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Abstract

In this paper, we provide the O(e) corrections to the hydrodynamic model de-
rived by Degond & Motsch from a kinetic version of the model by Vicsek & coauthors
describing flocking biological agents. The parameter € stands for the ratio of the
microscopic to the macroscopic scales. The O(g) corrected model involves diffusion
terms in both the mass and velocity equations as well as terms which are quadratic
functions of the first order derivatives of the density and velocity. The derivation
method is based on the standard Chapman-Enskog theory, but is significantly more
complex than usual due to both the non-isotropy of the fluid and the lack of mo-
mentum conservation.
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1 Introduction

This paper is a development of a previous work [26, 27] about continuum models of self-
propelled particles subject to alignment interaction. This class of models describes swarm-
ing behaviour among biological species and attempts at providing a simplified theoretical
framework to experimental observations (see recent observations in Refs. [3, 5, 8, 32, 40]).

The starting point is a particle model (or Individual-Based Model (IBM)) discussed
in e.g. Refs. [2, 16, 39, 41], where the interaction between biological agents such as fish
or birds is described by three interaction ranges: a close range where repulsion occurs,
a long range where attraction prevails and a medium range where agents tend to align
with each other. In the Vicsek model,[53] the alignment interaction is singled out and
analyzed. More precisely, each particle moves with a constant and uniform speed and
aligns with the average direction of all neighbours within an interaction distance R, up
to some angular fluctuation. Vicsek and co-authors[53] show that phase transitions from
disorder to order appear as the noise intensity decreases or the density increases. This
model has triggered a wealth of publications[1, 4, 13, 22, 33, 34] and given rise to various
variants[14, 50].

The task of deriving kinetic (Boltzmann-like) or continuum (fluid-like) models from
this model has been undertaken by various approaches (see Refs. [6, 46] for kinetic models
and Refs. [6, 21, 23, 46, 47] for fluid models). However, these models are based on physical
arguments and the mathematical approach of Ref. [26, 27] leads to a different type of
model: indeed, this model is not of diffusive nature like in Refs. [6, 21, 23, 46] and is
local, by contrast to Ref. [47]. The differences arise because the model of Refs. [26, 27] is
derived in the large time and space scale limit in which, at leading order, the interactions
are local and the diffusivities, negligible.

The goal of this paper is to investigate how the model of Ref. [26, 27] must be
adapted to account for small but finite nonlocality and diffusivity. We will see that the
resulting model involves complex effects due to the non-isotropy of the fluid (by contrast
to standard fluids). This point will be further developed in section 2. Similar to the
rarefied gas dynamics case (see e.g. Refs. [9, 12, 24, 49]), the derivation is based on
the Chapman-Enskog expansion method. However, in the present case, the computations
are significantly more complex because of the non-isotropy of the fluid and of the lack of
momentum conservation.

The model derived in Ref. [26, 27] has been extended in Ref. [31] to account for
anisotropic vision and density-dependent interaction frequency. Its numerical resolution
is performed in Ref. [44].

Other Individual-Based Models involving attraction-repulsion interactions can be found
in Refs. [28, 30, 43, 45] and continuum models, in Refs. [7, 10, 15, 20, 25, 42, 51, 52].
The existence of flocking or non-flocking behaviour for the Cucker-Smale model[17, 18, 19]
(which is similar to the Vicsek model but without noise nor speed constraint) has received
a great deal of attention[11, 29, 35, 36, 37, 38, 48].
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2 Position of the problem and main result

In Refs. [26, 27] the following continuum model of self-driven particles with alignment
interaction has been derived:

Op+ V- (c1p0) =0, (2.1)
p (O +c2(2-V)Q) +¢e3(Id—Q®Q)Vp =0,

where p = p(z,t) is the number density of the particles and Q(x, t) is the direction of their
average velocity, which satisfies |Q2] = 1. ¢y, ¢ and c3 are constants which are computed
from the underlying microscopic dynamics, where ¢y < ¢; < 1 and ¢y, ¢o, cg3 > 0. The
matrix (Id — Q ® Q) denotes the orthogonal projection matrix onto the plane orthogonal
to €2. The notations Id and ® respectively refer to the identity matrix and to the tensor
product.

The derivation of this model, according to Ref. [27], proceeds through several (formal)
asymptotic limits. The starting point is a time-discrete particle model proposed by Vicsek
and co-authors[53]. In the Vicsek model, the particles move with a constant speed and,
at discrete times, align their velocities to the mean velocity of their neighbours, up to
some small noise. In Ref. [27], a continuous in time version of this particle model is first
proposed in which the alignment interaction is modeled through a relaxation term and
the noise, by a Brownian motion on the particle velocities. The formal mean-field limit
of this time-continuous particle model (as the number of particles tends to infinity) leads
to the following nonlinear Fokker-Planck model:

Of+w-Vf+V, - (Ff)=dA,f, (2.3)
F(z,w,t) = v(cosd) (Id — w ® w)w(z,w,t),

‘j2i22|’ J(x’t) N /y€R37v€SQ K(|x_y|)l}f(y’v’t) dydU . (25)

w(r,w,t) =

Here f(z,w,t) is the particle distribution function depending on the space variable x € R3,
the velocity direction w € S? and the time . d is a scaled diffusion constant associated with
the Brownian noise, and F'(z,w, t) is the mean-field interaction force between the particles
which depends on an interaction frequency v. This force tends to align the particles to the
direction @ which is the direction of the particle flux J in a neighbourhood of x weighted
by the kernel K. Typically, if K is the indicator function of the ball centered at 0 and
of radius R then J is the particle flux integrated over a ball centered at x and of radius
R. The matrix (Id — w ® w) is the projection matrix onto the normal plane to w and we
assume that the collision frequency may depend on cos# = (w - @), i.e. on the cosine of
the angle between w and w.

Notation convention: The V (and below, A) symbols indicate the nabla and Laplacian
operators with respect to  while V, and A, denote the nabla and Laplace-Beltrami
operators with respect to w. Expressions of V,, and A, in spherical coordinates will be
recalled later.
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System (2.3)-(2.5) is written in a scaled form: the time and space scales have been
chosen such that the particle speed |w| is exactly 1 and that both d and v are of order
unity. With these so-called microscopic scales, the typical time and distance between two
particle interactions are both O(1). We refer to Ref. [27] for a discussion of this point.

By contrast, model (2.1), (2.2) is designed to capture the large scale dynamics only,
while averaging out the microscopic scales. Therefore, the passage from model (2.3)-(2.5)
to model (2.1), (2.2) requires a change of scales. Let ¢ < 1 be a measure of the ratio
of the microscopic length scale to the size of the observation domain. Here, the relevant
scaling is a hydrodynamic scaling, which means that ¢ is also equal to the ratio of the
microscopic time scale to the macroscopic observation time. To express model (2.3)-(2.5)
in terms of the macroscopic time and space scales, we perform the change of variables
T =ex, t = et. In doing so, we must assign a scale to the interaction kernel K (i.e. to the
interaction range R). A key assumption in the present work, following Ref. [27], is that
this interaction range is microscopic, and therefore of order € when using the macroscopic
scales. This change of variables leads to (dropping the tildes for clarity):

O +w-Vf) ==V, (Ff)+dA,f7, (2.6)
Fe(z,w,t) = v(cos€) (Id —w@w)w®, cost =w- s, (2.7)

o (x,t) = %, J(z,t) = /yeR3,UeS2 K < Ty ) v f(y,v,t)dydv. (2.8)

It is an easy matter to see that w® has the following expansion:

w0 = OF + 205+ O(eY) (2.9)
Jle,t)
OF(x,t) = ——=, j(x,t) = / v fé(x,v,t)dv, (2.10)
Feor YT
wgzKGd—Q%@Wﬁ¥|. (2.11)
j&

Q¢ is the direction of the local flux j¢ and the constant K depends on the interaction
kernel K through:

K,
K=-— K, = K Pdeg.
G K= [ KNP
Accordingly, F* can be expanded:
Fe = F +&%F5 +0(eh), Fs =F5' + F52, (2.12)
Fs =v(cos0°)(Id —w@w)Q®,  cosb” =w -, (2.13)

F§' = v(eos 0)(1d —w @ w)as,  F5” = v/(cos ) (w0 @5) (Id —w @ W), (2.14)

where /(cos ) is the derivative of v(cosf) with respect to cos . Because of the depen-
dence of K upon the distance |x — y| only, all odd powers of € vanish in the expansion.
This would not be the case if we considered more general kernels such as those[31] de-
pending on the angle between w and x — y . The consideration of more general kernels is
left to future work.
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Consequently, we will consider the following expanded Fokker-Planck model
1
Ouf* +w VI 4+ eV (15 f7) = Z(=Vo  (F5 /%) + dALf7) + O(%), (2.15)

where the terms F§ and Fj are defined by (2.13) and (2.14) We note that, at leading
order, the interaction force Fj only depends on the local flux j and that the corrections
due to the nonlocality of the interaction force appear in the O(g) terms only. This is due
to the assumption that the radius of the interaction region is very small (of order ¢) in
the macroscopic variables.

In Ref. [27], it has been proved that model (2.1), (2.2) is the formal hydrodynamic
limit € — 0 of the mean-field model (2.15). Additionally, Ref. [27] provides the connection
between the coefficients ¢y, ¢y and c3 of the macroscopic model to the coefficients v and d
of the microscopic one. The goal of this paper is to investigate what diffusive corrections
are obtained when keeping the O(e) corrections in the Chapman-Enskog expansion of f¢.
These terms describe the response of the system to the appearence of gradients of the
state variables p and ). Here, because the fluid is anisotropic, and has only invariance
through rotations about €2, these gradients must be split into their components parallel
and perpendicular to €.

To this aim, we denote by

0, =1d-Q®Q, 0=00Q, (2.16)

the orthogonal projection matrices onto the plane normal to €2 and onto the line spanned
by € respectively. For a given vector X € R?, we recall that

OX=X—(X-Q0=0x (X xQ), OX=(X- Q0.

Using these projections, any vector field A and tensor field B can be decomposed into
parallel and transverse components according to:

A=A +4A, B=B,,+B,+B.+DB), (2.17)
defined by

AL=0,A, Aj=0)A,
BJ_J_ = OJ_BOJ_, BLH = OJ_BO”, B||7l = O”BOJ_, B”,” = O”BO”.

Now, we decompose gradient fields according to their parallel and normal components
to Q2. For a scalar function f, we define the normal and parallel gradients as

Vif=(Hi Vif=N5)
Similarly, we may decompose the gradient of a vector field u into

Vu = VL7LU + VLMU + VH,LU + V||7||u7

bt
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using the tensor decomposition (2.17). Applying this decomposition to V2 itself, we find:

V,0=V2-Q®(Q-V)Q, V.0=0 (- V), (2.18)
Vi 2=0, V=0 (2.19)

The last line is a consequence of (VQ)Q) = 0, which is found by taking the derivative of
the relation |Q* = 1.

In compressible Navier-Stokes equations[24], the diffusion terms can be expressed as
functions of only two quantities constructed with the gradient of the velocity field u: the
traceless rate of strain tensor o(u) = Vu + (Vu)? — (2/3)(V - u)Id, and the divergence
field V - u (the exponent T denotes the matrix transpose). Here, the anisotropy of the
problem gives rise to different diffusivities in the directions parallel or normal to €2 and
we need to split the matrix V) into a larger number of separate entities. To this aim, we
note that

V-Q= TI'(VQ) = Tr<VJ_,J_Q), (220)

where "Tr’ denotes the trace of a tensor. The traceless tensor V, Q2 — (1/2)(V-Q)O, is
decomposed in its symmetric and anti-symmetric parts o(£2) and I'(§2):

o) = Vi Q+(V ) —(V-Q0,

0L (VQ+ (V)T —(V-Q)1d) O, (2.21)
Q) = Vi, 0- (V. '=0,(VQ—-(V)HO,. (2.22)

These relations will be used in the form:

V.0 = %(U(Q)+P(Q))+%(V-Q)OL, (2.23)
(V.. = %(U(Q)—F(Q))+%(V~Q)OL. (2.24)

The non-zero block of ¢(£2) is a 2 by 2 symmetric traceless tensor and the non-zero block
of T'(Q2) is a 2 by 2 anti-symmetric tensor. We note that, for a given vector X € R3:

L)X =—-TOQ))'X =(VxQ)-Q)X x Q. (2.25)
Similarly, through (2.18), V2 depends only on (€2 - V) and we have:
(Q-V)Q=(VQ)TQ=(VxQ)xQ, (2.26)

where V x € denotes the curl of Q. Physically, (2 - V) describes the rate of tilt of €2
as one moves along the flow lines (see figure 1). The other quantities describe elementary
flow patterns in the plane normal to €2: V - Q refers to convergent or divergent flows in
the direction normal to Q2 while T'(£2) refers to swirling patterns around € (see figure 2)
and o(£2) to shear patterns with one converging and one diverging orthogonal directions.
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Q(s)

Q(s) Q(s + ds)
Q(s + ds)
Y Y

x

Figure 1: (© - V)Q describes the rate of tilt of 2 as one moves from one point s to the
neighbouring point s 4+ ds on the flow lines. In the left figure, (2 - V) will be aligned
with the x axis ; in the right figure, with the y axis.

\\\/

-
7 Q\C\\ %ﬁ;

Figure 2: V - Q refers to converging (or diverging) flow patterns in the plane normal
to Q (left picture) while I'(§2) refers to swirling patterns around  (right picture). ) is
directed across the plane of the picture and pointing towards the observer (represented
by the circled point at the origin).

NS
-\

@)

Figure 3: o(€2) describes shear in the plane normal to €. The left picture depicts the case
associated to oy and the right picture, the case associated to oo. 2 is directed across the
plane of the picture and pointing towards the observer (represented by the circled point
at the origin).
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Restricted to the plane normal to 2, o(2) is a symmetric traceless 2 x 2 matrix. Therefore,
it can be expressed as a linear combination of the two elementary matrices:

(10 (01
=8 o —1) 27 \10)

each corresponding to an elementary flow pattern (see figure 3).

In the compressible Navier-Stokes equations, there are no diffusion terms in the mass
equation and diffusion terms in the energy equation are expressed in terms of the temper-
ature gradient VT as a whole. Here, the temperature is constant (it is fixed by the noise
level) but, because of the lack of momentum conservation, the diffusion terms in the mass
conservation equation are not zero. Additionally, both the mass and velocity diffusions
depend on Vp as well as on V(). Therefore, similar to V2, we decompose Vp into its
parallel and normal components (respectively (£2-V)p and V p).

Finally, the diffusion terms are composed of two parts: the first one is a quadratic
form of the gradients in the set {Vp, (2-V)p, (2-V)Q, a(22), ['(Q2), V- Q} with coeffi-
cients depending on (p, §2) ; the second one is a linear combination of second derivatives
constructed by taking parallel derivatives €2 - V or perpendicular derivatives V| of the
gradients in the above list. This is precisely stated in the following theorem, which con-
stitutes the main result of this paper:

Theorem 2.1 (formal) The following model

@p + V- (Cpo) = €R1, (227)
p (024 c(2-V)Q)+c3Vip =eRy, (2.28)

where Ry and Ry given below, provides a second order approximation of the moments of
the solution p* and Q° of the initial model (2.15). The right-hand-sides are given by:

Ry = BY (- Vp)) 41V - (¥ - 9)0). (229)
Ry =Q+D, (2.30)
Q=4+ (Q-Vp)Vip+ Q(V-Q)Vip+ Q30(Q)V.ip

+ QT Q)Vip + Q5 (2-Vp)(Q2- V)2 + Q6 (V- Q)(2-V)Q

+Qra()(Q-V)Q + Qs T() (- V), (2.31)
D=D1O0,(2-V)Vip+ DO (2-V)((2-V)Q) + D3V, (V-Q)
+D4 OJ_VU(Q) + D5 OJ_VF(Q), (2.32)

where B, v, Q; for j =1,...,8, D; for j =1,...,5 are coefficients, possibly depending
on p, which are given below. Additionally, we have 5 > 0.

The structure of R, is as announced: it is decomposed into a term Q which is a
quadratic function of the gradients and a term D which consists of derivatives of these
gradients. Both terms involve coefficients which may depend on p. The quadratic part
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combines products of the parallel gradient of p, €2 - Vp, with the perpendicular gradient
of p, V1 p, and similarly for Q (the parallel gradient of {2 being Q- V2, the perpendicular
ones being defined as any of gradients in the list {V -2, 0(€2),I'(2)}) and products of the
perpendicular gradient of p with the perpendicular gradients of €2 or parallel gradients
of p with parallel gradients of ). The diffusive part involves only parallel gradients of
the parallel gradient of §2, or perpendicular gradients of perpendicular gradients of €2,
and finally a parallel gradient of a perpendicular gradient of p. In spite of its complex
expression, Ry has a lot of structure, since a general function of this form would have 21
different terms in the quadratic part and 10 in the diffusion part, instead of respectively
8 and 5.

The main objective of this paper is the proof of this theorem. In future work, the
properties of this system will be analyzed. In particular, the question of the well-posedness
of the system under the sole condition § > 0 will be investigated, at least on a simpler
model. Indeed, the other diffusion coefficients have no definite signs, but the constraint
|2| = 1 should prevent the formation of singularities, by contrast to the usual backwards
heat equation.

The organization of the proof is as follows. In section 3, we recall the main properties
of the collision operator () that are proved in Ref. [27] and provide additional prop-
erties of the linearized operator () about an equilibrium. This prepares the terrain for
the Chapman-Enskog expansion which is performed in section 4. We start section 4 by
an exposition of the main steps to be accomplished. Then, we successively examine the
solvability condition for the existence of the first order correction to the equilibrium, the
finding of an analytical expression of it as a function of elementary solutions of the lin-
earized collision operator, and finally, the computations of the moments of this correction
which precisely give rise to the expressions of R; and Ry;. We begin with the properties
of @) in the next section.

3 Properties of the collision operator and of its lin-
earization

3.1 Preliminaries

We recall the expressions of the gradient and divergence operator on the sphere. Let
x = (x1,x9,23) be a cartesian coordinate system associated with an orthonormal basis
(e1,e2,e3) and let (0, ¢) be a spherical coordinate system associated with this basis, i.e.
x1 = sinfcos ¢, ro = sinfsin ¢, x5 = cos . Let also (ep, e,) be the local basis associated
with the spherical coordinate system ; the vectors eg and e, have the following coordinates
in the cartesian basis: ey = (cosfcos ¢, cosfsin¢p, —sinf), e; = (—sin¢,cosp,0). Let
f(w) be a scalar function and A = Ageg + Ayey be a tangent vector field. Then:

1 1 . 1
Vof =0ofeg+ ﬁ 8¢f €, V, A= @6@(149 sin 9) -+ @8@4(?.
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A, denotes the Laplace-Belltrami operator on the sphere:

1
sin’ @

1
Auf =V Vaf = ——0(sin 005 f) + Dpsf-

We write Fy- for F;. We introduce the ’collision” operator, which corresponds to the
leading order term of (2.15):

Q(f) = =V (Frf) + dAu f, :
Fr=v (Ild —w®w)y, (3.2)

Qf:j_—f, and jf:/ w fdw. (3.3)
|jf | wes?

We note that Q(f) is a non linear operator. From now on, we assume that f is as smooth
and integrable as necessary. We note that () acts as an operator on functions of w only and
that the possible dependence of these functions on (z,t) can be ignored. The properties
of @ have been demonstrated in Ref. [27] are developed in the next section.

3.2 Properties of ()
3.2.1 Null-space of @)

For Q € S%, let u = cosf = (w- Q). We denote by o(u) an antiderivative of v(u), i.e.
(do/dp)(p) = v(p). We define

o(w-Q)

Mq(w) = Cexp( g

), /Mg(w) dw=1. (3.4)

The constant C'is set by the normalization condition (second equality of (3.4)) ; it depends
only on d and on the function ¢ but not on 2. We note that, when v is constant,
o(cosf) = v cosf and that Mg is the so-called Von-Mises distribution. The Von-Mises
distribution extends the notion of Gaussian for functions defined on the sphere and is
also known as the circular Gaussian. In the present case, the Von-Mises distribution is
centered at (or peaked at) €.

The following lemma states what are the elements of the null-space of @), i.e. what
are the equilibria of the problem (see Ref. [27] for the proof):

Lemma 3.1 (i) The operator Q can be written as

_ /
Q(f)=dV,- [Mgfvw (M—Qf):| ; (3.5)
and we have
H(f):= Q(f)idw:— Mg, |V (—f )de<0. (3.6)
weS? MQf wes? v MQf
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(ii) The equilibria, i.e. the functions f(w) such that Q(f) =0 form a three-dimensional
manifold € given by

E={pMow) | peRy, QeS}, (3.7)
and p is the total mass while § is the direction of the flux of pMq(w), i.e.
| M) =, (3.8)
weS?
= JoMa JoMe = / pMo(w) w dw. (3.9)
|jPMQ | wes?

Furthermore, H(f) =0 if and only if f € £.

An elementary computation shows that the flux can be written
JoMo = €182, ¢1 = (cos 0) (3.10)
where for any function g(cos#), the symbol (g(cos)),s denotes the average of g over the
probability distribution Mg, i.e.

o — Jo g(cos ) exp(@) sin 6 d6

3.11
N exp(Z°29) sin 9 df (3.11)

(a(cost)) = [ Ma(wlgleo- )
(3.10) defines the constant ¢; appearing in (2.1).

3.2.2 Generalized collision invariants

The second set of lemmas state what are the generalized collision invariants of f. Indeed,
we recall that the collision invariants are classically defined as the functions 1(w) such
that

QUf)Ydw=0, Vf. (3.12)
weS?

However, it is readily seen that the linear vector space of collision invariants is of dimension
one, while the hydrodynamic limit requires that its dimension be equal to the dimension
of £, which is 3 in the present case. To find the missing collision invariants, we slightly
weaken the definition. We fix Q € S? arbitrarily, and we define a Generalized Collision
Invariant (or GCI) associated to € as a function ¢ which satisfies (3.12) only for functions
f with direction 2y = €2. This constraint is linear and can be resolved by the introduction
of a Lagrange multiplier. This leads to the following definition:

Definition 3.2 Let Q € S? be given. ¥ (w) is a Generalized Collision Invariant (or GCI)
associated to Q) if and only if

Q(f)Ydw=0, Vf suchthat Qp=1Q, (3.13)

wes?2

11
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It is shown in Ref. [27] that, using (3.5) and Green’s formula, (3.13) leads to the
following problem defining the GCI's associated to a direction Q: 33 € R3, such that
£ - =0 and

Ve (MgV,) =6+ (2 X w)Mg. (3.14)
This problem is obviously linear, so that the set Cq of GCI’s associated to €2 is a linear
vector space. In a cartesian basis (ej, eg,€2) and the associated spherical coordinates (6, ¢),
we have 5+ (Q2xw) = (= sin ¢+ P cos ¢) sin @ with By = [-ex, k = 1,2. Therefore, we can
successively solve for ¢, and 1, the solutions of (3.14) with right-hand sides respectively

equal to — sin ¢ sin 6 Mg, and cos ¢ sin @ Mq. The following lemma provides the framework
for solving (3.14). It is based on Lax-Milgram theorem and is proved in Ref. [27]:

Lemma 3.3 Let x € L*(S?) such that [ x dw = 0. The problem

has a unique weak solution in the space H'(S?), the quotient of the space H'(S*) by the
space spanned by the constant functions, endowed with the quotient norm.

So, to each of the right-hand sides x; = — sin ¢ sin Mg or yo = cos ¢ sin M which
have zero average on the sphere, there exist solutions ¢ and 1)y respectively (unique up
to constants) of problem (3.15). We single out unique solutions by requesting that
and ¢ have zero average on the sphere: [4pdw = 0, k = 1,2. Then, we have, as a
consequence of Lemma 3.3:

Proposition 3.4 The set Cq of generalized collisional invariants associated with the vec-
tor Q which belong to H'(S?) is a three dimensional vector space Cq = Span{l,11,¢s}.

More explicit forms for ¢); and ¥y can be found. By expanding in Fourier series with
respect to ¢, we easily see that

1 = —g(cos@)sing, Py = g(cosh) cos @, (3.16)
where g(u) is a solution of the elliptic problem on [—1,1]:
—(1 = 1) u ("W (1 = 4)Bg) + €W/ g = —(1 = p?)? 27w (3.17)
To solve this problem, we apply the following lemma:

Lemma 3.5 Let X = {g|(1 —p?)?g € L*(-1,1)}, V={ge X|(1—pu®)?9,9 €
L*(—1,1)}. Let a(u) belong to L=®(—1,1) such that there exists ag > 0 and ap) > .
Then, for any f € X, there exists a unique solution g € V' of the problem

—(1 = 1)W1 = 1*)8,g) + au)g = f. (3.18)

Additionally, the mazimum principle holds: if f is non-positive (respectively non-negative),
then, so is g.

12
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The next lemma, in the spirit of the previous one, will prove useful in the sequel:

Lemma 3.6 Let X = [?(—1,1), V= {g € X|(1 - p*)Y20,9 € L*(—1,1)}, Y= {fe

X | fjl fdu =0}, lc}: V/R. Then, for any f G)O(, there exists a unique solution g E](}
of the problem

_8u(ea(u)/d(1 - ;ﬁ)@ug) = (3.19)

Both lemma are direct consequences of Lax-Milgram’s theorem. The first one is proved
in Ref. [27]. For the second Lemma, thanks to a Poincaré inequality we note that the

semi-norm of V is equivalent to the norm of V on the quotient )(} For both problems, no
boundary conditions at +1 need to be prescribed. This is due to the degeneracy of the
elliptic operator at these points.

Applying Lemma 3.5 shows that the function g, solution of (3.17), is uniquely defined
in the space V. For convenience, we introduce h(u) = (1 — p?)~"2g € L*(—1,1) or
equivalently h(cosf) = g(cosf)/sinf. We then define

Ya(w) = (2 x w) h(n) = vrer + vaes, p=(w-Q). (3.20)

—

1q is the vector generalized collisional invariant associated to the direction 2 and is
uniquely defined by the problem

Ve - (Mo V1) = (Q x w) Mo, Vg dw = 0. (3.21)

SQ

We note that, by the maximum principle, h < 0.

3.3 Linearization about the equilibrium state

We introduce a macro-micro decomposition of f:

f=pMo, + ¢, (3.22)

py and 2 being the density and mean velocity direction of f, i.e.

pr=| fdo, (3.23)
SQ

and € given by (3.3). These definitions of p; and € are equivalent to saying that ¢
belongs to the space:

dg, = {gp c L(S?) | pdw =0 and €y ></ pwdw = 0}. (3.24)
52 s?

13
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For any given Q) € S?, we define the following linear operator operating on ®q:

Lop=dV,, - [Mﬂvw (Mi;” . (3.25)

Inserting (3.22) into (3.5) yields that

Q(f) = Lo, ().

We now precise the functional setting. Let Xo = {p]| [|p|? Mg'dw < oo}, Vg =
{v € Xo| [ M| Vu(My'p)Pdw < oo}, Xo= Xo/(MaR), Vo= Vo/(MgR). We

perform the usual identification of Xq with its dual X{,. The following lemma states the
properties of Lgq.

Lemma 3.7 Consider Lo as an operator from Vq into its dual Vi, defined by the bilinear
form on Vq:

¥ X
Log, v = —d | MoV, (22) v, (X)) dw. P
< Q 7X>(VQ,VQ) d o QVuw (MQ) w (MQ) dw (3 6)

Then,

(i) The null-space of Lq is the linear space spanned by M.

(ii) Let ¢ € Xq. The equation Loy = has a solution ¢ in Vg if and only if ( satisfies
the solvability condition:

Cdw = 0. (3.27)
SQ

And o is unique if it additionally satisfies (3.27). This unique solution is written ¢ = Lg'¢
and Lg' is called the pseudo-inverse of Lq.
(7ii) The solution ¢ belongs to ®q if and only if  satisfies

C b dw = 0, (3.28)

SQ

where Vg is the GCI (3.20).

Proof: Statement (i) is obvious. To prove (ii), we note that the bilinear form (3.26)

defines a bilinear form on the quotient space Vq. The solvability condition (3.27) is the

necessary and sufficient condition for an element of X to belong to the dual space (%g)’ .
Then, the proof of (ii) follows from the application of Lax-Milgram theorem. Indeed, by

Poincare’s lemma, the bilinear form (3.26) defines a norm on Vg which is equivalent to

the norm of V. Therefore, there exists a unique solution ¢ E%OIQ of the problem

@ X dw
d | MoV, (2-) v, () dw=— ) 3.29
REACARAES [ i (3.29)

14
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which uniquely defines a solution in Vg provided the cancellation condition (3.27) is
imposed on . Finally, inserting x = Mqiq in (3.29) and using (3.21), we deduce that

indo = —d [ MoV, (*”)-vw%dw:

S2 Mq
—d/ - (MaV wwg)dw—de/ ow dw.
S2 S2
Property (iii) is an immediate consequence of this identity. ]

3.4 Coefficients of the hydrodynamic model

We finish these preliminaries by recalling the expressions of the coefficients c;, co and c3
as they were derived in Ref. [27]. For any functions g(cosf), h(cosf) with h > 0, we
denote by (g) the average of g over the probability distribution defined by h:

[ g(w w - Q) dw fo (cos ) h(cos ) sin 6 df
0 . 3.30
{glcost))n = fh Q) dw Jy h(cos0) sinfdf (3:30)
Then, the constants ¢, ¢2 and ¢z of model (2.1), (2.2) are given by:
1
cr = (cosOnr, 2= (cost)gn2ppnn, c3=d <—> ) (3.31)
v (sin® O)vh M

With simple computations, one can check that these definitions are equivalently expressed
by the following relations:

/ ((w- Q) = 1) Mo dw =0, (3.32)
S2

[ 5@ = e (1= (@ 2P Madw =0, (3.39)
/S2 (1 — %) (1 — (w-Q)?*)h Mgdw = 0. (3.34)

4 The Chapman-Enskog expansion

4.1 Setting up the expansion
We introduce the macro-micro decomposition (3.22) in a scaled form:
&= p*Mqe +eG*, (4.1)

where p® = py- and 2 = (4. are the density and velocity direction of the solution f¢ of
the kinetic model (2.15) and where G° € ®q-. This leads to:

(0 +w - V) (p* Mg + G?) + eV, - (F5p*Mq:) = Lo (G%) + O(£?). (4.2)

15
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This justifies the scaling (4.1) because G° appears as an O(1) quantity, showing that the
correction to equilibrium £G* is O(e).
Integrating (4.2) and using Lemma 3.7 (ii), we find:

/ (0 +w - V)(p*Mg: + eG®) dw = O(?). (4.3)
S2
The contribution of the term p°Mgq- has been computed in Ref. [27] and we get:

Op° +V - (e1p ) =eR; +0(?), R;=-V- [ Gwdw. (4.4)
S2

Indeed, since G* € P, we have

@Ga dw = @ (/ G*° dw) =0.
S? S?

Now, multiplying (4.2) by the GCI 1q(w) = (Q x w) h(Q - w), integrating with respect
to w and using Lemma 3.7 (iii) and that G¢ € ®q-, we find:

0F x {/g2 (O +w-V)(p°Mge +eG®) + eV, - (F5p°Mqe)| hw dw} =0(e?). (4.5)

Now, thanks to the computations of Ref. [27], we have:

in2 uh
OF x {/ (O + w - V) Moy hwdw} - % O x {p° (0S¥ +
SQ

+c(Q2°-V)) +e3( Id — Q° @ Q°)Vp},

from which we deduce that

P° (D + (- V) 4+ e3(1d — QF @ Q°)VpF = eRy + O(e?), (4.6)
2d
= ([d-—Q"® 0 0,G* -VG*
R (sin? Ovh) up,,. ( ® ) /Sz[ o *
+V., - (F5p°Mge) | hw dw. (4.7)

If we omit the O(¢?) remainders in eqs (4.4) and (4.7), we find a macroscopic model
which approximates the moments of the Fokker-Planck model (2.15) up to O(¢?) terms.
The goal is now to compute R; and Ry and to show that, up to O(g) terms, they have
the expressions given by Theorem 2.1. Obviously, this requires the computation of G*.

From (4.2), we find that G = G* + O(e) where G* is a solution of the problem

Lo (G®) = (8 + w - V) (p° Mq:). (4.8)

Therefore, replacing G¢ by G¢ in the expressions of R; and R, will not change the order of
the approximation. From now on, we will omit the tildes and consider G¢ as the solution
of (4.8).

Now, the plan is as follows

16
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1. Show that (4.8) has a unique solution G° belonging to the space ®q-. This means
proving that the right-hand side of (4.8) satisfies the solvability conditions (3.27)
and (3.28).

2. Compute the expression of G¢, i.e. invert (4.8).

3. Insert the expression of GG° in the definitions of R; and R, and compute them.

We now successively perform these tasks. In the following, we will omit the exponents ¢
to make the expressions lighter.

4.2 Preliminary lemmas

We will have to deal with the integrals over w of expressions involving tensor products of
O, and O). To this aim, we use a spherical coordinate system associated with a cartesian
basis whose third basis vector coincides with 2. We denote by (6, ¢) the associated angular
coordinates as defined in section 3.1. For a function u(w), we define

(u)y = — / " u(0, ) do,

T 2r

the average of u over the angle ¢. The proof of the following lemma is easy and omitted:

Lemma 4.1 (i) For all odd tensor powers p, we have

((OLw)*P )4 =0. (4.9)
(i) The first even tensor powers of O w are given by:
(O w)®?)y = %sinQ 60, (4.10)
((0.w)%), = %sind‘@@l, (4.11)
where we define the fourth order tensor Q, :
01 = (00)% + ((00)%") pgus T ((OL)%*) g 14 (4.12)

and the subscript [ij] denotes contraction with respect to indices i and j. Restricted to the
plane normal to ), O, can be written:

(O1)ijrr = 650k + didj1 + diudji, (4.13)

where (51']')@',]‘6{1,2} 18 the two-dimensional Kronecker tensor. We note that Q| is invariant
under all rotations of the plane normal to €, i.e. it satisfies

(OL)ijmRiv Ry Ry Ry = (O )i jrirr,

for all rotations R;; of the plane normal to (), where Einstein’s repeated index summation
rule is assumed.

17
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4.3 Sovability of the equation for GG
We state the first lemma:

Lemma 4.2 We have:

(O +w-V)(pMa) = Aj-Vip+AL-Vip
+ p(BJ_J_ : VJ_J_Q + B||7l : V”,LQ) + O(&'),

where

VCs

AJ_ IMQ (1—7> OJ_W,
A” = MQ((M : Q) - Cl)Q,
Bii =M (5(010) ® (01w) = ci0.) |

v
By, = Mo ((w- ) - e)2® (O1w),
and where ‘7 denotes the contracted product of two tensors.

Proof: We have

) s 10,

(O +w- V) (pMa) = Mo (@ v+ 200

Classically, in the Chapman-Enskog procedure, time derivatives are replaced by space

derivatives, using the following identities

@p =-V- (Cpo> + O(&'),
P02 = —cop(2-V)Q — 30, Vp+ O(e),

which are deduced from (4.4) and (4.6). For any tangent vector Q to S? at Q, we have:

O(InMgq) . v :
“an W

Then, we note that:
w-Vp=0,w-Vip+(w-Q)Q-Vp,

V-Q:OLZ(VLLQ),
W(QV)Q: (Q@OLCU) : V”,LQ,

w-(w-V)Q=(0w®0,w):V, 10+ (w-Q)(Q® 0 w): V|0

Collecting these identities, we find expressions (4.15) to (4.18).

18
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Lemma 4.3 The quantities A\, Ay By 1, By satisfy (separately) conditions (3.27) and
(3.28). As vectors or tensors, this means that they satisfy these conditions componentwise.

Proof: We summarize the main arguments and leave the computational details to the
reader.
(i) Ay satisfies (3.27) because of (4.9) and (3.28) as a consequence of (3.34).
(ii) A) satisfies (3.27) as a consequence of (3.32) and (3.28) because of (4.9).
(i) By satisfies (3.27) as a consequence of (3.32) (after an integration by parts with
respect to ) and (3.28) because of (4.9).
(iv) B,. satisfies (3.27) because of (4.9) and (3.28) as a consequence of (3.33). ]

4.4 Computation of GG

We have shown that the right-hand side of (4.8) can be decomposed into four different
terms, corresponding to derivatives of p and €2 in the directions normal or parallel to €2,
and that each of these four components satisfies the solvability conditions (3.27) and (3.28)
separately. We now compute the pseudo inverse L' applied to these four components.

Lemma 4.4 We have:

A = —LS_)lAL =Mqa, O w, (4.20)
Aji=—Lg'Ay = Mg a|Q, (4.21)
By, =—-Lg'Bi = Ma{b (0O,w)® (Ow) + b0}, (4.22)
B =—-Lg'BjL = Mab Q® (0O,w), (4.23)

where ai, a|, by, by and by are functions of w - ). They are defined by the following
relations (letting p = w - Q):

1. ay = ay(p)\/1— p2 is the unique solution of (3.18) with

) =<, ) = gt (1= 24 ) 1= g (424)
2. a) is the unique (up to an additive constant) solution of (3.19) with
ed(p—cy), (4.25)

and the constant is adjusted in such a way that fSQ /~1|| dw = 0.

3. by = by (1 — p?) is the unique solution of (3.18) with

alp) = ef,  f(u) = m5ei(1— i) (4.26)
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4. by is the unique (up to an additive constant) solution of (3.19) with
Flu) = e (2b, ) (4.27)

and the constant is adjusted in such a way that fSQ B dw=0.

5. l~)|| = by\/1 — p? is the unique solution of (3.18) with

a(p) = ef, flu) = el (n—co)(1— )2, (4.28)

Proof: Preliminaries: using spherical coordinates, we check that if ¢ is of the form
© = Mg Cy(cos ) cos ko, then,
L poe = 277 cosko [=(1 = p2)0(e (1 — i2)0,Ch) + k267G, (429
A Q‘P—WCOS ¢[—(—M)u(€ (1= p%)0,Ck) + k7e k}, (4.29)

with p = cosf. Similarly, if ¢ = Mq Si(cos @) sin k¢, then Sy, satisfies the same identity
with cos k¢ replaced by sin k¢.

Proof of (i): It is a matter of computation to show that A, defined by (4.20) is
a solution of —Lgfll = A, provided that a, satisfies (3.18) with data « and f given
by (4.24) (use (4.29) with k = 1). Now, it is clear that A, satisfies the normalization
condition (3.27), because of (4.9). Therefore, A, is the unique solution called —Lg A} .
(ii) Using (4.29) with k = 0, we show that /~1|| defined by (4.21) is a solution of —LQA” = A
provided that @ satisfies (3.19) with data f given by (4.25). @ is defined up to an additive
constant, which means that /1” is defined up to the addition of a function proportional to
MqaQ. The coefficient can be chosen in such a way that condition (3.27) is satisfied. This
solution is the unique solution called —Lg' 4.
(ili) We proceed similarly. Using (4.29) successively with £ = 2 and k£ = 0 we show
that —Lgé 1.1 = By | provided that b; and by are specified as stated in the theorem.
Additionally, with (4.10), we have

~ sin?

(Bii)e = (b1

+ bZ)Ola

and since by is defined up to a constant, we can adjust this constant to satisfy the nor-
malization condition (3.27). The so-defined BLL is the unique —LélBLl. Note that,
because of the factor 1 — u? in the expression of f in (4.26), it is an easy matter to show
that by = by /(1 — %) belongs to L? and that the assumptions for the application of lemma
3.6 are satisfied.

(iv) We proceed exactly in the same way for B”,L. Using (4.29) with k& = 1, we find that
B”,L is a solution of —LQB”,J_ = B),1 provided that Z~)|| satisfies (4.28). The normalization
condition (3.27) is satisfied because of (4.9) which proves that the so-defined B||7 1 is the

unique —LSSIB”,L. [
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Lemma 4.5 The following relations are satisfied:

(aysin® @), =0, (), =0, (4.30)

1
(§b1 sin® 0 + bo)arg = 0, (by sin® @) pz, = 0. (4.31)
Proof: Since A, fl”, ... belong to the space ®g, their integral against 1 and €2 x w over
w € S? vanishes (see definition (3.24)). Using lemma 4.1, this leads to the above listed
relations. u

Finally, as a consequence of lemma 4.4, we can summarize:

Lemma 4.6 we have:

~G = —Lg' (0 +w- V)(pMa))
= A -Vip+AL-Vip+pBr Vi1 Q+ B :V1Q) +0(). (432

We can decompose G into even and odd powers of O w and write

G=G,+G,+0), (4.33)
~Ge=A; Vp+pBL1:V. .0

= Mq {a)Q-Vp+pb (Ow) ® (O1w)) : VQ + b0, : VQ]},  (4.34)
-G, = AL . le+p£~3”7l SAVNRY)

= Mq {a1 Ow-Vp+pb (2@ (OLw)): VQ}. (4.35)

In the sequel, we will omit to mention the O(g) remainder. It should be understood that
all results are up to a term of this order.

4.5 Computation of the O(¢) corrections
4.5.1 Computation of R; (4.4)

In this section, we compute Ry, the right-hand side of (4.4). Its expression is given in the
following statement:

Lemma 4.7 R, is given by formula (2.29) with

1
B ={ajcosO,, = ((§b1 sin? 0 + by) cos 0) ay, - (4.36)
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Note: compared with (4.30) and (4.31), there is an additional factor cos# inside the
brackets.

Proof: We multiply (4.32) by w and integrate over w. But, because G € ®g, the normal
component of fSQ G wdw to €2 vanishes and the projection upon €2 is the only non-zero
component. It is obtained by multiplying (4.32) by (€ - w)Q2 and integrating upon w. In
this integration, the contribution of the odd part G, vanishes by (4.9). The contribution
of the even part G. is readily found to be 5(2- V| p)Q2 + vp(OL : (VQ) 1) Q. The proof
is ended by using (4.19). ]

Lemma 4.8 We have S > 0.

Proof: We can write:
= M, ) dw = M, Q) —c)d
B /s2a” o (w- ) dw /SQCLH o((w-Q)—c)dw
= /SQ(a” Ma) (((w- Q) —¢1) Mg) M51 dw

= —/ (ay Ma) La(a) Mo) Mg" dw > 0,
S2

by the non-positivity of Lq (see (3.26)). In the second equality, we have used that a; Mg
satisfies (3.27) (see also (4.30)). The third equality is obvious and the fourth one is just
using the definition of aj Mq (see (4.21)). f is strictly positive, otherwise, a; Mg would
belong to the kernel which of Lg, which is spanned by Mgq. Since, besides that, aj Mg
satisfies (3.27), it would be identically zero. But, applying Lq to it, then ((w-Q) —c1) Mg
would also be identically zero, which is obviously not the case. This concludes the proof
by contradition. n

4.5.2 Computation of Ry (4.7)
Lemma 4.9 R, is given by (2.30). The coefficients are given by (4.49), (4.49), (4.50).

Proof: We first compute the term involving 0;G"
T=-0, 0;Ghwdw.
S2

We have

T = —OL@(/ thdw)JrOL (/ Gh'w@wdw) 0 =T + T,
s2 52
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where h' denotes the derivative of h with respect to u = w - Q. For T}, we decompose w
according to transverse and normal components:

T, = —oLat( Goh(’)lwdw) —oLat< G.h (w~Q)de) =T} 4+ T2,

S2 S2

where we have used (4.33) and (4.9) to introduce the even and odd parts of G. Thanks
to (4.10) and (4.19), we find

T} =M, OL0(OLVp) + A, OL8i(p(Q - V)Q),
TY = M1 0L 0((Q Vp)Q) + A, 0L 0:(p(V - 2)Q),

with
1 L. 1 L.
A = (5 sin“fa; h)n, Mg = (5 sin® 0 by h) urq,,
1
A= (cosOay h)ar,, Ay = ((5 sin? 0 cos 0 by + cos 0 by) h) ar, -

We proceed similarly for 7. Since w - 9,2 = (O w) - 0,2, we find:

T2 = (/ Ge h/ (OJ_W ® OJ_W) dW) 8259
S2

And thanks to (4.10), (4.11) and (4.13), we find
T2 = —>\21 (Q : Vp) 8tQ — )\22 p(v . Q)@tQ — )\23 pa(Q)@tQ, (437)
with
1 .92 / 1 -4 1 2 /
Aoy = (5 sin®Oay h' )iy,  Asx = <<Z sin® 0 by + 5 sin 0bo) ') arg,s
1
)\23 = <§ sin4 0 b1 h,>MQ,
where we have used that

(Ol = (ViiQ+ (Vi Q)" +(V-Q)0L)y
= (c(Q)+2(V-Q0.); - (4.38)
Now, we note the following relations:
OJ_(@tOJ_Vp) = (’)lath — (Q . Vp)atQ ,
OL(0(p(Q2-V)Q)) = 0p(2-V)Q+ p(0,Q2- V)Q+ pO L (2- V)0, 2,
(0:2-V)Q = (V)90 = (V)T 9,0
1 1
= 5(0(9) —T'(Q))0,Q + §(V - M),
OL0,((Q2- Vp)Q) = (- Vp)o,2,
019 (p(V - Q)2) = p(V - Q)5,Q2.
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Collecting all these identities, we get:

T=XN 0O, VOp+ Ny (2-Vp)dQ + Ny ((Q-V)Q) Dyp + N, p(Q)0,Q
+ A5 pT(Q) 0,2 + Xgp(V-Q)0Q + Nop O (V)00 (4.39)
with
1
=My M= M e %= Ah. X = S~
1

1
A= —3Azs A=At A~ A, A=A

Now, we use that up to order ¢ terms, we have:

Op=—V - (c1pQ),
p@tQ = —C2p (Q . V)Q — C3 (Id - Q &® Q)Vp,

and replace the time derivatives appearing in (4.39) by space derivatives. Using that

OL(V)Vp= (VO)L1V.p= L(o(@) + TV ipt 5 (V- Q)Vip,  (440)

OL(Q-V)Vp=0.,(Q-V)Vip+ (Q-Vp)(Q- V), (4.41)
v 1
PO (- V)L — 0, (Q- V)V, p - (@ Vp)Vip. (4.42)
We then get:

T=X(V-QVip+ ApVi(V-Q) + ANao()Vip
FNT(QVip + NOLQ-VIVip + N(Q-Vp)(Q-V)Q
1
FX Q- VOV + N p(V )0 V)2 + X po(@)(2- V)0
+ Mo pT(Q)(Q - V)Q + X} pOL (- V)((Q-V)Q), (4.43)
with:
N = _xl% N, M= Mo, M= XD N,
N = —A;% Mg, M= Mo —Mes, M= —Ner — Nyea — Nyer
)\/71 = —)\/203 + )\/703 s )\/81 = —Aécl - >\/602 s )\g = _)\QLCQ s

Now, we turn towards the term involving w - VG:

S = —Ol/ (w-V)Ghwdw.
S2
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We decompose

S = —OLV-(/ th@wdw)JrOL(/ Gh’w@w@wdw)(VQ)
s2 s?
= 51+ 95,

where the second term has the following meaning:

(( Gh’w@w@wdw)(VQ)):< Gh’w@w@wdw) (V) ik,
S2 i S2

ijk
and Einstein’s summation convention is assumed. We again decompose S; into parallel
and normal components:

S, = —O,V- (/S Geh((’)lw)@)((’)lw)dw) ~0.V- ( SQGOh(w-Q)Q@g(ow)dw)

—Olv-(/ Goh(w.QmoM)@de)—olv.(/ Geh(w-Q)m@de)
S2 S2
= Si+...+8

where again, we have used (4.9) to restrict to the even (G.) or odd (G,) components of
G with respect to (O w). Using similar computations as for (4.38) and (4.37), we find

Geh (01w) ® (01w)dw =n1; (Q-Vp)OL+m15,p(V-Q)OL +ny5p0(),
SQ

with
1 1., 1 1., 1.5
Ny = <§ sin®Oayh)pg, Mo = <Z sin 9b1h+§sm 0 bs h) v,
1 .
77%3 = <§ sin* 0 b, h) g
We now note that

OV -((2- VP)OJ_) OL(V)Vp+ OL(Q2-V)Vp—(Q-Vp)(Q2- V),

OLV - (p(V-2)0L) =Vip(V-Q)+pVL(V-Q) = p(V-Q)(Q- V),

OV - (po(Q) =a(Q)Vip+ pOL(V-0(2)). (4.44)
(4.4

1), (4.44) gives

But then, with (4.40) and

S(0(9) + Q)Y+ 5 (V- Q)Y+ 02 V)Vip.

Collecting the above identities, we find

O.V-((Q2-VpO,.) =

1 1 1
St = (577%1 +113) o (Q)Vip+ 577%1 L(Q)V.ip+ (577%1 +115) (V- Q)Vip

+1711 OL(Q- V)V 1p+ 015 pV LV - Q) = iy p(V - Q)(Q- V)Q + 115 pOL(V - 5(Q)).
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Now, turning to S? we have:

— | Goh(w- Q0 (OLw)dw =1}, 22 Vip+nlpQe (Q-V)Q,
SQ

with
2 Lo 2 Lo
Ny = <§ sin“ 6 cosOay h)yg, 1y = <§ sin® 6 cos 0 by h) ar, - (4.45)
Noting that

O V- (Qa@Vip)=(V-QVip+0.(Q-V)V.ip,
0,V (0 (Q-V)Q) = (V-Q)(Q-V)Q+0,(Q V)(Q-V)Q),

we get

St =1 (V-QVip+n5 OL(Q-V)V.ip
155 p(V - Q) (Q - V)Q + i, pOL (- V)((Q- V)Q).

For S}, we have
—/ Goh (- Q) (O10) & Qo = 12, T 1p @ D+ 1% p (2 V)) @ O,
S2

with 7}, and 7%, given by (4.45). With
OJ_V . (le & Q) = (VJ_/) . V)Q = (VQ)TVJ_/) = (VQ)?LVLp
1

1 1

O.V-((2-V)Q)®Q) =0.(2-V)((2-V)Q),
we find
s o 1 1 1
ST =1n (§U(Q)VLP - §F(Q)VLP + i(v -Q)Vip) +
+i1t pOL(Q - V)((Q2- V)Q).

Then, for S}, we write:
_/ Goh(w-Q)* dw =y, (- Vp) + 11, p (V- Q),
SQ
with 7{, and 7}, given by

L.
nh = (cos* Oay hary, My = ((5 sin? 0 by + by) cos® 0 h) ar, -
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With
OV ((Q-Vp)Q @ Q) = (- Vp)(Q- V),
OV-(p(V-QQ®Q) =p(V-Q)(Q- V)9,

we find

St =111 (- Vp)(Q- V)Q+ 11, p(V - Q) (2 V)Q.

Now, we turn to S,. Using that (VQ)Q2 = 0, the decomposition of w into O, w and (w-2)<2
reduces to:

Sy = ( Goh’(’)Lw@(’)Lw@(’)lwdw) (V) +
S2

ijk

+ (/ Gh(w- DO w20, w dw) (VQ) 6 =S5 + 53,
SQ

ijk
(where again, Einstein’s summation convention has been used). Using (4.38), we find

—S3 = 131 (G V1p+2(V - Q) V.1 p) + 13 p(0(Q)(Q - V)Q+2(V - Q)(Q2- V),
—S53 =13, (- Vp) (- V)Q + 13, po (Q) (- V)Q) + n33p(V - Q)(Q- V),

with
1_1.4(9 ¥ 1—1'496}1’
Th1 = <§ sin®0ar h)ag, Ny = <§ sin® 0 by h') ar,
1 1
M1 = (3 sin® @ cos 0 ay h')arg, 1y = (3 sin® @ cos 0 by B') s
1 1
Moy = <(Z sin 0 b, + 5 sin? 0 by) cos O h') ar,.-

Collecting all these identities, we find

S=n(V-QVip+ nppVi(V-Q) + n5o()V.ip
+ 0 D)V ip + 1502 V)Vip + 55 (2-Vp)(Q-V)Q
+ 15 p(V - Q) Q- V)Q + 19 po () (- V)Q + 1, pOL(Q-V)((2-V)Q)

+ 115 pOLV - 5(9), (4.46)
with
1 3 1 1
771 = 577%1 + 77%2 + 5"7%1 - 277%1 ) 775 = 77%27 77:,), = 577%1 + 77%3 =+ 5"7%1 - 77%1 )
1 1
=S = M = M, T = M~ e

Ny = _77%2 + 77%2 + 77112 - 277%2 - 7753 Ty = _77%2 - 7752 ;M= 277%2 ;Mo = "7%3 :
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We now turn to the last term

U=-0, | V- (FopMq)hwdw:=O.U.
SQ

The k-th component U - e, of U in a Cartesian basis (er)k=123 can be transformed by
using Stokes theorem on the sphere:

U-e,=— /s2 Vo (FopMq) h (w - ex) dw = /S2 pMq (Fy - V) (h(w - er)) dw.

An easy computation gives
(Fy - Vo) (h(w-ep)) = (w-ep)h (Fy- Q) + h(Fy - eg).
Therefore,
U=U,+U,,
U =p0, /S2 Mo (Fy- Q)W wdw, Uy=p0O, /S2 Mg h Fs dw. (4.47)

From (2.12), we can write I, = Fy + Fz. Introducing this decomposition into the expres-
sions (4.47) of Uy and U,, we get

U =Ul +U}, Uy=U, +Uj,

where for instance, U? is defined by the first expression (4.47) with Fy substituted by Fj.
In each of the expressions defining UZ with p, ¢ = 1,2, we decompose w into O w+(w-2)Q2
and, using (4.9), keep only the even powers of O, w. We find:

Ul = €000, s,
with
1 1 22 / 2 1 4 AN
& = —<§ sinf cosOvh')y,, &= <§sm Ov' h') g,
1 1
&=1{(1- 5 sin?0) v h) g, &5 = —<§ sin? @ cos 0 V' h) s,
Therefore, using (2.11) and the fact that j = ¢;pQ (see Ref. [27]), we have:
U=£01A(pQ), =K+ +6+8).
Next, we decompose:

OLA(pQ) = 0L (2(VQ)TVp + pV - (VQ)).
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Now, with (2.23) and (2.18), we have:

1 1 1
0L (V)TVp = QO(Q)VM) - 5P(Q)Vm + 5(v )V ip+(2-Vp)(Q-V)Q,

+0, V- (2® (2-V)Q),
0LV ((V-Q)0,) = Vi(V-9) - (V-Q)(Q- V),
O V- (Q2(Q2-V)Q)=(V-QQ-V)Q+0,(2-V)(Q2-V)Q.
Collecting these results, we finally get:
U=&(V-QVip+ &pVI(V-Q) + &a(Q)Vip
+& T Vi + & (Q-Vp)(Q2-V)Q + &p(V-Q)(Q2-V)Q
+&u pOL(Q-V)((2-V)Q), +&2p0.V - 0() + §3p0.V-T(Q),  (4.48)

with
=, G=36 &=f &=—f &=2%, &G=3t,

1 1
=&, S=358 f3=5¢
We can now collect (4.43), (4.46), (4.48) and insert them into (2.30) and find

2
Ro =G (V-QVip+ GpVi(V-Q) + Ga(Q)Vip
+GT(Q)Vip + GOL(Q-V)Vip + G (2 Vp)(Q-V)Q

v %m VPV + Gp(V Q)R V)R + G po(2)(Q- V)0

+ Go pL(Q)(2- V)Q + G1 pOL (- V)((Q2-V)Q) + G2pOLV - 0(Q)
+ C13 p(’)LV . F(Q),
with
2d
(sin? Ovh) u,
and where we have defined the missing coefficients A7 for j = 12,13, n} for j = 7,10,13
and ¢; for j =5,7,9,10 as zero.
Now, the proof is complete. The expressions of the coefficients O, and D; are as
follows:

¢ = Aj+n;+¢), j=1,...13,

1
Ql = ;C% Q? = C17 Q3 = C37 Q4 = C47

Qs = (6, Qs = pCs, Q7 = pCo, Qs = pCio, (4.49)
D, = (5, Dy = pCi1, D3 = pCa, Dy = pCi2, D5 = pQis. (4.50)
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5 Conclusion

In this paper, we have provided the O(g) corrections to the hydrodynamic model derived
in Refs. [26, 27] from the kinetic description of the Vicsek alignment dynamics[53]. The
O(e) corrected model involves diffusion terms in both the mass and velocity equations as
well as terms which are quadratic functions of the first order derivatives of the density and
velocity. To express these terms, it is necessary to decompose the density p and velocity €2
and their gradients in the directions parallel and normal to €2, thereby expressing that the
fluid is non-isotropic about 2. Future works are concerned with the mathematical theory
of this system at least in a simplified form, with the derivation of asymptotic formula
for the coefficients in the limits of small and large noise and with numerical simulations
and comparisons with the original particle dynamics. In particular, a question to be
examined is whether including the O(e) corrections in the simulation allows to bypass the
ambiguities of the non-conservative hydrodynamic model (see Ref. [44]) and to yield a
better approximation of the solutions of the original particle model
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