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The artist, like the God of creation, remains within
or behind or beyond or above his handiwork, invisi-
ble, refined out of existence, indifferent, paring his
fingernails.

— James Joyce, A Portrait of the Artist as a
Young Man
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Introduction

The purpose of this work is to study the Vicsek model for self-driven particles, in particular
its time-continuous version, and provide a mean-field result for the dynamics.

We start by introducing the original discrete-time version, as proposed by T. Vicsek et al.
in [16]. It is an example of what are known as individual-based models (or IBMs), in the sense
that it simulates the movements of a population by considering the discrete individual
organisms it is comprised of. Each individual has certain attributes and behaviours (e.g.
spatial location, behavioural traits), that may vary among the population, as well as change
through time.

The main difference between IBMs and traditional differential equation population mod-
els is that these are so-called bottom-up models, in which behaviours emerge from the
interactions among autonomous individuals.

We consider N particles inside a square of side L, with periodic boundary conditions. The
idea of this model is the following: at time t = 0 the particles are positioned randomly,
with same speed but random orientation. At each time step a given particle assumes the
average direction of the particles in its neighbourhood, with some random noise added.

This model has a number of possible applications in the field of biological systems involving
clustering and migration. In fact, many individuals have the tendency of moving as other
subjects in their neighbourhood, without the need for a leader. This is certainly the case
for schools of fish, herds of mammals or flocks of migrating birds, but also for colonies of
bacteria.

The dynamics of the i-th particle is then given by the following discrete-time stochastic
system
Xi(t + At) = Xi(t) + Z)i(t)At,
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where v;(t + At) has constant absolute value v and direction given by the angle

O(t+ At) = (0(t)), + A8,

in6
with (6(t)), = arctan éi:;(?éy being the average direction of the neighbouring particles,
r
within a circle of radius 7, and A6 the random noise, uniformly distributed on the interval

[ — %, %]. We have three parameters: the noise 7, the density p := N/L? and the distance

v a particle makes between two time-steps.

\ —— Figure 1.1: Simulation of

AR 300 individuals after 200 time
- steps of the Vicsek model,
- with parameters L = 25,
noise 77 = 0.1. Inred the inter-
action circle (of radius r = 1)
of one individual. The black
arrow denotes the average di-
rection.

As we can see in the above figure, the particles tend to form groups moving coherently
in random directions. After some time, for large densities and little noise, the motion
becomes ordered; in this case — where (-), is the arithmetic average taken over all particles
within a circle of radius r — if there were no noise, the collective final direction would
coincide with the initial mean direction.

This work is structured as follows: in the second chapter, using as main reference [2], by
Bolley et al., we introduce the time-continuous version of the discrete Vicsek model. We
define the empirical distribution

z
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where X! and V} represent the position and speed of the i-th particle at time ¢; we will
show that, as N — oo, its limit is a probability density function f which satisfies a PDE of
the form

f+0v-Vif + Vo (I-0v®@0)]pf) = dA,f. (1.1)



In fact, the main result of the second chapter is the following propagation of chaos result: the
existence and uniqueness of N independent processes (X}, V}),i =1,..., N, whose law is
given by (1.1), such that, for all T > 0, there exists a constant C > 0 such that

E[1X— %P+ v - Vi) < 5,
N
forall0<t<T,N>1,1<i<N.

In the third chapter, inspired by [5], of Degond, Frouvelle and Liu, we use a hydrodynamic
scaling to study the large scale behaviour of the model. In particular, we are going to
perform the change of variable £ = ex and f = et. This allows us to study the rescaled
function f¢(%,w, ) = f(x,w,t) and the PDE it satisfies:

€(difC +w- Vif) = Q(f) +0(e), (1.2)

where Q(f) is a collision operator. As € — 0, since Q is the only term of order 0 in €,
particular interest lies in the equilibria of this equation, i.e. the functions which belong to
the null-space of Q. We find a phase transition: the form of the equilibria, as well as the
rate of convergence to them, depends on whether the local density p¢ = [ f¢ dw is above
or below the threshold value n. In particular, if p° < n, then the only equilibria are the
isotropic ones f = p > 0; if p° > n, then we also have equilibria of the form f = pM,q,
where M,q, is the Von-Mises-Fischer distribution.

In the first case, the isotropic equilibria are stable; in the second one, the isotropic equilibria
become unstable and there is exponentially fast convergence to the anisotropic ones.

In fact, the fourth chapter consists of the proof of the main result of the previous chapter,
which provides the rates of convergence to equilibrium of the solution to (1.2). Again,
these rates will depend on whether the local density p = [ f dw is greater or smaller than
the dimension n.

The proof will use various notions on Sobolev spaces, which we are going to recall, like
the Poincaré inequality on the sphere and the Sobolev embedding theorem.

Finally, in the fifth chapter, using techniques found in [4] and [9], we will present a
generalization of the classic Vicsek model, with two population interacting, with different
diffusion coefficients.
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CHAPTER 1.

INTRODUCTION



Mean-field limit

We now proceed to study the continuous-time model, where the dynamics is not limited
to a square, but happens in the infinite space R".

First we are going to provide the stochastic differential system that describes the dynamics.
Following the contributions by F. Bolley et al. in [2], we consider N interacting particles
in R", described by their positions and orientation vectors. The equation for the space
variable will be the usual x; = v;dt, while the SDE for the velocity will include the stochastic
integral term; in particular, we will use the operator I — v ® v for the projection orthogonal
to .

Next, we will give various results for the mean-field limit of the model; in particular,
existence and uniqueness for the solution of the mean-field system. A number of very
helpful tools for this section come from [15].

2.1 Introduction of the model

Let {(X?, V!)};=1,.., denote the position and orientation vectors of N interacting particles
in R".

The mean momentum J' of the neighbourhood of the i-th particle is defined by setting
‘ 1 N . o
= Y K(|X - X))V
= L KOX X

The function K is called an interaction kernel, which we suppose to be isotropic, i.e. depend-
ing only on the distance | X/ — X'| between particle i and its neighbours.

We assume that the processes satisfy the following system of coupled Stratonovich
stochastic differential equations (the projection operator P(v) := I — v ® v constrains the
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norm of the velocity to be constantly equal to 1):
dXi = Vidt,

. . . . . o (2.1)

dVi =241 — Vi @ V}) o dBi + (I — Vi ® V{)Jidt.

Let S"~! be the sphere of dimension 7 — 1 in R”. We suppose that the initial data (X}, Vi) €
" x "1 1 < i < N, are independent and identically distributed random processes.
Moreover, (B});>o are N independent n-dimensional Brownian motions."

First, we write the previous SDE system as the equivalent Itd-type system. From the
Itd-Stratonovich calculus found in [13], we have the following

Proposition 2.1. If (X;);>0 is an R"-valued random process, and (B;);> is a p-dimensional
Brownian motion, the Stratonovich SDE

dX; = b(t, Xt)dt + O’(t, Xt) o dB;,
is equivalent to the It6 SDE
dX; = b(t, X;)dt + o (t, X;)dBt,

where the drift term E(t, X¢) is given, component-wise, by

P n
b(tXt)_tht+%ZZ‘;‘k’Uk, <i<n.
j=lk=1
Applying this formula to our problem, we have that (2.1) can be written as
dXxi = Vjdt
. L . o . (2.2)
AV = V2d(1 — Vi ® V})dBl + (I — V] @ V})Jidt — (n — 1) V}dt.

This system will be the main object of our study.

The mean-field limit. As we have said before, the main purpose of this chapter is to show
that, as N — oo, the N ]I{Z”fvalued interacting processes (X}, V})i>o, solutions of (2.2),
behave like the solutions (X}, V/);>¢ of the following non-linear* SDE system

dXi = Vidt
dVi = V2d(I - Vi @ V})dBi + (1 - V] @ V)] (XDdt — (n —1)Vidt  (2.3)
(Xéf Vo) = (X, Vg), fi = Law(X;, V7),

where J¢(x) 1= [pu.s K(|x —y|)f(y, w)w dydw, for all x € R".

"From now on we will simply write S for the sphere in R”.
>The non-linearity is due to the fact that we require f; to be the law of the 2n-dimensional process.
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We recall that a mean-field equation is a model that describes the evolution of a typical
particle, subject to the collective interaction created by a large number of other individuals.
The state of the typical particle is given by its phase space density; the force field exerted by
the other particles is approximated by the average with respect to the phase space density
of the force field exerted on that particle from each point in the phase space.

We wish to derive a mean-field limit for (2.2) as the number of particles N tends to infinity.
In order to do so, we define the empirical distribution fN(x,v,t) := & Zjlil 0 (X)) (x,v).
trt

— When there is no noise (i.e. d = 0) it can be easily shown that f" is a weak solution
for the following partial differential equation

IfN+0-VifN+ Vo (I-v®@0)]nfN) =0.
— When noise is present (i.e. d # 0) the empirical distribution fV tends to a probability
density function f satisfying
Of +0-Vif + Vo (I-0Q0)Jrf) = dA.f. (2.4)

Without loss of generality, we can suppose that the intensity parameter d and the
total weight Ko := [, K(x)dx are both equal to 1.3

In the following section we show in detail this result, under the assumption that the

kernel K is Lipschitz and bounded.

2.2 First results

Theorem 2.2. Let fy be a probability measure on R" x S with finite second moment in
x € R" and let (X, V) for 1 < i < N be N independent random variables with law fj.
Let also K be a Lipschitz and bounded map on IR". Then

i. There exists a pathwise unique global solution to the SDE system (2.2), with initial
data (X, V) fori=1,...,N.

ii. There exists a pathwise unique global solution to the nonlinear SDE system (2.3),
with initial data (X}, V) fori =1,...,N.

iii. There exists a unique global weak solution to the nonlinear PDE (2.4), with initial
datum fo. Moreover, it is the law of the solution to (2.3).

31t is enough to consider the rescaled functions f(x,v,t) = f(%,0,%) and K(x) = ﬁK (%) and notice

that, if we suppose that K is integrable and that K is positive, f satisfies (2.4) with d = 1 and K replaced by K
Moreover, [, K(x)dx = 1.
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Proof. We start by setting 01(v) = P(v) := 1 — %, 0 (v) = ﬁ, for all v such that
|v| > 1/2,and 03(v) = vif |v] < 2.

i. Consider the SDE system

dXi = Vjdt

i\ i i\ 7 i (2.5)

AV = V201 (V})dBi + o1 (Vi) Jidt — (n — 1)on(V})dt,

with initial data (X}, V{) € R" x S. We notice that the coefficients of this system are
locally Lipschitz.

Firstly, we show that |V/| is constantly equal to 1. As long as |V/| > 1, we have (using
the fact that V' - P(V')y = 0 for all y € R")

. . 132‘Vi|2 .
112 _ A% i - i iy
d|V] VdX/tJrza(Vl)zd(V}
‘ o - ViV
= 2V2V. P(V))dB' +2ViJidt —2(n —1)———- Vi dt +2d(Vi) =

= —2(n—1)dt+24(V') =

n .
=-2n—1)dt+2 ) oud <B,’( —
kl1=1

n . i n n ivsi . .
= —2(n—1)dt+2 Y d(B},B) —22d<2 ";iVZB;,B;(> +

k=1 k=1

n
_2Zd Bk,z “;z‘ng k;d

p=1 g=1
N2 n Vi 2 Vi 2
= o(n-1)di+2) <1_ () + ZW) it —
k=1 p=1

= —2(n—1)dt + (2n — 4+ 2)dt = 0.

This means that |V/| = 1 up to explosion time and, since dX} = V/dt, the explosion
time is infinite. We then have global existence and pathwise uniqueness for (2.5).
Since the solution to this system has velocity of norm 1, we also get global existence
for (2.2). Thanks to the same reasoning, pathwise uniqueness holds as well.

ii. Consider the following SDE system
dXi = Vidt
AVl = V2(I— Vi @ V})dB; — (1+ V} ® V)] (X})dt — (n — 1) V{dt
(X0, V) = (X0, Vi), fi = Law (X}, V).
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If we redefine

Ji(x) = [ Kl =y f(v,@)oa(w)dyda, (2.6)

and if fp is a distribution on R” x § with finite second moment in x € R”, the
nonlinear system

dX! = Vjdt
4V} = V201 (V))dB} + o1 (V)T (RDdt — (n — Doa(F)dt (2)
(XOI VO) (XOf VO) fe= LaW(Xil;/ Vti)/
has bounded and Lipschitz coefficients on IR*". We wish to prove that the system
admits a pathwise unique strong solution.

We consider the processes Y = (X!, V/) and Y} = (X!, V}), respectively solutions of

dY; = % b(Y{,Y])dt +o(Y})dBi, (2.8)
j=1
4V = [ b(TLy)fildy) dt+o(Y)dB, 29)
yeR?"

where b(-,-) and o(+) are Lipschitz functions, defined as
b(Y},y) = (Vi (VOK(IX] = 2o — (n=ea(V))  for Y| = (X, Vi),
oY) = (o, \fzal(r/;‘)) and y = (x,0).

We introduce the Wasserstein metric on the set {p € P(R") : [.|x|p(dx) < +oco} of
probability measures admitting finite mean value, defmed by

dist(p1, p2) := inf {/|x — y|p(dx,dy) : p has marginals p; and pz} . (2.10)

(0)

We now omit the apex i, and use a Picard iteration: let Y,

t
(kD) / / b(Y®, y) £ (dy)ds + / 9)dB,,
0 JyeR?

where fs(k) is the law of Ys(k). We wish to estimate

=Yy, and define

EN.—F

sup |Y (k1) Yt(k)|] . (2.11)
t€[0,T]
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Notice that, from the Lipschitzianity of b(-, -), we have

[ttt ~ [ vt pan)| <2 (1n -l [l - valpndr)),

where p is any probability measure with marginals p; and p». In particular, the above
inequality holds for the infimum among such measures. From this we get

sup
tel0,T)

_ (k=1) (k=1)
b9 ayas = [ b,y 5 (ayyas| <

L/ Y8 Y dist (£, £57Y) ) ds <
< L/ y® yke |+1E[|Ys("> —Ys“‘*”\Dds.
0

Taking the average yields

sup

te[0,T] / /IRZ" X 'y JE dy)ds—/ (Ys(kil)fy)fS(d}/)dS

ZL// (Y =] <onrEf.
IRZn

We recall the Burkholder-Davis-Gundy inequality: for any 1 < p < 400, there exist
positive constants c,, C, such that, for all local martlngales X, with Xy = 0 and
stopping times T, the following inequalities hold

E
(2.12)

oo |[X]7?) <E[(X0)] < GE [[XIF].

Furthermore, for continuous local martingales, this statement holds for all p €
(0, +00).

By using it on the diffusion term, we get

/0 t (a(Ys(k)) - a(y§"—1>)) dB,

T 2 1/2
( /0 (v — (v V)| ds>
T 2 1/2
< | =, ds>
0

< LCVTE

E | sup

te[0,T]

<

< CE <

< LCE <

v )

S

t€[0,T]
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Summing up the contributions of the drift and diffusion terms, we have that there
exists a constant C > 0 such that

EW <o(T+vTEE Y, (2.13)

By induction on k, E

sup ]Yt(k) ]] < +o00. So, if we denote by M the space of
tel0,T)
progressively measurable, cadlag, R"-valued processes such that

|Y|[r :=E | sup |Yi|

te[0,T)

< +oo,

we have shown that Y[ Y®|| ;1 < +o0, for a sufficiently small T > 0.

But under this norm, M is not a complete space (because the sup-norm is not complete
in the space of cadlag functions), so this condition is not enough to guarantee existence
of a solution. We complete it by replacing the distance in sup-norm in the definition

of E(Tk) with the Skorohod distance*

ds(x,y) = inf {sgpM(t) —tlv sup |x(t) —y(A(t))\},

where A denotes the class of strictly increasing, continuous mappings of [0, 1] onto
itself:
Ds(X,Y) :=E[ds(X,Y)].

Since dg is dominated by the distance in sup-norm, (Y(k) ) k>0 is @ Cauchy sequence
also under the metric Dg; we call Y* its limit in M. Itis eaS}/l to show that Y solves
(2.7), so we have existence of the solution for small T. Since the condition on T
does not involve the initial condition, the argument can be iterated on adjacent time
intervals, obtaining a solution on any time interval.

We are left with proving uniqueness. Let ® be the map which associates to a proba-
bility density function f the law of the solution of

t t
Y= | /y o O fdy)ds + [ o(YdB. (2.14)

We notice that, if (Y;);>0 is a solution of (2.7), then its law is a fixed point of ®.
Conversely, if f is such a fixed point, then (2.14) defines a solution of (2.7) up to time
T. So it is enough to show that, at least for a small enough T, ® is a contraction.

4See [1] for a proof of completeness under this metric.
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Let f! and f? be two probability density functions, and Y?, Y? the two corresponding
processes. Using Gronwall’s Lemma, we have

dist (P(f1), ®(f2)) <E [|Y} = Y| <E| sup |¥} - 7|

t€[0,T]

<L /OTJE (! = 2|+ dist(f!, f2)| ds < K(T) /oniSt(f s

<

This concludes the proof of existence and uniqueness of the solution of (2.7). Finally,
aslongas|V/| > 1, we can prove that |V/| = 1forallt > 0. In particular, the obtained
solution is a global solution for (2.3). Pathwise uniqueness follows as before.

Let fy be a distribution on R" x S with finite second moment in x € R"; (X, Vp)
with law fo; and (X, V4);>0 the solution to (2.3) with initial datum (X, V). Then its
law f;, as a measure on R?", satisfies

d
T Rzﬂqbdft:/]RZn (v-Vxp+Hessyp: (I—v®0)+

Vo (1= 0©0)(J5) — (1~ o~ Vop)dfs

In fact, let ¢ € C®(IR?*"), and consider

(2.15)

o o t t
o(Xi, Vi) :¢(X0,V0)+/0 2 ds+/0 v- Vi ds+
t o .
+ [ (@) = (1= 1)a2(VD) - Vo) dBet
+% ; Hessy¢ : (I —v®v)ds,

where | 1, is redefined as in (2.6).

Deriving the above expression with respect to t and integrating on R?" w.r.t. the
measure f;, we get precisely (2.15). We recall that |V;| = 1 a.s., so f; is concentrated
on R" x 5; with this in mind, we define the restriction F; of f; on R"” x S, by

@ﬂ:/ if,
/IR" xS ! R 4) ft

for all continuous maps ® on R"” x S, where ¢ is any continuous and bounded map
on R?" equal to ® on R" x S.

Let ® and ¢ be CZ on their respective domains, such that ¢(x,v) = ®(x, I%\)’ for all
1 < |v| < 2. We have that v - V¢ = 0 for all (x,v) in the support of f; (because ¢ is
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0-homogeneous in v for % < v <2),and

d d )
E/]RHXSCDdft:E/Ran,l’dft:/Rzn (v-Vip—Vop- (I—0®0)(Jf,)+

+ Ao)dfi.

Since ® and ¢ have the same x-dependence, we have that v- V,® = v- V¢ on
R" x S. Moreover, for (x,w) € R" xS, V,,® = Vy¢ and A, D = A,¢. Finally,

d -
dt JRnXS@dft:/]RnXs (w-Vx(P—Vw(p-(H—w@w)(]ft)+Av¢)dft, (2.16)

which ensures that F; is a weak solution of (2.4).

We now prove uniqueness. Let f 1, f2 be two solutions of (2.4) with same initial
datum fo; for each time t, we view them as measures on R” which are concentrated
onR" x S.

Let (X}, V}!) and (X? V?) be the solutions of (2.3), with common initial datum
(Xo, Vo) of law fo, and with drift given by | 1 and ]_ffz respectively. Then their respec-
tive laws ¢} and ¢?, as measures on IR?" are solutions of the following

i i 82
atgt—i—v-vxgt = Z W

) (o107 igh) + Vo (8h(@1(T) + (1= D) ).
=1

But also f/ (i = 1,2) solve this PDE on R?" with bounded and regular coefficients.
Since this is a linear parabolic PDE, uniqueness holds. We then have that f{ = ¢! (i =
1,2), and that (X, V/);>¢ are solutions to the nonlinear SDE (2.7), for which we have
already proved uniqueness. We can conclude that f! = ¢} = ¢? = f2.

O]

Under the same assumptions as the above Theorem we can almost immediately prove the
following mean-field result:

Theorem 2.3. For all T > 0, there exists a constant C > 0 such that:

S o - C

E [|X| - %iP+ |V - Vi < &, (217)
foral0<t<T,N>1,1<i<N.
Proof. Consider the R?*-valued processes Y; := (X!, V})and Y} := (X!, V}). We also define
two Lipschitz and bounded functions b(-, -) and o(-) that represent the drift and diffusion
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coefficients for the new processes. More precisely, for y; = (x;,v;),y; = (x;,v;) € R" x5,
we have

b(yi,yj) = (vi, (I—v; ® v;)K(xj — x;)v; — (n — 1)v;),
o) = (0, V20 - v @7y)) .

We compute

R t1 N o ‘
=¥ = R R [e0dd) - [ uins)]as+ [ (o)~ a(vi)aB; =
- [ > | (0(Yd,¥d) = b(YE, YD) + (b(¥E, YD) — bV, YD) +
o N5
+(b(Y, V) = [ b(Vey)fidy)) |ds + / Y!) — o(Y}))dB!.

Our aim is to provide an estimate for the second moment; we consider the process
i vis2 _ i yil|2
|Yi = Y™ = sup [V, = i[5,
u<t

and apply the Burkholder-Davis-Gundy inequality on the stochastic integral term. We
use the fact that the expected valued of the stochastic integral of an M? process is equal to
Zero:

E [|Y§—Y:|*2] <

|| [ [0 ) - D)+ ) o0 )+
=1

*2
<

dS + E X

[ o)~ ot a

+ (VYD) = [ (V) fildy)

<L./OtlE 1= Y]] —HE[l

)]
%y Y7|*2] +]E[\Zb YZ,Y;')\Z],

j=1

where bs(y,y') :=b(y,y') — [ b(y,z)fs(dz). Summing over i we find

N
YE[Y -V < / Z ( Y- Y| +ZIE“Zb (YL, Y))
i=1

Applying Gronwall’s Inequality with u(t) := YN, E [|Y — Y!|;2], we get

B v <000 [/ £ iz 0o

M)
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We have
N? k=1

1 N i o 2 1 N oi o —i ok C
E ‘NZbS(YS,YS) = E| ¥ b(YL VDbV )| <
= J

where we have used E [bs(Y/, Y))be (Y, Y¥)] = 0forj # k, since bs(-,-) is centred with
respect to the second variable. The claim follows. O]
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Macroscopic limit

The objective of this chapter is to study the large-scale behaviour of the system. In order
to do so, we will perform what is known as hydrodynamic scaling on the space and time
variables.

Most of the results of this chapter are given under the hypothesis of space-homogeneity of
the model. In other words, we will often assume that the probability density function f is
just a function of time t and velocity w, and does not depend on the space variable x. In
the homogeneous case, all results are proven rigorously.

We will then perform a couple of ansatz, that will allow us to assume the behaviour of the
model in the general non-homogeneous case. The aim of this second part of the chapter is
not to provide detailed proofs of all results, but instead to give a reasonable and logical
explanation as to why we work in this way.

3.1 Hydrodynamic scaling

We perform the hydrodynamic scaling by introducing a small parameter € > 0 and implement

the change of variables £ = ex, f = et; we define f¢(%,w,f) := f(x,w,t) and K¢(%) :=

K

#. As a result of this scaling, by studying the formal limit as € — 0, we are observing
€

the system for large times and distances.

From the results of the previous chapter we have that f¢ satisfies the following partial
differential equation

€(0f +w-Viff) ==V (I -w@w)]pf) +AufS, (3.1)

where J¢(x,t) = Js (K x f)(x, w, t)w dw.
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Lemma 3.1. If we suppose that f¢ does not present any pathological behaviour as € — 0,
we get the following expansion:

ool t) = Jpe () + O(e2),
where J¢(x,t) == [¢ f(x,w,t)w dw is the local flux.

Proof. We have

Jretwt) = [ K(x=yDf (v, @ hwdy do =
= Jor Ke(\x—y\) (f(x,w,t) + €l Vif(x,w,t) + O(€?)) w df dw =
= Jor K(IZ]) (f(x,w,t) + €T - Vifé(x,w,t) + O(€?)) w d dw =

=]fe(x,t)+0( €?),

where we have performed the change of variable y = x + €, and expanded f to the first
order in €. O

Remark. The remainder is of order €? because the kernel is isotropic; with an anisotropic
kernel (e.g. one favouring the forward direction) the remainder would be of order €. This
causes a substantial change in the dynamics.

Definition 3.2. We define the collision operator

Q(f) = =Vo ([-w@w)Jff) + Dof.
Notice that local conservation of mass holds: [ Q(f)dw = 0.

Ignoring the O(€?) term, we can use this operator to rewrite (3.1) as

€(0f +w - Vif) = Q(f°). (3-2)

We wish to study the limit of this partial differential equation as € — 0, so particular interest
lies on the equilibria for the collision operator, i.e. the functions f such that Q(f) = 0.

Remark. We notice that the operator Q acts only on the direction variable w, and leaves the
other variables x and t as parameters. It is therefore legitimate to study the properties of
Q as an operator acting on functions of w only.

3.2 Study of equilibria

In this section we see how the dynamics of our model, in particular the form of the
equilibria, changes according to whether the density is larger or smaller than a given
threshold value.
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Definition 3.3. We introduce the following notions, which we will need later on:

1. The local density of a function h : S — [0, 1] is given by

Oy = /Sh(w dw

2. Let Q) € Sand x > 0. The Von-Mises-Fischer distribution with concentration parameter
x and orientation () is the probability density on the sphere defined by

eKLU'Q

MKQ((U) = W, w €S,

If we denote by (-) mxq the average over this probability measure, for functions 7y
depending only on w - () =: cos 0, their average does not depend on () and will be
denoted, using spherical coordinates, by

fo (cos 8)e* s sin" 2 9df

(1l 0 = {rteosu = 2 e

3. The flux of the Von-Mises-Fischer distribution is defined as the function

JMxo = (W) Mg -

Decomposing w = w QY+ w QO+, where w) and w are its components parallel and
orthogonal to (), respectively, we find that

]MKQ = <w>MKQ = <wH>M;cQQ + <wl>MmQL = <COS 9>MKQ =: C(K)Q.

Notice that when c¢(x) = 0 (that is, when k¥ = 0), Mq is the uniform distribution;
when ¢(x) — 1, then we have M (w) — da(w).

Remark. Notice that, since My depends on x and () only through their product, we can
consider Mj for any | € R". Furthermore, [, = fs Jw dw does not depend on w, so
there exist some x > 0 and () € R” such that k() = J,.

From V,(M;) = (I — w ® w)]Mj, we get

AQ(h)Aijhdw - —Avw<N’}]) -Vw<]\;‘;]h>M]hdw =

:/SQ(h)AZhdw: /]vw( )\ M, dw <

From the above computations we have that, if /1 is an equilibrium for Q, then M = p does

not depend on w. In order words, if & is an equilibrium, then it is of the form pM;q, for
p>0,xk=>0 Q¢cS.
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By definition, [y, = (w)m,, = c(x)Q), which implies that

kKQ =], = /SPMKQ(CU)(U dw = pJm,, = pc(x)Q.
From this we find the following compatibility condition for x:

pc(x) = x. (3-3)
Proposition 3.4 (Compatibility condition).

1. If p < n, then k = 0 is the unique solution of (3.3). The only equilibria are the
isotropic ones, h = p for an arbitrary p > 0.

2. If p > n, then (3.3) has 2 roots: ¥ = 0 and x(p) > 0. The set of equilibria for x = 0 is
h = p > n; the ones associated to «(p) consist of the Von-Mises-Fischer distributions
PMy(p)q, for p > nand Q) € S arbitrary, and it forms a manifold of dimension n.

Proof. Let us denote 7 (x) = ) Thanks to the results in Appendix B, we have that

K
amaN % Moreover, since c(x) < 1, the function ¢ tends to 0 as k¥ — +o0. It is then enough

to prove that & is decreasing: we would then have a 1-1 correspondence from R* to (0, 1),
and the compatibility condition for ¥ > 0 means exactly to solve ¢ = (k).

We wish to compute &’ (k) = 2 (c’(;c) — @) We find that

dc d fon cos fe*<ost sin"~2 99 _
dx ~ dx fon ekcosfgin®~2949

2
_ fon cos? fer <088 sin™ =2 9 dp B (fon cos fer cost gin’—2 9d9>

= (3-4)

fon excosb gin™2 9 dp fon exkcosb gin™2 9 dp
[, sin? Be s sin" 2 60
1- f” i cos 6 o nfzgdg
0 € sin

2 c_ 2
- = 1 - - 1 - Vi
c (n—1) c

so ' (k) = M Thanks to the following Lemma, this expression is negative for

x > 0, and this ends the proof. ]
Lemma 3.5. For any x > 0, we have that 8 := ¢?(x) + n&(x) — 1 > 0.
Proof. Define [y(cos6)]x = [y v(cos8)e" % sin™ 2 6df. By definition,

_ k[cos6]2 4 n[cos 0], [1]x — x[1]2
b= K12 ’

K
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so it is enough to prove that the numerator is positive. We expand it in x. Denoting by
ay = (2%9)! fon cos? §sin" 2 0d0 > 0, we get
=, - 2p+1
(1] =) apx?, [cos O] = Y (2p +2)ap 1Pt (35)
p=0 p=0

Using the integration by parts formula on a,, 1, we have

_2pt1l ap
aerl - n—1 ((2p ¥ 1)<2p n 2) aerl)/ (36)
from which we find the following induction relation:
a
_ p
@p+2)apn =5 (37)

We then have, for x > 0,

—+o0
Br[1])2 = Y k! ( Y. @p+2)ap(29+2)aga+ Y, n(2p+2)apsa, — apaq> —

k=0 p+q=k—1 p+q=k
- 2k+1 1
— n_ _ —
- Z K Z 2paP2q+naq + Z (2p+n 1)apa’1 -
k=0 p+g=k,p=1 p+q=k
- 2k+1 1 1
= ZK Z 2p<2q+n o 2p+n)
k=0 p+q=k
—+o0
_ZK2k+1 1o 1) 11 s | =
p 2g+n 2p+n q 2p+n  2q+n Prq )
k=0 p+q=k
:JFZO:QKZICJrl 2 g a0 ) > 0,ifk >0
(2p+n)(2g+n) P4 ’ :
k=0 p+q=k

3.3 Rates of convergence

Assume spatial homogeneity of the system®.
In an effort to simplify notation, we write p¢ for p .. We consider the velocity probability
density function g€ := p—i and, using V, f¢ = 0, we rewrite (3.2) as

€0 (p°8°) = — () Vo - (I - w ® w)Jgg%) + p“Aug” = Qp°8°).

"We will later suppose that in the space-inhomogeneous case analogous results hold.
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Since [q Q(f)dw = 0, by integrating the expression above with respect to w, we find that
9ip° = 0.
We can then cancel out p¢ to get the following partial differential equation for g°:
€(8°) = —p Vo (I - 0w @ W)Jgeg%) + Dug’ (3.8)

We are interested in studying the convergence to equilibrium of the solutions to this
equation. Before doing so, we recall some general notions on convergence in a Banach
space.

Definition 3.6. Let X be a Banach space with norm ||-|| and let f : Ry — X be a given
function. We say that f converges exponentially fast to a function f., with global rate r if there
exists a constant C = C(||fo|), such that || f(t) — feo|| < Ce " forall t > 0.

We say that the convergence is of asymptotic rate r if the above holds for a constant C =
depending on fy and not only on || fol|-

We say that the convergence is of asymptotic algebraic rate « if there exists a constant C = C(fp)
such that || f(f) — feo||< C/t%.

We have the following Theorem, which we prove in Chapter 4:

Theorem 3.7. First part. Suppose go is a probability measure, belonging to H*(S). Then
there exists a unique weak solution g to (3.8), with initial condition g(0) = go. Furthermore,
this solution is a classical one, is positive for all time t > 0, and belongs to C* ((O, +00) X S) .

Second part. The long time behaviour of the solution ¢ depends on the value of Jg, in fact:

1. If J¢, = 0 then (3.8) reduces to the heat equation on the sphere, and g converges
exponentially fast to the uniform distribution, with global rate » = 2?”, in any H?
form.

2. If Jo, # 0 then we have 3 possibilities:

(a) p¢ < n: g converges exponentially fast to the uniform distribution, with global
rate

r(pe) = ", (39)
in any H? norm.

(b) p© > n: there exists () € 5 such that g converges exponentially fast to My ()q,
with asymptotic rate

2
pe(x(p®))” +n—p° )
(o) = ( )e Ay > 0,

in any H” norm. Moreover, for p¢ — n,

(p) ~ 20— 1)(p/n — 1), (310
2 Ay is the best constant for the Poincaré Inequality (|Vg|*)pm.o = Ax{(§ — (€)M0)?) M-
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(c) p¢ = n: g converges to the uniform distribution in any H” norm, with algebraic
asymptotic rate 1/2.

Remark. We have found a phase transition bifurcation. In Chapter 4 we are going to see
that the uniform distribution is stable if p° < 11, and unstable if p¢ > n. In the latter case,
the Von-Mises-Fisher distribution is also an equilibrium, and it is stable.

Remark. If lir% r(p€) = +oo, then f€ converges rapidly to a given equilibrium. From the
€E—

expressions of the convergence rates in (3.9) and (3.10) we can reasonably conjecture that,
away from a region |p€ — n| € O(e), this convergence is exponentially fast.

3.4 Ordered and disordered regions

We now return to the space-inhomogeneous setting; in this main section we wish to study
the macroscopic behaviour of the model. Again, note that the results of this section are
not as rigorously proven as above: that would go beyond the scope of this work.

We begin by observing that the following mass conservation equation holds:
910 + Vi - Jre = 0. (3.11)

We then define two different regions of the space, a disordered and an ordered one, which
we will study separately.

Rd = {(x/t) e R" XR+Z T’l—pe(_x,t) >>€as€\J/O};
Ro={(x,t) ER" xRy : p°(x,t) —n>>ease 0}

Inspired by the results for the space-homogeneous case, we perform the following ansatz:
we assume that

lirr(l]fe(x, w,t) = p(x,t), forall (x,t) € Ry;
e—
lim f*(x, w, t) = p(x, ) My(p)a(x), forall (x,t) € R,,

e—0

where the convergence is as smooth as needed. In particular, we have that
p— — 13 €
p(x, ) = piim pe (x, 1) = Lim o (x, £).

3.4.1 The disordered region

In this region we have p < n which, thanks to Proposition 3.4, means that Jze — ], = 0, so
that the mass conservation equation (3.11) reduces to d;p = 0.
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Theorem 3.8. For e — 0, the formal first order approximation to the solution of the rescaled
mean-field system (3.2) in the disordered region R is given by

nw - Vyp€(x,t)
(n—1)(n—p(x,1))’

where the density p€ satisfies the following diffusion equation:

01 = ni1<Vx~nv_xi;).

fe(x,w,t) = p(x,t) —€

Proof. We assume that f€ is of the form p°(x,t) + eff (x, w, t), with [ ffdw = 0. We then
have

Jpe = /fe(x,w,t)wdw = /pe(x,w,t)a]dw—|—e/ff(x,w,t)wda) = €Jf.
S S S
We can then rewrite €(9;f€ + w - V f€) = Q(f€) as

01p° + w - Vyp© +€0ff +ew-Viff =
=—Vu- ((I[_W@)‘U)]ffpe) +Awfi —€Ve- ((H_W@’W)]fffle)'

Using the mass conservation equation 3.11, we find
i€ +€Vy - Jre =0, (3.12)
which gives d;p¢ € O(e). We notice that, for a constant vector A € R”,
Vo (I-w@w)A) =—-(n—1)A " w.

We can rewrite (3.12) as Ay ff = (V¢ — (1 —1)pJfc) - w 4 O(e), which can be solved
by noticing that its right hand size is of the form A - w, of zero mean. In fact, by using the
factthat V- (A-w) = —(n —1)A - w, we have

fi = =i (Vap® = (n = 1)pJge) - w + Oe).

: _1
Now, since [q w ® wdw = 1, we get

It = =i (Vap® = (n = DpJge) - w +OCe),
which implies that
nw - Vyp€(x,t)
(n—1)(n—pc(x,1))

Inserting this into (3.12), ends the proof, since f} = —
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3.4.2 The ordered region
Theorem 3.9. For ¢ — 0, the formal limit of the solution f¢(x, w, t) of the rescaled mean-

field system (3.2) in the ordered region R, is given by

h(x,w,t) = p(x, ) M (o(x,0))0(x,0) (W),

where x = «(p) is the unique positive solution to the compatibility condition (3.3). More-
over, the local density p = p;, > n and the mean orientation () € S satisfy the following
first order PDE system

ip+ Vi (pcQ)) =0
(3-13)

p(3Q+E(Q-V)Q) +AI - Q2 Q) Vi =0,
for an appropriate coefficient #(x(p)) and a parameter A(p).

Remark. The result on the formal limit for £ follows directly from our previous assumptions
on the behaviour in the ordered region. The evolution equation for p is also easy to show,
since it follows form the fact that Jr = pc(), by taking the limit of Equation 3.11as € — 0.

We then only have to find the evolution equation for Q(x,t). The key argument is the
determination of the generalized collisional invariants.

Definition 3.10. A collisional invariant is a function ¢ such that

Lothwde =0 vf = f(w).

A generalized collisional invariant (GCI) associated to ¥ € R and Q) € S is a function ¥ such
that

/SLKQ(f)lpdw =0, ¥fst (I-Q®Q)J; =0,

where

Luo(f) = Auf ~ ¥V ((1- 0@ w)0) = Vo - [MaVa(o)]

Let Cyq be the set of all such GClIs.
Remark. If ¢ is a GCI associated to x and ), then [ Q(f)ypdw =0, Vf : J; = xQ.

Proposition 3.11. The set C of CSI’s associated to x € R and () € S is a vector space of
dimension .
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Proof. We define the space
= {1 (n-2)sin¥ 20 g € 12(0,7), (sind)? g € HY(0,m)},

and denote by g, the unique solution in V of the elliptic problem Lg(6) = sin 6, where

L;8(0) := —sinf 20 e <04 (sin"20 <% % (9) ) + 22 g(p).
Defining /, by setting g,(0) = ¢(cos 6) sin 6, we get
Con = {C+l(w- QA w|CER, ACR", A-Q=0}.

Since the vector A has n — 1 independent components, C,q, is a vector space of dimension
n. O

With this result, along with the definition of ¢, we can provide the proof of the final part
of Theorem 3.9.

Proof of Theorem 3.9. Let | e = xk°Q)¢. For any vector A € R", with A - Q)¢ = 0, we then
have

/gQ(fe)EKe(w O A - w dw = 0.

This means that the vector X¢ := 1 < Js(Q(f€)lxe (w - Q°)w dw is parallel to O, which is to
say that (I — Q° ® Q°)X¢ = 0. From this we find

X = [Of + @ Vof Yo 0w deo,
s
By taking the limit for e — 0 we get (I — Q ® Q)X = 0, where
X= /S (9t (pMyqr) + @ - Vi(pMyq) ) bx (@ - Q)w dw.

Thanks to Lemma 3.12, we have that the equation (I — Q ® Q)X = 0 is equivalent to
p(0:Q2+6(Q- V4)Q) + A(I - Q®Q)Vyp = 0, where the coefficients & and A are given

by
Jy cos 04, (cos B)e s sin” 6 d6

¢ = (cos @
(€05 6) e o Ui (cos 0)excos? sin™ 6 d6

A=1 +£Zg( —0).

Differentiating the compatibility condition pc(x) = x with respect to k, we get

CdK +pd;c
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Recalling (Equation 3.4) that %< = 1 — (n — 1)< — ¢, we have

do «xdp dc c 5

Lot 1ol -(n—-1)-—PF)=n—

C o o dr P p(l—(n )K c*) =n—p+xc,
which we can use to rewrite A as
A= Ly PRy noptr
K xdp k(n —p +xc)

This concludes the proof. O

Lemma 3.12. For X = [¢ (9;(0Myq) + w - Vi (pMyq)) l(w - Q)w dw, the expression
I-Q0)X=0
is equivalent to
p(0:Q+¢(Q-V)Q) +AI-Q®Q)Vip =0,
where the coefficients ¢ and A are as above.

Proof. See Appendix A. O

Hyperbolicity of the hydrodynamic model in the ordered region. We now wish to show
that the hydrodynamic model

{atp + Vi (pcQ)) =0

p(Q+E(Q-V)Q) + AT - QR Q)V,p =0, (313

is not hyperbolic in the ordered region. Before doing so, we briefly recall the definition of
hyperbolicity for a first order system.

Definition 3.13. Consider the first order system

U+ ) Ai(U)o,U =0,
i=1

where x € R", t > 0, U = (Uy,...,Uy) and (z‘li(l,l))l.:lm]1 are m X m-dimensional
matrices. o

1. The system is hyperbolic in a neighbourhood of Uy € R™ if and only if the matrix
n
A(Z) =) Ai(Uo)¢i

i=1

is diagonalizable with real eigenvalues for all ¢ € S.
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2. The system is hyperbolic if and only if it is hyperbolic for any state Uy in the domain
of definition of the matrices A;(U).

Theorem 3.14. Under the previous assumptions we have that System (3.13) is hyperbolic
if and only if A > 0.

Proof. We consider a system satisfying (3.13), but that evolves only along one space direc-
tion, say e, € S. We write () = cos fe, + sin 0w, where w € §"=2 Under these assumptions,
the hydrodynamic model is equivalent to the following system

9tp + 92 (pc(p) cos6) =0
p(9¢(cos0) + é(p) cos 09, (cos 0)) + Asin* 09,0 = 0 (3.14)
orw + ¢(p) cos 9, w = 0, with |w| =1ande, - w =0,

which we can also write as the following first order quasilinear system of PDEs
ot 0zp
drcosf | + A(p,cosb,w) | d;cos6 | =0.
orw o, w

By definition, we have that (3.13) is hyperbolic if and only if (3.14) is hyperbolic for all
e; € S. We show that (3.14) is hyperbolic if and only if A > 0 or

|E— TZ*PC+KC|
—L " if A <0,

2v/—Ac (3.15)
if A = 0.

|tan 0| < tan 6,

6 #0and ¢ #

c

n—p-+xc’

* If A < 0, asking the eigenvalues of A to be real and distinct is equivalent to (3.15). In
this case A is diagonalizable.

c

—pTc are different.

* If A = 0, we have that A is diagonalizable if and only if ¢(p) and

* If A > 0, then (3.14) is hyperbolic for all e, € S, which means that (3.13) is as well.

We now assume that (3.13) is hyperbolic at some point (p, ) for A < 0. Since n > 2, we
can find e, € S such that e, - Q) = 0. But then we would have cos§ = 0, a contradiction
with the hyperbolicity of (3.14). O

Proposition 3.15. We have the following expansions:

1. Forp — n,

_ -1 1
T 4vnr2/p—n + O(l)

2. For p — oo,
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Proof. Follows from the results in Appendix B. O

Thanks to this result, we can see that, at least for p — n and p — oo, we have A < 0.
Moreover, through numerical computations (see figure below and Appendix C), we know
that A < 0 also forn =2,3,4.

It is therefore reasonable to assume that A < 0 in our model, which implies that system
(3.13) is not hyperbolic in the ordered region.

-05

Figure 3.1: Coefficient
A for dimensions n =
2, 3, 4, as a function of
the density p.

251

0 2 4 6 8
Density p
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The convergence theorem

The aim of this chapter is to prove the main result on the rate of convergence of Chapter 3:*

Theorem 4.1. First part. Suppose fy is a probability measure, belonging to H*(S). Then
there exists a unique weak solution f to

€di(f) = —pVo  (I-w@w)]if) + Dof, (4.1)

with initial condition f(0) = fo. Furthermore, this solution is a classical one, is positive
for all time t > 0, and belongs to C®((0, +-c0) x S).

Second part. The long time behaviour of the solution f depends on the value of J, in fact:

1. If Jz, = 0 then (4.1) reduces to the heat equation on the sphere, and f converges
exponentially fast to the uniform distribution, with global rate r = 22

s S
<, inany H
norm.

2. If J5, # 0 then we have 3 possibilities:

(a) Subcritical case (0 < n): f converges exponentially fast to the uniform distribu-

tion, with global rate

r(p) = L=U=e), (4.2)

in any H” norm.
(b) Supercritical case (o > n): there exists () € S such that f converges exponentially
fast to M), with asymptotic rate

c(xk(p))®>+n—
r(p) = L (p))e P Ay >0, 2

'In an effort to simplify notations, in this chapter we will stop writing the superscript €; we will denote by
f the velocity probability distribution, i.e. what was denoted in the previous chapters by f/p.
2 A is the best constant for the Poincaré Inequality (|Vf[*)p.o = Ax((f — (f) M) *) Moqr-
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In any H” norm. More precisely, for all r < r., there exists ty > 0 such that, for
allt > 0,
1£(5) = Meall < Ce™.

Moreover, when p is close to 1,

r(p) ~ 2(n—1)(p/n —1). (43)

(c) Critical case (o = n): f converges to the uniform distribution in any H” norm,
with algebraic asymptotic rate 1/2.

Work plan: We will first provide the notions that are needed in order to allow for an easier
study of (4.1). In particular, we are going to see that equilibria can be characterized as the
minimizers for a function F which we call free energy, as well as those solutions for which
there is no dissipation D.

One of the main results is the LaSalle invariance principle, which defines the set of equilibria
of (41)as € := {f € C®(S) : D(f) =0and F(f) = F}.

After this, we are going to study separately the three cases (subcritical, supercritical and
critical) which we have previously defined.

We will see that in the first case, that is for p < n, there is global decay to the uniform
distribution.

In the second case, we will use the LaSalle invariance principle — as well as Sobolev em-
beddings and the Poincaré inequality — to define the set of equilibria and determine the
asymptotic rate of convergence.

Finally, for the critical case, we will use similar arguments to estimate the algebraic asymp-
totic rate of convergence to the uniform distribution.

4.1 Preliminary notions

Let H*(S) be the subspace of mean zero functions of the Sobolev space H*(S). This is a
Hilbert space, with inner product given by (¢, k) 5. = ((—V)?¢, k), where V is the Laplace-
Beltrami operator on the sphere.

We also define the conformal Laplacian A, on the sphere, as

(=A+jn—j—2)) ifnisodd,

2
(—A+(g—1)2)% [I (—A+jn—j+2)) ifniseven.
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We have the following inequalities, which will be useful later on.

g+ sl s < CollgllglZe + 2n — 17115l <

(4-4)
< WHgHHHI + 8(n =1 P + Coll fN = 113

We also recall the following

Theorem 4.2 (Poincaré inequality). Let 1 < p < +oc0 and U/ a subset, bounded in at least
one direction, of a Banach space B. Then there exists a constant C > 0, depending only on
U and p, such that

lull oy < ClIVullpy, VYaell, ;2]

/4 n— p

W15,
forallu e W) = o) .

On the (n — 1)-dimensional sphere S, on which we consider the Laplace-Beltrami operator
A, the Poincaré (Wirtinger) inequality for p = 2,

113 < ClIVA,

holds with optimal constant C = L.

4.1.1 Weak and classical solutions

First of all, we rescale time by setting T = £, so that the following equation

€dif = —pViy - (I —w@w)Jsf) + Auf, (4.5)
can be rewritten, denoting o = p‘l, as
arf: _vw' ((H—CU@CU)]ff) +0'Awf = Q(f) (4'6)

This equation is known as the Doi (or Doi-Onsager) equation, and was first introduced by
Doi in [6].
We define g by subtracting 1 to the (velocity) probability density function f, thus obtaining

a zero-mean function. With this new definition, if f is a weak solution of (4.6), i.e. for all
¢ € H5T1(S), the following holds

(0cf, ¢) = —0(Vuf, Vo) + (f, Jf- Vo), (4.7)
then g € H5~1(S) solves the following equation, for all ¢ € H—*+1(S):
(0:8,¢) = —0(Vwg, Vo) + (n— 1)]:;' Jop + (& Jg - Vo). (4.8)

The existence of a solution to this problem is given by the following
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Theorem 4.3. Given an initial probability measure fy € H*(S), there exists a unique weak
solution f of (4.6) such that f(0) = fo. This solution is global in time, is in C*((0, +c0) x S),
with f(t,w) > 0forall t > 0.

Moreover, for all m € IN, we have the following estimate, for all t > 0,

LFOln < (14 ) 1ol (4:9)

for a constant C depending only on ¢, m and s.

Proof. Step 1: existence. We want to show that, if ||go|| = < K, then there exists a weak solution
on [0, T], for some T > 0. Moreover, this solution is uniformly bounded in L*((0,T), H**1(S)) N
HY((0,T), H~X(9)).

Let Py be the finite dimensional vector space spanned by the first N non-constant eigen-
vectors of the Laplace-Beltrami operator. We have that Py C HP(S) for all p, and it contains
all functions of the form w +— V - w.

Let gV € C'(I, Py) be the unique solution to the following Cauchy problem

g™ (0) = TIn(g0),

where Iy is the orthogonal projection on Py, and I C R* is the maximal interval of
existence. Equivalently, ¢N solves

{;th = TN (0AugN + (n—1)(1+ gV )w - Jov — Jon - Vig")

d

77(8%9) = —0(Vug", Vo) + (1= Dpw - Jp + (8%, Jov - Vap).  (4.10)
We wish to show that the limit of ¢N as N — oo is the solution we are looking for.
Taking ¢ = (—A)*gNTIy in the above equation, we get3

1d
5 7 18% I + o118 e < Col g l18™ I + (= 1)7|Jpw [ <

N2 N (4-12)
< CillgV I (1+ CallgV ) -
Set T := C; ' log (1+ (1+2C,K)). Solving the above inequality, we find that

18Nl < [ITTn (80) | s
H eiclt — CZHHN(gO)HHa(]. _ efclt)’

for 0 < t < C;'log (14 (Co||TIN(80) ||g+) ~!). From this we get ||gN (¢)|| = < 2||gol| s for
all t € [0, T], so that (4.10) has a solution on [0, T| for any N € IN.

3Ifp € H 5" and g € H®, then | [ gV¢| < C(s,n)||g]| g | Pl py—ss1-
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Suppose |Jov| < Mo on [0, T]. From (4.11) we get

1d
QaHgNHz.S + 0|8V P < (14 Mo)Cs|igl|,

which leads to

2 ,(1+M=0)CsT

T
I8¥0+7 [ 8V < lgol

We can then control the derivative of g, since

T
/O 19eg™ %1 < (Cs + Mo) || ol goeHMICT.

Taking M? = K2e(HM)GT x max{c~1;C4 + My}, we get that ¢V is bounded by M; in
L?((0,T), H1(S)) N H'((0,T), H*~1(9)).

We now wish to provide estimates on the derivative of | N Taking ¢ = w - V in (4.10), we
find

n—1

(1—an)]gN—/S(Il—w@)w)]gNgNdw <

< (Cs + MoCe)||gol| gee2 1 TMIGT,

d
’M

Since any component of (I —w ® w) is in H~*, we can control the term [(I —w ® w)gN dw
by any H*® norm of ¢V, uniformly in N and in .

We can now use weak compactness and the Ascoli-Arzela Theorem, to find an increasing
sequence Ny, a function ¢ € L?((0,T), H"1(S)) N H'((0,T), H*~'(S)), and a continuous
function J : [0, T] — R” such that

% ]gNk koo, J uniformly on [0, T|;
* ghk koo, g weakly in L2((0,T), H**1(S)) and in H' ((0, T), H*1(S)).

Moreover, g is bounded by M; in L?((0,T), H*"1(S)) N H'((0,T), H"1(8)). It is easy to
show that | = J,.
For any M we have that

(08, ¢) = —0(Vwg, V) + (n =1)Jg - Jp + (8, Jg - V),

for all ¢ € Py, for a.e. t € [0, T]. By density, we conclude that g is a weak solution to our
problem.
Let ¢ € H-5*1(S). We have that

t
(8 (1) ~T(s0). ) = [ @15".9)

is controlled by M — 1v/t||¢|| j-s+1, uniformly in N. Passing to the limit we find that

g(t) =% ¢pin H=5*1(S). But g € C([0,T], H(S)), so we conclude that g(0) = go.
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Step 2: continuity with respect to initial conditions. Suppose g and § are two solutions, with
1g(0)]| s < Kand ||3(0)] s < K. We show that there exists a constant M3z such that g — § is
bounded in L*>((0, T), H**1(8)) and H'((0, T), H*~(S)) by M3||g(0) — §(0)|| gz=- From this
uniqueness follows.

As before, we have that

18N < [Ty (80) [l
B X e_C1t — CZHHN(go)HH5<1 — e—Clt)/

for0<t<T:= Cy 1 log (1 + (14 2C2K)), and these solutions are uniformly bounded by
Mj in L2 ((O, T), HSH(S)) and H! ((0, T), Hsfl(S)).
Taking u := g — §, we get
(0, ) = —0(Vu, Vo) + (n—1)], - Jp + (u, Jg Vo) + (& Ju V).
Taking ¢ = (—A)°u, we find that*

1d <
EaHMHZS +olulfen <+ M)Callullf + Crllull e 18l e | (=AY ull g« <
< Ma(1+ (181l g eI

Using Gronwall’s Lemma, we get

T T - 2
13 +cr/0 [l < [luo]|3e™2 Jo (HIBlast1) gy ] 2, eMa(THMD),

so 1 is bounded in L2((0, T), H™(S)) N H'((0,T), H¥~'(S)) by M3][u(0)]| ss-

Step 3: positivity. Let g0 € H*(S), for an s sufficiently large so that the solution g is in C°.
Recalling that f = 1+ g, we have that, if f is non-negative, then f is positive for any positive
time.

From (4.8), we find that, as an element of L? ((0, T), H*1 (S)), the function o, f is equal
almost everywhere to

if =0hof — Ve (I-w@w)ff),

which is an element of C°([0, T] x S). So, up to redefining f on a set of measure zero, we
have that f satisfies the PDE, and it is in C! ([0, T], C(S)) N C°([0, T], C*(S)).
By maximum principle arguments, we have that f > 0 on (0, T].

Step 4: global existence and uniqueness These are easily shown by constructing a solution on
a sequence of intervals.

Js 8V (=8)°g[ < C(s,m)I8l3,

4For g € Hs+1
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Step 5: regularity and boundedness estimates. By reasoning over intervals, it is easy to show
that the solution f is positive for all t > 0, and belongs to C ([0, +o0), H*(S). Moreover, it is also
in Ck and, through Sobolev embeddings, it is in C* ((0, +00) X S). We want to show that

1F )i < Closm,s) (14 & foll3e), (4.12)
foralls e Randm >0

Let N be the orthogonal projection of f on Py, and define ¢V = f — fN. Noting that the
eigenvalues of —A are given by ¢(¢ + n — 2) for ¢ € IN, we can use

S8 + 8 s < ColJnllg™ I+ (n = 1) Jon P (41)

1

%_'Is < NTD(NTn-1) Hg ‘ to find that

Hs+1/

2dt||8!|25+0Hg||Hs+1 < e Vel gl + (1 =17 [Jg? + Coll /N = 1.

Moreover, since f is a probability measure,

1N =103 = /S<—A>Sfo dw < [[(=8) N lee < KnIFY =1l

which gives a uniform bound on fN. By taking N large enough, we get

(o
ZdtHgHz s EHgHHbH < Gs.

Multiplying by t the above expression at order s + 1 reads

(o 1.
1Sl + ZHgl vz < ot

Summing the two expressions, we get

1d o
5 2 (1813 + Sellgllien) + F (1830 + ZHlle2) < Co+ oot

Solving this inequality, we find
I811%: + tIIgIIHM < |1 gol3ee” " V5 4 Cro(1 + 1),

So, for || f||2,, = 1+ ||g|/%. and m = 1, we get

1
1B <€ (141 ) Ul

It is then easy to show that the claim follows.
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Stability of the constant state. As anticipated in Chapter 3, we now study the stability of
the uniform distribution. As before, g = f — 1 is a zero-mean function, and we consider
the linearized equations for g and J,:

{atg = 0Vug+ (n— 1w - Jo+O0(g?),
file=(1=1) (5 =) Jg +0(&?).

Considering only the linear part of the system, we find that the equation for g reduces
to the heat equation with known source term of the form exp (t(n — 1) (1 — ¢)), so that,
around the uniform distribution, the linearized equation is stable if o > %, and unstable if
1
o< .
n

4.1.2 Free energy and steady states

Thanks to Theorem 4.3, we know that any solution f of

dcf = Vi (1 - w®W)]sf) +0h0f =: Q(f) (4.6)

isin C*((0,00) x S) and is positive for any ¢ > 0. This means that we can take the logarithm
of such a function, and rewrite (4.6) as

arf: —Vu- (U'chf_vw(w']f)f) = V- (wa((Tlogf—aJ-]f))-

For the same reasons, we can apply the integration by parts formula:

/San(Ulogf—w~]f)da) - —/Sfva(alogf—w-]f)\zdw.

Defining the free energy F(f) and the dissipation term D(f) as

F(f) =0 [ flog f =11, (413)
D(f) = [ fIVa(clogf —w- Il (414)
we find the following conservation relation:

d
—F+D=0. .
=t (4.15)
We now state and prove two results which will help us better understand the steady states
of the Doi equation 4.6. The first provides equivalent characterizations of the equilibria;
the second, known as the LaSalle invariance principle, tells us that the solution converges
to the set of such equilibria.
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Proposition 4.4 (Steady states). The steady states of (4.6), i.e. the time-independent solu-
tions, are the probability measures f on S which satisfy one of the following equivalent
conditions:

1. Equilibrium: f € C?(S) and Q(f) = 0;
2. No dissipation: f € C'(S) and D(f) = 0;

3. The probability density f € C°(S) is positive and a critical point of 7 under the
mean 1 constraint;

4. There exists C € R such that olog f — Jf-w = C.

Proof. Firstly we show that if f is a steady state then 1-4 are all true; secondly we show
that, if any of 1-4 hold, f is a steady state.

First part: Let f be a steady state. We show that 1-4 hold.

By definition, f is a probability density function solving (4.6), which is independent of
time. This means that it is positive, C*, and such that Q(f) = 0, so 1 holds.

From the conservation relation (4.15), we have

D(f) =~ F(f) =0,

since f does not depend on time, so 2 holds. To show that also 4 holds, notice that, from
the definition of D(f), the previous equation reads as

Vu(ologf—w-Jf) =0,

so there exists a constant C € R such that olog f —w - Jf = C.

Finally, we show that 3 holds: taking / such that [¢# = 0, we have that f + h is still a
probability density function, and

F(f+h) :a/s(flogf+hlogf+h)dw— 1142+
—Jy- [ whdw+O(In]2) =

= F(f)+ | hlologg — Iy w)deo + O(1h]2) =
= F(f) +O(lIH]2),

(4.16)

which shows that f is a critical point of F.
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Second part: We show that, if any of 1-4 holds, then f is a steady state.
Suppose that 1 holds: let f € C%(S) such that Q(f) = 0. Then f is obviously a steady state.

Suppose clog f — Jf-w = C. Then f € C*(S) and Q(f) = 0, which means that if 4 holds,
then f is a steady state.

We now show that 2 and 3 can be reduced to this fourth condition.

Suppose that 3 holds: performing the computations in (4.16) for a positive function f €
CY(S) gives that, if f is a critical point of F, then [¢h(clog f — J; - w)dw = 0 for any
zero-mean function k. This means that clog f — J; - w is constant.

Suppose that 2 holds: let f € C!(S) such that D(f) = 0. We have that, in a neighbourhood
of any point wp such that f(wp) > 0, Vi (clog f — J¢ - w) is equal to zero.

We define the function ¢(w) = o log f — ] - w, which is locally constant at any point where
it is finite. For any C € R, ¢ !({C}) is open in S. Let (wy); be a sequence converging to
Weo, such that ¢(wy) = C. We have

Flag) = et 2% g ) = eo(CHlpwn),

S0 ¢(we) = C, which means that ¢~1({C}) is closed. Moreover, since f is not identically
zero, there exists at least one C € R such that ¢~1({C}) # @. By connectedness of the
sphere, ¢~ '({C}) = S, or equivalently clog f — J; - w = C.

O]

Remark. From point 4 we get that, if f is an equilibrium, then c'log f — ] - w is constant,
and f = Ce” 17, from which we get that f is of the form

f=Muq, Q=0"].
Moreover, since [; = c(x)(), we get the compatibility condition
c(x) = ox. (4.17)

Remark. Compared to the previous chapter, we have used a different — but equivalent —
strategy to arrive to the form of the equilibria; in particular, we have used the notion of
free energy and dissipation. We have done so because these quantities are going to be of key
importance in the proof of convergence to the equilibria.

Proposition 4.5 (Compatibility condition).

1. If p < n, there is only one solution to (4.17): ¥ = 0. The only equilibrium is the
constant function f = 1.
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2. If p > n, then (4.17) has 2 roots: x = 0 and «(p) > 0. The only equilibria for x = 0
is f = 1; the ones associated to x(p) consist of the Von-Mises-Fischer distributions
M) for an arbitrary () € S, and they form a manifold of dimension 7.

Proof. We provide a different proof from the one in Chapter 3, which does not require the
direct computation of the function = c(x) + no(x)1. We compute the second derivative

of&z@:

& () = (1 — 1>Kﬁ2 —25(5 — B).
We then notice that:
x Forx > 0,if 0’ = —g =0,thend” < 0.

* For x = 0, we expand
k) =1 - Lk +0O(x%).

n n2(n-2)

We have that any critical point of & is a maximum. Therefore, since ¥ = 0 is a local
maximum, the function is decreasing.

O]

Remark. We have provided a different proof because we will be interested in the behaviour
of the convergence rate as ¢ approaches 1 (see Proposition 4.9). In fact, in this case we
have

1 1 2
T~ Tk (@)
and
c(x(0)) ~ 3x(0) ~ 4/ (n+2) (5 —0). (4.18)
]
0.8}
0.6 Figure 4.1: Graph of
c(o) c(o) for dimensions n =
0.4} 2,3, 4.
0.2t
0
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Theorem 4.6 (LaSalle’s invariance principle). Let fy be a probability measure on the sphere
S. We denote by F, the limit of F(f(7)) as T tends to +oc0, where f is the solution of (4.6)
with initial condition fy. Then the set

o :={f€C®(S):D(f) =0and F(f) = Fo}

is not empty. Furthermore, f(7) converges in any H® norm to this set of equilibria, in the
following sense:

lim inf ||f(7) — g|lm= = 0.

T—00 geg

Proof. We notice that F(f(7)) is decreasing in time, and bounded from below by —1/2,
which means that F, is well defined.

Let (7,), be an unbounded increasing sequence in R", and suppose that f(7,) converges to
foo in H*(S), for some s € R. Using Theorem 4.3, we have that f(7,) is uniformly bounded
in H**2P(S), for any p. Moreover,

1 () = £ (@) gser < () = £ (@) 1 f () = f () | 20,

so f () converges in H°*P(S), which implies that f. belongs to any H*(S).
We wish to show that D(fw) = 0. Supposing this is not the case,

D(f):crz/s’vwfﬂzdw—l—]f-/S(]I—w®w)f]fdw—20]f-[F)wadw:

(4.19)

2
20-2/5 |V‘}’f’ dw+(1—2(n—1)0‘)|]f|2—/s(w~]f)2fdw.

We now take a big enough s, such that H*(S) € L®(S) N HY(S). If fo > 0, then the
dissipation term, thought as a function

D:{¢{eHS):£{>0} = [0,00),
is continuous in fe. In particular, since D(fe) > 0, there exist 6, M > 0 such that, if
If = follize <, then D(f) > M.
We show the same result for fo, > 0. We define the function

[ Viawf? 2 2
———dw+ (1-2(n—-1)c —/w- dw.
= [ Bt o+ (=20 00) o~ [ )

By monotone convergence, D¢ ( foo ) o, D(fw), so there exists ¢ > 0 such that D¢(foo) >

0. By continuity of D¢ at fo, then, there exist §, M > 0 such that, if || f — feo||ns < 6, then
D¢(f) > M. Since D > Dg, we conclude.
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We now use the fact that d; f is uniformly bounded in H*: there exists T > 0 such that, if
|t — 7| < T, then || f(T) — f(7')||gs < 9/2. By taking N sufficiently large, we can assume
that || f(T4) — f (7o) ||ms < /2 forall n > N. For such n we have D(f) > M on [1,, T, + T;
up to extracting, we can assume that 7,41 > 7, + T. For all p > 0 we get

TN+p

F(f() = F(flana) = [ D) = pem.
N
Since the left term is bounded by F(f(7n)) — Fe, taking p sufficiently large leads to a
contradiction.

We now suppose that, for a given s, the distance between f(7) and €. does not tend to 0
as T — co. More precisely, we suppose that there exist { > 0 and a sequence (T,), such
that, for all § € &,

If () = &llw= = &, ¥ = 0.

Since f(t,) is bounded in H*"1(S), using a compact Sobolev embedding, we can assume
(up to extracting) that f(7,) converges to fe in H*(S).

We recall that fo, € C®(S) is such that D(fs) = 0. Moreover, since F(f) is decreasing in
time, we have F(fo) = Foo. SO foo belongs to E and, by hypothesis, || f(T) — fool|lrs = &
for all n > 0, a contradiction.

We have that the distance between f(7) and € tends to 0, so this set is obviously not
empty. O

Proposition 4.7 (Minimum of the free energy).

1. If p < n, the minimum of the free energy is 0, only reached by the uniform distribution.
Any solution converges to the uniform distribution in any H® form.

2. If p > n, the minimum of the free energy is negative, only reached by any non-
isotropic equilibrium of the form M, ,)q-

Proof. By Theorem 4.6, we have that

inf  F(f) = inf F(f).
feC"‘l’g}),f>0 f) fecw(S),;rlo,D(f):o )

Since the set of equilibria is compact (consisting of single point or of one point and a
manifold homeomorphic to S), this infimum is a minimum.

If fp is not an equilibrium, then D(fy) > 0, which means that F(f(7)) is decreasing in the
neighbourhood of T = 0, since %}" + D = 0. So the minimum cannot be reached in fj.

1. If p < n, we conclude, since the only equilibrium is the constant function 1 and by
LaSalle’s principle we know that the solution is converging in any H® form.
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2. If p > n, we have that
F(l4¢w-Q) ~ %(a— %)CZ

for a fixed unit vector Q) € S, so there exists f such that F(fy) < 0. Then the uniform
distribution cannot be a global minimizer.
Since F (MK(p)Q) is independent of (), we get that this value is the minimum and

M (p)q is the only global minimizer.
U
4.1.3 A new entropy
We define two different norms:
1. The norm HHHJﬁ}l by setting, for g € H~"7 (S)
812 = [ 88018
This norm is equivalent to ||-|| "
2. The norm HHHJT% by setting, for g € H-"2(S),
I912 s = [ 888, Ls.
This norm is equivalent to ||-|| I
By taking ¢ = V;}l g in (4.8), we obtain the following conservation equation>:
TSI, v = =8I, s + ol (420)
2 dt a7 ( —2)ret
which we can rewrite as p
SH()+D(f) =0, (421

where f is a probability density function, H(f) = ||f — 1H2 —y and D(f) = 20||f —
2
1”;,% - m”ﬂz-

Remark. For ¢ > 1, we have D(f) > 0, which means that the new entropy H(f) is
decreasing in time.

5We use the fact that, if g € H"2, then Js gVA;Elg =0.
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4.2 The subcritical case

In this subsection we derive a convex entropy, which shows global decay to the uniform
distribution, in the subcritical case p < n.

By using the Poincaré inequality on (4.20), we find

NI s < = DE )8l (422
which means that, if p < 1, there is an exponential decay of rate W, for the norm
(-

(n=1)(n—p) (n—l)(n—p)t
I8l 5 n5r < Ngoll e 7 = lIgoll ;e e

2

We wish to find a similar result for ||-|| . If fo € H*(S) with s > —“>!, we can use

81+ 2l < Collgligle + £n —171J5l2 <

(4-4)
< WHgHHHﬁ (n—1)°|Jg> + Coll fN — 1[|%.,
the Poincaré inequality, and (since f is a probability measure)
1
(1= VPl + 1N = U < Kl =12 s < Klgoll? e 200,

to get that, for any ¢ < %, there exists C = C(s) such that, if N is sufficiently large,

1
CHgOHZ 771 —2(n—1) (U’*H)T‘

g+ (- 1))

From this inequality we have

2 —2(n-1)(c-¢)c —2(n-1)(c-1)7
sl < lsolee b oSl e .
Taking ¢ = 5, since s > — -1, we finally get
1)1 (-1 (n—p)
1812 < Cillgolie 20 0)T = ¢y gof2e > e .

In conclusion, there exists a constant C = C(s) such that, if fy € H*(S), we have

(n=1)(n—p)
Hf(t) - 1”%—1S < CHfO - 1||Hs€_ ne t
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4.3 The supercritical case

We now fix p > n and study the behaviour of solutions to

dcf = Vi (I-w@w)Jsf) +0huf = Q(f) (46)

ast — oo.

In this section we want to show exponential rate of convergence of the solution to the
set of equilibria, in any H® norm. This is immediate if [, = 0: as we will see in the next
Proposition, there is convergence to the uniform distribution. It is more complicated when
Jf, # 0: in this case, the equilibria are given by a Von-Mises-Fisher distribution; in order to
determine the rate of convergence, we will first show that there is exponential convergence
in L? and then, by using interpolation, we will show convergence in any H® norm.

From the LaSalle principle, we have the following °
Proposition 4.8. The limit set of equilibria

o ={f€C®):D(f) =0and F(f) = Foo}
depends only on whether ], is zero or not:

* If Jr, = 0, then & is reduced to the uniform distribution; equation (4.6) becomes the
heat equation; there is exponential decay to the uniform distribution, with rate 2n /e,
in any H*(S).

* If J5, # 0, then J¢(;) # 0 for all £ > 0; the limit set £ = {Myq, () € S} consists of all
the non-isotropic equilibria. Furthermore, for any s € IR, we have

lim [ £ () = Myaypy |l e = 0,

where Q(t) = dﬁi;' is the direction of J(;).

Proof. We start by writing a differential equation for J;. In order to do so, we multiply (4.6)

®When there is no confusion, we write k = x(p) and ¢ = ¢(p).
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by w and integrate it on the (n — 1)-dimensional sphere S. We get

:—/Swvw.((H—w@w)]ff)dw+a/smwfdw:

:—]f/SwVw-((]I—w®w)f)dw—c7/svww-vwfdw:

= I [ (Vo (M- wBw)wf) = (I-w@w)f) )dot
—U/Swadw:

:]f/s(ll—w®w)fdw—a(n—1)/swfdw:

= o=+ ( [A-wow)fdo)]; =

— <(1—(n—1)(7)]l—/sw®wfdw)]f,

(4.23)

where we have used the divergence theorem (since the border of S is empty), along with
the fact that [V, f = (n —1) [wf.

We write the above expression as a first order linear ODE of the form %]f = M(7)]y; the
matrix M is a smooth function of time, so we have a global unique solution.

* If J¢(,) = 0 for 1o > 0, then we have J¢) = 0 for all T > 0, and (4.6) reduces to the
heat equation. The distribution f has no component on the first eigenvalue of the
Laplace-Beltrami operator, and second eigenvalue equal to 211, which means that we
have exponential decay with rate 2n/p in any H*® form, when time is parametrized
by 7. Recalling that T = £¢, we find that the rate is given by 2n/e.

* If J¢() # 0, then Jg) # 0 forall T > 0. From Proposition 4.7, we know that
in this case the limiting set can either be given by the uniform distribution, or by
{MKQ HONS S}

In the first case, by LaSalle’s principle, f(T) converges to the uniform distribution.
We then have that M(7) = (1— (n—1)0)I — [(w ® wf(T) dw converges to (n —
1)(1 — o)L Using (4.23), we find

d
d7|]f\2 =Jr- M)z (n=1)(% —0) =) (4.24)

for T sufficiently large. For a sufficiently small ¢, we get that |] f\ tends to infinity, a
contradiction. So we have £, = {Myq : Q € S}.
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Suppose that || f(T) — Myqr)||ns does not tend to 0 as t — co; we can then take a
sequence T, — oo such that || f(T:) — M(x,)l|lms = ¢ > 0. By LaSalle’s principle,
there exists ), € S such that || f(7,) — Mgq, ||rs — 0.

Up to extracting, we can assume ), — Qo € S, so that f(1,) = M, in H*(S). In
particular, | f(x,) converges to c(x)Qe, and then O(7,) — Q. Finally, we find that
Myo(z,) = Mia,, and || f(Tn) — Meq(x,) l#s — 0, a contradiction.

O

Now we focus on the case J;, # 0. We define Q(7) as in the previous Proposition; we wish
to expand the solution f around Mq ().

We first show convergence in 12 (S) to a given equilibrium, with exponential rate, under
appropriate conditions on the initial data.

Proposition 4.9. Let Q)(t) be as in the previous Theorem. There exists an asymptotic
rate 7o () > 0 such that, if || f(7) — My(r)||ns is uniformly bounded on [7, +-00) by a
constant K, with s > 3(n2_ 1) , then Vr < 7o (0), there exist Q € S and 6, C > 0, such that if

Hf(TO) - MKQ(TO) HL2 < 6, we have

1£(%) = Muollzz < CILF(70) = My 2™,

Moreover, as ¢ — 1, we have that 7 (0) > 2(n —1)(1 — o) + O((2 — 0)").

Proof. Let Q) = Q(7), and suppose T > Tp; we write cosf = w - (). Recalling that p =
¢2+n/p—1 > 0, we have the following identities ((-),,, denotes the average over the
Von-Mises-Fisher distribution):

1. (W) mxq = (€08 0) pn QY = cQ),
2. {cos?O)pxq =1— (n—1)0,
3. {(cos@ —c))ma=1—(n—1)c—c2=0—B>0.

If we write f = (14 h)Myq, with (h)yxq = 0, since Q is the direction of J; = ((1 +
h)w) mxq, we get that (hw) pea = Q(h cos 0) prq-
We wish to expand the free energy and the dissipation in terms of h.

Since Myq is a minimum of F(f) (see Proposition 4.7), we know that the expansion
F ((1 + h)MKQ) — F(Myq) does not contain any terms of order 0 and 1 in h. From the
definition of free energy (4.13), we get

F((A+h)Mya) = F(Mr) = §(h*)awa — 31 (1w)mal® + O(|[2])-
Using Sobolev embedding and interpolation, we have
1-81 n1
|f — Myallo < Cllf — MKQHH% <C|f - MKQHLz 2 K= (4.25)

Since
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.11 > 3,
2. f — MKQ = hMKQ,
3. Myq is uniformly bounded both from below and above,
we have that [|1]|?, = [ i*Madw < C [(h2MZ%dw = C(h?) peq- Using this in (4.25), we
get that |13, € o((h?) mxq)-
We then have
F(f) = F(Mya) = §(h)mxa — 3(hcos0)3scq + (12| m,)- (4.26)

From the definition of the dissipation term (4.14), we get:

— [ AV ulctogf —w- Iy do =
= /S(l +h)|Veolog ((1+h)Mea) —w - {(1+h)w) mxa*Mya dw =
= (14 )|V olog (1+ 1) M) = @ - {(1+h)w)mea) ) ma =
= ((1+h)|Vew(clog(l+h)) + oxV,, cos 0+
— Vi ({hcos 0) mea cos 0) + Ve (cos 0(cos 0) mea ) |*) M, =
= ((1+h)|Ve(clog(l+h)) + (cos 0) s O+
— Ve ((hcos 0) pxa cos 8) — (cos 0) pxa Q) Mg =
= ((1+ )|V (clog(1+h) — (hcos8)mea cos0)|*) m,, =
= (1 — ||h]|eo){| Ve (clog(1 + k) — (hcos ) m,, cos 8) |*) mxa-

Using the Poincaré-Wirtinger inequality on the sphere, and the fact that M, is positive
and bounded, for any function ¢, we find

(V%) peer > min My, /ywﬁ min Mya (1 — 1) / fs >
> B (1 1)((0— fy Pt > € 20— 1= s 0
which means that the optimal Poincaré constant is bounded from below by
A= (n—1)e >~ (4.27)
Applying this estimate to the above expression for D(f), we get
D(f) > (1 - o) Ax{ (¢ log(1 + h) — olog(1 +h>>Mm+
)

— (hcos 8) pxa(cos 0 — C)) e

> (1= ||hlleo) Ax((cTt = (1 cos 6) e (cos 6 — c) + O (th\i))zmm >
> (1= |[hlleo) Ax (0 () mxer — (B + ) (Reos 0) 34, + O([IBIIZ)) + O([I1]I%)-

xQ)
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Using the same argument as we did in the case of F(f), we find
F(f) = Ac(@® (W) — (B+ 0) (heos0)y,, + O(I1]%)) +o((F)men)-  (4.28)

We set o = U%ﬁ (h cos 0) pmxa (well defined since o — B > 0), and write h = a(cos —c¢) + g,
for some function g. We notice that (g) mxq = (§w) mxa = 0.
We can then write (h?)y, = (0 — B)a® + (¢%) mxq, and

F(f) = F(Mq) = 3 (B0 = B)a® + 0(8*) M) + 0((H) 1), (4.29)
D(f) = Ax(B*(0 = B)a® + *(§*) mxar) + 0((F*)mx) =
> MB(B(o — B)a’ + 0 (g mxar) + 0((B*) mxa)-

So, if (h?) Mk is sufficiently small, we have
D(f) = 2r(F(f) — F(Mxa)),
for all ¥ < AypB. So there exists &y > 0 such that, if || f(t) — My l|12 < do, then we have

L (F ()~ FMa)) = ~D(F) < 2(F() — F (M),

For all T such that || f(T) — Mq(q) |12 < do on [1, T], we have

(4.30)

F(F(D) = FMyam) < (F(F(0)) = F(Myay) e

Moreover, since

If(T) = Myall2 < C/ () mxar < Coll £(T0) = My 27, (4.31)

if 79 is such that || f(70) — Mg |12 < 6 forad < C—O dp, we have that (4.31) holds for
all T > 1.

In order to prove strong convergence to a given steady state, we need to prove that Q(7)
converges to an (), as T — co. From

Jr = {1+ hw)ma = cQ+ (hw)ma = (c +a(c — )02

we get
ddef = (c+a(c—p)) ;ITQ(T) + (0 - ,B)Q;:L_a(’f).

Putting this together with (4.23), we find
d d d
I = (c+alo = B))1-0(1) + (¢ — HO1-a(7) =
:((1— (n—1)0)l Aw@wfdw)]f.
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We now apply I — Q) ® Q) to the members of (4.23). We get
d
(I-Q@0)J; = (H—Q@Q)(—/Sw@)wfdw)]f —

= —(c+a(c—p)I-Q®0) (/SwZMKQ dw-i-/SthMKQ dw> _
= —(c +a(oc— 5))(]1 —Q®Q) ({(cos0w) pxa + (hcosbw) pka) -
We also have

(c+a(o— ﬁ))%Q =—(c+a(c—p))I—-Q®0)(gcosbw)pra.

Since (c +a(c — B)) is equal to the norm of [, it is never zero, so we can simplify and get

a
dt

) < y/lg?hma < Ol = Muallz < CILF() = My e ",

for a constant C = C(r,s, o, K). This shows that %Q has exponential decay of rate 7, in
T—00

particular there exists an ()os € S, such that QO —— Q.

Since Q) > e*“'? is globally Lipschitz, with a constant which is independent of w € S, we
have that

HMKQ(T) - MKQooHLz < ClO(T) — O] <

< 77| 720t < clrtm) - Mg e 7,
This allows us to conclude:
If = Mo lliz < If = MeQ(T) |12 + Moy — Mo, <
< Cllf(70) = Myl ze™" ).

So we have that the Proposition holds true, with 7 (0) = A > 0. Moreover, from (4.27),
we know that Ax > (n — 1)e~ %, and thanks to (4.18), we get that 7 (0) > 2(n — 1)(+ —
o) +O((L —0)). O

Remark. Since, by Proposition 4.8, f(t) — Myq() — 0inany H*, we have that there exists a
to > 0 which satisfies the hypotheses of the previous Proposition. Using interpolation, we
get

S

1-2 s -2 (1—s(r—
If — Mol < Cllf = Moo |2 " 1f = Mean |l < ClLF(0) = Moy [l 2 Pe "),

Finally, we have that for all r < r, and for all s, there exists some time 75 and C > 0 such
that || f — Mxq, ||gs < Ce ', forall T > 1. Since t = %T, this proves the claim of Theorem

4.1(ii).
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4.4 The critical case

We have seen that for any p € (0,+o0)\{n} there is exponential convergence to some
equilibrium. However, if J; # 0, the rate that we have found tends to 0 as p — n.
Therefore we expect there to be a different behaviour in the critical case.

In this section we want to estimate the rate of convergence to the uniform distribution
(which we know is an equilibrium) as time goes to infinity. In order to do so, we first
provide a result which estimates the L? distance between the solution f and the uniform
distribution. We will then use an interpolation argument to show the algebraic asymptotic
rate of convergence in any H® norm.

Proposition 4.10. Suppose that || f(7) — 1||gs is uniformly bounded on [1), +c0) by a

constant K, with s > ( U Then, for all C > 1, there exists § = & (p,s,K,C) > 0 such that
if | f(to) — 1|12 <6, wehave

C

- 1HL2 XX ; = )
\/\/2(”+2)||f(T0)—1|L2 + a2 (T— )

1£(7)

N

forall T > 1.

Proof. Again, we work with T > fo, write f = 1+ h, and suppose J;, # 0. From this we

get that J¢(;) is non-zero for all T > 0, so we can define Q)(7) := IIf T We also denote by

(+) the average on the sphere, and cos := w - Q).
We have (h) =0, J; = ((1+ h)w) = (hw), and (hw) = (hcos ), since ) is the direction

As we did in the supercritical case, we now perform an expansion of the free energy F

and of the dissipation D in terms of h. For o = %, we find

Fl+h) = %/Sa +h)log(1 + h)dw — L(hcos0)2 =

n

=5 (3(1%) = §(n°) + 5 (h*)) — 3{hcos0)? + O(|I1]|%,).

=3 [+~ 4 B Yhcose)? +O(H2) =

We write « = n(hcos ), and define the function

13 (cos® 0 — 25 cos6). (4.32)

g§=h—acosd— ta*(cos®6 — 1) — +2

We now perform some computations which we will need later on, when we will expand
F and D in terms of .
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Recalling that (2p + 2)tzp+1 =
(cos* ) = 412 =

Z;ﬁ, where a, = L i Jo cos?? Bsin™ 26 df, we ﬁnd that

(n 37+ Moreover, since (cos® 9> (cos ) =0, and (cos? 0) = +, we get

(g) = (h) — oc(cos€> 20%((cos?6) — 1) — La®((cos® 6) — 25 (cos b)) =0,
(geost) = & — & — 40° (o — wpery) =0

The following expansions are needed in order to expand the free energy and the dissipation
term; they are obtained by taking the second (third, fourth) power of the expression for
in (4.32) and then considering the mean on the sphere:

302) = Hg2) + el + gdityat + 1ed(gos?0) + O(@llgle +4%),  (433)
~LIP) = gt — e (geos?0) + O(g% + allgl + a2lg e + o),
1

(1) = gt + Ollslls +aligli +a?lIgll% + a®lglleo + ).
Inserting these expansions in the above expression for F (1 + &), we get

F(L+h) = 5:(8%) + gy’ + OUIgl + allglz + allglle + ). (434)

Using the inequality aPb? < sas + (1 — s)bTs fors € (0,1), witha = v and b = 1 ]|c0, We
find that

2+2 2+2

agll3 < 30° + 58]l 2?gllee < 30° + ZlIglleo -
As we have done previously, by Sobolev embedding and interpolation, we find that

—1 n—1
Hﬂm\qmbzwmms, (4.35)

where 1 — 2= > £ Since ||h|| s is uniformly bounded by K), we get that ||g|| = is bounded,

1
and ngsz < C(gh)H, for u > 3(2+ 3)& > 1. We can now use the estimate on (h?) in
(4.33), to find that, for any ¢ > 0 there exists 6 > 0 such that, if ||1||;2 < J, then we have

(1= () + 2a%) < () < (1+8)((8%) + 247),
(1-8)(5:(8") + g’ S FL+h) < oty (207 (n +2) (&) +a*). (4.36)

Combining the two inequalities, up to taking a smaller J, we have”:

8 F(1+h) < (2) < HE2\n(n+2) F(1+ ). (4-37)

7We need § < 1 such that

n(n+2)F(1+h).

— 4 _ 2
e (1+€)<g2>+iz\/n(n+2)f(1+h) (e > S
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We now wish to provide an estimate for the dissipation term. Using the Poincaré inequality,
we find

D(f) = ((1+h) |V (Llog(1+h) — (1 + h)w) - w) ") =
= ((14h) |Vu(Llog(1+h) — (hcos) cos0) ]2> > (4.38)
> (1 — ||hle) ((log(1+h) — (1 +h)) — n{hcos ) cos@)z).
We also notice that
S(h) :=1log(l1+h)—((1+h)) —n{hcosf) cosd =
=h— (h) —acos® — 5 (h* — (K*)) + 5 (> — (K*)) + O(||h||%).

We compute the expansions

h—wacosf = g+ sa’(cos” 0+ 1) + La*(cos® 6 — =35 cos6),
—3(W* = (1*)) = —1(a* + a® cos0) (cos® 0 — 1) + O(Ig I +a||gHH%oo+1x4),
3(1° = (1)) = 30° cos® 0 + O(lIg I3, +allg]l% +a*),
and write

(S%(h)) = ((g+ gn (*—%HCOS@)ZHO(H(?H?’ +agll% + atllglle +a”) =

(4-39)
= () + = (n+z)zvc ©+0(||glI% + llg I3 + a*[1glleo + 7).

As before, we get

2+3 2+3

aflgl% < 707+ 5llgle a*glleo < 707 + 718l

and, using (4.35), we find that ||g|]§;r§ < C(g*)#, with u > (24 3)§ = 1. For ||h||;2 <6,
up to taking a smaller J, we have

D(f) > (1- &) ((83) + ppiane®)
For any C,C’ > 0, up to taking a smaller § (we need a and ¢ small), we have that C(g?) +
3
a® > (C'(g%) +a)?, and

3

D(f) 2 (1= &)l (2n2(n +2)(g%) +a)

If we combine this with (4.36) and (4.15), we get that for any 0 < ¢ < 1, there exists 6y > 0
such that, if ||k]|;2 < do, we have

d __sn-1(-9) o
P =P < = e (PO
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which we can solve to find

-D1-0)

—1/ —1/2
FAT) " = F(f(n)) +(1+§)3/z n(n+2)

—To), (4-40)

for all T such that ||h||;2 < dp on [19, T]. Using this in (4.37), we get

5 —z 2n(1-¢) 4(n-1)(1-¢) _
'sz>awnmmu>< - I + @y (¢ “0‘

Writing C = E giz, we find

1Bl < C

—1/
(vfnhmnp %QNT_EO ' (4

W§O} and ||h(to)||2 < 9, we get that ||l < d on
[10,T], VT > 1. In fact, if this were not the case, the largest of such T would satisfy

If we now take § < min{Jy,

—1/
b= (Dl <€ () <o

So the inequality (4.41) holds for all T > 1y, which ends the proof. O

Remark. Since f tends to the uniform distribution in any H*(S), we get that for any r <
2(n—1)
n(n+2)’

there exists 1y > 0 such that

1f(T) =112 < ¥, V1> 1.
r(T— 1)

Moreover, since for any r < 7 < E % and for 7 large enough, ———

1
have ||f(T) - 1||L2 < \/T—T.
If we were to use interpolation to get an inequality in the Sobolev norms, as we have done
in the previous section, we would get something of the form

=) , we actually

1f (1) = Ll < Cyr=27,

but we can do slightly better.
Using it = g + acosf + 5a%(cos® 6 — 1) + ta3(cos® 8 — ;35 cos 0), we write

s < lIgllas + |a|l|cos 8] gs + Coa® + Cslal?.
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We take 19 > 0 satisfying the conditions of the previous Proposition, and such that ||1]| ;2 <

d. Since g is uniformly bounded in any H*(S), by interpolation we have ||g|| s < G| 8“;”
for any 17 > 0. Using (4.40), we get

24— (-
(36 + mnmme’) > Gl (T )

(1+8)°”  n(n+2)
(1-2)22(n-1)(t—)

from which we have ||g||;2 € O(t7!) and a? < . Finally, for any n > 0,

5/2 32 _
il < (n =17 [ 4207 ety orton),

So there exists 71 > 19 such that, for all T > t;, the following holds for any 7 > 0:

s 32 n(n
il < (1) (n — 17/ 02 e

In conclusion, we have that for any r < o , there exists t; > 0 such that, for all

2
n—1)5"1(n+2)
T > 1, wehave || f(T) — 1| < \/%, i.e. there is asymptotic algebraic rate of convergence

equal to 1/2.




A generalization

We consider the same model as before, but now we assume that the flock is comprised of
two different populations, let’s say A and B. We then have different interactions: between
individuals of the same population, and of opposite one.

We assume that the probability an individual belongs to A rather than to B is 1/2; in other
words, the type of a particle is given by a random variable T’ ~ Be(1/2). Let (X', V') denote
an individual of the first population, (Yi, Wi) and individual of the second one.

Let N = Na + Np be the total population size, with N4 being the number of individuals of
A, and Np the number of individuals of B. We assume that the two families have different
diffusion coefficients. More precisely, the dynamics of our model is given by the coupled
system

dX} = Vidt, dv} = Widt
dVi = V2d(1— Vi @ Vi) o dBi + (1 — Vi @ Vi) Ji(X})dt (5-1)
AW} = V2b(1 — W} @ W) o dBj + (I — Wi @ W) Ji(Y!)dt,

where, for Zi = X! or Y}, the function J is defined as

1 X
——EK|Zt XV + ZK|Zt Y/ )W/

We would like to prove the same mean-field and macroscopic results as in the previous
chapters. In particular, we wish to show that the empirical distributions fN4 and ¢g"? tend,
as N — oo, to certain probability density functions f and g, which satisfy a particular PDE
system. Moreover, we would like to see if it is possible to determine the equilibria of such
a model.
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Itis fairly easy to show that, in the hydrodynamic limit, the presence of different interactions
between the two populations does not affect the form of the equilibria. We can then assume
that the interaction kernel K does not distinguish between the two.

5.1 Mean-field limit

Theorem 5.1. There exists a unique solution for the following non-linear system
dXi = Vidt, dY! = Widt
AVi = V2(1 - Vj @ V))dB} + (1~ Vi © V)] o (RD)dt — (n — 1) Vi
dW] = V2b(I — W; @ W))dBi + (1 — Wy @ W) [ 4o (Y])dt — (n — 1) Widt
fe = Taw(X}, Vi), & = Law(Y;, W),

(5-2)

with (Bi);>0 N independent n-dimensional Brownian motions, and

ff(x) = /(K*f)(x,a),t)w dw,
]
where * denotes the convolution on the space variable.

Remark. Since all the coefficients are Lipschitz and bounded, we have existence and unique-
ness of the solutions (X}, V/, Y}, W})=o. It only remains to show that f; and g; are weak
solutions of a certain PDE system.

Following what we have done in Chapter 2, it is easy to obtain (cf. Equation 2.4)

atft +w- vxft =—Vu- ((]I —w w)]_f-',-gft) +d Awft (5.3)
atgt—kw.vxgt =—Vu- ((]I—w@w)]_f+ggt) -f-bAwgt '

We expect the equilibria for this model (which we are going to define better in the next
section) to somehow reflect the difference in the diffusion terms between the two equations.

5.2 Hydrodynamic scaling and equilibria

We introduce a small parameter € > 0 and perform the scaling x’ = ex and t' = et. Writing
fo(x,w,t') = f(x,w,t), g¢(x,w,t') = g(x,w,t), K¢(x') = LK(x), and using (5.3), we
have

e@if +w-Vify) = Vo (I-w@w)J7 f) +d Auf€ )

(98 +w-Vig") = Vi (I—w@w)J5, &) +b Aug, 54

where ]_;Jrg(x, t) = [g(K®* (f 4+ £)°)(x,w, t)w dw. For the time being, we study the equa-
tion for f; the same reasoning will apply to g.

€(0if +w - Vif+ Vo (Ff9)) = Vo(d Vo f°). (5-5)
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Definition 5.2. For two given probability density functions f and g on S, we define

Qf) = V- ((H - w®w)]f+gf) +dAwf
and

P(f)=Veo (I-w@w)((w-Vx)]rg)f) -
where Jri o (x,t) = [o(f+ &) (¥, w, t)w dw.

Notice that
Jorg = Jig Hae(w-Va)Js o +0(€),
for some constant &, with J§ = Js(f¢ +&°)(w)dw. So, by dropping the O(e?) term, we

can rewrite (5.5) as

€(3tf + w - VifS +aP(f9)) = Q(f°) + O(e?). (5.6)

Since Q(f€) is the only term of order 0 in €, we are again interested in finding its null-space.
In order to do so, we introduce the Von-Mises-Fischer distribution

=52
i
Mg (w) = —F%a5—

fse Lo

We also recall that, since M, depends on x and 2 only through their product, we can
consider M for any | € R". Since V,(Mj) = (I — w ® w)]Mj, the collision operator can

be written as
_ . f
Q(f) =d Ve (M]Hng <M1f+g>> .

Using Green’s formula, we get

Jra Mj;ﬂz do=—d | ‘V“’<Mj1:cﬂ> My, 0 <0

_f

This means that is constant in w, so we can write f = psMyq, with k() = J¢, .. In

Jr+g
other words, if f and g are such that Q(f) and Q(g) are equal to zero, then they are of the
form

Kw - Q) Kw - Q)
f=psCrexp <d> » 8§ =pg Caexp <b> - (5.7)

We then have that, for any k() € R", there exist constant C; and C; such that the functions
defined in (5.7) are equilibria.
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5.3 Phase transition

In this section we would like to find, as we did in the one-population case, a phase
transition for our model. In order to do so, we search for a compatibility condition of the
form C(x) = k. From the above computations, we have:

]MZQ = /S(UM;‘zQ dw = <CU>MZQ = <COSG>MgQQ =: C(g)Q
]M,[:Q = C(%)Q/

where cos 0 = w - (). We get

KQ = Jpig = /Sw(f+g) dw = /Sw (PszQ +PgM;b<Q) dw =
= 0, + 05l = 0 c(3)Q+pg ¢(5)Q
This yields the following

c(x/b)
k/b

_ pre(q) +pge(f) _ dpfc(;c/d)

1 K x/d

+ bpyg (5-8)

Since we have already seen that @ x20, 1 we get that, in order for there to be a positive

solution to (5.8), the following limit has to be greater than 1:

clk/b) _ Aoy, bos Ly
n

%10 x/d +bog k/b  n

Summarizing, we have found the following
Proposition 5.3 (Compatibility condition).

1. If dpg + bpg < n, then k = 0 is the unique solution of (5.8). The only equilibria are
the isotropic ones, f = py and g = pq.

2. Ifdps + bpg > n, then (5.8) has 2 roots: ¥ = 0 and x(p) > 0. The equilibria for x = 0
are f = pr and ¢ = p,; the ones associated to x(p) consist of the Von-Mises-Fischer

distributions p fMﬁ(p) q and poM? ()0 for Q) € S arbitrary.
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Proof of Lemma 3.12

Lemma A.1. For X = [, (9:(oMya) + w - Vi(pMiq) ) be(w - Q)w dw, the expression
I-Q®Q)X =0

is equivalent to
p(0: Q2 +E(Q-V)Q) +AI-Q®Q)Vip =0,
where the coefficients ¢ and A are given by
Jo" cos 04y (cos 6)e* < sin” 6 df
o' U (cos B)excos? sin” 6 d6

¢ = (cos0) yi, :=

7

)\:%—F%—Z(é—c).

Proof. We begin by providing some useful formulas for the following.
For any constant vector V € R", we have

Vol V)=I-wew)V,
Vo (I-w@w)V)=-(n—1w-V.
For any constant matrix A, we then have
Vo (I-w@w)Aw) =A: (I —nww).
As usual, we write w - () = cos 6, and

VoMia = K(I[ —w® w)QMKQ/
VaMia = k(I — Q& Q)wMyq,
9x My = (cos 6 — (cos 0) pix ) Miqy.



68 APPENDIX A. PROOF OF LEMMA 3.12

Using these and the chain rule, and denoting with & = %K, we get

(0t + w - Vi) (oMya) = (14 (cos 8 — (cos 0) ai ) ok ) My (9 + w - Vi) p+
+oxk(I-Q®Q)wMyq - (0 +w - Vy)Q =
= (1+ (cos 8 — (cos 0) pix ) k) Myr (910 + w - Vxp)+
+ px My (w - 0:Q +w @ w : V,Q).

We write X = X7 + X» + X3, where
X; = /SEK(COS 6)7y1(cos 0)wMyq dw,
Xy = /5 Uy (cos B)w @ w(y2(cos B) Vip + pxd Q) Myq dw,
X3 = /ESKK(COS 0)y3(cos0)w(w @ w : VQ)Mq dw,
with

¥1(cos0) = (1+ (cos b — c)pik)d;p,
72(cosf) =1+ (cosb — c)pk,
v3(cos @) = px.

We now write w = cos Q) + sin fv, fora v € 5" 2. Supposing that fsn,z dv =1, we have
the following formulas:

7T
/ a(w)dw = C/ / a(6,v)sin"2 dvde,
Ggn—1 0 Ggn—1

/ vdv =0,
Snfz

/SHU(X)UCZU: L I-0x0).

We use the fact that, for any function 7 (cos 8), the following equalities hold:

/ ¥(cos 0) Maw dw = (cos 6y (cos0))n,

weS

2 <Si112 GrY>AA
/ w @ wy(cosB) Meaw dw = (cos”™(0)y) MY @ QO + nil"(]l— Q®0).
weS _

We then have:

1. Since 9;Q) and Q) are orthogonal, (I - Q ® Q)X; = 0.
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px(sin? 04)

)
sin” 6y, /¢
< 72 K>MK — M"atQ.

3. Since (w - V) and Q) are orthogonal, we have
I-Q®Q)w(wew: ViQ) =sinfo(w: (v Vy)Q) =sin?0v(v- (w- Vy)Q).

Moreover, from fveS"*z v(v®v: VeQ)dv = 0 we get, since (- Vy)Q and Q) are
orthogonal,

T-QR0O)X; = (sin29c03973€K)MK/ vRvdo(Q)-Vy)Q =
v

cGn—-2

in” 6 cos 073/
_ (sin CnOS_ 33 K>MK(Q‘Vx)Q‘

We have that (I - Q ® Q)X = 0 is equivalent to the following equation:
px(sin® 04,x) a1 0: Q) + (sin? 0 cos 03 Lx) axc (- V) Q + (sin® 82l ) a1, Vo = 0.
We remark that for any function 7(cos 0), the weighted mean

_ fon ’Y(COS Q)KK(COS G)e;ccose sin™ 0 d6
foﬂ i (cos B)excost sin™ 6 d6

(7(cos0)) iy :

7

can be written in terms of (-) px:

_ sin? 0/, (cos 8)y(cos 0)) px
N (sin?04(cos 0) ) pix '

(7(cos )

Dividing by K<Sin2 60 (cos 0)) mx concludes the proof, as we get that (I — Q® Q)X =01is
equivalent to
p(3Q+E(Q-V)Q) + A1 - Q& O)V,p =0,

for coefficients ¢ and A as above. O
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B

Taylor expansions

We wish to provide Taylor expansions, as ¥ — 0 and x — oo, for the following averages:

_ JoF F(0)exos? sin™ 2 646
fon excost gin"=2 9dp

1. (f(0))m, )
_ foﬁf((?)f,((cos 9)€Kcose sin” 6d0

. 6
2. (f(0))m, foﬂ {,(cos B)ex<ost sin” 6

B.1  Asymptotics of (f(6))m,

For a given function f such that fsin" 20 € L(0, 7r), we define

7T
— cos? 0sin™ 2 046,
p!Jo

1 7T
by = - | £(8) cos” osin™ 2 ae.
Pl £(6) cos? 6 sin

ap:

We can then write
_ YN o byi? + O(kNH)
= Zf\io apr + O(KN+1) .

(f(0)) m,

For f(0) = cosb, b, = (p + 1)a,1 and, using the integration by parts formula, we find the
following induction relation:

(p+2)(p+n)api2 = ap.
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Since a1 = 0, the odd terms vanish and we can write

3
ap% + ag5—: + O(x°)
C(K) _ <COSG>MK _ n 2n}£z+2) ; —
ap + a0, -+ O(K )

K+ n(n +O( ) ?
_ 2 ( —0—2) _ E—2K7+O(K5).
1+ 2410ty n n(n+2)

For the expansion as x — oo, we need the following

Lemma B.1 (Watson’s Lemma). Let p be a functionin L!(0, T), with T > 0, and let I;(p) =
fOT p(t)e ™dt. Supposed that, in a neighbourhood of 0, we have p(t) = t#( LN a;t' +
O(tN)), with B > —1. Then

I(p) =P <NZ1 al(B+i+1)x !+ O(KN)) ,
i=0

as K — 0.

We apply this lemma to the integrals of the form [f(6)], = [;" f(6)e*<°*? sin" =26 d6.
Performing the change of variable t = 1 — cos 6, we get

3

2 -
[£(0)], = ¢* [ f(arccos(1 —1))e (2t = )" s
Let f(6) =1 — cos . We have

2t =) =27 (1= 1" =277 (1 - 223t + 0(£)).

We call this function A, and apply Watson’s Lemma to A and tA. This yields:

1= 25 (FC2) = 225+ O ),
FO) = 2 (T(251) — 5201+ 0(x )

(O = L0 _n 21 2 V03) o a)

In particular, as k — co, we have the following expansion:

n—1+(n—1)(n—3)

—1—
¢(x) 2K 812

+0(x73). (B.1)
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K

B.2  Asymptotics of (f(0)) i,

We wish to decompose /(cos 6) as a polynomial in x or k1. In order to do so, we provide
the following

Proposition B.2. Let L and D be two linear operators on the space of polynomials, defined
by
L(P) = —(1-X?)P" + (n+1)XP' 4 (n—1)P
D(P) = —(1— X?)P' + XP.

We then have the following expansions for /y:

N
lx(cosB) = Y Hy(cos8)xV + RYy(cosf), ask —0,
p=0

N
lx(cos ) = ) Gp(cosB)x ¥ + RN (cosf), ask — oo,
p=1

where Hj, and Gi,\] are polynomials of degree p and at most N — p, respectively, given by
the following induction relations:

{L(HO) 1 {D(Gf’)(cose) =1+0(6*N)
L(Hp1) = ~D(H,)

(D(Gp+l) + L(G{,\])) (cos0) = Op(62N-P)), (B.2)

and where the remainders R,ZC\{O and RN, satisfy, for any function f such that 6 — f(6) sinZ @

belongs to L2(0, 77) and | f(#)| = O(6%) in a neighbourhood of 0, the following estimates,
for x — 0 and x — oo, respectively:

<f(9)RN (cosf) sin? 0)m, = Oo(x N+1)
<f(0)RN (cos 8) sin® ) p1. = O (kP N72).
The proof of this result can be found in Appendix B.1 of [9]. We can then expand
0 cos 0) sin? 0) g, kP
zp WO 0s0) S0
<Hp(cos 0) sin? 0) kP
<f(9)GN(Cos 0) sin? 0) pick P
Y

GY (cos B) sin? B) pgck P

{f(0)) e =

+ O (k7 P7N).

Since we have
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we have

—L-(cos 0 sin? ) pp,c — ﬁ(cos2 0 sin? 0) p1x )
<COS 0>MK = 1 % . D +OO(K )/
L (sin? 0) p — m(cos@sm ) Mx

A (cosf(4 — cos 0) sin? 0) yr — 2(;:22) (cos 6 sin? B) i,

3 ((4 — cos 0) sin® 0) pi — %(sin2 0) Mx

(cos 0 — 1)y, + O (k7).

The last step consists of computing the terms of the form (cos’ 6 sin” 8) pi,. We do so by
expressing them in terms of ¢(x). Integrating by parts, we have

(sin® @) p1x = ”T_lc,

(cos @sin? 0) pre = =L (1 — Zc),

(cos? 0sin® ) v = (sin® ) pc — (sin O) pe = =L (¢ — 2HL (1 — Z¢)).
Finally, we get the following expansion:

zf&fz) x + Oo (%),

1)(3n—7 _
1— il EET) 4 o (k73).

é(x) = (cos8) yp, = {
We are now ready to provide the following
Proposition B.3. We have the following expansions:

1. Forp — n,

= 2 0
¢ 2;12\11/%\/ —n+0(p -

-1
4v/n+2 \/p n+o(l)’

:%_ n(n+2) Vp—i’l—i—O(p—Tl).

>
Il

>

c

2. Forp — oo,

=1-17lp7t 4 LB p=2 4 O(p 3,
—1_ n+lp71 (n+1)(3n+1)p72+o(p73)
= 11 +0(07),

0. = arctan(6("+l)) +0(p7h).

<‘11
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K
K
Proof. First we compute an expansion of p = - (compatibility condition):

B {n + n%rz’(z + Op(xh),
ko 15t CEROH) Lo (x72),

which we can reverse to find

B {\/n+2\/p—n+0n(p—n),

p =t = U 4 On(p ),

Now, inserting this expansion into
. — 1+ 00(1)
Y _n+l -3
+ Oco (1)

6x2

and ) )
7T
N BN Oo(x7)
‘ arctan (7”’fll\/g> + O (x71),

the claim follows. O




76

APPENDIX B. TAYLOR EXPANSIONS



C

The codes

C.1  Simulation of the Vicsek model

1 % SIMULATION OF A VICSEK-TYPE FLOCK IN A SQUARE
2 clear all

3 rng ('shuffle ')

4 size=25.; % size of the box
5 v=0.03; % speed module

6 dt=1.; % time step

7 r=1; % interaction radius

8 totaltime=10000;

9 eta=0.1; % noise intensity

10 nflock=300; % flock dimension
11

12 figure

13 axis ([0 size 0 size])

14 axis( 'square ')

15 box on

16 hold on

17 set (geca, 'xtick ' ,[], "ytick' [])
18

19 id=ones (nflock ,1);

20 x=rand (nflock ,1) .xsize;

21 y=rand (nflock ,1) .xsize;

2 theta=2.xpi.*randn(nflock ,1);
23 m=mean (theta);

24 vx=v.x*cos (theta);

25 vy=v.x*sin (theta);

26 meandir=theta;

27 % BEGIN INTERACTIONS
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28 for nsteps=1:totaltime

29 nsteps

30 for indiv=1:nflock

3 % periodicity

3 if (x(indiv)<0);x(indiv)=x(indiv)+size ;end

3 if (y(indiv)<0);y(indiv)=y(indiv)+size ;end

34 if (x(indiv)>size);x(indiv)=x(indiv)-size;end

35 if (y(indiv)>size);y(indiv)=y(indiv)-size;end

36

. % 1. CALCULATE THE DISTANCE

38 dist (1:nflock)=(id.*x(indiv)-x(1:nflock)). 24(id.*y(indiv)...
< -y(l:nflock)).72;

3 % 2. COMPUTE THE NEW DIRECTION,

40 % CONSIDER ONLY THE INDIVIDUALS WHICH ARE 'CLOSE'

4 % these steps could be made more efficient

42 index=find (dist<r);

43 thetanear=theta (index);

44 c=mean(cos (thetanear));

45 s=mean (sin (thetanear));

46 meandir (indiv)=atan2(s,c); % four-quadrant inverse tangent

47 end

48 % 3. AND INTRODUCING SOME UNIFORMLY DISTRIBUTED NOISE

49 theta=meandir+eta. *x(rand (nflock ,1))-.5xetaxid;

50 vx=v.*cos (theta);

51 vy=v.*sin (theta);

52 x=x+vx.*xdt ;

53 y=y+vy.x*xdt;

54 cla % clears the plot

55 set (gcf, 'doublebuffer ', 'on') % avoids flickering

56 quiver (x,y,vx,vy,0.5)

57 quiver (12.5,12.5 ,1xcos (mean(theta)) ,l1*sin (mean(theta)) ,2,"'...

— LineWidth',2, 'MaxHeadSize',1, 'Color', 'black"')
58 circles (x(1),y(1),r, 'facecolor','r', 'edgecolor','r', 'FaceAlpha...
— ',.2, 'EdgeAlpha',.3)
59 drawnow
60 end

C.2 Computation of A

% MAIN: WE COMPUTE LAMBDA AND PLOT IT AS A FUNCTION OF RHO

clear all

figure

axis ([0 8 -3 0])

set (geca, 'xtick',[0,2,4,6,8], ytick',[-3,-2.5,-2,-1.5,-1,-0.5,0])
box on

hold on

® N o w AW N R
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9 for n=2:4
10 1:07
1 for k=0.1:0.1:8
12 121-1—17
13 c(i)=Cfunction(k,n);
14 ctilde (i)=Ctildefunction (k,n);
15 I‘(l):k/c(l),
16 lambda(i)=(r(i)-n-kxctilde (i))/(kx(r(i)-n-kxc(i)));
17 end
18
19 plot (r,lambda, 'LineWidth',0.8)
20 end
2 xlabel ( 'Density \rho') % x-axis label
23 ylabel ( '\lambda') % y-axis label
24 legend ({ 'n=2"', 'n=3", 'n=4"}, 'Position',[0.7 0.7 0.12 0.1])
1 function [A]=ffunction (k,n)
2 % WE CONSIDER f{ SUCH THAT f k(x)=(sinx) (n/2-1)g k(x)
3 % WE WISH TO COMPUTE IT USING A FINITE DIFFERENCE APPROACH
\ N=3000;
5 for i=1:N-1
6 theta (1)=ixpi/N;
7 end
8 for i=1:N-1
9 b(i)=-N"2/pi 2xexp(k*cos ((i+1/2)*pi/N))/exp(k*cos ((i)=*pi/N...
= ));
10 btilde (i)=-N"2/pi~2xexp(k*cos ((i-1/2)*pi/N))/exp(k*cos((i)...
— *pi/N));
11 d(i)=(n-2)/(2xsin(theta(i)). 2)x(1+(n-2)/2*%cos(theta(i))....
< 72)-kxcos(theta(i))4N"2/pi " 2x(exp(k*cos((i-1/2)xpi/...
— N))4exp(kxcos ((i+1/2)*pi/N)))/exp(kxcos ((i)*pi/N));
12 end
13 btilde=btilde (2:end);
14 b=b(1:end-1);
15 A=gallery ('tridiag ' ,N-1,btilde ,d,b);
16 end
1 function [¢]=Cfunction (k,n)
2 N=3000;
3 for i=1:N-1
4 theta (1)=i*pi/N;
5 end
6 cl=cos (theta).xexp(kxcos(theta)).xsin(theta). (n-2);
7 c2=exp (kxcos(theta)).*xsin(theta). (n-2);
8 Cl=trapz(cl);
9 C2=trapz (c2);




80

10

11

end

APPENDIX C. THE CODES

c=C1/C2;

function[ctilde]=Ctildefunction (k,n)

end

N=3000;
for i=1:N-1

theta (i)=i*pi/N;
end
A=ffunction (k,n);
S=sin (theta). (n/2);
S=S';
F=A\S; %vector of functions {7i_k, solution of AF=S
G=(sin(theta)'."(1-n/2)).xF; %vector of functions g'i k
H=G.+((sin (theta)). (-1));
theta=theta ';
cl=cos(theta).xH.xexp(k*cos(theta)).*sin(theta). n;
c2=H.xexp (k*cos(theta)).*sin (theta). n;
Cl=trapz(cl);
C2=trapz(c2);
ctilde=C1/C2;
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