ymye] = m (_qymi(op gy [(1 - xz)%qu} .
ol (2r—2) P
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12: If [ > |m|, then define

Nlm l—m—i—l Nlm l—l—m
Sla- 2y = —bm g | L= fym m_g ym |
@) N(41),m {a 20+ 1 ”11 T Noom [a21+1 H}

13: If [ = |m|, then define

Ym
2l +1 !

Sla-zY™ =

Nlm |: l —m —|— 1 :|
= —— S |a
Nay1)m

14: If [ > m + 2, then define

1 N,
Sl(1 = 2 sym] .— M Sl(1 = 2 sfl/2ym+1
[( z ) l ] 21+1N(l—1),(m+1) [( z ) -1 }
1 Nim

S [(1 . x2)8—1/2}/27’+ni|—1} .

2041 Nay1),(m+1)
15: If Il=morl=m+1, then define

1 Nl,m
20+ 1 Nag1y,(ms1)

S[(1 =2y = S =22y

16: Define S [a(¥;")] = S [a(¥")* 28 [(¥;")]).

17: If [ — 2 > |m/|, then define

S [(Ym)Q] _2l —1l—-—m+1 Nl,m Nl,m
! ._l -m 2l +1 N(lfl),m N(l+1),m
A—11+m [ Nom \°
: S \ymy™
+ l—m?2l+1 (N(l—l),m) [ =1 l_l]
o l—|— m—1 Nl,m
I—m Ng_o)m

S [y

S YY)
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18: If | = m, then define
S[(¥™?] == Nym (D20 — IS [(1 — 2%) Y7 .
19: If | = —m, then define
S[Y™)?] == N(D) 20— )T [(1 — 22y .

20: If l =m + 1, then define

-1

S[(Yy™?] 1= Ny (—1)1(21 — 1)(21 — 3)1IS [(1 - xz)Tg;Ylm} .
21: If [ = —m + 1, then define
STY™?] == Ny (—1)™ 1 ((20-1)D) 71 (20 — 1) (21 — 3)!!
-T [(1 - :EQ)Z%IxYlm] :
22: If [ > |m|, then define

Nl,m l—m+1

Sla-zY™ = T |aY,]
[a Tr ] N(l+1)7m 2 +1 [CL lJrl}
Nl m [ +m
: T |aY]™] .
Nty 20+ 1 [a¥%4]
23: If [ = |m/|, then define
m Nl,m l—m +1 m
Sla-zY™| = T [aY]] .

Nayym 20+1

24: If | > —m + 2, then define

T|(1-2%)y"]

:(l —m+ 1) —m+ Q)Nz,mT [(1 _ xg)sq/zYETl—l]
(20 + 1) N1y, (m—-1)
(l+m—1)(l+m)Nlm 2\vs—1 _
. 5 T 1 _ .’L‘ S /ZYTTL 1 .
(2 + D N1, (m-1) L ) =
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25: If l=—m+1orl=—m, then define

T\ -2y
l=m+1)(—m+2)N.n

— T 1 - x2 571/2ym71 )
(2L + 1) Ng41),(m-1) L ) e

In order to implement this algorithm, it is important to use a conditioned
replacement rule that makes it faster. This means that the algorithm itself re-
members cases that it has computed already so that it will stop once it hits a

known target.

5.2.4 Step B: Derivation of the bifurcation equation

Having found an explicit expression for 0(u, A) in Section 5.2.2, we are now in the
position to plug this expression into (5.3a) which finally gives us an approximation

of the bifurcation equation up to fourth order

N ~

fu,A) == PR(u+0v(u, \), \).

Remark 5.7. One can show that the bifurcation equation corresponding to the

Onsager free-energy functional is smooth, see Lemma 5.4.

Remark 5.8. In fact, we used a fourth order Taylor approximation of the Euler-
Lagrange operator and a Taylor approximation of v(u, ) up to a joint fourth
order in both variables. Thus, we obtained an approzimation of the bifurcation

equation of at least fourth order. More precisely, the bifurcation equation f =
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A

R(u+ v(u, A),\) = 0 is approzimated based on the following expansions of v and

R

WE

(2

v(u, A) = o(u, A) + O ( IIUI|%2<52>I>\I5_i>

Il
QU =

i=1
The following calculation shows that f agrees with f up to fourth order

f=R(u+v(u,\),\)

5
=R(u+v(u,A),A) + 0 (Z [lu+v(u, A)||%2(52>|>\|5_i>

i=1

6
1=1
5 . .
+0 <Z ||u||ZH2(SQ)|/\|5_z>
i=1
A 5 . .
fu, A) =f(u, A) + O (Z ||¢H;Iz(82)|)"5_l> :
i=1

The bifurcation equation can also be written as an expansion in spherical

harmonics of degree [ = 2, and therefore admits the form

2
FuNp) = " fulu, NY3"(p). (5.13)

m=—2
The solutions of this equation are equivariantly equivalent to the solutions of

the Euler-Lagrange equation of the Onsager free-energy functional in (1.2). In

112



Chapter 5. Bifurcations of the Onsager free-energy functional

order to find the zeroes of (5.13), each of the coefficients ﬁ for =2 <1 < 2
needs to be zero. Therefore we seek the solutions to a system of five polynomials,
each depending on the six variables u_o, u_1, ug, u1, us and A reducing the infinite-
dimensional state space H?(S?) to the ten-dimensional one i.e. C°.

However, we are only interested in real solutions to this equation, so we can
reduce the dimension further by restricting the equation onto the space of real
spherical harmonics with real coefficients. In particular, the real spherical har-

monics are defined as

SV = (=0)mYT)ifm <0
Yim =Y ifm=0-
kiaﬁﬂ”+(—wmﬁm> it m>0

Thus, if the function u(p) in (5.9) is real-valued, its coefficients

u = (u—27 U—_1,Up, U1, u?)

can be written as

% 1
75 0 0 0 75 a_o
% 1
0 75 0 75 0 a_1
u=T@:=| 0 0 1 0 0 ao (5.14)
% 1
0 75 0 —75 0 aq
[ 1
—75 0 0 0 75 a9
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where T : R® — C5 for some a := (a_s,...,as) € R®. Using this transformation,
we define the following real version of the bifurcation equation which corresponds

to the set of real spherical harmonics {Y2,, : =2 < m < 2}

freal(ay )\) = Tflf(Ta, )\)

Equivalently, we will use the expression

freat(a, \) := T f(Ta, \) (5.15)

in order to denote its approximation up to fourth order. Due to its complic-
ated form, we will not state the bifurcation equation in terms of real spherical

harmonics explicitly in this section. Instead it can be found in Appendix B.
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CHAPTER 6

SOLUTIONS OF THE BIFURCATION EQUATION
OF THE ONSAGER FREE-ENERGY
FUNCTIONAL

The most common approach to investigate the local structure of a system of
polynomial equations at a given solution point is to use its Groebner basis. A
Groebner basis is the generating set of an ideal in a polynomial ring over a field
K[z, x9,...,2,]. The advantage of this method is that it can be used in order
to find the dimensionality of the solution set at a given point. However, due to
the lengthy form of the bifurcation equation in (5.15), this method is not directly
applicable. Instead, we make use of the symmetries of our problem in order
to reduce its dimensionality. In particular we consider the Onsager free-energy
functional with a rotationally symmetric intermolecular two-body potential. This
means that if we can find a rotation that maps one solution of the bifurcation
Equation (5.15) onto another, we can consider the two solutions to be equivalent.
This chapter is organised as follows. In Section 6.1 we will describe the symmetry
properties inherent to the problem in terms of a group action acting on the state

space of the bifurcation equation. We will then find invariant polynomials that
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separate the orbits of this group action and we will reduce the dimension of the
state space of the bifurcation equation in Section 6.2. Finally, we derive non-

degeneracy conditions which guarantee the existence of solutions in Section 6.3.

6.1 The symmetry properties of the bifurcation
equation

In order to represent an arbitrary rotation matrix R(¢gr,¥r,0r) with respect
to the Euler angles ¢gr,1¥r and 6g, we use the so-called y-convention. In this

convention, a rotation R(pg, ¥r,0g) is given by the product
R(@Ruw}% GR) = Rz : Rx : Ry

where the first rotation is by an angle ¢ around the z-axis, the second rotation is
by an angle fz around the y-axis and the third rotation is by an angle ¥z around

the z-axis. In particular, the three matrices are given by

1 0 0 —sin(pr) cos(epr) O
Ry =1 0 cos(0r) sin(fr) | By=1] —cos(pr) —sin(er) 0 |
0 —sin(fr) cos(Og) 0 0 1

sin(yg) —cos(vr) 0
R, = cos(vgr) sin(¢r) 0
0 0 1
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In contrast to the rotation of points in the state space, the rotation of a function
u(p) written in terms of complex spherical harmonics of order [ = 2 corresponds to
a linear transformation of its coefficients u = (u_s, ..., us). This transformation
is given by the 5 x5 Wigner matrix D(¢gr, Vg, Or) for complex spherical harmonics

of degree [ = 2 which is given by

d21 d22 d23 d24 d25
D(ér, VR, 0r) = | dy1 dsp dsz daa das (6.1)
d41 d42 d43 d44 d45

with
dyy = e %9n=2n cogt (98
iy = 267t cos? () sin (%),
diy = VBe o cos? (%) sin? (%)
dia = 2en20n cos (%) sin’ (%),
dis = e2Wr—2i0R gind (%R) :
o = =2eionon cost () s ()
dyy = e7"R"WR cos? (1) (2cos(fr) — 1),

dos = 2e*VRTIOR cog (%R) sin® (%R) :
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dyi = Ve ?¥r cos” (%) sin® (%),

Ay — _\/—e Wr cos (%) cos(fg) sin (%),
dss = (5 cos*(0r) — 3)

dss = V/6ei¥r cos (%) cos(0r) sin (%),
dzs = V/BeVn cos” (%) sin® (%)

dy = —2€"R7n cos () sin® ()

dyp = e"‘ﬁR*in(Z cos(fgr) + 1) sin (9 ) )

dys = —v/6er cos (%) cos(fg) sin %) ,
dyy = ert¥r cos? (42 (2cos(fR) — 1),
dys = 2ePrF2VR cogd (21 sin (92)

ds1 e2iPrR—20R gipt (92 ) ,

dsy = —2e¥PR=WR cog (%R) sin® (%R) ,

dsy = V/6e9n cos” (%) sin® (%),

dsy = —2e%PrTVr cog3 (%R) sin (%) ,

dss = e2on+2ibn cogt (22

where ¢g, ¥r and 0 denote the Euler angles corresponding to a rotation.

In particular, this relationship is formulated as
2
(Z U Y ) (¢r, ¥R, 0r) - p) = <Z (D(¢R,¢R,9R)U)myzm> (p) (62)

m=—2 m=-—2

for all p € S? [?]. If we are given two vectors a, b € R® each representing the five
coefficients of a real-valued solution written in terms of real spherical harmonics,

then we say that a ~ b if and only if there exists a triple of rotation angles
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(¢Rr, YR, 0r) such that

M(@R, YR, 9R)a = TﬁlD(SﬂR, YR, 9R) -Ta=Db (6.3)

where T denotes the transformation onto the real spherical harmonics given in
(5.14). In other words, M is the real version corresponding to the complex Wigner
matrix D(pg,¥g,0g) given in (6.1). The explicit form of the representation of

the group action of SO(3) acting on R® is given by

My, My Mz My Mg
My Moy Moz Moy Mg
M(¢r,Yr,0r) = | My My Mss Msy Mss (6.4)
My My Myz Myy My

My = cos(0r) cos(2¢g) cos(2¢r) — ;(cos(20r) + 3) sin(2¢r) sin(2¢r),
Mz = sin(0g)(cos(0r) sin(2¢r) sin(¢r) — cos(2¢r) cos(dr)),

My = —V/3sin?(0) sin(yr) cos(¢r),

My = sin(0r)(cos(0r) sin(2¢r) cos(Pr) + cos(2¢r) sin(¢r)),

Mis = —cos(0r) cos(2¢r) sin(20r) — ;(cos(20r) + 3) sin(2¢g) cos(2¢r),
Mz = sin(0g)(cos(vr) cos(20r) — 2 cos(0r) sin(vr) sin(¢r) cos(¢r)),
May = cos(0r) cos(vr) cos(¢r) — cos(20g) sin(vr) sin(¢r),
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My = V/3sin(6r) cos(0r) sin(tn),
May = —cos() cos(vr) sin(¢r) — cos(20r) sin(¢r) cos(dr),
Mys = sin(0r)(— cos(¢r)) sin(2¢r) — 3 sin(20r) sin(¢r) cos(2¢r),
Mgy = /3sin®(0r) sin(¢r) cos(dr),
Msy = /3sin(0r) cos(fr) sin(¢r),
M;; = 1(3cos(20g) + 1),
Mz, = +/3sin(fz) cos(0g) cos(dr),
Mz = 3v/3sin*(0r) cos(20r),
My = sin(0r)(cos(0r) cos(¢r) sin(2¢r) + sin(yr) cos(20r)),
My = cos(20p) cos(Vr) sin(¢r) + cos(0r) sin(vr) cos(¢r),
My = —/3sin(0n) cos(0r) cos(tin)
My = cos(20g) cos(¥r) cos(¢r) — cos(Or) sin(¢r) sin(or),
3 8i0(20) cos(Yr) cos(20r) — sin(fg) sin(vg) sin(2¢r),
Msi = 1(cos(20r) + 3) cos(2¢r) sin(2¢r) + cos(0r) sin(2¢'r) cos(2¢r),
Msy = —3sin(20g) cos(2¢g) sin(¢r) — sin(0r) sin(2¢r) cos(dr),
Mss = 5V3sin*(0r) cos(2¢r),
Msy = sin(0g) sin(2yr) sin(¢r) — 5 sin(20) cos(2¢r) cos(¢r),
Mss = §(cos(20g) + 3) cos(2¢g) cos(2¢r) — cos(Or) sin(2¢r) sin(2¢r).

Having introduced these concepts, we are now in the position to establish

symmetry properties of our bifurcation equation.

Proposition 6.1. The bifurcation equation freal s equivariant with respect to

the Wigner matrices M(pgr, Vg, 0r), which means that for all M (¢g,Yr,0r) and
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every a € R?,

freal(M(SORa wRa eR)aa )‘) = M(SDR> wRa eR)freal(a> )\)

Proof. Let R(pg,¥r,0r) be the rotation matrix with associated Wigner matrix
M (R, ¥R, 0r). For ease of notation, we drop the dependence of R on the Euler
angles pg, g and 0. Defining Ro(p) := ¢(Rp), we see that

E(R¢, \) =A¢(Rp) —

/82 k(p- q) exp(—¢(Rq)) dq

Z(Ro)
NBD) o L ) ep(oAg) da
=\¢(Rp) — o exp(iqﬁ(s)) P /SQk(p-RtQ) exp(—¢(q)) dg
=\p(Rp) — L eXp(iqb(S)) 7 /SQk(Rp-CJ)eXp(—Mq)) dq
—RE(¢, \).

Hence the operator E is equivariant with respect to the Wigner matrices. By

definition, see Section 5.2.2,

fi=PR(u+v(u,\),\)

where R denotes the non-linear part of £ and is therefore also equivariant. The
projection P maps all terms onto the spherical harmonics of degree | = 2 and
therefore also preserves the equivariance as well as the approximation of the equa-

tion up to fourth order. The restriction to the subspace of real solutions is also
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a linear transformation and therefore we can deduce that frea1 is equivariant with

respect to the Wigner matrices M (¢g, Vg, Or). H

Knowing that f is in fact equivariant with respect to rotations, we can restrict
our attention to one representative of each class of solutions that can be turned
into each other by a rotation. In other words we are interested in the orbit space
that corresponds to the action of SO(3) on the space R®. To illustrate this idea,
consider the example of SO(2) acting on R?. The orbit space in this case can then

be taken to be the non-negative part of the x-axis and is therefore one-dimensional.

6.2 Reducing the dimension of the orbit space of
SO(3) acting on R®

The aim of this section is to show that the orbit space of SO(3) acting on R® can
in fact be reduced to two dimensions. In particular, using invariant theory for

groups, we can prove that the space
S :={(0,0,2,0,y)|x,y € R} (6.5)

contains at least one representative of every orbit.

One can show that the generators of the ring of G-invariant polynomials for
any compact Lie-group G separate the orbits; thus for any two distinct orbits
I' and I", there exists at least one of the generators taking different values on

[ and T” [?, Appendix C]. In the case of the group action given in (6.3) there
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exist two invariant polynomials I; and I5 generating the ring. The fact that these

generators separate the orbits can be reformulated as follows. If

(Ii(a), Ir(a)) = (11(b), I(b)),

then there exist rotation angles pg, g and g such that M (g, ¥g,0r)a = b and
hence a ~ b. This allows us to check that S contains at least one representative

for every orbit by verifying that

{Ii(a),r(a) |a€ R*} = {I;(a),r(a) |a € S}. (6.6)

In other words, we show that the state space can in fact be reduced to two
dimensions.

In [?] Wachsmuth achieves a similar two-dimensional reduction by the interesting
device of considering the set of homogeneous polynomials restricted to the sphere,
which is an equivalent description of the set of spherical harmonics. A more
detailed account can be found in Appendix C.

This section is structured as follows. In Section 6.2.1 we find an isomorphic
representation of the group action, called the Cartan representation, and we derive
an explicit way to separate its orbits. Using the isomorphism between the Cartan
representation and the group action given in (6.3), which is based on the Wigner
matrix, see (6.9), we obtain similar expressions for the invariant polynomials with
respect to the group action in (6.3). We conclude this section by proving that the

reduced state space S contains a representative of every orbit, see Section 6.2.2.
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6.2.1 The separation of orbits of the group action SO(3)
acting on R’

There exists a unique irreducible representation of the group action of SO(3)
acting on R® [?]. Since both the complex and real representation based on the
Wigner matrix given in (6.1) and (6.4) are irreducible, the real representation is
isomorphic to any other irreducible representation of SO(3) acting on the five-
dimensional real space. One of these isomorphic representations is called the
Cartan representation.

The Cartan representation can be expressed as
p:SO(3) x su(3)/s0(3), (S, X +50(3)) = SXS™! 4 50(3)

where su(3) and so(3) denote the Lie-algebras associated with the Lie groups
SU(3) and SO(3), respectively. The representation above then arises as the ad-
joint representation of so(3) [?]. In this setting the matrix X € su(3)/so(3) is
a traceless skew-Hermitian matrix, that is X* = —X. In particular, if we write
X =U+1V, with U and V both being real 3 x 3 matrices, then we can make the
following observation

X =U"+ (V) =U"—iV"

Thus, in order for X to be skew-Hermitian, U needs to be a traceless skew-

symmetric matrix, thus U € so0(3), and V' needs to be traceless and symmetric.
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It follows that

su(3)/s0(3) = {X +s0(3)|X € su(3)}

= {iV +s50(3)|tr(V) =0 and V' = V}.

The following set of matrices is a basis for this space

1 0 0 00 O 010
E—{€1— 0 0 O , €2 = 01 O , €3 = 1 0 0 |,
00 —1 00 -1 000
(6.7)
0 0 1 0 0O

€4 = 0O 0 0 |.e= 0 0

—_
—

e}

1 00 01

Thus, any element in su(3)/s0(3) can be written as a linear combination of these

matrices, that is for any X € su(3)/s0(3) there exist (z1,...,z5) such that

5
X = E T5€E,.
n=1

In particular, we say that any two elements X and Y € su(3)/s0(3) are equivalent,
and thus are elements of the same orbit, if there exists a matrix S(¢g, ¥r,0r) €

SO(3) such that

5
(pRa wR7 eR (Z $n€n> QpRa wRa eR Z Yn€n
n=1
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where x := (z1,...,25) and y := (y1,...,ys) correspond to X and Y, respectively.
Similarly, this relationship can also be represented by a 5 x 5 matrix mapping of

x onto y. In particular, x ~ y if and only if there exist pg, g and O such that

Mo (¢r, YR, 0r)x =y

where
Cyy Cia Cig Ciy Cs
Cy1 Cyp Chy Oy Oy
MC(¢R: wRa QR) = 031 032 033 034 035 (6‘8)
Cy Cy Cyg Cu Cys
C'51 052 C’53 C54 CSE)
with

Ci = 7§ (—4cos’(¢r) cos*(¢g) sin®(Or) + (cos(20r) + 2 cos(2¢r) — 1) cos(2¢g))
+2 cos(0r)(cos(0r) — 4 cos(¢r) cos(Yr) sin(or) sin(Yr)),

Ciy = 2cos(fr) cos(r) sin(¢r) sin(¢r) cos(¢r) + cos(20) cos*(Pr) sin(dr)
+ (sin®(¢r) — cos®(¢Yr) sin®(0r)) cos*(¢r),

Cis = 1 ((cos(20r) + 3) cos(2¢r) — 2sin*(0r)) sin(2¢p)
+ cos(0r) cos(2¢r) sin(2¢r),

Cia = 2cos(Yp) sin(0r)(sin(¢r) sin(yr) — cos(0r) cos(dr) cos(Vr)),

Cis = —2cos(yr)sin(0r)(cos(0r) cos(Vr) sin(¢r) + cos(¢r) sin(¢r)),

Co1 = cos?(¢p) sin®(Or) sin®(¢r) + 5 cos(fr) sin(2¢r) sin(2¢r)
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+1 (cos(20R) + cos(2¢r) (sin?(Or) — cos®(Or) cos(20r))) ,
Coyy = — cos(¢r) cos(¢r) sin(¢r) sin(Yr) cos®(0r)
+1(cos(26r) cos(2ur) + 1) cos?(0)
+1(cos(20r) — 3) sin(265) sin (205) cos(0g)
+sin’(r) (cos®(9r) cos(20r) — sin®(¢r) sin®(¢Yr)) ,
Chs = —2cos(¢r) cos* (V) sin(¢r) sin®(r)
— cos(0) (cos(0r) cos(20x) sin(265) + cos(265) sin(2r)),
Cos = —2sin(0r) sin(Yr)(cos(vr) sin(gr) + cos(0r) cos(or) sin(vr)),
Cos = 2sin(0r)sin(¢r)(cos(Pr) cos(r) — cos(0r) sin(dr) sin(vr)),
Gy = (= 4cos(Br) cos(2un) sin(265)
— ((cos(265) +3) cos(20x) — 6 sin*(0)) sin(245) ),
Cop = 4(4cos(0r) cos(2un) sin(26n)
+ (65in%(0r) -+ (cos(20r) -+ 3) cos(26n)) sin(2¢r) ).
Cas = cos(0n) cos(26n) cos(2r) — (cos(20r) + 3) sin(26p) sin(20),
Csq = sin(0r)(cos(2¢r) sin(dr) + cos(fr) cos(dr) sin(2¢r)),
Cas = sin(0) (cos(0) sin(65) sin(2ue) — cos(n) cos(20n)),
Civ = Lsin(0)(cos(0r) (cos(26r) + 3) cos(tr) — 2cos(dr) sin(ér) sin(tn)),
Cip = 5sin(0r)(sin(2¢r) sin(Yr) — cos(0r)(cos(2¢r) — 3) cos(¢Vr)),
Cis = sin(0r) (cos(6r) cos(tbr) sin(26x) + cos(26x) sin(vn)),
Cus = cos(20p) cos(6r) cos(r) — cos(0x) sin(6r) sin(tir),
Cis = cos(265) cos(¥r) sin(gr) + cos(0x) cos(r) sin(ur),
Csi = —Lsin(0n)(cos(tr) sin(20) + cos(0) (cos(26x) + 3) sin(tix)).
Csy = §sin(0r)(cos(vr) sin(26r) + cos(0r)(cos(20r) — 3) sin(¢r)),
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Cs3 = sin(0r)(cos(2¢r) cos(r) — 2 cos(fr) cos(dr) sin(pr) sin(vg)),
Csy = —cos(0g) cos(tg) sin(pr) — cos(20r) cos(pr) sin(¢g),
Css = cos(0r) cos(pr) cos(g) — cos(20g) sin(pr) sin(vg).

The following lemma shows that the Cartan representation and the representation
based on the Wigner rotation matrix for real spherical harmonics in (6.4) are in

fact isomorphic to each other.

Lemma 6.2. An isomorphism between the two representations of the group action

s given by

1
0 0 -5 0 1
1
0 0 -7 0 -1
=110 0 0 0 (6.9)
00 0 1 0
0 1 0 O
In particular Mc = @M O,
Proof. Omitted. m

Having established an equivalence relation that describes the orbits in the case
of the Cartan representation, we are now in the position to describe its orbit space.
We recall that for any two real symmetric matrices X and Y, there exists a

matrix S € SO(3) such that
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SXS =Y, (6.10)

if and only if the characteristic polynomials of X and Y agree, that is x(X) =
x(Y).

We deduce that the orbits described by the Cartan representation are separ-
ated by the coefficients of the characteristic polynomials of the corresponding mat-
rix. In particular, the characteristic polynomial x(X) of a matrix X € su(3)/so(3)

written in terms of the basis E in (6.7) is given by

X(X)(k) = — k® + k (2] + z120 + 25 + 23 + 25 + 22)

2 2 2 2 2 2
— T{Ty — T1X5 + T1T5 — T1X5 + ToT5 — TaXy + 2T3%4T5.

Thus, the two invariant polynomials for the group action written in terms of the

Cartan representation are

2 2., .2 .2 2
Icy =27 + 2129 + 25 + 25 + x5 + x5 and

2 2 2 2 2 2
Ioo := — 21w9 — 2125 + 2175 — T105 + Toxy — ToTy + 2T3745.

In particular, both of these polynomials satisfy the relationship

Ic;(Mc(or, ¥R, 0r)%x) = Icj(x)

for j = 1,2, respectively, and for all (¢gr, Vg, 0r) € [0,7)% x [0, 27).

Using the explicit isomorphism in Lemma 6.2, the invariant polynomials that
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correspond to the group representation based on the Wigner rotation matrix in

(6.4) are given by

2., .2 .2, 2 2
I =27 + x5 + x5 + x5 + x; and

22213 x2xs3 2x3 T3 w5l
I = =20 4 ogmomy + 22 — 2l + 2 4 1 S+ a2z
2 \/§ 14244 \/g 245 3\/3 \/g \/— 445

In order to follow the programme outlined at the beginning of this section, it
would now only be left to show that I; and I, are generators of the ring of invari-
ant polynomials. However, in this case, we already know that both polynomials

separate the orbits by using the explicit isomorphism and the fact stated in (6.10).

6.2.2 Reduction to a two-dimensional orbit space

Having found the fundamental invariants corresponding to the group action of
SO(3) acting on R®, we have an explicit description of all orbits as each orbit
corresponds to exactly one constant value in the image of the two invariants. In

order to reduce the state space to S, we need to verify that

{L(a), (a) |a € R%} = {I,(a), [(a) | a € S} (6.6)

In particular, we can express the left hand side and the right hand side as

{h(a), h(a)[a € R} = U{{rlz )} a€R® and I(a) = r}

130



Chapter 6. Solutions of the bifurcation equation of the Onsager functional

= r} X | min Iy(a), max Iy(a
Ut} x | i, Fa). s, @)
r= acR® acR®

and
{l(a),Iy(a) |ac S} = U {{r,Ix(a)} |a€ S and I,(a) =1}

= r} x | min Ily(a), max Ilr(a)|,
Ut} | i, @), o @)
r= acsS acsS

respectively. Moreover, we observe that {I;(a) = r} is a five-dimensional sphere
which is connected and compact. Rewriting the problem like this, we observe
that we are interested in the extrema of I, for points on the sphere with radius
r. Since the sphere is compact, we know that these extrema are attained and
an application of the intermediate value theorem gives us that I attains in fact
all values in between its extrema. Taking these arguments into account, the
verification of (6.6) has thus been reduced to checking that the extrema defining
the intervals agree for all » > (0. Because both invariant polynomials I; and I
are homogeneous, it actually suffices to verify this condition for the case r = 1.
Moreover, since —I(a) = I,(—a) and a € S? if and only if —a € S? it is enough to
prove the equality of the maxima. Hence, we only need to show that the following

relationship holds

I = I .
peiix bla) = max  Da)
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A direct calculation shows that in both cases

2
max [5(a) = max [»(a)

acRs acs - 3V3

if 1;(a) = 1, which thus proves the claim, and we conclude that the state space
can be reduced to the two-dimensional space S.

It follows that at least one point of each orbit is an element of the set S.
However, there might in fact be several points representing one orbit which are
elements of § which is why additional symmetry considerations might need to be

taken, see Section 6.3 for details.

6.3 Solving the reduced bifurcation equation

Having shown that the equivariant state space of the bifurcation equation can
in fact be restricted to the two-dimensional space S in (6.5), we are now in the
position to solve this reduced problem. We denote the reduced form of the real
bifurcation equation by f;ial which only depends on the two state variables ag and

as. Its approximation up to fourth order is given by

I:Zal Z realy, Yém( ) (611)

m=—2

with

S (an) =

real_o

real 1(& /\) = Aliall (a7 )‘) = O’
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18(A\ag + Na2ag) ~ V/5(4487(13 + 28007) + 577)ag
497 (1 + 327)2 V5795328(1 + 327)?
9 5 3, .2 VO 9 9
* (3136(1 + 32n) 1792) (6o + ay0) + (a0 — )
(2247 (5 + 2247) + 31)a2a? ~ (1792(1 — 1407)m — 89)as
572965888,/ (1 + 327)2  57219317764/7 (1 + 327)2

180hana? 1+ Aad) /2147 — 320m)7 — 1)asa}

FS L (a, ) =Aag +

realg

FS (A, ) =Aas +

real> 497 (1 + 327)2 25872(1 + 327)2
9 5 , .. G
* (3136(1 + 321) 1792) (azay +d3) = S5 azto

/2367 (17 + 22407) + 61)adaq
241472(1 1 327)?

In particular, we observe that this equation can also be rewritten up to third order

in a; for i € {0,2} and X as

S 9 9 ao CL% — a%
real(@ A) = (A + d(ag + a3)) +e (6.12)
a9 —2CL()CL2

where ¢ := Y57 and d := (

yoE . However, we need to find conditions

ensuring that we consider the equation up to a sufficiently high order to guarantee
that the characteristics of the bifurcation do not change. Such a problem is called
recognition problem and it will be presented both theoretically in Section 6.3.1 and

in the context of the two-dimensional bifurcation equation in (6.12), see Section

6.3.2.
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Chapter 6. Solutions of the bifurcation equation of the Onsager functional

6.3.1 The recognition problem in two dimensions

The aim of this section is to derive non-degeneracy conditions which ensure a
one-to-one correspondence between the solutions of the two-dimensional reduced
bifurcation equation and the algebraic equation of a simple form of lower order.
This problem is called recognition problem. In our presentation we follow [?,

Chapter 9.

A one-to-one correspondence between the sets of solutions of two functions
f(u,A\) =0 and g(u,\) =0 for u € R” and X\ € R exists if f and g are strongly

equivalent.

Definition 6.3. Two C*-functions f and g are strongly equivalent, denoted by
f ~ g if there exist S : R" x R — L(R™,R") and U : R" x R — R"™ such that

det S(u, \) >0,

U(0,0) =0, g—g(u, A) is positive definite

fa, A) = S(a, \)g(U(u, \), \).

However, often it is not straightforward to verify strong equivalence for partic-
ular cases. Instead, it is easier if the problem inherits certain symmetry properties
that can be taken into account. In the case of the reduced bifurcation equation

in (6.12), the problem is symmetric with respect to the group action of S3 acting
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Chapter 6. Solutions of the bifurcation equation of the Onsager functional

on the space R?. In particular, S; acts on any element u € R? by
gu=1u'forallie{l,... 6},
where g; are defined as

Sg :{gz €R2X2,i:1,...,6}

Moreover, it is easy to show that the group action is generated by the elements

1 0 1[-1 —=V3

g2 = and g4 = 3 . (6.13)
0 —1 V3 -1

Based on this representation of the group action of Ss acting on R?, we direct
our attention to the concept of Ss-invariance, S3-equivariance and S3-equivariant

equivalence.

Definition 6.4. A mapping h : R? — R is Ss-invariant if
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for all g € S3 and u € R2.

Definition 6.5. A mapping f : R? x R — R? is Ss-equivariant if

flgu,\) = gf(w,\) for all g € S and u € R?.

Definition 6.6. Two Ss-equivariant C*°-mappings f : R?> x R — R? and g :
R2 x R — R? are equivariantly equivalent, denoted by f ~ g, if there exist S :
R? x R — L(R?,R?) and U : R* x R — R? such that

det S(u, \) > 0,

U(0,0) =0, ?)_(1]1(11’ A) is positive definite

S(gu,\) = gS(u,\)g ', U(gu,\) = gU(u, \) for all g € Ss,u € R*> A € R

The aim of Section 6.3.2 will be to show that the reduced bifurcation equation
is in fact Ss-equivariant and equivariantly equivalent to its approximation up to
fourth order. In order to verify the equivariant equivalence, we use the following

concepts and results.

Theorem 6.7. [?, Theorem 1| Any smooth Ss-invariant mapping h can be rep-
resented as

h(w) = h(hi(w), ho(u))

where hi(u) := u? + u3 and hy(u) := u? — 3uyui.
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Theorem 6.8. Any Ss-equivariant mapping f : R?> x R — R? can be represented

by
Uy u? — ul
f(ll, /\) = CL(h1 (u)7 hQ(u)v /\) + b(hl (u>’ hQ(u)v )‘)
U9 —2U1U,2

with hy(u) = u? + u3 and hy(u) = u$ — 3uyu3.

Based on these results, we are now in the position to state the following pro-

position which yields the existence of a normal form under appropriate conditions.

Proposition 6.9. Let f : R2 x R — R? be of the form given in Theorem 6.8.

Then
u u? — u?
faN~ex| |+
Usy —2u1Us
for € :=sgn (%) if and only if
da
a(0,0,0) = 0,6(0,0,0) # 0 and 8_/\<O’O’O> £ 0.

6.3.2 Existence of a transcritical bifurcation of the Onsager
free-energy functional up to equivariance

The aim of this section is to find non-degeneracy conditions that allow us to

reduce the problem of solving the bifurcation equation in (5.15) to an algebraic

equation of a simple form and lower order. In particular, we show that freal is

Ss-equivariantly equivalent to a mapping G : R? x R — R? by using the symmetry

properties of frear.
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In order to prove that fiea is S3-equivariant, it is sufficient to show that it is
equivariant with respect to the generators g, and g4 of the group action, see (6.13).
This in turn is a consequence of Proposition 6.1. Notice that for two particular
choices of Euler angles we have the following two Wigner matrices
1 0 0 0 O
0O 0 0 -1 0
Ry = R(3mm) = 00 1 0 0

e}

-1 0 0 O

0 0 0 0 -1

and
0 0 -1 0
10 0 0 0
Ry = R(5m—3) = | 0 0 -5 0 —F
0 1 0 O 0
00 ¥ o -1
Both linear maps leave the subspace S = {(0,0, z,0,y)|z,y € R} invariant. Merely

viewed on the space S, they correspond to the two elements that generate Sj.
Hence we conclude that f,.. is Sz-equivariant and we know from Theorem 6.8

that it can therefore be written as

Uy u? — u3
Jreat(w, ) = a(hy(u), ha(u), \) + b(hy(u), ho(u), A)
U9 —2U1UQ

Moreover, we can further deduce from Proposition 6.9 that it reduces to the
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normal form

u u? — u?
€A ' + ! 2
U9 —2U1U2
with € := sgn (4%) if and only if
da
a(0,0,0) = 0,5(0,0,0) # 0 and =2(0,0,0) # 0.

Since it is not trivial to find the explicit form of the coefficients a(-, -) and b(-, ), it
is not straightforward to verify that these conditions hold in case of the bifurcation

equation in (5.15).

rS

However, this is sufficient in the case of the reduced bifurcation equation f,,

in (6.12) because the first two derivatives of f5, and f5 agree. In this case the

rea.

coefficients are given by

0 — (ag + a3)
3136(1 +327) 1792 ~° 2

a(hi(a), he(a), \) = A + (

b(hy(a), ha(a), \) = g

Recall that Remark 5.8 shows that freal is a fourth order approximation to frear.
In A;Seal we have dropped the fourth order terms so that it agrees with fs up to
third order and therefore also verifies the non-degeneracy condition.

Thus, we see that all three non-degeneracy conditions in Proposition 6.9 hold

and we can conclude that there exists a one-to-one correspondence between the
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Chapter 6. Solutions of the bifurcation equation of the Onsager functional

set of solutions of f$,; in (6.12) and

(&)

ao at — a3

a9 — 2@0&2

The set of solutions of G can easily be computed. It is given by the trivial solution

Qo
= and the three branches

However, looking at the rotational symmetries of these three branches, we see
that they in fact coincide after an application of a rotation. Thus, the solutions
corresponding to all three branches are equivalent which proves the existence of
a simple linear branch and thus the existence of a unique transcritical bifurcation
up to rotations. This result has been summarised in Theorem 1.2.

Finally, let us mention that by using the same methods presented above and
in Section 6.2, one is faced with a similar dimension reduction and a similar

recognition problem which can be solved on a case to case basis.
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CHAPTER 7

OTHER PROPERTIES OF THE BIFURCATION
DIAGRAM

We complete our bifurcation analysis of the Onsager model by proving other prop-
erties of the local and global bifurcation diagram. We mainly focus on general
interaction kernels satisfying Assumption 1.3 or we work with the Onsager interac-
tion potential in particular. First of all, we prove local uniaxiality of all solutions
corresponding to the transcritical bifurcation from the isotropic state, see Section
7.1. Using the boundedness of all minimisers of the free-energy functional (see
Lemma 3.3), we show that the free-energy functional is in fact strictly convex for
high temperatures and that its trivial solution, py = % is the unique global solu-
tion. In Section 7.2 we prove that the trivial solution is a local minimiser for high
temperatures and that it is not a local minimiser for low temperatures. Finally, we
focus again on the Onsager interaction potential and we show in Section 7.5 that
any bifurcation branch either meets infinity or that it meets another bifurcation
branch, thus, proving that all bifurcation branches are continuous and do not end

suddenly.
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7.1 Uniaxiality of solutions

Recall that the Euler-Lagrange operator corresponding to the Onsager free-energy

functional is given by

1

E(p, ) == Ap(p) — 709)

[ Ko @) exp(-6(a)) da (see 1.2

Now, we restrict our attention to the uniaxial solutions of this problem which
means that we assume that any solution py : L'(S?) is axially symmetric with
respect to the z-axis. Thus, writing p in terms of spherical coordinates 6 € [0, 7)
and ¢ € [0,27) (see Section 4.2.1 for details), we assume that it only depends on

0 and is independent of ¢. In this case, where

2 ™
/ dp:/ dgo/ sin 6 df,
NG 0 0

the Onsager free-energy functional in (1.2) restricted to the set of axially sym-

metric probability densities can be rewritten as

Fao(ps) =2 /07T ps(0p) In(ps(0,)) sin 0, do,

1 . .
+ 2 ) K (0p; 0p, 04, 04)ps(04) ps(0p) sin 0, sin 6y df,dbydippdipg

for A :=[0,7] x [0,27]. The Euler-Lagrange equation corresponding to this re-

stricted problem does not differ from the one of the full problem. The reason is
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that the FEuler-Lagrange equation is derived by computing

d
&FS(pS + €Zs, )\)

:/ z(6,) [)\ In ps(6,) + /AK(GP, ©p, Oq, Pq)ps(8,) sinb, db,dy, | sin b, db,
0

e=0

where z, : [0,7) = R such that [ z,(6,)sin6,df, = 0. In particular, the term

within the square brackets does not depend on the variable ¢,.

Lemma 7.1. The expression

i 27
/9 / K(0,, 0p,04,04)p(0,)sinb, db,dp,
©

0=0 J 9g=0
is independend of p,,.

Proof. Let R, be a rotation around the z-axis. Using the rotational invariance of

the interaction kernel k(p - q), we see that

[ KB g esp(-o(a) da = [ ko R exp(-o(0) da

2

k(p-q) exp(—¢(R.q)) dq

I
o g

[¥]

k(p - q) exp(—o(q)) dg.

Thus, the expression is invariant with respect to rotations around the z-axis and

therefore independent of the variable ¢,,. m

This allows us to apply the fundamental lemma of the calculus of variations
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with respect to the variable 6, and this gives us the Euler-Lagrange equation

An pg(6,) + / K(8,, 0p,04,04)ps(8,) sinb, db,dp, = —\1In Z,
A

where

1 27
Z, = / exp (_X K (6,, 0,04, 04)ps(0,) sinb, dﬁngoq> sind, do,dp,
A A

as before. Introducing the thermodynamic potential ¢, : S* — R as

1 .
¢s(0p) = i /A K (0, 0p, 04, 04) ps(04) sin by dfydipg,

it follows that p,(6,) = Z; ' exp(—¢4(6,)) and we can rewrite the Euler-Lagrange

equation as

1 .
Aps(6,) — 7 . K(8,,0p,0,,0,) exp(—¢s(0,)) db,sinb,dp, = 0.

Thus, we conclude that the Euler-Lagrange operator for uniaxial probability dis-

tributions is equivalently given by

1
Ey(¢,A) = )‘Qbs(ep) 7 - K(epa ©ps g 9011) eXp(_Cbs(Hq)) sin 0,d0,d,. (7.1)

A well-known concept that establishes a relationship between the symmetric solu-
tions of a minimisation problem and the symmetrised problem is the principle of

symmetric criticality [?]|. It states that each critical point of the symmetric prob-
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lem is a symmetric critical point of the general problem. In the above setting,
this principle can be verified explicitly. Since the Euler-Lagrange operators F; in
(7.1) and F in (4.2) have exactly the same form, we can consider the correspond-
ing Lyapunov-Schmidt decompositions for the general and the symmetric problem
simultaneously. In particular, we split ¢ = v 4+ v and ¢, = us + v, respectively.

The first step consists in solving

(1-P)E(u+v,\) =0 and

(1 - P)Es(us +v5,A) =0

for v in terms of u and v, in terms of uy, respectively. Taking the derivative with
respect to v and v, respectively, we see that we can use the implicit function
theorem in order to solve uniquely for v, and v. Because E(us+ vs, \) = E,(us +

vs, A), it follows that

v(us) = vs(us)

is axially symmetric. Therefore, solving the bifurcation equation of the full prob-
lem with a_s = a_; = a; = as = 0 yields all uniaxial solutions. In particular, this

equation is given by

188 /2 (4487 (13 + 28007) + 577)a
= 70 L)
10r(1+32m) 0T 5795328(1 + 327)2

9 5\ 5 1 ,
- —\/5ra2.
- (3136(1 + 32m) 1792) G gV

fs<a0a )\>

This is now a bifurcation problem with a one-dimensional state variable and
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we say that it undergoes a transcritical bifurcation at (0,0) if (0,0) is a non-

hyperbolic fixed point, that is

of
— d _— e
f(0,0) =0 an D (0,0) =0,
and if the non-degeneracy conditions
af 0 f 0 f
it — ) d =<
a)\ (O’ 0) 07 aaoaA (O’O) 7£ O an aa[Q) (070) ?é 0

hold (these conditions can be found in [?, (3.1.65)-(3.1.68)]). It is easy to see
that all of these conditions hold for fs(ap, A) and we may therefore deduce that a
transcritical bifurcation occurs. Since we do have a unique transcritical solution
in the case of the full problem and the symmetric problem, we conclude that these

are the same. Therefore we proved the following statement.

Theorem 7.2. All solutions of the Onsager free-energy functional are uniaxial in
a neighbourhood of the trivial solution (¢, A) = (0, A2).
7.2 Local properties of the trivial solution pj = ﬁ

We concentrate on proving conditions which ensure when the trivial solution is a

local minimum and when it is not.

Proposition 7.3. Let U be an interaction operator that diagonalises over the set
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of spherical harmonics, that is

UY") =
Let pine = infy py, then for all A > —% the trivial solution py = ﬁ s a local
minimum. Moreover, for all 0 < A\ < —E2t the trivial solution py = ﬁ s not a

local minimum.

Proof. The second derivative of the Onsager free-energy functional in (1.2) at

p € H?(S?) is given by

2

1(:,0) = DEF(p) = o

F(p+ez)

e=0

_ z(p)? N alo)s
\ / D+ / - 0):(0)+(0) dodg (7.2)

with z € H? (S?) such that [, z(p) dp = 0. In particular, we may write

2p)=>_ Y wnY"(p)

=0 m=—1

and taking into account that z integrates to zero, we may without loss of generality

1

assume that ap = 0. On this basis, we can rewrite the second derivative at p = ;-

as
00

s [ (5 5 o)

=1 m=—1
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LS 10 0) 3 o i

=1 m=—1 =1 m=—1
:47r)\/ (Z Z amY) ) dp
=1 m=—1
o] l
/zzalmm DY Y w,
§? =1 m=—1 I=1 m=—1

Viewing the spherical harmonics as an orthonormal basis in L?(S?), it follows that

00 l 00 l
I(z,A) =4nAY ) am + D) pulam (7.3)

=1 m=—1 =1 m=—1

Hence the second derivative is positive, that is I(z,\) > 0 for all 0 # 2 € L*(S?),
if and only if 4\ > —p;,e. Thus, the trivial solution pq is a local minimiser of the

bifurcation equation for all

Hinf
A > — .
4

Moreover, we observe that the following holds

(o) =7 (1) + 7 (1) s+ 57 (1) 20 + o

e (417T> 451 + hot

If we choose z = sYy with s close enough to zero, then I(z(p),\) < 0. In fact, the
higher order terms are negligible and we see that p = ﬁ is not a local minimiser

for all A < — ”j‘rf O]

2

Remark 7.4. In the case of the Onsager interaction potential piin = p1o = —%
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by Theorem 4.12.

7.3 Existence of a unique solution for large values
of A

We prove that the Onsager free-energy functional is strictly convex in p for all
continuous interaction kernels and therefore that the isotropic state, represented

by the uniform distribution py = ﬁ, is the unique solution if X is big.

Theorem 7.5. Let k(-) be a continuous interaction potential and let A be given

such that the following inequality holds
8mM exp(16M/N) < A

for M :=max, ses2 k(p- q). Then the Onsager free-energy functional F is strictly
convex on the set of all probability densities p bounded by C* = exp(16M/N), see

Lemma 3.3.

Proof. We know from Lemma 3.3 that it is enough to consider the minimisation
problem among the set of probability densities p € L*(S?) which are bounded by
a constant C* = exp(16M /) where M denotes an upper bound on the kernel
k(p - q). The idea of the proof is now to demonstrate that the second derivative

of F is given by

A /S %) i /H kP - 0)2(p)=(9)
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see (7.2). Therefore an application of Jensen’s inequality and imposing the con-

dition that 87 M < \/C* yield

#(p) N alo)s
A/82 00) dp+/82xg2k(p q)z(p)z(q) dp dq

2
2/\/ <) dp—M47T/ 2(p)? dp
s2 p(p) 52
2(p) A
2/\/ dp — / 2(p)%dp
s> p(p) 20" Jg ®)
A
> 2
—20* SZ Z (p) dp7

proving that the Onsager functional is strictly convex. Rearranging this condi-
tion and plugging in the constant C* = exp(16M/)\) yields the above inequality
8mM exp(16M/N\) < A. O

In fact Theorem 7.5 proves that the Onsager free-energy functional is a strongly
convex functional for all probability densities p € S as its second derivative is
bounded away from zero by a factor which depends on the bifurcation parameter
A. Numerically, this value can be approximated by \* ~ 38.205 when M =1 (for

example in the case of the Onsager interaction potential).

Corollary 7.6. Let k(-) be a continuous interaction potential and let \* be chosen
such that 8t M exp(16 M /X)) < X. Then the uniform density py = ﬁ is the unique

solution to the Onsager free-energy functional for all A > \*.

Proof. The uniform density py = ﬁ is indeed a solution to the Euler-Lagrange
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equation for all A € R. By Corollary 3.4 and Theorem 7.5, the necessary optim-

ality condition is also sufficient [?, Theorem 5.2.4]. O

7.4 The Onsager free-energy functional is not con-
vex in general

One condition proving that the functional F(p, A) is convex is to show that its

second derivative is positive definite for all p € S?, see [?], that is

> F(p+ ez, \)
d?e

>0 Vzsuch that / z(p) dp = 0.

e=0 S2

In case of the Onsager free-energy functional, this condition reduces to

2(p)
)\/S2 00) dp + /SQXS2 k(p-q)z(p)z(q) dp dg >0 (7.4)

for all z € L'(S?) such that [, z(p) dp = 0. Since it is well-known that the
entropy term arising in the Onsager free-energy functional is convex, it would be
sufficient to prove that the interaction term is convex as well. However. this is
typically not the case.

We have seen in the previous section that the second derivative is not positive
definite if A <= —£=f following the arguments after Equation (7.3). In particular,
™

for the Onsager kernel the energy functional is not convex for A <= &%
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7.5 Continuity of all bifurcation branches

We conclude this section by showing that every bifurcation branch of the Euler-
Lagrange equation associated with the Onsager free-energy functional equipped
with the Onsager kernel is either unbounded and meets infinity or that it meets
another bifurcation branch.

The Euler-Lagrange equation in terms of the thermodynamic potential is given

by

E(¢, ) = \p(p) — % /82 k(p - q) exp(—¢(q)) dg,

which is of the form AId—T'. It can be shown that 7" is in fact a compact operator.

Lemma 7.7.

T(¢) = —— /2 k(p - q) exp(—¢(q))dq
S
is a compact operator from H*(S?) — H?(S?).
Proof. Similarly to the proofs of Lemma 4.2 and 4.3, we know that

1
176 |2y < =€l 1U |2y 5o | exp(=@) 126
1
< Ee“‘“'""||U||L2(s2)—>H3(S2) exp(|[¢]] o)
1

< E€CIH¢HH2<82)HUHLQ(SQ)%H?’(SQ) exp(Cal|@|]m2(s2))

<Oy exp(02||¢||H2(SQ))'
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The statement follows because H?(S?) is compactly embedded in H*(S?). O

It follows that the bifurcation problem can be rewritten as

1

and it is thus of the form of bifurcation problems considered by Rabinowitz [?].

Theorem 7.8. [?, Theorem 1.3| Let G : EXR — E be a compact and continuous

non-linear operator and consider the problem
u=G(u,\)
where uw € E and A € R. Moreover, let
G(u,\) = \Lu + H(u, \)

where H(u, \) is O(||u||) for u near the origin uniformly for bounded \ and let
L be a compact and linear map on E. If X is a real non-zero eigenvalue of L of
odd multiplicity, then the solution set {(u,\) | u = G(u, \)} possesses a mazimal

connected and closed subset C, such that (0,\) € C, and C,, either
1. meets infinity in E, or
2. meets (0, 5\) where \ # \ is a real non-zero etgenvalue of L.

In particular, Rabinowitz shows that any eigenvalue of odd multiplicity is a

bifurcation point and that any branch bifurcating from the trivial solution must
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either meet infinity or meet another bifurcation branch. In the case of the Onsager
free-energy functional with Onsager potential, all eigenvalues have multiplicity
s =2n+ 1 for n € N, thus we know that (0, \,) is not an isolated solution but
that it is instead a member of a non-trivial closed connected set described by

Theorem 7.8.
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CHAPTER 8

CONCLUSION

We presented a procedure to derive the eigenvalues of interaction operators of the

form

U(p)(p) = /S ., k(p-q)p(q) dg

depending on kernels that are both continuous and rotationally symmetric. First
of all we proved existence and boundedness from both below and above for all
minimisers of this functional. Moreover, we derived an explicit expression for the
eigenvalues of the Onsager free-energy functional involving the Onsager kernel.
Based on this result, we know from [?| that all eigenvalues are bifurcation points
and we proved that a transcritical bifurcation occurs at Ay = £ denoting the
largest of these eigenvalues. Moreover, we proved that the corresponding solution
is locally uniaxial. Globally, we showed that the trivial solution p = ﬁ is the
unique solution for high values of A. Finally, we verified that all bifurcation
branches from the isotropic state of the Onsager free-energy functional equipped

with the Onsager kernel either tend to infinity or meet another bifurcation branch.

In order to obtain a complete bifurcation diagram, it is left to show that no
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isolas occur, which means that we do not have any bifurcations that are isolated
from all other solutions to our problem at hand. Our approach is not at all limited

to the Onsager kernel and not even to quadratic forms given by interaction kernels.
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APPENDIX A

THE SOBOLEV SPACE H*(S?) AND ITS
NORMS

Let us clarify the exact definitions and notation that we are using in Sections 4

and 5.

Definition A.1. The Sobolev space H*(S?) is the completion of the smooth func-

tion space C*°(S?) with respect to the norm

1/2
1l = (1B + s =D P + 1A Bae)) (A1)

where A* denotes the Laplace-Beltrami operator on the sphere.
Lemma A.2. The H*-norm in (A.1) is equivalent to the norm
1/2
1f 1] 22y = (Z > (z + ) |alm\2> (A.2)
=0 m=-I

where a,, denote the coefficients of the expansion of f in spherical harmonics,
that is f =Y~ ozm— LY

Proof. 1t is well-known that spherical harmonics Y, are the eigenfunctions of the
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Laplace-Beltrami operator on the sphere. In particular,
—AY" =11+ 1)y

It follows that for f =3 S @, Y™

l
1) = / > am

2 .
PIPD Z i / V)Y o)y
Z

k

o0
o0
1=0 m n=— =0 m=-I

Similarly,

=8Py == [ A 0)- f)dp
k

/(Zzzmalm 033 i)
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Appendix A. The Sobolev space H?*(S?) and its norms
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It is straightforward to see that
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for all I > 0. Therefore || f[|m2(s2) > || f]| g2(s2)- To the contrary,

1 4
16(l+§> =148+ 122 +328 +161* > 1+ 1+ 22+ 21 + 14

=14+1(1+1)+ (1 +1)?

159



Appendix A. The Sobolev space H?*(S?) and its norms

and thus |[f][r2(s2) < 4[| f]| 2(s2) which completes the proof. O

Using very similar arguments, one can prove the following more general state-

ment.

Corollary A.3. The H*-norm

1/2

Il = | 2 [ 10" dp

la|<k
15 equivalent to the norm
o 1\ 28 1/2
Wawe = (33 (1+3) bt a9
=0 m=-—I

where ap, denote the coefficients of the expansion of f in spherical harmonics,
that is f = Y12, an:—z aiY,". Notice that D* acts in tangential direction to
S2.
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APPENDIX B

THE EXACT FORM OF THE BIFURCATION
EQUATION IN TERMS OF REAL SPHERICAL
HARMONICS UP TO FIFTH ORDER

The bifurcation equation in terms of real spherical harmonics is given by

Frea @) = > Funl1t, )Y (0). (B.1)

2

with
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APPENDIX C

A LOCAL BIFURCATION ANALYSIS BY JAKOB
WACHSMUTH

The unpublished thesis of Jakob Wachsmuth [?] contains similar results about the
local bifurcation structure of the Onsager free-energy functional with interaction
potential satisfying Assumption 1.3. It was only drawn to the attention of the
author after completion of our work on the bifurcation structure of the Onsager
free-energy functional. The major differences between his and our work are as

follows:

e Instead of working with the set of spherical harmonics, Wachsmuth uses an
equivalent description of this set of functions, namely homogeneous poly-
nomials restricted to the sphere. This allows him to perform an elegant

dimension reduction to a state space of two dimensions.

e Wachsmuth does not derive an explicit expression for the set of eigenvalues
of the interaction operator U. He shows that the Laplace-Beltrami operator
and U commute which allows him to conclude that the spherical harmonics

are indeed the eigenvectors of U as well. In contrast, we derive a procedure
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Appendix C. A local bifurcation analysis by Jakob Wachsmuth

that allows us to compute the eigenvalues of U equipped with any kernel

admitting an appropriate Taylor expansion, see Theorem 4.8.

e Wachsmuth imposes the assumption that the absolute values of the eigen-
values form a decreasing sequence. By proving that the interaction operator
is compact in H%(S?) (see Lemma 7.7), we show that the sequence of eigen-

values corresponding to the interaction operator is always decreasing.

e Crucially, we prove local uniaxiality of the solutions occurring at the bifurc-
ation point A* in Section 7.1, while Wachsmuth only shows that the solution

is infinitesimally uniaxial.
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