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Abstract

The aim of this paper is to present a Boltzmann type model that describes a collective
behavior of a large group of individuals. The model considers a mechanism where as two
individuals collide, they adopt after the collision the same post-collisional velocity according
to a distribution centered at the mid pre-collisional velocity. We show in this paper that
the solutions of a spatially homogeneous model on R? converge exponentially towards the
equilibrium state for the Wasserstein metric. The convergence of the solutions in the strong-
norm L' is also proved for initial conditions satisfying a stronger regularity property. In a
last part, these results are illustrated numerically.

Keywords Collision operator - Equilibrium states - Collective dynamics

1 Introduction

We consider a group of individuals subject to a social interaction. For this, we consider a
Boltzmann type model introduced by Bertin, Droz, Gregoire [2, 3]. In the BDG model, each
individual (bird, fish, rod,...) moves independently from the others outside the collisions
and are indistinguishable. At the time of the collision if two individuals are close enough,
then they will line up in velocity. For each ¢ > 0, the evolution of the collective behavior is
represented by a probability distribution f; = f (¢, x, v) where x denotes the position, and v
denotes the velocity of the individuals. The two post-collisional velocities v, v, adopted by
the two individuals are equal after the collision v = v,, and randomly distributed according

to a probability K (-, v’, v.) centered at the mid pre-collisional velocity ng*. In general,
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the collision rate is represented by a function S(v" — v}) taking its values close to 1 if the
two individuals are almost aligned before the collision and taking its values close to 0 in the
case of grazing collisions. The model may also take into account a velocity confinement as in
[5]. In [12] Raoul studies a similar model. The population of the individuals is structured by
a continuous one-dimensional trait. At the time two individuals meet, they interact sexually
and the trait of the offspring is distributed according to a Gaussian measure centered at the
mid trait of the parents.

The present paper deals with a simplified version of the BDG model: the density f is
independent of the position of the individuals, the velocity is d-dimensional, and the collision
rate B is constant equal to 1, the so-called Maxwellian case. In [2—4], the dimension d of
the space of velocities is equal to 1, in [8], the space of velocities may be a manifold of
any dimension d > 1, but the probability K (dv, v', v}) = 8(y/4y;)/2(dv) must be a Dirac
mass at the mid velocity. Our results are more general in the sense that they are valid in any
dimension and for any distribution K (dv, v’, v). However the technique of proofs we use
assume that the space of velocities is euclidean. A model where the velocity is constrained
to be of norm 1 as in [8] is out of reached by our methods.

For general collision rate, the unknown probability distribution f satisfies the following
Boltzmann like equation in the sense of distributions:

af

3 = 2 N =0+, )= 0-(f. /), (1.1)
where Q(f, f) is the collision operator which is decomposed into a gain term Q. (f, f)
and a loss term Q_(f, f). For any test function ¢ € C*°(R x R?) with compact support,

+00

(04 (f. o) = / / / / ot VK (dv, o' W) — V) £t dv) £ (1, duldr
0 Rd JRA JRA

(1.2)

and
+00
(O—(f. ) ) = f / / 0t V)BW — V) f(t, dv) f(t, do)dr.  (13)
0 R4 JRA

In Ref. [8], the model (1.1) is studied when 8 = 1 and K (-, v', v}) = 8(v/+v])/2- This model
is called the discrete midpoint model. In Ref. [2—4], the dimension of the velocity isd = 1,
the direction taken after the collision is chosen according to a density probability distribution
centered at the mean (v’ + v})/2. This model is called the continuous midpoint model. In
a probabilistic framework, in both cases, the velocity after the collision is written under the
form v = (v' + v,)/2 + X where X is a random variable of law g, considered discrete or
continuous.

We choose from now on any probability g(dv) with zero mean on R?, for example g = 8o
in Ref. [8], or g(v)dv, a density with respect to the Lebesgue measure as in Ref. [4]. The
model considered in this paper is given by the following kernel K and collision rate S,

v 4 v

K(dv, V', V) =
(dv,v',v,) <r|:2

]#g) (dv) and B(v)=1.

We have denoted by 7[u] : v — v + u the translation by u, by 7[u]#g the push forward of
the measure g by t[u], that is, for any bounded mesurable function ¢,

/(P(v)(f[u]#g)(dv) = /wot[u](v)g(dv)-
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For every a > 0, let Py (R?) be the set of probability measures on R¢ admitting a finite
moment of order «. We recall the notion of amoment of ordero > 0 of ameasure . € Py (RY)

M) i= [ o)
R4
Fora > 1 and m € R9, let Py (R?) be the set of measures 1 € Py (R?) such that

/ vdu(v) =m.
R(l

Letg e Pg (R%) and foePy (RY). The evolution equation (1.1) becomes

f/ ([”“]#g)f(r dv') £t dvl) — £, )/ £t dv))
RIxR? (1.4)

f(ov ):fo

For u,v € P, (R?), we define the Wasserstein metric Wa by

Wa (i, v) := [ inf // Ix — y[2dm(x,y)
mell R4 x R4

where IT denotes the set of couplings of (i, v). Recall that a sequence of measures (i), in
Pa(RY) converges to a measure | € P (R?) for the distance W if and only if

Gon "% 4 and lim f P (x) = / e Pdp).
n—400 R4 R4

Therefore, W, metrizes the weak topology on P (R?) and makes that space complete (Defi-
nition 6.8, Theorems 6.9 and 6.18 in Ref. [15]). This will allow us to etablish the existence of
solutions for the equation (1.4). We define a solution in the sense of distributions as follows

Definition 1.1 Let f € CO(R*, Pr(R?))and fy € P»(R?). Forany test function ¢ € C*®°(Rx
R?) with compact support, we define

+00
(fs9) :=/ / o(t,v) f(t, dv)dr.
0 Rd

A solution of the equation (1.4) in the sense of distributions is a measured-valued function
f e COR™, P,(RY)) satisfying for every test function ¢ € C®(R x R?) with compact
support

a
- <f, (,Tg:> = fRd 90, v) fo(dv) +(Q+(f. f). ¢) = (Q-(f. ). 9). (1.5)

We define a second notion of mild solution as follows.

Definition 1.2 A mild solution of the equation (1.4) is a function f € COR™T, Py (RY))
taking values in the space of probability measures equipped with the Wasserstein metric W,
satisfying for all + > 0

13 / /
£, ) :e*’fo+/0 /Rd /Rd e =9 (r [%]#g) Fs,dv') f(s, dv))ds. (1.6)
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The notion of mild solution is stronger than the notion of solution in the sense of distri-
bution. We will prove the existence as well as the uniqueness of mild solutions by using a
fixed point type argument.

We consider next the equilibrium states of the collision operator Q corresponding to
probability measures f satisfying Q(f, f) = 0. We will mainly focus on the convergence
to the unique equilibrium state of the equation (1.4) that is defined as follows.

Definition 1.3 An equilibrium state of the equation (1.4) is a probability distribution f €
P, (RY) satisfying the fixed point equation

v 4 v ) )
fZ/Aeded L #g ) f(dV) f(dv)). (1.7

We will show the existence and uniqueness of the equilibrium state by using a fixed
point type argument. The main result of this paper concerns the exponential convergence
of the solution of (1.4) towards the equilibrium state for the Wasserstein metric W> and for
the strong-norm L'. We will also make the link with the convergence result of the discrete
midpoint model in Ref. [8].

Theorem 1.1 Let m € R?, fy € Py (RY) and g € PY(RY).

(1) There exists a unique mild solution f € COR™T, Po(R?)) to the equation (1.4) with
£, <) = fo. Moreover, we have for all t > 0

/ vf(t,dv):/ vfo(dv) := m.
Rtl Rd

(2) There exists a unique equilibrium state f,;° € P5' (RY), that is a probability measure
50 satisfying

Of s fn) =0.
3) Forallt >0

Wo (f(t, ), f2) < e W (fo, 13°). (1.8)

@ If fo € H'RY) NPy RY) and g € H*(RY) N PY(R?) are densities with s > 2+ d /2,
then there exists a constant C > 0 explicitly computable such that for all t > 0

If @, ) = [l gy < Ce™/E@HD. (1.9)

Results close to item (2) are present in Ref. [4] and in Lemma 2.2 in Ref. [12] (the model
is different and g is Gaussian). [tem (3) is similar to step two of the proof of Lemma 2.1 in
Ref. [12]. The author shows a perturbation result about the a Gaussian solution; we show an
exponential convergence to an equilibrium state which may be non Gaussian. Our result is
also valid in any dimension.

To prove (4) of Theorem 1.1, we control the strong-norm L' by the Fourier—Toscani-based
distance d» introduced in Carrillo, Toscani [7] and Toscani, Villani [13]. Then we show that
the solution converges exponentially towards the equilibrium state of Q(f, f) defined in
Eq. (1.7), for the distance d>. To bound the L! norm by the distance d>, an estimate on the
Sobolev norm || - || s ey is needed for s > 0.

This model is new and interesting because it is located at the interface between collective
dynamics and kinetic theory. The transport equation has no forcing or diffusion term in veloc-
ity, the change of velocity is computed as in Boltzmann framework. As the collisions are not
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micro-reversible, it is not obvious to find an entropy functional. In the Boltzmann equations,
micro-reversibility is a crucial element for obtaining the H Theorem. Consequently, the clas-
sical tools for dealing with the problems of returns to equilibrium, such as for example the
Csiszar—Kullback—Pinsker inequality [9], are inoperative. In our case, we have instead a phe-
nomenon of contraction in the collision process which does not take place for the Boltzmann
operator but drives the density towards an equilibrium state.

The plan of this paper is the following. We start by establishing the existence of a mild
solution of the equation (1.4). We show item (1) of Theorem 1.1 in Sect. 2. We show the
existence of the equilibrium state, item (2), and the proof of convergence, item (3) of Theorem
1.1 in Sect. 3. We also make the link with the midpoint model in this same section. Then,
we show the exponential convergence of the solution towards the equilibrium state for the
distance d> in Sect. 4, which will imply the convergence in L', item (4) of Theorem 1.1 in
Sect. 5. The last section is devoted to numerical simulations in dimension 1.

2 Existence

For all + > 0, we denote by p(¢), u(t) and X 7(¢) the mass, bulk velocity and covariance
matrix at the instant 7 of the solution f. Note that the equation (1.4) can be written equivently
as

af
o = 8 UHfE ) = (U#f(E, ) —pO)f (2, -) 2.1
with
UiveR! — ZeR 2.2)
Indeed by definition of the convolution product we have for any test function ¢ € C2°(R x R4)

(gx (U#f)* (U#[), ¢)

+o0
:/0 /Rd o, v)g « (U#Sf(t, ) = (U#f(t, -))(dv)dt

+o0
= / /// @t v+ 0" +v)gdv)(U#f(t, )@ )UH#f(, -))(dv,)dt
0 Ré xRY x R4

+00 , ,
=/ /// Y (” v+ v*> g(dv) (1, dv') f (1, dv))ds
0 R x R4 x R4 2

+oo
) / / / / @1, V) (Fu4ug) 2#8) (V) f (1, dV) f (2, dv,)dt
0 RY x R4 x R4
=(0+(f, 1), o).

By direct computation, we have (with the notations v'v = (v;vj)1<i, j<a)

1
/ v | g* (U#S@t, ) * (U#S(t, -)(dv)
R4 vty
p(t)?
= p()u(t) : (2.3)
P12 (Zg 4+ u®) u) + X (t)/2p(1)).
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The previous computation shows that the mass and the mean velocity are preserved, but not
the energy. Note that the gain term Q4 (f, f) is a density if g is a density (even if f is a
probability measure).

We start by proving item (1) of Theorem 1.1. Some properties on W, are needed first.

Proposition 2.1 (Properties of W)
(1) Convexity Given 1, 2, vi and vy in Pz(]Rd) and o € [0, 1], then
Walapr + (1 — )z, avi + (1 — a)v2)® < aWa(ur, vi)* + (1 — ) Wa(uz, v2)*.
2.4

(2) Convexity with respect to transition kernel Let P1 : v € R — Pi(v, -) € Po(R?) and
Py :ve R — Py(v, ) € Pa(RY) be two transition kernels (that is Borel maps in
(P2(RY), W»)) and 1 be a probability measure, then

2
W (/ Py (v, ~)du(v),/ P(v, -)du(v)) 5/ Wa(Py(v, ), Py (v, ))*dp(v).
Rd R4 Rd
(2.5)

(3) Sub-additivity with respect to convolution Given (i1, v| € Pj' (R and pa, vo € Po(RY),
then

Wa(e1 % pa, v1 % 12)? < Waluer, vi)? + Wa(ua, 12)°. (2.6)

(Notice that (| and vi must have the same mean value.)
(4) Transfert Given u, v € P2(R?) and f : RY — R? q Borel map, then for all coupling
7 of (1, v),

Wa( ftn. fin)? < / / 1f () — F)Pdr(x. y). @.7)
R4 x R4

For the sake of completeness we give the proof of the previous proposition in Appendix
A.

Remark 2.1 If ¢ € ¢%([0, T]) is a function such that fOT e(t)dt = 1 and if f1, fo €
CO(RT, Po(R?)), then we obtain by (2.5)

2

W> ([)T<P(f)f1(t, -)dt, /OT @) f2(2, -)df) =< /(;T eMOW2(f1(t, -). fo(t, -))dt.
(2.8)
Remark 2.2 By taking 1 = vy in (2.6), we have
Wa (1 g, 1 % v2)* < Wapr, j)® + Walua, 12)* = Wa(ua, v2)°.
And so we obtain for py, w2, v € P> (RY)
Wa(v s pi, vk o) < Wapr, 12). (2.9)

Note that it is not necessary that 141, 17 and v have the same mean.

Remark 2.3 Inequality (2.7) gives with U defined in equation (2.2),

1
Wa (U, Utv)? < © f f I — yPdr(r. )
4 J Jrdxra
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for all coupling 7 of (u, v). Therefore by taking the infimum over 7z, we obtain
1
Wa(U#p, U#v) < in(M, V). (2.10)

The following Lemma is the key step for the fixed point theorem of Theorem 1.1.

Lemma 2.1 Foru, v € Py (RY), we have
1
Wa(g * (U#p) * (U#p), g * (U#v) x (U#v)) < EWZ(M, V). 2.11)

Proof 1t is enough to apply successively (2.9), (2.6) and (2.10). We have
Walg * (U#p) = (U#n), g = (U#v) x (U#v)) < Wa((U#n) = (U#tp), (Utv) = (U#v))

< V2Wa(U#p, U#v)
1
< —=Wa(u,v)
5 (u
O

This result is already present in Theorem 4.1 in Ref. [11]. The proof presented here is
different. We recall the following elementary fact that we prove in Appendix A.

Lemma 2.2 The space Py’ (RY) is a complete metric space for Ws.

The following Lemma shows that a mild solution can be seen as a fixed point of some
contracting non-linear operator.

Lemma23 Letm € RY, fy € Py (RY) and g € PI(RY). Define E 7, = CO(RT, Py (RY))

with f(0,.) = fo equipped with the uniform norm. For f € E,, we define the map ® :
Es —> Eg by

LLI, ) =e"FO, )+ /0 t eV g (UHS(s, ) * (UHS (s, )ds. (2.12)
Then for all f,, f3 € Py (RY) and for f' € E £ fleE g2+ it holds for every t > 0
Wa(@LF 1 ). @I )P < e Walfy. f)?
+3 /0 W (s, . s Vs, @13)

Proof Let f € E . Itis clear that ®[ f](0, -) = fo. Since forallt > 0, f(t, -) € PE”(]Rd),
p(t) =1 and u(t) = m. So, by (2.3), ®[f](z, -) € Pé"(Rd) for all + > 0. By writing

—(t—s)

e
1 —e?

t
OLfIE, ) =e"fo+ (1~ e_’)/o gx (U#f(s, -)) = (U#f(s, -))ds,

the convexity of W, (2.4) gives that for all f leE il f 2¢E 12

Wa(D[ 1@, ), @LF21, ) < e Walfy, fD)?
t ,—(t—s)

1—e?

t ,—(t—s) 2
+ (1 —e W, (/ ¢ g*(U#ﬂ.‘)*(U#fvl)ds,/ g*(U#ff)*(U#ff)ds) }
0

0 1 —e?
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And using (2.8), it holds that
Wa(@Lf 1@, ), 111G, )
< /0 W g (URED) 5 (UR D), g 5 (U2 (U1 ds
+e T Walfg )
And by (2.11), we obtain (2.13). O
To prove Lemma 2.3, we used arguments that are used several times in Ref. [12].

Proof of item (1) in Theorem 1.1 Let fy € Py’ (R% and g € Pg (RY). Consider the map P
defined by (2.12). Hence for fi, f> € E,, (2.13) leads to

1 t
Wa(®Lf11(, ), ®LA21(2, -))? < 5 /0 e TIOWa(fi(s, -), fals, ))2ds.

By considering the supremum in time,

—t

1—
Wa (@[ f11(t, ), ®Lf21(2, -))? < sup Wa(fi(t, -), fa(t, -))?

2 teR+
So

1
sup Wo(P[f11(r, -), P21, ) = 75 sup Wa(fi(2, -), fo(z, ). (2.14)

teR* teR+

Hence ® preserves the space E 4, and is a contraction. As Pj' (R?) is a complete metric space
for Wy, Ey, is complete. Hence there exists a unique mild solution of the equation (1.4)
belonging to E . O

Proposition 2.2 (Properties of mild solutions) Ler m € R?, f e CO(R™, Py (R?)) be the
mild solution of equation (1.4) with f(0, -) = fo. Then we have the following properties.

(1) f is a solution of equation (1.4) in the sense of distributions (see Definition 1.1).
2) If fo and g are probability densities, then f(t, -) is a probability density for all t > 0.
(3) Forallt > 0, denoting X ¢(t) := f]Rd(U —m)'(v —m)f(t,dv),
Trt)=e T p(0)+2(1 —e7/?) 5. (2.15)
(4) For every mild solution fi1, f>» € CO(RT, Py (RY)), we have for all t > 0
Walfi(t, ), fo(t, ) < e P Wa(f1(0, ), (0, ). (2.16)

Proof Item (1). By direct computation

d¢ +o0
_<f 7> / (0, v) fo(dv) — / / (p(lvv)fo(dl})dt
+00 (p
_/ /des (/ ! (t v)dt)g*(U#f(s, ) % (U#f(s, ))(dv)ds
0 R s
+00
=f % 0, v)fo(dv)—f f ot o0 oo
Rd 0 Rd

+00
+ A ‘/]Rd o(s,v)g * (U#f(s, ) * (U#Sf(s, -))(dv)ds
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—+o0 +o0
—/O /Rd/ ot v)e g5 (U#f(s, ) * (U#S(s, -))(dv)dtds

+00
Z/ ®(0,v) fo(dv) +(Q+(f. f), ¢) —/ / @t v) f(t, dv)dt.
Rd 0 Rd

Since for any ¢ > 0, f(t, -) is a probability measure, we have

—+00 —+00
f / o(t, v) £, dv)di = / / / (1. 0) (1. dv) £t dv)dt = (O_(f. ). ).
0 R4 0 Rd JRA

Item (2). This is obvious because if g is a density, then g x (U#f (¢, -)) * (U#f(¢t, -))isa
density for all# > 0. By (1.6), we obtain that f (¢, -) is a density for all 7 since fj is a density
by hypothesis.

Item (3). According to (1.6) and (2.3), it holds that

/ v’vf(t,dv):e_’/ v ufo(dv)
R4 Rd
t
+/ e~ =9 </d vivg x (U#f(s, -)) * (U#Sf(s, ~))(dv)> ds
0 R

! )
= 67’/ v vfo(dv) +/ e =% <2g +m'm+ ﬂ) ds.
R? 0 2

So we have

8

T =0+ (1 —eHZ, +/ %zf(s)ds.
0

The case of equality in Gronwall’s lemma leads to

() 1—e X ‘
e’Ef(t)=2f(0)+(1—e—f)zg+/ f()+(2 ey a-5)/24,
0

=30) + (1—e) Zg + (€72 = 1) Bf(0) + (¢ + 1 +2¢"?) =,
Which implies formula (2.15).

Item (4). Let f; € CO(R™, P5"(RY)) be the mild solution with initial condition f € Py (R?)
and let f> € CO(RT, Py (R?)) be the mild solution with initial condition fo2 e Py (RY). By
(2.13), it comes that

_ 2 1t
Wa(fi(t, ), folt, - )* < e Wa (fy . f5) +§f e IWL(fils, ). fals, ).
0
Gronwall’s Lemma leads to

EWL(fi(t, ), fo(t, ) < ePWalfy, fD)?
and (2.16) follows. O

3 Equilibrium State

This section is devoted to the determination of the equilibrium state of the collision operator
of equation (1.4). For f € CO(R*, P,(R?)), we set

f@, 8 :=/ e 18 £ (1, dv).
Rd
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Soif f € CO(RT, PJ"(R?)) is the mild solution of equation (1.4) (see Definition 1.2) with
initial condition f(0, -) = fy, then f is solution of the fixed point equation

t 2
f@.& =e"£0,8+ /O e e f (s%) ds. (3.1)

Note that the changeover in Fourier variable can be performed because § is constant. By
differentiation of (3.1), it comes that

af

—= =§<s>f( 5

t, =
2

2 A~

(3.2)
10,8 = fo®).
We notice that equation (1.7) can be written equivalently as
f=gxU#f)* (U#[)

where U is defined in (2.2). Thus, equation (1.7) is equivalent to

. (€2

F&=38®7f <5> : (3.3)

Item (2) of Theorem 1.1 is a consequence of the following proposition. Theorem 1 of Ref.

[4] is improved by choosing a probability measure g(dv) instead of a density g(v)dv and by

proving the uniqueness of the equilibrium state in this general setting. Moreover we do not
use Levi’s Theorem to recognize a Fourier transform of a probability measure.

Proposition 3.1 (Theorem 1 in Ref. [4]) Let g € Pg(Rd). For all m € RY, there exists a
unique f € Pj' (R?) solution of (1.7). In addition we have

) ) +00 £ 2"
f@&) = E)g (2—) : (3.4)
Proof For f € Py (R?), we define the map ® : P,(RY) —> P,(R?) by

O[f]:=g*x (U#Sf) x (U#S).

By (2.3), we check that ® maps P}’ (R?) into itself and is a contraction from (2.11). So there

exists a unique f* € Py’ (RY) such that ®[ f] = f. Let us now show that f satisfies (3.4). By
iterating the equation (3.3), a Taylor expansion leads to

n—1 2k on
& = [1‘[ 8 (f—k) } / (;)
k=0
n—1 2k t t 2 2"
1 z
] (om0 ()
=0

The second factor on the right-hand side converges to e~/ £} when n tends to infinity. Since
if (x,)n converges to x, then (1 + x,/n)" converges to e*. We thus obtain (3.4) by letting n
tend to infinity. O

We denotes by f,5° (which is a density if g is a density) the unique solution of (1.7) in
Py (RY). In particular, f,io satisfies (3.4).
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Remark 3.1 Let m = 0. By calculating the Hessian matrix Hfooo (0), we notice that if f €
CORT, Py (RY)) is the mild solution of equation (1.4), then by (2.15), 7 (¢) converges to
2%, when t goes to infinity. Which corresponds well to the covariance matrix of f;°.

Indeed, by differentiating the function & —— log( fooo (&£)), we have since fooo satisfies
(3.4) than

V§(§/2")

+oo
V£XE) = £ }
2@ =f2® ) 3E)

n=0

By differentiating the previous formula, we have

~ 400 A 2"y H, My _ v myIy s on
Hfgo(f):fooo@)zg(é/ VH;(§/2") 8(&/2") Vg (§/2")

= 27 (8(5/2")?
! /4o ~
; Vg(€/2")
,;0 2(€/2)

We obtain the covariance matrix of f™ by calculating this expression above at £ = 0 since
for a centered probability measure 1, (1(0) = 1,iV1(0) =0, and —H(0) = f vivdu(v).

Remark 3.2 In the particular case where g € Pg (RY) is a Gaussian (centered of covariance
matrix X,), then g(§) = exp(—(’SEg{-‘)/Z) and by (3.4),

. ome) 1T EDv
0 —i(m, S
fm (S) =e€ | | exXp <_ 2n+l )

n=0

t Z “+o00 1
=exp(_i(m’$>_ gzg§22”>=eXp(_i<m’5>_t5285)-
n=0

So by the Fourier inverse transform, f,.° is also a Gaussian with mean vector m and covariance
matrix 2X,.

Proof of items (2) and (3) in Theorem 1.1 Item (2) Readily follows form Proposition 3.1.
Item (3). Let f € CO(RT, Py (R?)) be the mild solution of equation (1.4) with initial

condition fy € Py’ (R9) and let e Py (RY) be the equilibrium state of equation (1.4).
Note that

Vi>0, f=ef>4 /Ol e g s (UHFX) % (U#£20)ds.
By taking the map & defined in (2.12), we have by (2.13)
Wa(f(t, ), f72)7 = Wa(@LfI(, -). @LACD?
< e ' Walfo, [y + % /O fe 9 Wa(f (s, ), fy0)7ds.
By Gronwall’s Lemma, we have

EWa(f(t, ), £ < PWalfo. £70)?
and (1.8) follows. ]
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We now make the link with the result obtained in Ref. [8] for the discrete midpoint model
corresponding to the equation (1.4) with g = §o.

Proposition 3.2 (Proposition 2.3 in Ref. [8]) We consider equation (1.4) with g = &o. For
foePy (Rd), there exists a unique mild solution of equation (1.4) in co (R, Py (R?)) with
initial condition fo. Moreover, we have the estimate

Wa(f(t, -),8m) < e "*Walfo, 8m)- 3.5

Proof Existence and uniqueness of the solution follow from the item (1) in Theorem 1.1.
By items (2) and (3) in Theorem 1.1, there exists a unique equilibrium state f,;° € Py’ (RY)
such that

Wa(f(t, -), f22) < e *Walfo, £2°).
Since g = 8¢, we have g(&) = 1 for all £. And so by (3.4), we have
f@) =ettme,
We recognize the Fourier transform of 8,,, so f,o° = 8, and (3.5) follows. O

Asmentioned in Ref. [8], the conservation of the center of mass m has played a fundamental
role in the functional space P7' (RY). It would be much more difficult to prove these estimates
on the sphere S?~! because the center of mass is no longer conserved.

4 Convergence for d>

We introduce in this section the Fourier—Toscani-based distance between y and v € Py’ (RY)
having the same mean value by

|AE) — D)
dy(u,v) = _—
2(1, v) gseuﬂsd €2

A Taylor expansion shows that this metric is well-defined for u, v € Py’ (RY) and metrizes
the weak topology on P’ (R?) (see Ref. [13]). We proved in the previous section that £° €
Py (RY). So do(f (1, -), 1) is well defined for all # > 0. The following result gives the
exponential convergence of f(¢, -) to f° for the d» metric.

Proposition 4.1 (Exponential convergence for dp) Let fo € Py’ (]Rd) and g € Pg (RY). If
f e CORT, Py (RY)) is the mild solution of equation (1.4) with (0, -) = fo and if
I ePy (RY) is the equilibrium state of (1.4) with mean velocity m, then it holds that for
allt > 0

Ma(fo) +2Ma() + ImP® ;1
> :

Proof For f € CO(RT, Py (R?)), mild solution of (1.4), we set forany r > 0 and £ € R,

Hig) = L0 I ©),

d(f(t, ), f) < 4.1)

A Taylor expansion gives that

1
e =1 (v, &) — (v,5>2/ (1 —s)e 5wy,
0
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So

1 2
ol = V / " €2> (1 —9)e W8 £ (1, v)dsdv
rd Jo &

1 2
<U’§> —is{v, 00
_/Rfo g (e sy

2 .
|s|z> (1= 5)e P8 (F @, v) = f2 )

Hence the previous inequality taken at 1 = 0 and Cauchy—Schwarz inequality leads to

dsdv.

R4 JO

M(fo) + 2Ma(g) + |m|?
> .

§&) (~( & oo &
Gug) =5 (f( >+f (5)>
Using (3.2) and (3.3), it holds that

£ HG) £\ [ (g@) (%‘) ,2°<-§>>
G(t,&)H t, =) — H(t, — _ _
“ (t 2) h&= |s|2f( ) ez~ Uer/n (5) T

1 af
= Eror

|H(0,8)] =

4.2)

We define now G by

So H satisfies

aH—Gz‘ H(ZS)—Ht
W_ (,5) 55 (’g)

and by Duhamel’s formula, we get

t
He6 =106+ [ 660 (5.5 ds
0

For R > 0, we set

y(1) :=¢' sup |H(t,§)|
[EI<R

since the map & —> &/2 maps {&, || < R} into {&, |§] < R/2}. Since G(¢,&) < 1/2,

Gronwall’s Lemma applied to inequality

1 t
y(0) =y0) + 5/ y(s)ds
0
gives that forall R > 0

sup |H(1,&)| < |H(0,&)|e"/2.
[E|<R

So, by using the estimate (4.2) we get formula (4.1). ]
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5 Convergence L'

This section is devoted to the proof of item (4) in Theorem 1.1. The initial condition f (0, -)
is assumed to be a regular function and we prove the exponential convergence in L' of
f(z, ) to the equilibrium state determined in Sect. 3. The regularity of the initial condition
is measured in term of the Sobolev norm. For s > 0 and for d € N*, the Sobolev norm in R?
of regularity s is given by

I b5 ey = \//Rd(l +IER) 1 f(§)Pdé.

Lemma5.1 Lets > 0and fo, g € H*(RY) NPL(RY). Let f € CORY, Po(RY)) be the mild
solution (1.4) with initial condition fy. Then for everyt > 0, f(t, -) € H*(R?) and

If@, ')||H»\'(Rd) = €_t||f0||1-1x(Rd) + (1 - 6’_[) ||g||H.\-(R(1). (5.1
Proof Let R > 0. Define

Zr(t) == fm (1 1P 6P

Using (3.2) and the inequality | (£)] < 1 for u a probability measure, it comes that d; f (t,€)
is uniformly bounded by 2. By differentiation, it holds that

d — A I aifﬂ
EZR([) —2/‘;|<R (1+1€17) % (f(t,%‘) ” (hE)) dg

< 2/ (1+1ER) 1@ - 1f (. §)ldE —2Zg ().
|EI<R
Cauchy-Schwarz inequality applied to the right-hand side gives that

d
T ZR() = 208l s iy Zr (1) = 22 ).

Since Zg(t) never vanishes,

d
= Zr(®) = 118l gs ey — v Zr(1)-

And by Gronwall’s Lemma,

VZr(@) < e VZRO) + (1 = ¢7) gl s o)
We conclude the proof by letting R to infinity. O

Since g is a probability density, [|g]lcc < 1, using the explicit definition f,go in (3.4), we

obtain | £,7°| < |g| and the following result.
Lemma5.2 Forall s > 0, we have

I s ey < gl prs ey (5.2)

We also need the following two interpolation inequalities (Theorems 4.1 and 4.2 in Ref.
[6]) that we prove for the reader convenience. We recall the notion of a moment of order
a > 0 of adensity f € Py(R?)

Ma()i= [ 1o .
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Lemma5.3 Let o > 0 and d > 1 be an integer. Then there exists a constant C(a,d) > 0
such that for every function f € L2(RY) N Py (RY)

I fllL ey < Cle, d)||f||i/z(Rd)Ma(f)lfa/, (5.3)
with ' :=2a/Qa + d).

Proof For every R > 0, it holds that
1
/ | f)ldv < / fldv+— | [l fw)ldv
R lu|<R R% Jgd

1
< RUZ/NOIBO) I f 1l L2 ey + e Ma () (5.4)

where Vol(By) is the euclidian volume of the unit ball of R?. R is chosen such as

1
RYZYNOIB) | fll 2ty = 2o Mar (-
This defines R as

2/Qa+d)
o M (f) (3.3)
Vol(BD)II f I 12wa)
By taking R as in (5.5) in (5.4), we obtain (5.3) for C(«, d) = 2Vol(Bg)*/ 2+, |

Lemma5.4 Lets > 0 and d > 1 be an integer. For every s’ > d/2 + 2s + 2 there exists
a constant C(s,s’,d) > 0 such that for every fi, f2 € HY (R?) N Pp(RY) satisfying
Jra VA1)V = [pa vf2(v)dv

If1 = 2l s ey < C(s.s', d)da(fr, f2) /I fi — 2l gt ey (5.6)
Proof For s’ > d/2 + 2s + 2, we have

/Rd (1+1612)" 1/1®) - fo(®)Pde

A 2 s+1
- / /1) — L®] (1 +67)
= JRrd |é§|2 (] + |€_—|2)S//2
By Cauchy—-Schwarz inequality, it holds that

(1+1EP) 2 1AE) - HE)lds.

1/2
S A N dé‘
1+ )7 ()—()2d5d<,>/7, fi = Fall g gy
[, (1+167) 1) - Aerde <o ( [ T Vi Al
The assumption on s’ implies that the integral in the right-hand side is finite. O

Proof of item (4) in Theorem 1.1 Applying (5.3) with v — | f(z, v) — f,5°(v)| and with @ =
2, leads to

£ ) = filpiey < CRAIF@, ) = fRI NG M f 0, ) = fp®/ @
< CRANF ) =[RS Gn (Ma(f,)
+2Ma(g) + Im[*)? .
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By (2.15), Ma(f(¢,.)) < Ma(fo) +2M>(g) forall > 0. So
1) = 12 eay < CHILF@ ) = FRITAED (Ma(fo) + Ma(e) + Iml?) ' (5.7)
with C1 = 44/@+9C(2, d). Then by (5.6) with s = 0, and s’ > 2 4 d/2, it comes that
1£. ) = £ gy < CO.S" dPda(F . ). FEONFE ) = F2N o gy
= CO.5 2t ), 13 (£ gty + 12l g ) -

By (51) and (52), we have ”f(tv N )“Hf’(Rd) + ”fn%O”HS’(]Rd) =< ”fO”HS’(]Rd) + 2“g”HS/(Rd)'
So

2/(d+4)
17, ) = FENAE < Cada(f (1 s £ (1ol gy + 18l ey ) (5:9)

with Cy = 22/@+9 (0, s', d)* @+ Substituting (5.8) in (5.7), leads to

~ 2/(d+4)

@ ) = fn ey < C1C2 <||f0||Hx/(Rd) + ”g”Hx’(Rd)>
d/(d+4) 2/(d+4

(M2 fo) + Ma(e) + mP) "V ay (£, ), £2)" .

And then by (4.1),

2/(d+4
Ma(fo) +2Ma() + |m|2) e
2

< (Ma(fo) + Ma(g) + Im|?

do(f(t, ), [22)H D < (

)2/(d+4) efﬁ.

Thus, we obtain (1.9) with a constant

2/(d+4) ) ) ) (d+2)/(d+4)
C =1 (I foll oty + 18l o oy ) (o7 +07 +m?) :

And consequently the exponential convergence of f (¢, -) towards f,>° is obtained since
fo e H'RY) NPy (RY) and g € H (RY) N PY(R?) with s” > 2 +d /2. O

6 Numerical Results

This section is devoted to the numerical resolution of (1.4) in dimension d = 1. We will
present six tests cases for two different initial conditions fj and with three different values of
g, where g is a density. For each test case, the solution f is depicted for different values of ¢
and compared with the equilibrium state f,° theoretically found in order to characterize the
exponential rate of convergence for the strong-norm L'. To represent the solution of (1.4)
numerically, we use an Euler scheme in time for Ar = 0.015 followed by a Simpson rule on
the interval [—10, 10] with a uniform step Ax = 0.1. We will therefore represent numerically
the solutions of the equation

(-t

O, ) = fo.

)f(z o) £t dv)) — f, )/ £t dv))
(6.1)
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In the first case, g is a centered Gaussian of variance ot =1,
() = — ( ”2> 6.2)
glv) = exp|——) . .
V2w 2
In the second case where g is an indicator function
1
gv) = 5“‘[71,1](0)- (6.3)
In the third case, g writes
l 1 (v —m;)?
HOEEDY exp (—22’ , (6.4)
L 27T0'i2 Oi
with Z;’:] m; = 0 since g is zero mean. We take in (6.4),n = 3, m| = 3,my = m3 = —3/2,
012 =1, 022 =2 and 032 = 4. In other words, g is a normalized sum of three Gaussians.

For each g, we consider two different initial conditions fo defined as follows

o The first the initial condition fo is a normalized Gaussian of mean 2 given by

2
exp (—u) . (6.5)

Sfow) = 5

1
21
e The second initial condition fy is equal to g defined by (6.4), with n = 3, m| = 3,

my =m3 =—-3/2,0f = 1,07 =2and o} = 4 (Fig. ).

Test Case 1

For the first test case, g is a normalized centered Gaussian (6.2). Since g is a Gaussian,
Proposition 3.1 gives an explicit formula for the equilibrium state. In that case, fo° is a
Gaussian of variance 202 = 2 with the same mean as the initial condition fy. Hence for f;

defined by (6.5), f,5° wrftes
F2) = L ex (_(1)_2)2> (6.6)
m = P v ) '
From fy defined by (6.4), f° writes
o 1 v?
fm ) = «/TTT exp <—j> (6.7)

Since we have shown that f(z, .) converges exponentially to f£° for the strong-norm L1,
then the function r — log || f(z,.) — f,5°ll ;1 must be bounded by an affine function. This
is the case in Fig. 2 but with a ratio 1/2 and not 1/5 theoretically found.

Test Case 2

For the second test case, g defined by (6.3). Since g is not a Gaussian, the expression of
the equilibrium state fo° is not explicit. Then f° is approached by f(z, -) at time t = 35
corresponding to a converged result.

Fig 3 shows that f(,-) goes towards the same asymptotic limit for the two different
initial conditions. This numerical result is consistent with Proposition 3.1 claiming that the
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0.5 0.5 r
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-10 -5 0
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Fig. 1 Distribution function of the solution of (6.1) with g defined by (6.2). On the left, solution for initial
condition (6.5) at times = 0, t = 30 and on the right, solution for initial condition (6.4) at times t = 0,
t = 30. Equilibrium state given in (3.4) (in circle)

log || f, - £ I,
o

y=
[
N ©

"
IS

0 5 10
Time t

15

20 25

log || f, - £ Il

y=

o & &

=
N O

—
S

T

10
Time t

15 20

Fig. 2 Function t — log || f(¢, -) — ,,°1°||L1 where f is the solution of (6.1) with g defined by (6.2). On
the left, f (¢, -) for initial condition (6.5) and f,0° given by (6.6). On the right, f (¢, -) for condition (6.4) and
¢ is given by (6.7)

0.5 0.5
0.4 0.4
= =
£ =
= 0.3 0.3
= =
o o
5 5
202 202
= 5
i) 0 7Y
o o1 0ol AN
0 0 i
-10 5 0 5 10 -10 5 0 5 10

Fig. 3 Distribution function of the solution of (6.1) with g defined by (6.3). On the left, solutions for initial
condition (6.5) at times t = 0, t = 20, r = 30 and on the right, solutions for initial condition (6.4) at times
t=0,r=20,r =30

equilibrium state depends only on g. In Fig. 4, the curve on the right is not rectilinear
because there are two phenomenons. First of all, the distribution goes towards a Maxwellian
distribution and next to the right one. However Fig. 4 shows that the convergence remains
with an exponential rate.

@ Springer



A Velocity Alignment Collision Model... Page 19 of 22 28
2 2
0 0
o 2 \\\\ et 2 \\“7\7\
e
LE e §E 4 ~
w6 TS o -6
= T | e
-8 -8
g 2
I -10 I -10
> >
-12 -12
-14 -14
0 5 10 0 5 10 15 20 25 30
Time t Time t

Fig.4 Functions — log || f(t, -) — f2° ;1 for f the solution of (6.1) with g defined by (6.3). On the left,
f(z, ) for initial condition (6.5) and f,5° is replaced by a converged solution f(z, -) at time ¢ = 35. On the
right, f (¢, -) for initial condition (6.4) and f;;° replaced by a converged solution f (7, -) at time r = 35

0.5 0.5
S = t=0
t=20
0.4+ 0.4 O t=30]4
B 3
= +
- 0.3 = 0.3
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k) 5
5 5
._9 £
— =
B 5
fa} a
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Fig.5 Distribution function of the solution of (6.1) with g defined by (6.4). On the left, solutions with initial
condition (6.5) at times t = 0, ¢t = 20, t = 30 and on the right, solutions with initial condition (6.4) at times
t=0,t=20,t =30

Test Case 3

The third test case is devoted to g defined by (6.4). Since g is not a Gaussian, no explicit
formula are again available for the equilibrium state f,;°. Hence f,;° is again approached
by converged solution obtained at time ¢+ = 35 as for test case 2. The two different initial
conditions lead to the same asymptotic state that theoretically only depends on the distribution
g (Figs. 5, 6).

Conclusion

We have shown in this paper the existence of a unique mild solution of the equation (1.4)
and the exponential convergence toward the equilibrium state for the W, metric and for the
strong-norm L', in the case B = 1. The result elaborated in Ref. [8] has been extended to the
cases g € 73‘3 (R). The extension of these results for a non-constant 8 and the inhomogeneous
case is postponed to a following paper.
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during his visit in Bordeaux in 2019.
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2 2
0 0
e N
2 T SSe—— e 2 S~
2E -4 QE -4r e
o 6 o 6f
o 8 > 8
kel kel
I -10 I -10f
> >
-12 ¢ -12f
-4t 14 f
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time t Time t

Fig.6 Functions — log || f(zt, -) — f,5° I 1 where f: ¢ —> f(t, -) is the solution of (6.1) with g defined
by (6.4) and f5° the equilibrium state. On the left, f(¢, -) with initial condition (6.5) and f° is represent
by the converged solution f(z, -) at time r = 35. On the right, f(¢, -) for initial condition (6.4) and f,5° is
replaced by the converged solution f (¢, -) at time t = 35

Appendix
A Complement on the Wasserstein Metric
Proof of Proposition 2.1 (1) Let 71 be an optimal coupling of (x1, v1) and > be an optimal

coupling of (2, v2). Fora € [0, 1], we set 1 = amy + (1 — ). Itis easy to check that
is a coupling of (a1 + (1 — @)z, avy + (1 — «@)vy) and therefore

Walaer 4 (1 — @)z, avy + (1 — a)mp)? < // lx — yl*dm(x, y)
R4 xR

:a// |x—y|2d711(x,y)
R4 xRd

—w // I — yPdm(x. y)
R4 xR4
=aWa(ur, vi)? + (1 — ) Wa(ua, 12)%

(2) Forv € R4, we consider an optimal coupling 7, of (Pi(v, -), P2(v, -)) such that the
map v —> 1, is measurable. We set 7 as the coupling defined for any measurable function

@ by

// o(x, y)dm(x,y) = /// o(x, y)dmy(x, y)du(v).
R4 xR4 R4 xR4 xR

It is easy to check that 7 is a coupling of (fRd Pi(v, )du(v), fRd P (v, -)dp,(v)) and
therefore

2
Wa </ Pi(v, ')dﬂ(v),/ Py(v, -)du(v)) < // lx — y[dr(x, y)
R4 R4 R4 xRd

= f / / lx — yI2dmy (x, y)dp(v)
R xR x R4

=/ Wa(Py(v, -). Pa(v, ) dp(u).
]Rd
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(3) Let 711 be an optimal coupling of (1, vi) and 75 be an optimal coupling of (2, v2). We
set 1 = my * my. It is easy to check that 7 is a coupling of (1 * 2, v1 * v2) and therefore

Wa(u1 * i, vy % 12)* < // lx — yl*dm(x, y)
R4 xRd

_ //f/ i — y — vPdCr, ), v).
R4 x R4 x R4 x R4

Using the classical equality |x + y|? = |x|? + |y|? 4+ 2(x, y), it holds that

Wa (i1 % g, v1 % 12)2

< W1, v)? + Wa(ua. v)? +2ff/f (x =y, u = v)dmy (x, y)da(u, v)
RI xR4 xRY xR

= W1, v1)? + Wa(ua, )?

! 2<//Rded(x ERE /./Rded (u —v)dma (u, v)>

= Wae1, v1)% + Wa(ua, v2)2.

A

(4) Let  be a coupling of (i, v). By setting mg = f#m, mg is a coupling of ( f#u, f#v).
Thus

Wa(fhu, fHv)* < / / I — yPdmo(x, y) = / / 1) — FPdr(x, y),
R4 xR R4 xRd

Proof of Lemma 2.2 Define the map T by
T:une Pz(Rd) — / vd i (v).
RrRd

Let 7 be a coupling of (i, v) with u, v € P2 (RY). So

5// v — uldm(u, v).
R4 xRd

By taking the infimum over 7, we obtain | T (u) —T (v)| < Wi (u, v) and the Holder inequality
gives Wi(u, v) < Wa(u, v). Therefore T is continuous. Let us now show that the space
Py (R?) is closed in P2 (RY). Let (i,), be a sequence in Py’ (RY) converging to p for W,.
ne P (R%) by completeness and the continuity of 7" gives that T (u,) converges to 7 (u).
So T(1) = m and 1 € Py (RY). o

IT(u) — T(w)| = ‘/f (v — wydm(u, v)
R4 xR4
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