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Applications to gases

Denis Serre
Ecole Normale Supérieure de Lyon*

December 19, 2024

Abstract

An accurate functional inequality for Div-BV positive symmetric tensors A in a bounded
domain U C R"™ arises whenever the tangential part of the normal trace v, A ~ AV is a
finite measure over OU. The proof involves an extension operator to a neighbourhood of
U. The resulting inequality depends upon the domain only through the C3-regularity of
OU, some constant involving the curvature and its first derivatives.

This abstract statement applies to several models of Gas Dynamics (Euler system,
Hard Spheres dynamics), as the boundary condition (slip, or reflection) tells us that A7
is parallel to , where A is the mass-momentum tensor.

Key words. Compensated integrability ; Inviscid gas ; Billiard.

MSC classification 35B09, 35B30, 356B45, 35F45, 7T6N15, 37C83.

Notations The domain U C R”" is open, bounded, with a C3-boundary. The outer unit
normal vector field to OU is vV : a — 1,. If Z : OU — R" is a vector field, its tangential
component is the projection Z™ = Z — (Z - V). For a vector field v : U — R™, the first
differential is dv and the second one is D?v.

The space M(U) of finite Radon measures is understood in various senses, whether these
measures are scalar, vector-valued or tensor-valued. The total mass (or total variation in some
terminology) of a measure p is ||u]a. We consider also measures on the boundary oU. The
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bracket (u, f) stands for the duality, either between M(U) and Cy(U), or between D’(U) and
D(U).

For n x n matrices, A : B = Tr(BT A) is the natural scalar product over M,,(R). In practice,
the matrices are symmetric, so the transposition doesn’t matter.

An inequality F[U, A, ---] <,, G[U, A, - - -] means that there exists a constant ¢, € (0, +00),
depending only upon the space dimension n, such that the inequality

‘F[U’A7...] < Cng[U,A,~-~]

holds true for every domain U, tensor A, ... under consideration.
Let E be a normed vector space. If v € End(E), we write |u|,, for the operator norm.
Likewise, for B € Bil(E;R"), we set

Bl = sup LoDl
z,yeE z|ely|E

As usual || - ||« is a sup-norm.

1 Introduction and main results

Given an open domain U C R", we are concerned with symmetric n xn tensors A whose entries,
as well as the coordinates of the row-wise Divergence are finite measures:

V1<i,j<n, a;eMU), and V1I<i<n, (DivA), Z@aweM()
7j=1

These tensors form the Div-BV class. We make the important assumption that A is positive
semi-definite. In other words the measures

) = Z &y
0]

are non-negative, for every vector £ € R™.

When the domain U is the whole space R™, it was shown (see [4, 5]) that the well-defined
measure (det A) «, which is dominated by £ Tr A, is actually a measurable function of class LT,
This qualitative result (we speak of Compensated Integrability), which says in particular
that the singular part A% in the Radon-Nikodym decomposition satisfies (det A8 )% = 0 (this
being also a consequence of an abstract result in [1]), is associated with a functional inequality

(CI) / (det A)n Tdr < CnHDlVAHM R
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We are interested here in the case where U is bounded, with a smooth boundary. We ask
whether the conclusion above still holds true for positive Div-BV tensors over U. The first
observation is that if ¢ € D(U) is non-negative, then ¢A is Div-BV, compactly supported and
positive semi-definite, and thus its extension by 0, to Uz is Div-BV over R™. We infer that
(det A)w is still a measurable function, and belongs to L5 (U). The estimate (CI), applied to
@A, provides an estimate for (det A)ﬁ in LL (U), which deteriorates near the boundary OU.

loc
An inequality such as (CI), with U instead of R", is false because positive definite constant

tensors violate it. To obtain an estimate of the full integral

/(det Ay,
U

we need some extra information about the normal trace -, A ; see Apprendix A for a rigorous
definition of this object, which mimics that in the space Hgiy(U) used in mathematical fluid
dynamics [8]. One naive strategy, already considered in [4], consists in extending A by 0, on
U¢. The resulting tensor A satisfies, in the distributional sense,

Div A = (Div A)|y + 1A Ho 1y -
In other words
Vi € DR RY)  (Div A, ¢) = (Div A, |y) + (1A, ¥]av).

Since 7, A is only known to belong to the dual of C*(0U), A is not Div-BV in general, unless
we assume explicitely that 7, A is a finite measure. In such a case, we have

IDiv Al yveny = IDiv Al mey + [ Al meov)-
This led us to state [4]

Proposition 1.1 Let A = 0, be a Div-BV tensor over U, such that the normal trace v, A
1

is a (vector-valued) finite measure over OU. Then the measure (det A)» actually belongs to

L~1(U), and there holds a functional inequality

(1) / (det A)iidz <, (IDiv Al + o Allaor) 7 -
U

Alas the assumption is too strong and the statement above could not be applied to inviscid gas
dynamics. This contrasts with the case U = R" for which (CI) led to a new fundamenetal a
priori estimate ; see (9) below.



An important remark is that the normal component of v, A, formally equal to 77 A7, must
be a non-negative! distribution. As such, it is naturally a finite measure, so that the hypothesis
upon the normal trace is nothing but the assumption that its tangential part

7:‘4 = ’VVA - (ﬁ fYVA)Ij

is a (vector-valued) finite measure. This suggests that a functional inequality such as (1) could
be improved by replacing the mass of v, A by that of 77 A. As we shall see below, this is
almost true, in the sense that there is a reasonnable price to pay. This extra cost is of the form
K(OU)||A||pm where K(OU)™! is some characteristic length of the domain. Notice that this
does not follow from an estimate of the mass of 71 A7 in terms of ||Div Ay and || A|| a4, since
the linear operator A — /' A7 does not map the Div-BV space into M(AU) (that is, without
the positivity assumption).

Improving the construction above, we show therefore that the knowledge of ||7]A| rmo0
essentially suffices to estimate the left-hand side of (1), provided that the boundary U is of
class C3. The length scale mentionned above involves the following notations.

Notation 1.1 Let X C R" be a closed C*-hypersurface. We denote L(X) the largest number L
such that every x € R™ with d(z;%¥) < L admits a unique projection on 3. This projection is
denoted Ty, or simply .

In the statements below, the hypersurface is the boundary 0U of our domain and is of class
C3. In most cases, L(OU) is simply the infimum over OU of the curvature radii, equivalently
L(OU) = ||d7||Z}, but it might be smaller for dumbbell-shaped domains. For general domains,
we only have L™ > ||dV]| .

Notation 1.2 Let ¥ C R"™ be a closed C3-hypersurface. We denote

1
K(¥) := max {Z : L||D217||Oo} : L=L(X).

Our main result reads as follows.

Theorem 1.1 Let U C R" be a bounded open domain with C3-boundary.

For every symmetric positive semi-definite Div-BV tensor A over U, whose tangential com-
ponent YA of the normal trace belongs to M(OU;R™), the measure (det A)n is actually a
measurable function belonging to L#(U ). The corresponding functional inequality is

L : : s
2) /(det A)de <, (|Div Al mwy + 170 Al meawy + K (QU) | Al ) " * -
U

LA rigorous proof of this fact, not needed here, is a little bit technical.
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The proof of Theorem 1.1 is based on the construction of a Div-BV extension of A to the
larger domain U+ B(0; L(0U)). A priori, such an extension can be done for every Div-BV sym-
metric tensor, by following Babich strategy (see the seminal paper [2]). Babich’s idea provides
an extended tensor whose Divergence does not charge QU. This is how trace and embedding
theorems are proven in the context of Sobolev spaces. However a Babich-like extension does
not preserve the positiveness of the tensor. Without this crucial condition, we may not ap-
ply Compensated Integrability to the extension of A. This is why we employ a more robust
construction, which requires that 77 A is measure-valued.

For practical applications to evolution problems, we need the following variant of Theorem
1.1 where the domain U is of the form R X €2, the first factor standing for the time axis. The
second factor, a physical domain, is a d-dimensional bounded open domain with C3-boundary.
We have n = 1+4d, so that the exponent —= is simply = . The independent variable is z = (¢, y).

Theorem 1.2 (n=1+d, U =R x Q.) For every symmetric positive semi-definite Div-BV
tensor A over Rx ), whose tangential component v A of the normal trace belongs to M(OU; R™),
the measure (det A)% is actually a measurable function belonging to L7 (U). The correspond-
ing functional inequality is

(3) / dt / (det AYddy <, (IDIv Allyey + [ Allaor) + K@ A awey) ™ -
R Q

Hereabove, A, is the n x d right column in the block-decomposition

Au AUT’

Our applications are two-fold. On the one hand we consider an inviscid compressible gas
obeying the Euler equations (conservation of mass and momentum, decay of mechanical energy).

The mass-momentum tensor
(P pu”
\pu pu®u+ply)’

where p,p > 0 are the density, pressure and u is the velocity field, is positive and Div-free.
Because of the slip boundary condition u - 77 = 0 on the boundary, the normal trace is

YWE = < Oﬁ) = pv.
pn

In particular 47 F' = 0 and Theorem 1.2 applies. With the help of (3), we establish the estimate



Theorem 1.3 Assume a polytropic equation of state (¢ the specific internal energy, v > 1 the
adiabatic constant)

() p=(v—1)pe.

Let an admissible inviscid gas flow in Ry x € have finite total mass M and initial energy Ey
(the energy at time t > 0 being < Ey). Then we have for every T > 0

g , Ey 15
(6) / dt/ pipdy <4 i (M+7TK(OQ)\/MEO> .
0 Q

Discussion. The estimate (6) deteriorates when T' grows, since we expect the left-hand side
to increase linearly with 7', while the right-hand side goes superlinearly. It is more intersting
when T = T} is the characteristic time of the flow, that is

1 M
@) T :ZM@O-

Applying (6) with an arbitrary initial time ¢, > 0, we conclude

Corollary 1.1 Under the same assumptions as in Theorem 1.3, there holds

t0+Tf E
®) [ [ty <aori 52,
to Q M

where the characteristic time of the flow is given by (7).

An interpretation of (8) is that in time-average, that is in Cesaro sense, we have
/ pépdy 0 (*yMiK(ﬁQ)E(]) :
Q
In other words,
/ pipdy = O (%(09)/35/%) :
Q

where
p = Vojl\(JQ) , k() = VOl(Q)éK<aQ)




are the mean density and a dimension-less expression which can be viewed as an aspect ratio
of the domain, respectively. The latter is never small, because of the isoperimetric inequality,
but can be large for complicated domains.

The situation described above is significantly different from that of a gas filling the whole
space R?, for which we obtained (see [4]) the estimate

+o0
9) / dt / pipdy <q Mi/ME; .
0 R

The main difference between (6) and (9) is that there was no privileged length or time scale
for an inviscid? gas in absence of boundary. In particular the time integral in (9) extends up
to T'= +o00. This contrasts sharply with the case of a bounded domain ; say for instance that
the gas is isentropic, so that (5) reduces to p = ap? for some constant « > 0. Then by Jensen’s
Inequality,

1
—/pépdy > ap'ta
2] Ja
is bounded away from zero as t — 400, so that the time-integral in (6) diverges at +ooc.

Our second application concerns Hard Spheres Dynamics. The particles move with con-
stant velocities between collisions, these involving either two particles or a particle against the
boundary?. Collisions between particles are elastic, conserving the linear momentum and the
kinetic energy. Collisions with the boundary are specular reflections. The change of velocity
experienced by a ball at a collision is denoted gy — ui,. We establish the following

Theorem 1.4 Let N identical balls of radius r > 0 and mass m > 0 move in ), the colli-
stons between particles being elastic, those between a particle and the boundary being specular
reflections. Denote

N
m
B=23 )P
j=1

the kinetic energy (a constant of the motion) and uw = \/2E/Nm the root mean square velocity.
There exists a constant kg > 0, depending neither upon the domain, nor on the initial
configuration, such that if

(10) NrK(09Q) < kg,
then we have for every t > 0

(t,t—i—Tf)
(11) > Juou — tin] <a N?a.

coll.

20n the contrary, viscous gases always display characteristic length/time scales.
31t is costumary to discard the rare configurations in which a collision involves three or more bodies.
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The sum above runs over all the collisions (either between particles, or against the boundary)
occuring in the time interval (t,t + 1) where

1

= Rooy

1s the characteristic time of the flow.

Remarks.

e The assumption and the estimate do not really depend upon the mass of the particles.
Only their number and the root mean velocity matter.

e For reasonnably balanced domains, the threshold condition (10) means that the parti-
cles cannot fill more than some fraction of a diameter (or a bottleneck) of Q. Even
though this necessity is understandable, the probability that a large number of balls be
approximately located on a single diameter is outstandingly small. Therefore we conjec-
ture that the bound (11) remains valid for ‘most of’ initial configurations under a much
weaker assumption than (10). We leave as an Open Problem to formulate and prove a
quantitative version of this claim.

e At reflections, |uoy — win| is nothing but 2|u - 7i|, so (11) provides a bound of

(t1,t1+Ty)

> fu-il.

refl.

This does not seem good enough to evaluate the pressure at the boundary in the limit
N — 400, Nm — M, since we expect

At this point, we just lack a bound of the number of reflections.

Plan of the article. Theorems 1.1 and 1.2 are proved in Section 2. The proofs differ from
each other only from one minor point, which is detailed in Paragraph 2.3.1. Section 3 is
dedicated to the application to the Euler system, with the proof of Theorem 1.3. We treat
Hard Spheres dynamics in Section 4, where we recall in passing the notion of determinantal
masses for tensors supported by graphs. Two appendices are dedicated to technical points.
On the one hand, we recall the definition of the normal trace for Div-BV vector fields — which
applies to Div-BV tensors too. On the other hand, we establish classical estimates for the
reflection across OU.
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2 Push-forward and extension of Div-BV tensors

2.1 Push-forward by a diffeomorphism

Let w,V C R" be open domains, and ¢ : w — V be a C*-diffeomorphism. We use latin indices
for the coordinates in V' and greek ones in w.

If A:w — Sym,, is a symmetric tensor, whose entries are Radon measures, we define a
push-forward symmetric tensor ¢,A over V by the formula

(9. A, M)y = (d¢p" Adg, M o ).,
for every M € C.(V; M, (R)). For completeness, the (i, j)-entry of d¢? A d¢ is

Z 030,0i0s0;,
a,B

so that the map A — ¢, A preserves positive semi-definiteness.
Lemma 2.1 The Divergence of ¢.A is given by

(Div (¢, A),Y)y = ((DivA)d¢ + A : D*¢, Y 0 ¢).,,
for every Y € D(V;R").

As above, the i-th coordinate of (Div A)d¢+ A : D%¢ is nothing but (Div A) - V¢; + Tr(AD?¢;),
that is div(AV¢;). The Lemma implies

Corollary 2.1 If moreover d¢ s globally Lipschitz, then
(A € DivBV(w)) = (4.4 € DivBV(V)),
with an estimate
(12) IDiv(e )Lty < 146l lDiv All iy + D6 el Allatce

Concerning the trace, we have

Proposition 2.1 Let ¢ be a C*-diffeomorphism such that d¢ is globally Lipschitz, and let A
be Div-BV over w. Then the normal trace of ¢.A is given by the formula

(13) <’7V(¢*A)7 Z>8V = <7V(Ad¢)7 Zo gb)@w-

9



The right-hand side of (13) can be developed as

n

Z<’7V(AV¢Z)7 Zio ¢>8w>

i=1

where each vector field AV¢; is div-BV. Notice that because of (24), we have

Proof
We proceed by duality. For compactly supported test vector field Y, the chain rule gives
(Div (6.4),Y)y = —(6.A, VY )y = —(Ad6, V(Y 0 9)).,

= (Div(Ad¢),Y o), = ((DivA)dp + A : D?*¢,Y o ¢),.
If moreover |Y(z)| <1 everywhere, then |Y o ¢| < 1 as well, and we have
|(Div (¢, A), Y)v| < [|[(Div A)d + A : D6l mw) < [delloolDiv All sy + DG lloo | All me.
whence (12).
Finally, if Y is not compactly supported,
(1(0:A), Yov) = (.4, VY)y + (Div(¢.A),Y)v
(Adg, V(Y 0 9)), + (Div(Ad¢),Y o §).,
= (1(Adg), (Y 0 9)|aw) = (1,(Add), Y |av © ¢).

2.2 Extension across a boundary

Let ¥ be a closed C3-hypersurface in R", with unit normal vector field a — 7,. The open set
¥, C R™ defined by d(z; %) < L(X) is split by ¥ in two halves denoted w and V. The smooth
involution o : ¥ — ¥ given by
o(x) =2mg(z) —x

exchanges w and V| while fixing the points of ¥. For each point a € X, the segment (a —
Lv,,a + L) is stable under o, which acts as a + sv/, — a — sv,.

Let A be a symmetric Div-BV tensor over w. We have at our disposal a Div-BV tensor over
V', namely o,A. This allows us to define an extension A to X : its restrictions to w and V'
are A and o, A, respectively, and it does not charge . In other words

VM € C.(X1; M, (R)), (Aext, M) = (A, M|,) + (0. A, M|y).

Notice that if A is positive semi-definite, then so is Aey. The natural question of whether Agy;
is still Div-BV, reduces to: how much Div A, charges 3 7

10



Proposition 2.2 [f the symmetric tensor A is Div-BV over w, and if the tangential component
v7 A of is normal trace is a (vector-valued) finite measure over X, then Aex is Div-BV over ¥y,
and we have

(15) <D1V Aexta J> = <D1V Aa 77;|w> + <D1V (O*A)a QZ;|V> - 2<7;A7 QZ;|E>

Proof

For definiteness, we assume that the normal vector field 7/ points towards V.

That Aey is a (matrix-valued) finite measure is clear. We only have to evaluate its Diver-
gence. For test vector fields, we have

(Div Ao, ) = —(Aew, V) = —(4, VL) = (0.4, Viv)
= (DivA,Plo) = (A, Pls) + (Div (0.4), ¥lv) = (n(0.4), ¥ls)
Involving (13) and (24), and using the fact that o]y is the identity, together with (14), we have

(A, Bls) + (W(024),4]s) = (W(A(L + o)), P
= (L, + do)y A, ¥ls).

There remains to notice that the restriction of do to X is the orthogonal symmetry I,, — 20 ® U,
and thus I, + do, is twice the orthogonal projection on 7, the tangent space. Hence

</YVA7 77;|Z> + </YV(O-*A)7J|Z> = 2(7;—‘47 77;|Z>
|

Remark 2.1 We could have used another diffeomorphism ¢ instead of o, with the property that
¢ exchanges w and V', and it fizes 3. However, the requirement that dp = I,, — 2U ® UV along
Y is a rather strong one. It rules out simpler C*-flips associated with less reqular manifolds.
An tmportant example is the “horizontal flip”, a kind of nonlinear transvection: say that X is
locally given by an equation x, = f(y) where y = (x1,...,7, 1) and f € C*. The horizontal

flip is the map
( . ) ( , )
Ty Qf( ) Ty

T+ dola) = (d;() 8)

and the expression (I, + do)vy, A involves the horizontal component (that along the coordinate
y) of vA. This component, being frame-dependent, is useless in applications such as gas
dynamics, where it has no physical meaning.

Then at a = (y, f(y)),

11



2.3 Proof of Theorems 1.1 and 1.2

Let A > 0,, be Div-BV in the bounded domain U C R", such that 7] A is measure-valued. We
apply the construction above with ¥ = 9U, and we write L for L(9U)). The domain

UUEL:U—FB(O;L),

is denoted Uy,

One of w and V, say w, is included in U, while the other is exterior to U. The restriction
Al, admits a Div-BV extension (A|,)ext to 2. Since it matches A in w, we have a Div-BV
extension of A to Uy,

yas { A in U,

(Alo)ext In Xp.
Differential operators being local, we infer from (15) the formula
(Div A", ¢) = (Div A, ¢|y) + (Div (0, A].), ¥|v) — 2(77 A, ls),
from which there comes
(16) IDiv A'l|aq = [[Div Afl g + [|(Div (02 AL) vl + 177 All -

Let now y € D(Up) be such that 0 < xy < 1in Up, x = 1 over U, and |Vy| < 7 otherwise.
The tensor yA’ is still Div-BV, positive semi-definite, and in addition compactly supported in
Ur. Thus its extension xA’ by 0, is Div-BV in R”. We have

IDivxApm = [IDivXA | a < [lxlloclDiv A [ a1 + VX oo/l Al
. . i 4
< IDiv Al + [P (@ Al ) v v+ 5 Al + 7 147 v

. B} 4
< (Do) IDiv Al + 7 AL+ (7 + D% ) 14

where we used (12).

To make this estimate fully explicit, we need bounds of ||Dol|s and ||D?0||. For this,
we make a careful choice for the cut-off y : it vanishes whenever d(x;0U) > %, this being
compatible with the bound |Vx| < % . Therefore the L*>-bound of derivatives of the involution
o need only be taken over the smaller domain

L
w%:{x€U|O<d(x;8U)<§}.

These are evaluated in Appendix B, where we obtain (see Lemma B.1 and Corollary B.1)

1do s <3, D0l un ) < 16 K (D).

12



We conclude therefore
(17) IDiv XA < 4Div Al + 77 All v + 20 K (U || A'|| s

We are now in position to apply the functional inequality (CI) to )?Z’ . Since deti;l/’ is
non-negative and its restriction to U equals det A, we obtain

/(det Aitide < / (det xA) 7T dx <, ||Div xA/[| 5"
U n
< (IDiv Allac+ 7y Allm + K(QU) [[ A a) ™
With
1A | ae < Al + NlowAlo, ol < TANL A+ TdolS Al < 10]1 Al g,
this ends the proof of Theorem 1.1.

2.3.1 The case of Theorem 1.2

When U = R x  (and z = (t,y)) instead, we proceed the same way, with the following
adaptations. The hypersurface ¥ = R x 9d9Q splits U, (remark the equality L(OU) = L(092))
into R x w and R x V where w C Q and V is exterior to €2. The involution is ¢ = idgr ® o,
where o0, : w — V is defined as above. The only new fact is the evaluation of the contribution

of ||A]|a¢ in the functional inequality. We recall that it originates from the terms A : D*o and
AVy.
On the one hand we have we have

A:D? = Auﬁf + Q(Abg : Vy)ﬁt + Ay, D?

vy’

where we use the block decomposition (4). Since 820 = 0 and V,0;0 = 0, this yields

0
A: D% =
7 (Abr : DzO'w)’

A : DZUHM = || Ap : Dgz;awHM < ||D32/Uw||00||Abr||M-

and therefore

On the other hand the cut-off function x depends only upon the space variable y, and
satisfies as above |Vy| < % . It contributes to Div y A’ through the term A’Vy, which involves
only the n x d block (A’),. Whence a contribution (at most)

4 /
2 1A,

13



to the mass of the Divergence. However, noticing that the differential do = diag(1,do,,) is
block-diagonal, we see that (A’), depends only upon the right block A,, and not upon the left
one (that is, not upon the top-left entry agg). The contribution above is thus bounded by

16
— | A || M-
= 114,

This explains why the factor ||A||a in (2) is replaced by ||A,||m in (3).

3 Application to inviscid gas dynamics

In d-dimensional gas dynamics, the tensor

p pu”
F =
pu pu @ u+ply

is symmetric, positive (because p > 0) and Div-free (because of conservation of mass and
momentum). The boundary 02 being impermeable, the boundary condition is

u-n=0 over I' = (0,7) x 0f2.
Let (0,7) be a time interval. We define a tensor A over U = R x € by

L_[F it e,
1 0, ifnot.

Denoting 7 the outer unit normal vector to 0f2, the normal trace 7, A over I is

()

so that 77 A = 0. Therefore Theorem 1.2 applies, and the contribution of the boundary vanishes.
With det F' = pp, we have

T
1 . 1
/ dat / pipdy <o (IDiv Al s + K@) A, )
0 (9]

Since F' is Div-free, the Divergence of A reduces to

D= <p/;((TT) )) Halr - (p/;((%) Halo

14



where Hy stands for the d-dimensional Hausdorf measure, here the Lebesgue measure over
hyperplanes. With Cauchy-Schwarz Inequality, we infer

IDiv Al p < 2M +\/2MEy +\/2ME(T) < 2(M + \/2MEj),
where M = fQ p(t,y)dy = fQ po(y) dy is the mass of the gas, and

B = [ (ot + oe) ) dy
Q

is the mechanical energy at initial time.
On another hand the formulee F,, = pu” and F,, = pu ® u + pl,; yield

T
A< [t [ (lal + pluf + dp) .
0 Q
Assuming the polytropic equation of state (5), this gives

Al < T (VoM By + max{2,d(y — 1)} ).

We conclude that an admissible flow satisfies the estimate

T X 141
(18) / dt//ﬁpdy <. <M+ VME, + TK(9Q) (\/MEO +7E0>> o
0 Q

This one has a flaw however, because it is not homogeneous from the point of view of physical
dimensions. For instance M and v/ M Ej have different dimensions. To achieve the homogeneous
estimate (6), we observe that for every parameter p > 0, the change of dependent/independent
variables

¢
(t,y,pyu,pe)— (', 9, pl,u',p €)= (; LY, Dy ity 2P, )

defines another flow, with same domain (2, same mass M’ = M, but energy Ej = pu*Ej.
Applying (18) to this flow, on the time interval (0, ) we obtain

T/p 143
/ dt/ pi (12p) dy <., <M+u\/ By + TK(9Q) (\/ E0+M7EO>) ..

Returning to the time variable ¢ in the integral, this gives us a family of inequalities, parametrized
by pu € (0, +00),

T ) 1+1
u/ dt/pdpdy <, (M+;m/ME0 + TK(9Q) (\/ME0+;L7EO)> e
0 Q

We now select the parameter p = (M/ EO)%, the inverse of a characteristic velocity, to conclude

T : a
/ dt/p;pdy gn% (M+7TK(8Q)\/ME_O>1+¢1 _ /J’\E; (M+7TK(8Q)\/ E0)1+d.
0 Q

This ends the proof of Theorem 1.3.
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4 Application to Hard Spheres dynamics

In Hard Spheres dynamics, the mass-momentum tensor M (see [6]) is singular, supported by
a graph G made of the trajectories of the centers of particles, completed by the horizontal
segments between the centers of colliding particles, at collision times. Let us recall that a
colliton, a contribution to M, is the tensor accounting for the exchange of linear momentum
between two colliding particles. Denoting 7 € (0,7') the instant of the collision, and p,p’ € Q
the positions of the colliding particles (one has |p’ — p| = 2r), it takes the form

HTZ—H ([S]) ® <[2]) dty,  J= A7} < (p. ),

where [v] = vy — vy is the difference between the ante/post velocities of one of both particles,
and dl; is the length element on the interval J. Notice that because of vy — v] = v; — vy
(conservation of momentum), it does not matter which of the colliding particles is used when
constructing the colliton. We recall in passing that [v] is parallel to (p, p').

The Div-freeness of M expresses the conservation of particles and of linear momentum.
This tensor being esentially rank-one, its determinant vanishes and thus (CI) is useless in this
context. One must add correctors at each node of G, and then apply an appropriate version
of Compensated Integrability, which incorporates the so-called determinantal masses, a notion
introduced in [6]. Needless to say, this version is valid in the context of bounded domains, the
proof of the augmented functional inequality being exactly the same as in our recent work [7].

We make generic assumptions, under which the dynamics is globally defined:

e Collisions happen either between pairs of particles, or between a single particle and the
boundary,

e Collisions form a discrete set (they do not accumulate),

e The radius r of the balls is smaller than L(0S2), so that a particle colliding the boundary
has only one contact point with 0€2. Indeed we shall need a stronger assumption ; see
condition (10).

Since we are interested in motions in the bounded domain €2, surrounded by a rigid boundary,
we extend the notion of colliton to the case of a single particle bouncing against the wall. This
will ensure that M is a Div-free tensor. Such collitons are defined as above, but now p’ is
replaced by the contact point g € 02 of the particle. Because of the specular law of reflection,
we know that [v] is colinear to the normal 7i,, hence to pg. Since the unit normal to I' at (7, q)
is V= (ﬁoq), the colliton may be recast as

m|[v]|[V @ vdl;, J:=A{7} x (p,q),
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and its contribution to the normal trace v, M is a Dirac mass

(19) () B =l

v

Since the nodes of G stay away from I' := (0,7T") x 992 (by a distance ), and the supports of
the correctors can be chosen arbitrarily small, thus disjoint from I', the normal trace of these
correctors vanishes identically. Thus only the mass-momentum tensor matters along the lateral
boundary. The situation is actually the same for the trajectories of the centers of mass, which
stay away from I'. Thus only the boundary collitons matter when computing the normal trace
v, M along I'. From formula (19), this tangential part vanishes:

v, M = 0.

Remarks. Our proof of Theorem 1.4 will use the extension of M as a Div-BV tensor over
Uy, as constructed in Section 2.2. At least two other extensions can be constructed easily. But
although being more explicit than the one designed in Section 2.2, they do not seem to fit well
with Compensated Integrability.

e A first option consist in extending the support of a boundary colliton beyond the contact
point ¢q. The resulting extension is Div-free. But applying C.I. with this special extension
yields nowhere. Mimicking the calculations below, we end up with an inequality of the

form
Z ‘uout — uin| Sd N <Nﬁ + Z |uout - uin‘) )

coll. coll.

which does not imply an estimate of >, [tUout — Uin]-

e An other construction follows from the remark that a particle 7 bouncing against the
boundary behaves as if a virtual, point particle 7’ of same mass, coming from outside at
velocity uoyg, collides with 7 at (7, ¢) (with the same notations as above). Then 7" bounces
back with outgoing velocity wu, (7 and 7" exchange their velocities in the collision). Then
the extension M , still Div-free, is the mass-momentum tensor accounting for both real
and virtual particles. Equivalently, N is replaced by the number N’ or real and virtual
particles, a quantity we are unable to control.

It is therefore better to deal with an extension of M as constructed in Section 2.2 for general
Div-BV symmetric tensors.
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4.1 Determinantal masses

The concept of determinantal masses was introduced in [6]. However we refer to our recent
paper [7] for a more elegant presentation.

Let us recall that if £ C R" is a linear subspace of dimension ¢, then the ¢-dimensional
Lebesgue measure Ly|p is a homogeneous distribution, of order ¢ — n. For instance, the Dirac
mass dp is homogeneous of degree —n. We shall also speak of homogeneous distributions about
a point X, when homogeneity is restored after the translation x — x — X.

Let A > 0, be a Div-BV tensor in R", which is Div-free and positively homogeneous of
degree 1 — n in a neighbourhood of X € R™. It was showed in [5] that the latter property is
somewhat extreme in the realm of Div-free tensors: there exists a non-negative measure y on
the unit sphere such that

A:M(:c—X> E-Xe@-X)

r pntl ’

and

/ Edu() = 0.
Snfl

Then Pogorelov’s Theorem [3] about the Minkowski Problem ensures that there exists a convex
function 6, positively homogeneous (about X) of degree 1, such that

A=D2
in this neighbourhood. We recall the

Definition 4.1 The determinantal mass of A at X, denoted Dm(A; X), is the volume of the
convez body 00(X) (the subgradient).

So far, the expression (det A)ﬁ, viewed as the —"-’th power of (det A)= was proved to be an
integrable function, see (CI). The variant eleborated in [6] suggests that this function is only
the absolutely continuous part of a non-negative measure, whose singular part contains a Dirac
mass at X, of weight Dm(A4; X).

We recall now how determinantal masses incorporate into Compensated Integrability.

Theorem 4.1 (D. S. [6]) Let A > 0,, be a Div-BV tensor over R™. Let X, ..., X, be points
at which A 1s, locally, Div-free and positively homogeneous of degree 1 —n. Then the functional
inequality improves into

. | (et )1z 437 Dun(: ) < e IDiv AL

j=1

for some finite constant c,, independent from the tensor and the number m of singularities.

18



4.2 Proof of Theorem 1.4

Let M be the mass-momentum tensor of the Hard Spheres configuration. It consists in a kinetic
part My, supported by the trajectories of the centers of the particles, and a colliton part M.,
described above. The interested reader will find all the details in the references [6, 7]. We recall
that M = My, + Mo is Div-free.

As such, M is useless in the context of Compensated Integrability, because it is essentially
rank-one. Even at the nodes of G, which M does not charge, M is only rank-two. Thus
(det M)= = 0. This is why, following [6], we add to M correctors at each node. Their role is to
make M; := M + M., full rank at the nodes, while remaining locally Div-free and positively
homogeneous. The price to pay is a small contribution to the Divergence, away from the nodes.
We recall that the support of the correctors is arbitrarily small and, since the nodes do not
approach from OU by less than r, we may assume that the support of M, does not meet the
boundary. Therefore v, M; = v, M and in particular ~] M; = 0.

So far, My is Div-BV in U = R, x € for every T' > 0. Choosing T' > 0, we define as usual
a Div-BV tensor A over R x Q by A = M; if t € (0,T), and A = 0,, otherwise. The tangential
part of the normal trace of A still vanishes. According to (17) and arguing as in Paragraph
2.3.1, there exists an extension A of A to R!™¢, with the property that

IDiv Al <a | Div Allag + K (@)]|A, | e

We now apply Theorem 4.1 to A and the nodes Xi,..., X, of M in (0,7T) x 2, these being
nodes of M; and therefore of A (A might have other nodes in R™ but we do not need to take
them in account). From (20) we obtain

1+3

> Dm(M;X;) < |/ DivA|
j=1

1

1+
<a (MmN +/mNE +[|Div My + K@M, )
where the two first terms in the upper bound come, as usual, from the jumps of A at initial
and final time, which contribute to Div A.
The rest of the proof follows closely that in [7]. At each node X = Xj, the corrector is
of the form bxSx where Sx is a normalized positive tensor and by > 0 is a parameter to be

chosen. We have
1
m m d _a 11 1
( ) : < ) > 29700 7 (P |uoue — i) 4.
MUeout MUin

On another hand only the correctors contribute to ||Div M| s, by the amount 2(d — 1) > by.
Eventually

1—1

Dm(M;; X) = 297, ¢

| My, | = mz w2 dt| ) + mz [thout — Uin| dly

coll.
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and

M| =m> Juldt]x).

where two sums run over the N particles, and the other runs over the collitons. This gives

(0,7)
| M |t < T (2Bo + V2mNEg ) +20m 3 ttone — .

coll.

Eventually the contribution of M., to the mass of (Mj),. can be taken arbitrarily small
shrinking the support of the correctors. There remains therefore the estimate

0,T) (0,T)
Zb 2|uout_uin|)é Sd mN+ \/ NEO +ZbX
coll. coll.
0.1) I+
K(0Q)(T (EO + \/mNE()) +rm Z [tout — Uin|)
coll.
d_
The next step is to set by = A\Gy ', where Sy is still to be chosen, and
| N+ VmNEy + K(@)(T (Eo + \/mNEO) +rm 0T gy — i)
0,7)
Egoll
This gives
(0,7)
1 —
> Bx(mfuow — w4 8l e, (mN + mNEy
coll.
(0,7) i
K (09 (Eo—i— vm NEO) +rm Y o — Uin)
coll.
It is now the time to choose -
BX == <m2|uout - uin‘)T
which yields
(0,7) (0,7)
m2 Z [Uout—Uin| <qg | MmN +/mNEy + K(0Q) | T (EO + \/mNE0> +rm Z [tUout — Uin
coll. coll.
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The latter estimate is still unsatisfactory, because of its physical inhomogeneity. To overcome
this flaw, we consider the initial configuration in which the particles have the same location
y;(0), but have velocities pu;(0), where > 0 is some parameter. The motion is exactly the
same, up to a time rescaling ¢ — ﬁ . We apply our estimate to this new motion, on the time

interval (0,7/u). The kinetic energy of the new motion being p?Ey, we obtain

(0,T)

,qu Z |uout - uin| Sd <mN + Hy mNEO

coll.
(0,1)

(21) FE(OQ)(T (,uEO n \/mNEO) +prm S Jutout — tin])

coll.

Chosing

1 1

01)
1_ JmNE, + K(0Q)(E,T out — Ui
0 mN s KTy | VY Ee - KOR)(E Frm 3 ftowe — tin])

coll.

in (21), we obtain a now homogeneous estimate

(0,1
m? Z [tout — Uin] < ca (mN + K(0Q)T mNE0> X

coll.

(0,7

(22) VmNEy + K(09Q)(EeT +rm Y [ttou — tin])

coll.

Let us now denote kg = 1/(3¢,), where ¢4 is the constant appearing in (22). If

1
NTK(@Q) < Kq and TSTf = m,

then this inequality implies

0,1)

2 A72-
E [thout — Uin|] < 3¢z Nu.
coll.

Since we may replace the initial time by an arbitrary ¢ > 0, this ends the proof of Theorem 1.4.
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A Normal trace

Let divBV(U) denote the Banach space of vector fields ¢ whose coordinates ¢;, as well as the
divergence, are finite measures over U. Notice the use of a capital letter in DivBV(U) when
speaking of tensors, and of lower case when speaking of vector fields.

We prove that the normal trace operator

divBV(U) — (CY(0U))
¢ — g
is well-defined by the duality formula
(23) v ell(U), (@.VY)r+{divq.Y)y = (wd.Y)eu
Since the map

C ) — C'(9U)
Y — Y‘aU

is onto (for a domain with C'-boundary) and admits a bounded right inverse, it suffices to
show that the left-hand side in (23) depends only upon the restriction Y |5y, but not upon the
normal derivative (V- V)Y. Equivalently, that it vanishes whenever Y |sy = 0. This is already
true (by definition) when Y is compactly supported. When Y simply vanishes at the boundary,
we approximate it by Y. = ¢.Y, where ¢. € D(U) satisfies ¢. = 1 for d(z) > ¢, and |Vo,| < %
everywhere. Then

(G, VY )o +(divg, Yol = (G VY =Y))u +{divg Y — Yool
= [, (1= @) VY)u + (divg, (1 = ¢)Y)v = (q, Y Vo)l
< 3[IVYlsollglve llae + 1Y lloo[[(div )

where the quantity |Y| - |V¢.| is bounded by 2||VY||, in V., the support of V.. Since both
terms in the right-hand side tend to 0 as ¢ — 0, we obtain the announced property

VellM

(YeCU),Y|owr=0) = (¢, VY )y + (divq,Y)y = 0).

If an additional function f € C1(U) is given, then
W(f9),Y) = (FEVY)+(div(fq),Y) = (¢ [VY) +(fdivi+q-V[,Y)
= (@ SVY)+{divg fY) + (7Y V)

= (GVY)) +(divg [Y) = (W, [Y) = (fng,Y).
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We conclude
(24) Vqe divBV(U), vV f € C'(U), Y (fq) = fr.q.

Eventually, the definition of v, and the property (24) extend to DivBV-tensors, since each
rows are divBV-vector fields.

B The reflection across the boundary

Recall that if 3 is a closed C3-hypersurface in R”, then the unit normal vector

> — R”

a — U

is twice differentiable. Its differential at a € ¥ maps the tangent space T, into itself, defining
a self-adjoint operator called the curvature tensor.

We suppose now that ¥ = 9U is the C3-boundary of the open domain U. Let h: U — R,
denote the distance to X, a C*-function in the corona w defined by h(z) < L = L(X), where
we have [Vh| =1. If a € ¥ and p € (0, L), the operator

MM = IdTaE — ,udﬁa S End(TaZ)

is self-adjoint and invertible, with

1
My < ——
(M, |p_1—up(dﬁa)

The spectral radius above is the largest absolute principal curvature of ¥ at a.
The projection 7 : w — ¥ is given by 7(x) = x — h(z)Vh(x) and the reflection is

o(x) =x —2h(x)Vh(x).
Notice that ;) = —Vh(z). The symmetry of the differential
do = I, — 2hD*h — 2Vh ® Vh
reflects the fact that o is the gradient of a function z — $|z|* — h(z)?.

Lemma B.1 Let x € w be given, and a = w(z). Then
h DRl = [hdi, (Idz,s — hdi,) ™ [op.

In particular h |D?hlyy < 1 and |dolop < 3 in the sub-corona wy /o defined by d(z; X) < L/2.
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Proof
We start from the identity h(a — pv,) = p. Differentiation gives

Vh - (M7 — \i,) = A,

that is Vh(a — pv,) = —1,.

Differenciating once more in u, we find D?*h,, = 0 where a = 7(z), so that it suffices to
evaluate D?*h,(7,7) for vectors 7 € T,3. To do so, we differentiate in a instead, to obtain
D?h M, = —di,7. Setting u = h, we obtain hD?h7’ = — K7’ where

K = hdi, (Idg,s — hdi,) ™.

[
We shall restrict to the domain wy/, from now on, where we have also |M, 1|Op < 2.
Lemma B.2 For x € wy/ we have
2
ID?hy b < T
Proof
We have seen above D?h, 7, = 0 and
D?h, 7' = —dij, M, 7.
Therefore 1 9
ID?ha it < A op| My Hop < T | M Hop < T
[ ]

As for the third differential we start on the one hand from D?h(a — uv,) v, = 0. Differenti-
atiing in p, we have D3h, (7, V,, ) = 0. Differentiating instead in a, we obtain

D?h, (M7, 7y, ) — D?hy(di, - 7,-) = 0,

that is
D3h, (7', 7,, ) = D*h,(diZ, M, 7', ).
Differentiating instead D2thMT = —dv, 7, we have
D*h, (My7, My7,-) = (hD*hy, — 1)D?*F,(7, 7),
whence

D3h$(7-” 7-” ) — (hDth . l)Dzlja(Mh_lT/, Mh_lTl)-

Assembling the results above, we find

24



Lemma B.3 For x € w3, we have

2
h’('r)‘Dsh:v‘tri < max (z ,SL‘Dzﬁa‘bﬂ> .

Since

D’ = =2 (hD*h + D*h @gym V) |

we conclude therefore

Corollary B.1 For x € w3, we have

1
D20 | < 16 max <E 7L|D277a‘bﬂ) :
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