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Abstract

In this article we propose a new macroscopic model derived from a time-continu-
ous version of the Vicsek Algorithm [EI, A, [Ld, ], where we introduce the dependence
of some local density and angle of vision in the orientation interaction.

With some adaptations to the concept of generalized collisional invariants, we
prove that the methodology developped in [§] works to derive a macroscopic limit
of this dynamical system. The system of PDE may present some zones of non-
hyperbolicity, which is a new feature compared to the macroscopic model of [§].

We perform an asymptotic study of the coefficients obtained in this system of
PDE’s and show that there are indeed some cases where the system is not hyperbolic.
This study is also useful to measure the influence of the angle of vision in the final
continuum model.
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anisotropy, collisional invariants, non-hyperbolicity.
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1 Introduction

The study of complex particle systems is challenging, on the mathematical point of view,
since they can exhibit some unusual behavior. The Vicsek algorithm [[], f, [T, [G] has
been proposed as a model for describing the behavior of individuals inside animal societies
such as fish schools or flocks of birds. In this model, all the particles have constant speed
and change their direction according to their neighbors. There is no obvious conservation
relation except for the mass. If we want to derive some macroscopic model from the
particular description, we can expect to find some non-conservative system of PDE’s.
This is the result of [§], where the kinetic version of the Vicsek algorithm they propose is
shown to have a continuum limit at large scale, which involves a non-conservative system
of PDE’s. This system is shown to be hyperbolic.

In numerical experiments (see [[]), there is formation of bands of high density, strongly
ordered, travelling through a disordered area of low density, at large time. This is obtained
with the individual based model (IBM), but the macroscopic system of [§] seems to be
unable to reproduce this dynamic. One of the possibility to obtain such behavior with a
macroscopic model is to have a certain bistability in the equilibria (see for example [, [[T]),
which is not the case. Another possibility could be the lack of hyperbolicity in some cases,
leading to concentrations.

Another observation is that the order parameter, in these numerical experiments, is
not constant. Numerically, it depends on the local density p. And this is not coherent
with the local equilibria of the macroscopic model, since they all have the same order
parameter. The idea of the present paper is to study some refinements to the kinetic
model in order to reproduce properties observed on the individual based computations.

The first step in [§ to derive the kinetic model is to introduce a time-continuous
version of the algorithm, since the original version is discrete in time. This imposes to
add a new parameter v, which can be viewed as a frequency of interaction between a
particle and its neighbors. The mean-field kinetic model associated to the particle system
consists of the following Kolmogorov-Fokker-Planck equation :

Ohf+w-Vof + Vo (Ff)=dA,f, (1.1)

where A, is the Laplace-Belltrami operator on the unit sphere and f is the probability
density function. Here w is the angle variable, belonging to the unit sphere Sy (or S,
depending if we work in dimension 3 or 2). The force F' is the alignment interaction,
which depends on f and on v. It tends to align the particles with the direction of the
flux of f. The constant coefficient d represent the intensity of the noise. But there is
no rigorous proof of the convergence of the dynamic system of particles to this kinetic
model when the number of particles increase. We can reasonably expect that a limit
should be of the previous form. The fact that v and the noise parameter d are constant
implies then that the local equilibrium obtained in the macroscopic limit is always of the
same shape, independently of the local density. One of the hypothesis is that some extra
noise could appear in the limit of a large number of particles, due to fluctuations in the
process of computing the mean velocity. Indeed, if there are particles in the area of vision
distributed according to some angular law, the central limit theorem tells us that the
fluctuation between the mean velocity and the expected velocity for the law depends on
the number of particles. So in this paper we want to see what happens when we add a
dependence to some local density p for the coefficient d.
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We will also add this dependence to the parameter v (the rate of changing direction for
one particle). We could indeed imagine that it is more likely to move when there is a large
number of particles around, due to some social pressure. In [§], this parameter v does
also depend of the difference between one particle direction and its target direction. Most
results will be given here without this dependence for convenience, but some computations
have been done with, which will be given in annex.

The other refinement is to add some “angle of vision”, that is to say that the kernel
used to compute a mean around each particle will not be invariant under rotation, as
in [§]. The procedure to add these features in the model is described in section . Finally
we will detail a little bit more what are the differences if we work in 2 or 3 dimensions.
Indeed some computations at the end lead to explicit expressions or not, according to the
dimension, and all the results were on a 3-dimensional framework in [§].

The goal of this article is to study the features of the macroscopic limit of this new
model. Indeed if we introduce a small parameter £ for the time and space scaling, we
obtain a continuum model, as € — 0. The derivation of this model is given in section .
The limit of the distribution function is given by f° = M,q where the function M,q
plays here the same role as the maxwellian, in classical theory of rarefied gases. The total
mass p = p(x,t) > 0 of fO and the director of its flux Q = Q(z,t) € S, (or S;) satisfy the
following system of first order partial differential equations :

Op+ V- (c1p) =0. (1.2)

where the convection speeds c;, ¢y and the interaction parameter A\ depend on p. Their
expressions will be specified in the course of the paper (see (B.5) and (B-58)-(B-59)).

The purpose of this article is to study how the features introduced at the microscopic
level influence the properties of the macroscopic model.

The first particularity here is that the shape of distribution in angle is dependent of
the density p, and we cannot write the equilibrium of the form pMg, as in [§]. But if we
are only interested in the system in p and €, it seems to be the same, except that the
coefficients here are not constant. However, at section [, we will see that the negativity
of the coefficient \ can lead to a loss of hyperbolicity in some regimes, and that indeed,
the dependence on p now allows A to be negative. The other particularity of is that the
difference between velocities ¢; and ¢y can be enhanced by the introduction of a restricted
angle of vision.

2 A continuous Vicsek model with anisotropy and
density dependent collision frequency

We start by presenting the individual-based model and the continuum limit we derived
from it. The elements of the derivation of this macroscopic model will be given in section .

2.1 Starting point : particle dynamics

Here, we briefly recall the time-continuous version of the Vicsek algorithm, and introduce
how we take in account the anisotropy of observation. The collision frequency, which is
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a parameter specific to the time-continuous version (there is no such parameter in the
original discrete model), is chosen dependent of a certain local density, in order to match
some large-scale properties of the discrete model. Indeed this parameter is related to some
order parameter for the equilibrium, and in simulations some links between local density
and order parameter are observed (see [ff]). In a modelling point of view, we can argue
that the particles could tend to change there orientation more rapidly if the density is
larger, due to some social pressure.

We consider a system of N particles with positions X in R (with k € [1, N and n = 2
or 3) and orientations wy, in the unit sphere S,,_1, which we will simply write S when there
is no ambiguity.

The k' particle moves at constant speed (say 1, since we can do a change of variable)
following its orientation. This last one relax towards the mean orientation wy of its
neighbors, with rate v (depending in some mean density p, around it), under the constraint
that wy, is of norm 1 :

dw
d—tk v(7,,) (Id — wy, ® wy, )@y, (2.5)

where we denote by Id — wp ® wy the projector on the plane orthogonal to wy, that is to
say (Id —w ® w)v = v — (v - w)w. This projection is necessary in order to keep wy on the
unit sphere.

It remains to define the way Wy and p, are computed. In the original model the
mean Wy, is computed on all the neighbors in a ball of fixed radius R centered in the given
particle. Here we take the mean according to a kernel K taking in account the distance
between the given particle and a given neighbor, and the cosine of the angle between the
orientation of the first particle and the right line joining the two particles :

— N
_ Jy = ( X X=X )
Wy =—=—, Jp= K{|X,— X C W | Wi 2.6

We proceed in an analogous way to compute the local density p,, with eventually an other
kernel K :

N X, - X
Dr = ;K (\X X, Xixl;\ wk) wj, with (2.7)
K(lg], €71 € - w)de = 1. (2.8)
£ERn

This last normalisation condition (which is not depending on w € S) is chosen so that
the density is 1 if in average there is one particle per unit volume.

We finally have to add noise to this model to reach some interesting equilibrium,
coming from the balance between the force of alignment and the diffusion caused by the
noise. The idea is to add a brownian motion on the sphere (see [[J for more details on
how to define such an object) for the orientation, and we obtain the following system of



stochastic differential equations :

dX
d—t’“ = W, (2.9)
dwy, = (Id — Wi X wk)(l/(ﬁk) Wy dt + +/ 2D(ﬁk) dBf), (2.10)

where (BF) are independent standard brownian motions on R™, and D is the intensity of
the noise. Again here we let this parameter depend on the local density py.

In [§], the relaxation coefficient v depends on the (cosine of the) angle between the
orientation of one particle and the mean orientation : in (R.10), we could replace v(p;)
by v(py, wk - W), in order to take in account some “ability to turn”. With our new fea-
tures here, this would involve many more computations. For simplicity here, we will work
without this dependence, but this can be done with (and leads to the same conclusion),
following exactly the same method. I will only present the final results with this depen-
dence in some cases, and add some remarks to explain the difference in some steps of the
derivation.

Some numerical simulations tends to show that this time-continuous system present
the same behavior at large scale as the discrete one (for example the formation of bands,
as in [[]). More precise investigations on the numerical comparison between the discrete
and continuous in time dynamical system are in progress.

2.2 The continuum model

In this paper, following the approach of [§], we derive the following continuum model from
the particle dynamics described above :

p (024 c2(p)(2-V,)Q) + Ap) (Id = Q@ Q)V,p = 0. (2.12)

The functions p(x,t) > 0 and Q(x,t) € S describe the average density and particle
direction at some point x € R".

The first equation is the conservation of mass : the density p moves through direction €2
with velocity ¢;(p). The second one describes the evolution of the direction 2. The
perturbations of this vector travel with velocity cs(p), influenced by a kind of pressure
due to the density, of intensity A(p). The operator Id — Q ® € (projecting orthogonally
to ) ensures the direction €2 to be of unit norm.

The difference with the version in [§] is only in the definitions of these speeds ¢;
and cg, and of the parameter A (which will be specified in the next section, see (B.59)
and (B-5§)-(B-59)). Here, they depend on the density p, and their expressions are slightly
different (due to this dependency and the anisotropy of the observation).

In this article we will investigate the properties of (R.11)-(R.12) and show that, contrary
to the result of [§], the model can be non hyperbolic in certain regimes. This question
and the importance of the non-hyperbolicity will be discussed in section [.

Again it is important to see that we have two different speeds, which means that the
perturbations on the mean orientation do not travel at the same velocity than the “fluid”.
We will also see that the fact that there is an non isotropic observation kernel enhances
the difference between ¢; and cs.



3 Elements of the derivation of the continuum model

This derivation proceeds like in [§] but there are significant differences due to the addi-
tional complexity. In this section, we will recall briefly the method of [§] and will focus
on the points which are specific to the present study.

The derivation proceeds in several steps. The first one consists in writing a kinetic
version of the particle dynamics.

3.1 Step 1 : mean-field model

Let f(x,w,t) be the probability density of finding one particle at time ¢, position = € R"
and orientation w € S. The mean-field version of (R.9)-(R.10) is given by

Ohf +w-Vaof + Vo (Ff) =V, (dp)Vaf), (3.13)
with
F(z,w,t)=v(p) (Id — w @ w)Q(z,w,t), (3.14)
oz, w,t) = / . SIA{' <|x -y, ﬁ -w) fly,v,t)dydv (3.15)
O w, 1) = % (3.16)
J(x,w,t) :/ . SK (|x—y|,ﬁ -w) v f(y,v,t)dydv. (3.17)

The first equation (B-I3J) is the so called Kolmogorov-Focker-Planck equation. The force
term F(x,w,t) corresponds to the orientation interaction.

If there is no noise, as in (.4)-(B.7), this is easy to derive formally this system, since
the empirical distribution satisfy this same equation (with d(p) = 0).

When the noise is added, some difficulties appear. We could try for example to use a
method like the BBGKY hierarchy (see [[I]] for an example on an other model for self-
propelled particles, the Cucker-Smale model). But since the interaction is not a sum of
binary interactions, the distribution of one particle directly depends on the distribution
of N particles, and we cannot reduce to a system involving only the one-particle and the
two-particles distributions. The other difficulty is to deal with the classical assumption
of propagation of chaos.

So we start with this model as a base for the derivation of the continuum model. A
rigorous proof of how to obtain such a mean-field model from the individual dynamic

system (R.9)-(.10) is left to future work.

Remark 3.1.1 [f we want to take in account some “ability to turn”, we just replace v(p)
by v(p,w - Q).

The following step consists in observing this system at large scale, in both space in time.



3.2 Step 2 : hydrodynamic scaling

The hydrodynamic scaling consists in the same rescaling for the time and space vari-
able. We introduce a small parameter ¢ and we set 2’ = ex, and ¢ = et. We de-
fine f¢(2',w,t') = f(x,w,t), and we rewrite the system (B.13))-(B.I7) in this new coordi-
nates.

The system is the same, except that there is a factor ¢ in front of each of the terms
with space or time derivative. But now the expressions of p and € depend on ¢ : for
instance the flux J° is defined by

T (z,w,t) :/ K (|:L’—y|’ C—" ~w) Ufe(y,v,t)%dv. (3.18)
yER™ veES € |LE - y‘ en

We have a similar expansion for 7°. The important point is to realize that 7° and Q can
be easily expanded in terms of €, and the non-locality only appears at high order.
We have the following expansions, the proof of which is given in lemma [[ of an-
nex A.1.1] :
O (z,w,t) = O (x,t) + er (w- Vo) Q(z,1) + O(e?), (3.19)
po(m,w,t) = p(x,1) + eRhw - Vop(a,t) + O(e?), (3.20)
where the local density p® and orientation €2° only depend on the space and time variables
and are given by

O (1) — ‘jg& with js(x,t):/vegvfe(x,v,t)dv, (3.21)
p(z,t) = fe(z,v,t)dv, (3.22)
vES

and x and k are constants, only depending on the observation kernels K and K. We have
that these constants are positive if the observation kernel is directed forward, and the
more acute the angle of vision, the bigger the constant related to the kernel.

Now we can introduce these expansions in the mean-field model, and after some easy
algebra, the rescaled model from (B-13)-(B-I9) can be written in the form

(Of +w- Vaof + £ P(f7) + ER(f)) = Q(f°) + O(?), (3.23)

where ), P and R are the operators given by the equations below. Notice that @ (the
only term of order 0 in €) only acts on the variable w and the study of its properties will
be important for the following.

Qf) = —v(plf)Ve - (Fagf) + d(plf)) AL, (3.24)
Fo(w) = (Id — w ® w)Q, (3.25)
P(f)=v(plfD)V.- (Gayp f), (3.26)
Gao(w) = (V. w — (V.0 wew)w, (3.27)
R(f) = Vo (@ Vup) (Aolf]) Fogn f = dplf) Vo)) (3.28)
plf] = ESf( ,w)dw, (3.29)
= j[f] wi = w w)dw
ol = 2k i = [ wred (3.30)



Here are the notations : © and d are the derivatives of v (with respect to p), and V,Q
is the gradient tensor of Q that is to say (V,Q);; = 0,,Q;. We write T the transpose of
operators. And we use “” to denote the “contraction” of two operators (if A = (A;;)
and B = (B;;) then A: B=)_ . Ai;By;, this is the trace of ABT).

Z?]:]‘ 7777

Remark 3.2.1 If v also depends on w - ), the expression of the operator Q) is the same
with v(p[f],w - Q[f]) instead of v(p|f]). But then the expressions of P and R complicate
in a significant way, since there are also terms with the derivative of v with respect to this
second variable.

Now we are ready to study this system when ¢ — 0.

3.3 Step 3 : limit as ¢ — 0

This is the main step, here we can express the fact that the continuum limit (2:11])-(R12)
is derived form the mean-field kinetic version of the particle dynamics in a more precise
way.

Theorem 1 The limite — 0 of f¢ is given (formally) by f° = M, o where p = p(x,t) > 0
is the total mass of f© and Q = Q(x,t) € S is the director of its flux :
p(x,t) :/ Oz, w, t) dw, (3.31)
weS

Q:i,j@oz/ P, 1) w s, (3.32)
‘j‘ wES

and M, q is a given function of w-Q and % which will be specified later on (see (B.30)).

Furthermore, p(x,t) and Q(z,t) satisfy the following system of first order partial differ-
ential equations:

p (02 +c(Q-V)Q) +A(Id—Q®Q)V,.p =0, (3.34)

where the convection speeds ci, co and the interaction parameter A\ depend on p. Their

expressions will be given in this section (see (B.5Y) and (B53)-(B5Y)).

The method to obtain this result follows closely [f], and is only summarized here. We
will focus on the details which are specific to this study.

3.3.1 Equilibria

The first important point is to determine the null space £ of @), since it contains the limits
of (B:23). We find, like [§], that it is a n-dimensional manifold consisting of functions
analogous to maxwellian distributions in the classical Boltzmann theory :

€= {Myow) | peRy, QeS}, (3.35)
where

M, q(w) = C(p)e* @< (3.36)
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v(p)

Here we have written a(p) = ) to simplify the notations. The main difference with [§]
p

is the dependence on p for this equilibrium on a nonlinear way, coming from the depen-
dence of v and d. This will result in additional terms in the computations, and so in
additional terms in the expressions of the constants in the limit model.

The normalization constant C'(p) is defined by C(p) = f@+ﬂd
g €Mt dw

on p and «a, not on 2), so that p is the total mass M, o(w), and we have that € is the
director of its flux, that is to say, using the notations (B.29), (B-30) :

(depending only

plMpal =p, QMya] =0 (3.37)

We also note, that, like in [§], the operator Q(f) can be written as

Q) = d(plf))V.. - [Mp[f},ﬁ[f}vw (m)} (3.38)

and satisfies

g )
H(f) = ————dw=—d M
() /weSQ(f)M[f]Q / Al ‘ (Mp[fl,mﬂ

We can easily compute the flux of this equilibrium :

2

dw <0.  (3.39)

JIM, 0] = (cos ), p<, (3.40)
where for any function y(cos ), the symbol (y(cos#)),,, denotes the mean of v following

1
the density —M,q, i.e.
p

- f(w- Q)P qy
(7(c036)) a1 /w Mol 9) dw = ELLCEE TS (3.41)

Notice that (y(cosf))y only depends on «a(p), not on €2, we have the expression in di-
mension n (forn=2orn=3):

fo v(cos )eP) st sin"=2 ) 49
[ eatpeos? sin”— 29d9

(v(cos @), (3.42)

Remark 3.3.1 In the case where v depends on p and w - §2, we have to replace in all this

w
point a(p)w - by a(p,w - Q), where a(p, p) = / Vil?;);) i
0

3.3.2 Collisional invariants

The second important point is the determination of generalized collisional invariants.
Indeed, since there is no other conservation relation than the conservation of mass, the
collision invariants reduce to the constants, and the integration of the equation against
these invariants only gives one equation, which is not sufficient to describe the behavior
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of the equilibrium (which lives on a n-dimensional manifold). The main idea in [§] was to
overcome this problem with a generalization of the concept of the collisional invariants.

A collision invariant is a function such that the integration of Q(f) against it gives
zero for all function f of w. So we ask for a generalized invariant to satisfy this definition
only for a restricted subset of functions f. In the case where the dependence on p in the
equilibria was linear, restricting to all functions with a given orientation €2 was sufficient
to obtain the remaining equation. Here we have to restrict also to functions with a given
density too.

We define the generalized collisional invariants C,q of ) (associated with some p > 0
and some () € S) as the functions 1 such that

/ Q(f)dw =0, Vf such that Q[f] = Q and p[f] = p. (3.43)
weSs

If we define the linear operator L, by L,o(f) = d(p)V., - |:MP7QVW (Miﬂﬂ’ we have
that

Coo = {w| /GS L,o(f)Ydw =0, Vfsuchthat Q[f] =Q and p[f] = p} . (3.44)

Using the linearity of the operators j[.|, p[.], and L,q, we get :

Coa = {w|/ SLp,g(f)wdw =0, Vf such that j[f] x Q= O} . (3.45)

R

This computation has been done in [f], in dimension 3, so the result is that C,q is of
the form Span{l,¢1 a(p), V2,a(p)}- The expression of these functions can be done with an
auxiliary function g,(u), which is the unique regular solution on the following elliptic
problem on [—1,1] (in dimension 3) :

— (1= )™ (1 — p*)Dug) + g = —(1 — p)*/2e. (3.46)

Indeed, this problem has a unique solution, in the space V (a “ weighted H'”) defined
by V= {g| (1 —p?)"2g € L*(-1,1), (1—pu?)'%9,9 € L*(—1,1)}, and this solution is
negative (by the maximum principle).

Then, with the spherical coordinates (0, ¢) in a cartesian basis (eq,es,2), we have
the following expressions for the general collisional invariants : ¢, = —ga(cos @) sin ¢,
and ¢ o = gq(cos 8) cos ¢.

We introduce to simplify notations the function h,(u) = (1 — p2?)"12g, ) € L*(—1,1)
B Ga(p)(cos 0)
N sin

'Q;mg(W) = (Q X w) hP(Q ) w) = wl,a(p)el + w2,a(p)€2 . (347)

that is to say h,(cosf) and we have

We call 15 the generalized collisional invariant vector associated to p and §2.

In dimension 2, we also have a two-dimensional vector space of generalized collisional
invariants (associated to some density p and orientation €2). It is spanned by the constants
and a function 1), o, which is the unique solution with zero average of the following elliptic

10



equation (here we identify functions of S; and 2m-periodic functions of R, with § = 0

corresponding to Q) :
Dp (P <300qp) = sin e 0sb (3.48)

In fact in that case we have an explicit expression :

0 —Q COS
val8) =~ Jo oy 0 (3.49)

= [T o—acos
alfje vdp  «

So if we define h,(cos ) = w?(e)

s
function), so we also have 1, o(w) = (2 x w) h,(2 - w) if we denote by x the determinant
of two vectors, and the notations are coherent in 2 and 3-dimensional framework, which
will be convenient for the following.

(this is possible since this term is an even 27-periodic

Remark 3.3.2 If we take in account the “ability to turn”, we just replace au in (B.46)
by a(p, ) (for dimension 3). In dimension 2, we replace a(p) cos @ by a(p, cos ) in (B.49),
and we still have an explicit expression :

_ dalm)

@Da(e) = ¢g(9) wgo(ﬂ_)

Y3 (0), (3.50)
where

0 ™
Ua(f) = — / ( / ePeos9) sin¢d¢) e~ Pese) dop, (3.51)
0
. i ¥
Ve (0) = / =P ?) dp. (3.52)
0

3.3.3 Computation of the limit as ¢ — 0

The third and final important point is taking the limit ¢ — 0 in the equation (B.23), after
integrating against the collision invariants.

When e — 0, if f© does not present any pathologic behavior (for example all derivatives
of f are bounded), we have that Q(f°) — 0, so f© — M,q (here we suppose that f¢
converges to some function f, and that this is also true for all the derivative we need). So
we have p* — p, and 2° — Q.

For the mass equation, using the constant invariant and integrating, we get the con-
servation of mass (in fact we can even replace the O(e) by zero in this equation since in
the original model (B.13) we have conservation of mass) :

Op° + V-5 =0(e). (3.53)
We get in the ¢ — 0 limit :
Op+ V- (c1p) =0, (3.54)
where (see (BA40)) :
c1 = (cos @), . (3.55)
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The comphcatlons start for the equation on ). The method is the same, we multlply
at the right by wps o=, integrate on the sphere, and take the limit ¢ — 0. Since ¢ depends

continuously on p and €2, we obtain finally an expression with lpmg.
We get an expression of the form 2 x X = 0 (equivalent to (Id —Q® Q) X = 0), where

X = / (M) +w - VoM, 0) + £P(M, ) + RR(M,0)) hy(w- Q) wdw . (3.56)

Here the computation is similar as [§] for some terms, but some additional work is
required for the terms coming from the nonlinearity of M,q in p and the operators P

and R.
We give the result of the computations under the form of a proposition :

Proposition 1 (Id—Q® Q) X =0, where X is given in (B.50), is equivalent to

p (02 +c(Q-V)Q) +A(Id—Q®Q)V,.p =0, (3.57)

where
Ap) = é + pg (1 =nkd)(cos 0) 5. — (cos ), + K v(sin? 9>J\7fa) : (3.58)
ca(p) = (1 —nrd)(cost)y — r v(cos? 0) 3. (3.59)

with, if we are in dimension n (forn =2 orn=3) :

o 1 (cos B)h,(cos B)e) o0 gin™ § df
Jo ho(cos 0)ex(p)eos? sin™ g Ao

(v(cosO)) 5z = (3.60)

This is actually the last part of theorem [[|, with a precise definition for coefficients ¢y
and A, and this ends the derivation of the continuum model (R.11)-(R.12).

The computations to get this result are given in Annex [A.T.7, we just detail briefly
here the way we do it. The idea is first to get rid of the derivatives in w coming from the
operators P and R with an integration by parts on the sphere, and then to use chain rule
to obtain an expression of the form

X=> A ( / ~i(w Q)w@iMp,de), (3.61)

where A; are simple linear operations only depending on the time and space derivatives
of p and Q2 (like taking the scalar product with V,p, for example), and ~; are functions
involving h, for instance.

Finally we compute (Id = Q® Q) [ y(w - Q) w® M, o dw in spherical (or polar) co-
ordinates in a basis where the last element is €2, which simplifies a lot of terms.

Remark 3.3.3 Here, we only give the results obtained in the case where v depends on w-£2
(and not on p) and where d is a constant. We get the same results, except that the

12



constants are given (with analogous definitions) by :

e = (cosb),, (3.62)
¢y = (cosO(1 — k(vcos — v/ sin?0)))
! " 3.63
— /<ad<ncos<9+i((n+2)cos29—1)—V—cos@sin29> , (3.63)
v v A

vall) oo

Since v is supposed to be positive, the constant X\ is positive, and we will see in the
next section that its possible change of sign with the dependence on p is important. This
1s why we focus on the dependance on p and not in w - ) in this article.

4 Properties of the macroscopic model

4.1 Hyperbolicity

The main result about model (B.11))-(R.19) is that if d or v depends on p, the model may
lose hyperbolicity in some regions of the state space.
It is not possible to do another scaling to get rid of ¢; (and have a more simple analysis
of the system), like in [§], because ¢; depends on p.
We consider waves travelling along on(e dil(reg’;ion, and denote by 6 the angle between )
—— _ d(palp

and this direction. If we write ¢;(p) = —, Ve have the following statement :
p

Theorem 2 If A(p) = 0, then the system (R.11)-(B.12) is hyperbolic. And if X < 0, this
system is hyperbolic if and only if

lco — ci

2\/ —)\Cl .

Here are the graphics of the boundary of the region of hyperbolicity (for 6 € [0, 5],
the system is hyperbolic in the lower part of the area delimited by the curve, and is not
hyperbolic in the upper part) for v of the form p°, for different values of parameters d, 3, x
and K.

|tanf| < (4.65)

13
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Before giving a proof of this theorem, we will discuss the interest and the problems
due to the non-hyperbolicity.

The first thing to remark is that the model is not always well-posed. Indeed, in general,
we cannot ensure that a solution will stay in the region of hyperbolicity for all time.

The property of hyperbolicity is linked with the fact that perturbation propagate
with finite speed. Here the presence of a region of ellipticity means that we could have
propagation with infinite speed across this region.

This leads to a second remark : it may be possible to construct non-classical shocks,
using the crossing of a zone of non-hyperbolicity, see [[4], and [[3].

The interest is that me may construct some travelling waves, as observed in [f]. Ac-
tually we did not manage to construct such solutions yet, this is part of our future work.

We should also construct models with formation of coherent structures from such
non-hyperbolic models, if we could use stabilisation with diffusion.

Here the expansion at higher order in € in this model, in order to obtain diffusion
terms in the macroscopic model becomes too much complicated to perform some study.

Proof of theorem

14



We compute, in dimension 3, in an fixed cartesian coordinate system (£, s, 3) and
use spherical coordinates (#, ¢) in this system. Then, = (sin 6 cos ¢, sin € sin ¢, cos6).
A simple algebra shows that (p, 0, ¢) satisfy the system

Op + 0z (pca(p) sin b cos @) + 0, (pe1(p) sin B sin @) + 0, (pci(p) cosd) = 0. (4.66)
08 + c2(p)(sin 6 cos ¢ 0,0 + sin @ sin ¢ 9,0 + cos 00,6)+
+ A(cosfcosp 0, Inp+ cosfsingdyInp —sinh o, Inp) = 0. (4.67)
O + ca(p)(sin b cos ¢ O,¢ + sin b sin ¢ 9y + cos 00,¢)+
+ A (—sinfsin¢ 0, In p + sinf cos ¢ 9, In p) = 0. (4.68)

Supposing that p, 6, ¢ are independent of x and y amounts to looking at waves which
propagate in the z direction at a solid angle (0, ¢) with the velocity director 2. In this
geometry, the system reads :

—~—

Op + c1(p) cos0 0,p — c1(p)psind 9.0 = 0. (4.69)
00 + co(p) cos0 0,0 — A\ sin@ 0, Inp = 0. (4.70)
Oy + c2(p) cos0 0,4 = 0, (4.71)
—— d
where ¢ (p) = (037;(0)) = c1(p) + piv ({cos? B) r, — (cos )3, ).
This is a first order system of the form
&gp azp
o0 | +A(p,0,0)| 0.0 | =0, (4.72)
at¢ az¢
with o
c1(p)cos —cq(p)psind 0
Alp,0,0) = —ALPHG ca(p) cos b 0 , (4.73)
0 0 ca(p) cos b

and this system is hyperbolic in case A > 0. The eigenvalues v et vy are given by

17, ~ .
Yo = ccosl, L= 5 [(cl + ¢2) cos B £ ((ca — ¢1)% cos® 0 + 4A¢y sin® 9)1/2} . (4.74)
In case of dimension 2, we get the same thing with only the eigenvalues ..

Now if A < 0, asking v+ to be real is exactly equivalent to the equation ([.63), and
this ends the proof. ¢

4.2 Influence of the anisotropy

The influence of the anisotropy on the final macroscopic model is only visible through the
values of the speed ¢y and the parameter .

So this can have an impact on the regions of non-hyperbolicity, and the behaviour of
the information on the orientation. In annex A2, we perform an asymptotic study of this
coefficients, when the noise is small.

a(p)

a(p)
for «), and that d(p) is a small parameter, we get the following expansions :

If we suppose that p is bounded with respect to d(p) (for instance a power law

15



er(p) = 1 — ——d(p) + O(c?) (4.75)

2v(p)
ea(p) = 1 — o) — (ij) - ) a(p) + () (4.76)
—M — @ — RV 2
A =50 (1 P2 <p>>) L0, (4.77)

First, this shows that in some cases we have actually A\ < 0, for instance when v = vyp®
with § > 1, K = 0 and d is a sufficiently small constant.

Then we see that when the noise is small, the difference between ¢; and ¢; is enhanced
when « is a large positive constant. This can be interpreted as follows : if the observation
kernel is strongly directed forward, then the information on the orientation moves rapidly
backward. This could be compared to results on modelling of traffic flows, where the speed
of a congested phase depends on the distance of anticipation of the drivers (see [B, i, []).

Remark 4.2.1 We can also do an expansion in the more general case where v depends
on p and w - 2. In annex [A.2.1 we give tips to perform this expansion. Here we only give
the final expansion in the case where v and d do not depend on p. In this case we can

dv

suppose v(1) =1 (up to a rescaling), and denote v = i@ . We finally get an
W w-N=1
expansion, as d — 0, of the coefficients given by (B-62)-(B-64), with n =2 :

d

en(d) = 1= 5 +0(d), (4.78)

3 3 ,

co=1—k+ (1—1—57)&—5 d+ 0(d), (4.79)
3

A=d+3y d* + O(d%). (4.80)

5 Conclusion

In this article, we have seen that the introduction of a dependance on some local density for
some parameters at the microscopic level implies a significant change in the macroscopic
limit : the possible loss of hyperbolicity in some regimes. The introduction of a non-
isotropic kernel of observation is not sufficient to imply a strong difference of behavior for
the continuum model. However, it enhances some properties, as the differences between
the velocity of the fluid, and the velocity of the information on the orientation.

It is important to note that the method introduced in [§] works to derive the macro-
scopic model. In particular the concept of generalized collisional invariants is still valid,
with some adaptations.

Some questions are left open. The limit here is formal, and we are still looking for
an appropriate functional framework to obtain more precise results of convergence. The
rigorous obtention of the kinetic version of the dynamical system of particles is also part
of our future work.

Finally, the next step to this study consists in some numerical simulations, in order
to see how the difference between ¢y and ¢; can be observed in simulations of the discrete
dynamical system, or how the particles behave in the regions of non-hyperbolicity.
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A  Annex

A.1 Proof of some statements for section
A.1.1 Expansion of the local density and orientation

We recall the expressions of Q and 7° :

. A t
O (z,w,t) = M, (A.81)
| (7, w, )|
. — — d
J(:)s,w,t):/ K(|x y\’ yor -w) vfa(y,v,t)—ydv, (A.82)
yEeR™, veS e lz—y en
~ — — d
Flown=[ & ("” I -w) o) L, (A.83)
yeR™ vES € ‘:1: - y| €
Lemma 1 We have the following expansions :
ﬁe(x, w,t) = O (z,t) + ek (w- V) Q(x,t) + O, (A.84)
po(w,w,t) = p(x,1) + eRhw - Vop(x,t) + O(e?), (A.85)
where k is a constant, depending on the observation kernel K, and
O (z,t) = ]i(x’t) . with  j°(x,t) :/ v ff(x,v,t)dv, (A.86)
|] (l’,t)| VES2
p(x,t) = fe(z,v,t)dv, (A.87)
VESy

Proof
After change of variable y = = + €&, let us expand f at first order in € in ([A.87). We
get

J(x,w,t) = [ K& 67 ¢ w) o (f(z,0,8) + € Vo f (z,0,) + O(?)) ddv . (A.88)
£eRn, veS

We have to compute

Ko(w) = K(lgl [l ¢ w)de  and  Ky(w) = K(lgl, €171 ¢ - w) £dE. (A.89)

EeRn £€Rn
For any rotation R, change of variable 5 = R(§) gives on one hand
Ko(w) = Ko(R(w)), (A.90)

and so Ky does not depend on w.
On the other hand, we get

R(K:i(w)) = Ki(R(w)), (A.91)
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which shows that K;(w) is a vector invariant by any rotation of axe w, so it is parallel

to w. Fix one vector e of S, we have Kj(e) = ae. Then taking one rotation mapping w
to e, we get R(K;(w)) = Ki(e) = ae = R(aw), so K;(w) = aw.

Let then k = Ky and we have
%:/ U(‘fe(l”v’t)+€"€w'vxf€($,v,t))dv+0(€2) (A.92)
0 veS
= j (2, t) + e h(w- Vo)j(z,t) + O(e?). (A.93)

Putting (A.93) into (A8]), we get

2

%:J’t) = 5%z, 0)|* +2e Kk j(x,1) - (w- V)i (z,t) + O(e?), (A.94)
T (z,w,t) _1_ 1 €K ) (s (s )
P = e (- e Vi) +oe, - (aos
and finally
=€ . je(l’,t)
e T )
(w : Vx)je(l’,t) . je(x7t> . (w : Vx)je(l’,t) je(x7t> 2
ven (Mt e e ) * 0@(; .
But we also have
. (x _ (w ’ v$>je(x7t) w - 1 (1
(o V) = S+ (o9 () ) e A9
L@ VD Lo ) e
LTI e (o Ve 0) e 0) Zx .
Therefore
QO (z,w,t) = B(x,t) + ek (w- V) Q(z, 1) + O(e?), (A.99)

and this is the first part of the lemma.
After the same change of variable y = = + £ and expansion in (A83), and using the
same techniques, and the normalisation condition (R.§), we get

(z,w,t) = / Rf(z,0,8) + e Ki(w) - Vo f(z,0,t) dv + O(£?) (A.100)
vES
= pf(z,t) +ehw- Vup(z,t) + O(e?) . (A.101)
This is the second part of the lemma. ©
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A.1.2 Proof of Proposition [l

We write « for a(p) in the following.
We have (Id — Q ® Q) X = 0, where

X = / (at(Mp@) +w- VI(MPQ) + KP(MPQ) + ’/%R(MP7Q)) hp(w : Q) wdw . (A.IOQ)

We first transform the terms with P and R, with an integration by parts on the sphere
to get rid of the partial derivatives with respect to w.
We recall that P(M,q) = vV, - (M,oGq)(w), with

Gaow) = (V.)Tw — (V.0 1w w)w. (A.103)

Integrating by parts, we get, for a function a and a vector field A on the sphere S,
/ V. Aw)a(w - Q) wdw = — / (a(w- Q) A(w) + Aw) - Qd/(w- Q) w)dw (A.104)
weS weS
So we have
/ P(pM,q)h,(cos)wdw = —v / B, a(w)hM, o dw, (A.105)
weS weS
where the argument §2-w of the functions M, o and h, is written cos #, and omitted when
no confusion is possible. Here the function Bg(w) is given by
Bo(w) = h, Go(w) + hl, Q- Go(w)w (A.106)
=h, (V) w — (h, +cosOh.)(V.Q : w @ w) w, (A.107)

because (V,Q)Tw) - Q=w-(V,2Q) =w- (:V,]|Q*) = 0.
We have R(M,q) = V,, - ((w - Vep)(OFaM, 0 — deMpﬂ)) (w).

But since V,M, o =a M, (Id —w @ w)$2, we get R(M,q) =daV,, - (M,oH,q)(w),
with

Hygw)=(w-Vy)ld—w@w)l=w-VypQ — cosfw@wV,p. (A.108)
We get with the same computations,
/ R(pM,qa)h,(cos )wdw = —d & / E,qw)M,qdw, (A.109)
weS wEeS

where the function E, o(w) is given by

E,o(w)=h,H,o(w)+h, Q- H,q(w)w (A.110)
=h,w-VepQ+ (sin®0hl, —cosOh,)w®wV,p. (A.111)

Now we will use the chain rule to have all the partial derivatives with respect to t
and x applied only on p and 2.
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We have
&g( pQ> 4+ w - V (M ):

Mo [(Op +w - pr)agp In(M,q) + (0% hl(Mp,Q)) (00 + (w- V.)Q) (A.112)

Elementary differential geometry gives the derivative of In M, o with respect to 2
acting on a tangent vector d{2 to the sphere as follows:

8111Mp9
2 10) = -dQ. A1l
50 (dQ) =aw-d ( 3)
Term in ({% :
oM, d da
— = —1 —w-Q A.114
o 1 HC(ﬂ)+dpw (A.114)
=———In eV dw | Faw - Q (A.115)
p dp S
.0 aw-Qd
_ L dfew 69 Y w0 (A.116)
p Js e« tdw
= % + &(cos — (cos @)y, ), (A.117)
Define
Y (p,cosB) = +a(cos€ (cos@)ar,) | Py, (A.118)
p
Y2(p, cosb) = ah,, (A.119)
v3(p, cos @) = /{da (h, 4 cosOh,), (A.120)
Y4(p,cosf) = Kdé (sin? O b, — cosf h,), (A.121)
v5(p,cosl) = Kdah,, (A.122)
and we get
X = </ 7 (p, cos@)mede) Op
weS
— (/ v5(p, cosb)w M, q dw) - Vaep Q2
weS
— kd (V)T (/ Y2(p, cosf)w M, o dw)
wes (A.123)

+ / Y2(p,cos)w @ w M, q dw) 0,0
weS

+

(
+(l$@er@m%®w®wﬂQmM)Vw
(

/ (72 4+ 73)(p,cos ) w @ w @ w M, 0 dw) L V. Q.
weS
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We denote by Xi, Xs, X3, X4, X5 and Xg these six terms. To do the computation we
write w in spherical coordinates (or polar in dimension 2).
First X5, which is parallel to €2, does not contribute to (Id — Q ® Q) X.

Then, / ¥ M,, wdw = (pcosf ), Q, and since (V,2)7Q = (Q-V,)Q is orthogonal
weS
to 2, we havee :

(Id—Q®0) X, =0, (A.124)
(Id— Q® Q) Xy = X3 = rd p(cos072)ar, (2 - V) (A.125)

For X, and X5, we have to compute I5(7y) = fwegw QwyM,qdw.
We get

/ w@wyM,qdw = p1(sin297>Ma(Id—Q®Q)—l—p(cos297)MaQ®Q, (A.126)
weSs

where n is the dimension (in dimension 3, we get a % coefficient for the term in sin?#,
coming from the mean of cos? ¢ or sin® ¢ in spherical coordinates).

Taking the orthogonal component to €2, we only keep the first term. Knowing that 0,2
is orthogonal to €2, we finally get :

(Id—Q® Q) X, =

P - (sin” 6 72) 11, D2 (A.127)

P —(sin” 0 (71— 7)), (14 = @ Q) V.p, (A.128)

(Id—Q® Q) X5 =

We have to compute the term with Xg. Same kind of computation, a little bit more
complicated.

/ wRwRwyM,qdw = P 1(sin29cosé’7)Ma((Id—Q®Q) ® Q+
weS -

+0(Md-Q@N)+[1d-22Q2) @02 (Id— Q& Q)].0)
+ p(cos® 0) 1, N @ Q@ Q,
(A.129)

where the index : 24’ indicates contraction of the indices 2 and 4. In other words, the
tensor element ( fo% w®w®wde),x equals msin? @ cos @ when (4, j, k) equals any of the
triples (1,1,3), (2,2,3), (3,1,1), (3,2,2), (1,3,1), (2,3,2), equals 27 cos®§ when (i, j, k)
is the triple (3,3,3) and is equal to 0 otherwise (in dimension 3, and the analogous in
dimension 2). In fact we want to compute Xg = | s(W®w: V, Q) ypwM,qdw, so, using

Einstein’s summation convention, the following formula follows:

XGZ(/ w®w®w7Mp,de) Op, Qe =
weS i

ijk

- L1<sin2 0 cos 07) ar, (Id — Q @ Q)5 U + Q(1d — Q © Q)40 Ut

+ (Id — Q ® Q)80 )
+ p(cos3 0 ’)/>Ma QZQijﬁ% Qk
(A.130)
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But since 2 is a unit vector, Q,0,, Q% = 30,,(|Q2*) = 0 and the first and last terms in the
sum vanish. The expression simplifies into:

Xg = P (sin? @ cosOy) ., (Id — Q@ Q) : (V,Q)) Q+
n—1
) (A.131)
1<sin2 0 cosOy)a, (Id— Q@ Q)((2-V,)Q).

+

The first term is parallel to Q. Besides, since ) is a unit vector, (£2- V)2 is normal to €.
So, we finally get

(Id— Q®0)Xs = (sin® 0 cos 0 (32 +73) ar, (2 - V). (A.132)

n —

So we have that (Id — Q ® Q)X = 0, is equivalent to

- —(sin” 0 (31 — 1)), (Id = Q@ QVap + - (sin” 072) 11, 002
" " (A.133)

Tt f 1 (sin? @ cos O (y2 +v3) — (n — 1)k d cos0y) ar, (- V,)Q = 0.

For any function ~y(cos#) and o(cos#), we denote by (7(cos®)),r., the mean of ~
following the “weight” oM, o, (which is consistant with our previous definition of (-)as,)
(o(cosB)y(cosh))

(o(cos ),
We have the expression in dimension n (for n =2 or n = 3) :

[T (cos 0)a(cos )P0 sinn=2 9 g

so we have (y(cos®)),nr, =

0))orte = 7 A.134
((cos ) o, o o(cos f)elp)ost sin™2 6 df ( )

Dividing by —=(y2sin®0), in (AI33) we finally get :
p (024 c2(2-V)Q) +A(Id—Q®Q)V,.p =0, (A.135)

where the coefficients A(p) and co(p) are given by A(p) = p <’Yl - 74> and
sin? Oh, Ma

Y2
by e (p) = <cos6’ (14_&) —(n—1)kd 0'0529> |
72 sin? Oh, Mo

So we have

1 . /
A= o + p% ((1 + Rd) (cost) Oh, Mo — kd <si1r12 95> — (cos Q)Ma> . (A.136)

hp sin? Oh, Mq
5 B, cos 6

co =14+ rd)(cost) 2pp pr. T Ed{cos™ 0= —(n—1)—— : (A.137)

e hy SIN° 0/ Gin2 o1, 11

pMa

h/
We compute <fy(cos H)h—a> using ([A.134) and an integration by parts (we inte-
P/ sin? 0h,Ma

grate the factor sin 6 h/,(cos @), and since sin” ' @ h,(6) cancels at § = 0 and § = =, the
boundary terms vanish) and we get

R, n—1 ,
~(cos 0)—= =( =5 costhy —ay—r : (A.138)
o / gin2 OhpMa sin” 0 sin2 Oh, M,
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Now we can simplify the expressions above (taking v(z) = 22 for ¢, and y(z) = 1 — 22

for \).

1 ) ~ ~
A= ot pg ((1 —nrd)(cost). g, — (cOSO)n, + R (sin® )2 ehpMa) . (A.139)
¢ = (1 =nrd)(cost)g2q, v, — K v{cos” 0)gn2 on, A, - (A.140)

A.2 Asymptotics of the coefficients

We try to obtain an asymptotic expansion of ¢q, ¢ and A when the noise is small.

We recall the expressions (B.57), (B59), (B5) here :
ci(p) = (cos O, ), calp) = (1 —nrd(p)) (cos 9>1\7fa(p) — kv(p){cos? 9>Ma<p)’ (A.141)

A(p) = —

oo
o2 (1~ nid(p) fcosO)

alp oy~ (08O, + RV sin? ) ). (A142)

with, if we are in dimension n (for n =2 or n = 3) :

fo cos 0)e(P) st sin"=2 9 ¢

((cos 0)) s,y = I oty coss 31n"_29d9 ’ S
[0y (cos 0)h,(cos )e®) o5 sin™ 6 dg

. 0 A.144

(7(cos )>Ma(p) fow hp(cos 0)exp)cost gin™§ 6 ( )

Since we do not have an explicit expression of h, in dimension 3, the computations are
not easy in that case, we do not have a lot of information on the solution of the elliptic
problem (B.44).

So from now we will only study the case of dimension 2.

We only have to study the averages (cos)u,, (cosf)y; , and (cos* )5 as o — oo.
This expressions only depend on «, and we can replace h (cos 0)sin 6 in () by 1,
which we recall the explicit expression (B.49) obtained in dimension 2 :

7Tf e acoscpd(p 0
W) =—F— — —. A.145
R (A.145)

We will show the following result :

Proposition 2 When a — oo, we have the following expansions :

J, cos @ex s dp 1 1
= =1—-—— A.14
(cos O, [ ene=0dg o +0 ) ( 6)
" cosk G 1p,(0)ec? sinf dd 3k 1
tg) — Jocos O —1-240(=). A.147
(cos O)s, Jo tha(0)exos? sin 6 do 2a T\ @2 ( )
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a(p)

Now if we suppose that v(p) and p—— are of order 1 (for instance a power law for «)

a(p)
, and that d(p) is a small parameter, we can put these expansions in (A.141))-(B.58), and

expand in term of the noise d(p). We get

a(p) =1- Wd(P) +0(d?) (A.148)

cslp) = 1= ) — (s - ) o) + O (A.149)
) (a0 :

o) =35 (1 Sk )) +O(d) (A.150)

Proof of proposition .
We will use Watson’s lemma, the proof of which is elementary, see [f for examples
and variants :

Lemma 2 .
Let p be a continuous fonction on |0,T], with T > 0. Let I,(p) = / p(t)e “dt.
0

N-1

Suppose that p(t) = t° <Z apt” + O(tN)>, with > —1.

k=0

N-1
Alors I(p) = a=P1 (Z axl'(B+k+ 1Da™* + O(a_N)> .

k=0

Now we do the change of variable ¢t = 1 — cos  in the integrals.

We have
m 0 2 1 .
= rdl) = e | ——=e " dt A.151
my(a) /0 e e /0 2t—t26 ( )
e” 1 1
= L) +-—r@ — A.152
\/2a< (2)+40z (2)+O(a2)) ’ (A.152)
and
ma(a) = /7r cos 0e®c*? df = : ie_o‘t dt (A.153)
’ 0 0 V2t —t? ‘
e* 3 1
= L3 — TG — A.154
—(r- rw+o () (A15)
: ma(a) 1 1
Since I'(3) = 31'(3), we get (cos )y, = @)~ "2 O <¥)
0 acospq
Let ¢, (0) = WM for convenience.
fO eoccosgpdgo

. foﬂ cos® 0 (6 — ¢o(0))e*s? sin 6 do
T (0= 6a(0))e* 0 singdd

We have (cos” 0) .
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Again we compute

my(a) = /Oﬂ cos® 0 (6 — ¢ (0))e®°*? sinh dh (A.155)

— e /02(1 —t)fcosTH(1 — t)e  dt — e /02 Po(cos (1 —t))e dt  (A.156)

We have first that

0
. B B f(] eacosgpdgo
ouleos™ (1= )] = w2 (A157)
meos 11 —t)e~>(1=1)
< A.158
(o) ( )
< Cyae™ 2 (A.159)
1
So/ ba(cos™H(1 —t))e " dt = O( ) for all N > 0.

t

Now since cos™!(1 — t) = 2sin™* 5 = V2t (1 +—+ O(tz)), we can apply the

lemma and we get my(a) = v2ae® (F(%) + (35 — l{;)ll“(g) +0 <i2)> ,
o o

m _
—£  we get the result ([E.147) and this
m

0

Then since I'(2) = 3T(2), and (cos* 0) .

ends the proof. ¢

A.2.1 Tips for the general case

Here we give some tips to perform an asymptotic study of the coefficients when v also
depend on w - 2. We are only able to do it in dimension 2.
We have to compute expressions of the form :

fo cos 0)e(Peost) 49

(y(cos 0)) g (A.160)
((cos ) = Jo vf;:os 9)wz i 2 atsi Qsiiné’ 0d0 (A161)
where
alp. 1) = /0 ' ”C(Z"(’;);) dr (A.162)
a(6) = 200) ~ 2=z, (A163)
with

0 T
90) = — / ( / elpicos ) singbdgb) e~ aPeose) dp. (A.164)
0
y i ¥
() = / e~ 0P ®) o (A.165)
0
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We want an expansion for a given p, when d(p) is supposed to be a small parameter. So
the dependance in p here is not important : we can write d for d(p), v(cos 0) for v(p, cos ),

m
and o(cos6) for a(p, cos @), where o(u) = / v(7)dr.
0

So we just have to expand expressions of the form / ~(cos 0) exp <U(COS 9)) de
0

d
and / v(cos 0)1(8) exp (U(CZS 9)) df, where () is given by
0

9(6) = vul6) - 2 Do), (A160)

bo(0) = — /09 </; sin ¢ exp ("(CZS ¢)> d¢) exp (—@) d, (A.167)
Voo (0) = /00 exp <—@) dp. (A.168)

N-1
The first step consists in an expansion of the form (6 Z gi(cos0)d' + Ry.q(0),

=1

where Ry 4 is sufficiently small, and the functions g; do not depend on d. After that we
o(cos @) 40
y )

We integrate by parts N times the term under the integral in ¢ dans (AI167) :

o(cos ¢) 4
/ﬂ sin ¢ exp (U(COS¢)) do = i {fk(cos@ P ( 7 )} dF 4

will only have to expand terms of the form / (cos ) exp

d P v(cos ¢) . (A.169)
= [Csinofyateoss)exp (“(COS ¢)) 4o,
o d
where the functions f,, are given by the following induction relation :
filz) =1 (A.170)
__d (ful2)
fori(z) = P ( () ) . (A.171)
So if we define
fr(cos )
™(0) = A"y
i /0 ; v{cos ) (A.172)
¥ /0 [ s fateos o) exp ("<C°S - “(COS@) A de
%)
we get :
0) = m(0) — (o). A1T73
0(0) = 7x(0) = TE T () (A173)



And if we define

0
' [ filcosp)
gi(cosf) = /0 V(cos ) ——=dyp, (A.174)
N-1
Ry q(0 gi(cos0)d (A.175)

i=1

we obtain with some easy estimations

|Ry.a(6) < C <|9|dN +exp (—“(C‘;S@))) . (A.176)

Now it remains to expand integrals of the form

d

We do a change of variable, setting ¢ = o(1) — o(cos#), and a(t) = o (o(1) — 1),
where o1 is the inverse function of o (which is increasing since v > 0, actually we
have a(t) = cosf). We get :

B @ o(1)—a(-1) r(a(t))e—g
Sa(r) = exp < y ) /0 ) a(t)th' (A.178)

To bypass problems with the upper bound of the integral, we set T'= o(1) and restrict
(since o(—1) < 0) the integral to |0,7]. In any case, if § — r(cos#) is integrable, what
remains is O(1), and so for all N, it is O(dVed). So we have

Sa(r) = /0 " (cos ) exp ("<6089)) df. (A.177)

T _t

t

Su(r) = e / rlathers 4 o(dvek), vn. (A.179)
o v(a(t))y/1— a(t)?

The function v being positive, a has the same regularity as ¢, and we can compute the

derivatives by induction. We have a’(t) = —————, and we realize then that a(™ nearly

v(a(t))

satisfies the same induction relation as f,. We actually get

2 () = — JZL((;(%)_)) , (A.180)

which gives us the Taylor expansion of a at 0 up to order N (we have a(0) = 1).

tN + O . (A.181)

||
Mz

T(a(t))
v(a(t)y/T — a(t)?

(Watson’s lemma) in ([A.179) to perform the last computations.

So we can now have an expansion of at 0 and we can use lemma [
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