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YK 517.938
JI. /1. IlycthinbaukoB, M. B. /lepsbun
HepaBHoBecHbIIT ra3, SHTPOIINs 1 0000IIEHHbIE OWJIINADP/IbI

O06ob1eHHbIe OUILIHAP/bI OMUCHIBAIOT HEPABHOBECHDIN a3, COCTOAIINN U3 KOHEIHOI'O THC-
Jla, YaCTHI], KOTOPBIE TIePEMEIIAIOTCs B COCY/Ie, CTEHKA KOTOPOro HAIPEBAIOT a3 WU OXJIAXKIAI0T
ero. O6001IeHHBIE OU/IIMAP/IBI MOI'YT PACCMATPUBATHCS KaK B paMKaxX HbBIOTOHOBCKOW MeXaHH-
KU, TAK U B paMKaX TEOPUU OTHOCUTETHLHOCTU. B HBIOTOHOBCKOM cityuae 0OOOIEHHbIN OUILIN-
ap/i MOYXKeT 00J1aJ]aTh UHBAPUAHTHON Mepoil; suTponus ['mb6ca OTHOCUTETLHO 3TOi MEPHI €CTh
KOHCTaHTa. B NPOTUBOIOJIOXKHOCTb 9TOMY OOODIIEHHBbIE PEeJIATHBUCTCKUE OUJIIHAp/Ibl BCET/Ia
JINCCUTIATUBHBIE, W SHTPONUs ['mbOca mpn HEKOTOPBIX eCTEeCTBEHHBIX YCIOBUSAX BO3PACTAET KaK
OTHOCHTEJILHO 9TOI MepbI, TaK ¥ OTHOCUTEIHLHO (ha30BOro obbema.

B sroit pabote HaxoadTcs HeOOXOUMbIE U JIOCTATOYHbBIE YC/IOBUS JIJIsi 0OOOIIEHHOIO HBIO-
TOHOBCKOTI'O OMJLTHAP/IA, IIPU KOTOPBIX CYIIECTBYET IJIajKas WHBapUaHTHas Mepa, He 3aBUCIIAs
OT JIEHCTBUSI IPAHUIIBI: COOTBETCTBYIONINN KJIACCHIECKUN OMJLITHAP/L JOJ2KEH UMETh JTOTOTHHU-
TeJIbHBIN MIEePBBIil HHTErpaJsl CIelUuaIbHOrO THIa. B dacTHOCTH, 0000IeHHbII Ontnap Cunast
HEe UMeeT TJIaJIKOW MHBapHaHTHOU Mephl. /lasiee, paccMarpuBaioTcs 0000IEHHbIE OUJIINapP/IbI
BHYTDH I1apa, KOTOPbIE SABJISIOTCS OJHUM U3 IVIABHBIX [IPUMEPOB HBIOTOHOBCKUX OOOOITEHHBIX
OMLTHAP/IOB, UMEIONINX WHBAPUAHTHYIO Mepy. DTa WHBapHUAHTHAS Mepa SBHO CTPOUTCS W Ha-
XOJSITCS YCJIOBUSA, TP KOTOPBIX Y COOTBETCTBYIOIIETO PEJIATUBUCTCKOTO OMIIHap a SHTPOIIHS
['u60ca pacrer Kax Jjijig MOHOTOHHOT'O, TaK W JIJI ITEPUOINYIECKOTO JICHCTBHUSA I'PAHUIIDI.

KuaroueBbie cjioBa: 0000IIeHHbBI OuLinap/i, HepaBHOBECHBIH a3

L. D. Pustyl’nikov, M. V. Deryabin
Nonequilibrium gas, entropy and generalized billiards

Generalized billiards describe nonequilibrium gas, consisting of finitely many particles,
that move in a container, whose walls heat up or cool down. Generalized billiards can be
considered both in the framework of the Newtonian mechanics and of the relativity theory. In
the Newtonian case, a generalized billiard may possess an invariant measure; the Gibbs entropy
with respect to this measure is constant. On the contrary, generalized relativistic billiards are
always dissipative, and the Gibbs entropy both with respect to the same measure and the phase
volume grows under some natural conditions.

In this article, we find the necessary and sufficient conditions for a generalized Newtonian
billiard to possess a smooth invariant measure, which is independent of the boundary action:
the corresponding classical billiard should have an additional first integral of special type. In
particular, the generalized Sinai billiards do not possess a smooth invariant measure. We then
consider generalized billiards inside a ball, which is one of the main examples of the Newtonian
generalized billiards which does have an invariant measure. We construct explicitly this invariant
measure, and find the conditions for the Gibbs entropy growth for the corresponding relativistic
billiard both for monotone and periodic action of the boundary, both with respect to the measure
above and with respect to the phase volume.
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1. Introduction

The description of gas as a system of elastic balls moving inside a container
goes back to Boltzmann and Poincaré [1], [2]. For an ideal gas, the balls, repre-
senting its molecules, are replaced by point masses (particles). The probability of
collision of two particles is zero, so the particles move independently from each
other. Behaviour of such a system is described by billiards that were introduced
by Birkhoff [3]: a particle moves linearly and uniformly inside a closed domain II
with a piece-wise smooth boundary I' = OII, and bounces off the boundary I', such
that the normal component of its velocity changes the sign, while the tangential
component remains the same. The particle energy is a first integral, thus this
classical billiard describes equilibrium gases.

In this paper we consider generalized billiards, which is a model of a nonequi-
librium gas, introduced in [4] and [5]. The essence of the generalization is in the
collision law. Let a function f(v,t) be given on the direct product I' x R! (where
R is the real line, v € T is a point of the boundary and ¢ € R! is time). Suppose
that the trajectory of the particle, which moves with the velocity v, intersects I' at
the point v € I' at time t*. Then at time ¢* the particle acquires the velocity v*, as
if it underwent an elastic push from the infinitely-heavy plane I'*, which is tangent
to I' at the point v, and at time t* moves along the normal to I' at v with the
velocity g—{(% t*). Here we take the positive direction of motion of the plane I'* to
be towards the interior of the domain II. We emphasize that the position of the
boundary itself is fixed, while its action upon the particle is defined through the
function f(v,t). A generalized billiard can be both considered in the framework
of Newtonian mechanics and of the relativity theory, see [4-9)].

The generalized reflection law is natural: it both reflects the fact that the
walls of the container are at rest, and that the action of the boundary on the
particle is an elastic push. A generalized billiard is an approximation of the model
with real moving boundaries if the initial velocities of the particles are sufficiently
large. From the physical point of view, generalized billiards describe gas consisting
of finitely many particles in a container, where the container walls either heat up
or cool down (a nonequilibrium gas).

A Newtonian generalized billiard in a parallelepiped is a construction that
goes back to Poincaré [1] (Poincaré’s original model is a system of finitely many par-
ticles, that move in a parallelepiped under the influence of external forces, caused
by an external hot body). Relativistic billiards (with moving walls) were considered
by Fermi [10], as a model of particles moving between cosmic objects in the case
when the particles interact with the objects’ (magnetic) fields. Fermi also consid-
ered an "averaged” model, where the walls did not move, but the particle acquired
some additional energy at every collision. This model is a generalized relativistic
billiard with the "monotone” action of the boundary, i.e., when %—{(’y, t*) > ¢ > 0.



We refer to [5,9], where the exponential growth of the particle energy (the result
that originally belongs to Fermi) and the existence of attractors in the velocity
phase space were rigorously proved, also in the presence of external fields.

Generalized billiards were originally introduced and studied because of their
importance for foundations of thermodynamics and nonequilibrium statistical
mechanics (Loschmidt reversibility paradox and the justification of the second law
of thermodynamics). A key step in handling these problems is the transition from
the Newtonian to relativistic billiards. For classical billiards, when g—{(% t*) =0,
there is no difference between these two cases: it is the same dynamical system.
However, in the general case, when g—{(%t*) # 0, these two systems become
different. A generalized billiard in the Newtonian case may have an invariant
measure (equivalent to the phase volume), and thus be a conservative system.
Such an invariant measure has been previously found for a parallelepiped [4]. A
generalized relativistic billiard is always dissipative. Thus, the Gibbs entropy is
constant in the Newtonian case, whereas it may increase in the relativistic case.

The proofs of the entropy growth for generalized billiards in a parallelepiped
with the periodic action of the boundary were given in [4], and the case of an
arbitrary domain with the “monotone” action of the boundary was considered in [5].
In this article we consider generalized billiards in a ball: in the Newtonian case, this
is the main example, when a generalized billiard with a smooth boundary possesses
a "universal” invariant measure, i.e., the measure with time-independent density,
that is invariant for all actions of the boundary (i.e., for all functions f(~,t)). From
the physical point of view, it is natural to consider the Gibbs entropy defined with
respect to a universal measure: the definition of the entropy cannot depend on the
way the vessel walls heat up or cool down.

First we consider Newtonian generalized billiards. We prove a theorem on
necessary and sufficient conditions for a generalized billiard to possess a smooth
universal invariant measure: the corresponding classical billiard should have a first
integral of a special type. Typically, generalized billiards do not have a universal
invariant measure, and in particular, generalized Sinai billiards do not possess such
an invariant measure. In the two-dimensional case, due to the Birkhoff conjecture,
elliptic billiards are the only generalized billiards with smooth boundary, that
possess a universal measure. We show that a universal invariant measure exists
for a Newtonian generalized billiard in a ball, thus its Gibbs entropy, defined with
respect to this measure, is constant. We also introduce the entropy with respect
to an arbitrary measure and show that under some natural conditions it remains
bounded, provided the invariant measure exists.

Then we consider the relativistic case. We find the conditions when the Gibbs
entropy of the generalized relativistic billiard in a ball, taken both with respect to
the same measure, as in the Newtonian case, and with respect to the phase volume
grows. If the action of the boundary is periodic (a "pulsating” ball), then both



entropies grow, if a certain integral condition, equivalent to one at [4] is satisfied,
and if the initial probability density is nonzero only near the centre of the ball,
and the initial particles’ velocities are close enough to the velocity of light. The
integral condition determines the time direction, in which the entropy increases.
The physical meaning of this condition is that the walls are hotter than the gas.
In our models it plays the same role as the Boltzmann collision integral, cf. [11].

Results on invariant measure existence for generalized billiards and entropy

grown with respect to the same measure in the relativistic case were announced
in [12].

2. Newtonian generalized billiards

Consider a dynamical system on M = {x1,...,x,}, that is given by an
invertible mapping T : M — M. Suppose that this system has an invariant
measure y with a density p(z), i.e.,

dp = p(x)d"z, x=(x1,...,2,).

Let T : 2° — 2'. Then the Jacobian of this mapping equals

The converse is also true: if for any point 2°, z' = T2, the Jacobian of an invertible
mapping 1" equals

p(z°)
p(xt)

for some function p, then this function is the density of the invariant measure.

Consider now a Newtonian generalized billiard in a 3-dimensional domain II
with a boundary I': a particle m of mass 1 moves in the interior of the domain II
along the straight lines, and reflects from the boundary according to the generalized
billiard law, that we describe in details below. We will here consider a billiard flow
(i.e., a continuous system with the six-dimensional phase space).

First, we introduce the coordinates in the particle phase space. As the particle
mass is 1, and the metric in the domain IT is Euclidean, we can identify the velocities
and the momenta of the particle. The particle position is uniquely determined by
the particle momentum p, the point v € IT" of the latest collision of the particle
with the boundary, and the distance A = dist(y, m) between the particle m and
the point v, see Fig. [, We will further consider the projection p” of the particle
momentum p to the normal v to the boundary I' at the point v, and the projection

J:




Figure 1. Coordinate system for a billiard flow

p” of the momentum to the tangent plane to I' at . As the particle coordinates,
we now take p”, p”, v and A.

Remark. The 2-vector p” is defined uniquely. However, to define the compo-
nents of this vector, one has to fix a coordinate system in the tangent plane 7.I'
first. There is an ambiguity in the choice of basic vectors on the tangent plane T',I"
(moreover, they cannot be chosen globally, unless I" is diffeomorphic to a torus).
However the subsequent results will not depend on the particular choice of these
coordinates. Notice that in the two-dimensional case, p” is one-dimensional and is
well-defined.

We now define the Newtonian generalized reflection law. Suppose that the
particle collides with the boundary I' at a point v at time ¢. Then at the collision,
the normal component of the particle momentum transforms like —p” — p” + P,
where P = P(t,~) is a given function of time and of a point at the boundary. The
tangential component of the momentum remains the same. This means that at the
impact, the particle momentum transformation is such that as if the (infinitely-
heavy) boundary moved along its normal with the velocity P/2; see Introduction.
From the physical point of view, generalized billiards describe gas consisting of
finitely many particles in a vessel, where the vessel walls either heat up or cool
down (a nonequilibrium gas).

Let now a particle with coordinates pg, pg, 70, Ao be strictly inside of II at
time tg, and suppose that on a time interval [ty, ¢;] the particle collides with the
boundary I' only once, and A(t1) # 0. Then for a sufficiently small neighbourhood
of the point pg, py, 70, Ao, all the trajectories that start in this neighbourhood at
time ¢, intersect the boundary I" on the time interval [¢y, t1] only once. We fix the



time ¢y, and in this neighbourhood we consider a mapping

T - (pV’pT’,y7A) - (pw,pT/,’y/,A/)

which is a shift along the phase flow by time t; — .

Proposition 2.1. The Jacobian for the mapping T equals

7 P’ |v']]
p”" — P(tnit,v') |||

where typy = to + (dist(y',y) — A)/||v]| is the collision time of the particle with
the boundary and v s the particle velocity.

(1)

We note again that, as the particle mass is 1, in the Newtonian case we can
identify the particle velocity with the momentum, i.e., p = v. In the relativistic
case this, of cause, is not true.

Proof. The mapping 1" can be written as a composition of the following
mappings:

T=T,-T3-T5 - T},
where the mapping

Ty (v, A 07, p") = (0, that, 07, D),

where t;; = to+ (dist(y',v) — A)/||v||, determines the time of the collision of the
particle with the boundary (the distance dist(vy,v’) is expressed as a function of
v and p), the mapping

T2 : (Wathitypy7p7-) — (’ylathitnpwpﬂ)

is a bouncing map for a classical billiard; the mapping

T3 : (fylathitaﬁl/ypTl) — (f)/athitapulaprl)a

where p,) = p¥ 4+ P(tnit,7') is the generalized billiard reflection law, and, at last,
the mapping
Ty (Y twies 2, 07") = (VA p) ™),
where A" = (t; — tp;)||0']| defines the new phase space coordinate A’.
The Jacobian for the mapping 77 equals J; = —1/||v||, and the Jacobian for
the mapping Ty equals J; = —|[v'||. The mapping 75 is the bouncing map for a
classical billiard, its Jacobian equals

J2 — pl//ﬁl/7



see, e.g., [13]. At last, the Jacobian for the mapping T3 equals 1. Thus, the Jacobian
for the mapping 1" is

v ,U/
payati) o
p” v
where p¥ = p”’ — P(tpy,'). O
Remark. We have formulated Proposition [2.1] for the 3D case. However, it
is also true in all dimensions.

3. Invariant measure for a Newtonian generalized billiard

We will call a stationary measure (i.e., the density of the measure does not
depend explicitly on time, and neither on boundary action) on the billiard phase
space "universal”, if it is invariant for any boundary action P(t, 7).

We show here that in the general case one cannot expect that a generalized
billiard flow in a given domain has a universal invariant measure.

Theorem 3.1. A universal smooth invariant measure for a generalized billiard
flow exists for all boundary actions P(t,~), if and only if the corresponding classical
billiard has a first integral of the form p” F(p7, 7).

From this theorem follows immediately that an invariant measure exists
for generalized billiards in a ball and in a parallelepiped. For the ball, a first
integral is p”. For a parallelepiped, given in the Cartesian coordinates 1, xo, 3
by |z;| < const, a first integral is the product of projections of the momentum to
the coordinate axes x1, Ta, x3, which can always be written as p”p]p} (v, 1 and
Ty are coordinate axes obtained from w1, x9, x3 by permutation of indices), cf. [4].

If a classical billiard is nonintegrable, then the corresponding generalized
billiard has no universal invariant measure, as the kinetic energy integral cannot
be put into the above form. Notice that a billiard flow has the same integrals
as the billiard bouncing mapping (first integrals for billiard flows, expressed in
coordinates 7, A, p, cannot depend on A).

Proof. For any point in the interior of II, consider a shift along the billiard
phase trajectory T : (p”,p",v,A) = (p”,p”', 7/, A’), defined in Section 2l One
can show that it is enough to prove the theorem for the mapping 7T only.

Assume that a universal invariant measure exists, p being its density. In this
case, the Jacobian for the mapping T should equal

~ p()
= @)

. = (v,Ap",p")



(the expression of ' as a function of x contains function P, its arguments are
determined in Proposition [2.1).

We first notice, that, as the measure is universal, the density p is also a density
of invariant measure for the corresponding classical billiard, i.e., when function
P =0. Let

v

p
p= -
[l f (", 7,7, A)
As p is the density of an invariant measure for the classical billiard, and ||v]| = |||

for P = 0, the equality

P _ plx) P f T A)

p”’ T opl)  p” fpT, 7, A)

should hold for any two points x, ' = Tz on the trajectory of the classical billiard

(cf. (1)). Thus,
f@" o7 A A) = f(p¥, 07, v, A),

which means that function f is a first integral for a classical billiard (and it does
not depend on A).

The condition for p to be the density of the invariant measure for the gener-
alized billiard is:

pu Il e [l f e YY)
AT o (3)
p ol p ol f(p”,p7s7)

for any function P, where p”’ = p"+ P, see . Take now P = const. We substitute
the equality p”’ = p” + P into identity and differentiate it by P at P = O:

_p"of@p" )0 v (0" A)

! o f@r, ) ()2 f(p¥,p7,7)

thus
ofip”,p™. ") f®,p"v)

op” pY

This is a differential equation for a function f = f(p"), where p”" and +/ are
parameters. Solving it, we get f(p”,p",v) = p"F(p",~). Thus, if the measure
exists, then a first integral should necessarily have the form f = p"F(p”, 7).

One can check by direct computations that the converse is true — by substi-
tuting this integral into relation (). O
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Corollary 3.2. For two-dimensional generalized Newtonian billiards a universal
mvariant measure exists for billiards in ellipses.

Proof. Theorem is also true in the two-dimensional case, cf. Remark in
Section 2. For the classical billiards in ellipses, there is a first integral

cos? ) — €% cos® ¢
1 —¢2cos?¢p

where 6 is the angle between the momentum and the tangent line to the ellipse
and ¢ is the coordinate on the ellipse, which is the angle made by the same tangent
line with the fixed vertical axis, and € is the eccentricity of the ellipse. Thus, sin
is the projection of the unit momentum to the normal vector. Rearranging this
expression, we get

—sin?0 + (1 — €2 cos? ¢) sin? 6

= — 1.
1 —€2cos? o 1—€2C082¢+

Thus, the function
sin” 6
1 —e€2cos? o

is a first integral, and we can take its square root, as sinf > 0 for all § € [0, 7],
to get the form of the first integral, required by Theorem [3.1] O

The famous Birkhoff conjecture states that in 2D, the only integrable bil-
liard with a smooth convex boundary is a billiard in an ellipse (see [3]). From
this conjecture and Corollary follows, that in the 2-dimensional case, among
generalized billiards in compact smooth convexr domains, billiards in ellipses is the
only case, when the universal invariant measure exists.

4. Invariant measure and Gibbs entropy for Newtonian

generalized billiard in a ball

Let now the domain IT be a ball. A classical billiard in a ball has a first
integral p”, thus, by Theorem [3.1] the "universal” invariant measure for a generalized
Newtonian billiard in a ball exists and has the density

1
P:m (4)

in the coordinates defined in Section [2, We assume that the particle velocity
tangential component v is not zero (otherwise the system becomes essentially
one-dimensional; this case was considered in details in [4]). Then, the measure
with the density is well-defined: for a given trajectory, the particle velocity
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|v]| > 6 > 0, where the constant § = ||v"||, as at every impact the tangential
component v” of the particle velocity is preserved.

We now remind the definition of the Gibbs entropy. Let a dynamical system
be given on a phase space K:

T = X(x), (5)

where z = (x1, ..., x,) are local coordinates on K, and let u be some measure on
K. Following Gibbs [14], we introduce a probability measure on K, which at the
initial instant t = 0 has density ¢ (z) > 0:

/Kwd,uzl.

We assume that this measure is transferred by the phase flow g* of System
(and thus its density 1;(z) depends on time t):

pdp = d 6
gtkufku (6)

for any domain V C K.
Remark. While the probability measure is transferred by the phase flow
g, the density function ;(z) may not be a first integral of System . Let, for

example, z1, ..., x, be the Cartesian coordinates, and dy = dzqy A--- Adx,. Then
relation @ is equivalent to the Liouville equation
Oy

| A
E—l—le(’@Z}tX) —0— 8t _'—Z_zzlaxin—l—wtleX’

and one can see that 1y # 0 is a (time-dependent) first integral of System if
and only if divX (z) = 0.

The Gibbs entropy of System ([5) with respect to the measure p is by definition
given by

H(t) = — /K $ylog vy dp. 7)

The statement below belongs to Poincaré [1]:

Theorem 4.1. Let the measure p be invariant for dynamical system (3). Then
the Gibbs entropy H(t) is constant.

The proof of the theorem is straight-forward: under the conditions of the
theorem, v is a first integral of System (cf. the Remark above), and it can
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be written as ¢ (z) = ¥ (g 'x). Thus, as the measure y is invariant, the Gibbs
entropy (|7 is constant. We refer to [4] for details and application of the Poincaré
theorem to generalized billiards.

To apply the Poincaré theorem to a dynamical system, we only have to check
that this system possesses an invariant measure. For the Newtonian generalized
billiard in a ball, such invariant measure exists, and is given by the density (4.
Thus the Gibbs entropy H (t), defined with respect to this measure, is constant.

[t is possible (and straight-forward) to define an entropy with respect to an
arbitrary measure, which defines a probabilistic structure consistent with dynamics
in sense of (0]) (see, e.g., [4], [15]). Let u* be such measure, equivalent to u (we
remind that two measures are called equivalent if they are defined on the same
o-algebra of sets, and one of these measures of some set is zero if and only if the
other measure of the same set is zero). Let ¢} be the density defined similary to
density 1)y above. Then the entropy with respect to measure p* is

(0 =~ [ witog i )

As the measure p* needs not to be invariant, one cannot guarantee the
conservation of the entropy H*(t). However, if the invariant measure exists, then
the entropy with respect to an arbitrary equivalent measure will remain bounded
under certain natural conditions. More precise, the following result is true.

Let a subset Ky € K be such that there exists a compact set B € K, such
that ¢'Ky € B € K for all ¢ (i.e., all trajectories that start in Ky are bounded).

Theorem 4.2. Let p be an invariant measure for System (5), and p* be some
other equivalent measure, such that du = Adup*, where X is a continuous positive
function. Let one of the following conditions be fulfilled: (1) a manifold K is
bounded; (2) at the initial moment of time, the probability density 1* is not equal
to zero only in Ko € K. Then the entropy H*(t) is bounded: there exist constants
C' > ¢ >0, such that for anyt € R, ¢ < H*(t) < C.

Proof. For any domain V € K,

/V Yrdy* = /V b,

thus under conditions of the theorem, ¥; = A\¢;. Now one can see readily check
that

H*(t) = —/Kwtlogwtdu—/[(wtlogkdu-

The first summand is constant by the Poincaré theorem, and the second summand
is bounded if at least one of the conditions of the theorem is fulfilled. We refer
to [15] for details and to [4] for further results. O
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In [4] another important case was considered, when the Gibbs entropy is un-
bounded with respect to two equivalent measures. In the next section we consider
the Gibbs entropy of the relativistic generalized billiard in a ball, both with respect
to the same measure, and with respect to the phase volume. We show that under
some natural conditions the entropies with respect to both measures grow.

5. Relativistic generalized billiards in a ball

We now consider a relativistic generalized billiard in the 3-dimensional
(space-)domain II with the boundary I'. From the physical point of view, it is
natural to consider a nonequilibrium gas, which consists of particles that move
fast enough, in the framework of the relativity theory. We measure the velocities
proportional to the velocity of light ¢, i.e., here we take ¢ = 1. We refer to [10]
(and to [4] and [8] for details and proofs) for definitions and expressions for the
relativistic billiard reflection laws. Here we give expressions for the momentum
and velocity transformations. The particle velocity v and momentum p are related
as

1
p=—F—,
V1= vl

Here || - || is the usual Euclidean norm.

Let the particle fall to the infinitely-heavy horizontal wall, which in turn moves
in the vertical direction with the velocity V. After the impact the projection of
the momentum to the tangent plane to the wall remains the same: p™ = p”, while
the projection to the normal to the wall p*" after the impact equals

v A1+ V 2V 5 y
P = () + s (VPP 1) 9)

(|lp]| is the 3-dimensional Euclidean length of the momentum vector). We have
assumed that p” < 0, which means that the particle falls to the wall.

The velocity transformation at the collision with a moving wall is given by
the following expression, see, e.g., [9]. Let the particle hit the infinitely-heavy wall
with the velocity v, with the normal component v, < 0, and, as above, the wall
moves along its normal with the velocity V. Then after the impact the particle
velocity v' equals

v 2V V2 v T 1 - V2
o=V AV, V) (10
1 -2V, + V2 1 -2V, + V2
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v, is the tangential component of the velocity. It is interesting to note, that, while
the tangential component of the momentum is preserved, the tangential component
of the velocity changes at the impact with the moving wall.

We remind again, that the essence of the generalization is that at the collision
of the particle with the boundary I', the particle momentum and the velocity are
transformed as above, as if the particle undergoes an elastic push by an infinitely-
heavy wall, which moves with the velocity V', while the boundary I' itself does
not move. The function V' (¢,7) will be refereed to as the boundary action velocity.
We notice that |V| < 1, i.e., the boundary action velocity cannot be equal to the
speed of light.

Now, let the domain II be a ball of diameter [. For a classical billiard, both the
normal and the tangential components of the momentum are preserved along the
billiard trajectory. We assume that the boundary action velocity V' is a function
of time ¢ only.

Let A, v, p” and p” be the coordinates introduced in Section 2] Take a point
Ao, Y0, py and pj strictly inside the ball II, and fix a moment of time ¢;. We
consider the same mapping 7" as in Section [2 suppose that on a time interval
[to, t1] the particle collides with the boundary only once, and A(¢;) # 0. Then the
same is true for all trajectories which start in a small neighbourhood of the initial
point Ay, Yo, P§, Py, and in this neighbourhood we define the mapping

T:(v,Ap"p") = (7, A p”,p™)
which is a shift by time ¢; — £, along the phase trajectory.

Proposition 5.1. Let p” be bounded. Then the Jacobian J for the mapping T at
p¥ — oo tends to

J = oo = L+ VI(5)) /(1= V(th)),
where 72, = to + (I — A).
We represent the mapping T as T' =T} - T5 - T5 - T}, where
Ty (v, A" 07) = (0, thae 7, 07),
with tp = to+(dist(,7)—A)/||v||, determines the impact moment, the mapping
T (v, tie, 0", 07) = (Vs thae, 07, 07), 7 =7+ G(v)

defines the new value of the boundary coordinate ~,

T3 : (’ylathitapl/)pT) — (7/7thitapw7p7-/)7
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where p”’ is defined by relation @ and p™’ = p7, is the relativistic reflection law,
and the mapping

T4 : (’ylythitapylapﬂ) — (7/7 A/7pV/7pT/)7 A/ = (tl T thlt)HU/H

determines the spacial coordinate A’. The relation ' = v 4+ G(v) makes sense,
since any billiard trajectory in a ball always belongs to some plane, which passes
through the centre of the ball. This place crosses the boundary sphere by the
circle, and v can be expressed through the angle coordinate on this circle.

The Jacobians for the mappings 77 and Ty are —1/||v|| and —||v/| corre-
spondingly. The Jacobian for the mapping 75 equals 1, while the Jacobian for the

mapping 73 is
1+V 1+ [)p7|]?
Jy=——+0 | ——— ).
1V ( (p")?
Thus, when p” — oo, the Jacobian for the mapping T tends to (14 V(£75,))/(1 —
V(t35,)). The limit value of the impact moment ¢7°, equals to + (I — A), as, when
p¥ — oo and p” being fixed, the velocities tend to v™ — 0, v¥ — 1. O

6. Gibbs entropy for generalized relativistic billiards
in a ball

The Jacobian J of the mapping T" plays the key role in the proof of the Gibbs
entropy growth, see [4]. Take the measure p with the density p, defined by relation
. From and @ we get, that under the mapping T,

_ LR

P =
J ]l

. (11)

Thus,
H—H = [ vlogwdu— [ ' togu'dn’ = [ (logv ~logv/)urdu =

- /K (log o]l — log |é] + log ) wdp  (12)

Suppose that the limit Jacobian J,, > 1. Then, obviously, the Gibbs entropy
grows, if the normal component of the velocity v” is close enough to the velocity
of light 1.

Let &1, &9, &3 be the Cartesian space-coordinates, such that the ball is given
by

12
G+e+&G <

Consider first the "monotone” action of the boundary: V- > V > 0.
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Theorem 6.1. For the generalized relativistic billiard in a ball with the monotone
action of the boundary, the Gibbs entropy, defined with respect to the measure with
the density ({f]), grows faster than some linear function of time, provided at t = 0,
the probability density 1 is positive only in a sufficiently small neighbourhood of
the subset ||v]| =1, £ =0.

Proof. Under conditions of the theorem, v™ — 0, |[v|| — 1 as t — oo (see [9]),
thus ||p”||/p” — 0 and p” — oo. From Proposition [5.1] follows that if the normal
component of the velocity v is close enough to 1, then the Jacobian J > ¢ > 1.
The theorem follows now from relation (12)). O

Suppose now that the boundary action velocity may change the sign, and is
periodic: V(t + 1) = V (¢). To ensure the Gibbs entropy growth, one has to claim
that a certain integral condition must be fulfilled.

Theorem 6.2. Let the integral

L1+ V()
I—/Ologl_v(t)dt25>0 (13)
Then there exists a constant N € N such that if the ball diameter | # g, where
p,q € N, p/q is an irreducible fraction, such that ¢ < N, then there exist constants
C1 > 0,05, such that the Gibbs entropy H, defined with respect to the measure
with the density ({), satisfies the following estimate:

H(t) > H(0) + Cyt + Cy

for allt > 0, provided that at t = 0, the probability density 1 is positive only in a
sufficiently small neighbourhood of the subset ||v|| =1, ||€|| = 0.

Remarks. 1. Formally, Theorem is not a corollary of Theorem [6.2] as
for the monotone action of the boundary we do not need any condition on the
ball diameter [. Notice that, unlike [4], here the integral condition ([13)) itself does
not depend explicitly on the ball diameter [. The physical meaning of the integral
condition is that the walls are hotter than the gas.

2. Theorem is especially interesting (and physically important), when

/O 1 V(t)dt = 0,

i.e., the wall’s "motion” is periodic (a "pulsating” ball). For almost all choices of
such function V(¢), the integral I # 0. As an example of such function one can
take

V(t) = €(Qq cos 2wkt 4+ Qg cos 4mkt),
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see [4], where it was proved than Inequality is satisfied for such boundary
action velocity. Here € > 0 is a small parameter, k is an integer, and Q)1 # 0, (o
are constants, such that Q)ok > 0.

Proof. The proof is similar to the proofs in [4], [9]. Let us denote

1+ V()

AW = v

If [ is an irrational number, then the rotation of the circle t — ¢+ 1 (mod 1) is a
uniquely ergodic mapping, and by the ergodic theorem, the sum

n—1

1 Z log A(t + ki)
n

k=0

converges uniformly to the integral I.
Suppose now that g € L is an irreducible fraction. Then the sum

1 & k
—ZlogA(tJr —p) (14)
B q

is exactly an integral sum of the integral I, as all the ¢ points ¢ + pk/q (mod 1)
are different on the circle St (kK = 0...q — 1). If the value of ¢ is large enough
(¢ > N > 1), then the sum ([14)) approximates the integral I with a given precision
for all such p/q € L, as L is compact. Notice, that if we fix the value p/q, then
obviously the sum

1 k
5210g14(t+ ?p + g1), (15)

where gy are arbitrary values, that satisfy inequalities |gx| < €, approximates the
integral I with the same precision, provided e is small enough.

Thus, for a given diameter [, that satisfies the conditions of the theorem, and
for ¢ (mod 1), there are constants Cy > 0, Cs, such that for any n € N

> log A(t + kl) > Cyn + Co. (16)
k=0

The transformation of the velocities can be separated from the transformation
of the configuration space variables v € I, as the values ||v7||, |v”| after a collision
and before the next collision are exactly the same: the boundary I' of our domain
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is a sphere. Let [v”| = 1 — w?. Obviously, w = 0,v” = 0 is an invariant manifold
for the generalized billiard (notice explicit time dependence).

Let £ be a moment of time, when the particle hits the boundary, and let w, v”
be the particle velocity before this collision. Consider a mapping 7', that sends a
point w, v”,t to W, 97, t, where ¢ is the moment of the next collision, and @, 07 is
the velocity before the next collision.

Using ([10), one can immediately see that in the linear approximation,

1—-V(t) . 1=V(t)

p = L=V Sl G P S
ST ve” U T 1irveY *

Consider the mapping 7™ for a big value of n. Due to (16)), the product

’ﬁ 1V (t+kl) ’i—[l
L+ V(t+kl) At + k)
Thus, the mapping 7™ is contracting in the velocities in the linear approximation,
and one can show that its invariant manifold w = 0, v™ = 0 is indeed asymptotically
Lyapunov-stable (cf. [9]): the key point is that if the values of the velocities w and
v™ are small enough, then this cannot influence convergence due to ((15)).

The theorem now follows, as when the velocity [v”| — 1, the momentum
components p¥ — oo and ||p7||/p” — 0 as t — co. O

Let now H*(t) be the entropy with respect to the phase volume in the
(A, v, p)-space. Similarly to [4], one can prove the following result:

Theorem 6.3. Under conditions of Theorems and [0.3, the entropy H*(t)
grows faster than some linear function of time.
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