N
N

N

HAL

open science

Phase transitions and macroscopic limits in a BGK
model of body-attitude coordination

Pierre Degond, Antoine Diez, Amic Frouvelle, Sara Merino Aceituno

» To cite this version:

Pierre Degond, Antoine Diez, Amic Frouvelle, Sara Merino Aceituno. Phase transitions and macro-
scopic limits in a BGK model of body-attitude coordination. Journal of Nonlinear Science, 2020, 30,

pp.2671-2736. 10.1007/300332-020-09632-x . hal-02126060

HAL Id: hal-02126060
https://hal.science/hal-02126060
Submitted on 10 May 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02126060
https://hal.archives-ouvertes.fr

Phase transitions and macroscopic limits in a BGK
model of body-attitude coordination

P. Degond!, A. Diez?, A. Frouvelle?, and S. Merino-Aceituno®

1Department of Mathematics, Imperial College London, South Kensington Campus, London, SW7 2AZ, UK,
pdegond@imperial.ac.uk

2 Department of Mathematics, Imperial College London, South Kensington Campus, London, SW7 2AZ, UK,

antoine.diez18@imperial.ac.uk
3 CEREMADE, CNRS, Université Paris-Dauphine, Université PSL, 75016 Paris, France,
frouvelle@ceremade.dauphine.fr
4 University of Vienna, Faculty of Mathematics, Oskar-Morgenstern-Platz 1, 1090 Wien, Austria
sara.merino@univie.ac.at
University of Sussex, Department of Mathematics, Falmer BN1 9RH, UK,

s.merino-aceituno@sussex.ac.uk

Abstract

In this article we investigate the phase transition phenomena that occur in a model of
self-organisation through body-attitude coordination. Here, the body-attitude of an agent
is modelled by a rotation matrix in R? as in [I4]. The starting point of this study is a
BGK equation modelling the evolution of the distribution function of the system at a kinetic
level. The main novelty of this work is to show that in the spatially homogeneous case,
self-organisation may appear or not depending on the local density of agents involved. We
first exhibit a connection between body-orientation models and models of nematic alignment
of polymers in higher dimensional space from which we deduce the complete description of
the possible equilibria Then, thanks to a gradient-flow structure specific to this BGK model,
we are able to prove the stability and the convergence towards the equilibria in the different
regimes. We then derive the macroscopic models associated to the stable equilibria in the
spirit of [I4] and [I3].
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1 Introduction

The model studied in the present work is a new elaboration of the work initiated in [I4]
to model collective behaviour of agents described by their position and body-attitude. New
results about emergence of phenomena of body-attitude coordination are presented in the
context of a Bhatnagar-Gross-Krook (BGK) model. Such models can be applied to many
biological systems such as flocking birds [37], fish school [35] [36] or sperm motion [20]. These
systems are constituted by a large number of self-propelled agents which move at a constant
speed and try to imitate their neighbours by moving in the same direction and trying to
coordinate their body attitude. The agents are modelled by a moving frame in dimension 3,
i.e. three orthogonal axes, one of which gives the direction of the motion and the two others
the body orientation. In this work, as in [14], the body attitude is modelled by a rotation
matrix in dimension 3, i.e. an element of the special orthogonal group SO3(R). In [I7] agents
are modelled by quaternions.

Collective behaviour in many-agent systems has been a thoroughly studied subject in the
mathematical literature, from both theoretical and applied points of view. Among the mod-
els which have received the most attention, one can cite the Cucker-Smale model [10, 31, [47],
attractive-repulsive models [7] or the Vicsek model for self-propelled particles [54]. The
present work belongs to the class of Vicsek-inspired models. Such models have two main
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distinctive features, first the assumption that the particles are self-propelled and secondly
a geometrical constraint: in the original work of Vicsek, the velocities of the particles have
constant norm and the dynamics therefore takes place on the sphere S*~! in dimension n
(n =2 in [54]). Here the dynamics takes place on the Riemannian manifold SO3(R).

The tools used to study models of collective behaviour are generally borrowed from the
mathematical kinetic theory of gases which gives a mathematical framework to study many-
particle systems. At a microscopic scale, the motion of each particle is detailed (Individual
Based Model, IBM) through Ordinary Differential Equations (ODE) coming from Newton’s
laws or through stochastic processes. When the number of particles is large, the whole sys-
tem is described at a mesoscopic scale by a kinetic partial differential equation such as the
Boltzmann, Fokker-Planck or BGK equation. Finally, large-scale dynamics is described by
macroscopic equations (Euler, Navier-Stokes...). A review of the main results of kinetic
theory of gases can be found in [II]. In particular the BGK equation (for Bhatnagar-Gross-
Krook) was introduced in [3] as a substitute for the Boltzmann equation in the context of
gas dynamics. The BGK operator is a relaxation operator towards a Maxwellian having the
same moments as the distribution function of the system. Its mathematical properties and
relevance in the mathematical kinetic theory of gases have been studied in particular in [49]
and [51]. The BGK operator has been used in a model of collective dynamics of self-propelled
particles in [22]. However, together with [I6], it is the first time that it is rigorously studied
in a body-attitude coordination model.

The main mathematical challenge in classical kinetic theory is the rigorous derivation of
the kinetic equations from the IBM and of the macroscopic models from the kinetic equations.
These questions are at the core of Hilbert’s sixth problem and have received much attention
in the last decades. Many different techniques have been developed to derive kinetic equa-
tions from hard-sphere gases (Boltzmann-Grad limit [25] [44]), from systems of interacting
particles (mean-field limit and propagation of chaos [34] 40, [53]) or from stochastic processes
(and in particular jump processes [43, [46]). Some of these techniques have been adapted to
problems arising in the study of collective behaviour [4,[5, @]. The passage from kinetic equa-
tions to macroscopic models generally depends on physical constraints and in particular on
conservation laws (hydrodynamic limits, Hilbert and Chapman-Enskog methods, see [8] [I1]
for a review) and is still an active research field [6] 23], 29] [30]. In the context of self-propelled
particles, due to the lack of conservation laws which normally hold in the classical kinetic
theory of gases, specific tools are needed. In [I8], a methodological breakthrough has been
achieved by introducing the so called Generalised Collisional Invariants (GCI) to rigorously
link kinetic and macroscopic equations in the context of collective behaviour of self-propelled
particles. This technique is now rigorously justified [42] and has already been successfully
applied to a wide range of problems [41 [56]. It will be the key here to derive the macroscopic
model in Section [f] This will lead to a system of partial differential equations on the mean
density and body attitude, referred as the Self-Organised Hydrodynamics for Body-attitude
coordination (SOHB) in [14].

The aim of this work is to show the emergence of collective behaviour and self-organisation
which give rise to macroscopic scale patterns such as clusters, travelling bands etc. These
patterns emerge from the collective interactions and are not directly encoded in the behaviour
of the individual particles as described by the IBM. The continuum version of the Vicsek
model [18] named the Self-Organised Hydrodynamics (SOH) model is an exemple of a model
able to describe such emergence of self-organised dynamics. The Vicsek model describes a
system where agents try to imitate their neighbours by adapting their direction of motion to
the average direction of their neighbours. It has been shown that, in a certain scaling and
when the equilibrium of the system is reached, the directions of motion of the agents are not
uniformly distributed but follow a von Mises distribution. For x € R, and € S*~! the
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von Mises distribution of parameters k and €2 is the Probability Density Function (PDF) on
S*~! defined by:

enQ-w

M) = e g

where the dot product is the usual dot product in R™. This model [I8] has been the starting
point of many other models of self-organised dynamics, including [I4] for the body-attitude
coordination. In this context, we define the von Mises distribution of parameter J € .#3(R)
(a 3 x 3 real matrix) as the following PDF on SO3(R):

eJ-A

eJ-A' dA"

MJ (A) =
fSOg(JR)

where the dot product and the measure on SO3(R) come from the Riemannian structure of
SO3(R) detailed in Section

In the present work, we focus on phase transition phenomena between non-organised and
organised dynamics (collective motion). We will prove that the spatial density of agents
is the key parameter which encodes the main features of phase transitions: in low density
regions, no self-organised dynamics appears but when the density crosses a critical value,
self-organised dynamics, given by a von Mises distribution for the body-attitude, becomes a
stable equilibria of the system. This phase transition in the dynamics is purely an emergent
phenomena, in the sense that at the macroscopic scale, different equations are required to
describe the dynamics for different values of the density of agents, whereas for the IBM and
at a mesoscopic level, the dynamics is described by one unique (system of) equation(s).

The starting point of this study is the BGK equation
Oonf + (Aer -V )f =psMy, — f,

where f(t,x, A) is a probability measure which gives the distribution of agents at position
x € R3 with body-orientation A € SO3(R) at time ¢ € R, and where:

pf(t,m):/ f(t,z, A)dA and Jf:/ ft,z, A)AdA
SO3(R) SO3(R)

are the respective local density and flux. The measure on SO3(R) is the normalised Haar
measure, the main properties of which are summarised in Section

The left-hand side of the equation models the transport phenomenon: an agent with
body orientation A € SO3(R) moves in the direction Ae; where ey is the first vector of
the canonical basis of R?. The right-hand side of the equation is the BGK operator which
models the interactions between the agents: here we assume that f relaxes towards a “mov-
ing equilibrium” which takes the form of a von Mises distribution. In particular, the von
Mises distribution appears as the analog of the Maxwellian distribution of the classical gas
dynamics. The flux J; plays the same role as the momentum density for gas dynamics or the
average flux for the Vicsek model. The term pyM;, can therefore be seen as the analog of
the “Maxwellian distribution with same moments as f” in the context of the BGK equation
for gas dynamics.

The main results of this work are (informally) summarised in the two following theorems.

Theorem 1. Let us consider the spatially homogeneous BGK equation:
atf = pMJf - f7

where p € Ry is a given density of agents.
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1. The equilibria f°1 of the spatially homogeneous BGK model are either the uniform
equilibrium f¢1 = p or of the form fe1 = pMyp or 1 = pMy peq where A € SO3(R)
and p,q € S? and where o € R and p are linked by a compatibility equation to be defined
later (see Section[4] and equations and (21)).

2. Depending on the density of agents p € Ry, the only stable equilibria are either the uni-
form equilibrium [ = p or the equilibria of the form f°1 = pM,x where A € SO3(R)
and where o € Ry is linked to p by a compatibility equation to be defined later.

The first point of this theorem is detailed in Section [ (see in particular Theorem [5| and
Corollary . The second point is detailed in Section [5| (see in particular Theorem [7)). We
will then prove the following result.

Theorem 2 (Formal). Let us consider the rescaled spatially inhomogeneous problem

1
== (pfsMst - fs),

O f® + (Aer - V) f¢

where

pf(t,x):/ flt,z, A)dA and Jf(t,m):/ flt,z, A)AdA.
S05(R) 505 (R)

1. We assume that in a disordered region, f¢ converges as ¢ — 0 towards a density
p = p(t,x) uniform in the body-attitude variable. Then the density p® = py- satisfies
at first order the following diffusion equation:

1
iv.,.p°
Op° =eVy - (if) pe = 6.

Pec

2. We assume that in an ordered region, f€ converges as € — 0 towards an equilibrium
of the form pMyn with p € Ry, a € Ry and A € SO3(R) defined above. Then the
density p = p(t,x) and mean body attitude A = A(t,x) € SO3(R) satisfy the SOHB
model given by the following system of partial differential equations:

Oip + Va - (per(a(p))Aer) =0, (1a)
P(OA + E3((Aer) - V)A) + és[(Aer) x Vaplx A
+ cap[—1ry(A) X (Aeq) + 6. (A)Aer]xA = 0. (1b)

where a = pcy (@) and C2, C3, ¢4 are functions of p to be defined later and § and r are
the “divergence” and “rotational” operators defined in [T])] (see Section@

This theorem is detailed in Section |§| (see in particular Proposition and Theorem E[)

The phase transition problem has been completely treated in the space-homogeneous
case for the Vicsek model in [I3] but the geometrical structure inherent to body-orientation
models requires specific tools and techniques. In particular, the rotation group SO3(R) is
a compact Lie group, endowed with a Haar measure. The links between this topological
structure and the Riemannian structure (detailed in Section [3| and Appendix [B)) will be the
key to reduce the problem to a form that shares structural properties with the models of
nematic alignment of polymers, studied in a completely different context to model liquid
crystals [T1, 2, B2, 55, 57]. These two worlds will be formally linked through the isomorphism
between SO3(R) and the group of unit quaternions detailed in Section and Appendix
It will lead to the first point of Theorem (the complete description of the equilibria, Section
[). As in [55] we will see that there exist a class of equilibria which cannot be interpreted as
equilibria around a mean-body orientation. These equilibria were not studied in [I4], [I7]. A
key point of the proof will be the reduction to a problem for diagonal matrices which will be
a consequence of the left and right invariance of the Haar measure together with an adapted
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version of the Singular Value Decomposition of a matrix (Definition [3.2)).

The stability of the different equilibria, are studied in Section [5.2] We will show that
our model has an underlying gradient-flow structure which will allow us to determine the
asymptotic behaviour of the system after a reduction to an ODE in R3. This is a specificity
of the BGK model which doesn’t hold for the other models of body-attitude coordination
[14, [17] and allows us to use different and simpler techniques. In particular, we will prove
that the equilibria which cannot be interpreted as equilibria around a mean body-orientation
are always unstable, which tends to justify the analysis carried out in [I4] for a model where
only equilibria around a mean body-orientation were considered.

Finally, the SOHB model (Section [6)) will be obtained as in [14] by using the GCI. How-
ever, compared to [I4], additional terms appear which require a specific treatment and in
particular the coefficient ¢3 that appears in Theorem [2]is different from the one that appears
in [I4]. The SOHB model raises many questions, most of which are still open, and its
mathematical and numerical analyses are still in progress. In particular, the hyperbolicity
of the model is currently under study [15] and has been shown when ¢3 is constant.

The organisation of the work is the following: in Section [2] we will give a review of the
existing models at a microscopic and mesoscopic scales and motivate the study of the BGK
equation among them. In Section [3] we gather the main technical results we will constantly
use throughout this work. In Section [4] we will describe, depending on the density, all the
possible equilibria of the system. We will use the tools developed to mathematically study
the alignment of polymers [55, [57]. In Section [5| we will describe the asymptotic behaviour
of the system and in particular which equilibria are attained, leading to a self-organised
dynamics or not. This will be based on a specific underlying gradient-flow structure of the
BGK equation. Finally in Section [6] we will write the macroscopic models for the stable
equilibria.

Notations. For the convenience of the reader, we collect here the main notations we will
use in the following.

o #,(R) is the set of n x n real matrices.

e 7,(R) C #,(R) is the subspace of n x n diagonal real matrices.

e Tr(M) denotes the trace of the matrix M € .#,,(R) and M7 its transpose.
e [, denotes the identity matrix in dimension n.

e diag : R" — Z,(R) is the vector space isomorphism such that for (di,...,d,) € R",
D = diag(ds,...,d,) is the diagonal matrix, the (i,7)-th coefficient of which is equal
to d; for i € {1,...,n}.

e 7, (R) and «,(R) denote respectively the sets of symmetric and skew-symmetric ma-
trices of dimension n.

e SO,(R) is the special orthogonal group in dimension n, i.e. the group of matrices
P € M, (R) such that PPT = I,, and det P > 0.

e S® C R™*! is the sphere of dimension n.
e H is the group of unitary quaternions.

e ()4 denotes the mean for the probability density g on SO, (R). We will simply write
(-) when g is the uniform probability (¢ = 1).

e A will generically be a rotation matrix in SO3(R) and a;; its (4, j) coefficient.

e PD(M) is the orthogonal part of the polar decomposition of M € .#,(R) when
det M # 0 : there exists a unique couple (PD(M),S) € O,(R) x .#,(R) such that

M = PD(M)S. The matrix PD(M) is given by PD(M) = M ( MTM) B

6



2 THE BGK EQUATION AND OTHER RELATED MODELS OF SELF-ORGANISATION

e For a matrix M € .#5(R), the orbit Orb(M) C .#5(R) is defined by:
Orb(M) :={PMQ, P,Q < SO3(R)}. (2)

e Ry :=[0,+00), R := (0, +00)

2 The BGK equation and other related models of self-
organisation

In this section we give a review of the different existing models of collective dynamics at both
microscopic and mesoscopic levels and emphasise the singularity of the BGK model among
them.

2.1 A review of the different IBM

The rigorous proofs of the two following theorems (Theorems [3| and [4]) can be found in [2T]
in a more general framework.

At a microscopic level, we fix a reference frame given by the canonical basis (eq, ea, e3) of
R3. The agents are described by their position X € R? and their body-attitude A € SO3(RR)
which can be seen as a moving frame. We assume that an agent with body attitude
A € SO3(R) moves at a constant speed in the direction of the first vector of A : the
instantaneous velocity of the agent is Ae;.

In the following we consider an increasing sequence of jump times (73,), such that the
increments between two jumps are independent and follow an exponential law of parameter
N € N* (their expectation is 1/N). The N agents are described at time ¢ € R} by their
positions and body-attitudes Z}¥ = {(Xti’N,Ai’N)}ie{1 N € (R3 x SOg(R))N. The inter-
actions between the agents can be modelled by the follo{viﬁg Piecewise Deterministic Markov
Process (PDMP) which has already been described heuristically in [16] 22]:

1. Between two jump times (T, T,+1), the systems evolves in a deterministic way:
Vie{l,...,N}Y, dx}N =(A"Ne)dt, dAPN =o0.

2. At time T, 41, a particle ¢ € {1,..., N} is chosen uniformly among the N particles. At
time T:—s—l’ the new body-orientation of particle ¢ is sampled from the PDF MJi (ZN )
Tpt1

where for ZV € (R? x SO3(R))" we define the flux:

N
JHZN) = %ZKOX“N - XIN|) 4N €ty (R),

j=1
and where K is a smooth observation kernel.

The following theorem describes the limiting behaviour of the laws of the particles when
N — 400 under the assumption that the empirical measure of the IV processes converges
(weakly) towards a smooth function f (propagation of chaos property). The equation on f
can be derived as in [I6] Section 4.2].

Theorem 3. Let fy be a probability measure on the space R? x SO3(R) and let Z} € (R? x
SO3(R))N be an initial state given by N independent random variables, identically distributed
with law fo. Then for any t € Ry, the law fN of any of one of the processes (XZ’N,Ai’N)t
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at time t converges weakly towards the solution f; of the following BGK equation with initial
condition fy:
O f + (Ael ’ vz)f = prJK*f —f

where Jg.r is a matriz-valued function of the space variable x € R? defined by
T = [[ K (o — y)Af(y, A)dydA & As(R).
R3x SO3(R)

In the previous works, the IBM were typically given as in [I4] by a system of stochastic
differential equations such as the following:

dXy = Ag(t)ey dt, (3a)

N
1
dAk:Pmko(QVE:KﬂXrnhﬂAOﬁ+2VDM%>. (3b)
=1

where Pr, denotes the projection on the tangent space of SO3(R) at Ay € SO3(R) (see
Section. In this case, the resulting equation when N — +oc is a non-linear Fokker-Planck
equation (see [5] for a rigorous proof in the Vicsek case).

In the spatially homogeneous case, we can take the observation kernel K to be constantly
equal to 1 to prove the mean-field limit. The agents are described at time ¢t € Ry only
by their body-attitudes {A"’N}ie{l Ny € SO3(R)N and they follow the following jump

process: at each jump time T;,, compute the flux

1 N
N _ i, N
Lfﬁ;&,

choose a particle ¢ € {1,... N} uniformly among the N particles and draw the new body-
orientation Ang after the jump according to the law given by the PDF M - The following

theorem describes analogously the limiting behaviour of the laws of the partigles as N — 4o0.

iN
Theorem 4. Let { A }ie{l,...,N}
random variables, identically distributed according to a law fo on SO3(R). Then for any

1/7

t € Ry, the law fY of any of one of the processes (A; N)t at time t converges weakly towards
the solution f; of the following spatially homogeneous BGK equation with initial condition

Jo:

€ SO3(R)N be an initial state given by N independent

atf:MJf_f'

2.2 A review of the different kinetic equations

The model studied in the present article belongs to a class of models, the study of which
has been initiated in [I§] as a continuum version of the Vicsek model [54]. These models
can be classified in two types. First, in the Vicsek-type models, the agents are described by
their orientation defined as a unit vector in S*~!. In the second type of models, we take into
account their body-orientation, defined as a rotation matrix in SO3(R). Our study enters
into this second framework.

The kinetic version of the Vicsek-type or Body-Orientation-type models is given either
by a Fokker-Planck equation or by a BGK equation. In this work we will focus on the BGK
equation

6tf + (Ael . Vm)f = prJ‘f - f7 (4)
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where

pf(t,:(:):/ f(t,z, A)dA and Jf:/ ft,z, A)AdA.
SO3(R) SO3(R)

The Fokker-Planck version of our model corresponds to:

Of+(Ae1-Vy)f=Va- [MJfVA (1\/};)} ; (5)

where V 4 and V 4- are respectively the gradient and the divergence in SO3(R) for the Rie-
mannian structure detailed in Section[3] Apart from the fact that the underlying interaction
process [16] 22] which leads to the BGK model is different from the one that leads to the
Fokker-Planck model, the BGK model is structurally different and can be treated indepen-
dently by using specific and simpler mathematical techniques presented in the next sections.
Nevertheless, the BGK and Fokker-Planck models share important properties. For instance,
the following functional is a free-energy for both the spatially homogeneous BGK equation
and the spatially homogeneous Fokker-Planck equation (though with a different dissipation
term):

._ _ Ly
Fifle= [ Floaf =51l (6)

It satisfies in both cases:

d
S P =-Dlf <0,

where D[f] is the dissipation term which is equal for the BGK model to:
DUY = [ (f = oMy, tog f ~ logl(ph,)) = 0
SO3(R)

In the context of the Vicsek model, this free energy was the key to study the phase transition
phenomena [I3] and we believe that the same kind of study can be made in the body-attitude
coordination dynamics modelled by a Fokker-Planck equation . Moreover, in the Fokker-
Planck case this dissipation inequality implies a gradient flow structure in the Wasserstein-2
distance which has been studied (in the Vicsek case) in [24]. However, the BGK model has
another underlying gradient-flow dynamics (studied in Section [5)) on which the present study
will be based, and we will therefore not use this free-energy in the present work.

Both models (BGK and Fokker-Planck) have a normalised and a non-normalised version.
The model will be referred as the non-normalised BGK model. A normalised model is
a model where the flux Jy is replaced by the orthogonal part of its polar decomposition
Af := PD(Jy) as defined in the introduction and under the assumption that det J; > 0.
The normalised Fokker-Planck model is the model studied in [I4]:

Oif +(Aer - Ve )f =Va- [MAfVA (ijxﬂ .
f

This terminology comes from the continuum version of the Vicsek model [I8] where either
the total flux

Jr = ft,x,v)vdv,
Sn—l

or its normalisation
_ Jon—1 f(t 2z, v)vdv -

F= |fS"71 f(t,:z:,v)vdv| < ’

is considered. A mathematical analysis of the normalised Vicsek model can be found in
[24] 26]. The importance of this distinction in the context of phase transitions has been

Q
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shown in [I3] and [12]: phase transitions appear only in non-normalised models.

The following chart (Figure [1)) shows the different models and gives references where they
are studied (when such references exist).

[18, 24, [26]
—

Normalised

/ - Non-normalised -
Fokker-Planck [, 12 [13]

/

7 T hx .

Vicsek \ _ Normalised

=

Non-normalised
In progress

_, 14,16

Normalised

. . =
Body-Orientation 7 Non-normalised

\ Fokker-Planck > In progress
/

T~

BGK _» [16]

\ Normalised
=

Non-normalised
-

Present work

FIGURE 1: The map of the different models

Finally, in Sections [4] and 5] we will focus on the spatially homogeneous version of the
BGK model given by:
8tf:pMJf _fv (7)
where the probability distribution f(¢, A) only depends on the body-orientation variable and
time. In the spatially homogeneous case, the local density of agents previously denoted by
pf does not depend on f in the sense that an initial density ps, € R, associated to the initial
distribution fj is preserved by the dynamics:

VEeRL, pr(t) = pf,

as it can be seen by integrating the equation over SO3(R). We therefore take p € R, as
a fixed parameter of the problem. Note also that the well-posedness of directly follows
from Duhamel’s formula:

t
ft)y=e"fo+ P/O e”mIMy,  ds,

since J is given as the solution of the following differential equation on .#3(R):

d

dt
as it can be seen by multiplying by A and integrating over SO3(R). Note that it contrasts
with the Fokker-Planck case where even the well-posedness of the spatially-homogeneous
equation would require further investigations. This will be part of future work.

Jr=p{A)m,;, —Jp, Jp(t=0) = Jg,

10



3 PRELIMINARIES: STRUCTURE AND CALCULUS IN SO, (R)

3 Preliminaries: structure and calculus in SO, (R)

This paragraph collects the main properties of the Riemannian manifold SO,,(R) and other
technical results. In this paragraph n > 3 denotes the dimension, we will mainly consider
the case n = 3 in the next sections.

3.1 Structure and Haar measure on SO, (R)

Lemma 3.1. The following is an inner product on #,(R) :
1
A-B:=g Tr(AT B), (8)

and the following properties hold:
e Endowed with this metric, SO, (R) is a topological group and a Riemannian manifold.

o The sets Zn(R) and ,(R) of symmetric and skew-symmetric matrices are orthogonal
and M, (R) = 7, (R) ® o, (R).

e For A € SO,(R), the tangent space to SO, (R) at A is denoted by T4 and

M €Ty if and only if there exists P € 7, (R) such that M = AP.

The norm on A, (R) associated to the inner product will be denoted by || - ||.

The general theory of locally compact topological groups ensures the existence of a Haar
measure f on SO, (R) which satisfies for all P € SO, (R) and all Borel set £ of the Borel
o-algebra of SO, (R):

W(PE) = p(EP) = p(€),

where PE = {PA, A€ &} and EP = {AP, A € £}. We will assume that p is the unique
Haar measure which is a probability measure and simply write

[ = [ pada
SOn(R) S0, (R)

As a consequence if P € SO, (R), A+— PA and A — AP are two changes of variable with
unit Jacobian. We will constantly use the following changes of variable :

Definition 3.1 (Useful changes of variable). Let us define the following matrices:

e Fori#je{l,...,n}, DY € SO,(R) is the diagonal matrix such that all its coefficients
are equal to 1 except at positions ¢ and j where they are equal to —1.

e Fori+#je{l,...,n}, P e SO,(R) is the matrix such that P/ = P;j =0, P =1
for k # 4,4, P;{ =1 and P;] = —1. The other coefficients are equal to 0.
Then we define the following changes of variable with unit Jacobian:
o A’ = D% A multiplies the rows i and j by —1. Everything else remains unchanged.
o A’ = AD¥ multiplies the columns ¢ and j by —1. Everything else remains unchanged.

o A’ = DY ADY multiplies the elements (k,i), (k,j) and (i, k), (j,k) by —1 for k # i, j.
Everything else remains unchanged

o A’ = P A multiplies row i by —1 and permutes the rows i and j.

o A’ = PUA(PY)T exchanges the diagonal coefficients (i,7) and (4, j) (and involves other
changes).

The two following lemmas are important applications of these results.

11



3 PRELIMINARIES: STRUCTURE AND CALCULUS IN SO, (R)

Lemma 3.2. Let D € #,(R) be a diagonal matriz and Mp the von Mises distribution with
parameter D, then

SO3(R)
is diagonal.

PROOF. Let k # ¢ and m # k,{. The change of variable A — D*™ADF™ gives:

/ ke ePAdA = — / Qe ePAdA = 0,
SO, (R) S0O3(R)

where we have used that D¥™DDF™ = D, O

Lemma 3.3. For any n > 3 and any J € #4,(R),

1
/ (J-A)AdA = —1.
SO, (R) 2n

Lemma 3.4. Letn > 3, n # 4. Let g : SO,(R) = R such that for all A, P € SO,(R),
g(A) = g(AT) = g(PAPT). For all J € #,(R) we have:

/ (J-A)Ag(A)dA = aTr(J)I, +bJ +¢cJ7T,
SO (R)

for given a,b,c € R depending on g and on the dimension, the expressions of which can be
found in the proof.

The proof of these lemmas and other technical results about SO3(R) and SO, (R) are
postponed to Appendix

3.2  Volume forms in SO3(R)

When an explicit calculation will be needed, we will use one of the two following parametri-
sations of SO3(R) which give two explicit expressions of the normalised Haar measure in
dimension 3.

e To a matrix A € SO3(R) there is an associated angle 6 € [0,7] and a vector n € S?
such that A is the rotation of angle # around the axis n. Rodrigues’ formula gives a
representation of A knowing 6 and n = (ny,n2,n3) :

A= A(0,n) = I3 +sinf[n]x + (1 — cosf)[n]% = exp(f[n]«), (9)
where
0 —ng Up)
[n]x := n3 0 —n |,
—MNg ni1 0

and we have:
Mm? =n®n - I3

If f(A(0,n)) = f(0,n) the volume form of SO3(R) is given by:

2Ty B
/SOS(R) f(A)dA = 7T/0 sin(6/2) /S2 f(6,n)dndf.

With the usual parametrisation of the sphere S? we can take n = (n1,na, ng)T with

ny = sinycosp,
ng = sinyYsiney,
ng = cosv,

12



3 PRELIMINARIES: STRUCTURE AND CALCULUS IN SO, (R)

where ¢ € [0, 7] and ¢ € [0, 27]. The volume form for the sphere is given by:
1 .
dn = — sinydiyde.
4

e We have the following one to one map :

SOQ(R) xS2 — SOg(R)

\P:‘ (A,p) — M(p)A®

where N
o 0
A® = ( 0 1 > € SO3(R),

and for p = (sin ¢, sin ¢a, cos ¢ sin ¢ha, cos p2)T in spherical coordinates ¢; € [0, 27]
and ¢9 € [0, 7], we define:

cos¢y  singy cosgs  sin @y sin ¢g
M(p):=| —sing1 cos¢y cospa cosgy singa | € SO3(R).
0 — sin ¢g COS (o

The matrix A® performs an arbitrary rotation of the first 2 coordinates and the matrix
M(p) € SO3(R) maps the vector e3 to p € S?. A matrix A € SO3(R) can thus be
written as the product:

cos ¢y singy cosgs  sin ¢y sin ¢g cosf sinf 0
—sing; cos¢i cospy COs Py sin o —sinf cosf 0
0 — sin ¢ COS (o 0 0 1

where ¢1,0 € [0,27] and ¢o € [0, w]. With this parametrisation:

cosf sinf 0

2
/ f(A)dA = S / fIM@p)| —sinf cosf 0 de dp, (11)
SOs(R) 2n Jo  Js2 0 0 1

and the volume form on the sphere is given by:
I
dp = — sin gy déy dgs.
T

This parametrisation can be extended in any dimension and comes from the Lie groups
quotient:

SO, (R)

gl
SOnfl(R)

3.3 Singular Value Decomposition (SVD)

We recall the following classical result proved in [50, Section 1.9].

Proposition 3.1 (Singular Value Decomposition, SVD). Any square matriz M € 4, (R)
can be written:

M = PDQ
where P,Q € O,(R) and D diagonal with nonnegative coefficients listed in decreasing order.

In order to use the properties of the Haar measure, we will need the matrices P and @ to
belong to SO3(R) (not only O3(R)) and we define therefore another decomposition, called
the Special Singular Value Decomposition (SSVD) in the following.

13



4 EQUILIBRIA OF THE BGK OPERATOR

Definition 3.2 (SSVD in SO3(R)). Let M € .#3(R). A Special Singular Value Decomposi-
tion (SSVD) of M is a decomposition of the form

M = PDQ
where P,Q € SO3(R) and D = diag(dy, dz, d3) with
di > dy > |ds].
The existence of a SSVD follows from Proposition [3.1] Let us start from a SVD
M=PD'Q.

e If det M > 0, either P/, Q" € SO3(R) and the SVD is a SSVD or P’,Q’ have both
negative determinant and in this case we can take

P=PD, Q=DQ and D=D

where D = diag(1,1, —1).

o If det M < 0, either P’ € SO3(R) or Q' € SO3(R) (only one of them). Assume without
loss of generality that Q' € SO3(R). Then we can take:

P=PD, D=DD and Q=¢Q'.

e If det M = 0, then the last coefficient of D’ is equal to 0 so @D' =D and D'D = D'.
We can take D = D'". If P" ¢ SO3(R) we can take P = P'D and if Q" ¢ SO3(R) we
can take Q = DQ’.

Remark 3.1. As for the polar decomposition and the standard SVD, the matriz D is always
unique. However the matrices P and @ may not be unique.

The subset 2 C .#3(R) of the diagonal matrices which are the diagonal part of a SSVD
is the cone delimited by the image by the isomorphism diag of the three planes {dy = da},
{dy = d3} and {d> = —d3} in R® and depicted in Figure 3]:

D = diag(dy,da,ds) € 2 if and only if dy > ds > |ds]. (12)

4 Equilibria of the BGK operator
In this section we determine the equilibria for the BGK operator:

Qpek(f) = PMJf -1, (13)

that is to say the distributions f such that Qpcx (f) = 0. In Section we characterise
these equilibria (Theorem |5)) and show that for them to exist, compatibility equations must
be fulfilled. These compatibility equations depend on the density p. Therefore, for different
values of the density p, there exists different equilibria. These will be determined in Section
by studying the compatibility equations. A full description of the equilibria of the BGK
operator is finally given in Corollary [£.2]

4.1 Characterisation of the equilibria and compatibility equations

The main result of this section is Theorem [5| which gives all the equilibria of the BGK
operator . Before stating and proving it we will need the following lemma which is the

analog of lemma 4.4 in [I4]. The proof of this lemma is an application of the results presented
in Section

14



4 EQUILIBRIA OF THE BGK OPERATOR

Lemma 4.1 (Consistency relations). The following holds:

(i) There exists a function ¢y = c1(a) defined for all @ € R such that for all A € SO3(R),

cr(@)A = (A)pr - (14)

The function ¢y can be explicitly written c1(a) = ${(2cosf + 1)}a where {-}, denotes
the mean with respect to the probability density

102 acos
00,7 — s (0/2)e — (15)
Jo sin®(0’/2)excos ¥ do’
(i) Consider the set B C M5(R) defined by:
1
#B:={B=P 0 Q, P,QecSO3R)y ={p®q, pqcS*}
0
There exists a function ca = ca(a) defined for all a € R such that for all B € B,

co(a)B = (A, - (16)

The function co can be explicitly written: co(a) = [cos @], where ], denotes the mean
with respect to the probability density

sinpe? ©s¥

T ! o5 cos g’ A
fo sin @’ ez %% dp

€ [0,7] —>

(17)

Remark 4.1. The relevance of the set & will become apparent in Proposition [{.3

PROOF. (i) Using the left invariance of the Haar measure, it is enough to prove the result
for A = I3, since

A-A T A, aAT AT
A)ar. = fSOg(R) Ae** 2 dA _ fSO;;(R) At Ae 3dA
QA : AT A
fSOg(R) exMAdA fsog(R) e Als dA

= AA) M

alg*

w1, 18 diagonal, then the change of

When A = I5, Lemma first ensures that (A)j,
)* (see Definition shows that:

variable A’ = P2 A(P'?
(a11) Mor, = (a22) Mo, -

Proceeding analogously with the other coefficients we have that (A) 1, is proportional
to I3, i.e. there exists ¢; = ¢1(a) € R such that

c1(a)ls = (A) o, (18)

The parametrisation of SO3(R) using Rodrigues’ formula (9) then gives the explicit
expression of ¢; by taking the trace in Equation and using that for A = A(6,n),
Tr(A) =2cosf + 1.

(ii) As before, using the left and right invariance of the Haar measure it is enough to
prove the result for B = diag(1,0,0). Now if D = diag(a, b, —b) for a,b € R, then the
change of variable A — P2 A(P?3)T followed by the change of variable A — D?3A (see
Definition show that

/ O/QQGD.A dA = — / (Z336D'A dA,
SO3(R) SO3(R)
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4 EQUILIBRIA OF THE BGK OPERATOR

which proves with lemma that (A)y, is diagonal of the form diag(a,b, —b) for
a,b € R. Similarly, if D = diag(a,b,b) then (A)y,, is of the form diag(a,b,b). These
two results prove that (A)s , is proportional to B, i.e. there exists co = ca(a) € R
such that holds. The parametrisation of SO3(R) coming from the isomorphism
(10) then gives the explicit expression of ¢y by taking B = diag(1,0,0) in Equation
. First, using the change of variable A — P13 A(P'3)T it holds that,

1 . 1 )
CQ(Q) = —/ a1167a11 dA = — 0,3365‘133 dA
Z J505(®) Z Jso,(®)

where

7 = / e dA = / €233 A,
503(R) 503 (R)

Then, using the parametrisation , it follows that:

s cos psinpe? ©5° dp

fow sin pe? 3¢ dyp

colar) =

O

Remark 4.2. We could alternatively use one of the two parametrisations of SO3(R) given
mn Sectz’on or the quaternion formulation to prove that (A)ar, and (A)ap are proportional
to I3 and B. However, the proof that we have just presented here holds in any dimension
(the value of the constants c1(a) and ca(a) depends on the dimension but not the form of
the matrices) whereas the volume forms and the quaternion formulation strongly depend on
the dimension n = 3.

We can now state the main result of this section:

Theorem 5 (Equilibria for the homogeneous Body-Orientation BGK equation). Let p € Ry
be a given density. The equilibria of the spatially homogeneous BGK equation are the
distributions of the form f = pMj where J € #3(R) is a solution of the matriz compatibility
equation:
J = oA, (19)
The solutions of the compatibility equation are:
1. the matriz J =0,

2. the matrices of the form J = a\ with A € SO3(R) and where o € R satisfies the scalar
compatibility equation
a = per(a), (20)

3. the matrices of the form J = aB where B € # and where o € R satisfies the scalar
compatibility equation
a = pea(a), (21)

where the set % and the functions c1 and co are defined in Lemma .

Remark 4.3. Notice that the existence of a non-zero solution for the scalar compatibility
equations and is not guaranteed for all values of p > 0 . The existence of non-
zero solutions for these equations will be explored in Section[{.Z They will determine the
existence of equilibria for Equation @ for a given value of p (Corollary .

Remark 4.4. The fact that these matrices are solutions of the matrixz compatibility equation
follows directly from the consistency relations and as it will be shown in the
proof of Theorem[5. The main difficulty of the proof is therefore the necessary condition: we
will prove that a solution of the matrix compatibility equation is necessarily of one of
the forms listed in Theorem 3
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4 EQUILIBRIA OF THE BGK OPERATOR

The proof of this theorem will use the two following propositions. The first one and its
corollary (Proposition and Corollary show that the compatibility equation can
be reduced to a compatibility equation on diagonal matrices (equation ) The second
one (Proposition provides a necessary condition for a diagonal matrix to be a solution
of . The proof of Proposition is deferred to the next section.

Proposition 4.1 (Orbital reduction). The following equivalence holds: J € #3(R) is a
solution of the matriz compatibility equation (19) if and only if for all J' € Orb(J), J' is a
solution of the matriz compatibility equation (19))

PrOOF. This is a consequence of the left and right invariance of the Haar measure which
ensures that for any J € .#5(R) and any P,Q € SO3(R) :

<PAQ>MJ = <A>MPJQ'
O]

Since the diagonal part of the SSVD of a matrix J is in the orbit of J, we obtain the
following corollary:

Corollary 4.1 (Reduction to diagonal matrices). Let J € #35(R) with SSVD given by
J = PDQ. The following equivalence holds: J is a solution of if and only if D is a

solution of .

We will therefore consider only the following problem in dimension 3: find all the diagonal
matrices D € .#5(R) such that
D= p<A>MD
{ De 9, (22)
where the set 2 is the subset of diagonal matrices which are the diagonal part of a SSVD
and is defined by . Notice that Equation is just Equation restricted to the
set 9.

Remark 4.5. The diagonal part D € #3(R) of a SSVD of a matriz J € M5(R) is unique
so the problems and are equivalent. Notice that there might be other diagonal
matrices in Orb(.J) (take for example J diagonal which does not satisfy the conditions (12))).
However the diagonal part of any SSVD of these matrices is D : the diagonal part of the
SSVD characterises the orbit of a matriz. In the following, we will find all the diagonal
solutions of (i.e. the solutions of without the restriction D € @) and then only
consider the ones which belong to 9. For instance we will see that there are solutions of
of the form diag(0, —«, 0) where a > 0. The diagonal part of their SSVD is diag(«, 0,0) and
is a solution of .

Remark 4.6. A diagonal solution D of the matriz compatibility equation verifies that
D/p belongs to the set:

0= {D = diag(dy, d, d3), 3 f € P(SO3(R)), Jy = D} c 75(R),

where P(SO3(R)) is the set of probability measures on SO3(R). The set diag™' () C R? is
exactly the tetrahedron 7 defined as the convex hull of the points (£1,+1,+1) with an even
number of minuses (which we will call Horn’s tetrahedron). It is a consequence of Horn’s
theorem [39, Theorem 8] which states that T is exactly the set of vectors which are the
diagonal of an element of SO3(R). It ensures that if f is a probability measure, we have by
convezity of T :

/ f(A)AdA € diag(T)
SO3(R)
and therefore diagfl(Q) C J. Conversely, taking the Dirac deltas d1, and similarly for the

other vertices of 7, we see that the four vertices of Horn’s tetrahedron belong to diagfl(Q).
Since Q is convex, we conclude that T C diag™" ().
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4 EQUILIBRIA OF THE BGK OPERATOR

The diagonal solutions of the matrix compatibility equation satisfy the following
necessary condition.

Proposition 4.2. The diagonal solutions of the compatibility equation are necessarily
of one of the following the types :

(a) D=0.

(b) D = adiag(+1,+1,£1) with an even number of minus signs and where o € R\ {0}.

If a € (0,400), the diagonal part of the SSVD of these diagonal matrices is equal to
D = Ong.
If a € (—0,0), the diagonal part of the SSVD of these diagonal matrices is equal to
D = adiag(—1,-1,1) = |o| diag(1,1,—1).

(¢) D = adiag(£1,0,0) and the matrices obtained by permutation of the diagonal coeffi-
cients and where a € R\ {0}.
The diagonal part of the SSVD of these diagonal matrices is equal to D = diag(|«/, 0,0).

Section [£.2 will be devoted to the proof of this proposition. We are now ready to prove
Theorem [l

PROOF (OF THEOREM . An equilibria of the BGK equation is of the form

f:pMJa

where
J = Jf = p<A>MJ.

It is straightforward to check that J = 0 is a solution of . Now, let D a matrix of one
the form described in Proposition with a parameter a € R. For instance, for a matrix of
type (c) like D = adiag(0, —1,0), thanks to Lemma we have:

D = p(A)p, <= D = pea(r) diag(0, —1,0) <= a = pca(a).

Similarly for the other diagonal matrices of type (¢), we prove that they are solution of the
matrix compatibility equation (19 if and only if their parameter o € R is solution of the
scalar compatibility equation Analogously one can check that the diagonal matrices of
type (b) are solutions of the matrix compatibility equation (19) if and only if their parameters
a € R are solutions of the scalar compatibility equation . This yields all the diagonal
solutions of (19). Now, the solutions of are exactly the matrices J € Orb(D) where D
is a diagonal solution of and the set Orb(D) C .#3(R) is the orbit of D defined in the
introduction. We conclude by noticing that if D is of type (b) then Orb(D) = SO3(R) and
if D is of type (¢) then Orb(D) = A. O

Remark 4.7. When applied to diagonal matrices, the last part of Theorem [5 states that
the diagonal solutions of are necessarily of one of the types (a), (b) or (c) defined in
Proposition[{.9 and that, it holds that

1. the matriz 0 is always a solution of ,
2. a matriz of type (b) is a solution of iff its parameter o € R\ {0} satisfies (20)),
3. a matriz of type (c) is a solution of iff its parameter a € R\ {0} satisfies .

4.2 Proof of Proposition

The proof of Proposition is based on two results. The first one has been proved in [55]
Section 4] to study the nematic alignment of polymers in higher dimensional spaces:
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Theorem 6 ([55]). Let n > 3, b € Ry and s = (s1,82,...,8,) € R™ a solution of the

nonlinear system

sj=(mig.,, J=1,....n, (23)

where the average is taken with respect to the PDF on the sphere S"~ ' :
1 n
gsb(mi,...,my) = — eXP bz sjm§ , (24)
j=1

where Z is the normalisation constant which ensures that gsp is a PDF on the sphere S~ 1.
Then Card{s1, s2,...,8n} < 2.

The second tool that we will use to prove Proposition [£.2] is an isomorphism between
SO3(R) and the space of unitary quaternions which transforms the compatibility equation
into the compatibility equation studied in Theorem @

Proposition 4.3.

1. There is an isomorphism between the group SO3(R) and the quotient group H/ £ 1,
where H is the group of unit quaternions. Since H is homeomorphic to S3, there is an

isomorphism ® :
®:S*/+1 — SO3(R).

Moreover ® is an isometry in the sense that it maps the volume form of S*/+1 (defined
as the image measure of the usual measure on'S® by the projection on the quotient space)
to the volume form on SO3(R): for all measurable function f on SO3(R),

/ f(®(q)) dg = / f(A)dA.
S3/+1 SO3(R)

2. There is a linear isomorphism between the vector space #3(R) and the vector space
Z2(R) of trace free symmetric matrices of dimension 4:

¢ : M3(R) — FL(R),

such that for all J € M5(R), and g € H/ + 1,

%J'q’(Q) =q-¢(J)q.

The first dot product is defined by Equation and the second one is the usual dot
product in R*.

3. For all ¢ € H/ + 1, it holds that ¢(®(q)) = q®q — 114.
4. The isomorphism ¢ preserves the diagonal structure: if D = diag(dy, da, d3) then,

dy +dy + ds 0 0 0
1 0 dy — dy — ds 0 0
oD) =7 0 0 —dy +dy — ds
0 0 —dy —do +ds

and if Q = diag(s1, $2, S3,84) with s1 + s2 + s3 + s4 =0, then

S1 + 8o 0 0
o Q) =2 0 51+ s3 0
0 0 81+ 84

The proof of this proposition can be found in appendix [A] We are now ready to prove
Proposition [£.2}
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PRrOOF (OF PROPOSITION [4.2]). Using the first and second points of Proposition it holds

that
/ AeAP A = / @(q)eé(q)'D dg = / @(q)qu‘b(D)q dq.
503(R) % /41 3 /41

The compatibility equation then becomes:

D= ﬁ/ B (q)e?r PP g,
Z Jss /1

Applying the isomorphism ¢ defined in Proposition[£.3]to this last equation, we obtain thanks
to the third point of Proposition :

1
Y S R S R P
Z Jss 41 Z Jss /41 4

Using the fourth point of Proposition [4.3] we then obtain the following equivalent problem:
find all the trace-free diagonal matrices @ = diag(s1, s2, s3, s4) of dimension 4 such that

4 2
fS3/i1 eXi=1 299 (g @ q — 114) dg
=p

Q ~ ,

where Z is a normalisation constant:

Z = / o 2516 dg.
§3/41

Equivalently, defining for ¢ € {1,2,3,4} :

we want to solve the system of compatibility equations:

3; = / qggs/,Qp(Q) dg, i=1,2,3,4, (25)
S8 /41

where s’ = (s}, s}, s4,}) and ge 2, is given by (24). Thanks to Theorem @ we conclude
that if s’ is a solution of (25), then the coefficients s, s, s, s, can take at most two distinct
values. So, the same result holds for the coefficients s, s2, s3, 4. Now thanks to the fourth
point of Proposition we only have the following possibilities:

e if 51 =55 =53 =54 =0, then

D=¢"1(Q) =0,
e if 57 =3a/4 and sy = s3 = s4 = —a/4 for a € R, then
D =¢"1(Q) = als,

e if s =3a/4 and 51 = s3 = s4 = —a/4 for a € R, then

1 0 0
D=¢""(@=a|0 -1 0 |,
o 0 -1

and similarly by permuting the diagonal elements when s3 = 3a/4 and when the other
elements are equal s; = s9 = s4 = —«/4 or when s4 = 3a/4 and 51 = s = s3 = —a/4,
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e if 57 =59 = /4 and s3 = s4 = —a/4 for a € R, then

D=¢"1Q)=a

O O =
o O O
o O O

and similarly by permuting the diagonal elements when s; = s3 = a/4 and when
S9 =84 = —afdor s1 =54 =afdand s; = s3 = —a/4.

The computation of the SSVD for these matrices is an easy computation. This concludes
the proof of Proposition [{.2] O

4.3 Determination of the equilibria for each density p

In Theorem [5| we saw that the BGK operator can have three types of equilibria. The uniform
equilibria f = p (corresponding to J = 0) is always an equilibrium. However, the existence
of the other two types of equilibria depends on Equations and having a solution
for a given p. Therefore the existence of these types of equilibria will depend on the value of
p. In this section we will determine the existing equilibria for each value of p. In particular,
we will draw the phase diagram for p and «, that is to say the parametrised curves defined
by Equations and in the plane (p,a) (see Figure . We first prove the following
proposition.

Proposition 4.4. Let p. := 6.

(i) The function o — afci(a) is well-defined on R, its value at zero is p.. Moreover,
there exists a* > 0 such that this function is decreasing on (—oo, a*] and increasing on
[a*, +00). Defining p* := o*/c1(a*), it holds that p* < pe.

(i) The function a — a/ca(a) is even. It is decreasing on (—00,0), increasing on (0,00)
and its value at zero is pec.

(iii) We have the following asymptotic behaviours:

[e%

~ 1
er(@) atreo T

«
— ~ a+2
02(05) a— 00

PRrROOF. The idea of the proof is taken from [55].
(i) Since

%{ sin®(0/2) sma} = sin?(6/2)(1 + 2 cos h),

an integration by parts shows that:

a [y sin®(6/2)e> <3¢ dp 3

ci(a) [ sin®(6/2) sin® e <05 dg ~ {sin?0},

It proves that o and ¢;(«) have the same sign for all @« € R. Then we define function
m :a+ {sin®0}, = 3ci(a)/a which satisfies the property:

m'(a) =0 = m"(a) <0,

since

m’ (o) = {sin? @ cos 0} — {sin? @}, {cos b},

and
m”(a) = — Varg (cos? 8) — 2{cos 0},m’(c),
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4 EQUILIBRIA OF THE BGK OPERATOR

where Var, is the variance for the probability density . This property implies
that a/cj(a) has only one critical point which is a global minimum. This minimum

is attained at a point o > 0 as a simple computation shows that m’(0) > 0 and
consequently p* < p.. A simple computation gives m(0) = 3 so p. = 6.

(ii) We have similarly:

" sin e ¥ d 4
0 _yysimger Mol 1 (26)
ca(a) Jy sin® e 5@ dp  [sin® ¢,

from which we can easily see that o — «/ca(@) is even and has only one minimum
attained at & = 0. A simple computation shows that its value at 0 is p. = 6.

(iii) The behaviour at infinity is obtained by Laplace’s method: with the change of variable
s=1—cosf on [0, 7], we get

« 2 — Qs S
« ¢ fO ¢ 2,/1—(1—s)2 ds
3 5 ~ «a+1.
c1(a) e [y e 51— (1 —s)2ds @7+
With the same method we have:
2 o
e 2%ds
S - Jo a2

e”25(1 — (1 —s)2)ds @+

ca(a) [

0
O

Thanks to Proposition [£:4] and Theorem [5] we can now fully describe the equilibria of
the BGK operator. A graphical representation of this result is given by the phase diagram
depicted in Figure 2] :

Corollary 4.2 (Equilibria of the BGK operator, depending on the density p). The set of
equilibria of the BGK operator depends on the value of p. In particular we need to
distinguish three regions p € (0,p*), p € (p*, pe) and p > p. where p* and p. are defined in
Proposition[{J We have the following equilibria in each region:

e For (< p<p*, a=0 is the unique solution of Equations and and therefore
the only equilibrium is the uniform equilibrium f°4 = p.

e For p = p*, in addition to the uniform equilibrium, there is a family of anisotropic
equilibria given by ¢ = p* My~n where A € SO3(R) and o* = p*ci(a*).

e For p* < p < pc, the compatibility equation has two solutions oy and a_ with
0 < a_ < ay which give, in addition to the uniform equilibrium, two families of
anisotropic equilibria : f°1 = pMq, A and f4 = pMy_p with A € SO3(R).

o For p = p., we have a_ = 0.

e For p > p., Equation has two solutions az < 0 < ay which give two families of
anisotropic equilibria f¢4 = pMay,pn and f°0 = pMy,a with A € SO3(R). Moreover,
FEquation has two solutions —ag < 0 < ae which give another family of equilibria:
Y= pM,,5 where B € . The uniform equilibrium is always an equilibrium.

When an equilibrium is of the form f¢4 = pM, with parameters a > 0 and A € SO3(R)
then these parameters can respectively be interpreted as a concentration parameter and a
mean body-orientation. They are analogous to the equilibria found in [I3] in the Vicsek case.
However, in SO3(R), there exist other equilibria which are not of this form. We will see in
Section |p| that these latter equilibria are always unstable.
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4 EQUILIBRIA OF THE BGK OPERATOR

o 1
a = pey(a)
S R
o s P .
s W S ot = e
4 | T
' g (+--)
{92 v i+ )
o= prg(n.)

FIGURE 2: Phase diagram for the equilibria of the BGK operator . Depending on the
density, there are one, two, three or four branches of equilibria (s and —aqy give the same
orbit). The uniform equilibrium f* = p is always an equilibrium (corresponding to az = 0,
depicted in green). The equilibria of the form f¢4 = pMya, A € SO3(R) exist for p > p* and
correspond to the two branches of the red curve a = pey(«). Finally the equilibria of the
form f°1 = pM,p, B € £ exist for p > p. and correspond to the two branches of the blue
curve a = pca(a). The dotted and dashed lines correspond to unstable equilibria (as shown
in Section[f]). The signs are the signature of the Hessian matrix Hess V(D) defined in Section
taken at an equilibrium point. The elements a*, p* and p. are defined in Proposition [£.4}
the elements oy, a_, a1, as and ag are given in Corollary @

Finally the following picture (Figure [3)) is a representation in the space R3 of the diagonal
parts of the SSVDs of the solution of the matrix compatibility equation when p > p,.
They all belong to the domain & defined by and depicted in orange in Figure
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5 CONVERGENCE TO EQUILIBRIA

dl = rfg = f};;

dl = dg

FI1GURE 3: The 4 diagonal parts of the SSVDs of the diagonal equilibria seen as elements of
the space R3 for p > p,, as described in Corollary The ones with non zero determinant
are in red (type (b) in Proposition, the non-zero one with determinant equal to zero is in
blue (type (¢)) and the matrix 0 is in green. They all lie in the domain diag™"(2) depicted
in orange and delimited by the three blue planes {dy = d2}, {d2 = ds} and {ds = —d3}.

5 Convergence to equilibria

Now that we know all the equilibria of the spatially homogeneous BGK equation @ we
proceed to investigate the asymptotic behaviour of f(¢, A) as t — 4o00. This problem can be
reduced to looking at the asymptotic behaviour of Jy since, if Jy — Joo € #3(R), then f(t)
will converge as t — +oo towards pM;__ as it can be seen by writing Duhamel’s formula for

equation @ :
t
f®)=etfo+p / e TIMy, | ds. (27)
0
The asymptotic behaviour of J; is much simpler than the one of f since Jy is the solution
of the following ODE
d
1 =, = Jp, It =0)=Jg,, (28)

as it can be seen by multiplying @ by A € SO3(R) and integrating over SO3(R). Since
J € M5R) — My € L (SOs3(R)) is locally Lipschitz, the flow of Equation is defined
globally in time as a bounded Lipschitz perturbation of the linear system %J =—J.

Notice that the solutions of the compatibility equation are exactly the equilibria of
the dynamical system . We therefore obtain the following proposition:

Proposition 5.1 (Equilibria of the BGK operator, equilibria of the ODE (28))). A distribu-
tion f°1 = pMj is an equilibrium of the BGK operator if and only if J € M5(R) is an
equilibrium of the dynamical system .
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5 CONVERGENCE TO EQUILIBRIA

We will call stable/unstable an equilibrium of the BGK operator (|13]) such that the
associated matrix J € .#3(R) is a stable/unstable equilibrium of the ODE ([28)). This section
is devoted to the proof of the following theorem:

Theorem 7 (Convergence towards equilibria). Let p € Ry be such that p # p* and p # pe
(as defined in Pmpasition. Let fo be an initial condition for and let Jp, = PDyQ be
a SSVD. Let f(t) be the solution at time t € Ry of the spatially homogeneous BGK equation
(@) with initial condition fo. Let D(t) be the solution at time t € Ry of the ODE with
initial condition Do € 9. It holds that:

Jry = PD(1)Q

is a SSVD and there exists a subset A, C R® of zero Lebesgue measure such that:

1. if Dy ¢ N,, then f(t) converges as t — oo towards an equilibrium f°1 of the BGK
operator of the form f¢4 = pM jea, where J* € #3(R) is of one of the forms
described in Theorem[5. The convergence is locally exponentially fast in the sense that
there exists constants 6, K, > 0 such that if || Jy, — J°Y| < & then for allt >0,

VA € SO3(R), |f(t,A) - fUA)| <e ™ (Kp +1fo(A) = f"q(A)l)

2. If Dy ¢ N, we have the following asymptotic behaviours depending on the density p :

(i) if 0 < p < p*, then D(t) — 0 as t — +oo and, consequently, 4 = p,

(i) if p* < p < pe, then D(t) — 0 or D(t) — ayls as t — +oo and, consequently,
f¢U = p or f9 = pM,_ a respectively, where ay > 0 is defined in corollary
and A := PQ € SO3(R),

(iii) if p > pe, then D(t) — aql3 as t — +o00 and, consequently, f°4 = pM,, o where
a1 > 0 is defined in corollary and A := PQ € SO3(R).

Remark 5.1. The subset A, C R3 depends on the density p. This subset will be made
explicit in the three cases p < p*, p* < p < p. and p > p. in Section . If Dy € A,, then
there is convergence towards an unstable equilibrium at a rate which may not be exponential.

Remark 5.2 (Phase transitions). Theorem@ demonstrates a phase transition phenomenon
triggered by the density of agents p : when p < p*, the system is disordered (asymptotically
in time) in the sense that J;y — 0 and we therefore cannot define a mean body-attitude.
When the density increases and exceeds the critical value p., the system is self-organised
(asymptotically in time and for almost every initial data), in the sense that J; — o\ where
a € Ry and A € SO3(R) can be respectively interpreted as a concentration parameter and
a mean body attitude. When p* < p < p. the self-organised and disordered states are both
asymptotically stable and the convergence towards one or the other state depends on the
initial data. Such “transition region” also appears in the Vicsek model, as studied in [13],
and gives rise to an hysteresis phenomenon.

The proof of this theorem can be found at the end of Section It is based on a gradient
flow structure for the flux J; studied in Section This structure ensures the convergence
of Jy towards a matrix J° € #3(R) as t — +oo and consequently the convergence of
f(t) as t = 400 towards an equilibrium. The stability of the equilibria determines which
equilibrium can be attained. This question is addressed in Section Additional details
about the subset .4}, as well as the study of the critical cases p = p* and p = p. are provided
in Section 5.3l

5.1 A gradient-flow structure in R?

In this section we show that the ODE can be reduced to a gradient-flow ODE in R3.
We first show (Section [5.1.1)) how can be reduced to an ODE in R3, the equilibria of
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5 CONVERGENCE TO EQUILIBRIA

which are linked to the equilibria of (and therefore of (7). Then we show that this
ODE in R? has a gradient-flow structure which will allow us to conclude on the asymptotic
behaviour of the solution of (7)) (Section [5.1.2).

5.1.1 Reduction to a nonlinear ODE in R? and equilibria

The ODE is a matrix-valued nonlinear ODE (in dimension 9) but, as in the previous
section (Proposition and Corollary , we will use the left and right invariance of the
Haar measure and the SSVD to reduce the problem to a vector-valued nonlinear ODE in
dimension 3, as explained in Proposition [5.2) and Corollary [5.1]

Proposition 5.2 (Reduction to a nonlinear ODE in dimension 3). Let Jy € #5(R) be a
given matriz and let Dy € Orb(Jp) be diagonal. Let P,Q € SO3(R) such that Jo = PDyQ.
Let J : [0,00) — #5(R) be a C* curve in #3(R) with J(0) = Jo. For all t > 0, let
D(t) € #3(R) be the matriz such that J(t) = PD(t)Q. It holds that:

(i) J = J(t) is the solution of the ODE with initial condition J(t = 0) = Jy if and only
if D = D(t) is the solution of the same ODE with initial condition D(t = 0) = Dy.

(i) Moreover, if (i) holds, then the matriz D(t) € .#3(R) is diagonal for all time.

PROOF. (i) Using the left and right invariance of the Haar measure, we see that if the
matrix J(t) € .#3(R) is a solution of (28)), then for any P,Q € SO3(R), PJ(t)Q is also
a solution (and conversely).

(ii) Since Dy is diagonal, the fact that D(t) is also diagonal is a consequence of lemma [3.2]
which states that (A),s, is diagonal when D is diagonal.
O

For any matrix Jy, such a diagonal matrix D, always exists: we can take the diagonal
part of the SSVD of Jy. We therefore only have to study the following ODE for diagonal
matrices Z3(R). Since this vector space is isomorphic to R3 through the isomorphism diag
defined in the introduction, we obtain two equivalent ODEs:

9D1) = )i, ~ D), Dit=0) =Dy, (292)
%ﬁ(t) = pdiag™ (<A>Mdmg(ﬁ(t))) —D(t), D(t=0)= Dy, (29b)

where D = diag™"(Dy) and the following equivalence holds : ﬁ(t) = diag " (D(t)) is the
solution of (29b)) if and only if D(t) = diag(D(t)) is the solution of (29al).

Note that it is not clear that if Jy = PDoQ is a SSVD, then J(t) = PD(¢)Q is a SSVD
for all ¢ > 0. The following proposition and corollary ensure that the SSVD is preserved by
the dynamical system which will allow us to restrict the domain on which the ODE (29a)) is
posed.

Proposition 5.3 (Invariant manifolds). The following subsets of R® are invariant manifolds
of the dynamical system (29b)) :

o the planes {(d1,d2,d3) € R3, d; +d; =0} fori# j € {1,2,3},

o the planes {(d1,dz,d3) € R3, d; —d; =0} fori# j € {1,2,3},

e the intersections of two of these planes and in particular the lines

1 1 1
Rl 1], R{o], R|[ 1
1 0 1
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PrOOF. For i = 2 and j = 3, the result has already been proved in the second point of
Lemma .1l The other cases are similar. O

Corollary 5.1. Let Jy € #3(R) and Jy = PDoQ be a SSVD with P,Q € SO3(R) and
Dy € 23(R) diagonal. Let J(t) be the solution of the ODE with nitial condition
J(t =0)=Jy. Let D(t) the solution of the ODE with initial condition D(t = 0) = Dy.
Then the decomposition J(t) = PD(t)Q is a SSVD for J(t).

PrOOF. The fact that J(t) = PD(t)Q is a consequence of the first point of Proposition
The fact that it is a SSVD is a consequence of Proposition which ensures that the
conditions remain true for all ¢t > 0 : & is stable in the sense that if Dy € &, then
D(t) € 2 for all time t > 0. This follows from the fact that the image by the isomorphism
diag of the invariant manifolds of described in Proposition are invariant manifolds
of the dynamical system (29a)). These manifolds in Z5(R) form the boundary of the subset
9. O

In conclusion, the study of the asymptotic behaviour of f(t) as t — +o0o can be reduced
to the study of the asymptotic behaviour of the solutions of the ODE (29a]) posed on the
domain 2 (see Figure |3).

The following Proposition describes the equilibria of the dynamical system (32al) and is
a consequence of the results of Section

Proposition 5.4 (Equilibria of the dynamical system (29al)). The equilibria of the dynamical
system (29a)) are, depending on the density p :

e the matrix D = 0 for any density p,
o the diagonal matrices of type (b) with parameters oy and a— when p* < p < pe,

o the diagonal matrices of type (b) with parameters ay and ag and the diagonal matrices
of type (c) with parameters +as when p > p.,

where the types (b) and (¢) are defined in Pmposition and the elements ay, a_, ay, ao
and ag are defined in Corollary[{.9
PROOF. The equilibria of (29a)) are the diagonal matrices D such that

p<A>MD — D= 07

which is exactly Equation for the diagonal matrices. This equation has been solved in
Theorem [5} Remark [£.7] and Corollary O

Remark 5.3. As in the previous section, we have found all the diagonal equilibria of (29a)).
However, thanks to Corollary[5.1}, only the ones which belong to 9 are needed.

The following proposition is a straightforward consequence of the previous results.

Proposition 5.5 (Equilibria of the BGK operator, equilibria of the ODE (29a))). Let
J € M5(R) with a SSVD given by J = PDQ. The following assertions are equivalent.

(1) The distribution f¢9 = pM; is an equilibrium of the BGK operator ,
(2) The matriz D is an equilibrium of the dynamical system on the domain 2.
(3) The matriz D is of one of the forms:

e D=0, when p < p*,

e D=0orD=oa_I3 or D =oa;l3, when p* < p < p,

e D =0o0rD=qa1l3 or D= agdiag(—1,—1,1) or D = asdiag(1,0,0), when

P> Pe;
where p*, pe, a—, a4, a1, ay and ag are defined in Proposz'tz'on and Corollary .
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5.1.2 A gradient-flow structure

Lemma 5.1 (Gradient-flow structure). We define the partition function of a matriz J € .#3(R) :
Z(J) = / el dA, (30)
SOs(R)

and the potentials V(J) and V(D) respectively on A3(R) and on R? :

1
V()= S~ plog 2(), (31a)
o 1 ~ N
V(D) := 5\D\Z’ — 2plog Z(diag(D)) (31b)
where || - || and | - | are the Euclidean norms respectively on .#3(R) and on R3. Then we can

rewrite equations (29a)) and (29b) into a gradient flow structure as follows:

SD(0) = p(A)rty, — DIE) = ~TV(D), (320)
9D0) = pdias™ (A, ) — DUO) = ~VP (D), (320)

where V is the gradient operator in #3(R) endowed with the Riemaniann structure or
the gradient operator in R? endowed with the usual Fuclidean structure.

ProOF. The partition function satisfies that for all J € .#3(R),
V(log Z2)(J) = (A)m,,

since V(e”4) = Ae”4. The result follows in .#5(R). The result in R® follows from the fact
that for any wi,ws € R3, it holds that:

wy - wy = 2diag(w;) - diag(ws)
where - denotes the dot product on R* and on .#5(R) as defined in (g). O

Remark 5.4. This gradient-flow structure on Jy is specific to the BGK equation and does
not hold for the Fokker-Planck operator (as shown in [13], the differential equation satisfied
by Jy in the Vicsek case involves the spherical harmonics of degree 2 and higher of f; here
the equation for Jy is closed).

In particular the gradient-flow structure (32a)) implies that the system (32a)) will converge
towards an equilibrium. When all the equilibria of the dynamical system (29a)) are hyperbolic

the convergence towards the stable equilibria is exponentially fast (see [38, Section 9.3]). The
goal of the next section is to find which equilibria among the ones found in Section [ are
stable and to completely describe the asymptotic behaviour of the system depending on the
initial condition and the local density p. We will see that phase transitions appear between
ordered and disordered dynamics when the density p increases.

5.2 Stability of the equilibria and conclusion

Since the flow of (29b]) is the image by the isomorphism diag™! of the flow of -, an
equilibria D4 of (29a)) is stable (resp. unstable) if and only if diag™' (D) is a stable

(resp. unstable) equilibria of ( - The stability properties of the equilibria of ( - are
much simpler to study than the stability properties of the equilibria of ( - since they
are given by the blgnature of the Hessian matrix Hess V(D) € .#(R) of the potential V
given in equation (31b]) (the linearisation of ODE around an equilibrium D® is indeed
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%ﬁ[ = — Hess ?(ﬁeq)ﬁ) In particular, an equilibrium De4 is stable if and only if the sig-
nature of Hess ?(ﬁeq) is (+++).

Note that in the matrix framework (32a), the Hessian of the potential (31a]) in the Eu-
clidean space .#3(R) would be a rank 4 tensor. Here we are reduced to the computation of the

signature of 3 x 3 symmetric matrices. For a diagonal matrix D € Z5(R) and D = diag™*(D)
we will write with a slight abuse of notations:

Hess V(D) = Hess XA/(B)

When D € Z5(R) is an equilibrium of (29al) we call signature of the Hessian matrix Hess V(D)

the signature of Hess V(D) where D = diag”™*(D). A simple computation shows that the
Hessian matrix Hess V(D) is given by :

1
Hess V(D) =I5 — §pF,
where I' = (F”),LJ with :
Lij = (aiia;j)mp — (@) mp (aj5) M -

The following theorem is an extension of Corollary and gives a full description of the
equilibria of the BGK operator with their stability.

Theorem 8 (Stability of the equilibria of the ODE ([29al)).

e For 0 < p < p*, the only equilibrium is D = 0. This equilibrium is stable.

o For p* < p < pe, the equilibrium D = 0 and the equilibria of type (b) with parameter ay
are stable. The equilibria of type (b) with parameter a_ are unstable and the signature
of the Hessian matriz is (— + +).

e For p > p., the stable equilibria are the equilibria of type (b) with parameter oy. The
other equilibria (D = 0, type (b) with parameter as and type (c) with parameter £as)
are unstable and the signatures of the Hessian matriz are respectively (— ——), (+ ——)
and (++ —).

The proof of Theorem [§ will be based on the following lemma which states an important
orbital invariance principle for the signature of the Hessian matrix.
Lemma 5.2 (Orbital invariance of the signature). Let D € R3 be an equilibrium of (29b)).
The signature of Hess V(D) depends only on the type (a), (b) or (c) of diag(D) as defined
in Proposition [{.2

PROOF. Let Dy and D be two equilibria of ([29b) such that diag(D;) and diag(D,) are of
the same type. Then there exist P,Q € SO3(R) and R € O3(R) such that

Dy = diag™! (P diag(ﬁﬁQ) =RD;.

Moreover for all M € .#3(R), the matrices P,Q, R satisfy (permutation of the diagonal
coefficients):

(PMQ)1 M,
(PMQ)22 | =R| Ma
(PMQ)33 M33

where M;; is the (i,4)-th coefficient of the matrix M. Therefore, one can check that:

~ o~ ~

VV(Dy) = RVV (D)

and R R
Hess V(D,) = RHess V(D;)R™.

The conclusion follows from Sylvester’s law of inertia ([45, Chapter 8 Theorem 1]). O
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PROOF (OF THEOREM . Thanks to lemma we therefore do not have to compute the
signatures of the Hessian matrix taken at all equilibria, it is enough to choose one matrix in
each orbit: for the equilibria of type (b) (see Proposition we will compute the signature
of Hess(al3) where oo = pcy () and for the equilibria of type (¢) we will compute the signa-
ture of Hess(avdiag(1,0,0)) where oo = pea(ar). We first start with the case of the uniform
equilibrium.

Case 1. Uniform equilibrium D =0

For the uniform equilibrium D = 0, (a;;) = 0 for all (¢,5). Moreover, by the change of
variable A’ = D* A where k # i, j, we have when i # j :
(aiiaz;) = —(aia;;) = 0.
It proves that I' is diagonal. Then with the changes of variables A’ = P A or A’ = APV it

can be seen that all the 32 quantities (a%) are equal. Since their sum is equal to n = 3 we

get that
1
HessV(0) = (1 —=pla?)) | 5= (1— I I,
2 Pe
where p. = 6. In conclusion, the signature of Hess V(0) is (+ + +) if p < p. and (— — —) if
P> Pe-

Case 2. Equilibria of type (b) : D = als

Let D = al3 with a = pey(a). We_have _c_l(a) = (a11)mp = (a22)mp, = (ass3)r, and
a change of variable of the type A’ = P A(P%)T shows that all the (arraw)s, are equal.
The Hessian matrix is therefore equal to :

1 v
HessV(alz)=I3——p | ~
Y

R =22

2

= T 2

with v = (a?))nrp — <a11>?\4D and v = (a11a22) mp — (@11) mp (a22) prp- The eigenvalues of
Hess V(D) are :

o 1— %pu — py of order 1 with eigenvector (1,1,1)7. But taking the derivative with
respect to a of with A = I3 we obtain the relation :

1 3
i (a) = §<a§1>MD + (a11a22) v — §<a11>?\4D =5v+

and using p = a/c1(a) we can rewrite :

1 %pl/ 1o 2ald) (Zd) (@).

c1(@) c1

Its sign is then given by Proposition and the fact that c;(a) has the same sign
X li . !/
as a : c¢1(a) (%) (o) > 0 when o < 0, ¢1() (ﬂ) () < 0 when 0 < o < a* and

C1

N
c1 (@) (%) (o) > 0 when a > o*.

c
e 1 — 1pv + py of order 2 with eigenvectors (1,—1,0)7 and (0,1,-1)T. It can be
rewritten as:

1 1 o
1— —pv+-pr=1-—2 ((a; — az)?),, .
PV T 5Py 4cl(a)<(au as2) >MD
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To determine this sign, we use the explicit volume form of SO3(R) given by Rodrigues’
formula @D to see that :

o 2 o foﬂ sin2(9/2)(1 — cos 0)26(1 cosb g9
7<(a11—a22) > =220 | |
4cq (@) Mp D fo sin”(0/2)(1 + 2 cos 0)ex<os? d

Lemma 5.3. The function

PR x [y sin®(6/2)(1 — cos§)2ev <5 df
T - % T . )
5 [y sin®(0/2)(1 + 2cosf)evcos do

satisfies f(0) =0, f(z) >0ifx >0 and f(z) <0ifx <0

PROOF. The value of f(0) is given by the expansion of exp. Note that :
d
@{ sin®(0/2) smo} = sin?(6/2)(1 + 2 cos h),

so that an integration by parts shows :

/ sin®(0/2)(1 + 2 cos f)e” =’ df = x/ sin®(0/2) sin?(0)e” % ?dg.
0 0

We get that :

1 1 foﬂ sin2(9/2)(1 — cos6)2ercos? qg

@) = 5 [y sin®(6/2)sin®(0)e® c0s0dg

We have :
" s 2 1 2 s 2 x cos 0
f(z) >0~ sin”(6/2) 5(1—6089) —sin“(0) | e de <0.
0
Linearizing sin?(0/2) and expanding everything gives :
.2 1 2 2 —1 2
sin“(6/2) 5(1 —cosf)” —sin“(0) | = ?(3(3050 +2)(1 —cos )=,

so that : .
flz) >0« / (3cosf +2)(1 — cos)?e® 3% dp > 0.
0

Now for z > 0, let 6y = arccos(—2/3). We cut the integral at 6y and we get
90 2 60
/ (3cosf +2)(1 — cos)?e*<0 dh > ¢~ 3% / (3cosf 4 2)(1 — cos ) db,
0 0
since the integrand is nonnegative and x > 0. Similarly when the integrand is nonpos-
itive

™

/ (3cos @ + 2)(1 — cos 6)%e 0 dh > e 3" / (3cosf +2)(1 — cosh)? db.
90 00
And finally :
/ (3cosf +2)(1 — cos 0)%e® 5% dp > e_%w/ (3cosf +2)(1 — cos0)? do = 0.
0 0

We find similarly that f(z) <0 when z < 0. O

31



5 CONVERGENCE TO EQUILIBRIA

And therefore, we can deduce the sign of the eigenvalue: 1— ﬁm) <(a11 — a22)2>MD >0

when aw > 0 and 1 — ﬁ(a)<(a11 — a22)2>MD < 0 when a < 0.
Case 3. Equilibria of type (c) : D = adiag(1,0,0)
For D = adiag(1,0,0) with o = pca(«), using the parametrisation , it holds that :

/ (12265(111 dA = a2265a33 dA
SO3(R) SO3(R)

2
) / / €% 95?2 gin ¢y / (— sin @'sin ¢1 + cos 0 cos ¢1 cos P2)dp1 dpadl
87 oo Joumo 61=0
where the first equality comes from the change of variable A +— P A(P)T. Similarly,

(@22) mp = (a33) mp = (@11022) mp = (@11033) Mp = 0.

The Hessian matrix is therefore equal to :

1 [ lel)ap — (a)hy, 0 0
I3 — ip 0 <a%2>IVID (a22a33) Mo, )
0 (azoass)nrp,  (a33)np

and since (a3,) rr, = (a2s)n,, as it can be seen with the change of variable A — P2 A(P?3)T
its eigenvalues are :

1
1- §P(<a11>M <a11>?\4D>7
with eigenvector (1,0,0)7,

1— 1p(<c122)1\4 <022033>Mp>a

with eigenvector (0,1, —1)7 and
1 2
1- §P<<a22>MD + <022033>MD>a
with eigenvector (0,1,1)7. We have as before :

¢h(a) = 5 (@), — (@i, ).

so the first eigenvalue can be rewritten

- ao((an — o) =1 - 94 — ) () () >0

co(a) Co

where we have used Proposition [£.4] to determine the sign. The two other eigenvalues are
equal to:

1
1 — 1p<(0,22 :l: a33)2>

Using the change of variable A — PP A(P™)T and the parametrisation , one can see
that :

Mp

/ (o2 £ az3)”ed ™ dA = / (aze £ arn)®e®*2 dA
SO3(R SO5(R)

/ / cos?(¢y £ 0)/ sin ¢ (1 % cos ¢p)2e? 92 dpy depy df
87 Jomo Joum $2=0
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5 CONVERGENCE TO EQUILIBRIA

so that : 1
<(a22 + 033)2>MD =3 [(1 + cos ¢)2] .
where [-], is defined in Proposition Using the relation p = =0 = m (see Formula

(26])), the two eigenvalues are equal to :

1y sin@(1 =+ cos¢)?e? % dg
2 Jy sin® ges 2 dg

1

With the same technique used in the previous paragraph (Lemma [5.3)) it is possible to show
that the eigenvalue 1 — ip<(a22 — a33)2> is nonpositive when a < 0 and nonnegative
M

D
when « > 0. The contrary holds for the other eigenvalue (nonnegative when o < 0 and
nonpositive when « > 0). Finally the signs of these two eigenvalues are always (+—).

The conclusion of the proof follows from the study of the roots of Equations and
provided by Corollary and depicted in Figure In particular, the cases a = o*
and a = 0 correspond to the critical cases p = p* and p = p. which are studied in the next
section. O

Remark 5.5. The above calculations are similar to the computation of the equilibria and
their stability of
U : D e diag(.7) — F[Mp]

where F is the free-energy @ In particular, it can be shown that the equilibria of ¥ and
their stability are the same as the ones described in Theorem @ In particular, since @ 18
also a free energy in the Fokker-Planck case, this analysis shows the instability of equilibria
of the Fokker-Planck of the form pMp when D is of one of the unstable equilibria of
described in Theorem @ This technique is similar to the one which was used in [57] in the
case of 8D polymers. However, it does not provide global or local convergence of the solution
of the Fokker-Planck equation towards an equilibrium. This requires further investigations
which will be left for future work. In the Vicsek case [13)], it was based on a LaSalle’s principle
and on estimates for the dissipation term.

We can finally prove Theorem [7] :

PROOF (OF THEOREM . Thanks to the Duhamel’s formula , the asymptotic behaviour
of f(t) as t — +oo is given by the asymptotic behaviour of Jy«y. Thanks to Proposition
and Corollary we only have to study the asymptotic behaviour of the solution of
the ODE (29a]) where the initial condition is the diagonal part of a SSVD of Jy,. Since this
equation has a gradient-flow structure , we know that the solution D(t) converges as
t — +oo towards an equilibrium D®? and consequently Jyy — PD®IQ := J*I. Moreover
the equilibrium D9 is a stable equilibrium provided that Dy does not belong to the stable
manifold of an unstable equilibrium. Since these manifolds have dimension at most 2, the
union of these manifolds, called N, is of zero measure and there is convergence towards a
stable equilibrium for all Dy ¢ N,. In this case, the convergence is locally exponentially fast
in the sense that there exist constants 6, \,C' > 0 such that if ||J;, — J°Y| < ¢ then for all
t>0,

gy — T < Ce M, (33)

Let f¢4 = pM jeqa. It follows from Duhamel’s formula that for all A € SO3(R) :

(0. 4) = £ < o) = )+ pe [ My () = My(Ads. (34)
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5 CONVERGENCE TO EQUILIBRIA

Since SO3(R) is compact and J ) is bounded uniformly in ¢, there exists a constant L > 0
such that for all ¢ > 0, the following Lipschitz bound holds:

VA e SOg(R), |MJf(t) (A) — MJeq(A)‘ < L”Jf(t) — JeqH. (35)

Reporting into and using , the first point of Theorem m follows with constants
K =CL/|]1 — ) and g = min(1,A) when A # 1 and K = CL and 4 =1 —¢ for any € > 0
when \ = 1.

The stability of the equilibria of the dynamical system is given in Theorem
Finally the conclusions of points 2.(ii) and 2.(iii) follow from the fact that the diagonal parts
of the SSVD of the equilibria of type (b) with parameters a; and a; are respectively ay I3
and «qI3. O

5.3 Final remark: characterisation of the stable manifold of the
unstable equilibria and critical cases

This section is devoted to a more precise description of the subset .4, of zero measure of
initial conditions which do not necessarily lead to one of the behaviours detailed in the pre-
vious section (see Theorem [7)).

When p # p* and p # p., all the equilibria of (29b)) are hyperbolic and we can apply
the stable manifold theorem ([48] Section 2.7) which states that for a given hyperbolic equi-

librium D of the nonlinear equation , the stable set of D is a smooth manifold.
Its dimension is given by the number of minuses in the signature of — Hess V(D) and its
tangent space at Ded s the stable subspace of the linearized system around Ded. We are
now ready to describe the behaviour of the system for a given density p and an initial
condition ﬁo € R3. Note that we can restrict ourselves to the case ﬁo € diag™(2) and that
our goal is to describe diag™'(.#,) (in the R*-framework). We write D(t) = diag ﬁ(t) the
solution of with initial condition Dy = diag lA)O.

Case 1. When p < p*
When p < p*, there is only the uniform equilibrium : D(t) . —+> 0 and .4, = 0.
—+00
Case 2. When p* < p < p.

There are three equilibria for : two are stable (0 and o (1,1,1)T) and one is un-
stable (a_(1,1,1)T) which satisfies that — Hess(f/\')(a,(l, 1,1)T) has signature (— —+). The
stable manifold theorem ensures that diagfl(g/i/p) is the stable set of the unstable equili-
brium and is a smooth manifold of dimension 2 and its tangent plane at a_(1,1,1)7 admits
the eigenvectors (1, —1,0)T and (0,1, —1)T for basis. The unstable manifold of the unstable

equilibrium has dimension : it is the line of direction (1,1,1)7.

Finally, the space R? is partitioned in two domains by diag_l(%) : depending on which
domain Dy belongs to in R? \ diag™"'(.4;), D(t) will converge towards either the uniform
equilibrium or to ay (1,1,1)T (or towards a_(1,1,1)T if Dy belongs to its stable manifold).

Case 3. When p > p,

~

When p > p., D(t) can converge towards one of the four equilibria : 0, ag(—1,-1,1
a2(1,0,0)T or a1(1,1,1)T (see Figure .

)7,
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5 CONVERGENCE TO EQUILIBRIA

~

e The uniform equilibrium is unstable and — Hess(V)(0) has signature (+++) therefore,
there is no stable direction and D(t) cannot converge towards 0 unless Dy = 0 (and
then D(t) =0 for all t € R}).

e The equilibrium «g diag(—1,—1,1) is unstable and its stable manifold M; has dimen-

1
sion 1: it is the half line R* 1 (it is indeed an invariant manifold of dimension 1
-1
and a solution on this half-line cannot converge towards an other equilibrium). There-
fore D(t) converges towards asdiag(—1,—1,1) if and only if Dy lies on this half line.

e The equilibrium ay(1,0,0)7 is unstable and its stable manifold has dimension 2 with
a tangent plane generated by the two vectors (1,0,0)7 and (0,1, —1)7 : it is the plane
{d2 + d3 = 0}. We note that this plane is an invariant manifold, so if Dy belongs to
this plane, the limit when ¢ — 400 also belongs to this plane. But since the half-lines

1 1
R% 1 and R% [ —1 | are the stable manifolds of the equilibria ag(—1,—1,1)
—1 1
and az(—1,1,—1)7, the limit when ¢t — 400 is a2(1,0,0)7 if and only if Dy belongs
to the (open) quarter of the plane {ds + d3 = 0} delimited by these two half-lines:
this is the stable manifold of «sdiag(1,0,0). In conclusion, D(t) converges towards
ag diag(1,0,0) if and only if Dy is of the form (dy,ds, —d2)? with d; > dy > 0. Since
Dy € diag™'(2), we can restrict ourselves to the eighth of plan My delimited by the
half lines R% (1,1, —1)7 excluded and R7 (1,0,0)” included.
e In every other cases, D(t) converges towards a;I5 which is the only stable equilibrium.

Finally, in the case p > p., the subset .4, N 2 is equal to diag ({0} U M; U My).
The critical cases

We end this section by an informal description of the expected behaviour in the critical
cases.

e When p = p* the uniform equilibrium is stable and there is an other equilibrium
of the form I3 with o® > 0. This equilibrium is non hyperbolic: the kernel of
—Hess V(a*(1,1,1)T) is one dimensional, spanned by the vector (1,1,1)7. The two
other eigenvalues are negative. Therefore, for the system 7 there exists a center
manifold of dimension 1 and a stable manifold of dimension 2, which tangent plane
being the orthogonal of (1,1,1)7.

If Dy belongs to the stable manifold, D(t) converges exponentially fast towards a*I3
(B3] Theorem 3.22). The stable manifold of dimension 2 delimits two domains and one
of them is included in the subset {z € R3 - (1,1,1)T > a*}. If Dy belongs to this
domain, then it belongs to a center manifold and ﬁ(t) is attracted exponentially fast
towards the the line R(1,1,1)7 and converges at rate 1/t towards a*(1,1,1). In every
other cases, ﬁ(t) converges exponentially fast towards 0.

e When p = p. there is one stable equilibrium of the form al3 with o > 0. The uniform
equilibrium is non hyperbolic and — Hess V' (0) = 0.

In the case when ﬁ(t) converges towards 0, with a formal computation, the rate of

convergence is expected to be either 1/t or 1/y/t depending on ﬁo. The convergence
towards the stable anisotropic equilibrium is exponentially fast.
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6 MACROSCOPIC LIMIT FOR THE STABLE EQUILIBRIA

6 Macroscopic limit for the stable equilibria

We now go back to the spatially inhomogeneous model. We want to investigate (at least
formally) the hydrodynamic models derived from the BGK equation . To do so, we
introduce the scaling t' = et and 2’ = ex for € > 0 and we define f°(t',2', A) := f(t,x, A).
After this change of variables in and dropping the primes, we see that f© satisfies the
following equation:

O f® + (Aey - Vo) f = % (prMJfE - fs) : (36)

We want to investigate the macroscopic limit € — 0 with the assumption that f¢ converges
towards a stable equilibrium. Thanks to the results of the last section, we will assume that
f& = pMya where p = p(t,z), a = pcy(a), a € Ry and A = A(t,z) € #5(R) (with a notion
of convergence as strong as needed). Since the equilibrium is assumed to be stable there are
two cases: either A € SO3(R) (and therefore p > p*) or A = 0 that is to say f¢ is uniform in
the body-orientation variable and converges towards p = p(t, z) (and therefore p < p.). For
a given time t € R, we will say that x € R? belongs to a disordered region when A(t,2) = 0.
Otherwise, when A(t,x) € SO3(R), we will say that 2 € R3 belongs to an ordered region.

The purpose of the two next sections is to write at least formally the hydrodynamic
equations satisfied by p = p(t,z) and A = A(t,z). First notice that integrating over
SO3(R) leads to the conservation law:

Op" + Vo - jlfT] =0, (37)
where p® = pye and

j[fs] ::/ AeledAEJfael.
SO3(R)

The macroscopic model then depends on the region considered.

1. In a disordered region, j[f°] — 0 and assuming that the convergence is sufficiently
strong, we get that d;p = 0. To obtain more information we will look at the next order
in the Chapman-Enskog expansion (Section |6.1]).

2. In an ordered region, j[f°] — aAe; where a = pcy(«) and therefore, assuming that the
convergence is strong enough:

Op+ V- (alher) = 0.

However due to the lack of conserved quantities, we will need specific tools to write
an equation satisfied by A = A(¢,x) in order to obtain a closed system of equations on
(p, A). This is the purpose of Section

6.1 Diffusion model in a disordered region

We consider a region where f¢ converges as € — 0 to a density p(t, z) uniform in the body-
attitude variable. The following proposition gives the diffusion model obtained by looking
at the next order in the Chapman-Enskog expansion.

Proposition 6.1 (Formal). In a disordered region, the density p® satisfies formally at first
order the following diffusion equation:

lvgc €
315/?6 =¢eVy- (3 P > y  Pc= 6. (38)

1— £
pC
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6 MACROSCOPIC LIMIT FOR THE STABLE EQUILIBRIA

ProOF. We follow the same calculations as in [I3] : we write f© = p® + eff (where ff is
defined by this relation) and notice that:

Jpe =cedype and My, (A)=1+¢eJs: - A+ O(e).
Inserting this in (36)), multiplying by A and integrating over SO3(R) leads to:
e = o / (Jye - A)AdA — / Aey - Vapf AdA + O(e). (39)
S0 (R) SO5(R)

Using Lemma (3.3} it holds that
1
/ (Jpe - A)AdA = — Jye. (40)
505(R) 6

To compute the second term, we note that Ae; - V,p® = 24 - R, where R,- is the matrix,
the first column of which is equal to V,p°® and the others are equal to zero. Using Lemma
B3l we obtain

£ 1 13
/ Aey - Vo p*AdA = ng. (41)
SO3(R)
By multiplying (39) by e1, it follows from (40) and (41)) that :

r° lg -
(1 — pc> Jfleel = 7§VTP + 0(5),

which gives the result by inserting this in . O

Remark 6.1. This analysis does not depend on the dimension. In SO, (R) the same formal

result holds:
1¥.p°
Op® =€eVy - (’{_pg , Pe=2n.

Pec

6.2 Self-organised hydrodynamics in an ordered region

In the following, for a given density p € Ry, a(p) denotes the maximal nonnegative root of
a = pc1 (). We are going to prove the following theorem.

Theorem 9 (Formal). We suppose that f* — p(x,t)M ;. (as strongly as necessary) as
e = 0 where J(z,t) = a(p(z,t))A(x,t) and A(x,t) € SO3(R). Then p and A satisfy the
following system of partial differential equations:

Op + Va - (per(a(p))Aer) =0, (42a)
p(@tA + 62((1\61) . VI)A) + C~3[(A61) X Vzp]XA
+ eqpl—re(A) x (Aer) + 5. (A)Aer] <A = 0. (42b)
where Co, C3, ¢4 are functions of p to be defined later and § and r are the “divergence” and

“rotational” operators defined in [14)] : if A(z) = exp([b(z)]x)A(z¢) with b smooth around
xo and b(zg) =0, then

3:(A)(zg) := V4 - b(2)|amz, and r,(A)(20) := Vau X b(2)]| 2=z

where VX 1is the curl operator.

The first equation (42a)) is the conservation law and the goal is to obtain the equation
(42b) for A = A(t,z). However, here and contrary to the classical gas dynamics, the total

momentum is not conserved: d

= fAdA+£0
dt Jso,(r)
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and we therefore cannot deduce easily a closed system of equations. This lack of conserved
quantities is specific to self-propelled particle models such as the Vicsek model. The main
tool to tackle the problem will be the Generalised Collision Invariants method introduced
in [I8] for the study of the hydrodynamic limit of the continuum Vicsek model. Its precise
setting in the context of our body-attitude model is detailed Section [6.2.1] The formal proof
of Theorem [9 can be found in Section [6.2.21

6.2.1 Generalised collision invariants

To obtain an equation on A, the main tool are the Generalised Collisional Invariants (GCI)
first introduced in [18]. For a given J € .#5(R), we define first the linear collision operator:

Li(f)=prM;—f,

so that Qpax (f) = Ly, (f). Let J € #3(R) with det J > 0 and let A := PD(J) € SO3(R)
be the orthogonal part of its polar decomposition. The set of GCI associated to J is defined
as:

Cr = {w :S03(R) = R, / L(f)ydA =0 for all f such that PTA(Jf)} . (43)
SO3(R)
The condition i € € is equivalent to:

/ F()m, —)dA =0 forall f such that Pr, (Jf) =0.
SO3(R)

Therefore, following the ideas of the proof of [I4, Proposition 4.3], we have:
YEC < IBeThr, (Y)m, —y(A)=DB-A,
that is to say:
WEeEC < IBeTy, ICeR, y(A)=-B-A+C,

or equivalently since B € T, means that there exists P € @4 (R) such that B = AP :

& —som (1 U ).
Pedg(R)

where
YB(A)=—P-ATA.

Now for any P € @4(R), denoting Ag- = A° = PD(J¢-), we get by multiplying the equation
by Up

(Onf* + Aey - Vo fS)P - (A5)TAdA = 0. (44)
SO3(R)

The right-hand side vanishes by Definition of the GCI. Note that if f¢ — pM; with
det(J) > 0, we have also det(Jy) > 0 for € sufficiently small and A® € SO3(R).

6.2.2 Hydrodynamic limit (formal proof of Theorem @)
Taking formally the limit ¢ — 0 in and since it is true for all P € «73(R), we obtain:

X = / (80(pMon) + Aes - V. (pMon) ) (AT A — ATA) dA = 0.
SO3(R)
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We have:
H(Mar) = (Buah)- A= (D(ah) - A)ar, ) Mo
= Q0ip(A- A~ (A N)g ) Man + adA - (A — (A)ar,,) Man,

where o denotes the derivative of a(p) with respect to p and similarly for 9;(Mya). With
this we compute the term:

(0r + Aey - Vi) (pMap) =
3
Maa(A) (1 + pa’ <A A — 261(&))) (0s + Aey - Vy)p
+ Mopa(A)paA - (0 + Aeq - V,)A,

where we have used that: 5
(4 Daran = 5er(a),

and
A-(0s+ Aey - Vi )A = 0.

Most of the terms that appear in X are computed in [T4]. Precisely,
X=X1+Xo+X3+Xy4+Y (45)

where X, X5, X3 and X, are computed in [14] :
X, = / DrpMan(A)(ATA — ATA)dA =0,
SO3(R)
Xy = / ap(A - 9N Man(A)(ATA — ATA)dA = CopalTO,A,
SO3(R)
X3 = / Aey - VapMaa(A)(ATA — ATA)dA = Csle; x ATV ,.p)x,
SO3(R)

X, = / pa(A- (Aer - Vi)A)Map(A)(ATA— ATA)dA
SO3(R)
= pa(C4[L€1]>< + Cj [LT€1 + Tr(L)el]X),

where the coefficients
2 ., 2 ., 2 .,
Cy=0C3:= g{sm 0}, C4:= ﬁ{sm 0(1+4cosf)}y, and Cs:= B{sm 0(1 —cos0)}a,

and the matrix
L:=ATD,(A)A,

are the same as in [I4]. The matrix D,(A) € #3(R) is defined as the unique matrix such
that for all w € R?, and smooth functions A : R?* — SO3(R),
(W-V)A =D, (A)w]« A

(see [14], Section 4.5]). Note that C5 = Cs since the noise and alignement parameters which
were denoted by v and d in [I4] have been taken equal to 1 here. Note also that these
coefficients are functions of p (through « only). The term Y is an additional term which
appears here due to the presence of the parameter « = «(p) which is a function of p. It
depends also on the derivative o’ of « :

Y = po// (ATA - ATA)Ma(A) <A A — gcl(a)> (0 + Aey - V) pdA.
SO3(R)
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All the terms that involve the time derivative of p are equal to zero since 0;p does not depend
on A and with the change of variable A’ = AATA which has unit jacobian, it holds that
A’ A= A- A and therefore

/SO " (ATA — ATA)Mop(A) (A A — 201(04)) dA
3
- / (ATA" — AT A)Map (A <A’ A Scl(a)) dA" = 0.
505 (R) 2

We thus have:
Y - Yl + Y2a
where

Y) = pa’ / (A-A)(Aey - Vi)p(ATA— ATAYM,A(A) dA,
SO3(R)

and

Yy = §cl(oz)po// (Aey - Vai)p(ATA— ATA)M, A (A) dA.
2 SO (R)

With the change of variable A +— AT A these terms become

Y = po! /SO N (ABey - Vup)(B — BT)(B - I)May, (B) dB,
3

3
Y, = icl(a)ﬂa// (ABey - Vaup)(B — B") My, (B) dB,
SO3(R)

and they can be computed using the same techniques as in [14] or lemma in the appendix.
More precisely, we can write
ABey -Vyp=B- Ry,

where R , is the matrix, the first column of which is equal to 2ATV,p and the others are
all equal to zero. It satisfies:

T
Rla/) - Rl,p

5 = le1 X ATvmp]X.

By the change of variable B +— BT, we have
Y, = po// (B-Ry,)(B— BY)(B-I3)M,,(B)dB,
SO3(R)
= pa'/ A- (Rl,p —R{p)A(A~Ig>MaI3(A) dA.
503 (R) ’

This integral is of the form where
9(A) == A-I3Mar, (A)
is invariant by transposition and conjugation and
J:=Ri,—R{,
is a skew-symmetric matrix. From and we get
Y1 = pap(R, — R )

with 1
ni= g\/ (a21 — a12)2 TT(A)MQI3 (A) dA.
SO3(R)
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The first term Y7 can therefore be written:
Y1 = 2upa’fer x ATV ],

and using Rodrigues’ formula we obtain:

2u = é{ (14 2cosb) sin2(0)}

[0

where {-}, has been defined in Proposition Similarly the second term Y3 can be written:

3
Y, = §cl(a)C3pa’[el x ATV ,p]x,

where the coefficient C3 is the same as in [I4] :
2 .,
C3 = g{sm 0} = Co.

Finally, we obtain:

Y = po/ (;)cl(a)Cg + %{ (1+2cos?) sin2(9)} ) [er x ATV ,p]x.
Putting all the terms together, we can conclude as in [I4]. First we notice that:
Tr(L) = 6,(A), [ALTe1]x = [(Da(A) — [ro(A)]x)Aer]x and [ALej]xA = ((Ae1) - Vg)A.
Therefore we obtain by multiplying by A and dividing by aCj :
P(OA + ca((Aer) - Vo)A) + és[(Aer) x Vaplx A
+ eap[—rz(A) x (Aey) + 5. (A)Aer] A =0,
where the coefficients

N Cy+Cs  1{sin®0(2+3cosh)}q Cs  1{sin?0(1 — cosh)},
Co 1= =- —5 and ¢g = — = — —
Cy b {sin” 0}, Cy 5 {sin” 0},

are respectively equal to the coefficients ¢o and ¢4 in [14] and the coefficient ¢z in [14] (which
is equal to 1) becomes:

1 {(1 + 2cos #) sin? 9}
2 {sin? 0},

7 Conclusion

In this work, we have presented a new BGK model of body-attitude coordination where
agents are described by a rotation matrix. Starting from the kinetic level (a space homo-
geneous BGK equation) we have drawn a parallel between our Vicsek-type model and the
models of nematic alignment of polymers. We then have deduced the equilibria of the system
and have shown a phase transition phenomenon triggered by the density of agents. Thanks
to a gradient-flow structure specific to the BGK equation we have been able to describe
the asymptotic behaviour of the system. Finally, we have derived the macroscopic models
(SOHB) in the spatially inhomogeneous case.
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On the modelling side, a rigorous mean-field limit which leads to the BGK equation is
currently under study and will be the object of future work. However, many other questions
remain open. At the kinetic level, our study relies on the dimension 3 and it would be
interesting to extend the ideas developed here in SO, (R), n > 3, for example by drawing
new parallels with higher dimensional polymers models or other similar models [27] 28]. In
addition, the mathematical and numerical analyses of the macroscopic SOHB model are still
in progress.

The BGK model studied here is a step towards the full description of the models of
collective behaviour depicted in Figure [ The tools and ideas that we have presented here
may help to analyse other models of body-attitude coordination such as the non-normalised
Fokker-Planck model in SO3(R). Other models which take into account curvature control in
addition to body-orientation, in the spirit of [19], could also be considered.

A Quaternions and rotations

These appendix is devoted to the proof of Proposition We also give additional results
about quaternions. The following lemma gives a link between quaternions and the theory of
Q-tensors.

Lemma A.1. Let 72(R) be the space of symmetric 4 x 4 trace free matrices. If Q € .7 (R)
has two eigenvalues with eigenspaces of dimensions 1 and 3, then @ can be written

1
Qa(q®q41’4>,
for a given unit quaternion q seen as a vector of R*. A matriz of this form is called a uniazial
Q-tensor. When a = 1 we will say that Q) is a normalised uniaxial Q-tensor.

PRrROOF. Let Q € . (R) such that Q has two eigenvalues with eigenspaces of dimensions 1
and 3. By the spectral theorem, there exists P € O3(R) such that for a given « > 0 :

Q= %P diag(3, -1, 1, —1)PT = aP diag(1,0,0,0)PT — %14,

and the result follows by taking ¢ equals to the first column of P. O

PROOF OF PROPOSITION [£3l 1. The group isomorphism @ is explicitly computed in [52].
In particular, let ¢ € S/ & 1. The matrix A = ®(q) is defined for all purely imaginary

quaternion u € H by Afu] = [qug*] where (u1,ugz,uz)? =: [u] € R?® is the vector
associated to u = u1t + ugj + uzk. More explicitly, if ¢ = x + iy + zj + tk, then
2?2 +y?— 22 —t2 2(yz — at) 2(xz + yt)
A= 2(xt + y2) R e 2(zt — zy)
2(yt — x2) 2(zy + 2t) 2?2 —y? — 2%+ 42

Note that we have identified ¢ € H and its equivalence class in S/ + 1 and that ®
is well defined since only quadratic expressions are involved. The fact that this group
isomorphism is an isometry follows from [I'7, Proposition A.3] and [I4, Lemma 4.2].

2. The expression
1
T A= T(2(g)" )

is a quadratic form for g. We take ) the matrix associated to this quadratic form. For
J = (Jij)i,;, using the explicit form of A = ®(q) with ¢ = = + yi + zj + tk we obtain:

J11 + Jaa + Js3 J32 — Jo3 J1z3 — J31 Jo1 — J12
0= 1 J32 — Jo3 Ji1 — Ja2 — J33 Ji2 + J21 Jiz + J31
4 J13 — J31 Ji2 + Ja —Ji1 + Joo — J33 Ja3 + J32

Ja1 — Ji2 Jiz + J31 Jaz + J32 —J11 — Joz2 + J33
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This is an isomorphism since dim .#3(R) = dim.#}(R) and .J can be obtained from Q
similarly. Moreover, since the bilinear matrix associated to a quadratic form is uniquely
defined, if Q € #(R) is such that %J-(I)(q) =q-Qqforallg € S*/+1, then Q = ¢(J).
. To prove the third point, we note that a unit quaternion can be seen as a rotation in R3
in a more geometrical way ([I7, Section 5.1]): for § € [0,7] and n = (n1,n2,n3)? € S?,
let us define the unit quaternion ¢ by

o .0 .
g=cosy + sin §(n11+n2] + nsk),

The unit quaternion ¢ represents the rotation of angle 6 € [0, 7] and axis n € S? in the
sense that if R(6,n) € SO3(R) denotes the matrix associated to the rotation of angle
6 € [0, 7] around the axis n € S? then ®(¢) = R(#,n). Note that q and —q represent the
same rotation so ®(q) is well defined by identifying ¢ with its equivalence class in S3/+1.

In R? the composition of two rotations of respective angles and axis (6,n) € [0, 7] x S?
and (6',n’) € [0, 7] x S? is itself a rotation: we have R(f,n)R(f',n’) = R(0,n) where
the angle 6 € [0, 7] is defined by

6 ¢ 6 . ¢

COS — = COS — cOS — — n - 1’ sin — sin —.

2 2 2 2 2

Note that COS(é/ 2) = ¢ - @ where q and ¢’ are the associated unit quaternions seen as
vectors of dimension 4. In particular the dot product of two rotations matrices is

mewamQ:%ﬁ(mammwrdg:%@mw+n

where
/ 0/
€os = = cos — cos — -+ n - n’sin - sin —.
2 2 2 2 2
Besides, for the quaternions ¢ and ¢’ respectively associated to the rotations R(6,n)
and R(#',n’), we have:

1 6 1 1 -
. /: -/2—7: 27—7:72 0 1
q¢-Qd =(q-4) 1= 57 4( cosf + 1),

where @ is the normalised uniaxial Q-tensor:
1
Q=q®q- s

Finally %R(@, n)- R(#',n') = ¢ - Qq¢ and we obtain thanks to the previous point:

o(RO.m)) = Q,

that is to say: if J € SO3(R) then ¢(J) is a normalised uniaxial Q-tensor.
. If D = diag(dy, ds,d3) then using the explicit form of ¢ given in the second point:
di+dy+ds
1 dy —dg —ds
¢(D)_4 —d1+d2—d3 )
—dy — dy + ds

and if Q = diag(sy, s2, S3,84) with s1 4+ s3 + s3 + s4 = 0 then

S1 + 89
o~ H(Q) =2 81+ 83

81+ 84
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B More about SO3(R) and SO, (R)

Lemma B.1. Foralln >3 :
Span(SO,(R)) = #,(R).

PROOF. First we prove that the diagonal matrices form a subset of Span(SO,(R)): it is
enough to show that

D = . € Span(SO,(R))
0

(the other diagonal matrices with only one nonzero coefficient can be obtained in a similar
way). When n is odd:
1
-1
D=1,+
-1

and both matrices in the sum are in SO, (R). When n > 4 is even,

0, IV
( In4)—2zn+2( IM)eSpan(S()n(R)),

-1 —1 0
~1 = ~1 —( 4 s )ESpan(SOn(R)),
n—4

and similarly:

1 1 1
1 -1 1
4D = 1 + -1 + -1
1 1 -1
0n—4 0n—4 0n—4
1
-1
+ 1 € Span(S0,(R)).
-1
0n74
The SSVD (Definition gives the result for any matrix. O

Corollary B.1. For n > 3, a matriz that commutes with any matriz of SO, (R) is of the
form AI,,.

We can now prove Lemma [3.3] and its generalisation Lemma [3.4]
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PrOOF (OF LEMMA [3.3). The linear map ® : .#,(R) — .#,(R) defined by
O(J) = / (J-A)AdA,
S0, (R)

satisfies for all P € SO, (R),
O(P) = PO(I,) = ®(I,) P,

which by corollary means that
®(1,) = Al

Therefore, ®(P) = AP for any P € SO, (R) and the same is true for any matrix J € .#,(R)
by lemma [B.T} To compute A, notice that for the matrix e; ® ¢; :

1
- / (ei . Aej)2 dA = ).
2 Jso, ()

Summing this equality for all 4, j gives:

g:/\nz,
and A = 1/2n. O

PROOF (OF LEMMA [3.4)). Let us define the linear map ¢ : ., (R) — ., (R) by

P(J) = / (J-A)Ag(A)dA. (46)
50, (R)
1. We first note that v is self-adjoint for the dot product A - B = Tr(ATB): for any
K e #,(R),
(J) K = (J - A)(K - A)g(A)dA = J - (K).
50, (R)

2. We prove that Span(Z,,) is a stable supspace for ¥ : for any P € SO, (R) we have:
PUIIPT = [ (1, )PAPT g(4)dA = (1.,
50, (R)

and we conclude with corollary [B.1] that (1,,) = al,, with:

2 B i 9

o =

3. Since v is a self adjoint operator, the orthogonal subspace Span(I,,)* is also a stable
subspace. Moreover, using the change of variable A — AT, we see that ¢(JT) = ¢(J)T
and we have the decomposition:

1 0my &
Span(l,)~ = .%)(R) ® &, (R),

where .70(R) and «7,(R) are respectively the subspace of trace free symmetric matrices
and the subspace of skew-symmetric matrices. They are both stable subspaces.
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4. We prove now that v : Z2(R) — #°(R) is a uniform scaling. By the spectral theorem,
every matrix J € .#2(R) can be written

J=PDPT,
where P € SO, (R) and D is diagonal. Since
Y(PDPT) = Py(D)PT,

it is enough to prove that there exists A € R such that for all diagonal matrices D,
Y(D) = AD. For D = diag(dy,...,d,), we have:

1 n
¥(D) = 5 > dy / arpAg(A) dA.
=1 SO, (R)

Now, if i # j, let D** € SO,,(R) be the diagonal matrix such that all the coefficients
are equal to 1 except Di¥ and Dik which are equal to —1. Then the change of variable
A DFA(DF)T gives

/ apra;j g(A) dA = —/ aik aij g(A)dA =0,
SO0, (R) SO, (R)

which proves that ¢(D) is diagonal and the i-th coefficient of (D) is:
1 n
Y(D)ii = 3 Z dk/ arr ai; g(A) dA.
= Jso.m)
Using the fact that Tr(D) = 0 and that all the |, 50, (R) Bii Qkk g(A)dA are equal for
i # k (by using conjugation by the matrices P¥, i,j # k, see Deﬁnition, we obtain:

1
Y(D)ii = §dz‘ (af; — a11 az) g(A) dA,
S0 (R)

and we conclude that for all J € .Z2(R) :
() = AJ,

with
A= */ (afl —ail agg) g(A) dA = - / (a11 — CL22)2 g(A) dA.
2 Jso.m® 4 Js0,x)

5. We prove similarly that ¢ : #,(R) = ,(R) is a uniform scaling. Every J € «,(R)
can be written
J=PCPT,

where
Cy
Cs
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is a block diagonal matrix with blocks

CZ:<CO OCi), CiGR*, Z€{1,3,5,,2p—1}

so that,
U(J) = v(PCPT) = PY(C)PT,

and

N

P
P(C) = ZC%—1/ (a2k,2k—1 — G2k—1,2k) Ag(A) dA.
k=1 s

O (R)

When n > 3, by using conjugation by the matrices D?~127 for j € {1,...,|n/2]}
(Definition we can see that for each k € {1,...,p}, the matrix

My, = / (agk 2k—1 — a2—1,26) Ag(A)dA
SO0 (R)

is of the form . Moreover, when n > 5, by using conjugation by matrices D%/ ~12¢~1
for j # ¢, j,0 € {1,...,|n/2]} and j,¢ # k, we can see that all the diagonal blocks
of Mj, are equal to zero except the one in position 2k — 1. When n = 3 there is only
one block in position 1 so the result holds but when n = 4 such j and ¢ do not exist.
In conclusion, when n # 4, ¥(C) is of the form and each diagonal block C%, _; of
P(C) is written

Cop_1 = por—1C2k—1

with

Hok—1 1= / (G2k,26—1 — G2k—1,2k) G2k 26—19(A) dA = / (a21 —ai2)az19(A) dA,
SO0, (R) SO (R)

where this equality follows by using conjugation by “block-permutation matrices”:

I

02 —1Ip
I, 02

1

where the first zero on the diagonal is in position 2k — 1. Therefore,

P(C) = puC, (48)
with
1 1 )
n= = (a21 — CL12)6L21 g(A) dA = - (CL21 — 0,12) g(A) dA (49)
2 Js0,®) 4 Jso, ®)

6. Finally, for J € Span(I,)~*, writing

CJ4JT g J"

J
2 + 2 7
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we have:
Y(J) = BJ +~J7,
with
1 1 )
B=-(A+p=- ((a11 — a1 az2) + (az — a12)a21) g(A) dA,
2 4 Js0,®)
and

1 1
v=30=m =g [ ((ah - anam) - (@ - awaa) g(4)dA
2 4 Jso,.(r)

7. In conclusion, writing the decomposition
1
J=—-Tr(NHI, + K,
n

where K € Span(I,,)+, we obtain

U(J) = aTre(J)I, +bJ +cJT,

with
_a—fB-v
a = 9
n
and 1
b=pg= 3 / ((au - a22)2 + (a12 — a21)2) g(A)dA,
SO, (R)
and

c=7=— / ((au — a22)2 - (G12 - a21)2) Q(A) dA.
8 Jso.®)

And there are of course many other ways to write the coefficients a, b and c.
O

Remark B.1. In dimension 4, the result still holds for symmetric matrices. For general
matrices, the result can be proved in particular cases, for instance when g is a function of
the trace, by using an explicit parametrisation of SO4(R) such as the 4-dimensional version

of .
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