msp






ANALYSIS AND PDE
Vol. 12, No. 3, 2019

dx.doi.org/10.2140/apde.2019.12.843

A RIGOROUS DERIVATION FROM THE KINETIC CUCKER-SMALE
MODEL TO THE PRESSURELESS EULER SYSTEM
WITH NONLOCAL ALIGNMENT

ALESSIO FIGALLI AND MOON-JIN KANG

We consider the kinetic Cucker—Smale model with local alignment as a mesoscopic description for the
flocking dynamics. The local alignment was first proposed by Karper, Mellet and Trivisa (2014), as a
singular limit of a normalized nonsymmetric alignment introduced by Motsch and Tadmor (2011). The
existence of weak solutions to this model was obtained by Karper, Mellet and Trivisa (2014), and in
the same paper they showed the time-asymptotic flocking behavior. Our main contribution is to provide
a rigorous derivation from a mesoscopic to a macroscopic description for the Cucker—Smale flocking
models. More precisely, we prove the hydrodynamic limit of the kinetic Cucker—Smale model with local
alignment towards the pressureless Euler system with nonlocal alignment, under a regime of strong local
alignment. Based on the relative entropy method, a main difficulty in our analysis comes from the fact
that the entropy of the limit system has no strict convexity in terms of density variable. To overcome this,
we combine relative entropy quantities with the 2-Wasserstein distance.

1. Introduction

This article is mainly devoted to providing a rigorous justification of the hydrodynamic limit of the kinetic
Cucker—Smale model to the pressureless Euler system with nonlocal alignment force. Cucker and Smale
[2007] introduced an agent-based model capturing a flocking phenomenon observed within complex
systems, such as flocks of birds, schools of fish and swarms of insects. The Cucker—Smale (CS) model
has received extensive attention in the mathematical community, as well as physics, biology, engineering
and social science, etc.; see for instance [Carlen et al. 2015; Caiiizo et al. 2011; Carrillo et al. 2010; Duan
et al. 2010; Fornasier et al. 2011; Ha et al. 2014c; 2017; Ha and Tadmor 2008; Poyato and Soler 2017;
Zavlanos et al. 2011]. Motsch and Tadmor [2011] proposed a modified Cucker—Smale model by replacing
the original CS alignment by a normalized nonsymmetric alignment. Karper, Mellet, and Trivisa [Karper
et al. 2014] proposed a new kinetic flocking model as a combination of the CS alignment and a local
alignment interaction, where the latter was obtained as a singular limit of the nonsymmetric alignment
introduced by Motsch and Tadmor.
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We consider the kinetic flocking model without Brownian noise, proposed by Karper, Mellet and
Trivisa [Karper et al. 2013] on T¢ x R:

O f+v-Vif +Vy- (LIf1f)+Vy- ((u=v)f) =0,
LAx o = [ [ v =nfa - vdwdy,
T JRA (1'1)
Jga vf dv
Jga £V’
Here ¥ : T — R is a Lipschitz communication weight that is positive and symmetric, i.e., ¥ (x — y) =

Y (y — x). The term V, - (L[ f]f) describes a nonlocal alignment due to the original Cucker—Smale
flocking mechanism, while the last term V,, - ((u — v) f) describes a local alignment interaction, because

u(t, x) = I F Oz rixpay = 1.

of the averaged local velocity u. The global existence of weak solutions to (1-1) was proved in [Karper
et al. 2013]. The flocking behaviors of (1-1), however, have not been studied so far. We here provide its
time-asymptotic behavior.

As a mesoscopic description, the kinetic model (1-1) is posed in (¢, x, v) € R x T x R4, ie., in
2d + 1 dimensions. This feature provides an accurate description for a significant number of particles.
However, its numerical test is very costly with respect to an associated macroscopic description. Hence,
it is very important to find a suitable parameter regime on which the complexity of (1-1) is reduced.

The main goal of this article is to show a singular limit of (1-1) in a regime of strong local alignment:

0S40 Ve Vo (L) + 2V, (@ = 0) ) =0,

LLfE1 %, v) = /T fR 0= )£t v, w)w —v) dw dy,

o Jra vfFdv
Jra fE AV’

felt:0=f()£’ ”f(f”Ll(Irded):l-

(1-2)

As ¢ — 0, it is expected that the solution f° of (1-2) converges, in some weak sense, to a monokinetic
distribution

6v=u(t,x) ® p(t, x); (1-3)

see Remark 1.1. Here, §,—,(,r) denotes a Dirac mass in v centered on u(z, x). Also, as we shall explain
later, at least formally p and u should solve the associated limit system given by the pressureless Euler
system with nonlocal flocking dissipation:

ahp+V-(pu)=0,
0 (pu)+ V- (pu@u)= /W Y(x —y)p(t, x)p(t, y)(u(t, y) —u(t, x))dy, (1-4)
pli=0=po, ulr=0=uo, lpollp1ey=1.

The main difficulty in the justification of this limit comes from the singularity of the monokinetic
distribution. To the best of our knowledge, there is no general method to handle the hydrodynamic limit
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from some kinetic equations to the pressureless Euler systems, no matter what regime is considered.
Indeed, there are few results on this kinds of limit; see [Jabin and Rey 2017; Kang 2018; Kang and
Vasseur 2015] (see also [Jabin 2000] for a general treatment of similar regimes that lead to the Dirac
formation and pressureless gases equations).

Remark 1.1. In this paper we will use the symbol ® in two different contexts: if i is a measure on a
complete metric space X, and {v,},cx is a family of measures on a complete metric space Y, then v, ® u
denotes the measure on X x Y defined as

f odlvy ® ] =/ (/ o(x, y)dvx(y)) dn(x) forall g e Co(X x V).
XxY X Y

When v, is independent of x (that is, v, = v for all x), we use the more standard notation u ® v (instead
of v ® i, as done before) to denote the product measure:

/ (pd[u@l)]:/(/ go(x,y)dv(y)) du(x) forallpe C.(X x7Y).
XxY x \Jy

Finally, if a, b € R4 are vectors, then a ® b denotes the (d x d)-matrix with entries
(a®b),-j =a,-bj foralli,j=1,...,d.
The meaning will always be clear from the context.

It is worth mentioning that the pressureless Euler system without the nonlocal alignment has been used
for the formation of large-scale structures in astrophysics and the aggregation of sticky particles [Silk
et al. 1983; Zeldovich 1970]. For more theoretical studies on the pressureless gases, we for example refer
to [Bouchut 1994; Bouchut and James 1999; Boudin 2000; Brenier and Grenier 1998; Huang and Wang
2001; Poupaud and Rascle 1997; Weinan et al. 1996].

The macroscopic flocking model (1-4) or its variants have been formally derived under a monokinetic
ansatz (1-3), and studied in various topics; see for example [Do et al. 2018; Ha et al. 2014a; 2014b; 2015;
Tadmor and Tan 2014]. In [Ha et al. 2014b], the authors showed the global well-posedness of (1-4) with
suitably smooth and small initial data, and the time-asymptotic flocking behavior. In [Ha et al. 2015], the
authors dealt with a moving boundary problem of (1-4) with compactly supported initial density. We also
refer to [Ha et al. 2014a] for a reformulation of (1-4) into hyperbolic conservation laws with damping in
one dimension.

In [Karper et al. 2015], the authors showed the hydrodynamic limit of the kinetic flocking model (1-1)
with Brownian motion, that is, a Vlasov—Fokker—Planck-type equation, under the regime of strong local
alignment and strong Brownian motion:

0 fE4+v-Vife+V,-(LIf°1f%) + évv (W —v)f— éAUfS =0. (1-5)

In this case, as ¢ — 0, f* converges to a smooth local equilibrium given by a local Maxwellian, contrary
to (1-3). There, the authors used the relative entropy method, heavily relying on a strict convexity of the
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entropy of the isothermal Euler system (as a limit system of (1-5)):
alp +V : (IOM) =Oa
9 (pu) +V - (pu®@u)+Vp = /d Yx—y)p, x)p, y)(ut,y)—ut, x))dy.
T

The relative entropy method based on a strict convex entropy has been successfully used to prove the
hydrodynamic limit of Vlasov—Fokker—Planck-type equations; we refer to [Berthelin and Vasseur 2005;
Carrillo et al. 2016; Goudon et al. 2004; Mellet and Vasseur 2008; Vasseur 2008].

On the other hand, the pressureless Euler system (1-4) has a convex entropy given by

n(p, pu) = p 5(ul®), (1-6)

which is not strictly convex with respect to p. For this reason, the associated relative entropy (1-6) is
not enough to control the convergence of the nonlocal alignment term (compare with [Kang and Vasseur
2015], where the nonlocal alignment is not present). To overcome this difficulty, we first estimate an
L-distance of characteristics generated by vector fields u#® and u that controls the 2-Wasserstein distance
of densities, and then combine the estimates of the relative entropy and the L2-distance of characteristics.

As a related work on (1-5), we refer to [Carrillo et al. 2016], where the authors studied the flocking
behavior and hydrodynamic limit of a coupled system of (1-5) and fluid equations via drag force.

The rest of this paper is organized as follows. In Section 2, we mention different scales of Cucker—Smale
models from a microscopic level to a macroscopic level, and then specify some known existence results
on the two descriptions (1-1) and (1-4). In Section 3, we present our main theorem on the hydrodynamic
limit, and collect some useful results on the relative entropy method and the optimal transportation theory
that are used in the proof of the main theorem. In Section 4, we present some structural hypotheses to
guarantee the hydrodynamic limit in a general setting. Then we apply the general result to our systems by
verifying the hypotheses in Section 5. In the Appendix, we provide the proof of the long time-asymptotic
flocking dynamics and the existence of monokinetic solutions for the kinetic model (1-1).

2. Various scales of Cucker—-Smale models

We first present various scales of Cucker—Smale models, from a microscopic level to a macroscopic level.
Then we state some known results on global existence of weak solutions to the kinetic description (1-1),
and local existence of smooth solutions to the limit system (1-4). Those results are crucially used in the
proof of the main theorem. Finally, in Theorem 2.2, we present the time-asymptotic flocking behavior of
the kinetic model (1-1).

Variants of Cucker—Smale models. We briefly present the kinetic CS model and its variants. Cucker and
Smale [2007] proposed a mathematical model to explain the flocking phenomenon:

dx; )
a'_tl:Ui’ i=1,...,N,
N 2-1)
dv; 1
d_tl = N;‘//(Xj —xi)(vj — V),
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where x;, v; € R? denote the spatial position and velocity of the i-th particle for an ensemble of N self-
propelled particles. The kernel v (|x; — x;|) is a communication weight given by

. A
C (g —x)F

Y(x; —x;) B=>0, A>0. (2-2)
The system (2-1) with (2-2) was used as an analytical description of the Vicsek model [Vicsek et al. 1995]
without resorting to the first principle of physics.

When the number of particles is sufficiently large, the ensemble of particles can be described by the
one-particle density function f = f(t, x, v) at the spatial-velocity position (x, v) € R? x R? at time ¢.
Then, the evolution of f is governed by the following Vlasov-type equation:

O f+v-Vif +Vy-(LLf1f) =0,

LU0 = [ 0= £,y w)w =) dwdy. e
This was first introduced by Ha and Tadmor [2008] using the BBGKY hierarchy from the particle CS
model (2-1). A rigorous mean-field limit was given in [Ha and Liu 2009].

Motsch and Tadmor [2011] recognized a drawback of the CS model (2-1), which is due to the
normalization factor 1/N. More precisely, when a small group of agents are located far away from a
much larger group of agents, the internal dynamics of the small group is almost halted since the total
number of agents is relatively very large. To solve this issue, they replaced the nonlocal alignment L[ f]
by a normalized nonsymmetric alignment operator:

Jrea K" (x =) f(t, y, w)(w —v)dwdy

L{f1(t, x,v) := Jood K (x =) f(t, y, w)dwdy

9’

where the kernel K" is a communication weight and r denotes the radius of influence of K.

In [Karper et al. 2014], the authors considered the case when the communication weight is extremely
concentrated near each agent, so that the alignment term L[ f] corresponds to a short-range interaction.
More precisely, they rigorously justified the singular limit r — 0, i.e., as K" converges to the Dirac
distribution 8y, in which case L[ f] converges to a local alignment term:

fqud [, x,w)(w—v)dw

L{f1(, x,v) — T f . w) dw

=Lt(t,x)—v,

where u (¢, x) denotes the averaged local velocity defined as

_ Jgevf(@t, x,v)dv
ult, x) = S @, x,0)dv

Hence, their new model became (1-1), which consists of two kinds of alignment force: a nonlocal
alignment due to the original CS model, plus a local alignment.
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Existence of weak solutions to (1-2). In [Karper et al. 2013], the authors showed the existence of weak
solutions to the kinetic Cucker—Smale model with local alignment, noise, self-propulsion, and friction:

0 f+v-Vof +Vy - (LIF1)+ V- (w—v) ) =0 Ay f — V- ((@—blv[)vf),

(2-4)
Lif] = /R 0= )ty w)(w — v) dw dy,

where the kernel i is the same as (1-2) and a, b, and o are nonnegative constants. By their result applied
with @ = b = o =0 inside the periodic domain T¢, we obtain existence of solutions for (1-2). To precisely
state such an existence result, we need to define a (mathematical) entropy F(f°) and kinetic dissipations
Di(f*), D2(f*) for (1-2):

lv]?

FOfe) = /R L ean,

Di(f?) ::/ FEuf —v>dvdx, (2-5)
T4 xR4
Daf)i=5 [ WG o= wf drdydodw,

Proposition 2.1. For any & > 0, assume that f; satisfies
f5=0, f5eL'nL®®), |uPf5 e L'®*). (2-6)
Then there exists a weak solution f¢ >0 of (1-2) such that

£ e, T; L"®R**))NL®0, T) x R*),

2-7)
|2 f¢ € L™, T; L' (R*)),

and (1-2) holds in the sense of distributions, that is, for any ¢ € C°([0, T') x R>%), the weak formulation
holds:

t
/ / (09 +v-Vep + LIS Vag + Lue - V) Vug ) dv dx ds+/ fE0(0,-)dvdx =0. (2-8)
0 JRM & R2d
Moreover, f¢ preserves the total mass and satisfies the entropy inequality
1 t t
[ 7o+t [ ogwas+ [ oawass [ Fopar 9
T 0 0 T
The entropy inequality (2-9) is crucially used in the proof of Theorem 3.1.

Flocking behavior of the kinetic model (1-1). We now present the time-asymptotic flocking behavior of
solutions to the kinetic model (1-1). For that, we define the following two Lyapunov functionals:

&) ::/ f(t, x,v)|u,x)—v|>dvdx,
Td x R4

&(1) = /w p(t, )p(t, Yu(t, x) —u(t, y)|* dx dy,
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where p(t, x) = fRd f(,x,v)dv. We remark that £, measures a local alignment, and & measures
alignment of the averaged local velocities. Then, for the flocking estimate, we combine the two functionals
as follows:

E(t) :=E1(1) + 35(0). (2-10)
Theorem 2.2. Let f be a solution to (1-1). Then, we have the time-asymptotic flocking estimate
E@) < &) exp (—2min{l, ¥, }t), >0, (2-11)
where Y, is the minimum communication weight:

Yy := min Y(x —y) > 0.
x,yeTd

In addition, if u is uniformly Lipschitz continuous on a time interval [0, T'], namely

Ly = sup |[[Viullpeoqrey < 00,
tel0,T]
then
&) < &0 TV forallt €10, T1. (2-12)
Proof. We postpone the proof to the Appendix. U

Remark 2.3. As an interesting consequence of (2-12) one obtains that, for smooth solutions, £;(0) =0
implies that £ (t) =0 for all # € [0, T']. In other words, monokinetic initial conditions remain monokinetic
as long as the velocity field is Lipschitz. One can note that monokinetic solutions to (1-1) simply
correspond to solutions of the pressureless Euler system (1-4); hence the short time existence of Lipschitz
solutions is guaranteed by Proposition 2.4 and Remark 2.5 below.

Formal derivation of the hydrodynamic Cucker—Smale system (1-4). We consider the hydrodynamic
variables p® := [, f©dv and pfu® := [p, vf* dv.
First of all, integrating (1-2) with respect to v, we get the continuity equation

3o+ Vy-(p°u’)=0.

Multiplying (1-2) by v, and then integrating it with respect to v, we have

¥ (p°u’)+ V, - (/ vuf* dv) = / Y(x —y)p°(t, x)p (t, y) W (£, y) —u’(t, x)) dy,
Rd Td
where we used
ué = f[Rd vfgdv'
Jpa f5dV
Then, we rewrite the system for p® and u® as
3"+ V- (p°u’) =0,

2-13
3 (p°u’) + Vi (p°u* @u + P°%) = /W Y(x —y)pft, x)p°(t, y)W(t, y) —u(t,x))dy, (-13)
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where P? is the stress tensor given by
P? = / (v—u®)®@w—u’) ffdv.
Rd

If we take ¢ — 0 in (1-2), the local alignment term V,, - ((#® — v) f®) converges to 0. Hence, if p* — p
and p®u® — pu for some limiting functions p and u, we have that f* — §,—, ® p (in some suitable
sense). Hence, the stress tensor P¢ should vanish in the limit, since

/ wW—u)®@ (W —u)dy—ypdv=0.
Rd

Therefore, at least formally, the limit quantities p and u satisfy the pressureless Euler system with nonlocal
alignment:
8[,0 + Vx . (,OM) = Ov

0 (pu) + Vi - (pu@u) = /d Y(x —=y)pt, x)p, y)u(t, y) —u(t, x))dy.
T
Existence of classical solutions to (1-4). We present here the local existence of classical solutions to the
pressureless Euler system (1-4).

Proposition 2.4. Assume that
po>0 inTY and  (po,up) € H*TY) x H*M'(T?Y) fors > 1d+1. (2-14)
Then, there exists T, > 0 such that (1-4) has a unique classical solution (p, u) satisfying
p € CO0, TJ; H*(T))NC' (0, Tl H' (T,
ue 0. T,1; HH(T) N C' (10, Tl HE (T9)). .
Remark 2.5. Since s > %d + 1, by the Sobolev inequality it follows that (p, u) € C' ([0, T,] x T9).

Proposition 2.4 has been proven in [Ha et al. 2014b]. There, the authors obtained also a global
well-posedness of classical solutions, provided an initial datum is suitably smooth and small.

3. Main result and preliminaries

We first present our main result on the hydrodynamic limit of (1-2). We next present useful results on the
relative entropy method and the optimal transportation theory, which are used as main tools in the next
section.

Main result. For the hydrodynamic limit, we consider a well-prepared initial data f; satisfying (2-6) and
(AD) [ra Jaa(fS 51017 = po 3luol?) dvdx = O(e),

(A2) llpg — pollLirey = O(e),

(A3) lug — uoll Lo (ray = O(e).

We now specify our main result on the hydrodynamic limit.
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Theorem 3.1. Assume that the initial data f; and (po, uo) satisfy (2-6), (2-14), and (A1)—(A3). Let
f? be a weak solution to (1-2) satisfying (2-9), and (p, u) be a local-in-time smooth solution to (1-4)
satisfying (2-15) up to the time T,. Then, there exists a positive constant C, (depending on T,) such that,
forallt <T,,

A PO - w)|2(t) dx + W3 (p (1), p(t)) < Cue, (3-1)

where pf = fRd fédv, pfu® = fRd vf€dv, and Wy denotes the 2-Wasserstein distance.
Therefore, we have

FE = Spmury ® p(t,x)  in M((0, Ty,) x TY x RY), (3-2)

where M((0, T,.) x T4 x R?) is the space of nonnegative Radon measures on (0, T,) x T x R4

The proof of this result is postponed to Section 5. In the next subsections we collect some preliminary
facts that will be used later in the proof.

Relative entropy method. First of all, we rewrite the limit system (1-4) in an abstract form using the

P= U—<p> A(U)—( Pt )
P T=\e) “\rePr)p)

F(U) = ( 0 )
Jra v (x = y)p, x)p(t, y)(u(t, y) —u(t, x)) dy

Then we can rewrite (1-4) as the balance law

notation

0:U +div, A(U) = F(U). (3-3)

We consider the relative entropy and relative flux
nVIiU)=nV)—nU)—-DnU)-(V-U),
A(V|U)=A(V)—AWU)—-DAU)-(V —-U),
where DA(U) - (V — U) is a matrix defined as
d+1

(DA)-(V=U))ij =) Ay (Vi —Up), 1<i<d+1,1<j<d.
k=1

(3-4)

By the theory of conservation laws, the system (3-3) has a convex entropy n(U) = p %|u|2 with entropy
flux G given by the identity
d+1
8U,.Gj(U):Zaykn(U)ay,.Akj(U), 1§i§d—|—1, 1§j§d.
k=1

Since n(U) = |P|*/(2p), and

Dy —|P|2/<2p2>) (—|u|2/2>
DnU)=|_"")= = , 3-5
n(v) (DPU) ( P/p u (3-3)
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for given V = (q‘fu), U= (ppu), we have

n(V|U) = glwl* — Lolul* + lul*(g — p) — u(qw — pu)
=1qlu—w*. (3-6)

The next proposition provides a cornerstone to verify the hydrodynamic limit through the relative
entropy method. For its proof, we refer to the proof of Proposition 4.2 in [Karper et al. 2015]; see also
[Vasseur 2008].

Proposition 3.2. Let U be a strong solution to balance law (3-3) and V be any smooth function. Then,
the following holds:

d

d
= Wn(V|U)dx=%/WU(V)dx—/WVx(Dn(U)):A(V|U)dx

—/ Dn(U) -[8,V +div, A(V) — F(V)]dx
'|]'d
—/ [D*n(U)FU)(V —U)+ Dn(U)F(V)]dx.
‘|]'d

Wasserstein distance and representation formulae for solutions of the continuity equation. For p > 1,
the p-Wasserstein distance between two probability measures j¢; and , on R? is defined by

W (p1, po) == inf /Ix—ylde(x,y),
veA(ur,u2) JRed

where A (i1, t2) denotes the set of all probability measures v on R?? with marginals 1; and s, i.e,
Ty = U1, Ty = U2,

where 7, : (x, y) — x and m; : (x, y) — y are the natural projections from RY x R to RY, and s
denotes the push forward of v through a map 7, i.e., m4v(B) := v(r ~' (B)) for any Borel set B. This
same definition can be extended to measures on the torus T¢ with the understanding that |[x — y| denotes
the distance on the torus.

To make a connection between the L>-distance of velocities and the 2-Wasserstein distance of densities
(see Lemma 5.2), we will use two different representation formulas for solutions to the continuity equation

Or it + divy (ur ) = 0. (3-7)

Let us recall that, if the velocity field u; : RY — R? is Lipschitz with respect to x, uniformly in #, then for
any x there exists a global-in-time unique characteristic X generated by u, starting from x,

X(t,x)=u(X(t,x)), X(0,x)=x,
and the solution u, of (3-7) is the push forward of the initial data ¢ through X (¢), i.e.,

we = X (H)#peo; (3-8)
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e.g., see [Ambrosio et al. 2005, Proposition 8.1.8]. On the other hand, if the velocity field u, is not
Lipschitz with respect to x, the uniqueness of the characteristics is not guaranteed anymore. Still, a
probabilistic representation formula for solutions to (3-7) holds (recall that a curve of probability measures
in R? is called narrowly continuous if it is continuous in the duality with continuous bounded functions):

Proposition 3.3. Fora given T > 0, let u; : [0, T] — P(RY) be a narrowly continuous solution of (3-7)
for a Borel vector field u, satisfying

T
f/ lu, ()P duy(x)dt < oo for some p > 1.
0 JRe

Let Ty denote the space of continuous curves from [0, T] into RY. Then, there exists a probability
measure 1 on T'r x RY satisfying the following properties:

(1) n is concentrated on the set of pairs (y, x) such that y is an absolutely continuous curve solving
the ODE
y()=u,(y@)) forae te(0,T), withy(0)=x.

(i1) us satisfies

fR () dp(x) = /F L P O)dn(y.x) forallp € CYR, 1 €[0.T].

Again, this result readily extends on the torus.
Note that, in the case when u;, is Lipschitz, there exists a unique curve y solving the ODE and starting
from x (i.e., y = X (-, x)), so the measure 5 is given by the formula

dn(y,x) =8,=x(.,x) ®duo(x).
We refer to [Ambrosio et al. 2005, Theorem 8.2.1] for more details and a proof.

Useful inequality. We here present a standard inequality that is used in the proof of Lemma 5.2, for the
convenience of the reader:

Lemma 3.4. Let py, p» : T — R be two probability densities. Then
W3 (p1, p2) < dllp1 = pallp1ay.

Proof. The idea is simple: to estimate the transportation cost from p; to p, it suffices to consider a
transport plan that keeps at rest all the mass in common between p; and p; (namely min{p;, p»}) and
sends p; —min{p;, p2} onto po —min{p;, p2} in an arbitrary way. For instance, assuming without loss of
generality that p; # py (otherwise the result is trivial), we set

m = || py —min{py, p2}|l .1 7ey = 2 — min{p1, P2}l 1 ray = Sllo1 — p2ll i rey > O.
Then, a possible choice of transport plan between p; and p; is given by
7(dx, dy) := 8x=y(dy) @ min{p; (x), p2(x)}dx

+ %[pl (x) —min{p(x), p2(x)}1dx @ [p2(y) — min{p;(y), p2(¥)}Idy.
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Since the diameter of T¢ is bounded by %«/3 , we deduce that the W22—cost to transport p; — min{py, 02}
onto pr — min{p;, p2} is at most

1 ) )
/M Ix—y|2dr(x,y) = P fﬂ lx — y|?(p1 (x) —min{p; (x), p2(x)})(p2(y) — min{p1 (¥), p2()}) dx dy
T T
< 1dllpy —min{py, p2}l 1 vy = gdll o1 — P2l i vy,
as desired. O
4. Structural lemma

In a general system, we first present some structural hypotheses to provide a Gronwall-type inequality on
the relative entropy that is also controlled by 2-Wasserstein distance.

Hypotheses. Let f° be a solution to a given kinetic equation KE, scaled with & > 0 corresponding to
initial data fj. Let U® and U consist of hydrodynamic variables of f¢ and f; respectively.
Let U be a solution to a balance law (as a limit system of KE,):

0U +div, A(U)=FU), U= =Up.

(H1) The kinetic equation KE, has a kinetic entropy F such that f F(f®)(t)dx =0 and

/f(fg)(t)dX+é/() Dl(fs)(s)ds+f0 Dz(fs)(S)dSE/w F(fg)dx,

where Dy, D, > 0 are some dissipations.

(H2) There exists a constant C > 0 (independent of ¢) such that

[nwiiomax<ce. [ -nwpnaxzce [ Fpax=c
Td
(H3) The balance law has a convex entropy 1, and the following minimization property holds:
nU*®) < F(f°).

(H4) There exists a constant C > 0 (independent of ¢) such that

‘fVX(Dn(U)) AU |U)dx

< Cf n(U?|U)dx.
(H5) There exists a constant C > 0 (independent of ¢) such that

‘/DU(U)-[azUSerivXA(Ug)—F(US)]dx < CDi(f%).

(H6) Let p® be the hydrodynamic variable of f* as the local mass, and p be the corresponding variable
for the balance law. Then,

- / [D20(UYF(U)(U* — U)+ Dy(UYF (U] dx < Da(f) + CW2(p", p) +C / 2(U° | U) dx.
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(H7) There exists a constant C > 0 (independent of ¢) such that

t
sz(ps,,o)(t)§C/ /n(U€|U)dxds+ce.
0

Remark 4.1. (1) The hypotheses (#1)—(H5) provide a basic structure in applying the relative entropy
method to hydrodynamic limits as in previous results, for example, [Kang and Vasseur 2015; Karper
et al. 2015; Mellet and Vasseur 2008]. On the other hand, the hypotheses (H6)—(H7) provide a crucial
connection between the relative entropy and Wasserstein distance.

(2) The (kinetic) entropy inequality (1) plays an important role in controlling the dissipations D1, D,
in (H5) and (H6).

(3) (H2) is related to a kind of well-prepared initial data.

Lemma 4.2. Assume the hypotheses (H1)—(H7T). Then, for a given T > 0, there exists a constant C > 0
such that

/H(Ug | U) (@) dx + W5 (0%, p)(t) < Ce, t<T.
Proof. First of all, using Proposition 3.2, we have
/ nUe1UY)dx <L+ L+ 13+ 14+ Is,
T4

where
I :=/ n(Ug | Uo) dx,
‘[[d

b= [ awHo - nw s

I3:=—// V:(DnU)) : A(U? |U)dxds,
0JT4

14:=—f/ DnU) - [0, U? +divy, A(U®) — F(U®)]dxds,
0 J1d

Is :=—// [D>n(U)FU)(U® —U)+ Dn(U)F(U®)]dx ds.
0 JTd

It follows from (H2) that I} < Ce.
We decompose I, as

h= /T @U@0 = F(f)0)dx+ fT (FUHO = F(fdx+ fT (FUH =W dx. @1

—.7l —.72 —.73
=1 =13 =13

First, 121 < 0 by (H3).
Since (H1) yields

t
2= —f Da(f*)ds.
0
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it follows from (76) that
t t
1224—15 < C/ Wf(ps,p)ds+Cf/ n(U® | U)dxds.
0 0 JTd

By (H2), I; < Ce.
It follows from (#4) that

t
I; < C/ f n(U®|U)dxds.
o JT1d
Since (#1) and (H2) imply

t
/ Di(f*)(s)ds < Ce,
0

we have Iy < Ce.
Therefore, we have

t
/n(UE |U)(t)dx <Ce +Cf [/ n(U® | U)(s)dx ds + W3 (p°, ,0):| ds.
0
Hence, combining it with (H7), and using Gronwall’s inequality, we have the desired result. O
5. Proof of Theorem 3.1
The main part of the proof consists in proving the estimate (3-1).

Proof of (3-1). This will be done by verifying the hypotheses (#1)-(#7), and then completed by
Lemma 4.2.

Verification of (H1). (#H1) is satisfied thanks to Lemma 5.1 below. There we show that one can replace
the nonlocal dissipation D; in the kinetic entropy inequality (2-9) by another dissipation D5 defined in
terms of the hydrodynamic variables o and u°®.

Lemma 5.1. For any € > 0, assume that f; satisfies
feeL'nL>®T xRY), |v*f§ e LT x RY).
Then the weak solution f¢ in Proposition 2.1 also satisfies
1 t t -
f f(fs)(t)derg/ Dl(fg)(S)dSJr/ Dz(fg)(S)dSS/ F(fo)dx, (5-1
T¢ 0 0 T¢

where F and D are as in (2-5), and

Bal)im 5 [ e =300 400" @)l 1) = 1 ) dvdy.
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Proof. Recalling (2-9), it is enough to show 52( %) < Dr(f?). We first rewrite 132( f#) in terms of the
mesoscopic variables as follows: using ¥ (x — y) = ¢ (y — x), we have

5z(f€)=%/w del/f(x—y)fe(t,x,v)fe(t,y,w)(v—w)-(u‘f(r,x)—ug(z, ) dvdwdxdy
:/ Yx—y) e, x,v) e, y,w)v—w) u®@, x)dvdwdxdy
TZ‘IXRM

=/ Yx—y)fei, x,v) e, y,w)(v—w) -vdvdwdxdy
T2d xR2d

=7

+f Vx—y) [, x,v)f, y, w)(v—w)- @, x)—v)dvdwdxdy .
T2d «R2d

=1
First, we have
1
L= WE NS a0y ol = wP drdy dodw = D)
T+ xR
We next claim Z, < 0.
Indeed, since
2
vfeédv
o2 = Y o) sf w2 £ dv, (5:2)
fRd f‘g dv R4

we have

/ Ux — ) fE, x,0) fEt, y, w)|v]* dvdwdx dy
T2d x[R2d
> /2,1 W(x — y)pf(t, )pf (t, x)|uf (t, x)|* dx dy.
I
Then, since
/ ll/(x_y)fs(taxav)fs(tay,w)us(t,X)'U)dUdU)dxdy
T2d % [R2d

= /w Y (x —y)p°(t, x)p(t, y)u(t, x) -u(t, y) dx dy,

/ Y(x—y) fot, x,0) @, y, wu(t, x) - vdvdwdx dy
T2d % [R2d

Z[Pd W(X—y),og(l‘,X),Og(t, y)|”£(t,x)|2dxdy,

/M Zdlﬂ(x—y)fa(t,x,v)fa(t,y,w)v-wdvdwdxdy
T4 xR

= /w VU (x —y)p°(t, x)p°(t, yyu(t, x) -u(t, y)dx dy,

we conclude that Z, < 0, as desired. O
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Verification of (H2). We show that the assumptions (A1)—(.A3) for initial data imply (H2). Using (3-6)
and assumption (A3), we have

/ nU§ | Up) dx = l/ Po g —up|*dx < C82/ pgdx < Ce?.
T4 2 T4 Td
Since it follows from (A1)—(.A3) that
| ) = nwoy dx =06,
T
and

| oo =n@ndx =3 [ ooluol = )
Td R4

1 1
<3 [l iliuol+ 5 [ ol = ol =06
Td Td
we have

| s =nwip = 0.

It is obvious that (A1) implies
/ F(f5)dx <C.
Td

Verification of (H3). It follows from (5-2) that
n(U*) = p* ylu’f? s/w 2P fedv=F(f*). (5-3)
Verification of (H4). Since

PT
AU) = ( )
(P®P)/p
we have

DAU) - (U* = U)=D,AWU)(p* — p)+ Dp AU)(P{ — P)

Y )
= ((p* = p)/PHIPRP+(1/p)P R (P*—P)+(1/p)(P*—P)Q P/’
which yields

AU |U)
- : )
~\/p)Pe@PE—(1/p)PR P+ ((p°—p)/p>) PR P —(1/p)PR(P*—P)—(1/p)(P*— P)® P

0
a (p@(utu)@(us—u))'
Therefore, using (3-5) and (3-6), we have

‘/ Vo (Dn(U)) : A(U® |U) dx

t
// P —u)® W —u):Viudxds
0 J1d

1
SC”V)C””LOC((O,T*)XT‘J)/ /d n(U*®|U)dxds.
0JT
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Verification of (15). For a weak solution f° to (1-2), it follows from (2-13) that U¢ = (,’i) solves the
system

e : ey _ &Y — s 0 -
0, U® +div, A(U®) — F(U?®) =div, (—fRd(v—us)(X)(v—ue)fsdv)’ (5-4)

where the equality holds in the sense of distributions; see (2-8). Therefore, we have

‘f Dn(U) - [8,U® +divy A(U®) — F(U®)]dx

/qu:( (v—u8)®(v—u8)f€dv>dx
Td Rd

< C”VxMHLOO((O,T*)XT")f
Td xR

o= w2 f* dvdx = ClI Vel oo, sry D1 (-
Verification of (H6). From the proof of Proposition 4.2 in [Karper et al. 2015], we see
—/ [D*n(U)F(U)(U*® = U)+ Dn(U)F(U*)]dx = K1 + K2+ K3,
Td

where
Ky := —% /w Y (x — )" ()" (1, )| () — u(x)) — W () —u(y)|* dx dy,

Kyi=1 /T =P P ) [ () —uf (P dx dy.
K3 := /T W= " () = PN () = 1) (x) = () dx .

Notice that K; <0, and K, = 2~)2(f’3) where 2~)2(f’3) is in Lemma 5.1.
To estimate K3, we separate it into two parts:

K3 = /w( St Nu () —p»)) dy>p8(x)(u€(x) —u(x))dx

- / (/w Y (x=P° () —p()) dy)u(x)pg(x)(ug(x) —u(x))dx.

Td
Since i and u are Lipschitz, we use the Kantorovich—Rubinstein theorem, see [Villani 2009, Theorem 5.10
and Particular Case 5.16], to estimate

K3 < Wi(p®, p)(sup lv(x — )ull oo, 72 wiooray) =+ 1V | oo o, 72 wtoe crany 1l oo 0, 7, xT)

xeTd
X / pf () |uf (x) —u(x)ldx.
T4
Therefore, since Wi (p%, p) < W, (p?, p), we obtain
K; sC(W§<pf,p)+/ pf(x>|u6<x>—u(x)|2dx).
Td

Hence we have verified (H6).
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Verification of (H7). This will be shown by Lemma 5.2 below. We first derive some estimates for the
characteristics generated by the velocity fields u® and u.
For the velocity u in the limit system (1-4), let X be a characteristic generated by it, that is,

X(t,x)=u(t, X(t,x)), X(0,x)=ux. (5-5)
Then, thanks to the smoothness of u, it follows from (3-8) that
X (@®)#po(x)dx = p(t,x)dx.
On the other hand, since u® is not Lipschitz with respect to x, we use a probabilistic representation
for p® as a solution of the continuity equation in (3-3). More precisely, (5-3) and (2-9) imply

/ W02 pF (1) dx < / FOF) dx < / FOfE) dx < oo,
'n'd 'n'd 'ﬂ'd

50 it follows from Proposition 3.3 that there exists a probability measure 7° in 'z, x T¢ that is concentrated
on the set of pairs (y, x) such that y is a solution of the ODE

y@ =u"(y@®), 0 =x, (5-6)
and

/ o(x)pf(t, x)dx = / ey (@®)dn®(y,x) forall e CO(Td), t €0, T.]. (5-7)
-ﬂ—d FT* XTd

In particular, this says that the time marginal of the measure n® at time 0 is given by p*(0) = p. Hence,
by the disintegration theorem of measures, see for instance [Ambrosio et al. 2005, Theorem 5.3.1] and
the comments at the end of Section 8.2 in [Ambrosio et al. 2005], we can write

dn®(y,x) =n5(dy) @ py(x) dx,

where {n%},cy« is a family of probability measures on I'7+ concentrated on solutions of (5-6).
For the flow X in (5-5), we also consider the densities o6 (¢) defined as

541, x)dx = X ()48 (x) dx. (5-8)

Note that, since

o) = p° @l 1rey = sup /(p(X)[p(t,X)—ﬁg(t,X)]dx
lelloo<t /T4

= | Silup 1 /w (X (¢, x))[po(x) — p(x)1dx < |lp5 — poll L1 (ra),
[@lloo<

we have

o) —p Ol rey < llog — Poll L1 ray- (5-9)
We now consider the measure v® on I'r, x I'r, X T4 defined as

dvi(y,o,x) =n3(dy) ®8x(. »(do) @ py(x)dx.
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If we consider the evaluation map
E :Tp xTr, xT? > T9x T, El( )= (y(t), ot
to 1l X1l X X ) t\y,0,X —()’( , O ))’

it follows that the measure 7/ := (E;)4v® on T x T4 has marginals p®(t, x) dx and p¢(t, y) dy for all
t > 0. Therefore, we have

/F » ly (1) = X, O 0 (dy) ® pj(x) dx =f ly(@) —a@)?dv*(y, 0, x)

7, xTr, xT¢
= [ =Py
= W3 (p" (@), 5° (1)) (5-10)
We now use the above results to prove the following lemma.

Lemma 5.2. Under the same assumptions as in Theorem 3.1, we have

sz(,og(t),p(t))fCeT*// [uf (s, x) —u(s, x)|*p(s, x)dx ds + O(e), t<T,. (5-11)
0JTd

Proof. Let p° be defined as in (5-8). We begin by observing that, thanks to Lemma 3.4, (5-9), and
assumption (A2), it follows that

W3 (5°(0), p(1) < Oe).
Hence, to prove (5-11), it is enough to bound W22(,08 1), pE(1)).
To this aim, we try to get a Gronwall-type inequality on
/ ly () = X (&, )P ni(dy) ® pj(x) dx.
FT* xTT"

Since

p(6) — X(t,x) = U (y (1) —uly () + Wy ®) —u(X (¢, x)))
by (5-5) and (5-6), we have

1d

sar | O-X@ 0P dii (@) dx < f [ (y () =y ) ' () ®pf (x) dx

FT*X-ﬂ—d
+/r T4 Ju(y () —u(X (&, ) > dn’ ()®p (x) dx
+2 /F L Iro-xa. X)? dnf ()®p (x) dx.

Notice that, thanks to (5-7),

/F . uf (y (£)) — u(y 0))* dn' (y) ® p§(x) dx = /H |uf (¢, x) —u(t, x)|*p° (¢, x) dx.
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Moreover, since
/ ey (1)) — (X (1 ) dnf () ® p () dix

FT* X—Wd

< IIMIILoow,T*;wLm(W))/

r’r* x T

v =Xxa, )2 dnt(y) ® p§(x) dx,

we have

d

o [y (6) = X (@, ) dn(y) ® pj(x) dx
FT*X-U—d

< C/ ly () — X (t, x)I* dni(y) ® pf(x) dx +/ |uf (¢, x) — u(t, x)|*p°(t, x) dx.
FT* x T4 Td
Therefore, using Gronwall’s inequality together with ¥ (0) = X (0, x) = x for n%-a.e. y, we obtain
t
/ Iy (t) — X (2, x)[> dn (¥) ® p§ (x) dx < CeT*/ f |uf (s, x) —u(s, X)|*0° (s, x)dx ds, t<T..
Tz, xTd 0 JTd

Hence, using (5-10) we get the desired control on W22 (p%(t), p%(t)), which concludes the proof. [

Proof of (3-2). Here we use the estimate (3-1) to show the convergence (3-2).
First, since (5-1) and (A1) imply

t
/ DI(f¥)(s)ds < Ce,
0

using (3-1), we have
T T
/ / f8|v—u|2dxdvd552/ / FE(v—uf P+ uf —uP) dx dvds < C(1+T)e. (5-12)
0 Td xRd 0 Td x R4

Then, for any ¢ € Ccl((O, T,) x T4 x RY),

T, T,
/ / (p(s,x,v)fedxdvds—/ / o(s, x,v)pd,(dv)dxds
0 JTIxR? 0 JTdxRd

T, T,
=f / (s, x,v)ffdxdvds —/ f e, x,u)pdxds
0 JTdxRd 0o Jrd

T, T,
=// f%o(s,x,v)—so(s,x,u>>dxdvds+//go(s,x,u><p8—p>dxds.
0 T4 xR 0 T4

= =13

Using (5-12), we have

T
Ifsnvvgouoo// Lo —uldx dvds
0 T4 x[Rd

Ty T
=||Vv(p||oo(/ / f€|v—u|dxdvds—|—/ / fslv—u|dxdvds>
0 Jjv—ul<e 0 Jv—ul>e
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*

1 T.
5IIVU</>|I<>O<\/ET*+%/Of| lffalv—ulzdvdxds)
V—U|>/E
<CA+T)e.

Since Wi(p®, p) < Wa(p®, p) — 0 by (3-1), we also have I; — 0 as ¢ — 0.
Hence, this completes the proof of (3-2).

Appendix: Proof of Theorem 2.2

We first estimate (d/dt)E; as follows:

i€1=2/ f(u—v)atudvdx—i-/ 3 flu—v|*dvdx =1+ b.
dt T4 x Rd T x Rd
First of all, by the definition of u, we have f f(u—v)dv=0; hence I, =0.

Concerning I, it follows from (1-1) that

l2= /T =P (Ve @) = Vo (LS = Ve (=) ) duda

=2/ qu(u—v)-vfdvdx—Z/ (u—v)-L[f]fdvdx—Z/ |u—v|2fdvdx.
T4 xRd Td xRd

Td xRd

=:I7 =y =-2¢&
Then, we use the stress tensor P = f[Rd (v—u)® (v—u)fdvtorewrite I; as
121=2/ qu(u—v)-(v—u)fdvdx=2/ (Vy-P)-udx.
TdxRd Td
Thanks to the estimate on Z, in the proof of Lemma 5.1, we see that

I = —2/ Yx—y)flt,x,v)ft,y, w)(uE,x)—v) - (w—v)dvdwdxdy <0.
T2d R2d

Therefore, we have
18152/ (V- P)-udx —2&. (A-1)
dt Td

We next estimate (d/dt)E; as follows:

d
dg _ 2/2d 8,0 (t, )p (1, YNu(t, x) — u(t, )2 dx dy
T

dt
+ 2/1;24 o(t, x)p(t, y)(u(t, x) —u(t, y))o,(u(t, x) —u(t, y))dxdy
=J1+ J>.
Since it follows from (2-13) with ¢ =1 that
0o+ Vi (pu) =0,

pa,u+pu-qu+Vx-szdL[f]fdva
R
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we obtain (recall that [|p|z1 ey = 1)

Ji= —wa V- (ou)(t, X)p(t, y)|u(t, x) —u(t, y)|* dx dy

=4/ ,ou-qu-udx—4/ pu-qudx-/ pudx,
Td T4 T4

and

S =4/ p(t, yyu(t, x)p(t, x)du(t, x)dx dy—4f p(t, y)u(t, y)p(t, x)ou(t, x)dx dy
‘H'Zd ‘[er

=—4/ ,ou-qu-udx—4/ Vx-P-udx+4/ u~L[f]fdxdv+4/ ,ou-qudx-/ oudx
Td Td Td xRd Td T

d

=J1

+4/ Vx-de-/ pudx—4/ L[f]fdxdv-/ pudx.
T¢ T¢ TdxR¢ T¢
——

=0 =J»n

Now, we compute the above terms J>; and J, as follows:
Joy = / Yx—yf x,v)f,y, w)(w—v) u(t,x)dvdwdxdy
T2d x[R2d
= fw Y(x—y)p@, x)p, y)(ut, y) —u(t,x)) ut,x)dxdy

- /T U — Wt 0, Plutt, x) —ut, )P dx dy,

Jn :/ Y(x—y)ft,x,v)ft,y,w)(w—v)dvdwdxdy =0.
T2d xR2d

Therefore, we have

if:z=—4/ Ve Peowde—2[ w(x—ypt plt lult x) —ult, y)P dx dy.
dt Td T2d

Recalling (A-1), proves that

%5 =28 - fw Y (x = p(t, x)pt, ylut, x) —ut, y)I* dx dy

= =28 — Y& = —2min{l, ¥, }E,

which completes the proof of (2-11).
To show the second bound (2-12), note that if £7 := sup,(o 7} I Vxtt|| 1 (1e)y < 00 then (A-1) yields

%&(t) < —2/ Viu: Pdx -2 <2Ur f lu—v|> f dvdx —2&,(t) = 2(Lr — D)E (1),
T4 T

d Rd

which proves (2-12).
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